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JLEUH ODVHU GHYHORSP
DSSOLFDWLRQV

7KHVLV VXEPLWWHG IRU WKH GHJUHI
'RFWRU RI 3KLORVRSK\
RI
&LW\ 8QLYHUVLW\
6FKRRO RI (QJLQHHULQJ DQG ODWKHPDW!|

E\
-KDPD 0DQGDL



/R P\ SDUHQW?

1LPDL &KDQGUD 0DQG
6KRYD 5DQL 0DQGD



&RQWHQW

&RQWHQW L

/ILVW RI TDEOHYV [

/LVW RI JLIXUHV [LL
$FRRZOHGJHPHQWYV [[Y
&RSLUKW 'HFODUDWLRQ [[YL
$EVWUDFW [[YLL
/LVW RI 3XEOLFDWLRQV [[YLLL

L, QWURGXFWLRQ
JLEUH %UDJJ JUDWLQJ WHFKQRORJ\ LQ ILEUH ODV
$LPV DQG 2EMHFWLYHV RI WKH ZRUN
6WUXFWXUH RI WKH WKHVLV

SHIHUHQFHYV

)DEULFDWLRQ RI ILEUH %YUDJJ JUDWLQJV DQG
IRU KLIJIK WHPSHUDWXUH DSSOLFDWLRQV

$EVWUDFW

,QWURGXFWLRQ

7KHRUHWLFDO EDFNJURXQG
3KRWRVHQVLWLYLW\ DQG IRUPDWLRQ RI JUD
OHFKDQLVP RI SKRWRVHQVLWLYLW\

2ULJLQ RIGHIHFWV LQ JHUPDQRVLOLF



OHFKDQLVP RI SKRWRLQGXFHG UHIUDFWLYH
(QKDQFHPHQW RI SKRWRVHQVLWLYLW\
(O\GURJHQ ORDGLQJ
JODPH EUXVKLQJ
&R GRSLQJ
,OOXVWUDWLRQ RI XQLIRUP ILEUH %UDJJ JUDWLQ
3DUDPHWHUV RI ILEUH %UDJJ JUDWLQJ
7\SHV RI ILEUH %UDJJ JUDWLQJV
7HFKQLTXHV LQYROYHG IRU WKH IDEULFDWLRQ R/
,QWHUQDO ZULWLQJ RI %UDJJ JUDWLQJ
(IWHUQDO IDEULFDWLRQ WHFKQLTXHV RI %U
,QWHUIHURPHWHU WHFKQLTXH
3RLQW E\ SRLQW IDEULFDWLRQ WHFK(
3KDVH PDVN WHFKQLTXH
([SHULPHQWDO DUUDQJHPHQW IRU IDEULFDWLRQ

7\SHV Rl SKRWRVHQVLWLYH ILEUHV XVHG IRU W
JUDWLQJV

% *H FR GRSHG ILEUH
*H GRSHG ILEUH
7TKHUPDO VWDELOLW\ RI ILEUH %UDJJ JUDWLQJV

([SHULPHQWDO DUUDQJHPHQW IRU WKHUPDO WHYV

([SHULPHQWDO UHVXOWYV



'"HFD\ LQ WKH UHIOHFWLYLW\ DQG WKH
PRGXODWLRQ RI %UDJJ JUDWLQJV

O9DULDWLRQ RI WKH %UDJJ ZDYHOHQJWKV R
WHPSHUDWXUH

&DOLEUDWLRQ RI WKH VHQVLWLYLW\ RI WK
JUDWLQJYV ZLWK WHPSHUDWXUH

6 XPPDU\

SHIHUHQFHV

2SWLPLVDWLRQ RI ZDYHOHQJIJWK PDWFKHG %U
ILEUH ODVHUV IRU VHQVRU DSSOLFDWLRQV

$EVWUDFW
,QWURGXFWLRQ
%ULHI KLVWRU\ RI ILEUH ODVHUV
5HYLHZ RI SUHYLRXV ODVHU EDVHG ZRUN
5DUH HDUWK LRQV
(QHUJ\ OHYHOV GLDJUDP RI (U GRSHG ILEUH
1RQUDGLDWLYH UHOD[DWLRQ
([FLWHG VWDWH DEVRUSWLRQ
&URVV UHOD[DWLRQ
&RRSHUDWLYH XS FRQYHUVLRQ
&RQFHQWUDWLRQ TXHQFKLQJ
BROXELOLW\ Rl UDUH HDUWK LRQV LQ VLOLED
$EVRUSWLRQ DQG HPLVVLRQ FURVV VHFWLRQ

3XPS ZDYHOHQJWKYV

LLL



QP SXPS EDQG
7KUHVKROG IRU QP SXPSLQJ
QP SXPS EDQG
QP SXPS EDQG
([SHULPHQWDO VHW XS
)DEULEDWLRQ RI ILEUH %UDJJ JUDWLQJV )%
$QQHDOLQJ HIIHEW RI1 )%*V
/IDVHU FDYLW\ FRQILIXUDWLRQ
'DYHOHQJWK VHOHFWLYH )%*V
&KRLFH RI JDLQ PHGLXP
JOXRUHVFHQFH VSHFEWUD
([SHULPHQWDO UHVXOWYV
/IDVHU WKUHVKROG SRZHU
(IIHEW RI HUELXP GRSHG ILEUHV RQ ODVHU
&RQFHQWUDWLRQ HIIHFW
3XPS SRZHU HIIHFW
2SWLFDO ILEUH OHQJWK HIIHEW

(IIHFW RI GLIIHUHQW FDYLW\ FRQILJXUDWLR
SHRUPDQFH

6WDELOLW\ RI ODVHU ZDYHOHQJWK ZLWK FD
6XPPDU\

SHIHUHQFHYV

,QQRYDWLYH DSSURDFK WR ILEUH ODVHU EDV}



$EVWUDFW
,QWURGXFWLRQ
5HYLHZ RI SUHYLRXVY ODVHU EDVHG VHQVRU ZRUN
7KHRUHWLFDO EDENJURXQG
([SHULPHQWDO DUUDQJHPHQW
1RUPDO JUDWLQJ IDEULFDWLRQ
$QQHDOLQJ RI WKH QRUPDO JUDWLQJ
&KLUSHG JUDWLQJ IDEULFDWLRQ
/IDVHU FDYLW\ FRQILIJXUDWLRQ
3UREH FRQVWUXFWLRQ
([SHULPHQWDO UHVXOWYV
2XWSXW VSHFWUD RI WKH ODVHU
5HVSRQVH Rl WKH SUREH DORQH ZLWKRXW |
&DOLEUDWLRQ RI WKH ODVHU SUREH ZLWK V

SHVSRQVH RI WKH ODVHU V\VWHP XQGHU UHY
FRQILIXUDWLRQ

2XWSXW VSHFWUD
SHVSRQVH RI WKH VLIQDO SHDN ZDYHOHQJW
6 XPPDU\

SHIHUHQFHV

&KDUDFWHULVDWLRQ RI D ZLGH WHPSHUDWXL
XVLQJ D UDQJH RI YDOXHV RI DSSOLHG VWU
JUDWLQJ LQ WKH ODVHU FDYLW\



$SEVWUDFW
,OQWURGXFWLRQ
6XPPDU\ Rl WKHRUHWLFDO EDFNJURXQG
+LJK JHUPDQLXP HUELXP FR GRSHG ILEUHYV
*UDWLQJ )DEULFDWLRQ
1RUPDO W\SH , DQG W\SH ,,$ ILEUH %UDJJ JI
&KLUSHG JUDWLQJ
$QQHDOLQJ SHUIRUPDQFH RI QRUPDO %UDJJ JUDV
$QQHDOLQJ UHVXOWYV RI W\SH , %UDJJ JUDW
$QQHDOLQJ UHVXOWV RI W\SH ,,$ %UDJJ JUL
2SWLPXP JUDWLQJ VHOHFWLRQ IRU DFWLYH
([SHULPHQWDO DUUDQJHPHQW
/IDVHU FDYLW\ FRQILIJXUDWLRQ
([SHULPHQWDO UHVXOWYV XQGHU JHUR VWUDLQ RC
2XWSXW VSHFWUD
,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ
&DOLEUDWLRQ RI WKH VHQVRU
([SHULPHQWDO UHVXOWYV ZLWK VWUDLQ RQ FKLUS
(IITHEFW Rl VWUDLQ RQ WKH FKLUSHG JUDWLQ
2XWSXW VSHFWUD
/IDVHU LOQWHQVLW\ DQG OLQHZLGWK
&DOLEUDWLRQ RI WKH VHQVRU

6 XPPDU\



S5HIHUHQFHYV

1RYHO DQWLPRQ\ JHUPDQLXP ©6E *H FR GRSH
ILEUH IRU KLIJK WHPSHUDWXUH DQG VWUDLQ F
ILEUH ODVHU EDVHG DSSURDEFK

$EVWUDFW
,QWURGXFWLRQ
7KHRUHWLFDO EDENJURXQG
'HWDLO RI 6E *H FR GRSHG ILEUHYV
*UDWLQJ IDEULFDWLRQ
1RUPDO JUDWLQJ
&KLUSHG JUDWLQJ
$QQHDOLQJ RI WKH QRUPDO JUDWLQJ
(QKDQFHPHQW RI WKH FKLUSHG JUDWLQJ EDQGZLG
([SHULPHQWDO DUUDQJHPHQW
/IDVHU FDYLW\ FRQILJXUDWLRQ
([SHULPHQWDO UHVXOWV
7HPSHUDWXUH PHDVXUHPHQWYV
2XWSXW VSHFWUD
,QWHQVLW\ DQG OLQHZLGWK YDULDWL
6HQVRU FDOLEUDWLRQ ZLWK  f& WHP
6HQVRU FDOLEUDWLRQ ZLWK f& WHP:
6WUDLQ PHDVXUHPHQWYV

2XWSXW VSHFWUD

Y X



6HQVRU FDOLEUDWLRQ ZLWK VWUDLQ

(IMTHFW RQ ODVHU FDYLW\ OHQJWK ZLWK UHYV
FKDQJHV

6XPPDU\
S5HIHUHQFHV

&KDUDFWHULVDWLRQ RI XQLIRUP ZDYHOHQJWK
JUDWLQJ EDVHG ILEUH ODVHUV IRU WHPSHUDW

$EVWUDFW
,QWURGXFWLRQ
ODWFKHG SDLU JUDWLQJ IDEULFDWLRQ
([SHULPHQWDO DUUDQJHPHQW
/IDVHU FDYLW\ FRQILJXUDWLRQ
([SHULPHQWDO UHVXOWYV
/RZ UHIOHFWLYLW\ JUDWLQJ /5L UHIOHFWL"
:DYHOHQJWK UHVSRQVH RI WKH VHQVR
*UDWLQJ EDQGZLGWK HIIHFWV RQ ODV}
/IDVHU PRGH KRSSLQJ
/IDVHU LQWHQVLW)\ DQG OLQHZLGWK YD
2XWSXW VSHFWUD

+LJK UHIOHFWLYLW\ JUDWLQJ +5L UHIOHFW
RYHQ

‘DYHOHQJWK UHVSRQVH RI WKH VHQVR
,QWHQVLW\ DQG OLQHZLGWK YDULDWLRC

2XWSXW VSHFWUD

Y P



/IDVHU VHQVRU FUHDWHG ZLWK ERWK JUDWL
'DYHOHQJWK UHVSRQVH Rl WKH ODVHU
2XWSXW VSHFWUD Rl WKH ODVHU
,QWHQVLW\ DQG OLQHZLGWK YDULDWL

6XPPDU\
SHIHUHQFHYV
OXOWLSOH[HG ILEUH ODVHU EDVHG WHPSHUDW
$SEVWUDFW
,OQWURGXFWLRQ
*UDWLQJ IDEULFDWLRQ
1RUPDO %UDJJ JUDWLQJV
&KLUSHG JUDWLQJV
$QQHDOLQJ RI WKH QRUPDO JUDWLQJV
([SHULPHQWDO DUUDQJHPHQW
([SHULPHQWDO UHVXOWYV

7KUHVKROG OHYHO RI WKH ODVHU

2XWSXW VSHFWUD

6HQVRU FDOLEUDWLRQ

6XPPDU\
SHIHUHQFHYV

*HQHUDO FRQFOXVLRQV DQG IXWXUH ZRUN
&RQFOXVLRQV

SHFRPPHQGDWLRQV IRU IXWXUH ZRUN



/ILVW RI 7TDEOHYV

'"HWDLOHG VSHFLILFDWLRQV RI WKH H[FLPHU ODVHU
'"HWDLOHG VSHFLILFDWLRQV RI WKH RSWLFDO VSHFW
'"HWDLOHG VSHFLILFDWLRQV RI SKRWRVHQVLWLYH ||

JUDWLQJV

&DOLEUDWLRQ RI WKH WKHUPDO VHQVLWLYLW\ RI EF
LQ % *H FR GRSHG DQG *H GRSHG SKRWRVHQVLWLYH |

&KDUDFWHULVWLFV RI HUELXP GRSHG ILEUHV XVHG |
&KDUDFWHULVWLFV RI GLITHUHQW )%*V XVHG LQ WKL
DIWHU DQQHDOLQJ

/IDVHU FDYLW\ FRQILIJXUDWLRQV XVLQJ GLITHUHQW )¢
&KDUDFWHULVWLFV RI GLITHUHQW VDPSOHV XVHG LQ

'"HWDLOV RI WKH ODVLQJ HIILFLHQFLHYVY ZLWK UHVSH
GLITHUHQW VDPSOHVY WHVWHG IRU ILEUH SSP |
RI (U UHVSHFWLYHO\

&DOLEUDWLRQ RI WKH ODVHU SUREH ZDYHOHQJW
SRO\QRPLDO UHJUHVVLRQV RYHU WKH UDQJH IURP UR

&DOLEUDWLRQ RI WKH ODVHU VHQVRU ZLWK JHUR VW
IURP  f& WR f&

&DOLEUDWLRQ RI WKH ODVHU VHQVRU ZLWK DQ DS¢
JUDWLQJ RYHU WKH UDQJH IURP f& WR f&

&DOLEUDWLRQ RI WKH ODVHU VHQVRU XVLQJ ERW
UHJUHVVLRQV ILWWLQJ RYHU WKH UDQJH IURP f& W



'"HWDLOHG VSHFLILFDWLRQV RI GLITHUHQW ILEUHV X\
6SHFLILFDWLRQV RI GLITHUHQW SKDVH PDVNV XVHG
JUDWLQJV

&KDUDFWHULVWLFV RI WKH QRUPDO ILEUH %UDJJ JLU
DIWHU DQQHDOLQJ

6SHFLILFDWLRQV RI GLITHUHQW HUELXP GRSHG ILEUI
&KDUDFWHULVWLFV RI GLITHUHQW ODVHU FDYLW\ FR
ILEUHV XVHG LQ WKLV ZRUN

&RPSDULVRQ Rl WKH ODVHU FDOLEUDWLRQ IRU FKD
QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILWWLQJ RY
PD[LPXP

&RPSDULVRQ RI WKH %UDJJ ZDYHOHQJWK FDOLEUD\
DOG QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILWWLQ.

[L



/ILVW RI )LIXUHYV

SHSUHVHQWDWLRQ RI D XQLIRUP ILEUH %UDJJ JU
UHIUDFWLYH LQGH[ PRGXODWLRQ DQG WKH JUDWLQJ

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU WKt
%UDJJ JUDWLQBW DO@DVDNL

6FKHPDWLF RI WKH DPSOLWXGH VSOLWWLQJ LQWI
IDEULFDWLRQ RI ILEUH HWW DDI@JUDWLQJV >0HOW]

3KDVH PDVN EDVHG LOQWHUIHURPHWHU FRQILIJXUDW
>'RFN@MA DO@

6FKHPDWLF RI SULVP LQWHUIHURPHWHU WHFKQLT)
> (JJ O HWRIO @

SRLQW E\ SRLQW ZULWLQJ WHFKQLTXH IRU WKH IDE!

6FKHPDWLF RI WKH GLIITUDFWLRQ RI DQ LQFLGHQW
@

1RUPDOO\ LQFLGHQW 89 EHDP GLIITUDFWHG LQWR W
HILWV WKH SKDVH PDWN LQ>WOMKIBI® R R®@GHU

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU IDE
WKH SKDVH PDVN WHFKQLTXH

*URZWK EHKDYLRXU RI WKH % *H FR GRSHG ILEUH
UHIOHFWLYLW\ DQG WKH %UDJJ ZDYHOHQJWK YDULD

SHIUDFWLYH LQGH[ PRGXODWLRQ DQG WKH HIIHFWL
*H FR GRSHG ILEUH %UDJJ JUDWLQJ ZLWK 89 H[SRVX!

7TUDQVPLVVLRQ VSHFWUD RI WKH W\SH , DQG W\SH
GRSHG ILEUH EHIRUH DQG DIWHU IDEULFDWLRQ

*URZWK EHKDYLRXU RI WKH *H GRSHG ILEUH %UD
UHIOHFWLYLW\ DQG WKH %UDJJ ZDYHOHQJWK YDULD!

[LL



SHIUDFWLYH LQGH[ PRGXODWLRQ DQG WKH HIIHFW
*H GRSHG ILEUH %UDJJ JUDWLQJ ZLWK 89 H[SRVXUH

7TUDQVPLVVLRQ VSHFWUD RI ERWK WKH W\SH
GRSHG ILEUH EHIRUH DQG DIWHU IDEULFDWLRQ

, DQG

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU W
JUDWLQJV

'"HFD\ RI WKH UHIOHFWLYLW\ RI ERWK WKH W\SH , C
FR GRSHG DQG *H GRSHG ILEUHV ZLWK HODSVHG WLF

'"HFD\ RI WKH DPSOLWXGH RI UHIUDFWLYH LQGH[ PR:
% %UDJJ JUDWLQJV LQ % *H FR GRSHG DQG *H GRS
HDFK VSHFLILF WHPSHUDWXUH

9DULDWLRQ RI WKH %UDJJ ZDYHOHQJWKYVY DW HDFEk
GRSHG DQG *H GRSHG W\SH , %UDJJ JUDWLQJV ZLWK

9DULDWLRQ RI WKH %UDJJ ZDYHOHQJIJWK ZLWK HOD:
,,$ %UDJJ JUDWLQJ DW HDFK VSHFLILF WHPSHUDWXU

&DOLEUDWLRQV RI WKH %UDJJ ZDYHOHQJWKV ZLWK
W\SH ,,$ %UDJJ JUDWLQJV LQ WKH % *H FR GRSHG IL!

&DOLEUDWLRQV RI WKH %UDJJ ZDYHOHQJWKV ZLWK
W\SH ,,$ %UDJJ JUDWLQJV LQ WKH *H GRSHG ILEUH

6FKHPDWLF RI WKH XQLGLUHFMWWRIXIA®D ILEUH ORRS ¢

6FKHPDWLF RI WKH GLVWULEXWH&GWBG&DFN ODVHL

6FKHPDWLF RI %YUDJJ JUDWLQJ EDWBGOG@DVHU FRQIL.

OXOWLZDYHOHQJWK OLQHDU FDYLW\ ODVHU FRQIL
SRODULVDWLRQ FRQWUROOHU :'0 ZDYHOHQJWK G
P R G X O HHX3 MWD&

[P



E

OXOWLZDYHOHQJWK ULQJ FDMWWD@A@VHU FRQILJIJXUI

OXOWLZDYHOHQJWK ULQJ ODVHU FRQILIXUDWLRQ \
LQFRUSRUDWHG LQWR/ WRE® FDYLW\ >&KRZ

6FKHPDWLF RI PXOWL ZDYHOHQJWK HUELXP GRSHG
PLUURU 92% YDULDEOH RSWLFDO DWWHQXDWRU
SRODULVDWLRQ FRQWUROOHU >0DR DQG /LW @

6FKHPDWLF Rl WKH VLQJOH PRGH PXWLZDYHOHQJW
3& SRODULVDWLRQ FRQWUROOHU &/ FLUFXODWRU
DEVRUEHU DQG 30) SRODULVDMNPQ@Q@DLQWDLQLQJ |

6FKHPDWLF RI WKH SHULRGLF WDEOH RI WKH UDUF
QXPEHU DQG HOHFWURQLF FRQILIJXUDWLRQ >8UTXKD

6FKHPDWLF GLDJUDP RI HQHUJ\ OHYHOV RI WKH F
UHSUHVHQWY WKH ZDYHOHQJWK RI WKH JURXQG
WHUPLQDWMXH PHWDVWDBDQKE Q68Y FROXRPQ UHSUHYV
ZDYHOHQJWK RI WKH H[FLWHG VWPWLH LIDEMAREIEWKIHR Q
PHWDVWDE®H>0HYHWOFDAFR @

6FKHPDWLF RI XSFRQYHUVLRQ SURFHVV LQ HUEL?>
UHSUHVHQWY UDGLDWLYH WUDQVLWLRQV ZKLOH GI
WUDQVLWHRDPO &6 OL[W

(YDOXDWLRQ RI WKH 6WINDQGHWKRDIPQ HUIJGM VI RRU \
DEVRUSWLRQ WUD@WIWHRGN J1@MDVYVY ILEUH >'XVHU
6LPSVROQ @

OE (YDOXDWLRQ RI WKH 6\\IWDD Q@ GO WKRD QH QRHAQWG Y HIR WR |

IOXRUHVFHQFH WWIDEOHIWHLVBQVIQRVYUILEUH >'XVHU
6LPSVRQ @

(QHUJ\ GLDJUDP RI HUELXP GRSHG ILEUHWRNO
@

[LY



6FKHPDWLF RI D ZDYHOHQJWK PDWFKHG %UDJJ JU
ODVHU V\VWHP 26% RSWLFDO VSHFWUXP DQDO\VI
PXOWLSOH[HU /' ODVHU GLRGH

'"HFD\ LQ WKH UHIOHFWLYLWLHVY RI WKH JUDWLQJV
R f&

7TUDQVPLVVLRQ VSHFWUD RI WEBEH KLJK DMAIORRWL"®
WHPSHUDWXUH EHIRUH DQG DIWHU DQQHDOLQJ

7TUDQVPLVVLRQ VSHFWUD RI WKH KLJK UHIOHFWLYL

UHIOHFWLYLW\ JUDWLQJ DW URRP WHPSHUDW)
JOXRUHVFHQFH VSHFWUD RI ILEUH SSP RI (
RI (U ZLWK D IL[HG SXPS SRZHU RI P: RI QP /'

IDVHU WKUHVKROG DW YDULRXV SXPS SRZHU IRU IL
ILEUH OHQJWK 5DQG FDYLW\

IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ZDYHOHC
SSP RI (U PHWUHV ILEUH OHQJWK DQG VDPSOH
PHWUHV ILEUH OH@JWK IRU FDUHMWS\HFWLYHO\

IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ZDYHOHC
SSP RI (U PHWUHYV ILEUH OHQJWK DQG VDPSOH
PHWUHYV ILEUH OH@JWK IRU FOMYWNFWLYHO\

IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ODXQFKH
SSP RI (U PHWUHYV ILEUH OHQJWK

IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ODXQFKH
SSP RI (U PHWUHYV ILEUH OHQJWK

IDVHU RXWSXW SRZHU DV D IXQFWLRQ5RI HUELXP |
IRU ILEUH SSP RI (U DQG ILEUH S

IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI GLITHUHQ\

[Y



&URVV FRPSDULVRQ RI WKH QRUPDOLVHG ODVLQJ F
FDYLW\ FRQILIJXUDWLRQV IRU ILEUH SSP RI (L
RI (U

6WDELOLW\ RI WKH ODVHU ZDYHOHQJWKYV LQ WHUPYV

6WDELOLW\ RI WKH ODVHU ZDYHOHQJWKV LQ WHUPYV

$ VLQJOH %UDJJ JUDWLQJ EDVHG ILEUH ODVHU VWL
D@

6HOHFWLYHO\ PRGH ORFNHG ILEUH ODVHU V\VWHP
ORUH\ D@

JLEUH ODVHU VHQVRU LQ ULQJ FDYLW\ FRQILIJXUDW
VHQVRU HOHPHQWY > HUVH\ DQG ORUH\ E@

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS RI WKt}
JRXULHU WUDQVIRUPV LQIUDUHG VSHFWURPHWHU I
>$0O0DHYWHD OE @

6FKHPDWLF RI D ILEUH %UDJJ JUDWLQJ ODVHU VHC
LOQOWHUIHURPHWHU >.RR DQG .HUVH\ @

7TUDQVPLVVLRQ VSHFWUD RI WKH QRUPDO %UDJJ JU
DIWHU DQQHDOLQJ DW f& IRU KRXUYV

7TUDQVPLVVLRQ VSHFWUD RI WKH FKLUSHG JUDWLQ.
D PHOWLQJ LFH EDWK DW f&

6FKHPDWLF GLDJUDP RI D ILEUH %UDJJ JUDWLQJ
VIVWHP /' ODVHU GLRGH 26$% 2SWLFDO 6SHFWUXP
PHWHU

SKRWRJUDSK RI WKH SUREH FRQWDLQLQJ WKH QRUF

2XWSXW VSHFWUD RI WKH ILEUH ODVHU DW YDULR
I[IURP URRP WHPSHUDWXUH WR f& ZLWK D IL[HG SX

[YL



2XWSXW VSHFWUXP RI WKH ILEUH ODVHU DW URRI
SRZHU R P:

SHVSRQVH RI WKH SUREH DORQH ZLWKRXW FKLUSH!
GLITHUHQW WHPSHUDWXUHVY RYHU WKH UDQJH IURP
IL[IHG SXPS SRZHU RI P:

&DOLEUDWLRQ RI WKH VHQVRU SUREH ZLWK D OLC
WHPSHUDWXUH WR f&

&DOLEUDWLRQ RI WKH VHQVRU SUREH ZLWK D QG F
I[JURP URRP WHPSHUDWXUH WR f&

&DOLEUDWLRQ RI WKH VHQVRU SUREH ZLWK D UG F
I[IURP URRP WHPSHUDWXUH WR f&

&RPSDULVRQ RI WKH ODVHU UHVLGXDO ZDYHOHQJ
SRO\QRPLDO UHJUHVVLRQV WR WKH H[SHULPHQWD!
WHPSHUDWXUH WR f&

6FKHPDWLF Rl WKH ODVHU EDVHG VHQVRU FRQIL
FRQILIXUDWLRQ FKLUSHG JUDWLQJ LQ RYHQ DQC
WHPSHUDWXUH ,0* ,QGH[ ODWFKLQJ *HO

7UDQVPLVVLRQ VSHFWUD RI WKH QRUPDO %UDJJ
EHIRUH DQG DIWHU DQQHDOLQJ DW f& IRU KRXU

7TUDQVPLVVLRQ VSHFWUD \RDWKWHRRRLWSIFRGC HWDWX QH
DIWHU DQQHDOLQJ DW f& IRU KRXUYV

5HVSRQVH Rl WKH VHQVRU V\VWHP DW URRP WHPSFH
UHYHUVH PHDVXUHPHQW FRQUIKD\W WQR @ DAK ISQ DFKi
FDOLEUDWLRQ RYHQ

5HVSRQVH RI WKH VLI®®PWRSWBN XNMHPHEHRI@INXKUH F K
UDQJH IURP URRP WHPSHUDWXUH WR f&



7TUDQVPLVVLRQ VSHFWUD RI W\SH , DQG W\SH ,,$ IL
RI HDFK VDPSOH

*URZWK EHKDYLRXU RI WKH W\SH ,,$ %UDJJ JUDWL
%UDJJ ZDYHOHQJIJWK YDULDWLRQ DV D IXQFWLRQ R ¢

7TUDQVPLVVLRQ VSHFWUD RI WKH FKLUSHG %UDJ
IDEULFDWLRQ

1RUPDOLVHG UHIOHFWLYLW\ DQG %UDJJ ZDYHOHQ
JUDWLQJ ZLWK DQQHDOLQJ WLPH DW WHPSHUDWXUH

7TUDQVPLVVLRQ VSHFWUD RI WKH W\SH , %UDJJ JUL
EHIRUH DQG DIWHU DQQHDOLQJ DW WHPSHUDWXUH F

1RUPDOLVHG UHIOHFWLYLW\ DQG %UDJJ ZDYHOHQ
JUDWLQJ ZLWK DQQHDOLQJ WLPH DW WHPSHUDWXUH

7TUDQVPLVVLRQ VSHFWUD RI WKH W\SH ,,$ %UDJJ JU
EHIRUH DQG DIWHU DQQHDOLQJ DW WHPSHUDWXUH F

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS RI D IL
ODVHU GLRGH 26% RSWLFDO VSHFWUXP DQDO\VHU
VWDJH 76 WUDQVODWLRQ VWDJH 00 PLFURPHWHL
WKHUPRFRXSOH PHWHU

2XWSXW VSHFWUD RI WKH VHQVRU ]JHUR VWUDLQ
WHPSHUDWXUHY ITURP URRP WHPSHUDWXUH WR f
P:

,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ RI WKH \
ZLWK GLIIHUHQW WHPSHUDWXUHV IURP URRP WHPSH
SRZHU RI P:

&DOLEUDWLRQ RI WKH ODVHU VHQVRU ]JHUR VWUDL
DQG GHFHQGLQJ WHPSHUDWXUHY RYHU WKH UDQJH |

[YP



SHIOHFWLRQ VSHFWUD RI WKH FKLUSHG JUDWLQJ D
VWUDLQ YDOXHV RI DQG SH UHVSHFWLYHO\

2XWSXW VSHFWUD RI WKH VHQVRU ZLWK GLIITHUHQV
JUDWLQJ DW D IL[HG WHPSHUDWXUH R f& DQG ZL

2XWSXW VSHFWUD RI WKH VHQVRU ZLWK GLIITHUHQV
JUDWLQJ DW D IL[HG WHPSHUDWXUH R f& DQG Z

2XWSXW VSHFWUD RI WKH VHQVRU ZLWK SV RQ
WHPSHUDWXUHY RYHU WKH UDQJH IURP f& WR
P:

,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ RI WKH
JUDWLQJ ZLWK GLIITHUHQW WHPSHUDWXUHY RYHU W
IL[HG SXPS SRZHU RI P:

&DOLEUDWLRQ RI WKH ODVHU VHQVRU ZLWK D IL][
JUDWLQJ ZLWK UHSHDWDEOH F\FOHV RI PHDVXUHPH
f&

*URZWK EHKDYLRXU RI WKH QRUPDO W\SH , JUDWL
%UDJJ ZDYHOHQJWK YDULDWLRQ DV D IXQFWLRQ RI

*URZWK RI WKH UHIUDFWLYH LQGH[ PRGXODWLRQ I
WKH QRUPDO W\SH , %UDJJ JUDWLQJ DV D IXQFWLRQ

6FKHPDWLF RI FKLUSHG JUDWLQJ WR VKRZ WKH
EDQGZLGWK RI WKH JUDWLQJ

6FKHPDWLF GLDJUDP RI D VWHXKKEWSGSHRGE VHBWLRQ
HTXDO OHQJWK & IZHIKKDVEEWHBAQ VD \BKADISR G R

*URZWK EHKDYLRXU RI WKH FKLUSHG JUDWLQJ VS
WLPHV ZLWK ODVHU HQHUJ\ RI P- DQG UHSHWLWLR

7TUDQVPLVVLRQ VSHFWUD RI WKH WZR GLIITHUHQW
UDQJLQJ IURP a QP WR QP ZLWK D ZDYHOHQJV

[LI]



'"HFD\ LQ WKH UHIOHFWLYLWLHYV RI WKH %UDJJ JUD
6Q GRSHG VLOLFD ILEUHV ZLWK WHPSHUDWXUH RYH!

f& >6HWDO@

'"HFD\ LQ WKH UHIUDFWLYH LQGH[ PRGXODWLRQ DQ
QRUPDO W\SH , %UDJJ JUDWLQJ ZLWK DQQHDOLQJ W

'"HFD\ LQ WKH UHIOHFWLYLW\ DQG WKH %UDJJ ZDYF
%UDJJ JUDWLQJ ZLWK DQQHDOLQJ WLPH DW WHPSHU

SHIOHFWLRQ VSHFWUD RI WKH QRUPDO JUDWLQJ E
EHIRUH DQG DIWHU DQQHDOLQJ

5HIOHFWLRQ VSHFWUD Rl WKH FKLUSHG JUDWLQJ I
DQG DIWHU DQQHDOLQJ DIWHU WKH WZR VDPSOHV :
LQGLYLGXDO VSHFWUXP ZDV VKRZQ LQ )LJ N

VSHFWUXP DIWHU DQQHDOLQJ

6FKHPDWLF GLDJUDP RI D ILEUH %UDJJ JUDWLQJ E
DQRQG vwuDLQ PHDVXUHPHQWYV &)%* FKLUSHG ILEU
GRSHG ILEUH 70 WKHUPRFRXSOH PHWUH 00 PLFU
JHO

2XWSXW VSHFWUD RI WKH ODVHU ZLWK GLITHUHQW
WHPSHUDWXUH a f& WR f& ZLWK D IL[HG SXPS

2XWSXW SRZHU DQG WKH OLQHZLGWK YDULDWLRQ |
RYHU WKH UDQJH IURP URRP WHPSHUDWXUH WR ]
P:

&DOLEUDWLRQ RI WKH ODVHU ZDYHOHQJWK ZLWK D
RYHU WKH UDQJH IURP URRP WHPSHUDWXUH WR f

6KLIW LQ WKH ODVHU ZDYHOHQJWK LQ f& WHPSH
URRP WHPSHUDWXUH WR f&

[l



2XWSXW VSHFWUD RI WKH ODVHU ZLWK GLIITHUHQW
IL[HG SXPS SRZHU RI P:

&DOLEUDWLRQ RI WKH ODVHU ZDYHOHQJWK ZLWK E
VWUDLQ RYHU UDQJH IURP SV

7TUDQVPLVVLRQ VSHFWUD RI WKH KLJK UHIOHFWLYF
JubwLQJ /5L DW URRP WHPSHUDWXUH DIWHU DQQH

([SHULPHQWDO VHW XS RI WKH ZDYHOHQJWK PDWFt
VI\VWHP )%* ILEUH %UDJJ JUDWLQJ /5L /RZ UHIO
UHIOHFWLYLW\ JUDWLQJ 26% 2SWLFDO 6SHFWUXP ¢

JOXRUHVFHQFH VSHFWUXP VKRZLQJ WKH FOHDU WU
EHIRUH ODVLQJ RFFXUUHG

SHVSRQVH RI WKH ODVHU ZDYHOHQJWK ZLWK WHPS
f& ZKHQ WKH ORZ UHIOHFWLYLW\ /5L JUDWLQJ ZDV

:DYHOHQJWK UHVSRQVH RI WKH ODVHU EDVHG V\VYV
f& ZKHQ WKH ORZ UHIOHFWLYLW\ JUDWLQJ /5L ZC
UHIOHFWLYLW\ JUDWLQJ +5L ZDV NHSW DW DPELHQ

IDVHU PRGH KRSSLQJ ZLWK DVFHQGLQJ WHPSHUL
UHIOHFWLYLW\ JUDWLQJ /5L ZDV SODFHG LQ WKH R

,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ ZLWK Wl
JUDWLQJ /5L ZDV SODFHG LQ WKH RYHQ IRU D IL[HC

2XWSXW VSHFWUD RI WKH ODVHU EDVHG VHQVRU V)
ZKHQ WKH ORZ UHIOHFWLYLW\ JUDWLQJ /5L ZzZDV SO

‘:DYHOHQJWK UHVSRQVH RI WKH ODVHU EDVHG VHQ
WKH KLJK UHIOHFWLYLW\ JUDWLQJ +5L ZDV SODFHC
JubwLQJ ZDV NHSW DW DPELHQW WHPSHUDWXUH
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,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ ZLWK WH!
f& ZKHQ WKH KLJK UHIOHFWLYLW\ JUDWLQJ +5L 2ZC
SXPS SRZHU RI P:

2XWSXW VSHFWUD RI WKH ODVHU EDVHG VHQVRU V!
ZKHQ WKH KLJK UHIOHFWLYLW\ JUDWLQJ +5L ZDV S

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS RI WKH
RYHQ

SHIOHFWLRQ VSHFWUD RI ERWK WKH KLJK UHIOHFYV
%UDJJ JUDWLQJVY DW URRP WHPSHUDWXUH DIWHU DQ

SHVSRQVH RI WKH ODVHU ZDYHOHQJWK ZLWK WHPS
f& ZKHQ WKH ODVHU ZDV SODFHG LQ WKH RYHQ

2XWSXW VSHFWUD RI WKH ILEUH ODVHU DW YDULR:
WR f& ZLWK D IL[HG SXPS SRZHU RI P:

7KH LQWHQVLW\ DQG WKH OLQHZLGWK YDULDWLRQ
f& ZLWK D IL[HG SXPS SRZHU RI P:

7TUDQVPLVVLRQ VSHFWUXP RI WKH FKLUSHG %UDJJ .

'"HFD\ LQ WKH UHIOHFWLYLWLHV RI WKH QRUPDO
WHPSHUDWXUH R f& IRU WZR KRXUV IROORZHG
VL[ IXUWKHU KRXUV

9DULDWLRQ LQ WKH %UDJJ ZDYHOHQJWKYV RI WKH (
R f& IRU WZR KRXUV IROORZHG E\ f& IRU VL[

7UDQVPLVVLRQ VSHFWUD RI WKH QRUPDO ILEUH %
EHIRUH DQG DIWHU DQQHDOLQJ

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU WK
EDVHG ODVHU VHQVRU V\VWHP ZKHQ D VLQJOH JDL
VSOLWWHU &)%* FKLUSHG ILEUH %UDJJ JUDWLQJ (
ILEUH %UDJJ JUDWLQJ



/IDVHU DFWLRQ IURP FKDQQHO ZKHQ D VLQJOH JD
SODFHG EHIRUH WKH VSOLWWHU ZLWK D IL[HG SXPS

IDVHU DFWLRQ IURP FKDQQHO ZKHQ D VLQJOH JD
SODFHG EHIRUH WKH VSOLWWHU ZLWK D IL[HG SXPS

*DLQ FRPSHWLWLRQ EHWZHHQ WZR FKDQQHOV FKI
PHGLXP (') PHWUHV ZDV SODFHG EHIRUH WKH VS
RI QP /'

6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU WK
EDVHG ODVHU VHQVRU V\VWHP ZKHQ D VHSDUDWH J
FKDQQHO DIWHU WKH VSOLWWHU

7KUHVKROG OHYHO RI WKH ODVHUV IRU FKDQQHOV
W K H PQ /'

6LPXOWDQHRXYVY ODVHU RVFLOODWLRQV DW WKUHH

DQG UHVSHFWLYHO\ DW WHPSHUDWXUHV R fé&
SRZHU RI P: RI QP /' ZKHQ WKH ODVHU RXWSX\
FKDQQHO

6LPXOWDQHRXY ODVHU RVFLOODWLRQV DW WZR GL
DW D WHPSHUDWXUH R f& ZLWK D IL[HG SXPS SF
ZKHQ WKH ODVHU RXWSXWV ZHUH H[WUDFWHG WKUR

IDVHU RXWSXW VSHFWUD RI FKDQQHO DW GLIIHUH
f& WR f& ZLWK D IL[HG SXPS SRZHU R P: RI

IDVHU RXWSXW VSHFWUD RI FKDQQHO DW GLIIHUH
f& WR f& ZLWK D IL[HG SXPS SRZHU RI P: RI

2XWSXW VSHFWUD RI FKDQQHO DW GLIITHUHQW WH
WR f& ZLWK D IL[HG SXPS SRZHU RI P: RI QF

SHVSRQVH RI WKH %UDJJ ZDYHOHQJWK LQ FKDQQHC
WKH UDQJH IURP WR f& ZLWK D IL[HG SXPS SRZ

[[LLL



&DOLEUDWLRQ RI WKH ODVHU ZDYHOHQJWKYV ZLWK

W R f& IRU FKDQQHOV DQG DQG IURP fé&
UHVSHFWLYHO\

&DOLEUDWLRQ RI WKH %UDJJ ZDYHOHQJWK ZLWK W
WR f& IRU FKDQQHO ZKHQ LWV RXWSXW ZDV H[W

[[LY



$FNRZOHGJHPHQWYV

J)LUVW RI DOO , ZRXOG OLNH WR H[SUHVV P\ GHHSHVW J
3URI .79 *UDWWDQ 'U 7 6XQ DQG 'U $ 7 $XIRXVWL IF
VXSHUYLVLRQ DQG HQFRXUDJHPHQW WKURXJKRXW WKH
*UDWWDQ DQG 'U 7 6XQ IRU WKHLU YDOXDEOH VXJJH)
KHOSHG PH WR PRYH IRUZDUG WR WKH GLUHFWLRQ RI UH
JUHDWO\ LQGHEW WR WKHP IRU WKHLU SDWLHQFH KHOS

, bP SOHDVHG WR DFNQRZOHGJH WKH ILQDQFLDO VXSSR
DQG WKH )LJI/HDI ,7 IRU P\ VWXGLHYVY 7KH WUDYHO JUD
RUVKLSIXO &RPSDQ\ RI 6FLHQWLILF ,QVWUXPHQW ODNH!
‘LUH :RUNHUV DQG WKH ,QVWLWXWH RI 3K\VLFV DUH VWU

, bP DOVR SOHDVHG WR DFNQRZOHGJH WKH YDULRXV VX
ZRUN IURP WKH 8QLYHUVLW\ RI 1LFH LQ )UDQFH DQG WKH

, DP WKDQNIXO WR DOO P\ FROOHDJXHV 9HQX -DFNVRQ

'U :LH DQG PDQ\ RWKHUV DW &LW\ 8QLYHUVLW\ IRU WKH
WKURXJKRXW P\ VWXGLHV , DP JUDWHIXO WR 0U -LP +R
OV /HFKD .RZDOVND OV -RDQ 5HYHOOLQH DQG 0V 7LQGI
GXULQJ P\ VWXGLHV

, bP SOHDVHG WR WKDQN DOO P\ IULHQGV P\ FROOH]
%DQJODGHVK P\ SDUHQWY DQG P\ EURWKHU DOO P\ FRX
WKHLU HQFRXUDJHPHQW IRU P\ VWXGLHV

)LQDOO\ VSHFLDO WKDQNV WR P\ KXVEDQG 'U ODQRVE
HQFRXUDJHPHQW DQG VXSSRUW WKURXJKRXW P\ VWXGLH

-KDPD 0DQGDL
- X0\



&RS\ULIJKW '"HFODUDWLRQ

7KH DXWKRU KHUHE\ JUDQWV SRZHUV RI GLVFUHWLRQ
DOORZ WKLV WKHVLV WR EH FRSLHG LQ ZKROH RU LQ
DXWKRU 7KLV SHUPLVVLRQ FRYHUV RQO\ VLQJOH FRSL
QRUPDO FRQGLWLRQV RI DEFNQRZOHGJHPHQW

[[YL



SEVWUDFW

7KLY WKHVLV IRFXVHV RQ WKH GHYHORSPHQW RI RSWLF
ODVHUV IRU SRWHQWLDO WHPSHUDWXUH VHQVRU DSSOLI
W\SH ,,$ %UDJJ JUDWLQJV LQ % *H FR GRSHG DQG *H GF
VWXGLHG DQG WKHLU ORQJ WHUP WHPSHUDWXUH VX
RSWLPLVDWLRQ RI VHYHUDO ZDYHOHQJWK PDWFKHG QRL
ZDV VWXGLHG IRU VHQVRU DSSOLFDWLRQV 7KH QHZ VHC
IXOO LQPHULEVWHIUDWLQJ EDVHG ODVHU IRU WHPSHUDWXU
FKLUSHG ILEUH JUDWLQJ ZDV XVHG DV WKH VHFRQG UHI
WHPSHUDWXUH WXQHDEOH ODVHU DFWLRQ ZLWK HUELXP
ODVHU 1RUPDO W\SH , RU W\SH ,,$ %UDJJ JUDWLQJV ZHLU
V\VWHP DOVR IRUPLQJ WKH HQG UHIOHFWRU LQ WKH OCL
WKHVH JUDWLQJY ZHUH IDEULFDWHG LQ YDULRXV KLJK V
ILEUHV WR HQKDQFH WKH PHDVXUHPHQW UDQJH 7KH
FKDUDFWHULVHG LQ WHUPV RI GLITHUHQW YDOXHV RI DS
WKH SHUIRUPDQFH ZDV FRPSDUHG XQGHU ERWK DFWLYH
7KH ODVHU EDVHG VHQVRU DSSURDFK ZDV H[WHQGHG
DSSOLFDWLRQV ZKHQ WKH QRUPDO JUDWLQJ ZDV VWUDL:
JUDWLQJV ZDV DOVR VWXGLHG LQ RUGHU WR FUHDWH EF

$ GHWDLOHG LQYHVWLJDWLRQ LQWR WKH RXWSXW FKD
PDWFKHG %UDJJ JUDWLQJ EDVHG ILEUH ODVHU ZDV HYD
JUDWLQJ DFWLQJ DV WKH UHIOHFWRU RI WKH ODVHU V
DQRDO\WLFDO PRGHO KDV EHHQ FUHDWHG UHIOHFWLQJ
EDQGZLGWK DQG WKH WHPSHUDWXUH XQGHU HDFK RI W
7KH RXWSXW FKDUDFWHULVWLFV RI D YHU\ VKRUW FDYLW
LW ZDV WHVWHG LQ DQ RYHQ 7KH VLQJOH SRLQW ODVHL
PXOWLSOH[HG VHQVRU DSSOLFDWLRQV DQG VLPXOWDC(
LQIRUPDWLRQ KDV EHHQ REWDLQHG RYHU D ZLGHU PHI
FRQFOXVLRQV RQ WKH ZRUN DQG UHFRPPHQGDWLRQV |
PDGH

[[YLL



/ILVW RI 3XEOLFDWLRQV E\ WKH DXW
WKHVLYV

-RXUQDO SXEOLFDWLRQV

-KDUQD 008GDL6XQ .HQQHWK 7 9 *UDWWDQ DQG $Q
3)LEHU ODVHU EDVHG WHPSHUDWXUH VHQVRU V\VW]
PDWFKHG %UDJJ JUBKNQWDR UVHDWMHGF SMMR@WX/D W RSBV $

0D\
-KDUQD OD<REIKDQJ 6KHQ B6XFKDQGDQ 3DO 7RQJ 6:
*UDWWDQ DQG $QGUHDV 7 $XJRXVWL 2%UDJJ JUDWL
PHDVXUHPHQW RI ZLGHU UDQ 28 WIHP\S BB WXYIHF DWW GR
YRO SS -DQXDU\
-KDUQD ODIR®IL6XQ .HQQHWK 7 9 *UDWWDQ 5XL 7
1JR DQG $QGUHDV 7 $XJRXVWL 3$ SDUDOOHO PXOV
VIVWHP XVLQJ %UDJJ JUDWD®FHEDWHIG | RLE USHX EDDLVAHDU
((( BHQVRUV -RXUQDO
6XFKDQGDQ 3DO <RQUQIDAREBMLE6XQ DQG .HQQHW
79 *UDWWDQ 3*6LPXOWDQHRXV PHDVXUHPHQW RI
WHPSHUDWXUH WR f& XVLQJ D FRPELQHG IOXR
WHFKQRDFRHSWHG IRU SXEOLFDWLRQ LQ ,((( 6BHQVRUV
< + 6KHQ - ®BQGDBXQ . 7 9 *UDWWDQ 6 $ :DGH 6 ) &

%D[WHU % 'XVVDUGLHU DQG * ORQQRP 3,QY
SKRWRVHQVLWLYLW\ WHPSHUDWXUH VXVWDLQDELOL
VHYHUDO (U GRSHG SKRIWWR\MWHQ&R WRX®L7AEMURQV YR

-KDUQD 0D®R®DL6XQ .HQQHWK 7 9 *UDWWDQ $QGUHEL
$ :DGH B6WHSKHQ ) &ROOLQV *UHJRU\ : %D[WHU ¢
*pUDUG ORQQRP 3$ ZLGH WHPSHUDWXUH WXQDEOH
JUDWLQJ DQG D W\SH ,,$ I0HDWX GHUMDHQ W IFWHQ FH
7THEKQRORO\  SS

[[YLLL



-KDUQD ODXGBOQGDQ 3DO 7RQJ 6XQ .HQQHWK 7 9
7 $XJRXVWL DQG 6FRWW $ :DGH 2*%UDJJ JUDWLQJ E
IRU WHPSHUDWXU 13 KRIVQRQRRAY 7HFKDRO RI\ISHWWHUV
-DQXDU\

6 3DODQGDOGXQ .7 9 *UDWWDQ 0 )RNLQH ) &DUOVYV
6 $ :DGH DQG 6 ) &ROOLQV 3&KDUDFWHULVWLFV RI
VHQVRU EDVHG GHYLFHV DWW HDO/HKYMHW H G WW B IP ISHIQPHA
7HFKQRORO\ SS O “XQH

6XFKDQGDPKD BOD ODTREDIO 6XQ DQG .HQQHWK 7 9 *
3$QDO\VLV RI WKHUPDO GHFD\ DQG SUHGLFWLRQ RI
ERURQ JHUPDQLXP FRGRSHGSISEHHGHRWIFMBWLQJ’

$SULO

&RQIHUHQFH SXEOLFDWLRQV

-KDUQD ODRQD®BXQ .HQQHWK 7 9 *UDWWDQ $QGUHD
$ :DGH 6WHSKHQ ) &ROOLQV *UHJRU\ : %D[WHU %}
ORQQRP 5XL 7 =KHQJ DQG 1DP 4 1JR 36WUDLQ LPS
EDVHG V\VWHP IRU ZLGH UDQJH WHP SHLUDBMXRFMH PHD\
RI 2SWROUHODQG &BQLBOUMXQE®LQ ,UHODQG

“KDUQD ODR®IBDQJ 6KHQ 6XFKDQGDQ 3DO 7RQJ 6)
*UDWWDQ $QGUHDV 7 $XJRXVWL 5XL 7 =KHQJ DQG
RI WHPSHUDWXUH DQG VWUDLQ RYHU D ZLGH UDQJ
VHQVRU VLQWHPWLFV DQG 3KRWRBRRPAR@®RYIRZIHQFH

&DOHGRQLDQ 8QLYBUREW!'S XEXDLWIREG E\ ,QVWLWXWH
Ss 6HSW

6XFKDQGDQ 3DO <RDUKDQIDEREP6XQ .HQQHWK 7 9
*UDWWDQ 6 $ :DGH 6 ) &ROOLQV * : %D[WHU % 'XV
3@ RPSDULVRQ RI 6Q DQG 6E GRSHG VSHFLDOL]HG 10
EDVHG ZLGH UDQJH VLPXOWDQHRXV VWUDLQ WHPSHL
LQ 2SWLFV DQG 3KRWRIXRFWR®BDRVHIBHEQEBOHGRQLD!



8QLYHUVLW\ 3URFWHRZLQJV SXEOLVKHG E\ ,QVWLWXW
6HSW

-KDUQD ODR®IGDQJ 6KHQ 6XFKDQGDQ 3DO 7RQJ 6.
*UDWWDQ DQG $QGUHDV 7 $XJRXVWL 3:LGH UDQJH
PHDVXUHPHQW XVLQJ %UDJJ JUDW LQY ALRFHGR | L DGH
(XURSHDQ :RUNVKRS RQ 2SWLFDO )ISSHU 6HQVRUYV
6DQWDQGHU 6SDLQ -XQH
6XFKDQGDQ 3DO <RRURDQUDAR®ID6XQ DQG .HQQHWK
9 *UDWWDQ 3&RPELQHG IOXRUHVFHQFH DQG JUDWI
UDQJH VWUDLQ WHPSHUDWXUH VLPXOWDQHRXV PHD\
LQ 3URF RI(:3861 6SDLQ -XQH
< + 6KHQ -60IDGDOSXQ . 7 9 *UDWWDQ % 'XVVDL
ORQQRP 6 $ :DGH * : %D[WHU DQG 6 ) &ROOLQV 3&
(U GRSHG ILEUHV IRU %UDJJ $X\DWUROLDSSROD
RQ 2SWLFV /DVHUV DQG 6SHRARHMREHRSOHDERBEUQH
$EVWUDFW
- 0DQG®ADO : =KDR 7 6XQ . 7 9 *UDWWDQ DQG 6 ¢
KLJK WHPSHUDWXUH VHQVRU EDVHG RQ D FRPSDFW
LQ WKH 7HFK 'LJHVW RI WK ,QW &RQI RQ 2SWLF
Ss 1DUD -DSDQ 2FW

=KDR < + 6KHQODRQBED®WXQ . 7 9 *UDWWDQ DQG
3ULWFKDUG 22SWLFDO ILEUH V\WVWHPV IRU PHDVXU

SUHVHQWHG LQ WKH &RQI 2Q OLQH PHDVXUHPHQ!
LQGXVIRWDIGRQ 8. 2FW
6 3PO0ODQGDO+ 6KHQ 7 6XQ . 7 9 *UDWWDQ D

s3KRWRUHIUDFWLYLW\ RI 6E (U *H FRGRSHG VLOLFD
KLJK WHPSHUDVBXUIN VQWDHEGOLQVWKH PHHWLQJ RQ LQ
6SHFLDO )LEUHV&RKR@QWQWH[8. 2FW

- 0DQGDB®DO 7 6XQ . 7 9 *UDWWDQ DQG $ 7 $XJRXVV
HUELXP GRSHG ILEUH ODVHUV DRG@ IWKRHLURVIBBYR B U
DQG WKHLU $SSOLFDWIRQV :,, &RMSWUHQFH

7 6XQ ', JRUV\WK 6 -$0D@GED® 3DUDWWDQ : ' 1
3ULWFKDUG DQG * *DPKDP 3)LEUH %UDJJ JUDWLQJ
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ILEUH VHRUWHRWWOWHG DW VW ,QW &RQI RQ 2SWLFD
IRQGRQ SS '"HFHPEHU

6 3DODQGDO6XQ . 7 9 *UDWWDQ 0 )RNLQH ) &DUO
JRQMDOOD] 3*+LJK WHPSHUDWXUH SHUIRUPDQFH RI
SRWHQWLDO VHQVRQ DBBSBOLFBWLRWDQFHG 6HQVF
,QVWUXPHQWDWLRQ 6\WWHPV IKRHO G RIPE XW WH RZX 3 KR
&RQIHUHQFH &HQWUH /RQGRQ 2FW

7 6XQ 60IDQGDQG . 7 9 *UDWWDQ 3)LEUH %UDJJ JUD
XVLQJ IOXRULGH H[FLPHU ODVHU IRU VHQVQQJ DQG
&HQWUDO /DVHU )DXWBHWIRU&)$SSOHWRQ /DERUDWR
SS $QQXDO 5HSRUW

6 3DODOQGDO6XQ DQG . 7 9 *UDWWDQ 3+LJK WHPS]
SRWHQWLDO RI %UDJJ JUDWLQJV IDEULFDMMHG LQ G
3URF RI WKH $SSO 2SWLFV DQG 2SRAMRRIQ H F WADRJGELLA Y
,QWHUQDWLRQDO $UHQD &DUGLII 3URFHHGLQJV S»
8. SS 6HSWHPEHU



&KDSWHU

,(OQWURGXFWLRQ

JLEUH %UDJJ JUDWLQJ WHFKQRORJ\ LQ ILEUH

7KH LQQRYDWLRQ WKDW VDZ WKH GHYHORSPHQW RI DQ H
V KDV SURYLGHG WKH IRXQGDWLRQ IRU WKH IXWXUH
.RHVWHU DQG 6QLW]HU @ LQ ZKDW UHPDLQV DQ
GHYHORSPHQW RI ORZ ORVV GRSHG ILEUH 6XFK DGYDQF
ILEUHV DQG RSWR HOHFWURQLF FRPSRQHQWY H J FRXS
Rl HIIHFWLYH VLJQDO WUDQVPLVVLRQ WKURXJK WKH RS\
WKHQ GRPLQDQW FRSSHU FDEOH 7KH GHYHORSPHQW D
VIVWHPV ZHUH IXUWKHU DGYDQFHG E\ WKH UDSLG DGY
WHFKQRORJ\ FUHDWLQJ QHZ OLJKW VRXUFHV HJ OD!
VXLWDEOH ZDYHOHQJWKVY DQG SKRWR GHWHFWRUV DQG
,PSURYHPHQWY LQ ILEUH PDWHULDOV KDYH EURXJKW GR
WKDW LV VR ORZ WKDW WKH RSWLFDO PHGLXP KDV QRZ
EDQGZLGWK VHYHUDO *+] UDQJH WUDQVPLVVLRQ PHGLX

,Q DGGLWLRQ WKH VXFFHVVIXO LQFRUSRUDWLRQ RI D U
DQ RSWLFDO ILEUH KDV RIIHUHG ERWK D ORZ SURSDJDWIL
SURSHUWLHVY IRU WHOHFRPPXQLFDWLRQV VHQVRUV T
DSSOLFDWLRQV 7KH RXWSXW VSHFWUDO FKDUDFWHULVW
EH YDULHG E\ FKDQJLQJ WKH GRSLQJ FRPSRVLWLRQ RI \
ORQJ OLIHWLPH RI WKH PHWDVWDEOH VWDWH IRU H[DF
UHTXLUHG KLJK SRSXODWLRQ LQYHUVLRQ WKDW FDQ Et
VRXUFHV >'LJRQQHW @



JLEUH %UDJJ JUDWLQJV )%*V KDYH EHFRPH LPSRUWDQYV
VHQVRU V\VWHPV VLQFH WKHLU ILUVW VXFFHVVIXO I|

GHYHORSPHQW LQ WKH ODWH V IRU WHPSHUDWXUH
DHURVSDFH HJ SDUWV RI DLUSODQH ZLQJV DQG HOH|
> HUWAM DO 5DR @ 7KH PDLQ DGYDQWDJH RI WKLV W!

RI ZDYHOHQJWK HQFRGHG PHDVXUHPHQW LQIRUPDWLRQ
VHOIl UHIHUHQFLQJ 7KH DGGLWLRQDO DGYDQWDJHV RI >
ZHLIKW QDWXUH LPPXQLW\ WR HOHFWURPDJQHWLF L«
WHPSHUDWXUH WROHUDQFH DQG WKH SRWHQWLDO IRU |
7KH NH\ LVVXH LV WKH GHWHUPLQDWLRQ RI WKH VPDOO
VKLIW XVLQJ D EURDGEDQG OLJKW VRXUFH DQG DQ DSS
GXH WR WKH QDUURZ EDQG QDWXUH RI WKH %UDJJ ZDY|
I[URP WKLV W\SH RI VRXUFH LV RIWHQ TXLWH ZHDN ZKLF
UDWLR 615 LQ WKH PHDVXUHPHQW V\VWHP ZKLFK PD\
FDQ EH LQWHUURJDWHG LQ D GLVWULEXWHG VHQVRU VFk

$QRWKHU LQWHUHVWLQJ JUDWLQJ VWUXFWXUH WKDW
FRPSHQVDWLRQ LQ KLJK ELW UDWH WUDQVPLVVLRQ V\VW
JUDWLQJ &)%* >2WKRQRV DQG .DOOL @ ,WV PRQR
IDYRXUHG IRU VHYHUDO VSHFLILF WHOHFRPPXQLFDWLRC
GHYLFH KDV EHHQ UHSRUWHG IRU SDVVLYH VHQVRU D¢
PRQLWRULQJ DS SO PD@LRQV >.LP

7KH GHYHORSPHQW Rl )%*V KDV HQKDQFHG WKH IXQFW]
ILEUH ODVHUV 7KH FDSDELOLW\ WR IDEULFDWH )%*V GL
WKH LQWHJUDWLRQ RI JUDWLQJY LQWR WKH UDUH HDUW
ZDYHOHQJWK VHOHFWLYLW\ KDV UHLQYLJRUDWHG ILEHU
EDVHG ILEUH ODVHUV HLWKHU WZR ZDYHOHQJWK PDWEK
FRPELQHG ZLWK D EURDGEDQG PLUURU DUH W\SLFDOO\
WKH VLJQDO LQ WKH ILEUH WRJHWKHU ZLWK WKH DFWLY
FUHDWH DQ RSWLFDO RVFLOODWRU $Q H[WHUQDO HQHU.
IRU WKH JDLQ PHGLXP WR DEVRUE WKH SXPS SKRWRQV



WKXWR SURGXFH WKH VWLPXODWHG HPLVVLRQ WR DOOR?Z
DQG +DZNHV @

,Q ILEUH ODVHU EDVHG VHQVRU DSSOLFDWLRQV WKH FKI
WKH FKDQJHV LQ WKH %UDJJ ZDYHOHQJWK ZKHQ DQ\ H[
vwubDLQ RU WHPSHUDWXUH LV DSSOLHG ,Q D VLPLODU

VFKHPH WKH LQKHUHQW ZDYHOHQJWK DGGUHVVLQJ FDS
GLVWULEXWHG ODVHU VHQVRUV WR EH FUHDWHG 7KH P
VHQVRUV VFKHPH LV DQ LQFUHDVHG VLIQDO WR QRLVH U
VFKHPH ,Q DGGLWLRQ WKH\ SURYLGH QDUURZ OLQHZL
UHIOHFWHG IURP WKH SDVVLYH JUDWLQJ HOHPHQW WKX
VPDOO SHUWXUEDWLRQV RI WKH PHDVXUDQGYV 7KH VLJ(
RFFXUULQJ LQ WKH RSWLFDO GRPDLQ UDWKHU WKDQ LQ
ODVHU GHYLFHV >.LP @

JLEUH %UDJJ JUDWLQJ EDVHG ILEUH ODVHUV KDV EHHQ
DSSOLFDWLHRWWOOH®WHH\ DQG ORUH\ @ EXW RYHU D C
WHPSHUDWXUH W\SLFDOOHWHNY VWODWHDG & >%$%DOO
OLPLWDWLRQ RI XQLIRUP ZDYHOHQJWK PDWFKHG %UDJJ
ERWK WKH JUDWLQJYV VKRXOG EH LQ WKH VDPH PHDVXU
WHPSHUDWXUH RU VWUDLQ WR EH PHDVXUHG %UDJJ JUI
KDV DOVR EHHQ XVHG IRU VHULDO PXOWWSDEB[@MHG VHQV
ZKHUH D FRPPRQ EURDGEDQG PLUURU DQG WZR )%*V Z
FDYLWLHV <HW WKHXG8 YHORFRMHBEDWVRHO VHQVRU V\VWHI
IRU WHPSHUDWXUH VHQVLQJ DSSOLFDWLRQV UHPDLQV D
VXEMHFW RI WKLV ZRUN

$LPV DQG 2EMHFWLYHV RI WKH ZRUN

7KH PDMRU REMHFWLYH RI WKLV ZRUN LV WR GHYHORS
VHQVRUV IRU KLJK WHPSHUDWXUH DSSOLFDWLRQV 7KH
UDWLR 615 LV LPSRUWDQW IRU UHPRWH PHDVXUHPHQW
PHDVXUHPHQW UHVROXWLRQ DQG PXOWLSOH FKDQQHO |



W SHUDWXUH PHDVXUHPHQWY WR GDWH KDV DULVHQ IUR
WHPSHUDWXUH VXVWDLQDEOH SKRWRVHQVLWLYH ILEUF
LPSULQWHG 7KXV WKH PDLQ REMHFWLYHV RI WKLV ZRUN

$+ $ UHYLHZ Rl WKH GHYHORSPHQW DQG WKH EDENJUR
LWV SRWHQWLDO IRU VHQVRU DSSOLFDWLRQ UHFRJQL
$+ 7KH HYDOXDWLRQ RI WKH FKDUDFWHULVWLFV RI FDC
RSWLFDO ILEUHV ERWK FRPPHUFLDOO\ DYDLODEOH DQ
RUJDQLVDWLRQV
f )DEULFDWLRQ RI ILEUH %UDJJ JUDWLQJV LQWR WKH |
WHPSHUDWXUH FKDUDFWHULVWLEV
 &UHDWLRQ®RIL@®WUPUH JUDWLQJ EDVHG ODVHU VFK
DSSOLFDWLRQV WKXV VLPSOLI\LQJ WKH DOLJQPHQW L
f ([WHQVLRQ RI WKH WHPSHUDWXUH PHDVXUHPHQW UD
D KLJK WHPSHUDWXUH VXVWDLQDEOH VHQVLQJ JUDWL
(IWHQVLRQ RI WKH VHQVRU V\VWHP IRU VWUDLQ PRQL
(YDOXDWLRQ RI WKH SHUIRUPDQFH RI WKH XQLIRU
JUDWLQJV EDVHG ODVHU VHQVRUV ZKHQ HDFK LQGLY
UHIOHFWRUV Rl WKH ODVHU V\VWHP UHVSRQGV WR W}
f ([SORUDWLRQ RI WKH RSWLPXP ODVHU WHFKQRORJ\
DSSOLFDWLRQV
+ 3XEOLFDWLRQ RI UHOHYDQW UHVXOWY LQ LQWHUQDMW

6WUXFWXUH RI WKH WKHVLYV

7KH UHVHDUFK ZDV FDUULHG RXW WR PHHW WKH DERYF
GHYHORSPHQWYV LQ RSWLFDO ILEUH ODVHU EDVHG VHQVF

JROORZLQJ WKLV EULHI LQWURGXFWLRQ DV &KDSWHU
ILEUH %UDJJ JUDWLQJY WKHLU IDEULFDWLRQ DQG WKl
JUDWLQJY FUHDWHG IRU KLIJIK WHPSHUDWXUH XVH



&HWSWHU FRPSULVHV D UHYLHZ RI WKH EDFNJURXQG WHR
XVHG DQG LWV RSWLPLVDWLRQ IRU VHQVRU DSSOLFDWLF
IDFWRUV LQFOXGLQJ WKH UHIOHFWLYLWLHYV RI WKH PI
HUELXP GRSHG ILEUH DV WKH JDLQ PHGLXP ILEUH OHQJ
DQG WKH XVH RI GLITHUHQW FDYLW\ FRQILIJXUDWLRQV

&KDSWHU LV D GHWDLOHG UHYLHZ RI RSWLFDO ILEUH
WKHRUHWLFDO EDFNJURXQG WR WKH WHPSHUDWXUH U
LQWURGXFHV D QHZ DXSORDFBHLEDIMIGDRQ @) EDVHG ODVI
WHPSHUDWXUH VHQVLQJ DFKISQISHOMLEQW BB HIMHIRWD Q.
RQH Rl WKH FDYLW\ UHIOHFWRUV DOORZV WHPSHUDWXU
RYHU D ZLGH PHDVXUDQG UDQJH (UELXP GRSHG ILEUH ZI
ODVHU EDVHG RQ WKH UHVXOWY REWDLQHG IURP &KDSW
DV WKH ZDYHOHQJWK VHOHFWLYH DQG WKH VHQVLQJ HC
HQG UHIOHFWRU LQ WKH ODVHU FDYLW\ 7KH FKDUDFWHU
DQDO\VHG

&KDSWHU GLVFXVVHV WKH FKDUDFWHULVDWLRQ RI D Z
XVLQJ D UDQJH RI YDOXHV RI DSSOLHG VWUDLQ WR WKH
UHIOHFWRU LQ WKH ODVHU FDYLW\ 7KH W\SH ,,$ %UDJ
HOHPHQW RI WKH V\VWHP EHFDXVH RI LWV KLJK WHPSHL
H[SHULPHQWDO VHW XS WR WKDW LQ &KDSWHU 7KH
FDOLEUDWHG XVLQJ ERWK JHUR VWUDLQ DQG GLIIHUHQW
JUDWLQJ ZKHQ NHSW DW DPELHQW WHPSHUDWXUH DQG
SDVVLYH RSHUDWLQJ FRQGLWLRQV RI WKH GHYLFH

&KDSWHU VKRZV WKH XVH RI D QRYHO KLJK WHPSHUDW:.
IDEULFDWHG LQ DQ DQWLPRQ\ JHUPDQLXP ©6E *H FR GR
IDEULFDWLRQ RI W\SH ,,$ FKLUSHG %UDJJ JUDWLQJV LQ
ZHUH DFKLHYHG IRU WKH ILUVW WLPH WR RXU NQRZOHG]J
LQ ODVHU FRQILIJIXUDWLRQ WKH WHPSHUDWXUH PHDVXU
VWUDLQ PRQLWRUHG XS WR SV



&KDSWHKDUDFWHULVHYV WKH SHUIRUPDQFH RI WKH XQLIR
JUDWLQJV LQFRUSRUDWHG LQ D ODVHU IRU VHQVRU DS
%UDJJ JUDWLQJ DFWLQJ DV WKH UHIOHEWRUV RI WKH Ol
WHPSHUDWXUH $Q DQDO\WLFDO PRGHO KDV EHHQ FUHL
UHODWLRQVKLS EHWZHHQ WKH JUDWLQJ EDQGZLGWK

RSHUDWLRQDO FRQGLWLRQ DQG WKH UHVXOWV REWDLC
RSWLPXP GHVLJQ RI WKLV W\SH RI ILEUH ODVHU IRU WHF
7KH RXWSXW FKDUDFWHULVWLEV RI D YHU\ VKRUW FDYLW
LW ZDV SODFHG LQ DQ RYHQ VLPXODWLQJ LWV XVH LQ W

&KDSWHU HIWHQGYV WKH VLQJOH SRLQW ODVHU SUREH
DQG LQWR SDUDOOHO PXOWLSOH[HG WHPSHUDWXUH
FDYLWLHYVY ZHUH IRUPHG XVLQJ D FRPPRQ EURDGEDQG FK
ILEUH %UDJJ JUDWLQJY DV RSWLFDO IHHGEDFN HOHPHC
GLITHUHQW OHQJWKV RI HUELXP GRSHG ILEUHV (')V DV
WKH ODVHU $QRWKHU H[SHULPHQW ZDV SHUIRUPHG E\
IURQW RI WKH VSOLWWHU DQG WKH UHVXOWY REWDLQH!
WKH ODVHU FKDQQHOV G6LPXOWDQHRXYV ODVHU RVFLOOD
REWDLQHG ZLWKRXW JDLQ FRPSHWLWLRQ ZKHQ VHSDUD
HDFK FKDQQHO DIWHU WKH VSOLWWHU DQG WKH WHPSHU
URRP WHPSHUDWXUH f& WR D PD[LPXP RI f& ZKHQ
ZDV SODFHG LQ WKH RYHQ

&KDSWHU SUHVHQWY D EULHI FRQFOXGLQJ GLVFXVVLR(
IRU IXWXUH UHVHDUFK LQ WKLV ILHOG



SHIHUHQFHYV

f $ODYLH $ 7 .DUU 6 ( 2WKRQRV $ DQG OHDVXUHV
%UDJJ JUDWLQJ ILEHU, QD \BKRBWRIQ V RHFKRG\CH P/SISV W

 %DOO *$ ORUH\ :: DQG &KHR 3. 6LQJOH L
ODVHU VHQEYRRWRQ 7HFKR®RO /$HIWW

 'LJRQQHW O05DUH (DUWK 'RSHG )LEHU /DDHBEM@®DQG $|
'HNNHU 1HZ <RUN

f .HUVH\ $' DQG ORUH\ : : OXOWL HOHPHQW ¢
ILEUH ODVHU VOMHFEDMUR PR QR W S S

f .HUVH\ $°' 'DYLV 0$ 3DWULFN + - J/H%ODQF 0
3XWQDP 0$ DQG )ULHEHOH ( - (OLEHU JUDW
ILJKWZDYH WHREKQROSS

t+ LP 6 .ZRQ - .LP 6 DQG )HH % 7HPSHUDW)

VHQVRU XVLQJ D FKLUSHG JUDWLQJ S(DUSKVORY HPEH
7HFKQROYRBWW SS
$+ LP % < )LEHU ODVHUV LQ 2ASQUBMFIDFD BHQERUV6HQV

7HFKQRORM\HG YRO *UDWWDQ .79 DQG OHJJLW
&KDSPDQ +DOO SS

f .RHVWHU & - DQG B6QLW]HU ( $8SOLIZEWWLRQ
YRO SS

+ OHOOH 6 0 $ODYLH $7 .DUU 6 &RUR\ 7 )LX
$ %UDJJ JUDWLQJ WXQHG ILEHUY((QBKRWR@UDLQ

7THFKQROYRBWW SS

 2WKRQRV $ DQG )hE@8ABU %UDJJ *UDWLQJV )XQGDPF

$SSOLFDWLRQV LQ 7THOHFRPPXW HF BWIRRYWH DB B VMY L

$+ 5DR < - 5HFHQW SURJUHVV LQ DSSOLFDWLRQ

VHQVFRUWLFY DQG /DVHRY LQ 8C8JJ

T 6QLW]JHU ( 1IHRG\BURP JO@VVGORWHU&RQI RQ 6F

IDVHBDULV )UDQFH SS

$+ :LOVRQ - DQG +DZNHMDVHUV% 3ULQFLSOHV DQG $SS

BUHQWLFH +DOO ,QWHUQDWLRQDO (WG 8.



&KWOSWHU

J)DEULFDWLRQ RI ILEUH %UDJJ JUD
FKDUDFWHULVDWLRQ IRU KLIJK WHPSH

$SEVWUDFW

7KLY &KDSWHU GHVFULEHV WKH PHFKDQLVP RI ILEUH S
XOWUD YLROHW OLJKW LQ WKH RSWLFDO ILEUH FRUH D
‘'LITHUHQW WHFKQLTXHV KDYH EHHQ XVHG WR HQKDQFH
IDEULFDWH WKH ILEUH %UDJJ JUDWLQJY DQG WKHVH D
ZKLFK FKDUDFWHULVH WKH %UDJJ JUDWLQJV XVHG D
EHKDYLRXU RI ERWK W\SH , DQG W\SH ,,$ ILEUH %UDJJ J!
GRSHG SKRWRVHQVLWLYH ILEUHV ZDV REVHUYHG 7KH (
JUDWLQJV ZDV FDUULHG RXW LQYROYLQJ D VHULHV RI
FKDQJHV IURP f& WR D PD[LPXP RI f& IRU PRUH
WHPSHUDWXUH EHIRUH H[WHQGLQJ WKH WHPSHUDWXUFL
JUDWLQJV ZzDV DQDO\WHG LQ WHUPV RI WKH GHFD\ LQ WKk
PRGXODWLRQ DQG WKHLU %UDJJ ZDYHOHQJWKY YDULDW.L
)LQDOO\ WKH FDOLEUDWLRQ RI WKH JUDWLQJ VHQVLW
SHUIRUPHG IROORZHG E\ D SUHVHQWDWLRQ RI DQ RYH
FKDSWHU

L, QWURGXFWLRQ

JLEUH %UDJJ JUDWLQJV )%*V KDYH VKRZQ WKHPVHOYHYV
D UDQJH RI VHQVRU DQG WHOHFRPPXQLFDWLRQ DSSOLFI
@ +LJKO\ UHIOHFWLYH %UDJJ JUDWLQJY DUH RIWHQ



VHRY RU FRPPXQLFDWLRQV DSSOLFDWLRQV 7KH DGYDQ\
OLJKW ZHLJKW WKHLU LPPXQLW\ WR HOHFWURPDJQHWLF
EDQGZLGWK WKDQ FRQYHQWLRQDO FRSSHU FDEOHV U
PHDVXUHPHQW LQIRUPDWLRQ WKXV PDNLQJ WKH VHQ
WHPSHUDWXUH WROHUDQW 7KH SKRWRVHQVLWLYLW)\ RI
Rl %UDJJ JUDWLQJV LQ WKH RSWLFDO ILEUH FRUH 7KH
WKHVH JUDWLQJV LV RIWHQ GHWHUPLQHG E\ WKH 89 LQC
WKH ILEUH FRUH +LOO DQG FR ZRUNHUV ILUVW UHSRUW
JHUPDQLXP GRSHG RSWLFDO ILEUHV LQ 2YHU WKH
UHVHDUFKHUV DURXQG WKH ZRUOG KDYH LQYHVWLJDWH
JUDWLQJV WKHLU WKHUPDO VWDELOLW\ DQG SRWHQWLI
EHHQ XVHG WR HQKDQFH WKH SKRWRVHQVLWLYLW\ R
WHOHFRPPXQLFDWLRQ RSWLFDO ILEUHV W\SLFDO JHUPE
WKH LQGXFHG UHIUDFWLYH LQGH[ PRGXODWLRQ RI WKH
RI WKH )%*V LV DQ LPSRUWDQW IHDWXUH WR EH VWXGLF
IRU SUDFWLFDO DSSOLFDWLRQV 7KHUPDO DQQHDOLQJ
VKDGRZ SRUWLRQ RI WKH JUDWLQJY DQG WKXV WR DFK
VHQVRUV XVLQJ WKHP W\SLFDOO\ XS WR WKH DQQHDOLQC
WKH TXDOLW\ DQG WKH GXUDELOLW\ RI JUDWLQJV IDEUL
WKURXJK WHPSHUDWXUH WULDOV

,Q WKLY FKDSWHU ERWK W\SH , DQG W\SH ,,$ %YUDJJ JU|
GRSHG DQG *H GRSHG SKRWRVHQVLWLYH ILEUHV 7KH J
ZDV REVHUYHG RQOLQH WKURXJK PHDVXULQJ WKH WUD
%UDJJ ZDYHOHQJWK VKLIW ZLWK 89 H[SRVXUH WLPH XV
26$ DQG D EURDGEDQG OLJKW VRXUFH /RQJ WHUP WKH
FDUULHG RXW E\ SODFLQJ WKHP LQ DQ RYHQ VXEMHFWH
WHPSHUDWXUH YDULDWLRQ IURP f& WR D PD[LPXP RI
ZHUH PRQLWRUHG DW HDFK VSHFLILF WHPSHUDWXUH

JUDWLQJYV ZHUH DQDO\WHG LQ WHUPV RI WKH GHFD\ LC
PRGXODWLRQ DQG WKHLU %UDJJ ZDYHOHQJWKYV YDULD
WKHUPDO VHQVLWLYLW\ RI WKHVH JUDWLQJV ZDV FDOLEL



TKHRUHWLFDO %DFNJURXQG

7KLY VHFWLRQ UHYLHZV WKH OLWHUDWXUH RQ WKH IRUF
JUDWLQJY LQ RSWLFDO ILEUHY DUH DQ LPSRUWDQW IHDW

SKRWRVHQVLWLYLW\ DQG IRUPDWLRQ RI JUDWLQJ

+LOIOV PO @ ZHUH ILUVW WR UHSRUW WKH ILEUH SKRWR'
VLOLFD ILEUH 'XULQJ DQ H[SHULPHQW WR VWXG\ WKH
GHVLIJQHG RSWLFDO ILEUH LQWHQVH YLVLEOH OLJKW DV
ODVHU ZDV ODXQFKHG LQWR WKH FRUH RI WKH ILEUH 'XL
WKH LQWHQVLW\ RI WKH OLJKW EDFN UHIOHFWHG IURP
WLPH DQG DOPRVW DOO RI WKH LQFLGHQW OLJKW EDFN L
HISRVXUH 6SHFWUDO PHDVXUHPHQWY FRQILUPHG WKDW
WKH ILEUH ZDV GXH WR D SHUPDQHQW UHIUDFWLYH LQG
OHQIJWK 7KH SKRWR LQGXFHG UHIUDFWLYH LQGH[ PRGXO
SKRWRVHQVLWLYLW\ ZKHUH WKH KLJK LQWHQVLW\ SRLQ
LQGH[ RI WKH SKRWRVHQVLWLYH ILEUH FRUH SHUPDQHQ\
WKH ILEUH LQWHUIHUHV ZLWK D VPDOO DPRXQW RI OLJFk
ILEUH WR FUHDWH D VWDQGLQJ ZDYH SDWWHUQ LQ WKH |
UHIUDFWLYH LQGH[ JUDWLQJ $V WKH VWUHQJWK RI WKH
EDFN UHIOHFWHG OLJKW LQFUHDVHYV XQWLO WKH UHIOHF
SRLQW ,Q WKLV zZD\ D JUDWLQJ ZLWK UHIOHFWLYLW\
UHIUDFWLYH LQGH[ PRGXODWLRQ LQ WKH RUGHU RI
SKRWRVHQVLWLYLW\ LQ WKH IRUP RI D SKRWR LQGXFHG
DQ LGHDO PHFKDQLVP IRU WKH IDEULFDWLRQ RI JUDWLQ
VR FDOOHG 3+LOO JUDWLQJV  ZDYHOHQJWK ZDV OLPLWHC
QP 7TKH ZDYHOHQJWK UHVSRQVH RI WKH JUDWLQJ ZDV F
ZDV VWUDLQHG

OHOWW DO @ ILUVW UHSRUWHG WKH IDEULFDWLRQ R
JHUPDQRVLOLFDWH RSWLFDO ILEUHV XVLQJ D KRORJUDSI
ZDYHOHQJWK RI WKH JUDWLQJVY WKXV FUHDWHG FDQ E



ZDYOHQIJWK DQG WKH DQJOH RI WKH WZR LQWHUIHULQ.
SRVVLELOLW\ RI JUDWLQJ IDEULFDWLRQ LQ WKH LPSRU\
HOLPLQDWHYV WKH ZULWLQJ ODVHU ZDYHOHQJWK OLPLW
LQGH[ PRGXODWLRQV DFKLHYHG ZDV a [O VKRZLQJ D
%UDJJ ZDYHOHQJWKYV RI a QP 7KH PDJQLWXGH
PRGXODWLRQ REWDLQHG KDV EHHQ VKRZQ WR GHSHQG
ZULWLQJ ZDYHOHQJWK WKH ZULWLQJ EHDP LQWHQVLW\
FRPSRVLWLRQ RI WKH ILEUH FRUH PDWHULDOV DQG DQ\
LUUDGLDWLRQ

$ ZLGH YDULHW\ RI ODVHU VRXUFHV FRQWLQXRXV ZDYH
uUubQJLQJ IURP WKH YLVLEOH WR WKH YDFXXP XOWUDYLF
LQGXFHG UHIUDFWLYH LQGH[ PRGXODWLRQ LQ WKH FRUH
XVHG SUDFWLFDO OLJKW VRXUFHV DUH .U) DQG $U) ¢+
ZDYHOHQJWKYV RI QP DQG QP UHVSHFWLYHO\

OHFKDQLVP RI SBKRWRVHQVLWLYLW\

7TKH SKRWRVHQVLWLYLW\ WKDW RFFXUUHG LQ JHUPDQI
EHOLHYHG WR RULJLQDWH IURP JHUPDQLXP R[\JHQ YDFC

FRRUGLQDWH QHXWUDO JHUPDQLXP DWRP 2 *H 2 RU *Hf
VR FDOOHG 3ZURQJ ERQGV" DUH UHVSRQVLEOH IRU WKH ¢

, 2ULJLQ RI GHIHFWV LQ JHUPDQRVLOLFDWH JODVYV

+RVRHDR PO @ KDYH UHSRUWHG WKH RULJLQ RI D H9 a

JHUPDQRVLOLFDWH JODVV GXH WR QHXWUDO R[\JHQ PR(
LRQV *H 6L RU *H *H ZURQJ ERQGV 7KH RSWLFDO DQ
UHVRQDQFH (65 VSHFWUD PHDVXUHPHQW DULVLQJ IURP
6L&) JHUPDQRVLOLFDWH JODVV VDPSOHV XVLQJ D C
KDYH VKRZHG WKDW DQ DEVRUSWLRQ EDQG FHQWUHG DW
2QH KDV DQ DEVRUSWLRQ EDQG SHDN DW H9 ZLWHKk
):+0 EDQGZLGWK RI H9 DQG WKH VHFRQG KDV DQ D



ZIKWD ):+0 R H9 7KH 89 OLJKW LUUDGLDWLRQ EOHDF
JHQHUDWHG *H( FHQWUHV 7KH IRUPDWLRQ RI VXFK *H(
WKH EOHDFKLQJ LQ WKH LQWHQVLW\ RI WKH H9 EDQG
FHQWUHG DW H9 ZDV IRXQG WR EH *DXVVLDQ 7KH DI
FRQYHUVLRQ SURFHVYV ZDV RI WKH RUGHU R H9 DQG
XQEOHDFKHG XQGHU 89 LUUDGLDWLRQ EXW HPLWV LQW
QP DORQJ ZLWK D ZHDN VLJQDO DW H9 a QP 7KL
DVVLIQHG WR *H LRQV FRRUGLQDWHG E\ WZR R[\JHQ D
HOHFWURQYV QHXWUDO R[\JHQ GLYDFDQFLHYV 7TKH F
PRQRYDFDQFLHV D SRVVLEOH *2'& WR *H( DQG WKH UF
HISUHVVHG EHABWRZDOWER \ERQR

2 2 2

22 x4 2 *H 2 2 I 22 *Ht *H2? Ha
R R R
x2'& *H (

ZKHUH GHQRWHV D QRQERQGLQJ XQSDLUHG HOHFWUR

7vbHW BO @ KDYH SURSRVHG WKDW D GLYDFDQF\ W\SH
2'&« DVVRFLDWHG ZLWK *H LV UHVSRQVLEOH IRU WKH

*H GRSHG ILEUHV 7ZR FRRUGLQDWHG GHIHFWV FDQ UHI
IRUP K\GURJHQ DVVRFLDWHG SDUDPDJQHWLF FHQWUHYV LC
VKRZQ EHORZ

721 +f 32 7 4+

ZKHUH 7 LV 6L RU *H DQG GHQRWHYV DQ XQSDLUHG HO
PDJQHWLF ILHOG GRXEOHW HOHFWURQ VSLQ UHVRQDQF
SRVVLEOH WR GLUHFWO\ FRUUHODWH WHPSHUDWXUH LQC
FRUUHVSRQGLQJ FKDQJHV LQ WKH 89 LQGXFHG K\GURJH
JRU WKLV WKH RSWLFDO DEVRUSWLRQ FRHIILFLHQWV RI
ZLWK GLIIHUHQW FRQFHQWUDWLRQV SSP SSP .
DEVRUSWLRQ FRHIILEFLHQW ZDV IRXQG WR LQFUHDVH DS



JHHDQLXP FRQFHQWUDWLRQ LQ VLOLFD ZKLFK VXJJHVYV
GHILFLHQF\ FHQWUH 2'& GLYDFDQF\ W\SHWGHHOWFW DVVF
UDWKHU WKDQ D WZR FRRUGLQDWHG *HWR®V @H$W DV S
KLIK WHPSHUDWXUH GXULQJ WKH JODVV PDQXIDFWXULC
GHILFLHQF\ FHQWUHV *2'&V RI D *H GLYDFDQF\ DUH LCc
ZLWK D *H LQ VLOLFD DQG WKLV PD\ EH H[SUHVVHG DV '

2 22*H222 W|2 *H222

ZKHUH 7 LV *H RU 6L 6LQFH HDFK GLYDFDQF\ GHIHF
WKHUPRFKHPLFDO HTXLOLEULXP FRQVWDQW N ZDV GHIL

N >2'&8@ > @ >*H @

ZKHUH >2'&4@ LV WKH PRODU FRQFHQWUDWLRQ RI WKH R]J[
LV WKH SDUWLDO SUHVVXUH RI GXULQJ WKH JODVV PD
PRODU FRQFHQWUDWLRQ RI *H JURP WKH DERYH HTXD'
WKH 2'& FRQFHQWUDWLRQ LV OLQHDUO\ SURSRUWLRQDO
*H FRQFHQWUDWLRQ WKH PRUH 2'& ZLOO EH FUHDWHG

1ILVKW PO @ KDYH UHSRUWHG WKH FRPSDULVRQ EHWZHH
LUUDGLDWLRQ RI YDSRXU SKDVH D[LDO GHSRVLWLRQ 9%’
VKRZHG WZR SKRWRFKHPLFDO UHDFWLRQ FKDQQHOV +1J

H9 LQGXFHG *H( FHQWUHV LQ DGGLWLRQ WR WKH EO
WR R[\JHQ GHILFLHQW GHIHFWYV H9 EDQG DQG WKH HF

H9 WKLV LV REFFXUUHG YLD D RQH SKRWRQ DEVRUSWL
H9 DQG :H&O H9 ODVHUV DW SRZHU GHQVLWLHYV
UHVSHFWLYHO\ JHQHUDWHG WZR W\SHV RI SDUDPDJQHYV
DVVRFLDWHG ZLWK IRXUIROG FRRUGLQDWHG *H LRQV V
* (& DQG VHOI WUDSSHG KROH FHQWUHV 67+ L H EL
ZKLFK RFFXUUHG YLD D WZR SKRWRQ DEVRUSWLRQ SURF



WRNXKIK RQH DQG WZR SKRWRQ DEVRUSWLRQ SURFHVVHYV
JODVV PDWUL] GHSHQGLQJ RQ WKH SRZHU GHQVLWLHYV
IRUPDWLRQ RI *(&V ZDV VDWXUDWHG HDVLO\ ZLWK .U) H[
*(&V FRQYHUWHG WR *H( FHQWUHV XQGHU SURORQJHG
HQHUJ\ (J H9 RI WKH JHUPDQRVLOLFDWH JODVV VD
WKH SKRWRQ HQHUJLHV RI WKH .U) DQG ;H&O H[FLPHU O
RI *(&Vv DQG 67+V YLD WZR SKRWRQ DEVRUSWLRQ SURFH
ZDV H[SUHVVHG WKURXJK WKHWRDAMARZLQJ UHDFWLRQ >1L

2 x| o2 B4B  KX! *(& 67+

JRXU IROG %ULGJILQJ
FRRUGLQDWH®[\JHQ

7KH ORQH SDLU HOHFWURQV RQ EULGJLQJ R[\JHQV DUH
WKH YDODQFH EDQG YLD D WZR SKRWRQ DEVRUSWLRQ S
DQG SURGXFHG *(& DQG 67+ VLPXOWDQHRXVO\ 7KH FRC
FHQWUH PD\ EH GHVFULEHG XVLQJ WKH IROORZLQJ UHDF

*(& 4 *H( 2 QRQEULGJLQJ R[\JHQ

7TKH FRQYHUVLRQ RI WKH *(& LQWR *H( FHQWUHV ZDV U]
RI WKH JHUPDQRVLOLFDWW DOVV7REWUHD P *I(¥ KEHQW U F
EHHQ XVHG DV DEEUHYLDWLRQ IRU *H O RU *H FHQWU
QHDUHVW QHLJKERXU *H LRQV 7KH *H O FHQWUH LV FF
WKH *H FHQWUH LV FRRUGLQDWHG WR WKUHH 2 6L E
H[ISUHVVHG EHORDO@HFDWYV

6L 2 S 2 6L 6L2 S 2z 6L
*H:t *H
? ?
6L 2 2 22 6L *H22 226L
*H O *H

7KH *H O RU *H FHQWUH FDQ WUDS DQ HOHFWURQ WHE
FHQWUHH¥6 FoHomaw vV



+RVRBW DO @ KDYH UHSRUWHG D GHWDLOHG UHODWLR
HOHFWURQ FHQWUH *(& IRUPDWLRQ LQ JHUPDQRVLOLF
GHQVLWLHV RI YDULRXV H[FLPHU ODVHUV 7KUHH GLIIHL
H9 .U) H9 :H&O H9 LUUDGLDWLRQ ZDV XVHG LQ
FRQFHQWUDWLRQ R *(& 1S UR GORVEWHGU L)X ORH ORJ SORYV
RI WKH HQHUJ\ GHQVLW\ RI WRI G BWKHU VODLRIKHV IRHUH DX ®
ODVHU ZDYHOHQJWK ZDV IRXQG WR EH a )RU HDFK H[F
JLYHQ1E\ N @QKHNHHSUHVHQWY WKH DSSDUHQW IRUPDWLI
UHVXOWV KDYH VKRZHG WKDW *(& IRUPDWLRQ RFEFXUU
SURFHVV $OWKRXJK WKH .U) SKRWRQ HQHUJ\ RI H
FRUUHVSRQGY FORVHO\ WR WKH DEVRUSWLRQ EDQG RI
JHUPDQRVLOLFDWH JODVVHW RN KMKH UP)D &/ R IQUHOILIFL W QZF
WR EH DOPRVW WKH VDPH DV WKDW RI WKH $U) H[FLPHU
PDJQLWXGH ORZHU IRU WKH ;H&0O ODVHU OLJKW 7KLV R
HOHFWURQ FHQWUHV *(&V DUH QRW GHULYHG IURP WKt
WKH LOQWULQVLF WWXREWXUHRKRIUWKIHUHH WKH GHIHFW IR
ZDV UHSRUWHG WR EH PXFK KLJKHU ZKHQ WKH WZR SKR)
VXIILFLHQW WR H[FHHG WKH RSWLFDO EDQG JDS RI JHUI
WZR SKRWRQ HQHUJ\ IRU ;H&O ODVHU WKDWWVDPORVH \

@ 7KH IRUPDWLRQ RI WKH *H( FHQWUHV ZDV GHULY
FHQWUHV 2'&V FRRUGLQDWHG E\ *H LRQV ZKLFK RFEX!

K IROORZLQJ D VWUXFWXUDO UHOD[DWLRQ RI WKH *H
H[ISUHVVHG WKURXJK WKH IRHROWOWR2@QJ UHDFWLRQ >+RVRQ

2 2
22 *H 2 YDFDQF\ 2 *H 2 22 XK *H % 22 *R J
2 R ’ 2 R

TKHUHIRUH QR IRUPDWLRQ RI1 6L( 6L HOHFWURQ WUDS
JHUPDQRVLOLFDWH JODVVHV ZKHQ LUUDGLDWHG E\ OLJK!



OHFKDQLVP RI SKRWRLQGXFHG UHIUDFWLYH LQGH][ F

7ZR PDLQ PHFKDQLVPVY DUH UHVSRQVLEOH IRU WKH SKRW
LQ JHUPDQLXP GRSHG RSWLFDO ILEUHV 7KH ILUVW LV
FKDQJHV LQ WKH 89 DEVRUSWLRQ VSHFWUXP ZKLFK JLYH
WKH ILEUH FRUH >+DQG DQG 5XVVHOO @ DQG WKH VH
RQ WKH 89 OLJKW LQGXFHG VWUXFWXUDO FKDQJHV LQ \
UHIUDFWLYH LQGH[ FKDQJHV LQ WKH ILEUH ARUBO>)LRUL

@ 7KH SKRWRVHQVLWLYLW\ RFFXUULQJ LQ JHUPDQLX
JHUPDQLXP R[\JHQ GHILFLHQF\ FHQWUHV *2'&V  *H 6L
3ZURQJ ERQGV’ ZKLFK LV EHOLHYHG WR EH UHVSRQVL!
FKDQJHV 'XULQJ WKH KLJK WHPSHUDWXUH JDV SKDVH F
FKHPLEDO YDSRXU GHSRVLWLRQ 0&9' WHFKQLTXH SUHIF
*H& FRQYHUWY LQWR WKH PRUH VWDEOH *H2 *H PROHI
GHILFLHQW PDWUL[ DW HOHYDWBG @VHXSH QD WXKHIVILEG
GUDZLQJ SURFHVV WKLV PROHFXOH *H2 FDQ PDQLIHVV
YDFDQF\ *H 6L DQG *H *H 3ZURQJ ERQGV ' 7KLV R[\JHQ YD
WR WKH DEVRUSWLRQ EDQG RYHU WKH ZDYHOHQJWK UDQ

+DQG DQG 5XVVHOO > @ ZHUH ILUVW WR SURSRVH WKF
YLVLEOH OLJKW LQGXFHG UHIUDFWLYH LQGH[ FKDQJH
EOHDFKLQJ RI WKH DEVRUSWLRQ EDQG DW QP $FFR
LQGXFHG FKDQJHV LQ WKH SURSHUWLHV RI WKH JODVYV
H[FLWDWLRQV DQG WUDQVLWLRQ RI GHIHFWV 7KHVH FR
RSWLFDO DEVRUSWLRQ RI 89 OLJKW FDXVH FKDQJHV LQ
7KH EOHDFKDEOH 3ZURQJ ERQG’ GHIHFWV *H 6L RU *H *
DUH IRUPHG *H( FHQWUHVY DQG UHOHDVLQJ HOHFWURQ)\
JODVV PDWUL[ XQWLO HYHQWXDOO\ HLWKHU UHFRPELQL
*H O RU *H GRSDQW VLWHV WR IRUP *H ®GIW RO *H u
@ 7KHUHIRUH WKH UHIUDEFWLYH LQGH[ FKDQJH DW
GHQVLW\ DQG RULHQWDWLRQ RI GHIHFWV LQ WKDW UHJL
DEVRUSWLRQ VSHFWUD 7KH FERQY¥BVYHRO MXNH G HWURD W\K H Y
LQGXFHG DEVRUSWLRQD/$HFRWUROLI KF KDKHHWDPHUYV .URQ



UHODWKILES DQG WKH .. UHODWLRQVKLS PD\ EFHHW[®OHVVHCGC
@

ZKHPED GDUH WKH ERXQGDULHV RI WKH VSHFWUDO UDQ
FKDQJHVY QHHG WR BHLNRWKHGADWMHD BQIBWK DW ZKLFK WK
FKDQJHV ZRXOG EH FDOFXODWHG % KH PEBRYKHHTXDWLRC
UHODWLRQVKLS DULVHV IURP WKH FDXVDOLW\ FRQGLWL
EHIRUH DSSOLFDWLRQ RI D SHUWXUEDWLRQ DQG FRUU
SURGXFHG LQ WKH LQIUDUHG YLVLEOH VSHFWUDO UHJLR
VSHFWUXP FKDQJHV RI WKH JODVVHV

BHYHUDO UHVHDUFKHUV KDYH VXSSRUWHG WKH HYLGHQ
WKH 89 DEVRUSWLRQ VSHFWUXP JLYLQJ ULVH WR UHIUD
>:LOOHMPWO $WMMWOPWO /HFRQWBO@ :LWK SURORQJHG
H[SRVXUH WKH VSHFWUXP FKDQJHV KDYH VKRZHG WKTC
EOHDFKHG DQG D EURDG QHZ DEVRUSWLRQ EDQG FHQWU
WKDW WKH JURZWK RI WKH QHZ DEVRUSWLRQ EDQG FHQ
UHVSRQVLEOH IRU *H( FHQWUHV DQG WKH EOHDFKLQ.
FRUUHVSRQGY WR WKH *H2 EDQG 7KH UHIUDFWLYH LQGt
WKH %UDJJ JUDWLQJV LV LQ JRRG DJUHHPHQW ZLWK WKI
[02 XVLQJ WKH FROR X bl \W HXIDW®U H, \W RZDH/ODOSHRNU B SR U
WKH 89 LQGXFHG LQGH[ FKDQJHYV DUH WKHUPDOO\ UHYHU
f& IRU KRXU DQG WKLV LV FRQVLVWHQW ZLWK WKH
ZKHUH DEVRUSWLRQ FKDQJHV SOD\ D PDMRU UROH

JLRUL DQG 'HYLQH > @ KDYH UHSRUWHG WKDW WKH UH
89 OLJKW LQGXFHG VWUXFWXUDO FKDQJHV LQ WKH JODV
DW QP DW LQWHQVLWLHY ZHOO EHORZ WKH EUHDNGR
a - FP FUHDWHV WKH OLQHDU FRPSDFWLRQ OHDGL
ZKLFK ZDV IRXQG WR EH WKHUPDOO\ UHYHUVLEOH $IWH!



FRPSDFGLIVIDG SHDUVY DQG WKH RULJLQDO VDPSOH WKLF!
EHIRUH ZULWLQJ FRXOG EH UHWULHYHG :LWK FRQWLQ
WKH UHYHUVLEOH FRPSDFWLRQ UHJLRQ LUUHYHUVLEOH
XQWLO WKH QP R[LGH VDPSOH zZDV WRWDOO\ HWFKH

- FP $Q DSSUR[LPDWHO\ OLQHDU UHODWLRQVKLS |
LQGXFHG UHIUDFWLYH LQGH[ FKDQJH DV D IXQFWLRQ RI
JODVV 7KH OLQH®W MR WIDRNWICRDQVH G WR , ® WYKRIRXOPIHKK F K D

WKH IROORZLQJ UHODWLRQVKLS >)LRUL DQG 'HYLQH @
$9 2w
9 UEY T

ZKHYHV WKH 3RLVVRQTV UDBWZBV REWDHOQUHIG- MLRRWXKH |
/IRUHQ] UHODWLRQVKLS DQG WKLV ZDV H[SUHVVHG DV EH

5 A:I:ZCE<Z
J: i

ZKHUHYVY WKH VSHFLIDAN WDKRHWMHDWOSFWLYH LQGH[ 7KH |
PRGXODWLRQ ZDV REWDLQHG DV EHORZ E\ GLIIHUHQWL

FRPELQLQJ (T >)LRUL DQG '"HYLQH @
$0 Q Qou pbu $9 \
Q Uub Yy B9

YRU9 5 $5 $9 PRPSDFWLRQ SURGXFHV DQ LQFUHDVH LQ
REVHUYHG E\ )LRUL DQG 'HYLQH > @ 7KH ILUVW WHU
YROXPH FKDQJHV LQ WKH VWUXFWXUH DQGWWKH VHEFR
FRQFHUQHG UHODWHV WR WKH YROXPH RI WKH R[\JHQ LI

I[LPEHUWHWWUBO @ KDYH VWXGLHG WKH FRPSDFWLRQ DQG
LQGH[ FKDQJHV LQ ILEUH %UDJJ JUDWLQJV $ VWURQJ L
FRUH ZzDV REVHUYHG ZLWK WKH IRUPDWLRQ RI WKH %UD.
RI WKH VWUHVV UHGIMHIDPRECGHDOKE>WFWEBQVLRQ LQFUHDVH
UHIUDFWLYH LQGH[ GXH WR WKH SKRWRHODVWLF HIIHFW



FRH QHWZRUN UHVXOWV LQ DQ LQFUHDVHG UHIUDEWLY
HYDOXDWHG IURP WKH D[LDO VWUHVV PHDVXUHPHQWYV

LQGH[ PRGXODWLRQ DQG IURP WKH PHDQ LQGH[ FKDQJH
%UDJJ JUDWLQJ LQGB[ PREXKODPRWMIRMLRQ RI WKH SKRWHR
FRPSDFWLRQ FRQWULEXWLRQ KDV D SRVLWLYH PHDQ
VWUXFWXUDO PRGLILFDWLRQ RI WKH JHUPDQRVLOLFDW
LQGHMPRPHPRY IRXQG WR EH SRVLWLYH VLQFH WKH %UDJJ

ORQJHU ZDYHOHQJWK VLGH RI WKH VSHFWUXP GXULQJ V
UHIUDEWLYH LQGH[ FKDQJH GXH WR WKH SKRWRHODVW
UHVSHFW WR WKH FRPSDFWLRQ LQGXFHG LQGH[ PRGXOD
%UDJJ JUDWLQJ LQGH[ PRGXODWLRQ LV VPDOOHU WKI
PRGXODWLRQ E\ GXH WR WKH SKRWRHODVWLF HI
LQFUHDVH ZDV H[SODLQHG LQ WKDW ZRUN IURP WKH PR
LQGH[ FKDQJH GXH WR WKH VWUXFWXUDO PRGLILFDWLR
LQGH[ FKDQJH GXH WR SKRWRHODVWLFLW\ ,W ZDV DUJXI
FRXOG QRW DFFRXQW IRU DQ LQGH[ H\W DIOIBI@0O CKUHIIFH W K L
D VWUXFWXUDO PRGLILFDWLRQ OHDGLQJ WR WKH FRPSEL
PDLQ FRQWULEXWLRQ LQHODVWLF WRHWKBOREVHUYHG L

'RXDNW DO @ KDYH UHSRUWHG D FRPSUHKHQVLYH VWXG
LQ WKH 89 LQGXFHG SKRWRVHQVLWLYLW\ RI VLOLED JOD
Rl GHQVLILFDWLRQ LQ K\GURJHQ ORDGHG DQG QRQ K\G
FDUULHG RXW WR GHWHUPLQH ZKHWKHU K\GURJHQ LQY
'HQVLILFDWLRQ SHUPDQHQW GLVSODFHPHQW FKDQJH\
SKRWRHODVWLF GHQVLILFDWLRQ PRGHO FRXOG DFFRXQV
LQGH[ FKDQJH LQ QRQ K\GURJHQ ORDGHG JHUPDQRVLO
SODWHV 7KRXJK K\GURJHQ ORDGLQJ HQKDQFHV WKH 89
GHQVLILFDWLRQ IROORZLQJ K\GURJHQ ORDGLQJ ZDV R
SUHIRUP 7KH UHIUDFWLYHS$QQ®H[QRAGXODRIRE® ORD
JHUPDQRVLOLFDWH ILEUH ZDV IRXQG WR EH WKHUPDOO\
ZDV QRW ,W LV EHOLHYHG WKDW D KHDWLQJ LQGXFHG
FRPHV IURP WKH WKHUPDO FRPSDFWLRQ RI WKH JHL
GHQVLILFDWLRQ DFFRXQWV IRU WKH PDMRU SDUW RI W]



D@ WKH WKHUPDO UHYHUVLELOLW\ RI WKH UHIUDFWLY
KHDWLQJ LQGXFHG FRPSDFWLRQ RI WKH ILEUH FRUH GR
GHQVLILFDWLRQ

+RZHYHU LW VWLOO UHPDLQV D PDWWHU IRU GHEDWH I
HIWHQW WR ZKLFK HDFK PRGHO DFFRXQWYV IRU WKH OLJK
WKH ILEUH %UDJJ JUDWLQJV XVHG LQ WKLV ZRUN

(QKDQFHPHQW RI SKRWRVHQVLWLYLW\

$IWHU WKH GLVFRYHU\ RHWKRWR DHGVWWHYVLXYRAFHMMO®O |IL
RI ILEUH %UDJJ JUDWLQJY LQ JHUPDQRVLOLFDWH ILEUH
XQGHUVWDQG PRUH IXO0\ WR LQFUHDVH WKH SKRWRVH(
WKH SKRWRVHQVLWLYLW\ RI JHUPDQRVLOLFDWH RSWLFD
DGRSWHG

+\GURJHQ ORDGLQJ

/IHPDIHMW BO @ KDYH UHSRUWHG XVLQJ KLJK SUHVVXUH K
WR HQKDQFH WKH 89 SKRWRVHQVLWLYLW\ RI JHU]
WHOHFRPPXQLFDWLRQ ILEUHV 7KH K\GURJHQ ORDGLQJ
K\GURJHQ PROHFXOHV LQWR WKH ILEUHV DW KLJK SUHV
WHPSHUDWXUH a f& WR f& 'LWK 89 H[SRVXUH WKH
UHDFW ZLWK 6L 2 *H VLWHV LQ WKH JHUPDQRVLOLFDWH .
2+ DEVRUELQJ VSHFLHVY DQG JHUPDQLXP R[\JHQ GHILFLH«
JURZWK RI WKH QP DEVRUSWLRQ EDQG DQG WKXV
SKRWRVHQVLWLYLW\ RI WKH RSWLFDO ILEUHV 5HIUDFWL
KDYH EHHQ DFKLHYHG LQ VWDQGDUG WHOHFRRPXQLFDWI
7KH PDLQ DGYDQWDJH RI WKH K\GURJHQ ORDGLQJ WHFKC
JUDWLQJYVY WR EH IDEULFDWHG LQ DQ\ JHUPDQRVLOLFL
WHOHFRPPXQLFDWLRQ ILEUHV ZLWK D ORZ JHUPDQLXP

UHIUDFWLYH LQGH[ FKDQJHV ZHUH REWDLQHG LQ WKH IL
7KH XQUHDFWHG K\GURJHQ LQ WKH XQH[SRVHG 89 UHJLR



WY JLYLQJ QHJOLJLEOH DEVRUSWLRQ ORVVHV DW WKH |
WKH ILEUH ORVHV LWV SKRWRVHQVLWLYLW\ DV WKH K\GL

JODPH %UXVKLQJ

YJODPH EUXVKLQJ LV DQRWKHU WHFKQLTXH XVHG WR
JHUPDQRVLOLFDWHWLEO® >8MIORGWBKY WHFKQLTXH WK
RSWLFDO ILEUH WR EH SKRWRVHQVLWLVHG LV 3EUXVKH
IODPH IODPHG IXHOOHG ZLWK K\GURJHQ ZLWK D VPDO
WHPSHUDWXUH UHDFKHV DV KLJK DV f& DQG WKH SKE
PLOQXWHV WR FRPSOHWH $W KLJK WHPSHUDWXUH WKH K
Rl WKH ILEUH DQG UHDFWV ZLWK WKH JHUPDQLXP JOC
GHILFLHQF\ FHQWUHV ZKLFK HQKDQFH WKH QP DEVR
GRSHG ILEUH 7KH IODPH EUXVKLQJ WHFKQLTXH WKXV H
VWDQGDUG WHOHFRPPXQLFDWLRQ ILEUHV E\ D IDFWRU

UHIUDFWLYH LQGH[ PRGXODWLRQ RI ! %RWK WKH HQ
WKH IODPH EUXVKLQJ DQG WKH K\GURJHQ ORDGLQJ LQ
K\GURJHQ WR UHDFW FKHPLFDOO\ ZLWK *H VLWHV WR
GHILFLHQF\ FHQWUHV *2'&V ZKLFK DUH UHVSRQVLEOH
LUUDGLDWLRQ EOHDFKHV WKH *2'&V EDQG WR LQFUHDV}
WKH ILEUH FRUH 7KH IODPH EUXVKLQJ WHFKQLTXH LV
K\GURJHQ ORDGLQJ WHFKQLTXH EHFDXVH WKH UDLVHC
SHUPDQHQW ZKHUHDV LQ K\GUR JHQHUDWLRQ WHFKQLT?
DV WKH K\GURJHQ PROHEXOH GLIIXVHV RXW RI WKH ILE
WHFKQLTXH LV WKDW WKH KLJK WHPSHUDWXUH IODPH ZH

&R GRSLQJ

'LOOLBDWVDPO @ KDYH VKRZQ WKDW ERURQ FR GRSLQJ LV
WKH SKRWRVHQVLWLYLW\ RI WKH JHUPDQLXP GRSHG ILEL
UHGXFHV WKH UHIUDFWLYH LQGMN BO WK HKDLYEHUWKRREZIQHW &
WKH ERURQ GRSHG VLOLFD JODVV UHVXOWY LQ D ORZHL
WKH JODVV LV TXHQFKHG GXULQJ WKH ILEUH GUDZLQJ



DHPOLQJ WKH UHIUDFWLYH LQGH[ LQFUHDVHYV DW WHP
YDOXH RI WKH UHIUDFWLYH LQGH[ DULVHV GXH WR WKH |
WKH ILEUH FRUH FDXVLQJ D ODUJH LQGH[ GLIIHUHQFH E
WKH VLOLFD FODGGLQJ ,Q WHVWV 89 DEVRUSWLRQ PHD
UDQJHV EHWZHHQ QP VKRZHG RQO\ WKH FKDUDFW
GHILFLHQF\ FHQWUH *2'& DEVRUSWLRQHEWQG@HDN DW
7KH ERURQ FR GRSLQJ GLG QRW DIIHFW WKH 89 DEVRUS!
RI WKH QP SHDN DQG QR RWKHU DEVRUSWLRQ SHI
ZDYHOHQJWK UDQJH 7KH 89 DEVRUSWLRQ PHDVXUHPHQV
GRHVY QRW HQKDQFH WKH ILEUH SKRWRVHQVLWLYLW\ Wi
R[\JHQ GHILFLHQW FHQWUH *2'& DV ZDV UHSRUWHG WF
ORDGLQJ DQG WKH IODPH EUXVKLQJ WHFKQLTXHV ,W L
HQKDQFHV WKH SKRWRVHQVLWLYLW\ RI WKH ILEUH E\ DO
WR RFFXU ,Q YLHZ Rl WKH VWUHVV LQGXFHG UHIUDFWL
ERURQ GRSHG VLOLFD HMW\DW @ EUW BDSBPAOUEHWKDW WK
LQGH[ LQFUHDVHVY KDYH REFXUUHG WKURXJK SKRWRLQ
EUHDNLQJ WKH 3ZURQJ ERQGV’ XQOHD®® LUUDGLDWLRQ

'RQJHW DO E F@ KDYH UHSRUWHG WKDW WLQ FR
SKRWRVHQVLWLYLW\ RI JHUPDQLXP IUHH SKRVSKRVLOLFI
ILEUHV SKRWR LQGXFHG UHIUDFWLYH LQGH[ FKDQJHV
REWDLQHG LQ ERWK WKH VLOLFDWH RSWLFDO ILEUHV
VLIQLILFDQW ORVV DW WKH WHOHFRPPXQLFDWLRQ ZLQC
GRSLQJ 7KH WKHUPDO VWDELOLW\ RI WKH WLQ FR GRSF
WKH SXUH JHUPDQRVLOLFDWH JUDWLQJV EXW WKLV LYV
JUDWLQJV ZULWWHQ LQ ERURQ FR GRBHD®RHBUPDQRVLOLF

,OOXVWUDWLRQ RI XQLIRUP ILEUH %UDJJ JUD

JLEUH %UDJJ JUDWLQJ LV FRQVLGHUHG WR EH D SHULRG
RI D VLQJOH PRGH RSWLFDO ILEUH FRUH )RU XQLIRUP IL
RI WKH JUDWLQJ DUH SHUSHQGLFXODU WR WKH ILEUH O]
KDYLQJ FRQVWDQWUSHER@BLGHUHG WR EH WKH PDLQ SU



JUDWLQJ VWUXFWXUHV $ JUDSKLFDO UHSUHVHQWDWLRQ
VKRZQ LQ )LJ >2WKRQRV DQG .DOOL @ %URDGEDQ
DQ RSWLFDO ILEUH ZLOO EH VFDWWHUHG E\ HDFK JUDWL

,QGH[ PRGXODWLRQ

BEB
. DYHOHQJWK

:DYHOHQJWK

)LJ SHSUHVHQWDWLRQ RI D XQLIRUP ILEUH %UDJJ Jl
UHIUDFWLYH LQGH[] PRGXODWLRQ DQG WKH JUDWLQJ S

'KHQ WKH %UDJJ UHVRQDQFH FRQGLWLRQ LV QRW VDWL)\
WKH VXEVHTXHQW JUDWLQJ SODQHV EHFRPHV SURJUHVYV
FDQFHO RXW $OVR OLJKW WKDW LV QRW FRLQFLGHQW Z
H[SHULHQFH YHU\ ZHDN UHIOHFWLRQ DW HDFK RI WKH J
JUDWLQJ EHFDXVH RI WKH LQGH[ PLVPDWFK 2Q WKH RWHE
FRQGLWLRQ LV VDWLVILHG WKH FRQWULEXWLRQV RI UH
FRQVWUXFWLYHO\ LQ WKH EDFNZDUG GLUHFWLRQ WR IR
ZDYHOHQJWK GHILQHG DV WKH % WoUD J2DIYUHDOMIQYIW KR G & H
LV WKH UHTXLUHPHQW WKDW VDWLVILHV ERWK HQHUJ\

FRQVHUYDWLRQ UHTXLUHV WKDW WKH IUHTXHQF\ RI WKH
WKH UHIOHFWHG UDGLDWLRQ ORPHQWXP FRQVHUYDWL]
YHFWRSOXV WKH JUDWL QN ZHDTYAD PHFR/ RUKH ZDYH YHEFWRU
UDGLDWLRQ $ 7KLV UHODWLRQ ZDV H[SUHVVHG DV EHOF

NL . NI

ZKHUH WKH JUDWKOV PHEMWMRHFWLRQ QRUPDO WR WKH J



PDQLWXG® $KHYHV WKH JUDWLQJ SLWFK DV VKRZQ LQ
ZDYH YHFWRU LV HTXDO LQ PDJQLWXGH WR WKH LQFLGH(
D UHVXOW WKH PRPHQWXP FRQVHUYDWLRQ FRQGLWLRQ

O QHIWA
$, $

7TKHUHIRUH WKH ILUVW RUGHU %YUDJJ FRQGLWLRQ FDQ E
A Q U.

ZKHUH WKH %UDJ EZWYHCOHQIMWK VSDFH FHQWUH ZDYHOHC
WKDW ZLOO EH EDFN UHIOHFW HGIUY RWPKW KH | BoRMD LY HI WHW
LQGH[ RI WKH ILEUH FRUH DW WKH %UDJJ ZDYHOHQJWI!
HTXDWLRQ JRYHUQV WKH SHUIRUPDQFH RI WKH VHQVRUYV

SDUDPHWHUV RI ILEUH %UDJJ JUDWLQJ

%DVHG RQ WKH FRXSOHG PRGH WKHRU\ GHULYHG E\ /DP
UHDVRQDEOH DVVXPSWLRQ WKDW WKH JUDWLQJ LV XQl
FRUH WKH UHIUDFWLYH LQGH[ SURILOH DORQJ WKH ILE
VKRZQ EHORZ

R g
Q1 RV,

ZKHQRLY WKH DYHUDJH UHIUDF®QLYW WRB HD PREIOWWNKGH. ER

UHIUDFWLYH LQGH[ PRGXODWLRQ LQ WKH ILEUH FRUH LC

ORQJLWXGLQDO PRGH D[LV 7KH UHIOHFWLYLW\ RI D XQL

RI LOGH[ PRGXODWLRQ DQG SHULRG FDQ EH H[SUHVVHG
@

VL& K

5171
$SNVLQ&K 6FRVE |

ZKHOH $LV WKH UHIOHFWLYLW\ RI WKH JUBWDRGIWRHD [|X
JUDWLQJ OHIQIWKH FRXSOLIN FRHIMOKIWMROM GHWXQLQJ Z



YHEFWNRU PRO$SWKH SURSDIDWLRQ FRQADND®@N EBMHGE VDK/H S
I L $NRU WKH VLQXVRLGDO YDULDWLRQ RI LIQB@HKHSHUWX
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ZKHUHYV WKH QXPEHU RI WKH JUDWI6QLUVSD®IUHR/[ LDPDOAV WE H
IRU D VWURQJ JUDWLQJ QHDU UHIOHFWLYLW\ DQG

&RPELQLQJ (TV DQG WKH DPSOLWXGH RI WKH
A$QRI D %UDJJ JUDWLQJ FDQ EH ZULWWHQ DV VKRZQ EHO
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7\SHV RI ILEUH %UDJJ JUDWLQJV

%UDJJ JUDWLQJY DUH QRUPDOO\ FODVVLILHG LQWR WKl
W\SHV W\SH , W\SH ,,$ DQG W\SH ,, *HQHUDOO\ W\S
FRPPRQO\ REVHUYHG LQ WKH SKRWRVHQVLWLYH ILEUH\
ZDYH &: RU SXOVHG 89 OLJKW XQGHU PRGHUDWH LQWH
WKH DPSOLWXGH RI WKH UHIUDFWLYH LQGH[ PRGXODWLI
WLPH GHILQHV D W\SH , ILEUH %UDJJ JUDWLQJ )%* >
FKDUDFWHULVWLF EHKDYLRXU RI D %UDJJ JUDWLQJ SKR
UHYHUVLEOH XQGHU KLJK WHPSHUDWXUH H[FLWDWLRQ



UBIDWLYHO\ ORZ WHPSHUDWXUHY ZKLFK DJDLQ GHSHQGYV
PDWHULDOV XVHG DQG WKH ZULWLQJ FRQGLWLRQ

7KH JURZWK G\QDPLFV RI W\SH ,,$ %YUDJJ JUDWLQJV DUH
JUDWLQJVY 1RUPDOO\ IDEULFDWLRQ RI W\SH ,,$ %UDJJ
GHSHQGLQJ RQ WKH ILEUH W\SH DQG WKH ODVHU IOXHQ]I
FRPSOHWH RU WKH SDUWLDO HUDVXUH RI WKH W\SH |,
IRUPDWLRQ RFFXUULQJ GHILQHV DV W\SH ,,$ %UDJJ JUI
7\SH ,,$ JUDWLQJY DUH PRVW RIWHQ REVHUYHG LQ KLJ
vVPDOO FRUH ILEUHVY DQG KDYH RIWHQ EHHQ DVVRFLDW
ILEUHV 7KXV WKH UHIUDFWLYH LQGH[ FKDQJH LQ D W\S
FRPSDFWLRQ RI WKH JODVV PDWUL[ 7KRXJK WKH IRUPDYV
W\SH ,,$ %UDJJ JUDWLQJV DUH GLIITHUHQW WKHLU EHI
SHUWXUEDWLRQ LV WKH VDPH IRU ERWK W\SHV RI JUDW
WRZDUGV WKH EOXH SDUW RI WKH VSHFWUXP RU VKRZ W
, JUDWLQJ IRUPDWLRQ WKLV GHSHQGV RI WKH ILEUH KR

7\SH ,, %UDJJ JUDWLQJV DUH JHQHUDOO\ IRUPHG XQGH!
JUHDWHU VLQJOH SXOVH QP H[FLPHU ODVHU LUUDG
ODUJH EDQGZLGWK UHIOHFWLYHW\DRI@ 6R P H>SWDPKDIRE L
WUDFNV KDYH EHHQ IRXQG XQGHU PLFURVFRSLF REVHUY
ZKLFK LV XQLTXH WR W\SH ,, JUDWLQJV DQG WKLV VXJJt
$OVR WKH IDFW WKDW WKH GDPDJH WUDFNV ZHUH ORFD
WKDW PRVW RI WKH 89 OLJKW KDV EHHQ VWURQJO\ DEVR
7KHUPDO VWDELOLW\ WHVWV KDYH VKRZQ WKDW WKH FKI
XQFKDQJHG XS WR WHPSHUDWXUHV DV KLJK DV f& IF
IRXQG WKDW WKH JUDWLQJ GLVDSSHDUHG DIWHU KR}
DEVRUSWLRQ KDV EHHQ WKHUPDOHOW TYD@K H& FRX WL JK$U
WHPSHUDWXUH VXVWDLQDEOH W\SH ,, JUDWLQJV PD\ EH
KRVWLOH HQYLURQPHQWYV



THFKQLTXHV LQYROYHG IRU IDEULFDWLRQ RI

JLEUH %UDJJ JUDWLQJY FDQ EH IDEULFDWHG LQWHUQD
IDEULFDWLRQ WHFKQLTXHV XVHG

,(QWHUQDO ZULWLQJ RI %UDJJ JUDWLQJ

+LGHONV DO @ DQG .BHHAWVENL@ KDYH GHPRQVWUDWHG W
IDEULFDWLRQ WHFKQLTXH IRU %UDJJ JUDWLQJ UHIOHFWEF
ODVHU VRXUFH RSHUDWLQJ DW QP RU QP 7KH
ODVHU OLJKW OLHV LQ WKH 89 SKRWRVHQVLWLYH UDQJF
WKH UHIUDFWLYH LQGH[ FKDQJHV LQ WKH ILEUH FRUH $
IRU WKH LQWHUQDO JUDWLQJ IDEULFDWLRQ LV VKRZQ L
$UJRQ LRQ ODVHU VRXUFH ZDV ODXQFKHG LQWR WKH °
PLFURVFRSLF REMHFWLYH 7KH EHDP VSOLWWHU VKR
UHIOHFWHG OLJKW IURP WKH ILEUH FRUH GXULQJ WKH H
TXDUW] WXEH WR DYRLG WKHUPDO HIIHFWYV 7KH HQG RI
ULJKW DQJOHV WR WKH ILEUH D[LV WR SURYLGH DSSUR]
ILEUH FRUH WR EXLOG XS WKH LQLWLDO UHIOHFWLRQ JULI

%HDP

)LJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRL
IDEULFDWLRQ RI %UDJHWUDONGAQJV >.DZDVDNL



7KH LQFLGHQW ODVHU OLJKW LQWHUIHUHV ZLWK WKH )l
ZHDN VWDQGLQJ ZDYH SDWWHUQ LQ WKH FRUH RI WKH
IRUPDWLRQ SURFHVV 7KH KLJK LQWHQVLW\ SRLQW DO
SKRWRVHQVLWLYH ILEUH FRUH SHUPDQHQWO\ 7KH EXL¢
PRQLWRUHG LQ ERWK WKH WUDQVPLVVLRQ DQG WKH UF
PRGXODWLRQ RI WKH JUDWLQJ UHIOHFWRUV KDV WKH V
LQWHUIHUHQFH SDWWHUQ LV IRUPHG 7KH %UDJJ JUDWL!
OHQJWKV Rl WKHHWED®@ .DZDVDNL

((WHUQDO IDEULFDWLRQ WHFKQLTXHV RI %YUDJJ JUD

7KH IROORZLQJ WHFKQLTXHVY DUH QRZ PRVW FRPPRQO\ X
%UDJJ JUDWLQJV

, QWHUIHURPHWHU WHFKQLTXH

OHOMW PO @ ZHUH ILUVW WR UHSRUW WKH IDEULFDWLRC
WZR EHDP LQWHUIHURPHWHU WHFKQLTXH ZKLFK LV DQ
VFKHPDWLF RI WKH H[SHULPHQWDO VHW XS LV VKRZQ L(
H[FLPHU SXPSHG G\H ODVHU RSHUDWLQJ LQ WKH ZDYH
I[UHTXHQF\ GRXEOHG XVLQJ D IUHTXHQF\ GRXEOLQJ FU\V\
DW D ZDYHOHQJWK RI QP KDYLQJ DGHTXDWH FRKHL
FRKHUHQW ODVHU VRXUFH 7KXV WKH 89 LUUDGLDWLRQ
GHILFLHQW FHQWUH *2'& GHIHFW EDQG ,Q WKH ILIJXUH
WKH 89 EHDP LQWR WZR HTXDO LQWHQVLW\ EHDPV ZKLF|
DQ LOWHUIHUHQFH SDWWHUQ LQ WKH FRUH RI WKH SKRW
$ SDLU RI F\AOLQGULFDO OHQVHV ZDV XVHG WR LQFUHD
EHIRUH LQWHUIHUHQFH IROORZLQJ ZKLFK WKH LQWHUIH
FUHDWH D SHULRGLF LOQOWHUIHUHQFH SDWWHUQ DQG WK
ILEUH FRUH 7KH UHVXOWLQJ IRFDO VSRW LV DSSURJ[LPI
ORQJ E\ SP ZLGH 7KH OHQJWK RI WKH JUDWLQJ ZDV
WKH EXP VSRW RI WKH UHFWDQJXODU IRFDO EHDP 7KH
HVWLPDWHG WR EH a [ 2 ZLWK PP JUDWLQJ OHQJWK



)LJ 6FKHPDWLF RI WKH DPSOLWXGH VSOLWWLQJ LQV
IDEULFDWLRQ RI ILEUH WOV DD@JUDWLQJV >0HOW

7KH IDEULFDWLRQ SURFHVYV LV WHUPHG WKH WUDQVYHU\
FODGGLQJ LV WUDQVSDUHQW WR WKH 89 OLJKW EXW WKF
OLJKW 7KH %UDJJ ZDYHOHQJWK RI WKH JUDWLQJ FDQ
FKDQJLQJ WKHEBMDWI48BHQ WKH WZR RYHUODSSLQJ EHDPV
VSDFLQJ RI WKH LQWHUIHUHQFH PD[LPD DQG WKXV WKH
%UDJJ ZDYHOHQJWK DFFXUDWHO\ WKH LQWHUIHURPHW
SUHFLVHO\ 7KLV SLRQHHULQJ ZRUN VKRZHG WKH SRVV
GHYLFHV LQ PRGHP WHOHFRPPXQLFDWLRQV DQG VHQVRU

+RZHYHU LQ WKLV DSSURDFK WKH 89 ODVHU OLJKW V¢
DIWHU WKH EHDP VSOLWWHU PD\ VXEVHTXHQWO\ UHFR
QXPEHU RI UHIOHFWLRQV IURP WKH PLUURUV IROORZHG
RSWLFDO SDWK 7KHUHIRUH WKH LQWHUIHULQJ EHDPV F
ZLOO UHVXOW LQ D ORZ TXDOLW\ IULQJH SDWWHUQ IRU
FRKHUHQFH



'RENQHHW BO @ KDYH UHSRUWHG D PRGLILHG WZR EHDP
ZLWK D SKDVH PDVN EHDP VSOLWWHU DQG D ZDYHOHC
IDEULFDWLRQ RI ILEUH %UDJJ JUDWLQJY 7KH ODVHU ZC

QP ZLWK DQ DEVROXWH DFFXUDF\ RI * QP DQG
HQHUJ\ OHYHO XS WR P: DW D UHSHWLWLRQ UDWH RI
XVLQJ D SKDVH PDVN ZKLFK DFWV DV D EHDP VSOLWWH
PDVN ZDV GHVLJQHG WR KDYH * RUGHU GLIITUDFWLRQ H
RUGHU ZHUH QXOOHG WR OHVV WKDQ 7KH ILUVW RU
VWHHULQJ PLUURWVYDMWDDQLDKWOBIQJOH WR WKH SKDVFE
LOWHUIHULQJ EHDPV ZHUH IRFXVHG WKURXJK D F\OLQC
SURGXFH DQ LQWHUIHUHQFH IULQJH SDWWHUQ DQG W
FRQILIXUDWLRQ XVHG LV VKRZQ LQ )LJ

&\OLQGULFDO

)LJ 3KDVH PDVN EDVHG LQWHUIHURPHWHU FRQILJXL
JUDWLQJV BWWR BXO@H \

7KH KDOI DQJOH RI WKH LQW HSJ LWULIQWH BHB\PRAVDBIOQHIH ||
@
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ZKHUHLY WKH KDOI DQJOH EHWZHHQ WKH GLIIUDFWHG Il
PDVN :KPMQ WKH KDOI DQJOH EHWZHHQ WKH GLIIUDF
LQWHUIHULQJ EHDPV BRXOBUEWKHT %D J1 BUZWLEK SHULF
LV LGHQWLFDO WR WKH LQWHUIHUHQFH IULQJH SDWWI



ZDOHQIWRQG WKH KDOI DQJOH EHWZHHG@ TKKIHJ RNRHUBHO D S ¢
WKH SHULRG RI WKH JUDWLQJ FDQ EH H[SUHVVHG DV VKR
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7KH %UDJJ UHVRQD$ FHD @ DEYHH ® HSQUAMWKY HG DV

V XQ

ZKHQHLV WKH HIIHFWLYH UHIUDFWLYH LQGH[ RI WKH ILEU
LW LV FOHDU WKDW WKH %UDJJ ZDYHOHQJWK FDQ EH FI
ZDYHOHQ@RBK'RFNRB\DO@ 7KH DGYDQWDJH RI WKH DPSO
WHFKQLTXH LV WKDW WKH %UDJJ JUDWLQJV FDQ EH ZlI
+RZHYHU WKH PDLQ GLVDGYDQWDJH RI WKLV WHFKQLT
RYHUODSSLQJ RI WKH WZR LQWHUIHULQJ EHDPV DFFXUD!
WKH EHDP VSOLWWHU DUH YDULHG GXULQJ WKH JUDWLQJ

(JJOHWWRQDO @ KDYH UHSRUWHG WKH XVH RI WKH ZDY
LOWHUIHURPHWHU WHFKQLTXH WR KRORJUDSKLFDOO\ I
H[SHULPHQWDO VHW XS LV VKRZQ LQ )LJ 7TKH SUL
KRPRIJHQHLW\ XOWUDYLROHW JUDGH IXVHG VLOLFD ZI
FKDUDFWHULVWLFV 7KH 89 ZULWLQJ EHDP ZDV JHQHUD\
ODVHU SXPSHG E\ DQ H[FLPHU ODVHU 7KH SULVP GHVL
H[SDQVLRQ WR H[SDQG WKH ZULWLQJ EHDP ODWHUDOO\
SULVP WR LQFUHDVH WKH H[SRVHG ILEUH OHQJWK 7KH H
WKH SULVP HGJH ; DQG RQH KDOI EHDP LV VSDWLDOO\ L
IURP WKH SULVP IDFH < 7KH WZR KDOI EHDPV DUH WKH
WKH SULVP JHQHUDWLQJ D IULQJH SDWWHUQ SDUDOOHC
XVHG 7KH DOLJQPHQW RI WKH ZDYH IURQW VSOLWWLQ
DPSOLWXGH VSOLWWLQJ LOQOWHUIHURPHWHU WHFKQLTXH
RSWLFDO FRPSRQHQWV ,Q DGGLWLRQ WKH LQWHUIHU
GLIIHUHQFH LV JHQHUDWHG ZLWKLQ WKH SULVP DQG W
YLEUDWLRQV



,QSXW %HDP

3ULVP QWHUIHURPHWHU

% URD G gY]lo X ’;? : 6SHFWUXP

VRXUFH SWLFDO ILEUW DQDO\WVHU

ULVP IDFH ;
,QWHUIHULQJ EHDPV

)LJ 6FKHPDWLF RI SULVP LQWHUIHURPHWHU WHFKC
JUDWLQJV B\ D@V RQ

6LQFH WKH LQWHUIHUHQFH SDWWHUQ LV JHQHUDWHG E
LWVHOI D 89 VRXUFH ZLWK D JRRG VSDWLDO FRKHUHQI
ZLWK GLIIHUHQW SDUWV Rl WKH EHDP %\ URWDWLQJ W
DQJOH RI WKH EHDP FDQ EH YDULHG WR DOWHU WKH WZ
WXQH WKH %UDJJ ZDYHOHQJWK 7KH GLVDGYDQWDJH RI
LV OLPLWHG WR KDOI Rl WKH ZULWLQJ EHDP ZLGWK

SRLQW E\ SRLQW IDEULFDWLRQ WHFKQLTXH

ODOHRW PO @ KDYH UHSRUWHG WKH IDEULFDWLRQ RI ILEU
SXOVH H[FLPHU ODVHU DV WKH 89 OLJKW VRXUFH WR LQ
PRGXODWLRQ RQH SODQH DW D WLPH LQ WKH ILEUH FR
VHW XS LV VKRZQ LQ )LJ 7KH H[FLPHU ODVHU OLJ
FRQWDLQLQJ b VOIS® ZEGWKP IRFDO OHQV LPDJHV WKH

RI WKH SKRWRVHQVLWLYH ILEUH ZKHUH WKH ORQJ GLF
SHUSHQGLFXODU WR WKH ILEUH FRUH D[LV 7KXV 89 LUU
RI WKH ILEUH FRUH DW RQH SRLQW 7KH ILEUH LV W
FRUUHVSRQGLQJ WR WKH SLWFK RI WKH JUDWLQJ LQ D (
D SUHFLVHO\ FRQWUROOHG WUDQVODWLRQ VWDJH $JDL



ILEUH LV LUUDGLDWHG %\ UHSHDWLQJ WKH LUUDGLDWLR
D SHULRGLF VHTXHQFH RI LQGH[ SHUWXUEDWLRQ FDQ E
FRUH WR IRUP WKH GHVLUHG JUDWLQJ
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)LJ 3RLQW E\ SRLQW ZULWLQJ WHFKQLTXH IRU WKH |

7KH JUDWLQJ IRUPHG HY WE@VKDRUN $SBDORUHIOHFWLYLW
%UDJJ ZDYHOHQJWK RI QP DQG ZLWK D IXOO0O ZLG\
EDQGZLGWK RI QP BKRII SALKAHF K UPHNVLQRIG LV SP DQG F
LQGH[ PRGXODWLRQV WKHUHIRUH UHVXOWLQJ LQ D JUL
DGYDQWDJH RI IDEULFDWLQJ JUDWLQJV XVLQJ WKLV WHF
YDU\ WKH PIQGFWKH OHQJWK RI WKH JUDWLQJVY +RZHYHLU
WKLV WHFKQLTXH DUH WKDW WKH IDEULFDWLRQ SURFHYV
FRQWURO RI ILEUH PRYHPHQW LQ HYHU\ WUDQVODWLRQ °

3KDVH PDVN WHFKQLTXH

+LGIOV DO @ DQG $OWG HUVRA®D KDYH GHPRQVWUDWHG WKH
ILEUH %UDJJ JUDWLQJV XVLQJ WKH SKDVH PDVN WHFKQL
RSWLFDO HOHPHQW DQG LV PDQXIDFWXUHG RQ KLJK R
WUDQVSDUHQW WR WKH 89 ODVHU OLJKW 7KH SKDVH
KRORJUDSKLFDOO\ RU HOHFWURQ EHDP OLWKRJUDSK\ Wt
DV D RQH GLPHQVLRQDO SHULRGLF V$SPI|DLPH WIHDON HG I MW



WHKKVHG VLOLFD

7KH SULQFLSOH RI RSHUDWLRQ LV EDVHG RQ WKH GLIIU
VHYHUD® RUGHUYV DV LV LOOXVWUDWHG VFKHPDWLFDO

)LJ 6FKHPDWLF RI WKH GLITUDFWLRQ RI DQ LQFLGH(
>.DVK\DS @

7TKH LQFLGHQW DQG GLIITUDFWHG RUGHUV VDWLVI\ WKH
EHORZ ZLWK WKH SHULRG$SEBPWKH SKDVH PDVN EHLQJ
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ZKHU$+ LV WKH DQJOH RI WHEKYLE® LW KB FADH G SREMGWEIKH D Q G
DQJOH RI WKH LQFLGHQW 89 EHDP >.DVK\DS @ :KHQ
EHWZ$ADQPXY WKH LQFLGHQW ZDYH LV GLIIUBFWHG LQWR
ZLWK WKH UHVW RI WKH SRZHU UHPDODLQLQJ LQ WKH WUDC

'LWK WKH 89 ODVHU EHDP W QWRKH QA | LQFEWHQGFUD GLDW
LQWR DQG “ RUGHUV DQG WKLV LV VKRZQ LQ )LJ 7k
ILEUH RI WZR VXFK EHDPV R RWHAHW H'G KADR/ WKSHGLRGD |
S- E\ WKH IROORZLQJ HTXDWLRQ
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)LJ 1RUPDOO\ LQFLGHQW 89 EHDP GLIIUDFWHG LQW
UDGLDWLRQ H[LWV WKH SKPVH PDVWKLOSWKH@]HUR RU

7KH SHBSRRGI WKH JUDWLQJ HWFKHG LQ WKH PDVN LV (
ZDYHOHQJWK 7J UHTXLUHG IRU WKH JUDWLQJ LQ WKH

DQG WR DUULYH DW
1$ B$ SA
AQHIIA
ZKHUH 1! LV DQ LQWHJHU LQGLFDWLQJ WKH RUGHU RI1

'LWK WKH 89 ODVHU EHDP DW QRUPDO LQFLGHQFH ZDV ¢
FUHDWH DQ LQWHUIHUHQFH IULQJH SDWWHUQ %UDJJ JU
FRUH SODFHG EHKLQG DQG LQ FORVH SUR[LPLW\ DQG S
LQWHUIHUHQFH RI WKH SOXV DQG WKH PLQXV ILUVW RU
UHIUDEWLYH LQGH[ PRGXODWLRQ LQ WKH RSWLFDO ILEUHI
WKH JUDWLQJV 7KH SHULRGWRYHKHKDODWLYKHUSBUHRG

PDVEBSP XVHG



+LODN DO @ IDEULFDWHG %UDJJ JUDWLQJV DW D %UDJ

ZDYHOHQJWK LQ DQ $QGUHZ ' W\SH SKRWRVHQVLWLYH

WHFKQLTXH 7KH JUDWLQJ KDG D SHDN UHIOHFWLYLW)\ R

DQ HVWLPDWHG UHIUDFWLYH LQGH[ PRGXODOW@RQ RI

IDEULFDWHG %UDJJ JUDWLQJV ZLWK D SHDN UHIOHFWLY
QP LQ WKH *H GRSHG ILEUH

7KH SKDVH PDVN WHFKQLTXH IRU WKH IDEULFDWLRQ RI1 9
ZULWLQJ ODVHU ZDYHOHQJWK D PDMRU DGYDQWDJH F
WHFKQLTXH 6LQFH WKH SKRWRVHQVLWLYH ILEUH LV SOl
WKH QHDU ILHOG RI WKH GLITUDFWLYH SOXV DQG PLQX\
PHFKDQLFDO YLEUDWLRQV RSWLFDO EHDP SDWK OHQJW
RQH RSWLFDO GLIIT/UDFWLYH HOHPHQW UHGXFHV WKH FR
WKXV PDNHV WKH GHYLFH LQKHUHQWO\ VWDEOH IRU UHS
GHVFULEHG LQ WKLV WKHVLV WKLV DSSURDFK KDV EHHQ

7TKHUH DUH RWKHU WHFKQLTXHY DOVR DYDLODEOH IRU W
%UDJJ JUDWLQJY KRZHYHU WKH PRVW FRPPRQO\ XVHG
DERYH )RU IXUWKHU GHWDLOV UHDGHUV DUH UHIHUUHG

([SHULPHQWDO DUUDQJHPHQW IRU IDEULFDW|

%UDJJ JUDWLQJV KDYH EHHQ IDEULFDWHG LQ WKLV ZRU!I
WKLY DSSURDFK LV SURYHQ WR EH IOH[LEOH DQG VWL
VDPSOHV 7KH VFKHPDWLF RI WKH H[SHULPHQWDO VHW
IDEULFDWLRQ RI ILEUH %UDJJ JUDWLQJV LV VKRZQ LQ )L
OHQIJWK RI FP ZDV XVHG WR FRQYHUJH WKH 89 ODVH
VKDSH EHDP OHQJWK PP DORQJ WKH FRUH RI WKH &
ODbDVHU GHWDLOHG VSHFLILFDWLRQV DUH JLYHQ LQ 7DI
XQLIRUP SKDVH PDVN SLWFK SHULRG QP GLPHQVL
RUGHU VXSSOLHG E\ WKH 2 ( /IDQG ,QF &DQDGD L
DQ LQWHUIHUHQFH SDWWHUQ LQ WKH SKRWRVHQVLWLYH



MW RUGHU GLITUDFWHG EHDPV

)LJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU |
XVLQJ WKH SKDVH PDVN WHFKQLTXH

7TKH SKRWRVHQVLWLYH ILEUH ZDV SODFHG MXVW EHKLQG
WKH SKDVH PDVN XVHG WR SKRWR LPSULQW D UHIUDFWI
DQG WKXV D %UDJJ JUDWLQJ ZDV IRUPHG 7KH ILEUH ZD
VRXUFH DQG WR DQ 2SWLFDO 6SHFWUXP $QDO\WVHU 269% (
7TDEOH WR PRQLWRU WKH VSHFWUDO SURILOH RI WKH

7TDEOH '"HWDLOHG VSHFLILFDWLRQV RI WKH H[FLPHU ¢

%UDJJ 6WDU

/IDVHU W\SH &ODVV ,9 ODVHU
/IDVHU PHGLXP .U) .U\SWRQ IOXRULGH
2SHUDWLQJ ZDYHOHQJWK QP
3XOVH (QHUJ\ P- PD[LPXP
$YHUDJH SRZHU \ : PD[LPXP
3XOVH UHSHWLWLRQ UDWH PD[LPXP
3XOVH GXUDWLRQ QV ):+0

%HDP GLPHQVLRQV PP £ PP ):+0
&RROLQJ $LU FRROLQJ



*DV SUHVV XUH WR K3D PD[LPXP

$PELHQW WHPSHUDWXUH f& f&
OD[LPXP RQ 7LPH PLOQXWHYV DW D VWDJH
"XW\ F\FOH !

/IDVHU HPLVVLRQ 7KRIGHRQWLQXRXYV PRGH DQG WKH E

7TEOH '"HWDLOHG VSHFLILFDWLRQV RI WKH RSWLFDO V

2SWLFDO 6SHFWUXP $QDO\WVHU 26%

ORGHO +3 $ 6HULHV
‘DYHOHQJWK UDQJH VWDUW WR VWRS
'DYHOHQJWK XQLW QP

5HVROXWLRQ EDQGZLGWK $XWR
5HVROXWLRQ EDQGZLGWK WR VSDQ UDWLR
OHGLXP O9DFXXP
3RZHU VFDOH ODQXDO /RJ /LQHDU

7\SHV RI SKRWRVHQVLWLYH ILEUHV XVHG IR
JUDWLQJV

7ZR GLIIHUHQW W\SHV RI SKRWRVHQVLWLYH ILEUHV ZHU}
L % *H ERURQ JHUPDQLXP FR GRSHG DQG LL *H JHUF
IDEULFDWLRQ RI ILEUH %UDJJ JUDWLQJY DQG GHWDLOHG



7EOH 'HWDLOHG VSHFLILFDWLRQV RI SKRWRVHQVLWL
%UDJJ JUDWLQJV

ORGH ILHX®HULFBXW RII
JLEUH W\&RVH FR GRSHLOWHWHDBHUWXOMHOH@XBKEOLHU

SP 1% SP
%RURQ JHUPDQLXP
SP DW JLEHUFRUH
36 FR GRSHG LQ VLOLFD
SPpP /WG 8.
JODVV KRVW
5HGIHP *) *HUPDQLXP
SP DW I1XIHUQ
QRZ GRSHG LQ VLOLEFD
SP $XVWUDOLD

I1XIHP JODVV KRVW

% *H FR GRSHG ILEUH

)LJ VKRZV WKH JURZWK EHKDYLRXU RI % *H FR GRSH
RI WKHLU UHIOHFWLYLW\ DQG WKH %UDJJ ZDYHOHQJWK
D W\SLFDO ODVHU HQHUJ\ RI P- DQG UHSHWLWLRQ |
UHIOHFWLYLW\ RI WKH JUDWLQJ ZDV FDOFXODWHG XVLQJ
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ZKHOPPLY WKH PLQLPXP WUDQVPLWWDQFH RI WKH JUDWL
>%DMMUDO@ 7KH WUDQVPLVVLRQ VSHFWUXP SURILOH
YDULDWLRQ RI WKH JUDWLQJ ZLWK 89 H[SRVXUH WLPH ZF
7\SLFDOO\ LW ZDV IRXQG WKDW WKH SHDN UHIOHFWLYLYV
ZLWKLQ VHFRQGV RI 89 H[SRVXUH DQG ILQDOO\ WKH W\

VHERQGYV RI H[SRVXUH DFKLHYLQJ D SHDN UHIOHEFW
ZDYHOHQJWK RI QP :LWK FRQWLQXRXV 89 H[SR\
UHIOHFWLYLW\ VWRSV WKHQ GURSV WR D ORZ OHYHO R
WKH W\SH , %UDJJ JUDWLQJ ZLWKLQ OHVV WKDQ PLQX
RI W\SH ,,$ %UDJJ JUDWLQJ DQG ZLWK WKDW DV LQFUHD\
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)LJ *URZWK EHKDYLRXU RI WKH % *H FR GRSHG ILEL
WKHLU UHIOHFWLYLW\ DQG WKH %UDJJ ZDYHOHQJWK Y

7KH %UDJJ ZDYHOHQJWK PRYHG WRZDUGV WKH ORQJHU
GXULQJ WKH IRUPDWLRQ RI WKH W\SH , %UDJJ JUDWLC
VDWXUDWLRQ RI WKH W\SH ,,$ %UDJJ JUDWLQJ WKH %U
VKRUWHU ZDYHOHQJWK VLGH RI WKH VSHFWUXP 7KH

ZDYHOHQJWK 7J RI WKH JUDWLQJ PDLQO\ DULVHV IURP

DQRQG WKH JHUPDQLXP FR GRSDQW RQ WKH UHIUDFWLYH
)LQDOO\ WKH W\SH ,,$ %UDJJ JUDWLQJ VDWXUDWHV ZL
DFKLHYLQJ D SHDN UHIOHFWLYLW\ RI ZLWK D %UDJ.
vVauwKRZV WKH UHIUDFWLYH LQGH[ PRGXODWLRQ DQG WK
RI % *H FR GRSHG ILEUH %UDJJ JUDWLQJV ZLWK 89 HJS
FKDQJH LQ WKH ILEUH FRUH PDLQO\ DULVHV IURP WKH S

EDQG SHDN DW QP DQG WKLV KDV EHHQ GHVFULEHG
>+DQG DQG 5XVVHOO @ DQG WKH GHQVLILFDWLRQ PH
7KH VWDUW ZDYHOHQJWK RI WKH 26% XVHG ZDV QP W

PRQLWRU WKH 89 DEVRUSWLRQ RI WKH SKRWRVHQVLWLYI



)LJ SHIUDFWLYH LQGH[ PRGXODWLRQ DQG WKH HIIH
WKH % *H FR GRSHG ILEUH %UDJJ JUDWLQJ ZLWK 8

7KH DPSOLWXGH RI WKH UHIUDFWLYH LQGH[ PRGXODWLR
DQRQG WKH OHQJWK RI WKH JUDWLQJ PP XVLQJ (T
LQGH[ ZzDV FDOFXODWHG IURP WKH %UDJJ ZDYHOHQJWK
7KH OHQJWK RI WKH JUDWLQJ ZDV PHDVXUHG IURP
DIWHU WKH F\OLQGULFDO OHQV DQG EHIRUH WKH SKD
UHFWDQJXODU LQ VKDSH ZLWK EHDP OHQJWK R PP 7
PRGXODWLRY® WKH % *H FR GRSHG W\SH , ILEUH %UDJJ JU
[O p DQG IRU WKH W\SH ,,$ %UDJJ JUDWLQJ [O n
QHIZDVY HVWLPDWHG WR EH DQG IRU W\SHV |
UHVSHFWLYHO\ )LJ VKRZV WKH WUDQVPLVVLRQ VSH
JUDWLQJY EHIRUH DQG DIWHU IDEULFDWLRQ 7KH ILIJXUF
WKH W\SH , %UDJJ JUDWLQJ LV QDUURZHU WKDQ WKDW [
DULVHV IURP WKH LQFUHDVHG LQGXFHG UHIUDFWLYH LQ
7KH VSHFWUXP RI WKH W\SH ,,$ JUDWLQJ ZDV VKLIWHG W
RI WKH VSHFWUXP WKDQ WKDW RI WKH LQLWLDO W\SH , J
HITHFWV RI WKH ERURQ DQG JHUPDQLXP FR GRSDQW



FKDEWHULVWLFV RI WKH IDEULFDWLRQ RI WKH %UDJJ JUI
VHYHUDO VDPSOHV VWXGLHG
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)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH W\SH , DQG W\¢

FR GRSHG ILEUH EHIRUH DQG DIWHU IDEULFD

*H GRSHG ILEUH

6LPLODUO\ WKH IRUPDWLRQ RI ERWK W\SHV , DQG ,,$ %U
GRSHG SKRWRVHQVLWLYH ILEUH XVLQJ WKH VDPH OD\

I[UHTXHQF\ ),] 7KH JURZWK EHKDYLRXU RI ERWK W\SF
LQ WHUPV RI WKHLU UHIOHFWLYLW\ DQG WKH %UDJJ ZD°
WLPH DUH VKRZQ LQ )LJ 7KH JURZWK RI WKH UHIOHI

,,$ RI JUDWLQJV LQ WKH *H GRSHG ILEUH ZDV IRXQG WR
% *H FR GRSHG ILEUH XVLQJ WKH VDPH ZULWLQJ FRQGL'

LQ D W\SH , %UDJJ JUDWLQJ DW D %UDJJ ZDYHOHQ
VHFRQGV RI H[SRVXUH ZKHUHDV D W\SH ,,$ %UDJJ JUDW|
WR DFKLHYH D SHDN UHIOHFWLYLW\ RI a ZLWK D %L
XQGHU WKH VDPH H[SRVXUH FRQGLWLRQV
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)LJ *URZWK EHKDYLRXU RI WKH *H GRSHG ILEUH %U
UHIOHFWLYLW\ DQG WKH %UDJJ ZDYHOHQJWK YDULDV

)LJ 5HIUDFWLYH LQGH[ PRGXODWLRQ DQG WKH HIIHI
WKH *H GRSHG ILEUH %UDJJ JUDWLQJ ZLWK 89 H[

7KH %UDJJ ZD¥%ROIHRRWKH GRSHG ILEUH ZDV DOZD\V IRX!



W ORQJHU ZDYHOHQJWK VLGH RI WKH VSHFWUXP GXUL
JubwLQJV 7KH SRVLWLYH VKLIW LQ WKH %UDJJ ZDY'l
JHUPDQLXP GRSDQW LQ WKH ILEUH FRUH ZKLFK LQFUHD)
)LJ VKRZV WKH UHIUDFWLYH LQGH[ PRGXODWLRQ DQ
WKH *H GRSHG ILEUH %UDJJ JUDWLQJV ZLWK 89 H[SRVX
UHIUDFWLYH LQGH] RPR®WXGDYWLRBRRSHG W\SHV , DQG ,,$
HVWLPDWHG WX @HE 5K SHFWLYHO\ 7KH HIIHFWLYH L

QHIRI WKH W\SHV , DQG ,,$ %UDJJ JUDWLQJV ZHUH IRX
UHVSHFWLYHO\

‘DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI ERWK WKH W\SH , D
*H GRSHG ILEUH EHIRUH DQG DIWHU IDEULFD\

)LJ VKRZV WKH WUDQVPLVVLRQ VSHFWUD RI ERWK W
EHIRUH DQG DIWHU IDEULFDWLRQ 7KH ILJXUH FOHDUO\
QDUURZHU WKDQ WKDW RI WKH W\SH ,,$ JUDWLQJ DQG W
JUDWLQJ LV RQ WKH ORQJHU ZDYHOHQJWK VLGH RI WKH

JURP WKH IDEULFDWLRQ FKDUDFWHULVWLFV RI ERWK W\S
IRXQG WKDW WKH % *H FR GRSHG ILEUH LV PRUH VHQVL



WKOBPLQXWHYV DV GLVFXVVHG IRU IDEULFDWLRQ RI D W\
RI WKH *H GRSHG ILEUH ZKLFK UHTXLUHG a PLQXWHYV
,,$ %UDJJ JUDWLQJ XQGHU WKH VDPH ZULWLQJ FRQGLWLF

7TKHUPDO VWDELOLW\ RI ILEUH %UDJJ JUDWL

+LJK WHPSHUDWXUH VXVWDLQDELOLW\ RI ILEUH %UDJJ J
WHPSHUDWXUH PRQLWRULQJ DSSOLFDWLRQV $V D UHVX
GHYLFHV LV HVVHQWLDO 6HYHUDO JURXSV RI UHVHDUFK
Rl %UDJJ JUDWLQJV IDEULFDWHG LQ GLIITHUHQW D®D\SHV R
%DNMUDO &KLVHWROPO %UDPELOOD DQGHIWX\D® 6
6KH® DO 3BW DOD DQGWDIO@ $FFRUGLQHWR (UGR.
DO> @ WKHUPDO GHFD\ LQYROYHV HOHFWURQV LQ WKF
WR WKHLU RULJLQDO VWDWHV XQGHU KLJK WHPSHUDWXL
LV LQGXFHG E\ HOHFWURQV WKDW DUH H[FLWHG WR WKH
IURP WKH YDODQFH EDQG DQG DUH WKHQ WUDSSHG ZL\
VWDWHYV O\LQJ ZLWKLQ WKH EDQG JDS 7KH WKHUPDO D¢
WUDSV ZKLFK GHSHQGV RQ ERWK WKH WHPSHUDWXUH R
VWDWH KHWGROD@® KDYH GHILQHG D GHPDUFDWLRQ HQHU
EHORZ WKHVH HQHUJ\ VWDWHYV KDYH UHWXUQHG WR WKF
VWDWH LV FRQVLGHUHG WRR GHHS WR EH WKHUPDOO\
VXVWDLQDELOLW\ RI %UDJJ JUDWLQJV VWURQJO\ GHSHQ
89 H[SRVXUH WLPH UHTXLUHG IRU WKHLU IDEUHRMDWLRQ
DO> @ KDYH VKRZHG WKDW WKH GLVWULEXWLRQ SHDN

VLOLFDWH H9 >%UDPELOOD DQG 5RXW @ DQG WK
H9O HWBWDOO@ LOQWHUPHGLDWH IRU WKH *H GRSHG
ORZHVW IRU WKH % *H FR GRSHG H9 H9 ILEUH JUI

ILEUH JUDWLQJV EHLQJ WKH KLJKHVW DQG WKH % *H FR
WHPSHUDWXUH VXVWDLQLQJ % *H FR GRSHG ILEUH JUC
ORDGLQJ ZHUH UHSRUWHG WR KDYHW D®R® WHKHIPDO
JUDWLQJV ZULWWHQ LQ VSHFLDOO\ IDEULFDWHG DQWLPH
HW DO@ WLQ JHUPDQRW. ®OF@V D GCGRWLQ VLOLFDWH >%!
5RXW @ ILEUHV FRXOG VXVWDLQ WHPSHUDWXUHV DV



HW/O> @ KDYH UHSRUWHG WKDW WKH %UDJJ JUDWLQJV .
6E *H FR GRSHG SKRWRVHQVLWLYH ILEUH FRXOG VXVWI
ZLWK D UHPDLQLQJ UHIOHFWLYLW\ !

([SHULPHQWDO DUUDQJHPHQW IRU WKHUP
JUDWLQJV

W zZzDV VHHQ DV QHFHVVDU\ DV WR HYDOXDWH WKH WHF
IDEULFDWHG DV GHVFULEHG DERYH IRU WKHLU XVH LQ
%UDJJ JUDWLQJYVY LQ ERWK % *H FR GRSHG DQG *H GRS
IDEULFDWHG XVLQJ WKHVR-DPXOW BV DWW G QUHBHWILWLRQ U
+] SULRU WR WKHLU WKHUPDO DQDO\VLV 7R GR VR DOO
IDEULFDWHG LQ % *H FR GRSHG DQG *H GRSHG ILEUHV
FDOLEUDWHG FDUEROLWH RYHQ 07) DQG WKH VF
XS XVHG LV VKRZQ LQ )LJ 7TKH FRDWLQJ RI WKH ILEL
PRGH ILEUHV ZHUH IXVLRQ VSOLFHG RQ ERWK VLGHV RI
DURXQG FP LQ OHQJWK EHIRUH WKH\ ZHUH SODFHG LQ
DSSOLHG WR WKH ILEUH DW KLJK WHPSHUDWXUHYV

%URDGEDQG OLJKW )LEUH

2SWLFDO EHQFK

)LJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU |
JUDWLQJV

2XWVLGH WKH RYHQ WKH ILEUHV ZHUH IL[HG RQ ERWK H

FRQQHFWHG WR D EURDGEDQG OLJKW VRXUFH DQG DQ

PRQLWRU WKHLU RQ OLQH SHUIRUPDQFH 'XULQJ WKH WK



W WUDQVPLVVLRQ VSHFWUD RI WKH JUDWLQJV DORQJ
PRQLWRUHG DW HDFK WHPSHUDWXUH

([SHULPHQWDO UHVXOWYV

'HFD\ LQ WKH UHIOHFWLYLW\ DQG WKH UHIUDFWL)
JUDWLQJV

7KH UHDO WLPH UHIOHFWLYLWLHV RI DOO WKH IRXU JUL
FDOFXODWHG XVLQJ (T IURP WKH PHDVXUHG WUDQV
WKH GHFD\ RI WKHLU UHIOHFWLYLWLHY ZKLFK DUH VKRZ

)LJ 'HFD\ RI WKH UHIOHFWLYLW\ RI ERWK WKH W\SH
% *H FR GRSHG DQG *H GRSHG ILEUHV ZLWK HODSVHG W

7KHVH JUDWLQJV ZHUH WKH % *H FR GRSHG DQG *H GRSH
JUDWLQJV IDEULFDWWKFWVRBKN FWHPISE UDQXUH ZDV LQ
LQLWLDOO\ WR f& f& DQG WKHQ LQ LQFUHPHQWD(
HDFK WHPSHUDWXUH WKH JUDWLQJV ZHUH NHSW IRU
LQFUHPHQWHG RI WKH QH[W KLJKHVW WHPSHUDWXUH ,W
RI f& WKHUH ZDV QHJOLJLEOH GHFD\ LQ UHIOHFWLYL



f& D VPDOOHU GHFD\ LQ WKH UHIOHFWLYLW\ ZDV REVHU)
%UDJJ JUDWLQJVY IROORZHG E\ D VXEVWDQWLDO UDSLG
UHIOHFWLYLW\ RI a VKRZLQJ D UHIUDFWLYH LQGH]

GHFD\ LQ WKH UHIOHFWLYLW\ RI %UDJJ JUDWLQJV DULV
LQGXFHG UHIUDFWLYH LQGH[ PRGXODWLRQ ZKLFK LV VK

)LJ '"HFD\ RI WKH DPSOLWXGH RI UHIUDFWLYH LQGH
DQG W\SH ,,$ %UDJJ JUDWLQJV LQ % *H FR GRSHG DQG *t}
DW HDFK VSHFLILF WHPSHUDWXUH

$W WHPSHUDWXUH RI f& WKH % *H FR GRSHG W\SH ,
ZLWKLQ D IHZ KRXUV +RZHYHU WKH W\SH ,,$ %UDJJ JUL
DOPRVW XQDIIHFWHG XS WR D WHPSHUDWXUH RI a f&

f& WKH UHIOHFWLYLW\ RI WKH JUDWLQJ GURSSHG W
PRGXODWLRQ RI [ ,QFUHDVLQJ WKH WHPSHUDWXUFL
WKH JUDWLQJ WRWDOO\ 3ZDVKHG RXW" ZLWKLQ a KRXU

%\ FRQWUDVW D *H GRSHG W\SH , %UDJJ JUDWLQJ FDQ
f& ZLWK D UHPDLQLQJ UHIOHFWLYLW\ RI a DIWHU HU|I



W UHIOHFWLYLW\ KDV GURSSHG WR a ZLWK DQ DP:
PRGXODWLRG@GYRQG ZLWK D VPDOO LQFUHDVH LQ WHPSHUL
FRPSOHWHO\ 3ZDVKHG RXW’" ZLWKLQ KRXUV %\ FRQWU!
WKH VDPH ILEUH FRXOG VXVWDLQ D WHPSHUDWXUH XS W
RI a DIWHU HUWD DOE® >$WOD WHPSHUDWXUH RI f&
GURSSHG WR a ZLWK D UHIUDFIW/Q & HD WQ G HY HYAIDSCHXUHD W/ T
f& WKH JUDWLQJ FRPSOHWHO\ 3ZDVKHG RXW" ZLWKLQ

7KHVH WKHUPDO WHVWLQJ UHVXOWV VKRZHG ERWK WKF
ZULWWHQ LQ WKH *H GRSHG ILEUH ZHUH IRXQG WR EI
FRPSDUHG WR WKRVH RI WKH JUDWLQJV ZULWWHQ LQ WK
UHIOHFWLYLW\ RI WKH JUDWLQJV DULVHV IURP WKH GHF
PRGXODWLRQ RI WKH ILEUH FRUH ZKLFK LV WHKMUPD OO\
DO> @ $OWKRXJIJK WKH IDEULFDWLRQ RI *H GRSHG ILEL
WLPH FRQVXPLQJ ZKHQ FRPSDUHG WR % *H FR GRSHG IL
WHPSHUDWXUH VXVWDLQDELOLW\ RI WKHVH JUDWLQJV P
VHQVLQJ DSSOLFDWLRQV

O9DULDWLRQ RI WKH %YUDJJ ZDYHOHQJWKYV RI %UDJJ

)LJ VKRZV WKH YDULDWLRQ RI WKH %UDJJ ZDYHOHQ
IRU % *H FR GRSHG DQG *H GRSHG W\SH , ILEUH %UDJJ

%UDJJ ZDY BEOWIKQUIIWK WRZDUGV WKH ORQJHU ZDYHOHQJW
LQFUHDVH LQ WHPSHUDWXUH +RZHYHU DW HDFK WHPSH
ZDYHOHQJWK zZzDV REVHUYHG ZLWK HODSVHG WLPH $W O
WKH GHFD\ RI WKH UHIOHFWLYLW\ RI WKH JUDWLQJV ZDV
HITHFWLYH UHIUDFWLYH LQGH[ RI WKH ILEUH $V D UHV>
ZLWK D UHODWLYHO\ VKRUWH { RXQUQ'H DAL (DIR ¥ IWPHHP SZH - W\DKV
KLIJKHU WHPSHUDWXUHYV KRZHYHU D WWXRWUYHQDDORQJ
WDNHQ WR UHDFK DV\PSWRWLFDOO\ WKH VWDEOH SRL(
VKLIW LQ WKH %UDJJ ZDYHOHQJWK DULVHV IURP WKH G
LQGH[ PRGXODWLRQ RI WKH ILEUH FRUH DW HDFK WHPS



UBXFHYVY WKH HIIHFWLYH UHIUDFWLYH LQGH[ RI WKH IL
ZDYHOHQJWK GHWHDCE@HG >3DO

)LJ 9DULDWLRQ RI WKH %UDJJ ZDYHOHQJWKYVY DW HELC
FR GRSHG DQG *H GRSHG W\SH , ILEUH %UDJJ JUDWL

$Q H[FHSWLRQ WR WKLV LV WKH SRVLWLYH VKLIW LQ WK
IRU WKH % *H FR GRSHG W\SH ,,$ ILEUH %UDJJ JUDW
WHPSHUDWXUHVY DERYH f& DQG WKLV LV VKRZQ LQ )
VPDOO EOXH VKLIW LQ WKH %UDJJ ZDYHOHQJWK DULVH
LQGXFHG UHIUDFWLYH LQGH[ FKDQJH ZKHUH WKH ILEUH
>&DPOHWHIDO@ $ERYH D WHPSHUDWXUH R f& WKH SR
ZDYHOHQJWK RFFXUUHG ZKHQ WKH SRVLWLYH FKDQJH L
FRUH GXH WR WKH DQQHDOLQJ RI WKH ERURQ FRQWDL
QHIJDWLYH FKDQJH LQ WKH UHIUDFWLYH LQGH[ RI WKH Il
LQGXFHG UHIUDFWLYH LQGH[ PRGXODWLRQ +LJK WHP®
UHIUDFWLYH LQGH[ Rl WKH ILEUH FRUH GXH WR WKH S|
VLPLODU UHVXOWYV ZHUMWB G R@ WHGS ERMALDERR [@PH YR U

D W\SH , %UDJJ JUDWLQJ LQ WKH VDPH ILEUH WKLV HIIF
FRXOG QRW VXUYLYH HYHQ DW WHPSHUDWXUH XS WR

VW



ARSHG W\SH ,,$ ILEUH %UDJJ JUDWLQJV QHHGV WR EH FF
VHQVLQJ DSSOLFDWLRQV

)LJ 9DULDWLRQ RI WKH %UDJJ ZDYHOHQJWK ZLWK H¢
W\SH ,,$ ILEUH %UDJJ JUDWLQJ DW HDFK VSHFLIL

&DOLEUDWLRQ RI WKH VHQVLWLYLW\ RI WKH %UDJ
WHPSHUDWXUH

LIV DQG VKRZ WKH FDOLEUDWLRQ RI WKH VHQV
IRU ERWK W\SH , DQG W\SH ,,$ %UDJJ JUDWLQJV LQ WKH
UHVSHFWLYHO\ ZLWK WHPSHUDWXUH 7KH %UDJJ ZDYHC
HDFK VWDEOH WHPSHUDWXUH a KRXUV DQG WKH WKH
OLQHDU ILW WR WKH H[SHULPHQWDO GDWD IRU VLPSOL
XVHG WR GHWHUPLQH WKH OLQHDU VHQVLWLYLW\ RI WKF

$P % *H FR GRSHG W\SH , JUDWLQJ

7V % *H FR GRSHG W\SH ,,$ JUDWLQJ



$P *H GRSHGW\SH , JUDWLQJ

$ % *H GRSHG W\SH ,,$ JUDWLQJ

ZKHUH LV WKH DSSOLHG WHPSHUDWXUH LQ GHJUHH &H
WKH RYHQ

7TDEOH VXPPDULVHVY WKH GHWDLOHG UHVXOWV RI WKH
FR GRSHG DQG WKH *H GRSHG ILEUH %UDJJ JUDWLQJV

4
D
&
b
Fp
FR
7THPSHUDWXUH f&
YLJ &DOLEUDWLRQV RI WKH %UDJJ ZDYHOHQJWKV ZL

DQG W\SH ,,$ %UDJJ JUDWLQJV LQ WKH % *H FR C

% *H FR GRSHG ILEUH %UDJJ JUDWLQJV VKRZHG D ORZHL
WKRVH RI WKH *H GRSHG %UDJJ JUDWLQJV EXW HDFK K
VHQVLWLYLW\ RI WKH % *H FR GRSHG W\SH , %UDJJ JUDW
ZLWK D KLIJKHU VHQVLWLYLW\ RI SP f& IRU WKH W\
LQFUHDVHG WHPSHUDWXUH UDQJH RI f& 7TKH WKHUPL
.9 %UDJJ JUDWLQJV LQ *H GRSHG ILEUH ZDV IRXQG WR E



UHSHFWLYHO\ RYHU WKH WHPSHUDWXUH UDQJH IURP UR
WKH WKHUPDO VHQVLWLYLW\ RI WKHVH JUDWLQJV FDQ |
SRO\QRPLDO UHJUHVVLRQ ILWWLQJ RYHU WKH ZLGHU W
FRQVLGHUHG LQ &KDSWHUYV DQG

)LJ &DOLEUDWLRQV RI WKH %UDJJ ZDYHOHQJWKYV ZL
DQG W\SH ,,$ %UDJJ JUDWLQJV LQ WKH *H GRS}t

7TDEOH &DOLEUDWLRQ RI WKH WKHUPDO VHQVLWLYLW
JUDWLQJY LQ % *H FR GRSHG DQG *H GRSHG SKRW

TKHUPD@QRHIILFLHQWDRIGDUG
7\SHV RI ILEUH BRITHUDWXUH

VHQVLW IGHWH UP L QDHVYILPW LR Q
JUDWLQJV )%WDQJIH f& v
SP f& &2' 6'

% *H FR GRSHG W\SH ,

% *H FR GRSHG W\SH ,,$
*H GRSHG W\SH ,

*H GRSHG W\SH ,,$



6 XPPDU\

7KLY &KDSWHU GHVFULEHV LVVXHV VXUURXQGLQJ ILE!
PHFKDQLVPV RI SKRWR LQGXFHG UHIUDFWLYH LQGH[ PR«
IRUPDWLRQ RI %UDJJ JUDWLQJV %RWK W\SHV , DQG ,,$
DQG *H GRSHG SKRWRVHQVLWLYH ILEUHVY ZHUH IDEULFD\
7KH ORQJ WHUP WKHUPDO WHVWLQJ RI WKH JUDWLQJV
WHPSHUDWXUH UDQJH IURP f& WR D PD[LPXP RI

FKDUDFWHULVWLFV RI WKHVH JUDWLQJYV ZHUH DQDO\VHG
DQG WKH UHIUDFWLYH LQGH[ PRGXODWLRQ 7KH %UDJ.
JubwLQJYVY ZHUH DOVR PRQLWRUHG ZLWK LQFUHDVLQJ
VKRZHG D VOLJKWO\ GLITHUHQW VHQVLWLYLW\ ZLWK WHP

JURP WKH IDEULFDWLRQ FKDUDFWHULVWLFV RI WKH JUD
GRSHG ILEUH LV PRUH SKRWRVHQVLWLYH ZKHQ FRPSDUH
IDEULFDWLRQ RI ERWK W\SHV , DQG ,,$ JUDWLQJV LQ V
FRPSDUHG WR WKDW RI WKH *H GRSHG ILEUH %UDJJ J
FRQGLWLRQV ODVHU HQHUJ\ RI P- DQG UHSHWLWLRQ
ZULWLQJ HIILFLHQF\ LV KLJKHU IRU WKH % *H FR GRSHG
WHUP WKHUPDO WHVWLQJ RI WKHVH JUDWLQJV VKRZHG
JUDWLQJV LQ *H GRSHG ILEUH ZHUH DEOH WR VXVWDLQ K
RI WKH % *H FR GRSHG ILEUH %UDJJ JUDWLQJYV W ZDV |
, ILEUH %UDJJ JUDWLQJ ZDV FRPSOHWHO\ HUDVHG ZLWK

f& ZKHUHDV WKH G\QDPLF UDQJH ZDV LQFUHDVHG E\
JUDWLQJYV LQ WKH VDPH ILEUH 7KH *H GRSHG W\SH , ILEL

RI XS WR f& ZLWK D UHPDLQLQJ UHIOHFWLYLW\ RI a
UDQJH IRU D W\SH ,,$ %UDJJ JUDWLQJ LQ WKH VDPH ILE!I
DQG FDQ VXVWDLQ D WHPSHUDWXUH RI XS WR f& ZLWI

DIWHU HUDVXUH )RU D % *H W\SH ,,$ ILEUH %UDJJ JUDW
ZDYHOHQJWK ZDV REVHUYHG DW WHPSHUDWXUHV DERY
DQQHDOLQJ HIIHFW Rl WKH ERURQ FRQWDLQLQJ ILEUH Z
LQ WKH UHIUDFWLYH LQGH[ RI WKH ILEUH WKDQ WKH QH



89 LABEHG UHIUDFWLYH LQGH[ PRGXODWLRQ )RU W\SH , ¢
QR VXFK HIIHFWV ZHUH REVHUYHG DV WKH JUDWLQJ

WHPSHUDWXUH R f& 7KH EOXH VKLIW LQ WKH %UDJJ
RI' WKH 89 LQGXFHG UHIUDFWLYH LQGH[ PRGXODWLRQ
UHIUDFWLYH LQGH[ RI WKH ILEUH 7KHUPDO WHVWLQJ R
LQGXFHG UHIUDFWLYH LQGH[ PRGXODWLRQ LQ WKH ILEL
GHSHQGYVY RQ WKH WHPSHUDWXUH H[FLWHPHQW DQG WKH
7KH KLJK WHPSHUDWXUH VXVWDLQDELOLW\ RI WKH *H G
KLIJKHU HQHUJ\ GLVWULEXWLRQ RI WKH WUDSSHG VWDW

GRSHG ILEUH JUDWLQJV >%UDWBI@aDb DQG 5XWW 3DC

7KLV ZRUN ZDV LPSRUWDQW IRU WKH RSWLPXP VHOHFWLI
WKHLU FKDUDFWHULVDWLRQ LQ %UDJJ JUDWLQJ EDVHG F
DQG WKHLU VHQVRU DSSOLFDWLRQV LQ &KDSWHUYV DQC



5HIHUHQFHYV

$UFKDPEDXOW - / B5HHNLH / DQG 5XVVHOO 3 6\
%UDJJ UHIOHFWRUV SURGXFHG LQ RSWLFDO ILEUHV
(OHFWUR®ROHWWSS

$QGHUVRQ ' = OLJUDKL 9 (UGRJDQ 7 DQG :KLW
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'HOHYDTXH ( DQG 3RLJQDQW + $QDO\VLV |

FRQWULEXWLRQ WR %UDJJ JUDWLQJ IRUPDWLRQ LQ
.UDPHUV .URQLJ WUDQVIRUPDVSSBQ RXRPFHVVSSRVYV

JHPDLUH 3 - $WNLQV 50 OLJUDKL 9 DQG 5HHG
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ODOR / +LOO .2 %LORGHDX ) -RKQVRQ '& D
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$SSOLFDWLRQV LQ 7HOHFRPPXW HFBEWLRRXYWH DB B VEMHRY
3DO 6 6XQ 7 *UDWWDQ .79 :DGH 6% &ROC
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3DO 6 O0ODQGDO - 6XQ 7 *UDWWDQ .79 )R
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SRWHQWLDO ILEUH %UDJJ JUDWLQJ VHQVRU EDVHG
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(QKDQFHG 89 SKRWRVHQVLWLYLW\ LQ ERURQ
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&KOSWHU

2SWLPLVDWLRQ RI ZDYHOHQJWK PDW
EDVHG ILEUH ODVHUV IRU VHQVRU DS

$SEVWUDFW

7KLV &4¢KDSWHU GHVFULEHV WKH JHQHUDO SULQFLSOH RI
RQ ILEUH %UDJJ JUDWLQJ )%* EDVHG ODVHUV $ EULHI
VHDUFK WKH JHQHUDO FKDUDFWHULVWLFV RI (U GRSHC
EUH ODVHUV LV JLYHQ LQFOXGLQJ SRVVLEOH SXPS UHT
SHULPHQWDO DQDO\VLV RI VHYHUDO ILEUH %UDJJ JUDW
SHULPHQWYV ZHUH SHUIRUPHG XVLQJ WKHUPDOO\ DQQHDC
LQJV WR IRUP WKH ODVHU FDYLW\ IHHGEDFN HQFORVLQJ
DV WKH DFWLYH JDLQ PHGLXP RI WKH ODVHU $Q )%* VW
ZDV XVHG DV D SXPS VRXUFH DQG DQ 2SWLFDO 6SHFWUX
GHWHFWLRQ VFKHPH ,Q RUGHU WR RSWLPLVH WKH SHUI|
D UDQJH RI FRQWULEXWLQJ IDFWRUV VXFK DV UHIOHFW
OHYHOV RI GLITHUHQW HUELXP GRSHG ILEUHV WKH SXPS
PHGLXP DQG GLIIHUHQW ODVHU FDYLW\ FRQILIJXUDWLRQ
UHVXOWYVY REWDLQHG ZHUH WKHQ UHFRUGHG HYDOXDWH!

L, QWURGXFWLRQ

$GYDQFHV LQ PDWHULDO VFLHQFH KDYH PDGH SRVVLEOF
LRQV LQ DQ RSWLFDO ILEUH FRUH VKRZLQJ ERWK D ORZ
SURSHUWLHV XVXDOO\ GHVLJQHG IRU WHOHFRPPXQLFDW
OXWLRQ VSHFWURVFRSLF DSSOLFDWLRQV >8UTXKDUW

GRSHG ILEUH ODVHUV LV WKDW WKH RXWSXW VSHFWUDO



B FKDQJLQJ WKH FRPSRVLWLRQ RI WKH JODVV KRVW PD\
WDVWDEOH VWDWH SDUWLFXODUO\ IRU (U LRQV SHUPL
WR EH DFKLHYHG XVLQJ DYDLODEOH SXPS VRXUFHV XQG
SURSHUWLHVY PDNH HUELXP GRSHG ILEUH ODVHU GHYLF
DSSOLFDWLRQV >0LQLVFDOFR @ 7KHVH VWDEOH VSH
ODVHU VRXUFHV DUH WKH NH\ FRPSRQHQWY WR PHHW W
DQG KLJK FDSDFLW\ ZDYHOHQJWK GLYLVLRQ PXOWLSOH]J!
QLFDWLRQV DQG VHQVRU DSSOLFDWLRQV

,Q UHFHQW \HDUV WKH H[SDQVLRQ LQ )%* EDVHG WHFK
IXQFWLRQDOLW\ RI ILEUH ODVHU WHFKQRORJ\ IRU PDQ\
VHQVRU XVH 7KH DELOLW\ WR LQWHJUDWH ILEUH %UDJJ
ZLWK ORZ LQVHUWLRQ ORVV WKHLU LPPXQLW\ WR HOH
SRODULVDWLRQ VHQVLWLYLW\ KLJK ZDYHOHQJWK VHOH
UHYROXWLRQLVHG ILEUH ODVHU WHFKQRORJ\ )%*V FDQ
WLYLW\ DQG DSSURSULDWH %UDJJ ZDYHOHQJWKV XVLQJ
IOH[LELOLW\ DUH RITHUHG WR RSWLPLVH WKH SHUIRUPDC
VRU DSSOLFDWLRQV

%ULHI +LVWRU\ RI ILEUH ODVHUV

6QLW]JHU GHPRQVWUDWHG WKH ILUVW ILEUH ODVHUV LQ
VXOWYV RI DPSOLILFDWLRQ XVLQJ D PXOWL FRPSRQHQW J
7KH QHRG\PLXP 1G JODVV FRUH aOP ZDV SXPSHG E\ X!
DPSOLILFDWLRQ DQG ZDV PRQLWRUHG XVLQJ D SKRWRW X
WHUV RI a SP DQG PP WR PP UHVSHFWLYHO\ ZHUF
ILEUH >.RHVWHU DQG 6QLW]HU @ $W WKDW WLPH WK
FRQVLGHUHG IRU RSWLFDO LQIRUPDWLRQ SURFHVVLQJ

LQ D ILEUH ZKHQ WKH SDVVLYH ILEUH FRUH ZDV SODFH
SXOVHG ZLWK - ZKHUH WKH FODGGLQJ RI WKH ILEL
.RHVWHU ZDV WKH ILUVW WR SURSRVH WKH SRVVLELOLW
WLRQ IRU VXFK DFWLYH ILEUHV 6WRQH DQG %XUUXV >

IXVHG VLOLFD ILEUH ODVHUV ZLWK RSHUDWLQJ ZDYHOH



VBFWLYHO\ )RU WKH ILUVW ILEUH OR2WBPDQ GVMWGFRDFWLYH
GRSHG LQ IXVHG VLOL¥POBG&SA QIZLYRK DWRH VHFRQG ILEL
WLYH FRUH FRRWLYWX\GMBHQARIUFOHG E\ D WKL:Q VOHHYH
DQG 0A2V DQG ILQDOO\ VXUURXQGHG E\ D IXVHG VLOLF
SXPSHG E\ XVLQJ D SXOVHG G\H ODVHU ZDYHOHQJWK R
ZDYHOHQJWK RI SP UHVSHFWLYHO\

JURP WR DWWHQWLRQ ZDV SDLG WR PDNLQJ LPSU
ILEUH ODVHU WHFKQRORJLHV '"LITHUHQW KRVW PDWHULL
LPSURYH WKH ILEUH ODVHU WHFKQRORJ\ 6HPLFRQGXFW
SRZHU DV SXPS VRXUFHV DQG IXVHG DQG SROLVKHG FR
DQRG WR H[WUDFW WKH ODVHU RXWSXW ZHUH QHFHVVDU)
IRU ILEUH ODVHUV 2YHU WKH ODVW IHZ \HDUV VHYHU
DFURVV WKH ZRUOG KDYH VKRZQ WKHLU LQFUHDVLQJ LQ

SHYLHZ RI SUHYLRXV ODVHU EDVHG ZRUN

6HYHUDO ILEUH %UDJJ JUDWLQJ )%* EDVHG ODVHU DSSI
SUHYLRXV VHYHUDO \HDUV XVLQJ (') DV WKH DFWLYH JD
SRWHQWLDO IRU FRPPXQLFIHWL BQ @S IGUFDWKRQI\N. UYMHW
RQVWUDWH D WXQDEOH (') ODVHU ¥WL.@IOD@ KPNHUQ®D O
SRUWHG D VLQJOH IUHTXHQF\ (') ODVHU LQ ULQJ FRQILJX
D ODVHU OLQHZLGWK Rl a N),] *LOEHUW > @ KDV UH
WXQLQJ Rl WKH ODVHU ZDYHOHQJWK ZDV DFKLHYHG E\ \
SLH]JRHOHFWULF W UD QHWG BFH @ KDY H &RZORH UHSRUWHG [
TXHQF\ ILEUH ORRS ODVHU LQ D WUDYHOOLQJ ZDYH FR(
7ZR HQGV RI WKH FRXSOHU ZHUH FRQQHFWHG ZLWK '
WDLOHG SRODULVDWLRQ LQGHSHQGHQW LVRODWRU WR
XWHG %UDJJ UHIOHFWRU '%5 ZDV XVHG WR IRUP WKH O
OHU 3& ZDV XVHG WR DGMXVW WKH SRODULVDWLRQ V
WUDYHOOLQJ ZDYH RSHUDWLRQ ZDV DFKLHYHG XVLQJ Wt
KROH EXUQLQJ HIIHFWV LQ WKH JDLQ PHGLXP DQG WKXV
VHU RVFLOODWLRQ ZDV EXLOW ZLWK WKH UHWXUQ RI WK



"%5 WR WKH JDLQ PHGLXP WKURXJK WKH FRXSOHU Z
/' 8VLQJ D '%5 LW ZDV SRVVLEOH WR VHOHFW WKH ODV
WKH PLUURU

)LJ 6FKHPDWLF RI WKH XQLGLUHAWD®@DO ILEUH O

%DIOW DO @ %DOO DQG ORUH\HW B® [ & D-XHMNLKSRUWHG
JOH PRGH HUELXP GRSHG "%5 ODVHUV 7KH LQWUDFRUH ¢
FDWHG LQWR WKH HUELXP GRSHG ILEUH (') ZLWK VXIILF
IHHGEDFN WKXV DYRLGLQJ WKH VSOLFH ORVV LQ WKH F
ODVHU RSHUDWLRQ WKH OHQJWK RI WKH (') VKRXOG EH
UTFP WR LQFUHDVH WKH D[LDO PRGH VSDFLQJ ZKLFK C
7TKH RXWSXW SRZHU RI D VKRUW VLQJOH IUHTXHQF\ ILEU
RVFLOODWRU SRZHU DPSOLILHU 023% FRQILJXUDWLRQ W
E\ WKH ODVHU XVLQJ WKH UHVLGX\D O OO RBERDEE®S SRZHU

.ULQJOHBRB®@ @ KDYH XVHG DQ HUELXP \WWHUELXP (U
WKH JDLQ PHGLXP RI WKH ODVHU WR LPSURYH WKH HIIL
WKH (U <E FR GRSHG ILEUH WKH SXPS SRZHU IURP D

ZKLFK HIILFLHQWO\ WUDQVIHU WKHLU DEVRUEHG HQHUJ\
HQHUJ\ OHYHO VWUXFWXUH WKDW H[FOXGHV FRQFHQWUL
WLRQ (6% DOVR KDV D YHU\ EURDG DEVRUSWLRQ a \
WR QP FURVV VHFWLRQV 7KHUHIRUH DQ HIILFLHQW
ZLWK D VKRUW OHQJWK RI WKLV W\SH RI ILEUHV 7KH VOI



LQ D )DEU\ 3HURW FDYLW\ ODVHU ZDV UHSRUWHG ZKH
> . ULQJOHE RWUDE@

ULQJOHRR®® E@ ZHUH WKH ILUVW WR LQVFULEH 89 LQ
UHFWO\ LQWR WKH K\GURJHQ ORDGHG (U <E FR GRSHG |
Y% ILEUH ODVHU FRXOG EH FRQVWUXFWHG ZLWKRXW V
6LQJOH PRGH ')% ODVHU RSHUBWLRQ ZRK DOSRIIDPHQI>S

BHMMDDO@ E\ LQWURGKPLMH WDKLIW LQ WKH PLGGOH |
7KH SKDVH VKLIW Rl WKH JUDWLQJ RIIHUV D VLJQLILEDQ
WZHHQ WKH IXQGDPHQWDO PRGH DQG WKH KLJKHU RUGFH
SHQGHQW RI WKH ODVHU OHQJWK 7KH DGYDQWDJH RI Wl
JUDWLQJ IRU IHHGEDFN ZKLFK LV VKRIZ D/F&HPDWLFDOO

QP SXPS
2 QXUuUub
2 XKW ,VFzODWRU:'O ‘Y% ILEUH ODVHU
)LJ 6FKHPDWLF RI WKH GLVWULEXWH® IPIGI&@ EDFN OD

'RQHW PO @ KDYH UHSRUWHG D VLPSOH WHFKQLTXH WR
SKRWRVHQVLWLYH ZLWKRXW DQ\ PRGLILFDWLRQ WR WKF
SKRWRVHQVLWLYH ERURQ JHUPDQLXP % *H FR GRSHG F
(U <E FR GRSHG SKRVSKRVLOLFDWH ILEUH FRUH 7KH KL
WKH VWURQJHU JUDWLQJ WR EH LQVFULEHG GLUHFWO\ L
‘Y% ODVHUV ZHUH VXFFHVVIXOO\ FRQVWUXFWHG E\ ZUL
GRSHG ILEUH

/IRKHW PO @ KDYH UHSRUWHG WKH FKDUDFWHULVWLFV R
ILEUH ODVHU DQG WKLV LV LOOXVWUDWHG LQ )LJ 7K
FP OHQJWK RI (U <E FR GRSHG ILEUH XVLQJ D FRPELQDW
HOHFWWVBE 7KLJK UHIOHFWLYLW\ PLUURU ZKLFK HSR[LH
EUH )%* ZzDV GLUHFWO\ ZULWWHQ LQWR WKH JDLQ ILEUH



WLW\ RI a DW WKH %UDJJ ZDYHOHQJWK R QP 71
SRZHU R P: ZDV UHSRUWHG IRU P: Rl WKH QP SXF

'LHOHFWULF KLJK UHIOHFWF
%UDJJ *UDWLQJ

2XWSXW yRODWRU QP SXPS
(U<E )LEUH

)LJ 6FKHPDWLF RI %UDJJ JUDWLQHWDD/®{@ ODVHU FI

SDBHNW PO @ KDYH UHSRUWHG WKH PXOWLZDYHOHQJWK IL
ULQJ FDYLW\ FRQILIXUDWLRQVY DQG WKHVH DUH VKRZQ L

WKH OLQHDU FDYLW\ ODVHU )LJ D WKH JDLQ PRGXO
SURYLGH WKH JDLQ RI WKH ODVHU $ ILEUH SLIWDLOHG
FKDQQHO VSDFLQJ RI a QP DQG EDQGZLGWK RI QP |

PXOWLFKDQQHO ODVHU V\VWHP $ ILEUH ORRS PLUURU

RXWSXW FRXSOHUV WR DGMXVW WKH RXWSXW FRXSOLQ
FKDQQHO 7KH ODVHU RXWSXW SRZHU IOXFWXDWLRQV ZlI
WLRQ DFURVV HDFK FKDQQHO 7KH JDLQ FRPSHWLWLRQ I
WR VSDWLDO KROH EXUQLQJ HIIHFWYV ZKLFK LV FDXVHG
SDWWHUQ RI ORQJLWXGLQDO PRGHV IDOO ZLWKLQ WKH J

)10

)LJ D OXOWLZDYHOHQJWK OLQHDU FDYLW\ ODVHU FRQC
3&& SRODULVDWLRQ FRQWUROOHU :'0 ZDYHOHQJWK GLY
XOH BWUN@



al A 3A $J

)LJ E OXOWLZDYHOHQJWK ULQJ ADWIDM@ODVHU FRQ

7KH RXWSXW SRZHU IOXFWXDWLRQV RI HDFK FKDQQHO

FRQVWUXFWHG XVLQJ D ULQJ FDYLW\ FRQILIJXUDWLRQ )l
ZDYHOHQJWK PDWFKHG :'0 MR/ \DR® | ISUYRORQH VEDIDIURQ F
OHU 3& ZDV XVHG LQ HDFK FKDQQHO WR SURYLGH GLII
QHOV DQG WKH PXOWLSOH[HG ODVHU RXWSXWV DW VL[ C
JUDWLQJ PRQRFKURPDWRU RYHU WKH ZDYHOHQJWK UDQJ

&KREW PO @ KDYH UHSRUWHG VLPXOWDQHRXV PXOWLZD
LQ ILEUH JUDWLQJ FRPE ILOWHUV DQG WKLV LV LOOXVW!I
az PHWUHV DOXPQL VLOLFDWH ILEUH DQG LWV XQLGLUHF
DQ LVRODWRU LQ WKH JDLQ PHGLXP 7KH JDLQ PHGLXP
ZDV FRROHG LQ OLTXLG QLWURJHQ DW . WR UHGXFH V
ILEUH DQG WKXV WR UHGXFH WKH JDLQ FURVV VDWXUTL
7ZR W\A\SHV RI LQ ILEUH FRPE ILOWHUV ZHUH LQVHUWHG
ZDYHOHQJWK ODVHU RSHUDWLRQV 2QH ILOWHU ZDV D
UHVRQDWRU FRQILJXUHG XVLQJ GLVWULEXWHG PLUURUV
ULFDWHG LQWR WKH SKRWRNG@ VLY LWHHZ LGERUE XXYHRIZDO H

ILOWHU 7KH WXQHDEOH ILOWHU XVHG LQVLGH WKH FRPI
EDQGZLGWK RI WKH FKLUSHG JUDWLQJ 7KH RWKHU ZDV
>(JJOHWRRO@ 7KH UHIOHFWLRQ VSHFWUXP RI VXSHUVW



VLVWV RI D VHULHV RI XQLIRUP VSDFHG SHDNV DW GLIIHI
WKH ILEUH

)LJ OXOWLZDYHOHQJWK ULQJ ODVHU FRQILIJXUDWLR
ZHUH LQFRUSRUDWHG HQWROWKH FDYLW\ >&KRZ

7KH H[FLPHU ODVHU ZDV WULJJHUHG RQ DQG RIlI DW UH.
89 EHDP zZDV WUDQVODWHG DW D XQLIRUP YHORFLW\ D
FDWH WKH VXSHUVWUXFWXUH JUDWLQJ OXOWLZDYHOHQ
WKH JDLQ PHGLXP ZDV SXPSHG ZLWK D P: RI WKH (
WKH ODVHU ZDYHOHQJWKYV ZHUH IRXQG WR EH FRQVLVWE
RYHUDOO ODVHU VA\VWHP GHVLJQV DUH KRZHYHU FRPSO

/ILHW BO @ KDYH UHSRUWHG GXDO ZDYHOHQJWK ILEUH
FRQILIJXUDWLRQ ODR DQG /LW > @ KDYH VKRZQ PXOW
FDGHG ILEUH %UDJJ JUDWLQJ FDYLWLHYVY DQG WKLV LV L
IOHFWLRQ PLUURU DQG WKUHH )%*V ZHUH XVHG WR IRUF
FRQILIXUDWLRQ LQ FROQMXQFWLRQ ZLWK VHSDUDWH JDL(
LQJ WKH HUELXP ILEUH OHQJWKY DQG WKH FDYLW\ ORVYV
SRVVLEOH WR REWDLQ WKUHH RXWSXW ODVHU HPLVVLR
SHQGLQJ RQ WKH SXPS SRZHU $ SRODULVDWLRQ FRQW



:'0 FRXSOHU LQWR WKH FDYLW\ WR ILQDOO\ DGMXVW W
OHQJWK

)LJ 6FKHPDWLF RI PXOWL ZDYHOHQJWK HUELXP GRS
EDQG PLUURU 92%$ YDULDEOH RSWLFDO DWWHQXDWRU
WLRQ FRQWUROOHU >0DR DQG /LW @

SHFHQWIW /B® @ KDYH UHSRUWHG VLQJOH PRGH PXOWL.
ULQJ FRQILIJXUDWLRQ DQG WKLV LV VKRZQ LQ )LJ 7K
Rl DQ RSWLFDO FRXSOHU 2& DQG OHQJWKV RI XQSXPS
VRUEHU 6$ DQG ZHUH SODFHG LQVLGH WKH ULQJ FDYL)
WKH ODVHU 7ZR FRXQWHU SURSDJDWLQJ OLJKW ZDYHV
WKURXJK RSWLFDO FRXSOHU 2& WR FUHDWH VSDWLDO
DEVRUEHU 7KLV FDXVHV VOLJKW UHIUDFWLYH LQGH[ FKI
D ZHDN JUDWLQJ ZLWK YHU\ QDUURZ UHIOHFWLRQ EDQG
VLQJOH PRGH ODVHU VLJQDO WR EH REWDLQHG 7KH RS
IURQW RI WKH ORRS PLUURU WR SUHYHQW WKH UHVLGXD
6$ LQ WKH ORRS PLUURU LV XQSXPSHG 3RODULVDWLRQ
WURO WKH VWDWH Rl SRODULVDWLRQ RI OLJKW DQG WZF
WLRQDO RSHUDWLRQ LQVLGH WKH PDLQ ULQJ FDYLW\ 7
OLTXLG QLWURJHQ WR HOLPLQDWH WKH KRPRJHQHRXV E
SXPSHG E\ XVLQJ D QP /' WR REWDLQ ODVHU RVFLOOD!

OXOWLZDYHOHQJWK ODVHU RSHUDWLRQ ZDV REWDLQHG |
6DJQDF ILOWHU LQVLGH WKH PDLQ ULQJ FDYLW\ DV WKH
ILOWHU FRQVLVWYV RI D VLQJOH PRGH RSWLFDO FRXSOH
PDLQWDLQLQJ ILEUHV 30)V ZLWK D URWDWLRQ DQJOH R



D/\RW 6DJQDF ILOWHU DV WKH ZDYHOHQJWK VHOHFWRU
TXHQF\ LGWRUWKAH ODVHU ZDV REWDLQHG E$/¥DU\LQJ WK
EHWZHHQ WKH 30)V DQG WKLV EINVVD—C[@UHVVHG DV EHORZ
sy ©
%WA/SO

ZKHBHVY WKH YHORFLW\ RI%U\M KWK H (E YWDDHFDULR) DHQQEGFH  a |
SRODULVDWLRQ PDLQWDLQLQJ ILEUH

)LJ 6FKHPDWLF RI WKH VLQJOH PRGH PXWLZDYHOHQ.
WLRQ 3& SRODULVDWLRQ FRQWUROOHU &/ FLUFXODW
DEVRUEHU DQG 30) SRODULVDHW.P@Q@DLQWDLQLQJ

$ UHYLHZ RI UHFHQW UHVHDUFK RQ ODVHU EDVHG V\VW
WA\SHV Rl ODVHU FDYLW\ FRQILIJXUDWLRQV HW DAQHDU

@ V\VWHP LV D VLPSOH DQG HIIHFWLYH VWUXFWXUH F
FRQILIXUDWMRQO@/LIXV WKH IRUPHU WHFKQLTXH UHTXLU
SRQHQWYV ZKLFK VLPSOLI\ WKH FRPSOHWH V\VWHP VHW )
ILIXUDWLRQ ZDV FKRVHQ IRU WKH ODVHU V\VWHPV GHY|
WKHVLY LQ RUGHU WR RSWLPLVH WKHLU SHUIRUPDQFH IF



5DUH (DUWK ,RQV

5DUH HDUWK LRQV $SEEY WKHLU (OHFWURQLF
DWRPLF QXPEHU

ODQWKDQXP > H@ GV
FHULXP > H@Q/ | \G
SUDVHRG\PLXP >ScH@/ | V
QHRG\PLXP >ScH@/ | V
SURPHWKLXP >ScH@/ | V
VDPDULXP > H@ AV
HXURSLXP >ScH@/ | V
JDGROLQLXP > H@ I[VG
WHUELXP >H@/ |V
G\WSURVLXP > H@/ |V
KROPLXP > H@ |1 @
HUELXP > H.yVAI
WKXOLXP >ScH@/ |V
\WWHUELXP > H@/ |V
OXWHWLXP g A > H@/ I ¥G

)LJ 6FKHPDWLF RI WKH SHULRGLF WDEOH RI WKH Ul

DWRPLF QXPEHU DQG HOHFWURQLF FRQILIXUDWLF



7KH UDUH HDUWKYV ODQWKDQLGHV FRQVLVW RI D VHW
VFKHPDWLFDOO\ LQ )LJ 7TKH ODQWKDQLGHYV UDQJH 11
QXPEHU RI DQG HQG ZLWK OXWHWLXP /X ZLWK DQ D
HDUWK LRQV KDYH WKH VDPH RO&NHH @1 OH F WKIRRKL B WHV IULX
VKHOOV >H@ UHSUHVHQWY WKH HOHFWURQLF FRQILJXL
DQG S HOHFWURQV 2SWLFDO DEVRUSWLRQ DQG HPLVVL
WLRQV EHWZHHQ | VKHOOV 7KH WULYDOHQW OHYHO
WKDQLGH LRQV DQG PRVW RSWLFDO GHYLFHV XVH WUL
RXU PDLQ LQWHUHVW LV RQ RQH SDUWLFXODU UDUH HD!
DQ DWRPLF QXPEHU RI

(QHUJ\ OHYHOV GLDJUDP RI (U GRSHG ILEUH

*6$ (6%
. ’ 61 QP QP
) QP QP
IowQuz 2 222 qp QP
6 QP QP
Py QP QP
R -
oy 2 QP Q°
2
g 2 ) QP QP
Z 2
: QP
2
T XU
)LJ 6FKHPDWLF GLDJUDP Rl HQHUJ\ OHYHOV RI WKH |

UHSUHVHQWY WKH ZDYHOHQJWK Rl WKH JWHXRLE MW DQVH

RQ WKH PHW DM IDEXH (6% FIROXPQ UHSUHVHQWY WKH ZD°

FLWHG VWDWH DEVRUSWLRQ DW®BQWUDNMWDMRDEOH OH
>O0LQLVFDOFR @



)LJ VKRZV DQ HQHUJ\ OHYHO GLDJUDP RI WKH (U LR
WR [0 FPY 7KH PHW VRV BOH RQWDKMDBN ORQJ OLIHWLP
DQG WKXV SURGXFH JDLQ DW QP ZDYHOHQJWK UDQJI
LRQV IURP WKLV PHWDVWDEOH OHYHO RWKHU WKDQ WKH
ZLOO QHFHVVDULO\ GHFUHDVH WKH HIILFLHQF\ Rl D OD
PD\ WDNH SODFH LQ DQ\ Rl WKH IROORZLQJ ZD\V 7KHVH
>'LJRQQHW @

1RQUDGLDWLYH 5HOD[DWLRQ

2QH SRVVLEOH PHFKDQLVP RI WKH QRQUDGIDWNYH UHO
GXH WR WKH LQWHUDFWLRQ EHWZHHQ WKH HOHFWURQ\
QRUPDOO\ RFFXUV WKURXJK PXOWLSKRQRQ HPLVVLRQ D
SHQGHQFH RQ WKH HQHUJ\ JDS WRIW KO QMW HO RDIEU O+
'HEHU @ 7KH RFFXSDWLRQ QXPEHUV RI WKH KLJKHV!
JODVVHV DUH WHPSHUDWXUH GHSHQGHQW DQG QRUPDOC

(IFLWHG 6WDWH $EVRUSWLRQ

((FLWHG VWDWH DEVRUSWLRQ (6% LV DOVR D ORVV PHI
WKHUH LV H[FLWDWLRQ RI DQ LRQ LQWR WKH KLJKHU HC
SXPS RU D VLIJQDO SKRWRQ KURP WKM pPEGHSWEHSNDHDOHHYV VWK
WDVWDEOMW DWOWHNHEHNW LQVXIILFLHQW XVH RI WKH SXPS
LRQ ILQDOO\ UHWXUQV WR WKH PHWDVWDEOH OHYHO D
HQHUJ\ LOWR KHDW RU WKURXJK D VSRQWDQHRXYV HPLVV

&URVYV 5HOD[DWLRQ
7KH FURVV UHOD[DWLRQ LV D SURFHVV LQ ZKLFK DQ LRC

LWV H[FLWDWLRQ HQHUJ\ WR D QHLJKERXULQJ LRQ 7}
TXHQFKLQJ DQG FR RSHUDWLYH XSFRQYHUVLRQ



&RRSHUDWLYH 8S &RQYHUVLRQ

7KH FRRSHUDWLYH XSFRQYHUVLRQ SURFHVV IRU HUELXF
>%OHWVDO@ 7ZR QHLJKERXULQJ DWRPV DUH H[FLWHG W
ODVHUX@HENOVZR SKRWRQV ZLWK D SXPS ZDYHOHQJWK R
GRQRU WUDQVIHUV LWV HQHUJ\ QRQUDGLDWLYHO\ WR \
DFFHSWRU WR WKH KV ZKHOH QKW \GRBRHWOQRQUDGLDWLY
JURXQGXVW DMM DFFHSWRU DWRP & BWIDHMMOURSWEOQ VDRI |
QDQRVHFRQGY DQG WKHKQURRAWDOWGED® WWDWKH YLD P XC
SOLQJ D 7KHUHIRUH WKH QHW UHVXOW RI WKH SURFF
LRQ LQWR KHDW WKXV UHGXFHV WKH HIILFLHQFLHV RI W

L+

)LJ 6FKHPDWLF RI XSFRQYHUVLRQ SURFHVV LQ HUEL
UHSUHVHQWY UDGLDWLYH WUDQVLWLRQV ZKLOH GDVKH
VLWLRQNW>®BO@[W

YRU QP SXPS ZDYHOHQJWK KDUGO\ RQH DWRP RXW |
JURXQG VWDWH ZLWK WKH HPLVVLRQ RHW SKORWRQ E
6LQFH FRRSHUDWLYH XSFRQYHUVLRQ SURFHVV UHTXLUH
VWDWH LW ZLOO QRW EH VLJQLILEFDQW DW ORZ SXPS SR
IHFW LV IRXQG WR EH DFFHOHUDWLQJ GXH WR VWURQJ
QP SXPSLQJ FRRSHUDWVHEP LV ERQ YIHUWHGP ZDYHO



ZDV UHSRUWHW BO @IDQEWOD[W GXH WR QRQUDGLDWL
WLRQ RI WKH DWRPV ZKLFK DUH SURPRWHG WR WKH (
ZDV UHSRUWHG DW KLJK SXPS SRZHUV EHWZHHQ WKH K
(U GRSHG ILEUH DPSOLILHUV

&RQFHQWUDWLRQ 4XHQFKLQJ

7KH TXDQWXP HIILELHQF\ RI DQ LRQ ZDV IRXQG WR GHFU
Rl WKDW LRQ GXH WR FRQFHQWUDWLRQ TXHQFKLQJ (QH
QHLJKERXULQJ LRQV ZKHQ WKH\ DUH LQ FORVH SURJ[LPL
FOXVWHULQJ L H ORFDO JURXSV RI D IHZ LRQV DUH YH
KHDYLO\ GRSHG PDWHULDOV WKH PHDQ GLVWDQFH EHW
GXH WR KLJKHU LRQ GRSDQW GHQVLW\ WKXV OHDGLQJ V
LV WKH ORVV RI HIFLWDWLRQ DQG XVXDOGQGWWKIRBWHQV \
WLPH >'LJRQQHW @

6ROXELOLW\ RI 5DUH (DUWK ,RQV LQ 6LOLFD

7R LPSURYH WKH SXPS WR VLIQDO FRQYHUVLRQ HIILFLH
QHFHVVDU\ WR LPSURYH WKH VROXELOLW\ RI UDUH HDU\
RUGLQDWHYV *H GR QRW DOWHU WKH WHWUDKHGUDO VLO
FUHDVH WKH VROXELOLW\ RI UDUHWDBJONI® L RDQ VV BR XIDHSS |
HTXDOO\ EH LQVROXEOH LQ VLOLFD WKH RUGHU RI PDJ
SRUWHG TXHQFKLQJ LV GXH WR HLWKHU D VWURQJHU LQ
VHQVLWLYLW\ WR GLVVLSDWLYH SURFHVVHV LQ DPSOLILLI

7KH DGGLWLRQ RI $O0 DOXPLQLXP KDV EHHQ IRXQG WR
WKDW PD\ RFFXU LQ MMWODP® JGDW MBHV @ SKIDYH UHSRUWHG
UROH RI $0 LQ WHUPV R MWEQX WR Q QHVKARIONMWEAL 65 &
GLVVROYWRWEK® QRW LQ GRMEIK/ MXKRVOXEOH LQ 6L&( 7KH
GRSDQW LV LQWHJUDWHG LQWR WZR GLIIHUH@MWORFDO
ZRUN L LQ D WHWUDKHGUDO ERQGLQJ PRQDIQIXUDWLRQ
LQ DQ RFWDKHGUDO FRRUGLQDWLRQ RI R[\JHQDWRPV D



$ LRQV DUH IRXUIROG R[\JH@ IPRR BRIVQDM MBOD \FBDUJIH F
LQJ LRQ DFWV DV D KRW R QVIUIXS) DWGRWKHIFH,Z DV DQ HOHI
JODVV BRD®G RUVIRBP VROYDWLRQ VKHOOV WR PDNH WK
1G VROXEOH LQWR WKH VHWLFO@QODVV QHWZRUN >$UDL

3RZHU DPSOLILHU VAWWGLMHV@EKDYPLQKRZQ QR VLJIQLILFDC
IRU YURQV FRQFHQWUDWLRQ RI SSP LQ JHUPDQR DO
VLOLFDWH ILEUHV 7KH PRGLILHG FKHPLFDO YDSRXU GHS
SURFHVV GHSOHWHY UDUH HDUWK GRSDQW DW WKH FHQ\
LFD >$HQWODOP@ 7KH DGGLWLRQ RI $0 LQ *H RU 3 FR GRS
WR DYRLG WKH GHSOHWLRQ Rl WKH UDUH HDUWK LRQV |
WKH DPSOLILHUV $UPLWDJH > @ KDV VKRZQ WR LPSUR
DPSOLILHU E\ FRQWUROOLQJ WKH UDGLDO GRSLQJ SURIL
WKH (U LRQV WR WKH FHQWUH RI WKH ILEUH FRUH 7KL
ILEUH FRUH WKH SXPS PRGH VL]H EHFRPHV VPDOOHU Zk
WR H[FLWH PRUH (U LRQV WR WKH XSSHU ODVHU OHYHO

$EVRUSWLRQ DQG (PLVVLRQ &URVV 6HFWLRQV

JRU D WKUHH OHYHO ILEUH ODVHU V\WWHP VXFK DV (U

VHFWLRQV KDYH DQ LPSRUWDQW VLJQLILFDQFH LQ GHW
>'LIJIRQQHW @ X 18 MOF W MK RQO\ PHWDVWDEOH VWDWH
JODVVHV DW URRP WHPSHUDWXUH WKHUHIRUH JDLQ LV |
IURP MK #XLWHPLVVLRQ EDQG 7KH PDJQLWXGH DQG WKH
WKH WUDQVLWLRQV DUH JODVV KRVW GHSHQGHQW DQG
LQ WKH LOQWHQVLWLHY Rl WKH LQJUHGLHQW 6WDUN WUDC

JRU WKH LQYHVWLIJDWLRQ RI UDUH HDUWK WUDQVLWLRC
FURVV VHFWLRQ VSHFWUD DQG WKHQ FDOFXODWH WKH R
FURVV VHFWLRQ LV FRPSOH[ VR WKH VWLPXODWHG HPL"
XUHG IRU VHYHUDO ILEUH VDPSOHV >'XMWUBDUH DQG 6
OLQLVFDOFR DQG 4XLPE\ @ )RU WKH ILQLWH OLQHZLC
(LQVWHLQYV FRHIILFLHQWY FRXSOHG WKH LQWHJUDWHG



JL?Y {Q Y GY JO ?Y {Q Y GY

ZKHOHD @G DUH WKH DEVRUSWLRQ DQG WKH HPIWVLRQ FU
DQGw YPDQLIROGNM DUH WKH GHJHN BXKHYFHOV R Q YWRKAHY HG

DVVXPSWLRQV ZHUH PDGH WR SURYH WKH YDOLGLW\ RI
6WDUN FRPSRQHQWYV RI WKH WZR PXOWLSOHWYV PXVW EI
WLRQV PXVW KDYH WKH VDPH VWUHQJWK UHJDUGOHVV R

YLIV D DQG E VKRZ WKH 6W DW ® QOEHYMNK@ITHIH UJ L H V
IROGV IRU WKH DEVRUSWLRQ DQG WKH IOXRUHVFHQFH V
QRVLOLEDWH JODVV ILEUH 7KHvWRG DWDKB/@IUIR O/G\D IRW W
WKH GRSHG ILEUH ZHUH IRXQG WR EH FP DQG FP
VXPSWLRQ RI (T LV QRW VDWEYILHFE® DWSORRP WWHP
DEVRUSWLRQ DQG WKH HPLVVLRQ VSHFWUD PHDVXUHPH
LV TXLWH VHQVLWLYH WR WKH 6WDUN OHYHOV LQYROY}!

>'XVHUYLUH DQG 6LPSVRQ @
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(QHUJ\ FP
B N LN L FQL@Q
2 29 2 LN LN LN 2 LAD2- ?
LN MN LN
3 N u/ LN m? RS AN 7
6
F A U Yo 7F W UNW QA
§<; al l%u@? S 7 'W!\J?vg‘ %\ § g AM&ﬁ
£

2 180 $
UTT
RO U B UuU

BBEBBBBBBBBBBBBBBBBBBBBBBB d
7 a

YLJ D (YDOXDWLRQ RI WKH 6WDQG WHKWFE QLHRGIGN LHV
IRU WKH DEVRUSWIVR@OTWBQELWORQV LIEUH >'XVHUYLL
6LPSVRQ @



(QHUJ\ FP

M

%
5§M lZ. FQ(‘ f.a AF(Q. R FQ é\@cga?
*
8
7
YLJ OE (YDOXDWLRQ RI WKH BAYQGNVEAYBDOIRQGEWJLH\

IRU WKH IOXRUHYVFHQASOWHDGBLL WALRWQW ILQUK >'XVHUYLL
6LPSVRQ @

7KH DEVRUSWLRQ DQG WKH HPLVVLRQ FURVV VHFWLRQV
JHQHUDO WKHRU\ RI OF&XPEHU >0F&XPEHU @ DV IROOF

GOR G WRH

ZKHVHY WKH PHDQ HQHUJ\ WUDQVLW L RQANV R/ RMKHF LWH (U
VWDWH DW T RIS HRUDON XOMV XPSWLRQ PDGH E\ OF&XPEHUT
WLPH UHTXLUHG WR HVWDEOLVK D WKHUPDO GLVWULEX\
SDUHG WR WKH OLIHWLPH RI WKDW PDQLIROG 7KH PDLQ
RU\ LVVWRRWRQO\ EH FDOFXODWHG ZKHQ WKH SRVLWLR
NQRZQ IRU ERWK WKBQRD QI R WG V

7KH JDLQ SURILOH RI WKH HUELXP GRSHG ILEUH LV GHW
OHYHW DQG WKH JURWQRKI WHKYHHQOU LRQ WKHPVHOYHV FR
HUDO 6WDUN VXE OHYHOV ZKLFK DUH SRSXODWHG WR YL
PDQQ WKHUPDO GLVWULEXWLRQ 7KH IOXRUHVFHQFH VS
VSHFWUDO UHJLRQ LQ JHQHUDO FRQVLVWYV RI WZR ZDYI



QP ZKLFK YDU\ WR D VPDOO GHJUHH ZLWK WKH KRV
6LPSVRQ @

3XPS :DYHOHQJWKYV

$Q RSWLFDOO\ SXPSHG ODVHU DPSOLILHU RU VXSHU OX
E\ XVLQJ DQRWKHU RSWLFDO VRXUFH ZKLFK H[FLWHV WK
WLRQ EDQGV (U LRQV KDYH VHYHUDO DEVRUSWLRQ ED(¢

DQG QP IURP WKH YLVLEOH WR WKH LQI
D YDULHW\ RI SXPS VRXUFHV PD\ EH XVHG IRU WKH H[FLW

QP SXPS EDQG

6QLWWWO @ ILUVW GHPRQVWUDWHG WKDW (U LRQV FR.
, W\ PHWDVWDEOH OHYHO E\ SXPSLQJ a QP ZDYHOHQJ
QHDU QP EDQG LV DWWUDFWLYH EHFDXVH H[FLWHG V
WKH PRGH SURILOHV RI WKH SXPS DQG WKH VLJQDO DUH
ILEUH DPSOLILHU (')$ $PSOLILHUV SXPSHG E\ a {
HW DO 'XVHUYLUH HW=DUN IR GMHWXDO@ KDYH VKRZQ FRQ
VLGHUDEOH V\VWHPV SHUIRUPDQFH ZLWK H[FHOOHQW U
DEOH KLJK SRZHU ,Q*D$V3 QPHWDE E UG KR ®H W KRIZGHEU
WKDW QP UHVRQDQW SXPSLQJ OLPLWYV WKH REWDLQL
LV VRPH SHQDOW\ LQ WKH VLJQDO WR QRLVH UDWLR 61
WKH DEVRUSWLRQ FURVV VHFWLRQ LV KLIJKHU IRU WKH V

W R QP WKH TXDQWXP FRQYHUVLRQ HIILFLHQF\ 4(&
GLYLGHG E\ WKH QXPEHU RI ODXQFKHG SXPS SKRWRQV
HYHU WKH QRLVH ILIJXUH IRU QP SXPSLQJ LV KLJKHU

SXPSLQJ GXH WR WKH SUR[LPLW\ RI WKH SXPS DQG WKI
UHVRQDQW SXPSLQJ ZKLFK ORZHU WKH DYHUDJH LQYHUYV

$OWKRXIK SXPSLQJ DW WKH ZDYHOHQJWK RI QP VXS
VI\VWHP >SHWHPBPNOHY ZKLFK LV VFKHPDWLFDOO\ LOOXVWUDMW
GXFH JDLQ EHFDXVH RI WKH VKLIW EHWZHHQ WKH DEVRU



VHFWLRQV VSHFEWUD 7KLV RIIVHW LV DQ HIIHFW RI QRQ X
N7DW URRP WHPSHUDWXUH FP LV @&HARAD K /@ BAOKH
DQG WKBURXQG VWDWHY PDQLIROGV FP JURP W
WKH DEVRUSWLRQ DQG WKH HPLVVLRQ FURVV VHFWLRQ\
LQFUHDVHY ZLWK GHFUHDVIGJWWBPSRUBSWXRG EDIQHS LV
>'XVHUYLUH @ DQG GRHV QRW YDU\ VLIQLILFDQWO\ F
WKH VHOHFWLRQ RI WKH SXPS ZDYHOHQJWKVY DQG KLJKO

8SSHU L\L
/IDVHU /HYHO 2

& QP /IDVHU
z 3XPS (PLVVLRQ
z *URXQG 6WDWH P
)LJ (QHUJ\ GLDJUDP RI HUELXP GRSHG IHREWHBORU
@
7KUHVKROG IRU QP SXPSLQJ

7KH UHTXLUHG SXPS SRZHU |IRWKSEY& OMDKK\R § R RWHHUNFLRR
WKUHEMRKGBRIW ODVLQJ FDQ EH JLYH® E\ >%HFNHU HW DO

$HILKI3

5a U™ Y i

ZKHXBDQGODUH WKH SKRWRQ IUHTXHQFLHVY DW WKH SXPS
UHVSHF&VLRBOY X3 DBEBXWDUH WKH SXPS DQG WKH VLJQI



DG HPLVVLRQ FURVV VHEWVRWKHUBYBHEMPLHY HRO\WKH PH\
XUMVE HIW WKH HIITHFWLYH FURVV VHFWLRQDO DUHD RI W
WKH ILEUH FRWHD®®HPRRHU QP UHVR®,DYMQSXPSLQJ
FDQ EH LJQRUHG DQG (TV DQG FDQ EH DSSURJL
LQJ (TV DQG WKH SRSXODWLRQ LQYHUVLRQ Z
SXPS WKUHVKROG SRZHU IRU ODVLQJ LV JLYHQ E\

%DVHG RQ (TV DQG WKH RSWLPXP FRQGLWLRQ\
ROG SRZHU IRU ODVLQJ LQYROYH DUH WR EH VXPPDULVH

IRZ HPLVVLRQ FURVV VHFWLRQ

+LJK DEVRUSWLRQ FURVYV VHFWLRQ

/IRQJ OLIHWLPH RI WKH PHWDVWDEOH VWDWH
7TKHUPDO QRQ HTXLOLEULXP FRQGLWLRQ

H + +H ++

QP SXPS EDQG

7TKHuy Vv gLwWUDQVLWLRQ RI (U LRQV FRUUHVSRQGV WR

QP ZDYHOHQJWK ZKLFK LV DOVR DWWUDFWLYH IRU ILI
SOLILHUV SXPSHG DW WKLV ZDYHOHQJWHKW>[MDP®@QJ DQG
KDYH DOVR UHSRUWHG H[FHOOHQW SHUIRUPDQFH LQ WH

DPSOLILHU RXWSXW SRZHU R P: ZDV DFKLHYHG XVLQJ
P: SXPS SRZHU DW QP ZKLFK VKRZV D SXPS WR VLJ
R >IDHWIDO@ 7KLV LV GXH WR WKH ODUJH DEVRU

JHWKHU ZLWK WKH FRPSOHWH DEVHQFH RI WKH H[FLWH{(
ZDYHOHQJWK $ QRLVH ILIXUH Rl a H®%D @0V XWVH 8RB UMKHG

QP SXPSLQJ DQG G% XVLQJ WKH QP SXPSLQJ )
ELXP GRSHG ILEUH RSHUDWHV DV D WUXH WKUHH OHYHO
SRSXODWLRQ LQYHUVLRQ WR EH DFKLHYHG ZLWK UHOD
3D\QH @ HWHPOH@ KDYH XVHG D UDQJH RI SXPS VRXUF



OBJWKY YDU\LQJ IURP QP WR SXPS WKH HUELXP GR
$Q DPSOLILHU JDLQ RI a G% DW QP ZDYHOHQJW
Rl ODXQFKHG SXPS SRZHU XVLQJ DQ\ ZDYHOHQJWK SXF
+RZHYHU WKH RSWLPXP HUELXP ILEUH OHQJWKYV VKRZHG

ZDYHOHQJWKYV 8VLQJ QP SXPS ZDYHOHQJWK DQG DQ
G%P ZLWK DQ HUELXP ILEUH OHQJWK RI PHWUHV OR
HIILFLHQF\ DW QP VLJQDO ZDYHOHQJWK ZDV UHSRUW

7KLV FDQ EH H[SODLQHG IURP WKH IDFW WKDW WKH

KDV OHVV WKHUPDO SRSXODWLRQ LQ HW VW O R@HKD VWDWH
UHSRUWHG WKH TXDQWXP FRQYHUVLRQ HIILFLHQF\ 2(&
ZDYHOHQJWK RI a QP FRPSDUHG WR WKDW RI a QP

QP SXPS EDQG

7KHUY W VWUDQVLWLRQ RI (U LRQV FRUUHVSRQGV WR D¢
QP ZDYHOHQJWK ZKLFK UHTXLUHV UHODWLYHO\ KLJK SX
*D$V ODVHU GGRGHYHOKRI (U LV VKRUW OLYHG DQG KH(
WLSKRQRQ HPLVVLRQ 7KH SHUIRUPDQFH RI WKH QP E

QP GHYLFHV EHFDXVH WKH JURXQG VWDWH DEVRUSYV
DOVR LW RYHUODSV X LMWK FOL WX BK VWWDWRH) DHEW RUSWLRQ
LQAW PO @ KDYH PHDVXUHG WKH *6$ DQG (6$ VSHFWUD
ILEUHV ZLWK IRXU GLIIHUHQW \PRIM HF&KARYDRWE $*H&A
RYHU WKH ZDYHOHQJWK UDQJHV IURP QP 7KH (6%
FRPSRVLWLRQV RI WKH ILEUH DQG WANKR WA RFGR EM G HV V
(U ILEUH IRU WKH QP DQG WKH QP SXPS ZDYHOHQ
SXPS H[FLWHG VWDWH DEVRUSWLRQ 7KH (6$ LV VWLOO
DQG WKH QP SXPS ZDYHOHQJWKV

7KH DYDLODEOH HYLGHQFH LQGLFDWHYVY WKDW WKH D C
PRVW DWWUDFWLYH SXPS EDQGV IRU H[FLWLQJ WKH 1
WKHVH EDQGYV DUH IUHH IURP (6% ZLWK WKH QP SXPS
QP DEVRUSWLRQ FURVV VHFWLRQ LV FRPSDUDEOH WR W
IRXU WLPHYVY JUHDWHU WKDQ WKDW DW WKH QP ZDYHOI



WVHG RQ WKH SUHYLRXV UHVHDUFK ZRUN DQG WKH FKD
OHQJWKYVY OLJKW IURP D QP ODVHU GLRGH ZDV XVHG
FDXVH DW WKLV ZDYHOHQJWK WKH SXPS VRXUFH LV IUH
UHODWLYHO\ KLJKHU OHYHO RI SXPS SRZHU 7KH LQWHJI
EUH RIIHUV ORZ ORVVHVY DQG FRPSDWLEOH ZLWK RSWLF
XVHG DV WKH ODVHU JDLQ PHGLXP EHFDXVH RI LWV YHU
FHQWUDWLRQV RI (U LRQV GXH WR WKH H[WHQVLYH GF
DPSOLILHUV IRU VHQVRU DQG FRPPXQLFDWLRQV DSSOLF
FRQILIXUDWLRQ RI WKH ODVHU XVHG LQ WKLV ZRUN DUH

([SHULPHQWDO 6HW XS

)LJ 6FKHPDWLF RI D ZDYHOHQJWK PDWFKHG %UDJJ .
EUH ODVHU V\VWHP 26% 2SWLFDO 6SHFWUXP $QDO\VHL
OXOWLSOH[HU /" /DVHU 'LRGH

7KH VFKHPDWLF Rl WKH H[SHULPHQWDO VHW XS LV VKR:

QP /' ZDV XVHG DV D SXPS VRXUFH FRQQHFWHG WKU
LQSXW DUPV RI WKH QP QP ZDYHOHQJWK GLYLVLR
:'0 LVRODWLRQ G% ! LOQVHUWLRQ ORVV G% \%
8. FRXSOHU XVHG (UELXP GRSHG ILEUH (') ZDV XVHG
ZDV IXVLRQ VSOLFHG WR )%*V DW ERWK HQGV WR IRUP



UKDHFWLYH )%* ZzDV DWWDFKHG WR WKH RXWSXW DUP RI
RI &RPLQJ VLQJOH PRGH ILEUH 60) WR H[WUDFW WK
ZDYHOHQJWK QP IHOO RXWVLGH WKH %UDJJ JUDWL(
HITHFW RQ WKH WUDQVPLVVLRQ RI SXPS SRZHU LQWR WK
()V ZHUH XVHG LQ WKLV ZRUN DQG WKH GHWDLOV DUH V

7TDEOH &KDUDFWHULVWLFV RI HUELXP GRSHG ILE

JLEUH 7\SHRWH FRPSRV ISRIURDXPHULFHEV RUSW AR Q..
DQG WKHLU FR QF P QWHSH W WRKGW QP

18

JLEUH (WTw SSP SP G% P
ZW *H PDXQDFWXUS$IRG
ZW  yOW ZW G% P
Q VLOLFD JODVV KRVW PHDVXUHG
)LEBH (U SSP SP G% P
ZW *H P DXQDFWX USRS
ZW  YOW ZW G% P
Q VLOLFD JODVV KRVW PHDVXUHG

,QDGGLWLRQ VHYHUDO SDLUV RI GLIIHUHQW )%*V ZHUH
ZLWK KLJK UBIOHFWIZDIMVE HVLIJQHG WR KDYH KLJKHU UHI
ZDYHOHQJWK DQG WKH RWKHU )%*V ZLWK ORZHU UHIOHF
LW\ IURP WR DFKLHYH GLIIHUHQW SHUFHQWDJH
ZDYHOHQJWKV 7KH ODVHU RXWSXW VSHFWUD ZHUH PR
'0 FRXSOHU XVLQJ DQ 26$ ORGHO +3 $ ZLWK D U
5%: RI QP 7KH LQVHUWLRQ ORVV IURP WKH )& 3& FR

J)DEULFDWLRQ RI )%*V
JLEUH %UDJJ JUDWLQJYVY ZHUH IDEULFDWHG LQ D ERURQ

VHQVLWLYH ILEUHV ILEUH GHWDLOV DUH JLYHQ LQ &KDS
OLIJKW VRXUFH DQG WKURXJK WKH SKDVH PDVN WHFKQL



7KH HQHUJ\ YDWRRGDQEB8PNKH IUHTXHQF\ YDULHG IURP
WKH H[FLPHU ODVHU ZHUH FDUHIXOO\ FRQWUROOHG GX
JubwLQJY WR DFKLHYH GHVLUH OHYHO RI UHIOHFWLYLW
DEOH UHIOHFWLYLW\ RI WKH JUDWLQJV ZHUH FOR
ZLWK WKH %UDJJ ZDYHOHQJWK R5 WKH KLJIXXUHQJHW WH.LYL
LOQVFULSWLRQ 7KH %UDJJ ZDYHOHQJWKV RI WKHVH JUL
ZDYHOHQJWK DQG WKHLU WUDQVPLVVLRQ VSHFWUXP ZH
XVLQJ DQ 26% 7KH GLIIHUHQW SDUDPHWHUV RI WKH JU
HTXDWLRQV GHULYHG LQ &KDSWHU >2WKRQRV DQG .DO
ULVHG LQ 7DEOH

$QQHDOLQJ HIIHFW RI )%*V

7R DFKLHYH VWDEOH DQG UHSURGXFLEOH SHUIRUPDQFH
DQQHDOHG DWz KRRXUVIRWLQJ D ZHOO FDOLEUDWHG &C

DV WKHVH JUDWLQJV ZRXOG QRUPDOO\ EH RSHU
VR WKH JUDWLQJV ZHUH SODFHG ORRVHO\ LQ WKH RYH
WKHLU FKDUDFWHULVWLFVY ZHUH PRQLWRUHG GXULQJ WK

)LJ '"HFD\ LQ WKH UHIOHFWLYLWLHV RI WKH JUDWLQ
R f&



"XULQJ DQQHDOLQJ WKH GHFD\ LQ WKH UHIOHFWLYLWLF
UDGDWLRQ RI WKH 89 LQGXFHG UHIUDFWHWHDIOQGH[ 5,

DQG BWODO@ 7KHVH UHVXOWY DUH VKRZQ LQ )LJ ZKF
QRUPDOLVHG ZLWK UHVSHFW WR WKHLU LQLWLDO UHIOH
GHFD\ LQ WKH UHIOHFWLYLWLHV IROORZHG E\ D VXEVWLCL
ZDV REVHUYHG IRU WKH ODVW IHZ KRXUV RI DQQHDOLQJ
WLYLW\ JUDWLQJ VKRZHG WKH OHDVW GHFD\ LQ |
ZKLFK LV UHODWHG WR WKH PD[LPXP VDWXUDWLRQ RI Wtk
FRPSDUHG WR WKH RWKHU JUDWLQJVY 7KH FKDUDFWHUL)
7TDEOH EHIRUH DQG DIWHU WKH DQQHDOLQJ )XUWKHU
RI DOO WKH JUDWLQIJWWHDB@REVKHUMKGO>2DOGWK KDOI P
):+0 EDQGZLGWK RI WKHVH JUDWLQJYV ZHUH DOVR VHH!
WKHLU GHFUHDVH LQ WKH 5, PRGXODWLRQ ZLWK D W\SL|

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH KD URR®HFW
WHPSHUDWXUH EHIRUH DQG DIWHU DQQHDO



S$OWKRWKH VSHFWUD RI WKH PDWFKLQJ SDLUV RI )%*V -
QHDOLQJ WKH FHQWUDO ZDYHOHQJWK VWLOO UHPDLQH(
WKH KLIJK UHIOHFWLYLWWRUBWKQU ZLWK D ORZ UHIOHFW

"DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH KLJK UHIOHFWI
D ORZ UHIOHFWLYLW\ JUDWLQJ DW URRP WHPS
7TDEOH &KDUDFWHULVWLFV RI GLITHUHQW )%*V XVHG

EHIRUH DQG DIWHU DQQHDOLQJ

YHIRUH DQQHDOLQJ $IWHU DQQHDOLQJ
JLEUHS5HIOHFWRMLIVN) ZDBHIUDFWBHHOHFW YUV ZDBYHIUDFWLYH
%UDJJ 5 OHQIJWKLQGH[ PRGX §5 OHQJIJWKLQGH[ PRGX
JUDWLQJV QP ODWLRQ % QP ODWLRQ

$Q [02 $Q [
)%™
)%
)%
)%
)%™



/IDVHU &DYLW\ &RQILIJIXUDWLRQ

:DYHOHQJIJWK VHOHFWLQJ )%*V

$V PHQWLRQHG HDUOLHU LQ HDFK FDVH D SDLU RI WKH
)%*V ZDV XVHG WR IRUP WKH ODVHU FDYLWLHV )RXU G
DV &DYLW\ &DYLW\ &DYLW\ DQG &DYLW\ UHVSHFW
ODVHU FDYLW\ FRQILIXUDWLRQ &DUH KDG EHHQ WDNHC
WKH FKDQJH RI WKH FDYLW\ FRQILJXUDWLRQ (DFK FDYL
ODVHU SRZHU REVHUYHG WKURXJK WKH OHVV UHIOHFWL"
WLYH ¥%* IL[HG DW WKH RWKHU HQG RI WKH PLUURU
ILJXUDWLRQV XVLQJ GLIIHUHQW )%* SDLUV DIWHU DQQHEL

7TDEOH /IDVHU FDYLW\ FRQILIJXUDWLRQV XVLQJ GLIIH

IDVHUSHIOHFWENLOWAFWLYDWLQJ $W WKH ODVLQJ ZDYHOHQ

&DYLWIRHWHKH )R WKH Y%DYHOHQIUMKOHFWLYLW\TV RI WKH |
9DLWEOH )L[HG QP 9DULDEOBL[HG

&DY LW\

&DY LW\

&DY LW\

&DY LW\

&KRLFH RI JDLQ PHGLXP

,Q WKLV ZRUN WZR GLIITHUHQW W\SHV RIl (')V ZHUH XVHCGC
JRU HDFK ILEUH WKH FRUH FRPSRVLWLRQ ZDV (A&( *H&(
$V2wzDV DGGHG WR HQKDQFH WKH VROXELOLW\ RI WKH (
YLDWH DQ\ FOXVWHULQJ HIIHFWV WKDW PD\ RFFXU >'LJR
DFWHULVWLFYV DUH VKRZQ LQ 7DEOH DQG WKH OHQJW
WUHV WR PHWUHV LQ DOO WKH WHVWVZKDLDBEK LAGI R XW
WHVWHG LQ WKLV ZRUN DUH VKRZQ LQ 7DEOH



7TEOH &KDUDFWHULVWLFV RI GLITHUHQW VDPSOH)\

(UELXP ILEUH)ICEHQHI WKV SSP)REWH SSP RI (U
PHWUHV 6DPSOH 6DPSOH
PHWUHV 6DPSOH 6DPSOH
PHWUHV 6DPSOH 6DPSOH

, JOXRUHVFHQFH 6SHFWUD

)LJ JOXRUHVFHQFH VSHFWUD RI ILEUH SSP R
SSP RI (U ZLWK D IL[HG SXPS SRZHU RI P: RI

)LJ VKRZV WKH IOXRUHVFHQFH VSHFWUD RI ILEUH

ELXP GRSHG ILEUH (') OHQJWK RI P HDFK ZLWK D S.

7KH ITOXRUHVFHQFH LQ (U GRSHG VLOLFD ILEUH LV GXH
PHWDVWDE@HWRND/\WH JURWQGSS VONNBNBIOE®@ 7KLV EURDG
EDQG IOXRUHVFHQFH VSHFWUXP LV SRVVLEOH GXH WR W
OHYHOV LQ (') ZLWK SXPS SRZHU DBW BRRE VKBFRI$HUBW X
SRUWHG WKDW WKH SURILOH RI IOXRUHVFHQFH VSHFWUI



FURVV VHFWLRQV IRU WKH VKRUW OHQJWK a RUGHU RI

QP ZDYHOHQJWK DUH UHODWLYHO\ VKDUS FRPSDUHG WR

IOXRUHVFHQFH VSHFWUD RI WKH (') GXH WR WKH LQFRP
QP SXPSLQJ XVHG

([SHULPHQWDO 5HVXOWYV

IDVHU 7TKUHVKROG 3RZHU

:DYHOHQJWK QP

)LJ IDVHU WKUHVKROG DW YDULRXV SXPS SRZHU IR
PHWUHV ILEUH OHQIWK DQG FDYLW\

)LJ VKRZV WKH WKUHVKROG OHYHO RI WKH ODVHU IF
WUDWLRQ R SSP5DQG IRU FDPWWYDULRXV SXPS S|
RI WKH QP /' )RU D SXPS SRZHU R P: WKH VSHFWL

RXWSXW zZbV FORVH WR WKH WKUHVKROG IRU ODVLQJ D
SRZHU WR P: WKH ODVLQJ HIIHFW ZDV REVHUYHG LW
SRZHU WKH RXWSXW SRZHU OHYHO RI WKH ODVHU ZDV H



(INTHFW RI HUELXP GRSHG ILEUHV RQ ODVHU SHUIRU

7KH JDLQ FKDUDFWHULVWLFV RI WKH ODVHU FDQ EH HY
>6KLPHLW DO@

J ] oa T 7A

DQGS
WK SRZHU

ZKHOH LV WKH JDLQ GLVWULEXWLRQ IXQPRALMRYKHORQJ W
ELXP FRQFHQWUIWWRE& VWLPXODWHG HPLVVLRQ FURVYV
OHQUWK WKH RYHUODS IDFWRU EHWZHHQ WKH VLJQDO F
GLVWULEXWLRQ LQ WKHULEYSHYFRKH BXWE SBBHXVGLVW
DORQJ WKH ILEUH FR RUGL YIVWRHU |D AKMHB Y IHQU®HD[S| LE BW R
ULYHG IURP WKH IROORZHWIDB®XDWLRQV >%HFNHU

7=

DQG D
$ QX0 QI

ZKHBRYV WKH VSRAWMVIWKHDQ&PHULFDO DSHUWXUH RI WKH
&RQFHQWUDWLRQ HIIHFW

%DVHG RQ (T WKH SUHVHQFH RI D KLJKHU FRQFHQ!
IHUV D KLJKHU OHYHO RI JDLQ ZKLFK LV IXUWKHU FRQIL
VKRZV RQH W\SLFDO UHVXOWYV REWDLQHG IURP VDPS
SSP RI (U PHWUH ILEUH OHQJWK DQG VDPSOH IL
PHWUHV ILEUH OHQJWK UWBVSHEWLYHO\ZLRUK AD YILMG S XTI
SRZHU RI P: RI QP /'



6DPSOH

‘T 6DPSOH ,
2
5.
D
2
‘DYHOHQJWK QP
)LJ IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ZDYHO
SSP RI (U PHWUHY ILEUH OHQJWK DQG VDPSOH |

PHWUHV ILEUH OH@JWK IRU FDYHWSHFWLYHO\

)LJ IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ZDYHO
SSP RI (U PHWUHYV ILEUH OHQJWK DQG VDPSOH I
PHWUHV ILEUH OH@JWK IRU FDUMHWSEHFWLYHO\



+RZHYHU DQ H[FHSWLRQ LV VKRZQ LQ )LJ IURP VDPS

SSP RI (U PHWUHV ILEUH OHQJWK DQG VDPSOH
(U PHWUHV ILEUH OHQJWK 5UHVSHFWL YZHIOWKRWKFHDY DWW
OHYHO RI IL[HG SXPS SRZHU $ UHGXFWLRQ RI WKH JDLQ
ILEUH SSP RI (U PD\ DULVH IURP WKH FURV\
FRQYHUVLRQ RI (U LRQ ZLWK D KLJKHU SXPS SRZHU RI |
HULQJ WKH FRQYHUVLRQ HIHW IDHOQBQ 8 IBWKHN@EUH >.DJL

3XPS SRZHU HIIHFW

7KH H[SUHVVLRQ IRU3RXWM RAWSWWUSHRIZEHYHO (U ILEUH
JLYHQ E\ WKH IROORZLQJ HTXDWLRQ >'LJRQQHW @

A© |, kvys

ZKHOUKWDWWKH I UDFWLRQ RI D FLUFXODWLQJ SRZHU WUD
RU )%Wu LV WKH FDYLW\ 3IDEXQGCWKHLSXPBRVYRZHU DEVRUSYV
ILEUH RI GHOQSMMNHUWKH SXPS WKEKHWKROBSSREIHRQYHUVL
HITLFLHQF\ RI WKH ILEUH

7KH H[SUHVVLRQ IRU WKH FDYLW\ URXQG WULS ORVV ZD\
, 0Q O UuUB

ZKHIRLV WKH ILEUH ORVV LQFOXGLQJ VFDWWHULQJ DQG
LQWHUIDFH DQG W KHNVHMDWMKN LWRQDQPPOQVVLRQ ORVV R
WRU )%* > LJRQQHW @

7TKH RXWSXW SRZHU RI WKH ODVHU ZDV IRXQG WR EH (
SRZHU DIWHU ODVLQJ RFFXUV DQG LV FOHDUO\ VKRZQ L
DQG VDPSOH ILEUH SSP RI (U P ILEUH OHCQC
SSP RI (U P ILEUH OHQJWK ZLWK WKH SXPS SR

P: UHVSHFWLYHO\ 6LPLODU UHVXOWY ZHUH REWDLQH



)LJ IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ODXQ
ILEUH SSP RI (U PHWUHV ILEUH OHQ.

)LJ IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI ODXQ
ILEUH SSP RI (U PHWUHV ILEUH OHQJ



2SWLFDO ILEUH OHQJWK HIIHFW

7TKH RXWSXW RI WKH ILEUH ODVHU ZDV PRQLWRUHG XQG

DERYH )LJ VKRZV WKH ODVHU RXWSXW SRZHU DV LC
YDU\LQJ IURP WR PHHOWUHV |IRU IRLY LIVE\U H SSP |
(U DQG ILEUH SSP RI (U UHVSHFWLYHO\ ZLWK

P: 7KLV ILJXUH FOHDUO\ VKRZV WKDW WKH PD[LPXP ODV
WKH ORQJHVW OHQJWK RI WKH ILEUH GXH WR LWV KLJK
WKH OHQJWK Rl WKH ILEUH OHDGLQJHWWYWR IMO®LJIJKHU JDLQ

)LJ IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI HUEI
5 IRU ILEUH SSP RI (U DQG ILEUH

(IN'HFW RI GLITHUHQW FDYLW\ FRQILIJXUDWLRQV RQ (
)LJ VKRZV WKH ODVHU RXWSXW SRZHU DV D IXQFWLF

ZLWK D ILIHG SXPS SRZHU RI P: RI QP /' )URP WK
WKH FDYBLW\ DFKLHYHG WKH KLJKHVW RXWSXW SR.



WQDPLVVLRQ a RI WKH RXWSXW SRZHU ZLWK HQRXJ|
LQ (T

3HUFHQWDJH RI UHIOHFWLYLW\ RI YDULDEOH )%*V IRU FDYL
ZLWK IL[HG )%* 5

)LJ IDVHU RXWSXW SRZHU DV D IXQFWLRQ RI GLIII

3HUFHQWDJH RI UHIOHFWLYLW\ Rl YDULDEOH )%*V IRU FDYL
ZLWK IL[HG )%* 5

)LJ &URVV FRPSDULVRQ Rl WKH QRUPDOLVHG ODVLQ
IHUHQW FDYLW\ FRQILIXUDWLRQV IRU ILEUH SSP
SSP RI (U



)LJ VKRZV FURVV FRPSDULVRQ RI WKH QRUPDOLVHG
GLITHUHQW FDYLW\ FRQILIXUDWLRQV IRU VDPSOHYV

IURP WKH OLQHDU ILW WR WKH ODVHU RXWSXW SRZHU
FDYLWLHY DQG VDPSOHV TXRWHG 7KH RYHUDOO KLJKHV
VDPSOHV ZDV REWDLQHG E\ VDPSOH ILEUH S
OHQIJWK DQ% FDYLW\ GXH WR WKH RSWLPLVDWLRQ RI OI
WKH PD[LPXP SXPS HIILFLHQF\ RI WKH ILEUH WKH GHWDI
7KH RYHUDOO VOLJKWO\ ORZHU HIILFLHQF\ RI WKH ODVH
VRUSWLRQ RI WKH SXPS SRZHU RI (U GRSHG ILEUH YDL
WKH V\VWHP DQG DOVR WKH )UHVQHO UHIOHFWLRQ IURP
FDYLW\ +RZHYHU LW LV EHOLHYHG WKDW XVLQJ LQGH]
ILEUH WKH )UHVQHO UHIOHFWLRQ FRXOG EH PLQLPLVHG
IXUWKHU LPSURYHG

7TDEOH '"HWDLOV RI WKH ODVLQJ HIILFLHQFLHV ZLWK |
WLRQV DQG GLIITHUHQW VDPSOHYVY WHVWHG IRU ILEUH
SSP RI (U UHVSHFWLYHO\

/IDVLQJ (IILFLHQFLHV UM
JLEUH 6DPSOH 6DPSOH 6DPSOH
&DYLWLHEQ &2 6' Q &2 6' Q &2' 6
&DYLW\ ! ! !
&DYLW\ ! ! |
&DYLW\ ! ! |
&DYLW\ ! ! !
JLEUH 6DPSOH 6DPSOH 6DPSOH
&DY LW\ ! ! !
&DY LW\ ! ! |
&DYLW\ ! ! !
&DYLW\ ! ! !

& 2" FRHIILFLHQW RI GHWHUPLQDWLRDQ 6' VWDQGDUG GHYLDWLRAQ



6WDELOLW\ RI ODVHU ZDYHOHQJWK ZLWK FDYLW\ YD

IRU IEEUH

IDVHU ZDYHOHQJWK QP

3HUFHQWDJH RI UHIOHFWLYLW\ Rl YDULDEOH )%*V IRU FDYLV
ZLWK IL[HG )%* 5

)LJ 6WDELOLW\ RI WKH ODVHU ZDYHOHQJWKV LQ V
ILEUHYV
6 6DPSOH ) )LEUH
2 6 0) O
A | n % 6 )
W T s 6 )y O
F 6 ) v
= 6 )
_S 2 6 ) \
3 , e
W R W W
FG
L
L
R F T

(UELXP ILEUH OHQJWK PHWUHYV

)LJ 6WDELOLW\ RI WKH ODVHU ZDYHOHQJWKYV LQ WH



6LQFH WKH ODVHU FDYLWLHYV ZHUH IRUPHG XVLQJ WKHUF
OHQJWK ZDV VHOHFWHG ZLWKLQ WKH ZDYHOHQJWKYV DV\
ZDYHOHQJWKYV ZHUH IRXQG WR EH FRQVLVWHQW ZLWK V
)%*V IRU DOO WKH FDYLWLHV IRU WKH VDPSOHV WHVW
WKDQ WKDW RI WKcbH KLJK UUBDOWHFRWLEBIQGZLGWK 7KH RX
ODVHU GHYLFHV ZHUH IRXQG WR EH KLJKO\ VWDEOH DQ¢
WLRQV RI ILEUH WR ILEUH ILEUHYV DQG WKHLU OHQ
HITHFWV RI WKH )%*V XVHG ZKLFK ZHUH DQQHDOHG DW
DWLQJ WHPSHUDWXUHY 7KHVH UHVXOWY DUH VKRZQ L1
URRP WHPSHUDWXUH

6 XPPDU\

$Q )%* VWDELOLVHG QP /' ZDV FKRVHQ DV D SXPS \
YDQFHG VWDWH Rl ,Q*D$V3 ODVHU WHFKQRORJ\ DQG LW
(UELXP GRSHG ILEUH (') ZDV FKRVHQ DV WKH ODVHU JI
ZLGH DYDLODELOLW\ DW GLIIHUHQW FRQFHQWUDWLRQV
615 Rl WKH ODVHU ZDV PHDVXUHG WR EH @ QGGPMRURU F
VDPSOH ILEUH ZLWK PHWUHV ILEUH OHQJWK ZLWK

QP /'

7ZR W\SHV RI HUELXP GRSHG ILEUHV (')V ZLWK GLIIHUF
YDU\LQJ ILEUH OHQJWKYV IURP WR PHWUHYV ZHUH VYV
JDLQ FKDUDFWHULVWLFV RI WKH ILEUH DQG WKXV WKH

IRXQG WKDW WKH ORQJHU OHQJWK RI WKH ILEUH RIITHU\
DEVRUSWLRQ RI WKH SXPS SRZHU DORQJ WKH OHQJWK F
FRQFHQWUDWLRQ RI WKH (U LRQV 7KH RSWLPLVHG UH
RI' D ORQJHU OHQJWK RI ILEUH WKH ORZHU FRQFHQWUD
WKH FURVVY UHOD[DWLRQ LQGXFHG XS FRQYHUVLRQ RI (
FRQwWUDVW I|IRU D PRUH FRPSDFW GHYLFH WKH XVH RI
ZLWK VKRUWHU OHQJWKYV LV SUHIHUDEOH WR HOLPLQDW



7/KH KLIKHVW RXWSXW SRZHU RI WKH50DVHU ZDNRWREWDL
ERWK WKH ILEUHV I[ILEUHV WHVWHG $OVR WKH KLJK
FDYLW\ DQG VDPSOH ILEUH SSP RI (U

OHQJWK DPRQJ WKH VL[ WHVWHG VDPSOHV 7KLV LV GX
FLHQF\ RI WKH ILEUH RYHU WKH VPD®&GHU HIPHFWLYH

ZLWK ILEUH FRUH GLDPHWHU RI SP RI WKH ILEUH FR
$HII SP ZLWK ILEUH FRUH GLDPHWHU R SP

7KXV WKH FKDUDFWHULVWLFV Rl VHYHUDO GLIIHUHQW
HYDOXDWHG XQGHU YDULRXV FRQGLWLRQV PHQWLRQHG
PD[LPLVHG E\ RSWLPLVLQJ WKH JDLQ ILEUH OHQJWKV V
GLIIHUHQW FDYLW\ FRQILJXUDWLRQV 7KH RYHUDOO SHU
EH VWDEOH DQG UHSHDWDEOH DW WKH RSHUDWLQJ WHP
HQFH RI WKH FDYLW\ FRQILJXUDWLRQV DQG VDPSOHV Wt
WDQW UHTXLUHPHQW IRU VHQVRU DQG FRPPXQLFDWLRQ
REWDLQHG ZLOO EH FRQVLGHUHG IRU XVH LQ DFWLYH \
HVSHFLDOO\ IRU KLJK WHPSHUDWXUH VHQVRU GHYHORS|
JDLQ PHGLXP 7KH DGGHG DGYDQWDJH RI D KLJK VLJQD!
URZ OLQHZLGWK RI WKH ILEUH ODVHU FRPSDUHG WR W
)%* VHQVRUV PDNH WKH ODVHU GHYLFHV DWWUDEFWLY
DPSOH LQ GHQVH PXOWLSOH[LQJ VLWXDWLRQV



S5HIHUHQFHYV

$LQVOLH % - &UDLJ 6 3 DQG 'DYH\ 6 7 7KH
SURSHUWLHYV RI 1G LQ VLODAVDHED WHR& WRS8I FDO |ILE

$LQVOLH % - &UDLJ 63 'DYH\ 67 DQG :DNHILH!

WLRQ DVVHVVPHQW DQG RSWLFDO SURSHUWLHV R

GRSHG VLOLFDOBWWHGYR&WHSS

$LQVOLH % - &UDLJ 63 DQG 'DYH\ 6 7 E 7Kl

FHQFH VSHFWUD RI UDUH HDUWK LRQVLWEIDYHRD E|

7 HF K QRRD SS

$UuDL . 1DPLNDZD + .XPDWD . +RQGD 7 ,VK

$OXPLQLXP RU SKRVSKRUXV FR GRSLQJ HIIHFW

VWUXFWXUDO SURSHUWLHV RI-QBBSOPLXRGRSHG VL

SS

$UPLWDJH - 5 7KUHH OHYHO ILEHU ODVHU DF

$SSO 2SW SR

$VVHK $ 6WRUR\ + .ULQJOHERWQ -7 O0DUJXOL

5 DQG (GZDOO * FP <E ')% ILEUH ODVHU ZlL

VKLIWHG (OBWBPWURKR OHW WS S

$WNLQV & * ODVVLFRWW -) $UPLWDJH -5 G\

&UDLJ 5\DQ 6 3 +LJK JDLQ EURDG VSHFWUDO

ILEUH DPSOLILHU SXPESHRNQR DB OHWIB S

%DOO *$ ORUH\ :: DQG *OHQQ : + 6WDQG

HUELXP ILEHU IXRWHRJQ 7HFKR®O BsWW

%DOO *$ DQG ORUH\ : : &RQWLQXRXVO\ WXQ

ILEHU 2D HAN W&/ SS

%DOO *$ +ROWRQ & ( +XO00 $O0OHQ * DQG ORI
UQL VLQJOH IUHTXHQF\ ORZ (@R B¥YRWRBH U7 DBK/QHRIO

IHWWRO  SS

%HFNHU 3 & /LGJDUG $ 6LPSVRQ -5 DQG 20V

GRSHG ILEHU DPSOLILHU SXPSHG(L{Q3WRKWRQ 7HRMK U

QRO /HRWON SS



+

%HFNHU 3 & 20VVRQ 1 $ DQGEGXPSVREHG- BLEHU

$PSOLILHUV )XQGDPHQWPRDG B BIGF 7HH\QR O 'LHJIR

%OL[W 3 1LOVVRQ - &DULQDV 7 DQG -DVNRU]\

GHSHQGHQW XSFRQYHUVLRQ LQ (U GRSHG ILEHU DP

HOOLKQJ7UDQV 3KRWRQ YRIFKQBS® /HWW

&KHQ & < :HQ 6 DQG &KL 6 OHDVXULQJ H

SURILOH Rl HUELXP GRSHG ILEOHFALWKY®RBIZWM)SXW

Ss

&KLVKROP . ( 6XJGHQ . DQG %HQQLRQ |, (11

LQJ RQ %UDJJ ILEUH JUDWLQJV LQ ERS®KRE JHUPDOQL

$SSO 3XRWO Ss

&KRZ - 7RZQ * (JJOHWRQ % ,EVHQ 0 6XJG}
OXOWLZDYHOHQJWK JHQHUDWLRQ LQ DQ HUELX

ILEHU FRPE(LBOKRWRQ 7HFKR®RO S$IBWW

&RZOH * - 3D\QH '1 DQG 5HLG 6LQJOH |

ZDYH HUELXP GRSHG(OHFWURRBRGHWME S U

'LJRQQHW 0 5DUH (DUWK 'RSHG )LEHU /DIVHUV DQG

'HNNHU ,1& 1HZ <RUN

'RQJ / J/RK : + &DSOHQ - ( OLQHOO\ -' +VX
(IILFLHQW VLQJOH IUHTXHQF\ ILEHU ODVHUV ZL

RSWLFDOSMEHMW®  SS

'XVHUYLUH ( $QDO\VLV RI HUELXP GRSHG ILEF}
EDQG( 3KRWRQ 7HFKRB®Q /B®W
'XVHUYLUH ( DQG 6LPSVRQ - 5 $PSOLILFDWLR

LQ HUELXP GRSHG VEQAIOKWRDGHHTEFKQKS
'XVHUYLUH ( DQG 6LPSVRQ -,6B DQG EY\DIOUWMDWLRQ
OHYHO HQHUJLHV LQ HUELXP GRSA8GV D RRWQQ VLOLF|
SS

(JJOHWRQ *( .UXJ 3% 3RODGLDQ / DQG 4XHOC
RGLF VXSHUVWUXFWXUH %UDJDHBWWRQJV HWWR S WR
SsS

*LOEHUW 6 / JUHTXHQF\ VWDELOL]DWLRQ R I
ODWSW /MWR® O SS



.DJL 1 2\REH $ DQG 1DNDPXUD . (IILFLHQW
D ORZ FRQFHQWUDWLRQ((K BKIRWRQRSHFNRRIOU /HWW
SS

.RHVWHU & - DQG 6QLW]HU ( $5PSD L PISAD W L R ¢
YRO SS
.RHVWHU & - IDVHU DFWLRQ E\ HQKDQFHG WR

AXDQWXP (M{FWQRQ SS
_.ULQJOHERWQ -7 ORUNHO 35 B5HHNLH / $UFKk

o1 (IILFLHQW GLRGH SXPSHG VLQJOH IUHTXHC
ODVHY 3KRWRQ 7HFKR®RO 3$I$SWON

.ULQJOHERWQ -7 $UFKDPEDXOW - / S5HHNLH /
** DQG 3D\QH ' 1 D +LJKO\ HIILFLHQW ORZ Q
(W<E FRGRSHG (DHFW ORYROHWWSS

.ULQJOHERWQ -7 $UFKDPEDXOW - / S5HHNLH /

(w<E FRGRSHG ILEHU GLVWUERBXYWWHGIYWRBGEDFN C
SS

IDPLQJ 5, 3RROH 6 % DQG 7DUER[ ( - 3XP!
WLRQ LQ HUELXPSGR IM®B/@LEH WS
/IDPLQJ 5, DQG 3D\QH '1 1RLVH FKDUDFWH !

ILEHU DPSOLILHU SXRGHGRIWMRQ THFXRBO S$IBSWW

IDPLQJ 5, 7RZQVHQG - ( 3D\QH '1 OHOL [/ *
( - +LJK SRZHU HUELXP GRSHG ILEHU DPSOLIL
UDWHG WHJBRRWRQ 7HFKR®O BEWW

ID\QH & % /RZGHUPLON : + DQG :HEHU O -

WLRQ RI UDUH HDUWK3KRWQ V5HYRRYL GHSID DVVHYV

ID\QH & % DQG :HEHU O - OXOWLSKRQRQ UHO
LQ EHU\OOLXP ISKXRUGEB¥YR®9DV\8S
/L 6 'LQJ + DQG &KDQ .7 (UELXP GRSHG
ZDYHOHQJW K GRSFHUDRVR RIGH WSS ?
ILX - <DR - DQG <HDS 7 + 6LQJOH ORQJLW

OHQJIJWK ILEHU((URIQRWORQ/ HUHFKR®O /B % W0



IRK :+ DQG /DPLQJ 5, SP SKDVH VKLIWF
EDFN ILEWOIHEBAURIDR OH W WS S

IRK :+ 6DPVRQ % 1 'RQJ / &RZOH * - DQG +
SHUIRUPDQFH VLQJOH IUHTXHQF\ ILEHU JUDWLQJ ED
ILEHU ODNHKWZDYH YRIFKQR® O

ODR 4 DQG /LW - : < 6ZLWFKDEOH PXOWLZDY
EHU ODVHU ZLWK FDVFDGH@E(IBERWRQ DWHBK QRDY L M
YRO SS

OF&XPEHU ' ( 7TKHRU\ RI SKRQRQ M XNWPLQDWH
SHYYRO SS $ $

OLQLVFDOFR : - (UELXP GRSHG JODVVHV IRU
QP- /LIKWZDYHYRFKQE®

OLQLVFDOFR : - DQG 4XLPE\ 5 6 *HQHUDO SU
Rl (U FURVV2SWFWHR@V SS

OLJUDKL 9 'L*LRYDQQL '- $WNLQV 50 *UXEE |
ODYDX[ -0 3 6WDEOH VLQJOH PRGH HUELXP IL
FRPPXQLFDWURYZDYHYREKRRGS

ORUNHO 3 5 &RZOH * - DQG 3D\QH ' 1 7TUI

ILEUH ULQJ ODVHU ZLMKFWN-RQOLUGMWENL GWRO SS
2WKRQRV $ DQG )DPWW %UDJJ *UDWLQJV )XQGDP!
$SSOLFDWLRQV LQ 7HOHFRPPXW HFBWRXYWH DB B VAHRY
3DO 6 O0ODQGDO - 6XQ 7 DQG *UDWWDQ .7 9
FD\ DQG SUHGLFWLRQ Rl RSHUDWLRQDO OLIHWLPH
FRGRSHG ILEHU %850 J 2B W L BB

3DUN 1 'DZVRQ -: DQG 9DKDOD . - 0XOWL
WLRQ RI DQ HUELXP GRSHKRWRKU ODHRMMEBRO /HWW
SS

3HGHUVHQ % 'DNVV 0/ 7KRPSVRQ % $ OLQLV]
$QGUHZV [ - ([SHULPHQWDO DQG WKHRUHWLF
ELXP GRSHG ILEHU SRZHW D@6 ORKIRWRQ YRIGEKQRO /!
Ss

5HHNLH / OHDUV 5 - 3RROH 6 % DQG 3D\QH ' 1
PRGH ILEHU/DDKMWHID Y H YRIFKFRO S S



6HMND 0 9DQQLQJ 3 +XEQHU - DQG .ULVWHQ\

IHHGEDFN (U GR S(HG! FWELLRHD B OHAM UG S

6KLPL]X 0O <DPDGD 0O +RULJXFKL O 7DNHVKLW
(UELXP GRSHG ILEUH DPSOLILHUV ZLWK DQ H|

FLHQWV RI (OB®%WURQ /HWW YRO SS

6QLW]HU ( 1IHRG\BILRF JBRVW® DWYWU &RQI R

6WDWH BDWHWY JUDQFH SS

6QLW]JHU ( 3R + +DNLPL ) 7XPPLQHOOL 5 DC

(UELXP ILEHU ODVHU DPSOLILHU DW SP ZLWK SX

WL]HG (U RMFLBWERBWRU 2SW )LEHLH X RRFIHDHRQ1/$

3RVWGHDGOLQH 3DSHU 3'

BWRQH - DQG %XUUXV & $ 1HRG\PLXP GRSH
SXPSHG ILEHWBSSBPAMUYXREWW SS
7RZQ * ( 6XJGHQ . :LOOLDPV -$5 %HQQLRQ

'LGH EDQG )DEU\ 3HURW OLNH, ([ CBKRU\RQ Q TRISWQRD
/IHWWRO  SS

BUTXKDUW 3 5HYLHZ RI UDUH HDUWK GRSHG
,(( 3URFHHGRQJV SS

<DPDGD 0 6KLPL]X 0 2ND\DVX 0 7DNHVKLWD 7
NDZD < DQG 6XJLWD ( 1RLVH FKDUDFWHULVV
SOLILHUV SXPSHG E\ DQG,((( BFR\WRYH I HFKRRHD
IHWWRO  SS

=\WNLQG -/ *LOHV &5 'HVXUYLUH ( DQG 6LPS
SXPS ZDYHOHQYWK LM BEVRWSWLRQ EDQG IRU HIILFLF
ILEHU DPS(@LRBKRIWRQ 7HFKRA® /B W

=\WNLQG -/ OLJUDKL 9 'L*LRYDQQL '- DQG 6X¢
VLQJOH IUHTXHQF\ HUELK®PHG RSHREY RILEWHWSOD VH U



&KOSWHU

'QQRYDWLYH DSSURDFK WR ILEUH OD
VHQVLQJ

$SEVWUDFW

7KH ZRUN LQ WKLV &KDSWHU GHVFUDEGHY LDQAHEUBSSUR
JUDWLQJ EDVHG ILEUH ODVHU V\VWHP IRU WKH ILUVW
DSSOLFDWLRQV $ EULHI UHYLHZ RI SUHYLRXV ODVHU
WHPSHUDWXUH VHQVLQJ DSSOLFDWLRQV LV JLYHQ DQ
WHPSHUDWXUH UHVSRQVH RI WKH ODVHU LV LQFOXGH
JUDWLQJ IDEULFDWLRQ FKDUDFWHULVWLFV DQG WKHLL
FRQILJXUDWLRQ DQG WKH H[SHULPHQWDO UHVXOWV R
VXPPDU\ RI WKH UHVXOWV LV JLYHQ DW WKH HQG RI WKH

$ QRYHO %UDJJ JUDWLQJ EDVHG ILEUH RSWLF ODVHU Sl
VHQVLQJ XVLQJ HUELXP GRSHG ILEUH DV WKH DFWLYH
XVLQJ OLJKW IURP D QP ODVHU GLEGHU $H®IKH FRP
JUDWLQJ DQG D QRUPDO %UDJJ JUDWLQJ ZDV XVHG WR
FKLUSHG JUDWLQJ IRUPV WKH VHFRQG UHIOHFWRU LQ W
WXQHDEOH ODVHU DFWLRQ RYHU D ZLGH PHDVXUHPHQW
VKHDWK WR HQKDQFH LWV PHFKDQLFDO VWUHQJWK DQ
VHQVLQJ SRLQW 7KH QRUPDO ILEUH %UDJJ JUDWLQJ DQ
LQ WKH JHUPDQLXP *H GRSHG DQG ERURQ JHUPDQLXP
ILEUHV UHVSHFWLYHO\ 7KH VKLIW LQ WKH ODVHU ZDYF
XVLQJ DQ 2SWLFDO 6SHFWUXP $QDO\VHU 26% ZKHQ WK
7KH WHPSHUDWXUH VHQVLWLYLW\ RI WKH SUREH zZDV IR
ILW WR WKH H[SHULPHQWDO GDWD DQG ZDV DOVR HYDO



UHUHVVLRQV 7KH URRW PHDQ VTXDUH 506 HUURU YDO.

f& ZLWK D OLQHDU ILW DQG OHVV WKDQ f& IRU WK
IURP URRP WHPSHUDWXUH WR f& 5HVSRQVH RI WKH O
WHVWHG E\ UHYHUVLQJ WKH PHDVXUHPHQW SRLQW LQ \
JUDWLQJ ZDV NHSW LQ WKH RYHQ DQG WKH QRUPDO JUD\

L, QWURGXFWLRQ

JLEUH ODVHUV DQG DPSOLILHUV KDYH EHHQ ZLGHO\ XV
V\VWHPV IRU PDQ\ \HDUV KRZHYHU WKHUH DUH IHZHU D
EDVHG ILEUH RSWLF VHQVRUV LQ VSLWH RI WKH DGYI
PHDVXUDQG FDUU\LQJ VLIJIQDO LQ WKH RSWLFDO GRPDLQ
LV WKH FDVH ZLWK PRVW VHQVRUV )LEUH %UDJJ JUDWL
VKRZQ WKHPVHOYHV WR EH LPSRUWDQW FRPSRQHQWYV
>*UDWWDQ DQG OHJBMNIWO@ RYHWVWKH SDVW VHYHUDO \H
WKHLU PHFKDQLFDO UREXVWQHVV ORZ ORVV LPPXQLW)\
XVH RI D ZDYHOHQIJWK HQFRGHG PHDVXUHPHQW LQIRUPL
FDSDELOLW\ 7KH ZDYHOHQJWK HQFRGHG PHDVXUDQG LQ
D QXPEHU RI GLVWLQFWLYH DGYDQWDJHV FRPSDUHG

VFKHPHVY WKXV PDNLQJ D VHOI UHIHUHQFLQJ ,Q SDVVL
VSHFWUDOO\ EURDGEDQG VRXUFH LV UHTXLUHG WR FRY'}
%UDJJ JUDWLQJ LV PHDVXUDQG WXQHG 'XH WR WKH Q
ZDYHOHQJWK WKH RXWSXW SRZHU UHIOHFWHG IURP WK
OHDGLQJ WR D SRRU VLIQDO WR QRLVH UDWLR 615 RI1 W
QRLV\ HQYLURQPHQWY WKXV UHGXFLQJ WKH SRWHQWL
GHWHFWLRQ V\VWHPV $ ODVHU EDVHG VHQVRU V\VWHP
LPSURYHPHQWY LQ WKH 615 DQG WKH QDUURZ OLQHZLC
GHWHFWLRQ RI PXFK VPDOOHU VKLIWV LQ WKH ODVHU
WHPSHUDWXUH DQG VWUDLQ FKDQJHV WKXV PDNLQJ W
SHUWXUEDWLRQV RI WKH PHDVXUDQG 7KH FRPSDWLELOI
HPEHGGLQJ ZLWKLQ FRPSRVLWH PDWHULDOV KDV OHG W
SVPDUW VWUXFWXUH” DSSOLFDWLRQV



Q WKLV &KDSWHU D QHZ DSSURDFK KDV EHHQ GHYHOF
ILEUH ODVHU V\VWHP IRU KLJK WHPSHUDWXUH VHQVLQJ
NQRZOHGJH 7KH QRUPDO ILEUH %UDJJ JUDWLQJ DQG

IDEULFDWHG LQ WKH *H GRSHG DQG WKH % *H FR GRSHG
DQG ZHUH XVHG WR IRUP WKH ODVHU FDYLW\ IHHGEDFN

DV WKH JDLQ PHGLXP RI WKH ODVHU DQG SXPSHG E\ XV
HIWHQGV WKH ZRUN GLVEXVVHG LQ 6HFWLRQ XS WR
WHPSHUDWXUHV DQG XVHV WKH VLQJOH SRLQW SUREH

ODVHU RSHUDWLQJ RYHU D ZLGH WHPSHUDWXUH UDQJH
5L DW WKH VHQVLQJ SRLQW DQG HQUREHG E\ D PHW
VWUHQJWK 7KH ODVHU EDVHG VHQVRU V\VWHP UHSODFI
>$ODHYWHDO D .HUVH\ DQG ORUH\ D@ E\ XVLQJ D FKLUS
&)%* DV WKH VHFRQG UHIOHFWRO O WKQEWDMEOEN FO\D \WWHKUH

VIVWHP IRU VHQVRU DSSOLFDWLRQV DQG VLPSOLILHV

VIVWHP 7KH ODVHU EDVHG VHQVRU V\VWHP DOVR HC
HOHFWULFDOO\ RU PDJQHWLFDOO\ KDUVK HQYLURQPHQ'
UHTXLUHG DW KLJK WHPSHUDWXUHYV

SHYLHZ RI SUHYLRXYVY ODVHU EDVHG VHQVRU

,Q &KDSWHU VHYHUDO GLITHUHQW W\SHV RI ODVHU FR(
DSSOLFDWLRQV KDYH EHHQ UHYLHZHG DQG WKH ODVHU
XVLQJ VHYHUDO ZDYHOHQJWK PDWFKHG XQLIRUP ILEUH
HOHPHQWY DQG (U GRSHG ILEUH DV WKH JDLQ PHGLXP
WKLV &KDSWHU ILEUH ODVHU EDVHG GHYLFHV IRU SRWF
KLIK WHPSHUDWXUH VHQVLQJ DSSOLFDWLRQV ZLOO EH LU

%DPW DO D@ KDYH UHSRUWHG D VLPSOH %UDJJ JUDWLC
WR PHDVXUH VLQJOH SRLQW VWUDLQ DQG PXOWLSRLQW
%UDJJ JUDWLQJV )%*V SDLU ZDV FUHDWHG DW WZR HQ
IRUP WKH DEWLYH VHQVRU ZKLFK DYRLGV WKH VSOLFLQ
FDYLW\ OHQJWK ILEUH ODVHU ZDV XVHG WR PHDVXUH W
YDOXHV ZHUH DSSOLHG XVLQJ D SLH]R HOHEWULF WUL



PDVXUH GXDO SRLQW WHPSHUDWXUHV WZR FP ILEUF
ZDYHOHQJWKYV WR DYRLG WKH JUDWLQJ VSHFWUDO RYH
7TKHVH WZR ODVHUV ZHUH IDEULFDWHG DW GLIITHUHQW
THPSHUDWXUH PHDVXUHPHQWY ZHUH SHUIRUPHG E\ ZLQ
FRSSHU F\OLQGHU ZKLFK ZDV PRXQWHG WR D KHDW SOD)
UbQJH IURP URRP WHPSHUDWXUH WR f& VKRZLQJ D C
QP f& )RU PXOWLSOH[HG WHPSHUDWXUH PHDVXUHPHQ
QHFHVVDU\ IRU HDFK RI WKH ILEUH ODVHU WR DSSO\ WH
REWDLQHG ZKHQ WKH JDLQ PHGLXP ZDV SXPSHG E\ XVL
VHQVRU UHVSRQVH ZDV REWDLQHG XVLQJ DQ DSSURSU
VHQVRU UHVROXWLRQ ZDV OLPLWHG E\ WKH UDQGRP OD
ObVLQJ PRGHV SUHVHQWYV IRU ERWK VWUDLQ DQG WHPE
RI WKH DERYH ODVHU EDVHG VHQVRUV ZDV WKDW ERWE
PHDVXUDQG VWDWH

DWW PO E@ KDYH DOVR UHSRUWHG D VLQJOH IUHTXHQ
EDVHG ILEUH ODVHU VWUDLQ VHQVRU VA\VWHP /DVHU FL
ILEUH %UDJJ JUDWLQJV IDEULFDWHG LQ KLJKO\ ELUpI
VHSDUDWLRQ LQ WKH ODVLQJ ZDYHOHQJWKY ,Q D ELUcg

VHSDUBSWERIQVZHHQ WKH WZR ELUpIULQJHQW D[HV LV JLY

,$%$QHII

OHII

$&

ZKHOQHUY WKH HIITHFWLYH UHIUDFWLYHQHOG HY KRl WEUHHIL
ELUHIULQJHQFH +LJKO\ ELUpPIULQJHQW ILEUH ZLOO LQF
SRODULVDWLRQ IUHTXHQFLHYVY RI WKH ODVHU EHFDXVH R
ORVYVY ODVLQJ PRGHV 7KH ODVHU RVFLOODWHV WZR R
RSWLFDOO\ PL[HG JHQHUDWHV D VLQJOH EHDW IUHTXF
O+] PLOLVWUDLQ IRU D OLQHDU VWUDLQ PHDVXUHPHQWYV

$ KLIKO\ SKRWRVHQVLWLYH HUELXP GRSHG ILEUH ZLW]I
IDEULFDWH WKH JUDWLQJYV 7KH HUELXP GRSHG ILEUH K
SSP ZLWK JHUPDQLXP DQG DOXPLQLXP FR GRSDQW 7KH



WERWK JUDWLQJY DQG ILEUH FRQWULEXWLRQV ZDV PH
ZDV PRXQWHG WR D OLQHDU SLH]IRHOHFWULF WUDQVOL
ZDV H[SDQGHG WR PHDVXUH WKH YDULDWLRQ LQ EHD)
UHVRQDQW ZDYHOHQJWKV RI WKH ODVHU DUH JLYHQ E\

U
Q[/FgO $ 4

Q/F 1 $

ZKHUHLY WKH UHVRQDQWDBBYWWMN ®RGD/MOK WOHDUDGFWLYH |
DUH LOWHUHBVHVHQW WKH SKDVH VKLIW RI WKH %UDJ.

RI WKH WZR RUWKRNRIQIHOWKRGMWZ D @Q®VLQJ ZDYHOHQJW
PRGH EHDW IUHTXHQF\ LV JLYHQ E\ WKH IROORZLQJ UH(

$Y 0 1 220 6Q
Q/F Q Q

ZKHVQLY WKH GLIIHUHQFH EHWZHHQ WKH WZR PRGDO U
(T WKH SRODULVDWLRQ PRGH EHDW IUHTXHQF\ ZL
6Q WKH GLITHUHQFH LQ WKH RUGHUV RI IWBEKQRGOWRBLW.
GLITHUHQFH EHWZHHDRW KK IS KKbDWBII JUDWLQJ UHIOHFW
HDFK SRODULVDWLRQ PRGH $GGLWLRQDOO\ WKH JUD\
WKH ILEUH ELUHIULQJHQFH D[HV VKRXOG EH NQRZQ
OHQJWK ZLOO LQFUHDVH DQG WKLV ZLOO FKDQJH WKH
HOOLSWLFLW\ DQG WKH GLITHUHQFH LQ WKH HODVWLF ¢
WKH DFFXUDF\ RI WKH VHQVRU GHSHQGV RQ WKH XQF
DSSUR[LPDWH QDWXUH RI WKH FRPSXWDWLRQ

oOoHOEW BO @ KDYH UHSRUWHG DQ HUELXP GRSHG ILE
DSSOLFDWLRQV $ EURDGEDQG PLUURU DQG D ILEUH %
ODVHU FDYLW\ IHHGEDFN 7KH ODVHU ZDYHOHQJWK ZDV
RI WKH JUDWLQJ ZKLFK ZDV UHPRWHO\ ORFDWHG DQC
EURDGEDQG PLUURU ZDV XVHG WR DFKLHYH WKH VW
UHTXLULQJ ERWK WKH UHIOHFWRUV LQ WKH VDPH VW



IRRPHG GLUHFWO\ RQ RQH HQG VXUIDFH RI D VLQJOH PI
VLOYHU QLWUDWH DQG LW ZDV IXVLRQ VSOLFHG WR \
PDQXIDFWXUHG LQ $OFDWHO EHQG LQVHQVLWLYH ORZ |

DW a QP ZDYHOHQJWK DW D IXO0 ZLGWK KDOI P

QP 7KH JUDWLQJ ZDV IXVLRQ VSOLFHG WR WKH R
FRXSOHU WKXV FRQWDLQV D :'0 FRXSOHU ZLWKLQ WKH
SXPSHG E\ XVLQJ D QP /' WKURXJK WKH FRXSOHU 7
SDVVLYH ZDYHOHQJWK GLYLVLRQ V\WWHP :'6 XVLQJ I
GHWHEFW WKH RXWSXW VLJQDO IURP WKH ODVHU VHQVR
DORQJ WKH FHQWUHOLQH RI D FDQWLOHYHUHG DOXPL
7KLV DOORZV WKH JUDWLQJ WR EH VWUDLQHG LQ ERW|
WKH ODVHU ZDYHOHQJWK DQG ZLWK D UHSRUWHG VWUD

.HUVH\ DQG ORUH\ > D@ KDYH UHSRUWHG %UDJJ JUD'
VWUDLQ VHQVLQJ DSSOLFDWLRQV XVLQJ PRGH ORFNHG
ZDV SHUIRUPHG XVLQJ PRGH ORFNHG RSHUDWLRQ RI

LQGLYLGXDO )%* HOHPHQWYV 7KH VFKHPDWLF RI VXFK
)LJ

/HR A
3XPS
)LJ $ VLQJOH %UDJJ JUDWLQJ EDVHG ILEUH ODVHU
ORUH\ D@

7KH ODVHU FDYLW\ ZDV IRUPHG XVLQJ D VLQJOH )%* DC(
SRUW RI WKH ODVHU DQG HQFORVHG D JDLQ VHFWLRQ



FRPHUFLDO HUELXP GRSHG ILEUH DPSOLILHU %7 " (')$
ZDYHOHQJWK ZDV FRQVLVWHQW ZLWK WKH %UDJJ ZDYHC
RXWSXW LV D GLUHFW PHDVXUH RI WKH PHFKDQLFDO S|
DERYH V\VWHP GHVLJQ ZDV XVHG WR LQWHUURJDWH D V

ORGH ORFNHG RSHUDWLRQ RI WKH V\VWHP PDNHV WKH
PXOWLSOH[HG )%* HOHPHQWY DQG WKH VFKHPDWLF RI W

/HR Y{ $/ !
3XPS
9
GULYH
)LJ 6HOHFWLYHO\ PRGH ORFNHG ILEUH ODVHU V\VWE

DQG ORUH\ D@

7KH VA\VWHP ZDV PRGH ORFNHG E\ LQFOXGLQJ D PRGH OF
IUHTXHQF\ FRUUHVSRQBLRI WKHDFPXIOM\LBREBH VSDFLQJ
PRGH ORFNLQJ DW WKH RQWRAHRMYOD W\ VSDFLQJ WKH
RXWSXW SXOVH UDWH ZDV DSSUR[LPDWHG DV EHORZ

ZKHUHRLY WKH OHQJWK RI WKH FDYLW\ EHWZHHQ WKH |
RXWSXW FRQVLVWYVY RI D SXOVH WUDS© ®KW HIHPTLXHHG \E \
WKH %UDJJ JUDWLQJ HOHPHQW %\ DGGLQJ $OVMHERQG )Y
WKH V\VWHP D SDLU RI FDYLWLHV DUH IRUPHG EXW Z
VSDFLQJ EHWZHHQ WKH$W MK HNY%FDQWP HQWMRWFHG WR O



ORNHG IDVKLRQ DW HLWKHU RI WKH WZR )%* ZDYHOHQ
IUHTXHQF\ GHWHUPLQHG E\ HLWKHU (T RU (T H

"7 2 + ® a>

7KH ODVHU RXWSXW FRUUHVSRQGV WRSHRWEKHU RI WK
GHSHQGV RQ WKH GULYH IUHTXHQF\ ~ RU DSSOLHG
UHVSHFWLYHO\ 7KH PRGH ORFNHU LV WXQHG WR D
HITHFWLYHO\ LOQOWURGXFHVY ORVV WR WKH RWKHU FDYL
UHVSHFW WR WKH URXQG WULS FDYLW\ WLPH 7KLV OF
RVFLOODWH WKXV DOORZLQJ WKH VHOHFWHG FDYLW\ IF
LOWHUURJDWHG GHSHQGV RQ WKH SRVVLEOH KDUPRQI
FDYLWLHV RI WKH V\VWHP )RU VWUDLQ PHDVXUHPHQW)
RI WKH )%*V LQ WKH FDYLW\ 7KH )%* ZDV DWWDFKHG W
ZDV VXEMHFWHG WR WKUHH SRLQW EHQGLQJ DQG WK
ZDYHOHQJWK ZDV PRQLWRUHG XVLQJ D GHWHFWLRQ VFK

.HUVH\ DQG ORUH\ > E@ KDYH DOVR UHSRUWHG PXOWI
VHQVRU LQ WKH WUDYHOOLQJ ZDYH FRQILIXUDWLRQ DQ
XS LV VKRZQ LQ )LJ

)LJ JLEUH ODVHU VHQVRU LQ ULQJ FDYLW\ FRQILJX
JUDWLQJ VHQVRU HOHPHQWYV >.HUVH\ DQG ORU



JLEUH %UDJJ JUDWLQJV ZHUH XVHG DV WKH VHQVLQJ

FDYLW\ HOHPHQWYV RI WKH ODVHU 7KH VHFWLRQ FRQWI
ORRS UHIOHFWRU ZKLFK RSHUDWHY LQ D XQLGLUHFWLI
LVRODWRU $ ZDYHOHQJWK VHOHFWLYH WXQHDEOH )DE
ORRS UHIOHFWRU ODVLQJ RI WKH V\VWHP RFFXUV RQO
ILOWHU LV PDWFKHG ZLWK WKH ZDYHOHQJWK RI RQH R
ZDYHOHQJWK ZDV FRQVLVWHQW ZLWK WKH %UDJJ ZDY'
DQG LV D GLUHFW IXQFWLRQ RI WKH VWUDLQ DSSOLH
VHOHFWLYH ODVLQJ DOORZV HDFK RI WKH )%* VHQVF
DvVVLIQLQJ HDFK WR D SDUWLFXODU RSHUDWLRQDO

RYHUODSSLQJ DQG WKH RSHUDWLRQDO UDQJH RI WKH
EDQGZLGWK RI WKH HUELXP GRSHG ILEUH XVHG 7KHU
WUDQVPLVVLRQ ZDYHOHQJIJWK RYHU WKH JDLQ EDQGZLG
HDFK )%* VHQVRU HOHPHQW DQG WKH RXWSXW ZDV PR
ILEUH FRXSOHU XVLQJ DQ RSWLFDO VSHFWUXP DQDO\\
PXOWLSOH[HG XVLQJ WKH V\VWHP GHSHQGV RQ WKH
RSHUDWLRQDO GRPDLQ ZDYHOHQJWK VSDFLQJ RI HDF#
RI WKH HUELXP GRSHG ILEUH XVHG 7KH SRWHQWLDO C
VLPXOWDQHRXV UHVSRQVHV RI WKH DOO WKH VHQVRUYV

$ODHMWMWM DO D@ KDYH UHSRUWHG D PXOWLSOH[HG %UD
V\VWHP WR PHDVXUH ERWK WKH WHPSHUDWXUH DQG W
SHUIRUPHG XVLQJ D VLQJOH )%* DQG D EURDGEDQG F
IHHGEDFN DQG HQFORVHG D OHQJWK RI HUELXP GRSH
VFKHPDWLF RI WKH H[SHULPHQWDO WWWDCE @V VKR DQ L
VHULDO PXOWLSOH[HG VHQVRU FRQILIJIXUDWLRQ D FRP
%UDJJ JUDWLQJV )Y%*V ZHUH XVHG WR IRUP WKH OD'
HUELXP GRSHG ILEUHV DV WKH JDLQ PHGLD 7KH KRPRJ
WKH HUELXP LRQ OLPLWYVY WKH QXPEHU RI ODVLQJ PRGH
VHFWLRQ RI HUELXP GRSHG ILEUH ZDV SODFHG EHYV
$OWHUQDWLYHO\ XVLQJ D PRGH ORFNHG DUUDQJHPHQW
E\' .HUVH\ DQG ORUH\ > D@ WKH QHHG IRU DGGLW
VXFFHVVLYH )%*V ZRXOG EH HOLPLQDWHG



)LJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS RI Wk
JRXULHU WUDQVIRUPV LQIUDUHG VSHFWURPHWHVW DQG '$
DO E@

JRU WHPSHUDWXUH PHDVXUHPHQWY WKH %UDJJ JUDWLC
ILOOHG ZLWK GLIIXVLRQ SXPS RLO DQG WKH FRQWDLQ
FRQWUROOHG KRW SODWH 7KH PHDVXUHG WHPSHUDWXU
WKHUPDO VHQVLWLYLW\ RI SP f& )RU VWUDLQ PHDV.
IURP WKH RLO EDWK DQG ZDV IL[HG WR DQ DOXPLQLXP F
DGKHVLYH ,Q WKH VHULDO PXOWLSOH[HG VHQVRU FRQI!
DFURVV WKH ODVHU FKDQQHOV HYHQ ZKHQ VHSDUDWH J
VXFFHVVLYH )WW DCGD@ YLH

%DOO DQG ORUH\ > @ KDYH UHSRUWHG D FRPSUHVVLRC
LQ D PDVWHU RVFLOODWRU SRZHU DPSOLILHU FRQILJX!
DPSOLILHU 023% GHVLJQ zZDV XVHG WR LQFUHDVH WKt
LPSURYH WKH ODVHU HIILFLHQF\ 7KH PDVWHU RVFLOOL
OHQJWK RI SKRWRVHQVLWLYH JHUPDQRVLOLFDWH HUEL
FRQFHQWUDWLRQ R I SSP 7KH ODVHU UHVRQDWRU ZC
JDLQ ILEUH ZKHUH WZR XQLIRUP ILEUH %UDJJ JUDWLQJV
XVLQJ WKH KRORJUDSKLF H[SRVXUH DUUDQJHPHQWV $

SXPS VRXUFH DQG WKH PDVWHU RVFLOODWRU ZDV XVHG
WKH ODVHU KHQFH WR LPSURYH WKH RYHUDOO V\VWHP

XVLQJ WZR SP )& THUUXOHV ZLWK RQH HQG RI WKH OTC
DQG WKH RWKHU HQG ZDV PRXQWHG WR D VWHSSHU PR
RYHU QP UDQJH 7KH OLPLWDWLRQ RI WKH ZDYHOHAQ.



EVHG ODVHU VHQVRUV LV WKDW ERWK WKH JUDWLQJV
VDPH WHPSHUDWXUH RU VWUDLQ

.RR DQG .HUVH\ > @ KDYH UHSRUWHG DQ LQWHUIHURF
VWUDLQ LQGXFHG ODVHU ZDYHOHQJWK VKLIWWLV,Q D VL
DSSOLHG WR WKH ODNHWRFIDYGWRHR D FHKQDW K $U@ WKH FD
D IUHTXHQ$OYKOKWEH LQWURGXFHG LQ WKH ODVHU IUH"
EHORZ

$7
$Y/ a 2 &Y/ o.
IF
ZKH&HV D FRQVWDQW ZKLFK GHSHQGV RQ WKH S

ILEUH ,Q WKH FDVH RI D PXOWLPRGH ILEUH ODVHU WK
DV EHORZ

&% 2 Phrs Mver v
IF

ZKHBHVNDNHYV DQ LQWHJHU YDOXH DQG FRUUHAMBRQGYV W
WKH IUHH VSHFWUDO UDQJH RU IUHTXHQF\ PRGH VSDFLC(

7KH VWUDLQ LQGXFHG VKLIW LQ WKH ODVHU RXWSXW Z
RXW LQWHUIHURPHWHU 0=, ZKLFK FRQYHUWV WKH
LQWHUIHURPHWHU SKDVH FKDQJHV DQG WKH VFKHPDWL
VKRZQ LQ )LJ 7KH ODVHU FDYLW\ IHHGEDEN ZDV IR
)%*V DQG HQFORVHG D OHQJWK RI HUELXP GRSHG ILE
RXWSXW LV FRXSOHG WR D ODFK =HKQGHU UHDG RXW
'0 FRXSOHU 7KH LQWHUIHURPHWHU FRQYHUWV WKH

LQWHUIHURPHWHU SKDVH VKLIWVi: 7K¥Y G 6 B/HIQ GHIDRP HR\Q |
ILEUH %UDJJ JUDWLQJ ODVHU VHQVRUYRBXMWEXWHKHDYH
LQWHUIHURPHWHU RSWLFDO SDWK GLIIHUHQFH 23'
HTXDWLRQ



ZKHUH LV WKH SDWK GLITHUHQFH EHWZHHQ WIORHMLEUH D
WKH UHIUDFWLYH LQGH[ RI WKH ILEUH &DYLW\ VWUDLQ
I[UHTXHRQFZKLFK ZLOO PRGXODWH WKH RXWSXW SKDVH V
WKLV ZDV H[SUHVVHG DV EHORZ

$ A
F F

7TKXV WKH SKDVEHwRRRKGIXWBEOMW LRRWVHUIHURPHWHU LV GHWHL
RI WKH ODVHU+FDWQIGNR VWKB LGQWHUIHURRH®HWK$D WK L
ODVHU FDYLW\ VWUDLQ LV D GLUHFW IXQFWLRQ RI WKH |

(UELXP
GRSHG ILEUH

)LJ 6FKHPDWLF RI D ILEUH %UDJJ JUDWLQJ ODVHU V
RXW LQWHUIHURPHWHU >.RR DQG .HUVH\ (

JRU PXOWLPRGH ODVHU RXWSXW WKHDM WR G LHIURE HONVI
EHORZ

P OAOQ = P/O:

Y/ P 216/

N o

o
1
o W



ZKHUH WKH I[UHH VSHFWUDO UDvpJH R/ &KW KOWWYHUURWX Q!
WULS FDYLWAF 8 KRRWK QV WKH LQWHUIHURPHWHU SDWK
PXOWLSOH RI WKH/FDYILIMWY IOHRQAIWKQ L GWHIHU WKH LQW
ELDV SKDVHV Mm@ IRU GLITHUHQW ORQJLWXGLQDO PR

pp .1 J

7KHUHIRUH WKH UHDG RXW LQWHUIHURPHWHU QHHGV |
ODVHU VHQVRU ZKLFK DOORZV WKH UHDG RXW LQWHUIH
ODVLQJ PRGHV VLPXOWDQHRXVO\ $KiBE VOWYDNIQH L QIEXGE H
LQWHUIHURPH®DWL QRUPWE&H ZDV H[SUHVVHG DV EHORZ

7KH SKDVH VKLIW LQGXFHG E\ HDFK PRGH GHSHQGV RQ
Y? LV GHWHUPLQHG E\ WKH EDQGZLGWK RI WKH %UDJJ

JRU VWUDLQ PHDVXUHPHQW WKH ILEUH ODVHU FDYLW\
VWUHWFKHU WR DSSO\ VWUDLQ DQG WKH VKLIW LQ WKHF
LOWHUIHURPHWHU IRU GHWHFWLRQ

,PDHW BO @ KDYH UHSRUWHG DQ HUELXP EDVHG WHPS
DPSOLILHG VSRQWDQHRXV HPLVVLRQ $6( RI IOXRUHVF
SXPS VRXUFH PHDVXULQJ WKH UDWLR RI WKH LQWHQVL
WKH VSHFWUXP DW QP DQG QP 7KH SHDN SRZHU
RI WKH IOXRUHVFHQFH VSHFWUXP GHSHQGV RQ WKH WH
WR EH D OLQHDU IXQFWLRQ RI WHPSHUDWXUH RYHU D
VHQVLWLYLW\ RI f& +RZHYHU WKH WRWDO IOXRU
ILEUH ZDV IRXQG WR GHFUHDVH ZLWK LQFUHDVH LQ WHF
WKH VvVLIJQDO WR QRLVH UDWLR 615 RI WKH V\VWHP IRU
$Q DYHUDJH VHQVLWLYLW\ RI f& ZDV UHSRUWHG E\
WKH WHPSHUDWXUH UDQJH IURP f& WR f& XVLQJ
VHQVLQJ VFKHPM BDOKIRRIKDYH UHSRUWHG GHWDLOHG L
WHPSHUDWXUH FKDUDFWHULVDWLRQ RI VHYHUDO GLIIH



SSP SSP DQG SSP RI (U LRQV HVSHFLDO
VHQVLWLYLW\ RI WKH GHFD\ WLPH FKDQJH $ IOXRUHVF
GRSHG ILEUHV HQUREHG LQ D TXDUW] VKHDWK DQG ZD
FKDUDFWHULVDWLRQ 7KH IOXRUHVFHQFH OLIHWLPH RI
WKH LQFUHDVH LQ WHPSHUDWXUH ZKHQ H[FLWHG XVL
IOXRUHVFHQFH OLIHWLPH ZDV FDOEXODWMWGDXO@.QJ WKH

MIIW GW
7 A IRU | ' RR

ZKHUH LY WKH IOXRUHVFHQFH OLIHWLVPFHWKH HOKIERXPH \GHR-
GHFD\ VWDUWIMDJ DJRERWWRH REVHUYDWLRQ WLPH RI WK
ZDV IRXQG WR EH PRUH GRPLQDQW LQ KLJK WHPSHUDW
OLIHWLPH GHFUHDVHG IURP a PV WR PV RQ DYHUDJF

.LPHW DO @ KDYH UHSRUWHG DQ LQWHQVLW\ EDVHG
LQGHSHQGHQW VWUDLQ PHDVXUHPHQW XVLQJ D VLQJC
FKLUSHG JUDWLQJ ORQJHU UHIOHFWLRQ SDUW ZLWK JU
DQG IL[HG WR D VLOLFD JODVV WXEH RI FP OHQJWK X
SDUW RI WKH JUDWLQJ ZDV LQVHQVLWLYH WR WKH DSS
OHQJWK RI WKH FKLUSHG JUDWLQJ ZDV DWWDFKHG WR

7KH EURDGEDQG OLJKW IURP DQ HUELXP GRSHG ILEUH
FKLUSHG JUDWLQJ WKURXJK D FLUFXODWRU DQG WKH
JUDWLQJ ZDV PRQLWRUHG XVLQJ D SKRWR GHWHFWRU D
VWUDLQ ZDV DSSOLHG WR WKH VHQVRU WKH UHIOHFWL
ZDV IRXQG WR VKLIW WRZDUGV ORQJHU ZDYHOHQJWK
EDQGZLGWK RI WKH RYHUDOO UHIOHFWLRQ VSHEWUXP

ZDYHOHQJWK UHIOHFWLRQ VSHFWUXP SDUW XQDWWDEK
WKH ORQJHU ZDYHOHQJWK UHIOHFWLRQ VSHFWUXP SDU
UHVSRQG WR VWUDLQ ZLWK LQFUHDVHG VWUDLQ 7KH

GHFUHDVH Rl WKH UHIOHFWHG SRZHU IURP WKH FKLUS
VHQVRU ZDV OLPLWHG E\ WKH KDOI RI WKH FKLUSHG JUL
EDQGZLGWK RI WKH FKLUSHG JUDWLQJ ZDV a QP RI



WUDLQ YDOXH RI DV )RU WHPSHUDWXUH YDULD
EDQGZLGWK ZHUH IRXQG WR EH XQFKDQJHG 'XH WR W
JubwLQJd WKH VHQVRU VFKHPH ZRXOG QRW EH VXLW
+RZHYHU LQ LQWHQVLW\ EDVHG LQWHUURJDWLRQ VFKI
VRXUFH SRZHU IOXFWXDWLRQV RU EHQGLQJ RI WKH ILE
WKH RXWSXW VLIJQDO

'XHW BO @ KDYH UHSRUWHG D ILEUH %UDJJ JUDWLQ.
VWUXFWXUH IRU VLPXOWDQHRXVY PHDVXUHPHQW RI VW
SURILOH RI WKH JUDWLQJ KDV WZR VSHFWUDO SHDNYV Z
SRZHU GLIIHUHQFH DORQJ ZLWK WKH VKLIW LQ WKHLU ¢
vwubLQ RU WHPSHUDWXUH OHDVXUHPHQW RI WKH SHD?!
SHDN SRZHU RI WKH UHIOHFWHG OLJKW RI WKH VHQVRU
DQG WKH vwuDLQ SDUDPHWHUV :KHQ WKH JUDWLQJ D
vwubDLQ DQG WHPSHUDWXUH FRHIILFLHQWY WKH UHIOH
EXW LWV VSHFWUXP SURILOH UHPDLQ XQFKDQJHG ,Q
SDUDPHWHU FDQQRW EH GHWHUPLQHG VLPXOWDQHRXYV
ERWK WKH SDUDPHWHUV WKH JUDWLQJ DQG WKH FDYL
DQG WHPSHUDWXUH FRHIILFLHQWY 7KHUHIRUH WKH
SHULRGLFDOO\ ZLWK WHPSHUDWXUH DQG VWUDLQ FK
ZDYHOHQJWK VKLIWV DV ZHOO DV WKH LQWHQVLW\ FK
)DEU\ 3BHURW VHQVRU LW ZDV SRVVLEOH WR GHWHUPLQ

JRU FUHDWLQJ WKH JUDWLQJ )DEU\ 3BHURW FDYLW\ VH
SDUDOOHO VOLWYV PP LQ ZLGWK VHSDUDWHG E\ PP

DQG WKH SKDVH PDVN 7KHUHIRUH WZR LGHQWLFDO JU
WKH VDPH WLPH ZKHUH WKH JUDWLQJYV SRVLWLRQ FRU
vwubDLQ DQG WKH WHPSHUDWXUH FRHIILFLHQWYV RI WKH
JUDWLQJ VHFWLRQV PP ORQJ DQG WKLQ DOXPLQLXP V
ZDOO WKLFNQHVV RI PP ZDV JOXHG LQWR WKH FDYL
LV PRUH GLIILFXOW WR VWUHWFK DW URRP WHPSHUDW >
VWUDLQ FRHIILFLHQW RI WKH FDYLW\ VHFWLRQ ZLOO E}
2Q WKH RWKHU KDQG ZLWK WHPSHUDWXUH LQFUHDVH



WASHUDWXUH FRHIILFLHQWY WKDQ WKDW RI WKH JUDWL
H[SDQVLRQ FRHIILFLHQW RI DOXPLQLXP [ f& WKD

[ f& 7KH H[SDQVLRQ RI WKH DOXPLQLXP WXEH ZL
ZLOO LQGXFH DGGLWLRQDO VWUDLQ WR WKH FDYLW\ V
VKLI$$SDQG WKH FKDQJHV LQ WK HD UGIWH@QHMMI ZX QKWW R
DQG WKH WHPSHUDWXUH UHVSRQVH DQG WKHLU FKDQJt

$$S . _ $V
$O q e _8$7

ZKHWW DQ®7 DUH WKH FKDQJHV LQ WKH DSSOLHG VWU
UHVSHFABYPEEDUH WKH VWUDLQ DQG WKH WHPSHUDWXU |
WR WKH JUDWLQJ DQG WKH FDYLWV\RMHFWYRW\ UHVEHBW
7TKH vwuDLQ DQG WKH WHPSHUDWXUH FDQ EH GHWHUPL
FKDQJHV LQ WKH SHDN ZDYHOHQJWK VKLIWV DQG WKH
SURILOH RI WKH VHQVRU DQG E\ VROYLQJ WKH IROORZLC

[nd
$V = $$S
$7 e _5r .a® & gv $0
6R WKH VWUDLQ ZDV PHDVXUHG IURP WR SH DQG
RYHU WKH UDQJH IURP WR f& ZLWK DQ DFFXUDF\

UHVSHFWLYHO\

SHQHHW PO @ KDYH UHSRUWHG DQ )%* EDVHG WHPSHUD)
OLQHDU FDYLW\ ILEUH ODVHU WR PHDVXUH WHPSHUDW X
2Q0H Rl WKH FDYLW\ PLUURUV RI WKH ODVHU ZDV WKH Il
ILEUH %UDJJ JUDWLQJ )%* ZKLFK DFWV DV WKH VHQ
HQFORVHG D OHQJWK RI HUELXP GRSHG ILEUH DV WKH

HIWUDFWHG WKURXJK D FRXSOHU DQG ZDV IXUWKF
FRXSOHUV ZLWK VSOLWWLQJ UDWLR RI ERWK WKH

)%* DQG )%* UHVSHFWLYHO\ ZHUH FRQQHFWHG WR Wtk
WKHLU RXWSXWV ZHUH FRQQHFWHG WR WKH GHWHFWLR(
)%* HLWKHU )%* RU )%* LV XVHG WR PRQLWRU WKH
UHIHUHQFH WR WKH UHIOHFWHG SRZHU IURP WKH RWKH



WK JUDWLQJV )%* RU )%* ZDV IRXQG WR EH QRQ OLQF
WHPSHUDWXUH RYHU D QDUURZ UDQJH RI f& WR f&

SHFHQWGeIW Bi®d @ KDV UHSRUWHG D 5DPDQ ILEUH ODVHI
UHPRWH WHPSHUDWXUH VHQVLQJ DSSOLFDWLRQ ZKHUH
WZR XQLIRUP )%*V DQG D FRPPRQ WXQHDEOH FKLUSHG
7KH 5DPDQ SXPS VRXUFH FRQVLVWY RI IRXU ODVHU GLR!

QP DQG QP UHVSHFWLYHO\ $00 WKH SXPS ZDYH
D SDVVLYH FRPELQHU DQG D :'0 FRXSOHU WR KDYH D WF
ZDV ODXQFKHG LQWR WKH VLQJOH PRGH ILEUH 60) W
WHPSHUDWXUH SHUIRUPDQFH RI WKH ODVHU ZDV PHDVX
f& ZLWK D UHSRUWHG VHQVLWLYLW\ RI SP f&

BHYHUDO UHVHDUFKHUV KDYH UHSRUWHG WKH YDULRX
DSSOLFDWLRQV PDLQO\ IRU VWUDLQ VHQVLQJ DSSOLFL
GRQH RQ GHYHORSLQJ RSWLFDO ILEUH ODVHU EDVHG V\
DSSOLFDWLRQV DQG WKXV UHPDLQ DV DQ RQJRLQJ FKD
QHZ DSSURDFK LQ ODVHU EDVHG VHQVRU ZRUN WKDW H
UDQJH IURP WKDW RI WKH SUHYLRXV ODVHU HEWVIHGE ZRU

D@ WR D PD[LPXP RI f& 7KH QRYHO ILEUH ODVHU
GHYHORSHG XVLQJ D QRUPDO %UDJJ JUDWLQJ DQG D F
HOHPHQWY DQG HQFORVHG D OHQJWK RI HUELKW GRSHG
DO D@ 7KH WHPSHUDWXUH ZDV PHDVXUHG RYHU WKH

f& XVLQJ WKH QRUPDO W\SH , %UDJJ JUDWLQJ DV Wi
GHWDLO RI WKH VHQVRU FRQILIJXUDWLRQ ZLOO EH JL\
WHPSHUDWXUH PHDVXUHPHQW UDQJH ZDV IXUWKHU LP:
JUDWLQJ ZULWWHQ LQWR WKH KLJK JHUPDQLXP HUELX
ILEUH DQG WKLV ZLOO EH GHVFULEHG LQ &KDSWHU 8V
FRQILJXUDWLRQ WKH WHPSHUDWXUH zZDV PHDVXUHG RY

f& XQGHU JHUR VWUDLQ RQ WHK\H FKE@ SBIGGI M D WILR)J >
f& ZKHQ GLIIHUHQW VWUDLQ YDOXHV ZHUH HV8SIDOLHG W

D@ 7KH KLJK WHPSHUDWXUH VXVWDLQDEOH DQWLP]



SKWRRVHQVLWLYH ILEUH ZDV XVHG WR ZULWH WKH QRUP
LQFRUSRUDWHG LQWR WKH ODVHU EDVHG VHQVRU V\VW
f& DQG DOVR HI[WHQGHG WKH VHQVRU VFKHPH WR DOOR
>0DQGIN DOE@ 7KLV ZLOO EH JLYHQ LQ GHWDLO LQ
FKDUDFWHULVDWLRQ RI WKH ZDYHOHQJWK PDWFKHG QF
ODVHU IRU WHPSHUDWXUH PHDVXJHPHIDM@ DEQG L WIXW L
FRPSDULVRQ RI WKH XQLIRUP ZDYHOHQJIJWK PDWFKHG O
ODVHU FRQILIJXUDWLRQV XVLQJ D QRUPDO JUDWLQJ DC
&KDSWHU 7KH VLQJOH FDYLW\ XVLQJ D QRUPDO JUD
EDVHG VHQVRU FRQFHSW ZDV H[SORUHG IRU WKH F
DSSOLFDWLRQV 7KH WHPSHUDWXUH ZDV PHDVXUHG RYF}

f& XVLQJ D PXOWLSOH[HG ODVHU HBD\DHOGG ®HQ@YKRVY FR
ZLOO EH JLYHQ LQ GHWDLOV LQ &KDSWHU

7KH FKDUDFWHULVDWLRQ DQG WKH GHXOKOIRGEHHEMNA R ©
DSSURDFK ZHUH SURYHQ WR EH QRYHO IRU KLJK WHPSH
KLIJK VLIQDO WR QRLVH UDWLR 615 DQG WKH QDUURZ (
DFWLYH VHQVRU GHYLFHV HVSHFLDOO\ DWWUDFWLYH
SHUWXUEDWLRQV RI WKH PHDVXUDQG LQ KDUVK HQYLI
SDVVLYH )%* VHQVRUV LQ DGGLWLRQ WR DOO WKH DG?
7KH 615 RI WKH ODVHU GHSHQGY RQ WKH SXPS SRZHU
PHGLXP WKXV E\ LQFUHDVLQJ WKH SXPS SRZHU WKH C
LPSURYHG DQG ZLWK WKDW WKH DFFXUDF\ RI WKH VHQV

TKHRUHWLFDO EDFNJURXQG

7KH FKDQJHV LQ WKH ODVHU ZDYHOHQJWK UHIOHFW WK
WKH QRUPDO JUDWLQJ GXH WR WKH PHDVXUDQG SHUW]
RU WKH VWUDLQ FKDQJHVY RYHU WKH UDQJH RI WKH FKI
VHFRQG UHIOHFWRU Rl WKH ODVHU FDYLW\ 7KH UHVRQ
JUDWLQJ LV JLYHQ E\ WKH IROORZLQJ HTXDWLRQ >2WKR

$E QHIIS$



ZKH®H.V WKH % UDJJQHBEDW MMKHQHWHKFWLYH UHIUDFWLYH LQ
DQHE LV WKH JUDWLQJ SHULRG 7KH FE&HLDIHL VB VWKH. QDWV
IURP WKH FKDQJH LQ WKH FHQWUH ZBY¥HDIHOKWKKRI W
WHPSHUDW X & ADYQIBU WIKWY RQY H[SUHVVHG DV EHORZ

IXQH D A~ $7

ZKHMH;ZGL7VWKH WKHUPDO H[SDQVLRQ FRHIILFLHQW RI W

JUDWLQJ SHULRG ZLWK WHPSHUDWXUH | ZKEBK RR®BG D QX

G HII
Vv QVLV WKH WKHUPR RSWLF FRHIILFLHQW RI WKH Il
QHIIl G7
YDULDWLRQ RI WKH ILEUH DV D IXQFWLRQ RI WHPSHUD)
UDQJH LQ EHWZHHQ DQG [ f& DW URRP WHPSHU

7TKH WHPSHUDWXUH GHSHQGHQFH RI WKH UHIUDFWLYH L
ODVHU ZDYHOHQJWK IURP WKH DERYH (T DV VKRZC

GQHII B/ $7
g7 fly sy

([SHULPHQWDO $UUDQJHPHQW
1RUPDO JUDWLQJ IDEULFDWLRQ

7TKH QRUPDO %UDJJ JUDWLQJ 5%L XVHG LQ WKLV ZRU
JHUPDQLXP *H GRSHG SKRWRVHQVLWLYH ILEUH EHFDXYV
VWDELOLW\ RI JUDWLQJV ZULWWHQ LQ MWLNMOD@UH DW
7KH *H GRSHG ILEUH W\SH *) VLQJOH PRGH ILEUH 60

SP PRGH ILHOG GLDPHWHU 0)" RI SP # QP Z

ZDY HO HEFXWKII SP DQG ZDV VXSSOLHG E\ 1XIHP $XV\
%UDJJ JUDWLQJ ZDV IDEULFDWHG XVLQJ OLJKW IURP D
VXSSOLHG E\ 7XLODVHU $* DV WKH XOWUDYLROHW 89



WHHKI XH 7KH XQLIRUP SKDVH PDVN KDG LWV SLWFK S

GLPHQVLRQ RI PP [ PP DQG ZDV VXSSOLHG E
&DQDGD ,W WRRN QHDUO\ PLOQXWHV Rl 89 H[SRVXUH .
UHSHWLWLRQ IUHTXHQF\ RI +] WR DFKLHYH D UHIO
ZDYHOHQJWK RI QP DQG ZLWK D JUDWLQJ OHQJIW

VSHFWUXP SURILOH RI WKH JUDWLQJ ZDV PRQLWRUHC
$QDO\WHU 26%$ +3 $ ZLWK D UHVROXWLRQ EDQGZL
GHWDLO RI WKH JURZWK EHKDYLRXU Rl WKH XQLIRUP J
LQ &KDSWHU )RU WKH JUDWLQJ IDEULFDWLRQ WKH S|
XVLQJ WKH ILEUH VWULSSHU DQG WKH ILEUH ZDV FO
EHIRUH WKH 89 H[SRVXUH

$QQHDOLQJ RI WKH QRUPDO JUDWLQJ

JRU WKH DQDO\VLV RI WKHUPDO GHFD\ RI WKH ILEUH ¢
LUUHYHUVLEOH DQG UHYHUVLEOH FKDQJHV LQ WKH %!
REVHUYHGIVE\DSIDE@ DQG VHYHUDO RWKHU UHWHD® FKH L
> @ 7R HQVXUH WKH UHSHDWDELOLW\ RI WKH SHUIF
ODVHU SUREH XS WR WKH DQQHDOLQJ WHPSHUDWXUI
LUUHYHUVLEOH FKDQJHV RI WKH %UDJJ JUDWLQJ EH
DSSOLFDWLRQV 7KH ZHOO GHILQHG DQQHDOLQJ SURFH
LUUHYHUVLEOH HIIHFWV RI WKH JUDWLQJ DQG WKXV UF
%UDJJ ZDYHOHQJWK KHQFH WR DFKLHYH WKH VWDEOH
WKH ODVHU SUREH 7R GR WKLV WKH QRUPDO ILEUH ¢
ZHOO FDOLEUDWHG WXEH RYHQ &DUEROLWH 07)

DQG ZzDV DQQHDOHG DW f& IRU HLIKW KRXUV )LJ
WKH %UDJJ JUDWLQJ DW URRP WHPSHUDWXUH EHIRUH |
KDG D UHIOHFWLYLW\ RI DW D %UDJJ ZDYHOF

FRUUHVSRQGY WR D UHIUDFWLYH LQGH[ PRGXODWLRQ F
DQQHDOLQJ 7KH KLIJK WHPSHUDWXUH VXVWDLQDELOLW
DV WKH DFWLYH HOHPHQW RI WKH VHQVRU KHDG IRU WK
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‘DYHOHQJWK QP
)LJ 7UDQVPLVVLRQ VSHFWUD RI WKH QRUPDO %UD

EHIRUH DQG DIWHU DQQHDOLQJ DW f& IRU

&KLUSHG JUDWLQJ IDEULFDWLRQ

7KH FKLUSHG JUDWLQJ &)%* XVHG LQ WKLV ZRUN ZDV
FR GRSHG SKRWRVHQVLWLYH ILEUH ILEUH W\SH 36
FODGGLQJ GLDPHWHU SP QXPHULFDO DSHUWXUH
DQG ZDV VXSSOLHG E\ )LEHUFRUH /WG 8. XVLQJ 89 O
HPSOR\LQJ D FKLUSHG SKDVH PDVN 7KH FKLUSHG SKL
QP FKLUS UDQJH QP GLPHQVLRQ DRFG[ PP
ZDV VXSSOLHG E\ 2 ( /IDQG ,QF &DQDGD ,W WRRN QHD
ZLWK D ODVHU HQHUJ\ RI P- DQG D UHSHWLWLRQ IU
UHIOHEWLYLW\ RI “ DW FHQWUH ZDYHOHQJWK RI :
PD[LPXP ):+0 EDQGZLGWK RI a QP 7KH JURZWK EH
JUDWLQJ LQ WKLV ILEUH DQG LWV SULQFLSOH ZLOO Et
VKRZV WKH WUDQVPLVVLRQ VSHFWUD RI WKH FKLUSHG
DQG LQ D PHOWLQJ LFH EDWK DW f& 7KH VSHFWUD Zt}
5%: RI QP 7KH FKLUSHG JUDWLQJ ZDYHOHQJWK VKLIV



ZDYOHQIWK VLGH RI WKH VSHFWUXP ZKHQ WKH JUDWLAQ.
Dw f& FRPSDUHG WR WKDW DW WKH URRP WHPSHUDW?

%RWK WKH QRUPDO DQG WKH FKLUSHG %UDJJ JUDWLQ.
%UDJJ ZDYHOHQJWK UDQJHV WR OLH ZLWKLQ WKH ZH
HUELXP GRSHG ILEUH WR DFKLHYH WHPSHUDWXUH WXC
JDLQ GHSHQGYV

‘DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH FKLUSHG JUD!
DQG LQ D PHOWLQJ LFH EDWK DW f&

IDVHU FDYLW\ FRQILIJXUDWLRQ

7KH VFKHPDWLF Rl WKH %UDJJ JUDWLQJ EDVHG ILEUH (
LQ )LJ 7KH JDLQ PHGLXP ZDV D FRPPHUFLDO HUEL:
(U LRQ FRQFHQWUDWLRQ R SSP LQ DGGLWLRQ
R[LGH FR GRSDQW %RWK WKH %UDJ¥JZHADWDQILE DI UE6 1
WR WKH JDLQ PHGLXP WR IRUP WKH UHVRQDQW ODVH
HIWHUQDOO\ SXPSHG E\ XVLQJ D QP /' WKURXJK D



GLWLRQ PXOWLSOH[HG :'0 FRXSOHU 7KH ODVHU SURE
JUDWLQJ 5%L ZKLFK ZDV SODFHG DW WKH FHQWUH RI
UHIOHFWRU LQWR WKH ODYV HW LREBHAIEI RIUDWE QNH GWR U
WHPSHUDWXUH VWDELOLVHG LQ D PHOWLQJ LFH EDWK
HIWHUQDO WR WKH SUREH LOQWR WKH ODVHU FDYL
PHDVXUHPHQW 7KH ODVHU RXWSXW VLIJQDO ZDV PRQL\
FRXSOHU XVLQJ DQ RSWLFDO VSHFWUXP DQDO\VHU ZL\
OHQJWK ZDV RSWLPLVHG EDVHG RQ WKH RSWLPLVHG U
UHVXOW ZDV IL[HG DAW POMNWAWHY >0DQGDO

QP /' $GDSWRU
3UREH ZLWK VWDLQOHVV
(UELXP VWHHO VKHDWK DQG

GRSHG ILEUH* 5%

70
-l +=

&KLUSHGX -/

)%* 5% 7f

LQ PHOWLQJ LFH

/IDVHU 7XEH RYHQ
265 RXWSXW

yLJ 6FKHPDWLF GLDJUDP RI D ILEUH %UDJJ JUDWLOQ

VI\VWHP /' ODVHU GLRGH 26% 2SWLFDO 6SHFWUXP $QC

SUREH FRQVWUXFWLRQ

7TKH SKRWRJUDSK RI WKH SUREH LV VKRZQ LQ )LJ
%UDJJ JUDWLQJ 5%L DW WKH OHIW HQG RI WKH SUREH
RI WKH SUREH HQUREHG LQ D VLOLFD WXEH GLDPHWH

ZLWK D VWDLQOHVYV VWHHO PHWDO VKHDWK IRU DGGLW
HQYLURQPHQWDO SURWHFWLRQ



1RUPDO JUDWLQJ 5%

)LJ SKRWRJUDSK RI WKH SUREH FRQWDLQLQJ WKH (

([SHULPHQWDO 5HVXOWYV

2XWSXW VSHFWUD RI WKH ODVHU

$Q LQYHVWLIJDWLRQ WR HYDOXDWH WKH SHUIRUPDQF
VWDELOLVLQJ WKHFWHPSBHG DIV XWHNBR@WKBROWLQJ LFH E
f& DQG LQVHUWLQJ WKH SUREH FRQWDLQLQJ WKH
WKHUPRVWDWLFDOO\ FRQWUROOHG RYHQ &DUEROLWH
ZDV KHOG LQ LQWLPDWH FRQWDFW IRU DFFXUDWH DQG
WKH RYHQ WHPSHUDWXUH ,Q SUDFWLFDO DSSOLFDWLR
ZLWK D 3HOWLHU GHYLFH DW DQ\ FRQYHQLHQW WHPSHL
IURP URRP WHPSHUDWXUH WR f& ZLWK DQ LQFUHP
VHWWOLQJ WLPH RI a PLQXWHY DW HDFK WHPSHUDW!
HDFK WHPSHUDWXUH DIWHU VWDELOLVDWLRQ XVLQJ W
VSHFWUD RI WKH ODVHU RXWSXW DW YDULRXV WHPS
WHPSHUDWXUH WR f& DUH VKRZQ LQ )LJ 7KH ZD
WR EH FRQVLVWHQW ZLWK WKH %UDJJ ZDYHOHQJWK R
QDUURZHU IX0O0 ZLGWK KDOI PD[LPXP ):+0 EDQGZLGW
FRPSDUHG WR WKDW RI WKH EDQGZLGWK RI WKH FKLUS
WHPSHUDWXUHV WKH VSHFWUXP RI WKH ILEUH ODVHU
ZDYHOHQJWK VLGH RI WKH VSHFWUXP ZLWK DQ DYHUDJ
G%



)LJ 2XWSXW VSHFWUD RI WKH ILEUH ODVHU DW YL
UDQJH IURP URRP WHPSHUDWXUH WR f& ZLWK D IL

‘DYHOHQJWK QP

)LJ 2XWSXW VSHFWUXP RI WKH ILEUH ODVHU DW UR
SRZHU R P:



7KH VKLIW LQ WKH ODVHU ZDYHOHQJWK DULVLQJ IURP
SHULRG GXH WR WKH WKHUB® @ IR [ SMDQH URBUFR HIOIRFQH Q
FKDQJH LQ WKH ILEUH HIIHFWLYH UHIUDFWLYH LQGH[ G»
A QHI ADV LV VKRZQ LQ (T

+RZHYHU D FRQYHQWLRQDO ODVHU V\VWHP XVLQJ WZF
%UDJJ UHIOHFWRUV FRXOG QRW EH XVHG LQ D VLPLOD
FHQWUH ZDYHOHQJWK RI WKH RWHD D»* RD OXKH @G RORH F

@ 7R VKRZ FOHDUO\ WKDW WKH ODVHU ZDYHOHQJWK
EURDGEDQG WFBQUIBBROIWLRHE XVHG WKH SXPS SRZHU ZDV
WKUHVKROG OHYHO DW P: +RZHYHU ZLWK D IXUWKHL
VLIQDO WR QRLVH UDWLR 615 RI WKH V\VWHP ZDV HD\
ODVHU RXWSXW VSHFWUXP DW URRP WHPSHUDWXUH ZLYV
/' ZKHUH WKH 615 LV QRZ DSSUR[LPDWHO\ G%

SHVSRQVH RI WKH 3UREH DORQH ZLWKRXW FKLUSH (

$Q H[SHULPHQW 2zZzDV SHUIRUPHG WR VHH WKH UHVSRC(
HPSOR\LQJ FKLUSHG JUDWLQJ LQ WKH ODVHU FRQILJXU
OHQJWK WKH VDPH DV EHIRUH DW PHWUHYV 7TKH SURE
WHPSHUDWXUHYV RYHU WKH UDQJH IURP URRP WHPSHUL
VWHSV R f& DV EHIRUH XVLQJ WKH 26% ZLWK D 5%:
VKRZQ LQ )LJ ZKHUH WKH VLIQDO WR QRLVH UDWLF
PHDVXUHG WR EH a G% ZKLFK LV PXFK ORZHU WKDQ
VHQVRU IRU WKH VDPH IL[HG SXPS SRZHU RI P: RI
VKRZHG WKDW WKH ODVHU EDVHG VHQVRU V\VWHP RIIH
FRPSDUHG WR WKDW RI WKH SDVVLYH )%* VHQVRU HYH
MXVW DERYH WKH WKUHVKROG OHYHO RI ODVLQJ



)LJ SHVSRQVH RI WKH SUREH DORQH ZLWKRXW F
FRQILIXUDWLRQ DW GLITHUHQW WHPSHUDWXUHY RYHU
f& ZLWK D IL[HG SXPS SRZHU RI P:

&DOLEUDWLRQ RI WKH ODVHU SUREH ZLWK WHPSHL

7\SLFDO SUREH FDOLEUDWLRQ FXUYHV VKRZLQJ WKH
WHPSHUDWXUH XVLQJ ERWK OLQHDU DQG QRQOLQHDU !
LQ )LJV WR RYHU WKH UDQJH IURP URRP WHPSH
LV D IXQFWLRQ RI WKH FKDQJHsS$LQU MM IOH FOVIL\QHIU L BVD/Y MW
UHVSRQVH IURP WKH FKDQJHV LQQW K RIDKHYWYH WD OHEG!
5%L 7KH ODVHU$ZDIWHQXN@AKWLRQ Rl WHPSHUDWXUH

XVLQJ ERWK OLQHDU DQG QRQOLQHDU SRO\QRPLDO U
REWDLQHG RYHU WKH UDQJH IURP URRP WHPSHUDWXUH
HTXDWLRQV $ FRPSDULVRQ RI WKH SUREH FDOLEUDW
QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV LV JLYHQ LQ 7D



JRU D OLQHDU ILWWLQJ
o | )

ZKH$0HV WKH ODVHU ZDW MKHHQD®WSEOREBG WHPSHUDWXUH L
WKH SUREH FRQWDLQLQJ QRUPDO JUDWLQJ 5%L

JRU D QG RUGHU SRO\QRPLDO ILWWLQJ
$ 7 w2 [ zI

JRU D UG RUGHU SRO\QRPLDO ILWWLQJ

$o | T\W [ 27 [ a7 ?

)LJ &DOLEUDWLRQ RI WKH VHQVRU SUREH ZLWK D ¢
URRP WHPSHUDWXUH WR f&



)LJ &DOLEUDWLRQ RI WKH VHQVRU SUREH ZLWK D
UDQJH IURP URRP WHPSHUDWXUH WR f&

)LJ &DOLEUDWLRQ RI WKH VHQVRU SUREH ZLWK D
UDQJH ITURP URRP WHPSHUDWXUH WR f&



7TEOH &DOLEUDWLRQ RI WKH ODVHU SUREH ZDYHOHC(
SRO\QRPLDO UHJUHVVLRQV RYHU WKH UDQJH IURP U

QG RUGHUUG RUGHU
3DUDPHWHUMQHDU ILS\RMOLQRPISIRD\QRPEDIOW XVHG
ILWWLQJILWWLQJ

7HPSHUDWXUH UDQJH f&
[&

6HQVLWLYLW)\ SP f&
fé&

&RHIILFLHQW RI
GHWHUPLQDWLRQ &2'

6WDQGDUG GHYLDWLRQ 6

5RRW PHDQ VTXDUH HUURU

506 ( QF

f&
506 ( e f&

8VLQJ D QRQOLQHDU SRO\QRPLDO UHJUHVVLRQ IRU W
LPSURYHPHQW LQ WKH URRW PHDQ VTXDUH 506 HUURLI
DYHUDJH RU HTXLYDOHQW WR OHVV WKDQ f& LQ WHP
ILWWLQJ ZLWK DQ 506 HUURU RI QP RU f& R
WHPSHUDWXUH WR f& 7KH OLQHDU WKHUPDO VHQVL
SP f& DQG WKH QRQOLQHDU XVLQJ D UG RUGHU S
VHQVLWLYLW\ ZDV IRXQG WR EH SP f& DQG S|
UHVSHFWLYHO\ 7KH QRQOLQHDU VHQVLWLYLW\ DW
VHQVLWLYLW\ FDOFXODWHG DW URRP WHPSHUDWXUH
RI WKH SUREH ZDYHOHQJWK ZLWK WHPSHUDWXUH YDULI
WKHUPR RSWLF FRHIILFLHQW RI WKH VLOLFD JODVV ILEL

JRU *H GRSHG ILEUH WKH WKHUPR RSWLF FRHIILFLHQW
WDNLQJ WKH GHULYDDLWHPRIFKT VPDOOKBY WKDQ ... LQ (T
EHHQ DVVXPHWG PDKRW FRQVWDQW KDYLQJ D YDOXH RI



2]FDQ @ DQG WKH WKHUPR RSWLF FRHIILFLHQW

[0 f& DQG [02 f& DW f& DQG f& UHVSHF
GHSHQGHQW WKHUPF?GQ%%WLF FRHIILFLHQW 22 DW f é
FDOFXODWHG DW URRP WHPSHUDWXUH f& ZKLFK V)

WKHUPDO VHQVLWLYLW\ RI WKH ODVHU FDOLEUDWLRQ

*KRVK KDV GHULYHG D PRGHO RI WKH WKHUPR RSWLF F
DQRG LVHQWURSLF EDQG JDSV DQG WKH WKHUPDO HI[S
JODVVHV >*KRVK @ DV ZHOO DV VWDQGDUG RSWLFEDC
RSWLF FRHIILFLHQW DULVHV I URP WKH FRQWULEXWLRQV
RSWLFDO SKRQRQV +RZHYHU WKH WHPSHUDWXUH YDL
GRPLQDQW FRQWULEXWLRQ WR WKH WKHUPR RSWLF FR&
RSWLF FRHIILFLHQW LV H[SUHVVHG DV EHORZ >*KRVK

G%U UGH

N FE5 %

9H"G? @ (HJ G7u

ZKHDHV WKH WKHUPDO H[SDQVLRQRAR WIKHF IORZW URHTWIK

UHIUDFWLYH LQGH[ LQ WHKH V. QVK B UHELWRQIRENERE JDS
QRUPDOLVHG GLVSHUVLYH ZDYHOHQJWK &KW EXHIG/ XOMH.@D
WKH IROORZLQJ UHODWLRQVKLS

ZKHSHLVY WKH ZDYHOHQJWK Rl WKHKHVHQOGWMNR RUF LED QG

WKH LQIUDUHG UHJLRQ DQG JUHDWHU WKDQ (LI WKH 8¢
LV LQYDULDQW ZLWK WKH YDULDWLRQ [ WADR/S HRIXOQEGX Ut
WR GHFUHDVH ZLWK WKH LQFUHDVH LQ WHPSHUDWXUH

RSWLF FRﬁ(ff;EFLHQW 22 GHSHQGV RQ WZR IDFWRUV WK

G(H
DQG WKH WHPSHUDWXUH GHSHQGHQGI'(—'7H RI WKH H[FLWR

H[SDQVLRQ FBHIVLFHRQWDOO\ SRVLWLYH IRU RSWLFDO Il



ILUVW WHUP LQ (T LV QHJDWLYH ,Q DGGLWLRQ
H[SDQVLRQ FRHIILFLHQW LD UW QMWW K H 6R \EPHDEDR WEKIHE D X
RWKHU KDQG WKH WHPSHUDWXUH YBULDWRR® KRH WK B H
5XxH9 f& DQG LV QRUPDOO\ QHJDWL¥HHA IRO@N K# JODVV
UHVXOW WKH VHFRQG WHUP LQ (T LV SRVLWLYH
UHVXOWLQJ LQ WKH SRVLWLYH YDOXHV RI WKH WKHUPR
> @ KDV DQDO\WHG WKH UHIUDFWLYH LQGH[ GDWD HJ

FO(HH
WHPSHUDWXUH GHSHQGHQFHGR; WKWK WHWRKIQU B VEDWDHS

WKHULDWLRQ RI WKH (MPZLWRQWH EDHUD WX H RYHU WK

G (HJ
f& WR f& W ZDVG(I7RXLQ/GGWHEWDVLQJ OLQHDUO\ ZL

WHPSHHDDMG WKH YDULDWLRQ RHJIWKHWK FAL MARSH.UFD BMOXQIGH
OLQHDU WKLYV YDULDWLRQ GHSHQGY RQ WKH JODVV KR\

JORFNKWUWO @ KDYH YHULILHG WKH QRQ OLQHDULW)\
WHPSHUDWXUH FRHIILFLHQW RYHU WKH UDQJH IURP

GHULYHG E\ *KRVK > @ ZKHUH WKH QRQ OLQHDULW\
WKHUPR RSWLF FRHIILFLHQW RI WKH VLOLFD JODVVHYV
WKH WHPSHUDWXUH GHSHQGHQFH RI WKH QRQ OLQHDU
%UDJJ JUDWLQJV LQ FU\RIHQLF WHPSHUDWXUH RYHU Wt

WR . SHFHAWOBO3@OKDYH VKRZHG WKH QRQ OLQHD
ZDYHOHQJWK VKLIW IRU ERWK W\SH , DQG W\SH ,,$ ILEL
RI WHPSHUDWXUH IURP URRP WHPSHUDWXUH WR f& ¢

FDOFXODWHG IURP WKH GHYLDWLRQ RI WKH PHDVXUHG
OLQHDU DQG QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV IL
7KH ILJXUH FOHDUO\ VKRZV WKDW WKH GHYLDWLRQ RI
HLWKHU SRVLWLYH RU QHJDWLYH GLUHFWLRQ DQG LQ
QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV 2YHU WKH WHP
ERWK QG RUGHU DQG UG RUGHU SRO\QRPLDO ILWWLQJ\
SHUIRUPDQFH RI WKH SUREH FDOLEUDWLRQ 7KHUHIR
SHUIRUPDQFH RI WKH D FWIQGHRWHEGWR SRSV R R R LOVCL QLIWDN L
HTXDWLRQ OHQJWK VKRUWHU DQG VLPSOHU FRPSDL



A T /LQHDU ILW
QG RUGHU SRO\QRPLDO ILW

A IL UGRUGHU SRO\QRPLDO ILW
RF
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THPSHUDWXUH f&

)LJ &RPSDULVRQ RI WKH ODVHU UHVLGXDO ZDYHOH
SRO\QRPLDO UHJUHVVLRQV WR WKH H[SHULPHQWDO
WHPSHUDWXUH WR f&

7TKH WHPSHUDWXUH PHDVXUHPHQW RI WKH SUREH ZDV
WHPSHUDWXUH WR f& WKLV PDLQO\ DULVHV IURP W
WKFKLUSHOGBWIVXIVE®G ZKLFK IRUPV WKH VHFRQG UHIOHF!
DQG DOVR IURP WKH FKRLFH RI WKH %UDJJ ZDYHOHQJW
WKH FKDUDFWHULVWLFV RI ERWK WKH %UDJJ JUDWLQJV
JUDWLQJ IDEWHWDDODRA WEBBOXSSHU OLPLW RI WKH PHD\
VA\VWHP OLNH WKLV LV H[SHFWHG WR EH QR KLJKHU WK
OLIHWLPH IRU WKH SUREH EHIRUH WKH JUDWLQJ 3ZDV
DGDSWHG IRU PHDVXUHPHQWY EHORZ URRP WHPSHUL
ZDYHOHQJWK UDQJH RI WKH SUREH JUDWLQJ 5%L ZLW
ZDV XVHG E\ My @D H J HPSOR\LQJ 7THIORQ ZKLFK K
HISDQVLRQ FRHIILFLHQW DV WKH EDUH VLOLFD ILEUF
FRHIILHLHRWRZ a . BPWXDB W@



7KH SUREH FDOLEUDWLRQ ZDV UHSHDWHG VHYHUDO WL
WHPSHUDWXUHY WR LQYHVWLJDWH LI DQ\ K\VWHUHVLYV
IRXQG WR EH KLJKO\ UHSHDWDEOH RYHU WKH HQWLU
UHSHDWDELOLW\ RI WKH ZDYHOHQJWK VKLIW ZDV IRXQC
f& ITURP URRP WHPSHUDWXUH WR f& ZLWK DOPRVYV
DULVHV IURP D FRPELQDWLRQ RI WKH PD[LPXP GHYLD
WHPSHUDWXUH RYHU WKH UDQJH IURP URRP WHPSHUD
OLQHDU VHQVLWLYLW\ RI SP f& DQG WKH UHVROX
26%$ XVHG $ VFDQQLQJ )DEU\ 3BHURW QDUURZ EDQG SDV

@ RU ODFK =HKQGHU UHDG RXW LQWHUIHURPHWHU
EH XVHG LQ D SUDFWLFDO VHQVRU V\VWHP WR GHWHUF
26%$ XVHG LQ WKHVH ODERUDWRU\ H[SHULPHQWYV

5HVSRQVH RI WKH ODVHU V\VWHP XQGHU
FRQILIXUDWLRQ

7KH SHUIRUPDQFH RI WKH ODVHU EDVHG VHQVRU V\VWI|
WKH PHDVXUHPHQW SRLQW KRUWHBWAQHAID FDSYQ WR H GWX
WKH RYHQ WR DYRLG DQ\ D[LDO VWUDLQ HIIHFWV DQG
DPELHQW WHPSHUDWXUH 7KH VFKHPDWLF RI VXFK HJ[SI
)LJ 7TKH JDLQ PHGLXP HUELXP GRSHG ILEUH D
H[SHULPHQWDO VHW XS ZHUH NHSW H[DFWO\ WKH VDPF
VKRZQ LQ )LJ B3ULRU WR WKLV H[SHULPHQW ERWK \
WKH FKLUSHGv JUDWH @D FHBDOHG ZHOO DERYH WKHLU R
HQVXUH WKH VWDELOLW\ DQG WKH UHSURGXFLELOLW\ R



)LJ 6FKHPDWLF RI WKH ODVHU EDVHG VHQVRU FRQI
FRQILIJXUDWLRQ FKLUSHG JUDWLQJ LQ RYHQ DQG WKH
,0* QGH[ ODWFKLQJ *HO

E4 @W|.
%HIRUH DQQHDOLQJ
$IWHU DQQHDOLQJ
ra o
R DK QP
% 5
’ _$% QP
M 5
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‘DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH QRUPDO %U
WHPSHUDWXUH EHIRUH DQG DINMRNUDQQHDOLQJ D

7KH QRUPDO %UDJJ JUDWLQJ *5L ZDV IDEULFDWHG LQ
DQG ZDV DQQHDOHG KIRXUV fl&HRWUDQVPLVVLRQ VSHEW



JUDWLQJ *5L DW URRP WHPSHUDWXUH EHIRUH DQG DI

7KH JUDWLQJ ZDV DQQHDOHG DW f& WR EULQJ GRZQ
W R DV WKH ODVHU RXWSXW ZRXOG EH H[WU

JUDWLQJ LQ WKLV H[SHULPHQWDO FRQILIJXUDWLRQ VKI

PRGXODWLRQ RI WKH JUDWLQJ ZDV IRXQG WR EH a [
QP DIWHU DQQHDOLQJ

TKIHEKLUSHDBWLQIXDN IDEULFDWHG LQ WKH ERURQ JHUPD
ILEUH GXH WR LWV KLJKHU SKRWRVHQVEWRXIUWNW\ DY A W&
ZRXOG EH XVHG DV WKH VHQVLQJ HOHPHQW IRU WKL)\
FKLUSHG JUDWLQJ DW URRP WHPSHUDWXUH EHIRUH DQC
7KH UHIOHFWLYLW\ RI FKLUSHG JUDWLQJ ZDV PHDVXL
EDQGZLGWK a QP DW URRP WHPSHUDWXUH DIWHU DQ

)LJ 7TUDQVPLVVLRQ VSHFWUD RW WKRHR F RALR S $HU DU
EHIRUH DQG DIWHU D QQKHFRDAJUWQJ DW f& IRU



2XWSXW VSHFWUD

7KH RXWSXW RI WKH VHQVRU SHUIRUPDQFH ZDV PRQLWI
IL[HG SXPS SRZHU RI P: 8QGHU WKH UHYHUVH PHDV
ODVHU WKH VHQVRU VKRXOG QRW RSHUDWH DQG WKH
WHPSHUDWXUH DV LW ZRXOG EH GHWHUPLQHG E\ W
WHPSHUDWXUH 7KH RYHQ WHPSHUDWXUH ZDV UDLVHG

WKH RXWSXW VSHFEWUXP ZDV PRQLWRUHG XVLQJ WKH

H[SHULPHQWDO RKH\WSBIEBW LQU WKWKH RYHQ DW URRP V
DQG DW f& DUH VKRZQ LQ )LJ 7KH VSHEWUD U
ZDYHOHQJWK LV XQFKDQJHG EXW WKH VSHFWUXP FKDC
EHLQJ LQIOXHQFHG E\ WKH ZDYHOHQJWK PDWFKLQJ R|
JUDWLQJ LV KHDWHG :LWK LQFUHDVLQJ WHPSHUDWXU*F
WRZDUGV WKH ORQJHU ZDYHOHQJWK VLGH EXW WKH %!
ZDV IRXQG WR OLH DW WKH HGJH RI WKH FKLUSHG JUDMW
WR QRLVH UDWLR IURP G% WR G% RI WKH VHQVRU

‘DYHOHQJWK QP

)LJ 5HVSRQVH RI WKH VHQVRU V\VWHP DW URRP Wt

IRU WKH UHYHUVH PHDVXUH PHKQLW SHRERVILIDXIUDIWL B Q IZKHID)
FDOLEUDWLRQ RYHQ



SHVSRQVH RI WKH VLIQDO SHDN ZDYHOHQJWK ZLW

7KH UHVSRQVH RI WKH VLISWR \§ KB NWHPSHOBD@INWK FKLC
UDQJH IURP URRP WHPSHUDWXUH WR f& LV VKRZQ L
FRQILUPV W KZIDW MOHHY OHWMHUPLQHG RQO\ E\ WKH ZDYHC
%UDJJ JUDWLQJ LUUHVSHFWLYH RIFWKWIWEBW 5Q U DRZXAH
WR LWV PXFK QDUURZHU ):+0 EDQGZLGWK RAKAL USHGP FF
JUDWLQJ EDQGZLGWK R a QP 7KLV WHVW UHVXOWYV

RSHUDWHY DV D WUXH ODVHU VHQVRU ZKHUH WKH
WHPSHUDWXUH GHSHQGHQW PHDVXUDQG DV VKRZQ L
PHDVXUHPHQW SRLQW DSSURDFK LQ WKH ODVHU FRQI
DSSOLFDWLRQV DV WKH ODVHU VLIJQDO SHDN ZDYHOH

FKDQJH )LJ DQG WKXV WKH WHPSHUDWXUH GDW
VFKHPH
)LJ 5HVSRQVH RI WKH VLIJQDO SHDN ZDYHOHQJWK

RYHU WKH UDQJH IURP URRP WHPSHUDWXUH V



6 XPPDU\

$ VLPSOH ILEUH %UDJJ JUDWLQJ )%* EDVHG ODVHU

DSSOLFDWLRQV H[SORLWLQJ WKH FKDUDFWHULVWLEV F
WHUPV Rl WKH RXWSXW VSHFWUD DQG WKH ZDYHOHQJW
WHPSHUDWXUHV KDV EHHQ VWXGLHG 8QGHU WKH QRU
)LJ ZKHUH WKH SUREH FRQWDLQLQJ WKH QRUPDO J
WHPSHUDWXUH RYHQ DQG WKH FKLUSHG JUDWLQJ NHSW
ZRUNV DV D WUXH ODVHU EDVHG VHQVRU 7KH UHYHUVH
FDYLW\ VKRZQ LQ )LJ ZDV XQRG PR WKRZ WRALW ZIK
DOORZHG WR UHVSRQG WR GLIIHUHQW WHPSHUDWXUHYV
VHQVRU DQG WKH ODVHU ZDYHOHQJWK PRYHG WRZDUG
VSHFWUXP ZLWK LQFUHDVLQJ WHPSHUDWXUH 7KHUH
FRQILJIXUDWLRQ LV QRW VXLWDEOH IRU VHQVRU DSSOLF
QRW FKDQJH ZLWK WHPSHUDWXUH YDULDWLRQ 7KH FD
XVLQJ ERWK OLQHDU DQG QRQOLQHDU SRO\QRPLDO UH.
IRXQG WKDW WKH QRQOLQHDU SRO\QRPLDO VKRZV D EH
RI WKH VHQVRU GDWD FRPSDUHG WR WKDW RI WKH OL
OLQHDULW\ LQ WKH VHQVRU SHUIRUPDQFH ZLWK WHPSH
WKHUPR RSWLF FRHIILFLHQW RI WKH VLOLFD JODVV ILEL
ILEUH PHWUHV ZDV XVHG DV WKH JDLQ PHGLXP RI W
DEVRUSWLRQ RI WKH SXPS SRZHU DORQJ WKH ILEUH OH
RIIHUV ZDYHOHQJWK HQFRGHG PHDVXUHPHQW LQIRUPD!
QRLVH UDWLR 615 WKDQ WKH IOXRUHVFHQFH EDVHG
UHSRUWHG E\ VHYHUDHOWUBI® HPDEKBIQE >RKDDIQR @

7TKH QHZ DSSURDFK WR WKH )%* EDVHG ODVHU SUREH
DSSOLFDWLRQV ZDV VXFFHVVIXOO\ GHPRQVWUDWHG IRU
FRQYHQLHQW VWDEOH DQG KLJKO\ UHSHDWDEOH LQ

VWDELOLVLQJ HIIHFW RI WKH JUDWLQJ UHIOHFWRUV D
RSHUDWLQJ WHPSHUDWXUHY ZHUH XVHG WR IRUP WKH

RI DQ )%* VWDELOLVHG QP SXPS VRXUFH &XUUHQW
%UDJJ JUDWLQJYV UHTXLUHG LV UHODWLYHO\ LQH[SHQV



DYDEQOLW\ RI GLIIHUHQW SKDVH PDVN WHFEKQRORJLHV
KLJK WHPSHUDWXUH VXVWDLQLQJ SKRWRVHQVLWLYH ILE
ZDV ZULWWHQ WKH VHQVRU HOHPHQW RI WKH V\VWHP
QRYHO KLJK WHPSHUDWXUH VH®YBSHBW WHID 5P K HX V H
VHFRQG UHIOHFWRU LQWR WKH ODVHU FDYLW\HWHSODFH
DO> D@ DQG PDNHVIXWOIOHL GOIXEB BDVHG VHQVRU V\\
VLPSOLILHV WKH ZKROH V\WVWHP FRQILJXUDWLRQ (PSOI
FRQILJXUDWLRQ DOORZV WKH DFKLHYHPHQW RI WHPSH
UDQJH IURP URRP WHPSHUDWXUH WR f& ZLWKRXW U
WKH VDPH PHDVXUDQG VWDW B0 DM@ HAKRH YR GHB\ WHDDWCR |
ZDV FKDUDFWHULVHG DQG HYDOXDWHG XVLQJ D W\SH ,,
RI WKH V\VWHP DQG WKLV ZLOO EH JLYHQ LQ WKH IR
SUDFWLFDO DSSOLFDWLRQV RI WKLV GHYLFH LQFOXGH
VIVWHPVY DV UHSRWVNBG B 6WQDQVIRUPHU RYHUKHDW
DSSOLFDWLRQ >:LFNHUVKHLP @ EHRPBGI@FIDIN®SSOI
VHYHUDO RWKHU DSSOLFDWLRQV ZKHUH KLJK VLJQDC
WHPSHUDWXUHYV



SHIHUHQFHYV

f $ODYLH $7 .DUU 6 ( 2WKRQRV $ DQG OHDV
OXOWLSOH[HG %UDJJ JUDWLQJ, ((EBKRWRDH U7 NVHQQMR
/HWWR O SS

f $ODYLH $7 .DUU 6 ( 2WKRQRV $ DQG OHDVXU}
VHQVRULQBWIRF 6PDUW 6WUXFW X $IE XOTXGE 0 DXNHH ULLOD
63,( YRO SS

¥ %DOO *$ ORUH\ :: DQG &KHR 3 . D 6LQJOFG
ODVHU VHQRYRRWRQ 7HFKR®RO /$HWW

 %DOO *$ OHOW] * DQG ORUH\ : : E 3RODL
%UDJJ JUDWLQJ ILESW OBMWE&U VHSB/RU

T %DOO *$ DQG ORUH\ : : &RPSUHVVLRQ WXQH
JUDWLQJ IRBWU /GIRMEMU SS

+ 'X : & 7DR ;0 DQG 7DP + < JLEHU %UDJJ J

IRU VLPXOWDQHRXV PHDVXUHPH QW 3XKIRWR@QD LTH PIQIER {
/HWRO ? SS

+ )ORFNKDUW * 0 + ODF3KHUVRQ :1 %DUWRQ - 6
DQG %HQQLRQ 'HSDUWXUH IURP OLQHDUL!
WHPSHUDWXUH @ RBHIREFLRIQWWK ,QW &RQI RQ 2SWLF
7HFKQLFDO 'LJHVW 3RUWODQG 86$% SS

f *KRVK * 7HPSHUDWXUH GLVSHUVLRQ RI UHIUD
ILEHU JOQDVY¥KRWRQ 7HFKR®RSOS /HWW

f *KRVK * ORGHO IRU WKH WKHUPR RSWLF FR}
RSWLFDO JORY \&HWVYVW REROLG\SS

$+ *UDWWDQ .79 DQG OHJILWASWMFDO (GEHU 6HQ
7HFKQROVRA\ 'HYLFHV DQG 7HFKQRORJ\ &KDSPDQ

t *XSWD 6 OL]XQDPL 7 <DPDR 7 DQG 6KLPRPXUL
JUDWLQJ FU\RJHQLF W8BBOHWHRWXUH ¥$QVRUV

$ +LGD\DW $ :DQJ 4 1LD\ 3 'RXD\ 0O 3RXPHOOHF
5LDQW 7HPSHUDWXUH LQGXFHG UHYHUVLE(
FKDUDFWHULVWLFV R$SBDH PRSGW D PISBUDWLQJV



f,PDL < +RND]JRQR 7 DQG <RVKLGD 7 7HPSHL
SP IOXRUHVFHQFH LQ HUELXR GRIRFG RBEW,LFOQQWE
2SWLFDO )LEKD SIRUMRUDSDQ SS

t ,PDL < DQG +RND]JRQR 7 JOXRUHVFHQFH ED
XVLQJ HUELXP GRSHG RSWLFDO AW USHRDWK SS SP

f HUVH\ $' DQG ORUH\ :: D OXOWLSOH[HG %U
VWUDLQ VHQVRU V\VWHP ZLW KOMF®/H R®RFEGHVEWLSIW H U |

f .HUVH\ $' DQG ORUH\ : : E O0OXOWL HOHPHQW
ILEUH ODVHU (OMUFDMURQRONVR WSS

f .HUVH\ $°' 'DYLV 0$ 3DWULFN + - /H%ODQF 0
3XWQDP 0$ DQG )ULHEHOH ( - J((JLEHU JUDV
ILJKWZDYH W¥HRRX Q RIS

f LP 6 .ZRQ - .LP 6 DQG /HH % 7HPSHUDW

VHQVRU XVLQJ D FKLUSHG JUDWLQJ SDUSKDORY HPE!|
7HFKQROYRBWW SS

f .RR .3 DQG .HUVH\ $ %UDJJ JUDWLQJ EDVF
ZLWK LQWHUIHURPHWULF LQWHUURJDWLRQ DQG ZD
IJLJKWZDYH RBFK SS

f /JHH -+ .LP - +DQ <* .LP 6+ DQG /HH 6 %
5DPDQ ILEHU ODVHU WHPSHUDWXUH SUREH EDVHG F
GLVWDQFH UHPRWH \SQV LOSYRVS/OLFOWLRQV

f ODQGDO - 3DO 6 6XQ 7 *UDWWDQ .79 DQC
2SWLPL]DWLRQ RI HUELXP GRSHG ILEUH L@D¥WRN DQG
RI:,, &RQl RQ 6HQVRUV D QL MKIHANJ $8H O DRIEW ISFBQ V

f ODQGDO - 3DO 6 6XQ 7 *UDWWDQ .79 $XJR

D %UDJJ JUDWLQJ EDVHG ILEHU RSWLF ODVHU S
((( 3KRWRQ 7HFKR®O /ISWW
f ODQGDO - 6XQ 7 *UDWWDQ .79 $XJRXVWL $ 7
%D[WHU *: 'XVVDUGLHU % DQG ORQQRP * E
WXQDEOH ILEUH ODVHU XVLQJ D FKLUSHG JUDWLQJ |
OHDV 6FL T7™MRXQROSS



$0DQGDO - 6XQ 7 *UDWWDQ .79 $XJRXVWL $ 7
%D[WHU *: 'XVVDUGLHU % ORQQRP * =KHQJ 5
6WUDLQ LPSRVHG ILEUH RSWLF ODVHU EDVHG V\VW
PHDVXUHPHQW ID® SORFDWORWYKH &RQlI RQ$3EIWQFDO
'XEOLQ ,UHODQG

t ODQGDO - 3DO 6 6XQ 7 *UDWWDQ .79 DQG ¢
JUDWLQJ WXQHG ILEHU ODVHU V\VWHP IRU PHDVXUH
DQG VRSWDL&QRP PRV Ss

f ODQGDO - 6XQ 7 *UDWWDQ .79 DQG $XJRXVV

EDVHG WHPSHUDWXUH VHQVRU V\WWHPV XVLQJ ZDY
UHIOHFEMRURUY DQG $RWXDWRIEY $
f ODQGDO - 6XQ 7 *UDWWDQ .79 =KHQJ 57
$ 7 G $ SDUDOOHO PXOWLSOH[HG WHPSHUDWX
JUDWLQJ EDVHG ILEUH ODVH U,V ((BAHQASRUNG- RRKW GXE O
$ODWVXRND - .LWDPXUD 1 )XMLQDJD 6 .LWDRND
7HPSHUDWXUH GHSHQGHQF HVR D DMIRF \WUWAVL GRID[L &
YRO SS
f OHOOH 60 $ODYLH $7 .DUU 6 &RUR\ 7 /LX
$ %UDJJ JUDWLQJ WXQHG ILEHUY((QCBKHRW R@/UDL!
7HFKQRO /HWW YRO SS
t OL]XQDPL 7 7DWHKDWD + DQG .DZDVKLPD +
FU\RJHQLF ILEUH %UDJJ JUDWLQJ WHPSHUDWXUH V
OHDV 6FL "™MHBQRGS
f 2WKRQRV $ DQG )REHU .%UDJJ *UDWLQJV )XQGDP
$SSOLFDWLRQV LQ 7HOHFRPPXW HFBWRXYWH DB B VEHRY
$+ 3DO 6 6XQ 7 *UDWWDQ .79 :DGH 6% &RO
'XVVDUGLHU % DQG ORQQRP * 1RQ OLQHDU W
%UDJJ JUDWLQJV ZULWWHQ LQ GLIIHUHQW ILEUHV R
D ZLGH UDQJH RIGWEBPRBHV ID/GUNRWXDW BV $
f 3DO 6 O0DQGDO - 6XQ 7 *UDWWDQ .79 )RNLQ
3< :DGH 6% DQG &ROOLQV 6) D &KDUDFWH
%UDJJ JUDWLQJ VHQVRU EDVHG GHYQRBV DBWL HOH®
7 HF K QIRRO SS



+ 3DO 6 O0DQGDO - 6XQ 7 DQG *UDWWDQ .79
GHFD\ DQG SUHGLFWLRQ RI RSHUDWLRQDO OLIHWL]
FRGRSHG ILEHU $88MJJ XR®WLQSS

+ 3HQJ 3 & 7VHQJ + < DQG &KL 6 $ VLPSOH Il

VIVWHP EDVHG RQ D OLQHPWRREDWLHVD QICE B SV\ROAHFWK  /
SS

$ 5GHLG 0 % DQG 2]FDQ O 7HPSHUDWXUH GHSHC

JUDWLQJV DW ORBW HRSIHUYSEX UHV

f 6XQ 7 *UDWWDQ .79 6XQ :0 :DGH 6% DQG 3
HDUWK GRSHG RSWLFDO ILEHU DSSURDFK WR DQ DOEL
5HY 6FL ,gRWUXP SS

+ :LENHUVKHLP . $ $SSOLFDWLRQ RI ILEHU R
PRQLWRULQJ RI ZLQGLQJ WHPSHUDWXUHV LQ PHGLX
LQ 3URF RIBG,()LEHU 2SWLF DQG /B8HU 6HQVRUV ,;

f =KDQJ =< *UDWWDQ .79 3DOPHU $: 6XPPHU
+XJKHV 6 &U /L6$) IOXRUHVFHQFH OLIHWLF
WKHUPRPHWHU DQG LWV DSSOLFDWRRIWREQ FIOER I FD
YRO %LRPHGLFDSS2SWLFV

f =KDQJ =< *UDWWDQ .79 3DOPHU $: OHJILWV
&KDUDFWHUL]DWLRQ RI HUELXP GRSHG LQWULQVLF |
WHPSHUTHYX BIRY ,gRWUXP SS



&KDSWHU

&KDUDFWHULVDWLRQ RI D ZLGH WE
ILEUH ODVHU XVLQJ D UDQJH RI1 YDO.
WKH FKLUSHG JUDWLQJ LQ WKH ODVH

$SEVWUDFW

,Q WKLV &KDSWHU ZRUN LV UHSRUWHG RQ VHYHUDO
DSSOLFDWLRQV XQGHU FRQGLWLRQV RI JHUR VWUDLQ D
WKH FKLUSHG JUDWLQJ ZKLFK IRUPV WKH VHFRQG Ut
XQGHUWDNH WKLV VWXG\ ERWK QRUPDO DQG FKLUSHG
IDEULEDWHG KLJK JHUPDQLXP HUELXP *H (U FR GRSHG
EDVHG VHQVRU WHFKQLTXH HPSOR\HG WKH VDPH DSSUR
D W\SH ,,$ ILEUH %UDJJ JUDWLQJ )%* DV WKH DFWLYH
IDEULEDWLRQ RI QRUPDO )%*V DQG FKLUSHG ILEUH %UL
WKLV W\SH RI ILEUH 7KH DQQHDOLQJ SHUIRUPDQFH RI
JUDWLQJV ZDV DOVR VWXGLHG DQG WKH RSWLPXP JUI
KLJK WHPSHUDWXUH VHQVRU DSSOLFDWLRQV 7KH ODV
FRPELQDWLRQ RI D &)%* DQG D W\SH ,,$ %UDJJ JUDWLQ
GRSHG ILEUH (') DV WKH DEFWLYH JDLQ PHGLXP $Q )%*
/' ZDV HPSOR\HG DV WKH SXPS VRXUFH WR DFKLHYH
WKH %UDJJ ZDYHOHQJWK RI WKH W\SH ,,$ %UDJJ JUDWI
QP UHJLRQ 7KH OLQHDU WKHUPDO VHQVLWLYLW\ RI
f& ZLWK D URRW PHDQ VTXDUH HUURU 506( RI fé
IURP URRP WHPSHUDWXUH WR f& 7KH H[WHQGHG W

ODVHU VHQVRU ZDV VWXGLHG RYHU WKH UDQJH IURP
Rl VWUDLQ ZHUH DSSOLHG WR WKH FKLUSHG JUDWLQJ
WKH VHQVRU ZDV DOVR FRPSDUHG XVLQJ ERWK WKH



FRQGLWLRQV RI WKH GHYLFH 7KH SULPDU\ DGYDQWDJH
WKH SDVVLYH RSWLFDO ILEUH VHQVRUV LV WKH VLJQLII
UDWLR 615 DQG D QDUURZ OLQHZLGWK RI WKH ODVH
VXLWHG WR PXOWLSOH[LQJ VLWXDWLRQV $ VXPPDU\ RI
WKH &KDSWHU

 QWURGXFWLRQ

JLEUH %UDJJ *UDWLQJ )%* EDVHG ODVHU GHYLFHV KDY
UDQJH RI VHQVRU DSSOLFDWLRQV HWUNVG\ 'DH}G DR UH\
LP @ ,Q &KDSWHU D ODVHU EDVHG WHPSHUI
GHYHORSHG WR PHDVXUH WHPSHUDWXUH RYHU WKH UD
,PDL DQG +RND]JRQR > @ KDYH GHYHORSHG DQ HUELXP
H[FLWDWLRQ DW QP DQG FUHDWLQJ DPSOLILHG VSRC
WKH UDWLR Rl WKH LQWHQVLWLHV RI WKH IOXRUHVFEHQF
DQG QP 7KH WHPSHUDWXUH VHQVLWLYLW\ ZDV UHSI
RYHU WKH WHPSHUDWXUH UDQHW IPAP@ KP&EHVRH S RA&W K
VWUDLQ LQGHSHQGHQW WHPSHUDWXUH PHDVXUHPHQW
W\SH ,,$ %UDJJ JUDWLQJV ZULWWHQ LQ WKH KLJK *H (U
W\SH , DQG W\SH ,,$ %UDJJ JUDWLQJV KDYH WKH VDPH
WHPSHUDWXUH VHQVLWLYLW\ VKRZQ IRU HDFK VDPSO!
WHPSHUDWXUH ZDV PHDVXUHG IURP f& DQG D V\
506 HUURUV R f& DQG SH UHVSHFWHWHEQ @HWHUPI
KDYH VKRZQ WKH SKRWRVHQVLWLYLW\ WHPSHUDW
FKDUDFWHULVWLFV Rl VHYHUDO HUELXP GRSHG SKRWI
GLIIHUHQW W\SHV RI HUELXP GRSHG SKRWRVHQVLWLYH
*H (U FR GRSHG ILEUH WLQ JHUPDQLXP HUELXP 6Q -
DQWLPRQ\ JHUPDQLXP HUELXP 6E *H (U FR GRSHG ILEU
GRSHG ILEUH VKRZHG WKH KLJKHVW OHYHO RI SKRWI
JHUPDQLXP FRQFHQWUDWLRQ RI WKH ILEUH FRPSDUHG
JURP WKH VWHS ZLVH WKHUPDO FKDUDFWHULVDWLRQ RI
6Q *H (U FR GRSHG DQG WKH 6E *H (U FR GRSHG ILEUH



WHPSHUWKWXQY HWKH KLJK *H (U FR GRSHG ILEUH 7KLV (
VXVWDLQDELOLW\ ZDV DWWULEXWHG WR WKH GRSLQJ V
WKH 60Q SP LQ GLDPHWHU LRQV 7KH ODUJHU GRSL
VXLWDEOH WR DFKLHYH WKH KLJK WHPSHUDWXUH VXVW
IOXRUHVFHQFH FKDUDFWHULVWLFV RI WKH WKUHH GLIII
*H (U FR GRSHG ILEUH ZLWKRXW $ GRSLQJ VKRZHG WI
LOQWHQVLW\ FRPSDUHG WR WKH RWKHU WZR VDPSOHYV

,Q WKLV &KDSWHU D WHPSHUDWXUH WXQHDEOH ILEUH
WHPSHUDWXUH RYHU WKH UDQJH IURP URRP WHPSHUD
FKLUSHG JUDWLQJ DQG IURP f& WR f& ZKHQ S
JUDWLQJ 7TKH SHUIRUPDQFH RI WKH VHQVRU ZDV DOVF
EDVHG DQG WKH SDVVLYH QRQ ODVHU EDVHG RSHUDW
RI WKH ILEUH ODVHU EDVHG KLJK WHPSHUDWXUH VHQV!
IURP VHYHUDO F\FOHV RI WHVWY DQG HYDOXDWLRQV DU

6 XPPDU\ RI WKHRUHWLFDO EDFNJURXQG

7TKH WKHRUHWLFDO EDFNJURXQG WR WKH XVH RI )%* E
HDUOLHU LQ &KDSWHU EXW LQ VXPPDU\$WKH WKDQJH
WHPSHUDWXUH DULVHV PDLQO\ IURP WKH FKDQJH LQ W
JUDWIl=QID QG WKLV FDQ EH H[SUHVVHG WKURXJK (T |

IXxSUPSL Dd $7

ZKHDHV WKH WKHUPDO H[SDQVLRQ FRHIILFLHQW RI WK
FRHIILFLHQW RI WKH ILEUH $V KDV EHHQ VHHQ IRU V
VHFRQG WHUP LQ (T LV WKH GRPLQDQW IDFWRU R \

,Q D VLPLODU ZD\ WKH FKDQJ$BIL QZWWHK DSSEEBBDYWOD
EH H[SUHVVHG WKURXJK (T EHORZ



ZKHUH ..f LV WKH DSSOLB& DAQBGUDU® WR HWYW ULV RS W
FRQVWDQWY KDYLQJ QXPHULFDO YDOXHV RI DQG
UDWLR KDYLQJ D QXPHULFDO YDOXH RI >2WKRQRYV
WKH DERYH (T WKH QXPHULFDO YDOXH RI |

°"'L3Q \~3© BQVARXQG WR EH 7KHUHIRUH WKH H
QP ZRXOG SURGXFH D SP FKDQJH DV D UHVXOW
JUDWLQJ L H WKH %UDJJ JUDWLQJ )RU KLJK *H (U FR
FRHIILBLEOW IRXQG WR 3BH IR U D VWUWDLQ YDOXH

SV m@a

7TKXV ZKHQ D WHPSHURW XD VWRKWDDRPSOLHG WR WKH %UD
LQ WKH ODVHU FDYLW\ D VKLIW LQ WKH PRGDO IUHTXI
RXWSXW ZLOO EH REVHUYHG ,Q &KDSWHU LW ZDV I}
FRQVLVWHQW ZLWK WKH %UDJJ ZDYHOHQJWK RI WKH (
EDQGZLGWK WKDQ WKDW RI WKH FKLUSHG JUDWLQJ EDC
ZHUH DSSOLHG WR WKH &)%* LQ WKH ODVHU FDYLW\ W
VKLIWHG WRZDUGV ORQJHU ZDYHOHQJWK VLGH ZLWKRX
WKH DFKLHYHPHQW RI DQ HIWHQGHG WXQHDEOH WHPSH
EDVHG VHQVRU DV WKH &)%* IRUPV WKH VHFRQG UHIOHF

+LIJK JHUPDQLXP HUELXP FR GRSHG ILEUHYV

7KH KLJK JHUPDQLXP HUELXP *H (U FR GRSHG ILEUH Z
8QLYHUVLW\ RI 1LFH )UDQFH XVLQJ WKH PRGLILHG FKI

WHFKQLTXH 7KH ILEUH ILEUH W\SH $ KDG D FRUH
GLDPHWHU RI SP FXOWXRIRHEDYHOMQQWKHULURDO DSHU'
R ZLWK I *H& PROH (U LRQ RI SSP LQ D

DOXPLQLXP RBWLEBR GRSDQW LQ WKH ILEUH FRUH 7KH KL



DV LQWURGXFHG WR WKH ILEUH WR UDLVH WKH UHIUDTI
HQKDQFH WKH ILEUH SKRWRVHQVLWLYLW\ WR SURPRWI
JUDWLQJV 7KHVWEBLKRDIERFHWR IWBKH VROXELOLW\ RI WKH (U
WKH ILEUH FRUH DQG DOVR HOLPLQDWHY WKH FRQFHQW
7KH DGGLWLRQ RI UDUH HDUWK GRSDQW (U LRQ LV XVH
IURP WKLY SKRWRVHQVLWLYH ILEUH

*UDWLQJ IDEULFDWLRAQ

1RUPDO W\SH , DQG W\SH ,,$ ILEUH %UDJJ JUDWLQJ

%RWK WKH W\SH , DQG W\SH ,,$ %UDJJ JUDWLQJV ZHUH
GRSHG SKRWRVHQVLWLYH ILEUH XVLQJ WKH VDPH WHFI
VSHFLILFDWLRQV RI WKH XQLIRUP SKDVH PDVN XVHG DU

)LJ 7TUDQVPLVVLRQ VSHFWUD RI W\SH , DQG W\SH ,
VDWXUDWLRQ RI HDFK VDPSOH



7KH PRQRWRQLF LQFUHDVH LQ WKH UHIUDFWLYH LQGH] |
JURZWK Rl WKH UHIOHFWLYLW\ RI WKH JUDWLQJ DORQJ
%UDJJ JUDWLQJ >2WKRQRV DQG .DOOL @ 7KH W\SH
HQHUJ\ RI P- DQG D UHSHWLWLRQ IUHTXHQF\ RI ]
JUDWLQJ VDWXUDWHYV ZLWKLQ OHVV WKDQ PLQXWH RI
ZLWK D %UDJJ ZDYHOHQJWK RI QP ZKLFK FF
LQGH[ PRGXODWLRQ RI [O )LJ VKRZV WKH QRUP
W\SH , DQG W\SH ,,$ %UDJJ JUDWLQJV DIWHU VDWXUDWL

O Re TU

)LJ *URZWK EHKDYLRXU RI WKH W\SH ,,$ %UDJJ JUD
DQG %UDJJ ZDYHOHQJWK YDULDWLRQ DV D IXQFWLH

7KH W\SH ,,$ )%* ZzDV IDEULFDWHG ZLWK WKH VDPH OHY!

I[UHTXHQF\ +] W WRRN QHDUO\ PLQXWHV RI 8
UHIOHFWLYLW\ RI a DW D %UDJJ ZDYHOHQJWK RI
UHIUDFWLYH LQGH[ PRGXODWLRQ RI [ 7KH JUDWLQ

PRQLWRUHG RQOLQH XVLQJ DQ RSWLFDO VSHFWUXP DC(
HIWHUQDO EURDGEDQG OLJKW VRXUFH )LJ VKRZV W]



WDJJ JUDWLQJ LQ WHUPV RI WKH FKDQJH LQ LWV UHIOI
IXQFWLRQ RI WKH 89 H[SRVXUH WLPH

W ZDV IRXQG WKDW WKH JURZWK Rl WKH UHIOHFWLYLW
GURSV WR a ZLWK WKH VDWXUDWLRQ RI WKH W\SH ,
W\SH ,,$ JUDWLQJ ZLWK FRQWLQXRXV 89 H[SRVXUH DQG
7KH %UDJJ ZDYHOHQJWK 7J LQLWLDOO\ VKLIWV VWUR
SDUW Rl WKH VSHFWUXP ZKHQ WKH UHIOHFWLYLW)\ LQF
UHG VKLIW GXULQJ WKH IRUPDWLRQ DQG WKH VDWX
FRPSDUHG WR WKDW RI WKH LQLWLDO W\SH , JUDWLQJ
ZDYHOHQJWK ZDV DFKLHYHG GXH WR LWV KLJKHU HIIHF!
7KH UHIUDFWLYH L®GC R[] MRRGXODMMLRQIV ZDV FDOFXODW
HTXDWLRQ DV GHULYHG LQ &KDSWHU

&KLUSHG JUDWLQJ

'DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH FKLUSHG %UL
IDEULFDWLRQ



7KH FKLUSHG JUDWLQJ &)%* ZzZDV DOVR IDEULFDWHG
SKRWRVHQVLWLYH ILEUH DQG XVLQJ D FKLUSHG SKDVH
JLYHQ LQ &KDSWHU W WRRN QHDUO\ PLQXWHV RI |
XVLQJ WKH ODVHU HQHUJ\ RI P- DQG D UHSHWLWLRQ
WKH WUDQVPLVVLRQ VSHFWUD RI WKH JUDWLQJ EHIRUH
UHIOHFWLYLW\ RI “ ZDV DFKLHYHG ZLWK D FHQW
D IXOO ZLGWK KDOI PD[LPXP ):+0 EDQGZLGWK RI C
FKLUSHG JUDWLQJ ZDV PRQLWRUHG XVLQJ DQ 26% XVLQ.
QP

7KH ZDYHOHQJWKV Rl ERWK WKH QRUPDO )%* DQG WKH

IOXRUHVFHQFH EDQG RI WKH HUELXP GRSHG ILEUH OD!

WHPSHUDWXUH WXQHDELOLW\ Rl WKH ODVHU VHQVRU
$QQHDOLQJ SHUIRUPDQFH RI QRUPDO %UDJJ JUDWLQ

$QQHDOLQJ UHVXOWYV RI W\SH , %UDJJ JUDWLQJ

$ VLPLODU SURFHGXUH WR WKDW GLVFXVVHG LQ &KDS
JUDWLQJV LQ RUGHU WR H[WHQG WKH ODVHU EDVHG W

DQG W\SH ,,$ %UDJJ JUDWLQJVY ZHUH DQQHDOHG DW f
WKH DQQHDOLQJ RI W\SH , %UDJJ JUDWLQJ DV VKRZQ
WHPSHUDWXUH UHDFKHG f& ITURP URRP WHPSHUD)

H[SHULHQFHG DQ LQLWLDO GHFD\ RI WKH UHIOHFWLYLW
IURP WKH GHJUDGDWLRQ RI WKH 89 LQGXFHG UHIUDFWL
W R [ 2 7KH IDVWHU GHFD\ LQ WKH UHIOHFWLYLW\ F
ILUVW IHZ KRXUV RI WKH DQQHDOLQJ IROORZHG E\ D
UHIOHFWLYLW\ ZDV REVHUYHG )LQDOO\ DIWHU KRXU)
, %UDJJ JUDWLQJ ZDV IRXQG WR EH VWLOO GHFUHDVLQJ
RI WKH JUDWLQJ UHPDLQHG WR EH OHVV WKDQ ZKt
VKLIW LQ WKH %UDJJ ZDYHOHQJWK ZDV REVHUYHG GXU
GHJUDGDWLRQ RI WKH HITHFWLYH UHWDIFO®-YH LQGH[ R



QP

1%

%UDJJ ZDYHOHQJWK

)LJ 1RUPDOLVHG UHIOHFWLYLW\ DQG %UDJJ ZDYHOH
JUDWLQJ ZLWK DQQHDOLQJ WLPH DW WHPSHUD\

‘DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH W\SH , %UDJJ J
f& EHIRUH DQG DIWHU DQQHDOLQJ DW WHPSHUDWX



)LJ VKRZV WKH WUDQVPLVVLRQ VSHFWUD RI WKH

WHPSHUDWXUH a f& EHIRUH DQG DIWHU DQQHDOLC
JUDWLQJ ZDV PHDVXUHG WR EH QP DW URRP WHI
UHIUDFWLYH LQGH[ PRGXODWLRQ R [ 2 DQG D ):+0
DQ 26$ ZLWK D 5%: RI QP

$QQHDOLQJ UHVXOWV RI W\SH ,,$ %UDJJ JUDWLQJ

,Q D VLPLODU ZD\ WR WKDW GLVFXVVHG SUHYLRXVO\ Wt
DW f& IRU HOHYHQ KRXUV 'XULQJ WKH DQQHDOLQJ
)LJ E\ WKH WLPH WKH RYHQ WHPSHUDWXUH UHDFKH
WKH JUDWLQJ KDG DOUHDG\ H[SHULHQFHG DQ LQLWLDO
7KLV DULVHV IURP WKH GHJUDGDWLRQ RI WKH
PRGXODWLRQ IURP [ 2 WR [ 2 $IWHU WKDW D
UHIOHFWLYLW\ ZzDV REVHUYHG GXULQJ WKH ILUVW KRXU
GHFD\ LQ WKH UHIOHFWLYLW\ ZDV VHHQ RYHU WKH UHYV
W\SH ,,$ %UDJJ JUDWLQJ zZDV VWDELOLVHG ZLWK D UH
ZDYHOHQJWK RI QP ZKLFK FRUUHVSRQGV WR D U
[ 2 $ VPDOO EOXH VKLIW LQ WKH %UDJJ ZDYHOHQ
DQQHDOLQJ SURFHVV )LJ VKRZV WKH QRUPDOLVE
ZDYHOHQJWK YDULDWLRQ RI WKH W\SH ,,$ %UDJJ JUDWL
R f& 7KH UHIOHFWLYLW\ RI WKH W\SH ,,$ %UDJJ Jl
WHPSHUDWXUH DIWHU EHLQJ DQQHDOHG WR EH a
QP WKLV FRUUHVSRQGVY WR D UHIUDFWLYH LQGH[ PRG>
KDOI PD[LPXP ):+0 EDQGZLGWK RI WKH JUDWLQJ ZDV Pl

DQ 26%$ ZLWK D 5%: RI QP )LJ VKRZV WKH WUDQVI
,,$ %UDJJ JUDWLQJ DW URRP WHPSHUDWXUH a f& E
FKDQJH LQ WKH %UDJJ ZDYHOHQJWK QP DW WKH \

QP EHIRUH DQQHDOLQJ RI WKH JUDWLQJ DULVHV |
GXULQJ WKH IDEULFDWLRQ DQG WKH DQQHDOLQJ SURFH\



%UDJJ ZDYHOB®JIJWK

)LJ 1RUPDOLVHG UHIOHFWLYLW\ DQG %UDJJ ZDYH!
%UDJJ JUDWLQJ ZLWK DQQHDOLQJ WLPH DW WHP.

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH W\SH ,,$ %UDJ.
f& EHIRUH DQG DIWHU DQQHDOLQJ DW WHPSHUDW



7KH 26% ZKLFK GRHV QRW KDYH EXLOW LQ VRXUFH VKR
QP ORZHU WKDQ WKDW RI WKH 26% KDYLQJ EXLOW L
JUDWLQJVY WKH UHVW RI WKH H[SHULPHQWY ZHUH SHUII
VRXUFH IRU ZDYHOHQJWK FRQVLVWHQF\ 7KH FKLUSHG
WKH VDPH SHULRG DV WKH JUDWLQJ ZDV NHSW DW DPEL

2SWLPXP JUDWLQJ VHOHFWLRQ IRU DFWLYH VHQVRL

7KH DERYH DQQHDOLQJ UHVXOWV VKRZHG WKDW WKHUH
Rl W\SH , JUDWLQJ OHVV WKDQ DIWHU EHLQJ DQQHE
WKH W\SH ,,$ JUDWLQJ KDG D YHU\ KLJKDIMWHHE HRIQUH
DQQHDOHG DW f& IRU WKH VDPH SHULRG ,Q WKH VHC
WKH QRUPDO JUDWLQJ 5%L IRUPV WKH HQG UHIOHFWI
UHODWLYHO\ KLJK OHYHO RI UHIOHFWLYLW\ Rl WKH JUDV
WKXV WR PLQLPLVH WKH UHIOHFWLRQ ORVV IURP WKH .
JUDWLQJ ZDV FKRVHQ IRU WKH KLJK WHPSHUDWXUH PHE
JUDWLQJ VKRZV OLPLWDWLRQ IRU WKH VDPH DSSOLFDWL

(ISHULPHQWDO $UUDQJHPHQW

QP /' $GDSWRU

26%

)LJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS RI D

/' ODVHU GLRGH 26% RSWLFDO VSHFWUXP DQDO\VHU ('

VWDJH 76 WUDQVODWLRQ VWDJH 00 PLFURPHWHU ,[(
WKHUPRFRXSOH PHWHU



IDVHU FDYLW\ FRQILIJXUDWLRQ

7KH ODVHU FDYLW\ VKRZQ LQ )LJ ZDV IRUPHG XVLQ
DQQHDOHG QRUPDO W\SH ,,$ %UDJJ JUDWLQJ 5%L |
IDEULFDWHG DV GHVFULEHG DERYH DQG HQFORVHG D
ODVHU JDLQ PHGLXP 7KH W\SH ,,$ )%* IRUPV WKH HQG
DOVR WKH VHQVLQJ HOHPHQW RI WKH DFWRYPVVWRMRU
VHFRQG UHIOHFWRU LQ WKH ODVHU FDYLW\ DQG LW ZDV
OHQJWK ZDV RSWLPLVHG XVLQJ GDWD REWDLQHG IURP
FDYLW\ OHQJWK XVLQJ WKLV W\SH RI ILEUH LQ &KDSWH!L
PHWUHV HOW QGM®O 7KH HUELXP GRSHG ILEUH KDG DQ (U
SSP D FRUH GLDPHWHU RI  $SHXWORHXW RRI ZDYH
ZLWK LQ DGGLWLRQ WKH JHUPDQLXP DQG DOXPLQLXP
‘DYH 2SWLFDO 7HFKQRORJ\ )JUDQFH 7R REWDLQ ODVHU
H[WHUQDOO\ SXPSHG XVLQJ D QP /' WKURXJK D
PXOWLSOH[HG :'0 FRXSOHU 7KH RXWSXW ZDV PRQLWR
RWKHU DUP Rl WKH FRXSOHU ZLWK D 5%: RI QP ZKLFI
ZDYHOHQJWK VKLIW RI * QP ,QGH[ PDWFKLQJ JHO I
HQG WR PLQLPLVH WKH JUHVQHO UHIOHFWLRQ LQWR WKF

([SHULPHQWDO UHVXOWY XQGHU JHUR VWUDL

7R PRQLWRU WKH WHPSHUDWXUH SHUIRUPDQFH RI WKH ¢
JUDWLQJ 5%L ZDV PRXQWHG ORRVHO\ LQ DQ RYHQ ZLW
FRQWDFW IRU DFFXUDWH DQG FRQWLQXRXV FRPSDUDWL
RYHQ WHPSHUDWXUH ZDV UDLVHG IURP URRP WHPSHUDW
RI f& XS WR f& DQG WKHQ LQ QDUURZHU VWHSV W
VSHFWUXP ZDV PRQLWRUHG XVLQJ WKH 26% $ VHWWOLQ
HDFK WHPSHUDWXUH WR DFKLHYH WKHUPDO HTXLOLEUL
RYHQ EHIRUH UHFRUGLQJ WKH GDWD



2XWSXW VSHFWUD

7TKH RXWSXW VSHFWUD RI WKH VHQVRU XQGHU JHUR VWU
RI WHPSHUDWXUHY IURP URRP WHPSHUDWXUH WR f&
SXPS SRZHU R P: RI QP /'

‘DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH VHQVRU JHUR VWUDL
WHPSHUDWXUHYV IURP URRP WHPSHUDWXUH WR f& ZL

7KH ODVHU ZDYHOHQJWK REVHUYHG ZDV FRQVLVWHQW Z
L9 %UDJJ JUDWLQJ RZLQJ WR LWV QDUURZHU ):+0 EDQC
WKH EDQGZLGWK a QP RI WKH FKLUSHG JUDWLQJ X\
WKH ODVHU ZDYHOHQJWK VKLIWHG WRZDUGV WKH ORQJF
DULVHV IURP WKH FKDQJH LQ WKH HIIHFWLYH UHIUDFW
WKHUPR RSWLF FRHIILFLHQW RI WKH ILEUH DORQJ ZLWK
SHULRG GXH WR WKH WKHUPDO H[SDQVLRQ FRHIILFLHQW
WA\SLFDO VLIJQDO WR QRLVH UDWLR 615 RI WKH ODVHU



G EHIRUH WKH ODVHU DFWLRQ HYHQWXDOO\ FHDVHYV
GLVDSSHDUV DQG WKH 615 YDOXH GURSV WR DSSUR[LPD
SRZHU OHYHO RI P: WKLV KDYLQJ EHHQ KHOG FRC
H[SHULPHQW $V GLVFXVVHG WKH W\SH ,,$ %UDJJ JUDWI
HQVXUH UHSURGXFLELOLW\ XS WR WKLV WHPSHUDWXUF
PRUH UHVWULFWHG WHPSHUDWXUH UDQJH DQG WHUPLQ
ZDV OHIW XQVWUDLQHG 7KH PDLQ FDXVH RI WKH XS
EDQGZLGWK a QP RI WKHZKKEK SRG PIHU® WIKMHI \bHER QG
RI WKH ODVHU FDYLW\ +RZHYHU ZLWK WKH XVH RI D
EDQGZLGWK RU DSSO\LQJ VWUDLQ YDOXHV WR WKH Fk
ZDYHOHQJWK WRZDUGV WKH ORQJHU VLGH LQ WKH VSHF
HIWHQGDEOH WR D WHPSHUDWXUH RI f& XVLQJ WKH
UHVXOWYV ZLOO EH JLYHQ LQ VHFWLRQ IRU XVHV ZK
DSSOLHG WR WKH FKLUSHG JUDWLQJ

,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ

7KH LQWHQVLW\ DQG WKH OLQHZLGWK YDULDWLRQ ZL
WHPSHUDWXUH WR f& DUH VKRZQ LQ )LJ ZLWK D
7KH IOXFWXDWLRQ LQ WKH ODVHU LQWHQVLW\ ZLWK WFE
YDULDWLRQV LQ WKH UHIOHEFWLYLW\ Vv XVHG RW WWKRIXFK
ZKLFK WKH ODVHU RXWSXW ZDV H[WUDFWHG WKH VSD
VSHFWUDO SURILOH RI WKH (U GRSHG ILEUH DQG WKHI
JUDWLQJ XVHG 7KH PRuid VDI\GW\D K B H IORXYQRED @HOHH QU LR Q

FRQVLVWYV RI VHYHUDO 6WDUN VXE OHYHOV DQG SRSXOD
%ROW]PDQQ WKHUPDO GLVWULEXWLRQ 7KH IOXRUHVFH
WZR ZDYHOHQJWK SHDNV DW DURXQG QP DQG QP
ZLWK WKH KRVWV PDWHULDO XVHG >'XVHUYLUH DQG 6l
> @ KDYH UHSRUWHG D W\SLFDO IOXRUHVFHQFH VSHFYV
VKRZLQJ WZR SHDNV DW ZDYHOHQJWKV RI QP DQG

ZKHUH WKH SHDN SRZHU RQ ERWK GHFUHDVHG ZLWK LQF
WKH QRUPDO W\SH ,,$ JUDWLQJ 5%L ZDV IDEULFDWHG



VWHQ WR EH UHVSRQGLQJ WR GLIITHUHQW WHPSHUDWXUH
QP UDQJH $OVR WKH ZLGHU EDQGZLGWK a QP RI W
D ODUJH QXPEHU RI ODVLQJ PRGHV IDOOLQJ ZLWKLQ WE
RXWSXW PD\ VXVWDLQ D QXPEHU RI PRGHV $00 WKHVH
VPDOO LPSDFW RQ WKH RXWSXW SRZHU Rl WKH ODVHU Z

)LJ ,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ RI W
JUDWLQJ ZLWK GLIIHUHQW WHPSHUDWXUHV IURP URRP
SXPS SRZHU RI  P:

7KH ODVHU LQWHQVLW\ YDOXH GURSV VKDUSO\ ZLWK
WHPSHUDWXUH RI DSSUR[LPDWHO\ f& DW ZKLFK WKH
JUDWLQJ ZDV IRXQG WR EH O\LQJ DW WKH H[WUHPH HGJ
ZLGWK ZKHQ WKH FKLUSHG JUDWLQJ ZDV OHIW XQVWUDL
QR ORQJHU H[LVWV DQG WKH ODVHU DFWLRQ ZDV VHH
WHPSHUDWXUHV EH\RQG f& WKH GHYLFH VLPSO\ E|
VHQVRU ZLWK D VLJQLILFDQWO\ ORZHU YDOXH RI WKH F
FRQVWDQW XS WR D WHPSHUDWXUH RI f& ZKHUH W



SDVVLYH VHQVRU EHFDPH PXFK ZLGHU WKDQ WKH ODV|
EHIRUH VKRZLQJ WKDW ODVHU DFWLRQ KDG FHDVHG $\
HQFRGHG PHDVXUHPHQW WKH UHODWLYH DPSOLWXGH I
SUREOHP IRU PRVW SUDFWLFDO VHQVRU DSSOLFDWLRQV

&DOLEUDWLRQ RI WKH VHQVRU

7KH FKDQJH RI WKH ODVHU ZDYHOHQJWK XQGHU ]JHUR
DVFHQGLQJ DQG GHVFHQGLQJ WHPSHUDWXUHV LV VKRZ

URRP WHPSHUDWXUH WR f&
yLJ &DOLEUDWLRQ RI WKH ODVHU VHQVRU ]JHUR V\
DVFHQGLQJ DQG GHVFHQGLQJ WHPSHUDWXUHV RYHU WK
fé&

7KH WKHUPDO VHQVLWLYLWS$/RDW KH @MXVMHWZHEEY K0 HQJ \E
DQG QRQOLQHDU SRO\QRPLDO UHJUHVVLRQ ILWWLQJV WI



JRU D OLQHDU ILWWLQJ

, OW

JRU D QG RUGHU SRO\QRPLDO ILWWLQJ

; [7 2 [ 2

JRU D UG RUGHU SRO\QRPLDO ILWWLQJ

7 [ 127 [.7 U [.7 7

ZKHYUHLY WKH ODVHU ZDY HOKH DWKk AOL.H& WHPSHUDWXUH
RI WKH W\SH ,,$ %UDJJ JUDWLQJ WKH VHQVLQJ JUDWL

FDOLEUDWLRQ GDWD XVLQJ ERWK OLQHDU DQG QRQOL
JLYHQ LQ 7DEOH

7DEOH &DOLEUDWLRQ RI WKH ODVHU VHQVRU ZLWK ]
WKH UDQJH IURP  f& WR f&

QG RUGHUUG RUGHU
SDUDPHWHUMQHDU ILS\ROLAQRPISIRW\QRPRQIOW XVHG
ILWWLQJ ILWWLQJ

THPSHUDWXUH UDQJH f&
6\/&

6HQVLWLYLW\ SP f&
fé&

&RHIILFLHQW R
GHWHUPLQDWLRQ &2°'

6WDQGDUG GHYLDWLRQ 6'

5RRW PHDQ VTXDUH HUURU
506 (

1P

f&
506 ( e f&



7KH OLQHDU VHQVLWLYLW\ RI WKH ODVHU ZDV IRXQG W

VTXDUH HUURU 506( RI QP LQ ZDYHOHQJWK RU

WHPSHUDWXUH 7KH QRQOLQHDU UG RUGHU SRO\QRPLEL

RI 506( ZLWK WHPSHUDWXUH GHSHQGHQW VHQVLWLYLW\
f& DQG f& UHVSHFWLYHO\

7KH ODVHU VHQVRU SHUIRUPDQFH ZDV FRQVLVWHQW R®
GHVFHQGLQJ WHPSHUDWXUHY ZLWKLQ ZKLFK WKH OD
UHSHDWDEOH WR ZLWKLQ * QP 7KH UHSHDWDELOI
WHPSHUDWXUH ZHUH FDOFXODWHG IURP WKH PD[LPXP G
DVFHQGLQJ DQG GHVFHQGLQJ WHPSHUDWXUHYV IURP URF
26% ZLWK D 5%: RI QP 7KH GRPLQDQW FHQWUH ZDYHO
PHDVXUH WKH VHQVRU ZDYHOHQJWK 1HJOLJLEOH K\VWH
VHYHUDO UHSHDWDEOH F\FOHV RI PHDVXUHPHQW

([SHULPHQWDO UHVXOWV ZLWK VWUDLQ RQ F

(IN'rHFW RI VWUDLQ RQ WKH FKLUSHG JUDWLQJ

7KH H[SHULPHQWDO VHW XS RI WKH VHQVRU LV VKRZQ |
FKLUSHG JUDWLQJ ZHUH IL[HG ZLWK DGKHVLYH WR DOC
DSSOLHG WR LW $V PHQWLRQHG HDUOLHU SULRU WR V
DQQHDOHG DW f& IRU KRXUV WR VWDELOLVH WKH .
DSSOLHG WR WKH FKLEASPRBYIQDWVLKH PI%URPHWHU GUL"
VWDJH LQ VWHSV RI SP 7KH VWUDLQ LQGXFHG HIIH
PRQLWRUHG XVLQJ WKH 26$% ZLWK D 5%: RI QP DQG W
URRP WHPSHUDWXUH IRU GLIIHUHQW DSSOLHG VWUDL
UHVSHEWLYHO\ $Q\ VWUDLQ DSSOLHG WR DQ )%* ZKHWHK
UHVSRQVH E\ DIIHFWLQJ WK% FSRHNE.MHEG RZ LWHKHWIKIHD WK Q @ .
ILEUH HIITHEFWLYH UHIUDEWLYH LQGH[ GXH WR WKH SKRW|
FOHDU VKLIW LQ WKH ZDYHOHQJWK RI WKH FKLUSHG JU
YDOXHV ZKHUHDV WKH ):+0 EDQGZLGWK a QP RI WKH



7KLV ZDV LQYHVWLIJDWHG DV SRWHQWLDOO\ LW FRXOG |
WKH WXQHDEOH ODVHU EXW DV GLVFXVVHG ODWHU L
VLWXDWLRQV RXWVLGH WKH ODERUDWRU\ ZKHUH D FRP S

)LJ SHIOHFWLRQ VSHFWUD RI WKH FKLUSHG JUDW L(
DSSOLHG VWUDLQ YDOXHV RI DQG SV U

7KLV DSSURDFK RIITHUV RQH SRVVLEOH ZD\ WR VKLIW W
JUDWLQJ DQG WKXV WKH ODVHU RSHUDWLRQDO UDQJH

WKH FKLUSHG JUDWLQJ WKH WRWDO ZDYHOHQJWK VKLI
QP ZLWK D VWUDLQ VHQVLWLYLW\ RI SP SV LQ WK
ZDYHOHQJWK VKLIW RI WKH FKLUSHG JUDWLQJ DOORZV \
WR EH WXQHDEOH EHWZHHQ a f& DQG f& FRQVLGH
RI WKH ODVHU RI SP f& FRPSDUHG ZLWK WKDW RI
+RZHYHU ZLWK D IXUWKHU LQFUHDVH LQ WKH VWUDLQ YI
WKH FKLUSHG JUDWLQJ ZDV IRXQG WR EH a QP

RSHUDWLRQDO UDQJH RI WKH ODVHU EDVHG VHQVRU E\
KLIJK YDOXH RI VWUDLQ SH ZKHQ DSSOLHG WR WK
VWURQJ SRVVLELOLW\ RI UHJXODU EUHDNLQJ RI WKH ILE



LVXH DQG WKH IDFW WKDW WKH HVWLPDWHG WHPSHUDW
DOQQHDOLQJ WHPSHUDWXUH XVHG a f& RI WKH W\SH
WKLV WHFKQLTXH GXULQJ QRUPDO RSHUDWLRQDO XVH

DSSURDFK DQG WKH EHVW ZD\ WR H[WHQG WKH ODVHU R
EURDGHU ZDYHOHQJWK FKLUSHG JUDWLQJ ZKLFK ZLOO E

2XWSXW VSHFWUD

)LJ VKRZV WKH RXWSXW VSHFWUD RI WKH VHQVRU D
GLITHUHQW YDOXHV RI DSSOLHG VWUDLQ RI DQ
VDPH IL[HG SXPS SRZHU RI P: $V WKH ZDYHOHQJWK R

JUDWLQJ ZDV IRXQG WR EH FORVH DW WKH SHGJH ™ RI WK
WKLY WHPSHUDWXUH LW UHTXLUHV UHODWLYHO\ D VPD(
DFWLRQ WR FHDVH DV WKH FDYLW\ UHVRQDWRUV FRQGL\

‘'DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH VHQVRU ZLWK GLIIHU
FKLUSHG JUDWLQJ DW D IL[HG WHPSHUDWXUH RI f& D
P:



: KHQ GLIIHUHQW VWUDLQ YDOXHV ZHUH DSSOLHG WR W
FKLUSHG JUDWLQJ ZDV VHHQ WR VKLIW WRZDUGV WK}
LQFUHDVHG DSSOLHG VWUDLQ +RZHYHU WKH ZDYHOH(
UHPDLQV WKH VDPH DQG WKH ODVHU DFWLRQ RI WKH V
LQFUHDVHG DSSOLHG VWUDLQ $W D VWUDLQ YDOXH RI
WKH ODVHU GURSY WR a G% IURP WKDW Rl G% XQG

SV WKH OLQHZLGWK RI WKH VHQVRU EHFDPH VLJQLIL
WKDW WKH ODVHU DFWLRQ FHDVHV ZLWK D VLJQLILEDQ
'LWK IXUWKHU LQFUHDVH LQ WKH DSSOLHG VWUDLQ YD
W\VSH ,,$ %UDJJ JUDWLQJ UHPDLQHG XQFKDQJHG EXW WK
WKH ORQJHU ZDYHOHQJWK VLGH

)LJ 2XWSXW VSHFWUD RI WKH VHQVRU ZLWK GLIIHU
FKLUSHG JUDWLQJ DW D IL[HG WHPSHUDWXUH R f& L
P:



)LJ VKRZV WKH RXWSXW VSHFWUD RI WKH VHQVRU D

GLITHUHQW YDOXHV RI DSSOLHG VWUDLQ RI DQG
OHYHO RI WKH IL[HG SXPS SRZHU RI QP /' $W WKL
%UDJJ JUDWLQJ ZDV IRXQG WR EH DURXQG QP IURP

7KLV VLWXDWLRQ UHTXLUHV D UHODWLYHO\ KLJKHU YDC
DFWLRQ WR FHDVH WRWDOO\ $W WKH VDPH WLPH W
VLIJQLILEFDQWO\ EURDGHU WR LQGLFDWH WKDW WKH ODV
DV EHIRUH 7KLV SURSHUW\ PD\ EH XVHG IRU VZLWFKLQ.
LQWHQVLW\ UHTXLUHPHQW

‘DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH VHQVRU ZLWK S

GLITHUHQW WHPSHUDWXUHY RYHU WKH UDQJH IURP f&
R P:

KHQ SV RI vwuDLQ LV DSSOLHG WR WKH FKLUSHG J
JUDWLQJ ZDV IRXQG WR EH QP WRZDUGV WKH ORQJH
HIWHQGHG WXQHDEOH WHPSHUDWXUH UDQJH RI WKH OL
VKRZV WKH SHUIRUPDQFH RI WKH VHQVRU ZLWK GLIIHUH
XQGHU D IL[HG YDOXH RI DSSOLHG VWUDLQ RI SV R



DRYH ILJIXUH LW LV FOHDU WKDW WKH ODVHU SHUIRUPD
2XWVLGH WKLY WHPSHUDWXUH UDQJH WKH VHQVRU VLF
VLIQLILFDQW GHFUHDVH LQ WKH VLIQDO WR QRLVH UDW
VKRZLQJ D EURDGHQLQJ RI WKH OLQHZLGWK RI WKH VH
DQQHDOHG DW f& WKH WHPSHUDWXUH ZDV LQFUHDVH

IDVHU LQWHQVLW\ DQG OLQHZLGWK

)LJ VKRZV WKH LQWHQVLW\ DQG WKH OLQHZLGWK Y
IURP f& WR f& ZKHQ WKH FKLUSHG JUDWLQJ ZDV
XQGHU D IL[HG VWUDLQ RI SV 7KH VLJQLILEDQW LQ
ZLWK D QDUURZ OLQHZLGWK LQ WKH VLJQDO ZDV REVHU"
DQ DFWLYH VHQVRU DW D WHPSHUDWXUH RI f&

)LJ  QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ RI WKH
JUDWLQJ ZLWK GLIIHUHQW WHPSHUDWXUHV RYHU WKH U
SXPS SRZHU RI P:



: LWK LQFUHDVLQJ WHPSHUDWXUHV IURP f& WR f&
VHQVRU NHHSLQJ WKH QDUURZ OLQHZLGWK QP RI
YDOXH RI WKH 615 7KH IOXFWXDWLRQ LQ WKH RXWSXW
VDPH UHDVRQV DV ZHUH GHVFULEHG HDUOLHU LQ 6HFWL
OHIW XQVWUDLQHG $ERYH WKH WHPSHUDWXUH RI f
RXWSXW SRZHU DORQJ ZLWK DQ LQFUHDVH LQ WKH OLQI
WKH VDPH IL[HG SXPS SRZHU Rl P: DV EHIRUH VKRZLQ
7KH WUDQVLWLRQ SRLQWV RI WKH VHQVRU ZHUH REVHU
EHORZ DQG DERYH WKHVH WHPSHUDWXUHV WKH VHQVR
ZLWK D IL[HG VWUDLQ R SV DSSOLHG WR WKH FKLUS!

&DOLEUDWLRQ RI WKH VHQVRU

)LJ &DOLEUDWLRQ RI WKH ODVHU VHQVRU ZLWK D IL
JUDWLQJ ZLWK UHSHDWDEOH F\FOHV RI PHDVXUHPHQW F



7KH UHVSRQVH RI WKH ODVHU ZDYHOHQJWK ZLWK IL[HC
JUDWLQJ ZLWK WHPSHUDWXUH LV VKRZQ LQ )LJ RYt
7KH WKHUPDO VHQVLWLYLW$® RD W KH @XVMHLWZHEEY M @ HQJI \E
DQG QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILWWLQJ D

JRU D OLQHDU ILWWLQJ

$/ 7

8VLQJ D QG RUGHU SRO\QRPLDO ILWWLQJ

$ 7 [a 7 [ &

8VLQJ D UG RUGHU SRO\QRPLDO ILWWLQJ

sow [0 a 7 [02a 7 [O U

7TDEOH &DOLEUDWLRQ RI WKH ODVHU VHQVRU ZLWK [
FKLUSHG JUDWLQJ RYHU WKH UDQJH IURP f& )

QG RUGHUUG RUGHU
SDUDPHWHUMQHDU ILSWRODLQRPISRD\QRPEQIOW XVHG
ILWWLQJ ILWWLQJ

THPSHUDWXUH UDQJH f&
6\/&

6HQVLWLYLW\ SP f&
f&

&RHIILFLHQW R
GHWHUPLQDWLRQ &2

6WDQGDUG GHYLDWLRQ 6'

5RRW PHDQ VTXDUH HUURU
506 (

1P

f&
506 ( e f&



7KH OLQHDU WKHUPDO VHQVLWLYLW\ ZDV IRXQG WR EH
HUURU 506( RI QP LQ ZDYHOHQJWK RU HTXLYDOHQ!
QRQOLQHDU UG RUGHU SRO\QRPLDO ILWWLQJ VKRZHG
WHPSHUDWXUH GHSHQGHQW VHQVLWLYLW\ RI SP & I
f& UHVSHFWLYHO\ 7KLV UHODWLYHO\ KLJKHU YDOXH |
EDQGZLGWK a QP RI WKH QRUPDO W\SH ,,$ %UDJJ JU
HOHPHQW RI WKH VHQVRU +RZHYHU WKH HUURU LQ W
IXUWKHU XVLQJ D W\SH ,,$ %UDJJ JUDWLQJ ZLWK D QDU
WKH JUDWLQJ ZRXOG QRW EH IXO0O\ VDWXUDWHG GXULQJ
JUDWLQJ XVHG

6 XPPDU\

$ VLPSOH EXW HIIHFWLYH WHFKQLTXH XVLQJ D ODVHU ED
ZLGHU WHPSHUDWXUH PHDVXUHPHQW FDSDELOLW\ RYHU
f& PD[LPXP ZKHQ GLIITHUHQW VWUDLQ YDOXHV ZHUH
$ W\SH ,,$ %UDJJ JUDWLQJ ZDV FKRVHQ DV WKH VHQVL
WHPSHUDWXUH VXVWDLQDELOLW\ WKH UHIOHFWLYLW\ U]
f& ZKHUHDV WKH W\SH , %YUDJJ JUDWLQJ VKRZHG D VL.
DIWHU DQQHDOLQJ DW f& IRU WKH VDPH SHULRC
JUDWLQJ VKRZHG D VLJQLILFDQW OLPLWDWLRQ IRU KL
DSSOLFDWLRQV

'LWK WKH RSWLPXP FKRLFH RI WKH %UDJJ ZDYHOHQJWHK
5S%L WKH WHPSHUDWXUH PHDVXUHPHQW UDQJH RI WK
UHSRUWHG LQ &KDSWHU WR f& HPSOR\LQJ DOPRVW
QP RI WKH FKLUSHO®VWUWDKH YHFR®YG UHIOHFWRUV LQ W
HIWHQGHG WXQHDEOH ODVHU EDVHG VHQVRU SHUIRUPDQ
f& WR f& ZKHQ D IL[HG VWUDLQ YDOXH RI SV ZDV
ZKLFK ZDV NHSW DW DQ DPELHQW WHPSHUDWXUH



7KH SHUIRUPDQFH RI WKH DFWLYH VHQVRU ZDV FRPSDL
VIVWHP XQGHU WKH VDPH H[SHULPHQWDO FRQGLWLRQV
WKURXJK WKH RSWLFDO FRQILJXUDWLRQ LQ WKH V\VWHI
Rl )%*V LQ VHQVRU DSSOLFDWLRQV ZLWK WKH YHU\ VL
KLJKHU VLJQDO WR QRLVH UDWLR 615 7ZR JUDWLQJV
FRPSDUHG WR WKDW RI RQH JUDWLQJ LQ WKH SDVVLYH
Rl JUDWLQJY DUH UHODWLYHO\ ORZ 7KH RQO\ DGGLWLR
UHTXLUHG WR H[FLWH WKH (U LRQ LQWR WKH XSSHU (¢
VHQVRU GHYLFHV UHTXLUH H[WHUQDO SXPS VRXUFH WR
UDUH HDUWK GRSDQW DV LV XVHG E\ ,PDL DQG +RND]R
EDQGZLGWK RI WKH ODVHU EDVHG VHQVRU V\VWHP SRV
FDSDELOLW\ Rl WKH V\VWHP $ JUHDWHU QXPEHU RI %UL
ZLGHU PFKLUSY RI WKH JUDWLQJ LQ WKH ODVHU FRQILJX
FRQILIXUDWLRQ DF&WW UMHRQWMRIW VDMQUDWHJ\ ZKLFK ZLOO |
XVH Rl WKH SDVVLYH )%* DSSURDFK HVSHFLDOO\ ZKHQ k

$OVR ZLWK D VXIILFLHQW OHQJWK RIl KLJK *H (U FR GRSH
LQ D VLQJOH SLHFH RI ILEUH XWLOLVLQJ WKH IOXRUHVFI
PHGLXP DQG WKH ILEUH %UDJJ JUDWLQJV )%*V DV FDY
DYRLGY WKH DGGLWLRQDO VSOLFLQJ ORVV EHWZHHQ W
ZD\ WKH PRGDO PLVPDWFKLQJ RI WKH ILEUH FRUH FDQ
WKH RYHUDOO V\VWHP ORVYV

7KH KLIJKO\ UHSHDWDEOH SHUIRUPDQFH RI WKH ODVHU
HITHFW RI ERWK WKH JUDWLQJY DQG WKH VWDEOH SXPS
WKH ODVHU ZDV IRXQG WR EH a SP f& RQ DYHUDJH

ZLGHU PHDVXUHPHQW UDQJH IURP URRP WHPSHUDWXUI
WDONLQJ DERXW WKH WKHUPDO QRQ OLQHDULW\ IRU W
IRXQG WR EH DOPRVW LQ WKH VDPH UDQJH DV WKDW R
WKH VLIJQDO SURFHVVLQJ XQLW RI WKH VA\VWHP LW LV F
ODVHU XVLQJ D VLPSOH OLQHDU ILWWLQJ 7KLV UHODW
DULVHV IURP WKH ZLGHU EDQGZLGWK a QP RI WKH W
VHQVLQJ HOHPHQW RI WKH V\VWHP 2Q WKH RWKHU KDQ



a QP W\SH , %UDJJ JUDWLQJ DV WKH VHQVLQJ HOHPF
LPSURYHPHQW LQ WKH HUURU DQDO\VLV ZLWK WKH QRQC
WKDW RI WKH OLQHDU ILWWLQJ RYHU WKH UDQJH IURP |
&KDSWHU

7KH FKDUDFWHULVWLEV Rl WKH VHQVRU ZHUH VWXGLHG
VLIJQDO LQWHQVLW\ DQG WKH OLQHZLGWK YDULDWLRQ |
WHPSHUDWXUH EH\RQG WKH SRLQW ZKHUH WKH ODVH
HIWHQGHG WXQHDEOH RSHUDWLRQDO UDQJH RI WKH OD
OHYHO RI VWUDLQ WR WKH FKLUSHG JUDWLQJ LQ WKH Ol
FUHDWHG LV UHSHDWDEOH LQ LWV ZDYHOHQJWK SHUIR
IDEULFDWH 7KH HUURU YDOXH RI WKH DFWLYH VHQVRU
UHGXFLQJ WKH EDQGZLGWK RI WKH W\SH ,,$ %UDJJ JUL
ZKLFK ZLOO VHOHFW WKH ODVHU ZDYHOHQJWK PRUH SU
WKHVH GHYLFHV LQFOXGH WHPSHUDWXUH PRQLWRULQJ
DSSOLFDWLRQV LQYROYLQJ ILUH DODUP V\WWHPV DHU
EDVHG GHYLFHV FRXOG EH DSSOLHG WR DQ\ RI WKHVH
DXWKRUV HJ *UDWWDQ DQG 6XQ > @



SHIHUHQFHYV

$+'X :& 7DR ;0 DQG 7DP + < JLEHU %UDJJ JI
IRU VLPXOWDQHRXV PHDVXUHPHQW((RI3NRMIBRQQ DQ
7HEFKQROYRBWW SS

$ 'XVHUYLUH ( DQG 6LPSVRQ -5 DQG GWWDIUMWLRQ
OHYHO HQHUJLHV LQ HUELXP GRA$® DOVWPR/QLVLOLFL
SS

$+ *UDWWDQ .79 DQG 6XQ 7 2SWLFDO ILEHU
SUHV VXU H 56 B XRRY SS

f+ PDL < DQG (ORND]JRQR 7 JOXRUHVFHQFH EL
XVLQJ HUELXP GRSHG RSWLFDO IRSWU\5YALOVK SP
SsS

f .HUVH\ $' DQG ORUH\ : : OXOWLSOH[HG %UD

VWUDLQ VHQVRU V\WWHP ZLW K(CPHRFGNHU B RIFARNCH & W. Q W H L

SS

f .LP % < )JLEHU ODVHUV LQ RSWLFDO VHQVRUV L

7HFKQRORO\ *UDWWDQ .7 9 DQG OHJILWW % 7 (C

+DOO SS

f 0ODQGDO - 3DO 6 6XQ 7 *UDWWDQ .79 $XJR
%UDJJ JUDWLQJ EDVHG ILEHU RSWLF ODVHU SLU

((( 3BKRWRQ 7HFKR®O /158 W

f ODQGDO - 3DO 6 6XQ 7 *UDWWDQ .79 DOQC

2SWLPL]DWLRQ RI HUELXP GRSHG ILEUH QRVHUV DQ

3URF B6HQVRUV DQG WKHLU, 38®%QWHOWL RQBK\Y LERQ B

IWG /LPHULFN ,UHODQG SS

I 2WKRQRV $ JLEHBH% UBBI *UPRMBLOYIN S S

f 2WKRQRV $ DQG )DPWW %UDJJ *UDWLQJV )XQGDPF
$SSOLFDWLRQV LQ 7HOHFRPPXW HFBWRXYW DR R VEHRY
f 3DO 6 6XQ 7 *UDWWDQ .79 :DGH 6% &ROC
'XVVDUGLHU % DQG ORQQRP * BWUDLQ LQC



PDVXUHPHQW XVLQJ D W\SH, DQG W\SH ,,$ RSW
FRPELQPMWM.REFL ,IROUXPSS
$+ 3DO 6 O0ODQGDO - 6XQ 7 *UDWWDQ .79 )R
JRQMDOOD] 3 < :DGH 6% DQG &ROOLQV 6)
SRWHQWLDO ILEUH %UDJJ JUDWLQJ VHQVRU EDVHG
OHDV 6FL 7™RFXKQROSS O
f 6BKHQ <+ 3DO 6 O0ODQGDO -A 6XQ 7A *UDWWDQ
6) %D[WHU *: 'XVVDUGLHU % DQG ORQQRP *
WKH SKRWRVHQVLWLYLW\ WHPSHUDWXUH VXVW
FKDUDFWHULVWLFV RI VHYHUDO28W GRBFHBXEWRWRVH
SS



&KWOSWHU

1RYHO DOQOWLPRQ\ JHUPDQLXP 6E *|
SKRWRVHQVLWLYH ILEUH IRU KLJK Wl
PHDVXUHPHQWY XVLQJ D ILEUH ODVHL

$SEVWUDFW

7KH ZRUN LQ WKLV &KDSWHU UHSRUWV D %UDJJ JUDWLC
PHDVXUHPHQW RI KLJK WHPSHUDWXUH DQG VWUDLQ X
IDEULFDWHG LQWR D QRYHO DQWLPRQ\ JHUPDQLXP 6E *
IRU VHQVRU DSSOLFDWLRQV 7KLV KLJK WHPSHUDWXUH
VSHFLDOO\ IDEULFDWHG LQ &KLQD $ QRUPDO W\SH , %!
ZHUH XVHG DV WKH RSWLFDO IHHGEDFN HOHPHQWYV DQG
WKH DFWLYH JDLQ PHGLXP RI WKH ODVHU 7KH W\SH ,,$
WKH ERURQ JHUPDQLXP % *H FR GRSHG SKRWRVHQVLWL
JUDWLQJ KDG LWV UHIOHFWLYLW\ RI DIWHU EHLQJ
7KHUHIRUH LW ZDV XVHG DV WKH DFWLYH HOHPHQW RI
WKH HQG UHIOHFWRU LQWR WKH ODVHU EDYLW\ RI WKH
ZDV PRQLWRUHG LQ VXFK D VI\VWHP ZKHQ WKH QRUPDO
VWUDLQ WXQHG 7KH UHVXOWLQJ WHPSHUDWXUH ZDV PH
f& DQG VWUDLQ YDOXHV RI WR SH XVLQJ WKH ODV
VIXDUH 506 HUURU YDOXHV Rl WKH DFWLYH VHQVRU V)
SV RYHU WKH DERYH PHDVXUHG UDQJHV RI WHPSHUD



 QWURGXFWLRQ

6HYHUDO ODVHU EDVHG DSSURDFKHVY KDYH EHHQ UHSRU\
IRU H[DPSOH XVLQJ D PRGH ORFNHG LQWHUURJDWLRQ W
PHDVXUHPHQW >.HUVH\ DQG ORUH\ @ D ODVHU EDVHC
PHDVXUHPHQW XVLQJ D FRPELQDWLRQ RI D QRUPDO JU
FKLUSHG JUDWLQJ WR IRUP WWHDODVHU E@YLRW XUDQS
PXOWLSOH %UDJJ JUDWLQJY LQ D ODVHU FRQILIXUDWLF
>$ODYWHDO@ +RZHYHU LQ PRVW RI WKH ODVHU EDVHG \
WKH OLWHUDWXUH WKH WHPSHUDWXUH UDQJH KDV QRU

PRUH UHFHQWO\ HWEOE@® QGHIOV PDLQO\ DULVHV IURP W
RI WKH DYDLODELOLW\ RI WKH KLJK WHPSHUDWXUH VXV
WR IDEULFDWH WKH QRUPDO ILEUH %UDJJ JUDWLQJV
EDQGZLGWK RI WKH FKLUSHG JUDWLQJ XVHG DV RQH R
WXQDEOH ODVHW\DMMERE >0DQGDO

SHFHQWO\ D V\WWHP IRU VLPXOWDQHRXV PHDVXUHPHQ
UHSRUWHSG DBDO E@ XVLQJ WKH FRPELQDWLRQ RI IOXR
EDVHG WHFKQLTXH RYHU WKH ZLGHU UDQJH RI WHPSHUI
f& DQG VWUDLQ YDOXHV RI SV 7KH VSHFLDOO\
JHUPDQLXP 6E (U *H FR GRSHG VLOLFD ILEUH KDG *H
SSP DQG®RU& SSP 7KH IOXRUHVFHQFH ZDV JHQHUDWHG
LQWR WKH ILEUH FRUH DQG D QRUPDO %UDJJ JUDWLQJ Z
6E (U *H ILEUH 7KH %UDJJ ZDYHOHQJWK RI WKH JUDWI
WHPSHUDWXUH DQG WKH VWUDLQ YDULDWLRQV 7KH DF
IOXRUHVFHQFH LQWHQVLW\ REFFXUULQJ DW WZR SHDNV D
QP ZKLFK DUH LQVHQVLWLYH WR VWUDLQ YDULDWLR
PHDVXUHPHQW RI ERWK SDUDPHWHUV WKH VDPSOH ZDV
LW ZDV IL[HG WR WZR PLFURPHWHU GULYHQ VWDJHV ZL\
HQG LV YDULDEOH 7KH $6( SRZHU RI WKH VDPSOH ZDV
VRXUFH DQG WKH RXWSXW ZDV PHDVXUHG XVLQJ WKH 2S
LQWHQVLWLHYV RI WZR SHDNV DW QP DQG QP :



WHPSHUDWXUHVY WR HVWLPDWH WKH IOXRUHVFHQFH
WHPSHUDWXUH GHWHUPLQDWLRQ 7KH IOXRUHVEHQFH ¢
XQFKDQJHG ZLWK WKH WHPSHUDWXUH YDULDWLRQV EX

QP QP ZDV IRXQG WR GHFUHDVH FRQWLQXRXVC
WHPSHUDWXUH 7KLV DJDLQ OLPLWV WKH VLJQDO VWL
DSSOLFDWLRQV $ VKLIW RI WKH 3GLS" LQ WKH IOXRUH
ZDYHOHQJWK ZDV REVHUYHG ZLWK WHPSHUDWXUH YDUL
VKLIW LQ WKH %UDJJ ZDYHOHQJWK FRXOG EH FDOLEUDYV
WKH %UDJJ ZDYHOHQJWK FRXOG EH VXEWUDFWHG IURP \
ILQG WKH VWUDLQ LQGXFHG ZDYHOHQJWK VKLIW LQ WKH

,Q WKLV &KDSWHU D %UDJJ JUDWLQJ EDVHG ILEUH ODYV
PHDVXUH LQGHSHQGHQWO\ ERWK D ZLGHU UDQJH RI WHI

f& DQG VWUDLQ YDOXHV IURP SV UHVSHFWLYHO
HPSOR\V D VLPLODU DSSURDFK WR SUHYLRXV ZRUN >LC
FDYLW\ EXW LQFRUSRUDWLQJ D QRYHO KLJK WHPSHUDV
JUDWLQJ 5%L DV WKH VHQVRU KHDG LQ WKH V\VWHP W

f& $OVR WKH DFWLYH VHQVRU DSSURDFK ZDV H[W
DSSOLFDWLRQV 7KXV WKH QRUPDO JUDWLQJ ZDV PHDV.
ERWK WKH DERYH SDUDPHWHUV 7KH MWK D$EPRIDUGHY
EDQGZLGWK QP ZDV XVHG WR IRUP WKH VHFRQG
DFKLHYH WKH WXQHDEOH ODVHU DFWLRQ RYHU WKH ZLGI

TKHRUHWLFDO %DFNJURXQG

7KH FDYLW\ UHVRQDQFH FRQGLWLRQ RI D ODVHU EDVHG
DQG +DZNHYV @

P

ZKHYHLY WKH UHVRQDQWQQANVWWH WHHOBIRWWYXH LQGH]
PHGLXPLVY WKH ODVHU FPRYNMWD SRQUWKYBQIEQWHJIHU )RU
OHQJWK RI FP WKH FDYLW\ PRGH VSDFLQQ@ ZDV GHW#F



IRU VLOLFD ILEUH 7TKHUHIRUH PDQ\ ORQJLWXGLQD
ZLWKLQ WKH UHVRQDQW FDYLW\ EXW RQO\ WKRVH ORQ
ZLOO RVFLOODWH

7KH FKDQJHV LQ WKH CGDE&HWEKDNKW\FREQIJWK LQ WKH U
ZDYHOH$PILW KWK WHPSHUDWXUH RU VWUDLQ FDQ EH H[SU

$L PS$SLp
Q

7TKH FKDQJHV LQ WKH ODVHU ZDYHOHQJWK UHIOHFW WKI
WKH QRUPDO JUDWLQJ GXH WR WKH PHDVXUDQG SHUWX
VWUDLQ FKDQJHYVY RYHU WKH UDQJH RI WKH FKLUSHG JUI
UHIOHFWRU LQ WKH ODVHU FDYLW\

'‘"HWDLO RI 6E *H FR GRSHG ILEUHYV

7KH QRYHO $QWLPRQ\ *HUPDQLXP 6E *H FR GRSHG VLO
IDEULFDWHG LQ &KLQD XVLQJ D PRGLILHG FKHPLFDO YD

7KH ILEUH FRQVLVWY RI *H a ZW DQG 6E RI a S
7KH VLQJOH PRGH ILEUH 60) KDG D FODGGLQJ GLDPHWtE
SP QXPHULFDXS (RRRHUWERQK FXW RIl ZDYHOHQJWK R S

ZDV LQWURGXFHG LQWR WKH ILEUH FRUH EHFDXVH RI LW
KLJK WHPSHUDWXUH VXVWDLQDELOLW\ RI WKH JUDWLQJ
HOHYDWHG WHPSMUDWXU AKH>6KHBRDQLXP R[LGH *H ZD'
LQ WKH ILEUH WR UDLVH WKH UHIUDFWLYH LQGH[ RI Wl
SKRWRVHQVLWLYLW\ RI WKH ILEUH IRU HIILFLHQW LQVFU

*UDWLQJ )DEULFDWLRQ

1RUPDO *UDWLQJ

7KH QRUPDO JUDWLQJ ZDV IDEULFDWHG LQ DQ 6E *H FR
ODVHU DV WKH XOWUD YLROHW 89 VRXUFH ZLWK D OC



IUMKHQF\ RI +] DQG XVLQJ D XQLIRUP SKDVH PDVN V

&KDSWHU , W WRRN QHDUO\ PLOQXWHV RI H[SRVXUH
R ZLWK D %UDJJ ZDYHOHQJWK R QP ZLW
PP DQG D UHIUDFWLYH LQGH[ 5, PRGXODWLRQ RI [ 2

QRUPDO W\SH , %UDJJ JUDWLQJ LQ WHUPV RI LWV UHIOH
ZLWK 89 H[SRVXUH WLPH LV VKRZQ LQ )LJ

e
ik

om O
o0

&4

)LJ *URZWK EHKDYLRXU RI WKH QRUPDO W\SH , JUDW
%UDJJ ZDYHOHQJWK YDULDWLRQ DV D IXQFWLRQ R

7KH ILJXUH FOHDUO\ VKRZV WKDW WKH LQLWLDO JURZW
PXFK IDVWHU ZLWKLQ PLQXWHV RI H[SRVXUH WKH JUL

IROORZHG E\ D VXEVWDQWLDO DQG VORZHU LQFUHDVI
UHDFKLQJ VDWXUDWLRQ $IWHU VDWXUDWLRQ ZKHQ WK
PLQXWH WKHUH ZDV D YHU\ OLWWOH GHFUHDVH LQ LW\
ZDV REVHUYHG VKRZLQJ WKDW WKH JUDWLQJ KDG ILQD
ZDV DOZD\V REVHUYHG WR VKLIW WRZDUGV WKH UHG VL
JURZWK DQG ILQDOO\ LW LV VWDELOLVHG ZLWK LWV UH
WKH JUDWLQJ ZDV PRQLWRUHG RQOLQH GXULQJ WKH ID



$QDO\WHU 26% PRGHO +3 $ )LJ VKRZV WKH JURZ
PRGXODWLRQ DQG WKH HIIHFWLYH UHIUDFWLYH LQGH[ R
, QLWLDOO\ WKH YDOXH RI WKH UHIUDFWLYH LQGH[ PRGX
ZLWK D IDVWHU LQFUHDVH LQ WKH UHIOHFWLYLW\ IROO
WKH JUDWLQJ JURZWK ZDV VORZHU )LQDOO\ VDWXUDW
PD[LPXP UHIUDFWLYH LQGH[ PRGXODWLRQ RI [ 2 FRI

7KH HIIHFWLYH UHIUDFWLYH LQGH[ RI WKH ILEUH
VDPH WUHQG DV WKDW RI WKH %UDJJ ZDYHOHQJWK DQG

)LJ *URZWK RI WKH UHIUDFWLYH LQGH[ PRGXODWLRQ
RI WKH QRUPDO W\SH , %UDJJ JUDWLQJ DV D IXQFWL

&KLUSHG *UDWLQJ

7KH ZDYHOHQJWK RI WKH FKLUSHG ILEUH %UDJJ JUDWLQ
>2WKRQRV DQG .DOOL @

$% ] QA 1 7 |



ZKHYM ] LV WKH FKLUSHG JUDWLQJ ZDYHOHQJWK ZKLFK L
WKH JBWOWDQSE WKH UHIUDFWLYH QBIGHQ RQ MWW KHILEBUHFR
] 7KH FKLUSHG JUDWLQJ FDQ EH IDBULROMWHG E\ D[LDOO

JRU D OLQHDUO\ FKLUSHG JUDWLQJ DQG XVLQJ D FKLUS
JUDWLQJ SHULRG LV OLQHDU ZLWK WKH ILEUH D[LV ] D
RI WKH ILRUWMARUAKLUSHG JBQWDQJIESHHLRWLEHVVHG DV EH

$ 1] $ $Q ]

ZKHBRLY WKH VWDUWLQJ SHUQRGWKIHWXIH BIDDWLMRISBIQ G K |

WKH OHQJWK RI WKH JUDWLQJ 7KH BBQGSEDWEKHRI WK
H[SUHVVHG DV EHORZ >.DVK\DS @

$ &M)!:
QHIE s

ZKHYHRQIB®K DWH WKH ORQJ HQG SHULRG DQG WKH VK
FKLUSHG JUDWLQJ ZKLFK LV VKRZQ VFKHPDWLFDOO\ LQ )

{ *UDWLQJ $$ FKLUS

0 *UDWLQJ OHQEMWK / $ Ay&

)LJ 6FKHPDWLF RI WKH FKLUSHG JUDWLQJ WR VKRZ W
WKH EDQGZLGWK RI WKH JUDWLQJ

7KH UHIOHFWLRQ IURP D &)%* LV D IXQFWLRQ RI ZDYH(
HQWHULQJ LQWR D ORQJHU ZDYHOHQJWK FKLUSHG JUDW
HQG VXIITHUR® BHOBFWLRQ ZKLFK LV DSSUR[LPDWHO\ JlL

¢ /

LAFNLUS

1-|RLQHMM$VKRULA"L$ QHMM$LRQJ



ZKH$RLYV WKH FHQWUH RI WKH %UDJJ ZDYLWWOW RH WK IRU SM K5I
JUDWLQJ OMOIWWKBD®XHUDJH JURXS YHORFLW\ RI OLJKW
RI WKH FKLUSHG JUDWLQJ LV WKDW LW GLVSHUVHV OLJ
YIJEHWZHHQ WKH VKRUWHVW DQG ORQJHVW UHIOHFWH
SURSHUW\ LV XVHG WR FRPSHQVDWH IRU FKURPDWLF
RSWLFDO ILEUH WUDQVPLVVLRQ V\VWHPV $WLQ QP ZC
UHIOHFWLRQ LV a Qv P 7KHUHIRUH D JUDWLQJ RI P
ZLOO KDYH D GLVSHUVLRQ R QV QP >.DVK\DS @

BHYHUDO DSSURDFKHV KDYH EHHQ UHSRUWHG IRU WKH
JUDWLQJV &)%HW D®B\@RE®DYH IDEULFDWHG D &)%* WKDW
WKH OHQJWK RI D SKRWRVHQVLWLYH ILEUH DQG D KROR.
WHFKQLTXH WR IRUP WKH FKLUSHG JUDWLQJ WKH YDUL
LQGH[ ZDV FUHDWHG DORQJ WKH OHQJWK RI WKH WDSF
OLPLWHG E\ WKH KLJK SUHFLVLRQ WDSHULQJ FDSDELOLYV
6XJGH®W DO @ KDYH DGRSWHG PHFKDQLFDO GHIRUPDWL]
SKRWRVHQVLWLYH ILEUH EXW XVLQJ WKH VDPH KRORJUI
&)%* ZDV IRUPHG E\ YDU\LQJ WKH JUDWLQJ SHULRG FRQ\
FXUYHG SKRWRVHQVLWLYH ILEUH :LWK LQFUHDVLQJ FXU
WKDW WKH UHIOHFWLYLW\ RI WKH JUDWLQJ GHFUHDVH\
):+0 EDQGZLGWK LQFUHDVHV +LOO DQG (JJOHWRQ >
VWUDLQ JUDGLHQW WHFKQLTXH WR SURGXFH D WXQHDE(
ZKHUH WKH UHIOHFWLYLW\ RI WKH JUDWLQJ ZDV IRXQG !
LQFUHDVLQJ ILEUH WHQVLRQ IURP WR 1 YRU WKLV H
ERQGHG WR D EDVH ZLWK WKH KHOS RI DGKHVLYH DQG W
WKH JUDWLQJ RQO\ 7KHUHIRUH WKH VSDWLDO SHULRG |
Rl WKH ILEUH DFFRUGLQJ WR WKH VWUDLQ JUDGLHQW L
JUDWLQJ FKLUS LV DQ DXWRPDWLF FRQVHTXHQFH RI W
PDJQLWXGH RI WKH QRQ XQLIRUP WHQVLRQ GURS DFU
OLPLWDWLRQ LQ DOO WKH DERYH WHEKQLTXHV LV WKH L
ZLWK LGHQWLFDO FKDUDFWHULVWLEYV



.DVK\®W PO @ KDYH XVHG WKH OLQHDU DQG WKH TXDGU
SURGXFH VHYHUDO FKLUSHG JUDWLQJV ZLWK GLIIHUHQW
FKLUSHG JUDWLQJ LV VKRZQ LQ )LJ > DVK\DS @

)LJ 6FKHPDWLF GLDJUDP RI D VWHS FKLUSHG JUDWL
ZLWK HTXDO OHQJWKZRWKDIF IG VIHIF \BAGQ M \GKADISRG R

7KH FKLUSHG JUDWLQJVHFOQMIRQWYV ZR WW RHDBF® VHFWLRQ |
OHQIJWKQG WKH WRWDO OHQJIWHK &H QWKNHK JRIID MREBEX VNMFWLI
GHILQHG DV IROORZV >.DVK\DS @

7KH WRW®,OLVIKQHIEQHG DV IROORZV >.DVK\DS @
$; 1 %

7KH QXPEHU ®1 VWHIW WKH GLIIHUHQFH EHWZHHQ WKH J

)DUUHWVBO @ KDYH UHSRUWHG WKH IDEULFDWLRQ RI D
EURDG UHIOHFWLRQ EDQGZLGWK QP ZLWK UHIOHFWL"®
ORDGHG ERURQ GRSHG RSWLFDO ILEUH DQG WKH KRORJ
QP ZLGH WUDQVPLVVLRQ EDQG SDVV ILOWHU ZDV FUHLEL
UHIOHFWLRQ VSHFWUXP RI WKH FKLUSHG JUDWLQJ E\ SO
RI WKH JUDWLQJ GXULQJ H[SRVXUH %\URQ DQG 5RXUNH
SKDVH PDVN WR SURGXFH D FKLUSHG JUDWLQJ XVLQJ 3\
K\GURJHQ ORDGHG ERURQ JHUPDQLXP % *H FR GRSHG
WRZHUV RQH RI ZKLFK ZDV PRXQWHG RQ D PRWRULVHG



7KH ODVHU EHDP ZDV GHIOHFWHG WKURXJK f XVLQJ D
VWDJH ZKLFK DOORZV WKH EHDP WR EH VFDQQHG KRUL]R
LQLWLDOO\ D JUDWLQJ ZDV ZULWWHQ DW D JLYHQ ILEUH
HLWKHU LQFUHDVHG RU GHFUHDVHG 7KH ZULWLQJ EHDP
JUbDWLQJ VHFWLRQ H[DFWO\ DGMDFHQW WR WKH ILUVW
EDQGZLGWK RI WKH FKLUSHG JUDWLQJ ZDV OLPLWHG E\
PD[LPXP VWUDLQ WR ZKLFK WKH SKRWRVHQVLWLYH ILEU
WHFKQLTXHV RIITHU WKH IOH[LELOLW\ WR SURGXFH PRUH
FKDUDFWHULVWLFV IRU WKH JUDWLQJV DQG DOVR WR

IDEULFDWLRQ

7KH FKLUSHG JUDWLQJ &)%* XVHG LQ WKLV ZRUN ZDV |
FR GRSHG SKRWRVHQVLWLYH ILEUH XVLQJ 89 OLJKW IUR
FKLUSHG SKDVH PDVN VSHFLILFDWLRQV DUH JLYHQ LQ &
ZDV IL[HG DW PP 7KH H[FLPHU ODVHU HQHUJ\ RI P-
RI +] ZHUH XVHG WR IDEULFDWH WKH FKLUSHG JUDWLC
SURILOH ZDV PRQLWRUHG RQOLQH XVLQJ WKH 26%$ ZLWK
QP )LJ VKRZV WKH JURZWK EHKDYLRXU RI WKH
GLIIHUHQW 89 H[SRVXUH WLPHV ,QWHUHVWLQJO\ WKH
JUDWLQJ ZDV IRXQG WR EH VLPLODU WR WKDW RI WKH Q
*H FR GRSHG HW UMD >6X@ 7KH IRUPDWLRQ RI WKH W\SH
FKLUSHG JUDWLQJV FDQ EH H[SODLQHG IURP WKH WZR
LQYROYHG LQ WKH KLJKO\ JHUPDQLXP GRSHG ILEUH GX
LUUDGLDWLRQ >5LDQW DQG +DOOHU @ 7KH IRUPDWLF
RQO\ LQ KLJKO\ VWUHVV VPDOOHU FRUH GLDPHWHU ILE
JUDWLQJ ZDV QRW REVHUYHG LQ K\GURJHQ ORDGHG ILE!
ORDGLQJ WUHDWPHQW PRGLILHV WKH FKHPLFDO RU WKH
SUHYHQWLQJ WKH IRUPDWLRQ RI W\SH ,,$ JUDWLQJ

,Q WKLV ZRUN LQLWLDOO\ WKH VSHFWUXP RI WKH FKLU:
SRVLWLYH LQFUHDVH LQ WKH UHIUDFWLYH LQGH[ PRG>
LQFUHDVHVY WKLV EHLQJ GHILQHG DV D W\SH , FKLUSHG

VHFRQGV RI WKH 89 H[SRVXUH $Q DYHUDJH UHIOHFWL



DVSHFWUDO ZLGWK RI DURXQG a QP DQG WKHQ LW VD
UHIUDFWLYH LQGH[ PRGXODWLRQ :LWK FRQWLQXRXV H]|
FKLUSHG JUDWLQJ ZDV IRXQG WR HUDVH DOPRVW WRWDC
Rl WKH RSWLFDO SRZHU ZLWK D PD[LPXP GHFUHDVH LQ
ZLWK RQO\ WZR GLVWLQFW GLSV DW ZDYHOHQJWKV R
UHVSHFWLYHO\ VKRZLQJ DQ DYHUDJH UHIOHFWLYLW\ R|
VHERQGV RI H[SRVXUH ZKLOH DW WKH VDPH WLPH DGYDC
JUDWLQJ GHILQHG DV D W\SH ,,$ JUDWLQJ

)LJ *URZWK EHKDYLRXU RI WKH FKLUSHG JUDWLQJ V¢
WLPHV ZLWK ODVHU HQHUJ\ RI P- DQG UHSHWLWLR

'LWK IXUWKHU LOOXPLQDWLRQ WKH WUDQVPLVVLRQ SRZ
RI WKH QHZ FKLUSHG JUDWLQJ LQFUHDVHYV ZLWK DJDLQ
PRGXODWLRQ DQG LW ILQDOO\ VDWXUDWHY DFKLHYLQJ C
ZLWK D VSHFWUDO ZLGWK R a QP ZKLFK UHTXLUHV D V
7TKH QG VDWXUDWHG VSHFWUXP RI WKH &)%* UHVXOWYV |
W\SH ,,$ &)%* RIITHUV ERWK KLJKHU YDOXHV Rl UHIOHF



FRSDUHG WR WKDW RI WKH LQLWLDO W\SH , FKLUSHG

LQGXFHG UHIUDFWLYH LQGH[ PRGXODWLRQ 'XULQJ WKH
ZDYHOHQJWK VKLIWYV WRZDUG WKH VKRUWHU ZDYHOHQJ
WKDW RI WKH LQLWLDO W\SH , FKLUSHG JUDWLQJ IRUPEL
FDQ UHDGLO\ EH H[SODLQHG IURP WKH RSSRVLQJ HIIHF\
GRSDQW LQ WKH UHIUDFWLYH LQGH[ YDOXH RI WKH ILEU
DQG W\SH ,,$ FKLUSHG %UDJJ JUDWLQJ IRUPDWLRQ ZD)\
IL[HG DOLJQPHQW SRVLWLRQ RI WKH FKLUSHG SKDVH PI
WKH VDPH 89 H[SRVXUH FRQGLWLRQV LQ WKH VDPH SKR
W\SH ,,$ &)%* zDV REVHUYHG IRU WKH ILUVW WLPH WR

ZLWK EHWWHU DOLJQPHQW RI WKH FKLUSHG SKDVH PDV!
FKLUSHG JUDWLQJ VSHFWUXP FDQ EH UHGXFHG EXW WKH
ODVHU H[SHULPHQWY FDUULHG RXW

7KH PD[LPXP VSHFWUDO ZLGWK Rl WKH FKLUSHG JUDWL
ILEUH ZDV H[SRVHG DW RQH IL[HG SRVLWLRQ RI WKH FKL
OHQJWK RI PP DQG EDQGZLGWK Rl a QP WKH FKLUS
SUHVHQW H[SHULPHQWVY WZR GLIIHUHQW W\SH ,,$ FKLUS?
% *H FR GRSHG ILEUH XVLQJ WKH VDPH H[SRVXUH FRQGL
RI WKH FKLUS SKDVH PDVN IRU ZDYHOHQJWKY UDQJLQ
DFKLHYLQJ D ZDYHOHQJWK RYHUODS IDFWRU Rl a QP
DQG WKHLU WUDQVPLVVLRQ VSHFWUD DUH VKRZQ LQ )l
FKLUSHG JUDWLQJ FRXOG EH DFKLHYHG WKURXJK WKH
PDVN DV XVHG E\ %\URQ DQG 5RXUNH > @



'DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH WZR GLIITHUHQV
UDQJLQJ IURP a QP WR QP ZLWK D ZDYHOHQJWK R

$QQHDOLQJ RI WKH QRUPDO JUDWLQJ

7KH QRUPDO W\SH , %UDJJ JUDWLQJ ZDV DQQHDOHG DW
VWDELOLW\ DQG WKH ZDYHOHQJWK UHSURGXFLELOLW\ R
VHQVLQJ HOHPHQW RI WKH V\VWHP 7KH DQQHDOLQJ WH
GDWD REWDLQHG IURP WKH SUHYLRXV ORQJ WHUP WKHU
DV VKRZQ LQ )LBW DO@KH®H JUDWLQJV ZULWWHQ LQ WK
ILEUH ODVHU HQHUJ\ RI P- DQG UHSHWLWLRQ IUHT:
UHVSHEWLYHO\ VKRZHG D EHWWHU WKHUPDO VWDELOLW
LQ WKH WLQ 6Q GRSHG ILEUH XVLQJ WKH VDPH OHYH
IUHTXHQF\ RI +] RYHU WKH WHPSHUDWXUH UDQJH IRL
JRU WKH SUHVHQW H[SHULPHQWYVY D QRUPDO W\SH , JUDW
RI  P- DQG IUHTXHQF\ R +] 7R DFKLHYH D UHIOHFWL
WHPSHUDWXUH ZDV FKRVHQ WR EH f& VR WKDW WKH
KLJK DV XS WR f& ZLWK EHWWHU UHSURGXFLELOLW\ R



)LJ '"HFD\ LQ WKH UHIOHFWLYLWLHV RI WKH %UDJJ JU
DQG 6Q GRSHG VLOLFD ILEUHV ZLWK WHPSHUDWXUH RYH
f& >6HWQDO@

7R DQQHDO WKH QRUPDO W\SH , %UDJJ JUDWLQJ LW ZD\
WXEH RYHQ &DUEROLWH 07) 'XULQJ WKH DQQF
JUDWLQJ LW WRRN QHDUO\ DQ KRXU WR VHW WKH RYH
WHPSHUDWXUH a f& $V D UHVXOW WKH JUDWLQJ KDG
Rl WKH UHIOHFWLYLW\ IURP W R DULVLQJ IURF
LQGXFHG UHIUDFWLYH LQGH[ 5, PRGXODWLRQ IURP [
WKH 5, PRGXODWLRQ DQG WKH HIIHEWLYH 5, FKDQJH RI
SURFHVV LV VKRZQ LQ )LJ $ IDVWHU GHFD\ LQ WKH |
ILUVW IHZ KRXUV IROORZHG E\ D VXEVWDQWLDOO\ VOR2:
REVHUYHG IRU WKH ODVW a KRXUV RI DQQHDOLQJ )LG

VWDELOLVHG DW DORQJ ZLWK WKH VWDELOLVDWLR
DW [O $GGLWLRQDOO\ D EOXH VKLIW LQHWKH %UDJ
DO @ DQG LW WRRN a KRXUV WR UHDFK WKH DV\PS\

WKH %UDJJ ZDYHOHQJWK DQG ILQDOO\ LW VWDELOLVHG
ZLWK WKH VWDELOLVDWLRQ RI WKH HIITHFWLYH UHIUDFWL



—_—< I\).—-IH\)'T‘

)LJ '"HFD\ LQ WKH UHIUDFWLYH LQGH[ PRGXODWLRQ D
WKH QRUPDO W\SH , %UDJJ JUDWLQJ ZLWK DQQHDOLQJ

.__'-_|®

)LJ '"HFD\ LQ WKH UHIOHFWLYLW\ DQG WKH %UDJJ ZC
W\SH , %UDJJ JUDWLQJ ZLWK DQQHDOLQJ WLPH DW



)LJ VKRZV WKH GHFD\ LQ WKH UHIOHFWLYLW\ DQG WI

WKH DQQHDOLQJ SURFHVV DW WHPSHUDWXUH R f& )
WKH %UDJJ ZDYHOHQJWK IROORZV FORVHO\ WKH VDPH G
LQGH[ RI WKH JUDWLQJ DV ZDV VKRZQ LQ )LJ yLJ

RI WKH QRUPDO W\SH , %YUDJJ JUDWLQJ ERWK DW URRP
DIWHU DQQHDOLQJ 7KH UHIOHFWLYLW\ ZDV PHDVXUHG |

IXOO ZLGWK DW KDOI PD[LPXP ):+0 EDQGZLGWK RI (
QP XVLQJ WKH 26% ZLWK D 5%: RI QP
)LJ SHIOHFWLRQ VSHFWUD RI WKH QRUPDO JUDWLQ

EHIRUH DQG DIWHU DQQHDOLQJ

(QKDQFHPHQW RI WKH FKLUSHG JUDWLQJ EDC

7R HQKDQFH WKH WRWDO VSHFWUDO ZLGWK RI WKH FKLL
WKH DFWLYH VHQVRU PHDVXUHPHQW UDQJH WZR LQGLY
VDPSOHV VKRZQ LQ )LJ ZHUH IXVLRQ VSOLFHG WRJ
VDPSOHYVY ZHUH DQQHDOHG DW f& TRU WKH KRXUV
QRUPDOO\ EH XVHG DW URRP WHPSHUDWXUH )LJ V K



FKUSHG JUDWLQJ DW URRP WHPSHUDWXUH EHIRUH DQG

WKH WUDQVPLVVLRQ VSHFWUXP RI WKH JUDWLQJ DIWHU

PHDVXUHG WR EH a : ZLWK D ):+0 EDQGZLGWK R
QP DW URRP WHPSHUDWXUH DIWHU DQQHDOLQJ

'DYHOHQJWK QP

YL Jz 5HIOHFWLRQ VSHFWUD RI WKH FKLUSHG JUDWLQJ

EHIRUH DQG DIWHU DQQHDOLQJ DIWHU WKH WZR VDPSOI

WKH LQGLYLGXDO VSHFWAUXRYBW WKRZY MXMH.WUDQVP
VSHFWUXP DIWHU DQQHDOLQJ

([SHULPHQWDO $UUDQJHPHQW

/IDVHU &DYLW\ &RQILIXUDWLRQ

$ WKHUPDOO\ DQQHDOHG QRUPDO W\SH , %UDJJ JUDWLAQ.
5% IDEULFDWHG DV GHVFULEHG DERYH ZHUH IXVLRQ °



(U GRSHG ILEUH ZKLFK IRUPHG WKH ODVHU DFWLYH PH

LV VKRZQ LQ )LJ 7KH (U GRSHG ILEUH KDG DQ (U I
SSP D FRUH GLDPHWHU RI SP D QXPHULFDO DSHU
ZDYHOHQJWK R SP ZLWK LQ DGGLWLRQ JHUPDQL

GRSDQW VXSSOLHG E\ ORULWH[ (XURSH /WG 6ZHGHQ

)LJ 6FKHPDWLF GLDJUDP RI D ILEUH %UDJJ JUDWL

WHPSHUDWXUH DQG VWUDLQ PHDVXUHPHQWYV &)%* FKL

HUELXP GRSHG ILEUH 70 WKHUPRFRXSOH PHWUH 00
PDWFKLQJ JHO

7TKH DGGLWAWAHDR RD@FHY WKH DELOLW\ RI WKH (U LRQ WHF
WKH ILEUH FRUH KHQFH WR LPSURYH WKH SXPS SRZHU
UHGXFH DQ\ TXHQFKLQJ HIITHFWV WKDW PD\ RFFXU >'LJR
S%L ZDV SODFHG LQ WKH FHQWUH RI WKH WXEH RYHQ
ZLWK DGKHVLYH WR WZR PLFURPHWHU VWDJHV ZLWK R
LV YDULDEOH XQGHU ]J]HUR D[LDO VWUDLQ WR DYRLG
PHDVXUHPHQWY 7KH WKZDY HG SWDDWL Q@QIPEBIHQW WHPSHUL
ODVHU RVFLOODWLRQ WKH JDLQ PHGLXP ZDV RSWLFDOC
QP )%* VWDELOLVHG ODVHU GLRGH /' WKURXJK D
PXOWLSOH[HG :'0 FRXSOHU DQG WKH RXWSXW ZDV PRC(
PDWFKLQJ JHO ,0* ZDV XVHG DW WKH UHPRWH HQG RI W
JUHVQHO UHIOHFWLRQ LQWR WKH ODVHU FDYLW\



([SHULPHQWDO UHVXOWYV

THPSHUDWXUH OHDVXUHPHQWYV

7KH IROORZLQJ VWHSV ZHUH XQGHUWDNHQ WR HYDOXDMW
SHUIRUPDQFH

2XWSXW VSHFWUD

)LJ VKRZV WKH RXWSXW VSHFWUD RI WKH ODVHU R
RYHU WKH UDQJH ITURP URRP WHPSHUDWXUH a f& WR
R P: RI QP 7KH ODVHU ZDYHOHQJWK PHDVXUHG Z
ZLWK WKH %UDJJ ZDYHOHQJWK RI WKH QRUPDO W\SH , ¢
ZLGWK EHLQJ PXFK QDUURZHU a QP WKDQ WKDW R/

QP 'LWK LQFUHDVLQJ WHPSHUDWXUH WKH ODVH!
ORQJHU ZDYHOHQJWK VLGH RI WKH VSHFWUXP DULVLQJ I
JUDWLQJ SHULRG GXH WR WKH WKHUPDO H[SDQVLRQ FRI
ILEUH HIITHFWLYH UHIUDFWLYH LQGH[ GXH WR WKH WKHUF

‘DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH ODVHU ZLWK GLIITHUHC
URRP WHPSHUDWXUH a f& WR f& ZLWK D IL[HG S



,OQWHQVLW\ DQG OLQHZLGWK YDULDWLRQ

7KH LQWHQVLW\ DQG WKH OLQHZLGWK YDULDWLRQ RI WK
UDQJH IURP URRP WHPSHUDWXUH WR f& DUH VKRZQ L
SXPS SRZHU RI P: $W D WHPSHUDWXUH R f& WKH I
IRXQG WR GHFUHDVH WR D OHYHO RI a S: DW D ZDYH
VDPH IL[HG SXPS SRZHU RI P: 7KLV DULVHV EHFDXV#
UW DQG WKH JURXOQR @HHH@Q MULURQV FRQVLVW RI VHYHU
SRSXODWHG WR YDULRXV GHJUHHV GHSHQGLQJ RQ WKH
WKHLU IOXRUHVFHQFH VSHFWUD LQ JHQHUDO FRPSULV
QP DQG QP WKLV YDU\LQJ WR D VPDOO GHJUHI
>'HVXUYLUH DQG 6LPSHWRQO@ %HFNHU
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)LJ 2XWSXW SRZHU DQG WKH OLQHZLGWK YDULDW
WHPSHUDWXUHY RYHU WKH UDQJH IURP URRP WHPSHUD

SRZHU R P:

7TKH YDULDWLRQ LQ WKH RXWSXW SRZHU RI WKH ODVHU
YDULDWLRQV RI WKH FKLUSHG JUDWLQJ VSHFWUXP DQG



VRILOH RI WKH (U GRSHG ILEUH XVHG DV WKH JDLQ PHC
RI WHPSHUDWXUHYV ZLWK D W\SLFDO ODVHU OLQHZLGWK
UHIOHFWLYLW\ RI WKH FKLUSHG JUDWLQJ ZDV PXFK KLJI

)LJ DV WKLV DOORZV OHVV RXWSXW SRZHU WUDC
RXWSXW ZDV HIWUDFWHG WKURXJK WKH FKLUSHG JUDWL
WKH QP ZDYHOHQJWK UDQJH WKH RXWSXW SRZHU R

WKH UHIOHFWLYLW\ RI WKH FKLUSHG JUDWLQJ ZDV IRXC
SVPRRWKHU" VSHFWUXP RI WKH FKLUSHG JUDWLQJ LW
YDULDWLRQV RI WKH ODVHU ZRXOG EH PRUH UHDGLO\
FRQVLGHUHG LQ PRUH GHWDLO LQ &KDSWHU $V WKH
HQFRGHG PHDVXUHPHQW WKH UHODWLYH DPSOLWXGH |
SUREOHP IRU VHYHUDO SUDFWLFDO DSSOLFDWLRQV

6HQVRU &DOLEUDWLRQ ZLWK f& THPSHUDWXUH |

)LJ &DOLEUDWLRQ RI WKH ODVHU ZDYHOHQJWK ZL
WHPSHUDWXUHY RYHU WKH UDQJH IURP URRP WHP:



'XULQJ WKH WHPSHUDWXUH FDOLEUDWLRQ RI WKH VHQV
KHOG LQ LQWLPDWH FRQWDFW ZLWK WKH QRUPDO JUDW
FRPSDUDWLYH PRQLWRULQJ RI WKH RYHQ WHPSHUDWXU
URRP WHPSHUDWXUH WR f& LQ LQFUHPHQWDO VWHSYV
a PLQXWHV DW HDFK WHPSHUDWXUH WR DFKLHYH WKH
WHPSHUDWXUH DQG WKH VHQVLQJ JUDWLQJ EHIRUH UH
FKDQJH LQ WKH ODVHU ZDYHOHQJWK ZLWK DVFHQGLQJ C
UDQJH IURP URRP WHPSHUDWXUH WR f& LV VKRZQ LQ
ODVHU ZDWHOWM@IWKQFWLRQ Rl WHPSHUDWXUH ZDV ED
DQG QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILWWLQJ

JRU D OLQHDU ILWWLQJ

$/ 7 7

8VLQJ D QG RUGHU SRO\QRPLDO ILWWLQJ

N/ 7 [ 73 [ 2

8VLQJ D UG RUGHU SRO\QRPLDO ILWWLQJ

$ow [O a U [ 33U [ U

ZKHUHV WKH DSSOLHG WHPSHUDWXUH LQ GHJUHHV &HO
&RPSDULVRQ RI WKH VHQVRU FDOLEUDWLRQ UHVXOWYV
SRO\QRPLDO UHJUHVVLRQV ILWWLQJ DUH JLYHQ LQ 7DEO

'LWK D OLQHDU ILWWLQJ WR WKH H[SHULPHQWDO GDWD

EH SP f& ZLWK D URRW PHDQ VTXDUH HUURU 506
ZDYHOHQJWK ZKLFK LV HTXLYDOHQW WR f& LQ WHPS
WHPSHUDWXUH WR f& +RZHYHU WDNLQJ LQWR FRQVL
SRO\QRPLDO ILWWLQJ WKH WHPSHUDWXUH GHSHQGHQW
f& DQG SP f& DW f& DQG f& ZKHUH WKH VHQV
WR EH KLIJKHU WKDQ DW URRP WHPSHUDWXUH $OVF



506( YDOXH ZDV IRXQG WR EH QP ZKLFK LV HTXLYL
DYHUDJH 7KLV VKRZV DQ LPSURYHPHQW LQ WKH HUURU
f& ZLWK D OLQHDU ILWWLQJ RYHU WKH ZLGHU PHDVXUHF
OLQHDULW\ LQ WKH WKHUPDO VHQVLWLYLW\ RI WKH VH
RSWLF FRHIILFLHQW ... RI WKH VLOLFD JODVV DV ZDV G

JRU 6E *H FR GRSHG ILEUH WKH WHPSHUDWXUH GHSHQG
IRXQG WR OLH LQ WKH UDQJH EHWZHHQ [O2 f& WR
HIWUHPHV RI f& DQG f& UHVSHFWLYHO\ IRU D |
FRHIILAFLRQW [ 1T fAGHOQG 7TKH SDUDPHWHU ZDV FDOFX
WKH VDPH HTXDWLRQ DV GHULYHG LQ &KDSWHU
HTXDWLRQ 7TKH FDOFXODWHG URRP WHPSHUDWXUH
[ f& RI WKH 6E *H FR GRSHG ILEUH DJUHHYVY ZHOO W

RI WKH WKHUPR RSWLF FRHIILFLHQW IRU WKH JHUPDOQL!:
5HLG DQG 2]FDQ > @

7TDEOH &DOLEUDWLRQ RI WKH ODVHU VHQVRU XVLQJ |
UHJUHVVLRQV ILWWLQJ RYHU WKH UDQJH IURP

@G RUGHU UG RUGHU
SDUDPHWHUYLQHDU ILS\WROLQRPISIRMW\QRPEQIOW XVHG
ILWWLQJ ILWWLQJ

7HBHUDWXUH UDQJH 'HJ &
\/:/&

BHQVLWLYLW\ SP f&
f&

&RHIILFLHQW RI
GHWHUPLQDWLRQ &2'

6WDQGDUG GHYLDWLRQ 6

5RRW PHDQ VTXDUH HUURU

506 ( QP
f&
506 ( ‘e f&



, 6HQVRU &DOLEUDWLRQ ZLWK f& THPSHUDWXUH F

)LJ VKRZV WKH VKLIW LQ WKH ODVHU ZDYHOHQJWK
VWHSVY RYHU WKH UDQJH IURP URRP WHPSHUDWXUH WR

LQ D YHU\ QDUURZ VWHS WR VHH WKH GLVFRQWLQXLW\ L
FKDQJLQJ HIITHFW 7KH VHQVRU ZDYHOHQJWK ZDV IRXQG
WKH UHVRQDQW ZDYHOHQJWK DQG WKH %UDJJ ZDYHOHQ
WKH JDLQ SHDN RI WKH ODVHU $OWHUQDWLYHO\ LW FD
WKHUH LV D PLVPDWFK LQ WKH UHVRQDQW ZDYHOHQJWK
D GLVFRQWLQXLW\ RFFXUV 7KLV ZDV QRW FOHDUO\ REV
ZDV VWXGLHG ZLWK D f& FKDQJH LQ WHPSHUDWXUH
FHOQWUDO ZDYHOHQJWK RI WKH ODVHU ZDV XVHG WR LGH

)LJ 6KLIW LQ WKH ODVHU ZDYHOHQJWK LQ f& WHP
I[URP URRP WHPSHUDWXUH WR f&



6WUDLQ OHDVXUHPHQWYV

JRU VWUDLQ PHDVXUHPHQWY WKH IROORZLQJ VWHSV ZH
LQGXFHG HIIHFW RQ WKH VHQVRU SHUIRUPDQFH

2XWSXW VSHFWUD

JRU GLITHUHQW VWUDLQ PHDVXUHPHQWY WKH RYHQ WHP
FKLUSHG JUDWLQJ ZDV NHSW DW DPELHQW WHPSHUDWXL

P: 7KH VWUDLQ ZDV DSSOLHG WR WKH QRUPDO JUDWL(
VWDJH ZLWK D PLFURPHWHU LQ VWHSV RI SP DQG WK
VKLIW ZDV PRQLWRUHG XVLQJ WKH 26% ZLWK D 5%: RI
YDOXH RI SV 7KH vVWUDLQ YDOXH ZDV DSSOLHG XS
WR WKH ILEUH DV WKH VHQVLQJ JUDWLQJ 5%L KDG EHI
SULRU WR WKH H[SHULPHQW

'DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH ODVHU ZLWK GLIITHUHQ
D ILIHG SXPS SRZHU RI P:



+RZHYHU H&HXD @ KDYH UHSRUWHG VLPXOWDQHRXV V
PHDVXUHPHQWY XVLQJ D ILEUH %UDJJ JUDWLQJ LQVFULE

D VOLJKWO\ ZLGHU VvWUDLQ UDQJH WR SV EXW D P
f& WR f& 7TKH UHVSRQVH RI WKH ODVHU RXWSXW WR
VKRZQ LQ )LJ 7KH ODVHU ZDYHOHQJWK VKLIWHG WR

RI WKH VSHFWUXP EHFDXVH RI WKH IUDFWLRQDO FKDQ
FRXSOHG ZLWK WKH FKDQJH LQ WKH ILEUH HIIHFWLYH UF
HITHFW ZLWK LQFUHDVHG DSSOLHG VWUDLQ DV GHVFUL
WKH ZDYHOHQJWK UDQJH IURP a QP WR QP LQ WK
(U GRSHG ILEUH DULVHV IURP WKH UHIOHFWLRQ FKDUDEF
VLIJQDO WR QRLVH UDWLR 615 RI WKH ODVHU VLJQDO :
HDVLO\ EH VHHQ IURP WKH ILJXUH ZKHQ WKH QRUPDO JL
$ SRRU 615 LV REVHUYHG EH\RQG WKH WXQHDEOH ODVI
):+0 EDQGZLGWK a QP RI WKH FKLUSHG JUDWLQJ ¢
REVHUYHG ZLWK WKH WHPSHUDWXUH PHDVXUHPHQW UHV

6HQVRU &DOLEUDWLRQ ZLWK 6WUDLQ

7KH FKDQJH LQ WKH ODVHU ZDYHOHQJWK ZLWK ERWK L
VWUDLQ LQ WKH UDQJH SV LV VKRZQ L@ DWVJ Zk
D IXQFWLRQ RI VWUDLQ ..t FDQ EH H[SUHVVHG WKURXJK

H o[ H

ZKHWHV WKH DSSOLHG VWUDLQ LQ PLFURVWUDLQ WR
VHQVLWLYLW\ ZDV FDOFXODWHG XVLQJ D OLQHDU ILW WF
RI GHWHUPLQDWLRQ &2' RI ! DQG VWDQGDUG GH)
VHQVLWLYLW\ ZDV IRXQG WR EH SP SV ZLWK DQ 506¢( |

YRU 6E *H FR GRSHG ILEUH WKH V3MZDMIR X QYEPWRHEH/ R U
IRU D VWUDNQ YDORMN RI 3RLVVVRRQ TV UDPEMM
7KLV YDOXH ZDV FDOFXODWHG XVLQJ WKH (T [



)LJ &DOLEUDWLRQ RI WKH ODVHU ZDYHOHQJWK ZLW
YDOXHV RI VWUDLQ RYHU WKH UDQJH IURP

JRU ERWK WHPSHUDWXUH DQG VWUDLQ PHDVXUHPHQWYV
UHSHDWHG XVLQJ ERWK DVFHQGLQJ DQG GHVFHQGLQJ
UHVSRQVH RI WKH DFWLYH VHQVRU ZDV IRXQG WR EH UH
WKH 26 $ ZLWK D 5% : R QP ZLWK DOPRVW QHJOLJLEO

(IIHFW RQ ODVHU FDYLW\ OHQJWK ZLWK Ut
FKDQJHV

7KH FKDQJHV LQ WKHS$O.DWKDW ZHHOHREBWKUYHG UHIOHFW
WKH %UDJJ ZDYHOHQJWK RI WKH QRUPDO JUDWLQJ 5%
SHUWXUEDWLRQV GXH WR WKH WHPSHUDWXUH RU VWUDLI
JUDWLQJ XVHG DV RQH Rl WKH UHIOHFWRUV LQ WKH ODV|
OHQBWKZLWK WKH FKDQJHV LQ WKH UHVRQDQW ODVHU Z
VWUDLQ LV VKRZQ LQ (T &RQVLGHULQJ D OLQHDU W
WKH PD[LPXP HUURU YDOXH Rl WKH V\VWHP ZDV IRXQG W|



HTXDOHQW WR f& LQ WHPSHUDWXUH DW f& RYHU \

f& 7KH HUURU YDOXH GHSHQGV RQ WKH PHDVXUDQ
V\VWHP WKH EDQGZLGWK RI WKH FKLUSHG JUDWLQJ D
VI\IVWHP $VVXPLQJ WKH IXQGDPHWDODRRE:GH RRWKH OD
VLOLFD ILEUH WKH PD[LPXP FKDQJH LQ WKH ODVHU FDY
QP XVLQJ WKH PD[LPXP HUURU YDOXH UHSRUWHG WKLV
OHDGLQJ WR D PD[LPXP HUURU YDOXH RI f& LQ WKH V\V

6LPLODUO\ IRU WKH VWUDLQ PHDVXUHPHQWY WKH PD[LP
[ 3 QP HTXLYDOHQW WR SV DW D vWUDLQ YDOXH RI

SP SV RYHU WKH UDQJH RI WR SV )RU WKH IXC
WKH PD[LPXP FKDQJH LQ WKH ODVHU FDYLW\ OHQJWK ZLC
(T ZKLFK PD\ FDXVH D PD[LPXP VWUDLQ HUURU YDO:

6 XPPDU\

JUHTXHQWO\ W\SH , %YUDJJ JUDWLQJY ZULWWHQ LQWR K
ILEUH XVLQJ WKH VDPH ZULWLQJ FRQGLWLRQV ODVHU H
+] KDYH EHHQ IRXQG WR EH UHDGLO\ 3ZDVKHG DOW"~ DW

@ ZLWKLQ D IHZ KRXUV ZKLFK LPSOLHV WKDW WKHUF
WKHLU XVH LQ DFWLYH VHQVRU DSSOLFDWLRQV 6LPLODL
KLJK JHUPDQLXP HUELXP FR GRSHG ILEUH DOVR VKRZH
UHIOHFWLYLW\ YDOXHV ZKHQ DQQHDOHG DW f& IRU a
WKDQ DIWHU DQQHDOLQJ JRU W\ASH ,,$ %UDJJ JUDWLQJ
VKRZHG D PXFK EHWWHU WHPSHUDWXUH VXVWDLQDELOL
VDPH SHULRG WKH UHIOHFWLYLW\ UHPDLQHG DV KLJK D
W\SH ,,$ %UDJJ JUDWLQJ ZDV XVHG IRU ODVHU EDVHG KL
ODUJHU YDOXH RI WKH UHIOHFWLRQ VSHFWUDO ZLGWK
KLIKHU HUURU YDOXH RI a f& LQ WKH GHWHFWLRQ V\V
URRP WHPSHUDWXUH WR f& DV GLVFXVVHG LQ &KDSW



,Q WKLV &KDSWHU WKH IRUPDWLRQ RI WKH W\SH ,,$ FKLI
WKH % *H FR GRSHG ILEUH KDV EHHQ UHSRUWHG IRU WK
WKH VLPLODU JURZWK EHKDYLRXU WR WKDW RI WKH XQ
ILEUH 7KH IRUPDWLRQ SKHQRPHQRQ RI ERWK W\SHV , D
UHSHDWDEOH IRU RQH IL[HG DOLJQPHQW SRVLWLRQ RI W|
VDPSOHV 7KH EDQGZLGWK RI WKH FKLUSHG JUDWLQJ ZD
GLIITIHUHQW W\SH ,,$ FKLUSHG %UDJJ JUDWLQJV ZLWK WKF
RYHU WKH ZDYHOHQJWK UDQJLQJ IURP a QP WR

EDQGZLGWK QP RI WKH FKLUSHG JUDWLQJ ZDV XVHC
ODVHU FDYLW\ WR DFKLHYH ERWK WKH ZLGH PHDVXUHPHC

$ QRUPDO W\SH , %UDJJ JUDWLQJ ZDV ZULWWHQ LQWR DQ
DELOLW\ WR RSHUDWH UHOLDEO\ DW WKH KLJK WHPSHU
ZULWWHQ LQ WKH 6E *H FR GRSHG ILEUH VKRZHG D KL
FRPSDUHG WR WKDW RI WKH 6Q GRS$IMG BOE@H 7BW UHSFK
IDEULFDWLRQ RI W\SH , %UDJJ JUDWLQJ ZULWWHQ LQWR
PLQXWHV RI H[SRVXUH WR FUHDWH FRPSDUHG WR WKDW
PLOQXWHV ZULWWHQ LQWR WKH KLJK *H (U FR GRSHG IL

OHYHO RI UHIOHFWLYLW\ RI a XVLQJ WKH VDPH ZUL)
DFWLYH VHQVRU V\VWHP WKH OLQHDU WKHUPDO VHQVLYV
IRXQG WR EH SP f& WKDW LV DOPRVW LQ WKH VDPH
VHQVLWLYLW\ RI SP f& LQ WKH KLJK *H (U FR GR

LPSURYHPHQW LQ WKH URRW PHDQ VTXDUH HUURU 506(
ILWWLQJ DQG OHVV WKDQ f& IRU WKH SRO\QRPLDO ILV
PHDVXUHPHQW UDQJH IURP URRP WHPSHUDWXUH WR

YDOXH RI f& RYHU WKH UDQJH IURP URRP WHPSHUDW X!

7KH SUHFLVLRQ Rl WKH ODVHU EDVHG VHQVRU V\VWHP LQ
EHHQ OLPLWHG E\ WKH UDQGRP ODVHU PRGH KRSSLQJ RE
WKH ODVHU )RU D ODVHU OLQHZLGWK RI QP PHDVXU

QP DQG ZLWK D FDYLW\ OHQJWK RI a FP WKH ODV
ORQIJLWXGLQDO PRGHV WKHUHIRUH WKH ODVHU RXWSXW



WHK ODVHU DSSHDUV WR EH KRSSLQJ EHWZHHQ VHYHUDO
RQ WKH ODVHU ZDYHOHQJWK DQG WKH RXWSXW LQWHQV
PHDVXUDQG +RZHYHU WKH HIIHFW RQ WKH ODVHU ZDY!
VWUDLQ PHDVXUHPHQWY EHFDXVH RI WKH VPDOOHU ZD)
RFFXU RYHU WKH WRWDO PHDVXUDQG UDQJH XVHG FRI
PHDVXUHPHQWYV SP f& $ VLPLODU HIIHEW ZDV RE
ZDV FKDQJHG LQ D YHU\ QDUURZ VWHS Rl f& RYHU WKt
f& ,Q WKLV PHDVXUHPHQW WKH GRPLQDQW FHQWUDO
GHWHUPLQH WKH VHQVRU ZDYHOHQJWK XVLQJ WKH 26$%
+RZHYHU WKH VHQVRU ZDV IRXQG WR EH SDUWLEXODU
ZDYHOHQJWK DQG WKH %UDJJ ZDYHOHQJWK RI WKH )%*
RI WKH ODVHU %\ UHGXFLQJ WKH FDYLW\ OHQJWK WKH
EH IXUWKHU LQFUHDVHG WR PDLQWDLQ WKH ODVHU RVF
RYHU WKH PHDVXUHPHQW UDQJH FRQVLGHUHG DQG WKX
IXOO\ HOLPLQDWHG DV UHSRUWHG E\ %DOO DQG ORUH\ >
UHODWLYHO\ ORZ SXPS DEVRUSWLRQ SHU XQLW OHQJ\
RVFLOODWLRQ LQ D VLQJOH ORQJLWXGLQDO PRGH OLPLV
WR LPSURYH WKH VLQJOH IUHTXHQF\ VHQVRU RXWSXW
DPSOLILHU 023% FRQILJXUDWLRQ WR SXPS DQ DGGLWL!
ILEUH H[WHUQDO WR WKH ILEUH ODVHU XVLBW WROH UHV
@ ZKLFK DJDLQ UHVXOWV LQ D PRUH FRPSOH[ WKH RY

7KH NH\ DFKLHYHPHQW ZDV D QRYHO DFWLYH VHQVRU V
ZULWWHQ LQWR KLJK WHPSHUDWXUH VXVWDLQDEOH 6E °
RSHUDWH RYHU D ZLGHU UDQJH DQG WKH UHVXOWYV ZHL
F\FOHV RI PHDVXUHPHQW 7KH WHPSHUDWXUH ZDV PRQL

WHPSHUDWXUH WR f& DQG VWUDLQ YDOXHV RI
DFKLHYLQJ DFFHSWDEOH PHDVXUHPHQW HUURUV RI| OH
ILWWLQJV DQG SF UHVSHFWLYHO\ RYHU WKH DERY

SDUDPHWHUYV 7KH KLJK VLJQDO WR QRLVH UDWLR 615 O
VLIQDO PDNH WKH DFWLYH VHQVRU GHYLFH VXLWDEOH |
LQFOXGLQJ XVH XQGHU KDUVK HQYLURQPHQWDO DSSOLFI



SHIHUHQFHYV

f $ODYLH $ 7 .DUU 6 ( 2WKRQRV $ DQG OHDVXUHV

%UDJJ JUDWLQJ ILEHU QDVBKRWHR®VRUHNKRREP /HWW

Ss

f %DOO *$ DQG ORUH\ : : &RPSUHVVLRQ WXQHG

JUDWLQJ IRBWU /GIDWMU YRO SS

t %DOO *$ +ROWRQ & ( +XOO $OOHQ * DQG ORU
P VLQJOH IUHTXHQF\ ORZ QRIVBKRERQ ODHAKDRQ:

/HWWR O SS

f %HFNHU 3 & 20VVRQ 1 $ DQOEGXPS\RBMG-)LEHU

$PSOLILHUV )XQGDPHQWIFDG BDMIG BHUAKQR GRIL 'LHIR &

f %\URQ . & DQG 5RXUNH + 1 J)DEULFDWLRQ RI
QRYHO VWUHWFK D@GREWURE WHWKQ L TR Ss
I %\URQ . & 6XJGHQ . %ULFKHQR 7 DQG %HQQLR

FKLUSHG %UDJJ JUDWLQJVAHKFYKRWRIOIHYWSEBLYH ILEU

t &KHQ * /LX [/ =-LD + <X - :X | DQG :DQJ
VWUDLQ DQG WHPSHUDWXUH PHDVXUHPHQWYV ZLWK IL
+L %L RSWLFDBKREHRLD 7HFKRRO /ISWW

f '"HVXUYLUH ( DQG 6LPSVRQ ;l5DQG §WDOXDWHLYRHD R
HQHUJLHV LQ HUELXP GRSHG DDPXPLQRWIAOLFDEH JOL

f 'LJRQQHW 0 -5DUH (DUWK 'RSHG )LEHU /DVHUV DQ
ODUFHO 'HNNHU 1HZ <RUN

+ )DUULHV 0 & 6XJGHQ . G5HLG '& - %HQQLRQ |,
0 - 9HU\ EURDG UHIOHFWLRQ EDQGZLGWK QP
QDUURZ EDQGSDVV ILOWHUV SURGXFHGOHEFWHRQXVH
/HWWR O SS

f *KRVK * ORGHO IRU WKH WKHUPR RSWLF FRHI
RSWLFDO JORDY RHYVW RECROLGWS
f +tLOO 3 & DQG (JJOHWRQ % - 6WUDLQ JUDG

JUDWLIHNWUR®O/HWWS D



+t .DVK\DS 5 OF.HH 3) &DPSEHOO 5 - DQG :LOOLD
PHWKRG RI SURGXFLQJ DOO ILEUH KFRPWRIRYXG XAHGWF
YRO SS

¥ .DVK\DS 5)LEHU %UDJJ$SHRDIBMIPQFVY3UHVY 6DQ 'LHJR

tf .DVK\DS 5 '"HVLIQ RI VWHS FKASVS HGRIREX® % UD
YRO SS
¥ HUVH\ $' DQG ORUH\ :: OXOWLSOH[HG %UD.

VWUDLQ VHQVRU V\VWHP ZLWK(®RBEWURRFRBHGV W QW H U
SS
f ODQGDO - 3DO 6 6XQ 7 *UDWWDQ .79 $XJR)
D %UDJJ JUDWLQJ EDVHG ILEHU RSWLF ODVHU S
((( 3BKRWRQ 7HFKR®O /I5\EW
$ 0ODQGDO - 6XQ 7 *UDWWDQ .79 $XJRXVWL $ 7
%D[WHU *: 'XVVDUGLHU % DQG ORQQRP * E
WXQDEOH ILEUH ODVHU XVLQJ D FKLUSHG JUDWLQJ D
OHDV 6FL 7MRX®QROSS
f 2WKRQRV $ DQG )RE@AU %UDJJ *UDWLQJV )XQGDPF
$SSOLFDWLRQV LQ 7HOHFRPPXW HFBKWIRRXYWH DR B VMR L
t 3DO 6 B6KHQ <+ O0DQGDO - 6XQ 7 DQG *UDWWD
IOXRUHVFHQFH DQG JUDWLQJ EDVHG WHFKQLTXH IRU
VLPXOWDQHRXV PHDVXUHPHQWQXYURB 6| (DG RSHIRSS H.

‘RUNVKRS RQ 2SWLFDO )LEHU 6HQVRUV (:2)67 6D (
t 3DO 6 6KHQ <+ O0DQGDO - 6XQ 7 DQG *UL
6LPXOWDQHRXV PHDVXUHPHQW RI VWUDLQ WR SV

XVLQJ D FRPELQHG IOXRUHVFHQFH DQG JUDWLQJ EDV
BHQVRUV -RXUQDO
+ 3DO 6 ODQGDO - 6XQ 7 *UDWWDQ .79 )RNLQH
3< :DGH 6$ DQG &ROOLQV 6) &KDUDFWHULI
%UDJJ JUDWLQJ VHQVRU EDVHG GHYQWHBV DBWL HOHY!
7HF K QRRD SS O



$+5LDQW , DQG +DOOHU ) BWXG\ RI WKH SKRW

FRPSDULVRQ ZLWK SKRWRVHQVLWLYLW\ DW QP LQ
DILQWX (- /LIJKWZDYHYRLFKQRSS
$ 6KHQ <+ +H - 6XQ 7 DQG *UDWWDQ .79

VXVWDLQDELOLW\ RI VWURQJ ILEHU %UDJJ JUDWLQ
SKRWRVHQVLWLYH ILEHU GHFD\ PHFKDNVPHMWIWROY
YRL SS

f 6XJGHQ . %HQQLRQ , ORORQ\ $ DQG &RSQHU 1
SURGXFHG LQ SKRWRVHQVLWLYH RSWLFDO ILEUHV E\
(OHFWUR®RULHWWSS

f 6XQ 7 3DO 6 ODQGDL - DQG *UDWWDQ .79 3§
JLEUH %UDJJ JUDWLQJ IDEULFDWLRQ XVLQJ IOXRULG
FRPPXQLFDWLR Q&H 8 SQLIF® WOL\RHIY BDXFLIOHL W R U3 )$SSOH V
IDERUDWRU\ SS

t SHLG 0 % DQG 2]FDQ 0 7HPSHUDWXUH GHSHQ
JUDWLQJV DW ORBW HRSRLUDW B SHV
t :LOVRQ - DQG +DZNHBVHUV% 3ULQFLSOHV DQG $S¢

SUHQWLFH +DOO ,QWHUQDWLRQDO /WG 8. SS



&KDSWHU

&KDUDFWHULVDWLRQ RI XQLIRUP ZI
ILEUH %UDJJ JUDWLQJ EDVHG ILE
WHPSHUDWXUH VHQVRU V\VWHPV

$SEVWUDFW

,Q WKLV &KDSWHU D GHWDLOHG LQYHVWLJIJDWLRQ LV UH:
XQLIRUP ZDYHOHQJWK PDWFKHG ILEUH %UDJJ JUDWLQJ
IRUPLQJ WKH EDVLV RI D VHQVRU V\VWHP 7KH SHUIRUPTE
ZDYHOHQJWK VLJQDO LQWHQVLW\ OLQHZLGWK DQG WKH
ILEUH %UDJJ JUDWLQJ HDFK DFWLQJ DV WKH UHIOHFWR!
WR UHVSRQG WR WHPSHUDWXUH FKDQJHV $Q DQDO\WLF]
WLPH UHIOHFWLQJ WKH UHODWLRQVKLS EHWZHHQ WKH .
XQGHU HDFK RSHUDWLRQDO FRQGLWLRQ DQG WKH UHVX
IRU WKH RSWLPXP GHVLJQ RI WKLV W\SH RI ILEUH ODVHL
DSSOLFDWLRQV $GGLWLRQDO H[SHULPHQWY ZHUH SHUIR
D ILEUH ODVHU FUHDWHG ZLWK D YHU\ VKRUW FDYLW\ OH
PHDVXUHPHQW $ EULHI VXPPDU\ RI WKH RYHUDOO UHVXC
DW WKH HQG RI WKH &KDSWHU

L, QWURGXFWLRQ

6HYHUDO XQLIRUP ZDYHOHQJWK PDWFKHG %UDJJ JUDWLQ
UHSRUWHG HVSHFLDOO\ IRU DSSOLFDWLRQV ZKHUH ER\
XQLIRUP WHPSHUDWXUH RU LQ D FRQVWDQW VWUDLQ R

%00 DO %DOO DQG ORUH\ @ $Q RSWLFDO ILEU
V\VWHP KDV EHHQ GHYHORSHG WR RSHUDWH RYHU D ZLC



WHPSHUDWXUH WR f& PD[LPXP DQG WKH GHWDLO
SULQFLSOHV ZHUH JLYHQ LQ WKH &KDSWHUYV DQG

WKH FRPELQDWLRQ RI D FKLUSHG JUDWLQJ DQG D QRUP
JUDWLQJ 7KH QRUPDO %UDJJ JUDWLQJ ZDV PHDVXUDQG
DQG FRPELQHG ZLWK D FKLUSHG JUDWLQJ DV WKH RW
WXQHDEOH ODVHU DFWLRQ RYHU WKH UDQJH UHTXLUHG |

,Q WKLV &KDSWHU D GHWDLOHG LQYHVWLJIJDWLRQ KD\
FKDUDFWHULVWLFYV RI D ILEUH ODVHU DV WKH EDVLV
FKDUDFWHULVWLFV RI ZDYHOHQJWK VLJQDO LQWHQVLYV
ZKHQ HDFK LQGLYLGXDO %UDJJ JUDWLQJ LV DOORZHG
ZDYHOHQJWK PDWFKHG QRUPDO %UDJJ JUDWLQJ EDVH
UHODWLRQVKLS EHWZHHQ WKH JUDWLQJ EDQGZLGWK DC
XQGHU VHYHUDO FRQGLWLRQV HYDOXDWHG 7KH UHVXOV
IRU WKH RSWLPXP GHVLJQ RI WKLV W\SH RI ILEUH ODVHL
,Q D IXUWKHU H[SHULPHQW WKH RXWSXW FKDUDFWHULYV
WKH IXO0 OHQJWK RI D VKRUW FDYLW\ ODVHU ZDV XVHC
RYHQ WR HYDOXDWH LWV XVH IRU FRPSDFW SUDFWLFDO

ODWFKHG SDLU JUDWLQJ IDEULFDWLRQ

JRU WKH ILEUH ODVHU WKH PDWFKHG SDLU RI ILEUH %U
JHUPDQLXP % *H FR GRSHG ILEUH ILEUH GHWDLOV RI
H[FLPHU ODVHU DV 89 VRXUFH DQG D SKDVH PDVN WHFI
&KDSWHUV 7KH HQHUJ\ WR P- DQG WKH IUHTXHQF\
ODVHU ZHUH FDUHIXOO\ FRQWUROOHG GXULQJ WKH LQ\
ZDYHOHQJWK PDWFKHG %UDJJ JUDWLQJ SDLU ZLWK WKH
%UDJJ ZDYHOHQJWK RI DURXQG QP $ JUDWLQJ KDYI
GHILQHG DV D ORZ UHIOHFWLYLW\ JUDWLQJ /5L LQ WKL
MXVW OHVV WKDQ a LV GHILQHG DV KLJK UHIC
OHVV WKDQ RQH PLQXWH a VHF RI1 89 H[SRVXUH WR LC
XVLQJ WKH ODVHU HQHUJ\ RI P- DQG D UHSHWLWLRQ ILU
RI WKH ORZ UHIOHFWLYH JUDWLQJ ZDV WDUJHWHG WR



H[SHLPHQWVY UHFRUGHG LQ &KDSWHU ZDV IRXQG VXLWD
Rl ODVHU RXWSXW ZKLOH EDODQFLQJ WKH FDYLW\ ORVVF
WKLV JUDWLQJ /5L ZDV FOHDUO\ PDWFKHG LQ ZDYHC
ZDYHOHQJWK RI WKH KLJK UHIOHEFWLYLW\ JUDWLQJ +5
LQVFULSWLRQ

‘DYHOHQJWK QP

)LJ 7TUDQVPLVVLRQ VSHFWUD RI WKH KLJK UHIOHFW
UHIOHFWLYH JUDWLQJ /5L DW URRP WHPSHUDW X!

7TKHVH JUDWLQJV KDG SUHYLRXVO\ EHHQ WKHUPDOO\ D
HQVXUH VWDEOH RSHUDWLRQ IRU VHQVRU DSSOLFDWLRC(
ZHUH JLYHQ LQ &KDSWHU 7KH UHIOHFWLYLW\ ZDV F
WUDQVPLWWDQFH SRZHU DW WKH %UDJJ ZDYHOHQJWK R
IRU WKH ORZ UHIOHFWLYLW\ JUDWLQJV 75_ DQG a

+5L DW URRP WHPSHUDWXUH DIWHU DQQHDOLQJ DQG V
LQ )LJ 7KH ILJXUH FOHDUO\ VKRZV WKDW ERWK JUD\
%UDJJ ZDYHOHQJWK RI a QP 7KH 1 XO0 ZLGWK K
EDQGZLGWKYV RI WKH JUDW§§®QJIV ZHQR PRHDYS&UUWBE@GVR EH



QP IRU +5@ UHVSHFWLYHO\ XVLQJ WKH 2SWLFDO 6S
UHVROXWLRQ EDQGZLGWK 5%: RI QP

([SHULPHQWDO $UUDQJHPHQW

7KH V\WWHP XVHG LQ WKLV ZRUN WR HQDEOH DQ LQ"
PHDVXUDQG WXQHG ILEUH %UDJJ JUDWLQJ )%* FKDUD
VKRZQ LQ )LJ

)LJ ([SHULPHQWDO VHW XS RI WKH ZDYHOHQJWK PDW
ODVHU V\VWHP )%* ILEUH %UDJJ JUDWLQJ /5@ /RZ UH
UHIOHFWLYLW\ JUDWLQJ 26 2SWLFDO 6SHFWUXP $QD:

/IDVHU FDYLW\ FRQILIJXUDWLRQ

7KH ODVHU FDYLW\ IHHGEDFN ZDV IRUPHG XVLQJ D VLP
%UDJJ JUDWLQJ SDLU VKRZQ LQ )LJ ZKLFK ZHUH IXV
GRSHG ILEUH (') DV WKH JDLQ PHGLXP 7KH OHQJWK
DW a PHWUHYVY EDVHG RQ WKH RSWLPLVHG UHVXOWYV RE
ILEUH GHWDLOV DUH JLYHQ LQ 7DEOH 7TKH ORZ UHIC
VSOLFHG WR WKH RXWSXW DUP RI WKH QP ZDYFH
'0 FRXSOHU WKURXJK D OHQJWK RI &RPLQJ 60) RSWL
ZDV RSWLFDOO\ SXPSHG XVLQJ D QP )%* VWDELOLVH!



LOXW DUP RI WKH FRXSOHU DQG WKH ODVHU RXWSXW ZD
WKH FRXSOHU XVLQJ WKH 26% )RU (U ILEUH RI OHQJW
VSDFLQJ ZDV IRXQG WR EH @+] RURU VI®LEDWKEUH $
UHVXOW PDQ\ ORQJLWXGLQDO PRGHV RI WKH ODVHU DU
EXW RQO\ WKRVH ORQJLWXGLQDO PRGHV KDYLQJ VXIILFL

7DEOH '"HWDLOHG VSHFLILFDWLRQV RI GLITHUHQW
&RUH &XW RII6XSSOLHU
1XPHULFDO
JLEUH W\8RUH FRPSRGLWRRWHU ZDYHOHQJWK
SHUWXUH
SP
3KRWRVHQVLWLYH JLEHUFRUH
ILEUH 36 % *H IWG 8.
(") (U (U YOLJK:DYH
ILEUH Rl OHQJWK 2SWLFDO 7HFK
SSP VYA OTW
P YUDQFH
(U (U v ORULWH]
ILEUH RI OHQJWK (XURSH /WG
SSP VHWOTW
Ep 6ZHGHQ

([SHULPHQWDO UHVXOWYV

$V GLVFXVVHG DERYH WKH ILEUH ODVHU ZDV FUHDWHG I
VHQVLQJ V\VWHP 7ZR VWHSV ZHUH WDNHQ WR PRQLWRU
VIVWHP ZKHQ HD®%K DIJGLYDR WX QR® WK B HFMWRHU FDYLW\ ZD\
ZKLOH NHHSLQJ WKH OHQJWK RI WKH JDLQ PHGLXP FRQV\
P: WKURXJKRXW WKH H[SHULPHQWY FDUULHG RXW

'LWK VA\VWHP WKH ODVHU RXWSXOR Z DWH IFAKHDRMD IFYAL AU L UH
/ISLDORQH ZDV DOORZHG WR UHVSRQG WR WHPSHUDWX
UHIOHFWLYLW\ JUDWLQJ /5L ZDV SODFHG LQ WKH FHQWL
JUbWLQJ +5L ZDV NHSW DW DPELHQW WHPSHUDWXUH



: LWK VA\VWHP WKH ODVHU RXWSKW]K DM IFKOKHDRVD IFYALARWO LU
+5IDORQH ZDV KHDWHG )RU WKLV WKH KLJK UHIOHFWL"
FHQWUH RI WKH RYHQ ZKLOH WKH ORZ UHIOHFWLYLW\
WHPSHUDWXUH

,Q ERWK FDVHV WKH ODVHU RXWSXW ZDV H[WUDFWHG
/5L DQG PRQLWRUHG XVLQJ WKH 26% ZKLOH WKH KLJK
PDLQWDLQHG DV WKH HQG FDYLW\ UHIOHFWRU WR DFKLH
ODVLQJ ZDYHOHQJWK ,QGH[ PDWFKLQJ JHO ZDV XVHG
PLQLPLVH WKH )UHVQHO UHIOHFWLRQ LQWR WKH ODVHU I

‘DYHOHQJWK QP

)LJ JOXRUHVFHQFH VSHFWUXP VKRZLQJ WKH FOHDU W
SHDN EHIRUH ODVLQJ RFEXUUHG

)LJ VKRZV WKH IOXRUHVFHQFH VSHFWUXP EHIRUH OD
WKH FHQWUH RI WKH UHIOHFWLRQ SHDN LQ WKH IOXRUH)
%UDJJ ZDYHOHQJWK GXH WR WKH ORZ UHIOHFWLYLW\ JU|



DULVLQJ IURP WKH KLJK UHIOHFWLYLW\ JUDWLQJ +5L :
Rl WKH ODVHU 7KXV ZKHQ DQ\ H[WHUQDO SHUWXUEDWLR
WR RQH RI WKH JUDWLQJV WKLV UHVXOWV LQ D PLVPD
PDWFKHG SDLU JUDWLQJV LQ WKH ODVHU FDYLW\ DQG
WUDQVPLVVLRQ GLS DQG WKH UHIOHFWLRQ SHDN LQ WKI
FDYLW\ UHVRQDQW ZDYHOHQJWK

/IRZ UHIOHFWLYLW\ JUDWLQJ /,/ UHIOHFWL"

7R PRQLWRU WKH WHPSHUDWXUH HIITHFWV RQ WKH ORZ 1
FDYLW\ WKLV JUDWLQJ /5L ZDV SODFHG ORRVHO\ LQ WK
WR DYRLG DQ\ ORQJLWXGLQDO VWUDLQ HIIHFWYV
+5L ZDV NHSW DW DPELHQW WHPSHUDWXUH 7KH RYHQ
WHPSHUDWXUH WR f& DOORZLQJ D VHWWOLQJ WLPH R
DFKLHYH D WKHUPDO HTXLOLEULXP EHWZHHQ WKH JUDW
UHFRUGLQJ WKH GDWD XVLQJ WKH 26% ZLWK D 5%: RI
PLQLPXP REVHUYDEOH ZDYHOHQJWK VKLIW R * QP

:DYHOHQJWK UHVSRQVH RI WKH VHQVRU

7KH UHVSRQVH RI WKH ODVHU ZDYHOHQJWK ZLWK WHPSH
IRXQG WR EH OLQHDU RYHU WKH QDUURZ UDQJH RI WHPS

f& WR f& 7TKH 6/HQVVWREDNQOQWXODWHG XVLQJ D OLQH!
H[SHULPHQWDO GDWD ZLWK D FRHIILFLHQW RI GHWHUPL
GHYLDWLRQ 6" RI DQRG WKH VHQVLWLYLW\ ZDV IRX

ZDYHOHQIDWKD IXQFWLRQ RIFWV@® FESHUBDIWSHMVHG WKURXJK
EHORZ

T [ 7 7

ZKHOHV WKH WHPSHUDWXUH DSSOLHG LQ f& WR WKH OF



)LJ SHVSRQVH RI WKH ODVHU ZDYHOHQJWK ZLWK WH
WR f& ZKHQ WKH ORZ UHIOHFWLYLW\ /5L JUDWLQJ

*UDWLQJ EDQGZLGWK HIITIHFWYV RQ ODVHU SHUIRUPD

'KHQ D ORZ UHIOHFWLYLW\ JUDWLQJ /5L DORQH LV SOD
UDQJH RI WKH ODVHU FDQ EH H[SUHVVHG WKURXJK (T
ERWK FHQWUDO ZDYHOHQJWKY RI WKH JUDWLQJV DUH
DQQHDOLQJ

/57 OPHDU URRPa !

AlT

ZKHOBWRRR WKH URRP 60/ WRSWKHBEWXMHDU WKHUPDO VHQVL)
8VLQJ (T WKH OLQHDU RSHUBWRHDYD @ VU DURIM KRR RW
WHPSHUDWXUH a f& WR f& 7KH H[SHULPHQWDO GD\
WKH OLQHDU RSHUDWLRQDO UDQJH RI WKH ODVHU IURP

WKH WHPSHUDWXUH SUHGLEWHG XVLQJ (T ZKHQ WK
SODFHG LQ RYHQ



7KH XQVWDEOH RSHUDWLRQDO UDQJH RI WKH ODVHU PD\

"B$ L

A $pbKU V

/'S TXQUWDEOH
17

8VLQJ (T WKH XQVWDE® i wdSHRHIUW WH RODD/AH W R XKD G E
f&

7KHUHIRUH WKH PD[LPXP WHPSHUDWXUH IRU ODVLQJ L
XQVWDEOH RSHUDWLRQDO UDQJH H[SUHVVHG E\ (TV
WKURXJK (T EHORZ

AA+ 5 AA/S5

/57 WRWDO 7 URRP
6 /7

ZKHUH rwbY WKH WHPSHUDWXUH DW ZKLFK WKH ODVHU D
UHIOHFWLYLW\ JUDWLQJ DORQH ZLOO EH KHDWHG DERYH
FRQVLGHULQJ WKH OLQHDU VHQVLWLYLW\ RI WKH ODVH!
WHPSHUDWXUH WKDW LV UHTXLUHG WR TXHQFK WKH ODV

)LJ VKRZV WKH UHVSRQVH RI WKH ODVHU EDVHG V\VW

f& WR f& H[SORULQJ WKLV EH\RQG D WHPSHUDWXUH
ODVHU ZDYHOHQJWK GLG VKRZ QHJOLJLEOH UHVSRQVH
EHOLHYHG WKDW WKH ODVHU UHWDLQV LWV IXQGDPHC
ZDYHOHQJWKYV RI WKH PDWFKHG SDLU JUDWLQJV VWDU\
WHPSHUDWXUH UDQJH IURP WR f& WKH WUDQVPLVV
WKH ODVHU VLIJQDO ZHUH TXLWH XQVWDEOH WKLV PDLQ
WZR PDWFKHG SDLU JUDWLQJY LQ WKH ODVHU FDYLW\ Z
XQVWDEOH OHDGLQJ WR ODVHU PRGH KRSSLQJ $W D W
FRPSOHWH VHSDUDWLRQ RI WKH WUDQVPLVVLRQ GLS DQ
WKLV DJUHHYV TXLWH ZHOO ZLWK WKH SUHGLFWLRQ RI W
H[SHFWHG WR RFFXU XVLQJ (T 7KLY VPDOO XQFHUW
ODFN Rl 3VPRRWKQHVV" RI WKH JUDWLQJ VSHFWUXP X\
WHPSHUDWXUH WKH WUDQVPLVVLRQ GLS NHSW YDU\LQJ



EXWKH UHIOHFWLRQ SHDN ZDV IRXQG WR UHPDLQ FRQVW
+5L ZDV NHSW DW DPELHQW WHPSHUDWXUH

)LJ :DYHOHQJWK UHVSRQVH RI WKH ODVHU EDVHG V\?

WR f& ZKHQ WKH ORZ UHIOHFWLYLW\ JUDWLQJ /5L ZD
UHIOHFWLYLW\ JUDWLQJ +5L ZDV NHSW DW DPEL

7KH H[SHULPHQWY ZHUH UHSHDWHG XVLQJ VHYHUDO F\FC
WHPSHUDWXUH ZKHUH WKH JUDWLQJ ZDYHOHQJWK UHYV
ZLWKLQ * QP DV PHDVXUHG XVLQJ WKH 26 $

IDVHU PRGH KRSSLQJ

JRU D ILEUH %UDJJ JUDWLQJ EDVHG ODVHU V\VWHP ERW
WKH SHDN JDLQ ZDYHOHQJWK %UDJJ ZDYHOHQJWK RI
WHPSHUDWXUH :KHQ WKH\ GLIIHU WKH HPLVVLRQ ZDYHC
QHLJKERXULQJ PRGH WKH HIIHFW LV WHUPHG PRGH KR



SODFH DW WKH %UDJJ ZDYHOHQJWK RI WKH JUDWLQJ Z
SXPSHG WR RYHUFRPH WKH FDYLW\ ORVVHV DQG WKH FD’

Q/F
P

i

ZKHUH LV WKH UHVRQDQWV OWK H UU A DUYDHFONHLYJHW K Q G H [
PHGLXPLY WKH ODVHU FPDNMLW\ SRHVQWNKHDQQWHIHU >:LOVI
@ (DFK YPOXKILRK VDWLVILHV WKH UHVRQDQFH FRQG
PRGH RI WKH FDYLW\ 7KH FDYLW\ PRGH VSDFLQJ RU WK

ODVHU LV WKH GLITHUHQFH EHWZHHQ HDFK ORQJLWXGLQ

$;)65 Q/F ﬂ

7KH FKDQJH LQ WKH GDRVMHWLYBYLWRP MKIMWKHVRQDQW Ol
FKDQ$BMDQ EH H[SUHVVHG DV EHORZ

P$ W

, Q
,Q )%* EDVHG ODVHU VHQVRU DSSOLFDWLRB®M UWVKHVFKDQ
IURP WKH UHVRQDQFH FRQGLWLRQ RKDRIMWRH WKBWAQD
IRU H[DPSOH ZLWK WHFIHLUD WXKUN FRRQHH H[SUHVVHG
HTXDWLRQ EHORZ

$/&

, |
$i0 IXQ$% "D W $7
s A%
ZKH[DJH$ oS LWKH WKHUPDO H[SDQVLRQ FRNIMKHH@YWHD®R&
& OHIp7

RSWLF FRHIILFLHQW RI WKH ILEUH 2QH SRVVLEOH ZD\ WI
ZDYHOHQJIJWK GXH WR PRGH KRSSLQJ LV WR LQFUHDVH
VSDFLQJ EHWZHHQ WKH WZR ORQJLWXGLQDO PRGHV ZLOC

$ W\SLFDO H[DPSOH RI WKH ODVHU PRGH KRSSLQJ Zk
WHPSHUDWXUH LV VKRZQ LQ )LJ DW D WHPSHUDWXUF
WKDW WKH ODVHU ZDV KRSSLQJ EHWZHHQ VHYHUDO OF



X@WDEOH UHVRQDQW FRQGLWLRQ LQ WKH ODVHU FDYL
PDWFKLQJ Rl WKH %UDJJ ZDYHOHQJWKYV Rl WKH JUDWLQ
WKH JUDWLQJV ZHUH WRWDOO\ VHSDUDWHG DQG ZLOO
PHDVXUHPHQW XVLQJ WKH FDOLEUDWLRQ DJDLQVW WKH

)LJ IDVHU PRGH KRSSLQJ ZLWK DVFHQGLQJ WHPSHU
UHIOHFWLYLW\ JUDWLQJ /5L ZDV SODFHG LQ V

, /IDVHU LOQWHQVLW\ DQG OLQHZLGWK YDULDWLRQ

7TKH LQWHQVLW\ DQG WKH OLQHZLGWK YDULDWLRQ RI
WHPSHUDWXUH DUH VKRZQ LQ )LJ ZLWK D IL[HG SXPS

YDULDWLRQ LQ WKH ODVHU LQWHQVLW\ RYHU WKH WHF
DSSHDUV WR EH GLUHFWO\ UHODWHG WR WKH LQWHQVL)
PRGHYVY DORQJ WKH ILEUW DY @KRZKQEK WM H[SUHVVHG EH:

O ] PVLQ ¢ P]

\



ZKHUH LV WKH LQWHQVLW)\ G LVPWKWDLREXI MRS LSRJRDL @ RGRi|
LOWHQVLW\ RI WKH OLJKW WUD Y HSRD V QW KIH) ZFROQYHH ®LXUPHEFHW
WHKHRRGH DQG ] LV WKH GLVWDQFH DORQJ WKH ILEUH IU
DOVR EH UHODWHG WR WKH VLQXVRLGDO LQGH[ YDULDW
ILEUH D[LV SHWBB@IBY WKH WKHUPDO UHVSRQVH RI WK
GRPLQDQW FRQWULEXWLRQ RI WKH HIIHFWLYH UHIUDFV\
YDULDWLRQ RI WKH VLOLFD ILEUH

)LJ , QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ ZLWK W

JUDWLQJ /5L ZDV SODFHG LQ WKH RYHQ IRU D IL[HG
'LWK D IXUWKHU LQFUHDVH LQ WHPSHUDWXUH EH\RQG Z
UHIOHFWLRQ SHDN ZHUH MXVW VHSDUDWHG WKH SHDN
GHJUHHV &HOVLXV WKHQ GURSV GRZQ UDSLGO\ DQG I
ZKHUH WKH ODVHU DFWLRQ WRWDOO\ FHDVHV 7KH GLS
FRQVWDQW RYHU WKH WHPSHUDWXUH UDQJH IURP f& W
WKH ILJXUH 7KH LQWHQVLW\ RI WKH ODVHU ZDV PXFK KL
RI WKH SHDN DQG GLS VLIJQDO DIWHU WKH ODVHU DFW



SXPS SRZHU )XUWKHU WKH OLQHZLGWK RI WKH ODVHU
QDUURZHU WKDQ WKH SDVVLYH VHQVRU OLQHZLGWK a
ZKLFK WKH ODVHU DFWLRQ WRWDOO\ FHDVHG

2XWSXW VSHFWUD

7TKH RXWSXW VSHFWUD RI WKH ODVHU EDVHG VHQVRU V
WHPSHUDWXUH a f& DQG DW f& ZLWK D IL[HG SXPS

'DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH ODVHU EDVHG VHQVRU
f& ZKHQ WKH ORZ UHIOHFWLYLW\ JUDWLQJ /5L ZC

7KH ILJXUH FOHDUO\ VKRZV WKDW DW f& WKH VLIJQDO
PHDVXUHG WR EH a G% ZLWK D OLQHZLGWK R a QP
D 5%: RI QP ZKHUHDV DW f& WKH WUDQVPLVVLRQ G
WRWDOO\ VHSDUDWHG ZLWK WKH SHDN WR GLS LQWHQ\
PXFK ORZHU WKDQ WKH 615 RI WKH ODVHU DQG WKH SHD
ODVHU OLQHZLGWK $W f& WKH UHIOHFWLRQ SHDN ZD\



DNV URRP WHPSHUDWXUH DV WKH KLJK UHIOHFWLYLW\ .
WHPSHUDWXUH DQG WKH WUDQVPLVVLRQ GLS PRYHG WR
WKH VSHFWUXP LQGLFDWLQJ WKDW WKH ORZ UHIOHFW
WHPSHUDWXUH YDULDWLRQ

+LJK UHIOHFWLYLW\ JUDWLQJ +5M UHIOHF

JRU WKLV H[SHULPHQW WKH KLJK UHIOHFWLYLW\ JUDWLC
DQRQG WKH ORZ UHIOHFWLYLW\ JUDWLQJ /5L ZDV NHSW D\
WHPSHUDWXUH EHLQJ UDLVHG IURP URRP WHPSHUDWX
WHPSHUDWXUH GDWD ZHUH UHFRUGHG XVLQJ WKH 26% ZlI
VWDEOH RSHUDWLRQDO UDQJH RI WKH ODVHU WKH ZDY
%UDJJ ZDYHOHQJWK RI WKH ORZ UHIOHFWLYH JUDWLQJ
H[SUHVVHG WKURXJK (T EHORZ

Pxu A
+5 7VWDEOH a AURRP

U

ZKHUd+ vwoeEM WKH VWDEOH RSHUDWLRQDO UDQJH RI WKH
WHPSHUDWXUH ZKHQ WKH KLJK UHIOHFWLYLW\ JUDWLQJ
PD\ EH FDOFXODWHG XVLQJ WKH OLQHDU VHQVLWLYLW\ R
UHIOHFWLYLW\ JUDWLQJ /5L UHVSRQGHG WR WKH WHPS

7KH XQVWDEOH RSHUDWLRQDO UDQJH RI WKH ODVHU PI
EHORZ

$;K5U $;0uU
V I[7

8VLQJ (T WKH XQVWDE®D HoRSR IJIYWHRIMVH U Z@IM IR X
EH f&

+5 4QovwDEOH

7KH PD[LPXP WHPSHUDWXUH IRU ODVLQJ DQG WKXV W
HISUHVVHG WKURXJK (T EHORZ



+57TWRWDO 7URRP A

A7

ZKHYSH7WRWDWKH WHPSHUDWXUH DW ZKLFK WKH ODVHU D
UHIOHFWLYLW\ JUDWLQJ +5L LV KHDWHG 8VLQJ (T
URRP WHPSHUDWXUH WKDW LV UHTXLUHG WR TXHQFK WE

, :DYHOHQJWK UHVSRQVH RI WKH VHQVRU

)LJ VKRZV WKH UHVSRQVH RI WKH ODVHU EDVHG \
UHIOHFWLYLW\ JUDWLQJ +5L ZDV KHDWHG IURP URRI
H[SHULPHQWDO GDWD LQGLFDWH WKDW IURP URRP WHPS

GLG VKRZ RQO\ QHJOLJLEOH FKDQJHV ZLWK WHPSHUDW
WHPSHUDWXUH UDQJH SUHGLFWHG XVLQJ (T

3HDN
$VFHQGLQJ WHPS }4&
$VFHQGLQJ WHPS 3HDN f&
£ $VFHQGLQJ WHPS 'LS f&
E2
]
yLJ ‘DYHOHQJWK UHVSRQVH RI WKH ODVHU EDVHG V

ZKHQ WKH KLJK UHIOHFWLYLW\ JUDWLQJ +5L ZDV SOL
UHIOHFWLYLW\ JUDWLQJ ZDV NHSW DW DPELHQW



2YHU WKH UDQJH IURP WR f& WKH ODVHU GHPRQVW
UDSLG YDULDWLRQ RI LWV ORQJLWXGLQDO PRGH WKDQ
>.DWR/ DO +DVKL]XPH DQG 1DVX @ 7KH VORSH RI WK
SURIGH FRUUHVSRQGV WR WKH WHPSHUDWXUH GHSHQG
ODVHU FDYLW\ DQG ZDV IRXQG WR OLH LQ WKH UHJLRQ a
DYHUDJH KLJKHU WKDQ WKH OLQHDU VHQVLWLYLW\ RI
KRSSLQJ WHPSHUDWXUH UHJLRQ ZDV a f& 7KLV XQV
f& DJUHHV ZHOO ZLWK WKH YDOXH SUHGLFWHG XVLQ.
XQFHUWDLQW\ “ f& TXRWHG DULVHV IURP WKH YDULDV
ORZ UHIOHFWLYLW\ JUDWLQJ ZDV NHSW DW DPELHQW
SVPRRWKQHVV™ RI WKH JUDWLQJ VSHFWUXP XVHG DV F
UHIOHFWLRQ SHDN DQG WKH WUDQVPLVVLRQ GLS ZHUH W

f& WKH UHIOHFWLRQ SHDN FRQWLQXHG WR YDU\ ZLWk
JUDWLQJ +5L ZDV SODFHG LQ WKH RYHQ DQG WKH WUD
FRQVWDQW DW WKH %UDJJ ZDYHOHQJWK RI WKH ORZ UHI
DPELHQW WHPSHUDWXUH 7KXV WKH WHPSHUDWXUH UHT.
ZHOO ZLWK WKDW FDOFXODWHG XVLQJ (T

,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ

)LJ VKRZV WKH LQWHQVLW\ DQG WKH OLQHZLGWK YD
WHPSHUDWXUH WR f& DW D IL[HG SXPS SRZHU RI =
LQWHQVLW\ UHPDLQV DOPRVW FRQVWDQW IURP URRP WI
ZDYHOHQJWK VKRZHG QHJOLJLEOH FKDQJHV ZLWK WHPSFH
LQFUHDVH LQ WHPSHUDWXUH WKH LQWHQVLW\ YDULHYV
ZDYHOHQJWK FKDQJH RYHU WKH WHPSHUDWXUH UDQJH IL

S: f& IURP f& WR f& DQG WKHQ VKRZLQJ D JUDGXD
f& WR f& $W f& WKH UHIOHFWLRQ SHDN DQG WKl
VHSDUDWHG DQG WKH LQWHQVLW\ RI ERWK GHFUHDVHG
IL[HG SXPS SRZHU %\ FRQWUDVW WKHUH ZDV QR VLJQ
REVHUYHG IURP URRP WHPSHUDWXUH WR f& EH\RQG



VLIQLILFDQWO\ UHPDLQLQJ DOPRVW FRQVWDQW a
WHPSHUDWXUH ZKHUH WKH ODVHU DFWLRQ WRWDOO\ FHI

)LJ  QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ ZLWK
WR  f& ZKHQ WKH KLJK UHIOHFWLYLW\ JUDWLQJ +5L Z
SXPS SRZHU RI P:

2XWSXW VSHFWUD

)LJ VKRZV WKH RXWSXW VSHFWUD RI WKH ODVHU
WHPSHUDWXUH a f& DQG DW f& ZLWK D IL[HG SXF
WHPSHUDWXUH WKH VLIQDO WR QRLVH UDWLR 615 RI W
D OLQHZLGWK RI a QP PHDVXUHG XVLQJ WKH 26% DV
UHIOHFWLRQ SHDN DQG WKH WUDQVPLVVLRQ GLS ZHUH
LOQWHQVLW\ '3, YDOXH RI a G% ZKLFK LV PXFK ORZHL
DGGLWLRQ WKH SHDN ZLGWK LV PXFK JUHDWHU WKDQ V
f& WKH WUDQVPLVVLRQ GLS FRUUHVSRQGVY WR WKH OD
UHIOHFWLRQ SHDN ZDV IRXQG WR EH RQ WKH ORQJHU ZD



KK UHIOHFWLYLW\ JUDWLQJ +5L ZDV SODFHG LQ WKH R
/5L ZDV NHSW DW DPELHQW WHPSHUDWXUH 7KLV LV MX
E\ WKH VSHFWUXP VKRZQ LQ )LJ IRU WKH ORZ UHIOHI

‘DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH ODVHU EDVHG VHQVRI
f& ZKHQ WKH KLJK UHIOHFWLYLW\ JUDWLQJ +5L Z

/I DVHU VHQVRU FUHDWHG ZLWK ERWK JUDWL

2YHQ

yLJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS RI
JUDWLQJV LQ RYHQ

7KH VHQVRU LQ WKLV FDVH FRPSULVHG WKH ZKROH OHC
YHU\ VKRUW FDYLW\ WR PLQLPLVH WKH VSDWLDO GLPHQ\



VFKHPDWLF RI WKH H[SHULPHQWDO VHW XS LV VKRZQ L
PDWFKHG QRUPDO %UDJJ JUDWLQJ SDLU ZDV FUHDWHC
UHIOHFWLYLW\ RI ZLWK D ):+0 EDQGZLGWK R
ZLWK D ):+0 EDQGZLGWK R QP )%* /5 DQG WK
ZHUH VKRZQ LQ )LJ 7KH ILJXUH FOHDUO\ VKRZV WKELC
WKH JUDWLQJV ZHUH PDWFKHG DW QP 7KLV ZDV |
5%: RI QP DW URRP WHPSHUDWXUH DIWHU WKH JUDV
WKH VDPH SHULRG 7KHVH )%*V ZHUH IXVLRQ VSOLFHG W
FP (U HUELXP ILEUH GHWDLOV DUH JLYHQ LQ 7DEOH
SXPSHG E\ XVLQJ D QP ODVHU GLRGH ZLWK D IL[HG SX
RXWSXW ZDV PRQLWRUHG WKURXJK WKH ORZ UHIOHFWLY
5%: RI QP )RU DQ (U ILEUH OHQJWK RI FP WKH
IRXQG WR EH *+] RQ SPIRALWIKOLFD ILEUH $V D L
PD[LPXP QXPEHU RI ORQJLWXGLQDO PRGHV RI WKH ODYV
REVHUYDEOH ZLWKLQ WKH OLPLWHG UHVROXWLRQ EDQG:

)LJ SHIOHFWLRQ VSHFWUD RI ERWK WKH KLJK UHIOW&
/15 %UDJJ JUDWLQJYVY DW URRP WHPSHUDWXUH DI



, DYHOHQJWK UHVSRQVH RI WKH ODVHU

)LJ VKRZV WKH UHVSRQVH RI WKH ODVHU ZDYHOHQJV
I[URP URRP WHPSHUDWXUH a f& WR f& ,QLWLDOO\
LQ f& VWHSV IURP f& WR f& WKHQ LQ f& VWHSV |
VHWWOLQJ WLPH RI a PLOQXWHV DW HDFK WHPSHUDWXL
26 7KH WKHUPDO VHQVLWLYLW\ ZDV FDOFXODWHG XVLQ
ZLWK D &2' ! DQG D 6" RI DQG ZDV IRXQG WR
UHODWLRQVKLS RI WKH WR WHKIH Z\V MR IBIH@E@ DBANHK BIFHS UH V V H C
WKURXJK WKH HTXDWLRQ EHORZ

$/ 7 [ 37

ZKHOHYVY WKH WHPSHUDWXUH DSSOLHG LQ GHJUHH &HOV|
FOHDUO\ VKRZV WKDW WKH GHYLFH UHVSRQGV OLQHDUO
DSSOLHG WHPSHUDWXUHYV

)LJ SHVSRQVH RI WKH ODVHU ZDYHOHQJWK ZLWK WH
WR f& ZKHQ WKH ODVHU ZDV SODFHG LQ WK



7TKH UHVSRQVH ZDV IRXQG WR EH FRQVLVWHQW RYHU V
UHSHDWDELOLW\ RI * QP XVLQJ WKH 26%$ ZLWK D 5%:
IRUPVY DQ LGHDO EDVLV IRU D ILEUH ODVHU WHPSHUDW X
UDQJH ZLWK D UHODWLYHO\ VKRUW DFWLYH SUREH OHQJ

2XWSXW VSHFWUD RI WKH ODVHU

7KH RXWSXW VSHFWUD Rl WKH ODVHU ZHUH UHFRUGHG
VKRZQ LQ )LJ 'LWK LQFUHDVLQJ WHPSHUDWXUH WK|
WKH ORQJHU ZDYHOHQJWK VLGH Rl WKH VSHFWUXP DUL
JUDWLQJ SHULRG GXH WR WKH WKHUPDO H[SDQVLRQ FR
FKDQJH LQ WKH ILEUH HIIHFWLYH UHIUDFWLYH LQGH[ C

HITHFW DV GLVFXVVHG HDUOLHU E\ (T 7KH VLJQDO
VHQVRU ZDV IRXQG WR KDYH GHFUHDVHG IURP G% WR
f& WR f& ZLWK D IL[HG SXPS SRZHU R P: RI QP

rrrrrdtrrrrrrrrr®
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'DYHOHQJWK QP

)LJ 2XWSXW VSHFWUD RI WKH ILEUH ODVHU DW YD
WHPSHUDWXUH WR f& ZLWK D IL[HG SXPS SRZH!



,QWHQVLW\ DQG OLQHZLGWK YDULDWLRQ RI WKH O

)LJ VKRZV WKH LQWHQVLW\ DQG WKH OLQHZLGWK
WHPSHUDWXUH UDQJH IURP URRP WHPSHUDWXUH a f
SXPS SRZHU 7KH ODVHU LQWHQVLW\ ZDV IRXQG WR GHFI
LQ WHPSHUDWMXWUBO =®@DRDYH XQGHUWDNHQ GHWDLOHG I
WHPSHUDWXUH FKDUDFWHULVDWLRQ RI VHYHUDO GLIIHU
VDPSOHV DQG LQ D VLPLODU zZD\ WKH IOXRUHVFHQFH O]
GHFUHDVH FRQWLQXRXVO\ ZLWK WKH LQFUHDVH LQ WHP!
ODVHU VRXUFH WKXV ORZHULQJ WKH ODVHU FRQYHUVLR

)LJ 7KH LQWHQVLW\ DQG WKH OLQHZLGWK YDULDWLF
WR f& ZLWK D IL[HG SXPS SRZHU R P:

,PDL DQG +RND]JRQR HW @GOD@GK®X® DOVR VKRZQ D FR
GHFUHDVH LQ WKH IOXRUHVFHQFH LQWHQVLW\ VHHQ IUR
LQ WHPSHUDWXUH 7KLV VFKHPH ZDV XVHG LQ WKH IOXR!
VHQVLQJ DSSOLFDWLRQV ZKHQ H[FLWHG XVLQJ QP |



UHVXOW WKH GHFUHDVH LQ WKH 615 YDOXH RI WKH O
IOXRUHVFHQFH SURSHUWLHYV RI WKH HUELXP GRSHG ILEU
WKH OLQHZLGWK a QP PHDVXUHG XVLQJ WKH 26%
DOPRVW FRQVWDQW RYHU WKH PHDVXUHG WHPSHUDWXUFE

,Q bOO WKH H[SHULPHQWY UHSRUWHG KHUH WKH DSSOL
IURP URRP WHPSHUDWXUH WR f& WR HQVXUH VWDELO
VI\VWHP XS WR WKLV WHPSHUDWXUH VLQFH DOO WKH %
SULRU WR WKH H[SHULPHQW

6 XPPDU\

IDVHU EDVHG VHQVRU V\VWHPV KDYH EHHQ GHYHORSHG
DQG 7KH\ KDYH EHHQ VKRZQ WR EH SURPLVLQJ IR
DSSOLFDWLRQV GHPRQVWUDWHG IRU WHPSHUDWXUH LQ
PHDVXUHPHQWY LQ &KDSWHU ZKHUH WKH ODVHU FDYL\
JUDWLQJ DQG D FKLUSHG %UDJJ JUDWLQJ DV RSWLFDO
RQO\ WKH QRUPDO JUDWLQJ zZDV DOORZHG WR UHVSRQ
FKDQJH DQG WKH FKLUSHG JUDWLQJ ZDV NHSW DW D IL[H
Rl WKH ODVHU ZDV GHWHUPLQHG E\ WKH RSWLPXP ZDY
JUDWLQJ WKH EDQGZLGWK RI WKH FKLUSHG JUDWLQJ H
PHDVXUDQG WXQHG DQG WKH WHPSHUDWXUH VXVWDLC
WHPSHUDWXUH PHDVXUHPHQWYV HMW BHD Y BW WIS WHHSPRSUHWI
D VLPSOH ZDYHOHQJWK PDWFKHG %UDJJ JUDWLQJ EDVHC
VWUDLQ VHQVLQJ DSSOLFDWLRQV DV ZHOO DV D FRQWL(
ORUH\ @ ZKHUH ERWK JUDWLQJV ZHUH NHSW LQ WKH
WKH WHPSHUDWXUH RU VWUDLQ YDULDWLRQ ,Q WKLV &K
ZDV DOORZHG WR UHVSRQG WR WKH WHPSHUDWXUH YL
GHVFULEHG D YHU\ FORVH UHODWLRQVKLS EHWZHHQ
WHPSHUDWXUH ZDV REWDLQHG 7KH WKHRUHWLFDOO\ SU
ZHOO ZLWK WKH WHPSHUDWXUH FDOLEUDWHG DJDLQVW |
LQ ERWK FDVHV 7KH DFWLYH HOHPHQW RI WKH SUREH LQ



: KHQ WKH ORZ UHIOHFWLYLW\ JUDWLQJ /5L ZDV DOOR.
ODVHU VKRZV D YHU\ OLPLWHG OLQHDU RSHUDWLRQDO |
WR f& ZLWK D VHQVLWLYLW\ RI SP f& 2Q WKH
UHIOHFWLYLW\ JUDWLQJ +5L ZDV DOORZHG WR UHVSR
UHPDLQV VWDEOH IURP URRP WHPSHUDWXUH WR f& $
ODVHU ZDV IRXQG WR OLH EHWZHHQ WKH OLQHDU RU
WHPSHUDWXUH DQG WKH WHPSHUDWXUH DW ZKLFK WKH
f& WKH ODVHU DFWLRQ WRWDOO\ FHDVHV IRU WKH VDP|
IXOO ZLGWK KDOI PD[LPXP ):+0 EDQGZLGWK RI WKH %U|
UubQJH RI WKH ODVHU FRXOG EH GHVLIJQHG WR PHHW
UHTXLUHPHQW

,Q D VLPLODU zZD\ ZKHQ WKH VKRUW FDYLW\ OHQJWK OD
WHPSHUDWXUH YDULDWLRQV D OLQHDU UHVSRQVH RI W
WKH WHPSHUDWXUH UDQJH IURP URRP WHPSHUDWXUH W
SP f& 7KH RXWSXW SRZHU RI WKH ODVHU ZDV REVHUYHC
LQFUHDVH LQ WHPSHUDWXUH ZKLFK OLPLWV WKH VLJQC
KLIJIK WHPSHUDWXUH PRQLWRULQJ DSSOLFDWLRQV +RZH
FRXOG EH LPSURYHG E\ HPSOR\LQJ DQ DGGLWLRQDO ILE
WKH SUREH DQG ZLWK WKDW WKH 615 RI WKH DFWLYH V
> @ EXW LQ GRLQJ VR FUHDWLQJ D FRPSOH[ V\VWHP F

JRU WKH FKDUDFWHULVDWLRQ RI LQGLYLGXDO %UDJJ J
FRQILIXUDWLRQ D UHODWLYHO\ ORQJHU OHQJWK PHWI
GRSDQW FRQFHQWUDWLRAQ SSP RI (U LRQ ZDV FK
RI SXPS SRZHU DEVRUSWLRQ DORQJ WKH OHQJWK RI ILE
WKH ITOXRUHVFHQFH OLIHWLARHW TX®@ F KA\Q B RHIVWHIFDW W = K/IKC
OHQJWK a FP RI HUELXP GRSHG ILEUH ZLWK D KLJK
SSP RI (U LRQ ZzZDV FKRVHQ WR DFKLHYH D KLJKHU OHY
ZKHQ WKH ZKROH ODVHU LWVHOI IRUPHG WKH SUREH D
WHPSHUDWXUH UHJLRQ a FP RI WKH RYHQ



7KL UHVHDUFK ZDV FDUULHG RXW WR LPSDFW RQ WK
ZDYHOHQJWK PDWFKHG %UDJJ JUDWLQJ EDVHG ODVHU
H[DPLQLQJ WZR GLIIHUHQW FRQILIXUDWLRQV RQH ZK|
H[SRVHG WR WKH VDPH PHDVXUDQG VWDWH HJ WHPSHU
SUREH LV FRPSRVHG Rl WKH ZKROH ODVHU FDYLW\ LQFO
WR QRLVH UDWLR DQG WKH QDUURZ OLQHZLGWK LQ WK
JUDWLQJ EDVHG VHQVRU VFKHPH DUH LPSRUWDQW IDFW]|
LQ GHQVH ZDYHOHQJWK GLYLVLRQ PXOWLSOH[HG ':'0 |
VHYHUDO GLIIHUHQW VHQVRU FKDQQHOV

7TKH UHVXOWY UHSRUWHG LQ WKLV &KDSWHU KDYH VKRZ
ODVHU OAD PLWKROMHLQJ WKH SUREH RIIHUV VXSHULRU SH
UbQJH DV LV VHHQ E\ FRPSDULQJ WKH UHVXOWYV VKRZQ
ORZ UHIOHFWLYLW\ JUDWLQJ ZDV DOORZHG WR UHVSF
UHIOHFWLYLW\ JUDWLQJ NHSW DW DPELHQW WHPSHUDW)
EDVHG VHQVRU FRQFHSW ZLOO EH IXUWKHU H[WHQGHC
DSSOLFDWLRQ XVLQJ D ZLGHU EDQGZLGWK RI WKH FKL
JUDWLQJVY WR IRUP WKH ODVHU FDYLWLHV XVHG
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&KOSWHU

OXOWLSOH[HG ILEUH ODVHU EDVHG
VA\VWHPV

$SEVWUDFW

7KH VLQJOH %UDJJ JUDWLQJ EDVHG ILEUH ODVHU DSSUR

DQG ,Q WKLV &KDSWHU WKLV DSSURDFK KDV EHHC
WHPSHUDWXUH VHQVLQJ DSSOLFDWLRQV O0OXOWLSOH O
FRPPRQ EURDGEDQG FKLUSHG JUDWLQJ DQG VHYHUDO Q
DV RSWLFDO IHHGEDFN HOHPHQWY XVHG LQ FRQMXQFW
GRSHG ILEUHV (')V DV WKH DFWLYH JDLQ PHGLD RI WK
ODVHU RVFLOODWLRQV WKH DFWLYH JDLQ PHGLD ZHUH
ODVHU GLRGH WKURXJK D ZDYHOHQJWK PDWFKHG PXOW|
Dv WKH ZDYHOHQJWK VHOHFWLYH DQG WKH VHQVLQJ
6LPXOWDQHRXY ODVHU RVFLOODWLRQ DW WKUHH GLIIF
FKDQQHOV ZDV REWDLQHG $V D UHVXOW WKH WHPSHUDYV
URRP WHPSHUDWXUH f& WR D PD[LPXP RI f& 7Kt
VFKHPH PRUH EURDGO\ DV D TXDVL GLVWULEXWHG VHQV
DQ RYHUDOO VXPPDU\ RI WKH &KDSWHU

 QWURGXFWLRQ

,Q PDQ\ UHSRUWHG ILEUH %UDJJ JUDWLQJ )%* EDVHG V
UHIOHFWHG IURP WKH QDUURZ EDQG )%* EDVHG SDVVL)
ZHDN OHDGLQJ WR D SRRU VLJQDO WR QRLVH UDWLR

DFFXUDF\ RI WKH GHWHFWLRQ V\VWHP WKHUHE\ FUHDWL
WKDW PD\ EH LOQWHUURJDWHG IRU PXOWL VHQVRU DSSOL



EDEHVHQVRU V\VWHPV KDYH EHHQ GHYHORSHG IRU VWUD
ORUH\ D .HUVH\ DQG ORUMW DE@DEBWLPXOWLSOH[HG
ODVHU EDVHG VHQVRU V\VWHPV IRU SRWHQWLDO WHPSF
RQJRLQJ FKDOHOM ®IH @3KQYH UHSRUWHG DQ )%* EDVHG W
VIVWHP XVLQJ D ILEUH ODVHU WR PHDVXUH WKH WHPSHL
f& $ 5DPDQ ILEUH ODVHU SUREH KDW DO®RIEWHORGHY H
GLVWDQFH UHPRWH WHPSHUDWXUH VHQVLQJ DSSOLFDWL
UDQJH IURP f& WR f& ZKHUH WKH ODVHU FDYLWLH)\
)%*V DQG D WXQHDEOH FKLUSHG JUDWLQJ LQ D VHULDO
ILEUH ODVHU EDVHG VHQVRU V\VWHPV ZHUH GHYHORSHG
DV KLJK DV f& ZKHQ SV Rl VWUDLQ ZDV DSSOLH
&KDSWHU LQ D VLQJOH FDYLW\ FRQILIJXUDWLRQ XVLQJ
RU W\SH ,,$ ILEUH %UDJJ JUDWLQJV ,Q &KDSWHU D V
XVHG WR PHDVXUH WKH WHPSHUDWXUH XS WR f& E
PHDVXUHPHQW R SV XVLQJ D KLJK WHPSHUDWXUH
JUDWLQJ DV WKH VHQVRU KHI\U® ® | @V KHD WH VUWHHPR US/DHDE LD
PXOWLSOH[HG %UDJJ JUDWLQJ EDVHG ILEUH ODVHU VHQ\
IRUPHG XVLQJ D )%* DQG D EURDGEDQG PLUURU PHDV)
UDQJH IURP  f& WR f& ZLWK D VHQVLWLYLW\ RI S

,Q WKLV &KDSWHU D PXOWLSOH[HG WHPSHUDWXUH VHQ
HYDOXDWHG XVLQJ D SDUDOOHO SXPS VKDUHG %UDJJ

OXOWLSOH ODVHU FDYLWLHYVY ZHUH IRUPHG XVLQJ D FRPI
JUDWLQJ &)%* DQG VHYHUDO QRUPDO ILEUH %UDJJ JUD
GLITHUHQW HUELXP GRSHG ILEUHV (')V DV WKH DFWLY
REWDLQ ODVHU RVFLOODWLRQ WKH DFWLYH JDLQ PHGLD
QP ODVHU GLRGH /' WKURXJK D QP [ VSOLWWHU DQ
XVLQJ DQ 2SWLFDO 6SHFWUXP $QDO\WHU 26% +3 $

DQRG WKH VHQVLQJ FDSDFLW\ RI WKH )%*V RYHU WKH VS
FKLUSHG JUDWLQJ UHIOHFWRU DQG WKH VSOLWWHU HQK
PXOWLSOH[HG VHQVRU FRQILIJXUDWLRQ WKXV DOORZ
WHPSHUDWXUH LQIRUPDWLRQ IURP VHYHUDO FKDQQHOV



e P f& WR f& 7KLV VFKHPH DOVR RYHUFRPHV WKF
GRSHG ILEUH ODVHUV ZKHQ XVHG IRU VWUDLQ VHQVLQJ
VHQVRU LOQWHUURJDWLRQ >.HW HD\OBQ & KHRIUHHW KH EV RXXU F
WKH V\VWHP RSHUDWHYV RQ D VLQJOH ZDYHOHQJWK E\ LC
ZLWKLQ WKH ULQJ FDYLW\

*UDWLQJ )DEULFDWLRQ

1RUPDO %UDJJ JUDWLQJV

JRXU GLITHUHQW XQLIRUP ILEUH %UDJJ JUDWLQJV ZHUH |
SKRWRVHQVLWLYH ILEUH ILEUH W\SH *) VLQJOH PRGF

SP FXW RIl ZDYHOHQJWK SP VXSSOLHU 1XIHP
H[FLPHU ODVHU DV WKH XOWUD YLROHW 89 OLJKW VR
PDVNV KDYLQJ GLIIHUHQW SHULRGVY GHWDLOV DUH VXPI
JUDWLQJYV DVVRFLDWHG ZLWK IRXU GLIIHUHQW %UDJJ ZD
DQG D IUHTXHQF\ RI +] LW WRRN OHVV WKDQ WKUH
H[SRVXUH WR DFKLHYH WKH SHDN UHIOHEWLYLWLHV RI
JUDWLQJ OHQJWK R PP HDFK )RXU GLIIHUHQW SKDV#
%UDJJ ZDYHOHQJWKY LQ WKH ILEUH UDQJLQJ IURP a
ZDYHOHQJWK GLIIHUHQFH RI a QP IRU HDFK JUDWLQJ
Rl HDFK JUDWLQJ OLHV ZLWKLQ WKH ZHOO NQRZQ IOXR!
ILEUH XVHG DV WKH JDLQ PHGLXP RI WKH ODVHU 7KH V
SURILOH ZHUH PRQLWRUHG RQOLQH GXULQJ WKHLU IDE
WUDQVPLVVLRQ VSHFWUXP R6HFWIKR K B VGELHN DILD WE& RIAR 2
EHKDYLRXU RI WKH XQLIRUP JUDWLQJV LQ WKLV W\SH F
&KDSWHU



7TEOH 6SHFLILFDWLRQV RI GLITHUHQW SKDVH PDVNYV )
%UDJJ JUDWLQJV

3KDVH PDVAWWLRG QPHUR RUGHU 6XSSOLHU
2 (/DQG ,QF &DQDGD
2 (/DQG ,QF &DQDGD
2 (/DQG ,QF &DQDGD
2 (/DQG ,QF &DQDGD

&KLUSHG *UDWLQJV

)LJ 7TUDQVPLVVLRQ VSHFWUXP RI WKH FKLUSHG %UD

JRU WKLV VFKHPH WR EH VXFFHVVIXO LW ZDV HVVHQWLLE
EDQGZLGWK ODUJH HQRXJK WR FRYHU WKH ZDYHOHQJW
)%*V WR EH XVHG 7R DFKLHYH WKLV D EURDGEDQG F}
1DQ\DQJ 7THFKQRORJLFDO 8QLYHUVLW\ 6LQJDSRUH XVLC
HPLVVLRQ WKURXJK D VFDQQLQJ SKDVH PDVN WHFKQL






7R GR VR DOO IRXU QRUPDO JUDWLQJV XVHG ZHUH SOD
07) IRU DQQHDOLQJ DW DSSURSULDWH WHPSHUD
f& IRU WZR KRXUV IROORZHG E\ WKHLU EHLQJ KHOG
PRUH KRXUV WR UHPRYH WKH WUDQVLHQW XQVWDEOH F
HQVXUH UHSURGXFLELOLW\ XS WR WKLV WHPSHUDWXUH
RYHQ WHPSHUDWXUH UHDFKHG f& IURP URRP WHPSH
H[SHULHQFHG DQ LQLWLDO GHED\ RI WKHLU UHIOHFWLY
IURP WKH GHJUDGDWLRQ RI WKH 89 LQGXFHG UHIUDFV
UHIOHFWLYLW\ YDOXHV GUBBSHO QR EHWZHHQ WR )%*
GXULQJ WKH WZR KRXUV WKDW DQQHDOLQJ ZDV DSSOLHC
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$QQHDOLQJ WLPH PLQXWHYV

)LJ 9DULDWLRQ LQ WKH %UDJJ ZDYHOHQJWKYV RI W
WHPSHUDWXUH R f& IRU WZR KRXUV IROORZHG E\

7R UHWDLQ WKH UHIOHFWLYLW\ YDOXHV RI DURXQG
WHPSHUDWXUH ZDV UHGXFHG WR f& DQG WKH JUDWLQ
IRU VL[ KRXUV %OXH VKLIWV LQ WKH %UDJJ ZDYHOHQJW



WKH GHJUDGDWLRQ RI WKH HIIHFWLYH UHIUDFWLYH LQG
>30HON DO @ )LJIV DQG VKRZ WKH GHFD\ LQ WKH
YDULDWLRQV RI WKH %UDJJ ZDYHOHQJWKV RI WKH IRXU
DQQHDOLQJ DW WHPSHUDWXUHV RI f& DQG f& Ut
JUDWLQJ )%* UHPDLQHG DW a ZLWK D %UDJJ ZDYH
UHIOHFWLYLWLHV RI WKH RWKHU JUDWLQJV ZHUH a
7DEOH PHDVXUHG DW URRP WHPSHUDWXUH DIWHU
WUDQVPLVVLRQ VSHFWUD RI WKH IRXU QRUPDO %UDJJ
DQG DIWHU DQQHDOLQJ

%HIRUH DQQHDOHG
$IWHU DQQHDOHG
%HIRUH DQQHDOHG
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:DYHOHQJWK QP

)LJ 7UDQVPLVVLRQ VSHFWUD RI WKH QRUPDO ILEUH
EHIRUH DQG DIWHU DQQHDOLQJ



7DEOH &KDUDFWHULVWLFV Rl WKH QRUPDO ILEUH %!
EHIRUH DQG DIWHU DQQHDOLQJ

%HIRUH DQQHDOLQJ $IWHU DQQHDOLQJ
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(ISHULPHQWDO $UUDQJHPHQW

,QLWLDOO\ DQ H[SHULPHQW ZDV SHUIRUPHG XVLQJ D VLQ
OHQJWK EHLQJ SODFHG LQ IURQW RI WKH VSOLWWHU D
HDFK LQGHSHQGHQW RXWSXW SRUW RI WKH QP |
H[SHULPHQWDO VHW XS LV VKRZQ LQ )LJ
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yLJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU

JUDWLQJ EDVHG ODVHU VHQVRU V\VWHP ZKHQ D VLQJOH
VSOLWWHU &)%* FKLUSHG ILEUH %UDJJ JUDWLQJ (') HLU
%UDJJ JUDWLQJ



JRXU GLIITHUHQW ODVHU FDYLWLHV ZHUH IRUPHG XVLQ
JubwLQJ DV WKH UHDU UHIOHFWRU DQG IRXU WKHUPDO
HUELXP GRSHG ILEUH (') DV WKH DFWLYH VKDUHG JDLC
FKDUDFWHULVWLFV RI WKH HUELXP GRSHG ILEUH (") D
REWDLQ ODVHU RVFLOODWLRQ OLJKW IURP D QP OD
R P: ZDV ODXQFKHG LQWR WKH FDYLWLHV WKURXJK V
[ VSOLWWHU DQG WKH RXWSXWV ZHUH PRQLWRUHG XVL

7KH UHVXOW VKRZHG WKDW VHYHUH JDLQ FRPSHWLWLR
ODVLQJ FKDQQHOV )LJIV DQG VKRZ WKH ODVHU D
REVHUYHG VHSDUDWHO\ IURP WZR GLIIHUHQW WUDFHV II
FRPSHWLWLRQ EHWZHHQ FKDQQHOV DQG ZKHQ WKI
&KDQQHOV DQG ZHUH SORWWHG WRJHWKHU LQ RQH
IURP WKH KRPRIJHQHRXYVY EURDGHQLQJ QDWXUH RI (U LR
QXPEHU RI ODVLQJ PRGHV JHQHUDOO\ OHVV WKDQ IR>
IOXFWXDWHV GXH WR PRGHODBBPSHWLWLRQ >.LP

'DYHOHQJWK QP

)LJ /IDVHU DFWLRQ IURP FKDQQHO ZKHQ D VLQJOH .
ZDV SODFHG EHIRUH WKH VSOLWWHU ZLWK D IL[HG S.



)LJ IDVHU DFWLRQ IURP FKDQQHO ZKHQ D VLQJOH
ZDV SODFHG EHIRUH WKH VSOLWWHU ZLWK D IL[HG S

‘DYHOHQJWK QP

)LJ *DLQ FRPSHWLWLRQ EHWZHHQ WZR FKDQQHOV |
JDLQ PHGLXP (") PHWUHV ZDV SODFHG EHIRUH WKH
SRZHU R/ QP /'



$ VLQXVRLGDO SKDVHW PD®@O BWRPRGHKRRFNLQJ >.HUVH\
D@ DUUDQJHPHQWY PD\ EH HPSOR\HG LQ IURQW RI W
FRPSHWLWLRQ XVLQJ D VLQJOH JDLQ PHGLXP

7DEOH 6SHFLILFDWLRQV RI GLIITHUHQW HUELXP GRSH
7\SHV RI &RUH &XW RII
1XPHULEDO
("V &RUH GRSDQWPHWHU ZDYHOHQJXISSOLHU
DSHUWXUH
XVHG SP SP
(U +LJK :DYH
(") SSP 2SWLFDO 7HFK
*H $0 JUDQFH
(U +LJK :DYH
") SSP 2SWLFDO 7HFK
*H  $0 JUDQFH
' (U SSP ORULWH[ (XURSH
) *H  $0 IWG 6ZHGHQ

7R DYRLG JDLQ FRPSHWLWLRQ GLIIHUHQW HUELXP GRSH
WR HDFK LQGHSHQGHQW RXWSXW SRUW RI WKH QP |
RI WKH ODVHUV 7KH VFKHPDWLF Rl WKH H[SHULPHQWDO

a?
FL

)LJ 6FKHPDWLF RI WKH H[SHULPHQWDO VHW XS IRU
JUDWLQJ EDVHG ODVHU VHQVRU V\VWHP ZKHQ D VHSDUL
HDFK FKDQQHO DIWHU WKH VSOLWWHU



KXV IRXU GLIITHUHQW ODVHU FDYLWLHV HDFK ZLWK LQ
XVLQJ WKH FRPPRQ EURDGEDQG FKLUSHG JUDWLQJ DV W
DQQHDOHG QRUPDO )%*V DV RSWLFDO IHHGEDFN HO|
FKDUDFWHULVWLFV RI WKH HUELXP GRSHG ILEUHYV DQG V
DUH VXPPDULVHG LQ 7DEOHYV DQG UHVSHFWLYHO\

7TDEOH &KDUDFWHULVWLFV RI GLITHUHQW ODVHU FD
HUELXP GRSHG ILEUHV XVHG LQ WKLV ZRUN

1RUPDO /HQIJWK RI
7\SHV RI
/IDVHU &KLUSHMIEUH %UDJJ (Y GRSHG
(U GRSHG 2XWSXWV
&DYLWLHVYDWLQUDWLQJIV ILEUHV XVHG
ILEUHV
&DY LW\ ) % * ") PHWURKDQQHO &O
&DY LW\ 0% * ! PHWUKKDQQHO &
&RPPRQ) (") QQ
&DY LW\ ) % * (") PHWU&SKDQQHO &
&DY LW\ ) % * () PHWUSKDQQHO &

$ ORQJHU OHQJWK RI HUELXP GRSHG ILEUH (') ZDV FKR!
GXH WR LWV UHODWLYHO\ ORZHU GRSDQW FRQFHQWUD\
REWDLQ D KLJKHU DEVRUSWLRQ RI WKH SXPS SRZHU DOF
RI (') ZDV XVHG WR FUHDWH FEDYLW\ (") P RZLQ
FRQFHQWUDWLRQ RI HUELXP LRQV SSP DQG WZR O
GRSHG ILEUH ZLWK DQ HUELXP LRQ FRQFHQWUDWLRQ RI
IRUP FDYLWLHVY DQG UHVSHFWLYHO\ 7KH LQSXW SRU
FRQQHFWHG WR WKH FKLUSHG %UDJJ JUDWLQJ &)%* DOQ
WR HDFK FDYLW\ GLVFXVVHG DERYH WKURXJK DGDSWRU
VSOLFHG WR IRXU GLIIHUHQW QRUPDO ILEUH %UDJJ JUL
)%* WR )%* ZHUH SODFHG ORRVHO\ LQ WKH FHQWUH
D[LDO VWUDLQ HIIHEFW ZKLFK ZRXOG DIIHFW WKH )%*V F
FKLUSHG JUDWLQJ ZDV NHSW DW DPELHQW WHPSHUDWX
IURP D QP /' ZLWK WKH SXPS SRZHU RI P: ZDV OI
FRPPRQ SRUW RI WKH QP [ VSOLWWHU WR VSOLW



)LJ 7TKUHVKROG OHYHO RI WKH ODVHUYV

JRU D SXPS SRZHU RI P:

DV FORVH WR WKUHVKROG
P:

HTDXOO\ DFURVV WKH IRXU FKDQQHOV WKLV JLYLQJ a
ZHUH PRQLWRUHG XVLQJ WKH 26%

([SHULPHQWDO UHVXOWYV
7TKUHVKROG OHYHO RI WKH ODVHU

'KHQ D VHSDUDWH JDLQ PHGLXP DQG D QRUPDO )%* ZDV

RXWSXW SRUW RI WKH QP [ VSOLWWHU VLPXOWDQH

RXWSXW FKDQQHOV ZDV REWDLQHG ZLWKRXW JDLQ FRPS
OHYHOV RI WKH ODVHUV IRU FKDQQHOV
QP ODVHU GLRGH

DQG UHVSHI

‘DYHOHQJWK QP

IRU FKDQQHC
RI WKH PQ /'

WKH VSHFWUD FOHDUO\ VKR:

IRU ODVLQJ DQG ZLWK D VPI
obvLQJ zZzDV REVHUYHG :LWK D IXUWKHU LQFUHDVH



SRZBHUYHO ZDV HDVLO\ LPSURYHG 7KH QH[W ODVLQJ RX\
DQG ZLWK WKH SXPS SRZHU UHDFKLQJ a DQG P: UH
ZDV REVHUYHG IRU FKDQQHO HYHQ ZLWK WKH PD[LPXF
W K H QP /'

2XWSXW VSHFWUD

)LJ VKRZV VXFK VLPXOWDQHRXVY ODVHU RVFLOODWL
FRUUHVSRQGLQJ WR FKDQQHOV DQG DW WHPSHU
UHVSHFWLYHO\ DQG )LJ VKRZV WKH ODVHU RXWSX

FRUUHVSRQGLQJ WR FKDQQHOV DQG DW D WHPSHUDW
HIWUDFWHG WKURXJK FKDQQHO ZLWK D IL[HG SXPS SRZ

‘DYHOHQJWK QP

)LJ 6LPXOWDQHRXY ODVHU RVFLOODWLRQV DW WKU
DQG UHVSHFWLYHO\ DW WHPSHUDWXUHV R f& L
SRZHU R P: RI QP /" ZKHQ WKH ODVHU RXWSXWYV Z

FKDQQHO



: DYHOHQJWK QP

)LJ 6LPXOWDQHRXY ODVHU RVFLOODWLRQV DW WZR
DQG DW D WHPSHUDWXUH R f& ZLWK D IL[HG SXPS S

~

ZKHQ WKH ODVHU RXWSXWV ZHUH H[WUDFWHG W

$W f& WKH %UDJJ ZDYHOHQJWK RI WKH QRUPDO JUD)
WR OLH RXWVLGH WKH EDQGZLGWK UDQJH RI WKH FKLUS?S
VLPSO\ EHFDPH D SDVVLYH VHQVRU VKRZLQJ VPDOO 3GL

LIV DQG VKRZ WKH RXWSXW VSHFWUD RI WKH O
WHPSHUDWXUHYVY RYHU WKH UDQJH IURP f& WR f& 1
ZLWK D IL[HG SXPS SRZHU RI P: SHU FKDQQHO )RU
ubQJH RI WKH ODVHU ZDV OLPLWHG WR D PRUH UHV
WHPSHUDWXUH PHDVXUHPHQWY H[WHQGHG RQO\ WR f
EHFDPH D SDVVLYH VHQVRU IRU WKH VDPH IL[HG SXPS ¢

FKDQQHO ZLWK GLITHUHQW WHPSHUDWXUHY RYHU WKH
LQ )LJ 'LWK LQFUHDVLQJ WHPSHUDWXUH WKH ODV



ORQU ZDYHOHQJWK VLGH RI WKH VSHFWUXP WKLV DULV
JUDWLQJ SHULRG GXH WR WKH WKHUPDO H[SDQVLRQ FR
FKDQJH LQ WKH ILEUH HIIHFWLYH UHIUDFWLYH LQGH][ (
HITHFW DV GHVFULEHG LQ &KDSWHU

f&

YXX »...
f&
f&
f&
9
fé&
f-
‘DYHOHQJWK QP
)LJ [IDVHU RXWSXW VSHFWUD R FKDQQHO DW GLII
IURP f& WR f& ZLWKDIL[HG SXPS SRZHU R P:

7KH VvLIJQDO WR QRLVH UDWLR 615 RI WKH ODVHU ZDV

OLQHZLGWK R QP RQ DYHUDJH RYHU WKH PD[LPXP
IURP f& WR f& IRU FKDQQHOV DQG UHVSHFWL
YDULDWLRQ RI OHVV WKDQ * G% 7KLV VPDOO YDULDYV

SURILOH RI WKH HUELXP GRSHG ILEUHV XVHG DV WKH JI
UbQJH RI WHPSHUDWXUHV DQG DOVR IURP WKH VPRRW
JUDWLQJ XVHG FRPSDUHG WR WKDW RI WKH FKLUSHG JUL



)LJ IDVHU RXWSXW VSHFWUD RI FKDQQHO DW GLII
I[URP f& WR f& ZLWK D IL[HG SXPS SRZHU R P:

JRU FKDQQHO  WKH VLJQDO WR QRLVH UDWLR 615 YDO
WKH WHPSHUDWXUH UDQJH IURP  f& WR f& LW WKHC
VLWXDWLRQ ZKHUH WKH ILQDO WUDQVLWLRQ SRLQW RI
EH\RQG ZKLFK WKH FKDQQHO VLPSO\ EHFDPH D SDVVLYH
VLIJQDO GURSSHG GRZQ WR a G% DQG WKHQ UHPDLQH
UDQJH RI f& IRU WKH VDPH IL[HG SXPS SRZHU RI P:



)LJ 2XWSXW VSHFWUD RI FKDQQHO DW GLIITHUHQW
f& WR f& ZLWK D IL[HG SXPS SRZHU R/ P: RI

fé&
UTTF
f&
f&
f&
f&
f&

‘DYHOHQJWK QP

)LJ 5HVSRQVH Rl WKH %UDJJ ZDYHOHQJWK LQ FKDQC
RYHU WKH UDQJH IURP WR f& ZLWK D IL[HG SXPS SR



JREKDQQHO WKH UHVSRQVH RI WKH %UDJJ ZDYHOHQJW

f& WR f& LV LOOXVWUDWHG LQ )LJ VKRZLQJ \
EHORZ WKH ODVHU WKUHVKROG OHYHO ZLWK WKH VDPH
QP /' 7KH ODVHU ZDYHOHQJWKYV IRU DOO WKH FKDQQHO\
%UDJJ ZDYHOHQJWKYV RI WKH )%*V XVHG RZLQJ WR WKH
QP RQ DYHUDJH WKHVH EHLQJ PXFK QDUURZHU WKD
EDQGZLGWK a QP 7KH VLJQDO WR QRLVH UDWLR RI F|
RYHU WKH PHDVXUHG WHPSHUDWXUH UDQJHV IURP f&
WKHQ WKH 615 Rl WKH ODVHU PHDVXUHG LQ RWKHU FKDQ

6HQVRU FDOLEUDWLRQ

)LJ VKRZV WKH FDOLEUDWLRQ RI WKH ODVHU ZDYHC
UDQJH IURP  f& WR f& IRU FKDQQHOV DQG DQG RY
f& IRU FKDQQHO UHVSHFWLYHO\ 7KH WHPSHUDWXUH Z

f& LQ LQFUHPHQWDO VWHSV RI f& DOORZLQJ D VH)\
WHPSHUDWXUH WR DFKLHYH WKHUPDO HTXLOLEULXP EH
VHQVLQJ JUDWLQJV EHIRUH UHFRUGLQJ WKH ®DWD XVLQ
DV D IXQFWLRQ Rl WHPSHUDWXUH FDQ EH FDOLEUDMW
SRO\QRPLDO UHJUHVVLRQV ILWWLQJ RYHU WKH PHDVXUH
WKH FRPSDULVRQ RI WKH ODVHU FDOLEUDWLRQ IRU FKD
QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILWWLQJ RYHU
PD[LPXP

JRU FKDQQHO WKH FDOLEUD W IDRQDRIXWQ KM IORDQY/ IRU \X B P B E
FDQ EH H[SUHVVHG WKURXJK WKH IROORZLQJ HTXDWLI
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JRU FKDQQHO WKH FDOLEUDW/LRW R 1 XKW ORY HRU WIHHPHEC
FDQ EH H[SUHVVHG WKURXJK WKH IROORZLQJ HTXDWL!
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ZKHOHVY WKH DSSOLHG WHPSHUDWXUH LQ GHJUHH &HOVL

)LJ &DOLEUDWLRQ RI WKH ODVHU ZDYHOHQJWKYV ZLYV
f& WR f& IRU FKDQQHOV DQG DQG IURP f& W
UHVSHFWLYHO\



7DEOH &RPSDULVRQ RI WKH ODVHU FDOLEUDWLRQ IR
OLQHDU DQG QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILV
f& PD[LPXP
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8VLQJ D OLQHDU ILWWLQJ WKH VHQVLWLYLW\ ZDV IRXQG
WKHVH FKDQQHOV ZLWK D URRW PHDQ VTXDUH 506 HUU
WHUPV WKLV EHLQJ HTXLYDOHQW WR f& LQ WHPSHUD
RUGHU WKH WHPSHUDWXUH GHSHQGHQW VHQVLWLYLW\
SP f& RQ DYHUDJH IRU FKDQQHOV DQG UHVSHEFV
UHVSHFWLYHO\ ZLWK DQ 506 HUURU R QP RU OHVV W

f& ZDV KLIKHU WKDQ WKDW RI WKH VHQVLWLYLW\ I

)LJ &DOLEUDWLRQ RI WKH %UDJJ ZDYHOHQJWK ZLWHK
f& WR f& IRU FKDQQHO ZKHQ LWV RXWSXW ZDV HJ[\

)LJ VKRZV WKH FDOLEUDWLRQ RI WKH %UDJJ ZDYHO
UDQJH IURP f& WR f& IRU FKDQQHO ZKHQ LWV RX\
VDPH FKDQQHO (TXDOO\ WKH UHVSRQRH RKDWXJ}H & UDIV |
IXQFWLRQ RI WHPSHUDWXUH FDQ EH FDOLEUDWHG

SRO\QRPLDO UHJUHVVLRQV ILWWLQJ DQG WKLV LV H[SUH
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&RPSDULVRQ RI WKH %UDJJ ZDYHOHQJWK FDOLEUDWLRQ
QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILWWLQJ RYHU W
LQ 7DEOH

7DEOH &RPSDULVRQ RI WKH %UDJJ ZDYHOHQJWK FDO
OLQHDU DQG QRQOLQHDU SRO\QRPLDO UHJUHVVLRQV ILV
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8VLQJ D OLQHDU ILWWLQJ WKH VHQVLWLYLW\ ZDV IRXQ

HUURU YDOXH RI QP HTXLYDOHQW WR f& 8VLC
RUGHU WR WKH H[SHULPHQWDO GDWD WKH WHPSHUDW X
SP f& DQG SP f& DW f& DQG f& UHVSHEWLY

R QP HTXLYDOHQW WR OHVV WKDQ f& LQ WHPSHUL



)RU WKH FDOLEUDWLRQ Rl WKH WHPSHUDWXUH PHDVXUH
FKDQQHOV DQG DQG SDVVLYH FKDQQHO RI WKH
FRHIILFLHQWY VKRZHG DQ LPSURYHPHQW LQ SHUIRUPDQ
ILWWLQJ 7KH QRQ OLQHDULW\ LQ WKH WKHUPDO VHQV
PHDVXUHPHQW UDQJHV RI WHPSHUDWXUH PDLQO\ DULVH
FRHIILFLHQW .. RI WKH VLOLFD JODVV ILEUH DV GHU!
VHQVLWLYLW\ ZDV IRXQG WR EH DOPRVW WKH VDPH IRL
%UDJJ JUDWLQJV ZHUH IDEULFDWHG LQ WKH *H GRSHG ¢
89 ODVHU ZULWLQJ FRQGLWLRQ DQG ZHUH SODFHG LQ
FKDUDFWHULVDWLRQ )RU FKDQQHO D ODVHU EDVHG
PRQLWRULQJ WKURXJK DQ\ Rl WKH RWKHU FKDQQHOV &K
WKH ODVHU WKUHVKROG OHYHO DQG D :IODW OLQH" ZI
H[WUDFWHG WKURXJK DQ\ RWKHU FKDQQHOV HJ FKDQC
YLIV RU  QWHUHVWLQJO\ VLPXOWDQHRXV OD
ZDYHOHQJWKV ZDV HDVLO\ REVHUYHG WKURXJK DQ\ RI W

7KH FDOLEUDWLRQ RI WKH PXOWLSOH ODVHU VHQVRUYV

GHFUHDVLQJ WHPSHUDWXUH RYHU ZKLFK WKH VHQVRU
UHSURGXFLEOH ZLWKLQ WKH UHVROXWLRQ EDQGZLGWK

ZLWK HVVHQWLDOO\ QR K\VWHUHVLV EHLQJ REVHUYHG |
PHDVXUHPHQW

6 XPPDU\

$ NH\ LVVXH IRU PXOWLSOH[HG RU PXOWL FKDQQHO VHQ\
RI FKDQQHOV WKDW FDQ EH LQWHUURJDWHG LQ DQ\ VHQ
EDQGZLGWK RI WKH FKLUSHG JUDWLQJ WKH WHPSHUDW X
WKH V\VWHP WKH JDLQ SURILOH Rl WKH HUELXP GRSHG
DQG WKH WRWDO SXPS SRZHU ,Q WKLV ZRUN DQ )%* VV
FKRVHQ DV WKH SXPS VRXUFH EHFDXVH RI LWV UHDG\ I
DQG DW WKLV SXPS ZDYHOHQJWK (U GRSHG ILEUH LV |
(68 >'LIJRQQHW @ *H GRSHG SKRWRVHQVLWLYH ILEU}



R WKH QRUPDO )%*V EHFDXVH RI WKHLU SURYHQ ORQJ

>30HON DO@ DQG DOVR UHODWLYHO\ KLJKHU OHYHO RI

ZULWLQJ Rl WKHHWDWLQJ® >pX@WKH SUHVHQW H[SHULP]I
RXWSXWV H[WUDFWHG WKURXJK WKH VHQVLQJ )%*V UHT)>
DV KLJK DV f& IRU WZR KRXUV IROORZHG E\ H[SRVX!
WR UHWDLQ WKH UHIOHFWLYLW\ YDOXHV RI a IROC
UHIOHFWLYLW\ ZDV KLJK HQRXJK WR IRUP WKH ODVHU FD

W ZDV QRWHG WKDW ZKHQ D VLQJOH JDLQ PHGLXP ZDV
JDLQ FRXSOLQJ ZDV REVHUYHG DFURVV WKH FKDQQHOV
QDWXUH RI HUELXP LRQV LQ WKH PHGLXP +RZHYHU E\ S
HDFK ODVHU FDYLW\ LW ZDV SRVVLEOH WR REWDLQ D VI
FKDQQHO ZLWKRXW JDLQ FRPSHWLWLRQ WKXV VKRZLQJ
ODVHU ZDYHOHQJWKYV ZLWK WHPSHUDWXUH $OWKRXJK |
WKH ODVHU FDYLWLHV LW ZDV SRVVLEOH RQO\ LQ WK
RVFLOODWLRQV DW WKUHH RXWSXW FKDQQHOV FKDQQH!
EHFRPLQJ D VLPSOH SDVVLYH )%* VHQVRU GXH WR WKH
WKH FKDQQHOV W LV EHOLHYHG WKDW ZLWK D ORZHU
ILEUH (") SSP RI (U LRQV DV WKH JDLQ PHGL?>
RSHUDWLRQ DW IRXU RXWSXW FKDQQHOV ZRXOG EH SRV
DYDLODELOLW\ RI VXFK ILEUH IRU WKH SUHVHQW VWXC(
UHSRUWHG EXW LV WKH LQWHUHVW RI IXWXUH UHVHDUF
ODVHU ZDYHOHQJWKYV DW WKUHH RXWSXW FKDQQHOV F
REVHUYHG WKURXJK DQ\ RI WKH RXWSXW FKDQQHOV ZK
VFKHPHVY UHTXLUHG %\ FRQWUDVW WKH UHVSRQVH RI
RQO\ REVHUYDEOH WKURXJK WKH VDPH FKDQQHO WKXV
IRU HYHU\ FKDQQHO LQ VXFK SDVVLYH VFKHPHV 7KH VL
PXFK KLJKHU IRU WKH ODVLQJ FKDQQHOV WKDQ WKH .
RSHUDWLQJ EHORZ WKH ODVHU WKUHVKROG OHYHO DQG
EH\RQG WKH WHPSHUDWXUH UDQJH RI f& ZLWK WKH
DFWLYH VHQVRU DQ RXWSXW SRZHU YDULDWLRQ RI OH\
WKDW RI WKH ODUJH SRZHU YDULDWLRQ RI WKH ODVHU
VPRRWK VSHFWUXP SURILOH RI WKH FKLUSHG JUDWLQJ



BDDVR XWLOLVLQJ WKH IOXRUHVFHQFH VSHFWUD RI WKH
ZDYHOHQJIJWK UHJLRQ ZKHQ SXPSHG XVLQJ D QP /'

JRU DOO WKH FKDQQHOV H[SHULPHQWDO GDWD ZHUH DQ
UHJUHVVLRQ FRHIILFLHQWY ZKHUH WKH QRQ OLQHDU
VKRZHG DQ LPSURYHPHQW LQ ILW WR WKH GDWD LQ WKH

HUURU RI QP PD[LPXP LQ ZDYHOHQJWK ZKLFK LV
WHPSHUDWXUH FRQVLGHULQJ WKH WKHUPDO VHQVLWLY
ILWWLQJV ZLWK DQ 506 HUURU RI QP PD[LPXP R

PHDVXUHPHQW UDQJH

7KH PXOWLSOH[HG VHQVRU VFKHPH FDQ HDVLO\ EH HPS
DSSOLFDWLRQV DV WKH RXWSXWV RI HDFK VHQVRU DUH
FRPSHWLWLRQ ZKLFK IXUWKHU HPSKDVLVHV WKH UHC
+RZHYHU D VLQJOH SXPS VRXUFH KDV HQDEOHG WKH |
RVFLOODWLRQ DW GLIIHUHQW ZDYHOHQJWK FKDQQHOV C
VLQJOH GHWHFWLRQ VFKHPH 2SWLFDO 6SHFWUXP $QDC
RYHUDOO SUDFWLFDO FRVWV Rl WKH VHQVRU V\VWHPV G

,Q FRQFOXVLRQ D QRYHO DSSURDFK EDVHG RQ D SDUD
FRQILIXUDWLRQ KDV EHHQ UHSRUWHG IRU WHPSHUDWXU |
ODVHU EDVHG VHQVRU V\VWHP RIIHUV ERWK KLJKHU VLJ
OLQHZLGWK RYHU WKH FRQYHQWLRQDO SDVVLYH )%* VI
LPSRUWDQW WR QRWH WKDW WKH VHQVRU FDQ EH XV&t
UHVSRQGV WR WKH QDUURZEDQG %UDJJ JUDWLQJ HJ W
DV PHDVXUHG LQ &KDSWWUDO@X XRL G KWP KH® SHDW DPHWHL
DO @ XVLQJ FRDWHG )%*V ,QGHHG PXOWL FKDQQHO S
SDUDPHWHUVY HJ FUHDWLQJ D FRPELQHG WHPSHUDWXU
FUHDWHG ZLWK WKLV VFKHPH ZKHUH WKH WHPSHUDWX
WHPSHUDWXUH HIITHFWV LQ WKH RWKHU SUREHV LI QHFH
IXWXUH UHVHDUFK LQ WKLV ILHOG
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&KWOSWHU

*"HQHUDO FRQFOXVLRQV DQG IXWXUH 2

&RQFOXVLRQV

7KLV WKHVLVY FRYHUV WKH GHYHORSPHQW DQG WKH FKD
ODVHU GHYLFHV IRU KLIJK WHPSHUDWXUH VHQVRU DSSOL|

7TKH GHWDLOHG JURZWK EHKDYLRXU RI ERWK W\SH , DC
)%*V LQ % *H FR GRSHG DQG *H GRSHG SKRWRVHQVLWL"®
7KH ORQJ WHUP WHPSHUDWXUH VXVWDLQDELOLW\ RI W
WHUPV RI WKH GHFD\ LQ WKHLU UHIOHFWLYLW\ DQG WKH
%UDJJ ZDYHOHQJWKYV YDULDWLRQ ZLWK WHPSHUDWXUH
RSWLPXP VHOHFWLRQ RI JUDWLQJV IRU DFWLYH VHQVRU

,Q &KDSWHU WKH RSWLPLVDWLRQ RI VHYHUDO ZDYHOF}
EDVHG ILEUH ODVHUV ZDV HYDOXDWHG ZLWK FRQVLGH
PDWFKHG SDLU %UDJJ JUDWLQJV GLIIHUHQW FDYLW\ FRC
HUELXP GRSHG ILEUHV DV WKH JDLQ PHGLXP DQG WKH |
KDYH EHHQ FRQVLGHUHG IRU VHQVRU DSSOLFDWLRQV LQ

7TKH QHZ DSSURDFK ZDIYXO3XHY PORBHBIRQOWLQJ EDVHG OD)
IRU WHPSHUDWXUH VHQVLQJ DSSOLFDWLRQ IRU WKH ILU
7KH FRPELQDIWLEBHRRIID JUDWLQJ DQG D QRUPDO %UDJJ

IRUP WKH FDYLW\ IHHGEDFN DQG HQFORVHG D OHQJWK

PHGLXP RI WKH ODVHU 7KH SUREH FRQWDLQLQJ WKH QI
RYHQ IRU WHPSHUDWXUH PHDVXUHPHQW RYHU WKH UDQJ
7KH ODVHU VHQVRU ZDV FKDUDFWHULVHG E\ SODFLQJ W



QRUPDO JUDWLQJ DW DPELHQW WHPSHUDWXUH DQG WKF
VLIQDO ZDYHOHQJWK GLG QRW FKDQJH ZLWK WHPSHUDW

7KH W\SH , $ %UDJJ JUDWLQJ ZDV XVHG DV WKH VHQVLQ
&KDSWHU %YRWK WKH FKLUSHG JUDWLQJ DQG WKH QR!
JHUPDQLXP HUELXP FR GRSHG SKRWRVHQVLWLYH ILEUH
RYHU WKH UDQJH IURP URRP WHPSHUDWXUH WR f& Z
XQVWUDLQHG DQG IURP f& WR f& ZKHQ LW ZDV VWU
LQ WKH VLIQDO WR QRLVH UDWLR 615 DQG D QDUURZ
REWDLQHG FRPSDUHG WR WKRVH RI WKH SDVVLYH VHQVR

,Q &KDSWHU WKH %UDJJ JUDWLQJ EDVHG ILEUH ODVH
WHPSHUDWXUH XS WR f& DQG WKH VWUDLQ XS WR
QRUPDO W\SH , JUDWLQJ ZDV ZULWWHQ LQWR DQ 6E *H |
VHQVLQJ HOHPHQW RI WKH V\WVWHP 7KH IDEULFDWLRQ
UHSRUWHG LQ WKH % *H FR GRSHG ILEUH

,Q &KDSWHU D GHWDLOHG LQYHVWLIJDWLRQ LQWR WKH
PDWFKHG QRUPDO %UDJJ JUDWLQJY EDVHG ILEUH ODVHL
%UDJJ JUDWLQJ DFWLQJ DV WKH UHIOHFWRUV RI WKH OD
DQRQDO\WLFDO PRGHO KDV EHHQ FUHDWHG IRU WKH ILUVW
WKH JUDWLQJ EDQGZLGWK DQG WKH WHPSHUDWXUH XQ
RXWSXW FKDUDFWHULVWLFV RI D YHU\ VKRUW FDYLW\
SODFHG LQ DQ RYHQ IRU WHPSHUDWXUH PHDVXUHPHQW
WKH ODVHU ZDV IRXQG WR GHFUHDVH FRQWLQXRXVO\ ZL\

7KH VLQJOH %UDJJ JUDWLQJ EDVHG ILEUH ODVHU DSSUR
KDV EHHQ H[WHQGHG IRU WKH SDUDOOHO PXOWLSOH[HC
&KDSWHU OXOWLSOH ODVHU FDYLWLHV ZHUH IRUPHG

JUDWLQJ DQG VHYHUDO QRUPDO ILEUH %UDJJ JUDWLQJV
XVHG LQ FRQMXQFWLRQ ZLWK GLIITHUHQW OHQJWKV RI H
PHGLD Rl WKH ODVHU :KHQ D VLQJOH JDLQ PHGLXP ZD\
VHYHUH JDLQ FRPSHWLWLRQ REWDLQHG DFURVV WKH



RVNLOODWLRQ DW WKUHH GLITHUHQW ZDYHOHQJWKYV ZDV F
VHSDUDWH JDLQ PHGLXP ZDV SODFHG DFURVV HDFK |
WHPSHUDWXUH ZDV PHDVXUHG RYHU WKH UDQJH IURP
QRUPDO )%*V ZHUH SODFHG LQ WKH RYHQ ©6LPXOWDAQ
WKURXJK D VLQJOH GHWHFWLRQ VFKHPH ZLOO UHGXFH
DSSOLFDWLRQV

SHFRPPHQGDWLRQV IRU IXWXUH ZRUN

7KH UHVXOWV REWDLQHG IURP VHYHUDO %UDJJ JUDW|
DSSOLFDWLRQV KDYH VKRZHG WKDW ODVHU EDVHG GHY
WKH VLIQDO WR QRLVH UDWLR 615 DQG WKH QDUURZ O
ZLWK WKRVH RI WKH SDVVLYH )%* VHQVRUV 7KLV HQKDQ
EH LQWHUURJDWHG IRU PXOWLSOH[HG DSSOLFDWLRQV 2
WKH GHWHFWLRQ VFKHPH

,Q YLHZ RI WKH ZRUN DFFRPSOLVKHG WR GDWH WKH IR
UHVHDUFK DUH FRQVLGHUHG LPSRUWDQW DQG UHOHYDQ'

+f 7R HIWHQG WKH ODVHU EDVHG VHQVRU VFKHPH IRU \
WHPSHUDWXUH DQG VWUDLQ DQG WKHLU GLVFULPLQD
DV UHIHUHQFH

f 7KH PXOWL FKDQQHO WHPSHUDWXUH SUREH FDQ EH
SDUDPHWHUYV VLPXOWDQHRXVO\ IRU H[DPSOH FUHD
KXPLGLW\ DQG VWUDLQ VHQVRU VFKHPH

f 7KH ODVHU SUREH PD\ EH XVHG IRU ELR PHGLFDO DS
SUREHV DUH UHTXLUHG IRU H[DPSOH LQVHUWLQJ LQ
SURILOLQJ

)LQDOO\ WKH ZRUN VXJJHVWV WKDW DGYDQFHG RSWLF
RWKHU SUDFWLFDO DSSOLFDWLRQV LQ WKH IXWXUH



