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DIILOLpH j O18QLYHUVLWpPp GH ORQWUpPDO

&EROQWULEXWLRQV WR PRGHOLQJ VLPXODWLRQ DQC
EULGJH FRQYHUWHUV IRU GF JULG LQWH

0$;,0( % (5*(5

'PSDUWHPHQW GH JpQLH pOHFWULTXH

7KqVH SUPpVHQWpPH HQ YXH GH OYEEWRSIWRRQ GX GLS!
*pPQLH pOHFWULTXH

SREW

<« OD[LPH %HUJHU
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DIILOLpH j O1T8QLYHUVLWpPp GH ORQWUpPDO

&HWWH WKgVH LOWLWXOpH

&SRQWULEXWLRQV LW R CPIRV IHROQ. QO V& IDHHDO&KYMWE RW LY H
EULGR & Y"H URMHFGWILGWHJUDWLRQ

SUpVHQWHO $PY5* (5
HQ YXH GH OfREWH QGBWLRG\GRGKIRIO{PH GH

D pWp GEFHOWPB MJBPHRQVWLWXp GH

+RXVKDE5E,0, SUPpVLGHQW

,OKDZ&$5PHPEWW G LWBHHF WHHKK H U FK H

"HDQ$86(5('-,$1 PHPEUH HW GRBKH HFWHH X U

+DQG\ )257,1 %/$1&+(PHPEUH HW FRGLUHFWHXU GH UHFKHUFK
_H\KDQ 6+(6+<(.$1, PHPEUH

/IXL] $ /3(6 PHPEUH H[WHUQH
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yLUVwW |, ZRXOG OLNH WR WKDQN O -DFTXHV %HOOH\ IURP 9
PH WZLFH IRU VXSSRUWLQJ ERWK P\ PDVWHU DQG P\ 3K' SUR
RSSRUWXQLWLHY KH JDYH PH

, ZRXOG DOVR OLNH WR WKDQN 0 &DUO /DYHUWX IURP %RPE
WKLY DGYHQWXUH +H EHFDPH PRUH WKDQ D PHQWRU IRU PH
DQG JDYH PDQ\ RI KLV RZQ SHUVRQDO WLPH WR KHOS PH ,
VRPHRQH DV NQRZOHGJDEOH DQG DV KXPDQ DV KLP HYHU\ G

, ZLOO DOzZD\V EH JUDWHIXO WR P\ DGYLVRU 3URI ,0KDQ .R!
P\ 3K' ,OKDQ JDYH PH WKH RSSRUWXQLW\ WR H[SHULHQFH V
WUDYHO DQG QHWZRUN ZLWK RWKHUV +H KDV EHHQ YHU\ V
JXLGDQFH DQG DGYLFH , QHHGHG WR UHDOL]H P\ 3K' SURMH

$OVR PDQ\ WKDQNV WR 3URI +DQG\ )RUWLQ %ODQFKHWWH
ZKR DFFHSWHG WR VXSSRUW PH DQG WUXVWHG P\ GHWHUPL(
KLP DW WKH HQG RI KLV FODVV )URP PDQ\ PHHWLQJV LQ KL’
DOO DORQJ WKH zZD\ , OLNH MRNLQJ E\ VD\LQJ WKDW , ZRXO!
PRGXODWRU LI LW ZDVQYW RI +DQG\YV DGYLFH WR UHDG &KI

ORUHRYHU , FDQTW SDVV RYHU WKH FROODERUDWLRQ ZLW
RSSRUWXQLW\ WR HQWHU WKH (073 IDPLO\ GXULQJ P\ PDVW
VWLOO EHLQJ D SDUW RI WKLV IDPLO\ \HDUV ODWHU

, ZRXOG DOVR OLNH WR WKDQN P\ ORYHU %ULJLWWH IRU DO
PRPHQWY 6KH ZDV DQG VWLOO LV P\ EHVW FRQILGDQW DQG

'HVSLWH WKH GLVWDQFH , ZLOO DOZD\V EH JUDWHIXO WR F
DOORZV PH WR FKDVH P\ GUHDPVY 7KH\ DUH DQ LPSRUWDQW

$ VSHFLDO WKDQNV DOVR WR OPH ,VDEHOOH 3URYRVW 0 6W
*UDYH IURP %RPEDUGLHU 7UDQVSRUWDWLRQ IRU DOO WKHLI

)LQDOO\ WKLV SURMHFW KDV EHHQ ILQDQFLDOO\ VXSSRU\
&561* DQG WKH 7URWWLHU ,QVWLWXWH IRU 6 XVWDLQDELOLV
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/H FRQYHUWLVVHXU FF FF ELGLUHFWLRQQHO LVROp WULSKI
PWXGLp SRXU VRQ XWLOLVDWLRQ GDQV OHV UpVHDX[ j FR
LQWpJUDWLRQ QpFHVVLWH XQH PRGpPOLVDWLRQ SUpFLVH GH
VD FDUDFWpPULVDWLRQ SUpFLVH HQ PRGH GpJUDGp GRS
GpYHORSSHPHQW GH UpVHDX[ ILDEOHV HW UpVLOLHQWV /1
FRQQXHV DX FRQYHUWLVVHXU S '$% WDQW HQ IRQFWLRQQ!
GX IDLW GH VD VWUXFWXUH FF FD FF GHV GLIIpUHQWHYV FR!
HW GX QRPEUH SOXV pOHYp GILQWHUUXSWHXUV SDU UDSSR
PRGgOHY SHWLWYV VLJQDX[ SUPFLV DLQVL TXH GH PRGqOHV .
'$% HVW OD SULQFLSDOH PRWLYDWLRQ GHV GpYHORSSHF
FRQWULEXWLRQV SULQFLSDOHV VH GpJDJHQW GH FH WUDYD

&HWWH WKgqVH FRQWULEXH GYDERUG j OJLGHQWLILFDWLRQ
PR\HQQDJH HQ HVSDFH GTpWDW 66% SRXU OD:GpWHLKPLQD)
FRQYHUWLVVHXU S '$% &HV GHX[ IRQFWLRQV GH WUDQVIHU
GIpOpPHQWYV VXSSOpPHQWDLUHV ((7 GH OLGGOHEURRN TXL
POHFWURQLTXH GH SXLVVDQFH SRXU SUpYHQLU OD GpJUDGD
FRQGLWLRQV GILQVWDELOLWpP ORUV GH OTDMR X%WH:\®HVYQWILO\
pJDOHPHQW LPSRUWDQWH SRXU GpGXLUH OHV FDUDEWpU
FRQYHUWLVVHXU j SDUWLU GH VRQ PRGgOH HQ ERXFOH RXY
JpQpUDOLVpPpH GH PR\HQQDJH HQ HVSDFH GIpWDW *66% SHX!
OD PpWKRGH 66% SRXY GDpYPBRIAXBWX P® GHOH K\EULGH FRPEL
SURSRVp SRXU OH FDOFXO GH

/ID GHX[LgPH FRQWULEXWLRQ GH FHWWH WKqVH HVW OH
JpQpUDOLVP *$0 SUpFLV HW HIILFDFH SHUPHWWDQW OD VLP
S '$% GDQV GHV ORJLFLHOV GYDQDO\WHV GH WUDQVLWRLUEF
FRPSDUp HQ GpWDLO j GIDXWUHYV WHFKQLTXHV GH PRGpOLV
WHFKQLTXH GHV IRQFWLRQV GH FRPPXWDWLRQ 6:) HW

GYfpwWDW 66% (Q VRPPH LO HVW FRQFOX TXH OH PRGQqOH *$%



SUHQG HQ FRPSWH OD SUpFLVLRQ GH OD UpSRQVH WUDQVLMW
GH EDQGH GH OD UpSRQVH IUpTXHQWLHOOH )LQDOHPHQW
GpYHORSSp GDQV OH ORJLFLHO (OHFWURPDJQHWLF 7UDQ
SHUIRUPDQFHYV GX PRGQqOH *$0 SRXU OTDQDO\WH GX FRXUDC
GH UpWDEOLVVHPHQW GDQV XQ V\VWgPH JUDQGH pFKHOOH

/ID WURLVLgQPH FRQWULEXWLRQ GH FHWWH WKqVH HVW OD SL
GpJUDGp SRXU OH FRQYHUWLVVHXU S '$% 'HV WUDYDX[ DQV
XWLOLVp GDQV XQ PRGH GH GpIDLOODQFH GH SDQQH GLW
WUDQVLVWRUV GTXQH PrPH SKDVH VRQW IRUFpV j OTpWDW R
GH JULOOH 3XLVTXH OHV GLRGHV GH URXH OLEUH VRQW O
DQDOWLTXH GX FRQYHUWLVVHXU SRXU WRXWHV OHV FRQG
'‘DQV FHWWH WKgqgVH LO HVW SURSRVp G RXYULU OD SKDVH |
GLRGHV GH URXH OLEUH DX QLYHDX GH OD SKDVH GpIlHFWXH
S '$% SHXW rWUH RSpUp GDQV XQ PRGH GH IRQFWLRQQHPHC
GH WHQVLRQ HW GH FKDUJH 'H SOXV HQ UDLVRQ GH OD I
GpIHFWXHXVH HQ IRQFWLRQQHPHQW j SKDVH JHOpH LO HVV
SOXV pOHYpHV HW TXH OD FDSDFLWp GH WUDQVIHUW GH SXL
IRQFWLRQQHPHQW j SKDVH RXYHUWH SURSRVp GDQV FHWWH
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7KH WKUHH SKDVH GXDO DFWLYH EULGJH S '$% LVRODWH
ZLGHO\ LQYHVWLIJDWHG LQ QH[W JHQHUDWLRQ GF JULGV )\
UHSUHVHQWDWLRQ RI LWV VPDOO DQG ODUJH VLJQDO FKDU
RI FRQYHUWHUV EHKDYLRU LQ GHJUDGHG PRGH LV DQ LPSRLU
UHVLOLHQW GF JULGV 7KH DSSOLFDWLRQ RI ZHOO NQRZQ PF
QRUPDO DQG GHJUDGHG RSHUDWLRQV LV QRW WULYLDO GX
WKUHH SKDVH WUDQVIRUPHU FRQQHFWLRQV DQG WKH KLJKE
NQRZQ ,%'& WRSRORJLHV 7KH DEVHQFH RI DFEXUDWH VPDC
HIILFLHQW ODUJH VLJQDO PRGHOV RI WKH S '$% KDV PRWL
WKHVLVY 7KUHH PDLQ FRQWULEXWLRQV DUH HPHUJLQJ IURP

7KLV WKHVLV ILUVW FRQWULEXWHV WR WKH LGHQWLILEDW
DYHUDJLQJ 66$% DSSURDFK IRU WKH G \WEBGPQROW® IGRIQ YRIQW |
LQSXW LPSHGDQFHV IRU S '$% FRQYHUWHUV 7KHVH WZR \
DSSOLFDWLRQ RI OLGGOHEURRNYTV H[WUD HOHPHQW WKHRU
SRZHU HOHFWURQLF GHVLJQHUV WR DYRLG G\QDPLF SHUIRU
WKH SUHVHQFH RI DQ DGGLWLRQDO L Q SXWQIGIOMWMHY R KR DEEF
WR GHULYH WKH FORVHG ORRS VPDOO VLJQDO FKDUDEWI
FKDUDFWHULVWLFV :KLOH LW LV VKRZQ WKDW WKH JHQHUD
EH XVHG WR RYHUFRPH 66% :QLPL@HIVKRGUL GV R 63 YDQX D'e/6 |
PXOWL RXWSXW 0,02 PRGHO ZKLFK FRPELQHV 66% DQG *66!

7KH VHFRQG FRQWULEXWLRQ RI WKLV WKHVLV LV WKH GHYHC
JHQHUDOL]HG DYHUDJH PRGHO *$0 ZKLFK HQDEOHV V\VWH
'$% FRQYHUWHUV LQ HOHFWURPDJQHWLF WUDQVLHQW W\SH
ULJRURXVO\ FRPSDUHG ZLWK DOWHUQDWLYH PRGHOLQJ
IXQFWLRQ 6:) DQG VWDWH VSDFH DYHUDJLQJ 66$% ,W LV F
RSWLPDO VROXWLRQ ZKHQ DFFXUDF\ RI WUDQVLHQW UHV
ZLGHEDQG UHVSRQVH IDFWRAUNUIHJMFBREYVWGHHWHG/\VWHP |
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(OHFWURPDJQHWLF 7UDQVLHQW 3URJUDP (073 WR YDOLGD
IDXOW FXUUHQW DQG WUDQVLHQW UHFRYHU\ YROWDJH DQDC(
7KH WKLUG FRQWULEXWLRQ RI WKLV WKHVLV LV WKH SURSI
PRGH IRU WKH S '$% FRQYHUWHU 3UHYLRXV ZRUN KDV VKR
IUR]JHQ OHJ IDXOW WROHUDQW PRGH L H ZLWK WKH WZR WU
JDWH GULYHU LQWHUQDO SURWHFWLRQV %HFDXVH WKH |U
DQRDO\WWLFDO FKDUDFWHUL]DWLRQ RI WKH FRQYHUWHU IRU L
WKLV WKHVLV LW LV SURSRVHG WR RSHQ WKH IDXOW\ SKD
IDXOW\ SKDVH I[UHH ZKHHOLQJ GLRGHV %\ UHPRYLQJ WKH L
S '$% IDOOV LQ D FKDUDFWHUL]JDEOH RSHUDWLQJ PRGH |
JXUWKHUPRUH EHFDXVH RI WKH FLUFXODWLRQ RI UHDFWL
RSHUDWLRQ LW LV GHPRQVWUDWHG WKDW WKH FXUUHQW V
UHGXFHG RYHU WKH SURSRVHG RSHQ SKDVH RSHUDWLRQ
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&+$37(5 ,1752'8&7,21
ORWLYDWLRQ
7KH WKUHH SKDVH GXDO DFWLYH EULGJH S '$%
&RQWURO RI WKH S '$%
IDULDQWY RI WKH S '$% WRSRORJ\
&ERQWULEXWLRQV
OHWKRGRORJ\ DQG OLPLWYV
OHWKRGRORJ\
/ILPLWYV
7TKHVLV RXWOLQHYV
&+$37(5 67($'< 67$7( $1$/<6,6
JLUVW KDUPRQLF DSSUR[LPDWLRQ )+$ LQ SKDVRU GRF
ORWLYDWLRQ
ORGHO GHYHORSPHQW

ORGHO YDOLGDWLRQ DQG DQDO\VLYV RI WKH UHVXOWYV
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$SSOLFDWLRQ WR WKH H[SHULPHQWDO SURWRW\SH F
3LHFHZLVH OLQHDU PRGHOLQJ 3/0 LQ WLPH GRPDLQ
ORWLYDWLRQ
3LHFHZLVH OLQHDU FXUUHQW HTXDWLRQYV
3RZHU WUDQVIHU UHODWLRQVKLSV
=HUR YROWDJH VZLWFKLQJ =96 ERXQGDULHYV
&DSDFLWRU ULSSOH FXUUHQW DQG YROWDJH
&+$37(5 60$// 6,*1$/ )5(48(1&< '20$,1 $1$/<6,6
6PDOO VLIJQDO PRGHO RI WKH S '$%
6WDWH VSDFH DYHUDJLQJ 66%$
ORGHO GHYHORSPHQW
'"HULYDWLRQ RI WKH FRQYHUWHU WUDQVIHU IXQFWLR
*HQHUDOL]HG VWDWH VSDFH DYHUDJLQJ *66$%
ORGHO GHYHORSPHQW
+\EULG DYHUDJLQJ DQG WUDQVIHU IXQFWLRQV HYDOXEC
(073 YDOLGDWLRQ RI WKH 66% *66$% DQG K\EULG PRGH
*HQHUDO SURFHGXUH
&RPSDULVRQ RI 66% *66% DQG K\EULG PRGHOV
&RQWUROOHU VL]LQJ DQG FORVHG ORRS RSHUDWLRQ
6LPSOLILHG FORVHG ORRS PRGHO IRU SDUDPHWHU VF
&RPSOHWH FORVHG ORRS DQDO\VLV IRU FRQWUROOH!
&ORVHG ORRS WUDQVIHU IXQFWLRQV
,QSXW ILOWHU VL]LQJ

,QSXW ILOWHU WUDQVIHU IXQFWLRQV



ORGLILHG WUDQVIHU IXQFWLRQV DQG VWDELOLW)\ DQI
([SHULPHQWDO UHVXOWV
&+$37(5 /$5*( 6,*1$/ 7,0( '20%$,1 6,08/$7,21
6ZLWFKLQJ IXQFWLRQ 6:) PRGHO
6WDWH VSDFH DYHUDJLQJ 66$% PRGHO
*HQHUDOL]HG DYHUDJLQJ PRGHO *$0
3HUIRUPDQFH FRPSDULVRQ
&ORVHG ORRS WLPH GRPDLQ WUDQVLHQW UHVSRQVH
6LPXODWLRQ WLPLQJ DQDO\VLV
7UDQVLHQW VKRUW FLUFXLW ZLWK PXOWLSOH S '$%
&ORVHG ORRS IUHTXHQF\ GRPDLQ UHVSRQVH
7UDQVLHQW DQDO\VLV ZLWK D ODUJH VFDOH WHVW V!
3HUIRUPDQFH FRPSDULVRQ
&+$37(5 23(1 3+$6( )$8/7 72/(5%$17 23(5%$7,21
2SHQ SKDVH RSHUDWLRQ
BWHDG\ VWDWH DQDO\VLV
7UDQVIRUPHU YROWDJH DQG FXUUHQW ZDYHIRUPV
3RZHU WUDQVIHU UHODWLRQVKLS
&XUUHQW VWUHVV LQ WKH IDXOW\ EULGJH
=96 VRIW VZLWFKLQJ UHJLRQV
6PDOO VLJQDO DQDO\VLV
6WDWH VSDFH DYHUDJLQJ 66$% PRGHO LQ RSHQ SKDV
*HQHUDOL]HG VWDWH VSDFH DYHUDJLQJ *66$% PRGHC

6PDOO VLIQDO FKDUDFWHULVWLFV RI WKH S '$% LQ |
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&ORVHG ORRS WUDQVLHQW DQDO\VLV LQ RSHQ SKDVH
&+$37(5 &21&/86,216 $1' 5(&200(1'$7,216
6XPPDU\ Rl WKLV WKHVLV
)XWXUH ZRUN
,PSURYHPHQWV WR WKH GHYHORSHG VPDOO DQG OD!
'LDJQRVLV RI VZLWFK IDLOXUH IRU SRVW IDXOW RSHC
% ,%/,2*5$3+<

$33(1',&(6



/DEOH

7TDEOH

7TDEOH

/fDEOH

/fDEOH

/DEOH

[LL

1,67 2) 7$%/(6
7UDQVIHU IXQFWLRQV RI WKH <0 S '$% FRQYHUW
&ORVHG ORRS G\QDPLF UHVSRQVH DQDO\VLV ZLWI
,QSXW ILOWHU SDUDPHWHUYV
/I DUJH VLJQDO PRGHOV FRPSDULVRQ VXPPDU\
6XPPDU\ RI S '$% PRGHOVY LPSOHPHQWDWLRQ LQ

&RPSDULVRQ RI WKH WUDQVIHU IXQFWLRQV LQ QR
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&ODVVLILFDWLRQ RI LVRODWHG ELGLUHFWLRQDC
'$% WRSRORJ\ IRU GF JULGY LQWHUIDFH

7TKUHH SKDVH GXDO DFWLYH EULGJH S '$% FRQ
&RQWURO RI WKH <" S '$% FRQYHUWHU XQGHU 1
&ODVVLILFDWLRQ RI DSSURDFKHV IRU WLPH GRP
&RPSDULVRQ RI WKH IDXOW WROHUDQW PRGHV R
&RPSDULVRQ RI 3/0 DQG )+$ ZDYHIRUPV IRU WKH
)+$ PRGHO LQ SK\VLFDO TXDQWLWLHYV

7\SLFDO ZDYHIRUPV ZLWK =96 LQ WKH LQSXW EU
(TXLYDOHQW SKDVRU GLDJUDPV

9DOLGDWLRQ RI WKH )+$ GHVLJQ GLDJUDP IRU W
9DOLGDWLRQ RI WKH )+$ GHVLJQ GLDJUDP IRU W
$SSOLFDWLRQ RI )+$ WR WKH <" S '$% SURWRW)
(TXLYDOHQW FLUFXLWYV IRU WKH DSSOLFDWLRQ ¥
6LPSOLILHG UHSUHVHQWDWLRQ RI WKH <" S '"$%
:DYHIRUPV IRU WKH FDOFXODWLRQ RI WKH DYHU
3RZHU WUDQVIHU FXUYHV IRU WKH <" S '$% SU
=96 UHJLRQV IRU WKH <" S '$% ZLWK WKH SURV
&EDOFXODWLRQ RI WKH RXWSXW YROWDJH DQG F
6LILQJ RI WKH RXWSXW FDSDFLWRU IRU WKH <~
2XWSXW YROWDJH UHIJXODWLRQ VPDOO VLJQDO |
(TXLYDOHQW 66% VPDOO VLJQDO FLUFXLWV RI WE

$YHUDJHG VZLWFKLQJ IXQFWLRQ G\QDPLF SKDVR
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+\EULG 0,02 VPDOO VLJQDO PRGHO UHSUHVHQWD
(TXLYDOHQW FLUEXLWV IRU WKH YDOLGDWLRQ R
9DOLGDWLRQ RI WKH WUDQVIHU IXQFWLRQV ZLW
6LPSOLILHG FORVHG ORRS GLDJUDP IRU SDUDPH
5HVSRQVH WR D VWHS LQ WKH UHIHUHQFH YROW
&RPSOHWH FORVHG ORRS GLDJUDP IRU FRQWURC
%RGH GLDJUDP IRU WKH VL]LQJ Rl WKH SURWRW
%RGH GLDJUDP RI WKH SURWRW\SH FRQWUROOH
7UDQVLHQW UHVSRQVH WR D VWHS LQ WKH UHIF
2SHQ ORRS YV FORVHG ORRS WUDQVIHU IXQFWL
&RQYHUWHU ZLWK LQSXW ILOWHU

,QSXW ILOWHU WUDQVIHU IXQFWLRQV PDJQLWXC
7UDQVLHQW UHVSRQVH DIWHU LQWURGXFWLRQ |
5HVSRQVH WR D VWHS LQ WKH UHIHUHQFH YROW
8QVWDEOH FRQGLWLRQ GXH WR DQ DGGLWLRQD
,QSXW ILOWHU WUDQVIHU IXQFWLRQV PDJQLWXC
5HVSRQVH WR D VWHS LQ WKH UHIHUHQFH YROW
5HVSRQVH WR D VWHS LQ WKH UHIHUHQFH YROW
6:) PRGHO RI WKH <0 S '$%

66$ PRGHO RI WKH < 0 S '$%

*$0 PRGHO RI WKH < 0 S '$%

6LPXODWLRQ UHVXOWYV IRU WKH YDOLGDWLRQ RI
&RPSXWDWLRQ WLPH IRU GLIITHUHQW LQWHJUDWL

SURWHFWLRQ FRQWURO VFKHPH IRU VKRUW FLUF



)LIXUH
)LIXUH
JLIXUH
JLIXUH
)LIXUH
)LIXUH
)LIXUH
JLIXUH
)LIXUH
)LIXUH
)LIXUH
JLIXUH
)LIXUH
)LIXUH
JLIXUH
)LIXUH
)LIXUH
)LIXUH
)LIXUH
JLIXUH
)LIXUH
)LIXUH
JLIXUH

)LIXUH

[Y

6LPXODW VK® WM \PLOWXLMRWDW WKH RXWSXW RI W
&38 FDOFXODWLRQ HIIRUW LQ RI WKH WRWDO F
$QDO\VLVRrRIQW RN GWI DM RV L V
(TXLYDOHQW FLUFXLWV IRU WKH YDOLGDWLRQ F
&ORVHG ORRS IUHTXHQF\ UHVSRQVH

/IDUJH VFDOH WHVW V\VWHP IRU WKH YDOLGDWL
$QDO\VLY RI WKH IDXOW FXUUHQW DW IDXOW DS
$QDO\VLY Rl WKH YROWDJH 9 GXULQJ IDXOW DS
3URWHFWLRQ VFKHPH FRQFHSW IRU IUR]JHQ OHJ
3URWHFWLRQ VFKHPH FRQFHSW IRU RSHQ SKDVH
5HYHUVH GUDLQ VRXUFH FKDUDFWHULVWLF RI W
6LPSOLILHG UHSUHVHQWDWLRQ RI WKH < 0 S '$9
7KHRUHWLFDO ZDYHIRUPV IRU SKDVH $ QRUPDO
([SHULPHQWDO ZDYHIRUPV IRU SKDVH $ LQ QRUP
([SHULPHQWDO ZDYHIRUPV IRU SKDVH $ LQ RSHQ
&RPSDULVRQ RI WKH SRZHU WUDQVIHU FDSDELOI
506 FXUUHQW IRU GLIIHUHQW YROWDJH DQG ORD
=96 UHJLRQV QRUPDO YV RSHQ SKDVH

=96 UHJLRQV IRU DOO SKDVHV LQ RSHQ SKDVH
2XWSXW SRZHU YHUVX8DVKB FRQMWUHROHEIKDVH V
(TXLYDOHQW 66$% VPDOO VLJQDO FLUFXLWV LQ R
,PSDFW Rl RSHQ SKDVH RQ WKH FRQWURO WR R}
,PSDFW Rl RSHQ SKDVH RQ WKH FRQWURO SKDV

,PSDFW RI RSHQ SKDVH RQ WKH LQSXW WR RXW:¢
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,PSDFW Rl RSHQ SKDVH RQ WKH LQSXW LPSHGDC
&ORVHG ORRS VPDOO VLJQDO FKDUDFWHULVWLF
&ORVHG ORRS UHVSRQVH IRU WKH QRUPDO RSHI
&ORVHG ORRS UHVSRQVH IRU WKH RSHQ SKDVH
6LPXODWLRQ UHVXOWYV IRU WKH WUDQVLWLRQV
7UDQVLWLRQ IURP QRUPDO WR IUR]JHQ OHJ SUR
7UDQVLWLRQ IURP IUR]JHQ OHJ WR RSHQ SKDVH

TUDQVLWLRQ IURP QRUPDO WR RSHQ SKDVH SU
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/,67 2) 6<0%2/6 $1' $%%5(9,$7,216
6LQJOH SKDVH GXDO DFWLYH EULGJH
7KUHH SKDVH GXDO DFWLYH EULGJH
S$OWHUQDWLQJ FXUUHQW
$QDORJ WR GLJLWDO FRQYHUWHU
&ERQVWDQEW SRZHU ORDG
&GHQWUDO SURFHVVLQJ XQLW
'XDO DFWLYH EULGJH
'"LUHFW FXUUHQW
'XDO SKDVH VKLIW
([ WUD HOHPHQW WKHRUHP
(OHFWURPDJQHWLF FRPSDWLELOLW\

(OHFWURPDJQHWLF WUDQVLHQW

(OHFWURPDJQHWLF WUDQVLHQW SURJUDP

(IWHQGHG SKDVH VKLIW
(TXLYDOHQW VHULHV UHVLVWDOQFH
)DXOW GLDJQRVLV

J)LHOG HIIHFW WUDQVLVWRU

)DVW )RXULHU WUDQVIRUP

JLUVW KDUPRQLF DSSUR[LPDWLRQ
J)LHOG SURJUDPPDEOH JDWH DUUD\
)DXOW WROHUDQW

*DOOLXP QLWULGH

*HQHUDOL]J]HG DYHUDJH PRGHO

[YLL



*669%
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3/0
5%0
506
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636
669%
667
6:)
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736

836
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*HQHUDOL]JHG VWDWH VSDFH DYHUDJLQJ
,VRODWHG ELGLUHFWLRQDO GF GF FRQYHUWHU
.LUFKKRIITV YROWDJH ODZ
ORGLILHG DXJPHQWHG QRGDO DQDO\VLV
OXOWL LQSXW PXOWL RXWSXW
OHWDO R[LGH YDULVWRU

2YHUVKRRW

3URSRUWLRQDO LQWHJUDO

3LHFHZLVH OLQHDU PRGHOLQJ

5DQGRP DFFHVV PHPRU\
5RRW PHDQ VTXDUH

6LOLFRQ FDUELGH

6LQJOH SKDVH VKLIW

6WDWH VSDFH DYHUDJLQJ

6ROLG VWDWH WUDQVIRUPHU
6ZLWFKLQJ IXQFWLRQ

7ULSOH DFWLYH EULGJH

7ULSOH SKDVH VKLIW
8QLQWHUUXSWLEOH SRZHU VXSSO\

=HUR YROWDJH VZLWFKLQJ
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$SSHQGL[ $ + ERQYHUWHU PRGHO SDUDPHWHUYV
$SSHQGL[ % + 6PDOO VFDOH SURWRW\SH

$SSHQGL[ & + 3LHFHZLVH OLQHDU PRGHO LQ QRUPDO RSHUD

$SSHQGL[ ' + &RPSOHPHQW WR WKH 66$ PRGHO LQ QRUPDO F
$SSHQGL[ (

I+

&RPSOHPHQW WR WKH *66$%$ PRGHO LQ QRUPDO
$SSHQGL[ )

I+

SLHFHZLVH OLQHDU PRGHO LQ RSHQ SKDVH RS



&+$37(5 ,1752'8&7,21

ORWLYDWLRQ

7KHUH LV D VXUJH RI LQWHUHVW LQ DFDGHPLF DQG LQGXVW!|I
NQRZQ DGYDQWDJHV RYHU DF JULGV LQ VHYHUDO DSSOLF
GHYHORSHG IRU DSSOLFDWLRQV VXFK DV WUDQVSRUWDWLI
>@ > @ GDWD FHQWHUV > @ JHQHUDWLQJ VWDWLRQV > @
3RZHU HOHFWURQLF LQWHUIDFHY SOD\ D NH\ UROH LQ GF JI
IORZ FRQWURO JDOYDQLF LVRODWLRQ DQG YROWDJH FRQ®
,VRODWHG ELGLUHFWLRQDO GF GF FRQYHUWHUV ,%'&V DU
EHFDXVH WKHLU VWUXFWXUHV QDWXUDOO\ PHHW WKHVH WK
VHYHQ FDWHJRULHVY GHSHQGLQJ RQ WKH QXPEHU RI V:
VWDJH )LJIJXUH

1XPEHU RI
7ZR 7KUH YRXU )LYH 6L (LIK\ 7ZHOY/|
GXDO IDFEWZAINUG [BXBEDFNXVKISEOEULGJIH IRUZD UG L GDOH DK I UBHEISK D V H
GXDO &XN SXVK SXOQ IRUZDUG DFWLYH EULGXBO DFW|LYH
=HWD 6HSLF SXVK SXOQ IO\EDFN EULGJH
GX KLEUL
JLIXUH &ODVVLILFDWLRQ RI LVRODWHG ELGLUHFWLRC

$PRQJ WKHVH WRSRORJLHVY GXDO DFWLYH EULGJH '$% LVR

DUH EURDGO\ FRQVLGHUHG GXH WR WKHLU KLJK IOH[LEL
LQKHUHQW JHUR YROWDJH VZLWFKLQJ =96 FDSDELOLWLHYV
HPSOR\HG LQ PDQ\ UHFHQW FRQYHUVLRQ DSSOLFDWLRQV \
XQLQWHUUXSWLEOH SRZHU VXSSO\ 836 VI\VWHPV > @
WUDQVSRUWDWLRQ > @ VROLG VWDWH WUDQVIRUPHUV 66
ORDG HPXODWRUV > @

%RWK VLQJOH SKDVH S '$% DQG WKUHH SKDVH S '$% °
SURWHFWHG E\ D SDWHQW LQ WKH HDUO\ V> @ 7KHVH W
JDLQLQJ D EURDG LQWHUHVW HVSHFLDOO\ ZLWK WKH LQWUF
ZKLFK WHQGV WR UHGXFH WKH QHJDWLYH HIITHFWV RI KDYLQ
WRSRORJLHV 5HJDUGOHVYV RI WKH KLIKHU QXPEHU RI VZLW|



DGYDQWDJHV RYHU WKH S '$% ZKLFK LV ZK\ LW WHQGV WR
JULGY > @ 'XH WR LWV WKUHH SKDVH VWUXFWXUH WKH U
VLILQJ RI WKH ILOWHU FDSDFLWRUV W DOVR UHGXFHV WKH
XWLOL]DWLRQ RI WKH WUDQVIRUPHU FRSSHU DQG FRUH PDW
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JLIXUH 7TKUHH SKDVH GXDO DFWLYH EULGJH S

7TKH LQWHJUDWLRQ RI SRZHU HOHFWURQLF FRQYHUWHUV L(
SRZHU V\VWHP FRQWURO DQG VWDELOLW\ > @+*> @ 6PDOO
VWHSV IRU VXFFHVVIXO LQWHJUDWLRQ RI SRZHU HOHFWUR(C
WKH GHYHORSPHQW RI HIILFLHQW DQG DFFXUDWH PRGHOV Z
SURJUDPYV



6PDOO VLIJQDO IUHTXHQF\ GRPDLQ PRGHOLQJ RI FRQYHUWHU
DV ZHOO DV VWDELOLW\ DQG G\QDPLF SHUIRUPDQFH DVVHV\
FKDUDFWHULVWLFV DUH JHQHUDOO\ GHILQHG E\ D VHW RI V

WUDQVIHU JXQFWLRQSXW WR RXW SpeWW Wk DA WIQ@IR 8 RQABQ
GULYLQJ SIRASXW LPSHGDQFHV DQG: oW KR RXKHS X\ D PISGIOD\C
PXOWLSOH FRQYHUWHUV LQWHUDFWLQJ ZLWK RWKHU QHWZF
FORVHG ORRS VPDOO VLJQDO FKDUDFWHULMWLEE WKW KD EY
ORRS LQSXW DQG RXWSXW LPSHGDQFHV > @

$V IRU WUDGLWLRQDO DF JULGV WKH LQWHJUDWLRQ RI SR
GRPDLQ V\WWHP OHYHO VWXGLHV VXFK DV JHQHUDO WUDQYV
ZLWK ORDG YDULDWLRQV WUDQVLHQW VWDELOLW\ DQG VK
FRQYHUWHU GHSHQGV RQ ERWK LWV WRSRORJ\ DQG LWV FR
QHFHVVDU\ IRU VIVWHP OHYHO VWXGLHV > @

(DFK FRQYHUWHU WRSRORJ\ KDV LWV RZQ SDUWLFXODULWL
SURFHVYV $V LW ZLOO EH HPSKDVL]HG LQ WKLV WKHVLV WK|
WR WKH S '$% FRQYHUWHU LV QRW WULYLDO GXH WR LWV
SKDVH WUDQVIRUPHU FRQQHFWLRQV DQG WKH KLJKHU QXF
WRSRORJLHV $V LW ZLOO DOVR EH VKRZQ LQ WKLV WKHVLV
PRGHOV IRU VWDELOLW\ DQDO\VLV RI WKH S '$% LQ WKH O
DFFXUDWH ODUJH VLIJQDO PRGHOV RI WKH S '$% IRU V\VWH
W\SH (07 W\SH SURJUDPV

YXUWKHUPRUH WKHUH LV DOVR OLPLWHG OLWHUDWXUH RQ (
SGHFHQWO\ LWV KDV EHHQ LGHQWLILHG LQ > @ WKDW WKH
GHJUDGHG PRGH +RZHYHU WKH DQDO\WLFDO FKDUDFWHUI
YROWDJH DQG ORDGLQJ FRQGLWLRQV LV QRW WULYLDO $FF
GHJUDGHG PRGH LV DQ LPSRUWDQW WRSLF IRU WKH GH)
JULGV > @ > @



7KH WKUHH SKDVH GXDO DFWLYH EULGJH S '$%

&RQWURO RI WKH S '"$%

/KH EDVLF WKUHH SKDVH GXDO DFWLYH EULGJH S '$% W
WUDQVIRUPHU- YIROXWMHG WBWIDRVFK WKH QRPLQDO YROWDJH
WR LWV WKUHH SKDVH VWUXFWXUH WKH S '$% DOVR DOORZ

DQG """ WLV KRZHYHU GHPRQVWUDWHG LQ > @ WKDW \
LQ WHUPV RI VWUHVV RQ VZLWFKHV WUDQVIRUPHU XWLOL]I
YHUVLRQ )LJXUH O KDV WKHUHIRUH EHHQ VHOHFWHG IR

9ROWDJH FRQWURO LV SHUIRUPHG E\ FRQWUROOLQJ WKH G>
DQG RU WKH SKDVH VKLIW EHWZHHQ WKH WZR EULGJHV > @
WKH ILUVW SURSRVHG FRQWURO PHWKRG IRU WKH '$% FRQY
DQG WKH S '$% KDYH D OLPLWHG =96 VRIW VZLWFKLQJ UL
FRQGLWLRQV > @ )RU WKH S '$% H[WHQGHG SKDVH VKLIW
DQRG WULSOH SKDVH VKLIW 736 > @ FRQWURO VWUDWHJILH
VWUHVY DQG LPSURYH WKH FRQYHUWHU HIILFLHQF\ E\ H[W
EHWZHHQ WKH WKUHH SKDVHV RI WKH S '$% LW KDV EHHQ
> @ FDQQRW EH XVHG ZLWKRXW RSHUDWLQJ WKH S '$% DV
SUREOHP RI SRRU SDUWLDO ORDG HIILFLHQF\ E\ HIWHQGL(
VWUDWHILHY DOPRVW QXOOLI\ WKH S '$% DGYDQWDJHV U
VLIH > @ 7KH JHQHULF 736 PRGXODWLRQ PHWKRG RI > @ K
FRQYHUWHU :KLOH WKH UHVXOWYV VKRZ D EHWWHU HIILFLH
FXUUHQW LQ WKH WUDQVIRUPHU DV ZHOO DV WKH PD[LPXP W
LQ WKH OLWHUDWXUH DQG 636 VWLOO UHPDLQV WKH PRVW F

7KH <" S '$% FRQYHUWHU XQGHU VWXG\ LQ WKLV WKHVLV L
D IL[HG VZLWFKLQJIJXIBHOXG @®F\ z RU VWHS PRGXODWLRQ
J)LIXUH E DQG F EEHVWXKDNWG WKHWDWLQJ VLIQDOV DSSOI
YDULDEOH XVHG WR UHJXODWH WKH YROWDJH RI HLWKHU

RSHUDW bRE WKH DFWLYH SRZHU LV WUDQVIHUUHG IURP W



VXFK WKFWHJIJXODWHG WR UHRFE KSHW M UMH HRSHUPHVY B Q XAHR Q V
WKH VIEJQQRE UHMKWRWLHIFK D UBTHUHQFH YDOXH

I ' M . > 5
\ ; d | A V'A —Eh
v g IXVA P
| T I IB| \
"o_|_rYYV\_>_. > ;lo B : —
| } é | g o
| | |
) I I | |
ol gL >cio C VyA : I
L 1= ——— _ o |
7 | F
[ ! | g
lxg I I
sTEPR A RE O : i
Mo DU ToRe [ )+ %0 1 I !
S i ! F
':: Y - S | '
i I S I
X—> |
: I _}F
== ¢ o
5 2 @ % !
N - G o
E F
JLIXUH &RQWURO RI WKH <" S '$% FRQYHUWHU .

ODULDQWYV RI WKH S '$% WRSRORJ\

'LITHUHQW WRSRORJLHV RI WKH S '$% DUH DOVR EHLQJ SUF
VL[ OHJ LQYHUWHU LV XVHG RQ WKH ORZ YROWDJH VLGH ZLV
FXUUHQW FDSDELOLW\ ZKLOH SUHVHUYLQJ VWDQGDUG PRGX
OHJ VWUXFWXUH UHVXOWY LQ WKUHH GHFRXSOHG YROWDJH
WUDQVIRUPHU



ORUHRYHU D S '$% IHDWXULQJ D <" WUDQVIRUPHU DQG D F
LV SURSRVHG LQ > @ IRU LQFUHDVLQJ WKH FRQYHUWHU F
WUDQVIRUPHU ZLQGLQJ UDWLR ZKLFK KDV WKH QHJDWLYH
LOQGXFWDQFH DQG SDUDVLWLF FDSDFLWDQFH 7KH PDLQ GUL
GRHV QRW RIIHU =96 RQ WKH ORZ YROWDJH VLGH ,Q > @
DFKLHYLQJ KLJK HIILFLHQF\ RYHU ZLGH LQSXW YROWDJH D
FLUFXODWLRQ RI UHDFWLYH FXUUHQW LQ WKH < < WUDQVIRL

7KH WULSOH DFWLYH EULGJH 7%$% WRSRORJ\ XVLQJ < << DQ
DQDO\]JHG DQG WKH < <" FRQILIXUDWLRQ LV VHOHFWHG EHF
DW KLJK SRZHU ORDG > @ > @ 7KH 7$% FDQ EH XVHG WI
GLIIHUHQW GF YROWDJH VRXUFHV RU WR UHGXFH WKH FX
FRQQHFWLQJ WKH WZR RXWSXW EULGJHV LQ SDUDOOHO



&RQWULEXWLRQV

7KH PDLQ FRQWULEXWLRQV RI WKLV WKHVLV DUH VXPPDUL]
ZLWK D OLWHUDWXUH UHYLHZ WR FOHDUO\ SRVLWLRQ WKLV
&ROWULEXWLRQ +\EULG DYHUDJH PRGHOLQJ RI WKUHH SK

VWDELOLW\ DQDO\VLV > @

7KH PRVW SRSXODU WHFKQLTXH WR GHULYH WKH DQDO\WLF
VWDWH VSDFH DYHUDJLQJ 66% PHWKRG > @ > @ ,W LV |
VZLWFKLQJ ULSSOH LV VPDOO WKH DF YDULDWLR QW DUH
PXFK VPDOOHU WKDQ WK, WZL@VF KL QIHDGN YHR)M GF DYHUI
FRQYHUWHU 'XH WR WKH KLJK IUHTXHQF\ DF OLQN LQ '$% F
DQ DFFXUDWH VPDOO VLJQDO PRGHO IRU '$% FRQYHUWHUYV
DSSUR[LPDWH WKH 'FR @WGRW KMR L RS PLEXKIMIRY R KFUS XX\Q FW LR QV
'$% LQ > @ :KLOH LW FDQ EH HDVLO\ HIWHQGHG,WRKWHKH GV
FXUUHQWO\ QR UHVRXUFH LQ WKH OLWHUDWXUH W& WXBIOD
GULYLQUBTRNWWPSHBDQBH$% FRQYHUWHUV ZLWK 66% 7KHVE
DUH QHFHVVDU\ IRU WKH DSSOLFDWLRQ Rl OLGGOHEURRNT\
EURDGO\ XVHG E\ SRZHU HOHFWURQLF GHVLJQHUV WR DQD
DGGLWLRQDO LQSXW ILOWHU

7R RYHUFRPH WKH OLPLWDWLRQV RI WKH 66% PHWKRG IRU
DYHUDJLQJ *66% KIRAGHBENHQ @HYHORSHG LQ > @ > @ DQG
HIWHQGHG WR WKHGQGE WIKHD @HR QYRUIW LRIV RILFXODUO\ FKDOO
FRQYHUWHUY PRGHOHG ZLWK *66% ¥K@& RNWKKRH RIOR/IWV DWHNV
ERWK DQG IRU S '$% FRQYHUWHUV PRGHOHG ZLWK *66%
GHWHUPLQLQJ WKH FORVH@ DIRRIS D @SXAP \L R EQGRGP WU D F
E\ DQDO\WLFDOO\ UHPRYLQJ WKH FRQWUROOHU IURP WK
PHWKRGRORJ\ WR S '$% FRQYHUWHUV PRGHOHG ZLWK *66% |

7KLV WKHVLV ILUVW FRQWULEXWHY WR WKH LGHQWLILFDWL
'$% FRQYHUWHUV HVSHFLDO Oy DRIWG WKIHO G HWWH B IPQ Q CEMLRIQREZ [
FDQ EH XVHG: WM MHIOK\EWHG 66$ DQG *66% PXOWL LQSXW PX



ZKLFK FRPELQHYV 66% DQG *66% LV BKR SRRII® WHRE HPRISGDOOL\Q B
YDOLGDWHG ZLWK WLPH GRPDLQ VLPXODWLRQV LQ (OHFWU
7TKURXJK WKH DSSOLFDWLRQ RI OLGGOHEURRNTV ((7 IRU DG
WKDW WKH SURSRVHG DSSURDFK FDQ HIITHFWLYHO\ UHGXFH
ZHOO DV WKH QXPEHU RI H[SHULPHQWDO WHVWYVY UHTXLUHG
DQG LQVWDELOLW\ FRQGLWLRQV 7KH XVH RI OLGGOHEURRN
EXW DOVR HQVXUHV WKDW WKH LQWURGXFWLRQ RI DQ LQS’
WUDQVIHU '"WQGWDRGY @ 66% *66% DQG K\EULG PHWKRC(
WKRURXJKO\ FRPSDUHG WR SURYLGH D FRPSUHKHQVLYH UF
RYHUDOO SHUIRUPDQFH

&ROWULEXWLRQ /IDUJH VLIJQDO PRGHOLQJ RI WKUHH SKD

HOHFWURPDJQHWLF WUDQVLHQW DQDO\VLV LQ GF JULGV > |

$V SUHYLRXVO\ PHQWLRQHG ODUJH VLJQDO PRGHOLQJ RI W
LWV GF DF GF VWUXFWXUH WKH YDULRXV WKUHH SKDVH WU
VZLWFKHV FRPSDUHG WR RWKHU ,%'& WRSRORJLHV 7KH Pt
DWWHPSW WR UHGXFH WKH FRPSXWDWLRQ WLPH IRU V\VWHF
W\SH SURJUDPV $ GLVFUHWL]HG VZLWEKLQJ=BHXIUPWHRQV 6
LPSOHPHQWHG ,W UHGXFHV WKH QXPEHU Rl HOHFWULFDO
+RZHYHU LW VWLOO UHTXLUHV WfRAHMKMHBXL WE KLRH SBQUR
QXPHULFDO VWDELOLW\ 7KH UHGXFWLRQ LQ WKH FRPSXWD\
LV QRW VKRZQ DQG WKH UHGXFWLRQ LQ WKH QXPEHU RI H
LQGLFDWRU IRU WKH UHGXFWLRQ LQ FRPSXWDWLRQ WLPH

7KH LGHDO PRGHO DSSURDFK LV ZHOO NQRZQ IRU WKH DC
WRSRORJLHV EHFDXVH LWV LPSOHPHQWDWLRQ XVLQJ LGHDC
WRROV 7KH LGHDO PRGHO DSSURDFK LV D UHFRJQL]JHG UHIl
+RZHYHU EHFDXVH WKH FLUFXLW WRSRORJ\ LV WLPH YDULD
VI\VWHP OHYHO VWXGLHYV 7KH 6:) DSSURDFK > @ KDV EHHQ
LGHDO PRGHO LQ ZKLFK WKH FRQYHUWHU FLUFXLW LV UHSC
6LQFH WKH FLUFXLW WRSRORJ\ LV QRZ WLPH LQYDULDQW



WLPH@ +RZHYHU EHFDXVH LW NHHSV WKH VZLWFKLQJ HIII
$YHUDJHG PRGHOV > @ > @ DUH ZHOO NQRZQ IRU QHJOHF
XVH RI ODUJHU WLPH VWHSV ZKLFK VLIJQLILFDQWO\ UHGXFH

,Q WKLV WKHVLVY D JHQHUDOL]HG DYHUDJLQJ PRGHO *$0
FRQYHUWHUYV LV GHYHORSHG LPSOHPHQWHG DQG FRPSDUF
PHWKRGV LQ (073 ,Q )LJXUH WKH VLPXODWLRQ DSSURDF
ZLWK D VWDU 7KH LGHDO PRGHO LV XVHG DV D UHIHUHQF
VHPLFRQGXFWRU PRGHOV DUH XVHG LV QRW FRQVLGHUHG E
QRW QHFHVVDU\ IRU VA\VWHP OHYHO VWXGLHYV

7KLV WKHVLVY FRQWULEXWHV WR SURYLGH D VROXWLRQ WR
HITLFLHQW DQG DFFXUDWH PRGHO WKDW HQDEOHV WLPH GRF
'$% FRQYHUWHUVY 7KH UHGXFHG FRPSOH[LW\ DQG FRPSXWDW
WKH HIILFLHQW YDOLGDWLRQ RI IXWXUH V\VWHP OHYHO FR
SHUIRUPDQFH RI WKH GHYHORSHG *$0 PRGHO LQ WHUPV RI

IUHTXHQF\ UHVSRQVH ZLWK DOWHUQDWLYH PRGHOLQJ W
FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH DGYDQWDJHYV DQ!
WKH S '$% $ ODUJH VFDOH WHVW V\VWHP LV DOVR LPSOHPH
PRGHO IRU IDXOW FXUUHQW DQG WUDQVLHQW UHFRYHU\ YRC(

6LPXODWLRQ RI WKH
S '$% FRQYHUWHU

|
v v

'"HWDLOHG 0f %HKDYLRU ORGH

v v v

,GHDD 6ZLWFK[®YHUD[JHG
ORGH|d )XQFWLRQRGHO

SHI 6:)

*HQHUDOLW®WH 6SDFH
$YHUDJL@BINHUDJLQJ
*$0 66%

'"HFUHDVLQJ /HYHO RI&RPEOH[LW\
J)LIXUH &ODVVLILFDWLRQ RI DSSURDFKHV IRU WLPH ¢




&ROWULEXWLRQ 2SHQ SKDVH IDXOW WROHUDQW RSHUDW|

FRQYHBWHHU>FRQGLWLRQDOO\ DFFHSWHG ZLWK PDMRU PDQ
RQ 3RZHU (O@FWURQLFV

,Q DF JULGVY DF WUDQVIRUPHUV DUH ZHOO NQRZQ IRU WKHI
WHPSRUDU\ RU SHUPDQHQW RYHUORDG FRQGLWLRQV > @

VLIJQLILFDQWO\ DIIHFWHG E\ WKH UHOLDELOLW\ RI LQGLYLG:
SRZHU HOHFWURQLF V\WVWHPV LV LQ IDFW QHJDWLYHO\ DII|
LQFOXGLQJ PRUH YXOQHUDEOH SDUWV VXFK DV VHPLFRQG XF
RI WKH FRPSRQHQWYV RU VXEV\VWHPV JHQHUDOO\ OHDG WR
PRVW FRQYHUWHUV DUH QRW EXLOW ZLWK UHGXQGDQF\ > @

2WKHU WKDQ WKHUPDO PDQDJHPHQW > @ RYHUVL]LQJ RI F
IDXOW WROHUDQW )7 PHWKRGV DUH UHFRJQL]HG PHWKRGR
$PRQJ WKHVH DSSURDFKHV RYHUVL]LQJ Rl FRPSRQHQWYV L\
ZKLOH RYHUVL]LQJ FRPSRQHQWY VXFK DV ILOWHU FDSDFLW
SUREDEOH UHGXFWLRQ LQ WKH SRZHU GHQVLW\ RYHUVL]L
HIILFLHQF\ DQG LQFUHDVH WKH RYHUDOO FRVW RI WKH FI
RFFXUUHQFH RI IDLOXUHV LW GRHV QRW PHDQ WKDW WK}
GHWHFWLRQ ,QVWHDG RI RYHUVL]LQJ FRPSRQHQWYV WKH

DGGLQJ H[WUD SDUDOOHO FRQYHUWHUV RU PRGXOHV DQG
VWUXFWXUH IRU UDSLG UHFRQILJXUDWLRQ RI WKH IDXOW\ F
H[SHQVLYH VROXWLRQ )7 RSHUDWLRQ LV UHFRJQL]JHG WR

DSSURDFK > @ )7 RSHUDWLRQ PHDQV WKDW D IDXOW LQ D
RYHUDOO V\VWHP WR PDOIXQFWLRQ > @ ,Q RWKHU ZRUGYV

LPSOLHV WKDW WKH FRQYHUWHU FDQ FRQWLQXH RSHUDWLQ

%YHFDXVH RI LWV KLIJIKHU QXPEHU RI VZLWFKHYVY LW ZRXOG E
'$% FRQYHUWHU LV UHGXFHG ZKHQ FRPSDUHG WR RWKHU |,
+RZHYHU LW KDV EHHQ VKRZQ WKDW WKH S '$% FRQYHUWH
PRGH L H ZLWK WKH WZR WUDQVLVWRUV RI WKH VDPH SKDV
LOWHUQDO SURWHFWLRQV OHDYLQJ WKHLU IUHH ZKHHOLQ
%YHFDXVH WKH ITUHH ZKHHOLQJ GLRGHY DUH OHIW VHOI FRPF



FRQYHUWHU EHKDYLRU LQ WKLY GHJUDGHG PRGH LV QRW WL
DUH IXQFWLRQV RI WKH FRQYHUWHU YROWDJH DQG ORDGLQ
'$% DOVR OHDGV WR LQFUHDVHG WUDQVIRUPHU FXUUHQW D\
OLIJKW DQG KHDYLHU ORDG FRQGLWLRQV 7KHVH ORDGLQJ F
JHQHUDOL]J]HG WR DOO YROWDJH DQG ORDGLQJ FRQGLWLRQV
DQRDO\WWLFDO PRGHO WKH LPSDFWV RQ WKH =96 FDSDELOLYV
VWDELOLW\ DUH QRW YDOLGDWHG

,Q UHVSRQVH WR WKLV FKDOOHQJH WKH UHVHDUFK FRQWU
SURSRVHG WR RSHQ WKH IDXOW\ SKDVH VLGH VXFK DV LW H
ZKHHOLQJ GLRGHV )LJXUH D $V D UHVXOW LW LV SR!
WUDQVLHQW RSHUDWLRQV RI WKH S '$% ZLWK RQH SKDVH R
DOORZV HYDOXDWLQJ WKH PDMRU LPSDFWV RI RSHQ SKDVH
NH\ GHVLJQ FRQVLGHUDWLRQV IRU D VXFFHVVIXO RSHQ SKD
UHYHDOHG WKDW RSHQ SKDVH RSHUDWLRQ FDQ SURYLGH L¢
FLUFXODWLQJ FXUUHQW DV FRPSDUHG WR IUR]JHQ OHJ SURS
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OHWKRGRORJ\ DQG OLPLWYV

OHWKRGRORIJ\
7KH GHVLJQ DQG LQWHJUDWLRQ SURFHVV RI SRZHU HOHFW!I
LQYHVWLIJDWLRQV ZLWK GLIIHUHQW DEVWUDFWLRQ OHYHOV
DQG YDOLGDWH DFEFXUDWH PRGHOV IRU LQWHJUDWLRQ DQ
KLHUDUFKLFDO PRGHOLQJ VLPXODWLRQ WHVWLQJ DQG D
VLPXODWLRQ LQ (073 DQG H[SHULPHQWDO UHVXOWV RQ D
QLWULGH *D1 EDVHG <~ S '$% FRQYHUWHU DUH DOVR SUR®
SDUDPHWHU VHWYV DUH XVHG LQ WKLV WKHVLV 7KLV LV H[S
DQG WKH QHFHVVLW\ WR DGGUHVV FRPPHQWY LQ WKH SXEOI
7KHLU PDLQ SDUDPHWHUV DUH VXPPDUL]JHG LQ $SSHQGL[ $
IDEULFDWLRQ RI WKH VPDOO VFDOH SURWRW\SH DUH SURYL

7KH PHWKRGRORJ\ LV VXPPDUL]HG DV IROORZV

BWHDG\ VWD VWH PQBODWVILYHG SKDVRU GRPDLQ PHWKRG |
DSSUR[LPDWLRQ )+$ PHWKRG > @ FRPELQHG ZLWK
VIQFKURQRXV PDFKLQHV > @ LV ILUVW SURSRVHG IRL
LQVLIJKW 7KHQ WKH SLHFHZLVH OLQHDU PRGHOLQJ 3/
GHWHUPLQDWLRQ RI WKH SDUDPHWHUV RI WKH FRQYHU\
SURWRW\SH 3/0 LV DOVR XVHG IRU HYDOXDWLQJ WKH FF
UHODWLRQVKLSY WKH =96 ERXQGDULHV DQG IRU WKH
QHFHVVDU\ VWHS IRU WKH GHYHORSPHQW DQG LPSOHPH
6PDOO VLJQDO IUHTXHQBWGORWD VS DFGDDYWUIMDILQJ 663
VWDWH VSDFH DYHUDJLQJ *66% VPDOO VLJQDO PRGHO\
RSHQ ORRS WUDQVIHU IXQFWLRQV B! WAGHA ¢ D@&GS'$% FR
%RWK PRGHOV DUH WKHQ FRPSDUHG DQG YDOLGDWHG
'KLOH *66$% LV XVHGgWR KYBUWLDAOWES DQG *66% PXOWL
RXWSXW 0,02 PRGHO LV SURSRVGIEYWRRBHDEO RRFHOV D
GHVLJQ RI WKH FORVHG ORRS FRQWUROOHU DQG IR
DVVHVVPHQWYV XVLQJ 0$7/$% 6LPXOLQN



/IDUJH VLIQDO WLPH GRPDLQ PRGH OIHQH WmAL [N GP OB
PRGHO R®RIOWKH <0 S '$% FRQYHUWHU LV GHYHORSHG |
FORVHG ORRS ZLWK WKH LGHDO VZLWFKLQJ IXQFWLRQ
'$% LQ (073 7KH SHUIRUPDQFH RI WKH *$0 PRGHO LV C
UHVSRQVH FRPSXWDWLRQ WLPH DQG IUHTXHQF\ UHVS
LPSOHPHQWHG WR YDOLGDWH WKH SHUIRUPDQFH RI WE
IDXOW FXUUHQW DQG WUDQVLHQW UHFRYHU\ YROWDJH

2SHQ SKDVH IDXOW WRGBDGD YW DWW ®O\YDO®\VLY EDVHG R
SHUIRUPHG WR FKDUDFWHUL]H WKH FRQYHUWHU LQ RSF
RQ WKH FRQYHUWHU VWHDG\ VWDWH FKDUDFWHULVWLF
IUR]JHQ OHJ > @ DQG QRUPDO RSHUDWLRQV ORUHRYHU
XVLQJ 66% DQG *66% PHWKRGRORJLHV LV SHUIRUPHG

FROWUROOHU IRU ERWK QRUPDO DQG RSHQ SKDVH RSH
WKH FRQYHUWHU VWDELOLW\ DQG G\QDPLF SHUIRUPDRQF

I[LPLWYV

,Q WKLV WKHVLVY WKH FRQYHUWHU XQGHU VWXG\ LV WKH < ~
FRQWURO ZLWK D IL[HG(VZQ® BKL Q) RIHTXMHE PRGXODWLRC
DUH QRW H[WHQGHG WR RWKHU HPHUJLQJ PRGXODWLRQ PH
VWHDG\ VWDWH VPDOO VLJQDO DQG ODUJH VLJQDO DQDO\V
FRQYHUWHU FDQ EH IRXQG LQ > @ > @+> @ 7KH WUDQ\
SUHVHQFH RI VQXEEHU FDSDFLWDQFHY DUH QHJOHFWHG 7k
EHWZHHQ WKH XSSHU DQG ORZHU VZLWFKHV LV DOVR QHJ
FRPSOH[LW\ LQ PRGHOLQJ WKH S '$% FRQYHUWHU > @ 7K
WUDQVLWLRQ RI WKH FXUUHQW IURP WKH IUHH ZKHHOLQJ G
HYHQWV )XUWKHUPRUH RQO\ IRUZDUG RSHUDWLRQ DQG W
JHQHUDOL]DWLRQ WR RWKHU WUDQVIRUPHU FRQQHFWLRQV
UHVLVWLYH



/TKHVLV RXWOLQHYV

7KH VWUXFWXUH RI WKLV WKHVLV LV PDLQO\ RULHQWHG W
GHYHORSPHQW VSHFLILF WR HDFK RI WKH FRQWULEXWLRQV
, & KDSWHWHDG\ 6 WDWMBBODO\WIWDWH PRGHOLQJ RI WKH S
VLILQJ DQG IRU SURYLGLQJ D JHQHUDO XQGHUVWDQGLQJ F
QHFHVVDU\ VWHS&WKR SWIDQGC \DDIQIMONS WD O\V H V

L &KDSWHU + 6PDOO 6LJQDO )UHTXARGV'RPDQRCSORGHAW R
DUH GHYHORSHG YDOLGDWHG DQG LPSOHPHQWHG 7KH\ DUF
DV VPDOO VLJQDO VWDELOLW\ DVVHVVPHQW DQG G\QDPLF S

, Q&KDSWHU + /DUJH 6LJQDO 7LPB 'RPPHQDOLAKGDMWIRIDIH P
GHYHORSHG YDOLGDWHG DQG LPSOHPHQWHG ,W HQDEOHYV
ZLWK S '$% FRQYHUWHUV LQ (073

, Q& KDSWHU + 2SHQ 3KDVH )DXOWWRDGEUDQYWWH HUPDA®R ¥ L
DQDO\WHV DUH SHUIRUPHG WR HQDEOH WKH VXFFHVVIXO R¢
IDXOW WROHUDQW FRQGLWLRQ

, Q8 KDSWHWBRQFOXVLRQV DQG SHFRRPHIIGD WRAROYXVLRQV RI
SUHVHQWHG DORQJ ZLWK UHFRPPHQGDWLRQV IRU IXWXUH I
DQDO\WVLV RI WKH S '$% FRQYHUWHU LQ ERWK QRUPDO DQG



&+$37(5 67($'< 67$7( $1$/<6,6

,Q WKLV FKDSWHU VWHDG\ VWDWH PRGHOLQJ RI WKH S '$9
VHOHFWLRQ RI WKH SDUDPHWHUV RI WKH FRQYHUWHU PRGI
FRPSRQHQWYV IRU WKH VPDOO VFDOH SURWRW\SH ,W DOVR !
FRQYHUWHU RSHUDWLQJ SRLQW WKH SRZHU WUDQVIHU UHC
UHJLRQV 7KLV VWHS LV QHFHVVDU\ IRU WKH GHYHORSPHQW
WKH DQDO\VLVY RI WKH FRQYHUWHU LQ GHJUDGHG PRGH

JLUVW KDUPRQLF DSSUR[LPDWLRQ )+$ LQ

ORWLYDWLRQ

7KH VWHDG\ VWDWH DQDO\VLV RI WKH '$% LV JHQHUDOO
PRGHOLQJ 3/0 DSSURDFK $V LW ZLOO EH VHHQ LQ VHFWLR
S '$% FRQYHUWHUV 7R VLPSOLI\ WKH DQDO\VLV WKH S '$
KDUPRQLF DSSUR[LPDWLRQ )+$ LQ WKH SKDVRU GRPDLQ >
DQG RXWSXW EULGJHV E\ YROWDJH V)RXUFHWRBMW WKHQVZR WI
HTXLYDOHQW OHDANDWIHQU HDKWDRRFGHO WKH SRZHU WUDQVIH
LV VLPLODU WR WKH SRZHU DQJOH UHODWLRQVKLS RI VI\QFK
WR DSSUR[LPDWH WKH LQSXW DQG RXWSXW EULGJH =96 UDQ

,Q WKLV WKHVLVY D JHQHUDOL]HG )+$ SKDVRU GRPDLQ PRGH
'$% ZLWK VLQJOH SKDVH VKLIW 636 FRQWURO KDV EHHQ G
HTXDWLRQV KDV EHHQ GHYHORSHG DQG D XVHIXO GLDJUDP
LQ SK\WWVLFDO DQG SHU XQLW TXDQWLWLHV 7KH )+$ PHWKRG
FRQQHFWLRQV DQG YDOLGDWHG XVLQJ WLPH GRPDLQ VLPXO

7KH )+$ PHWKRG FRPELQHG ZLWK WKH XVH Rl WKH GHYHORSI|
DQG SHDN FXUUHQWY DV ZHOO DV WKH =96 UHJLRQV IRU JLY
PHDQV WR XQGHUVWDQG WKH JHQHUDO RSHUDWLQJ SULQFL
)+$ PHWKRG UHVXOWV LQ D VLQJOH VHW RI HTXDWLRQV Z
FRQQHFWLRQ DQG WKHRRHUDWR® E KDWDHH/ KLIW



ORGHO GHYHORSPHQW

7KH WUDQVIRUPHU LV ILUVW UHSODFHG E\ LWV HTX YDOHQW
$V VHHQ LQ )LJIXUH

UHVSHFWLYHO\

WKH YROWDJHV DSSQLHGQOM} WKH L
DUH PRGHOHG E\ HTXLY DD HQW®63S KD WR W &R

VZLWFKLQJ KUHMTKX¥HBFXLYDOHQW W UDEQWVDR QPIGUI FRE WHCHNS K T
DQDO\WLV LV FORVH WR W KK WFKPIH ORPFRVQVFXUQ@XNRL GDO RZ
VWUXFWXUH 7KH UHVXOWLQJ )+$ SKDVRU GRPDLQ FLUFXLW

YLIXUH
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7KH SKDVRU GLDJUDP LV GHILQHG LQ JHQHUDWB®RZ HBRWY DRUGI
SRVLWLYH ZKHQ6|OREL QIKHRRSXW YROWMDIWBKBYRIN WKH L
ZKLFK LPSOLHVY WKDW WKH PRGXODWRU LV VIQFKURQL]JLQJ W
6, LV FRPSDUDEOH WR WKH VIQFKURQRXV JHQHUDWRU LQW€}L
PRGHO 7KH RXWSXG#®Y EWHIXHL WYIRODHWN DM HVR WKH QHWERWYN YR
HTXLYDOHQW WR WKH SRZHU DQJOH RI WKH VI\QFKBROQRXV P
WKDW WKH DFWLYH SRBHUNRY YWVRWIZ@VIG REBHE DWRR Q &RQYH
YDOXHPHDQV WKDW WKH DFWLYH6SRERU UNYWUBRWEHUBW LI
DQJOHY WKH DQJOH EHWZHHQ WKHD\ADLGD\QKI—RBRW[S)(B‘!A‘QEHJLF(XJJ
VXFK WKDW WK YMOXHPIRODU WR WKH SRZHU IDFWRU RI W/
UHVSHFW WR WKH @QHWZWKN D/XHO B EHHOMZHHQ WK HDW GDWKHR
LQSXW EULGJH YDOYWBIRIQ WKHVH GHILQLWLRQV WKH DFWLY
WKH LQSXW DQG RXWSXW EULGJHY DUH ZULWWHQ DV

0, ,CO®S ) , , ZS

o 0 AnGO6S o) an KS 1 6 )

JRU WKH HTXLYDOHQW VLQJOH SKDVH FLUFXLW RI )LJXUH
HTXDWLRQ RU SRZHU DQJOH HTXDWLRQ LV JLYHQ E\

6 6
[ N
0 0 —%;8 SIE
S

%HFDXVH ERWK WKH YROWDJH DQG WKH EFXUUHQW DUH Q
IXQGDPHQWDO DQG KDUPRQLF FRPSRQHQWY FRQWULEXWH
KDUPRQLF RUGHU LQFUHDVHY WKH HTXLYDOHQW UHDFWDQF
WKH SRZHU WUDQVIHU FDSDELOLW\ Rl WKH WUDQVIRUPHU L
)+$ FDQ EH XVHG WR HYDOXDWH WKH SRZHU WUDQVIHU UHC
ZD\ WR WKH SRZHU DQJOH UHODWLRQVKLS RI VIQFKURQRXV
DW WKH IXQGDPHQWDO IUHTXHQF\

,Q WKH S '$% UHDFWLYH FXUUHQW QHHGV WR FLUFXODWH
SURYLGH =96 DW WXUQ RQ RI WKH WUDQVLVWRUV 2Q® WKH S



PXVW OLH EHWZHHQ®,WRR G QSKXHVRXREBA IVEN R Q VRIVIKH B X2ARW G V
oDg IRU =96 DW WKH LQSXW EULGJH VHH H]DPPXSVOMELRD)E J XL
IRU =96 DW WKH RXWSXW EULGJH 3K\VLFDOO\ LW PHDQV W
WR WKH WUDQVIRUPHBYU OKB NDIXH YWHOHQW GKIDVRU GLDJUDP\
IRU WKH LQSXW DQG RXWSXW EULGJHV DUH JLYHQ LQ )LJXU
PHDQVZWKDW 805 DW WKH =96 ERXQGDU\ RIKWKHLL®SXW
C OKs DW WKH =96 ERXQGDU\ RI WKH RXWSXW EULGJH 8VLI
DOQGVWEKH =96 ERXQGDULHV IRU ERWK EULGJHYVY DUH HYDOXDW

85
DQG IRU WKH RXWSXW EULGJH LW OHDGV WR
) \/ [ 6AN 6
: 8

$V IRU WKH VIQFKURQRXV PDFKLQH WKH PD[LPKP gR,Z}HU W
WKLV FRQGLWLRQ WKH HTXLYDOHQW SKDVRU GLP JWW RPNKWH V
PD[LPXP SRZHU WUDQVIHU ERXQGDU\ LV HYDOXDWHG DV

), \/ ! 6 AN 6
' 8

S

$QRWKHU XVHIXO UHODWLRQVKLS LV WKH HTXDMR RWK K KLFKX
6, DQG RWROMWDJIHV IRU GLITHUHQW SKDVIH MRLEW DQJOHV

J ., cos6 . ESI6 6
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S

)LQDOO\ WKH HTXDWLRQ ZKLFK U,H@R WHVE, W FDSX@MRBQOWS R WP |
YROWDJHV IRU GLIIHUHQ W, ROWISKXWDERZN 6 H/G W7 ISR @\ @ D W L
ORUGH\TV 9 &XUYH IRU VIQFKURQRXV PDFKLQHV > @ ZKLFK
VIQFKURQRXV PDFKLQHV ,W FDQ EH GHPRQVWUDWHG WKDW
JLYHQ E\



AN \;it
J)LIXUH 7\SLFDO ZDYHIRUPV ZLWK =96 LQ WKH LQSX
(TXDWLRQV * QHHG WR EH ZULWWHQ LQ &YHUHY RI WK

WR EH XVHIXO IRU WKH DQDO\VLV RI S '$% FRQYHUWHUV )I
< DQG " ZLQGLQJV LV XVHG WR REW® L Q Q6K H Q RSB RMREH RI
6o UHVSHFWLYHO\

| —B6 6
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7KH SHDN FXUUHQW FDQ EH DSSUR[LPDWHG E\
PK \/—)! )
JURP WKH LQSXW EULGJH FXUUHQW WKH RXWSXW EULGJH F.
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ORUHRYHU WKH SHU XQLW PRGHO LV D JHQHUDOL]JDWLRQ R
PRUH IOH[LELOLW\ LQ WKH DQDO\VLV RI WKH S '$% FRQYHU"
SK\VLFDO TXDQWLWLHYVY PRGHO E\ XVLQJ WKH IROORZLQJ ED’

AN 63&N 68 68

6 6 . —AN )
AN B B B
BSS
JRU FRQYHQLHQFH WKH UDWLR EHWZHHQ WKH LQSXW DQG R

B

D $W =96 ERXQGBUSWQOPOWERXQGDU\ RXWSXW EULGJH F
EULGJH WUDQVIHU

JLIXUH (TXLYDOHQW SKDVRU GLDJUDPV

ORGHO YDOLGDWLRQ DQG DQDO\VLV RI WKH UHV

7KH HTXDWLRQV RI WKH JHQHUDOL]HG )+$ PRGHO DUH YD

FRQQHFWLRQV << " " DQG <~ XVLQJ WLPH GRPDLQ VLPXO
LQ )LIXUH IRU WKH < < DQG "~ WUDQVIRUPHUYV DQG )LJXU
JURP WKH UHVXOWYV REWDLQHG LQ )LIJXUH DQG )LIJXUH

PHWKRG LV DFFXUDWH WR HY DO EDMIH BWKHR PR DIWWHRQMQ R X W
SUHFLVH WR GHWHUPLQH EWKIHX FW QR @ DQWH QKIDY H VK ZIKVL FK
PD[LPXP SRZHU WUD@VIHWHTKQWQRQ DWKH PD[LPXP HUURU
PRGHO DQG WLPH GRPDLQ VLPXODWLRQV IRU WKH FDOFXOD'



WKH FDOFXODWLRQ RI WKH SHDN FXUUHQW WKH PD[LPXP H
WKH FXUUHQW LV QRW SHUIHFWO\ VLQXVRLGDO LQ WKH WUL
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W LV DOVR REVHUYHG LQ )LJXUH DQG )LIJXUH WKDW W
HYDOXDWH WKH LQSXW DQG RXWSXW EULGJHV =96 ERXQGDL
EHWZHHQ )+$ DQG WLPH GRPDLQ VLPXODWLRQV LV IRU W
DQG "~ WUDQVIRUPHUV +RZHYHU WZR LPSRUWDQW REVHUY
FRQVHUYDWLYH HYDOXDWLRQ RI WKH =96 UHJLRQV 7KLV PHI|
DUH VPDOOHU WKDQ H[SHFWHG ZLWK WLPH GRPDLQ VLPXOD!
KLJK RXWSXW SRZHU 7KH LGHQWLILFDWLRQ RI WKH =96 UHJ
SRZHU 7KH HUURU EHWZHHQ )+$ DQG WLPH GRPDLQ VLPXOD'
GLVWRUWLRQ LQ WKH WUDQVIRUPHU FXUUHQW OHDGV WR H
=96 RFFXUV LQ WKH LQDNWVWUR@MQLRRZQ LQ )LIXUH DQG
LQ WKH RXWEXW BEWLBIBQIRQ RI

$SSOLFDWLRQ WR WKH H[SHULPHQWDO SURWRW

7KH )+$ PHWKRG FRPELQHG ZLWK WKH XVH Rl WKH GHYHORSI
DQG SHDN FXUUHQWY DV ZHOO DV WKH =96 UHJLRQV IRU JLY
VWHS IRU WKH GHYHORSPHQW RI D KDUGZDUH SURWRW\SH C
VLPXODWLRQ PRGHOV )RU WKLV UHDVRQ WKH <0 S '$% SU
D GHVLJQ H[DPSOH )RU D BRQVW WKW BXWISXWGCGLPAWDBM IRU
VZLWFKLQJ I8HTXK(Q BLQOR/ K(: DUH JLYHQ LQ )LJXUH 7Kt
UHSUHVHQWY WKH RSHUDWLQJ JRQH IRU ZKLFK VLPXODWLRC

,PSRUWDQW FRQFOXVLRQV UHJDUGLQJ WKH S '$% RSHUDW
UHVXOWYV LQ )LIXUH JLUVW LW LV SRVVLEOH WR VHH WKI
PLQLPXP 506 FXUUHQW RSHUDWLRQ RFFXUV DW WKH RXWSES
FLUFXODWLQJ FXUUHQW LQFUHDVHY WKH WUDQVIRUPHU OR\
WKDW IRU WKH VDPH RXWSXW SRZHU LW LV GHVLUDEOH V
NHHSLQJ =96 DW ERWK EULGJHV )XUWKHUPRUH IURR D GH\
VKRXOG EH VHOHFWHG VXFK WKDW PD[LPXP SRZHU WUDQVIt
UDQJHV )RU LQVWDQFH6,LQ BIDABH K(D LWRUV FRQFOXGHG
FRQYHUWHU FDQ@, EH REHBDWWHGHDHQWLUH UBQJABRNRA@SXW Y



ZLWKRXW UHDFKLQJ WKH PD[EPXE’ SW 2HU QRUVR @ K HKY D L W
VHHQ LQ )LIJXUH E 7KLV LV EHFDXVH WKH SRZHU WUDQVI
VZLWFKLQJ FUHORHRABVHYV DQG DV WaKH WIRBXMN YRROMD FIDQ |

UHZULWLQJ XVLQJ DQG
M6 6°.
0 R P
Q ZXs¥
,Q JLIXUH LW LV DOVR SRVVLEOH WR SHUIRUP D SUHOLF

ERWK EULGJHV )LUVW LW FDQ EH REVHUYHG WKDW XQGHU
LOQSXW EULGJH IRU60D RZQIGQ B WWNVKRIORVDM EIX W E U& G $MV IRIUJ KH UK
SRZHU VH® SWK@WW6 UDQJH LQFUHDVHV XS WR D SRLQW Z
FRQYHUWHU GHVLJQ EHFRPHV WHKH PDD$IO:\DR3Q3R<\NHFNV\KIDLWWIB
RXWSXWO0S RZKI) UHJLRQ ZKHUH ERWK EULGJHV DUH =96 WHCQC
VZLWFKLQJ FUHVTKARBHDVHG

7KH PD[LPXP 506 FXUUHQW H[SHFWHG IRU)WKH KDUGIZDUH $L
LQ WKH LQSXW EYLGJAX DQGE LQ WKH,RXWSXW EULGJH
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J)LIXUH $SSOLFDWLRQ RI )+$ WR WKH <" S '$%
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SLHFHZLVH OLQHDU PRGHOLQJ 3/0 LQ WLF

ORWLYDWLRQ

7KH VWHDG\ VWDWH DQDO\VLV RI '$% FRQYHUWHUV LV RIWH!
DSSURDFK LQ WLPH GRPDLQ W FRQVLVWY LQ GHILQLQJ WK
IRU HDFK RSHUDWLQJ PRGH RYHU RQH ;KRDOV KLALNOBIS SUR DORK
GHPDQGLQJ WDVN IRU WKH S '$% FRQYHUWHU EHFDXVH L'
HTXDWLRQV IRU XS WR VL[ PRGHVY ZKHUH WKH HTXDWLRQV
FROQOWURO SKDS/HUDKMULYJ UDQJH DQG WKH WUDQVIRUPHU FR

7KH 3/0 DSSURDFK DOORZV HYDOXDWLQJ ZLWK SUHFLVLRQ W
DQG YROWDJHV RI WKH ILOWHU FDSDFLWRUV DV ZHOO DV
HYDOXDWLQJ WKH 506 DQG SHDN FXUUHQWYV WKURXJK WKH \
HTXDWLRQV DUH PRUH FRQYHQLHQW XVLQJ WKH )+$ PHWKRC

S3LHFHZLVH OLQHDU FXUUHQW HTXDWLRQV
7KH ILUVW VWHS LQ DSSO\LQJ WKH 3/0 DSSURDFK IRU WKH
FXUUHQWY XVLQJ WKH HTXLYDOHQW FLUFXLWV VKRZQ LQ )L.

\ | Ny v, V. . VA . Ve

: | < C C " N :: :: # N (:
D 3KDVH $ E 3KDVH % F 3KDVH
YLIXUH (TXLYDOHQW FLUFXLWV IRU WKH DSSOLFDW

%\ PDNLQJ WKH DVVXPSWLRQ WKDW FRQVWDQW GF YROWDJH
IRU D JLYHQ JHQHRILF LQWHWBROVLEOH WR FDOFXODWH WKH

SKDVH XVLQJ WKH IROORZLQJ UHODWLRQVKLSV

! X'SI!. AB R (0] ! E/ s v



JRU WKH S '$% WKH GHULYDWLRQ Rl WKH SKDVH FXUUHQW H
ZKLFK GHSHQG RQ WKH PRGWJURI KD QN IRKIPIMU FRQQHFWLR
WKH <" S '$% UDQJH bVEGHD@®®DYIH LV GHILQHG DV

7R DSSO\ * LW LV QHFHVVDU\ WR GMWBQWL @ WKH
IXQFWLRQV RI WKH| GFQA® W $ROMWDUHUHIHUWIRGDMINFRQGDU
LQ WHUPV RI WKH GF RXEBXWR YROMW DBIJIKLYDOHQW FLUFXLW |

7KH YROWDJHY DSSOLHG E\ WKH LQSXW EULGJH RQ WKH SUL
I V!/ v
V.

\Y

/ N

#. #1 v
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3RZHU WUDQVIHU UHODWLRQVKLSV
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=HUR YROWDJH VZLWFKLQJ =96 ERXQGDULHYV

7KH S '$% PDNHV XVH RI UHDFWLYH FLUFXODWLQJ FXUUHQW
RI HDFK EULGJH WR SURYLGH =96 $V PHQWLRQHIG EHDRWH =
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&DSDFLWRU ULSSOH FXUUHQW DQGTYROWDJH

,Q WKH SUHYLRXV VHFWLRQV WKH ULSSOHV LQ WKH LQSXW
WKH ULSSOHV LQ WKH LQSXW DQG RXWSXW FXUUHQWYV ZH
FDOFXODWLRQ RI WK QG SFKOH YIREBRBIEXSRWYWQW IRU VL]L
ILOWHU RDBEOHFMWDBXHVRRIWHQ VHOHFWHG EDVHG R%Q/(\)"WKH PD]|
VSHFLILHG IRU D JLYHQ D &3 OIOADRWKREY DAK H PYSRUXNHDRW L P SI
SHUIRUPDQFH DV ZHOO DV WKH VWE%EQLAOLW\QRNVVWKIHHFRQG)HN
FULWHULRQ 7KH RQIYXKHOARQRHUWHU G\QDPLF ZLOO EH GLV

7KH DQDO\VLV RI WKH ULSSOH FXUUHQW LV SHUIRUPHG XVLC(C
HTXLYDOHQW FLUFXLW RI )LJXUH D WKHI &H$MQHG PR/GE
WKH HTXDWBRRYLRHG LQ $SSHQGL[ & )URP )LIJXUH E L
ULSSOHV DUH WKHRUHWE FDKLOA IDWD IUHSTKBWWWBQ R FRQF O XV
LQ WKH IRUPXODWLRQ RI WKH VPDOO DQG ODUJH VLIJQDO PI
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,Q WKLV FKDSWHU VPDOO VLJQDO PRGHOV DUH GHYHORSHG
'$% FRQYHUWHU W DOORZV GHVLJQLQJ D VXLWDEOH FRQ\
DVVHVVLQJ G\QDPLF SHUIRUPDQFH DQG VWDELOLW\ RI WKH
SDUWLFXODUO\ LPSRUWDQW WR HQVXUH WKDW WKH DGGLW|
SHUIRUPDQFH RI WKH FRQYHUWHU RU LQ ZRUVW FDVH OHEL
SUHUHTXLVLWH IRU WKH LPSOHPHQWDWLRQ RI WKH GHYHOR
vLJQDO VA\VWHP OHYHO DQDO\VLVY UHTXLUHV FORVHG ORRS F

6PDOO VLIQDO PRGHO RI WKH S '$%

&RQYHUWHU RSHQ ORRS VPDOO VLJQDO FKDUDFWHULVWLFV
IXQFWLRQV WKH FRQWURO' W, RVRXW.SHOX W WIRQ R KHAUS SOXVQKTHVLDR]
GULYLQI; TRAI®WXO0O0 GULYQLRXNWSRPOWGDQFHY DQGoWK®@® RXW
7KH HTXLYDOHQW VPDOO VLJQDO EORFN GLDJUDP IRU RXW
FRQYHUWHU LQ IRUZDUG RSHUDWLRQ LV VKRZQ LQ )LJXUH
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6WDWH VSDFH DYHUDJLQJ 66%

ORGHO GHYHORSPHQW

7KH JHQHUDO SURFHORGH RURWHKH EYH S '$% XVLQJ 66$% KDV
LQ > @ ,W DVVXPHV WKDW WKH WUDQVIRUPHU FXUUHQWV I
DGGLWLRQ WR WKH DVVXPSWLRQ RI EDODQFHG RS {JDIMBELR Q
'volRU WKH < © S '$% FRQYHUWHU ;W LVID@R¥YR H[WHQGHG W
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7KH 66$ PRGHO DOORZV GUDZLQJ HTXLYDOHQW VPDOO VLJQ
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*HQHUDOL]J]HG VWDWH VSDFH DYHUDJLQJ *

ORGHO GHYHORSPHQW
7KH JHQHUDOL]HG VWDWH VSDFH DYHUDJLQJ *66$% > @ PH
VLIJQDO DQDO\VLV RI GF GF FRQYHUWHUV ,W LV EDVHG RQ
NQRZQ IRU WKH DQDO\VLV Rl SRZHU HOHFWURQLF FRQYHUV
> @+> @ 7KH FRQFHSW RI *66%$ LV WR H[SDQG WKH FRQYI
IXQFWLRQNYXR/HQUFLHQW )RXULHU VHULHVY GHFRPSRVLWLRQ
ZULWLQJ WKH FRQYHUWHU GLIITHUHQWLDO HTXDWLRQV XVLQ
RI WKH VZLWFKLQJ IXQFWLRQVWD®HULSDEH WERXDWQRBN E
VZLWFKLQJ IXQFWLRQV DQG WKH VWDWH VSDFH HTXDWLRQV
GHULYLQJ WKH VPDOO VLJQDO PRGHO E\ OLQHDUL]LQJ WKH
66$ LW UHVXOWV LQ D VLQJOH PRGHO WKRBRWHERMAL @R WD®H
WUDQVIRUPHU FRQQHFWLRQ LV FRQVLGHUHG WKURXJK WK
FDOFXODWLRQ Rl WKH ZLQGLQJ UDWLR DQG WKH GHILQLWLI

&RQYHUWHU GLITHUHQWLDO HTXDWLRQV XVLQJ VWDWH
RI WKH VZLWFKLQJ IXQFWLRQV
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IRUPXODWLRQ

'"HULYLQJ W KMVMODOMH MSDFH HTXDWLRQV E\ DYHUDJLQ.
DQG WKH VWDWH VSDFH HTXDWLRQV XVLQJ )RXULHU VH

$V SUHYLRXVO\ PHQWLRQHG WKH PDLQ LGHD EHKLQG *66%
DQG LWV VZLWFKLQM'SRIHFWIFRAQWVRKUDHU VHULHV GHFRPS
RQO\ D IHZ )RXULH\8 FBHWRYEIGHYWYQ DFFHSWDEOH DSSURJL
ZDYHIRUP DQG WKDW WKH FRHIILFLHQW<YRYD LLFYBQWI\ RILW
SKDVRUV Rl WKH XBQHWRPH BHMHEOPH QHG E\ WKH DSSOLFDV
GHILQLWLRQ WR FRQWLQXRXV WLPH SHULRGLF VLJQDOV ZL
LQWHUYDG W UHVXOWV LQ WKH IROORZLQJ GHILQLWLRQ
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XQGHU FRQVLGHUDWLRQ VOLGHV ZLWK UHVSHFW WR WLPH
JRXULHU VHULHV FRHIILFLHQW Y X QDKL K< bV KKV BWH I MU HIE
K FRPSRQHQW LV WKH GF FRP S(RQH QRH DRUGK H\ I FSHUIHIVALHHC
G\QDPLF $XDVRIWW DQG DUH FRPSOH[ YDOXHV ZKLFK DUH HJ
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/R bYHUDJH WKH FRQYHUWHU GLIITHUHQWLDO HTXDWLRQV
LPSRUWDQW )RXULHU VHULHV SURSHUWLHYVY DUH XVHG > @

SURSHUWYIHYHQWLDWLRQ ZLWK UHVSHFW WR WLPH

7KLV SURSHUW\ LV IRUPXODWHG DV IROORZV
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