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$EVWUDFW−'HJUDGDWLRQ RI SRO\VW\UHQH ZDV FDUULHG RXW LQ VXSHUFULWLFDO Q�KH[DQH XQGHU UHDFWLRQ WHPSHUDWXUH UDQJLQJ

IURP ��� R& WR ��� R&� SUHVVXUH UDQJLQJ IURP �� EDU WR �� EDU DQG UHDFWLRQ GXUDWLRQ RI �� PLQ� 7KH FRQYHUVLRQ RI

SRO\VW\UHQH LQFUHDVHG ZLWK ULVLQJ WHPSHUDWXUH DQG SUHVVXUH� 7KH GHJUDGDWLRQ SHUIRUPDQFH ZDV LQIOXHQFHG E\ WKH WHP�

SHUDWXUH UDWKHU WKDQ DSSOLHG SUHVVXUH� 3RO\VW\UHQH UDSLGO\ GHJUDGHG LQ �� PLQ DIWHU UHDFKLQJ D SUHVFULEHG WHPSHUDWXUH

UDQJLQJ IURP ��� R& WR ��� R&� $W D SUHVFULEHG WHPSHUDWXUH RI ��� R&� WKH GHJUHH RI GHJUDGDWLRQ ZDV KLJKHU WKDQ ����

7KH GHJUDGDWLRQ UHDFWLRQ ZDV H[DPLQHG H[SHULPHQWDOO\ DW D UHODWLYHO\ ORZ WHPSHUDWXUH RI ��� R&� 7KH GHJUDGDWLRQ RI

SRO\VW\UHQH E\ XVLQJ VXSHUFULWLFDO Q�KH[DQH KDV EHHQ IRXQG WR EH PRUH HIIHFWLYH FRPSDUHG WR JHQHUDO S\URO\VLV �WKHUPDO

GHJUDGDWLRQ�� $PRQJ WKH VHOHFWLYLW\ RI OLTXLG SURGXFWV� WKDW RI D VLQJOH DURPDWLF ULQJ JURXS OLNH VW\UHQH DW ��� R& LQ�

FUHDVHG XS WR ��� LQ �� PLQ� ,W ZDV IRXQG IURP WKH DQDO\VLV E\ D JHO SHUPHDWLRQ FKURPDWRJUDSK �*3&�� WKDW KLJK

PROHFXODU�ZHLJKW FRPSRXQGV GHFUHDVHG EXW ROLJRPHUV LQFUHDVHG ZLWK ULVLQJ WHPSHUDWXUH�
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5HF\FOLQJ RI ZDVWH SODVWLFV KDV DOZD\V UHFHLYHG PXFK DWWHQWLRQ

DV DQ LQWHUHVWLQJ UHVHDUFK WRSLF� DOWKRXJK LW RIWHQ UHTXLUHV WKH PRVW

VRSKLVWLFDWHG WHFKQRORJ\ DYDLODEOH WRGD\� 7KH FKHPLFDO UHF\FOLQJ

RI ZDVWH SODVWLF �SRO\PHUV� KDV DQ DGYDQWDJH RI FRQYHUWLQJ LQWR UH�

XVDEOH PDWHULDOV OLNH PRQRPHU RU UDZ PDWHULDO RI WKH SHWURFKHPL�

FDO LQGXVWU\ RU IXHO >6RQJ DQG +\XQ� ����� .LP HW DO�� ����@� 7KH

SURGXFWLRQ RI RLO WKURXJK WKH S\URO\VLV RI V\QWKHWLF SRO\PHU ZDVWH

KDV EHHQ UHFHLYLQJ PRUH DQG PRUH DWWHQWLRQ� DV D WHFKQRORJ\ QRW

RQO\ IRU WUHDWLQJ HQYLURQPHQWDOO\ XQIULHQGO\ SODVWLF EXW DOVR IRU GH�

YHORSLQJ UHQHZDEOH HQHUJ\� +RZHYHU� WKLV PHWKRG VWLOO KDV SURE�

OHPV VXFK DV KLJK�WHPSHUDWXUH FRQGLWLRQV �DW OHDVW ��� R&�� H[FHV�

VLYHO\ ORQJ GHJUDGDWLRQ WLPH� JHQHUDWLRQ RI WR[LF JDVHV� VHFRQGDU\

SROOXWLRQ GXH WR LQFRPSOHWH FRPEXVWLRQ DQG E\SURGXFW OLNH FKDU�

6XSHUFULWLFDO IOXLGV �6&)� KDYH UHFHQWO\ EHHQ XVHG LQ WKH WUHDW�

PHQW RI ZDVWH SODVWLF WR VROYH WKH SUREOHPV LQGXFHG LQ S\URO\VLV RI

ZDVWH SODVWLFV� .ROO DQG 0HW]JHU >����@ XVHG VXSHUFULWLFDO DFHWRQH

WR VWXG\ WKH GHJUDGDWLRQ RI FHOOXORVH DQG FKLWLQ� 0RGHO >����@ GH�

YHORSHG D SURFHVV LQ ZKLFK VXSHUFULWLFDO ZDWHU ZDV XVHG WR GHJUDGH

RUJDQLF PDWHULDOV� 'KDZDQ HW DO� >����@ GHFRPSRVHG SRO\LVRSUHQH

DQG ZDVWH UXEEHU XVLQJ VXSHU FULWLFDO WROXHQH� .RFKHU HW DO� >����@

GHFRPSRVHG SRO\ �YLQ\O FKORULGH� XVLQJ VXSHUFULWLFDO ZDWHU� $GVFKLUL

HW DO� >����@ GHFRPSRVHG ZDVWH SRO\HWK\OHQH WHUHSKWKDODWH �3(7�

LQWR WHUHSKWKDOLF DFLG XS WR ��� XQGHU WKH FRQGLWLRQV RI ��� R&�

��03D DQG D UHDFWLRQ WLPH RI ����PLQ� 8VLQJ VXSHUFULWLFDO PHWK�

DQRO� .LP HW DO� >����@ GHFRPSRVHG ZDVWH 3(7 LQWR GLPHW\OWHUHSK�

WKDODWH �'07� XS WR ����:DWDQDEH HW DO� >����@ FRPSDUHG WKH UH�

VXOW RI JHQHUDO WKHUPRO\VLV DQG 6&) WKHUPRO\VLV� +H XVHG ERWK WHFK�

QRORJLHV WR GLVLQWHJUDWH SRO\HWK\OHQH� 7KLV DFFRXQWV IRU PRVW ZDVWH

SODVWLFV� 7KH H[SHULPHQWDO WHPSHUDWXUH UDQJHG IURP ��� R& WR ���
R&� +H IRXQG WKDW WKH VXSHUFULWLFDO IOXLG PHWKRG SURGXFHG K\GUR�

FDUERQ SURGXFWV RI VKRUWHU FDUERQ FKDLQ DQG D KLJKHU UDWLR RI ��DO�

NHQH�Q�DONDQH WKDQ WKRVH \LHOGHG WKURXJK JHQHUDO WKHUPRO\VLV� &KHQ

HW DO� >����@ GHFRPSRVHG QDWXUDO UXEEHU XVLQJ VXSHUFULWLFDO ZDWHU

DQG FDUERQ GLR[LGH DW ��� R& DQG ��� EDU�

-RXQJ HW DO� >����� ����@ UHSRUWHG VHYHQ W\SHV RI VROYHQWV OLNH

WROXHQH DQG F\FORKH[DQH� DQG VHOHFWHG VROYHQWV WKDW DUH PRVW DSSUR�

SULDWH WR ZDVWH WLUH SURFHVVLQJ� $W WKH FRQGLWLRQV RI ��� R&� ��03D

DQG D UHDFWLRQ WLPH RI � KU� F\FORKH[DQH GHFRPSRVHG ZDVWH WLUHV

LQWR ORZHU PROHFXODU ZHLJKW VXEVWDQFHV� 6XSHUFULWLFDO WROXHQH DOVR

JDYH D VLPLODU UHVXOW� +ZDQJ HW DO� >����@ XVHG VXSHUFULWLFDO DFH�

WRQH LQ WKH GHJUDGDWLRQ RI 3(� 33 DQG WKHLU PL[WXUH�

/HH HW DO� >����@ XVHG VXSHUFULWLFDO WHWUDK\GURIXUDQ LQ GHFRP�

SRVLQJ FLV�SRO\LVRSUHQH UXEEHU� DQG JRW SURGXFWV RI QDUURZ GLVWUL�

EXWLRQ� $OVR WKH\ GHWHUPLQHG DQ DSSURSULDWH SUHVVXUH IRU WKH GHFRP�

SRVLWLRQ� ,Q FDVH RI WKHUPRO\VLV RI 36� PRQRPHUV RI 36 DUH JDLQHG

EHFDXVH WKH PDLQ FKDLQ WHQGV WR EH FXW� &DUQLWL HW DO� >����@ UH�

SRUWHG WKDW WKH \LHOG UDWH RI RLO WKURXJK WKH WKHUPRO\VLV RI 36 ZDV

DERXW ���� ZKHUHDV WKH \LHOG RI JDVHRXV SURGXFWV ZDV OHVV WKDQ

���� <DQJ DQG 6KLEDVDNL >����@ UHSRUWHG WKH GHJUDGDWLRQ PHFKD�

QLVP RI 36 WKHUPRO\VLV� +ZDQJ HW DO� >����@ XVHG VXSHUFULWLFDO DF�

HWRQH LQ GHFRPSRVLQJ ZDVWH 36� 7KH WRWDO FRQYHUVLRQ RI ZDVWH 36�

FRPSRVLWLRQ RI WKH GHFRPSRVHG SURGXFWV DQG WKH \LHOG RI PRQR�

PHU IRU YDULRXV VROYHQW GHQVLWLHV ZHUH GHWHUPLQHG�

,Q WKLV VWXG\� WKH GHJUDGDWLRQ RI ZDVWH SRO\VW\UHQH ZDV SHU�

IRUPHG LQ VXSHU FULWLFDO Q�KH[DQH WKDW KDV UHODWLYHO\ ORZHU FULWLFDO

SUHVVXUH DQG WHPSHUDWXUH� 7KH FRQYHUVLRQ RI SRO\VW\UHQH� PROHFX�

ODU�ZHLJKW GLVWULEXWLRQ RI SURGXFWV DQG UHVLGXDO HOHPHQWV ZHUH PHDV�

XUHG WR XQGHUVWDQG WKH GHJUDGDWLRQ PHFKDQLVP�
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7KH H[SHULPHQWDO DSSDUDWXV GHVLJQHG IRU WKH GHJUDGDWLRQ RI 36

LQ VXSHUFULWLFDO IOXLG� VKRZQ LQ )LJ� �� LQFOXGHV D KLJK�SUHVVXUH UHDF�

WRU ZKHUH WKH VXSHU FULWLFDO UHDFWLRQ WDNHV SODFH� WKH WHPSHUDWXUH FRQ�

WUROOHU DQG WKH VHSDUDWRU WR UHFRYHU WKH UHDFWLRQ SURGXFWV�
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7KH � O VWDLQOHVV VWHHO �686���� UHDFWRU RI � OLWHU FDSDFLW\ PDQX�

IDFWXUHG E\ $XWRFODYH (QJLQHHUV &R�� 6HRXO� DOVR KDV WKHUPRFRX�

SOHV �7�� 7�� DQG D VWLUUHU� 7KH SHUPLVVLEOH UHDFWRU FRQGLWLRQV DUH

��� R& DQG ��� EDU� $ ZDWHU�FRROLQJ V\VWHP LV DOVR LQVWDOOHG LQVLGH

WKH UHDFWRU LQ RUGHU WR SUHYHQW DQ\ GUDVWLF WHPSHUDWXUH FKDQJH WKHUH

GXULQJ WKH UHFRYHU\ RI WKH SURGXFWV� 7KH WHPSHUDWXUH RI WKH UHDFWRU

DQG WKH HOHFWULF IXUQDFH LV FRQWUROOHG ZLWKLQ D SHUPLVVLEOH UDQJH RI

�� R& E\ XVLQJ WKH WHPSHUDWXUH FRQWUROOHU ZLWK D 3,' FRQWUROOHU �3&

���6HULHV� -XQJ .\XQJ ,QVWUXPHQW &2� /WG��� 7KH FKHFN YDOYH ZDV

XVHG WR SUHYHQW D UHIOX[ RI WKH IOXLG GXULQJ WKH UHDFWLRQ� *LYHQ WKDW

WKH WHVW LV GRQH XQGHU KLJK SUHVVXUH� D VDIHW\ YDOYH� RXWVLGH RI WKH

UHDFWRU� ZLWK D UXSWXUH GLVF ZDV XVHG WKDW FDQ ZRUN DW XS WR ���EDU�

7KH VDPSOH WHVWHG ZDV *336 �JHQHUDO SXUSRVH SRO\VW\UHQH� +)�

����� PDQXIDFWXUHG E\ -HLO ,QGXVWULHV� ,QF� 7KH $YHUDJHPROHFXODU

ZHLJKW ZDV DERXW �������� 7KH VDPSOH ZDV D WUDQVSDUHQW FROXPQ

VKDSHZLWK GLDPHWHU RI �������PP� KHLJKW RI �������PP DQGZHLJKW

RI �����PJ� 7KH SRO\VW\UHQH HPSOR\HG LQ WKH WHVW LV RIWHQ XVHG LQ

PDQXIDFWXULQJ PHGLFDO FRQWDLQHUV� WR\V� IRRG FRQWDLQHUV DQG IXUQL�

WXUH� Q�+H[DQH LV D ILUVW�JUDGH FKHPLFDO �ZLWK DW OHDVW ����� RI SX�

ULW\� PDQXIDFWXUHG E\ 'XNVDQ 3XUH &KHPLFDO &2�� /7'�� DQG ZDV

XVHG ZLWKRXW DQ\ IXUWKHU SXULILFDWLRQ� 7KH FULWLFDO WHPSHUDWXUH DQG

SUHVVXUH RI Q�KH[DQH ZDV ����� . DQG ����� EDU�

3UHOLPLQDULO\� WKH 36 VDPSOH ZDV SXW LQ D �� R& RYHQ IRU DW OHDVW

�� KU WR PDNH WKH VDPSOH GHQVH DQG GU\ IRU WKH SXUSRVH RI UHGXF�

LQJ KHDW WUDQVIHU UHVLVWDQFH DQG WR HQKDQFH KHDW DQG PDVV WUDQVIHU

HIILFLHQF\� $W URRP WHPSHUDWXUH� ERWK Q�KH[DQH �ZKRVH ZDV GHWHU�

PLQHG EHIRUHKDQG� DQG GULHG �� J 36 ZHUH IHG LQWR WKH UHDFWRU� $U�

JRQ �$U� JDV SXUJLQJ ZDV GRQH DW D VSHHG RI ���PO�PLQ IRU ��PLQ

WR UHPRYH R[\JHQ FRPSOHWHO\ LQVLGH WKH UHDFWRU DQG WR PDNH WKH

WHVW HQYLURQPHQW LQHUW� 7KH KHDWLQJ UDWH ZDV � R&�PLQ XQWLO WKH WHP�

SHUDWXUH UHDFKHG D SUHVFULEHG OHYHO� 7KH VWLUULQJ VSHHG ZDV DGMXVWHG

DW ��� USP� 7KH UHDFWLRQ SUHVVXUH ZDV FRQWUROOHG WKURXJK WKH FKDQJH

RI WKH Q�KH[DQH YROXPH IHG LQWR WKH UHDFWRU�:KHQ UHDFKLQJ WKH UHDF�

WLRQ FRQGLWLRQV� WKH UHDFWLRQ ZDV FRQWLQXHG IRU D FHUWDLQ SHULRG RI

WLPH WKDW KDG EHHQ VHW LQ DGYDQFH� 7KHQ� E\ WKH FRROLQJ V\VWHP XVLQJ

ZDWHU� WKH WHPSHUDWXUH RI WKH UHDFWRU DIWHU WKH UHDFWLRQ ZDV ORZHUHG

WR URRP WHPSHUDWXUH� 7KH GLVFKDUJLQJ SURGXFWV IURP WKH UHDFWRU

ZHUH UHFRYHUHG LQ WKH FRQGHQVHU E\ XVLQJ OLTXLG QLWURJHQ� 7KH SURG�

XFWV RI D OLTXLG�W\SH DQG VOXGJH W\SH ZKHUHDW WKH VOXGJH W\SH SURG�

XFW ZDV ROLJRPHU RU 36 DQG GLG QRW UHDFW IXUWKHU GXULQJ WKH WHVW� ZHUH

VHSDUDWHG DQG UHFRYHUHG� 7KH VROLG UHVLGXDO VXEVWDQFHV LQVLGH WKH

UHDFWRU ZHUH GLVVROYHG LQ DFHWRQH� UHFRYHUHG� DQG WKHQ RYHQ�GULHG

WR UHPRYH WKH VROYHQW WR ZHLJK�

4XDOLWDWLYH DQG TXDQWLWDWLYH DQDO\VHV RI WKH OLTXLG W\SH SURGXFW

DIWHU WKH UHDFWLRQ ZHUH PDGH E\ XVLQJ JDV FKURPDWRJUDSK\ �*&

��$� 6KLPDG]X� -DSDQ� DQG *&�06 �)LVRQV ���� VHULHV +5*&�

0'��� 06��

*HO SHUPHDWLRQ FKURPDWRJUDSK\ �*3&�PDQXIDFWXUHG E\:DWHUV�

ZDV HPSOR\HG IRU LGHQWLI\LQJ VROLG UHVLGXDO VXEVWDQFHV WKDW KDG D

KLJK ERLOLQJ SRLQW LQ RUGHU WR ILQG RXW WKH PROHFXODU ZHLJKW GLVWUL�

EXWLRQ DQG WKH GHJUHH RI 36 UHDFWLRQ FRPSOHWLRQ� 7KH VWDQGDUG VDP�

SOH ZDV SRO\VW\UHQH� WKH PRELOH SKDVH ZDV WHWUDK\GURIXUDQ �7+)��

WKH IOXLG IORZ ZDV IL[HG DW ���PO�PLQ� WKH FROXPQ WHPSHUDWXUH ZDV

�� R& DQG WKH 5, �UHIUDFWLRQ LQGH[� GHWHFWRU ZDV XVHG�
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�� 5HDFWLRQ 7HPSHUDWXUH DQG 5HDFWLRQ 7LPH

7R ILQG RXW KRZ WKH UHDFWLRQ WHPSHUDWXUH DQG WLPH LPSDFW RQ WKH

36 GLVLQWHJUDWLRQ SDWWHUQ� WHVWV ZHUH PDGH DW WKH IROORZLQJ FRQGL�

WLRQV� WKH WHPSHUDWXUH DW WKH VWDUWLQJ SRLQW ZDV ��� R&� D UHODWLYHO\

ORZHU WHPSHUDWXUH� 7KHQ� LW ZHQW XS WR D SUHVHW WHPSHUDWXUH RI ���
R& WR ��� R& DW �� R& LQWHUYDOV� 7KH UHDFWLRQ WLPH UDQJHG XS WR ��

PLQ� 6HH )LJ� � IRU GHWDLOV� 7KH UHDFWLRQ SUHVVXUH ZDV IL[HG DW ��EDU�

ZKLFK LV DERYH WKH FULWLFDO SRLQW IRU Q�KH[DQH� 7KH DPRXQW RI VXS�

HUFULWLFDO IOXLG �Q�KH[DQH� XVHG ZDV DERXW ��� J� ��� J� ��� J DQG

��� J� 7LPH �PLQ PHDQV WKH EHJLQQLQJ SRLQW DIWHU WKH WHPSHUDWXUH

DQG SUHVVXUH UHDFKHG WKH SUHVHW YDOXHV� ,W WRRN DERXW �����PLQ WR

UHDFK WKH SUHVHW FRQGLWLRQV� 7KH 36 FRQYHUVLRQ ZDV FDOFXODWHG IURP

&RQYHUVLRQ >ZW�@ >�− �:5�:,�@î���

ZKHUH :5 UHIHUV WR WKH ZHLJKW RI WKH GULHG UHVLGXDO VROLG LQ JUDPV

)LJ� �� 6FKHPDWLF GLDJUDP RI H[SHULPHQWDO DSSDUDWXV�
�� $XWRFODYH UHDFWRU �� 0LFUR PHWHULQJ YDOYH 7�� 7�� 7KHUPRFRXSOH
�� 6WLUUHU ��:DWHU� 1� �OLT�� FRQGHQVHU 7&� 7HPSHUDWXUH FRQWUROOHU
�� 6KXW�RII YDOYH �� 3UHVVXUH JDXJH
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DIWHU WKH UHDFWLRQ DQG :, UHIHUV WR WKH ZHLJKW RI WKH 36 VDPSOH LQ

JUDPV XVHG LQLWLDOO\�

$V FDQ EH VHHQ LQ )LJ� �� WKH 36 FRQYHUVLRQ ZDV KLJKHU DW KLJKHU

WHPSHUDWXUHV DQG ORQJHU UHDFWLRQ WLPHV� 7KH 36 FRQYHUVLRQ ZDV YHU\

KLJK DW WKH HDUO\ VWDJH RI WKH UHDFWLRQ� L�H�� ZLWKLQ ��PLQ� $W WHP�

SHUDWXUHV RI ��� R& DQG ��� R&� WKHUH DSSHDUHG DOPRVW QR FKDQJHV

LQ WKH FRQYHUVLRQ DIWHU ��PLQXWHV HODSVHG� ZKLFK PHDQV WKH UHDF�

WLRQ UHDFKHG D NLQG RI HTXLOLEULXP� ,Q WKH FDVH RI ��� R&� DW OHDVW

��� RI WKH 36 ZDV FRQYHUWHG ZKHQ UHDFKLQJ WKH SUHVHW FRQGLWLRQV�

7KLV PHDQV WKDW WKH 36 NHSW EHLQJ GLVLQWHJUDWHG ZKLOH WKH WHPSHUD�

WXUH LQFUHDVHG WR WKH SUHVHW WHPSHUDWXUH�

�� 5HDFWLRQ 3UHVVXUH

7KH SUHVVXUH ZDV FKDQJHG IURP DERXW ����� EDU� D FULWLFDO SUHV�

VXUH IRU Q�KH[DQH XS WR ��EDU DW DQ LQWHUYDO RI �� EDU� 7KH WHVW SUHV�

VXUH ZDV FRQWUROOHG ZLWKLQ �� EDU E\ FRQWUROOLQJ WKH YROXPH RI WKH

Q�KH[DQH IOXLG� 7KH WHPSHUDWXUH ZDV IL[HG DW ��� R& DQG WKH UHDF�

WLRQ WLPH ZDV VHW DW ��PLQ LQ RUGHU WR LQYHVWLJDWH WKH 36 FRQYHU�

VLRQ SDWWHUQ DFFRUGLQJ WR WKH SUHVVXUH FKDQJH� 7KH UHODWLRQVKLSV EH�

WZHHQ WKH 36 FRQYHUVLRQ DQG WKH YROXPH RI WKH VROYHQW XVHG DUH

VKRZQ LQ )LJ� �� ,Q WKH FDVH RI XVLQJ WKH VXSHUFULWLFDO IOXLG LQ WKH

GHJUDGDWLRQ RI 36� WKH SUHVVXUH YDULDQW LV GHSHQGHQW RQ WKH YROXPH

RI WKH VROYHQW� L�H�� WKH LQFUHDVHV LQ SUHVVXUH PHDQ PRUH VROYHQWV�

7KH 36 FRQYHUVLRQ JUDGXDOO\ LQFUHDVHG DV WKH SUHVVXUH LQFUHDVHG

�VHH )LJ� ��� $W ��EDU� WKH FRQYHUVLRQ ZDV �����ZW� DQG DW ��EDU�

�����ZW��$ JDS RI ��EDU �EHWZHHQ ��EDU DQG ��EDU� OHG WR DERXW

��ZW� GLIIHUHQFH� 7KLV LPSOLHV WKDW WKH SUHVVXUH KDV D VPDOOHU LQ�

IOXHQFH RQ WKH 36 FRQYHUVLRQ WKDQ GR WKH UHDFWLRQ WLPH�WHPSHUD�

WXUH� ,Q RWKHU ZRUGV� WKH WHPSHUDWXUH LQFUHDVH LV PRUH HIIHFWLYH WKDQ

WKH SUHVVXUH LQFUHDVH IRU WKH 36 GLVLQWHJUDWLRQ�

�� 36�Q�+H[DQH 5DWLR

,W LV QHFHVVDU\ WR NQRZ WKH RSWLPL]HG DPRXQW RI SODVWLF IRU D FHU�

WDLQ YROXPH RI VROYHQW LI ZHZDQW WR FRPPHUFLDOL]H WKLV W\SH RI WHFK�

QRORJ\ LQ SODVWLF UHF\FOLQJ� 7KHUHIRUH� ZH KDYH VWXGLHG WKH YDULD�

WLRQ RI WKH FRQYHUVLRQ SDWWHUQ ZLWK WKH 36�Q�KH[DQH UDWLR� 7KH WHVW

FRQGLWLRQV ZHUH IL[HG DW ��� R& �D UHODWLYHO\ ORZ WHPSHUDWXUH� DQG

�� EDU� 7KH UHDFWLRQ WLPH ZDV �� PLQ� 6HH )LJ� � IRU GHWDLOV�

7KH DPRXQW RI 36 VDPSOH UDQJHG IURP �� J WR �� J ZLWK DQ LQ�

WHUYDO RI ��J� ZKHUHDV WKH DPRXQW RI WKH Q�KH[DQH XVHG ZDV ���J�

7KH 36 FRQYHUVLRQ GHSLFWHG LQ )LJ� � VKRZV WKDW WKH FRQYHUVLRQ ZDV

GHSUHVVHG DV WKH VDPSOH DPRXQW LQFUHDVHG� ,Q SDUWLFXODU� WKH 36 FRQ�

YHUVLRQ IHOO GRZQ GUDVWLFDOO\ DW VDPSOH DPRXQWV RI �� J WR ��J� 7KH

FRQYHUVLRQ ZDV ������ZKHQ WKH 36 VDPSOHZDV ��J� ZKLOH LW ZDV

RQO\ ������ ZKHQ WKH 36 VDPSOH ZDV �� J� 7KLV UHIOHFWV ZHOO WKH

QDWXUH RI WKH SODVWLFV� 3ODVWLF KDV D ELJ KHDW WUDQVPLVVLRQ UHVLVWDQFH�

VR KHDW HQHUJ\ SURYLGHG WR WKH VDPSOH LV QRW UHTXLUHG GXULQJ WKH

VDPSOH GHFRPSRVLWLRQ LPPHGLDWHO\� ,QVWHDG� KHDW HQHUJ\ LV DFFX�

PXODWHG XQWLO WKH WHPSHUDWXUH UHDFKHV D VWDUWLQJ SRLQW IRU GLVLQWH�

JUDWLRQ� 6XFK KHDW HQHUJ\ DFFXPXODWLRQ RQFH FRQWLQXHG WLOO D FHU�

WDLQ SRLQW� RIWHQ OHDGV WR D GUDVWLF LQFUHDVH LQ WKH GLVLQWHJUDWLRQ UHDF�

WLRQ� +HUH� LW WDNHV ORQJHU WR GLVLQWHJUDWH WKH VDPSOHV ZKHQ WKH

DPRXQW RI VDPSOH LQFUHDVHV� L�H�� WKH VDPSOH LQFUHDVH PHDQV D ODUJHU

)LJ� �� (IIHFW RI UHDFWLRQ WHPSHUDWXUH RQ WLPH GHSHQGHQFH RI FRQ�
YHUVLRQ RI 36 >ZW�@ LQ VXSHUFULWLFDO Q�KH[DQH DW �� EDU�

)LJ� �� (IIHFW RI UHDFWLRQ SUHVVXUH RQ FRQYHUVLRQ RI 36 >ZW�@ LQ

VXSHUFULWLFDO Q�KH[DQH DW ��� R& IRU ��PLQ�

)LJ� �� (IIHFW RI ZHLJKW UDWLR RI 36 WR Q�KH[DQH RQ FRQYHUVLRQ RI

36 >ZW�@ LQ VXSHUFULWLFDO Q�KH[DQH DW ��� R& IRU ��PLQ�



'HJUDGDWLRQ RI 3RO\VW\UHQH LQ 6XSHUFULWLFDO Q�+H[DQH ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

KHDW WUDQVPLVVLRQ UHVLVWDQFH� 6R WKLV H[SODLQV D ELJ JDS RI WKH FRQ�

YHUVLRQV EHWZHHQ WKH �� J VDPSOH DQG WKH �� J VDPSOH WHVWV�

�� &RPSDULVRQ ZLWK WKH *HQHUDO 7KHUPRO\VLV

7KH FRQYHUVLRQV RI WKH JHQHUDO WKHUPDO GHFRPSRVLWLRQ DQG

WKH VXSHUFULWLFDO Q�KH[DQH GHJUDGDWLRQ DUH VKRZQ LQ )LJ� ��

7KH WHVW FRQGLWLRQV ZHUH WHPSHUDWXUH RI ������� R& DW �� R& LQ�

WHUYDO� D SUHVVXUH RI ��EDU DQG D UHDFWLRQ WLPH RI ��PLQ� 7KH JHQ�

HUDO WKHUPRO\VLV WHVW ZDV GRQH XQGHU WKH VDPH FRQGLWLRQV ZLWKRXW

DQ\ VXSHUFULWLFDO IOXLG DGGHG� ,Q FDVH RI WKH JHQHUDO WKHUPRO\VLV�

WKHUH ZDV DOPRVW QR UHDFWLRQ EHORZ ��� R&� ZKLOH DW OHDVW ��� RI

WKH VDPSOH FRQYHUVLRQ ZDV UHFRUGHG LQ D VXSHUFULWLFDO Q�KH[DQH DW

WKH VDPH WHPSHUDWXUH ���� R&�� 7KLVPHDQV WKDW WKH GHJUDGDWLRQ UHDF�

WLRQ WDNHV SODFH UDSLGO\ HYHQ DW UHODWLYHO\ ORZ WHPSHUDWXUH DQG SUHV�

VXUH� LI VXSHUFULWLFDO IOXLG LV XVHG�

7KH JHQHUDO WKHUPRO\VLV GHFRPSRVLWLRQ WHVW VKRZHG WKDW PRUH

WKDQ ��� FRQYHUVLRQ ZDV DWWDLQHG RQO\ DW ��� R& DQG KLJKHU� ,W

VKRXOG EH QRWHG WKDW XQGHU VXSHUFULWLFDO IOXLG FRQGLWLRQV� PRUH WKDQ

��� FRQYHUVLRQ KDV EHHQ DWWDLQHG HYHQ DW ��� R&� $ GUDVWLF LQ�

FUHDVH LQ WKH GHJUHH RI GHFRPSRVLWLRQ ZDV REVHUYHG ZKHQ WKH WHP�

SHUDWXUH ZHQW XS IURP ��� R& WR ��� R& LQ FDVH RI JHQHUDO WKHUPRO�

\VLV� ZKLOH D GUDVWLF LQFUHDVH LQ WKH GHJUHH RI GHJUDGDWLRQ LQ VXS�

HUFULWLFDO IOXLG ZDV REVHUYHG DW ��� R& WR ��� R&�

�� $QDO\VLV RI 3URGXFWV

+LJK PROHFXODU ZHLJKW VXEVWDQFHV WKDW SRVVHVV HVWHU ERQGV OLNH

3(7� Q\ORQ DQG XUHWKDQH� ZHUH PRUH KLJKO\ FRQYHUWHG LQWR PRQR�

PHUV WKURXJK WKHUPRO\VLV� ZKLOH VXEVWDQFHV OLNH 3( DQG 33� ZKLFK

DFFRXQW IRU PRVW SODVWLFV� H[KLELWHG ORZHU FRQYHUVLRQV LQWR PRQR�

PHUV� :KDW ZH ZDQWHG WR JHW ZDV UHF\FOHG RLO �RLO ZLWK OHVV WKDQ

&�� PROHFXOHV�� ,Q FDVH RI 36� LWV UHSHDWLQJ XQLW KDV D EHQ]HQH ULQJ�

ZKLFK PDNHV WKH GHVWUXFWLRQ RI WKH PRQRPHU �UHSHDWLQJ XQLW� YHU\

GLIILFXOW� 7KHUHIRUH� WKH \LHOG RI PRQRPHU IURP 36 WKURXJK WKH ORZ�

WHPSHUDWXUH ���� R& RU ORZHU� WKHUPRO\VLV ZDV UHODWLYHO\ KLJK� $OVR�

HYHQ DW D KLJKHU WHPSHUDWXUH� 36 ZDV SDUWLDOO\ EURNHQ GRZQ ZKLOH

PRVW RI 36 UHPDLQHG LQ WKH IRUP RI RLO� ZKLFK PHDQV OHVV OLNHOL�

KRRG RI LWV GLVLQWHJUDWLRQ LQWR D JDV IRUP >.LP HW DO�� ����@�

7KH SURGXFW VHOHFWLYLW\ GHSHQGLQJ RQ YDULDQWV ZDV FKHFNHG

WKURXJK WKH TXDOLWDWLYH DQG TXDQWLWDWLYH DQDO\VLV RI JDV FKURPDWRJ�

UDSK\ DQG *&�06 RI \LHOGHG OLTXLG W\SH SURGXFWV� *3& DQDO\VLV

ZDV GRQH IRU VROLG W\SH VXEVWDQFHV LQ RUGHU WR VHH WKH PROHFXODU

ZHLJKW GLVWULEXWLRQ DQG WKH GHJUHH RI UHDFWLRQ� 7KH DQDO\VLV VKRZHG

WKDWPRUH WKDQ ��SURGXFWVZHUH IRUPHG WKURXJK WKH UHDFWLRQ�$PRQJ

WKHP� �� VXEVWDQFHV ZLWK D KLJK HTXDO TXDOLW\ ZHUH VHOHFWHG IRU TXDO�

LWDWLYH DQDO\VLV� 36ZDV FRQYHUWHG LQWRPRQRPHUVPRVWO\� WKHQ GLPHUV

)LJ� �� &RPSDULVRQ RI JHQHUDO S\URO\VLV DQG GHJUDGDWLRQ RI 36 LQ
VXSHUFULWLFDO Q�KH[DQH DW YDULRXV WHPSHUDWXUHV IRU ��PLQ�

7DEOH ��:HLJKW VHOHFWLYLWLHV RI OLTXLG SURGXFWV >ZW�@ DW ��� R&

&RPSRQHQW
7LPH >PLQ@

� �� �� �� �� ��

7ROXHQH ���� ���� ���� ���� ���� ����

(WK\OEHQ]HQH � � � ���� ���� ����

6W\UHQH ����� ����� ����� ����� ����� �����

LVR�SURS\OEHQ]HQH � � � � � �

Q�SURS\OEHQ]HQH � � � � � �

α�PHWK\OVW\UHQH � ���� ���� ���� ���� ����

Q�EXW\OEHQ]HQH � � ���� ���� ���� ����

Q�SHQW\OEHQ]HQH � � � ���� ���� ����

2FW\OEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHEXW\OOEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHSHQW\OEHQ]HQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OHWDQH� ����GLSKHQ\OHWK\OHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH� ����GLSKHQ\OSURSHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OEXWDQH� ����GLSKHQ\OEXWHQH ����� ����� ����� ����� ����� �����

����GLSKHQ\O���SHQWHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\O�����SHQWDGLHQH ���� ���� ���� ���� ���� ����

WULSKHQ\O�KH[HQH RU 7ULPHU ����� ����� ����� ����� ����� �����

2WKHUV ���� ���� ���� ���� ���� �����
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DQG WKHQ WULPHUV�:KDW ZDV RXWVWDQGLQJ ZDV WKH SURGXFWLRQ RI RFW\O�

EHQ]HQH� 2FW\OEHQ]HQH VHHPHG WR KDYH EHHQ SURGXFHG ZKHQ VXSHU�

FULWLFDO Q�KH[DQH ZDV GLUHFWO\ LQYROYHG LQ WKH GHFRPSRVLWLRQ UHDF�

WLRQ�

7KH UHVXOWV IURP TXDQWLWDWLYH DQDO\VLV DUH VKRZQ LQ7DEOH� WKURXJK

7DEOH �� 5HJDUGLQJ VHOHFWLYLW\ LQ WKH 36 GLVLQWHJUDWLRQ UHDFWLRQ� KLJK

VHOHFWLYLW\ LQWR PRQRPHUV� GLPHUV DQG WULPHUV ZDV REVHUYHG� ZLWKLQ

��PLQ RI UHDFWLRQ WLPH� +RZHYHU� WKH VHOHFWLYLW\ LQWR VHFRQGDU\

SURGXFWV LQFUHDVHG� DV WKH UHDFWLRQ WLPH ZDV FRQWLQXHG ORQJHU� 7KH

VHOHFWLYLW\ RI VW\UHQH GHFUHDVHG ZLWK D JHQWOH VORSH DW WHPSHUDWXUHV

RI ��� R& DQG ��� R&� ZKHUHDV LW GHFUHDVHG ZLWK D VWHHS VORSH DW

WHPSHUDWXUHV RI ��� R& DQG KLJKHU� DQG LQVWHDG VHFRQGDU\ SURGXFWV

OLNH WROXHQH DQG HWK\OEHQ]HQH LQFUHDVHG� 8QOLNH JHQHUDO WKHUPRO\�

VLV� WKLV VXSHUFULWLFDO IOXLG GHJUDGDWLRQ ZDV GRQH XQGHU FORVHG V\V�

7DEOH ��:HLJKW VHOHFWLYLWLHV RI OLTXLG SURGXFWV >ZW�@ DW ��� R&

&RPSRQHQW
7LPH >PLQ@

� �� �� �� �� ��

7ROXHQH ���� ���� ���� ���� ���� ����

(WK\OEHQ]HQH ���� ���� ���� ���� ���� ����

6W\UHQH ����� ����� ����� ����� ����� �����

LVR�SURS\OEHQ]HQH � ���� ���� ���� ���� ����

Q�SURS\OEHQ]HQH � ���� ���� ���� ���� ����

α�PHWK\OVW\UHQH ���� ���� ���� ���� ���� ����

Q�EXW\OEHQ]HQH ���� ���� ���� ���� ���� ����

Q�SHQW\OEHQ]HQH � ���� ���� ���� ���� ����

2FW\OEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHEXW\OOEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHSHQW\OEHQ]HQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OHWDQH� ����GLSKHQ\OHWK\OHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH� ����GLSKHQ\OSURSHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH ���� ���� ���� ����� ���� �����

����GLSKHQ\OEXWDQH� ����GLSKHQ\OEXWHQH ����� ����� ����� ����� ����� �����

����GLSKHQ\O���SHQWHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\O�����SHQWDGLHQH ���� ���� ���� ���� ���� ����

WULSKHQ\O�KH[HQH RU 7ULPHU ���� ���� ���� ���� ���� ����

2WKHUV ���� ����� ����� ���� ����� �����

7DEOH ��:HLJKW VHOHFWLYLWLHV RI OLTXLG SURGXFWV >ZW�@ DW ��� R&

&RPSRQHQW
7LPH >PLQ@

� �� �� �� �� ��

7ROXHQH ���� ���� ���� ���� ���� ����

(WK\OEHQ]HQH ���� ���� ���� ���� ���� ����

6W\UHQH ����� ����� ����� ����� ����� �����

LVR�SURS\OEHQ]HQH ���� ���� ���� ���� ���� ����

Q�SURS\OEHQ]HQH ���� ���� ���� ���� ���� ����

α�PHWK\OVW\UHQH ���� ���� ���� ���� ���� ����

Q�EXW\OEHQ]HQH ���� ���� ���� ���� ���� ����

Q�SHQW\OEHQ]HQH ���� ���� ���� ���� ���� ����

2FW\OEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHEXW\OOEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHSHQW\OEHQ]HQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OHWDQH� ����GLSKHQ\OHWK\OHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH� ����GLSKHQ\OSURSHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH ���� ����� ����� ����� ����� �����

����GLSKHQ\OEXWDQH� ����GLSKHQ\OEXWHQH ����� ����� ����� ����� ���� ����

����GLSKHQ\O���SHQWHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\O�����SHQWDGLHQH ���� ���� ���� ���� ���� ����

WULSKHQ\O�KH[HQH RU 7ULPHU ���� ���� ���� ���� ���� ����

2WKHUV ����� ����� ����� ����� ����� �����
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.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

WHPV� ZKLFK NHSW PRQRPHUV DQG GLPHUV WR UHPDLQ LQVLGH WKH UHDF�

WRU� 7KLV UHVXOWHG LQ DQ LQFUHDVH RI VHFRQGDU\ SURGXFWV OLNH WROXHQH

DQG HWK\OEHQ]HQH� DQG WKH VHOHFWLYLW\ RI VW\UHQH WHQGV WR GHFUHDVH

UHODWLYHO\�

7KH YDULDWLRQV RI SURGXFW FRPSRVLWLRQ XQGHU WKH YDULRXV WHP�

SHUDWXUHV DQG UHDFWLRQ WLPHV DUH VKRZQ LQ )LJ� �� ,Q WKHVH ILJXUHV�

WKH PRQRPHU JURXS LV GHVFULEHG DV ��ULQJ� WKH GLPHU JURXS DV ��

ULQJ DQG WKH WULPHU JURXS DV ��ULQJ� 5HJDUGOHVV RI WKH UHDFWLRQ WHP�

SHUDWXUH� WKH VHOHFWLYLW\ IRU ��ULQJ �PRQRPHU� ZDV KLJKHU WKDQ WKDW

IRU DQ\ RWKHU SURGXFWV� ,Q SDUWLFXODU� WKH KLJKHVW VHOHFWLYLW\ RI PRQR�

PHU �FD� ��ZW�� ZDV DFKLHYHG DW ��� R& DQG D UHDFWLRQ WLPH RI ��

PLQ�

*3& DQDO\VLV RXWFRPHV RI VROLG UHVLGXDO VXEVWDQFHV DIWHU WKHU�

PRO\VLV DUH VKRZQ LQ )LJV� � WKURXJK ��� 7KHVH VKRZ WKDW 36 GLV�

LQWHJUDWHG WR SURGXFH PROHFXOHV RI ORZHU PROHFXODU ZHLJKWV RYHU

WLPH� $V GHSLFWHG LQ )LJ� �� WKH FRQYHUVLRQ RI 36 DW ��� R& UHDFKHG

D NLQG RI HTXLOLEULXP DIWHU ��PLQ HODSVHG� %XW *3& DQDO\VLV H[�

KLELWHG WKDW WKH GHFRPSRVLWLRQ UHDFWLRQ VWLOO FRQWLQXHG VORZO\ DIWHU

7DEOH ��:HLJKW VHOHFWLYLWLHV RI OLTXLG SURGXFWV >ZW�@ DW ��� R&

&RPSRQHQW
7LPH >PLQ@

� �� �� �� �� ��

7ROXHQH ���� ���� ����� ����� ����� �����

(WK\OEHQ]HQH ���� ���� ���� ���� ����� �����

6W\UHQH ����� ����� ����� ����� ���� ����

LVR�SURS\OEHQ]HQH ���� ���� ���� ���� ���� ����

Q�SURS\OEHQ]HQH ���� ���� ���� ���� ���� ����

α�PHWK\OVW\UHQH ���� ���� ���� ���� ���� ����

Q�EXW\OEHQ]HQH ���� ���� ���� ���� ���� ����

Q�SHQW\OEHQ]HQH ���� ���� ���� ���� ���� ����

2FW\OEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHEXW\OOEHQ]HQH ���� ���� ���� ���� ���� ����

��PHWK\O���PHWK\OHQHSHQW\OEHQ]HQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OHWDQH� ����GLSKHQ\OHWK\OHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH� ����GLSKHQ\OSURSHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\OSURSDQH ���� ����� ��� ����� ����� ����

����GLSKHQ\OEXWDQH� ����GLSKHQ\OEXWHQH ����� ���� ���� ���� ���� ����

����GLSKHQ\O���SHQWHQH ���� ���� ���� ���� ���� ����

����GLSKHQ\O�����SHQWDGLHQH ���� ���� ���� ���� ���� ����

WULSKHQ\O�KH[HQH RU 7ULPHU ���� ���� ���� ���� ���� ����

2WKHUV ����� ����� ����� ����� ����� �����

)LJ� �� 7LPH GHSHQGHQFH RI ZHLJKW VHOHFWLYLW\ RI ��ULQJ� ��ULQJ DQG

��ULQJ JURXSV DW ��� R&� ��� R&� ��� R& DQG ��� R&�

)LJ� �� 0ROHFXODU ZHLJKW GLVWULEXWLRQ RI VROLG UHVLGXH REWDLQHG IURP

GHFRPSRVLWLRQ RI 36 LQ VXSHUFULWLFDO Q�KH[DQH DW ��� R&
GHWHUPLQHG E\ *3& DQDO\VLV�
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WKDW SRLQW SDVVHG� *3& DQDO\VLV UHYHDOHG WKDW DV D UHVXOW RI UHDF�

WLRQ� WKH OHQJWK RI WKH 36 FKDLQ NHSW RQ VKRUWHQLQJ� WKHQ SURGXFLQJ

ROLJRPHUV� ,Q SDUWLFXODU� DW ��� R&� DOPRVW DOO RI WKH 36 ZHUH FRQ�

VXPHG DQG ZHUH FRQYHUWHG LQWR ROLJRPHUV ZLWK PROHFXODU ZHLJKWV

RI OHVV WKDQ ������

&21&/86,216

7KH GHJUDGDWLRQ RI 36 E\ XVLQJ VXSHUFULWLFDO Q�KH[DQH ZDV FRQ�

GXFWHG DW YDULRXV FRPELQDWLRQV RI FRQGLWLRQV� WHPSHUDWXUH �������
R&� SUHVVXUH �����EDU� DQG UHDFWLRQ WLPH ����PLQ� 7KH IROORZLQJ

LQIRUPDWLRQ ZDV REWDLQHG�

�� 7KH KLJKHU WKH WHPSHUDWXUH DQG WKH ORQJHU WKH UHDFWLRQ WLPH�

WKH KLJKHU 36 FRQYHUVLRQ WKDW ZDV DFKLHYHG� ,Q SDUWLFXODU� WKH GH�

FRPSRVLWLRQ SHDNHG DW DQ HDUO\ VWDJH ZLWKLQ ��PLQ� L�H�� WKH FRQ�

YHUVLRQ LQFUHDVHG GUDVWLFDOO\�

�� 7KH SUHVVXUH YDULDWLRQ KDG D VPDOOHU LPSDFW RQ 36 FRQYHUVLRQ

WKDQ GLG WKH WHPSHUDWXUH YDULDWLRQ� ,Q RWKHU ZRUGV� WKH WHPSHUDWXUH

ULVH ZDV PRUH HIIHFWLYH WKDQ WKH SUHVVXUH LQFUHDVH IRU 36 FRQYHU�

VLRQ�

�� $V 36 �VDPSOH DPRXQW� WR Q�KH[DQH DPRXQW UDWLR LQFUHDVHG�

WKH FRQYHUVLRQ GHFUHDVHG� 7KLV LV ZK\ DQ LQFUHDVH LQ WKH DPRXQW RI

36 UHVXOWV LQ D KLJKHU KHDW WUDQVIHU UHVLVWDQFH� ZKLFK VORZV GRZQ

WKH UHDFWLRQ� L�H�� LW WDNHV ORQJHU WR GHFRPSRVH WKH VDPSOH�

�� 5HJDUGLQJ WKH FRPSDULVRQ ZLWK JHQHUDO WKHUPRO\VLV� LQ JHQ�

HUDO WKHUPRO\VLV� DOPRVW QR UHDFWLRQ DSSHDUV EHORZ D WHPSHUDWXUH

RI ��� R&� ZKLOH PRUH WKDQ ��� FRQYHUVLRQ FDQ EH DFKLHYHG LQ WKH

FDVH RI VXSHUFULWLFDO IOXLG GHJUDGDWLRQ� 6XSHUFULWLFDO IOXLG GHJUDGD�

WLRQ LV IDVWHU WKDQ JHQHUDO WKHUPRO\VLV�

�� 7KH VHOHFWLYLW\ RI VW\UHQH GHFUHDVHG ZLWK D UHODWLYHO\ JHQWOH

VORSH DW ��� R& DQG ��� R& RYHU WLPH� ZKLOH D GUDVWLF GHFUHDVH RF�

FXUUHG DW WHPSHUDWXUHV RI ��� R& RU KLJKHU� ,QVWHDG� VHFRQGDU\ SURG�

XFWV VXFK DV WROXHQH DQG HWK\OEHQ]HQH LQFUHDVHG� 8QOLNH WKH JHQ�

HUDO WKHUPRO\VLV� WKLV VXSHUFULWLFDO IOXLG GHJUDGDWLRQ ZDV GRQH XQGHU

FORVHG V\VWHPV� ZKLFK NHSW PRQRPHUV DQG GLPHUV LQVLGH WKH UHDF�

WRU� 7KLV UHVXOWHG LQ DQ LQFUHDVH RI VHFRQGDU\ SURGXFWV OLNH WROXHQH

DQG HWK\OEHQ]HQH� DQG WKH VHOHFWLYLW\ RI VW\UHQH UHODWLYHO\ GHFUHDVHG�

�� *3& DQDO\VLV H[KLELWHG D VKRUWHQLQJ RI SRO\PHU FKDLQ OHQJWK

DQG DQ LQFUHDVH RI ROLJRPHUV� (VSHFLDOO\� DW ��� R&� DOPRVW DOO RI

36 VDPSOH ZDV FRQYHUWHG DOPRVW FRPSOHWHO\ LQWR ROLJRPHUV ZLWK

PROHFXODU ZHLJKW RI OHVV WKDQ ������

$&.12:/('*(0(17

7KH DXWKRUV WKDQN WKH .RUHD (QHUJ\ 0DQDJHPHQW &RUSRUDWLRQ

IRU WKH ILQDQFLDO VXSSRUW�

)LJ� ��0ROHFXODUZHLJKW GLVWULEXWLRQ RI VROLG UHVLGXH REWDLQHG IURP
GHFRPSRVLWLRQ RI 36 LQ VXSHUFULWLFDO Q�KH[DQH DW ��� R&

GHWHUPLQHG E\ *3& DQDO\VLV�

)LJ� ��0ROHFXODUZHLJKW GLVWULEXWLRQ RI VROLG UHVLGXH REWDLQHG IURP
GHFRPSRVLWLRQ RI 36 LQ VXSHUFULWLFDO Q�KH[DQH DW ��� R&

GHWHUPLQHG E\ *3& DQDO\VLV�

)LJ� ��� 0ROHFXODU ZHLJKW GLVWULEXWLRQ RI VROLG UHVLGXH REWDLQHG
IURP GHFRPSRVLWLRQ RI 36 LQ VXSHUFULWLFDO Q�KH[DQH DW

��� R& GHWHUPLQHG E\ *3& DQDO\VLV�



'HJUDGDWLRQ RI 3RO\VW\UHQH LQ 6XSHUFULWLFDO Q�+H[DQH ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

5()(5(1&(6

$GVFKLUL� 7�� 6DWR� 2�� 0DVKLGD� .�� 6DLWR� 1� DQG $UDL� .�� ³5HFRYHU\

RI 7HUHSKWKDOLF DFLG E\ 'HFRPSRVLWLRQ RI 3(7 LQ 6XSHUFULWLFDO

:DWHU�́ .DJDNX .RJDNX 5RQEXQVKX� ��� ��� �������

&DUQLWL� 3�� *HUYDVLQL� $�� %HOWUDPH� 3� /�� $XGLVLR� *� DQG %HUWLQL� )��

³3RO\VW\UHQH 7KHUPRGHJUDGDWLRQ� ,,, (IIHFW RI $FLGLF &DWDO\VLV RQ

5DGLFDO)RUPDWLRQDQG9RODWLOH3URGXFW'LVWULEXWLRQ�́ $SSOLHG&DWDO\�

VLV $� *HQHUDO� ���� ��� �������

&KHQ� '� 7�� 3HUPDQ� &�$�� 5LHFKHUW� 0�(� DQG +RYHQ� -�� ³'HSRO\�

PHUL]DWLRQ RI 7LUH DQG 1DWXUDO 5XEEHU 8VLQJ 6XSHUFULWLFDO )OXLGV�́

-� RI +D]DUGRXV 0DWHULDO� ��� �� �������

'KDZDQ� -� &�� %HQFVDWK� $� )� DQG /HJHQGUH� 5�&�� ³'HSRO\PHUL]D�

WLRQ 5HDFWLRQV RI FLV�3RO\LVRSUHQH DQG 6FUDS 5XEEHU LQ 6XSHUFULWL�

FDO 7ROXHQH�́ $PHULFDQ &KHPLFDO 6RFLHW\� ��� �������

+ZDQJ�*�&��.LP�%�.��%DH� 6�<��<L� 6�&� DQG.XPD]DZD�+�� ³'H�

JUDGDWLRQ RI 3RO\VW\UHQH LQ 6XSHUFULWLFDO $FHWRQH�́ -� RI ,QGXVWULDO

DQG (QJLQHHULQJ &KHPLVWU\� �� ��� �������

+ZDQJ�*�&��.LP�.�+��%DH� 6�<��<L� 6�&� DQG.XPD]DZD�+�� ³'H�

JUDGDWLRQ RI +LJK 'HQVLW\ 3RO\HWK\OHQH� 3RO\SURS\OHQH DQG 7KHLU

0L[WXUHV LQ 6XSHUFULWLFDO $FHWRQH�́ .RUHDQ -� &KHP� (QJ�� ��� ���

�������

-RXQJ�6� 1�� 3DUN� 6�:��.LP�6� <��<RR�.� 3� DQG%DH� 6� <�� ³2LO5H�

FRYHU\ IURP6FUDS 7LUHV E\ /RZ�7HPSHUDWXUH 6XSHUFULWLFDO 'HFRP�

SRVLWLRQ ZLWK 7ROXHQH DQG &\FORKH[DQH�́ -� &KHP� (QJ� RI -DSDQ�

��� ��� �������

-RXQJ� 6�1�� 3DUN� 6�:�� .LP� 6� <�� <RR� .� 3� DQG %DH� 6�<�� ³7KHU�

PRO\VLV RI 6FUDS 7LUH 8VLQJ 6XSHUFULWLFDO 7ROXHQH�́ .RUHDQ -� &KHP�

(QJ�� ��� ��� �������

.LP�%�.��+ZDQJ�*�&��%DH� 6�<��<L� 6�&� DQG.XPD]DZD�+�� ³'H�

SRO\PHUL]DWLRQRI3RO\HWK\OHQHWHUHSKWKDODWH LQ6XSHUFULWLFDO0HWKD�

QRO�́ -� RI $SSOLHG 3RO\PHU 6FLHQFH� ��� ���� �������

.LP� 6�6��&KXQ�%�+�� 3DUN�&� -��<RRQ�:�/� DQG.LP�6�+�� ³3\URO�

\VLV &KDUDFWHULVWLFV RI 3RO\VW\UHQH RQ 6WLUUHG %DWFK 5HDFWRU�́

+:$+$. .21*+$.� ������ �������

.LP� <�6�� +ZDQJ� *�&�� %DH� 6�<�� <L� 6�&��0RRQ� 6�.� DQG .XPD�

]DZD� +�� ³3\URO\VLV RI 3RO\VW\UHQH LQ D %DWFK�7\SH 6WLUUHG9HVVHO�́

.RUHDQ -� &KHP� (QJ�� ��� ��� �������

.RFKHU� %� 6�� $]]DP� )�2� DQG /HH� 6� *�� ³5HDFWLRQ LQ 6XSHUFULWLFDO

)OXLGV�́ 3UHSDUHG IRU 3UHVHQWDWLRQ DW WKH $,&K( $QQXDO 0HHWLQJ�

1RYHPEHU� � �������

.ROO� 3� DQG0HW]JHU� 7�� ³7KHUPDO'HJUDGDWLRQ RI&HOOXORVH DQG&KLWLQ

LQ 6XSHUFULWLFDO $FHWRQH�́ $QJHZ� &KHP� ,QW� (G� (QJO�� ��� ���

�������

/HH� 6�%� DQG +RQJ� ,� .�� ³'HSRO\PHULVDWLRQ %HKDYLRU IRU FLV�SRO\�

LVRSUHQH 5XEEHU LQ 6XSHUFULWLFDO 7HWUDK\GUR )XUDQ�́ -RXUQDO RI

,QGXVWULDO DQG(QJLQHHULQJ&KHPLVWU\������ �� �������

0RGHO�0�� ³3URFHVVLQJ0HWKRGV IRU WKH2[LGDWLRQRI2UJDQLFV LQ6XS�

HUFULWLFDO:DWHU�́ 8�6� 3DWHQW� ������� �������

6RQJ� +� 6� DQG +\XQ� -� &�� ³$Q 2SWLPL]DWLRQ 6WXG\ RQ WKH 3\URO\VLV

RI 3RO\VW\UHQH LQ D %DWFK 5HDFWRU�́ .RUHDQ -� &KHP� (QJ�� ��� ���

�������

:DWDQDEH� 0�� +LUDNRVR� +�� 6DZDPRWR� 6�� $GLVFKLUL� 7� DQG$UDL� .��

³3RO\HWK\OHQH&RQYHUVLRQ LQ6XSHUFULWLFDO:DWHU�́ -� RI 6XSHUFULWLFDO

)OXLGV� ��� ��� �������

<DQJ� 0� DQG 6KLKDVDNL� <�� ³0HFKDQLVP RI 7KHUPDO 'HJUDGDWLRQ RI

3RO\VW\UHQH� 3RO\PHWK\ODFURQLWULOH DQG 7KHLU &RSRO\PHUV RQ )ODVK

3\URO\VLV�́ -� RI 3RO\PHU 6FLHQFH� 3DUW $� 3RO\PHU &KHPLVWU\� ���

���� �������


