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ER �7XUNX�� )LQODQG

�5HFHLYHG 1RYHPEHU �� ����� LQ UHYLVHG IRUP $SULO ��� �����

$EVWUDFW

$ FRPSDUDWLYH PHWKRG EDVHG RQ WKHUPRJUDYLPHWU\ LV DSSOLHG LQ RUGHU WR FKDUDFWHULVH FKHPL�

FDOO\ IXQFWLRQDOLVHG VXUIDFHV� 7KH PDVV ORVV RI VLOLFD PRGLILHG ZLWK γ�DPLQRSURS\O�WULPHWKR[\VL�

ODQH �γ�$36� DGVRUEHG IURP D UDQJH RI VROYHQWV LV LQWHUSUHWHG E\ FRQVLGHULQJ WKH SK\VLFDOO\ DG�

VRUEHG ZDWHU� WKH VLODQRO JURXSV DQG WKH RUJDQLF VROYHQW� '5,)7 VSHFWURVFRS\ LV XVHG WR DQDO\VH

WKH ELQGLQJ VWUXFWXUH DQG DGVRUSWLRQ PHFKDQLVP� 7KH PDVV ORVV FDOFXODWHG IURP WKHUPRJUDYLPHW�

ULF DQDO\VLV LV IRXQG WR EH LQ DJUHHPHQW ZLWK WKH YDOXHV REWDLQHG E\ FODVVLFDO HOHPHQWDO DQDO\VLV�

7KHUPRJUDYLPHWULF DQDO\VLV LV IRXQG WR EH D TXLFN DQG UHSURGXFLEOH PHWKRG� ZKLFK RQO\ UHTXLUHV

D IHZ PLOOLJUDP VDPSOH� 7KH DPRXQW DGVRUEHG VHHPV WR EH SULPDULO\ GHSHQGHQW RQ WKH VROYDWLRQ

RI WKH γ�DPLQRSURS\O�WULPHWKR[\VLODQH E\ WKH VROYHQW� $ JRRG VROYHQW SUHYHQWV DGVRUSWLRQ DV

VKRZQ ZKHQ FRPSDULQJ WKH PDJQLWXGH RI WKH PDVV ORVV ZLWK WKH GLIIHUHQFH EHWZHHQ WKH VROXELOLW\

SDUDPHWHUV RI WKH γ�$36 DQG WKH VROYHQWV� (WKDQRO VHHPV WR LQIOXHQFH WKH VWUXFWXUH RI WKH DGVRUEHG

γ�DPLQRSURS\O�WULPHWKR[\VLODQH ILOP�

.H\ZRUGV� DGVRUSWLRQ� '5,)7 VSHFWURVFRS\� HOHPHQWDO DQDO\VLV� γ�DPLQRSURS\O�WULPHWKR[\VL�
ODQH� WKHUPRJUDYLPHWULF DQDO\VLV

,QWURGXFWLRQ

2[LGH�LPPRELOLVHG RUJDQRVLODQHV DUH RI JUHDW LPSRUWDQFH� $ FRPPRQ PHWKRG WR
SUHFRQFHQWUDWH WUDFH PHWDOV LV WR XVH FKHODWLQJ JURXSV LPPRELOLVHG YLD VLO\ODWLRQ
RQWR VLOLFD JHO RU SDUWLFOHV XVHG DV VXSSRUWV� 6XFK DFWLYDWHG VXSSRUWV DUH XVHG H�J� LQ
SKDVH�WUDQVIHU FDWDO\VLV� FKHPLFDOO\ PRGLILHG HOHFWURGHV� LPPRELOLVHG HQ]\PHV DQG
PHWDO LRQ FKURPDWRJUDSK\� EHLQJ RQO\ VRPH RI WKH DSSOLFDWLRQV DSSHDULQJ LQ WKH UH�
FHQW OLWHUDWXUH >�@�

����±�������� � ����

 ���� $NDGpPLDL .LDGy� %XGDSHVW

$NDGpPLDL .LDGy� %XGDSHVW

.OXZHU $FDGHPLF 3XEOLVKHUV� 'RUGUHFKW

 2Q OHDYH IURP 7KH 3RO\PHU 6FLHQFH *URXS� ,DQ :DUN ,QVWLWXWH� 8QLYHUVLW\ RI 6RXWK $XVWUDOLD�

7KH /HYHOV� :DUUHO 5RDG� $GHODLGH 6$ ����� $XVWUDOLD

 $XWKRU WR ZKRP DOO FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG�



7KH LPSRUWDQFH RI DPLQRRUJDQRVLODQH PRGLILHG VLOLFD LV PDQLIHVWHG LQ WKH YDVW
DUUD\ RI OLWHUDWXUH SXEOLVKHG� 0RVW SDSHUV >�±�@ GLVFXVV WKH VXUIDFH VWUXFWXUH RI WKH DG�
VRUEHG DPLQRRUJDQRVLODQHV� 2XU LQWHUHVW LV WR DQDO\VH WKH DGVRUSWLRQ TXDQWLWDWLYHO\� L�H�
WR GHWHUPLQH WKH DPRXQW DGVRUEHG γ�DPLQRSURS\O�WULPHWKR[\VLODQH RQ VLOLFD�

7KHUH LV D YDVW QXPEHU RI WHFKQLTXHV DYDLODEOH IRU WKH LQYHVWLJDWLRQ RI VXUIDFH DF�
WLYH PROHFXOHV RQWR VXEVWUDWHV� 0RVW H[SHULPHQWDO PHWKRGV KDYH� KRZHYHU� DQ LQVXI�
ILFLHQW VHQVLWLYLW\ WR PRQLWRU WKH VPDOO DPRXQW DGVRUEDWH UHWDLQHG DIWHU ZDVKLQJ WKH
VXEVWUDWH ZLWK H[FHVV VROYHQW� 7KH PRVW SURPLVLQJ DQG VWUDLJKW IRUZDUG WHFKQLTXHV
PD\ EH FRQVLGHUHG WR EH HOHPHQWDO DQDO\VLV DQG WKHUPRJUDYLPHWULF DQDO\VLV�

7KH REMHFWLYH RI WKLV FRPPXQLFDWLRQ LV WR LQWURGXFH WKHUPRJUDYLPHWU\ DV D QHZ
TXDQWLWDWLYH DQDO\VLV RI RUJDQRIXQFWLRQDOLVHG VLOLFDV ZLWK DONR[\VLODQHV� ,W LV D TXLFN
DQG UHSURGXFLEOH PHWKRG� ZKLFK DYRLGV WKH XVH RI FRPSOH[ LQVWUXPHQWDWLRQ DQG UH�
DJHQWV� γ�DPLQRSURS\O�WULPHWKR[\VLODQH ZDV DGVRUEHG IURP GLIIHUHQW VROYHQWV LQ RU�
GHU WR DQDO\VH WKH LQIOXHQFH RI WKH VROYHQW LQ WKH DGVRUSWLRQ SURFHVV�

([SHULPHQWDO�

0DWHULDOV

7KH γ�DPLQRSURS\O�WULPHWKR[\VLODQH �γ�$36� $������ 26L VSHFLDOLWLHV� QRZ
:LWFD� ZHUH XVHG DV VXSSOLHG� 6LOLFD SRZGHU� �*UDFH 6L 6�0<� LV UHSRUWHG WR KDYH
$VS ��� P

� J±� DQG D SDUWLFOH GLDPHWHU RI �� µP�� 3ULRU WR XVH WKH VLOLFD ZDV FDOFLQHG
DW ���R& DW DPELHQW DWPRVSKHUH IRU �� K EHIRUH XVH�

'LHWK\O HWKHU� WROXHQH DQG WHWUDK\GURIXUDQ �7+)� �/DE 6FDQ� $5� ZHUH GULHG E\
UHIOX[LQJ RYHU VRGLXP DQG EHQ]RSKHQRQ XQWLO WKH EOXH NHW\O IRUPHG� 7KHUHDIWHU WKH
VROYHQWV ZHUH GLVWLOOHG XQGHU QLWURJHQ� (WKDQRO ZDV GULHG LQ D � O IODVN FRQWDLQLQJ � J
RI PDJQHVLXP WXUQLQJV� ��� J RI LRGLQH DQG �� PO RI HWKDQRO� 7KH PL[WXUH ZDV
ZDUPHG XQWLO D YLJRURXV UHDFWLRQ RFFXUUHG� WKHQ KHDWLQJ ZDV FRQWLQXHG IRU ∼��� K�
8S WR � O RI HWKDQRO ZDV DGGHG DQG WKH PL[WXUH UHIOX[HG IRU � K EHIRUH GLVWLOOLQJ WKH
HWKDQRO RII� 7KH HWKDQRO ZDV VWRUHG RQ �  PROHFXODU VLHYHV� &\FORKH[DQH ZDV GULHG
RYHU �  PROHFXODU VLHYHV IRU DW OHDVW �� K EHIRUH XVH�

3UHSDUDWLRQ RI IXOO\ K\GURO\VHG γ�$36
7KH γ�DPLQRSURS\O�WULPHWKR[\VLODQH ZDV K\GURO\VHG RQ D JODVV SODWH IRU ILYH

GD\V�

3UHSDUDWLRQ RI VLOLFD�LPPRELOLVHG VLODQHV

$SSUR[LPDWHO\ ��� J RI VLOLFD SRZGHU ZDV GLVSHUVHG LQ FD �� J GU\ VROYHQW ZLWK
FD � J RI γ�DPLQRSURS\O�WULPHWKR[\VLODQH� 7KH UHDFWLRQ PL[WXUH ZDV VWLUUHG IUH�
TXHQWO\ RYHUQLJKW DW URRP WHPSHUDWXUH LQ RUGHU WR HQVXUH D IXOO DGVRUSWLRQ WR WKH VXU�
IDFH �UDSLG� DV ZHOO DV DQ DEVRUSWLRQ RQWR WKH SRURXV LQWHULRU �VORZ� RI WKH SDUWLFOHV
>�@� 7KHUHDIWHU WKH SDUWLFOHV ZHUH ILOWHUHG DQG ZDVKHG H[KDXVWLYHO\ ZLWK VROYHQW� 7KH
SURGXFW ZDV GULHG IRU � K LQ YDFXXP DW ��R&�
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&KDUDFWHULVDWLRQ

'5,)7 VSHFWURVFRS\ PHDVXUHPHQWV

6DPSOHV IRU GLIIXVH UHIOHFWDQFH LQIUDUHG )RXULHU WUDQVIRUP �'5,)7� VSHFWURVFRS\
ZHUH PDGH E\ PL[LQJ DSSUR[LPDWHO\ ��� Z�Z VDPSOH ZLWK GU\ .%U LQ D :LJ�/�%XJ
FDSVXOH IRU � PLQ ZLWKRXW WKH PHWDO EDOO� 7KH .%U PL[HG VDPSOH ZDV ILOOHG LQ WKH
'5,)7 VDPSOH FXS E\ JHQWOH WDSSLQJ�

$ 3HUNLQ (OPHU 6SHFWUXP ���� HTXLSSHG ZLWK DQ 0&7 GHWHFWRU ZDV XVHG IRU WKH
'5,)7 PHDVXUHPHQWV� 7KH VSHFWUDO UHVROXWLRQ ZDV � FP±�� DQG ��� VFDQV ZHUH DFFX�
PXODWHG IRU HDFK VSHFWUXP�

(OHPHQWDO DQDO\VLV

$ 3HUNLQ (OPHU &+16�2 6HULH ,, ���� ZDV XVHG IRU HOHPHQWDO DQDO\VLV �($��
7KH VDPSOH LV KHDWHG WR ���R& DQG WKH JDVHV DUH DQDO\VHG DW D VRPHZKDW ORZHU WHP�
SHUDWXUH� 7KH UHODWLYH SHUFHQWDJH RI & DQG 1 ZDV PHDVXUHG DQG UHSRUWHG�

7KHUPRJUDYLPHWULF PHDVXUHPHQWV

$ 1HW]VFK 7KHUPR 0LFUREDODQFH 7* ��� LV XVHG IRU WKHUPRJUDYLPHWULF �7*�
PHDVXUHPHQWV� 7KH VDPSOH ZDV ILUVW SUH�WUHDWHG DW ��R& IRU � K WR UHPRYH SK\VLVRU�
EHG ZDWHU� $IWHU WKLV WKH WHPSHUDWXUH ZDV UDLVHG ZLWK �R& SHU PLQ WR ���R&� ZKHUH
WKH VDPSOH LV NHSW IRU �� PLQ� 1LWURJHQ DW D IORZ RI �� PO PLQ±� LV XVHG DV SXUJH JDV�
7KH VDPSOH PDVV LV W\SLFDOO\ EHWZHHQ ��� DQG ��� PJ�

5HVXOWV�DQG�GLVFXVVLRQ

,QIUDUHG VSHFWURVFRS\� '5,)7�PHDVXUHPHQWV

%HIRUH WKH VSHFWURVFRSLF DQDO\VLV WKH PRGLILHG VXEVWUDWH KDV WR EH FXUHG RU GULHG�
7KH FXULQJ RU GU\LQJ PD\ FDXVH GHVRUSWLRQ RI ZDWHU DQG�RU FRQGHQVDWLRQ RI WKH DG�
VRUEHG PROHFXOHV� WKXV FKDQJLQJ WKH VWUXFWXUH RI WKH PRGLILHG VXUIDFH� $V D FRQVH�
TXHQFH� QR GDWD RQ WKH DGVRUSWLRQ PHFKDQLVP LQ WKH ORDGLQJ VWHS FDQ EH REWDLQHG� ,W
LV LPSRUWDQW WR EH DZDUH RI WKH GLVWLQFWLRQ EHWZHHQ WKH ORDGLQJ DQG FXULQJ VWHS� :DG�
GHO HW DO� >�@ KDYH VKRZQ WKDW RYHQ FXULQJ LQFUHDVH WKH VWDELOLW\ RI WKH SURGXFW� 7KH\
VKRZHG WKDW D FXULQJ WLPH RI � K DW ��R& LV H[SHFWHG WR EH VXIILFLHQW WR WUDQVIRUP DOO
K\GURJHQ ERQGV EHWZHHQ γ�$36 DQG VLOLFD WR FRYDOHQW ERQGV� WKXV SURYLGLQJ D PRUH
DFFXUDWH DQDO\VLV RI WKH DPRXQW DGVRUEHG� $GVRUSWLRQ LVRWKHUPV VKRZ WKDW WKH
DPRXQW XVHG WR WUHDW VLODQHV FRUUHVSRQG WR D PXOWLOD\HU VLOR[DQH ILOP RQ WKH VLOLFD
VXUIDFH >�D� �@�

7KH EDQGV DW ���� DQG ���� FP±� LQ )LJ� � DUH WKH DV\PPHWULF DQG V\PPHWULF
VWUHWFKLQJ RI WKH 1+� JURXS RI DGVRUEHG γ�$36� UHVSHFWLYHO\� 7KH FRUUHVSRQGLQJ YDO�
XHV IRU IXOO\ K\GURO\VHG γ�$36 DUH ���� UHVSHFWLYHO\ ���� FP±�� +\GURJHQ ERQGLQJ
VKLIWV WKHVH VWUHWFKLQJ YLEUDWLRQ EDQGV EHORZ ���� DQG ���� FP±�� UHVSHFWLYHO\ >�E@�
7KLV LQGLFDWHV WKH IRUPDWLRQ RI D SRO\PHULVHG DPLQRSURS\OVLOR[DQH IRU IXOO\ K\GUR�
O\VHG γ�$36� )RU DGVRUEHG γ�$36 WKHUH LV VRPH SRO\PHULVDWLRQ DQG LQWHUDFWLRQ EH�
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WZHHQ 6L±2+ JURXSV RI VLOLFD DQG 1+� WKURXJK K\GURJHQ ERQGLQJ� ,W LV DOVR FODLPHG
WKDW VXUIDFH ZDWHU SURPRWHV DPLQH±VXUIDFH LQWHUDFWLRQV DQG RULHQWV WKH DPLQR PRLH�
WLHV WRZDUGV WKH VXUIDFH >�E@�

=HUR RU EODQN VDPSOHV� L�H� RQO\ VROYHQW DQG VLOLFD� VKRZ QR GLIIHUHQFH LQ WKH
'5,)7 VSHFWUD FRPSDUHG WR WKH VSHFWUD RI SXUH FDOFLQHG VLOLFD� 7KHUHIRUH ZH FRQ�
FOXGH WKDW QR WROXHQH� F\FORKH[DQH� QRU HWKHU LV DGVRUEHG� )RU 7+)� ZH FDQ GHWHFW D
SHDN DW ���� FP±� LQ WKH EODQN VDPSOH� $V γ�$36 LV DGVRUEHG� WKLV SHDN GLVDSSHDUV�
7KHUHIRUH ZH FRQFOXGH WKDW QR 7+) LV DGVRUEHG� 7KH SHDN DW ���� FP±� LQ )LJ� � LV
DVVLJQHG WKH 2&+�&+� JURXS� DQG LQGLFDWHV WKDW HWKDQRO LV DGVRUEHG RQ WR WKH VLOLFD
VXUIDFH� )RU HWKDQRO� WKLV SHDN LV FOHDUO\ YLVLEOH ERWK IRU WKH EODQN WHVW DQG DIWHU γ�
$36 LV DGVRUEHG�

)RU D VXFFHVVIXO TXDQWLWDWLYH DQDO\VLV ZLWK '5,)7 WKHUH KDV WR EH D OLQHDU UHOD�
WLRQVKLS EHWZHHQ WKH UHODWLYH UHIOHFWDQFH IXQFWLRQ DQG WKH FRQFHQWUDWLRQ RI WKH VDP�
SOH� )XUWKHUPRUH� WKH SHDN DUHD VKRXOG EH GHSHQGHQW RQ WKH SDUWLFOH VKDSH� VL]H DQG
SDFNLQJ GHQVLW\ >�@� 7KH VDPSOH KDV WR EH KRPRJHQHRXV DIWHU GLVSHUVLQJ ZLWK .%U

)LJ� � $ QRUPDO DQG H[SDQGHG '5,)7 VSHFWUXP RI FDOFLQHG VLOLFD� IXOO\ K\GURO\VHG γ�$36�
DQG γ�$36 DGVRUEHG RQWR VLOLFD IURP F\FORKH[DQH� HWKDQRO� HWKHU� WHWUDK\GURIXUDQH
DQG WROXHQH
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DQG WKH VDPSOH KHLJKW KDV WR EH XQLIRUP LQ WKH '5,)7 DFFHVVRU\� ,Q RUGHU WR PHHW
WKHVH UHTXLUHPHQWV WKH VDPSOH SUHSDUDWLRQ ZDV UHSHDWHG IRU DW OHDVW ILYH WLPHV DQG LQ�
GHHG UHSURGXFLEOH DONDQH� VLOLFD UDWLRV ZHUH REWDLQHG� DV VKRZQ LQ 7DEOH ��

0XUWK\ HW DO� >�@ XVHG WKH .XEHOND�0XQN IXQFWLRQ WR UHODWH UHIOHFWDQFH UHVSRQVH
WR WKH VDPSOH FRQFHQWUDWLRQ� 6P\UO HW DO� >�@ RQ WKH RWKHU KDQG� FODLP WKDW WKH
.XEHOND�0XQN IXQFWLRQ VXSSUHVVHV ZHDN SHDNV LQ IDYRXU RI WKH PRUH LQWHQVH SHDNV
DQG LQWURGXFHG DQ RZQ IXQFWLRQ� :H IRXQG WKDW QHLWKHU WKH .XEHOND�0XQN DOJRULWKP
QRU WKH IXQFWLRQ LQWURGXFHG E\ 6P\UO HW DO� ZDV VXLWDEOH IRU XV� 3RUUR DQG 3DWWDFLQL
>��@ KDYH REWDLQHG TXDQWLWDWLYH UHVXOWV ZLWK '5,)7 RI VLODQH WUHDWHG FOD\V ZLWKRXW
XVLQJ WKH .XEHOND�0XQN FRUUHFWLRQ� 7KH NH\ WR WKHLU VXFFHVV ZDV WR XVH VDPSOHV
ZLWK ORZ FRQFHQWUDWLRQ DQG FRQVHTXHQWO\ ORZ DEVRUEDQFH�

,QYHVWLJDWLRQV RI WKH HIIHFW RI VLOLFD SDUWLFOH VL]H RQ WKH '5,)7 VSHFWUXP LQGLFDWH
WKDW WKH LQWHQVLW\ RI WKH 6L±2±6L FRPELQDWLRQ EDQG DW ���� FP±� ZDV WKH OHDVW DI�
IHFWHG E\ SDUWLFOH VL]H >�@� +HQFH� LW ZDV FKRVHQ DV WKH UHIHUHQFH EDQG� :H IRXQG WKDW
WKH XQFRQYHUWHG DEVRUEDQFH IRU WKH VXP RI WKH SHDN DUHDV DW ���� DQG ���� FP±�ZDV
WKH PRVW VXLWDEOH IRU DONDQH TXDQWLILFDWLRQ� 7KHVH EDQGV DUH DVVLJQHG DV WKH V\PPHW�
ULF DQG WKH DV\PPHWULF VWUHWFKLQJ YLEUDWLRQV UHVSHFWLYHO\ RI WKH &+� JURXSV LQ WKH
SURS\O FKDLQ >�@�

(OHPHQWDO DQDO\VLV

,Q HOHPHQWDO DQDO\VLV �($� WKH VDPSOH LV FRPEXVWHG DQG WKH EXUQ�RII SURGXFWV DQ�

DO\VHG� 7KH UHODWLYH SHUFHQWDJHV RI & DQG 1 DUH UHSRUWHG� )URP WKH SHUFHQWDJH� WKH

DPRXQW RI VLODQH SHU JUDP RI PRGLILHG VLOLFD PD\ EH GHULYHG GLUHFWO\� 7R FDOFXODWH

WKH VLODQH ORDGLQJ SHU JUDP RI SXUH VLOLFD� WKH PRODU PDVV RI WKH GHSRVLWHG PROHFXOH

LV QHHGHG� γ�$36 PD\ EH GHSRVLWHG LQ IRXU FRQILJXUDWLRQV� 7KH WULPHWKR[\VLODQH

JURXS FDQ EH DGVRUEHG HLWKHU LQ PRQR�� EL�� RU WULGHQWDWH IRUP WR WKH VLOLFD VXUIDFH RU

WKH DPLQH JURXS PD\ ERXQG WR WKH VXUIDFH� (DFK FRQILJXUDWLRQ KDV XQHTXLYRFDOO\

GHILQHG PRODU PDVVHV� :DGGHO HW DO� >�@ VXJJHVWHG D ERQGLQJ PRGHO ZKHUH

−&+�&+�&+�1+� VWLFNV XS IURP WKH VLOLFD VXUIDFH� &HVWDUL DQG $LUROGL >��@ DOVR

FODLP WKDW DPLQRSURS\O LV UHOHDVHG GXULQJ KHDWLQJ� 7KH\ FRQFOXGHG WKDW WKH PRODU

&�1 UDWLR LV ��� IRU HWKDQRO DQG YDULHV EHWZHHQ ���±��� IRU WKH RWKHU VROYHQWV�

7DEOH � 7KH DFFXUDF\ RI WKH UHVXOWV REWDLQHG ZLWK '5,)7 VSHFWURVFRS\

6ROYHQW $DONDQH�$6L 6W�GHY�
1RUPDOLVHG

�$DONDQH�$6L�

F\FORKH[DQH ���� ����� ����

GLHWK\O HWKHU ���� ����� ����

HWKDQRO ���� ����� ����

WROXHQH ���� ����� ����

WHWUDK\GURIXUDQH ���� ����� ����
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)URP WKH PRGHOV VXJJHVWHG LW PD\ EH DVVXPHG WKDW �+ DQG �& DWRPV SHU 1�DWRP
�L�H� DQ DPLQRSURS\O JURXS� LV GHVRUEHG XSRQ KHDWLQJ� 7KH DPRXQW RI γ�$36 DG�
VRUEHG FDQ WKXV EH HVWLPDWHG XVLQJ (T� ��D��

ZW� �γ�$36� >&�1⋅0:�&��0:�1���⋅0:�+�⋅ ZW��1���� ��D�

ZW� �γ�$36� >�⋅0:�±�&+���1+����&�1���⋅0:�±�2&+��@ZW��1���� ��E�

7KH UHVXOWV DUH FROOHFWHG LQ 7DEOH ��

+RZHYHU� VLQFH WKH &�1�UDWLR H[FHHGV WKH QXPEHU ��� H[SHFWHG IRU D SURS\O
JURXS� WKH H[FHVV PDVV WKHUPDOO\ GHVRUEHG PXVW FRQWDLQ FRQWULEXWLRQV IURP XQK\�
GURO\VHG PHWKR[\ JURXSV� :H KDYH� LQGHHG� EHHQ DEOH WR LGHQWLI\ D VPDOO DPRXQW RI
VXFK JURXSV LQ VHHPLQJO\ IXOO\ K\GURO\VHG γ�$36 VROXWLRQV XVLQJ �+�105 �305��
7KH DPRXQW VLODQH DGVRUEHG PD\ WKXV EH FRUUHFWHG WR DFFRXQW IRU ERWK WKH DPLQR�
SURS\O JURXS �0:≈�� J PRO±�� DQG WKH PHWKR[\ JURXS �0:≈�� J PRO±�� DV GRQH LQ
(T� ��E�� 7KH UHVXOWV DUH UHSURGXFHG LQ 7DEOH ��

7KHUPRJUDYLPHWULF DQDO\VHV

$ WHPSHUDWXUH SURJUDPPH ZKHUH WKH VDPSOH ZDV ILUVW SUH�WUHDWHG DW ��R& IRU � K
WR UHPRYH SK\VLVRUEHG ZDWHU ZDV XVHG LQ WKH H[SHULPHQWV� $IWHU WKLV WKH WHPSHUDWXUH
ZDV UDLVHG ZLWK �R& SHU PLQ WR ���R&� ZKHUH WKH VDPSOH LV NHSW IRU �� PLQ� 7KH PDVV
ORVV LV FDOFXODWHG EHWZHHQ WKH LVRWKHUPDO VHJPHQWV DW �� DQG ���R&� &DOFLQHG VLOLFD
LV XVHG DV UHIHUHQFH� DQG WKH PDVV ORVV EHWZHHQ ��� DQG ���R& LV VXEWUDFWHG IURP WKH
REWDLQHG UHVXOW� 7KH PDVV ORVVHV REVHUYHG DUH SUHVHQWHG LQ )LJ� �� 7KH UHSHDWDELOLW\
RI WKH 7* PHDVXUHPHQWV ZDV YHU\ JRRG� WZR PHDVXUHPHQWV GLIIHU DW WKH PRVW E\ ���

7KH KHDW WUHDWPHQW ZLOO VXFHVVLYHO\ UHPRYH WKH VROYHQW� WKH LVRODWHG 2+ JURXSV
DQG WKH K\GURJHQ ERQGHG 2+ IURP WKH VLOLFD >��@� $W ���R& QR PDVV ORVV LV RE�
VHUYHG� 7KHUHIRUH ZH FRQFOXGH WKDW DOO RUJDQLF VXEVWDQFH LV GHVRUEHG� ZKLFK DOVR
DJUHHV ZLWK RXU '5,)7 PHDVXUHPHQWV� LOOXVWUDWHG LQ )LJ� ��

$ VXPPDU\ RI WKH WKHUPDO DQDO\VLV UHVXOWV LV JLYHQ LQ 7DEOH �� ,W LV REYLRXV WKDW D
UHDVRQDEO\ JRRG FRUUHODWLRQ LV IRXQG ZLWK WKH '5,)7 DQG WKH HOHPHQWDO DQDO\VLV UH�
VXOWV� ,Q RUGHU WR UDWLRQDOLVH WKH UHVXOWV WKH DPRXQW γ�$36 DGVRUEHG ZDV FRPSDUHG

7DEOH � :W� γ�$36 DGVRUEHG RQWR VLOLFD FDOFXODWHG DFFRUGLQJ WR (TV ��D DQG E�
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ZLWK WKH VROXELOLW\ SDUDPHWHU RI WKH VROYHQWV �7DEOH ��� ,W KDV UHFHQWO\ EHHQ VKRZQ >��@
WKDW D SRRU DGVRUSWLRQ RI VLODQH LV UHODWHG WR D VPDOO GLIIHUHQFH EHWZHHQ WKH VROXELOLW\ SD�
UDPHWHU RI WKH VLODQH DQG WKH VROYHQW� UHVSHFWLYHO\� 7KH UHDVRQ LV WKDW LI WKH VLODQH LV WKH
HIIHFWLYHO\ VROYDWHG E\ WKH VROYHQW WKHUH LV QR GULYLQJ IRUFH IRU DGVRUSWLRQ� 7KH DEVROXWH
YDOXH RI WKH GLIIHUHQFH LQ VROXELOLW\ SDUDPHWHUV DUH FORVHO\ UHODWHG WR WKH HQWKDOSLF RU WKH
DFWLYLW\ IDFWRU FRQWULEXWLRQ WR WKH UHJXODU VROXWLRQ *LEEV IUHH HQHUJ\ >��@� )RU WKH VRO�
YHQWV LQYHVWLJDWHG WKH VROXELOLW\ SDUDPHWHU JURZV LQ WKH IROORZLQJ VHTXHQFH� GLHWK\O
HWKHU �����⋅��±� √- P±��� F\FORKH[DQH �����⋅��±� √- P±��� WROXHQH �����⋅��±� √- P±���
WHWUDK\GURIXUDQH �����⋅��±�√- P±��� DQG HWKDQRO �����⋅��±�√- P±��� $ FDOFXODWLRQ RI
WKH VROXELOLW\ SDUDPHWHU RI γ�$36 PD\ EH GRQH E\ VXPPLQJ XS WKH FRQWULEXWLRQV RI
WKH JURXSV >��@� 7KH YDOXH IRXQG ZDV �����⋅��±�√- P±� ZKLFK IDOOV EHWZHHQ F\FOR�
KH[DQH DQG WHWUDK\GURIXUDQH� ,Q 7DEOH � WKH PDVV γ�$36 DGVRUEHG LV DUUDQJHG LQ RU�
GHU RI WKH PDJQLWXGH RI WKH GLIIHUHQFH LQ VROLELOLW\ SDUDPHWHU EHWZHHQ WKH γ�$36 DQG
WKH VROYHQW� 7KH UHODWLYH PDVV DGVRUEHG LV QRUPDOLVHG E\ GLYLGLQJ HDFK YDOXH ZLWK
WKH PDVV DGVRUEHG IURP WROXHQH�

)LJ� � 0DVV ORVV DV D IXQFWLRQ RI WHPSHUDWXUH IRU SXUH VLOLFD DQG VLOLFD ZLWK γ�$36 DGVRUEHG
IURP GLIIHUHQW VROYHQWV

)LJ� � '5,)7 VSHFWUD RI γ�$36 DGVRUEHG RQWR VLOLFD DQG WKHUPDOO\ GHVRUEHG XS WR ���
R
&
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7KH UHVXOWV VHHPV WR EH TXLWH UHDVRQDEOH� VLQFH LW LV ZHOO NQRZQ WKDW WROXHQH DQG
WHWUDK\GURIXUDQH DUH SDUWLFXODUO\ JRRG VROYHQWV IRU VLODQHV� 7KH F\FORKH[DQH LV� LQ
WKH OLJKW RI WKHVH UHVXOWV� VWLOO DFFHSWDEOH �∆_δ_�� �- P±�����⋅��±��� ZKLOH WKH VROYDWLRQ
GLPLQLVKHV IURP GLHWK\O HWKHU WR HWKDQRO�

$OWKRXJK WKH RYHUDOO WUHQG LV FOHDU WKHUH DUH VRPH DFFLGHQWDO GLVFUHSDQFLHV IRXQG
GHSHQGLQJ RQ WKH PHWKRG XVHG� 7KH EHVW FRUUHODWLRQ ZLWK WKH VROXELOLW\ SDUDPHWHU LV
REWDLQHG IRU WKHUPRJUDYLPHWU\� '5,)7 DQG HOHPHQWDO DQDO\VLV �(T� ��D�� DJUHH
FORVHO\ VKRZLQJ RQO\ RQH GLVFUHSDQF\ ZKLFK PD\ EH GXH WR WKH GLIIHUHQW H[SHULPHQ�
WDO FRQGLWLRQV� 7KH HOHPHQWDO DQDO\VLV FRUUHFWHG IRU WKH PHWKR[\ JURXS DGVRUSWLRQ
�(T� ��E�� ZDV OHVV VXFFHVVIXO LQ UHSURGXFLQJ WKH JHQHUDO WUHQG�

7KH VSHFLDO IHDWXUH RI WKH HWKDQRO V\VWHP LV SDUWLFXODUO\ DSSDUHQW DQG UHTXLUHV
IXUWKHU DQDO\VLV� 6LQFH WKH WHUPRJUDYLPHWU\ JDYH WKH PRVW VWUDLJKWIRUZDUG UHVXOW WKH
PDVV ORVV ZDV GHULYHG ZLWK UHVSHFW WR WKH WHPSHUDWXUH DQG SORWWHG ZLWK WKH SXUH FDO�
FLQHG VLOLFD DQG WROXHQH V\VWHP DV D UHIHUHQFH YV� WKH KHDWLQJ WHPSHUDWXUH�

7KH GHVRUSWLRQ RI ZDWHU RFFXUV DW ���±���R& DQG WKH GHVRUSWLRQ RI γ�$36
UHDFKHV D PD[LPXP DW FD� ���R&� $V VKRZQ LQ )LJ� � YHU\ VPDOO GLIIHUHQFHV ZHUH
IRXQG EHWZHHQ WKH WROXHQH DQG WKH RWKHU VROYHQW V\VWHPV� +RZHYHU� VLQFH F\FORKH[�
DQH LV D OHVV JRRG VROYHQW WKDQ WROXHQH WKH DPRXQW RI γ�$36 GHVRUEHG DW ���±���R&
LQFUHDVHV� 7KH RSSRVLWH LV WUXH IRU WHWUDK\GURIXUDQH� ZKHUH WKH PDVV ORVV LV VPDOOHU
WKDQ IRU WKH WROXHQH V\VWHP� )RU WKH GLHWK\O HWKHU V\VWHP D FRQVLGHUDEOH EURDGHQLQJ
RI WKH WKHUPDO SHDN LV REVHUYHG LQGLFDWLQJ D UDQJH RI ELQGLQJ VWDWHV� ZKLFK PD\ H[�
SODLQ WKH HQKDQFHG DGVRUSWLRQ� )LQDOO\� IRU HWKDQRO WKH PDLQ SHDN KDV VKLIWHG WR
DURXQG ���R&� 0RVW SUREDEO\ D FRQVLGHUDEOH DPRXQW RI HWKDQRO FRDGVRUEV WR WKH VLO�
LFD SDUWLFOHV GLVSODFLQJ D SDUW RI WKH γ�$36 IURP WKH VXUIDFH� 7KLV ZDV DOVR DSSDUHQW
IURP WKH '5,)7 VSHFWUD �)LJ� ��� &RQVHTXHQWO\ WKH PDVV RI γ�$36 GHVRUEHG GLPLQ�
LVKHV �7DEOH ��� +RZHYHU� VLQFH HWKDQRO DGVRUEHG RQ WKH SXUH VLOLFD SDUWLFOHV LV FRP�
SOHWHO\ GHVRUEHG GXULQJ WKH GU\LQJ ���R&� � K� YDF�� DQG WKH SUHKHDWLQJ ���R&� � K�
VWDJHV HLWKHU WKH HWKDQRO LV LQWHUFDODWHG LQ WKH VLODQH QHWZRUN RU WKHQ WKH VLODQH ILOP VWUXF�
WXUH LV VWURQJO\ PRGLILHG E\ WKH HWKDQRO� $ UHDUUDQJHPHQW RI WKH VLODQH QHWZRUN E\
PHWKDQRO ZDV REVHUYHG LQ D SUHYLRXV LQYHVWLJDWLRQ >��@� 6LQFH WKH VROXELOLW\ SDUDPHWHU
LV HQKDQFHG WKH PRUH FRQGHQFHG WKH VLODQH LV� HWKDQRO DQG PHWKDQRO EHFRPH VXSHULRU
VROYHQWV IRU WKH SRO\PHULVHG VSHFLHV� &RQVHTXHQWO\� QRW RQO\ WKH DEVROXWH YDOXH RI
WKH GLIIHUHQFH EHWZHHQ WKH VROXELOLW\ SDUDPHWHUV� EXW DOVR WKH VLJQ LV LPSRUWDQW�

7DEOH � :W� DGVRUEHG γ�$36 RQ VLOLFD PHDVXUHG ZLWK GLIIHUHQW PHWKRGV UHODWHG WR WKH GLIIHUHQFH
EHWZHHQ WKH VROXELOLW\ RI WKH γ�$36 DQG WKH VROYHQWV

6ROYHQW 7*
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&RQFOXVLRQV

7KHUH LV D UDWKHU JRRG DJUHHPHQW EHWZHHQ WKH UHVXOWV REWDLQHG ZLWK WKHUPR�
JUDYLPHWU\� HOHPHQWDO DQDO\VLV DQG '5,)7 VSHFWURVFRS\� GHVSLWH WKH ZLGHO\ YDU\LQJ
PHWKRGV RI DQDO\VLV�

7KH DGVRUSWLRQ VHHPV WR EH SULPDULO\ GHSHQGHQW RQ WKH VROYDWLRQ RI WKH γ�$36 E\
WKH VROYHQW� 7KH DEVROXWH GLIIHUHQFH EHWZHHQ WKH VROXELOLW\ SDUDPHWHU RI WKH VLODQH
DQG WKH VROYHQW PD\ WKXV EH XVHG WR SUHGLFW UHODWLYH VROXELOLWLHV DQG�RU SUREDELOLW\ IRU
DGVRUSWLRQ�

7KHUPRJUDYLPHWULF DQDO\VLV ZDV SDUWLFXODUO\ XVHIXO ZKHQ GLVWLQJXLVKLQJ WKH GLI�
IHUHQW DGVRUSWLRQ PHFKDQLVPV� 7KH PDVV ORVV LQGLFDWHV D FRPSHWLWLYH DGVRUSWLRQ RI
HWKDQRO RU D UHDUUDQJHPHQW RI WKH γ�$36 QHWZRUN DV DOVR VKRZQ LQ WKH '5,)7 VSHF�
WUXP�

  

)LQDQFLDO VXSSRUW IURP WKH $FDGHP\ RI )LQODQG DQG WKH *UDGXDWH 6FRRO RI 0DWHULDOV 5HVHDUFK

LV JUDWHIXOO\ DFNQRZOHGJHG� :H DOVR ZDQW WR WKDQN 0V� 7LLQD %XVV IRU WKH HOHPHQWDO DQDO\VLV�

5HIHUHQFHV

� *� 7� :DGGHO� '� (� /H\GHQ DQG 0� 7� 'H%HOOR� -� $P� &KHP� 6RF�� ��� ������ �����
� .� &� 9UDQNHQ� 3� 9DQ 'HU 9RRUW� ,� *LOOLV�'p+DPHUV� (� )� 9DQVDQW DQG 3� *UREHW� -� &KHP�

6RF� )DUDGD\ 7UDQV�� �� ������ �����
� $� 6� 3LHUV DQG &� +� 5RFKHVWHU� -� &ROORLG ,QWHUIDFH 6FL�� ��� ������ ���
� (� 7� 9DQGHQEHUJ� /� %HUWLOVVRQ� %� /LHGEHUJ� .� 8YGDO� 5� (UODQGVVRQ� +� (OZLQJ DQG ,�

/XQGVWUÒP� -� &ROO� ,QWHUI� 6FL�� ��� ������ ����
� 6� 1DYLURM� 6� 5� &XOOHU� -� /� .RHQLJ DQG +� ,VKLGD� -� &ROO� ,QWHUI� 6FL�� �� ������ ����
� (� )� 9DQVDQW� 3� 9DQ 'HU 9RRUW DQG .� &� 9UDQFNHQ� &KDUDFWHULVDWLRQ DQG &KHPLFDO 0RGL�

ILFDWLRQ RI WKH 6LOLFD 6XUIDFH� (OVHYLHU ����� D� S� ���� E� S� ����
� -� %ÀFNPDQ� 7� (NOXQG DQG -� %� 5RVHQKROP� 6LODQHV DQG 2WKHU $GKHVLRQ 3URPRWHUV� �.�

/� 0LWWDO DQG 5� +� /DFRPEH� (GV��� LQ SUHVV�
� 5� 6� 6� 0XUWK\� -� 3� %OLW] DQG '� (� /H\GHQ� $QDO� &KHP�� �� ������ �����
� 1� 5� 6P\UO� (� /� )XOOHU DQG *� 3� 3RZHOO� $SSO� 6SHF�� �� ������ ���
�� 7� -� 3RUUR DQG 6� &� 3DWWDFLQL� $SSO� 6SHF�� �� ������ �����
�� $� 5� &HVWDUL DQG &� $LUROGL� -� 7KHUPDO $QDO�� �� ������ ���
�� 6� +DXNND� (��/� /DNRPDD DQG $� 5RRW� -� 3K\V� &KHP�� �� ������ �����

�� $� (� (� -RNLQHQ� 3� -� 0LNNROD� -� *� 0DWLVRQV DQG -� %� 5RVHQKROP� -� &ROORLG ,QWHUIDFH
6FL�� ��� ������ ����

�� .� 6KLQRGD� 3ULQFLSOHV RI 6ROXWLRQ DQG 6ROXELOLW\� �WUDQVO� 3� %HFKHU�� 0DUFHO 'HNNHU� ,QF�
1HZ <RUN �����

�� $� )� 0� %DUWRQ� +DQGERRN RI 6ROXELOLW\ 3DUDPHWHUV DQG 2WKHU &RKHVLRQ 3DUDPHWHUV� &5&
3UHVV� %RFD 5DWRQ �����
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