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 DQG .\XQJ +HH +RQJ

'HSDUWPHQW RI &KHPLVWU\� 6RRQJ 6LO 8QLYHUVLW\� 6HRXO �������� .RUHD

5HFHLYHG )HEUXDU\ �� ����

7KH FRPSRXQGV WULV�K\GUR[\PHWK\O�DPLQRPHWKDQH �WULV��

ELV���K\GUR[\HWK\O�LPLQRWULV�K\GUR[\PHWK\O�PHWKDQH �ELV�

WULV� DQG ����ELV�WULV�K\GUR[\PHWK\O�PHWK\ODPLQR�SURSDQH

�ELVWULVSURSDQH� DUH RIWHQ XVHG DV EXIIHU PDWHULDOV LQ ELR�

FKHPLFDO VWXGLHV� 7KHVH FRPSRXQGV DUH DOVR JRRG FRPSOH[�

LQJ DJHQWV� 7KH HTXLOLEULXP FRQVWDQWV RI FRPSOH[HV IRUPHG

IURP WULV DQG YDULRXV PHWDO LRQV KDYH EHHQ UHSRUWHG�� 0HWDO

FRPSOH[HV RI ELVWULV KDYH EHHQ LQYHVWLJDWHG����7KH FRPSOH[�

LQJ SURSHUWLHV RI ELVWULVSURSDQH �EWS� KDYH EHHQ ILUVW LQYHVWL�

JDWHG TXDQWLWDWLYHO\ZLWK &X�,,� LRQ��

([SHULPHQWDO 6HFWLRQ

7KH QLFNHO�,,� QLWUDWH XVHG LQ WKLV VWXG\ ZDV WKH ¨�������©

JUDGH IURP $OGULFK &KHPLFDO &RPSDQ\� 7KH VWRFN VROXWLRQ

RI WKLV VDOW ZDV VWDQGDUGL]HG E\ FRPSOH[RPHWU\� 7KH EWS

XVHG ZDV WKH ¨����© JUDGH DOVR IURP $OGULFK� $Q 2ULRQ

5HVHDUFK ($���� ([SDQGDEOH ,RQ $QDO\]HU HTXLSSHG ZLWK D

5RVV ����� FRPELQDWLRQ S+ HOHFWURGH ZDV XVHG� 7KH K\GUR�

JHQ LRQ FRQFHQWUDWLRQ ZDV REWDLQHG IURP WKH PHDVXUHG S+

E\ XVLQJ WKH DFWLYLW\ FRHIILFLHQW FDOFXODWHG E\ WKH 'DYLHV

HTXDWLRQ� DW WKH LRQLF VWUHQJWK HPSOR\HG KHUH� 7KH K\GUR[�

LGH LRQ FRQFHQWUDWLRQ ZDV REWDLQHG E\ XVLQJ WKH YDOXH RI

����� IRU S.Z RI ZDWHU��6ROXWLRQV RI 1L�12���� EWS DQG +&O

LQ DSSURSULDWH PRODU UDWLRV ZHUH WLWUDWHG ZLWK VWDQGDUG

1D2+ VROXWLRQ� $OO WLWUDWLRQV ZHUH GRQH XVLQJ �� P/ WHVW

VROXWLRQV DW ���� � ��� R&� 7KH HOHFWURQLF DEVRUSWLRQ VSHFWUD

ZHUH REWDLQHG ZLWK 6KLPDG]X 89�����3& VSHFWURSKRWRPH�

WHU XVLQJ ��FP TXDUW] FHOOV�

5HVXOWV DQG 'LVFXVVLRQ

7KH HTXLOLEULXP GDWD IRU EWS DQG LWV 1L�,,� FRPSOH[ V\V�

WHPV DUH JLYHQ LQ )LJXUH �� 7KH LQLWLDO EWS�+&O PRODU UDWLR LV

� � � DW WKH VWDUW RI WKH WLWUDWLRQ IRU DOO WKH V\VWHPV� &XUYH � LV

IRU EWS� )RU &XUYHV �� � DQG �� WKH PHWDO�OLJDQG PRODU UDWLR LV

� � �� � � � DQG � � �� UHVSHFWLYHO\� 7KH VWURQJ LQIOHFWLRQ DW

D � IRU WKH � � � V\VWHP LQGLFDWHV IRUPDWLRQ RI WKH EWS �/�

FRPSOH[ 1L/�� LQ ODUJH SURSRUWLRQ� 7KLV FRPSOH[ IXUWKHU

UHDFWV ZLWK 1D2+� XQGHUJRLQJ DFLG GLVVRFLDWLRQ� DV LQ WKH

FDVH RI &X/��� +RZHYHU� WKH ILQDO LQIOHFWLRQ DW D ���� RI

&XUYH � RI )LJXUH � GRHV QRW FRLQFLGH ZLWK WKDW RI WKH

&X�,,��EWS � � � WLWUDWLRQ FXUYH� ZKLFK JLYHV ILQDO LQIOHFWLRQ

DW D �� 7KLV VKRZV WKDW D WRWDOO\ GLIIHUHQW W\SH RI FRPSOH[ LV

IRUPHG LQ WKH 1L�,,� V\VWHP� 7KH YDOXH RI ���� LQGLFDWHV WKDW

WULSO\ GHSURWRQDWHG GLQXFOHDU FRPSOH[ 1L�/�+��
� LV IRUPHG�

7KH ILQDO LQIOHFWLRQ SRLQWV RI &XUYHV � DQG � DJUHH ZLWK IRU�

PDWLRQ RI WKLV FRPSOH[� &XUYH � JLYHV ILQDO LQIOHFWLRQ DW

D ��� DQG &XUYH � DW D ������ 7KH UHDFWLRQV WDNLQJ SODFH

EHWZHHQ 1L�,,� DQG EWS LQ WKHVH VROXWLRQV DUH JLYHQ EHORZ�
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ZKHUH .�$ DQG .�% DUH WKH VXFFHVVLYH DFLG GLVVRFLDWLRQ FRQ�

VWDQWV RI WKH FRPSOH[ 1L/��� ,Q WKHVH H[SUHVVLRQV� WKH QHJD�

WLYH VXEVFULSW WR + LQGLFDWHV WKH QXPEHU RI SURWRQV GLVVRFLDWHG

IURP WKH QHXWUDO OLJDQG /� 7KH HTXLOLEULXP FRQVWDQWV ZHUH

HYDOXDWHG E\ WKH %(67 FRPSXWHU SURJUDP� DQG DUH JLYHQ LQ

7DEOH ��

7KH RYHUDOO SURWRQDWLRQ FRQVWDQW �β��Q� RI D SRO\DPLQH LV D

PHDVXUH RI LWV WRWDO EDVLFLW\ DQG WKHUHIRUH D PHDVXUH RI LWV

FRPSOH[ VWDELOLW\� 7KH WRWDO EDVLFLW\ �β���� GHFUHDVHV LQ JRLQJ

IURP HWK\OHQHGLDPLQH �HQ� WR 1����K\GUR[\HWK\O�HWK\OHQHGL�

DPLQH �KHQ� WR 1�1
�ELV���K\GUR[\HWK\O�HWK\OHQHGLDPLQH

�ELVKHQ�� 7KH VWDELOLW\ FRQVWDQWV �β���� RI FRPSOH[HV RI WKHVH

GLDPLQHV ZLWK 1L�,,� DOVR GHFUHDVH LQ JRLQJ IURP HQ WR KHQ WR

ELVKHQ� +RZHYHU� WKH GHFUHDVH LQ FRPSOH[ VWDELOLW\ LV VXE�

VWDQWLDOO\ VPDOOHU WKDQ WKDW LQ WRWDO EDVLFLW\ RI WKH OLJDQGV�

)LJXUH �� 3RWHQWLRPHWULF HTXLOLEULXP FXUYHV RI ELVWULVSURSDQH DQG
LWV 1L�,,� FRPSOH[ V\VWHPV� 7KH LQLWLDO FRQFHQWUDWLRQV DUH� &XUYH ��
����� P0 LQ EWS DQG ����� P0 LQ +&O� &XUYH �� ����� P0 LQ
1L�12���� ����� P0 LQ EWS DQG ����� P0 LQ +&O� &XUYH �� �����
P0 LQ 1L�12���� ����� P0 LQ EWS DQG ����� P0 LQ +&O� &XUYH ��
����� P0 LQ 1L�12���� ����� P0 LQ EWS DQG ����� P0 LQ +&O�
7LWUDWHG ZLWK ����� 0 1D2+� µ ��� 0 .12�� D PROHV RI 1D2+�
PROHV RI +&O�
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7KLV LQGLFDWHV FRRUGLQDWLRQ RI WKH K\GUR[\O JURXSV� 7KH GH�

FUHDVLQJ VWDELOLW\ RI WKH FRPSOH[HV LV DOVR GXH WR WKH QDWXUH

RI WKH IXVHG FKHODWH ULQJV IRUPHG E\ WKHVH OLJDQGV ZLWK

1L�,,�� 7KH OLJDQGV HQ� KHQ DQG ELVKHQ IRUP �� ��� DQG �����

PHPEHUHG ULQJV� UHVSHFWLYHO\� ZLWK LQFUHDVLQJ ULQJ VWUDLQ

ZKLFK FDXVHV GHVWDELOL]DWLRQ RI WKH FRPSOH[HV�

+RZHYHU� ZLWK ����SURS\OHQHGLDPLQH �SQ�� 1����K\GUR[\�

HWK\O������SURS\OHQHGLDPLQH �KSQ� DQG EWS� WKH RSSRVLWH WUHQG

ZDV REVHUYHG� 7KH WRWDO EDVLFLW\ �β���� GHFUHDVHV LQ JRLQJ

IURP SQ� WR KSQ� WR EWS� EXW WKH FRPSOH[ VWDELOLW\ LQFUHDVHV

LQ WKDW RUGHU �7DEOH ��� 7KH LQFUHDVLQJ VWDELOLW\ ZLWK LQFUHDV�

LQJ QXPEHU RI K\GUR[\O JURXSV LQ WKH OLJDQG LQGLFDWHV RSHUD�

WLRQ RI FKHODWH HIIHFW DULVLQJ IURP WKH FRRUGLQDWLRQ RI WKHVH

JURXSV� 7KH OLJDQGV SQ� KSQ DQG EWS IRUP �� ��� DQG �����

PHPEHUHG FKHODWH ULQJV� UHVSHFWLYHO\� 7KH DOWHUQDWLQJ ULQJ

VL]H EHWZHHQ � DQG � DWRPV LV EHOLHYHG WR UHGXFH VWHULF VWUDLQ

ZKLFK LV SUHVHQW LQ FKHODWHV ZLWK IXVHG ULQJV RI WKH VDPH

VL]H� H�J�� ���� ���� ����� RU ����� PHPEHUHG ULQJV����� 7KH

RYHUDOO SURWRQDWLRQ FRQVWDQW �ORJ β���� RI WULHWK\OHQHWHWUDPLQH

�������WHW�� ���������WHWUDD]DXQGHFDQH �������WHW� DQG ���������

WHWUDD]DWULGHFDQH �������WHW� DUH ������ ����� DQG ������ UH�

VSHFWLYHO\�� 7KH WRWDO EDVLFLW\ LV ODUJHVW IRU ������WHW� +RZ�

HYHU� ������WHW IRUPV WKH PRVW VWDEOH FKHODWHV� ������WHW WKH

OHDVW VWDEOH FKHODWHV� ������WHW� ������WHW DQG ������WHW IRUP ��

���� ����� DQG ����� PHPEHUHG FKHODWHV� UHVSHFWLYHO\� 7KXV�

WKH ����� PHPEHU FKHODWH LV WKH PRVW VWDEOH HYHQ WKRXJK WKH

OLJDQG �������WHW� WKDW IRUPV WKLV FKHODWH LV QRW WKH PRVW EDVLF�

7KH ¨H[WUD© VWDELOLW\ RI WKLV FKHODWH KDV EHHQ DVFULEHG WR WKH

VWHULF VWUDLQ LQ WKH PLGGOH ULQJ ZKLFK LV OHVV VWUDLQHG LQ ��

DWRP WKDQ LQ ��DWRP ULQJ���7KH WRWDO EDVLFLW\ RI EWS LV DERXW

WKH VDPH DV WKDW RI ELVKHQ� +RZHYHU� 1L�EWS��� LV PRUH VWDEOH

WKDQ 1L�ELVKHQ���� 7KLV LV EHFDXVH WKH IRUPHU KDV ����� FKH�

ODWH ULQJV ZKLOH WKH ODWWHU KDV ����� ULQJV� 6WUXFWXUDOO\ EWS

UHVHPEOHV ������WHW DQG ELVKHQ ������WHW�

6RPH FRRUGLQDWHG K\GUR[\O JURXSV� GXH WR WKH LQGXFWLYH

HIIHFW RI WKH SRVLWLYHO\ FKDUJHG PHWDO LRQ� H[KLELW DFLGLF SUR�

SHUW\� $Q [�UD\ VWXG\�� RQ WKH UHODWHG 1L�,,�� WULHWKDQRODPLQH

VROLG FRPSOH[ VKRZHG WKDW WKH PHWDO�WULHWKDQRODPLQH R[\�

JHQ GLVWDQFH LV VKRUWHU WKDQ WKH PHWDO�FRRUGLQDWHG ZDWHU R[\�

JHQ GLVWDQFH� 7KLV LQGLFDWHV WKDW WKH IRUPHU ERQG LV VWURQJHU

WKDQ WKH ODWWHU DQG WKHUHIRUH WKDW WKH K\GUR[\O K\GURJHQ RI

WULHWKDQRODPLQH LV PRUH DFLGLF WKDQ WKH ZDWHU K\GURJHQ� 7KHUH�

IRUH� ZKHQ WKLV FRPSOH[ UHDFWV ZLWK EDVH� WKH K\GUR[\O K\GUR�

JHQ RI WULHWKDQRODPLQH ZRXOG GLVVRFLDWH EHIRUH WKH K\GURJHQ

RI WKH FRRUGLQDWHG ZDWHU PROHFXOH� $ UHFHQW [�UD\ VWXG\�� RI

&X�,,��WULV VROLG FRPSOH[HV VKRZHG WKDW ERWK WKH QHXWUDO WULV

DQG PRQRGHSURWRQDWHG WULV DUH FRRUGLQDWHG WR &X�,,� DV EL�

GHQWDWH DQG WKDW WKH &X�DONR[LGH R[\JHQ ERQG LV VKRUWHU WKDQ

WKH &X�K\GUR[\ R[\JHQ ERQG� 7KLV LQGLFDWHV WKDW WKH IRUPHU

ERQG LV VWURQJHU WKDQ WKH ODWWHU� 7KH UHVXOWV RI EWS FRPSOH[HV

RI 1L�,,� DUH LQ DJUHHPHQW ZLWK WKRVH RI WKH UHODWHG K\GUR[\�

DPLQH FRPSOH[HV�

%WS IRUPVPRQRGHSURWRQDWHG FRPSOH[HV RI WKH IRUP0/+��
�

ZLWK ERWK &X�,,�� DQG 1L�,,�� :LWK &X�,,� IXUWKHU LQFUHDVH LQ

S+ JLYHV 0/+�� EXW 1L�,,� JLYHV WKH WULSO\ GHSURWRQDWHG

GLQXFOHDU FRPSOH[ 0�/�+��
� LQVWHDG� 7KH SUREDEOH VWUXFWXUH

RI 1L�/�+��
� LV JLYHQ LQ 6WUXFWXUH �� :KLOH WKH QHXWUDO GRQRU

JURXSV PD\ EH GLVSRVHG DERXW WKH PHWDO LRQV LQ VHYHUDO QRQ�

FULWLFDO DOWHUQDWLYH ZD\V� WKH SUHVHQFH RI WKH WKUHH QHJDWLYHO\

FKDUJHG DONR[LGH R[\JHQ DWRPV LQ EULGJLQJ SRVLWLRQV LV FRQ�

VLGHUHG HVVHQWLDO IRU WKH ELQGLQJ RI WKH WZR SRVLWLYHO\ FKDUJHG

PHWDO DWRPV LQ WKH GLQXFOHDU FRPSOH[ WR RYHUFRPH WKH FRX�

ORPELF UHSXOVLRQ� 7KH ��FRRUGLQDWH QDWXUH RI 1L�,,� LQ LWV EWS

FRPSOH[HV LV PDLQWDLQHG LQ WKLV GLQXFOHDU VSHFLHV� 2Q WKH RWKHU

KDQG� &X�,,� LV EDVLFDOO\ ��FRRUGLQDWH VTXDUH LQ LWV FRPSOH[HV

DQG WKHUHIRUH FDQ QRW IRUP WULSOH EULGJHV� 7KLV LV SUREDEO\

WKH UHDVRQ ZK\ &X�,,� GRHV QRW IRUP WKLV W\SH RI FRPSOH[��

7KH HOHFWURQLF DEVRUSWLRQ VSHFWUD RI WKH 1L�,,��EWS FRP�

SOH[HV DUH VKRZQ LQ )LJXUH �� 6SHFWUXP � LV WKDW RI WKH DTXD

1L�� LRQ� 6SHFWUD �� �� �� DQG � FRUUHVSRQG WR &XUYH � RI )LJ�

XUH � DW D �� ������ ����� DQG ���� UHVSHFWLYHO\� 6SHFWUD � DQG

� FRUUHVSRQG WR &XUYH � DW D ��� DQG ���� 6SHFWUD � DQG �

FRUUHVSRQG WR &XUYH � DW D ����� DQG ����� 7KH IDFW WKDW

6SHFWUD �� �� DQG � DUH LGHQWLFDO FRQILUPV WKH SRWHQWLRPHWULF

ILQGLQJ WKDW RQO\ RQH DQG WKH VDPH VSHFLHV� 1L�/�+��
�
� LV

IRUPHG DW WKH ILQDO LQIOHFWLRQ SRLQWV RI DOO WKUHH V\VWHPV� 7KH

WKUHH VWURQJO\ EDVLF VROXWLRQV �6SHFWUD �� � DQG �� FRUUH�

VSRQGLQJ WR SRLQWV ZHOO SDVW WKH ILQDO LQIOHFWLRQV RI WKH HTXL�

OLEULXP FXUYHV DOVR JDYH WKH VDPH VSHFWUD� 7KHVH VSHFWUD DUH

TXLWH GLIIHUHQW IURP 6SHFWUD �� � DQG �� 7KLV VKRZV WKDW FRP�

SOH[DWLRQ UHDFWLRQ FRQWLQXHV HYHQ DIWHU WKH ILQDO LQIOHFWLRQ

SRLQWV DQG VWLOO GLIIHUHQW FRPSOH[ VSHFLHV LV IRUPHG LQ WKH

DONDOLQH VROXWLRQV DERYH S+ ��� 7KLV FRPSOH[ LV EHOLHYHG WR

EH 1L/+���

7DEOH �� (TXLOLEULXP FRQVWDQWV IRU WKH UHDFWLRQ RI EWS ZLWK PHWDO
LRQV
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7KH DEVRUSWLRQ EDQGV RI DTXD 1L�� LRQ VKLIW JUHDWO\ WR

VKRUWHU ZDYHOHQJWKV RQ EWS FRRUGLQDWLRQ DQG RQH RI WKH WZLQ

PLGGOH EDQGV RI WKH DTXD LRQ GLVDSSHDUV DV JHQHUDOO\ REVHUYHG

RQ DPLQH FRRUGLQDWLRQ� 7KH EDQGV RI 1L�EWS��� RFFXU DW FRQ�

VLGHUDEO\ VKRUWHU ZDYHOHQJWKV WKDQ WKH FRUUHVSRQGLQJ EDQGV

RI 1L�SQ���� 7KLV DJDLQ LQGLFDWHV K\GUR[\O R[\JHQ FRRUGLQD�

WLRQ LQ WKH EWS FRPSOH[� 7KLV LV LQ DJUHHPHQW ZLWK WKH FRQ�

FOXVLRQV IURP WKH SRWHQWLRPHWU\� 7KH VSHFWUD RI WKH UHODWHG

1L�,,��WULHWKDQRODPLQH FRPSOH[HV LQ DTXHRXV VROXWLRQV DOVR

VKRZHG VLPLODU WUHQG��� ,Q )LJXUH �� WKH ¨EOXH© EDQG ��$�J →
�7�J�3�� VKLIWV VOLJKWO\ WR ORQJHU ZDYHOHQJWKV RQ GHSURWRQD�

WLRQ� 7KH QHDU LU EDQG ��$�J → �7�J� VKLIWV VOLJKWO\ WR VKRUWHU

ZDYHOHQJWKV RQ GHSURWRQDWLRQ EXW WKHQ VKLIWV LQ WKH RSSRVLWH

GLUHFWLRQ LQ YHU\ EDVLF PHGLD� 7KH WZLQ ¨UHG© EDQGV ��$�J →
�7�J�)��

�(J� VKLIW WR VKRUWHU ZDYHOHQJWKV DQG PHUJH RQ EWS

FRRUGLQDWLRQ� ,W LV YHU\ LQWHUHVWLQJ WR QRWH WKDW WKLV PLGGOH

EDQG VSOLWV DJDLQ LQ YHU\ EDVLF PHGLD �1L/+��� DV LQ WKH DTXD

1L�� LRQ� 7KH VWUXFWXUH RI 1L/+�� LV EHOLHYHG WR EH VLPLODU WR

WKDW� RI &X/+�� ZLWK DGGLWLRQDO FRRUGLQDWLRQ DW WKH D[LDO

SRVLWLRQV E\ WKH DGMDFHQW K\GUR[\O JURXSV LQ WKH OLJDQG EWS�
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