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3RODUL]DWLRQ�VSOLWWLQJ�SKHQRPHQRQ�RI�SKRWRQLF�FU\VWDOV�

FRQVWUXFWHG�E\�WZR�IROG�URWDWLRQDOO\�V\PPHWULF�XQLW�FHOOV�

8�*�<DVD���,�+�*LGHQ���0�7XUGXHY��DQG�+�.XUW��
�� 1DQRSKRWRQLFV� 5HVHDUFK� *URXS�� 'HSDUWPHQW� RI� (OHFWULFDO� DQG� (OHFWURQLFV� (QJLQHHULQJ�� 72%%�

8QLYHUVLW\�RI�(FRQRPLFV�DQG�7HFKQRORJ\��������$QNDUD��7XUNH\�
�� 3KRWRQLF� 1HWZRUNV� 5HVHDUFK� *URXS�� 'HSDUWPHQW� RI� (OHFWULFDO� DQG� (OHFWURQLFV� (QJLQHHULQJ�� 7('�

8QLYHUVLW\��������$QNDUD��7XUNH\�

�

(�PDLO��JRUNHP\DVD#HWX�HGX�WU�

�

$EVWUDFW�� :H� SUHVHQW� DQ� LQWULQVLF� SRODUL]DWLRQ� VSOLWWLQJ� FKDUDFWHULVWLF� RI� ORZ�V\PPHWULF�

SKRWRQLF� FU\VWDOV� �3&V�� IRUPHG� E\� XQLW�FHOOV� ZLWK� &�� URWDWLRQDO� V\PPHWU\�� 7KLV� EHKDYLRU�

HPHUJHV� IURP� WKH� SRODUL]DWLRQ� VHQVLWLYH� VHOI�FROOLPDWLRQ� HIIHFW� IRU� ERWK� WUDQVYHUVH�PDJQHWLF�

�70��DQG�WUDQVYHUVH�HOHFWULF��7(��PRGHV�GHSHQGLQJ�RQ� WKH�URWDWLRQDO�RULHQWDWLRQV�RI�WKH�XQLW�

FHOO� HOHPHQWV�� 1XPHULFDO� DQDO\VHV� DUH� SHUIRUPHG� LQ� ERWK� IUHTXHQF\� DQG� WLPH� GRPDLQV� IRU�

GLIIHUHQW� W\SHV� RI� VTXDUH� ODWWLFH� ��IROG� URWDWLRQDO� V\PPHWULF� 3&� VWUXFWXUHV�� $W� LQFLGHQW�

ZDYHOHQJWK� RI� O ����� QP�� KLJK� SRODUL]DWLRQ� H[WLQFWLRQ� UDWLRV� ZLWK� a��� G%� �IRU� 7(�

SRODUL]DWLRQ��DQG�a���G%��IRU�70�SRODUL]DWLRQ��DUH�REWDLQHG�ZLWK�DQ�RSHUDWLQJ�EDQGZLGWK�RI����

QP��0RUHRYHU��IDEULFDWLRQ�IHDVLELOLWLHV�RI�WKH�GHVLJQHG�VWUXFWXUH�DUH�DQDO\]HG�WR�HYDOXDWH�WKHLU�

UREXVWQHVV� LQ� WHUPV� RI� WKH� XQLW�FHOO� RULHQWDWLRQ�� )RU� WKH� VHOHFWHG� 3&� XQLW�FHOO� FRPSRVLWLRQ��

FRUUHVSRQGLQJ�H[WLQFWLRQ�UDWLRV�IRU�ERWK�SRODUL]DWLRQV�VWLOO�UHPDLQ�WR�EH�RYHU����G%�IRU�WKH�XQLW�

FHOO�URWDWLRQ�LQWHUYDO�RI�T >�������@��7DNLQJ�DOO�WKHVH�DGYDQWDJHV����IROG�URWDWLRQDOO\�V\PPHWULF�

3&V� FRXOG� EH� FRQVLGHUHG� DV� DQ� HVVHQWLDO� FRPSRQHQW� LQ� SKRWRQLF� LQWHJUDWHG� FLUFXLWV� IRU�

SRODUL]DWLRQ�FRQWURO�RI�OLJKW��

.H\ZRUGV��3KRWRQLF�FU\VWDOV��SRODUL]DWLRQ�EHDP�VSOLWWHU��URWDWLRQDO�V\PPHWU\��ORZ�V\PPHWU\�

���,QWURGXFWLRQ�

$�YDULHW\�RI�WKH�SKRWRQLF�GHYLFHV�LV�GHVLJQHG�WR�RSHUDWH�XQGHU�D�VLQJOH�SRODUL]DWLRQ�DQG�WKXV��VHSDUDWLQJ�

XQSRODUL]HG�ZDYH�LQWR�SRODUL]DWLRQ�VWDWHV�EHFRPHV�HVVHQWLDO��)RU�WKLV�UHDVRQ��SRODUL]DWLRQ�EHDP�VSOLWWHUV��3%6V��

FRXOG� EH� FRQVLGHUHG� DV� RQH� RI� WKH� HVVHQWLDO� FRPSRQHQWV� LQ� WKH� DUHD� RI� RSWLFV� DQG� SKRWRQLFV� LQ� RUGHU� WR� VSOLW�

HOHFWURPDJQHWLF�ZDYHV�LQWR�WZR�RUWKRJRQDO�SRODUL]DWLRQ�VWDWHV��QDPHO\��WUDQVYHUVH�HOHFWULF��7(��DQG�WUDQVYHUVH�

PDJQHWLF��70��PRGHV��6XFK�GHYLFHV�DUH�XWLOL]HG�LQ�YDULRXV�DSSOLFDWLRQV�VXFK�DV�RSWLFDO�FRPPXQLFDWLRQV��RSWLFDO�

ORJLF�FLUFXLWV�DQG�RSWLFDO�ELRVHQVRUV��3UHYLRXVO\�SURSRVHG�3%6�GHYLFHV�>���@�GR�QRW�PHHW�WKH�UHTXLUHPHQWV�RI�WKH�

WRGD\
V�RSWLFDO�FLUFXLWV�VLQFH�WKHLU�GLPHQVLRQV�DUH�RQ�WKH�RUGHU�RI�PLOOLPHWHUV��+RZHYHU��LQWURGXFWLRQ�RI�3&V�LQWR�

WKH�OLWHUDWXUH�KDV�HQDEOHG�PRUH�SUDFWLFDO�3%6�GHVLJQV�FRPSDULQJ�WR�FRQYHQWLRQDO�RQHV�LQ�WHUPV�RI�IHDVLELOLW\�DQG�

FRPSDFWQHVV��3KRWRQLF�FU\VWDO��3&��EDVHG�3%6�FRQFHSWV�DQG�GHVLJQV�KDYH�DOUHDG\�EHHQ�VWXGLHG�LQ�5HIV��>����@��

)RU�LQVWDQFH��6ROOL�HW�DO��KDYH�SOD\HG�DQ�LPSRUWDQW�UROH�LQ�XVLQJ�WKH�3%*�IHDWXUH�RI�WKH�3&V�WR�ILOWHU�RXW�RQH�RI�WKH�

WZR� SRODUL]DWLRQV� DQG� WUDQVPLW� WKH� RWKHU� >�@�� ,Q� DGGLWLRQ�� =DEHOLQ� HW� DO�� FRPELQHG� WKH�3%*� SURSHUW\�ZLWK� WKH�
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SRODUL]DWLRQ� LQVHQVLWLYH� VHOI�FROOLPDWLRQ� SKHQRPHQRQ� DQG� VHSDUDWHG� 70� DQG� 7(� SRODUL]DWLRQV� LQ� GLIIHUHQW�

SURSDJDWLRQ�GLUHFWLRQV�ZLWK�WKH�KHOS�RI�VSOLWWLQJ�3%*�UHJLRQ�SODFHG�LQ�D�3&�KHWHURVWUXFWXUH�>�@��6LQFH�VXFK�W\SH�

RI� KHWHURVWUXFWXUH� LV� FRPSRVHG� RI� GLIIHUHQW� 3&� PHGLD�� FRUUHVSRQGLQJ� 3%6� SHUIRUPDQFH� PD\� EH� GHJUDGHG�

DGYHUVHO\�GHSHQGLQJ�RQ�SRVVLEOH�IDEULFDWLRQ�HUURUV��$QRWKHU�SLRQHHULQJ�3%6�FRQFHSW�ZDV�SURSRVHG�E\�:X�HW�DO��

XVLQJ�GLIIHUHQW�GLVSHUVLRQ� FKDUDFWHULVWLFV� RI� ERWK�70�DQG�7(�PRGHV� >�@�� ,Q� WKLV�3%6�FRQFHSW�� KRZHYHU�� VLQFH�

SURSDJDWLQJ�SRODUL]HG�ZDYHV�DUH�H[SRVHG�WR�OLJKW�GLIIUDFWLRQ��WKHUH�LV�QR�VWURQJ�OLJKW�FRQILQHPHQW�LQ�WKH�VWUXFWXUH��

DQG� KHQFH�� DQ� LPPHQVH� GHFUHDVH� LQ� WKH� WUDQVPLVVLRQ� HIILFLHQF\� H[LVWV� IRU� ERWK� SRODUL]DWLRQV�� $SDUW� IURP� WKH�

DERYH�PHQWLRQHG�DSSURDFKHV��$R�HW�DO��SURSRVHG�SRODUL]DWLRQ�VSOLWWLQJ�HIIHFW�XVLQJ�SRVLWLYH�UHIUDFWLYH�LQGH[�IRU�

RQH� W\SH� RI� SRODUL]DWLRQ� DQG� QHJDWLYH� UHIUDFWLYH� LQGH[� IRU� WKH� RWKHU� >��@�� +RZHYHU�� SUHFLVH� REOLTXH� OLJKW�

LQFLGHQFH�LV�UHTXLUHG�LQ�VXFK�GHYLFHV�WR�H[FLWH�WKH�SRODUL]DWLRQ�VHQVLWLYH�LQGH[�RI�3&��7KLV�QHFHVVLW\�PDNHV�WKLV�

3%6�FRQFHSW�KDUG�WR�HPEHG�LQWR�SKRWRQLF�LQWHJUDWHG�FLUFXLWV��)XUWKHUPRUH��VHYHUH�OLJKW�VFDWWHULQJ�HPHUJHV�DW�WKH�

DLU�3&� LQWHUIDFH�GXH� WR� WKH� WLOWHG� VRXUFH�H[FLWDWLRQ��ZKLFK� OHDGV� WR� UHGXFWLRQ� LQ� WKH� WUDQVPLVVLRQ�HIILFLHQF\� IRU�

ERWK� SRODUL]DWLRQV�� ,Q� DGGLWLRQ�� DSDUW� IURP� WKH� 3&� EDVHG� DSSOLFDWLRQV�� RWKHU� FRQFHSWV� WKDW� XVH� GLIIHUHQW�

FKDUDFWHULVWLFV� RI� OLJKW�PDWWHU� LQWHUDFWLRQ� DUH� DOVR� LQYHVWLJDWHG� LQ� WKH� FXUUHQW� OLWHUDWXUH�� )RU� LQVWDQFH�� UHFHQWO\�

VWXGLHG� 3%6� GHYLFHV� DUH� JHQHUDOO\� EDVHG� RQ� WKH� GLUHFWLRQDO� FRXSOHUV� �'&V�� WKDW� XVH� SRODUL]DWLRQ� VHQVLWLYH�

FRXSOLQJ�OHQJWKV�RI�WKH�LQFLGHQW�OLJKW�>�����@��+RZHYHU��'&�EDVHG�GHYLFHV�UHTXLUH�D�KLJK�UHVROXWLRQ�IDEULFDWLRQ�

SURFHVVHV�GXH�WR�WKH�QHFHVVLW\�RI�DUUDQJLQJ�WZR�DGMDFHQW�ZDYHJXLGHV�SUHFLVHO\��

,Q� WKLV� VWXG\�� GLIIHUHQW� IURP� SUHYLRXVO\� UHSRUWHG� GHYLFH� FRQFHSWV� ZH� DQDO\]H� D� SRODUL]DWLRQ� VSOLWWLQJ�

WHFKQLTXH�IRU�GLIIHUHQW�3&�XQLW�FHOO�FRPSRVLWLRQV�E\�XWLOL]LQJ�SRODUL]DWLRQ�VHQVLWLYH�GLVSHUVLYH�EHKDYLRU�RI���IROG�

V\PPHWULF� 3&V�� $V� DOUHDG\� NQRZQ�� SKRWRQLF� ODWWLFHV� DUH� IRUPHG� E\� WKH� UHSHDWHG� DUUDQJHPHQWV� RI� D� VLPSOHVW�

FRPSRQHQW��ZKLFK�LV�FDOOHG�DV�3&��XQLW�FHOO���6WUXFWXUDO�SDUDPHWHUV�RI�WKH�3&�XQLW�FHOOV�DUH�WKH�PDLQ�GHWHUPLQDQW�

WKDW� LQIOXHQFHV� WKH� RSWLFDO� UHVSRQVH� RI� D� SHULRGLF� DUUD\� WR� WKH� LQFLGHQW� OLJKW� ZDYHV�� (VSHFLDOO\�� URWDWLRQDO�

V\PPHWU\�LV�RQH�RI�WKH�VWUXFWXUDO�SURSHUWLHV�WKDW�VSHFLILHV�WKH�VSDWLDO�FRQILJXUDWLRQ�RI�D�3&�XQLW�FHOO�VWUXFWXUH��,Q�

JHQHUDO��WKH�RUGHU�RI�URWDWLRQDO�V\PPHWU\�RI�DQ�REMHFW�LV�GHWHUPLQHG�E\�KRZ�PDQ\�GHJUHHV�LW�KDV�WR�EH�URWDWHG�WR�

PDNH� LW� DSSHDU� WKH� VDPH� >���� ��@�� 7KHUHIRUH�� GLIIHUHQW� XQLW�FHOO� VWUXFWXUHV� FDQ� EH� JURXSHG� �H�J��&��� &��� &���

DFFRUGLQJ�WR�WKH�UDWLQJ�RI�URWDWLRQDO�V\PPHWU\�WKH\�SRVVHVV��)RU�LQVWDQFH��&��W\SH��L�H����IROG�V\PPHWULF��XQLW�FHOO�

FRPSRVLWLRQV�KDYH�WKH�VDPH�DSSHDUDQFH�DIWHU�D�URWDWLRQ�RI������DQG�WKH�QXPEHU�����KHUH�PHDQV�WKH�UDWLR�RI�WKH�

IXOO�URWDWLRQ��������WR�������$�PDMRULW\�RI�WKH�3&�EDVHG�DSSOLFDWLRQV�LQ�WKH�OLWHUDWXUH�FRQVLVW�RI�3&�XQLW�FHOOV�ZLWK�

FLUFXODU�URGV�RU�KROHV��ZKLFK�DUH�KLJKO\�V\PPHWULF�LQ�WHUPV�RI�URWDWLRQDO�V\PPHWU\��2Q�WKH�RWKHU�KDQG��VWUXFWXUDO�

PRGLILFDWLRQV��H�J��UHSODFHPHQW�RI�FLUFXODU�URGV�ZLWK�HOOLSWLFDO�RQHV�RU�LQVHUWLRQ�RI�DQ�DGGLWLRQDO�URG�LQ�D�XQLW�FHOO�

JHRPHWU\�� RQ� WKHVH� 3&� XQLW�FHOOV� JHQHUDWH� ORZ�V\PPHWULF� XQLW� HOHPHQWV� >��@�� 7KDQNV� WR� WKHLU� DQRPDORXV�

GLVSHUVLRQ�SURSHUWLHV�� ORZ�V\PPHWULF�3&V�UHYHDO�LQKHUHQW�H[WUDRUGLQDU\�RSWLFDO�FKDUDFWHULVWLFV��VXFK�DV�WLOWHG�RU�

EURDG�DQJOH� VHOI�FROOLPDWLRQ� >������@��EHDP�IRFXVLQJ�>��@��GLIIUDFWLRQ�IUHH� OLJKW� SURSDJDWLRQ� >��@��ZDYHOHQJWK�

GHPXOWLSOH[LQJ� >��@�� FRXSOHG� PRGH� VHOHFWLRQ� >��@�� EDQG�JDS� HQODUJLQJ� >��@�� DQLVRWURSLF� ]HUR�LQGH[� PHGLXPV�

>��@�� DQG�SRODUL]DWLRQ� VHQVLWLYH�GHYLFHV� >��@��7KH� UHFHQW� VWXG\� LQ� 5HI�� >��@�SUHVHQWV� DQ� LQVLJKW� RI�3%6� GHYLFH�

GHVLJQ� H[SORLWLQJ� KRPRJHQRXV� UHFWDQJXODU� 3&V�� ,Q� WKLV� ZRUN�� KRZHYHU�� WKH� SRODUL]DWLRQ� VSOLWWLQJ� HIIHFW� LV�

JHQHUDOL]HG�WR�ZKROH�&��W\SH�3&�XQLW�FHOOV�DQG�FRPSDUDWLYH�DQDO\VHV�DPRQJ�3&V�ZLWK�GLIIHUHQW�JHRPHWULHV�DUH�

DOVR�FRQGXFWHG���

�7KH� UHVW� RI� WKH� SDSHU� LV� RUJDQL]HG� DV� IROORZV�� VSHFWUDO� DV� ZHOO� DV� WLPH� GRPDLQ� DQDO\VHV� RI� 3&VC�

SRODUL]DWLRQ� VSOLWWLQJ� SURSHUW\� DUH�SHUIRUPHG� LQ�6HFWLRQ� ��� ,Q�6HFWLRQ� ��� FRPSDUDWLYH� DQDO\VHV� RI� GLIIHUHQW�3&�
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XQLW�FHOO�JHRPHWULHV�DUH�FRQGXFWHG�LQ� WHUPV�RI�SRODUL]DWLRQ�VSOLWWLQJ�SHUIRUPDQFH��)LQDOO\�� WKH�RXWFRPHV�RI� WKH�

VWXG\�DUH�VXPPDUL]HG�LQ�WKH�FRQFOXVLRQ�VHFWLRQ��6HFWLRQ����

���7LPH�DQG�VSHFWUDO�GRPDLQ�DQDO\VHV�RI�SRODUL]DWLRQ�VSOLWWLQJ�EHKDYLRU�

,Q�RUGHU� WR� VKRZ� WKH�SRODUL]DWLRQ�VSOLWWLQJ�DELOLW\� RI� ��IROG� URWDWLRQDOO\� V\PPHWULF�3&V�� ILUVWO\�ZH�KDYH�

VHOHFWHG�WKH�VTXDUH�DUUD\�RI�WKH�XQLW�FHOOV�ZLWK�HOOLSWLFDOO\�VKDSHG�DLU�KROHV��7KH�HOOLSWLFDO�VKDSHV�DUH�RQH�RI�WKH�

VLPSOHVW� JHRPHWULHV� DPRQJ� WKH� &�� V\PPHWU\� JURXS�� 7KHUHIRUH�� LQLWLDOO\�� XQLW�FHOOV� FRPSRVHG� RI� HOOLSWLFDOO\�

VKDSHG� DLU�KROHV� DUH� DQDO\]HG� IRU� WKH� SRODUL]DWLRQ� VSOLWWLQJ� FKDUDFWHULVWLF� RI� ��IROG� URWDWLRQDO� V\PPHWULF� 3&V��

)LJXUH���D��VKRZV�WKH�D�î�D� VL]HG�XQLW�FHOO�FRPSRVLWLRQ�RI� WKLV�3&�VWUXFWXUH�DQG�SHUPLWWLYLWLHV�RI�WKH�GLHOHFWULF�

EDFNJURXQG�DQG�DLU�KROH�DUH�VHOHFWHG�DV�0E ����6L��DQG�0D ���$LU���UHVSHFWLYHO\���

�

)LJXUH������D��*HRPHWULF�UHSUHVHQWDWLRQ�RI�WKH�ORZ�V\PPHWULF�XQLW�FHOO�WKDW�FRQVLVWV�RI�DQ�HOOLSWLFDOO\�VKDSHG�KROH�ZLWK�GLPHQVLRQ�SDUDPHWHUV�

H[�DQG�H\�HTXDO�WR������D�DQG������D��UHVSHFWLYHO\���E��70�DQG��F��7(�SRODUL]DWLRQ�LVR�IUHTXHQF\�FRQWRXUV��,)&V��FRUUHVSRQGLQJ�WR�WKH�JLYHQ�

XQLW�FHOO�FRQILJXUDWLRQ�LQ��D����G��7KH�JHRPHWULF�UHSUHVHQWDWLRQ�RI�WKH�VDPH�XQLW�FHOO�ZKHQ�WKH�DLU�KROH�RULHQWDWLRQ�DQJOH�HTXDO�WR�T ����DQG�

UHODWHG� ,)&� ILJXUHV� IRU� �H�� 70� DQG� �I�� 7(� SRODUL]DWLRQV�� )RU� WKH� JLYHQ� XQLW�FHOOV�� SHUPLWWLYLW\� FRQVWDQWV� DUH� 0D �� DQG� 0E ���� 2SHUDWLQJ�

IUHTXHQF\�EDQGZLGWK�RI�WKH�3%6�GHYLFH�LV�VKDGHG�ZLWK�JUD\�FRORU�LQ�DOO�,)&�ILJXUHV��

6WUXFWXUDO�GLPHQVLRQV�RI�WKH�HOOLSWLFDO�KROH�DUH�H[ �����D�DQG�H\ �����D�ZKHUH�ODWWLFH�FRQVWDQW�LV�D ����

QP�DQG�DLU�ILOOLQJ�UDWLR�LV�)D �����7KURXJKRXW�WKH�VWXG\��SODQH�ZDYH�H[SDQVLRQ�PHWKRG�LV�XWLOL]HG�WR�LQYHVWLJDWH�

WKH�GLVSHUVLRQ� FKDUDFWHULVWLFV� RI� WKH� ORZ�V\PPHWULF�3&�XQLW�FHOOV� >��@��7KH� DQDO\VLV� RI� LVR�IUHTXHQF\� FRQWRXUV�

�,)&V��RI�WKH�3&�XQLW�FHOOV�JLYHV�LQIRUPDWLRQ�DERXW�OLJKW�SURSDJDWLRQ�ZLWKLQ�WKH�SKRWRQLF�VWUXFWXUH��)LJXUHV���E��

DQG��F��UHSUHVHQW�WKH�,)&V�RI�WKH��QG�70�DQG�7(�SRODUL]DWLRQ�EDQGV�RI�WKH�LQYHVWLJDWHG�3&�XQLW�FHOOV�VKRZQ�LQ�

ILJXUH���D���$V�FDQ�EH�VHHQ�IURP�WKH�ILJXUHV���E��DQG��F���WKHUH�H[LVW�IODW�GLVSHUVLRQ�FRQWRXUV�IRU�ERWK�70�DQG�7(�

SRODUL]DWLRQV� LQ� WKH� IUHTXHQF\� LQWHUYDO� RI�D�O� >�����������@� �JUD\�VKDGHG�DUHD���7KLV�SKHQRPHQRQ�DVVHUWV� WKH�

SRODUL]DWLRQ�LQVHQVLWLYH�FRQYHQWLRQDO�VHOI�FROOLPDWLRQ�HIIHFW�LQ�+;�SURSDJDWLRQ�GLUHFWLRQ�LQVLGH�WKH�3&�PHGLXP��

7KH�GLUHFWLRQ�RI�VXFK�D�VHOI�JXLGLQJ�OLJKW�FDQ�EH�WXQHG�E\�DGMXVWLQJ�DQJXODU�RULHQWDWLRQV�RI�WKH�3&�XQLW�FHOOV��)RU�

WKLV� UHDVRQ�� WKH�JLYHQ�HOOLSWLFDO�DLU�KROHV�DUH�URWDWHG�E\�DQ�DQJOH�RI�T ����DV�VKRZQ�LQ�ILJXUH���G���+HUH�� WKH�T�

SDUDPHWHU�FRUUHVSRQGV�WR�WKH�DQJXODU�RULHQWDWLRQ�RI�WKH�DLU�KROHV�DQG�WKH�UHDVRQ�WR�VHOHFW�T ����LV�H[SODLQHG�ODWHU�
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LQ�WKH�IROORZLQJ�VHFWLRQV��)LJXUHV���H��DQG��I��UHSUHVHQW�WKH�FDOFXODWHG�,)&V�IRU�ERWK�70�DQG�7(�SRODUL]DWLRQV�

WKDW�FRUUHVSRQG� WR� WKH�3&�XQLW�FHOOV�JLYHQ� LQ� ILJXUH���G���$V�FDQ�EH�VHHQ� IURP�WKH�ILJXUH���� WKH�FKDQJHV� LQ� WKH�

D[LDO�URWDWLRQV�RI�WKH�HOOLSWLFDO�XQLW�FHOO�HOHPHQWV�JLYH�ULVH�WR�DQ�REOLTXHQHVV�LQ�70�VHOI�FROOLPDWLRQ�FRQWRXUV��VHH�

ILJXUH� ��H��� ZKLOH� WKH� 7(� RQHV� DUH� QRW� DIIHFWHG� PXFK� �VHH� ILJXUH� ��I���� 7KH� HPHUJLQJ� LQFOLQDWLRQ� LQ� 70�

SRODUL]DWLRQ� ,)&V� UHYHDOV� WLOWHG� VHOI�FROOLPDWHG�EHDP�SURSDJDWLRQ�VLQFH� WKH�JUDGLHQWV�RI� ,)&V� LQGLFDWH� WKH� OLJKW�

SURSDJDWLRQ�GLUHFWLRQ�DW�UHODWHG�QRUPDOL]HG�IUHTXHQFLHV��VHH�WKH�JUDGLHQW�YHFWRUV�LQ�ILJXUH�����2Q�WKH�RWKHU�KDQG��

7(� SRODUL]HG� ,)&V� PDLQWDLQ� WKHLU� VTXDUH�OLNH� VKDSHV� GHVSLWH� WKH� FKDQJH� RI� DLU�KROH� URWDWLRQ� DQJOH� DQG�

FRQYHQWLRQDO� VHOI�FROOLPDWLRQ� IHDWXUH� VWLOO� H[LVWV� LQ� WKH�VDPH�QRUPDOL]HG� IUHTXHQF\� LQWHUYDO��6XFK�SRODUL]DWLRQ�

VHQVLWLYH� VHOI�FROOLPDWLRQ� SURSHUW\� FDQ� EH� XVHG� IRU� SRODUL]DWLRQ� VSOLWWLQJ� SXUSRVH� ZLWKRXW� LQWURGXFLQJ� DQ\�

DGGLWLRQDO�VWUXFWXUDO�GHIHFWV�LQVLGH�WKH�3&�PHGLXP��7KH�JLYHQ�OHQJWKV�RI�WKH�PLQRU�DQG�PDMRU�D[HV�RI�HOOLSWLFDO�

3&�KROHV�LQ�ILJXUH���DUH�VHOHFWHG�E\�DSSO\LQJ�D�VWUXFWXUDO�SDUDPHWHU�VZHHS�DQG�H[WUDFWLQJ�WKH�,)&�GLVWULEXWLRQV�RI�

70�DQG�7(�SRODUL]DWLRQV�IRU�HDFK�FRQILJXUDWLRQ�ZKHQ�WKH�3&�DLU�KROH�RULHQWDWLRQ�HTXDOV�WR�T �����'XULQJ�WKH�

SDUDPHWHU� VZHHSLQJ� SURFHVV�� WKH� XQLW�FHOOV� FRUUHVSRQGLQJ� WR� WKH� VFDQQHG� VWUXFWXUH� SDUDPHWHUV� DUH� VHOHFWHG� WR�

LQFOXGH�DQ�RYHUODSSHG�VHOI�FROOLPDWLRQ�IUHTXHQF\�LQWHUYDO�IRU�ERWK�SRODUL]DWLRQV�LQ�WKHLU�EDQG�VWUXFWXUHV��7KHQ�LW�

LV�GHWHUPLQHG�WKDW�WKH�XQLW�FHOO�VWUXFWXUH�KDYLQJ�WKH�KLJKHVW�FRQWRXU�LQFOLQDWLRQ��FRQVHTXHQWO\�EHWWHU�SRODUL]DWLRQ�

VSOLWWLQJ�SHUIRUPDQFH��LQ�WKH� ,)&�GLVWULEXWLRQ�RI�70�SRODUL]DWLRQ�EHORQJV� WR�WKH�XQLW�FHOO�FDVH�ZLWK�SDUDPHWHUV�

H[ �����D� DQG� H\ �����D�� ,Q� DGGLWLRQ�� SRODUL]DWLRQ� VSOLWWLQJ� SKHQRPHQRQ� RI� ��IROG� URWDWLRQDO� V\PPHWULF� XQLW�

FHOOV� LV� REWDLQHG� E\� XWLOL]LQJ� FRQILJXUDWLRQV� ZLWK� DLU�KROHV� LQ� D� KLJK�LQGH[� EDFNJURXQG�� +RZHYHU�� IRU� WKH�

FRPSOHPHQWDU\�FDVH�RI�KLJK�LQGH[�URGV�LQ�DQ�DLU�EDFNJURXQG��QR�RYHUODSSHG�IUHTXHQF\�LQWHUYDOV�EHWZHHQ�7(�DQG�

70�SRODUL]DWLRQV�H[LVW��ZKLFK�SUHYHQWV�XV�WR�XVH�GLHOHFWULF�URGV�LQVWHDG�RI�DLU�KROHV�LQ�WKH�SURSRVHG�3%6�FRQFHSW��

�

)LJXUH����6SDWLDO�LQWHQVLW\�GLVWULEXWLRQV�RI�WKH�ORZ�V\PPHWULF�3&�PHGLXP��FRQVLVWV�RI�HOOLSWLFDO�KROHV��IRU��D��7(�DQG��E��70�SRODUL]DWLRQV�DW�

QRUPDOL]HG�IUHTXHQF\�D�O ������� �F���'�UHSUHVHQWDWLRQ�RI�WKH�SURSRVHG�3%6�GHYLFH� WRJHWKHU�ZLWK� LWV�RXWSXW�FKDQQHOV�&+���7(��DQG�&+��

�70��� &KDQQHO� GLPHQVLRQV� DUH� DUUDQJHG� WR� REWDLQ� PD[LPXP� SHUIRUPDQFH� �WUDQVPLVVLRQ� 	� H[WLQFWLRQ� UDWLR�� IURP� WKH� GLIIHUHQW� XQLW�FHOO�

FRQILJXUDWLRQV�ZKLFK�ZLOO�EH�GLVFXVVHG�LQ�WKH�ODWHU�SDUWV�RI�WKLV�SDSHU��

Page 4 of 11AUTHOR SUBMITTED MANUSCRIPT - JOPT-104232.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



�)LQLWH�GLIIHUHQFH�WLPH�GRPDLQ��)'7'��PHWKRG�LV�XVHG�WR�QXPHULFDOO\�LQYHVWLJDWH�WLPH�GRPDLQ�UHVSRQVH�

RI�WKH�GHVLJQHG�3&�VWUXFWXUH�>��@��)LJXUHV���D��DQG��E��DUH�SUHSDUHG�WR�GHPRQVWUDWH�VSDWLDO�LQWHQVLW\�GLVWULEXWLRQV�

LQVLGH� WKH� ORZ�V\PPHWULF� 3&� PHGLXP� IRU� ERWK� 7(� DQG� 70� SRODUL]DWLRQ� VWDWHV� DW� D�O ������� UHVSHFWLYHO\��

&RUUHVSRQGLQJ� 3&� VWUXFWXUH� LV� FRPSRVHG� RI� ���� URWDWHG� HOOLSWLFDO� 3&� DLU�KROHV�� ,Q� FRPSOLDQFH� ZLWK� WKH� ,)&�

FDOFXODWLRQV� SUHVHQWHG� LQ� ILJXUHV� ��H�� DQG� �I��� H[SHFWHG� FRQYHQWLRQDO� VHOI�FROOLPDWLRQ� SKHQRPHQRQ� FDQ� EH�

REVHUYHG�IRU�7(�SRODUL]HG�OLJKW� �VHH�ILJXUH���D���ZKHUHDV� WKH�70�SRODUL]HG�OLJKW�KDV�D� WLOWHG� OLJKW�SURSDJDWLRQ�

LQVLGH�WKH�SHULRGLF�PHGLXP��VHH�ILJXUH���E���,Q�ERWK�SRODUL]DWLRQV��WKDQNV�WR�WKH�VHOI�FROOLPDWLRQ�HIIHFW��LQFLGHQW�

EHDP� SURSDJDWHV� LQ� GLIIUDFWLRQ�IUHH� PDQQHU�� ZKLFK� HQKDQFHV� WKH� SRODUL]DWLRQ� VHSDUDWLRQ� SHUIRUPDQFH� DW� WKH�

RXWSXW�SRUWV� LQ�WHUPV�RI�WUDQVPLVVLRQ�DQG�UHWDLQLQJ�WKH�PRGH�SURILOH��5HO\LQJ�RQ�WKH�SUHVHQWHG�UHVXOWV��RQH�FDQ�

GHGXFH�WKDW�DQ�HIILFLHQW�VSOLWWLQJ�RI�WZR�RUWKRJRQDO�OLJKW�SRODUL]DWLRQV�FDQ�EH�DFKLHYHG�XVLQJ�URWDWHG�HOOLSWLFDO�3&�

DLU�KROHV��,Q�DGGLWLRQ�WR�WKH�HOOLSWLFDO�RQHV��WKH�SRODUL]DWLRQ�VSOLWWLQJ�FKDUDFWHULVWLF�FDQ�EH�JHQHUDOL]HG�WR�ZKROH�&��

V\PPHWULF� XQLW�FHOO� FRQILJXUDWLRQV�� DV� ZHOO�� ,Q� RUGHU� WR� WUDQVIRUP� WKH� SURSRVHG� H[WUDRUGLQDU\� VHOI�FROOLPDWLRQ�

SKHQRPHQRQ�LQWR�3%6�DSSOLFDWLRQ�� LQSXW�DQG�RXWSXW�SRUWV�DUH� LQWURGXFHG� WR� WKH�JLYHQ�3&�PHGLXP��VHH�WKH��'�

LOOXVWUDWLRQ�RI�3%6�GHYLFH�LQ�ILJXUH���F���7KH�GHVLJQHG�3%6�GHYLFH�KDV�&+���7(��DQG�&+���70��RXWSXW�SRUWV�

ZLWK� ZLGWKV� RI� ���� �P� DQG� ���� �P�� UHVSHFWLYHO\�� 7KH� FKDQQHO� GLPHQVLRQV� DUH� DUUDQJHG� WR� REWDLQ� RSWLPXP�

SRODUL]DWLRQ�VSOLWWLQJ�SHUIRUPDQFH�IURP�GLIIHUHQW�W\SHV�RI�&��V\PPHWULF�3&�XQLW�FHOOV��7KH�VWUXFWXUDO�GLPHQVLRQV�

RI�LQWHQGHG�3%6�GHYLFH�DUH�IL[HG�WR�EH�������P�î�������P�ZLWK�ODWWLFH�FRQVWDQW�HTXDO�WR�D ����QP��

���'LVFXVVLRQ�DQG�HYDOXDWLRQ�RI�QXPHULFDO�UHVXOWV�

,Q� WKLV� VHFWLRQ��DGGLWLRQDO� WKUHH���IROG� V\PPHWULF�XQLW�FHOO� FRQILJXUDWLRQV�KDYLQJ�WKH� VDPH�ILOOLQJ�UDWLRV��

QDPHO\�^8���8���8�`��DUH�DQDO\]HG�WR�GHPRQVWUDWH�WKH�IUHHGRP�RI�XQLW�FHOO�VHOHFWLRQ�ZLWKLQ�&��V\PPHWU\�JURXS��

�

)LJXUH� ��� 7KH� XQLW�FHOO� UHSUHVHQWDWLRQV� RI� GLIIHUHQW� DLU�KROH� FRPSRVLWLRQV� ZLWK� ��IROG� URWDWLRQDO� V\PPHWU\�� �D�� 8�� �HOOLSWLFDO��� �E�� 8��

�RYHUODSSHG�FLUFOHV���F��8���URXQGHG�UHFWDQJOH��DQG��G��8���SHUIHFW�UHFWDQJOH���7KH�GLPHQVLRQV�RI�WKH�HDFK�DLU�KROH�JHRPHWU\�DUH�VHOHFWHG�WR�

KDYH�VDPH�DLU�ILOOLQJ�UDWLR��)D �����LQ�XQLW�FHOO�VFDOH��3RODUL]DWLRQ�H[WLQFWLRQ�UDWLR�FXUYHV�DW�&+���7(��DQG�&+���70��RXWSXW�SRUWV�RI�WKH�
3%6�GHYLFHV�FRPSRVHG�RI�WKH�JLYHQ�XQLW�FHOO�FRQILJXUDWLRQV�LQ��D���G���(DFK�XQLW�FHOO�LV�UHSUHVHQWHG�ZLWK�GLIIHUHQW�FRORU�DQG�OLQH�VW\OH��

7KH� UHDVRQ� IRU� VHOHFWLQJ� XQLW�FHOOV� ZLWK� VDPH� DLU� ILOOLQJ� UDWLRV� �)D� §����� LV� WR� FRPSDUH� WKHLU� SRODUL]DWLRQ�

VHSDUDWLRQ�SHUIRUPDQFH�E\�NHHSLQJ�WKHLU�RSHUDWLQJ�3%6�IUHTXHQF\�LQWHUYDO�WKH�VDPH��)LJXUHV���E���G��UHSUHVHQW�

WKH� VHOHFWHG� 3&� DLU�KROHV�� 8�� �RYHUODSSHG� FLUFOHV��� 8�� �URXQGHG� UHFWDQJOH�� DQG� 8�� �SHUIHFW� UHFWDQJOH���

UHVSHFWLYHO\��,W�VKRXOG�DOVR�EH�QRWHG�WKDW�&��V\PPHWULF�XQLW�FHOO�GHVLJQV�DUH�QRW�OLPLWHG�WR�WKHVH�RQHV�DQG�FDQ�EH�

IXUWKHU�H[SDQGHG�ZLWK�GLIIHUHQW�FRPSRVLWLRQV��DV�ZHOO��
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,Q� RUGHU� WR� DQDO\]H� WKH� SRODUL]DWLRQ� VSOLWWLQJ� SHUIRUPDQFH� RI� WKH� IRXU� JLYHQ� 3&� XQLW�FHOO� JHRPHWULHV� LQ�

ILJXUHV���D���G���FRUUHVSRQGLQJ�SRODUL]DWLRQ�H[WLQFWLRQ�UDWLRV��3(5V��DUH�FDOFXODWHG�DW�WKH�RXWSXW�SRUWV�&+��DQG�

&+��� 7KH� 3(5� LV� GHILQHG� DV� WKH� UDWLR� RI� WKH� WUDQVPLVVLRQ� HIILFLHQFLHV� EHWZHHQ� WKH� UHTXHVWHG� DQG� XQZDQWHG�

SRODUL]DWLRQV� DW� DQ� RXWSXW� FKDQQHO� LQ� G%� VFDOH�� 7KH� 3(5� YDOXHV� DW� HDFK� RXWSXW� FKDQQHO� DUH� FDOFXODWHG� E\� WKH�

IROORZLQJ�UHODWLRQ���

� &+� �� UHTXHVWHG XQZDQWHG3(5  ��ORJ �7 �7 � �� ����

ZKHUH��7UHTXHVWHG�FRUUHVSRQGV�WR�WKH�WUDQVPLVVLRQ�RI�WKH�GHVLUHG�SRODUL]DWLRQ�VWDWH�ZKHUHDV�WKH�7XQZDQWHG�GHILQHV�WKH�

WUDQVPLVVLRQ� RI�XQZDQWHG�SRODUL]DWLRQ�VWDWH�DW� DQ�RXWSXW�SRUW�� ,Q�WKLV�FDVH�� WR�FDOFXODWH� WKH�3(5&+���7UHTXHVWHG� LV�

GHWHUPLQHG�DV�WKH�WUDQVPLWWDQFH�RI�WKH�7(�SRODUL]DWLRQ�DQG�7XQZDQWHG�GHVFULEHV�WKH�WUDQVPLWWDQFH�RI�WKH�70�PRGH�

DW�&+��SRUW��)LJXUH���H��VKRZV�WKH�3(5�HIILFLHQFLHV�DW�&+��SRUW�ZLWKLQ�LQFLGHQW�ZDYHOHQJWKV�������P±������P��

6LPLODUO\��ILJXUH���I��UHSUHVHQWV�WKH�H[WLQFWLRQ�UDWLR�FXUYHV�IRU�WKH�IRXU�XQLW�FHOO�FRPSRVLWLRQV�DW�&+��SRUW�ZLWKLQ�

WKH�VDPH�ZDYHOHQJWK�LQWHUYDO��,Q�ERWK�JUDSKV��3(5�FXUYHV�ZHUH�UHSUHVHQWHG�ZLWK�GLIIHUHQW�FRORUV�DQG�GDVK�VW\OHV�

FRUUHVSRQGLQJ�WR�VSHFLILHG�XQLW�FHOO�VWUXFWXUHV��$V�FDQ�EH�VHHQ�IURP�WKH�ILJXUH���H���H[WLQFWLRQ�UDWLR�FXUYHV�DW�WKH�

&+�� SRUWV� RI� WKH� 3%6� GHYLFHV� JHQHUDWHG� E\� &�� JURXS� XQLW�FHOOV� �8��� 8�� DQG� 8��� VKRZ� DOPRVW� LGHQWLFDO�

IOXFWXDWLRQV�WR�HDFK�RWKHU�H[FHSW�IRU�WKH�8��W\SH�3&�XQLW�FHOO��7KH�PDLQ�UHDVRQ�RI�WKH�ORZ�3(5&+��SHUIRUPDQFH�

RI�WKH�XQLW�FHOO�8��OLHV� LQ�WKH�,)&�VKDSHV�RI�WKH�HOOLSWLFDOO\�VKDSHG�DLU�KROHV��7KH�SRODUL]DWLRQ�VHSDUDWLRQ�DW�WKH�

HQG�RI�WKH�VWUXFWXUH�LV�FRPSDUDEO\�ORZ�EHFDXVH�WKH�LQFOLQDWLRQ�RI�WKH�70�SRODUL]DWLRQ�,)&V�RI�WKH�HOOLSWLFDO�KROHV�

LV�OHVV�WKDQ�WKH�RWKHU�W\SHV�RI�XQLW�FHOOV�^8���8���8�`��,Q�WKLV�FDVH��KLJK�FURVV�WDON�RFFXU�EHWZHHQ�WKH�FKDQQHOV�

ZKLFK�LV�XQGHVLUHG�DQG�WKDW�FDXVHV�FRUUHVSRQGLQJ�3(5&+��YDOXH�WR�GHFUHDVH��2Q�WKH�RWKHU�KDQG��IRU�WKH�RWKHU�3&�

XQLW�FHOO�FRQILJXUDWLRQV��3(5&+��LV�UHODWLYHO\�KLJK�EHFDXVH�RI�WKH�KLJKHU�LQFOLQDWLRQ�RI�WKH�70�PRGH�,)&V�ZLWKLQ�

WKH�LQWHUHVWHG�ZDYHOHQJWKV��([DPLQLQJ�WKH�3(5�FDOFXODWLRQV�LQ�ILJXUH���I���ODUJH�GLIIHUHQFH�LQ�WKH�3(5&+��LV�QRW�

REVHUYHG� LQ� 3(5&+�� FDVH� LQ� FRPSDULVRQ� ZLWK� HOOLSWLFDOO\� VKDSHG� KROHV�� 6XFK� VWDELOLW\� LQ� 3(5&+�� PD\� EH�

DWWULEXWHG�WR�WKH�IDFW�WKDW� WKH�VORSH�UHGXFWLRQ�LQ�WKH�70�SRODUL]DWLRQ�,)&V�KDV�QR�HIIHFW�RQ�WKH�7(�WUDQVPLVVLRQ�

HIILFLHQF\�DW�WKH�&+��RXWSXW�SRUW��

�

7DEOH����7UDQVPLVVLRQ�DQG�3(5�HIILFLHQFLHV�DW�WKH�SURSRVHG�GHYLFH¶V�RXWSXW�DW�RSHUDWLQJ�

ZDYHOHQJWK�O �����QP�IRU� WKH�3&V�FRQVLVWLQJ�RI� WKH�JLYHQ�XQLW�FHOO�FRPSRVLWLRQV�ZKHQ�

T �����

8QLW�FHOO��
7UDQVPLVVLRQ�

7(��&+���

7UDQVPLVVLRQ�

70��&+���
3(5&+���G%�� 3(5&+���G%��

8�� ������� ������� ���� �����

8�� ������� ������� ����� �����

8�� ������� ������� ����� �����

8�� ������� ������� ����� �����

�

7DEOH� �� VKRZV� WKH� WUDQVPLVVLRQ� DQG� 3(5� SHUIRUPDQFH� YDOXHV� DW� O ����� QP� RI� WKH� SURSRVHG� GHYLFH�

FRPSRVHG� RI� WKH�^8���8���8���8�`�3&�XQLW�FHOOV��$V�H[SHFWHG� IURP� WKH� ILJXUHV� ��H��DQG� �I��� WKH�SRODUL]DWLRQ�

VSOLWWLQJ�SHUIRUPDQFH�LQ�WKH�XQLW�FHOO�8��FDVH�LV�DW�WKH�ORZHVW�OHYHO�EHFDXVH�RI� WKH�UHGXFHG�70�WUDQVPLVVLRQ�DW�

&+��RXWSXW�SRUW��2Q�WKH�RWKHU�KDQG��WKH�WUDQVPLVVLRQ�HIILFLHQFLHV�RI�3%6�GHYLFHV�ZLWK�WKH�XQLW�FHOOV�8���8��DQG�

8��DUH�FDOFXODWHG�DW�WKH�&+���&+���RXWSXW�SRUW�DQG�KDYH�WKH�YDOXHV�RYHU������������&RUUHVSRQGLQJ�HIILFLHQFLHV�

KLJKHU�WKDQ�WKH�8��FDVH�HQVXUH�WKDW�WKH�3(5&+��DQG�3(5&+��YDOXHV�DUH�JUHDWHU�WKDQ����G%�DW�ERWK�SRUWV�IRU�WKH�

Page 6 of 11AUTHOR SUBMITTED MANUSCRIPT - JOPT-104232.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



FDVHV�RI�^8���8���8�`�XQLW�FHOOV�VR�WKDW�DQ�HIILFLHQW�SRODUL]DWLRQ�VHSDUDWLRQ�FRXOG�EH�REWDLQHG�DW�WKH�RXWSXW�SRUWV��

8��W\SH� XQLW�FHOO� LV� VHOHFWHG� DPRQJ� WKH� LQYHVWLJDWHG�3&V� GXH� WR� LWV� SRODUL]DWLRQ� VSOLWWLQJ� SHUIRUPDQFH� DQG� WKH�

IDEULFDWLRQ� IHDVLELOLW\�� 6KDUS� FRUQHUHG� VWUXFWXUHV� VXFK� DV� 8�� DQG� 8�� DUH� GLIILFXOW� WR� UHDOL]H� VLQFH� D� KLJK�

UHVROXWLRQ�QDQRIDEULFDWLRQ�SURFHVV�LV�UHTXLUHG��2Q�WKH�RWKHU�KDQG��IDEULFDWLQJ�WKH�3&�XQLW�FHOO�RI�W\SH�8��LV�PRUH�

IHDVLEOH�GXH� WR�LWV� URXQGHG�FRUQHUV��6LQFH� ORZ�V\PPHWULF�XQLW�FHOOV�EHKDYH�GLIIHUHQWO\� LQ�VSHFWUDO�GRPDLQ�ZLWK�

UHVSHFW� WR� WKHLU� D[LDO� RULHQWDWLRQ� DQJOHV�� SRODUL]DWLRQ� VHSDUDWLRQ� SHUIRUPDQFH� RI� WKH� VHOHFWHG�8��W\SH� XQLW�FHOO�

VKRXOG� EH� DQDO\]HG� IRU� HDFK�T� URWDWLRQ� SDUDPHWHU� WR� ILQG� WKH� RSWLPXP�FDVH�� )LJXUH� ��D�� VKRZV� FRUUHVSRQGLQJ�

3(5&+�� DQG�3(5&+�� HIILFLHQFLHV� DW� RSHUDWLQJ�ZDYHOHQJWK�O �����QP��UHSUHVHQWHG�ZLWK� WKH�RUDQJH�VTXDUH�DQG�

EOXH�FLUFXODU�PDUNHUV�� UHVSHFWLYHO\��ZKLOH� URWDWLQJ� WKH�3&�XQLW�FHOOV�EHWZHHQ� WKH�DQJOHV�RI����DQG�����ZLWK����

VWHSV�� 7KH� VFKHPDWLFV� RI� 3&� XQLW�FHOOV� ZLWK� FHUWDLQ� T� YDOXHV� DUH� DOVR� JLYHQ� DV� LQVHWV� LQ� WKH� VDPH� ILJXUH�� ,Q�

DGGLWLRQ��VWUXFWXUDO�GLPHQVLRQV�RI�WKH�DLU�KROH�DUH�JLYHQ�LQ�WKH�VFKHPDWLF�LQVHW�WKDW�FRUUHVSRQGV�WR�WKH�T ����$V�

FDQ�EH�GHGXFHG�IURP�WKH�ILJXUH���D���FRUUHVSRQGLQJ�3(5�YDOXHV�DW�ERWK�RXWSXW�SRUWV�JLYH�DQ�DOPRVW�VLQXVRLGDO�

UHVSRQVH�ZLWK�UHVSHFW�WR�WKH�URWDWLRQ�DQJOH�RI�WKH�3&�DLU�KROH��$V�FDQ�EH�VHHQ�IURP�WKH�SORW��WKH�LQFOLQDWLRQ�RI�WKH�

IUHTXHQF\�FRQWRXUV�LQ�70�SRODUL]DWLRQ�,)&V�UHDFKHV�LWV�PD[LPXP�YDOXH�LQ�WKH�YLFLQLW\�RI�T �����7KHUHIRUH��WKH�

URWDWLRQ� DQJOHV� RI� WKH� XQLW�FHOO� KROHV� DUH� VHOHFWHG� WR� EH� T ���� WR� REWDLQ� PD[LPXP� SRODUL]DWLRQ� VSOLWWLQJ�

SHUIRUPDQFH��)LJXUHV���E��DQG��F��VKRZ�,)&�GLVWULEXWLRQV�RI� WKH�XQLW�FHOO�8��FDVH�IRU�70�DQG�7(�SRODUL]DWLRQ�

VWDWHV�ZKHQ�WKH�DLU�KROH�RULHQWDWLRQ�HTXDOV�WR�T �����UHVSHFWLYHO\��&RPSDULQJ�WR�WKH�HOOLSWLFDO�KROH�FDVH�LQ�ILJXUH�

��H��� LQFOLQDWLRQ� DPRXQW� LQ� WKH�70�SRODUL]DWLRQ� ,)&� OLQHV� RI� XQLW�FHOO�8�� LV� JUHDWHU��ZKLFK� VKRZV� WKH� KLJKHU�

SHUIRUPDQFH� RI� WKH� XQLW�FHOO�8�� RYHU�8�� FDVH� LQ� 7DEOH� ��� )LJXUH� ��D�� LQGLFDWHV� WKDW� WKH�3(5&+��PDLQWDLQV� LWV�

YDOXH�DERYH����G%�OHYHO�IRU�WKH�URWDWLRQ�LQWHUYDO�RI�T >�������@�DQG�WKH�3(5&+��SDUDPHWHU�VWD\V�EH\RQG�WKH����

G%�LQ�WKH�LQWHUYDO�RI�T >�������@��,Q�DFFRUGDQFH�ZLWK�WKHVH�UHVXOWV��RQH�FDQ�LQIHU�WKDW�WKH�SRODUL]DWLRQ�VHSDUDWLRQ�

SHUIRUPDQFH� LV� FRQVLGHUDEO\� KLJK� IRU� D� ZLGH� URWDWLRQ� UDQJH�� ,Q� WKLV� ZD\�� WKH� SURSRVHG� 3%6� GHYLFH�PD\� VWLOO�

RSHUDWH�DW�WROHUDEOH�SHUIRUPDQFH�HYHQ�SRVVLEOH�DQJXODU�RULHQWDWLRQ�HUURUV�RFFXU�GXULQJ�WKH�IDEULFDWLRQ�SURFHVV��

�

)LJXUH�����D��7KH�DOWHUDWLRQ�RI�WKH�SRODUL]DWLRQ�H[WLQFWLRQ�UDWLRV�DW�O �����QP�ZKLFK�FRUUHVSRQGV�WR�WKH�GLIIHUHQW�DQJXODU�RULHQWDWLRQV��T >���

���@��RI�WKH�URXQGHG�UHFWDQJXODU�KROH��7KH�H[WLQFWLRQ�UDWLR�YDOXHV�IRU�RXWSXW�FKDQQHOV�&+��DQG�&+��DUH�UHSUHVHQWHG�ZLWK�RUDQJH�VTXDUH�DQG�

EOXH�FLUFXODU�PDUNHUV��UHVSHFWLYHO\��'LPHQVLRQV�RI� WKH�KROH�DUH�SUHVHQWHG�LQ�WKH�LQVHW�ZKLFK�EHORQJV�WR� WKH�T ���FDVH�� �E��70�DQG��F��7(�

SRODUL]DWLRQ�,)&V�FRUUHVSRQGLQJ�WR�WKH�URXQGHG�UHFWDQJXODU�KROH�FDVH�ZKHQ�DLU�KROH�URWDWLRQ�HTXDOV�WR�T ��q��
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7KH�3(5�HIILFLHQFLHV�RI�WKH�SURSRVHG�3%6�GHYLFH�ZHUH�JLYHQ�DW�D�VLQJOH�ZDYHOHQJWK��O �����QP��VR�IDU��

1HYHUWKHOHVV��WKH�RSHUDWLRQDO�EDQGZLGWK�LV�DOVR�DQ�LPSRUWDQW�IDFWRU�IRU�SKRWRQLF�DSSOLFDWLRQV�� ,Q�WKH�RSWLFDO�&�

EDQG�UDQJH�������QP�±������QP���3(5&+��DQG�3(5&+��YDOXHV�RI�8��XQLW�FHOO�FDVH�DUH�PRUH�WKDQ������G%�DQG�

������ G%�� UHVSHFWLYHO\�� ,Q� DGGLWLRQ�� H[DPLQLQJ� ILJXUHV� ��H�� DQG� �I��� LW� LV� REVHUYHG� WKDW� RWKHU� 3&� XQLW�FHOO�

FRPSRVLWLRQV� H[FHSW� IRU� 8�� KDYH� DOPRVW� WKH� VDPH� SHUIRUPDQFH� LQ� WKH� RSWLFDO� &�EDQG� UDQJH�� 7KH� RSHUDWLRQDO�

EDQGZLGWK� WKDW� WKH� GHYLFH� H[KLELWV� SRODUL]DWLRQ� VHSDUDWLRQ� DELOLW\� LV� ûO ��� QP�� ZKLFK� FRUUHVSRQGV� WR� WKH�

QRUPDOL]HG�IUHTXHQF\�LQWHUYDO�D�O >������±������@�IRU�WKH�JLYHQ�ODWWLFH�FRQVWDQW��

7KH�LQWHQVLW\�GLVWULEXWLRQV�RI�WKH�SURSRVHG�SKRWRQLF�GHYLFH�FRQVLVWLQJ�RI�WKH�XQLW�FHOO�8��DUH�FDOFXODWHG�DW�

WKH�QRUPDOL]HG�IUHTXHQF\�RI�O �����QP�DQG�WKH�UHVXOWV�DUH�VKRZQ�LQ�ILJXUHV���D��DQG��E��IRU�ERWK�7(�DQG�70�

SRODUL]DWLRQ�VWDWHV��UHVSHFWLYHO\��&RPSDUHG�ZLWK�WKH�3%6�GHYLFH�FRQVLVWLQJ�RI�HOOLSWLFDO�DLU�KROHV��VHH�ILJXUHV���D��

DQG��E����LW�LV�REVHUYHG�WKDW�WKH�GHJUHH�RI�SRODUL]DWLRQ�VHSDUDWLRQ�LV�KLJKHU�IRU�WKH�XQLW�FHOO�8��FDVH��$V�PHQWLRQHG�

HDUOLHU��WKLV�LV�GXH�WR�WKH�IDFW�WKDW�LQFOLQDWLRQ�LQ�WKH�70�SRODUL]DWLRQ�,)&V�RI�WKH�HOOLSWLFDO�DLU�KROHV�LV�OHVV�WKDQ�WKH�

RWKHU�XQLW�FHOO�FRPSRVLWLRQV��,Q�RUGHU�WR�DQDO\]H�WKH�H[LW�SRLQWV�RI�WKH�ERWK�7(�DQG�70�SRODUL]DWLRQV�DW�WKH�HQG�RI�

WKH�VWUXFWXUH��YHUWLFDO�FURVV�VHFWLRQV�RI�WKH�RXWSXW�EHDPV�DUH�VXSHULPSRVHG�LQ�ILJXUHV���F��DQG��G���UHVSHFWLYHO\��

IRU� WKH� ZDYHOHQJWK� LQWHUYDO� RI� O >����� QP� ±� ����� QP@�� ,Q� ERWK� ILJXUHV�� YHUWLFDO� LQWHQVLW\� GLVWULEXWLRQV� WKDW�

FRUUHVSRQG� WR� WKH� O ����� QP� DUH� UHSUHVHQWHG� ZLWK� WKH� ZKLWH�GDVKHG� OLQHV�� :KHQ� WKH� LQFLGHQW� IUHTXHQF\� LV�

LQFUHDVHG��WKH�WLOWLQJ�HIIHFW�DORQJ�±\�D[LV�LQ�70�SRODUL]DWLRQ�LV�FOHDUO\�VHHQ�LQ�ILJXUH���G��ZKHUHDV�RXWSXW�EHDP�

VKLIWV�WRZDUG��\�GLUHFWLRQ�LQ�7(�SRODUL]DWLRQ��VHH�ILJXUH���F������

�

)LJXUH����6SDWLDO�LQWHQVLW\�GLVWULEXWLRQV�RI�WKH�3%6�GHYLFH�FRQVLVWLQJ�RI�XQLW�FHOO�8��IRU��D��7(�DQG��E��70�SRODUL]DWLRQV�DW�O �����QP���F��

7(�DQG��G��70�SRZHU�GHQVLWLHV�DW�WKH�YHUWLFDO�FURVV�VHFWLRQ�RI�H[LW�LQWHUIDFH�RI�WKH�3%6�GHYLFH�IRU� WKH�ZDYHOHQJWK�LQWHUYDO�O >�����QP�±�

�����QP@��

,W� LV� LPSRUWDQW� WR� GLVFXVV� WKH� FRQWUROODELOLW\� RI� WKH� VHSDUDWLRQ�DQJOH�RI�SRODUL]HG�ZDYHV� LQ� WKH�SURSRVHG�

3%6� FRQILJXUDWLRQ�� 7KH� 3%6� DSSURDFK� SURSRVHG� LQ� WKLV� VWXG\� LV� FRQFHSWXDOO\� GHSHQGV� RQ� H[WUDRUGLQDU\�

GLVSHUVLRQ� FKDUDFWHULVWLFV� RI� 3&� VWUXFWXUHV� KDYLQJ� XQLW�FHOOV� ZLWK� ��IROG� URWDWLRQDO� V\PPHWU\�� $V� PHQWLRQHG�

EHIRUH�� WKH�PDLQ�IDFWRU�RI� WKH�SRODUL]DWLRQ�VSOLWWLQJ�FRQFHSW� OLHV�RQ�WKH� WLOWHG�DQG�FRQYHQWLRQDO�VHOI�FROOLPDWLRQ�

SKHQRPHQD�� +HUH�� WLOWHG� VHOI�FROOLPDWLRQ� SKHQRPHQRQ�� ZKLFK� JXLGHV� OLJKW� WR� SURSDJDWH� LQFOLQHG� LQVLGH� WKH�

VWUXFWXUH��LV�DQ�LQKHUHQW�FKDUDFWHULVWLF�RI�&��V\PPHWU\�JURXS�3&V��7KLV�SURSHUW\�VWURQJO\�GHSHQGV�RQ�WKH�DQJXODU�

RULHQWDWLRQV� RI� WKH� ORZ�V\PPHWULF� XQLW�FHOOV� DQG� HPHUJHV� IURP� WKH� WLOWHG� GLVSHUVLRQ� OLQHV� LQ� WKHLU� ,)&V��
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2EOLTXHQHVV�RI� WKH� WLOWHG� VHOI�FROOLPDWHG� OLJKW�SURSDJDWLQJ� LQVLGH� WKH� VWUXFWXUH�FDQ�EH� FRQWUROOHG�E\� WXQLQJ� WKH�

URWDWLRQV� RI� WKH� ��IROG� V\PPHWULF� 3&� XQLW�FHOOV�� ,Q� RUGHU� WR� GHPRQVWUDWH� WKH� RULHQWDWLRQ� GHSHQGHQW� YHUWLFDO�

DOWHUDWLRQV�DW�WKH�H[LW�SRVLWLRQ�RI�WKH�SURSDJDWLQJ�ZDYHV��RXWSXW�FURVV�VHFWLRQDO�LQWHQVLW\�GLVWULEXWLRQV�DW�� �����

QP�DUH�VXSHULPSRVHG�IRU�3&V�FRQVLVWLQJ�RI�XQLW�FHOO�8���ZLWK�UHVSHFW�WR�WKH�XQLW�FHOO�URWDWLRQV�IRU�ERWK�70�DQG�

7(�SRODUL]DWLRQV�DV� VKRZQ� LQ� ILJXUHV� ��D��DQG� �E��� UHVSHFWLYHO\��$V� FDQ�EH�GHGXFHG� IURP� WKH� LQWHQVLW\�PDS� LQ�

ILJXUH� ��D��� ZKHQ� WKH� DQJXODU� RULHQWDWLRQ� RI� WKH� XQLW�FHOO� LV� LQFUHDVHG�� DQ� LQFOLQDWLRQ� VWDUWV� WR� VKRZ� XS� LQ�

GLVSHUVLRQ�FRQWRXUV�RI�WKH�70�SRODUL]DWLRQ�DQG�H[LW�SRVLWLRQ�RI�WKH�SURSDJDWLQJ�OLJKW�PRYHV�DZD\�IURP�WKH�LQLWLDO�

SRVLWLRQ� DQG� JHWV� LWV�PD[LPXP� VKLIW� LQ� WKH� YLFLQLW\� RI�T �����+HUH�� DPRXQW� RI� WKLV� LQFOLQDWLRQ� DQJOH� VWURQJO\�

GHSHQGV�RQ�WKH�YDOXH�RI�WKH�XQLW�FHOO�URWDWLRQ�DQG�JHWV�LWV�PD[LPXP�YDOXH�ZKHQ�WKH�XQLW�FHOO�LV�URWDWHG�E\�T �����

WKXV�� PD[LPXP� YHUWLFDO� VKLIW� DW� H[LW� SRVLWLRQ� DSSHDUV�� 2Q� WKH� RWKHU� KDQG�� ZH� NQRZ� WKDW� WKH� 7(� SRODUL]DWLRQ�

GLVSHUVLRQ�FRQWRXUV�DUH�QRW�DIIHFWHG�PXFK�E\�WKH�DOWHUDWLRQV�LQ�WKH�XQLW�FHOO�RULHQWDWLRQ��7KHUHIRUH��H[LW�SRVLWLRQV�

RI�7(�SRODUL]HG�ZDYHV�DUH�QRW�DIIHFWHG�PXFK�IURP�WKH�XQLW�FHOO�URWDWLRQ�DV�VKRZQ�LQ�WKH�ILJXUH���E���7KDQNV�WR�

WKLV�SURSHUW\��XQLW�FHOO�RULHQWDWLRQ�GHSHQGHQF\�RI�WKH�70�SRODUL]HG�OLJKW�FDQ�EH�H[SORLWHG�WR�FRQWURO�WKH�7(�70�

VHSDUDWLRQ� DQJOH� LQ�SURSRVHG� 3%6�FRQFHSW��%\� GRLQJ� WKLV�� GLIIHUHQW�3%6� GHYLFHV� FDQ� EH�GHVLJQHG� WR�PHHW� WKH�

VWUXFWXUDO� UHTXLUHPHQWV� RI� SKRWRQLF� DSSOLFDWLRQV�� )XUWKHUPRUH�� HPHUJLQJ� SHUIRUPDQFH� GHFUHDVHV� LQ� WKH� 3(5�

YDOXHV� GXH� WR� UHGXFHG� VHSDUDWLRQ� DQJOH� FDQ� EH� FRPSHQVDWHG� E\� DGMXVWLQJ� WKH� GHYLFH� OHQJWK� WR� REWDLQ� ODUJHU�

YHUWLFDO�GLVWDQFH�EHWZHHQ�WKH�RXWSXW�SRODUL]HG�EHDPV��

�

)LJXUH����9HUWLFDO�DOWHUDWLRQV�LQ�WKH�RXWSXW�SRVLWLRQV�RI�WKH��D��70�DQG��E��7(�SRODUL]DWLRQ�OLJKW�LQWHQVLWLHV�DW�O �����QP�DW�GHSHQGLQJ�RQ�WKH�

XQLW�FHOO�RULHQWDWLRQV�LQ�WKH�LQWHUYDO�RI�T >������@��

���&RQFOXVLRQ�

,Q�WKH�SUHVHQWHG�VWXG\��WKH�URWDWLRQDOO\�GHSHQGHQW�SRODUL]DWLRQ�VSOLWWLQJ�DELOLWLHV�RI�3&�XQLW�FHOOV�KDYLQJ���

IROG�URWDWLRQDO�V\PPHWU\�DUH�H[DPLQHG��,W�FDQ�EH�LQIHUUHG�IURP�WKH�LQYHVWLJDWLRQ�RI�WKH�GLVSHUVLRQ�FKDUDFWHULVWLFV�

IRU�ERWK�70�DQG�7(�SRODUL]DWLRQV�WKDW�SRODUL]DWLRQ�VSOLWWLQJ�LQ�&��V\PPHWULF�3&�XQLW�FHOOV�LV�DQ�LQKHUHQW�RSWLFDO�

FKDUDFWHULVWLF�WKDW�SURYLGHV�WKH�GHVLJQ�RI�KLJK�H[WLQFWLRQ�UDWLR�3%6�GHYLFHV��,Q�RUGHU�WR�FRPSDUH�WKH�SRODUL]DWLRQ�

VSOLWWLQJ� HIILFLHQFLHV� RI� ORZ�V\PPHWULF� 3&V�� )'7'� DQDO\VHV� DUH� LPSOHPHQWHG� IRU� WKH� SURSRVHG� 3%6� GHYLFHV�

FRPSRVHG�RI�&�� W\SH�GLIIHUHQW�3&�XQLW�FHOOV��*RRG�SRODUL]DWLRQ�VSOLWWLQJ�SHUIRUPDQFH� LV�REWDLQHG�E\�PHDQV�RI�

WLOWHG�VHOI�FROOLPDWLRQ�HIIHFW�IRU�WKUHH�3&�XQLW�FHOO�W\SHV�^8���8���8�`�ZLWK�3(5�HIILFLHQFLHV�RYHU����G%�IRU�ERWK�

70�DQG�7(�SRODUL]DWLRQV��UHVSHFWLYHO\��ZLWK�RSHUDWLQJ�EDQGZLGWK�RI����QP��0RUHRYHU��UREXVWQHVV�RI�3%6�GHVLJQ�

LV� DQDO\]HG� GHSHQGLQJ� WKH� SRVVLEOH� IDEULFDWLRQ� HUURUV� LQ� XQLW�FHOO� URWDWLRQV�� &RUUHVSRQGLQJ� 3(5� FDOFXODWLRQV�

YHULI\� WKDW� KLJK� HIILFLHQW� 3%6� GHYLFHV� FRXOG� EH� GHVLJQHG� EDVHG� RQ� 3&V� ZLWK� ��IROG� V\PPHWU\� LQ� GLIIHUHQW�

JHRPHWULHV��
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$FNQRZOHGJHPHQWV�

8�*�<�� ,�+�*�� DQG� +�.�� JUDWHIXOO\� DFNQRZOHGJH� WKH� ILQDQFLDO� VXSSRUW� IURP� WKH� 6FLHQWLILF� DQG� 7HFKQRORJLFDO�

5HVHDUFK� &RXQFLO� RI� 7XUNH\� �78%,7$.��� SURMHFW� ���5����� +�.�� DOVR� DFNQRZOHGJHV� SDUWLDO� VXSSRUW� RI� WKH�

7XUNLVK�$FDGHP\�RI�6FLHQFHV��

5HIHUHQFHV�
>�@� $OEUHFKW�3��+DPDFKHU�0��+HLGULFK�+��+RIIPDQQ�'��1ROWLQJ�+�3�DQG�:HLQHUW�&�0������7(�70�0RGH�

6SOLWWHUV�RQ�,Q*D$V3�,Q3�,(((�3KRWRQLFV�7HFKQRO��/HWW�������±��

>�@� 6KDQL�<��+HQU\�&�+��.LVWOHU�5�&��.D]DULQRY�5�)�DQG�2UORZVN\�.�-������ ,QWHJUDWHG�RSWLF�DGLDEDWLF�

SRODUL]DWLRQ�VSOLWWHU�RQ�VLOLFRQ�$SSO��3K\V��/HWW��������±��

>�@� 6KLUDLVKL�.��6DWR�7�DQG�.DZDNDPL�6������([SHULPHQWDO�YHULILFDWLRQ�RI�D�IRUP�ELUHIULQJHQW�SRODUL]DWLRQ�

VSOLWWHU�$SSO��3K\V��/HWW��������±��

>�@� 6ROGDQR� � /�%�� GH� 9UHHGH�$�+�� 6PLW�0�.�� 9HUEHHN�%�+��0HWDDO� (�*� DQG�*UHHQ� )�+� �����0DFK�

=HKQGHU�,QWHUIHURPHWHU�3RODUL]DWLRQ�6SOLWWHU�LQ�,Q*D$V3�,Q3�,(((�3KRWRQLFV�7HFKQRO��/HWW�������±

��

>�@� 2K� 0� &�� /HH� 0� +� DQG� /HH� +� -� ����� 3RO\PHULF� ZDYHJXLGH� SRODUL]DWLRQ� VSOLWWHU� ZLWK� D� EXULHG�

ELUHIULQJHQW�SRO\PHU�,(((�3KRWRQLFV�7HFKQRO��/HWW���������±��

>�@� 6ROOL� '� 5�� 0F&RUPLFN� &� )�� &KLDR� 5� <� DQG� +LFNPDQQ� -� 0� ����� 3KRWRQLF� FU\VWDO� SRODUL]HUV� DQG�

SRODUL]LQJ�EHDP�VSOLWWHUV�-��$SSO��3K\V���������±���

>�@� =DEHOLQ�9��'XQEDU�/�$��/H�7KRPDV�1��+RXGUp�5��.RWO\DU�0�9��2¶)DRODLQ�/�DQG�.UDXVV�7�)������6HOI�

FROOLPDWLQJ�SKRWRQLF�FU\VWDO�SRODUL]DWLRQ�EHDP�VSOLWWHU�2SW��/HWW��������±��

>�@� .LP�6��1RUGLQ�*�3��&DL�-�DQG�-LDQJ�-������8OWUDFRPSDFW�KLJK�HIILFLHQF\�SRODUL]LQJ�EHDP�VSOLWWHU�ZLWK�D�

K\EULG�SKRWRQLF�FU\VWDO�DQG�FRQYHQWLRQDO�ZDYHJXLGH�VWUXFWXUH��2SW��/HWW���������±��

>�@� :X�/��0D]LOX�0��*DOOHW�-�)��.UDXVV�7�)��-XJHVVXU�$�DQG�'H�/D�5XH�5�0������3ODQDU�SKRWRQLF�FU\VWDO�

SRODUL]DWLRQ�VSOLWWHU��2SW��/HWW���������±��

>��@� /X�=��7DQJ�<��6KHQ�<��/LX�;�DQG�=L�-������3RODUL]DWLRQ�EHDP�VSOLWWLQJ�LQ� WZR�GLPHQVLRQDO�SKRWRQLF�

FU\VWDOV�EDVHG�RQ�QHJDWLYH�UHIUDFWLRQ�3K\V��/HWW��6HFW��$�*HQ��$W��6ROLG�6WDWH�3K\V���������±��

>��@� $R� ;� DQG� +H� 6� ����� 3RODUL]DWLRQ� EHDP� VSOLWWHUV� EDVHG� RQ� D� WZR�GLPHQVLRQDO� SKRWRQLF� FU\VWDO� RI�

QHJDWLYH�UHIUDFWLRQ�2SW��/HWW���������±��

>��@� /LX�7��=DNKDULDQ�$�5��)DOODKL�0��0RORQH\�-�9��DQG�0DQVXULSXU�0������'HVLJQ�RI�D�FRPSDFW�SKRWRQLF�

FU\VWDO�EDVHG�SRODUL]LQJ�EHDP�VSOLWWHU�,(((�3KRWRQLFV�7HFKQRO��/HWW���������±��

>��@� =KHQ�<� 5� DQG� /L� /�0� �����$� QRYHO� DSSOLFDWLRQ� RI� WZR�GLPHQVLRQDO� SKRWRQLF� FU\VWDOV�� SRODUL]DWLRQ�

EHDP�VSOLWWHU�-��3K\V��'��$SSO��3K\V���������±��

>��@� 7VHUNH]LV� &� DQG� 6WHIDQRX� 1� ����� 1HJDWLYH� UHIUDFWLRQ� LQ� SODVPRQLF� FU\VWDOV� RI� PHWDOOLF� QDQRVKHOOV�

0HWDPDWHULDOV������±���

>��@� *DR� 6�� :DQJ� <�� :DQJ� .� DQG� (� 6NDILGDV� ����� /RZ�/RVV� DQG� %URDGEDQG� �î�� 3RODUL]DWLRQ� %HDP�

6SOLWWHU�%DVHG�RQ�6LOLFRQ�1LWULGH�3ODWIRUP�3KRWRQLFV�7HFKQRO��/HWW��,(((��������±��

>��@� +VX� &� :�� +DQJ� 7� .�� -KHQ�\X� &� DQG� &KHQJ� <� &� ����� ����� �P� LQ� OHQJWK� DQG� &026� FRPSDWLEOH�

SRODUL]DWLRQ�EHDP�VSOLWWHU�EDVHG�RQ�DQ�DV\PPHWULFDO�GLUHFWLRQDO�FRXSOHU�$SSO��2SW���������±��

>��@� =KDQJ�7��<LQ�;��&KHQ�/�DQG�/L�;������8OWUD�FRPSDFW�SRODUL]DWLRQ�EHDP�VSOLWWHU�XWLOL]LQJ�D�JUDSKHQH�

EDVHG�DV\PPHWULFDO�GLUHFWLRQDO�FRXSOHU�2SW��/HWW���������

>��@� ;X�<�DQG�;LDR�-������'HVLJQ�RI�D�FRPSDFW�DQG�LQWHJUDWHG�70�URWDWHG���7(�WKURXJK�SRODUL]DWLRQ�EHDP�

VSOLWWHU�IRU�VLOLFRQ�EDVHG�VORW�ZDYHJXLGHV�$SSO��2SW�����

>��@� =KDQJ�<��+H�<��-LDQJ�;��/LX�%��4LX�&��6X�<�DQG�6RUHI�5�$������8OWUD�FRPSDFW�DQG�KLJKO\�HIILFLHQW�

VLOLFRQ�SRODUL]DWLRQ�VSOLWWHU�DQG�URWDWRU�$3/�3KRWRQLFV���������

>��@� :DQJ� -��;LDR� -� DQG� 6XQ�;� �����'HVLJQ� RI� D� FRPSDFW� SRODUL]DWLRQ� VSOLWWHU� FRPSRVHG� RI� D� PXOWLSOH�

VORWWHG�ZDYHJXLGH�DQG�D�VLOLFRQ�QDQRZLUH�-��2SW�����������
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>��@� +DOGDU�5��0LVKUD�9��'XWW�$�DQG�9DUVKQH\�6�.������2Q�FKLS�EURDGEDQG�XOWUD�FRPSDFW�RSWLFDO�FRXSOHUV�

DQG�SRODUL]DWLRQ�VSOLWWHUV�EDVHG�RQ�RII�FHQWHUHG�DQG�QRQ�V\PPHWULF�VORWWHG�6L�ZLUH�ZDYHJXLGHV�-��

2SW�������������

>��@� +DPHUPHVK�0������*URXS�WKHRU\�DQG�LWV�DSSOLFDWLRQ�WR�SK\VLFDO�SUREOHPV��1HZ�<RUN��'RYHU��

>��@� *OD]HU�0�DQG�%XUQV�*������6SDFH�JURXSV�IRU�VROLG�VWDWH�VFLHQWLVWV��$PVWHUGDP��(OVHYLHU��

>��@� *LGHQ� ,� +�� 7XUGXHY� 0� DQG� .XUW� +� ����� 5HGXFHG� V\PPHWU\� DQG� DQDORJ\� WR� FKLUDOLW\� LQ� SHULRGLF�

GLHOHFWULF�PHGLD�-��(XU��2SW��6RF����

>��@� 7XUGXHY�0��*LGHQ�,�+�DQG�.XUW�+������0RGLILHG�DQQXODU�SKRWRQLF�FU\VWDOV�ZLWK�HQKDQFHG�GLVSHUVLRQ�

UHODWLRQV�� SRODUL]DWLRQ� LQVHQVLWLYH� VHOI�FROOLPDWLRQ� DQG� QDQRSKRWRQLF� ZLUH� ZDYHJXLGH� GHVLJQV� -��

2SW��6RF��$P��%���������

>��@� -LDQJ� /�� :X� +� DQG� /L� ;� ����� 3RODUL]DWLRQ�LQVHQVLWLYH� DQG� EURDG�DQJOH� VHOI�FROOLPDWLRQ� LQ� D� WZR�

GLPHQVLRQDO�SKRWRQLF�FU\VWDO�ZLWK�UHFWDQJXODU�DLU�KROHV�$SSO��2SW���������±���

>��@� .XUW� +�� 7XUGXHY� 0� DQG� *LGHQ� ,� +� ����� &UHVFHQW� VKDSHG� GLHOHFWULF� SHULRGLF� VWUXFWXUH� IRU� OLJKW�

PDQLSXODWLRQ��2SW��([SUHVV��������±���

>��@� *LGHQ� ,�+�� 7XUGXHY�0� DQG�.XUW�+� �����%URDGEDQG� VXSHU�FROOLPDWLRQ�ZLWK� ORZ�V\PPHWULF� SKRWRQLF�

FU\VWDO�3KRWRQLFV�1DQRVWUXFWXUHV���)XQGDP��$SSO��������±��

>��@� 7XUGXHY� 0�� *LGHQ� ,� +� DQG� .XUW� +� ����� ([WUDRUGLQDU\� ZDYHOHQJWK� GHSHQGHQFH� RI� VHOI�FROOLPDWLRQ�

HIIHFW�LQ�SKRWRQLF�FU\VWDO�ZLWK�ORZ�VWUXFWXUDO�V\PPHWU\�3KRWRQLFV�1DQRVWUXFWXUHV���)XQGDP��$SSO��

������±���

>��@� .LOLF� 2�� 'LJRQQHW� 0�� .LQR� *� DQG� 6ROJDDUG� 2� ����� &RQWUROOLQJ� XQFRXSOHG� UHVRQDQFHV� LQ� SKRWRQLF�

FU\VWDOV�WKURXJK�EUHDNLQJ�WKH�PLUURU�V\PPHWU\��2SW��([SUHVV���������±����

>��@� .XDQJ�:��+RX�=��/LX�<�DQG�/L�+������7KH�EDQGJDS�RI� D�SKRWRQLF� FU\VWDO�ZLWK� WULDQJXODU�GLHOHFWULF�

URGV�LQ�D�KRQH\FRPE�ODWWLFH�-��2SW��$�3XUH�$SSO��2SW�������±��

>��@� :X�<������$�VHPL�'LUDF�SRLQW�DQG�DQ�HOHFWURPDJQHWLF� WRSRORJLFDO� WUDQVLWLRQ�LQ�D�GLHOHFWULF�SKRWRQLF�

FU\VWDO�2SW��([SUHVV��������±���

>��@� <DVD�8�*�� 7XUGXHY�0��*LGHQ� ,�+� DQG�.XUW�+������+LJK� H[WLQFWLRQ� UDWLR� SRODUL]DWLRQ� EHDP� VSOLWWHU�

GHVLJQ�E\�ORZ�V\PPHWULF�SKRWRQLF�FU\VWDOV�-��/LJKWZ��7HFKQRO�������������

>��@� -RKQVRQ� 6� DQG� -RDQQRSRXORV� -� '� ����� %ORFN�LWHUDWLYH� IUHTXHQF\�GRPDLQ� PHWKRGV� IRU� 0D[ZHOO¶V�

HTXDWLRQV�LQ�D�SODQHZDYH�EDVLV�2SW��([SUHVV�������

>��@� 2VNRRL�$�)�� 5RXQG\�'�� ,EDQHVFX�0��%HUPHO� 3�� -RDQQRSRXORV� -�'� DQG� -RKQVRQ� 6�*� �����0HHS��$�

IOH[LEOH� IUHH�VRIWZDUH� SDFNDJH� IRU� HOHFWURPDJQHWLF� VLPXODWLRQV� E\� WKH� )'7'� PHWKRG� &RPSXW��

3K\V��&RPPXQ���������±����
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