
7KH 4XHVW IRU 4XDQWXP *UDYLW\ DQG WKH $SSOLFDWLRQV RI $,
$FK\XW 6� &KHEL\DP

$EVWUDFW

4XDQWXP PHFKDQLFV DQG FODVVLFDO SK\VLFV� WZR RI WKH PRVW LPSRUWDQW EUDQFKHV RI VFLHQFH
H[SODLQLQJ RXU ZRUOG� DUH FRQWUDGLFWLQJ LQ QDWXUH� 7KH VHDUFK IRU D *UDQG 8QLILHG 7KHRU\ RI WKH
XQLYHUVH WKDW ZRXOG EH DEOH WR OLQN WKHVH WZR EUDQFKHV VR IDU ZLWK FRQFUHWH IRXQGDWLRQV KDV
EHHQ WR QR DYDLO� 6R IDU� JUDYLW\ KDV VXFFHVVIXOO\ EHHQ DEOH WR GHVFULEH WKH PRYHPHQW RI SODQHWV
DQG VWDUV� 4XDQWXP SK\VLFV GHVFULEHV WKH SK\VLFV RI WKH VXEDWRPLF ZRUOG� 8QIRUWXQDWHO\� JUDYLW\
FXUUHQWO\ KDV QR FRQFUHWH EDVLV LQ TXDQWXP WKHRU\� WKH PRVW SUHYDOHQW WKHRULHV GHVFULELQJ
KXPDQ XQGHUVWDQGLQJ RI WKH XQLYHUVH DUH LQFRPSDWLEOH� 8VLQJ YDULRXV UHVHDUFK SDSHUV DQG
DUWLFOHV� WKLV SDSHU UHYLHZV WKH GLIIHUHQW WKHRULHV DGGUHVVLQJ WKH JDS LQ RXU XQGHUVWDQGLQJ VXFK
DV 6WULQJ 7KHRU\ DQG /RRS 4XDQWXP *UDYLW\ DQG ZK\ WKH\ PD\ ILW ZLWK RXU H[SHFWDWLRQV DV ZHOO
ZKDW VKRUWFRPLQJV WKH\ KDYH� 'LVFRYHULQJ D EULGJH EHWZHHQ TXDQWXP SK\VLFV DQG JUDYLW\ PD\
JLYH XV QHZ LQVLJKW WKDW ZH FDQ LQFRUSRUDWH LQWR WHFKQRORJ\� )XUWKHUPRUH� ZH ZRXOG KDYH D
PRUH FRPSOHWH JHQHUDO XQGHUVWDQGLQJ RI WKH PHFKDQLFV RI RXU XQLYHUVH� 7KLV UHYLHZ SDSHU LV
DLPHG DW KHOSLQJ SK\VLFV DVSLUDQWV XQGHUVWDQG WKH GHYHORSPHQW RI WKH WKHRU\ RI JUDYLW\ DQG WKH
YDULRXV FDQGLGDWHV IRU WKH *UDQG 8QLILHG 7KHRU\� ,W DOVR KLJKOLJKWV WKH DSSOLFDWLRQV RI DUWLILFLDO
LQWHOOLJHQFH LQ DGYDQFLQJ RXU XQGHUVWDQGLQJ RI WKH FRVPRV DW LWV PRVW IXQGDPHQWDO OHYHO�
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,QWURGXFWLRQ

*UDYLW\ LV D IXQGDPHQWDO DVSHFW RI WKH ZRUOG WKDW KXPDQV KDYH H[SORUHG VFLHQWLILFDOO\ DQG
PDWKHPDWLFDOO\� +RZHYHU� D FRPSOHWH GHVFULSWLRQ RI JUDYLW\ VWLOO HOXGHV WKH VFLHQWLILF FRPPXQLW\�
7KLV SDSHU KLJKOLJKWV WKH PDMRU DGYDQFHV LQ JUDYLWDWLRQDO UHVHDUFK WKDW KDV OHG WR RXU FXUUHQW
XQGHUVWDQGLQJ RI WKH ZRUOG DQG KRZ TXDQWXP JUDYLW\ LV QHHGHG IRU XV WR JDLQ D FOHDU SLFWXUH RI
RXU XQLYHUVH� ,W DOVR KLJKOLJKWV VRPH RI WKH OHDGLQJ FDQGLGDWHV IRU WKH *UDQG 8QLILHG 7KHRU\ DQG
KRZ DUWLILFLDO LQWHOOLJHQFH �$,� LV DFFHOHUDWLQJ UHVHDUFK� , LQFOXGH DQ LQWURGXFWLRQ WR GLIIHUHQW
WKHRULHV RI JUDYLW\ DQG TXDQWXP PHFKDQLFV DQG KRZ KXPDQ XQGHUVWDQGLQJ RI VXFK SKHQRPHQD
KDV HYROYHG RYHU WLPH� 7KLV SDSHU LV GHOLEHUDWHO\ FUDIWHG WR FDWHU WR UHDGHUV RI DOO EDFNJURXQGV�
HQVXULQJ DFFHVVLELOLW\ WR UHDGHUV RI OLPLWHG PDWKHPDWLFDO PDWXULW\ DQG HQDEOLQJ \RXQJHU
DXGLHQFHV WR FRPSUHKHQG WKH IDVFLQDWLQJ JURZWK RI TXDQWXP JUDYLW\� )RU WKRVH UHDGHUV ZLWK DQ
LQWHUHVW LQ GHOYLQJ LQWR WKH PDWKHPDWLFDO LQWULFDFLHV� WKH DSSHQGLFHV UHIHUHQFHG ZLWKLQ WKH WH[W
RIIHU D YDOXDEOH UHVRXUFH�

$V KXPDQV� ZH DUH GULYHQ WR XQGHUVWDQG WKH HQLJPDV DURXQG XV� DQG WKH QDWXUH RI JUDYLW\ LV QR
H[FHSWLRQ� )RUPXODWLQJ D *UDQG 8QLYHUVDO 7KHRU\ ZRXOG VLJQLI\ D KLVWRULF ODQGPDUN LQ RXU
XQGHUVWDQGLQJ RI QDWXUH� SDYLQJ WKH ZD\ IRU VFLHQWLILF H[SORUDWLRQ� 7KLV NQRZOHGJH PD\ HQDEOH
XV WR H[SORUH SKHQRPHQD VXFK DV EODFN KROHV� FRVPLF LQIODWLRQ� DQG GDUN HQHUJ\ DQG PDWWHU
WKURXJK D QHZ OHQV�

0RUHRYHU� XQUDYHOLQJ WKH P\VWHULHV RI TXDQWXP JUDYLW\ FRXOG KDYH SURIRXQG SUDFWLFDO
LPSOLFDWLRQV� 7KLV NQRZOHGJH PLJKW OHDG WR WKH GHYHORSPHQW RI UHYROXWLRQDU\ PDWHULDOV� QRYHO
HQHUJ\ VROXWLRQV� DQG DGYDQFHPHQWV LQ PHGLFLQH� HQKDQFLQJ PXOWLSOH IDFHWV RI KXPDQ OLIH�

7KH H[SORUDWLRQ RI TXDQWXP JUDYLW\ PDWWHUV EHFDXVH LW KDV WKH SRWHQWLDO WR UHVKDSH RXU
XQGHUVWDQGLQJ RI WKH XQLYHUVH� UHYROXWLRQL]H WHFKQRORJ\� DQG XQFRYHU WKH VHFUHWV RI WKH FRVPRV�
$V ZH YHQWXUH LQWR WKH GHSWKV RI WKLV FDSWLYDWLQJ ILHOG� ZH GLVFRYHU PRUH DERXW WKH FRPSOH[ DQG
PHWLFXORXVO\�SODQQHG OD\RXW RI RXU VXUURXQGLQJV� ,Q PDQ\ ZD\V� DGYDQFHPHQW LQ WKLV ILHOG LV D
YR\DJH LQWR WKH ZRQGHUV RI RXU XQLYHUVH�
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+HOLRFHQWULVP DQG 1HZWRQ¶V *UDYLWDWLRQ

)URP WKH GDZQ RI FLYLOL]DWLRQ� KXPDQV KDYH FRQWHPSODWHG WKHLU SODFH LQ WKH XQLYHUVH IURP
SKLORVRSKLFDO DQG VFLHQWLILF VWDQGSRLQWV� 7R XQGHUVWDQG RXU SODFH LQ WKH XQLYHUVH� HDUO\ VFLHQWLVWV
IRFXVHG RQ WKH FRVPRV� RQH FDQ RQO\ XQGHUVWDQG KXPDQV¶ SRVLWLRQ LQ WKH XQLYHUVH E\ REVHUYLQJ
RXU SODQHW¶V VXUURXQGLQJV�

0RVW FHOHVWLDO ERGLHV FRQIRUPHG WR WKH WUHQG RI UHSHDWHG F\FOHV WUDFLQJ WKH VN\� ZKDW ZH QRZ
UHFRJQL]H DV FRQVWHOODWLRQV� %XW� DV ILUVW FHQWXU\ 5RPDQ DVWURQRPHU &ODXGLXV 3WROHP\ UHDOL]HG�
FHUWDLQ ERGLHV GLG QRW IROORZ WKLV SDWWHUQ >�@� 7KH REVHUYDEOH SODQHWV 0HUFXU\� 9HQXV� 0DUV�
-XSLWHU� DQG 6DWXUQ IROORZHG UHWURJUDGH PRWLRQ >�@� 7KLV PHDQW WKDW WKH PRYHPHQW RI D SDUWLFXODU
FHOHVWLDO ERG\ ZDV QRW LQ DFFRUGDQFH ZLWK WKH PRYHPHQWV RI WKH UHVW RI WKH XQLYHUVH�

7KH SLFWXUH DERYH GLVSOD\V D GLJLWDOO\ VWDFNHG LPDJH RI WKH SODQHWDU\ PRWLRQ RI 0DUV IURP
(DUWK¶V SHUVSHFWLYH LQ -XQH� ���� >�@� &RQVWHOODWLRQV DSSHDU WR UHYROYH DURXQG WKH (DUWK� \HW
0DUV FUHDWHG D ORRS LQ WKH VN\ E\ DSSHDULQJ WR PRYH EDFNZDUG IRU VRPH WLPH� 3WROHP\ UHFRUGHG
WKLV LQIRUPDWLRQ IRU WKH REVHUYDEOH SODQHWV >�@� %XW ZK\ GRHV WKLV DEQRUPDO SODQHWDU\ PRWLRQ
RFFXU"
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$V VKRZQ E\ WKH GLDJUDP DERYH� YLHZLQJ WKH PRWLRQ RI WZR UHYROYLQJ SODQHWV IURP RQH RI WKHP
OHDGV WR RQO\ D SDUWLDO SHUVSHFWLYH JDLQHG� ,W DSSHDUV DV WKRXJK WKH SODQHW� LQ WKLV FDVH -XSLWHU�
WUDFHV RXW DQ DEQRUPDO FXUYH LQ VSDFH� DOWKRXJK IURP D ODUJHU SHUVSHFWLYH� LW LV DSSDUHQW WKDW
-XSLWHU¶V SDWK DSSHDUV GLVWLQFW IURP VWDUV EHFDXVH RI LWV RUELW DURXQG WKH 6XQ�

$W WKH WLPH� KRZHYHU� D KHOLRFHQWULF PRGHO RI WKH XQLYHUVH �SODQHWV UHYROYLQJ DURXQG WKH 6XQ�
ZDV XQKHDUG RI� 5DWKHU� VFLHQWLVWV EHOLHYHG WKDW (DUWK ZDV WKH FHQWHU RI WKH XQLYHUVH� ZKLFK OHG
3WROHP\ WR FRPSLOH KLV REVHUYDWLRQV LQ D JHRFHQWULF �(DUWK�FHQWHUHG� PRGHO� DV VKRZQ EHORZ
>�@� ,Q WKLV PRGHO� HYHU\ FHOHVWLDO ERG\ UHYROYHV DURXQG WKH (DUWK� DQG VRPH IROORZ VPDOOHU RUELWV
ZLWKLQ WKHLU ODUJH DUFV DURXQG WKH (DUWK�
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,W ZDVQ¶W XQWLO WKH ��WK FHQWXU\ ZKHQ 3ROLVK DVWURQRPHU 1LFRODXV &RSHUQLFXV SURSRVHG D
KHOLRFHQWULF PRGHO RI WKH XQLYHUVH DFFRUGLQJ WR KLV QDNHG�H\H REVHUYDWLRQV RI WKH ILUPDPHQW >�@�
+LV QRWLRQV ZHUH VR UDGLFDO WKDW WKH\ WRRN RYHU D FHQWXU\ WR EHFRPH DFFHSWHG LQ WKH VFLHQWLILF
FRPPXQLW\ >�@�

&RSHUQLFXV FRUUHFWO\ LQWHUSUHWHG DVWURQRPLFDO GDWD DV SURRI RI D KHOLRFHQWULF PRGHO� EXW LW ZDV
*HUPDQ PDWKHPDWLFLDQ -RKDQQHV .HSOHU ZKR GHULYHG PDWKHPDWLFDO HTXDWLRQV WR SUHFLVHO\
SUHGLFW SODQHWDU\ PRWLRQV >�@� +H FUHDWHG ZKDW ZH VWLOO XVH WRGD\ DV .HSOHU¶V /DZV RI 3ODQHWDU\
0RWLRQ� GHVFULELQJ WKH HOOLSWLFDO URXWHV RI RUELWLQJ SODQHWV�
6LU ,VDDF 1HZWRQ XQGHUVWRRG WKDW .HSOHU¶V /DZV FRUUHFWO\ GHILQH SODQHWDU\ PRWLRQ� VR KH
H[WHQGHG WKH LGHD WR FUHDWH WKUHH XQLYHUVDO ODZV WKDW GHVFULEH DOO W\SHV RI PRWLRQ� 1HZWRQ¶V
/DZV RI 0RWLRQ >�@� +H UHDOL]HG WKDW DOO PRWLRQ IROORZV WKH VDPH XQLYHUVDO UXOHV DQG WKDW WKH\
FDQ EH H[SODLQHG E\ WKH VDPH EDVLF SULQFLSOHV� ZKHWKHU WKH REMHFW LV DQ\ RI WKH PDVVLYH VWDUV RU
DQ DSRFU\SKDO DSSOH IDOOLQJ IURP D WUHH� +H SUHVHQWHG KLV ILQGLQJV LQ WKH ���� ERRN 3KLORVRSKLDH
1DWXUDOLV 3ULQFLSLD 0DWKHPDWLFD� PHDQLQJ ³0DWKHPDWLFDO 3ULQFLSOHV RI 1DWXUDO 3KLORVRSK\�´
LJQLWLQJ WKH VFLHQWLILF UHYROXWLRQ QRWLRQ WKDW SKLORVRSK\ FDQ EH GHILQHG E\ VFLHQFH >�@� :LWKLQ WKH
SDJHV RI KLV ERRN� 1HZWRQ UHFRJQL]HG D IXQGDPHQWDO IRUFH RI DWWUDFWLRQ H[HUWHG E\ DOO REMHFWV�
JUDYLW\�

1HZWRQ¶V /DZV VXFFHHGHG LQ FUHDWLQJ D WKHRUHWLFDO IUDPHZRUN IRU RXU VRODU V\VWHP� EXW IDLOHG WR
DQVZHU PDQ\ SUHVVLQJ TXHVWLRQV� :KDW FDXVHV WKH IRUFH RI DWWUDFWLRQ" :K\ GR DOO REMHFWV KDYH
LW" :K\ LV 0HUFXU\¶V RUELW VR XQQDWXUDO" $OO RI WKHVH TXHVWLRQV UHPDLQHG D P\VWHU\ XQWLO $OEHUW
(LQVWHLQ¶V ���� SXEOLFDWLRQ RI WKH 7KHRU\ RI *HQHUDO 5HODWLYLW\ >�@�
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*HQHUDO 5HODWLYLW\

5DWKHU WKDQ D IRUFH� (LQVWHLQ GHILQHG JUDYLW\ DV D FXUYDWXUH LQ VSDFH�WLPH UHVXOWLQJ IURP WKH
SUHVHQFH RI PDVV DQG HQHUJ\ >�@� 7KH SUHVHQFH RI PDWWHU RI HQHUJ\ GLVWRUWV VSDFHWLPH LWVHOI� DV
VKRZQ LQ WKH ILJXUH EHORZ�

7KLV WKHRU\ LPSOLHV WKDW WKH ODQGVFDSH RI WKH XQLYHUVH LV FRQVWDQWO\ HYROYLQJ ZLWK WKH PRWLRQ RI
FHOHVWLDO ERGLHV DQG WKDW JUDYLW\ LV DFWXDOO\ D GLVWRUWLRQ RI VSDFHWLPH UDWKHU WKDQ D IRUFH >��@� %XW
ZKDW GRHV WKDW PHDQ" ,PDJLQH \RX DUH VLSSLQJ D FXS RI WHD LQ D VSDFH VWDWLRQ� 1HZWRQ¶V WKHRU\
RI JUDYLW\ DV D IRUFH DUJXHV WKDW FHOHVWLDO ERGLHV H[HUW D ODUJH HQRXJK IRUFH WKDW \RX� WKH FXS RI
WHD� DQG WKH VSDFH VWDWLRQ DUH SXOOHG WRZDUG WKHP� 2Q WKH RWKHU KDQG� (LQVWHLQ¶V GHSLFWLRQ RI D
GLVWRUWLRQ LQ VSDFHWLPH HOXFLGDWHV WKDW WKH HYHQW RI \RX VLSSLQJ WHD LQ WKH VSDFH VWDWLRQ LWVHOI LV
GLVWRUWHG E\ WKH SUHVHQFH RI PDWWHU DQG HQHUJ\� $ FXUYDWXUH RI VSDFHWLPH LWVHOI FDXVHV WKH
DSSDUHQW JUDYLWDWLRQDO DWWUDFWLRQ�

1HZWRQ¶V /DZV IDLOHG WR H[SODLQ WKH LUUHJXODU PRWLRQ RI 0HUFXU\¶V RUELW >��@� 3ODQHWV UHYROYH
DURXQG WKH 6XQ LQ HOOLSWLFDO IRUPDWLRQV� DQG WKHVH HOOLSVHV WKHPVHOYHV UHYROYH DURXQG WKH 6XQ�
7KLV HOOLSWLFDO UHYROYLQJ PRWLRQ LV NQRZQ DV SUHFHVVLRQ� %XW 0HUFXU\ QRW RQO\ MLJJOHG LQ LWV RUELW�
EXW PDGH LWV URXQGV IDVWHU WKDQ H[SHFWHG >��@�

$VWURQRPHUV ZHUH WKURZQ RII� 7KH\ DVVXPHG WKDW D P\VWHU\ SODQHW FDOOHG 9XOFDQ ZDV FDXVLQJ
WKHVH JUDYLWDWLRQDO DQRPDOLHV >��@� $IWHU LW IDLOHG WR EH GHWHFWHG� DVWURQRPHUV GHGXFHG WKDW DQ
DVWHURLG ILHOG RU LQYLVLEOH FRVPLF GXVW ZDV FDXVLQJ 0HUFXU\ WR SUHFHVV DKHDG RI VFKHGXOH� \HW
QHLWKHU RI WKHVH ZHUH GHWHFWHG HLWKHU >��@�
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$V DVWURQRPHUV WKRXJKW RI JUDYLW\ DV IRUFHV EHWZHHQ REMHFWV� WKH\ ZHUH XQDEOH WR H[SODLQ WKLV�
%XW (LQVWHLQ� ZKR KDG RXWOLQHG JUDYLW\ DV PDVV GLVWRUWLQJ VSDFH�WLPH� XQGHUVWRRG WKDW 0HUFXU\¶V
VWUDQJH SUHFHVVLRQ ZDV FDXVHG E\ 0HUFXU\¶V SUR[LPLW\ WR WKH 6XQ¶V ZDUSLQJ RI VSDFH�WLPH >��@�
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)RU H[DPSOH� LPDJLQH GUDZLQJ WKH HOOLSWLFDO PRWLRQ RI D SODQHW DERXW WKH 6XQ RQ D VKHHW RI
SDSHU� UHIHUHQFLQJ WKH GLDJUDP DERYH� 1RZ FXW DORQJ WKH OLQH IURP WKH DSKHOLRQ �IDUWKHVW SRLQW
IURP WKH 6XQ� WR WKH 6XQ� 7KHQ RYHUODS WKH WZR IODSV RI SDSHU VOLJKWO\ DQG ZDWFK DV WKH SDSHU
GLVWRUWV LQWR D WKUHH�GLPHQVLRQDO FRQH�OLNH VWUXFWXUH DQG WKH RUELW OHQJWK LV UHGXFHG� )RU WZR
KXQGUHG \HDUV� DVWURQRPHUV ZHUH EDIIOHG E\ WKH UHVXOWDQW VKRUWHU URXWH 0HUFXU\� EXW (LQVWHLQ¶V
WKHRU\ RI UHODWLYLW\ FRUUHFWO\ SUHGLFWHG LWV IDVWHQHG RUELW DV D FDXVH RI D VSDFH�WLPH GLVWRUWLRQ
>��@�

7KH ILQDO WHVW IRU (LQVWHLQ¶V 7KHRU\ RI *HQHUDO 5HODWLYLW\ ZDV LWV HIIHFW RQ OLJKW� $FFRUGLQJ WR
1HZWRQ¶V WKHRU\� OLJKW LV PDVVOHVV DQG WKHUHIRUH KDV QR FRUUHODWLRQ ZLWK WKH HIIHFWV RI JUDYLW\� VR
LW VKRXOG WUDYHO VWUDLJKW UHJDUGOHVV RI QHDUE\ PDVVLYH ERGLHV� %XW DFFRUGLQJ WR (LQVWHLQ� OLJKW
VKRXOG EH GHIOHFWHG E\ WKH HIIHFWV RI VRPH FHOHVWLDO ERGLHV¶ ODUJH PDVVHV� 7KH LGHD RI
H[SHULPHQWDOO\ GLVFRYHULQJ WKLV ZDV SODQQHG RXW� 3LFWXUHV ZRXOG EH WDNHQ RI D VSHFLILF YLHZ RI
VWDUV DW WZR GLIIHUHQW WLPHV� RQH ZLWK WKH 6XQ WKHUH DQG RQH ZLWKRXW� ,I WKH VWDUV LQ D OLQH RI VLJKW
FORVHU WR WKH 6XQ ZHUH REVFXUHG� 1HZWRQ¶V WKHRU\ ZDV ULJKW� ,I WKH VWDUOLJKW VWLOO UHDFKHG (DUWK E\
EHQGLQJ DURXQG WKH 6XQ DQG WKH VWDU DSSHDUHG WR EH LQ D VOLJKWO\ GLIIHUHQW SRVLWLRQ� JHQHUDO
UHODWLYLW\ SUHYDLOHG� %XW WR WDNH D SLFWXUH RI VWDUV LQ WKH SUHVHQFH RI WKH 6XQ� VFLHQWLVWV ILJXUHG
WKDW WKH\ KDG WR ZDLW IRU D VRODU HFOLSVH VR WKDW WKH PRRQ¶V VKDGRZ ZRXOG HQVXUH WKDW WKH 6XQ¶V
OLJKW ZRXOGQ¶W EOLQG VWDUOLJKW RXW LQ SKRWRJUDSKV >��@�
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$IWHU (LQVWHLQ¶V SXEOLFDWLRQ RI WKH WKHRU\ RI UHODWLYLW\ LQ ����� WKHUH ZHUH IHZ VRODU HFOLSVH
RSSRUWXQLWLHV WR WHVW IRU WKLV >��@� :RUOG :DU � LQWHUIHUHG ZLWK WKH ���� HFOLSVH DQG FORXGV
GHIHDWHG REVHUYDWLRQ LQ WKH ���� HFOLSVH� EXW GXULQJ WKH VHYHQ�PLQXWH ���� VRODU HFOLSVH� $UWKXU
(GGLQJWRQ VXFFHVVIXOO\ OHG DQ H[SHGLWLRQ WR SKRWRJUDSK VWHOODU SRVLWLRQV LQ %UD]LO DQG $IULFD >��@�

Ƿ



&DUHIXO DQDO\VLV RI WKH GDWD GHPRQVWUDWHG KRZ WKH VWDU¶V SRVLWLRQ KDG VHHPLQJO\ PRYHG LQ WKH
6XQ¶V SUHVHQFH� SURYLQJ WKDW (LQVWHLQ ZDV ULJKW� 7KH IUDPHZRUN RI JHQHUDO UHODWLYLW\ KDG
GHIHDWHG 1HZWRQ¶V JUDYLWDWLRQDO DWWUDFWLRQ LQ WKH VHDUFK IRU D WKHRU\ RI WKH XQLYHUVH� 1RZDGD\V�
ZH FDOO WKLV SKHQRPHQRQ JUDYLWDWLRQDO OHQVLQJ DQG VHH LW LQ LPDJHV RI EODFN KROHV DV OLJKW EHQGV
DURXQG LWV H[WUDRUGLQDU\ PDVV�

$GGLWLRQDOO\� JUDYLWDWLRQDO OHQVLQJ LV SURRI RI JHQHUDO UHODWLYLW\ EHFDXVH WKH VSHHG RI OLJKW LV
FRQVWDQW� 7KH EHQGLQJ RI OLJKW LPSOLHV WKDW WKH OLJKW WUDYHOV D ORQJHU GLVWDQFH WR UHDFK (DUWK� ,I
VSHHG KDV WR UHPDLQ FRQVWDQW DQG WKH GLVWDQFH WUDYHOHG LV LQFUHDVHG� WKHQ WKH WLPH WDNHQ KDV WR
EH JUHDWHU WRR� 6XFK LV WKH HIIHFW RI WKH 6XQ DQG PDVVLYH ERGLHV� WKH\ VORZ WLPH GRZQ DURXQG
WKHP�
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4XDQWXP 0HFKDQLFV DQG WKH 6WDQGDUG 0RGHO RI 3DUWLFOH 3K\VLFV

+DYLQJ GHOYHG LQWR WKH GRPDLQV RI JUDYLWDWLRQDO OHQVLQJ DQG WKH SURIRXQG VLJQLILFDQFH RI WKH
���� VRODU HFOLSVH� ZH QRZ LPPHUVH RXUVHOYHV LQ WKH ZRQGURXV UHDOP RI TXDQWXP SK\VLFV� 7KH
UHVRXQGLQJ VXFFHVV RI WKH ���� HFOLSVH QRW RQO\ YDOLGDWHG (LQVWHLQ¶V WKHRU\ RI JHQHUDO UHODWLYLW\
EXW DOVR WULJJHUHG D VFLHQWLILF UHQDLVVDQFH WKDW FKDOOHQJHG WKH IXQGDPHQWDO QRWLRQV RI FODVVLFDO
SK\VLFV WR LWV FRUH�

5D\OHLJK�-HDQV /DZ

,Q ����� /RUG 5D\OHLJK GHULYHG WKH IROORZLQJ IRUPXOD� DQG D GHULYDWLRQ LQFOXGLQJ WKH
SURSRUWLRQDOLW\ FRQVWDQW DQG HPSLULFDO HYLGHQFH ZDV FRPSLOHG E\ 5D\OHLJK DQG 6LU -DPHV -HDQV
IURP ��������� >��@�
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:KHUH LV WKH UDWH RI FKDQJH RI HQHUJ\ GHQVLW\ ZLWK UHVSHFW WR ZDYHOHQJWK � LVՌՃ
ՌƦ � Ճ� Ʀ� Փ�

%ROW]PDQQ¶V FRQVWDQW� DQG LV WHPSHUDWXUH LQ .HOYLQ�Ղ

>7KH GHWDLOHG GHULYDWLRQ RI WKLV IRUPXOD FDQ EH IRXQG LQ $SSHQGL[ $@
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$ EODFNERG\ LV DQ LGHDOL]HG REMHFW WKDW DEVRUEV DQG
HPLWV DOO HQHUJ\ EXW FDQQRW UHIOHFW DQ\ >��@� ,Q
FRQWH[W� 5D\OHLJK�-HDQV /DZ H[SUHVVHV WKH
UHODWLRQVKLS EHWZHHQ WKH UDWH RI FKDQJH RI HQHUJ\
GHQVLW\ DQG ZDYHOHQJWK IRU EODFNERG\ UDGLDWLRQ DW
WHPSHUDWXUH �Ղ

+RZHYHU� WKHUH LV D VLJQLILFDQW SUREOHP ZLWK WKLV
IRUPXOD ZKHQ LW LV XVHG IRU VPDOOHU ZDYHOHQJWKV� ,I ZH
WDNH WKH OLPLW RI DV WHQGV WR �� ZH VHH WKDW�ՌՃ
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$V DSSURDFKHV �� WKH GHQRPLQDWRU RIƦ
ɟƫՓՂ

Ʀɛ

EHFRPHV LQILQLWHVLPDOO\ VPDOOHU DV WKH QXPHUDWRU
UHPDLQV FRQVWDQW� 7KH UHVXOW RI WKLV UDWLR LV DQ
LQILQLWHO\ ODUJH HQHUJ\ GHQVLW\ ZLWK UHVSHFW WR
ZDYHOHQJWK�

7KLV LPSOLHV WKDW DV WKH ZDYHOHQJWK GHFUHDVHV
�DSSURDFKLQJ WKH XOWUDYLROHW UDQJH�� WKH HQHUJ\
RXWSXW EHFRPHV LQILQLWH� $ EODFNERG\ ZRXOG HPLW LQILQLWH DPRXQWV RI HQHUJ\ DV WKH ZDYHOHQJWK
DSSURDFKHG XOWUDYLROHW UDQJH >��@� 7KLV SRVVLELOLW\ LV FOHDUO\ XQUHDOLVWLF DQG LV D EUHDNGRZQ RI WKH
5D\OHLJK�-HDQV /DZ� ,W TXLFNO\ EHFDPH NQRZQ DV WKH 8OWUDYLROHW &DWDVWURSKH EHFDXVH D ODZ WKDW
KDG EHHQ GHULYHG IURP D FRPPRQ FODVVLFDO SK\VLFV IRUPXOD QR ORQJHU FRUUHFWO\ UHIOHFWHG WKH
PHFKDQLFV RI WKH XQLYHUVH�

(OHFWURPDJQHWLF 7KHRU\ DQG 3ODQFN¶V /DZ

)RUWXQDWHO\� LQ WKH ODWH ��WK FHQWXU\� *HUPDQ SK\VLFLVW 0D[ 3ODQFN ZDV DVNHG E\ WKH *HUPDQ
%XUHDX RI 6WDQGDUG DERXW KRZ WR PD[LPL]H WKH OLJKW RXWSXW RI D OLJKWEXOE ZKLOH PLQLPL]LQJ
HOHFWULFDO SRZHU FRQVXPSWLRQ >��@� 3ODQFN UHDOL]HG WKDW OLJKW LV PDGH XS RI HOHFWURPDJQHWLF
ZDYHV WKDW� DW GLIIHUHQW IUHTXHQFLHV� H[KLELW GLIIHUHQW FRORUV >��@� +H VRXJKW WR PD[LPL]H WKH
DPRXQW RI OLJKW HPLWWHG IURP WKH ILODPHQW WKDW VSHFLILFDOO\ LV LQ WKH YLVLEOH VSHFWUXP� VR WKDW WKH
OLJKWEXOE ZRXOG EH PRVW HIIHFWLYH�

ǯǰ



$W ILUVW� 3ODQFN DWWHPSWHG WR ZRUN ZLWK WKH H[LVWLQJ IUDPHZRUN RI HOHFWURPDJQHWLF WKHRU\� EXW
WKHUH ZDV D FRQVLVWHQW GLVFRQQHFW EHWZHHQ WKH WKHRUHWLFDO FRQFOXVLRQV DQG H[SHULPHQWDO UHVXOWV
>��@>��@� ,QVWHDG� 3ODQFN EHJDQ WR ZRUN EDFNZDUG E\ WU\LQJ WR IRUPXODWH HOHFWURPDJQHWLF
HTXDWLRQV IURP H[SHULPHQWDO GDWD >��@� 3ODQFN� RXW RI GHVSHUDWLRQ� ZHQW RII VFULSW� KH
FRQWHPSODWHG WKH UDGLFDO QRWLRQ RI DWRPV QRW HPLWWLQJ FRQWLQXRXV UDGLDWLRQ� EXW UDWKHU UDGLDWLRQ
LQ GLVFUHWH EXQGOHV FDOOHG TXDQWD >��@>��@�

%\ DVVXPLQJ WKDW VWDQGLQJ HOHFWURPDJQHWLF ZDYHV LQ FDYLWLHV ZHUH TXDQWL]HG LQ HQHUJ\� 3ODQFN
ZDV DEOH WR FRQVWUXFW D QHZ IUDPHZRUN IRU HOHFWURPDJQHWLF HPLVVLRQ VWDUWLQJ ZLWK D IRUPXOD
IURP HPSLULFDO HYLGHQFH�

Գ ࡦ ՐՋ
Ʀ �

:KHUH ( LV HQHUJ\� K LV 3ODQFN¶V FRQVWDQW� F LV WKH VSHHG RI OLJKW� DQG LV ZDYHOHQJWK >��@�Ʀ

ǯǱ



)URP WKLV UHODWLRQVKLS� 3ODQFN GHULYHG D FRUUHFWHG HTXDWLRQ IRU HOHFWURPDJQHWLF HPLVVLRQ� 7KH
DYHUDJH HQHUJ\ SHU XQLW PRGH SHU XQLW YROXPH LV JLYHQ E\�

ӳԳӴ� ࡦ ՐՋ

ƦഈՍ
ՐՋ
ƦՓՂ ɘഉࡠ

�

NQRZQ DV WKH %RVH�(LQVWHLQ 'LVWULEXWLRQ )XQFWLRQ�

$QG WKH UDWH RI FKDQJH RI HQHUJ\ GHQVLW\ ZLWK UHVSHFW WR ZDYHOHQJWK LV >��@�

ՌՃ
ՌƦ � ࡦ

ɟƫՐՋ

ƦɜഈՍ
ՐՋ
ƦՓՂ ɘഉࡠ

�

)RU VPDOOHU ZDYHOHQJWKV� WKH ODZ GRHV QRW SUHGLFW LQILQLWH UDGLDWLRQ RXWSXW DQG IRU ODUJHU
ZDYHOHQJWKV� WKH ODZ DOLJQV ZLWK WKH FODVVLFDO SK\VLFV GHULYDWLRQ RI WKH 5D\OHLJK�-HDQV /DZ >��@�
,Q VKRUW� 3ODQFN¶V /DZ LV FRQVLVWHQW IRU DOO ZDYHOHQJWKV RI HOHFWURPDJQHWLF ZDYHV� ,W FDQ DOVR EH
JUDSKLFDOO\ DFNQRZOHGJHG�

7KH 5D\OHLJK�-HDQV /DZ UHVXOWV LQ LQILQLWH UDGLDWLRQ DW VPDOOHU ZDYHOHQJWKV� EXW 3ODQFN¶V /DZ
FUHDWHV D VPRRWK FXUYH WKDW ZRUNV DW ORZHU ZDYHOHQJWKV DV ZHOO�

ǯǲ



3KRWRHOHFWULF (IIHFW DQG WKH %LUWK RI 4XDQWXP 3K\VLFV

(LQVWHLQ H[WHQGHG 3ODQFN¶V LGHD RI TXDQWD WR OLJKW� FODLPLQJ WKDW D UD\ RI OLJKW LV MXVW D EHDP RI
SDUWLFOHV ZKRVH HQHUJLHV DUH FRUUHODWHG WR WKHLU IUHTXHQFLHV DV SHU 3ODQFN¶V /DZ >��@� +H

GHYHORSHG WKH 3ODQFN�(LQVWHLQ 5HODWLRQVKLS� ZKHUH RQH FRXOG GHILQH D SKRWRQ� RU WKH SDUWLFOH RI
OLJKW� WR KDYH DQ HQHUJ\ JLYHQ E\�

Գ� ࡦ � ՐՋƦ � ࡦ �Ր՞�

:KHUH Y LV WKH SKRWRQ¶V IUHTXHQF\� 7KXV� KLJK IUHTXHQFLHV ZRXOG OLQHDUO\ FRUUHODWH WR KLJK
HQHUJLHV�

>7KH GHWDLOHG GHULYDWLRQ RI WKLV IRUPXOD FDQ EH IRXQG LQ $SSHQGL[ %@

:KHQ WKH EHDP LV GLUHFWHG WR WKH PHWDO DQG LW KDV D KLJK HQRXJK IUHTXHQF\� LW ZLOO KDYH WKH
HQHUJ\ WR NLFN HOHFWURQV RII WKH PHWDO DQG FDXVH D FXUUHQW >��@>��@�

)RU H[DPSOH� LQ WKH ILJXUH DERYH� 3RWDVVLXP QHHGV DW OHDVW ��� H9 WR EH DEOH WR HMHFW DQ
HOHFWURQ DQG FDXVH D FXUUHQW >��@� 7KH SKRWRQ RI ��� QP UHG OLJKW RQO\ KDV ���� H9� VR LW FDQQRW
HMHFW WKH HOHFWURQ UHJDUGOHVV RI WKH OLJKW¶V LQWHQVLW\ >��@� 2Q WKH RWKHU KDQG� WKH IUHTXHQFLHV IRU
ERWK JUHHQ DQG SXUSOH OLJKW DUH HQRXJK WR H[FLWH DQ HOHFWURQ LQWR OHDYLQJ WKH SRWDVVLXP�

ǯǳ



$OWKRXJK WKH GLVFRYHU\ DQG VXFFHVVIXO H[SODQDWLRQ RI WKH SKRWRHOHFWULF HIIHFW HDUQHG (LQVWHLQ
WKH ���� 1REHO 3UL]H LQ 3K\VLFV� KLV ZRUN H[WHQGHG IDU EH\RQG DSSOLFDWLRQV WR LQGXFLQJ FXUUHQWV
>��@�

:DYH�3DUWLFOH 'XDOLW\

,Q ����� /RXLV GH %URJOLH� D )UHQFK SK\VLFLVW� H[WHQGHG (LQVWHLQ¶V ILQGLQJV E\ WKHRUL]LQJ WKDW DOO
PDWWHU� QRW MXVW OLJKW� H[KLELWV SURSHUWLHV RI ERWK SDUWLFOHV DQG ZDYHV >��@� (LQVWHLQ KDG
GHYHORSHG KLV IDPRXV PDVV�HQHUJ\ HTXLYDOHQFH IRUPXOD� EXW GH %URJOLH XVHG LW WR FUHDWH 'H
%URJOLH¶V (TXDWLRQ�

Ʀ ࡦ Ր


:KHUH LV WKH ZDYHOHQJWK� K LV 3ODQFN¶V FRQVWDQW� DQG S LV PRPHQWXP >��@�Ʀ

7KLV HTXDWLRQ ZDV HVSHFLDOO\ VLJQLILFDQW EHFDXVH LW HVWDEOLVKHG DQ LQYHUVHO\ SURSRUWLRQDO
UHODWLRQVKLS EHWZHHQ ZDYHOHQJWK DQG PRPHQWXP� 7KH JUHDWHU WKH PRPHQWXP� WKH OHVVHU WKH
ZDYHOHQJWK �SDUWLFOH�OLNH EHKDYLRU�� $QG WKH JUHDWHU WKH ZDYHOHQJWK� WKH OHVVHU WKH PRPHQWXP
�ZDYH�OLNH EHKDYLRU��

'H %URJOLH¶V (TXDWLRQ LQVSLUHG $XVWULDQ�,ULVK SK\VLFLVW (UZLQ 6FKURGLQJHU WR FUHDWH WKH
6FKURGLQJHU :DYH (TXDWLRQ LQ ����� VROLGLI\LQJ WKH QRWLRQ RI ZDYH�SDUWLFOH GXDOLW\ E\ XQLI\LQJ
ERWK WKH ZDYH�OLNH QDWXUH DQG WKH SUREDELOLVWLF EHKDYLRU RI SDUWLFOHV LQ RQH ZRUNLQJ HTXDWLRQ
>��@�

+HLVHQEHUJ¶V 8QFHUWDLQW\ 3ULQFLSOH DQG WKH 4XDQWXP &ORXG 0RGHO

,Q ����� SK\VLFLVW :HUQHU +HLVHQEHUJ FKDOOHQJHG WKH LGHD RI HOHFWURQV RUELWLQJ D QXFOHXV >��@�

+HLVHQEHUJ FRQGXFWHG D IDPRXV WKRXJKW H[SHULPHQW UHJDUGLQJ XVLQJ D JDPPD UD\ PLFURVFRSH
WR PHDVXUH DQ HOHFWURQ¶V SRVLWLRQ >��@� +H VWDWHG WKDW D KLJK�HQHUJ\ SKRWRQ WKDW ZRXOG EH XVHG
WR LOOXPLQDWH WKH HOHFWURQ LQ WKH PLFURVFRSH ZRXOG JLYH WKH HOHFWURQ D ERRVW LQ HQHUJ\ DQG
XQSUHGLFWDEO\ LQFUHDVH LWV PRPHQWXP >��@� 7KH KLJKHU WKH UHVROXWLRQ RI WKH PLFURVFRSH� WKH
JUHDWHU WKH LOOXPLQDWLQJ SKRWRQ¶V HQHUJ\ ZRXOG EH DQG WKXV WKH JUHDWHU LWV UHVXOWDQW PRPHQWXP�

+HLVHQEHUJ� DORQJ ZLWK SK\VLFLVW 1LHOV %RKU� VWDWHG WKDW WKLV SURSHUW\ RI XQFHUWDLQW\ LV
IXQGDPHQWDO WR TXDQWXP SK\VLFV DQG QRW MXVW FRQILQHG WR WKH OLPLWDWLRQV RI LQVWUXPHQWDWLRQ� LW LV
LPSRVVLEOH IRU SK\VLFLVWV WR NQRZ ZLWK FRPSOHWH FHUWDLQW\ ERWK WKH PRPHQWXP DQG SRVLWLRQ RI D
SDUWLFOH >��@�

ǯǴ



7KH LQDELOLW\ WR GHWHUPLQH DQ HOHFWURQ¶V
SRVLWLRQ DQG PRPHQWXP DW D JLYHQ LQVWDQW
VKDWWHUHG WKH SUHYLRXV TXDQWXP PRGHO RI
HOHFWURQV QHDWO\ RUELWLQJ WKH QXFOHXV�
OHDGLQJ WR WKH 4XDQWXP &ORXG 0RGHO >��@�

6FKURGLQJHU GHYHORSHG DQ DWRPLF PRGHO
WKDW GRHVQ¶W UHO\ RQ NQRZLQJ H[DFWO\
ZKHUH HOHFWURQV DUH� 5DWKHU� KH GHVFULEHG
SUREDELOLW\ ILHOGV ZKHUH WKH HOHFWURQ LV
PRVW OLNHO\ WR EH IRXQG� 7KH
WKUHH�GLPHQVLRQDO FORXG VSDFHV VLJQLI\
ZKHUH HOHFWURQV KDYH D KLJK SUREDELOLW\�
���� RI EHLQJ IRXQG >��@� 7KXV� WKH
ORFDWLRQ RI DQ HOHFWURQ FDQ RQO\ EH JLYHQ
E\ D JHQHULF DUHD ZKHUH LW LV OLNHO\ WR EH
IRXQG�

ǯǵ



:KHQ DQ HOHFWURQ KDV PRUH HQHUJ\� LW LV LQ DQ H[FLWHG VWDWH DQG LV OLNHO\ IDUWKHU DZD\ IURP WKH
QXFOHXV� 7KH GHQVHU SRUWLRQV RI WKH FORXG LQGLFDWH WKDW WKH HOHFWURQ LV PRUH OLNHO\ WR EH IRXQG
WKHUH >��@�

:KHQ 6FKURGLQJHU FRQVLGHUHG WKH SRVVLELOLW\ RI VHYHUDO HOHFWURQV LQ WKH DWRP� KH GHYHORSHG WKH
PRGHO RI HOHFWURQ FORXGV NQRZQ WRGD\� ,W UHSODFHG RUELWV ZLWK RUELWDOV DQG XVHG WKH 6FKURGLQJHU
:DYH (TXDWLRQ WR GHVFULEH WKH VKDSHV RI WKHVH RUELWDOV >��@�

ǯǶ



7KH 6WDQGDUG 0RGHO RI 3DUWLFOH 3K\VLFV

7KH 6WDQGDUG 0RGHO LV FXUUHQWO\ WKH EHVW VFLHQWLILF WKHRU\ RI WKH IRXQGDWLRQV RI WKH XQLYHUVH
>��@>��@� ,W ZDV IRUPXODWHG E\ FRQGXFWLQJ QXPHURXV FROOLVLRQ H[SHULPHQWV LQ SDUWLFOH DFFHOHUDWRUV
DQG REVHUYLQJ HODVWLF VFDWWHULQJ� RU DQDO\]LQJ WKH UHVXOWDQW G\QDPLFV WKURXJK FRQVHUYDWLRQ RI
HQHUJ\ >��@>��@�

ǯǷ



7KH PRGHO VSOLWV WKH ZRUOG LQWR WZR W\SHV RI SDUWLFOHV� IHUPLRQV DQG ERVRQV� )HUPLRQV DUH PDWWHU
SDUWLFOHV DQG ERVRQV DUH IRUFH SDUWLFOHV�

)HUPLRQV PXVW REH\ WKH 3DXOL ([FOXVLRQ 3ULQFLSOH� ZKLFK VWDWHV WKDW QR WZR SDUWLFOHV FDQ RFFXS\
WKH VDPH TXDQWXP VWDWH >��@� ,Q RWKHU ZRUGV� QR WZR IHUPLRQV FDQ EH LQ WKH VDPH SODFH DW RQFH�
DV WKH\ DUH WKH EXLOGLQJ EORFNV RI PDWWHU�

$OO VWDEOH PDWWHU LQ WKH XQLYHUVH LV PDGH XS RI WKUHH IXQGDPHQWDO IHUPLRQV� WKH HOHFWURQ� XS
TXDUN� DQG GRZQ TXDUN >��@�

7ZR XS TXDUNV DQG D GRZQ TXDUN PDNH XS D SURWRQ DQG WZR GRZQ TXDUNV DQG DQ XS TXDUN
PDNH XS WKH QHXWURQ� 7KXV� XS TXDUNV� GRZQ TXDUNV� DQG HOHFWURQV IURP DWRPLF VWUXFWXUHV WKDW
EXLOG XS RXU SK\VLFDO UHDOLW\�

7KH QH[W W\SH RI IHUPLRQ LV WKH HOHFWURQ QHXWULQR� DQ H[WUHPHO\ ZHDN SDUWLFOH ZLWK YHU\ OLWWOH PDVV
>��@� 6LQFH QHXWULQRV KDYH QR HOHFWULF FKDUJH� WKH\ GR QRW FRQWULEXWH WR WKH LRQL]DWLRQ RI PDWWHU
DQG ZHUH HOXVLYH WR WKHRUHWLFDO SK\VLFLVWV IRU GHFDGHV >��@� $XVWULDQ 3K\VLFLVW :ROIJDQJ 3DXOL
XVHG QHXWULQRV WR HOXFLGDWH WKH DSSDUHQW HQHUJ\ ORVV RI UDGLRDFWLYHO\ GHFD\LQJ SDUWLFOHV >��@�

7KH IRXU PDWWHU SDUWLFOHV �XS TXDUN� GRZQ TXDUN� HOHFWURQ� DQG HOHFWURQ QHXWULQR� IRUP WKH EDVLV
IRU RXU PRGHO RI IHUPLRQV� 7KH ILUVW WKUHH PDNH XS RXU ZRUOG DQG WKH IRXUWK LV D JKRVW HQWLW\ WKDW
IORDWV WKURXJKRXW WKH FRVPRV�

ǰǮ



%XW IRU HDFK RI WKHVH IRXU SDUWLFOHV� WZR PRUH KHDYLHU YDULDWLRQV DOVR H[LVW� )RU WKH XS TXDUN� LW LV
WKH FKDUP DQG WRS TXDUNV� )RU WKH ERWWRP TXDUN� LW LV WKH VWUDQJH DQG ERWWRP TXDUNV� )RU WKH
HOHFWURQ LW LV WKH PXRQ DQG WDX SDUWLFOHV DQG IRU WKH HOHFWURQ QHXWULQR LW LV WKH PXRQ QHXWULQR DQG
WKH WDX QHXWULQRV� $OWKRXJK WKHVH HLJKW DGGLWLRQDO SDUWLFOHV H[LVW� WKH\ DUH QRW VHHQ LQ HYHU\GD\
OLIH EHFDXVH WKH\ DUH LQFUHGLEO\ XQVWDEOH >��@� 7KHVH VHFRQG DQG WKLUG JHQHUDWLRQ SDUWLFOHV FDQ
EH FUHDWHG LQ D ODE� EXW WKH\ TXLFNO\ GHFD\ WR WKH ILUVW JHQHUDWLRQ RI IRXU EDVLF IHUPLRQV >��@�

)HUPLRQV GHVFULEH PDWWHU� EXW ERVRQV DUH SDUWLFOHV WKDW PHGLDWH FHUWDLQ IRUFHV� DOVR UHIHUUHG WR
DV IRUFH FDUULHUV >��@� 8QOLNH IHUPLRQV� ERVRQV GRQ¶W KDYH WR DELGH E\ WKH 3DXOL ([FOXVLRQ
3ULQFLSOH DQG FDQ RFFXS\ WKH VDPH TXDQWXP VWDWH >��@>��@� 7KH 6WDQGDUG 0RGHO LV HIIHFWLYH LQ
GHVFULELQJ WKUHH RI WKH IRXU IXQGDPHQWDO IRUFHV RI WKH XQLYHUVH� HOHFWURPDJQHWLVP� WKH VWURQJ
IRUFH� DQG WKH ZHDN IRUFH�

(OHFWURPDJQHWLVP LV FDUULHG RXW E\ LQWHUDFWLRQV ZLWK SKRWRQV� DSSO\LQJ D IRUFH WR DQ\ SDUWLFOH
WKDW KDV D FKDUJH� 7KH VWURQJ IRUFH LV FDUULHG RXW E\ JOXRQV WKDW ELQG SURWRQV WRJHWKHU LQ WKH
QXFOHXV RI WKH DWRP� 7KH ZHDN IRUFH H[LVWV WKURXJK WKH : DQG = ERVRQV� DQG SOD\V D VLJQLILFDQW
UROH LQ UDGLRDFWLYH GHFD\ >��@>��@�

ǰǯ



/DVWO\� WKH +LJJV ERVRQ LV D SDUWLFOH WKDW LQWHUDFWV ZLWK WKH +LJJV ILHOG� DQ HQHUJ\ ILHOG WKDW KDV
WKH DELOLW\ WR JLYH PDVV WR REMHFWV >��@� 7KH +LJJV ERVRQ JHQHUDWHV PDVV IRU SDUWLFOHV E\
LQWHUDFWLQJ ZLWK WKLV ILHOG� OLJKWHU REMHFWV LQWHUDFW OHVV ZLWK WKH +LJJV ILHOG DQG KHDYLHU RQHV
LQWHUDFW PRUH >��@�

8QIRUWXQDWHO\� KRZHYHU� WKH IRXUWK IXQGDPHQWDO IRUFH RI JUDYLW\ VWLOO UHPDLQV XQH[SODLQHG LQ
TXDQWXP PHFKDQLFV�

7KH 1HHG IRU 4XDQWXP *UDYLW\

*HQHUDO UHODWLYLW\ KDV EHHQ VXFFHVVIXO IRU RYHU D FHQWXU\ LQ GHVFULELQJ FODVVLFDO SK\VLFV >��@�
4XDQWXP PHFKDQLFV KDV DOVR H[SHULPHQWDOO\ DQG FRPSXWDWLRQDOO\ EHHQ SURYHQ DFFXUDWH WLPH
DQG WLPH DJDLQ >��@� 7KH LVVXH DULVHV ZKHQ ERWK WKH WKHRULHV VWDUW WR GLVDJUHH ZLWK HDFK RWKHU�
%ODFN KROHV� SUHGLFWHG E\ JHQHUDO UHODWLYLW\� VKRXOG EH IXOO\ H[SODLQHG E\ FODVVLFDO SK\VLFV� %XW
WKH\ DOVR KDYH LQILQLWHVLPDOO\ VPDOO DUHDV DQG HPLW WKHUPDO +DZNLQJ UDGLDWLRQ� VR TXDQWXP
SK\VLFV VKRXOG VXFFHVVIXOO\ H[SODLQ EODFN KROHV WRR >��@�

*HQHUDO UHODWLYLW\ GLFWDWHV WKDW REMHFWV ZDUS WKH VSDFHWLPH DURXQG WKHP WR FUHDWH WKH HIIHFW RI
JUDYLW\� %XW LW GRHVQ¶W H[SODLQ KRZ JUDYLW\ ZRUNV ZLWK D ZDYH IXQFWLRQ� ,I D SDUWLFOH EHKDYHV DV D
ZDYH� WKH LVVXH DULVHV RI ZKHUH DQG KRZ DUH LWV JUDYLWDWLRQDO HIIHFWV ORFDOL]HG� %XW VLQFH WKH
ZDYH KDV HQHUJ\ RU PDVV� LW VKRXOG VWLOO DIIHFW JUDYLW\� :H GRQ¶W NQRZ KRZ WKLV ZRUNV EHFDXVH
WKHUH LV QR SURYHQ PRGHO RI TXDQWXP JUDYLW\� *HQHUDO UHODWLYLW\ HIIHFWLYHO\ EUHDNV GRZQ
VXEDWRPLFDOO\� ZKLFK LV FRQFHUQLQJ EHFDXVH ZH QHHG WR XQGHUVWDQG TXDQWXP JUDYLW\ WR NQRZ
KRZ LWV FXPXODWLYH HIIHFWV UHVXOW LQ JHQHUDO UHODWLYLW\�

7KH *UDYLWRQ

-XVW OLNH KRZ WKUHH RI WKH IRXU IXQGDPHQWDO IRUFHV DUH PHGLDWHG WKURXJK IRUFH FDUULHU ERVRQV� LW
KDV EHHQ D ZLGHO\ DFNQRZOHGJHG SRVVLELOLW\ RI WKHUH H[LVWLQJ D SDUWLFOH WR PHGLDWH WKH IRUFH RI
JUDYLW\� RU WKH JUDYLWRQ >��@� 7KH SUREOHP ZLWK JUDYLWRQV LV WKDW HDFK LQGLYLGXDO SDUWLFOH ZRXOG EH
LQFUHGLEO\ ZHDN >��@� 7KLV PDNHV LW LQFUHGLEO\ GLIILFXOW IRU SK\VLFLVWV WR GHWHFW LWV SUHVHQFH� DQG
WKHUH LV QR SK\VLFDO HYLGHQFH RI WKH JUDYLWRQ WR WKLV GD\ >��@>��@�

6WULQJ 7KHRU\

6WULQJ WKHRU\ LV DQ DWWHPSW WR XQLI\ DOO DVSHFWV RI SDUWLFOH SK\VLFV DQG JHQHUDO UHODWLYLW\ DQG VWLOO
EH DEOH WR VFLHQWLILFDOO\ H[SODLQ WKH IRXU IXQGDPHQWDO IRUFHV >��@� ,W EHJDQ ZLWK WKH REVHUYDWLRQ
WKDW ZKHQ HOHPHQWDU\ SDUWLFOHV UHVRQDWH IROORZLQJ WKHLU FUHDWLRQ LQ D SDUWLFOH DFFHOHUDWRU� WKH\
YLEUDWH LQ UHJXODU SUHGLFWDEOH SDWWHUQV� VXFK DV WKRVH RI D SOXFNHG VWULQJ >��@� 7KLV LGHD LQVSLUHG
,WDOLDQ SK\VLFLVW *DEULHOH 9HQH]LDQR WR SURSRVH WKDW VXEDWRPLF SDUWLFOHV DUH UHDOO\ MXVW VPDOO
YLEUDWLQJ VWULQJV >��@>��@�

ǰǰ



6WULQJ WKHRU\ LV DQ DPELWLRXV DWWHPSW WR XQLI\ FODVVLFDO DQG TXDQWXP SK\VLFV� KRZHYHU� LWV HDUO\
IRUPXODWLRQV ZHUH EDVHG RQ WKH DVVXPSWLRQ WKDW WKH FRVPRORJLFDO FRQVWDQW� ZKLFK FKDUDFWHUL]HV
WKH H[SDQVLRQ RI WKH XQLYHUVH� LV QHJDWLYH RU ]HUR >��@� 6XEVHTXHQW REVHUYDWLRQDO HYLGHQFH
VXJJHVWHG WKDW WKH FRQVWDQW VKRXOG EH SRVLWLYH GXH WR WKH DFFHOHUDWHG H[SDQVLRQ RI WKH XQLYHUVH
>��@� 7KLV GLVFUHSDQF\ OHG WR FKDOOHQJHV LQ UHFRQFLOLQJ VWULQJ WKHRU\ ZLWK RXU XQGHUVWDQGLQJ RI WKH
FRVPRV >��@� 1HYHUWKHOHVV� VWULQJ WKHRU\¶V WKHRUHWLFDO ODQGVFDSH LV YDVW DQG IOH[LEOH� DOORZLQJ
UHVHDUFKHUV WR H[SORUH QHZHU YHUVLRQV RI VWULQJ WKHRU\ WKDW LQFRUSRUDWH D SRVLWLYH FRVPRORJLFDO
FRQVWDQW >��@� 7HVWLQJ VXFK WKHRULHV UHPDLQV FKDOOHQJLQJ GXH WR WKH KLJK�HQHUJ\ VFDOHV LQYROYHG
DQG OLPLWHG VFRSH IRU H[SHULPHQWDWLRQ >��@�

/RRS 4XDQWXP *UDYLW\

/RRS TXDQWXP JUDYLW\ �/4*� LV DQRWKHU DSSURDFK WR D *UDQG 8QLILHG 7KHRU\ WKDW� XQOLNH VWULQJ
WKHRU\ ZKLFK GHVFULEHV WKH QDWXUH RI SDUWLFOHV LQ VSDFH� GHVFULEHV SURSHUWLHV RI VSDFH�WLPH LWVHOI
>��@� /4* SUHGLFWV WKDW XSRQ ]RRPLQJ LQWR WKH IDEULF RI VSDFH�WLPH� RQH ZRXOG UHDOL]H WKDW LW LV
SL[HODWHG >��@� 7KHUH LV D PLQLPXP SRVVLEOH OHQJWK� DQG WKXV D PLQLPXP SRVVLEOH DUHD� DQG WKXV
D PLQLPXP SRVVLEOH YROXPH RI VSDFH�WLPH >��@� 7KH ODUJHVW EHQHILW RI TXDQWL]LQJ VSDFH LWVHOI LV
WKDW LW UHPRYHV WKH LGHD RI VLQJXODULWLHV >��@� /4* UHSODFHV EODFN KROHV ZLWK LPPHQVHO\ GHQVH
DPRXQWV RI H[RWLF PDWWHU >��@� 7KLV UHPRYHV LQILQLWLHV IURP HTXDWLRQV DQG UHSODFHV WKHP ZLWK
PDWWHU WKDW PD\ EH XQGHUVWDQGDEOH PDWKHPDWLFDOO\ >��@�

7KH ODUJHVW OLPLWDWLRQ RI /4* LV WKDW LW GHDOV SULPDULO\ ZLWK DVSHFWV RI VSDFH DQG GRHV QRW
LQFRUSRUDWH WKH YDULDEOH RI WLPH� $OWKRXJK VSDFH LV TXDQWL]HG� WKH LQDELOLW\ WR SUHVHQW WLPH LQ WKLV

ǰǱ



WKHRU\ UHVXOWV LQ DQ LQFRPSOHWH UHSUHVHQWDWLRQ RI �' VSDFHWLPH� 6RPH SK\VLFLVWV� OLNH &DUOR
5RYHOOL� EHOLHYH WKDW WKH WKHRU\ ZLOO HYHQWXDOO\ SURYH WKDW WLPH LV MXVW DQ HPHUJHQW FKDUDFWHULVWLF
ZLWKRXW DQ H[LVWHQFH RI LWV RZQ >��@� /4* VWLOO QHHGV VLJQLILFDQW ZRUN� EXW OLNH VWULQJ WKHRU\� LW
IDFHV WKH LVVXH RI EHLQJ LPPHQVHO\ GLIILFXOW WR WHVW H[SHULPHQWDOO\ >��@�

&DXVDO '\QDPLFDO 7ULDQJXODWLRQV �&'7�

&'7 LV D TXDQWXP JUDYLW\ WKHRU\ WKDW VROYHV /4*¶V OLPLWDWLRQ RI RQO\ TXDQWL]LQJ VSDFH E\
XWLOL]LQJ WULDQJXODWLRQV WR TXDQWL]H VSDFH�WLPH LWVHOI >��@� ,Q &'7� VSDFH�WLPH LV VSOLW XS LQWR PDQ\
IODW WULDQJOHV WKDW FDQ EH MRLQHG WRJHWKHU WR FUHDWH D FXUYDWXUH LQ VSDFHWLPH >��@� (DFK VKHHW RI
WULDQJOHV PDNH XS D SDUWLFXODU LQVWDQFH RI VSDFHWLPH >��@� 1RWH WKDW HDFK LQVWDQFH RI �'
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VSDFHWLPH ZLOO EH UHSUHVHQWHG DV D �' VKHHW WR DOORZ XV WR YLVXDOL]H OD\HUV RI VSDFH FUHDWLQJ D
IORZ RI WLPH�

6R IDU� WKLV LV D TXDQWL]DWLRQ RI VSDFH� 6SDFH�WLPH LV TXDQWL]HG WKURXJK JHRPHWULF FKXQNV FDOOHG
VLPSOH[HV WKDW VHUYH DV EXLOGLQJ EORFNV WR FRQQHFW RQH LQVWDQFH RI VSDFHWLPH WR DQRWKHU
>��@>��@� )RU D �' VSDFH�WLPH WKDW LV UHSUHVHQWHG DV �'� WKHUH DUH WKUHH W\SHV RI VLPSOH[HV� 7KH
LPDJH DERYH GHSLFWV WKHVH WKUHH SRVVLEOH RULHQWDWLRQV� 7HWUDKHGUD DUH ODEHOHG E\ WKH QXPEHU RI
YHUWLFHV RQ HDFK WLPH VOLFH VR �D� LV D ������WHWUDKHGURQ EHFDXVH LW KDV � YHUWLFHV RQ W � DQG �
RQ W � >��@� 6LPLODUO\� �E� LV D ������WHWUDKHGURQ DQG �F� LV D ������WHWUDKHGURQ >��@�

:KHQ ZH SXW DOO WKH WHWUDKHGUD IDFH WR IDFH
DQG HGJH WR HGJH� ZKLOH PDNLQJ VXUH WR
HOLPLQDWH DOO JDSV� ZH HQG XS ZLWK
VRPHWKLQJ OLNH WKH LPDJH RQ WKH ULJKW >��@�
7KH JUD\ IRLOV DUH SRUWLRQV RI VSDWLDO VOLFHV
DW SDUWLFXODU WLPHV >��@� ,Q �'� LW LV DSSDUHQW
WKDW WKH VLPSOH[HV DUH DEOH WR PDNH XS D
FXUYDWXUH LQ VSDFH�WLPH DW HDFK LQVWDQFH RI
WLPH�

&'7 LV SDUWLFXODUO\ XVHIXO EHFDXVH
UHVHDUFKHUV PD\ LQYHVWLJDWH VLPSOH[HV DW
GLIIHUHQW LQVWDQFHV RI WLPHV� )RU H[DPSOH� D
WHWUDKHGURQ DW RQH LQVWDQFH PD\ EH
PDFURVFRSLF DQG ZRXOG IROORZ WKH NQRZQ
WKHRU\ RI JHQHUDO UHODWLYLW\� EXW DW D
GLIIHUHQW WLPH IUDPH� WKH WHWUDKHGURQ PD\
FRQYHUJH WR D PLFURVFRSLF VKDSH WKDW LV
PRUH DOLJQHG ZLWK TXDQWXP SK\VLFV� %\
H[DPLQLQJ WKHVH FRQQHFWLRQV� VFLHQWLVWV
VHHN WR XQGHUVWDQG WKH IXQGDPHQWDO QDWXUH
RI JUDYLW\ DW WKH TXDQWXP OHYHO�

2QH RI &'7¶V PDLQ OLPLWDWLRQV LQFOXGH WKDW LW UHTXLUHV HQRUPRXV FRPSXWDWLRQDO FRPSOH[LW\ WR
IRUP PRGHOV RI WKH XQLYHUVH OLQNLQJ LQLWLDO DQG ILQDO VWDWHV >��@� 7KH FKDOOHQJH DULVHV IURP WKH
VKHHU QXPEHU RI SRVVLEOH WULDQJXODWLRQV WKDW FDQ EH XVHG WR FRQVWUXFW HDFK ODWWLFH� $V WKH ODWWLFH
EHFRPHV ODUJHU RU LQYROYHV KLJKHU�GLPHQVLRQDO VSDFH�WLPH� LW EHFRPHV FRPSXWDWLRQDOO\
LQWUDFWDEOH� 8QWLO UHFHQWO\� LW KDV RQO\ EHHQ SRVVLEOH WR VLPXODWH HPSW\ XQLYHUVHV WKURXJK &'7� RU
RWKHUZLVH WKH UHVXOWV ORRNHG OLNH ³FUXPSOHG´ JHRPHWULHV WKDW GR QRW UHIOHFW RXU XQLYHUVH >��@>��@�
%XW UHVHDUFKHUV DUH ZRUNLQJ RQ PRGHOV WKDW LQFRUSRUDWH PDWWHU DV ZHOO DQG DUH VWDUWLQJ WR REWDLQ
UHDVRQDEO\ FODVVLFDO VSDFH�WLPH PRGHOV >��@>��@�
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&XUUHQW $, 5HVHDUFK ,QLWLDWLYHV

'HVSLWH H[WUHPH GLIILFXOWLHV LQ H[SHULPHQWDOO\ WHVWLQJ TXDQWXP WKHRULHV RI JUDYLW\ DQG
PDWKHPDWLFDOO\ KDQGOLQJ WKH PXOWLWXGH RI YDULDEOHV LQYROYHG� UHVHDUFKHUV DUH FRQWLQXRXVO\
H[SORULQJ QHZHU PHWKRGV WR XQGHUVWDQG TXDQWXP JUDYLW\� (PHUJLQJ WHFKQRORJLHV OLNH $, RIIHU D
SURPLVLQJ DYHQXH WR WDFNOH WKHVH IRUPLGDEOH FKDOOHQJHV DQG FRQWLQXH H[SORULQJ TXDQWXP JUDYLW\�

$, KDV DOUHDG\ SURYHQ LWVHOI XVHIXO LQ TXDQWXP PHFKDQLFV� 3DUWLFOH SK\VLFV IUHTXHQWO\ UHVXOWV LQ
ODUJH VHWV RI FRPSOH[ IRUPXODV WKDW DUH GLIILFXOW WR VLPSOLI\� 7KH +XEEDUG PRGHO LV XVHG LQ
VROLG�VWDWH SK\VLFV WR GHVFULEH WKH EHKDYLRU RI JURXSHG VHWV RI HOHFWURQV >��@� &RPSXWDWLRQDOO\� LW
JHWV FRPSOH[ ZKHQ TXDQWXP HQWDQJOHPHQW LV FRQVLGHUHG >��@� :KHQ VRPH HOHFWURQV LQWHUDFW
HYHQ RQFH� WKHLU UHVXOWDQW VWDWHV PD\ QR ORQJHU EH LQGHSHQGHQW RI HDFK RWKHU� UHJDUGOHVV RI KRZ
IDU DSDUW WKH\ DUH DIWHUZDUGV >��@� :KHQ PRUH HOHFWURQV DUH LQWURGXFHG LQ WKH V\VWHP� PRUH
TXDQWXP HQWDQJOHPHQWV QHHG WR EH DFFRXQWHG IRU DQG WKH FRPSXWDWLRQ EHFRPHV H[SRQHQWLDOO\
PRUH GLIILFXOW >��@� 8WLOL]LQJ D PDFKLQH OHDUQLQJ DOJRULWKP WKDW UDQ IRU VHYHUDO ZHHNV� UHVHDUFKHUV
VLPSOLILHG D ��������HTXDWLRQ SK\VLFV FRQXQGUXP WR MXVW IRXU HTXDWLRQV� H[HPSOLI\LQJ KRZ $,
PD\ EH WKH IXWXUH RI TXDQWXP H[SORUDWLRQ >��@�

$ WHDP IURP 0,7 LV XVLQJ PDFKLQH OHDUQLQJ WR H[SORUH IXQGDPHQWDO IRUFHV DQG SDUWLFOH SK\VLFV
>��@� $VVLVWDQW 3URIHVVRU RI 3K\VLFV 3KLDOD 6KDQDKDQ VWDWHG� ³7KHUH DUH D ORW RI LQWHUHVWLQJ
SUREOHPV WKDW ZH NQRZ KRZ WR DGGUHVV LQ SULQFLSOH� EXW ZH MXVW GRQ¶W KDYH HQRXJK FRPSXWH�
HYHQ WKRXJK ZH UXQ RQ WKH ODUJHVW VXSHUFRPSXWHUV LQ WKH ZRUOG´ >��@� %\ SXVKLQJ SDVW
FRPSXWDWLRQDO OLPLWDWLRQV ZLWK PDFKLQH OHDUQLQJ� 6KDQDKDQ LV GHYHORSLQJ PRGHOV RI SDUWLFOH
G\QDPLFV E\ OHDGLQJ D WHDP LQ GHYHORSLQJ $, VLPXODWLRQV�

6WULQJ WKHRU\ SUHGLFWV WKDW WKHUH DUH PDQ\ H[WUD GLPHQVLRQV IROGHG LQ RXU UHDOLW\ DQG D ODUJH
QXPEHU RI SRVVLEOH PDQLIROGV GHSLFWLQJ WKLV >��@� 1RUWKHDVWHUQ 8QLYHUVLW\ $VVLVWDQW 3URIHVVRU RI
3K\VLFV -DPHV +DOYHUVRQ LV XVLQJ GDWD VFLHQFH DQG PDFKLQH OHDUQLQJ WR QDUURZ GRZQ RQ WKH
PDWKHPDWLFDO PRGHOV RI WKH XQLYHUVH DQG LQWHUSUHW WKHLU LPSOLFDWLRQV >��@>��@�

7KHUH LV QR FXUUHQW PRGHO RI SK\VLFV WKDW FRPSOHWHO\ XQLILHV TXDQWXP PHFKDQLFV DQG JHQHUDO
UHODWLYLW\� EXW DGYDQFHV LQ PDFKLQH OHDUQLQJ DQG GHYHORSPHQW RI QHZHU WKHRULHV RI TXDQWXP
JUDYLW\ DUH ERXQG WR UHVXOW LQ WKH *UDQG 8QLILHG 7KHRU\ WKDW VFLHQWLVWV KDYH EHHQ ORRNLQJ IRU�
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$SSHQGL[ $� 'HULYDWLRQ RI 5D\OHLJK�-HDQV /DZ

,Q D FORVHG V\VWHP DW HTXLOLEULXP ZLWK LWV VXUURXQGLQJV� HOHFWURPDJQHWLF VWDQGLQJ ZDYHV PXVW
REH\ WKH WKUHH�GLPHQVLRQDO VFDODU ZDYH HTXDWLRQ >��@>��@�
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7KLV ZDYH HTXDWLRQ VKRXOG EH VROYHG ZLWK D FHUWDLQ ERXQGDU\ FRQGLWLRQ� WKDW WKH DPSOLWXGH RI WKH
ZDYH PXVW EH ]HUR DW WKH FDYLW\ ZDOOV� 2WKHUZLVH� WKH HQHUJ\ RI WKH ZDYH PD\ OHDN RXW DQG WKH
V\VWHP ZRXOG QR ORQJHU EH FORVHG DQG LVRODWHG >��@� 7KH ERXQGDU\ FRQGLWLRQV FDQ EH PHW ZLWK D
VROXWLRQ RI WKH IROORZLQJ JHQHULF IRUP >��@�
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6XEVWLWXWLRQ EDFN LQWR WKH �' ZDYH HTXDWLRQ \LHOGV�
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7KHQ VLPSOLI\� 7KXV� VWDQGLQJ ZDYHV LQ D FORVHG FDYLW\ PXVW REH\ WKH IROORZLQJ HTXDWLRQ >��@�
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IRU ZKLFK LV WKH OHQJWK RI WKH LVRODWHG FXELFDO FDYLW\� LV WKH ZDYHOHQJWK� DQG � � DQG DUHԺ Ʀ Ֆ
ɘ
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Ֆ
ɚ

WKH QXPEHU RI ZDYHV LQ WKH [� \� DQG ] GLUHFWLRQV UHVSHFWLYHO\ >��@�
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$ ZDYH PRGH LV D VSHFLILF FRQILJXUDWLRQ LQ ZKLFK D ZDYH
RVFLOODWHV LQ D V\VWHP >��@� :H QHHG WR FRQVLGHU HYHU\ SRVVLEOH
PRGH WKDW PHHWV HTXDWLRQ ���� VR ZH FRQVWUXFW DQ HOOLSVRLG� 7KH
YROXPH RI WKLV VKDSH ZLOO SURYLGH D JRRG DSSUR[LPDWLRQ RI DOO
SRVVLEOH FRPELQDWLRQV RI YDOXHV >��@�Ֆ

1RWH WKDW ZH RQO\ FRQVLGHU ǩ RI WKH HOOLSVRLG EHFDXVH WKH
VROXWLRQ WR WKH ZDYH HTXDWLRQ RQO\ XVHV SRVLWLYH YDOXHV DQG VR
ZH MXVW FRQVLGHU WKH VKDSH¶V YROXPH LQ RQH TXDGUDQW�

9ROXPH RI Q¶V  ɘ
ɟ ࡣ ɛƫ

ɚ ഈՖ
ɘ
ə�  �Ֆ

ə
ə�  �Ֆ

ɚ
əഉɚŰə

:H ZLOO DOVR FRQVLGHU WKDW ZDYHV PD\ EH SRODUL]HG LQ SHUSHQGLFXODU SODQHV �VLQFH WKH HOHFWULF
DQG PDJQHWLF ILHOGV RVFLOODWH SHUSHQGLFXODUO\�� VR WKH QXPEHU RI ZDYH SRVVLELOLWLHV VKRXOG EH
PXOWLSOLHG E\ � >��@�

1XPEHU RI PRGHV RI ¶V  1  Ֆ ə ࡣ ɘ
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3OXJJLQJ LQ HTXDWLRQ ����
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7R ILQG KRZ WKH QXPEHU RI PRGHV FKDQJHV LQ UHODWLRQ WR ZDYHOHQJWK� ZH GLIIHUHQWLDWH ZLWK
UHVSHFW WR ZDYHOHQJWK�
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Ʀɛ

7KH QHJDWLYH VLJQ LPSOLHV WKDW ZKHQ ZDYHOHQJWK LQFUHDVHV� WKH QXPEHU RI PRGHV ZLOO GHFUHDVH�
,Q RUGHU WR ILQG WKH QXPEHU RI PRGHV 1 SHU XQLW YROXPH SHU XQLW ZDYHOHQJWK� GLYLGH ERWK VLGHV E\
WKH YROXPH RI WKH FXELFDO FDYLW\ � ZDV HDFK FXEH¶V OHQJWK VR LV WKH YROXPH RI HDFK FHOO� >��@�Ժ Ժɚ

ഈԼՌՍ՛�Ս՚�՝ՖՑ՜�՟Չ՞ՍՔՍՖՏ՜Րഉ
ഈԱՉ՞Ց՜ա�՞Ք՝ՕՍഉ ࡠࡦ ɘ

Ժɚ
ՌԼ
ՌƦ � ࡦ � ɟƫ

Ʀɛ

1RWH WKDW WKH QHJDWLYH VLJQ LV PRYHG WR WKH RWKHU VLGH EHFDXVH WKH QXPEHU RI QRGHV FDQQRW EH
QHJDWLYH�
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7KH SULQFLSOH RI HTXLSDUWLWLRQ RI HQHUJ\ VWDWHV WKDW HQHUJ\ LV VKDUHG HTXDOO\ EHWZHHQ WKH
GLIIHUHQW GHJUHHV RI IUHHGRP� RU PRGHV >��@� $GGLWLRQDOO\� WKH DYHUDJH HQHUJ\ SHU PRGH LV �ՓՂ Փ
LV %ROW]PDQQ
V FRQVWDQW DQG LV WHPSHUDWXUH LQ .HOYLQ� >��@� ,I LV WKH HQHUJ\ DQG UHSUHVHQWVՂ Գ Ճ
WKH HQHUJ\ GHQVLW\� LV WKH UDWH RI FKDQJH RI HQHUJ\ GHQVLW\ ZLWK UHVSHFW WR ZDYHOHQJWK�ՌՃ
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ՌՃ
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ՌƦԺɚ
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7KLV UHVXOW ZDV XVHG LQ WKH 5D\OHLJK�-HDQV /DZ DQG OHG WR WKH 8OWUDYLROHW &DWDVWURSKH >��@>��@�
:KHQ IUHTXHQFLHV DUH ORZ �PDNLQJ ZDYHOHQJWKV KLJK�� WKH IRUPXOD SURGXFHV UHDVRQDEOH
DSSUR[LPDWLRQV >��@� %XW ZKHQ IUHTXHQFLHV DUH KLJK �DQG ZDYHOHQJWKV DUH ORZ�� WKH 3ODQFN
UDGLDWLRQ IRUPXOD PXVW EH XVHG LQVWHDG >��@�
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$SSHQGL[ %� 'HULYDWLRQ RI GH %URJOLH¶V (TXDWLRQ

6WDUW RII ZLWK (LQVWHLQ¶V HQHUJ\�PDWWHU
HTXLYDOHQFH HTXDWLRQ�

Գ ࡦ ՕՋə��

:KHUH LV HQHUJ\� LV PDVV� DQG LV WKHԳ Օ Ջ
VSHHG RI OLJKW�

$FFRUGLQJ WR 3ODQFN¶V WKHRU\� HDFK
TXDQWXP RI D ZDYH FDUULHV D GLVFUHWH
DPRXQW RI HQHUJ\ UHSUHVHQWHG E\ WKH
3ODQFN�(LQVWHLQ 5HODWLRQVKLS >��@�

Գ ࡦ Ր՞
:KHUH LV HQHUJ\� LV 3ODQFN¶V FRQVWDQW� DQG LV WKH IUHTXHQF\ RI WKH ZDYH�Գ Ր ՞

'H %URJOLH EHOLHYHG WKDW SDUWLFOHV DQG ZDYHV SRVVHVV WKH VDPH WUDLWV� VR KH VHW WKH WZR HQHUJ\
IRUPXODV HTXDO WR HDFK RWKHU DQG VXEVWLWXWHG YHORFLW\ IRU WKH VSHHG RI OLJKW >��@>��@�

Օ՞ə ࡦ Ր՞

+H WKHQ VXEVWLWXWHG IRU EHFDXVH � DQG QRZ DQG DUH EHLQJ HTXDWHG >��@�
՞
Ʀ ՞ ՞ ࡦ Ջ

Ʀ ՞ Ջ

Օ՞ə ࡦ Ր ՞
Ʀ

:LWK VRPH VKXIIOLQJ DURXQG� ZH DUULYH DW GH %URJOLH¶V (TXDWLRQ�

Ʀ ࡦ Ր
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:KHUH LV WKH ZDYHOHQJWK� K LV 3ODQFN¶V FRQVWDQW� DQG S LV PRPHQWXP >��@�Ʀ
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6RXUFHV

�� KWWSV���PDWKVKLVWRU\�VW�DQGUHZV�DF�XN�%LRJUDSKLHV�3WROHP\�
�� KWWSV���ZZZ�NKDQDFDGHP\�RUJ�KXPDQLWLHV�ELJ�KLVWRU\�SURMHFW�ELJ�EDQJ�KRZ�GLG�ELJ�EDQJ�

FKDQJH�D�FODXGLXV�SWROHP\
�� KWWSV���DSRG�QDVD�JRY�DSRG�DS�������KWPO
�� KWWSV���DVWURQDYLJDWLRQGHP\VWLILHG�FRP�WKH�UHWURJUDGH�DQG�SURJUDGH�PRWLRQV�RI�PDUV�DQG

�MXSLWHU�
�� KWWS���ZZZ�IDLWKIXOVFLHQFH�FRP�VFLHQFH�DQG�IDLWK�EULHI�KLVWRU\�RI�IDLWKIXO�VFLHQFH�KWPO
�� KWWSV���HDUWKREVHUYDWRU\�QDVD�JRY�IHDWXUHV�2UELWV+LVWRU\
�� KWWSV���ZZZ�FV�PFJLOO�FD�aUZHVW�ZLNLVSHHGLD�ZSFG�ZS�S�3KLORVRSKLDHB1DWXUDOLVB3ULQFLSLD

B0DWKHPDWLFD�KWP
�� KWWSV���ZZZ�VSDFH�FRP�������WKHRU\�JHQHUDO�UHODWLYLW\�KWPO
�� KWWSV���ZZZ�GLVFRYHUPDJD]LQH�FRP�WKH�VFLHQFHV�KRZ�WR�XQGHUVWDQG�HLQVWHLQV�WKHRU\�RI�J

UDYLW\
���KWWSV���ZZZ�HVD�LQW�(6$B0XOWLPHGLD�,PDJHV���������6SDFHWLPHBFXUYDWXUH
��� KWWSV���JL]PRGR�FRP�WKH�����\HDU�ROG�P\VWHU\�RI�PHUFXU\V�RUELW�VROYHG�����������
���KWWSV���ZZZ�FN���RUJ�SK\VLFV�2UELWDO�0RWLRQ�UZD�0HUFXU\V�2UELW�
���KWWSV���VRFUDWLF�RUJ�TXHVWLRQV�ZK\�LV�WKHUH�SHULKHOLRQ�DQG�DSKHOLRQ�RI�D�SODQHW�V�RUELW
���KWWSV���JULIILWKREVHUYDWRU\�RUJ�H[SORUH�REVHUYLQJ�WKH�VN\�ZKDWV�LQ�WKH�VN\�HFOLSVHV�
���KWWSV���ZZZ�IRUEHV�FRP�VLWHV�VWDUWVZLWKDEDQJ������������WKLV�LV�KRZ�����\HDUV�DJR�D�VRO

DU�HFOLSVH�SURYHG�HLQVWHLQ�ULJKW�DQG�QHZWRQ�ZURQJ�"VK �EDF��������
���KWWSV���QHZV�XFKLFDJR�HGX�H[SODLQHU�EODFN�KROHV�H[SODLQHG
���KWWSV���ZZZ�DVWURQRP\�FRP�PDJD]LQH�DVN�DVWUR���������KRZ�GRHV�JUDYLW\�DIIHFW�SKRWRQV

�WKDW�LV�EHQG�OLJKW�LI�SKRWRQV�KDYH�QR�PDVV
���KWWSV���HQJ�OLEUHWH[WV�RUJ�%RRNVKHOYHV�0DWHULDOVB6FLHQFH�6XSSOHPHQWDOB0RGXOHVB�0DWHUL

DOVB6FLHQFH��(OHFWURQLFB3URSHUWLHV�6ROYLQJBWKHB8OWUDYLROHWB&DWDVWURSKH
���KWWSV���DNOHFWXUHV�FRP�OHFWXUH�ILUVW�ODZ�RI�WKHUPRG\QDPLFV�SULQFLSOH�RI�HTXLSDUWLWLRQ�RI�HQ

HUJ\
���KWWSV���XQDFDGHP\�FRP�FRQWHQW�QHHW�XJ�VWXG\�PDWHULDO�SK\VLFV�WKH�UD\OHLJK�MHDQV�UDGLDWLR

Q�ODZ�
���KWWSV���ZZZ�EULWDQQLFD�FRP�YLGHR��������0D[�3ODQFN�RULJLQ�TXDQWXP�WKHRU\
���KWWSV���ELJWKLQN�FRP������PD[�SODQFN�ELUWK�TXDQWXP�SK\VLFV�
���KWWSV���SK\VLFV�VWDFNH[FKDQJH�FRP�TXHVWLRQV��������KRZ�LV�WHPSHUDWXUH�UHODWHG�WR�FRORU
���KWWSV���ZZZ�UHVHDUFKJDWH�QHW�ILJXUH�5D\OHLJK�-HDQV�DQG�3ODQFNV�&XUYH���BILJ�B������

��
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