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3K\VLFV�)DFXOW\��7�6KHYFKHQNR�.\LY�1DWLRQDO�8QLYHUVLW\�
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$�JHQHUDO�DSSURDFK�LV�GHYHORSHG�DQG�FRQGLWLRQV�RI�QRQFULWLFDO�SKDVH�PDWFKLQJV��30��RI
GLIIHUHQW� PXOWLSOLFLW\� IRU� WKH� VXP� IUHTXHQF\� JHQHUDWLRQ� SURFHVV� DUH� DQDO\]HG� WDNLQJ� D
ELD[LDO�.73�FU\VWDO�DV�DQ�H[DPSOH��7KH�DSSURDFK�LV�EDVHG�RQ�WKH�FRQVLGHUDWLRQ�RI�JHQHUDO
SURSHUWLHV�RI�D�30�VXUIDFH�FRQVWUXFWHG�LQ�WKH�IUHTXHQF\�DQG�DQJOH�FRRUGLQDWHV��DQDO\VLV�RI
WKHLU� VLQJXODU� OLQHV� DQG� LQWHUVHFWLRQ�SRLQWV� RI� WKRVH� OLQHV��7KH� OLQHV� RI�QRQ�FULWLFDOLW\� LQ
VLJQDO�IUHTXHQF\�RU� LQ�WKH�SURSDJDWLRQ�DQJOHV�RI�WKH� LQWHUDFWLQJ�ZDYHV�KDYH�EHHQ�FRQVLG�
HUHG� RQ� WKH�30� VXUIDFH��7KH� FODVVLILFDWLRQ� RI�GRXEOH�XQFULWLFDO� �LQ� IUHTXHQF\� DQG� RQH� RI
WKH�DQJOHV�RU�LQ�WZR�DQJOHV��30V�LV�SURSRVHG��7KH�SRVVLELOLW\�WR�UHDOL]H�D�WULSOH�QRQ�FULWL�
FDOLW\� LQ� WKUHH� LQGHSHQGHQW� TXDQWLWLHV�� IRU� H[DPSOH�� IUHTXHQF\� DQG� WZR� DQJOHV�� KDV� EHHQ
VKRZQ��,W�LV�IRXQG�WKDW�WKH�GRXEOH�QRQ�FULWLFDOLW\��LQ�IUHTXHQF\�DQG�,5�VLJQDO�GLYHUJHQFH�
UHJLRQ�FDQ�EH�VFDQQHG�RYHU�WKH�ZKROH�WUDQVSDUHQF\�UDQJH�RI�z�c�XQGHU�IUHTXHQF\�WXQLQJ
RI� WKH� ORQJ�ZDYHOHQJWK� ODVHU� SXPSLQJ�� 0XOWLSOH� QRQ�FULWLFDO� 30V� DOORZ� YLVXDOL]LQJ� WKH
EURDGEDQG�,5�VSHFWUD�DQG�,5�LPDJHV�
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,QWHUHVW� LQ� LQYHVWLJDWLRQ� RI� WKUHH�ZDYH
LQWHUDFWLRQV� LQ� QRQOLQHDU� DQLVRWURSLF� FU\V�
WDOV� LV� FRQVLGHUDEO\� LQFUHDVHG� GXULQJ� ODVW
GHFDGHV�� 7KHVH� FU\VWDOV�PDNH� LW� SRVVLEOH� WR
FRQYHUW� LQIUDUHG� �,5�� VLJQDOV� DQG� LPDJHV
LQWR�YLVLEOH�RU�QHDUÜ,5�DQG�89�VSHFWUDO�UH�
JLRQV� FRQYHQLHQW� IRU� UHFRUGLQJ� >�Ü�@�� 7KLV
LQWHUHVW�LV�FDXVHG�E\�WKH�DYDLODELOLW\�RI�IDVW�
DFWLQJ� EURDGEDQG� DQG� PXOWLFKDQQHO� UDGLD�
WLRQ�UHFHLYHUV�LQ�YLVLEOH�DQG�QHDU�,5��LQFOXG�
LQJ� KLJK�VHQVLWLYLW\� &&'� FKDPEHUV�� ,W� LV
VLJQLILFDQW� WKDW� WKH� FRQYHUWHG� VLJQDO� NHHSV
LQ�JHQHUDO�WKH�LQIRUPDWLRQ�FRQWDLQHG�LQ�WKH
VSHFWUDO�DQJXODU� GLVWULEXWLRQ�� DQG� FRQVH�
TXHQWO\� LQ� WHPSRUDU\� DQG� VSDWLDO� VWUXFWXUH

RI� FRQYHUWHG� UDGLDWLRQ�� WKDW� IRUPV� D� EDVH
IRU�YLVXDOL]DWLRQ�RI�LQYLVLEOH�VLJQDOV�DQG�LP�
DJHV� >�Ü�@�� 7KH� SKDVH�PDWFKLQJ� FRQGLWLRQV
IRU� LQWHUDFWLQJ� ZDYHV� DUH� RI� JUHDW� LPSRU�
WDQFH� IRU� IUHTXHQF\� FRQYHUVLRQ� RI� VLJQDOV
EDVHG� RQ� VXP�� DQG� GLIIHUHQFH�IUHTXHQF\
JHQHUDWLRQ���Z5� �Z3�r�Z6��LQGH[HV�3��6�DQG5�FRUUHVSRQG�WR�SXPSLQJ��VLJQDO��DQG�UHVXOW�
LQJ� ZDYHV�� UHVSHFWLYHO\��� ,Q� WKH� YLFLQLW\� RI
FULWLFDO� SKDVH�PDWFKLQJ� �30��� WKH� ZDYH�PLV�
PDWFK�'N� IRU�SURFHVVHV� RI� IUHTXHQF\� FRQYHU�
VLRQ�LQFUHDVHV�OLQHDUO\�ZLWK�IUHTXHQF\�DQG�WKH
VLJQDO� SURSDJDWLRQ� DQJOH�� ,Q� WKLV� FDVH�� WKH
VSHFWUDO�ZLGWK�RI�30�GQ�a��Ü���FPÜ��DQG�DQ�
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JXODU� ZLGWK� GM� DERXW� WHQ� DQJXODU� PLQXWHV
DUH� W\SLFDO� YDOXHV�� +RZHYHU�� IRU� WKH� SXU�
SRVHV�RI�QRQOLQHDU�VSHFWURVFRS\��LW�LV�QHFHV�
VDU\�WR�FRQYHUW�LQWR�YLVLEOH�UDQJH�DV�ZLGH�,5
UDGLDWLRQ� VSHFWUXP� DV� SRVVLEOH� DW�PLQLPXP
RI�GLVWRUWLRQV�>�@��%HFDXVH�RI�VWURQJ�GHSHQG�
HQFH� RI� 30� FRQGLWLRQV� RQ� IUHTXHQFLHV� DQG
GLUHFWLRQV� RI� LQWHUDFWLQJ� ZDYHV�� D� SUREOHP
RI� JUHDW� LPSRUWDQFH� LQ� QRQOLQHDU� RSWLFV� LV
WKH�FUHDWLRQ�RI�VSHFLDO��VR�FDOOHG�QRQFULWLFDO�
30�FRQGLWLRQV�DGPLWWLQJ�UDWKHU�ZLGH�DFWXDO
UDQJH� RI� IUHTXHQFLHV� DQG�ZDYH� SURSDJDWLRQ
DQJOHV�� 6FLHQWLILFDOO\�� WKLV� SUREOHP� LV� UH�
GXFHG�WR�DQ�RSWLPXP�FRPELQDWLRQ�RI�DQLVRW�
URS\�DQG�GLVSHUVLRQ�RI�PHGLXP�IRU�WKH�SXU�
SRVHV�RI�QRQOLQHDU�RSWLFDO�IUHTXHQF\�FRQYHU�
VLRQ��3UDFWLFDOO\��LW�LV�UHGXFHG�WR�D�FKRLFH�RI
QHFHVVDU\� IXQFWLRQDO� PDWHULDOV� WR� VROYH� D
VSHFLILF�SUREOHP��)RU�HIIHFWLYH�FRQYHUVLRQ�RI
WKHUPDO�UDGLDWLRQV�ZLWK�D�ODUJH�DQJXODU�DS�
HUWXUH�� LW� LV� QHFHVVDU\� WR� XVH� WKH� NQRZQ
YHFWRULDO�VFKHPH�RI�WDQJHQWLDO�SKDVH�PDWFK�
LQJ� �:DUQHU�V� VFKHPH�� >�������@�� 7KH
VFKHPHV�RI�30�XQFULWLFDO�LQ�DQJOH�ZHUH�XVHG
WR� FRQYHUW� WKH� LPDJHV�ZLWK� D� IDU� DQG� FORVH
VLWXDWLRQ�RI�REMHFW�LQ�XQLD[LDO�>�����Ü��@�DQG
ELD[LDO� FU\VWDOV� >�@�� 7KHUH� DUH� FRQVLGHUDEO\
ZLGHU� SRVVLELOLWLHV� WR� UHDOL]H� WKH� EURDGEDQG
FRQYHUVLRQ� RI� ,5� UDGLDWLRQ�� )RU� WKLV� SXU�
SRVH��WKH�JURXS�30�>���������@�FDQ�EH�XVHG�
ZKHQ�� DORQJ� ZLWK� WKH� XVXDO� YHFWRULDO� 30
FRQGLWLRQV� Z5� �Z3�r� Z6�� N5� �N3���N6�� WKHJURXS�YHORFLW\�PDWFKLQJ� FRQGLWLRQV� IRU� VLJ�
QDO� DQG� JHQHUDWHG� UDGLDWLRQ� DUH� PHW�� WKDW�
DW� QDUURZ�EDQG� SXPSLQJ�� FDQ� SURYLGH� WKH
XVXDO� 30� FRQGLWLRQV� WR� EH� PHW� LQ� D� ZLGH
IUHTXHQF\� UDQJH�� ,Q� SDUWLFXODU�� LQ� WKH� FRO�
OLQHDU� LQWHUDFWLRQ�� WKLV� QHHGV� HTXDOLW\� RI
JURXS� YHORFLWLHV� wZ�wN6� �wZ�wN5� WDNHQ� DWWKH�FHQWUDO�IUHTXHQFLHV�RI�SXPSLQJ�DQG�JHQ�
HUDWHG�UDGLDWLRQ��7KH�UHJLRQ�RI�JURXS�SKDVH�
PDWFKLQJ� FDQ� EH� WXQHG� LQ� IUHTXHQF\� E\
FKDQJLQJ� WKH�SXPSLQJ�ZDYHOHQJWK�RU�XVLQJ
GLIIHUHQW�QRQOLQHDU�FU\VWDOV��6RPH�VFDQQLQJ
SRVVLELOLWLHV� RI� WKH� JURXS� 30� UHJLRQ� ZKHQ
XVLQJ�YHFWRU�LQWHUDFWLRQ�RI�ZDYHV�ZHUH�VWXG�
LHG�LQ�>������@��KRZHYHU��WKH�SUREOHP�RI�XQ�
FULWLFDO�30V�UHPDLQHG�LQVXIILFLHQWO\�LQYHVWL�
JDWHG�IRU�D�ORQJ�WLPH�

7KH� RSWLPXP� FRQGLWLRQ� IRU� ,5� UDGLDWLRQ
FRQYHUVLRQ� LV� WKH� FRPELQHG� JURXS� DQG� WDQ�
JHQWLDO� 30�� WKDW� LV�� UHDOL]DWLRQ� RI� GRXEOH
QRQ�FULWLFDOLW\�ERWK�LQ�IUHTXHQF\�DQG�DQJOH�
)RU�WKH�ILUVW�WLPH��VXFK�FRQGLWLRQV�ZHUH�UH�
DOL]HG� H[SHULPHQWDOO\� E\� 0LGZLQWHU� DQG
:DUQHU� LQ� D� /L1E2�� FU\VWDO� >����@�� :KHQ
XVLQJ�SXPSLQJ�DW�O3� �������PP��WKH�YDOXHVRI�GQ� �����FPÜ��DQG�GM� ����PUDG��DW�KDOI
LQWHQVLW\�KHLJKW��ZHUH�DWWDLQHG�QHDU�WKH�VLJ�

QDO�ZDYHOHQJWK�RI�O6� �����PP��7KH�SUREOHPRI� QRQFULWLFDO� �LQ� WKH� VLJQDO� UDGLDWLRQ� IUH�
TXHQF\�DQG�SURSDJDWLRQ�DQJOHV�RI�WKH�LQWHU�
DFWLQJ� ZDYHV�� 30� ZDV� FRQVLGHUHG� WKHRUHWL�
FDOO\� LQ�D� VHULHV� RI� RXU�ZRUNV� >��Ü��@��7KH
DQDO\WLFDO� FRQVLGHUDWLRQ� RI� WKLV� SUREOHP� DO�
ORZHG� XV� WR� IRUPXODWH� WKH� JHQHUDO� FRQFHSW
RI� QRQFULWLFDO� LQ� IUHTXHQF\� YHFWRULDO� JURXS
30�DQG�DOVR�GRXEOH�DQG�WULSOH�30V�QRQFULWL�
FDO� LQ�IUHTXHQFLHV�DQG�ZDYH�SURSDJDWLRQ�GL�
UHFWLRQV��,Q�WKH�SUHYLRXV�ZRUNV��PRUH�DWWHQ�
WLRQ�ZDV�SDLG� WR� WKH�GHPRQVWUDWLRQ�RI�QRQ�
FULWLFDO�30�SRVVLELOLWLHV�ZKHQ�XVLQJ�XQLD[LDO
FU\VWDOV��+RZHYHU��LQ�WKH�ODVW�GHFDGH��QRYHO
KLJK�TXDOLW\� QRQOLQHDU� FU\VWDOV�� LQ� SDUWLFX�
ODU�� ELD[LDO� FU\VWDO� RI� SRWDVVLXP� WLWDQ\O
SKRVSKDWH�.7L232���.73��DQG�LWV�LVRPRUSKV573�� .7$�� ,Q�.7$�� 57$�� &7$� >��@� DUH� DS�
SHDUHG�� 7KH� XVH� WKHUHRI� WRJHWKHU� ZLWK� WKH
GHYHORSHG� FRQFHSW� RI� PXOWLSOH� QRQFULWLFDO
30V�FDQ�IDYRU�LPSURYHPHQWV�LQ�XS�FRQYHUWHUV
RI�VLJQDOV�DQG�LPDJHV�>������@��DQG�DOVR�FUHD�
WLRQ�RI�QHZ�JHQHUDWLRQ�RI�VSHFWURPHWHUV�

7KH�.73� FU\VWDO� LV� RQH� RI� WKH�PRVW� SHU�
VSHFWLYH�QRQOLQHDU�PDWHULDOV�LQ�LWV�WUDQVSDU�
HQF\�UDQJH�����Ü����PP��,W�LV�FKDUDFWHUL]HG
E\� KLJK� QRQOLQHDU� RSWLFDO� FRHIILFLHQWV
�a����Ü��� P�9�� DQG� KLJK� RSWLFDO� GDPDJH
WKUHVKROG� �a����0:�°P��� >����������@�� %H�
FDXVH� RI� ZHDN� WHPSHUDWXUH� GHSHQGHQFH� RI
ELUHIULQJHQFH� �a��Ü��.��� WKH� 30� WXQLQJ� LV
SURYLGHG� E\� FKDQJLQJ� WKH� ZDYH� LQWHUDFWLRQ
JHRPHWU\� RU� WXQLQJ� WKH� SXPSLQJ� ZDYH�
OHQJWK�� WKDW� FDQ� EH� UHDOL]HG� XVLQJ�� IRU� H[�
DPSOH��WXQDEOH�7L�VDSSKLUH�ODVHU��������O3������� QP�� RU� RWKHU� ORQJ�ZDYHOHQJWK� ODVHUV
ZLWK� IL[HG� ZDYHOHQJWKV� >��@�� ,Q� WKLV� ZRUN�
WDNLQJ� D� .73� FU\VWDO� DV� DQ� H[DPSOH�� WKH
JHQHUDO� DSSURDFK� WR� FRQVLGHUDWLRQ�RI�PXOWL�
SOH�XQFULWLFDO�30V�LQ�ELD[LDO�FU\VWDOV� LV�GH�
YHORSHG�� ,W� LV� VKRZQ� WKDW� EURDG�EDQG� DQG
ZLGH�DQJOH� 30V� DUH� UHDOL]HG� DORQJ� WKH� VLQ�
JXODU� OLQHV� RQ� WKH� 30� VXUIDFH�� DQG� GRXEOH
30�QRQ�FULWLFDOLW\�LQ�IUHTXHQFLHV�DQG�DQJOHV
LV� DWWDLQHG� DW� LQWHUVHFWLRQ� SRLQWV� RI� WKRVH
OLQHV��:H�KDYH�HVWDEOLVKHG�WKH�SRVVLELOLW\�RI
WXQLQJ� WKH� GRXEOH� QRQ�FULWLFDOLW\� UHJLRQ
SUDFWLFDOO\� RYHU� WKH� ZKROH� WUDQVSDUHQF\
UDQJH� RI� z�c� ZKHQ� FKDQJLQJ� WKH� ODVHU
SXPSLQJ� ZDYHOHQJWK�� $V� WKH� 30� VXUIDFH
VL]H�LV�GHFUHDVHG��WKH�WULSOH�30�XQFULWLFDOLW\
LQ�IUHTXHQF\�DQG�WKH�SURSDJDWLRQ�GLUHFWLRQV
RI�WKH�LQWHUDFWLQJ�ZDYHV�FDQ�EH�UHDOL]HG�

2SWLFDO� SDUDPHWULF� LQWHUDFWLRQ� LQ� D� QRQ�
OLQHDU�FU\VWDO�JRHV�RQ�PRVW�HIIHFWLYHO\�ZKHQ
WKH�30�FRQGLWLRQV�DUH�IXOILOOHG�
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ZKHUH� WKH� DQJOHV� TM� DQG� )M� UHSUHVHQW� WKHSURSDJDWLRQ� GLUHFWLRQV� RI� WKH� LQWHUDFWLQJ
ZDYHV� UHODWLYH� WR� WKH� PDLQ� GLHOHFWULF� D[HV
;�� <�� =� RI� WKH� FU\VWDO� �VHH� )LJ���D��� :H
UHVWULFW� RXUVHOYHV� WR� WKH� FDVH� RI�PRQRFKUR�
PDWLF� SXPSLQJ� �Z3� �FRQVW�� SURYLGLQJ� WKH
XQLTXH� GHWHUPLQDWLRQ� RI� IUHTXHQF\� Z5� DW
SUH�VSHFLILHG� Z3� DQG� Z6�� 7KH� HTXDWLRQV� ���FRQWDLQ� �� SDUDPHWHUV�� KRZHYHU�� RQO\� �� RI
WKHP� DUH� LQGHSHQGHQW�� 7DNLQJ� LQWR� DFFRXQW
WKH�GLVSHUVLRQ�ODZ�NM� �NM�ZM��TM��)M���WKH�30FRQGLWLRQV�GHVFULEH�WKH�VXUIDFH�LQ�WKH�VSDFH
RI� �� FRRUGLQDWHV�� IRU� H[DPSOH� Z3�6�� T3�6�
)3�6��ZKLFK�WRSRORJ\�GHILQHV�WKH�REVHUYDEOHIUHTXHQF\�DQJXODU� VWUXFWXUH� RI� JHQHUDWHG
UDGLDWLRQ�� 2Q� SURSDJDWLQJ� WKH� WKUHH� ZDYHV
LQ� DQ\�SODQH�� WKLV�30�VXUIDFH�KDV� D� UDWKHU
VRSKLVWLFDWHG�JHQHUDO�VKDSH��+RZHYHU��VRPH
JHQHUDO� ODZV� RI� WKH� SDUDPHWULF� IUHTXHQF\
FRQYHUVLRQ�� LPSRUWDQW� IRU� WKH� SUDFWLFDO� DS�
SOLFDWLRQV�� FDQ� EH� XQGHUVWRRG� E\� FRQVLGHUD�
WLRQ� RI� YHFWRULDO� ZDYH� LQWHUDFWLRQV� LQ� WKH
PDLQ� SODQHV� RI� D� FU\VWDO�� ;=��<=� DQG�;<�
,Q� GRLQJ� VR�� WKH� 30� VXUIDFH� LV� GHILQHG� DW
IL[HG� SXPSLQJ� IUHTXHQF\� LQ� WKH� WKUHH�GL�
PHQVLRQDO� VSDFH� Z6�� T3�� T6� RU� Z6��)3��)6WKDW� LV� PRUH� HYLGHQW� DQG� HDVLHU� IRU� WKH
DQDO\VLV�

,Q� RQH� RI� RXU� SUHYLRXV� ZRUNV� >��@�� WKH
FRQGLWLRQV�IRU�YHFWRULDO�QRQFULWLFDO�30V�IRU
VXP� IUHTXHQF\� JHQHUDWLRQ� LQ� XQLD[LDO� QRQ�

OLQHDU�FU\VWDOV�ZHUH�DQDO\]HG�XVLQJ�WKH�VHF�
WLRQV�T3� �FRQVW��$V�LV�VKRZQ�LQ�WKDW�ZRUN�WKH� FRQGLWLRQV� IRU� YHFWRULDO� JURXS� 30
�9*30��FDQ�EH�H[SUHVVHG�DV
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ZKHUH�9M� �wZM�wNM�� �XMHM��M� ��6�5���XM�DUH�WKH
JURXS� YHORFLWLHV� RI� WKH�ZDYHV�ZM��\� �T6�Ü�T5
�VHH�)LJ���E���DQG�J5� �ÜDUFWDQ�N5Ü��wN5�wT5�LV� WKH� ELUHIULQJHQFH� DQJOH�� 7KH�ZDYH� LQWHU�
DFWLRQ� JHRPHWU\� LQ� WKH� ;=� SODQH� DQG� WKH
SRVVLELOLWLHV� IRU� UHDOL]DWLRQ� RI� EURDG�EDQG
DQG� GRXEOH� QRQFULWLFDO� �VLPXOWDQHRXVO\� LQ
IUHTXHQF\� DQG� DQJOH�� 30� DUH� VKRZQ� VFKH�
PDWLFDOO\� LQ� )LJV���E� DQG� �°�� UHVSHFWLYHO\�
$W�9*30��LQ�DFFRUGDQFH�ZLWK������WKH�JURXS
YHORFLW\� PLVPDWFK� LV� FRPSHQVDWHG� LQ� WKH
SURSDJDWLRQ�GLUHFWLRQ�RI�WKH�VLJQDO�UDGLDWLRQ
DW� WKH� H[SHQVH� RI� LQWHUDFWLRQ�JHRPHWU\� DQG
WKH� FU\VWDO� DQLVRWURS\�� ,W� LV� LPSRUWDQW� WR
QRWH� WKDW�� LQ� WKLV� FDVH�� WKH� DQJOH�M�GRHV�QRW
FKDQJH�GHVSLWH�WKH�FKDQJH�LQ�OHQJWKV�RI�ZDYH
YHFWRUV� N6� DQG� N5� �VHH� )LJ���E��� 7KH� H[DFW9*30� FRQGLWLRQV�� DGPLWWLQJ� WKH� EURDGEDQG
FRQYHUVLRQ�� UHGXFH� WR� WKH� HTXDOLW\� RI� SURMHF�
WLRQV� RI� JURXS� YHORFLWLHV� IRU� WKH� VLJQDO� DQG
JHQHUDWHG� ZDYHV�� KDYLQJ� FHQWUDO� IUHTXHQFLHV
Z6��DQG�Z5���UHVSHFWLYHO\��RQWR�WKH�SURSDJD�WLRQ� GLUHFWLRQ� RI� WKH� VLJQDO� UDGLDWLRQ� H6� N6�N6��VHH�>��@�IRU�GHWDLOV�

X6H6� �X5H6� ���
/DWHU��VLPLODU�FRQGLWLRQV�ZHUH�REWDLQHG�LQ�>��@�

)LJ����� �D�� E�� F�� 'LDJUDPV� VKRZLQJ� YHFWRULDO� JURXS� SKDVH�PDWFKLQJ� QRXQFULWLFDO� LQ� IUHTXHQF\� RI
VLJQDO�UDGLDWLRQ��9*30��DQG�SKDVH�PDWFKLQJ�QRQFULWLFDO�LQ�IUHTXHQF\�DQG�DQJOH��*&�Û��WKH�JURXS
FHQWHU���LQ�D�.73�FU\VWDO�
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7KH�.73�FU\VWDO��PP��V\PPHWU\�FODVV��LV
D� ELD[LDO� FU\VWDO�ZLWK�DQ�DQJOH� EHWZHHQ�RS�
WLFDO� D[HV� RI� DERXW� ������ ������� PP�� >��@�
$V� WKH� RSWLFDO� D[LV� LV� ORFDWHG� LQ� WKH� ;=
SODQH��WKH�LQWHUDFWLRQ�RI�ZDYHV�LQ�WKLV�SODQH
LV�RI�WKH�JUHDWHVW�LQWHUHVW��z�c�LV�D�SRVLWLYH
FU\VWDO�LQ�WKH�RSWLFDO�SODQH�;=�DW�9���T�d���
EHFDXVH�QH�!�QR��DQG�WKH�JHQHUDWHG�VXP�IUH�TXHQF\�UDGLDWLRQ�VKRXOG�EH�DQ�R�ZDYH��7KLV
LV�QHFHVVDU\�WR�FRPSHQVDWH�WKH�SRVLWLYH�GLV�
SHUVLRQ� RI� WKH� FU\VWDO� E\� LWV� DQLVRWURS\
ZKHQ�FUHDWLQJ�30�FRQGLWLRQV��7KHUHIRUH��ZH
KDYH�FRQVLGHUHG�ºË�º��Ëº�º�DQG�ËË�º� LQWHUDF�
WLRQV�LQ�WKH�;=�SODQH��WKH�SXPSLQJ��VLJQDO�
DQG�JHQHUDWHG�UDGLDWLRQ�ZDYH�W\SHV�DUH�GHV�
LJQDWHG� LQ� WKH� DERYH� VHTXHQFH��� 6LPLODU
W\SHV�RI�LQWHUDFWLRQV�DUH�DOVR�SRVVLEOH�LQ�WKH
<=�SODQH�DW�DUELWUDU\�T3�YDOXHV��$OO�FDOFXOD�WLRQV� IRU� WKH� .73� FU\VWDO� DUH� FDUULHG� RXW
XVLQJ�6HOOPHLHU�HTXDWLRQV�JLYHQ�LQ�>��@�

,Q� )LJV���D�E�� YDOXHV� RI� DQJOHV� T3� DQG�MDUH�VKRZQ�DW�ZKLFK�WKH�9*30�LV�UHDOL]HG�LQ
VRPH� UDQJH� RI� ,5� UDGLDWLRQ� ZDYHOHQJWK� O6DW� FHUWDLQ� SXPSLQJ� ZDYHOHQJWKV� O3�� 7KH9*30�LQ�WKH�;=�SODQH�LV�VHHQ�WR�EH�UHDOL]HG
IRU� RH�R� LQWHUDFWLRQ� LQ� VKRUW�ZDYHOHQJWK� ,5
UHJLRQ�DQG�IRU�Ëº�R�RQH��LQ�ORQJ�ZDYHOHQJWK
UHJLRQ��$V� D�UHVXOW��ERWK� WKHVH� LQWHUDFWLRQV
DOORZ�WR�WXQH�9*30�SUDFWLFDOO\�LQ�WKH�ZKROH
WKH� z�c� WUDQVSDUHQF\� UDQJH� H[FHSW� IRU� D
QDUURZ� LQWHUYDO� RI� ����� WR� ����� PP�� 7KH
ZLGHVW� UDQJH� RI� 9*30� IUHTXHQF\� WXQLQJ
RYHUODSSLQJ� WKH� ZKROH� .73� WUDQVSDUHQF\
UDQJH�LV�DWWDLQHG�DW�HH�R�LQWHUDFWLRQ�LQ�WKH
;=� DQG�<=� SODQHV�� KRZHYHU�� LQ� WKLV� FDVH�
HIIHFWLYH� QRQO LQHDU� FRHIILFLHQW� GHII� ����G���Ü�G���� VLQ�TVLQ�)� LV�]HURHG�DW�)� ��� DQG� )� ������ L�H�� LQ� WKH� ;=� DQG� <=
SODQHV��7KHUHIRUH��WKLV�W\SH�RI�LQWHUDFWLRQ�LV
RI�LPSRUWDQFH�DW�LQWHUDFWLRQ�RI�ZDYHV�LQ�LQ�
WHUPHGLDWH�SODQHV�JRLQJ� WKURXJK�WKH�=�D[LV
�IRU� H[DPSOH�� DW� )�|������� 7KH� GDVKHG
FXUYHV� VKRZQ� LQ� )LJ���� GHPRQVWUDWH� WKH
9*30� WXQLQJ� SRVVLELOLW\� RXWVLGH� RI� WKH
PDLQ� GLHOHFWULF� SODQHV� RI� D� FU\VWDO�� ZKHUH
GHII�z���,Q� M�O6�� FXUYHV� �)LJ���D��� WKH� SRLQWV� DUHPDUNHG�FRUUHVSRQGLQJ�WR�FRQGLWLRQV�RI�GRX�
EOH� QRQ�FULWLFDOLW\� �LQ� IUHTXHQF\� ZV� DQG� ,5UDGLDWLRQ� GLYHUJHQFH� DQJOH� M�� ZKHUH� FRQGL�
WLRQV� IRU� YHFWRU� JURXS� DQG� WDQJHQWLDO� 30
DUH�VDWLVILHG�VLPXOWDQHRXVO\��ZKDW�LV�VKRZQ
VFKHPDWLFDOO\�LQ�)LJ���°��7KH�KRUL]RQWDO�DQG
YHUWLFDO�OLQH�VHJPHQWV�VKRZ�WKH�YDOXH�RI�IUH�
TXHQF\�DQG�DQJXODU�PLVPDWFK��UHVSHFWLYHO\�
DW� ZKLFK� WKH� LQWHQVLW\� RI� JHQHUDWHG� UDGLD�
WLRQ� EHFRPHV� KDOYHG�� )URP� KHUH� RQ�� VXFK

GRXEOH�30V�QRQFULWLFDO�LQ�IUHTXHQF\�DQG�RQH
RI�DQJOHV�ZLOO�EH�UHIHUUHG�WR�DV��JURXS�FHQ�
WHUV�� �*&��� ,W� LV� REYLRXV� WKDW� DW� Ëº�R� LQWHU�
DFWLRQ�� WKH� GRXEOH� QRQ�FULWLFDOLW\� RFFXUV� DW
FROOLQHDU� LQWHUDFWLRQ�� $� PRUH� QRQ�WULYLDO
FDVH� LV� UHDOL]HG� DW� ºË�R� LQWHUDFWLRQ�� ,Q� WKLV
FDVH�� DV� LW� LV� VHHQ� IURP�)LJ���E�� WKH�9*30
RFFXUV�DW�WZR�YDOXHV�RI�O6�DW�IL[HG�DQJOH�T3�$W� IL[HG� SXPSLQJ� ZDYHOHQJWK�� WKH� *&� DW
M� !��� FRUUHVSRQGV� WR� DOORZDEOH� PLQLPXP
YDOXH�RI�T3��SRLQW�k���([FHSW�IRU�VRPH�LQWHU�YDO� IURP� WKH� SRLQW� $� WR� D� SRLQW� %�� ZKHUH
M� ����WKH�VPDOOHU�O6�YDOXHV�IRU�9*30�FRU�UHVSRQG�WR�WKH�FDVH�M�!����ZKLOH�ODUJHU�RQHV�
WR� WKH� FDVH� M������ 7KH� PLQLPXP� ,5� ZDYH�
OHQJWK�O6�RI�9*30�LV�DWWDLQHG�LQ�WKH�SRLQW&� �)LJ���E�� DW� DOORZDEOH�PD[LPXP� YDOXH� RI
DQJOH�M��)LJ���E���7KH�PD[LPXP�O6�YDOXH�LQWKH�9*30�VFKHPH�RFFXUV�DW�FROOLQHDU�LQWHU�
DFWLRQ� LQ� WKH� SRLQW�{��7ZR�EUDQFKHV� LQ� WKH
T3�O6��GHSHQGHQFH�DUH�LQWHUFRQQHFWHG�LQ�WKHSRLQW�'� DW�T3� ������ ,Q� WKLV� FDVH�� WKH� VROX�WLRQV� ZLWK� M�!��� DQG� M����� DUH� HTXLYDOHQW�
1RWH� WKDW� IRU� ºË�R� DQG� Ëº�R� LQWHUDFWLRQV� DW

)LJ���� �D�� E�� 7XQLQJ� FXUYHV� LOOXVWUDWLQJ� WKH
SRVVLELOLWLHV�RI�IUHTXHQF\�DQG�DQJXODU�WXQLQJ
RI� WKH� 9*30� UHJLRQV� IRU� EURDGEDQG� FRQYHU�
VLRQ�RI�,5�UDGLDWLRQ�DW�GLIIHUHQW�ZDYH�LQWHUDF�
WLRQ� W\SHV� LQ� WKH�;=�DQG�<=�SODQHV� RI� D�.73
FU\VWDO�� Û� O3� �������PP� ����� ������ PP� ����
������PP� ����� ������PP� ����� �������PP� ����
����PP������3DUWLFXODU�SRLQWV�LQ�RQH�RI�WXQLQJ
FXUYHV� DUH�PDUNHG� DV�$�� %�� &�� '�� 7KH� KRUL�
]RQWDO� DQG� YHUWLFDO� OLQH� VHJPHQWV� VKRZ� WKH
VSHFWUDO� DQG� DQJXODU� FRQYHUVLRQ� ZLGWK� LQ� D
FU\VWDO�RI���FP�OHQJWK�
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9*30��WKH�UDQJH�RI�DQJOH�M��GHVFULELQJ�WKH
GHYLDWLRQ� RI� WKH� LQWHUDFWLRQ� JHRPHWU\� IURP
FROOLQHDU� RQH�� GHFUHDVHV� ZKHQ� DSSURDFKLQJ
WKH��������O6��������PP�LQWHUYDO��WKH�UDQJHRI� DQJXODU� WXQLQJ� RI� 9*30� DOVR� EHFRPHV
QDUURZHU��DQG�WKH�DQJOH�T3�DSSURDFKHV�����%HORZ�� LW� ZLOO� EH� VKRZQ� WKDW� WKHVH� FDVHV
FRUUHVSRQG� WR� GHFUHDVH� RI� WKH� 30� VXUIDFH
VL]H� DQG� LWV� FRQWUDFWLRQ� WRZDUGV� D� FULWLFDO
SRLQW�

$W� HH�R� LQWHUDFWLRQ��*&�DOVR� FRUUHVSRQGV
WR�D�PLQLPXP�RI�T3�O6���EXW�LWV�VKRUW�ZDYH�OHQJWK� EUDQFK� LV� FORVH� WR� D� ORZ�IUHTXHQF\
RQH� DW� RH�R� LQWHUDFWLRQ�� ZKLOH� WKH� ORQJ�ZDYH�
OHQJWK�EUDQFK�LV�VLPLODU�WR�HR�R�LQWHUDFWLRQ�DW
M������ $V� D� ZKROH�� LQ� RUGHU� WR� UHDOL]H� WKH
EURDGEDQG�YHFWRULDO�30�LQ�.73�FU\VWDO��DV�ZHOO
DV� LQ� WKH� PDMRULW\� RI� RWKHU� FU\VWDOV�� D� ORQJ�
ZDYHOHQJWK�SXPSLQJ�UDGLDWLRQ�ZLWK�O3�!���PPLV�WR�EH�XVHG�

7KH� EURDGEDQG� FRQYHUVLRQ� FXUYHV� LQ
)LJ���È� DUH� WKH� VLQJXODU� OLQHV� RI� D�30�VXU�
IDFH�LQ�WKH�WKUHH�FRRUGLQDWH�VSDFH�O6��M�DQGT3�RI�JHQHUDO�YLHZ�VKRZQ�LQ�)LJ�����+HUH��LQO6�� M� FRRUGLQDWHV�� WKH� VHFWLRQ� OLQHV� RI� WKH30�VXUIDFH�IRU�VXP�IUHTXHQF\�JHQHUDWLRQ
�O3� �������PP��ºË�R�LQWHUDFWLRQ��E\�T3� �FRQVWSODQHV� DUH� SUHVHQWHG�� 7KLV� VXUIDFH� KDV� LV
FRQYH[�� WKRXJK� FDQ� LQFOXGH� VSHFLDO� IHD�
WXUHV� �LQ� SDUWLFXODU�� EUHDNV���7R� DOO� SRVVL�
EOH� YHFWRULDO� VFKHPHV� RI� LQWHUDFWLRQ� �LQ�
FOXGLQJ� FROOLQHDU� DQG� FULWLFDO��� FHUWDLQ
SRLQWV� LQ� WKLV� VXUIDFH� FDQ� EH� FRUUHODWHG�
%\� YLUWXH� RI� V\PPHWU\� RI� 30� FRQGLWLRQV
ZLWK� UHVSHFW� WR� VXEVWLWXWLRQ� � T3�o��S���T3�M�o��M�� RQO\� RQH� KDOI� RI� WKLV� VXUIDFH� LV
VKRZQ� LQ�)LJ�����8VLQJ� WKH�JHQHUDO�YLHZ�RI
WKH� 30� VXUIDFH� VHFWLRQV�� LW� LV� SRVVLEOH� WR
FODVVLI\�WKH�30V�QRQFULWLFDO�LQ�RQH�YDULDEOH
DV� VLQJXODU� OLQHV� RQ� WKDW� VXUIDFH�� 7KH
9*30�LV�UHDOL]HG�LQ�WKH�OLQH�FRQQHFWLQJ�WKH
SRLQWV�RI�KRUL]RQWDO�WDQJHQWV�GM�GO6� ���WRWKH�30�VXUIDFH�VHFWLRQV��,W�LV�FOHDU�WKDW�WKH
WRS�DQG�ERWWRP�SRLQWV�RI�WKHVH�VHFWLRQV�FRU�
UHVSRQG� WR� WZR� FRQVLGHUHG� EUDQFKHV� RI� WKH
T3�O6�� GHSHQGHQFH� LQ� )LJ���E�� %\� FRRUGL�QDWHG�FKDQJH�LQ�YDOXHV�T3�DQG�M��9*30�FDQEH�VFDQQHG�ZLWKLQ�VRPH�O6�UHJLRQ��8QOLNH�WKHJURXS�PDWFKLQJ� OLQH��PRVW�SRLQWV� RI� WKH�30
VXUIDFH� FRUUHVSRQG� WR� QDUURZ�EDQG� 30V
ZKLFK�FDQ�RFFXU�LQ�D�ZLGH�O6�UDQJH��7KH�OLQHSDVVLQJ� WKH� H[WUHPH� ULJKW� DQG� OHIW� SRLQWV� RI
FRQVLGHUHG�VHFWLRQV�ZKHUH�GM�GO6�o�f��FRUUH�VSRQGV�WR�WDQJHQWLDO�30��730��QRQFULWLFDO�LQ
WKH� DQJOH�M�� ,W� LV� UHDOL]HG� DW� D� WRXFK� RI� WKH
ZDYH�YHFWRU�VXUIDFHV�N6�5�� �DQG�FRQVHTXHQWO\DW� FRLQFLGHQW� GLUHFWLRQV� RI� JURXS� YHORFLWLHV

X6��DQG�FRUUHVSRQGV�WR�WKH�FRQGLWLRQ�\� �J5�ÜJ6�7KH� LQWHUVHFWLRQ�SRLQW�RI� WZR�FRQVLGHUHG
OLQHV� LQ� WKH�30� VXUIDFH� FRUUHVSRQGV� WR� WKH
UHJLRQ� RI� GRXEOH� QRQ�FULWLFDOLW\�� L�H�� *&�
7KH� MRLQW� FRQVLGHUDWLRQ� RI� FRQGLWLRQV� IRU
YHFWRULDO� JURXS� DQG� WDQJHQWLDO� 30�� L�H�
HTXDOLW\� RI� SURMHFWLRQV� RI� WKH�JURXS� YHORFL�
WLHV�X6��X5�RQWR�WKH�VLJQDO�GLUHFWLRQ�N6��DQGDOVR� HTXDOLW\� RI� GLUHFWLRQV� RI� WKHVH� YHORFL�
WLHV�� UHVXOWV� LQ� HTXDOLW\� RI� JURXS� YHORFLWLHV
X6� �X5�LQ�*&��6XFK�UHJLRQV�RI�GRXEOH�QRQ�FULWLFDOLW\� ZHUH� IRXQG� VRPHWLPHV� LQ� VRPH
H[SHULPHQWDO� ZRUNV� >���������� HWF�@�� KRZ�
HYHU��ZH�ZHUH�WKH�ILUVW�WR�VKRZ�WKDW�9*30
FRQGLWLRQV� DUH� UHDOL]HG� IRU� DOO� QRQOLQHDU
FU\VWDOV�LQ�ZLGH�O6�UDQJHV�%HVLGHV�RI�730�IRU�VLJQDO�UDGLDWLRQ��WKH
WDQJHQWLDO� SKDVH�PDWFKLQJ� IRU� SXPSLQJ� UD�
GLDWLRQ�Z3� LV� DOVR� SRVVLEOH�� ,Q� WKH� 30� VXU�IDFH�� WRJHWKHU� ZLWK� WKH� 9*30� OLQH�� WKH
OLQHV� RI� WDQJHQWLDO� 30�ZLWK� UHVSHFW� WR� VLJ�
QDO�DQG�VLPLODU�OLQH�IRU�WDQJHQWLDO�30�ZLWK
UHVSHFW� WR� SXPSLQJ� �FRLQFLGHQW� ZLWK� WKH
M� ���OLQH��DUH�DOVR�VKRZQ��%RWK�OLQHV�LQWHUVHFW
DW� T3� ������ M� ��� LQ� WKH� H[WUHPH� OHIW� DQGULJKW�SRLQWV�RI�WKH�30�VXUIDFH��ZKLFK�FRUUH�
VSRQG�WR�UHJLRQV�RI�GRXEOH�QRQ�FULWLFDOLW\�LQ

)LJ����� 6HFWLRQV� RI� WKH� SKDVH�PDWFKLQJ� VXU�
IDFH�E\�SODQHV���T3� �FRQVW�IRU�VXP�IUHTXHQF\JHQHUDWLRQ� LQ� WKH�=;�SODQH� RI� D�.73� FU\VWDO
DW� RH�R� LQWHUDFWLRQ� DQG� WKH� SXPSLQJ� ZDYH�
OHQJWK�O3� �������P��T3� ����������������� �����������������������������������������������������
/LQHV�D��E�DQG�F�FRUUHVSRQG�WR�YHFWRULDO�JURXS
30� DQG� WKDW� WDQJHQWLDO� ERWK� LQ� VLJQDO� DQG
SXPSLQJ��6\PEROV�¡¡��u����GHQRWH�JURXS��WDQ�
JHQWLDO�DQG�FRQGLWLRQDO�FHQWHUV�RI�GRXEOH�QRQ�
FULWLFDOLW\��UHVSHFWLYHO\�
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DQJOHV�M�DQG�T3��DQG�����FROOLQHDU�30��7KHUHJLRQ� RI� GRXEOH� QRQFULWLFDOLW\� LQ� DQJOHV� M
DQG�T3� LV�IXUWKHU�UHIHUUHG�WR�DV��WDQJHQWLDOFHQWHU���7&���7KLV�W\SH�RI�GRXEOH�QRQFULWLFDO
30�DGPLWWLQJ�WKH�ODUJHVW�DQJXODU�DSHUWXUHV
RI� VLJQDO� DQG� SXPSLQJ�� KRZHYHU�� KDV� D
VPDOO� 30� VSHFWUDO� ZLGWK�� ,Q� )LJ���E�� WKH
PLQLPXP� T3� PLQ� �������� LQ� WKH� T3�O6�� GH�SHQGHQFH�FRUUHVSRQGV�WR�WKH�UHJLRQ�RI�GRXEOH
QRQ�FULWLFDOLW\� LQ�Z6� DQG�M�� DQG� WKH�H[WUHPH�LQ� O6�� SRLQWV� %� DQG� &� GHILQH� UHJLRQV� RIGRXEOH� QRQ�FULWLFDOLW\� LQ� Z6� DQG� T3�� 7KHSRLQW�%�FRUUHVSRQGV�WR�WKH�UHJLRQ�RI�EURDG�
EDQG� 30� FROOLQHDU� DQG� WDQJHQWLDO� ZLWK� UH�
VSHFW� WR� SXPSLQJ�� ZKLOH� WKH� SRLQW� &�� WR
PD[LPDO�YDOXH�MPD[� ������� LQ�WKH�30�VXU�IDFH�� ZKLFK� LV� DWWDLQHG� DW� T3� ��������� ,QWKLV� UHJLRQ�� DW� IL[HG� DQJOH� EHWZHHQ� ZDYH
YHFWRUV� N3� DQG� N6�� WKH� VLJQLILFDQW� FKDQJHVLQ� WKH� DQJOH� T3� DUH� DOORZHG�� %HFDXVH� WKHDQJXODU�FKDQJHV�RFFXU�XQGHU�WKH�FRQVWUDLQW�T3Ü�T6� �M��WKLV�QRQ�FULWLFDOLW\�W\SH�FDQ�EH�UH�IHUUHG� WR� DV� �FRQGLWLRQDO�� 30�� 7KH� FRUUH�
VSRQGLQJ� OLQH� LQ� WKH�30� VXUIDFH�JRHV� IURP
WKH�UHJLRQ�MPD[� WR�WKH�7&�SRLQWV��1HDU�WKHLQWHUVHFWLRQ� SRLQW� RI� WKH� FRQVLGHUHG� FXUYH
ZLWK�WKH�9*30�OLQH� �WKH��FRQGLWLRQDO��FHQ�
WHU� �&&���� WKH� GRXEOH� QRQ�FULWLFDOLW\� LQ� Z6DQG�T3� LV�DOVR�DWWDLQHG�� ,Q�SUDFWLFH�� WKH�&&FDQ� EH� XVHG� WR� FRQYHUW� WKH� EURDGEDQG� ,5
LPDJHV� DW� F\OLQGULFDO� IRFXVLQJ� RI� UDGLDWLRQ
Z3�6��$V�IDU�DV�ZH�NQRZ��VXFK�SRVVLELOLW\�LVQRW�UHDOL]HG�H[SHULPHQWDOO\�WLOO�QRZ�

7KXV�� DV� VHHQ� LQ� )LJ����� WKHUH� DUH� WKUHH
FORVHG� OLQHV� LQ� WKH� 30� VXUIDFH� FRUUHVSRQG�
LQJ�WR�30V�QRQFULWLFDO�LQ�RQH�RI�O6��M�DQG�T3SDUDPHWHUV� DQG� WKH� OLQH�RI� FRQGLWLRQDO�30�
DORQJ�ZKLFK�VLJQLILFDQW�FRRUGLQDWHG�FKDQJHV
RI� T3� DQG� T6� GLUHFWLRQV� DUH� SRVVLEOH�� 7KHLQWHUVHFWLRQ� SRLQWV� RI� WKH� WKUHH� ILUVW� OLQHV
IRUP�WZR�SDLUV�RI�JURXS�FHQWHUV�KDYLQJ�GRX�
EOH�QRQ�FULWLFDOLW\�LQ�O6�DQG�M�RU�T3��DV�ZHOODV� WZR� WDQJHQWLDO� FHQWHUV� DW� PLQLPDO� DQG
PD[LPDO� O6� YDOXHV� �OHIW� DQG� ULJKW� 7&��� $VDOUHDG\�PHQWLRQHG�� WKH� FRQGLWLRQDO�30� OLQH
DOZD\V�SDVVHV�WKURXJK�7&��DQG�LWV� LQWHUVHF�
WLRQ� SRLQW� ZLWK� WKH� 9*30� OLQH� IRUPV� WKH
FRQGLWLRQDO� FHQWHU�� 7KH� V\VWHPDWL]DWLRQ� RI
WKH�GRXEOH�30�QRQ�FULWLFDOLW\�UHJLRQV�DOORZV
IRU�WKHLU�SXUSRVHIXO�H[SHULPHQWDO�VHDUFK�

7R� VROYH� D� QXPEHU� RI� DSSOLHG� WDVNV�� LW
ZRXOG� EH� H[SHGLHQW� WR� XVH� GRXEOH� 30V� XQ�
FULWLFDO� LQ��Z6��M��RU��Z6��T3���WKDW�SURYLGHVD�ZLGH�VSHFWUDO�EDQG�RI� FRQYHUVLRQ�DW� ODUJH
UHFHLYLQJ� DQJOH� DQG� KLJK�HIILFLHQW� SDUDPHW�
ULF�FRQYHUVLRQ�RI�WKHUPDO�UDGLDWLRQ��7R�VFDQ
WKH� FHQWUDO� IUHTXHQF\� RI� FRQYHUWHG� ZLGH

VSHFWUDO�EDQG� LQ�WKH�UHJLRQ�RI�WKH�JURXS�RU
FRQGLWLRQDO� FHQWHUV�� LW� LV�SRVVLEOH� WR� FKDQJH
WKH�SODQH�RI�ZDYH�LQWHUDFWLRQ�RU�WR�WXQH�WKH
SXPSLQJ� ZDYHOHQJWK�� :H� KDYH� VWXGLHG� LQ
GHWDLO� WKH� IUHTXHQF\� WXQLQJ� IRU� JURXS� FHQ�
WHUV��L�H��UHJLRQV�RI�GRXEOH�QRQ�FULWLFDOLW\�LQ
O6� DQG� M�� 7KH� WXQLQJ� SRVVLELOLWLHV� IRU� WKHJURXS�FHQWHUV� LQ�O6�E\�FKDQJLQJ� WKH�SXPS�LQJ� ZDYHOHQJWK� DUH� VKRZQ� LQ� )LJ�����$ORQJ
HDFK� WXQLQJ� OLQH�� WKH� HTXDOLW\� X6� �X5� LVVDWLVILHG� DQG� QRQ�FULWLFDOLW\� LQ� IUHTXHQF\
DQG�WKH�VLJQDO�ZDYH�SURSDJDWLRQ�GLUHFWLRQ�LV
UHDOL]HG�ZLWKLQ�D�ZLGH�,5�DQG�YLVLEOH�UDQJH�
,Q�DGGLWLRQ��WKH�T3�DQG�M�GHSHQGHQFHV�RQ�O6DUH�SUHVHQWHG�DW�ZKLFK�HLWKHU�*&�RI�WKH�*&
HQVHPEOH�LV�UHDOL]HG��$V�LV�VHHQ�IURP�)LJ����
WKH�JURXS�FHQWHUV�IRU�RH�R�DQG�HR�R�LQWHUDF�
WLRQV� H[LVW� ZLWKLQ� WKH�ZKROH�.73� WUDQVSDU�
HQF\� UHJLRQ� H[FHSW� IRU� D� QDUURZ� UDQJH� RI
VLJQDO� ZDYHOHQJWKV� IURP� ������� WR
�������PP�� )RU� FRPSOHWHQHVV�� WKH� GDVKHG
OLQHV� VKRZ� WKH� WXQLQJ�RI�*&�IRU�HH�R� LQWHU�
DFWLRQ�KDYLQJ�QRQ]HUR�GHII�YDOXH�RQO\�ZKHQWKH� LQWHUDFWLRQ�SODQH� OHDYH� WKH�PDLQ�SODQHV
=;� DQG� <=�� 7KLV� W\SH� RI� LQWHUDFWLRQ� FDQ
SURYLGH� VPRRWK� WXQLQJ� RI� *&� ZLWKLQ� WKH
ZKROH�WUDQVSDUHQF\�UHJLRQ�RI�.73�

7KH�&&�UHJLRQ�PD\�EH�FRQGLWLRQDOO\�FRQ�
VLGHUHG� DV� D� WULSOH� QRQFULWLFDO� 30� LQ� WKH
YDULDEOHV�O6��T3� DQG�T6��7ULSOH�QRQ�FULWLFDO�LW\� LQ� O6�� M� DQG� T3� LV� DWWDLQHG� DV� WKH� 30

)LJ����� 6FDQQLQJ� RI� WKH� JURXS� FHQWHUV� IRU
VXP�IUHTXHQF\� JHQHUDWLRQ� DW� YHFWRULDO� LQWHU�
DFWLRQV�RI�GLIIHUHQW�W\SHV�LQ�WKH�=;�SODQH�RI
D�.73� FU\VWDO��7KH�FLUFOHV�GHVLJQDWH� OLPLWLQJ
SRLQWV�RI�WKH�WULSOH�QRQ�FULWLFDOLW\�
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VXUIDFH�GHFUHDVHV�ZKHQ�FKDQJLQJ�WKH�SXPS�
LQJ�ZDYHOHQJWK�O3��,Q�WKLV�FDVH��DOO�VLQJXODUOLQHV� DQG� SRLQWV� RI� GRXEOH� QRQ�FULWLFDOLW\� EH�
FRPH� FRQWUDFWHG� LQWR� D� VPDOO� UHJLRQ� �LQWR� D
SRLQW� LQ� WKH� OLPLW��� DQG� WKHUHDIWHU�� WKH� 30
FRQGLWLRQV�DUH�QR�PRUH�VDWLVILHG��N3���N6���N5��7KH�WULSOH�QRQ�FULWLFDOLW\�LV�DWWDLQHG�DW�ZHOO�
GHILQHG� YDOXHV� RI� O6�3�� ,Q� WKH� FDVH� RI� RH�RLQWHUDFWLRQ�� WKH� 30� VXUIDFH� GHFUHDVHV� LQ
VL]H� LQ� QHDU� ,5� DW� O3�o���PP�� T3�o�� ��� �DQG�M�o���� ,Q�WKH� OLPLW��DW�O3� ��������PPDQG�O6�� ��������PP��LW�LV�FRQWUDFWHG�LQWR�DSRLQW��WKH�YLFLQLW\�WKHUHRI�EHLQJ�FRUUHVSRQG�
LQJ� WR� WKH� WULSOH� XQFULWLFDO� 30� LQ� Z6� DQGWZR� DQJOHV� M� DQG� T3�� ,Q� WKH� FDVH� RI� HR�RLQWHUDFWLRQ��WKH�WULSOH�QRQ�FULWLFDOLW\�LV�UHDO�
L]HG�DW�O3� ��������PP�DQG�O6�� ��������PP�:KHQ� DSSURDFKLQJ� WKHVH� SRLQWV�� YHFWRULDO
30V�WHQG�WR�FROOLQHDU�30��M� ����� LQ�WKH�;
D[LV� GLUHFWLRQ�� ,Q� FRQQHFWLRQ� ZLWK� WKH� IXU�
WKHU�YLRODWLRQ�RI�30�FRQGLWLRQV�� WKLV� OLPLW�
LQJ�SRLQW� FDQ�EH�QDPHG��FULWLFDO� SRLQW��� ,Q
WKH� FDVH� RI� HH�R� LQWHUDFWLRQ�� WKH� T3� YDOXHGRHV� QRW� DSSURDFK� ���� LQ� WKH� .73� FU\VWDO
WUDQVSDUHQF\� UHJLRQ�� WKHUHIRUH�� WKH� WULSOH
QRQ�FULWLFDOLW\� UHJLRQ� LV� QRW� UHDOL]HG�� 7KH
XVH� RI� RWKHU� FU\VWDOV� DOORZV� WR� H[WHQG� WKH
WULSOH�QRQFULWLFDO�30�H[LVWHQFH�UHJLRQV�

7KH� FRQGLWLRQV� RI�30V�XQFULWLFDO� LQ� IUH�
TXHQF\� DQG� DQJOHV� DUH� GHILQHG� E\� ]HURLQJ
WKH� OLQHDU� PHPEHUV� LQ� WKH� ZDYH� PLVPDWFK
'N� H[SDQVLRQ� IRU� IUHTXHQF\� PL[LQJ� SURF�
HVVHV� LQ� WHUPV� RI� IUHTXHQF\� DQG� DQJXODU
PLVPDWFK�IURP�H[DFW�FRQGLWLRQV�RI�30��)RU
30V� XQFULWLFDO� LQ� IUHTXHQFLHV� DQG� DQJOHV�
H[SDQVLRQ� RI� WKH� ZDYH� PLVPDWFK� FRQWDLQV
RQO\� VPDOO� TXDGUDWLF� PHPEHUV�� ZKLFK� GH�
ILQH�WKH�DWWDLQDEOH�VSHFWUDO� �GQ��DQG�DQJX�
ODU��GM��GM3��ZLGWKV�RI�SKDVH�PDWFKLQJ�>�����@�� 7KH� VLJQDO�ZDYHOHQJWKV�� DQJOHV�T3� DQGM�� DV� ZHOO� DV� ERWK� VSHFWUDO� DQG� DQJXODU
ZLGWKV�RI�FRQYHUVLRQ�LQ�SRLQWV�RI�WKH�GRXEOH
QRQ�FULWLFDOLW\�� FDOFXODWHG� DW�O3� �������PPDQG� LQWHUDFWLRQ� RH�R� LQ� WKH� ;=� SODQH�� DUH
OLVWHG�LQ�7DEOH�

,W� LV� VHHQ� IURP� 7DEOH� WKDW� WKH� XVH� RI
9*30V�PDNHV� LW� SRVVLEOH� WR� LQFUHDVH� PRUH
WKDQ�E\�RQH�RUGHU�WKH�VSHFWUDO�UDQJH�RI�WKH
FRQYHUWLEOH� ,5� UDGLDWLRQ� �GQ�!�����FPÜ�� DW
/�  ��� FP��� 7KH� XVH� RI� D� OHVV� WKDQ� �� FP
WKLFN� FU\VWDO� DOORZV� WR� UHDOL]H� WKH� VSHFWUDO
ZLGWK� RI� FRQYHUVLRQ� H[FHHGLQJ� ����� FPÜ�
WKDW� LV� TXLWH� HQRXJK� IRU� WKH� SXUSRVHV� RI
QRQOLQHDU� VSHFWURVFRS\�� 7KH� GRXEOH� QRQ�
FULWLFDOLW\�DW�WKH�JURXS�FHQWHU�PDNHV�LW�SRV�
VLEOH� VLPXOWDQHRXVO\� WR� LQFUHDVH� HVVHQWLDOO\
WKH�DQJXODU�DSHUWXUH�RI�VLJQDO�HPLVVLRQ�DQG
WKH� FRQYHUVLRQ� HIILFLHQF\� RI� WKH� RXWSXW� UD�
GLDWLRQ� IURP� WKHUPDO� VRXUFHV�� 6WLOO� ODUJHU
DQJXODU�GLYHUJHQFH�RI�FRQYHUWLEOH� ,5�VLJQDO
LV� DOORZHG� IRU� WKH� FRQGLWLRQDO� FHQWHU� ZLWK
WKH� XVH� RI� ODVHU� UDGLDWLRQ� ZLWK� F\OLQGULFDO
GLYHUJHQFH�ZLWKLQ�VHYHUDO�GHJUHHV��

7KXV�� D� JHQHUDO� DSSURDFK� LV� GHYHORSHG
DQG� WKHRUHWLFDO� DQDO\VLV� RI� WKH� FRQGLWLRQV
IRU�PXOWLSOH� QRQFULWLFDO� �LQ� SDUDPHWHUV�Z6�T6�� T3�� SKDVH�PDWFKLQJ� LQ� ELD[LDO� FU\VWDOV�WDNLQJ� RI� SRWDVVLXP� WLWDQ\O� SKRVSKDWH
�.73�� DV�DQ�H[DPSOH��� IRU� WKH�FDVH�RI� VXP�
IUHTXHQF\�JHQHUDWLRQ�LV�FDUULHG�RXW��7KH�UH�
VHDUFK� LV� EDVHG� RQ� WKH� DQDO\VLV� RI�30� VXU�
IDFH� WRSRORJ\� LQ� WKH� VSDFH�RI� IUHTXHQF\�DQ�
JXODU� FRRUGLQDWHV�� DV� ZHOO� DV� RI� SURSHUWLHV
RI� WKH� VLQJXODU� OLQHV� RI� WKLV� VXUIDFH� DQG
SRLQWV� RI� WKHLU� LQWHUVHFWLRQ��7KH� EURDGEDQG
FKDUDFWHU� RI� VLJQDO� UDGLDWLRQ� DQG� SRVVLELOL�
WLHV�RI�IUHTXHQF\�VFDQQLQJ�RI�D�QDUURZ�EDQG
ODVHU�SXPSLQJ�DUH�WDNHQ� LQWR�DFFRXQW�� ,W� LV
VKRZQ� WKDW� LQ� D�.73� FU\VWDO�� WKH� 30� QRQ�
FULWLFDO� LQ�IUHTXHQF\�RI�WKH�,5�VLJQDO�Z6�RUWKH�SURSDJDWLRQ�GLUHFWLRQV�RI�SXPS�DQG�VLJ�
QDO�ZDYHV�T3�6� FDQ�EH�DWWDLQHG�DORQJ�FORVHGOLQHV� RI� D�30� VXUIDFH�� ,Q� WKH� UHJLRQV� FORVH
WR� LQWHUVHFWLRQ� SRLQWV� RI� WKHVH� OLQHV�� WKH
30V�GRXEOH�QRQFULWLFDO� �LQ�SXPS� IUHTXHQF\
DQG�RQH�RI�DQJOHV�T6�RU�T3��DV�ZHOO�DV�LQ�WZRDQJOHV��DUH�UHDOL]HG��,W�LV�IRXQG�WKDW�DW�YHF�
WRULDO�JURXS�SKDVH�PDWFKLQJ��WKH�HTXDOLW\�RI
SURMHFWLRQV�RI�WKH�JURXS�YHORFLWLHV�RI�WKH�,5
VLJQDO� DQG� VXP�IUHTXHQF\� ZDYHV� RQWR� WKH
VLJQDO�,5�UDGLDWLRQ�SURSDJDWLRQ�GLUHFWLRQ�LV

7DEOH���� 6SHFWUDO� DQG� DQJXODU� FRQYHUVLRQ� ZLGWKV� LQ� WKH� GRXEOH� 30� QRQ�FULWLFDOLW\� UHJLRQV� DW
VXP�IUHTXHQF\�JHQHUDWLRQ�LQ�D�.73�FU\VWDO�RI�/�FP�WKLFNQHVV��O3� �������PP��RH�R�LQWHUDFWLRQ�LQWKH�;=�SODQH��

7\SH�RI�GRXEOH
QRQFULWLFDOLW\ O6��PP M��GHJ T3��GHJ �CC/GQ��FPÜ��� �CC/GM��FP����GHJ �CC/GT3��FP�����GHJ�

*& ����� ���� ����� ����� ���� Ü
&& ����� ���� ����� ����� ���� �����

7&��OHIW� ����� � �� ���� ���� �����
7&��ULJKW� ����� � �� ���� ���� ����
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IXOILOOHG��$W�LQWHUVHFWLRQ�RI�OLQHV�RI�WKH�YHF�
WRULDO� JURXS� 30� DQG� WDQJHQWLDO� RQH� DW� WKH
JURXS� FHQWHU�� WKH� HTXDOLW\� RI� JURXS� YHORFL�
WLHV� RI� VLJQDO� DQG� JHQHUDWHG� UDGLDWLRQ� LV
YDOLG�� 7KH� VSHFWUDO� DQG� DQJXODU� FRQYHUVLRQ
ZLGWKV�IRU�WKH�JURXS�FHQWHU�KDYH�EHHQ�FDOFX�
ODWHG�ZKHQ�XVLQJ�WKH�QHRG\PLXP�ODVHU�UDGLD�
WLRQ��������PP���7KH�UHDOL]DWLRQ�SRVVLELOLW\�RI
QRQ�FULWLFDOLW\� LQ� DQJOHV� T6� DQG� T3� KDV� EHHQFRQVLGHUHG�ZKHQ� WKH�FRQGLWLRQ�T3�Ü�T6� �M� LVIXOILOOHG�� ,W� LV� GHWHUPLQHG� WKDW� WKH� DQJOH�M
LQFUHDVHV� OLQHDUO\� ZKHQ� T3� GHYLDWHV� IURP�����7KH�VLPXOWDQHRXV�UHDOL]DWLRQ�SRVVLELOLW\
RI� YHFWRULDO� JURXS� 30� DQG� FRQGLWLRQDO� RQH
KDV�EHHQ�VKRZQ�LQ�WKH�UHJLRQ�RI�WKH�ODUJHVW
SRVVLEOH� DQJOHV� MPD[� EHWZHHQ� WKH� SURSDJD�WLRQ� GLUHFWLRQV� RI� WKH� LQWHUDFWLQJ� ZDYHV�
6XFK�LQWHUDFWLRQ�VFKHPH�DV�ZHOO�DV�*&�DOORZ
XV� WR� UHDOL]H� FRQYHUVLRQ� RI� QRW� RQO\� EURDG�
EDQG� VLJQDOV� EXW� DOVR� ,5� LPDJHV�� ,W� LV� VKRZQ
WKDW�DW�FKDQJH�RI�WKH�ODVHU�SXPSLQJ�ZDYHOHQJWK
LQ� WKH� ORQJ�ZDYHOHQJWK� UHJLRQ�O3�!���PP�� WKHJURXS� FHQWHUV� DUH� WXQDEOH� LQ� WKH� UHJLRQ� RI
����WR������PP�LQ�WKH�FDVH�RI�WKH�ºË�R�LQWHU�
DFWLRQ��DQG�WKH\�FDQ�EH�VFDQQHG�LQ�WKH�UDQJH
RI������WR�����PP�DW�Ëº�R�LQWHUDFWLRQ��$W�WKH
HH�R� LQWHUDFWLRQ�� WKH� GRXEOH� QRQ�FULWLFDOLW\
UHJLRQV�DUH�WXQDEOH�ZLWKLQ�WKH�ZKROH�WUDQV�
SDUHQF\� UDQJH� RI� z�c�� 7KH� FULWLFDO� 30
SRLQWV�DUH�UHDOL]HG�LQ�WKH�H[WUHPH�SRLQWV�RI
IUHTXHQF\�WXQLQJ�OLQHV�RI�WKH�JURXS�FHQWHUV�
ZKHQ� WKH� 30� VXUIDFH� GHFUHDVHV� LQ� VL]H� DW
T3�o������ ,Q� WKDW� FDVH� WKH� WULSOH� QRQ�FULWL�FDOLW\� LQ� WKH� VLJQDO� IUHTXHQF\� DQG� WKH
SURSDJDWLRQ� GLUHFWLRQV� RI� T3�6� LV� DWWDLQHG�7KH�FULWLFDO�SRLQWV�LQ�WKH�;=�SODQH�DUH�UHDO�
L]HG�DW�O3� ���������O6� ������� PP� �ºË�R�DQG�O3� ��������O6� �������PP��Ëº�R���7KHXVH� RI� WKH� PXOWLSOH� QRQFULWLFDO� 30V� DOORZV
XV� WR� VHOHFW� SXUSRVHIXOO\� QRQOLQHDU� FU\VWDOV
ZKHQ�GHYHORSLQJ�QHZ�TXDQWXP�HOHFWURQLF�GH�
YLFHV�IRU�IUHTXHQF\�FRQYHUVLRQ�RI�YDULRXV�UD�
GLDWLRQV��LQFOXGLQJ�WKRVH�LQWHQGHG�WR�YLVXDOL]H
WKH� ZLGH� ,5� VSHFWUD� DQG� QRQ�PRQRFKURPDWLF
,5�LPDJHV�
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