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DWLQJ +�2� FRQWLQXRXVO\� 7KH FDWDODVH VSHFLHV FRQFHQWUDWLRQV DQG DFWLYLW\ PHDVXUHPHQW ZHUH GRQH E\ VSHFWUR�

SKRWRPHWU\ LQ SKRVSKDWH EXIIHU �� P0� S+ ���� DQG �� R&� 7KH DFWLYLW\ RI FDWDODVH GHFUHDVHG FRQWLQXRXVO\ GXH

WR WKH FRQYHUVLRQ RI DFWLYH IHUULFDWDODVH VSHFLHV� (�)H �,,,�� WR DQ LQDFWLYH HQ]\PH VSHFLHV� (�)H �,9�� 7KLV FRQ�

YHUVLRQ LV UHODWHG WR WKH VORZ SURGXFWLRQ RI +�2� JHQHUDWHG E\ DXWR[LGDWLRQ RI F\VWHLQH� 7KH IUHH 6+�JURXS RI

F\VWHLQH KDV DQ HVVHQWLDO UROH LQ SURGXFWLRQ RI +�2� DQG KHQFH LQDFWLYDWLRQ RI FDWDODVH� 1$'3+ FDQ SURWHFW

FDWDODVH DJDLQVW LQDFWLYDWLRQ GXH WR WKH FRQYHUVLRQ RI LQDFWLYH IRUP RI (�)H �,9� WR IHUULFDWDODVH VSHFLHV� (�)H

�,,,��

,QWURGXFWLRQ

%RYLQH OLYHU FDWDODVH �(& ���������� VXFK DV DOO FDWDODVHV�

LV DQ DQWLR[LGDQW ROLJRPHULF HQ]\PH �0: �������� ZLWK

IRXU LGHQWLFDO VXEXQLWV� WHWUDKHGUDOO\ DUUDQJHG VXEXQLWV����

(DFK VXEXQLW FRQVLVWV RI D VLQJOH SRO\SHSWLGH FKDLQ WKDW DVVR�

FLDWHV ZLWK D SURVWKHWLF JURXS� IHUULF SURWRSRUSK\ULQ ,;�� 7KH

VXEXQLWV DSSDUHQWO\ IXQFWLRQ LQGHSHQGHQWO\ RI RQH DQRWKHU��

,W LV XELTXLWRXVO\ SUHVHQW LQ DHURELF RUJDQLVPV ZKHUH LQ SDUW

LW VHUYHV WR SURWHFW FHOOV IURP WKH WR[LF HIIHFWV RI K\GURJHQ

SHUR[LGH���� 7ZLQ UHDFWLRQV RFFXU ZKHQ FDWDODVH UHDFWV ZLWK

+�2�� )LUVWO\� GHFRPSRVLWLRQ RI +�2� E\ FDWDODVH RFFXUV

DFFRUGLQJ WR WKH FDWDO\WLF F\FOH��
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6HFRQGO\� LQDFWLYDWLRQ RI FDWDODVH YLD FRQYHUVLRQ RI FRP�

SRXQG , WR FRPSRXQG ,, RFFXUV� ���
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�&RPSRXQG ,� �&RPSRXQG ,,�

7KLV SURFHVV RFFXUV YLD HQGRJHQRXV RU H[RJHQRXV HOHFWURQ

WUDQVIHU UHDFWLRQ ZKHQ FDWDODVH H[SRVHG WR +�2� DW KLJK FRQ�

FHQWUDWLRQ OHYHO RU FRQWLQXDO JHQHUDWLRQ RI +�2��
��� &RP�

SRXQG ,, DQG LWV GHULYDWLYHV DUH FDWDO\WLFDOO\ LQDFWLYH� 7KXV�

GXULQJ WKH UHDFWLRQ WKH DFWLYH HQ]\PH JUDGXDOO\ H[LWV IURP

WKH FDWDO\WLF F\FOH DQG WKH SURFHVV ZKLFK LV WHUPHG VXLFLGH

LQDFWLYDWLRQ������ (DFK VXEXQLW RI FDWDODVH FRQWDLQV RQH PROH�

FXOH RI WLJKWO\ ERXQG 1$'3+ WKDW SUHYHQWV DQG UHYHUVHV WKH

DFFXPXODWLRQ RI FRPSRXQG ,,������ %HWZHHQ 1$'3+ ELQG�

LQJ VLWH DQG KDHP JURXS LQ HDFK VXEXQLW� WKHUH LV D β�VKHHW

ZDOO WKDW FRQWDLQ D QXPEHU RI W\URVLQH UHVLGXHV WKDW VRPH RI

WKHVH DFW DV HQGRJHQRXV HOHFWURQ GRQRU GXULQJ IRUPDWLRQ RI

FRPSRXQG ,, IURP FRPSRXQG ,��� 2Q WKH RWKHU KDQGV� IHUUL�

F\DQLGH� D VFRUEDWH DQG VHPLGHK\GUR DVFRUEDWH FDQ DFW DV

HQGRJHQRXV HOHFWURQ GRQRU GXULQJ WKLV SURFHVV��������

6RPH WKHRULHV VXJJHVWHG LQKLELWLRQ RI FDWDODVH GXULQJ LQFX�

EDWLRQ RI WKH HQ]\PH ZLWK DVFRUEDWH� ZKLFK LV LQYROYHG LQ

IRUPDWLRQ RI DVFRUEDWH�IHUULF FRPSOH[� IRUPDWLRQ RI FRP�

SRXQG ,,�� IUHH UDGLFDO DWWDFK RI SURWHLQ�� DQG SK\VLFDO GHJUD�

GDWLRQ RI WKH HQ]\PH LQWR ORZHU PROHFXODU ZHLJKW IUDJ�

PHQWV������8QLYDOHQW HOHFWURQ UHGXFWLRQ RI PROHFXODU R[\JHQ

GXULQJ DXWR[LGDWLRQ RI WKLROV VXFK DV F\VWHLQH DQG VRPH

RWKHU FRPSRXQGV OHDG WR SURGXFWLRQ RI VXSHU R[LGH IUHH UDGL�

FDO WKDW DEOH WR FRQYHUW FDWDO\WLFDOO\ DQG XQFDWDO\WLFDOO\ WR

+�2��
����� VXEVWUDWH RI FDWDODVH DV IROORZ�

VXSHUR[LGH GLVPXWDVH
2�

� � 2�
� � �+� ¤¤¤¤¤¤¤¤¤¤¤¤¤¤→ +�2�

7KLV SDSHU GHVFULEHV LQDFWLYDWLRQ RI FDWDODVH GXULQJ LQFX�

EDWLRQ E\ F\VWHLQH DQG QRWDWLQ V\VWHP� $ FRQWLQXRXV V\VWHP

IRU SURGXFWLRQ RI +�2� WKDW LV LQFOXGLQJ JOXFRVH DQG JOXFRVH

R[LGDVH LV FDOOHG QRWDWLQ V\VWHP� $OVR� UHDFWLYDWLRQ RI WKH

HQ]\PH E\ 1$'3+� DV D QDWXUDO PHWDEROLWH� KDV EHHQ LQYHV�

WLJDWHG�

0DWHULDOV DQG 0HWKRGV

0DWHULDOV� 5HFU\VWDOOL]HG ERYLQH OLYHU FDWDODVH DQG O\R�

SKLOL]HG JOXFRVH R[LGDVH ZHUH REWDLQHG IURP 6LJPD� 1$'3+

ZDV REWDLQHG IURP %RHKULQJHU 0DQQKHLP &KHPLFDO &RP�

SDQ\� 2WKHU VXEVWDQFHV �UHDJHQW JUDGH� ZHUH REWDLQHG IURP

0HUFN� 7KH EXIIHU XWLOL]HG WKURXJKRXW WKH VWXG\ ZDV VRGLXP

SKRVSKDWH �� P0� S+ ����

0HWKRGV� &DWDODVH ZDV GLVVROYHG DQG GLDO\]HG VXIILFLHQWO\

DJDLQVW EXIIHU DQG FHQWULIXJHG DW ���� USP IRU �� PLQXWHV

DQG LWV FRQFHQWUDWLRQ HVWLPDWHG E\ PHDVXULQJ LWV DEVRUEDQFH

DW ��� QP� DSSO\LQJ WKH H[WLQFWLRQ FRHIILFLHQW RI ���� × ���

OLW PRO−� FP−� DQG XVLQJ D PROHFXODU ZHLJKW RI ������� IRU

ERYLQH OLYHU FDWDODVH� 7KH PHDQ YHORFLW\ RI WKH GHFRPSRVL�
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WLRQ UHDFWLRQ RI +�2� E\ FDWDODVH ZDV PHDVXUHG RQ D 6KL�

PDG]X 89����� VSHFWURSKRWRPHWHU LQ NLQHWLF PRGH DW ���

QP DQG �� R&� 7KH PRODU H[WLQFWLRQ FRHIILFLHQW RI +�2� DW

��� QP DQG S+ ��� ZDV PHDVXUHG DQG WDNHQ DV EHLQJ ���� OLW

PRO−� FP−� WKURXJKRXW WKH UHPDLQLQJ H[SHULPHQWV�

%RYLQH OLYHU FDWDODVH� � × ��−� 0� ZDV LQFXEDWHG VHSD�

UDWHO\ ZLWK F\VWHLQH �� × ��−�0� DQG QRWDWLQ V\VWHP �LQFOXG�

LQJ � × ��−�0 JOXFRVH DQG �� × ��−�0 JOXFRVH R[LGDVH� IRU

WKUHH KRXUV� 'XULQJ HDFK LQFXEDWLRQ� DEVRUEDQFH DW ��� DQG

��� QPPHDVXUHG� 7KH IRUPDWLRQ DQG GLVDSSHDUDQFH RI FRP�

SRXQG ,, ZHUH PHDVXUHG E\ FKDQJH LQ WKH DEVRUEDQFH DW ���

QP WKDW LV D FKDUDFWHULVWLF RI FRPSRXQG ,,� 7KH FRQFHQWUD�

WLRQ FKDQJHV RI IHUULFDWDODVH ZHUH UHFRUGHG E\ FKDQJLQJ WKH

DEVRUEDQFH DW ��� QP WKDW LV FKDUDFWHULVWLF RI IHUULFDWDODVH�

$IWHU FRPSOHWLRQ RI FRPSRXQG ,,� �� µ/ RI D 1$'3+ VROX�

WLRQ� � × ��−� 0� ZDV DGGHG WR V\VWHP DQG WKH FKDQJHV RI

DEVRUEDQFH ZHUH PHDVXUHG�

5HDFWLRQ EHWZHHQ FDWDODVH DQG +�2� IRU DFWLYLW\ PHDVXUH�

PHQW ZDV LQLWLDWHG E\ WUDQVIHUULQJ �� µ/ RI WKH HQ]\PH ���−�

0� WR ��� µ/ RI +�2��EXIIHU VROXWLRQ ��� P0�� 'XULQJ HDFK

H[SHULPHQW� EDVHG RQ WKH GHFUHDVH RI WKH DEVRUEDQFH DW ���

QP� FDWDODVH ZDV DVVD\HG� 7KH DVVD\ ZDV UHSHDWHG � WLPHV DW

DSSURSULDWH LQWHUYDOV� ,Q HDFK DVVD\� WKH PHDQ YHORFLW\ RI

UHDFWLRQ GXULQJ �� VHFRQGV ZDV UHFRUGHG�

5HVXOWV DQG 'LVFXVVLRQ

&RQVLGHULQJ WKH SURSRVHG PHFKDQLVP RI LQDFWLYDWLRQ RI

FDWDODVH E\ WKLRO FRPSRXQGV� WKH FDWDODVH VROXWLRQ ZDV LQFX�

EDWHG ZLWK F\VWHLQH IRU FRQYHUVLRQ RI IHUULFDWDODVH WR FRP�

SRXQG ,,� 7KH DEVRUEDQFH RI LQFXEDWHG PL[WXUH ZDV PHDVXUHG

LQ DSSURSULDWH LQWHUYDOV IRU PRQLWRULQJ WKH SURJUHVV RI UHDF�

WLRQV� 7KH PHDVXUHPHQWV ZHUH DFFRPSOLVKHG DW ��� QP� WKH

λPD[ RI VRUHW EDQG RI IHUULFDWDODVH� DQG ��� QP� WKH λPD[ RI

FRPSRXQG ,,� )URP WKH NQRZQ PRODU H[WLQFWLRQ FRHIILFLHQWV

RI IHUULFDWDODVH DQG FRPSRXQG ,,�� WKH FRQFHQWUDWLRQV RI

WKHVH WZR HQ]\PH VSHFLHV FDQ EH HVWLPDWHG� )LJXUH � VKRZV

WKH FKDQJHV RI WKHVH FRQFHQWUDWLRQV GXULQJ LQFXEDWLRQ RI FDW�

DODVH LQ WKH SUHVHQFH RI F\VWHLQH� 7KH FRQFHQWUDWLRQV RI IHUUL�

FDWDODVH DQG FRPSRXQG ,, ZHUH IRXQG WR EH GHFUHDVHG DQG

LQFUHDVHG� UHVSHFWLYHO\� 6LQFH IHUULFDWDODVH KDV DQ H[WLQFWLRQ

FRHIILFLHQW JUHDWHU WKDQ WKDW RI ERWK FRPSRXQG , DQG FRP�

SRXQG ,, DW ��� QP� VXFK YDULDWLRQ RI $��� FDQ EH DWWULEXWHG

WR WKH GHFUHDVLQJ RI IHUULFDWDODVH FRQFHQWUDWLRQ GXH WR LWV

FRQYHUVLRQ WR LWV R[LGL]HG GHULYDWLYHV E\ +�2��

7KH HIIHFW RI 1$'3+ RQ LQFXEDWHG PL[WXUH RI FDWDODVH�

F\VWHLQH ZDV LQYHVWLJDWHG� :KHQ WKH FKDQJHV LQ $���� $���

DQG WKH HQ]\PH DFWLYLW\ ZHUH IRXQG WR EH UHODWLYHO\ ORZ�

1$'3+ ZDV DGGHG WR WKH PL[WXUH� 7KLV OHG WR $���� $��� DQG

WKH HQ]\PH DFWLYLW\ DWWDLQHG WKHLU RULJLQDO YDOXHV LQ VWDUW

WLPH RI LQFXEDWLRQ �)LJXUH �$�� 6LQFH LW LV SURYHG WKDW

1$'3+ FDQ UHWXUQ FRPSRXQG ,, EDFN WR IHUULFDWDODVH� WKHVH

UHVXOWV FRQILUP WKDW WKH FKDQJHV LQ DEVRUSWLRQ VSHFWUXP DQG

DFWLYLW\ RI ERYLQH OLYHU FDWDODVH E\ D WKLRO FRPSRXQG� VXFK DV

F\VWHLQH� PXVW EH GXH WR FRQYHUVLRQ RI FDWDODVH WR FRPSRXQG

,,� 3UHVXPDEO\� WKH F\VWHLQH DFWV DV D FRQWLQXRV VRXUFH RI

VORZ SURGXFWLRQ RI +�2� LQ LQFXEDWLRQ� OLNH HQ]\PDWLF SUR�

GXFWLRQ RI +�2� LQ WKH QRWDWLQ V\VWHP� ,QYHVWLJDWLRQ RQ FDWD�

ODVH LQFXEDWHG ZLWK D QRWDWLQ V\VWHP JLYHV VLPLODU UHVXOWV

�)LJXUH ��� 7KLV WHVW FRQILUPV WKDW WKH VSHFWURSKRWRPHWULF

FKDQJHV ZKLFK KDV EHHQ SURFHHGHG E\ 1$'3+ LV D FRQVH�

TXHQFH RI D VDIHO\ UHWXUQ RI LQDFWLYDWHG FDWDODVH WR LWV QDWLYH

IRUP� &RQVLGHULQJ WKH UROH RI 1$'3+ RQ FDWDODVH FKHPLV�

WU\� WKH SURILOH RI FKDQJHV RI FDWDODVH DFWLYLW\ SURYLGHV IXU�

WKHU HYLGHQFH WR LGHQWLILFDWLRQ RI WKH SURGXFW RI IHUULFDWDODVH

ZKHQ LW LV H[SRVHG WR F\VWHLQH� 'LIIHUHQW FRQFHQWUDWLRQV RI

1$'3+ RQ F\VWHLQH�FDWDODVH PL[WXUH ZHUH DOVR XVHG WR

UHGXFWLRQ RI FRPSRXQG ,, WKDW DUH VKRZQ LQ )LJXUH �%� ,W FDQ

EH REVHUYHG WKDW WKH HOHYDWLRQ RI 1$'3+ FRQFHQWUDWLRQ OHG

WR DFFHOHUDWLRQ LQ FRQYHUVLRQ RI FRPSRXQG ,, WR IHUULFDWD�

ODVH� ,W LV REVHUYHG WKDW WKH FRQFHQWUDWLRQ RI 1$'3+ PXVW

EH ��� µ0� DW OHDVW� IRU VDWXUDWLRQ RI ELQGLQJ VLWHV RI FRP�

SRXQG ,, IRU 1$'3+�

)LJXUH �� �$�� 7KH FRQFHQWUDWLRQ FKDQJHV RI FRPSRXQG ,, �D� DQG
IHUULFDWDODVH �E� IRU D PL[WXUH FRQWDLQLQJ ��� µ/ RI D FDWDODVH
VROXWLRQ �� µ0� DQG �� µ/ RI D F\VWHLQH VROXWLRQ ����� 0�� ZKLFK LV
LQFXEDWHG IRU WKUHH KRXUV� $OVR� WKH GLVDSSHDUDQFH RI FRPSRXQG ,,

�F� DQG UHJHQHUDWLRQ RI IHUULFDWDODVH �G� KDYH EHHQ VKRZHG� ZKHQ
�� µ/ RI 1$'3+ ���� µ0� ZDV DGGHG WR WKDW PL[WXUH� $UURZV
VKRZ WKH WLPH RI DGGLQJ 1$'3+� �%�� (IIHFW RI GLIIHUHQW
FRQFHQWUDWLRQV RI 1$'3+ RQ WKH GLVDSSHDUDQFH RI FRPSRXQG ,,

IRU D PL[WXUH FRQWDLQLQJ ��� µ/ RI D FDWDODVH VROXWLRQ �� µ0� DQG
�� µ/ RI D F\VWHLQH VROXWLRQ ����� 0�� ZKLFK LV LQFXEDWHG IRU D ORQJ
WLPH� 7KH DUURZ VKRZV WKH WLPH RI DGGLQJ �� µ/ RI 1$'3+
VROXWLRQ DW FRQFHQWUDWLRQ RI � µ0 �D�� �� µ0 �E�� ��� µ0 �F�� ���
µ0 �G� DQG ��� µ0 �H��
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&DWDODVH ZDV DOVR LQFXEDWHG ZLWK EORFNHG WKLRO FRPSRXQGV�

VXFK DV PHWKLRQLQH �5�6�&+�� DQG F\VWLQH �5�6�6�5�� 7KH

FRQFHQWUDWLRQ FKDQJHV RI FRPSRXQG ,, LQ LQFXEDWHG PL[WXUH

ZHUH WHVWHG DV GLVFXVVHG IRU F\VWHLQH� 7KH UHVXOWV DUH VKRZQ

LQ )LJXUH �� 7KH FKDQJHV LQ WKHVH YDULDEOHV ZHUH QRW VLJQLIL�

FDQW LQ FRPSDULVRQ ZLWK WKH FRUUHVSRQGLQJ UHVXOWV REWDLQHG

RQ F\VWHLQH� 7KHVH UHVXOWV VXJJHVW WKDW WKH IUHH 6+�JURXS RI

WKLRO FRPSRXQGV KDV DQ HVVHQWLDO UROH LQ WKH IRUPDWLRQ RI

FRPSRXQG ,,�

,Q WKH RWKHU KDQG� WKH DFWLYLW\ RI LQFXEDWHG FDWDODVH ZDV

PRQLWRUHG LQ SDUDOOHO ZLWK WKH VSHFWURSKRWRPHWULF ZRUNV� 7KH

VPDOO YROXPHV RI LQFXEDWHG PL[WXUH ZHUH WDNHQ WR DVVD\ RI

WKH UHVLGXDO DFWLYLW\ RI FDWDODVH� )LJXUH � VKRZV WKH SURJUHV�

VLYH GHFUHDVLQJ LQ WKH FDWDODVH DFWLYLW\ GXULQJ WKH LQFXEDWLRQ

WLPH� 7KH FRUUHODWLRQ EHWZHHQ VSHFWURSKRWRPHWULF FKDQJHV

DQG PHDVXUHG HQ]\PH DFWLYLWLHV FRQILUPV WKH JHQHUDWLRQ RI

WKH FRPSRXQG ,, RI FDWDODVH DV LWV LQDFWLYH VSHFLHV LQ WKH

LQFXEDWHG PL[WXUH�

7KXV� DXWR[LGDWLRQ RI F\VWHLQH SURYLGHV D VORZ DQG FRQWL�

QXRXV VRXUFH RI +�2� SURGXFWLRQ IRU LQDFWLYDWLRQ RI FDWDODVH�

7KH IUHH 6+�JURXS KDV DQ HVVHQWLDO UROH LQ WKH DXWR[LGDWLRQ

RI F\VWHLQH� +HUH� LW LV FRQILUPHG 1$'3+ LQGXFHG WKH FDWD�

ODVH IURP WKH LQDFWLYDWHG HQ]\PH VSHFLHV� FRPSRXQG ,,� WR

DFWLYH IHUULFDWDODVH VSHFLHV� 7KHUHIRUH� LW FDQ EH FRQFOXGH

1$'3+ DV D QDWXUDO UHGXFLQJ DJHQW SURWHFWV FDWDODVH DJDLQVW

LQDFWLYDWRU\ HIIHFW RI +�2� WKDW JHQHUDWHG ZLWK DXWR[LGDWLRQ

RI F\VWHLQH DV D QDWXUDO LQDFWLYDWRU PHWDEROLWH�

$FNQRZOHGJPHQW� )LQDQFLDO DVVLVWDQFH IURP WKH 5HVHDUFK

&RXQFLO RI WKH 8QLYHUVLW\ RI 7HKUDQ LV JUDWHIXOO\ DFNQRZ�

OHGJHG�
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)LJXUH �� 7KH FRQFHQWUDWLRQ FKDQJHV RI FRPSRXQG ,, �D� DQG
IHUULFDWDODVH �E� IRU D PL[WXUH FRQWDLQLQJ ��� µ/ RI D FDWDODVH
VROXWLRQ �� µ0� DQG �� µ/ RI D QRWDWLQ VROXWLRQ �LQFOXGLQJ �� µ/ RI
D JOXFRVH VROXWLRQ� ��� 0 DQG �� µ/ RI D JOXFRVH R[LGDVH VROXWLRQ�
� µ0�� ZKLFK LV LQFXEDWHG IRU WKUHH KRXUV� $OVR� WKH GLVDSSHDUDQFH
RI FRPSRXQG ,, �F� DQG UHJHQHUDWLRQ RI IHUULFDWDODVH �E� KDYH EHHQ
VKRZQ� ZKHQ �� µ/ RI 1$'3+ ���� µ0� ZDV DGGHG WR WKDW
PL[WXUH� $UURZV VKRZ WKH WLPH RI DGGLQJ 1$'3+�

)LJXUH �� ,QFUHDVLQJ RI WKH FRQFHQWUDWLRQ RI FRPSRXQG ,, LQ WKH
SUHVHQFH RI F\VWHLQH �9 �� F\VWLQH �? � DQG PHWKLRQLQH �= ��

)LJXUH �� ,QDFWLYDWLRQ RI FDWDODVH LQ WKH SUHVHQFH RI F\VWHLQH �8 �
DQG QRWDWLQ V\VWHP �= � DQG UHDFWLYDWLRQ RI HQ]\PH E\ DGGLQJ ��
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