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7KH�VWXG\�UHVXOWV�RI�WKH�WXQQHO�FRQGXFWDQFH�RI�KHWHURVWUXFWXUHV�IRUPHG�E\�D�VLOYHU�WLS

DQG�D�GRSHG�$J�/D����&D����0Q2��PDQJDQLWH�LQ�WKH�YROWDJH�UHJLRQ�DERYH�PDQJDQLWH�SKRQRQDQG� PDJQRQ� IUHTXHQFLHV� DUH� SUHVHQWHG�� 7KUHH� PD[LPD� KDYH� EHHQ� REVHUYHG� DW� HQHUJLHV
FRUUHVSRQGLQJ� WR� WKH� SHDNV� LQ� WKH� 5DPDQ� VSHFWUD� RI� /D0Q2��� ,W� LV� VXSSRVHG� WKDW� WKHPD[LPD� DUH� GXH� WR� WKH� LQWHUDFWLRQ� RI� WXQQHOLQJ� HOHFWURQV�ZLWK� H[FLWDWLRQV� LQ� WKH� RUELWDO
VXEV\VWHP�RI�D�GHJUDGHG�UHJLRQ�QHDUE\�WKH�PHWDO�PDQJDQLWH�LQWHUIDFH�
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7KH�LQWHUHVW�DULVHG�WR�IHUURPDJQHWLF�KHW�
HURVWUXFWXUHV� EDVHG� RQ� /D�±[&D[0Q2�� W\SHPDQJDQLWHV�GXH� WR�GLVFRYHU\�RI�*LDQW�PDJ�
QHWRUHVLVWDQFH� �*05�� LQ� VXFK� V\VWHPV�
)URP� WKH� IXQGDPHQWDO� DQG� SUDFWLFDO� SRLQW
RI� YLHZ�� WKH� *05� GHSHQGHQFH� RQ� WKH� YROW�
DJH�DSSOLHG�WR�WKH�WXQQHO�FRQWDFW�LV�RI�LQWHU�
HVW�� 7KH� VFDWWHULQJ� RQ�PDJQHWLF� H[FLWDWLRQV
LQ�D�WXQQHO�EDUULHU�ZKLFK�LQYHUW�D�VSLQ�DQG
WKHUHE\� LQKLELW� WKH�HIIHFW� LV� VXSSRVHG� WR�EH
SRVVLEOH�PHFKDQLVP� UHVSRQVLEOH� IRU� WKLV� HI�
IHFW�� $FWXDOO\�� WR� VXEVWDQWLDWH� WKH� DVVXPS�
WLRQ� DERXW� WKH� FRQQHFWLRQ� RI� WKH� YROWDJH
*06�GHSHQGHQFH�ZLWK� LQWHQVLW\�RI� LQHODVWLF
SURFHVVHV� LQ� WKH� EDUULHU�� LW� LV� QHFHVVDU\� WR
UHYHDO�DQG� LQYHVWLJDWH�WKH�SUHVHQFH�RI�H[FL�
WDWLRQV�ZLWK�KLJK�HQHUJLHV��DERYH�����PH9�
LQVLGH� WKH� EDUULHU� RU� LQ� D� QHDU�EDUULHU� UH�
JLRQ�� ,W� LV� DVVXPHG� WKDW� WKH� VFDWWHULQJ� RQ
SKRQRQV�� DQG� RWKHU� TXDVL�SDUWLFOHV� �PDJ�

QRQV�� HWF���PD\� SOD\� QRWLFHDEOH� SDUW� LQ� WKH
*05� VXSSUHVVLRQ�� EHVLGHV� PDJQHWLF� SURF�
HVVHV�

6WURQJO\� FRUUHODWHG� V\VWHPV�� VXFK� DV
PDQJDQLWHV� SRVVHVVLQJ� FRORVVDO� PDJQHWRUH�
VLVWDQFH�DQG�KLJK�WHPSHUDWXUH�VXSHUFRQGXF�
WRUV�� DUH� SURPLVLQJ� IURP� WKH� YLHZSRLQW� RI
RUELWDO�ZDYH�REVHUYDWLRQ��EHFDXVH� WKH\�FRQ�
WDLQ� WKH� WUDQVLWLRQDO� PHWDO� LRQV� IRU� ZKLFK
WKH� RUELWDO� GHJUHH� RI� IUHHGRP� LV� RI� LPSRU�
WDQFH� >����@�� 7KH� RUELWDOO\� RUGHUHG� VWDWHV
ZHUH� GLVFRYHUHG� LQ� D� VRPH� WUDQVLWLRQDO
PHWDO� FRPSRXQGV� >����@�� DQG� RUELWRQV� ZDV
WKHRUHWLFDOO\�SUHGLFWHG�IRU�/D0Q2��>����@��,QWKLV� ZRUN�� WKH� WXQQHO� VSHFWUXPV� RI� EXON
/D����&D����0Q2�� �/&02�� SRO\FU\VWDOV� ZHUHVWXGLHG�

7KH� H[SHULPHQWDO� /&02� VDPSOHV� KDYH
EHHQ� REWDLQHG� E\� VWDQGDUG� VROLG�SKDVH� V\Q�
WKHVLV� IURP� WKH� LQLWLDO� UDUH�HDUWK� HOHPHQW�
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FDOFLXP� DQG� PDQJDQHVH� R[LGHV� DW� WKH� V\Q�
WKHVLV�WHPSHUDWXUH�7V� �����Ü�����&�LQ�DLUZLWK� WKH� UHSHDWHG� JULQGLQJ�� SUHVVLQJ�� DQG
DQQHDOLQJ��$V�D�SRWHQWLDO�EDUULHU�WR�WKH�WXQ�
QHOLQJ� HOHFWURQV�� WKH� QDWXUDO� R[LGH� OD\HU
DULVLQJ� RQ� WKH�PDQJDQLWH� VXUIDFH�ZDV� XVHG
>�@��2[LGDWLRQ�ZDV�FRQGXFWHG�DW�WKH�QDWXUDO
FRROLQJ� LQ� D� ODERUDWRU\� IXUQDFH� GRZQ� WR
URRP� WHPSHUDWXUH�� 7KH�PHWDOOLF� LQMHFWRU� LQ
WKH�VWXGLHG�PDQJDQLWH�KHWHURVWUXFWXUHV�ZDV
D� SRLQWHG� VLOYHU� ZLUH� SUHVVHG� DJDLQVW� WKH
VDPSOH�ZLWK�D�IRUFH�WKDW�FRXOG�EH�UHJXODWHG
E\� DQ� DGMXVWLQJ�PHFKDQLVP��0HDVXULQJ� WKH
ILUVW� GHULYDWLYH� RI� FXUUHQW�YV�YROWDJH� FKDU�
DFWHULVWLFV� ,�9�� RI� WKH� WXQQHO� FRQWDFWV� RQ
YROWDJH�V�9�� �G,�9��G9� ZDV� FDUULHG� RXW� E\
D�VWDQGDUG�PRGXODWLRQ�PHWKRG�LQ�WKH�SUHVHW
YROWDJH�PRGH�

7KH� WXQQHO� VSHFWURVFRS\� RI� ERVRQLF� H[FL�
WDWLRQV�LQ�QRQ�VXSHUFRQGXFWLYH�PHWDOV�>�@�LV
EDVHG�RQ�WKH�IDFW�WKDW�RGG�SDUW�RI�GLIIHUHQ�
WLDO� FRQGXFWLYLW\� VB�9��  � �V��9�ÜV�Ü9����
RI�D�PHWDO�LQVXODWRU�PHWDO�WXQQHO�FRQWDFW�DW
WHPSHUDWXUHV� QHDU� WR� ]HUR� LV� LQ� SURSRUWLRQ
WR�UHDO�SDUW�V�Z��RI�HOHFWURQLF�H[FLWDWLRQV�LQ
WKH�FRQGXFWRU��,W�LV�VXSSRVHG�WKDW�WKH�LQWHU�
DFWLRQ�RI�HOHFWURQV�ZLWK�ERVRQV�LQ�RWKHU�PH�
WDOOLF�SODWH�FDQ�EH�QHJOHFWHG�

VB�9�� ��DV�5HV�H9��e�H)� ���
+HUH�V�� �V�9� ����LV�WKH�FRQGXFWLYLW\�LQ

]HUR� YROWDJH�� H)�� WKH� )HUPL� HQHUJ\�� GLPHQ�
VLRQOHVV� FRQVWDQW� D|�� >�@�� 7KH� SK\VLFDO� QD�
WXUH� RI� IRUPXOD� ���� LV� GHILQHG� E\� WZR� IDF�
WRUV�� ILUVW�� E\� WKH� GHSHQGHQFH� RI� GLHOHFWULF
OD\HU�WUDQVSDUHQF\�LQ�0,0�WUDQVLWLRQ�RQ�WKH
HQHUJ\�Z�RI�HOHFWURQ�WXQQHOLQJ�WKHUHWKURXJK
>�@� DQG� VHFRQG�� E\� WKH� GHSHQGHQFH� RI� HOHF�
WURQLF� VWDWH�GHQVLW\� LQ� WKH�FRQGXFWRU�XQGHU
LQYHVWLJDWLRQ� RQ� Z� >��@��:KLOH� LQ� RUGLQDU\
PHWDOV�� WKH� PDLQ� FRQWULEXWLRQ� WR� VB�9�� LV
UHODWHG�WR�WKH�ILUVW�IDFWRU�>�@��LQ�WKH�FDVH�RI
PDQJDQLWHV��GRPLQDQW�LV�WKH�HQHUJ\�GHSHQG�
HQW� YDULDWLRQ� RI� WKHLU� HOHFWURQLF� FKDUDF�
WHULVWLFV�GXH�WR�WKH�UHODWLYHO\� ORZ�YDOXHV�RI
)HUPL� HQHUJLHV� H)�� 7KH� HVWLPDWLRQ� RI� H)� LQWKH� IUDPHZRUN� RI� IUHH� HOHFWURQ� JDV� PRGHO
JLYHV� IRU� DOOR\HG� PDQJDQLWHV�� VKRZLQJ� WKH
FRORVVDO� PDJQHWRUHVLVWDQFH� HIIHFW�� D� YDOXH
QRW� H[FHHGLQJ� IHZ� KXQGUHGV� PH9� >������@�
)RUPXOD�����DOORZV�WR�FDOFXODWH�IURP�H[SHUL�
PHQWDO�VB�9��GHSHQGHQFH�WKH�LPDJLQDU\�SDUW
V�Z��� DQG� WKHQ� WR� GHWHUPLQH� WKH� HOHFWURQ�
ERVRQ�LQWHUDFWLRQ�IXQFWLRQ��VHH�>�����@��
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)RUPXOD� ���� PDNHV� LW� SRVVLEOH� WR� UHFRQ�
VWUXFW� WKH� HOHFWURQ�ERVRQ� LQWHUDFWLRQ� IXQF�
WLRQV� J�Z�� IRU� WKH� VWXGLHG� REMHFWV� DQG� WR
FDOFXODWH� WKH� YDOXHV� RI� WKH� FRUUHVSRQGLQJ
FRQVWDQWV�O� ��³J�Z�GZ�Z�

,W� KDV� EHHQ� VKRZQ� >��@� WKDW� LQ� WXQQHO
FRQWDFWV��WKH�HOHFWURQ�WUDQVIHU�LV�FDUULHG�RXW
E\� HODVWLF� XQGHU�EDUULHU� WXQQHOLQJ� WKURXJK
WKH� ORFDOL]HG� VWDWHV� LQVLGH� WKH� EDUULHU�� WKLV
UHVXOWV� LQ� WKH� SRZHU� QRQOLQHDULW\� RI� DPRU�
SKRXV�OD\HU�YROW�DPSHUH�FKDUDFWHULVWLFV��,�9�
a�9����� DQG� WKH� WXQQHO� FRQGXFWLYLW\� YDUL�
DWLRQ� LV� GHVFULEHG� DV� V�9��a�9���� >��@�� )RU
WKH�VWXGLHG�$J±/D����&D����0Q2��V\VWHP��DQDJUHHPHQW�ZLWK� WKH� WKHRU\� LV�REVHUYHG� LQ�D
ZLGH� UHJLRQ� RI� VHOI�HQHUJ\� H[FLWDWLRQV� DQG
H[WULQVLF� FRQWULEXWLRQV� �XS� WR� ���� PH9�
�)LJ�����

)RU�WKH�V\VWHP�/D����&D����0Q2��� WKH�UH�FRQVWUXFWHG� VSHFWUDO� FKDUDFWHULVWLFV� RI� HOHF�
WURQ�SKRQRQ� LQWHUDFWLRQ� J�Z�� DUH� SUHVHQWHG
LQ� )LJ����� 7KH� DUHD� RI� VHOI�HQHUJ\� H[FLWD�
WLRQV� �ZKLFK� UHIOHFWV� WKH� WXQQHO� EDUULHU
SURSHUWLHV�� VSUHDGV� XS� WR� ���� PH9�� 7KH
PRVW� FOHDUO\� H[SUHVVHG� VLQJXODULWLHV� RI� WKLV
DUHD�DUH�GHPRQVWUDWHG�LQ�WKH�VSHFWUD�RI�SKR�
QRQV� DQG�PDJQRQV�� &RPSDULVRQ� RI� WKH� VLQ�
JXODULW\� VLWHV� LQ� WKH� SKRQRQ� DQG� PDJQRQ
VSHFWUD� VKRZV� D� JRRG� DJUHHPHQW� ZLWK� WKH

)LJ����� %DUULHU� FKDUDFWHULVWLFV� RI� $J� KHWHUR�
FRQWDFW�ZLWK�D�/D����&D����0Q2�� ILOP�VDPSOH�7KH� KHWHUR�FRQWDFW� UHVLVWDQFH� 5�9� ���� �5�
LV� ���� :�� WKH� PHDVXUHPHQW� WHPSHUDWXUH
���.��7KH�SRLQWV�LQGLFDWH�WKH�YROWDJH�UDQJHV
ZKHUH� WKH� WKHRUHWLFDO� DPG� H[SHULPHQWDO� GDWD
DUH�LQ�DJUHHPHQW�
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UHVXOWV� RI� RSWLFDO� H[SHULPHQWV� IRU
/D���&D���0Q2��>������@�,Q� >�@�� WKH� IHDWXUHV� RI� /D0Q2�� RSWLFDOVSHFWUD�ZHUH�GLVFXVVHG�LQ�WKH����Ü����PH9
UDQJH��WKH�SHDNV�LQ�WKLV�DUHD�EHLQJ�VXSSRVHG
WR� EH� FRQQHFWHG�ZLWK� WKH� GLVSOD\� RI� RUELWDO
H[FLWDWLRQV�� 7KH� YROWDJH� SRVLWLRQV� RI� WKUHH
EDVLF�SHDNV�LQ�WKLV�LQWHUYDO�RI�D�WXQQHO�VSHF�
WUXP��VHH�)LJ�����DJUHH�YHU\�ZHOO�ZLWK�VLPL�
ODU� WKUHH� VLQJXODULWLHV� LQ� WKH� 5DPDQ� VSHF�
WUXP�RI�/D0Q2��ZLWK�HQHUJLHV����������DQG���� PH9� >�@� DQG�� DFFRUGLQJO\�� FDQ� EH� H[�
SODLQHG� E\� LQWHUDFWLRQ� RI� WXQQHOLQJ� HOHF�
WURQV�ZLWK�H[FLWDWLRQV�LQ�WKH�RUELWDO�VXEV\V�
WHP�� $V� IRU� PD[LPD� DW� HQHUJLHV� H[FHHGLQJ
���� PH9�� WKRVH� DUH� SUREDEO\� WKH� SKRQRQ
VDWHOOLWHV�RI�WKH�RUELWDO�H[FLWDWLRQ�DUHD�>��@�
,Q� RXU� RSLQLRQ�� WKH� DERYH�PHQWLRQHG� IHD�
WXUHV� KDUGO\� FDQ� EH� H[SODLQHG� E\� PXO�
WLSKRQRQ�SURFHVVHV��VLQFH�HYHQ�LQ�WXQQHO�GH�
VFULSWLRQV�RI�VXFK�VWURQJ�FRQVWUDLQHG�VXSHU�
FRQGXFWRUV� DV� OHDG�� WKH� ODWWHU� VKRZ
WKHPVHOYHV� DV� D� UDWKHU� ZHDN� QRQOLQHDULW\
>��@��)LQDOO\�� LI�D�YHU\�VWURQJ�HOHFWURQ�SKR�
QRQ� LQWHUDFWLRQ�ZLWK� D� FHUWDLQ�PRGH� LQ� WKH
RVFLOODWLRQ� VSHFWUXP�RI� ODWWLFH�H[LVWV� LQ� WKH
LQYHVWLJDWHG�PDQJDQLWHV� �WKDW� LV�SRVVLEOH� LQ
SULQFLSOH���WKHQ�WKH�REVHUYHG�IHDWXUHV�ZRXOG
EH� WKH� KDUPRQLFV� RI� WKH� VDPH� IUHTXHQF\�
WKDW� LV� QRW� REVHUYHG� LQ� RXU� H[SHULPHQWDO
FXUYHV�

7R�FRQFOXGH��LW�LV�WR�QRWH�WKDW�WKH�RUELWDO
VWUDLQ�ZDYHV�REVHUYDWLRQ�LQ�WKH�RUELWDOO\�RU�
GHUHG� HOHFWURQ� VXEV\VWHP� RI� PDQJDQLWHV
XVLQJ�WKH�HIIHFW�RI�HOHFWURQ�WXQQHOLQJ�RSHQV
QHZ� SRVVLELOLWLHV� IRU� UHVHDUFK� RI� WKLV� SKH�
QRPHQRQ�XQGHU�YDU\LQJ�H[WHUQDO�FRQGLWLRQV�
IRU�H[DPSOH��PDJQHWLF�ILHOG��WKDW�ZLOO�DOORZ
WR� LQYHVWLJDWH� WKH� RUELWRQ� LQWHUDFWLRQ� ZLWK
RWKHU� TXDVL�SDUWLFOH� H[FLWDWLRQV� LQ� VWURQJO\
FRUUHODWHG�HOHFWURQLF�HQYLURQPHQWV��

$XWKRUV� WKDQN� 8�$�.ROHVQLFKHQNR� IRU
XVHIXO� GLVFXVVLRQV� DQG� YDOXDEOH� UHPDUNV�
7KLV� ZRUN� ZDV� VSRQVRUHG� E\� 0LQLVWU\� RI
(GXFDWLRQ�DQG�6FLHQFH�RI�8NUDLQH��*UDQW��
)�������������

5HIHUHQFHV
� ���(�6DLWRK�� 6�2NDPRWR�� .�7�7DNDKDVKL� HW� DO��
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�������
� ���6�,VKLKDUD�� -�,QRXH�� 6�0DHNDZD�� 3K\VLFD� &�

����������������
� ���6�,VKLKDUD�� -�,QRXH��6�0DHNDZD��3K\V��5HY��%�

����������������
� ���0�+XLMEHQ�� /�:�0DUWLQ�� <��+�&KX� HW� DO��

3K\V��5HY��%��������������������
� ���9�0�6YLVWXQRY�� 0�$�%HORJRORYVNLL�� 7XQQHO

6SHFWULVFRS\� RI� 4XVDL�3DUWLFOH� ([FLWDWLRQV� LQ
0HWDOV��1DXNRYD�'XPND��.LHY��������>LQ�5XV�
VLDQ@�

����&�5�/HDYHQV�� 6ROLG� 6WDWH� &RPPXQ��� ���� ��
�������

����7�9�5DPDNULVKQDQ�� -��3K\V��&RQGHQV��0DWWHU�
������������������

����0�']HUR�� /�*RUNRY�� 9�.UHVLQ�� (XURSK\V��-��
%���������������

����/�*OD]PDQ�� .�0DWYHHY�� =K��(NVS��7HRU��)L]��
���������������

����9�0�6YLVWXQRY�� 9�1�/HRQRYD�� 0�$�%HORJR�
ORYVNLL�HW�DO���0RGHUQ�3K\V��/HWW��%����������
�������

����$�9�%RULV� HW� DO��� -��$SSO��3K\V��� ���� ����
������

����-LDQGL�=KDQJ�HW�DO���-��3K\V��&RQGHQV��0DWWHU�
������������������

����-�YDQ�GHQ�%ULQN��3K\V��5HY��/HWW�������������
�������

����-�0�5RZHOO��LQ��7XQQHOLQJ�3KHQRPHQD�LQ�6RO�
LGV��HGV��/�%XUVWHLQ�DQG�6�/XQGTXLVW��3OHQXP
3UHVV��1HZ�<RUN���������S�����

)LJ����� 7KH� HOHFWURQ�ER]RQ� LQWHUDFWLRQ� IXQF�
WLRQ� J�Z�� IRU� $J� KHWHUR�FRQWDFW� ZLWK� D
/D����&D����0Q2�� EXON� VDPSOH� GHULYHG� IURPWKH�RGG�SDUW�RI�GLIIHUHQWLDO�FRQGXFWDQFH��7KH
VLWHV�RI�PDLQ�SHDNV�LQ�WKH�5DPDQ�VSHFWUXP�RI
/D0Q2��DUH�VKRZQ�E\�DUURZV�>���������@��7KHKHWHUR�FRQWDFW� UHVLVWDQFH� 5�9� ���� �5�� LV
����:��WKH�PHDVXUHPHQW�WHPSHUDWXUH����.�
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ÓÒ²� °¯L­ÓÒä� mL°�¯«ä� L� ãË�ºmÈÓÒä� äÈÓ�ÈÓL�ºä� $J�/D����&D����0Q2��� m� º­ãÈ°�L� ÓÈ¹¯��mÒ�Ë�ÁºÓºÓÓÒ²�L�äÈ�ÓºÓÓÒ²��È°�º��äÈÓ�ÈÓL�Lm��~ÓÈ®�ËÓº��¯Ò�äÈ}°Òä�äÒ�¹¯Ò�ËÓË¯�L«²�
mL�¹ºmL�ÓÒ²�¹L}Èä���°¹Ë}�¯È²�}ºä­LÓÈ�L®Óº�º�¯ºÏ°L«ÓÓ«�/D0Q2����Ë¯Ë�­È�È¼�	°«���º�m}È�ÏÈÓL� äÈ}°Òä�äÒ� º­�äºmãËÓL� mÏÈ¼äº�L¼
� ��ÓËã

�Ò²� ËãË}�¯ºÓLm� LÏ� Ï­��ÎËÓÓ«äÒ� m� º¯­L�
�Èã	ÓL®�¹L�°Ò°�ËäL��Ë�¯È�ºmÈÓº��º­ãÈ°�L���º�¹¯ÒäÒ}È¼��º�LÓ�Ë¯ÁË®°��äË�Èã�Ü�äÈÓ�ÈÓL��
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