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$EVWUDFW
7KH� SK\VLFDO� DQG� FKHPLFDO� SURSHUWLHV� RI� WULV���K\GUR[\TXLQROLQDWR�DOXPLQXP� �$OT���� RQH� RI� WKH� RUJDQLF
PDWHULDOV�PRVW� FRPPRQO\� XVHG� DV� WKH� OLJKW�HPLWWLQJ� OD\HU� RI� 2/('V�� DQG� WKH� LQWHUIDFH� ZLWK� SRVVLEOH� PHWDO
FDWKRGHV�DUH� LQYHVWLJDWHG�E\�PHDQV�RI� �ILUVW�SULQFLSOHV�FRPSXWHU� VLPXODWLRQV��$�QXPEHU�RI�QHZ� LQVLJKWV�KDYH
HPHUJHG�IURP�WKLV�VWXG\��DQG�ZH�HPSKDVL]H�WKH�FRQVHTXHQFHV�RI�WKH�SURSHUWLHV�WKXV�GLVFRYHUHG�ZLWK�UHVSHFW�WR
WKH� IXQFWLRQLQJ� RI� WKH� 2/('� GHYLFH�� � ,Q� SDUWLFXODU�� QRYHO� $OT�� GHULYDWLYHV� FDQ� EH� GHVLJQHG� ZLWK� WKH� DLG� RI
FRPSXWDWLRQV�WKDW�VKRXOG�HQKDQFH�WKH�LQWULQVLF�OXPLQHVFHQFH�RI�WKH�SULVWLQH�PDWHULDO��



�� ,QWURGXFWLRQ

2UJDQLF�OLJKW�HPLWWLQJ�GHYLFHV� �2/('V�� UHSUHVHQW�D�SURPLVLQJ�VROXWLRQ� IRU� WKH� IODW�SDQHO�GLVSOD\V�RI� WKH�QHZ
JHQHUDWLRQ��7KH�NH\�HOHPHQW�RI�WKHVH�PXOWLFRPSRQHQW�V\VWHPV�LV�WKH�RUJDQLF�FRPSRXQG�XVHG�DV�D�OLJKW�HPLWWHU�
2/('V�EDVHG�RQ�SRO\PHUV� KDYH�SRO\�SDUDSKHQ\OHQH�YLQ\OHQH� �339�� DV� WKH�SURWRW\SH�EXW� GXULQJ� WKH� \HDUV� D
QXPEHU� RI� GHULYDWLYHV� RI� 339� RU� RWKHU� SRO\PHUV� KDYH� EHHQ� SURSRVHG� DQG� XVHG� 2/('V� EDVHG� RQ� ³VPDOO
PROHFXOHV´��RQ�WKH�FRQWUDU\��KDYH�WULV���K\GUR[\TXLQROLQDWR�DOXPLQXP��$OT���DV�WKH�SURWRW\SH�DQG�RQO\�D�IHZ
GHULYDWLYHV�KDYH��EHHQ�SURSRVHG�VR�IDU���,Q�DOO�FDVHV��LW�EHFRPHV�FOHDUHU�ZLWK�WLPH�WKDW��LQ�RUGHU�WR�PDNH�SURJUHVV
LQ�WKH�LPSURYHPHQW�RI�GHYLFH�FKDUDFWHULVWLFV��D�GHHSHU�XQGHUVWDQGLQJ�LV�QHHGHG�DW�WKH�PLFURVFRSLF�OHYHO��,Q�WKLV
HIIRUW�� FRPSXWHU� VLPXODWLRQV� FDQ� EH� RI� VXEVWDQWLDO� KHOS� DQG� FDQ� HIILFLHQWO\� FRPSOHPHQW� H[SHULPHQWDO
LQIRUPDWLRQ��SURYLGHG�WKH\�UHO\�RQ�DFFXUDWH�PRGHOV�DQG�PHWKRGV��2XU�RZQ�FDOFXODWLRQV��ZKLFK�DUH�EDVHG�RQ�WKH
VWDWH�RI�WKH�DUW�PHWKRGV�RI�FRPSXWDWLRQDO�FKHPLVWU\��KDYH�EHHQ�IRFXVHG�RQ�$OT��EDVHG�2/('V��DQG�LQ�SDUWLFXODU
RQ�WKH�VWXG\�RI�$OT��DQG�LWV�LQWHUDFWLRQ�ZLWK�WKH�PHWDOV�W\SLFDOO\�XVHG�DV�FDWKRGHV��7KH�UHVXOWV�RI�WKLV�ZRUN�DUH
DLPHG�DW�JDLQLQJ�LQVLJKW�LQWR�IXQGDPHQWDO�LVVXHV�VXFK�DV�WKH�PHFKDQLVPV�RI�FKDUJH�LQMHFWLRQ�DQG�WUDQVSRUW��WKH
SURFHVVHV� UHVSRQVLEOH� IRU� HOHFWUROXPLQHVFHQFH� DV� ZHOO� DV� GHJUDGDWLRQ�� DQG� DOVR� DW� SURYLGLQJ� D� JXLGH� WR� WKH
RSWLPL]DWLRQ�DQG�GHYHORSPHQW�RI�QRYHO�PDWHULDOV�

,Q� WKLV� SDSHU�ZH� UHSRUW� EULHIO\� RQ�RXU� SXEOLVKHG�ZRUN� >���@�� DQG� SUHVHQW� QHZ� UHVXOWV� RQ� WKH� RSWLFDO
VSHFWUXP�RI�$OT��DQG�RQ�WKH�HOHFWURQLF�SURSHUWLHV�RI��WKH�VROLG�SKDVH��:H�DOVR�LQWURGXFH�DGGLWLRQDO�ILQGLQJV�IRU
FRPSOH[HV� KDYLQJ� PHWDO� DWRPV�� DQG� ILQDOO\� SURSRVH� QHZ� $OT�� GHULYDWLYHV� KDYLQJ� D� KLJKHU� LQWULQVLF
OXPLQHVFHQFH�

�� 0HWKRG

2XU� FDOFXODWLRQV� DUH� SDUDPHWHU�IUHH� DQG� XVH� FXUUHQW� LPSOHPHQWDWLRQV� RI� GHQVLW\�IXQFWLRQDO� WKHRU\� �')7�� >�@
ZLWK�JUDGLHQW�FRUUHFWHG�H[FKDQJH�DQG�FRUUHODWLRQ�IXQFWLRQDOV��DFFRUGLQJ�WR�%HFNH�>�@�DQG�/HH��<DQJ��DQG�3DUU
>�@�� 7KH� EDVLV� VHW� IRU� WKH� H[SDQVLRQ� RI� WKH� HOHFWURQLF� ZDYH� IXQFWLRQV� FRQVLVWV� RI� SODQH� ZDYHV�� ZKLOH� WKH
FRUH±YDOHQFH� LQWHUDFWLRQ� LV� UHSUHVHQWHG� E\� QRUP�FRQVHUYLQJ� DQJXODU�PRPHQWXP�GHSHQGHQW� SVHXGRSRWHQWLDOV�
$OO�FRPSXWDWLRQDO�GHWDLOV�DUH�JLYHQ�LQ�5HIHUHQFH�>�@��7KH�W\SHV�RI�FDOFXODWLRQV�>�@�WKDW�ZH�KDYH�SHUIRUPHG�RQ
WKHVH�PDWHULDOV�DUH�GLYHUVH�
L� 6WUXFWXUDO� RSWLPL]DWLRQ� RI� WKH� RUJDQLF� PROHFXOHV�� ZKLFK� PD\� EH� LVRODWHG�� SDUW� RI� FU\VWDO� VWUXFWXUHV�� RU

GHSRVLWHG�RQ�D�PHWDO�VXUIDFH�
LL� ,GHQWLILFDWLRQ�RI�WKH�FKHPLFDO�SURSHUWLHV�RI�WKH�DERYH�V\VWHPV��QDPHO\�WKHLU�ERQGLQJ�DQG�WKHLU�UHVSRQVH�WR

WKH�DGGLWLRQ�RI�FKDUJHV�DQG�WR�WKH�LQWHUDFWLRQ�ZLWK�IRUHLJQ�DWRPV�DQG�LRQV�
LLL� 'HWHUPLQDWLRQ� RI� IHDWXUHV� RI� WKH� HOHFWURQLF� VWUXFWXUH� WKDW� DUH� GLUHFWO\� FRPSDUDEOH� WR� GDWD� IURP� SKRWR�

HPLVVLRQ��QHDU�HGJH�;�UD\�DEVRUSWLRQ�ILQH�VWUXFWXUH��1(;$)6��DQG�RSWLFDO�DEVRUSWLRQ��
LY� �&DOFXODWLRQ�RI�WKHLU�YLEUDWLRQDO�SURSHUWLHV��ZLWK�IUHTXHQFLHV�DQG�LQWHQVLWLHV�GLUHFWO\�FRPSDUDEOH�WR�LQIUDUHG

�,5��DQG�5DPDQ�VSHFWUD�
Y� &DU±3DUULQHOOR��&3��PROHFXODU�G\QDPLFV��0'��>�@�VLPXODWLRQV�RI�WKH�RUJDQLF�PHWDO� LQWHUIDFHV�DW�FRQVWDQW

WHPSHUDWXUH��ZKLFK�DUH�XVHIXO� LQ�PRQLWRULQJ� WKH�WLPH�HYROXWLRQ�RI� LQWHUDFWLQJ�V\VWHPV�DW� VHYHUDO�GLIIHUHQW
OHYHOV�RI�FRYHUDJH�DQG�WKH�HIIHFW�RI�GLIIHUHQW�WHPSHUDWXUH�FRQGLWLRQV�

�� 7KH�RUJDQLF�PDWHULDO��$OT�

�����0ROHFXODU�LVRPHUV��VWUXFWXUDO�DQG�HOHFWURQLF�SURSHUWLHV
$OT��� LV� D� WULV�FKHODWH� RUJDQRPHWDOOLF� FRPSOH[� LQ� ZKLFK� WKH� PHWDO� DWRP� �$O�� KDV� D� � GLVWRUWHG� RFWDKHGUDO
FRRUGLQDWLRQ�� ,W� FDQ� H[LVW� LQ� HLWKHU� RI� WKH� WZR� JHRPHWULFDO� LVRPHUV� VKRZQ� LQ� )LJXUH� ��� WKH� ³PHULGLDQDO´� �&�

V\PPHWU\��LVRPHU�RU�WKH��³IDFLDO´��&��V\PPHWU\��LVRPHU��ZKLFK�GLIIHU�LQ�WKH�UHODWLYH�SRVLWLRQ�RI�WKH�R[\JHQV�DQG
QLWURJHQV� RI� WKH� PHWDO� FRRUGLQDWLRQ� VKHOO�� %RWK� JHRPHWULFDO� LVRPHUV� DUH� FKLUDO� DQG� WKXV� FRUUHVSRQG� WR� WZR
GLIIHUHQW� RSWLFDO� LVRPHUV�� $V� VXJJHVWHG� LQ� 5HIHUHQFH� ��� WKLV� SURSHUW\� FDQ� EH� H[SORLWHG� WR� REWDLQ� DQ� RUJDQLF
PDWHULDO�ZLWK�LQWHUHVWLQJ�RSWLFDO�SURSHUWLHV�

$OO�GHWDLOV�RI�WKH�RSWLPL]HG�VWUXFWXUDO�FKDUDFWHULVWLFV��RI�WKH�HQHUJHWLFV��DQG�RI�WKH�HOHFWURQLF�SURSHUWLHV
DUH�UHSRUWHG�LQ�5HIHUHQFH�>�@��7KH�UHVXOWV�DUH�EULHIO\�VXPPDUL]HG�EHORZ�

7KH�PHULGLDQDO� LVRPHU�LV� ORZHU�LQ�HQHUJ\�E\�¨��NFDO�PRO�ZKLOH� WKH�IDFLDO� LVRPHU�KDV�D� ODUJHU�GLSROH
PRPHQW��$OWKRXJK�WKH�FU\VWDO�SKDVHV�FKDUDFWHUL]HG�VR�IDU�>��@�VKRZ�RQO\�WKH�SUHVHQFH�RI�WKH�PHULGLDQDO�LVRPHU�
LW�LV�QRW�SRVVLEOH�RQ�WKH�EDVLV�RI�WKH�WKHRUHWLFDO�UHVXOWV�DORQH�WR�PDNH�SUHGLFWLRQV�DERXW�WKH�UHODWLYH�VWDELOLW\�RI
WKH�WZR�LVRPHUV�LQ�FRQGHQVHG�SKDVHV��,Q�IDFW��QRW�RQO\�PD\�LQWHUPROHFXODU�LQWHUDFWLRQV�DIIHFW�WKH�HQHUJHWLFV��EXW
GLIIHUHQW�PROHFXODU� FRQIRUPDWLRQV� FDQ� KDYH� GLIIHUHQW� SUHIHUHQWLDO� SDFNLQJ�� $V� DOUHDG\� DUJXHG� >��@� DQG� QRZ
FRQILUPHG� E\� RXU� UHVXOWV�� WKH� WZR� LVRPHUV� PD\� ZHOO� FRH[LVW� LQ� WKH� DPRUSKRXV� SKDVH�� 0RUHRYHU�� VXFK� D

�



FRH[LVWHQFH�FDQ�EH�VHHQ�DV�D�IDFWRU�IDYRULQJ�WKH�VWDELOLW\�RI�WKH�QRQ�FU\VWDOOLQH�VWDWH�LWVHOI��ZKLFK�DSSHDUV�WR�EH�D
SUHUHTXLVLWH�IRU�JRRG�SHUIRUPDQFH�DQG�WKHUPDO�VWDELOLW\�RI�WKH�GHYLFH�

7KH�VWUXFWXUDO�GLIIHUHQFH�EHWZHHQ�WKH�WZR�LVRPHUV�GRHV�QRW�DIIHFW�WKH�PHWDO±FKHODWH�ERQGLQJ��ZKLFK�LV
PRVWO\�LRQLF��ZLWK�DOXPLQXP�WUDQVIHUULQJ�DOPRVW�WKUHH�HOHFWURQV�WR�WKH�R[\JHQ�DWRPV��:H�KDYH�QRW�\HW�EHHQ�DEOH
WR�LGHQWLI\�DQ�H[SHULPHQW�WKDW�FDQ�HDVLO\�GHWHFW�HLWKHU�LVRPHU��,Q�IDFW��RXU�FDOFXODWLRQV�RI�WKH�HOHFWURQ�GHQVLWLHV�RI
VWDWHV��'26��VKRZ�QHJOLJLEOH�GLIIHUHQFHV�EHWZHHQ�WKH�WZR�LVRPHUV��VR�WKDW�IRU�H[DPSOH�SKRWRHPLVVLRQ�GRHV�QRW
DSSHDU� WR� EH� XVHIXO� IRU� WKLV� SXUSRVH�� � ,QIUDUHG� �,5�� DQG�5DPDQ� VSHFWUD� DUH� H[SHFWHG� WR� EH�PRUH� VHQVLWLYH� WR
PROHFXODU� JHRPHWU\��+RZHYHU� RXU� FDOFXODWLRQV� VKRZ� WKDW� LQ� WKH� FDVH� RI�$OT��� WKH\� DUH� XQDEOH� WR� GLVWLQJXLVK
EHWZHHQ�WKH�WZR�LVRPHUV�EHFDXVH�WKH�DFWLYLW\�RI�WKH�YLEUDWLRQDO�PRGHV�WKDW�GLVWLQJXLVK�WKHP�LV�WRR�ORZ��

*LYHQ� WKH� TXDVL�HTXLYDOHQFH� RI� WKH� WKUHH� OLJDQGV�� WKH� VHTXHQFH� RI� RQH�HOHFWURQ� HQHUJ\� OHYHOV� LQ� D
.RKQ�6KDP�GLDJUDP�>�@� FDQ�EH�GHVFULEHG�DV� D� VHULHV�RI�³WULSOHWV´�ZKRVH� VSOLWWLQJ�GLIIHUV� LQ� WKH� WZR�GLIIHUHQW
VWUXFWXUHV�

7R�YDOLGDWH�WKH�FDOFXODWHG�HOHFWURQLF�VWUXFWXUH��ZH�KDYH�FRPSDUHG�LW�LQ�5HIHUHQFH�>�@�WR�H[SHULPHQWV�RQ
DPRUSKRXV�ILOPV��7KH�GHQVLW\�RI�WKH�RFFXSLHG�YDOHQFH�VWDWHV��'26��ZDV�FRPSDUHG�ZLWK�SKRWRHPLVVLRQ��3(6�
GDWD��VHH�)LJXUH����DQG�WKH�SKRWRDEVRUSWLRQ�IXQFWLRQ�IURP�WKH��V�FRUH�VWDWHV�IRU�&��1��DQG�2�ZLWK�1(;$)6�GDWD
�VHH�)LJXUH�����,QWHUHVWLQJO\��ERWK�FDOFXODWHG�VSHFWUD�FDQ�EH�UHVROYHG�LQWR�WKH�FRQWULEXWLRQV�IURP�WKH�LQGLYLGXDO
DWRPV�RU�OLJDQGV�RU�ERQGV��7KH�DWRP�UHVROYHG�'26�LPDJHV�WKH�RFFXSLHG�HOHFWURQ�VWDWHV��\LHOGLQJ�LQIRUPDWLRQ�RQ
WKH� QDWXUH� RI� LQMHFWHG� KROHV�� ZKLOH� WKH� SKRWRDEVRUSWLRQ� IXQFWLRQ� SUREHV� HPSW\� HOHFWURQ� VWDWHV�� SURYLGLQJ
LQIRUPDWLRQ�RQ�WKH�QDWXUH�RI�WKH�LQMHFWHG�HOHFWURQV��7KXV��WKH�FKDUDFWHU�RI�WKH�ORZ�HQHUJ\�H[FLWDWLRQV�UHVSRQVLEOH
IRU�WKH�OXPLQHVFHQFH�SURSHUWLHV�RI�WKH�PDWHULDO�HPHUJHV�IURP�WKHVH�FDOFXODWLRQV��&RPELQHG�ZLWK�H[SHULPHQWDO
GDWD�JDWKHUHG�RYHU� WLPH��FRPSXWHG�VSHFWUD�PD\�SURYLGH�D� UHIHUHQFH� IRU�PRQLWRULQJ� WKH�EHKDYLRU�DQG�SRVVLEOH
GHJUDGDWLRQ�RI�WKH�RUJDQLF�PDWHULDO�LQ�WKH�GHYLFH�

$GGLWLRQDO� LQIRUPDWLRQ� GHULYHG� IURP� RXU� FDOFXODWLRQV� SURYLGHV� LQVLJKW� LQWR� WKH� LQWHUUHODWLRQVKLS� RI
VWUXFWXUH�DQG�HOHFWURQLF�EHKDYLRU�� LQ�SDUWLFXODU� WKH� UHVSRQVH�RI� WKH�PROHFXOH� WR�WKH� IRUPDWLRQ�RI�D�KROH�RU�WKH
DGGLWLRQ�RI�DQ�HOHFWURQ��7DEOH���FRQWDLQV�WKH�LRQL]DWLRQ�SRWHQWLDOV��,3V���HOHFWURQ�DIILQLWLHV��($V���DQG�H[WUDFWLRQ
SRWHQWLDOV� �+(3� DQG� ((3� IRU� WKH� KROH� DQG� WKH� HOHFWURQ�� UHVSHFWLYHO\�� WKDW� UHIHU� WR� WKH� JHRPHWU\� RI� WKH� LRQV�
5HODWLYHO\�VPDOO�HQHUJ\�FKDQJHV�DUH� DVVRFLDWHG�ZLWK�VWUXFWXUDO� UHOD[DWLRQ��DQG�DOO�HQHUJLHV� UHSRUWHG� DUH� UDWKHU
LQVHQVLWLYH�WR�WKH�VSHFLILF�LVRPHU��,Q�DOO�FDVHV��WKH�HQHUJ\�UHTXLUHG�WR�FUHDWH�D�KROH�LV�¨��H9��ZKLOH�WKH�H[WUDFWLRQ
RI�DQ�HOHFWURQ�IURP�WKH�DQLRQ�UHTXLUHV�¨��H9���([SHULPHQWDO�YDOXHV�LQYDULDEO\�UHIHU�WR�WKH�VROLG�VWDWH��)RU�WKH�,3�
WKH�PHDVXUHG�YDOXHV�DUH�LQ�WKH�UDQJH����±����H9��VHH��H�J���>��±��@���2Q�WKH�RWKHU�KDQG��WKH�HOHFWURQ�DIILQLW\��WKH
ELQGLQJ�HQHUJ\�RI�WKH�LQMHFWHG�HOHFWURQ��FDQQRW�HDVLO\�EH�REWDLQHG�H[SHULPHQWDOO\�� �,Q�SDUWLFXODU��ZH�QRWH� WKDW
SUHYLRXV�DWWHPSWV�WR�HVWLPDWH�LW�IURP�RSWLFDO�GDWD��VHH��H�J���5HI������DUH� LQYDOLGDWHG�RZLQJ�WR�WKH�SUHVHQFH�RI
VWURQJ�H[FLWRQLF�HIIHFWV�

7KH�VDPH�FDOFXODWLRQV�DUH�DOVR�XVHG�WR�HVWLPDWH�VHOI�WUDSSLQJ�HQHUJLHV�RI�SRVLWLYH�DQG�QHJDWLYH�FKDUJHV
LQ� WKH� PDWHULDO�� ,QGHHG�� LQ� 5HI�� >��@�� WKH� WUDSV� WKDW� FKDUDFWHUL]H� WKH� HOHFWURQ� WUDQVSRUW� LQ� WKH� PDWHULDO� ZHUH
LGHQWLILHG� DV� WKH� VWDWHV� LQ� ZKLFK� WKH� LQMHFWHG� HOHFWURQ� LV� VHOI�WUDSSHG� LQ� WKH� LQGLYLGXDO� PROHFXOHV� DV� D
FRQVHTXHQFH�RI�VWUXFWXUDO�UHOD[DWLRQ��7KH�WUDSSLQJ�HQHUJ\�ZDV�FDOFXODWHG�DV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�ORZHVW
H[FLWHG�VWDWH�RI�WKH�QHXWUDO�V\VWHP�LQ�WKH�JURXQG�VWDWH�VWUXFWXUH�DQG�LQ�WKDW�RI�WKH�DQLRQ���7KH�UHVXOWLQJ�YDOXH�RI
�����H9�ZDV�FRPSDUHG�ZLWK�WKH�WUDS�HQHUJ\�RI������H9�GHGXFHG�IURP�WKH�FXUUHQW±YROWDJH�FKDUDFWHULVWLFV��6XFK�D
SURFHGXUH��KRZHYHU�� SURYLGHV�DQ�HVWLPDWH�RI� WKH�H[FLWRQ� WUDS�HQHUJ\� UDWKHU� WKDQ� WKDW� RI� WKH� LQMHFWHG� HOHFWURQ�
)ROORZLQJ�WKH�VDPH�LQWHUSUHWDWLRQ�IRU�WKH�WUDS�VWDWHV��WKH�FRUUHFW�HQHUJ\�LQ�RXU�VFKHPH�LV�WKH�HQHUJ\�JDLQ�RI�WKH
H[FHVV�HOHFWURQ�GXH�WR�VWUXFWXUDO�UHOD[DWLRQ��L�H���WKH�GLIIHUHQFH�($�D�±($�Y���ZKLFK�ZH�DOVR�UHSRUW�LQ�7DEOH���
DV� WKH� ³VPDOO�SRODURQ´� VWDELOL]DWLRQ� HQHUJ\� �63(�� IRU� WKH� HOHFWURQ�� 2XU� YDOXH� RI� ����� H9� LV� FORVH� WR� WKH
H[SHULPHQWDO�HVWLPDWH��DQG��PRUH�LQWHUHVWLQJO\�� WKH�IDFLDO� LVRPHU�DSSHDUV� WR�WUDS� WKH�HOHFWURQ�PRUH�HIILFLHQWO\�
7KLV� VXJJHVWV� WKDW� LQ� WKH� DPRUSKRXV� PDWHULDO�� ZKHUH� WKH� WZR� LVRPHUV� DUH� H[SHFWHG� WR� FRH[LVW�� WKH� PLQRULW\
JHRPHWULFDO�LVRPHUV�FRXOG�DFW�DV�WKH�HOHFWURQ�WUDSV�

�����6ROLG�$OT�

$�SUHOLPLQDU\� VHDUFK� IRU� WKH�SUHIHUHQWLDO� FU\VWDO� SDFNLQJ�KDV� EHHQ�SHUIRUPHG� IRU� ERWK� LVRPHUV�RI�$OT�� XVLQJ
ZHOO�HVWDEOLVKHG�FODVVLFDO�IRUFH�ILHOGV�>��@��7KLV�KDV�UHVXOWHG�LQ�D�QXPEHU�RI�GLIIHUHQW�SRO\PRUSKV�WKDW�DUH�QHDUO\
LVRHQHUJHWLF��7KLV�VXJJHVWV�DQRWKHU�OHJLWLPDWH�TXHVWLRQ��+RZ�DQG�WR�ZKDW�H[WHQW�GRHV�PROHFXODU�SDFNLQJ�DIIHFW
WKH�HOHFWURQLF��RSWLFDO��DQG�WUDQVSRUW�SURSHUWLHV"

$V�PHQWLRQHG�DERYH��$OT��WKLQ�ILOPV�DUH�DPRUSKRXV�LQ�WKH�DFWXDO�GHYLFH��7KHLU�PRUSKRORJ\�LV�LQGHHG
TXLWH�FRPSOH[��DQG�UHFHQW�H[SHULPHQWDO�VWXGLHV�KDYH�SURYLGHG�HYLGHQFH�RI�WKH�SUHVHQFH�RI�GLIIHUHQW�SKDVHV�WKDW
DUH�QRW�ZHOO�LGHQWLILHG� >��@��6WUXFWXUDO� LQYHVWLJDWLRQV�KDYH�EHHQ�SHUIRUPHG�RQ�RUGHUHG�VROLGV��)RU�TXLWH� VRPH
WLPH��RQO\�WZR�UHSRUWV�RI�WKH�FU\VWDO�VWUXFWXUH�RI�$OT��ZHUH�DYDLODEOH�LQ�WKH�OLWHUDWXUH�>��@�DQG�LQ�ERWK�FDVHV�WKH
VROYHQW�ZDV�QRW�UHPRYHG��)RU�ERWK�FU\VWDOV�WKH�XQLW�FHOO�LV�PRQRFOLQLF�DQG�FRQWDLQV�IRXU�PROHFXODU�XQLWV�KDYLQJ
PHULGLDQDO�VWUXFWXUH��)LJXUH�����9HU\�UHFHQWO\��GDWD�KDYH�EHHQ�SXEOLVKHG�IRU�WKUHH�GLIIHUHQW�FU\VWDO�SKDVHV�>��@

�
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WKDW�DUH�IUHH�RI�VROYHQW��7ZR�RI�WKHP�FRQWDLQ�RQO\�WKH�PHULGLDQDO�LVRPHU��ZLWK�GLIIHUHQW�UHODWLYH�RULHQWDWLRQV��DQG
WKH�WKLUG�LV�QRW�ZHOO�LGHQWLILHG��,Q�DGGLWLRQ��WKH�RSWLFDO�DEVRUSWLRQ�DQG�OXPLQHVFHQFH�KDYH�EHHQ�PHDVXUHG�>��@�IRU
WKH�ILUVW�WZR�SKDVHV��EXW�WKH�UHODWLYH�GLIIHUHQFHV�DUH�VPDOO��7KH�GLIIHUHQFH�ZLWK�UHVSHFW�WR�WKH�DPRUSKRXV�SKDVH�LV
VOLJKWO\�PRUH�SURQRXQFHG��

:H�KDYH�UHRSWLPL]HG�WKH�PROHFXODU�JHRPHWU\�RI�WKH�FU\VWDO�GLVFXVVHG�LQ�5HI�������&RPSDULVRQ�ZLWK�WKH
LVRODWHG�PROHFXOH�VKRZV�WKDW�VROLG�VWDWH�HIIHFWV�RQ�WKH�VWUXFWXUH�DUH�VPDOO��H�J���ERQG�OHQJWKV�YDU\�E\�OHVV�WKDQ
����� c�� � %RWK� YDOHQFH� DQG� FRQGXFWLRQ� EDQGV� �VKRZQ� LQ� )LJXUH� �� DORQJ� VRPH� UHOHYDQW� GLUHFWLRQV�� DUH
FKDUDFWHUL]HG�E\� ORZ�GLVSHUVLRQ��7KH� FU\VWDO� ILHOG�VSOLWV� WKH�KLJKHVW� RFFXSLHG�PROHFXODU�RUELWDO� �+202��� WKH
ORZHVW�XQRFFXSLHG�PROHFXODU�RUELWDO��/802���DQG�WKH�/802���³WULSOHWV´�IXUWKHU��VR�WKDW�WKH�RYHUDOO�ZLGWK�LV
���±����H9�ODUJHU�WKDQ�LQ�WKH�LVRODWHG�PROHFXOH�LWVHOI��i����H9��>�@��7KH�JOREDO�SLFWXUH�ZH�REWDLQ��VXSSRUWV�WKH
YDOLGLW\�RI�PROHFXODU�FDOFXODWLRQV�DV�UHSUHVHQWDWLYH�RI�WKH�IXQGDPHQWDO�HOHFWURQLF�DQG�RSWLFDO�SURSHUWLHV�RI�WKH
$OT��PDWHULDO��$OWKRXJK� LQWHUHVWLQJ�� WKH� VWXG\�RI� WKHVH�SURSHUWLHV� DV� D� IXQFWLRQ�RI� FU\VWDOOLQH� � SDFNLQJ�\LHOGV
RQO\�PLQLPDO�DGGLWLRQDO�XQGHUVWDQGLQJ�RI�$OT��WKLQ�ILOPV�

%RWK�WKH�KROH�DQG�WKH�HOHFWURQ�HIIHFWLYH�PDVV�WHQVRUV�ZHUH�FDOFXODWHG�DW�VSHFLILF�N�SRLQWV��DQG�WXUQHG
RXW�WR�EH�VWURQJO\�DQLVRWURSLF��7KLV�VXJJHVWV�WKDW�WKH�KROH�DV�ZHOO�DV�WKH�HOHFWURQ�PRELOLW\�PD\�YDU\�VLJQLILFDQWO\
GHSHQGLQJ�RQ�WKH�VSHFLILF�PROHFXODU�SDFNLQJ��

,Q�FRQFOXVLRQ��ZH�HPSKDVL]H�WKDW�WKH�EDQG�PRGHO�PXVW�EH�UHJDUGHG�PRUH�DV�D�UHIHUHQFH�WKDQ�DV�D�FORVH
DSSUR[LPDWLRQ�RI� WKH� UHDO� V\VWHP��HYHQ� LQ� WKH�FU\VWDO�SKDVH�� ,Q� IDFW�� DV�ZH�KDYH� VHHQ�DERYH�� WKH�VWDELOL]DWLRQ
HQHUJ\�RI�WKH�³VPDOO�HOHFWURQ�SRODURQ´�WKDW�ZH�KDYH�FDOFXODWHG�IRU�WKH�PHULGLDQDO�LVRPHU�LV��i�����H9��QDPHO\
RI�WKH�RUGHU�RI�WKH�ZLGWK�RI�WKH�UHOHYDQW�HQHUJ\�EDQGV��7KLV�LQGLFDWHV�D�VWURQJ�HOHFWURQ�SKRQRQ�FRXSOLQJ��ZKLFK
FRPSURPLVHV�WKH�YDOLGLW\�RI��WKH�HOHFWURQLF�EDQG�SLFWXUH��

�����2SWLFDO�SURSHUWLHV
6LPXODWLQJ�WKH�RSWLFDO�H[FLWDWLRQ�VSHFWUXP�RI�$OT��XVLQJ�D�UHOLDEOH�PHWKRG�LV�FUXFLDO�IRU�WKH�XQGHUVWDQGLQJ�RI�WKH
PHFKDQLVPV�UHVSRQVLEOH�IRU�SKRWRDEVRUSWLRQ�DQG�SKRWRHPLVVLRQ��$V�GHPRQVWUDWHG�DERYH��WKH�')7�.RKQ±6KDP
�.6��VFKHPH�IRU�WKH�RQH�HOHFWURQ�VWDWHV�FDQ�EH�XVHG�WR�REWDLQ�D�PHDQLQJIXO�GHVFULSWLRQ�RI�WKH�RUELWDO�QDWXUH�RI
WKH�HOHFWURQLF�VWUXFWXUH�>�@��+RZHYHU��WKH�RUELWDO�HQHUJLHV�KDYH�QR�GLUHFW�SK\VLFDO�PHDQLQJ�DQG��LQ�SDUWLFXODU��DUH
QRW� WKH� TXDVL�SDUWLFOH� HQHUJLHV�� ,Q� SDUWLFXODU�� WKH� +202±/802� JDSV� DUH� NQRZQ� WR� XQGHUHVWLPDWH� WKH� ILUVW
H[FLWDWLRQ�HQHUJ\�JDS��7KXV��WKH�XVHIXOQHVV�RI�DEVRUSWLRQ�VSHFWUD�GHULYHG�IURP�VXFK�FDOFXODWLRQV�LV�OLPLWHG�

,Q� RXU� SDUWLFXODU� FDVH�� ZH� HVWLPDWHG� WKH� ORZHVW� H[FLWDWLRQ� HQHUJ\� XVLQJ� D� PRGLILHG� 6ODWHU
WUDQVLWLRQ�VWDWH�PHWKRG� >��@� �� 7KH� FRUUHFWLRQ� WR� WKH�.6�JDS� WKXV� REWDLQHG�ZDV� DSSOLHG� DV� D� ULJLG� VKLIW� WR� WKH
UHPDLQGHU�RI� WKH�DEVRUSWLRQ�VSHFWUXP��1RWH� WKDW� WKLV�FRUUHFWLRQ�DOVR�FRQWDLQV� WR�VRPH�H[WHQW� WKH�HIIHFW�RI� WKH
HOHFWURQ±KROH� LQWHUDFWLRQ� �H[FLWRQLF� HIIHFW��� � 7KH� VSHFWUDO� LQWHQVLWLHV� ZHUH� VLPSO\� HYDOXDWHG� XVLQJ� WKH� .6
GHVFULSWLRQ� RI� WKH� KROH� DQG� HOHFWURQ� VWDWHV� LQYROYHG� LQ� WKH� RSWLFDO� H[FLWDWLRQV�� QHJOHFWLQJ� WKH� HIIHFWV� RI� WKH
HOHFWURQ±KROH�LQWHUDFWLRQ��$OWKRXJK�HOHFWURQ�KROH�LQWHUDFWLRQV�DUH�H[SHFWHG�WR�DOWHU�WKH�SHDN�LQWHQVLWLHV��WKH\�DUH
QRW� H[SHFWHG� WR� SOD\� D� UROH� LQ� GHWHUPLQLQJ� WKH� QDWXUH� RI� WKH� ORZHVW� HQHUJ\� H[FLWDWLRQ�²� RXU�PDLQ� LVVXH� RI
FRQFHUQ��ZKLFK�ZH�H[SODLQ�EHORZ��

7KH�FRXSOLQJ�RI�WKH�KROH�DQG�WKH�HOHFWURQ�VWDWHV�LQYROYHG�LQ�WKH�RSWLFDO�H[FLWDWLRQV�LV�PDLQO\�GHSHQGHQW
RQ�WKHLU�UHODWLYH�VSDWLDO�ORFDOL]DWLRQ��)LJXUH���VKRZ�WKH�GLVWULEXWLRQ�RI�WKUHH�RUELWDO�³WULSOHWV´��WKH�+202������WKH
/802��,���DQG�WKH�/802����,,��IRU�ERWK�LVRPHUV���7KH�+202V�DUH�ORFDOL]HG�PDLQO\�RQ�WKH�SKHQR[LGH�PRLHW\
RI�WKH�OLJDQGV��ZKLOH�WKH�/802V�ORFDOL]H�PDLQO\�RQ�WKH�S\ULG\O�PRLHW\�� �7KH�/802���RUELWDOV��,,��DUH�PRUH
XQLIRUPO\� GLVWULEXWHG� RQ� WKH� VLGHV� RI� WKH� OLJDQGV�� 2ZLQJ� WR� WKLV� W\SH� RI� HOHFWURQ� GLVWULEXWLRQ�� WKH� GLSROH
WUDQVLWLRQV� IURP� WKH�+202V� ���� WR� WKH�/802V��,��KDYH�ZHDN�PDWUL[� HOHPHQWV� LQ�ERWK� LVRPHUV��ZKHUHDV� WKH
/802��V� �,,�� � VWURQJO\� FRXSOH� WR� ERWK� VHWV�� � 7KHUHIRUH�� WKH� VWURQJHVW� RSWLFDO� DEVRUSWLRQ� FRUUHVSRQGV� WR
WUDQVLWLRQV�IURP�����WR��,,���QRW�IURP�����WR��,���DW�DERXW�����QP���L�H���EHWZHHQ�WKH�VWDWHV�UHVSRQVLEOH�DOVR�IRU�WKH
SKRWRHPLVVLRQ�>�,��WR����@��1RWH�WKDW�WKH�ODWWHU�LQYROYH�HQHUJ\�JDSV�WKDW�DUH�DERXW���H9�KLJKHU��7KLV�LV�VKRZQ�LQ
)LJXUH����ZKHUH�WKH�FDOFXODWHG�DEVRUSWLRQ�VSHFWUXP�RI�WKH�PHULGLDQDO�PROHFXODU�LVRPHU�RI�$OT��LV�UHSRUWHG�DQG
FRPSDUHG� WR� WKH� H[SHULPHQWDO� RQH�� PHDVXUHG� IRU� D� WKLQ� $OT�� ILOP� GHSRVLWHG� RQ� VDSSKLUH�� &OHDUO\�� WKHUH� DUH
GLVFUHSDQFLHV� LQ� WKH� LQWHQVLWLHV�� HVSHFLDOO\� DW� KLJKHU� HQHUJLHV�� ZKLFK� FDQ� EH� DWWULEXWHG� WR� VHYHUDO� IDFWRUV�
LQFOXGLQJ�WKH�ODFN�RI�H[FLWRQLF�HIIHFWV� LQ�WKH�FDOFXODWHG�LQWHQVLWLHV�DQG�GLIIHUHQFHV�EHWZHHQ�FDOFXODWLRQV�RQ�DQ
LVRODWHG�PROHFXOH�DQG�PHDVXUHPHQWV�SHUIRUPHG��RQ�DQ�DPRUSKRXV�ILOP�

�����1RYHO�$OT��GHULYDWLYHV�ZLWK�HQKDQFHG�SHUIRUPDQFH
7KH�UHVXOW�GLVFXVVHG�DERYH�SURYLGHV�D�FOXH�IRU�VFUHHQLQJ�RI�DOWHUQDWLYH�FRPSRXQGV�EDVHG�RQ�$OT��GHULYHG�ZLWK
WKH� SXUSRVH� RI� REWDLQLQJ� PRUH� HIILFLHQW� RUJDQLF� HPLWWHUV� >��@�� ,Q� IDFW�� RQH� ZD\� WR� LQFUHDVH� WKH� LQWULQVLF
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OXPLQHVFHQFH�\LHOG�LV� WR�DWWHPSW�WR�PRGLI\�WKH�ORFDOL]DWLRQ�RI�WKH�HOHFWURQ�VWDWHV�LQYROYHG�LQ�WKH�OXPLQHVFHQFH
SURFHVV�� 7KLV� FDQ� EH� DFKLHYHG� E\� VSHFLILF� FKHPLFDO� VXEVWLWXWLRQV� RQ� WKH� TXLQRODWH� ULQJV�� 7KH� UHDVRQLQJ
XQGHUO\LQJ�VXFK�VXEVWLWXWLRQV�LV�WKH�IROORZLQJ��(OHFWURQ�GRQRU�VXEVWLWXHQWV�JHQHUDOO\�GHVWDELOL]H�WKH�o�HOHFWURQLF
VWDWHV�RI�DURPDWLF�V\VWHPV��DQG�WKLV�HIIHFW�GHFUHDVHV�ZLWK�LQFUHDVLQJ�GLVWDQFH�IURP�WKH�VXEVWLWXHQWV��2Q�WKH�RWKHU
KDQG�� HOHFWURQ�DFFHSWRU� VXEVWLWXHQWV� VWDELOL]H� WKH� o� HOHFWURQLF� VWDWHV� RI� DURPDWLF� V\VWHPV�� WKLV� HIIHFW� DOVR
GHFUHDVHV�ZLWK�LQFUHDVLQJ�GLVWDQFH�IURP�WKH�VXEVWLWXWLQJ�JURXS��7KHUHIRUH��D�VXEVWLWXWLRQ�RQ�WKH�SKHQR[LGH�ULQJ
ZLOO�DFW�PDLQO\�RQ�WKH�+202�VHW��ZKHUHDV�D�VXEVWLWXWLRQ�RQ�WKH�S\ULG\O�ULQJ�ZLOO�DFW�PDLQO\�RQ�WKH�/802�VHW�
$V� � WKH�HOHFWURQLF�VWDWHV�DW�D�KLJKHU�HQHUJ\� WKDQ�WKH�/802V�DQG� WKRVH�DW�D� ORZHU�HQHUJ\�RI� WKH�+202V�DUH
GHORFDOL]HG� RQ� ERWK� ULQJV� RI� WKH� TXLQRODWH� OLJDQGV�� WKH� RSWLPXP� VXEVWLWXWLRQ� VWUDWHJ\� LV� WR� SXW� DQ
HOHFWURQ�DFFHSWRU�JURXS�RQ� WKH�SKHQR[LGH�ULQJ��HQKDQFLQJ� WKH�PL[LQJ�RI�WKH�+202V�ZLWK�WKH�VWDWHV�DW� ORZHU
HQHUJ\��DQG�RU�DQ�HOHFWURQ�GRQRU�JURXS�RQ�WKH�S\ULG\O�ULQJ��HQKDQFLQJ�WKH�PL[LQJ�RI�WKH�/802V�ZLWK�VWDWHV�DW
KLJKHU�HQHUJ\���0RUHRYHU��RZLQJ� WR�ERWK� HOHFWURQLF�DQG�VWUXFWXUDO� IDFWRUV�� WKH�PRVW� VXLWDEOH� SRVLWLRQV� IRU� WKH
FKHPLFDO�VXEVWLWXWLRQ�DUH�SRVLWLRQV���DQG���RQ�WKH�TXLQRODWH�OLJDQG��QDPHO\���WKRVH�³SDUD´�WR��WKH�R[\JHQ�DWRP
DQG�WKH�QLWURJHQ�DWRP��VHH�)LJXUH����� �7KLV�DSSURDFK�JHQHUDWHG�D�QHZ�IDPLO\�RI�$OT��GHULYDWLYHV�ZKLFK�ZHUH
WKHQ� VFUHHQHG�E\� FRPSDULQJ� WKH� FDOFXODWHG� DEVRUSWLRQ�VSHFWUD�ZLWK� WKDW� RI� WKH�SULVWLQH�$OT��PROHFXOH��2I� WKH
VXEVWLWXHQW�SDWWHUQV�ZH�KDYH�FRQVLGHUHG��WKH�RQH�ZLWK�5� �±&) &)��DQG�5
� �±2±5�ZDV�VKRZQ�E\�FDOFXODWLRQ�WR
SHUIRUP� EHVW�� L�H��� WKH� WUDQVLWLRQ� SUREDELOLW\� ZDV� IRXQG� WR� LPSURYH� E\� D� IDFWRU� RI� �� �VHH� )LJXUH� ���� 7KHVH
FRPSXWHU�GHVLJQHG�PROHFXOHV�DUH�QRZ�DZDLWLQJ�RQO\�WKHLU�FKHPLFDO�V\QWKHVLV�DQG�H[SHULPHQWDO�WHVWV�

0RUHRYHU�� WKH� VDPH�SURFHGXUH� FDQ�EH�XVHG� WR� VHOHFWLYHO\�PRGLI\� WKH� HQHUJ\�SRVLWLRQ�RI� WKH�+202
�KROH�DFFHSWRU�VWDWH��DQG�/802��HOHFWURQ�DFFHSWRU�VWDWH����DOORZLQJ�WKH�GHVLJQ�RI�$OT��GHULYDWLYHV�ZLWK�D�WXQHG
HQHUJ\�JDS��DQG�KHQFH�HPLVVLRQ�ZDYHOHQJWK��DQG�DOVR�ZLWK�RSWLPXP�HOHFWURQ��DQG�KROH�LQMHFWLQJ�EDUULHUV�

�� 0HWDO±RUJDQLF�LQWHUDFWLRQ

�����0HWDO±$OT��LQWHUIDFHV
7KH�LPSRUWDQW�UROH�SOD\HG�E\�WKH�VSHFLILF�FDWKRGH�RUJDQLF�LQWHUIDFH�LQ�WKH�IXQFWLRQLQJ�RI�DQ�2/('�KDV�HPHUJHG
RYHU� WKH�\HDUV��7KH� LQVLJKW� JDLQHG�VR� IDU� LQWR� WKH�PHFKDQLVPV� OHDGLQJ� WR� D� FHUWDLQ�GHJUHH�RI� SHUIRUPDQFH� LV�
KRZHYHU��VWLOO�UXGLPHQWDO��UHQGHULQJ�FRQWURO�DQG�RSWLPL]DWLRQ�D�YHU\�GLIILFXOW�WDVN��$Q�DWWHPSW�LV�PDGH�LQ�WKHVH
FDOFXODWLRQV�WR�SURYLGH�HQKDQFHG�LQVLJKW�WKURXJK�FDOFXODWLRQV�

$V� D� PRGHO� IRU� WKHVH� LQWHUIDFHV�� ZH� FRQVLGHU� WZR�GLPHQVLRQDO� ��'�� SHULRGLF� VODEV� RI� PHWDO� DWRPV
FRQVLVWLQJ�RI�D�IHZ�OD\HUV��VHSDUDWHG�E\�D�YDFXXP�UHJLRQ�RI�VLPLODU� WKLFNQHVV�DQG�KDYLQJ�RQH�$OT��RQ�WRS��$V
PHWDOV��ZH�FRQVLGHU�OLWKLXP��DOXPLQXP��DQG�FDOFLXP��2Q�WKH�EDVLV�RI�ZRUN�IXQFWLRQ�YDOXHV�RQO\�������H9�IRU�/L�
�����H9�IRU�$O�������IRU�&D���OLWKLXP�ZRXOG�EH�WKH�PRVW�GHVLUDEOH�DV�DQ�HOHFWURQ�LQMHFWLQJ�PDWHULDO��,Q�SUDFWLFH�
KRZHYHU�� OLWKLXP� FDQQRW� EH� XVHG� DV� D� FRQWDFW�PHWDO� EHFDXVH� LW� FDXVHV� WKH� RUJDQLF� OLJDQGV� WR� GHJUDGH�ZLWKLQ
VHFRQGV� �VHH� H�J�� >��@���2Q� WKH�FRQWUDU\�� DOXPLQXP�PHWDO� DQG� LWV� DOOR\V�ZLWK� OLWKLXP��RU� FDOFLXP�DUH� XVHG�DV
W\SLFDO�FDWKRGHV�LQ�2/('V�
����7KH�FRPSXWDWLRQDO�DSSURDFK�ZH�KDYH�IROORZHG�FRQVLVWHG�RI�D�QXPEHU�RI�&3�0'�VLPXODWLRQV�SHUIRUPHG�DW
URRP�WHPSHUDWXUH��6LQFH�WKH�GXUDWLRQ�RI�WKHVH�UXQV�LV�RQO\�D�IHZ�SV�DQG�WKXV�GRHV�QRW�DOORZ�D�VXIILFLHQWO\�ODUJH
FRQILJXUDWLRQDO�VSDFH�WR�EH�H[SORUHG��ZH�WULHG�WR�SDUWLDOO\�RYHUFRPH�WKLV�OLPLWDWLRQ�E\�XVLQJ�VHYHUDO�VLJQLILFDQWO\
GLIIHUHQW� VWDUWLQJ� FRQILJXUDWLRQV�� QDPHO\� D� QXPEHU� RI� GLIIHUHQW� PROHFXODU� FRQIRUPDWLRQV� IRU� HLWKHU� WKH
PHULGLDQDO�RU� WKH�IDFLDO� LVRPHU�ZLWK�GLIIHUHQW�RULHQWDWLRQV�SRVLWLRQHG�DW�YDULRXV�GLVWDQFHV�IURP�WKH�VXUIDFH��,Q
WKLV� ZD\�� WKH� EHKDYLRU� RI� WKHVH� V\VWHPV�� ZKLFK� DUH� GUDPDWLFDOO\� GLIIHUHQW� LQ� WKH� WKUHH� FDVHV�� FRXOG� EH
FKDUDFWHUL]HG����5HSUHVHQWDWLYH�VQDSVKRWV�RI�WKH�0'�VLPXODWLRQV�DUH�VKRZQ�LQ�)LJXUH����

,Q�WKH�&3�0'�VLPXODWLRQV��ZH�FDQ�REVHUYH�WKDW�OLWKLXP�>)LJXUH����D�@�UHDFWV�ZLWK�WKH�$OT��PRLHW\�YHU\
UDSLGO\��UHDGLO\�IRUPLQJ�ERQGV�ZLWK�ERWK�WKH�FDUERQ�DQG�WKH�R[\JHQ�DWRPV��,Q�WKLV�ZD\��WKH�PROHFXOH�ORVHV�LWV
FKDUDFWHULVWLF� HOHFWURQLF� SURSHUWLHV��0RUHRYHU�� WKH� FDWKRGH� DSSHDUV� WR� EH� KLJKO\� XQVWDEOH�� DQG� OLWKLXP� DWRPV
H[KLELW� D� VWURQJ� WHQGHQF\� WR� GLIIXVH�� 7KHVH� ILQGLQJV� DUH� LQ� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� REVHUYDWLRQ� RI
LQVWDELOLW\�RI�WKH�OLWKLXP�FDWKRGH�DQG�UDSLG�GHJUDGDWLRQ�RI��WKH�RUJDQLF�PDWHULDO�>��@�

7KH�VLWXDWLRQ�LV�YHU\�GLIIHUHQW�LQ�WKH�FDVH�RI�DOXPLQXP�DV�FDQ�EH�VHHQ�LQ�)LJXUH����E���IRU�FRPSDUDEOH
WLPH�LQWHUYDOV�LQ�ZKLFK�QR�IRUPDWLRQ�RI�QHZ�FKHPLFDO�ERQGV�LV�REVHUYHG�DW�WKH�LQWHUIDFH��7KLV�W\SH�RI�ERQGLQJ�
LPSO\LQJ� WKH� DEVHQFH� RI� FKDUJH� WUDQVIHU�� LV� RQO\� SHUWXUEDWLYH� DQG� FDQ� EH� GHVFULEHG� DV� SK\VLVRUSWLYH�� 7KH
PROHFXOH� ZDV� REVHUYHG� WR� IODWWHQ� DV� D� FRQVHTXHQFH� RI� WKH� LQWHUDFWLRQ�� DQG� WKXV� SUHVHUYHV� DOO� LWV� HOHFWURQLF
FKDUDFWHULVWLFV�� 7KLV� LV� VKRZQ� E\� WKH� '26� LQ� )LJXUH� ���D�� WKDW� UHIHUV� WR� WKH� RFFXSLHG� VWDWHV�� 2ZLQJ� WR� WKH
GRPLQDQW�$O�FKDUDFWHU�QHDU�WKH�)HUPL�HQHUJ\��WKH�QDWXUH�RI�WKH�FRUUHVSRQGLQJ�VWDWHV�FDQQRW�EH�DVFHUWDLQHG�IURP
HLWKHU�WKH�WRWDO�'26�RU�DQ�H[SHULPHQWDO�VSHFWUXP��EXW�WKH�SURMHFWLRQ�RI�WKH�'26�RQ�WKH�PROHFXODU�RUELWDOV�FDQ
HOXFLGDWH�WKLV�SRLQW�

&DOFLXP�>)LJXUH����F�@�EHKDYHV�LQ�DQ�LQWHUPHGLDWH�ZD\��$OT��LV�VWURQJO\�FKHPLVRUEHG�RQ�WKH�VXUIDFH�
RZLQJ�PDLQO\�WR�WKH�IRUPDWLRQ�RI�QHZ�FRYDOHQW�ERQGV�EHWZHHQ�WKH�VXUIDFH�DQG�WKH�$OT��R[\JHQ�DWRPV��$�VL]DEOH
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FKDUJH�WUDQVIHU�IURP�WKH�PHWDO�VXUIDFH�WR�WKH�$OT��/802V�WDNHV�SODFH��DV�FDQ�EH�VHHQ�IURP�WKH�'26�LQ�)LJXUH
���E���7KH�DGGLWLRQDO�SHDN�DW� WKH�)HUPL�HQHUJ\�FRUUHVSRQGV�ZHOO�WR�WKH�/802�RI�WKH�PROHFXOH��7KHUHIRUH��LQ
FRQWUDVW�WR�DOXPLQXP��FDOFLXP�KDV�DQ�LQWULQVLF�WHQGHQF\�WR�WUDQVIHU�HOHFWURQV�WR�WKH�RUJDQLF�PDWHULDO��:H�KDYH
DOVR�VWXGLHG�/LQ$O�OD\HUV�LQ�LQWHUDFWLRQ�ZLWK�$OT��DQG�KDYH�IRXQG�WKDW�RQH�$O�OD\HU�LV�YHU\�HIILFLHQW�LQ�EORFNLQJ
PHWDO�GLIIXVLRQ�LQWR�WKH�RUJDQLF�OD\HU�RZLQJ�WR�WKH�VWURQJ�/L±$O�DWWUDFWLYH�LQWHUDFWLRQ��$OVR��VXFK�D�V\VWHP�FRXOG
EH�PRUH� HIILFLHQW� WKDQ� DOXPLQXP� DV� HOHFWURQ�LQMHFWLQJ�PDWHULDO� EHFDXVH� WKH�ZRUN� IXQFWLRQ� LV� ORZHUHG� E\� WKH
WUDQVIHU�RI�HOHFWURQV�IURP�OLWKLXP�WR�WKH�DOXPLQXP�OD\HU�>��@�

2XU�VLPXODWLRQV�FOHDUO\�VKRZ�WKDW�WKH�QDWXUH�RI�WKH�$OT�±FDWKRGH�LQWHUDFWLRQ�GHSHQGV�FULWLFDOO\�RQ�WKH
PHWDO�XVHG�IRU�WKH�ODWWHU�DQG�WKDW�WKLV�LQWHUDFWLRQ�FDQ�VWURQJO\�SHUWXUE�WKH��JHRPHWULFDO�DV�ZHOO�DV�WKH�HOHFWURQLF
VWUXFWXUH�RI�WKH�$OT��PROHFXOH��7KHUHIRUH�WKH�XVH�RI�QRQ�DWRPLVWLF��RYHUVLPSOLILHG�PRGHOV�IRU�WKH�VWXG\�RI�WKHVH
LQWHUIDFHV�LV�TXHVWLRQDEOH��VHH��H�J���>��@���,Q�IDFW��WKHVH�PHWKRGV�UDWKHU�VLPSOLVWLFDOO\�DVVXPH�WKDW�RQO\�FKDUJH
WUDQVIHU�DQG�D�VKLIW�RI� WKH�+202�DQG�RU�/802�OHYHOV�RFFXU��ZKHUHDV�LQ�UHDOLW\�HYHQ�D�UDGLFDO�FKDQJH�RI�WKH
QDWXUH�RI�WKH�IURQWLHU�RUELWDOV�FDQ�WDNH�SODFH��,QGHHG��RXU�ILQGLQJV�IRU�WKH�DOXPLQXP�DQG�FDOFLXP�LQWHUIDFHV�DUH
IXOO\�FRQVLVWHQW�ZLWK�UHFHQW�LQWHUQDO�SKRWRHPLVVLRQ�GDWD��>��@�ZKLFK�FOHDUO\�LQGLFDWH�WKDW�WKH\�EHKDYH�GLIIHUHQWO\�
QDPHO\��WKDW�WKH�6FKRWWN\�HQHUJ\�EDUULHU�FDQQRW�EH�GHGXFHG�IURP�WKH�VDPH�W\SH�RI�PRGHO�

�����0HWDO±$OT��FRPSOH[HV
&RPSOH[HV�ZLWK�VLQJOH�PHWDO�DWRPV�DUH�H[SHFWHG�WR�IRUP�LQ�PHWDO�GRSHG�$OT��OD\HUV�DQG�DW�D�FDWKRGH±RUJDQLF
LQWHUIDFH�LQ�WKH�HDUO\�VWDJHV�RI�PHWDO�GHSRVLWLRQ�RU�GXULQJ�GHJUDGDWLRQ�SURFHVVHV��$OWKRXJK�WKHLU�SUHVHQFH�KDV
RIWHQ�EHHQ�LQYRNHG�WR�LQWHUSUHW�H[SHULPHQWDO�REVHUYDWLRQ��FKDUDFWHUL]DWLRQ�E\�H[SHULPHQW�KDV�QRW�EHHQ�SRVVLEOH�
5HOLDEOH�PRGHOLQJ� DQG� DFFXUDWH� FDOFXODWLRQV� FDQ� SURYLGH� VXFK� D� FKDUDFWHUL]DWLRQ� DQG� FDQ� DOVR� GHWHUPLQH� WKH
HIIHFWV�WKDW�WKH�IRUPDWLRQ�RI�VXFK�FRPSOH[HV�PD\�KDYH�RQ�WKH�LQWULQVLF�SURSHUWLHV�RI�WKH�RUJDQLF�PDWHULDO��7KLV
ZDV� WKH� PRWLYDWLRQ� RI� RXU� H[WHQGHG� � VWXG\� >�@�� ZKLFK� ZDV� EDVHG� RQ� D� WKRURXJK� VWUXFWXUDO� RSWLPL]DWLRQ� RI
FRPSOH[HV�RI� LQGLYLGXDO�PHWDO�DWRPV�RI�/L��$O��DQG�&D�ZLWK�ERWK�JHRPHWULFDO� LVRPHUV�RI�$OT���+HUH�ZH�JLYH
RQO\�D�EULHI�VXPPDU\�RI�WKH�PDLQ�UHVXOWV�

,W�ZDV�HVWDEOLVKHG�WKDW�WZR�LPSRUWDQW�IHDWXUHV�RI�WKH�LQWHUDFWLRQ�RI�WKH�RUJDQLF�ZLWK�WKH�PHWDO�DWRP�DUH
LQGHSHQGHQW�RI�ZKHWKHU�LW�LV�/L��$O��RU�&D��
L� 7KH�$OT��R[\JHQ�DWRPV�DUH� WKH�FHQWHUV�RI�DWWUDFWLRQ�RI�DQ\�³HOHFWURQ�GRQRU�´�VR� WKDW�FRPSOH[HV�ZLWK� WKH

PHWDO� FORVH� WR� WKHP� DUH� VWURQJO\� IDYRUHG� HQHUJHWLFDOO\�� 7KLV� LV� FOHDU� IURP� )LJXUH� ���� ZKLFK� VKRZV� WKH
RSWLPXP�FRQILJXUDWLRQ�IRU�WKH�WKUHH�FRPSOH[HV�LQ�ERWK�LVRPHUV�

LL� $V�FDQ�EH�VHHQ�LQ�7DEOH����DOO�RI�WKHVH�FRPSOH[HV�DUH�VWURQJO\�ERXQG��DQG�PXFK�PRUH�VR�ZLWK�WKH�PROHFXOH
LQ�WKH�IDFLDO�FRQILJXUDWLRQ��i��±���NFDO�PRO�PRUH���7KHUHIRUH��WKH�LQWHUDFWLRQ�ZLWK�WKH�PHWDO�DWRP�LQYHUWV
WKH�UHODWLYH�VWDELOLW\�RI�WKH�WZR�LVRPHUV�RI�SXUH�$OT���VHH�WKH�VXEVHFWLRQ�RQ�PROHFXODU�LVRPHUV�LQ�6HFWLRQ����
DQG�WKH�HQHUJ\�GLIIHUHQFH�EHFRPHV�ODUJH��:H�EHOLHYH�WKDW��JLYHQ�WKH�VLJQLILFDQWO\�GLIIHUHQW�DELOLWLHV�RI�WKH
WZR� LVRPHUV� WR� WUDS� DQ� HOHFWURQ�� VXFK� DQ� LQYHUVLRQ� RI� VWDELOLW\� VKRXOG� QRW� EH� RYHUORRNHG� ZKHQ
HOHFWURQ�LQMHFWLRQ�RU�HOHFWURQ�WUDQVSRUW�SURFHVVHV�DUH�GLVFXVVHG��

2WKHU�LPSRUWDQW�IHDWXUHV��VXFK�DV�WKH�W\SH�RI�FKHPLFDO��ERQGLQJ�ZKLFK�LQIOXHQFH��WKH�PRGLILFDWLRQ�RI�WKH�$OT�
HOHFWURQLF�VWUXFWXUH�LQGXFHG�DUH�PRUH�VSHFLILF�WR�WKH�W\SH�RI�PHWDO�XVHG��
�����6LPSOH�FULWHULD�VXFK�DV�WKDW�EDVHG�RQ�WKH�0XOOLNHQ�HOHFWURQHJDWLYLW\�ZRXOG�SUHGLFW�D�KLJKHU�WHQGHQF\�IRU�DQ
HOHFWURQ�WR�HVFDSH�IURP�WKH�PHWDO�DWRP�WR�WKH�PROHFXOH�WKDQ�YLFH�YHUVD�LQ�DOO�FDVHV��PDLQO\�EHFDXVH�RI�WKH�KLJKHU
HOHFWURQ�DIILQLW\�RI�WKH�ODWWHU�>a��H9�YV�������/L���������$O���DQG������H9��&D�@��,QGHHG��WKH�o�V\VWHP�RI�WKH�$OT�
PROHFXOH�DFFHSWV�RQH�HOHFWURQ�IURP�WKH�DWRPV��+RZHYHU��WKH�WUDQVIHU�FDQ�EH�FRQVLGHUHG�DOPRVW�FRPSOHWH�RQO\�LQ
WKH�FDVH�RI�/L��DQG�WKH�GHJUHH�RI�K\EULGL]DWLRQ��RU�WKH�GHJUHH�RI�ERQG�FRYDOHQF\��FDQ�EH�VHHQ�WR�LQFUHDVH�LQ�WKH
VHTXHQFH� /L��$O�� &D��$V� D� FRQVHTXHQFH�� D� SDUDOOHO� LQFUHDVH� � WKH� DFWLYDWLRQ� HQHUJ\� FDQ� EH� SUHGLFWHG� � IRU� WKH
GLIIXVLRQ�RI�WKH�PHWDO�DWRP�LQWR�WKH�RUJDQLF�OD\HUV�

$V�PHQWLRQHG� DERYH�� WKH� IRUPDWLRQ� RI� WKHVH� FRPSOH[HV� LV� RIWHQ� DUJXHG� LQ� FRQQHFWLRQ� ZLWK� XQFOHDU
H[SHULPHQWDO�GDWD��,Q�SDUWLFXODU��FRPSOH[HV�DUH�VXSSRVHG�WR�SOD\�D�UROH�LQ�WKH�TXHQFKLQJ�RI�OXPLQHVFHQFH�E\�WKH
FUHDWLRQ�RI�QHZ�OHYHOV�LQ�WKH�JDS�RI�WKH�RUJDQLF���$OWKRXJK�RXU�UHVXOWV�LQGLFDWH�WKDW�WKLV�LV�DOZD\V�WKH�FDVH��WKH
PHFKDQLVPV� ZLOO� EH� GLIIHUHQW� EHFDXVH� WKH� RULJLQ� RI� WKH� ³DGGLWLRQDO� OHYHO´� LV� GLIIHUHQW� LQ� WKH� WKUHH� FDVHV�� ,Q
/L�$OT��� LW�FRUUHVSRQGV�WR�WKH�/802�RI�WKH�RUJDQLF� OLJDQGV��LQ�&D�$OT�� WR�D��GRXEO\�RFFXSLHG��VWDWH�UHVXOWLQJ
IURP�WKH�VWURQJ�K\EULGL]DWLRQ�RI�WKH�/802�ZLWK�WKH��V�&D�RUELWDO��DQG�LQ�$O�$OT�� WR� WKH�$OT��+202�WKDW� LV
GHVWDELOL]HG�E\�WKH�LQWHUDFWLRQ�ZLWK�WKH�$O��V�RUELWDO����

7DEOH� �� VKRZV� WKH� YDOXHV� RI� WKH� LRQL]DWLRQ� SRWHQWLDOV�� HOHFWURQ� DIILQLWLHV� DQG� VHOI�WUDSSLQJ� �³VPDOO
SRODURQ´��HQHUJLHV�IRU�WKHVH�WKUHH�FRPSOH[HV��HYDOXDWHG�IRU�WKH�IDFLDO�LVRPHU��ZKLFK�FDQ�EH�GLUHFWO\�FRPSDUHG
ZLWK� FRUUHVSRQGLQJ� YDOXHV� IRU� WKH� LVRODWHG� PROHFXOH� LQ� 7DEOH� ��� 7KH� PRVW� LQWHUHVWLQJ� PHVVDJH� LV� WKDW� WKH
VHOI�WUDSSLQJ�HQHUJ\�IRU�DQ�HOHFWURQ�LV�YHU\�VWURQJO\�UHGXFHG�EHFDXVH�RI�WKH�LQFUHDVHG�VWUXFWXUDO�ULJLGLW\�LQGXFHG
E\�WKH�LQWHUDFWLRQ�ZLWK�WKH�PHWDO�DWRP�

�



���6XPPDU\�DQG�&RQFOXVLRQV

2/('V� DUH� D� UHODWLYHO\� QHZ� W\SH� RI� GHYLFH�� %HFDXVH� RI� WKLV�� WKH� IXQGDPHQWDO� VFLHQFH� XQGHUO\LQJ� WKHLU
IXQFWLRQLQJ� LV� VWLOO� ODUJHO\� XQH[SORUHG� RU� SRRUO\� XQGHUVWRRG�� DQG� WKLV�PD\� XOWLPDWHO\� FRQVWLWXWH� DQ� LQKLELWLQJ
IDFWRU� IRU� SURJUHVV� LQ� WKH� GHYHORSPHQW� RI� EHWWHU� SHUIRUPLQJ� PDWHULDOV�� &RPSXWHU� VLPXODWLRQV� PD\� SOD\� DQ
LPSRUWDQW�UROH�IRU�WKH�FKDUDFWHUL]DWLRQ�RI�PDWHULDOV�EHKDYLRU�DW�D�PLFURVFRSLF�OHYHO��SURYLGHG�D�FHUWDLQ�OHYHO�RI
UHOLDELOLW\�RI� WKH�PRGHOLQJ�DQG� WKHRUHWLFDO� DSSURDFK� LV� JXDUDQWHHG�� ,Q� WKLV� SDSHU��ZH�KDYH�GLVFXVVHG�RXU�RZQ
FRQWULEXWLRQ�LQ�WKLV�HIIRUW��XVLQJ�DE�LQLWLR�FDOFXODWLRQV�RI��$OT��LQ�WKH�PROHFXODU�VWDWH��LQ�WKH�FU\VWDO�SKDVH�DQG
GHSRVLWHG�RQ�PHWDO�VXUIDFHV�VLPXODWLQJ�WKH�HOHFWURQ�LQMHFWLQJ�PDWHULDO��7KH�NQRZOHGJH�RI�HOHFWURQLF��VWUXFWXUDO�
YLEUDWLRQDO�DQG�RSWLFDO�SURSHUWLHV�WKDW�ZH�KDYH�JDLQHG� WKURXJK�WKHVH�FDOFXODWLRQV��DQG�RI� WKH�FKHPLVWU\�RI� WKH
LQWHUIDFHV�ZLWK� WKH� FDWKRGH�� DOORZ� XV� WR� SURJUHVV� VORZO\� WRZDUG� RXU� JRDO� RI� VXJJHVWLQJ� KRZ� WR� LPSURYH� WKH
SHUIRUPDQFH�RI�WKH�PXOWLFRPSRQHQW�V\VWHP��:H�KDYH�VXFFHHGHG�LQ�LGHQWLI\LQJ�WKH�FUXFLDO�HOHFWURQLF�IDFWRUV�WKDW
�OLPLW�WKH�LQWULQVLF�OXPLQHVFHQFH�RI�$OT��DQG�KDYH�PDGH�SUHFLVH�VXJJHVWLRQV�IRU�LPSURYLQJ�LW�E\�PDNLQJ�VSHFLILF
VXEVWLWXWLRQV�RQ�WKH�OLJDQGV��2SWLPL]LQJ�WKH�FKDUDFWHULVWLFV�RI�WKH�LQWHUIDFH�RI�$OT��ZLWK�WKH�FDWKRGH�LV�DOVR�DQ
LPSRUWDQW�WDVN��ZKLFK�QRZ�UHTXLUHV�PRUH�V\VWHPDWLF�FRPSXWDWLRQDO�ZRUN��6LPXODWLRQV�RQ�FOHDQ�VXUIDFHV�DUH�WKH
EDVLV� IRU� XQGHUVWDQGLQJ� WKH� LQWULQVLF� SURSHUWLHV�RI� WKH� LQWHUIDFHV� DQG� WKXV�GHYHORSLQJ� D� FRUUHFW� SLFWXUH� RI� WKH
LQWHUDFWLRQ��7KH�W\SH�RI�VLPXODWLRQV�ZH�KDYH�EHHQ�FDUU\LQJ�RXW�FDQ�EH�QDWXUDOO\�H[WHQGHG�WR�PRUH�VWUXFWXUDOO\
FRPSOH[�FDVHV�� LQ�ZKLFK�DQ�LQVXODWLQJ�OD\HU� LV� LQWHUSRVHG�EHWZHHQ�$OT��DQG�WKH�PHWDO��,Q�IDFW�� WKHUH�LV�D�FOHDU
QHHG�IRU� LQVLJKW� WR�EH�JDLQHG�LQWR�WKH�PHFKDQLVP�V��WKURXJK�ZKLFK�WKH�DGGLWLRQ�RI�VXFK�D�FRPSRQHQW�LQWR�WKH
GHYLFH� �W\SLFDOO\� /L)�� ORZHUV� WKH� HOHFWURQ� LQMHFWLRQ� WKUHVKROG� DQG� WKXV� LPSURYHV� WKH� GHYLFH� SHUIRUPDQFH�
$E�LQLWLR�PROHFXODU�G\QDPLFV�FDQ�DOVR�SURYLGH�D�VXEVWDQWLDO�FRQWULEXWLRQ�WR�WKH�VWXG\�RI�GHJUDGDWLRQ�SURFHVVHV
ZKRVH�RULJLQ�DQG�GHYHORSPHQW�DUH�IUHTXHQW�LVVXHV�RI�GHEDWH�
,Q�FRQFOXVLRQ��ZH�EHOLHYH�WKDW�FRPSXWHU�VLPXODWLRQV�RI�WKH�W\SH�ZH�KDYH�SUHVHQWHG�KHUH�KDYH�D�VWURQJ�SRWHQWLDO�
JLYHQ� WKHLU� DELOLW\� WR� GHWHFW� DQG� XQUDYHO� SKHQRPHQD� DW� WKH� PLFURVFRSLF� OHYHO� LQ� D� PRUH� GLUHFW� ZD\� WKDQ
H[SHULPHQWV��+RZHYHU��LW�PXVW�EH�HPSKDVL]HG�WKDW�VXFK�DQ�DSSURDFK�ULVNV�UHPDLQLQJ�VWHULOH�LI�LW�LV�QRW�FRQVWDQWO\
VXSSRUWHG�DQG�VWLPXODWHG�E\�GDWD�H[FKDQJH�DQG�IHHGEDFN�IURP�H[SHULPHQW����
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���������
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