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UHG JLQVHQJ XVLQJ VROYHQW H[WUDFWLRQ� XOWUDILOWUDWLRQ DQG FKURPDWRJUDSK\ RQ 'LDLRQ +3��� UHVLQ ZDV GHYHORSHG� 7R

HYDOXDWH WKH SRWHQF\ RI 5*�ZV������ WR HIIHFW RQ WKH KHDW VWUHVV �+6� UHVSRQVH DQG DQWL�LQIODPPDWRU\ UHVSRQVH LQ

QHXWURSKLOV� WKH R[\JHQ FRQVXPSWLRQ �2&� DQG IRUPDWLRQ RI VXSHUR[LGH UDGLFDOV �)65� ZHUH DVVD\HG LQ VXVSHQVLRQV
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7KHUH LV D VXEVWDQWLDO ERG\ RI HYLGHQFHZKLFK VXJJHVWV WKDW3DQD[

JLQVHQJ &�$� 0H\HU HQKDQFHV WKH KRVW UHVLVWDQFH DJDLQVW LQIHFWLRQ

>6ROGDWL� ����� 6RQJ HW DO�� ����� 7RPRGD HW DO�� ����@� 2Q WKH RWKHU

KDQG� 3DQD[ JLQVHQJ ZDV IRXQG WR SRVVHVV VWURQJ DQWL�VWUHVV SURS�

HUWLHV >.DQJ HW DO�� ����� <RVKLPDWVX HW DO�� ����@� 0DLQ DFWLYH LQ�

JUHGLHQWV RI3DQD[ JLQVHQJ DUH NQRZQ WR EH JLQVHQJ VDSRQLQV � JLQ�

VHQRVLGHV >%ULGJHV HW DO�� ����� .DQJ HW DO�� ����� <RVKLPDWVX HW

DO�� ����� .LP HW DO�� ����� 3DUN HW DO�� ����@� +RZHYHU� WKH GLYHUVH

HIIHFWV RI 3DQD[ JLQVHQJ GR QRW RULJLQDWH VROHO\ IURP WKH DFWLRQV

RI VDSRQLQV� 7KH LQYHVWLJDWLRQV RI WKH LVRODWHG JLQVHQRVLGHV DQG QRQ�

VDSRQLQ LQGLYLGXDO FRPSRXQGV UHYHDOHG WKDW ERWK SURYLGH VRPH V\Q�

HUJLVWLF HIIHFWV >3DUN HW DO�� ����@� $ QXPEHU RI PHWKRGV KDYH EHHQ

GHYHORSHG IRU WKH LVRODWLRQ RI ELRORJLFDOO\ DFWLYH IUDFWLRQV DQG LQ�

GLYLGXDO FRPSRXQGV IURP UHG JLQVHQJ� ZKLFK SRVVHVVHG DQWL�VWUHVV

SURSHUWLHV� 0RVW RI WKHP ZHUH FRQFHUQHG ZLWK JLQVHQRVLGHV RU JLQ�

VHQRVLGH�FRQWDLQLQJ IUDFWLRQV >%ULGJHV HW DO�� �����.DQJ HW DO�� ����@�

%XW LQ H[SHULPHQWV VHDUFKLQJ IRU SURWHFWLRQ DJDLQVW UDGLDWLRQ LQMXU\

VXSSOHPHQWLQJ D SRZGHU RU GLIIHUHQW H[WUDFWV IURP JLQVHQJ VWURQJO\

VXJJHVWHG WKH VLJQLILFDQFH RI QRQ�VDSRQLQ FRPSRXQGV >&KHQ HW DO��

����@�

7R HYDOXDWH WKH DQWL�+6 DFWLYLW\ RI ELRDFWLYH VXEVWDQFHV� D QXP�

EHU PRGHOLQJ V\VWHPV �PRQLWRULQJ RI VHOHFWHG SK\VLRORJLFDO SDUDP�

HWHUV WKDW DUH D UHIOHFWLRQ RI WKH +6 UHODWHG GHJUHH RI SK\VLRORJLFDO

VWUDLQ VXFK DV KHDUW UDWH� VNLQ WHPSHUDWXUH� YDULRXV ELRFKHPLFDO SD�

UDPHWHUV� ZHUH UHSRUWHG� (DFK RI WKHP KDV VRPH DGYDQWDJHV DQG

LPSHUIHFWLRQV >(PHO¶\DQRYD HW DO�� ����@� :H SURSRVHG WR XVH WKH

IXQFWLRQDO PRGHO V\VWHP� QDPHO\ PXULQH QHXWURSKLOV ZLWK UHJDUG

WR WKHLU SK\VLRORJLFDO IXQFWLRQV� 7KLV FHOO V\VWHP LV TXLWH VXLWDEOH WR

HYDOXDWH DQWL�LQIODPPDWRU\ DQG DQWL�KHDW VWUHVV HIIHFWV RI .RUHDQ

UHG JLQVHQJ �.5*� VXSSOHPHQWHG HLWKHU LQ YLYR RU LQ YLWUR�

,Q IDFW QHXWURSKLOV DUH UHVSRQVLEOH IRU GHIHQVH DJDLQVW SDWKRJHQV�

1HXWURSKLOV DUH WKH SULPDU\ FHOOV WKDW DUH LQYROYHG LQ WKH NLOOLQJ RI

EDFWHULD YLD DQ R[\JHQ�GHSHQGHQW DQWL�PLFURELDO V\VWHP� WKDW LV DEOH

WR IRUP VWURQJ R[LGDQWV � UHDFWLYH R[\JHQ VSHFLHV LQFOXGLQJ VXSHUR[�

LGH LRQ �2�

−�� K\GURJHQ SHUR[LGH �+�2��� K\SRFKORURXV DFLG �+2&O�

DQG K\GUR[\O UDGLFDO �2+�Â�� :KHQ QHXWURSKLOV DUH H[SRVHG WR PL�

FURRUJDQLVPV� DQ LQFUHDVH LQ WKH UDWH RI 2� FRQVXPSWLRQ �WKH UHVSL�

UDWRU\ EXUVW� LV LQGXFHG� $Q LQFUHDVHG IRUPDWLRQ RI UHDFWLYH R[\JHQ

VSHFLHV LV WKH FRQVHTXHQFH DQG VWURQJ R[LGDQWV OLNH K\SRFKORURXV

DFLG DQG +�2� DUH UHOHDVHG LQWR WKH LQWUDFHOOXODU VSDFH RI QHXWUR�

SKLOV >%DGZH\ DQG .DUQRYVN\� ����@� 2Q WKH RWKHU KDQG� WKH H[SR�

VXUH RI QHXWURSKLOV LQ VXVSHQVLRQV DV ZHOO DV DQLPDOV WR HOHYDWHG

WHPSHUDWXUHV UHVXOWV LQ WKH KHDW VWUHVV UHVSRQVH �+65� LQ FHOOV >%RUQ�

PDQ HW DO�� ����@� ,Q SDUWLFXODU� GXULQJ WKH +6 D GHSUHVVLRQ LQ WKH

SK\VLRORJLFDO IXQFWLRQV RI SKDJRF\WHV LV REVHUYHG� LQFOXGLQJ D GH�

FUHDVH LQ FRQVXPSWLRQ RI R[\JHQ DQG LQ WKH UDWH RI IRUPDWLRQ RI VXS�

HUR[LGH UDGLFDOV DIWHU SK\VLRORJLFDOO\ UHOHYDQW VWLPXODWLRQV >&OHUJHW

HW DO�� ����� 3ROOD� ����� 3ROOD DQG &RVVDUL]]D� ����� 3ROOD HW DO��

����@� 7KH OHYHO RI WKH EDFWHULFLGDO DFWLYLW\ RI QHXWURSKLOV FDQ EH

FRQWUROOHG E\ TXDQWLI\LQJ WKH UDWH RI IRUPDWLRQ RI WKH SUHGRPLQDQWO\

VHOHFWHG DJHQW �+�2� RU� 2�

− RU 2+��� 7KH FRQWURO RI WKH EDFWHULFLGDO

DFWLYLW\ RI QHXWURSKLOV FDQ EH DOVR GRQH E\ PHDVXULQJ WKH LQWHJUDO

SDUDPHWHU RI WKH PHWDEROLVP� WKH YDULDWLRQ RI 2� FRQVXPSWLRQ E\

QHXWURSKLOV� ,Q RXU VWXG\ ZH KDYH PHDVXUHG WKH NLQHWLFV RI 2� FRQ�

VXPSWLRQ DQG IRUPDWLRQ RI VXSHUR[LGH UDGLFDOV LQ VXVSHQVLRQV RI

QHXWURSKLOV XQGHU FRPIRUW FRQGLWLRQV ��� R&� DV ZHOO DV XQGHU KHDW



,VRODWLRQ DQG %LRDFWLYLW\ RI WKH 6XEIUDFWLRQ IURP *LQVHQJ ���
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VWUHVV FRQGLWLRQV�

7KH VSHFLILF QDWXUH RI RXU PRGHO V\VWHP RULJLQDWHV IURP IDFW WKDW

WKH EDFWHULFLGDO DFWLYLW\ RI QHXWURSKLOV LV FRQWUROOHG DW OHDVW E\ WKH

LQGXFWLRQ RI HOHYDWHG IRUPDWLRQ RI R[LGDQWV DQG E\ WKH LQGXFWLRQ RI

KHDW VWUHVV SURWHLQV �+63� WKDW DUH YLWDO IRU WKH PHFKDQLVP RI SUR�

WHFWLRQ RI KRVW FHOOV �QHXWURSKLOV� DJDLQVW WKH HOHYDWHG IRUPDWLRQ RI

R[LGDQWV UHOHDVHG E\ QHXWURSKLOV WKHPVHOYHV GXULQJ WKH UHVSLUDWRU\

EXUVW >3ROOD HW DO�� ����@� 7R VLPSOLI\ WKH V\VWHP XQGHU WKH VWXG\

ZH FDQ VXSSRVH WKDW WKH EDFWHULFLGDO DFWLYLW\ RI QHXWURSKLOV LV D IXQF�

WLRQ RI WZR PXWXDOO\ GHSHQGHQW IDFWRUV�

7KH H[SRVXUH RI QHXWURSKLOV WR DQ +6 EUHDNV WKH RSWLPDO PRGH

RI PHWDEROLVP LQ QHXWURSKLOV LQGXFLQJ DQRWKHU UHODWLRQ EHWZHHQ WZR

PXWXDOO\ GHSHQGHQW IDFWRUV �WKH LQGXFWLRQ RI IRUPDWLRQ RI VWURQJ

R[LGDQWV DQG +65�� $Q R[\JHQ�GHSHQGHQW DQWL�PLFURELDO V\VWHP

RI QHXWURSKLOV DFWLYDWHV WKH GHIHQVH PHFKDQLVPV WR ILQG D QHZ DQG

RSWLPDO PRGH RI RSHUDWLRQ LQ RUGHU WR SURYLGH VXIILFLHQW SK\VLRORJ�

LFDO DFWLYLW\ XQGHU +6 FRQGLWLRQV� 6LQFH JLQVHQJ SRVVHVVHV ERWK DQWL�

VWUHVV� DQG DQWL�LQIODPPDWRU\ SURSHUWLHV� ZH K\SRWKHVL]HG WKDW D

VXSSOHPHQWDWLRQ RI IUDFWLRQV RI JLQVHQJ WR DQLPDOV LQ YLYR ZLOO DI�

IHFW ERWK IDFWRUV DQG PD\ SURYLGH DQ LQFUHDVH LQ WKH EDFWHULFLGDO

DFWLYLW\ RI QHXWURSKLOV DVVD\HG H[ YLYR XQGHU +6 FRQGLWLRQV� :H

VXJJHVW WKDW JLQVHQJ LQIOXHQFHV WKH PHQWLRQHG SURFHVVHV YLD LQYROY�

LQJ WKH GLIIHUHQW NLQGV RI VXEVWDQFHV� $W WKH VDPH WLPH WKH SK\VLR�

ORJLFDO SURFHVVHV ZH ZDQWHG WR VWXG\ DUH NQRZQ WR EH FORVHO\ LQ�

WHUUHODWHG� 6R ERWK RI WKHP ZHUH WKH VXEMHFWV RI RXU VWXG\� 7KHUH�

IRUH� LW ZDV UHDVRQDEOH WR WHVW WKH ELRORJLFDO HIIHFWV RI WKH PXOWL�

FRPSRXQG IUDFWLRQV UDWKHU WKDQ RI WKH LQGLYLGXDO FRPSRXQGV REWDLQHG

IURP JLQVHQJ� 7KH PDLQ DWWHQWLRQ LQ WKLV FDVH ZDV SULPDU\ IRFXVHG

RQ SRO\SHSWLGHV DQG SRO\VDFFKDULGHV�

7KH SUHVHQW VWXG\ ZDV DLPHG DW HODERUDWLQJ D PHWKRG RI LVROD�

WLRQ RI D ZDWHU VROXEOH QRQ�VDSRQLQ VXEIUDFWLRQ �5*�ZV������� IURP

.5* DQG WR WHVW LQ YLYR DQG LQ YLWUR WKH HIIHFWV RI WKLV VXEIUDFWLRQ

XSRQ WKH DFWLYDWLRQ RI UHVSLUDWRU\ EXUVW DQG IRUPDWLRQ RI VXSHUR[�

LGH UDGLFDOV E\ QHXWURSKLOV H[ YLYR XQGHU FRPIRUWDEOH FRQGLWLRQV

��� R&� DQG XQGHU WKH +6 FRQGLWLRQV� :H KDYH HODERUDWHG WKH FRQ�

YHQLHQW PHWKRGV IRU WKH LVRODWLRQ RI D ZDWHU�VROXEOH QRQ�VDSRQLQ

VXEIUDFWLRQ �5*�ZV������� IURP .5*� :H KDYH DOVR VKRZQ WKDW

5*�ZV������ VXEIUDFWLRQ HQKDQFHV DQ R[\JHQ�GHSHQGHQW DQWL�PL�

FURELDO IXQFWLRQ RI QHXWURSKLOV XQGHU FRPIRUWDEOH FRQGLWLRQV DV ZHOO

DV XQGHU KHDW VWUHVV FRQGLWLRQV� 7KLV HIIHFW LV LPSRUWDQW GXH WR LQ�

WHQVLYH VHDUFKLQJ IRU QHZ� HIIHFWLYH WKHUDSHXWLF LQWHUYHQWLRQV GHVLJQHG

WR LPSURYH WKH KHDW VWUHVV�LQGXFHG GHFUHDVH RI WKH UHVLVWDQFH RI KX�

PDQV DQG DQLPDOV WR WKH LQIHFWLRQV�

0$7(5,$/6 $1'0(7+2'6

�� &KHPLFDOV

$OO FKHPLFDOV ZHUH UHDJHQW JUDGH DQG SXUFKDVHG IURP 6LJPD

&KHPLFDO &R�� 86$ XQOHVV RWKHUZLVH QRWHG�

�� *LQVHQJ 6DPSOH

6L[ \HDUV ROG IUHVK 3DQD[ JLQVHQJ&�$� 0H\HU ZDV VWHDPHG DQG

VXQ�GULHG WR SURFHVV LW LQWR .5*� .5* URRWV ZHUH FXW WR PLOO� *LQ�

VHQJ SRZGHU IURP LQVLGH URRW SDUW �[\OHP\�SLWK� ZDV XVHG IRU WKH

H[WUDFWLRQ�

�� ([WUDFWLRQ RI *LQVHQJ 3RZGHU DQG ([WUDFW )UDFWLRQDWLRQ

*LQVHQJ URRW SRZGHU ZDV PL[HG ZLWK ZDWHU IROORZHG E\ VWLUULQJ

GXULQJ ��KRXUV DW � R&� ([WUDFWHGPL[WXUH ZDV FHQWULIXJHG DW ������

J GXULQJ ��PLQ DW � R&� WKHQ VXSHUQDWDQW ZDV FHQWULIXJHG DW ������J

GXULQJ ��PLQ DW � R&� 7KH SURFHGXUH ZDV WZLFH UHSHDWHG WR DFKLHYH

WKH RSWLFDOO\ WUDQVSDUHQW VROXWLRQ� 7KH XOWUDILOWUDWLRQ SURFHGXUH �$PL�

FRQ W\SH XOWUDILOWUDWLRQ FHOO� PRGHO /����� 86$� WKURXJK ILOWHUV RI

30 �� W\SH ZLWK D PROHFXODU ZHLJKW FXW�RII !������ ZHUH XVHG

IRU WKH IUDFWLRQDWLRQ RI WKH FUXGH H[WUDFW� )LOWUDWH FRQWDLQLQJ WKH FRP�

SRXQGV ZLWK PROHFXODU ZHLJKW������� ZDV FRQFHQWUDWHG XQGHU YDF�

XXP�

)RU D FUXGH VDSRQLQ H[WUDFWLRQ ZH DSSOLHG WKH PHWKRG RI DGVRUS�

WLRQ RQ D 'LDLRQ +3��� UHVLQ �0LWVXELVKL .DVHL� -DSDQ� DV GHVFULEHG

HOVHZKHUH >.LP HW DO�� ����@� 5HVLQ ZDV ZDVKHG ZLWK � YROXPHV RI

ZDWHU� � YROXPHV RI PHWKDQRO DQG ILQDOO\ ZLWK � YROXPHV RI ZDWHU

WR HOLPLQDWH H[FHVV RI PHWKDQRO� &RQFHQWUDWHG ILOWUDWH ZDV DSSOLHG

WR D FKURPDWRJUDSKLF FROXPQ ���� FPî��FP� SUHORDGHG ZLWK 'LDQ�

LRQ +3��� UHVLQ� 7KH FROXPQ ZDV ZDVKHG FRQVHFXWLYHO\ ZLWK WKH

IROORZLQJ VROYHQWV� ZDWHU �5*�ZV������ VXEIUDFWLRQ�� ��� PHWKD�

QRO �5*�ZV������ VXEIUDFWLRQ� DQG ��� PHWKDQRO �5*�ZV������

VXEIUDFWLRQ�� )LQDOO\� HDFK VXEIUDFWLRQ HOXWHG ZDV FRQFHQWUDWHG XQGHU

YDFXXP DQG O\RSKLOL]HG� 7KH VXPPDU\ RI DOO SURFHGXUHV XVHG GXU�

LQJ H[WUDFWLRQ LV GHSLFWHG LQ )LJ� ��

�� &KHPLFDO &RPSRVLWLRQV

)RU GHWHUPLQDWLRQ RI VDSRQLQV LQ WKH VXEIUDFWLRQV DQ DQDO\WLFDO

WKLQ OD\HU FKURPDWRJUDSK\ �7/&�PHWKRGZDV HPSOR\HG �7/& DOX�

PLQLXP VKHHWV �� FPî�� FP� VLOLFD JHO �� )���� ©(�0HUFN�́ *HU�

PDQ\�� 'HYHORSLQJ VROYHQW XVHG ZDV D FKORURIRUP�PHWKDQRO�ZDWHU

)LJ� �� ,VRODWLRQ RI ELRDFWLYH FUXGH VDSRQLQ DQG VDSRQLQ�IUHH VXE�

IUDFWLRQV IURP JLQVHQJ URRW SRZGHU�



��� /� /DULQD HW DO�

1RYHPEHU� ����

PL[WXUH ��� � �� � ��� Y�Y�� WKH ORZHU SKDVH RI D PL[WXUH� $ VSUD\

UHDJHQW ZDV D /LHEHUPDQQ�%XFKDUG UHDJHQW� 7KH VSUD\HG SODWH ZDV

ZDUPHG XS WR ��� R& IRU ����PLQ WR REVHUYH WKH 7/& SURILOHV RI

WKH IUDFWLRQV VWXGLHG�

3KHQRO�VXOIXULF DFLG DVVD\ ZDV XVHG IRU WRWDO VXJDU FRQWHQW GHWHU�

PLQDWLRQ >&KDSOLQ DQG .HQQHG\� ����@� $ SURWHLQ DVVD\ EDVHG RQ

WKH PHWKRG RI %UDGIRUG >%UDGIRUG� ����@ ZDV XVHG WR GHWHUPLQH

WKH FRQFHQWUDWLRQ RI ZDWHU�VROXEOH SURWHLQV� 7KH G\H UHDJHQW FRQ�

FHQWUDWH� FRQWDLQLQJ &RRPDVVLH %ULOOLDQW %OXH *���� G\H� SKRVSKR�

ULF DFLG DQG PHWKDQRO ZDV SXUFKDVHG LQ D NLW ZLWK ERYLQH VHUXP

DOEXPLQ �NLW ,,� FDWDORJ 1R� �������� %LR�5DG� 86$��

�� $QLPDOV DQG ([SHULPHQWDO 'HVLJQ

0LFH RI VWUDLQ &��%/��� IHPDOH � ZHHNV RI DJH ZHUH XVHG IRU

H[SHULPHQWV >/DULQD HW DO�� ����@� )RU HDFK H[SHULPHQW PLFH ZHUH

XQLIRUPHG WR EH ZLWKLQ � J RI ZHLJKW� 7KH PLFH IURP FRQWURO �&�

JURXS DQG5*�ZV������ VXEIUDFWLRQ�WUHDWHG JURXS �5�ZHUH LQMHFWHG

LQWUDSHULWRQHDOO\ �L�S�� ZLWK D ���� VRGLXP FKORULGH VROXWLRQ �SOD�

FHER� RU ZLWK WKH VXEVWDQFHV VWXGLHG� UHVSHFWLYHO\� 6XEIUDFWLRQ 5*�

ZV������ ZDV GLVVROYHG LQ D ���� VRGLXP FKORULGH VROXWLRQ DW WKH

FRQFHQWUDWLRQ RI ����PJ�PO� 7KH GRVHV DSSOLHG GXULQJ L�S� LQMHF�

WLRQ ZHUH ���PJ�NJ ERG\ ZHLJKW� $OO WKH PLFH JURXSV ZHUH WUHDWHG

ZLWK 5*�ZV������ RU SODFHER ����� 1D&O� DQG LQMHFWHG GDLO\ GXU�

LQJ WZR ZHHNV� 7KH ILQDO FRQFHQWUDWLRQ RI VXEIUDFWLRQ XVHG LQ YLWUR

H[SHULPHQWV ZLWK VXVSHQVLRQV RI QHXWURSKLOV ZDV �PJ�PO LQ DOO WKH

H[SHULPHQWV�

�� ,QWUDSHULWRQHDO (OLFLWDWLRQ

0LFH ZHUH LQMHFWHG L�S� ZLWK ���PO RI �� IOXLG WKLRJO\FROODWH

PHGLXP� 7KH PHGLXP XVHG ZDV DXWRFODYHG IRU �� PLQ XQGHU WKH

SUHVVXUH RI �� SVL� ��� R&� 3HULWRQHDO H[XGDWHV� FRQWDLQLQJ QHXWUR�

SKLOV DV D PDMRU IUDFWLRQ RI FHOOV� ZHUH FROOHFWHG � KRXUV DIWHU WKH

PHGLXPZDV LQMHFWHG� >,YDQRYD HW DO�� �����9LVKHOO DQG6KLLJL� ����@�

�� 3HULWRQHDO ([XGDWH &HOO &ROOHFWLRQ

0LFH ZHUH VDFULILFHG E\ FHUYLFDO GLVORFDWLRQ� �PO RI LFH�FROG

+(3(6�EXIIHUHGPHGLXP1R� ��� ���P0+(3(6�EXIIHU� S+����

VXSSOHPHQWHG ZLWK D �� �Y�Y� KHDW�LQDFWLYDWHG IHWDO FDOI VHUXP DQG

KHSDULQ ��� 8638�PO� ZDV LQMHFWHG LQWR WKH SHULWRQHDO FDYLW\ RI D

PRXVH� 7KH FHOOV VXVSHQVLRQ REWDLQHG ZDV VHGLPHQWHG E\ FHQWULIX�

JDWLRQ DW ��� J IRU �PLQ� FHOOV ZHUH ZDVKHG ZLWK WKLV HOLFLWDWLRQ

PHGLXP DQG UHVXVSHQGHG LQ WKH VDPH PHGLXP� 7KH SHULWRQHDO H[�

XGDWH FRQWDLQHG QHXWURSKLOV DQG DOVR O\PSKRF\WHV DQG PDFURSK�

DJHV� $OO UHVXOWV ZHUH QRUPDOL]HG WR WKH FRQWHQW RI QHXWURSKLOV LQ

WKH H[XGDWH XVHG�

�� =\PRVDQ 6XVSHQVLRQ

2SVRQL]HG ]\PRVDQ ZDV IUHVKO\ SUHSDUHG EHIRUH HYHU\ H[SHUL�

PHQW� =\PRVDQ SDUWLFOHV �6LJPD� *HUPDQ\� ZHUH LQFXEDWHG ZLWK

DXWRORJRXV VHUXP LQ D FRQFHQWUDWLRQ RI ��PJ�PO DW �� R& IRU ��

PLQ� ,W ZDV VHGLPHQWHG E\ FHQWULIXJDWLRQ ������� J IRU ��PLQ��

ZDVKHG RQFH ZLWK SKRVSKDWH�EXIIHUHG VDOLQH E\ FHQWULIXJDWLRQ DQG

DGMXVWHG WR �î��� SDUWLFOHV SHU PO LQ +DQNV EDODQFHG VDOW VROXWLRQ�

�� 2[\JHQ &RQVXPSWLRQ

7R VWXG\ WKH NLQHWLFV RI R[\JHQ FRQVXPSWLRQ E\ FHOOV� WKH SRODUR�

JUDSK\ H[SHULPHQWDO WHFKQLTXH ZLWK D &ODUN W\SH R[\JHQ HOHFWURGH

�PRGHO *LOVRQ ���+� )UDQFH� ZDV XVHG� 7KH R[\JHQ FRQFHQWUDWLRQ

LQ VXVSHQVLRQV RI FHOOV ZDV PRQLWRUHG DW WHPSHUDWXUHV �� R&� �� R&

DQG �� R&� 7KH FDOLEUDWLRQ RI R[\JHQ FRQFHQWUDWLRQ ZDV SURYLGHG

LQ WKH DVVXPSWLRQ WKDW �PO RI GLVWLOOHG ZDWHU FRQWDLQHG ��� QPRO

RI PROHFXODU R[\JHQ DW �� R&� 1HXWURSKLOV ZHUH LQMHFWHG DQG LQFX�

EDWHG LQ HOHFWURFKHPLFDO FHOO� 7KH ILQDO FRQFHQWUDWLRQ RI QHXWURSKLOV

ZDV DGMXVWHG WR EH ����î��� SHU PO� 7KH UHVSLUDWRU\ EXUVW ZDV LQ�

GXFHG E\ VHUXP�WUHDWHG ]\PRVDQ SDUWLFOHV DV D VWLPXOXV�

��� ([SRVXUH RI 1HXWURSKLOV WR 9DULRXV 7HPSHUDWXUHV

7R PHDVXUH WKH LQIOXHQFH RI WKH KHDW VWUHVV XSRQ WKH UHVSLUDWRU\

EXUVW� QHXWURSKLOV ZHUH LQFXEDWHG LQ HOHFWURFKHPLFDO FHOO� ([SHUL�

PHQWV ZHUH SHUIRUPHG DW YDULRXV WHPSHUDWXUHV LQFOXGLQJ �� R&� ��
R& DQG �� R&� ,QFXEDWLRQ RI QHXWURSKLOV DW WKH IL[HG WHPSHUDWXUH ZDV

GRQH IRU ��PLQ� 7KHQ WKH VWLPXODWLRQ RI QHXWURSKLOV E\ ]\PRVDQ

SDUWLFOHV ZDV LQLWLDWHG�

��� 6XSHUR[LGH $QLRQV 'HWHUPLQDWLRQ

7KH JHQHUDWLRQ RI 2�

− LQ WKH H[WUD FHOOXODU VSDFH LQ WKH VXVSHQ�

VLRQV RI QHXWURSKLOV ZDV GHWHUPLQHG E\ PHDVXULQJ WKH VWRLFKLRPHW�

ULF UHGXFWLRQ RI F\WRFKURPH F E\ VXSHUR[LGH UDGLFDOV� 0HDVXUHPHQWV

ZHUH FDUULHG RXW ��PLQ DIWHU WKH VWLPXODWLRQ RI QHXWURSKLOV ZLWK

SKRUERO ���P\ULVWDWH ���DFHWDWH �30$� ��� QJ�PO� ZDV GRQH DV

GHVFULEHG HOVHZKHUH >5RVH� ����@� )RU WKHVH H[SHULPHQWV DOO UHDJHQWV

DQG FHOOV ZHUH HTXLOLEUDWHG DW WKH SURSHU WHPSHUDWXUH EHIRUH PL[�

LQJ WKHP XS� 7KH UHDFWLRQ WRRN SODFH LQ WHVW WXEHV LQFXEDWHG LQ D

ZDWHU EDWK DW �� R&� �� R& DQG �� R&� 7KH UHDFWLRQ ZDV VWRSSHG DIWHU

��PLQXWHV E\ SODFLQJ RQ LFH WKH WHVW WXEHV FRQWDLQLQJ QHXWURSKLOV�

7KH VXSHUQDWDQWV ZHUH UHPRYHG� DQG WKH DPRXQW RI UHGXFHG F\WR�

FKURPH FZDV GHWHUPLQHG E\ PHDVXULQJ WKH RSWLFDO GHQVLW\ RI SUREHV

DW WKH ZDYHOHQJWK ���QP� )RUPDWLRQ RI 2�

− ZDV FDOFXODWHG E\ XVLQJ

WKH H[WLQFWLRQ FRHIILFLHQW RI WKH UHGXFHG F\WRFKURPH F ( �µ0� 
������ >5RVH� ����@� 7KH UDWH RI 2�

− IRUPDWLRQ ZDV FDOFXODWHG E\

XVLQJ WKH OLQHDU SDUW RI WKH FDOLEUDWLRQ FXUYH DQG LV H[SUHVVHG DV QPRO

2�

−�PLQ���� FHOOV�

��� 6WDWLVWLFDO $QDO\VLV

'DWD ZHUH REWDLQHG IURP WKUHH LQGHSHQGHQW H[SHULPHQWV �QHX�

WURSKLOV ZHUH REWDLQHG IURP �PLFH IRU HDFK JURXS RI FHOOV� DQG H[�

SUHVVHG DV PHDQ�6'� 6WDWLVWLFDO DQDO\VLV ZDV FDUULHG RXW E\ XVLQJ

6WXGHQW¶V W�WHVW� 9DOXHV RI S����� ZHUH FRQVLGHUHG DV VLJQLILFDQW�

5(68/76 $1' ',6&866,21

�� ,VRODWLRQ RI %LRDFWLYH 6DSRQLQ�)UHH 6XEIUDFWLRQ

6HYHUDO VROYHQWV DQG EXIIHUV DUH XVHG IRU LVRODWLRQ ELRDFWLYH FRP�

SRXQGV IURP UHG JLQVHQJ� ,Q RXU VWXG\ ZDWHU H[WUDFWLRQ ZDV DSSOLHG

GXH WR LWV HIILFLHQF\ DQG IRRG VDIHW\� 7DNLQJ LQWR DFFRXQW D VLJQLIL�

FDQW GLIIHUHQFH LQ WKH ELRDFWLYLW\ RI D ORZ DQG KLJK PROHFXODU ZHLJKW

FRPSRXQGV REWDLQHG� WKH XOWUDILOWUDWLRQ WKURXJK ILOWHUV ZLWK !������

0:FXW�RII ZDV XVHG RQ ILUVW VWHS RI IUDFWLRQDWLRQ RI FUXGH H[WUDFW�

3UHOLPLQDU\ WHVWV RI FRQVXPSWLRQ RI R[\JHQ E\ QHXWURSKLOV KDYH

VKRZQ D KLJK DFWLYLW\ RI WKH ORZ PROHFXODU ZHLJKW IUDFWLRQ 5*�

ZV���� WKDW ZDV WKH REMHFW VWXGLHG KHUH� 7/& SURILOHV RI 5*�ZV���

� KDYH VKRZQ WKDW WKLV IUDFWLRQ FRQWDLQV VDSRQLQV DV RQH RI PDLQ

FRPSRQHQWV� 7KH ELRORJLFDO DFWLYLW\ RI JLQVHQJ¶V VDSRQLQV LV ZHOO

NQRZQ >%ULGJHV HW DO�� ����� .DQJ HW DO�� ����� <RVKLPDWVX HW DO��

����� .LP HW DO�� ����� 3DUN HW DO�� ����@� 7R VWXG\ WKH ELRDFWLYLW\

RI RWKHU FRPSRXQGV LW LV LPSRUWDQW WR UHPRYH VDSRQLQV FRPSOHWHO\

IURP WKH 5*�ZV���� IUDFWLRQ� 8VXDOO\� DQ H[WUDFWLRQ ZLWK EXWDQRO

LV XVHG IRU WKLV SXUSRVH� EXW WKLV SURFHGXUH LV QRW KLJKO\ HIILFLHQW

DQG VRPHWLPHV LW LV GLIILFXOW WR UHPRYH WKH UHVLGXDO DPRXQW RI EX�

WDQRO IURP WKH H[WUDFW� 7R H[FOXGH LQ YLYR WKH HIIHFW RI EXWDQRO DV D

WR[LF VXEVWDQFH WKDW XVXDOO\ DSSHDUV ZKHQ WKH FRQYHQWLRQDO VROYHQW

SKDVH VHSDUDWLRQ PHWKRG LV XVHG IRU FUXGH VDSRQLQV H[WUDFWLRQ� ZH



,VRODWLRQ DQG %LRDFWLYLW\ RI WKH 6XEIUDFWLRQ IURP *LQVHQJ ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

KDG WR DSSO\ DGVRUSWLRQ RQ D 'LDLRQ +3��� UHVLQ� &ROXPQ FKURPD�

WRJUDSK\ XVLQJ D 'LDQLRQ +3��� UHVLQ KDV D KLJK HIILFLHQF\ DQG LV

D FRQYHQLHQW PHWKRG DEOH WR VHSDUDWH D ZDWHU�VROXEOH VXEIUDFWLRQ

�5*�ZV������� IURP VDSRQLQV WKDW ZHUH HOXWHG RQO\ XVLQJ D ���

PHWKDQRO DV D VROYHQW �VXEIUDFWLRQ 5*�ZV�������� 7/& SURILOHV KDYH

LQGLFDWHG WKDW RQO\ ODVW VXEIUDFWLRQ HOXWHG FRQWDLQV VDSRQLQV� 6R 5*�

ZV������ DSSHDUHG WR EH D VDSRQLQ�IUHH VXEIUDFWLRQ� 0HDQWLPH LQ

5*�ZV������ VXEIUDFWLRQ WKH PDLQ FRPSRQHQWV GHWHFWHG DSSHDUHG

WR EH SRO\SHSWLGHV DQG SRO\VDFFKDULGHV�

�� 3HULWRQHDO ([XGDWHV

7KH QXPEHU RI QHXWURSKLOV SHUPRXVH DQG WKH SHUFHQWDJH RI QHX�

WURSKLOV� PDFURSKDJHV DQG O\PSKRF\WHV SUHVHQW LQ WKH SHULWRQHDO

H[XGDWHV FROOHFWHG DIWHU WKH WLPH SURYLGHG WR REWDLQ D KLJK \LHOG RI

QHXWURSKLOV �� K� DUH GHSLFWHG LQ 7DEOH ��

([SHULPHQWDO UHVXOWV LQGLFDWHG WKDW WKH QXPEHU RI QHXWURSKLOV

UHFRYHUHG IURP WKH & JURXS RI PLFH� ���î��� QHXWURSKLOV�PRXVH�

GLG QRW GLIIHU VLJQLILFDQWO\ IURP WKH QXPEHU RI QHXWURSKLOV UHFRY�

HUHG IURP PLFH WUHDWHG ZLWK DQ 5*�ZV������ VXEIUDFWLRQ ����î���

QHXWURSKLOV�PRXVH�� &HOOV¶ YLDELOLW\� DV DVVD\HG XVLQJ D WU\SDQ EOXH

H[FOXVLRQ WHVW� ZDV DERXW ����

�� =\PRVDQ 6WLPXODWHG 2� &RQVXPSWLRQ E\ 1HXWURSKLOV

7KHVH H[SHULPHQWV ZHUH GHVLJQHG WR HYDOXDWH WKH SK\VLRORJLFDO

DFWLYLW\ RI QHXWURSKLOV UHFRYHUHG IURP PXULQH SHULWRQHDO H[XGDWH�

,W ZDV VKRZQ WKDW WKH 2� FRQVXPSWLRQ E\ WKH UHVWLQJ FHOOV LV QRW

FKDQJHG GXULQJ �� KRXUV� +HUH ZH HVWDEOLVKHG XQGHU ZKDW FRQGL�

WLRQV ]\PRVDQ ZRXOG DFWLYDWH RSWLPDO UHVSLUDWRU\ EXUVW RI QHXWUR�

SKLOV DVVD\HG H[ YLYR WR VWXG\ LQ YLYR DQG LQ YLWUR WKH HIIHFWV RI IUDF�

WLRQV RI JLQVHQJ DQG WKH HIIHFWV LQGXFHG E\ +6 LQ QHXWURSKLOV� 1HX�

WURSKLOV ZHUH LQFXEDWHG IRU ��PLQ LQ WKH FKDPEHU RI R[\JHQ HOHF�

WURGH �HOHFWURFKHPLFDO FHOO�� DQGZHUH VWLPXODWHG E\ RSVRQL]HG ]\PR�

VDQ SDUWLFOHV� $ VWURQJ HIIHFW ZDV REVHUYHG IRU ]\PRVDQ SDUWLFOHV

WR FHOOV UDWLR WR EH DURXQG ��� 7KH UHODWLYH LQFUHDVH LQ FRQVXPSWLRQ

RI R[\JHQ �D PHWDEROLF EXUVW� DVVD\HG E\ UDWLR 9SK�9�� UHDFKHG WKH

YDOXH RI DURXQG ���� ZKLFK LQGLFDWHV WKDW IXQFWLRQDO DFWLYLW\ RI QHX�

WURSKLOV ZDV H[WUHPHO\ KLJK� 7KHUHIRUH ZH UHGXFHG WKH OHYHO RI WKH

PHWDEROLF EXUVW WR WKH RSWLPDO OHYHO �9SK�9�a���� FKDQJLQJ WKH ]\�

PRVDQ SDUWLFOHV FHOOV UDWLR WR ��� 6R WKH UHVSLUDWRU\ EXUVW ZDV DFWL�

YDWHG E\ ]\PRVDQ ZLWK SDUWLFOHV WR FHOOV UDWLR �� LQ DOO RXU VXEVH�

TXHQW H[SHULPHQWV�

7KH H[SHULPHQWDO UHVXOWV LQGLFDWH WKDW WKH KDUYHVWLQJ RI QHXWUR�

SKLOV IURP SHULWRQHDO FDYLWLHV RI & ��%/�� PLFH VWUDLQ �LQGXFWLRQ

WLPH � KRXUV� LQGXFWRU � �� IOXLG WKLRJO\FRODWH PHGLXP� UHVXOWV LQ

UHSURGXFLEOH DQG KLJK \LHOG RI QHXWURSKLOV� WKDW KDYH KLJK IXQF�

WLRQDO DFWLYLW\�

�� ,Q YLYR (IIHFW RI 5*�ZV������ 6XEIUDFWLRQ RQ WKH 2� &RQ�

VXPSWLRQ E\ 1HXWURSKLOV

'XULQJ SKDJRF\WRVLV RI VHUXP�RSVRQL]HG ]\PRVDQ WKH 2� FRQ�

VXPSWLRQ E\ QHXWURSKLOV LVRODWHG IURP PLFH LQMHFWHG ZLWK 5*�ZV�

����� VXEIUDFWLRQ LQFUHDVHG ����IROG �7DEOH ��� 7KH UHVSLUDWLRQ RI

QHXWURSKLOV IURP & JURXS RI PLFH LQFUHDVHG RQO\ ����IROG �7DEOH

��� 7KH HIIHFW RI 5*�ZV������ VXEIUDFWLRQ UHVXOWHG LQ WKH LQFUHDVH

RI 2� FRQVXPSWLRQ E\ QHXWURSKLOV LVRODWHG IURP WKH 5 JURXS RI PLFH

FRPSDUHG WR WKH 2� FRQVXPSWLRQ E\ QHXWURSKLOV REWDLQHG IURP WKH

& JURXS RI PLFH� 7KH 2� FRQVXPSWLRQ E\ UHVWLQJ �QRQ�VWLPXODWHG�

FHOOV IURP ERWK JURXS RI PLFH GLG QRW GLIIHU VLJQLILFDQWO\ �7DEOHV ��

��� 7KH PD[LPDO UDWHV RI 2� FRQVXPSWLRQ E\ QHXWURSKLOV IURP PLFH

RI ERWK & DQG 5 JURXSV ZHUH UHDFKHG ZLWKLQ � PLQ DIWHU WKH VWLP�

XODWLRQ� 7KH UDWHV RI 2� XSWDNH E\ QHXWURSKLOV IURP & DQG 5 JURXSV

RI PLFH ZHUH GHFUHDVHG WR ]HUR GXULQJ ��PLQ DQG ��PLQ� UHVSHF�

WLYHO\� 7KHVH UHVXOWV OHG XV WR WKH FRQFOXVLRQ WKDW VXSSOHPHQWDWLRQ

RI 5*�ZV������ VXEIUDFWLRQ WR PLFH LQ YLYR LQFUHDVHV WKH EDFWHUL�

FLGDO DFWLYLW\ RI QHXWURSKLOV DV DVVD\HG H[ YLYR�

�� ,Q YLYR (IIHFW RI 5*�ZV������ 6XEIUDFWLRQ RQ 2� &RQVXPS�

WLRQ E\ 1HXWURSKLOV $VVD\HG 8QGHU +HDW 6WUHVV &RQGLWLRQV

7KH QHXWURSKLOV IURP & DQG 5 PLFH JURXSV ZHUH LQFXEDWHG LQ D

WKHUPRVWDELOL]HG FKDPEHU RI D &ODUN HOHFWURGH IRU ��PLQ DW �� R&

DQG �� R&� ([SRVXUH RI QHXWURSKLOV IURP ERWK JURXSV WR WKH WHP�

7DEOH �� ,Q YLYR5*�ZV������ HIIHFWV RQ QXPEHU RI QHXWURSKLOV UHFRYHUHG LQ SHULWRQHDO H[XGDWHV SHU PRXVH DQG RQ SHUFHQWDJH RI WRWDO
SHULWRQHDO H[XGDWH FHOOV

7HVW VROXWLRQV
1XPEHU RI QHXWURSKLOV

SHU PRXVH �î����

3HUFHQWDJH RI WRWDO SHULWRQHDO H[XGDWH FHOOV

1HXWURSKLOV 0DFURSKDJHV /\PSKRF\WHV

���� 1D&O �������� ���� ��� ����

5*�ZV������ LQ ���� 1D&O �������� ���� ��� ����

7DEOH �� 7KH HIIHFWV RI H[SRVXUH RI QHXWURSKLOV IURP FRQWURO JURXS
RI PLFH WR KHDW VWUHVV FRQGLWLRQV XSRQ WKH R[\JHQ FRQ�

VXPSWLRQ E\ ]\PRVDQ�VWLPXODWHG QHXWURSKLOV DVVD\HG H[

YLYR

7HPSHUDWXUH RI

LQFXEDWLRQ RI QHXWURSKLOV

3DUDPHWHUV RI R[\JHQ FRQVXPSWLRQ

9� 9SK 9SK�9�

�� ο& ����±���� ����±���� ����

�� ο& ����±����
 ����±����
 ����


�� ο& ����±����
 ����± ����
 ����


9� � WKH UDWH RI R[\JHQ FRQVXPSWLRQ E\ UHVWLQJ QHXWURSKLOV� 9SK � WKH

UDWH RI R[\JHQ FRQVXPSWLRQ E\ ]\PRVDQ�VWLPXODWHG QHXWURSKLOV� 9�

DQG 9SK DUH H[SUHVVHG LQ QPRO�PLQ RI R[\JHQ SHU ��� QHXWURSKLOV�

7DEOH �� (IIHFW RI VXSSOHPHQWDWLRQ RI 5*�ZV������ VXEIUDFWLRQ WR
PLFH LQ YLYRXSRQ WKH R[\JHQ FRQVXPSWLRQ E\QHXWURSKLOV

DVVD\HG H[ YLYR DW GLIIHUHQW WHPSHUDWXUHV

7HPSHUDWXUH RI

SUHLQFXEDWLRQ RI QHXWURSKLOV

3DUDPHWHUV RI R[\JHQ FRQVXPSWLRQ

9� 9SK 9SK�9�

�� ο& ����±����
 ����±����
 ����


�� ο& ����±����
 ����±����
 ����


�� ο& ����±����
 ����±����
 ����


9� � WKH UDWH RI R[\JHQ FRQVXPSWLRQ E\ UHVWLQJ QHXWURSKLOV� 9SK � WKH

UDWH RI R[\JHQ FRQVXPSWLRQ E\ ]\PRVDQ�VWLPXODWHG QHXWURSKLOV� 9�

DQG9SK DUH H[SUHVVHG LQ QPRO�PLQ RI R[\JHQ SHU ��
� QHXWURSKLOV� 
S�

���� LQ FRPSDULVRQ ZLWK FRQWURO�



��� /� /DULQD HW DO�

1RYHPEHU� ����

SHUDWXUH RI �� R& FDXVHV DQ LQFUHDVH LQ 2� FRQVXPSWLRQ E\ QHXWUR�

SKLOV IURP & JURXS �D ��� LQFUHDVH� DQG SUDFWLFDOO\ WKH VDPH LQ�

FUHDVH LQ WKH UDWH RI 2� XSWDNH E\ QHXWURSKLOV REWDLQHG IURP 5 JURXS

�D ��� LQFUHDVH� 7DEOHV �� ��� ,W LV NQRZQ WKDW D ORZ GHJUHH RI K\�

SHUWKHUPLD FRXOG HQKDQFH WKH OHXNRF\WH IXQFWLRQ�

([SRVXUH RI QHXWURSKLOV WR D WHPSHUDWXUH RI �� R& FDXVHV D GH�

FUHDVH LQ2� XSWDNH E\ QHXWURSKLOV REWDLQHG IURP WKHPLFH RI & JURXS

�GRZQ WR ���� DV FRPSDUHG WR 2� XSWDNH E\ QHXWURSKLOV IURP WKH

VDPH JURXS RI DQLPDOV PHDVXUHG DW �� R&� $FWXDOO\ QR LQIOXHQFH

RI +6 ZDV REVHUYHG RQ WKH UDWH RI WKH 2� XSWDNH E\ UHVWLQJ FHOOV

REWDLQHG HLWKHU IURP WKH FRQWURO JURXS RI DQLPDOV RU 5*�ZV������

WUHDWHG DQLPDOV ZKHQ WKH QHXWURSKLOV ZHUH LQFXEDWHG DW �� R& �7DEOH

��� 5*�ZV������ VXSSOHPHQWDWLRQ WR PLFH LQ YLYR FDXVHV D GHFUHDVH

LQ +65� DQG WKH UHVSLUDWRU\ EXUVW ZDV RQO\ DERXW ��� ORZHU FRP�

SDUHG WR WKH UHVSLUDWRU\ EXUVW PHDVXUHG DW �� R& �7DEOH ��� %XW WKH

PD[LPXP UDWH RI 2� XSWDNH E\ WKH FHOOV ZDV UHDFKHG UDWKHU TXLFNO\

�ZLWKLQ ���PLQ DIWHU VWLPXODWLRQ RI QHXWURSKLOV� DQG WKHQ UDWH RI 2�

FRQVXPSWLRQ GHFUHDVHG UDSLGO\ WR D ]HUR OHYHO MXVW ZLWKLQ �PLQ�

�� ,Q YLWUR (IIHFW RI WKH 5*�ZV������ 6XEIUDFWLRQ RQ 2�

− 3UR�

GXFWLRQ E\ 1HXWURSKLOV $VVD\HG 8QGHU +HDW 6WUHVV

,Q QHXWURSKLOV REWDLQHG IURP WKH & JURXS RI DQLPDOV DQG VXE�

MHFWHG WR +6 ��� R&� D GHFUHDVH LQ 2�

− SURGXFWLRQ GXULQJ ]\PRVDQ�

LQGXFHG SKDJRF\WRVLV ZDV REVHUYHG LQ QHXWURSKLOV SUHLQFXEDWHGZLWK

5*�ZV������ VXEIUDFWLRQ DV ZHOO DV LQ QHXWURSKLOV QRQ WUHDWHG H[

YLYR E\5*�ZV������ VXEIUDFWLRQ �7DEOH��� ,Q QHXWURSKLOV QRQ�WUHDWHG

ZLWK 5*�ZV������ VXEIUDFWLRQ +6 LQGXFHG D ��� GHFUHDVH LQ IRU�

PDWLRQ RI VXSHUR[LGH UDGLFDOV DVVD\HG DIWHU WKH VWLPXODWLRQ RI QHX�

WURSKLOV E\ 30$� ,Q QHXWURSKLOV SUHLQFXEDWHG ZLWK 5*�ZV������

VXEIUDFWLRQ WKH UDWH RI IRUPDWLRQ RI VXSHUR[LGH UDGLFDOV E\ QHXWUR�

SKLOV GXULQJ WKH SKDJRF\WRVLV XQGHU +6 FRQGLWLRQV ZDV GLPLQLVKHG

RQO\ E\ ��� FRPSDUHG WR WKH UDWH RI IRUPDWLRQ RI VXSHUR[LGH UDGLFDOV

DVVD\HG LQ QHXWURSKLOV NHSW DW WKH WHPSHUDWXUH RI �� R& �7DEOH ���

2XU UHVXOWV FRQILUP WKDW +6 LQ QHXWURSKLOV LV DVVRFLDWHG ZLWK LQKL�

ELWLRQ RI 1$'3+ R[LGDVH DFWLYLW\� DQ HQ]\PH LQYROYHG LQ WKH UH�

VSLUDWRU\ EXUVW >0DULGRQQHDX�3DULQL HW DO�� ����@� +6 GHSUHVVHV SK\�

VLRORJLFDO IXQFWLRQV RI SKDJRF\WHV� VXFK DV UHVSLUDWRU\ EXUVW DQG 2�

−

IRUPDWLRQ �7DEOHV �� ��� ,Q IDFW� RQH RI WKH SULPDU\ HYHQWV DVVRFL�

DWHG ZLWK GHYHORSPHQW RI WKH UHVSLUDWRU\ EXUVW LV DQ LQFUHDVHG IRU�

PDWLRQ RI VXSHUR[LGH DQLRQV GXH WR WKH HOHYDWHG DFWLYLW\ RI 1$'3+

R[LGDVH�V�� 6XEVHTXHQW GLVPXWDWLRQ RI VXSHUR[LGH DQLRQ OHDG WR WKH

HOHYDWHG IRUPDWLRQ RI +�2�� D VXEVWUDWH RI WKH P\HORSHUR[LGDVH WKDW

IRUPV +2&O� D VWURQJ R[LGDQW DEOH WR IRUP 2+Â UDGLFDOV LQ UHDFWLRQ

ZLWK VXSHUR[LGH UDGLFDOV LQ WKH LQWUDFHOOXODU VSDFH >3ROOD DQG &RV�

VDUL]]D� ����@� 7KH 5*�ZV������ IUDFWLRQ LV DIIHFWLQJ WKH HTXLOLE�

ULXP UHVSRQVLEOH IRU WKH OHYHO RI 1$'3+�R[LGDVH DFWLYLW\ WKDW LV

WKH HVVHQWLDO FRQWULEXWRU WR WKH RYHUDOO IRUPDWLRQ RI VXSHUR[LGH UDGL�

FDOV LQ WKH H[WUD FHOOXODU VSDFH LQ VXVSHQVLRQV RI QHXWURSKLOV� 7KLV

LQWHUSUHWDWLRQ RI RXU H[SHULPHQWDO UHVXOWV GHSLFWHG LQ 7DEOHV �� �� �

LV LQ OLQH ZLWK WKH GDWD UHSRUWHG LQ >3ROOD DQG &RVVDUL]]D� ����� 3ROOD

HW DO�� ����@� 2XU H[SHULPHQWDO GDWD KDYH VKRZQ WKDW VDSRQLQ�IUHH

5*�ZV������ VXEIUDFWLRQ RI JLQVHQJ GHFUHDVHV +65 LQ QHXWURSKLOV

ZLWK UHJDUG WR WKHLU SK\VLRORJLFDO IXQFWLRQV� 2� FRQVXPSWLRQ DQG

IRUPDWLRQ RI VXSHUR[LGH DQLRQV�

$W WKH VDPH WLPH VXSSOHPHQWDWLRQ RI 5*�ZV������ VXEIUDFWLRQ

WR WKH DQLPDOV LQ YLYR VLJQLILFDQWO\ LPSURYHG WKH EDFWHULFLGDO DFWLY�

LW\ RI QHXWURSKLOV VWXGLHG LQ H[ YLYR DW �� R&� ,Q IDFW WKH ]\PRVDQ�

VWLPXODWHG LQFUHDVH LQ 2� FRQVXPSWLRQ E\ QHXWURSKLOV REWDLQHG IURP

PLFH WUHDWHGZLWK 5*�ZV������ VXEIUDFWLRQ LQFUHDVHG ����IROG �7DEOH

��� $W WKH VDPH WLPH WKH ]\PRVDQ�VWLPXODWHG LQFUHDVH LQ UHVSLUDWLRQ

RI QHXWURSKLOV REWDLQHG IURP & JURXS RI PLFH LQFUHDVHG RQO\ LQ ����

IROG �7DEOH ��� VR WKH HIILFDF\ RI WKH HQ]\PDWLF V\VWHP�V� LQYROYHG

LQ WKH IRUPDWLRQ RI VXSHUR[LGH DQLRQV LPSURYHG VLJQLILFDQWO\� $O�

WKRXJK ZH GR QRW NQRZ WKH GHWDLOV RI WKH PHFKDQLVPV LQYROYHG LQ

WKH LQIOXHQFH RI +65 XSRQ WKH FDSDFLW\ RI QHXWURSKLOV WR EH DFWL�

YDWHG� RXU GDWD VXJJHVW WKDW VXSSOHPHQWDWLRQ RI 5*�ZV������ VXE�

IUDFWLRQ FDXVHV VLJQLILFDQW SURWHFWLRQ RI WKH HQ]\PDWLF V\VWHP RI

QHXWURSKLOV WKDW LV SDUWO\ LQKLELWHG E\ WKH +6� +RZHYHU� WKH LQWHU�

SUHWDWLRQ RI RXU H[SHULPHQWDO UHVXOWV LV D ELW FRPSOLFDWHG E\ WKH XS

DQG GRZQ UHJXODWLRQ RI WKH SKDJRF\WH IXQFWLRQ FDXVHG E\ KHDW VWUHVV

LWVHOI >.DQWHQJZD HW DO�� ����� 3ROOD� ����� 3ROOD DQG &RVVDUL]]D�

����@� 'XULQJ WKH LQIHFWLRQ WKH WR[LF R[LGDQWV UHOHDVHG E\ DFWLYDWHG

QHXWURSKLOV SURYLGH LQ YLYR SURWHFWLRQ DJDLQVW SDWKRJHQV >%DGZH\

DQG .DUQRYVN\� ����@� 2Q WKH RWKHU KDQG� WKH DFWLYDWLRQ RI QHXWUR�

SKLOV LQGXFHV DQ R[LGDWLYH VWUHVV WKDW LV DEOH WR GDPDJH WKH QHXWUR�

SKLOV WKHPVHOYHV� ,W ZDV IRXQG WKDW WR[LF R[LGDQWV VXFK DV K\GURJHQ

SHUR[LGH �+�2�� DQG K\GUR[\O UDGLFDOV �2+
�� DFWLYDWH WKH KHDW VWUHVV

UHVSRQVH LQ QHXWURSKLOV� LQGXFLQJ WKH+63 V\QWKHVLV� LQ RUGHU WR SUR�

WHFW WKH FHOOV DJDLQVW SKDJRF\WRVLV�UHODWHG R[LGDWLYH VWUHVV >6RQJ HW

DO�� ����� 3ROOD� ����� 3ROOD DQG &RVVDUL]]D� ����@� ,W VHHPV WKDW

WKH VDPH PHFKDQLVPV DUH LQYROYHG LQ SURWHFWLRQ DJDLQVW WKH SDUWLDO

LQDFWLYDWLRQ RI WKH EDFWHULFLGDO DFWLYLW\ RI QHXWURSKLOV ERWK E\ R[LGD�

WLYH VWUHVV DQG KHDW VWUHVV� 7KLV LQWHUSUHWDWLRQ LV LQ OLQH ZLWK WKH GDWD

UHSRUWHG HOVHZKHUH >.DQWHQJZD HW DO�� ����� 3ROOD� ����� 3ROOD HW

DO�� ����@�

&21&/86,216

��$ PHWKRG RI LVRODWLRQ RI ELRDFWLYH ZDWHU VROXEOH VDSRQLQ�IUHH

VXEIUDFWLRQ �5*�ZV������� DQG FUXGH VDSRQLQ VXEIUDFWLRQ IURP .R�

UHDQ UHG JLQVHQJ ZDV GHYHORSHG� ,W LV EDVHG RQ VROYHQW H[WUDFWLRQ�

XOWUDILOWUDWLRQ DQG FKURPDWRJUDSK\ XVLQJ 'LDLRQ +3��� UHVLQ�

�� 6XSSOHPHQWDWLRQ RI 5*�ZV������ VXEIUDFWLRQ WR PLFH LQ YLYR

UHVXOWV LQ WKH LQFUHDVH RI 2� XSWDNH E\ VWLPXODWHG QHXWURSKLOV DV DV�

VD\HG H[ YLYR DW �� R& �IRU ����� 6R 5*�ZV������ VXEIUDFWLRQ FDQ

EH FRQVLGHUHG DV D VWLPXODWRU RI WKH R[\JHQ�GHSHQGHQW DQWL�PLFUR�

ELDO V\VWHP LQ PDPPDOV�

�� ,Q YLWUR WKH HIIHFW RI 5*�ZV������ VXEIUDFWLRQ VXSSOHPHQWHG

WR WKH VXVSHQVLRQ RI QHXWURSKLOV OHDGV WR WKH GHFUHDVH RI KHDW VWUHVV

UHODWHG VXSSUHVVLRQ LQ WKH IRUPDWLRQ RI VXSHUR[LGH DQLRQV E\ QHX�

WURSKLOV GXULQJ SKDJRF\WRVLV �D GHFUHDVH RI RQO\ ��� FRPSDUHG WR

D GHFUHDVH RI ��� REVHUYHG ZLWKRXW VXSSOHPHQWDWLRQ RI 5*�ZV���

7DEOH �� ,Q YLWUR HIIHFWV RI 5*�ZV������ VXEIUDFWLRQ RQ WKH UDWH RI
IRUPDWLRQ RI VXSHUR[LGH DQLRQV E\30$�VWLPXODWHG QHX�
WURSKLOV DVVD\HG XQGHU H[ YLYR FRQGLWLRQV DW WKH WHPSHU�
DWXUHV �� R&DQG �� R&� 
S����� LQ FRPSDULVRQZLWK FRQ�
WURO

6ROXWLRQV XVLQJ IRU

SUHLQFXEDWLRQ

2�

− SURGXFWLRQ

�QPRO���� FHOOV SHU �� PLQ�

+HDW VWUHVV

��� ο&�

1RUPDO FRQGLWLRQV

��� ο&�

���� 1D&O ����±��� ����±���
5*�ZV������ LQ ���� 1D&O ����±���
 ����±���




,VRODWLRQ DQG %LRDFWLYLW\ RI WKH 6XEIUDFWLRQ IURP *LQVHQJ ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

��� VXEIUDFWLRQ WR WKH VXVSHQVLRQ RI QHXWURSKLOV�� 7KLV LV DQ LPSRU�

WDQW PDQLIHVWDWLRQ RI DQ DQWL�KHDW VWUHVV DFWLYLW\ RI WKH VDSRQLQ�IUHH

VXEIUDFWLRQ RI JLQVHQJ�

�� ,Q YLWUR KHDW VWUHVV ��� R&� GHFUHDVHV WKH OHYHO RI DFWLYDWLRQ RI

UHVSLUDWRU\ EXUVW �R[\JHQ FRQVXPSWLRQ� RI QHXWURSKLOV GRZQ WR ���

RI WKH LQLWLDO OHYHO� 6XSSOHPHQWDWLRQ RI 5*�ZV������ VXEIUDFWLRQ WR

PLFH LQ YLYR GHFUHDVHV +65 GRZQ IRU ����

)LQDOO\� ZH FDQ FRQFOXGH WKDW 5*�ZV������ VXEIUDFWLRQ HQKDQFHV

DQ R[\JHQ�GHSHQGHQW DQWL�PLFURELDO IXQFWLRQ RI QHXWURSKLOV XQGHU

FRPIRUWDEOH DV ZHOO DV XQGHU KHDW VWUHVV FRQGLWLRQV� +HDW VWUHVV SUR�

WHFWLYH IHDWXUHV RI .5* DVVD\HG DV DQ LPSURYHG EDFWHULFLGDO IXQF�

WLRQ RI QHXWURSKLOV XQGHU KHDW VWUHVV FRQGLWLRQV DUH ZHOO REVHUYHG

DIWHU WUHDWPHQW RI DQLPDOV ZLWK D VDSRQLQ�IUHH VXEIUDFWLRQ RI .5*�

$&.12:/('*(0(176

7KLV ZRUN KDV EHHQ VXSSRUWHG E\ WKH .RUHDQ ,QVWLWXWH RI 6FL�

HQFH� 7HFKQRORJ\ (YDOXDWLRQ DQG 3ODQQLQJ� 0LQLVWU\ RI 6FLHQFH DQG

7HFKQRORJ\ RI .RUHD�

5()(5(1&(6

%DGZH\� -� $� DQG.DUQRYVN\� 0�/�� ³$FWLYH 2[\JHQ 6SHFLHV DQG WKH

)XQFWLRQV RI 3KDJRF\WLF /HXNRF\WHV�́ $QQ� 5HY� %LRFKHP�� ��� ���

�������

%RUQPDQ� /�� 6WHLQPDQQ� &�0� /�� *HULFNH� *� 6� DQG 3ROOD� %� 6�� ³,Q

YLYR+HDW 6KRFN 3URWHFWV 5DW 0\RFDUGLDO 0LWRFKRQGULD�́ %LRFKHP�

%LRSK\V� 5HV� &RPPXQ�� ���� ��� �������

%UDGIRUG� 0�0�� ³$ 5DSLG DQG 6HQVLWLYH 0HWKRG IRU WKH 4XDQWLWDWLRQ

RI 0LFURJUDP 4XDQWLWLHV RI 3URWHLQ 8WLOL]LQJ WKH 3ULQFLSOH RI 3UR�

WHLQ�'\H %LQGLQJ�́ $QDO� %LRFKHP�� ��� ��� �������

%ULGJHV�5�%��3DUN�.�+��+DQ�%�+��+DQ�<�1� DQG&KXQJ�6� ,�� ³(I�

IHFWV RI1HXWUDO 'DPPDUDQH 6DSRQLQ IURP3DQD[ JLQVHQJ RQ WKH LQ

YLWUR )XQFWLRQ RI 3RO\PRUSKRQXFOHDU /HXNRF\WHV�́ 3URF� RI �WK ,QW�

*LQVHQJ 6\PS�� 6HRXO� ��� �������

&KDOSLQ�0� )� DQG.HQQHG\� -� )�� ³&DUERK\GUDWH $QDO\VLV� $ 3UDFWLFDO

$SSURDFK�́ &KDOSLQ� 0� )� DQG .HQQHG\� -� )�� HGV�� ,5/ 3UHVV� 2[�

IRUG�:DVKLQJWRQ '�&� �������

&KHQ�=�.��)DQ�&�;��<H�<�+�DQG<DQJ� -��3HSW�5HV����� ��� �������

&OHUJHW�0� DQG3ROOD� %� 6�� ³(U\WKURSKDJRF\WRVLV ,QGXFHV+HDW 6KRFN

3URWHLQ 6\QWKHVLV E\ +XPDQ 0RQRF\WHV�0DFURSKDJHV�́ 3URF� 1DWO�

$FDG� 6FL� 86$ �&HOO %LRORJ\�� ��� ���� �������

(PHO¶\DQRYD� 7� *�� 8VHQNR�$�%�� 'HLJLQ� 9� ,�� <DURYD� (� 3� DQG.D�

PHQVN\�$�$�� ³(IIHFW RI'HUPRUSKLQ RQ7KHUPRUHJXODWLRQ LQ5DWV

DW 6HOHFWHG $PELHQW 7HPSHUDWXUHV�́ 3HSWLGHV� ��� ��� �������

,YDQRYD� 9�0�� /DULQD� /� /�� %HO\DHY� '� /� DQG 5RJRYLQ� 9�9�� ³(I�

IHFWV RI WKH0XULQH6WUDLQV �'%$���&��%/���&%$�$�6Q� DQG(OLF�

LWLQJ $JHQWV RQ WKH 2[\JHQ &RQVXPSWLRQ E\ 3RO\PRUSKRQXFOHDU

/HXNRF\WHV 'XULQJ 3KDJRF\WRVLV�́ ,]YHVWL\D $N� 1DXN� 6HU� %LRO� �,Q

5XVVLDQ�� �� ��� �������

.DQJ� 0�� <RVKLPDWVX� +� DQG 2RKDUD� $�� ³*LQVHQRVLGH 5J� 0RGX�

ODWHV ,QJHVWLYH %HKDYLRU DQG 7KHUPDO 5HVSRQVH ,QGXFHG E\ ,QWHUOH�

NLQ � �E LQ 5DWV�́ 3K\VLRORJ\ DQG %HKDYLRU� ��� ��� �������

.DQWHQJZD� 6�� 0XOOHU� ,�� /RXLV� -� DQG 3ROOD� %� 6�� ³,QIHFWLRQ RI +X�

PDQDQG0XULQH0DFURSKDJHVZLWK/HLVKPDQLDPDMRU LV$VVRFLDWHG

ZLWK(DUO\ 3DUDVLWH+HDW6KRFN3URWHLQ6\QWKHVLV EXW )DLOV WR ,QGXFH

D +RVW &HOO 6WUHVV 5HVSRQVH�́ ,PPXQRORJ\ DQG&HOO %LRORJ\� ��� ��

�������

.LP� 6� .�� .ZDN� <� 6�� .LP� 6�:�� +ZDQJ� 6� <�� .R� <� 6� DQG<RR�

&�0�� ³,PSURYHG 0HWKRG IRU WKH 3UHSDUDWLRQ RI D &UXGH *LQVHQJ

6DSRQLQ�́ -� *LQVHQJ 5HV�� ��� ��� �������

/DULQD� /� /�� ,YDQRYD� 9�0�� %HO\DHY� '� /�� *DODKRYD� 7�9� DQG 5R�

JRYLQ� 9�9�� ³&RPSDULVRQ RI WKH 2[\JHQ&RQVXPSWLRQ E\ 3RO\PRU�

SKRQXFOHDU /HXNRF\WHV ,VRODWHG IURP&RQYHQWLRQDO0LFH DQG3DWKR�

JHQ�)UHH &��%/�� 6WUDLQ 0LFH 'XULQJ 3KDJRF\WRVLV�́ %XOO� ([S�

%LRO� DQG0HG� �,Q 5XVVLDQ�� �� �� �������

0DULGRQQHDX�3DULQL� ,�� &OHUF� -� DQG 3ROOD� %� 6�� ³+HDW 6KRFN ,QKLELWV

1$'3+ 2[LGDVH LQ +XPDQ 1HXWURSKLOV�́ %LRFKHP� %LRSK\V� 5HV�

&RPPXQ�� ���� ��� �������

3DUN� -� '�� .LP�<� 6�� 3DUN� .�0�� 6KLQ� +� -�� -HRQJ� 7� &�� /HH� <�+�

DQG1DP�.�<�� ³%LRORJLFDO $FWLYLWLHV RI:DWHU 6ROXEOH 1RQ 6DSR�

QLQ &RQVWLWXHQWV IURP .RUHDQ 5HG *LQVHQJ �3DQD[ JLQVHQJ &�$�

0H\HU�� ,PPXQRPRGXODWLQJ $FWLYLWLHV RI $FLGLF 3RO\VDFFKDULGH�́

3URF� RI �� .RUHD�-DSDQ *LQVHQJ 6\PS�� 6HRXO� ��� �������

3ROOD� %� 6�� ³7KH +HDW 6KRFN 5HVSRQVH LQ +XPDQ 3KDJRF\WHV�́ ,P�

PXQRO� /HWW�� ��� ��� �������

3ROOD� %�6� DQG&RVVDUL]]D�$�� ³6WUHVV 3URWHLQV LQ ,QIODPPDWLRQ�́ 6WUHVV�

LQGXFLEOH &HOOXODU 5HVSRQVHV�0DQLPRWR� 5� ,�� <DKDUD� ,� DQG 3ROOD�

%� 6�� HGV�� %LUNKDXVHU 9HUODJ %DVHO� %RVWRQ� %HUOLQ �������

3ROOD� %� 6�� %DFKHOHW� 0�� (OLD� *� DQG 6DQWRUR� *�� ³6WUHVV 3URWHLQV LQ

,QIODPDWLRQ�́ 6WUHVV RI /LIH� )URP 0ROHFXOHV WR 0DQ� $QQ� 1�<�

$FDG� RI 6FL�� ���� �� �������

5RVH� 1�5�� ³0DQXDO RI &OLQLFDO /DERUDWRU\ ,PPXQRORJ\�́ 5RVH� 1��

HGV��$PHULFDQ6RFLHW\ IRU0LFURELRORJ\�:DVKLQJWRQ�'�&� �������

6ROGDWL� )�� ³,PPXQRORJLFDO 6WXGLHV RI *LQVHQJ�́ 3URF� RI �WK ,QW� *LQ�

VHQJ 6\PS�� 6HRXO� ��� �������

6RQJ�=� DQG.KDUD[PL�$��&OLQ�'LDJQ�/DE� ,PPXQRO���� ���� �������

7RPRGD�0�� 7DNHGD� .� DQG 6KLPL]X� 1�� ³&KDUDFWHUL]DWLRQ RI 7ZR

$FLGLF 3RO\VDFFKDULGHV +DYLQJ ,PPXQRORJLFDO $FWLYLWLHV IURP WKH

5RRW RI 3DQD[ JLQVHQJ�́ %LRO� 3KDUP� %XOO�� ��� �� �������

9LVKHOO� %� DQG 6KLLJL� 6�� ³6HOHFWHG0HWKRGV LQ &HOOXODU ,PPXQRORJ\�́

9LVKHOO� %� DQG 6KLLJL� 6�� HGV�� 8QLYHUVLW\ RI &DOLIRUQLD� %HUNHOH\� �

�������

<RVKLPDWVX� +�� 6DNDWD� 7� DQG 0DFKLGRUL� +�� ³*LQVHQRVLGH 5J� 3UH�

YHQWV+LVWDPLQHJULF0RGXODWLRQ RI5DW$GDSWLYH %HKDYLRU IURP(OH�

YDWLRQ RI $PELHQW 7HPSHUDWXUH�́ 3K\VLRORJ\ DQG %HKDYLRU� ��� �

�������


