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OHDVXUHPHQW DQG ,QVWUXPHQWDWLR
'HSDUWPHQW RI (OHFWULFDO (OHFW
DQG ,QIRUPDWLRQ (QJLQHHULQJ
&LW\ 8QLYHUVLW\

IRQGRQ

6HSWHPEHU
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ILVW RI L OOXVWUDWLRQV
$FNQRZOHGJHPHQWYV

"HFODUDWLRQ

$SEVWUDFW

. H\ WR $EEUHYLDWLRQV DQG 6\PEROYV

&KDSWHU ,QWURGXFWLRQ DQG %DFNJURXQG
,QWURGXFWLRQ
$LPV DQG VWUXFWXUH RI WKLV WKHVLV
+LVWRULFDO EDFNJURXQG
3ULQFLSOHV RI LQWHUIHURPHWU\
,QWURGXFWLRQ
,QWHUIHUHQFH EHWZHHQ HOHFWURPDJQHWLF
7KH OLFKHOVRQ LQWHUIHURPHWHU
7KH )DEU\ 3HURW LQWHUIHURPHWHU
7KH SK\VLFV RI ODVHU GLRGHV
,QWURGXFWLRQ
BHPLFRQGXFWRUV S Q MXQFWLRQV DQG GLRG
%DVLFV Rl VHPLFRQGXFWRU ODVHUYV
/IDVLQJ FRQGLWLRQV
2SWLFDO SURSHUWLHV RI VHPLFRQGXFWRU OD

6 XPPDU\

&KDSWHU 7KHRU\ RI ([WHUQDO 2SWLFDO )H
IDVHU '"LRGHYV

 QWURGXFWLRQ



/IDVLQJ FRQGLWLRQV ZLWK ZHDN IHHGEDFN
JUHTXHQF\ YDULDWLRQ

,QWHQVLW\ YDULDWLRQ

(ITHFW RI IHHGEDFN RQ OLQHZLGWK
BWDELOLW\ FRQVLGHUDWLRQV

+LJKHU OHYHOV RI IHHGEDFN

6 XPPDU\

&KDSWHU ([SHULPHQWDO 7HFKQLTXHV IRU ,C

WKH (IITHFWV RI 2SWLFDO )HHGEDFN LQ /DVHU 'L
,QWURGXFWLRQ
(VWLPDWLRQ RI IHHGEDFN 6WUHQJWK
$OLIJQPHQW RI FRPSRQHQWY DQG EHDP FROOLPDW
$OLIJQPHQW RI WKH H[WHUQDO UHIOHFWRU
‘:DYHOHQJWK PHDVXUHPHQW
OHDVXUHPHQW RI IHHGEDFN VWUHQJWK

6 XPPDU\

&KDSWHU 2SWLFDO 6HQVLQJ XVLQJ 6HC
, QWHUIHUHQEH

,ZQWURGXFWLRQ

&KRLFH RI ODVHU GLRGH

&KRLFH RI HHTWHUQDO UHIOHFWRU

2WKHU FRPSRQHQWYV

'"HPRQVWUDWLRQ RI D VHQVLQJ VA\WWHP XVLQJ

LQWHUIHUHQFH

6 XPPDU\



&KDSWHU 2SWLFDO )HHGEDFN DQG WKH )
6WDELOLW\ RI /I DVHU 'LRGHYV
,QWURGXFWLRQ
7KHRUHWLFDO %DFNJURXQG
7KH HIITHFWV Rl WHPSHUDWXUH VHQVLWLYLW\ LQ
7KH XVH Rl RSWLFDO IHHGEDFN WR H[WHQG WKH \
7KH XVH RI IUHTXHQF\ VHOHFWLYH IHHGEDFN WR
IUHTXHQF\ FKDUDFWHULVWLFV RI D ODVHU GLRGH
7KH XVH Rl RSWLFDO IHHGEDFN WR UHGXFH WHPS
VHQVLWLYLW\
JHHGEDFN IURP WZR H[WHUQDO UHIOHFWRUYV
(ISHULPHQWDO YHULILFDWLRQ

6 XPPDU\

&KDSWHU ORGXODWLRQ )UHTXHQF\ '"RXEOLQJ
,QWURGXFWLRQ
(ISHULPHQWDO 2EVHUYDWLRQYV
7KHRUHWLFDO &RQVLGHUDWLRQV
'LVFXVVLRQ RI WKH REVHUYDWLRQV

6 XPPDU\

&KDSWHU &RQFOXVLRQ
2YHUDOO VXPPDU\

6 XJIJHVWLRQV IRU IXUWKHU ZRUN

SHIHUHQFHYV
SHOHYHQW 3XEOLFDWLRQV E\ WKH $XWKRU
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2SWLFDO JHRPHWU\ RI WKH OLFKHOVRQ LQWHU

*HRPHWU\ RI WKH )DEU\ 3BHURW LQWHUIHURPHW

%ORFN GLDJUDP VKRZLQJ WKH UHODWLRQVKLS
DIIHFWHG E\ HHWHUQDO RSWLFDO IHHGEDFN

6FKHPDWLF UHSUHVHQWDWLRQ RI D ODVHU G
VKRZLQJ DPSOLWXGH UHIOHFWLRQ FRHIILFLHQWYV |
HOHFWULF ILHOG DPSOLWXGHV (£ DQG FDYLW\ OHQ

O9DULDWLRQ RI FRPSRXQG FDYLW\ SKDVH FKDQ.
$Y QASOPP |/ PP D

9DULDWLRQ RI IUHTXHQF\ IRU D ODVHU GLRGH .
OHQIJWK D DQG GULYH FXUUHQW E QASOPP |/

9DULDWLRQ RI LQWHQVLW\ IRU D ODVHU GLRGH
OHQIJWK D DQG GULYH FXUUHQW E QASOPP |/

, QWHQVLW\ YDULDWLRQ ZLWK H[WHUQDO FD°
FRKHUHQFH OHQJWK DUH SKDVH GHSHQGHQW

ODULDWLRQ RI FRPSRXQG FDYLW\ SKDVH FKDC(
VKRZLQJ VLQJOH ORQJLWXGLQDO PRGH IUHTXHQF\
ZLGWK $YK\V

O9DULDWLRQ RI VLQJOH H[WHUQDO FDYLW\ ORQJ
IUDFWLRQ RI WKH H[WHUQDO FDYLW\ PRGH VSDFLQJ

7\SLFDO H[SHULPHQWDO VHW XS /[/'£ ODVHU GL
/IS FROOLPDWLQJ OHQVHV 1'SQHXWUDO GHQVLW\ |
PLUURUYV

2VFLOORVFRSH WUDFHYVY VKRZLQJ ODVHU GLRGF
VFDQQHG WKURXJK WKH QRUPDO SRVLWLRQ D D

WKUHVKROG
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(IDPSOH Rl DQ RVFLOORVFRSH WUDFH REWDL
OLFKHOVRQ LQWHUIHURPHWHU

9DULDWLRQ RYHU WLPH RI PHDVXUHG ZDYHOHQ.

OHDVXUHPHQWY RI ODVHU GLRGH ZDYHOHQJWK
DQG ZLWK KHDW VLQN WHPSHUDWXUH E PDGH
OLFKHOVRQ LQWHUIHURPHWHU

2VFLOORVFRSH WUDFH VKRZLQJ PRQLWRU SKR
ZLWK IHHGEDFN XSSHU WUDFH DQG ZLWKRXW OR
GULYH FXUUHQW PRGXODWLRQ

30RW RI PRQLWRU SKRWRGLRGH RXWSXW ZLW
ZLWKRXW IHHGEDFN 92 ZLWK WULDQJXODU ZDYH G

2VFLOORVFRSH WUDFH VKRZLQJ ODVHU GLRGH
KRSSLQJ RFFXUV EHWZHHQ H[WHUQDO FDYLW\ ORQ.
FRQGLWLRQV

6HOI PL[LQJ LQWHUIHUHQFH IULQJH DPSOLWXG
WDUJHW GLVSODFHPHQW ZLWK D PXOWLPRGH ODVHL

6HOI PL[LQJ LQWHUIHUHQFH YLVLELOLW\ SDWWFE
VWURQJ IHHGEDFN

6HOI PL[LQJ LQWHUIHUHQFH YLVLELOLW\ SDWW
ZLWK IHHGEDFN FRQWUROOHG E\ D QHXWUDO GHQVL

6HOI PL[LQJ LQWHUIHUHQFH YLVLELOLW\ SDWW

HPEHGGHG UHWUR UHIOHFWLQJ SDSHU WDUJHW

(ISHULPHQWDO DUUDQJHPHQW XVHG WR GHPRQ
EDVHG VHQVLQJ V\VWHP

2VFLOORVFRSH WUDFHV VKRZLQJ VHOI PL[LQJ
GLVWDQFHV D “PP E “PP F “ PP  +RI

PV GLY 9HUWLFDO VFDOH O0O2P9 GLY

7\SLFDO YDULDWLRQ RI ODVHU GLRGH ZDYHOHQ
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7\SLFDO YDULDWLRQ RI ZDYHOHQJWK ZLWK WHF
ORQJLWXGLQDO PRGH VWDELOLVDWLRQ

6FKHPDWLF UHSUHVHQWDWLRQ RI D ODVHU GLR
FDYLWLHV

9DULDWLRQ RI ODVHU IUHTXHQF\ ZLWK IHHGEL
ZLWK VROLWDU\ ODVHU IUHTXHQF\ H[SUHVVHG LQ
ILUVW H[WHUQDO FDYLW\ IRU/ PP | PP 5 [

9DULDWLRQ RI ZDYHOHQJWK IRU D ODVHU GLR:
WKH GXDO ZDYHOHQJWK OLFKHOVRQ LQWHUIHURPHMW

2VFLOORVFRSH WUDFHV RI PRQLWRU SKRWRGL
GLRGH ZLWK IHHGEDFN DQG WKH GULYH FXUUHQW
VLIJQDO

(ISHULPHQWDO DUUDQJHPHQW ZLWK IHHGEDFN
/' ODVHU GLRGH 3' PRQLWRU SKRWRGLRGH 1°
/, FROOLPDWLQJ OHQV GLIIUDFWLRQ JUDWLQJ O©

2VFLOORVFRSH WUDFH UHFRUGHG ZLWK D OC
PRGXODWLRQ RI WKH GULYH FXUUHQW ZLWK IHHGEL
DQG WZR H[WHUQDO UHIOHFWRUV E

7ZR RVFLOORVFRSH WUDFHV REWDLQHG ZLWK
ZLWK WKH ODVHU GLRGH GULYH FXUUHQW PRGXODW

7ZR RVFLOORVFRSH WUDFHV REWDLQHG ZLWK
ZLWK WKH H[WHUQDO UHIOHFWRU SRVLWLRQ PRGXO

2VFLOORVFRSH WUDFHV VKRZLQJ VLPXOWDQHR
GRXEOH IUHTXHQF\ LQWHQVLW\ PRGXODWLRQ DQG
LQWHUIHURPHWHU

&DOFXODWHG YLVLELOLW\ SDWWHUQ IRU D GX
RQH ODVHU GLRGH XQGHUJRHV KRSSLQJ EHWZHHQ
PRGHV

3DWK WDNHQ E\ D VLQJOH UD\ LQ DQ H[WHUQDO
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, ZRXOG OLNH WR WKDQN WKH IROORZLQJ SHRSOH
WKH ZRUN OHDGLQJ WR WKLV WKHVLVY .HQ *UDWWDQ
‘HLU DQG DOO WKH RWKHU VWDII DQG VWXGHQWYV LQ
JURXSYVY DW &LW\ 8QLYHUVLW\

, DP JUDWHIXO IRU ILQDQFLDO VXSSRUW WR 7KH (Q
5HVHDUFK &RXQFLO IRU D VWXGHQWVKLS DQG WR 7KH
, QVWUXPHQW ODNHUV 7KH ,QVWLWXWH Rl 3K\VLFV D!
THFKQRORJ\ *URXS RI WKH ,QVWLWXWH RI| 3K\VLFV IRU

LQWHUQDWLRQDO FRQIHUHQFHYV
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, JUbQW SRZHUV RI GLVFUHWLRQ WR WKH 8QLYHUVLW)

FRSLHG LQ ZKROH RU LQ SDUW ZLWKRXW IXUWKHU UHI

RQO\ VLQJOH FRSLHV PDGH IRU VWXG\ SXUSRVHV V)

DFNQRZOHGJHPHQW
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7KLV WKHVLV LV FRQFHUQHG ZLWK WKH DSSOLFDWL
ObDVHU GLRGH WR LOWHUIHURPHWULF RSWLFDO VHQV
LOWHUIHUHQFHT DQG H[DPLQHV VRPH RI WKH SUDFWLFI
VHQVRUV

$ WKHRU\ LV GHVFULEHG ZKLFK DFFRXQWYV IRU WKH
ZHDN H[WHUQDO RSWLFDO IHHGEDFN DQG VKRZV KRZ I
VLIQDO FDQ EH REWDLQHG IURP VXFK D VA\VWHP

([SHULPHQWDO WHFKQLTXHVY DUH GHVFULEHG ZKL
RYHUFRPH VRPH RI WKH LQKHUHQW GLIILFXOWLHV LQ
RSWLFDO IHHGEDFN LQ ODVHU GLRGHY DQG HQDEOH D
RI HITSHULPHQWDO UHVXOWYV 7KHVH LQFOXGH WKH HVW
IHHGEDFN VWUHQJIJWK WKH DFFXUDWH DOLJQPHQW R |
ZDYHOHQJIJWK FKDQJHV GXH WR IHHGEDFN

7KH SULQFLSOHYVY RI RSHUDWLRQ RI D VLPSOH VHOI
UubQJH GLVSODFHPHQW VHQVRU KDYH EHHQ GHPRQVWU
VXFK D VI\VWHP KDV EHHQ FRQVLGHUHG LQ GHWDLO DC
SURGXFHG IRU WDUJHW GLVWDQFHV RI RYHU RQH PHWL

7KH SUREOHP IRU LQWHUIHURPHWULF VHQVLQJ V\VYV
ZLWK UHVSHFW WR WHPSHUDWXUH YDULDWLRQV RI1 OI
SDUWLFXODU UHIHUHQFH WR WKH HIIHFWV RI RSWLFD
RSWLFDO IHHGEDFN WR UHGXFH WKH ZDYHOHQJWK
ORQJLWXGLQEDO PRGH KDV EHHQ SURSRVHG DQG GHPRC

([SHULPHQWDO UHVXOWY DUH SUHVHQWHG LQ ZKLF
PRGXODWLRQ GXH WR IHHGEDFN LV WZLFH WKH YDOX
HIWHUQDO FDYLW\ 7KLV LV VKRZQ WR EH GXH WR PLV
FDXVLQJ OLJKW WR PDNH D GRXEOH SDVV RI WKH H[WH
HIWHUQDO UHIOHFWRU PLVDOLJQHG WKH V\VWHP LV
UHVXOWLQJ PRGXODWLRQ ITUHTXHQF\ GRXEOLQJ RIIHI
UHVROXWLRQ RI D VHOI PL[LQJ LOWHUIHUHQFH EDVHG \



cC O ™

ol

JWK

< O ™

—

(< 72 $%%5(9,$7,216 $1' 6<0%2/6

,QVWDQWDQHRXV HOHFWULF ILHOG PDJQLWXGH
$PSOLWXGH RI HOHFWULF ILHOG RVFLOODWLRQ
2SWLFDO DQJXODU IUHTXHQF\
7LPH
2SWLFDO ZDYH FRQVWDQW
'LUHFWLRQ RI SURSDJDWLRQ RI WKH HOHFWULF IL
'LUHFWLRQ SHUSHQGLFXODU WR WKH GLUHFWLRQ
2SWLFDO ZDYHOHQJWK
2SWLFDO LQWHQVLW\
, QWHUIHUHQFH SDWWHUQ YLVLELOLW\
1RUPDOLVHG RSWLFDO IUHTXHQF\
3KDVH
'LVWDQFH
$PSOLWXGH UHIOHFWLRQ FRHIILFLHQW
,QWHQVLW\ UHIOHFWLRQ FRHIILFLHQW
,QWHQVLW\ WUDQVPLVVLRQ FRHIILFLHQW
)DEU\ 3BHURW ILQHVVH
/IDVHU JDLQ FRHIILFLHQW
IDVHU ORVV FRHIILFLHQW
7KUHVKROG JDLQ RI D ODVHU
IDVHU FDYLW\ OHQJWK
6SHHG RI OLJKW LQ D YDFXXP
SHIUDFWLYH LQGH]
2SWLFDO IUHTXHQF\
IDVHU FDYLW\ URXQG WULS WLPH

5RXQG WULS SKDVH FKDQJH GXH WR IHHGEDFN



JHHGEDFN FRXSOLQJ FRHIILFLHQW

(0]

D ILQHZLGWK HQKDQFHPHQW IDFWRU

& JHHGEDFN VWUHQJWK FRHIILFLHQW

1 IDVHU GLRGH FKDUJH FDUULHU GHQVLW\
- IDVHU GLRGH LQMHFWLRQ FXUUHQW

H &KDUJH RI DQ HOHFWURQ

Y J 2SWLFDO JURXS YHORFLW\
&KDUJIJH FDUULHU OLIHWLPH
6 IDVHU GLRGH FDYLW\ SKRWRQ GHQVLW\
9DULDWLRQ RI JDLQ ZLWK FKDUJH FDUULHU GHQVI
P , QWHQVLW\ PRGXODWLRQ FRHIILFLHQW
$Y[FP/RQIJLWXGLQDO PRGH VSDFLQJ
$:[P SDQJH RI VLQJOH ORQJLWXGLQDO PRGH RSHUDWLT

$9K\V F\WWHUHVLV IUHTXHQF\ LQWHUYDO

/" IDVHU GLRGH

3" 3KRWRGLRGH

0 OLUURU

1° IHXWUDO GHQVLW\ ILOWHU
/ /IHQV

% 6 %HDPVSOLWWHU

z *DXVVLDQ EHDP ZDLVW UDGLXV
H *DXVVLDQ EHDP GLYHUJHQFH DQJOH
z :LGWK RI D GLIIUDFWLQJ VOLW

I JRFDO OHQJWK RI D OHQV

| E (OHFWULFDO FXWRII TUHTXHQF\
7TKHUPDO FRQGXFWLYLW\

3 7TKHUPDO SRZHU

7 THPSHUDWXUH

9 S9ROWDJH



2SWLFDO GHQVLW\ RI

D

ILOWHU



&KDSWHU ,OWURGXFWLRQ DQG %DFN.

 QWURGXFWLRQ

7KH GHYHORSPHQW RI RSWLFDO VHQVRUV XVLQJ VI
ILEUH RSWLFV WR UHSODFH HOHFWUR PHFKDQLFDO C(
RQJRLQJ LOQWHUHVW 2SWLFDO GHYLFHV KDYH D QXPEF
DFFXUDF\ UHOLDELOLW\ ORZ PDVV DQG ORZ FRVW $
DVSHFWV LV JLYHQ LQ D QXPEHU RI WH[WV H J *UDWMW

7KLV ZRUN LV D VWXG\ RI WKH DSSOLFDWLRQ RI H[\
GLRGH WR LQWHUIHURPHWULF VHQVLQJ WHFKQLTXHYV
EDVHG RQ WKH LQWHUIHURPHWULF HIIHFWV RI ZHDN R
EHHQ SURSRVHG IRU VHQVLQJ TXDQWLWLHYVY VXFK DV G

7KH HITHFWV RI RSWLFDO IHHGEDFN RQ ODVHU GLRC(
SbuwoO\ DV D SUREOHP WR EH RYHUFRPH DQG SDUWC
XVHIXO DSSOLFDWLRQV LQ DUHDV VXFK DV WHOHFRPPX
RXWSXW RSWLFDO IUHTXHQF\ RI WKH ODVHU GLRGH D(
SHUIRUPDQFH LQ IRU H[DPSOH ILEUH RSWLF FRPF
UHIOHFWLRQV IURP ILEUH HQGV FDQ EH YHU\ HIIHFWLY |
7TKHVH HIIHFWV FDQ KRZHYHU IRU FHUWDLQ OHYHO
PRGXODWLRQ LQ WKH RXWSXW SRZHU RI WKH ODVHU G
D FRQYHQWLRQDO LQWHUIHURPHWHU WKLV W\SH RI
LQWHUNHUKLEOARKDUD HWDO

7KH UHVHDUFK UHSRUWHG KHUH LV FRQFHUQHG

LOQOWHUIHUHQFH LQ LOWHUIHURPHWULF VHQVLQJ WKH I



WHWW RXW LQ WKH IROORZLQJ VHFWLRQ ,Q WKH UHPD
EDFNJURXQG LV SUHVHQWHG JLYLQJ DQ RYHUYLHZ RI
RQ RSWLFDO IHHGEDFN LQ ODVHU GLRGHV DV LW UHOD
VRPH EDFNJURXQG SK\VLFV QHFHVVDU\ IRU WKH VWX

GLRGHV LV GLVFXVVHG

$LPV DQG VWUXFWXUH RI WKLV WKHVLV

7KH PDLQ DLPV RI WKH ZRUN GHVFULEHG LQ WKLV V
L WR GHVFULEH D WKHRU\ RI RSWLFDO IHHGEDFN LQ
ODVHU GLRGH ZLWK RSWLFDO IHHGEDFN FDQ EH XVHG \
ZKLFK FDQ EH XVHG DV WKH EDVLV IRU DQ LQWHUIHUF
GHWHUPLQLQJ WKH SK\VLFDO SDUDPHWHUV RI VXFK D
&KDSWHU
LL WR GHYHORS WKH WHFKQLTXHV QHFHVVDU\ IRU DF
ZRUN ZLWK RSWLFDO IHHGEDFN LQ ODVHU GLRGHV 7Kt
RI FRPSRQHQWY DFFXUDWH HVWLPDWLRQ DQG PHDVXL
DQRG PHDVXUHPHQW RI IUHTXHQF\ YDULDWLRQV GXH WHF
LQ &KDSWHU
LLL WR GHPRQVWUDWH WKH XVH RI RSWLFDO IHHGED
RSWLPXP FRPSRQHQWY DQG WR TXDQWLI\ WKH OLPLW
VI\VWHP 7KH UHVXOWY RI H[SHULPHQWYVY XQGHUWDNHAQ
V\VWHP DUH SUHVHQWHG LQ &KDSWHU
LY WR LQYHVWLIJDWH WKH HIIHFWV RI WKH VHQVLWLY
OLJKW HPLWWHG E\ D ODVHU GLRGH WR WKH SHUIRUF
EDVHG VHQVLQJ V\VWHP DQG WR H[DPLQH WKH SRVVLEC
WKDW WHPSHUDWXUH VHQVLWLYLW\ &KDSWHU JLYHV

RI ODVHU GLRGHVY SUHVHQWY D WKHRUHWLFDO SURSR



IUHTXHQF\ VWDELOLW\ DQG GHVFULEHV H[SHULPHQWD

WKHRU\

Y WR H[SODLQ H[SHULPHQWDO REVHUYDWLRQV ZKLFK

LQLWLDOO\ RXWOLQHG DQG WR PRGLI\ WKH WKHRU\ LC

SUHVHQWHG DQG WKHLU LPSOLFDWLRQV GLVFXVVHG L(
$ VXPPDU\ RI WKH UHVXOWYV RI WKLV ZRUN LV JL\

VXIJIHVWLRQV IRU IXWXUH ZRUN LQ WKLY DUHD

+LVWRULFDO %DFNJURXQG

7KH ILUVW GHWDLOHG H[SHULPHQWDO DQG WKHRUH
RSWLFDO IHHGEDFN LQ D ODVHU GLRGH zZDV E\ /DQJ
GHVFULEHG WKH REVHUYHG HIIHFWV RI IHHGEDFN RQ \
ODVHU GLRGH FRXSOHG WR DQ H[WHUQDO UHIOHFWRU
IURP WKH ODVHU XQGXODWLRQV LQ WKH OLJKW FXUI
DPSOLWXGH RI WKH XQGXODWLRQV ZLWK WKH H[WHUQL
WKH OLJKW FXUUHQW FXUYH ZHUH UHSRUWHG $ TXDC
YDULDWLRQ RI WKH OLJKW FXUUHQW XQGXODWLRQ DI
EDVHG RQ WKH LQWHUDFWLRQ EHWZHHQ WKH ORQJLW:
DQG PRGHVY DVVRFLDWHG ZLWK WKH H[WHUQDO FDYLW
WKH ODVHU GLRGH DQG WKH H[WHUQDO UHIOHFWRU $(
WKH ODVHU GLRGH FDYLW\ UHIUDFWLYH LQGH[ WKH F
WKH RSWLFDO IUHTXHQF\ RI WKH OLJKW HPLWWHG E\ W
VWDWH VROXWLRQV RI D UDWH HTXDWLRQ IRU WKH WL
WLPH GHOD\HG ILHOG WHUP UHSUHVHQWLQJ WKH IF
DSSUR[LPDWLRQ E\ OLQHDULVLQJ WKH YDULDWLRQ RI
HTXLOLEULXP YDOXH ZKLFK LV YDOLG IRU VPDOO YDI
SUHGLFWV WKH IRUP RI WKH YDULDWLRQ RI RSWLFDO

ODVHU GLRGH ZLWK IHHGEDFN DQG SUHGLFWV PXOWLV'



YDULDWLRQ DOWKRXJK WKH FRQGLWLRQ IRU WKH RFF>
RI DQ XQGHILQHG IHHGEDFN FRXSOLQJ FRHIILFLHQW
JROORZLQJ WKLV D ODUJH DPRXQW RI ZRUN KDV
YDULRXV HIIHFWV RI IHHGEDFN LQ ODVHU GLRGHV DQG
IRU WKHVH REVHUYDWLRQV ORVW ZRUN KDV FRQFHQ
IHHGEDFN QRWDEO\ WKH HIITHFW RQ OLQHDL®WN HAKLF
DO RU GHFUHDNXHKL 2NRVKL 3DW] DN HW DO
GHSHQGLQJ RQ FRQGLWLRQV VXFK DV WKH LQWHC(
SHWHQQDQQ@WKHU ZRUN KDV GHVFULEHG WKH HIIHFWYV
FROQOWHQW RI WKH ODVHU RXWSXW BRWWDSKWWYBODQG
%LHVWHUERY HW DO TDPEXQ@WLOYKHHWSSBDUDQ

ORQIJLWXGLQDO PRGHV DVVRFLDWBRBGPXDWNKHWKH *H[G\H

$Q LPSRUWDQW DSSOLFDWLRQ RI WKHVH HIIHFWYV
VWDELOLVLQJ WKH VSHFWUDO FKDUDFWHULVWLFV RI O
KDV LQYROYHG WKH XVH RI VWURQJ $UVWHT2DOHOQF\ VHO!
REWDLQHG E\ SODFLQJ D ILOWHULQJ HOHPHQW VXFlI
9DOHQ]XHOD HW DO RAKRBPL)BEBWUDGHYBYWIHRD Y OW\
*XHQ LQ WKH H[WHUQDO FDYLW\ RU XVLQJ D GLIIULC
UHIOHEWWRR HW DDKHVH WHFKQLTXHYVY ZRUN E\ UHGXFLQ
WKH ILOWHU ZDYHOHQJWK VR WKDW WKH ODVHU ZLOO '

7KH HIIHFWV RI IHHGEDFN VWUHQJWK DUH GHVFU]I

ZKR GHILQH ILYH UHJLPHYVY RI IHHGEDFN VWUHQJWEK
HIKLELWYV D GLVWLQFW W\SH RI EHKDYLRXU 7KLV ZRU
RI WKH GLVWLQFWLRQ EHWZHHQ ZHDN DQG VWURQJ |
IHHGEDFN WR EH WUHDWHG VHSDUDWHO\ DQG IRU VLP:
VROYLQJ WKH JDLQ DQG SKDVH FRQGLWLRQV IRU D OD\
UHIOHFWLRQ FRHIILFLHQW RI WKH IURQW IDFHW RI WKI

Rl WKH ILHOG UHIOHFWHG IURP WKH HGMHUWRDRON UHHWO B |



SHWHUPDQQ 7KHVH WKHRULHV DFFRXQW IRU WK
YDULDWLRQV LQ ODVHU GLRGH IUHTXHQF\ DQG WKUHYV
DQG VXFFHVVIXOO\ SUHGLFW WKH DV\PPHWULF IRUP R
RFFXUUHQFH RI K\VWHUHVLVY LQ WKH SDWK WDNHQ E\ \
YDULHG 3HWHUGBQRULEHYVY H[SOLFLWO\ WKH HIIHFW RI
OLQHZLGWK HQKDQFHPHQW FRHIILFLHQW ZKLFK UHOD
UHIUDFWLYH LQGH[ DQG DIIHFWV WKH UHODWLYH SKDV
LW LV DOVR XVHG WR GHILQH D GLPHQVLRQOHVYV IHHG
XVHG WR FDWHJRULVH WKH EHKDYLRXU RI D ODVHU GL|
LOWHUIHURPHWULF HIIHFWYVY XVHG IRU VHQVLQJ DSSO
IHHGEDFN UHJLPH DQG VR WKH IROORZLQJ FKDSWHUYV
DSSOLFDWLRQ RI ZHDN IHHGEDFN

7KH SRVVLELOLW\ RI REWDLQLQJ D SKDVH GHSHQGI
ODVHU GLRGH ZLWK ZHDN RSWLFDO IHHGEDFN KDV OH
HITHFWV WR LQWHUIHURPHWULF RSWLFDO VHQVLQJ G
EHFDXVH RI WKHLU VLPSOLFLW\ LQ WHUPV RI WKH QX
FROQYHQWLRQDO LQWHUIHURPHWULF GHYLFHV RU GHY|
ODVHUV ZKLFK DOVR LPSOLHVY DGYDQWDJHV LQ WHUPYV

$vV DQ LOOXVWUDWLRQ RI WKLV GLVSODFHPHQW
:DQJ HW DO 'ROQDWKLHFW BRQVLVW EDVLFDOO\ R
GLRGH FROOLPDWLQJ RSWLFV DQG D WDUJHW UHIOF
GHSHQGHQW SHULRGLF LQWHQVLW\ PRGXODWLRQ DV V
ODVHU GLRGH 7KLV W\SH RI FRQILIJXUDWLRQ RIIHUV D
FRVW FRPSDUHG WR D FRQYHQWLRQDO V\VWHP 7KH R
VLPLODU WR WKDW RI D FRQYHQWLRQDO LQWHUIHUR
IHHGEDFN V\VWHPV DV\PPHWULF IULQJHV FDQ EH REWD
WKH PRYHPHQW RI WKH WDUJHW WR EH GHWHUPLQ!
LOWHUIHURPHWULF VHQVRUV IRU UHODWLYHO\ ORZ O

vDzZ WRRWK IRUP DQG IRU VWURQJHU IHHGEDFN PRGHI



PRGHV RI WKH H[WHUQDO FDYLW\ RFFXUV ZLWK WKH Gl
RQ WKH GLUHFWLRQ RI PRYHPHQW RI WKH WDUJHW 7K
DO VKRZV D PD[LPXP G\QDPLF UDQJH RI P ZLWK D
WR DSSUR[LPDWHO\ PPV E\ WKH IUHTXHQF\ UHVSRQ
SURFHVV WKH VLJQDO REWDLQHG IURP WKH ODVHU W
RXWSXW DUH QRW GLVFXVVHG EXW ZRXOG EH H[SHF)
YHORFLW\ IXUWKHU ,W LV DOVR DFNQRZOHGJHG WKI
VHQVLWLYLW\ RI WKH ODVHU GLRGH ZDYHOHQJWK WR
IRU VLQJOH IULQJH DFFXUDF\ WKH PD[LPXP WDUJHW G|
VKRZQ WKDW IULQJHV FRXOG EH REWDLQHG ZLWK OLJK
DOWKRXJK WKH PD[LPXP G\QDPLF UDQJH IRU VXFK D V\
5DQJH ILQGLQJ GHYLFHV KD Y%HH EHEHR GHWRRY¥WUDW *
*URRW HW DO 6KLQRKRDUDKHRK DVKH SKDVH PRG.
REWDLQHG E\ PRGXODWLQJ WKH ODVHU GLRGH GULYH F
D PRGXODWLRQ RI WKH RSWLFDO IUHTXHQF\ 7KLV WHF
SVHXGR KHWHURG\QH LQWHUIHURPHWULF PHWKRGV R
ZDYH LQWHUIHNRWBWHJW DO & K H EEKRIK D FHAX DDF\ R |
WKHVH GHYLFHV GHSHQGV RQ WKH DELOLW\ WR LQW
REWDLQHG LQWHQVLW\ PRGXODWLRQ SDWWHUQ DQG
IHHGEDFN LQGXFHG LQWHQVLW\ YDULDWLRQ FRQWDLQ!

FXUUHQW PRGXODWLRQ DQG LV WASLFDOO\ RI WKH RU(

SULQFLSOHV RI LOQWHUIHURPHWU\

 QWURGXFWLRQ

,Q RUGHU WR EH DEOH WR GHVFULEH D WKHRU\ RI
bv LW UHODWHV WR LQWHUIHURPHWULF HIIHFWV LW
SK\VLFV Rl RSWLFDO LQWHUIHUHQFH DQG WKH DFWLF

7TKHVH WRSLFV DUH GLVFXVVHG EULHIO\ LQ WKH IROOF



WHVHV LVVXHV FDQ EH IRXQG LQ PDQ\ WH[WWQGQFOX

+HFKW

 QWHUIHUHQFH EHWZHHQ HOHFWURPDJQHWLF ZDY

7KH SURSDJDWLRQ RI D SODQH PRQRFKURPDWLEF

GHVFULEHG E\ WKH IROORZLQJ H[SUHVVLRQ IRU WKH P

( ( F[S>L FRW N] @

ZKHUH ( LV WKH DPSOLWXGH RI WKH HOHFWULF ILHOG
WLPH N LV WKH KDWQH DX HHW WKH GLUHFWLRQ RI S

LOWHQVLW\ REVHUYHG DW D JLYHQ WLPH DQG SRVLWLEF

2(?

ZKHUH ( LV WKH FRPSOH[ FRQMXJDWH

,Q DQ LOQWHUIHURPHWHU WKH ZDYH LV VSOLW LQ
GLITHULQJ SDWKV DQG DUH WKHQ UHFRPELQHG 7KH U
RXWSXW LV WKHQ JLYHQ E\ WKH OLQHDU VXSHUSRVLWI

WKH UHFRPELQHG EHDP

( (H[S>2 N]@( H[SM N\I4 @

ZKHUH ( DQG ( DUH WKH DPSOLWXGHV RI WKH WZR F
WDNHQ E\ WKH UHIHUHQFH ZDYH DQG ] LV WKH SD!

FRPSRQHQW 7KH LQWHQVLW\ DW WKH GHWHFWRU LV J|



((

(@ (? (@H8

DOQG LQ WKH FDVH ZKHUH WKH RULJLQDO ILHOG LV VSO

7KLV JLYHV D VLQXVRLGDO LQWHQVLW\ YDULDWLRQ ZL
SDWK GLIITHUHQFH EHWZHHQ WKH WZR EHDPV 7KH DPS
RULJLQDO EHDP LV VSOLW LQWR FRPSRQHQWYVY RI HTXD
WKH RULJLQDO EHDP ,I WKH RULJLQDO EHDP LV VSOL\
LOWHQVLW\ GLVWULEXWLRQ LV ORZHUHG DQG WKH PLC

SDWWHUQ GHILQHG DV

LV UHGXFHG 7KH YLVLELOLW\ IXQFWLRQ LV LQ HIIHFW
IULQJH SDWWHUQ REWDLQHG IURP WKH LQWHUIHURPH\
WHPSRUDO FRKHUHQFH RI WKH VRXUFH

JRU D QRQ PRQRFKURPDWLF VRXUFH WKH FRVLQH
UHSODFHG E\ DQ LQWHJUDO RYHU WKH UDQJH RI ITUH"

Y T JLYHYV

ZKHUH WKH ILUVW WHUP LV HTXDO WR WKH LQWHQVLW)
LV HTXDO WR WKH FRVLQH )RXULHU WUDQVIRUP RI WK

$SSO\LQJ WKH LQYHUVH WUDQVIRUP WKHUHIRUH DOORZ



EHLQIHUUHG IURP WKH RXWSXW RI WKH LQWHUIHURPH
UHODWLRQVKLS EHWZHHQ WKH ZLGWK RI WKH YLVLE
LOWHUIHURPHWULF SDWK OHQJWK GLIITHUHQFH DQG Wi
VRXUFH

, QWHUIHURJUDPV REWDLQHG IURP ODVHUV ZLWK PX
LOWHUSUHWHG XVLQJ WKH FRQYROXWLRQ WKHRUHP Z
RI WKH SURGXFW RI WZR IXQFWLRQV LV HTXDO WR
WUDQVIRUPV RI WKH LQGLYLGXDO IXQFWLRQV 7KH VS
UHSUHVHQWHG E\ WKH FRQYROYLQJ WKH ORQJLWXGLQ
FRPE IXQFWLRQ RI SHULRG HTXDO WR WKH ORQJLWXGI
JDLQ VSHFWUXP IXQFWLRQ ZKLFK GHWHUPLQHYV WKH U
LOQOWHUIHURJUDP REWDLQHG IURP VXFK D VRXUFH LV W
WUDQVIRUP RI WKH JDLQ VSHFWUXP DQG D FRPE IXC
SURSRUWLRQDO WR WKH ORQJLWXGLQDO PRGH VSDFL(

LQGLYLGXDO PRGH OLQH VKDSH IXQFWLRQ 7KH PHDQ
PRGH VSDFLQJ FDQ WKHUHIRUH HDVLO\ EH GHWHUPLQH

7KH OLFKHOVRQ LOQOWHUIHURPHWHU

2QH RI WKH VLPSOHVW DQG PRVW FRPPRQO\ XVHG
OLFKHOVRQ LQWHUIHURPHWHU ZKLFK LV GHVFULEHG Kt
IHDWXUHV RI LOQOWHUIHURPHWU\ ,Q LWV FODVVLFDO FR(
OLJKW VRXUFH XVXDOO\ D JURXQG JODVV SODWH SOL
OLJKW LV FROOHFWHG E\ D FROOLPDWLQJ OHQV DQG SC
OLJKW LQWR WZR DUPV HDFK RI ZKLFK HQGV LQ D PLU
LOQFLGHQW EHDP 7KH UHIOHFWHG EHDPV DUH UHFRPEL
RXWSXW EHDP ZKLFK FDQ EH YLHZHG GLUHFWO\ ZLWK
VXLWDEOH OHQV $Q LQWHUIHUHQFH SDWWHUQ LV IRU
RSWLFDO SDWK OHQIJWK LQ WKH WZR DUPV RI WKH LQ)

GLIITHUHQFH IRU D JLYHQ PLUURU VHWWLQJ LV D IXQF
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G FRV
)LJ 2SWLFDO JHRPHWU\ RI WKH OLFKHOVRQ LQWHUIF
$%& LQ )LJ ZKLFK VKRZV WKH WZR DUPV RI WKH L

DQG LV HTXDO WR GFR'Y 7KH SKDVH GLIIHUHQFH EHW

DW WKH LPDJH SODQH LV WKHQ

$V WKH SKDVH GLIIHUHQFH LV D IXQFWLRQ RQO\ RI W
UHVXOWLQJ SDWWHUQ KDV FLUFXODU V\PPHWU\ DQG LC
HISDQG RU FRQWUDFW DV WKH VHSDUDWLRQ RI WKH PL

, I b ODVHU VRXUFH LV XVHG DQG WKH OLJKW SDVV
ZHOO FROOLPDWHG WKHQ D UHDO SDWWHUQ RIl IULQ:
LPDJLQJ OHQV E\ WKH RYHUODSSLQJ ZDYHIURQWYV RI
EHDP ,I ERWK PLUURUY DUH SHUSHQGLFXODU WR WKH
RXWSXW EHDP YDULHV DFFRUGLQJ WR WKH SKDVH Gl
LQWHUIHURPHWHU )ULQJHV GLVWULEXWHG LQ WKH SOI
EH REVHUYHG ZKHQ HLWKHU PLUURU LV WLOWHG DW D¢

LV D GLITHUHQFH LQ WKH FXUYDWXUH RI WKH ZDYHIUR(



EHDP 7KLV W\SH RI FRQILIJIXUDWLRQ RI WKH OLFKHOVR(
EHDPV LV NQRZQ DV WKH 7Z\PD¥HFUMHQ LQWHUIHURP|

,I D WLPH YDULDWLRQ RI WKH VRXUFH IUHTXHQF\ L
EHWZHHQ WKH UHFRPELQLQJ EHDPV LQ WKH LQWHUI
IUHTXHQF\ EHWZHHQ WKH WZR EHDPV DQG KHQFH D G
GHWHFWHG LQ WKH RXWSXW RI WKH LQWHUIHURPHWHL
WKH GLITHUHQFH LQ RSWLFDO SDWK OHQJWK EHWZHHQ
GLITHUHQFH LQ IUHTXHQF\ VR LI WKH VRXUFH IUHTXH
YDULHG WKHQ DQ DF VLIJQDO LV REWDLQHG IURP WK
ZKLFK GHSHQGV RQ WKH LQWHUIHURPHWHU SDWK GLII
SVHXGR KHWHURG\QH LQWHUIHURPHWU\ RU IUHTXHQ
LOQWHUIHURPHWU\ DQG FDQ EH XVHG WR PHDVXUH DEV
ODVHU GLRGHV DUH SDUWLFXODUO\ VXLWDEOH DV
LOWHUIHURPHWU\ EHFDXVH WKH HPLWWHG IUHTXHQF
PRGXODWLQJ WKH GULYH FXUUHQW

THFKQLTXHYVY DQDORJRXV WR WKRVH GLVFXVVHG LC

ZLWK RSWLFDO IHHGEDFN ZLOO EH GLVFXVVHG LQ ODW

7KH )DEU\ SBHURW LQWHUIHURPHWHU

7TKHUH DUH QXPHURXV RWKHU FRQILIXUDWLRQV RI
WKH VDPH EDVLF SULQFLSOH RQH W\SH WKDW LV RI LQ
WKH DFWLRQ RI ODVHUV LV WKH )DEU\ 3BHURW LQWHUIH
UHIOHFWLYH SODWHYV IRUPLQJ D FDYLW\ DURXQG ZKLFlI
UHIOHFWHG LQWURGXFLQJ D SDWK GLIITHUHQFH ZLWK
WKH RXWSXW SODWH 7KH SDWK GLIIHUHQFH EHWZHH
VKRZQ LQ )LJ LV WKH VDPH DV WKDW FDOFXODWHC
LH ] GFRYV 7KH GLIITHUHQFH LQ WKH RXWSXW EH
OLFKHOVRQ LOWHUIHURPHWHUY LV GXH WR WKH IDFW '

WKHUH DUH PDQ\ PRUH WKDQ WZR EHDPV LQWHUIHULQ



)LJ *HRPHWU\ RI WKH )DEU\ SBHURW LQWHUIHURPH\

, I WKH SODWHYVY KDYH HTXDO DPSOLWXGH UHIOHFWL
DEVRUSWLRQ VR WKDW WKH DPSOLWXGH WUDQVPLVYV

PDIJQLWXGH DQG SKDVH RI WKH QWK EHDP HPHUJLQJ IL

(Q (W UH[S" >Q@ @

ZKHUH ( LV WKH PDJQLWXGH RI WKH LQFLGHQW ILHOC
RXWSXW EHDP DW WKH SODQH RI GHWHFWLRQ 7KH WR

VXP

( (WA U H[SMD > R @"
8 @

ZKHUH WKH UHVXOW RI WKH VHFRQG VXPPDWLRQ LV ZH

HQLN "
( (WHL’KUQ Q
, 2U HON



$VVXPLQJ D ODUJH QXPEHU RI EHDPV LQWHUIHULQJ

LQWHQVLW\ LV WKHQ JLYHQ E\

5 SFRV N

ZKHUH 7 DQG 5 DUH WKH LQWHQVLW\ WUDQVPLVVLRQ
IXQFWLRQ JLYHVY D SHULRGLF VHULHV RI QDUURZ SHD|
UDWKHU WKDQ WKH VLQXVRLGDO IXQFWLRQ REWDLC

LOWHUIHURPHWHU (TXDWLRQ FDQ EH UHZULWWHC

yv g

ZKHUH

7TKH TXDQWLW)\ ) LV D PHDVXUH WKH QDUURZQHVV R
ZLGWK DW KDOI PD[LPXP RI WKH LQWHQVLW\ GLVWULE:
DSSUR[LPDWHO\ 9) IRU ODUJH ) 7KH ILQHVVH RI D )D

GHILQHG DV WKH UDWLR RI WKH VHSDUDWLRQ RI WKH
VHSDUDWLRQ LQ WHEW K HR | LRKID/NWHH LW

+LJK ILQHVVH FDQ EH DFKLHYHG ZLWK KLJKO\ UHIOHFW

J)DEU\ 3BHURW LQWHUIHURPHWHU VXLWDEOH IRU KLJK U!



7KH IUHH VSHFWUDO UDQJH RI D )DEU\ 3HURW LQ
EHWZHHQ WZR FRQVHFXWLYH IUHTXHQFLHV YD DQG Y
DQJXODU SRVLWLRQ 7KH SKDVH GLIIHUHQFHV IRU Wk
ND] NK] IURP ZKLFK WKH IUHTXHQF\ GLIIHUHQFH LV {
VSHFWUDO UDQJH RI D )DEU\ 3HURW LQWHUIHURPHWH
PRGH VSDFLQJ LQ D ODVHU

$V ZLWK WKH OLFKHOVRQ LQWHUIHURPHWHU ZLWK
XVHG WR SURGXFH DQG LPDJH DW D GHWHFWRU WKH
DQG D VHULHV RI FLUFXODU IULQJHV LV REVHUYHG I
LQWHQVLW\ LQ WKH SODQH RI WKH GHWHFWRU YDULH\
WKH FDVH D ODVHU GLRGH FKLS WKH WUDQVPLWWHG
SURSHUWLHV RI WKH ODVHU RXWSXW DUH GHWHUPLQH
FDYLW\ IRUPHG E\ WKH UHIOHFWLYH HQG IDFHV RI WK

GLVFXVVHG LQ IXUWKHU GHWDLO LQ WKH QH[W VHFWLR

7KH 3K\VLFV RI /DVHU 'LRGHYV

 QWURGXFWLRQ

7KH SK\WLFV RI WKH QRUPDO RSHUDWLRQ RI O
VHPLFRQGXFWRU ODVHAYNOMWRZHOO NRREWVKEQLW LV QR
QHFHVVDU\ WR GHVFULEH LW KHUH LQ JUHDW GHWDLO
PDLQO\ TXDOLWDWLYH RYHUYLHZ RI WKH SURSHUWLH
MXQFWLRQ GLRGH DQG WKH JHQHUDO SULQFLSOHV RI
DVSHFWV RI WKHVH UHODWLQJ WR VHPLFRQGXFWRU

IHHGEDFN

6HPLFRQGXFWRUV S Q MXQFWLRQV DQG GLRGHYV

&RQGXFWRUV LQVXODWRUV DQG VHPLFRQGXFWRU\

EDQG WKHRU\ DFFRUGLQJ WR ZKLFK DV D UHVXOW R



OWWLFH WKH HOHFWURQV RI WKH RXWHUPRVW VKHOC
FHUWDLQ IL[HG EDQGV RI HQHUJ\ VWDWHY LQ EHWZH|
HQHUJ\ YDOXHV ZKLFK DUH QRW DOORZHG WR WKH HC
SDUWLDOO\ WLOOHG EDQG DQG VR WKHUH DUH KLJKHU
PRYH LQWR ZKHQ DQ HOHFWULF ILHOG LV DSSOLHG D
SURGXFH D FXUUHQW ,Q DQ LQVXODWRU WKHUH LV D
ODUJH EDQG JDS EHWZHHQ LW DQG WKH QH[W EDQG W
DSSOLHG WKHUH DUH QR DYDLODEOH HQHUJ\ VWDWHYV
GR QRW KDYH HQRXJK HQHUJ\ WR EH H[FLWHG LQWR W
LV XQDEOH WR IORZ ,Q D VHPLFRQGXFWRU WKHUH LV I
EHWZHHQ LW DQG WKH FRQGXFWLRQ EDQG LV VPDOO
UDLVHG LQWR WKH FRQGXFWLRQ EDQG E\ WKHUPDO H
DYDLODEOH KLJKHU HQHUJ\ VWDWHY LQ WKDW EDQG Zk
FDQ IORZ ,Q D FRQGXFWRU WKH FRQGXFWLYLW\ GHF
GXH WR LQFUHDVHG VFDWWHULQJ RI WKH FRQGXFWLR
VHPLFRQGXFWRU DQ LQFUHDVH LQ WHPSHUDWXUH F
FRQGXFWLRQ EDQG DQG VR LQFUHDVHV WKH FRQGXFW]

7KH SURSHUWLHY RI WHWUDYDOHQW LQWULQVLF V
JHUPDQLXP FDQ EH PRGLILHG E\ WKH DGGLWLRQ RI
SHQWDYDOHQW LPSXULWLHV :KHQ D SHQWDYDOHQW
WHWUDYDOHQW DWRPV LW KDV RQH HOHFWURQ LQ WK
ERQGLQJ LQ WKH ODWWLFH DQG LV HDVLO\ LRQLVHG 7
ILOWK HOHFWURQ LV HIIHFWLYHO\ UDLVHG RXW RI WKH
FRQGXFWLRQ EDQG DQG WKH VPDOO DPRXQW RI HQH
FRQGXFWLRQ EDQG LQFUHDVHV WKH SUREDELOLW)\ RI
FRQGXFWLYLW\ RI WKH PDWHULDO 7KH DGGLWLRQ RI
LQWULQVLF VHPLFRQGXFWRU LV FDOOHG Q W\SH GRSL(

3 W\SH GRSLQJ RFFXUV ZKHQ D WULYDOHQW DWR

FU\VWDO DQG WKHUH LV RQH HOHFWURQ OHVV WKDQ L



EHWDNHQ IURP DGMDFHQW DWRPV LQ WKH ODWWLFH IR
HQHUJ\ RI WKH SHQWDYDOHQW DWRP LQ WKH Q GRSHG
HOHFWURQ HQHUJ\ VWDWH DYDLODEOH DW D OHYHO MX
ZKLFK HOHFWURQV DUH FDQ HDVLO\ EH H[FLWHG OHDY
ZKLFK PD\ EH XVHG IRU HOHFWULFDO FRQGXFWLRQ 7K
FDOOHG D KROH DQG PD\ EH WUHDWHG DV D FKDUJH FD
RSSRVLWH FKDUJH

'KHQ D S W\SH FU\WWDO DQG DQ Q W\SH FU\VWDC
HOHFWURQV LQ WKH FRQGXFWLRQ EDQG LQ WKH Q W\S
WR RFFXS\ WKH HPSW\ VWDWHY LQ WKH FRQGXFWLRQ E
RFEXUV XQWLO LW LV EDODQFHG E\ WKH HOHFWULF ILH
LV DOVR DQ DQDORJRXV GULIW RI KROHV IURP WKH S
HIWHUQDO HOHFWULF ILHOG LV DSSOLHG LQ WKH GLU
FKDUJH GULIW LH D SRVLWLYH SRWHQWLDO LV DSSO
WKHQ WKH HOHFWURQV GULIWLQJ LQWR WKH S W\SH PI
IORZ DZD\ IURP WKH MXQFWLRQ UHJLRQ HOHFWURQV
DQG D FXUUHQW IORZV WKURXJK WKH GHYLFH ,1 DQ HJ
RWKHU GLUHFWLRQ WKHQ LW RSSRVHV WKH IORZ RI H(
DV WKHUH DUH YHU\ IHZ HOHFWURQV LQ WKH FRQGXF\
DPRXQW RI FXUUHQW DEOH WR IORZ LV VPDOO 7KLV LV
MXQFWLRQ GLRGH

'LWK HOHFWURQV IORZLQJ IURP WKH Q WR WKH ¢
IORZLQJ LQ WKH RSSRVLWH GLUHFWLRQ LW LV SRVVLEC
WKH HOHFWURQ VWDWHVY RQ HLWKHU VLGH RI WKH EDC
FRQGXFWLRQ HOHFWURQV RQ HLWKHU VLGH RI WKH MX
WKH YDOHQFH EDQG WKH KROHV ZLWK D UHOHDVH RI
WKH EDQG JDS RI WKH PDWHULDO 7KLV LV VSRQWDQH]

OLJKW HPLWWLQJ GLRGH ,Q RUGHU IRU D OLJKW HPL\



WLPXODWHG HPLVVLRQ PXVW RFFXU ZKLFK UHTXLUH

GLVFXVVHG LQ WKH IROORZLQJ VHFWLRQ

%DVLFV RI VHPLFRQGXFWRU ODVHUYV

/IDVHUY LV DQ DFURQ\P IRU OLJKW DPSOLILFDWLR
UDGLDWLRQY B6WLPXODWHG HPLVVLRQ RFFXUV ZKHQ I
HQHUJ\ VWDWH LQWHUDFWVY ZLWK D SKRWRQ DQG HP
IUHTXHQF\ DQG SKDVH DV WKH VWLPXODWLQJ SKRWHR
SKRWRQV WKDQ DUH ORVW WKURXJK DEVRUSWLRQ DQ
OLJKW ILHOG LV DPSOLILHG DQG JDLQ RFFXUV 7KH OR
PLQLPLVHG E\ FRQWDLQLQJ WKH PHGLXP LQ D FDYLW\

ORVW ODVHUV DUH EDVHG RQ WUDQVLWLRQV EHWZ
KHOLXP QHRQ QHRG\PLXP <$* RU PROHFXODU YLEUD\V
ODVHUV ,Q RUGHU WR REWDLQ JDLQ LW LV QHFHVVLE
HQHUJ\ OHYHOV LV JUHDWHU WKDQ WKDW RI WKH ORZF
EH DFKLHYHG E\ H[FLWLQJ WKH DWRPV RU PROHFXOF}
H[DPSOH DQ HOHFWULFDO GLVFKDUJH LQ D JDV ODVHL
VHPLFRQGXFWRU ODVHUV WKH HQHUJ\ OHYHO GLIIHUHQ
DQG YDOHQFH EDQGYV DW WKH MXQFWLRQ RI D S Q GLR
ZKHQ WKH RFFXSDWLRQ Rl HOHFWURQ VWDWHV LQ WK
RFFXSDWLRQ Rl HOHFWURQ VWDWHVY LQ WKH YDOHQFI
GHQVLW\ WKURXJK WKH DFWLYH UHJLRQ DW WKH MXQF\
E\ FRQILQLQJ WKH FXUUHQW WR D QDUURZ VWULSH DW
Rl WKH GLRGH FKLS DQG E\ WKH XVH RI D VR FDOOHG
QDUURZ OD\HU Rl UHODWLYHO\ QDUURZ EDQG JDS PDWI
W\SH OD\HUV WKH QDUURZHU EDQG JDS FDXVHV HOH
SODFH SUHIHUHQWLDOO\ ZLWKLQ LQ WKLV OD\HU )RU
IDEULFDWLRQ RI FRPSOLFDWHG PXOWLSOH OD\HU GH®

GHYLFHV XVH RQH RI WZR PDWHULDOV V\VWHPV ERWK



DG SHQWDYDOHQW FRPSRXQGV ,,, 9 VHPLFRQGXFWR
DUVHQLGH *D$V DQG JDOOLXP DUVHQLGH DOXPLQLXP
DW ZDYHOHQJWKV RI DURXQG QP ZLWK WKH H[DFW
FRPSRVLWLRQ RI WKH *D$0$V PL[WXUH /RQJHU ZDYH
WHOHFRPPXQLFDWLRQV DSSOLFDWLRQV DUH PDGH Z
FRQWDLQLQJ JDOOLXP DUVHQLGH JDOOLXP SKRVSKL
SKRVSKLGH OHWDOV VXFK DV WLQ JLQF DQG FDGPLXF
QRQ PHWDOOLF HOHPHQWYV VXFK DV VXOSKXU VHOHQL
GRSLQJ

7KH ODVHU FDYLW\ LV IRUPHG E\ WKH FOHDYHG H
XQFRDWHG KDYH W\SLFDO UHIOHFWLYLWLHV RI DERXW

6XFK ODVHUV DUH FKHDSO\ PDQXIDFWXUHG H[WUHI
D UDQJH RI RSHUDWLQJ FKDUDFWHULVWLFV DUH HDVL
DQG DUH WKXV DWWUDFWLYH IRU PDQ\ DSSOLFDWLRQ\

VHQVLQJ GHYLFHV

/IDVLQJ FRQGLWLRQV

7KH JDLQ J DQG ORVYV LQ WKH DFWLYH PHGLXP |

H[S>J ]@

ZKHUH ,1T LV WKH LV WKH RSWLFDO LQWHQVLW\ DIWHL
SURSDJDWHG D GLVWDQFH ] 7KH UDQJHV RI ZDYHO
HISHULHQFHG WKH JDLQ VSHFWUXP GHSHQG RQ WKH
HIFLWHG PROHFXODU VWDWHYV RU WKH EDQGJDS L
EURDGHQLQJ PHFKDQLVPV VXFK DV WKH VSHFWUDO ZL
'"RSSOHU EURDGHQLQJ DQG SUHVVXUH EURDGHQLQJ 1
ODVHUVY OLQH EURDGHQLQJ DULVHV IURP WKH LQWHQV

QDWXUH RI VSRQWDQHRXYVY HPLVVLRQ 7KH SRZHU VS



VSHFWUXP E\ WKH :LHQHU .LQWFKLQH UHODWLRQVKLS
VSHFWUXP LV HTXDO WR WKH )RXULHU WUDQVIRUP R
GHSHQGHQW ILHOG DPSOLWXGH QRLVH 7KHVH EURDGF
DV HLWKHU KRPRJHQHRXV RU LQKRPRJIJHQHRXV ZLWI
PHFKDQLVP DQ H[FLWHG DWRP RU PROHFXOH PD\ LQWI
ZDYHOHQJWK UDQJH RI WKH JDLQ VSHFWUXP ZKHUHDYV
EURDGHQLQJ HDFK DWRP RU PROHFXOH LV DEOH WR
IUHTXHQF\ ZLWKLQ WKH JDLQ VSHFWUXP /[LIHWLPH I
EURDGHQLQJ SURFHVY 'RSSOHU EURDGHQLQJ LV LQKI
SURFHVVHV LQ VHPLFRQGXFWRU ODVHUVY DUH SUHGRPL

7KH WKUHVKROG JDLQ JWK LV WKH JDLQ IRU ZKLF
DIWHU PDNLQJ RQH URXQG WULS RI WKH ODVHU FDYI

DPSOLWXGH UHIOHFWLYLWLHYV LM DQG U WKLV FRQGL

UH[S> $UOK 0@

ZKHUH WKH / LV WKH ODVHU FDYLW\ OHQJWK DQG N LV
ZKHUH Q LV WKH FDYLW\ UHIUDFWLYH LQGH[ 7KH UHL

GHILQLWLRQ RI WKUHVKROG JDLQ DV

6 Ka ,Q
I 2525L M

7KH LPDJLQDU\ SDUW RI HTXDWLRQ JLYHV WKH

N/ PQ



ZKHUH P LV DQ LQWHJIJHU 7KLV FRQGLWLRQ GHVFULEHYV
WKH SRVVLEOH IUHTXHQFLHYVY DW ZKLFK WKH ODVHU FD

RI DGMDFHQW ORQJLWXGLQDO PRGHV LV JLYHQ E\

Q/

7KH DFWXDO IRUP RI WKH SRZHU VSHFEWUXP RI D OL
RI' [ DFWRUV :KHWKHU D ODVHU RSHUDWHY LQ D VLQJOI
PRGHVY VLPXOWDQHRXVO\ GHSHQGYVY RQ WKH ORQJLWXC
ZLGWK RI WKH JDLQ VSHFWUXP WKH OLQHZLGWK EL
VHPLFRQGXFWRU ODVHU WKH RSWLFDO ZDYH JXLGLC
JXLGLQJ :KHQ D ODVHU LV SXPSHG DW KLJKHU OHYH
WKUHVKROG WKH JDLQ UHPDLQV SLQQHG DW WKUHVKR(
WKH ODVHU UHDFKHV D VWDWLRQDU\ VWDWH DW D KLJ
KRPRJHQHRXY OLQH EURDGHQLQJ LV GRPLQDQW WKH |
WKUHVKROG LV DEOH WR H[WUDFW HQHUJ\ IURP DOO
PHGLXP DQG VR QR RWKHU PRGH LV WKHQ DEOH W
LOQKRPRIJHQHRXY OLQH EURDGHQLQJ GRPLQDWHY HDFK
IURP D GLIITHUHQW VHW RI SDUWLFOHY LQ WKH JDLQ F

PRGHVY PD\ RSHUDWH VLPXOWDQHRXVO\

2SWLFDO SURSHUWLHV RI VHPLFRQGXFWRU ODVHU

7KH VKDSH DQG ZLGWK RI WKH VSHFWUDO GLVWULE
PRGHV LQ D VHPLFRQGXFWRU ODVHU DUH GHWHUPLQI
FKDUDFWHULVWLFV RI WKH GHYLFH 7KH OLQH VKDS
/IRUHQW]LDQ DQG WKH OLQHZLGWK DPRQJVW RWKHU I
LOWHQVLW\ FDYLW\ OHQJWK DQG WKH FDYLW\ PLUURU
RI D ODVHU GLRGH FDYLW\ LV XVXDOO\ ORZ GXH WR U

XQFRDWHG *D$0O%$V GLRGH KDV IDFHW UHIOHFWLYLWLH)



RRDERXWQG VR WKH OLQH VKDSH LV QRW GLUHFWO\ G
WKH )DEU\ BHURW FDYLW\

7TKH LQWHQVLW\ SURILOH RI WKH OLJKW HPLWWEF
SHUSHQGLFXODU WR WKH D[LV RI WKH FDYLW\ GHSHQUC
WKH VKDSH RI WKH UHIOHFWLQJ HQG IDFHWV 7KH SUF
ILHOG LV VHOIl UHSOLFDWLQJ XSRQ GLIIUDFWLRQ DW W
URXQG WULS RI WKH FDYLW\ WKH LQWHQVLW\ SURILOH
WUDQVYHUVH PRGHV RI WKH ODVHU )RU D FLUFXODU
FRQFDYH IDFHWV WKH WUDQVYHUVH PRGH ILHOGV K
SRO\QRPLDOV WKH ORZHVW RUGHU PRGH KDV D *DXV
RUGHU PRGHV KDYH LQFUHDVLQJ QXPEHUV RI OREHYV
ORQIJLWXGLQDO PRGHYVY FDQ EH SUHYHQWHG E\ UHVWUL
DSHUWXUHY DW WKH IDFHWYV

,Q D ODVHU GLRGH WKH IRUP RI WKH WUDQVYHUYV
FKDUDFWHULVWLFV RI WKH ZDYHJXLGH ZKLFK IRUPV W
GLPHQVLRQV RI WKH HQG IDFHWV J/LJKW FDQ EH FRQW
HLWKHU E\ LQGH[ JXLGLQJ RU JDLQ JXLGLQJ $Q LQGH
QDUURZ OD\HU RI KLIJKHU UHIUDFWLYH LQGH[ WKDQ WK
JXLGHG E\ WRWDO LQWHUQDO UHIOHFWLRQ $ JDLQ JXL
SRVLWLYH RSWLFDO JDLQ VXUURXQGHG E\ UHJLRQV R
DFWLYH UHJLRQ &RPPRQ KHWHURVWUXFWXUH ODVHU
VWHSSHG UHIUDFWLYH LQGH[ SURILOH RI D VODE Z
GLVWULEXWLRQ IRU VXFK D ZDYHJXLGH KDV D FRVLQH
HISRQHQWLDOO\ GHFD\LQJ WDLOV LQ WKH RXWHU OD\}F
ZKLFK PD\ H[LVW GHSHQGV RQ WKH ZLGWK RI WKH FI
DOORZHG E\ QDUURZHU OD\HUV 7KH ]J]HUR RUGHU |
FRVLQXVRLGDO SHDN ZLWK H[SRQHQWLDOO\ GHFD\LQJ
SURILOH DQG *DXVVLDQ EHDP RSWLFV FDQ EH XVHG ZL

WR SUHGLFW WKH EHKDYLRXU RI WKH HPLWWHG EHDP



DOVR GHILQHG DFFRUGLQJ WR WKHLU SRODUL]DWLRQ
WKH HOHFWULF ILHOG YHFWRU SDUDOOHO WR WKH S
PDIJQHWLF 70 PRGHV KDYH WKH RUWKRJRQDO SRODUL
VLQJOH WUDQVYHUVH PRGH WKH 7( PRGH H[SHULHQFF
70 PRGH DQG VR ZLWK KRPRJHQHRXV OLQH EURDGHAQ
HIFLWHG 7KH RXWSXW IURP ODVHU GLRGHV LV WKHUH

SDUDOOHO WR WKH SODQH RI WKH MXQFWLRQ

6 XPPDU\

7KLV LQWURGXFWRU\ FKDSWHU KDV VHW RXW WKH |
EULHI UHYLHZ RI WKH PRVW LPSRUWDQW ZRUN WKDW K
DSSOLFDWLRQV RI RSWLFDO IHHGEDFN LQ ODVHU GLRG

$ EULHI RYHUYLHZ KDV EHHQ PDGH RI WKH QHFF
UHTXLUHG WR XQGHUVWDQG WKH SURSHUWLHV RI
LOQOWHUIHURPHWHUY ERWK RI ZKLFK DUH LPSRUWDQW 1
IHHGEDFN RQ ODVHU GLRGHV 7KH WKHRU\ RI RSWLI

GLVFXVVHG LQ JUHDWHU GHWDLO LQ WKH IROORZLQJ F



&KDSWHWKHRU\ RI ((WHUQDO 2SWLFDO )
IDVHU 'LRGHYV

, QWURGXFWLRQ

7KH IROORZLQJ FKDSWHU SUHVHQWYV WKH WKHRUHMW
WR XQGHUVWDQG WKH XVH RI RSWLFDO IHHGEDFN LC
VHQVLQJ DSSOLFDWLRQV DQG VRPH RI WKH UHODWHC
ZKLFK DUH WKH VXEMHFW RI LOQYHVWLJDWLRQ LQ ODWF

$ ODUJH DPRXQW RI ZRUN KDV EHHQ SXEOLVKHG R
HIWHUQDO RSWLFDO IHHGEDFN RQ ODVHU GLRGHV $ J
D IHHGEDFN WHUP WR WKH UDWH HTXDWLRQ IRU WKH \
GLRGH ZDV RULJLQEDOO\ GHVFULEHG E\ /DQJ DQG .RED
GHVFULEH SKHQRPHQD VXFK DV LSHHW UHDNO DADLQ@QE E UR
QDUURZLARXFKL 2NRVKL S3DW]DN HW DO WKH $J
HITHFW RI IHHGEDFN RQ QEROLIMMRFKRWUDGWHULYV WILLHW WH

7TDPEXUULQL HWQ@BOWKH HIIHFW RI fFRKHVIMWQEF HH W
DO &RKHQ HW DO +DPHO HW DO

7KH HIIHFWV RI IHHGEDFN VWUHQJWK KDYH EHH
&KUDSO\Y\ E\ GHILQLQJ ILYH UHJLPHV RI IHHGEDFN LQ
GLRGH H[KLELWY D GLVWLQFW W\SH RI EHKDYLRXU 7K
IRU ZKDW FDQ EH GHVFULEHG DV 9YZHDNY IHHGEDFN C
GHSHQGHQW LQWHQVLW\ YDULDWLRQV ZKLFK PD\ EH RI

VR DUH RI LQWHUHVW KHUH



6LPSOLILHG WKHRULHV IRU WKH ZHDN IHHGEDFN |
VWDQGDUG ODVHU JDLQ DQG SKDVH FRQGLWLRQV IRU
EHHQ GHYHORSHG E\ GH *DJR®R VB HWWH LDRD DKLV FKDSWH L
SUHVHQWY DQ RYHUYLHZ RI WKLV W\SH RI WKHRU\ VKR
DQG LQWHQVLW\ YDULDWLRQV LQ WKH RXWSXW RI WKI|
DSSOLFDWLRQV RI IHHGEDFN GHSHQG G6HFWLRQV D (
HITHFW RI IHHGEDFN RQ WKH OLQHZLGWK RI D ODVH
LOWHUIHURPHWULF DSSOLFDWLRQV DQG RQ WKH LPS
SUHVHQFH RI HIWHUQDO ORQJLWXGLQDO PRGHV 7KH F
RI WKH ILYH UHJLPHV GHILQHG E\ 7DDHK DIDYR &RQONEQG
EULHIO\ LQ 6HFWLRQ LQ RUGHU WR GHPRQVWUDWH
IHHGEDFN VWUHQJWK LQ SUDFWLFDO DSSOLFDWLRQV

7KH HIIHFWV RI OLJKW RI OLJKW UHHQWHULQJ D
FRKHUHQWO\ WR WKH ILHOG LQVLGH WKH FDYLW\ DUH F
LQ WKH SKDVH DQG DPSOLWXGH RI WKH OLJKW LQVLGH
WR D UDQJH RI LOQOWHUUHODWHG FKDQJHV LQ YDULRX)
EHWZHHQ ZKLFK DUH VKRZQ VFKHPDWLFDOO\ LQ WKH

FKDQJH LQ WKH URXQG WULS SKDVH IRUFHV D FKDQJ}

)LJ %YORFN GLDJUDP VKRZLQJ WKH UHODWLRQVKLSV EH

SDUDPHWHUV DIIHFWHG E\ HIWHUQDO RSWLFDO IHHGEDFN



FKDQJH LQ WKH URXQG WULS DPSOLWXGH FDXVHV D FF
JDLQ ZKLFK LQ WXUQ LV IUHTXHQF\ GHSHQGHQW 7KH
DFFRPSDQLHG E\ D FKDQJH LQ WKH GLRGH FKDUJH FDU
UHIUDFWLYH LQGH[ ZKLFK LV DOVR IUHTXHQF\ GHSHQG
SKDVH ,Q WKH IROORZLQJ VHFWLRQV WKHVH UHODWLR
H[SUHVVLRQV DUH GHYHORSHG VKRZLQJ WKH UHODWLR
DQG WKH RXWSXW IUHTXHQF\ DQG SRZHU Rl WKH ODVH

7KH WKHRU\ GHVFULEHG KHUH LQFOXGHV DSSURJ[LP
D UHJLPH RI ZHDN IHHGEDFN ZLWKLQ ZKLFK WKH REVF
WKH ODVHU GLRGH DUH GHSHQGHQW RQ WKH URXQG W
WKH ODVHU DQG WKH H[WHUQDO UHIOHFWRU )RU KL
DSSUR[LPDWLRQV DUH QRW YDOLG WKH FKDQJH LQ W
FKDQJH DQG WKH IHHGEDFN HIIHFWV EHFRPH LQGHSH(
ZHDN IHHGEDFN UHJLPHV DUH SULPDULO\ RI LQWHUHV\
GHSHQGHQFH RI WKH ODVHU GLRGH SRZHU RXWSXW

IHHGEDFN WR EH XVHG DV WKH EDVLV RI DQ LQWHUIHU

/IDVLQJ FRQGLWLRQV ZLWK ZHDN IHHGEDEFN

$ VLPSOH PRGHO RI D ODVHU GLRGH ZLWK IHHGEDF!
EH REWDLQHG E\ FRQVLGHULQJ WKH ODVHU GLRGH RXW
D VLQJOH FRPSRXQG PLUURU E\ FRKHUHQWO\ DGGLQJ '
ODVHU IDFHW DQG WKH ILHOG UHHQWHULQJ WKH ODVH!
UHIOHFWRU )LJ VKRZV VFKHPDWLFDOO\ D ODVHU G
DPSOLWXGH UHIOHFWLRQGFRHIIDRMLHGMY UBWDU DQG |
UHVSHFWLYHO\ DQG FDYdW\WH Q@ HYWHH Q QG HID YL W\
ZLWK UHIUDFWLYH LQGH[ Q IRUPHG E\ DQ H[WHU:

UHIOHFWLYLW\ U WKH FRPSOH[ HOHFWULF ILHOGV DW



)LJ 6FKHPDWLF UHSUHVHQWDWLRQ RI D ODVHU GLRGH ZLV
VKRZLQJ DPSOLWXGH UHIOHFWLRQ FRHIILFLHQWY U HITHFW

HOHFWULF ILHOG DPSOLWXGHYV (£ DQG FDYLW\ OHQJWKV /

FRPSRXQG FDYLW\ DUH GHQRWHG E\ (M ,QWHQVLW\ UH
E\ 5

7KH DPSOLWXGH WUDQVPLVVLRQ FRHIMFLOH2QW |IRU
DQG WKH UHODWLYH SKDVH RI WKH OLJKW KDYLQJ PDG
LV W WY[ ZKHUH Y LV WKHK/RSEWLVFWEKHUHRXQGQ@FWULS
OLJKW LQ WKH H[WHUQDO FDYLW\ DQG F LV WKH VSH

UHHQWHULQJ WKH ODVHU IURP WKH H[WHUQDO FDYLW\

( ?2$ U (H[S uyu

ZKHUHLVY WKH LQLWLDO ILHOG PDIJQLWXGH LQ WKH ODV

$G6GLQJ WKLV WR WKH ILHOG UHIOHFWHG GLUHFWO
(U@ DQG LQFOXGLQJ WHUPV IRU UHIOHFWLRQ IURP W
SKDVH FKDQJH GXULQJ WKH URXQG WULS RI WKH ODVH
JDLQ DQG ORVV LQ WKH ODVHU FDYLW\ JLYHV WKH

FRPSRXQG FDYLW\ DV



(w AH[S"™ J = M> O "O UUH[S"L A97 ° MU @

LL= _HM[SA

ZKHUH J DQB WKH FDYLW\ JDLQ DQG ORVV UHVSHFWL)

SKDVH FKDQJH IRU WKH FRPSRXQG FDYLW\

7KLV UHVXOW FDQ EH DSSOLHG WR WKH VDPH WKU
FRQGLWLRQV WKDW ZHUH JLYHQ IRU WKH VROLWDU\ OL
FRQGLWLRQ LV WKDW WKH LQWHQVLW\ DIWHU RQH URX

WR WKH LQLWLDO LQWHQVLW\ LH

2(7?2 2(7?

RU

H[SIH /I s WRHI[S A97 MU

ZKHUH JWK LV WKH WKUHVKROG JDLQ DQG LV JLYHQ E\

3K A O fJ A A A 97 A FRVA

IXWWLQJ U LQ HTXDWLRQ JLYHV WKH XVXDO

JDLQ RI D ODVHU ZLWK QR H[WHUQDO IHHGEDFN



7KH GLITHUHQFH LQ WKH WKUHVKROG JDLQ GXH WR

$ ,K 6LK WK

, QWURGXFLQJ D IHHGEDFN FRXSOLQJ FRHIILFLHQW

JLYHV WKH WKUHVKROG JDLQ FKDQJH GXH WR IHHGEDF

JRU ZHDN IHHGEDFN ZKHUH AO HTXDWLRQ

DSSUR[LPDWLRQ

7TKXV ZLWK ZHDN IHHGEDFN WKH WKUHVKROG JDLQ LV
YDOXH RI WKH WKUHVKROG JDLQ LQ WKH DEVHQFH R
PRGXODWLRQ SURSRUWLRQDO WR WKH DPSOLWXGH UH
7KH URXQG WULS SKDVH IRU D ODVHU ZLWKRXW IHF
GHWHUPLQH WKH IUHTXHQFLHV RI WKH ORQJLWXGLQD(
FRQGLWLRQ AKHUH P LV DQ LQWHJHU )RU D ODVHU
URXQG WULS SKDVH IRU WKH FRPSRXQG FDYLW\ 2 FDC(

DV
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@ H[SA (I

ZKLFK JLYHV

VL ...VL
WDQ 2 Q Q
FRV ..FRV A

7KH FKDQJH LQ URXQG WULS SKDVH UHODWLYH WR W
SXWWLQJ - MW 6WI ,Q WKH FDVH RI ZHDN IHHGEDFN

WKH FDYLW\ UHIUDFWLYH LQGH[ DUH VPDOO DQG VR W
WKH ODVHU GLRGH FDYLWP LVQDDNRFKPEDO/AH LH _'@?2

WDQa A 6P A
..FRV

DQG IRU ZHDN IHHGEDWKLVZ KDWHEAH G XUWKHU DSSURJ[LP

Sat¢VLQ M

7KH SKDVH FRQGLWLRQ IRU D ODVHU GLRGH ZLWK |
PQ 2 £/\

-7L? YLA ?
21T VL@ Aw

,OQRUGHU WR PDLQWDLQ WKLV FRQGLWLRQ DV WKH SKD!'

URXQG WULS SKDVH IRU WKH ODVHU GLRGH FDYLW\ P X\



©Q WKH IUHTXHQF\ RI WKH ODVHU OLJKW DQG D YDULI
YDULDWLRQ LQ UHIUDFWLYH LQGH[] DQG WKUHVKROG J
IUHTXHQF\ Y JIURP WKLV FRQGLWLRQ LW LV QHFHVV
EHWZHHQ IUHTXHQF\ FDYLW\ UHIUDFWLYH LQGH[ WKU

SKDVH "'"LITHUHQWLDWLQJ HTXDWLRQ JLYHV

ZKHUHDQG YUH WKH FDYLW\ UHIUDFWLYH LQGH[ DQG
DEVHQFH RI IHHGEDFN DQG $ LQGLFDWHYV WKH FKDQJH
FDYLW\ UHIUDFWLYH LQGH[ LV GHSHQGHQW RQ WKH FI
WXUQ DIIHFWV WKH ODVHU JDLQ LW LV DOVR D IXQFMW
PHGLXP 7KHUHIRUH WKH FKDQJH LQ UHIUDFWLYH LQGH

WKH FKDQJHV LQ ERWK IUHTXHQF\ DQG JDLQ

7KH WHUP LQ IURQW RI $Y LV HTXDO3WWHWIRED @ YLW\

7KH UHODWLRQVKLS EHWZHHQ WKH FDYLW\ UHIUDFWL"
PHGLXP LV H[SUHVVHG LQ WKH OLQHZAKBIWK HEXHKHBKFHPF
LV GHILQHG DV WKH GHULYDWLYH RI WKH UHDO SDUW |

SDUW ZKLFK LV SURSRUWLRQDO WR WKH JDLQ



GQ EF
At R MFYQ

8VLQJ WKH YDOXH IRU WKH FKDQJH LQ WKH WKUHVKRO

ML% @BM
$2 2 Y A XNLQFRV

wLwy Y ¢6FOVLQr97 DUFWDQHU

ZKHUH ;M LV WKH URXQG WULS WLPH IRU WKH ODVHU (
FDYLW\ JURXS UHIUDFWLYH LQGH[ QJ EHFDXVH WKH
LOWHUIHUHQFH HIIHFWV 7R VDWLVI\ WKH SKDVH FRQG
PXVW EH QR FKDQJH LQ WKH RYHUDOO SKDVH 2 LH ¥
IHHGEDFN FRHIILFLHQW & DV

& 2¢6 @
1?

ZKLFK JLYHV

$2 NY Y U &VLQ UD'UFWDQRU

1RWH WKDW LI WKH IHG EDFN OLJKW ZHUH LQ SKDV
FDYLW\ DW WKH VROLWDU\ ODVHU ZDYHOHQJWK WKH
LOQOWHUIHUHQFH ZRXOG OHDG WR D FKDQJH LQ WKH V
DFFRPSDQLHG E\ D FKDQJH LQ ZDYHOHQJWK 7KH IHG |

SHUIHFW SKDVH ZLWK WKH OLJKW LQ WKH ODVHU FD)



PD[LPLVHG 7KLV LV ZKDW JLYHV ULVH WR WKH SKDVH |
EHWZHHQ WKH FRQGLWLRQ IRU ZKLFK WKH WKUHVKROUC

FRQGLWLRQ IRU ZKLFK WKHUH LV QR VKLIW LQ WKH OD

JUHTXHQF\ YDULDWLRQ

)LJ VKRZV WKH YDULDWLRQ RI WKH FRPSRXQ
FKDQJH $2 ZLWK IUHTXHQF\ FKDQJH $Y Y Y DFFRUG
DOORZHG IUHTXHQFLHV DUH JLYHQ E\ WKH LQWHUVHF\
$Y D[LV $V WKH H[WHUQDO FDYLW\ SKDVH LV YDULHG
WKH RULJLQ JLYLQJ ULVH WR D SHULRGLF YDULDWLR
IHHGEDFN KHQ & LV JUHDWHU WKDQ RQH WKH YDU
PRQRWRQLF EHFDXVH WKH GHULYDWLYH G$2 G$Y FD
PXOWLSOH VROXWLRQV DUH SRVVLEOH GHSHQGLQJ RQ

FDYLW\ SKDVH 7TKHUH ZLOO EH DQ RGG QXPEHU RI V

)LJ O9DULDWLRQ RI FRPSRXQG FDYLW\ SKDVH FKDQJH $°

FKDQJH $Y QAAOPP / PP D



FXUYH G$2 G$Y LV SURSRUWLRQDO WR DQ HIIHFWLYH
E\ DQDORXB EZIRMKwww DQG VR WKH VROXWLRQV IRU ZK
QHIJDWLYH LPSO\ D QHIJDWLYH FRPSRXQG FDYLW\ URXQ
UHDOLVDEOH

(TXDWLRQ FDQ HDVLO\ EH UHDUUDQJHG WR J
UHODWLQJ WKH ITUHTXHQF\ HPLWWHG E\ WKH ODVHU G

HPLWWHG E\ WKH VROLWDU\ ODVHU GLRGH

79w WWwWYWVLQ UL 7D DUFWDAQ

7KH H[SHFWHG IRUP RI WKH IUHTXHQF\ YDULDWL
)LJ D IRU WKH FDVH LQ ZKLFK WKH H[WHUQDO FDY

E IRU WKH FDVH LQ ZKLFK WKH ODVHU GLRGH GULY
DGGLWLRQDO OLQHDU WHUP LQ IUHTXHQF\

7KH UHDO VROXWLRQV WR HTXDWLRQ UHSUH
HIWHUQDO FDYLW\ WKHLU PHDQ IUHTXHQF\ VSDFLQJ
VLQXVRLGDO WHUP ZXIHAKKDMILRQ DQDORJRXV ZD\ WR V

ORQIJLWXGLQDO PRGHV RI D FRQYHQWLRQDO ODVHU FL

$Y[FP

'KHQ WKH ODVHU LV RSHUDWLQJ LQ D VWHDG\ VWD
PXOWLSOH H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGHYV
DW D WLPH 7KH PRGH LQ ZKLFK WKH ODVHU ZLOO RSH&H
DUH GHWHUPLQHG E\ D FRPELQDWLRQ RI WKH SKDVH
OLQHZLGWK DQG WKH GLIIHUHQFHV LQ WKUHVKROG JD
ODVHU WHQGY WR RSHUDWH LQ WKH PRGH ZLWK WK

QDUURZHVW OLQHZLGWK EXW DV WKH IHHGEDFN LQFUI



JUHTXHQF\ YDULDWLRQ DUELWUDU\ XQLW

(IWUQDO FDYLW\ SKDVH

D

([ WHUQDO FDYLW\ SKkbbiwhv ZLWK IHHGEDFN

(I WHUQDO FDYLW\ SKDVH ZLWK VROLWDU\ ODVHU IUHTXH

)LJ 9DULDWLRQ RI IUHTXHQF\ IRU D ODVHU GLRGH ZLWK |

FDYLW\ OHQJWK D DQG GULYH FXUUHQW E QASOPP / P



QFUHDVH DQG VR WKDW IDFWRU ZLOO WHQG WR GRPL
RFFXU FUHDWLQJ D KLJK OHYHO RI IUHTXHQF\ DQG L«
ZLOO EH SUHVHQW DW D ORZ HQRXJK ITUHTXHQF\ WKL
IUHTXHQF\ ZLOO IROORZ WKH SDWK VKRZQ LQ ILJ D

EH VHHQ LQ WKH IUHTXHQF\ SDWK

,QWHQVLW\ YDULDWLRQ

,Q PRVW SUDFWLFDO VLWXDWLRQV LQ ZKLFK D ODV
REVHUYHG SDUDPHWHU LV WKH RXWSXW LQWHQVLW\
YDULDWLRQ RI D ODVHU GLRGH ZLWK IHHGEDFN LV UH(
JDLQ ZKLFK LWVHOI LV GHSHQGHQW RQ WKH YDULDWLF

JRU WKH ZHDN IHHGEDFN VLWXDWLRQ WKH EHKDYL
ODVHU GLRGH PD\ EH PRGHOOHG XVLQJ WKH IROORZL

FDUULHU GHQVLW\ 1 LQ WKH DFWLYH UHJLRQ

R1
GWH

ZKHUH - LV WKH LOMHFWLRQ FXUUHQW H LV WKH HOH
FDUULHU OLIHWLPH ZLWK UHVSHFW WR VSRQWDQHRXYV
YHORFLW\ J LV WKH OLQHDU JDLQ DQG 6 LV WKH FDYL
ULJKW KDQG VLGH WKHUHIRUH UHSUHVHQWY WKH JDLQ
VWLPXODWHG UHFRPELQDWLRQ

(TXDWLQJ WKH VWHDG\ VWDWH FRQGLWLRQV 10C

IHHGEDFN DQG WKH VROLWDU\ ODVHU GLRGH JLYHV

2 YV L'?\ YV



(IWUQDO FDYWLW\ SKDVH

D

L QWHQVLW\ YDULDBBBRGBBBBLWUDU\ XQLWQWHQVLW\ YDULDWLRQ DUELWUDU\ XC

5HGXFWLRQ LQ HIWHUQDO FDYLW\ SKDVH UYR7 GXH \
LQFUHDVLQJ ODVHU GULYH FXUUHQW

)LJ 9DULDWLRQ RI LQWHQVLW\ IRU D ODVHU GLRGH ZLWK

FDYLW\ OHQJWK D DQG GULYH FXUUHQW E QAAOPP / P



ZKHUH WKH VXEVFULSW LQGLFDWHYV WKH VROLWDU\
JJ$J DQG LQWURGXFLQJ D FRHIILFLHQW . $J $1 UHC

WKH FKDQJH LQ WKH FKDUJH FDUULHU GHQVLW\ HTXD\

6$? \ 1 a
V BBBBBBBBBBBBB
$V

$VVXPLQJ WKDWKKBQAVWKH IROORZLQJ DSSUR[LPDWLRQ F

6 6Q$J
6RN 9 $

DQG XVLQJ WKH H[SUHVVLRQ IRU WKH JDLQ FKDQJH G?

JLYHYV

6 6 O QWFRYV

ZKHUH P LV D PRGXODWLRQ FRHIILFLHQW GHILQHG E\

6LP : R -

JRU ORZ OHYHOV RI IHHGEDFN WKH YDULDWLRQ LQ
DV WKH IHHGEDFN VWUHQJWK LQFUHDVHV DQG WKH Y
JUHDWHU WKH LQWHQVLW\ YDULDWLRQV EHFRPH DV\
EHFRPH PXOWL YDOXHG 7KH EHKDYLRXU RI WKH LQW
IROORZV WKDW RI WKH I[UHTXHQF\ ZLWK GLVFRQWLQXR
VDPH WLPH DV WKH KRSV EHWZHHQ WKH H[WHUQDO

HISHFWHG IRUP RI WKH YDULDWLRQ LQ RXWSXW LQW



HIWHUQDO FDYLW\ SKDVH YDULDWLRQ GXH WR PRYHPH
WR WKH YDULDWLRQ LQ IUHTXHQF\ DFFRPSDQ\LQJ D YL
)LJ E 7KH LQWHQVLW\ YDULDWLRQ LV SUHGLFWHG
IUHTXHQF\ YDULDWLRQ ZLWK H[WHUQDO FDYLW\ SKDVtE
FKDQJH LV GXH WR PRYHPHQW RI WKH H[WHUQDO UHIO
YDULDWLRQ IRU HYHU\ KDOI ZDYHOHQJWK RI PRYHPHQ\
WKH VDPH DV IRU D FRQYHQWLRQDO OLFKHOVRQ LQW
GLITHUHQFH EHWZHHQ WKH IULQJHV REWDLQHG IURP C
ZDYHIRUP VKRZQ LQ )LJ D IRU WKH VLJQDO REWD
IHHGEDFN ZKLFK LV WKH DV\PPHWU\ RI WKH IULQJHV
IHHGEDFN VWUHQJWK LV LQFUHDVHG WKH IULQJHV SU
WKURXJK D VDZ WRRWK IRUP XQWLO IRU &! GLVFRQ\
HIWHUQDO FDYLW\ PRGHV VKRZQ E\ WKH GDVKHG OLQF
LQFOLQDWLRQ RI WKH VDZ WRRWK IULQJHVY RU WKH GL
PRGH KRSV GHSHQGV RQ WKH GLUHFWLRQ RI WKH PR’
7KXV WKH LQWHQVLW\ YDULDWLRQ RI D ODVHU GLRGH
VKRXOG EH VXLWDEOH WR EH XVHG LQ DQ LQWHUIHUF
ERWK PDIJQLWXGH DQG GLUHFWLRQ RI WKH GLVSODFHP
,Q WKH FDVH LQ ZKLFK WKH SKDVH YDULDWLRQ LV C
ZKLFK LQ WXUQ LV FDXVHG E\ D YDULDWLRQ LQ WKH OD
LQWHQVLW\ PRGXODWLRQ VXSHULPSRVHG RQ WKH L
DFFRPSDQ\ WKH YDULDWLRQ LQ GULYH FXUUHQW LV &
HIWHUQDO UHIOHFWRU VR E\ PRGXODWLQJ WKH ODV

FRQVWUXFWHG WR PHDVXUH WKH DEVROXWH GLVWDOQF|

(ITHFW RI IHHGEDFN RQ OLQHZLGWK

W LV ZHOO NQRZQ WKDW IHHGEDFN LV FDSDEOH RI

OLQHZLGWK RI D3IOWHHBDRLEPFBZEDQWHG IHHGEDFN FDCQ



®®UJH LQFUHDVHV LQ WKH OLQHZLGWK ZKLFK FDQ
FRPPXQLFDWLRQV V\VWHPV $OWHUQDWLYHO\ LW KDYV
XVHG WR QDUURZ WKH ODVHU GLRGH OLQHZLGWK IURP
WR VSHFWUDO ZLGWKYV RDWWOLWWOHIKWHWR HIIHFWV LC
REVHUYHG LQ UHJLRQV RI VWURQJHU IHHGEDFN WKD
DOWKRXJK LW KDV EHHQ QRWHG WKDW WKHUH LV D SKI
WKH ZHDN IHHGEDFN UHJLPH WKH HIIHFWV RI WKLYV
DSSOLFDWLRQV KDYH QRW EHHQ VWDWHG H[SOLFLWO\
7KH VSHFWUDO ZLGWK RI WKH HPLWWHG OLJKW LV
GHULYHG IURP HTXDWLRQ DW $ W! W FDQ EH V
JUDGLHQW LV VPDOO WKHUH ZLOO EH D JUHDWHU UDC
LV FORVH WR EHLQJ VDWLVILHG WKDQ ZKHQ WKH
WKH VSHFWUDO OLQHZLGWK LV LQYHUVHO\ SURSRUWLF
URXQG WULS WLPH 7KLV UHVXOW FDQ EH H[WHQGHG

HIWHUQDO IHHGEDFN XVLQJ WKH HIIHFWLYH FRPSRXQG

(IWHUQDO FDYLW\ SKDVH Y 7L

)LJ ,QWHQVLW\ YDULDWLRQ ZLWK H[WHUQDO FDYLW\ SKEL

FRKHUHQFH OHQJWK DUH SKDVH GHSHQGHQW



VKRZQ LQ VHFWLRQ WR EH SURSRUWLRQDO WR G§$

HI[SUHVVLRQ IRU WKH VSHFWUDO OLQHZLGWK

69U
H"$ W!
GY

YQ
O & FRVD UMW\

ZKHUH 6Y LV WKH ODVHU GLRGH VSHFWLWD® KA. GNS K FAL
ZLGWK IRU WKH VROLWDU\ ODVHU GLRGH

%\ XVLQJ D VLPSOH PRGHO LQ ZKLFK D UHGXFWLRQ
ODVHU OLJKW FDXVHV DQ HIIHFWLYH UHGXFWLRQ LQ W
DQG KHQFH D UHGXFWLRQ LQ WKH IHHGEDFN FRXSOLQJ
RI LQWHQVLW\ ZLWK H[WHUQDO FDYLW\ OHQJWK WDNH
WKH YDULDWLRQ RI VSHFWUDO OLQHZLGWK LV LQ SKI
YDULDWLRQV WKH HIIHFW RI LQFOXGLQJ OLQHZLGWK YI
VOLJKW WKH ODUJH YDULDWLRQV LQ OLQ HAX GAKK FKF F
SRLQW WKH IUHTXHQF\ DQG LQWHQVLW\ YDULDWLRQV
HITHFW LV VPDOO 7KXV WKH FXUYHV LQ )LJ GR QRW
)LJ D FDOFXODWHG ZLWKRXW WDNLQJ WKH HIIHF
DFFRXQW DQG WKH FRQFOXVLRQV GUDZQ LQ VHFWLRQ

DSSOLFDWLRQV RI IHHGEDFN LQ ODVHU GLRGHV DUH Y!

6WDELOLW\ FRQVLGHUDWLRQV

,Q PDQ\ SUDFWLFDO DSSOLFDWLRQV LW LV QHFHVYV
ZLWK IHHGEDFN UHPDLQV LQ D VLQJOH H[WHUQDO FD"
PRGH KRSSLQJ ZKLFK UHVXOWY LQ H[FHVVLYH QRLVH

FKDQJHV LQ WHPSHUDWXUH RU LQMHFWLRQ FXUUHQW



)LJ 9DULDWLRQ RI FRPSRXQG FDYLW\ SKDVH FKDQJH
GLITHUHQFH VKRZLQJ VLQJOH ORQJLWXGLQDO PRGH IUHTXHC

K\WVWHUHVLV ZLGWK $YKYV

LQ WKH VROLWDU\ ODVHU IUHTXHQF\ GRPDLQ IRU ZKLF
FDYLW\ ORQJLWXGLQDO PRGH IRU WKH ODVHU GLRGH
EHWZHHQ VKRZQ LQ YEf DQG YFf LQ )LJ 7KH ZlI

FDOFXODWHG E\ GLITHUHQWLDWLQJ HTXDWLRQ

2 &FRW z DUFWDQ D
GY

7KH VWDWLRQDU\ SRLQWYV FRUUHVSRQGLQJ WR YDBG LC

FRVA



ZKHUHD L YD7 DORWIDR) O®PWQAOEBG 6XEVWLWXWLQJ WK
LOQWR HTXDWLRQ DQG XVLQJ WKW PHDODWNVNRQVKLS

N W

\ngoYAg FAT 00 Yk
&

7KH TUHTXHQF\ UDQJH LQ ZKLFK WKHUH LV D VLQJOH H

IURP )LJ JILMHJPEAYYfF Yf  YfKf 7KH ILUVW Wi
Y f LV MXVW WKH SHULRG LQ WKH IUHTXHQF\ GRP
DQG LV HTXDO WR O [ 7KH VHFRQG WHUP IURP
V& 2
n Y 9
9E D fYE D 77

([SUHVVLQJ WKH IUHTXHQFLHYV YD DQG YE LQ WHUPV R
XVLQJ HTXDWDRRQ@ WKH UHODWLRQVKLS BRWHA A WDQ

9K YD 2 DUFWME O
77

DQG VR

$ \£& , DUFWDQ
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7TKXV WKH ZLGWK RI WKH VLQJOH H[WHUQDO FDYLW\ PF
WR WKH OHQJWK RI WKH H[WHUQDO FDYLW\ DQG GHFU
IHHGEDFN VWUHQJWK DV LV VKRZQ LQ )LJ 6ROYL
VKRZV WKDW IRU $YVI[P DERYH WKLV OHYHO
IUHTXHQFLHV IRU ZKLFK WKHUH LV D VLQJOH H[WHUQD

7KH PDJQLWXGH RI WKH K\WWHUHVLV GLIIHUHQF!

GRZQZDUG IUHTXHQF\ WXQLQJ SDWKV LV JLYHQ E\ WKH

$YK\WFKY 2 9 & DUFWDOQOM9 F

7KLV TXDQWLW\ FDQ EH PHDVXUHG H[SHULPHQWDOO\ L

)LJ 9DULDWLRQ RI VLQJOH H[WHUQDO FDYLW\ ORQJLYV
H[SUHVVHG DV D IUDFWLRQ RI WKH H[WHUQDO FDYLW\ PRGH

VWUHQJWK



WUHQJWK LQ D VI\VWHP IRU YDOXHV RI & EHWZHHQ D (

+LJKHU OHYHOV RI IHHGEDFN

7KH HIITHFWYVY GHVFULEHG LQ WKH SUHYLRXV VHFWLEF
WA\SLFDOO\ ZLWK D FRXSOLQJ FRHIILFLHQW RI WKH RU
IHHGEDFN WKH ODVHU GLRGH RSHUDWHYVY LQ HLWKHU R
PRGHV ZLWK DQ RXWSXW ZKLFK YDULHV SHULRGLFDOO
VR LV VXLWHG WR LQWHUIHURPHWULF DSSOLFDWLRQV

JRU OHYHOV RI IHHGEDFN ZLWKLQ WKH ZHDN IHHGEI
ZLWK & @ WKHUH DUH PXOWLSOH H[WHUQDO FDYLW\ C
ODVHU GLRGH DQG LW ZLOO H[KLELW LQVWDELOLW\ KR
SODFHVY D WKHRUHWLFDO XSSHU OLPLW RQ WKH FRXS(
VHOI PL[LQJ LQWHUIHURPHWULF V\VWHP DOWKRXJK L
XVXDOO\ OLPLWHG E\ WKH GHJUDGDWLRQ RI WKH EHDF
GLVWDQFHVY WKH EHDP HPLWWHG E\ WKH ODVHU GL
FROOLPDWLRQ LV QRW SRVVLEOH ZLWK DQ RUGLQDU\ P

$W KLIJIKHU OHYHOV RI IHHGEDFN IRU ZKLFK WKH
ORQJHU KROGV WKH EHKDYLRXU RI WKH ODVHU GLRG!
GLVWLQFW/NBBKPHEKUDSOWVWH ILUVW WZR UHJLPHV RI |
GHILQHG DV WKRVH ZLWK ZHDN IHHGEDFN DV GHILQH
HIWHUQDO FDYLW\ ORQJLWXGLQDO PRGH RSHUDWLRQ U
DPSOLWXGH RI WKH JDLQ GLIITHUHQFH PRGXODWLRQ G
GLITHUHQFH EHWZHHQ DGMDFHQW H[WHUQDO FDYLW\ O
ODVHU ZLOO RSHUDWH VWDEO\ LQ RQH PRGH ZKLFK ZI
OLQHZLGWK

,Q WKH IRXUWK UHJLPH WKH HIIHFW NQRZQ DV FRK

WKH OLQHZLGWK RI WKH HPLWWHG OLJKW LQFUHDVHYV (



IQFUHDVHV LQ SKDVH DQG LQWHQVLW\ QRLVH 7KHVH H
UHOD[DWLRQ RVFLOODWLRQV ZKLFK DUH LQLWLDWHG E
,Q WKH ILIWK UHJLPH WKH UHIOHFWLYLW\ RI WKH
UHODWLYH WR WKH UHIOHFWLYLW\ RI WKH H[WHUQDO
VLQJOH FDYLW\ ODVHU ZLWK WKH FDYLW\ GHILQHG E\
UHIOHFWRU 7KH OLQHZLGWK LV UHGXFHG UHODWLYH
RXWSXW LV DIJDLQ LQGHSHQGHQW RI WKH H[WHUQDO F
LV WKDW ZKLFK LV XVHG IRU fH[WHU QD ® LRADD LHW 1D/®1 P L |

6DQ HW DO

7KH UDQJH RI YDOXHV RI IHHGEDFN VWUHQJWK IR
GHSHQGHQW DQG IRU ZKLFK WKH ODVHU GLRGH FDQ EF
LV WKXV D VPDOO SURSRUWLRQ RI WKH SRVVLEOH YDC

XVLQJ IHHGEDFN WR FRQWURO WKH FRXSOLQJ VWUHQJ

6 XPPDU\

7KLV FKDSWHU KDV SUHVHQWHG D WKHRU\ ZKLFK
RSWLFDO IHHGEDFN LQ D ODVHU GLRGH FDQ FDXVH SKE
YDULDWLRQV ZKLFK DOORZ WKH ODVHU GLRGH ZLWK IH
DSSOLFDWLRQV 7KH WKHRU\ VKRZV WKDW WKH IRUP
DVVRFLDWHG ZLWK ORQJLWXGLQDO PRGHV RI WKH H[W
VWUHQJWK RI WKH IHHGEDFN FRXSOLQJ DQG WKH GLV
UHIOHFWRU 7KH FRQGLWLRQV IRU ZKLFK VWDEOH SHU
DQ LQWHUIHURPHWULF VLJQDO PD\ EH REWDLQHG KD
OLQHZLGWK YDULDWLRQV GXH WR IHHGEDFN RQ WKt
FRQVLGHUHG DQG VKRZQ QRW WR EH VLJQLILFDQW

,Q WKH IROORZLQJ FKDSWHUV WKH WKHRU\ GHVFUL

WKH RSHUDWLRQ RI DQ LQWHUIHURPHWULF GLVSODFHP



®VHU GLRGH LV GHPRQVWUDWHG DQG WKH VSHFWUDO
WHPSHUDWXUH YDULDWLRQVY DQG HIIHFWV UHODWHG W

7KH QH[W FKDSWHU GHVFULEHV WKH H[SHULPHQW
GHYHORSHG WR LQYHVWLIJDWH WKH SKHQRPHQD GHVF!

WKHP WR DQ LQWHUIHURPHWULF VHQVLQJ V\VWHP



&KDSWHUSHULPHQWDO 7HFKQLTXHV IRU
WKH (ITHFWV RI 2SWLFDO )HHGEDFN LQ

 QWURGXFWLRQ

7KLY FKDSWHU FRQVLGHUV VRPH RI WKH SUDFWLFL
ZLWK DQ\ H[SHULPHQWDO ZRUN ZLWK RSWLFDO IHHGEI
VROXWLRQV WR WKHVH $ W\SLFDO H[SHULPHQWDO V\
HOHPHQWY QHFHVVDU\ IRU H[SHULPHQWDO LQYHVWLJ
DSSOLFDWLRQ LV HYDOXDWHG LQ RUGHU WR PDNH D J
VWUHQJIJWK 7KH HIIHFWV RI WKH DOLJQPHQW RI WKH F
WKHRUHWLFDOO\ DQG D PHWKRG RI DFKLHYLQJ JRRG
WHFKQLTXHV IRU PHDVXULQJ WKH IUHTXHQF\ YDULDWLI
VWUHQJIJWK RI WKH IHHGEDFN FRXSOLQJ VWUHQJWK DUI

$ W\SLFDO H[SHULPHQWDO VHW XS XVHG WR LQYH
RSWLFDO IHHGEDFN LQ D ODVHU GLRGH LV VKRZQ LQ )L
GLRGH [ IURP WKH H[WHUQDO UHIOHFWRU 00O ZKLF
JUDWLQJ RU D FRUQHU FXEH SULVP WKH LVVXHV GHW
SUDFWLFDO VHOI PL[LQJ LOQOWHUIHUHQFH EDVHG VHQVLC
7KH IHHGEDFN VWUHQJWK LV FRQWUROOHG E\ SODFL
EHWZHHQ WKH ODVHU DQG WKH H[WHUQDO UHIOHFWR
FDYLW\ SKDVH E\ PRGXODWLQJ WKH H[WHD§ DRCR KD WIHAG\
RQ D ORXGVSHDNHU FRQH ZKLFK ZDV PRXQWHG RQ D F
VWDIJH ZKLFK SURYLGHG ODUJHU VFDOH ORQJLWXGLQ

HIWHUQDO FDYLW\ SKDVH FRXOG DOVR EH PRGXODWFEF



)LJ 7\SLFDO H[SHULPHQWDO VHW XS /'S ODVHU GLRGI
SKRWRGLRGHYV /S FROOLPDWLQJ OHQVHYV 1'S QHXWUDO (

EHDPVSOLWWHUYV 0S PLUURUYV

IUHTXHQF\ ZKLFK LV DFKLHYHG E\ DGGLQJ DQ $& FRPS
FXUUHQW D WULDQJXODU ZDYHIRUP ZDV XVHG IRU
IUHTXHQF\ DQG SKDVH YDULDWLRQ ZLWK UHVSHFW WR
7KH HIITHFWV RI IHHGEDFN RQ WKH LQWHQVLW\ RXW:
PROQLWRU SKRWRGLRGH LQFRUSRUDWHG LQ WKH ODVHL
ObDVHU WKH SKRWRGLRGH FXUUHQW LV SDVVHG WR D

LV YLHZHG RQ DQ RVFLOORVFRSH



/IDVHU GLRGH GULYHUV ZHUH XVHG ZKLFK NHSW Wk

P$ DQG HDFK ODVHU zZDV PRXQWHG LQ D KHDW VL
FROWUROOHU ZKLFK VWDELOLVHG WKH WHPSHUDWXU|!
VKRXOG EH QRWHG WKDW WKLV ILIJXUH IRU WHPSHUD
KHDW VLOQN LQ ZKLFK WKH WKHUPLVWRU XVHG WR FRQ!
VR WHPSHUDWXUH YDULDWLRQV DW WKH ODVHU GLRG
FXUUHQW ZKLFK FDXVH YDULDWLRQV LQ WKH HOHFWU
QRW EH DIIHFWHG E\ WKH WHPSHUDWXUH VWDELOLVHU
FXUUHQW DUH LPSRUWDQW EHFDXVH HDFK DIIHFWV \
GLRGH 7KH RYHUDOO ZDYHOHQJWK VWDELOLW\ DFKLHY
VHFWLRQ DQG WKH LVVXH RI WHPSHUDWXUH VWDEI
&KDSWHU

7KH HIIHFWV RI WKH IHHGEDFN RQ WKH ZDYHOHQJ
ODVHU GLRGH DUH REVHUYHG E\ FRPSDULQJ WKH ZDY
UHIHUHQFH ODVHU GLRGH [/’ XVLQJ WKH OLFKHOVRQ
EHDPVSOLWWHU %6 DQRQG WKH PLUURUV 0 DQG O
RWKHU PRXQWHG RQ D PLFURPHWHU FRQWUROOHG 'V
LOQWHUIHURPHWHU ZDV FKRVHQ IRU WKHVH PHDVXUHP
FRQVWUXFWLRQ XVLQJ UHDGLO\ DYDLODEOH RSWLFDO
SRWHQWLDO IRU KLJK VSHFWUDO UHVROXWLRQ WKLYV I

2VFLOORVFRSH WUDFHV RI WKH VLJQDOV IURP WK
OLFKHOVRQ LQWHUIHURPHWHU SKRWRGLRGH ZHUH GLJ|

GLJLWDO VWRUDJH DGDSWRU

(VWLPDWLRQ RI IHHGEDFN VWUHQJWK

,Q RUGHU ERWK WR EH DEOH WR VHW XS WKH H[SHL
DEOH WR HYDOXDWH DQG LQWHUSUHW H[SHULPHQWDO

PDNH D JRRG HVWLPDWH RI WKH IHHGEDFN VWUHQJW



MVWHP )RU WKH EDVLF V\VWHP FRQVLVWLQJ RI D ODV
SODQH PLUURU WKLV UHTXLUHVY HVWLPDWHYVY WR EH I
GLRGH WR WKH OHQV ORVVHV GXH WR UHIOHFWLRQ Il
WKH PLUURU DW WKH ODVHU GLRGH ZDYHOHQJWK FRXSE
OHQV DQG FRXSOLQJ RI WKH LPDJH RI WKH ODVHU DSH

7KH FRXSOLQJ HIILFLHQF\ IRU OLJKW IURP WKH O
GHSHQGV RQ WKH GLYHUJHQFH RI WKH EHDP IURP W
DSHUWXUH RI WKH OHQV 7KH PDQXIDFWXUHUfV VSHFL
PD[LPXP IRU WKH 6KDUS /7 0' ODVHU GLRGHV XVHG
WASLFDOO\ f SDUDOOHO WR WKH GLRGH MXQFWLRQ
SODQH :LWK D [0O2 PDJQLILFDWLRQ PLFURVFRSH REMH
QXPHULFDO DSHUWXUH LV ZKLFK FRUUHVSRQGV W
DSHUWXUH DW WKH IRFXV RI f WKHUHIRUH WKH FR:
SDUDOOHO WR WKH MX®@RMEL RRQU LW KIHORRMNMKW U FRPSRQH
DSHUWXUH FORVHO\ PDWFKHV WKH IX0O0 ZLGWK DW
DSSUR[LPDWHO\ IRU WKH UHDVRQDEOH DVVXPSW
GLVWULEXWLRQ

$VVXPLQJ WKDW WKH EHDP LV ZHOO FROOLPDWHG
LOQWR WKH OHQV VKRXOG EH FORVH WR 7TKH FRXSC
WKH ODVHU GLRGH DSHUWXUH LV GHWHUPLQHG E\ WK
LPDJH $V WKH FRPSRQHQW RI WKH HPLWWHG EHDP S
SDVVHG DOPRVW HQWLUHO\ E\ WKH FROOLPDWLQJ OHQ\
VSDWLDO IUHTXHQFLHYVY LQ WKDW FRPSRQHQW DUH SDV
EHDP IHG EDFN LQ WKH GLUHFWLRQ SDUDOOHO WR WKF
RI WKH RXWJRLQJ EHDP LV EORFNHG E\ WKH DSHUWXU|
LPDJH IRUPHG E\ WKH UHWXUQ EHDP ZLOO EH VSUHD
GLPHQVLRQV RI WKH RXWSXW DSHUWXUH FDQ EH HVW

DQJOHV XVLQJ WKH IROORZLQJ H[SUHVVLR@RIIRWUKHVKH



PD[LPXP LQWHQVLW\ Z LQ D *DXVVLDQ EHDP ZLWK ZI

DQJOH

N*

ZKLFK IRU WKH EHDP GLYHUJHQFH DQJOHV JLYHQ DERF

SP 7KH LQWHQVLW\ GLVWULEXWLRQ SHUSHQGLFXO
SSUR[LPDWHO\ WKDW RI D VLQJOH VOLW GLIITUDFWLRQ
WKH SRZHU IDOOLQJLELWE8HQWXKH DW WKH ODVHU G
DSSUR[LPDWHO\

JRU WKH FDVH LQ ZKLFK D IURQW VXUIDFH DOXPL
HIWHUQDO UHIOHFWRU WKH UHIOHFWLYLW\ DW DURXQ
UHIOHFWLYLW\ RI HDFK VXUIDFH RI WKH FROOLPDWLQJ
SDFNDJH LV DVVXPHG WR EH DERXW

7DNLQJ DOO WKHVH IDFWRUV LQWR DFFRXQW JLYHYV
DSSUR[LPDWHO\ 7KLV FRXSOLQJ VWUHQJWK LV PXF
ZHDN IHHGEDFN DV GHILQHG LQ &KDSWHU DQG VR
HIWHUQDO UHIOHFWRU WKH FRXSOLQJ FDQ EH FRQWU
LQ WKH FDYLW\ EHWZHHQ WKH ODVHU GLRGH DQG WKH
FRXSOLQJ ZLWKLQ WKH ZHDN IHHGEDFN UHJLPH

8vLQJ WKH EHDP GLYHUJHQFH DQJOHV JLYHQ DEF
ZLQGRZ RI WKH ODVHU GLRGH SDFNDJH FDQ EH FDOFX(
UHIOHFWHG EHDP DW WKH GLRGH IDFHW 7KH IHHGEDFI
VXUIDFH RI WKH ZLQGRZ IAKDFSSRVFRRSOMUDEOH ZLWK
FRHIILFLHQWYV IURP WKH H[WHUQDO WDUJHW UHIOHFWR
QRW KDYH D VLIQLFDQW HIIHFW RQ WKH RXWSXW RI W
WR WKH ZLQGRZ ZKLFK LV DSSUR[LPDWHO\ HTXDO WR

VR JLYHV D YHU\ VPDOO YDOXH RI WKH IHHGED WNIPRHI



AmVH 7KH IHHGEDFN IURP WKH GLRGH ZLQGRZ DQG DO
WKHUHIRUH DIIHFW WKH REVHUYHG SHUIRUPDQFH RI V

7KH DERYH FDOFXODWLRQV DUH PDGH ZLWK WKH
UHIOHFWRU LV SHUIHFWO\ SHUSHQGLFXODU WR WKH R
LPDJH RI WKH DSHUWXUH IRUPHG E\ WKH FROOLPDWL(
LWVHOI ,Q IDFW WKH FRXSOLQJ ZLOO REYLRXVO\ GHSI
UHIOHFWRU ZKLFK PD\ EH GLIILFXOW LQ SUDFWLFH V
SHUSHQGLFXODU WR WKH D[LV RI WKH ODVHU GLRGH
HITHFW RI PLVDOLJQPHQW RI WKH HIWHUQDO UHIOHFWR

HITHFW

$OLJQPHQW RI FRPSRQHQWY DQG EHDP FRO

7KH EHKDYLRXU RI D ODVHU GLRGH ZLWK RSWLFDO
RQ WKH DPRXQW RI OLJKW UHHQWHULQJ WKH ODVHU
DOLJQPHQW DQG SRVLWLRQLQJ RI WKH FRPSRQHQWYV
FROOLPDWLQJ OHQV DQG WKH H[WHUQDO UHIOHFWRU
'LWK D 1$ PLFURVFRSH REMHFWLYH XVHG DV
6KDUS /7 0' ODVHU GLRGH WKH GLYHUJHQFH RI WKH
MXQFWLRQ LV OHVV WKDQ WKH QXPHULFDO DSHUWXUH
DSSO\ DQG LQ WKH XQLW PDJQLILFDWLRQ V\VWHP XVHG
VKRXOG PDWFK WKH WUDQVYHUVH PRGH SURILOH DW W
GLUHFWLRQ WKH QXPHULFDO DSHUWXUH RI WKH OHQV
WKH EHDP DW KDOI PD[LPXP DQG LQ WKLV FDVH WKH LI

RI WKH OHQV DQG KDV WKH SURILOH RI D VLQJOH VOLW

. f K2VLQF " " 2¥WLQ
$



ZKHUHLY WKH WRWDO LQWHQVLW\ : LV WKH ZLGWK R
DQJOH RI GLIIUDFWLRQ 7KH ):+0 RI WKLV LQWHQVLW\
ZKLFK IRU WKH DSHUWXUH DQG ZDYHOHQJWK LQ WKLV

7KH DFWXDO ZLGWK Rl WKH FHQWUDO PD[LPXP RI W
RXWSXW IDFHW LV JLYHQ ZKHWH |$LVLWKH IRFDO OH
FROOLPDWLQJ OHQV ZKLFK IRU WKH 1$ PLFURVFRS
ZLGWK $[ Rl  _/WP 7KH ):+0 IRU WKH YDULDWLRQ R
WKH GLVSODFHPHQW Rl WKH GLIIUDFWHG LPDJH ZLOO
RI WKH IXQFWLRQ JLYHQ E\ WKH FRQYROXWLRQ RI WKH
WUDQVYHUVH PRGH SURILOH DW WKH ODVHU RXWSXW
WKH ZLGWK RI WKH ZLGHU IXQFWLRQ ZKLFK LQ WKLV F

7KH YDULDWLRQ RI IHHGEDFN LQWHQVLW\ ZLWK WK
UHIOHFWRU WKXV KDV D VLQH VTXDUHG SURILOH IRU W
MXQFWLRQ SODQH ZLWK DQ DQJXODU IXOOURIGGWR UDW
WLOWV DERXW WKH D[LV SHUSHQGLFXODU WR WKH MXQ
LQWHQVLW\ VKRXOG EH DSSUR[LPDWHO\ *DXVVLDQ DQC
DQJOH VXEWHQGHG E\ WKH ZLGWK RI WKH WUDQVYHUV
FROOLPDWLQJ OHQV ZKLFK LV DOVR DERXW .7UDG

7KH ORQJLWXGLQDO SRVLWLRQ RI WKH FROOLPDWL
RI OLJKW DW WKH SODQH RI WKH ODVHU RXWSXW |
FRPSRQHQWV PXVW EH FRQVLGHUHG VHSDUDWHO\ )R
GLYHUJHQFH LV OHVV WKDQ WKH QXPHULFDO DSHUWX!I
WKHUHIRUH PDLQWDLQV LWV *DXVVLDQ SURILOH WKH
WKH RSWLFDO D[LV QHDU WKH IRFXV LV DSSUR[LPDWH:{

ZDLVW ZLGWK DQG LV JLYHQ E\



ZKHUHLY WKH EHDP ZDLVW UDGLXV DQG ] LV WKH GLVWDQF

EHDP ZXRWXWJ 7KH KDOI ZLGWK RI WKLV LQWHQVLW\ GLVW

$] 9 A

,Q WKH FDVH RI WKH ODVHU GLRGH GLVFXVVHG KHUH WKF
ZKLFK JLYHV D ORQJLWXGLQDO ):+0 RI DERXW SP

JRU WKH GLUHFWLRQ LQ ZKLFK WKH WUDQVYHUVH GLVW
VOLW WKH ORQJLWXGLQDO OLJKW GLVWULEXWLRQ QHDU W
WKH GLVWULEXWLRQ IRU D FLUFXODU DSHUMNMWK WKHHQ
GLDPHWHU RI WKH DSHUWXUH UHSODFHG E\ WKH VOLW ZLG

PD[LPXP LQ WKLV FDVH LV DSSUR[LPDWHO\ SP

$OLIQPHQW RI WKH H[WHUQDO UHIOHFWRU

'XH WR WKH VPDOO VL]H RI WKH ODVHU GLB®GH RXWSXW

SP WKH SHUIRUPDQFH RI D ODVHU GLRGH IHHGEDFN V\
DOLJQPHQW RI WKH H[WHUQDO UHIOHFWRU ,Q RUGHU WR |
VWUHQJIJWK LQ DQ H[SHULPHQWDO VLWXDWLRQ LW LV QHFH'
HIWHUQDO UHIOHFWRU LV DOLJQHG SHUSHQGLFXODUO\ WR
KHQ WKH DOLJQPHQW LV H[DFWO\ SHUSHQGLFXODU \
GLITUDFWHG LPDJH RI WKH ODVHU DSHUWXUH LV DOLJQHG |
WKH IHHGEDFN LV PD[LPLVHG 7KHUHIRUH D VLPSOH PHWK
IHHGEDFN VWUHQJWK ZLWK UHVSHFW WR FKDQJHV LQ WK
UHTXLUHG :LWK QR DWWHQXDWLQJ IGWHUV LQ WKH H[WH
UHIOHFWRU LV ZHOO DOLJQHG LV VWURQJ HQRXJK WR FD>

LOQGHSHQGHQW RI WKH H[WHUQDO FDYLW\ SKDVH 7KLV UH



7LPH PV GLY

7LPH PV GLY

)LJ 2VFLOORVFRSH WUDFHV VKRZLQJ ODVHU GLRGH RXYV
UHIOHFWRU LV VFDQQHG WKURXJK WKH QRUPDO SRVLWLRQ

E EHORZ WKUHVKROG



HGXFWLRQ LQ WKH WKUHVKROG FXUUHQW IRU WKH Ol
LQFUHDVH LQ WKH RXWSXW SRZHU Rl WKH ODVHU $W
PLUURU LV WLOWHG DQG WKH GLIIUDFWLRQ SDWWHUQ
DFWXDO DSHUWXUH WKH RXWSXW IURP WKH ODVHU
FRPSOH[ VHULHV RI SHDNV DV VKRZQ LQ )LJ D IU
GHWHUPLQH WKH FHQWUDO PD[LPXP Rl WKH SDWWHUQ
WKUHVKROG RQO\ WKRVH SHDNV LQ WKH SDWWHUQ
WKUHVKROG FXUUHQW EHORZ WKDW OHYHO ZLOO FDX
RXWSXW LQ WKLV ZD\ %\ JUDGXDOO\ UHGXFLQJ WKH G|
XQWLO RQO\ RQH SHDN LV IRXQG LQ WKH RXWSXW WK
SDWWHUQ FDQ EH ORFDWHG DV VKRZQ LQ )LJ E

PLUURU LV ZHOO DOLJQHG

'DYHOHQJWK PHDVXUHPHQW

OHDVXUHPHQWY RI YDULDWLRQV LQ WKH ZDYHOHQJ
GLRGH ZHUH PDGH XVLQJ D GXDO ZDYHOHQJWK OLF
PHDVXUHY WKH GLIITHUHQFH EHWZHHQ WKH ZDYHOHQJV
ZDYHOHQJWK 7KH H[SHULPHQWDO DUUDQJHPHQW LV V
OLJKW IURP WKH ODVHU XQGHU WHVW /' LV VDPSOF
PLIHG ZLWK OLJKW IURP WKH UHIHUHQFH ODVHU [/’
PL[IHG OLJKW WKHQ HQWHUV WKH OLFKHOVRQ LQWHUIH
% 6 WKH PLUURUV 00 DQG O DQG WKH SKRWRGLRGH
PRXQWHG RQ D ORXGVSHDNHU FRQH WR SURYLGH SKD
RQ D PLFURPHWHU FRQWUROOHG WUDQVODWLQJ VWDJF
LOWHUIHURPHWHU SDWK GLIITHUHQFH

I WKH WZR FRPSRQHQW EHDPV KDYH HTXDO LQWH
RXWSXW LQWHQVLW\ RI WKH OLFKHOVRQ LQWHUIHURPH



QG $E DV D IXQFWLRQ RI WKH GLVWDQFH RI WKH DG

JLYHQ E\

v ] "FRV ND NK ] FRV ND NK ]

ZKHUMH Q ;@BKLVY SDWWHUQ LV VLPSO\ WKH VXP RI WKH L
WKH LQGLYLGXDO ZDYHOHQJWKY DQG FRQVLVWY RI IUL
LOQGLYLGXDO KLQJH SHULRG PRGXODWHG E\ D VLQXVF

LOQYHUVHO\ SURSRUWLRQDO WR WKH GLIITHUHQFH EHWZ

sp  'oN
N

I WKH LQWHQVLWLHYV LQ WKH WZR LQSXW EHDPV L
XVLQJ QHXWUDO GHQVLW\ ILOWHUV LQ IURQW RI WKH
PLQLPD DUH YHU\ ZHOO GHILQHG DQG WKH DGMXVWDE

DFFXUDWHO\ DW WKH PLQLPD $Q H[DPSOH RI DQ REVHL

)LJ ([DPSOH RI DQ RVFLOORVFRSH WUDFH REWDLQHG ZLWtk

OLFKHOVRQ LQWHUIHURPHWHU



7LPH PLQ

)LJ 9DULDWLRQ RYHUWLPH RI PHDVXUHG ZDYHOHQJWK (

)LJ DQG LW FDQ EH VHHQ WKDW WKH PLQLPXP FDQ
DSSUR[LPDWHO\ RQH IULQJH ZLGWK RU DERXW 2 GM/WP

I WKH ZDYHOHQJWK RI RQH ODVHU GLRGH LV YDU
GULYH FXUUHQW RU WHPSHUDWXUH WKHQ WKH FKDQJ
SDWWHUQ PLQLPD FDQ EH WUDFNHG DQG WKH ZDYHOF
OLPLWLQJ IDFWRU IRU WKH DFFXUDF\ RI WKLV PHWKRG
WKH UHIHUHQFH ODVHU GLRGH ZLWK UHVSHFW WR WH
17 WHPSHUDWXUH FRQWUROOHU WKH ODVHU GLRGH
ZLWKLQ O2P. ZKLFK UHVXOWHG LQ DQ DFFXUDF\ |IF
PHDVXUHPHQWY RI DSSWQP[LFFKWHORRUJPBWSRQGYVY WR
UHVROXWLRQ RI DSSUR[LPDWHO\ OK] ZKLFK FRPSDUH\
XVLQJ VFDQQELQJ )DEU\ BHURW LQWHUIHURPHWHUV IF
H[DPSOH D UHVROXWLRQ RI 0)O] IRU WKH )DEU\ 3H
*ROGEHUJ HW mXQV ILJXUH KDV EHHQ FRQILUPHG H[SHU
VHULHVY RI PHDVXUHPHQWY RI ZDYHOHQJWK GLIIHUHQ
ZKLFK LV WASLFDO RI WKH WLPHVFDOH RYHU ZKLFK PHD

WKLV DUH VKRZQ LQ )LJ WKH VWDQGDUG GHYLD



FU$ [ QP ,Q FDVHV ZKHUH WKH GLVWDQFH PHDVXU
YLVLELOLW\ SDWWHUQ LVPVPPDWIOH OH¥XUWMIKD R IDWWRKXWZ
PHDVXUHPHQW LV OLPLWHG QRW E\ WKH WHPSHUDWX
DFFXUDF\ ZLWK ZKLFK WKDW GLVWDQFH FDQ EH PHDVX
DGMXVWLQJ WKH WHPSHUDWXUH DQG GULYH FXUUHQW
ZDYHOHQJIJWK GLIITHUHQFH LV VPDOO WKXV LQFUHDVLQ
RU PHDVXULQJ WKH PRYHPHQW RI WKH PLUURU RYHU
SDWWHUQ

([DPSOHV RI PHDVXUHPHQWY PDGH XVLQJ WKLV PH
ZKHUH WKH UHVSRQVH RI WKH ZDYHOHQJWK WR GULY
WHPSHUDWXUH PHDVXUHG E\ WKH WKHUPLVWRU DW WK
PRXQWHG )LJ E IRU D 6KDUS )7 0' ODVHU GLRG

ZDYHOHQJWK WXQLQJ FRHIILFLHQWYVY IRXQG E\ PDNLQ.

GDWD DUH : [O QP P$ IRU WKH FXUUHQW DQG
WHPSHUDWXUH RU *+] P$ DQG 7 *+] . UHV.
IUHTXHQF\

%\ PHDVXULQJ WKH ZDYHOHQJWK WXQLQJ FRHIILFI
GLRGH GULYH FXUUHQW DQG DOVR WKH YDULDWLRQ R
WKH GULYH FXUUHQW YDULDWLRQV LQ ZDYHOHQJWK
YDULDWLRQV LQ WKH ODVHU SRZHU RXWSXW UHFRUG
FXUUHQW LV PRGXODWHG 7KH YDULDWLRQ RI LQWHQVI
IRUP IRU ZKLFK WKH WKHRUHWLFDO SUHGLFWLRQ ZDV
EHWZHHQ LQWHQVLW\ DQG ZDYHOHQJWK LV QRW OLQ
YDULDWLRQV DURXQG WKH OLQHDU YDULWLRQ WKDW
7KHUHIRUH LI PHDVXUHPHQWY DUH PDGH RI LQWHQVL
SRLQWYV LQ GLIIHUHQW SHULRGV RI WKH REVHUYHG
IUHTXHQF\ GLIIHUHQFH ZLOO EH HTXDO WR WKH I[UHTX
VDPH SRLQWYVY RQ WKH ZDYHIRUP REWDLQHG LQ WKH D

Lv D OLQHDU UHODWLRQVKLS EHWZHHQ LQWHQVLW\ DC



A B G$;B [ a QP P$

‘DYHOHQJWKs GIQPHUHQFH

/IDVHU GULYH FXUUUHQW , P$
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/IDVHU GLRGH KHDW VLQN WHPSHUDWXUH
E
)L OHDVXUHPHQWY RI ODVHU GLRGH ZDYHOHQJWK YD

FXUUHQW D DQG ZLWK KHDW VLQN WHPSHUDWXUH E PI

ZDYHOHQJWK OLFKHOVRQ LQWHUIHURPHWHU



HWHUQDO FDYLW\ ORQJLWXGLQDO PRGH VSDFLQJ XVLQ
DORQJ ZLWK WKH YDOXHV H[SHFWHG IRU WKH OHQJWK
VHHQ WKDW LQ D QXPEHU RI FDVHV WKH PHDVXUHG |
VSDFLQJ LV ORZHU WKDQ WKH H[SHAWWHWG YWHXRPEBEQR
GLVFEFXVVHG DQG H[SODLHEHD®& W QI BRKFD SWKHV HIITHFW WK
SUHGLFWHG YDOXHV VKRZ JRRG DJUHHPO® VD ALWKQ O DF
GHYLDWLRQ RI 7KH PDMRU VRXUFH RI HUURU LQ W
RI WKH HIWHUQDO FDYLW\ OHQJWK LW FDQ EH VHHQ W
UHFRUGHG ZLWK WKH VDPH H[WHUQDO FDYLW\ VKRZ

PHDVXUHG PRGH VSDFLQJYV ORZHU WKDQ WKH H[SHFWH

(IWHUQDO FODWRDWXUHG PROGHSLFWHG PRGH

$Y[FP
OHQJWK OH[WVBPFLQJ VSDFLQH[W F[/
$9[FP&0+] 0+]
7TDEOH &RPSDULVRQ RI PHDVXUHG DQG SUHGLFWHG 5

ORQIJLWXGLQDO PRGH VSDFLQJV



7KLY PHWKRG JLYHV D VLPSOH DQG HIIHFWLYH WHF
HITHFWV Rl ZHDN IHHGEDFN RQ D ODVHU GLRGH DQG H

PHDVXUHG E\ WKH PHWKRG GHVFULEHG LQ WKH IROOR?Z

OHDVXUHPHQW RI IHHGEDFN VWUHQJWK

7KH PHWKRGV GHVFULEHG DERYH IRU HVWLPDWLQJ
VIVWHP LQYROYHV D QXPEHU RI VLPSOLILFDWLRQV DQG
RI WKH V\VWHP LV XQVWDEOH DQG VR LW LV GHVLUDE
IHHGEDFN VWUHQJWK 7KH PHDVXUHPHQW DQG FRQW!
DOWKRXJK Rl FULWLFDO LPSRUWDQFH WR WKH EHKDY
UHIHUUHG WR H[SOLFLWO\ LQ SXEOLVKHG ZRUN LQYRC
WKDW KDV EHHQ XVHG WR PHIDWKR HH\WHBDGEDWR VWDWNHQ!
VDPSOH Rl WKH UHIOHFWHG EHDP XVLQJ D EHDPVSOLV
KRZHYHU GRHV QRW WDNH LQWR DFFRXQW WKH FRXS(
FDQQRW EH FRQVLGHUHG WR E I FN-HON DHEVD HD QSYGRROW KIN U
ILWWLQJ H[SHULPHQWDO PHDVXUHPHQWY RI WKH IHHC
PDGH XVLQJ D )DEU\ 3HURW LQWHUIHURPHWHU WR WKFE
FRPSOLFDWHG DQG WLPH FRQVXPLQJ 7KH UHPDLQGHU
DQG VLPSOH PHWKRG RI PHDVXULQJ WKH IHHGEDFN
GLVWXUELQJ WKH V\VWHP EDVHG RQ PHDVXUHPHQW R
ODVHU GLRGH IUHTXHQF\

,Q VHFWLRQ LW ZDV VKRZQ WKDW ZKHQ &! D
EHWZHHQ H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGHV W
KRSV VKRZ K\WWHUHVLV ZLWK WKH PDJQLWXGH RI WKH

IHHGEDFN VWUHQJWK



7LPH PV GLY

)LJ 2VFLOORVFRSH WUDFH VKRZLQJ PRQLWRU SKRWRGLR
GLRGH ZLWK IHHGEDFN XSSHU WUDFH DQG ZLWKRXW ORZH

ZDYH GULYH FXUUHQW PRGXODWLRQ

7KH IHHGEDFN VWUHQJWK FDQ WKXV EH PHDVXUH(
VHSDUDWLRQ RI WKH FRUUHVSRQGLQJ XSZDUG DQG C
K\VWHUHVLV

7KLV ZDV GRQH E\ PRGXODWLQJ WKH ODVHU GLRGH
ZDYH DQG GLJLWDOO\ UHFRUGLQJ WKH UHVXOWLQJ ¥
SKRWRGLRGH RXWSXW D W\SLFDO WUDFH LV VKRZQ
REWDLQHG ZLWK WKH VDPH FXUUHQW PRGXODWLRQ DZ¢S
FRPSXWHU SURJUDP ZDV ZULWWHQ WR ILQG WKH WXU
RXWSXW RI WKH VROLWDU\ ODVHU GLRGH LGHQWLI\ W
FROQYHUWLQJ WKH PRQLWRU SKRWRGLRGH VLIQDO WR |
VHFWLRQ FDOFXODWH WKH PHDQ K\VWHUHVLV IUHTXHCQC
DIWHU UHIOHFWLRQ DURXQG WKH WXUQLQJ SRLQW LQ \

IUHTXHQF\ VHSDUDWLRQ FDQ FOHDUO\ EH VHHQ



)LJ 3ORW RI PRQLWRU SKRWRGLRGH RXWSXW ZLWK IH}

RXWSXW ZLWKRXW IHHGEDFN 9 ZLWK WULDQJXODU ZDYH GUI

,W KDV EHHQ UHSRUBDH® RS UHHAY LIRCKWDOW X QGHU G\QL
FRQGLWLRQV WKH PRGH KRSV EHWZHHQ WKH H[WHUQD
WKH WXUQLQJ SRLQWV RI WKH ZDYHOHQJWK YDULDWL
VWDWLF FRQGLWLRQV PRGH KRSSLQJ RFFXUV DW UDQ
WKHUH DUH PXOWLSOH H[WHUQDO FDYLW\ ORQJLWX:
RVFLOORVFRSH WUDFH VKRZLQJ WKH LQWHQVLW\ FKD1
PRGH KRSSLQJ EHWZHHQ H[WHUQDO FDYLW\ ORQJLW
FRQGLWLRQV ZLWK D PHDVXUHG IHHGEDFN FRHIILFLHQ
IRU WKH PRGH KRSSLQJ KHURVLVZRUFWKHELRMKGBUGRLYH
PRGXODWLRQ IUHTXHQF\ RI DERXW +] LV ODUJH FRP
PXOWLSOH H[WHUQDO FDYLW\ PRGHV H[LVW ZKLFK LQ
DSSUR[LPDWHO\ PV :LWK WKHVH WLPH FRQVWDQWYV
ZRXOG LQ WKH PDMRULW\ RI FDVHV QRW EH DIIHFWHG

WKH PHDVXUHG K\VWHUHVLV GXH WR UDQGRP PRGH KR



20 / 1 1

7LPH PV GLY

)LJ 2VFLOORVFRSH WUDFH VKRZLQJ ODVHU GLRGH RSWL
PRGH KRSSLQJ RFFXUV EHWZHHQ H[WHUQDO FDYLW\ ORQJLYV

VWDWLRQDU\ FRQGLWLRQV

, W VKRXOG EH QRWHG WKDW WKLY PHWKRG LV DSS(
VWUHQJWK LV LQ WKH UDQJH & IRU ZHDNHU IHHGE
VWURQJHU IHHGEDFN WKHUH PD\ EH PRUH WKDQ WZR |
DYDLODEOH WR WKH ODVHU DQG WKH PRGH KRSSLQJ E
SUHVHQW D VHULRXV SUREOHP DV WKLV UDQJH FRYF
VWUHQJWK IRU VHOI PL[LQJ LQWHUIHUHQFH DSSOLFDW|
VWUHQJWK LV RXWVLGH WKLV UDQJH E\ SODFLQJ ILOV
FDYLW\ WKH IHHGEDFN VWUHQJWK FDQ EH EURXJKW |
WDNLQJ LQWR DFFRXQW WKH ILOWHU GHQVLW\ WKH

FDOFXODWHG



7KLYV PHWKRG KDV WKH DGYDQWDJH WKDW UHO\LQ.
GLRGH GULYH FXUUHQW WKHUH LV QR SK\VLFDO GLVW

QR GDQJHU RI FKDQJLQJ WKH PHDVXUHG TXDQWLW\ E\

6 XPPDU\

7KLY FKDSWHU KDV GHDOW ZLWK D QXPEHU RI LVV.
GHYHORSLQJ DQ HIIHFWLYH H[SHULPHQWDO FRQILJXL
HIWHUQDO RSWLFDO IHHGEDFN 7KHVH LQFOXGH WKH L
RI IHHGEDFN FRXSOLQJ VWUHQJIJWK WKH HIIHFWV RI W
PHWKRGV IRU HQVXULQJ JRRG DOLIJQPHQW DQG WKH P
LQ WKH ODVHU GLRGH GXH WR IHHGEDFN

7KH WHFKQLTXHV GHVFULEHG KHUH DUH XVHG L
LQYHVWLIDWH WKH DSSOLFDWLRQ RI RSWLFDO IHHGEI
RSWLFDO VHQVLQJ &KDSWHU GHVFULEHV WKH GHF
RSHUDWLRQ RI D VHOI PL[LQJ LQWHUIHUHQFH EDVHG G
IROORZLQJ FKDSWHUV H[DPLQH LQ JUHDWHU GHWDLO

PHFKDQLFDO VWDELOLW\ RI VXFK D V\VWHP



&KDBHU 2SWLFDO 6HQVLQJ 8VLQJ 6HC
 QWHUIHUHQFH

,QWURGXFWLRQ

7KH WKHRU\ GHVFULEHG LQ &KDSWHU KDV VKRZQ
XQGHU WKH FRUUHFW FRQGLWLRQV FDQ EH XVH WR JF
WKH RXWSXW LQWHQVLW\ VLPLODU WR WKDW REWDLQ
VXFK DV WKH OLFKHOVRQ LQWHUIHURPHWHU $ QXPEH!
SURSRVHG EDVHG RQ WKLV 7KH VLPSOHVW DQG PRVW
ODVHU GLRGHV LV IRU D %WBKQHHPILQGLYWNVN WK QVRU 6KLQ
DO LQ ZKLFK WKH IHHGEDFN SKDVH &97 LV YDULFEF
FXUUHQW DQG KHQFH WKH IUHTXHQF\ ZLWK D WULDQJX
IRU OLJKW EHWZHHQ WKH ODVHW PG B H HNDHUUPRMY +
PHDVXULQJ WKH SHULRG RI WKH IHHGEDFN LQGXFHC
WHFKQLTXH LV DQDORJRXV WR IUHTXHQF\ PRGXODWH ¢
SHUIRUPHG ZLWK D FRQYHQWNKWDO HVQ WHU IHUR P KW I©
DO

, I WKH WDUJHW LV PRYLQJ ORQJLWXGLQDOO\ WKH
PRGXODWLRQ IUHTXHQF\ LV LQFUHDVHG GXULQJ RQH K
DQG GHFUHDVHG GXULQJ WKH RWKHU DQG VR WKLV W
PHDVXUH WKH YHORRKAQRKMKMH MWD WEHMW\PPHWU\ R1 V
ODVHU GLRGH LQWHQVLW\ PRGXODWLRQ ZDYHIRUP DV
HQDEOHV WKH GLUHFWLRQ RI PRWLRQ RI WKH WDUJHW

RI WKH VLIQDO REWDLQWGG HJRBRWRKHHOWD DIDU GLRG



5HODWLYHO\ OLWWOH ZRUN KDV EHHQ GRQH RQ WE
GLRGHV WR GLVSODFHPHQW VHQVLQJ DOWKRXJK W
GLVFRQWLQXLWLHVY GXH WR PRGH KRSSLQJ EHWZHHQ
WKH GLUHFWLRQ RI ZKLFK SURYLGHV LQIRUPDWLRC
GLVSODFHPHQW LV QRW FRPSOGHNWUYIGE H RWQXOF\W LDHW VDA
D KDOlI ZDYHOHQJWK UHVROXWLRE) RYHU D G\QDPLF UD

7KLV FKDSWHU GHVFULEHVY D VHULHV RI H[SHULPHQ
EDVLF SULQFLSOHV RI RSHUDWLRQ RI D VHOI PL[LQJ LC
GHWHUPLQH WKH RSWLPXP FRPSRQHQWY DQG FRQIL.
TXDQWLI\ WKH SRVVLEOH UDQJH RI RSHUDWLRQ DQG W
DQG OLPLWDWLRQV LQ LWV XVH

7KH V\VWHP HQYLVDJHG KHUH LV RQH IRU WKH |
GLVSODFHPHQW EDVHG RQ IULQJH FRXQWLQJ XVLQJ Wk
VHOI PL[LQJ LQWHUIHUHQFH DV D WDUJHW UHIOHFWLQ
PRYHV DORQJ WKH RSWLF D[LV RI WKH ODVHU GLRGF
DSSOLFDEOH IRU H[DPSOH WR WKH DXWRPDWHG FRC
SULQFLSOHVY GLVFXVVHG KHUH PD\ DOVR EH DSSOLHG "
DEVROXWH GLVWDQFH RU YLEUDWLRQ

7KH VLPSOHVW SRVVLEOH VHW XS IRU D VHOI PLJI
FRQVLVWY RI D ODVHU GLRGH DQG DQ H[WHUQDO UHIO
ZLGH YDULDWLRQV LQ SURSHUWLHV VXFK DV ZDYHOHQ.
DQG WKH HIIHFWV Rl WKHVH FKDUDFWHULVWLFV LV FR
PLUURU D SULVP ULJKW DQJOHG RU FRUQHU FXEH
GLIIXVHO\ VFDWWHULQJ VXUIDFH IRU H[DPSOH SODLQ
PLFURSULVP HPEHGGHG SDSHU HDFK RI WKHVH RSWLR

,Q DGGLWLRQ WR WKHVH PLQLPXP FRPSRQHQWYV LW
WR JDWKHU WKH OLJKW HPLWWHG E\ WKH ODVHU DQG

SRVVLEOH WR XVH RSWLFDO ILEUH FRXSOLQJ WR HQDE



GHWDFKHG IURP WKH ODVHU GLRGH 7KH VXLWDELOLW\

SXUSRVHYV ZLOO EH FRQVLGHUHG

&KRLFH RI ODVHU GLRGH

, W KDV EHHQ MOXQ@JIHWWD® WKDW D PXOWLPRGH ODV
DGHTXDWH IRU VHQVLQJ DSSOLFDWLRQV XVLQJ VHOI
VSDFLQJ RI HIWHUQDO FDYLW\ PRGHV VDWLVILHV WKF
DQG DUH OKH ZDYHOHQJWKYVY RI DGMDFHQW H[WHUQDO |
WKH RUGHU RI WKH ILUVW PRGH DQG VR WKH VHOI P
ZDYHOHQJWK DUH LQ SKDVH DQG WKH PD[LPXP VLJQ
GLVWDQFHV 7KLV HIIHFW LV XVHG WR H[SODLQ WKH |
ODVHU GLRGH WKH YLVLELOLW\ SDWWHUQ HQYHORSH
ZLGHU WKDQ WKH FRUUHVSRQGLQJ HQYHORSH REWDLC
+RZHYHU WKH DERYH FRQGLWLRQ GRHV QRW DSSO\ XQ
RI WKH ODVHU GLRGH FDYLW\ DQG VR WKH YLVLELOLW

VWLOO KDV PLQLPD RI ]JHUR DPSOLWXGH ZLWK D VSDFI

7TDUJHW GLVSODFHPHQW PL

)LJ 6HOI PL[LQJ LQWHUIHUHQFH IULQJH DPSOLWXGH

ORQJLWXGLQDO WDUJHW GLVSODFHPHQW ZLWK D PXOWLPRGH



ARGH FDYLW\ ZKLFK RFFXU ZKHQ "WKHVFRQWLWILRIG PZKk
DQRG $E DUH WKH ZDYHOHQJWKYV RI DGMDFHQW ODVHU
LQWHJHU DV LV WKH FDVH IRU WKH OLFKHOVRQ YLVI
PHDVXUHG VHOI PL[LQJ LQWHUIHUHQFH YLVLELOLW\ ¢
PXOWLPRGH ODVHU GLRGH LV VKRZQ LQ )LJ 7KLV
OLJKW FRXSOHG IURP WKH ODVHU LQWR D ILEUH DQG D
ILEUH WKHUH LV QR FROOLPDWLRQ RI OLIJKW HPHUJLC
WKH GHFUHDVH LQ WKH SHDN DPSOLWXGH DV WKH PLU
HQG 7KH SHDN VSDFLQJ RI DSSUR[LPDWHO\ PP LV HT:
ODVHU GLRGH FDYLW\

'LWK D VLQJOH ORQJLWXGLQDO PRGH ODVHU GLR(
VWURQJ IHHGEDFN FDQ FDXVH WKH ODVHU WR EHFRPH
PLILQJ LOQWHUIHUHQFH YLVLELOLW\ SDWWHUQ RI1 )LJ
RI WKH PXOWLPRGH ODVHU YLVLELOLW\ SDWWHUQ R1 )L

ZLWK WKH VDPH ODVHU GLRGH ZLWK D QHXWUDO GHQV

7TDUJHW GLVSODFHPHQW WUP

)LJ 6HOI PL[LQJ LQWHUIHUHQFH YLVLELOLW\ SDWWHUQ

GLRGH ZLWK VWURQJ IHHGEDFN



7DUJHW GLVSODFPHQW MMP

)LJ 6HOI PL[LQJ LQWHUIHUHQFH YLVLELOLW\ SDWWHUQ

ODVHU GLRGH ZLWK IHHGEDFN FRQWUROOHG E\ D QHXWUDO

WR UHGXFH WKH OHYHO RI IHHGEDFN LV VKRZQ LQ )LJ
ZRXOG EH H[SHFWHG IURP D VLQJOH ORQJLWXGLQDO F
ORFDOLVHG UHJLRQV ZKHUH WKH ITULQJH YLVLELOLW\
ZLWK D SHULRG RI DSSUR[LPDWHO\ PP LV SUREDEO\
PLUURU UHODWHG WR WKH PRYHPHQW RI WKH PLFURPF

W LV REYLRXV WKHUHIRUH WKDW IRU D GLVSODEF
FROQWLQXRXVO\ RYHU DQ H[WHQGHG UDQJH D VLQJOH

UHTXLUHG

&KRLFH RI HIWHUQDO UHIOHFWRU

7KH FKRLFH RI UHIOHFWRU IURP ZKLFK OLJKW LV
VXEMHFW WR FRQVLGHUDWLRQV VXFK DV VWDELOLW\ \
SRVVLELOLW\ RI VSHFNOH LQ WKH OLJKW IHG EDFN LQV

3RVVLEOH FKRLFHV IRU WKH WDUJHW PDWHULDO

UHIOHFWLQJ SULVP D VFDWWHULQJ VXUIDFH VXFK DV .



SULVP HPEHGGHG SDSHU HDFK RI ZKLFK KDV SDUWLFXC
DV GLVFXVVHG EHORZ LQ SUDFWLFDO VLWXDWLRQV
'LWK D ZKLWH SDSHU WDUJHW WKH DPRXQW RI OLJ
WKDQ ZLWK D PLUURU DQG LV DOVR VWURQJO\ GHSHQG
WKH ODVHU 7KHVH SUREOHPV FDQ EH DOOHYLDWHG E\
WKLYV KDV DQRWKHU GLVDGYDQWDJH ZKLFK LV WKH Fl
UDQGRP IDU ILHOG LOQWHUIHUHQFH SDWWHUQ IRUPHG
D URXJK VXUIDFH E\ WKH VXSHUSRVLWLRQ RI ZDYHIUR
DOO LOOXPLQDWHG SDUYMFKWRI WKH NVKDUDFFWHULVWLEF
GLPHQVLRQV IRU D VSHFNOH SDWWHUQ LPDJHG E\ D Ol

IRU WKH OHQV JLYHQ E\ WKH 5D\OHLJK FRQGLWLRQ

ZKHYUHV WKH ZDYHOHQJWK RI WKH OLJKW DQG ' DQG
OHQIJWK RI WKH OHQV UHVSHFWLYHO\ :LWK D ODVHU
DQG D PLFURVFRSH REMHFWLYH OHQV ZLWK D QXPHULF
LV DSSUR[LPDWHO\ SP 7KH ODVHU GLRGH DSHUWX
PLFURQVY DQG VR WKH VSHFNOH VL]H LV TXLWH VLJQLIL

7KH H[DFW GLVWULEXWLRQ RI WKH VSHFNOH SDWW
VFDWWHUHU DQG VR WKH OHYHO RI IHHGEDFN FDQ FKL
RI WKH WDUJHW UHVXOWLQJ LQ WKH VLIJQDO REWDLQH
$Q H[DPSOH RI D VHOI PL[LQJ LQWHUIHUHQFH YLVLELO
UHIOHFWLQJ SDSHU WDUJHW LV VKRZQ LQ )LJ LQ
VZDPSHG WKH VLIQDO

'LWK D SODQH PLUURU XVHG WR UHIOHFW OLJKW E
VSHFNOH LV DYRLGHG WKH OHYHO RI IHHGEDFN LV KLJ

DFFXUDWHO\ +RZHYHU WKH VPDOO VL]H RI WKH ODVI



7/DUJHW GLVSODFPHQW SP

)LJ 6HOI PL[LQJ LQWHUIHUHQFH YLVLELOLW\ SDWWHUC(

PLFUR SULVP HPEHGGHG UHWUR UHIOHFWLQJ SDSHU WDUJH)

V\VWHP LV YHU\ VHQVLWLYH WR WKH DOLJQPHQW RI \
DOLJQPHQW ZDV FRQVLGHUHG LQ VRPH GHWDLO LQ &K
IRU D W\SLFDO V\VWHP ZDV TXDQWLILHG DQG D PHWKR
GHVFULEHG 2QH VLPSOH ZD\ WR DOOHYLDWH WKH SUR
FRUQHU FXEH SULVP DOWKRXJK WKHUH PD\ EH VR]I
GHOLEHUDWHO\ WR GHIOHFW WKH UHIOHFWHG EHDP D
VKRZQ LQ &KDSMVHWWHQVLWLYLW\ WR PLUURU DOLJQPHQ
IRFXVLQJ WKH FROOLPDWLQJ EHDP RQWR WKH PLUURL

DUUDQJHPHQW LV VRPHZKDW EXON\ DW WKH SUREH HQ

2WKHU FRPSRQHQWYV

7KH PRVW VXLWDEOH W\SH RI FROOLPDWLQJ OHQV
GLRGH ZLWK IHHGEDFN ZzZDV IRXQG WR EH D [O02 PD
DSHUWXUH PLFURVFRSH REMHFWLYH 7KH QXPHULFDO
HQRXJK WR EH UHDVRQDEO\ ZHOO PDWFKHG WR WKH

ODVHU GLRGHV DQG QRW VR ODUJH WKDW WKH VPDOC



PDNH SRVLWLRQLQJ WKH OHQV GLIILFXOW ,Q VLWXDWL
LQGH[ URG OHQV FDQ EH XVHG

JRU D VA\VWHP ZLWK RSWLFDO ILEUH DV RSSRVHG
IRXQG WKDW DOWKRXJK D SP FRUH PXOWLPRGH ILEU
wubQvPLW PRUH OLJKW WKH PRGH VSHFNOH SDWWHU
WKH OHYHO RI IHHGEDFN YHU\ VHQVLWLYH WR VPDOO
ILEUH LV WKHUHIRUH SUHIHUDEOH IRU WKLV W\SH RI

HITHFWYV

'"HPRQVWUDWLRQ RI D VHQVLQJ VIVWHP XVL
LOWHUIHUHQFH

8VLQJ WKH FRPSRQHQWY GLVFXVVHG DERYH WKH
ZDV XVHG WR GHPRQVWUDWH WKH SULQFLSOH RI RS
V\VWHP DQG WKH SRVVLEOH UDQJH RI RSHUDWLRQ DF
PLUURU 00O ZKLFK LV PRXQWHG RQ D ORXGVSHDNHU FI
DSSOLHG LQ RUGHU WR SURYLGH SKDVH PRGXODWLRQ
EDFN LQWR WKH ODVHU YLD D VLQJOH PRGH RSWLFDO

)LJ D F VKRZV WUDFHV SORWWHG IURP D GLJ
PLILQJ LOQOWHUIHUHQFH IULQJHV REWDLQHG IRU WDUJH)

“PP 7KH IULQJHVY FOHDUO\ VKRZ WKH H[SHFWHG GL

)LJ ([SHULPHQWDO DUUDQJHPHQW XVHG WR GHPRQVWLU
LOQOWHUIHUHQFH EDVHG VHQVLQJ VA\VWHP



7LPH PV GLY

ORQLWRU 3KRWRGLRGH 6LJQDOORQIPYREUY3BKRWRGLRGH 6LIQDORQIPFREILVKRWRGLRGH 6LJQDC
~

)LJ 2VFLOORVFRSH WUDFHV VKRZLQJ VHOI PL[LQJ LQWH
WDUJHW GLVWDQFHYV D “ PP E “ PP F “ PP +RL
VFDOH PV GLY 9HUWLFDO VFDOH P9 GLY



DG DUH VWLOO YLVLEOH IRU WKH ODUJHVW WDUJHW
UHGXFHG GXH PDLQO\ WR WKH GLIILFXOW\ RI PDLQWD|
RYHU WKDW ODUJH D GLVWDOQFH

7KH OHQJWK RI WKH ILEUH FRXSOLQJ XVHG LQ WKL

PP WKLY OHQJWK GRHV QRW KDYH D VWURQJ HIIHFW
RSWLFDO SDWK OHQJWK IURP WKH ODVHU WR WKH WEC
OHQJIJWK RI WKH ODVHU GLRGH ZKLFK LQ WKLV FDVH ZI
UDQJH ILQGLQJ VHQVRU LQ ZKLFK WKH ODVHU GLRGH G
SURYLGH WKH SKDVH PRGXODWLRQ WKH LQFUHDVHG VW
WR ILEUH FRXSOLQJ LQFUHDVHYV WKH IUHTXHQF\ RI WK
LQFUHDVH LQ WKH UHVROXWLRQ RI WKH V\VWHP 7KH X
JLYHVY DGYDQWDJHV WR D VA\VWHP LQ WHUPV RI YHUVDYV
SRVLWLRQHG LQGHSHQGHQWO\ RI WKH ODVHU GLRGH
HQYLURQPHQW 7KH ILEUH SHUIRUPYVY D VSDWLDO ILOW
HOLPLQDWHY WKH DVWLJPDWLVP SUHVHQW LQ WKH RX!
WKH ORZHU EHDP GLYHUJHQFH RI WKH RXWSXW IURP D
RXWSXW EHDP WR EH LPSURYHG DQG WKH UDQJH RI W
IHHGEDFN FRXSOLQJ VWUHQJIJWK FDQ EH NHSW ZLWKL
REWDLQ D VHOI PL[LQJ LQWHUIHUHQFH VLJQDO FDQ EH
WDNHQ WR DYRLG SRVVLEOH HIIHFWV RI IHHGEDFN IUR
VKRZQ LQ )LJ WKH IHHGEDFN IURP WKH ILEUH HQG
IURP WKH WDUJHW UHIOHFWRU GXH VLPSO\ WR WKH ID
JUHDWHU UHIOHFWLYLW\ DQG QR HIIHFWV GXH WR I}
REVHUYHG ,GHDOO\ WKH ILEUH HQGV VKRXOG EH DQJC
SRWHQWLDO SUREOHP $QRWKHU SRVVLEOH GLVDGYDGC
VHQVLWLYLW\ RI WKH RSWLFDO OHQJWK RI WKH ILEL
LOWURGXFHY DQ H[WUD VRXUFH RI QRLVH WR WKH V\V\

7TKHVH UHVXOWV VKRZ WKDW LW LV SRVVLEOH WHF

I ULQJHYVY IRU WDUJHW GLVWDQFHVY RYHU RQH PHWUH



HVXOWYVY WKH VLIQDO WR QRLVH UDWLR LV UDWKHU O
RXWSXW RI WKH ODVHU GLRGH LWVHOI UDWKHU WKD
VXEVHTXHQW HOHFWURQLFV /DVHU GLRGHV DUH QD
LQWHQVLW\ FRXVHG E\ VSRQWDQHRXV HPLVVLRQ HYH
IUHTXHQF\ GXH WR WKH FRXSOLQJ EHWZHHQ JDLQ DQGC
IOXFWXDWLRQV DUH DQ DGGLWLRQDO VRXUFH RI QRLYV
WKH DVVRFLDWHG IOXFWXDWLRQV LQ SKDVH 2WKHU
ZKLFK FDQ DIIHFW WKH SKDVH DQG WKH VWUHQJWK RI
ODVHU GULYH FXUUHQW DQG WHPSHUDWXUH 7KH DPS
WKLV H[SHULPHQW ZDV XVHG LQ FRQMXQFWLRQ ZLWK
FXW RIl TUHTXHQF\ RI DSSUR[LPDWHO\ IF N +] WK
DSSUR[LPDWHO\ +] ZKLFK FRUUHVSRQGV WR D PLUUF
[O2 PV +LJKHU PLUURU YHORFLWLHV ZRXOG REYL
IUHTXHQFLHY DQG VR D ORZ SDVV ILOWHU VXFK DV V
DSSURSULDWH ,Q D SUDFWLFDO GLVSODFHPHQW VHQV
SbLG WR WKH VHSDUDWLRQ RI WKH VLIJQDO IURP WKH

UDQJH RI PLUURU VSHHG DQG IULQJH IUHTXHQF\ H[SHF

6 XPPDU\

7KH H[SHULPHQWY GHVFULEHG KHUH KDYH VKRZQ V
GLRGH FDQ EH XVHG ZLWK D VXLWDEOH FKRLFH RI
LOWHUIHURPHWHU VXLWDEOH IRU GHWHFWLQJ GLVSOD
PHWUH

+RZHYHU ZLWK D WDUJHW GLVWDQFH RI RYHU RQH
EHFRPHVY YHU\ VHQVLWLYH WR YDULDWLRQV LQ ZDYHC
GLRGH E\ IOXFWXDWLRQV LQ WKH WHPSHUDWXUH RI WI

7KH HIIHFWV Rl WKH ZDYHOHQJWK LQVWDELOLW\ RI D



MVWHP DQG SRVVLEOH PHWKRGV RI UHGXFLQJ WKDW L
FRQVLGHUHG LQ &KDSWHU

$ VIVWHP EDVHG RQ IHHGEDFN LQ D ODVHU GLRGH
IDFWRUV LQ SDUWLFXODU WKH DOLJQPHQW RI WKH HI\
UHGXFLQJ WKH VHQVLWLYLW\ RI WKH V\VWHP WR UH

&KDSWHU



&KDSWHRGSWLFDO )HHGEDFN DQG WKH )U
RI /I DVHU 'LRGHYV

, QWURGXFWLRQ

7KH VHQVLWLYLW\ RI WKH RXWSXW IUHTXHQF\ RI
HQYLURQPHQWDO WHPSHUDWXUH DQG WR D OHVVHU |
FXUUHQW LV D ZHOO NQRZQ SUREOHP IRU ODVHU GLI
%REURII WKLV FKDSWHU H[SODLQV WKH SK\VLFDO EDV
KRZ WKH\ DITHFW WKH SHUIRUPDQFH RI DQ LQWHUIHUR

7KH HIITHFWV RI RSWLFDO IHHGEDFN RQ WKH VSHFYV
DOVR EHHQ VWXGLHG H[WHQVLYHO\ 7KH UHODWLYHO)
ZHDN IHHGEDFN ZLWKLQ DQG EHWZHHQ ORQJLWXGLQ
KDYH EHHQ GLVFXVVHG LQ &KDSWHU ,Q DGGLWLRQ V
WKH ODVHU XQGHUJRHV/HKWDHKWHD RO CROS YH U\ VWU
IHHGEDFN WKH UHIOHFWLYLW\ RI WKH ODVHU IURQW II
WKDW RI WKH H[WHUQDO UHIOHFWRU DQG WKH ODVHU
ORQJHU HDIDIFK\ &KUDSO\YKLVY FKDSWHU H[DPLQHV P
ZKLFK VWURQJ IHHGEDFN KDV EHHQ XVHG WR FRQWUF
GLRGHY DQG H[DPLQHV WKH SRVVLELOLW\ RI XVLQJ
VHQVLWLYLW\ RI WKH ODVHU GLRGH IUHTXHQF\ WR W
RUGHU WR LQFUHDVH WKH SRWHQWLDO DFFXUDF\ RI

VHQVLQJ VI\VWHPV



TKHRUHWLFDO %DFNJURXQG

7KH EHKDYLRXU RI D ODVHU GLRGH ZLWK UHVSHFW
WZR WHPSHUDWXUH GHSHQGHQW TXDQWLWLHYV WKH JI
RSWLFDO OHQJWK

7TKH SRSXODWLRQ LQYHUVLRQ FRQGLWLRQ IRU JDLC
IRU HOHFWURQV LQ WKH Q W\SH UHJLRQ DQG KROHV L
FRQGXFWLRQ DQG YDOHQFH EDQGV UHVSHFWLYHO\
WUDQVLWLRQV EHWZHHQ HQHUJ\ OHYHOV DERYH WKH
EHORZ WKH )HUPL OHYHO LQ WKH FRQGXFWLRQ EDQG
IUHTXHQFLHV IRU ZKLFK JDLQ PD\ EH H[SHULHQFHG L\
WKH GLIITHUHQFH EHWZHHQ WKH WZR )HUPL OHYHOV
JHUPL OHYHO IRU HOHFWURQV LQ WKH Q W\SH UHJLRQ
GXH WR LQWULQVLF HOHFWURQ KROH SDLU FUHDWLRQ
XSSHU OLPLW RI WKH JDLQ VSHFWUXP DQG DOVR ORZ

7KH PDJQLWXGH RI WKLV HIITHFW LV W\SLFDOO\ DERXW

)LJ 7\SLFDO YDULDWLRQ RI ODVHU GLRGH ZDYHOHQJWK Z



7KH GHSHQGHQFH RI WKH FDYLW\ RSWLFDO OHQJW
FRPELQHG HIIHFWV RI UHIUDFWLYH LQGH[ YDULDWLRQ
PDWHULDO 7KH WHPSHUDWXUH FRHIILFLHQW RI UHIL
UHIUDFWLYH LQGH[ DQG 7 LV WHPSHUDWXUH IRU JD

[O IRU ZDYHOHQJWKY QHDU SP DQG WKH WKHU
ZKHUH / LV OHQJWK LV DERXW [O2BRQDDONG VURRRP V
(GZzbuGvV )RU D ODVHU GLRGH RSHUDWLQJ DW QP V
WXQLQJ FRHIILFLHQW LV H[SHFWHG WR EH DERXW 2 26

$ VLQJOH ORQJLWXGLQDO PRGH ODVHU GLRGH 7
ORQIJLWXGLQDO PRGH FORVHVW WR WKH JDLQ VSHFWU
RI' TUHTXHQF\ ZLWK WHPSHUDWXUH KDV WKH IRUP V
WHPSHUDWXUH LQFUHDVHV DERXW D W\SLFDO RSHU
IUHTXHQF\ GHWHUPLQHG E\ WKH ORQJLWXGLQDO PRGF
SHDN DQG DQ DGMDFHQW ORQJLWXGLQDO PRGH FRQY
IUHTXHQF\ 7KHQ DW VRPH SRLQW WKH ODVHU ZLOO K

WKH QHLJKERXULQJ RQH UHVXOWLQJ LQ WKH VWHSSH

9DULDWLRQV LQ GULYH FXUUHQW DIIHFW WKH ODV
E\ WKHLU HIIHFW RQ WKH WHPSHUDWXUH RI WKH OD

JDOOLXP DUVHQLGH LV c FP. B 7KH WKHUPDO FRQGC

SLHFH RI PDWHULDO E\

ZKHUH 3 LV WKH SRZHU WUDQVPLWWHG $ LV WKH FUF
G7 G[ LV WKH WHPSHUDWXUH JUDGLHQW WKURXJK WKH

FRQVLVWY RI D VLQJOH REMHFW VXEMHFW WR UHVLVW

WKH SRZHU 3 LV D IXQFWLRQ RI [ DQG LV HTXDO WR



KHDW VLQN VLGH RI WKH SRVLWLRQ [ ,I [ LV PHDVXU

XQLIRUP FXUUHQW GLVWULEXWLRQ WKURXJKRXW WKH

ZKHUH 3 LV WKH WRWDO SRZHU JHQHUDWHG LQ WKH

GLRGH 7KH WHPSHUDWXUH DV D IXQFWLRQ RI SRVLWLI

ZHUH 7 LV WKH WHPSHUDWXUH DW WKH KHDW VLQN 7
ODVHU GLRGH GULYH FXUUHQW - DQG WKH YROWDJH |
WKH YDULDWLRQ RI WHPSHUDWXUH ZLWK WKH GULYH

JLYHQ E\

$ W\SLFDO 6KDUS ODVHU GLRGH VXFK DV KDV EHHQ

KDV D FURVV VHFWLRQ ZLWK UHVSHFW WR WKH FXUUH

R _LP ZLWK WKH DFWLYH OD\HU DSSUR[LPDWHO\ L
RSHUDWLQJ YROWDJH LV W\ASLFDOO\ 9 7KHVH ILJXU
YDULDWLRQ DW WKH DFWLYH UHJLRQ RI G7 G- . P$

QRW WDNHQ LQWR DFFRXQW WKDW WKH FXUUHQW LV C
JXLGHG WKURXJK D QDUURZ VWULS DW WKH DFWLYH U

HITHFWLYH FURVVY VHFWLRQ DUHD DUH WKHUHIRUH FKI



FXUUHQW WKURXJK D QDUURZ UHJLRQ LV WR LQFUHDVL!
WKH HIITHFW RI WKLV RQ WKH LQWHJUDO RI 3 [ LQ HTX
UHVSHFW WR WKH XQLIRUP FXUUHQW GLVWULEXWLRQ |
VHFWLRQ DUHD WKURXJK ZKLFK WKH SRZHU LV WUDQV
DQ LQFUHDVH RI DERXW D IDFWRU RI WZR $Q HVWI
WKHUHIRUH EH PDGH IRU WKH GHSHQGHQFH RI WKH W
GULYH FXUUHQW ZKLFK OHDG WR YDOXHV IRU WKH ZD

QP P$ IRU WKH JDLQ VSHFWUXP SHDN DQG [O Q
PRGH

OHDVXUHPHQWY PDGH ZLWK WKH ODVHU GLRGHV X\
ZDYHOHQJWK OLFKHOVRQ LQWHUIHURPHWHU GHVFULEH!
FRHIILFLHQWY RI *+] P$ DQG “ *+#]1 . IR
WHPSHUDWXUH WXQLQJ UHVSHFWLYHO\ 7KH LQFUHD)
FXUUHQW WXQLQJ FRHIILFLHQW RYHU WKH WKHRUHWLF
LQFUHDVH LQ WKH FDYLW\ UHIUDFWLYH LQGH[ GXH WR
ZKHQ WKH FXUUHQW LV LQFUHDVHG

JRU WKH ILIXUHV JLYHQ WKH PHDQ ZLGWK RI HDFK
WHPSHUDWXUH LV DSSUR[LPDWHO\ . DQG VR LW LV
GLRGH VXIILFLHQWO\ ZLWK UHVSHFW WR WHPSHUDWXLU
RSHUDWLRQ DOWKRXJK IRU DSSOLFDWLRQV LQ ZKLFK
VSHFLILF ZDYHOHQJWK LV UHTXLUHG WKH OLPLWHG
VSHFWUXP PD\ FDXVH SUREOHPV +RZHYHU LQ GHYHOI
GHYLFH XVLQJ D ODVHU GLRGH DFFXUDF\ ZLOO EH !
ZDYHOHQJWK ZLWKLQ WKH ORQJIJLWXGLQDO PRGH ZI
WHPSHUDWXUH DQG WR D FHUWDLQ H[WHQW ZLWK 10.
IROORZLQJ VHFWLRQV TXDQWLI\ WKLV HIIHFW DQG HII
YDULDWLRQV LQ RXWSXW IUHTXHQF\ FDXVHG E\ ZHDN F

UHGXFH WKH VHQVLWLYLW\ RI WKH RXWSXW IUHTXHQF\



7KH HITHFWV RI WHPSHUDWXUH VHQVLWLYL\

$V PHQWLRQHG LQ WKH SUHYLRXV VHFWLRQ D OD
ORQJIJLWXGLQEDO PRGH UHVSRQGY WR WHPSHUDWXUH )
DERXW *+] . 7KH PRVW FRPPRQ PHWKRG RI OLPLWL
WKH WHPSHUDWXUH RI WKH ODVHU 7KLV LV XVXDOO\
KHDW VLQN FRQQHFWHG WR RNRVMXWLHULNMXDRREKH[FKDQ
WHPSHUDWXUH RI WKH ODVHU GLRGH PD\ PRQLWRUHG
KHDW VLQN QHDU WKH ODVHU WKH UHVLVWDQFH RI W
UHIHUHQFH WR GHWHUPLQH WKH FXUUHQW DSSOLHG W
OLPLWHG PDLQO\ E\ WKHLU WLPH UHVSRQVH FKDUDFWI
EHWZHHQ D UHDVRQDEOH UHVSRQVH WLPH DQG RYH
RFFXUV ZLWK WRR IDVW D UHVSRQVH 7\SLFDOO\ WKH
VWDELOLVHG WR ZLWKLQ “ RPRDXWCHUVXFKDQH\VWHP

,Q D VHOI PL[LQJ LOQWHUIHUHQFH EDVHG GLVSODFF
IULQJH FRXQWLQJ WKH RUGHU RI WKH ITULQUW WAKKHLV
HIWHUQDO FDYLW\AVOWRKE WK DPHDGBGHQJWK RI WKH ODVHU (
LQ WKH RXWSXW IUHTXHQF\ RI WKH ODVHU GLRGH DV
HIWHUQDO FDYLW\ ZLOO OHDG WR D FKDQJH LQ WKH
IDOVH UHDGLQJ IURP WKH VHQVRU

7KH UDWH RI FKDQJH RI WKH IULQJH RUGHU ZLWK U
KHQFH WKH PDJQLWXGH RI WKH HUURU GXH WR IOXF)

FXUUHQW LV JLYHQ E\

RPB /
GY F

'LWK D VHQVLWLYLW\ WR WHPSHUDWXUH RI *+1 .|
“ P. WKH UHVXOWLQJ XQFHUWDLQW\ LQ ITUHTXHQF\

SODFHV OLPLWYV RQ HLWKHU WKH DFFXUDF\ RI WKH GH



WUJHW UHIOHFWRU IURP WKH ODVHU GLRGH )RU H[DP

PD[LPXP WDUJHW GLVWDQFH LV JLYHQ E\

F$P
$Y T

ZKHUH IRU VLQJOH ILQJH DFFXUDF\ $P LV HTXDO WR
ZKLFK JLYHV D PD[LPXP GLVWDQFH RI P W KDV EHF
WKDW VHOI PL[LQJ LQWHUIHUHQFH VA\VWHPV DUH FD
GLVWDQFHV WKDQ WKLV DQG VR WKH VHQVLWLYLW\
WHPSHUDWXUH LV D PDMRU OLPLWLQJ IDFWRU LQ WKI
IROORZLQJ VHFWLRQV H[DPLQH WKH SRVVLELOLW\ RI X
RSWLFDO IHHGEDFN WR VWDELOLVH WKH ITUHTXHQF\

WHPSHUDWXUH

7KH XVH RI RSWLFDO IHHGEDFN WR H[WHQG

7ZR GLITHUHQW PHWKRGYV XVLQJ RSWLFDO IHHGEDF
UDQJH RI VLQJOH ORQJLWXGLQDO PRGH RSHUDWLRQ
LOQYROYHYV UHGXFLQJ WKH VHQVLWLYLW\ WR H[WHUQDO
7KH ILUVW PHWKRG XVHG E\ 6KDUS /IDQ/ HNUK HLLRJG H7
8VHUV ODQXB® DQ H[WHUQDO FDYLW\ ZKLFK LV VKRUWI|
FDYLW\ 7KH JDLQ VSHFWUXP LV PRGLILHG E\ WKH IF
DQG LI WKH WKHUPDO H[SDQVLRQ RI WKH H[WHUC
WKH SHDN RI WKH PRGLILHG JDLQ VSHFWUXP FDQ EH
UHVSHFW WR WHPSHUDWXUH UHGXFHG
7KH VHFRQG ®SHIDKP® XVHV VWURQJ IUHTXHQF\
IHHGEDFN IURP D ILOWHU RU D GLIIUDFWLRQ JUDWLAQ.
WKHQ WKHUH LV D UHGXFWLRQ LQ WKUHVKROG JDLQ |

IRU D QDUURZ UDQJH RI I[UHTXHQFLHY DW WKH ILOWI



)LJ 7\SLFDO YDULDWLRQ RI ZDYHOHQJWK ZLWK WHPSHUD

ZLWK ORQJLWXGLQDO PRGH VWDELOLVDWLRQ

RSHUDWH DW DURXQG WKH ILOWHU IUHTXHQ\ RYHU
FXUUHQWYV IRU ZKLFK WKH WKUHVKROG JDLQ UHGXFWL
GLITIHUHQFH EHWZHHQ WKH JDLQ LQ WKH VROLWDU\ OD
WKH SHDN JDLQ

,Q ERWK FDVHVY WKH UHVXOW LV D IODW UHJLRQ LC
SHDN ZLWK UHVSHFW WR WHPSHUDWXUH DV VKRZQ 1
WHPSHUDWXUH UDQJH RYHU ZKLFK RQH ORQJLWXGLC

VSHFWUXP SHDN DQG RYHU ZKLFK WKH ODVHU ZLOO R

7KH XVH RI ITUHTXHQF\ VHOHFWLYH IHHG
IUHTXHQF\ FKDUDFWHULVWLFV RI D ODVHU GLF

6HYHUDO PHWKRGV RI VHOHFWLQJ WKH IUHTXHQF\
GLRGH DUH DYDLODEOH LQFOXGLQJ BLDOOMHU X H @DV RHRAL F

IXGYLIJVHQ +ROPXRBU\ SBHURW)BBYHWLHN *XHQ



DQG GLIIUDFWBRQ R LHDWDQJV 0DNAKHWK DD O XV
RI WKHVH GHYLFHV LV ZLWK VWURQJ SKDVH LQGHSH
WKUHVKROG JDLQ DFURVV D QDUURZ EDQG DURXQG Wk
WXQKGUDZDO ,I WKH JDLQ VSHFWUXP SHDN FRLQFLG
FHQWUH RI WKH IHHGEDFN VSHFWUXP WKHQ WKH JDLQ
WKLV SRLQW DQG EHFDXVH ODVHU GLRGHV DUH G
EURDGHQLQJ WKH HQWLUH JDLQ VSHFWUXP FXUYH LV
$V WKH JDLQ VSHFWUXP VKLIWV GXH WR D WHPSHUDW
IHHGEDFN VSHFWUXP LV QDUURZ FRPSDUHG WR WKH
WKUHVKROG JDLQ DW WKH FHQWUH RI WKH IHHGEDFN
GLIIHUHQFH EHWZHHQ WKH JDLQ DW WKH SHDN RI WKH
WKH FHQWUH RI WKH IHHGEDFN VSHFWUXP DQG VR Wk
ZDYHOHQJWK FORVH WR WKH FHQWUH RI WKH IHHGEDT
LQ D UHJLRQ LQ ZKLFK WKH YDULDWLRQ RI WKH JDLQ
UHGXFHG DQG VR WKH IUHTXHQF\ RI PRGH KRSSLQJ ZI
EHWZHHQ WKH WHPSHUDWXUH YDULDWLRQV RI WKH JC
ORQJLWXGLQDO PRGH ZDYHOHQJWKY FDQ EH UHGXFHG

,Q WKH FDVH RI ZHDN IHHGEDFN LQ RUGHU WF
FKDUDFWHULVWLFV RI WKH ODVHU LW ZRXOG EH QHF
VSHFWUXP WR EH OHVV WKDQ WKH H[WHUQDO FDYLW\ ¢
FDVH RI D GLIIUDFWLRQ JUDWLQJ DV DQ H[DPSOH IRU
DQ LQFLGHQW ;ZRYHOB®JWWKH DQJXODU GLVSHUVLRQ |
JLYHQ E\

R$

2FRV\
+H 1

ZKHUH LV WKH DQJOH RI GLITUDFWLRQ DQG 1 LV WKH
DQJXODU ZLGWK RI WKH IHHGEDFN GLVWULEXWLRQ $

EH DSSUR[LPPWHH®\ DQG VR WKH IHHGEVFIN. EIDQ GEXLGCGWI



ZKLFK JLYHV $Aa QP

7KLV LV JUHDWHU WKDQ WKH H[WHUQDO FDYLW\ O
HIWHUQDO FDYLW\ OHQJWK JUHDWHU WKDQ DERXW PP
HIWHUQDO FDYLW\ OHQJWK WKH H[WHUQDO FDYLW\ OF
WKDQ WKH IHHGEDFN EDQGZLGWK ,Q WKLV FDVH WKH
WKH ZDYHOHQJIJWK EHKDYLRXU RQ WKH VFDOH RI WKH
PRGH DV DGMDFHQW H[WHUQDO FDYLW\ ORQJLWXGLQL
OHYHOV RI IHHGEDFN

7KH EDQGZLGWK FDOFXODWHG DERYH LV KRZHYHU
GLRGH FDYLW\ PRGH VSDFLQJ ZKLFK LV QRUPDOO\
IHHGEDFN FDQ EH XVHG LQ WKLV VLWXDWLRQ WR DOWF

UHVSHFW WR WKHVH PRGHYV

7KH XVH RI RSWLFDO IHHGEDFN WR UHGXFH

,Q &KDSWHU WKH IROORZLQJ UHODWLRQVKLS EHYV

D ODVHU GLRGH ZLWK ZHDN H[WHUQDO RSWLFDO IHHGE
ODVHU GLRGH Y ZDV REWDLQHG

uyu & VL Q D UFYWD Qwk @w

ZKHUH & LV WKH IHHGEDFN VWUHQJWK FRHIILFLHQW 7
WKH H[WHUQDD LAWDWIKW\ (L@ ZLGWK HQKDQFHPHQW IDF
WKH VROLWDU\ ODVHU GLRGH YDULHV DSSUR[LPDWHO
FXUUHQW DQG VR WKH WHUP RQ WKH ULJKW KDQG VLG
D WHUP SURSRUWLRQDO WR HLWKHU RI WKHVH TXDQW

ODVHU GLRGH ZLWK ZHDN RSWLFDO IHHGEDFN ZLWK W



WRZQ LQ ILJ 7KH VWUDLJKW GLDJRQDO OLQH RQ 'V
IUHTXHQF\ ZLWK WHPSHUDWXUH IRU WKH VROLWDU\
JUDGLHQW RI DERXW *+] . :LWK WKH IHHGEDFN SUH
EHFRPHY QRQ OLQHDU RVFLOODWLQJ DERXW WKH VRC
DUH UHJLRQV LQ ZKLFK WKH JUDGLHQW RI WKH FXUYH
VROLWDU\ ODVHU GLRGH

"LITHUHQWLDWLQJ HTXDWLRQ ZLWK UHVSHFW \
Y JLYHV WKH UHGXFWLRQ LQ IUHTXHQF\ VHQVLWLYLW

22 O &FRAWWYWDUFWDQ D

7TKH PLQLPXP JUDGLHQW RFFXUV DW WKH SRLQW ZKHU
HTXDWLRQ PWHODQXG® /YRVRVYKH YDOXH RI WKH PLQLPX

GY ,
pLQ& O

7KH UHGXFWLRQ LQ VHQVLWLYLW\ RI WKH ODVHU GLRC
WKXV LQFUHDVHYV ZLWK LQFUHDVLQJ IHHGEDFN VWUHDC
VKRZQ WKDW WKHUH DUH UHJLRQV LQ ZKLFK WKHUH D
HIWHUQDO FDYLW\ ORQJLWXGLQDO PRGHV LQ ZKLFK
WKHVH UHJLRQV WKH ODVHU GLRGH ZLOO VKRZ LQVWD
PRGHVY 7KH ZLGWK RI WKH UHJLRQ RI VWDEOH VLQJOF

RSHUDWLRQ ZDV JLYHQ LQ &KDSWHU DQG LV GHILQHG

$YXP A 2 0 DUHODQ 9%F

ZKHUHY WKH H[WHUQDO FDYLW\ URXQG WULS OLPH



7KLV IXQFWLRQ LV YDOLG IRU &! IRU & WKHUH
HIWHUQDO FDYLW\ ORQJLWXGLQDO PRGH UHJLRQV 7K
GHFUHDVHVY PRQRWRQLFDOO\ IURP $YV[P O W7 DW &
EH PDGH EHWZHHQ WKH UHGXFWLRQ LQ VHQVLWLYLW
ORQJLWXGLQDO PRGH VWDELOLW\ G6ROYLQJ S$YV[P (
IHHGEDFN VWURQJHU WKDQ WKLV WKHUH DUH PXOWLS
IRU DOO YDOXHV RIY DQG VR WKLV SODFHV D OLPLW
WHPSHUDWXUH UHVSRQVH

JRU D JLYHQ YDOXH RI & WKH ZLGWK RI WKH VLQJ
LQYHUVHO\ SURSRUWLRQDO WR WKH OHQJWK RI WKH H
VHWXS IRU WHPSHUDWXUH VHQVLWLYLW\ UHGXFWLRQ
DV SRVVLEOH ZLWK WKH IHHGEDFN LQWHQVLW\ VWURQ

& EXW QRW VR VWURQJ WKDW WKH V\VWHP LV RXWVLGHF

JHHGEDFN IURP WZR H[WHUQDO UHIOHFWRU

,Q WKH SUHFHGLQJ VHFWLRQ WKH HTXDWLRQV XVHC(
ODVHU GLRGH DQG D VLQJOH H[WHUQDO UHIOHFWRU A
LQ RUGHU WR VWDELOLVH WKH ODVHU LQ WKLV ZD\
LQIRUPDWLRQ LW LV QHFHVVDU\ WR FRQVLGHU DQ
UHIOHFWRUV 7KH ILUVW UHIOHFWRU FORVHU WR WK
HITHFW DQG LV DW D IL[HG SRVLWLRQ DQG LV SDUWLDC
WKH VHQVRU WDUJHW DV LQ WKH QRUPDO V\VWHP

7KH WKHRU\ GHVFULEHG LQ &KDSWHU FDQ HDVLO
ODVHU GLRGH ZLWK IHHGEDFN IURP WZR H[WHUQDO U
URXQG WULS SKDVH EHWZHHQ WKH ODVHU IURQW IDFF
IHHGEDFN FRHIILFLHQW IRU WKH ILUVW UHIOHFWRU T
URXQG WULS SKDVH IRU WKH FDYLW\ IRUPHG E\ WKH |

WKH IHHGEDFN FRHIILFLHQW IRU WKH VHFRQG UHIOHFYV



N)

Q Q Q ©

)

U -U
JLJ 6FKHPDWLF UHSUHVHQWDWLRQ RI D ODVHU GLRGH ZL

HIWHUQDO FDYLWLHYV

ZKHUH WKH WHUPV DUH DV GHILQHG LQ &KDSWHU ZL

VHFRQG H[WHUQDO FDYLW\
7KH WKUHVKROG JDLQ FKDQJH $J DQG WKH FKDQJ

WKHQ

$J ..l FRV FRV

VLQ .VLQ

DQG WKH RXWSXW IUHTXHQF\ Y LV JLYHQ E\



NY v U &VLQ UYDUFWDQRU 2 & VLQ U Y DuM u DUF'

ZKHUH & _ LV WKH IHHGEDFN VWUHQJWK FRHIILFLHQW

DQG KV D VLPLODU FRHIILFLHQW IRU WKH VHFRQG H[WF

7KH ILUVW WZR WHUPV KHUH DUH WKH VDPH DV WKRVH
ZLWK IHHGEDFN IURP D VLQJOH UHIOHFWRU 7KH WHUF
DGGLQJ D SHUWXUEDWLRQ WR WKH IRUP RI WKH YDULI
IRU WKH VLQJOH H[WHUQDO FDYLW\ 7KLV LV VKRZQ
FRQGLWLRQV /_ OPP / PP |/ WRP 5MDG 5 5

W LV QRW SRVVLEOH WR H[SUHVV HTXDWLRQ
H[WHUQDO FDYLW\ SKDVH DV ZDV WKH FDVH ZLWK WKH
RI WKH WZR SKDVH WHUPV I! W97 DQG M! W97 +R2z
EH VHHQ WKDW WKH EHKDYLRXU RI WKH V\WWHP ZLOO
SKDVH LQ WKH ILUVW H[WHUQDO FDYLW\ )RU & _ v
D VLQJOH H[WHUQDO PRGH DVVRFLDWHG ZLWK WKH ILU
E\ HTXDWLRQ 7KH VLQJOH PRGH UHJLRQ LV FHQ
ZKLFK WKH DUJXPHQW RI WKH ILUVW VLQH WHUP LQ H
LQWHJUDO FOXDRWHL IIBIE RAHG UHVSRQVH WR WHPSHUDW X
E\ D UHGXFWLRQ LQ WKH JUDGLHQW RI WKH Y YHUVXYV
ZLWK UHVSHFW WR WKH XQLW\ JUDGLHQW IRU WKH F
SXWWLQJ & LQWR HTXDWLRQ 7KH JUDGLHQW D

UHJLRQ LV JLYHQ E\



J)LUVW HIWHUQDO FIDY'VMLLWRUSKROHWDU\ ODVHU
IUHTXHQF\

)LJ 9DULDWLRQ RI ODVHU IUHTXHQF\ ZLWK IHHGEDFN IU|
UHIOHFWRUV ZLWK VROLWDU\ ODVHU IUHTXHQF\ H[SUHVVHG

SKDVH ,Q WKH ILUVW H[WHUBBPO /FDYPW\ 5 RU |

5

GYe &

8VLQJ D VLPLODU GHULYDWLRQ IRU LQWHQVLW\ DV

VLQJOH H[WHUQDO FDYLW\ FDVH WKH IROORZLQJ H[SU

ZKHUH P D@EG QYLDQG WKH IUHTXHQF\ Y LV JLYHQ

WR HTXDWLRQ JRU WKH VLQJOH FDYLW\ LW LV



SODUDPHWULF HTXDWLRQV UHODWLQJ WKH LQWHQVLW\
VROLWDU\ ODVHU GLRGH IUHTXHQF\ WR WKH DFWXDO |
DV WKH SDUDPHWHU )RU WKH GRXEOH FDYLW\ FDVH V
QRW SRVVLEOH WR GHILQH D VLQJOH SDUDPHWHU UHO
OHQJWKV RU WKH VROLWDU\ ODVHU IUHTXHQF\ HYHQ |
HIWHUQDO FDYLW\ SKDVH LV IL[HG

+RZHYHU LW KDV EHHQ VKRZQ IRU WKH VLQJOH H
LOQOWHQVLW\ YDULDWLRQ LV EURDGO\ VLPLODU LQ IR
PDIJQLWXGH DQG LW LV UHDVRQDEOH WR H[SHFW WKH
FDVH ,Q SDUWLFXODU GLVFRQWLQXLWLHY LQ WKH L
PRGH KRSSLQJ RFFXUV EHWZHHQ WKH H[WHUQDO FDY

UHIOHFWRU

([SHULPHQWDO 9HULILFDWLRQ

,Q WKH IROORZLQJ H[SHULPHQWY YDULDWLRQV RI
KDYH EHHQ PHDVXUHG ZLWK UHVSHFW WR WKHLU GUL"®
GULYH FXUUHQW FDQ EH FRQWUROOHG PRUH DFFXU
+RZHYHU DV WKH ZDYHOHQJWK YDULDWLRQ GXH WR
PDLQO\ GXH WR WKH DVVRFLDWHG WHPSHUDWXUH FK|
YDULDWLRQ FDQ EH LQIHUUHG IURP WKH PHDVXUHG ZD

7KH YDULDWLRQ ZLWK GULYH FXUUHQW RI WKH ZD
ODVHU GLRGH ZLWK IHHGEDFN KDV EHHQ PHDVXUHG G
OLFKHOVRQ LOWHUIHURPHWHU DUUDQJHPHQW VKRZQ L
LQ )LJ 7KH PHDVXUHG ZDYHOHQJWK YDULDWLRQ VI
RI UHGXFHG JUDGLHQW EXW WKH ZDYHOHQJWK GLIIH
PRGHV LV RQO\ VOLJKWO\ ODUJHU WKDQ WKH XQFHU
ZDYOHQJWK DQG VR LW LV LPSRVVLEOH WR PHDVXL

ZDYHOHQJIJWK WXQLQJ FRHIILFLHQW



/IDVHU GLRGH GULYH FXUUHQW P!

)LJ 9DULDWLRQ RI ZDYHOHQJWK IRU D ODVHU GLRGH ZLW

XVLQJ WKH GXDO ZDYHOHQJWK OLFKHOVRQ LQWHUIHURPHWHU

$ VLPLODU VWHS SDWWHUQ FDQ EH VHHQ FOHDUO\
ODVHU GLRGH DV WKH GULYH FXUUHQW LV PRGXODWHC
7KH VKDSH RI WKH VWHSV LQ WKH LQWHQVLW\ YDULD\
ZLWK WKH PRGXODWLRQ FRHIILFLHQW RI HTXDWLRQ
VWUHQJWK VROLWDU\ ODVHU FDYLW\ SKRWRQ GHQVLW
FDYLW\ JURXS YHORFLW\ WKH VROLWDU\ ODVHU SKRW
FXUUHQW DQG WKH ODVHU FDYLW\ RSWLFDO OHQJWK LC
FXUUHQW DQG WHPSHUDWXUH $V D UHVXOW WKH H[DI
XQSUHGLFWDEO\ GHSHQGLQJ RQ WKH SUHFLVH FRQG
RSHUDWLQJ DV FDQ EH VHHQ IURP WKH WZR H[DPSOH
PDGH ZLWK VHSDUDWH 6KDUS /7 0' ODVHU GLRGHYV
FXUUHQWY DQG WHPSHUDWXUHYV 7TKHUHIRUH LW LV
PHDVXUHPHQW RI WKH UHGXFWLRQ RI WKH ZDYHOHQ.

UHJLRQ RI WKH VWHSV +RZHYHU WKH IHHGEDFN VWL



)LJ 2VFLOORVFRSH WUDFHV RI PRQLWRU SKRWRGLRGH R
ODVHU GLRGH ZLWK IHHGEDFN DQG WKH GULYH FXUUHQW PR

ZDYH VLIJQDO

PHDVXUHPHQW RI WKH K\VWHUHVLV DV GHVFULEHG L«
ZDYHOHQJIJWK WXQLQJ FRHIILFLHQW WKHQ REWDLQHG I

7R GHPRQVWUDWH WKH EHKDYLRXU RI D ODVHU G
HIWHUQDO UHIOHFWRUV D GLIIUDFWLRQ JUDWLQJ ZD\

ZLWK WKH ILUVW RUGHU GLIIUDFWHG EHDP GLUHFWHG



)LJ ([SHULPHQWDO DUUDQJHPHQW ZLWK IHHGEDFN |UI
UHIOHFWRUV [’ ODVHU GLRGH 3 PRQLWRU SKRWRGLRGH
ILOWHU '* /[ FROOLPDWLQJ OHQV GLIIUDFWLRQ JUDWLQJ O

EHDP LQFLGHQW RQ WKH VHFRQG UHIOHFWRU D SODQ

LQ )LJ
yLJ VKRZV DQ RVFLOORVFRSH WUDFH UHFRUGH
FDYLW\ RSWLFDO OHQJWKV /M PP DQG / PP Z

PRGXODWLRQ RI WKH ODVHU GULYH FXUUHQW 7KH GH
DQRG VHFRQG H[WHUQDO FDYLWLHYV ZHUH UHVSHFWLYH
DOVR UHFRUGHG ZLWK IHHGEDFN IURP RQO\ WKH ILUV
VWUHQJWK RI WKH IHHGEDFN IURP WKH PRGH KRS K\VYV
ZDV IRXQG WR EH &

7KH PRGXODWLRQ LQ WKH LQWHQVLW\ GXH WR WKH
VXSHULPSRVHG RQ WKH ODUJH VFDOH PRGXODWLRQ G>
7KLY GHPRQVWUDWHY WKH SRWHQWLDO IRU WKH XVH F
LOWHUIHUHQFH V\VWHP IRU UHGXFLQJ WKH ZDYHOHQ.

VLQJOH H[WHUQDO FDYLW\ FRQILIJXUDWLRQ ZKLOH VWI






WQJH DQG RQO\ DSSUR[LPDWHO\ RQH IULQJH GXH WR
PRGXODWLRQ SHULRG GXH WR WKH JUDWLQJ 7KH XV
FROOLPDWLQJ FDQ UHGXFH WKH GLVWDQFH IURP WKH
DV OLWWOH DV PP DQG WKLV DORQJ ZLWK FRUUHFYV
ZRXOG H[WHQG WKH XVHIXO VLQJOH H[WHUQDO FDYLW\

JRU H[DPSOH D UHIOHFWRU DW PP IURP WKH
FRHIILFLHQW RI & WKH ZLGWK RI WKH VLQJOH H[WH!
HTXDWLRQ $YV[P 0+] ZKLFK IRU D GLRGH FD)
WHPSHUDWXUH WXQLQJ FRHIILFLHQW RI *+] . LPSOLH

ZKLFK FDQ EH DFKLHYHG UHDVRQDEO\ HDVLO\

FRQWUROOHU 7KH IHHGEDFN FRHIILFLHQW Rl & ZRX(
WHPSHUDWXUH WXQLQJ FRHIILFLHQW ZLWKLQ WKH H[V
IDFWRU RI WKUHH )RU DQ LQWHUIHURPHWULF GLVSO
JLYHQ LQ 6HFWLRQ WKH XQFHUWDLQW\ LQ IUHTXH

: 0+] WR * 0+] DQG WKH UDQJH RYHU ZKLFK VLQJ

DFKLHYDEOH ZRXOG EH LQFUHDVHG IURP P WR P

6XPPDU\

7KLV FKDSWHU KDV H[DPLQHG WKH TXHVWLRQ RI W
WKH OLJKW HPLWWHG E\ D ODVHU GLRGH ZLWK UHVS
WHPSHUDWXUH RU ODVHU GULYH FXUUHQW /DVHU (
WHPSHUDWXUH FKDQJHV LQ SDUWLFXODU DQG WKL\
LOQOWHUIHURPHWULF GHYLFHV XVLQJ ODVHU GLRGHYV
ZDYHOHQJWK RI WKH OLJKW LQ WKH LQWHUIHURPHWHU

W KDV EHHQ VHHQ WKDW WKH XVH RI IHHGEDFN HI
RU ZLWK ZDYHOHQJWK VHOHFWLYLW\ FDQ EH XVHG W]
RI WKH JDLQ VSHFWUXP SHDN ZKLFK FDQ EH XVHG WR |
ZKLFK WKH ODVHU GLRGH RSHUDWHY LQ D VLQJOH OR(

QRW UHGXFH WKH YDULDWLRQ RI IUHTXHQF\ WR WHP



PRGH DQG VR WKH XVH RI WKH SKDVH GHSHQGHQW |
ZHDN IHHGEDFN WR UHGXFH WKH ITUHTXHQF\ YDULD\
GHPRQVWUDWHG H[SHULPHQWDOO\ ,W KDV EHHQ V
DUUDQJHPHQW WKH ILUVW UHIOHFWRU IL[HG FORVH W
ZDYHOHQJWK WXQLQJ FRHIILFLHQW ZKLOH WKH VHFR
IRU WKH LQWHUIHURPHWU\ 7KHUH LV D WUDGHRII WR
UHJLRQ IRU ZKLFK D VLQJOH VWDEOH H[WHUQDO FDYL
UHGXFWLRQ DFKLHYHG LQ WKH ZDYHOHQJWK VHQVLWI
ILUVW H[WHUQDO FDYLW\ OHQJWK RI PP D IHHGEDF
JLYLQJ D UHGXFWLRQ LQ WXQLQJ FRHIILFLHQW E\ D ID
D VLQJOH H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGH U
UDQJH RI DERXW *+] 7KLV FRUUHVSRQGV WR D WHPSI

HDVLO\ EH PDLQWDLQHG IRU D ODVHU GLRGH XVLQJ D .



& K D/H U ORGXODWLRQ J)UHTXHQF\ "RXI

, QWURGXFWLRQ

7KLV FKDSWHU SUHVHQWY H[SHULPHQWDO UHVXOW
LOQWHQVLW\ PRGXODWLRQ RI WKH ODVHU GLRGH RXWS
H[SHFWHG IRU WKH OHQJWK RI WKH H[WHUQDO FDYLW
SKHQRPHQRQ UHSRUWHG E\ RWKHU DXWKRUV LV VKF
REVHUYDWLRQV DQG DQ DOWHUQDWLYH H[SODQDWLRC

FRQVHTXHQFHV RI WKLV HIIHFW IRU VHOI PL[LQJ LQWH

([SHULPHQWDO REVHUYDWLRQV

,Q H[SHULPHQWYV VXFK DV WKRVH GHVFULEHG LQ
RSHUDWLRQ RI D VHOI PL[LQJ LQWHUIHUHQFH EDVHG VI
ZDV REWDLQHG IURP D PLUURU DQG WKH SKDVH ZDV P
ODVHU GULYH FXUUHQW RU E\ PRXQWLQJ WKH PLUURU
PRGXODWLRQ RI WKH ODVHU GLRGH KDV IUHTXHQWO\
ZKLFK LV WZLFH WKDW H[SHFWHG IRU WKH OHQJWK
PHDVXUHG H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGH
H[SHFWHG 7KH SUHVHQFH RI WKHVH KLJKHU IUHTXHQ
GHSHQG RQ WKH YDOXH RI WKH QHXWUDO GHQVLW\ I
SUHFLVH DQJXODU SRVLWLRQ RI WKH PLUURU

(IDPSOHV RI WKLV DUH VKRZQ LQ )LJ DQG )LJ

GULYH FXUUHQW PRGXODWLRQ DQG PRGXODWLRQ RI W



P9

ORQLWRU SKRWRGLRGH VLJQD

P9 GLY

O

0 7LH PV GLY
(o4

)

-

> D

I

O

o

-

O

o

=

o

N4

%2}

)

o

=

-

(04

o

o

7LPH PV GLY
E
)LJ 7ZR RVFLOORVFRSH WUDFHV REWDLQHG ZLWK WKH V

OHQIJWK ZLWK WKH ODVHU GLRGH GULYH FXUUHQW PRGXODWH



ORQLWRU SKRWRGLRGH VLJQDO

P9 GU

7LR PV GLY

O

o

(@4

i D
>

T

(O]

o

-

(O]

'

=

a'g

X

w

D

'

2

-

(04

o

o

7LPH PV GLY
E

JLJ 7ZR RVFLOORVFRSH WUDFHV REWDLQHG ZLWK WKH V
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DO®XU WUDFHV WKH H[WHUQDO FDYLW\ RSWLFDO OHQJ

D DQG )LJ D WKH GHQVLW\ RI WKH QHXWUDO G
ZDV ' DQG IRU WKH UHPDLQLQJ WUDFHV WKH GHQVI
WKH IHHGEDFN FRHIILFLHQW IURP WKH WZR FXUUHQW
)LJ D DQG & IRU )LJ E 7KH PHDVXUHG H[W
PRGH VSDFLQJV ZHUH 0+] DQG 0+] IRU )LJ C
UHVSHFWLYHO\ 7KH SUHVHQFH RI WKH KLJKHU IUHTXH

GHSHQGHQW RQ WKH OHQJWK RI WKH HIWHUQDO FDYLW

TKHRUHWLFDO FRQVLGHUDWLRQV

6LPLODU HIIHFWV WR WKRVH GHVFULEHG LQ WKH S
IUHTXHQF\ FRPSRQHQW LQ WKH LQWHQVLW\ RXWSXW
LQWHUIHUHQFH KDYH EHMOD QB SREBWDH\® \SKUH Y-LRXVDWR

DQG KDYH EHHQ H[SODLQHG DV EHLQJ FRQQHFWHG
LQWULQVLF GLRGH FDYLW\ ORQJLWXGLQDO PRGHV RI W
EHORZ DQG WKH REVHUYDWLRQV GHVFULEHG DERYH
SUHGLFWHG E\ WKHVH WKHRULHYV

$FFRUGLQJ WR WKHVH DFFRXQWYV ZKHQ WKH UDWL
FDYLW\ WR WKH ODVHU GLRGH FDYLW\ LV D KDOI LQWH:
ODVHU GLRGH FDYLW\ FORVHVW WR WKH JDLQ VSHFWU
PRGH RI WKH H[WHUQDO FDYLW\ WKH DGMDFHQW ODV
PLG ZD\ EHWZHHQ WZR H[WHUQDO FDYLW\ ORQJLWXGL
SKDVH LV FKDQJHG WKH H[WHUQDO FDYLW\ ORQJLWXG
GLRGH FDYLW\ PRGHV DQG HYHQWXDOO\ D VLWXDWLR
ORQJLWXGLQDO PRGH FORVHVW WR WKH JDLQ VSHFW
H[WHUQDO FDYLW\ PRGHV DQG WKH DGMDFHQW ODVHU
DQ H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGH

W LV FODLPHG WKDW ZKHQ D ODVHU GLRGH FDYLW\
FDYLW\ ORQJLWXGLQDO PRGH DUH DOLJQHG LH Y YWK



@ARGH LV PD[LPLVHG 7KLV GRHV QRW WDNH LQWR
DUFWDQ D EHWZHHQ WKH PD[LPXP JDLQ FRQGLWLRC
FRQGLWLRQ +RZHYHU WKLV SKDVH GLIIHUHQFH LV FR
LPSOHPHQWDWLRQ RI WKLY WKHRU\ LQ SUDFWLFH

7KXV LI WKH ODVHU LV LQLWLDOO\ RSHUDWLQJ LQ
JDLQ VSHFWUXP SHDN DQG ZLWK WKH H[WHUQDO FDYL)
LV PLQLPLVHG DQG WKH H[WHUQDO N IWKHIQ B/HKDHV W KWH
JDLQ ZLOO EH PLQLPLVHG IRU WKH H[WHUQDO FDYLW\ ¢
WKH ODVHU FDYLW\ PRGHY DGMDFHQW WR WKDW QHDU
WKH UHGXFWLRQ LQ WKUHVKROG JDLQ GXH WR IHHGEL
GLIIHUHQFH EHWZHHQ WKH DGMDFHQW ODVHU GLRGH F
WKH ODVHU FDYLW\ PRGH ZLWK WKH ORZHVW WKUHVKF
WKH PRGH DW WKH JDLQ VSHFWUXP SHDN DQG WKH O
FKDQJH LQ ODVHU FDYLW\ ORQJLWXGLQDO PRGH ZLOO
LQ WKH RXWSXW LQWHQVLW\ RI WKH ODVHU GLRGH GXF
WKH WKUHVKROG JDLQ

$V WKH H[WHUQDO FDYLW\ SKDVH FRQWLQXHV WR F
IROORZLQJ KDOI SHULRG WKH V\WVWHP ZLOO UHWXUQ W
ORZHVW IRU WKH PRGH FORVHVW WR WKH JDLQ VSHFW
EDFN LQWR WKDW PRGH 7KHUHIRUH WKHUH ZLOO EH W
WKH H[WHUQDO FDYLW\ SKDVH Rl RQH SHULRG LQVWHD
H[SHFWHG GXH WR WKH W\SH RI IUHTXHQF\ DQG LQW!
DQG )LJ

,Q RUGHU WR JLYH ULVH WR D FRPSRQHQW LQ WKH
GRXEOH WKH H[SHFWHG IUHTXHQF\ WKH H[WHUQDO FD
/| P [/, ZKHUH P LV DQ LQWHJHU ,I / LV DQ LQWHJIU
UHODWLYH SRVLWLRQV RI WKH GLRGH FDYLW\ DQG ORC
HDFK GLRGH FDYLW\ PRGH DQG VR WKHUH LV QR FDXV

GLRGH FDYLW\ PRGHV XQOHVV WKH PRGHV DUH PRYHG



KDQJH LQ WKH GULYH FXUUHQW )RU H[WHUQDO FDYLW
LW LV SRVVLEOH IRU PRGH KRSSLQJ WR RFFXU EHWZH
PRGHV ZKLFK LV GHWHUPLQHG E\ WKH PD[LPXP JDLQ (

W ZzDV QRWHG HDUOLHU WKDW WKH KLIJKHU ITUHTX
DQG )LJ E ZHUH QRW DIIHFWHG DV WKH H[WHUQI
GLVWDQFH HTXDO WR WKH OHQJWK RI WKH GLRGH FD)
DERYH GRHV QRW VHHP WR EH DSSOLFDEOH WR WKHYV
VKRZVY DQ RVFLOORVFRSH WUDFH ZLWK WKH RXWSXW
LOQOWHUIHURPHWHU DQG D VLPXOWDQHRXV WUDFH VKR.
ZLWK ODVHU GULYH FXUUHQW PRGXODWLRQ LQ ZKLFI
IHHGEDFN LV GRXEOH WKH H[SHFWHG IUHTXHQF\ I
EHWZHHQ GLRGH FDYLW\ PRGHV WKHQ WKH UHODWLYH:!
FDXVH ODUJH FKDQJHV LQ WKH IULQJH DPSOLWXGH RI
WKH VLPXODWHG YLVLELOLW\ SDWWHUQ VKRZQ LQ )LJ

VDPH FRQGLWLRQV XQGHU ZKLFK WKH WUDFH VKRZQ

7LPH PV GLY

)LJ 2VFLOORVFRSH WUDFHV VKRZLQJ VLPXOWDQHRXV RXWS:S
GRXEOH IUHTXHQF\ LQWHQVLW\ PRGXODWLRQ DQG RXWSXW

LOWHUIHURPHWHU



AVFRQWLQXLWLHYV LQ WKH REVHUYHG OLFKHOVRQ IUL
LQGLFDWLQJ WKDW WKHUH LV QR PRGH KRSSLQJ EHW
ODVHU GLRGH FDYLW\

$Q H[SODQDWLRQ PRUH FRQVLVWHQW ZLWK WKH RE
E\ D PHFKDQLVP ZKLFK KDV SUHYLRXVO\ EHHQ XVHG WHF
ZLWK YHU\ VWURQJ IHHGE®MR N WQDQADV H UMEL® ENVVKRZQ
LQ )LJ .l WKH H{WHUQDO UHIOHFWRU LV WLOWHG Z
LPDJH Rl WKH ODVHU GLRGH DSHUWXUH ZLOO EH IRUP
GLVSODFHG WUDQVYHUVHO\ I[URP WKH DSHUWXUH 7KH
VPRRWK UHIOHFWLYH VXUIDFH DQG VR WKH OLJKW IRU
LQWR WKH H[WHUQDO FDYLW\ DQG PDNH D VHFRQG SD

IDFW WKDW WKH UHIOHFWLRQ RFFXUV LQ WKH IRFDO ¢

)LJ &DOFXODWHG YLVLELOLW\ SDWWHUQ IRU D GXDO ZD
ZKHQ RQH ODVHU GLRGH XQGHUJRHV KRSSLQJ EHWZHHQ C

ORQJLWXGLQDO PRGHYV



)LJ 3DWK WDNHQ E\ D VLQJOH UD\ LQ DQ H[WHUQDO F

UHIOHFWRU

PDNLQJ WKH VHFRQG SDVV LV VWLOO FROOLPDWHG DC
ILUVW LPDJH DUH FRQMXJDWH SRLQWYV LQ D VA\VWHP HI
LPDJH IRUPHG DIWHU WKH VHFRQG SDVV RI WKH H[WH
RSWLFV EH ORFDWHG SUHFLVHO\ DW WKH DFWXDO DSF
'KHQ IlULQJHY DUH IRUPHG DV D UHVXOW RI WKH OL
RI WKH HIWHUQDO FDYLW\ WKH H[WHUQDO FDYLW\ OH
VR WKH IULQJH IUHTXHQF\ ZLOO DOVR EH GRXEOHG
7KH HIITHFWV RI PXOWLSOH UHIOHFWLRQV LQ IHHGE
RIWHQ LIQRUHG EHFDXVH RI WKH FRPELQDWLRQ RI WK
FRPSDUHG WR D KHOLXP QHRQ ODVHU IRU H[DPSOH
FDYLW\ ZKLFK DUH DOVR JUHDWHU WKDQ IRU D V\VWH
WKH ODUJHU EHDP GLYHUJHQFH DV ZHOO DV WKH SRVYV
FDQ UHVXOW LQ VXFFHVVLYH RUGHUV RI IHHGEDFN KC
RUGHUV RI PDIJQLWXGH 7KH ODVHU GLRGH XVHG WR R
TXDUWHU ZDYHOHQJWK DOXPLQLXP R[LGH DQWL UHI
UHIOHFWLYLW\ RI ZKLFK LV HVWLPDWHG WR EH DSSUF

RWKHU ORVVHV LQ WKH H[WHUQDO FDYLW\ H[FOXGLQJ



LBHFWLRQ WKH DWWHQXDWLRQ UHVXOWLQJ IURP D
DSSUR[LPDWHO\ 7KH GHQVLW\ RI WKH ILOWHU UH

FRHIILFLHQW LV WKHQ UHGXFHG DFFRUGLQJ WR

ZKHUH ' LV WKH ILOWHU GHQVLW)\ IRU WKH GRXEOH SD

VLQJOH SDVV )RU ' WKLV JLYHV 'R ZKLFK LV LQ
WKH REVHUYDWLRQV GHVFULEHG LQ VHFWLRQ ZKHU
ZHUH REWDLQHG ZLWK D ILOWHU GHQVLW\ RI DQG I

GHQVLW\ RI

'LVFXVVLRQ RI WKH REVHUYDWLRQV

, I WKH H[WHUQDO FDYLW\ FRQWDLQV ILOWHUV RI
DPRXQW RI IHHGEDFN WR WKH ZHDN IHHGEDFN OH
LOQOWHUIHUHQFH ZLWK WKH ILUVW RUGHU UHIOHFWLRQ V
FDYLW\ WKH LQWHQVLW\ RI WKH OLJKW IHG EDFN LV OL
HITHFW RQ WKH ODVHU W LV WKXV SRVVLEOH WR ¢
IUHTXHQF\ LQWHQVLW\ PRGXODWLRQ E\ FDUHIXO FRQW
XVH RI ILOWHUV LQ WKH HIWHUQDO FDYLW\ +RZHYHU W
HIWHUQDO FDYLW\ VKRXOG QRW EH LIJQRUHG EHFDXVH
IURQW RI WKH ODVHU WKH VHFRQG RUGHU UHIOHFWLR
HIWHUQDO UHIOHFWRU LV QRW LQ SHUIHFW DOLJQPH:
UHIOHFWLRQ PD\ EH JUHDWHU WKDQ WKDW IURP WKH
GHWHUPLQHG H[SHULPHQWDOO\ E\ ILQGLQJ D YDOXH Il
LW LV OLNHO\ WKDW WKRVH IULQJHV ZLOO EH IURP W
SRVVLEOH WKDW DQ\ UHVXOWYV REWDLQHG PD\ EH PL\

LPSRUWDQFH RI EHLQJ DEOH ERWK WR DOLJQ WKH HJI



WWLPDWH DQG PHDVXUH WKH OHYHO RI IHHGEDFN Z|
RSWLFDO IHHGEDFN LQ D ODVHU GLRGH XVLQJ WKH PF
+RZHYHU LI WKH VA\VWHP LV VHW XS ZLWK D ORZH
FDYLW\ DQG ZLWK WKH H[WHUQDO UHIOHFWRU WLOWHC
VR WKDW WKH GRXEOH IUHTXHQF\ IULQJHV DUH REWD
DOLIQPHQW RI WKH VHFRQG RUGHU LPDJH ZLWK WKH
VKRXOG WKHQ EH PRUH VWDEOH DJDLQVW DQ\ DGGLW|
VHFWLRQ LW ZDV VKRZQ WKDW DQ DQJOH RI WKH
UHIOHFWRU QRUPDO DQG WKH RSWLFDO D[LV LV HQRX.
RI WKH ILUVW RUGHU LPDJH GRHV QRW FRLQFLGH ZL
VHFRQG RUGHU UHIOHFWLRQ GRPLQDWHV DQG WKH
SRVLWLRQLQJ RI WKH HIWHUQDO UHIOHFWRU LV UHGXF
RI' WKH ITULQJHV RU LQWHQVLW\ VWHSV LV GRXEOHG 'V
PLILQJ LQWHUIHUHQFH EDVHG VHQVLQJ V\VWHP ZLOO E
IRU HYHU\ TXDUWHU ZDYHOHQJWK RI WDUJHW GLVSODF
ZDYHOHQJWK LQ WKH VLQJOH SDVV FDVH $vV DQ LG
GLVSODFHPHQW VHQVRU EDVHG RQ IULQJH FRXQWLQJ
TXDUWHU ZDYHOHQJWK GLVSODFHPHQW JLYLQJ D UHV

ZDYHOHQJWK RI QP

6XPPDU\

7KLV FKDSWHU KDV GHVFULEHG H[SHULPHQWDO RE
LOQWHQVLW\ PRGXODWLRQ IURP D ODVHU GLRGH GXH WI
GRXEOH WKH H[SHFWHG YDOXH IRU WKH OHQJWK RI W
HI[ISODQDWLRQ EDVHG RQ WKH LQWHUDFWLRQ EHWZHH
GLRGH FDYLW\ DQG WKRVH RI WKH H[WHUQDO FDYLW
HI[ISHULPHQWDO REVHUYDWLRQV KDYH EHHQ PDGH ZKI
WKHRU\ 7KH REVHUYHG HIIHFWV FDQ LQVWHDG EH H

SDVV RI WKH HIWHUQDO FDYLW\ DQG VR HIITHFWLYHO\ C



,W LV LPSRUWDQW IRU H[SHULPHQWDO DFFXUDF\
PRGXODWLRQ ITUHTXHQF\ GRXEOLQJ HIIHFW LV FRQVLC
IHHGEDFN WR D ODVHU GLRGH IURP D SODQH UHIOHFYV
FDUHIXO FKRLFH RI ILOWHU GHQVLW\ DQG SUHFLVH DO
WKH FRXSOLQJ RI WKH IHHGEDFN DIWHU PDNLQJ D GR
LOQGHSHQGHQW RI WKH DQJXODU SRVLWLRQ RI WKH HJ

XVHG WR LQFUHDVH WKH PHFKDQLFDO VWDELOLW\ LQ |



&KDSWHIWIRQFOXVLRQ

2YHUDOO VXPPDU\

1XPHURXYVY DXWKRUV KDYH SURSRVHG LQWHUIHURP
HITHFWV RI ZHDN H[WHUQDO RSWLFDO IHHGEDFN LQ Ol
NQRZQ DV YVHOI PL[LQJ LQWHUIHUHQFHY 7KH ZRUN UH
VRPH RI WKH SUDFWLFDO LVVXHY UHODWHG WR VXFK V
SHUIRUPDQFH

,Q &KDSWHU D VLPSOH WKHRU\ ZDV SUHVHQWHG
IHHGEDFN PRGLILHY WKH ODVLQJ FRQGLWLRQV RI WKH
IUHTXHQF\ DQG LQWHQVLW\ RI WKH HPLWWHG OLJKW
VHHQ WR EH GHSHQGHQW RQ WKH SKDVH RI WKH OLJKW
REVHUYHG LQWHQVLW\ RI WKH ODVHU GLRGH RXWSXW
DERXW WKH SRVLWLRQ RI WKH H[WHUQDO UHIOHFWRU
WKXV DQDORJRXV WR D OLFKHOVRQ LQWHUIHURPHWHL
EHLQJ WKH UHIHUHQFH PLUURU RI WKH LQWHUIHUF
LQWHUIHURPHWULF VHQVLQJ 7KH SK\WLFDO EDVLV RI
FRPSOH[ WKDQ WKDW RI FRQYHQWLRQDO LQWHUIHUHQTF
DUH VRPH LPSRUWDQW GLIITHUHQFHYVY LQ WKH REVHUYH
UHODWHG WR WKH YDULDWLRQ RI WKH IRUP RI WKH R
VWUHQJIJWK RI WKH IHHGEDFN IRU YHU\ ORZ OHYHOV
PRGXODWLRQ VLPLODU WR WKDW SURGXFHG E\ D FRQ)
EXW DV WKH IHHGEDFN VWUHQJWK LV LQFUHDVHG W

PDUNHGO\ DV\PPHWULF WDNLQJ D VDZ WRRWK ZDYH



IQIRUPDWLRQ DERXW WKH GLUHFWLRQ RI PRYHPHQW
REWDLQHG XQOLNH LQ D FRQYHQWLRQDO LQWHUIHURP
WKDW DV WKH IUHTXHQF\ YDULDWLRQV LQFUHDVH Z
ORQJLWXGLQDO PRGHV RI WKH H[WHUQDO FDYLW\ DSS
IROORZHG E\ IUHTXHQF\ DQG LQWHQVLW\ DV WKH H[WH
FULWHULD UHODWHG WR WKH H[WHUQDO FDYLW\ ORQJ
WKLY WKHVLV LQ WHUPV Rl WKH IHHGEDFN VWUHQJWK

%HFDXVH RI WKH VHQVLWLYLW\ RI WKH HIITHFWV RI
DQG EHFDXVH Rl WKH VPDOO VL]H Rl WKH ODVHU GLRGH
WR EH UHGLUHFWHG JUHDW FDUH PXVW EH WDNHQ Z
GLRGHV &KDSWHU GHVFULEHV WHFKQLTXHV WKDW
VIVWHPDWLF DQG DFFXUDWH H[SHULPHQWDO ZRUN WR
IHHGEDFN $ W\SLFDO H[SHULPHQWDO DUUDQJHPHQW K
SURYLGH DQ DFFXUDWH HVWLPDWH RI WKH IHHGEDFN
GHVFULEHG IRU DFKLHYLQJ RSWLPDO FROOLPDWLRQ R
DOLJQLQJ WKH H[WHUQDO UHIOHFWRU ,Q RUGHU WR
QHFHVVDU\ WR EH DEOH WR PHDVXUH WKH IHHGEDFN
GRLQJ WKLV KDV EHHQ GHYHORSHG DQG SUHVHQWHG
K\WWHUHVLV LQ WKH IUHTXHQF\ SDWK IROORZHG ZKHQ
7KH WHFKQLTXHV GHVFULEHG KHUH DUH VKRZQ WR EH
RU SUDFWLFDO DSSOLFDWLRQ XVLQJ IHHGEDFN LQ D O

&KDSWHU GHVFULEHG WKH H[SHULPHQWDO GHPRQ
LQWHUIHUHQFH EDVHG GLVSODFHPHQW VHQVLQJ V\VWH
WKH FKRLFH Rl FRPSRQHQW IRU HDFK HOHPHQW RI WK
OHQV WDUJHW UHIOHFWRU DQG ILEUH RSWLF OLQN Z
6HOI PL[LQJ LQWHUIHUHQFH IULQJHVY ZHUH REWDLQHG
PHWUH VKRZLQJ WKH GLUHFWLRQ GHSHQGHQW VDZ WF

$ PDMRU OLPLWLQJ IDFWRU IRU WKH DFFXUDF\ DQG

LOQOWHUIHURPHWULF GHYLFH LV WKH VHQVLWLYLW\ R



HOQYLURQPHQWDO WHPSHUDWXUH IOXFWXDWLRQV 7KL
&KDSWHU ZLWK UHIHUHQFH WR WKH HIIHFWV RI1 H]I
IHHGEDFN KDV SUHYLRXVO\ EHHQ XVHG WR PRGLI\ WK
GLRGH DQG H[WHQG WKH UHJLRQ RYHU ZKLFK WKH OD
PRGH EXW ZLWKRXW DIIHFWLQJ WKH VHQVLWLYLW\ WR
WKDW ORQJLWXGLQDO PRGH ,Q WKLV ZRUN LW KDV
YDULDWLRQV FDXVHG E\ ZHDN IHHGEDFN FDQ EH XVHG
FRHIILFLHQW RI ZDYHOHQJWK WKXV RIITHULQJ D SRWHC
RI' D VHOI PL[LQJ LQWHUIHUHQFH EDVHG GLVSODFHPHQ

&KDSWHU SUHVHQWHG H[SHULPHQWDO UHVXOWYV |
FDYLW\ ORQJLWXGLQDO PRGH VSDFLQJ ZDV FDOFXODW
IRU WKH OHQJWK RI WKH H[WHUQDO FDYLW\ XVHG 7KI
IURP VLPLODU KLJKHU RUGHU HIIHFWV REVHUYHG LQ
IHHGEDFN E\ RWKHU DXWKRUV DQG zZDV VKRZQ WR EH
WKH ODVHU IURQW IDFHW DQG PDNLQJ D GRXEOH SC
UHHQWHULQJ WKH ODVHU FDYLW\ ZKHQ WKH H[WHU¢
GHPRQVWUDWHY WKH LPSRUWDQFH RI EHLQJ DEOH WR
EDVHG V\VWHP DFFXUDWHO\ DV ZDV GLVFXVVHG LQ &KL
DQ HUURU E\ D IDFWRU RI WZR LQ LQWHUIHURPHWU
DGYDQWDJHRXV WR GHOLEHUDWHO\ PLVDOLJQ WKH UH
OLJKW PDNLQJ D GRXEOH SDVV RI WKH H[WHUQDO UHI
WKH ODVHU GLRGH DSHUWXUH DQG WKH GRXEOHG LQW

WKH UHVROXWLRQ RI DQ LQWHUIHURPHWULF VHQVRU

6 XJIJHVWLRQV IRU IXWXUH ZRUN

7KH XVH Rl H[WHUQDO RSWLFDO IHHGEDFN LQ OD
VHQVLQJ DSSOLFDWLRQV LV VWLOO D UHODWLYHO\ Qt
SRWHQWLDO IRU PXFK IXUWKHU ZRUN LQ WKLV DUHD

IURP WKH ZRUN SUHVHQWHG LQ WKLV WKHVLV FRXOG L



L GHYHORSPHQW RI D VLIQDO SURFHVVLQJ VFKHPH IF
GLVSODFHPHQW VHQVRU WKDW RYHUFRPH WKH SURE(
VPDOO PRGXODWLRQ GHSWK RI WKH IULQJHYVY REWDLQH
ODVHU GLRGH RXWSXW DW GLVSODFHPHQW YHORFLWLF
LL FRQVLGHUDWLRQ RI WKH SUREOHP RI ZDYHOHQJW
GLRGHLHPDQ +ROEHUJDQG LWV LPSOLFDWLRQV L
LOQWHUIHURPHWU\

LLL PRUH ZRUN WR GHYHORS D SUDFWLFDO FRQILJXU
VI\VWHP ZKLFK KDV EHHQ GHPRQVWUDWHG LQ SULQFLE
WHPSHUDWXUH GHSHQGHQFH RI WKH ODVHU GLRGH ZD°

WKH DFFXUDWH SRVLWLRQLQJ RI WKH ILUVW UHIOHFWR



5()(5(1&(6

$FNHW * $ 'HQ %RHI $ - DQG 9HUEKHHNQI®XHQFH
JHHGEDFN ,QWHQVLW\ RQ /RQJLWXGLQDO ORGH 3
BHPLFRQGXFWRU /D¥XDQWXP (OMRWURQ 1R
SS O

$JUDZDO * 3 /LQH QDUURZLQJ LQ D VLQJOH PRGH L
HIWHUQDO RSWLRDO- | HIK®EEIWFXNP (ORIEWURQ 1R
SS

$JUDZDO * 3 /RQJLWXGLQDO PRGH VWDELOL]DWLRQ

ZLWK ZDYHOHQJWK VHOHB®WEOH SWKRROGDED ER SS

%HKHLP * DQG )ULWVFXDQJH ILQGLQJ XVLQJ IUHTXHGC
ODVHU $GBLSRIG H2YSRAD 1R SS

%LHVWHUERYV - : 'HQ %RHI $ - J/LQGHUV : DQG
/JRZ ITUHTXHQF\ PRGH KRSSLQJ RSWLFDO QRLVH LQ
ODVHUV LQGXFHG E\,R$ WL FDXOD IHWMGE PRI WASR Q
1R SS

%REURII 5HFHQW DGYDQFHV LQ GLVSODFHPHQW |
OHDV 6FL 7MRRQROSS

%RUQ ( DQG :ROI BULQFLSOHVWX Q@BWWLIFRQ 2[IRUG
3HUJDPRQ 3UHVYV

&KHEERXU*YUHFNL & DQG 7ULELOB®RQJH* ILQGLQJ D
YHORFLPHWU\ ZLWK GLUHFWLRQDO GLVFULPLQDWLF
OLFKHOVRQ LQWISWIHAM BYRRRIM U~ 33

&KRL . OHQGHUV - B6HDUF\ 3 DQGSWIAD®DDKWHGETL
ORFNLQJ RI D GLRGH ODVHU XVARWLF \F R\REP® )DUDG

SS



&RKHQ - 6 DQG /HQVWWBBHFWUDO SURSHUWLHV RI
FROODSVHG VWDWH RI D VHPLFRQGXFWRU ODVHU
((( - 4XDQWXP (YORIF W U RIRS

&ROOLQV 6 ) +XDQJ : ; OXUSK\ 0O 0O *UDWWDQ

$ VLPSOH ODVHU GLRGH UDQJLQJ VFKHPH XV
)0&: DSSURIMAKY 6FL 7MRRQROSS
GH *URRW 3 *DOODWLQ 6 DQG PDFERPFREHDQG YHORF

LQ D EDFNVFDWWHU PRGEOSOWRBRMODVHUIRBLRGHSS

'RQDOVRQ 5 DQG (GZDWRWFLVH GDWD ERRN RI RSW|
THGGLQIJWRQ 1DWLRQDO 3K\WLFDO /DERUDWRU\
'"RQDWL 6 *LXOLDQL * DQG /MMHMWR GBRGH IHHG

LOWHUIHURPHWHU IRU PHDVXUHPHQW RIL(GLVSODFH
- 4AXDQWXP (OREWURQ@R SS
J)DYUH ) DQG OH *XH®LJK IUHTXHQF\ VWDELOLW\ RI

KHWHURG\QH FRP P X Q(OFHDFWRR)Y R\BY W WP VR SS

)XMLWD 7 ,VKL]XND 6 )XMLWR . 6HUL]IADHGVLWQ
QRLVH VXSSUHVVLRQ DQG PRGXODWLRQ FKDUDFWH

DQ HIWHUQDO(FPYLWDQWXP (ORFWA[RQ 1R SS

*UDWWDQ . DQG OHJJR®WLWLEDO )LEHU 6HQVRU 7HFKQF
HWF &KDSPDQ DQG +DOO

+DPHO : YDQ ([WHU 0 DQG :RH&RKHDUHQEH SURSHU!
D VHPLFRQGXFWRU ODVHU ZLWK IHHGEDFN IURP D G
WKHRUE - 4XDQWXP (YORIFWURIRS

+HEKW  ( 2SWLFV B6HFRQG (GLWLRQ G5HDGLQJ 0D

$GGLVRQ :HVOH\



+tHQU\ & 7TKHRU\ RI OLQHZLGWK LQ,VHPLFRQD Q@ AXRU
(OHFWUYRQ 4( 1R SS

.DWR - .LNXFKL 1 <DPDJXFKL , RQWLEIR® RH HG E I
GLVSODFHPHQW VHQVRU XVLQJ D ODVHU GLRGH DC
OHDV ©6FL 7MRRGKO

.LNXFKL 1 DQG 2NRVKILPBOH IRUPXOD JLYLQJ VSHFW
UDWLR RI VHPLFRQGXFWRU ODVHU RXWOGKWWRRWDL
[HWW YHRH® SS

.LNXWD + ,ZDWD . DOQG 1DUDWDQFH PHDVXUHPHQ!

ZDYHOHQJWK VKLIW RYSGODVHIASRMLRGH IRLIJKW SS

/IDQJ 5 DQG .RED\DVKL([WHUQDO RSWLFDO IHHGED
VHPLFRQGXFWRU LQMHFW(LRQ ODMHUWS PR SHRUBMLHR/C
4 ( 1R Ss

/JHQVWUD ' O9HUEHHN % DQG&RHK® WHRHFIH $FROODSVH
PRGH VHPLFRQGXFWRU ODVHUV ,EXH -W R XRRWLHED O
(OHFWYRQ 4( 1R

IXGYLJVHQ / DQG +ROPXJUHTEHQF\ VWDELOL]DWLRQ
VHPLFRQGXFWRU ODVHU WR DQG DEWRYSWLRQ Ol
OXVWUYRP 1R Ss

ODNL - &DPSEHOO 1 *UDQGH & .QRUSS 5 DQG
BWDELOL]HG GLRGH ODVHU V\VWHP ZLWK JUDWLQJ
ORFN2QWLFV &RPE® Ss

OLOHV 5 'DQGULGJH $ 7YHWHQ $ 7D\ORU + DQ
JHHGEDFN LQGXFHG OLQH EURDGHQLQJ LQ FZ FK
GLRGISSO 3K\WYRBWW 1R Ss

2NRVKL 7 DQG .LNXFKWHTXHQF\ VWDELOL]DWLRQ R
ODVHUV IRU KHWHURG\QH W\SH RS\\QIFBW URRP P XNV
YRO 1R Ss



2VPXQGVHQ - DQG *DGHQI@XHQFH RI RSWLFDO IHHG
IUHTXHQF\ VSHFWUXP DQG ,\WMK U HAXIR@W X P R Q@GILAWVLIRR
YRO 4( 1R SS

3DW]DN ( 206X HP XUD $ 6DLWR 6 DQGEBSHRWUDD
OLQHZLGWK UHGXFWLRQ LQ VHPLFRQGXFWRU ODVH
RSWLFDO (IOHGEBLDRNY RCHWW 1R SS

SHWHUPDQQ . IDVHU GLRGH PRGXODWLRQ DQG QRL)
1IHWKHUODQGY .0OXZHU $FDGHPLF 3XEOLVKHUYV

SHWHUPDQQ . ([WHUQDO RSWLFDO IHHGEDFN SKHQRP

ODVHUWY - 6HOHFW 7RSLFV 4DRWXP I1IBHFWBRQ

6DLWR 6 1LOOVRQ 2 DQG <DPOLRFOWRLRQ FHQWHU
WXQLQJ TXDQWXP )0 QRLVH DQG GLUHFW IUHTXHQ
H[WHUQDO JUDWLQJ ORDGH @ (VH P LARDOQENOERV ROH 6 IV
YRO 4( 1RS

6DWR $VDNXUWD )XNDL O DQG 6X]XNL 'HVLJQ RI
QRQGLVSHUVLRQ RSWLFDO IHHGEDFN V\VWHP XV
VHPLFRQGXFWRU ODVHU PXOWLSQH (OR QM VDB QD O
(OHFWYRQ 4( 1R SS

6DXQGHUV 3 DQG .DGHGULYHU IRU VWDEOH RSHUDWL
5HY 6FL ,YRWUXP 1R Ss

BHR ' 3DUN - OFOQHUQH\ - DDG&RPSRMAG FDYL
PRGHV LQ VHPLFRQGXFWRU ODVHUV ZLWESDV\PPH
3K\V /HWVRWG 1R Ss

6HR ' 3DUN - OFOQHUQH\ - DEGOXOMIBMMH DHHGE
HITHFWV LQ DV\PPHWULF H[WHUQDO FRD(LW\ VHPL
AXDQWXP (OWR@WURQ1R SS

6KDUS &RUSRDWHWLBQRGH XVHUV PDQXDO 2VDND 6KD



6KLQRKDUD 6 ORFKL]XNL $ <RVKLGD +/DMHUG 6>
'RSSOHU YHORFLPHWHU XVLQJ WKH VHOI PL[LQJ HI
GLR&&HSO 2RO 1R SS

6KLQRKDUD 6 <RVKLGD + ,NHGD + 1LVKLGH
&RPSDFW DQG KLJK SUHFLVLRQ UDQJH ILQGHU ZLW
DSSOLFEDWLRQDQV ,QVWUXPYRDOQG OHRBRV SS

6XQ + SLHV 5 DQG /6WDELOLW\ DQDO\VLV IRU JUDW

HIWHUQDO IHHGEDFN VHPS®RQEGBWIWRU OIRVHUV 33

6YHOWR 2 3ULQFLSOHV RI /DVHUV 1HZ <RUN /RQGR

7DPEXUWLQESDQR 3 DQG 3LDJROQQDOXEHHQFH RI DQ HI\
FDYLW\ RQ VHPLFRQGXF V$’(3 G D3MKAYV YSREDNWWM QLRRL V H
SS

7TKRPSVRQ %  + 3K\WLFV Rl B6HPLFRQGXFWRU /D
&KLFKHVWHU HWF -RKQ :LOH\ DQG 6RQV

7NDFK 5 DQG &KUDSO\WHJISPHV RI IHHGEDFN LQ SP
IHHGEDFN ORDVKWYDYH YRBKQRO 1R 33

9DOHQ]XHOD 5 &LPLQL / :LOVRQ 5 G5HLFKPDQQ
JUHTXHQF\ VWDELOL]DWLRQ RI $0*D$V ODVHUV WR I
XVLQJ JHHP OQHFIWHRWY RCHWW 1R Ss

:DQJ : %R\OH : *UDWWDQ . DQG 63D®PMHLLQY
LQWHUIHUHQFH LQ D GLRGH ODVHU H[SHULPHQW!I
DQDO$8BD 2YROD 1R Ss

:DQJ : *UDWWDQ . %R\OH : DQGS$BWQFHURSWLF
IHHGEDFN LQ D GXDO GLRGH ODVHU FRQILJXUDW

PHDVXUHPHQWY ZLWK D XSG GXERP®LF UDRJH SS

'LHPDQ & DQG +ROEH8VLQ@J GLRGH ODVHUV5HRW DWRF

6FL ,QWWWOXP SS



: \DWW 5 DQG 'HYOLQ N#] OLQHZLGWK SP ,Q*D$V3

FDYLW\ ODVHU ZLWK (@HFWX®&QQROUW W JHR SS

<RXQJ O 2SWLFV DQG /DVHUV %HUOLQ HWF 6SULQ
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5 & $GG\ $ : 3DOPHU . T(NHFWADWRWBQQWVHUQDO L
DOLJQPHQW LQ VHQVLQJ DSSOLFDWLRQV RI RSWLF
ILIKWZDYH 7THFXQRO1R SS '"HF

5 & $GG\ $ : 3DOPHU . DY HOUDONWBRQVWDELOLV
ODVHU GLRGHV XVLQJORSOMIADRUVHBQGEDWKHLU DSS(
3URFHHGLQJY Rl WKH VHYHQWK FRQIHUHQFH RQ V
KHOG LQ 'XEOLQ ,ZUHODQG (G 6HSWHPEXKIUR XV W I
, QVWLWXWH RI 3K\VLFV 3XEOLVKLQJ %ULVWRO DQC
: SS

5 & $GG\ $ : 3DOPHU . I$VSHRUDW R DY KH XVH RI
IHHGEDFN IRU IUHTXHQF\ VWDELOLVDWLRQ RI ODYV
SURFHHGLQQWHRIQDWLRQDO FRQIHUHQFH RQ DSSC
WHFKQRORJ\ ORQWUHDO &DQDGD -X 0\ $XIXV

5 & $GG\ $ : 3DOPHU . 7 SYSHEBWWWIQWKH XVH |
PLILQJ LOQWHUIHUHQFH LQ ODVHU GLRGHNVHRU GL
, QWHUIHURPHWU\ 9,, 5\\$|PUALL FD WBIURXWQLHZLF] *F
%URZQ :HUQHU 3 2 -XSWQHU (GLWRUV 3URF 63
,6%1

5 & $GG\ $ : 3DOPHU . 0 RLG X*QUDWLVRMQIUHTXHQF\
LQ VHOI PL[LQJ LQWHUIHUHQ®H ¥$&WELHH® VAHIW GRLR
2SWRHOHFWURQLFV SBURFHHGLQJV RI 7KH $S
&RQIHUHQFH RI 7KH ,QVWLWXWH RI1 3K\VLFV K H(
6HSWHPEHU(G .7 9 *UDWWDQ ,QVWLWXWH RI

%ULVWRO DQG 3KLODGHOSKLD ,6%1
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(IITHFWV RI ([WHUQDO 5HIOHFWRU $¢
$SSOLFDWLRQV RI 2SWLFDO )HHGEI

5LFKDUG & $GG\ $QGUHZ : 3DOPHU DQG .HQQHWK 7KRPDV 9LFWRU *UDW\

$EVWURAWDOLIJQPHQW RI WKH FRPSRQHQWYV LQ VHQVYRHoMWNVWHPV
EDVHG RQ H[WHUQDO RSWLFDO IHHGEDFN LV D FULWJWFDO IDFWRUyGXH WR
WKH VPDOO VL]H RI ODVHU DSHUWXUH LQWR ZKLFK WKH UHWXUQHG OLJKW
PXVW EH FRXSOHG 7KLV SDSHU SUHVHQWY H[SHULPHQWDO UHVXOWY DQG D
WKHRUHWLFDO H[SODQDWLRQ ZKLFK VKRZ WKDW WKH IULQJH IUHTXHQF\ RI
D VHOI PL[LQJ LQWHUIHURPHWULF VHQVRU V\VWHP FDQ EH GRXEOHG GXH
WR PLVDOLJQPHQW RI WKH H[WHUQDO UHIOHFWRU 7KH GRXEOH IUHTXHQF\
IULQJHY DUH OHVV VHQVLWLYH WR WKH DOLJQPHQW RI WKH UHIOHFWRU WKDQ WKH
QRUPDO IULQJHYVY DQG RIIHU D SRWHQWLDO LQFUHDVH LQ WKH UHVROXWLRQ RI
D VHQVLQJ V\VWHP RI D IDFWRU RI WZR

IR ILuw

, QWURGXFWLRQ yLa o, 6FKHPDWLF UHSUHVHQWDWLRQ RI D ODVHU GLRGH VHOI PL[LQJ LQW

16,1* VIVWHPV EDVHG RQ VHOI PL[LQJ" LQWHUIHUHQFH LQ
DVHU GLRGHV KDYH EHHQ RI LQWHUHVW GXH WR WKH VLPSOH

FRPSDFW DQG LQH[SHQVLYH QDWXUH 8'%3%\'/:% Yévvl‘_’)'é%v RHAH IURQW IDFHWV ZLWK UHV:
WKH PDMRU FRPSRQHQWYV DUH D ODVHy,, H—ﬁ:‘\;/\)iRSDFVd-HHEEE’»% DQG UB! 7KH ODVHU R
RSWLFV DQG RQH RI D UDQJH RI SRVVEEMAJHO; (g EDEN LQWR WKH 0D
FRPHU FXEH GLIIUDFWLRQ JUDWLQJ >QNyry@ o E(FEF\/(\%WL'J_'IP% i \)\/HUQDO FDYLW\ ZLWK F
RQ FKDQJHV LQ WKH ODVHU RXWSXW LQWHQVYLWe EGXWREHEY & YRQ FRHIILFLHQW IRU
RI SKDVH SURGXFHG EHWZHHQ WKH ODYHYLGERGRR DO #9§8WV'LW+?HDQLUURU UHIOHFWLY LW\
H[WHUQDO UHIOHFWRU UDQJH 'LQGLQJO\’&\’/WF‘T‘\ZVD(E(EY R?UH SXRSPN NS sHUIHFW FRXxsOLQJ

LQ ZKLFK WKH H[WHUQDO FDYLW\ SKDVH RV F [P(E KB PRESOPIFCs oHoV DOG EHWZANO
WKH ODVHU GLRGH GULYH FXUUHQW DQG | WIKEY, EKEQILR & WEHLOBYLRY Bhuwxun poe wkH b
TXHQF\ > > @ DQG GLVSODFHPHQW VHfuy Vdﬁ:fhw EHES axErd\ ko urmepEws EV DQ

LQ ZKLFK WKH SKDVH FKDQJH LV GXH WHH WLYGA_ %%%FLV\P%% HJ& MLL\QLM/\ U DQG

H[WHUQDO UHIOHFWRU > @ > @ D WKH URXQG WULS SKDVH LQ WKH H[WHUQDO FDY
7KH HIIHFWV RI PLVDOLIQPHQW RI wWRE CHWHD IFE WV L=w g 5Py

SUHYLRXVO\ EHHQ GHVFULEHG IRU H[WHUQDO FDYLW\ VHPLFRQGXFWRU
ODVHUV ZKLFK RSHUDWH LQ D KLJK IHHGEDFN UHJLPH > @ +RZHYHU

WKH UHVXOWV RI WKHVH VWXGLHV DUH QRW DS$OLFDEQHHMR WKH ZHWN

IHHGEDFN UHJLRQ LQ ZKLFK VHOI PL[LQJ LQWHUIHUHQFH V\VWHPV

RSHUDWH 7KLV SDSHU SUHVHQWY WKH UHVXOWV RI H[SHULPHQWYV ZLWK

ZHDN IHHGEDFN V\VWHPV GHPRQVWUDWKHPHM W KH | @PW ¥ VR RGMG R WoIDEI TXHQFY U LV WKH U
UHIOHFWRU PLVDOLJQPHQW JLYHV D VvLPYMKHyKHERDWI R DFP Ui Wd PRBw iRy D IHHGEDFN FR>
IRU WKH HITHFWV REVHUYHG DQG VKRZVCRRARWKHEAM HIIHFWV PD\ RIIHU

DGYDQWDJHV LQ GHVLJQLQJ VHOI PL[LQJ LQWHUIHUHQFH EDVHG VHQVRU

VAVWHPV W LO

,, DBAFNJURXIQHR U\ 0XOWLSOH UHIOHFWLRQV LQ WKH H[WHUQDO FDYLW\

7KH WKHRU\ Rl ZHDN RSWLFDO IHHGEWFN ‘bWB"bH %HE??SY;HVRkDWKH KLJK DWWHQXDWLRQ

EHHQ GHVFULEHG E\ YDULRXV DxwkRUWPYLW! EYRRYRHFLO VLWXDWLRQV. 7KH HII
VXPPDULJHG EHORZ oLy S, FDQ EH XVHG LQ WKH SKDVH DQG JDLQ

Y)LJ , VKRZV D VFKHPDWLF VHOI PL[L@QVH%V\H—FLWH WR RRPEKHBDOWH FKDQJIHV LQ WKH WKL
XVLQJ VXFK D ODVHU GLRGH VRXUFH Sd@lY*kD?/KHQRﬁ&’\}vEPBO'UHTXHQF‘ WKH WK
VHU GLRGH FDUULHU GHQVLW\ WKH FDYLW\ UHIUDF
0 DQXVEULSW UHFHLYHG 0D UHYLVHG s xIxXVw FRPSRXQG FDYLW\ URXQG WULS SKDVH DUH DOO FOR\
7KH DXWKRU DUF ZLWK WKH 0OHDVXUHPHQW DQG QVWUY\}{EQD‘]\NL\NC‘(#' b\NLU Hzi%]WK HQKDQFHPHQW IDFWRU D WR L
PHQW RI (OHFWULFDO (OHFWURQLF DQG ,QIRUPDWLRQ ( JLQH ULQJ & gvHuvL \
O PSSR LLH EDYLW\ "OHI'UDFWLYH LQGH[ OHDGV WR WKH IRO
SKEOLVKHU .WHP .GHQWLILHU 5 EHWZHHQ WKH VROLWDU\ ODVHU WKUHVKROG IUHTXEF

L0
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6ROLWDU\ ODYMHU SKDVH

)L 7KHRUHWLFDO YDULDWLRQ RI IUHTXHQF\ IRU D ODVHU GLRGH ZLWK IHHGEDFN
LVZLWK VROLWDU\ ODVHU IUHTXHQF\ IRU WKUHH YDOXHV RI IHHGEDFN FRXSOLQJ
FRHIILFLH@WWK H[WHUQDO FDYLW\ OHQJWK .. H[O PP JUHTXHQFLHV
H[SUHVVHG LQ WHUPV RI H[WHUQDO FDYLW\ SKDVH

ODVLQJ IUHTXHQF\ 2LWK IHHGEDFN
ww ¢ WKvUo> 0QvprwDOQ D @

ZKHWHLY WKH IHHGEDFN FRHIILFLHQW GHILQHG E\

& vLY7
¢
6ROXWLRQV WR IRU YXKDWLIHQ W KHHMAHQ FKRZ Q
LQ )LJ IRU YDU\LQJ OHYHOV RI IHHGEDFN )RU & ! WKHUH

DUH UHJLRQV LQ ZKLFK WKHUH H[LVW PXOWLSOH VROXWLRQV ZKLFK
UHSUHVHQW GLVFUHWH H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGHV ZKRVH
PHDQ IUHTXHQF\ VSDFLQJ LV

&
SLAFFP H[O E
RXWSXW LQWHQVLW\ $ RI D ODVHU G

)LJ 7KHRUHWLFDO YDULDWLR R
7KH PRGH KRSV EHWZHHQ WKH H[WHUHQPEQHFQW«V\L\WERQJ*%VR%\FAQVH Ro (L LQ UL GXH WR D YDUI
DW RSSRVLWH WXUQLQJ SRLQWV LQ FXUV¥HoooRAo )Ll onoeGWkSHhQ@ GL Qrb uRQILRQ LQ GULYH FXUUHQW IRU WKL
ZKHWKHU WKH IUHTXHQF\ LV LQFUHDVLQUY°RU'"GHFUIHDVLQUI B"®@ JLYLQJ
ULVH WR K\WVWHUHVLV DV VKRZQ E\ WKH GDVKHG OLQHV DQG DUURZV LQ

WKH ILIXUH 7KH IUHTXHQF\ VHSDUDWLR(: R (XS PRME PiE FRAQUPIS FoYLW) SKDVH FKDQJHYV
PRGH KRSV $ TA\VI LV D IXQFWLRQ RI Wi JHH GEP R ¥ WY MGV PR R xwsSXxw TUHTXHQF\
LV JLYHQ E\ YDULDWLRQV IRUP WKH EDVLV IRU VHOI PL[LQJ LQW
VHQVLQJ VIVWHPV WKH IULQJHV GXH WR FKDQJHV
FDYLW\ OHQJWK FDQ EH XVHG WR PHDVXUH GLVSODF}
7KH FKDQJH LQ RXWSXW LQWHQVLW\ZBXHDWR FRIYEIFAMNLRYDOURQWHUIHURPHWHU DQG WK
SRUWLRQDO WR WKH FKDQJH LQ WKUHVWRGS L@ LW@KHKIFWWHUQVEXP WR PRGXODWLRQ RI W
UHODWHG WR WKH FKDQJH LQ IUHTXHQEH XKH GL SR LIPVHDYW UIHH DDEXARFO RWH GLVWDQFH EHWZH
WKH YDULDWLRQ LQ WKH LQWHQVLW\ RWKWMSKYWHYQWEDWHLWFMRWH MXPSV
ZLOO RFFXU DW WKH VDPH WLPH DV WKHROMIXHQSL IRRSV JENWZHHQ )RU YDOXH
H[WHUQDO FDYLW\ PRGHYV DQG WKH VDPIg& KUV WUHHIV MWK BIQ! FAFRAL \VZ IVDKOH EM H[LVW UHJLRQV LQ
VHHQ 7KH UHVXOWLQJ YDULDWLRQ LQ FRXOWBXIO H QMRIOXWLRIQ UVWARK RZ @ KIHUH WKH ODVHU ZLO
)L D IRU WKH FDVH LQ ZKLFK WKH >H@VHYRQUDO FREVWDO SWDOBHYIHO RI IHHGEDFN WKLV JL
FKDQJLQJ GXH WR D FKDQJH LQ WKH H[®HRLQND QR DKW R SHODWKQDPQBQIH RI D VHOI PL[LQJ L
)L E IRU WKH FDVH LQ ZKLFK WKH ODHVQ\WL G LRGN VBHWRYH FXUUHQW LV

Uu $A \¥-& 2 DUH2+& Q
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2VFLOORVFRSH®@

YLy ([SHULPHQWDO DUUDQJHPHQW XVHG WR VWXG\ IHHGEDFN /', ODVHU
GLRGHV 3 , SKRWRGLRGHV [/, OHQVHV %6 FXEH EHDPVSOLWWHUV 0 O
SODQH PLUURUV 1° QHXWUDO GHQVLW\ ILOWHUV

39y ([ SHULP HQW 30 UDOQIJIHPHQW

7KH H[SHULPHQWDO DUUDQJHPHQW XVHG WR VWXG\ WKH HIIHFWV
RI IHHGEDFN RQ WKH IUHTXHQF\ DQG )SRZHUvRXWS%W: RuorBv OBV HlU rxwsxw LQwHQVLW\ RI D ODVHU G

GLRGH LV VKRZQ LQ )LJ 7KH IHHGEDFN STV WHP FR PSS UVA GUAR'K | REX00WHE 2LWK D WULDQIX0DU 2D
ODVHU GLRGH /* 6KDUS /7 0' WKH FROGLEDWELY BLEIRVERSH 170, 0000 oL T
REMHFWLYH /, 1$ WKH PLUURU 00 ZKLFK ZDV PRXQWHG

RQ D ORXGVSHDNHU FRQH LQ RUGHU WR SURYLGH PRGXODWLRQ RI

WKH H[WHUQDO FDYLW\ SKDVH DQG WKH HVEBe BRIYLWYALRWEVHY RI WKkH PRGXODWLR
ZKLFK zZDV XVHG WR FRQWURO WKH 1HHGFERRN J RXIQLHOWKHVEH W Kooy vWRUHG RVFLOOR:
7KH RXWSXW RI WKLV ODVHU ZDV VDPSQH ¢ B WHRHERREY AR RWYWHY W&H PRGH KRSV DQG W
DQG FKDQJHV LQ ZDYHOHQJIWK UHODWLYH B PHPWUR P BvKHI KR OBXHYW LQ WKH PRGXC
GLRGH /* ZHUH PHDVXUHG XVLQJ WKH GLFKWHOMRR kQMHUHYRP HWHYXHQF\ VHSDUDWLRQ ZzD\
FRPSULVLQJ WKH EHDPVSOLWWHU %6 yWKNHPLUUBYYHOLPRE0\RIRU WKH YDOXH RI

DQG WKH SKRWRGLRGH 3'

7KH YLVLELOLW\ SDWWHUQ SURGXFHG E\ WKH OLFKHOVRQ LQWHUIHU
RPHWHU ZLWK WZR ZDYHOHQJWKYV KDV D VLQXVRLGDO PRPSEWRKQ@MQW ZLWK

VKDUSO\ GHILQHG PLQLPD ZKRVH SRVLWLRQVERQ ERF RHRYXVHBRVFRSH WUDFHV HDFK RI
WR DQ DFFXUDF\ RI * ¢P LQ WKH PLUHRM FAYLYHBRDWERDKRI LowHOVLWY RXWSXW RI W
HQDEOHV UHODWLYH PHDVXUHPHQWYV Ry pERHERHEY Wk 1 BEFXHPW¥RY WiRow zDv PRGeXODWHG
ZLWKLQ L ° Qp ZDYH ZLWK D SHDN WR SHDN DPSOLWXGH RI P$ )LJ
7KH IHHGEDFN LQWR /* IURP 00 ZDV RBILPEIHRE\RIELBWIHQVLWY DV WKH OHQJIWK RI WKH F
WKH PLUURU SRVLWLRQ ZKLFK JDYH WKHcRBEWEHR EHHEWYRQI 4R viiQDO WR WKH ORXGVS
WKUHVKROG FXUUHQW 7KH LQWHQVLW)\ZRXWREXW Bb{' pRXOWVREYHWHVER WUDFH KDYLQJ EHHQ
RQ DQ RVFLOORVFRSH YLD WKH SKRWREHREHP PWRY K wH RRW BPFRRMRRH Lo )L UHVSHFW
WKH ODVHU DQG RVFLOORVFRSH WUDFHYq3HKHR B WM HINGH PREP EBRERE DM UHQFH Y
XVLQJ D GLILWDO VWRUDJH DGDSWRU gy PHRYXEHE JEWHZ P HOH@HEK E ZHUH D FKDQJIH I
WXQLQJ ZLWK UHVSHFW WR GULYH FXRPRIW ©¥xkQu K i HOAFIKEOWIRRW H U DIg® PD
,QWHUIHURPHWHU DQG PHDVXULQJ WK QOYRKWDWERMK VR P HKR WARE MWRGH DQIJXODU SRVLWLRQ R
RXWSXW ZLWK GULYH FXUUHQW DQ\ FKDAQJH W wRs ¥ DYd k@I WEWHRNQ @\ RXWSXW WUDFHV LQ
WKHQ EH LQIHUUHG IURP DVVRFLDWHG WK BRIt W [WH WKtio SKRWRBLBRYILWXGLQDO PRGHV R
RXWSXW 7KH PHDQ IUHTXHQF\ VHSDUDWLRQ RI WKHVH PRGHYV
9DOXHV RI WKH IHHGE® FAHWFHRHRBEWDH@MG &\ DQG 0+] IRU E DQG WKH UHVSHFWLYH )
PHDVXULQJ WKH K\VWHUHVLV VHSDUDWERRE R b MWJKHG PRIBIHHK RSV plgs WKH  7KH H[SHFWHG ORQ
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)Ly 2VFLOORVFRSH WUDFHV VKRZLQJ LQWHQVLW\ RXWSXW RI D ODVHU GLR
IHHGEDFN ZLWK GULYH FXUUHQW PRGXODWLRQ ORZHU WUDFH DQG VLP XOW
GXDO ZDYHOHQJWK O0LFKHOVRQ LQWHUIHURPHWHU RXWSXW XSSHU WUDFH + R
VFDOH PV GLY YHUWLFDO WUDFH PY GLY

&ROOLPDWLQJ
/HQV OLUURU

YLy 2VFLOORVFRSH UDFHV VKRzLQJ Rxwsxw LQWHQZIW rHT XD uWReBD XbDOI LQWHIHU PXOWLSOH RI WKH OD
IHHGEDFN Z LWK WK H H[WHUQDO FDYLW\ OHQJIWK PRGXWS{WLF‘D@J E)H)QXJ}WS‘({DN?KH HllHFWV UHSRUWHG LQ WKLV 5
PRXQWHG PLUURU D 1RUP DO LQWHQVLW\ PRGXODWLR\;}K\RUHTXH F\R E "RXEOH H GH W Rl WKH H WHU Do FDY[
LowHQvLw: rrRexobwLre tunTxrorl srutlrowoo veoowk R4 Qe WR EHLQGEHSIHQ Q [ Q
Po LY WKH VFDOH RI WKH ODVHU FDYLW\ OHQJWK DQG WR W
FKDQJHV LQ IUHTXHQF\ Rl WKH RUGHU RI WKH LQWULQ
PRGH VSDFLQJ IRU DQ H[WHUQDO FDYLWR@ILIXGIWRILO PRGHPVEDFLQJ
“ 0+] yLJ VKRZV WKH PHFKDQLVP SUHYLRXVO\ XVHG WR
7KHVH UHVXOWYV VKRZ WKDW WKH |UH MK E\ IRIF WY RIHYHR O HIOMARHD PILWDOLJQPHQW IRU H[WHU
VWHSV SURGXFHG LQ D VHOI PL[LQJ LE@EWE& G KFUIHRWF HO VVHWMP> R \DEMs ZKLFK LV FRQVLVWHQW
GRXEOH WKH YDOXH H[SHFWHG IRU FHUYDUGYHOHKHON FRI VHRGEBFND\ HPLWWHG RQ WKH F
LQWHQVLW\ DQG FHUWDLQ DOLJQPHQWW RR QK H: KI\QH WEB O UKHHOBHMNRRIU LYKBYUVDOLJQHG WKH L
HIIHFW KDV EHHQ REVHUYHG WR EH LQGMBHQBHUMWRUHWIKRHIHHWHE\QW&H ILUVW URXQG WULS
FDYLW\ OHQJWK RQ D VFDOH RI DERXWDYRRV\ ZLOO EH GLVSODFHG IURP WKH DFWXDO DSHU
)L VKRZV WZR RVFLOORVFRSH WUDFRHY QRIWRWG&HG EFHPMBmVERFN LQWR WKH FDYLW\ KRZ
RXVO\ RQH VKRZLQJ WKH LQWHQVLW\URX@SHKWH® | | WRM VOKH/ HODWVGHBR GBEFHW DQG PDNH D VHFR
IRU D FDVH ZKHUH WKH VWHS IUHTXHGHWHY QORX FON LWKHL QI [BKEMKHEDVH EHFDXVH WKH SRLC
YDOXH WKH RWKHU WKH RXWSXW IURP IWKHQO WK¢H ORIRIO L Q VHIWHH B R RMIWHWHEBROOLPDWLQJ OHQV
ZLWK WKH DGMXVWDEOH PLUURU SODFH@KFRORVYWWWRPDIJRLOUPXRILRFWKWHHO\ FRQMXJDWH SRLQ!'
GXDO ZDYHOHQJWK YLVLELOLW\ SDWWHKYQWHKH ¢ Q@ WHKHHWIREROB VEKBRIN RI WKH ODVHU DSHUW
VPDOO VWHSV LQ WKH YLVLELOLW\ SDWWHYRLERLRIFN & HRH DLSMK WKKUH VIMHBWHITHFWLYH OHQJW
LQ WKH LQWHQVLW\ RXWSXW LQGLFDWLEBYWKRW. WKHUHQLERXEGKBOBYGLYAWKNKH VSDFLQJ RI H
LQWULQVLF ODVHU GLRGH ORQJLWXGLQARQBRWRGWEH BXDRRIW W i HKDYMHR W

PRGXODWLRQ SHULRG 7KH LQWHQVLW\ Rl WKH EHDP ZLOO EH IXUWKHU DWW
WKH VHFRQG SDVV RI WKH H[WHUQDO FDYLW\ DQG V
9 LVFXVVLRQ REVHUYH VLPLODU IHHGEDFN HIIHFWV ZLWK D GRXEO

+LJKHU RUGHU HIIHFWV KDYH SUHYLAXQO0H Y VUHEBRE WYV HQXPWLRQ LQ WKH H[WHUQDO
VHOI PL[LQJ LQWHUIHUHQFH GLVSODFHPHEXWF HEH QRU QUKN\GWNEBOH @DVV FDVH 7KH ODVHU GLI
7KHVH HIIHFWV ZHUH VKRZQ WR EH GXHXWPRUWREH RREQHQI WK WOHKPGQXP R[LGH FRDWLQJ RQ V
WKH LQWULQVLF ODVHU GLRGH PRGHV ZDWKVRR HWHEOWMH ® ¢ Q WHQMLMYWUHIOHFWLRQ FRHIILF
ORQJLWXGLQDO PRGH SDWWHUQV PRYHTKUM ORW VY H QV R GHEOLMKL RQV RHRJ VDIQHS H[WUD ORVV FDXVH
ZHUH REVHUYHG RQO\ IRU FDVHV ZKH UM RMKRX H{ WHKIH BIOWHLNYQ WO PHQUWKWZLFH PHDQV WKDW
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ILOWHU ZLWK GHQVIRW\WKH VLQJOH SDWV:_ FDVHKHWKRXOK s ~0oc@Lcam+HU
EH UHSODFHG E\ D ILOWHU RlRGHwKHW@,RXEW”‘”“WWWW””"“W’”‘“““‘”“””
OLR QV_ 0 WF UTRKHR U\ $ s
SDVV FDVH LQ RUGHU WR PDLOWDLQ D VLPLSODU FRXSELRI HIILFLH QR
7KHVH SUHGLFWLRQV EDVHG RQ WKH FR.QG kAW ER QotRMY ER G ROGE OFWS DALY RR [UFFo Lo o€
WKH H[WHUQDO FDYLW\ DUH FRQILUPHG El\RWPQHWVFF[VSH”E'}"T}“P“FI WDQ UHVXOWY
+ 1L0DQ@BQ DPRWRAWLRQ FFQWH XHXH

JLYHQ LQ WKH SUHYLRXV VHFWLRQ WQLQJ TXDQWXRL)OHLDQG G LUMGEWY RYGHXT QDRVKLIRWD FWHU L
7KH GRXEOH IUHTXHQF\ VWHSV RU IULQJWMoRDA\n W KX Vubvde D ¥rR Y BH@ v ERQd XP QW R
E\ HQVXULQJ D KLJK OHYHO RI DWWHQXDWEeRR® LT WKHS H[D xlijQ:EO FDzYst\{l\n/p\ounesnr
+RZHYHU ZKHQ WKH VIVWHP LV VHW xS WR REWPLY VAHGEREN JURR ., o lnemmae cuv trsurvnr o
D VLQJOH SDVV Rl WKH H[WHUQDO FDYLWiWKHrkR%6SOLQJ HIILFLHQF\ LV
H[WUHPHO\ VHQVLWLYH WR WKH DOLJQPHQW RI WKH H[WHUQDO UHIOHFWRU
:LWK D FROOLPDWLQJ PLFURVFRSH REMHFWLYH OHQV RI 1%
DQ DQJXODU GLVSODFHPHQW RI| DSSUR[LPDWHO\ JUDG LQ WKH
GLUHFWLRQ SHUSHQGLFXODU WR WKH MXQFWLRQ SODQH ZLOO VKLIW WKH
GLIIUDFWLRQ SDWWHUQ RI WKH LPDJHG ODVHU DSHUWXUH VR WKDW WKH ILUVW
PLQLPXP RI WKDW SDWWHUQ LV DW WKH FHQWHU RI WKH ODVHU DSHUWXUH
LQVWHDG RI WKH FHQWUDO PD[LPXP +RZHYHU ZLWK WKH V\VWHP VHW
XS VR WKDW IHHGEDFN LV GXH WR D GRXEOH SDVV RI WKH FDYLW\ WKH
IHHGEDFN VWUHQJWK LV DOPRVW LQGHSHQGHQW RI WKH DOLJQPHQW RI
WKH UHIOHFWRU LW LV RQO\ QHFHVVDU\ WR HQVXUH WKDW WKH DOLJQPHQW
LV IDU HQRXJK DZD\ IURP WKH SHUSHQGLFXODU WKDW OLJKW IURP WKH
VLGH PRGHV RI WKH VLQJOH SDVV LPDJH GRHV QRW DIIHFW WKH V\VWHP

,Q DGGLWLRQ LI WKH IUHTXHQF\ RI IULQJHVY RU LQWHQVLW\ VWHSV LV
GRXEOHG WKHQ WKH SRWHQWLDO UHVROXWLRQ RI D VHOI PL[LQJ LQWHU
IHUHQFH EDVHG VHQVLQJ V\VWHP ZLOO EH GRXEOHG ZLWK RQH ILQJH
SURGXFHG IRU HYHU\ TXDUWHU ZDYHOHQJWK RI WDUJHW GLVSODFHPHQW
LQVWHDG RI RQH IULQJH SHU KDOI ZDYHOHQJWK LQ WKH VLQJOH SDVV
FDVH )RU D GLVSODFHPHQW VHQVRU EDVHG RQ IULQJH FRXQWLQJ WKH
IULQJH IUHTXHQF\ ZLOO EH RQH SHU TXDUWHU ZDYHOHQJWK LQVWHDG
Rl RQH SHU KDOI ZDYHOHQJWK JLYLQJ D UHVROXWLRQ RI 1P IRU
D ODVHU GLRGH ZDYHOHQWK RI QP

7TKXV IRU UHDVRQV RI HDVH RI DOLJQPHQW VWDELOLW\ DQG V\V
WHP SHUIRUPDQFH LW LV DGYDQWDJHRXV WR VHW XS VHOI PL[LQJ
LOQWHUIHUHQFH EDVHG VHQVLQJ V\VWHPV ZLWK WKH H[WHUQDO UHIOHFWRU
WLOWHG ZLWK UHVSHFW WR WKH EHDP QRUPDO E\ DQ DQJOH RI WKH
RUGHU R PUDG

5HIHUMHQEFHYV
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YRO ss $Ssu
>@ 6 'RQDWL * *LXOLDQL DQG 6 OHUOR 3/DVHU GLRGH IHHGEDFN LQWHUIHU
RPHWHU IRU PHDVXUHPHQW RI GLVSODFHP HQW(V( ZLWKRXW DP ELIXLW\
4XDQWXP (OHERQURQ SS -pQ
>@ ' 6 6HR - ' 3DUN - * O0OFOQFPF\ DQG 0 2VLQVNL 50XOWLSOH
IHHGEDFN HIIHFWV LQ DV\P P HWOLF WU@AaaUDXF RU DVFV
((( - 4XDQWXP (OWRWURQSS 1RY
>@ 5 I/DQJ DQG . .RED\DVKL S([WHUQDO RSWLFDO IHHGEDFN HIIHFWV RQ

VHPLFRQGXFWRU LQMHFWLRQ OQOHU $XDSHWWRHEOHFWURQ
YRO 4 ( ss obu



$SSOLHG 2SWLFV DQG 2SWRHOHFWUR

BURFHHGLQJV RI WKH $SSOLHG 2SWLFV 'LYLVLRQDO
, QVWLWXWH RI 3K\VLFV KHOG DW 5HDGLQJ 6 H.

(GLWHG E\ . 7 9 *UDWWDQ

, QVWLWXWH Rl 3K\VLFV 3XEOLVKLQJ
%ULVWRO DQG 3KLODGHOSKLD



3DSHU SUHVHQWHG DW $SSO 2SW 'LY &RQI 5HDGLQJ 6HSWHPEHU
< ,23 3XEOLVKLQJ /WG

ORGXODWLRQ )UHTXHQF\ 'RXEOLQJ LQ 6HOI OL]
ZLWK /DVHU 'LRGHYV

5 & $GG\ $ 3DOPHU .7 9 *UDWWDAQ

&HQWUH IRU OHDVXUHPHQW DQG ,QVWUXPHQWDWLRQ
'"HSDUWPHQW RI (OHFWULFDO (OHFWURQLF DQG ,QIRUPDWLRQ (QJLQ
&LW\ 8QLYHUVLW\

1RUWKDPSWRQ 6TXDUH

/IRQGRQ

(& 9 +%

$EVWUDFW 6HOI PL[LQJ LQWHUIHUHQFH LQ ODVHU GLRGHV KDV EHt
EDVLV RI D VLPSOH DQG LQH[SHQVLYH DOWHUQDWLYH WR FRQYHQW
VHQVLQJ V\VWHPV 1RUPDOO\ WKH SHUIRUPDQFH RI D VHOI PL[LQJ L
VI\IVWHP GHSHQGYVY FULWLFDOO\ RQ WKH DOLJQPHQW RI WKH H[WHUQDC
VKRZV WKDW WKH VHQVLWLYLW\ WR DOLJQPHQW PD\ EH UHGXFHG E\
RI wLOW WR WKH H[WHUQDO UHIOHFWRU DQG WKDW DW WKH VDPH WLP
IUHTXHQF\ DQG WKXV WKH SRWHQWLDO UHVROXWLRQ RI DQ\ VHOI I
VIVWHP PD\ EH GRXEOHG

,QWURGXFWLRQ

6HOI PL[LQJ LQWHUIHUHQFH LQ ODVHU GLRGHV RFFXUV ZKHQ OLJKW LV UHI
WDUJHW DQG UHHQWHUV WKH ODVHU FDYLW\ 7KLV IHG EDFN OLJKW LQWURG X
URXQG WQS SKDVH IRU WKH ODVHU ZKLFK UHVXOWY LQ D FKDQJH LQ WKH ODV
FKDQJH LQ WKH RXWSXW LQWHQVLW\ ZKLFK YDULHY SHULRGLFDOO\ ZLWK WKH
WKH H[WHUQDO FDYLW\ LQ D VLPLODU ZD\ WR WKH RXWSXW RI D FRQ
LQWHUIHURPHWHU 7KXV D VLPSOH LQH[SHQVLYH LQWHUIHURPHWULF VH
FRQVWUXFWHG EDVHG RQ MXVW D ODVHU GLRGH D FROOLPDWLQJ OHQV DQG
VHQVRUV KDYH EHHQ GLVFXVVHG LQ ZKLFK WKH H[WHUQDO FDYLW\ SKDVH
PRYHPHQW RI WKH H[WHUQDO UHIOHFWRU > @ DQG UDQJH ILQGLQJ VHQVRU
ZKLFK WKH SKDVH LV YDULHG E\ FKDQJLQJ WKH ODVHU GULYH FXUUHQW DQC
ODVHU IUHTXHQF\ > @

7KH RXWSXW RI D ODVHU GLRGH ZLWK IHHGEDFN LV FULWLFDOO\ GHSHC
FRXSOLQJ VWUHQJIJWK ZKLFK LV GHSHQGHQW RQ WKH DOLJQPHQW RI WKH H[W
VKRZV KRZ WKH VHQVLWLYH RI Q V PLILQJ LQWHUIHUHQFH + HG VYVWHTF
DOLJQPHQW FDQ EH UHGXFHG E\ GHOLEHUDWHO\ WLOWLQJ WKH PLUURU ZLWK
WKLV DOVR UHVXOWY LQ D GRXEOLQJ RI WKH IUHTXHQF\ RI WKH ODVHU LQ\
FRQVHTXHQW GRXEOLQJ LQ WKH SRWHQWLDO UHVROXWLRQ RI D VHQVLQJ V\VW



%DFNJURXQG 7KHRU\

7KH WKHRU\ RI WKH EHKDYLRXU RI ODVHU GLRGHYVY ZLWK ZHDN RSWLFDO IHHG
E\ YDULRXVY DXWKRUV > @ DQG LV VXPPDUL]J]HG KHUH )RU D VI\VWHP FRQVLVWI
D FDYLW\ RI RSWLFDO OHQJWK / DQG D IURQW IDFHW DPSOLWXGH UHIOHFWI
UHIOHFWRU DW D GLVWDQFH /& W IURP WKH ODVHU ZLWK DQG DPSOLWXGH UHI

FRXSOLQJ FRAMLWFGHQMWQ HG E\

ZLWK D IHHGEDFN FRHIILFLHQW & GHILQHG E\

F AD97 D7
$

ZKHUH D LV WKH OLQHZLGWK HQKDQFHPHQW IDFWRU

%\ FRQVLGHULQJ WKH LQWHUUHODWHG HIIHFWV RI IHHGEDFN RQ WKH WK
IUHTXHQF\ WKH FRPSRXQG FDYLW\ URXQG WULS SKDVH DQG WKH FDYLW\
IROORZLQJ UHODWLRQVKLS EHWZHHQ WKH VROLWDU\ ODVHU WKUHVKROG IUH

ODVLQJ IUHTXHQF\ Y LV REWDLQHG

uu v Y O U &VLQ> WY] DUFWDQ FF @ A

ZKHUM LV WKH URXQG WULS WLPH IRU OLJKW DLQVWWKHHDWEBHRD®WRDYLW\ DQ
HQKDQFHPHQW IDFWRU

BROXWLRQV WR HTXDWLRQ IRU WKH ODVLQJ IUHTXHQF\ Y KDYH WKH
YRU &! WKHUH DUH UHJLRQV LQ ZKLFK WKHUH DUH PXOWLSOH VROXWLRQV
ZKLFK UHSUHVHQWY D GLVFUHWH H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGEF
VHSDUDWLRQ RI WKHVH PRGHV S$Y[FP LV

$Y

[FP

7KH PRGH KRSV EHWZHHQ WKH H[WHUQDO FDYLW\ PRGHV RFFXU DW RSS
LQ FXUYH RI )LJ GHSHQGLQJ RQ ZKHWKHU WKH ITUHTXHQF\ LV LQFUHDVL:
JLYLQJ ULVH WR K\WWHUHVLYV DV VKRZQ E\ WKH GDVKHG OLQHV LQ WKH
FRHIILFLHQW & FDQ EH GHWHUPLQHG IURP D PHDVXUHPHQW RI WKH IUHTXH!
XSZDUG DQG GRZQZDUG PRGH KRSV $YK\V XVLQJ WKH IROORZLQJ UHODWLRQ

12
DUFWDIQ 9

7KH YDULDWLRQ RI WKH RXWSXW LQWHQVLW\ GXH WR IHHGEDFN LV SURSI
WKUHVKROG JDLQ $J ZKLFK LV JLYHQ E\

$J 2 FRVWFY]

)L



)LJ 7KHRUHWLFDO YDULDWLRQ RI IUHTXHQF\ IRU D ODVHU GLRGH
ZLWK VROLWDU\ ODVHU IUHTXHQF\ YA IRU WKUHH YDOXHV RI IHHGED
LM ZLWK H[WHUQDO FDYLW\ OHQJWK /M QLP )UHTXHQFLHV H[SU}
H[WHUQDO FDYLW\ SKDVH

7KH LPSRUWDQW IHDWXUHYVY RI WKH LQWHQVLW\ YDULDWLRQ DUH WKDW W
DV IRU WKH ITIUHTXHQF\ YDULDWLRQ DQG WKDW GLVFUHWH MXPSV LQ LQWHQVL
WKH LQRGH KRSV LQ WKH IUHTXHQF\ YDULDWLRQ

(ISHULPHQW

7KH H[SHULPHQWDO DUUDQJHPHQW XVHG WR VWXG\ WKH HIIHFWV RI IHHGED
SRZHU RXWSXW RI D ODVHU GLRGH LV VKRZQ LQ )LJ 7KH IHHGEDFN V\VWH
GLRGH I’ 6KDUS /7 0" WKH FROOLPDWLQJ PLFURWBFRISH REMHFWLYH /,
PLUURU 00O ZKLFK ZDV PRXQWHG RQ D ORXGVSHDNHU FRQH LQ RUGHU WR S
WKH H[WHUQDO FDYLW\ SKDVH DQG WKH QHXWUDO GHQVLW\ ILOWHU 1° ZKL
IHHGEDFN FRXSOLQJ VWUHQJWK 7KH RXWSXW RI WKLV ODVHU ZDV VDPSOHG
DQG FKDQJHV LQ ZDYHOHQJWK UHODWLYH WR WKDW RI D UHIHUHQFH ODVHU
XVLQJ WKH OLFKHOVRQ LQWHUIHURPHWHU FRPSULVLQO WKHGEHDPVSOLWWHU
0 DQG WKH SKRWRGLRGH

7KH YLVLELOLW\ SDWWHURQ SURGXFHG E\ WKH OLFKHOVRQ LQWHUIH
ZDYHOHQJWKYVY KDV D VLQXVRLGDO FRPSRQHQW ZLWK VKDUSO\ GHILQHG PLQlL
EH PHDVXUHG WR DQ DFFXUDF\ RI *“ _LP LQ WKH PLUURU SRVLWLRQ ZKL

PHDVXUHPHQWY RI ZDYHOHQJWK DFFXUDWH WR ZLWKLQ “ [O 7 QP



)L ([SHULPHQWDO DUUDQJHPHQW X\DH/GI W8 L\REBX®\ IHHGEDFN

3' SKRWRGLRGHV /O OHQVHV %6 FXEH EHDPVSOLWWHUV
00 SODQH PLUURUV 1' QHXWUDO GHQVLW\ ILOOHUV
7KH IHHGEDFN LQWR /' IURP 0O ZDV PD[LPL]HG E\ ILQGLQJ WKH PLUU

ZKLFK JDYH WKH PD[LPXP UHGXFWLRQ LQ WKUHVKROG FXUUHQW 7KH LQWHQ\
REVHUYHG RQ DQ RVFLOORVFRSH YLD WKH SKRWRGLRGH DW WKH UHDU IDFHW |
WUDFHYVY ZHUH GLJLWL]J]HG DQG VWRUHG XVLQJ D GLJLWDO VWRUDJH DGDS)
ZDYHOHQJWK WXQLQJ ZLWK UHVSHFW WR GULYH FXUUHQW XVLQJ WKH OLFKH
PHDVXULQJ WKH YDULDWLRQ RI SKRWRGLRGH RXWSXW ZLWK GULYH FXUUHQW
FRXOG WKHQ EH LQIHUUHG IURP DVVRFLDWHG FKDQJHV LQ WKH SKRWRGLRGH K

9DOXHV RI WKH IHHGEDFN FRHIILFLHQW & ZHUH REWDLQHG E\ PHDVXU
VHSDUDWLRQ RI WKH PRGH KRSV LQ WKH XSZDUG DQG GRZQZDUG KDOYHV RI
7KLV ZDV GRQH XVLQJ WKH GLJLWDOO\ VWRUHG RVFLOORVFRSH WUDFHV LGHC
PRGH KRSV DQG WKHQ ILQGLQJ WKHLU GLVWDQFH IURP WKH WXUQLQJ SRLQW
7KH PHDVXUHG K\WWHUHVLV JTUHTXHQF\ VHSDUDWLRQ ZDV WKHQ XVHG WR
QXPHULFDOO\ IRU WKH YDOXH RI &

5HVXOWYV

)LJ VKRZV WZR RVFLOORVFRSH WUDFHV UHSUHVHQWLQJ WKH RXWSXW RI1 D
DQG ZLWK WKH GULYH FXUUHQW PRGXODWHG EY D WQDQJOH ZDYH RI DSSURJI
(DFK WUDFH VKRZV WKH GLVFRQWLQXLWLHY LQ LQWHQVLW\ DVVRFLDWHX ZLWI
KRSV 7KH H[WHUQDO FDYLW\ OHQJWK ZDV OPP IRU HDFK WUDFH WKH RC
H[SHULPHQWDO VHW XS zZDV D FKDQJH LQ WKH YDOXH RI WKH QHXWUDO GHQ"
DQG D VPDOO DGMXVWPHQW WR WKH DQJXODU SRVLWLRQ RI WKH PLUURU
7KH PHDQ IUHTXHQF\ VHSDUDWLRQ RI WKH PRGH KRSV ZDV 0+] IRU D
IRU E DQG WKH PHDVXUHG YDOXHV RI IHHGEDFN FRHIILFLHQW & ZHUH UHVE



D E
)LJ 2VFLOORVFRSH WUDFHV VKRZLQJ RXWSXW LQWHQVLW\ RI D ODVHU
FXUUHQW PRGXODWHG ZLWK D WULDQJXODU ZDYHIRUP +RULJRQWDO VFDC

7KH FDOFXODWHG H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGH VSDFLQJ IRU
RI PP LV 0+] :KHQ WKH H[WHUQDO FDYLW\ OHQJWK ZDV PRGXODWHG XV
PRXQWHG PLQRU WKH IUHTXHQF\ Rl WKH IULQJHYV ZDV DEOH WR EH YDULHG
WKH VDPH FRQGLWLRQV

7KH DSSHDUDQFH RI DQ LQWHQVLW\ PRGXODWLRQ ZLWK DSSUR[LPDWHO
IUHTXHQF\ ZDV IRXQG WR EH GHSHQGHQW RQO\ RQ WKH YDOXH RI WKH DW
H[WHUQDO FDYLW\ DQG WKH DQJXODU SRVLWLRQ RI WKH PLUURU DQG QRW RQ
WKH PLUURU

2EVHUYDWLRQV ZLWK WKH GXDO ZDYHOHQJWK OLFKHOVRQ LQWHUIHURP
ZDV QR VLJQLILFDQW YDULDWLRQ LQ ODVLQJ IUHTXHQF\ RFFXUULQJ ZKLOH
LQWHQVLW\ PRGXODWLRQ ZDV WDNLQJ SODFH

'LVFXVVLRQ

+LJKHU RUGHU HIIHFWV LQ WKH LQWHQVLW\ PRGXODWLRQ SDWWHUQ RI D ODV
SUHYLRXVO\ UHSRUWHG > @ DQG ZHUH VKRZQ WR EH GXH WR PRGH KRSSLQJ |
PRGHYVY RI WKH ODVHU GLRGH FDYLW\ DQG RFFXUUHG RQO\ ZKHQ WKH H[WHURQI
WR D KDOI LQWHJHU PXOWLSOH RI WKH GLRGH FDYLW\ OHQJWK 7KH HIIHFW)
VHFWLRQ DUH FOHDUO\ GLITHUHQW

&ROOLPDWLQJ
OLUURU

yLJ 3DWK WDNHQ E\ D VLQJOH UD\ LQ DQ H[WHUQDO FDYLW\
ZLWK D WLOWHG UHIOHFWRU



)LJ VKRZV WKH PHFKDQLVP SUHYLRXVO\ XVHG WR H[SODLQ WKH HII
PLVDOLJQPHQW LQ H[WHUQDO FDYLW\ VHPLFRQGXFWRU ODVHUV RSHUDWLQ
UHJLPH > @ :KHQ WKH UHIOHFWRU LV WLOWHG ZLWK UHVSHFW WR WKH EHEL
DSHUWXUH IRUPHG E\ WKH ILUVW URXQG WULS RI WKH H[WHUQDO FDYLW\ LV
DSHUWXUH 7KLV LPDJH PD\ WKHQ EH UHIOHFWHG IURP WKH ODVHU IDFHW DQC
WKH H[WHUQDO FDYLW\ %YHFDXVH WKH DSHUWXUH DQG LWV ILUVW LPDJH D
RSWLFDO VV\VWHP WKH VHFRQG LPDJH ZLOO FRLQFLGH ZLWK WKH DFWXDO D
DQJOH RI HIWHUQDO UHIOHFWRU 7KH HIIHFW RI OLJKW PDNLQJ D GRXEOH SD
HITHFWLYHO\ WR GRXEOH WKH OHQJWK RI WKH H[WHUQDO FDYLW\

7KH DWWHQXDWLRQ RQ UHIOHFWLRQ IURP WKH ODVHU IDFHW DQG DW R\
SbDVV Rl WKH H[WHUQDO FDYLW\ H[SODLQ WKH UHGXFWLRQ LQ WKH YDOXH
UHTXLUHG LQ RUGHU WR REVHUYH WKH GRXEOH IUHTXHQF\ PRGXODWLRQ

7KXV LW PD\ EH DGYDQWDJHRXV WR VHW XS D VHOI PL[LQJ LQWHUIHUHQ
WKH UHIOHFWRU WLOWHG VR WKDW WKHUH LV QR IHHGEDFN IURP WKH ILUVYV
XVLQJ WKH IHHGEDFN IURP WKH VHFRQG SDVV UHGXFHV WKH VHQVLWLYLW\
DQG WKH GRXEOHG IUHTXHQF\ RI E LQ WHQVLW\ PRGXODWLRQ WKXV REWDLQ
SRWHQWLDO UHVROXWLRQ RI WKH V\VWHP

5HIHUHQFHYV
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3R&((',1*6

63,(2 7TKH ,QWHUQDWLRQD 6RFLHW\ IRU 2SWLFDO

I DVHU QWHUIHURPHWU\ 9,,,
$SSOLFDWLRQV

5\V]DUG BUVSXWQLHYYLF]
*RUGRQ 0 %URZQ
SHUQHU 3 2 -+SWQHU
&KDLUV (GLWRUV

$XIXVW
'"HQYHU &RORUDGR

6SRQVRUHG
63,(27KH ,QWHUQDWLRQDO 6RFLHW\ WRU 2SWLFDO (QJLQHHULQJ

&RVSRQVRUHG E\
6(026RFLHW\ IRU ([SHULPHQWDO OHFKDQLFV

3XEOLVKHG E\
63,(27KH ,QWHUQDWLRQDO 6RFLHW\ IRU 2SWLFDO (QJLQHHULQJ

9RO XPH

3,( LV DQ LQWHUQDWLRQDO WHFKQLFDO VRFLHW\ GHGLFDWHG WR DGYDQFLQJ HQJLQHHUL
RI RSWLFDO SKRWRQLF LPDJLQ)J HOHFWURQLF DQG RSWRHOHFWURQLF WHFKQ



$VSHFWV RI WKH XVH Rl VHOI PL[LQJ LQWHUIHUHQFH LQ ODVHU G
5 & $GG\ $ : 3DOPHU .7 9 *UDWWDQ

'"HSDUWPHQW RI (OHFWULFDO (OHFWURQLF DQG ,QIRUPDWL
&LW\ 8QLYHUVLW\ 1RUWKDPSWRQ 6TXDUH
/IRQGRQ (& ,9 2+% 8.

$%675%$&7

6HOI PL[LQJ LQWHUIHUHQFH LQ ODVHU GLRGHV RFFXUV ZKHQ OLJKW
ODVHU FDYLW\ $ GLVSODFHPHQW VHQVRU EDVHG RQ WKLV HIITHFW LV DW\
RSWLFDO FRPSRQHQWYV DUH WKH ODVHU GLRGH FROOLPDWLQJ RSWLFV
SODFHG RQ VXFK D V\VWHP E\ WKH HIIHFWV Rl WKHUPDO DQG PHFKDQLFDO
ODVHU GLRGH EDVHG tQLHLWHLRPHWDF VHQVH LV OLPLWHG E\ WKH VH
IOXFWXDWLRQ ,W LV VKRZQ KHUH W KB \& (R SAOLYFHD®H QHMGE IVFN) ¥ D\ L ¥ H WKV HX
WKH SRWHQWLDO DFFXUDF\ E\ D IDFWRU RI WZR ,Q WKH FDVH RI PLVDOL
RXWSXW RI D ODVHU GLRGH ZLWK RSWLFDO IHHGEDFN LV QRUPDOO\ YHU
LQWURGXFHG GHOLEHUDWHO\ IHHGEDFN FDQ EH REWDLQHG IURP OLJKW P
D UHGXFWLRQ RI WKH VHQVLWLYLW\ WR DOLJQPHQW DQG DW WKH VDPH W

.H\ZRUGV ODVHU GLRGH RSWLFDO IHHGEDFN GLVSODFHPHQW VHQVLQJ
,1752'8&7,21

&RKHUHQW RSWLFDO IHHGEDFN IURP DQ H[WHUQDO UHIOHFWRU LQWF
FRQGLWLRQV IRU WKH ODVHU ZKLFK OHDGV WR FKDQJHV LQ WKH IUHTXI
DSSURSULDWH OHYHO RI IHHGEDFN WKHVH FKDQJHV YDU\ SHULRGLFDOO\
FDYLW\ DQG VR WKH RXWSXW RI WKH ODVHU FDQ EH PRGXODWHG LQ D V
LOWHUIHURPHWHU WKLV HIIHFW LV NQRZQ DV VHOI PL[LQJ LQWHUIHUHQF
DWWUDFWLYH LQ WHUPV RI FRVW VLPSOLFLW\ DQG EXON FRPSDUHG V
'LVSODFHPHQW VHQVRUV KDYH EHHQ GHVFULEHG LQ ZKLFK WKH H[WHUQD
RI D WDUJHW UHIOHFWRU DQG UDQJH ILQGLQJ VHQVRUV KDYH EHHQ Sl
PRGXODWLQJ WKH ODVHU GLRGH GULYH FXUUHQW DQG WKXV YDU\LQJ WKH

$00 ODVHU GLRGH EDVHG LQWHUIHURPHWULF VHQVRUV DUH OLPLW
IUHTXHQF\ RQ WHPSHUDWXUH 7KH VHQVLWLYLW\ RI IUHTXHQF\ WR WHPSH
DERXW *+1 . )RU D VHOI PL[LQJ LQWHUIHUHQFH EDVHG GLVSODFHPHQW
WHPSHUDWXUH VWDELOLW\ LQ RUGHU WR DFKLHYH VLQJOH IULQJH DFFXUL
WKHUPLVWRU DQG D 3BHOWLHU HOHPHQW FDQ DFKLHYH D WHPSHUDWXUH V
EHHQ XVHG WR VWDEK]H WKH IUHTXHQF\ RI ODVHU GLRGHV E\ H{IWHQGLQJ
ZLWKRXW DIIHFWLQJ WKH IUHTXHQF\ WXQLQJ SURSHUWLHV ZLWKLQ D ORQ
IHHGEDFN PD\ EH XVHG WR UHGXFH WKH VHQVLWLYLW\ RI WKH IUHTXHQF\ |

7KH EHKDYLRXU RI D ODVHU GLRGH ZLWK RSWLFDO IHHGEDFN GHSHQC
WKH VPDOO VL]H RI WKH RXWSXW DSHUWXUH RI D W\SLFDO ODVHU GLRGH
VHQVLWLYH WR WKH DOLJQPHQW RI GLH HIWHUQDO UHIOHFWRU LQ D V\V\
R1 DERXW PUDG ZLQ LQ "tt PLQLPXP LQ WKH GLIIUDFWLRQ OLPL
OLH FHQWUH RI GLH DSHUWXUH 7KLV SDSHU ZLOO VKRZ WKDW E\ GHOLEF
UHIOHFWRU GLH VHQVLWLYLW\ WR DOLJQPHQW RI GLH WDUJHW UHIOHFW
WQWHUOHUHQFH PRGXODWLRQ IUHTXHQF\ DQG KHQFH GLH SRWHQWLDO U
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)LJ 7TKHRUHWLFDO YDULDWLRQ RI IUHTXHQF\ IRU D ODVHU G|
VROLWDU\ ODVHU IUHTXHQF\ YA IRU WKUHH YDOXHV RI IHHGI

ZLWK H[WHUQDO FDYLW\ OHQJWK /M PP )JUHTXHQFLHV H[.
H[WHUQDO FDYLW\ SKDVH

(IWHUQDO FDYLW\ SKDVH B(IWHUQDO FDYLW\ SKDVH _!
D E

)LJ 7TKHRUHWLFDO YDULDWLRQ LQ RXWSXW LQWHQVLW\ $ RI
ZLWK H[WHQDO FDYLW\ SKDVH - Al UY[ GXH WR D YDULDWLRQ
DQG E YDULDWLRQ LQ GULYH FXUUHQW IRU WKUHH YDOXHV R

63,( 9R
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7KH DQDO\VLV RI WKH SUHYLRXYVY VHFWLRQ FDQ EH H[WHQGHG WR WK
VXUIDFHVY 7KLV VLWXDWLRQ PD\ DULVH GXH WR UHIOHFWLRQ IURP WKH
SDUWLDO UHIOHFWRU SODFHG LQ GLH H[WHUQDO FDYLW\ ,Q WKLV FDVH
IUHTXHQF\ ZLGL IHHGEDFN LV JLYHQ E\

& VLQ Uy L LM DUFWDQD 00

ZKHUH DQG & DUH WKH IHHGEDFN FRXSOLQJ DQG VWUHQJWK FRHIILFLH
VHFRQG UHIOHFWRU DQG [ LV WKH URXQG WULS WLPH EHWZHHQ WKH WZR

6ROLWDU\ ODv¢MU SKDVH

)LJ 7TKHRUHWLFDO YDULDWLRQ RI ITUHTXHQF\ Y IRU D ODVH
UHIOHFWRUV ZLWK YDULDWLRQ LQ VROLWDU\ ODVHU IUHTXHQF\
WHUPV RI ILUVW H[WHUQDO FDYLW\ SKDVH

)LJ VKRZV DQ H[DPSOH RI D YROXWLRQ WR HTXDWLRQ IRU D V!
DVFU GLRGH DQG WKH VHFRQG UHIOHFWRU PP IURP GLH ILUVW DQG UH
DQG % 7KH HIIHFW RI GLH ILUVW UHIOHFWRU LV WR JLYH DQ XQGHUO\L

UHJLRQV LQ ZKLFK WKH VHQVLGYLW\ WR RI WKH ODVHU IUHTXHQF\ WR H
UHGXFHG ZLWK UHVSHFW WR WKH VROLWDU\ ODVHU GLRGH

7KH DPRXQW RI WKLV UHGXFWLRQ DQG WKH XVHIXO UDQJH RYHU ZKL]I
WKH ODVHU RI WKH ILUVW UHIOHFWRU DQG WKH VWUHQJWK RI WKH IHHGE
RI WKH XQGHUO\LQJ FXUYH LQ )LJ LV & O KRZHYHU IRU &! GLHUH DL
ZLOO EH XQVWDEOH KRSSLQJ EHWZHHQ ORQJLWXGLQDO PRGHV FUHDWHC(
PXOWLSOH VROXWLRQV IRU DOO YDOXHV RI XA

63,( 9RO



7TKXV ZLLK D VKRUW |IL[HG H[WHUQDO FDYLW\ EHWZHHQ WKH ODVHU I
IHHGEDFN VWUHQJWK FRHIILFLHQW RI & O D UHGXFWLRQ LQ VHQVLWLY
DERXW WZR FDQ EH REWDLQHG

(;3(5,0(17%$/ $55$1*(0(17

7KH H[SHULPHQWDO DUUDQJHPHQW XVHG WR VWXG\ WKH HIIHFWV RI
ODVHU GLRGH LV VKRZQ LQ )LJ 7KH IHHGEDFN V\VWHP FRPSULVHG |
FROOLPDXQJ PLFURVFRSH REMHFWLYH /, 1$ WKH PLUURU 00 ZKLFK
SURYLGH PRGXODWLRQ RI GLH H[WHUQDO FDYLW\ SKDVH DQG GLH QHXW
IHHGEDFN FRXSOLQJ

)LJ (ISHULPHQWDO DUUDQJHPHQW XVHG WR VWXG\ IHHGED
GLRGHV 3'0 SKRWRGLRGHV / OHQVHV %6 FXEH EHDPVS
SODQH PLUURUV 1° QHXWUDO GHQVLW\ ILOWHUV

RXWSXW RI WKLY ODVHU ZDV VDPSOHG E\ WKH EHDPVSOLWWHU %6 DQG
ODVHU GLRGH /' ZHUH PHDVXUHG XVLQJ WKH OLFKHOVRQ LQWHUIHURPH
0 DQG 0 DQG WKH SKRWRGLRGH 3’

KH YLVLELOLW\ SDWWHUQ SURGXFHG E\ WKH OLFKHOVRQ LQWHUIH
FRPSRQHQW ZLWK VKDUSO\ GHILQHG PLQLPD ZKRVH SRVLWLRQV FDQ EH
SRVLWLRQ ZKLFK HQDEOHY UHODXYH PHDVXUHPHQWY RI ZDYHOHQJWK DF

7KH IHHGEDFN LQWR /' IURP 00 ZDV PD[LPL]JHG E\ ILQGLQJ WKH PLU
UHGXFXRQ LQ GLUHVKRLG FXUUHQW 7KH LQWHQVLW\ RXWSXW RI /' ZDV F
UHDU IDFHW RI WKH ODVHU DQG RVFLOORVFRSH WUDFHV ZHUH GLJLWL]HC
GLH ZDYHOHQJWK WXQLQJ ZLGL UHVSHFW WR GULYH FXUUHQW XVLQJ GLH
SKRWRGLRGH RXWSXW ZLWK GULYH FXUUHQW DQ\ FKDQJHV LQ ZDYHOHQJ
SKRWRGLRGH RXWSXW

63,( 9RO



9D-XHV Rl WKH IHHGEDFN FRHIILFLHQW & ZHUH REWDLQHG E\ PHDVX
LQ WKH XSZDUG DQG GRZQZDUG KDOYHV RI WKH PRGXODWLRQ SHULRG 7
WUDFHV LGHQWLI\LQJ WKH SRVLWLRQV RI WKH PRGH KRSV DQG WKHQ |
PRGXODWLRQ VLIQDO 7KH PHDVXUHG KV\WHUHVLV I[UHTXHQF\ VHSDUDWLI
WKH YDOXH RI &

5(68/76

)LJ VKRZV WZR RVFLOORVFRSH WUDFHV HDFK RI ZKLFK UHSUHVHQ
GLRGH ZLWOL IHHGEDFN DV WKH GULYH FXUUHQW ZDV PRGXODWHG ZLWK I
)LJ VKRZV WKH YDULDWLRQ RI LQWHQVLW\ DV WKH OHQJWK Rl WKH H[
UHFRUGHG XQGHU WLUH VDPH FRQGLWLRQV DV WKRVH LQ )LJ UHVSHFW]I
PP WKH GLIIHUHQFHVY LQWURGXFHG EHWZHHQ D DQG E ZHUH D FKDQJ

WR ' ! ORJ_7 ZKHUH 7 LV WKH LQWHQVLW\ WUDQVPLWWDQFH
DQJXODU SRVLWLRQ RI WKH PLQRU

7KH VWHSY LQ GLH LQWHQVLW\ RXWSXW WUDFHV LQ )LJ FRUUHVSR
ODVHU GLRGH 7KH PHDQ IUHTXHQF\ VHSDUDWLRQ RI WKHVH PRGHV ZD\
UHVSHHGYH YDOXHV RI & REWDLQHG ZHUH DQG 7KH H[SHFWHG OR!
OHQJGL “OPP LV “0+] )LJ VKRZV WUDFHV REWDLQHG ZLGL GLH VDP
EXW ZLWK GLH ODVHU GULYH FXUUHQW KHOG FRQVWDQW DQG GLH SRVL!
ORXGVSHDNHU FRQH RQ ZKLFK LW LV PRXQWHG

7TKHVH UHVXOWYV VKRZ GLDO WKH IUHTXHQF\ RI IULQJHV RU LQWHQV
VA\VWHP PD\ EH GRXEOH WKH YDOXH H[SHFWHG IRU FHUWDLQ OHYHOV RI IH
UHIOHFWRU 7KLV HIIHFW KDV EHHQ REVHUYHG WR EH LQGHSHQGHQW RI G
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)LJ 2VFLOORVFRSH WUDFHV V L K J RXWSXW LQWHQVLW\ RI D OO

PRGXODWHG ZLWK D WULDQJXODU ZDYHIRUP +RUL]JRQWDO VFDOH PV (
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yLJ 2VFLOORVFRSH WUDFHV VKRZLQJ RXWSXW LQWHQVLW\ RI D ODVHU GLRGH Z

OHQJWK PRGXODWHG XVLQJ D ORXGVSHDNHU PRXQWHG PLUURU +RUL]JRQWDO VFDOH

)LJ 2VFLOORVFRSH WUDFHV VKRZLQJ LQWHQVLW\ RXWSXW RI D ODVHU GLRGF
PRGXODWLRQ ORZHU WUDFH DQG VLPXOWDQHRXV GXDO ZDYHOHQJWK OLFKHOV
WUDFH +RULJRQWDO VFDOH PV GLY 9HUWLFDO WUDFH PY GLY

)LJ VKRZV WZR RVFLOORVFRSH WUDFHV UHFRUGHG VLPXOWDQHRXVO\ RQH VKF
GLRGH IRU D FDVH ZKHUH WKH VWHS IUHTXHQF\ LV GRXEOH WKH H[SHFWHG YDOXH W
LQWHUIHURPHWHU ZLWK WKH DGMXVWDEOH PLUURU SODFHG FORVH WR D PLQLPXP LQ
LPHUIHURJUDP VKRZV VPDOO VWHSV LQ WKH YLVLELOLW\ SDWWHUQ FRLQFLGHQW ZLWK
GLHUH LV QR FKDQJH LQ GLH LQWULQVLF ODVHU GLRGH ORQJLWXGLQDO PRGH WKURXJK

',6&866,21
7KH UHVXOWV UHSRUWHG LQ GLH SUHYLRXV VHFWLRQ VKRZ GLDW IRU FHUWDLQ
UHIOHFWRU DOLJQPHQW WKH VHLI PL[LQJ LQWHUIHUHQFH LQWHQVLW\ PRGXODWLRQ IUH"

HIITHFW OLDV EHHQ UHSRUWHG EHIRUH DQG ZDV VKRZQ WR EH GXH WR KRSSLQJ EHWZ
PRGHY DQG RFFXUUHG RQO\ ZKHQ OLUH H[WHUQDO FDYLW\ OHQJGL ZDV HTXDO WR D KD
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/HQV OLUURU
/IDVHU
'‘LRGH
yLJ 3DWK WDNHQ E\ D VLQJOH UD\ LQ DQ H[WHUQDO F

ZLWK D WLOWHG UHIOHFWRU

OHQJWK +RZHYHU WKH HIIHFW UHSRUWHG KHUH KDV EHHQ VKRZQ WR E
RI WKH OHQJWK RI WKH ODVHU FDYLW\ DQG WR WDNH SODFH ZLWKRXW |
GLRGH ORQJLWXGLQDO PRGH VSDFLQJ

7KH HIIHFWV RI UHIOHFWRU PLVDOLJQPHQW KDYH SUHYLRXVO\ EF
VHPLFRQGXFWRU ODVHUV ZKLFK RSHUDWH LQ D KLJK IHHGEDFN UHJLPH

QRW DSSOLFDEOH WR WKH ZHDN IHHGEDFN UHJLPH XVHG IRU VHQVLQJ [
HITHFWV FDQ EH XVHG WR H[SODLQ WKH PRGXODWLRQ IUHTXHQF\ GRXEOI
HPLWWHG RQ WKH RSWLF D[LV DQG UHIOHFWHG IURP D PLUURU WLOWHG
DSHUWXUH LV GLVSODFHG IURP WKH DFWXDO DSHUWXUH DQG WKH IHHG
UHIOHFWHG IURP WKH ODVHU IDFHW DQG EHFDXVH WKH DSHUWXUH DQG
LPDJH ZLOO EH IRUPHG FRLQFLGHQW ZLWK WKH ODVHU DSHUWXUH LUUH
GLH H[WHUQDO FDYLW\ DQG FRQVHTXHQWO\ WKH VHOI PL[LQJ LQWHUIHU}

7TKH LQWHQVLW\ RI WKH EHDP ZLO EH UHGXFHG E\ UHIOHFWLRQ IUR
GLH VHFRQG SDVV RI GLH H[WHUQDO FDYLW\ 7KH ODVHU GLRGH XVHG
ZDYHOHQJGL FRDWLQJ RQ WKH RXWSXW IDFHW ZLWK DQ HVWLPDWHG LC
WKH VDPH YDOXH
RI IHHGEDFN VWUHQJWK FRHIILFLHQW WKH YDOXH RI WKH QHXWUDO Gl
DSSUR[LPDWHO\ DV ZzDV REVHUYHG

7KH PRGXODWLRQ IUHTXHQF\ GRXEOLQJ HIIHFW PD\ GLXV EH DYRLG}
LQ GLH H[WHUQDO FDYLW\ +RZHYHU WKHUH DUH DGYDQWDJHV IRU VHOI
GLH DQJXODU SRVLWLRQ RI WKH H[WHUQDO UHIOHFWRU VR WKDW WKH V
FDYLW\ WKH LQGHSHQGHQFH RI WKH SRVXRQ RI WKH VHFRQG SDVV LPDJ
WR PHFKDQLFDO LQVWDELOLW\ DQG WKH GRXEOLQJ RI WKH PRGXODWLRC
GLVSODFHPHQW RU UDQJH ILQGLQJ VHQVRUV

$&.12:/('*0(176
7KH DXWKRUV DFNQRZOHGJH GLH VXSSRUW RI WKH (QJLQHHULQJ D

ZRUN 5&$ LV JUDWHIXO WR GLH :RUVKLSIXO &RPSDQ\ RI 6FLHQWLILF ,QV
DWWHQGDQFH DW GLLV FRQIHUHQFH

9 63,( 9RO
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Z0 :DQJ . 7 9 *UDWWDQ $ : 3DOPHU DQG : - 2 %R\OH 6HOI PL[LQJ
GLRGH ODVHU IRU RSWLFDOJ MW b QrHERSEROL FBWLRQV 6HSW

6 'RQDX * *LXOLDQL DQG 6 OHUOR /IDVHU GLRGH IHHGEDFN LQWHUI!
ZLWKRXW DPELIXkWAwxPr (ONROURQ SS -DQ

0 :DQJ . 7 9 *UDWWDQ $ : 3DOPHU DQG : - 2 %R\OH $FWLYH RS
FRQILJXUDERQ DSSOLHG WR GLVSODFHPHQWsRB$dDV2AUHPHQWSSZLWK D ZLGH
$sSuU

* %HKHLP DQG . JULWVFK 5DQJH ILQGLQJ %¥EQJ AMROXHQRSPRGXODWH

0D\

6 6KLQREDUD + <RVKLGD + ,NHGD ., 1LVKLGH DQG 0 6XPL &RPSD]|
ZLGH G\QDPLF UDQJH DQG7UW DRSS @ LEDRELRQ SS YHE

5 & $GG\ $ : 3DOPHU DQG . 7 9 *UDWWDQ :DYHOHQJWK VWDELOLVD
BHQVRUYV DQG WKHLU $S$o0LEDBXRIRXVWL SS ,QVWLWXWH RI 3K\VLFV 3>
3KLODGHOSKLD

3 6DXQGHUV DQG ' 0 .DQH $ GULYHU IRU VWsBIEO bF Il U HMMRIF\ RSHUDWL
SS

SHWHILDRDQ QG LRGH PRGXODWL&E&E DISQMHYRLVH.OXZHU $FDGHPLF 3XEOLVKHUV

IHWKHUODQGV

/ *ROGEHUJ + ) 7D\ORU $ 'DQGULGJH - ) :HOOHU DQG 5 2 O0OLOHV
ODVHUV ZLWK RSWLFDCQVMHBHGRERENYH 7 RMHR@\ O 7K SS $SU

6 6DLWR 2 1LOVVRQ DQG < <DPDPRWR 2VFLOODWLRQ FHQWHU IUHT
IUHTXHQF\ PRGXODWLRQ FKDUDFWHULVWLFV LQ,(H[WHIk@B®xY3UDPME®RIRQRDG|

YRO 4( SS -XQH

- .DWR 1 .LNXFKL , <DPDJXFKL DQG 6 2]RQR 2SWLFDO IHHGEDFN GL\
LWV LPSURYHBMQMW w ¥ROQRrO SS

"6 6HR -' 3DUN - * OFOQHPH\ DQG 0 2VLQVNL OXOWLSOH IHHGEDF
VHPLFRQGXFWRU @Do/dHtk¥ (oWRWurRQ SS 1RY

63,( 9RO
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5 & $GG\ $ 3DOPHU .7 9 *UDWWDRQ

"HSDUWPHQW RI (OHFWULFDO (OHFWURQLF DQG ,QIRUPDWLR
&LW\ 8QLYHUVLW\

1RUWKDPSWRQ 6TXDUH

/IRQGRQ 8.

(& 9 +%
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6HOI PL[LQJ LQWHUIHUHQFH LQ ODVHU GLRGHV RFFXUV ZKHQ OLJK
WDUJHW EDFN LQWR WKH ODVHU FDYLW\ 7KH FKDQJHV LQ WKH JDL(
UHVXOWLQJ FRPSRXQG FDYLW\ UHVXOW LQ FKDQJHV LQ WKH RSWLFDO
ODVHU RXWSXW 7KH ODVHU GLRGH RXWSXW PD\ WKXV EH PRGXODW
HIWHUQDO FDYLW\ WR JLYH D VLJQDO VLPLODU WR WKH RXWSXW
LQWHUIHURPHWHU 7KLV HQDEOHV WKH FRQVWUXFWLRQ RI VLPSOH L
VIVWHPYV WKH QHFHVVDU\ FRPSRQHQWY RI ZKLFK DUH MXVW WKH ODV|
WDUJHW UHIOHFWRU

6XFK D VIVWHP IRU GLVSODFHPHQW VHQVLQJ KDV EHHQ GHPRQVW
IRU ZKLFK D XVHIXO VLJQDO ZDV REWDLQHG RI RYHU OP +RZHYHU IR
WKH LQWHUIHURPHWHU RXWSXW KDV D KLJK VHQVLWLYLW\ WR ZDYHO
VHQVLWLYH WR WHPSHUDWXUH 7R DFKLHYH VLQJOH IULQJH DFFXUDF\
OP UHTXLUHVY D ZDYHOHQJWK VWDELOLW\ RI 6[0&+QP RU EHWWHU IRL
WR WHPSHUDWXUH RI DERXW QP . WKLV UHTXLUHV D WHPSHUDWX.
ZKHUHDV D W\SLFDO WHPSHUDWXUH FRQWUROOHU XVLQJ D WKHUPLVWI
D VWDELOLW\ RI DERXW . P.

2SWLFDO IHHGEDFN KDV SUHYLRXVO\ EHHQ XVHG IRU ZDYHOHQJWE
HIWHQGLQJ WKH UDQJH RI RSHUDWLRQ LQ D VLQJOH ORQJLWXGLQED
FRQWUROOLQJ WKH YDULDWLRQ ZLWK WHPSHUDWXUH RI WKH JDLQ VSH
ZDYHOHQJWK VHQVLWLYLW\ ZLWKLQ WKH ORQJLWXGLQDO PRGH 7KLV
XVLQJ WKH FKDQJHV LQ IUHTXHQF\ FDXVHG E\ H[WHUQDO IHHGED
VWDELOL]DWLRQ RI ODVHU GLRGHYV ZLWKLQ D ORQJLWXGLQDO PRGH
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JRU D V\VWHP FRQVLVWLQJ RI D ODVHU GLRGH ZLWK FDYLW\ OHQJV
DPSOLWXGH UHIOHFWLYLW\ uow DQG DQ H[WHUQDO UHIOHFWRU DW D GLV
/> ZLWK DQG DPSOLWXGH UHIOHFWLYLW\ U WKH RXWSXW IUHTXHQF\ IRL
IRXQG E\ UHSODFLQJ WKH IURQW IDFHW DPSOLWXGH UHIOHFWLRQ FRHIILFL
FRHIILFLHQW WDNLQJ LQWR DFFRXQW WKH DPSOLWXGH DQG SKDVH RI W
FDYLW\ IURP WKH H[WHUQDO UHIOHFWRU DQG WKHQ DSSO\LQJ WKH XV
FRQGLWLRQV 7KLV OHDGV WR WKH IROORZLQJ UHODWLRQVKLS EHWZHHQ

DQG WKH IUHTXHQF\ IRU WKH ODVHU ZLWK IHHGEDFN Y

uw Y Y ,L U _ &VLQSUFY7 DUFWDQ RF @ A

ZKHUH & LV WKH IHHGEDFN FRHIILFLHQW GHILQHG E\

& 2 A _u M2? O D

R UL

DQG D LV WKH OLQHZLGWK HQKD®@ANPWRMW URKWRBUWUQS WLPH IRU OLJKW
H[WHUQDO FDYLW\

6ROXWLRQV WR HTXDWLRQ DUH VKRZQ LQ )LJ IRU YDULRXV Y
FRHIILFLHQW & )RU &! WKHUH H[LVW UHJLRQV LQ ZKLFK WKHUH DUH P X
FRUUHVSRQG WR GLVFUHWH H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGHV ZLV
E\

$Y 2

)LJ 9DULDWLRQ RI ODVHU IUHTXHQF\ ZDOO IHHGEDFN IURP
UHIOHFWRU ZL8L VROLWDU\ ODVHU IUHTXHQF\ H[SUHVVHG LQ W
URXQG WULS SKDVH IRU YDULRXVY IHHGEDFN VWUHQJWKYV



7KH KRSV EHWZHHQ WKHVH PRGHV RFFXU DW RSSRVLWH WXUQLQJ
GHSHQGLQJ RQ ZKHWKHU WKH ITUHTXHQF\ LV LQFUHDVLQJ RU GHFUHDV]I
K\WVWHUHVLY LV GHSHQGHQW RQ WKH IHHGEDFN VWUFQJWOL DQG LV JLYH
IUHTXHQF\ E\

DUHOPQ M

7KH ZLGWK RI WKH UHJLRQ RI VWDEOH RSHUDWLRQ LQ ZKLFK WKHUH LV D
LV WKH GLITHUHQFH EHWZHHQ WKH H[WHUQDO FDYLW\ ORQJLWXGLQDO PR
IUHTXHQF\ VHSDUDWLRQ JLYHQ E\ HTXDWLRQ 7KH LQWHQVLW\ RXWS
UHODWHG WR WKH RSWLFDO IUHTXHQF\ DQG VR KRSSLQJ EHWZHHQ H[WHL
OHDGV WR GLVFRQWLQXLWLHYV LQ WKH LQWHQVLW\

7+(25< 2) :$9(/(1*7+ 67%$%,/,=$7,21 86,1* 237,&$/ )(('%$&.

JRU D VAVWHP FRQVLVWLQJ RI WKH ODVHU GLRGH ZLWK WZR H[WHUQD!
DQG /R IURP WKH ODVHU IURQW IDFHW DQG ZLWK DQ DPSOLWXGH UHIOHEF\
WKH RXWSXW IUHTXHQF\ IRU WKH ODVHU ZLWK IHHGEDFN LV JLYHQ E\

Q\ Y W2 & VLQ Z[ DUFWDQD & VLQ UYW DUFWDQD

ZKHUH & DQG & DUH IHHGEDFN FRHIILFLHQWY IRU WKH ILUWYWW DQG VHFRC

DQG [ DUH WKH URXQG WULS WLPHV IRU OLJKW LQ WKH ILUVW DQG VHFRQ
HTXDWLRQ DUH VKRZQ LQ )LJ IRU D VA\VWHP ZLWK / OP P / PP DQ
ZLWK PWHQVLW\ UHIOHFWLRQ FRHIILFLHQWYV 5> 5 [O 7 DQG 5

SURYLGHYV D ODUJH VFDOH PRGXODWLRQ RI WKH IUHTXHQF\ FKDUDFWHULYV
WR SURYLGH VWDELOL]DWLRQ ZKLOH WKH VHFRQG UHIOHFWRU VXSHULP ST
VLIQDO

7KH HIIHFWLYHQHVY RI WKH ILUVW UHIOHFWRU LQ VWDELOL]LQJ WKH |
GLRGH GHSHQGY RQ WKH GLVWDQFH WR WKH ILUVW UHIOHFWRU DQG WKH
7KH UHGXFWLRQ LQ ZDYHOHQJWK VHQVLWLYLW\ LV JLYHQ EH WKH JUDGLH.
FRPSRQHQW RI WKH FXUYH LQ )LJ DW WKH PLGSRLQW RI WKH IODW UHJL

GY
GY K& ©

DQG WKH ZLGWK RI WKH IUHTXHQF\ EDQG LQ ZKLFK WKH ODVHU ZLOO
ORQJLWXGLQDO PRGH RI WKH ILUVW H[WHUQDO FDYLW\ LV JLYHQ E\ HT XDV
RIl OR EH PDGH EHWZHHQ REWDLQLQJ D ODUJH UHGXFWLRQ LQ ZDYHOH(
ODUJH IHHGEDFN FRHIILFLHQW DQG D ODUJH UHJLRQ RI VWDEOH VLQJOH P
D ORZ YDOXH RI & DV ZHOO DV D VKRUW GLVWDQFH EHWZHHQ WKH ODVH!I
WKHUH DUH QR PXOWLSOH H[WHUQDO FDYLW\ PRGHV DQG WKH PD[LPXP
VHQVLWLYLW\ LV RI D IDFWRU RI $Q\V IXUWKHU UHGXFWLRQ LQ ZDYHC
H[SHQVH RI WKH ZLGWK RI WKH VLQJOH ORQJLWXGLQDO PRGH EDQG WK H
EH GHWHUPLQHG E\ WKH WHPSHUDWXUH VWDELOLW\ ZLWK ZKLFK WKH
H[DP SOH IRU D ODVHU GLRGH ZLWK WHPSHUDWXUH WXQLQJ FRHIILFLHQW



) 9DULDWLRQ RI ODVHU IUHTXHQF\ ZLWK IHHGEDFN IURP W
ZLWK VROLWDU\ ODVHU IUHTXHQF\ H[SUHVVHG LQ WHUPV RI UF
H[WHUQDO FDYLW\ IRU/ PP / PP 5 [O 5

*+] . DQG D ILUVW H[WHUQDO FDYLW\ RI P P LI WKH VLQJOH PRGH Ut
WKH H[WHUQDO ORQJLWXGLQDO PRGH VSDFLQJ WKH PD[LPXP WHPSHUDW
WKH ODVHU RSHUDWLQJ LQ WKH VLQJOH ORQJLWXGLQDO PRGH UHJLRQ
DFKLHYHG ZLWK PRVW WHPSHUDWXUH VWDELOL]J]HUV 7KH ZDYHOHQJWK \
WKH FDVH RI WKLY H[DPSOH ZRXOG EH RI DERXW D IDFWRU RIl IRXU
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([SHULPHQWY KDYH EHHQ SHUIRUPHG XVLQJ 6KDUS /7 0' VLQJOH
ZKLFK KDYH D QRPLQDO ZDYHOHQJWK R QP DQG KDYH D TXDUWHU ZD
FRDWLQJ RQ WKH IURQW IDFHW ZKLFK JLYHV DQ HVWLPDWHG LQWHQVLYV

7KH ODVHU GLRGH SDFNDJH KDV DQ LQWHJUDO PRQLWRU SKRWRG
ODVHU

7KH TUHTXHQF\ WXQLQJ FRHIILFLHQW ZLWK UHVSHFW WR GULYH FXUU
GLRGH XVLQJ D GXDO ZDYHOHQJWK OLFKHOVRQ LQWHUIHURPHWHU LQ
IUHTXHQF\ RI WKH ODVHU XQGHU WHVW ZHUH PHDVXUHG ZLWK UHVSHF)\
VLPLODU UHIHUHQFH ODVHU GLRGH 7KLV PHDVXUHPHQW DORQJ ZLWK D
WKH PRQLWRU SKRWR GLRGH RXWSXW ZLWK GULYH FXUUHQW DOORZYV
GHWHUPLQHG IURP YDULDWLRQV LQ WKH SKRWRGLRGH RXWSXW

7KH HIIHFWV RI IHHGEDFN RQ D ODVHU GLRGH KDYH EHHQ VWXGLHG
RXWSXwW RI WKH ODVHU DV WKH GULYH FXUUHQW ZDV PRGXODWHG ZLV
GLJLWDO VWRUDJH DGDSWRU ZDV XVHG WR UHFRUG RVFLOORVFRSH WUL
WKH H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGH VSDFLQJ DQG WKH K\VWH
PDGH LQ RUGHU WR PDNH D FRPSDULVRQ ZLWK WKH WKHRU\

7KH HIIHFWV RI IHHGEDFN ZLWK WZR VHULDO UHIOHFWRUV ZHUH RI
JUDWLQJ KRORJUDSKLF OLQHV PP IURP ZKLFK WKH I[ILUVW GLIIUI
VWUDLJKW EDFN WR WKH ODVHU DQG WKH JHUR RUGHU EHDP ZDV LQFLG



IUDFWLRQ RI OLJKW GLUHFWHG LQWR WKH ILUVW GLIITIUDFWHG RUGHLU
GHQVLW\ ILOWHUYVY ZHUH XVHG EHWZHHQ WKH ODVHU DQG WKH JUDWLQ
PLUURU WR FRQWURO WKH OHYHOV RI IHHGEDFN

(VWLPDWLRQ RI 3 HHGEDFN 6WUHQJWK

,Q DQ\ SUDFWLFDO LPSOHPHQWDWLRQ RI D IHHGEDFN EDVHG V\VWH
PDNH D UHDVRQDEOH HVWLPDWH RI WKH VWUHQJWK RI IHHGEDFN WKD
DEOH WR RSHUDWH ZLWKLQ WKH QDUURZ UDQJH RI XVHIXO IHHGEDFN \

7KH FRXSOLQJ IURP WKH ODVHU WR WKH FROOLPDWLQJ OHQV FDQ
ODVHU V EHDP DQJOHYVY DQG WKH QXPHULFDO DSHUWXUH RI WKH FROOLI
LQ HLWKHU GLUHFWLRQ LV JUHDWHU WKDQ WKH QXPHULFDO DSHUWXUH
WKH VL]H RI WKH IRFXVVHG VSRW RQ WKH ODVHU IURQW IDFHW ZLOO
GLPHQVLRQV RI WKH ODVHU DFWLYH UHJLRQ FDQ EH HVWLPDWHG DVV)
WKH EHDP DQJOHV DQG VR WKH FRXSOLQJ EHWZHHQ WKH UHIOHFWHG
FDOFXODWHG 2WKHU VRXUFHV RI ORVV DUH WKH UHIOHFWLYLW\ RI WHK
IURP WKH VXUIDFHV RI WKH OHQV

ODNLQJ WKHVH FDOFXODWLRQV IRU WKH V\VWHP XVHG KHUH JLYH)\
DSSUR[LPDWHO\ ,Q SUDFWLFH WKLV YDOXH LV DQ XSSHU OLPLW
DFFRXQW VXFK IDFWRUV DV WKH DOLJQPHQW DQG SRVLWLRQLQJ RI
PDWFKLQJ LW GRHV KRZHYHU SURYLGH D XVHIXO IRU HQVXULQJ WKTE
FRUUHFW IHHGEDFN UHJLPH DQG IRU RSWLPL]JLQJ WKH SRVLWLRQ DQG
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)LJ VKRZV D UHFRUGLQJ RI DQ RVFLOORVFRSH WUDFH RI WKH
ZLWK WKH ODVHU GULYH FXUUHQW PRGXODWHG ZLWK D WULDQJOH
DSSUR[LPDWHO\ P$ JHHGEDFN ZDV IURP D VLQJOH PLUURU DW D G

8Q]
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)LJ 2VFLOORVFRSH WUDFH VKRZLQJ PRUEW®RORVFRSH WUDFH VKR:
SKRWRGLRGH RXWSXW IURP ODVHLUKRWR GIHRHGHE IRRAW S XW TURP ODVHL
IURP D VLQJOH H[WHUQDO UHIOHFWRU WQR BE[WKUQDO UHIOHFWRL
PRGXODWHG GULYH FXUUHQW  +RRRERX@ODMNHG/ FOWHYH FXUUHQW  +R
PV GLY YHUWLFDO VFDOH O2P9 GLPV GLY YHUWLFDO VFDOH P9 GL



QHXWUDO GHQVLW\ ILOWHU RI GHQVLW\ LQ WKH FDYLW\ 7KH GLVFR(
EHWZHHQ H[WHUQDO FDYLW\ PRGHV DUF FOHDUO\ YLVLEOH 7KH H[WHU
ZDV IRXQG E\ PHDVXULQJ WKH PHDQ VHSDUDWLRQ RI WKH IODW UHJ
K\WWVWHUHVLY IUHTXHQF\ VHSDUDWLRQ ZDV IRXQG E\ PHDVXULQJ WKH ¢
GRZQZDUG PRGH KRSV UHODWLYH WR WKH WXUQLQJ SRLQW LQ WKH PR

HIWHUQDO ORQJLWXGLQDO PRGH VSDFLQJ ZDV 0+] ZKLFK LV LQ JRRG
SUHGLFWHG XVLQJ WKH FDYLW\ OHQJWK LQ HTXDWLRQ 7KH K\VWHU
PHDVXUHG WR EH 0+] ITURP ZKLFK WKH IHHGEDFN FRHIILFLHQW & ZLC

YDOXH RI & LPSOLHYVY DQ HIIHFWLYH H[WHUQDO FDYLW\ UHIOHFWLYLW\ 5
QHXWUDO GHQVLW\ ILOWHUV

)LJ VKRzZVY D WUDFH REWDLQHG ZLWK IHHGEDFN IURP WKH ILUV)
JUDWLQJ DQG IURP WKH J]HUR RUGHU UHIOHFWHG E\ D PLUURU 7KH G
JUDWLQJ ZDV PP DQG IURP WKH JUDWLQJ WR WKH PLUURU PP I
GHQVLW\ )LOWHUV RI GHQVLW\ EHWZHHQ WKH FROOLPDWLQJ OHQV D
WKH JUDWLQJ DQG WKH PLUURU CLWKRXW WKH IHHGEDFN IURP WKH P
ZDV IRXQG WR EH & 7KH PRGXODWLRQ LQ WKH LQWHQVLW\ GXH WR

VKRZQ VXSHULPSRVHG RQ WKH ODUJH VFDOH PRGXODWLRQ GXH WR W|
7KLV GHPRQVWUDWHYV WKH SRWHQWLDO IRU WKH XVH RI D GRXEOH
LQWHUIHUHQFH VV\VWHP IRU UHGXFLQJ WKH ZDYHOHQJWK VHQVLWLYLW\

FDYLW\ FRQILIXUDWLRQ ZKLOH VWLOO SURYLGLQJ D XVHIXO LQWHUIHU
IHHGEDFN FRHIILFLHQW ZDV PHDVXUHG ZLWK IHHGEDFN IURP WKH JUDW
& 7KLV LV UHODWLYHO\ KLJK DQG WKH GLVWDQFH IURP WKH ODVHU
ODUJH ZKLFK UHVXOWY LQ D QDUURZ VLQJOH IUHTXHQF\ UDQJH DQG RQC
WR WKH WDUJHW UHIOHFWRU ZLWKLQ HDFK PRGXODWLRQ SHULRG GXH W
LQGH[ URG OHQV IRU FROOLPDWLQJ FDQ UHGXFH WKH GLVWDQFH IURP
UHIOHFWRU WR DERXW PP DQG WKLV DORQJ ZLWK FRUUHFW FRQWURDO
HIWHQG WKH XVHIXO VLQJOH H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGH UL
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7KLV ZRUN LV VXSSRUWHG E\ WKH (QJLQHHULQJ DQG 3K\VLFDO 6FLH
$GG\ LV JUDWHIXO WR WKH (QJLQHHULQJ DQG 3K\VLFDO 6FLHQFHV 5HVH
&RPSDQ\ RI 6FLHQWLILF ,QVWUXPHQW ODNHUV DQG WKH ,QVWUXPHQ'
*URXS RI WKH ,QVWLWXWH RI 3K\VLFV IRU IXQGLQJ KLV DWWHQGDQFH D\

5()(5(1&(6

0 :DQJ $ : B3DOPHU DQG . 7 9 *UDWWDQ 6HOI PL[LQJ LQWHUIHUH
ODVHU IRU RSWLFDO VHQ-VUQJKDNSZSDOYLH 7'M EK QR O
6 'RQDWL * *LXOLDQL DQG 6 OHUOR /DVHU GLRGH IHHGEDFN LQW*F
PHDVXUHPHQW RI GLVSODFHPHQWY ZLWK(({D-Z4&B QXM K DH FUW QR @

3 6DXQGHUV DQG ' 0 .DQH $ GULYHU IRL VWDBHM RSMUDWLRQ RI OO
,QVWUXP

SHWFUPDQIU 'LRGH ORGXODWLROQOXZ®® SRDWGH PLF 3XEOLVKHUYV
"RUGUHFKW
6 6DLWR 2 1LOVVRQ DQG < <DPDPRWR 2VFLOODWLRQ FHQWHU IUH
QRLVH DQG GLUHFW IUHTXHQF\ PRGXODWLRQ FKDUDFWHULVWLFV LQ
VHPLFRQGXFWR(W(ODYKDQWXP (OHFWURQ



BHQVRUV DQG WKHLU $SSOLFDWLR(

URFHHGLQJY RI WKH VHYHQWK FRQIHUHQFH RQ
6HQVRUV DQG WKHLU $SSOLFDWLRQV
KHOG LQ 'XEOLQ ,UHODQG 6HSWHPEHU

(GLWHG E\

$ 7 $XIRXVWL
.LQJVWRQ 8QLYHUVLW\

,QVWLWXWH Rl 3K\VLFV 3XEOLVKLQ.
%YULVWRO DQG 3KLODGHOSKLD



:DYHOHQJIJWK 6WDELOLVDWLRQ RI /DVHU 'LRGHV 8VLQ
JHHGEDFN

5 & $GG\ $ : 3DOPHU .7 9 EUDWWDAQ

'HSDUWPHQW RI (OHFWULFDO (OHFWURQLF DQG ,QIRUPDWLRQ (QJLQHHULQJ &L
1IRUWKDPSWRQ 6TXDUH /RQGRQ (& 9 2+% 8.

$EVWUDR®HQiwKk vwDELOLW\ LV DQLHP SRWWR@WDID M¥RMUDF\ RI D ODVHU
GLRGH EDVHG LQWHUIHURPHWULF VHQVRU 7ZR DVSHFWV RI WKH XVH RI RSWLFD
VWDELOLVDWLRQ DUH GLVFXVVHG GLH XVH RI ZHDN IHHGEDFN IRU ORQJLWXGL
GLH XVH Rl VWURQJ IHHGEDFN WR UHGXFH GLH WHPSHUDWXUH GHSHQGHQFH R
ZDYHOHQJWK ([SHULPHQWDO UHVXOWY DUH SUHVHQWHG WR GHPRQVWUDWH WKH
YDOXH LQ RSWLFDO PHDVXUHPHQW WHFKQLTXHV

,QWURGXFWLRQ

7KH HIIHFWV RI VHOI PL[LQJ LQWHUIHUHQFH LQ ODVHU GLRGHYV KDYH UHFHQWO\ EHHC
DSSOLFDXRQV LQFOXGLQJ YHORFLPHWU\ DQG GLH PHDVXUHPHQW RI GLVSODFHPHQW >
RFFXUV ZKHQ OLJKW HPLWWHG E\ D ODVHU GLRGH LV UHIOHFWHG IURP DQ H[WHUQDO VXU
PLUURU D JUDWLQJ RU D VFDWWHULQJ VXUIDFH DQG UH HQWHUV GLH ODVHU FDYLW\ &F
GHQVLW\ DQG WKH LQMHFWHG FKDUJH FDUULHU GHQVLW\ UHVXOWYV LQ D PRGXODWLRQ RI
WKH GWUHVKROG JDLQ DQG WKH LQWHQVLW\ RI WKH ODVHU RXWSXW :LWK GLH FRUUHF
LQWHUIHUHQFH EDVHG V\VWHP SURGXFHV D PRGXODWHG RXWSXW ZLWK RQH IULQJH SHU ¢
GLH H[WHUQDO UHIOHFWRU VLPLODU WR GLH RXWSXW RI D FRQYHQWLRQDO LQWHU
LQWHUIHUHQFH EDVHG V\VWHPV KRZHYHU DUH RI SDUWLFXODU LQWHUHVW GXH WR WKH
GLH VL]H RI WKH HTXLSPHQW VLPSOLFLW\ DQG FRVW

%ULHI '"HVFULSWLRQ RI )HHGEDEFN

,Q RUGHU WR LOOXVWUDWH ERGW GLH HIIHFWV DQG GLH XVH RI VXFK D IHHGEDFN V\VW
RSWLFDO VA\WVWHP IRUPHG E\ D ODVHU GLRGH ZLWK DQ H[WHUQDO UHIOHFWRU 7KH ODVHU
IDFHWV ZLWK DPSOLWXGH UHIOHFWLRQ FRHIILFLHQWY U DQG U 7KH H[WHUQDO UHIOH
FRHIILFLHQW U DQG IRUPV DQ H[WHUQDO FDYLW\ RI OHQJWK /

7KH DPRXQW RI OLJKW UH HQWHULQJ GLH FDYLW\ LV FKDUDFWHULVHG E\ GLH FRXSOL

u , U U

7KH VOUHQJGW RI GLH IHHGEDFN LQ WHUPV RO LWV HIIHFWV GHSHQGV QRW RQOY RQ GLH
OHQJWK RI GLH H[WHUQDO FDYIM¢{F DBIGGAEDFN FRHWWLFLHQW & ZKHUH

& . RF / LOO

ZKHUH Q LV GLH ODVHU FDYLW\LVHGUB FVLQ' HZ L G &/H[ HDQRKGD QD HPHHIWAX U B FRVIR W KIHQ G
FRXSOLQJ EHWZHHQ GLH UHDO DQG LPDJLQDU\ SDUWV RI WKH UHIUDFWLYH LQGH[ >






6HFWLRQ ' 2SWLFDO 6HQVRUYV

PRGH LQ ZKLFK GLH ODVHU GLRGH RSpUDOHV ,I GLH YDULDWLRQ RI GLH 1
FROWUROOHG VR GLDW WKH JDLQ SHDN ZDYFOHQJGL KDV GLH VDPH WHPSHI
ZDYHOHQJGL WKHQ GLH ZDYHOHQJWK LQWHUYDO EHWZHHQ PRGH KRSV FDQ

:KLOVW GLLV WHFKQLTXH PD\ HOLPLQDWH SRWHQWLDO SUREOHPV FDX
GRHV QRW DIIHFW WKH WHPSHUDWXUH VHQVLWLYLW\ RI WKH ZDYFOHQJGL Zl
LQ LWV DSSOLFDELOLW\

6WURQJ )HHGEDFN

YRU YHU\ KLJK DFFXUDF\ DSSOLFDWLRQV RU IRU WKH XVH RI D VHOI PL[LQJ
FDYLW\ WKH ZDYHOHQJWK VWDELOLW\ FULWHULD PD\ QHHG WR EH YHU\ VW!I
VI\VWHP ZLWK DQ H[WHUQDO FDYLW\ RI OMQJNVKUL/Q DH) @ XP BHW HQ GVRIGHN HD &

Q
DQG WKH YDULDWLRQ RI Q ZLWK ZDYHOHQJGL LV GLXV

DQ ; i
)RU DQ H[WHUQDO FDYLW\ OHQJWK RI OP ZLGL D ODVHU GLRGH RSHUDWLQ.
VLQJOH IULQJH DFFXUDF\ LV $LN [ QP DQG ZLGL D WHPSHUDWXUH
FRUUHVSRQGLQJ WHPSHUDWXUH WROHUDQFH UHTXLUHG LV $7 P. $ W\SL

XVLQJ D WKHUPLVWRU DQG D 3HOWLHU HOHPHQW FDQ DFKLHYH D ORQJ WH
GHVLUDEOH WR EH DEOH WR UHGXFH GLH WHPSHUDWXUH VHQVLWLYLW\ ZLGL

3UHYLRXVO\ SXEOLVKHG WKHRUHWLFDO VWXGLHV RI IHHGEDFN LQ ODVH
ZKHQ GLH IHHGEDFN FRHIILFLHQW LV KLJK & ! ZKLFK FDQ EH DFKLHYHG
DQG WKH XVH RI DQ H[WHUQDO FDYLW\ ORQJiHHGEDFQN GLGGBURWKHFBIY LW\
FRQGLWLRQV H[WHUQDO FDYLW\ ORQJLWXGLQDO PRGHV H[LVW ZKRVH VSDF
ODVHU GLRGH PRGHV DQG ZKRVH WHPSHUDWXUH VHQVLWLYLW\ LV DOVR OHV

([SHULPHQW

OHWKRG

7KH ZDYHOHQJWK VWDELOLW\ FKDUDFWHULVWLFV RI D ODVHU GLRGH KDYH |
WKLV RIITHUV JUHDWHU UHVROXWLRQ DQG DFFXUDF\ EXW WKH TXDOLWDWL"
DSSOLHG WR WHPSHUDWXUH VWDELOLW\

7KH H[SHULPHQWDO DUUDQJHPHQW XVHG WR PHDVXUH WKH ZDYHOHQ.
IHHGEDFN LV VKRZQ LQ )LJ /LIKW ZDV IHG EDFN LQWR WKH ODVHU GLRGH
GLIIUDFGRQ JUDWLQJ '* ZKLFK IRUPHG DQ H[WHUQDO FDYLW\ RI OHQJGL
GLYHUWHG E\ WKH EHDP VSOLWWHU %6 DQG PL[HG ZLWK WKH EHDP IURP D
VSOLWWHU %6 7KH FRPELQHG EHDP ZDV DQDO\VHG E\ GLH OLFKHOVRQ LQ
VSOLWWHU %6 WKH PLUURUV 00 DQG 0 DQG WKH SKRWRGLRGH 3' 7KH
ZHUH XVHG WR PLQLPLVH IHHGEDFN IURP GLH LQWHUIHURPHWHU LQWR WKH
EHWZHHQ GLH RXWSXWV RI WKH WZR ODVHUV ZDV IRXQG E\ PHDVXULQJ WKH
SDWWHUQ REVHUYHG ZLGL GLH OLFKHOVRQ LQWHUIHURPHWHU %RGL ODVHU
DQG WKHLU GULYH FXUUHQWY ZHUH VWDEOH WR DERXW P$ 7KHVH ZHUH
LQ WKH ZDYHOHQJWK GLIIHUHQFH PHDVXUHPHQWY ZKLFK ZDV HVWLPDWHG L

5HVXOWYV

)LJ VKRZV GLH PHDVXUHG YDULRWEZRQLRG D CGHANQIBXUGHQMNI RQFEHH ODVH
ZLGL IHHGEDFN )RU GLLV PHDVXUHPHQW GLH RSWLFDO OHQJGL RI WKH



6HQVIRQE WKHLU $SSOLFDWLRQV 9,,

yLJ ([SHULPHQWDO DUUDQJHPHQW /', [' /IDVHU GLRGHV '* 'LIIUDFWLRQ
JUDWLQJ 3" 3KRWRGLRGH %6 % 6 % 6 %HDP VSOLWWHUV 1° 1 IHXWUDO
GHQVLW\ ILOWHUV 00 0 OLQRUYV
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:DYHOHQJWK GLIIHUHQF

/IDVHU GULYH FXUUHQW , P$

)LJ OHDVXUHG YDULDWLRQ RI ZDYHOHQJWK ZLWK GULYH FXUUHQW IRU D
ODVHU GLRGH ZLWK VWURQJ RSWLFDO IHHGEDFN



6HFWLRQ ' 2SWLFDO 6HQVRUV

7KH DYHUDJH JUDGLHQW RI GLH JUDSK RI ZDYFOHQJGL GLIIHUHQFH YHU
EXW LW FDQ EH VHHQ WKDW WKHUH DUH JURXSV Rl WZR RU WKUHH SRLQWYV
GLH ODUJH VFDOH DYHUDJH DQG EHWZHHQ ZKLFK WKHUH DUF VXGGHQ MXPE
FDYLW\ ORQJLWXGLQDO PRGHV

7KH PHDQ ZDYHOHQJGL VHSDUDWLRQ R DGMDFHQW JURXSV LV “ [
DJUHHPHQW ZLGL GLH FDOFXODWHG H[WHUQDO FDYLW\ PRGH VSDFLQJ RI

&RQFOXVLRQ

7ZR GLIIHUHQW DVSHFWV Rl GLH XVH RI RSWLFDO IHHGEDFN IRU ZDYHOHQJ
ILUVW XVLQJ ZHDN IHHGEDFN WR UHGXFH GLH RFFXUUHQFH RI ORQJLWX(
FRPPHUFLDO XVH 7KLV ZRUN KDV HPSKDVLVHG DQ DSSURDFK ZKLFK EXLOG)\
GLRGH EDVHG V\VWHP LQ RSWLFDO PHDVXUHPHQW DSSOLFDGRQV E\ GHYHOF
GHSHQGHQFH Rl WKH ZDYHOHQJGL ZLGLLQ D JLYHQ ORQJLWXGLQDO PRGH

YXUWKHU ZRUN LV UHTXLUHG WR DFKLHYH D JUHDWHU H[SHULPHQWDC
SUDFWLFDO OLPLWDWLRQV RI WKLV WHFKQLTXH LQ RSWLFDO PHDVXUHP
LQYHVWLIJDWLRQ LQFOXGH WKH SURFHVV Rl WUDQVLWLRQ EHWZHHQ GLH |
ELVWDELOLW\ DURXQG GLH UHJLRQ Rl WUDQVLWLRQ

$FNQRZOHGJHPHQWYV

7KH DXWKRUV DUH SOHDVHG WR DFNQRZOHGJH GLH VXSSRUW RI GLH (QJL
&RXQFLO LQ WKLV ZRUN

5HIHUHQFHYV

:0:DQJ : - 2 %R\OH .79 *UDWWDQ DQG $ : 3DOPHU 6HOI PL[LQJ LQWHL
H[SHULPHQWDO REVHUYDWLRQY DB WKHRUHWLFDO DQDO\VLV

0 + .RHOLQN O 60RW ) ) 0 GF 0XL - *UHYH 5 *UDDII $&0 'DVVHO DQG
GRSSOHU YHORFLPHWHU EDVHG RQ WKH VHOI PL[LQJ Hi§dBW LQ D ILEUH FR
25w

6 'RQDWL *XLGR *LXOLDQL DQG 6 OHUOR /IDVHU GLRGH IHHGEDFN LQ
GLVSODFHPHQW ZLWKRX¥b QWERL J¥ B URQ

. BHWHUPDQQ' LRGH 0RGXODWLRQOXZBHU1rREWBGHPLF 3XEOLVKHUV 'RUGUHFKYV
IHWKHUODQGV

& (:LHPDQ DQG / +ROEHUJ 8VLQJ GBLRGHsF@DVAHWY xIRU DWRPLF SK\VLFV’
/IDVHU 'LRGH 8VHUBGKDYSpP&RUSRUDWLRQ -DSDQ

IP &uw 0 ."a" GULYHU Ua VWDEG@®H DVHTX BRQR GlHiA! YV BuS P

6 6DLWR 2 1LOVVRQ DQG < <DPDPRWR 332VFLOODWLRQ FHQWUH IUHTXHQF
IUHTXHQF\ PRGXODWLRQ FKDUDFWHULVWLFV LQ,(H[WHAK@B®WxRIUDWLQJ ORDG
(OHFWUR(Q

* 3 $JuDzZDO /IRQJLWXGLQDO PRGH VWDELOLVDWLRQ LQ VHPLFRQGXFW
IHHGEDBNsoO 3k\v



