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ZHLJKWV ZHUH SUHSDUHG E\ SKRWRSRO\PHUL]DWLRQV� 7KH QXPEHU DYHUDJH PROHFXODU ZHLJKWV RI WKH IUDFWLRQDWHG

SRO\�(7$�V DQG SRO\�((7)8�V GHWHUPLQHG E\ *3& ZHUH LQ WKH UDQJH RI �����a������ DQG

�����a������� UHVSHFWLYHO\� 7KH UHOHDVH UDWH RI ��)8 IURP SRO\�((7)8� GHFUHDVHG ZLWK LQFUHDVLQJ DYHUDJH

PROHFXODU ZHLJKW� 7KH LQ YLWUR F\WRWR[LFLW\ RI SRO\�(7$� DJDLQVW D QRUPDO FHOO OLQH ZDV ORZHU WKDQ WKDW RI

��IOXRURXUDFLO���)8�� 7KH LQ YLYR DQWLWXPRU DFWLYLWLHV RI WKH V\QWKHVL]HG VDPSOHV DW GRVDJH RI ��� PJ�NJ

DJDLQVW PLFH EHDULQJ VDUFRPD ��� WXPRU FHOO OLQH GHFUHDVHG LQ WKH IROORZLQJ RUGHU� SRO\�((7)8� !

SRO\�(7$� ! ((7)8 ! (7$ ! ��)8� 7KH DQWLDQJLRJHQLF DFWLYLWLHV RI WKH SRO\�(7$�V ZHUH EHWWHU WKDQ

WKRVH RI ��)8�

,QWURGXFWLRQ

$OWKRXJK WKH � � � DOWHUQDWLQJ FRSRO\PHU RI GLYL�

Q\O HWKHU DQG PDOHLF DQK\GULGH �',9(0$� UHSRUWHG

E\ %XWOHU KDV DFWLYLWLHV DJDLQVW )ULHQG OHXNHPLD�

0RORQH\ VDUFRPD� YHVLFXODU VWRPDWLWLV DQG LQWHU�

IHURQ LQGXFLQJ DELOLWLHV�
���

LWV WR[LF VLGH HIIHFWV VXFK

DV DQHPLD� HQODUJHG OLYHU� DQG VSOHHQ HWF�
���
KDYH

EHHQ FKDOOHQJHV WR SRO\PHU VFLHQWLVWV DQG ELROR�

JLVWV� ��)OXRURXUDFLO ���)8� LV D ORZ PROHFXODU

ZHLJKW DQWLWXPRU DJHQW� ZKLFK KDV DOVR UHPDUN�

DEOH DQWLWXPRU DFWLYLWLHV EXW DW WKH VDPH WLPH

VWURQJ VLGH HIIHFWV VXFK DV JDVWURLQWHVWLQDO WR[LFLW\

DQG GHOLYHU\ SUREOHPV�
���

7KHUHIRUH� LQ RUGHU WR

UHGXFH WKH WR[LF VLGH HIIHFWV RI ERWK ',9(0$ DQG

��)8� PDQ\ DWWHPSWV KDYH EHHQ PDGH WR REWDLQ

WKH SRO\PHUV OLNH ',9(0$ DQG ��)8 GHULYDWLYHV LQ

RXU ODERUDWRU\�
�����

(VSHFLDOO\� SRO\PHULF DQWLWXPRU

FRPSRXQGV KDYLQJ ��)8 KDYH EHHQ ZLGHO\ VWXG�

LHG IRU WKHLU V\QWKHVHV DQG DQWLWXPRU DFWLYLWLHV�

VLQFH WKH\ DUH H[SHFWHG WR PDLQWDLQ DQ HIIHFWLYH

FRQFHQWUDWLRQ RI ��)8 LQ EORRG DQG�RU WLVVXH IRU D

ORQJ WLPH E\ VORZ UHOHDVH� ,I WKH FRQFHQWUDWLRQ LV

WRR KLJK� YDULRXV WR[LF VLGH HIIHFWV DULVH� ZKLOH LI

WKH OHYHO LV WRR ORZ WKH GUXJ LV QR ORQJHU HIIHFWLYH

LQ WUHDWLQJ WKH GLVHDVH� $NDVKL HW DO� DQG 2XFKL HW

DO� KDYH UHSRUWHG WKH UHOHDVH UDWH RI ��)8 IURP

YDULRXV SRO\PHULF PDWULFHV�
�����

7KLV SDSHU GHDOV ZLWK WKH DQWLWXPRU DFWLYLWLHV RI

>SRO\�(7$�@ DQG SRO\�α�HWKR[\�H[R�����HSR[\���
������WHWUDK\GURSKWKDOR\O���IOXRURXUDFLO� >SRO\

�((7)8�@ ZLWK YDULRXV DYHUDJH PROHFXODU ZHLJKWV

DQG WKH UHOHDVH UDWH RI ��)8 IURP WKH V\QWKHVL]HG

SRO\�((7)8� DW VHYHUDO S+ XVLQJ KLJK SHUIRU�

PDQFH OLTXLG FKURPDWRJUDSK\ �+3/&�� EHFDXVH WKH

VWUXFWXUH RI WKH K\GURO\]HG SRO\�((7)8� LV VLPLODU

WR WKDW RI SRO\�(7$�� 7KH QXPEHU DQG ZHLJKW

DYHUDJH PROHFXODU ZHLJKWV RI WKH SRO\PHUV ZHUH

GHWHUPLQHG E\ JHO SHUPHDWLRQ FKURPDWRJUDSK\

�*3&�� 7KH LQ YLWUR F\WRWR[LFLWLHV RI WKH SUHSDUHG

SRO\PHUV ZHUH HYDOXDWHG ZLWK PRXVH PDPPDU\

FDUFLQRPD �)0�$�� PRXVH OHXNHPLD �3����� DQG

KXPDQ KLVWLRF\WLF O\PSKRPD �8���� DV FDQFHU FHOO

OLQHV DQG PRXVH OLYHU FHOO �$&�)� DV D QRUPDO FHOO

OLQH� 7KH LQ YLYR DQWLWXPRU DFWLYLWLHV RI WKH SUH�

SDUHG VDPSOHV DJDLQVW PLFH EHDULQJ VDUFRPD ���

WXPRU FHOO OLQH ZHUH HYDOXDWHG� 7KH DQWLDQJLRJHQLF

DFWLYLWLHV RI SRO\�(7$�V ZHUH H[DPLQHG E\ WKH
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HPEU\R FKRULRDOODQWRLF PHPEUDQH �&$0� DVVD\�

7KH UHOHDVH UDWH RI ��)8 IURP SRO\�((7)8�V ZHUH

PHDVXUHG E\ +3/&�

([SHULPHQWDO

0DWHULDOV� ([R�����HSR[\���������WHWUDK\GUR�

SKWKDOLF DQK\GULGH �(7$� >$OGULFK@ ZDV XVHG ZLWK�

RXW IXUWKHU SXULILFDWLRQ� α�(WKR[\�H[R�����HSR[\�
��������WHWUDK\GURSKWKDOR\O���IOXRURXUDFLO �((7)8�

ZHUH V\QWKHVL]HG E\ WKH UHSRUWHG PHWKRG�
��
3����

)0�$� DQG 8��� DV FDQFHU FHOO OLQHV DQG $&�)

DV D QRUPDO FHOO OLQH ZHUH XVHG� %DOE�& PRXVH

DQG VDUFRPD ��� FHOO OLQH ZHUH SXUFKDVHG IURP

WKH &HQWHU RI *HQHWLF (QJLQHHULQJ �.RUHD ,QVWLWXWH

RI 6FLHQFH DQG 7HFKQRORJ\�� )HUWLOL]HG FKLFN HJJV

ZHUH REWDLQHG IURP +DQ�VKLQ )DUP �.LPKDH�

.RUHD�� )DW HPXOVLRQ ����� ZDV SXUFKDVHG IURP

*UHHQ &URVV 3KDUP� &R� �6HRXO� .RUHD�� 7KHU�

PDQR[ FRYHUVOLSV ZHUH SXUFKDVHG IURP 1XQF ,QF�

�1DSHUYLOOH� ,/� 8�6�$�� $OO RWKHU FKHPLFDOV ZHUH

UHDJHQW JUDGH DQG ZHUH XVHG ZLWKRXW IXUWKHU SXUL�

ILFDWLRQ�

,QVWUXPHQWV�
�
+�105 VSHFWUD ZHUH UHFRUGHG

RQ D )7���� 0+] 9DULDQ *HPLQL ���� VSHFWUR�

SKRWRPHWHU� ,5 VSHFWUD ZHUH REWDLQHG ZLWK D

-DVFR )7�,5����� VSHFWURSKRWRPHWHU E\ XVLQJ

.%U SHOOHW IRU DQDO\VLV� (OHPHQWDO DQDO\VLV ZDV

SHUIRUPHG E\ HOHPHQWDO DQDO\]HU �&DUOR (UED�

0RGHO ($������ 7KH QXPEHU DQG ZHLJKW DYHUDJH

PROHFXODU ZHLJKWV ZHUH GHWHUPLQHG *3& �:DWHUV

����� 7KH K\GURO\VLV UDWHV RI ��)8 ZHUH PHDVXUHG

E\ +3/& �<RXQJ /LQ 0 �����

6\QWKHVHV RI 3RO\�(7$�V DQG 3RO\�((7)8�V�

7KH VROXWLRQ RI (7$ ���� J� � PPRO� DQG ����

GLPHWKR[\���SKHQ\ODFHWRSKHQRQH�'03� ����� J�

����� PPRO� DV D SKRWRLQLWLDWRU LQ WKH �� P/ RI D

GU\ PL[HG VROYHQW RI ��EXWDQRQH DQG DFHWRQH

�� � �� Y�Y� ZDV LQWURGXFHG LQWR D GU\ 3\UH[ SRO\�

PHUL]DWLRQ WXEH� 7R SUHSDUH WKH SRO\PHUV ZLWK

IRXU GLIIHUHQW DYHUDJH PROHFXODU ZHLJKWV� WKH

DPRXQW RI '03 ZDV DGMXVWHG� 7KH WXEH ZDV

VHDOHG DIWHU IOXVKLQJ WZLFH ZLWK SXULILHG 1� JDV

EXEEOLQJ� 7KH WXEH ZDV LUUDGLDWHG E\ ��� QP 8�9

ODPSV LQ D SKRWRFKHPLFDO FKDPEHU DW ��
R
& IRU

�� KU� 7KH REWDLQHG SRO\PHU VROXWLRQ ZDV SUHFLSL�

WDWHG LQ ��� P/ RI Q�KH[DQH� 7KH SUHFLSLWDWH ZDV

FROOHFWHG E\ ILOWUDWLRQ DQG GULHG DW URRP WHPSHUD�

WXUH XQGHU UHGXFHG SUHVVXUH WR FRQVWDQW ZHLJKW�

3RO\�((7)8�V ZHUH V\QWKHVL]HG E\ WKH VLPLODU

PHWKRG DV GHVFULEHG IRU SRO\�(7$�V H[FHSW WKDW

((7)8���� J� ��� PPRO� DQG '03 ����� J� �����

PPRO� ZHUH XVHG� 7KH FRQYHUVLRQV RI (7$ DQG

((7)8 DUH VKRZQ LQ 7DEOH ,�

0HDVXUHPHQW RI $YHUDJH 0ROHFXODU :HLJKWV�

7KH DYHUDJH PROHFXODU ZHLJKWV DQG SRO\GLVSHUVLW\

LQGH[ �0Z�0Q� ZHUH GHWHUPLQHG E\ *3& XVLQJ

:DWHUV *3& ��� ZLWK D UHIUDFWLYH LQGH[ GHWHFWRU

DQG IRXU µ�VW\UDJHO FROXPQV ZLWK SRUH VL]HV RI
��

�
� ��

�
� ��

�
� DQG ��� FRQQHFWHG LQ VHULHV� 7KH

XVHG VWDQGDUG ZDV SRO\VW\UHQH DQG WKH HOXHQW ZDV

'0)� 7KH IORZ UDWH ZDV � P/�PLQ DW ��
R
&�

,Q RUGHU WR REWDLQ WKH SRO\PHUV ZLWK QDUURZ

PROHFXODU ZHLJKW GLVWULEXWLRQ� WKH SRO\PHUV ZHUH

IUDFWLRQDWHG WKUHH WLPHV XVLQJ 7+) DV D VROXEOH

VROYHQW DQG HWKHU DV D QRQ�VROYHQW� 7KH DYHUDJH

PROHFXODU ZHLJKWV RI V\QWKHVL]HG SRO\PHUV DUH

OLVWHG LQ 7DEOH ,�

2WWHQEULWH HW DO�
��
KDV UHSRUWHG WKDW D JRRG DQWL�

WXPRU DFWLYLW\ FDQ EH REWDLQHG LQ WKH UDQJH RI

7DEOH ,� 7KH $YHUDJH 0ROHFXODU :HLJKWV DQG 3RO\GLVSHUVLW\ RI 3RO\PHUV

6DPSOH &RQYHUVLRQ ��� 0Q

D
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3RO\�((7)8� ,, �� ����� ������ ���

3RO\�((7)8� ,,, �� ������ ������ ���

3RO\�((7)8� ,9 �� ������ ������ ���
D

7KH QXPEHU �0Q� DQG ZHLJKW �0Z� DYHUDJH PROHFXODU ZHLJKWV RI SRO\PHUV ZHUH GHWHUPLQHG E\ *3& LQ '0)�
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DYHUDJH PROHFXODU ZHLJKWV IURP ������ WR ������

GHSHQGLQJ RQ SRO\PHUV�

+\GURO\VLV RI ��)8 IURP 3RO\�((7)8�V� ,Q

RUGHU WR HYDOXDWH WKH UHOHDVH UDWH RI ��)8 UHVLGXH

IURP SRO\�((7)8�� D JLYHQ DPRXQW RI SRO\

�((7)8�V ZDV K\GURO\]HG DW ������
R
& ZLWK

VKDNLQJ IRU D JLYHQ WLPH XQGHU VHYHUDO S+ VXFK DV

S+ ��� �D PL[WXUH RI �� P/ RI � 0 FLWULF DFLG DQG

��� P/ RI ��� 0 1D2+� RI VWRPDFK� S+ ��� �D

PL[WXUH RI �� P/ RI ��� 0 1D�+32�DQG ���� P/

RI ��� 0 .+�32�� RI WXPRU FHOO� S+ ��� �D PL[WXUH

RI �� P/ RI ��� 0 1D�+32� DQG ���� P/ RI

��� 0 .+�32�� RI EORRG� DQG S+ ��� �D PL[WXUH

RI �� P/ RI ��� 0 1D�+32� DQG ����� P/ RI

��� 0 .+�32�� RI VPDOO LQWHVWLQH� UHVSHFWLYHO\�

7KH H[WHQW RI K\GURO\VLV ZDV GHWHUPLQHG E\ PHD�

VXULQJ WKH DPRXQW RI ��)8 WKDW KDG EHHQ UHOHDVHG

E\ +3/& �FROXPQ� 6KRGH[ 2KSDN %������ 7KH

IORZ UDWH ZDV ��� WR ��� P/�PLQ DQG WKH FROXPQ

HIIOXHQW ZDV PRQLWRUHG DW ��� QP ZKLFK LV WKH

PD[LPXP DEVRUSWLRQ ZDYHOHQJWK RI ��)8� 8QGHU

WKHVH FRQGLWLRQV WKH ��)8 GHULYDWLYHV VKRZHG HOX�

WLRQ WLPHV RI ��� PLQ� 4XDQWLWDWLRQ RI WKH FRP�

SRXQGV ZDV GRQH E\ PHDVXULQJ WKH SHDN KHLJKWV

LQ UHODWLRQ WR WKRVH RI VWDQGDUGV PHDVXUHG XQGHU

WKH VDPH FRQGLWLRQV� 7KH UHSURGXFLELOLW\ RI WKH

UHOHDVH UDWH ZDV FKHFNHG E\ WKUHH LQGHSHQGHQW

PHDVXUHPHQWV DQG GHYLDWLRQ ZDV FRQILUPHG WR EH

OHVV WKDQ ���

%LRORJLFDO $FWLYLW\ 7HVW�

,Q 9LWUR $QWLWXPRU $FWLYLWLHV DQG &\WR�

WR[FLWLHV 7HVW� 7KH LQ YLWUR F\WRWR[LFLWLHV RI WKH

SUHSDUHG VDPSOHV ZHUH GHWHUPLQHG E\ �������

GLPHWK\OWKLD]RO���\O������GLSKHQ\O��+�WHWUD]R�

OLXP EURPLGH �077� DVVD\ PHWKRG�
��
,Q FDVH RI WKH

LQVROXEOH SRO\PHUV LQ ZDWHU� WKH VDPSOHV ZHUH

GLVVROYHG LQ D YHU\ VPDOO DPRXQW RI GLPHWK\OVXO�

IR[LGH DQG WKHQ GLOXWHG ZLWK SKRVSKDWH EXIIHUHG

VDOLQH MXVW EHIRUH XVH� 7KH SUHSDUHG VDPSOH VROX�

WLRQ ZDV DGGHG WR 3���� )0�$� 8��� FDQFHU

FHOO OLQHV� DQG $&�) QRUPDO FHOO OLQH LQ ���ZHOO

PLFURWLWHU SODWHV� DQG FXOWXUHG IRU � GD\V DW ��
R
&�

7KH FXOWXUHG FHOO OLQHV ZHUH PL[HG ZLWK �� µ/ RI
077 VROXWLRQ DQG LQFXEDWHG IRU � KU DW ��

R
&�

7KH VXSHUQDWDQW ZDV UHPRYHG IURP HDFK ZHOO

DQG ��� µ/ RI ���� GLPHWK\O VXOIR[LGH �'062�
ZDV DGGHG WR VROXELOL]H WKH IRUPD]DQ FU\VWDOV

ZKLFK ZHUH IRUPHG E\ WKH FHOOXODU UHGXFWLRQ RI

077� $IWHU PL[LQJ ZLWK D PHFKDQLFDO SODWH

PL[HU� DEVRUEDQFH VSHFWUD ZHUH PHDVXUHG RQ

(/,6$ 3URFHVVRU ,, 0LFURSODWH 5HDGHU DW WKH

ZDYHOHQJWK RI ��� QP� 7KH SHUFHQWDJH RI F\WR�

WR[LFLW\ ZDV GHILQHG ZLWK WUHDWHG DQG XQWUHDWHG

FHOO OLQHV� 7KH ��� F\WRWR[LF GRVH �,&��� ZDV

GHILQHG DV WKH FRQFHQWUDWLRQ RI VDPSOHV WKDW

UHGXFHG WKH DEVRUEDQFH RI WKH WUHDWHG FHOOV E\

����

,Q 9LYR $QWLWXPRU $FWLYLWLHV 7HVW� 7R HYDO�

XDWH WKH LQ YLYR DQWLWXPRU DFWLYLW\ RI WKH V\QWKH�

VL]HG VDPSOHV� PLFH EHDULQJ VDUFRPD ��� WXPRU

FHOOV ZHUH XVHG� 7HQ %DOE�& PLFH SHU JURXS ZHUH

ILUVW LQWUDSHULWRQHDOO\ �L�S�� LPSODQWHG ZLWK VDU�

FRPD ��� FHOOV ��Ý ��
�
FHOOV�P/�� 7KH PLFH ZHUH

WKHQ WUHDWHG ZLWK D VDOLQH RI VDPSOH RQ GD\V �a��

7KUHH GLIIHUHQW GRVDJHV VXFK DV ���� ��� DQG ���

PJ�NJ ZHUH WHVWHG� )RU FRPSDULVRQ� DQWLWXPRU

DFWLYLWLHV RI ��)8 DOVR ZHUH WHVWHG E\ WKH VDPH

PHWKRG� $ FRQWURO JURXS ZDV GLYLGHG LQWR WZR

JURXSV� 2QH JURXS ZDV WUHDWHG ZLWK VDUFRPD ���

FHOOV DORQJ ZLWK WKH VDPH YROXPH RI VDOLQH DQG WKH

RWKHU JURXS ZDV WUHDWHG ZLWK RQO\ VDUFRPD ���

FHOOV� 7KH UDWLR �7�&� REWDLQHG E\ VXUYLYDO WLPH RI

PLFH WUHDWHG ZLWK SRO\PHU �7� WR WKDW RI PLFH LQ

FRQWURO JURXSV �&� ZDV XVHG DV WKH LQGH[ RI WKH

DQWLWXPRU DFWLYLW\�

(PEU\R &KRULRDOODQWRLF 0HPEUDQH �&$0�

$VVD\� 7KH IHUWLOL]HG FKLFNHQ HJJV XVHG LQ WKLV

VWXG\ ZHUH NHSW LQ D KXPLGLILHG LQFXEDWRU DW

��
R
&� $IWHU ��GD\V LQFXEDWLRQ� DERXW � P/ RI

DOEXPLQ ZDV DVSLUDWHG IURP WKH HJJV ZLWK DQ ���

JDXJH K\SRGHUPLF QHHGOH WKURXJK WKH VPDOO KROH

GULOOHG DW WKH QDUURZ HQG RI WKH HJJV� DOORZLQJ WKH

VPDOO &$0 DQG \RON VDF WR GURS DZD\ IURP WKH

VKHOO PHPEUDQH� 2Q GD\ �� WKH VKHOO FRYHULQJ WKH

DLU VDF ZDV SXQFKHG RXW DQG UHPRYHG E\ IRUFHSV�

DQG WKH VKHOO PHPEUDQH RQ WKH IORRU RI WKH DLU VDF

ZDV SHHOHG DZD\�
��
(PEU\RV ZLWK FKRULRDOODQWRLV

RI �� PP LQ GLDPHWHU ZHUH HPSOR\HG IRU WKH

DVVD\ RI DQWLDQJLRJHQHWLF DFWLYLW\� )LYH µ/ RI DQ
DTXHRXV� VDOW�IUHH VROXWLRQ RI HDFK VDPSOH� ZHUH

DSSOLHG WR VWHULOH 7KHUPDQR[ ���PP GLVNV DQG

DOORZHG GU\ XQGHU ODPLQDU IORZ FRQGLWLRQV�
��
7KH

ORDGHG�GLVNV ZHUH LQYHUWHG DQG DSSOLHG WR WKH

&$0 VXUIDFH RI ����GD\�ROG HPEU\RV WKURXJK WKH

ZLQGRZV� 7KH DLU VDF HQGV RI WKH HPEU\R ZLWK

VKHOOV ZHUH FRYHUHG ZLWK VFRWFK WDSH� 7ZR GD\V
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ODWHU� DQ DSSURSULDWH YROXPH RI D ��� IDW HPXO�

VLRQ ZDV LQMHFWHG XVLQJ D ���JDXJH QHHGOH LQWR

WKH ����GD\ HPEU\R FKRULRDOODQWRLV VR WKDW WKH

YDVFXODU QHWZRUN RI &$0 VWRRG RXW DJDLQVW WKH

ZKLWH EDFNJURXQG RI OLSLG� $W OHDVW �� HJJV ZHUH

XVHG IRU HDFK GRVH RI DJHQW� )LQDOO\� WKH FKRULRDO�

ODQWRLV ZDV PLFURSKRWRJUDSKHG�

5HVXOWV DQG 'LVFXVVLRQ

,GHQWLILFDWLRQ RI 0RQRPHU DQG 3RO\PHUV�

7KH )7�,5 VSHFWUXP �.%U SHOOHW� RI SRO\�(7$�

>DQK\GULGH RI XQLW LQ 6FKHPH ,@ VKRZHG FKDUDF�

WHULVWLF DEVRUSWLRQ SHDNV DW ���� ��&+ VWUHWFKLQJ��

����� ���� �DQK\GULGH & 2� DQG ���� FP
��

��&�2�& VWUHWFKLQJ�� 7KH DEVRUSWLRQ SHDNV DW

���� FP
��
DVVLJQDEOH WR WKH & & VWUHWFKLQJ RI

IXUDQ ULQJ ZDV QRW REVHUYHG IRU WKH (7$ PRQR�

PHU� ,Q
�
+�105 VSHFWUXP �'062�G�� RI

SRO\�(7$�� WKH PHWKLQH SURWRQV RI DQK\GULGH ULQJ

DQG DGMDFHQW WR R[\JHQ LQ F\FOLF HWKHU ULQJ

DSSHDUHG DW ��� DQG ��� SSP� UHVSHFWLYHO\� 7KH

SHDN DW ��� SSP ZDV DVVLJQHG WR WKH PHWKLQH SUR�

WRQV RI WKH SRO\PHU EDFNERQH DQG WKH SHDN DW

��� SSP DVVLJQHG WR WKH SURWRQV DWWDFKHG GRXEOH

ERQG LQ (7$ ZDV GLVDSSHDUHG >UHDFWDQW VWUXFWXUH

LQ 6FKHPH ,@�

7KH )7�,5 VSHFWUXP �.%U SHOOHW� RI SRO\�((7)8�

LQGLFDWHG FKDUDFWHULVWLF DEVRUSWLRQ SHDNV DW

���� FP
��
�& 2� ZLWK GLVDSSHDUDQFH RI DEVRUS�

WLRQ SHDNV RI SURWRQV DWWDFKHG WR GRXEOH ERQG DW

���� DQG ��� FP
��
ZKLFK DSSHDUHG LQ WKH ((7)8

PRQRPHU� ,Q
�
+�105 VSHFWUXP �'062�G�� RI

SRO\�((7)8�� WKH PHWKLQH SURWRQV LQ SRO\PHU

EDFNERQH DQG PHWK\O SURWRQV LQ HWK\O JURXS

H[KLELWHG DW ��� DQG DW ��� SSP� DQG ROHILQLF DQG

1�+ SURWRQV LQ ��)8 VKRZHG DW ��� DQG DW ����

SSP� UHVSHFWLYHO\� ZLWK GLVDSSHDUDQFH RI DEVRUS�

WLRQ SHDN RI SURWRQV DWWDFKHG WR GRXEOH ERQG DW

��� SSP ZKLFK DSSHDUHG LQ WKH ((7)8PRQRPHU�

6ROXELOLW\ RI 3UHSDUHG 0RQRPHUV DQG

3RO\PHUV� 7KH VROXELOLWLHV RI PRQRPHUV DQG WKHLU

SRO\PHUV ZHUH OLVWHG LQ 7DEOH ,,� 7KH SUHSDUHG

VDPSOHV ZHUH VROXEOH LQ WHWUDK\GURIXUDQ�7+)��

PHWK\O HWK\O NHWRQH�0(.�� '062� DQG 1�1�GL�

PHWK\OIRUPDPLGH�'0)� DQG SRRUO\ VROXEOH LQ

+�2 H[FHSW ((7)8� 7KH VDPSOHV ZHUH LQVROXEOH

LQ GLHWK\O HWKHU�

+\GURO\VLV RI ��)8 IURP 3RO\�((7)8�V�

7KH K\GURO\VHV RI ��)8 IURP SRO\�((7)8�V ZLWK

VHYHUDO QXPEHU DYHUDJH PROHFXODU ZHLJKWV ZHUH

VWXGLHG LQ DTXRXV VROXWLRQ DW ��
R
& XQGHU VHYHUDO

S+V� 7KH PDLQ SURGXFWV RI K\GURO\]HG SRO\

�((7)8� ZHUH IRXQG WR EH ��)8� SRO\�(73$� DQG

HWKDQRO DV VKRZQ LQ 6FKHPH ,�

$V FDQ EH VHHQ LQ )LJXUH � DQG �� WKH K\GUR\VLV

UDWHV RI SRO\�((7)8�V LQFUHDVHG ZLWK WLPH� 3RO\

�((7)8�V VKRZHG VLPLODU K\GURO\VLV UDWHV IRU WKH

ILUVW � KU EXW WKH K\GURO\VLV UDWHV YDU\ DIWHUZDUG

GHSHQGLQJ RQ S+ DQG PROHFXODU ZHLJKWV� 7KH

SRO\PHUV ZLWK DYHUDJH PROHFXODU ZHLJKWV IURP

����� WR ������ VKRZHG VORZHU UHOHDVH UDWHV LQ

FRPSDULVRQ WR WKH SRO\PHU ZLWK QXPEHU DYHUDJH

PROHFXODU ZHLJKW RI ������ 7KLV UHVXOW ZDV DVFULEHG

WR WKH KLJKHU VWHULF KLQGUDQFH E\ FKDLQV RI KLJK

PROHFXODU ZHLJKWV�0Q  ������� WKDQ ORZ PROHFX�

ODU ZHLJKW�0Q  ������� 7KH K\GURO\VLV UDWHV RI

SRO\�((7)8�V DW S+ ��� RI WKH VWRPDFK� S+ ���

7DEOH ,,� 7KH 6ROXELOLW\ RI WKH 0RQRPHUV DQG 3RO\PHUV

6ROYHQW

6DPSOH +�2 7+) 0(. '062 '0) (WKHU

(7$ 6 6
D

6 6 6
F

,6

3RO\�(7$� 6 6 6 6 6 ,6

((7)8 6 6 6 6 6 ,6

3RO\�((7)8� 36
E

6 36 6 6 ,6
D

6  6ROXEOH�
E

36  3RRUO\ VROXEOH�
F

,6  ,QVROXEOH�

6FKHPH ,
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RI WKH EORRG� DQG S+ ��� RI WKH VPDOO LQWHVWLQH

ZHUH KLJKHU WKDQ WKRVH RI S+ ��� RI WKH WXPRU

FHOOV DV VKRZQ LQ )LJXUH �� 7KLV PHDQV WKDW WKH

K\GURO\VLV RI SRO\�((7)8� LV FDWDO\]HG E\ ERWK

DFLG DQG DONDOL FRQGLWLRQV� 7KH KLJKHU K\GURO\VLV

UDWH XQGHU S+ ��� WKDQ S+ ��� LV LQ DFFRUGDQFH

ZLWK WKH UHVXOW RI WKH .LP HW DO�
��

,Q 9LWUR &\WRWR[LFLW\� 7KH LQ YLWUR F\WRWR[LFLWLHV

RI WKH VDPSOHV ZHUH PHDVXUHG RQ WKH WKUHH FDQFHU

FHOO OLQHV VXFK DV 3���� )0�$� 8���� DQG RQH

QRUPDO FHOO OLQH �$&�)�� 7KH ORZHU ,&�� YDOXH RI D

FRPSRXQG PHDQV WKH VWURQJHU LQ YLWUR DQWLWXPRU

DFWLYLW\� 7KXV� WKH LQ YLWUR DQWLWXPRU DFWLYLWLHV RI

WKH SRO\PHUV ZHUH JUHDWHU WKDQ WKRVH RI PRQR�

PHUV� 7KH LQ YLWUR DQWLWXPRU DFWLYLWLHV RI ((7)8

DQG SRO\�((7)8� ,, ZHUH VLPLODU WR WKRVH RI ��)8�

$V VKRZQ LQ 7DEOH ,,,� WKH ,&�� YDOXHV RI (7$ DQG

SRO\�(7$�V DJDLQVW VHYHUDO WXPRU FHOO OLQHV

GHFUHDVHG LQ WKH IROORZLQJ RUGHU� SRO\�(7$� ,,, !

SRO\�(7$� ,9 ! SRO\�(7$� , ! SRO\�(7$� ,, !

(7$ IRU )0�$� DQG SRO\�(7$� ,,, ! SRO\�(7$� ,9

! SRO\�(7$� ,, ! SRO\�(7$� , ! (7$ IRU 3���

DQG 8���� 7KH F\WRWR[LFLWLHV RI ��)8 DQG WKH SUH�

SDUHG VDPSOHV DJDLQVW D QRUPDO FHOO OLQH LQFUHDVHG

LQ WKH IROORZLQJ RUGHU� ((7)8  SRO\�((7)� ,, !

��)8 ! SRO\�(7$� ,,, ! SRO\�(7$� ,9 ! SRO\�(7$�

, ! SRO\�(7$� ,, ! (7$�

,Q 9LYR $QWLWXPRU $FWLYLW\ DJDLQVW 0LFH

%HDULQJ 6DUFRPD ���� 7KH LQ YLYR DQWLWXPRU

DFWLYLWLHV RI ��)8� WKH PRQRPHU DQG WKH SRO\PHUV

DJDLQVW PLFH EHDULQJ VDUFRPD ��� WXPRU FHOO OLQH

DUH OLVWHG LQ 7DEOH ,9� DQG ��)8 ZDV XVHG IRU FRP�

SDULVRQ� 7KH UDWLR� 7�&� ZDV XVHG DV WKH LQGH[ RI

WKH DQWLWXPRU DFWLYLW\ �

)LJXUH �� 7KH UHOHDVH UDWHV RI ��)8 IURP SRO\�((7)8�V

LQ SKRVSKDWH EXIIHU VROXWLRQV DW �� XQGHU S+� ��� DQG

S+� ����

)LJXUH �� 7KH UHOHDVH UDWHV RI ��)8 IURP SRO\�((7)8�V

LQ SKRVSKDWH EXIIHU VROXWLRQV DW �� XQGHU S+� ��� DQG

S+� ����

)LJXUH �� 7KH UHOHDVH UDWH RI ��)8 IURP SRO\�((7)8�

>0Q  �����@ LQ SKRVSKDWH EXIIHU VROXWLRQV DW ���



:��-� &KR HW DO�

��� .RUHD 3RO\P� -�� 9RO� �� 1R� �� ����

$V FDQ EH VHHQ LQ 7DEOH ,9� DQWLWXPRU DFWLYLWLHV

RI UHODWHG FRPSRXQGV GHFUHDVHG ZLWK LQFUHDVLQJ

GRVDJH FRQFHQWUDWLRQ� 7KLV UHVXOW ZDV DWWULEXWHG

WR WKH UHYHODWLRQ RI WR[LFLW\ DW KLJK FRQFHQWUDWLRQ�

7KH LQ YLYR DQWLWXPRU DFWLYLWLHV RI V\QWKHVL]HG

SRO\PHUV ZHUH JUHDWHU WKDQ WKRVH RI ��)8 DQG

PRQRPHUV DW WKH VDPH GRVDJH� 7KH KLJKHVW DQWL�

WXPRU DFWLYLW\ �7�& YDOXH� ZDV ���� IRU SRO\

�((7)8� DW ��� PJ�NJ� 7KLV YDOXH LV DERXW ��

7�&��� 

6XUYLYDO WLPH RI PLFH WUHDWHG

ZLWK SRO\PHU �7�
Ý ���

6XUYLYDO WLPH RI PLFH LQ D

FRQWURO JURXS �&�

7DEOH ,,,� 7KH &\WRWR[LFLW\ RI WKH 6\QWKHVL]HG 6DPSOHV DJDLQVW &DQFHU &HOO /LQHV

6DPSOH

,&�� �µJ�P/� IRU &HOO /LQH a

&DQFHU &HOO 1RUPDO &HOO

)0�$
E

3���
F

8���
G

$&�)
H

��)8 ���� ���� ���� ����

(7$ ����� ����� ����� �����

3RO\�(7$� , ���� ���� ���� ����

3RO\�(7$� ,, ���� ���� ���� �����

3RO\�(7$� ,,, ���� ���� ���� ����

3RO\�(7$� ,9 ���� ���� ���� ����

((7)8 ���� ���� ���� ����

3RO\�((7)8� ,, ���� ���� ���� ����
D

7KH �� � JURZWK LQKLELWLRQ FRQFHQWUDWLRQ �,&����
E

0RXVH PDPPDU\ FDUFLQRPD FHOO�
F

0RXVH OHXNHPLD FHOO�
G

+XPDQ KLVWLRF\WLF O\PSKRPD FHOO�
H

0RXVH OLYHU FHOO�

7DEOH ,9� 7KH ,Q 9LYR $QWLWXPRU $FWLYLW\ RI WKH 6\QWKHVL]HG 6DPSOHV

6DPSOHV 'RVDJH �PJ�NJ� 0HDQ 6XUYLYDO 7LPH �GD\�
D

7�& ���
D

6�(
F

&RQWURO � ���� � ��� ��� ����

6DOLQH ���� � ��� ��� ����

��)8 ����� ��� � ��� �� ����

���� ���� � ��� ��� ����

��� ���� � ��� ��� ����

(7$ ����� ��� � ��� �� ����

���� ���� � ��� �� ����

��� ���� � ��� ��� ����

((7)8 ����� ��� � ��� �� ����

���� ���� � ��� ��� ����

��� ���� � ��� ��� ����

3RO\�(7$� , ����� ���� � ��� �� ����

�0Q  ������ ���� ���� � ��� ��� ����

��� ���� � ��� ��� ����

3RO\�((7)8� ,, ����� ���� � ��� ��� ����

�0Q  ������ ���� ����� � ��� ��� ����

��� ����� � ��� ��� �����
D

0HDQ VXUYLYDO WLPH RI DQLPDOV G\LQJ ZLWKLQ H[SHULPHQW SHULRG RI ��� GD\V�
E

7�& ��� UHSUHVHQWV WKH UDWLR RI WKH VXUYLYDO WLPH RI WUHDWHG �7� WR FRQWURO �&� DQLPDOVÝ ����
F

6�( GHQRWHV WKH UDWLR RI WKH QXPEHU RI VXUYLYDO PLFH �6� WR QXPEHU RI H[SHULPHQWDO PLFH �(� DIWHU H[SHULPHQWDO SHULRG

RI ��� GD\V�
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WLPHV KLJKHU WKDQ WKH VDPH GRVDJH RI IUHH ��)8�

7KLV PHDQV WKDW SRO\�((7)8� KDV H[FHOOHQW DQWL�

WXPRU DFWLYLW\ DQG ORZ WR[FLW\� 3RO\�((7)8� VKRZHG

KLJKHU DQWLWXPRU DFWLYLWLHV WKDQ SRO\�(7$� LQ VSLWH

RI VLPLODU DYHUDJH PROHFXODU ZHLJKWV� 7KLV UHVXOW LV

DWWULEXWHG WR WKH ��)8 PRLHW\ LQ SRO\�((7)8��

$QWLDQJLRJHQHVLV RI (7$ DQG 3RO\PHUV� ,Q

����� -� )RONPDQ
��
UHSRUWHG WKDW WKH LQKLELWLRQ RI

DQJLRJHQHVLV PLJKW OHDG WR LQKLELWLRQ RI WXPRU

JURZWK DQG PHWDVWDVLV� %HFDXVH DQWLDQJLRJHQLF

FRPSRXQGV SUHYHQW WKH IRUPDWLRQ RI QHZ EORRG

YHVVHOV ZKLFK VXSSO\ QXWULHQWV WR WXPRU FHOOV�

,Q 7DEOH 9� 3RO\�(7$� ZLWK QXPEHU DYHUDJH

PROHFXODU ZHLJKWV IURP ����� WR ������ VKRZHG

KLJKHU DQWLHPEU\RJHQHVHV DQG DQWLDQJLRJHQHVLV

WKDQ WKRVH RI ������ $V VKRZQ LQ )LJXUH �� WKH

QXPEHU RI IRUPHG EORRG YHVVHOV IRU SRO\�((7)8�

ZDV OHVVHU WKDQ WKDW IRU FRQWURO DQG SRO\�(7$��

7KLV PHDQV WKDW SRO\�((7)8� KDV DQ DQWLDQJLR�

JHQHVLV DFWLYLW\� 7KLV UHVXOW DJUHHG ZHOO ZLWK WKH LQ

YLYR DQWLWXPRU DFWLYLW\ VKRZQ LQ 7DEOH ,9�

&RQFOXVLRQV

3RO\�H[R�����HSR[\���������WHWUDK\GURSKWKDOLF

DQK\GULGH�V DQG SRO\�α�HWKR[\�H[R�����HSR[\���
������WHWUDK\GURSKWKDOR\O���IOXRURXUDFLO�V ZLWK VH�

YHUDO DYHUDJH PROHFXODU ZHLJKWV ZHUH SUHSDUHG

E\ SKRWRSRO\PHUL]DWLRQV� 7KH QXPEHU DYHUDJH

PROHFXODU ZHLJKWV RI WKH IUDFWLRQDWHG SRO\�(7$�V

DQG SRO\�((7)8�V GHWHUPLQHG E\ *3& ZHUH LQ

WKH UDQJH RI �����a������ DQG �����a�������

UHVSHFWLYHO\� 3RO\�((7)8� VKRZHG WKH KLJKHVW LQ

YLWUR DQWLWXPRU DFWLYLWLHV DJDLQVW FDQFHU FHOO OLQHV�

7KH LQ YLYR DQWLWXPRU DFWLYLWLHV RI WKH V\QWKHVL]HG

VDPSOHV DW GRVDJH RI ��� PJ�NJ DJDLQVW PLFH EHDU�

LQJ VDUFRPD ��� WXPRU FHOO OLQH GHFUHDVHG LQ WKH

IROORZLQJ RUGHU� SRO\�((7)8� ! SRO\�(7$� ! ((7)8

! (7$ ! ��)8� 7KH DQWLDQJLRJHQLF DFWLYLWLHV RI WKH

SRO\�(7$�V ZHUH VLPLODU WR WKRVH RI ��)8 H[FHSW

SRO\�(7$�,� 7KH UHOHDVH UDWH RI ��)8 IURP SRO\

�((7)8� ZDV VORZHU ZLWK LQFUHDVLQJ DYHUDJH

PROHFXODU ZHLJKW UHJDUGOHVV RI S+� 3RO\�((7)8�

ZDV VXLWDEOH IRU D SRO\PHULF GUXJ IURP WKH YLHZ�

SRLQW RI WKH UHOHDVH UDWH RI ��)8�

$FNQRZOHGJHPHQW� 7KLV ZRUN ZDV ILQDQFLDOO\

VXSSRUWHG E\ WKH .RUHD 5HVHDUFK )RXQGDWLRQ

����������'�������

5HIHUHQFHV

��� 5� 0� 2WWHQEULWH� .� .XXV� DQG $� 0� .DSODQ� LQ

7DEOH 9� 7KH $QWLDQJLRJHQLF $FWLYLWLHV RI WKH 3UH�

SDUHG 6DPSOHV

$QWLHPEU\RJHQHVLV
D

$QWLDQJLRJHQHVLV
E

6DPSOH ,QKLELWLRQ ��� ,QKLELWLRQ ���

&RQWURO ���� ����

��)8 ���� ����

(7$ ���� ����

3RO\�(7$� ,

�������
���� ����

3RO\�(7$� ,,

�������
���� ����

3RO\�(7$� ,,,

��������
���� ����

3RO\�(7$� ,9

��������
���� ����

D

1XPEHU RI DQWLHPEU\RJHQLF HJJV�1XPEHU RI WRWDO HJJVÝ ����
E

1XPEHU RI DQWLDQJLRJHQLF HJJV�1XPEHU RI WRWDO HJJVÝ ����

)LJXUH �� 7KH PLFURSKRWRJUDSKV RI FRQWURO� SRO\�(7$��

DQG SRO\�((7)8� RQ HPEU\RQLF DQJLRJHQHVLV LQ

&$0������



:��-� &KR HW DO�

��� .RUHD 3RO\P� -�� 9RO� �� 1R� �� ����

3RO\PHU LQ 0HGLFLQH� (� &KLHOLQL DQG 3� *LXVWL� (GV��

3OHQXP� 1HZ <RUN� �����

��� :� 5HJHOVRQ� 6� .XKDU� 0� 7XQLV� -� (� )LHOGV� -� -�

-RKQVRQ� DQG (� :� *OXVHQNDPS� 1DWXUH� ����
��� �������

��� 5� 0� 2WWHQEULWH� :� 5HJHOVRQ� $� 0� .DSODQ�

5�&DUFKPDQ� 3� 0RUDKDQ� DQG $� 0XQVRQ� 3RO\�
PHULF 'UXJV� $FDGHPLF 3UHVV� 1HZ <RUN� �����

��� *� %� %XWOHU� -� 3RO\P� 6FL�� ��� ��� �������

��� *� %� %XWOHU DQG $� =DPSLQL� -� 0DFURPRO� 6FL�
&KHP�� $��� ��� �������

��� 5� :� %URFNPDQ DQG (� 3� $QGHUVRQ� $QQ� 5HY�
%LRFKHP�� ��� ��� �������

��� &� +HLGHOEHUJHU DQG )� -� $QVILHOG� &DQFHU 5HV�� ���
���� �������

��� &� +HLGHOEHUJHU� $QQ� 5HY� 3KDUPDFRO�� �� ��� �������
��� :� +� 3UXVRII� 3DUPDFRO�� ��� ��� �������

���� *� 7� *DP� -� *� -HRQJ� 1� -� /HH� <� :� /HH� &� 6�

+D� DQG :� -� &KR� -� $SSO� 3RO\P� 6FL�� ��� ���
�������

���� :� -� &KR DQG &� 6� +D� 3RO\PHU 0DWHULDOV (QF\�
FORSHGLD� 6\QWKHVLV� 3URSHUWLHV DQG $SSOLFDWLRQ�
&5& 3UHVV ,QF�� ����� 9RO� �� SS ����

���� '� <� /HH� -� *� -HRQJ� 1� -� /HH� +� 6� .DQJ� &� 6�

+D� DQG :� -� &KR� -� $SSO� 3RO\P� 6FL�� ��� ���
�������

���� 1� -� /HH� <� $� .LP� 6� +� .LP� :� 0� &KRL� DQG

:� -� &KR� -� 0DFURPRO� 6FL� &KHP�� $������ �
�������

���� :� 0� &KRL� 1� -� /HH� <� :� /HH� &� 6� +D� DQG :�

-� &KR� 0DFURPRO� 6\PS�� ���� ��� �������

���� :� 0� &KRL� ,� '� &KXQJ� 1� -� /HH� <� :� /HH� &�

6� +D� DQG :� -� &KR� -� 3RO\P� 6FL�� 3DUW $ � 3RO\P�
&KHP�� ��� ���� �������

���� :� 0� &KRL� 1� -� /HH� &� 6� +D� DQG :� -� &KR�

3RO\P� ,QW�� ��� ��� �������

���� *� & .LP� -� *� -HRQJ� 1� /� /HH� &� 6� +D� DQG :�

-� &KR� -� $SSO� 3RO\P� 6FL�� ��� ���� �������

���� :� 0� &KRL� ,� '� &KXQJ� 1� -� /HH� 6� +� .LP� &�

6� +D� DQG :� -� &KR� 3RO\P� $GY� 7HFKQRO�� �� ���

�������

���� -� *� 3DUN� :� 0� &KRL� 1� -� /HH� &� 6� +D� DQG :�

-� &KR� -� 3RO\P� 6FL�� 3DUW $ � 3RO\P�&KHP�� ���
���� �������

���� -� *� 3DUN� 6� +� .LP� &� 6� +D� DQG :� -� &KR� -�
3RO\P� 6FL�� 3DUW $ � 3RO\P� &KHP�� ��� ���� �������

���� -� *� 3DUN� &� 6� +D� DQG :� -� &KR� -� 3RO\P� 6FL��
3DUW $ � 3RO\P� &KHP�� ��� ���� �������

���� -� *� 3DUN� &� 6� +D� DQG :� -� &KR� -� 3RO\P� 6FL��
3DUW $ � 3RO\P� &KHP�� ��� ���� �������

���� 6� 0� /HH� :� 0� &KRL� &� 6� +D� DQG :� -� &KR� -�
3RO\P� 6FL�� 3DUW $ � 3RO\P� &KHP�� ��� ���� �������

���� (� <� -XQJ� ,� '� &KXQJ� 1� -� /HH� &� 6� +D� DQG

:� -� &KR� -� 3RO\P� 6FL�� 3DUW $ � 3RO\P� &KHP��
��� ���� �������

���� 0� $NDKL� 1� 0L\DXFKL� 1� 0RULWD� DQG 7� 0LQRWD� -�
%LRDF\LYH &RPSDWLEOH 3RO\P�� �� ��� �������

���� 7� 7DJXFKL� $� .LVKLGD� 1� 6DNDPRWR� DQG 0�

$NDVKL� -� RI %LRPHGLFDO 0DWHULDOV 5HVHDUFK� ��� �
�������

���� 7� 2XFKL� +� <X\DPD� DQG 2� 9RJO� 0DNURPRO�
&KHP� 5DSLG &RPPXQ�� �� ��� �������

���� 7� 2XFKL� $ +DPDGD� DQG <� 2K\D� 0DFURPROHFX�
ODU &KHPLVWU\ 	 3K\VLFV� ���� ��� �������
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