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���,QWURGXFWLRQ
7KH�VPDOO�EDQG�JDS�DQG�KLJK�FDUULHU�PR�

ELOLWLHV� RI� $,9%9,� VHPLFRQGXFWRUV� LGHQWLI\
WKHP� DV� WKH� SURVSHFWLYH� � PDWHULDOV� IRU� LQ�
IUDUHG� �,5��RSWRHOHFWURQLF�GHYLFHV� LQ�PLGGOH
ZDYH�UDQJH�>�@���7KH�,5�VHQVLWLYLW\�RI�WKHVH
PDWHULDOV� LV� VLPLODU� WR� WKDW� RI� &G�±[+J[7HEXW�SURFHVVLQJ�SURFHGXUHV�DUH�PXFK�OHVV�GH�
PDQGLQJ� >�@�� 7KH� HOHFWULFDO� SDUDPHWHUV� RI

3E7H�DQG�LWV�VROLG�VROXWLRQV�FDQ�FKDQJH�VLJ�
QLILFDQWO\� LQ� WKH� SUHVHQFH� RI� ,,,� $� JURXS
PHWDOV� >�@�� $V� LW� ZDV� GHPRQVWUDWHG� E\� QX�
PHURXV� LQYHVWLJDWLRQV� WKH� HIIHFW� RI� )HUPL
OHYHO� SLQQLQJ� KDV� EHHQ� HVWDEOLVKHG� IRU� OHDG
WHOOXULGH� VLQJOH� FU\VWDOV� DQG� WKLQ� ILOPV
GRSHG� ZLWK� *D� DQG� ,Q� >�@�� +RZHYHU�� XQWLO
QRZ��PDQ\��SUREOHPV�DERXW�WKH�LQIOXHQFH�RI
,,,�$�JURXS�PHWDOV�LPSXULW\�DWRPV�XSRQ�WKH
FU\VWDO� VWUXFWXUH� DQG� HQHUJ\� VSHFWUXP� RI
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3E7H� DUH� VWLOO� XQNQRZQ��6RPH� IXQGDPHQWDO
DVSHFWV� RI� WKH� IRUPDWLRQ� DQG� VDWXUDWLRQ� RI
TXDVL�ORFDO� LPSXULW\� OHYHOV� LQ� *D�GRSHG
3E7H� KDYH� QRW� FRPH� WR� VROXWLRQ� \HW�� $V� D
SUDFWLFDO�PDWWHU�� WKH� JURZWK� RI�$,9%9,� WKLQ
ILOPV�RQ�6L�VXEVWUDWHV�ZRXOG�DOORZ�WR�IDEUL�
FDWH�WKH�PRQROLWKLF�VWUXFWXUHV�IRU�,5�VHQVRU
DUUD\V� ZLWK� WKH� FKDUJH� VWRUDJH� DQG� VLJQDO
PXOWLSOH[LQJ� SHUIRUPHG� RQ� WKH� VDPH� FKLS
>���@��

7KHUHIRUH�� WKH� PDLQ� SXUSRVHV� RI� WKLV
VWXG\� DUH� WR� GLVFXVV� WKH� H[SHULPHQWDO� UH�
VXOWV�� REWDLQHG� GXULQJ� WKH� H[DPLQDWLRQ� RI
WKH� FKHPLFDO� TXDQWLWDWLYH� FRPSRVLWLRQ� DQG
WKH�UHDO�FU\VWDO�VWUXFWXUH�RI�3E7H*D®�ILOPV
GHSRVLWHG�RQ�6L�������DQG�6L2��6L�������VXE�VWUDWHV��DQG�WR�HYDOXDWH�WKH�VROXELOLW\�RI�*D
DWRPV� LQ�OHDG�WHOOXULGH�WKLQ�ILOPV�DW�GLIIHU�
HQW�WHPSHUDWXUHV�

���([SHULPHQWDO�SURFHGXUH
7KH�PRGLILHG� �KRW� ZDOO�� HSLWD[\� �+:(�

WHFKQLTXH�KDV�EHHQ�HPSOR\HG�WR�SUHSDUH�WKH
PLUURU�VPRRWK� VXUIDFH� 3E7H� WKLQ� ILOPV
GRSHG� ZLWK� *D� �WKLFNQHVV� ZDV� DERXW� ���Ü
����PP��� ZKLFK� ZHUH� GHSRVLWHG� GLUHFWO\� RQ
������ 6L� KLJK�RKPLF� VXEVWUDWHV� ERWK� ZLWK
DQG� ZLWKRXW� 6L2�� EXIIHU� OD\HU� >�@�� 8QGHURSWLPDO� H[SHULPHQWDO� FRQGLWLRQV�� WKH� SUH�
YLRXVO\� V\QWKHVL]HG�*D[3E�±[� �����d[d�����OLTXLG� DOOR\V� ZHUH� XVHG� DV� WKH� VRXUFHV� RI
JDOOLXP�DQG�OHDG�YDSRXUV�FRLQFLGHQWDOO\��7R
IRUP� WHUQDU\� 3E�±\*D\7H� OD\HUV�� DQ� DGGL�WLRQDO� VRXUFH� RI� WKH� WHOOXULXP� YDSRXUV� KDV
EHHQ�DFWLYDWHG�

,Q�WKLV�ZRUN��WKH�+:(�DSSDUDWXVHV�ZHUH
HTXLSSHG�E\�GLIIXVLRQ�SXPSV�DQG� OLTXLG�QL�
WURJHQ�WUDSV��$V�D�UHVXOW��WKH�HYDFXDWLRQ�RI
����Ü�� 3D�ZDV� UHDOL]HG� LQ� WKH� H[WHUQDO� YRO�
XPH��,W�LV�NQRZQ�>����@�WKDW�GXULQJ�HYDSRUD�
WLRQ�RI�LQLWLDO�VXEVWDQFHV�LQ�D�JUDSKLWH�UHDF�
WLRQ� FKDPEHU� XVHG� LQ� +:(� WHFKQLTXH� WKH
SDUWLDO� SUHVVXUH� RI� UHVLGXDO�JDVHV�GHFUHDVHV
SUDFWLFDOO\�E\�D�IDFWRU�RI������DV�FRPSDUHG
ZLWK� WKH� YDOXH� RI� WKHVH� JDVHV� SUHVVXUH� LQ
WKH� H[WHUQDO� HYDFXDWHG� YROXPH�� 7KH� HVVHQ�
WLDO� DGYDQWDJH� RI� WKH� JUDSKLWH� UHDFWLRQ
FKDPEHU�LV�WKH�UHGXFWLYH�QDWXUH�RI�UHVLGXDO
DWPRVSKHUH�� %\� PDVV�VSHFWURPHWULF� UH�
VHDUFKHV� ZDV� HVWDEOLVKHG� WKDW� DIWHU� GHVRUS�
WLRQ� KHDWLQJ� RI� WKH� FKDPEHU� WKH� UHVLGXDO
DWPRVSKHUH� FRQWDLQV� SUHGRPLQDQWO\� 1��� &2�DQG�&�+��PROHFXOHV�>�@��7KXV��WKH�SDUWLDO�SUHV�VXUH�RI�UHVLGXDO�R[\JHQ�RI�DERXW�����Ü��3D�FDQ
EH� UHDOL]HG� LQ� JUDSKLWH� UHDFWLRQ� FKDPEHU
GXULQJ�WKH�HYDSRUDWLRQ�SURFHVV�>�@�

,Q� WKLV� ZRUN� WKH� V\QWKHVLV� RI
3E�±\*D\7H�rG� ILOPV� ZDV� FDUULHG� RXW� XQGHUIROORZLQJ�FRQGLWLRQV���

��� 7KH� WHPSHUDWXUH� RI� *D[3E�±[� PHOWVYDULHG� ZLWKLQ� OLPLWV� RI� ����� .���7VRXUFH�������.��
���7KH�WHPSHUDWXUH�RI�7H�YDSRXUV�VRXUFH

77H� ����������DQG�����.����� 7KH� WHPSHUDWXUH� RI� 6L� DQG� 6L2��6LVXEVWUDWHV� KDG� WZR� YDOXHV�� 7VXE� �����.DQG�����.��
��� ,Q� GHSHQGHQFH� RI� WKH� VXEVWUDWH� WHP�

SHUDWXUH�� �KRW� ZDOO�� ZDV� KHOG� DW� 7ZDOO� ���� .� RU� ���� .�� $OO� WHPSHUDWXUH� UHJLPHV
ZHUH�FRQWUROOHG�ZLWKLQ�DERXW�r��.�

7KH� OHDG� DQG� WHOOXULXP�SDUWLDO� SUHVVXUHV
ZHUH�NHSW�DW�WKH�VDPH�YDOXHV�DV�DW�IDEULFD�
WLRQ� RI� XQGRSHG�3E7H�6L� DQG�3E7H�6L2��6LILOPV��ZKLFK�ZHUH�FKDUDFWHUL]HG�E\�S�W\SH�RI
FRQGXFWLYLW\� ZLWK� FKDUJH� FDUULHU� GHQVLWLHV
������Ü�������FPÜ�� DW� ���� .�� GHVFULEHG
HOVHZKHUH� >�@��)RU�SUHSDUDWLRQ�RI�3E7H*D®
ILOPV� KLJK�SXULW\� 3E� �������� ���� *D
������������DQG�7H������������ZHUH�XVHG�

7KH�GLUHFW�H[SRVXUH�RI�WKH�6L�VXEVWUDWH�WR
7H��PROHFXOHV�GXULQJ���Ü���PLQ�EHIRUH�WKHFRQGHQVDWLRQ� RI� WKH� ELQDU\� VHPLFRQGXFWRU
ZDV� XVHG� WR� UHPRYH� D� 6L2�� QDWXUDO� OD\HUIURP� VXEVWUDWH� VXUIDFH� >�@�� 2Q� WKH� RWKHU
KDQG��OHDG�WHOOXULGH�OD\HUV�ZHUH�JURZQ�RQ�6L
VXEVWUDWHV�ZLWK�WKH�KHOS�RI�DQ� LQWHUPHGLDWH
EXIIHU� OD\HUV�� ZKLFK� FRQVLVW� RI� ���r���QP
WKLFN�SUHYLRXVO\� IRUPHG�6L2���7KH�SUHVHQFHRI�GLHOHFWULF�6L2��EXIIHU�OD\HUV�LV�QHHGHG�IRUIXUWKHU�FRUUHFW�+DOO�FRHIILFLHQW�DQG�UHVLVWLY�
LW\� PHDVXUHPHQWV� LQ� RUGHU� WR� LVRODWH
3E7H*D®�ILOPV�DQG��6L�ZDIHUV��$V�LW�FDQ�EH
VHHQ� IURP�;�UD\� GLIIUDFWLRQ� SDWWHUQV�� 6L2�EXIIHU� OD\HUV� ZHUH� DPRUSKRXV� ZLWK� WUDFH
DPRXQW� RI� RUWKRURPELF� SKDVH� �VSDFH� JURXS
&PFP��FU\VWDOOLQHV��

7KH� SUHFLVH� HVWLPDWLRQ� RI� WKH� TXDQWLWD�
WLYH� FKHPLFDO� FRPSRVLWLRQ� LQ� GHSRVLWHG
3E7H*D®� ILOPV� RQ� 6L� DQG� 6L2��6L� VXE�VWUDWHV� KDV� EHHQ� FDUULHG� RXW� VHTXHQWLDOO\
ZLWK�WKH�VSHFLDO�FDUHIXOQHVV��)LUVW��WKH�SUHV�
HQFH� RI� WKH� *D� LPSXULW\� KDV� EHHQ� HVWDE�
OLVKHG� LQ� DOO� GHSRVLWHG� ILOPV� XVLQJ� HQHUJ\
GLVSHUVLRQ��('��VSHFWURPHWU\�RQ�-(2/�-&0�
�����/9��6HFRQG��WKH�TXDQWLWDWLYH�FKHPLFDO
FRPSRVLWLRQ� RI� 3E7H*D®� OD\HUV� ZDV� DQD�
O\VHG� LQ� VFDQQLQJ� DQG� ORFDO� PRGH� ZLWK� WKH
KHOS� RI� ZDYHOHQJWK� GLVSHUVLRQ� �:'�� VSHF�
WURPHWU\� RQ� -(2/�-&$����� XVLQJ� .D�� DQG/D�� HPLVVLRQV� RI� WKH� HOHPHQWV��7KLUG�� VRPHRI�3E7H*D®�6L�DQG�3E7H*D®�6L2��6L�VDP�SOHV�KDYH�EHHQ�VWXGLHG�E\�DWRPLF�DEVRUSWLRQ
PHWKRG�� 'XULQJ� (30$� PHDVXUHPHQWV

$�0�6DPR\ORY�HW�DO����7KH�VROXELOLW\�UHJLRQ�RI����
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������� �� � SXUH� 3E� PHWDO�� ������� �� 7H�
��������� SXUH�*D� PHWDO�� 3E7H� DQG� *D$V
VLQJOH�FU\VWDOV�KDYH�EHLQJ�XVHG�DV�UHIHUHQFH
VWDQGDUGV��;�UD\�GLIIUDFWLRQ��;5'��SDWWHUQV
ZHUH� REWDLQHG� ZLWK� ILOWHUHG� &R.D� Û� DQG
&X.D�Û�UDGLDWLRQ�RQ�D�FRPSXWHU�LQWHUIDFHG
'521������ DQG� 7+(5027(&+12� $5�
/;�SHUW� GLIIUDFWRPHWHUV�� ,Q� ;5'� H[SHUL�
PHQWV�� VLQJOH� FU\VWDO�6L� ������ DQG�6L� �����
VXEVWUDWHV� ZHUH� XVHG� DV� UHIHUHQFH� LQWHUQDO
VWDQGDUGV��7KH���������������������;�UD\�UH�
IOHFWLRQ� SURILOHV� RI�6L� VXEVWUDWHV� RI�YDULRXV
RULHQWDWLRQ�DQG��������������� ������SHDNV�RI
3E7H�ILOPV��UHVSHFWLYHO\��ZHUH�REWDLQHG�ZLWK
VSHFLDO� FDUH� ZLWK� ����� GHJUHH� VWHS�E\�VWHS
PRYHPHQW�� 7KH� YDOXHV� RI� XQLW� FHOO� SDUDPH�
WHU�RI�3E7H�ILOPV�KDYH�EHHQ�SUHFLVHO\�FDOFX�
ODWHG�E\�H[WUDSRODWLRQ�WR�D�GLIIUDFWLRQ�DQJOH
T� ���� GHJUHHV�� 7R� HOLPLQDWH� V\VWHPDWLF� HU�
URUV��ZH�WULHG�GLIIHUHQW�DSSUR[LPDWLRQ�IXQF�
WLRQV�� 7KH� EHVW� UHVXOWV� KDYH� EHHQ� REWDLQHG
ZLWK�WKH�1HOVRQ�5LOH\�IXQFWLRQ�>�@�

I�T�� ��������FRV�T�e�T���FRV�T�e�VLQT��� ���
ZKHUH�T�LV�WKH�GLIIUDFWLRQ�DQJOH�

6WUXFWXUH� LGHQWLILFDWLRQV� KDYH� EHHQ� SHU�
IRUPHG� XVLQJ� -&3'6� GDWDEDVH� >��@�� 7KH
WKLFNQHVV� DQG� WKH� FU\VWDO�PLFURVWUXFWXUH�RI
WKH� HWFKHG� VDPSOHV� KDYH� EHHQ� VWXGLHG� E\� D
VFDQQLQJ� HOHFWURQ� PLFURVFRS\� �6(0�� RQ
-(2/�-&0������/9��

���5HVXOWV�DQG�GLVFXVVLRQ
7KH� H[SHULPHQWDO� GDWD� REWDLQHG� SUH�

YLRXVO\� DW� WKH� H[DPLQDWLRQ� RI� WKH� HYDSRUD�
WLRQ� SURFHVV� RI�*D[3E�±[� �����d[d������ OLT�XLG�DOOR\V�ZHUH�XVHG�WR�SUHSDUH�3E7H�OD\HUV
GRSHG�ZLWK�*D�E\�PRGLILHG�+:(�WHFKQLTXH�
,Q� SUHYLRXV� ZRUNV�� WKH� DSSURSULDWH� 6L� VXE�
VWUDWH� WHPSHUDWXUH� UDQJH� KDV� EHHQ� GHWHU�
PLQHG� ZKHUH� WKH� 3E7H�6L� ILOPV� ZLWK� KLJK
FU\VWDOOLQLW\� SHUIHFWLRQ� FRXOG� EH� GHSRVLWHG
E\�PRGLILHG�+:(�PHWKRG�>�@��$V�DQ�H[DP�
SOH�� WKH� VXEVWUDWH� WHPSHUDWXUH� VKRXOG� EH
FRQWUROOHG� DW� WKH� UDQJH� EHWZHHQ� ���r�� DQG
���r�� .� LQ� RUGHU� WR� SURGXFH� ������ 3E7H
ILOPV� ZLWK� PRVDLF� VLQJOH� FU\VWDO� VWUXFWXUH
PRUH�WKDQ����PP�LQ�GLDPHWHU�RQ�6L�ZDIHUV�

$V� LW� FDQ� EH� VHHQ� IURP� WKH� UHVXOWV� RE�
WDLQHG� E\� (30$�:'6� DQG� DWRPLF� DEVRUS�
WLRQ�� *D� FRQFHQWUDWLRQ� LQ� WKHVH� IDEULFDWHG
3E�±\*D\7H�6L2��6L� DQG� 3E�±\*D\7H�6L� OD\�HUV� YDULHG� IURP� ���������\*D����������� RUWKH�PROH� IUDFWLRQ� RI�*D� DWRPV�YDULHG� IURP
������� WR���������7KH�H[SHULPHQWDO� UHVXOWV
VKRZ�WKDW�IRU�DOO�GHSRVLWHG�3E�±\*D\7H� OD\�HUV�� WKH� *D� FRQFHQWUDWLRQ� ULVHV� ZLWK� LQ�

FUHDVH� LQ�YDSRXU�VRXUFH�WHPSHUDWXUH�7VRXUFHDW�D�IL[HG�PHOW�FRPSRVLWLRQ�DQG�7VXE�RU�ZLWKLQFUHDVH� LQ� *D� FRQFHQWUDWLRQ� LQ� LQLWLDO
*D[3E�±[� PHOWV� DW� WKH� IL[HG� WHPSHUDWXUHV7VRXUFH� DQG�7VXE�� ,W� LV� HYLGHQW� WKDW�*D� FRQ�FHQWUDWLRQ�LQ�JURZQ�ILOPV�PD\�EH�VWULFWO\�FRQ�
WUROOHG� E\� DGMXVWLQJ� WKH� LQLWLDO� FRPSRVLWLRQ
DQG�WKH�7VRXUFH�RI�*D[3E�±[�PHOWV��7KH�SUHFLVHHVWLPDWLRQ�RI� WKH�TXDQWLWDWLYH� FKHPLFDO� FRP�
SRVLWLRQ� VKRZV� WKDW� WKH� DOO� GHSRVLWHG
3E�±\*D\7H�6L2��6L� DQG�3E�±\*D\7H�6L� ILOPVDUH� FKDUDFWHUL]HG� E\� ERWK� OLWWOH� H[FHVV� DQG
GHILFLHQF\� RI� 7H� DWRPV� ZLWK� UHJDUG� WR
VWRLFKLRPHWULF� UDWLR� �PROH� IUDFWLRQ� RI� 7H
YDULHG�ZLWKLQ�WKH�UDQJH�IURP�������r������
WR�������r��������

7KH� ;5'� SDWWHUQV� RI� WKH� GHSRVLWHG
3E�±\*D\7H�6L� DQG�3E�±\*D\7H�6L2��6L� ILOPVDUH�SUHVHQWHG�LQ�)LJ�����7KH�GHWDLOHG�DQDO\VLV
RI� WKHVH� H[SHULPHQWDO� UHVXOWV� DOORZV� FRPH� WR
VRPH� FRQFOXVLRQV�� 7KH� DOO� IDEULFDWHG
3E�±\*D\7H�6L� DQG�3E�±\*D\7H�6L2��6L� ILOPVFDQ�EH�VHJUHJDWHG�LQWR�WZR�PDLQ�JURXSV��

7KH�ILUVW�JURXS�RI�VDPSOHV�LV�IRUPHG�RI�KRPR�
JHQHRXV� 3E�±\*D\7H�6L� DQG� 3E�±\*D\7H�6L2��6LOD\HUV��,W�KDV�EHHQ�IRXQG�WKDW�DOO�3E�±\*D\7H�6LILOPV� KDYH� PRVDLF� VLQJOH� FU\VWDO� VWUXFWXUH
ZLWK� VWURQJ� ������ RULHQWDWLRQ� �)LJ����� D�� LI
*D� FRQFHQWUDWLRQ�GRHV�QRW�H[FHHG�WKH�YDOXH
\� ������r������� IRU� OD\HUV� SUHSDUHG� DW
7VXE� ����� .�� ,Q� FRQWUDVW�� WKH� 3E�±\*D\7HILOPV� GHSRVLWHG� RQ� 6L� VXEVWUDWHV� ZLWK� 6L2�LQWHUPHGLDWH� EXIIHU� OD\HUV� XQGHU� WKH� VDPH
H[SHULPHQWDO� FRQGLWLRQV�� UHYHDO� FOHDUO\� GH�
ILQHG� 3E7H� ������� ������� DQG� ������ UHIOHF�
WLRQV�LQ�DGGLWLRQ�WR��K����SHDNV��)LJ���E���,W�LV
WR�QRWH�WKDW�WKH�LQWHQVLW\�RI�WKHVH��KNO��OLQHV
LV�QRW� VLJQLILFDQW��)RU�H[DPSOH�� WKH�,���� WR,����UDWLR�LV�DOZD\V�PRUH�WKDQ������7KXV��LWLV� FOHDU� WKDW� WKH� SUHVHQFH� RI� 6L2�� EXIIHUOD\HUV�RQ�6L� VXEVWUDWHV�EULQJV� WKH�SRO\FU\V�
WDOOLQH�VWUXFWXUH�WR�WKH�3E�±\*D\7H�ILOPV�DW\��������r������� �7VXE� �����.���7KLV� IDFWLV� LQ� DJUHHPHQW� ZLWK� WKH� UHVXOWV� UHSRUWHG
EHIRUH� IRU� XQGRSHG� 3E7H� ILOPV� RQ� 6L� DQG
6L2��6L�VXEVWUDWHV�>��@��,W�LV�LPSRUWDQW�WR�NHHS�LQ�PLQG�WKDW�FRQ�
FHQWUDWLRQ�RI�7H�DWRPV� LV�WKH�NH\�FRQGLWLRQ
IRU� WKH� KRPRJHQHLW\� RI� 3E�±\*D\7H�6L� DQG3E�±\*D\7H�6L2��6L� ILOPV� IRU� \��������
�7VXE� ����� .��� 7KH� LQYHVWLJDWHG� 3E7H*D®VDPSOHV� ZLWK�7H� FRQFHQWUDWLRQ� RYHU� ������
ZHUH� KHWHURJHQHRXV�� ;�UD\� UHIOHFWLRQV� RI
WKLV� JURXS� RI� 3E�±\*D\7H�6L� DQG
3E�±\*D\7H�6L2��6L� ILOPV� H[KLELW� WKH� SUHV�HQFH�RI�VOLJKW�H[FHVV�RI�WHOOXULXP�SKDVH�

$V�FDQ�EH�VHHQ�LQ�)LJ�����WKH�VHFRQG�JURXS
RI�SUHSDUHG�VDPSOHV�LV�IRUPHG�RI�KHWHURJHQH�
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RXV� 3E�±\*D\7H�6L� DQG� 3E�±\*D\7H�6L2��6LOD\HUV�� $W� KLJKHU� *D� FRQWHQWV� \�!������Ü
������ �7VXE� ����� .�� RU� \�!������Ü������7VXE� ����� .��� WKH� FU\VWDO� VWUXFWXUHV� RI3E�±\*D\7H�ILOPV�DUH�GHILQHG�DV�SRO\FU\VWDO�OLQH� DQG� KHWHURJHQHRXV� ZLWKRXW� UHJDUG� WR
WKH� VXEVWUDWH� QDWXUH�� 7KHVH� KHWHURJHQHRXV
3E�±\*D\7H�6L�DQG�3E�±\*D\7H�6L2��6L�VDP�SOHV�� LQ�WKHLU�WXUQ��FDQ�EH�GLYLGHG� LQWR�WZR
VXEJURXSV� �)LJ���FÜ�H��� 7KH� ILUVW� VXEJURXS
RI� WKHVH� WZR�SKDVH� VDPSOHV� LV� FKDUDFWHUL]HG
E\� WKH� SUHVHQFH� RI� WKH� OLWWOH� DPRXQW� RI
PRQRFOLQLF� JDOOLXP� PRQRWHOOXULGH� *D7H
�VSDFH� JURXS� &��P� RU� %��P�� �)LJ���G��� 7R
WKH� VDPH� VXEJURXS� RI� VDPSOHV� VKRXOG� EH
JDWKHUHG� WKH� WZR�SKDVH� 3E�±\*D\7H� OD\HUVZKLFK� DUH� FKDUDFWHUL]HG� E\� OLWWOH� H[FHVV� RI
WKH� PDLQ� FRPSRQHQWV� RI� 3E�±\*D\7H� ILOPV�OHDG� �)LJ���F�� DQG� WHOOXULXP��7KH�;5'�SDW�
WHUQV�RI�WKHVH�ILOPV�VKRZ�WKH�ZHDN�UHIOH[HV
RI� WHOOXULXP�� IURP� RQH� KDQG�� RU� OHDG� �)LJ�
�F���IURP�WKH�RWKHU�RQH��,Q�DGGLWLRQ��WR�WKLV
VXEJURXS�RI� WZR�SKDVH�ILOPV� LW� LV�QHFHVVDU\
WR�DWWULEXWH�WKH�3E�±\*D\7H�VDPSOHV�FRQVLVW�LQJ�RI�WZR�VXEVWDQFHV��WKH�OHDG�WHOOXULGH�DQG
JDOOLXP� WHOOXULGH� *D�7H�� �)LJ���H�� ZLWKFXELF�FU\VWDO�VWUXFWXUH��VSDFH�JURXS�)�BB�P��

7KH� VHFRQG� VXEJURXS� RI� WKH� IDEULFDWHG
VDPSOHV�LV�IRUPHG�E\�WKH�WKUHH�SKDVH�KHWHUR�
JHQHRXV� 3E�±\*D\7H� ILOPV�� ;�UD\� VSHFWUD� RIWKHVH� VDPSOHV� FRQVLVW� RI� 3E7H�� PRQRFOLQLF
*D7H��DQG�FXELF�*D�7H��UHIOHFWLRQV��)LJ���I��7KH� FRPSDULVRQ� RI� H[SHULPHQWDO� GDWD� RQ
WKH� SKDVH� QDWXUH� RI� WKH� V\QWKHVL]HG
3E�±\*D\7H�6L� DQG� 3E�±\*D\7H�6L2��6LILOPV�ZLWK�WKH�UHVXOWV�RI�UHDO�PLFURVWUXFWXUH
DQDO\VLV�E\�6(0�DUH�VKRZQ�LQ�)LJ����

7KH� UHVXOWV� RI� WKH� SUHFLVH� GHWHUPLQDWLRQ
RI� XQLW� FHOO� SDUDPHWHU� D3E7H*D®� YDOXHV� RI3E�±\*D\7H�6L� DQG� 3E�±\*D\7H�6L2��6L� DUHSORWWHG�LQ�)LJ�����,W�LV�WR�QRWH�WKDW�GXULQJ�;5'
LQYHVWLJDWLRQV��ZH�KDYH� VWXGLHG� RYHU� RQH�KXQ�
GUHG� 3E�±\*D\7H�6L� DQG� 3E�±\*D\7H�6L2��6LILOPV� SUHSDUHG� DW� VXEVWUDWH� WHPSHUDWXUHV
7VXE� ����� .� DQG� ���r�� .� E\� PRGLILHG+:(�WHFKQLTXH��7KHVH�H[SHULPHQWDO�UHVXOWV
SURYLGH� REVHUYDWLRQ� RI� WKH� YDULDWLRQ� LQ� WKH
XQLW�FHOO�SDUDPHWHU�D3E7H*D®�LQ�3E�±\*D\7HILOPV�RQ�6L�DQG�6L2��6L�VXEVWUDWHV��7KH�YDO�XHV�RI�XQLW�FHOO�SDUDPHWHU�RI�3E�±\*D\7H�6LDQG� 3E�±\*D\7H�6L2��6L� OD\HUV� KDYH� EHHQIRXQG� WR�EH� WKH�VDPH�ZLWKLQ� WKH�DFFXUDF\�RI
;5'� H[SHULPHQWV�� ZKHQ� WKHVH� OD\HUV� KDYH
EHHQ�SUHSDUHG�XQGHU�WKH�LGHQWLFDO�JURZWK�FRQ�

)LJ����� D� Û� \*D���������� 6L� VXEVWUDWH�� E� Û� \*D���������� 6L2��6L� VXEVWUDWH�� F� Û� \*D���������
KHWHURJHQHRXV�PL[WXUH�3E7H���3E��G�Û�\*D�!��������6L� VXEVWUDWH� �PL[WXUH� RI�3E7H*D®���*D7H��
H�Û� \*D�!�������� 6L� VXEVWUDWH� �PL[WXUH� RI� 3E7H*D®���*D�7H���� I� Û� \*D�!�������� 6L� VXEVWUDWH
�PL[WXUH�RI�3E7H*D®���*D7H���*D�7H���
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GLWLRQV�� ,W� LV� HYLGHQW� WKDW� WKH� SUHVHQFH� RI� 6L2�LQWHUPHGLDWH�OD\HUV�RQ�6L�VXEVWUDWHV�GRHV�QR�HI�
IHFW�WKH�ODWWLFH�SDUDPHWHU�YDOXHV�RI�WKH�3E�±\*D\7HILOPV�DW�WKH�WKLFNQHVV�RYHU���PP�

7KHVH� H[SHULPHQWDO� GDWD� DOORZ� XV� WR� RE�
VHUYH�WKH�HYROXWLRQ�RI�WKH�XQLW�FHOO�SDUDPH�
WHU�D3E7H*D®� YDOXHV�ZLWK� WKH� FRQFHQWUDWLRQRI� *D� LPSXULW\� DWRPV� \� LQ� 3E�±\*D\7H�6LDQG�3E�±\*D\7H�6L2��6L�ILOPV��$V� LW� FDQ� EH� VHHQ� LQ� )LJ����� WKH� FXUYH
D3E7H*D®� �I�\*D�� LV� D� QRQPRQRWRQLF� IXQF�WLRQ�DQG�GRHV�QRW�REH\�WKH�9HJDUG�V�ODZ��,W
FDQ� EH� GLYLGHG� LQWR� WKUHH� VHFWLRQV�� 7KH� ILUVW
VHFWLRQ� H[KLELWV�D�GHFUHDVH� LQ�D3E7H*D®�YDOXHVZLWKLQ�WKH�FRQFHQWUDWLRQ�UDQJH�����\����������
$W� \� �������r�������� WKH� PLQLPXP� YDOXH
RI�D3E7H*D®�LV�REVHUYHG��7KH�VHFRQG�VHFWLRQRI�WKLV�GHSHQGHQFH�VKRZV�WKH�LQFUHDVH�LQ�WKH�XQLW
FHOO�SDUDPHWHU�D3E7H*D®�YDOXHV�ZLWKLQ�WKH�FRQ�FHQWUDWLRQ�UDQJH�RI�DERXW����������\����������,W
LV�WR�QRWH�WKDW�LQFUHDVH�LQ�WKH�D3E7H*D®�YDO�XHV� GLG� QRW� UHSRUWHG� EHIRUH� DW� WKH� DQDO\VLV
RI�*D�GRSHG�OHDG�WHOOXULGH�EXON�FU\VWDOV��2Q
WKH� WKLUG� IUDJPHQW� RI� D3E7H*D®� �I�\*D�FXUYH�� DW� WKH� FRQFHQWUDWLRQ�RI�*D� LPSXULW\
DWRPV� \�!�������� WKH� YDOXHV� RI� ODWWLFH� SD�
UDPHWHU�GR�QRW�YDU\�HVVHQWLDOO\�ZLWKLQ�DFFX�
UDF\�OLPLWV�RI�WKH�;5'�H[SHULPHQW��%HFDXVH
WKH�XQLW�FHOO�SDUDPHWHU�YDOXHV�DUH�IL[HG�HV�

VHQWLDOO\� DW� \�!������� WKLV� FRQFHQWUDWLRQ
PD\�EH�LQWHUSUHWHG�DV�WKH�VROXELOLW\�OLPLW�RI
*D� DWRPV� LQ� 3E7H� DW� 7� � ���r�� .�� ,W� LV
QHFHVVDU\� WR� HPSKDVLVH� WKDW� H[SHULPHQWDO
GDWD� REWDLQHG� LQ� WKLV�ZRUN� VKRZ� WKDW� WKH� H[�
WHQVLRQ�RI� WKH�UHJLRQ�RI�*D� VROLG� VROXWLRQV� LQ
3E7H�PDWUL[�LV�QDUURZHU�WKDQ�LW�KDG�EHHQ�UH�
SRUWHG�EHIRUH�IRU�EXON�3E7H*D®�DOOR\V�>��@�

$V�WKH�DWRPLF�DQG�FDWLRQLF�UDGLL�RI�*D�DUH
VPDOOHU�WKDQ�WKRVH�RI�3E��LW�LV�SRVVLEOH�WR�PDNH
IROORZLQJ� FRQFOXVLRQV� IURP� WKH� JLYHQ� YLHZ� RI
D3E7H*D®� �I�\*D��UHODWLRQV�LI�V\QWKHVL]LQJ�DQGGRSLQJ�RI�ILOPV�WDNH�SODFH�VLPXOWDQHRXVO\�

��� 7KH� LQLWLDO� IUDJPHQW� RI� WKH� FXUYH� LQ�
WURGXFHG�LQ�)LJ����FRUUHVSRQGLQJ�WR�GHFUHDV�
LQJ�RI� WKH� ODWWLFH�FRQVWDQW�� LW� LV�SRVVLEOH�WR
HVWHHP� DV� DQ� LQGLFDWLRQ� RI� WKH� SUHIHUHQWLDO
IRUPDWLRQ� RI� VXEVWLWXWLRQDO� VROLG� VROXWLRQV�
7KXV��DFFRUGLQJ�WR�WKH�WKHRU\�RI�VHOI�FRPSHQ�
VDWLRQ�� WKH� GHFUHDVLQJ� RI� LGHQWLW\� SHULRG� FDQ
EH�SURPRWHG�E\�IRUPDWLRQ�RI�7H�YDFDQFLHV�

���7KH�LQWHUPHGLDWH�VHFWLRQ�RI�D3E7H*D®� I�\*D�� UHODWLRQ� LW� LV� SRVVLEOH� WR� H[SODLQ� E\FKDQJLQJ� LQ� WKH� GRPLQDWLQJ� PHFKDQLVP� RI
VROLG�VROXWLRQ�IRUPDWLRQ��WKH�RQH�SDUW�RI�*D
DWRPV�� DV� EHIRUH�� LV� SODFHG� LQ� UHJXODU� VLWHV
RI� WKH� FDWLRQLF� VXEODWWLFH�� ZKLOH� RWKHU� SDUW
LV� SODFHG� LQ� WHWUDKHGUDO� LQWHUVWLFHV�� $V� WKH
VL]HV� RI� LQWHUVWLWLDO� WHWUDKHGUDO� YRLGV� LQ

)LJ����� 7KH� PLFURJUDSKV� RI� WKH� FURVV� VHFWLRQV� RI� WKH� 3E�±\*D\7H�6L� KHWHURVWUXFWXUHV�� D� Û\*D����������KRPRJHQHRXV�PRVDLF�VLQJOH�FU\VWDO�ILOP��E�Û�\*D����������KHWHURJHQHRXV�SRO\FU\VWDO�
OLQH� ILOP� �PL[WXUH� RI�3E7H*D®���3E��� F�Û�\*D���������� KHWHURJHQHRXV�SRO\FU\VWDOOLQH� ILOP� �PL[�
WXUH� RI�3E7H*D®���*D7H���7H���G�Û�\*D�!��������KHWHURJHQHRXV�SRO\FU\VWDOOLQH� ILOP� �PL[WXUH� RI
3E7H*D®���*D7H��� H�Û� \*D�!�������� KHWHURJHQHRXV� SRO\FU\VWDOOLQH� ILOP� �PL[WXUH� RI�3E7H*D®��
*D�7H���� I� Û� \*D�!�������� KHWHURJHQHRXV� SRO\FU\VWDOOLQH� ILOP� �PL[WXUH� RI� 3E7H*D®���*D7H��*D�7H������Û�6L�VXEVWUDWH����Û�3E�±\*D\7H�ILOP�
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3E7H� FU\VWDO� VWUXFWXUH� DUH� D� OLWWOH� ELW
VPDOOHU� WKDQ� LRQLF� UDGLL� RI�PHWDOV� RI� ,,,�$
JURXS�� WKHLU� RFFXSDWLRQ� WKHP� ZLWK� *D� UH�
VXOWV� LQ� LQFUHDVH� LQ� XQLW� FHOO� SDUDPHWHU�
7KHUHIRUH�� DW� WKLV� UDQJH� RI� *D� LPSXULW\
DWRPV�FRQFHQWUDWLRQ��WKH�PL[HG�W\SH�RI�VROLG
VROXWLRQV��VXEVWLWXWLRQ�Û�LQWHUVWLWLDO��LV�UHDO�
L]HG��7KH�H[LVWHQFH�RI� VXFK�VROLG�VROXWLRQV� LV
HVWDEOLVKHG� EHIRUH�� LQ� SDUWLFXODU�� LQ� WKH� VLOL�
FRQ�JROG�DQG�VLOLFRQ�FDUERQ�V\VWHPV�>��@�

��� 7KH� DQDO\VLV� RI� WKH� WKLUG� SDUW� RI
D3E7H*D®� �I�\*D�� FXUYH� VKRZV� WKDW� WKH� LQ�FUHDVH� LQ� WKH� FRQFHQWUDWLRQ� RI�*D� LPSXULW\
DWRPV� \*D�!������� LQ� 3E�±\*D\7H��G� ILOPVGRHV� QRW� UHVXOW� LQ� WKH� HQODUJHPHQW� RI� WKH
XQLW� FHOO� SDUDPHWHU� YDOXHV�� 7KLV� IDFW� LV� WR
HVWLPDWH� DV� DQ� DSSURDFK� WR� WKH� VROXELOLW\
OLPLW�RI�*D�LQ�WKH�LQLWLDO�PDWUL[�RI�3E7H��

7KH�FRUUHODWLRQ�EHWZHHQ�;5'�UHVXOWV�DQG�WKH
TXDQWLWDWLYH� FKHPLFDO� FRPSRVLWLRQ� RI� GHSRV�
LWHG� 3E�±\*D\7H�6L� DQG� 3E�±\*D\7H�6L2��6LILOPV� LV� SUHVHQWHG� LQ� )LJ����� 7KH� ERXQG�
DU\� RI� OLPLWHG� JDOOLXP� VROXELOLW\� UHJLRQ
LQ� OHDG� WHOOXULGH� PDWUL[� KDV� EHHQ� GUDZQ
EDVHG� RQ� WKH� PLFURVWUXFWXUDO� REVHUYD�
WLRQV�� ;5'� DQG� (30$� UHVXOWV�� 7KH� 3E±
*D±7H� SKDVH� GLDJUDP� �)LJ���D�� SURYLGHV
DQ� XVHIXO� IUDPHZRUN� IRU� XQGHUVWDQGLQJ
RI� VROLG�VWDWH� LQWHUDFWLRQ� LQ� WKLV� V\VWHP�
)URP�WKH�UHSUHVHQWDWLRQ�RQ�D�*LEEV�FRP�
SRVLWLRQ� WULDQJOH�� LW� LV� FOHDU� WKDW� WKH
DQDO\VLV� RI� WKH� 3E7H±*D7H� TXDVLELQDU\
FURVV� VHFWLRQ� RQO\� GRHV� QRW� H[KDXVW� WKH
SURFHVV� RI� JDOOLXPV� VROXELOLW\� LQ� 3E7H
PDWUL[� DV� D� ZKROH�� $V� LW� FDQ� EH� VHHQ� LQ
)LJ����� WKH�*D� VROXELOLW\� UHJLRQ� LQ� 3E7H
PDWUL[� LV� DV\PPHWULF� UHJDUGLQJ� WR� WKH
3E7H±*D7H�TXDVLELQDU\�FURVV�VHFWLRQ��7KH�IRU�
PDWLRQ�RI�*D�VROLG�VROXWLRQV� LV� WR�EH�UHYHDOHG
LQ�3E7H±*D�7H��SVHXGRELQDU\�V\VWHP�DOVR��

,Q� YLHZ� RI� WKH� IDFW� WKDW� DOO� 3E�±\*D\7HILOPV�ZHUH� GHSRVLWHG� DW� DSSUR[LPDWHO\� FRQ�
VWDQW� YDOXHV� RI� 7H�� SDUWLDO� SUHVVXUH�� LW� LVSRVVLEOH� WR� VD\� WKDW� )LJ���E� UHSUHVHQWV� WKH
LVRWKHUPDO� DQG� LVREDULF� S7H��VHFWLRQV� RI3E±*D±7H� SKDVH� PLFURGLDJUDP�� $� FORVHU
ORRN� WR� )LJ���� DOORZV� XV� WR� DVVXPH� WKDW� DW
IL[HG�WHPSHUDWXUH��ERXQGDULHV�RI�KRPRJHQH�
LW\� UHJLRQ� DQG� SKDVH� FRQVWLWXWLRQ� RI
3E7H*D®� ILOPV� GHSHQG�XSRQ� WKH� WZR�PDLQ
IDFWRUV�� WKH� UDWLR� EHWZHHQ�*D� DQG� 3E� FRQ�
FHQWUDWLRQV�IURP�WKH�RQH�KDQG��DQG�FRQWHQW

)LJ����� 'HSHQGHQFHV� RI� WKH� ODWWLFH� SDUDPHWHU
D3E7H�RQ�WKH�*D�DWRPV�LPSXULW\�FRQFHQWUDWLRQ\*D� LQ� WHUQDU\�3E�±\*D\7H� ILOPV� SUHSDUHG� DW
7VXE� ����r��.���� Û� KRPRJHQHRXV� VDPSOHV�
��Û�KHWHURJHQHRXV�SRO\FU\VWDOOLQH�VDPSOHV�

)LJ���D�� 7KH� ELQDU\� SKDVH� GLDJUDPV� DQG� *LEEV
FRPSRVLWLRQ�WULDQJOH�RI�3E±*D±7H�WHUQDU\�V\VWHP�
)LJ���E��7KH�LVRWKHUPDO�FURVV�VHFWLRQ�WKURXJK
WKH�SKDVH�PLFURGLDJUDP�RI�3E±*D±7H�WHUQDU\
V\VWHP� DW� 7� ����r�� .�� �� Û� KRPRJHQHRXV
3E�±\*D\7H�ILOPV����Û�KHWHURJHQHRXV�3E�±\*D\7H
ILOPV� �3E7H*D®���3E��� �� Û� KHWHURJHQHRXV
3E�±\*D\7H�ILOPV��3E7H*D®���*D7H�����Û�KHWHUR�
JHQHRXV�3E�±\*D\7H�ILOPV��3E7H*D®���*D7H��*D�7H������Û�KHWHURJHQHRXV�3E�±\*D\7H� ILOPV
�3E7H*D®���*D�7H���� �� Û� KHWHURJHQHRXV
3E�±\*D\7H�ILOPV��3E7H*D®���7H��
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RI� 7H� DWRPV�� IURP� WKH� RWKHU� RQH�� 'XULQJ
WKH� IRUPDWLRQ�RI�WKH�3E7H*D®� OD\HUV� IURP
WKH�YDSRXU�SKDVH��WKH�KHWHURJHQHRXV�FKHPL�
FDO� UHDFWLRQV� FDQ� EH� H[SUHVVHG� WKURXJK� WKH
IROORZLQJ�VFKHPHV�
3E�J����*D�J����7H��J��o�3E7H�V����*D7H�V������
:LWKLQ� WKH� IUDPHZRUNV� RI� WKH� TXDVL�

FKHPLFDO� PHWKRG� >��@� WKLV� UHDFWLRQ� PD\� EH
ZULWWHQ�

3E�J����*D�J����7H��J��o
o�3E3E[ ���*D3E[ ���7H7H[ ���7H7H[ �

���

,W�LV�WR�QRWH�WKDW�(T�����DQG�(T�����VDWLVI\
WKH� SUHSDUDWLRQ� SURFHVV� RI� 3E7H*D®� ILOPV
ZLWK�VWRLFKLRPHWULF�UDWLR�RI�PHWDO�FRPSRQHQWV
DQG�7H�DWRPV�RQO\�DQG�FRUUHVSRQG�WKH�IRUPD�
WLRQ� RI�*D� VROLG� VROXWLRQV� DORQJ� 3E7H±*D7H
SVHXGRELQDU\� VHFWLRQ�� ,I� WHOOXULXP� SDUWLDO
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