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$EVWUDFW RI ?$ 6HDUFK IRU WKH /DUJH $QJXODU 6FDOH 3RODUL]DWLRQ RI WKH &RVPLF 0LFURZDYH
%DFNJURXQG�� E\ %ULDQ .HDWLQJ� 3K�'�� %URZQ 8QLYHUVLW\� 0D\ ����

7KH &RVPLF 0LFURZDYH %DFNJURXQG �&0%� LV RQH RI WKH WKUHH REVHUYDWLRQDO SLOODUV RI
PRGHUQ FRVPRORJ\� DORQJ ZLWK WKH +XEEOH ([SDQVLRQ /DZ DQG WKH PHDVXUHG DEXQGDQFHV
RI WKH OLJKW HOHPHQWV� %HLQJ WKH IRVVLO UDGLDWLRQ IURP WKH %LJ %DQJ� LW SUREHV WKH FRQGLWLRQV
RI WKH HDUO\ XQLYHUVH� 7KUHH SURSHUWLHV DUH QHFHVVDU\ WR IXOO\ FKDUDFWHUL]H WKH &0%� LWV
VSHFWUXP� VSDWLDO LVRWURS\� DQG SRODUL]DWLRQ� 7KH pUVW WZR SURSHUWLHV KDYH EHHQ PHDVXUHG�
ZKHUHDV WKH SRODUL]DWLRQ VWDWH RI WKH &0% UHPDLQV XQGHWHFWHG� 'HWHFWLRQ RI� RU DQ LP�
SURYHG XSSHU OLPLW RQ� WKH SRODUL]DWLRQ RI WKH &0% DW ODUJH VFDOHV KROGV JUHDW SURPLVH IRU
WKH GHWHUPLQDWLRQ RI VHYHUDO IXQGDPHQWDO SURSHUWLHV RI WKH VWDQGDUG FRVPRORJLFDO PRGHO�
VXFK DV WKH LRQL]DWLRQ KLVWRU\ RI WKH 8QLYHUVH DQG WKH FRQWULEXWLRQ RI JUDYLWDWLRQDO ZDYHV
WR WKH VSHFWUXP RI SULPRUGLDO SHUWXUEDWLRQV� 0RVW PRGHOV SUHGLFW WKDW WKH PDJQLWXGH RI
WKH SRODUL]DWLRQ RI WKH &0% DW ODUJH DQJXODU VFDOHV LV OHVV WKDQ �z.� 7KLV LV DW OHDVW DQ
RUGHU RI PDJQLWXGH EHORZ ERWK WKH ODUJH VFDOH DQLVRWURS\ OHYHO RI WKH &0%� DV ZHOO DV
WKH EHVW H[LVWLQJ XSSHU OLPLWV RQ LWV SRODUL]DWLRQ� ,Q WKLV WKHVLV , FDOFXODWH WKH PDJQLWXGH
RI WKH &0% SRODUL]DWLRQ LQ YDULRXV FRVPRORJLFDO VFHQDULRV� DQG RXWOLQH WKH IXQGDPHQWDO
FKDOOHQJHV WR PHDVXULQJ WKHVH VLJQDOV� )ROORZLQJ� , GHVFULEH WKH GHVLJQ RI WKH 32/$5
�3RODUL]DWLRQ 2EVHUYDWLRQV RI /DUJH $QJXODU 5HJLRQV� H[SHULPHQW� ZKLFK LV WKH pUVW GHG�
LFDWHG SRODULPHWHU WR VWXG\ WKH &0% LQ PRUH WKDQ D GHFDGH� 32/$5 LV D JURXQG�EDVHG�
FHQWLPHWHU�ZDYHOHQJWK FRUUHODWLRQ SRODULPHWHU GHVLJQHG WR GHWHFW WKH SRODUL]DWLRQ RI WKH
&0% DW ��� ��� 	 �� *+]� 32/$5 LV WKH pUVW FRUUHODWLRQ SRODULPHWHU HYHU XVHG IRU &0%
ZRUN DQG KDV WKH ZLGHVW EDQGZLGWK RI DQ\ FRUUHODWLRQ UDGLRPHWHU HYHU XVHG IRU LQYHVWLJD�
WLRQV RI WKH &0%� 32/$5 KDV EHHQ FRQVWUXFWHG DQG LV FXUUHQWO\ DFTXLULQJ GDWD DW WKH
8QLYHUVLW\ RI :LVFRQVLQ ^ 0DGLVRQ�



7KLV GLVVHUWDWLRQ E\ %ULDQ .HDWLQJ LV DFFHSWHG LQ LWV SUHVHQW IRUP E\
WKH 'HSDUWPHQW RI 3K\VLFV DV VDWLVI\LQJ WKH
GLVVHUWDWLRQ UHTXLUHPHQW IRU WKH GHJUHH RI

'RFWRU RI 3KLORVRSK\

'DWH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
3HWHU 7LPELH� 'LUHFWRU

5HFRPPHQGHG WR WKH *UDGXDWH &RXQFLO

'DWH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
5REHUW %UDQGHQEHUJHU� 5HDGHU

'DWH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
*UHJRU\ 7XFNHU� 5HDGHU

$SSURYHG E\ WKH *UDGXDWH &RXQFLO

'DWH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
3HGHU -� (VWUXS

'HDQ RI *UDGXDWH 6FKRRO DQG 5HVHDUFK
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$FNQRZOHGJPHQWV

6R PDQ\ SHRSOH KDYH KHOSHG PH� ERWK SHUVRQDOO\ DQG SURIHVVLRQDOO\� LQ P\ \HDUV RI VFKRRO�
LQJ� , KDYH EHHQ KRQRUHG WR NQRZ HDFK DQG HYHU\ RQH RI \RX� DQG , KDYH EHQHpWHG HQRU�
PRXVO\�
)LUVW RI DOO WR P\ DGYLVRU� , DP UHPLQGHG RI WKH ROG SURYHUE WKDW VWDWHV� ?:KHQ WKH

VWXGHQW LV UHDG\� KH ZLOO pQG KLV WHDFKHU�� , DP TXLWH OXFN\ WR KDYH IRXQG 3HWHU 7LPELH�
3HWHU SRVVHVVHV VR PDQ\ JLIWV ^ LW
V GLrFXOW WR OLVW DOO RI WKHP KHUH� +H KDV WKH JLIW RI
SRZHUIXO SK\VLFDO LQVLJKW ZKHQ WKHUH DUH SUREOHPV WR VROYH� +H KDV SDWLHQFH ZKHQ WKLQJV
JR ZURQJ� D VHQVH RI KXPRU ZKHQ WKLQJV UHDOO\ JR ZURQJ� DQG PRVW RI DOO� WKH LQWHJULW\�
FRPSDVVLRQ� DQG VRXO QHHGHG WR OHDG \RXQJ SHRSOH WRGD\� 3HWHU� WKDQNV IRU SXWWLQJ XS
ZLWK PH IRU WKHVH � \HDUV DQG WXUQLQJ PH LQWR D SK\VLFLVW� $QG WKDQNV IRU ?OHWWLQJ� PH
EHDW \RX LQ EDVNHWEDOO VR PDQ\ WLPHV�
,
YH EHHQ SULYLOHJHG WR KDYH NQRZQ WZR PHQ ZKR KDYH EHHQ ZRQGHUIXO PHQWRUV WKURXJK�

RXW P\ EULHI FDUHHU� 3URI� $OH[ 3ROQDUHY WDXJKW PH PRVW RI ZKDW , NQRZ DERXW WKHRUHWLFDO
SK\VLFV DQG FRVPRORJ\� &RQWLQXLQJ WKH WUDGLWLRQV SDVVHG RQ E\ KLV PHQWRU <�$� =HO
GRYLFK�
KH DOVR WDXJKW PH WKDW ?1LQH ZRPHQ FDQQRW KDYH D EDE\ LQ RQH PRQWK�� $OH[� ,
P KRQ�
RUHG WR EH \RXU ?&RVPRORJLFDO 6RQ�� 'U� /XFLR 3LFFLULOOR ZDV WKHUH WR VROYH WKH KDUG
SUREOHPV WKDW ZHUH HVVHQWLDO WR WKH VXFFHVV RI 32/$5� ,Q WKH ODE KH LV D ZL]DUG ^ ?7KH
0DVWHU� WDNHV WKH FU\ RXW RI FU\RJHQLFV� DQG SXWV LW LQWR FKHVV ^ WKDQNV IRU QHYHU OHWWLQJ
PH ZLQ� 7KDQNV� DOVR� IRU JLYLQJ PH WKH WRROV , QHHGHG WR JHW WR WKH QH[W OHYHO DV DQ
H[SHULPHQWDOLVW�
1H[W ZH FRPH WR WKH IRONV ZKR KHOSHG VKDSH 32/$5� )LUVW RI DOO LV P\ OLWWOH EXGG\�

1DWH �'RJJ� 6WHERU� 1DWH� WKDQNV IRU ZRUNLQJ VR KDUG� IRU VR ORQJ� 7KDQNV IRU FDWFKLQJ
P\ PLVWDNHV EHIRUH WKH\ EHFDPH GLVDVWHUV� GRLQJ DQG UH�GRLQJ VR PDQ\ WKLQJV ZLWKRXW
FRPSODLQW� 7KDQNV IRU OLVWHQLQJ WR PH VLQJ Ro�NH\ IRU KRXUV LQ WKH ODE� DQG WKDQNV IRU
SXWWLQJ XS ZLWK P\ �PRVWO\ XQLQWHQWLRQDO� DWWHPSWV WR HOHFWURFXWH \RX� &KULV �&RGpVK�
2
'HOO KDV EXLOW D JUHDW PDQ\ WKLQJV WKDW KDYH LPSURYHG WKH TXDOLW\ RI 32/$5
V OLIH
LPPHQVHO\� 6RUU\ , PDGH \RX UH�EXLOG WKH JURXQG VFUHHQ WHQ WLPHV MXVW WR LQFUHDVH LWV
OHQJWK E\ D IHZ PLFURQV� , OHDYH 32/$5 LQ \RXU VNLOOHG KDQGV�
6HYHUDO XQGHUJUDGXDWHV KDYH KHOSHG LQ WKH GHYHORSPHQW RI 32/$5� $W 8:� .LS +\DWW

GHVLJQHG DQG EXLOW WKH RXWHU JURXQG VFUHHQV ^ DQ HQJLQHHULQJ IHDW WKDW ZRXOG PDNH WKH
DQFLHQW (J\SWLDQV WUHPEOH� -HVVLH 6LQFKHU PDGH VHYHUDO RI WKH pJXUHV LQ WKLV WKHVLV� DQG KDV
EHHQ D JRRG VSRUW LQ WKH ODE� %DFN DW %URZQ� WKHUH ZHUH WZR XQGHUJUDGXDWHV ZKR KHOSHG
GHpQH WKH GLUHFWLRQ 32/$5 ZRXOG ODWHU WDNH� %UHQGDQ &ULOO KHOSHG FRQVWUXFW WKH ?3URWR�
3RODULPHWHU� ZKLFK DOORZHG QXPHURXV V\VWHPDWLFV WR EH GLDJQRVHG� DQG SHUIRUPHG WKH
FDOFXODWLRQV ZKLFK HVWLPDWHG WKH SRODUL]DWLRQ RI WKH DWPRVSKHUH� 0HOYLQ 3KXD FRQWLQXHG
LQ %UHQGDQ
V VKRHV� UHpQLQJ WKH GDWD DFTXLVLWLRQ WHFKQLTXH� EXLOGLQJ PDQ\ FRPSRQHQWV RI
WKH RULJLQDO SRODULPHWHU� DQG LQ JHQHUDO� ZDV D JUHDW KHOS WR PH GXULQJ LQ�ODE WHVWLQJ�
, KDYH DOVR EHQHpWWHG IURP LQQXPHUDEOH FRQYHUVDWLRQV ZLWK WKH ?1HZ *XDUG� 7KH�

RULVWV� :D\QH +X� $UWKXU .RVRZVN\� DQG 0DWLDV =DOGDUULDJD� &RVPRORJ\ LV LQ JRRG
KDQGV ZLWK \RX WKUHH JHQWOHPHQ� -RVK *XQGHUV(Q� FRVPRORJ\
V RQO\ 5DELG�+DFNHU 3DFNHU�
%DFNHU EXLOW WKH .D %DQG IHHGKRUQ� DQG SDUWLFLSDWHG LQ FRXQWOHVV GLVFXVVLRQV RQ WKH VWDWXV
DQG IXWXUH RI 32/$5� (G :ROODFN ^ 7KH +DUGHVW :RUNLQJ 0DQ LQ 0LFURZDYHV ^ EDLOHG
PH RXW RQ VR PDQ\ RFFDVLRQV� +LV HQHUJ\� LQVLJKW� DQG VNLOO PRWLYDWH PH� (G� , KRSH
VRPHGD\ , FDQ UHSD\ \RX�
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*UDQW �:LQJPDQ� :LOVRQ LV DQ LQWHUHVWLQJ FKDUDFWHU� +H LV D WKURZEDFN WR WKH ROG�
VFKRRO RI H[SHULPHQWDO FRVPRORJLVWV� :HOO YHUVHG LQ H[SHULPHQWDO WHFKQLTXHV� DQG WKHRU\�
KH KDV GRQH D JUHDW GHDO IRU 32/$5 DQG IRU PH SHUVRQDOO\� %\ DVNLQJ WKH KDUG TXHVWLRQV
VXFK DV ?$UH \RX VXUH \RX ZDQW WR GR WKDW"""� DQG ?<RX FDQ
W EH VHULRXV�"�� KH KDV KHOSHG
GHpQH WKH VKDSH RI 32/$5 IURP WKH YHU\ EHJLQQLQJ�
%DFN DW 8: WKHUH ZHUH WZR SHRSOH ZKR PDGH P\ OLIH DV D JUDG VWXGHQW PXFK PRUH

HQMR\DEOH� 'RQQD *DUFLD LV D ZL]DUG ^ VKH NHHSV RXU JURXS WRJHWKHU ZLWK KHU NQRZOHGJH�
RUJDQL]DWLRQ� DQG FKHHUIXO DWWLWXGH� /HH 3RWUDW] DQG HQWLUH WKH 6WDo RI WKH 3K\VLFV ,Q�
VWUXPHQW 6KRS DW 8: WXUQ LGHDV LQWR PHWDO� /HH ZDV HVVHQWLDO WR WKH VXFFHVV RI 32/$5�
+H WDXJKW PH D JUHDW GHDO DERXW PDFKLQLQJ� PRWRUF\FOHV� DQG OLIH LQ WKH %DGJHU 6WDWH�
1RZ WR P\ IULHQGV ZKR KDYH VXSSRUWHG PH PXFK PRUH WKDQ WKH\ NQRZ� 0\ ROGHVW

IULHQG� 6KDQH 'LHNPDQ� ZDV DOZD\V WKHUH IRU PH ZKHQ , QHHGHG KLP� (ULFD &XVKLQ KDV EHHQ
WKH VXQVKLQH WKDW KDV DOZD\V EULJKWHQHG P\ VSLULWV� 0\ IULHQGV IURP &DVH :HVWHUQ� -RH
6FKDUSI DQG $GDP *UHHQEHUJ PDNH PH SURXG� -Ho �-HIH� 7VHQJ LV P\ NLQGUHG �7DLZDQHVH�
VSLULW� %DFN DW KRPH LQ 3XUG\V� 7RP *XVWLQLV DQG WKH HQWLUH )UHHPDQ IDPLO\ KDYH DOZD\V
WUHDWHG PH ULJKW� $W %URZQ WZR JX\V NHSW PH HQWHUWDLQHG IRU PDQ\ \HDUV� 0DWW 3DUU\
LV SURRI WKDW WKHRUHWLFDO FRVPRORJ\ LV LQ JUHDW VKDSH� $QG� pQDOO\� WR P\ 6RXO %URWKHU�
6WHSKRQ $OH[DQGHU� \RXU SDVVLRQ� LQVLJKW� VWUHQJWK� DQG ZLVGRP LQVSLUH PH WR EH D EHWWHU
SK\VLFLVW�

?7KLQN ZKHUH PDQ
V JORU\ PRVW EHJLQV DQG HQGV� DQG VD\ P\ JORU\ ZDV , KDG VXFK
IULHQGV�� �:�%� <HDWV
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'HGLFDWLRQ

7KLV WKHVLV LV GHGLFDWHG WR P\ pUVW DQG EHVW WHDFKHUV� P\ IDPLO\� ZLWKRXW ZKRP ,
G EH
ORVW� � �

0\ 'DG 5D\PRQG
V VHQVH RI KXPRU DQG LQWHOOHFW KDYH DOZD\V EHHQ JUHDW UHVRXUFHV
IRU PH� +H KDV FRQVLVWHQWO\ LQMHFWHG SUHFLVLRQ GRVHV RI ZLVGRP DQG ZLW� ZKHQHYHU , KDYH
QHHGHG WKHP�

,
G EH QRWKLQJ ZLWKRXW P\ OLWWOH EURWKHUV 1LFN DQG &KULV� 7KH\ PDNH PH ODXJK �PRVWO\�
DQG FU\ �UDUHO\�� EXW , DP VR SURXG RI WKHP� -XVW NQRZLQJ WKH\ DUH LQ WKH ZRUOG pOOV P\
OLIH ZLWK MR\�

0\ ROGHU EURWKHU .HYLQ LV P\ KHUR� P\ URFN� +H LV P\ EHVW IULHQG� P\ LQVSLUDWLRQ� P\
JXDUGLDQ� +H PDGH PH ZKDW , DP�

0\ PRWKHU %DUEDUD WDXJKW PH HYHU\WKLQJ , NQRZ DERXW OLIH� :RUGV FDQQRW FDSWXUH
ZKDW VKH PHDQV WR PH ^ , RZH KHU HYHU\WKLQJ� ?,I , FRXOG pQG D WZLQNOLQJ VWDU� RQH KDOI
VR ZRQGURXV DV \RX DUH� WKDW VWDU ZRXOG EH� OLNH P\ KHDUW DQG PH ^ GHGLFDWHG WR \RX��
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&RQWHQWV

$FNQRZOHGJPHQWV LLL

'HGLFDWLRQ Y

,QWURGXFWLRQ �

� 3UHOLPLQDULHV �

��� 5DGLR $VWURQRP\ )XQGDPHQWDOV � � � � � � � � � � � � � � � � � � � � � � � � �

��� 5DGLRPHWU\ %DVLFV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

��� (PLVVLRQ DQG $EVRUSWLRQ RI 5DGLDWLRQ E\ 0DWWHU � � � � � � � � � � � � � � � ��

��� 7KRPVRQ 6FDWWHULQJ� 3RODUL]DWLRQ� DQG WKH 6WRNHV 3DUDPHWHUV � � � � � � � � ��

��� 7LPH DQG )UHTXHQF\�'RPDLQ 5HODWLRQV � � � � � � � � � � � � � � � � � � � � � ��

����� $XWRFRUUHODWLRQ )XQFWLRQ� $&) � � � � � � � � � � � � � � � � � � � � � ��

����� )UHTXHQF\ 'RPDLQ 5HODWLRQV � � � � � � � � � � � � � � � � � � � � � � ��

��� 8QLpFDWLRQ� 36' � $&) � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� /LQHDU )LOWHUV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 7KH 6WDQGDUG &RVPRORJLFDO 0RGHO DQG WKH 3RODUL]DWLRQ RI WKH &0% ��

��� $QLVRWURS\ RI WKH &0% DQG WKH JHQHUDWLRQ RI 3RODUL]DWLRQ � � � � � � � � � � ��
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��� ,RQL]HG (SRFKV LQ WKH (YROXWLRQ RI WKH 8QLYHUVH � � � � � � � � � � � � � � � � ��

��� 3RODUL]DWLRQ 3URGXFHG E\ &RVPRORJLFDO 3HUWXUEDWLRQV � � � � � � � � � � � � ��

��� 7KH )LUVW ,RQL]HG (SRFK� 5HFRPELQDWLRQ � � � � � � � � � � � � � � � � � � � ��

��� 7KH 6HFRQG ,RQL]HG (SRFK� 5HLRQL]DWLRQ � � � � � � � � � � � � � � � � � � � � ��

��� 3RODUL]DWLRQ 3RZHU 6SHFWUXP � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� $Q ,QWURGXFWLRQ WR 5DGLRPHWU\ ��

��� 7RWDO 3RZHU 5DGLRPHWHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 0LQLPXP 'HWHFWDEOH 6LJQDO � � � � � � � � � � � � � � � � � � � � � � � ��

����� /LPLWDWLRQV RI WKH 7RWDO 3RZHU 5DGLRPHWHU 7HFKQLTXH � � � � � � � � ��

��� 7KH &RUUHODWLRQ 5DGLRPHWHU 7HFKQLTXH � � � � � � � � � � � � � � � � � � � � � ��

����� 0LQLPXP 'HWHFWDEOH 6LJQDO � � � � � � � � � � � � � � � � � � � � � � � ��

� 32/$5� ([SHULPHQWDO 'HVFULSWLRQ ��

��� 32/$5� ([SHULPHQWDO 2YHUYLHZ � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 7KH 32/$5 5DGLRPHWHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� &ROG 5HFHLYHU &RPSRQHQWV � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 'HZDU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 9DFXXP 6\VWHP � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &7, &U\RFRROHU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� 2SWLFV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

����� &RUUXJDWHG 6FDODU )HHG KRUQ � � � � � � � � � � � � � � � � � � � � � � ��

����� 2SWLFDO &URVV 3RODUL]DWLRQ � � � � � � � � � � � � � � � � � � � � � � � � ��

����� 2UWKRPRGH 7UDQVGXFHU� 207 � � � � � � � � � � � � � � � � � � � � � ��
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SUREH WKH EODFNERG\ QDWXUH RI WKH &0% RYHU WKH ZLGHVW SRVVLEOH UDQJH RI IUHTXHQFLHV

ZH PXVW DOVR FRQVXOW VXSSOHPHQWDO H[SHULPHQWDO HYLGHQFH IURP ORZHU IUHTXHQF\ PHDVXUH�

PHQWV� VHH H�J � >�@� 7KHVH ORZHU IUHTXHQF\ PHDVXUHPHQWV GR PRUH WKDQ VLPSO\ FRQpUP

�



WKH UHVXOWV RI ),5$6� WKH\ VHUYH WR FRQVWUDLQ GHYLDWLRQV IURP WKH 3ODQFN VSHFWUXP WR

�QHDUO\� QHJOLJLEOH OHYHOV� 0RVW QRWDEO\� WKHVH ORZ�IUHTXHQF\ PHDVXUHPHQWV FRQVWUDLQ WKH

VR�FDOOHG ?FKHPLFDO SRWHQWLDO� GLVWRUWLRQ� ZKLFK UHVXOWV LQ D GHFUHPHQW RI WKH 3ODQFN VSHF�

WUXP DW ORZ IUHTXHQFLHV� 3KRWRQV� EHLQJ ERVRQV� KDYH D QXPEHU GHQVLW\ LQ HTXLOLEULXP

RI Q  �
HK{ NE7�zRb� � 7KH 3ODQFN VSHFWUXP VHWV zR  �� EXW WKH H[LVWHQFH RI D QRQ�]HUR

zR FDQ QRW EH UXOHG�RXW DW SUHVHQW� 7KH EHVW ��� FRQpGHQFH XSSHU�OLPLWV VXJJHVW WKDW

MzRM � �d ��b� >�@�

$W IUHTXHQFLHV QHDU WKH SHDN RI WKH 3ODQFN VSHFWUXP D &RPSWRQ�\ GLVWRUWLRQ PLJKW

EH H[SHFWHG IURP &RPSWRQ VFDWWHULQJ RI SKRWRQV E\ HOHFWURQV KHDWHG E\ D K\SRWKHVL]HG

HQHUJ\ UHOHDVH SULRU WR GHFRXSOLQJ DW D UHGVKLIW RI ] | ���� 7KLV W\SH RI GLVWRUWLRQ KDV

D FKDUDFWHULVWLF VSHFWUDO VLJQDWXUH LQ WKDW WKH KRW HOHFWURQV LQFUHDVH WKH IUHTXHQF\ RI

VFDWWHUHG SKRWRQV ZKLOH FRQVHUYLQJ SKRWRQ QXPEHU GHQVLW\� 7KH \�IDFWRU SDUDPHWHUL]HV

WKH WHPSHUDWXUH GLoHUHQFH EHWZHHQ WKH KRW HOHFWURQV DQG FRROHU SKRWRQV� \  
5
G�NE�7Hb

7FP E � PHF
��ZKHUH 7H LV WKH NLQHWLF WHPSHUDWXUH RI WKH HOHFWURQV� 7KH UHVXOW RI D &RPSWRQ�

\ GLVWRUWLRQ LV D VSHFWUDO GHFUHPHQW EHORZ WKH SHDN IUHTXHQF\ RI WKH &0%� DQG D VSHFWUDO

LQFUHPHQW DERYH WKH SHDN� 7KH EHVW XSSHU OLPLWV RQ WKH &RPSWRQ�\ IDFWRU VXJJHVW

M\M � �d ��b� >�@�>�@�

$QLVRWURS\ 0HDVXUHPHQWV

/DUJH 6FDOH $QLVRWURS\

7KHUH DUH DW SUHVHQW D SOHWKRUD RI GHWHFWLRQV RI DQLVRWURS\ RI WKH &0%� WKH ODUJHVW RI

ZKLFK LV WKH GLSROH DQLVRWURS\ UHVXOWLQJ IURP WKH HDUWK
V SURSHU PRWLRQ ZLWK UHVSHFW WR

WKH QHDUO\ LVRWURSLF 3ODQFNLDQ VSHFWUXP PHQWLRQHG DERYH� 7KLV HoHFW LV QRQ�FRVPRORJLFDO�

VR LW LV QHYHU LQFOXGHG LQ PRGHOV ZKLFK SUHGLFW WKH DQLVRWURS\ RI WKH &0%� ([SDQGLQJ

WKH REVHUYHG WHPSHUDWXUH SDWWHUQ RQ WKH FHOHVWLDO VSKHUH LQWR VSKHULFDO KDUPRQLFV ZH

�



KDYH� c 7
7FPE

�v� ��  
3

C�P DC�P<C�P � 7KH pUVW FRVPRORJLFDOO\ VLJQLpFDQW DQLVRWURS\ LV WKH

TXDGUXSROH� ZLWK DQ H[SHFWDWLRQ YDOXH RI &�  7 �FPEKMD��PM�L  7 �FPE

T
�
�

3P ��
P b� MD��PM��

7KH 506 TXDGUXSROH LV XVHG WR QRUPDOL]H WKH &0% SRZHU VSHFWUXP� 7KH DPSOLWXGH RI

WKH SRZHU VSHFWUXP LV GHpQHG WR EH�

4UPV  

V
�&�
�}

�

6LQFH WKH DQJOH VXEWHQGHG RQ WKH FHOHVWLDO VSKHUH E\ D VSKHULFDO KDUPRQLF PXOWLSROH C

VFDOHV DV v | } C� WKH TXDGUXSROH DQLVRWURS\ LV D ODUJH�VFDOH DQLVRWURS\ � v 
 ��r� 7KH

EHVW OLPLWV RQ 4506 FRPH IURP WKH &2%( '05 H[SHULPHQW� ZKLFK DW ��� FRQpGHQFH

DUH �z. � 4506 � ��z.� ZKHUH WKH UHODWLYH LPSUHFLVLRQ LV DWWULEXWHG SULPDULO\ WR

FRQWDPLQDWLRQ E\ JDODFWLF HPLVVLRQ >�@� ,Q WKH DQJXODU UDQJH ��r � v � ��r� WKH '05 DOVR

SURYLGHV WKH PRVW SUHFLVH PHDVXUHPHQW RI WHPSHUDWXUH DQLVRWURS\� 2Q ��r VFDOHV� &2%(

GHWHFWV c7 
 ��z. >�@�

,QWHUPHGLDWH DQG 6PDOO 6FDOH $QLVRWURS\

7KHUH KDV EHHQ DQ LQWHQVH HoRUW WR PHDVXUH WKH DQLVRWURS\ RI WKH &0% DW VPDOOHU VFDOHV

EHFDXVH WKH qXFWXDWLRQV RQ WKHVH VFDOHV DUH H[SHFWHG WR EHDU WKH LPSULQW RI PLFURSK\VLFDO

SURFHVVHV RFFXULQJ LQ WKH HDUO\ XQLYHUVH SULRU WR DQG GXULQJ GHFRXSOLQJ� $OO RI WKHVH

H[SHULPHQWV DUH HLWKHU JURXQG RU EDOORRQ EDVHG� :H UHIHU WKH UHDGHU WR WKH UHFHQW UHYLHZV

>�@ DQG >�@ IRU FXUUHQW UHVXOWV�

:KDW $ERXW 3RODUL]DWLRQ"

3RODUL]DWLRQ RI WKH &0% KDV UHFHLYHG FRPSDUDWLYHO\ OLWWOH H[SHULPHQWDO DWWHQWLRQ� GH�

VSLWH LWV IXQGDPHQWDO QDWXUH� 7KH DQLVRWURS\ DQG SRODUL]DWLRQ GHSHQG RQ WKH SULPRUGLDO

SRZHU VSHFWUXP RI qXFWXDWLRQV DV ZHOO DV WKH LRQL]DWLRQ KLVWRU\ RI WKH XQLYHUVH LQ GLoHUHQW

�



ZD\V� $V , ZLOO GHPRQVWUDWH LQ &KDSWHU �� D GHWHFWLRQ RI SRODUL]DWLRQ ZRXOG FRPSOHPHQW

WKH GHWHFWLRQV RI DQLVRWURS\ E\ IDFLOLWDWLQJ WKH UHFRQVWUXFWLRQ RI WKH LQLWLDO VSHFWUXP RI

SHUWXUEDWLRQV DV ZHOO DV WKH LRQL]DWLRQ KLVWRU\ RI WKH XQLYHUVH�

7KH PDJQLWXGH DQG VSDWLDO GLVWULEXWLRQ RI SRODUL]DWLRQ LV GHWHUPLQHG E\ IDFWRUV VXFK

DV� WKH VRXUFH RI WKH &0% DQLVRWURS\� WKH GHQVLW\ SDUDPHWHU nR� WKH EDU\RQ FRQWHQW

RI WKH XQLYHUVH n%� WKH +XEEOH FRQVWDQW +R� DQG WKH LRQL]DWLRQ KLVWRU\ RI WKH XQLYHUVH�

&0% SRODUL]DWLRQ LV SDWLFXODUO\ VHQVLWLYH WR WKH LRQL]DWLRQ KLVWRU\ RI WKH XQLYHUVH� ZKLFK

LQFOXGHV WKH GXUDWLRQ RI UHFRPELQDWLRQ DQG WKH HSRFK RI UHLRQL]DWLRQ� 7KH GHWHFWLRQ RI�

RU D IXUWKHU FRQVWUDLQW RQ� WKH SRODUL]DWLRQ RI WKH &0% KDV WKH SRWHQWLDO WR GUDPDWLFDOO\

HQKDQFH RXU XQGHUVWDQGLQJ RI WKH SUH�JDODFWLF HYROXWLRQ RI WKH XQLYHUVH�

6LPLODU WR WKH &0% DQLVRWURS\ SRZHU VSHFWUXP� WKH SRODUL]DWLRQ SRZHU VSHFWUXP

FRQWDLQV LQIRUPDWLRQ RQ DOO DQJXODU VFDOHV� /DUJH DQJXODU VFDOHV �ODUJHU WKDQ 
 �r� FRUUH�

VSRQG WR UHJLRQV RQ WKH ODVW VFDWWHULQJ VXUIDFH ZKLFK ZHUH ODUJHU WKDQ WKH FDXVDO KRUL]RQ

DW ] 
 ����� ,Q WKH DEVHQFH RI UHLRQL]DWLRQ� WKHVH VFDOHV ZHUH DoHFWHG RQO\ E\ WKH ORQJ

ZDYHOHQJWK PRGHV RI WKH SULPRUGLDO SRZHU VSHFWUXP� 7KLV UHJLRQ RI WKH DQLVRWURS\ SRZHU

VSHFWUXP ZDV PHDVXUHG E\ WKH &2%( '05� DQG HVWDEOLVKHV WKH QRUPDOL]DWLRQ IRU PRGHOV

RI ODUJH VFDOH VWUXFWXUH IRUPDWLRQ� 6LPLODUO\� PHDVXUHPHQWV RI SRODUL]DWLRQ DW ODUJH DQJX�

ODU VFDOHV ZLOO QRUPDOL]H WKH HQWLUH SRODUL]DWLRQ SRZHU VSHFWUXP� %HFDXVH WKH DQWLFLSDWHG

VLJQDO VL]H LV VPDOO DW DOO DQJXODU VFDOHV� SRODUL]DWLRQ PHDVXUHPHQWV IDFH PRUH IRUPLGDEOH

FKDOOHQJHV WKDQ DQLVRWURS\ PHDVXUHPHQWV�

7KH H[SHULPHQW GHVFULEHG LQ WKLV WKHVLV PHDVXUHV SRODUL]DWLRQ VLJQDOV RQ ODUJH DQJXODU

VFDOHV� :KLOH WKHVH VLJQDOV PD\ EH ZHDNHU WKDQ VLJQDOV RQ VPDOO VFDOHV� WKH GHVLJQ RI D ODUJH

DQJXODU VFDOH PHDVXUHPHQW LV FRPSDUDWLYHO\ VLPSOH DQG FRPSDFW� ZLWK SRWHQWLDOO\ ORZHU

VXVFHSWLELOLW\ WR VRXUFHV RI V\VWHPDWLF HUURU� $ GHWHFWLRQ� RU LPSURYHG XSSHU OLPLW� DW ODUJH

�



DQJXODU VFDOHV LV D QDWXUDO pUVW VWHS WRZDUGV SURELQJ WKH SRODUL]DWLRQ SRZHU VSHFWUXP RQ

DOO DQJXODU VFDOHV� ,Q WKLV UHJDUG� WKH SUHVHQW VWDWH RI WKH SRODUL]DWLRQ pHOG LV UHPLQLVFHQW

RI WKH DQLVRWURS\ pHOG D GHFDGH DJR�

,Q WKLV WKHVLV ZH ZLOO UHYLHZ WKHRUHWLFDO DUJXPHQWV ZKLFK VXJJHVW WKDW WKH UDWLR RI

SRODUL]DWLRQ WR DQLVRWURS\ VKRXOG EH LQ WKH UDQJH ���� WR ���� DW ODUJH DQJXODU VFDOHV�

7KH EHVW FXUUHQW XSSHU OLPLWV RQ SRODUL]DWLRQ DUH FRPSDUDEOH WR WKH PHDVXUHG DQLVRWURS\

OHYHO LWVHOI �VHH 7DEOH ��� 0HDVXUHPHQWV RI DQLVRWURS\� E\ &2%(� DQG RWKHU H[SHULPHQWV RQ

WKH OHYHO RI c7 7FP E 
 �d ��b� LQGLFDWH WKH UHTXLUHG OHYHO RI VHQVLWLYLW\ WR SRODUL]DWLRQ

PXVW EH DW OHDVW c7 7FP E x � d ��b�� 7KXV� WR REWDLQ QHZ QRQ�WULYLDO LQIRUPDWLRQ�

HLWKHU D SRVLWLYH GHWHFWLRQ� RU DQ LPSURYHG XSSHU OLPLW FDSDEOH RI GLVFULPLQDWLQJ EHWZHHQ

GLoHUHQW FRVPRORJLFDO VFHQDULRV� QHFHVVLWDWHV H[WUHPHO\ SUHFLVH PHDVXUHPHQWV�

&XUUHQW GHWHFWRU WHFKQRORJ\ LV FDSDEOH RI DFKLHYLQJ WKH UHTXLUHG OHYHO RI VHQVLWLYLW\�

+RZHYHU� LQ DGGLWLRQ WR DFKLHYLQJ KLJK VHQVLWLYLW\ LW LV HVVHQWLDO WR GLVFULPLQDWH WKH SRODU�

L]DWLRQ IURP V\VWHPDWLF HoHFWV� VXFK DV QRQ�FRVPRORJLFDO DVWURSK\VLFDO VRXUFHV RI SRODUL]HG

UDGLDWLRQ� 6SDFH�EDVHG PLVVLRQV� VXFK DV 0$3>��@ DQG 3ODQFN 6XUYH\RU >��@ ZLOO SURGXFH

IXOO�VN\ DQLVRWURS\ PDSV� DQG DUH H[SHFWHG WR DFKLHYH WKH UHTXLUHG VHQVLWLYLW\ OHYHO WR

PHDVXUH SRODUL]DWLRQ DV ZHOO� 7KH SURMHFWHG VHQVLWLYLW\ OHYHOV ZLOO DOORZ IRU SHU�SL[HO GH�

WHFWLRQV RI DQLVRWURS\ ZLWK VLJQDO�WR�QRLVH UDWLRV� 615 ! �� 7KH SRODUL]DWLRQ PDSV IURP

WKHVH PLVVLRQV� KRZHYHU� DUH H[SHFWHG WR KDYH 615� � IRU HDFK EHDP�VL]HG SL[HO� DQG ZLOO

EH RI ORZHU UHVROXWLRQ WKDQ WKH DQLVRWURS\ PDSV� )RUWXQDWHO\� SRODUL]DWLRQ REVHUYDWLRQV

DUH DOVR SRVVLEOH IURP WKH JURXQG� DV ZH ZLOO GHPRQVWUDWH� SRODUL]HG DWPRVSKHULF HPLVVLRQ

LV H[SHFWHG WR EH QHJOLJLEOH�

7KLV WKHVLV GHVFULEHV DQ RQJRLQJ� JURXQG�EDVHG SRODUL]DWLRQ H[SHULPHQW� 3RODUL]DWLRQ

2EVHUYDWLRQV RI /DUJH $QJXODU 5HJLRQV �32/$5�� RSWLPL]HG WR PHDVXUH &0% SRODUL]D�

�



WLRQ DW �r VFDOHV� IRU | �� SL[HOV� 7KH GHVLJQ LQFRUSRUDWHV PDQ\ WHFKQLTXHV GHYHORSHG IRU

SUHYLRXV DQLVRWURS\ DQG SRODUL]DWLRQ H[SHULPHQWV� IURP WKH JURXQG� EDOORRQV� DQG VSDFH�

,Q &KDSWHU � ZH UHYLHZ WKH WKHRU\ RI &0% SRODUL]DWLRQ� ZKLFK PRWLYDWHV 32/$5
V

H[SHULPHQWDO GHVLJQ� :H GHVFULEH WKH LQVWUXPHQW LQ &KDSWHU �� DQG WKH FDOLEUDWLRQ RI

32/$5 LQ &KDSWHU �� ,Q &KDSWHU � ZH IRFXV RXU DWWHQWLRQ RQ D VLJQLpFDQW FKDOOHQJH

WR WKH GHWHFWLRQ RI WKH SRODUL]DWLRQ RI WKH &0%� WKH GLVFULPLQDWLRQ RI &0% SRODUL]DWLRQ

IURP SRODUL]HG IRUHJURXQG VRXUFHV� &KDSWHU � SUHVHQWV DQ RYHUYLHZ RI RXU REVHUYLQJ VWUDW�

HJ\� ZKLFK LV GHVLJQHG WR PLQLPL]H WKH WLPH UHTXLUHG WR GHWHFW D FRVPRORJLFDO VLJQDO� ,Q

&KDSWHU � ZH SUHVHQW WKH SUHOLPLQDU\ DQDO\VLV RI WKH LQLWLDO REVHUYLQJ UXQ RI 32/$5�

&KDSWHU �� VXPPDUL]HV WKH UHVXOWV REWDLQHG WR GDWH� DORQJ ZLWK D IRUPDOLVP IRU FRPSDU�

LQJ IXWXUH GDWD VHWV ZLWK WHPSHUDWXUH DQLVRWURS\ GDWD� DQG FDOFXODWLQJ HVWLPDWHV RI WKH

HSRFK RI UHLRQL]DWLRQ� )LQDOO\� ZH VSHFXODWH RQ WKH FRQFOXVLRQV ZKLFK FRXOG EH GUDZQ IURP

D GHWHFWLRQ RI &0% SRODUL]DWLRQ� DV ZHOO DV IXWXUH GLUHFWLRQV DQG JRDOV RI WKH 32/$5

FDPSDLJQ�

7DEOH �� ([SHULPHQWDO /LPLWV RQ /LQHDU 3RODUL]DWLRQ ���� &RQpGHQFH /HYHO�

5HIHUHQFH )U HT X HQ F\ �*+ ]� 6 N \ & RY HU DJH 'HF r $ Q JX ODU 6 FDOH /LP LW
7SRO
7FPE

3 HQ ]LDV 	 : LOVRQ ���� >�@ ��� VFDWWHUHG _ ���

& DG HU Q L HW DO� ���� >��@ ���b��� Q HDU JDODFWLF FHQ WHU ���r � v � ��r �����b����
1 DQ RV ���� >��@ ��� r  ���r ��r �d ��b�
6 P RRW 	 /X E LQ ����>��@ �� r  ��r� ��r� ��r �r �d ��b�
/X E LQ 	 6 P RRW ���� >��@ �� r  b��r WR ���r �r �d ��b�
3 DU WU LG JH HW DO� ���� >��@ ��� ���� DW r  �����r �� ���d ��b�
: ROODFN HW DO� ���� >��@ ��b �� | ��r & DS DU RX Q G 1 & 3 ���r �d ��b�
1 HWWHU p HOG HW DO� ���� >��@ ��b �� | ��r & DS DU RX Q G 1 & 3 ���r �d ��b�

�



&KDSWHU �

3 U HOLPLQDU LHV

7KLV FKDSWHU LV LQWHQGHG WR VHUYH DV D UHIHUHQFH IRU VHYHUDO FKDSWHUV LQ WKLV WKHVLV� 7KH

UHVXOWV TXRWHG KHUH DUH� LQ JHQHUDO� QRW GHULYHG� DQG WKH LQWHQW LV VLPSO\ WR FRPSLOH D VPDOO

UHSRVLWRU\ RI LQIRUPDWLRQ ZKLFK ZLOO EH TXRWHG WKURXJKRXW WKLV WKHVLV� 7KH UHDGHU PD\

IHHO IUHH WR UHIHU WR WKLV FKDSWHU RQO\ E\ QHFHVVLW\� RU VNLS LW DOWRJHWKHU�

��� 5DGLR $VWU RQRP\ )XQGDPHQWDOV

:H pUVW VXPPDUL]H VRPH UHVXOWV ZKLFK RXWOLQH RXU REVHUYDEOHV DQG WKHLU FRQQHFWLRQ WR

RXU PHDVXUHPHQW WHFKQLTXH�

��� 5DGLRPHWU \ % DVLFV

$ UDGLR VRXUFH REVHUYHG LQ GLUHFWLRQ v FDQ EH FKDUDFWHUL]HG E\ LWV %ULJKWQHVV� ZLWK XQLWV

RI >:�P��+]�VU@� 7KH EULJKWQHVV� %{�v�� RI D VRXUFH LV UHODWHG WR LWV GHWHFWHG SRZHU LQ DQ

DUHD HOHPHQW G$ YLD�

3  

=
%{�v� FRV v Gn G$ G{� �����

�



ZKHUH Gn  VLQ vGvG�� G$� G{ DUH LQpQLWHVLPDO VROLG DQJOH� DUHD� DQG IUHTXHQF\ HOH�

PHQWV� UHVSHFWLYHO\� DQG v LV WKH DQJOH EHWZHHQ WKH QRUPDO WR WKH DUHD HOHPHQW DQG WKH

OLQH�RI�VLJKW�

7KH VRXUFH
V )OX[ 'HQVLW\ LV GHpQHG E\�

6{  

=
%{�v�Gn �����

7KH XQLW RI 6{ LV WKH -DQVN\ u -\  ��b�� :�P��+]�

)RU D EODFNERG\� WKH EULJKWQHVV LV D IXQFWLRQ RI WKHUPRG\QDPLF WHPSHUDWXUH 7 �

%{�7 �  
�K{�

F�
�

H
K{
N7 b �

� �����

ZKLFK KDV D PD[LPXP EULJKWQHVV DW D IUHTXHQF\ {PD[
*+]  ������� 7. �� 7KH QXPEHU

GHQVLW\ RI SKRWRQV LQ D EODFNERG\ UDGLDWLRQ pHOG LV ����d ���7 �Pb� >��@� $W IUHTXHQFLHV

PXFK JUHDWHU WKDQ {PD[� ZH REWDLQ WKH :LHQ /DZ� %{�7 �  
�K{�

F� HbK{ N7 � ,Q WKH 5D\OHLJK�

-HDQV UHJLRQ RI WKH VSHFWUXP ZH KDYH

K{ � N7 � %5-�{� 7 �  
�{�

F�
N7�

)URP WKLV HTXDWLRQ ZH REWDLQ WKH GHpQLWLRQ RI %ULJKWQHVV 7HPSHUDWXUH�

7%  
F�%{

�N{�
� �����

)URP WKH GHpQLWLRQ RI WKH EULJKWQHVV WHPSHUDWXUH� ZKLFK LV LQGHSHQGHQW RI WKH UHFHLYHU�

ZH REWDLQ WKH $QWHQQD 7HPSHUDWXUH ZKLFK LV GHSHQGHQW RQ WKH EHDP RI WKH UDGLR WHOHVFRSH�

7KH DQWHQQD KDV D SHDN�YDOXH QRUPDOL]HG EHDP SDWWHUQ� 3 �v� ZKLFK UHVXOWV LQ DQ DFFHSWDQFH

�



VROLG DQJOH RI n  
5 �}
� 3 �v�Gn� 7KHPDLQ EHDP LV GHpQHG DV WKH VROLG DQJOH� n0 � VXEWHQGHG

E\ WKH SRUWLRQ RI 3 �v� EHWZHHQ LWV pUVW QXOOV� 7KLV UHVXOWV LQ D PDLQ EHDP HrFLHQF\ IDFWRU

RI uE  
n 0
n � 7KHQ WKH DQWHQQD WHPSHUDWXUH LV GHpQHG WR EH�

7$  7%
n0

n
� �����

,I D UDGLR VRXUFH pOOV WKH HQWLUH EHDP RI D UDGLR WHOHVFRSH DQG LV RSWLFDOO\ WKLFN�

WKHQ ZH VHH WKDW WKH DQWHQQD WHPSHUDWXUH ZLOO HTXDO WKH WKHUPRG\QDPLF WHPSHUDWXUH

RI WKH VRXUFH� 7KLV IDFW LV TXLWH UHPDUNDEOH� IRU LW VXJJHVWV WKDW LI ZH FRXOG FRXSOH WKH

UDGLDWLRQ UHFHLYHG IURP WKLV GLVWDQW VRXUFH WR D EODFNERG\ LQ RXU ODE� WKH ODE EODFNERG\
V

WHPSHUDWXUH ZRXOG HTXDO WKH WHPSHUDWXUH RI WKH GLVWDQW VRXUFH� ,Q WKLV ZD\ ZH FDQ OLWHUDOO\

?WDNH WKH WHPSHUDWXUH� RI H[WUHPHO\ GLVWDQW REMHFWV�

2QH pQDO FRQFHSW LV XVHIXO KHUH� WKDW RI WKH DQWHQQD
V HoHFWLYH DUHD� $ UDGLR WHOHVFRSH

DQWHQQD PD\ KDYH ]HUR SK\VLFDO DUHD� DV LQ WKH FDVH RI DQ LGHDO GLSROH DQWHQQD� \HW LW LV

GHpQHG WR KDYH DQ HoHFWLYH DUHD RI�

$Hn0  Qy�� �����

ZKHUH� Q LV WKH QXPEHU RI VSDWLDO PRGHV� y LV WKH ZDYHOHQJWK RI WKH UDGLDWLRQ UHFHLYHG

E\ WKH DQWHQQD� DQG n0 LV WKH PDLQ�EHDP VROLG DQJOH>��@>��@� )RU �GLoUDFWLRQ�OLPLWHG�

PHDVXUHPHQWV� Q  � DQG $Hn  y�  F�

{� � 7KH SURGXFW $Hn0 LV� LQ DVWURQRPLFDO FLUFOHV�

NQRZQ DV WKH WKURXJKSXW RU HwWHQGXH� 7KH FRQFHSW RI DQWHQQD WHPSHUDWXUH LV XVHIXO VLQFH

LW LPSOLHV D VRXUFH RI qX[ GHQVLW\ 6{ ZLOO SURGXFH DQ DQWHQQD WHPSHUDWXUH RI�

�0 H D QLQJ WKD W LW LV LQ EXON WKH UPD O H T XLOLEULXP LI LW LV D GLoXVH VR XUF H � VXF K D V D F OR XG� D QG KD V D Q
H PLVVLY LW\ R I XQLW\ �

�



7$  
6{$H

�NE
� �����

ZKLFK LV FRQVLVWHQW ZLWK WKH FRQYHQWLRQDO UHODWLRQVKLS EHWZHHQ qX[ DQG DUHD�

��� ( PLVVLRQ DQG $EVRU SWLRQ RI 5DGLDWLRQ E\ 0 DWWHU

+HUH ZH SUHVHQW D EULHI� SKHQRPHQRORJLFDO� GHVFULSWLRQ RI HPLVVLRQ DQG DEVRUSWLRQ DV LW

SHUWDLQV WR REMHFWV IUHTXHQWO\ REVHUYHG LQ UDGLR DVWURQRPLFDO DSSOLFDWLRQV >��@�

(PLVVLRQ

:H pUVW FRQVLGHU DQ HPLWWLQJ PHGLXP� ZLWK QXPEHU GHQVLW\ RI HPLWWLQJ SDUWLFOHV ~�

DQG HPLVVLRQ FRHrFLHQW M{ �ZKLFK LV WKH HQHUJ\ HPLWWHG E\ D YROXPH HOHPHQW G9  GUG$

LQ WKH LQWHUYDOV G{� Gn� GW�� ZKLFK SURGXFHV DQ LQpQLWHVLPDO EULJKWQHVV�

G%{  
�

�}
M{~GUH

b� � �����

SHU XQLW WKLFNQHVV RI WKH PHGLXP� GU� 7KH RSWLFDO GHSWK� � � LV GHpQHG WR EH�

�  
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�
o~GU�

ZKHUH o~ LV NQRZQ DV WKH DEVRUSWLRQ FRHrFLHQW� ZLWK XQLWV RI Pb�� DQG � LV RSWLFDO GHSWK

ZKLFK LV GLPHQVLRQOHVV�

$EVRUSWLRQ

1RZ FRQVLGHU D FROOLPDWHG EHDP RI UDGLDWLRQ WUDYHOLQJ D GLVWDQFH GU WKURXJK DQ DE�

VRUELQJ PHGLXP� 7KH EULJKWQHVV RI WKH UDGLDWLRQ DIWHU WUDYHUVLQJ D GLVWDQFH 5 WKURXJK

WKH PHGLXP LV UHODWHG WR WKH LQLWLDO EULJKWQHVV� %R E\�

��
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&RPELQLQJ ERWK HPLVVLRQ DQG DEVRUSWLRQ E\ D PHGLXP� ZH KDYH WKDW�

%{  %RH
b� �
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.LUFKRo
V /DZ VWDWHV WKDW� LQ HTXLOLEULXP� ZH KDYH�

G%  �

� %  
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������

ZKLFK UHODWHV EULJKWQHVV RI DQ HPLWWLQJ DQG DEVRUELQJ FORXG WR LWV EXON SURSHUWLHV LQ

WKHUPRG\QDPLF HTXLOLEULXP�

$EVRUSWLRQ DQG 6FDWWHULQJ� ([WLQFWLRQ

7KH %ROW]PDQQ HTXDWLRQ JLYHV WKH UHODWLRQ EHWZHHQ WKH LQSXW DQG RXWSXW LQWHQVLWLHV RI D

FROOLPDWHG EHDP RI UDGLDWLRQ WUDYHOLQJ DQ LQpQLWHVLPDO GLVWDQFH GU WKURXJK DQ DEVRUELQJ�

HPLWWLQJ PHGLXP�

G%{

GU
 bx{%{ � M{ � ������

ZKHUH WKH HPLVVLRQ FRHrFLHQW� M{ � LV WKH HQHUJ\ HPLWWHG E\ D YROXPH HOHPHQW G9  

GV G$ LQ WKH LQWHUYDOV G{� Gn� GW� DQG x{%{ LV WKH HQHUJ\ DEVRUEHG IURP D EHDP RI VSHFLpF

LQWHQVLW\ %{ �

��



([WLQFWLRQ� GHQRWHG E\ 4H� LV WKH FRPELQDWLRQ RI DEVRUSWLRQ DQG VFDWWHULQJ RXW RI

D FROOLPDWHG EHDP� ([WLQFWLRQ LV SDUDPHWHUL]HG E\ 4H  
V{
�G
� ZKHUH V{ LV WKH RSWLFDO

VFDWWHULQJ FURVV�VHFWLRQ� DQG �G LV WKH JHRPHWULF FURVV VHFWLRQ RI WKH VFDWWHUHU� 4H YDULHV

ZLWK LQGH[ RI UHIUDFWLRQ RI WKH VFDWWHUHU� DSSURDFKLQJ XQLW\ DV WKH ZDYHOHQJWK GHFUHDVHV WR

]HUR� DQG FDQ EHFRPH � � DW ZDYHOHQJWKV FRPSDUDEOH WR WKH GLPHQVLRQ RI WKH VFDWWHUHU�

��� 7 KRPVRQ 6FDWWHU LQJ� 3 RODU L]DWLRQ� DQG WKH 6WRNHV 3 D�

U DPHWHU V

7KH GHVFULSWLRQ RI SRODUL]HG UDGLDWLRQ DSSHDUV TXLWH IUHTXHQWO\ LQ WKLV WKHVLV� ERWK LQ WKH

WKHRUHWLFDO GHVFULSWLRQ RI SRODUL]DWLRQ RI WKH &0%� DQG WKH H[SHULPHQWDO GHVFULSWLRQ RI LWV

GHWHFWLRQ� :H FKRRVH WR SUHVHQW D XQLpHG GLVFXVVLRQ SULRU WR HPEDUNLQJ RQ HLWKHU FRXUVH�

:H VWDUW E\ FRQVLGHULQJ D JHQHUDOO\ SRODUL]HG� HOHFWURPDJQHWLF ZDYH ZLWK DQJXODU

IUHTXHQF\� ��

a(  (\� VLQ��Wb r\�A\ �([� VLQ��Wb r[�A[� ������

7KH SRODUL]DWLRQ VWDWH RI WKH ZDYH LV FRPSOHWHO\ FKDUDFWHUL]HG E\ WKH 6WRNHV SDUDPH�

WHUV� ,�4� 8� DQG 9 �

,\  K(�\�L ������

,[  K(�[�L ������

�L �H�� H LWKH U F LUF XOD UO\ R U OLQH D UO\ �R U ER WK�
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4  ,\ b ,[ ������

8  �(\�([� FRV�r\ b r[� ������

9  �(\�([� VLQ�r\ b r[�� ������

3K\VLFDOO\� , LV WKH WRWDO LQWHQVLW\ RI WKH UDGLDWLRQ� DQG LV DOZD\V SRVLWLYH� 7KH SDUDP�

HWHUV 4 DQG 8 TXDQWLI\ WKH OLQHDU SRODUL]DWLRQ RI WKH ZDYH� DQG 9 TXDQWLpHV WKH GHJUHH

RI FLUFXODU SRODUL]DWLRQ �ZKHQ 9  �� WKH UDGLDWLRQ LV OLQHDUO\ SRODUL]HG RU XQSRODUL]HG��

7KH OHYHO RI SRODUL]DWLRQ LV GHpQHG DV g  

S
4��8��9 �

, � DQG WKH SRODUL]HG LQWHQVLW\ LV

, S RO u gd ,�

1RWH WKDW WKH 6WRNHV SDUDPHWHUV DUH GHpQHG LQ LQWHQVLW\ u EULJKWQHVV XQLWV� ZKHUHDV

RXU H[SHULPHQW PHDVXUHV WKH DQWHQQD WHPSHUDWXUH RI WKH LQFLGHQW UDGLDWLRQ pHOG� ,I ZH

QHHG WR FRQYHUW EHWZHHQ WKH WZR ZH DSSO\ HTXDWLRQV ��� DQG ����

:H QRZ WXUQ IURP WKH SKHQRPHQRORJLFDO GHVFULSWLRQ RI SRODUL]DWLRQ WR LWV JHQHUDWLRQ

YLD SKRWRQ�HOHFWURQ VFDWWHULQJ� 7KRPVRQ VFDWWHULQJ LV WKH ORZ�HQHUJ\ OLPLW RI &RPSWRQ

VFDWWHULQJ� GLoHULQJ GXH WR WKH IDFW WKDW D 7KRPVRQ�VFDWWHUHG SKRWRQ ZLOO KDYH WKH VDPH

IUHTXHQF\ EHIRUH DQG DIWHU VFDWWHULQJ� :H ZLOO RQO\ GLVFXVV VFDWWHULQJ RI SKRWRQV E\

HOHFWURQV� QRW RWKHU FKDUJHG SDUWLFOHV�

7KH GLoHUHQWLDO VFDWWHULQJ FURVV�VHFWLRQ IRU 7KRPVRQ VFDWWHULQJ JLYHV WKH LQWHQVLW\ RI

UDGLDWLRQ VFDWWHUHG LQWR VROLG DQJOH Gn �

G�

Gn
 
��7
�}

MAs� c AsM�� ������

ZKHUH �7 LV WKH 7KRPVRQ FURVV�VHFWLRQ ZLWK XQLWV RI P
�� DQG WKH YHFWRUV As� DQG As

��



UHSUHVHQW WKH LQFRPLQJ DQG RXWJRLQJ SRODUL]DWLRQV� UHVSHFWLYHO\� 7KH 7KRPVRQ FURVV�

VHFWLRQ �7 � U�H � ZKHUH UH LV WKH FODVVLFDO HOHFWURQ UDGLXV� :H UHIHU WKH UHDGHU WR pJXUH ���

IRU GHpQLWLRQV RI FRRUGLQDWHV XVHG LQ WKH VFDWWHULQJ SUREOHP�

)LJXUH ���� 7KRPVRQ 6FDWWHULQJ *HRPHWU\

)ROORZLQJ .RVRZVN\ >��@� ZH FRQVLGHU DQ LQFLGHQW XQSRODUL]HG SODQH ZDYH RI LQWHQVLW\ , �

ZKLFK LV VXEVHTXHQWO\ VFDWWHUHG DORQJ WKH ]�D[LV� )URP WKH VFDWWHULQJ FURVV�VHFWLRQ GHpQHG

DERYH ZH pQG WKDW WKH 6WRNHV SDUDPHWHUV RI WKH RXWJRLQJ UDGLDWLRQ DUH�

,  
��7
�}

, ��� � FRV� v� ������

4  
��7
�}

, � VLQ� v ������

8  �� ������
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ZKHUH v LV WKH VFDWWHULQJ DQJOH� 7R GHWHUPLQH WKH QHW SRODUL]DWLRQ SURGXFHG E\ DQ

LQFLGHQW GLVWULEXWLRQ , ��v� ��� ZH PXVW LQWHJUDWH WKH DERYH HTXDWLRQV RYHU DOO LQFRPLQJ DQG

RXWJRLQJ DQJOHV� :H pQG� DV H[SHFWHG� WKDW WKHUH ZLOO QRZ EH D QRQ�YDQLVKLQJ 8 �

,  
��7
��}

=
Gn , ��v� ���� � FRV� v�
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��7
��}

=
Gn , ��v� �� VLQ� v FRV �� ������

8  
��7
��}

=
Gn , ��v� �� VLQ� v VLQ ���

$W WKLV SRLQW� LW LV FXVWRPDU\ WR H[SDQG , ��v� �� LQWR VSKHULFDO KDUPRQLFV� YL] �

, ��v� ��  
;
C�P

DC�P<C�P�v� ��� ������

%\ WKH RUWKRJRQDOLW\ RI WKH VSKHULFDO KDUPRQLFV� ZH pQG IURP HTXDWLRQV ���� DQG ����

WKDW WKH UHVXOWLQJ SRODUL]DWLRQ LV�
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ZKLFK VKRZV WKDW LW LV WKH TXDGUXSROH FRQWHQW RI WKH LQFLGHQW UDGLDWLRQ pHOG ZKLFK

GHWHUPLQHV WKH SRODUL]DWLRQ SURGXFHG�

��



��� 7 LPH DQG )U HTXHQF\�'RPDLQ 5HODWLRQV

%RWK RI WKH IROORZLQJ VXEVHFWLRQV GUDZ KHDYLO\ IURP WKH H[FHOOHQW GLVFXVVLRQ JLYHQ LQ 0F

'RQRXJK DQG :KDOHQ >��@� 5HVXOWV IURP WKHVH VHFWLRQV DUH XVHG KHDYLO\ WKURXJKRXW WKLV

WKHVLV LQ PDQ\ VHHPLQJO\ GLVSDUDWH GLVFXVVLRQV� $ WKRURXJK XQGHUVWDQGLQJ LV UHTXLUHG LQ

RUGHU WR FRQQHFW WKH SUHGLFWLRQV RI WKHRU\ WR WKH H[SHULPHQWDO REVHUYDEOHV�

����� $XWRFRU U HODWLRQ )XQFWLRQ� $&)

:H EHJLQ E\ FRQVLGHULQJ D WLPHVWUHDP� UHSUHVHQWLQJ WKH YROWDJH RXW RI D GHWHFWRU� GHQRWHG

E\ [�W�� 7KH H[SHFWDWLRQ YDOXH RI [�W� LV� (>[�W�@  
5�
b� [�W�S>[W@G[W� ZKHUH S>[W@ LV WKH

SUREDELOLW\ WKDW [�W�  [W DW WLPH W�

7KHQ WKH DXWR�FRUUHODWLRQ IXQFWLRQ �$&)� RI [�W� LV GHpQHG WR EH�

5[�W�� W��  (>[�W���[�W��@ ������

 

= �
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[�[�S�[�� [�� W�� W��G[�G[�� ������

,I WKH SURFHVV ZKLFK JHQHUDWHV WKH WLPHVWUHDP LV D VWDWLRQDU\ UDQGRP SURFHVV WKHQ

(>[�W�@  P� WKH PHDQ LV D FRQVWDQW� DV LV WKH YDULDQFH ��[� ,Q WKLV FDVH ZH FDQ GLVUHJDUG

WKH DEVROXWH WLPHV W� DQG W� LQ HTXDWLRQ ���� DQG FRQVLGHU LQVWHDG RQO\ WKH WLPH GLoHUHQFH

EHWZHHQ WKHP� GHQRWHG E\ � �

7KHQ HTXDWLRQ ���� EHFRPHV�

5[�W�� W� b ��  

= �

b�
[�W��[�W� b ��S>[�W��� [�W� b ��@G[W�G[W�b� u 5[���� ������
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,I 5[�W�� W��  5[�W� b W�� WKHQ WKH SURFHVV LV FDOOHG ZLGH�VHQVH VWDWLRQDU\� 7KHVH

GHpQLWLRQV UHVXOW LQ�

��[  5[���bP�� ������

)RU D FRPSOH[ IXQFWLRQ [�W� ZKLFK LV ZLGH�VHQVH VWDWLRQDU\ ZH KDYH WKDW�

5[���  OLP
7��
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u = 7 �
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[�W�[e�Wb ��GW� ������

1RWH WKDW IURP WKH GHpQLWLRQ RI WKH $&)� 5[���  5[�b��� 6LPLODU GHpQLWLRQV KROG

IRU WKH FURVV�FRUUHODWLRQ IXQFWLRQ �u 5[\� RI WZR WLPHVWUHDPV [�W� DQG \�W�� WKRXJK ZH

ZLOO QRW SUHVHQW WKHVH JHQHUDOL]DWLRQV RI HTXDWLRQ ���� KHUH�

:H ZLVK WR HPSKDVL]H KHUH WKDW� DOWKRXJK ZH KDYH EHHQ GHDOLQJ LQ WKH WLPH�GRPDLQ�

WKHVH UHVXOWV LPPHGLDWHO\ JHQHUDOL]H� IRU H[DPSOH� WR IXQFWLRQV RI DQJOH� $V D WR\ H[DPSOH�

OHW [�v� EH D VFDODU IXQFWLRQ RI DQJOH� RQ D VPDOO�HQRXJK SRUWLRQ RI WKH VN\ ZKLFK FDQ

HVVHQWLDOO\ EH WUHDWHG DV SODQDU� RU LQ WKLV FDVH� RQH�GLPHQVLRQDO� &RQWLQXLQJ ZLWK WKH WR\

H[DPSOH� OHW [�v�  FRV Nv� WKHQ WKH $&) RI [�v� LV�

5[�v� v b ��  5[���  
�

�
FRV�N��� ������

:H VHH WKDW D VLQXVRLGDO IXQFWLRQ RQ WKH VN\ SURGXFHV D VLQXVRLGDO FRUUHODWLRQ IXQFWLRQ�

7KLV JHQHULF UHVXOW ZLOO EH XVHIXO ZKHQ ZH GLVFXVV WKH DXWR DQG FURVV�FRUUHODWLRQ IXQFWLRQV

RI FRVPRORJLFDO REVHUYDEOHV� LQ &KDSWHU �� ZKLFK DUH RIWHQ DVVXPHG WR EH GHVFULEHG E\

*DXVVLDQ UDQGRP pHOGV�

��



����� )U HTXHQF\ 'RPDLQ 5HODWLRQV

$ WLPHVWUHDP [�W� KDV D )RXULHU 7UDQVIRUP�

;�L��  

= �

b�
[�W�Hb�}L{WGW ������

DV ORQJ DV
5�
b� M[�W�MGW ��� 2I FRXUVH WKLV LQHTXDOLW\ GRHV QRW KROG IRU D WLPHVWUHDP

UHSUHVHQWLQJ D SK\VLFDO SURFHVV� VXFK DV WKH RXWSXW IURP RXU GHWHFWRUV� ,QVWHDG ZH UHOD[

WKLV PRUH�VWULFW FULWHULRQ� DQG LQVWHDG UHTXLUH�

OLP
7��

t �
7

u = 7 �

b7 �
M[�W�M�GW ���

ZKLFK FDQ XVXDOO\ EH VDWLVpHG� ,Q WKLV FDVH� ZH VHH WKDW [�W� 
S
7 KDV D )RXULHU WUDQV�

IRUP GHQRWHG E\ ;�{� G{�� VLQFH LQ WKH OLPLW WKDW 7 � �� ZH REWDLQ DQ LQpQLWHVLPDO
S
G{� 8VXDOO\� ZH DUH LQWHUHVWHG LQ WKH LQpQLWHVLPDO SRZHU FRQWDLQHG LQ DQ LQpQLWHVLPDO

IUHTXHQF\ EDQG� G{� 7KLV EHFRPHV�

6[�{�G{  (>M;�{�G{�M�@� ������

6[�{� LV NQRZQ DV WKH 3RZHU 6SHFWUDO 'HQVLW\ �36'��

��� 8QLpFDWLRQ� 3 6' � $&)

,W LV ZHOO�NQRZQ WKDW WKH VWDWLVWLFDO SURSHUWLHV RI D *DXVVLDQ UDQGRP YDULDEOH DUH FRP�

SOHWHO\ GHWHUPLQHG E\ LWV pUVW WZR PRPHQWV� LWV PHDQ DQG YDULDQFH� ,W LV DOVR ZHOO�NQRZQ

WKDW VXFK D SURFHVV FDQ EH FRPSOHWHO\ GHVFULEHG E\ LWV 36'� 7KLV OHDGV XV WR K\SRWKHVL]H

WKDW WKH WLPH GRPDLQ LV QR PRUH IXQGDPHQWDO WKDQ WKH IUHTXHQF\ GRPDLQ� DQG ZH H[SHFW

��



WKDW WKH LQIRUPDWLRQ FRQWDLQHG LQ WKH $&) VKRXOG EH UHODWHG WR WKDW LQ WKH 36'�

/HW XV ORRN RQFH DJDLQ DW HTXDWLRQ ����� 8VLQJ WKH )RXULHU UHSUHVHQWDWLRQ RI [�W� ZH

KDYH�

5[���  (>[�W�[e�Wb ��@ ������
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ZKHUH ZH KDYH DVVXPHG WKDW WKH SKDVHV RI WKH )RXULHU WUDQVIRUPV DUH XQFRUUHODWHG

WR JHW WKH pQDO HTXDOLW\� 7KXV� IURP HTXDWLRQ ���� ZH KDYH WKH IDPHG :LHQHU�.KLQWFKLQ

7KHRUHP ZKLFK VWDWHV WKDW WKH $&)� 5[ DQG WKH 36'� 6[ DUH )RXULHU WUDQVIRUP SDLUV�

:H DOVR KDYH WKDW�

��[ �P�  5[���  
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ZKLFK LV XVHG H[WHQVLYHO\ LQ WKLV WKHVLV� 7KLV GLVFXVVLRQ ZLOO DOVR EH UHOHYDQW LQ &KDSWHU

� ZKHQ ZH UHODWH WKH REVHUYDEOH FRUUHODWLRQ IXQFWLRQV RI WKH &0% WHPSHUDWXUH�SRODUL]DWLRQ

pHOGV WR WKHLU SRZHU VSHFWUD� SURYLGHG E\ WKHRU\�

����� /LQHDU )LOWHU V

:H FORVH WKLV VHFWLRQ ZLWK D EULHI GLVFXVVLRQ RQ WKH UHVSRQVH RI OLQHDU pOWHUV� $JDLQ ZH

IROORZ 0F 'RQRXJK DQG :KDOHQ LQ VSLULW DQG QRWDWLRQ�

��



&RQVLGHU D VLJQDO [�W� ZKLFK LV SDVVHG WKURXJK D OLQHDU pOWHU� 7KH RXWSXW IURP WKH

pOWHU LV D FRQYROXWLRQ RI WKH pOWHU
V UHVSRQVH IXQFWLRQ K�W� ZLWK WKH VLJQDO� YL] �

\�W�  

= �

b�
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7KH FRQYROXWLRQ WKHRUHP VWDWHV WKDW WKH )RXULHU WUDQVIRUPV RI \�W�� K�W�� [�W� DUH UH�

ODWHG YLD�

< �{�  +�{�;�{�� ������

,I WKH pOWHU
V WUDQVIHU IXQFWLRQ� +�{� LV NQRZQ� WKHQ HTXDWLRQ ���� OHWV XV GHWHUPLQH WKH

VLJQDO RXW RI WKH pOWHU E\ D VLPSOH LQYHUVH�)RXULHU WUDQVIRUP� 7KLV IDFW DOORZV XV WR DQDO\]H

QXPHURXV SKHQRPHQD ZKLFK DUH IRXQG WKURXJKRXW WKLV WKHVLV LQ WRSLFV DV �VHHPLQJO\�

XQUHODWHG DV 32/$5
V VHQVLWLYLW\ WR WKH SRODUL]DWLRQ
V DQJXODU SRZHU VSHFWUXP DQG QRLVH�

VSHFWUXP RXW RI 32/$5
V ORFN�LQ GHWHFWRUV�

��



&KDSWHU �

7 KH 6WDQGDU G &RVPRORJLFDO 0 RGHO

DQG WKH 3 RODU L]DWLRQ RI WKH &0 %

��� $QLVRWU RS\ RI WKH &0 % DQG WKH JHQHU DWLRQ RI 3 RODU L]D�

WLRQ

7KH DQLVRWURS\ RI WKH &0% LV LQWLPDWHO\ UHODWHG WR LWV SRODUL]DWLRQ� ,I RXU XQLYHUVH ZHUH

LVRWURSLF WKHUH ZRXOG EH QR PHWULF SHUWXUEDWLRQV� DQG VSDFH�WLPH ZRXOG EH FRPSOHWHO\

FKDUDFWHUL]HG E\ D )ULHGPDQ�5REHUWVRQ�:DONHU PHWULF� 0HWULF SHUWXUEDWLRQV JHQHUDWH WKH

DQLVRWURS\ RI WKH &0%� ZKLFK� DV ZH ZLOO GHPRQVWUDWH� JHQHUDWHV WKH SRODUL]DWLRQ� ,Q DQ

XQSHUWXUEHG XQLYHUVH �LQGHHG� HYHQ LQ D XQLYHUVH ZLWK RQO\ pUVW RUGHU GLSROH DQLVRWURS\

FDXVHG E\ WKH HDUWK
V SHFXOLDU YHORFLW\ ZLWK UHVSHFW WR WKH ODVW VFDWWHULQJ VXUIDFH� WKHUH

ZRXOG EH QR SRODUL]DWLRQ RI WKH PLFURZDYH EDFNJURXQG� $V VKRZQ LQ &KDSWHU �� SRODUL]HG

UDGLDWLRQ LV SURGXFHG E\ VFDWWHULQJ RI XQSRODUL]HG UDGLDWLRQ ZKLFK SRVVHVVHV D TXDGUXSROH

PRPHQW� 0RQRSROH UDGLDWLRQ SURGXFHV QR SRODUL]DWLRQ XSRQ VFDWWHULQJ� 'LSROH UDGLDWLRQ

��



LV UHDOO\ MXVW D VSHFLDO FDVH RI PRQRSROH UDGLDWLRQ DV PHDVXUHG E\ DQ REVHUYHU LQ D PRYLQJ

UHIHUHQFH IUDPH� 6LQFH WKH YHORFLW\ RI WKH REVHUYHU FDQ EH WUDQVIRUPHG WR ]HUR E\ DQ

DSSURSULDWH ERRVW� DQRWKHU REVHUYHU FRPRYLQJ ZLWKW WKH UDGLDWLRQ pHOG ZRXOG REVHUYH

D PRQRSROH pHOG LQFLGHQW RQ WKH HOHFWURQ� 6LQFH WKH WRWDO SRODUL]HG LQWHQVLW\ E\ HLWKHU

REVHUYHU LV IUDPH�LQGHSHQGHQW� WKH RQO\ UHFRQFLOLDWLRQ RI WKLV �DSSDUHQW� SDUDGR[ LV WKDW

GLSROH UDGLDWLRQ FDQ SURGXFH QR VFDWWHUHG SRODUL]DWLRQ� 7KLV LV QRW WUXH RI D TXDGUXSROH

UDGLDWLRQ pHOG ^ LW FDQQRW EH WUDQVIRUPHG DZD\ E\ DQ\ /RUHQW] WUDQVIRUPDWLRQ� DQG WKLV

IDFW FRXSOHG ZLWK WKH RUWKRJRQDOLW\ RI WKH VSKHULFDO KDUPRQLFV� FDQ EH XVHG WR VKRZ WKDW

LW LV RQO\ WKH TXDGUXSROH FRQWHQW RI WKH LQFLGHQW pHOG ZKLFK FDQ SURGXFH SRODUL]DWLRQ YLD

7KRPVRQ VFDWWHULQJ�

7KHUH DUH WKUHH FODVVHV RI SHUWXUEDWLRQ WKDW JHQHUDWH DQLVRWURS\ RI WKH &0%� VFDODU

FRQWULEXWLRQV� JHQHUDWHG E\ PDWWHU DQG UDGLDWLRQ GHQVLW\ LQKRPRJHQHLWLHV� YHFWRU SHUWXU�

EDWLRQV JHQHUDWHG E\ YRUWLFDO qRZV LQ WKH SKRWRQ�EDU\RQ qXLG� DQG WHQVRU FRQWULEXWLRQV�

DVVRFLDWHG ZLWK JUDYLWDWLRQDO ZDYHV� $OO WKUHH SHUWXUEDWLRQV JLYH ULVH WR WHPSHUDWXUH

DQLVRWURS\ LQ WKH &0% YLD WKH 6DFKV�:ROIH HoHFW >��@�

:H KDYH PRWLYDWHG WKH IDFW WKDW 7KRPVRQ VFDWWHULQJ RI DQLVRWURSLF UDGLDWLRQ E\ IUHH

HOHFWURQV JHQHUDWHV SRODUL]DWLRQ >��@� )URP HTXDWLRQ ���� ZH VHH WKDW VFDWWHULQJ E\ D

VLQJOH HOHFWURQ SURGXFHV SRODUL]HG UDGLDWLRQ ZLWK DQ LQWHQVLW\ DSSUR[LPDWHO\ ��� RI WKH

DQLVRWURS\ TXDGUXSROH DPSOLWXGH ZKHQ DYHUDJHG RYHU DOO GLUHFWLRQV RI SKRWRQ LQFLGHQFH

DQG VFDWWHULQJ� ,Q WKH FDVH RI &0% SRODUL]DWLRQ WKH H[DFW SRODUL]DWLRQ OHYHO� DV ZHOO DV WKH

DQJXODU VFDOH RI WKH GLVWULEXWLRQ RI SRODUL]DWLRQ RQ WKH VN\ GHSHQG RQ WKH RSWLFDO GHSWK

DORQJ WKH REVHUYHU
V OLQH RI VLJKW� DQG RQ WKH SDUWLFXODU VRXUFHV RI PHWULF SHUWXUEDWLRQ

�>��@� >��@� >��@� >��@�� )RU D UHFHQW UHYLHZ VHH� >��@ DQG >��@�

:H VHH WKDW WKHUH DUH WZR SULPDU\ LQJUHGLHQWV LQ RUGHU IRU SRODUL]DWLRQ RI WKH &0%

��



WR DULVH� IUHH�HOHFWURQV DQG DQ LQFLGHQW� DQLVRWURSLF� UDGLDWLRQ pHOG SRVVHVVLQJ D QRQ�

YDQLVKLQJ TXDGUXSROH PRPHQW� 7KH &0% SRODUL]DWLRQ REVHUYHG WRGD\ URXJKO\ VFDOHV DV

| 5 WR� QH�W�D����W�
G�7
Gn GW ZKHUH QH�W� LV IUHH�HOHFWURQ GHQVLW\ DW WLPH W� D��� LV WKH TXDGUXSROH

FRPSRQHQW RI WKH &0% WHPSHUDWXUH UDGLDWLRQ DW W� DQG WKH LQWHJUDO LV WR EH WDNHQ DORQJ

WKH OLQH RI VLJKW IURP GHFRXSOLQJ WR WRGD\� 'XH WR WKH DSSHDUDQFH RI VLQ� WHUPV LQ HTXDWLRQ

����� DQG WKH RUWKRJRQDOLW\ RI WKH VSKHULFDO KDUPRQLFV� RQO\ WKH TXDGUXSROH PRPHQW RQ

WKH LQFLGHQW SKRWRQ pHOG FRQWULEXWHV WR WKH 7KRPVRQ VFDWWHULQJ� +RZHYHU� WKH TXDGUXSROH

FRQGLWLRQ LV HDVLO\ VDWLVpHG IRU DOPRVW DQ\ FODVV RI SHUWXUEDWLRQ�

5HFDOO WKDW SULRU WR UHFRPELQDWLRQ� PDWWHU �LQ WKH IRUP RI SURWRQV DQG IUHH�HOHFWURQV�

DQG SKRWRQV ZHUH WLJKWO\ FRXSOHG� L �H� WKH VSDWLDO GLVWULEXWLRQ DQG WHPSHUDWXUH RI RQH

PLUURUHG WKDW RI WKH RWKHU� 7KH ?OLQHDU UHJLPH� LV WKH HSRFK ZKHQ WKH GHQVLW\ SHUWXU�

EDWLRQV �GXH WR PDWWHU DQLVRWURS\� ZHUH VPDOO ZLWK UHVSHFW WR WKH JOREDO GLVWULEXWLRQ RI

PDWWHU� ,Q WKLV FDVH ZH FDQ H[SDQG WKH SHUWXUEDWLRQV LQGXFHG LQ WKH PHWULF RI VSDFH�WLPH

LQWR D VSHFWUXP RI SODQH�ZDYHV� $Q LQGLYLGXDO SODQH ZDYH KDV D PXOWLSROH H[SDQVLRQ LQ

F\OLQGULFDO FRRUGLQDWHV ZKLFK LV D]LPXWKDOO\ V\PPHWULF ZLWK UHVSHFW WR LWV ZDYH�YHFWRU�

&KRRVLQJ DQ H[SOLFLW UHSUHVHQWDWLRQ IRU DQ LQGLYLGXDO SODQH ZDYH� ZH KDYH�

HL] FRV v  
�;
�

��C� ��LCMC�]�3C�FRV v�� �����

ZKHUH v LV GHpQHG ZLWK UHVSHFW WR WKH ]�D[LV RI WKH F\OLQGULFDO FRRUGLQDWH V\VWHP� MC LV

D %HVVHO IXQFWLRQ DQG 3C LV D /HJHQGUH SRO\QRPLDO�

$JDLQ� ZH VWUHVV WKDW WKH SKRWRQ DQLVRWURS\ SULRU WR GHFRXSOLQJ ZLOO KDYH D PDWFKLQJ

VSDWLDO GLVWULEXWLRQ� 7KH GHQVLW\ SHUWXUEDWLRQ SURGXFHG E\ WKLV SODQH ZDYH ZLOO DoHFW

WKH VXEVHTXHQW HYROXWLRQ RI WKH GLVWULEXWLRQ RI PDWWHU DQG SKRWRQV� $W WKH SHDNV RI WKH

��



)LJXUH ���� 0DWWHU IDOOLQJ LQWR SRWHQWLDO ZHOOV GUDJV UDGLDWLRQ ZLWK LW� 7KLV UDGLDWLRQ LV EOXH
VKLIWHG DQG WKXV DSSHDUV KRWWHU WKDQ UDGLDWLRQ FRPLQJ WR WKH HOHFWURQ DORQJ WKH WURXJKV RI WKH
SODQH�ZDYH SHUWXUEDWLRQ� 7KH UHVXOW SURGXFHV D UDGLDWLRQ pHOG ZLWK DQ LQWHQVLW\ JLYHQ E\ WKH
TXDGUXSRODU SDWWHUQ <����

GHQVLW\ SODQH ZDYH ZH DUH DW D UHODWLYH RYHU�GHQVLW\ LQ WKH PDWWHU GLVWULEXWLRQ� DQG PRUH

PDWWHU ZLOO WHQG WR DFFXPXODWH KHUH� GUDJJLQJ ?ZDUPHU� SKRWRQV ZLWK LW� $ SHDN LQ WKH

GHQVLW\ pHOG LV HTXLYDOHQW WR D WURXJK LQ WKH JUDYLWDWLRQDO SRWHQWLDO pHOG� $V D UHVXOW�

ORRNLQJ LQ GLUHFWLRQV SDUDOOHO WR WKH SODQH ZDYH
V ZDYH�YHFWRU hA] ZH VHH ZDUPHU SKRWRQV�

ZKLOH LQ GLUHFWLRQV DORQJ WKH WURXJKV ZH VHH FRROHU SKRWRQV �VHH pJXUH �����

7KLV GLVWULEXWLRQ RI SKRWRQV VHHQ E\ WKH HOHFWURQ DW UHVW YDULHV DV FRV� v� RU DV WKH

VSKHULFDO KDUPRQLF � <��� � )LJXUH ��� VKRZV WKLV VSKHULFDO KDUPRQLF DORQJ ZLWK WKH RWKHU

WZR VSKHULFDO KDUPRQLFV ZLWK C  ��

1RZ FRQVLGHU D ?WR\�XQLYHUVH� ZLWK RQO\ RQH GHQVLW\ SHUWXUEDWLRQ SULRU WR GHFRXSOLQJ� �

$Q REVHUYHU DW WKH SUHVHQW ZKR LV ORRNLQJ DW WKH VXUIDFH RI ODVW VFDWWHULQJ ZLOO VHH WKH UHVXOWV

RI 7KRPVRQ VFDWWHULQJ IURP HOHFWURQV ?VHHLQJ� WKHLU RZQ ORFDO TXDGUXSRODU UDGLDWLRQ pHOGV�

'XH WR WKH TXDGUXSRODU DQLVRWURS\ DV VHHQ E\ HDFK HOHFWURQ� WKH VFDWWHUHG UDGLDWLRQ ZLOO

�6XF K D SH UWXUED WLR Q LV D OVR N QR Z Q D V D ? VF D OD U� SH UWXUED WLR Q VLQF H � XQOLN H ? Y H F WR U� R U ? WH QVR U� SH U�
WXUED WLR QV� LW KD V QR KD QGH GQH VV� L �H�� LW LV LQY D ULD QW XQGH U D SD ULW\ WUD QVIR UPD WLR Q�

��



)LJXUH ���� 7KH WKUHH TXDGUXSRODU UDGLDWLRQ pHOGV DV VHHQ LQ WKH UHVW IUDPH RI DQ HOHFWURQ ZKLFK
FDQ SURGXFH SRODUL]DWLRQ YLD 7KRPVRQ VFDWWHULQJ� )RU HDFK DQJXODU LQGH[ C WKHUH DUH �C�� YDOXHV
RI WKH PDJQHWLF LQGH[P� 6KRZQ KHUH� IURP WRS WR ERWWRP� LV WKH UDGLDWLRQ pHOG SURGXFHG E\ WHQVRU
�JUDYLWDWLRQDO ZDYH� SHUWXUEDWLRQV �C  ��P  h��� WKH UDGLDWLRQ pHOG SURGXFHG E\ VFDODU �GHQVLW\�
SHUWXUEDWLRQV �C  ��P  ��� DQG WKH UDGLDWLRQ pHOG SURGXFHG E\ YHFWRU �YRUWLFLW\� SHUWXUEDWLRQV
�C  ��P  h��� ,Q WKLV pJXUH� WKH GDUNHU FRORUV UHSUHVHQW FRROHU� OHVV LQWHQVH SKRWRQV� DQG OLJKWHU
FRORUV UHSUHVHQW ZDUPHU� PRUH LQWHQVH SKRWRQV� 7KH SRODUL]DWLRQ D[LV LV DOZD\V RULHQWHG DORQJ WKH
GLUHFWLRQ RI WKH PRUH LQWHQVH SKRWRQV�

��



EH SRODUL]HG DQG ZLOO WUDYHO WR WKH REVHUYHU DW SUHVHQW� HQFRGLQJ WKH PDJQLWXGH RI WKH

TXDGUXSROH RI WKH UDGLDWLRQ pHOG VXUURXQGLQJ WKDW HOHFWURQ SULRU WR GHFRXSOLQJ� 2QFH

JHQHUDWHG� WKH PDJQLWXGH RI WKH REVHUYHG SRODUL]DWLRQ GHSHQGV RQO\ RQ WKH RULHQWDWLRQ

RI WKH KRW�OREH RI WKH TXDGUXSROH ZLWK UHVSHFW WR WKH OLQH RI VLJKW RI WKH REVHUYHU� 7KH

WRWDO SRODUL]DWLRQ VHHQ E\ WKLV REVHUYHU LQ WKLV ?WR\�XQLYHUVH� ZLOO YDU\ DV � <��� VLQ
� v�

�VHH pJXUH ����� 7R REWDLQ WKH FRPSOHWH SRODUL]DWLRQ SDWWHUQ UHVXOWLQJ IURP DOO GHQVLW\

�VFDODU� SHUWXUEDWLRQV ZKLFK DUH REVHUYHG DW WKH SUHVHQW WLPH� ZH PXVW LQWHJUDWH WKH

FRQWULEXWLRQ RI D GLVWULEXWLRQ RI SODQH ZDYHV ZLWK DUELWUDU\ ZDYH�YHFWRUV� :H QRWH WKDW

WKH VXSHUSRVLWLRQ RI DQ\ QXPEHU RI VFDODU SHUWXUEDWLRQV SURGXFHV D SRODUL]DWLRQ SDWWHUQ

RQ WKH FHOHVWLDO VSKHUH ZKLFK LV FXUO�IUHH� :H UHIHU WKH UHDGHU WR >��@ IRU DQ H[FHOOHQW

GLVFXVVLRQ RI WKH JHRPHWU\ RI &0% SRODUL]DWLRQ DV SURGXFHG RQ WKH VN\ E\ YHFWRU DQG

WHQVRU SHUWXUEDWLRQV�

��� , RQL]HG ( SRFKV LQ WKH ( YROXWLRQ RI WKH 8QLYHU VH

$V PHQWLRQHG HDUOLHU� WKH WZR NH\ LQJUHGLHQWV QHFHVVDU\ WR SURGXFH SRODUL]DWLRQ RI WKH

&0% DUH DQ DQLVRWURSLF UDGLDWLRQ pHOG� DQG D VXSSO\ RI IUHH�HOHFWURQV WR 7KRPVRQ VFDWWHU

WKLV UDGLDWLRQ� 7R VDWLVI\ WKH IUHH�HOHFWURQ FRQGLWLRQ ZH QHHG WR LGHQWLI\ HSRFKV LQ WKH

HYROXWLRQ RI WKH XQLYHUVH ZKHQ D SODVPD H[LVWHG� :H ZLOO QRZ GHVFULEH WZR VXFK HSRFKV�

UHFRPELQDWLRQ� DQG UHLRQL]DWLRQ� $FFRUGLQJ WR WKH VWDQGDUG PRGHO RI WKH HYROXWLRQ RI WKH

SUH�JDODFWLF PHGLXP DIWHU UHFRPELQDWLRQ� WKH SUHYLRXVO\ LRQL]HG K\GURJHQ FRPELQHG� WR

IRUP QHXWUDO K\GURJHQ ZKLFK ZDV WUDQVSDUHQW WR WKH &0%� +RZHYHU� WKH XQLYHUVH KDV

XQGHUJRQH D VHFRQGDU\ LRQL]DWLRQ RI WKLV UHFRPELQHG K\GURJHQ� *XQQ 	 3HWHUVRQ >��@

�6KR Z LQJ WKD W WKH WH UP UH�F R PELQD WLR Q LV D D J J UH J LR XV PLVQR PH U�

��



)LJXUH ���� 6HHQ KHUH LV D VLQJOH SODQH�ZDYH �VFDODU� SHUWXUEDWLRQ� ZLWK ZDYHYHFWRU aN LQGLFDWHG
E\ WKH DUURZ� DW ODVW VFDWWHULQJ SURGXFLQJ D ORFDO TXDGUXSROH IRU HDFK HOHFWURQ ORFDWHG DW WKH
WURXJKV RI WKH SRWHQWLDO SHUWXUEDWLRQ �KRUL]RQWDO OLQHV�� 7KH TXDGUXSRODU SDWWHUQ <��� VHHQ E\
HDFK HOHFWURQ DW WKH VXUIDFH RI ODVW VFDWWHULQJ SURGXFHV WKH VDPH DPRXQW RI VFDWWHUHG UDGLDWLRQ�
7KH REVHUYHU DW WKH FHQWHU RI WKH GLDJUDP VHHV HDFK LQGLYLGXDO VFDWWHUHG UDGLDWLRQ pHOG ZLWK DQ

LQWHQVLW\ ZKLFK YDULHV DV VLQ� v� �v  DQJOH EHWZHHQ aN DQG WKH OLQH�RI VLJKW� FRUUHVSRQGLQJ WR WKH
VXEWHQGHG DQJOH RI WKH KRW OREH RI WKH LQGLYLGXDO TXDGUXSROHV�

��



IRUPXODWH D PHDVXUH RI WKH LRQL]DWLRQ IUDFWLRQ RI WKH LQWHUJDODFWLF PHGLXP XVLQJ WKH ODFN

RI D /\PDQ�o WURXJK LQ WKH REVHUYHG VSHFWUD RI GLVWDQW TXDVDUV� 5HFHQW UHVXOWV VKRZ WKDW

WKH PDMRULW\ RI LQWHUJDODFWLF K\GURJHQ LV KLJKO\ LRQL]HG WR D UHGVKLIW RI DW OHDVW ] | ��

LQGLFDWLQJ WKDW WKH XQLYHUVH PXVW KDYH UHLRQL]HG DW DQ HDUOLHU HSRFK >��@� 6HYHUDO PRGHOV

SUHGLFW UHLRQL]DWLRQ RFFXUUHG LQ WKH UHGVKLIW UDQJH DSSUR[LPDWHO\ �� � ] U L � �� >��@� >��@�

>��@� >��@� >��@� >��@�

,Q JHQHUDO� PRGHOV RI UHLRQL]DWLRQ RIWHQ UHO\ RQ VWUXFWXUHV VXFK DV DQ HDUO\ JHQHUDWLRQ

RI VWDUV �3RSXODWLRQ ,,,�� RU HQHUJHWLF SURWR�JDOD[LHV WR SURYLGH HLWKHU LRQL]LQJ UDGLDWLRQ RU

FROOLVLRQDO KHDWLQJ PHFKDQLVPV� 7KXV� IRU HYHU\ PRGHO RI UHLRQL]DWLRQ WKHUH FRUUHVSRQGV D

VWUXFWXUH IRUPDWLRQ VFHQDULR� DV ZHOO DV D FRPPHQVXUDWH VHW RI FRVPRORJLFDO SDUDPHWHUV WR

EH FRQIURQWHG ZLWK REVHUYDWLRQDO HYLGHQFH� :H ZLOO QRW VSHFXODWH KHUH RQ WKH SODXVLELOLW\ RI

VSHFLpF PRGHOV RI UHLRQL]DWLRQ� $V QRWHG DERYH� WKH *XQQ�3HWHUVRQ WHVW SURYLGHV GHpQLWLYH

HYLGHQFH IRU DQ LRQL]HG LQWHUJDODFWLF PHGLXP RXW WR D UHGVKLIW RI DW OHDVW ]  �� ,Q IDFW� WKH

XSSHU OLPLW RQ WKH UHGVKLIW RI UHLRQL]DWLRQ LV VHW RQO\ E\ WKH SDXFLW\ RI REVHUYHG TXDVDUV

EH\RQG ]  � DQG� LQ SULQFLSOH� FRXOG EH PXFK KLJKHU WKDQ WKLV� 7KH &2%( ),5$6 OLPLW

RQ WKH &RPSWRQ�\ SDUDPHWHU

\  

=
G�NE�7H b 7FP E � PHF

� x ���d ��b�

>��@� VHYHUHO\ UHVWULFWV WKH HQHUJ\ LQSXW DOORZHG LQ PRGHOV RI UHLRQL]DWLRQ� EXW GRHV QRW

WLJKWO\ FRQVWUDLQ WKH HSRFK RI UHLRQL]DWLRQ RU WKH LRQL]HG IUDFWLRQ RI WKH LQWHUJDODFWLF

PHGLXP� 7KH OLPLW LV FRPSDWLEOH ZLWK PDQ\ HDUO\ UHLRQL]DWLRQ VFHQDULRV�

$V IDU DV WKH VPDOO DQG LQWHUPHGLDWH�VFDOH WHPSHUDWXUH DQLVRWURS\ PHDVXUHPHQWV DUH

FRQFHUQHG� ZH UHIHU WKH UHDGHU WR >��@� ZKR SHUIRUP D PXOWL�SDUDPHWHU pW WR WKH SXE�

��



OLVKHG WHPSHUDWXUH DQLVRWURS\ UHVXOWV LQ RUGHU WR H[WUDFW WKH HDUOLHVW SHUPLVVDEOH UHGVKLIW

RI UHLRQL]DWLRQ� 7KH\ FRQFOXGH WKDW� IRU RQH RI WKH FXUUHQWO\ IDVKLRQDEOH ?&RVPLF &RQ�

FRUGDQFH� PRGHOV� �K  ����� nR  ���� DQG e ! ��� UHLRQL]DWLRQ LV SHUPLWWHG DV HDUO\ DV

]UHLRQL]DWLRQ | ���

,Q FRQWUDVW WR WKH VWDQGDUG PRGHO RI UHFRPELQDWLRQ� QRQ�VWDQGDUG PRGHOV LQYRNH DG�

GLWLRQDO LRQL]HG HSRFKV� 7KHVH PRGHOV SUHGLFW D SURORQJHG� RU HYHQ QRQ�H[LVWHQW� UHFRP�

ELQDWLRQ DQG�RU VXEVHTXHQW LRQL]DWLRQ RI WKH UHFRPELQHG SODVPD� 6LQFH SRODUL]DWLRQ LV

JHQHUDWHG E\ VFDWWHULQJ RI SKRWRQV RQ IUHH HOHFWURQV� LWV PDJQLWXGH DQG VSDWLDO GLVWULEX�

WLRQ FRXOG EH XVHG WR GLVFULPLQDWH EHWZHHQ QRQ�VWDQGDUG PRGHOV DQG WKH VWDQGDUG PRGHO

>��@� >��@� >��@� >��@� >��@� >��@� >��@� >��@� $Q HDUO\ UHLRQL]DWLRQ HoHFWLYHO\ LQWURGXFHV

DQ DGGLWLRQDO CODVW
 VFDWWHULQJ VXUIDFH� 7KLV KDV WZR HoHFWV� ERWK RI ZKLFK� LQ SULQFLSOH�

FDQ HQKDQFH WKH PDJQLWXGH RI WKH SRODUL]DWLRQ RQ ODUJH DQJXODU VFDOHV� 3ULPDULO\� WKH

DGGLWLRQDO VFDWWHULQJ RI SKRWRQV GXULQJ UHLRQL]DWLRQ FDQ FUHDWH QHZ� RU DPSOLI\ H[LVWLQJ�

SRODUL]HG UDGLDWLRQ YLD WKH 7KRPVRQ PHFKDQLVP GLVFXVVHG DERYH� $GGLWLRQDOO\� WKH VHFRQG

CODVW
 VFDWWHULQJ VXUIDFH RFFXUV DW D PXFK ORZHU UHGVKLIW� LPSO\LQJ WKDW WKH FDXVDO KRUL]RQ

RQ WKLV UHVFDWWHULQJ VXUIDFH LV ODUJHU� DQG WKXV� ZLOO VXEWHQG D ODUJHU DQJOH RQ WKH VN\

WRGD\�

$V ZH ZLOO GHPRQVWUDWH� IRU UHDVRQDEOH QRQ�VWDQGDUG PRGHOV� WKH DPSOLWXGH RI SR�

ODUL]DWLRQ RQ ��r DQJXODU VFDOHV LV RQ WKH OHYHO RI ��� RI WKH DQLVRWURS\� ZKLOH IRU WKH

VWDQGDUG PRGHO RI UHFRPELQDWLRQ WKH FRUUHVSRQGLQJ SRODUL]DWLRQ OHYHO GRHV QRW H[FHHG

��� ,W LV ZRUWK PHQWLRQLQJ WKDW DOO RI WKHVH PRGHOV SUHGLFW DSSUR[LPDWHO\ WKH VDPH OHYHO

RI DQLVRWURS\ DW ��r VFDOHV� DQG KHQFH DOO RI WKHP DUH FRPSDWLEOH ZLWK WKH UHVXOWV RI WKH

&2%( '05 H[SHULPHQW�

,Q WKH UHPDLQGHU RI WKLV VHFWLRQ ZH ZLOO LOOXVWUDWH WKH LPSRUWDQW WKHRUHWLFDO IHDWXUHV RI

��



WKH SRODUL]DWLRQ RI WKH &0%� :H ZLOO pUVW GHVFULEH DQ DQDO\WLF WUHDWPHQW ZKLFK SUHGLFWV

WKH OHYHO RI SRODUL]DWLRQ IRU ERWK VWDQGDUG DQG QRQ�VWDQGDUG UHLRQL]DWLRQ KLVWRULHV� 1H[W

ZH ZLOO GHVFULEH D QXPHULFDO VLPXODWLRQ RI WKH HoHFW RI D QRQ�VWDQGDUG UHLRQL]DWLRQ KLVWRU\

RQ WKH SRODUL]DWLRQ RI WKH &0%� :H ZLOO pQG WKDW WKH PRUH TXDOLWDWLYH DQDO\WLF UHVXOWV

DJUHH TXLWH ZHOO ZLWK WKH TXDQWLWDWLYH UHVXOWV RI RXU QXPHULFDO VLPXODWLRQV�

��� 3 RODU L]DWLRQ 3 U RGXFHG E\ &RVPRORJLFDO 3 HU WXU EDWLRQV

:H EHJLQ RXU GLVFXVVLRQ E\ GHYHORSLQJ D PDWKHPDWLFDO IRUPDOLVP ZKLFK ZLOO DOORZ XV WR

GHVFULEH WKH SRODUL]DWLRQ RI WKH &0% LQ D FRQVLVWHQW IDVKLRQ� :LWK WKHVH WRROV� ZH ZLOO

VXEVHTXHQWO\ GHWHUPLQH WKH SRODUL]DWLRQ VLJQDO ZH H[SHFW WR REVHUYH� XVLQJ WZR GLoHU�

HQW WHFKQLTXHV� 7KH pUVW PHWKRG LV DQ DQDO\WLF DSSURDFK ZKLFK ZLOO SURYLGH D SK\VLFDO

IUDPHZRUN IRU XQGHUVWDQGLQJ WKH SRODUL]DWLRQ RI WKH &0%� 7KH VHFRQG DSSURDFK LV PRUH

TXDQWLWDWLYH� DQG ZLOO DOORZ XV WR REWDLQ QXPHULFDO HVWLPDWHV RI WKH SRODUL]DWLRQ VLJQDO� ,Q

RUGHU WR GHVFULEH WKH SRODUL]DWLRQ RI WKH &0%� ZH ZLOO pUVW LQWURGXFH D SDUDPHWHUL]DWLRQ

ZKLFK GHVFULEHV WKH SRODUL]DWLRQ VWDWH RI DUELWUDU\ UDGLDWLRQ pHOGV� :H WKHQ DSSO\ WKLV

IRUPDOLVP WR WKH SRODUL]DWLRQ VWDWH RI WKH FRVPRORJLFDO VLJQDO ZKLFK ZH DUH VHHNLQJ WR

GHWHFW�

$Q DOWHUQDWH UHSUHVHQWDWLRQ IRU WKH 6WRNHV SDUDPHWHUV ZLOO EH RI XVH LQ WKH IROORZLQJ

VHFWLRQV� :H LQWURGXFH D V\PEROLF YHFWRU IRU WKH GLVWULEXWLRQ IXQFWLRQ RI RFFXSDWLRQ

QXPEHUV RI SRODUL]HG UDGLDWLRQ� AQ  F�

K{�
A,� ZKHUH A, LV WKH V\PEROLF YHFWRU LQWURGXFHG LQ

&KDQGUDVHNKDU ������ DQG LV UHODWHG WR WKH 6WRNHV SDUDPHWHUV LQ WKH IROORZLQJ ZD\�

��
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6LQFH 7KRPVRQ VFDWWHULQJ FDQQRW SURGXFH FLUFXODU SRODUL]DWLRQ� 9  �� ZH ZLOO RQO\ FRQ�

VLGHU WKH ��YHFWRU�
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$Q XQSRODUL]HG GLVWULEXWLRQ LQ ]HUR�WK RUGHU DSSUR[LPDWLRQ LV JLYHQ E\�

AQR  QR
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$V VKRZQ LQ >��@� DQG IXUWKHU GLVFXVVHG LQ >��@� >��@� SRODUL]HG UDGLDWLRQ LQ WKH SUHVHQFH RI

FRVPRORJLFDO SHUWXUEDWLRQV FDQ EH UHSUHVHQWHG DV�

AQ  QR
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ZKHUH AQ�  AQ$�AQ g LV WKH FRUUHFWLRQ WR WKH XQLIRUP� LVRWURSLF� DQG XQSRODUL]HG UDGLDWLRQ

GHVFULEHG E\ AQR� 7KH 3ODQFN VSHFWUXP� AQR� GHSHQGV RQO\ RQ IUHTXHQF\� DQG AQ$�AQ g DUH WKH

��



DQLVRWURSLF DQG SRODUL]HG FRPSRQHQWV� UHVSHFWLYHO\� ZKLFK DUH IXQFWLRQV RI WKH FRQIRUPDO

WLPH� u� FRPRYLQJ VSDWLDO FRRUGLQDWHV� [o� SKRWRQ IUHTXHQF\� {� DQG SKRWRQ SURSDJDWLRQ

GLUHFWLRQ VSHFLpHG E\ WKH XQLW YHFWRU AH�v� �� ZLWK SRODU DQJOH� v� DQG D]LPXWKDO DQJOH� ��
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$IWHU OLQHDUL]DWLRQ DQG VSDWLDO )RXULHU WUDQVIRUPDWLRQ� WKH HTXDWLRQ RI WUDQVIHU WDNHV

WKH IROORZLQJ IRUP �ZLWK {R UHSODFHG E\ {��

#AQ
�aN

#u
� LNzAQ

�aN
 q+aN

b T�AQ
�aN
b A-aN�� �����

+HUH� +aN
 b�� BKopaNHoHp� DQG ? B � u G

Gu � :H KDYH VSHFLpHG VSKHULFDO FRRUGLQDWHV LQ VXFK

D ZD\ WKDW z  FRV v� ZKHUH v LV WKH DQJOH EHWZHHQ D YHFWRU DORQJ WKH OLQH RI VLJKW� AH� DQG

WKH ZDYH YHFWRU aN DQG � LV WKH D]LPXWKDO DQJOH RI WKH YHFWRU AH� LQ WKH SODQH SHUSHQGLFXODU

WR WKH YHFWRU aN�

)RU D JLYHQ aN� K
opaN

FDQ EH UHSUHVHQWHG DV D VXSHUSRVLWLRQ RI VFDODU ZDYHV �EHORZ ZH ZLOO

XVH VXEVFULSW ?6�� DQG WHQVRU JUDYLWDWLRQDO ZDYHV �VXEVFULSW ?7� �� 7DNLQJ LQWR DFFRXQW

WKH WHQVRULDO VWUXFWXUH RI WKH ZDYHV� DQG UHVWULFWLQJ RXU FRQVLGHUDWLRQ WR SHUWXUEDWLRQV

ZLWK ZDYHOHQJWKV ORQJHU WKDQ WKH FRVPRORJLFDO KRUL]RQ DW WKH PRPHQW RI HTXLSDUWLRQ �L�H�

DW WKH PRPHQW ZKHQ WKH HQHUJ\ GHQVLW\ RI PDWWHU HTXDOV WKDW RI UDGLDWLRQ� VHH IRU H[DPSOH

>��@�� ZH FDQ ZULWH

+aN
 
�

��
uN�z�x6�N�b �

�N�
��b z�� FRV ��

G

Gu

x
�

u

G

Gu

v
VLQNu

u

wy
x7 �N� �����

��



+HUH� WKH
T
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ZKHUH |6�7  o6�7 � p6�7 � DQG )6�7 LV WKH DSSURSULDWH VRXUFH IXQFWLRQ IRU VFDODU RU

WHQVRU SHUWXUEDWLRQV� 7KLV V\VWHP RI FRXSOHG HTXDWLRQV LOOXVWUDWHV WKH LQWLPDWH UHODWLRQ EH�

WZHHQ DQLVRWURS\ DQG WKH JHQHUDWLRQ RI SRODUL]DWLRQ� ,QWHJUDWLQJ WKLV V\VWHP RI HTXDWLRQV

ZH REWDLQ WKH IROORZLQJ JHQHUDO VROXWLRQ IRU p6�7 �
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��� 7 KH )LU VW , RQL]HG ( SRFK� 5HFRPELQDWLRQ

:H DUH QRZ LQ D SRVLWLRQ WR LQYHVWLJDWH WKH HoHFWV RI D SURORQJHG UHFRPELQDWLRQ RI WKH

SUH�JDODFWLF SODVPD� 5HFDOO WKDW WKH FRQWULEXWLRQ WR WKH SHUWXUEDWLRQ VSHFWUD IRU VFDODUV

DQG WHQVRUV LV SDUDPHWHUL]HG E\ )6�7 � %\ VSHFLI\LQJ WKH IRUP RI )6�7 ZH DUH HoHFWLYHO\

HQIRUFLQJ D SDUWLFXODU FKRLFH IRU RXU PRGHO� :H ZLOO VHH WKDW WKH SRODUL]DWLRQ ZH REVHUYH

WRGD\ GHSHQGV RQO\ ZHDNO\ RQ WKH HoHFW RI WKH GHWDLOV RI UHFRPELQDWLRQ� DQG LV PRUH

VHQVLWLYH WR )6�7 �

)RU ZDYHOHQJWKV ODUJH LQ FRPSDULVRQ ZLWK WKH FRVPRORJLFDO KRUL]RQ DW WKH PRPHQW RI

GHFRXSOLQJ� u'� �Nu' � ��� WKH VRXUFH IXQFWLRQ� )6�7 DW WKLV PRPHQW FDQ EH DSSUR[LPDWHG
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,W FDQ EH VKRZQ WKDW WKH VRXUFH IXQFWLRQV DUH UDWKHU LQVHQVLWLYH WR WKH H[DFW IXQFWLRQDO

IRUP RI WKH YDULDWLRQ RI WKH RSWLFDO GHSWK ZLWK UHVSHFW WR WLPH >��@� >��@� 7KHVH IXQFWLRQV

DUH SULPDULO\ FKDUDFWHUL]HG E\ WKH HSRFK DQG GXUDWLRQ RI GHFRXSOLQJ� )ROORZLQJ >��@� ZH

DGRSW WKH IROORZLQJ DSSUR[LPDWLRQ IRU WKH WLPH YDULDWLRQ RI WKH RSWLFDO GHSWK�
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������� E\ WKHLU YDOXHV DW WKH PRPHQW RI GHFRXSOLQJ u'� ZKLFK JLYHV WKH PDLQ FRQWULEXWLRQ
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WKH DPSOLWXGHV RI SHUWXUEDWLRQV ZLWK ZDYHOHQJWKV HTXDO WR WKH FRVPRORJLFDO KRUL]RQ DW WKH

SUHVHQW PRPHQW �Q  � FRUUHVSRQGV WR D VFDOH LQYDULDQW +DUULVRQ�=HOGRYLFK VSHFWUXP��

7KHVH DPSOLWXGHV DUH QRUPDOL]HG WR WKH &2%( '05 DQLVRWURS\ TXDGUXSROH GHWHFWLRQ

ZKLFK LV DSSUR[LPDWHO\ HTXDO WR �d ��b�� $VVXPLQJ WKDW Q6  Q7  Q� ZH REWDLQ
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LV WKH UDWLR RI WKH WHQVRU SHUWXUEDWLRQ DPSOLWXGHV WR WKH VFDODU DPSOLWXGHV�

7KH IDFWRU #Q�J LQFRUSRUDWHV WKH SHUWXUEDWLRQ DPSOLWXGHV� QRUPDOL]HG WR WKH DQLVRWURS\

TXDGUXSROH PHDVXUHG E\ WKH &2%( '05� ,W FRQWDLQV DOO LQIRUPDWLRQ DERXW WKH W\SH RI

PHWULF SHUWXUEDWLRQ� DOORZLQJ XV WR LVRODWH IDFWRUV ZKLFK GHSHQG XSRQ WKH QDWXUH RI WKH
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SHUWXUEDWLRQV� DQG WKRVH ZKLFK GR QRW� )RU Q  �� DQG J  � �L�H�� QR WHQVRU SHUWXUED�

WLRQV�� #R�J 
 �� :KHQ J  � �L�H�� QR VFDODU SHUWXUEDWLRQV�� #R�J 
 ����� )LQDOO\� ZKHQ

J  � �L�H�� HTXDO WHQVRU DQG VFDODU FRQWULEXWLRQV�� ZH pQG #R�J 
 ����� )URP WKLV ZH

REVHUYH WKDW #Q�J LV UDWKHU LQVHQVLWLYH WR WKH UDWLR RI WHQVRU WR VFDODU DPSOLWXGHV� J�

:H QRZ HPSKDVL]H WKH DQJXODU UHJLRQV WR ZKLFK WKH SUHFHGLQJ GLVFXVVLRQ LV UHOHYDQW�

(TXDWLRQV ������ � ������ � ZKLFK DUH EDVHG RQ DV\PSWRWLF IRUPXOD ������ DQG WKH DSSUR[�

LPDWLRQV XVHG LQ �������� DUH YDOLG IRU PRGHV ZKLFK VDWLVI\� Ncu' � �� ,Q WHUPV RI DQJOH
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 ���� ZKLFK LPSOLHV

WKDW d$PLQ 
 ���r� )RU SXUH VFDODU SHUWXUEDWLRQV �Q  ��� WKH H[SHFWHG OHYHO RI SRODUL]D�

WLRQ DW WKLV DQJXODU VFDOH LV� g����r� 
 �d ��b� � )RU DQ REVHUYDWLRQ ZLWK d$ 
 �r� WKH

SRODUL]DWLRQ LV g��r� 
 �d ��b�� 7KH REVHUYHG SRODUL]DWLRQ LV VXSSUHVVHG E\ D IDFWRU RI

| ��� ZLWK WKLV ORZHU UHVROXWLRQ EHDP�

&RQVLGHU DQRWKHU H[DPSOH� D QRQ�VWDQGDUG PRGHO IRU ZKLFK c ]'
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 �r� 7KH SRODUL]DWLRQ SUHGLFWHG LQ WKLV VFHQDULR LV� g��r� 
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)LJXUH ���� $ VFKHPDWLF GLDJUDP VKRZLQJ WKH HoHFWV RI VWDQGDUG� LQVWDQWDQHRXV UHFRPELQD�
WLRQ� YV� QRQ�VWDQGDUG� SURORQJHG UHFRPELQDWLRQ RQ WKH DQJXODU VFDOH DQG PDJQLWXGH RI &0%
SRODUL]DWLRQ�

d$ LV GHWHUPLQHG E\ WKH GHWDLOV RI WKH LRQL]DWLRQ KLVWRU\ >��@ � >��@ � >��@ � >��@ � >��@�

7R VXPPDUL]H� IRU D JLYHQ d$� WKH SRODUL]DWLRQ OHYHO LV SURSRUWLRQDO WR
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� VHH HTXD�

WLRQ ������� DQG LV VPDOOHVW IRU WKH VWDQGDUG PRGHO RI LQVWDQWDQHRXV UHFRPELQDWLRQ� $O�

WHUQDWLYHO\� WKLV DQDO\WLF DSSUR[LPDWLRQ DSSOLHV WR VPDOOHU DQJOHV LQ WKH VWDQGDUG PRGHO�

DV RSSRVHG WR WKH ODUJHU DQJOHV SUHGLFWHG E\ QRQ�VWDQGDUG PRGHOV� ZLWK SURORQJHG UHFRP�

ELQDWLRQ� �VHH >��@ IRU SRODUL]DWLRQ LQ VWDQGDUG DQG QRQ�VWDQGDUG PRGHOV�

��� 7 KH 6HFRQG , RQL]HG ( SRFK� 5HLRQL]DWLRQ

)RU 32/$5 WR GHWHFW D QRQ�]HUR SRODUL]DWLRQ VLJQDO DW WKH ODUJH DQJXODU VFDOHV ZKLFK LW

SUREHV ZRXOG UHTXLUH WKDW WKH LRQL]DWLRQ KLVWRU\ RI WKH XQLYHUVH GLoHU VLJQLpFDQWO\ IURP WKH
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VR�FDOOHG ?VWDQGDUG PRGHO�� $V PHQWLRQHG HDUOLHU� QRQ�VWDQGDUG PRGHOV RI WKH LRQL]DWLRQ

KLVWRU\ DUH FKDUDFWHUL]HG E\ SURWUDFWHG GHFRXSOLQJ DQG�RU QRQ�]HUR RSWLFDO GHSWK DORQJ

&0% SKRWRQ WUDMHFWRULHV� :H KDYH GLVFXVVHG WKH HoHFW D RI QRQ�VWDQGDUG UHFRPELQDWLRQ

XVLQJ WKH DQDO\WLF PHWKRG WUHDWHG DERYH� :H QRZ ZLVK WR H[DPLQH WKH HoHFW RI UHLRQL]DWLRQ

RQ WKH GHWDLOV RI WKH SRODUL]DWLRQ RI WKH &0%� 7KLV LQYHVWLJDWLRQ OHQGV LWVHOI SDUWLFXODUO\

ZHOO WR WKH QXPHULFDO HYDOXDWLRQ RI WKH SRODUL]DWLRQ SRZHU VSHFWUXP� FDOFXODWHG XVLQJ

QXPHULFDO URXWLQHV VXFK DV &0%)$67 >��@�

7KH HoHFW RI UHLRQL]DWLRQ FDQ EH SDUDPHWHUL]HG LQ WZR HTXLYDOHQW IRUPV� 2QH PHWKRG

LV VSHFLpHG E\ WKH RSWLFDO GHSWK� �U L� IRU SKRWRQV GXH WR 7KRPVRQ VFDWWHULQJ DORQJ D

OLQH RI VLJKW WR WKH ODVW VFDWWHULQJ VXUIDFH� 7KH VHFRQG PHWKRG VSHFLpHV WKH UHGVKLIW

RI UHLRQL]DWLRQ� ] U L� DQG WKH IUDFWLRQDO LRQL]DWLRQ [ �HOHFWURQ�WR�SURWRQ UDWLR�� 7KH WZR

SDUDPHWHUL]DWLRQV DUH UHODWHG DV IROORZV >��@�
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ZKHUH K LV WKH +XEEOH SDUDPHWHU� n LV WKH WRWDO GHQVLW\ SDUDPHWHU RI WKH XQLYHUVH� DQG n%

LV WKH GHQVLW\ SDUDPHWHU RI EDU\RQLF PDWWHU� (TXDWLRQ ������ VKRZV WKH HoHFW RI FXUYDWXUH

RI WKH XQLYHUVH RQ WKH RSWLFDO GHSWK� )RU UHLRQL]DWLRQ RFFXUULQJ DW WKH VDPH UHGVKLIW DQG

LRQL]DWLRQ IUDFWLRQ� LQ DQ RSHQ XQLYHUVH �n � ��� WKH RSWLFDO GHSWK ZLOO EH JUHDWHU WKDQ LQ

D qDW RU FORVHG XQLYHUVH� :H DOVR QRWH WKDW WKH SK\VLFDO VL]H RI UHJLRQV ZKLFK DUH LQ FDXVDO

FRQWDFW �+XEEOH UDGLXV� DW WKH HSRFK RI UHLRQL]DWLRQ� WU L� LV RI RUGHU | FWU L� :H H[SHFW

WKDW UHJLRQV VPDOOHU WKDQ WKLV VL]H ZLOO SURGXFH FRKHUHQW SRODUL]DWLRQ RI WKH &0%� DQG

DoHFW WKH REVHUYHG SRODUL]DWLRQ SRZHU VSHFWUXP DW DQJXODU VFDOHV ZKLFK FRUUHVSRQG WR WKH

DQJXODU VFDOH VXEWHQGHG E\ WKH KRUL]RQ VL]H DW WKH HSRFK RI UHLRQL]DWLRQ� 7KLV DUJXPHQW LV
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VLPLODU WR WKRVH ZKLFK SUHGLFW D FRKHUHQFH VFDOH LQ WKH &0% DQLVRWURS\ SRZHU VSHFWUXP�

)RU H[DPSOH� WKH DFRXVWLF SHDNV LQ WKH &0% DQLVRWURS\ SRZHU VSHFWUXP DULVH IURP FDXVDO

PHFKDQLVPV �L�H�� VRXQG ZDYHV SURSDJDWLQJ LQ WKH SKRWRQ�EDU\RQ qXLG� DFWLQJ RQ VFDOHV

RI RUGHU WKH KRUL]RQ VL]H DW WKH HSRFK RI GHFRXSOLQJ� $ VLPLODU HoHFW RFFXUV IRU WKH &0%

SRODUL]DWLRQ SRZHU VSHFWUXP� WKRXJK LQ WKLV FDVH LW LV WKH KRUL]RQ VL]H RI WKH UH�VFDWWHULQJ

VXUIDFH� QRW WKH CSULPDU\
 VFDWWHULQJ VXUIDFH� ZKLFK LV LPSULQWHG LQ WKH REVHUYHG SRZHU

VSHFWUXP�

)ROORZLQJ 3HHEOHV >��@� ZH H[SHFW WKDW WKH REVHUYHG &0% SRODUL]DWLRQ DQJXODU FRUUHOD�

WLRQ VFDOH ZLOO EH� dU L | ����n%nK�
� � UDG� )RU n  ����n%  ���� K  � ZH pQG dU L | �r�

DQG IRU n  ��n%  ����� K  ���� ZH pQG d U L | �r� 7KLV QHZ DQJXODU VFDOH� DEVHQW

LQ QRQ�UHLRQL]HG PRGHOV� LV PDQLIHVWHG LQ WKH VSDWLDO SRODUL]DWLRQ FRUUHODWLRQ IXQFWLRQ DQG

FUHDWHV D SHDN LQ WKH UHLRQL]HG SRODUL]DWLRQ SRZHU VSHFWUD DW DQJXODU VFDOHV v y ���r�

5HIHUULQJ WR VXEVHFWLRQ ���� D PRUH TXDQWLWDWLYH SUHGLFWLRQ RI WKH DQJXODU GLVWUL�

EXWLRQ RI SRODUL]DWLRQ RQ WKH VN\ LV REWDLQHG IURP WKH DQJXODU SRZHU VSHFWUXP� 8V�

LQJ D SXEOLFO\ DYDLODEOH VRIWZDUH URXWLQH �&0%)$67^HODERUDWHG RQ EHORZ� WR FDOFXODWH

WKH SRZHU VSHFWUD� ZH KDYH JHQHUDWHG SRODUL]DWLRQ VSHFWUD FUHDWHG E\ VFDODU SHUWXUED�

WLRQV LQ D &ROG 'DUN 0DWWHU �&'0� GRPLQDWHG� FRPSOHWHO\ UHLRQL]HG� XQLYHUVH ZLWK

[  ��n  ��n%  ����� K  ����� %\ YDU\LQJ WKH UHGVKLIW RI UHLRQL]DWLRQ LQ WKH UDQJH

� � ]U L � ���� ZH FRPSXWH PXOWLSOH SRODUL]DWLRQ SRZHU VSHFWUD� ZKLFK DUH GLVSOD\HG LQ

pJXUH ���� 7KH SRZHU VSHFWUD LOOXVWUDWH WKH PDLQ IHDWXUHV H[SHFWHG IURP WKH WKHRUHWLFDO

SULQFLSOHV GHWDLOHG DERYH� /DUJH DQJXODU VFDOHV FRUUHVSRQG WR PRGHV ZLWK ZDYHOHQJWKV

JUHDWHU WKDQ WKH ZLGWK RI WKH ODVW VFDWWHULQJ VXUIDFH� 3ULRU WR UHFRPELQDWLRQ SKRWRQV DQG

EDU\RQV ZHUH WLJKWO\ FRXSOHG DQG WKH UHODWLYHO\ VKRUW WLPHVFDOH IRU DFRXVWLF RVFLOODWLRQV

SUHYHQWHG WKH IRUPDWLRQ RI ORQJ�ZDYHOHQJWK SHUWXUEDWLRQV� 7KHVH HoHFWV DUH SDUWLFXODUO\
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)LJXUH ���� 3RODUL]DWLRQ 3RZHU 6SHFWUD ZLWK DQG :LWKRXW (DUO\ 5HLRQL]DWLRQ� 7KH VROLG FXUYH
LV WKH 32/$5 ZLQGRZ IXQFWLRQ� :C� DQG WKH WKHRUHWLFDO PRGHO SUHGLFWLRQV DUH LQGH[HG E\ WKH
UHGVKLIW DW ZKLFK UHLRQL]DWLRQ RFFXUHG�

HYLGHQW LQ PRGHOV ZLWKRXW UHLRQL]DWLRQ�

,Q PRGHOV ZLWK HDUO\ UHLRQL]DWLRQ� SRODUL]DWLRQ DW ODUJH DQJXODU VFDOHV LV HQKDQFHG GXH

WR PXOWLSOH SKRWRQ VFDWWHULQJ IROORZLQJ UHLRQL]DWLRQ� $W VPDOOHU DQJXODU VFDOHV �C | ����� LQ

PRGHOV ZLWK DQG ZLWKRXW UHLRQL]DWLRQ� WKH SRODUL]DWLRQ SRZHU VSHFWUD H[KLELW RVFLOODWRU\

EHKDYLRU� FDXVHG E\ WKH VDPH W\SH RI DFRXVWLF RVFLOODWLRQV ZKLFK JHQHUDWH WKH 'RSSOHU

SHDNV LQ WKH DQLVRWURS\ SRZHU VSHFWUD >��@ � >��@� 7KRXJK QRW UHOHYDQW IRU WKH ODUJH DQJXODU

VFDOH FRQVLGHUDWLRQV GLVFXVVHG KHUH� IRU C� ��� WKH SRODUL]DWLRQ LV KLJKO\ VXSSUHVVHG GXH

WR 6LON 'DPSLQJ >��@�

7KH SRZHU VSHFWUD DUH� HoHFWLYHO\� SUHGLFWLRQV RI WKH SRODUL]DWLRQ ZKLFK VKRXOG EH

REVHUYDEOH JLYHQ D SDUWLFXODU REVHUYLQJ VWUDWHJ\� :H ZLOO VKRZ LQ &KDSWHU � WKDW WKH

��



506 SRODUL]DWLRQ H[SHFWHG IURP WKH VSHFWUD VKRZQ LQ )LJXUH � � ZLWK d$  �
r� LV LQ WKH

UDQJH ����z.� , S RO � ���z.� ZKHUH WKH ORZHU OLPLW LV VWDQGDUG UHFRPELQDWLRQ ZLWK QR

UHLRQL]DWLRQ� DQG WKH XSSHU OLPLW LV IRU WRWDO UHLRQL]DWLRQ VWDUWLQJ DW ]  ���� 7KHVH OLPLWV

DJUHH ZHOO ZLWK WKH DQDO\WLF HVWLPDWHV IRU QRQ�VWDQGDUG LRQL]DWLRQ KLVWRULHV GLVFXVVHG DW

WKH EHJLQQLQJ RI WKLV FKDSWHU� )RU D �r H[SHULPHQW DQG D QRQ�VWDQGDUG LRQL]DWLRQ KLVWRU\�

pJXUH ��� SUHGLFWV D SRODUL]DWLRQ OHYHO RI � d ��b� | �z. ZKLFK DJUHHV ZHOO ZLWK RXU

QXPHULFDO VLPXODWLRQV RI HDUO\ UHLRQL]DWLRQ �H�J�� IRU ] U HLRQ L]DWLRQ  �����

��� 3 RODU L]DWLRQ 3 RZHU 6SHFWU XP

7KH DQDO\WLF WUHDWPHQW DERYH GHVFULEHV WKH HVVHQWLDO SK\VLFV UHVSRQVLEOH IRU WKH JHQHUD�

WLRQ RI &0% SRODUL]DWLRQ� :H KDYH GLVFXVVHG WKH DVSHFWV RI QRQ�VWDQGDUG UHFRPELQDWLRQ

ZKLFK DUH UHOHYDQW WR WKH ODUJH VFDOH SRODUL]DWLRQ RI WKH &0%� ,Q RUGHU WR HVWLPDWH WKH

REVHUYDEOH SRODUL]DWLRQ VLJQDWXUH� ZH QRZ GHWDLO D PRUH TXDQWLWDWLYH DSSURDFK EDVHG RQ

WKH SRODUL]DWLRQ SRZHU VSHFWUXP� 7KLV DSSURDFK DOVR DOORZV XV WR DQDO\]H WKH HoHFW RI DQ

HDUO\ UHLRQL]DWLRQ RQ WKH REVHUYHG SRODUL]DWLRQ�

)RU TXDQWLWDWLYH HVWLPDWHV� WKH SRODUL]DWLRQ DQG DQLVRWURS\ VRXUFH WHUPV ZKLFK DSSHDU

LQ WKH HTXDWLRQ RI WUDQVIHU FDQ EH GHFRPSRVHG LQWR /HJHQGUH VHULHV� 7KH LQGLYLGXDO PRGHV

DUH WKHQ HYROYHG WR WKH SUHVHQW ZKHUH WKH VSDWLDO VWUXFWXUH RI WKH &0% FDQ EH FRPSXWHG

>��@� >��@� >��@� %HFDXVH WKH qXFWXDWLRQV LQ WKH &0% DUH LPSULQW GXULQJ WKH HSRFK

RI OLQHDU HYROXWLRQ RI SHUWXUEDWLRQV� WKH LQGLYLGXDO PRGHV HYROYH LQGHSHQGHQWO\� 7KLV

WUHDWPHQW OHQGV LWVHOI SDUWLFXODUO\ ZHOO WR QXPHULFDO DQDO\VLV >��@�

:H VWDUW E\ FRQVLGHULQJ WKH WHPSHUDWXUH RI WKH &0% ZKLFK� EHLQJ D VFDODU YDOXHG

IXQFWLRQ� FDQ EH H[SDQGHG LQ D VSKHULFDO KDUPRQLF VHULHV RQ WKH VN\� DW D SDUWLFXODU SRLQW
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ZKHUH WKH <CP�A[� DUH WKH VSKHULFDO KDUPRQLFV DW A[� DQG
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DUH WKH WHPSHUDWXUH PXOWLSROH FRHrFLHQWV DQG 7� LV WKH PHDQ &0% WHPSHUDWXUH�

7KH WHPSHUDWXUH WZR�SRLQW FRUUHODWLRQ IXQFWLRQ LV JLYHQ E\�

&7�C  
�

�C� �

;
P

KDe7�CPD7�CPL ������

7KH YDULDQFH RI WKH D7�CP LV JLYHQ E\ WKH &7�C� VLQFH 9DU>D7�CP@  KMD7�CPM�LbKMD7�CPML�  

KMD7�CPM�L u &7�C LI WKH D7�CP DUH *DXVVLDQ GLVWULEXWHG ZLWK ]HUR PHDQ� DQG K� � �L GHQRWHV

D ZKROH�VN\ DYHUDJH IROORZHG E\ DQ DYHUDJH RYHU DOO REVHUYDWLRQDO SRVLWLRQV�

7KH SRODUL]DWLRQ RI WKH &0% LV D WHQVRU�YDOXHG IXQFWLRQ� ZLWK D V\PPHWU\ JURXS GLI�

IHUHQW IURP WKDW RI WKH DQLVRWURS\� 7KH PDLQ FRPSOLFDWLRQ DULVHV VLQFH WKH SRODUL]DWLRQ

REVHUYDEOHV DUH FRRUGLQDWH GHSHQGHQW ZKHUHDV DQ\ WKHRUHWLFDO PRGHO ZRUWK LWV VDOW ZLOO

SURGXFH IUDPH�LQGHSHQGHQW SUHGLFWLRQV� 7KXV ZH DUH OHG WR FRQVLGHU IUDPH�LQGHSHQGHQW

HVWLPDWRUV RI WKH SRZHU VSHFWUD� $ KLQW DW KRZ WR SURFHHG LV SURYLGHG E\ WKH VLQJOH KHUHWR�

IRUH QHJOHFWHG 6WRNHV SDUDPHWHU� 9� 5HFDOO WKDW 9 LV DVVRFLDWHG ZLWK FLUFXODU SRODUL]DWLRQ

DQG KHQFH LV LQYDULDQW XQGHU URWDWLRQV DERXW WKH OLQH RI VLJKW� 6R LI ZH FDQ FRQVWUXFW

D ?6WRNHV 3DUDPHWHU� ZKLFK ORRNV OLNH 9� EXW SDUDPHWHUL]HV OLQHDU SRODUL]DWLRQ LW WRR

PD\ EH URWDWLRQDOO\ LQGHSHQGHQW� 7KH QHZ SDUDPHWHU LV DFWXDOO\ WZR FRPSOH[� OLQHDU

FRPELQDWLRQV RI 4 DQG 8 �
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�4h L8����A[�  H[Si�L��4h L8��A[�� ������

1RWH WKDW VLQFH WKH H[SRQHQWLDO LV HVVHQWLDOO\ D SKDVH IDFWRU LW ZLOO YDQLVK ZKHQ ZH

FRQVWUXFW WKH SRZHU VSHFWUXP RI �4hL8� VLQFH WKHQ ZH ZLOO FDOFXODWH K�4hL8���4hL8�e�L�

ZKLFK NLOOV Ro WKH IUDPH�GHSHQGHQW IDFWRU�

3RODUL]DWLRQ LV XVXDOO\ GHVFULEHG DV HLWKHU D YHFWRU pHOG RQ WKH ��VSKHUH� RU E\ WKH

�IUDPH GHSHQGHQW� 6WRNHV SDUDPHWHUV ZULWWHQ DV LI WKH FHOHVWLDO VSKHUH ZHUH DFWXDOO\ D

SODQH� 1HLWKHU RI ZKLFK LV FRUUHFW� DQG ERWK WDNH DZD\ HVVHQWLDO JHRPHWULF LQIRUPDWLRQ

FRQWDLQHG LQ WKH SRODUL]DWLRQ pHOG� 7KH SRODUL]DWLRQ LV DFWXDOO\ D VSLQRU pHOG RQ WKH ��

VSKHUH ^ D PRVW XQIDPLOLDU FRQFHSW� 7R FKDUDFWHUL]H LW FRPSOHWHO\ UHTXLUHV DQ H[SDQVLRQ

RI WKH SRODUL]DWLRQ pHOG LQWR D VXLWDEOH EDVLV IRU VSLQRUV RQ WKH ��VSKHUH� =DOGDUULDJD

DQG 6HOMDN >��@ KDYH PDGH LQLWLDO ZRUN LQ WKLV GLUHFWLRQ EDVHG RQ WKH IRUPDOLVP RULJLQDOO\

GHYHORSHG E\ 5RJHU 3HQURVH DQG RWKHUV >��@ IRU JUDYLWDWLRQDO ZDYH DSSOLFDWLRQV�

$Q HTXLYDOHQW� WKRXJK PRUH JHRPHWULF DSSURDFK� ZDV GHYHORSHG E\ .DPLRQNRZVNL�

.RVRZVN\� DQG 6WHEELQV >��@� KHUHDIWHU UHIHUUHG WR DV ..6� 7KH ..6 WHFKQLTXH LQYROYHV

H[SDQGLQJ WKH SRODUL]DWLRQ pHOG RQ WKH VN\ DV D WHQVRU pHOG � 3DE�AQ�� 7KH SRODUL]DWLRQ

WHQVRU LV D �d � V\PPHWULF �3DE  3ED� DQG WUDFH�IUHH �J
DE3DE  �� WHQVRU� SDUDPHWHUL]HG

E\ WZR UHDO TXDQWLWLHV� *LYHQ WKH 6WRNHV SDUDPHWHUV 4 DQG 8 PHDVXUHG LQ DQ\ FRRUGLQDWH

V\VWHP� ZH FDQ FRQVWUXFW 3DE� )RU H[DPSOH� LQ VSKHULFDO SRODU FRRUGLQDWHV� �v���� WKH

PHWULF LV JDE  GLDJ��� VLQ
� v� DQG
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$V SRLQWHG RXW E\ ..6� WKH IDFWRUV RI VLQ v PXVW EH LQFOXGHG VLQFH WKH FRRUGLQDWH EDVLV

IRU �v� �� LV DQ RUWKRJRQDO� EXW QRW DQ RUWKRQRUPDO EDVLV�

:H QRZ VHHN WKH HTXDWLRQV FRUUHVSRQGLQJ WR ���� IRU WKH H[SDQVLRQ RI WKH SRODUL]DWLRQ

WHQVRU LQ WHUPV RI D FRPSOHWH VHW RI RUWKRQRUPDO EDVLV IXQFWLRQV IRU V\PPHWULF WUDFH�IUHH

�67)� �d � WHQVRUV RQ WKH ��VSKHUH�
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ZKHUH QRZ ZH KDYH WZR VHWV RI H[SDQVLRQ FRHrFLHQWV�
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1RWH WKDW� VLQFH WKH VFDODU 6SKHULFDO +DUPRQLFV REH\ RUWKRQRUPDOLW\ FRQGLWLRQV� WKH

EDVLV IXQFWLRQV < *�OP�DE�AQ� DQG < &�OP�DE�AQ� ZLOO DV ZHOO� 7KHVH IXQFWLRQV DUH JLYHQ LQ WHUPV

RI FRYDULDQW GHULYDWLYHV RI WKH VFDODU VSKHULFDO KDUPRQLFV E\ >��@�
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ZKHUH sDE LV WKH FRPSOHWHO\ DQWLV\PPHWULF WHQVRU� WKH ?�� GHQRWHV FRYDULDQW GLoHUHQWLDWLRQ
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LV D QRUPDOL]DWLRQ IDFWRU� 7KH QHZ RUWKRQRUPDOLW\ SURSHUWLHV DUH�
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7KHVH IXQFWLRQV DUH WKH UDQN�� JHQHUDOL]DWLRQV RI WKH ?9HFWRU 6SKHULFDO +DUPRQLFV�

XVHG WR )RXULHU H[SDQG WKH HOHFWURPDJQHWLF pHOG >��@� $V SRLQWHG RXW E\ ..6� WKH H[LVWHQFH

RI WZR VHWV RI EDVLV IXQFWLRQV�?*� DQG ?&�� LV GXH WR WKH IDFW WKDW DQ 67) � d � WHQVRU

LV VSHFLpHG E\ WZR LQGHSHQGHQW SDUDPHWHUV� ZKLFK VKRZV� QRW VXUSULVLQJO\� WKDW WKH OLQHDU

SRODUL]DWLRQ RI D UHJLRQ RQ WKH FHOHVWLDO VSKHUH LV FRPSOHWHO\ VSHFLpHG E\ WZR SDUDPHWHUV� 4

DQG 8 � ,Q WZR GLPHQVLRQV� DQ\ 67) WHQVRU FDQ EH XQLTXHO\ GHFRPSRVHG LQWR D V\PPHWULF

SDUW� $�DEb �� ��JDE$�FF DQG DQ DQWLV\PPHWULF SDUW� %�DFsFE�%�EFs
F
D ZKHUH $ DQG % DUH

WZR VFDODU IXQFWLRQV� 7KLV LV UHPLQLVFHQW RI WKH +HOPROW] 7KHRUHP ZKLFK FRQWHQGV WKDW

D YHFWRU pHOG �LQ � GLPHQVLRQV� FDQ EH H[SDQGHG LQWR D SDUW ZKLFK LV WKH JUDGLHQW RI D

VFDODU pHOG DQG D SDUW ZKLFK LV WKH FXUO RI D YHFWRU pHOG� KHQFH ..6 XVH WKH QRWDWLRQ *

IRU ?JUDGLHQW� DQG & IRU ?FXUO�� 7KH FRUUHVSRQGHQFH LV HYHQ VWURQJHU� LI ZH KDYH DQ PDS

RI SRODUL]DWLRQ RQ WKH FHOHVWLDO VSKHUH ZH FDQ HDVLO\ GLVWLQJXLVK SRODUL]DWLRQ SDWWHUQV ZLWK

D ODUJH ?&� FRPSRQHQW E\ ORFDWLQJ GLYHUJHQFH�IUHH ?VZLUOV� DQG ?HGGLHV�� IURP ODUJH ?(�

UHJLRQV ZKLFK DUH GLVWLQJXLVKHG FXUO�IUHH SDWWHUQV�

)ROORZLQJ ..6� ZH VHH WKDW E\ LQWHJUDWLRQ E\ SDUWV HTXDWLRQV ������ WUDQVIRUP LQWR

LQWHJUDOV RYHU VFDODU VSKHULFDO KDUPRQLFV DQG GHULYDWLYHV RI WKH SRODUL]DWLRQ WHQVRU�
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7KH VHFRQG HTXDWLRQ IROORZV IURP sDE�F  �� 6LQFH 7 DQG 3DE DUH UHDO� DOO RI WKH PXOWLSROHV

PXVW REH\ WKH UHDOLW\ FRQGLWLRQ

D; e�OP�  �b��PD ;�O�bP�� ������

6FDODU SHUWXUEDWLRQV FDQ SURGXFH RQO\ *�W\SH SRODUL]DWLRQ DQG QRW &�W\SH SRODUL]D�

WLRQ� 2Q WKH RWKHU KDQG� WHQVRU RU YHFWRU PHWULF SHUWXUEDWLRQV ZLOO SURGXFH ERWK W\SHV

>��@� 6FDODU SHUWXUEDWLRQV DUH DVVRFLDWHG ZLWK FXUO�IUHH PRWLRQ RI WKH SKRWRQ�EDU\RQ qXLG

SULRU WR GHFRXSOLQJ DQ KHQFH KDYH QR KDQGHGQHVV VR WKH\ FDQQRW SURGXFH DQ\ ?FXUO��

ZKHUHDV YHFWRU DQG WHQVRU SHUWXUEDWLRQV GR KDYH D KDQGHGQHVV� $V SRLQWHG RXW E\ ..6

DQG 6HOMDN� =DOGDUULDJD>��@� DQG =DOGDUULDJD >��@� REVHUYDWLRQ RI SULPRUGLDO �L�H�� QRW SUR�

GXFHG DW UHLRQL]DWLRQ RU E\ IRUHJURXQGV� &�W\SH SRODUL]DWLRQ �D QRQ]HUR D&�OP�� LQ WKH &0%

ZRXOG LQGLFDWH WKH SUHVHQFH RI HLWKHU YHFWRU RU WHQVRU �RU ERWK� SHUWXUEDWLRQV DW WKH WLPH

RI ODVW VFDWWHULQJ� 7KLV ZRXOG EH VWURQJ HYLGHQFH IRU WKH H[LVWHQFH RI JUDYLWDWLRQDO ZDYHV

�ZKLFK SURGXFH WHQVRU SHUWXUEDWLRQV�� DQG SURYLGH WKH pUVW GHWHFWLRQ RI WKHVH REMHFWV�

*LYHQ D IRUHJURXQG�IUHH� ORZ�QRLVH PDS RI WKH SRODUL]DWLRQ SDWWHUQ RQ WKH VN\ ZH FRXOG

HDVLO\ LGHQWLI\ UHJLRQV ZLWK QRQ�]HUR ?&��W\SH SRODUL]DWLRQV� DQG WKXV� ZH FRXOG OLWHUDOO\

FRQpUP WKH H[LVWHQFH RI JUDYLWDWLRQDO ZDYHV E\ H\H�
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&KDSWHU �

$Q , QWU RGXFWLRQ WR 5DGLRPHWU \

$ PLFURZDYH UDGLRPHWHU LV D FODVV RI UDGLR UHFHLYHU ZKLFK FDQ PHDVXUH WKH DQWHQQD WHP�

SHUDWXUH RI GLVWDQW VRXUFHV� 5DGLR $VWURQRP\ DW PHWHU�ZDYHOHQJWKV ZDV SLRQHHUHG E\

.� -DQVN\ LQ WKH PLG�����
V� EXW LW ZDV QRW XQWLO DIWHU :RUOG :DU ,, WKDW PLFURZDYH

UDGLRPHWU\ ZDV DSSOLHG WR WKH SHDFHIXO VWXGLHV RI VRXUFHV RI PLFURZDYH HPLVVLRQ� 5REHUW

'LFNH LV FUHGLWHG ZLWK WKH GHYHORSPHQW RI WKH pUVW PRGHUQ PLFURZDYH UDGLRPHWHU ZKLFK

FRXOG PHDVXUH VXE�.HOYLQ GLoHUHQFHV LQ DQWHQQD WHPSHUDWXUH ZLWK LQWHJUDWLRQ WLPHV RI D

IHZ VHFRQGV >��@� 7KH WHFKQLTXH NQRZQ DV ?'LFNH 6ZLWFKLQJ� LV D IXQGDPHQWDO RSHUDWLQJ

SULQFLSOH LQ DOO PRGHUQ GD\ PLFURZDYH UDGLRPHWHUV� WKRXJK LWV LPSOHPHQWDWLRQ WDNHV RQ

QXPHURXV JXLVHV�

��� 7 RWDO 3 RZHU 5DGLRPHWHU

7KH VLPSOHVW UDGLRPHWHU LV NQRZQ DV WKH ?7RWDO 3RZHU 5DGLRPHWHU�� 7KLV GHYLFH SUHFHGHV

'LFNH
V PHDVXUHPHQWV� DQG LWV VKRUWFRPLQJV PRWLYDWHG WKH GHYHORSPHQW RI WKH WHFKQLTXH

ZKLFK EHDUV KLV QDPH� 7KH 7RWDO 3RZHU 5DGLRPHWHU FRQVLVWV RI DQ DQWHQQD� D UDGLR

��



)LJXUH ���� 6FKHPDWLF RI D 6XSHUKHWHURG\QH 7RWDO 3RZHU 5DGLRPHWHU� 7KH DQWHQQD FRXSOHV
UDGLR IUHTXHQF\ �5)� SRZHU LQWR D KLJK�IUHTXHQF\ DPSOLpHU� ZKRVH RXWSXW LV VXEVHTXHQWO\ GRZQ
FRQYHUWHG LQ IUHTXHQF\ E\ D PL[HU DQG ORFDO RVFLOODWRU� 7KH LQWHUPHGLDWH IUHTXHQF\ �,)� EDQG LV
WKHQ DPSOLpHG DQG GHWHFWHG� 7KH pQDO VWDJH LQYROYHV DPSOLpFDWLRQ� DQG pOWUDWLRQ �LQWHJUDWLRQ� WR
UHGXFH WKH QRLVH RQ WKH UHFRUGHG '& VLJQDO�

IUHTXHQF\ �5)� DPSOLpHU� D SRZHU GHWHFWRU �?VTXDUH�ODZ� GHWHFWRU�� DQG DQ LQWHJUDWLQJ

HOHPHQW� 7KH VTXDUH�ODZ GHWHFWRU SURGXFHV D YROWDJH ZKRVH '& OHYHO LV SURSRUWLRQDO WR WKH

SRZHU UHFHLYHG E\ WKH UDGLRPHWHU� 5LGLQJ RQ WKLV '& YROWDJH LV D QRLVH�ZDYHIRUP� ZKLFK

LV VPRRWKHG E\ WKH LQWHJUDWLRQ HOHPHQW �XVXDOO\ D VLPSOH 5& FLUFXLW�� ,Q pJXUH ��� D

VOLJKWO\ PRUH FRPSOLFDWHG UHFHLYHU LV VKRZQ ZKLFK XVHV D GRZQ�FRQYHUVLRQ VFKHPH �PL[HU�

WR FRQYHUW WKH 5) EDQG WR D ORZHU� PRUH HDVLO\ SURFHVVHG EDQG NQRZQ DV WKH LQWHUPHGLDWH

IUHTXHQF\ �,)� EDQG� 7KLV WHFKQLTXH� NQRZQ DV KHWHURG\QLQJ� LV LPSOHPHQWHG LQ WZR RI

32/$5
V FKDQQHOV� FDOOHG ?73�� DQG ?73��� ZKLFK GHWHFW WKH WRWDO SRZHU LQ WKH WZR

RUWKRJRQDO SRODUL]DWLRQ VWDWHV RI WKH LQFLGHQW UDGLDWLRQ �ZKLFK FDQ EH SDUWLDOO\ SRODUL]HG

RU XQSRODUL]HG��

����� 0 LQLPXP 'HWHFWDEOH 6LJQDO

7KH PLQLPXP GHWHFWDEOH VLJQDO RI D UDGLRPHWHU LV GHpQHG DV WKH WHPSHUDWXUH RI D VRXUFH

ZKLFK SURGXFHV D SRZHU OHYHO HTXDO WR WKH SRZHU OHYHO SURGXFHG E\ WKH WKHUPDO QRLVH RI

��



WKH LQVWUXPHQW LWVHOI LQ D JLYHQ LQWHJUDWLRQ WLPH >��@�

&RQVLGHU D UDGLRPHWHU ZLWK D V\VWHP QRLVH WHPSHUDWXUH 7V\V ORRNLQJ DW D ORDG DW

DEVROXWH ]HUR� :H DVVXPH WKDW DQWHQQD DFFHSWV RQO\ RQH VSDWLDO HOHFWURPDJQHWLF pHOG

PRGH DQG RQH SRODUL]DWLRQ� WKH 5) DPSOLpHU KDV D EDQGZLGWK RI c{5) � DQG WKH LQWHJUDWRU

KDV D EDQGZLGWK RI c{/) � 7KH SRZHU SURGXFHG E\ WKH V\VWHP LV NE7V\Vc{5) � ZKHUH NE

LV %ROW]PDQQ
V FRQVWDQW� 7KLV SURGXFHV D VTXDUH�ODZ YROWDJH VSHFWUDO GHQVLW\ �96'� RI

65)
{ � NE7V\V� )URP &KDSWHU � ZH QRWH WKDW WKH 506 qXFWXDWLRQV LQ WKH SRZHU SURGXFHG

E\ WKH V\VWHP DUH ��  
5
c {5)

�65)
{ G{��  N�E �c{5) ��7V\V�

�� 7KLV QRLVH VLJQDO LV LQWHJUDWHG

IRU D WLPH � FRUUHVSRQGLQJ WR c{/) � �
� � )URP WKH FRQYROXWLRQ WKHRUHP DSSOLHG WR OLQHDU

pOWHUV� DV LQ &KDSWHU �� ZH pQG WKDW WKH WRWDO V\VWHP SRZHU 506 LV�

��  ��c{5)c{,) ��NE7V\V�
� �����

:KHQ ORRNLQJ DW D VRXUFH RI DQWHQQD WHPSHUDWXUH c7 � WKH VTXDUH�ODZ GHWHFWRU SUR�

GXFHV D '& VLJQDO YROWDJH� 9 � �NE7c{�� 7R JHW WKH PLQLPXP GHWHFWDEOH VLJQDO LQ DQ

LQWHJUDWLRQ WLPH � � ZH pQG WKH c7 WKDW SURGXFHV WKH VDPH DPRXQW RI '& SRZHU DV WKH

qXFWXDWLQJ $& SRZHU SURGXFHG E\ WKH QRLVH WHPSHUDWXUH RI WKH UDGLRPHWHU� :H pQG WKDW�

c7  
7V\VS
c{5) �

� �����

����� /LPLWDWLRQV RI WKH 7 RWDO 3 RZHU 5DGLRPHWHU 7 HFKQLTXH

7KH EHQHpW RI WKH 7RWDO 3RZHU 5DGLRPHWHU LV LWV VLPSOLFLW\� 8QIRUWXQDWHO\� LI WKH JDLQ RI

WKH 5) DPSOLpHU YDULHV� VD\ ZLWK WHPSHUDWXUH RU YROWDJH qXFWXDWLRQV LQ LWV SRZHU VXSSO\�

WKH XOWLPDWH VHQVLWLYLW\ WR WHPSHUDWXUH YDULDWLRQV RI WKH VRXUFH ZLOO EH VHULRXVO\ GHJUDGHG�

��



DQG HTXDWLRQ ��� LV QR ORQJHU WUXH� 7HPSHUDWXUH DQG YROWDJH qXFWXDWLRQV ZLOO� LQ JHQHUDO�

EH ZRUVH RQ ORQJ WLPHVFDOHV WKDQ RQ VKRUW WLPHVFDOHV� 7KLV W\SH RI qXFWXDWLRQ LV NQRZQ

DV ? � I �QRLVH�� (TXDWLRQ ��� LQ WKH SUHVHQFH RI � I QRLVH EHFRPHV�

c7  
7V\VS
c{5) �

� 7V\VUt
�

c {5) �
� x

{bo

u � �����

ZKHUH x DQG o DUH ERWK SRVLWLYH FRQVWDQWV >��@� 6R ZH VHH WKDW WKH HoHFW RI LQWHJUDWLQJ

IRU ORQJHU SHULRGV RI WLPH LV RoVHW E\ WKH SUHVHQFH RI qXFWXDWLRQV RI WKH RXWSXW RI WKH

UDGLRPHWHU RQ ORQJ WLPHVFDOHV� 7KLV ZDV 'LFNH
V PRWLYDWLRQ WR VZLWFK WKH DQWHQQD EHWZHHQ

WZR GLoHUHQW ORDGV DW D KLJK IUHTXHQF\� ,Q WKLV DSSURDFK WKH LQVWUXPHQW GRHV QRW KDYH

HQRXJK WLPH WR FKDQJH DSSUHFLDEO\ LQ VXFK VKRUW WLPHVFDOHV� 7KH IDVWHU WKH UDGLRPHWHU

FDQ EH VZLWFKHG� WKH OHVV LPSRUWDQW WKH � I qXFWXDWLRQV EHFRPH� :KHQ RQH XVHV D VLQJOH

UHFHLYHU� DQG VZLWFKHV WKH DQWHQQD EHWZHHQ D FHOHVWLDO VRXUFH DQG D UHIHUHQFH WDUJHW VRXUFH

RI NQRZQ WHPSHUDWXUH� c7 LV DFWXDOO\ D IDFWRU RI WZR ODUJHU WKDQ LQ WKH WRWDO SRZHU

DSSURDFK� +RZHYHU� WKH GHFUHDVH LQ QRLVH DW ORZ�IUHTXHQFLHV �QHDU WKH VZLWFKLQJ IUHTXHQF\�

PRUH WKDQ FRPSHQVDWHV IRU WKLV GHFUHDVH LQ VHQVLWLYLW\�

��� 7 KH &RU U HODWLRQ 5DGLRPHWHU 7 HFKQLTXH

7KH FRUUHODWLRQ UDGLRPHWHU DFFRPSOLVKHV WKH 'LFNH VZLWFKLQJ UHIHUUHG WR DERYH E\ YLHZLQJ

WKH VDPH VRXUFH ZLWK WZR GLoHUHQW UHFHLYHUV� DQG VXEVHTXHQWO\ FRUUHODWLQJ WKHLU RXWSXWV

DW 5) IUHTXHQFLHV XVLQJ D PXOWLSOLHU� 3K\VLFDOO\� WKH PXOWLSOLHU LV XVXDOO\ EDVHG RQ D QRQ�

OLQHDU GHYLFH� VXFK DV D GLRGH �VHH &KDSWHU ��� ZKLFK DFWV DV D VZLWFK ZKHQ SURYLGHG ZLWK

D ELDV ZDYHIRUP� 7KH ELDV SRZHU IRU WKH GLRGH FRPHV IURP WKH XQFRUUHODWHG 5) SRZHU

LQ HDFK DUP� ZKLFK EHLQJ LQ WKH 5) EDQG� HoHFWLYHO\ �'LFNH� VZLWFKHV DW WKHVH KLJK UDGLR

��



)LJXUH ���� 6FKHPDWLF RI D VLPSOH &RUUHODWLRQ 3RODULPHWHU� 5DGLR IUHTXHQF\ �5)� pHOGV DUH VSOLW
LQWR WZR OLQHDU SRODUL]DWLRQ VWDWHV E\ DQ RUWKRPRGH WUDQVGXFHU �207�� DQG DPSOLpHG� 7KH pHOG
DPSOLWXGHV DUH PXOWLSOLHG� SURGXFLQJ D '& YROWDJH SURSRUWLRQDO WR WKHLU SURGXFW� 7KH '& SURGXFW
YROWDJH LV pOWHUHG DQG DPSOLpHG EHIRUH EHLQJ LQWHJUDWHG �ORZ�SDVV pOWHUHG� SULRU WR EHLQJ UHFRUGHG�

IUHTXHQFLHV� 7KH V\VWHP KDV D
S
� QRLVH DGYDQWDJH RYHU WKH VLQJOH UHFHLYHU 'LFNH VZLWFK

>��@� 7KH RQO\ SHQDOW\ LV WKH FRPSOLFDWLRQ DQG FRVW RI WKH VHFRQG UHFHLYHU� &RQVLGHU WKH

VLPSOLpHG FRUUHODWLRQ SRODULPHWHU VKRZQ LQ ����

5DGLDWLRQ IURP WKH VN\ FRXSOHV LQWR D IHHG KRUQ ZKLFK SURSDJDWHV ERWK RI WKH pHOG
V

OLQHDU SRODUL]DWLRQV� 7KH RUWKRPRGH WUDQVGXFHU �207� VHSDUDWHV WKH WZR SRODUL]DWLRQV�

VHQGLQJ HDFK RQH WR LWV RZQ UHFHLYHU� 7KH PXOWLSOLHU IRUPV WKH SURGXFW RI WKH WZR pHOGV�

ZKLFK DUH VXEVHTXHQWO\ LQWHJUDWHG� 7KLV PXOWLSOLFDWLRQ DQG LQWHJUDWLRQ LV WKH H[DFW GHp�

QLWLRQ RI WKH FURVV�FRUUHODWLRQ RI WKH WZR SRODUL]DWLRQ VWDWHV� DV GHpQHG LQ &KDSWHU �� $V

ZH ZLOO VKRZ LQ &KDSWHU �� IRU D VLQJOH IUHTXHQF\� WKH pHOGV ZKLFK HQWHU WKH PXOWLSOLHU DUH�

(\�W�  (\R FRV>{W� �\�W�@ � Q\�W� �����

([�W�  ([R FRV>{W� �[�W�@ � Q[�W��

��



ZKHUH QL LV WKH QRLVH ZDYHIRUP JHQHUDWHG E\ WKH DPSOLpHU YLHZLQJ SRODUL]DWLRQ VWDWH L�

7KURXJKRXW ZH ZLOO DVVXPH KQL�W�QM�W�L  ��rLM � )ROORZLQJ 7KRPSVRQ >��@� ZH ZLOO

H[SUHVV DQ HOHFWULF pHOG DV�

A(�v� {�  

= �

b�
(�v� W�HbL�}{WGW �����

(�v� W�  

= �

b�
(�v� {�HL�}{WG{� �����

ZKHUH (�v� W� LV WKH HOHFWULF pHOG SURGXFHG DW WLPH W ZKHQ YLHZLQJ DW DQ DQJOH v ZLWK

UHVSHFW WR WKH D[LV RI WKH KRUQ� 7KH KRUQ
V DPSOLWXGH UHVSRQVH IXQFWLRQ� *�v� {� �ZLWK

GLPHQVLRQ >OHQJWK@��� LV DVVXPHG KHUH WR EH D[LV\PPHWULF� 7KH DQWHQQD RXWSXW YROWDJH IRU

SRODUL]DWLRQ VWDWH L � I[� \J LV�

A9L$�{�  

= }

b}
A(L�v� {L� A*�v� {L�Gv� �����

7KH RXWSXW YROWDJH� DIWHU EHLQJ DPSOLpHG E\ WKH +(07�PL[HU�,) DPSOLpHU FKDLQ

�ZLWK WRWDO UDGLRPHWHU YROWDJH WUDQVIHU IXQFWLRQ A+�{��� LV A9 �L{�  A+�{� A9L$�{��

7KH RXWSXW RI WKH FRUUHODWRU LV JLYHQ E\�

5�� �  OLP
7��

�

�7

= �

b�
9[�W�9

e
\ �Wb ��GW� �����

� Z KLF K LV QRW H T XD O WR WKH SR Z H U UH VSR QVH IXQF WLR Q� %�v� {�� R EWD LQH G� IR U H [ D PSOH � Z KH Q PD SSLQJ WKH
EH D P�
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e
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e
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d A*[�v
�� {[� A*e

\�v� {\�H
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5HPHPEHULQJ WKDW
5�
b� HL�}W�{[b{\�GW  r�{[ b {\�� ZH KDYH�
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ZKHUH�

Aq�{�  > A([�{[� A(
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LV WKH VRXUFH FRKHUHQFH IXQFWLRQ� DQG

A%�{�  

= }

b}
Gv�
= }

b}
A*[�v

�� {� A*e
\�v� {�Gv ������

LV WKH SRZHU UHVSRQVH IXQFWLRQ RI WKH KRUQ� FRQYHQWLRQDOO\ NQRZQ DV WKH EHDP SDWWHUQ�

7KH SURSHUWLHV RI WKH VRXUFH FRKHUHQFH IXQFWLRQ DQG WKH EHDP SDWWHUQ FRPSOHWHO\

GHWHUPLQH WKH RXWSXW YROWDJH�

����� 0 LQLPXP 'HWHFWDEOH 6LJQDO

$V LQ WKH FDVH RI WKH WRWDO SRZHU UDGLRPHWHU WKH VHQVLWLYLW\ GHSHQGV RQ ERWK WKH V\VWHP

QRLVH WHPSHUDWXUH DQG WKH 5) EDQGZLGWK RI WKH DPSOLpHUV� 6LQFH WKHUH DUH QRZ WZR 5)

DPSOLpHUV ZH WDNH WKH V\VWHP WHPSHUDWXUH WR EH WKHLU JHRPHWULF PHDQ� 7V\V  
T
7 [
V\V7

\
V\V�

��



)RU DQ XQSRODUL]HG VRXUFH ZKLFK pOOV WKH DQWHQQD EHDP FRPSOHWHO\� HDFK 207 SRODUL]DWLRQ

SRUW VHHV RQO\ KDOI RI WKH WRWDO LQFLGHQW SRZHU�

6LQFH WKH FRUUHODWLRQ SRODULPHWHU LV HVVHQWLDOO\ GLoHUHQFLQJ WKH SRZHU �DQWHQQD WHP�

SHUDWXUH� RI HDFK SRODUL]DWLRQ VWDWH� WKH FRUUHODWRU RXWSXW FDQ EH V\PEROL]HG E\ 9FRUU �

7\ b 7[� ,I ZH DVVXPH WKH QRLVH RI WKH WZR UHFHLYHUV DUH XQFRUUHODWHG �WKRXJK DSSUR[L�

PDWHO\ HTXDO� WKHQ E\ VLPSOH HUURU SURSDJDWLRQ ZH VHH WKDW WKH 506 QRLVH RI WKH FRUUHODWRU

RXWSXW LV
S
� ZRUVH WKDQ WKH WRWDO SRZHU UHFHLYHU� )RU WKH 'LFNH UDGLRPHWHU WKLV UHVXOW

DOVR KROGV�

7KH PLQLPXP GHWHFWDEOH WHPSHUDWXUH GLoHUHQFH LQ DQ LQWHJUDWLRQ WLPH � IRU WKH FRU�

UHODWLRQ UDGLRPHWHU LV�

c7  

V
�7 [

V\V7
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V\V

c{5) �
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:H DOVR QRWH KHUH� IRU FRPSDULVRQ� WKDW WKH 'LFNH UDGLRPHWHU GLYLGHV LWV LQWHJUDWLRQ

WLPH HTXDOO\ EHWZHHQ YLHZLQJ WKH VLJQDO DQG WKH QRLVH ZKLFK LV ZK\ LW LV
S
� WLPHV ZRUVH

WKDQ WKH FRUUHODWLRQ UDGLRPHWHU� DQG D IXOO IDFWRU RI � ZRUVH WKDQ WKH WRWDO SRZHU UDGLRPH�

WHU >��@�

��



&KDSWHU �

3 2/$5� ( [SHU LPHQWDO

'HVFU LSWLRQ

%HIRUH HPEDUNLQJ RQ WKH WHFKQLFDO GHWDLOV RI WKH 32/$5 H[SHULPHQW� LW LV DSSURSULDWH

KHUH WR JLYH D EULHI KLVWRULFDO RYHUYLHZ� 7KH GHYHORSPHQW RI WKH FRUUHODWLRQ UDGLRPHWHU

WHFKQLTXH SUHFHHGHG WKH GLVFRYHU\ RI WKH &0% LQ ����� VHH IRU H[DPSOH >��@� ,Q WKH

HDUO\ GD\V RI WKH &2%( H[SHULPHQW WKH LGHD WR DSSO\ WKH FRUUHODWLRQ UDGLRPHWHU WR GR

&0% ZRUN ZDV SURSRVHG� $OWKRXJK QRW LPSOHPHQWHG RQ &2%(� GHYHORSPHQW FRUUHODWLRQ

UDGLRPHWHUV DQG LQWHUIHURPHWHUV DV YLDEOH &0% UHFHLYHU WHFKQLTXHV FRQWLQXHG IRU PDQ\

GHFDGHV� ERDVWLQJ QXPHURXV H[SHULPHQWV LQ WKH DUHDV RI DQLVRWURS\ UHVHDUFK �>��@� >��@�

>��@� DQG WKH VSHFWUDO PHDVXUHPHQWV RI >��@� 7KH LGHD WR GHYHORS D FRUUHODWLRQ UDGLRPHWHU

IRU LQYHVWLJDWLRQ RI WKH SRODUL]DWLRQ RI WKH &0% FDQ EH WUDFHG WR 3URI� '� :LONLQVRQ RI

3ULQFHWRQ 8QLYHUVLW\�

$V D pQDO LQWHUHVWLQJ SRVWVFULSW� ZH QRWH WKDW D �SVHXGR� FRUUHODWLRQ UDGLRPHWHU ZLOO

IRUP WKH KHDUW RI WKH 0$3 >��@ DQG 3/$1&. >��@ /RZ )UHTXHQF\ ,QVWUXPHQW
V WHFKQLTXHV

��



WR UHFRYHU WKH SRODUL]DWLRQ DQG DQLVRWURS\ RI WKH &0% IURP VSDFH LQ WKH HDUO\ SDUW RI WKH

QH[W FHQWXU\�

��� 3 2/$5� ( [SHU LPHQWDO 2YHU YLHZ

32/$5 LV WKH pUVW GHGLFDWHG FRUUHODWLRQ SRODULPHWHU GHVLJQHG IRU PHDVXUHPHQWV RI WKH

&0%� ,W KDV WKH ZLGHVW EDQGZLGWK �| � *+]� RI DQ\ FRUUHODWLRQ UHFHLYHU HYHU XVHG IRU

&0% ZRUN� 7KLV FKDSWHU VXPPDUL]HV WKH PDMRU FRPSRQHQWV RI WKH LQVWUXPHQW DV ZHOO DV

DOO NQRZQ V\VWHPDWLF HoHFWV� 0HDVXUHPHQW RI SRODUL]DWLRQ RI WKH &0% SRVHV D ZLGH YDULHW\

RI H[SHULPHQWDO FKDOOHQJHV� PDQ\ RI ZKLFK DUH IDPLOLDU IURP WKH H[SHULPHQWV QRZ PHDVXU�

LQJ VSDWLDO DQLVRWURS\ LQ WKH &0%� :H GHVFULEH EHORZ WKH GHVLJQ RI 32/$5 WR LOOXVWUDWH

WKH H[SHULPHQWDO LVVXHV WKDW PXVW EH DGGUHVVHG LQ DQ\ &0% SRODUL]DWLRQ REVHUYDWLRQ�

32/$5 PHDVXUHV SRODUL]DWLRQ RQ �r VFDOHV LQ WKH .D EDQG� ZKLFK LV WKH VSHFWUDO EDQG

FRYHULQJ WKH IUHTXHQFLHV EHWZHHQ �� DQG �� *+]� 7KLV EDQG LV PXOWLSOH[HG LQWR WKUHH

VXE�EDQGV WR DOORZ IRU GLVFULPLQDWLRQ DJDLQVW IRUHJURXQG VRXUFHV DQG WR VROYH WHFKQLFDO

SUREOHPV LQ WKH GHYHORSPHQW RI D ZLGH�EDQGZLGWK DQDORJ FRUUHODWRU� 7KH UDGLRPHWHU

H[HFXWHV D GULIW VFDQ RI WKH ]HQLWK ZLWK D ):+0  �r EHDP SURGXFHG E\ D FRUUXJDWHG

IHHG KRUQ DQWHQQD� ,Q D SUHOLPLQDU\ HQJLQHHULQJ UXQ� 32/$5 KDV REVHUYHG | �� GLoHUHQW

SL[HOV IRU � GD\V� DQG LQ D VLQJOH QLJKW RI GDWD DFKLHYHV D VHQVLWLYLW\ OHYHO RI | ���z. SHU

�r ):+0 SL[HO�

32/$5
V GHVLJQ EXLOGV RQ WHFKQLTXHV GHYHORSHG LQ SUHYLRXV VHDUFKHV IRU &0% SR�

ODUL]DWLRQ >��@� >��@� >��@� >��@� >��@� >��@ DQG LV GULYHQ E\ VHYHUDO IDFWRUV� WKH VL]H

DQG DQJXODU VFDOH RI WKH DQWLFLSDWHG &0% VLJQDOV� VSHFWUDO UHPRYDO RI IRUHJURXQG VRXUFHV�

RSWLPL]DWLRQ RI WKH REVHUYLQJ VFKHPH� DQG DQWLFLSDWHG V\VWHPDWLF HoHFWV�

��



5DGLDWLRQ IURP WKH VN\ FRXSOHV LQWR D FRUUXJDWHG FLUFXODU KRUQ DQWHQQD �6HH )LJ�

����� 7KLV DQWHQQD KDV H[WUHPHO\ ORZ VLGH OREHV� QHDU b�� G% DW ��r Ro D[LV� LQ ERWK

SRODUL]DWLRQV� DFURVV D IXOO ZDYHJXLGH EDQG� 7KH DQWHQQD RXWSXW FRXSOHV WR DQ RUWKR�

PRGH WUDQVGXFHU �207�� D ZDYHJXLGH GHYLFH WKDW GHFRPSRVHV WKH LQFRPLQJ ZDYH LQWR

WZR RUWKRJRQDO OLQHDU SRODUL]DWLRQ FRPSRQHQWV� 7KH 207 GHpQHV WKH [�\ FRRUGLQDWH

V\VWHP RI WKH DQWHQQD� 7KH HQWLUH H[SHULPHQWDO DSSDUDWXV URWDWHV DERXW WKH V\PPHWU\

D[LV RI WKH IHHG�KRUQ LQ RUGHU WR PHDVXUH ERWK OLQHDU SRODUL]DWLRQ 6WRNHV SDUDPHWHUV�

7KH 4 DQG 8 6WRNHV SDUDPHWHUV DUH GHpQHG LQ WHUPV RI D FRRUGLQDWH V\VWHP p[HG WR

WKH VN\� 7KHUH DUH VHYHUDO DSSURDFKHV WR PHDVXULQJ 4 DQG 8 IRU D SDUWLFXODU SL[HO RQ

WKH VN\� /XELQ 	 6PRRW >��@ HPSOR\ D 'LFNH VZLWFK ZKLFK DOWHUQDWHO\ FRXSOHV HDFK RI WKH

SRODUL]DWLRQ FRPSRQHQWV IURP WKH 207 WR D ORZ�QRLVH DPSOLpHU DQG VTXDUH�ODZ GHWHFWRU

>��@� >��@� 3KDVH�VHQVLWLYH GHWHFWLRQ DW WKH PRGXODWLRQ IUHTXHQF\ RI WKH VZLWFK \LHOGV WKH

GLoHUHQFH EHWZHHQ WKHVH WZR FRPSRQHQWV� WKH 4 6WRNHV SDUDPHWHU� DQG KHOSV RYHUFRPH

� I QRLVH IURP WKH DPSOLpHU� $IWHU D ��r URWDWLRQ DERXW WKH DQWHQQD V\PPHWU\ D[LV WKH

LQVWUXPHQW PHDVXUHV WKH 8 6WRNHV SDUDPHWHU�

$ VHFRQG WHFKQLTXH ZKLFK KDV EHHQ XVHG IRU SRODULPHWU\ FRXSOHV WKH RXWSXW RI DQ 207

GLUHFWO\ WR WZR VHSDUDWH WRWDO�SRZHU UDGLRPHWHUV >��@� >��@� 7KH EHDP LV VZLWFKHG RQ WKH

VN\ WR PHDVXUH WKH VSDWLDO DQLVRWURS\ LQ WZR RUWKRJRQDO SRODUL]DWLRQV� 7KLV DSSURDFK

PHDVXUHV WKH DQLVRWURS\ LQ WKH 4 6WRNHV SDUDPHWHU RI WKH LQFLGHQW UDGLDWLRQ pHOG� DQG

FXUUHQWO\ SURYLGHV WKH PRVW VWULQJHQW XSSHU OLPLWV RQ WKH SRODUL]DWLRQ RI WKH &0%�

$Q DOWHUQDWH DSSURDFK� HPSOR\HG LQ 32/$5� LV WKH FRUUHODWLRQ UDGLRPHWHU >��@� >��@�

,Q WKLV LQVWUXPHQW WKH WZR SRODUL]DWLRQ FRPSRQHQWV DUH DPSOLpHG LQ VHSDUDWH SDUDOOHO

DPSOLpHU FKDLQV DQG WKH RXWSXW VLJQDOV DUH FRUUHODWHG� UHVXOWLQJ LQ D VLJQDO SURSRUWLRQDO WR

WKH 8 6WRNHV SDUDPHWHU� 7KLV W\SH RI LQVWUXPHQW HoHFWLYHO\ ?FKRSV� EHWZHHQ WKH WZR LQSXW

��



)LJXUH ���� 6FKHPDWLF RI WKH 32/$5 .D EDQG 5DGLRPHWHU� 6HH WH[W IRU GHVFULSWLRQ RI FRPSR�
QHQWV�

��



5) VLJQDOV DW D IUHTXHQF\ ZKLFK LV FRPSDUDEOH WR WKDW RI WKH 5) VLJQDOV WKHPVHOYHV� $Q

DGYDQWDJH RI WKLV GLoHUHQFLQJ PHFKDQLVP LV WKDW LW KDV QR PDJQHWLF RU PRYLQJ SDUWV ZKLFK

KDYH WUDGLWLRQDOO\ FRPSOLFDWHG H[SHULPHQWV RI WKLV W\SH� $IWHU D ��r URWDWLRQ WKH FRUUHODWRU

JLYHV DQ RXWSXW SURSRUWLRQDO WR WKH 6WRNHV 4 SDUDPHWHU� 32/$5 URWDWHV FRQWLQXRXVO\

DERXW WKH YHUWLFDO DW � 530� 7KH URWDWLRQ PRGXODWHV WKH RXWSXW VLQXVRLGDOO\ EHWZHHQ 8

DQG 4 DW WZLFH WKH URWDWLRQ IUHTXHQF\ DQG DOORZV WKH UHPRYDO RI DQ LQVWUXPHQWDO RoVHW

DQG RWKHU LQVWUXPHQWDO HoHFWV WKDW DUH QRW PRGXODWHG DW WKLV IUHTXHQF\�

��� 7 KH 3 2/$5 5DGLRPHWHU

7KH 32/$5 UDGLRPHWHU LV FRPSULVHG RI � PDLQ VHFWLRQV�

s &ROG UHFHLYHU FRPSRQHQWV� RSWLFV� 207� LVRODWRUV� +(07 DPSOLpHUV�

s 5RRP�WHPSHUDWXUH UHFHLYHU FRPSRQHQWV� ZDUP 5) DPSOLpHUV� KHWHURG\QH VWDJH�

ZDUP ,) DPSOLpHUV� EDQG�GHpQLQJ pOWHUV� GHWHFWRUV�

s 3RVW�GHWHFWLRQ FRPSRQHQWV� SUH�DPSOLpHUV� ORZ IUHTXHQF\ SURFHVVLQJ� DQG GDWD DF�

TXLVLWLRQ�

��� &ROG 5HFHLYHU &RPSRQHQWV

����� 'HZDU

7KH FRPSRQHQWV FRPSULVLQJ WKH ?FROG UHFHLYHU VHFWLRQ� DUH QDWXUDOO\ GHpQHG E\ WKRVH

FRQWDLQHG LQ WKH GHZDU� ZKLFK ZH ZLOO FXUUHQWO\ GHVFULEH� 7KH 32/$5 GHZDU LV D FXVWRP

IDEULFDWHG GHZDU FRQVWUXFWHG E\ 3UHFLVLRQ &U\RJHQLF 6\VWHPV� �VHH pJXUH ����� 7KH GH�

�3& 6� ,QGLD QD SR OLV� ,Q

��



ZDU LV GHVLJQHG WR KRXVH D &7, ��� FU\RFRROHU FROGKHDG� DQG SRVVHVVHV QR OLTXLG FU\RJHQ

FRQWDLQHUV� 7KH GHZDU ZDV GHVLJQHG WR EH TXLWH qH[LEOH� DFFRPPRGDWLQJ QXPHURXV SRV�

VLEOH XSJUDGHV� 2QH SRVVLEOH XSJUDGH FRQpJXUDWLRQ ZRXOG LQFOXGH WKH DGGLWLRQ RI � PRUH

FRUUXJDWHG IHHG KRUQV LQ WKH QRPLQDO ��. �VHFRQG VWDJH� ZRUNLQJ YROXPH� :LWK WKLV LQ

PLQG� WKH FXUUHQW ZRUNLQJ FROG�YROXPH LV GLYLGHG LQWR WKUHH VHFWLRQV� ZKHUH WKH .D VHFWLRQ

RFFXSLHV RQH�WKLUG RI WKH VKLHOGHG VHFRQG VWDJH� 7KH pUVW VWDJH LV XVHG WR FRRO D UDGLDWLRQ

VKLHOG� ZKLFK LV QRPLQDOO\ PDLQWDLQHG DW D WHPSHUDWXUH RI | ��.�

)LJXUH ���� 32/$5 'HZDU DQG .D EDQG FROG UHFHLYHU FRPSRQHQWV� 7KH KRUQ LV ORFDWHG Ro RI
WKH V\PPHWU\ D[LV RI WKH GHZDU LQ RUGHU WR DOORZ IRU IXWXUH� KLJKHU�IUHTXHQF\ UHFHLYHUV WR SHUIRUP
VLPXOWDQHRXV REVHUYDWLRQV�

����� 9DFXXP 6\VWHP

)RU D ODUJH GHZDU VXFK DV 32/$5
V� D KLJK YDFXXP LV HVVHQWLDO WR DFKLHYH UHDVRQDEOH

FRRO�GRZQ WLPHV� 7KH YDFXXP V\VWHP LV DQ (GZDUGV 7XUER SXPS V\VWHP FRPSRVHG RI

D PHFKDQLFDO URXJKLQJ SXPS DQG D WXUER�PROHFXODU SXPS� 7KH WXUER�PROHFXODU SXPS

��



KDV DQ H[LW DSHUWXUH� '� RI ��� PP ZKLFK LV PDLQWDLQHG IRU WKH PDMRULW\ RI WKH YDFXXP

OHQJWK� / | ����PP� :H FRQYHUW IURP ,62���� WR .)��� ��� PP� YDFXXP EHOORZV KRVH

MXVW SULRU WR DWWDFKLQJ WR WKH GHZDU EORFN�YDOYH� $V WKH FRQGXFWDQFH RI D YDFXXP OLQH

LQ WKH PROHFXODU�qRZ UHJLPH VFDOHV DV '� /� WKH ODUJH GLDPHWHU SXPS OLQHV PRUH WKDQ

FRPSHQVDWH IRU WKH UHODWLYHO\ ORQJ OHQJWK� $IWHU OHDN�SURRpQJ WKH GHZDU� DQG FRROLQJ

GRZQ� LW UHPDLQV DW | �d ��b� 7RUU IRU PRQWKV DW D WLPH�

����� &7 , &U \RFRROHU

)ROORZLQJ SXPS�GRZQ WR | � d ��b� 7RUU� WKH SXPS LV GHWDFKHG DQG WKH FU\RFRROHU
V

FRPSUHVVRU �&7, ���� $LU &RROHG� LV DFWLYDWHG� 7KH FU\RFRROHU LV FDSDEOH RI | �� :DWWV

RI FRROLQJ SRZHU DW ��. �pUVW VWDJH� DQG | � :DWWV DW ��. �VHFRQG VWDJH�� ,Q WKH

pHOG LW LV IRXQG WKDW WKH XOWLPDWH FROG VWDJH WHPSHUDWXUHV DUH FRUUHODWHG ZLWK WKH DPELHQW

WHPSHUDWXUH RI WKH VKHOWHU LQ ZKLFK 32/$5 UHVLGHV� %HFDXVH RXU FRPSUHVVRU LV DLU�FRROHG��

DV RSSRVHG WR &7,
V ZDWHU�FRROHG YHUVLRQ� WKH FRPSUHVVRU
V FRPSUHVVLRQ UDWLR LV D VWURQJ

IXQFWLRQ RI DPELHQW WHPSHUDWXUH� ZKLFK PRGLpHV LWV FRROLQJ HrFLHQF\� 0DLQWDLQLQJ WKH

WHPSHUDWXUH VWDELOLW\ RI WKH FRPSUHVVRU LV DFFRPSOLVKHG� WR pUVW RUGHU� E\ D FRPPHUFLDO

DLU�FRQGLWLRQHU GXULQJ WKH VXPPHU PRQWKV ZKLFK FRXQWHUV WKH | �N: KHDW RXWSXW IURP

WKH FRPSUHVVRU� 'XULQJ WKH ZLQWHU� WKH KHDW RXWSXW E\ WKH FRPSUHVVRU LWVHOI VHUYHV WR

NHHS WKH HQFORVHG 32/$5 VKHOWHU DW D QHDUO\ FRQVWDQW WHPSHUDWXUH� 7KH FRPSUHVVRU LV

PHFKDQLFDOO\ LVRODWHG IURP WKH UDGLRPHWHU E\ XVH RI D VHSDUDWH URWDWLRQ EHDULQJ FRXSOHG

ORRVHO\ WR WKH PRWRU�GULYHQ PDLQ EHDULQJ E\ FRSSHU EUDLG� 7KH FRPSUHVVRU LV IXUWKHU

LVRODWHG RQ LWV EHDULQJ E\ XVH RI UXEEHU SDGGLQJ RQ DOO VXSSRUW VWUXFWXUHV�

� Z KLF K LV QH F H VVD U\ GXH WR WKH ID F W WKD W 32/$ 5 UR WD WH V F R QWLQXR XVO\

��



7KH FROG UDGLRPHWHU FRPSRQHQWV DUH LQVLGH WKH ��. VWDJH UDGLDWLRQ VKLHOG� 2I FRXUVH

LW LV HVVHQWLDO WR KDYH YDFXXP�WLJKW IHHGWKURXJKV LQWR DQG RXW RI WKH GHZDU� %RWK ZDYHJ�

XLGH RXWSXWV IURP WKH +(07V OHDYH WKH GHZDU WKURXJK YDFXXP�SRUW :5��� ZDYHJXLGH

IHHGWKURXJKV IURP $HURZDYH�� 7KH IHHGWKURXJKV DUH PRXQWHG RQ D VLQJOH EUDVV�GLVN qDQJH�

ZKLFK DOVR VHUYHV DV D IHHGWKURXJK IRU WKH +(07 ELDV ZLULQJ DQG WKH /DNHVKRUH� ��� 7HP�

SHUDWXUH 'LRGH UHDGRXW ZLULQJ� 7KH pQDO PDMRU SRUW LQ WKH GHZDU LV WKH PDLQ YDFXXP

ZLQGRZ WKURXJK ZKLFK SDVVHV RXU .D EDQG VLJQDO� 7KLV SRUW LV PRXQWHG | �� UDGLDOO\ Ro

WKH URWDWLRQ D[LV RI WKH FU\RVWDW WR DOORZ IRU DGGLWLRQDO IHHG KRUQV DW KLJKHU IUHTXHQF\ DV

PHQWLRQHG DERYH�

��� 2SWLFV

32/$5
V RSWLFDO V\VWHP LV VLPSOLFLW\ LWVHOI� 7KHUH DUH QR XQZLHOG\ PLUURUV� FKRSSLQJ�

qDWV� VHFRQGDULHV� WHUWLDULHV� HWF� 7KH PDLQ HOHPHQW LV D VLQJOH FRUUXJDWHG IHHG KRUQ� 'XH

WR WKH DEVHQFH RI VXSSOHPHQWDO EHDP�IRUPLQJ UHqHFWRUV� VSXULRXV HoHFWV LQWURGXFHG E\

FURVV�SRODUL]DWLRQ E\ RSWLFDO HOHPHQWV LV QHDU WKH PLQLPXP SRVVLEOH OHYHO IRU D PLOOLPHWHU

ZDYH LQVWUXPHQW� 2QO\ RSWLFDO SRODULPHWHUV DUH FDSDEOH RI DFKLHYLQJ ORZHU OHYHOV RI FURVV�

SRODUL]DWLRQ >��@�

����� &RU U XJDWHG 6FDODU )HHG KRU Q

7KH RQO\ WUXH RSWLFDO HOHPHQW LQ 32/$5 LV LWV FRUUXJDWHG IHHG KRUQ� 7KH FDQRQLFDO

WKHRUHWLFDO WUHDWPHQW RI WKHVH GHYLFHV LV GLVFXVVHG LQ >��@� WKLV VHFWLRQ PHUHO\ GHVFULEHV

� $ H UR Z D Y H & R US�� 0 H GIR UG� 0 $

�/D N H VKR UH & U\ R WUR QLF V� :H VWH UY LOOH � 2+

��



WKH UHOHYDQW GHYLFH SDUDPHWHUV ZKLFK DUH QHFHVVDU\ DQG VXrFLHQW WR FRQVWUXFW DQG PRGHO

WKH SHUIRUPDQFH RI WKH KRUQ�

32/$5
V KRUQ ZDV GHVLJQHG E\ 'U� -RVK *XQGHUVHQ� DQG LV EDVHG RQ WKH SURFHGXUH

RXWOLQHG LQ >��@� DQG LV QHDUO\ LGHQWLFDO WR WKH .D�%DQG IHHG KRUQ HPSOR\HG E\ WKH &2%(

'05 H[SHULPHQW >��@� 7KH JRDO RI WKH FRUUXJDWHG IHHG KRUQ LV WR SURYLGH D ORZ�VLGHOREH�

ORZ�FURVV�SRODUL]DWLRQ *DXVVLDQ EHDP RQ WKH VN\� 7KH GHYLFH VKRXOG H[KLELW D KLJK GHJUHH

RI V\PPHWU\ LQ LWV ( DQG + SODQHV DQG� LI SRVVLEOH� SURGXFH D GLoUDFWLRQ�OLPLWHG SRZHU UH�

VSRQVH ZLWK D QDUURZ IXOO�ZLGWK�DW�KDOI�PD[LPXP �):+0�� 7KH pQDO FRQGLWLRQ LV VRXJKW

VLQFH� DV VKRZQ LQ &KDSWHU �� WKH DQJXODU SRZHU VSHFWUXP RI SRODUL]HG DQLVRWURS\ RQ WKH

VN\ LV H[SHFWHG WR SHDN DW VPDOO DQJXODU VFDOHV�

$OWKRXJK WKH LQSXW WR WKH RUWKRPRGH WUDQVGXFHU �207� LV VTXDUH�ZDYHJXLGH� LQ ZKLFK

ZH GHVLUH WR VLPXOWDQHRXVO\ SURSDJDWH RQO\ WKH 7(D�� DQG 7(
D

�� PRGHV
�� WKH KRUQ KDV D

FLUFXODU RXWSXW DQG LV PRVW QDWXUDOO\ WUHDWHG XVLQJ WKH WKHRU\ RI F\OLQGULFDO ZDYHJXLGHV� ,Q

F\OLQGULFDO FRRUGLQDWHV D F\OLQGULFDO ZDYHJXLGH ZLOO SURSDJDWH D WUDQVYHUVH pHOG PRGH ZLWK

QR D]LPXWKDO DQJOH GHSHQGHQFH� LI FHUWDLQ FRQGLWLRQV RQ WKH ZDYHJXLGH
V LPSHGDQFH DQG

DGPLWWDQFH DUH VDWLVpHG� 7KLV PRGH ZLOO KDYH D SXUH FR�SRODU UDGLDWLRQ pHOG � L �H� RQ�D[LV�

LWV FURVV�SRODUL]DWLRQ ZLOO YDQLVK� 7KH FRQGLWLRQV UHTXLUHG DUH WKDW WKH LPSHGDQFH� =� DQG

DGPLWWDQFH� < � DW WKH ZDYHJXLGH ZDOO DUH ERWK LGHQWLFDOO\ ]HUR� 7KH LPSHGDQFH FRQGLWLRQ

LV HQVXUHG E\ YLUWXH RI WKH IDFW WKDW WKH D]LPXWKDO FRPSRQHQW RI WKH pHOG LV DOZD\V ORFDOO\

WUDQVYHUVH WR WKH PHWDOOLF ERXQGDU\� L �H� (WUDQV  (�MU U�� 0D[ZHOO
V HTXDWLRQV QHDU WKH

VXUIDFH RI D PHWDO VWLSXODWH WKDW WKH WDQJHQWLDO FRPSRQHQW RI WKH pHOG YDQLVKHV DW WKH

� 7 KLV LV WKH VR �F D OOH G ? K\ EULG�PR GH � F R QGLWLR Q

� 7 KLV LV D ? ED OD QF H G K\ EULG PR GH �

��



ERXQGDU\ RI D FRQGXFWRU DW U  U�� VR = � (�  �� 7KXV� WKH XVH RI D PHWDO KDV SDLG

Ro� %XW ZKDW DERXW WKH HoHFW RI WKH FRUUXJDWLRQV" 6XUHO\ LI WKH ZDOOV RI WKH JXLGH DUH

QRW VPRRWK� LW LV LPSRVVLEOH WR VLPXOWDQHRXVO\ KDYH WKH LPSHGDQFH YDQLVK DW DOO ORFDWLRQV

DORQJ WKH JXLGH� +RZHYHU� DV ORQJ DV WKH FRUUXJDWLRQV DUH VPDOOHU WKDQ y
� � WKH pHOG GRHV

QRW VHQVH WKH SUHVHQFH RI WKH FRUUXJDWLRQV� DQG WKH VXUIDFH LV WKHQ MXVW DV FRQGXFWLYH DV D

VPRRWK PHWDO VXUIDFH�

+RZHYHU� WKH FRUUXJDWLRQV KDYH WKHLU UROH� WKH\ QXOO RXW DQ\ UHVLGXDO DGPLWWDQFH DW

WKH ZDOO RI WKH JXLGH� DQG HoHFWLYHO\ SUHVHQW D KLJK UHVLVWDQFH WR FXUUHQWV ZKLFK DWWHPSW

WR qRZ DORQJ WKH ZDOOV RI WKH JXLGH� 7KH FRUUXJDWLRQV DUH y
� LQ KHLJKW� VR WKDW D pHOG LV

���r RXW RI SKDVH ZLWK LWVHOI DIWHU FOLPELQJ XS DQG WKHQ GRZQ WKH FRUUXJDWLRQ� 7KLV SKDVH

FDQFHODWLRQ LV RQO\ VWULFWO\ WUXH IRU RQH IUHTXHQF\ RI FRXUVH� EXW LQ SUDFWLFH WKH IUHTXHQF\

GHSHQGHQFH FDQ EH RoVHW E\ WROHUDWLQJ D VOLJKW PRGH LPEDODQFH�

7KXV ZH KDYH DQ HOHFWULF pHOG RI WKH IROORZLQJ IRUP�

([�U�  $-��.FU� H[S
tbMNU
�5�

u
(\�U�  �

ZKHUH U LV WKH UDGLDO GLVWDQFH LQ RXU F\OLQGULFDO FRRUGLQDWH V\VWHP� $ LV WKH DPSOLWXGH

FRHrFLHQW� DQG .FU�  ����� LV WKH URRW RI WKH ]HUR�RUGHU %HVVHO IXQFWLRQ -��.FU��

7KH FRPSOHWH PRGDO�GLVWULEXWLRQ RI WKH ([ pHOG LV JLYHQ E\ H[SDQGLQJ WKH %HVVHO

IXQFWLRQ LQ HTXDWLRQ ��� LQ *DXVV�/DJXHUUH PRGHV� YL] �

-��.FU�  
�;
S �
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�
S

�
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�
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ZKHUH /�S�[� LV D ]HUR�RUGHU /DJXHUUH SRO\QRPLDO DQG Z  Z�]� LV WKH ORFXV RI SRLQWV

ZKHUH WKH HOHFWULF pHOG LQ WKH KRUQ LV �H �WLPHV VPDOOHU WKDQ WKH RQ�D[LV pHOG� :\OGH >��@

GHPRQVWUDWHV WKDW LQ RUGHU WR PD[LPL]H WKH SRZHU �� (�� LQ WKH IXQGDPHQWDO PRGH� WKH

IXQFWLRQ Z�]� VKRXOG KDYH D PLQLPXP DW D SRLQW ORFDWHG ZR  ������D LQZDUG IURP WKH

KRUQ
V DSHUWXUH� KHUH D LV WKH UDGLXV RI WKH KRUQ DSHUWXUH� 7KH PLQLPXP RI Z�]� LV NQRZQ

DV ?WKH EHDP ZDLVW�� DQG LV WKH *DXVVLDQ 2SWLFV JHQHUDOL]DWLRQ RI WKH JHRPHWULF RSWLFV

?IRFXV��

7DEOH ���� UHSULQWHG IURP >��@� LQ WXUQ UHSULQWHG IURP >��@ JLYHV WKH FDOFXODWHG SRZHU

LQ HDFK PRGH IRU WKH pUVW �� PRGHV RI WKH H[SDQVLRQ LQ HTXDWLRQ ���� :H KDYH XVHG WKLV

PRGHO WR SUHGLFW WKH IDU�pHOG EHDP SDWWHUQ RI WKH 32/$5 .D EDQG KRUQ RXW WR | ��r�

7KH DJUHHPHQW LV TXLWH LPSUHVVLYH IRU VXFK D VLPSOH PRGHO� REYLDWLQJ WKH QHHG IRU D SULFH\�

FRPPHUFLDO pQLWH�HOHPHQW pHOG�DQDO\VLV FRGH�

7DEOH ���� 1RUPDOL]HG 3RZHU &RHrFLHQWV IRU *DXVV�/DJXHUUH 0RGHV

0RGH 3RZHU FRHrFLHQW

� ������

� ����d ��b�
� ����d ��b�
� ����d ��b�
� ����d ��b�
� ����d ��b�
� ����d ��b�
� ����d ��b�
� ����d ��b�
� ����d ��b�
�� ����d ��b�

,I WKH KRUQ KDG DQ LQpQLWHO\ ZLGH DSHUWXUH� LWV DQJXODU UHVSRQVH� ZRXOG EH D GHOWD�

IXQFWLRQ� :H ZRXOG KDYH D WUXH ?SHQFLO�EHDP� ^ RQH ZLWK QR Ro�D[LV UHVSRQVH� 8QIRU�

��) >(�U�@��� Z KH UH ) LV WKH ) R XULH U WUD QVIR UP R I WKH pH OG LQ WKH D SH UWXUH � (�U�M] /�

��



WXQDWHO\� ZH FRXOG QRW DFFRPPRGDWH VXFK DQ LGHDOL]DWLRQ DQG RXU KRUQ
V DSHUWXUH pHOG

SDWWHUQ LV QHFHVVDULO\ WUXQFDWHG VKDUSO\ DW WKH SK\VLFDO UDGLXV RI WKH KRUQ� D� 7KLV VKDUS

WUDQVLWLRQ LQWURGXFHV GLoUDFWLYH ?ULQJLQJ� LQ WKH DQJXODU SRZHU UHVSRQVH RI WKH KRUQ� D

FRQGLWLRQ NQRZQ DV D ?VLGH�OREH�� 7KH VLPSOH *DXVV�/DJXHUUH PRGHO EUHDNV GRZQ DW ORZ�

SRZHU OHYHOV� ZKLFK IRU XV WUDQVODWHV WR WKH IDU Ro�D[LV VLGHOREHV RI WKH KRUQ ORFDWHG DW

| ��r DQG EH\RQG� ,Q WKH DEVHQFH RI D UHOLDEOH PRGHO IRU WKH IDU Ro�D[LV EHKDYLRU RI RXU

IHHG� ZH KDYH PHDVXUHG WKH EHDP UHVSRQVH IRU D YDULHW\ RI IUHTXHQFLHV� IRU ERWK SRODUL]D�

WLRQV� DV ZHOO DV WKH FURVV�SRODUL]DWLRQ UHVSRQVH� 7KH UHVXOWV RI WKH VLPSOH *DXVV�/DJXHUUH

PRGHO DUH VXPPDUL]HG LQ pJXUH ����

)LJXUH ���� 6KRZQ KHUH DUH WKH UHVXOWV RI WKH *DXVV�/DJXHUUH PRGHO GHVFULEHG LQ WKH WH[W �VROLG
OLQH�� FRPSDUHG ZLWK WKH (�SODQH EHDP PDS DW �� *+] �WULDQJOHV��

7KH pQDO� EXW E\ QR�PHDQV OHDVW LPSRUWDQW SDUW� RI WKH IHHG KRUQ LV WKH PRGH FRQYHUWHU

ZKLFK LV D VHSDUDWH HOHFWURIRUPHG HOHPHQW SODFHG DW WKH WKURDW RI WKH KRUQ� 7KH PRGH

FRQYHUWHU FRPELQHV WKH 7(r�� DQG 70r
�� FLUFXODU ZDYHJXLGH PRGHV WR FUHDWH WKH +(

r
��

FRUUXJDWHG ZDYHJXLGH PRGH� 7KH PRGH FRQYHUWHU
V FRUUXJDWLRQV DUH RI YDU\LQJ KHLJKW�

XQOLNH WKRVH LQ WKH qDUH VHFWLRQ RI WKH KRUQ� 7KH SULPDU\ SXUSRVH RI WKH YDULDEOH KHLJKW

��



FRUUXJDWLRQV LV WR GHpQH WKH EDQGSDVV RI WKH KRUQ� ZLWKRXW VDFULpFLQJ WKH VLGHOREH RU

FURVV�SRODUL]DWLRQ OHYHOV DFKLHYHG LQ WKH qDUH VHFWLRQ RI KRUQ >��@� >��@� >��@� >��@�

8S XQWLO WKLV SRLQW ZH KDYH EHHQ UDWKHU DPSOLFHQWULF� L �H� ZH KDYH ODUJHO\ LJQRUHG

SKDVH FRQVLGHUDWLRQV� 7KH HOHFWULFDO SDWK OHQJWK IURP SRLQWV LQ WKH DSHUWXUH SODQH WR WKH

KRUQ WKURDW LV D IXQFWLRQ RI U� LPSO\LQJ WKDW WKH SKDVH RI D ZDYHIURQW ZKLFK LV LQ�SKDVH

XSRQ LPSLQJLQJ RQ WKH DSHUWXUH ZLOO EH SURJUHVVLYHO\ RXW RI SKDVH DV D IXQFWLRQ RI UDGLDO

GLVWDQFH Ro WKH KRUQ D[LV� 7KLV SKDVH HUURU OHDGV WR D GHFRKHUDQFH RI WKH HOHFWURPDJQHWLF

pHOG� 7KH SKDVH HUURU� c� LV XVXDOO\ QRUPDOL]HG WR D SDUWLFXODU ZDYHOHQJWK� JHQHUDOO\

WKH QRPLQDO EDQG
V FHQWHU ZDYHOHQJWK� yR� )URP HOHPHQWDU\ JHRPHWULF FRQVLGHUDWLRQV ZH

KDYH�

c u OVODQW
yR

��b FRV vR�  D

yR
WDQ�

vR
�
� �����

ZKHUH OVODQW LV WKH OHQJWK IURP WKH KRUQ
V DSH[ WR LWV DSHUWXUH UDGLXV� D� DQG vR LV WKH KRUQ

qDUH
V VHPL�DQJOH� 6PDOO�c KRUQV SURGXFH GLoUDFWLRQ�OLPLWHG SL[HOV RQ WKH VN\� ZKLFK DUH

QHFHVVDULO\ IUHTXHQF\�GHSHQGHQW� /DUJH�c KRUQV SURGXFH QHDUO\ IUHTXHQF\�LQGHSHQGHQW

EHDPV EHFDXVH WKH IUHTXHQF\ LQIRUPDWLRQ LV VPHDUHG RXW DFURVV WKH EDQG� )RU ��� ! c

DQG c ! ���� WKH SKDVH�FHQWHU LV IUHTXHQF\ LQGHSHQGHQW� WKRXJK� LQ SUDFWLFH� GLrFXOW WR

UHDOL]H PHFKDQLFDOO\� )RU ZLGH�EDQG KRUQV� WKH PLQLPXP ZLGWK RI WKH EHDP
V �H FRQWRXU

�WKH EHDP ZDLVW� LV ORFDWHG LQ WKH WKURDW RI WKH KRUQ DQG LV JLYHQ E\� Z�  
yR
}v�

� )RU WKH

32/$5 KRUQ� c 
 ���� SODFLQJ WKH SKDVH FHQWHU FORVHU WR WKH DSHUWXUH WKDQ WR WKH DSH[�

UHVXOWLQJ LQ D IUHTXHQF\ GHSHQGHQW EHDP VL]H DV VXPPDUL]HG �LQ WDEOH ������

� 7 KH D XWKR U Z LVKH V WR UH F R J QL] H WKH + H UF XOH D Q H oR UWV R I & KULV 2
' H OO D QG KLV D VVLVWD QW . LS + \ D WW
IR U SUR GXF LQJ R XWVWD QGLQJ PH D VXUH PH QWV R I WKH .D ED QG EH D P SD UD PH WH UV �D QG pJ XUH � �� �� D V Z H OO D V
1 D WKD Q 6WH ER U Z KR D VVLVWH G WKH D XWKR U LQ H D UOLH U SLR QH H ULQJ � WKR XJ K OH VV�VR SKLVWLF D WH G� EH D P SD WWH UQ

��



)LJXUH ���� 7KH 32/$5 .D�EDQG �� *+] �PLGGOH IUHTXHQF\ EDQG� +�3ODQH %HDP 3DWWHUQ LV
VKRZQ� 7KH (�3ODQH EHDP PDS LV VLPLODU WR ZLWKLQ | �� RXW WR | b��G% � ��r�

7DEOH ���� 32/$5 .D�%DQG 0HDVXUHG DQG 0RGHOHG ):+0 %HDP :LGWKV�

3ODQH { >*+]@ vIZKP h ���r
( �� ���r

( �� ���r

( �� ���r

+ �� ���r

+ �� ���r

��



����� 2SWLFDO &U RVV 3 RODU L]DWLRQ

$V PHQWLRQHG DERYH� WKH FRUUXJDWHG VFDODU IHHG KRUQ ERDVWV D ORZ�OHYHO RI FURVV�SRODUL]DWLRQ�

7KH F\OLQGULFDO V\PPHWU\ RI WKH IHHG PLJKW OHDG RQH WR H[SHFW WKDW WKH FURVV�SRODUL]DWLRQ

RI WKH KRUQ VKRXOG EH LGHQWLFDOO\ ]HUR� +RZHYHU� HYHQ IRU D SHUIHFWO\ GHVLJQHG� FRPSOHWHO\

V\PPHWULF IHHG� WKLV LV QRW WUXH� 7KH UHDVRQ IRU WKLV LV JURXQGHG LQ WKH JHRPHWU\ RI WKH

KRUQ DQG VRXUFH ZKHQ WUHDWHG DV D VFDWWHULQJ SUREOHP�

'HpQH WKH �[�\� SODQH WR EH WKH DSHUWXUH SODQH� DQG � WR EH WKH DQJOH PHDVXUHG

FORFNZLVH IURP WKH \�D[LV LQ WKH DSHUWXUH SODQH WR WKH SRODUL]DWLRQ D[LV RI WKH pHOG� :H

pUVW FRQVLGHU D pHOG SRODUL]HG DORQJ �A\�DQG WKH [b] SODQH WR EH WKH VFDWWHULQJ SODQH� /HW

�AN EH WKH ZDYH�YHFWRU� DQG d�v� �� EH WKH DQJOH EHWZHHQ bA[ DQG �AN� d�v� �� FDQ KDYH

ERWK SRODU DQJOH� v� DQG D]LPXWKDO DQJOH� � GHSHQGHQFH� 7UHDWLQJ WKH ZDOO RI WKH KRUQ

DV D SHUIHFWO\ VPRRWK FRQGXFWRU�� ZH pQG WKDW IRU WKLV VFHQDULR� WKH UHqHFWHG pHOG KDV

WKH VDPH SRODUL]DWLRQ DIWHU VFDWWHULQJ� LQGHSHQGHQW RI d�v� ��� 7KXV� IRU DQ LGHDO KRUQ�

WKH FURVV� SRODUL]DWLRQ LQGXFHG E\ VFDWWHULQJ LQ D SODQH FRQWDLQLQJ WKH SRODUL]DWLRQ D[LV

LV LGHQWLFDOO\ ]HUR VLQFH WKHUH KDV EHHQ QR SRODUL]DWLRQ FRQYHUVLRQ� 7KLV LV DOVR PDQLIHVWO\

WUXH IRU VFDWWHULQJ LQ D SODQH SHUSHQGLFXODU WR WKH SRODUL]DWLRQ D[LV�

1RZ FRQVLGHU DQ LQFLGHQW pHOG� DJDLQ ZLWK D SRODUL]DWLRQ LQ WKH �A\ GLUHFWLRQ� EXW

QRZ LPSLQJLQJ RQ DQ HOHPHQW RI VXUIDFH DUHD DW DQ DQJOH �  ��r� 8VLQJ WKH IDFW WKDW

WKH HOHFWULF pHOG LQVLGH WKH FRQGXFWRU YDQLVKHV ZH REWDLQ FRQGLWLRQV RQ WKH UHqHFWHG pHOG
V

SDUDOOHO DQG SHUSHQGLFXODU FRPSRQHQWV WR WKH VXUIDFH� ("� YDQLVKHV DQG ZH pQG WKDW WKHUH

PH D VXUH PH QWV�

�2I F R XUVH WKLV LV R QO\ VWULF WO\ WUXH IR U D Q XQ F R UUXJ D WH G IH H G� EXW D V Z H KD Y H VKR Z Q� LQ WKH qD UH
VH F WLR Q R I WKH KR UQ WKH F R UUXJ D WLR QV D UH y � LQ GH SWK� F D XVLQJ WKH pH OG WR EH � � � r R XW R I SKD VH D IWH U
WUD Y H UVLQJ R QH F R UUXJ D WLR Q� 7 KLV F R QGLWLR Q LV LGH QWLF D O WR WKD W R I VF D WWH ULQJ IUR P D SH UIH F W F R QGXF WR U� VR
R XU D SSUR [ LPD WLR Q KH UH LV UH D VR QD EOH �

��



LV SRODUL]DWLRQ FRQYHUVLRQ� )RU VXFK D pHOG ZH pQG WKDW WKH LQFLGHQW pHOG
V \�FRPSRQHQW

ZLOO EH FRQYHUWHG WR DQ [�FRPSRQHQW XSRQ UHqHFWLRQ� WKXV SURGXFLQJ D SRODUL]HG VLJQDO LQ

WKH FURVV�SRODUL]DWLRQ GLUHFWLRQ� A[� 7KH PDJQLWXGH RI WKH LQGXFHG FURVV�SRODUL]DWLRQ ZLOO

YDU\ DV VLQ� �� DQG ZLOO EH SHDNHG DW �  ��r� ���r� ���r� ���r�

)LJXUH ���� �� *+] &URVV�3RODUL]DWLRQ %HDP 0DS� +HUH WKH VROLG OLQH LV WKH FR�SRODU (�SODQH

�pHOG SDUDOOHO WR WKH �Av GLUHFWLRQ� SRZHU UHVSRQVH SDWWHUQ� WKH GRWWHG OLQH LV WKH FURVV�SRODUL]DWLRQ

UHVSRQVH DV PHDVXUHG DORQJ WKH D]LPXWKDO GLUHFWLRQ� A�� DQG WKH GDVKHG OLQH LV WKH FURVV�SRODUL]DWLRQ
PHDVXUHG DORQJ Av � A�� $V PHQWLRQHG LQ WKH WH[W� ERWK FURVV�SRODUL]DWLRQ UHVSRQVHV VKRXOG YDQLVK
DW v  ��

����� 2U WKRPRGH 7 U DQVGXFHU � 20 7

)ROORZLQJ WKH WKURDW LQ WKH RSWLFDO SDWK� WKHUH LV DQ HOHFWURIRUPHG DGLDEDWLF�� WUDQVLWLRQ

IURP WKH WKURDW
V FLUFXODU RXWSXW ZDYHJXLGH WR WKH VTXDUH�LQSXW ZDYHJXLGH RI WKH 207�

7KLV GHYLFH ZDV GHVLJQHG E\ DSSOLFDWLRQ RI WKH 3\OH &RQGLWLRQ� ZKLFK VHHNV WR PDWFK WKH

��6H H >� � @ IR U XVH IXO GH pQLWLR Q R I D GLD ED WLF LW\ D V D SSOLH G WR Z D Y H J XLGH WUD QVLWLR QV

��



FXWRo ZDYHOHQJWKV RI WKH 7(D�� DQG WKH 7(
r
�� PRGHV >��@� 7KH WUDQVLWLRQ ZDV PDQXIDF�

WXUHG E\ &XVWRP 0LFURZDYH ,QF�� RI /RQJPRQW� &2�

7KH 207�� LV D ZDYHJXLGH GHYLFH XVHG WR VHSDUDWH WKH WZR OLQHDU SRODUL]DWLRQ VWDWHV

LQ WKH LQFLGHQW pHOG� 32/$5
V 207 ZDV IDEULFDWHG E\ $WODQWLF 0LFURZDYH��� DQG LV D

WKUHH�SRUW GHYLFH ZLWK D VTXDUH LQSXW SRUW� DQG WZR UHFWDQJXODU RXWSXW SRUWV FRQWDLQLQJ

WKH RUWKRJRQDO SRODUL]DWLRQ VLJQDOV�

$OWKRXJK QRW VWULFWO\ UHSUHVHQWDWLYH RI 32/$5
V 207� WKH SDSHU E\ &KDWWRSDGK\D\

>��@ SUHVHQWV DQ HTXLYDOHQW FLUFXLW PRGHO RI D IXQFWLRQDOO\ HTXLYDOHQW GHYLFH� 7KH 207
V

HQWUDQFH SRUW LV .D EDQG VTXDUH JXLGH ZKLFK VXSSRUWV ERWK 7(D�� 	 7(D�� PRGHV VLPXOWD�

QHRXVO\� ,QVLGH WKH VTXDUH JXLGH LV D WKLQ VHSWXP ZKLFK EHKDYHV DV D ��G% SRZHU GLYLGHU

IRU WKH 7(D�� PRGH� DQG UHqHFWV WKH 7(
D

�� PRGH WRZDUGV D VKRUW�VORW FRXSOLQJ SRUW WUDQV�

YHUVH WR WKH LQFLGHQW pHOG� 7KH VORW LV RIWHQ UHGXFHG LQ VL]H E\ WKH DGGLWLRQ RI DQ LQGXFWLYH

LULV WR LPSURYH FRXSOLQJ WR WKH 7(D�� PRGH� DQG UHGXFH WKH FRXSOLQJ WR WKH 7(
D

�� PRGH�

7R FRPSHQVDWH IRU WKH DGGHG UHDFWDQFH RI WKH LULV� D FDQFHOLQJ �FDSDFLWLYH� UHDFWDQFH LV

DGGHG LQ SDUDOOHO >��@� 6HH WDEOH ��� IRU D VXPPDU\ RI 32/$5
V 207 SURSHUWLHV�

7DEOH ���� 3URSHUWLHV RI 32/$5
V 207� $WODQWLF 0LFURZDYH 0RGHO �����

3URSHUW\ 9DOXH 1RWHV

,VRODWLRQ ��� G% 6SHFLpHG DQG 0HDVXUHG

96:5 � ��� 6SHFLpHG DQG 0HDVXUHG

&URVV�SRODUL]DWLRQ ��� G% (VWLPDWHG

�� 9 D ULR XVO\ UH IH UUH G WR LQ WKH F R PPXQLF D WLR QV OLWH UD WXUH D V� SR OD UL] D WLR Q GLSOH [ H UV� GXD O�PR GH WUD QV�
GXF H UV� R UWKR �PR GH WH H V� D QG R UWKR PR GH MXQF WLR QV� & R PPXQLF D WLR QV D SSOLF D WLR QV XVH WKH VH GH Y LF H V WR
EUR D GF D VW D QG VH SD UD WH F KD QQH OV Z KLF K VKD UH LGH QWLF D O ED QGSD VVH V� 6$ 7 & 20 7 9 D SSOLF D WLR QV� EUR D GF D VW
R GG 7 9 F KD QQH OV LQ R QH SR OD UL] D WLR Q� D QG H Y H Q 7 9 F KD QQH OV LQ WKH R UWKR J R QD O SR OD UL] D WLR Q�

��%R VWR Q� 0 $

��



1RQ�%HDP�)RUPLQJ 2SWLFV� 9DFXXP :LQGRZ DQG *URXQG 6FUHHQV

7KH YDFXXP ZLQGRZ LV JLYHQ WKH WDVN RI DOORZLQJ UDGLDWLRQ WR ODQG RQ RXU GHWHFWRUV� ZKLOH

NHHSLQJ WKH LQQDUGV RI WKH UDGLRPHWHU FRRO DQG SUHVVXUH�IUHH� 7R WKLV HQG� D VRSKLVWLFDWHG

PXOWL�HOHPHQW DSSURDFK ZDV DGRSWHG� 7KH ZLQGRZ ZDV GHVLJQHG E\ &KULV 2
'HOO� DQG

EDVHG RQ WKH H[WHQVLYH LQYHVWLJDWLRQV RI 3HWHU 7LPELH
V 06$0,,�7RS +DW ZRUN� 7KH

PDLQ IHDWXUHV RI WKH ZLQGRZ DUH D � PLO YDFXXP�WLJKW SRO\SURS\OHQH YDFXXP EDUULHU DQG

QRQ�YDFXXP�WLJKW *RUH�7H[ ZLQGRZ VXSSRUW ZKLFK EHDUV WKH VHYHUDO KXQGUHG SRXQGV RI

IRUFH RQ WKH ZLQGRZ� $ OD\HU RI 9RODUD�� �H[SDQGHG SRO\HWK\OHQH� VHUYHV WR VHDO LQ D

GU\�QLWURJHQ OD\HU EHWZHHQ WKH SRO\SURS\OHQH OD\HU DQG DQ\ SUHFLSLWDEOH ZDWHU YDSRU LQ

WKH DWPRVSKHUH ZKLFK ZRXOG RWKHUZLVH FRQGHQVH DQG IUHH]H RQ WKH YDFXXP ZLQGRZ� 7KH

ZLQGRZ LV H[FHHGLQJO\ OHDN�IUHH� DOORZLQJ SUHVVXUHV RI � ��b� 7RUU WR EH PDLQWDLQHG IRU

PRQWKV DW D WLPH�

7KH pQDO SVHXGR�RSWLFDO HOHPHQWV RI WKH 32/$5 LQVWUXPHQW DUH LWV WZR FRQFHQWULF

JURXQG VFUHHQV� VHH pJXUH ���� 7KH XVH RI WZR JURXQG VFUHHQV LV QRW XQXVXDO LQ WKH pHOG�

DOWKRXJK 32/$5
V VFUHHQV DUH RSWLPL]HG WR UHMHFW SRODUL]HG VSLOORYHU� UDWKHU WKDQ WRWDO�

SRZHU VSLOORYHU�

7KH WKHRU\ RI JURXQG VFUHHQ RSHUDWLRQ LV TXLWH VLPSOH� RQH DWWHPSWV WR VWHHU WKH

SRZHU UHFHLYHG LQ WKH VLGHOREHV RI WKH RSWLFDO V\VWHP WR D ZHOO�NQRZQ� FRQVWDQW� DQG

SUHIHUDEO\ ORZ�WHPSHUDWXUH VRXUFH� UDWKHU WKDQ DOORZLQJ WKHP WR ODQG RQ WKH HDUWK
V ���.

VXUIDFH� ,W LV HVVHQWLDO WKDW WKH VLGHOREH UHVSRQVH QRW EH PRGXODWHG E\ WKH LQVWUXPHQW
V

PRGXODWLRQ VFKHPH RU HOVH V\QFKURQRXV VLJQDOV ZLOO EH SURGXFHG ZKLFK� LQ SULQFLSOH� DUH

LQGLVWLQJXLVKDEOH IURP WKH IHHEOH FRVPLF VLJQDOV ZH DUH DWWHPSWLQJ WR PHDVXUH�

�� 9 R OWH N & R US�

��



)LJXUH ���� 32/$5
V *URXQGVFUHHQV� 7ZR VHWV RI JURXQG VFUHHQV DUH XVHG WR UHGXFH WKH SRODUL]HG
VSLOORYHU IURP WKH HDUWK� DV ZHOO DV SRODUL]HG HPLVVLRQ IURP WKH VKLHOGV WKHPVHOYHV� 7KH RXWHU VKLHOG
LV p[HG WR WKH VWUXFWXUH LQ ZKLFK 32/$5 UHVLGHV� DQG LV FRPSRVHG RI D OLJKWZHLJKW VWHHO VNHOHWRQ
FRYHUHG E\ ����� DOXPLQXP VKHHWV� 7KH LQQHU JURXQG VFUHHQ LV FRYHUHG ZLWK qDW (FFRVRUE SDQHOV
�WR UHGXFH WKHLU SRODUL]HG HPLVVLRQ�� DQG FR�URWDWH ZLWK WKH 32/$5 UDGLRPHWHU� $OVR VKRZQ LV
WKH PRWRU�GULYHQ� pEHUJODVV FODPVKHOO�GRPH ZKLFK FDQ EH UHPRWHO\ RSHUDWHG YLD WKH :RUOG :LGH
:HE LQ WKH HYHQW RI LQFOHPHQW ZHDWKHU�

��



32/$5
V JURXQG VFUHHQ DSSURDFK LV GXDO�SXUSRVHG� )LUVW DQ LQQHU FRQLFDO JURXQG

VFUHHQ URWDWHV ZLWK WKH LQVWUXPHQW DQG LV FRDWHG ZLWK (FFRVRUE� 7KH (FFRVRUE SDQHOV DE�

VRUE� UDWKHU WKDQ UHqHFW WKH VLGHOREHV WR WKH VN\� 7KLV DEVRUSWLYH DSSURDFK LV XQFRPPRQ

LQ &0% DQLVRWURS\ H[SHULPHQWV DV LW LQFUHDVHV WKH WRWDO SRZHU ORDGLQJ RQ WKH GHWHFWRUV�

ZKLFK LV SDUWLFXODUO\ WURXEOHVRPH LQ WKH FDVH RI XOWUD�VHQVLWLYH ERORPHWULF GHWHFWRUV� +RZ�

HYHU� ZH HVWLPDWH WKDW WKH DQWHQQD WHPSHUDWXUH RI WKH LQQHU VKLHOG WR EH � �.� 3RODUL]DWLRQ

JHQHUDWHG E\ HPLVVLRQ IURP WKH EDUH PHWDO VXUIDFH RI WKH XQFRYHUHG VKLHOG LV EHOLHYHG WR

EH PXFK PRUH WURXEOHVRPH WKDQ WKH VOLJKW LQFUHDVH LQ V\VWHP WHPSHUDWXUH� $GGLWLRQDOO\

32/$5
V LQQHU JURXQG VFUHHQ FR�URWDWHV ZLWK WKH UHFHLYHU� ZKLFK HQVXUHV WKDW LI WKHUH

LV DQ\ UHVLGXDO SRODUL]HG SRZHU SURGXFHG E\ WKH LQQHU VFUHHQ� LW ZLOO SURGXFH D FRQVWDQW

SRODUL]HG RoVHW� UDWKHU WKDQ D OHVV�WUDFWDEOH� URWDWLRQ�PRGXODWHG RoVHW�

7KH VHFRQG OHYHO RI VKLHOGLQJ LV RI WKH PRUH FRQYHQWLRQDO UHqHFWLYH�VFRRS GHVLJQ� H�J �

:ROODFN >��@� 7KH VFRRS�� LV PRXQWHG WR WKH VLGH RI WKH 32/$5 REVHUYDWRU\� DQG LV PDGH

RI DOXPLQXP SDQHOV �
 ZLGH DQG �
 KLJK� 7R HVWLPDWH WKH OHYHO RI VLGHOREH VXSSUHVVLRQ

LQGXFHG E\ WKLV VKLHOG ZH KDYH HPSOR\HG 6RPPHUIHOG
V GLoUDFWLRQ FDOFXODWLRQ IRU SRLQWV

GHHS LQ WKH VKDGRZ UHJLRQ RI D NQLIH�HGJH VFDWWHUHU >��@� :H HVWLPDWH WKH VXSSUHVVLRQ

WR EH | b�� G%� ZKLFK LQ FRPELQDWLRQ ZLWK D VLPLODU �PHDVXUHG� pJXUH IURP WKH LQQHU

JURXQG VFUHHQ� DQG WKH ORZ�VLGHOREH UHVSRQVH RI RXU IHHG KRUQ� JLYHV D WRWDO HVWLPDWHG

VLGHOREH VXSSUHVVLRQ RI RYHU ���� G%� :H QRWH WKDW WKH GLoUDFWLRQ FDOFXODWLRQV HPSOR\HG

WKURXJKRXW WKH GHVLJQ SURFHVV ZHUH EDVHG RQ VFDODU GLoUDFWLRQ WKHRU\ UDWKHU WKDW WKH PRUH

FRPSOHWH YHFWRU WKHRU\� ZKLFK LV PRVW DSSURSULDWH IRU D SRODUL]DWLRQ H[SHULPHQW�

��GH VLJ QH G D QG EXLOW E\ 1 D WKD Q 6WH ER U D QG . LS + \ D WW

��



��� + ( 0 7 $PSOLpHU V

7KH GHYHORSPHQW DQG LPSOHPHQWDWLRQ RI ZLGH�EDQG ORZ�QRLVH DPSOLpHUV KDV UHYROXWLRQL]HG

WKH pHOG RI FRKHUHQW &0% UDGLRPHWU\� 7KHUH H[LVW QR FRPPHUFLDO GHYLFHV ZKLFK FDQ PDWFK

WKH SHUIRUPDQFH RI WKH DPSOLpHUV SURGXFHG E\ WKH 1DWLRQDO 5DGLR $VWURQRP\ 2EVHUYDWRU\

�15$2�� XQGHU WKH GLUHFWLRQ RI 0�:� 3RVSLHV]DOVNL DQG :�-� /DNDWRVK� &XUUHQW GHYLFHV�

FDSDEOH RI XS WR �� *+] EDQGZLGWKV ZLWK QRLVH WHPSHUDWXUHV ORZHU WKDQ �� .� DUH DYDLODEOH

IRU DOO ZDYHJXLGH EDQGV XS WR :�%DQG ��� � ��� *+]��

7KH 32/$5 .D�EDQG +(07 DPSOLpHUV ZHUH FRQVWUXFWHG LQ WKH )DOO RI ���� DQG DUH

QR ORQJHU FRQVLGHUHG ?VWDWH�RI�WKH�DUW�� 2XU DPSOLpHUV DUH EDVHG DURXQG +)(7 WUDQVLVWRUV

SURGXFHG E\ +XJKHV (OHFWURQLFV�

)LJXUH ���� +(07 6WUXFWXUH

$ JHQHULF VWUXFWXUH LV VKRZQ LQ pJXUH ���� 7KH +)(7 LWVHOI KDV HOHFWURQ �'(* VKHHW

GHQVLWLHV RI | ����FPb�� DQG D PRELOLW\ RI ���FP� 9 V� WKXV MXVWLI\LQJ WKH QDPH +LJK

(OHFWURQ 0RELOLW\ 7UDQVLVWRU ZKHQ FRPSDUHG ZLWK WKH PRELOLW\ RI D ?JDUGHQ�YDULHW\� ORZ�

IUHTXHQF\� FRRODEOH� ORZ QRLVH )(7� ZKLFK KDV D PRELOLW\ RI � d ���FP� 9 V DQG QRLVH

��



WHPSHUDWXUHV RI | ���b ���.� 32/$5
V 15$2 DPSOLpHUV�� DUH FRPSRVHG RI IRXU LQGL�

YLGXDO WUDQVLVWRU VWDJHV� ZLWK WKH ORZHVW QRLVH GHYLFH SUHFHHGLQJ WKH IROORZLQJ WKUHH� (DFK

VWDJH SURYLGHV URXJKO\ ��� G% RI JDLQ� UHVXOWLQJ LQ DQ RYHUDOO JDLQ RI | �� G%� &XUUHQW DP�

SOLpHUV XWLOL]H ,Q3 EDVHG GHYLFHV IRU WKH pUVW VWDJH �ZKLFK KDYH ORZHU QRLVH�WHPSHUDWXUHV

WKDQ *D$V GHYLFHV� DW WKH H[SHQVH RI VOLJKWO\ LQFUHDVHG � I QRLVH� +RZHYHU� WKH ORZ�

IUHTXHQF\ VSHFWUDO SURSHUWLHV RI WKHVH DPSOLpHUV DUH ODUJHO\ LUUHOHYDQW �DW OHDVW LQ WKHRU\�

IRU UDGLRPHWHUV VXFK DV 32/$5 ZKLFK HPSOR\ WKH FRUUHODWLRQ WHFKQLTXH�

15$2 VXSSOLHG WKH DPSOLpHUV DV ZHOO DV VXSSRUW HOHFWURQLFV ZKLFK SURYLGH UHJXODWHG

YROWDJHV DQG FXUUHQWV WR HDFK RI WKH IRXU LQGLYLGXDO WUDQVLVWRUV� 6XSSOLHG ZLWK WKH GHYLFHV

DUH GDWD VKHHWV ZKLFK VSHFLI\ WKH 15$2�RSWLPL]HG YDOXHV IRU WKH JDWH ELDV�FXUUHQW DQG

WKH GUDLQ�VRXUFH YROWDJH� $IWHU WXQLQJ WKHVH SDUDPHWHUV� WKH GHYLFH
V WUDQVFRQGXFWDQFH�

JP  
G,G
G9GV

LV FRPSOHWHO\ GHWHUPLQHG� $W D p[HG 9GV� WKH QRLVH WHPSHUDWXUH GHSHQGV RQ WKH

GUDLQ FXUUHQW ZHDNO\� EXW ZLWK D ZHOO�GHWHUPLQHG PLQLPXP� 8QIRUWXQDWHO\� WKLV PLQLPXP

QRLVH�WHPSHUDWXUH FXUUHQW UHVXOWV LQ D UDWKHU ORZ WUDQVFRQGXFWDQFH� DQG WKXV ORZ�JDLQ�

6R� DQ RSWLPL]DWLRQ LV FDUULHG RXW LQ D WZR�GLPHQVLRQDO SDUDPHWHU�VSDFH IRU HDFK RI WKH

IRXU WUDQVLVWRUV LQ HDFK RI WKH WZR 32/$5 +(076� :LWK DSSURSULDWH SDUDPHWHU WXQLQJ

WKH GHYLFHV FDQ EH XVHG DW URRP�WHPSHUDWXUH ZKLFK LV TXLWH FRQYHQLHQW IRU SURWRW\SLQJ D

UDGLRPHWHU ZKLOH VWLOO LQ WKH XVHU�IULHQGO\ FRQpQHV RI WKH ODE�

32/$5
V WZR DPSOLpHUV KDG QRLVH WHPSHUDWXUHV RI | �� . ZKHQ PHDVXUHG DW 15$2

� \HDUV DJR� &XUUHQWO\ ZH PHDVXUH WKH QRLVH WHPSHUDWXUH RI WKH HQWLUH V\VWHP� ZKLFK

LQFOXGHV FRQWULEXWLRQV IURP QXPHURXV ORVV\ DQG HPLVVLYH FRPSRQHQWV ZKLFK SUHFHHG DQG

��6H ULD O 1 XPEH UV� $ � � D QG $ � �

��



IROORZ WKH +(07V��� WR EH� | ��. �6HH &KDSWHU ��� :H FDQ DVVXPH WKDW WKH +(07V

GRPLQDWH WKLV YDOXH� WKRXJK WKH DIRUHPHQWLRQHG QRQ�LGHDOLWLHV RI WKH V\VWHP FRQWULEXWH

| �� .� $ IXWXUH JRDO RI WKH 32/$5 .D EDQG UHFHLYHU LV WR REWDLQ XSJUDGHG ,Q3 GHYLFHV�

ZKLFK VKRXOG GHFUHDVH RXU V\VWHP WHPSHUDWXUH E\ D IDFWRU RI DW OHDVW WZR�

��� 5RRP 7 HPSHU DWXU H 5DGLRPHWHU % R[� 57 5%

$IWHU DPSOLpFDWLRQ� WKH VLJQDOV OHDYH WKH GHZDU WKURXJK FXVWRP�PDGH FRLQ�VLOYHU ZDYHJ�

XLGHV ZKLFK URXWH WKH VLJQDOV DORQJ D FRPSOLFDWHG� EHQGLQJ �' SDWK IURP WKH +(07V LQ

SDUDOOHO WR �� VWDLQOHVV VWHHO ZDYHJXLGHV ZKLFK SURYLGH D WKHUPDO EUHDN IURP WKH ���. GH�

ZDU ZDOOV WR WKH ��. +(07V� 7KH VWDLQOHVV JXLGHV DUH EROWHG WR D YDFXXP�WLJKW .D EDQG

ZDYHJXLGH IHHGWKURXJK PDQXIDFWXUHG E\ $HURZDYH� 2XWVLGH WKH GHZDU� VWUDLJKW VHFWLRQV

RI 5KRGLXP SODWHG� EUD]HG�FRSSHU ZDYHJXLGHV DUH XVHG WR FRPSHQVDWH IRU WKH SDWK�OHQJWK

GLoHUHQFHV EHWZHHQ WKH WZR SRODUL]DWLRQV LQFXUUHG E\ WKH �' EHQGV� $V PHQWLRQHG LQ

&KDSWHU �� LW LV HVVHQWLDO WKDW WKH WZR VLJQDOV WUDYHUVH LGHQWLFDO HOHFWULFDO SDWK OHQJWKV VR

WKDW WKH HOHFWULF pHOGV ZLOO EH LQ�SKDVH DW WKH FRUUHODWRUV� )LQDOO\� WKH ZDYHJXLGHV HQWHU WKH

575%� ZKHUH WKH VLJQDOV DUH FRQYHUWHG IURP ZDYHJXLGH WR FRD[ WR PDWFK WKH LQSXWV RI WKH

0,7(4 >-6��������������3@ .D�EDQG ZDUP +(07 DPSOLpHUV� 7KHVH GHYLFHV DUH EDVHG

RQ +(07 WHFKQRORJ\ MXVW DV WKH 15$2 GHYLFHV DUH� KRZHYHU WKHLU QRLVH WHPSHUDWXUHV

DUH VLJQLpFDQWO\ KLJKHU� 70,7(4
1 
 ���.� 7R FRPSHQVDWH� WKHVH GHYLFHV RXWSHUIRUP WKHLU

PRUH UHpQHG FRXVLQV LQ WKH IROORZLQJ DOO�LPSRUWDQW TXDOLWLHV� JDLQ� GHOLYHU\ WLPH� DQG QRW

VXUSULVLQJO\� SULFH�

)ROORZLQJ WKLV VHFRQG�VWDJH RI DPSOLpFDWLRQ� WKH VLJQDOV DUH GRZQ�FRQYHUWHG LQ IUH�

��VH H & KD SWH U � IR U D GLVF XVVLR Q R Q VSXULR XV OR D GLQJ LQWUR GXF H G E\ WKH VH F R PSR QH QWV�

��



TXHQF\ E\ WKH VXSHUKHWHURG\QH FRPSRQHQWV� DV GHOLQHDWHG LQ WKH IROORZLQJ VXEVHFWLRQ�

����� 6XSHU KHWHU RG\QH &RPSRQHQWV

:H GRZQ�FRQYHUW LQ IUHTXHQF\ EHFDXVH WKH XOWLPDWH PXOWLSOLFDWLRQ RI WKH VLJQDOV LV PRVW

HDVLO\ SHUIRUPHG DW WKH ORZHVW WROHUDEOH IUHTXHQF\ ZKLFK VWLOO SUHVHUYHV WKH QRPLQDO ��

*+] EDQGZLGWK� 'RZQ�FRQYHUVLRQ PDLQWDLQV WKH EDQGZLGWK� DQG DOORZV XV WR IXUWKHU

DPSOLI\ WKH VLJQDOV EHIRUH WKH\ DUH GHWHFWHG�

6XSHUKHWHURG\QH WHFKQLTXHV DUH FRPPRQ LQ DOPRVW DOO PRGHUQ FRPPHUFLDO FRPPXQL�

FDWLRQV DSSOLFDWLRQV� WKRXJK LQ UHFHQW \HDUV WKH\ KDYH EHHQ GH�WKURQHG IURP WKHLU SRVLWLRQ

DV WKH &0% FRPPXQLW\
V ?UHFHLYHU�RI�FKRLFH� ZKHUH WKH\ UHLJQHG LQ WKH ��
V DQG ��
V� :H

QRZ SUHVHQW D EULHI UHYLHZ RI WKH WHFKQLTXH�

)ROORZLQJ >��@� ZH )RXULHU H[SDQG WKH LQSXW VLJQDO DV�

$  
{�;
{�

DL FRV��}{LW� �L�� �����

DQG WKH ORFDO RVFLOODWRU
V SXUH�KDUPRQLF VLJQDO DV�

%  E FRV��}{PW� �P�� �����

7KH ORZ VLJQDO OHYHO RXWSXW RI WKH PL[HU LV DSSUR[LPDWHO\� �$�%��  $��%���$%�

ZKLFK LV�

 
{�;

{L {�

{�;
{M {�

DLDM FRV��}{LW� �L� FRV��}{MW� �M� � E� FRV���}{PW� �P� �

��



�E
{�;

{L {�

DL FRV��}{LW� �L� FRV��}{PW� �P�� �����

8VLQJ VRPH VLPSOH WULJRQRPHWULF UHODWLRQV� ZH FDQ FRQFOXGH WKDW WKH pUVW WHUP RQ WKH

+56 RI HTXDWLRQ ��� FRQWDLQV WHUPV�

s EHWZHHQ �{� DQG �{�

s EHWZHHQ M{� b {�M DQG M{� b {�M�

7HUP � FRQWDLQV WKH IUHTXHQFLHV �{P DQG � �L�H�� '&�� DQG WKH WKLUG WHUP FRQWDLQV

IUHTXHQFLHV�

s EHWZHHQ {� � {P DQG {� � {P�

s EHWZHHQ M{� b {PM DQG M{� b {PM�

7KH ,) SRUW RI WKH 0,7(4 >7%����@ WULSOH�EDODQFHG PL[HU LV WUDQVIRUPHU FRXSOHG DQG

SDVVHV RQO\ IUHTXHQFLHV EHWZHHQ � � �� *+]� 7KH pQDO VSHFWUXP RI WKH ?LQWHUPHGLDWH

IUHTXHQF\� �,)� ^ L �H� GRZQ FRQYHUWHG� SRUW
V RXWSXW LV�

E
{P�{E;

{L {P�{D

DL FRV>�}�{L b {P�W� �L b �P@� �����

ZKLFK LV D �VFDOHG� UHSOLFD RI WKH LQSXW� 5)� ZLWK DQ LGHQWLFDO EDQGZLGWK� WKRXJK

QRZ DW ORZHU IUHTXHQFLHV� ,)� 7KH ,) VLJQDO LV VXEVHTXHQWO\ DPSOLpHG LQ WKH ,) EDQG

WR SURYLGH WKH DSSURSULDWH ELDV SRZHU OHYHO LQWR WKH PXOWLSOLHU� (DFK PXOWLSOLHU UHTXLUHV

| �G%P� RU � P:� RI ELDV SRZHU WR IXQFWLRQ DV D ELOLQHDU PXOWLSOLHU� :H PXVW DPSOLI\ WKH

VLJQDO VXEVWDQWLDOO\ WR PHHW WKLV UHTXLUHPHQW DV WKH WKUHH PXOWLSOLHUV DUH SUHFHHGHG E\ D

WULSOH[HU ZKLFK DWWHQXDWHV HDFK VLJQDO E\ D IDFWRU RI WKUHH LQ SRZHU� :H XVH WZR VWDJHV RI

,) DPSOLpFDWLRQ� DJDLQ SURYLGHG E\ 0,7(4 GHYLFHV ZLWK ���� *+] EDQG SDVVHV� 7KH JDLQ

��



RI HDFK GHYLFH IDOOV VWHHSO\ DERYH D IUHTXHQF\ RI I�G% 
 �� *+]� DWWHQXDWLQJ DQ\ UHVLGXDO

RXW�RI�EDQG IUHTXHQFLHV ZKLFK PLJKW RWKHUZLVH EH SURSDJDWLQJ LQ WKH FRD[ WUDQVPLVVLRQ

OLQHV�

����� 7 KH &RU U HODWRU

$IWHU PL[LQJ DQG ,) DPSOLpFDWLRQ� WKH VLJQDOV DUH IUHTXHQF\ PXOWLSOH[HG E\ 5HDFWHO WULSOH[�

HUV� 7KH IXQFWLRQ RI WKH WULSOH[HUV LV WZR�IROG� )LUVW WKH\ VHUYH WR SURYLGH XV ZLWK WKUHH

�LGHDOO\� LQGHSHQGHQW EDQGV IURP ZKLFK ZH PD\ LQYHVWLJDWH WKH VSHFWUDO EHKDYLRU RI RXU

VLJQDOV� 6HFRQGO\� WKHVH GHYLFHV DOORZ XV WR ?qDWWHQ� WKH JDLQ RI WKH V\VWHP DFURVV WKH

ZLGH 5)�EDQGZLGWK WKDW ZH DFKLHYH ZLWK WKH +(07V� 7KLV HQVXUHV WKDW WKH HoHFWLYH

EDQGZLGWK ZLOO QRW EH UHGXFHG IURP LWV QRPLQDO VSHFLpFDWLRQV� )ROORZLQJ WKH WULSOH[HUV�

WKH VLJQDOV IURP WKH WZR SRODUL]DWLRQ VWDWHV DUH IHG LQWR WKUHH VHSDUDWH ZLGH�EDQG PXOWLSOL�

HUV �RQH IRU HDFK VXE�EDQG�� 7KH PXOWLSOLHUV WKHPVHOYHV DUH 0,7(4 >'%3���+$@ GRXEOH

EDODQFHG PL[HUV ZLWK 5) EDQG SDVVHV IURP ���� *+] DQG DQ ,) EDQGSDVV IURP �����

0+]� 7KH ,) RXWSXW SRUW LV QRW WUDQVIRUPHU FRXSOHG� DQG FDQ WKXV SURSDJDWH WKH '&

VLJQDO SURSRUWLRQDO WR WKH FRUUHODWLRQ EHWZHHQ VLJQDOV LQ WKH [ DQG \ SRODUL]DWLRQ VWDWHV�

3HUIRUPDQFH RI DQ ,GHDO 0XOWLSOLHU

7KHUH DUH VHYHUDO ZD\V WR LPSOHPHQW D FRUUHODWRU IRU XVH LQ D FRUUHODWLRQ UDGLRPHWHU >��@�

>��@� >��@� >��@� >��@� 32/$5 XWLOL]HV D FRUUHODWRU EDVHG RQ 6FKRWWN\�GLRGH PL[HU WHFK�

QRORJ\� ,Q WKLV PDQLIHVWDWLRQ� WKH LGHDO FRUUHODWRU LV UHDOL]HG E\ D GRXEOH EDODQFHG PL[HU�

D SKDVH PRGXODWLQJ HOHPHQW� DQG ORFN�LQ DPSOLpFDWLRQ� $W WKH KHDUW RI WKH FRUUHODWRU LV

WKH ZLGH�EDQG GRXEOH�EDODQFHG DQDORJ PXOWLSOLHU� 7KLV W\SH RI PXOWLSOLHU LVRODWHV ERWK

5) LQSXW SRUWV IURP RQH�DQRWKHU� ZKLOH WKH ,) SRUW LV FRXSOHG WR ERWK� 7KH SULPDU\

��



)LJXUH ���� (OHFWULFDO 6FKHPDWLF RI 0XOWLSOLHU

GLoHUHQFH EHWZHHQ D PXOWLSOLHU DQG D FRQYHQWLRQDO PL[HU LV WKDW WKH ,) EDQGZLGWK LV PDGH

LQWHQWLRQDOO\ QDUURZ WR VXSSUHVV IUHTXHQF\ FRPSRQHQWV JUHDWHU WKDQ | ��� 0+]� $V WKH

5) SRUWV KDYH EDQGZLGWKV IURP ���� *+] WKH QDUURZ ,) EDQG SUHYHQWV KLJKHU RUGHU WHUPV

WKDQ HVVHQWLDOO\ '& IURP SURSDJDWLQJ LQ WKH RXWSXW� ,Q PDQ\ FLUFOHV� D QDUURZ 5) EDQG

PXOWLSOLHU LV NQRZQ DV D CSKDVH GHWHFWRU
� IRU UHDVRQV ZKLFK ZLOO EHFRPH DSSDUHQW VKRUWO\�

7KH WUDQVIRUPHU FRXSOHG LQSXWV FRKHUHQWO\ DGG WKH VLJQDOV DW ERWK 5) SRUWV� WUDGLWLRQ�

DOO\ ODEHOHG E\ C/
� IRU /2 �L �H� /RFDO 2VFLOODWRU�� DQG C5
� IRU 5)� 'XH WR WKH V\PPHWULFDO

DUUDQJHPHQW RI WUDQVIRUPHUV DQG GLRGHV� LQ SUDFWLFH� WKHUH LV QR HOHFWULFDO GLVWLQFWLRQ EH�

WZHHQ WKH WZR 5) SRUWV� $ VFKHPDWLF RI WKH PXOWLSOLHU LV VKRZQ LQ pJXUH ����

7KH PXOWLSO\LQJ HOHPHQW LWVHOI LV D EULGJH DUUDQJHPHQW RI 6FKRWWN\ GLRGHV� 7KH 6FKRW�

WN\ GLRGH LV D PHWDO�VHPLFRQGXFWRU MXQFWLRQ GHYLFH ZLWK DQ ,�9 FKDUDFWHULVWLF RI�

,�9 �  ,R�H
�H9
uNE7 b ��

��



ZKHUH ,R LV WKH UHYHUVH VDWXUDWLRQ FXUUHQW� NE LV %ROW]PDQQ
V FRQVWDQW� H LV WKH FKDUJH

RI WKH HOHFWURQ� DQG u | � LV WKH ?LGHDOLW\ IDFWRU� SDUDPHWHUL]LQJ QRQ�LGHDOLWLHV RI WKH

MXQFWLRQ� )ROORZLQJ 0DDV >��@� ZH PRGHO WKH GLRGH DV D FXUUHQW VRXUFH� ,�9 � LQ SDUDOOHO ZLWK

D MXQFWLRQ FDSDFLWDQFH� WRJHWKHU LQ VHULHV ZLWK D UHVLVWRU� 5V� 7KH MXQFWLRQ FDSDFLWDQFH LV�

&�9 �  
&R

��b 9
�EL
�
�

�

ZKHUH &R LV WKH MXQFWLRQ FDSDFLWDQFH ZLWK ]HUR YROWDJH GLoHUHQFH� DQG �EL LV WKH MXQF�

WLRQ
V EXLOW�LQ YROWDJH� &�9 � LV LPSOLFLWO\ GHpQHG E\�

&�9 �  
G4G

G9

ZKHUH 4G LV WKH GHSOHWLRQ�UHJLRQ FKDUJH� 7KH FDSDFLWRU
V RXWSXW FXUUHQW LV�

,�W�  &�9 �W��d G9 �W�

GW
�

:H ZLOO DOVR QHHG WKH MXQFWLRQ
V FRQGXFWDQFH�

J�9 � u G,�9 �

G9
 

bH
uNE7

,�9 ��

1RZ ZH FDQ H[SUHVV WKH GLRGH
V RXWSXW YROWDJH DV 9RXW  ,5V  =b�9  < 9 5V� ZKHUH

= LV WKH HTXLYDOHQW FLUFXLW LPSHGDQFH� DQG < LV WKH FRUUHVSRQGLQJ DGPLWWDQFH� :H KDYH

WKDW�

=  �J � L�&�b� �5V�

VR�

��



,�W�  
5V9 �W�

�J�W� � L�&�W��b� �5V
�

����� 0 XOWLSOLFDWLRQ

([SDQGLQJ WKH LGHDO ,�9 FXUYH IRU VPDOO MXQFWLRQ YROWDJHV� ZH pQG WKDW �

9RXW�W� � FRQVWDQW � o9�W� � p9��W� � � � � �

VKRZLQJ WKH QRQ�OLQHDU GHSHQGHQFH RI 9RXW RQ 9 � +HUH� WKH DPSOLWXGH WHUPV LQ EROGIDFH

DUH FRPSOH[ TXDQWLWLHV� VR ZH PXVW SD\ DWWHQWLRQ WR SKDVHV� )RU WKH PL[HU�9  9/ 2 �95)

VR WKDW 9RXW � M9 / 2 M��9e
/ 2 95) �9 / 2 9

e
5) � M95) M�� 7KH TXDGUDWLF WHUPV UHVXOW LQ D

'& FRPSRQHQW RI PDJQLWXGH M9 / 2 M� � M95) M�� ZKLOH WKH ELOLQHDU WHUPV SURGXFH WKH GH�

VLUHG ?PL[HG� WHUPV� ,Q WKH FDVH RI WKH FRUUHODWRU� WKH '& FRPSRQHQW ZLOO DOVR FRQWDLQ D

FRQWULEXWLRQ IURP WKH FURVV�FRUUHODWHG FRPSRQHQWV RI WKH VLJQDOV DW WKH 5) DQG /2 SRUWV�

:H DVVXPH WKDW 9RXW�W� ZLOO EH LQWHJUDWHG� IRU D WLPH SHULRG �7 � ZKLFK NLOOV Ro WKH WHUP

OLQHDU LQ 9�W��

)RU WKH ELOLQHDU WHUPV ZH KDYH�

K95) �W�9
e
/ 2 �Wb ��L  OLP

7 ��
�

�7

= 7

b7
95) �W�9

e
/ 2 �Wb ��GW� �����

:H QRZ FKRRVH DQ H[SOLFLW UHSUHVHQWDWLRQ IRU WKH VLJQDOV�

95) ��� W�  95) H
L��W��5)� �����

9 / 2 �{� W�  9/ 2 H
L�{W��/2�� �����

��



������

VR HTXDWLRQ ��� EHFRPHV�

9RXW���  
�
�7 K95) �W�9

e
/ 2 �Wb ��L ������

 OLP7��
5 7
b7 95) H

L��W���5) �9/2H
bL�{�W�b����/2�GW�

 OLP7��
5 7
b7 95)9/2H

L��b{�W��{�H�/2b�5) GW�

 K95)9/2Lr�� b {�HL��/2b�5)�{��

$W ]HUR ODJ ��  ��� WKH RXWSXW LV K95)9/2Lr��b{�HL��/2b�5) �� VKRZLQJ WKDW QR RXWSXW

UHVXOWV ZKHQ WKH 5) DQG /2 SRUWV DUH DW GLoHUHQW IUHTXHQFLHV� :KHQ WKH IUHTXHQFLHV DUH

PDWFKHG� WKH RXWSXW YDULHV VLQXVRLGDOO\ DV FRV��/2 b �5) �� MXVWLI\LQJ WKH QDPH ?SKDVH

GHWHFWRU� DV PHQWLRQHG DERYH�

7KH DERYH DQDO\VLV KDV RQO\ WUHDWHG D VLQJOH IUHTXHQF\ FRPSRQHQW� ,Q SUDFWLFH ERWK

WKH /2 DQG 5) VLJQDOV DUH FRPSRVHG RI D pQLWH EDQG RI IUHTXHQFLHV�

9 / 2  5) �W�  

= {R �c{5)

{R
9 / 2  5) �{� W�H

�}L{WG{� ������

6XEVWLWXWLQJ WKH DERYH LQWR HT� ����� ZH pQG�

5/5���  

= {R�c {5)

{R
K9 / 2 �{�9

e
5) �{�L FRV�� / 2 �{�b �5) �{��G{� ������

��



3HUIRUPDQFH RI WKH 1RQ�,GHDO &RUUHODWLRQ 5DGLRPHWHU

7KH VLPSOHVW QRQ�LGHDO EHKDYLRU RI WKH FRUUHODWLRQ UDGLRPHWHU LV WKH HoHFW RI HOHFWULFDO

SDWK OHQJWK PLVPDWFK EHWZHHQ WKH LQSXW DUPV� )URP HT� ���� WKH FRUUHODWRU
V '& RXWSXW

LV SURSRUWLRQDO WR FRV��/2b�5) �� ,I WKH SKDVHV WKHPVHOYHV DUH IUHTXHQF\ GHSHQGHQW� DV LQ

WKH FDVH RI D SDWK OHQJWK PLVPDWFK� WKHQ WKH '& RXWSXW RI WKH FRUUHODWRU ZLOO EH UHGXFHG

E\ WKH FRVLQH WHUP� 7KH SDWK OHQJWK GLoHUHQFH c/ LQWURGXFHV D GLVSHUVLYH SKDVH VKLIW YLD�

����c/�  �}c/ yJXLGH  �}
c /{J

F � )URP HT� ����� ZH KDYH�

5/5���  

= {R�c {5)

{R
9/2�{� W�95) �{� W�H

�}L���W FRV��}
c/{J
F
�G{� ������

7KH FRQWULEXWLRQ RI HDFK VSHFWUDO FRPSRQHQW LV WKXV ZHLJKWHG E\ WKH FRVLQH RI LWV

SKDVH� (TXLYDOHQWO\� WKH EDQGSDVV RI WKH FRUUHODWRU LV PRGXODWHG E\ WKH FRVLQH WHUP� ,W LV

WKHUHIRUH LPSHUDWLYH WR DFFXUDWHO\ PDWFK WKH SDWK OHQJWKV LQ WKH V\VWHP� ,Q SUDFWLFH WKLV

LV DFFRPSOLVKHG E\ LQMHFWLQJ D FRPSOHWHO\ SRODUL]HG VLJQDO LQWR WKH 207 LQSXW ZKLFK LV

VZHSW LQ IUHTXHQF\ DFURVV WKH 5) EDQG� %\ PHDVXULQJ WKH PRGXODWLRQ RI WKH VSHFWUXP

RI WKH FRUUHODWRU E\ WKH FRVLQH HQYHORSH� ZH FDQ GHWHUPLQH WKH HTXLYDOHQW HOHFWULFDO SDWK

OHQJWK LPEDODQFH� )URP WKHVH PHDVXUHPHQWV RQH FDQ DOVR GHWHUPLQH WKH EDQGSDVV RI WKH

FRUUHODWLRQ UDGLRPHWHU RQFH LW KDV EHHQ SKDVH�RSWLPL]HG� 7KH HOHFWULFDO SDWK GLoHUHQFH

PHDVXUHPHQWV DJUHH TXLWH ZHOO ZLWK PHDVXUHPHQWV RI WKH SK\VLFDO ZDYHJXLGH SDWK GLoHU�

HQFH� 7R EDODQFH WKH SDWK OHQJWKV RQH VLPSO\ DGGV WKH DSSURSULDWH OHQJWK RI ZDYH JXLGH

WR WKH VKRUWHU DUP RI WKH UHFHLYHU�

7KH UHPDLQLQJ FRQWULEXWLRQV WR WKH QRQ�LGHDOLW\ RI WKH FRUUHODWLRQ UDGLRPHWHU UHVXOW

SULPDULO\ IURP JDLQ DQG SKDVH DV\PPHWU\ EHWZHHQ DUPV� DFURVV WKH EDQG SDVVHV� 7KH

HoHFWV FDQ EH FDXVHG E\ PLVPDWFKHG EDQGV� WHPSHUDWXUH GHSHQGHQFH� DQG SKDVH LQVWDELOLW\
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7DEOH ���� 7ROHUDQFHV RQ )UHTXHQF\ 5HVSRQVH 9DULDWLRQV IRU D ���� 5HGXFWLRQ LQ 615

7\SH RI 9DULDWLRQ 3HUPLVVDEOH /HYHO

$PSOLWXGH 6ORSH ��� G% DFURVV EDQG

6LQXVRLGDO 5LSSOH ��� G% SHDN�SHDN

,QWHU EDQG &HQWURLG 2oVHW �� RI c{UI
3KDVH 9DULDWLRQ DFURVV EDQG ����r

RI WKH DPSOLpHUV DQG�RU WKH FRUUHODWRU� ,Q SUDFWLFH LW LV LPSRVVLEOH WR HOLPLQDWH DOO VXFK

HoHFWV� DQG VR LQ WDEOH ����� ZH SURYLGH DQ HVWLPDWH RI WKH WROHUDEOH OHYHO RI D IHZ RI WKHVH

HoHFWV VXFK WKDW WKH\ ZRXOG FRQWULEXWH WR D ���� GHJUDGDWLRQ RI WKH VLJQDO�WR�QRLVH UDWLR

RI WKH FRUUHODWLRQ UHFHLYHU IROORZLQJ 7KRPSVRQ HW DO� >��@�

7KH pQDO QRQ�LGHDOLW\ RI WKH FRUUHODWLRQ UDGLRPHWHU ZKLFK PXVW EH FRQIURQWHG LV LWV

WHPSHUDWXUH GHSHQGHQFH� 7KHUH DUH WZR UHOHYDQW HoHFWV FDXVHG E\ WHPSHUDWXUH qXFWXD�

WLRQV� JDLQ LQVWDELOLW\ DQG SKDVH LQVWDELOLW\� (YHQ IRU DQ LGHDO PXOWLSOLHU WKHUH LV D '&

FRPSRQHQW RI WKH RXWSXW ZKLFK LV SURSRUWLRQDO WR WKH VXP RI WKH WRWDO 5) SRZHU LQ HDFK

DUP� /HW XV H[DPLQH WKH HoHFW RI D FKDQJH LQ WKH WRWDO SRZHU RXWSXW �PRGXODWHG� IRU H[DP�

SOH� E\ FKDQJLQJ DWPRVSKHULF DQWHQQD WHPSHUDWXUH� 7 � RQ WKH RXWSXW IURP WKH FRUUHODWRU�

:H ZLOO DVVXPH WKDW WKH UDGLRPHWHU LV YLHZLQJ DQ XQSRODUL]HG VRXUFH ZKLFK SURGXFHV pHOGV

(\�7 � DQG ([�7 �� ZKLFK DUH WKHPVHOYHV IXQFWLRQV RI WKH DPELHQW WHPSHUDWXUH� :H ZLOO

IXUWKHU DVVXPH WKDW WKH IHHG KRUQ LV V\PPHWULF Z�U�W� WKH ( DQG + SODQH UHVSRQVH DQG DOO

EDQG SDVVHV DUH LGHQWLFDO EHWZHHQ WKH WZR DUPV� 7KH RXWSXW IURP WKH FRUUHODWRU LV JLYHQ

E\�

9RXW�7 � � KM([�7�M� �(e
[�7�(\�7� �(

e
\�7�([�7� � M(\�7�M�L�

7KH WZR EL�OLQHDU WHUPV LQ (\� ([ YDQLVK GXH WR WKH XQFRUUHODWHG DVVXPSWLRQ� 7KH WZR

TXDGUDWLF WHUPV VXUYLYH DQG ZH DVVXPH WKDW WKH DXGLR IUHTXHQF\ SRZHU VSHFWUD RI WKH WZR
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ZKHUH WKH IUHTXHQF\ GHSHQGHQW WHUP LV FDXVHG E\ qXFWXDWLRQV LQ WKH SRZHU UHVSRQVH

GXH WR WHPSHUDWXUH YDULDWLRQV� 6LQFH WKLV � I VSHFWUXP QRZ DSSHDUV LQ RXU PXOWLSOLHU

RXWSXW� LW WRR ZLOO KDYH D � I VSHFWUXP� DSSDUHQWO\ GHIHDWLQJ WKH SXUSRVH RI XWLOL]LQJ WKH

FRUUHODWLRQ WHFKQLTXH LQ WKH pUVW SODFH� 7KHUH DUH WZR PHWKRGV WR UHPRYH WKH FRQWULEXWLRQ

IURP WKH WRWDO SRZHU FKDQQHOV� 2QH LV D KDUGZDUH EDVHG DSSURDFK� DQG WKH RWKHU LV

EDVHG RQ VRIWZDUH UHPRYDO RI WKH WRWDO SRZHU FRQWULEXWLRQ� ,Q WKH pQDO DQDO\VLV� 32/$5

LQFRUSRUDWHV WHFKQLTXHV IURP ERWK DSSURDFKHV WR DFKLHYH D KLJK�OHYHO RI VXSSUHVVLRQ RI

UHVLGXDO FRQWDPLQDWLRQ IURP WKH HoHFWV RI WKH HDUWK
V DWPRVSKHUH�

6RIWZDUH %DVHG 6ROXWLRQ WR &RUUHODWRU 'ULIWV

7KH VRIWZDUH�EDVHG VROXWLRQ GRHV QRW XWLOL]H WKH SKDVH PRGXODWRU� ,QVWHDG� WKH '& RXW�

SXW IURP WKH FRUUHODWRU LV PHDVXUHG� LQFOXGLQJ FRUUHODWHG DQG XQFRUUHODWHG FRQWULEXWLRQV�

$IWHU ELQQLQJ WKH FRUUHODWRU VLJQDO DQG ERWK WRWDO SRZHU VLJQDOV� pWV DUH SHUIRUPHG WR WKH

FRUUHODWRU RXWSXW DQG WKH EHVW�pW UHFRQVWUXFWLRQV RI WKH WRWDO SRZHU VLJQDOV DUH UHJUHVVHG

RXW RI WKH FRUUHODWRU VLJQDOV� 7KLV WHFKQLTXH UHPRYHV PRVW� EXW QRW DOO� RI WKH WRWDO SRZHU�

� I FRQWDPLQDWHG� FRQWULEXWLRQV WR WKH FRUUHODWRU RXWSXW� 7KH SULPDU\ UHDVRQ OLPLWDWLRQ

LV WKDW LQ SUDFWLFH WKH VDPSOLQJ RI WKH GHWHFWRU RXWSXWV LV QRW VXrFLHQWO\ IDVW WR DFFXUDWHO\

VDPSOH WKH WRWDO SRZHU FKDQQHOV ZKLFK KDYH {NQHH | � +]� :H ZRXOG QHHG WR VDPSOH WKH

GHWHFWRUV PXFK IDVWHU WKDQ �{NQHH | �� +] WR DYRLG DOLDVLQJ� +RZHYHU� RXU DXGLR EDQG�

ZLGWK LV � b � +]� VR ZH ZRXOG FHUWDLQO\ ORVH KLJK�IUHTXHQF\ LQIRUPDWLRQ IURP WKH WRWDO

SRZHU FKDQQHOV VLPSO\ E\ RXU FKRLFH RI LQWHJUDWLRQ DQG GDWD DFTXLVLWLRQ PHWKRGV� 7R

��



DGGUHVV WKLV SUREOHP ZH ELQ WKH UDZ WRWDO SRZHU RXWSXW DW � VDPSOH���� VHFRQGV WR �

VDPSOH��� VHFRQGV � ZKLFK HoHFWLYHO\ LQWURGXFHV D ORZ�SDVV pOWHU LQWR RXU GDWD VWUHDP DW

| � +]� 7KXV ZH ORVH LQIRUPDWLRQ DW WLPHVFDOHV VKRUWHU WKDQ DSSUR[LPDWHO\ WZLFH WKH ELQ

VL]H� ZKLFK FHUWDLQO\ H[FOXGHV D ODUJH SRUWLRQ RI WKH +(07 ORZ�IUHTXHQF\ SRZHU VSHFWUXP�

+RZHYHU� WKH VRIWZDUH VROXWLRQ RoHUV D JUHDW GHDO RI qH[LELOLW\ LQ WKH DQDO\VLV� DQG KDV

EHHQ DSSOLHG ZLWK VXFFHVV LQ WKH DQLVRWURS\ GHWHFWLRQV E\ )HPHQLD HW� DO >��@� $GGLWLRQDOO\�

ZH DYRLG WKH RoVHWV ZKLFK DUH DVVRFLDWHG ZLWK DGGLQJ DFWLYH FRPSRQHQWV� VXFK DV WKH

PRGXODWRU� ZLWK LWV DWWHQGDQW GLoHUHQWLDO ORVV� :H KDYH VLPXODWHG WKH SHUIRUPDQFH RI WKH

'& RoVHW UHPRYDO WHFKQLTXH LQ YDULRXV VFHQDULRV� )LUVW� ZH JHQHUDWH UDQGRP� QRLVH OLNH�

GDWD UHSUHVHQWLQJ VLJQDOV IRU 73� DQG 73�� 7KHQ ZH FDQ VLPXODWH D FRUUHODWRU VLJQDO

ZLWK DQG ZLWKRXW D FRPSRQHQW ZKLFK SRVVHVVHV D YDULDEOH DPRXQW RI FRUUHODWLRQ ZLWK WKH

WRWDO SRZHU FKDQQHOV� :H FDQ WKHQ REVHUYH WKH SRZHU VSHFWUD RI WKH FRUUHODWRU EHIRUH

DQG DIWHU UHJUHVVLQJ RXW WKH FRUUHODWHG FRPSRQHQW� ,Q DOO FDVHV WKH WHFKQLTXH UHGXFHV WKH

506 qXFWXDWLRQV IURP WKH VLPXODWHG FRUUHODWRU RXWSXW� 1RWH WKDW VLQFH WKLV VLPXODWHG

GDWD LV ZKLWH QRLVH LW LV QRW DQ DFFXUDWH UHSUHVHQWDWLRQ RI WKH DFWXDO VLJQDOV LQ WKH UHDO

UDGLRPHWHU� 7KHUHIRUH ZH DOVR QHHG WR WHVW RXU WHFKQLTXH RQ UHDO GDWD WDNHQ ZKLOH YLHZLQJ

WKH VN\ RU D WHPSHUDWXUH VWDELOL]HG EODFN�ERG\ FDOLEUDWRU� 7KH ODWWHU PHDVXUHPHQW RQO\

FRQWDLQV qXFWXDWLRQV IURP WKH UDGLRPHWHU� ZKLOH WKH IRUPHU FRQWDLQV FRQWULEXWLRQV ERWK

IURP WKH UDGLRPHWHU DQG WKH DWPRVSKHUH�

+DUGZDUH %DVHG 6ROXWLRQ WR &RUUHODWRU 'ULIWV� 3KDVH 0RGXODWLRQ

7KH KDUGZDUH�EDVHG VROXWLRQ SODFHV D SKDVH PRGXODWRU LQ RQH DUP RI WKH ORFDO RVFLOODWRU

VWDJH� 7KH SKDVH LV VTXDUH�ZDYH FKRSSHG IURP � WR } DW ���� +]� 7KLV KDV WKH HoHFW RI

PRGXODWLQJ RQO\ WKH FRUUHODWHG FRPSRQHQW RI WKH 5) pHOGV EHIRUH WKH PL[HUV DW DQ $&
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IUHTXHQF\ ZKLFK LV PXFK KLJKHU WKDQ WKH � I NQHH RI WKH WRWDO SRZHU FKDQQHOV� GRPLQDWHG

E\ WKH +(07V WKHPVHOYHV� 7KH VLJQDO RXW RI WKH FRUUHODWRU LV WKHQ GHPRGXODWHG DW WKH

FKRS IUHTXHQF\ RI WKH SKDVH PRGXODWRU XVLQJ VWDQGDUG ORFN�LQ WHFKQLTXHV�

32/$5
V LPSOHPHQWDWLRQ RI WKH SKDVH PRGXODWLRQ WHFKQLTXH HPSOR\V�

s DQ DQDORJ PXOWLSOLHU �0,7(4 0RGHO '%3����+$��

s DQ HOHFWURQLF �r b ���r SKDVH VKLIWHU �3DFLpF 0LOOLPHWHU 3URGXFWV�

s D VZLWFK�UHIHUHQFHG V\QFKURQRXV GHPRGXODWRU GHWHFWRU DQG LQWHJUDWRU �$QDORJ 'H�

YLFHV $' ����

7KH LPSOHPHQWDWLRQ RI WKH WHFKQLTXH UHTXLUHV QRW RQO\ PXOWLSOLFDWLRQ EXW DOVR SKDVH

VZLWFKLQJ DQG SKDVH�VHQVLWLYH GHWHFWLRQ �ORFN�LQ�� ,Q GRLQJ VR� ZH HOLPLQDWH WKH $� � %�

WHUPV LQ HTXDWLRQ ��� ZKLFK FRUUHVSRQG WR WKH VXP RI WKH WRWDO SRZHU LQ ERWK SRODUL]DWLRQV�

7KHVH VLJQDOV DSSHDU DW '&� DQG GR QRW VXUYLYH WKH ORFN�LQ SURFHVV� 7KH RXWSXW RI WKH

ORFN�LQ GHWHFWRUV LV SURSRUWLRQDO WR RQO\ WKH FRUUHODWHG FRPSRQHQW FRPPRQ LQ HDFK DUP RI

WKH SRODULPHWHU� ,Q SUDFWLFH� WKH SKDVH RI WKH VTXDUH�ZDYH FKRS VLJQDO VZLWFK LV VOLJKWO\ RXW

RI SKDVH ZLWK WKH VLJQDO DSSHDULQJ DW WKH ORFN�LQ VLJQDO LQSXW� 7KLV XQGHVLUHG SKDVH VKLIW

LV FDXVHG E\ SURSDJDWLRQ GHOD\V LQ WKH V\VWHP� DQG DQ\ SDUDVLWLF UHDFWDQFH �LQGXFWDQFH RU

FDSDFLWDQFH� LQ WKH PXOWLSOLHUV WKHPVHOYHV� RU LQ WKH VXEVHTXHQW VWDJHV RI DXGLR�EDQG VLJQDO

FRQGLWLRQLQJ� :H $& FRXSOH RXU FRUUHODWRU VLJQDOV EHIRUH DPSOLpFDWLRQ LQ WKH VHFRQG JDLQ

VWDJH RI WKH SUH�DPSV� :H GR QRW ORZ�SDVV pOWHU WKH FRUUHODWRU VLJQDOV LQ WKH DXGLR SUH�

DPS� LI ZH GLG WKH FRUUHODWRU VLJQDO ZRXOG DSSHDU DV LI LWV KLJK�IUHTXHQF\ FRPSRQHQWV ZHUH

UROOHG�Ro �WKH KLJK�IUHTXHQF\ ?FRUQHUV� RI WKH LGHDO VTXDUH�ZDYH PRGXODWHG VLJQDO ZRXOG

EH VOLJKWO\ URXQGHG�Ro� HTXLYDOHQWO\ LQWURGXFLQJ D SKDVH VKLIW SULRU WR ORFN�LQ GHWHFWLRQ��

7KH SDUDVLWLF UHDFWDQFHV PHQWLRQHG DERYH HoHFWLYHO\ FRQYHUW D SRUWLRQ RI WKH VLJ�

��



QDO
V LQ�SKDVH FRPSRQHQW WR DQ ��r RXW�RI�SKDVH FRPSRQHQW �ZKLFK ZH FDOO ?TXDGUDWXUH�

SKDVH��� ,I ZH XVHG RQO\ RQH ORFN�LQ� UHIHUHQFHG WR WKH QRPLQDO ?LQ�SKDVH� RI WKH SKDVH

VZLWFK� ZH ZRXOG ORVH LQIRUPDWLRQ RQ WKH FRUUHODWHG FRPSRQHQW RI WKH VLJQDO� 7R UHFRYHU

WKLV LQIRUPDWLRQ� ZH XWLOL]H WZR ORFN�LQ GHWHFWRUV SHU FRUUHODWRU� RQH LQ�SKDVH ZLWK WKH

FKRS� DQG WKH RWKHU TXDGUDWXUH�SKDVH FRPSRQHQW� 6HH pJXUH ����

2QFH WKH SKDVH VKLIWHU LV VXSSOLHG ZLWK LWV VTXDUH�ZDYH FXUUHQW FKRS VLJQDO WKH DFWXDO

FKRLFH RI ORFN�LQ WHFKQLTXH LV HLWKHU KDUGZDUH EDVHG RU VRIWZDUH EDVHG� 7KH FRPPRQ

SUREOHP LV WR pQG WKH RSWLPXP UHIHUHQFH SKDVH IRU WKH SKDVH VHQVLWLYH GHWHFWRU� ZKLFK LV

LPSOHPHQWHG LQ KDUGZDUH RU LQ VRIWZDUH� $ SRRU UHIHUHQFH ZDYHIRUP ZLOO UHGXFH WKH VLJQDO�

WR�QRLVH �615� RI WKH V\VWHP FRQVLGHUDEO\ �VHH WKH IROORZLQJ VXEVHFWLRQ IRU D GLVFXVVLRQ

RI WKH ORFN�LQ DPSOLpHU
V 615�� 7KH ORFN�LQ VLJQDO� EHLQJ D FRPSOH[ TXDQWLW\� KDV DQ

DVVRFLDWHG PRGXOXV DQG SKDVH� 7KH UHDO DQG LPDJLQDU\ FRPSRQHQWV PXVW EH FRPSOHWHO\

GHWHUPLQHG WR UHFRYHU WKH XQGHUO\LQJ VLJQDO�

%RWK DSSURDFKHV KDYH DGYDQWDJHV DQG GLVDGYDQWDJHV� 7KH VRIWZDUH EDVHG VROXWLRQ

DFTXLUHV WKH VLJQDO GLUHFWO\ IURP WKH SUH�DPSV� DQG WKHQ SHUIRUPV D EHVW�pW WR WKH SKDVH

RI WKH �NQRZQ� SKDVH�VKLIWHU GULYH VLJQDO� 7KLV WHFKQLTXH KDV WKH DGYDQWDJH WKDW WKH

UHIHUHQFH IUHTXHQF\ LV HDVLO\ PRGLpHG DV V\VWHPDWLFV ZDUUDQW� ,WV PDLQ GLVDGYDQWDJHV DUH�

s WKHUH PXVW HLWKHU EH D VLJQLpFDQW DPRXQW RI FRUUHODWHG VLJQDO VXFK WKDW WKH FRUUHODWHG

FRPSRQHQW
V PRGXODWLRQ LV HDVLO\ UHVROYHG IURP WKH QRLVH� RU� LQ WKH FDVH WKDW WKH

UHDO�WLPH FRUUHODWHG VLJQDO
V SKDVH LV EXULHG LQ WKH QRLVH� WKH SKDVH VROXWLRQ REWDLQHG

IURP D VRXUFH ZLWK D ODUJH FRUUHODWLRQ EHWZHHQ DUPV PXVW EH WUXVWHG WR EH FRQVWDQW

EHWZHHQ FDOLEUDWLRQV �ZKLFK PD\ EH GD\V DSDUW��

s IRU D KLJK IUHTXHQF\ SKDVH VZLWFK� WKH GHWHFWRU RXWSXW PXVW EH VDPSOHG IDVWHU WKDQ DW
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OHDVW WZLFH WKH SKDVH�VKLIW IUHTXHQF\� 7KH SKDVH VZLWFK IUHTXHQF\ LV XVXDOO\ D IDFWRU

RI | �� KLJKHU WKDQ WKH � I NQHH RI WKH pUVW�VWDJH DPSOLpHUV� ZKLFK LQ 32/$5
V

FDVH ZRXOG UHTXLUH D VDPSOLQJ IUHTXHQF\ RI �d��d | �+]| ���+]� )RU WKH URXJKO\

�� FKDQQHOV RI GDWD DQG KRXVHNHHSLQJ WKLV UHVXOWV LQ DQ HoHFWLYH GDWD UDWH RI | ���

.E�6 RU URXJKO\ � *% SHU GD\ ZKLFK LV UDWKHU LPSUDFWLFDO WR UHGXFH� XQOHVV WKH

VRIWZDUH LV SHUIRUPHG LQ UHDO WLPH� +RZHYHU� ZLWK � GDWD FKDQQHOV VDPSOHG DW �

.+]� WKLV WRR LV LPSUDFWLFDO�

/RFN�,Q 'HWHFWRUV

7R LPSOHPHQW WKH ?KDUGZDUH�EDVHG VROXWLRQ�� D FXVWRP ORFN�LQ GHWHFWRU ZDV FRQVWUXFWHG�

7KH GHWHFWRU LV FHQWHUHG RQ WKH $'��� 6\QFKURQRXV 0RGXODWRU�'HPRGXODWRU FKLS� 6LJ�

QDOV OHDYH WKH SUH�DPS FDUG DQG HQWHU D VHSDUDWH 5) WLJKW ER[ FRQWDLQLQJ VL[ VHSDUDWH

ORFN�LQ FLUFXLWV� 7KH QXPEHU ?VL[� FRUUHVSRQGV WR SKDVH VHQVLWLYH GHWHFWLRQ RI WKUHH FRU�

UHODWRUV� HDFK ZLWK WZR UHIHUHQFH SKDVHV� ?LQ�SKDVH� DQG ?TXDGUDWXUH�SKDVH� � $IWHU PXO�

WLSOLFDWLRQ RI WKH SUH�DPS RXWSXW VLJQDO E\ WKH WZR UHIHUHQFH ZDYHIRUPV� WKH UHVXOWLQJ

SURGXFW LV ORZ�SDVV pOWHUHG DW � +]� ZKLFK DOVR VHUYHV DV RXU DQWL�DOLDVLQJ pOWHU IRU RXU ��

+] '$4 VDPSOLQJ V\VWHP�

)RU GLDJQRVWLF SXUSRVHV� ZH KDYH DQ DGGLWLRQDO YDULDEOH�SKDVH UHIHUHQFH VLJQDO ZKLFK

FDQ EH XVHG LQ SODFH RI WKH p[HG SKDVH UHIHUHQFH VLJQDO LQWR WKH $'���� 7KLV JLYHV XV

WKH qH[LELOLW\ WR ?WXQH� WKH SKDVH RI WKH UHIHUHQFH VLJQDO VXFK WKDW WKH TXDGUDWXUH SKDVH

FRPSRQHQW RI WKH FRUUHODWRU RXWSXW FDQ EH QXOOHG� )RU REVHUYDWLRQV� ZH UHIHUHQFH WKH

ORFN�LQV WR HLWKHU WKH p[HG LQ�SKDVH RU TXDGUDWXUH�SKDVH ZDYHIRUPV� 2XU SKDVH�VZLWFK

GULYHU FLUFXLW SURGXFHV ERWK WKH LQ�SKDVH DQG TXDGUDWXUH SKDVH UHIHUHQFH ZDYHIRUPV� :H

DUH DEOH WR FKDQJH WKH SKDVH RI WKH UHIHUHQFH ZDYHIRUPV ZLWK UHVSHFW WR WKH SK\VLFDO FKRS
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ZDYHIRUP E\ GLVFUHWH VWHSV RI ����r� 7KLV WHFKQLTXH DOORZV XV WR PD[LPL]H WKH VLJQDO�WR�

QRLVH UDWLR RI WKH FRUUHODWRU FKDQQHOV DV ZHOO DV WR UHPRYH DQ\ VLJQDO FRPSRQHQW IURP WKH

TXDGUDWXUH SKDVH GHWHFWRUV SURYLGLQJ XV ZLWK H[WUHPHO\ SRZHUIXO PRQLWRUV RI WKH QRLVH RI

WKH FRUUHODWRU FKDQQHOV�

:H KDYH PHDVXUHG WKH FRPSOH[ WUDQVIHU IXQFWLRQ RI WKH SUH�DPSV WR GHWHUPLQH ERWK

WKHLU YROWDJH JDLQ DQG UHODWLYH SKDVH VKLIW� 7KH ODWWHU LV HVSHFLDOO\ LPSRUWDQW LQ WKH FDVH RI

RXU SKDVH�VHQVLWLYH GHWHFWLRQ VFKHPH RXWOLQHG DERYH� $Q\ XVH RI VLJQDO�FRQGLWLRQLQJ HOH�

PHQWV� VXFK DV pOWUDWLRQ� RI WKH VLJQDO RXW RI WKH SUH�DPSV ZRXOG FRQWULEXWH WR D QRQWULYLDO

SKDVH VKLIW EHWZHHQ WKH FRUUHODWRU RXWSXW DQG WKH VLJQDO ZDYHIRUP LQSXW WR WKH $'���
V�

6XFK D SKDVH VKLIW ZRXOG EH GLVDVWURXV LI ZH ZHUH RQO\ PHDVXULQJ WKH UHDO FRPSRQHQW RI

WKH ORFN�LQ VLJQDO� 2XU GXDO�UHIHUHQFH SKDVH DSSURDFK VROYHV WKLV SUREOHP RI FRXUVH�

7KH RXWSXW RI WKH ORFN�LQV ZLWK WHUPLQDWHG LQSXWV DUH PHDVXUHG WR GHWHUPLQH WKHLU

RoVHWV� 7KLV LV GRQH LQ DGGLWLRQ WR WKH FRUUHVSRQGLQJ PHDVXUHPHQW IRU WKH SUH�DPSV�

)XUWKHUPRUH� WKH WUDQVIHU IXQFWLRQ RI WKH SUH�DPSV PXVW EH IXOO\ FKDUDFWHUL]HG LQ RUGHU

WR GHWHUPLQHG WKH HoHFWLYH LQWHJUDWLRQ WLPH IRU HDFK FKDQQHO�

����� ( OHFWU RQLFV % R[ DQG + RXVHNHHSLQJ

7KHUPDO UHJXODWLRQ RI WKH 575% LV HVVHQWLDO WR WKH VWDELOLW\ RI WKH LQVWUXPHQW RYHU

ORQJ SHULRGV RI WLPH� :H KDYH LGHQWLpHG D QXPEHU RI FRPSRQHQWV ZKLFK DUH H[WUHPHO\

WHPSHUDWXUH�VHQVLWLYH� 7KH PRVW VHQVLWLYH FRPSRQHQWV DUH WKH QRQ�OLQHDU GHYLFHV VXFK

DV WKH PL[HUV�PXOWLSOLHUV� DQG HVSHFLDOO\ WKH *XQQ 2VFLOODWRU� 7R UHJXODWH WKH WHPSHUD�

WXUH ZH KDYH FRQVWUXFWHG D WKHUPDO FRQWURO FLUFXLW ZKLFK HPSOR\V IHHGEDFN IURP D VHQVRU

LQVLGH WKH 575%� 7KLV FRQWURO FLUFXLW LV FHQWHUHG RQ D FRPPHUFLDO PLFURSURFHVVRU�EDVHG

3,' FRQWURO �20(*$�� DQG FDQ UHJXODWH XS WR ���: RI SRZHU DSSOLHG GLUHFWO\ WR 0,1&2

��



+HDWHUIRLO SDGV� 7KH SRZHU DQG FRQWURO RI RXU DSSURDFK DOORZV XV WR UHJXODWH WKH WHPSHU�

DWXUH RI DOO HOHPHQWV LQ WKH 575% WR EHWWHU WKDQ ��� P.506 SHU�GD\�

:H DOVR PRQLWRU VHYHUDO RWKHU KRXVHNHHSLQJ VLJQDOV� LQFOXGLQJ� � /DNHVKRUH � �� WHP�

SHUDWXUH VHQVRU GLRGHV LQVLGH WKH FU\RVWDW �RQ WKH +(076� FROG SODWH� DQG IHHG KRUQ� DQG

WKH GHZDU SUHVVXUH� :H HPSOR\ D PXOWL�VWDJH SRZHU UHJXODWLRQ DSSURDFK� XVLQJ SUHFLVLRQ

YROWDJH UHJXODWRUV DQG UHIHUHQFH WKURXJKRXW WKH 575%� DOO VLJQDO FLUFXLWU\ �+(07 ELDV

FDUGV� SRVW�GHWHFWLRQ HOHFWURQLFV� HWF�� DUH GRXEOH UHJXODWHG DQG (0, VKLHOGHG�

����� 3 RVW�'HWHFWLRQ ( OHFWU RQLFV� 3 '(

7KH SUH�DPSOLpHU LV WKH pQDO FRPSRQHQW RI WKH VLJQDO FKDLQ IRU WKH WRWDO SRZHU GHWHFWRUV�

DQG WKH SHQXOWLPDWH FRPSRQHQW IRU WKH FRUUHODWRUV DV WKH\ DUH GHWHFWHG YLD WKH ORFN�LQ

FLUFXLWV GHVFULEHG DERYH� 7R PLQLPL]H WKH VXVFHSWLELOLW\ WR HOHFWURPDJQHWLF LQWHUIHUHQFH

�(0,�� WKH VLJQDOV DUH DPSOLpHG DQG pOWHUHG EHIRUH OHDYLQJ WKH UDGLRPHWHU ER[� $ VLQJOH

9HFWRU FDUG FRQWDLQV � LGHQWLFDOO\ FRQVWUXFWHG FLUFXLWV� D VLQJOH RQH RI ZKLFK LV GLVSOD\HG

LQ pJXUH ���� 7KH FDUG LV PRXQWHG LQ FORVH SUR[LPLW\ WR WKH GHWHFWRUV DQG VKDUHV WKH VDPH

WKHUPDOO\ UHJXODWHG HQYLURQPHQW�

7KH pUVW VWDJH RI WKH SUH�DPSOLpHU FRQVLVWV RI WKH JDLQ VWDJH VHW E\ D ORZ�QRLVH $QDORJ

'HYLFHV 23��� 3UHFLVLRQ 2S�$PS� 7KH JDLQ LV DGMXVWDEOH E\ VHOHFWLRQ RI WKH IHHGEDFN

UHVLVWRU� )ROORZLQJ WKH JDLQ VHW VWDJH LV D ��SROH� �+] )UHTXHQF\ 'HYLFHV $QWL DOLDVLQJ

pOWHU� 7KH EDQGSDVV RI WKH DQWL�DOLDVLQJ pOWHU DOVR VHUYHV WR VHW RXU IXQGDPHQWDO LQWHJUDWLRQ

WLPH� � � ,Q RUGHU WR PHDVXUH WKH HoHFWLYH LQWHJUDWLRQ WLPH ZH FDOFXODWH WKH SRZHU VSHFWUDO

GHQVLW\ �36'� RI WKH RXWSXW RI WKH SUH�DPSOLpHU FLUFXLW ZLWK D ��n WHUPLQDWHG LQSXW� 7KH

HoHFWLYH LQWHJUDWLRQ WLPH LV WKH WLPH ODJ EHWZHHQ ZKLFK VDPSOHV IURP WKH GHWHFWRU FDQ

EH FRQVLGHUHG LQGHSHQGHQW� 'HQRWH WKH YROWDJH WUDQVIHU IXQFWLRQ RI WKH SUH�DPSV�DQWL�

��



)LJXUH ���� 3RVW�'HWHFWLRQ 3UH�DPSOLpHU FLUFXLWV IRU WKH WRWDO SRZHU FKDQQHOV �WRS� DQG WKH
FRUUHODWRU FKDQQHOV �ERWWRP�� 7KH RYHUDOO JDLQ RI WKH SUH�DPSV FDQ EH VZLWFKHG EHWZHHQ ORZ�JDLQ
�GXULQJ FDOLEUDWLRQ� RU KLJK�JDLQ �GXULQJ REVHUYDWLRQV�� 7KH JDLQ LV FRQWUROOHG E\ D 77/ VLJQDO
VXSSOLHG E\ WKH GDWD DFTXLVLWLRQ V\VWHP�

DOLDVLQJ pOWHUV DV u +���� 7KH SRZHU VSHFWUXP RI +��� LV 6+���� 7KHQ ZH KDYH WKDW�
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S
+]@ WR

>9
S
V@ ZH KDYH� 1(9  6S

�
ZKHUH 6 LV WKH 36' ZLWK XQLWV >9 �V@� 6R LI ZH DUH PHDVXULQJ

WKH 36' DQG FRQYHUWLQJ WR 1(9 ZH KDYH 1(9  6S
��36'

� MXVWLI\LQJ WKH KLWKHUWR DG KRF

SUDFWLFH RI GLYLGLQJ 36'
V E\ VSXULRXV IDFWRUV RI
S
��

����� '$4 + DU GZDU H DQG 6RIWZDU H

7KH GDWD DFTXLVLWLRQ V\VWHP LV FRPSRVHG RI WKUHH PDLQ VHFWLRQV�

��



s 1DWLRQDO ,QVWUXPHQWV ',2�0,2���� �� %LW 'DTSDG $QDORJ�WR�'LJLWDO &RQYHUWHU

0RGXOH

s &RPSDT 3HQWLXP ,, QRWHERRN FRPSXWHU

s 1DWLRQDO ,QVWUXPHQWV /DEYLHZ VRIWZDUH

7KH PDLQ KDUGZDUH FRQVWUDLQW LV WKDW DOO FRPSRQHQWV PXVW URWDWH ZLWK WKH SRODULPHWHU�

HOLPLQDWLQJ WKH XVH RI D VWDQGDUG GHVNWRS FRPSXWHU IRU DFTXLVLWLRQ DQG VWRUDJH SXUSRVHV�

7KH 'DTSDG LV D FRPSDFW ���%LW� �� FKDQQHO �VLQJOH�HQGHG� DQDORJ�WR�GLJLWDO FRQYHUWHU

�$'&�� ,W VDPSOHV DOO � GDWD FKDQQHOV DV ZHOO DV � KRXVHNHHSLQJ FKDQQHOV DW D VDPSOLQJ

UDWH RI �� +]� ZKLFK RYHU VDPSOHV WKH RXWSXWV IURP WKH GHWHFWRUV E\ D IDFWRU RI � VLQFH

WKH 1\TXLVW IUHTXHQF\ IRU RXU DQWL�DOLDVLQJ pOWHUV LV �� +]� 7KH 'DTSDG LQWHUIDFHV WR

WKH QRWHERRN FRPSXWHU YLD D �P SDUDOOHO SRUW LQWHUIDFH FDEOH� 7KH /DEYLHZ VRIWZDUH LV

FXVWRP ZULWWHQ WR VDPSOH DOO FKDQQHOV DW ��+]� %\ VDPSOLQJ DQG VWRULQJ DOO RI WKH GDWD LQ

FORVH SK\VLFDO SUR[LPLW\ WR WKH GHWHFWRUV� ZH PLQLPL]H FRUUXSWLRQ GXH WR 5), ZKLFK PLJKW

RWKHUZLVH RFFXU LI WKH $'& WRRN SODFH Ro RI WKH URWDWLRQ SODWIRUP�

7KH GDWD pOHV DUH LQGH[HG E\ FDOHQGDU GDWH� ZLWK VHYHUDO KXQGUHG pOHV VWRUHG SHU GD\�

$IWHU RQH GD\ RI DFTXLVLWLRQ� WKH GDWD pOHV DUH WUDQVIHUHG IURP WKH URWDWLQJ QRWHERRN

FRPSXWHU WR D GHVNWRS FRPSXWHU YLD D ORFDO DUHD QHWZRUN (WKHUQHW FRQQHFWLRQ� 7KH FRD[

(WKHUQHW FRQQHFWLRQ OHDYHV WKH URWDWLQJ HOHFWURQLFV ER[ WKURXJK � FKDQQHOV RI D �� FKDQQHO

VKLHOGHG VOLS�ULQJ ��WK 'LPHQVLRQ�� 1R 5), LV QRWLFHG GXULQJ GDWD WUDQVIHU�

��� 5RWDWLRQ 0 RXQW DQG 'U LYH 6\VWHP

6LQFH 32/$5
V UHFRYHU\ RI WKH 6WRNHV SDUDPHWHUV LV EDVHG XSRQ WKHLU PRGXODWLRQ XQGHU

URWDWLRQV� ZH KDYH FRQVWUXFWHG D ��� GLDPHWHU EHDULQJ SODWIRUP DQG $& PRWRU V\VWHP WR

��



URWDWH WKH FU\RVWDW DW � 530 �| ��P+] VHH pJXUH ������

)LJXUH ����� 5RWDWLRQ PRXQW� VKRZLQJ PRWRU� EHDULQJ� DQG HQFRGHU SRVLWLRQ� 7KH ZKHHOV DOORZ
IRU pQH SRVLWLRQLQJ RI WKH LQVWUXPHQW RQ LWV SODWIRUP� DQG DUH UHPRYHG RQFH WKH LQVWUXPHQW KDV
EHHQ DOLJQHG�

7KH $& PRWRU LV VPRRWKHU WKDQ D VWHSSHU PRWRU DSSURDFK�ZKLFK ZH WULHG RULJLQDOO\��

DQG LV LGHDO IRU FRQWLQXRXV URWDWLRQ VXFK DV RXUV� 7KH GHZDU EHDULQJ ULGHV RQ D ������

VWDLQOHVV�VWHHO EDOO�EHDULQJV LQ D OXEULFDWHG FKDQQHO� ZKLFK FRQWDLQV DERXW ��� EDOOV� 7KH

PRWRU SXOOH\ KDV D ���� ELW�URWDWLRQ 77/ FRPSDWLEOH UHODWLYH DQJOH HQFRGHU ZKLFK UHDGV

RXW WKH URWDWLRQ DQJOH� $ FXVWRP PDGH RQH�ELW DEVROXWH HQFRGHU LV WULJJHUHG RQFH SHU UHY�

ROXWLRQ DW D VSHFLpF DQJXODU SRVLWLRQ ZKLFK VHUYHV WR VHW WKH ]HUR DQJOH IRU WKH SRODUL]DWLRQ

��



UHFRYHU\�

��� , QVWU XPHQW % DQGSDVVHV

:H SUHVHQW KHUH D PHDVXUHPHQW RI WKH EDQGSDVV RI WKH LQVWUXPHQW� )RU WKLV PHDVXUHPHQW�

DQ +3 �����$ 6\QWKHVL]HG 6ZHHSHU LV XVHG WR SURGXFH D VZHSW VLJQDO IURP �� WR �� *+]�

ZKLFK LV VXEVHTXHQWO\ GRXEOHG LQ IUHTXHQF\ E\ DQ DFWLYH GRXEOHU �SURGXFLQJ �� � �� *+]�

DQG IHG LQWR D SRZHU VSLWWHU� 7KH RXWSXWV IURP WKH SRZHU VSOLWWHU DUH� RI FRXUVH� ����

FRUUHODWHG� DQG WKHVH VLJQDOV DUH IHG LQWR WKH ZDYHJXLGH LQSXW SRUWV RI WKH 575%� 7KLV

DOORZV XV WR PHDVXUH WKH EDQGSDVV RI DOO ZDUP 5) FRPSRQHQWV� 7KH FRUUHODWHG VLJQDOV

DUH DWWHQXDWHG E\ �� G% WR SURYLGH D SRZHU OHYHO VLPLODU WR WKDW REWDLQHG ZKHQ YLHZLQJ

WKH VN\�

7R LOOXVWUDWH WKH EDQGSDVV PHDVXUHPHQW DQG SKDVH FKRS PHWKRG ZH UHIHU WKH UHDGHU WR

pJXUH ���� ZKLFK VKRZV D ��� 0+] VHFWLRQ RI WKH EDQGSDVV RI FRUUHODWRU -� EHIRUH ORFN�LQ

GHWHFWLRQ� 7KH SKDVH VZLWFK LV FKRSSHG DW � .+]� FDXVLQJ VLJQ UHYHUVDO RI WKH FRUUHODWRU

'& RXWSXW� 7KLV VLJQDO LV VXEVHTXHQWO\ IHG LQWR WKH ORFN�LQ GHWHFWRUV� DQG WKH '& OHYHO

RXW LV UHFRUGHG WR PHDVXUH WKH UHVSRQVH DV WKH LQSXW VLJQDO LV VZHSW LQ IUHTXHQF\� $OO

WKUHH FRUUHODWRU FKDQQHOV DUH PHDVXUHG WKLV ZD\� DQG WKH UHVXOWLQJ EDQGSDVVHV DUH VKRZQ

LQ pJXUH �����

7DEOH ���� 5DGLRPHWHU &HQWURLGV� %DQGZLGWKV� DQG 2EVHUYLQJ 6HQVLWLYLWLHV �7$QW 
 ��.�
&KDQQHO {F>*+]@ c{>*+]@ 6VN\PNb �

�

73� ���� ��� ����

73� ���� ��� ����

-� ���� ��� ���

-� ���� ��� ���

-� ���� ��� ���

���



)LJXUH ����� $ ��� 0+] VHFWLRQ �RXW RI ��� *+]� RI FRUUHODWRU -�
V EDQG LV VKRZQ� 7KH
PRGXODWLRQ LV FDXVHG E\ D VTXDUH�ZDYH SKDVH FKRS RI WKH ORFDO�RVFLOODWRU VLJQDO� 7KH ORZ�IUHTXHQF\
RVFLOODWLRQ LV WKH UHVXOW RI JDLQ DQG SKDVH YDULDWLRQV DFURVV WKH EDQG�

)LJXUH ����� $OO WKUHH FRUUHODWRU EDQGSDVVHV DUH VKRZQ� 7KHUH LV VLJQLpFDQW UHVSRQVH WR FRUUHODWHG
VLJQDOV RYHU WKH IXOO .D EDQG�

���



7DEOH ���� 32/$5 .D %DQG 5DGLRPHWHU &RPSRQHQWV
'HYLFH 0DQXIDFWXUHU 0RGHO

&LUFXODU�6TXDUH 7UDQVLWLRQ &XVWRP 0LFURZDYH _

207 $WODQWLF 0LFURZDYH 20����

+(07V 15$2 $�� 	 $��

:DUP 5) $PSV 0,7(4 -6��������������3

0L[HUV 0,7(4 7%����/:�

*XQQ 2VFLOODWRU 0LOOLP HWHU : DY H 2VFLOODWRU & R� _

:DUP ,) $PSV 0,7(4 $)6����������������3��

7ULSOH[HUV 5HDFWHO _

&RUUHODWRUV 0,7(4 '%3���+$

7RWDO 3RZHU 'HWHFWRUV +HZOHWW 3DFNDUG +3 ����&

/RFN�,Q $PSOLpHUV $QDORJ 'HYLFHV $'���

.D EDQG 3KDVH 6ZLWFK 3 DFLp F 0LOOLP HWHU 3 U RG X FWV _

'HZDU 3 U HFLVLRQ & U \ RJHQ LF 6 \ VWHP V _

&U\RFRROHU &7, &U\RJHQLFV ���� & RP S U HVVRU � ��� & ROG + HDG

7DEOH ���� 32/$5 2EVHUYLQJ 3DUDPHWHUV
3D UD PH WH U 32/$ 5 � � � �

' H F OLQD WLR Q R I ' ULIW 6F D Q � � �� � r

%H D P Z LGWK � r

) UD F WLR QD O 6N \ F R Y H UD J H � � � r d � r):+0 
 � �
5R WD WLR Q 5D WH � �� � + ]

3R LQW 6R XUF H 6H QVLWLY LW\ � �� z. -\ b�

3R VW GH WH F WLR Q %D QGZ LGWK � + ]

6D PSOLQJ ) UH T XH QF \ � � + ]

���



&KDSWHU �

&DOLEU DWLRQ

��� &DOLEU DWLRQ GHVLGHUDWD

$Q DFFXUDWH FDOLEUDWLRQ LV HVVHQWLDO WR WKH VXFFHVV RI WKH 32/$5 H[SHULPHQW� 7KH LGHDO

FDOLEUDWLRQ VRXUFH ZLOO DOORZ XV WR GHWHUPLQH WKH IROORZLQJ TXDQWLWLHV RI LQWHUHVW�

s YROWDJH�WR�DQWHQQD WHPSHUDWXUH FRQYHUVLRQ FRHrFLHQW IRU HDFK FKDQQHO

s V\VWHP QRLVH WHPSHUDWXUH IRU HDFK FKDQQHO

s PLQLPXP GHWHFWDEOH SRODUL]HG VLJQDO LQ RQH VHFRQG RI LQWHJUDWLRQ� WKH 1RLVH (TXLY�

DOHQW 7HPSHUDWXUH �1(7�� IRU DOO GHWHFWRUV

s RoVHWV DQG ORQJ�WHUP VWDELOLW\ RI RXU LQVWUXPHQW

$Q LGHDO VRXUFH ZRXOG EH D SRODUL]HG DVWURSK\VLFDO SRLQW VRXUFH ZLWK HQRXJK SRZHU WR

EH VHHQ LQ ?UHDO�WLPH�� 7KLV ZRXOG DOORZ UHDO�WLPH EHDP�PDSV DV ZHOO DV FDOLEUDWLRQ� :H

FDQ HVWLPDWH WKH QHFHVVDU\ SRZHU VXFK WKDW D ��� GHWHFWLRQ LV PDGH LQ WKH IXQGDPHQWDO

��� V LQWHJUDWLRQ SHULRG RI WKH UHFHLYHU EDFN�HQG ^ ZKLFK ZRXOG EH EULJKW HQRXJK WR VHH

FOHDUO\ LQ UHDO�WLPH�

���



7KH DQWHQQD WHPSHUDWXUH VHHQ E\ 32/$5
V WRWDO SRZHU GHWHFWRUV ZKHQ YLHZLQJ D

VRXUFH RI qX[ GHQVLW\ 6�{� >-\@ LV JLYHQ E\�

7 �{�  6�{�
F�

�NE{�n0
d ��b��.� �����

ZKHUH NE LV %ROW]PDQQ
V FRQVWDQW DQG n0 LV WKH VROLG DQJOH RI WKH PDLQ EHDP� )RU

32/$5� n%  �����VU� ZKLFK LPSOLHV DQ DQWHQQD WHPSHUDWXUH RI ���z. IRU D � -\ VRXUFH�

1RWH WKDW HTXDWLRQ ��� KROGV IRU D VLQJOH PRGH GHWHFWRU IRU D VLQJOH SRODUL]DWLRQ� DV LQGL�

FDWHG E\ WKH SUHVHQFH RI WKH IDFWRU ?�� LQ WKH GHQRPLQDWRU� )RU D ��b � GHWHFWLRQ� ZLWK

D UHFHLYHU ZKRVH 1(7 
 � P. S
VHF � D VRXUFH RI DQWHQQD WHPSHUDWXUH 7$QW 
 ��P. LV

UHTXLUHG� 7KLV LV HTXLYDOHQW WR D ��� -\ VRXUFH DW �� *+]� )RU FRPSDULVRQ� &DV�$� WKH

EULJKWHVW NQRZQ UDGLR VRXUFH� KDV D qX[ GHQVLW\ RI ��� -\ DW �� *+]� :H QRWH WKDW WKLV

DVVXPHV ZH DUH PHDVXULQJ D FKDQJH LQ DQWHQQD WHPSHUDWXUH E\ WKH VRXUFH� QRW D SRODUL]HG

VLJQDO� 6LQFH WKH SRODUL]DWLRQ RI &DV�$ LV OHVV WKDQ ��� DW �� *+]� IRU WKH SRODUL]DWLRQ

VLJQDO WR EH GHWHFWHG LQ UHDO WLPH ZRXOG UHTXLUH D VLJQDO WHQ WLPHV ODUJHU� &OHDUO\� ZH

FDQQRW H[SHFW WR XVH DQ DVWURSK\VLFDO SRLQW VRXUFH IRU FDOLEUDWLRQ RI 32/$5� :H QRWH

KHUH� IRU SRVVLEOH IXWXUH UHOHYDQF\� WKDW 0DGLVRQ� :, LV DOPRVW LGHDOO\ VLWXDWHG IRU D ]HQLWK

VFDQ ZLWK D VPDOOHU EHDP VL]H� IRU &\J�$� WKH VHFRQG PRVW SRZHUIXO UDGLR VRXUFH� OLHV DW D

GHFOLQDWLRQ RI r  ��r� SODFLQJ LW RQO\ �r IURP WKH ]HQLWK� 7KH SRODUL]DWLRQ SURSHUWLHV RI

&\J�$ KDYH EHHQ PHDVXUHG DW DUFVHFRQG VFDOHV DW �� *+] WR EH | ���� GHFUHDVLQJ GXH WR

)DUDGD\ URWDWLRQ WR �� DW � *+] >��@� $ VXE�GHJUHH SRODUL]DWLRQ H[SHULPHQW DW �� *+]

FRXOG GHWHFW WKLV REMHFW DW WKH VHYHUDOb� OHYHO�

���



��� 7 ZLVWHG�&ROG /RDG �7 &/� &DOLEU DWLRQV

)RU RXU LQLWLDO ODERUDWRU\ FDOLEUDWLRQV ZH KDYH GHYHORSHG DQ LQWHUQDO FDOLEUDWLRQ PHWKRG

ZKLFK SURGXFHV D FRUUHODWHG HOHFWULF pHOG DW WKH LQSXW WR WKH RUWKRPRGH WUDQVGXFHU �207��

7KH LQWHQVLW\ RI WKLV pHOG FDQ EH YDULHG DERYH �� .� DQG SURGXFHV D SRODUL]HG VLJQDO DW

WKH LQSXW WR WKH 207 ZKLFK FDOLEUDWHV WKH HQWLUH UDGLRPHWHU IURP WKH IHHGKRUQ RQ� :H

FDOO WKLV FDOLEUDWRU WKH ?7ZLVWHG &ROG /RDG�� RU 7&/� DQG LW DOORZV XV WR GHWHUPLQH

WKH UDGLRPHWHU
V QRLVH WHPSHUDWXUH� QRLVH HTXLYDOHQW WHPSHUDWXUH �1(7�� DQG FDOLEUDWLRQ

FRHrFLHQWV�

7KH 7&/ LV FRQVWUXFWHG IURP D VHFWLRQ RI FLUFXODU FRSSHU ZDYHJXLGH� ZLWK FDVWDEOH

(FFRVRUE HSR[\ &5���� FRDWHG ZDOOV� 7KH (FFRVRUE FRDWV WKH ZDOOV LQ VXFK D ZD\ DV

WR PD[LPL]H WKH QXPEHU RI UHqHFWLRQV�DEVRUSWLRQV IRU D ZDYH LQFLGHQW RQ WKH FDOLEUDWRU�

7R DFFRPSOLVK WKLV DQ ?LQYHUVH�VSLNH� JHRPHWU\ ZDV DGRSWHG� 7KH PHDVXUHG UHWXUQ ORVV

DFURVV WKH .D EDQG EHWWHU WKDQ ��� G%� $ VHFWLRQ RI FLUFXODU VWDLQOHVV�VWHHO ZDYHJXLGH LV

DWWDFKHG EHWZHHQ WKH ORDG DQG WKH 207 WR DFW DV D WKHUPDO EUHDN� DQG D FRSSHU VWUDS

FRQQHFWV WKH ORDG WR WKH ��. FROG VWDJH �VHH pJXUH �����

7KH ORDG LV SRODUL]HG E\ FRXSOLQJ LWV FLUFXODU RXWSXW qDQJH WR D :5��� FLUFXODU�

WR�UHFWDQJXODU WUDQVLWLRQ� ZKLFK DFWV DV D SRODUL]LQJ pOWHU� )ROORZLQJ LV D FR�DOLJQHG

UHFWDQJXODU�WR�FLUFXODU WUDQVLWLRQ ZKLFK WKHQ FRXSOHV WR WKH FLUFXODU�WR�VTXDUH WUDQVLWLRQ

ZKLFK IHHGV WKH 207� %\ URWDWLQJ WKH (�SODQH RI WKH EDFN�WR�EDFN WUDQVLWLRQV ��r ZLWK

UHVSHFW WR WKH VTXDUH DSHUWXUH RI WKH 207 ZH DUH LQMHFWLQJ LQ D ���� FRUUHODWHG pHOG LQWR

HDFK SRUW RI WKH 207� 7KLV DOORZV XV WR KDYH D WHPSHUDWXUH FRQWUROOHG WKHUPDO VRXUFH�

ZKLFK PLPLFV WKH HoHFW D ���� SRODUL]HG VRXUFH ZRXOG SURGXFH LQ RXU FRUUHODWRU FKDQQHOV�

7KH URWDWLRQ E\ ��r PRWLYDWHV WKH QDPH RI WKH GHYLFH� WKH 7ZLVWHG &ROG /RDG �7&/��

���



)LJXUH ���� 7KH 7ZLVWHG &ROG /RDG &DOLEUDWRU �7&/�� 7KH DQWHQQD WHPSHUDWXUH RI WKH ORDG LV
YDULHG E\ KHDWLQJ DQ (FFRVRUE ORDGHG VHFWLRQ RI F\OLQGULFDO ZDYHJXLGH� 7KH EDFN�WR�EDFN FLUFXODU�
WR�UHFWDQJXODU ZDYHJXLGH WUDQVLWLRQV SRODUL]H WKH ORDG DORQJ WKH (�SODQH RI WKH UHFWDQJXODU ZDYHJ�
XLGH� 7KLV SODQH LV URWDWHG DORQJ WKH PDLQ�GLDJRQDO RI WKH 207 WR SURGXFH FRUUHODWHG pHOGV LQ
WKH ( DQG + SODQH RXWSXW SRUWV RI WKH 207�

���



7KLV URWDWLRQ DoHFWV WKH SRZHU �u DQWHQQD WHPSHUDWXUH� VHHQ E\ ERWK WKH WRWDO SRZHU

GHWHFWRUV DQG WKH FRUUHODWRUV� )RU WKH WRWDO SRZHU GHWHFWRUV� WKH XVH RI WKH UHFWDQJXODU

VHFWLRQ RI ZDYHJXLGH FRQYHUWV WKH GXDO�SRODUL]DWLRQ FLUFXODU ZDYHJXLGH LQWR RQH ZKLFK RQO\

SURSDJDWHV D VLQJOH�PRGH� %HFDXVH WKH ORDG LWVHOI LV XQSRODUL]HG� DQG ZH DFFHSW RQO\ RQH

SRODUL]DWLRQ� ZH KDYH FXW WKH SRZHU LQWR WKH 207 IURP �NE7ORDGc{5) WR NE7ORDGc{5) �

7KH HoHFW RI WKH ��r WZLVW LV WKDW WKH DPSOLWXGH RI WKH pHOG DPSOLWXGH GHOLYHUHG WR HDFK

WRWDO SRZHU GHWHFWRU LV UHGXFHG E\ FRV ��r  �S
�
� 7KXV D FKDQJH LQ ORDG WHPSHUDWXUH

c7ORDG SURGXFHV D FKDQJH LQ WKH WRWDO SRZHU GHWHFWHG WHPSHUDWXUH RI
c 7ORDG
� �

)RU WKH FRUUHODWRUV� WKH UHGXFWLRQ LQ SRZHU LV WKH VDPH IDFWRU RI WZR� 7KH FRUUHODWRUV

PXOWLSO\ WKH pHOG DPSOLWXGH LQ HDFK RI WKH SRODUL]DWLRQV� (DFK SRODUL]DWLRQ UHFHLYHV �S
�

RI WKH pHOG SURGXFHG DIWHU WKH PRGH FRQYHUVLRQ� 0XOWLSO\LQJ WKHVH WZR IDFWRUV LQ WKH

FRUUHODWRUV SURGXFHV WKH VDPH IDFWRU RI WZR UHGXFWLRQ DV IRU WKH WRWDO SRZHU GHWHFWRUV�

����� 6\VWHP 1 RLVH 7 HPSHU DWXU H

7KHUH DUH VHYHUDO PHWKRGV WR FRPSXWH WKH QRLVH WHPSHUDWXUH RI WKH UDGLRPHWHU XVLQJ WKH

7&/ RU ZLWK VHYHUDO GLoHUHQW WHPSHUDWXUH H[WHUQDO ORDGV� :KLOH WKH IRUPHU PHWKRG SUR�

GXFHV ORZHU DQG PRUH VWDEOH WHPSHUDWXUHV� WKH ODWWHU LV PXFK IDVWHU WR LPSOHPHQW� DQG

DOVR LQFRUSRUDWHV WKH HoHFW RI WKH IHHG KRUQ� :H KDYH WHVWHG WKH 7&/ PHWKRG YV� WKH

DPELHQW WHPSHUDWXUH H[WHUQDO ORDG PHWKRG WR HQVXUH FRQVLVWHQF\� )XUWKHU WHVWV XVLQJ WKH

7&/ DUH SODQQHG LQ RUGHU WR REWDLQ KLJKHU SUHFLVLRQ UHVXOWV DW WHPSHUDWXUHV ORZHU WKDQ

WKH ORZHVW WHPSHUDWXUH H[WHUQDO ORDG DYDLODEOH� ��.� +RZHYHU� WKH QRLVH WHPSHUDWXUH FDO�

LEUDWLRQ UHVXOWV TXRWHG LQ WKLV WKHVLV DUH REWDLQHG IURP WKH DPELHQW WHPSHUDWXUH H[WHUQDO

ORDG PHWKRG�

���



0HWKRG �� <�)DFWRU 0HDVXUHPHQWV

)RU WKH WRWDO SRZHU FKDQQHOV ZH XVH D FRPPRQ WHFKQLTXH WR REWDLQ D pUVW�RUGHU HVWLPDWH

RI WKH QRLVH WHPSHUDWXUH RI HDFK DUP RI WKH UDGLRPHWHU� *LYHQ WZR ORDG WHPSHUDWXUHV� 7+

DQG 7& � DQG WKH FRUUHVSRQGLQJ '& YROWDJHV SURGXFHG LQ WKH WRWDO SRZHU GHWHFWRUV� 9+

DQG 9& � WKH \�IDFWRU LV GHpQHG WR EH� \  9+
9&
 7+�71

7&�71
� 6ROYLQJ IRU WKH UHFHLYHU QRLVH

WHPSHUDWXUH� 71 � ZH pQG�

71  p
9&7+ b 9+7&

9+ b 9&
�

ZKHUH p  �
� IRU WKH 7&/ DQG p  � IRU WKH DPELHQW WHPSHUDWXUH FDOLEUDWLRQV�

0HWKRG �� %DQGZLGWK 7HFKQLTXH

.QRZLQJ WKH EDQGZLGWK c{ RI WKH V\VWHP� WKH YROWDJH qXFWXDWLRQV c9UPV LQ DQ LQWHJUD�

WLRQ WLPH � � DQG WKH FDOLEUDWLRQ FRHrFLHQW� J LQ >9�.@ DOORZV XV WR HVWLPDWH WKH QRLVH

WHPSHUDWXUH RI WKH UHFHLYHU YLD WKH UDGLRPHWHU HTXDWLRQ�

7V\V  xJb�c9506

S
c{� b p7ORDG� �����

ZKHUH x  � IRU WKH WRWDO SRZHU FKDQQHOV� DQG x  
S
� IRU WKH FRUUHODWRU FKDQQHOV� DQG

p  �
� IRU WKH 7&/ DQG p  � IRU WKH DPELHQW WHPSHUDWXUH FDOLEUDWLRQV�

0HWKRG �� /LQHDU ,QWHUFHSW 7HFKQLTXH

)RU WKH WZR WRWDO SRZHU FKDQQHOV DQG WKH WKUHH FRUUHODWRUV ZH FDQ XVH WKH 506 QRLVH

RQ WKH '& GHWHFWRU YROWDJHV WR GHWHUPLQH WKH QRLVH WHPSHUDWXUH� 7KLV PHWKRG KDV WKH

DGYDQWDJH WKDW LW GRHV QRW UHTXLUH WKH NQRZOHGJH RI WKH UDGLRPHWHU
V EDQGZLGWK� 7KH

���



QRLVH PRGHO IRU WKH WRWDO SRZHU GHWHFWRUV LV�

c7506  
76< 6�p7ORDGS
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ZKLOH IRU WKH FRUUHODWRUV ZH KDYH�

c7506  
S
�

S
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 q7ORDG � r� �����

$JDLQ� p  �
� IRU WKH 7&/ DQG p  � IRU WKH DPELHQW WHPSHUDWXUH FDOLEUDWLRQV�

:H VHH WKDW IRU ERWK WKH WRWDO SRZHU FKDQQHOV DQG WKH FRUUHODWRUV c7UPV LV D OLQHDU

IXQFWLRQ RI WKH ORDG WHPSHUDWXUH� 7KH [�LQWHUFHSW RI WKHVH OLQHV ZLOO EH HTXDO WR WKH

QHJDWLYH RI WKH V\VWHP QRLVH WHPSHUDWXUH� :H QRWH DJDLQ WKDW WKHVH UHVXOWV DSSO\ WR WKH

DPELHQW ORDG PHWKRG� QRW WKH 7&/ PHWKRG� )RU WKH 7&/ PHWKRG LW LV QHFHVVDU\ WR

LQFRUSRUDWH WKH HoHFW RI WKH VLQJOH�PRGH ZDYHJXLGH ZKLFK UHGXFHV WKH ORDG WHPSHUDWXUH

VHHQ E\ WKH GHWHFWRUV E\ D IDFWRU RI WZR�

1RLVH 7HPSHUDWXUH &RQWULEXWLRQ IURP /RVV\ &RPSRQHQWV

7KH V\VWHP QRLVH WHPSHUDWXUH LV GRPLQDWHG E\ WKH QRLVH WHPSHUDWXUH RI WKH +(07 DP�

SOLpHUV� +RZHYHU� WKH FRQWULEXWLRQ RI WKH IROORZLQJ URRP�WHPSHUDWXUH DPSOLpHUV� DV ZHOO

DV ORVV LQ FRPSRQHQWV SUHFHHGLQJ WKH +(076 FDQQRW EH QHJOHFWHG� 7KH GRPLQDQW ORVV\

���



HOHPHQWV SUHFHHGLQJ WKH +(07V DUH WKH WZR 3$07(&+ FU\RJHQLF LVRODWRUV DQG WKH GH�

ZDU
V YDFXXP ZLQGRZ� 7KH LVRODWRUV
 H[DFW SK\VLFDO WHPSHUDWXUH LV XQNQRZQ� EXW ZH PD\

HVWLPDWH WKHP WR EH DW | ��.� ZKLFK LV WKH SK\VLFDO WHPSHUDWXUH RI WKH KRUQ� VR WKLV LV D

ZRUVW�FDVH HVWLPDWH� 7KHLU LQVHUWLRQ ORVV LV� /  � sLVR  ���G%  ����� ZKHUH sLVR LV WKH

WUDQVPLVVLRQ RI WKH LVRODWRU� 7KH ORVV RI WKH YDFXXP ZLQGRZ LV FRQVHUYDWLYHO\ HVWLPDWHG

DW ��� 7KH QRLVH FRQWULEXWLRQ IURP DPSOLpHUV LQ VHULHV ZLWK WKH +(07V DUH UHGXFHG E\

WKH JDLQ RI WKH +(076 >��@� ZKLFK LV ZK\ ZH SXW RXU EHVW DPSOLpHUV pUVW LQ WKH VLJQDO

FKDLQ� 7KH URRP WHPSHUDWXUH 0,7(4 DPSOLpHUV KDYH QRLVH pJXUHV RI )  ���G%  ���

ZKLFK WUDQVODWHV WR D QRLVH WHPSHUDWXUH RI �) b �����.  ���.�

7KH WRWDO HVWLPDWHG V\VWHP QRLVH WHPSHUDWXUH LQFOXGLQJ DOO RI WKHVH DGGLWLRQDO IDFWRUV

LV�
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ZKHUH WKH JDLQ DQG QRLVH WHPSHUDWXUH RI WKH +(076 KDYH EHHQ WDNHQ IURP WKHLU

VSHFLpFDWLRQV DIWHU FRQVWUXFWLRQ DW 15$2 LQ ����� 7KLV QXPEHU DJUHHV TXLWH ZHOO ZLWK

WKH PHDVXUHG YDOXHV RI 7Q GLVFXVVHG EHORZ�

5HVXOWV RI 1RLVH 7HPSHUDWXUH 0HDVXUHPHQWV

7DEOH ����� GLVSOD\V WKH QRLVH WHPSHUDWXUH RI WKH V\VWHP REWDLQHG IURP WKH FRUUHODWRU

FKDQQHOV TXDGUDWXUH�SKDVH FRPSRQHQW XVLQJ WKH OLQHDU LQWHUFHSW PHWKRG RXWOLQHG DERYH�

���



7DEOH ���� 6\VWHP 1RLVH 7HPSHUDWXUH 2EWDLQHG )URP &RUUHODWRU &KDQQHOV 8VLQJ /LQHDU
,QWHUFHSW 0HWKRG

&KDQQHO 71 IURP /LQHDU ,QWHUFHSW

-� ���� .

-� ���� .

-� ���� .

$ SORW RI WKH \�IDFWRU PHDVXUHPHQWV IRU WKH WKUHH FRUUHODWRU FKDQQHOV LV VKRZQ LQ

pJXUH ���� 7KLV pJXUH DOORZV XV WR REWDLQ WKH V\VWHP QRLVH WHPSHUDWXUH GHULYHG IURP HDFK

FRUUHODWRU �[�LQWHUFHSW� DV ZHOO DV DQ LQGHSHQGHQW PHDVXUHPHQW RI HDFK FRUUHODWRU
V 1(7

�\�LQWHUFHSW�� 6RPH FRPSUHVVLRQ FDQ EH GLVFHUQHG IRU WKH KLJKHVW DPELHQW WHPSHUDWXUH

ORDG XVHG ���� .�� +LJKHU SUHFLVLRQ PHDVXUHPHQWV XVLQJ WKH 7&/ ZLOO EH SHUIRUPHG WR

REWDLQ WKH ORZHVW SRVVLEOH XQFRUUHODWHG ORDG WHPSHUDWXUHV �
 ��.�� 7KH YDOXHV RI c7506

IRU FRUUHODWRUV -� DQG -� DJUHH TXLWH ZHOO ZLWK WKH PHDVXUHG YDOXHV IURP WKH 36' GDWD

GLVFXVVHG DW WKH HQG RI WKLV &KDSWHU� &RUUHODWRU -� VKRZV WKH KLJKHVW OHYHO RI FRPSUHVVLRQ

DQG QRW�FRLQFLGHQWO\� REWDLQV WKH KLJKHVW 1(7 ^ D YDOXH LQFRQVLVWHQW ZLWK WKH 1(7 GHULYHG

IURP LWV 36'�

��� :LU H *U LG &DOLEU DWRU � :*&

:KLOH WKH 7&/ FDOLEUDWLRQV GHVFULEHG DERYH DUH WKH PRVW DFFXUDWH PHWKRG WR FDOLEUDWH WKH

GHWHFWRUV� WKH 7&/ GRHV QRW DFFXUDWHO\ UHSUHVHQW WKH WUXH FRQpJXUDWLRQ RI WKH UDGLRPHWHU

DV XVHG GXULQJ REVHUYDWLRQV� 7KH DEVHQFH RI WKH IHHG KRUQ DQG YDFXXP ZLQGRZ LV D

VWULNLQJ VKRUWFRPLQJ RI WKH 7&/ WHFKQLTXH� $GGLWLRQDOO\� WKH 7&/ FDOLEUDWLRQ PHWKRG LV

WLPH�FRQVXPLQJ DV LW UHTXLUHV FRPSOHWH GLVDVVHPEO\ RI WKH FU\RVWDW WR LQVWDOO� 7KHUHIRUH�

ZH UHTXLUH D FDOLEUDWLRQ PHWKRG ZKLFK LV HDVLO\ LPSOHPHQWHG� DQG UHSUHVHQWDWLYH RI WKH

REVHUYDWLRQV ZH DUH DWWHPSWLQJ WR SHUIRUP� 7KH FRQYHQWLRQDO DSSURDFK WR WKHVH LVVXHV IRU

���



)LJXUH ���� <�IDFWRU PHDVXUHPHQWV RI DOO WKUHH FRUUHODWRUV DUH VKRZQ� 7KH GDVK�GRW� GDVK� DQG
GRWWHG OLQHV DUH WKH EHVW OLQHDU pWV WR WKH FRUUHVSRQGLQJ FRUUHODWRU GDWD� 7KH UHVXOWV REWDLQHG
IURP WKHVH PHDVXUHPHQW IRU -� DQG -� DUH FRQVLVWHQW ZLWK WKH FRUUHVSRQGLQJ YDOXHV REWDLQHG XVLQJ
WKH RWKHU WZR PHWKRGV GLVFXVVHG LQ WKLV &KDSWHU �36' DQG EDQGZLGWK PHWKRGV�� $OO FRUUHODWRU
FKDQQHOV DSSHDU WR VXoHU VRPH FRPSUHVVLRQ� &RUUHODWRU -� GLVSOD\V WKH JUHDWHVW FRPSUHVVLRQ�
DQG WKH 1(7 GHULYHG IURP WKLV PHDVXUHPHQW LV QRW FRQVLVWHQW ZLWK WKDW REWDLQHG IURP WKH 36'
PHDVXUHPHQW GLVFXVVHG DW WKH HQG RI WKLV &KDSWHU�

���



D SRODULPHWHU LV WR HPSOR\ D ZLUH JULG FDOLEUDWRU �:*&� >��@� >��@� >��@� 7KH :*& LV D

SDVVLYH VRXUFH ZKLFK FDQ SURYLGH HOHFWURPDJQHWLF pHOGV ZKLFK DUH FRUUHODWHG LQ HDFK DUP

RI WKH UHFHLYHU� DQG LV SODFHG RXWVLGH WKH FU\RVWDW IRU UDSLG LPSOHPHQWDWLRQ�

)LJXUH ���� 6LGH YLHZ RI ZLUH JULG FDOLEUDWRU �:*&� LQ SODFH GXULQJ FDOLEUDWLRQ�

7KH JULG IXQFWLRQV E\ WUDQVPLWWLQJ WKHUPDO UDGLDWLRQ IURP D EODFNERG\ VRXUFH LQ RQH

SRODUL]DWLRQ� DQG UHqHFWLQJ WKHUPDO UDGLDWLRQ IURP D VHFRQG EODFNERG\ VRXUFH �DW D GLI�

���



IHUHQW WHPSHUDWXUH� LQWR WKH RUWKRJRQDO SRODUL]DWLRQ� VHH pJXUH ���� )RU WKH 32/$5

FDOLEUDWRU� WKH FROG ORDG LV ORFDWHG DERYH WKH JULG DQG SURGXFHV pHOGV (� DQG +�� DQG

WKH ZDUP ORDG SURGXFHV pHOGV (� DQG +�� 7KH JULG
V ZLUHV UHqHFW pHOGV SRODUL]HG DORQJ

WKHLU D[HV DQG WUDQVPLW pHOGV RUWKRJRQDO WR WKHLU D[HV� 7KH UHVXOW LV WKDW� LGHDOO\� +� LV

WUDQVPLWWHG DQG (� LV UHqHFWHG LQWR WKH IHHG�KRUQ SURGXFLQJ� DV ZH ZLOO VKRZ� D ����

SRODUL]HG GLoXVH VRXUFH ZLWK DQ DQWHQQD WHPSHUDWXUH HTXDO WR WKH WHPSHUDWXUH GLoHUHQFH

EHWZHHQ WKH WZR ORDGV�

)LJXUH ���� *HRPHWU\ RI WKH :LUH *ULG &DOLEUDWRU

2XU ZLUH�JULG FDOLEUDWRU� ZDV IDEULFDWHG E\ GHSRVLWLRQ RI FRSSHU RQWR D �� PLO P\ODU

VXEVWUDWH� 7KH ZLUHV WKHPVHOYHV DUH ������ ZLGH ZLWK ������ VSDFHV� )RU VXSSRUW WKH JULG

LV VDQGZLFKHG EHWZHHQ 'RZ &RUQLQJ ?SLQN� 6W\URIRDP VKHHWV �HPLVVLYLW\ RI | ���� DQG

WKH VDQGZLFK LV PRXQWHG DW ��r WR WKH DSHUWXUH SODQH� 6HH pJXUH ��� IRU WKH RULHQWDWLRQ

RI WKH JULG GXULQJ FDOLEUDWLRQ� 7KH JULG KDV DQ LQWHJUDWHG EHDULQJ V\VWHP ZKLFK DOORZV LW

� ' H VLJ QH G E\ & KULV 2
' H OO�

���



WR URWDWH GLUHFWO\ RYHU WKH YDFXXP ZLQGRZ� 7KLV DOORZV XV WR NHHS WKH GHZDU VWDWLRQDU\

DQG VLPSO\ URWDWH WKH JULG WR FDOLEUDWH 32/$5�

$V VKRZQ LQ &KDSWHU �� WKH SURSHUWLHV RI WKH VRXUFH IXQFWLRQ� Aq�{�� GHpQHG LQ &KDSWHU

� GHWHUPLQH WKH RXWSXW YROWDJH UHFRUGHG E\ WKH FRUUHODWLRQ FKDQQHOV� 7KH IXQFWLRQ Aq�{�

GHSHQGV RQ WKH FRKHUHQFH RI WKH HOHFWULF pHOGV SURGXFHG E\ WKH WKHUPDO UDGLDWRUV� +RZ�

HYHU� ZH RQO\ NQRZ WKH DQWHQQD WHPSHUDWXUH RI WKH KRW DQG FROG ORDGV� QRW WKH HOHFWULF

pHOGV SURGXFHG LQ WKH [ DQG \ GLUHFWLRQV� )RUWXQDWHO\� DV ZH ZLOO VHH� RQO\ WKH DQWHQQD

WHPSHUDWXUHV DUH QHHGHG LQ WKH HQG�

7KH UHVXOWLQJ pHOG VHHQ E\ WKH IHHG�KRUQ LV WKH VXSHUSRVLWLRQ RI WKH WUDQVPLWWHG pHOG

+�� DQG WKH UHqHFWHG pHOG (�� ,Q WHUPV RI WKH �[
�� \�� EDVLV RI WKH IHHG�KRUQ DQG 207 DQG

WKH �[� \� EDVLV RI WKH UHVW IUDPH RI WKH :*&� WKH HOHFWULF pHOG SURGXFHG E\ WKH :*& DV

WKH SRODULPHWHU LV URWDWHG E\ DQ DQJOH o LV JLYHQ E\�

([�  ([�W� FRVo�(\�W� VLQo

(\�  b([�W� VLQo�(\�W� FRVo� �����

7KH RXWSXW RI WKH FRUUHODWRU IURP WKH FRKHUHQFH IXQFWLRQ JLYHQ E\ ���� LV�

9RXW � K A([��{� A(
e
\��{�L

 K�([�W� FRVo�(\�W� VLQo��b([�W� VLQo�(\�W� VLQo�L� �����

ZLWK WKH ORDG pHOGV ([� (\ JLYHQ E\�
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ZKHUH q FRQYHUWV DQWHQQD WHPSHUDWXUH �PHDVXUHG E\ WKH UDGLRPHWHU� WR LQWHQVLW\ �WKH

XQLWV RI WKH 6WRNHV SDUDPHWHU� 4�� 1RWH WKDW DW o  �r� ��r� ���r� ���r WKH FRUUHODWRUV

KDYH ]HUR RXWSXW DV WKH pHOGV DUH FRPSOHWHO\ DOLJQHG DORQJ RQO\ RQH SRUW RI WKH 207 DQG

WKXV GR QRW SURGXFH FRUUHODWHG pHOGV EHWZHHQ WKH WZR DUPV�

,GHDOO\� WKH JULG ZRXOG UHqHFW 7KRW IURP WKH VLGH LQ ���� KRUL]RQDO SRODUL]DWLRQ DQG

WUDQVPLW 7FROG IURP WKH WRS LQ ���� YHUWLFDO SRODUL]DWLRQ� UHVXOWLQJ LQ 9RXW � q�{��7FROGb

7KRW� VLQ �o� ,Q SUDFWLFH� GXH WR ORVV DQG UHqHFWLRQ� WKH JULG LV QRW SHUIHFW DQG LQVWHDG

ZH REVHUYH WKH IROORZLQJ DQWHQQD WHPSHUDWXUHV DW WKH IHHG�KRUQ LQ WKH WZR RUWKRJRQDO

SRODUL]DWLRQV >��@�

���



7DEOH ���� (VWLPDWHG 3URSHUWLHV RI *ULG DQG /RDGV 8VHG )RU &DOLEUDWLRQ

3URSHUW\ 9DOXH

UMM �����

UO ����

W" ����

7EJ ��� .

c7�  7���. b 7VN\ ��� .

c7�  7���. b 7��. ��� .

7KRW�  UMM>��b UO�7KRW � UO7EJ@ � ��b UMM�>��b UO�7FROG � UO7EJ@ ������

7FROG�  W">��b UO�7FROG � UO7EJ@ � ��b W"�>��b UO�7KRW � UO7EJ@� ������

ZKHUH� UMM LV WKH JULG
V UHqHFWLYLW\ WR UDGLDWLRQ SRODUL]HG SDUDOOHO WR WKH ZLUHV� W" LV WKH

JULG
V WUDQVPLVVLRQ IRU UDGLDWLRQ SRODUL]HG SHUSHQGLFXODU WR WKH ZLUHV� UO LV WKH UHqHFWLYLW\ RI

WKH ORDG� DQG 7EJ LV WKH HoHFWLYH EDFNJURXQG WHPSHUDWXUH RI WKH UDGLDWLRQ pHOG VXUURXQGLQJ

WKH FDOLEUDWRU� ,Q WKH DERYH HTXDWLRQV� ZH KDYH QHJOHFWHG WKH HoHFWV RI WKH HPLVVLYLWLHV

DQG GLHOHFWULF FRQVWDQWV RI WKH P\ODU DQG 6W\URIRDP�

:H KDYH WZR SDLUV RI WHPSHUDWXUH GLoHUHQFHV ZLWK ZKLFK WR FDOLEUDWH 32/$5� 8VLQJ

D ��� . ORDG �LQ UHqHFWLRQ� DQG WKH VN\ �LQ WUDQVPLVVLRQ� ZH REWDLQ D SRODUL]HG DQWHQQD

WHPSHUDWXUH RI ��� .� 8VLQJ D ��� . ORDG �LQ UHqHFWLRQ� DQG D �� . /LTXLG 1LWURJHQ ORDG

�LQ WUDQVPLVVLRQ� ZH REWDLQ DQ DQWHQQD WHPSHUDWXUH RI ��� .� +HUH ZH KDYH DVVXPHG WKH

SURSHUWLHV RI WKH JULG DV OLVWHG LQ WDEOH ����

$ SORW RI D FDOLEUDWLRQ UXQ LV VKRZQ LQ pJXUH ���� 7KH VLQXVRLGDO RVFLOODWLRQV DUH WKH

UHVXOW RI URWDWLRQ RI WKH JULG RYHU WKH IHHGKRUQ� 7KH pUVW VHW RI RVFLOODWLRQV FRUUHVSRQGV WR

WKH ��� . /RDG DQG WKH VN\ DQG WKH VHFRQG VHW FRUUHVSRQGV WR ��� . /RDG DQG WKH �� .

/LTXLG 1LWURJHQ /RDG�

���



)LJXUH ���� 9ROWDJHV RXW RI FRUUHODWRU -� DQG D WRWDO SRZHU GHWHFWRU GXULQJ FDOLEUDWLRQ ZLWK WKH
:LUH *ULG &DOLEUDWRU �:*&�� 7KH PLGGOH pJXUH VKRZV WKH YROWDJH RXW RI -�
V LQ�SKDVH ORFN�LQ
GHWHFWRU� WKH ERWWRP pJXUH VKRZV WKH FRUUHVSRQGLQJ YROWDJH RXW RI -�
V TXDGUDWXUH SKDVH ORFN�LQ
GHWHFWRU� 7KH YDULRXV WHPSHUDWXUH ORDGV DUH LQGLFDWHG DW WKH WLPH WKH\ DUH DSSOLHG� 7KH pUVW VHW
RI RVFLOODWLRQV FRUUHVSRQGV WR D SRODUL]HG WHPSHUDWXUH REWDLQHG E\ XVLQJ D ��� . ORDG DQG WKH VN\�
ZKLFK SURGXFHV ��� . VLJQDO� 7KH VHFRQG VHW RI RVFLOODWLRQV FRUUHVSRQGV WR D SRODUL]HG WHPSHUDWXUH
REWDLQHG E\ XVLQJ D ��� . ORDG DQG D /LTXLG 1LWURJHQ /RDG SURGXFLQJ D ��� . VLJQDO� 1RWH WKH
VXSSUHVVLRQ RI WKH FRUUHODWHG FRPSRQHQW LQ WKH TXDGUDWXUH SKDVH GHWHFWRU� DQG DOVR QRWH WKDW WKH
QRLVH HQYHORSH RI WKDW GHWHFWRU LV D IXQFWLRQ RI WKH ORDG WHPSHUDWXUH PDNLQJ LW DQ HoHFWLYH QRLVH
PRQLWRU�

���



����� *DLQ 0 DWU LFHV

7KH JULG IXUQLVKHV XV ZLWK D ZHOO�GHpQHG WKHUPDO ORDG ZKLFK LV ���� SRODUL]HG� ZKLFK LV

H[DFWO\ ZKDW LV QHHGHG WR FDOLEUDWH 32/$5
V YROWDJH RXWSXW LQ WHUPV RI DQWHQQD WHP�

SHUDWXUH� )ROORZLQJ >��@ ZH PRGHO WKH RXWSXW RI WKH SRODULPHWHU YHUVXV URWDWLRQ DQJOH DV

D OLQHDU FRPELQDWLRQ RI WKH 6WRNHV SDUDPHWHUV DW WKH IHHG KRUQ� 7KH RXWSXW YROWDJH LV

PRGHOHG DV D YHFWRU zY�
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ZKHUH AJ GHQRWHV WKH JDLQ PDWUL[� � z7) � LV WKH YHFWRU RI DFWXDO DQWHQQD WHPSHUDWXUHV

SURGXFHG DW WKH IHHG E\ WKH JULG� DQG zR DQG zQ � UHVSHFWLYHO\� UHSUHVHQW RoVHW DQG QRLVH

FRQWULEXWLRQV WR zY� ,GHDOO\� AJ ZRXOG KDYH RQO\ RQ�GLDJRQDO HOHPHQWV� 7KH Ro�GLDJRQDO

HOHPHQWV RI AJ FRUUHVSRQG WR YDULRXV QRQ�LGHDOLWLHV RI WKH LQVWUXPHQW ZKLFK ZLOO UHVXOW LQ

RoVHWV LQ RXU PHDVXUHPHQWV� :H ZLOO HODERUDWH RQ WKHVH WHUPV LQ WKH IROORZLQJ�

,Q SUDFWLFH� WKH JULG LV SODFHG GLUHFWO\ RYHU WKH IHHGKRUQ DSHUWXUH IRUPHG E\ WKH YDFXXP

ZLQGRZ DQG URWDWHG ZKLOH WKH SRODULPHWHU LV KHOG p[HG� 7KH UHVXOWLQJ YHFWRU RI YROWDJHV LV

UHFRUGHG DQG D OHDVW�VTXDUHV pW LV PDGH WR WKH GDWD XVLQJ WKH PRGHO RI HTXDWLRQ ����� 7KH

JDLQ PDWUL[ SDUDPHWHUV� LQFOXGLQJ WKH Ro�GLDJRQDO FURVV�WDON HOHPHQWV� DQG WKH RoVHWV DUH

UHFRYHUHG IRU HDFK FDOLEUDWLRQ UXQ�
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����� &DOLEU DWLRQ 8VLQJ WKH :*&

:LWK WKH DQWHQQD WHPSHUDWXUHV RI WKH ORDGV JLYHQ E\ HTXDWLRQV ����� 7KH YROWDJHV RXW RI

WKH WZR WRWDO�SRZHU FKDQQHOV DQG WKH FRUUHODWRU FKDQQHO DUH WKHQ�
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7R UHFRYHU AJ� ZH pUVW LQWHJUDWH ORQJ HQRXJK WKDW WKH QRLVH WHUP� zQ LV QHJOLJLEOH� DQG

WKHQ PHDVXUH WKH RoVHWV� zR� 7KHQ ZH FDQ LQYHUW ���� WR REWDLQ AJ� 6LQFH ZH KDYH WZR SDLUV

RI WHPSHUDWXUH GLoHUHQFHV ZH FDQ PHDVXUH WKH FDOLEUDWLRQ FRQVWDQWV DV D IXQFWLRQ RI WKLV

GLoHUHQFH DQG FKHFN IRU OLQHDULW\� 2XU WZR ORDGV SURGXFH HoHFWLYH SRODUL]DWLRQ DQWHQQD

WHPSHUDWXUHV RI ��� . DQG ��� . DQG LW LV YHULpHG WKDW WKH FDOLEUDWLRQ FRQVWDQWV DUH HTXDO

WR EHWWHU WKDQ ��� RYHU WKLV UDQJH� 7KH OLQHDULW\ RI WKH FRUUHODWRUV RYHU WKLV ZLGH UDQJH LQ

WHPSHUDWXUHV� DQG DW VXFK KLJK WHPSHUDWXUHV� VXJJHVWV WKDW WKH UDGLRPHWHU LV OLQHDU RYHU

� G%� ZKLFK LV TXLWH LPSUHVVLYH IRU DQ LQVWUXPHQW ZLWK | ��� G% RI 5) JDLQ DQG ZKLFK

XVHV GLRGH�EDVHG PXOWLSOLHUV WR LPSOHPHQW WKH FRUUHODWLRQ UDGLRPHWHU WHFKQLTXH�
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����� 5HVXOWV RI :*&� *DLQ 0 DWU LFHV DQG 6\VWHPDWLF ( oHFWV

:H UHFRYHU WKUHH VHSDUDWH JDLQ PDWULFHV� RQH SHU FRUUHODWRU�

,Q WKH IROORZLQJ ZH VKRZ WKH JDLQ PDWUL[ * LQ >.�9@� *LM  � JLM � 7KH Ro�GLDJRQDO

HOHPHQWV DUH LQGLFDWHG E\ WKHLU UHODWLYH VL]H FRPSDUHG ZLWK WKH FRUUHVSRQGLQJ RQ�GLDJRQDO

WHUPV� L �H�� IRU D JLYHQ FRUUHODWRU *[4  I*44� ZKHUH I LV JLYHQ DV D SHUFHQW� )RU DOO

WKUHH FRUUHODWRUV� -�� -�� -� ZH REWDLQ�
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7KH HQWULHV RI WKH JDLQ PDWUL[ AJ WHOO XV D JUHDW GHDO DERXW WKH SHUIRUPDQFH RI RXU

LQVWUXPHQW� 7KH RQ�GLDJRQDO HOHPHQWV RI A*� �*[[� *\\� *44� GRPLQDWH WKH PDWUL[� WKH\

DUH WKH WHUPV ZKLFK PHDVXUH WKH V\VWHP FDOLEUDWLRQ LQ >.�9@�

+RZHYHU� WR WKH H[SHULPHQWDOLVW� WKH Ro�GLDJRQDO HOHPHQWV DUH QHDUO\ HTXDO LQ LP�

SRUWDQFH IRU WKH\ HQFRGH LQIRUPDWLRQ UHJDUGLQJ WKH V\VWHP
V LPEDODQFH� FURVV�WDON� DQG

LPSHUIHFW LVRODWLRQ EHWZHHQ SRODUL]DWLRQ VWDWHV� $OO RI WKHVH HoHFWV UHVXOW LQ V\VWHPDWLF

GLoHUHQFHV EHWZHHQ WKH DFWXDO SRODUL]DWLRQ� DQG WKDW ZKLFK LV PHDVXUHG E\ 32/$5� 7KHVH

HoHFWV DUH NQRZQ DV ?RoVHWV�� DQG PD\ EH LQFRUUHFWO\ LQWHUSUHWHG DV FHOHVWLDO VLJQDOV LI

���



WKH\ DUH QRW UHPRYHG RU DUH XQVWDEOH LQ WLPH�

7KHUH DUH WZR LQGHSHQGHQW HoHFWV UHVSRQVLEOH IRU WKH Ro�GLDJRQDO HOHPHQWV� FRUUH�

VSRQGLQJ WR WKH WZR GLoHUHQW Ro�GLDJRQDO HOHPHQWV J[\  J\[ DQG J[4  J\4� /HW XV

H[DPLQH HDFK RI WKHVH HoHFWV LQ GHWDLO� )LUVW ZH ZLOO DQDO\]H WKH HoHFWV RI J[\ � �� VR ZH

VHW J\4  Q\  R\  �� 7KHQ WKH pUVW QRQ�LGHDOLW\� J[\ �RU HTXLYDOHQWO\� J\[�� LPSOLHV WKDW

DW o  �� ZKHQ ZH VKRXOG RQO\ VHH 7KRW� � ZH DFWXDOO\ REVHUYH Y\  J\\7KRW� � J\[7FROG� �

6R WKH QRQ�LGHDOLW\ J[\ KDV LQWURGXFHG DQ RoVHW LQ WKH WRWDO SRZHU RXWSXWV� :H FDQ QRZ

LGHQWLI\ WKH WHUPV ZKLFK FRQWULEXWH WR WKH WRWDO RoVHW LQ WKH WRWDO SRZHU FKDQQHOV� )LUVW�

ZH PDNH VRPH SUHOLPLQDU\ GHpQLWLRQV� :H GHpQH WKH LVRODWLRQ RI WKH 207 WR EH WKH

IUDFWLRQ RI WUDQVPLWWHG SRZHU LQWR RQH UHFWDQJXODU �SRODUL]DWLRQ� SRUW ZKLFK DSSHDUV DW

WKH RWKHU �RUWKRJRQDO� SRUW� 7KH PDLQ FRQWULEXWLRQ WR WKH WRWDO SRZHU RoVHW LV IURP FURVV�

SRODUL]DWLRQ HoHFWV LQ WKH KRUQ RU WKH 207 � 7KHVH WHUPV FRQWULEXWH WR WKH J[\ WHUPV

LQ WKH JDLQ�PDWUL[ HTXDWLRQV XVHG IRU FDOLEUDWLRQ� $ VLPLODU FDOFXODWLRQ VKRZV WKDW WKH

FRQWULEXWLRQV WR WKH FRUUHODWRU Ro�GLDJRQDO HOHPHQWV� H�J �� J[4� DUH SULPDULO\ DWWULEXWHG

WR JDLQ GLoHUHQFHV LQ WKH KRUQ
V ( DQG + SODQH SRZHU UHVSRQVH� DV ZHOO DV JDLQ LPEDODQFHV

LQ WKH WZR +(07 DPSOLpHUV�

7R DGGUHVV WKHVH SUREOHPV ZH KDYH FRQVWUXFWHG D IHHG KRUQ ZLWK D KLJK�OHYHO RI V\P�

PHWU\ EHWZHHQ ( DQG + SODQHV� DORQJ ZLWK D ORZ OHYHO RI FURVV�SRODUL]DWLRQ RI | b��G%�

VHH &KDSWHU �� 7KH 207 DOVR KDV D KLJK GHJUHH RI (�+ SRODUL]DWLRQ SRUW LVRODWLRQ�

PHDVXUHG �M6RPW
[�\� M� | b��G%�� 7KRXJK LWV FURVV�SRODUL]DWLRQ KDV QRW EHHQ PHDVXUHG� LW

� $ OWKR XJ K UD UH O\ UH IH UH H G WR D V VXF K� F UR VV SR OD UL] D WLR Q R I WKH 20 7 LV D Z H OO�GH pQH G F R QF H SW� GLVWLQF W
IUR P WKH PR UH ID PLOLD U pJ XUH �R I�PH ULW� LVR OD WLR Q� & R QF H SWXD OO\ � Z H F D Q F R QVLGH U WKH D F WXD O 20 7 WR EH
D Q LQ�VH ULH V F R PELQD WLR Q R I D IH H G�KR UQ �Z LWK QR Q�Y D QLVKLQJ F UR VV�SR OD UL] D WLR Q� D QG D Q LGH D O 20 7 �L �H�
R QH Z LWK QR F UR VV�SR OD UL] D WLR Q�� 7 KH Q� WKH F UR VV�SR OD UL] D WLR Q R I WKH D F WXD O 20 7 LV WKD W R I WKH VH ULH V�IH H G�
7 KLV GH pQLWLR Q D VVH UWV WKD W QR SUD F WLF D O PH D VXUH PH QW R I D KR UQ�20 7 F R PELQD WLR Q F D Q GH F R PSR VH WKH
F UR VV�SR OD UL] D WLR Q LQWR F R PSR QH QWV GH pQLWLY H O\ D VVR F LD WH G Z LWK H LWKH U VXE�F R PSR QH QW�

���



LV EHOLHYHG WKDW LW LV OHVV WKDQ ���G%� *DLQ LPEDODQFHV DUH PLQLPL]HG E\ LQVWDOOLQJ p[HG

FRD[LDO DWWHQXDWLRQ LQ WKH ,) EDQG� MXVW SULRU WR FRUUHODWLRQ� WR EHWWHU WKDQ �G%�

)URP ����� ���� � ���� � ZH VHH WKDW WKH Ro�GLDJRQDO HOHPHQWV DUH XQLIRUPO\ OHVV WKDQ

��� RI WKHLU RQ�GLDJRQDO FRXQWHUSDUWV� 7KLV LQGLFDWHV WKDW WKHUH DUH FRUUHODWLRQV EHWZHHQ

WKH FRUUHODWRUV DQG WKH WRWDO SRZHU GHWHFWRUV� 7KLV FRUUHODWLRQ FDXVHV WKH FRUUHODWRUV WR

H[KLELW DOO RI WKH XQGHVLUDEOH WUDLWV RI WKH WRWDO SRZHU GHWHFWRUV� GHFUHDVHG VHQVLWLYLW\ DQG

� I EHKDYLRU DV GHPRQVWUDWHG LQ VHFWLRQ V�SVG� 7KHVH HoHFWV DUH FRPLQJ LQ DW D ORZ OHYHO�

KRZHYHU� )XUWKHU LQYHVWLJDWLRQ LV QHHGHG� PXOWLSOH FDOLEUDWLRQV RYHU ORQJHU SHULRGV RI WLPH

ZLOO SURYLGH XV ZLWK HVWLPDWHV RI WKH HUURUV LQ WKH JDLQ PDWULFHV DV ZHOO DV LQGLFDWLQJ WKH

ORQJ WHUP VWDELOLW\ RI WKH FDOLEUDWLRQV WKHPVHOYHV�

��� 1 RLVH $QDO\VHV DQG 1 RLVH ( TXLYDOHQW 7 HPSHU DWXU HV� 1 ( 7 V

2QFH ZH NQRZ WKH FDOLEUDWLRQ EHWZHHQ YROWDJH DQG WHPSHUDWXUH� E\ PHDVXULQJ WKH YROWDJH

506 ZH LQ WXUQ REWDLQ WKH WHPSHUDWXUH 506� 7KH QRLVH HTXLYDOHQW WHPSHUDWXUH �1(7�

RI WKH GHWHFWRU LV WKH LQVWUXPHQW QRLVH DV PHDVXUHG LQ D EDQGZLGWK RI
S
�+]� ZKLFK FDQ

EH FRQYHUWHG WR WKH QRLVH LQ D RQH�VHFRQG LQWHJUDWLRQ� c7506 � E\ GLYLGLQJ E\
S
�� :H

KDYH WKDW WKH QRLVH LQ DQ DUELWUDU\ LQWHJUDWLRQ WLPH� � � LV�

c7506  1(7 
S
� � ������

$JDLQ� WKH PRGHO RI WKH QRLVH RI WKH WRWDO SRZHU GHWHFWRUV GLoHUV IURP WKDW RI WKH

FRUUHODWRUV� )URP HTXDWLRQ ��� IRU WKH 7RWDO 3RZHU GHWHFWRUV�

1(7  
76< 6 � 7ORDGS

c{
� ������

���



ZKLOH IRU WKH FRUUHODWRUV� IURP HTXDWLRQ ���� ZH KDYH WKDW�

1(7  
S
�

S
�773� � 7ORDG���773� � 7ORDG�S

c{
������

7KH PRVW QDLYH WHFKQLTXH WR REWDLQ WKH 1(7V LV VLPSO\ WR FDOFXODWH WKH 506 RI WKH

WLPH VWUHDP LQ D RQH�VHFRQG VHJPHQW DQG FRQYHUW IURP YROWDJH WR WHPSHUDWXUH� 7KLV DS�

SURDFK� KRZHYHU� RQO\ DSSOLHV ZKHQ WKH VLJQDO LV D ZLGH�VHQVH VWDWLRQDU\ *DXVVLDQ SURFHVV�

DV GHpQHG LQ &KDSWHU �� 2I FRXUVH� WKH WLPH VWUHDP LV QRW SXUH *DXVVLDQ ZKLWH QRLVH�

WKH VSHFWUXP ZLOO H[KLELW DQ H[FHVV RI ORZ IUHTXHQF\ SRZHU �? � I QRLVH ��� ,Q SUDFWLFH�

ORZ�IUHTXHQF\ FRPSRQHQWV LQ WKH WLPH�VWUHDP ZLOO GRPLQDWH WKH 506 LI WKH\ DUH QRW UH�

PRYHG� 7KLV� RI FRXUVH� LV WKH PRWLYDWLRQ IRU WKH PRGXODWLRQ RI WKH VLJQDO E\ URWDWLRQ RI

WKH LQVWUXPHQW� $ EHWWHU DSSURDFK LV WR FRPSXWH WKH SRZHU VSHFWUXP RI WKH GDWD� DQG XVH

LW WR HVWLPDWH WKH 506� 7R GR WKLV ZH PXVW pUVW PHDVXUH WKH WUDQVIHU IXQFWLRQ RI WKH SUH�

DPSOLpHUV� *�{� � 7KLV LV DFFRPSOLVKHG E\ WHUPLQDWLQJ WKH LQSXW WR WKH SUH�DPSOLpHU DQG

UHFRUGLQJ LWV 36'� 7KH HTXLYDOHQW LQWHJUDWLRQ WLPH RI WKH SUH�DPSOLpHU FLUFXLW LV UHODWHG

WR LWV DXGLR EDQGZLGWK E\�

�  
�

�c{DXGLR
 

*DXGLR���

�
5�
� *DXGLR�{�G{

� ������

7KLV � LV WKH HTXLYDOHQW LQWHJUDWLRQ WLPH RI WKH SUH�DPSOLpHU IRU HDFK FKDQQHO WR EH

XVHG LQ WKH UDGLRPHWHU HTXDWLRQ�

*LYHQ D PHDVXUHPHQW RI D FKDQQHO
V 36'� 6�{� >9 � +]@� DQG SUH�DPSOLpHU WUDQVIHU

IXQFWLRQ� *�{�� ZH FDQ HVWLPDWH WKH YDULDQFH RI WKH WLPH VWUHDP DV�

��  

5�
b� 6�{�*�{�G{5�
� *�{�G{

� ������
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,Q SUDFWLFH� D JLYHQ FKDQQHO
V 36' LV RQO\ ?ZKLWH� �L �H� qDW� DERYH D FHUWDLQ IUHTXHQF\�

{NQHH� DQG VR WKH ORZHU OLPLW LQ WKH QXPHUDWRU
V LQWHJUDO LV UHSODFHG E\ WKLV YDOXH� 7KH

DPSOLWXGH RI WKH 36' LQ WKH ?qDW� UHJLRQ SURYLGHV XV ZLWK DQ HVWLPDWH RI WKH WLPH VWUHDP
V

YDULDQFH ZLWKRXW � I QRLVH� 0DNLQJ XVH RI WKH :LHQHU�.KLQWFKLQ 7KHRUHP IURP &KDSWHU

�� ZH FDQ HVWLPDWH WKH DXWRFRUUHODWLRQ IXQFWLRQ �$&)� RI WKH WLPH�VWUHDP IURP WKH LQYHUVH

)RXULHU WUDQVIRUP RI LWV 36'� DQG HYDOXDWH LW DW ]HUR�ODJ� 2I FRXUVH WKLV HVWLPDWH LV QRW

LQGHSHQGHQW RI WKH 36' HVWLPDWH VLQFH WKH DXWRFRUUHODWLRQ IXQFWLRQ� 5���� RI WKH WLPH

VWUHDP� \�W�� LV JLYHQ E\�

5���  OLP
7��

�

7

= 7 �

b7 �
\�W��\�W� � ��GW� ������

ZKLFK� ZKHQ �  �� EHFRPHV�

�

7

= 7 �

b7 �
\��W��GW� u K\��W�L  
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b� 6�{�*�{�G{5�

� *�{�G{
� ������

$OWKRXJK WKHVH WZR PHWKRGV DUH QRW PDWKHPDWLFDOO\ LQGHSHQGHQW� LW LV LQIRUPDWLYH

WR HYDOXDWH ERWK LQ SUDFWLFH� (DFK KDV LWV RZQ UHJLRQ RI DSSOLFDELOLW\� DQG HDFK FDQ EH

FRPSXWHG LQGHSHQGHQWO\ DQG WKHQ FRPSDUHG WR WKH )RXULHU WUDQVIRUP HVWLPDWH JLYHQ E\

WKH RWKHU� 7KH $&) DW ]HUR�ODJ RI WKH UDZ GDWD VXoHUV IURP FRQWDPLQDWLRQ GXH WR WKH

ORZ�IUHTXHQF\ GULIWV DSSDUHQW LQ WKH 36'� DQG LW LV WKHUHIRUH PRUH FRQYLHQLHQW WR FDOFXODWH

WKH 36' DQG WKHQ LQYHUW LW WR JHW WKH $&)� 2Q WKH RWKHU KDQG� FRUUHODWLRQV LQGXFHG LQ WKH

WLPH VWUHDP E\ LQVWUXPHQWDO HoHFWV �H�J�� WKH ORZ�SDVV pOWHU LQWHJUDWLRQ VWDJH� DUH PRVW

FOHDUO\ YLVLEOH LQ WKH $&)�

)RU ERWK WKH $&) DQG 36' HVWLPDWLRQV RI WKH QRLVH LW LV LPSUDFWLFDO WR WUDQVIRUP ODUJH

VHFWLRQV RI GDWD DW D VLQJOH WLPH� $GGLWLRQDOO\� WKLV PHWKRG ZRXOG UHVXOW LQ ORZ�SUHFLVLRQ

���



HVWLPDWHV RI WKH GHVLUHG IXQFWLRQV LQ H[FKDQJH IRU KLJK�UHVROXWLRQ �LQ HLWKHU IUHTXHQF\ RU

WHPSRUDO ELQV�� ,QVWHDG� ZH FKRRVH WR EUHDN WKH GDWD VHWV LQWR VHYHUDO VPDOOHU VHFWLRQV

DQG VXEVHTXHQWO\ DYHUDJH WKH WUDQVIRUPV� 7KLV DSSURDFK DOVR \LHOGV DQ HVWLPDWH RI WKH

GLVSHUVLRQ RI WKH $&) RU 36' DERXW LWV PHDQ YDOXH�

1RLVH $IWHU /RFN�,Q 'HWHFWLRQ

$V GLVFXVVHG HDUOLHU� DIWHU PXOWLSOLFDWLRQ WKH VLJQDOV DUH GHWHFWHG YLD D ORFN�LQ FLUFXLW

FHQWHUHG RQ WKH $QDORJ 'HYLFHV ��� 0RGXODWRU�'HPRGXODWRU� 7KH $'��� PXOWLSOLHV WKH

VLJQDO RXW RI WKH PXOWLSOLHUV E\ D UHIHUHQFH ZDYHIRUP� ZKLFK LQ RXU FDVH LV D VTXDUH�ZDYH

JHQHUDWHG E\ D GHGLFDWHG FU\VWDO RVFLOODWRU� 7KH RVFLOODWRU JHQHUDWHV WKH SKDVH�VZLWFK

ZDYHIRUP DV ZHOO DV WKH LQ�SKDVH DQG TXDGUDWXUH UHIHUHQFH SKDVHV IRU WKH $' ���V�

:H QRWH WKDW RXU ORFN�LQ GHWHFWLRQ DIWHU PXOWLSOLFDWLRQ LV HVVHQWLDOO\ DQ LPSOHPHQWD�

WLRQ RI WKH 'LFNH UDGLRPHWHU� VZLWFKHG DW DXGLR IUHTXHQFLHV {VZLWFK  � .+]� )ROORZLQJ

PXOWLSOLFDWLRQ� WKH SURGXFW RI WKH PXOWLSOLHU RXWSXW DQG WKH UHIHUHQFH ZDYHIRUP LV LQWH�

JUDWHG IRU DQ DPRXQW RI WLPH �
�c {DQWLbDOLDVLQJ

� 2XU VLJQDO DIWHU WKH ORFN�LQ LV HoHFWLYHO\ WKH

GLoHUHQFH EHWZHHQ WKH PXOWLSOLHU VLJQDO DW WLPHV VHSDUDWHG E\� URXJKO\� WKH SHULRG RI WKH

SKDVH VZLWFK� 7VZLWFK 
 � PVHF� 7KH PXOWLSOLHU RXWSXW DW WLPHV WL DQG WM� LV XQFRUUHODWHG LI

MWLbWMM ! � c{,) | ��� QVHF� 6R� VLQFH 7VZLWFK � ��� QVHF WKH 36' RI WKH ORFN�LQ GHWHFWRUV

ZLOO EH 36' RI WKH QRLVH ZDYHIRUP SURGXFHG E\ RXU GHWHFWRUV ZKHQ YLHZLQJ DQ XQSRODUL]HG

VRXUFH ZLOO EH � WLPHV ODUJHU WKDQ WKH FRUUHVSRQGLQJ YDOXH ZLWKRXW WKH ORFN�LQ GHWHFWRUV�

7KH VLJQDO�WR�QRLVH UDWLR ZLOO WKXV EH UHGXFHG E\ D IDFWRU RI
S
�� ZKLFK LV LQ DGGLWLRQ WR WKH

IDFWRU RI
S
� DOUHDG\ LQFOXGHG LQ WKH UDGLRPHWHU HTXDWLRQ IRU WKH FRUUHODWLRQ UDGLRPHWHU�

5HODWLYH WR DQ LGHDO WRWDO SRZHU UDGLRPHWHU ZLWK DQ 1(7 RI � >P. +]b
�

� @� RXU FRUUHODWRU

FKDQQHOV KDYH SRVW�GHWHFWLRQ 1(7
V RI ��� )RU FRPSDULVRQ ZLWK SUHGLFWLRQV� DV LQ WDEOH

���



���� ZH DOZD\V TXRWH QRLVH HVWLPDWHV DIWHU ORFN�LQ GHWHFWLRQ�

:H QRWH WKDW WKH EHKDYLRU RI WKH QRLVH VKRXOG EH LQGHSHQGHQW RI WKH SKDVH RI WKH UHIHU�

HQFH ZDYHIRUP VXSSOLHG WR WKH ORFN�LQ� 7R LOOXVWUDWH WKLV ZH FRQVLGHU pJXUH ��� ZKHUH WKH

LQ�SKDVH DQG TXDGUDWXUH SKDVH ORZ�IUHTXHQF\ SRZHU VSHFWUD RI FRUUHODWRU -� DUH VKRZQ�

:H KDYH GHYHORSHG D SKDVH�VZLWFK GULYHU FLUFXLW ZKLFK DOVR SURGXFHV WKH LQ�SKDVH DQG

TXDGUDWXUH SKDVH UHIHUHQFH ZDYHIRUPV� )RU DGGHG qH[LELOLW\ ZH DUH DEOH WR FKDQJH WKH

SKDVH RI WKH UHIHUHQFH ZDYHIRUPV ZLWK UHVSHFW WR WKH SK\VLFDO FKRS ZDYHIRUP E\ GLVFUHWH

VWHSV RI ����r� 7KH TXDGUDWXUH SKDVH GHWHFWRUV SURYLGH XV ZLWK H[WUHPHO\ SRZHUIXO PRQL�

WRUV RI WKH QRLVH RI WKH FRUUHODWRU FKDQQHOV�

��� 5HVXOWV RI 1 RLVH $QDO\VHV

:H EHJLQ E\ UHIHUULQJ WKH UHDGHU WR pJXUH ��� ZKLFK VKRZV WKH SRZHU VSHFWUD RI DOO WKUHH

LQ�SKDVH FRUUHODWRU FKDQQHOV DQG ERWK WRWDO SRZHU GHWHFWRUV� ,W LV FOHDU IURP WKH VSHFWUD

WKDW WKH FRUUHODWRUV DUH IDU PRUH VHQVLWLYH WKDQ WKH WRWDO SRZHU GHWHFWRUV� 7KH GUDPDWLF

� I ULVH LQ WKH WRWDO SRZHU GHWHFWRUV LV DEVHQW LQ WKH FRUUHODWRU FKDQQHOV� DQG DOORZV XV WR

VORZO\ PRGXODWH WKH LQVWUXPHQW RXWSXW E\ URWDWLRQ RI WKH UDGLRPHWHU DW �� P+]� UDWKHU

WKDQ DW VHYHUDO +]�

1H[W� ZH H[DPLQH WKH EHKDYLRU RI WKH FRUUHODWRU SRZHU VSHFWUD DW ORZ IUHTXHQFLHV� ,Q

pJXUH ��� ZH GLVSOD\ WKH SRZHU VSHFWUD DW IUHTXHQFLHV FRPSDUDEOH WR WKH URWDWLRQ IUHTXHQF\

RI WKH LQVWUXPHQW� %RWK WKH LQ�SKDVH DQG TXDGUDWXUH�SKDVH FRPSRQHQWV RI WKH ORFN�LQ

GHWHFWRUV DUH VKRZQ� DQG WKH DJUHHPHQW DW IUHTXHQFLHV JUHDWHU WKDQ WKH URWDWLRQ IUHTXHQF\

DOORZV XV WR XVH WKHVH FKDQQHOV DV QRLVH PRQLWRUV� 7KH SUHVHQFH RI VLJQDOV DW WKH URWDWLRQ

IUHTXHQF\ DQG LWV KDUPRQLFV LV HYLGHQW LQ WKH LQ�SKDVH GHWHFWRUV� VXJJHVWLQJ WKDW WKHUH DUH

���



)LJXUH ���� 7KH SRZHU VSHFWUD RI DOO pYH 32/$5 GDWD FKDQQHOV ZKLOH YLHZLQJ WKH VN\ �7$QW  
��.� DUH VKRZQ� 7KH FRUUHODWRU VSHFWUD DUH SORWWHG DV VROLG OLQHV DQG WKH WRWDO SRZHU DUH GRWWHG�
6HYHUDO IHDWXUHV DUH HYLGHQW IURP WKHVH SORWV� 7KH � I EHKDYLRU RI WKH WRWDO SRZHU GHWHFWRUV� DQG
WKH ORZ�SDVV pOWHULQJ RI WKH DQWL�DOLDVLQJ pOWHUV RQ DOO FKDQQHOV DERYH � +] DUH HYLGHQW� 7KH &7,
FROGKHDG H[SDQVLRQ�FRPSUHVVLRQ F\FOH LV DW ��� +]� DQG WKLV IHDWXUH DQG LWV KDUPRQLFV DUH FOHDUO\
YLVLEOH LQ WKH WRWDO SRZHU FKDQQHOV� )URP KLJK�QRLVH �WRS� WR ORZ�QRLVH �ERWWRP� WKH FKDQQHOV DUH
73�� 73�� -�� -�� -��

���



)LJXUH ���� 7KH ORZ�IUHTXHQF\ SRZHU VSHFWUD RI WKH ORZHVW QRLVH FRUUHODWRU �-��� LQ�SKDVH �VROLG�
DQG TXDGUDWXUH�SKDVH ORFN�LQ GHWHFWRUV �GDVKHG�� ZKLOH YLHZLQJ WKH VN\ �7$QW  ��.�� 7KH TXDGUD�
WXUH SKDVH GHWHFWRUV EHKDYH DV HoHFWLYH QRLVH PRQLWRUV� 7KH URWDWLRQ IUHTXHQF\ LV ���� +]� DQG
VRPH V\QFKURQRXV VLJQDO PRGXODWLRQ LV HYLGHQW LQ WKH LQ�SKDVH GHWHFWRU DW WKLV IUHTXHQF\ DQG LWV
KDUPRQLFV� $EVHQW LQ WKH TXDGUDWXUH�SKDVH FKDQQHOV LV WKH � I QRLVH ULVH DW IUHTXHQFLHV EHORZ
����� +]�

FRUUHODWHG VLJQDOV LQ WKH UDZ WLPH�VWUHDPV ZKLFK DUH EHLQJ PRGXODWHG E\ WKH URWDWLRQ RI

WKH LQVWUXPHQW� 7KH VWDELOLW\ RI WKHVH RoVHWV RYHU D VLQJOH URWDWLRQ RI WKH LQVWUXPHQW LV

FUXFLDO WR WKH UHFRYHU\ RI WKH 6WRNHV SDUDPHWHUV�

2YHUDOO� WKH SHUIRUPDQFH RI 32/$5 LV TXLWH VDWLVIDFWRU\� 7DEOH ��� FRPSDUHV WKH

PHDVXUHG 1(7 YDOXHV DQG ZLWK SUHGLFWLRQV EDVHG XSRQ WKDW FRUUHODWRU
V V\VWHP QRLVH

DQG EDQGZLGWK� 7KH ORQJHU�WHUP SHUIRUPDQFH RI 32/$5 LV IXUWKHU HODERUDWHG XSRQ LQ

&KDSWHU ���

)URP WDEOH ��� VHYHUDO SKHQRPHQD DUH REVHUYHG� )LUVW ZH VHH WKDW WKH QRLVH HVWLPDWHV
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7DEOH ���� 1(7 (VWLPDWHV IURP 36' DQG 506 &RPSDUHG :LWK 3UHGLFWHG 1(7

& K DQ Q HO 1 ( 7 IU RP 3 6 ' >P .
S
VHF@ 1 ( 7 IU RP 506 >P .

S
VHF@ 3 U HG LFWHG IU RP 71 	 c { >P .

S
VHF@

-� ��� ��� ���

-� ��� ��� ���

-� ��� ���� ���

EDVHG RQ WKH 506 DUH V\VWHPDWLFDOO\ KLJKHU WKDQ WKRVH REWDLQHG IURP WKH 36' HVWLPDWHV�

7KLV LV WR EH H[SHFWHG� WKH 506 VXoHUV PRUH�VHYHUHO\ IURP � I FRQWDPLQDWLRQ� ZKLFK LV

GLrFXOW WR UHPRYH IURP WKH WLPH�VWUHDP GLUHFWO\� 7KH 36' HVWLPDWHV DUH WDNHQ DV WKH

PRVW DFFXUDWH HVWLPDWHV RI WKH 1(7 EHFDXVH WKH � I EHKDYLRU FDQ EH HDVLO\ GLVWLQJXLVKHG

DQG VXEWUDFWHG�

1H[W ZH VHH WKDW WKH FRUUHODWRUV GLoHU VXEVWDQWLDOO\ IURP RQH�DQRWKHU� 7KLV LV SULPDULO\

DWWULEXWHG WR WKH SKDVH RSWLPL]DWLRQ GLVFXVVHG HDUOLHU� 7KH YDULDEOH SKDVH�VKLIWHU� VKRZQ

LQ pJXUH ���� KDV EHHQ RSWLPL]HG IRU FKDQQHO -�� ZKLFK KDV WKH HoHFW RI LQFUHDVLQJ LW
V

FDOLEUDWLRQ LQ >9�.@ UHODWLYH WR WKH RWKHU WZR FRUUHODWRUV� $W SUHVHQW LW LV QRW SRVVLEOH WR

LQGLYLGXDOO\ WXQH WKH SKDVH RI HDFK IUHTXHQF\ EDQG SULRU WR FRUUHODWLRQ� 7KLV IHDWXUH ZLOO

EH LPSOHPHQWHG SULRU WR 32/$5
V REVHUYLQJ UXQ WKLV ZLQWHU� :H H[SHFW WR WKHQ REWDLQ

WKH VDPH VHQVLWLYLW\ IRU DOO WKUHH FRUUHODWRUV DOORZLQJ XV WR REWDLQ D FR�DGGHG VHQVLWLYLW\

IRU DOO FRUUHODWRUV RI 
 �P.SVHF 
S
� 
 ���P.SVHF�
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&KDSWHU �

6\VWHPDWLF ( oHFWV

%HFDXVH WKH DQWLFLSDWHG SRODUL]DWLRQ VLJQDO LV D IDFWRU RI | �� WLPHV VPDOOHU WKDQ WKH

WHPSHUDWXUH DQLVRWURS\ FXUUHQWO\ EHLQJ GHWHFWHG� D WKRURXJK XQGHUVWDQGLQJ RI V\VWHPDWLF

HUURUV LV FUXFLDO� 3RODUL]DWLRQ H[SHULPHQWV KDYH VHYHUDO DGYDQWDJHV� KRZHYHU� WKDW SURPLVH

WR PDNH WKLV HoRUW SRVVLEOH� )LUVW� DV VKRZQ LQ &KDSWHU �� WKH DWPRVSKHUH LV NQRZQ WR EH

SRODUL]HG RQO\ DW D YHU\ ORZ OHYHO� IDU EHORZ WKH H[SHFWHG OHYHO RI &0% SRODUL]DWLRQ� $GGL�

WLRQDOO\� 32/$5 PHDVXUHV WKH SRODUL]DWLRQ RI HDFK SL[HO LQ D PDQQHU ZKLFK LV �QHDUO\� LQ�

GHSHQGHQW RI QHLJKERULQJ SL[HOV� ,W GRHV QRW UHTXLUH FRPSDULVRQ RI SL[HOV WKURXJK GLoHUHQW

DLUPDVVHV� DQG DW GLoHUHQW WLPHV� ,Q DQLVRWURS\ REVHUYDWLRQV� EHDP VZLWFKLQJ RIWHQ DGGV

QRLVH DQG DGGLWLRQDO FKRS�GHSHQGHQW VLJQDOV� 3RWHQWLDOO\� DWPRVSKHULF HoHFWV ZLOO KDYH D

VPDOOHU FRQWULEXWLRQ WR WKLV W\SH RI H[SHULPHQW WKDQ WR JURXQG�EDVHG &0% DQLVRWURS\

H[SHULPHQWV DQG ZLOO DOORZ ORQJHU REVHUYDWLRQ WLPHV WKDQ KDYH EHHQ SRVVLEOH LQ WKH SDVW�

/RQJ�WHUP REVHUYDWLRQV DUH NH\ WR XQGHUVWDQGLQJ DQG UHPRYLQJ V\VWHPDWLF HoHFWV >��@�

>��@� 0DQ\ VSXULRXV LQVWUXPHQWDO HoHFWV KDYH EHHQ LVRODWHG IURP DVWURSK\VLFDO HoHFWV E\

ORQJ�WHUP LQWHJUDWLRQ WHVWV ZLWK WKH KRUQ DQWHQQD UHSODFHG E\ D FROG WHUPLQDWLRQ�

7KH PRVW WURXEOLQJ DVSHFW RI WKHVH HoHFWV LV WKDW WKH\ PD\ QRW EH VWDEOH LQ WLPH� )RU

���



WKH FRUUHODWRU FKDQQHOV� WKH PRVW SHUQLFLRXV FRQWULEXWLRQ DULVHV IURP JDLQ qXFWXDWLRQV LQ

WKH +(07 DPSOLpHUV DQG LQ WKH FRQYHUVLRQ HrFLHQF\ DQG SKDVH VWDELOLW\ RI WKH KHWHURG\QH

VWDJH� 7KH FRQYHUVLRQ HrFLHQF\ RI WKH PL[HUV LV GHSHQGHQW RQ WKH *XQQ 2VFLODWRU SRZHU

ZKLFK qXFWXDWHV MXVW OLNH DQ DPSOLpHU� WKXV LQWURGXFLQJ JDLQ qXFWXDWLRQ� ZKLFK FDQ EH

PLVLQWHUSUHWHG DV VLJQDOV LI VRPH FRPSRQHQW RI WKH YDULDWLRQ LV FRPPHQVXUDWH ZLWK WKH

PRGXODWLRQ IUHTXHQF\ RI WKH LQVWUXPHQW� 7KH SKDVH VWDELOLW\ RI WKH RVFLODWRU LV HTXDOO\

WURXEOHVRPH >��@� VLQFH SKDVH qXFWXDWLRQV EHWZHHQ WKH WZR DUPV RI WKH UDGLRPHWHU UHGXFH

LWV HoHFWLYH EDQGZLGWK� 7KHUH DUH VHYHUDO VWDQGDUG PHWKRGV WR LPSURYH WKH VWDELOLW\ RI WKH

KHWHURG\QH VWDJH RI WKH UHFHLYHU� LQFOXGLQJ SKDVH PRGXODWLRQ DW IUHTXHQFLHV RI | � .+]�

DQG SKDVH�ORFNHG ORRSV WR VWDELOL]H WKH /2� 7KH ODWWHU LV TXLWH FRPPRQ LQ FRQYHQWLRQDO

UDGLRWHOHVFRSHV� WKRXJK LW LV QRW LQFRUSRUDWHG LQ WKH 32/$5 .D EDQG V\VWHP� 7KH IRUPHU

WHFKQLTXH LV SHUIRUPHG� KRZHYHU� DV GHVFULEHG LQ &KDSWHU ��

,Q 7DEOH � ZH OLVW VRPH LPSRUWDQW V\VWHPDWLF HoHFWV HQFRXQWHUHG LQ SUHYLRXV SRODUL]D�

WLRQ PHDVXUHPHQWV DQG VXPPDUL]H WKH VROXWLRQ DGRSWHG E\ 32/$5�

7DEOH ���� ([SHFWHG 6\VWHPDWLF (oHFWV

(oHFW 2ULJLQ &RQWURO 0HWKRG

0HFKDQLFDO 6WUDLQ ,QVWUXPHQW 5RWDWLRQ =HQLWK 6FDQ

0DJQHWLF &RXSOLQJ 5RWDWLRQ LQ a%HDUWK 0LQLPDO )HUULWH &RPSRQHQWV �,VRODWRUV 2QO\�

0LFURSKRQLFV 0HFKDQLFDO 9LEUDWLRQ ,VRODWLRQ

(0, DQG 5), /RFDO 6RXUFHV 6KLHOG�)LOWHU

7KHUPDO 9DULDWLRQV 'LXUQDO�(QYLURQPHQW 7HPS &RQWURO

6LGHOREH 3LFNXS 6XQ�0RRQ�(DUWK /RZ 6LGHOREH $QWHQQD DQG *URXQG 6FUHHQV

*UDYLWDWLRQDO HoHFWV

$ SUREOHP ZLWK DQ\ UDGLRPHWHU WKDW PXVW PRYH LQ WKH HDUWK
V JUDYLWDWLRQDO pHOG LV SRVLWLRQ�

GHSHQGHQW VWUHVV DQG VWUDLQ RQ ZDYHJXLGH MRLQWV� HWF� ,Q WKH H[SHULPHQWV RI /XELQ DQG

6PRRW� IRU H[DPSOH� REVHUYDWLRQV Ro�]HQLWK SURGXFHG SRODUL]HG RoVHWV ZKLFK ZHUH � WR ��
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WLPHV ODUJHU WKDQ WKH UHVXOWLQJ XSSHU�OLPLW� 32/$5 DWWHPSWV WR PLQLPL]H WKHVH SUREOHPV

E\ VWDULQJ DW WKH ]HQLWK� VR WKDW WR pUVW RUGHU QR JUDYLWDWLRQDO WRUTXHV RQ ZDYHJXLGH

FRPSRQHQWV DUH SUHVHQW� 7KH URWDWLRQ VSHHG LV VORZ� | � USP� DQG FRQVWDQW VR DFFHOHUDWLRQV

RQ VWRSSLQJ DQG VWDUWLQJ URWDWLRQ DUH QRQ�H[LVWHQW�

0DJQHWLF )LHOG HoHFWV

$ SDUWLFXODU FRQFHUQ LV WKH FRXSOLQJ RI WKH (DUWK
V PDJQHWLF pHOG WR WKH UDGLRPHWHU� 7KH

&2%( '05 KDG IHUULWH 'LFNH VZLWFKHV ZKLFK SURGXFHG D VSXULRXV VLJQDO DW WKH 
��� P.

OHYHO �.RJXW HW DO� ����E�� 32/$5
V RQO\ IHUULWH FRPSRQHQWV DUH LWV LVRODWHUV� +RZHYHU�

RWKHU FRPSRQHQWV VXFK DV DPSOLpHUV� HWF�� PD\ KDYH D ORZ�OHYHO PDJQHWLF pHOG GHSHQGHQFH�

0RGXODWLRQ RI WKHVH HoHFWV FDQ EH PLQLPL]HG E\ PDLQWDLQLQJ D FRQVWDQW RULHQWDWLRQ RI

URWDWLRQ D[LV ZLWK UHVSHFW WR WKH (DUWK
V pHOG� 7KH PDJQLWXGH RI WKLV HoHFW KDV EHHQ

HVWLPDWHG E\ JHQHUDWLQJ D | �� *DXVV '& pHOG� DQG ZDV XQGHWHFWDEOH IRU D RQH KRXU

LQWHJUDWLRQ� )XWXUH $& pHOG WHVWV DUH SODQQHG�

0LFURSKRQLFV

7KH HoHFWV RI YLEUDWLRQV WKDW RFFXU GXULQJ URWDWLRQ DUH UHGXFHG E\ XVH RI +(076 UDWKHU

WKDQ KLJK LPSHGDQFH GHYLFHV VXFK DV ERORPHWHUV� DQG E\ WKH IDFW WKDW ZH WDNH GDWD RQO\

ZKLOH WKH LQVWUXPHQW LV URWDWLQJ DW D FRQVWDQW UDWH� XVLQJ D VPRRWK�GULYLQJ $& PRWRU� :H

XWLOL]H QXPHURXV YLEUDWLRQ LVRODWLRQ WHFKQLTXHV� DV GHVFULEHG LQ &KDSWHU �� WR GHFRXSOH WKH

SULPDU\ VRXUFH RI PHFKDQLFDO YLEUDWLRQV� WKH FU\RFRROHU� :DYHJXLGH MXQFWLRQV FDQ EH D

SDUWLFXODU FRQFHUQ DV YLEUDWLRQ DW WKH LQWHUIDFH EHWZHHQ ZDYHJXLGH qDQJHV FDQ FDXVH PRG�

XODWLRQ RI WKH MXQFWLRQ LPSHGDQFH� ZKLFK ZLOO EH SUHVHQW LQ WKH 5) VLJQDOV� 7R PLQLPL]H

WKLV HoHFW ZH KDYH PLQLPL]HG WKH QXPEHU RI MRLQWV E\ FRQVWUXFWLQJ FXVWRP PDQXIDFWXUHG

���



ZDYHJXLGH VHFWLRQV� DQG VWLoHQHG DOO ZDYHJXLGHV DQG VXSSRUW VWUXFWXUHV�

(0, DQG 5),

7KHVH HoHFWV FDQ EH FRQWUROOHG E\ )DUDGD\ VKLHOGLQJ WKH LQVWUXPHQW DQG E\ pOWHULQJ HOHFWUL�

FDO OLQHV LQWR DQG RXW RI WKH GHZDU� $GGLWLRQDOO\� ZH HPSOR\ WZR�VWDJHV RI SRZHU UHJXODWLRQ

WR DOO FRPSRQHQWV� ERWK LQVLGH WKH GHZDU DV ZHOO DV LQ WKH ZDUP�,) VHFWLRQ� 5) VRXUFHV

WKDW RFFXU LQ WKH UDGLRPHWHU 5) EDQG RU ,) EDQG DUH EHFRPLQJ LQFUHDVLQJO\ WURXEOHVRPH�

2I SDUWLFXODU FRQFHUQ LQ WKH IXWXUH ZLOO EH FRPPXQLFDWLRQV VDWHOOLWHV RSHUDWLQJ LQ WKH EDQGV

RI LQWHUHVW� 1R 5), IURP WHUHVWULDO VRXUFHV �VXFK DV DLUSRUW 5$'$5� KDV EHHQ GHWHFWHG

LQ WKH GDWD� DWWULEXWDEOH SULPDULO\ WR WKH UHODWLYH LVRODWLRQ RI WKH 3LQH %OXo 2EVHUYDWRU\�

*LYHQ WKH VPDOO VN\ FRYHUDJH DQG ORZ SRLQW�VRXUFH VHQVLWLYLW\ RI WKH 32/$5 �r H[SHU�

LPHQW� LW LV XQOLNHO\ WKDW WKHUH LV FRQWDPLQDWLRQ E\ DQ\ NQRZQ VDWHOOLWH FRPPXQLFDWLRQ

V\VWHP�

7HPSHUDWXUH 'HSHQGHQW (oHFWV

7HPSHUDWXUH YDULDWLRQV LQ WKH UDGLRPHWHU FDQ EH PLWLJDWHG E\ DFWLYH WHPSHUDWXUH FRQWURO

DQG E\ VKLHOGLQJ WKH LQVWUXPHQW IURP WKH 6XQ� 7KH ODWWHU IXQFWLRQ LV QDWXUDOO\ SHUIRUPHG

E\ WKH JURXQG VKLHOGV VR WKDW WKH DQWHQQD DQG UHFHLYHU DUH FRPSOHWHO\ VKLHOGHG� 7KH IRUPHU

IXFWLRQ LV SURYLGHG E\ D WZR�VWDJH WHPSHUDWXUH FRQWURO V\VWHP� 7KH pUVW� FRDUVH OHYHO RI

FRQWURO LV SURYLGHG E\ D ��� :DWW 3,' FRQWUROHG KHDWLQJ HOHPHQW RQ WKH PDLQ HOHFWURQLFV

ER[� $ pQHU OHYHO RI FRQWURO LV SURYLGHG E\ D VHFRQG 3,' FRQWUROHG� WKHUPR�HOHFWULF FRROHU

�3HOWLHU &\FOH� ZKLFK SURYLGHV �� :DWWV RI KHDWLQJ�FRROLQJ SRZHU�
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6LGHOREH 3LFNXS DQG 6SLOORYHU

7KH SRODULPHWHU PXVW EH DEOH WR UHMHFW RU GLVFULPLQDWH DJDLQVW HPLVVLRQ IURP WKH 6XQ�

0RRQ� DQG (DUWK� ZKLFK DSSHDU RQO\ LQ WKH VLGHOREHV RI WKH EHDP� 1RQH RI WKHVH VRXUFHV

DUH H[SHFWHG WR EH VLJQLpFDQWO\ SRODUL]HG� EXW DV\PPHWU\ LQ WKH DQWHQQD UHVSRQVH WR WKH

WZR OLQHDU SRODUL]DWLRQV ZLOO FUHDWH VSXULRXV VLJQDOV� 7KLV HoHFW LV UHVSRQVLEOH IRU WKH

IDOVH�GHWHFWLRQ FODLPHG E\ 1DQRV>��@� ZKR ODWHU DWWULEXWHG KLV GHWHFWLRQ WR SLFN�XS IURP

D HOHYDWRU WRZHU LQ FORVH SUR[LPLW\ WR KLV REVHUYLQJ VLWH� 32/$5 UHTXLUHV WKDW WKH WRWDO

SRZHU IURP WKHVH VRXUFHV OLH EHORZ � z.� QHFHVVLWDWLQJ �� DQG �� G% VLGHOREH UHMHFWLRQ IRU

WKH 6XQ DQG 0RRQ� UHVSHFWLYHO\� $VVXPLQJ �� G% UHMHFWLRQ IURP WKH JURXQG VFUHHQ� WKLV

OHYHO RI UHMHFWLRQ FDQ EH DFKLHYHG ZLWK WKH FRUUXJDWHG KRUQ DQWHQQD LI GDWD DUH UHMHFWHG

ZKHQ WKHVH VRXUFHV OLH FORVHU WR WKH ]HQLWK WKDQ ��r DQG ��r UHVSHFWLYHO\� %LQQLQJ RI WKH

GDWD LQ 6XQ�FHQWHUHG RU 0RRQ�FHQWHUHG FRRUGLQDWHV ZLOO DOORZ XV WR XQFRYHU FRUUHODWLRQV

EHWZHHQ WKH SRVLWLRQ RI WKHVH REMHFWV DQG WKH UHVSRQVH RI WKH SRODULPHWHU� 6SLOORYHU IURP

WKH JURXQG DQG VXUURXQGLQJ VWUXFWXUHV LV PLQLPL]HG E\ LQFRSRUDWLQJ WZR�OHYHOV RI JURXQG

VFUHHQLQJ� 7KH pUVW JURXQG VFUHHQ URWDWHV ZLWK WKH SRODULPHWHU DQG SURYLGHV | �� G%

RI VXSSUHVVLRQ� 7KLV JURXQG VFUHHQ LV FRYHUHG ZLWK HFFRVRUE IRDP VKHHWV ZKLFK DEVRUE

DWPRVSKHULF UDGLDWLRQ� UDWKHU WKDQ SRODUL]LQJ LW YLD UHqHFWLRQ Ro RI D PHWDO VXUIDFH� 7KH

RXWHU JURXQG VFUHHQ LV p[HG ZLWK UHVSHFW WR WKH SRODULPHWHU DQG SURYLGHV DQ DGGLWLRQDO

�� G% VXSSUHVVLRQ� 7KLV VFUHHQ UHqHFWV WKH VLGHOREH UHVSRQVH ZKLFK GLoUDFWV RYHU WKH pUVW

VFUHHQ� WR WKH ��. VN\ UDWKHU WKDQ WKH ���. JURXQG� 7KH FRPELQDWLRQ RI WZR OHYHOV RI

JURXQG VFUHHQLQJ� DORQJ ZLWK WKH FRUUXJDWHG IHHGKRUQ
V LQWULQVLFDOO\ ORZ VLGHOREH OHYHO�

UHGXFHV WKH FRQWULEXWLRQ IURP Ro�D[LV UDGLDWLRQ E\ | ��� G%�
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&KDSWHU �

/DU JH $QJXODU 6FDOH )RU HJU RXQGV

LQ WKH .D EDQG

$ IXQGDPHQWDO TXHVWLRQ IRU DQ\ DWWHPSW WR PHDVXUH WKH SRODUL]DWLRQ RI WKH &0% LV

ZKHWKHU WKH FRVPRORJLFDO VLJQDO FDQ EH GLVWLQJXLVKHG IURP SRODUL]HG IRUHJURXQG VRXUFHV�

:KLOH DVWURSK\VLFDO �QRQ�FRVPRORJLFDO� VRXUFHV RI SRODUL]HG UDGLDWLRQ DUH RI LQWHUHVW IRU

RWKHU pHOGV� WKH PHDVXUHPHQW RI &0% SRODUL]DWLRQ LV RXU PDLQ REMHFWLYH� VR WKHVH VRXUFHV

DUH VSXULRXV HoHFWV� 7KHVH IRUHJURXQG VRXUFHV DOO KDYH VSHFWUD WKDW DUH GLVWLQFW IURP

WKDW RI WKH &0%� DQG LQ SULQFLSOH FDQ EH GLVWLQJXLVKHG IURP LW E\ PXOWL�IUHTXHQF\ PHD�

VXUHPHQWV� 7KLV WHFKQLTXH KDV EHHQ HPSOR\HG IRU REVHUYDWLRQV RI &0% DQLVRWURS\ >��@�

+RZHYHU� SRODUL]HG IRUHJURXQG VSHFWUD KDYH QRW EHHQ VWXGLHG DV H[WHQVLYHO\� 7R HVWLPDWH

WKH LQWHQVLW\ DQG VSHFWUD RI WKHVH IRUHJURXQG VRXUFHV� ZH UHO\ RQ WKHRUHWLFDO SUHGLFWLRQV DQG

H[WUDSRODWLRQV IURP PHDVXUHPHQWV DW GLoHUHQW IUHTXHQFLHV RI WKH DQWHQQD WHPSHUDWXUHV RI

WKHVH IRUHJURXQGV� +HUH ZH VXPPDUL]H WKH SURSHUWLHV RI DWPRVSKHULF DQG DVWURSK\VLFDO

�WKRXJK QRQ�FRVPRORJLFDO� IRUHJURXQG VRXUFHV�
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)LJXUH ���� 3RODUL]HG )RUHJURXQG 6SHFWUD DW 0LOOLPHWHU :DYHOHQJWKV� 6SHFWUD RI H[SHFWHG
SRODUL]HG UDGLDWLRQ VRXUFHV DW KLJK JDODFWLF ODWLWXGHV� DUH VKRZQ IRU D �r EHDP� $ � z. SRODUL]HG
&0% VLJQDO LV VKRZQ� FRUUHVSRQGLQJ WR ��� RI WKH ��b� &0% DQLVRWURS\� $W IUHTXHQFLHV ORZHU
WKDQ �� *+] WKH SRODUL]DWLRQ VLJQDO LV GRPLQDWHG E\ JDODFWLF V\QFKURWURQ HPLVVLRQ �XS WR ���
SRODUL]HG� DV VKRZQ�� *DODFWLF EUHPVVWUDKOXQJ UDGLDWLRQ LV QRW SRODUL]HG LQ GLUHFW HPLVVLRQ� EXW FDQ
EH XS WR ��� SRODUL]HG �DV VKRZQ� DIWHU 7KRPVRQ VFDWWHULQJ� *DODFWLF GXVW LV VKRZQ FRQVHUYDWLYHO\
ZLWK ���� SRODUL]DWLRQ�
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��� 6\QFKU RWU RQ ( PLVVLRQ

'LoXVH JDODFWLF V\QFKURWURQ UDGLDWLRQ DULVHV IURP LRQL]HG UHJLRQV RI RXU JDOD[\ WKDW SRVVHV

PDJQHWLF pHOGV� &RQVLGHU WKH UHODWLYLVWLF PRWLRQ RI D FKDUJHG SDUWLFOH RI FKDUJH T DQG PDVV

P� :H KDYH WKDW�

G

GW
�qPY�  

T

F
Y d% �����

G

GW
�qPF��  TY c (  �� �����

7KH VHFRQG HTXDWLRQ LPSOLHV WKDW q  FRQVWDQW� VR ZH KDYH� Pq GY
GW  

T
FY d%� ([SDQGLQJ

WKLV HTXDWLRQ LQWR WHUPV SDUDOOHO DQG SHUSHQGLFXODU WR WKH PDJQHWLF pHOG� ZH pQG WKDW

YMM  FRQVWDQW� DQG Pq GY"
GW  

T
FY" d% ZKLFK WKH HTXDWLRQ RI XQLIRUP FLUFXODU PRWLRQ ZLWK

IUHTXHQF\ �%  T%
qPF � 6LQFH WKH DQJXODU DFFHOHUDWLRQ LV D"  �%Y"� ZH pQG WKDW WKH WRWDO

UDGLDWHG SRZHU LV�

3  
�T�%�

�F�P�
q�Y�"�

)RU DQ LVRWURSLF GLVWULEXWLRQ RI SLWFK DQJOHV o� ZH pQG 3  �
��7

Y�

F q
�8%� ZKHUH �7 LV WKH

7KRPVRQ FURVV�VHFWLRQ DQG 8% LV WKH HQHUJ\ GHQVLW\ RI WKH PDJQHWLF pHOG� 8%  %� �}�

)ROORZLQJ >��@� ZH FDQ REWDLQ D TXDOLWDWLYH GHVFULSWLRQ RI WKH VSHFWUXP RI V\QFKURWURQ

UDGLDWLRQ� 7KH LQGLYLGXDO HOHFWURQV ZLOO SURGXFH D EULHI SXOVH RI UDGLDWLRQ RQFH SHU UHYR�

OXWLRQ� 7KHVH SXOVHV KDYH D EURDG VSHFWUXP� ZKRVH VTXDUH LV SURSRUWLRQDO WR WKH SRZHU

VSHFWUXP RI WKH UDGLDWLRQ� ,I ZH DVVXPH WKDW WKH FKDUJHV KDYH DQ HQHUJ\ VSHFWUXP RI�

1�(�G(  &�o�(bSG(� ZKHUH WKH SDUWLFOH GLVWULEXWLRQ LQGH[� S� LV UHODWHG WR WKH VSHFWUDO
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LQGH[� V� E\� V  Sb�
� � ZH REWDLQ WKH IROORZLQJ VSHFWUXP�
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DQG SRODUL]DWLRQ�
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7KH DQWHQQD WHPSHUDWXUH RI V\QFKURWURQ HPLVVLRQ REH\V D SRZHU ODZ�

7V\ Q FK U RWU RQ �{� � {p�

ZKHUH p LV UHIHUUHG WR DV WKH V\QFKURWURQ VSHFWUDO LQGH[� 7KH SRODUL]DWLRQ OHYHO g RI

V\QFKURWURQ UDGLDWLRQ LV UHODWHG WR WKH VSHFWUDO LQGH[ >��@�

g  
�p � �

�p � �
�

)DUDGD\ URWDWLRQ DQG QRQ�XQLIRUP PDJQHWLF pHOGV ZLOO UHGXFH WKH OHYHO RI SRODUL]DWLRQ

JLYHQ E\ WKLV HTXDWLRQ� 7KH UDGLDWLRQ LV OLQHDUO\ SRODUL]HG EHWZHHQ DSSUR[LPDWHO\ ���

DQG ���� GHSHQGLQJ RQ JDODFWLF FRRUGLQDWHV� %HORZ �� *+] WKH SRODUL]HG V\QFKURWURQ

HPLVVLRQ GRPLQDWHV DOO VRXUFHV� LQFOXGLQJ WKH &0% LI LW LV SRODUL]HG DW WKH �d ��b� OHYHO�

DV VKRZQ LQ )LJXUH ���� ,Q pJXUH ��� ZH HVWLPDWH V\QFKURWURQ HPLVVLRQ E\ H[WUDSRODWLQJ

WKH %URXZ 	 6SRHOVWUD >��@ PHDVXUHPHQW DW ���� 0+] WR PLOOLPHWHU ZDYHOHQJWKV ZLWK

WKH PRGLpHG SRZHU�ODZ VSHFWUXP XVHG WR pW WKH &2%( '05 GDWD >��@� )RU RXU PRGHOLQJ

SXUSRVHV ZH FKRRVH p  b��� �>��@� >��@�� DQG g ��� >��@�

���



)LJXUH ���� 3RODUL]HG 6\QFKURWURQ (PLVVLRQ DW ���� 0+] �>��@� H[WUDSRODWHG WR �� *+] XVLQJ
D SRZHU ODZ VSHFWUXP� )URP ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG IURP WRS WR
ERWWRP WKH UDQJH RI 'HFOLQDWLRQ LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV LQ WKH PLGGOH
RI WKH pJXUH�

��� 3 RODU L]DWLRQ 3 U RGXFHG E\ , QWHU VWHOODU 'XVW

7KHUH DUH WZR PHFKDQLVPV E\ ZKLFK LQWHUVWHOODU GXVW PD\ SURGXFH D SRODUL]HG VLJQDO� 7KH

PRUH IDPLOLDU WKHUPDO� YLEUDWLRQDO� HPLVVLRQ LV WUHDWHG pUVW� $IWHUZDUGV� ZH VXPPDUL]H

UHFHQW GHYHORSPHQWV LQ WKH PRGHOLQJ RI SRODUL]DWLRQ SURGXFHG E\ URWDWLQJ GXVW JUDLQV�

([WLQFWLRQ RI XQSRODUL]HG UDGLDWLRQ IURP GLHOHFWULF F\OLQGHUV ZLOO SURGXFH SRODUL]DWLRQ

EHFDXVH WKH F\OLQGHU
V VFDWWHULQJ HrFLHQF\ �RU H[WLQFWLRQ FURVV�VHFWLRQ� LV GLoHUHQW DORQJ

WKH ( DQG + SODQHV RI WKH UDGLDWLRQ� 7KH UHDVRQ IRU WKLV UHVWV LQ WKH DQLVRWURSLF QDWXUH RI

WKH JUDLQ
V HOHFWULF DQG PDJQHWLF PRPHQWV� )RU F\OLQGHUV ZLWK UDGLL PXFK VPDOOHU WKDQ WKH

ZDYHOHQJWK RI WKH VFDWWHULQJ �DV LQ WKH FDVH RI VLPSOH GLSROH DQWHQQD�� FXUUHQWV ZLOO qRZ

DORQJ WKH F\OLQGHU D[LV� 'HSHQGLQJ RQ WKH UHDO DQG LPDJLQDU\ FRPSRQHQWV RI WKH JUDLQ
V

FRPSOH[ LQGH[ RI UHIUDFWLRQ� P�

)ROORZLQJ 6SLW]HU >��@� ZH GHpQH [  �}D
y � ZKHUH D LV WKH F\OLQGHU UDGLXV� :H pQG WKDW

WKH SRODUL]LQJ HoHFWLYHQHVV RI DQ LQpQLWH F\OLQGHU ZLWK D UHIUDFWLYH LQGH[ RI P  ������

U  �4(b4+
4(�4+

� YDULHV IURP U 
 � �L �H�� ���� SRODUL]DWLRQ� DW [  �� WR U 
 ��� DW [  ��

� ) R U H [ D PSOH � IR U LF H P  � � � �

���



����� 7 KHU PDO 'XVW ( PLVVLRQ

7KH SRODUL]DWLRQ OHYHO RI LQWHUVWHOODU GXVW LV QRW ZHOO NQRZQ� 'HSHQGLQJ RQ WKH VKDSH DQG

WKH DOLJQPHQW RI GXVW SDUWLFOHV� HPLVVLRQ IURP GXVW SDUWLFOHV PD\ EH KLJKO\ SRODUL]HG ZLWK

WKH SRODUL]DWLRQ , | ���� � XVXDOO\ DOLJQHG SDUDOOHO WR WKH JDODFWLF SODQH >��@�

$W ORZ JDODFWLF ODWLWXGHV WKHUPDO HPLVVLRQ IURP GXVW SDUWLFOHV GRPLQDWHV WKH QHDU LQ�

IUDUHG VSHFWUXP� 8VLQJ WKH GXVW VSHFWUXP PHDVXUHG E\ WKH &2%( ),5$6 >��@ QRUPDOL]HG

WR WKH ,5$6 ��� PLFURQ PDS� ZH pQG WKDW KLJK JDODFWLF ODWLWXGH GXVW HPLVVLRQ LV QHJOLJLEOH

EHORZ �� *+]� HYHQ ZKHQ DVVXPHG WR EH ���� SRODUL]HG� :H XVH WKH WZR WHPSHUDWXUH

GXVW PRGHO >��@ �

7GXVW � F�

�{�N

v
{

���*+]

w�
>%{�����.� � ���%{�����.�@ � �����

$W KLJK JDODFWLF ODWLWXGHV 7GXVW | ��z. DW ��� *+] �>��@� >��@��

����� 'LoXVH ( PLVVLRQ IU RP 5RWDWLQJ , QWHU VWHOODU 'XVW *U DLQV

5HFHQWO\ WKHUH KDV EHHQ DQ HoRUW WR H[SODLQ WKH ?DQRPDORXV� FRUUHODWLRQ EHWZHHQ LQIUDUHG

GXVW HPLVVLRQ DW ���zP DQG PHDVXUHPHQWV PDGH DW �� � �� *+]� 7KH HPLVVLRQ GRHV

QRW DSSHDU WR EH FRQVLVWHQW ZLWK +o HPLVVLRQ >��@�WR EH GLVFXVVHG LQ WKH IROORZLQJ VHF�

WLRQ�� ,QVWHDG� DQ H[SODQDWLRQ LQ WHUPV RI VSLQQLQJ LQWHUVWHOODU GXVW KDV EHHQ SURSRVHG E\

'UDLQH DQG /D]DULDQ >��@� 7KH HPLVVLRQ DULVHV IURP GXVW JUDLQV FRPSRVHG RI �������� SDU�

WLFOHV ZKLFK DUH ?VSXQ�XS� E\ LQFLGHQW VWDUOLJKW GXH WR WKHLU QRQ�YDQLVKLQJ HOHFWULF GLSROH

PRPHQWV� 7KH SUHFLVH VSHFWUXP RI HPLWWHG UDGLDWLRQ GHSHQGV VHQVLWLYHO\ RQ WKH PRGHOV

XVHG IRU WKH FRPSRQHQWV RI WKH ,QWHUVWHOODU 0HGLXP �,60� DQG IRU WKH JUDLQV WKHPVHOYHV�

*HQHULFDOO\� KRZHYHU� WKH URWDWLRQDO HPLVVLRQ LV H[SHFWHG WR GRPLQDWH WKDW IURP WKHUPDO

���



GXVW HPLVVLRQ EHORZ �� *+] >��@�

7KH PDLQ TXHVWLRQ IRU WKH 32/$5 H[SHULPHQW LV WKDW WKH HPLVVLRQ PD\ EH SRODUL]HG�

7KH GXVW JUDLQV DUH DOVR H[SHFWHG WR KDYH D QRQ�YDQLVKLQJ PDJQHWLF GLSROH PRPHQW� ZKLFK

ZLOO WHQG WR DOLJQ ZLWK WKH PDJQHWLF pHOG LQ WKH ,60� /D]DULDQ DQG 'UDLQH >��@ pQG WKDW

WKH SRODUL]DWLRQ SURGXFHG E\ VXFK JUDLQV LV H[SHFWHG WR EH LQ WKH UDQJH �������� 7KLV

GHOHWHULRXV HoHFW LV H[SHFWHG WR EH UHGXFHG VOLJKWO\� KRZHYHU� DV WKH DOLJQPHQW RI WKH

PDJQHWLF pHOG LV XQFRUUHODWHG RYHU ODUJH UHJLRQV RI WKH ,60� :H KDYH QRW FRQVLGHUHG WKLV

IRUHJURXQG LQ DQ\ RI RXU DQDO\VHV� WKRXJK LQ WKH IXWXUH ZH PD\ LQYHVWLJDWH LWV HoHFW RQ RXU

GDWD VHW� $V XVXDO� HDFK IRUHJURXQG FRQWDPLQDQW QHFHVVLWDWHV D ZLGHU VSHFWUDO FRYHUDJH LQ

RUGHU WR VXEWUDFW�

��� % U HPVVWU DKOXQJ ( PLVVLRQ

&RQWLQXXP HPLVVLRQ IURP HOHFWURQV HQFRXQWHULQJ SURWRQV ZKLFK GRHV QRW UHVXOW LQ UHFRPEL�

QDWLRQ LV NQRZQ DV IUHH�IUHH HPLVVLRQ� 7KH UDGLDWLRQ SURGXFHG LV WKH IDPLOLDU EUHPVVWUDKOXQJ

HPLVVLRQ IRXQG ZKHUHYHU WKHUH DUH FRSLRXV TXDQWLWLHV RI IUHH HOHFWURQV DQG SURWRQV� 2QH

W\SH RI LRQL]HG UHJLRQ DUH WKH +,, UHJLRQV� XVXDOO\ LGHQWLpHG LQ RSWLFDO ZDYHOHQJWKV E\ +o

OLJKW� +,, UHJLRQV DUH RIWHQ DVVRFLDWHG ?6WURPJUHQ 6SKHUHV� ^ VSKHUHV RI LRQL]HG SODVPD

VXUURXQGLQJ HQHUJHWLF VWDUV�

%UHPPVWUDKOXQJ VFDWWHULQJ RI XQSRODUL]HG UDGLDWLRQ GRHV QRW SURGXFH SRODUL]HG UDGLD�

WLRQ >��@� +RZHYHU� EUHPVVWUDKOXQJ HPLVVLRQ ZLOO EH SRODUL]HG YLD 7KRPVRQ VFDWWHULQJ E\

WKH HOHFWURQV LQ WKH + ,, UHJLRQ LWVHOI� 7KH UHVFDWWHUHG UDGLDWLRQ ZLOO EH SRODUL]HG WDQJHQ�

WLDOO\ WR WKH HGJHV RI WKH FORXG� DW D PD[LPXP OHYHO RI DSSUR[LPDWHO\ ��� IRU DQ RSWLFDOO\

WKLFN FORXG�

���



$V D WR\ PRGHO� ZH ZLOO FRQVLGHU DQ LQFLGHQW SODQH ZDYH HPLWWHG IURP WKH FORXG FHQWHU

WR D VPDOO VFDWWHULQJ UHJLRQ DW WKH UDGLXV RI WKH FORXG� )URP &KDSWHU � ZH H[SHFW WKDW WKH

SRODUL]DWLRQ ZLOO EH JHQHUDWHG E\ WKH SODQH ZDYH� VR DOO ZH QHHG WR NQRZ WR HVWLPDWH WKH

SRODUL]DWLRQ SURGXFHG E\ WKLV VFDWWHULQJ LV WKH HPLVVLRQ RI WKH WKHUPDO EUHPVVWUDKOXQJ�

)ROORZLQJ 6SLW]HU >��@� ZH HVWLPDWH WKH IUHH�IUHH HPLVVLRQ IDFWRU IRU HOHFWURQ�SURWRQ VFDW�

WHULQJ DV �

M{  ����d ��b�� JIIQHQL
7
�
�

HbK{ NE7 HUJ FPb�Vb�VUb�+]b�� �����

ZKHUH QL LV WKH SURWRQ GHQVLW\� QH LV WKH HOHFWURQ GHQVLW\� DQG JII LV WKH *DXQW IDFWRU�

ZKLFK LV D VORZO\ YDU\LQJ IXQFWLRQ RI IUHTXHQF\� ZKLFK LQ WKH UDGLR UHJLRQ LV ZHOO�PRGHOHG

E\�

JII  ������ � ����� ORJ
7 � �

{
�� �����

7R REWDLQ WKH WRWDO UDGLDWHG HQHUJ\� s� ZH LQWHJUDWH HTXDWLRQ ��� RYHU �}G{ DQG REWDLQ�

s  ���d ��b��QHQL7 �
� KJIILHUJFPb�Vb�VUb�+]b�� �����

ZKHUH WKH PHDQ *DXQW IDFWRU� KJII L� KDV D ZHDN GHSHQGHQFH RQ WHPSHUDWXUH� YDU\LQJ

EHWZHHQ ��� DQG ��� RYHU UHDVRQDEOH +,, WHPSHUDWXUH UDQJHV�

:H QRZ QHHG WKH UDGLXV RI WKH 6WURPJUHQ 6SKHUH VXUURXQGLQJ WKH VWDU �ZKLFK SURGXFHV

WKH IUHH�HOHFWURQV�� 7KLV UDGLXV LV D IXQFWLRQ RI WKH VWDU
V VSHFWUDO W\SH� )URP 6SLW]HU ZH

KDYH WDEOH ����

'XH WR WKH URWDWLRQDO V\PPHWU\ DERXW WKH OLQH RI VLJKW RI WKH VSKHUHV ZH DUH FRQVLGHULQJ

���



7DEOH ���� 3URSHUWLHV RI +,, 5HJLRQV
6SHFWUDO 7\SH 7HII >

r.@ 5 5VXQ

2� ������ ����

2� ������ ���

%� ������ ���

ZH H[SHFW WKDW WKH LQWULQVLF SRODUL]DWLRQ SURGXFHG E\ WKHVH FORXGV ZLOO EH ]HUR� +RZHYHU

VFDWWHULQJ RI WKH &0% TXDGUXSROH �ZKLFK LV HVWLPDWHG WR EH WKDW PHDVXUHG E\ WKH &2%(

'05� E\ WKH IUHH�HOHFWURQV LQ WKH +,, UHJLRQ ZLOO SURGXFH SRODUL]DWLRQ ZLWK D PDJQLWXGH

RI

4 | ��7
�}

U
}

�
4506 | �b ��z. �����

7KH SRODUL]DWLRQ SURGXFHG E\ WKLV W\SH RI VFDWWHULQJ ZLOO SHDN DW DQJXODU VFDOHV FRP�

SDUDEOH WR WKH DQJOH VXEWHQGHG E\ WKH +,, UHJLRQV� DQG WKXV IRU 32/$5
V �r EHDP WKH\

DUH QHJOLJLEOH� 7KH ORFDWLRQV DQG HPLVVLYLWLHV RI JDODFWLF + ,, UHJLRQV DUH QRW ZHOO NQRZQ�

EXW %HQQHWW HW DO� >��@ PRGHO WKH EUHPVVWUDKOXQJ HPLVVLRQ LQ WKH JDOD[\ E\ VXEWUDFWLQJ D

V\QFKURWURQ PRGHO IURP PLFURZDYH VN\ PDSV� ,Q DQ\ FDVH WKH SRODUL]DWLRQ LQ WKH UHVFDW�

WHUHG EUHPVVWUDKOXQJ HPLVVLRQ ZLOO EH DW OHDVW DQ RUGHU RI PDJQLWXGH VPDOOHU WKDQ WKH

SRODUL]HG V\QFKURWURQ VLJQDO DW IUHTXHQFLHV JUHDWHU WKDQ �� *+]� :H TXRWH WKH UHVXOW RI

%HQQHWW HW DO� >��@ WKDW

7EUHPVVWUDKOXQJ � {b����� �����

ZLWK WRWDO LQWHQVLW\ | ��z. DW �� *+] �>��@� >��@��

'XVW JUDLQV DUH NQRZQ WR EH SUHVHQW LQ +,, UHJLRQV� 6LQFH ZH NQRZ IURP WKH SUHYLRXV

VHFWLRQ WKDW LQWHUVWHOODU GXVW SRODUL]HV VWDUOLJKW� ZH DOVR H[SHFW WKDW WKH GXVW DVVRFLDWHG

ZLWK +,, UHJLRQV PD\ SURGXFH SRODUL]DWLRQ LQ DGGLWLRQ WKH SRODUL]DWLRQ ZH KDYH FRQVLGHUHG

���



)LJXUH ���� &2%( (VWLPDWHG )UHH�)UHH $QWHQQD 7HPSHUDWXUH 0DS &HQWHUHG RQ 'HFOLQDWLRQ
r  ��r� )URP ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG IURP WRS WR ERWWRP WKH UDQJH
RI 'HFOLQDWLRQ LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV LQ WKH PLGGOH RI WKH pJXUH�

E\ 7KRPVRQ VFDWWHULQJ� :H KDYH QRW HVWLPDWHG WKLV HoHFW� KRZHYHU�

��� ( [WU DJDODFWLF 3 RLQW 6RXU FHV

7KH GRPLQDQW UDGLDWLRQ PHFKDQLVP IRU H[WUDJDODFWLF UDGLR VRXUFHV LV V\QFKURWURQ HPLVVLRQ

>���@� 7KHVH VRXUFHV KDYH D QHW SRODUL]DWLRQ RI � ���� &DOFXODWLRQV PDGH E\ )UDQFHV�

FKLQL HW DO� >���@ RI WKH WHPSHUDWXUH qXFWXDWLRQV LQ PHDVXUHPHQWV RI DQLVRWURS\ RI WKH

&0% DULVLQJ IURP XQUHVROYHG� UDQGRPO\ GLVWULEXWHG VRXUFHV VKRZ WKDW WKH\ FRQWULEXWH

QHJOLJLEO\ DW �� *+] WR D �r DQLVRWURS\ H[SHULPHQW� ,I WKH RULHQWDWLRQV RI WKH SRODUL]DWLRQ

YHFWRUV RI WKHVH VRXUFHV DUH XQFRUUHODWHG RYHU �r UHJLRQV� ZH ZRXOG DOVR H[SHFW D QHJOLJLEOH

FRQWULEXWLRQ WR WKH VLJQDO REVHUYHG 32/$5�

��� $WPRVSKHU LF &RQWDPLQDWLRQ

$OWKRXJK VWULFWO\ QRW D IRUHJURXQG� HPLVVLRQ IURP WKH DWPRVSKHUH SURYLGHV DQ HTXDOO\

IRUPLGDEOH REVWDFOH WR WKH GHWHFWLRQ RI SRODUL]DWLRQ RI WKH &0%� 7KH DQWHQQD WHPSHUDWXUH

RI WKH HDUWK
V DWPRVSKHUH EHWZHHQ �� DQG �� *+] LV GRPLQDWHG E\ DQ HPLVVLRQ IHDWXUH

DW | �� *+] FDXVHG E\ DWPRVSKHULF ZDWHU YDSRU� DQG D VHULHV RI HPLVVLRQ OLQHV DW | ��

���



*+] GXH WR PROHFXODU R[\JHQ� :H QRZ LQYHVWLJDWH ZKHWKHU RU QRW WKLV HPLVVLRQ LV OLQHDUO\

SRODUL]HG�

����� 3 RODU L]HG ( PLVVLRQ IU RP WKH ( DU WK
V $WPRVSKHU H LQ WKH .D % DQG

,Q WKH DEVHQFH RI H[WHUQDO pHOGV� QHLWKHU RI WKHVH DWPRVSKHULF FRPSRQHQWV LV NQRZQ WR

HPLW SRODUL]HG UDGLDWLRQ LQ WKH IUHTXHQF\ UDQJH RI LQWHUHVW� +RZHYHU� =HHPDQ VSOLWWLQJ RI

WKH HQHUJ\ OHYHOV RI DWPRVSKHULF PROHFXOHV E\ WKH PDJQHWLF pHOG RI WKH HDUWK FDQ SURGXFH

SRODUL]HG HPLVVLRQ� 7KH YDOHQFH EDQG RI ZDWHU LV FRPSOHWHO\ IXOO� DQG WKXV� GRHV QRW

H[KLELW =HHPDQ VSOLWWLQJ� +RZHYHU� WKH 2� PROHFXOH KDV D QRQ�]HUR PDJQHWLF PRPHQW GXH

WR LWV WZR XQSDLUHG YDOHQFH HOHFWURQV ZKLFK LQWHUDFW ZLWK WKH (DUWK
V PDJQHWLF pHOG� :H

KHUH GLVFXVV SRODUL]HG HPLVVLRQ IURP PHVRVSKHULF R[\JHQ� DQG VKRZ WKDW LW LV QHJOLJLEOH LQ

FRPSDULVRQ ZLWK WKH H[SHFWHG SRODUL]HG LQWHQVLW\ RI WKH &0%�

7KH =HHPDQ HoHFW EUHDNV WKH HQHUJ\ GHJHQHUDF\ RI WKH WZR XQSDLUHG YDOHQFH HOHF�

WURQV RI PROHFXODU R[\JHQ� 7KH WRWDO DQJXODU PRPHQWXP TXDQWXP QXPEHU RI WKH R[\JHQ

PROHFXOH LV M  �� ZKLFK LPSOLHV WKDW WKH R[\JHQ PROHFXOH
V URWDWLRQDO VSHFWUDO OLQHV DUH

=HHPDQ VSOLW LQWR �M � �  � GLVWLQFW OLQHV� 'LSROH UDGLDWLRQ VHOHFWLRQ UXOHV IRU WUDQVL�

WLRQV EHWZHHQ WKHVH OHYHOV SHUPLW WUDQVLWLRQV DV ORQJ DV WKH FKDQJH LQ PDJQHWLF TXDQWXP

QXPEHU� P� LV� cP  ��h�� 7UDQVLWLRQV ZLWK cP  ��� IRU H[DPSOH� FRUUHVSRQG WR

WKH DEVRUSWLRQ RI D ULJKW FLUFXODUO\ SRODUL]HG SKRWRQ RU WKH HPLVVLRQ RI D OHIW FLUFXODUO\

SRODUL]HG SKRWRQ� 7KH DEVRUSWLRQ DQG HPLVVLRQ SURSHUWLHV GHSHQG� WKHUHIRUH� RQ ERWK WKH

IUHTXHQF\ DQG SRODUL]DWLRQ RI WKH UDGLDWLRQ� 7KH IUHTXHQF\ RI HDFK =HHPDQ VSOLW OHYHO LV

>���@� >���@�

{=  {� � �����d ��b�%u�cP�>*+]@ �����
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ZKHUH {� LV WKH XQSHUWXUEHG IUHTXHQF\� u LV D VKLIW IDFWRU ZLWK MuM x �� DQG % LV WKH

PDJQLWXGH RI WKH HDUWK
V PDJQHWLF pHOG� W\SLFDOO\ ��� *DXVV WKURXJKRXW WKH PHVRVSKHUH�

7KH ODUJHVW SRVVLEOH IUHTXHQF\ VKLIWV RFFXU IRU u  h�� ZKLFK LPSO\ WKDW WKH FHQWHU

IUHTXHQFLHV IRU WKH SRODUL]HG HPLVVLRQ FRPSRQHQWV ZLOO EH FRQpQHG WR ZLWKLQ ��� 0+] RI

WKH XQVSOLW FHQWHU IUHTXHQF\� ,Q SULQFLSOH� HPLVVLRQ DW WKHVH VSOLW IUHTXHQFLHV FRXOG EH XS WR

���� FLUFXODUO\ SRODUL]HG� $ZD\ IURP WKH FHQWHU IUHTXHQFLHV� WKH WRWDO LQWHQVLW\ RI HPLWWHG

UDGLDWLRQ GHFD\V ZLWK IUHTXHQF\ DV� , | �
�{b{��� >���@� )RU D VPDOO VKLIW LQ IUHTXHQF\� c{��

DZD\ IURP WKH FHQWHU IUHTXHQF\� WKH pUVW RUGHU IUDFWLRQDO FKDQJH LQ HPLVVLYLW\ FDQ EH VKRZQ

WR EH�

c,

,
 
�c{�
{ b {�

� ������

)RU D VLQJOH =HHPDQ VSOLW FRPSRQHQW�

c,

,
 
�c{=�c P

{ b {=
�

ZKHUH c{=�c P  {= b {�  ����� d ��b�%u�cP�>*+]@� IURP HTXDWLRQ ���� 7R REWDLQ

WKH WRWDO FRQWULEXWLRQ WR WKH HPLVVLRQ RI ERWK SRODUL]DWLRQ FRPSRQHQWV ZH PXVW VXP RYHU

OHIW�KDQGHG DQG ULJKW�KDQGHG FRQWULEXWLRQV�

c,WRW
,

 
;

c P h�

�c{=�c P

{ b {=
������

+RZHYHU� ZH KDYH IRU WKH VKLIW IDFWRU LQ HTXDWLRQ ���� u�cP  ���  bu�cP  b��

VR WKH QHW HoHFW RQ WKH HPLVVLYLW\ LV H[DFWO\ FDQFHOHG RXW E\ WKH WZR FLUFXODUO\ SRODUL]HG

FRPSRQHQWV >���@� $Q\ VHFRQG RUGHU FRQWULEXWLRQV WR WKH HPLVVLRQ VFDOH DV

���



| �

�{ b {=��
�

ZKLFK LPSOLHV D FRQWULEXWLRQ RI � ��b�. IRU �� x { x �� *+]� L�H� WKH IUHTXHQF\

EDQG ZKLFK 32/$5 ZLOO SUREH� )RU WKHVH IUHTXHQFLHV RI REVHUYDWLRQ WKHUH LV DOVR D VPDOO

)DUDGD\ URWDWLRQ RI WKH SODQH RI SRODUL]DWLRQ RI WKH &0%� 5RVHQFUDQ] 	 6WDHOLQ >���@

VKRZ WKDW WKH URWDWLRQ RI WKH SODQH RI SRODUL]DWLRQ ZLOO EH OHVV WKDQ | ��b� GHJUHHV IRU

WKHVH IUHTXHQFLHV� 7KHUHIRUH� ERWK WKH SRODUL]HG HPLVVLRQ DQG )DUDGD\ URWDWLRQ RI WKH

DWPRVSKHUH DUH QHJOLJLEOH HoHFWV LQ WKH UDQJH RI IUHTXHQFLHV ZKLFK 32/$5 SUREHV�

��� 6XPPDU \ RI $VWU RSK\VLFDO )RU HJU RXQGV

2I DOO WKH UHOHYDQW IRUHJURXQG VRXUFHV� RQO\ GLoXVH JDODFWLF V\QFKURWURQ UDGLDWLRQ DQG

URWDWLQJ GXVW DUH H[SHFWHG WR DSSHDU DW D OHYHO FRPSDUDEOH WR WKH DQWLFLSDWHG SRODUL]HG

&0% VLJQDOV� :H KDYH VLPXODWHG WKH SHUIRUPDQFH RI 32/$5 DWWHPSWLQJ WR PHDVXUH

SRODUL]DWLRQ LQ WKH SUHVHQFH RI IRUHJURXQGV EDVHG XSRQ WKH JHQHUDO OHDVW VTXDUHV PHWKRG

GHYHORSHG E\ >���@� 7R FRUURERUDWH WKH UHVXOWV RI WKH DQDO\WLF HUURU FDOFXODWLRQ� ZH KDYH

DOVR SHUIRUPHG D PRUH H[SOLFLW IRUHJURXQG UHPRYDO VLPXODWLRQ VLPLODU WR WKDW RI >��@� :H

pQG WKDW WKH HoHFW RI WKH IRUHJURXQGV LV WR LQFUHDVH HoHFWLYH SHU�SL[HO QRLVH RQ WKH UHFRYHUHG

6WRNHV SDUDPHWHUV E\ D IDFWRU RI | � >���@� ,I 32/$5 FDQ DFKLHYH D SHU�SL[HO QRLVH ORZHU

WKDQ � z. LW ZLOO EH FDSDEOH RI GLVFULPLQDWLQJ D | �b �z. &0% SRODUL]DWLRQ VLJQDO IURP

SRODUL]HG JDODFWLF V\QFKURWURQ UDGLDWLRQ�

���



&KDSWHU �

2EVHU YDWLRQV

��� 6LWH

32/$5
V REVHUYDWLRQV DUH FRQGXFWHG IURP D FXVWRP�EXLOW REVHUYDWRU\ ORFDWHG DW WKH

8QLYHUVLW\ RI :LVFRQVLQ
V 3LQH %OXo 2EVHUYDWRU\� �3%2�� 3%2 LV ORFDWHG DW /RQJLWXGH

���r���� /DWLWXGH ���r���� DSSUR[LPDWHO\ �� PLOHV ZHVW RI WKH FDPSXV DQG GRZQWRZQ

0DGLVRQ � ,WV EXFROLF ORFDWLRQ SODFHV LW LQ D UHODWLYHO\ 5) TXLHW UHJLRQ� 7KH REVHUY�

LQJ SODWIRUP LWVHOI LV OHIWRYHU IURP WKH 8: $VWURQRP\ GHSDUWPHQW
V :LVFRQVLQ +�$OSKD

0DSSHU �:+$0��

$ PRWRUL]HG GRPH HQFORVHV WKH UDGLRPHWHU DQG URWDWLQJ JURXQG VFUHHQ� NHHSLQJ SUHFLS�

LWDWLRQ RXW� DQG PDLQWDLQLQJ D PRGHUDWHO\ WKHUPDOO\ VWDELOL]HG HQFORVXUH� 7KH GRPH LWVHOI

FDQ EH RSHUDWHG PDQXDOO\� RU UHPRWHO\ YLD D ::: SDJH LQ FDVH RI LQFOHPHQW ZHDWKHU

GHYHORSLQJ ZKLOH WKH H[SHULPHQWDOLVW LV HOVHZKHUH� 7KH SODWIRUP KDV D KLJK�YROWDJH SRZHU

VXSSO\ IRU RSHUDWLRQ RI WKH &7, ���� FRPSUHVVRU� ZKLFK UHTXLUHV ���9 DW URXJKO\ ��$�

$OVR UXQQLQJ WR DQG IURP WKH SDG LV DQ (WKHUQHW KXE DQG FDEOHV ZKLFK SURYLGH DQ LQ�

WUDQHW IRU GDWD WR EH WUDQVIHUUHG IURP WKH URWDWLQJ FRPSXWHU DWWDFKHG WR WKH UDGLRPHWHU

���



WR D GHVNWRS ZRUNVWDWLRQ ORFDWHG | ���
 DZD\ LQ D VHSDUDWH EXLOGLQJ�

��� $WPRVSKHU LF HoHFWV

$OWKRXJK WKH DWPRVSKHUH LV QRW H[SHFWHG WR SURGXFH DSSUHFLDEOH OLQHDUO\ SRODUL]HG UD�

GLDWLRQ� LW SURGXFHV D QRQ�QHJOLJLEOH FRQWULEXWLRQ WR WKH V\VWHP WHPSHUDWXUH RI WKH UD�

GLRPHWHU� $GGLWLRQDOO\� VLJQLpFDQW qXFWXDWLRQV RI DWPRVSKHULF ORDGLQJ LQFUHDVH WKH ORZ�

IUHTXHQF\ QRLVH VSHFWUXP RI WKH UHFHLYHU� :H VXPPDUL]H WKH FRQWULEXWLRQ WR WKH DQWHQQD

WHPSHUDWXUH VHHQ E\ WKH UDGLRPHWHU LQ WKH .D EDQG E\ FRPSXWLQJ WKH SRZHU VSHFWUXP RI

WKH DWPRVSKHUH XVLQJ D FRPPHUFLDO FRGH� $7�� 7R FRPSXWH WKH DQWHQQD WHPSHUDWXUH $7

UHTXLUHV DV LQSXW WKH GHVLUHG OHYHO RI SUHFLSLWDEOH ZDWHU YDSRU �3:9�� :LWK WKLV VSHFLpHG�

$7 FDQ FRPSXWH WKH DQWHQQD WHPSHUDWXUH YV� IUHTXHQF\ XVLQJ D VWDQGDUG PRGHO RI WKH

HDUWK
V DWPRVSKHUH� )LJXUH ��� VKRZV WKH DWPRVSKHULF DQWHQQD WHPSHUDWXUH YV� IUHTXHQF\

IRU YDULRXV OHYHOV RI 3:9 ��

32/$5 FRQYROYHV WKH VSHFWUXP RI WKH DWPRVSKHUH ZLWK WKH �SRZHU� LWV WUDQVIHU IXQF�

WLRQ� )URP WKLV ZH FDQ FRPSXWH D GLUHFW UHODWLRQVKLS EHWZHHQ 3:9 DQG 7DWP� VHH pJXUH

����

6LQFH WKH GRPLQDQW FRQWULEXWLRQ WR WKH DWPRVSKHULF WHPSHUDWXUH FRPHV IURP WKH ��

*+] +�2 OLQH UDWKHU WKDQ RQ WKH 2� OLQH DW | ��*+]� WKH GHSHQGHQFH RQ 3:9 LV

TXLWH QRWLFHDEOH� 'DWD RQ 3:9 LV SURYLGHG E\ WKH )$$ ZKLFK XVHV DWPRVSKHULF ZHDWKHU

EDOORRQV �UDGLRVRQGHV� ODXQFKHG DW UHJXODU LQWHUYDOV� IURP VHYHUDO PDMRU 86 DLUSRUWV� ,Q

pJXUH ��� ZH VKRZ D SORW RI 39: YV� GDWH IRU ���� IURP WKH QHDUHVW VRXQGLQJ EDOORRQ

� Z ULWWH Q E\ (ULF K *UR VVPD QQ� $ LUKH D G 6R IWZ D UH � %R XOGH U� & R �

� 7 KH D XWKR U Z LVKH V WR WKD QN & KULV 2
' H OO IR U WKH SUH SD UD WLR Q R I WKH $ 7 pJ XUH V

���



)LJXUH ���� 6SHFWUXP RI $WPRVSKHULF $QWHQQD 7HPSHUDWXUH LQ WKH .D EDQG YV� 3UHFLSLWDEOH
:DWHU 9DSRU �3:9� � )URP WKH WRS GRZQ� WKH IRXU OHYHOV RI 3:9 DUH� ��PP� ��PP� ��PP�
�PP�

)LJXUH ���� ,QWHJUDWHG $WPRVSKHULF $QWHQQD 7HPSHUDWXUH LQ WKH .D EDQG YV� 3UHFLSLWDEOH
:DWHU 9DSRU �3:9�

���



VLWH LQ *UHHQ %D\� :,� &OHDUO\� REVHUYDWLRQ LQ WKH ZLQWHU LV SUHIHUUHG DV ZDWHU YDSRU LQ

WKH DWPRVSKHUH ?IUHH]HV RXW�� UHVXOWLQJ LQ D ORZ 3:9 DQG HTXLYDOHQWO\� D ORZ DWPRVSKHULF

FRQWULEXWLRQ WR RXU DQWHQQD WHPSHUDWXUH�

)LJXUH ���� 5DGLRVRQGH�PHDVXUHG 3UHFLSLWDEOH :DWHU 9DSRU �3:9� YV� GD\ RI ���� IURP *UHHQ
%D\� :,�

$V IDU DV WKH VWDELOLW\ RI WKH DWPRVSKHUH LV FRQFHUQHG� ZH DUH JXLGHG RQO\ E\ WKHRU\

DV ZH KDYH QRW \HW FRPSLOHG UHFRUGV RI WKH SRZHU VSHFWUXP RI DWPRVSKHULF qXFWXDWLRQV DW

3%2� ,W LV ZHOO NQRZQ WKDW WKH DWPRVSKHUH REH\V D .RORPRJRUHY VSHFWUXP >���@� >���@�

:H FDQ FRPSDUH WKH SRZHU VSHFWUXP RI GDWD WDNHQ RQ GD\V ZKLFK DSSHDU WR EH VWDEOH YV�

XQVWDEOH� 7KH HoHFW RI DWPRVSKHULF qXFWXDWLRQV FDQ DOVR EH HVWLPDWHG E\ FRPSDULQJ GDWD

WDNHQ ZLWK WKH LQWHUQDO FROG ORDG� DV LQ &KDSWHU �� ZLWK UHDO GDWD WDNHQ ZKLOH REVHUYLQJ�

��� 2EVHU YDWLRQ 6WU DWHJ\ DQG 6N\ &RYHU DJH

2YHU D VLQJOH QLJKW� 32/$5 VZHHSV RXW D �r d ���r d FRV ��r  ����r�):+0 VZDWK RI

WKH VN\� 7KH �� �r ):+0 SL[HOV FRPSULVH �� RI WKH VN\� 7KH GDWD LV ELQQHG LQ WR 6WRNHV

���



4 DQG 8 YV� 5$� DQG PXOWLSOH QLJKWV RI GDWD DUH FRDGGHG� 7KH VFDQ SDVVHV WKURXJK WKH

JDOD[\ WZLFH SHU GD\ DW 5$| ��K DQG DJDLQ DW 5$| �K�

&RQVWUDLQWV RQ� RU GHWHFWLRQ RI� WKH SRODUL]DWLRQ RI WKH &0% DQG LWV DVVRFLDWHG SRZHU

VSHFWUXP GHSHQG JUHDWO\ RQ WKH DPRXQW RI VN\ FRYHUDJH RI WKH REVHUYDWLRQ DV ZHOO DV

WKH VHQVLWLYLW\ RI WKH UDGLRPHWHU� 6HQVLWLYLW\ FRQVLGHUDWLRQV DUH FRPPRQ WR DOO &0%

REVHUYDWLRQV� WLPH OLPLWDWLRQV UHVWULFW VLJQDO LQWHJUDWLRQ� DQG FRQVWUDLQ WKH DPRXQW RI

VN\ FRYHUDJH� :H PXVW UHDFK D FRPSURPLVH EHWZHHQ WKH LQWHJUDWLRQ WLPH UHTXLUHG WR

DFKLHYH WKH GHVLUHG VLJQDO�WR�QRLVH UDWLR ZKLOH DOVR VDPSOLQJ D UHSUHVHQWDWLYH GLVWULEXWLRQ

RI FHOHVWLDO UHJLRQV� :H QRZ GLVFXVV RXU REVHUYLQJ VWUDWHJ\ LQ WKH FRQWH[W RI WKH DFKLHYDEOH

OHYHO RI VHQVLWLYLW\ RI 32/$5�

����� 6HQVLWLYLW\ WR WKH 3 RZHU 6SHFWU XP

32/$5
V VHQVLWLYLW\ WR SRODUL]HG &0% qXFWXDWLRQV LV TXDQWLpHG E\ LWV ZLQGRZ IXQFWLRQ�

:C� 7KH REVHUYHG WZR�SRLQW FRUUHODWLRQ IXQFWLRQ LV UHODWHG WR WKH SRZHU VSHFWUXP DQG

ZLQGRZ IXQFWLRQ DV IROORZV�

K4�AQ��4�AQ�� � 8�AQ��8�AQ��L  �

�}

�;
O �

��C� ��d & gC :
v
C d 3C�FRV v�� �����

ZKHUH� IRU H[DPSOH� 4�AQ� LV WKH 6WRNHV SDUDPHWHU PHDVXUHG IRU D SL[HO ORFDWHG LQ WKH

GLUHFWLRQ AQ� & gC LV WKH SRZHU VSHFWUXP GHVFULELQJ WKH GHJUHH RI SRODUL]DWLRQ RQ DQJXODU

VFDOHV FKDUDFWHUL]HG E\ PXOWLSROH C� : v
C LV WKH ZLQGRZ IXQFWLRQ RI WKLV REVHUYLQJ VFKHPH�

DQG FRV�v�  AQ� c AQ� LV WKH VHSDUDWLRQ EHWZHHQ SL[HOV LQ WKLV REVHUYLQJ VFKHPH�

7KH DQDO\VLV RI 32/$5 GLoHUV IURP WKDW RI PRVW DQLVRWURS\ H[SHULPHQWV LQ VHYHUDO

UHVSHFWV� 7KH SULPDU\ GLoHUHQFH LV WKDW WKH REVHUYDWLRQV DUH WRWDO�SRZHU LQ QDWXUH� UDWKHU

���



WKDQ GLoHUHQWLDO� 7KH ZLQGRZ IXQFWLRQV IRU WKLV H[SHULPHQW ZLOO UHqHFW WKH IDFW WKDW

WKHUH LV QR ?FKRSSLQJ� RI WKH EHDP LQ VN\ SRVLWLRQ LQKHUHQW LQ WKH REVHUYDWLRQ� 6LQJOH

SL[HOV ZLOO EH IRUPHG E\ ELQQLQJ WKH DFTXLUHG GDWD� DQG GLoHUHQFLQJ EHWZHHQ SL[HOV FDQ

EH SHUIRUPHG GXULQJ DQDO\VLV RI WKH GDWD� QRW GXULQJ DFTXLVLWLRQ� 7KLV DSSURDFK DYRLGV

V\VWHPDWLF HoHFWV ZKLFK FDQ DULVH IURP PHFKDQLFDO FKRSSLQJ PHFKDQLVPV� 'DWD IURP

32/$5 ZLOO EH DQDO\]HG XVLQJ D YDULHW\ RI V\QWKHVL]HG ZLQGRZ IXQFWLRQV� HDFK VHQVLWLYH

WR D GLoHUHQW DQJXODU VFDOH� ,Q WKLV UHVSHFW WKH DQDO\VLV ZLOO EH VLPLODU WR WKDW RI WKH

6DVNDWRRQ %LJ 3ODWH REVHUYDWLRQV >��� ��@�

:LQGRZ IXQFWLRQV IRU REVHUYDWLRQV ZLWK OHVV WKDQ IXOO�VN\ FRYHUDJH DUH VSHFLpHG E\

WKUHH IXQFWLRQV� WKH EHDP SURpOH IXQFWLRQ� WKH EHDP SRVLWLRQ IXQFWLRQ� DQG WKH ZHLJKW�

LQJ RU CORFN�LQ
 IXQFWLRQ >���@� 7KH EHDP SURpOH IXQFWLRQ� *�v� vL� �%�� ZKHUH �% LV WKH

EHDPZLGWK� TXDQWLpHV WKH GLUHFWLRQDO UHVSRQVH RI WKH DQWHQQD� ZKLFK LV URXJKO\ *DXVVLDQ

DV VHHQ IURP WKH EHDP�PDSV RI &KDSWHU �� *�v� vL� �%� HoHFWLYHO\ VDPSOHV DOO DQJXODU

VFDOHV ODUJHU WKDQ� DSSUR[LPDWHO\� WKH DQJXODU VL]H RI WKH EHDP� 7KH DQJXODU FRRUGL�

QDWHV RI WKH FHQWHU RI WKH EHDP DUH VSHFLpHG E\ WKH EHDP SRVLWLRQ IXQFWLRQ� vL� 7KH

ORFN�LQ IXQFWLRQ� Zo
L � LV WKH ZHLJKWLQJ RI HDFK RI WKH 1 ELQQHG SL[HOV LQGH[HG E\ L� IRU

WKH VFDQ VWUDWHJ\ GHQRWHG E\ o� :H KDYH *�v� vL� �%�  
�
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)ROORZLQJ �:KLWH 	 6UHGQLFNL�� WKH ZLQGRZ IXQFWLRQV DUH�

:op
C u

=
GA[�

=
GA[�+

o�A[��+
p�A[��3C�A[� c A[�� �����

ZKHUH 3C DUH WKH /HJHQGUH SRO\QRPLDOV� DQG +o�A[  
3

LZ
o
L *�v� vL� �%� TXDQWLpHV WKH

UHVSRQVH RI WKH DQWHQQD �IRU D GLoHUHQFLQJ VWUDWHJ\ LQGH[HG E\ o�� ZKHQ SRLQWHG LQ WKH
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GLUHFWLRQ RI A[� )RU D JDXVVLDQ EHDP� +o�A[�  
3

L Z
o
L

�
�}��%

H[S

v
b �vbvL��

���%

w
�

7KH XOWLPDWH VHQVLWLYLW\ RI WKH LQVWUXPHQW WR WKH SRZHU VSHFWUXP� &C LV JLYHQ E\ >���@�
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ZKHUH� �E  �����v):+0 � c4506 LV WKH SHU�SL[HO 6WRNHV SDUDPHWHU VHQVLWLYLW\� DQG

WKH IUDFWLRQ RI WKH VN\ FRYHUHG� IVN\� IRU 32/$5 LV | ��� DV PHQWLRQHG DERYH� $W

ODUJH DQJXODU VFDOHV� C LV VPDOO� DQG VLQFH WKHUH DUH RQO\ �C � � DC�P WR HVWLPDWH &C� WKH

FRQWULEXWLRQ WR WKH YDULDQFH LQ WKH UHFRYHUHG &C LV ODUJH �?&RVPLF 9DULDQFH��� 7KLV LV

WKH XOWLPDWH OLPLW WR WKH HUURU LQ WKH SRZHU VSHFWUD DV WKH SHU�SL[HO LQVWUXPHQW QRLVH LV

UHGXFHG ^ WKHUH LV QR JDLQ PDGH E\ LQWHJUDWLQJ IRU ORQJHU WLPHV� +RZHYHU� VLQFH 32/$5

KDV D ODUJH LQVWUXPHQW QRLVH� ZH PXVW LQWHJUDWH IRU ORQJ SHULRGV RI WLPH VXFK WKDW WKH

VHFRQG WHUP LQ HTXDWLRQ ��� LV UHGXFHG WR WKH OHYHO RI �z.� 7KH ORQJ WHUP VWDELOLW\ RI

32/$5 LV FUXFLDO WR DFKLHYLQJ WKH OHYHOV RI LQVWUXPHQW QRLVH SHU�SL[HO UHTXLUHG WR PDNH

GHWHFWLRQV RI QRQ�]HUR ORZ�C YDOXHV RI &C�

���



&KDSWHU �

'DWD 5HGXFWLRQ DQG $QDO\VLV

��� 'DWD $QDO\VLV 0 HWKRGRORJ\

7KH UDZ GDWD IURP WKH SRODULPHWHU FRQVLVWV RI HLJKW GDWD FKDQQHOV �� WRWDO SRZHU GLRGH

GHWHFWRUV� � FRUUHODWRUV d WZR ORFN�LQ SKDVH UHIHUHQFHV� LQ�SKDVH DQG TXDGUDWXUH SKDVH��

WKH DEVROXWH RQH�ELW HQFRGHU �$2(� DQG HQFRGHU VLJQDOV� DQG QXPHURXV KRXVHNHHSLQJ VLJ�

QDOV �WHPSHUDWXUHV RI ERWK +(07V� WKH KRUQ WHPSHUDWXUH� WKH FROG VWDJH WHPSHUDWXUH�

WKH GHZDU
V SUHVVXUH� DQG � WHPSHUDWXUH VHQVRUV LQ WKH URRP�WHPSHUDWXUH UHFHLYHU ER[�

DQG 575% KHDWHU 3,' PRQLWRU FKDQQHO�� 7KH UDZ GDWD IURP WKH WRWDO SRZHU GHWHFWRUV

DUH VDPSOHG DW �� +] DIWHU OHDYLQJ WKH � +] ORZ�SDVV DQWL�DOLDVLQJ pOWHU� )RU WKH FRUUH�

ODWRUV WKH UDZ VLJQDO LV DPSOLpHG WKHQ VHQW WR D PRGXODWRU�GHPRGXODWRU ZKLFK LV GULYHQ

V\QFKURQRXVO\ E\ HLWKHU WKH LQ�SKDVH RU RXW�SKDVH UHIHUHQFH ZDYHIRUP� DQG WKHQ ORZ�SDVV

pOWHUV DW � +]� 'DWD LV FROOHFWHG IRU ��� PLQXWHV DQG WKHQ VWRUHG WR DQ $6&,, pOH�

7KH VLJQDO SURFHVVLQJ SURFHGXUH LV FRPSRVHG RI WKH IROORZLQJ VWHSV�

s %LQQLQJ RI GDWD E\ URWDWLRQ DQJOH DQG FRUUHVSRQGLQJ LQLWLDO HVWLPDWLRQ RI QRLVH DW

WKLV ELQ VL]H�

���



s (VWLPDWHV�UHPRYDO RI DWPRVSKHULF FRQWDPLQDWLRQ LQ WKH FRUUHODWRUV XVLQJ WKH WRWDO

SRZHU GHWHFWRUV�

s )LWV WR UHFRYHU 6WRNHV 4 DQG 8 IRU HDFK URWDWLRQ�

s %LQQLQJ WLPHVWUHDP GDWD LQWR 5�$� SL[HOV RQ WKH VN\� DQG HVWLPDWLRQ RI QRLVH IRU D

VLQJOH QLJKW RI GDWD�

s &R�DGGLQJ RI 5$ SL[HOV IRU DOO QLJKWV RI GDWD

��� % LQQLQJ RI 'DWD

7KH UDZ GDWD FRQWDLQV DQ DYHUDJH RI ��� VDPSOHV SHU URWDWLRQ WDNHQ DW D VDPSOLQJ UDWH

RI �� +]� 7KH pUVW VWHS LQ WKH DQDO\VLV LV WR ELQ WKH GDWD IURP WKH QDWXUDO VDPSOLQJ

DQJXODU ELQVL]H� ���
r

���  ���
r WR ODUJHU ELQV LQ RUGHU WR KDYH HQRXJK GDWD SRLQWV WR KDYH DQ

DFFXUDWH QRLVH HVWLPDWH IRU WKH VXEVHTXHQW PLQLPXP����pWV� &OHDUO\� LW ZRXOG EH QLFH WR

KDYH PDQ\ VDPSOHV SHU ELQ WR HVWLPDWH WKH QRLVH RQ WKH WLPHVFDOH RI WKH ELQ� +RZHYHU�

ZLWK D FRQVWDQW URWDWLRQ UDWH RI { | �530� ?VPHDULQJ� RU FRUUHODWLRQ EHWZHHQ ELQV ZRXOG

EH DSSUHFLDEOH DV ZH LQFUHDVH WKH ELQVL]H� :LWK WKH IXQGDPHQWDO LQWHJUDWLRQ WLPH RI ���

VHF GHpQHG E\ WKH DQWL�DOLDVLQJ pOWHUV� WKHUH DUH RQO\ �� 
S
� | � LQGHSHQGHQW VDPSOHV

SHU VHFRQG� )LJXUH ��� VKRZV WKH pUVW OHYHO RI ELQQLQJ� LQWR URWDWLRQ DQJOH RQO\� IRU WHQ

URWDWLRQV RI WKH SRODULPHWHU �
 � PLQXWHV RI GDWD�� 7KH GDWD SORWWHG KHUH DUH IURP D

VLQJOH KLJK�JDODFWLF ODWLWXGH SL[HO GXULQJ H[FHOOHQW REVHUYLQJ FRQGLWLRQV�

7KH QH[W VWHS LV WR FR�DGG DOO VXFK URWDWLRQV �ZLWKLQ D JLYHQ WLPH SHULRG� WKXV GHpQLQJ

RXU SL[HO RQ WKH VN\� WR IRUP D ?VLQJOH�URWDWLRQ� �IRU WKDW SL[HO�� 7KLV GDWD LV WKHQ pW IRU

WKH 6WRNHV SDUDPHWHUV� DV VKRZQ LQ pJXUH ����

���



)LJXUH ���� 6KRZQ KHUH LV WKH RXWSXW RI FRUUHODWRU -� IRU WHQ URWDWLRQV RI WKH SRODULPHWHU� 7KH
GDWD DUH ELQQHG LQWR DQJOH� DQG DOO URWDWLRQV DUH RYHUSORWWHG� 1R RWKHU DYHUDJLQJ RI WKH GDWD KDV
EHHQ SHUIRUPHG �

���



)LJXUH ���� 6KRZQ KHUH LV WKH RXWSXW RI FRUUHODWRU -� IRU WHQ URWDWLRQV RI WKH SRODULPHWHU� ZLWK
DOO URWDWLRQV DYHUDJHG DQG pWWHG WR REWDLQ WKH 6WRNHV SDUDPHWHUV DV VKRZQ� 7KH GDWD DUH pUVW
ELQQHG LQWR DQJOH IRU HDFK URWDWLRQ� DQG WKHQ DOO URWDWLRQV DUH FR�DGGHG WR IRUP D VLQJOH�URWDWLRQ�
7KH VROLG OLQH LV WKH pW WR WKH PRGHO 6�v�  , �4 FRV �v�8 VLQ �v� 1R URWDWLRQ V\QFKURQRXV H�J ��
FRV v RU VLQ v FRPSRQHQWV KDYH EHHQ UHPRYHG�

���



����� , QWHU �ELQ &RU U HODWLRQV FDXVHG E\ U RWDWLRQ RI WKH SRODU LPHWHU

/HW XV PRGHO WKH RXWSXW RI WKH SRODULPHWHU YLHZLQJ D SRODUL]HG VRXUFH DV�

Y�W�  3 �W� VLQ �{W� Q�W� �����

ZKHUH 3  
S
4� � 8� � :H GHIHU IRU WKH PRPHQW WKH ?EHDP�VPHDULQJ� DQG LWV HoHFW

RQ VN\ SL[HO�SL[HO FRUUHODWLRQ � $OVR KHUH 3 �W� u FRQVWDQW  3R� DQG Q�W� LV *DXVVLDQ

GLVWULEXWHG QRLVH ZLWK YDULDQFH ���

:LWK {  ���� +]� ZH VDPSOH Y�W� ��� WLPHV SHU URWDWLRQ DQG DYHUDJH WKH UHVXOWV LQWR

1 ELQV� YL  
�
c

5 WL�c  �
WLbc  � Y�W�GW� ZLWK c  �� 1 �ELQVL]H LQ VHFRQGV�� )URP &KDSWHU �� WKH

FRQYROXWLRQ WKHRUHP DVVHUWV WKDW LI \�W�  
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����� , V 2XU % LQQLQJ 6WU DWHJ\ 2SWLPDO"

:H FDQ QRZ FRPSDUH WKH SHUIRUPDQFH RI RXU ELQQLQJ WHFKQLTXH ZLWK WKDW RI RXU IRUH

EHDUHUV /XELQ DQG 6PRRW >��@� KHUHDIWHU /6� E\ DVNLQJ WKH IROORZLQJ� JLYHQ D URWDWLRQ WLPH

RI 7VSLQ� ZKDW LV WKH RSWLPDO GLVWULEXWLRQ RI 1 VDPSOHV RI WKH RXWSXW RI WKH SRODULPHWHU"

)RU D SRODUL]HG VRXUFH� WKH RXWSXW RI WKH UDGLRPHWHU LV JLYHQ E\� Y�W�  4 FRV ���W� �

8 VLQ ���W�� /6 PHDVXUHG WKH RXWSXW DW � ORFDWLRQV LQ DQJOH VHSDUDWHG E\ ��r� 7R UHFRYHU

WKH 6WRNHV SDUDPHWHUV /6 HoHFWLYHO\ SHUIRUP D OLQHDU OHDVW�VTXDUHV pW WR D PRGHO� ZKLFK
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WZR HLJKW�GLPHQVLRQDO YHFWRUV� RQH IRU 4 DQG RQH IRU 8 � 7R SURMHFW RXW WKH 4 �8� FRQWHQW

RI WKH HLJKW�GLPHQVLRQDO GDWD YHFWRU ZKLFK WKH\ REVHUYH WKH\ PXOWLSO\ E\ ;� �;���

;�  
�S
�

�
%%%%%%%%%%%%%%%%%%%%%%%%%%%#

�

�

b�

�

�

�

b�

�

�
&&&&&&&&&&&&&&&&&&&&&&&&&&&$

� ;�  
�S
�

�
%%%%%%%%%%%%%%%%%%%%%%%%%%%#

�

�

�

b�

�

�

�

b�

�
&&&&&&&&&&&&&&&&&&&&&&&&&&&$

� ������

7R SHUIRUP WKH OLQHDU OHDVW�VTXDUHV pW� /6 IRUP WKH GHVLJQ PDWUL[ >���@� $LM  
;L�WM�
��WM�

�

ZLWK L � I�� �J DQG M � I�� � � � �J� 7KLV UHVXOWV LQ WKH IROORZLQJ FRYDULDQFH PDWUL[� &LM  

>oLM @
b�� ZKHUH oLM  

3�
N �

;L�WN�;M�WN�

��N
� $VVXPLQJ HTXDO QRLVH SHU LQWHJUDWLRQ DW HDFK

SRVLWLRQ� �N  � 
T
7VSLQ �� ZH KDYH�

���



&LM  
�

�

���

7VSLQ

�
# � �

� �

�
$ � ������

VKRZLQJ WKDW WKH HVWLPDWHV IRU 4 DQG 8 DUH XQFRUUHODWHG�

)RU 32/$5 ELQQHG WR ��� SRLQWV SHU URWDWLRQ� WKH FRUUHVSRQGLQJ GHVLJQ PDWUL[ LV

GHWHUPLQHG E\�

;�  

�
%%%%%#

FRV �{W�

���

FRV �{W���

�
&&&&&$ � ;�  

�
%%%%%#

VLQ �{W�

���

VLQ �{W���

�
&&&&&$ � ������

:H pQG�

$LM  
;L�WM�

��WM�
 
�

�N

�
#
�
%%%%%#

FRV �{W�

���

FRV �{W���

�
&&&&&$

�
%%%%%#

VLQ �{W�

���

VLQ �{W���

�
&&&&&$
�
$ � ������

1RZ ZH FRQVWUXFW Ao  A$ 7 A$� DQG WKH DVVRFLDWHG FRYDULDQFH PDWUL[ &LM  >oLM@
b��

&32/$5
LM  

�����

7VSLQ
d
�
#
�
�����b

3���
L � FRV �{WL�

�
�

3���
L � VLQ �{WL

�
�

3���
L � VLQ �{WL

�
����� �

3���
L � FRV �{WL

�
$�� ������

$W pUVW JODQFH WKLV FRYDULDQFH PDWUL[ DSSHDUV WR KDYH Ro�GLDJRQDO HOHPHQWV ^ L�H�� ZH

VHHP WR KDYH FRUUHODWHG RXU HUURUV RQ 4 DQG 8� +RZHYHU� E\ V\PPHWU\ �� DOO RI WKH VXPV LQ

HTXDWLRQ ���� DUH HTXDO WR ]HUR� OHDYLQJ XV ZLWK WKH UHVXOWLQJ GLDJRQDO FRYDULDQFH PDWUL[�

&32/$5
LM  

�

���

�����

7VSLQ

�
# � �

� �

�
$ � ������

�
31

L �
VLQ � }L 1  �

���



1RZ ZH FDQ FRPSDUH HTXDWLRQV ���� DQG ����� :H DVVXPH WKDW WKH HQWLUH URWDWLRQ WLPH

LV XVHG IRU LQWHJUDWLRQV IRU HDFK PHWKRG� 7KH /6 PHWKRG ZLOO FRPELQH � PHDVXUHPHQWV�

ZLWK YDULDQFH � d �� 7VSLQ WR DFKLHYH D pQDO YDULDQFH RI � d ��� 6LPLODUO\� 32/$5 ZLOO

FRPELQH ��� VDPSOHV ZLWK YDULDQFH ���d�� 7VSLQ WR REWDLQ pQDO YDULDQFH RI �d��� ZKLFK

LV HTXLYDOHQW WR WKH PLQLPXP GHWHFWDEOH WHPSHUDWXUH IRU WKH /6 PHWKRG� 7KXV� IRU ERWK

/6 DQG 32/$5 WKH VWDQGDUG GHYLDWLRQV RI 4 RU 8 ZLOO EH D IDFWRU RI
S
� WLPHV ODUJHU WKDQ

ZRXOG EH REWDLQHG IRU DQ LQWHQVLW\ PHDVXUHPHQW JLYHQ WKH VDPH OHQJWK RI WLPH�

,Q SUDFWLFH� QRW DOO RI WKH WLPH IRU D JLYHQ URWDWLRQ FDQ EH XVHG IRU LQWHJUDWLRQV LQ

WKH /6 PHWKRG� 7LPH LV ORVW PRYLQJ EHWZHHQ DQJXODU SRVLWLRQV� DQG WKH SRODULPHWHU LV

QRW FDSDEOH RI VWRSSLQJ LQVWDQWDQHRXVO\ VR LW PXVW EH VORZHG WR D VWRS� 7KHUHIRUH� JLYHQ

D p[HG WLPH SHU UHYROXWLRQ� VHW SHUKDSV E\ WKH FKDUDFWHULVWLF WLPHVFDOH RI qXFWXDWLRQV RI

DWPRVSKHULF HPLVVLRQ� WKH PHWKRG XVHG IRU 32/$5 LV SUHIHUDEOH�

)LQDOO\� DOWKRXJK WKH HUURUV RQ 4 DQG 8 DUH XQFRUUHODWHG� WKH QRLVH LQ WKH WLPH VWUHDP

LV FRUUHODWHG EHWZHHQ DGMDFHQW ELQV IRU WZR UHDVRQV�

s WKH DQWL DOLDVLQJ pOWHU KDV QRQ�YDQLVKLQJ FRUUHODWLRQ RQ WLPHVFDOHV OHVV WKDQ ��� VHF�

s WKH RXWSXW IURP WKH FRUUHODWRU LV FRUUHODWHG ZLWK WKH RXWSXW IURP WKH WRWDO SRZHU

FKDQQHOV GXH WR WKH SUHVHQFH RI WKH FRUUHODWHG DWPRVSKHULF FRPSRQHQW SUHVHQW LQ

HDFK WRWDO SRZHU FKDQQHO�

:H ZLOO H[SDQG XSRQ WKH DEURJDWLRQ RI WKH VHFRQG RI WKHVH SKHQRPHQD LQ WKH IROORZLQJ

VHFWLRQ�
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��� &RU U HODWLRQ % HWZHHQ 6N\ 3 L[HOV

$ GHpFLHQF\ RI WKH GULIW VFDQ PHWKRG HPSOR\HG E\ 32/$5 LV WKDW DGMDFHQW SL[HOV VKDUH

VLJQLpFDQW FRUUHODWHG VLJQDO� :H QRZ SUHVHQW D IRUPDOLVP WR DGGUHVV WKLV FRQFHUQ� DQG

HVWLPDWH LWV HoHFW RQ RXU UHVXOWV� /HW XV PRGHO WKH RXWSXW RI WKH SRODULPHWHU ZKHQ

YLHZLQJ LQ WKH GLUHFWLRQ v DV�

3 �W�  3 �v� VLQ��nW� � Q�nW� ������

ZKHUH g  
S
4� � 8� DQG � LV WKH 5$� n LV WKH URWDWLRQ UDWH RI WKH HDUWK� 7KH ]HQLWK

LQ 0DGLVRQ� :, FRUUHVSRQGV WR D GHFOLQDWLRQ RI r  ��r� ,Q �� KRXUV RI ULJKW DVFHQVLRQ

WKHUH DUH ���r FRV ��r 
 ���r DORQJ RXU VFDQ� :LWK WKH DQJXODU URWDWLRQ UDWH RI WKH HDUWK�

� 
 ���d��b�+]� ZH FR�DGG ��� PLQXWHV RI GDWD WR IRUP D VLQJOH ELQ RI DQJXODU VL]H �r����

2XU EHDP VL]H LV | �r ZKLFK LPSOLHV WKDW DGMDFHQW ELQV ZLOO VKDUH VLJQLpFDQWO\ FRUUHODWHG

VLJQDO� XSWR D ODJ RI | � ELQV� )URP WKH LQGLYLGXDO ELQV ZH WKHUHIRUH FR�DGG VHYHUDO ELQV

WR IRUP D VLQJOH ODUJHU ELQ ZLWK �KRSHIXOO\� ODUJHU VLJQDO DQG ORZHU QRLVH� 7KH EHKDYLRU RI

WKH QRLVH GXULQJ WKLV ELQQLQJ LV RXU pUVW LQGLFDWLRQ RI WKH SHUIRUPDQFH RI WKH LQVWUXPHQW�

DV WKH VLJQDO FRQWULEXWLRQ LV FOHDUO\ VXEGRPLQDQW�

)LUVW ZH PRGHO WKH RXWSXW VLJQDO DV WKH FRQYROXWLRQ RI WKH WUXH VN\ VLJQDO� g�v�� ZLWK

WKH QRUPDOL]HG DQWHQQD SRZHU UHVSRQVH IXQFWLRQ�� %�v��
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)URP WKH FRQYROXWLRQ WKHRUHP ZH KDYH�

3 �v�  

= �

b�
Ag�N� A%�N�H�}LNvGN� ������
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:H ZRXOG OLNH WR NQRZ KRZ PXFK FRUUHODWLRQ RXU ELQQHG SL[HOV KDYH EHWZHHQ WKHP�

7KH ELQQLQJ LQ DQJOH HoHFWLYHO\ LQWURGXFHV D ORZ�SDVV pOWHU� +�N�� 7KH VSHFWUXP RI WKH
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7KH PRVW GLUHFW PHWKRG LV WR FRPSXWH WKH DXWRFRUUHODWLRQ IXQFWLRQ RI WKH PHDVXUHG

VN\ GDWD 3L�v� DQG pQG WKH ODJ LQ GHJUHHV ZKHUH LW IDOOV WR ]HUR� 7KH DXWRFRUUHODWLRQ

IXQFWLRQ RI 3L� K3L�v�3L�v
��L� DVVXPLQJ VWDWLVWLFDO LVRWURS\ RI 3L�v� LV RQO\ GHSHQGHQW RQ

WKH DQJXODU VHSDUDWLRQ v b v�� DQG LV JLYHQ E\�
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H[DPLQH WKH SRZHU VSHFWUD RI WKH ELQQHG GDWD� :H FDQ WKLQN RI WKH DYHUDJLQJ SURFHGXUH

XVHG GXULQJ FRQVWUXFWLRQ RI WKH VN\ ELQV DV D ORZ�SDVV pOWHU� DQG WKHQ FRQYROYH WKH pOWHU

UHVSRQVH IXQFWLRQ ZLWK WKH GDWD RI WKH ��� PLQXWH ELQV� 7KLV LV EHVW GRQH LQ WKH IUHTXHQF\

GRPDLQ ZKHUH WKH FRQYROXWLRQ LV WKH LQYHUVH )RXULHU WUDQVIRUP RI WKH SURGXFW RI WKH HTXLY�

DOHQW WUDQVIHU IXQFWLRQ �L �H� VSHFWUXP� RI WKH pOWHU DQG WKH DQJXODU�WLPH VSHFWUXP RI WKH

��� PLQXWH GDWD� 7KLV )RXULHU DQDO\VLV ZLOO DOVR DOORZ XV WR LGHQWLI\ SHULRGLFLWLHV LQ WKH UDZ

��� PLQXWH ELQV ZKLFK� VLQFH WKH DVWURQRPLFDO VLJQDO LV QHJOLJLEOH� FDQ RQO\ EH DWWULEXWHG

WR V\VWHPDWLF HoHFWV LQ RXU GDWD� %\ ORRNLQJ DW WKH PHDVXUHG SRZHU VSHFWUXP ZH FDQ

GHWHUPLQH WKH UDQJH RI DQJOHV RYHU ZKLFK RXU ELQQLQJ VWUDWHJ\ LQWURGXFHV FRUUHODWLRQV�

MXVW DV LQ WKH FDVH RI DQ 5& ORZ�SDVV pOWHU ZKHUH IUHTXHQFLHV OHVV WKDQ WKH UHFLSURFDO RI

WKH WLPH�FRQVWDQW FDQ EH FRQVLGHUHG LQGHSHQGHQW�
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+HUH ZH KDYH LQWURGXFHG WKH QRWDWLRQ &N  Ag��N� DQG :N  A%��N�� 2I FRXUVH &N

LV RXU PDLQ TXDUU\� VR LW LV QRW SRVVLEOH WR VXEVWLWXWH LWV YDOXH LQWR HT� ���� D SULRUL�

+RZHYHU� RYHU D VPDOO UDQJH RI DQJXODU VFDOHV �LQ 32/$5
V FDVH� DW ODUJH DQJXODU VFDOHV��
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VKRZLQJ WKH FRUUHODWLRQ LQGXFHG E\ ?EHDP VPHDULQJ� LV ODUJHVW DW VPDOO VFDOHV VLQFH

WKH SRZHU VSHFWUXP LV ODUJHVW DW ODUJH DQJXODU VFDOHV� 7KLV ZLQGRZ OHDGV WR�
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1RWLFH WKDW LW LV QRW SRVVLEOH WR FKRRVH D ELQQLQJ ZKLFK FRPSOHWHO\ UHPRYHV SL[HO�SL[HO

FRUUHODWLRQV� 2Q ELQV RI �r�� ZKLFK FRUUHVSRQG WR WKH WLPHVFDOH RI WKH LQGLYLGXDO GDWD pOHV�

ZH VHH WKDW WKH FRUUHODWLRQ LV | ���� DV LQWXLWLRQ ZRXOG SUHGLFW�
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&KDSWHU ��

5HVXOWV

7KLV WKHVLV KDV GHVFULEHG D ZRUN LQ SURJUHVV� WKH.D EDQG LQFDUQDWLRQ RI 32/$5� 32/$5

LV FXUUHQWO\ DFTXLULQJ GDWD DQG WKH SHUIRUPDQFH RI WKH LQVWUXPHQW FDQ QRZ EH DVVHVVHG�

3UHOLPLQDU\ LQGLFDWLRQV VXJJHVW WKDW WKH LQVWUXPHQW LV IXQFWLRQLQJ TXLWH ZHOO� WKRXJK RQO\

E\ FRQGXFWLQJ ORQJ�WHUP REVHUYDWLRQV ZLOO ZH EH DEOH WR GHWHUPLQH ORZ�OHYHO V\VWHPDWLF

HoHFWV ?OXUNLQJ� LQ WKH GDWD VHW�

,Q WKLV &KDSWHU ZH SUHVHQW UHVXOWV RI DQ LQLWLDO GDWD UXQ RI 32/$5 REVHUYLQJ WKH VN\

GXULQJ WKH ODWH VXPPHU PRQWKV RI ����� )LQDOO\� ZH SUHVHQW FDOFXODWLRQV RI WKH H[SHFWHG

VLJQDO OHYHO IRU PRGHOV ZLWK HDUO\ UHLRQL]DWRLQ DQG RXWOLQH DQ DQDO\VLV IRUPDOLVP ZKLFK

ZLOO EH LPSOHPHQWHG LQ DQ HoRUW WR FURVV�FRUUHODWH WKH IXWXUH 32/$5 GDWDVHW ZLWK WKH

H[LVWLQJ &2%( '05 GDWD VHW� 7KLV ODWWHU DQDO\VLV LV H[SHFWHG WR JLYH XV D VLJQLpFDQW

VLJQDO�WR�QRLVH DGYDQWDJH RYHU WKH FDOFXODWLRQ RI WKH SRODUL]DWLRQ DXWR�FRUUHODWLRQ DORQH�
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���� ( [SHFWHG /RQJ�7 HU P 3 HU IRU PDQFH RI 3 2/$5

$V PHQWLRQHG LQ &KDSWHU �� WKH VHQVLWLYLW\ RI WKH SRODULPHWHU LV SULPDULO\ GHWHUPLQHG E\

LWV FRROHG +(07 DPSOLpHUV ZKLFK KDYH QRLVH WHPSHUDWXUHV RI | �� .� IDU JUHDWHU WKDQ WKH

VWDWH�RI�WKH DUW GHYLFHV ZKLFK QRZ DFKLHYH QRLVH WHPSHUDWXUHV RI | ��. LQ WKH .D EDQG

>���@� >���@� 7KLV QRLVH WHPSHUDWXUH LV FRPSDUDEOH WR WKH DQWHQQD WHPSHUDWXUH RI WKH

DWPRVSKHUH DW D JRRG REVHUYLQJ VLWH� $V VKRZQ LQ &KDSWHU �� 32/$5
V .D�EDQG +(07V

DUH PXFK QRLVLHU� UHVXOWLQJ LQ D FRQWULEXWLRQ WR WKH V\VWHP QRLVH WHPSHUDWXUH RI QHDUO\

pYH WLPHV WKH DWPRVSKHULF OHYHO LQ WKH .D EDQG�

+RZHYHU� HYHQ ZLWK WKHVH GHYLFHV ZH EHOLHYH 32/$5 ZLOO EH DEOH WR SURGXFH FRVPR�

ORJLFDOO\ VLJQLpFDQW XSSHU OLPLWV RQ WKH SRODUL]DWLRQ RI WKH &0% IRU D XQLYHUVH ZLWK QR

UHLRQL]DWLRQ� RU SRVVLEO\ D GHWHFWLRQ RI SRODUL]DWLRQ IRU D XQLYHUVH ZLWK HDUO\ UHLRQL]DWLRQ�

/RQJ LQWHJUDWLRQ SHULRGV ZLOO EH UHTXLUHG WR UHDFK D VHQVLWLYLW\ OHYHO 
 �b��z. SHU�SL[HO�

ZKLFK ZRXOG DOORZ XV WR SURGXFH WKHVH UHVXOWV� :H UHFDOO WKDW WKH 506 QRLVH LQ D PHD�

VXUHPHQW RI HLWKHU 4 RU 8 �LQ DQWHQQD WHPSHUDWXUH� LV JLYHQ E\ WKH UDGLRPHWHU HTXDWLRQ

>��@� ZKLFK IRU WKH 4 6WRNHV SDUDPHWHU LV�

c4506  
x�7UHF � 7DWP � 7&0%�S

c{� �
� ������

ZKHUH 7UHF DQG 7DWP DUH WKH UHFHLYHU DQG DWPRVSKHULF QRLVH WHPSHUDWXUHV� UHVSHFWLYHO\�

� LV WKH WRWDO WLPH VSHQW REVHUYLQJ WKH &0%� WKH WLPH VSHQW HLWKHU 4 RU 8 LV � �� c{

LV WKH UDGLR IUHTXHQF\ �5)� EDQGZLGWK DQG DV ZH KDYH VKRZQ LQ &KDSWHU �� x  
S
� IRU

D FRUUHODWLRQ UDGLRPHWHU� )RU WKH .D SRODULPHWHU� 7UHF 
 ��. DQG 7DWP 
 ��.� ,I DOO

WKUHH FRUUHODWRUV FDQ EH FRPELQHG c{ LV | � *+]� UHVXOWLQJ LQ D VHQVLWLYLW\ WR 4 RU 8 RI

1(7  c4UPV 
 �P.V� �� )RU WKH WRWDO SRODUL]HG LQWHQVLW\ ZH KDYH� ,S RO  
S
4� � 8��

���



7KH HUURU LQ ,S RO LV c,S RO  
S
�c4UPV� EHIRUH IRUHJURXQG VXEWUDFWLRQ�

���� /RQJ�7 HU P , QWHJU DWLRQ 7 HVWV

:H QRWH WKDW HTXDWLRQ ���� LQGLFDWHV WKDW ORJ>c7506���@ YV� � VKRXOG EH OLQHDU ZLWK

VORSH HTXDO WR b�� � )LJXUH ���� VKRZV D SORW RI ORJ>c4506���@ DQG ORJ>c8506���@ YV� �

IRUPHG E\ FRPELQLQJ FRUUHODWRU FKDQQHOV -� DQG -� IRU D VLQJOH QLJKW RI GDWD� 7KH GDWD

SRLQWV DUH FRPSDUHG ZLWK WKH WKHRUHWLFDO H[SHFWDWLRQ YDOXHV� -XGJLQJ IURP WKH FRQWLQXLQJ

WUHQG WRZDUGV GHFUHDVLQJ QRLVH LQ 32/$5
V FRUUHODWRU FKDQQHOV ZH IXOO\ H[SHFW WKDW WKH

ORQJ�WHUP VWDELOLW\ RI WKH LQVWUXPHQW ZLOO DOORZ XV WR VHW WKH PRVW UHVWULFWLYH OLPLWV RQ WKH

SRODUL]DWLRQ RI WKH &0%�

)LJXUH ����� /RQJ WHUP LQWHJUDWLRQ EHKDYLRU RI WKH QRLVH LQ WKH 6WRNHV 4 DQG 8 SDUDPHWHUV
IRU RQH QLJKW | �� KRXUV RI GDWD� 7KH VROLG OLQH LQGLFDWHG WKH H[SHFWHG EHKDYLRU RI WKH QRLVH YV�
LQWHJUDWLRQ WLPH c4506 RU 8506 � � 

S
W�

���



���� ( VWLPDWHG 3 RODU L]HG 6LJQDO /HYHO DQG 8QFHU WDLQW\

������ ( VWLPDWHG 7 RWDO 6LJQDO /HYHO LQ 0 RGHOV ZLWK ( DU O\ 5HLRQL]DWLRQ

7R VLPXODWH WKH SHUIRUPDQFH RI 32/$5� ZH KDYH XVHG WKH VWDWH�RI�WKH�DUW %ROW]PDQQ

FRGH &0%)$67 WR JHQHUDWH DOO UHOHYDQW SRZHU�VSHFWUD� 6LQFH WKH SRZHU VSHFWUD DUH QRW

LPPHGLDWHO\ XVHIXO ZH KDYH LQYRNHG WKH VWDQGDUG SURFHGXUH RI PDS�JHQHUDWLRQ� VHH H�J�

>���@� 3RODUL]DWLRQ PDSV DUH WUDGLWLRQDOO\ SORWWHG DV ?VWLFNV� ZLWK DPSOLWXGH �4��8��� �

DQG RULHQWDWLRQ DQJOH �� �� WDQb��8 4�� IROORZLQJ IURP WKH GHpQLWLRQV RI WKH 6WRNHV SD�

UDPHWHUV� )RU DOO pJXUHV ZKLFK GHSLFW WKH SRODUL]DWLRQ ZH SORW WKH SRODUL]DWLRQ DPSOLWXGH�

QRW 4 RU 8 GLUHFWO\� 7KH PDSV� DUH TXLWH KHOSIXOO IRU XVH LQ VLPXODWLRQV RI WKH LQVWUXPHQW
V

SHUIRUPDQFH LQ WKH SUHVHQFH RI IRUHJURXQGV DQG RWKHU H[SHULPHQWDO QRQ�LGHDOLWLHV�

)LUVW ZH VKRZ WKH WHPSHUDWXUH DQLVRWURS\ VN\ UHDOL]DWLRQ IRU D ?VWDQGDUG &'0� PRGHO

ZLWK QR UHLRQL]DWLRQ LQ pJXUH �����

)LJXUH ����� 6LPXODWHG WHPSHUDWXUH DQLVRWURS\ PDS PDGH XVLQJ &0%)$67� $ ?VWDQGDUG &'0�
PRGHO ZLWK QR UHLRQL]DWLRQ SURGXFHV WKH XQGHUO\LQJ SRZHU VSHFWUXP ZKLFK LV XVHG WR JHQHUDWH D
UHDOL]DWLRQ RI WKH VN\ ZKLFK LV VXEVHTXHQWO\ FRQYROYHG ZLWK WKH EHDP SDWWHUQ RI 32/$5 WR FUHDWH
WKLV pJXUH� )URP ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG IURP WRS WR ERWWRP WKH
UDQJH RI 'HFOLQDWLRQ LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV LQ WKH PLGGOH RI WKH
pJXUH�

1H[W ZH VKRZ WKH WHPSHUDWXUH DQLVRWURS\ VN\ UHDOL]DWLRQ IRU D ?VWDQGDUG &'0� PRGHO

ZLWK UHLRQL]DWLRQ DW ]  �� LQ pJXUH �����

�3UH SD UH G E\ 1 D WH 6WH ER U

���



)LJXUH ����� 6LPXODWHG WHPSHUDWXUH DQLVRWURS\ PDS PDGH XVLQJ &0%)$67� $ ?VWDQGDUG &'0�
PRGHO ZLWK UHLRQL]DWLRQ DW ]  �� SURGXFHV WKH XQGHUO\LQJ SRZHU VSHFWUXP ZKLFK LV XVHG WR
JHQHUDWH D UHDOL]DWLRQ RI WKH VN\ ZKLFK LV VXEVHTXHQWO\ FRQYROYHG ZLWK WKH EHDP SDWWHUQ RI 32/$5
WR FUHDWH WKLV pJXUH� )URP ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG IURP WRS WR ERWWRP
WKH UDQJH RI 'HFOLQDWLRQ LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV LQ WKH PLGGOH RI WKH
pJXUH�

)URP pJXUHV ���� DQG ���� ZH VHH WKDW WKH HoHFW RI HDUO\ UHLRQL]DWLRQ RQ WKH WHP�

SHUDWXUH DQLVRWURS\ DW ODUJH DQJXODU VFDOHV LV XQGHWHFWDEOH� 7KLV LV WR EH H[SHFWHG DV

WKH SULPDU\ HoHFW RI UHLRQL]DWLRQ LV WR VXSSUHVV WKH WHPSHUDWXUH DQLVRWURS\ DW VXE�GHJUHH

DQJXODU VFDOHV >��@� 1RZ ZH VKRZ WKH SRODUL]DWLRQ VN\ UHDOL]DWLRQ IRU D ?VWDQGDUG &'0�

PRGHO ZLWK QR UHLRQL]DWLRQ LQ pJXUH �����

)LJXUH ����� 6LPXODWHG SRODUL]DWLRQ PDS PDGH XVLQJ &0%)$67� $ ?VWDQGDUG &'0� PRGHO QR
UHLRQL]DWLRQ SURGXFHV WKH XQGHUO\LQJ SRZHU VSHFWUXP ZKLFK LV XVHG WR JHQHUDWH D UHDOL]DWLRQ RI WKH
VN\ ZKLFK LV VXEVHTXHQWO\ FRQYROYHG ZLWK WKH EHDP SDWWHUQ RI 32/$5 WR FUHDWH WKLV pJXUH� )URP
ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG IURP WRS WR ERWWRP WKH UDQJH RI 'HFOLQDWLRQ
LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV LQ WKH PLGGOH RI WKH pJXUH�

)LQDOO\ ZH VKRZ WKH GUDPDWLF HQKDQFHPHQW RI WKH SRODUL]DWLRQ IRU D PRGHO ZLWK HDUO\

UHLRQL]DWLRQ DW D UHGVKLIW RI ]  �� LQ �����

���



)LJXUH ����� 6LPXODWHG SRODUL]DWLRQ PDS PDGH XVLQJ &0%)$67� $ ?VWDQGDUG &'0� PRGHO
ZLWK UHLRQL]DWLRQ DW ]  �� SURGXFHV WKH XQGHUO\LQJ SRZHU VSHFWUXP ZKLFK LV XVHG WR JHQHUDWH D
UHDOL]DWLRQ RI WKH VN\ DQG VXEVHTXHQWO\ FRQYROYHG ZLWK WKH EHDP SDWWHUQ RI 32/$5 WR FUHDWH WKLV
pJXUH� )URP ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG IURP WRS WR ERWWRP WKH UDQJH
RI 'HFOLQDWLRQ LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV LQ WKH PLGGOH RI WKH pJXUH�

&RPSDULQJ pJXUHV ���� DQG ����� ZH VHH WKDW WKH SRODUL]DWLRQ RI WKH &0% LV HQKDQFHG

E\ D IDFWRU RI WHQ� WR OHYHOV ZKLFK DUH ZLWKLQ UHDFK RI 32/$5 DVVXPLQJ D VHQVLWLYLW\ RI

| �z. SHU�SL[HO IRU DOO �� SL[HOV� 7KLV pJXUH UHLQIRUFHV WKH FRQFOXVLRQV RI &KDSWHU �� WKH

OHYHO RI SRODUL]DWLRQ LV H[WUHPHO\ VHQVLWLYH WR WKH LRQL]DWLRQ KLVWRU\ RI WKH XQLYHUVH� ERWK

EHIRUH DQG DIWHU UHFRPELQDWLRQ� :H H[SHFW� WKHQ� WKDW WKH REVHUYHG SRODUL]DWLRQ VLJQDO

ZLOO GHSHQG FULWLFDOO\ RQ WKH RSWLFDO GHSWK� � � IRU SKRWRQV EDFN WR WKH ODVW VFDWWHULQJ

VXUIDFH� $ SUHOLPLQDU\ HVWLPDWH RI WKH HoHFW RI UHLRQL]DWLRQ FDQ EH REWDLQHG E\ FRPSXWLQJ

WKH H[SHFWHG 506 SRODUL]DWLRQ DQG DVVRFLDWHG H[SHULPHQWDO XQFHUWDLQW\ IRU PRGHOV RI

D UHLRQL]HG XQLYHUVH� )LJXUH ���� UHLQIRUFHV RXU FODLPV WKDW WKH HoHFW RI UHLRQL]DWLRQ LV

PRVW SURQRXQFHG LQ WKH SRODUL]DWLRQ� QRW WKH &0%� 7KLV HoHFW DOORZV WKH GHJHQHUDF\

EHWZHHQ SDUDPHWHUV VXFK DV +R DQG � WR EH EURNHQ � ZKLFK ZLOO XOWLPDWHO\ DOORZ >��@ IRU

KLJKHU�SUHFLVRQ HVWLPDWHV RI ERWK >��@�

5HFDOO LQ &KDSWHU � ZH SUHVHQWHHG pJXUH ��� ZKLFK GLVSOD\HG & gC � IRU WKH SRZHU VSHF�

WUXP FRPSXWHG XVLQJ &0%)$67 IRU YDULRXV WRWDOO\ UHLRQL]HG �LRQL]HG IUDFWLRQ [  ��

VFHQDULRV� SDUDPHWHUL]HG E\ WKH UHGVKLIW RI UHLRQL]DWLRQ ]U L� ,Q )LJXUH ���� ZH SORW WKH

H[SHFWHG 506 SRODUL]DWLRQ YV� ] U L� IRU � � ]U L � ���� DORQJ ZLWK WKH VWDWLVWLFDO �� XQ�

���



)LJXUH ����� 6LPXODWHG REVHUYDWLRQV RI &0% DQLVRWURS\ DQG SRODUL]DWLRQ IURP 0DGLVRQ� :,�
3RZHU VSHFWUD DUH JHQHUDWHG XVLQJ &0%)$67 DQG FRQYROYHG ZLWK WKH 32/$5 EHDP VL]H DQG
REVHUYLQJ VWUDWHJ\ WR FUHDWH UHDOL]DWLRQV RI WKH VN\ DV VHHQ IURP RXU REVHUYLQJ ORFDWLRQ� &RUUHODWLRQ
EHWZHHQ DQLVRWURS\ DQG SRODUL]DWLRQ LV WDNHQ LQWR DFFRXQW� 7KH VROLG OLQHV FRUUHVSRQG WR WRWDO
UHLRQL]DWLRQ DW ]  ��� DQG WKH GRWWHG OLQHV FRUUHVSRQG WR QR UHLRQL]DWLRQ� 1RWH WKDW WKH HoHFW RI
UHLRQL]DWLRQ LV QHDUO\ XQQRWLFHDEOH IRU WKH DQLVRWURS\� ZKLOH IRU WKH SRODUL]DWLRQ LWV HoHFW LV TXLWH
GUDPDWLF�

���



)LJXUH ����� 6LPXODWHG 3HU�3L[HO 506 SRODUL]DWLRQ YV� UHGVKLIW RI UHLRQL]DWLRQ� $OVR VKRZQ LV
32/$5
V H[SHFWHG �� SHU�SL[HO HUURU EDUV IRU | RQH�\HDU RI REVHUYDWLRQV� 1R FRUUHODWLRQV KDYH
EHHQ WDNHQ LQWR DFFRXQW� &RPELQLQJ DOO �� SL[HOV ZRXOG UHVXOW LQ D UHGXFWLRQ LQ WKH HUURUV E\ D
IDFWRU RI | ��

FHUWDLQWLHV ZH H[SHFW EDVHG RQ RXU 1(7 DQG REVHUYDWLRQ WLPH� 7KH XQGHUO\LQJ SRZHU

VSHFWUXP LV D JHQHULF &'0 PRGHO ZLWK n  ��n%  ����� K  �����e  �� DQG SXUH

VFDODU SHUWXUEDWLRQV� 7KH LQFOXVLRQ RI D WHQVRU FRPSRQHQW VKRXOG HQKDQFH WKH ODUJH DQ�

JXODU VFDOH SRODUL]DWLRQ >��@� >���@� VR WKLV pJXUH XQGHUHVWLPDWHV WKH 506 SRODUL]DWLRQ

SUHGLFWHG E\ VRPH FRVPRORJLFDO PRGHOV� 7KLV pJXUH VXJJHVWV WKDW 32/$5 FRXOG EHJLQ WR

GHWHFW SRODUL]DWLRQ RI WKH &0% DW WKH �� OHYHO LI WKH XQLYHUVH EHFDPH FRPSOHWHO\ UHLRQL]HG

DW D UHGVKLIW ] U L ! ���

���



���� 7 HPSHU DWXU H�3 RODU L]DWLRQ &U RVV�&RU U HODWLRQ DQG &2% (

&0% SRODUL]DWLRQ FDQ EH GHFRPSRVHG LQWR WZR FRPSRQHQWV� RQH RI ZKLFK LV VSDWLDOO\

FRUUHODWHG ZLWK WKH WHPSHUDWXUH DQLVRWURS\� DQG DQRWKHU� ODUJHU FRPSRQHQW ZKLFK LV XQ�

FRUUHODWHG� 1J 	 1J >��@ DQG &ULWWHQGHQ� &RXOVRQ� 	 7XURN >���@� GHPRQVWUDWH WKDW� JLYHQ

D KLJK�UHVROXWLRQ &0% WHPSHUDWXUH PDS� LW ZRXOG EH SRVVLEOH WR LGHQWLI\ FHOHVWLDO UHJLRQV

ZKLFK DUH VWDWLVWLFDOO\ PRUH OLNHO\ WR SRVVHV KLJKHU OHYHOV RI WKH FRUUHODWHG SRODUL]DWLRQ

FRPSRQHQW� $V VKRZQ LQ >���@� WKH XQFRUUHODWHG SRODUL]DWLRQ FRPSRQHQW GRPLQDWHV WKH

FRUUHODWHG FRPSRQHQW E\ D IDFWRU RI DW OHDVW WKUHH�

)RU GHWHFWRU�QRLVH OLPLWHG SRODUL]DWLRQ H[SHULPHQWV� LW FDQ EH DGYDQWDJHRXV WR VHDUFK

IRU SRODUL]DWLRQ�DQLVRWURS\ K47 L FRUUHODWLRQ LQ DGGLWLRQ WR SRODUL]DWLRQ�SRODUL]DWLRQ K44L

FURVV�FRUUHODWLRQ� ,I WKH QRLVH LQ WKH WHPSHUDWXUH DQLVRWURS\ PDS LV QHJOLJLEOH LQ FRPSDU�

LVRQ ZLWK WKH QRLVH RI WKH SRODUL]DWLRQ PHDVXUHPHQW� �� WKH HUURU LQ K47 L ZLOO EH OLQHDU

LQ � ZKLOH WKH YDULDQFH LQ WKH SRODUL]DWLRQ DXWR�FRUUHODWLRQ IXQFWLRQ JURZV DV ��� ,Q WKLV

OLPLW LW EHFRPHV DGYDQWDJHRXV WR VHDUFK IRU FURVV�FRUUHODWLRQ�

������ &RU U HODWLRQV % HWZHHQ 7 HPSHU DWXU H DQG 6WRNHV 3 DU DPHWHU V

'XH WR WKH DVVXPSWLRQ WKDW WKH XQLYHUVH LV VWDWLVWLFDOO\ LVRWURSLF ZH H[SHFW WKDW WZR�

SRLQW FRUUHODWLRQ IXQFWLRQV RI WKH 6WRNHV SDUDPHWHUV ZLOO RQO\ GHSHQG RQ WKH DQJXODU

VHSDUDWLRQ EHWZHHQ WKH WZR SRLQWV� 7KLV DVVXPSWLRQ LV LPSOLFLW� IRU H[DPSOH� ZKHQ ZH

H[SDQG WKH WHPSHUDWXUH DXWRFRUUHODWLRQ IXQFWLRQ LQWR /HJHQGUH 3RO\QRPLDOV UDWKHU WKDW

VSKHULFDO KDUPRQLFV� 8QIRUWXQDWHO\� GXH WKH H[SOLFLW UHIHUHQFH WR D SDUWLFXODU FRRUGLQDWH

V\VWHP IRU WKH GHpQLWLRQ RI RXU H[SHULPHQWDOO\ PHDVXUHG 6WRNHV 3DUDPHWHUV� L �H�� 4 u

716b7(: � VLPSO\ FRUUHODWLQJ 4 DQG 8 LQ D SDUWLFXODU FRRUGLQDWH V\VWHP JLYHV FRUUHODWLRQ

IXQFWLRQV ZKLFK GHSHQG RQ WKH SRVLWLRQV RI WKH SRLQWV EHLQJ FRUUHODWHG DV ZHOO WKH DQJXODU

���



VHSDUDWLRQ >���@� 7KLV ZDV WKH VLWXDWLRQ SULRU WR .DPLRQNRZVNL� .RVRZVN\� DQG 6WHEELQV

�..6� DQG 6HOMDN DQG =DOGDUULDJD >��@� >��@�

$V PHQWLRQHG LQ &KDSWHU �� WZR SUHVFULSWLRQV WR VSHFLI\ FRRUGLQDWH LQGHSHQGHQW SDUDP�

HWHUV H[LVW� HLWKHU WKH H[SDQVLRQ LQWR UDQN�� V\PPHWULF WHQVRUV RQ WKH FHOHVWLDO ��VSKHUH� RU

LQWR VSLQ�ZHLJKWHG VSKHULFDO KDUPRQLFV� 7R REWDLQ WKH UHDO�VSDFH FRUUHODWLRQ IXQFWLRQV RI

6WRNHV SDUDPHWHUV ZH GHpQH 4 DQG 8 ZLWK UHVSHFW WR D[HV ZKLFK DUH SDUDOOHO DQG SHUSHQ�

GLFXODU WR WKH JUHDW DUF �RU JHRGHVLF� FRQQHFWLQJ WKH WZR SRLQWV EHLQJ FRUUHODWHG� 6R 4U LV

WKH GLoHUHQFH LQ LQWHQVLWLHV LQ WZR OLQHDU�SRODUL]DWLRQ VWDWHV SDUDOOHO DQG SHUSHQGLFXODU WR

WKH JUHDW DUF FRQQHFWLQJ WKH WZR SRLQWV� DQG 8U LV WKH GLoHUHQFH LQ WZR OLQHDU�SRODUL]DWLRQ

VWDWHV ZKLFK OLH ��r DZD\ IURP WKH SDUDOOHO DQG SHUSHQGLFXODU>��@� 7KLV LV UHPLQLVFHQW RI

WKH PRUH IDPLOLDU QRWLRQ RI SDUDOOHO WUDQVSRUW LQ GLoHUHQWLDO JHRPHWU\� H[FHSW QRZ ZH DUH

FRPSXWLQJ WKH GHULYDWLYH RI D VSLQRU RQ D FXUYHG PDQLIROG UDWKHU WKDQ D �PRUH�VLPSOH�

YHFWRU�

6LQFH ZH KDYH WKUHH REVHUYDEOHV 7�4�8 ZH H[SHFW �� GLoHUHQW WZR�SRLQW FRUUHODWLRQ

IXQFWLRQV WR EH UHOHYDQW LI WKH &0% FDQ EH WUHDWHG DV D JDXVVLDQ UDQGRP pHOG� :H GHQRWH

WKH VL[ FRUUHODWLRQ IXQFWLRQV DV�

K77 L� K8U8UL� K4U4UL� K4U7 L� K4U8UL� DQG K8U7 L� 'XH WR WKH H[SHFWHG V\PPHWU\ RI

WKH XQLYHUVH XQGHU SDULW\ WUDQVIRUPDWLRQV ZH ZLOO pQG WKDW 4U LV LQYDULDQW XQGHU UHqHFWLRQ

DORQJ WKH JUHDW DUF FRQQHFWLQJ WKH WZR SRLQWV EHLQJ FRUUHODWHG� 8U ZLOO FKDQJH VLJQ XQGHU

WKLV V\PPHWU\ WUDQVIRUPDWLRQ� 7 � EHLQJ D VFDODU IXQFWLRQ� ZLOO REYLRXVO\ EH LQYDULDQW�

6R ZH H[SHFW WKDW WKH HQVHPEOH DYHUDJHV K4U8UL DQG K8U7 L ZLOO EH ]HUR� $ KLQW LQ WKLV

GLUHFWLRQ ZDV SURYLGHG LQ &KDSWHU � ZKHUH ZH IRXQG WKDW WKHUH ZHUH RQO\ IRXU QRQ]HUR VHWV

RI PRPHQWV & 7O � &
*
O � &

&
O � DQG & 7 *O � &RUUHVSRQGLQJO\� IRXU QRQ]HUR FRUUHODWLRQ IXQFWLRQV

SURYLGH DQ HTXLYDOHQW VWDWLVWLFDO GHVFULSWLRQ�

���



)ROORZLQJ ..6� ZH QRZ H[DPLQH WKH DXWR DQG FURVV�FRUUHODWLRQ IXQFWLRQV� )LUVW� IRU

UHIHUHQFH� ZH VWDUW ZLWK WKH WHPSHUDWXUH DXWR�FRUUHODWLRQ IXQFWLRQ� K77 L�

& 7 �v�  

�
7 �AQ��

7�

7 �AQ��

7�

�
AQ�cAQ� FRV v

� ������

6LQFH� DV PHQWLRQHG DERYH� WKH FRUUHODWLRQ IXQFWLRQ GHSHQGV RQO\ RQ WKH DQJXODU VHSD�

UDWLRQ RI WKH WZR SRLQWV� ZLWKRXW ORVV RI JHQHUDOLW\� ZH PD\ FKRRVH RQH SRLQW WR EH DW WKH

QRUWK SROH� ��� ��� DQG WKH RWKHU WR EH RQ WKH �  � ORQJLWXGH DW D GLVWDQFH v IURP WKH

QRUWK SROH� �v� ��� 1H[W ZH H[SDQG 7 �AQ� LQ WHUPV RI VSKHULFDO KDUPRQLFV DQG QRWH WKDW
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)RU WKH K44L FRUUHODWLRQ IXQFWLRQ ZH KDYH WKDW�
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ZKHUH WKH 6WRNHV SDUDPHWHU 4U LV GHpQHG DV WKH GLoHUHQFH LQ EULJKWQHVV EHWZHHQ D[HV

SDUDOOHO DQG SHUSHQGLFXODU WR WKH JUHDW DUF FRQQHFWLQJ AQ� DQG AQ�� $JDLQ ZH DUH IUHH WR

FKRRVH RQH SRLQW WR EH DW WKH QRUWK SROH DQG DQRWKHU D GLVWDQFH v DZD\ DORQJ WKH �  �

ORQJLWXGH� 7KLV FKRLFH KDV WKH DGGHG DGYDQWDJH WKDW WKH JUHDW DUF FRQQHFWLQJ WKHVH WZR
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SRLQWV LV DORQJ WKH v GLUHFWLRQ� VR ZH FDQ XVH WKH 4 GHpQHG LQ WKH �Av� A�� FRRUGLQDWH V\VWHP�

$V D FRQVHTXHQFH RI WKH ?KDLU\�EDOO� WKHRUHP RI WRSRORJ\ >���@� LQ DOO FKRLFHV RI VSKHULFDO

FRRUGLQDWH V\VWHPV WKHUH ZLOO EH WZR SRLQWV �SROHV� ZKHUH WKH D]LPXWKDO FRRUGLQDWH LV LOO�

GHpQHG� ,Q WKH SDUWLFXODU VSKHULFDO FRRUGLQDWH V\VWHP ZH DUH FRQVLGHULQJ� WKH GHpQLWLRQ

RI 4 DW WKH QRUWK SROH LV DPELJXRXV� $V ORQJ DV ZH DJUHH QRW WR GLVFXVV WKH SRODUL]DWLRQ

DW WKH SROH ZH FDQ DOZD\V FRQVLGHU D SRLQW RQ WKH �  � ORQJLWXGH ZKLFK LV LQpQLWHVLPDOO\

FORVH WR WKH QRUWK SROH� LQ RWKHU ZRUGV� 4��� �� UHDOO\ PHDQV OLPv��4�v� ��� )RU WKH K88L

FRUUHODWLRQ IXQFWLRQ� WKH GHULYDWLRQ LV VLPLODU� JLYLQJ
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)RU WKH K74L FURVV�FRUUHODWLRQ IXQFWLRQ�
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������ 7 KH &2% ( '0 5 , QVWU XPHQW

7KH &2%( '05 H[SHULPHQW SHUIRUPHG LWV SULPDU\ WDVN H[FHSWLRQDOO\ ZHOO� LW PDGH

WKH pUVW XQDPELJXRXV GHWHFWLRQ RI WKH DQLVRWURS\ RI WKH &0% >���@� 7KH VXFFHVV RI

WKH LQVWUXPHQW LV ODUJHO\ DWWULEXWDEOH WR WKH UREXVW FRQVWUXFWLRQ RI WKH LQVWUXPHQW� WKH

VWDEOH REVHUYLQJ ORFDWLRQ� DQG REVHUYLQJ VWUDWHJ\ DQG DQDO\VLV ZKLFK ZHUH VXEVHTXHQWO\

FDUULHG RXW� ,Q DGGLWLRQ WR LWV DELOLW\ WR GHWHFW WKH DQLVRWURS\ RI WKH &0%� &2%( DOVR

KDG WKH DELOLW\ WR GHWHFW WKH SRODUL]DWLRQ RI WKH &0%� 'XH WR WKH FRPSOLFDWHG REVHUYDWLRQ

VWUDWHJ\ LPSOHPHQWHG LQ DQ HoRUW WR JOHDQ PD[LPXP LQIRUPDWLRQ UHJDUGLQJ WKH DQLVRWURS\�

���



SRODUL]DWLRQ UHVXOWV IURP &2%( DUH QRW SDUWLFXODUO\ UHVWULFWLYH >���@�

7KH JUHDWHVW XVHIXOQHVV RI WKH &2%( LQVWUXPHQW WRZDUGV D GHWHFWLRQ RI SRODUL]DWLRQ

RI WKH &0% PD\ EH \HW WR FRPH� $V ZH ZLOO VKRZ� LW LV SRVVLEOH IRU DQ LQVWUXPHQW VXFK DV

32/$5 WR GHWHFW WKH FURVV�FRUUHODWLRQ RI SRODUL]DWLRQ ZLWK WKH WHPSHUDWXUH DQLVRWURS\

ZLWKRXW GHWHFWLQJ WKH SRODUL]DWLRQ DXWR�FRUUHODWLRQ LWVHOI� ,Q D ORRVH VHQVH� VLQFH WKH WHP�

SHUDWXUH DQLVRWURS\ RI WKH &0% REVHUYHG WRGD\ RQ DOO VFDOHV LV WKH EHDUV WKH LPSULQW RI

WKH TXDGUXSROH DQLVRWURS\ DW GHFRXSOLQJ� DQG WKH SRODUL]DWLRQ RI WKH &0% LV FRUUHODWHG

ZLWK WKH WKLV TXDGUXSROH DQLVRWURS\ DV ZHOO� ZH H[SHFW WKDW SRODUL]DWLRQ DQG WHPSHUD�

WXUH DQLVRWURS\ ZLOO EH FRUUHODWHG� ,Q IDFW� FURVV�FRUUHODWLRQ PD\ SURYLGH WKH RQO\ OLQN

EHWZHHQ SUHYLRXV GHWHFWLRQV �RI DQLVRWURS\�� DQG WKH SURSRVHG PHDVXUHPHQWV GLVFXVVHG LQ

WKLV WKHVLV�

������ 0 RGHO DQG 'DWD , QSXW

7R SODFH LQWHUHVWLQJ OLPLWV RQ WKH SRODUL]DWLRQ�WHPSHUDWXUH FURVV�FRUUHODWLRQ IXQFWLRQ ZH

UHTXLUH WZR LQSXWV LQ DGGLWLRQ WR WKH 32/$5 GDWDVHW� D ZHOO�VDPSOHG WHPSHUDWXUH DQLVRWURS\

PDS� DQG D WKHRUHWLFDO PRGHO RI WKH SRZHU VSHFWUXP� 7KH SRZHU VSHFWUXP ZLOO GHSHQG

XSRQ VHYHUDO FRVPRORJLFDO SDUDPHWHUV� RQH RI ZKLFK � ^ WKH RSWLFDO GHSWK GXH WR UHLRQL]D�

WLRQ� KDV D GUDPDWLF HoHFW RQ WKH ODUJH DQJXODU VFDOH SRODUL]DWLRQ� DQG QRW WKH WHPSHUDWXUH

DQLVRWURS\� 7KXV� D VLJQLpFDQW GHWHFWLRQ RI SRODUL]DWLRQ�WHPSHUDWXUH FURVV�FRUUHODWLRQ PD\

DFWXDOO\ SURYH WR EH WKH LQLWLDO REVHUYDEOH GHWHFWHG E\ 32/$5� 7R SUHSDUH IRU WKLV DQDO\�

VLV� LQ pJXUH ���� ZH VKRZ WKH &2%( WHPSHUDWXUH DQLVRWURS\ PDS FHQWHUHG RQ 32/$5
V

REVHUYLQJ pHOGV�

*LYHQ WKLV PDS� ZH QRZ UHTXLUH D PRGHO IRU WKH WHPSHUDWXUH�SRODUL]DWLRQ FURVV�FRUUHODWLRQ

IXQFWLRQ� ,Q DGGLWLRQ WR WKH DQLVRWURS\ DQG SRODUL]DWLRQ VSHFWUD� &0%)$67 DOVR FRPSXWHV

���



)LJXUH ����� &2%( 7HPSHUDWXUH $QLVRWURS\ &HQWHUHG RQ 32/$5
V 2EVHUYLQJ )LHOGV� )URP
ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG IURP WRS WR ERWWRP WKH UDQJH RI 'HFOLQDWLRQ
LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV LQ WKH PLGGOH RI WKH pJXUH�

)LJXUH ����� 6LPXODWHG SRODUL]DWLRQ�WHPSHUDWXUH FURVV�FRUUHODWLRQ PDS PDGH XVLQJ &0%)$67�
7RWDO UHLRQL]DWLRQ DW ]  �� LV DVVXPHG� )URP ULJKW WR OHIW WKH UDQJH RI 5$ LV �K x 5$ � ��K� DQG
IURP WRS WR ERWWRP WKH UDQJH RI 'HFOLQDWLRQ LV ��r x r � ��r� 32/$5
V REVHUYLQJ VWULS DSSHDUV
LQ WKH PLGGOH RI WKH pJXUH�

K47 L� ZKLFK FDQ EH XVHG WR JHQHUDWH D VN\�UHDOL]DWLRQ� )LJXUH ���� VKRZV D VLPXODWLRQ RI

WKH SRODUL]DWLRQ�WHPSHUDWXUH FURVV�FRUUHODWLRQ H[SHFWHG IRU D PRGHO ZLWK FRPSOHWH UHLRQ�

L]DWLRQ DW ]  ���

7KLV FRPSOHWHV WKH OLVW RI TXDQWLWLHV QHHGHG WR SUREH WKH H[LVWDQFH RI D FRVPRORJLFDOO\

VLJQLpFDQW GHWHFWLRQ RI SRODUL]DWLRQ�WHPSHUDWXUH FURVV�FRUUHODWLRQ� 2QFH D FRPSOHWH VHDVRQ

RI GDWD IURP 32/$5 LV REWDLQHG ZH ZLOO EHJLQ WKH SURFHVV RI SURELQJ WKH FURVV�FRUUHODWLRQ

XVLQJ D VWDQGDUG OLNHOLKRRG DQDO\VLV VXFK DV WKDW SUHVHQWHG LQ >���@�

���



&KDSWHU ��

&RQFOXVLRQV

:H KDYH GHPRQVWUDWHG WKDW WKH GHWHFWLRQ RI WKH SRODUL]DWLRQ RI WKH &0% LV GLrFXOW EXW

WHFKQRORJLFDOO\ IHDVLEOH� $ GHWHFWLRQ ZRXOG SHUPLW WKH GLVFULPLQDWLRQ EHWZHHQ KHUHWRIRUH

GHJHQHUDWH WKHRUHWLFDO SUHGLFWLRQV� 3RODUL]DWLRQ RI WKH &0% KDV D XQLTXH VLJQDWXUH LQ

ERWK UHDO DQG )RXULHU VSDFH� DV ZHOO DV GLVWLQFW VSHFWUDO FKDUDFWHULVWLFV� $ GHWHFWLRQ RI SR�

ODUL]DWLRQ� LQ FRQMXQFWLRQ ZLWK WKH FXUUHQW GHWHFWLRQV RI &0% DQLVRWURS\ FRXOG EH WKH EHVW

DYDLODEOH SUREH RI WKH LRQL]DWLRQ KLVWRU\ RI WKH SUH�JDODFWLF PHGLXP� 7KLV HSRFK RI FRVPLF

HYROXWLRQ LV RI JUHDW LQWHUHVW� DQG VXSSOHPHQWDO LQIRUPDWLRQ IURP SRODUL]DWLRQ GHWHFWLRQ

FRXOG JUHDWO\ DGYDQFH RXU NQRZOHGJH RI WKH IRUPDWLRQ RI VWUXFWXUH LQ WKH HDUO\ XQLYHUVH�

7KH FXUUHQW JHQHUDWLRQ RI DQLVRWURS\ PHDVXUHPHQWV DUH VXrFLHQWO\ UHpQHG WKDW WKH IXQ�

GDPHQWDO SDUDPHWHUV RI FODVVLFDO FRVPRORJ\ DUH EHJLQQLQJ WR EH GHWHUPLQHG� 'HWHFWLRQ

RI SRODUL]DWLRQ RI WKH &0% DOVR SURPLVHV QXPHURXV GLYLGHQGV WKURXJKRXW FRVPRORJ\� DQG

RQH UHDGLO\ REVHUYHV WKDW WKH VWDWXV RI SRODUL]DWLRQ REVHUYDWLRQV WRGD\ LV UHPLQLVFHQW RI

WKH VWDWXV RI DQLVRWURS\ PHDVXUHPHQWV D GHFDGH DJR�

?%HWWHU LV WKH HQG RI D WKLQJ WKDQ WKH EHJLQQLQJ WKHUHRI�� � (FFOHVLDVWHV

���



% LEOLRJU DSK\

>�@ $� $� 3HQ]LDV DQG 5� :� :LOVRQ� $ PHDVXUHPHQW RI H[FHVV DQWHQQD WHPSHUDWXUH DW

���� 0F�V� $S-� �������� �����

>�@ -� &� 0DWKHU� '� -� )L[VHQ� 5� $� 6KDIHU� &� 0RVLHU� DQG '� 7� :LONLQVRQ� &DOLEUDWRU

GHVLJQ IRU WKH FREH IDU�LQIUDUHG DEVROXWH VSHFWURSKRWRPHWHU �pUDV�� $S-� �������^

���� )HEUXDU\ �����

>�@ 6� 6WDJJV� $VWURSK\V� /HWW� DQG &RPP�� ����� �����

>�@ (� :ULJKW HW DO� $S-� ������ �����

>�@ -� &� 0DWKHU� (� 6� &KHQJ� '� $� &RWWLQJKDP� -U� 5� (� (SOHH� '� -� )L[VHQ�

7� +HZDJDPD� 5� %� ,VDDFPDQ� .� $� -HQVHQ� 6� 6� 0H\HU� 3� '� 1RHUGOLQJHU� 6� 0�

5HDG� /� 3� 5RVHQ� 5� $� 6KDIHU� (� /� :ULJKW� &� /� %HQQHWW� 1� :� %RJJHVV� 0� *�

+DXVHU� 7� .HOVDOO� -U� 6� +� 0RVHOH\� 5� )� 6LOYHUEHUJ� *� )� 6PRRW� 5� :HLVV� DQG

'� 7� :LONLQVRQ� 0HDVXUHPHQW RI WKH FRVPLF PLFURZDYH EDFNJURXQG VSHFWUXP E\

WKH &2%( ),5$6 LQVWUXPHQW� $S-� �������� �����

>�@ 6PRRW� *�� ?7KH &RVPLF 0LFURZDYH %DFNJURXQG 6SHFWUXP� � DVWUR�SK ��������

>�@ 6PRRW� *�� ?7KH &RVPLF 0LFURZDYH %DFNJURXQG $QLVRWURS\ ([SHULPHQWV� � DVWUR�

SK ��������

���



>�@ &� /� %HQQHWW HW DO� )RXU�\HDU &2%( '05 FRVPLF PLFURZDYH EDFNJURXQG REVHUYD�

WLRQV� 0DSV DQG EDVLF UHVXOWV� $S- /HWWHUV� ����/�� �����

>�@ %DUUHLUR� 5�� ?7KH &RVPLF 0LFURZDYH %DFNJURXQG� 6WDWH RI WKH $UW�� DVWUR�SK

��������

>��@ 0$3 6DWHOOLWH +RPH 3DJH� KWWS���PDS�JVIF�QDVD�JRY�

>��@ 9LVLW WKH 3ODQFN 6XUYH\RU +RPHSDJH�

KWWS���DVWUR�HVWHF�HVD�QO�6$�JHQHUDO�3URMHFWV�3ODQFN�SODQFN�KWPO�

>��@ 1� &DGHUQL� 5� )DEEUL� %� 0HOFKLRUUL� )� 0HOFKLRUUL� DQG 9� 1DWDOH� 3RODUL]DWLRQ

RI WKH PLFURZDYH EDFNJURXQG UDGLDWLRQ� L � DQLVRWURSLF FRVPRORJLFDO H[SDQVLRQ DQG

HYROXWLRQ RI WKH SRODUL]DWLRQ VWDWHV� LL � DQ LQIUDUHG VXUYH\ RI WKH VN\� 3K\VLFDO 5HYLHZ

'� �������^����� $SULO �����

>��@ -U� 1DQRV� *� 3� 3RODUL]DWLRQ RI WKH EODFNERG\ UDGLDWLRQ DW ��� FHQWLPHWHUV� $S-�

�������^���� 6HSWHPEHU �����

>��@ *� )� 6PRRW DQG 3� 0� /XELQ� 6RXWKHUQ KHPLVSKHUH PHDVXUHPHQWV RI WKH DQLVRWURS\

LQ WKH FRVPLF PLFURZDYH EDFNJURXQG UDGLDWLRQ� $S- /HWWHUV� ����/��^/��� 'HFHPEHU

�����

>��@ 3� 0� /XELQ DQG *� )� 6PRRW� 3RODUL]DWLRQ RI WKH FRVPLF EDFNJURXQG UDGLDWLRQ�

$S-� �����^��� $SULO �����

>��@ 5� %� 3DUWULGJH� (� $� 5LFKDUGV� (� %� )RPDORQW� .� ,� .HOOHUPDQQ� DQG 5� $�

:LQGKRUVW� 6PDOO�VFDOH FRVPLF PLFURZDYH EDFNJURXQG REVHUYDWLRQV DW ��� JK]� $S-�

�������� -XO\ �����

���



>��@ (� -� :ROODFN� 1� &� -DURVLN� &� %� 1HWWHUpHOG� /� $� 3DJH� DQG '� :LONLQVRQ� $

PHDVXUHPHQW RI WKH DQLVRWURS\ LQ WKH FRVPLF PLFURZDYH EDFNJURXQG UDGLDWLRQ DW

GHJUHH DQJXODU VFDOHV� $S- /HWWHUV� ����/��^�� 'HFHPEHU �����

>��@ &� %� 1HWWHUpHOG� 0� -� 'HYOLQ� 1� -DURVLN� /� 3DJH� DQG (� -� :ROODFN� $ PHD�

VXUHPHQW RI WKH DQJXODU SRZHU VSHFWUXP RI WKH DQLVRWURS\ LQ WKH FRVPLF PLFURZDYH

EDFNJURXQG� $S-� ������� �����

>��@ 5�%� 3DUWULGJH� ?�.� 7KH &RVPLF 0LFURZDYH %DFNJURXQG 5DGLDWLRQ�� &DPEULGJH

8QLYHUVLW\ 3UHVV� ?1HZ <RUN�� �����

>��@ -� .UDXVV� ?5DGLR $VWURQRP\�� &\JQXV�4XDVDU %RRNV� 1HZ <RUN� �����

>��@ $� .RVRZVN\� $QQDOV RI 3K\V�� ������� �����

>��@ 0F 'RQRXJK DQG :KDOHQ� ?'HWHFWLRQ RI 6LJQDOV ,Q 1RLVH�� $FDGHPLF 3UHVV� 1HZ

<RUN� �����

>��@ 5� .� 6DFKV DQG $� 0� :ROIH� 3HUWXUEDWLRQV RI D FRVPRORJLFDO PRGHO DQG DQJXODU

YDULDWLRQV RI WKH PLFURZDYH EDFNJURXQG� $S-� �������� -DQXDU\ �����

>��@ 6� &KDQGUDVHNKDU� ?5DGLDWLYH 7UDQVIHU�� 'RYHU� 1HZ <RUN� �����

>��@ 0� -� 5HHV� 3RODUL]DWLRQ DQG VSHFWUXP RI WKH SULPHYDO UDGLDWLRQ LQ DQ DQLVRWURSLF

XQLYHUVH� $S- /HWWHUV� ����/�^�� -XO\ �����

>��@ 0� 0� %DVNR DQG $� *� 3ROQDUHY� 3RODUL]DWLRQ DQG DQLVRWURS\ RI WKH UHOLFW UDGLDWLRQ

LQ DQ DQLVRWURSLF XQLYHUVH� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\�

�������^���� $SULO �����

���



>��@ -� 1HJURSRQWH DQG -� 6LON� 3RODUL]DWLRQ RI WKH SULPHYDO UDGLDWLRQ LQ DQ DQLVRWURSLF

XQLYHUVH� 3K\VLFDO 5HYLHZ /HWWHUV� �������^����� 0D\ �����

>��@ %� :� 7ROPDQ� 7KH SRODUL]DWLRQ RI WKH PLFURZDYH EDFNJURXQG LQ RSHQ XQLYHUVHV�

$S-� �����^��� 0DUFK �����

>��@ :� +X� 1� 6XJL\DPD� DQG -� 6LON� 7KH SK\VLFV RI PLFURZDYH EDFNJURXQG DQLVRWURSLHV�

1DWXUH� ������^��� �����

>��@ .RVRZVN\� $�� ?,QWURGXFWLRQ WR 0LFURZDYH %DFNJURXQG 3RODUL]DWLRQ�� DVWUR�SK

��������

>��@ :� +X DQG 0� :KLWH� $ FPE SRODUL]DWLRQ SULPHU� 1HZ $VWURQRP\� �����^����

6HSWHPEHU �����

>��@ -� *XQQ DQG %� 3HWHUVRQ� $S-� ��������� �����

>��@ 3� -� ( 3HHEOHV� 3ULQFLSOHV RI 3K\VLFDO &RVPRORJ\� 3ULQFHWRQ 8QLY� 3UHVV� 3ULQFHWRQ�

1-� �����

>��@ /� 2]HUQRL DQG 9� &KHUQRPRUGLN� ?6RY� $VWURQ��� ������� �����

>��@ $� .� *RRGLQJ� 1� 7XURN� DQG '� 1� 6SHUJHO� 7KH IRUPDWLRQ RI JDOD[LHV DQG TXDVDUV

LQ D WH[WXUH�VHHGHG FROG GDUN PDWWHU FRVPRJRQ\� $S- /HWWHUV� ����/�^/�� 0D\ �����

>��@ 5� 'XUUHU� (DUO\ UHLRQL]DWLRQ LQ FRVPRORJ\� DVWUR�SK �������� 1RYHPEHU �����

>��@ 0� 7HJPDUN� -� 6LON� DQG $� %ODQFKDUG� $S-� �������� �����

>��@ 0� 7HJPDUN DQG -� 6LON� $S-� �������� �����

>��@ 0� 7HJPDUN HW DO� $S-� ������ �����

���



>��@ '� -� )L[VHQ� (� 6� &KHQJ� -� 0� *DOHV� -� &� 0DWKHU� 5� $� 6KDIHU� DQG (� /� :ULJKW�

7KH FRVPLF PLFURZDYH EDFNJURXQG VSHFWUXP IURP WKH IXOO &2%( ),5$6 GDWD VHW�

$S-� �������� �����

>��@ *ULrWKV� /�� HW DO�� ?&RVPLF 0LFURZDYH %DFNJURXQG &RQVWUDLQWV RQ WKH (SRFK RI

5HLRQL]DWLRQ�� DVWUR�SK ��������

>��@ -� 5� %RQG DQG *� (IVWDWKLRX� &RVPLF EDFNJURXQG UDGLDWLRQ DQLVRWURSLHV LQ XQLYHUVHV

GRPLQDWHG E\ QRQEDU\RQLF GDUN PDWWHU� $S- /HWWHUV� ����/��^/��� 2FWREHU �����

>��@ -� 5� %RQG DQG *� (IVWDWKLRX� 7KH VWDWLVWLFV RI FRVPLF EDFNJURXQG UDGLDWLRQ qXF�

WXDWLRQV� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO 6RFLHW\� �������^���� -XQH

�����

>��@ 3� '� 1DVHO
6NLL DQG $� *� 3ROQDUHY� $QLVRWURS\ DQG SRODUL]DWLRQ RI WKH PL�

FURZDYH EDFNJURXQG UDGLDWLRQ DV D WHVW RI QRQHTXLOLEULXP LRQL]DWLRQ RI WKH SUH�

JDODFWLF SODVPD� $VWURp]LND� ������^���� 1RYHPEHU �����

>��@ .� 1J DQG .� :� 1J� /DUJH�DQJOH SRODUL]DWLRQ DQG DQLVRWURS\ RI WKH FRVPLF PL�

FURZDYH EDFNJURXQG UDGLDWLRQ DQG UHLRQL]DWLRQ� $S-� ��������� -DQXDU\ �����

>��@ 0� =DOGDUULDJD DQG '� +DUUDUL� $QDO\WLF DSSURDFK WR WKH SRODUL]DWLRQ RI WKH FRVPLF

PLFURZDYH EDFNJURXQG LQ qDW DQG RSHQ XQLYHUVHV� 3K\VLFDO 5HYLHZ '� �������� �����

>��@ 5� &ULWWHQGHQ� 5� /� 'DYLV� DQG 3� -� 6WHLQKDUGW� 3RODUL]DWLRQ RI WKH PLFURZDYH EDFN�

JURXQG GXH WR SULPRUGLDO JUDYLWDWLRQDO ZDYHV� $S- /HWWHUV� ����/��^�� 1RYHPEHU

�����

���



>��@ 5� $� )UHZLQ� $� *� 3ROQDUHY� DQG 3� &ROHV� *UDYLWDWLRQDO ZDYHV DQG WKH SRODUL]DWLRQ

RI WKH FRVPLF PLFURZDYH EDFNJURXQG� 0RQWKO\ 1RWLFHV RI WKH 5R\DO $VWURQRPLFDO

6RFLHW\� ����/��^�� -DQXDU\ �����

>��@ $� *� 3ROQDUHY� 3RODUL]DWLRQ DQG DQLVRWURS\ LQGXFHG LQ WKH PLFURZDYH EDFNJURXQG

E\ FRVPRORJLFDO JUDYLWDWLRQDO ZDYHV� $�=K� �������^����� 'HFHPEHU �����

>��@ '� +DUUDUL DQG 0� =DOGDUULDJD� 3RODUL]DWLRQ RI WKH PLFURZDYH EDFNJURXQG LQ LQqD�

WLRQDU\ FRVPRORJ\� 3K\V� /HWW� %� ������� �����

>��@ 0� =DOGDUULDJD� 3RODUL]DWLRQ RI WKH PLFURZDYH EDFNJURXQG LQ UHLRQL]HG PRGHOV�

3K\VLFDO 5HYLHZ '� �������� �����

>��@ 8� 6HOMDN DQG 0� =DOGDUULDJD� $ OLQH�RI�VLJKW LQWHJUDWLRQ DSSURDFK WR FRVPLF PL�

FURZDYH EDFNJURXQG DQLVRWURSLHV� $S-� ��������� 2FWREHU �����

>��@ 0� =DOGDUULDJD DQG 8� 6HOMDN� $Q DOO�VN\ DQDO\VLV RI SRODUL]DWLRQ LQ WKH PLFURZDYH

EDFNJURXQG� 3K\VLFDO 5HYLHZ '� �������� �����

>��@ (� 1HZPDQ DQG 5� 3HQURVH� 1RWH RQ WKH ERQGL�PHW]QHU�VDFKV JURXS� -� 0DWK�

3K\V�� ������ PD\ �����

>��@ 0� .DPLRQNRZVNL� $� .RVRZVN\� DQG $� 6WHEELQV� 6WDWLVWLFV RI FRVPLF PLFURZDYH

EDFNJURXQG SRODUL]DWLRQ� 3K\VLFDO 5HYLHZ '� �������� �����

>��@ -�'� -DFNVRQ� &ODVVLFDO (OHFWURG\QDPLFV� -RKQ :LOH\ 	 6RQV� �����

>��@ 0� =DOGDUULDJD� )OXFWXDWLRQV LQ WKH &RVPLF 0LFURZDYH %DFNJURXQG� 3K' GLVVHUWD�

WLRQ� 0DVVDFKXVHWWV ,QVWLWXWH RI 7HFKQRORJ\� �����

���



>��@ 5� +� 'LFNH� 7KH PHDVXUHPHQW RI WKHUPDO UDGLDWLRQ DW PLFURZDYH IUHTXHQFLHV� 5HY�

6FL� ,QVWU�� ��� -XO\ �����

>��@ .� 5RKOIV� ?7RROV RI 5DGLR $VWURQRP\�� 6SULQJHU 9HUODJ� 1HZ <RUN� �����

>��@ $� 7KRPSVRQ HW DO� ?,QWHUIHURPHWU\ DQG 6\QWKHVLV LQ 5DGLR $VWURQRP\�� .ULHJHU

3XEOLVKLQJ &R�� 0DODEDU� �����

>��@ .� )XMLPRWR� 2Q WKH FRUUHODWLRQ UDGLRPHWHU WHFKQLTXH� ,(((�077� ������ �����

>��@ '� -RKQVRQ� $EVROXWH 7KHUPRG\QDPLF 7HPSHUDWXUH RI WKH &RVPLF 0LFURZDYH %DFN�

JURXQG 5DGLDWLRQ 7HPSHUDWXUH DW ���� *+]� 3K' GLVVHUWDWLRQ� 3ULQFHWRQ 8QLYHUVLW\�

�����

>��@ (� &KHQJ� /DUJH 6FDOH $QLVRWURS\ 2I 7KH �. &RVPLF 0LFURZDYH %DFNJURXQG 5DGL�

DWLRQ DW ����� ����� DQG ���� *+]� 3K' GLVVHUWDWLRQ� 3ULQFHWRQ 8QLYHUVLW\� �����

>��@ 3� 7� 7LPELH DQG '� 7� :LONLQVRQ� $ VHDUFK IRU DQLVRWURS\ LQ WKH FRVPLF PLFURZDYH

UDGLDWLRQ DW PHGLXP DQJXODU VFDOHV� $S-� �������^���� $SULO �����

>��@ 6� 6WDJJV� $Q $EVROXWH 0HDVXUHPHQW RI WKH &RVPLF 0LFURZDYH %DFNJURXQG 5DGLD�

WLRQ 7HPSHUDWXUH DW ��� *+]� 3K' GLVVHUWDWLRQ� 3ULQFHWRQ 8QLYHUVLW\� �����

>��@ 3� 0� /XELQ� 3RODUL]DWLRQ RI WKH FRVPLF EDFNJURXQG UDGLDWLRQ� 3K' WKHVLV� &DOLIRUQLD

8QLY�� %HUNHOH\�� �����

>��@ 3� /XELQ� 3� 0HOHVH� DQG *� 6PRRW� /LQHDU DQG FLUFXODU SRODUL]DWLRQ RI WKH FRVPLF

EDFNJURXQG UDGLDWLRQ� $S- /HWWHUV� ����/��^/��� 2FWREHU �����

���



>��@ &� %� 1HWWHUpHOG� 1� -DURVLN� /� 3DJH� '� :LONLQVRQ� DQG (� :ROODFN� 7KH DQLVRWURS\

LQ WKH FRVPLF PLFURZDYH EDFNJURXQG DW GHJUHH DQJXODU VFDOHV� $S- /HWWHUV� ����/���

�����

>��@ (� -� :ROODFN� 0� -� 'HYOLQ� 1� -DURVLN� &� %� 1HWWHUpHOG� /� 3DJH� DQG '� :LONLQVRQ�

$Q LQVWUXPHQW IRU LQYHVWLJDWLRQ RI WKH FRVPLF PLFURZDYH EDFNJURXQG UDGLDWLRQ DW

LQWHUPHGLDWH DQJXODU VFDOHV� $S-� ��������� )HEUXDU\ �����

>��@ -� 7LQEHUJHQ� ?$VWURQRPLFDO 3RODULPHWU\�� &DPEULGJH 8QLYHUVLW\ 3UHVV� 1HZ <RUN�

�����

>��@ $�'� 2OYHU� 3�-�%� &ODUULFRDWV� $�$� .LVKN� DQG /� 6KDIDL� 0LFURZDYH +RUQV DQG

)HHGV� 7KH ,QVWLWXWLRQ RI (OHFWULFDO (QJLQHHUV� /RQGRQ� 8.� DQG WKH ,QVWLWXWH RI

(OHFWULFDO DQG (OHFWURQLFV (QJLQHHUV� ,QF� 86$� �����

>��@ ;� =KDQJ� 'HVLJQ RI FRQLFDO FRUUXJDWHG IHHG KRUQV IRU ZLGH�EDQG KLJK�IUHTXHQF\

DSSOLFDWLRQV� ,((( 7UDQV� RQ 0LFURZDYH 7KHRU\ DQG 7HFKQLTXHV� ������ $XJXVW

�����

>��@ 0� -DQVVHQ HW DO� ,((( 7UDQV� $QW� DQG 3URS�� ������� �����

>��@ 5�-� :\OGH DQG '�+� 0DUWLQ� *DXVVLDQ EHDP�PRGH DQDO\VLV DQG SKDVH�FHQWHUV RI

FRUUXJDWHG IHHG KRUQV� ,((( 7UDQV� RQ 0LFURZDYH 7KHRU\ DQG 7HFKQLTXHV� �������

�����

>��@ *� :LOVRQ� $Q ,QVWUXPHQW DQG 7HFKQLTXH IRU 0HDVXULQJ $QLVRWURS\ RI WKH &0%5�

3K' GLVVHUWDWLRQ� %URZQ 8QLYHUVLW\� �����

>��@ *�/� -DPHV� 'HVLJQ RI ZLGH�EDQG FRPSDFW FRUUXJDWHG KRUQV� ,((( 7UDQV� RQ

$QWHQQDV DQG 3URSDJDWLRQ� $3�������� 2FWREHU �����

���



>��@ %�0� 7KRPDV� *�/� -DPHV� DQG .�-� *UHHQH� 'HVLJQ RI ZLGH�EDQG FRUUXJDWHG FRQLFDO

KRUQV IRU FDVVHJUDLQ DQWHQQDV� ,((( 7UDQV� RQ $QWHQQDV DQG 3URSDJDWLRQ� $3�

������ -XQH �����

>��@ (� :ROODFN� $ IXOO ZDYHJXLGH EDQG RUWKRPRGH MXQFWLRQ� 15$2 (OHFWURQLFV 'LYLVLRQ

,QWHUQDO 5HSRUW� ������ PD\ �����

>��@ -� 3\OH DQG 5� $QJOH\� &XWRo ZDYHOHQJWKV RI ZDYHJXLGHV ZLWK XQXVXDO FURVV VHFWLRQV�

,((( 007� ��������^���� �����

>��@ *� &KDWWRSDGK\D\ HW DO� ?,((( 0LFURZDYH DQG *XLGHG :DYH /HWWHUV�� �����

>��@ -� )DULV� 6HQVLWLYLW\ RI FRUUHODWLRQ UDGLRPHWHU� -� RI 5HV� RI WKH 1%6 � &� (QJ� DQG

,QVWU�� ��&����� �����

>��@ 6�$� 0DDV� ?0LFURZDYH 0L[HUV�� $UWHFK +RXVH� /RQGRQ� �����

>��@ %� )HPHQLD� 5� 5HEROR� &� 0� *XWLHUUH]� 0� /LPRQ� DQG /� 3LFFLULOOR� 7KH LQVWLWXWR

DVWURpVLFD GH FDQDULDV�EDUWRO FRVPLF PLFURZDYH EDFNJURXQG DQLVRWURS\ H[SHULPHQW�

5HVXOWV RI WKH ���� FDPSDLJQ� $S-� ��������� 0D\ �����

>��@ -� :� 'UHKHU� &� /� &DULOOL� DQG 5� $� 3HUOH\� 7KH IDUDGD\ URWDWLRQ RI F\JQXV D �

PDJQHWLF pHOGV LQ FOXVWHU JDV� $S-� �������^���� PD\ �����

>��@ $� *DVLHZVNL DQG '� .XQNHH� &DOLEUDWLRQ DQG DSSOLFDWLRQV RI SRODUL]DWLRQ�

FRUUHODWLQJ UDGLRPHWHUV� ,((( 7UDQV�077� ������� PD\ �����

>��@ 7�6� &KX HW DO� 4XDVL�RSWLFDO SRODUL]DWLRQ GLSOH[LQJ RI PLFURZDYHV� %HOO 6\VWHP

7HFKQLFDO -RXUQDO� �������� GHF �����

���



>��@ 'DYLG :LONLQVRQ� $ ZDUQLQJ ODEHO IRU FRVPLF PLFURZDYH EDFNJURXQG DQLVRWURS\

H[SHULPHQWV� ,Q $� $VWEXU\ HW DO�� HGLWRUV� ?3DUWLFOH 3K\VLFV DQG &RVPRORJ\� 3UR�

FHHGLQJV RI WKH 1LQWK /DNH /RXLVH :LQWHU ,QVWLWXWH�� SDJH ���� 6LQJDSRUH� �����

:RUOG 6FLHQWLpF�

>��@ $� .RJXW� $� -� %DQGD\� &� /� %HQQHWW� .� 0� *RUVNL� *� +LQVKDZ� 3� '� -DFNVRQ�

3� .HHJVWUD� &� /LQHZHDYHU� *� )� 6PRRW� /� 7HQRULR� DQG (� /� :ULJKW� &DOLEUDWLRQ

DQG V\VWHPDWLF HUURU DQDO\VLV IRU WKH FREH GPU � \HDU VN\ PDSV� $S-� ���������

2FWREHU �����

>��@ :� 1� %UDQGW� &� 5� /DZUHQFH� $� &� 6� 5HDGKHDG� -� 1� 3DNLDQDWKDQ� DQG

7� 0� )LROD� 6HSDUDWLRQ RI IRUHJURXQG UDGLDWLRQ IURP FRVPLF PLFURZDYH EDFNJURXQG

DQLVRWURS\ XVLQJ PXOWLIUHTXHQF\ PHDVXUHPHQWV� $S-� ������ �����

>��@ *� 5\ELFNL DQG $� /LJKWPDQ� ?5DGLDWLYH 3URFHVVHV LQ $VWURSK\VLFV�� :LOH\� 1HZ

<RUN� �����

>��@ 6� &RUWLJOLRQL DQG 7� $� 7� 6SRHOVWUD� 7KH OLPLWDWLRQV RI FRVPLF�PLFURZDYH�

EDFNJURXQG PHDVXUHPHQWV GXH WR OLQHDU SRODUL]DWLRQ RI JDODFWLF UDGLR HPLVVLRQ� $V�

WURQRP\ DQG $VWURSK\VLFV� ������� 2FWREHU �����

>��@ :� %URXZ DQG 7� 6SRHOVWUD� /LQHDU SRODUL]DWLRQ RI WKH JDODFWLF EDFNJURXQG DW

IUHTXHQFLHV EHWZHHQ ��� DQG ���� PK]� $VWURQRQ� DQG $VWURSK\V� 6XSS�� �������

�����

>��@ &� /� %HQQHWW� *� )� 6PRRW� *� +LQVKDZ� (� /� :ULJKW� $� .RJXW� *� 'H $PLFL�

6� 6� 0H\HU� 5� :HLVV� '� 7� :LONLQVRQ� 6� *XONLV� 0� -DQVVHQ� 1� :� %RJJHVV� (� 6�

&KHQJ� 0� *� +DXVHU� 7� .HOVDOO� -� &� 0DWKHU� 6� +� 0RVHOH\� 7� /� 0XUGRFN� DQG

���



5� )� 6LOYHUEHUJ� 3UHOLPLQDU\ VHSDUDWLRQ RI JDODFWLF DQG FRVPLF PLFURZDYH HPLVVLRQ

IRU WKH &2%( GLoHUHQWLDO PLFURZDYH UDGLRPHWHU� $S- /HWWHUV� ����/�� �����

>��@ $� .RJXW� $� -� %DQGD\� &� /� %HQQHWW� .� *wRUVNL� *� +LQVKDZ� *� )� 6PRRW� DQG

(� /� :ULJKW� 0LFURZDYH HPLVVLRQ DW KLJK JDODFWLF ODWLWXGHV LQ WKH IRXU�\HDU '05

VN\ PDSV� $S- /HWWHUV� ����/�� �����

>��@ /\PDQ 6SLW]HU� ?3K\VLFDO 3URFHVVHV LQ WKH ,QWHUVWHOODU 0HGLXP�� :LOH\ &ODVVLFV

/LEUDU\� 1HZ <RUN� �����

>��@ (� /� :ULJKW� -� &� 0DWKHU� &� /� %HQQHWW� (� 6� &KHQJ� 5� $� 6KDIHU� '� -� )L[VHQ�

-U� (SOHH� 5� (�� 5� %� ,VDDFPDQ� 6� 0� 5HDG� 1� :� %RJJHVV� 6� *XONLV� 0� *�

+DXVHU� 0� -DQVVHQ� 7� .HOVDOO� 3� 0� /XELQ� 6� 6� 0H\HU� -U� 0RVHOH\� 6� +�� 7� /�

0XUGRFN� 5� )� 6LOYHUEHUJ� *� )� 6PRRW� 5� :HLVV� DQG '� 7� :LONLQVRQ� 3UHOLPLQDU\

VSHFWUDO REVHUYDWLRQV RI WKH JDOD[\ ZLWK D � GHJ EHDP E\ WKH FRVPLF EDFNJURXQG

H[SORUHU �FREH�� $S-� �������^���� 1RYHPEHU �����

>��@ (� 0� /HLWFK� $� &� 6� 5HDGKHDG� 7� -� 3HDUVRQ� DQG 6� 7� 0\HUV� $Q DQRPDORXV

FRPSRQHQW RI JDODFWLF HPLVVLRQ� $S- /HWWHUV� ����/��^�� 6HSWHPEHU �����

>��@ %� 7� 'UDLQH DQG $� /D]DULDQ� 'LoXVH JDODFWLF HPLVVLRQ IURP VSLQQLQJ GXVW JUDLQV�

$S- /HWWHUV� ����/��^�� )HEUXDU\ �����

>��@ %� 7� 'UDLQH DQG $� /D]DULDQ� 0DJQHWLF GLSROH PLFURZDYH HPLVVLRQ IURP GXVW JUDLQV�

$S-� �������^���� )HEUXDU\ �����

>���@ '� 6DNLD DQG &� 6DOWHU� $$5	$� ������ �����
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>���@ $� )UDQFHVFKLQL� /� 7RoRODWWL� /� 'DQHVH� DQG *� 'H =RWWL� 'LVFUHWH VRXUFH FRQWUL�

EXWLRQV WR VPDOO�VFDOH DQLVRWURSLHV RI WKH PLFURZDYH EDFNJURXQG� $S-� ������^���

�����

>���@ +� /LHEH� ?5DGLR 6FLHQFH�� �������� �����

>���@ %UHQGHQ &ULOO� 6HQLRU 7KHVLV� %URZQ 8QLYHUVLW\ � �����

>���@ 5RVHQFUDQ]� 3�:� ����� SHUVRQDO FRPPXQLFDWLRQ�

>���@ 3� 5RVHQFUDQ] DQG '� 6WDHOLQ� 5DGLR 6FLHQFH� ������� �����

>���@ 6� 'RGHOVRQ� 'HWHUPLQLQJ FRVPLF PLFURZDYH EDFNJURXQG DQLVRWURSLHV LQ WKH SUHVHQFH

RI IRUHJURXQGV� $S-� ��������� -XQH �����

>���@ %� .HDWLQJ� 3� 7LPELH� $� 3ROQDUHY� DQG -� 6WHLQEHUJHU� /DUJH DQJXODU VFDOH SR�

ODUL]DWLRQ RI WKH FRVPLF PLFURZDYH EDFNJURXQG UDGLDWLRQ DQG WKH IHDVLELOLW\ RI LWV

GHWHFWLRQ� $S-� ��������� �����

>���@ 2� 3� /D\ DQG 1� :� +DOYHUVRQ� ?WKH LPSDFW RI DWPRVSKHULF qXFWXDWLRQV RQ GHJUHH�

VFDOH LPDJLQJ RI WKH FRVPLF PLFURZDYH EDFNJURXQG�� DVWUR�SK �������� 0D\ �����

>���@ 6� (� &KXUFK� 3UHGLFWLQJ UHVLGXDO OHYHOV RI DWPRVSKHUHLF VN\ QRLVH LQ JURXQG EDVHG

REVHUYDWLRQV RI WKH FRVPLF PLFURZDYH EDFNJURXQG UDGLDWLRQ� 0RQWKO\ 1RWLFHV RI WKH

5R\DO $VWURQRPLFDO 6RFLHW\� �������^���� )HEUXDU\ �����

>���@ 0� :KLWH DQG 0� 6UHGQLFNL� :LQGRZ IXQFWLRQV RI FRVPLF PLFURZDYH EDFNJURXQG

H[SHULPHQWV� $S-� �����^��� $SULO �����

>���@ /� .QR[� &RVPLF PLFURZDYH EDFNJURXQG DQLVRWURS\ REVHUYLQJ VWUDWHJ\ DVVHVVPHQW�

$S-� �������� 0D\ �����

���



>���@ :� +� 3UHVV� 6� $� 7HXNROVN\� :� 7� 9HWWHUOLQJ� DQG %� 3� )ODQQHU\� 1XPHULFDO

5HFLSHV LQ )2575$1� 7KH $UW RI 6FLHQWLpF &RPSXWLQJ� &DPEULGJH 8QLY�� &DP�

EULGJH� �QG HGLWLRQ� �����

>���@ 0� :� 3RVSLHV]DOVNL� :� -� /DNDWRVK� /� '� 1JX\HQ� 0� /XL� 7� /LX� 0� /H� 0� $�

7KRPSVRQ� DQG 0� -� 'HODQH\� &U\RJHQLFDOO\�FRROHG KIHW DPSOLpHUV DQG UHFHLYHUV�

6WDWH�RI�WKH�DUW DQG IXWXUH WUHQGV� ,Q /� .LUE\� HGLWRU� ���� ,((( 077�6 'LJHVW�

SDJH ����� 3LVFDWDZD\� 1-� ����� ,(((�

>���@ 0� :� 3RVSLHV]DOVNL� :� -� /DNDWRVK� /� '� 1JX\HQ� 0� /XL� 7� /LX� 0� /H� 0� $�

7KRPSVRQ� DQG 0� -� 'HODQH\� 4 DQG (�EDQG FU\RJHQLFDOO\�FRRODEOH DPSOLpHUV XVLQJ

$O,Q$V�*D,Q$V�,Q3 KHPWV� ,Q /� .LUE\� HGLWRU� ���� ,((( 077�6 'LJHVW� SDJH

����� 3LVFDWDZD\� 1-� ����� ,(((�

>���@ 8� 6HOMDN� 0HDVXULQJ SRODUL]DWLRQ LQ WKH FRVPLF PLFURZDYH EDFNJURXQG� $S-� �������

-XQH �����

>���@ 5� &ULWWHQGHQ� '� &RXOVRQ� DQG 1� 7XURN� 3K\VLFDO 5HYLHZ '� ���U����� �����

>���@ '� &RXOVRQ� 5� &ULWWHQGHQ� DQG 1� 7XURN� 3K\V� 5HY� /HWW�� �������� �����

>���@ .� 1J DQG .� :� 1J� *UDYLW\ ZDYH�LQGXFHG SRODUL]DWLRQ RI WKH FRVPLF PLFURZDYH

EDFNJURXQG UDGLDWLRQ� $S-� �������^���� -XQH �����

>���@ 5� 'DUOLQJ� ?'LoHUHQWLDO )RUPV DQG &RQQHFWLRQV�� &DPEULGJH 8QLYHUVLW\ 3UHVV�

1HZ <RUN� �����

>���@ *� )� 6PRRW HW DO� 6WUXFWXUH LQ WKH &2%( GLoHUHQWLDO PLFURZDYH UDGLRPHWHU pUVW�

\HDU PDSV� $S- /HWWHUV� ����/�� �����
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>���@ 6PRRW� *�� ?6XPPDU\ RI 5HVXOWV IURP &2%(�� DVWUR�SK ��������

>���@ $� &� 6� 5HDGKHDG� &� 5� /DZUHQFH� 6� 7� 0\HUV� :� /� :� 6DUJHQW� DQG +� (�

+DUGHEHFN� $S-� �������� �����
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