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7KH�ZRUN�LQ�WKLV� WKHVLV� LV� WKDW�XQGHUWDNHQ�E\�WKH�DXWKRU��H[FHSW�ZKHUH� LQGLFDWHG�E\
UHIHUHQFH�� ZLWKLQ� WKH� 6LU� 3HWHU� 0DQVILHOG� 0DJQHWLF� 5HVRQDQFH� &HQWUH� DW� WKH
8QLYHUVLW\�RI�1RWWLQJKDP�GXULQJ�WKH�SHULRG�2FWREHU������WR�6HSWHPEHU������

%8567�LV�D�IDVW�VLQJOH�VKRW�LPDJLQJ�WHFKQLTXH�XVHG�LQ�PDJQHWLF�UHVRQDQFH�LPDJLQJ�
0RVW�SUHYLRXV�LPSOHPHQWDWLRQV�RI�%8567�RQ�ZKROH�ERG\�V\VWHPV�KDYH�EHHQ�FDUULHG
RXW�DW�ILHOGV�RI����7�DQG�ORZHU���,Q�WKLV�ZRUN�%8567�KDV�EHHQ�LPSOHPHQWHG�RQ�D��7
ZKROH�ERG\�V\VWHP���7KH�VLJQDO�DQG�DWWHQXDWLRQ�FKDUDFWHULVWLFV�DUH�GLVFXVVHG��OHDGLQJ
WR�DQ�DSSUR[LPDWH�H[SUHVVLRQ�IRU�WKH�RSWLPXP�HFKR�WLPH�

$� QRYHO� PHWKRG� IRU� FRQWUROOLQJ� WKH� SXOVH� DPSOLWXGH� HQYHORSH� LV� GHVFULEHG�� � ,W� LV
VKRZQ�WKDW�WKLV�FDQ�OHDG�WR�D�PRGHVW�JDLQ�LQ�VLJQDO�ZLWK�OLWWOH�ORVV�RI�UHVROXWLRQ��RU�WR
D�PXFK�JUHDWHU�JDLQ�LQ�VLJQDO�ZLWK�PRUH�VHYHUH�EOXUULQJ�RI�WKH�LPDJH�

)UHTXHQF\�PRGXODWHG�5)�SXOVHV�KDYH�EHHQ�LQWURGXFHG�LQ�RUGHU�WR�UHGXFH�WKH�SHDN�5)
SRZHU�UHTXLUHG��ZKLFK�ZDV�IRXQG�WR�EH�EH\RQG�WKH�UDQJH�RI�D��N:�DPSOLILHU�� �7KH
UHVXOWLQJ� LPDJHV� VKRZ� D� TXDGUDWLF� SKDVH� UROO� LQ� WKH� UHDGRXW� GLUHFWLRQ�� ZLWK� QR
UHGXFWLRQ�LQ�PDJQLWXGH�RU�LPDJH�DUWHIDFWV���$�UHGXFWLRQ�LQ�SHDN�SRZHU�RI�PRUH�WKDQ
WHQ�IROG� LV� GHPRQVWUDWHG�� � 7KH�PD[LPXP� UHGXFWLRQ� IDFWRU� SRVVLEOH� LV� VKRZQ� WR� EH
DSSUR[LPDWHO\�HTXDO�WR�WKH�QXPEHU�RI�SXOVHV�DSSOLHG�LQ�WKH�5)�WUDLQ�

7KH�WRWDO�5)�SRZHU�KDV�EHHQ�UHGXFHG�E\�VXSHULPSRVLQJ�D�VLQXVRLGDO�RVFLOODWLRQ�RQWR
WKH�FRQVWDQW�H[FLWDWLRQ�JUDGLHQW�� �(DFK�SXOVH�LV�DSSOLHG�DW�D�JUDGLHQW�PLQLPXP��DQG
KHQFH�QHHG�EH�RI� ORZHU�EDQGZLGWK��ZKLOH� WKH�RYHUDOO�H[FLWDWLRQ� LV�XQFKDQJHG�� �7KH
5)� SXOVHV� DUH� WUDQVIRUPHG� XVLQJ� 9(56(�� � $� UHGXFWLRQ� LQ� 6$5� RI� ���� LV
GHPRQVWUDWHG���*UHDWHU�UHGXFWLRQV�FDQ�EH�DFKLHYHG�E\�LQFUHDVLQJ�WKH�DPSOLWXGH�RI�WKH
RVFLOODWLRQ���+RZHYHU��WKLV�WHFKQLTXH�LQWURGXFHV�D�PRGHUDWH�DPRXQW�RI�DFRXVWLF�QRLVH
LQWR�WKH�VHTXHQFH�



$FNQRZOHGJHPHQWV

,�ZRXOG� OLNH� WR�XVH� WKHVH� IHZ�ZRUGV� WR� WKDQN� WKRVH�ZKR�KDYH�ZLOOLQJO\�KHOSHG�DQG
HQFRXUDJHG�PH�WKURXJK�WKLV�ZRUN��DQG�WKH�PDQ\�ZKR�KDYH�OLJKWHQHG�WKH�ODVW�IRXU�RU
VR�\HDUV�DQG�PDGH�P\�WLPH�KHUH�SHUKDSV�WKDW�OLWWOH�ELW�WRR�PHUU\�

)LUVW�RI�DOO��,�ZLVK�WR�WKDQN�P\�VXSHUYLVRU��3DXO�*ORYHU��ZLWK�ZKRP�,¶YH�IDFHG��DQG�DW
WLPHV�RYHUFRPH��WKH�FKDOOHQJHV�RI�%8567�LPDJLQJ�

,�RZH�D�GHEW�RI�JUDWLWXGH�WR�WKRVH�ZKR��DORQJ�WKH�ZD\��KDYH�JLYHQ�RI�WKHLU�H[SHUWLVH
DQG�LQVLGHU�NQRZOHGJH�RI�WKH�ZD\V�DQG�ZKHUHIRUHV�RI�WKH��7�VFDQQHU��PRVW�QRWDEO\
$QG\� 3HWHUV�� � $OVR�� IRU� FRXQWOHVV� RWKHU� ELWV� RI� YLWDO� DGYLFH� DQG� NQRZOHGJH� ,� DP
LQGHEWHG�WR�PDQ\�

,� KDYH� DOVR� KDG� WKH� EHQHILW� RI� YLVLWLQJ� 6LPRQ� 'RUDQ� LQ� WKH� 5R\DO� 0DUVGHQ� DQG
OHDUQLQJ�IURP�KLV�H[SHULHQFHV�ZLWK�WKH�WHFKQLTXH�

,�DP�JUDWHIXO�WR�PDQ\�IRU�WKHLU�YHU\�JRRG�FRPSDQ\��WR�5DFKHO��6DUDK�DQG�$OLVRQ��IRU
WKRVH�HDUO\�RIILFH�\HDUV�� WR�6LOYLD��%HQLWR��-LP�DQG�-RVH�� IRU� WKH�FRXQWOHVV�ZHOFRPH
GLVWUDFWLRQV��DQG�WR�'DQ�.���'DYLGH��-LDEDR�DQG�WKH�PDQ\�PRUH�ZKR�KDYH�PDGH�LW�DOO
PRVW�SOHDVXUDEOH���$�SDUWLFXODU�QRWH�RI�WKDQNV�GXH�WR�$OLVRQ��0DUWLQ��-RVH��:DOWHU�DQG
-RQ��ZKR�ZHQW�EH\RQG�WKH�FDOO�RI�GXW\�RQH�HYHQLQJ�WR�KHOS�VSDUH�P\�EOXVKHV�

)LQDOO\��WR�P\�IDPLO\�,�DP�LQGHEWHG�IRU�WKHLU�FRPSOHWH�VXSSRUW�
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�� ,QWURGXFWLRQ

���� %DFNJURXQG
7KH� GHYHORSPHQW� RI� PDJQHWLF� UHVRQDQFH� LPDJLQJ� KDV� SURYLGHG� FOLQLFLDQV� ZLWK� D
YHUVDWLOH�WRRO�IRU�DVVHVVLQJ�DQG�PRQLWRULQJ�WKH�KHDOWK�RI� WKH�KXPDQ�ERG\�� �6RPH�RI
WKH� DUHDV� RI� JUHDWHVW� LQWHUHVW�� VXFK� DV� FDUGLDF� DQG� IXQFWLRQDO� LPDJLQJ�� FDOO� IRU
WHFKQLTXHV�ZKLFK�FDQ�VQDS�VKRW�WKH�ERG\�PDQ\�WLPHV�D�VHFRQG�����/LNHZLVH��D�QXPEHU
RI� FOLQLFDO� LQYHVWLJDWLRQV� DUH� LPSHGHG� E\� WKH� HIIHFWV� RI� FDUGLDF� DQG� UHVSLUDWRU\
PRWLRQ��DQG�KHQFH�UHTXLUH�IDVW�LPDJLQJ�WHFKQLTXHV�

$�SRRO�RI� WHFKQLTXHV�KDV�EHHQ�GHYHORSHG� WR�PHHW� WKHVH� UHTXLUHPHQWV�� �(FKR�SODQDU
LPDJLQJ�>�@��WKH�ILUVW�RI�WKH�IDVW�WHFKQLTXHV��SURYLGHV�LPDJHV�LQ�OHVV�WKDQ����PV���,W
UHOLHV� RQ� UDSLG� VZLWFKLQJ� RI� WKH� JUDGLHQWV��ZKLFK� SODFHV� SDUWLFXODU� GHPDQGV� RQ� WKH
KDUGZDUH� DQG� OHDGV� WR� DFRXVWLFDOO\� QRLV\� LPDJLQJ� VHTXHQFHV�� � )XUWKHUPRUH�� LW� LV
SURQH� WR� LPDJH� GLVWRUWLRQ� DQG� VLJQDO� GURSRXW� UHVXOWLQJ� IURP� ILHOG� LQKRPRJHQHLWLHV�
VXVFHSWLELOLW\� GLIIHUHQFHV� DQG� FKHPLFDO� VKLIWV�� � 6LPLODU� SUREOHPV� DIIHFW� RWKHU
JUDGLHQW�EDVHG� WHFKQLTXHV�� VXFK� DV� WKH�PXOWLVKRW� WHFKQLTXHV� )/$6+�>�@� DQG� ),63
>�@��ZKLFK�DOVR�DUH�QRW�DV�IDVW��DQG�WR�VRPH�H[WHQW�5$5(�>�@�DOVR��ZKLFK�DGGLWLRQDOO\
UHTXLUHV� PXOWLSOH� ���q� SXOVHV�� DQG� KHQFH� KDV� D� KLJK� SRZHU� GHSRVLWLRQ�� � $W� KLJK
PDJQHWLF� ILHOGV� WKHVH� HIIHFWV�EHFRPH�PRUH� VHYHUH�DQG�DOWHUQDWLYH� VWUDWHJLHV�ZLOO� EH
QHHGHG�

,Q������ DQ�5)�EDVHG� LPDJLQJ� WHFKQLTXH� FDOOHG�%8567�ZDV� ILUVW� GHVFULEHG�>�@�� � ,W
FRQVLVWV� RI� D� WUDLQ� RI� VKRUW�5)�SXOVHV�ZKLFK� DUH� WKHQ� UHIRFXVVHG� WR� JLYH� D� WUDLQ� RI
HFKRHV��ZLWK� RQO\� OLWWOH� VZLWFKLQJ� RI� WKH� JUDGLHQWV�� ,W� VWDQGV� RXW� DV� DQ� DFRXVWLFDOO\
TXLHW� WHFKQLTXH�� DQ� XQXVXDO� IHDWXUH� DPRQJ� LPDJLQJ� PHWKRGV�� � +RZHYHU�� LWV� PDLQ
GLVDGYDQWDJH� LV� WKDW� LV� KDV� DQ� LQKHUHQWO\� ORZ� 615� FRPSDUHG� ZLWK� RWKHU� UDSLG
WHFKQLTXHV���,Q�WKH�HDUO\�WR�PLG�QLQHWLHV�WKH�VHTXHQFH�ZDV�VXFFHVVIXOO\�RSWLPLVHG�E\
D�QXPEHU� RI� JURXSV�� DQG� WKH� FXUUHQW�%8567� VHTXHQFHV� KDYH� D�PXFK� LPSURYHG�� LI
VWLOO�FRPSDUDWLYHO\�ORZ��615�

,Q� UHFHQW� \HDUV� LQWHUHVW� LQ� %8567� KDV� IDGHG� DQG� LW� KDV� JHQHUDWHG� RQO\� D� IHZ
RFFDVLRQDO�SXEOLFDWLRQV�� �+RZHYHU��ZLWK� WKH� LQFUHDVLQJ� LQWHUHVW� LQ�KLJK� ILHOG�KXPDQ
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LPDJLQJ�%8567�ZRXOG�VHHP�WR�EH�D�SRWHQWLDOO\�XVHIXO�WHFKQLTXH��ZKLFK�FDQ�EHQHILW
IURP� WKH� VLJQDO� LPSURYHPHQWV� RI� KLJKHU� ILHOGV� ZLWKRXW� VXIIHULQJ� WKH� SUREOHPV� RI
JUDGLHQW�EDVHG� WHFKQLTXHV�� � 7KH� 6(�%8567� WHFKQLTXH� >��� �@�� LQ� ZKLFK� SXUH� VSLQ
HFKRHV�DUH�DFTXLUHG��ZRXOG�EH�H[SHFWHG�WR�SURGXFH�OHVV�GLVWRUWHG�LPDJHV�HYHQ�DW�YHU\
KLJK�ILHOGV���2I�WKH�ZRUN�VR�IDU�SUHVHQWHG�RI�KXPDQ�VWXGLHV�RQ�ZKROH�ERG\�V\VWHPV
XVLQJ� %8567� PRVW� KDV� EHHQ� FRQGXFWHG� DW� ���7� RU� ORZHU�� DQG� WKHUH� LV� RQO\� RQH
SXEOLFDWLRQ�VR�IDU�DW��7�

���� 7KH�VFRSH�RI�WKLV�WKHVLV
7KLV�WKHVLV�GHVFULEHV�WKH�LPSOHPHQWDWLRQ�RI�%8567�RQ�D��7�ZKROH�ERG\�V\VWHP���$
QRYHO� VWUDWHJ\� LV� SUHVHQWHG� IRU� FRQWUROOLQJ� WKH� SXOVH� HQYHORSH��$OVR�� WKH�5)�SRZHU
GHPDQGV� ZHUH� IRXQG� WR� UHVWULFW� WKH� LPSOHPHQWDWLRQ� RI� WKH� RSWLPLVHG� %8567
VHTXHQFH�� 7ZR� VWUDWHJLHV� DUH� SUHVHQWHG�ZKLFK� WRJHWKHU� DUH� DEOH� WR� RYHUFRPH� WKHVH
GLIILFXOWLHV�

7KH� ILUVW� FKDSWHUV� RXWOLQH� WKH� EDFNJURXQG� WKHRU\�� IURP� WKH� VSLQ� SURSHUWLHV� RI� WKH
QXFOHXV�WR�WKH�SULQFLSOHV�RI�LPDJH�UHFRQVWUXFWLRQ���7KH�WKHRU\�RI�%8567�LV�GHVFULEHG
LQ�VRPH�GHWDLO���)ROORZLQJ�WKLV��WKH�V\VWHP�KDUGZDUH�LV�EULHIO\�GHVFULEHG�DQG�D�SLFWXUH
LV�JLYHQ�RI�WKH�ZRUN�UHTXLUHG�WR�LPSOHPHQW�WKH�VHTXHQFH�

,Q�&KDSWHU���WKH�VLJQDO�DQG�DWWHQXDWLRQ�FKDUDFWHULVWLFV�RI�%8567�DUH�GHVFULEHG�DQG
RSWLPXP�LPDJLQJ�SDUDPHWHUV�DUH�GHULYHG�

�$�QRYHO�PHWKRG�IRU�FRQWUROOLQJ� WKH�SXOVH� WUDLQ�HQYHORSH� LV�SUHVHQWHG� LQ�&KDSWHU���
7KLV� OHDGV�WR�DQ�LPSURYHPHQW� LQ� WKH�VLJQDO��EXW�ZLWK�D�ZRUVHQLQJ�RI� WKH�UHVROXWLRQ�
7KH�JDLQV�WR�EH�PDGH�DQG�WKH�OLPLWV�WR�WKH�WHFKQLTXH�DUH�H[SORUHG�LQ�WKLV�FKDSWHU�

)UHTXHQF\�PRGXODWHG�SXOVHV�KDYH�EHHQ�XVHG�WR�RYHUFRPH�WKH�FRQVWUDLQW�RI�D�OLPLWHG
SHDN� 5)� SRZHU�� � ,Q� &KDSWHU� �� WKH� WKHRU\� RI� WKHVH� SXOVHV� LV� GHVFULEHG� DQG� WKHLU
FRQVHTXHQFHV�IRU�%8567�DUH�GLVFXVVHG�

)LQDOO\�� D� IXUWKHU� PRGLILFDWLRQ� LV� JLYHQ� LQ� &KDSWHU� �� ZKLFK� EULQJV� VXEVWDQWLDO
UHGXFWLRQV�WR�WKH�WRWDO�SRZHU�GHSRVLWLRQ���7KH�LQWURGXFWLRQ�RI�D�WLPH�YDU\LQJ�JUDGLHQW
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EULQJV� WKH�VSHFLILF�DEVRUSWLRQ�UDWH� �6$5��ZLWKLQ� WKH�DOORZHG� UDQJH�� �7KH� WHFKQLTXH
IRU�WUDQVIRUPLQJ�WKH�5)�SXOVHV�WR�SUHVHUYH�WKH�UHVSRQVH�RI�WKH�VSLQV�LV�DOVR�SUHVHQWHG�

���� 5HIHUHQFHV
�� 0DQVILHOG�� 3��� 0XOWL�3ODQDU� ,PDJH� )RUPDWLRQ� XVLQJ� 105� 6SLQ� (FKRHV�

-RXUQDO�RI�&KHPLFDO�3K\VLFV��&������������S��/���

�� +DDVH�� $��� -�� )UDKP�� '�� 0DWWKDHL�� HW� DO��� )/$6+� LPDJLQJ�� 5DSLG� 105
LPDJLQJ�XVLQJ�ORZ�IOLS�DQJOH�SXOVHV��-��0DJQ��5HVRQ�������������S����������

�� 2SSHOW��$���5��*UDXPDQ��+��)LVFKHU��HW�DO���),63²D�QHZ�IDVW�05,�VHTXHQFH�
(OHFWURPHGLFD������������S����±���

�� +HQQLJ�� -��� $�� 1DXHUWK� DQG� +�� )ULHGEXUJ��5$5(� LPDJLQJ�� D� IDVW� LPDJLQJ
PHWKRG�IRU�FOLQLFDO�05��0DJQ��5HVRQ��0HG������������S����������

�� +HQQLJ�� -�� DQG� 0�� 0XHUL�� )DVW� LPDJLQJ� XVLQJ� %XUVW� H[FLWDWLRQ� SXOVHV�� LQ

3URF���6050���WK�$QQXDO�0HHWLQJ
��������S������

�� +HQQLJ��-��DQG�0��+RGDSS��%XUVW�LPDJLQJ��0$*0$�����������S��������

�� /RZH��,�-��DQG�5�(��:\VRQJ��'$17(�XOWUDIDVW�LPDJLQJ�VHTXHQFH��'8),6���-�
0DJQ��5HVRQ��6HULHV�%�������������S����������
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�� 1XFOHDU�0DJQHWLF�5HVRQDQFH

���� ,QWURGXFWLRQ
0DQ\�DWRPLF�QXFOHL�SRVVHVV�DQ�LQWULQVLF�DQJXODU�PRPHQWXP��DQG�DVVRFLDWHG�ZLWK�WKLV
DQJXODU�PRPHQWXP�LV�D�PDJQHWLF�PRPHQW�>�@�� �3DXOL�>�@�VXJJHVWHG�LQ������WKDW�WKH
K\SHUILQH� VWUXFWXUH� RI� DWRPLF� VSHFWUD� ZDV� GXH� WR� DQ� LQWHUDFWLRQ� EHWZHHQ� WKLV
SRVWXODWHG�PDJQHWLF�PRPHQW�DQG�WKH�RUELWLQJ�HOHFWURQ���1LQH�\HDUV�ODWHU�WKH�QXFOHDU
PDJQHWLF� PRPHQW� ZDV� PHDVXUHG� E\� (DVWHUPDQQ� DQG� 6WHUQ� >�@� DQG� E\� )ULVFK� DQG
6WHUQ�>�@�IURP�WKH�GHIOHFWLRQ�RI�D�PROHFXODU�EHDP��WKH�PHWKRG�XVHG�HDUOLHU�E\�6WHUQ
DQG�*HUODFK�>����@� LQ� WKHLU� UHQRZQHG�H[SHULPHQWV�RQ� WKH�DWRPLF�PDJQHWLF�PRPHQW�
5DEL�DQG�FROOHDJXHV�>�@�ODWHU��LQ�������PDGH�PXFK�PRUH�DFFXUDWH�PHDVXUHPHQWV�RI
QXFOHDU� PDJQHWLF� PRPHQWV� ZLWK� WKH� LQFRUSRUDWLRQ� RI� D� UHVRQDQW� 5)� ILHOG� LQWR� WKH
GHIOHFWLRQ�PHWKRG���7KH�OHDS�WR�WKH�VROLG�VWDWH�ZDV�PDGH�DW�WKH�HQG�RI������E\�WZR
JURXSV� ZRUNLQJ� LQGHSHQGHQWO\�� � 3XUFHOO� DQG� KLV� FROOHDJXHV� >�@� GHWHFWHG� UHVRQDQW
DEVRUSWLRQ� LQ� VROLG� SDUDIILQ�� ZKLOH� LQ� � %ORFK¶V� ODE� D� PHWKRG� WHUPHG� µQXFOHDU
LQGXFWLRQ¶� >�@� ZDV� XVHG� WR� GHWHFW� UHVRQDQFH� LQ� ZDWHU�� � )URP� WKHVH� IRUPDWLYH
H[SHULPHQWV�PDQ\� DQG� YDULHG� DSSOLFDWLRQV� RI� QXFOHDU� PDJQHWLF� UHVRQDQFH� �105��
IURP�WKH�GHWHFWLRQ�RI�PHWDEROLWHV�LQ�YLYR�>��@�WR�WKH�PRQLWRULQJ�RI�K\GUDWLQJ�FHPHQW
>��@��KDYH�VSUXQJ�>��@�

���� 7KH�QXFOHXV
$QJXODU�PRPHQWXP�LV�TXDQWLVHG�DQG�LV�UHODWHG�WR�WKH�VSLQ�TXDQWXP�QXPEHU�,�E\

��� � ,,S ! � ���

ZKHUH! LV�3ODQFN¶V�&RQVWDQW�GLYLGHG�E\����DQG�,�LV�HLWKHU�DQ�LQWHJHU�RU�D�KDOI�LQWHJHU�

7KH�PHDVXUDEOH�FRPSRQHQWV�RI�WKH�DQJXODU�PRPHQWXP�DUH�JLYHQ�E\
!�� PS  � ���

ZKHUH�P��PD\�WDNH���,����YDOXHV��IURP�,�GRZQ�WR�±,�
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)LJXUH����4XDQWLVDWLRQ�RI�WKH�QXFOHDU�VSLQ�IRU�D�VSLQ�����QXFOHXV�

7KH�PDJQHWLF�PRPHQW��ZKLFK�DULVHV�DV�D�UHVXOW�RI�WKH�QXFOHDU�FKDUJH��LV�SURSRUWLRQDO
WR�WKH�DQJXODU�PRPHQWXP�DQG�LV�JLYHQ�E\

/// P�S�� !  � ���

ZKHUH���LV�WKH�J\URPDJQHWLF�UDWLR�

,Q�D�PDJQHWLF�ILHOG�WKH�HQHUJ\�RI�LQWHUDFWLRQ�RI�D�QXFOHXV�GHSHQGV�RQ�WKH�PHDVXUDEOH
FRPSRQHQW�RI���DORQJ�WKH�PDJQHWLF�ILHOG�

00 %P�%�( 11 !� � � ���

ZKHUH�%2�LV�WDNHQ�WR�EH�DORQJ�]�

7KH�HQHUJ\�EHWZHHQ�VWDWHV�LV�JLYHQ�E\
3û %�( ! � ���

7UDQVLWLRQV�EHWZHHQ�WKH�GLIIHUHQW�HQHUJ\�VWDWHV�FDQ�EH�LQGXFHG�E\�WKH�DSSOLFDWLRQ�RI
DQ� RVFLOODWLQJ� PDJQHWLF� ILHOG�� � 4XDQWXP� PHFKDQLFDO� VHOHFWLRQ� UXOHV� GLFWDWH� WKDW
WUDQVLWLRQV�FDQ�RQO\�WDNH�SODFH�EHWZHHQ�DGMDFHQW�HQHUJ\�OHYHOV��KHQFH�WKHUH�LV�D�VLQJOH
HQHUJ\� RI� WUDQVLWLRQ�� � 7KH� HQHUJ\� RI� UDGLDWLRQ� RI� IUHTXHQF\�&� LV� &( ! �� DQG
WKHUHIRUH�WKH�IUHTXHQF\�RI�PDJQHWLF�ILHOG�UHTXLUHG�LV�JLYHQ�E\
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4%�&5 � ���

7KLV�IUHTXHQF\�RI�UDGLDWLRQ�LV�WHUPHG�WKH�/DUPRU�IUHTXHQF\�

���� 7KH�%ROW]PDQQ�GLVWULEXWLRQ
+RZHYHU�� WKLV� UDGLDWLRQ� FDQ� LQGXFH� ERWK� DEVRUSWLYH� DQG� HPLVVLYH� WUDQVLWLRQV� ZLWK
HTXDO� SUREDELOLW\�� � )RU� D� V\VWHP� RI� QXFOHDU� VSLQV� LQ� WKHUPDO� HTXLOLEULXP� WKH
SRSXODWLRQ�RI�HDFK�VWDWH�ZLOO�EH�JLYHQ�E\�WKH�%ROW]PDQQ�GLVWULEXWLRQ

6789
:

H(3 ;v�� � ���

)RU� WKH� FDVH� RI� D� K\GURJHQ� QXFOHXV� , ���� DQG� WKHUH� DUH� RQO\� WZR� VWDWHV� DYDLODEOH�
HLWKHU�WKH�VSLQV�DOLJQ�ZLWK��9��RU�DJDLQVW��;��WKH�ILHOG���7KH�HQHUJLHV�RI�WKHVH�VWDWHV�DUH

<= � %�( !# >? � ���

7KH�UHODWLYH�SRSXODWLRQV�RI�WKHVH�VWDWHV�LV

@ABC
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$W� URRP� WHPSHUDWXUH� WKH� HQHUJ\� RI� WKHUPDO� YLEUDWLRQV� LV� PXFK� JUHDWHU� WKDQ� WKH
VHSDUDWLRQ�RI�WKH�VSLQ�HQHUJ\�OHYHOV���7KLV�UHVXOWV�LQ�QHDU�HTXDO�SRSXODWLRQV�LQ�WKH�WZR
VWDWHV�

8VLQJ�SRZHU�VHULHV�H[SDQVLRQ�IRU�DQ�H[SRQHQWLDO�

N7
%�

1
1 M!�N
O �a �IRU� N7%� ��P! � ����
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7KH�IUDFWLRQDO�GLIIHUHQFH�LQ�SRSXODWLRQ�LV�WKHUHIRUH

N7
%�

1
11 Q!aR
RS� � ����

,Q�D��7�PDJQHW�DW�URRP�WHPSHUDWXUH�WKLV�SRSXODWLRQ�GLIIHUHQFH�ZRUNV�RXW�DW�a��TU��D
YHU\� VPDOO� DPRXQW�� � ,W� FDQ� EH� IXQGDPHQWDOO\� LQFUHDVHG� HLWKHU� E\� UHGXFLQJ� WKH
WHPSHUDWXUH� �RI� OLPLWHG� FOLQLFDO� XVH��� RU� E\� LQFUHDVLQJ�%V�� � 7KH� REVHUYHG� VLJQDO� LV
SURSRUWLRQDO�WR�WKH�QHW�PDJQHWLVDWLRQ��ZKLFK�GHSHQGV�RQ�WKH�GLIIHUHQFH�LQ�SRSXODWLRQV
EHWZHHQ� WKHVH� VWDWHV�� � 7KLV� LV� WKH� FDXVH� RI� WKH� IXQGDPHQWDOO\� ORZ� VLJQDO� LQ�105�
+HQFH��WKLV�LV�RQH�RI�WKH�PDLQ�IDFWRUV�LQ�WKH�GULYH�WR�KLJKHU�PDJQHWLF�ILHOGV�

���� 7KH�&ODVVLFDO�'HVFULSWLRQ
,Q�FODVVLFDO�PHFKDQLFV�D�PDJQHWLF�PRPHQW�SODFHG�LQ�D�PDJQHWLF�ILHOG�H[SHULHQFHV�D
WRUTXH��WHQGLQJ�WR�DOLJQ�LW�ZLWK�WKH�ILHOG���7KLV�SURYLGHV�DQ�HDVLHU�ZD\�WR�WKLQN�DERXW
WKH�LQWHUDFWLRQ�RI�WKH�VSLQV�DQG�WKH�ILHOG��DQG�PRUHRYHU� WKLV� LV�D�YDOLG� WHFKQLTXH�IRU
VSLQ�ò� QXFOHL�� IRU� ZKLFK� WKH� SUHGLFWLRQV� RI� WKH� FODVVLFDO� DQG� WKH� TXDQWXP�PRGHOV
DJUHH�H[DFWO\���7KH�WRUTXH��/��LV�JLYHQ�E\

%�/ u � ����

7KLV�FDXVHV�WKH�QXFOHL�WR�URWDWH��FKDQJLQJ�WKHLU�DQJXODU�PRPHQWXP��S��ZKHUH

/S  GW
G

� � � �&%�� u u �GW
G ���ZKHUH� %& �� � ����

7KLV� GHVFULEHV� D� SUHFHVVLRQ� DERXW� WKH� DSSOLHG� ILHOG�%��ZLWK� IUHTXHQF\�&� � _&_� U�V�
7KLV� IUHTXHQF\� LV� WKH� VDPH� DV� WKH� UHVRQDQW� IUHTXHQF\� UHTXLUHG� IRU� HQHUJ\� OHYHO
WUDQVLWLRQV��&W��VHH�(TXDWLRQ������
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)LJXUH����3UHFHVVLRQ�RI�WKH�QXFOHDU�PDJQHWLF�PRPHQW�DERXW�WKH�PDJQHWLF�ILHOG�

���� 7KH�EXON�PDJQHWLVDWLRQ
,Q� DQ�105� H[SHULPHQW� LW� LV� WKH� QHW� HIIHFW� RI� DOO� WKH� VSLQV� LQ� WKH� VDPSOH�ZKLFK� LV
REVHUYHG�� � 7KH� VXP� RI� WKH� LQGLYLGXDO� PDJQHWLF� PRPHQWV� JLYHV� 0�� WKH� EXON
PDJQHWLVDWLRQ�

¦ �0 � ����

7KH� PRWLRQ� RI�0� LV� WKH� VDPH� DV� WKDW� RI� ��� D� SUHFHVVLRQ� DERXW�%�� GHVFULEHG� E\
(TXDWLRQ������

� �%00&0 u u �GW
G � ����

7KH� PDJQLWXGH� RI�0� LQ� WKH� SUHVHQFH� RI� DQ� DSSOLHG� ILHOG� LV� WKDW� SUHGLFWHG� E\� WKH
TXDQWXP�PHFKDQLFDO�PRGHO�DERYH��VHH�6HFWLRQ������

���� 5RWDWLQJ�)UDPH�RI�5HIHUHQFH
$W� WKLV� SRLQW� LW� LV� XVHIXO� WR� FRQVLGHU� WUDQVIRUPLQJ� (TXDWLRQ� ����� LQWR� D� IUDPH� RI
UHIHUHQFH�URWDWLQJ�ZLWK�WKH�/DUPRU�IUHTXHQF\�

,Q�WKH�ODERUDWRU\�IUDPH��6�� NML0 ^_` 000 �� �

,Q�WKH�URWDWLQJ�IUDPH��6��� NML0 c�c�c c aaa bcb 000 �
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$�WLPH�GHULYDWLYH�LQ�RQH�IUDPH�LV�WUDQVIRUPHG�LQWR�WKH�RWKHU�IUDPH�DFFRUGLQJ�WR

deffed GW
G

GW
G

ggg�u UU&U ��ZKHUH� N& &� � ����

$SSO\LQJ� WKLV� WUDQVIRUPDWLRQ� WR�(TXDWLRQ������ JLYHV� WKH� HTXDWLRQ� RI�PRWLRQ� LQ� WKH
URWDWLQJ�IUDPH
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(TXDWLRQ������EHFRPHV
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7KHUHIRUH��WKH�PRWLRQ�LQ�WKH�URWDWLQJ�IUDPH�LV�HTXLYDOHQW�WR�PRWLRQ�LQ�WKH�ODERUDWRU\
IUDPH�DW�D�ORZHU�YDOXH�RI�WKH�ILHOG���)RU�& &n�WKH�YDOXH�RI�WKH�HIIHFWLYH�ILHOG�LV�]HUR
DQG�WKHUH�LV�QR�SUHFHVVLRQ�LQ�WKH�URWDWLQJ�IUDPH���,I�DQ�RVFLOODWLQJ�WUDQVYHUVH�PDJQHWLF
ILHOG��%o��LV�DSSOLHG�DW�WKLV�IUHTXHQF\�VR�DV�WR�EH�VWDWLRQDU\�LQ�WKH�URWDWLQJ�IUDPH��WKH
PDJQHWLVDWLRQ�FDQ�EH�VHHQ�VLPSO\�WR�URWDWH�DERXW�D�IL[HG�D[LV�ZLWK�IUHTXHQF\�& ��%o�
7KLV�LV�WKH�EDVLV�RI�WKH�105�H[SHULPHQW�
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)LJXUH����5RWDWLQJ�IUDPH�PRWLRQ�RI�0�IURP�LWV�HTXLOLEULXP�SRVLWLRQ�WR�WKH�WUDQVYHUVH
SODQH�XQGHU�WKH�DFWLRQ�RI�D�UHVRQDQW�WUDQVYHUVH�ILHOG��%|�

7KH�PDJQHWLVDWLRQ�LV�URWDWHG�RXW�RI�LWV�HTXLOLEULXP�SRVLWLRQ�DV�HQHUJ\�LV�DEVRUEHG�E\
WKH�V\VWHP�� � ,Q�TXDQWXP�PHFKDQLFDO� WHUPV� WKLV� LV�HTXLYDOHQW� WR� LQGXFLQJ� WUDQVLWLRQV
EHWZHHQ�WKH�HQHUJ\�VWDWHV�

���� 5HOD[DWLRQ
2QFH� WKH�PDJQHWLVDWLRQ� LV�PRYHG�RXW�RI� HTXLOLEULXP� LW�ZLOO� EH� FRQWLQXRXVO\�GUDZQ
EDFN� WR� LWV� HTXLOLEULXP� SRVLWLRQ� E\� SURFHVVHV� WHUPHG� UHOD[DWLRQ�� � 7KH� ORQJLWXGLQDO
FRPSRQHQW�RI�0��0}��H[SHULHQFHV�VSLQ�ODWWLFH�UHOD[DWLRQ��ZKHUHE\�WKH�HQHUJ\�RI�WKH
VSLQV�DUH�JUDGXDOO\�H[FKDQJHG�ZLWK�WKH�VXUURXQGLQJV���7KH�WUDQVYHUVH�FRPSRQHQW�RI
0� �0~��� H[SHULHQFHV� VSLQ�VSLQ� UHOD[DWLRQ��ZKHUHE\� VSLQV� GHSKDVH� LQ� WKH� WUDQVYHUVH
SODQH�FDXVLQJ�0~��WR�GLPLQLVK�

7KH� PDLQ� PHFKDQLVP� ZKLFK� FDXVHV� UHOD[DWLRQ� LQ� ZDWHU� LV� EDVHG� RQ� GLSROH�GLSROH
LQWHUDFWLRQV���2Q�D�PLFURVFRSLF�OHYHO�HDFK�VSLQ�H[SHULHQFHV�QRW�RQO\�WKH�PDLQ�ILHOG�
EXW�DOVR�D�FRPSOLFDWHG�VPDOO�IOXFWXDWLQJ�ILHOG�ZKLFK�DULVHV�IURP�RWKHU�GLSROHV�LQ�WKH
YLFLQLW\�� � ,Q� D� ZDWHU� PROHFXOH� WKH� GLSRODU� ILHOG� DW� WKH� VLWH� RI� RQH� SURWRQ� LV
SUHGRPLQDQWO\�GXH�WR�WKH�RWKHU�K\GURJHQ�QXFOHXV�LQ� WKH�VDPH�PROHFXOH�� �7KLV� ORFDO
FRQWULEXWLRQ�WR�WKH�ILHOG�IOXFWXDWHV�ZLWK�WKH�PRWLRQ�RI�WKH�PROHFXOH��DV�LW�MRVWOHV�DQG
WXUQV�DPRQJVW�WKH�VXUURXQGLQJ�ZDWHU�PROHFXOHV�

7��UHOD[DWLRQ
7KRVH� IUHTXHQF\�FRPSRQHQWV�RI� WKH� WUDQVYHUVH� ORFDO� ILHOG�ZKLFK�PDWFK� WKH�/DUPRU
IUHTXHQF\�ZLOO� LQGXFH� WUDQVLWLRQV�EHWZHHQ� WKH� VSLQV� VWDWHV�RI� WKH�QXFOHL�� MXVW� DV� WKH
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DSSOLHG�5)�DOVR� LQGXFHG� WUDQVLWLRQV�� �7KLV� LV� WKH�EDVLV�RI� WKH� UHWXUQ�RI� WKH� VSLQV� WR
WKHLU� HTXLOLEULXP�SRVLWLRQ� �7�� UHOD[DWLRQ�PHFKDQLVP��� � ,Q� JHQHUDO�� WKH� UHWXUQ� RI� WKH
ORQJLWXGLQDO� FRPSRQHQW�0�� WR� WKH� HTXLOLEULXP� YDOXH�0�� IROORZV� DQ� H[SRQHQWLDO� LQ
WLPH�
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7GW

G �� 000 � 

� ����� �� �
�

�� HW
��� 0000 � ����

7��UHOD[DWLRQ
$Q\�YDULDWLRQ�LQ�WKH�ORQJLWXGLQDO�FRPSRQHQW�RI�WKH�ILHOG�ZLOO�DIIHFW�WKH�SUHFHVVLRQ�RI
WKH�VSLQV�DQG�FDQ�OHDG�WR�D�ORVV�RI�FRKHUHQFH�EHWZHHQ�WKH�VSLQV���,PPHGLDWHO\�DIWHU�DQ
H[FLWDWLRQ� SXOVH� DOO� WKH� VSLQV� ZLOO� KDYH� WKH� VDPH� SKDVH�� � 7KHQ�� DV� HDFK� VSLQ
H[SHULHQFHV� WKH� IOXFWXDWLRQV� LQ� WKH� ORFDO� ILHOG�� WKH�SUHFHVVLRQ�UDWHV�RI� WKH� VSLQV�ZLOO
YDU\�DQG�WKH\�ZLOO�DFFXPXODWH�GLIIHUHQW�SKDVHV���2YHU�WLPH�WKH�LQGLYLGXDO�VSLQV�ZLOO
GHSKDVH�PRUH�DQG�PRUH��DQG� WKLV�ZLOO� OHDG� WR�D�SURJUHVVLYH�GHFD\� LQ� WKH� WUDQVYHUVH
EXON�PDJQHWLVDWLRQ�

7KLV�OHDGV�WR�DQ�H[SRQHQWLDO�GHFD\�RI�WKH�WUDQVYHUVH�FRPSRQHQW�RI�WKH�PDJQHWLVDWLRQ�
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���� 7KH�%ORFK�(TXDWLRQV
7KH�HIIHFWV�RI�UHOD[DWLRQ�FDQ�EH�LQFRUSRUDWHG�LQWR�WKH�HTXDWLRQ�IRU�WKH�PDJQHWLVDWLRQ�
7KLV� WKHQ� \LHOGV� WKH� %ORFK� (TXDWLRQV�� WKH� SKHQRPHQRORJLFDO� GHVFULSWLRQ� RI� WKH
PDJQHWLVDWLRQ�IRUPXODWHG�E\�%ORFK�
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7KLV� HTXDWLRQ� FDQ� EH� IXUWKHU� PRGLILHG� WR� WDNH� DFFRXQW� RI� RWKHU� HIIHFWV�� VXFK� DV
GLIIXVLRQ�� � ,Q� JHQHUDO�� WKH� DWWHQXDWLRQ� GXH� WR� GLIIXVLRQ� WDNHV� WKH� IRUP� RI� DQ
H[SRQHQWLDO� GHFD\�� � 7KH� SUHFLVH� IRUP� GHSHQGV� RQ� WKH� FKRLFH� RI� JUDGLHQWV� DQG
UHIRFXVVLQJ� SXOHV� DSSOLHG� WR� WKH� VSLQV�� � ,W� FDQ� EH� LQFRUSRUDWHG� LQWR� WKH� %ORFK
(TXDWLRQV�ZLWK�WKH�DGGLWLRQ�RI�DQRWKHU�WHUP�

���0�' � ����

ZKHUH�'�LV�WKH�GLIIXVLRQ�FRHIILFLHQW��ZKLFK�TXDQWLILHV�WKH�PRELOLW\�RI�WKH�VSLQV�

7KH�%ORFK�(TXDWLRQV�PRGLILHV�WR�DFFRXQW�IRU�GLIIXVLRQ�WKHQ�EHFRPH
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���� 5HIHUHQFHV
�� $QGUHZ��(�5���1XFOHDU�0DJQHWLF�5HVRQDQFH��������&DPEULGJH�8QLYHUVLW\

3UHVV�

�� 3DXOL�-U���:���1DWXUZLVVHQVFKDIWHQ������������S������

�� (VWHUPDQQ��,��DQG�2��6WHUQ��=HLVFKULIW�IXU�3K\VLN������������S�����

�� )ULVFK��5��DQG�2��6WHUQ��=HLVFKULIW�IXU�3K\VLN������������S����

�� *HUODFK��:��DQG�2��6WHUQ��8EHU�GLH�5LFKWXQJVTXDQWHOXQJ�LP�0DJQHWILHOG�
=HLVFKULIW�IXU�3K\VLN�����������S������

�� 6WHUQ��2���=HLVFKULIW�IXU�3K\VLN�����������S������

�� 5DEL��,�,���6��0LOOPDQ��3��.XVFK��HW�DO���3K\V��5HY�������������S������

�� 3XUFHOO��(�0���+�&��7RUUH\�DQG�5�9��3RXQG��5HVRQDQFH�$EVRUSWLRQ�E\
1XFOHDU�0DJQHWLF�0RPHQWV�LQ�6ROLGV��3K\VLFV�5HYLHZ������������S�����
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�� %ORFK��)���:�:��+DQVHQ�DQG�0�(��3DFNDUG��1XFOHDU�,QGXFWLRQ��3K\VLFV
5HYLHZ������������S������

��� $FNHUPDQ��-�-�+���7�+��*URYH��*�*��:RQJ��HW�DO���0DSSLQJ�RI�PHWDEROLWHV�LQ
ZKROH�DQLPDOV�E\����3�105�XVLQJ�VXUIDFH�FRLOV��1DWXUH�������������S������
����

��� *XVVRQL��0���)��*UHFR��)��%RQD]]L��HW�DO����+�105�VSLQ�VSLQ�UHOD[DWLRQ�DQG
LPDJLQJ�LQ�SRURXV�V\VWHPV��DQ�DSSOLFDWLRQ�WR�WKH�PRUSKRORJLFDO�VWXG\�RI
ZKLWH�SRUWODQG�FHPHQW�GXULQJ�K\GUDWLRQ�LQ�WKH�SUHVHQFH�RI�RUJDQLFV��0DJQ�
5HVRQ��,PDJ����������������S����������

��� *DGLDQ��'�*���105�DQG�LWV�$SSOLFDWLRQ�WR�/LYLQJ�6\VWHPV���QG�HG�������
2[IRUG�8QLYHUVLW\�3UHVV�
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�� 0DJQHWLF�5HVRQDQFH�,PDJLQJ

���� ,QWURGXFWLRQ
105� VSHFWURVFRS\� VRRQ� IRXQG� DSSOLFDWLRQV� LQ� WKH� VWXG\� RI� PDFURPROHFXOHV� DQG�
ODWHU��LQ�PHWDEROLVP�VWXGLHV���+RZHYHU��QRW�XQWLO�WKH�����V�ZHUH�WKH�ILUVW�VWHSV�PDGH
WRZDUGV�DFTXLULQJ�LPDJHV���7KH�HDUO\�SRLQW�VFDQ�PHWKRGV�ZHUH�VLPSOH�LQ�FRQFHSW�DQG
UHTXLUHG�RQO\�EDVLF�KDUGZDUH�>�@���7KH�IRQDU�PHWKRG�RI�'DPDGLDQ�HW�DO�>����@�DQG�WKH
VHQVLWLYH�SRLQW�PHWKRG�RI�+LQVKDZ�>����@�DFTXLUHG�VLJQDO�IURP�RQH�VSDWLDO�SRLQW�DW�D
WLPH�� �7KHQ�� OLQH� VFDQ� WHFKQLTXHV�PDGH� XVH� RI� VHOHFWLYH� LUUDGLDWLRQ� WR� UHWULHYH� GDWD
IURP�VLQJOH�OLQHV�RI�WKH�LPDJH���7KH�LVRODWLRQ�RI�WKH�OLQH�RI�LQWHUHVW�ZDV�DFKLHYHG�E\�D
FRPELQDWLRQ� RI� 5)� SXOVHV�� VXFK� DV� XVHG� LQ� WKH� VHOHFWLYH� UHIRFXVVLQJ� PHWKRG� RI
0DXGVOH\� >�@� RU� LQ� WKH� GLIIHUHQFH�PHWKRG� RI� +XWFKLVRQ� >�@�� RU�� PRUH� FUXGHO\�� WKH
UHVSRQVH�RI�WKH�UHFHLYHU�FRLO�ZDV�XVHG�WR�VLPLODU�HIIHFW���/DWHU��WKH�GHYHORSPHQW�RI���
'�LPDJLQJ�WHFKQLTXHV�WUDQVIRUPHG�WKH�SRWHQWLDO�RI�105�LPDJLQJ��ODWHU�DEEUHYLDWHG
WR�05,���PDJQHWLF�UHVRQDQFH�LPDJLQJ��� �+RXQVILHOG�>�@�KDG�GHYHORSHG�D�SURMHFWLRQ
UHFRQVWUXFWLRQ�PHWKRG�IRU�;�UD\�LPDJLQJ��DQG�WKH�ILUVW�105�LPDJHV�ZHUH�PDGH�DOVR
ZLWK� WKLV� PHWKRG� E\� /DXWHUEXU� >�@�� � $W� D� VLPLODU� WLPH� 0DQVILHOG� DQG� *UDQQHOO
SUHVHQWHG� WKHLU� 105� GLIIUDFWLRQ� WHFKQLTXH� IRU� DFTXLULQJ� LPDJHV� >��@�� � ,Q� ����
(GHOVWHLQ�HW�DO�>��@�SURSRVHG�WKH�VSLQ�ZDUS�PHWKRG��ZKLFK�LV�QRZ�D�PDLQVWD\�RI�05
LPDJHUV���)LQDOO\��VXE�VHFRQG�LPDJLQJ�ZDV�UHDOLVHG�E\�WKH�GHYHORSPHQW�RI�(3,��(FKR
3ODQDU�,PDJLQJ���E\�0DQVILHOG�DQG�FR�ZRUNHUV�>������@���105�LPDJLQJ�KDG�FRPH�RI
DJH��IURP�D���KRXU�VFDQQLQJ�PHWKRG�WR�VQDSVKRW�LPDJLQJ�WHFKQLTXH��ZLWK�LWV�SRWHQWLDO
DV�D�HVVHQWLDO�FOLQLFDO�WRRO�ZDLWLQJ�WR�EH�H[SORUHG�

���� /LQHDU�PDJQHWLF�ILHOG�JUDGLHQWV
,Q� 05,� ILHOG� LQKRPRJHQHLWLHV� DUH�� IRU� WKH� PRVW� SDUW�� FRQVLGHUHG� D� KLQGUDQFH�
GHJUDGLQJ� LPDJHV� DQG� UHGXFLQJ� VLJQDO�� � 2Q� WKH� RWKHU� KDQG�� D� FRQWUROODEOH� ILHOG
YDULDWLRQ� LV� WKH�NH\� WR� HQDEOLQJ� GLVFULPLQDWLRQ� EHWZHHQ� UHJLRQV� RI� WKH� VDPSOH�� DQG
WKHUHE\�WKH�JHQHUDWLRQ�RI�DQ�LPDJH���7KH�VLPSOHVW�YDULDWLRQ�LV�D�OLQHDU�LQFUHDVH�LQ�RQH
GLUHFWLRQ�� � $V� GHVFULEHG� LQ� WKH� SUHYLRXV� FKDSWHU�� WKH� VSLQV� SUHFHVV� DW� D� UDWH
SURSRUWLRQDO� WR� WKH� ILHOG� WKH\� H[SHULHQFH�� DQG� LQ� WKLV� FDVH� WKLV� OHDGV� WR� D� OLQHDU
LQFUHDVH� LQ�/DUPRU� IUHTXHQF\��DQG�D� OLQHDU� LQFUHDVH� LQ�SKDVH�ZLWK� WLPH��� �+HQFH��D
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ILHOG� JUDGLHQW� FDQ� EH� XVHG� WR�PDS� WKH� SRVLWLRQV� RI� VSLQV� WR� SUHFHVVLRQ� IUHTXHQFLHV
ZKLFK� DUH� REVHUYHG� LQ� WKH� GHWHFWHG� 5)� VLJQDO�� � ,Q� D� VLPLODU� VHQVH� WKH� VHOHFWLYH
UHVSRQVH�RI�GLIIHUHQW�IUHTXHQFLHV�RI�VSLQ�WR�DQ�DSSOLHG�5)�SXOVH�FDQ�EH�WUDQVODWHG�WR�D
VHOHFWLYH� SRVLWLRQDO� UHVSRQVH� E\� XVH� RI� D� ILHOG� JUDGLHQW� DJDLQ�� � 7KLV� LV� WHUPHG
VHOHFWLYH� H[FLWDWLRQ� DQG� LV� GLVFXVVHG� LQ� WKH� QH[W� VHFWLRQ� EHIRUH� PRYLQJ� RQ� WR� WKH
SULQFLSOHV�RI�HQFRGLQJ�WKH�5)�VLJQDO�LQ�WKH�VXEVHTXHQW�VHFWLRQV�
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)LJXUH����$�OLQHDU�JUDGLHQW�PDSV�WKH�SRVLWLRQV�RI�VSLQV�DORQJ�WKH�JUDGLHQW�GLUHFWLRQ�WR
WKH�IUHTXHQF\�RI�SUHFHVVLRQ�

���� 6HOHFWLYH�([FLWDWLRQ
7KH�ILUVW�VWHS�LQ�PDQ\�DQ�05,�H[SHULPHQW�LV�WKH�DSSOLFDWLRQ�D�VHOHFWLYH�5)�SXOVH�LQ
WKH�SUHVHQFH�RI�D�OLQHDU�JUDGLHQW�ILHOG��ZKLFK�FRQVWUDLQV�WKH�UHJLRQ�RI�H[FLWHG�VSLQV�WR
D�VLQJOH�VOLFH�RI�WKH�VDPSOH�

,I�D� OLQHDU� ILHOG�JUDGLHQW� LQ� WKH�VDPH�GLUHFWLRQ�DV� WKH�PDLQ�ILHOG� LV�DSSOLHG� WKH� ILHOG
YDULHV�ZLWK�SRVLWLRQ�DV
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ZKHUH�%Ê�LV�WKH�PDLQ�DSSOLHG�ILHOG��*Ë�LV�WKH�JUDGLHQW�ILHOG�LQ�WKH�]�GLUHFWLRQ�DQG�]�LV
WKH�SRVLWLRQ�DORQJ�WKH�JUDGLHQW�

7KH�/DUPRU�IUHTXHQF\�WKHQ�YDULHV�DV
�� É ÌÍ ]*%�& �� � ����
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7KH� UHVSRQVH� WR� DQ\�5)� SXOVH� YDULHV�ZLWK� WKH� IUHTXHQF\� RIIVHW� RI� WKH� VSLQV�� � 7KH
%ORFK�(TXDWLRQV�IRU� WKH�WUDQVYHUVH�FRPSRQHQWV�RI� WKH�PDJQHWLVDWLRQ� LQ� WKH�DEVHQFH
RI�UHOD[DWLRQ�DUH

ÎÏÏÎÐ 0&0&GW
G0 � ����

DQG ÏÐÐÏÎ 0&0&GW
G0 � � ����

:ULWLQJ�WKH�WUDQVYHUVH�PDJQHWLVDWLRQ�DV�D�FRPSOH[�TXDQWLW\�0Ñ� �0Ò�L0Ó�WKHVH�WZR
HTXDWLRQV�FDQ�EH�FRQGHQVHG�LQWR�RQH

� �ÔÔ 0&0&LGW
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ZKHUH�&Ö &×�L&Ø�

)RU�VPDOO�IOLS�DQJOHV�0Ùa0Ú�WKURXJKRXW���6XEVWLWXWLQJ�IRU�0Ù� WKLV�HTXDWLRQ�FDQ�QRZ
EH�VROYHG�IRU�D�JLYHQ�&Ù�DV�IROORZV
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ZKHUH� WKH� 5)� SXOVH� &ç� H[WHQGV� IURP� ±7��� WR� 7���� DQG� ��Ö è&) � LV� WKH� )RXULHU
WUDQVIRUP�RI�&ç�

7KHUHIRUH�� IRU� VPDOO� IOLS� DQJOHV� WKH� UHVSRQVH� RI� WKH� VSLQV� LV� DSSUR[LPDWHO\
SURSRUWLRQDO� WR� WKH� )RXULHU� WUDQVIRUP� RI� WKH� SXOVH�� 7KLV� LV� WHUPHG� WKH� OLQHDU
DSSUR[LPDWLRQ��DQG�HYHQ�IRU�KLJKHU�IOLS�DQJOHV�LW�LV�VWLOO�D�XVHIXO�JXLGH�WR�WKH�UHVSRQVH
RI�WKH�VSLQV�
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,I�D� UHFWDQJXODU�VOLFH�RI�VSLQV� LV� WR�EH�H[FLWHG�� WKLV�ZRXOG� UHTXLUH� D� VLQF�SURILOH�5)
SXOVH�� � ,Q� SUDFWLFH� WKHUH� DUH� OLPLWDWLRQV� RQ� WKH� GXUDWLRQV� RI� WKH� SXOVHV� WKDW� FDQ� EH
XVHG�� � 2WKHU� WHFKQLTXHV� FDQ� EH� XVHG� WR� WDLORU� WKH� H[DFW� UHVSRQVH� RI� WKH� VSLQV� DV
UHTXLUHG�

(TXDWLRQ� ����� DERYH� DOVR� GHVFULEHV� WKH� UHTXLUHPHQW� RI� D� UHIRFXVVLQJ� JUDGLHQW�� � ,Q
JHQHUDO��LI�WKH�5)�SXOVH�LV�V\PPHWULF�LQ�DPSOLWXGH�DQG�DQWL�V\PPHWULF�LQ�SKDVH�L�H��LW
GLVSOD\V�+HUPLWLDQ� V\PPHWU\�� LWV� )RXULHU� WUDQVIRUP�ZLOO� KDYH� FRQVWDQW� SKDVH�� � )RU
H[DPSOH��DQ\�HYHQ�UHDO�SXOVH�IXOILOV�WKLV�FRQGLWLRQ���7KHQ��WKH�RQO\�FRQWULEXWLRQ�WR�WKH
SKDVH� LV� IURP� WKH� IDFWRU�Héêëìíî�� � 7KLV� OLQHDU� SKDVH� WKURXJK� WKH� H[FLWHG� VOLFH� FDQ� EH
UHPRYHG�E\�UHYHUVLQJ�WKH�OLQHDU�JUDGLHQW�IRU�D�WLPH�7���DIWHU�WKH�SXOVH���7KLV�UHYHUVHV
WKH�SUHFHVVLRQ�UDWHV�DQG�OHDGV�WR�FRPSOHWH�µXQZLQGLQJ¶�RI�WKH�VSLQV�

)LJXUH����*UDGLHQW�UHYHUVDO�UHPRYHV�WKH�GHSKDVLQJ�WKURXJK�WKH�VOLFH���7KH�DUHD�RI�WKH
VKDGHG�JUDGLHQW�OREH�LV�KDOI�WKDW�RI�WKH�XQVKDGHG�OREH�

���� )UHTXHQF\�DQG�SKDVH�HQFRGLQJ
2QFH�VSLQV�KDYH�EHHQ�H[FLWHG�E\�DQ�5)�SXOVH�WKH\�LPPHGLDWHO\�EHJLQ�WR�UHOD[��DQG�LQ
VR� GRLQJ� HPLW� UDGLDWLRQ� DW� WKH� /DUPRU� IUHTXHQF\�� � $� OLQHDU� ILHOG� JUDGLHQW� FDQ� EH
DSSOLHG�WR�LQWURGXFH�D�YDULDWLRQ�LQ�/DUPRU�IUHTXHQF\��DV�GHVFULEHG�DERYH�
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ZKHUH�*ò�LV�WKH�ILHOG�JUDGLHQW�LQ�WKH�[�GLUHFWLRQ�

7KH�VLJQDO�IURP�D�VSLQ�DW�SRVLWLRQ�[�ZLOO�YDU\�DV
óôõ öH[!W[6 ����� v � ����

ZKHUH�!�[��LV�WKH�SURMHFWHG�VSLQ�GHQVLW\�DW�SRVLWLRQ�[�DORQJ�WKH�ILHOG�JUDGLHQW�
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7KH�RYHUDOO�GHWHFWHG�VLJQDO�LV�WKHUHIRUH
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5HPRYLQJ� WKH� FRPSRQHQW� GXH� WR� WKH�PDLQ� ILHOG� �D� SURFHVV� VLPLODU� WR� WKH� UHFHLYHU
GHPRGXODWLQJ�WKH�VLJQDO�WR�EDVHEDQG�IUHTXHQF\��WKLV�EHFRPHV
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7KHQ��VXEVWLWXWLQJ� �[*�& � c
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$V� H[SHFWHG�� WKLV� LV� WKH� LQYHUVH� )RXULHU� WUDQVIRUP� RI� WKH� VSLQ� GHQVLW\� LQ� WKH� [
GLUHFWLRQ��WKDW�LV��LW�LV�WKH�VXP�RI�D�VHULHV�RI�VSHFWUDO�FRPSRQHQWV�ZHLJKWHG�E\�WKH�VSLQ
GHQVLW\���7KH�RULJLQDO�VSLQ�GHQVLW\�FDQ�WKHQ�EH�UHFRYHUHG�E\�LQYHUWLQJ�WKH�WUDQVIRUP�
7KLV�PHWKRG�RI�DFTXLULQJ�WKH�SURILOH�LV�WHUPHG�IUHTXHQF\�HQFRGLQJ�

+RZHYHU��WKLV�JLYHV�RQO\�D���'�SURMHFWLRQ�RI�WKH�H[FLWHG�UHJLRQ�RI�WKH�VDPSOH���7KH
IXQFWLRQ�!�[��LV�WKH�QHW�VXP�RI�VSLQ�GHQVLWLHV�ZLWK�SRVLWLRQ�FR�RUGLQDWH�[���,Q�JHQHUDO�
WKLV�ZLOO�EH�DOO�VSLQV�ZLWKLQ�D�SODQH�RU��IROORZLQJ�D�VOLFH�VHOHFWLYH�H[FLWDWLRQ��DORQJ�D
OLQH���,Q�RUGHU�WR�EH�DEOH�WR�IXUWKHU�GLVFULPLQDWH�EHWZHHQ�VSLQV��WR�EH�DEOH�WR�EXLOG�XS
D���'�LPDJH��IXUWKHU�GDWD�KDV�WR�EH�DFTXLUHG���2QH�RSWLRQ�LV�WR�URWDWH�WKH�SURMHFWLRQ
D[LV�WR�REWDLQ�PRUH�SURMHFWLRQV��HDFK�FRQWDLQLQJ�FRQWULEXWLRQV�IURP�GLIIHUHQW�VHWV�RI
VSLQV�� � ,I� VXIILFLHQW� SURMHFWLRQV� DUH� DFTXLUHG�� WKH� VLJQDO� GXH� WR� VSLQV� DW� GLIIHUHQW
ORFDWLRQV�FDQ�EH�FDOFXODWHG��WKHUHE\�HQDEOLQJ�D���'�LPDJH�WR�EH�UHFRQVWUXFWHG���7KLV
WHFKQLTXH��WHUPHG�SURMHFWLRQ�UHFRQVWUXFWLRQ��LV�WKH�EDVLV�RI�;�UD\�&7�LPDJLQJ��EXW�LV
QR�ORQJHU�D�URXWLQH�WHFKQLTXH�LQ�05,�
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)LJXUH����3URMHFWLRQV�FDQ�EH�DFTXLUHG�DW�GLIIHUHQW�DQJOHV���)URP�VXIILFLHQW�SURMHFWLRQ
DQJOHV�D�FRPSOHWH�LPDJH�FDQ�EH�UHFRQVWUXFWHG�

7KH� SULPDU\� WHFKQLTXH� IRU� HQFRGLQJ� DORQJ� IXUWKHU� VSDWLDO� GLPHQVLRQV� LV� WKDW� RI
)RXULHU�HQFRGLQJ�RQFH�DJDLQ���5DWKHU�WKDQ�FKDQJH�WKH�DQJOH�RI�WKH�SURMHFWLRQ�D[LV��WKH
VDPH�D[LV�LV�PDLQWDLQHG�WKURXJKRXW��EXW�SULRU�WR�DFTXLULQJ�HDFK�SURMHFWLRQ��WKH�VSLQV
DUH� ILUVW� HQFRGHG� DORQJ� WKH� RUWKRJRQDO� D[LV�� 7KLV� JLYHV� D� SURMHFWLRQ� RI� )RXULHU
FRPSRQHQWV��IURP�ZKLFK�D�IXOO���'�VHW�RI�)RXULHU�GDWD�FDQ�EH�EXLOW�XS�

)LUVWO\�� (TXDWLRQ� ����� FDQ� EH� UHZULWWHQ� LQ� WHUPV� RI� VSDWLDO� �LQVWHDG� RI� WHPSRUDO�
IUHTXHQF\

G[H[!W6 #$%%
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� G[H[!N6 #$%%
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ZKHUH� �
W*�N 22 �� ���N3�LV�D�VSDWLDO�ZDYHQXPEHU�

&RQVLGHU� WKH� HYROXWLRQ� RI� VSLQV� DORQJ� WKH� [� GLUHFWLRQ�� � $GMDFHQW� VSLQV� SUHFHVV� DW
VOLJKWO\�GLIIHUHQW�IUHTXHQFLHV�DQG�WKLV�SURGXFHV�D�SKDVH�UROO��RU�ZLQGLQJ�RI�WKH�VSLQV�
DORQJ� WKH� JUDGLHQW� GLUHFWLRQ�� � 7KLV� \LHOGV� D� VLJQDO� SURSRUWLRQDO� WR� WKH� )RXULHU
FRPSRQHQW�DW� WKH�VSDWLDO�SHULRG�RI� WKH�SKDVH�ZLQGLQJ�� � ,Q� WKLV�ZD\� WKH�HQFRGLQJ� LV
DFKLHYHG� E\�PRGXODWLQJ� WKH� SKDVHV� RI� WKH� VSLQV� ±� KHQFH�� µSKDVH� HQFRGLQJ¶�� �0RUH
JHQHUDOO\� WKH� JUDGLHQW� QHHG� QRW� EH� FRQVWDQW�� DQG� N3� FDQ� EH� ZULWWHQ
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³� GW*�
�N 44 � �� � 0DWKHPDWLFDOO\�� WKLV� LV� WDQWDPRXQW� WR� IUHTXHQF\� PRGXODWLRQ�

KRZHYHU�SKDVH� HQFRGLQJ� SURYLGHV� D�PRUH� JHQHUDO� WRRO� IRU� DSSUHFLDWLQJ� WKH�)RXULHU
HQFRGLQJ�WHFKQLTXH�

56
)LJXUH����7KH�VSLQV�DUH�ZRXQG�XS�DORQJ�WKH�JUDGLHQW�GLUHFWLRQ�

%\� LQWURGXFLQJ�D��78�RUWKRJRQDO�JUDGLHQW� VLPLODU�PRGXODWLRQ�FDQ�EH� LPSRVHG� DORQJ
WKLV�GLUHFWLRQ�WRR���7KH�UHVXOWDQW�VLJQDO�LV�WKHQ�D���'�)RXULHU�FRPSRQHQW�RI�WKH�LPDJH
SODQH
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7KLV�LV�WKH�VLJQDO�HTXDWLRQ��LW�LV�VLPSO\�WKH���'�)RXULHU�WUDQVIRUP�RI�WKH�VSLQ�GHQVLW\�
7KLV�FDQ�HDVLO\�EH�H[SDQGHG�WR�D�WKLUG�GLPHQVLRQ�WR�JLYH���'�)RXULHU�FRPSRQHQWV�

���� N�VSDFH
7KH�)RXULHU� FRPSRQHQWV�ZKLFK� DUH� UHDG� RXW� GHVFULEH� D� IXQFWLRQ� LQ� N�VSDFH��ZKLFK
FDQ�WKHQ�EH�LQYHUWHG�WR�JLYH�WKH�VSLQ�GLVWULEXWLRQ���7KH�JUDGLHQWV�DUH�XVHG�WR�YDU\�WKH
NF�DQG�NG�FRPSRQHQWV�DQG�WKHUHE\�VWHHU�D�SDWK�WKURXJK�N�VSDFH���,W�LV�QRW�SRVVLEOH�WR
DFTXLUH� D� FRQWLQXXP� RI� GDWD� SRLQWV� LQ� N�VSDFH�� EXW� LQVWHDG� WKH� GDWD� LV� GLVFUHWHO\
VDPSOHG�RYHU�D� ILQLWH� UHJLRQ�� �&RQYHQWLRQDOO\� WKH�GDWD� LV� VDPSOHG� DW�&DUWHVLDQ�JULG
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SRLQWV�RYHU�D�UHFWDQJXODU�UHJLRQ�RI�N�VSDFH�RI�GLPHQVLRQV��HI[��JK��ZKLFK�DOORZV�XVH
RI� WKH� )DVW� )RXULHU� 7UDQVIRUP� �))7�� DOJRULWKP�� � 7KH� FRQVHTXHQFHV� RI� WKLV� IRU� WKH
UHFRQVWUXFWHG�LPDJH�FDQ�EH�XQGHUVWRRG�IURP�VDPSOLQJ�WKHRU\�

'LVFUHWH�VDPSOLQJ
&RQVLGHU�D���'�IXQFWLRQ��J�N���ZKLFK� LV� VDPSOHG�DW� LQWHUYDOV�ûN�� �7KLV� LV�GHVFULEHG
PDWKHPDWLFDOO\� DV� D� PXOWLSOLFDWLRQ� E\� D� FRPE� IXQFWLRQ� �D� SHULRGLF� WUDLQ� RI� /
IXQFWLRQV��� � 7KH� )RXULHU� WUDQVIRUP� RI� WKH� VDPSOHG� IXQFWLRQ� LV� JLYHQ� E\� WKH
FRQYROXWLRQ� RI� WKH� WUDQVIRUP� RI� WKH� IXQFWLRQ�J�N�� ZLWK� DQRWKHU� FRPE� IXQFWLRQ�� RI
SHULRG����ûN�

��LMNO uu
PQ

RSTU
VWXYZ[\]\

)LJXUH����$�VDPSOHG�IXQFWLRQ�DQG�LWV�)RXULHU�WUDQVIRUP�

7KLV�ZLOO� UHVXOW� LQ� DQ� RYHUODS� EHWZHHQ� DGMDFHQW� IXQFWLRQV� XQOHVV�*�[�� LV� FRQWDLQHG
ZLWKLQ�D�UDQJH�HTXDO�WR����ûN��WKH�VDPSOLQJ�IUHTXHQF\���,I�J�N��UHSUHVHQWV�D�VLJQDO�LQ
WLPH�� VDPSOHG� DW� LQWHUYDOV�ûW�� WKHQ�*�[�� KDV� WR� KDYH� D� EDQGZLGWK� QR� JUHDWHU� WKDQ
���ûW�� � 7KLV� GHWHUPLQHV� WKH� ILHOG�RI�YLHZ� �)R9�� RI� WKH� LPDJH�� � ,Q� SUDFWLFH�
IUHTXHQFLHV�RXWVLGH�RI� WKH�)R9�FDQ�EH�ILOWHUHG�RXW�SULRU� WR�VDPSOLQJ��LQ� WKH�FDVH�RI
IUHTXHQF\�HQFRGHG�GDWD��

$OWHUQDWLYHO\��LQ�WHUPV�RI�WKH�1\TXLVW�WKHRUXP�WKH�VLJQDO�KDV�WR�EH�VDPSOHG�DW�WZLFH
WKH�PD[LPXP�IUHTXHQF\�ZLWKLQ�WKH�VLJQDO�LQ�RUGHU�WR�EH�DEOH�WR�DFFXUDWHO\�GHWHUPLQH
DOO�FRPSRQHQWV���,I�WKH�VLJQDO�FRQWDLQV�IUHTXHQFLHV�IURP�±&���WR�&����WKHQ�LW�PXVW�EH
VDPSOHG�ZLWK�IUHTXHQF\�&�

7UXQFDWLRQ
N�VSDFH�LV�RQO\�VDPSOHG�RYHU�D�OLPLWHG�UDQJH�� �7KLV� LV�HTXLYDOHQW�PDWKHPDWLFDOO\�WR
PXOWLSO\LQJ� WKH� IXOO� N�VSDFH� GDWD� E\� D� WRS� KDW� IXQFWLRQ� WR� WUXQFDWH� WKH� GDWD�
)ROORZLQJ�)RXULHU�WUDQVIRUP�WKLV�UHVXOWV�LQ�WKH�FRQYROXWLRQ�RI�WKH�LPDJH�ZLWK�D�VLQF
IXQFWLRQ��ZKLFK�SODFHV�D�OLPLW�RQ�WKH�UHVROXWLRQ�
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)LJXUH����$�WUXQFDWHG�IXQFWLRQ�DQG�LWV�)RXULHU�WUDQVIRUP�

$W�WKLV�SRLQW�LW�LV�LQWHUHVWLQJ�WR�QRWH�D�FRQQHFWLRQ�ZLWK�%8567�LPDJLQJ���7KH�FRPE
IXQFWLRQ� DQG� WRS� KDW� IXQFWLRQ� DERYH� FDQ� EH� XVHG� WR� GHVFULEH� WKH� EDVLF� %8567
H[FLWDWLRQ�� � 7KHUHIRUH�� DQDO\VLV� RI� %8567� LQ� WKH� OLQHDU� UHJLPH� LQYROYHV� LGHQWLFDO
H[SUHVVLRQV��DV�LV�GHVFULEHG�LQ�ODWHU�VHFWLRQV�

���� ,PDJH�6HTXHQFHV
7KHUH� DUH� YDULRXV� VWUDWHJLHV� IRU� PDSSLQJ� RXW� N�VSDFH�� � 0RVW� LPDJLQJ� VHTXHQFHV
UHFRUG� N�VSDFH� GDWD� DW� &DUWHVLDQ� JULG� SRLQWV�� ZKLFK� FDQ� WKHQ� EH� HDVLO\� )RXULHU
WUDQVIRUPHG���,PDJLQJ�VHTXHQFHV�PLJKW�VFDQ�DFURVV�D�VLQJOH�OLQH�RI�N�VSDFH�DW�D�WLPH�
UH�H[FLWLQJ� WKH� VSLQV� EHWZHHQ� VXFFHVVLYH� DFTXLVLWLRQ� ±� VR�FDOOHG� PXOWL�VKRW
WHFKQLTXHV�� � $OWHUQDWLYHO\�� WKH� HQWLUH� N�VSDFH� GDWD� VHW� FDQ� EH� DFTXLUHG� DIWHU� RQH
H[FLWDWLRQ�±�VLQJOH�VKRW�WHFKQLTXHV���7KLV�FDQ�EH�DFKLHYHG�XVLQJ�D�VLQJOH�HFKR�WR�WUDFH
RXW�D�VLQJOH�ORQJ�SDWK��HLWKHU�ZLWK�WKH�JUDGLHQWV�RU�ZLWK�DGGLWLRQDO�5)�SXOVHV��RU�E\
XVLQJ�D�PXOWLSOH�5)�H[FLWDWLRQ�ZKLFK�JLYHV�D� WUDLQ�RI�HFKRHV��HDFK�RI�ZKLFK�FDQ�EH
VHSDUDWHO\�HQFRGHG�

6LQJOH�VKRW�WHFKQLTXHV��RI�ZKLFK�%8567�LV�RQH��DUH�E\�WKHLU�QDWXUH�IDVW�� �0XOWLVKRW
WHFKQLTXHV�LQ�JHQHUDO�DUH�VORZHU�EXW�JLYH�D�KLJKHU�615���+RZHYHU��WKH\�FDQ�EH�PDGH
DOPRVW�DV�IDVW�DV�VLQJOH�VKRW�WHFKQLTXHV�LI�WKH�WLPH�EHWZHHQ�VXFFHVVLYH�H[FLWDWLRQV�LV
NHSW�DV�VKRUW�DV�SRVVLEOH�

0XOWLVKRW�VHTXHQFHV
6SLQ�:DUS�LPDJLQJ�>��@��GHYHORSHG�E\�WKH�$EHUGHHQ�JURXS�LQ�������LV�WKH�DUFKHW\SDO
)RXULHU� LPDJH� WHFKQLTXH�� � N�VSDFH� LV� WUDFHG� RXW� RQH� OLQH� DW� D� WLPH� ZLWK� D� GHOD\
EHWZHHQ�H[FLWDWLRQV�WR�DOORZ�WKH�PDJQHWLVDWLRQ�WR�UHWXUQ�WR�HTXLOLEULXP�
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)LJXUH�����7KH�6SLQ�:DUS�SXOVH�VHTXHQFH�

5HGXFLQJ�WKH�UHSHWLWLRQ�WLPH�RI�WKH�6SLQ�:DUS�VHTXHQFH�SURGXFHV�WKH�)/$6+��)DVW
/RZ�$QJOH�6KRW��VHTXHQFH�>��@�� LQ�ZKLFK� WKH�JDLQ� LQ� LPDJLQJ�VSHHG� LV�RIIVHW�E\�D
UHGXFWLRQ� LQ� 615�� � ,Q� WKLV� VHTXHQFH� WKH� ORQJLWXGLQDO� PDJQHWLVDWLRQ� UHDFKHV� DQ
HTXLOLEULXP�YDOXH�VKRUW�RI�0���ZKHUH� WKH� UHFRYHU\�RI�0��EHWZHHQ�H[FLWDWLRQ�SXOVHV
H[DFWO\�PDWFKHV�WKH�ORVV�RI�0��GXH�WR�WKH�SXOVHV���0RUH�JHQHUDOO\��WKHUH�LV�D�IDPLO\�RI
VLPLODU� VHTXHQFHV�ZLWK� VKRUW�75� DQG� UHSHDWHG� UHIRFXVVLQJ�ZKLFK� DUH� WHUPHG� VWHDG\
VWDWH�VHTXHQFHV���$V�JUDGLHQW�HFKR�VHTXHQFHV�WKH\�WHQG�WR�VXIIHU�IURP�VLJQDO�ORVV�LQ
LQKRPRJHQHRXV�UHJLRQV�RI�ILHOG�

6LQJOH�VKRW�VHTXHQFHV
7KH� 5$5(� �5DSLG� $FTXLVLWLRQ�ZLWK� 5HOD[DWLRQ� (QKDQFHPHQW�� VHTXHQFH� >��@� XVHV
���q�SXOVHV� WR�FRQWLQXRXVO\� UHF\FOH� WKH�PDJQHWLVDWLRQ� DIWHU� HDFK� WUDYHUVH� DFURVV�N�
VSDFH���7KH�VLJQDO�DWWHQXDWLRQ�LV�SULPDULO\�GXH�WR�7��� �7KH�PXOWLSOH�QXPEHU�RI����q
SXOVHV�UHVXOWV�LQ�D�KLJK�5)�SRZHU�UHTXLUHPHQW�

,Q� (3,� �(FKR� 3ODQDU� ,PDJLQJ�� >��@� WKH� WUDQVYHUVH� PDJQHWLVDWLRQ� LV� FRQWLQXRXVO\
HQFRGHG�E\�PHDQV�RI�WKH�JUDGLHQWV�DORQH���,Q�WKH�0%(67�YHUVLRQ�WKH�PDJQHWLVDWLRQ
WUDFNV�EDFN�DQG�IRUWK�DORQJ�FRQVHFXWLYH�OLQHV�RI�N�VSDFH�DV�RQH�JUDGLHQW�LV�UHYHUVHG
DQG�WKH�RWKHU�EOLSSHG��JLYLQJ�V\PPHWULFDO�FRYHUDJH�RI�N�VSDFH���6LJQDO�DWWHQXDWLRQ�LV
GXH� WR� ERWK�7�� 	� 7���� � 6XVFHSWLELOLW\� HIIHFWV� FDQ� OHDG� WR� JHRPHWULF� GLVWRUWLRQ� DQG
VLJQDO� GURS� RXW�� ZLWK� D� JUHDWHU� HIIHFW� DW� KLJKHU� ILHOGV�� � $OVR�� WKH� KLJK� IUHTXHQF\
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VZLWFKLQJ�RI�WKH�JUDGLHQW�LV�YHU\�GHPDQGLQJ�RQ�WKH�JUDGLHQW�FRLO�VWUXFWXUHV�DQG�OHDGV
WR�KLJK�OHYHOV�RI�DFRXVWLF�QRLVH�

$Q�DOWHUQDWLYH��LI�QRZ�XQFRPPRQ��PHWKRG�RI�PDSSLQJ�RXW�N�VSDFH�ZLWK�JUDGLHQWV�LV
WKDW�RI� VSLUDO� VFDQ� LPDJLQJ� >��@�� �6WDUWLQJ� DW� WKH� FHQWUH�RI�N�VSDFH� D� VSLUDO� URXWH� LV
WDNHQ��SDVVLQJ�ILUVW� WKURXJK�WKH�ORZ�IUHTXHQFLHV�FORVH� WR� WKH�FHQWUH�� WKHQ�PRYLQJ� WR
WKH�KLJKHU�IUHTXHQFLHV�� �7KLV�PDNHV�JHQWOHU�GHPDQGV�RQ� WKH�JUDGLHQWV��KRZHYHU� WKH
GDWD� KDV� WR� EH� UHELQQHG� LQWR� D� &DUWHVLDQ� JULG� EHIRUH� )RXULHU� SURFHVVLQJ� FDQ� WDNH
SODFH�

48(67��4XLFN�(FKR�6SOLW�,PDJLQJ�7HFKQLTXH��>��@��OLNH�%8567��LV�D�WHFKQLTXH�WKDW
GRHV�QRW�UHF\FOH�FRKHUHQFHV��EXW�ZKLFK�LQVWHDG�JHQHUDWHV�PXOWLSOH�FRKHUHQFHV�E\�WKH
DSSOLFDWLRQ� RI� PXOWLSOH� 5)� SXOVHV�� � $� VKRUW� WUDLQ� RI� 5)� SXOVHV� LV� DSSOLHG� LQ� WKH
SUHVHQFH�RI�DQ�LQ�SODQH�JUDGLHQW�� �(DFK�SXOVH�VSOLWV� WKH�PDJQHWLVDWLRQ� LQWR�GLIIHUHQW
SRROV�ZKLFK�HYROYH�LQGLYLGXDOO\�WR�JLYH�ULVH�WR�HFKRHV���7KLV�DQDO\WLFDO�SHUVSHFWLYH�LV
GHVFULEHG�E\� WKH� H[WHQGHG�SKDVH�JUDSK�DOJRULWKP�>��@��ZKLFK�FDQ�EH�XVHG� WR� VKRZ
WKDW�WKH�PD[LPXP�QXPEHU�RI�HFKRHV�ZKLFK�FDQ�EH�JHQHUDWHG�E\�Q�5)�SXOVHV�LV�(� �������7KHUHIRUH��WKH�PDJQHWLVDWLRQ�FDQ�EH�VSOLW�LQWR�VHYHUDO�FRPSRQHQWV��HDFK�RI�ZKLFK
FDQ�EH�UHIRFXVVHG�DQG�XVHG�WR�HQFRGH�D�VLQJOH�OLQH�RI�N�VSDFH���48(67�XVHV�DV�IHZ
SXOVHV� DV� SRVVLEOH� WR� JHQHUDWH� VXIILFLHQW� HFKRHV� WR� FRYHU� N�VSDFH�� FKRRVLQJ� WKH
LQWHUSXOVH� VSDFLQJV� VR� WKDW� QR� HFKRHV� DUH� VXSHUSRVHG�� � ,Q� JHQHUDO�� WKH� HFKRHV� ZLOO
YDU\� LQ� DPSOLWXGH� DQG� SKDVH� DQG�ZLOO� KDYH� LQGLYLGXDO�7�� DQG�7�� ZHLJKWLQJV�� � 7KH
SXOVH�IOLS�DQJOHV�FDQ�EH�RSWLPLVHG��IRU�D�JLYHQ�REMHFW��WR�UHGXFH�WKHVH�YDULDWLRQV��EXW
VLJQLILFDQW�GLIIHUHQFHV�ZLOO�UHPDLQ��ZKLFK�ZLOO�OHDG�WR�VHYHUH�JKRVWLQJ�DUWHIDFWV���7KLV
FDQ�EH�VRPHZKDW�RYHUFRPH�E\�DFTXLULQJ�D�FDOLEUDWLRQ�HFKR�WUDLQ��ZKLFK�ZLOO�DGG�WKH
WRWDO� LPDJLQJ� WLPH�� � 7KH� 66+4� �6LQJOH� 6KRW� +\EULG� 48(67�� WHFKQLTXH� >��@
LQFRUSRUDWHV�WKH�FDOLEUDWLRQ�VHW�LQ�D�VLQJOH�DFTXLVLWLRQ��WKHUHE\�PDLQWDLQLQJ�WKH�VLQJOH
VKRW�QDWXUH�RI�WKH�WHFKQLTXH���+RZHYHU��WKH�SULPDU\�GUDZEDFN�LV�WKH�ORZ�615�
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���� %8567

������ ,QWURGXFWLRQ
,Q�FRQWUDVW�WR�48(67�WKH�VLJQDO�LQ�%8567�LV�WKH�VXP�RI�VHYHUDO�FRLQFLGHQW�HFKRHV�
$�ORQJ�WUDLQ�RI�UHJXODUO\�VSDFHG�5)�SXOVHV�LV�DSSOLHG�LQ�WKH�SUHVHQFH�RI�DQ�LQ�SODQH
JUDGLHQW���7KH�PDJQHWLVDWLRQ�LV�UHIRFXVVHG��HLWKHU�ZLWK�D����q�SXOVH�RU�ZLWK�D�JUDGLHQW
UHYHUVDO���6OLFH�VHOHFWLRQ�FDQ�EH�LQWURGXFHG�WKURXJK�WKH����q�SXOVH�DQG�WKH�HFKRHV�DUH
SKDVH� HQFRGHG� ZLWK� D� IXUWKHU� RUWKRJRQDO� JUDGLHQW�� ZKLFK� LV� DSSOLHG� GXULQJ� WKH
UHDGRXW�SHULRG�
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)LJXUH�����6SLQ�HFKR�YDULDQW�RI�WKH�%8567�LPDJLQJ�VHTXHQFH�

������ )RUPDWLRQ�RI�HFKRHV
7KH����SXOVH�%8567�WUDLQ�DERYH�UHVXOWV� LQ����HFKRHV��+RZHYHU��HDFK�SXOVH�RI� WKH
WUDLQ� VSOLWV� WKH� HYROYLQJ�PDJQHWLVDWLRQ� LQWR� D� QXPEHU� RI� VHSDUDWH� FRPSRQHQWV�� �$V
GHVFULEHG�HDUOLHU� WKLV�FDQ� UHVXOW� LQ�YHU\�PDQ\�HFKRHV�� IDU�PRUH� WKDQ� WKH�QXPEHU�RI
SXOVHV�� � 7KLV� LV� QRW� WKH� FDVH� LQ� %8567�� � )LUVWO\�� WKH� LQGLYLGXDO� IOLS� DQJOHV� DUH
JHQHUDOO\�VPDOO��ZKLFK�PHDQV� WKDW� WKH�HFKRHV� UHVXOWLQJ� IURP� WKH� LQWHUDFWLRQV�RI� WKH
SXOVHV�DUH�YHU\�VPDOO���0RUH�LPSRUWDQWO\��WKH�SHULRGLF�VSDFLQJ�RI�WKH�SXOVHV�OHDGV�WR
HFKRHV�ZKLFK�H[DFWO\�FRLQFLGH��ZKLFK�UHGXFHV�WKH�REVHUYHG�QXPEHU�RI�HFKRHV�WR�MXVW
WKH�QXPEHU�RI�DSSOLHG�SXOVHV���,Q�IDFW��WKLV�LV�QRW�WKH�FRPSOHWH�SLFWXUH���,I�WKH�UHDGRXW
JUDGLHQW�LV�KHOG�RQ�DIWHU�WKH�ODVW�SXOVH�KDV�EHHQ�DSSOLHG��DQRWKHU�WUDLQ�RI�HFKRHV�����LQ
QXPEHU��ZLOO�EH�REVHUYHG��ZKLFK�DUH�JHQHUDWHG�WKURXJK�WKH�LQWHUDFWLRQV�RI�LQGLYLGXDO
SXOVHV���7KHVH�HFKRHV�FDQ�WKHQ�EH�UHIRFXVVHG�E\�WKH����q�SXOVH�WR�JLYH�D�IXUWKHU�WUDLQ
RI�HFKRHV��� ,Q�JHQHUDO��WKHVH�µGLUHFW¶�HFKRHV�KDYH�PXFK�VPDOOHU�DPSOLWXGHV�WKDQ�WKH
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µPLUURU¶� HFKRHV� �WKRVH�GHVFULEHG�DERYH�� DQG� WKH\� DUH�QRW�XVHG� IRU� DFTXLULQJ� LPDJH
GDWD���=KD�	�/RZH�>��@�GHVFULEH�PRUH�IXOO\�WKHVH�GLIIHUHQW�HFKRHV�

7KH� DPSOLWXGHV� DQG� SKDVHV� RI� WKH� REVHUYHG� HFKRHV� GHSHQG� RQ� WKH� GLIIHUHQW
FRPSRQHQW�HFKRHV�SUHVHQW�� �$W�ORZ�IOLS�DQJOHV�VSLQ�HFKRHV�IRUP��UHVXOWLQJ�IURP�WKH
LQWHUDFWLRQ� RI� H[FLWDWLRQ� SXOVHV� ZLWK� WKH� ���q� SXOVH�� � 7KHVH� DUH� WHUPHG� SULPDU\
HFKRHV� DQG� WKHLU� DPSOLWXGHV� UHIOHFW� WKH� DYDLODEOH� ORQJLWXGLQDO�PDJQHWLVDWLRQ� DW� WKH
WLPH�RI�WKH�FRUUHVSRQGLQJ�5)�SXOVH���$W�KLJKHU�IOLS�DQJOHV�WKH�FRQWULEXWLRQV�IURP�WKH
LQWHUDFWLRQV�EHWZHHQ�WKH�LQGLYLGXDO�H[FLWDWLRQ�SXOVHV�DUH�PXFK�PRUH�VLJQLILFDQW�DQG
FDQ�OHDG�WR�YHU\�YDULDEOH�DPSOLWXGHV�DQG�SKDVHV�RI� WKH�HFKRHV�� �7KHVH�KLJKHU�RUGHU
HFKRHV�VFDOH�LQ�DPSOLWXGH�ZLWK�VLQµ�����ZKHUH�N�LV�DQ�RGG�LQWHJHU�����DQG�WKHLU�SKDVHV
GHSHQG�RQ�WKH�SKDVHV�RI� WKHLU�JHQHUDWLQJ�SXOVHV� �DQG�VR�DUH�� LQ�JHQHUDO��GLIIHUHQW� WR
WKH�SULPDU\�HFKR�SKDVHV����+HQFH��WKH�DPSOLWXGH�RI�WKH�FRPSRVLWH�HFKR�LV�ORZHU�WKDQ
WKDW�RI�WKH�SULPDU\�HFKR�DORQH���+RZHYHU��IXUWKHU�GHYHORSPHQWV�RI�%8567�KDYH�OHG
WR�D�QXPEHU�RI� WHFKQLTXHV�IRU�SKDVH�PRGXODWLQJ� WKH�5)�SXOVHV� >�����@��ZKLFK� WXUQ
WKHVH� GHVWUXFWLYH� LQWHUIHUHQFHV� LQWR� FRQVWUXFWLYH� RQHV�� WKHUHE\� LPSURYLQJ� WKH
HIILFLHQF\�RI�WKH�VHTXHQFH�

+RZHYHU�� HYHQ� IRU� RSWLPLVHG� VHTXHQFHV� WKH� UHVXOWDQW� HFKRHV� FDQQRW� EH� DFFXUDWHO\
SUHGLFWHG��EHFDXVH�WKH�DPSOLWXGHV�DQG��LQ�SDUWLFXODU��WKH�SKDVHV�GHSHQG�RQ�WKH�SDWWHUQ
RI�%¶�LQKRPRJHQHLW\�DFURVV�WKH�VDPSOH���7KH�IOLS�DQJOHV�GHSHQG�RQ�WKH�ORFDO�%¶�ILHOG�
DQG�VR�WKH�UHODWLYH�DPSOLWXGHV�RI�WKH�GLIIHUHQW�RUGHU�HFKRHV��VLQ�����VLQ·�����VLQ �̧��«�
ZLOO� GHSHQG� RQ� WKH� ORFDO� %¹�� � +HQFH�� WKH� UHVXOWDQW� VXSHULPSRVHG� HFKRHV�ZLOO� KDYH
DPSOLWXGHV�DQG�SKDVHV�GHWHUPLQHG�E\�WKH�SDWWHUQ�RI�WKH�%¹�ILHOG���$W�KLJKHU�ILHOGV�WKH
%¹�ILHOG�WHQGV�WR�EH�PRUH�LQKRPRJHQHRXV�DQG�VR�WKLV�LV�PRUH�RI�DQ�LVVXH�

2QH�ZD\�WR�DFFRXQW�IRU�WKLV�YDULDWLRQ�LQ�WKH�DPSOLWXGHV�DQG�SKDVHV�LV�E\�SHUIRUPLQJ�D
FDOLEUDWLRQ� UXQ� DQG� DFTXLULQJ� HFKRHV� LQ� WKH� DEVHQFH� RI� D� SKDVH� HQFRGLQJ� JUDGLHQW�
ZKLFK� ZRXOG� SURYLGH� GDWD� IRU� FRUUHFWLQJ� WKH� HFKRHV� LQ� DQ� LPDJLQJ� H[SHULPHQW�
$OWHUQDWLYHO\�� UHGXFLQJ� WKH� IOLS� DQJOH� RI� WKH� SXOVH� WUDLQ�ZLOO� UHVXOW� LQ� D� GLPLQLVKHG
FRQWULEXWLRQ�IURP�KLJKHU�RUGHU�HFKRHV��KRZHYHU�LW�ZRXOG�DOVR�UHGXFH�WKH�DPSOLWXGHV
RI�WKH�SULPDU\�HFKRHV�
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$QRWKHU�ZD\� WR� RYHUFRPH� WKLV� SUREOHP�RI�%º� LQKRPRJHQHLW\� LV� WR� XVH� RQO\� SXOVHV
ZLWK�SKDVHV�RI�HLWKHU��q�RU����q��VR�WKDW�KLJKHU�RUGHU�HFKRHV�ZLOO�KDYH�WKHVH�SKDVHV
DOVR�� � ,Q� WKLV� ZD\� WKH� SKDVH� YDULDWLRQ� FDQ� EH� HOLPLQDWHG�� EXW� WKHUH� ZLOO� VWLOO� EH
YDULDELOLW\� LQ� WKH� FRQWULEXWLRQV� RI� WKH� DPSOLWXGHV� RI� KLJKHU� RUGHU� HFKRHV� WR� WKH
REVHUYHG�HFKRHV�

������ )UHTXHQF\�GRPDLQ
7KH� '$17(� SXOVH� WUDLQ�� WKH� UHJXODUO\�VSDFHG�� VKRUW�� KDUG� UI� SXOVHV� XWLOLVHG� LQ
%8567�� ZDV� ILUVW� SURSRVHG� WR� RYHUFRPH� OLPLWDWLRQV� RI� 105� VSHFWURPHWHUV�
SULPDULO\� WKDW� WKH� WUDQVPLWWHU� IUHTXHQF\� FRXOG� QRW� EH� DGMXVWHG� ILQHO\� HQRXJK� IRU
FHUWDLQ� H[SHULPHQWV� DQG� WKDW� LW� GLG� QRW� VHWWOH� UDSLGO\� HQRXJK� DIWHU� EHLQJ� VZLWFKHG
>��@�� � 7KH� 5)� SXOVHV� KDYH� D� FXPXODWLYH� HIIHFW�� H[FLWLQJ� WKH� PDJQHWLVDWLRQ� DW� WKH
WUDQVPLWWHU�IUHTXHQF\�DQG�DW�D�VHULHV�RI�VLGHEDQG�IUHTXHQFLHV�GLVSODFHG�SHULRGLFDOO\
HLWKHU� VLGH� RI� WKH� WUDQVPLWWHU� IUHTXHQF\�� ZKLOVW� LQ�EHWZHHQ� IUHTXHQFLHV� H[SHULHQFH
YHU\�OLWWOH�H[FLWDWLRQ�

)LJXUH�����7KH�PRWLRQ�RI�WKH�PDJQHWLVDWLRQ�YHFWRUV�LQ�WKH�URWDWLQJ�IUDPH��IURP�>��@��

7KLV� FDQ� EH� HDVLO\� YLVXDOLVHG� E\� IROORZLQJ� WKH� PRWLRQ� RI� D� PDFURVFRSLF
PDJQHWLVDWLRQ� YHFWRU� DW� D� IUHTXHQF\� RIIVHW�û&� IURP� WKH� WUDQVPLWWHU� IUHTXHQF\�&»�
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LJQRULQJ�WKH�HIIHFWV�RI�UHOD[DWLRQ���,Q�D�IUDPH�RI�UHIHUHQFH�URWDWLQJ�DW�&¼��WKH�ILUVW�5)
SXOVH� WLSV� WKH� PDJQHWLVDWLRQ� YHFWRU� DQ� DQJOH� D� DERXW� WKH� [� D[LV�� DQG� WKLV� WKHQ
SUHFHVVHV� DERXW� WKH� ]� D[LV� WKURXJK� DQ� DQJOH���  �û&2�� � 7KH� QH[W�5)�SXOVH� WLSV� WKH
PDJQHWLVDWLRQ� IXUWKHU�� DQG� WKHQ� LW� SUHFHVVHV� DJDLQ�� � 2Q� UHVRQDQFH�� DV� WKHUH� LV� QR
SUHFHVVLRQ�� WKLV� SURGXFHV� D� FXPXODWLYH� WLSSLQJ� HIIHFW�� ZKLFK� DOVR� RFFXUV� DW
IUHTXHQFLHV� GLVSODFHG� E\�û& ��Q���2�� ZKHUH� Q� LV� DQ� LQWHJHU�� IURP� WKH� WUDQVPLWWHU
IUHTXHQF\���$W�WKHVH�IUHTXHQFLHV�WKH�SUHFHVVLRQ�FDUULHV�WKH�PDJQHWLVDWLRQ�DQ�LQWHJUDO
QXPEHU� RI� UHYROXWLRQV� DERXW� WKH� ]� D[LV� EHWZHHQ� VXFFHVVLYH� 5)� SXOVHV�� � $W
IUHTXHQFLHV� LQ�EHWZHHQ� WKHVH� UHVRQDQFHV��û& ��Q�����2��ZKHUH��� JLYHV� WKH� H[FHVV
DQJOH� RI� SUHFHVVLRQ� EHWZHHQ� 5)� SXOVHV�� WKH�PDJQHWLVDWLRQ� LV� FDUULHG� SURJUHVVLYHO\
IXUWKHU� DZD\� IURP� WKH� <=� SODQH�� DQG� KHQFH� WKLV� UHVXOWV� LQ� D� OHVVHU� FXPXODWLYH
H[FLWDWLRQ���$W�VPDOO�IUHTXHQF\�RIIVHWV�WKH�PDJQHWLVDWLRQ�YHFWRUV�FXUO�DZD\�IURP�WKH
<=� SODQH� DQG� IDOO� VKRUW� RI� WKH� ;<� SODQH�� DQG� DW� PRUH� GLVWDQW� IUHTXHQFLHV� WKH
PDJQHWLVDWLRQ�YHFWRU�PDNHV�VPDOO��DSSUR[LPDWHO\�FLUFXODU��WUDMHFWRULHV�FORVH�WR�WKH�]
D[LV�DV�VKRZQ�

+HQFH�� WKH� H[FLWDWLRQ� LV� KLJKO\� VHOHFWLYH�� UHVXOWLQJ� LQ� QDUURZ� VWULSV� RI� H[FLWDWLRQ�
6LQFH�RQO\�D�VPDOO�SURSRUWLRQ�RI�WKH�PDJQHWLVDWLRQ��a��1��LV�IXOO\�H[FLWHG�WKH�HFKRHV
ZLOO�KDYH�D�FRPSDUDWLYHO\�ORZ�615���+RZHYHU��WKLV�H[FLWDWLRQ�SDWWHUQ�KDV�DOVR�EHHQ
PDGH�XVH�RI�WR�DFKLHYH�D�KLJKHU�LPDJLQJ�UHVROXWLRQ�� �7KH�LQWULQVLF�UHVROXWLRQ�RI� WKH
VHTXHQFH� LV� HTXDO� WR� WKH� VSDFLQJ� RI� WKH� VLGHEDQGV�� ZKHUHDV� WKH� QDUURZ� VWULSV� RI
H[FLWDWLRQ� DOORZ� IRU� D� VXE�SL[HO� ORFDOLVDWLRQ� RI� WKH� VSLQV�� �7KLV� KDV� EHHQ� XVHG� LQ� D
PLFURVFRSLF�LPDJLQJ�WHFKQLTXH�GHYHORSHG�E\�7DQLJXFKL�HW�DO��>��@�

,W� LV� WKH� PRWLRQ� RI� WKH� PDJQHWLVDWLRQ� YHFWRU� DW� WKH� ILUVW� VLGHEDQG
IUHTXHQF\� ZKLFK� JLYHV� WKH� '$17(� VHTXHQFH� LWV� QDPH�� � ,Q� WKH� VHFRQG
VHFWLRQ� RI� 'DQWH� $OLJKLHUL
V� �/D� 'LYLQH� &RPPHGLD��� WKH� �3XUJDWRULR��
'DQWH�DQG�9LUJLO�PDNH�D�MRXUQH\�WKURXJK�3XUJDWRU\��LQ�ZKLFK�WKHUH�DUH
WHQ�FLUFXODU�OHGJHV��RQH�DERYH�WKH�RWKHU��UXQQLQJ�DURXQG�D�PRXQWDLQ���,Q
RUGHU�WR�SURJUHVV�WRZDUGV�KHDYHQ��VRXOV�PXVW�FLUFXPQDYLJDWH�HDFK�OHGJH
EHIRUH�PDNLQJ�WKHLU�ZD\�XS�WR�WKH�QH[W���7KLV�PRWLRQ�SDUDOOHOV�WKDW�RI�WKH
WLS� RI� WKH� PDJQHWLVDWLRQ� YHFWRU� DW� WKH� ILUVW� VLGHEDQG� IUHTXHQF\�� DOEHLW
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UXQQLQJ� LQ� UHYHUVH� WHPSRUDO� RUGHU�� � +HQFH� WKH� QDPH�'$17(� ��'HOD\V
$OWHUQDWLQJ�ZLWK�1XWDWLRQV�IRU�7DLORUHG�([FLWDWLRQ�>��@

$�PRUH�TXDQWLWDWLYH�DQDO\VLV�RI�WKH�H[FLWDWLRQ�SDWWHUQ�FDQ�EH�DFKLHYHG�E\�UHVWULFWLQJ
WKH�IOLS�DQJOHV�WR�VPDOO�YDOXHV��VXFK�WKDW�WKH�OLQHDU�DSSUR[LPDWLRQ�DSSOLHV�DQG�)RXULHU
DQDO\VLV�FDQ�EH�XVHG���,Q�WKLV�FDVH�DQ�DSSUR[LPDWH�H[FLWDWLRQ�SURILOH�LV�REWDLQHG�IURP
WKH�)RXULHU�WUDQVIRUP�RI�WKH�SXOVH�VHTXHQFH���7KLV�DSSUR[LPDWLRQ�KDV�EHHQ�IRXQG�WR
UHPDLQ�XVHIXO�IRU�D�SKDVHG�PXOWL�SXOVH�VHTXHQFH��DV�GHVFULEHG�ODWHU���HYHQ�ZKHQ�WKH
VXP�RI�WKH�IOLS�DQJOHV�LV�PXFK�ODUJHU�WKDQ������SURYLGHG�WKH�H[FLWDWLRQ�LV�UHDVRQDEO\
XQLIRUP� �VR� WKDW� HYHQ� DW� VSHFWUDO� SHDN� WKH� WRWDO� QXWDWLRQ� LV� QRW� WRR� IDU� EH\RQG
����>��@�

0DWKHPDWLFDOO\�� WKH�'$17(�SXOVH� WUDLQ�FDQ�EH�GHULYHG�IURP�WKUHH�EDVLF� IXQFWLRQV�
DQ�LQILQLWH��SHULRGLF�WUDLQ�RI�½�IXQFWLRQV�DQG�WZR�UHFWDQJXODU��WRS�KDW��IXQFWLRQV��DV
VKRZQ�EHORZ�
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)LJXUH�����)RXULHU�WUDQVIRUP�RI�WKH�'$17(�SXOVH�WUDLQ

7KH�)RXULHU� WUDQVIRUP� LV�GHWHUPLQHG�E\� WKH� FRQYROXWLRQ� WKHRUHP�� �7KLV� VKRZV� WKDW
WKH� H[FLWDWLRQ� UHVXOWV� LQ� D� SHULRGLF� WUDLQ� RI� QDUURZ� VLQF� IXQFWLRQV� PRGXODWHG� E\� D
EURDG� VLQF� IXQFWLRQ�� � ,Q� WHUPV� RI� LPDJLQJ�� WKH� VSLQV� DUH� H[FLWHG� LQ� QDUURZ� SODQHV
WKURXJK�WKH�VDPSOH���7KHQ��WKH����q�SXOVH�VHOHFWV�VSLQV�LQ�DQ�RUWKRJRQDO�SODQH�VR�WKDW
WKH� H[FLWHG� VSLQV� OLH� LQ� VWULSV�ZLWKLQ� WKH� LPDJLQJ� SODQH�� 7KH� VSHFWUDO� ZLGWK� RI� WKH
VWULSV� LV� HTXDO� WR� WKH� ZLGWK� RI� WKH� QDUURZ� VLQF�� ���12��� ZKHUH�1� LV� WKH� QXPEHU� RI
SXOVHV�DSSOLHG�DQG�2��LV�WKH�SXOVH�VSDFLQJ���7KH�VSDFLQJ�RI�WKH�VWULSV�LV�HTXDO�WR����2�
�VHH�)LJXUH����DERYH���ZKLFK�LV�HTXDO� WR��1�[�VWULS�ZLGWK��� �+HQFH��RQO\���1�RI� WKH
VSLQV�DUH�H[FLWHG�
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7KH� GXUDWLRQ� RI� HDFK� VDPSOHG� HFKR� GHWHUPLQHV� WKH� VSHFWUDO� UHVROXWLRQ�� WKDW� LV�
VSHFWUDO� UHVROXWLRQ�  � ����VDPSOHG� HFKR� GXUDWLRQ��� � +RZHYHU�� VLQFH� WKH� VDPSOLQJ
GXUDWLRQ� LV� QHFHVVDULO\� WKH� VDPH� DV� WKH� VSDFLQJ� RI� WKH� SXOVHV� � 2���� WKH� VSHFWUDO
UHVROXWLRQ� LV� HTXDO� WR� WKH� VSDFLQJ�RI� WKH� VWULSV�� ���2��� � 7KDW� LV�� WKHUH� LV� H[DFWO\� RQH
H[FLWHG� VWULS� ZLWKLQ� HDFK� SL[HO� RI� WKH� LPDJH�� 7KH� EURDG� VLQF� IXQFWLRQ� UHIOHFWV� WKH
EDQGZLGWK� RI� WKH� LQGLYLGXDO� 5)� SXOVHV�� � ,Q� SUDFWLFH�� WKH� H[FLWDWLRQ� QHHGV� WR� EH
XQLIRUP� RYHU� WKH� )R9�� DQG� WKLV� FDQ� EH� DFKLHYHG� E\� VKDSLQJ� WKH� 5)� SXOVHV�� � 7KLV
DQDO\VLV�LV�YHU\�VLPLODU�WR�WKH�GLJLWDO�VDPSOLQJ�WKHRU\�GHVFULEHG�HDUOLHU�LQ�6HFWLRQ�����
ZKLFK�JDYH�ULVH�WR�DOLDVLQJ�DQG�SXW�D�OLPLW�RQ�WKH�UHVROXWLRQ�

)XUWKHU�GHYHORSPHQWV� LQ�%8567�KDYH� LQWURGXFHG�SKDVH�PRGXODWLRQ� DQG� IUHTXHQF\
VZLWFKLQJ�� �7KHVH� WHFKQLTXHV�SURGXFH� D�QHDU�FRPSOHWH� H[FLWDWLRQ� DQG� OHDG� WR�PXFK
KLJKHU�615��DOWKRXJK�VWLOO�ORZHU�WKDQ�LQ�(3,���7KHVH�DUH�GLVFXVVHG�LQ�WKH�ODWHU�FKDSWHU
RQ�SKDVH�DQG�DPSOLWXGH�PRGXODWLRQ�RI�WKH�5)�WUDLQ�

$Q�LQWHUHVWLQJ�FRQQHFWLRQ�KDV�EHHQ�PDGH�EHWZHHQ�%8567�LPDJLQJ�DQG�D�VFDQQLQJ
WHFKQLTXH� IURP� WKH� HDUO\� GD\V� RI� 05,�� � ,Q� ����� 0DQVILHOG� DQG� 0DXGVOH\� >��@
SURSRVHG�D�WHFKQLTXH�NQRZQ�DV�SODQDU�LPDJLQJ��ZKHUHE\�VHYHUDO� OLQHV�RI� WKH�REMHFW
DUH�VLPXOWDQHRXVO\�H[FLWHG��DQG�WKHQ�WKH�HFKRHV�DUH�DFTXLUHG�ZLWK�D�VOLJKWO\�VNHZHG
JUDGLHQW�ZKLFK�SURMHFWV�DOO�WKH�LPDJH�GDWD�DW�RQFH���0DWVXGD�HW�DO��>��@�VKRZHG�WKDW
%8567�ZRUNV�LQ�DQ�LGHQWLFDO�ZD\���)LUVWO\��WKH\�QRWH�WKDW�WKH�HFKR�WUDLQ�DFTXLUHG�LV
VLPSO\�D���'�SURMHFWLRQ�RI�WKH�LPDJH��VLQFH�WKH�HQWLUH�HFKR�WUDLQ�LV�REVHUYHG�XQGHU�D
IL[HG� JUDGLHQW�� � ,Q� WKLV� VHQVH� WKH� SKDVH�HQFRGLQJ� JUDGLHQW� WLOWV� VOLJKWO\� WKH� RYHUDOO
RULHQWDWLRQ�RI�WKH�UHVXOWDQW�JUDGLHQW�DZD\�IURP�WKH�UHDGRXW�JUDGLHQW��7KLV�DQJOH�RI�WLOW
RI� WKH�JUDGLHQW��DQG�VR�RI� WKH�SURMHFWLRQ�D[LV�� LV�VXFK� WKDW� WKH�SURMHFWLRQ�VLJQDO�DW�D
SRLQW� RQ� WKH� HFKR� WUDLQ� RULJLQDWHV� IURP� RQH� DQG� RQO\� RQH� VWULS� RI� WKH� H[FLWHG
PDJQHWLVDWLRQ�LQ�WKH�ILHOG�RI�YLHZ��DV�LQGLFDWHG�EHORZ���,Q�WKLV�ZD\�HDFK�SRLQW�RI�WKH
SURMHFWHG� LPDJH� FDQ�EH� WUDFHG�EDFN� WR� D� SRLQW� RQ� RQH� RI� WKH� VWULSV��$���'�)RXULHU
WUDQVIRUP�FDQ�EH�SHUIRUPHG�RQ�WKH�HFKRHV�DQG�WKHQ�WKH�GDWD�FDQ�EH�UHELQQHG�LQWR�D���
'�DUUD\�WR�SURGXFH�DQ�LPDJH�
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)LJXUH�����/LQH�VFDQQLQJ�LQWHUSUHWDWLRQ�RI�%8567���(DFK�SRLQW�RQ�WKH�VWULSV�LV
XQLTXHO\�IUHTXHQF\�HQFRGHG�E\�WKH�UHVXOWDQW�JUDGLHQW�

������ %8567�FKDUDFWHULVWLFV
%8567� LV� DQ� LQWHUHVWLQJ� LPDJLQJ�PHWKRG� WKDW� ZRUNV� LQ� D� IXQGDPHQWDOO\� GLIIHUHQW
ZD\�WR�PRVW�RWKHU�PHWKRGV����2QH�GUDZEDFN�RI�WKH�%8567�PHWKRG�LV�WKDW�LW�SURGXFHV
LPDJHV�ZLWK�D�UHODWLYHO\�ORZ�615���+RZHYHU��LQ�LWV�IDYRXU�LV�WKDW�IDFW�WKDW�LW�LV�PXFK
OHVV�GHPDQGLQJ�RQ� WKH�JUDGLHQWV� WKDQ�RWKHU� WHFKQLTXHV�VXFK�DV�(3,��ZLWK� WKH�DGGHG
EHQHILW� RI� EHLQJ� DQ� DFRXVWLFDOO\� TXLHW� WHFKQLTXH�� � 7KH� HFKRHV� DUH� ERWK� 7A�� DQG
GLIIXVLRQ�ZHLJKWHG�� EXW� KDYH� ]HUR� �RU� RWKHUZLVH� HTXDO�� 7AB� ZHLJKWLQJ�� � 7KLV� JLYHV
%8567� D� PDUNHG� DGYDQWDJH� RYHU� JUDGLHQW�EDVHG� WHFKQLTXHV�� IRU� ZKLFK� GLVWRUWLRQ
DQG� VLJQDO� GURSRXW� FDQ� EH� D� SUREOHP�� HVSHFLDOO\� DW� KLJK� ILHOG�� � $OVR�� %8567� KDV
SRWHQWLDO� DV� D� YROXPH� LPDJLQJ� WHFKQLTXH�� JLYHQ� WKDW� WKH� H[FLWDWLRQ� LV� LQKHUHQWO\
YROXPDU���$OO�WKLV�VXJJHVWV�WKDW�%8567�LV�EHVW�VXLWHG�WR�KLJK�ILHOG�ZRUN��KRZHYHU�WKH
PDMRULW\�RI�ZRUN�SXEOLVKHG�WR�GDWH�KDV�EHHQ�FDUULHG�RXW�DW����7���2QH�LVVXH�DIIHFWLQJ
%8567�DW�KLJK� ILHOGV� LV� UHODWHG� WR�5)�SRZHU� UHTXLUHPHQWV� IRU�H[FLWDWLRQ�� �%8567
VDWXUDWHV�VSLQV�RYHU�D�ZLGH�EDQGZLGWK��ZKLFK�SXVKHV�XS�ERWK�WKH�WRWDO�SRZHU�DQG�WKH
SHDN� SRZHU�� � 7KHVH� DUH� FULWLFDO� IDFWRUV� DW� KLJKHU� ILHOGV�� DQG� KDUGZDUH� DQG� 6$5
FRQVWUDLQWV�FDQ�OLPLW�WKH�IOLS�DQJOH�WKDW�FDQ�EH�XVHG�

������ %8567�YDULDWLRQV
7KH�RULJLQDO�GHVFULSWLRQ�RI�%8567�>��@�ZDV�RI�D�WUDLQ�RI�SXOVHV�IROORZHG�E\�D�WUDLQ
RI�HFKRHV��DOO�DFTXLUHG�XQGHU�D�FRQVWDQW�JUDGLHQW���/DWHU��WKH�VLJQDO�ZDV�UHIRFXVVHG�E\
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XVH�RI����q�SXOVHV�WR�JLYH�VSLQ�HFKRHV�>������@�DQG�E\�D�SDLU�RI���q�SXOVHV� WR�JLYH
VWLPXODWHG� HFKRHV� >��@�� RU� E\� JUDGLHQW� UHYHUVDOV� >���� ��@�� � 7KH� HIILFLHQF\� RI� WKH
WHFKQLTXH�ZDV�JUHDWO\� LPSURYHG�ZLWK� WKH� LQWURGXFWLRQ�RI�SKDVH�PRGXODWLRQ� >�����@
DQG� IUHTXHQF\� VZLWFKLQJ� >��@�� �7KH� ODWWHU�ZRUN� DOVR� XVHG� GRXEOH� JUDGLHQW� UHYHUVDO�
ZKLFK�UHVXOWV�LQ�HFKRHV�ZLWK�HTXDO�7C�ZHLJKWLQJ���7KH�%$6(�YDULDQW�>��@�LPSURYHG
RQ�WKH�615�E\�XVLQJ�D�VKRUWHU�5)�WUDLQ��ZKLFK�LV�WKHQ�PXOWLSO\�UHIRFXVVHG�E\�XVH�RI
VXFFHVVLYH� ���q� SXOVHV�� � 9ROXPH� LPDJLQJ� ZDV� SHUIRUPHG� ZLWK� WKH� JUDGLHQW�
UHIRFXVVHG� 85*(9,� >��@�� DQG� D� PXOWLVOLFH� YDULDQW� 67($0�%8567� >��@� XVHG
VWLPXODWHG�HFKRHV�WR�UHFDOO�HDFK�VOLFH�RI�VSLQV� LQ� WXUQ�� �7KH� ODWWHU�ZRUN�ZDV�FDUULHG
RXW�DW��7��ZKHUHDV�WKH�RWKHU�ZRUN�ZDV�PDLQO\�FDUULHG�RXW�DW����7�

7KH�LQWULQVLF�GLIIXVLRQ�ZHLJKWLQJ�RI� WKH�%8567�HFKRHV�KDV�EHHQ�H[SORUHG�>������@
DQG�XVHG� LQ�DFTXLULQJ� UDSLG�GLIIXVLRQ�ZHLJKWHG� LPDJHV� >��@�� � I%8567� LV� WKH�QDPH
JLYHQ� WR� WKH� IXQFWLRQDO� LPDJLQJ� PHWKRG� FDUULHG� RXW� ZLWK� DV\PPHWULF� VSLQ� HFKRHV
>��@�� LQ�ZKLFK� DOO� HFKRHV� KDYH� HTXDO�7CD�ZHLJKWLQJ�� �2WKHU�PHWKRGV� LQFOXGH� UDGLDO
%8567>��@�� LQ�ZKLFK� WKH�H[FLWDWLRQ�JUDGLHQW� LV� URWDWHG�GXULQJ�H[FLWDWLRQ��DQG�KDOI�
)RXULHU� %8567� >��@�� ZKLFK� VKRZHG� DQ� LPSURYHPHQW� LQ� 615� XQGHU� FHUWDLQ
FRQGLWLRQV�

���� 5HIHUHQFHV
�� 0RUULV��3�*���1XFOHDU�0DJQHWLF�5HVRQDQFH�LQ�0HGLFLQH�DQG�%LRORJ\�������

&ODUHQGRQ�3UHVV��2[IRUG�

�� 'DPDGLDQ��5���/��0LQNRII��0��*ROGVPLWK��HW�DO���6FLHQFH�������������S�������

�� 'DPDGLDQ��5���/��0LQNRII��0��*ROGVPLWK��HW�DO���3K\VLRO��&KHP��3K\V��������
���S�����

�� +LQVKDZ��:�6��LQ�3URF��$PSHUH�&RQJU����WK��1RWWLQJKDP�������

�� +LQVKDZ��:�6���3K\V��/HWW�����������$��S�����

�� 0DXGVOH\��$�$���-��0DJQ��5HVRQ�������������S������
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�� 6XWKHUODQG��5�-��DQG�-�0�6��+XWFKLVRQ��-��3K\V��(���6FLHQW��,QVWUXP������������
S�����

�� +RXQVILHOG��*�1���&RPSXWHUL]HG�D[LDO�WUDQVYHUVH�VFDQQLQJ��WRPRJUDSK\���%U�
-��5DGLRO������������S������������

�� /DXWHUEXU��3�&���1DWXUH��/RQG��������������S������

��� 0DQVILHOG��3��DQG�3�.��*UDQQHOO��
'LIIUDFWLRQ
�LQ�6ROLGV"�-RXUQDO�RI�&KHPLFDO
3K\VLFV��&�����������S��/����

��� (GHOVWHLQ��:�$���-�0�6��+XWFKLVRQ��*��-RKQVRQ��HW�DO���3K\V��0HG��%LRO��
����������S������

��� 0DQVILHOG��3���0XOWL�3ODQDU�,PDJH�)RUPDWLRQ�XVLQJ�105�6SLQ�(FKRHV�
-RXUQDO�RI�&KHPLFDO�3K\VLFV��&������������S��/���

��� 0DQVILHOG��3��DQG�,�/��3\NHWW��-��0DJQ��5HVRQ�������������S������

��� +DDVH��$���-��)UDKP��'��0DWWKDHL��HW�DO���)/$6+�LPDJLQJ��5DSLG�105
LPDJLQJ�XVLQJ�ORZ�IOLS�DQJOH�SXOVHV��-��0DJQ��5HVRQ�������������S����������

��� +HQQLJ��-���$��1DXHUWK�DQG�+��)ULHGEXUJ��5$5(�LPDJLQJ��D�IDVW�LPDJLQJ
PHWKRG�IRU�FOLQLFDO�05��0DJQ��5HVRQ��0HG������������S����������

��� $KQ��&�%���&�<��5HZ��-�+��.LP��HW�DO��$�QHZ�KLJK�VSHHG�VSLUDO�VFDQ�HFKR�
SODQDU��6(3,��105�LPDJLQJ��LQ��WK�6050��/RQGRQ�������

��� +HLG��2���0��'HLPOLQJ�DQG�:��+XN��48(67���D�TXLFN�HFKR�VSOLW�105
LPDJLQJ�WHFKQLTXH��0DJQ��5HVRQ��0HG�������������S����������

��� +HQQLJ��-���(FKRHV���+RZ�WR�JHQHUDWH��UHFRJQL]H��XVH�RU�DYRLG�WKHP�LQ�05�
LPDJLQJ�VHTXHQFHV��SDUW����&RQFHSWV�0DJQ��5HVRQ������������S����������

��� -HUHFLF��5���0��%RFN�DQG�/�5��6FKDG��$Q�DPSOLWXGH�RSWLPL]HG�VLQJOH�VKRW
K\EULG�48(67�WHFKQLTXH��0DJQ��5HVRQ��,PDJ�������������S��������

��� =KD��/��DQG�,�-��/RZH��2SWLPLVHG�XOWUD�IDVW�LPDJLQJ�VHTXHQFH��28),6��
0DJQ��5HVRQ��0HG�������������S����������
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��� &KR��=�+���<�0��5R�DQG�,�.��+RQJ��)0�'$17(�IDVW�LPDJLQJ�DQG�YDULDWLRQV�
HPHUJLQJ�UI�EDVHG�XOWUDIDVW�LPDJLQJ�WHFKQLTXHV��&RQFHSWV�0DJQ��5HVRQ��
�������������S��������

��� *HOGHUHQ��3�Y���-�+��'X\Q�DQG�&�7�:��0RRQHQ��$QDO\WLFDO�VROXWLRQ�IRU�SKDVH
PRGXODWLRQ�LQ�%8567�LPDJLQJ�ZLWK�RSWLPXP�VHQVLWLYLW\��-��0DJQ��5HVRQ�
6HULHV�%�������������S��������

��� +HLG��2���%8567�H[FLWDWLRQ�SXOVHV��0DJQ��5HVRQ��0HG�������������S������
����

��� 5RX[��3�/���-��3DXO\�DQG�$��0DFRYVNL��%8567�H[FLWDWLRQ�SXOVHV��LQ�
3URF��
6050����WK�$QQXDO�0HHWLQJ
��������S������

��� )UHHPDQ��5���LQ�6SLQ�FKRUHRJUDSK\��EDVLF�VWHSV�LQ�KLJK�UHVROXWLRQ�105�
������2[IRUG��6SHNWUXP��S����������

��� 0RUULV��*�$��DQG�5��)UHHPDQ��6HOHFWLYH�H[FLWDWLRQ�LQ�)RXULHU�WUDQVIRUP
QXFOHDU�PDJQHWLF�UHVRQDQFH��-��0DJQ��5HVRQ�������������S����������

��� 7DQLJXFKL��<���+��2FKL�DQG�.��2NDMLPD���'�%XUVW�PLFURVFRSLF�LPDJLQJ��LQ
�WK�,6050�������

��� 0DQVILHOG��3��DQG�$�$��0DXGVOH\��3ODQDU�VSLQ�LPDJLQJ�E\�105��-��0DJQ�
5HVRQ�������������S����������

��� 0DWVXGD��7���0��.RURPL��+��,QRXH��HW�DO���$QRWKHU�LQWHUSUHWDWLRQ�RI�%8567
LPDJLQJ�DV�D�YDULDWLRQ�RI�OLQH�SURMHFWLRQ�LPDJLQJ��0DJQ��5HVRQ��0HG��������
����S����������

��� +HQQLJ��-��DQG�0��0XHUL��)DVW�LPDJLQJ�XVLQJ�%XUVW�H[FLWDWLRQ�SXOVHV��LQ

3URF���6050���WK�$QQXDO�0HHWLQJ
��������S������

��� +HQQLJ��-��DQG�0��+RGDSS��%XUVW�LPDJLQJ��0$*0$�����������S��������

��� /RZH��,�-��DQG�5�(��:\VRQJ��'$17(�XOWUDIDVW�LPDJLQJ�VHTXHQFH��'8),6���-�
0DJQ��5HVRQ��6HULHV�%�������������S����������
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��� &UHPLOOLHX[��<���&�$��:KHHOHU�.LQJVKRWW��$��%ULJXHW��HW�DO���67($0�%8567�
$�VLQJOH�VKRW��PXOWL�VOLFH�LPDJLQJ�VHTXHQFH�ZLWKRXW�UDSLG�JUDGLHQW�VZLWFKLQJ�
0DJQ��5HVRQ��0HG�������������S����������

��� +HLG��2���0��'HLPOLQJ�DQG�:�-��+XN��8OWUD�UDSLG�JUDGLHQW�HFKR�LPDJLQJ�
0DJQ��5HVRQ��0HG�������������S����������

��� 'X\Q��-�+���3�Y��*HOGHUHQ��*��/LX��HW�DO���)DVW�YROXPH�VFDQQLQJ�ZLWK
IUHTXHQF\�VKLIWHG�%8567�05,��0DJQ��5HVRQ��0HG�������������S����������

��� *HOGHUHQ��3�Y���&�7�:��0RRQHQ�DQG�-�+��'X\Q��6XVFHSWLELOLW\�LQVHQVLWLYH
VLQJOH�VKRW�05,�FRPELQLQJ�%8567�DQG�PXOWLSOH�VSLQ�HFKRHV��0DJQ��5HVRQ�
0HG�������������S����������

��� +HLG��2��8OWUD�UDSLG�JUDGLHQW�HFKR�SODQDU���YROXPDU�LPDJLQJ��LQ��UG�6050�
������1LFH�

��� 'RUDQ��6�-��DQG�0��'pFRUSV��$�UREXVW��VLQJOH�VKRW�PHWKRG�IRU�PHDVXULQJ
GLIIXVLRQ�FRHIILFLHQWV�XVLQJ�WKH��%8567��VHTXHQFH��-��0DJQ��5HVRQ��6HU��$�
�����������S����������

��� 'RUDQ��6�-���3��-DNRE�DQG�0��'pFRUSV��5DSLG�UHSHWLWLRQ�RI�WKH��%XUVW�
VHTXHQFH��7KH�UROH�RI�GLIIXVLRQ�DQG�FRQVHTXHQFHV�IRU�LPDJLQJ��0DJQ��5HVRQ�
0HG�������������S�����������

��� :KHHOHU�.LQJVKRWW��&�$���'�/��7KRPDV��0�)��/\WKJRH��HW�DO���%XUVW�H[FLWDWLRQ
IRU�TXDQWLWDWLYH�GLIIXVLRQ�LPDJLQJ�ZLWK�PXOWLSOH�E�YDOXHV��0DJQ��5HVRQ�
0HG����������������S����������

��� -DNRE��3�0���*��6FKODXJ��0��*ULVZROG��HW�DO���)XQFWLRQDO�%8567�LPDJLQJ�
0DJQ��5HVRQ��0HG��������������S����������

��� -DNRE��3�0���)��.REHU�DQG�$��+DDVH��5DGLDO�%8567�LPDJLQJ���0DJQ��5HVRQ�
0HG�������������S����������

��� -DNRE��3�0���0��*ULVZROG��.�2��/RYEODG��HW�DO���+DOI�)RXULHU�%8567
LPDJLQJ�RQ�D�FOLQLFDO�VFDQQHU��0DJQ��5HVRQ��0HG�������������S����������
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�� ,QVWUXPHQWDWLRQ�	�&RQWURO

$�EULHI�RYHUYLHZ�LV�SUHVHQWHG�RI�WKH�OD\RXW�DQG�VSHFLILFDWLRQ�RI�WKH�LPDJLQJ�V\VWHP
XVHG�IRU� WKLV�ZRUN�� �7KHQ� WKH�GHYHORSPHQWDO�ZRUN� LQ� LPSOHPHQWLQJ�%8567�RQ� WKH
V\VWHP� LV� RXWOLQHG�� IROORZHG� E\� GHWDLOV� RI� WKH� SURFHVVLQJ� DQG� VLPXODWLRQ� VRIWZDUH
ZKLFK�KDV�EHHQ�ZULWWHQ�

���� 7KH�LPDJLQJ�V\VWHP
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)LJXUH�����6WUXFWXUDO�RYHUYLHZ�RI�WKH�UHOHYDQW�KDUGZDUH�RI�WKH�1RWWLQJKDP��7
V\VWHP�

7KH��7�ZKROH�ERG\�(3,�V\VWHP�LQ�1RWWLQJKDP�>�@�ZDV�XVHG�IRU�DOO�WKH�H[SHULPHQWV�
,W�KRXVHV�D�VXSHUFRQGXFWLYH�PDJQHW�ILWWHG�ZLWK�ERWK�SDVVLYH�VKLPV�DQG�UHVLVWLYH�VKLP
FRLOV�� � ,W�KDV�D�KRPRJHQHLW\�RI����SSP�RYHU�D���FP�GVY�ZLWKRXW�VKLPPLQJ��DQG�RI
��SSP� RYHU� D� ��FP� GVY� IROORZLQJ� VKLPPLQJ�� � 7KH� ILHOG� LV� VWDEOH� WR� ���� SSP� SHU
KRXU���,W�LV�XVHG�SULPDULO\�IRU�(3,���+RPH�EXLOW�JUDGLHQW�FRLOV�DUH�LQVWDOOHG�LQ�WKH�ERUH
WRJHWKHU�ZLWK� D� ��FP� GLDPHWHU� 7(0� FRLO�� ZKLFK� SURYLGHV� TXDGUDWXUH� WUDQVPLVVLRQ



��

DQG�UHFHSWLRQ���7KH�UHVW�RI�WKH�KDUGZDUH�VLWV�RXWVLGH�WKH�5)�VFUHHQHG�URRP�KRXVLQJ
WKH�PDJQHW�

7KH�FRPSXWHU�SURYLGHV�RYHUDOO�FRQWURO�RI�WKH�V\VWHP��7KH�VHTXHQFH�FRGH�LV�ZULWWHQ�LQ
D� FRPELQDWLRQ� RI� F� DQG� DVVHPEOHU�PDFUR� LQVWUXFWLRQV��ZKLFK� LV� WKHQ� FRPSLOHG� LQWR
DVVHPEOHU�FRGH�EHIRUH�EHLQJ�GRZQORDGHG�WR�WKH�ZDYHIRUP�FRQWUROOHU�� �7KLV�FRQVLVWV
RI� VHYHUDO� LQGHSHQGHQW� SURFHVVRUV�ZKLFK� FRQWURO� DQG� JHQHUDWH� WKH� JUDGLHQW� DQG�5)
ZDYHIRUPV��IRXU�SURFHVVRUV�IRU�WKH�JUDGLHQWV��RQH�LV�VSDUH���WZR�IRU�WKH�5)��RQH�IRU
VDPSOLQJ� DQG� RQH�PDVWHU� XQLW� WR� SURYLGH� RYHUDOO� FRQWURO��� �$� XVHU� LQWHUIDFH� RQ� WKH
FRPSXWHU� DOORZV� IRU� DGMXVWPHQW� RI� VHTXHQFH� SDUDPHWHUV� LQ� WKHVH� PRGXOHV� DIWHU
FRPSLODWLRQ���7KH�PRGXOHV�FDQ�JHQHUDWH�ZDYHIRUPV�ZLWK�D�UHVROXWLRQ�RI���V�DQG�WKH
VLJQDO�LV�VDPSOHG�ZLWK�D�������V�UHVROXWLRQ���7KH�DQDORJXH�RXWSXWV�IURP�WKH�JUDGLHQW
PRGXOHV� DUH� SDVVHG� ILUVW� WR� WKH� *08� �*UDGLHQW�0RGXODWLRQ� 8QLW�� ZKLFK� SURYLGHV
SUH�HPSKDVLV� FRUUHFWLRQ�� � 7KLV� DGMXVWV� WKH� JUDGLHQW� SURILOH� WR� FRPSHQVDWH� IRU� HGG\
FXUUHQWV� ZKLFK� DULVH� LQ� WKH� VWUXFWXUHV� RI� WKH� PDJQHW�� � 7KH� RXWSXW� LV� WKHQ� SDVVHG
WKURXJK�D�VHULHV�RI�SRZHU�DPSOLILHUV�RQ�LWV�ZD\�WR�WKH�JUDGLHQW�FRLOV���7KH�5)�PRGXOH
RXWSXW�LV�IHG�WR�D���N:�SRZHU�DPSOLILHU�DQG�WKHQ�RQWR�WKH�7(0�FRLO�

���� %8567�FRGLQJ
7KH� VFDQQHU� KDG� QRW� EHHQ� SUHYLRXVO\� FRGHG� IRU� %8567�� � 7KH� VHTXHQFH� KDV� EHHQ
LPSOHPHQWHG�DV�VKRZQ�LQ�)LJXUH����EHORZ���$�VOLFH�VHOHFWLYH����q�SXOVH��VDQGZLFKHG
EHWZHHQ� WZR� VSRLOHU� JUDGLHQW� OREHV�� LV� XVHG� WR� UHIRFXV� WKH� HFKRHV�� � 7KH� SKDVH
HQFRGLQJ�LV�DFKLHYHG�ZLWK�D�FRQVWDQW�JUDGLHQW�GXULQJ�DFTXLVLWLRQ���7KH�XVHU�LQWHUIDFH
SURYLGHV�IXOO�FRQWURO�RYHU�DOO�DPSOLWXGHV�DQG�WLPLQJV��VHH�)LJXUH�����

7KH� EDVLF� %8567� VHTXHQFH� LPSOHPHQWDWLRQ� XVHV� RQ�RII� UHFWDQJXODU� SXOVHV� LQ� WKH
'$17(� WUDLQ�� � 7KH� GXUDWLRQV� DQG� VSDFLQJV� RI� WKH� SXOVHV�� DV� ZHOO� DV� WKH� JUDGLHQW
DPSOLWXGHV��FDQ�DOO�EH�DOWHUHG�DW� UXQWLPH�� �7KH�FRQYHQWLRQDO�XVHU� LQWHUIDFH�KDV�EHHQ
DOWHUHG�WR�LQFRUSRUDWH�WKH�%8567�SDUDPHWHUV�

7KH�5)�JDWLQJ�IRU�WKH�'$17(�SXOVHV�LV�HQDEOHG�DW�WKH�VWDUW�RI�WKH�WUDLQ�DQG�GLVDEOHG
DW�WKH�HQG��UDWKHU�WKDQ�VZLWFKHG�RQ�DQG�RII�IRU�HYHU\�SXOVH��DV� LV�QRUPDOO\�WKH�FDVH�
7KLV�RWKHUZLVH�ZRXOG�OHDG�WR�SUREOHPV�ZKHQ�LPSOHPHQWLQJ�ORQJHU�SXOVHV��VXFK�DV�WKH



)LJXUH�����%8567�VHTXHQFH�LPSOHPHQWHG�RQ�WKH��7�VFDQQHU���7\SLFDO�'$17(
SDUDPHWHUV�DUH�LQGLFDWHG��WKH�XVH�RI�FKLUS�SXOVHV�LV�H[SODLQHG�LQ�&KDSWHU����
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FKLUS�SXOVHV�ZKHQ� WKH� WLPH� EHWZHHQ� WKH� SXOVHV� LV� VKRUW�� � 7KH� SKDVH� DQG� DPSOLWXGH
GDWD�IRU�WKH�'$17(�WUDLQ�LV�ILUVW�ZULWWHQ�ZLWK���ELW�UHVROXWLRQ�WR�WH[W�ILOHV��ZKLFK�DUH
UHDG�ZKHQ�WKH�FRGH�LV�FRPSLOHG���6HYHUDO�GLIIHUHQW�PRGXODWLRQ�VFKHPHV�DW�D�WLPH�FDQ
EH�VWRUHG�DQG�HDFK�FDQ�EH�VHOHFWHG�IURP�WKH�XVHU�LQWHUIDFH�

2QH�VKRUWFRPLQJ�RI� WKH�V\VWHP�LV� WKH� OLPLWHG�PHPRU\�RI� WKH�5)�PRGXOH�� � ,W� LV�QRW
SRVVLEOH�WR�VWRUH����SKDVH�PRGXODWHG�SXOVHV��VXFK�DV�FKLUS�SXOVHV����7KLV�LV�QHFHVVDU\
LI� D� GLIIHUHQW� SKDVH� RIIVHW� LV� UHTXLUHG� IRU� HDFK� SXOVH�� � +RZHYHU�� WKH� PXOWL�SKDVH
28),6� SKDVH�PRGXODWLRQ� RQO\� UHTXLUHV� HLJKW� GLIIHUHQW� SKDVH� RIIVHWV� LQ� D� ��� SXOVH
WUDLQ�� �7KLV�KDV�EHHQ�LPSOHPHQWHG�E\�VWRULQJ�WKH�EDVLF�VHW�RI�HLJKW�SXOVHV��DQG�WKHQ
UHGLUHFWLQJ�EHWZHHQ�WKHP�DV�UHTXLUHG���7KH�RUGHU�RI�WKH�SXOVHV�LV�VWRUHG�LQ�D�WH[W�ILOH�
ZKLFK� LV� UHDG� LQ� ZKHQ� WKH� FRGH� LV� FRPSLOHG�� 7KH� DOWHUQDWLYH� WR� WKLV� ZRXOG� EH� WR
H[SOLFLWO\�FRGH�IRU�HDFK�SXOVH�RI�WKH�WUDLQ��KRZHYHU�WKLV�ZRXOG�EH�YHU\�FXPEHUVRPH
DQG� LQIOH[LEOH�� � 7KLV� PHWKRG� HQDEOHV� PDQ\�� EXW� QRW� DOO�� RI� WKH� SKDVH� PRGXODWLRQ
WHFKQLTXHV� WR�EH� LPSOHPHQWHG�� �)RU� LQVWDQFH�� WKH�)0�%8567� WHFKQLTXH� >�@�FDQQRW
EH� VHW� XS�� VLQFH� LW� XVHV� D� TXDGUDWLF� SKDVH� SURJUHVVLRQ� ZLWK� ��� GLIIHUHQW� SKDVHV� RI
SXOVH�

$GGLWLRQDO�F�PDFURV�KDYH�EHHQ�ZULWWHQ�WR�KDQGOH�WKH�GLIIHUHQW�5)�UHTXLUHPHQWV�RI�WKH
EDVLF�VHTXHQFH�DQG�RI�WKH�YDULDWLRQV�WR�WKH�VHTXHQFH�GHVFULEHG�DERYH�

$Q� RVFLOODWRU\� JUDGLHQW� LV� UHTXLUHG� IRU� WKH� WHFKQLTXH� GHVFULEHG� LQ� &KDSWHU� ��� � )RU
WKHVH� H[SHULPHQWV� 9(56(�WUDQVIRUPHG� FKLUS� SXOVHV� KDYH� EHHQ� FDOFXODWHG� IRU
GLIIHUHQW� VLQXVRLGDO� JUDGLHQW�ZDYHIRUPV�� �$� VLQJOH�SHULRG� VLQXVRLGDO�ZDYHIRUP�KDV
EHHQ�ZULWWHQ�WR�ILOH�DQG�LV�UHDG�LQ�WR�WKH�PRGXOHV�ZKHQ�WKH�FRGH�LV�FRPSLOHG���$�WUDLQ
RI�JUDGLHQW�ZDYHIRUPV�LV�DSSOLHG�LQ�SDUDOOHO�ZLWK�WKH�WUDLQ�RI�5)�SXOVHV�WR�JLYH�D�ORQJ
RVFLOODWRU\� JUDGLHQW�� � 7KH� WLPH� FRQVWDQW� RI� WKH� JUDGLHQW� FRLO� FLUFXLW� ZDV� LQLWLDOO\
HVWLPDWHG��DQG�WKHQ�WKH�DPSOLWXGH�RI�WKH�RVFLOODWLRQ�ZDV�VFDOHG�XS�WR�WDNH�DFFRXQW�RI
WKH�UHDFWDQFH�RI�WKH�FLUFXLW���$�IXUWKHU�FRQWUROODEOH�WLPH�GHOD\�KDV�EHHQ�DGGHG�WR�WKH
VHTXHQFH�FRGH�WR�DOORZ�IRU�FRPSHQVDWLRQ�RI�DQ\�SKDVH�ODJ�LQ�WKH�RVFLOODWRU\�JUDGLHQW�
,Q�WKLV�LPSOHPHQWDWLRQ�WKH�LQWHUSXOVH�VSDFLQJ�FDQQRW�EH�DGMXVWHG��VLQFH�LW�LV�IL[HG�E\
WKH�SHULRG�RI�WKH�FKRVHQ�RVFLOODWLRQ�
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)LJXUH�����7KH�XVHU�LQWHUIDFH�IRU�FRQWUROOLQJ�WKH�%8567�VHTXHQFH
)XUWKHU� DGGLWLRQV� WR� WKH� FRGH� KDYH� EHHQ� PDGH� ZKLFK� DOORZ� IRU� PXOWLSOH� JUDGLHQW
UHYHUVDOV�WR�UHFDOO�WKH�HFKR�WUDLQ��IRU�LQVWDQFH�IRU��')7�LPDJLQJ��DQG�ZKLFK�DOORZ�IRU
DGGLWLRQDO�JUDGLHQW�OREHV�WR�LQFUHDVH�WKH�GLIIXVLRQ�VHQVLWLYLW\�RI�WKH�VHTXHQFH�
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���� 3RVWSURFHVVLQJ
$OO�WKH�DQDO\VLV�RI�WKH�GDWD�KDV�EHHQ�SHUIRUPHG�XVLQJ�WKH�,'/�DSSOLFDWLRQ��,QWHUDFWLYH
'DWD� /DQJXDJH�� 5HVHDUFK� 6\VWHPV�� %RXOGHU�� &RORUDGR��� � 2QFH� WKH� HFKR� WUDLQ� KDV
EHHQ�UHFRUGHG�WKH�SKDVH�RI�HDFK�HFKR�KDV�WR�EH�FRUUHFWHG�DFFRUGLQJ�WR� WKH�SKDVH�RI
WKH� JHQHUDWLQJ� SXOVH�� RWKHUZLVH� VHYHUH� DUWHIDFWV� ZLOO� UHVXOW�� � 3URJUDPV� KDYH� EHHQ
ZULWWHQ�ZKLFK�UHDG�LQ�WKH�GDWD�DQG�SKDVH�ILOHV��WKHQ�ILUVWO\�FRUUHFW� IRU�'&�RIIVHWV� WR
WKH�UHDO�DQG�LPDJLQDU\�LQSXWV�DQG�WKHQ�FRUUHFW�WKH�SKDVHV�RI�WKH�GDWD���$Q�DGGLWLRQDO
RSWLRQ� RI� XVLQJ� D� VHSDUDWH� GDWD� VHW� WR� SURYLGH� SKDVH� FRUUHFWLRQ� GDWD� �VR�FDOOHG
µQDYLJDWRU�HFKRHV¶�±�VHH�&KDSWHU����KDV�EHHQ�LQFRUSRUDWHG�LQ�WKH�FRGH���,Q�WKH�VDPH
SURJUDP� WKH� )RXULHU� WUDQVIRUP� LV� SHUIRUPHG� WR� UHFRQVWUXFW� WKH� LPDJH�� � )XUWKHU
SURJUDPV� HQDEOH� VLJQDO�WR�QRLVH� FDOFXODWLRQV� WR� EH� PDGH� IRU� VHOHFWHG� UHJLRQV� RI
LQWHUHVW�

���� %ORFK�(TXDWLRQ�VLPXODWLRQV
7KH�HIIHFW�RI�HDFK�RI�WKH�GLIIHUHQW�PRGLILFDWLRQV�WR�WKH�%8567�VHTXHQFH�DUH� WHVWHG
ZLWK� D� VLPXODWLRQ� RI� WKH� %ORFK� (TXDWLRQV�ZKLFK� KDV� DOVR� EHHQ�ZULWWHQ� XVLQJ� ,'/�
7KH� VLPXODWLRQ� HQDEOHV� WKH� FDOFXODWLRQ� RI� WKH� �'� UHVSRQVH� RI� VSLQV� RI� GLIIHUHQW
IUHTXHQFLHV�DQG� WKHQ� WKH�FDOFXODWLRQ�RI� WKH�HFKR� WUDLQ��ZLWK� WKH�RSWLRQ�RI� LQFOXGLQJ
UHOD[DWLRQ� WHUPV�� � ,W� KDV� EHHQ� XVHG� H[WHQVLYHO\� WR� WHVW� RXW� GLIIHUHQW� SKDVH� DQG
DPSOLWXGH�PRGXODWLRQV��GLIIHUHQW�5)�SXOVHV�DQG�GLIIHUHQW�JUDGLHQW�5)�FRPELQDWLRQV�

���� 5HIHUHQFHV
�� *ORYHU��3�0���+LJK�)LHOG�0DJQHWLF�5HVRQDQFH�,PDJLQJ��������1RWWLQJKDP�
�� &KR��=�+���<�0��5R�DQG�,�.��+RQJ��)0�'$17(�IDVW�LPDJLQJ�DQG�YDULDWLRQV�

HPHUJLQJ�UI�EDVHG�XOWUDIDVW�LPDJLQJ�WHFKQLTXHV��&RQFHSWV�0DJQ��5HVRQ��
�������������S��������
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�� 615�DQG�5HVROXWLRQ�LQ�%8567

���� ,QWURGXFWLRQ
7KH� VLJQDO� DPSOLWXGH� LQ� %8567� LV� ORZHU� WKDQ� WKDW� RI� RWKHU� LPDJLQJ� VHTXHQFHV�
:KHUHDV� LQ�(3,� WKH� IXOO�PDJQHWLVDWLRQ� LV� UHIRFXVVHG� IRU� HDFK� HFKR�� LQ�%8567� WKH
PDJQHWLVDWLRQ� LV� VSOLW� EHWZHHQ� WKH� HFKRHV�� � 7KLV� GLYLVLRQ� RI� PDJQHWLVDWLRQ� LV� DQ
LQWULQVLF�TXDOLW\�RI�%8567�DQG�LV�D�FRQVHTXHQFH�RI�WKH�PXOWLSOH�5)�H[FLWDWLRQ�DW�WKH
KHDUW� RI� WKH� WHFKQLTXH�� � 7KLV� UHVXOWV� LQ� D� JHQHUDOO\� ORZHU� 615��ZKLFK� LV� WKH�PRVW
VLJQLILFDQW�IDFWRU�LQ�WKH�XOWLPDWH�XVHIXOQHVV�RI�WKH�WHFKQLTXH�

,Q�DGGLWLRQ��WKH�DWWHQXDWLQJ�HIIHFWV�RI�VSLQ�VSLQ�UHOD[DWLRQ�DQG�GLIIXVLRQ�RQ�WKH�HFKR
DPSOLWXGHV�IXUWKHU�UHGXFH�WKH�DYDLODEOH�VLJQDO���$V�ZLWK�(3,��HDFK�HFKR�LV�DIIHFWHG�WR
D�GLIIHUHQW�GHJUHH��KRZHYHU�� WKH� H[DFW� IRUP�RI� WKH�DWWHQXDWLRQ� LV�D�FKDUDFWHULVWLF�RI
WKH�VHTXHQFH�LWVHOI���,Q�WKH�OLJKW�RI�WKHVH�IDFWRUV�WKH�SDUDPHWHUV�RI�WKH�VHTXHQFH�FDQ
EH�FKRVHQ�WR�JLYH�WKH�KLJKHVW�SRVVLEOH�615�

���� 6LJQDO
,Q�%8567�WKH�5)�HQHUJ\�HPLWWHG�E\�WKH�SUHFHVVLQJ�VSLQV�LV�GLVWULEXWHG�EHWZHHQ�DOO
WKH� DFTXLUHG� HFKRHV�� � %\� FRQWUDVW�� (3,� XWLOLVHV� DOO� WKH� LQVWDQWDQHRXV� 5)� HQHUJ\� LQ
HDFK� UHIRFXVVHG� HFKR� �DV� VLPLODUO\� GRHV� 5$5(��� � 7KH� DPSOLWXGH� RI� WKH� HFKRHV� LQ
%8567� FDQ� EH� GHWHUPLQHG� IURP� RQH� RI� WZR� DSSURDFKHV�� E\� FRQVLGHULQJ� WKH
UHVSRQVHV�RI�WKH�VSLQV�WR�WKH�H[FLWDWLRQ��PRVW�VLPSO\�ZLWK�WKH�OLQHDU�DSSUR[LPDWLRQ�
DQG� E\� FRQVLGHULQJ� WKH� HQHUJ\� LGHQWLW\� EHWZHHQ� WKH� IUHTXHQF\� DQG� WLPH� �HFKR�
GRPDLQ��3DUVHYDO¶V�7KHRUHP��

,Q� WKH� SUHYLRXV� FKDSWHU� WKH� OLQHDU� DSSUR[LPDWLRQ� ZDV� XVHG� WR� GHVFULEH� WKH
DSSUR[LPDWH� UHVSRQVH�RI� WKH� VSLQV� WR�D�%8567�H[FLWDWLRQ�� � ,Q� WKH�QH[W� FKDSWHU� WKH
KLJKO\� HIILFLHQF\�PXOWL�SKDVH�28),6� VHTXHQFH�ZLOO� EH� VKRZQ� WR� SURGXFH� VWULSV� RI
H[FLWDWLRQ�� ZLWK� VXFFHVVLYH� VXE�WUDLQV� H[FLWLQJ� VXFFHVVLYH� VWULSV� DFURVV� HDFK� SL[HO�
7KHQ��DFFRUGLQJ�WR�WKH�UHFLSURFDO�)RXULHU�UHODWLRQVKLS�EHWZHHQ�WKH�H[FLWDWLRQ�DQG�WKH
VXEVHTXHQW�HFKRHV��WKLV�DUJXPHQW�FDQ�EH�UHYHUVHG��HDFK�VWULS�UHVXOWV�LQ�D�VXE�WUDLQ�RI
HFKRHV�� �+HQFH�� HDFK� HFKR� UHVXOWV� IURP� WKH� UHIRFXVVLQJ� RI� VSLQV� IURP�RQO\� QDUURZ
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VWULSV�RI� WKH�PDJQHWLVDWLRQ��DQG� WKLV� UHVXOWV� LQ�DQ� LQHYLWDEOH� UHGXFWLRQ��FRPSDUHG� WR
VLPXOWDQHRXVO\�UHIRFXVVLQJ�DOO�WKH�PDJQHWLVDWLRQ��LQ�HFKR�DPSOLWXGH���7KLV�UHGXFWLRQ
LV�GHWHUPLQHG�E\�WKH�IUDFWLRQDO�ZLGWK�RI�WKH�VWULSV��ZKLFK�LV�JLYHQ�E\���¥1��ZKHUH�1
LV� WKH�QXPEHU�RI�SXOVHV� LQ� WKH�H[FLWDWLRQ�WUDLQ�� �)RU� LQVWDQFH�� LQ�D����SXOVH�%8567
H[FLWDWLRQ�D�VLJQDO������ �������WKDW�RI�WKH�PD[LPXP�SRVVLEOH�LV�H[SHFWHG�

$OWHUQDWLYHO\��WKH�VDPH�UHVXOW�FDQ�EH�REWDLQHG�IURP�DQ�HQHUJ\�YLHZSRLQW�� �&RQVLGHU
WKH�HQHUJ\�RI�D�VLQJOH�HFKR�UHVXOWLQJ�IURP�WKH�UHIRFXVVLQJ�RI�DOO�WKH�VSLQV��DV�LQ�(3,��
,I� WKDW� VDPH� HQHUJ\� �(r�� LV� GLVWULEXWHG� EHWZHHQ�1�HTXDO�DPSOLWXGH� HFKRHV� �HDFK� RI
HQHUJ\�(s���WKHQ�WKH�DPSOLWXGH�RI�HDFK�HFKR��$s��PXVW�VFDOH�GRZQ�E\�D�IDFWRU�¥1�

)RU�1�HFKRHV�
t1(( {u

��
vvw x1$$ { �

ZKHUH�$y�LV�WKH�DPSOLWXGH�RI�WKH�VLQJOH�HFKR�UHVXOWLQJ�IURP�WKH�UHIRFXVVLQJ�RI�DOO�WKH
VSLQV�
+HQFH� z$1$ {{ �
DVVXPLQJ�WKDW�WKH�HFKRHV�GLIIHU�RQO\�LQ�DPSOLWXGH��DQG�QRW�LQ�VKDSH�

7KLV�DQDO\VLV�DOVR�DVVXPHV�WKDW�WKH�VSLQV�DUH�H[FLWHG�HTXDOO\�ZHOO�ZLWK�ERWK�D�VLQJOH
��q� SXOVH� DQG� D� %8567� H[FLWDWLRQ� SXOVH�� ZKLFK� LQ� SUDFWLFH� LV� WKH� FDVH� ZKHQ
FRQVLGHULQJ�WKH�RSWLPLVHG�%8567�VHTXHQFHV�

���� 7|�DQG�'LIIXVLRQ�$WWHQXDWLRQ
7KH�VLJQDO�LV�UHGXFHG�E\�WKH�GHSKDVLQJ�RI�WKH�VSLQV�DQG�E\�WKH�%URZQLDQ�PRWLRQ�RI
WKH� VSLQV� GXULQJ� WKH� ORQJ� JUDGLHQW� SHULRGV�� � &OHDUO\�� WKH� ODWHU� HFKRHV�ZLOO� EH�PRUH
DWWHQXDWHG�WKDQ�WKH�HDUOLHU�RQHV��DQG�WKLV�ZLOO�OLPLW�WKH�UDQJH�RI�VHTXHQFH�SDUDPHWHUV
H�J�� RYHUDOO� WLPLQJ�� ZKLFK� FDQ� EH� XVHG� EHIRUH� WKH� DWWHQXDWLRQ� LV� VR� JUHDW� WKDW� WKH
LPDJH�GHWHULRUDWHV�XQDFFHSWDEO\�
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)RU�WKH�FRQYHQWLRQDO�VSLQ�HFKR�%8567�H[SHULPHQW�WKH�GLIIXVLRQ�DWWHQXDWLRQ�FDQ�EH
PRGHOOHG�DV�IRU�WKH�3*6(�VHTXHQFH�>�@��DVVXPLQJ�WKH�OLQHDU�DSSUR[LPDWLRQ�VXFK�WKDW
HDFK� SXOVH� JHQHUDWHV� D� FRKHUHQFH� LQGHSHQGHQWO\� RI� WKH� RWKHU� SXOVHV�� DV� SUHYLRXVO\
GHVFULEHG� E\� 'RUDQ� DQG� 'pFRUSV� >�@�� � 7KH� HIIHFWV� RI� ERWK� WKH� VOLFH� DQG� SKDVH
HQFRGLQJ�JUDGLHQWV� DUH� IDU� OHVV� VLJQLILFDQW� WKDQ� WKDW� RI� WKH� UHDGRXW� JUDGLHQW�� DQG� VR
WKH\�DUH�LJQRUHG�LQ�WKLV�FDOFXODWLRQ�

�)LJXUH�����%8567�SXOVH�VHTXHQFH�LQGLFDWLQJ�GLIIXVLRQ�DWWHQXDWLRQ�SDUDPHWHUV

7KH�6WHMVNDO�7DQQHU�SDUDPHWHUV�DUH�UHODWHG�WR�WKH�SXOVH�WLPLQJV�DV�VKRZQ�DERYH�

7KH�DWWHQXDWHG�VLJQDO�LV�JLYHQ�E\
}~���� ��

 �
�

�
��� �����

� H66 � ����
ZKHUH�/�	�û�DUH�WKH�6WHMVNDO�7DQQHU�SDUDPHWHUV���'�LV�WKH�VHOI�GLIIXVLRQ�FRHIILFLHQW�
*� LV� WKH� UHDGRXW� JUDGLHQW� DPSOLWXGH� DQG� 6�� LV� WKH� DPSOLWXGH� RI� WKH� VLJQDO� LQ� WKH
DEVHQFH�RI�GLIIXVLRQ�

)RU�WKH�Q���HFKR
�W2Q � û ���DQG���� 2Q/  �

IRU�DQ�1�SXOVH�%8567�VHTXHQFH�ZLWK�SXOVH�VSDFLQJ�W���7KH�SXOVH�OHQJWKV�DQG�WKH�ULVH
DQG�IDOO�WLPHV�RI�WKH�JUDGLHQWV�KDYH�EHHQ�LJQRUHG�KHUH�
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+HQFH�
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$GGLWLRQDOO\��WKH�VSDWLDO�UHVROXWLRQ�LV�JLYHQ�E\

2*�
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+HQFH��IRU�D�IL[HG�UHVROXWLRQ�H[SUHVVLRQ������FDQ�EH�ZULWWHQ�DV
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8VLQJ�WKH�VDPH�SDUDPHWHUV��WKH�7ò�DWWHQXDWLRQ�LV�JLYHQ�E\
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ýø � ����
�7KH� JUDSK� EHORZ� VKRZV� WKH� H[SHFWHG� GLIIXVLRQ� DWWHQXDWLRQ� �EODFN� OLQHV�� DQG� 7þ
DWWHQXDWLRQ� �EOXH� OLQHV�� DORQJ� WKH� HFKR� WUDLQ� IRU� WKH� EUDLQ� �JUH\� PDWWHU��� ZLWK
FRHIILFLHQWV�'�a�����[���ÿ��P�Vÿ��� DVVXPHG� WR�EH� LVRWURSLF�� DQG�7�� a����PV�� �2WKHU
SDUDPHWHUV� ZHUH�� D� UHVROXWLRQ� RI� �PP�� 1 ��� DQG� W� ���PV� �DV� XVHG� LQ
H[SHULPHQWV����7KH�SXOVH�VSDFLQJ��2��LV�LQGLFDWHG�QH[W�WR�HDFK�OLQH�

)LJXUH�����'LIIXVLRQ��EODFN��DQG�7���EOXH��DWWHQXDWLRQ�IRU�GLIIHUHQW�SXOVH�VSDFLQJV�
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)RU�WKH�SDUDPHWHUV�FKRVHQ�KHUH�WKH�7��DWWHQXDWLRQ�LV�PXFK�JUHDWHU�WKDQ�WKH�GLIIXVLRQ
DWWHQXDWLRQ��SDUWLFXODUO\� IRU� WKH�HDUOLHU�HFKRHV�� �7KHUHIRUH�� VLQJOH� VKRW�EUDLQ� LPDJHV
ZLOO�EH�SUHGRPLQDQWO\�7��ZHLJKWHG�

���� 615�DQG�5HVROXWLRQ
2QH�IXUWKHU�VWHS�FDQ�EH�PDGH�ZKLFK�HQDEOHV�GHGXFWLRQV�WR�EH�PDGH�DERXW�WKH�VLJQDO�
WR�QRLVH�� �7KH�DPSOLWXGH�RI�WKH�FHQWUDO��N���HFKR�FDQ�EH�XVHG�WR�JLYH�DQ�HVWLPDWH�RI
WKH�LPDJH�VLJQDO���7KH�HDUOLHU�WKDW�WKLV�N��OLQH�FDQ�EH�HQFRGHG��WKH�KLJKHU�ZLOO�EH�WKH
HFKR�DPSOLWXGH�DQG��E\�H[WHQVLRQ��WKH�LPDJH�VLJQDO�WRR�

+HQFH��WKH�LPDJH�VLJQDO�LV�JLYHQ�E\
� � ������� ��

��
� �

�������� �
!" ##

HH66LJQDO
$%&'()*+ $%

v � ����
ZKHUH�Q,�LV�WKH�QXPEHU�RI�WKH�HFKR�HQFRGHG�DV�N-�

$GGLWLRQDOO\�� WKH�QRLVH� OHYHO� LV� UHODWHG� WR� WKH�DFTXLVLWLRQ�EDQGZLGWK��ZKLFK� LWVHOI� LV
UHODWHG�WR�2��WKH�VSDFLQJ�RI�WKH�H[FLWDWLRQ�SXOVHV�

7KH�QRLVH�LV�JLYHQ�E\
%:QRLVHv � ����

6DPSOLQJ� HDFK� HFKR� DW� 1� SRLQWV�� VR� WKDW� WLPH� EHWZHHQ� VDPSOH� SRLQWV� LV� 2�1�� WKH
DFTXLVLWLRQ�EDQGZLGWK�LV

2
1%:  ��+] ����

�
2

QRLVH �v � ����

+HQFH��ERWK�WKH�QRLVH�DQG�WKH�VLJQDO�GHFUHDVH�ZLWK�LQFUHDVLQJ�2�
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7KHQ��WKH�615�FDQ�EH�ZULWWHQ
. / 0110010 2

3
24
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789789:;< 9
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HH26QRLVH

6615
@ABCDEFG @A

vv � ����

$V�2�:����¥2�:���DQG�WKH�H[SRQHQWLDO�:����KHQFH�615�:���
)RU�2�:����FRQVLGHU� WKH�SRZHU�VHULHV�H[SDQVLRQ�IRU� WKH�H[SRQHQWLDO��ZULWWHQ�DV� WKH
UHFLSURFDO�RI�D�SRVLWLYH�H[SRQHQWLDO�

������v ��� H[[
2615 ��ZKHUH�[�LV�D�SRVLWLYH�OLQHDU�IXQFWLRQ�RI�2�

)RU�ODUJH�2�WKH�KLJKHU�SRZHU�WHUPV�LQ�WKH�GHQRPLQDWRU�GRPLQDWH��DQG�KHQFH�DV�2�:���
615�:�����%HWZHHQ�WKHVH�OLPLWV�WKH�615�ZLOO�UHDFK�D�PD[LPXP�

7KH�615� LV�SORWWHG�DV�D� IXQFWLRQ�RI� 2� IRU� WZR�GLIIHUHQW�QI� YDOXHV� � ������� DQG� IRU
GLIIHUHQW� UHVROXWLRQV� � ������� PP��� � ,W� VKRXOG� EH� QRWHG� WKDW� WKLV� FDOFXODWLRQ� RQO\
FRQVLGHUV�DWWHQXDWLRQ�DQG�GRHV�QRW�DFFRXQW�IRU�WKH�GLIIHUHQFHV�LQ�SL[HO�YROXPHV��DQG
KHQFH�LQ� WKH�QXPEHU�RI�FRQWULEXWLQJ�VSLQV�� IRU�GLIIHUHQW� UHVROXWLRQV�� �7KHUHIRUH�� WKH
JUDSK� EHORZ� GRHV� QRW� HQDEOH� GLUHFW� FRPSDULVRQV� WR� EH� PDGH� EHWZHHQ� GLIIHUHQW
UHVROXWLRQV��H[FHSW�LQ�WKH�SRVLWLRQV�RI�WKH�PD[LPD��VLQFH�WKH�FXUYHV�RQO\�GLIIHU�E\�DQ
RPLWWHG�UHVROXWLRQ�UHODWHG�VFDOLQJ�IDFWRU�

)LJXUH� ��� � 615� �(TXDWLRQ������ DV� D� IXQFWLRQ� RI� 2� IRU� GLIIHUHQW� UHVROXWLRQV� DQG� IRUGLIIHUHQW�NJ�SRVLWLRQV�
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7KHUH� LV� DQ� LQWHUHVWLQJ� GHSHQGHQFH� RI� WKH�PD[LPD� RQ� 2�� � 7KH� 615� SHDN� IRU� �PP
RFFXUV�DW�2�a������V�IRU�Q_� �����DQG�DW�2�a�������V�IRU�Q_� ������,I�WKH�HFKR�WLPH�7(�LV
GHILQHG�DV�WKH�WLPH�EHWZHHQ�WKH��1�Q_��� à�SXOVH�DQG�WKH�Qb̀a�HFKR�L�H��7(� ��Qb2���Wc�
LW� FDQ� EH� VHHQ� WKDW� WKLV� LV� WKH� VDPH� LQ� ERWK� WKHVH� FDVHV� DQG�� WKHUHIRUH�� WKH� 7d
DWWHQXDWLRQ� LV� DOVR�� � 7KLV� VXJJHVWV� WKDW� WKH� 7d� RI� WKH� REMHFW� DORQH� GHWHUPLQHV� WKH
RSWLPXP� 7(�� DQG� WKHUHE\� 2� DOVR�� � )LJXUH� ��� �RQ� S����� VKRZV� WKDW� GLIIXVLRQ
FRQWULEXWHV� IDU� OHVV� WR� WKH� DWWHQXDWLRQ� WKDQ� 7d� UHOD[DWLRQ�� IRU� Q� OHVV� WKDQ� ��� WKH
DWWHQXDWLRQ� LV�YHU\�VPDOO�DQG�IRU�KLJK�Q� WKH�DWWHQXDWLRQ�RQO\� LQFUHDVHV� VLJQLILFDQWO\
IRU�ORQJHU�SXOVHV�VSDFLQJ��!������V����:LWKLQ�WKHVH�OLPLWV�D�JRRG�DSSUR[LPDWLRQ�IRU
WKH�615�FDQ�EH�PDGH�E\�FRQVLGHULQJ�7e�DWWHQXDWLRQ�DORQH�

fgh ijkl m
H2615

nov � ����
7KHQ�� GLIIHUHQWLDWLQJ� WKLV� H[SUHVVLRQ� DQG� VHWWLQJ� LW� HTXDO� WR� ]HUR� VKRZV� WKDW� WKH
PD[LPXP�615�RFFXUV�DW

� ph�Q
72  � ����

RU��VXEVWLWXWLQJ�IRU�7(�
qq W7W2Q7( � � �� hp � ����

+HQFH��WKH�615�PD[LPXP�RFFXUV�DW�D�IL[HG�7(��LQGHSHQGHQW�RI�ERWK�Qr�DQG�2�� �)RU
7e ��PV��7(� ���PV��ZLWK� Ws� ���PV��DV� LQ�H[SHULPHQWV��� �)RU�RWKHU� WLVVXHV� LQ� WKH
KXPDQ�ERG\�7e� LV� VKRUWHU� OHDGLQJ� WR�PRUH� UDSLG� VLJQDO� DWWHQXDWLRQ� DQG� VKRUWHU� 7(
WLPHV�� � $W� KLJKHU� UHVROXWLRQV� ��� �PP�� WKH� GLIIXVLRQ� DWWHQXDWLRQ� ZLOO� EH� PRUH
VLJQLILFDQW��VHH�(TXDWLRQ��������KRZHYHU��)LJXUH����VKRZV�WKDW�WKLV�ZLOO�OHDG�RQO\�WR�D
VPDOO�VKLIW��RI�a����V��LQ�WKH�SRVLWLRQ�RI�WKH�615�PD[LPXP�

)LJXUH� ��� DOVR� VKRZV� WKH� JUHDWHU� 615� WKDW� LV� REWDLQHG�ZLWK� VPDOOHU� YDOXHV� RI� Qt�
+RZHYHU�� FKRRVLQJ� WR� HQFRGH� Nu� HDUOLHU� RQ� LQ� WKH� HFKR� WUDLQ� ZLOO� SURGXFH� D�PRUH
DV\PPHWULF�VDPSOLQJ�RI�N�VSDFH�DORQJ�WKH�SKDVH�HQFRGLQJ�GLUHFWLRQ���7KLV�FDQ�UHVXOW
LQ� D� GHFUHDVH� LQ� WKH� LPDJH� VLJQDO� DQG� LQ� WKH� DSSHDUDQFH� RI� DUWHIDFWV� LQ� WKH� LPDJH�
$GGLWLRQDOO\�� WKLV� FDOFXODWLRQ� UHOLHV� RQ� WKH� VLPSOLI\LQJ� DVVXPSWLRQ� WKDW� WKH� LPDJH
VLJQDO� FDQ� EH� SUHGLFWHG� IURP� WKH� DPSOLWXGH� RI� WKH� Nu� OLQH�� � 7KH� DERYH� DQDO\VLV
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VXJJHVWV�WKDW�WKH�615�REWDLQHG�ZLWK�D�VPDOO�Qv�LV�PD[LPLVHG�IRU�D�FRQVWDQW�7(��DQG
KHQFH�IRU�D�ORQJ�2��\HW�WKLV�ZRXOG�UHVXOW�LQ�ORQJHU�SXOVH�DQG�HFKR�WUDLQV�RYHUDOO��ZLWK�D
FRUUHVSRQGLQJO\�JUHDWHU�DWWHQXDWLRQ�RI�WKH�RXWO\LQJ�HFKRHV���7KLV�ZLOO�OHDG�WR�EOXUULQJ
LQ�WKH�SKDVH�HQFRGLQJ�GLUHFWLRQ���$�IXUWKHU�SRLQW�RI�QRWH�LV�WKDW�WKH�RYHUDOO�GXUDWLRQ�RI
WKH�VHTXHQFH��LQFOXGLQJ�ERWK�H[FLWDWLRQ�DQG�DFTXLVLWLRQ��ZLOO�EH�LQFUHDVHG���7KHUHIRUH�
D�SUDFWLFDO�ZRUNLQJ�OLPLW�IRU�Qv�KDV�WR�EH�IRXQG���,Q�JHQHUDO��IRU�WKH�GDWD�SUHVHQWHG�LQ
WKLV�WKHVLV�Nw�ZDV�HQFRGHG�RQH�TXDUWHU�RI�WKH�ZD\�DORQJ�WKH�HFKR�WUDLQ�L�H��Qv ���IRU�D
���SXOVH�WUDLQ�

,Q�FRQFOXVLRQ�� WKH�615� LV� LQGHHG�KLJKHU� LI� WKH�Nw� OLQH� LV�HQFRGHG�HDUO\� LQ� WKH�HFKR
WUDLQ�� � +RZHYHU�� WKH� JDLQ� LV� PRUH� WKDQ� H[SHFWHG� IURP� DWWHQXDWLRQ� FRQVLGHUDWLRQV
DORQH���$�JUHDWHU�615�JDLQ�FDQ�EH�PDGH�E\�UHGXFLQJ�WKH�QRLVH��LQFUHDVLQJ�2��WKDQ�E\
UHGXFLQJ� WKH� 7x� DWWHQXDWLRQ� �NHHSLQJ� 2� FRQVWDQW��� � 7KHUH� LV� IXUWKHU� EHQHILW� WR� EH
JDLQHG�IURP�FKRRVLQJ�WR�HQFRGH�Nw�HDUO\�RQ��WKH�UHGXFHG�EDQGZLGWK�ORZHUV�WKH�SRZHU
GHSRVLWLRQ�� DQ� LPSRUWDQW� IDFWRU� LQ� %8567� DQG�� IXUWKHUPRUH�� WKH� ORZHU� JUDGLHQW
UHVXOWV�LQ�D�ORZHU�5)�SHDN�SRZHU��DQRWKHU�PDMRU�LVVXH�LQ�KLJK�ILHOG�%8567�LPDJLQJ�

���� 5HIHUHQFHV
�� 6WHMVNDO��(�2��DQG�-�(��7DQQHU��6SLQ�GLIIXVLRQ�PHDVXUHPHQWV��VSLQ�HFKRHV�LQ

WKH�SUHVHQFH�RI�D�WLPH�GHSHQGHQW�ILHOG�JUDGLHQW��-��&KHP��3K\V�������������S�
��������

�� 'RUDQ��6�-��DQG�0��'pFRUSV��$�UREXVW��VLQJOH�VKRW�PHWKRG�IRU�PHDVXULQJ
GLIIXVLRQ�FRHIILFLHQWV�XVLQJ�WKH��%8567��VHTXHQFH��-��0DJQ��5HVRQ��6HU��$�
�����������S����������
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�� 3KDVH�DQG�$PSOLWXGH�0RGXODWLRQ�RI�WKH�5)�3XOVH�7UDLQ

���� ,QWURGXFWLRQ
7KH�VLPSOH�%8567�H[FLWDWLRQ��ZLWK�FRQVWDQW�SKDVH�5)�SXOVHV��H[FLWHV�RQO\�D�VPDOO
IUDFWLRQ�RI�WKH�WRWDO�PDJQHWLVDWLRQ�DQG�UHVXOWV�LQ�LPDJHV�RI�FRPSDUDWLYHO\�ORZ�615�
6XEVHTXHQW�GHYHORSPHQWV�RI�WKH�%8567�VHTXHQFH�LQWURGXFHG�D�YDU\LQJ�SKDVH�DORQJ
WKH�SXOVH�WUDLQ��ZKLFK�OHG�WR�D�QHDU�FRPSOHWH�H[FLWDWLRQ�DQG�KHQFH�D�JUHDWO\�LPSURYHG
615�

,Q� ����� /H�5RX[� DQG�0DFRYVNL� >�@� ILUVW� GHPRQVWUDWHG� WKH� SRVVLEOH� LPSURYHPHQWV
ZLWK� SKDVH� PRGXODWLRQ�� /DWHU�� =KD� DQG� /RZH� JDYH� D� EURDGHU� GHVFULSWLRQ� RI� WKH
PHWKRGV� RI� SKDVH�PRGXODWLRQ� >�@�� DQG� VLPLODU� WHFKQLTXHV� KDYH� EHHQ� GHYHORSHG� E\
YDQ�*HOGHUHQ�HW�DO��>�@�DQG�E\�&KR�HW�DO��>�@���$V�D�UHVXOW��SKDVH�PRGXODWHG�%8567
SXOVHV�FDQ�H[FLWH�QHDUO\�DOO�WKH�PDJQHWLVDWLRQ�

,Q�WKH�ILUVW�%8567�SXEOLFDWLRQ�>�@�LW�ZDV�VXJJHVWHG�WKDW�DPSOLWXGH�PRGXODWLRQ�RI�WKH
SXOVH�WUDLQ�FRXOG�EH�XVHG�WR�SURGXFH�D�PRUH�XQLIRUP�HFKR�WUDLQ��WKHUHE\�UHGXFLQJ�WKH
HIIHFWV� RI� 7y� DQG� GLIIXVLRQ� DQG� RI� KLJKHU� RUGHU� HFKRHV�� � 7KH� SKDVH� PRGXODWLRQ
VFKHPHV�ODWHU�GHYHORSHG�DOVR�DLPHG�WR�SURGXFH�XQLIRUP�HFKR�WUDLQV���+RZHYHU��WKHUH
PD\�EH� DGYDQWDJHV� WR�KDYLQJ� HFKR� WUDLQV�ZKLFK� DUH� QRW� XQLIRUP�� UHGLVWULEXWLQJ� WKH
OLPLWHG�DYDLODEOH�VLJQDO�FDQ�OHDG�WR�GLIIHUHQWLDO�ZHLJKWLQJ�RI�N�VSDFH�OLQHV��DQG�KHQFH
DIIHFW�615�DQG�UHVROXWLRQ�

,Q� WKLV� FKDSWHU� VRPH� VLPSOH� DPSOLWXGH� PRGXODWLRQV� DUH� H[DPLQHG� WRJHWKHU� ZLWK
DOWHUQDWLYH�SKDVH�PRGXODWLRQV�� �7KHQ�� LW� LV� VKRZQ� WKDW� DQ� H[WHQVLRQ�RI� WKH�ZRUN� RI
=KD� DQG� /RZH� >�@� OHDGV� WR� D� PHWKRG� ZKLFK� JLYHV� JUHDWHU� FRQWURO� RYHU� WKH� HFKR
DPSOLWXGHV�DQG�HQDEOHV�WKH�GHVLJQ�RI�DOWHUQDWLYH�SKDVH�DQG�DPSOLWXGH�PRGXODWLRQV�LQ
%8567�
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���� 7KHRU\�DQG�0HWKRGV

������ 3UHYLRXV�GHYHORSPHQWV
7KH� RULJLQDO� %8567� VHTXHQFH� �ZLWK� FRQVWDQW� SKDVH� 5)� SXOVHV��� EURDGO\� VSHDNLQJ
RQO\� H[FLWHV� VSLQV� RQ� UHVRQDQFH� DQG� DW� KDUPRQLF� VLGHEDQG� IUHTXHQFLHV�� � )RXULHU
DQDO\VLV�FDQ�EH�XVHG�WR�GHPRQVWUDWH�WKLV�HIIHFW�DQG�DOVR�WR�VKRZ�WKDW�WKH�IUDFWLRQ�RI
PDJQHWLVDWLRQ� H[FLWHG� LV� az�{�� ZKHUH� 1� LV� WKH� QXPEHU� RI� 5)� SXOVHV� LQ� WKH� WUDLQ�
8OWLPDWHO\�� ORZ� DPSOLWXGH� HFKRHV� DUH� IRUPHG� ZKLFK� OHDG� WR� LPDJHV� RI� ORZ� 615�
+RZHYHU�� SKDVH� PRGXODWLRQ� RI� WKH� SXOVHV� FKDQJHV� WKLV� >�@� �� VSLQV� DFURVV� WKH� IXOO
IUHTXHQF\�EDQGZLGWK�FDQ�EH�H[FLWHG�

&XUUHQW�SKDVH�PRGXODWLRQ�WHFKQLTXHV�DUH�DEOH� WR�H[FLWH�QHDUO\�DOO� WKH�PDJQHWLVDWLRQ
DFURVV�WKH�H[FLWDWLRQ�EDQGZLGWK�DQG�WR�SURGXFH�D�KLJKO\�XQLIRUP�WUDLQ�RI�HFKRHV��7KH
6KLQQDU�/H�5RX[� VSLQRU� IRUPDOLVP� >�@� KDV� EHHQ� XVHG�� ILUVW� E\� /H�5RX[� HW� DO�� DQG
ODWHU�� PRUH� FRPSUHKHQVLYHO\�� E\� +HLG� >�@�� WR� GHYHORS� YHU\� HIILFLHQW� SKDVH
PRGXODWLRQV�� � 7KH�PXOWL�SKDVH� 28),6� WHFKQLTXH� >�@� ZDV� GHYHORSHG� XVLQJ� )RXULHU
DQDO\VLV�� DQRWKHU� WHFKQLTXH�� IUHTXHQF\�VKLIWHG� %8567� >�@�� LV� EDVHG� RQ� WKH� VDPH
SULQFLSOH��D�GLIIHUHQW�DQDO\WLFDO� DSSURDFK�KDV�EHHQ�XVHG�E\�YDQ�*HOGHUHQ� HW� DO�� >�@�
DQG� WKH� )0�'$17(� WHFKQLTXH� >�@� LQWURGXFHV� D� IUHTXHQF\� PRGXODWHG� HQYHORSH�
ZKLFK� KDV� D� ZHOO�XQGHUVWRRG� IUHTXHQF\� UHVSRQVH�� � )RU� HDFK� RI� WKHVH� WHFKQLTXHV� D
FRQVWDQW� DPSOLWXGH� 5)� WUDLQ� LV� XVHG�� DQG� D� KLJKO\� XQLIRUP� DPSOLWXGH� HFKR� WUDLQ
UHVXOWV�� 7|� DQG� GLIIXVLRQ� DWWHQXDWLRQ� DVLGH�� � 7KLV� OHDGV� WR� D� WKHRUHWLFDO� �1
LPSURYHPHQW�LQ�615�RYHU�VLQJOH�SKDVH�%8567�

,Q�WKHLU�RULJLQDO�DEVWUDFW�+HQQLJ�DQG�0XHUL�>�@�VXJJHVWHG�WKDW�DPSOLWXGH�PRGXODWLRQ
RI� WKH�SXOVH� WUDLQ�FRXOG�EH�XVHG� WR�SURGXFH� D�XQLIRUP� DPSOLWXGH� HFKR� WUDLQ�� WDNLQJ
LQWR� DFFRXQW� WKH� FRQWULEXWLRQV� RI� WKH� GLIIHUHQW� FRKHUHQFHV�� DQG� SRVVLEO\� 7}� DQG
GLIIXVLRQ�HIIHFWV�DOVR��XVLQJ�WHFKQLTXHV�EDVHG�RQ�WKH�H[WHQGHG�SKDVH�JUDSK�DOJRULWKP
>��@���,Q�WKH�LPDJH�GRPDLQ�WKLV�ZRXOG�UHVXOW�LQ�D�QDUURZ�DQG�XQGLVWRUWHG�SRLQW�VSUHDG
IXQFWLRQ� LQ� WKH� SKDVH� HQFRGLQJ� GLUHFWLRQ�� �+RZHYHU�� WKLV� WHFKQLTXH� LQYROYHV� GHQVH
FDOFXODWLRQV�� DOVR�� LW� LV� DQ� LQWHUHVWLQJ� TXHVWLRQ�ZKHWKHU� WKH� JDLQV� WR� EH�PDGH� IURP
FRUUHFWLQJ�IRU�DOO�DWWHQXDWLRQ�DUH�ZRUWK�WKH�ORVV�LQ�615��DQ\�LQFUHDVH�LQ�DPSOLWXGH�LQ
RQH�HFKR�PXVW�EH�PHW�E\�D�GHFUHDVH�LQ�DPSOLWXGH�HOVHZKHUH���$OVR��HFKRHV�UHVXOWLQJ
IURP�WKH�VXSHUSRVLWLRQ�RI�VHYHUDO�KLJKHU�RUGHU�HFKRHV�ZLOO�KDYH�D�PRUH�FRPSOLFDWHG
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7~�DQG�GLIIXVLRQ�ZHLJKWLQJ��ZKLFK�LQ�WXUQ�ZLOO�OHDG�WR�LPDJHV�ZLWK�PRUH�FRPSOLFDWHG
FRQWUDVW�� �1RQHWKHOHVV�� D� WHFKQLTXH�ZKLFK� JLYHV� FRQWURO� RYHU� WKH� DPSOLWXGHV� RI� WKH
HFKRHV� ZRXOG� JLYH� DQ� DGGLWLRQDO� GHJUHH� RI� IUHHGRP� WR� WKH� GHVLJQ� RI� %8567
VHTXHQFHV�

7KH�ZRUN� LQ� WKLV� FKDSWHU� VHHNV� WR� GHYHORS� FRQWURO� RI� WKH� HFKR� DPSOLWXGH� HQYHORSH
DQG�� KHQFH�� WKH�PRVW� HIILFLHQW� XVH� RI� WKH�PDJQHWLVDWLRQ�� � ,Q� WKH� QH[W� VHFWLRQ� WKUHH
YDULDWLRQV� WR� WKH� %8567� H[FLWDWLRQ� DUH� H[DPLQHG�� VLPSOH� DPSOLWXGH� PRGXODWLRQV�
DOWHUQDWLYH�SKDVH�PRGXODWLRQV�DQG�DQ�H[WHQVLRQ�RI�WKH�PHWKRG�RI�=KD�	�/RZH�>�@�WR
SURGXFH�FRPELQHG�DPSOLWXGH�DQG�SKDVH�PRGXODWLRQ�VFKHPHV�

������ $OWHUQDWLYH�PHWKRGV
�������� $PSOLWXGH�PRGXODWLRQ

7KH�ILUVW� LQYHVWLJDWLRQ�RI�DPSOLWXGH�PRGXODWLRQ�ZDV�PDGH�ZLWKRXW�SUHFLVH�SODQQLQJ
RI� WKH�PRGXODWLRQ�� �7KH� DPSOLWXGH� HQYHORSH� RI� WKH� SXOVH� WUDLQ�ZDV�PRGXODWHG� DQG
FRPELQHG�ZLWK�H[LVWLQJ�SKDVH�PRGXODWLRQ�VFKHPHV�LQ�D�VSLQ�HFKR�%8567�VHTXHQFH�
$W� ORZ� IOLS� DQJOHV�� LJQRULQJ� 7~� DQG� GLIIXVLRQ�� LW� ZRXOG� EH� H[SHFWHG� WKDW� WKH
DPSOLWXGHV� RI� WKH� UHVXOWLQJ� HFKRHV�ZLOO� UHIOHFW� WKH� DPSOLWXGHV� RI� WKH� SXOVHV�� � $QG�
WKHUHIRUH��VLQFH�HDFK�HFKR�HQFRGHV�VXFFHVVLYH�OLQHV�LQ�N�VSDFH�� WKLV�SXOVH�DPSOLWXGH
PRGXODWLRQ� GLUHFWO\� FRUUHVSRQGV� WR� WKH� N� VSDFH� SURILOH� LQ� WKH� SKDVH� HQFRGLQJ
GLUHFWLRQ� DQG�� KHQFH�� XOWLPDWHO\� GHWHUPLQHV� WKH� UHVROXWLRQ� NHUQHO� LQ� WKH� LPDJH
GRPDLQ�� �2Q� WKLV� EDVLV� GLIIHUHQW� DPSOLWXGH�PRGXODWLRQV�ZHUH� FKRVHQ�ZKLFK�ZRXOG
JLYH�VXLWDEOH�UHVROXWLRQ�NHUQHOV�

$W�KLJKHU� IOLS�DQJOHV��ZKHUH� WKH� OLQHDU�DSSUR[LPDWLRQ� IDLOV�� WKLV� VLPSOH� UHODWLRQVKLS
GRHV�QRW�KROG��� ,QGHHG��LW�ZRXOG�EH�H[SHFWHG�WKDW�WKHVH�DPSOLWXGH�PRGXODWHG�SXOVHV
ZRXOG� KDYH� D� SRRUHU� SHUIRUPDQFH� �DV�PHDVXUHG� E\� WKH� H[FLWDWLRQ� HIILFLHQF\�� WKDQ
FRQVWDQW�DPSOLWXGH� WUDLQV�� IRU�ZKLFK� WKH�H[LVWLQJ�SKDVH�PRGXODWLRQV�ZHUH�GHVLJQHG�
)RU�LQVWDQFH��D�VLPSOH�H[SODQDWLRQ�RI� WKH�FKLUS�EDVHG�SKDVH�PRGXODWLRQV� >������@� LV
WKDW� WKH� VSLQV� DUH� H[FLWHG� LQ� D� OLQHDU� VZHHS� DFURVV� HDFK� SL[HO�� DV� WKH� HIIHFWLYH
IUHTXHQF\� LV� LQFUHPHQWHG� WKURXJK� WKH� SXOVH� WUDLQ� �VHH� 6HFWLRQ� ������ IRU� D� IXOOHU
H[SODQDWLRQ��� � 1RZ�� LI� DPSOLWXGH�PRGXODWLRQ� LV� LQFRUSRUDWHG� DOVR�� LW� ZLOO� UHVXOW� LQ
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UHJLRQV�RI�RYHU��DQG�XQGHU�QXWDWLRQ�ZLWKLQ�HDFK�SL[HO���+HQFH��WKH�PDJQHWLVDWLRQ�ZLOO
QRW�EH�H[FLWHG�DV� IXOO\� DQG� WKH�HFKR� DPSOLWXGHV�ZLOO�PRVW� OLNHO\�GHYLDWH� IURP� WKHLU
H[SHFWHG�SURILOH���1RQHWKHOHVV��LW�LV�QRW�FOHDU�KRZ�WKH�VHTXHQFH�ZLOO�SHUIRUP��DQG�LQ
RUGHU�WR�ILQG�RXW�KRZ�PXFK�DQG�LQ�ZKDW�ZD\V�WKH�VHTXHQFH�KDV�FKDQJHG��ZKHWKHU�IRU
EHWWHU�RU�IRU�ZRUVH��LW�LV�QHFHVVDU\�WR�DQDO\VH�WKH�UHVSRQVH�RI�WKH�VSLQV�

�D� �E�
)LJXUH�����5)�DPSOLWXGH�HQYHORSHV���D��VLQXVRLGDO�DQG��E��JDXVVLDQ�

6LPXODWLRQV� ZHUH� SHUIRUPHG� WR� DVVHVV� WKH� GLIIHUHQW� DPSOLWXGH� PRGXODWLRQV� DQG
FRPSDUH�WKHP�WR�WKH�FXUUHQW�RSWLPLVHG�SKDVH�PRGXODWLRQ�VFKHPHV�

�������� 3KDVH�PRGXODWLRQ
,Q� DQRWKHU� VHW� RI� H[SHULPHQWV� DOWHUQDWLYH� SKDVH� PRGXODWLRQ� VFKHPHV� ZHUH
LPSOHPHQWHG��WKLV�WLPH�LQ�FRPELQDWLRQ�ZLWK�XQLIRUP�DPSOLWXGH�SXOVHV���7KH�H[LVWLQJ
RSWLPLVHG�SKDVH�PRGXODWLRQ� VFKHPHV�KDYH� DQ� H[FHOOHQW� SHUIRUPDQFH�� KRZHYHU� LW� LV
LQWHUHVWLQJ� WR� REVHUYH� KRZ� VRPH�GLIIHUHQW� SKDVH� VFKHPHV� SHUIRUP�� �&DQ� D� UDQGRP
SKDVH�PRGXODWLRQ�RI� WKH�SXOVHV� OHDG� WR� DQ� HIILFLHQW� H[FLWDWLRQ"� �$QG�� IROORZLQJ� RQ
IURP�WKH�OLQHDU�DQG�TXDGUDWLF�SKDVHV�RI�28),6�>�@�DQG�RWKHU�PHWKRGV�>�������@��FDQ�D
JHRPHWULF�SURJUHVVLRQ�RI�SKDVH�PDNH�HIILFLHQW�XWLOLVDWLRQ�RI�WKH�VSLQV"

�������� &RPELQHG�DPSOLWXGH�DQG�SKDVH�PRGXODWLRQ
7KH�FKDOOHQJH�RI�GHYHORSLQJ�DQ�HIILFLHQW�DPSOLWXGH�PRGXODWHG�SXOVH�WUDLQ��ZKLFK�FDQ
JLYH� D� XVHIXO� DQG� HDVLO\� FRQWUROODEOH� PRGXODWLRQ� RI� WKH� HFKRHV�� FDQ� EH� D� OHQJWK\
QXPHULFDO�SUREOHP��DV�VWDWHG�DERYH��6HFWLRQ���������7KH�DPSOLWXGH�PRGXODWLRQ�DERYH
�6HFWLRQ� ��������� SURYLGHV� VRPH� VFRSH� IRU� DFKLHYLQJ� WKLV�� KRZHYHU�� JUHDWHU� FRQWURO
RYHU� WKH� HFKRHV� FDQ� EH� REWDLQHG� E\� H[DPLQLQJ� WKH� 28),6� WHFKQLTXH� >�@�� �:KLOVW
DPSOLWXGH�PRGXODWLRQ�ZDV�QRW�WKHLU�JRDO��=KD�	�/RZH¶V�WHFKQLTXH�JLYHV�D�GHJUHH�RI
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FRQWURO� RYHU� WKH� HFKR� DPSOLWXGHV�� � $� VLPSOH� H[WHQVLRQ� RI� WKLV� PHWKRG� DOORZV� WKH
SXOVH�DPSOLWXGHV��DQG�KHQFH�WKH�HFKR�HQYHORSH��WR�YDU\��WKHUHE\�DGGLQJ�D�QHZ�GHJUHH
RI�IUHHGRP�WR�WKH�GHVLJQ�RI�HIILFLHQW�SXOVH� WUDLQV�� �7KH� WKHRU\�DQG� LWV�H[WHQVLRQ�DUH
GHVFULEHG�EHORZ�

7KH�28),6�DSSURDFK
,Q�WKH�OLQHDU�DSSUR[LPDWLRQ�WKH�UHVSRQVH�RI�WKH�PDJQHWLVDWLRQ�FDQ�EH�HVWLPDWHG�IURP
WKH�)RXULHU�WUDQVIRUP�RI�WKH�5)�IXQFWLRQ���)RU�ORZ�IOLS�DQJOHV�WKLV�FDQ�YHU\�DFFXUDWHO\
GHWHUPLQH� WKH� V\VWHP� UHVSRQVH�� IRU� KLJKHU� DQJOHV� LW� EHFRPHV� OHVV� DFFXUDWH�� � 7KH
)RXULHU� WUDQVIRUP� RI� D� SHULRGLF� WUDLQ� RI� 5)� SXOVHV� UHVXOWV� LQ� DQRWKHU� SHULRGLF
IXQFWLRQ��DV�VKRZQ�EHORZ�
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)LJXUH�����$�VFKHPDWLF�RI�D�SHULRGLF�WUDLQ�RI�5)�SXOVHV�DQG�LWV�)RXULHU�WUDQVIRUP�

$V� GHVFULEHG� LQ� &KDSWHU� ��� WKH� SXOVH� WUDLQ� FDQ� EH� PRVW� FRQYHQLHQWO\� UHSUHVHQWHG
PDWKHPDWLFDOO\� DV�DQ� LQILQLWH� WUDLQ�RI�SHULRGLFDOO\�GLVSODFHG�/� IXQFWLRQV��PXOWLSOLHG
E\�D�WRS�KDW�IXQFWLRQ��WR�WUXQFDWH�WKH�WUDLQ�WR�WKH�UHTXLUHG�QXPEHU�RI�SXOVHV���DQG�WKHQ
FRQYROYHG�ZLWK�DQ�LQGLYLGXDO�SXOVH�SURILOH�
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)LJXUH�����7KH�'$17(�SXOVH�WUDLQ�DQG�LWV�)RXULHU�WUDQVIRUP

,Q�%8567�WKH�SHULRG�RI�WKH�/�WUDLQ�LQ�WKH�H[FLWDWLRQ�SURILOH�FRUUHVSRQGV�WR�D�VLQJOH
SL[HO¶V�ZLGWK���7KH�VWULSV�RI�H[FLWDWLRQ�HDFK�KDYH�D�IUDFWLRQDO�ZLGWK�RI�a��1��RI�RQH
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SL[HO��� IRU�D� WUDLQ�RI�1�SXOVHV�� �+HQFH�� LQ�%8567��ZLWK�FRQVWDQW�SKDVH��D����SXOVH
WUDLQ� OHDGV� WR� WKH� H[FLWDWLRQ� RI� a����� RI� WKH� PDJQHWLVDWLRQ� DQG� XOWLPDWHO\� WR� ORZ
VLJQDO�DPSOLWXGHV�

7KH�ILUVW�REVHUYDWLRQ�WR�EH�PDGH�LV�WKDW�LI�WKH�SXOVH�WUDLQ�LV�VKLIWHG�LQ�IUHTXHQF\��E\
û&���WKH�H[FLWDWLRQ�SDWWHUQ�ZLOO�EH�GLVSODFHG�E\�DQ�DPRXQW�HTXDO�WR�WKLV�VKLIW�� �7KLV
FDQ�EH�GHVFULEHG�LQ�WHUPV�RI�D�)RXULHU�WUDQVIRUP�

� � ��Öû
ó %8567)&&/H%8567 ôõö ���u ����

ZKHUH)Ö �LV�WKH�)RXULHU�WUDQVIRUP�RI�WKH�%8567�H[FLWDWLRQ�

+HQFH��RQ� VXFFHVVLYH�DSSOLFDWLRQV�RI� WKH�%8567�VHTXHQFH�GLIIHUHQW� VWULSV�RI� VSLQV
FDQ�EH�H[FLWHG��WKHUHE\�UHPRYLQJ�WKH�XVXDO�FRQVWUDLQW�RQ�75���7KLV�LV�WKH�EDVLV�RI�WKH
)6�%8567�WHFKQLTXH�>�@���$OWHUQDWLYHO\��WKH�VDPH�SULQFLSOH�FDQ�EH�XVHG�WR�H[FLWH�DOO
WKH�VSLQV�ZLWK�D�VLQJOH�%8567�H[FLWDWLRQ���,I�WKH�SXOVH�WUDLQ�LV�GLYLGHG�LQWR�VHFWLRQV�
HDFK�VHSDUDWHO\�D�VKRUW�WUDLQ�RI�SXOVHV��WKHQ�WKH�IUHTXHQF\�FDQ�EH�VWHSSHG�XS�EHWZHHQ
WKHVH�VXFFHVVLYH�VHFWLRQV�� � ,Q� WKLV�ZD\�GLIIHUHQW� UHJLRQV�RI�VSLQV�ZLOO�EH�H[FLWHG�E\
GLIIHUHQW� VHFWLRQV�RI� WKH�SXOVH� WUDLQ�� DQG�ZLWK� VXLWDEOH�FKRLFH�RI�SDUDPHWHUV�D�QHDU�
FRPSOHWH� H[FLWDWLRQ� FDQ� UHVXOW�� � =KD�	�/RZH� >�@� LQVWHDG� LQWURGXFHG� D� OLQHDU� SKDVH
SURJUHVVLRQ��DOPRVW� LGHQWLFDO� WR�D� IUHTXHQF\�VKLIW�� LQWR�HDFK�VHFWLRQ��ZLWK� WKH�SKDVH
LQFUHPHQW� VWHSSHG� XS� IURP� RQH� VHFWLRQ� WR� WKH� QH[W�� � 2YHUDOO� WKLV� UHVXOWV� LQ� DQ
DSSUR[LPDWHO\�TXDGUDWLF�SKDVH�UROO�RYHU�WKH�ZKROH�SXOVH�WUDLQ���7KLV�PHWKRG�UHVXOWHG
LQ� WKHLU�PXOWL�SKDVH�28),6� SKDVH� VFKHPHV�� � $� YDULDWLRQ� WR� WKLV� WHFKQLTXH� LV� )0�
%8567�>�@��LQ�ZKLFK�DQ�H[DFWO\�TXDGUDWLF�SKDVH�UROO�LV�DSSOLHG���7KLV�LV�HTXLYDOHQW�WR
VWHSSLQJ�XS�WKH�IUHTXHQF\�EHWZHHQ�SXOVHV��UDWKHU�WKDQ�EHWZHHQ�VHFWLRQV�RI�WKH�SXOVH
WUDLQ��VHH�IXUWKHU�GLVFXVVLRQ�LQ�QH[W�FKDSWHU��

÷øùø
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�D� �E�
)LJXUH������D��6WULSV�RI�H[FLWDWLRQ�LQ�D�VLQJOH�SL[HO�SURGXFHG�E\�HDFK�VXE�WUDLQ�DORQHLQ����SXOVH��PXOWL�SKDVH�28),6���7KH�ILUVW�DQG�WKH�IRXUWK�H[FLWDWLRQSURILOHV�DUH�VKRZQ�LQ�IXOO��DQG�WKH�SHDN�RI�WKH�FHQWUDO�OREH�LV�VKRZQ�IRU�WKHRWKHUV���E��7KH�IXOO�VLPXODWHG�H[FLWDWLRQ�IRU�WKH�FRPSOHWH�SXOVH�WUDLQ�LVVKRZQ�
*HQHUDOLVDWLRQ�WR�DQ�DPSOLWXGH�PRGXODWHG�SXOVH�WUDLQ
,Q�JHQHUDO��DQ�Q�SXOVH�WUDLQ�ZLOO�H[FLWH�VWULSV���Q�SL[HOV�ZLGH�DQG�KDV�DQ�RSWLPXP�IOLS
DQJOH����Q�� � ,WV� IUHTXHQF\� UHVSRQVH� FDQ� EH� DUELWUDULO\� VKLIWHG� E\� DSSURSULDWH� SKDVH
PRGXODWLRQ�� � %\� SLHFLQJ� WRJHWKHU� SXOVH� WUDLQV� RI� GLIIHUHQW� OHQJWKV� DPSOLWXGH
PRGXODWLRQ��YDU\LQJ�WKH�IOLS�DQJOH��FDQ�EHFRPH�DQ�LQWHJUDO�SDUW�RI�WKH�GHVLJQ�RI�WKH
SXOVH�WUDLQ���7KH�QXPEHU�RI�SXOVH�WUDLQV�DQG�WKHLU�SKDVH�PRGXODWLRQV�FDQ�EH�FKRVHQ�VR
WKDW�D�QHDU�FRPSOHWH�H[FLWDWLRQ�UHVXOWV�

7KH�FRQVWUDLQWV�RQ�WKH�GLYLVLRQ�RI�WKH�HQWLUH�SXOVH�WUDLQ�LQWR�VHFWLRQV�DUH�GHVFULEHG�E\�

�a�
ú¦û
ü
ý ýQ �������6XP�RI�VWULS�ZLGWKV�a���SL[HO ����

��þ  ¦ÿ
�

�
�Q �����7RWDO�QXPEHU�RI�SXOVHV�LQ�WKH�H[FLWDWLRQ� ����

6XEMHFW� WR� WKHVH� FRQVWUDLQWV� QHZ� SXOVH� WUDLQV� FDQ� EH� IRUPXODWHG� ZKLFK� KDYH� DQ
LQWHJUDO�YDULDWLRQ�LQ�DPSOLWXGH�DORQJ�WKHLU�OHQJWK�

,Q�PXOWL�SKDVH�28),6��P �� DQG�Q��  �� IRU� DOO� L�� � ,Q� WKLV� FDVH� WKH� ILUVW� FRQVWUDLQW� LV
VDWLVILHG�H[DFWO\�����Q�� �����,Q�JHQHUDO��LI�D�WUDLQ�RI�SXOVHV�LV�WR�EH�RSWLPLVHG�WR�JLYH�D
WUDLQ�RI�HTXDO�DPSOLWXGH�HFKRHV��WKHQ�LW�PXVW�EH�GLYLGHG�LQWR�VHFWLRQV�RI�HTXDO�OHQJWK

Pixel

���
�
�	


��



	

Pixel



��

WR�H[FLWH�VWULSV�RI�HTXDO�ZLGWK���,I�D�WUDLQ�RI�1�SXOVHV�LV�GLYLGHG�LQWR�P�VHFWLRQV�HDFK
RI� Q� SXOVHV�� WKHQ� IURP� (TXDWLRQ� ����� P�Q ��� DQG� IURP� (TXDWLRQ� ����� PîQ � 1�
7KHUHIRUH��P� �Q� ��1��WKH�IUDFWLRQDO�ZLGWK�RI�HDFK�VWULS�LV����1��JUHDWHU�WKDQ�IRU�D
FRQVWDQW� SKDVH� WUDLQ� E\� D� IDFWRU� RI��1�� �0RUH� JHQHUDOO\�� ZLWK� VHFWLRQV� RI� YDU\LQJ
OHQJWK��(TXDWLRQ������FDQ�RQO\�EH�DSSUR[LPDWHO\�VDWLVILHG��EXW�ZLWK�FDUHIXO�FKRLFH�RI
Q��WKLV�ZRXOG�OHDG�WR�OLWWOH��LI�DQ\��ORVV�LQ�H[FLWDWLRQ�HIILFLHQF\�

� �D� �E�
)LJXUH������D��6WULSV�RI�H[FLWDWLRQ�LQ�D�VLQJOH�SL[HO�SURGXFHG�E\�HDFK�VXE�WUDLQ�DORQHLQ�WKH�VHTXHQFH��������������������7ZR�H[FLWDWLRQ�SURILOHV�DUH�VKRZQ�LQ�IXOO�DQG�WKH�SHDN�RI�WKH�FHQWUDO�OREH�LV�VKRZQ�IRU�WKH�RWKHUV���E��7KH�IXOOVLPXODWHG�H[FLWDWLRQ�IRU�WKH�FRPSOHWH�SXOVH�WUDLQ�LV�VKRZQ�

,Q�GHVLJQLQJ�WKH�SXOVH�WUDLQ�D�FKRLFH�RI�DQ�LQLWLDO�WDUJHW�HQYHORSH�FDQ�EH�PDGH���7KHQ�
WKURXJK�D�WULDO�DQG�HUURU�DSSURDFK�WKH�SXOVH�WUDLQ�FDQ�EH�GLYLGHG�LQWR�VHFWLRQV��VXFK
WKDW� WKH� IOLS� DQJOHV� �DPSOLWXGH� HQYHORSH�� SURYLGH� D� GLVFUHWH� DSSUR[LPDWLRQ� WR� WKH
WDUJHW� SURILOH�� � ,Q� SUDFWLFH�� RQO\� D� YHU\� URXJK� DSSUR[LPDWLRQ� FDQ� EH� PDGH� WR� D
VPRRWKO\� YDU\LQJ� HQYHORSH�� � $OVR�� DV� D� JXLGH� DQ� DPSOLWXGH�PRGXODWHG� SXOVH� WUDLQ
VKRXOG� EH� GLYLGHG� LQWR� IHZHU� VHFWLRQV� WKDQ� WKH� FRUUHVSRQGLQJ� FRQVWDQW� DPSOLWXGH
SXOVH�WUDLQ��L�H��P��1���RWKHUZLVH�RYHUXVH�RI�PDJQHWLVDWLRQ�UHVXOWV������Q��!����

%HORZ�DUH�VKRZQ�WKH�DPSOLWXGHV�RI�SXOVH�WUDLQV�SURGXFHG�ZLWK�WKLV�WHFKQLTXH��)LJXUH
����D��	��G��VKRZ�SXOVH�WUDLQV�ZLWK�VLPSOH�WZR�OHYHO�DPSOLWXGH�PRGXODWLRQV��WKH�ILUVW
VKRZLQJ� RQO\� D� VPDOO� VWHS� LQ� DPSOLWXGH�� DQG� WKH� VHFRQG� D�PRUH� H[WUHPH� VWHSSLQJ�
7KH�RWKHU�WZR�SXOVH�WUDLQV��LQ�)LJXUH�����E��	��F���URXJKO\�PLPLF�VPRRWKO\�SHDNHG
PRGXODWLRQV�ZLWK�PXOWLSO\�VWHSSHG�DPSOLWXGHV���,Q�DQ�H[SHULPHQW�WKH�SHDN�DPSOLWXGH
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HFKRHV�ZRXOG�EH�XVHG�WR�HQFRGH�WKH�FHQWUDO�N�VSDFH�OLQHV���7KH�VXE�WUDLQV�ZLWKLQ�HDFK
���SXOVH� WUDLQ�FDQ�EH�VZLWFKHG�DURXQG�VR�DV� WR�DOORZ� WKH�SHDN�HFKRHV� WR�EH� VKLIWHG
DORQJ�WKH�WUDLQ�

��
�D�� �E�

��
�F� �G�

)LJXUH���� �5)�DPSOLWXGH�HQYHORSHV� �VKDGHG� UHJLRQV��SURGXFHG�ZLWK� WKLV� WHFKQLTXH�
Q��  � �����������������>�D�@�� �����������������>�E�@�� ����������������>�F�@���������������������>�G�@�� �'DVKHG� OLQHV� VKRZ�DPSOLWXGHV�RI�SXOVHV� LQ� WKH28),6�VHTXHQFH���$PSOLWXGHV�DUH�JLYHQ�UHODWLYH�WR�WKDW�RI�D�VLQJOH�SXOVH�RI
��q�IOLS�DQJOH�

���� 5HVXOWV
7KH�DERYH�WHFKQLTXHV�ZHUH�XVHG�WR�GHYHORS�VHTXHQFHV��HDFK�RI�ZKLFK�ZHUH�HYDOXDWHG
XVLQJ�D�QXPEHU�RI�ILJXUHV�RI�PHULW�

�L�� )URP�WKH�HFKR�WUDLQ�D�ILJXUH�IRU�WKH�HFKR�HIILFLHQF\�ZDV�IRXQG�
�LL�� 7KH� SURILOH� RI� WKH� HFKRHV�ZDV� FRPSDUHG�ZLWK� WKDW� RI� WKH� SXOVHV� WR� DVVHVV� WKH
WHFKQLTXHV�IRU�FRQWUROOLQJ�WKH�DPSOLWXGH�HQYHORSH�

�LLL�� )LQDOO\�� WKH�HIIHFW�RI� DQ\�PRGXODWLRQ�RQ� WKH� ILQDO� LPDJH� UHVROXWLRQ� DQG� VLJQDO
ZDV�GHWHUPLQHG�

7KHVH�SHUIRUPDQFH�PHDVXUHV�ZHUH�REWDLQHG� LQLWLDOO\� IURP�VLPXODWLRQV�RI� WKH�%ORFK
(TXDWLRQV��DQG�WKHQ�FRPSDUHG�ZLWK�PHDVXUHV�REWDLQHG�IURP�LPDJLQJ�H[SHULPHQWV�
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�L�� (FKR�HIILFLHQF\
3UHYLRXVO\� =KD� 	� /RZH� DVVHVVHG� WKHLU� PRGXODWLRQ� VFKHPHV� XVLQJ� DQ

HIILFLHQF\�PHDVXUH�JLYHQ�E\

� � ����
=

>u ¦?
@

A
BCDE
F$� ����

ZKHUH�$GHIJK�LV�WKH�DPSOLWXGH�RI�WKH�LLM�HFKR��QRUPDOLVHG�WR�WKH�HFKR�IURP�D�VLQJOH���q
SXOVH�RI�WKH�VDPH�EDQGZLGWK�

7KLV� VDPH� ILJXUH� RI�PHULW�ZDV� XVHG� WR� HYDOXDWH�PRGXODWLRQ� VFKHPHV� LQ� WKLV�ZRUN�
+RZHYHU��WKHLU�SDSHU�>�@�GRHV�QRW�JLYH�GHWDLOV�RI�DOO�WKH�VLPXODWLRQ�SDUDPHWHUV��DQG
VR�ILUVWO\�D�VXLWDEOH�VHW�RI�YDOXHV�KDG�WR�EH�FKRVHQ��� �7\SLFDO�%8567�SDUDPHWHUV�RI
��V�KDUG�SXOVHV�DQG�DQ� LQWHUSXOVH� VSDFLQJ�RI�����V�ZHUH� FKRVHQ�� �7KH� VLPXODWLRQV
ZHUH�SHUIRUPHG�RYHU�DQ�RIIVHW�IUHTXHQF\�EDQGZLGWK�RI����N+]��FRUUHVSRQGLQJ�WR�D
���SL[HO�ZLGH�ILHOG�RI�YLHZ���7KH�DPSOLWXGHV�RI�WKH�HFKRHV�ZHUH�HDFK�QRUPDOLVHG�WR
WKH�SHDN�HFKR�DPSOLWXGH�REWDLQHG�IURP�D�VLQJOH���V�SXOVH��ZLWK�DQ�RQ�UHVRQDQFH�IOLS
DQJOH�RI���q�� �7KH�HIIHFWV�RI�7N�DQG�GLIIXVLRQ�ZHUH�QRW�LQFOXGHG���,W�ZDV�IRXQG�WKDW
WKHVH�SDUDPHWHUV�JDYH�YHU\� VLPLODU�� WKRXJK�QRW� LGHQWLFDO�� ILJXUHV� IRU� WKH�HIILFLHQF\�
ZKHQ�FRPSDULVRQV�ZHUH�PDGH�ZLWK�WKH�UHVXOWV�RI�=KD�	�/RZH���7KH�GLVFUHSDQF\�ZDV
OHVV�WKDQ����

7KH�HIILFLHQF\�LV�UHODWHG�WR�WKH�HQHUJ\�RI�WKH�HFKRHV��SURSRUWLRQDO�WR��$OPQRS�T��� �)RU
%8567� VLPXODWLRQV� WKH�5)� DPSOLWXGH�ZDV� FKRVHQ� LQ� WZR�ZD\V�� IRU� WKH� DPSOLWXGH
PRGXODWLRQV� WKH�5)�DPSOLWXGH�ZDV�YDULHG� WR� ILQG� WKH�PD[LPXP�SRVVLEOH�HIILFLHQF\
WKDW�FRXOG�EH�REWDLQHG���UVW���ZKHUHDV�IRU�WKH�FRPELQHG�PRGXODWLRQV�WKH�IOLS�DQJOHV
ZHUH� FDOFXODWHG� XVLQJ� WKH� VLPSOLI\LQJ� DVVXPSWLRQV� RI� WKH� OLQHDU� DSSUR[LPDWLRQ� WR
JLYH� VDWXUDWLRQ� RI� HDFK� RI� WKH� H[FLWHG� VWULSV� ��XYZZ��� � )RU� WKH� SXUSRVHV� RI� PDNLQJ
FRPSDULVRQV� ZLWK� SUHYLRXV� ZRUN� ERWK� WKHVH� PHWKRGV� ZHUH� XVHG� WR� ILQG� WKH� 5)
DPSOLWXGH�IRU�WKH�28),6�SKDVH�PRGXODWLRQ�VHTXHQFHV�

)RU�HDFK�PRGXODWLRQ�WKH�DQDO\VLV�ZDV�UHSHDWHG�IRU�H[FLWDWLRQ�DW�D�UHGXFHG�IOLS�DQJOH�
DV�GRQH�E\�=KD�	�/RZH���7KH�GHYLDWLRQ�IURP�WKH�HFKR�SURILOH�IURP�WKH�SULPDU\�HFKR
DPSOLWXGH� HQYHORSH� FDQ� EH� DWWULEXWHG� WR� KLJKHU� RUGHU� HFKRHV�� IRUPHG� E\� WKH
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LQWHUDFWLRQ�RI� WKH� LQGLYLGXDO�SXOVHV�RI� WKH�SXOVH� WUDLQ�� �7KH�FRQWULEXWLRQ� IURP� WKHVH
HFKRHV�ZLOO�IDOO�RII�PRUH�UDSLGO\�WKDQ�WKH�SULPDU\�HFKRHV�DV�WKH�IOLS�DQJOH�LV�UHGXFHG�
7KH� IOLS� DQJOH�ZDV� UHGXFHG� E\� D� IDFWRU� RI����� WKH� VDPH� DV�ZDV� FKRVHQ� E\� =KD�	
/RZH�

�LL�� $PSOLWXGH�PRGXODWLRQ
(DFK�GLIIHUHQW� DPSOLWXGH�PRGXODWLRQ�RI� WKH�SXOVH� WUDLQ� OHG� WR� D�GLIIHUHQW� DPSOLWXGH
PRGXODWLRQ�RI�WKH�HFKR�WUDLQ�� �7KH�FORVHQHVV�RI�WKH�WZR�SURILOHV�±�RI�WKH�SXOVH�WUDLQ
DQG�RI�WKH�HFKR�WUDLQ�±�ZDV�DQ�LPSRUWDQW�TXDQWLW\�WR�DVVHVV��7KLV�UHIOHFWHG�WKH�VXFFHVV
RI� WKH�SURSRVHG� WHFKQLTXHV� IRU� FRQWUROOLQJ� WKH� HFKR� DPSOLWXGHV�� �7R�GR� WKLV�� ILUVWO\
RQH� SURILOH�ZDV� UHYHUVHG�� DQG� WKHQ� D� OHDVW� VTXDUHV� ILW� ZDV� SHUIRUPHG� WR� VFDOH� RQH
SURILOH�WR�WKH�RWKHU���7KH�FORVHQHVV�RI�PDWFK��(��ZDV�PHDVXUHG�E\�WKH�VTXDUH�URRW�RI
WKH�OHDVW�VTXDUHV�PLQLPXP�YDOXH��DQG�WKHVH�YDOXHV�ZHUH�QRUPDOLVHG�WR�WKH�UHVXOW�IRU
WKH�ZHOO�HVWDEOLVKHG�PXOWL�SKDVH�28),6�PRGXODWLRQ�ZLWK�D���q�QHW�IOLS�DQJOH�
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ZKHUH�$i�LV�WKH�DPSOLWXGH�RI�WKH�Ljk�HFKR�DQG�3lmn�LV�WKH�DPSOLWXGH�RI�WKH��1�L�op�SXOVH�
VFDOHG� RQH� WR� WKH� RWKHU�� DV� GHVFULEHG� DERYH�� � 7KH� H[SUHVVLRQ� LQ� WKH� GHQRPLQDWRU
QRUPDOLVHV�WKH�UHVXOW�WR�WKH�28),6�PRGXODWLRQ�

$Q�LPSRUWDQW�UHTXLUHPHQW�IRU�DQ\�QHZ�PRGXODWLRQ�LV�WKDW�LW�SURGXFHV�DQ�HFKR�WUDLQ�RI
KLJK�HIILFLHQF\��FRPSDUDEOH�WR�WKH�HVWDEOLVKHG�PRGXODWLRQ�VFKHPHV���7KH�PXOWL�SKDVH
28),6�PRGXODWLRQ� VFKHPH� SURGXFHV� HIILFLHQFLHV� RI� ������ DW� IXOO� �FDOFXODWHG�� IOLS
DQJOH��IDOOLQJ�WR�������IRU�WKH�µUHGXFHG¶�IOLS�DQJOH�
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6LPXODWLRQ��DPSOLWXGH�PRGXODWLRQ��ZLWK�H[LVWLQJ�SKDVH�PRGXODWLRQV

$PSOLWXGH�PRGXODWLRQ 3KDVH��28),6� ����q����� (��(r�
PXOWL�SKDVH ������������ ������������&RQVWDQW
��SKDVH ������������ ������������

PXOWL�SKDVH ������������ ������������6LQXVRLGDO
��SKDVH ������������ ������������

PXOWL�SKDVH ������������ ������������*DXVVLDQ
��SKDVH ������������ ������������

7DEOH������(IILFLHQFLHV�DQG�HFKR�HQYHORSH�GHYLDWLRQV�IRU�WKH�DPSOLWXGH�RQO\PRGXODWLRQV���%UDFNHWHG�ILJXUHV�VKRZ�UHVXOWV�IRU�UHGXFHG�IOLS�DQJOHV�
7ZR�DOWHUQDWLYH� DPSOLWXGH�PRGXODWLRQV�� WKH� VLQXVRLGDO� �)LJXUH����D��� S����� DQG� WKH
KDOI�JDXVVLDQ� �)LJXUH� ���E���� ZHUH� H[DPLQHG� LQ� FRPELQDWLRQ� ZLWK�PXOWL�SKDVH� DQG
WZR�SKDVH� 28),6� SKDVH� PRGXODWLRQ� VFKHPHV�� � 7KHVH� SKDVH� PRGXODWLRQV� ZHUH
GHYHORSHG�IRU�XVH�ZLWK�FRQVWDQW�DPSOLWXGH�SXOVH�WUDLQV��DQG�WKHUHIRUH�WKH�LQWURGXFWLRQ
RI�DQ\�DPSOLWXGH�PRGXODWLRQ�ZRXOG�EH�H[SHFWHG�WR�SURGXFH�VWULSV�RI�RYHU��DQG�XQGHU�
QXWDWLRQ��DQG�KHQFH� OHDG� WR�D� UHGXFWLRQ� LQ�HIILFLHQF\�� �7KH� IOLS�DQJOH�ZDV�YDULHG� WR
ILQG�WKH�PD[LPDO�YDOXH�RI�WKH�HIILFLHQF\�IRU�HDFK�PRGXODWLRQ��DQG�FRPSDUHG�ZLWK�WKH
PD[LPDO�YDOXH�REWDLQHG�IRU� WKH�FRQVWDQW�DPSOLWXGH�28),6�PRGXODWLRQ�� �7KH�PXOWL�
SKDVH�28),6�PRGXODWLRQ�UHVXOWHG� LQ�D�YHU\�KLJK�HIILFLHQF\� ���������KLJKHU� LQ� IDFW
WKDQ� ZDV� IRXQG� XVLQJ� D� ��q� IOLS� DQJOH� ��������� � 7KH� VLQXVRLGDO� DQG� JDXVVLDQ
PRGXODWLRQV�ZLWK�PD[LPDO�IOLS�DQJOHV�SURGXFHG�KLJK�H[FLWDWLRQ�HIILFLHQFLHV�RI������
DQG� ������ UHVSHFWLYHO\�� � 7KLV� FRPSDUHV� YHU\�ZHOO�ZLWK� WKH�28),6� HIILFLHQF\� DQG
GHPRQVWUDWHV�WKDW�D�PRGHVW�GHJUHH�RI�DPSOLWXGH�PRGXODWLRQ�QHHG�QRW�EH�GHWULPHQWDO
WR� WKH� HIILFLHQF\�� � � :LWK� µUHGXFHG¶� IOLS� DQJOHV� WKH� HIILFLHQFLHV� IHOO� E\� a���� D
QRWLFHDEO\� VPDOOHU� GURS� WKDQ� LV� REVHUYHG� LQ� WKH� ODWHU� UHVXOWV� IRU� WKH� FRPELQHG
VFKHPHV� �7DEOH����S������ �7KLV� VHHPV� UHDVRQDEOH�FRQVLGHULQJ� WKH�GLIIHUHQW�PHWKRGV
IRU� FKRRVLQJ� WKH� IOLS� DQJOH� LQ� HDFK� FDVH�� � )RU� DPSOLWXGH� PRGXODWLRQ� DORQH� WKH
PD[LPDO�HIILFLHQF\�ZDV� IRXQG��ZKHUHDV� IRU� WKH�FRPELQHG�VFKHPHV�D���q� IOLS�DQJOH
ZDV� FKRVHQ��ZKLFK� LQ� JHQHUDO�ZLOO� OHDG� WR� D� OHVV� WKDQ�PD[LPDO� HIILFLHQF\�� �$V� WKH
PD[LPXP�YDOXH�LV�DSSURDFKHG�WKH�HIILFLHQF\�YDOXH�ZLOO�SODWHDX�RXW��DQG�KHQFH�WKHUH
ZLOO�EH�VPDOOHU�YDULDWLRQ�LQ�WKH�HIILFLHQF\�LQ�WKLV�UHJLRQ�
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:KLOH�WKH�UHVXOWV�IRU�WKH�HIILFLHQFLHV�ZHUH�JRRG��WKH�UHVXOWV�IRU�WKH�HFKR�SURILOHV�ZHUH
OHVV� SURPLVLQJ�� � $V� FDQ� EH� VHHQ� LQ� 7DEOH� ��� WKUHH�� DQG� IRXU�IROG� LQFUHDVHV� LQ� WKLV
ILJXUH�RI�PHULW�ZHUH�IRXQG���)LJXUH����VKRZV�VRPH�RI�WKH�H[SHFWHG�HFKR�DPSOLWXGHV
�SURSRUWLRQDO� WR� WKH� SXOVH� DPSOLWXGHV�� ILWWHG� WR� WKH� VLPXODWHG� HFKR� DPSOLWXGHV�� �2I
WKHVH� RQO\� WKH� VLQXVRLGDO� �� PXOWL�SKDVH� SDLULQJ� ZLWK� �v� >�G�@� VKRZV� D� VWURQJ
FRUUHODWLRQ�ZLWK� WKH�H[SHFWHG�GDWD� �(� �������� WKH�RWKHU� UHVXOWV� >�F���H��	� �I�@� VKRZ
RQO\�OLWWOH�FRUUHODWLRQ��(�!��������7KHVH�UHVXOWV�VXJJHVW�WKDW�WKLV�DPSOLWXGH�PRGXODWLRQ
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PHWKRG� FDQ�PDLQWDLQ� WKH� KLJK� XWLOLVDWLRQ� RI� WKH�PDJQHWLVDWLRQ� �KLJK� HIILFLHQF\�� RI
28),6�� EXW� LQ� JHQHUDO� OHDGV� WR� SRRUHU� FRUUHODWLRQV� RI� WKH� DPSOLWXGH� HQYHORSH�� DQG
KHQFH�OHVV�FRQWURO�RYHU�WKH�HFKR�DPSOLWXGHV���7KH�GDWD�SUHVHQWHG�KHUH�RQO\�FRYHUV�D
YHU\� OLPLWHG� VHW� RI� DPSOLWXGH�PRGXODWLRQV�� KRZHYHU� LW� GRHV� VXJJHVW� WKDW� DPSOLWXGH
PRGXODWLRQ� DORQH� SURYLGHV� RQO\� PRGHVW� VFRSH� IRU� FRQWUROOLQJ� WKH� HFKR� WUDLQ
DPSOLWXGHV�

6LPXODWLRQ��UDQGRP�	�JHRPHWULF�SKDVHV

3KDVH ����Â����� (��(Ã�
PXOWL�SKDVH�28),6 ������������ ������������
��SKDVH�28),6 ������������ ������������
5DQGRP ������������

������������
������������
������������

JHRPHWULF ������������ ������������
7DEOH���(IILFLHQFLHV�DQG�HFKR�HQYHORSH�GHYLDWLRQV�IRU�WKH�UDQGRP�DQG�JHRPHWULFSKDVH�PRGXODWLRQV
7KHVH�VFKHPHV�SURGXFHG�OHVV�SURPLVLQJ�UHVXOWV�WKDQ�WKH�DPSOLWXGH�PRGXODWLRQV���7KH
HIILFLHQFLHV�ZHUH� VLJQLILFDQWO\� ORZHU� DQG� WKH� HFKR� HQYHORSHV�ZHUH� OHVV�ZHOO� ILWWHG�
SDUWLFXODUO\�LQ�WKH�FDVH�RI�WKH�JHRPHWULF�SURJUHVVLRQ���7ZR�GLIIHUHQW�VHWV�RI�UDQGRP
SKDVH�ZHUH�JHQHUDWHG��XVLQJ�WKH�,'/�IXQFWLRQ�µ5$1'208¶����7KHVH�ERWK�SURGXFHG
IDLU�UHVXOWV�IRU�WKH�HIILFLHQF\��EXW�WKLV�VWLOO�IHOO�VKRUW�RI� WKDW�REWDLQHG�IRU� WKH�28),6
VFKHPHV���1RWDEO\��WKH�ILW�RI�WKH�HFKR�DPSOLWXGHV�WR�WKH�SXOVHV�ZDV�PXFK�ZRUVH�WKDQ
IRU�DQ\�RI�WKH�DPSOLWXGH�PRGXODWLRQV�LQ�WKH�SUHYLRXV�VHFWLRQ�

7KH�JHRPHWULF�SKDVH�SURJUHVVLRQ�SURGXFHG�D�����HIILFLHQF\��ZRUVH�WKDQ�WKH�UDQGRP
SKDVH�� �7KLV�SDUWLFXODU�JHRPHWULF�SURJUHVVLRQ�XVHG�ZDV�FKRVHQ�RQO\� WR�JLYH� D�JRRG
VSUHDG�RI�SKDVHV�RYHU������q�ZLWKRXW�H[FHVVLYH�SKDVH�ZUDSSLQJ��VR�DV�QRW�WR�ORVH�WKH
VHQVH�RI� WKH�SURJUHVVLRQ�� WKHUH�ZDV�QR�UHDVRQ� WR�EHOLHYH� LW�ZRXOG�SHUIRUP�ZHOO�� � ,Q
IDFW� WKH�SKDVH�LQFUHDVHV�YHU\�VORZO\�RYHU� WKH� ILUVW�KDOI�RI� WKH�SXOVH� WUDLQ��PDNLQJ� LW
FORVH� WR� D� FRQVWDQW� RU� OLQHDU� SKDVH� SURJUHVVLRQ�� DQG� WKHUHIRUH� PRUH� VLPLODU� WR� WKH
LQHIILFLHQW� FRQVWDQW� SKDVH� %8567�� $OVR�� WKH� HFKRHV� UHVXOWLQJ� IURP� WKHVH� SKDVH
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VFKHPHV�ZHUH�YHU\�YDULDEOH��SRRUO\�PDWFKHG� WR� WKH�FRQVWDQW�DPSOLWXGH�RI� WKH�SXOVH
WUDLQ�

7KHVH�PRGXODWLRQV�ZHUH�QRW�IXUWKHU�LQYHVWLJDWHG�LQ�H[SHULPHQWV���$V�EHIRUH��GLIIHUHQW
SDUDPHWHUV�FRXOG�EH�XVHG�WR�LQYHVWLJDWH�D�UDQJH�RI�JHRPHWULF�SURJUHVVLRQV�DQG�KHQFH
WR�EXLOG�D�IXOOHU�SLFWXUH�RI�WKHLU�SHUIRUPDQFH���+RZHYHU��RQ�WKH�EDVLV�RI�WKHVH�UHVXOWV
WKLV�GRHV�QRW�ORRN�WR�EH�D�SURPLVLQJ�WHFKQLTXH�

6LPXODWLRQ��FRPELQHG�DPSOLWXGH�DQG�SKDVH�VFKHPHV

3KDVH ����Ä����� (��(Å�
PXOWL�SKDVH�28),6 ������������ ������������
��SKDVH�28),6 ������������ ������������
����������������� ������������ ������������
�������������������� ������������ ������������
���������������� ������������ ������������
����������������� ������������ ������������
7DEOH��� (IILFLHQFLHV�DQG�HFKR�HQYHORSH�GHYLDWLRQV�IRU�WKH�FRPELQHG�PRGXODWLRQV�7KH�SKDVH�VFKHPHV�LQ�WKH�ILUVW�FROXPQ�DUH�GHILQHG�LQ�)LJXUH����RQ�S����
7KH� FRPELQHG� SKDVH� DQG� DPSOLWXGH�PRGXODWLRQV� SHUIRUPHG�ZHOO�� � 7KH� HIILFLHQFLHV
ZHUH�FRPSDUDEOH�ZLWK�WKH�EHVW�28),6�HIILFLHQF\��DOO�ZHUH�RYHU������FRPSDUHG�ZLWK
WKH�������ILJXUH� IRU�PXOWL�SKDVH�28),6�� �)RU� WKHVH�PRGXODWLRQV� WKH�5)�DPSOLWXGH
ZDV�FKRVHQ�WR�JLYH�D���q�IOLS�DQJOH�RQ�UHVRQDQFH�

,W� LV�ZRUWK� QRWLQJ� WKDW� SUHYLRXVO\� WKH�28),6� VHTXHQFHV�ZLWK� IHZHU� WKDQ� ��� SXOVHV
ZHUH�IRXQG�WR�EH�OHVV�HIILFLHQW���ÆÇ �������ZKHUHDV��ÈÉ �������VHH�>�@����7KH�QHZ
PRGXODWLRQV�� LQ� HIIHFW�� DUH� PDGH� XS� RI� VHFWLRQV� IURP� WKHVH� VKRUWHU� SXOVH� WUDLQV
�H[FLWLQJ� WKH� JUHDWHU� SDUW� RI� WKH� PDJQHWLVDWLRQ�� DQG� VHFWLRQV� IURP� ORQJHU� WUDLQV
�H[FLWLQJ� WKH� OHVVHU�SDUW� RI� WKH�PDJQHWLVDWLRQ��� �)RU� LQVWDQFH�� WKH�SKDVH�PRGXODWLRQ
�����������������LV�FRPSRVHG�RI�WKUHH�VKRUW�VHFWLRQV����������ZKLFK�H[FLWH�Ê�Ë�Ì�Í�Î�Ï� 
Ð�Ñ� RI� WKH� PDJQHWLVDWLRQ�� DQG� WKUHH� ORQJ� VHFWLRQV� ����������� ZKLFK� H[FLWH� WKH
UHPDLQGHU���+HQFH��WKH�ORZ�HIILFLHQF\�VKRZQ�KHUH���  �������LV�FRQVLVWHQW�ZLWK
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WKHVH� HDUOLHU� UHVXOWV�� � ,W� PLJKW� EH� SRVVLEOH� WR� LPSURYH� RQ� WKHVH� HIILFLHQFLHV� L�� E\
YDU\LQJ�WKH�VHSDUDWLRQ�RI�WKH�VWULSV�RI�H[FLWDWLRQ�DQG�LL���E\�FKDQJLQJ�WKH�SRVLWLRQV�RI
WKH�VWULSV�ZLWKLQ�HDFK�SL[HO� L�H��UDWKHU� WKDQ�VHTXHQWLDOO\�H[FLWLQJ� WKH�VWULSV��GR�VR� LQ
MXPSV�

7KH�HQYHORSH�SURILOHV�ZHUH�D�UHDVRQDEO\�JRRG�PDWFK�WR�WKH�SXOVH�SURILOHV��(� ����
������ WKRXJK�QRW�DV�JRRG�D�PDWFK�DV�REWDLQHG� IURP�PXOWL�SKDVH�28),6� �(��  �����
$V� FDQ� EH� VHHQ� IURP� WKH� GDWD� SORWV� DERYH�� WKH� DPSOLWXGHV� EURDGO\� IROORZLQJ� WKH
H[SHFWHG�SDWWHUQV�� LI�ZLWK�D� IDLU�ELW�RI�YDULDELOLW\� LQ�SODFHV�� �+RZHYHU�� UHGXFLQJ� WKH
IOLS�DQJOH�E\����UHGXFHG�WKLV�YDULDELOLW\�PDUNHGO\�DQG�SURGXFHG�PXFK�EHWWHU�ILWV��(�
a � � � � �� 7KHVH� UHVXOWV� VKRZ� WKDW� WKLV� WHFKQLTXH� FDQ� SURGXFH� KLJK� HIILFLHQF\� HFKR
WUDLQV�ZLWK�SURILOHV�ZKLFK�PDWFK�WKH�H[SHFWHG�SURILOHV�ZHOO�

�LLL�� 5HVROXWLRQ�DQG�615
7KH� XOWLPDWH� WHVW� RI� WKHVH� WHFKQLTXHV� OLHV� LQ� WKH� TXDOLWLHV� RI� WKH� LPDJHV� IRUPHG�
7KHVH�ZHUH�DVVHVVHG�LQ�VLPXODWLRQV�E\�HVWLPDWLQJ�WKH�H[SHFWHG�FKDQJHV�LQ�WKH�VLJQDO
DQG� LQ� WKH� UHVROXWLRQ� �LQ� WKH� SKDVH� HQFRGLQJ� GLUHFWLRQ��� � /DWHU�� H[SHULPHQWV� ZHUH
FDUULHG�RXW�DW��7�DQG�WKH�UHVXOWV�FRPSDUHG���7KH�LPDJH�VLJQDO�ZDV�HVWLPDWHG�IURP�WKH
DPSOLWXGH�RI�WKH�FHQWUDO�N�VSDFH�HFKR��ZKLFK�ZDV�DVVXPHG�WR�EH�HQFRGHG�D�TXDUWHU�RI
WKH�ZD\�DORQJ�WKH�HFKR�WUDLQ�IRU�WKH�DPSOLWXGH�PRGXODWLRQV��DQG�DW�WKH�SHDN�HFKR�IRU
WKH�FRPELQHG�PRGXODWLRQV���7KLV�ZDV�WKHQ�QRUPDOLVHG�WR�WKH�HVWLPDWH�IRU�WKH�PXOWL�
SKDVH� 28),6� VHTXHQFH� WR� JLYH� D� YDOXH� IRU� WKH� FKDQJH� LQ� VLJQDO�� � 7KH� UHVROXWLRQ
HVWLPDWH�ZDV�REWDLQHG�E\�FDOFXODWLQJ�WKH�)RXULHU�WUDQVIRUP�RI�WKH�HFKR�WUDLQ�WR�REWDLQ
WKH� UHVROXWLRQ� NHUQHO� DQG� WDNLQJ� WKH�):+0�YDOXH�� � %HIRUH� FDOFXODWLQJ� WKH� )RXULHU
WUDQVIRUP� WKH� YHFWRU� RI� ��� HFKR� DPSOLWXGHV� ZDV� ]HUR�ILOOHG� WR� ����� HOHPHQWV� WR
SURYLGH�ILQHU�GLVFUHWLVDWLRQ�RI�WKH�UHVROXWLRQ�NHUQHO�
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6LPXODWLRQ�	�H[SHULPHQW

0RGXODWLRQV
�DPSOLWXGH��SKDVH� 7KHRUHWLFDO�VLJQDO ([SHULPHQWDO�VLJQDO

PXOWL�SKDVH�28),6 ���� ����&RQVWDQW
��� !!� ��SKDVH�28),6 ���� ����

PXOWL�SKDVH�28),6 ���� ����&RQVWDQW
��"#$� ��SKDVH�28),6 ���� ����

PXOWL�SKDVH�28),6 ���� ����6LQXVRLGDO
��"#$� ��SKDVH�28),6 ���� ����

PXOWL�SKDVH�28),6 ���� ����*DXVVLDQ
��%&'� ��SKDVH�28),6 ���� ����

����������������� ���� ����
�������������������� ���� ����
���������������� ���� ����
����������������� ���� ����

7DEOH����7KHRUHWLFDO�DQG�H[SHULPHQWDO�UHVXOWV�IRU�WKH�VLJQDO�FKDQJHV�IRU�WKH�GLIIHUHQWPRGXODWLRQ�VFKHPHV���'DWD�LV�QRUPDOLVHG�WR�WKH�FRQVWDQW�DPSOLWXGH�PXOWL�SKDVH�28),6�UHVXOW���,Q�HDFK�FDVH�WKH�UHGXFHG�IOLS�DQJOH�KDV�EHHQ�XVHG�EDVHG�RQ�HLWKHU�WKH�IXOO�RU�PD[LPDO��RSWLPLVHG��IOLS�DQJOH��DV�SHU�WKHSUHYLRXV�VHFWLRQV�

7KH� WDEOH� DERYH� VKRZV� WKDW� LQ� H[SHULPHQWV� DOO� WKH� PRGXODWLRQ� VFKHPHV� EURDGO\
IROORZ�WKH�SUHGLFWHG�VLJQDO�LQFUHDVHV���,Q�PRVW�FDVHV�WKH�UHVXOWV�IURP�H[SHULPHQWV�ODJ
EHKLQG� WKH� WKHRUHWLFDO� HVWLPDWHV�� ZLWK� WKH� GLVFUHSDQF\� EHLQJ� JUHDWHU� IRU� WKH� KLJKHU
SHUIRUPLQJ� VHTXHQFHV�� � 2I� WKH� DPSOLWXGH� PRGXODWLRQV�� WKH� VKDOORZ�� VLQXVRLGDO
PRGXODWLRQ� VKRZV� D� PRGHVW� VLJQDO� LPSURYHPHQW�� ZKLOH� WKH� VWHHSHU� JDXVVLDQ
PRGXODWLRQ� SHUIRUPV� EHWWHU�� LI� RQO\� JLYLQJ� ò�� ô� RI� WKH� SUHGLFWHG� LQFUHDVH�� � 7KH
FRPELQHG� DPSOLWXGH� DQG� SKDVH� PRGXODWLRQV� DOVR� SHUIRUP� ZHOO�� � 7KH� VLPSOHVW
������������������PRGXODWLRQ�JLYHV� D�YHU\� VLPLODU� VLJQDO� WR� WKDW� SUHGLFWHG��ZKLOH� WKH
RWKHU�PRUH�YDU\LQJ�VFKHPHV�VKRZ�VLJQDO�LQFUHDVHV�ô�RI�WKDW�SUHGLFWHG�
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6LPXODWLRQ

0RGXODWLRQV
�DPSOLWXGH��SKDVH� ):+0���SL[HOV

PXOWL�SKDVH�28),6 ������&RQVWDQW
��()**� ��SKDVH�28),6 ������

PXOWL�SKDVH�28),6 ������6LQXVRLGDO
��+,-� ��SKDVH�28),6 ������

PXOWL�SKDVH�28),6 ������*DXVVLDQ
��+,-� ��SKDVH�28),6 ������

����������������� ������
�������������������� ������
���������������� ������
����������������� ������

7DEOH���7KHRUHWLFDO�UHVXOWV�IRU�WKH�UHVROXWLRQV�IRU�WKH�GLIIHUHQW�PRGXODWLRQ�VFKHPHV

7DEOH� �� VKRZV� WKH� UHVXOWV� IURP� VLPXODWLRQV�� � ,QWHUHVWLQJO\�� WKH� UHVROXWLRQ� GRHV� QRW
YDU\�PXFK� EHWZHHQ� WKH� GLIIHUHQW�PRGXODWLRQV�� � +RZHYHU�� LW� ZDV� DSSDUHQW� WKDW� WKH
VKDSH� RI� HDFK� UHVROXWLRQ� NHUQHO� YDULHG�� ZLWK� VRPH� KDYLQJ� KLJKHU� DPSOLWXGH� WKDQ
RWKHUV�RXWVLGH�RI�WKH�FHQWUDO�SHDN���7KLV�PD\�UHVXOW�LQ�PRUH�QRLVH�LQ�WKH�LPDJH�

([SHULPHQWV
7KH� LPDJHV� RI� D� FRPSOH[�VWUXFWXUHG� SKDQWRP�� REWDLQHG� ZLWK� HDFK� RI� WKHVH
PRGXODWLRQV�� DUH� VKRZQ�EHORZ�� �7KH�SKDVH� HQFRGLQJ�GLUHFWLRQ� LV� DORQJ� WKH�YHUWLFDO
D[LV� LQ� HDFK� FDVH�� � 7KH� LPDJH� IDGH�RXW� DORQJ� WKH� KRUL]RQWDO� GLUHFWLRQ� UHIOHFWV� WKH
QDUURZ�EDQGZLGWK�RI�WKH�����V�5)�SXOVHV���7KLV�GXUDWLRQ�ZDV�FKRVHQ�WR�ILW�LQ�ZLWK�WKH
SHDN�SRZHU�FDSDELOLWLHV�RI�WKH�DPSOLILHU��VR�DV�WR�HQDEOH�KLJK�HQRXJK�IOLS�DQJOHV�WR�EH
UHDFKHG���7KH�DOWHUQDWLYH�WHFKQLTXH�XVLQJ�FKLUS�SXOVHV�ZDV�GLIILFXOW�WR�LPSOHPHQW�RQ
WKH��7�VFDQQHU�DW�1RWWLQJKDP�IRU�VRPH�RI�WKHVH�PRGXODWLRQ�VFKHPHV�
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5) ����V�UHFWDQJXODU�SXOVHV
2. �����V
7( ���PV

%:�/012345367 ����N+]
0DWL[ ���[���

5HVROXWLRQ ����[�����PP
6OLFH�WKLFNQHVV ����PP

)LJXUH� ��� � 3KDQWRP� LPDJH� REWDLQHG� ZLWK� �� SKDVH� 28),6�� IXOO� IOLS� DQJOH� �QRDPSOLWXGH� PRGXODWLRQ��� � 7KH� IDOO�RII� LQ� LQWHQVLW\� LQ� WKH� KRUL]RQWDO�IUHTXHQF\� HQFRGLQJ�� GLUHFWLRQ� LV� GXH� WR� WKH� QDUURZ� EDQGZLGWK� RI� WKHSXOVHV�XVHG�

7KH�DPSOLWXGH�PRGXODWLRQ�LPDJHV�VKRZ�OLWWOH��LI�DQ\��EOXUULQJ�LQ�WKH�SKDVH�HQFRGLQJ
GLUHFWLRQ�� HYHQ� LQ� WKH� FDVH� RI� WKH� JDXVVLDQ� PRGXODWLRQ�� � 7KH� LPDJHV� IURP� WKH
FRPELQHG�DPSOLWXGH�DQG�SKDVH�PRGXODWLRQV�VKRZ�YDU\LQJ�GHJUHHV�RI�EOXUULQJ��IURP
YHU\� OLWWOH� LQ� WKH� FDVH� RI� WKH� ������������������ PRGXODWLRQ�� LQFUHDVLQJ� WR� VHYHUH
EOXUULQJ�IRU�WKH������������������PRGXODWLRQ�

89:;<=>?@AB 89:;<=>?@AB C>?@AB 89:;<=>?@AB C>?@AB
�� �� �� ��

�� �� �� ���D� �E� �F� �G� �H�
)LJXUH�����6HJPHQWHG�SKDQWRP�LPDJHV�DFTXLUHG�ZLWK�GLIIHUHQW�DPSOLWXGH�DQG�SKDVHPRGXODWLRQV���7KH�DPSOLWXGH�DQG�28),6�SKDVH�PRGXODWLRQV�DUH�VKRZQDERYH�HDFK�LPDJH���7KH�RSWLPDO�IOLS�DQJOH��DEF�ZDV�XVHG�LQ�HDFK�FDVH�
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GHIHIJIJIJIJIHIHK GLMILLILLILLININILLK OPQRPQRPSRTRURTV OPSRPSRQRQRWRTRWV

�� �� �� ��

�� �� �� ���D� �E� �F� �G� �H�
)LJXUH�����6HJPHQWHG�SKDQWRP�LPDJHV�DFTXLUHG�ZLWK�GLIIHUHQW�FRPELQHG�DPSOLWXGHDQG�SKDVH�PRGXODWLRQV���7KH�PRGXODWLRQV�DUH�VKRZQ�DERYH�HDFK�LPDJH�

7KH� SRVLWLRQ� RI� WKH� NX� FHQWUDO� HFKR� YDULHG� EHWZHHQ� WKHVH� LPDJHV�� � 7KH� LGHD� RI� WKH
DPSOLWXGH�PRGXODWLRQ�ZDV� WR�HQFRGH�RQH�RI� WKH�KLJKHVW�DPSOLWXGH�HFKRHV�DV� WKH�NX
HFKR��7KH�SRVLWLRQ�RI�WKH�SHDN�HFKRHV�FDQ�EH�FKDQJHG�VLPSO\�E\�UHRUGHULQJ�WKH�VXE�
WUDLQV� RI� SXOVHV�� � +RZHYHU�� LQ� JHQHUDO� LW� ZLOO� QRW� EH� SRVVLEOH� WR� SRVLWLRQ� WKH� SHDN
SXOVHV�DW� DQ\�SRLQW�RI�FKRRVLQJ� DORQJ� WKH�SXOVH� WUDLQ�� VLQFH� WKH� OHQJWKV�RI� WKH� VXE�
WUDLQV�OLPLW�WKH�SRVVLELOLWLHV�IRU�UHFRQILJXULQJ�WKH�RYHUDOO� WUDLQ�� �7KLV�NY� UHTXLUHPHQW
FDQ� EH� EXLOW� LQWR� WKH� GHVLJQ� RI� WKH� PRGXODWLRQV�� KRZHYHU�� ZLWK� WKH� H[DPSOH
PRGXODWLRQV� H[DPLQHG� KHUH� LW� ZDV� QRW� SRVVLEOH� WR� HQFRGH� WKH� HFKRHV� LQ� WKH� VDPH
PDQQHU�IRU�DOO�RI�WKH�VFKHPHV���)RU�WKH�28),6�����������������������������������������
PRGXODWLRQV�WKH�NZ�HFKR�ZDV�SRVLWLRQHG�DW�WKH���[\�HFKR��D�TXDUWHU�RI�WKH�ZD\�GRZQ
WKH�N�VSDFH�PDWUL[��ZKHUHDV�IRU������������������DQG�������������������WKH�N]�OLQH�ZDV
HQFRGHG�DW�WKH�� _̂�HFKR���7KH�VDPH�SURFHVVLQJ�ZDV�FDUULHG�RXW�RQ�DOO�GDWD�VHWV���7KH
HUURUV� UHVXOWLQJ� IURP� GLIIHUHQW� 7 �̀ UHOD[DWLRQ� ZDV� DVVXPHG� WR� EH� VPDOO�� VLQFH� WKH
SKDQWRP�KDG�D�ORQJ�UHOD[DWLRQ�WLPH�

7KH� HIIHFWV� RQ� UHVROXWLRQ� FOHDUO\� YDU\� ZLGHO\�� IDU� PRUH� WKDQ� LV� VXJJHVWHG� E\� WKH
SUHGLFWHG� ILJXUHV� LQ� 7DEOH� ��� � ,QGHHG�� WKHVH� ILJXUHV� GR� QRW� UHIOHFW� WKH� REVHUYHG
EOXUULQJ��SDUWLFXODUO\� LQ� WKH�PRVW�GHJUDGHG�LPDJHV�� �%URDGO\�VSHDNLQJ�� WKLV�EOXUULQJ
WDOOLHV�ZLWK�WKH�DPSOLWXGH�PRGXODWLRQV��WKH�PRUH�VWHHSO\�SHDNHG�WKH�PRGXODWLRQ��WKH
PRUH�WKH�LPDJH�LV�EOXUUHG�
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abcbcdcdcdcdcbcbe afgcffcffcffchchcffe aficficfdchcjche afdcfdcicickchcke

�� �� �� ��

�� �� �� ���D� �E� �F� �G� �H�
)LJXUH�����,PDJHV�DIWHU�FRUUHFWLRQ�ZLWK�QDYLJDWRU�HFKRHV���$OO�LPDJHV�GLVSOD\HG�WRWKH�VDPH�VFDOH���7KH�PRGXODWLRQV�DUH�VKRZQ�DERYH�HDFK�LPDJH�

0RGXODWLRQV 615
&RQVWDQW�DPSOLWXGH ��
����������������� ��

�������������������� ��
���������������� �
����������������� ��

7DEOH����615V�IRU�WKH�µQDYLJDWRU�HFKRHV¶�FRUUHFWHG�GDWD�VHWV�

7KH�LPDJHV�ZHUH�SURFHVVHG�DJDLQ��EXW�QRZ�XVLQJ�D�FDOLEUDWLRQ�GDWD�VHW�DFTXLUHG�ZLWK
QR�SKDVH�HQFRGLQJ�JUDGLHQW�� �7KHVH� VR�FDOOHG� µQDYLJDWRU� HFKRHV¶� >��@�ZHUH�XVHG� WR
SURYLGH�SKDVH�YDOXHV�WR�FRUUHFW�IRU�DQ\�UHVLGXDO�SKDVH�YDULDWLRQ�DQG�DPSOLWXGH�YDOXHV
WR�UHVFDOH�WKH�HFKRHV�SULRU�WR�SURFHVVLQJ���)LJXUH����DERYH�VKRZV�WKH�VDPH�LPDJHV�DV
)LJXUH�����EXW�ZLWK�WKH�GDWD�ILUVW�FRUUHFWHG���,W�LV�FOHDU�WKDW�WKH�EOXUULQJ�LQ�WKH�SKDVH
HQFRGLQJ�GLUHFWLRQ�KDV�EHHQ�UHGXFHG��EXW�DW�D�FRVW�RI�LQFUHDVHG�QRLVH���7KH�615V�IRU
WKH�LPDJHV�VKRZ�WKDW�WKH�PRGXODWLRQ�VFKHPHV�DWWHPSWHG�OHDG�WR�D�UHGXFWLRQ�LQ�LPDJH
TXDOLW\���,QGHHG��WKH�PRUH�H[DJJHUDWHG�LV�WKH�PRGXODWLRQ��WKH�ORZHU�LV�WKH�615�



��

���� &RQFOXVLRQV
7KLV� FKDSWHU� KDV� GHPRQVWUDWHG� WKDW� GLIIHUHQW�PRGXODWLRQV� FDQ� EH� XVHG� LQ� %8567�
ZKLFK�FDQ�JLYH�FRQWURO�RYHU�WKH�LPDJH�VLJQDO�DQG�UHVROXWLRQ�

$PSOLWXGH� PRGXODWLRQ� LQ� FRPELQDWLRQ� ZLWK� 28),6� SKDVH� PRGXODWLRQ� FDQ� JLYH
PRGHUDWH��EXW�OLPLWHG��VLJQDO�LPSURYHPHQWV�ZLWK�OLWWOH��LI�DQ\��ORVV�RI�LPDJH�TXDOLW\�
6LPLODU� VLJQDO� DQG� LPDJH� LPSURYHPHQWV� DUH� REWDLQHG� ZLWK� FRPELQHG� DPSOLWXGH� 	
SKDVH�PRGXODWLRQV��KRZHYHU��JUHDWHU�VLJQDO�LQFUHDVHV�DUH�SRVVLEOH��DW�D�SULFH�RI�ORZHU
UHVROXWLRQ�� ,Q�HIIHFW�� WKHUH� LV�D� WUDGH�RII�RI� VLJQDO�EHWZHHQ� LQQHU� DQG�RXWHU�N�VSDFH�
7KH�OLPLW�RI�WKLV�FRPSURPLVH�ZLOO�GHSHQG�RQ�WKH�DSSOLFDWLRQ�LQ�TXHVWLRQ���,Q�JHQHUDO�
WKHVH�VFKHPHV�JLYH�XS�WR�����ORZHU�HIILFLHQFLHV��EXW�WKH�ILQDO�LPDJH�VLJQDOV�DUH�VWLOO
LPSURYHG���7KH�UDQGRP�DQG�JHRPHWULF�SKDVH�PRGXODWLRQV��WR�WKH�YHU\�OLPLWHG�H[WHQW
WR�ZKLFK�WKH\�ZHUH�LQYHVWLJDWHG��ZHUH�VKRZQ�WR�EH�LQHIIHFWLYH�

7KH� FRPELQHG� DPSOLWXGH� 	� SKDVH� PHWKRG� SURYLGHV� D� VWUDLJKWIRUZDUG� ZD\� RI
SURGXFLQJ� QHZ� PRGXODWLRQV� ZKLFK� FDQ� EH� PDWFKHG� WR� UHTXLUHPHQWV�� � 8VHG
MXGLFLRXVO\� LW� FDQ� SURYLGH� PRGHUDWH� VLJQDO� JDLQV� ZLWK� RQO\� OLWWOH� GHWULPHQW� WR� WKH
LPDJH�UHVROXWLRQ�

)XUWKHU� UHILQHPHQW� WR� WKH� WHFKQLTXH� PLJKW� DOORZ� IRU� PRUH� VPRRWK� YDULDWLRQ� LQ
DPSOLWXGH�DORQJ�WKH�SXOVH�WUDLQ���$OVR��D�VLPSOHU�DQG�PRUH�IOH[LEOH�ZD\�RI�JHQHUDWLQJ
WKH�PRGXODWLRQV�FRXOG�EH�LQYHVWLJDWHG��ZKLFK�ZRXOG�GR�DZD\�ZLWK�WKH�WULDO�DQG�HUURU
DSSURDFK�

7KH� WRWDO� 5)� SRZHU� UHTXLUHG� IRU� RSWLPDO� H[FLWDWLRQ� LV� IDLUO\� FRQVWDQW� IRU� DOO� WKHVH
PRGXODWLRQV�� � +RZHYHU�� WKH� SHDN� 5)� SRZHU� UHTXLUHG� ZLOO� LQFUHDVH� ZLWK� DQ\
DPSOLWXGH�PRGXODWLRQ��SDUWLFXODUO\� IRU� WKH�PRUH�H[WUHPH�PRGXODWLRQV� �D� VHYHQ�IROG
LQFUHDVH� ZDV� UHTXLUHG� IRU� RQH� RI� WKH� VFKHPHV� GHVFULEHG� LQ� WKLV� FKDSWHU��� � 7KLV� LV
SUREOHPDWLF�IRU�KLJK�ILHOG�%8567�LPDJLQJ��EXW�ZLWK�WKH�LQWURGXFWLRQ�RI�FKLUS�SXOVHV
DQG��PRUH�LPSRUWDQWO\��DQ�RVFLOODWRU\�JUDGLHQW�WKLV�ZLOO�EH�OHVV�RI�DQ�LVVXH�



��

���� 5HIHUHQFHV
�� 5RX[��3�/���-��3DXO\�DQG�$��0DFRYVNL��%8567�H[FLWDWLRQ�SXOVHV��LQ�
3URF��

6050����WK�$QQXDO�0HHWLQJ
��������S������
�� =KD��/��DQG�,�-��/RZH��2SWLPLVHG�XOWUD�IDVW�LPDJLQJ�VHTXHQFH��28),6��

0DJQ��5HVRQ��0HG�������������S����������
�� *HOGHUHQ��3�Y���-�+��'X\Q�DQG�&�7�:��0RRQHQ��$QDO\WLFDO�VROXWLRQ�IRU�SKDVH

PRGXODWLRQ�LQ�%8567�LPDJLQJ�ZLWK�RSWLPXP�VHQVLWLYLW\��-��0DJQ��5HVRQ�
6HULHV�%�������������S��������

�� &KR��=�+���<�0��5R�DQG�,�.��+RQJ��)0�'$17(�IDVW�LPDJLQJ�DQG�YDULDWLRQV�
HPHUJLQJ�UI�EDVHG�XOWUDIDVW�LPDJLQJ�WHFKQLTXHV��&RQFHSWV�0DJQ��5HVRQ��
�������������S��������

�� +HQQLJ��-��DQG�0��0XHUL��)DVW�LPDJLQJ�XVLQJ�%XUVW�H[FLWDWLRQ�SXOVHV��LQ

3URF���6050���WK�$QQXDO�0HHWLQJ
��������S������

�� )UHHPDQ��5���LQ�6SLQ�FKRUHRJUDSK\��EDVLF�VWHSV�LQ�KLJK�UHVROXWLRQ�105�
������2[IRUG��6SHNWUXP��S����������

�� 3DXO\��-���3�/��5RX[��'��1LVKLPXUD��HW�DO���3DUDPHWHU�UHODWLRQV�IRU�WKH
6KLQQDU�/H�5RX[�VHOHFWLYH�H[FLWDWLRQ�SXOVH�GHVLJQ�DOJRULWKP��,(((�7UDQV�
0HG��,PDJLQJ���������������S��������

�� +HLG��2���%8567�H[FLWDWLRQ�SXOVHV��0DJQ��5HVRQ��0HG�������������S������
����

�� 'X\Q��-�+���3�Y��*HOGHUHQ��*��/LX��HW�DO���)DVW�YROXPH�VFDQQLQJ�ZLWK
IUHTXHQF\�VKLIWHG�%8567�05,��0DJQ��5HVRQ��0HG�������������S����������

��� +HQQLJ��-���0XOWLHFKR�LPDJLQJ�VHTXHQFHV�ZLWK�ORZ�UHIRFXVVLQJ�IOLS�DQJOHV��-�
0DJQ��5HVRQ�������������S����������

��� 'RUDQ��6���3ULYDWH�&RPPXQLFDWLRQ�
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�� 5HGXFLQJ�3HDN�3RZHU�ZLWK�)UHTXHQF\�0RGXODWHG�3XOVHV

���� ,QWURGXFWLRQ
3UHYLRXV� GHYHORSPHQWV� LQ� %8567� LPDJLQJ� KDYH� OHG� WR� KLJKO\� HIILFLHQW� SKDVH
PRGXODWLRQ� VFKHPHV��ZKLFK� H[FLWH� DOPRVW� DOO� WKH�PDJQHWLVDWLRQ� DQG� SURGXFH� QHDU�
RSWLPDO� HFKR� WUDLQV� >���@�� �7KHVH� VFKHPHV� KDYH� EHHQ� VXFFHVVIXOO\� LPSOHPHQWHG� E\
RWKHU� UHVHDUFKHUV� DW� ���7�� KRZHYHU� LQ� RXU� H[SHULPHQWV� DW� �7� LW�ZDV� IRXQG� WKDW� WKH
SHDN� SRZHU� OHYHOV� UHTXLUHG� ZHUH� QRW� REWDLQDEOH� ZLWK� RXU� �� N:� 5)� DPSOLILHU�
%8567�LPDJLQJ��E\�LWV�QDWXUH��LV�D�UHODWLYHO\�KLJK�EDQGZLGWK�WHFKQLTXH�DQG��DV�VXFK�
LW� UHTXLUHV� VKRUW� GXUDWLRQ� 5)� SXOVHV� WR� H[FLWH� WKH� IXOO� )R9�� � $V� D� FRQVHTXHQFH� D
UHODWLYHO\�ODUJH�SXOVH�DPSOLWXGH�LV�UHTXLUHG�LQ�RUGHU�WR�REWDLQ�KLJK�HQRXJK�IOLS�DQJOHV�
DQG�WKLV�KDV�OHG�WR�WKH�KDUGZDUH�LPSRVHG�OLPLW�

$� W\SLFDO�5)�EDQGZLGWK� LQ�%8567� LV� ���� N+]� �FRUUHVSRQGLQJ� WR� D� ����PP�ZLGH
)R9�ZLWK� D� �����P7�P� H[FLWDWLRQ� JUDGLHQW�� FRPSDUHG�ZLWK� DQ�5)� EDQGZLGWK� RI� �
N+]� �FRUUHVSRQGLQJ� WR� D���PP�VOLFH� DQG������P7�P� JUDGLHQW�� IRU� D� VOLFH� VHOHFWLYH
H[FLWDWLRQ�SXOVH�LQ�RWKHU�LPDJLQJ�WHFKQLTXHV��VXFK�DV�(3,���3XOVH�GXUDWLRQV�VFDOH�ZLWK
WKH� UHFLSURFDOV� RI� WKHLU� EDQGZLGWKV� IRU� DQ� HTXLYDOHQW� IOLS� DQJOH�� � 7KHUHIRUH�� WKH
GXUDWLRQ�RI�%8567�5)�SXOVHV�ZLOO�EH�VKRUWHU�E\�D�IDFWRU�RI�l�mno��DQG�WKH�UHFLSURFDO
RI� WKLV� UDWLR�JLYHV� WKH� IDFWRU�E\�ZKLFK� WKH� DPSOLWXGH�RI� WKH�%8567�SXOVH�PXVW�EH
JUHDWHU�WKDQ�WKDW�RI�D�FRQYHQWLRQDO�H[FLWDWLRQ�SXOVH�

,Q����SXOVH�28),6�WKH�RSWLPXP�IOLS�DQJOH�LV�HTXDO�WR�m�pîq�r���+HQFH��WKH�DPSOLWXGH
UHTXLUHG� RI� WKH� 5)� SXOVHV� LQ� %8567� ZLOO� EH� JUHDWHU� WKDQ� WKDW� RI� D� FRQYHQWLRQDO
H[FLWDWLRQ�SXOVH�E\�D�IDFWRU�s�tîuvw�x�a�����7KLV�FRUUHVSRQGV�WR�DQ�LQFUHDVH�LQ�SHDN�5)
SRZHU�E\�D�IDFWRU�RI��y �����2Q�RXU��7�PDFKLQH�D�SHDN�WUDQVPLWWHG�SRZHU�RI�����:
ZDV�UHFRUGHG�IRU�D�����N+]�EDQGZLGWK���q�SXOVH�±�WKH�SHDN�SRZHU�RI�D�%8567�5)
SXOVH�ZRXOG�EH�DSSUR[LPDWHO\����N:��IDU�RXWVLGH�WKH�UDQJH�RI�WKH���N:�DPSOLILHU�

7KLV� OHIW� XV� ZLWK� RQO\� WKH� RSWLRQ� RI� XVLQJ� ORQJHU� GXUDWLRQ� SXOVHV� RI� QDUURZHU
EDQGZLGWK�LI�WKH�RSWLPXP�IOLS�DQJOH�ZDV�WR�EH�UHDFKHG���7KLV�UHVXOWHG�LQ�D�ORFDOLVHG
LPDJLQJ� WHFKQLTXH� LQ� ZKLFK� D� QDUURZ� EDQG� RI� VSLQV� ZDV� IXOO\� H[FLWHG�� ZKLOVW� WKH
UHPDLQGHU�RI�WKH�GHVLUHG�)R9�ZDV�OHIW�XQH[FLWHG���,W�ZDV�WKHQ�UHDOLVHG�WKDW�WKLV�JDYH



��

XV� WKH�PHDQV� WR�H[FLWH� WKH� IXOO�)R9�ZLWK�D�PLQRU�PRGLILFDWLRQ� WR� WKH� VHTXHQFH�� � ,I
HDFK�LQGLYLGXDO�5)�SXOVH�ZHUH�UHSODFHG�E\�D�VKRUW�VHULHV�RI�SXOVHV��HDFK�RI�RSWLPXP
IOLS� DQJOH� EXW� RI� QDUURZ� EDQGZLGWK�� WKHQ� E\� VWHSSLQJ� WKH� IUHTXHQF\� RI� VXFFHVVLYH
SXOVHV�LQ�WKH�VHULHV�WKH�IXOO�)R9�FRXOG�EH�H[FLWHG��EDQG�E\�EDQG���7KLV�WKHQ�OHG�WR�WKH
LGHD� RI� D� VLQJOH� ORQJ� SXOVH� LQ� ZKLFK� WKH� IUHTXHQF\� ZDV� LQFUHDVHG� FRQWLQXRXVO\
WKURXJK�LWV�GXUDWLRQ�L�H��D�IUHTXHQF\�PRGXODWHG��)0��SXOVH�

)0�SXOVHV�FDQ�EH�XVHG�WR�UHGXFH�WKH�SHDN�SRZHU�UHTXLUHG���7KH�EDQGZLGWK�RI�WKHVH
SXOVHV�LV�UHODWHG�WR�WKH�IUHTXHQFLHV�ZLWKLQ�WKH�SXOVHV�UDWKHU�WKDQ�WKH�SXOVH�GXUDWLRQ��DV
LV�WKH�FDVH�ZLWK�$0�SXOVHV����+HQFH��D�FKRVHQ�EDQGZLGWK�FDQ�EH�H[FLWHG�E\�SXOVHV�RI
ORQJHU� GXUDWLRQ� DQG� ORZHU� DPSOLWXGH� WKDQ� LV� SRVVLEOH� XVLQJ� DPSOLWXGH� PRGXODWLRQ
DORQH�� �2QH�FRQVHTXHQFH�RI�)0�SXOVHV� LV� WKDW� WKH\�SURGXFH�D�TXDGUDWLFDOO\�YDU\LQJ
SKDVH�LQ�WKH�PDJQHWLVDWLRQ��ZKLFK�OHDGV�WR�D�UHVLGXDO�GHSKDVLQJ�DQG��XOWLPDWHO\��WR�D
ORVV�RI�VLJQDO���+RZHYHU��LW�ZLOO�EH�VKRZQ�WKDW�IRU�WKH�SDUWLFXODU�FDVH�RI�WKH�%8567
LPDJLQJ�VHTXHQFH�WKHUH�LV�QR�ORVV�LQ�VLJQDO�

���� 7KHRU\�RI�)0�SXOVHV

������ &KLUS�SXOVHV�DQG�WKHLU�IUHTXHQF\�UHVSRQVH
&RQYHQWLRQDO� 5)� SXOVHV� XVHG� LQ� 05,� DUH� DPSOLWXGH� PRGXODWHG�� ZKHUH� WKH
PRGXODWLRQ�HQYHORSH�RI�WKH�SXOVH�GHWHUPLQHV�WKH�UDQJH�RI�IUHTXHQFLHV�H[FLWHG�E\�WKH
SXOVH�� � $Q� DGGLWLRQDO� GHJUHH� RI� IUHHGRP� FDQ� EH� REWDLQHG� E\� PRGXODWLQJ� WKH
IUHTXHQFLHV�� RU� PRUH� JHQHUDOO\� WKH� SKDVH�� ZLWKLQ� D� SXOVH� DOVR�� � $Q� )0� SXOVH� RI
FRQVWDQW�DPSOLWXGH�LQ�ZKLFK�WKH�IUHTXHQF\�LV�VZHSW�OLQHDUO\�WKURXJK�WKH�GXUDWLRQ�RI
WKH� SXOVH� LV� FDOOHG� D� FKLUS� SXOVH�� � 7KH� LQVWDQWDQHRXV� IUHTXHQF\� RI� D� FKLUS� SXOVH� LV
JLYHQ�E\�&� �.W��ZKHUH�.� �LQ� UDG� Vz{�� LV� D� FRQVWDQW� HTXDO� WR� WKH� UDWH�RI� IUHTXHQF\
VZHHS�ZLWKLQ�WKH�SXOVH�

7KH�SKDVH�RI�VXFK�D�SXOVH�YDULHV�DV�
|

}

~
W�

.GW
.W
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+HQFH��WKH�SKDVH�LV�TXDGUDWLF�DQG�WKH�FKLUS�SXOVH�FDQ�EH�GHVFULEHG�DV�
����
���

H$�W�W6 �� ����

ZKHUH�$�W��GHILQHV�WKH�DPSOLWXGH�PRGXODWLRQ�HQYHORSH

7KH�UHVSRQVH�RI� WKH�PDJQHWLVDWLRQ� WR�VXFK�D�SXOVH� LV�ZHOO�DSSUR[LPDWHG�DW� ORZ�IOLS
DQJOHV�E\�LWV�)RXULHU�WUDQVIRUP���)RU�WKH�FDVH�$�W�� � ��$�  �FRQVWDQW��L�H��D�SXOVH�RI
FRQVWDQW�DPSOLWXGH�DQG�LQILQLWH�GXUDWLRQ�� WKH�)RXULHU� WUDQVIRUP�FDQ�EH�FDOFXODWHG�DV
IROORZV�

³��� �� GWHH�
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�������������� ³  ¡
¢£¤ c WGHH�

$ ¥¦§¦̈§ ©© ª«¬¬­
� ����

ZKHUH� .&WW � c �

,W� LV� QRW� REYLRXV� KRZ� WKLV� LQWHJUDO� FDQ� EH� HYDOXDWHG�� QRU� LQGHHG�ZKHWKHU� RU� QRW� LW
FRQYHUJHV� DW� ��� DW� DOO�� � +RZHYHU�� E\� LQWURGXFLQJ� DQ� DGGLWLRQDO� H[SRQHQWLDO� IDFWRU
� ®̄°H± ��ZKHUH�WKH�SRVLWLYH��UHDO�SDUDPHWHU���FDQ�EH�FKRVHQ�DW�ZLOO��LQWR�WKH�LQWHJUDQG�
WKH�IXQFWLRQ�FDQ�EH�PDGH�WR�FRQYHUJH�DQG�LW�FDQ�WKHQ�EH�WUHDWHG�DV�D�VWDQGDUG�LQWHJUDO�
WKDW�RI�D�JDXVVLDQ�

7KH�LQWHJUDO�EHFRPHV

³²²³
´µ´³³ c c WGHHH�

$&6
¶·¸¶¹·º¸ »»» ¼½¾¼½¾¿

���Ö

��������� ³²²³
´ÀÁÂÃÄÅ ÆÆÆ

c WGHH�
$ ÇÈÉÊÈËÉ ÌÌ ÍÎÏÏÐ
� � ����
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7KH�LQWHJUDQG�QRZ�FRQYHUJHV�DW�WKH�XSSHU�DQG�ORZHU�OLPLWV�DQG�WKH�IROORZLQJ�UHVXOW
IRU�D�JDXVVLDQ�IXQFWLRQ�� ÑÒÓHÔ ��ZKHUH�0�LV�UHDO�DQG�SRVLWLYH��LV�YDOLG�

³ÕÕÖ Ö  0
�G[H ×ØÙ � ����

6XEVWLWXWLQJ�WKLV�UHVXOW�LQWR�(TXDWLRQ������DERYH�\LHOGV
ÚÛÜH.L�

�
�
$&6 ÝÞ Ù

����Ö Ö�� c � ����

7KHQ��E\�UHGXFLQJ���WKH�DWWHQXDWLRQ�FDQ�EH�UHGXFHG�
DV��:���� ßàáHâ :���DQG� ��Ö &6 c : ��Ö &6 �

,Q�WKLV�FDVH�

� � ã
äå

HL.�
$&6 æç è��

�
���Ö é�oc � ����

7KHUHIRUH�� WKH� )RXULHU� WUDQVIRUP� RI� DQ� LQILQLWH� GXUDWLRQ�� FRQVWDQW� DPSOLWXGH� FKLUS
IXQFWLRQ�LV�JLYHQ�E\�

êëìíî HL.�$&6 ïð
ñ

����
�

�
���Ö òó��� � ����

7R�SURYLGH�D�SUDFWLFDO�5)�SXOVH�WKH�FKLUS�IXQFWLRQ�PXVW�EH�WUXQFDWHG���,W�LV�IRXQG�WKDW
WKH�EDQGZLGWK�RI�UHVSRQVH�RI�D�WUXQFDWHG�SXOVH�LV�DSSUR[LPDWHO\�JLYHQ�E\�WKH�UDQJH
RI�IUHTXHQFLHV�VZHSW�RXW�E\�WKH�SXOVH���+HQFH��WKH�EDQGZLGWK�RI�D�FKLUS�SXOVH�FDQ�EH
FRQWUROOHG��XQOLNH� WKDW�RI�DQ�$0�SXOVH��VR� WKDW�D� ORQJHU�GXUDWLRQ�SXOVH�RI� WKH� VDPH
EDQGZLGWK�FDQ�EH�SURGXFHG�

����

7KLV� DSSUR[LPDWLRQ� KDV� EHHQ� IRXQG� WR� EH� YHU\� DFFXUDWH� IRU� SXOVHV� ZLWK� D� VKDUS
UHFWDQJXODU�HQYHORSH�DQG�IRU�IXOO�EDQGZLGWKV�PHDVXUHG�DW�KDOI�PD[LPXP�YDOXHV�

)RU�SXOVH�RI�GXUDWLRQ�2ôõ��EDQGZLGWK�RI�UHVSRQVH��������%:�a�.2ö÷
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([DPSOH�� � $� FKLUS� SXOVH� H[WHQGLQJ� IURP� W ���� WR� W ���� �V� ZLWK�. ���[��ø� U� Vùú
VZHHSV�RXW�IUHTXHQFLHV�IURP�±���WR������N+]���+HQFH��LWV�EDQGZLGWK�LV�a����N+]�

�D� �E�
)LJXUH����D��&KLUS�SXOVH���6ROLG�OLQH�±�UHDO�FRPSRQHQW��GRWWHG�OLQH�±�LPDJLQDU\FRPSRQHQW��EROG�OLQH�±�SXOVH�DPSOLWXGH����E���6LPXODWHG�UHVSRQVH�IRU�IOLS

DQJOH�S����RQ�UHVRQDQFH�
7KH� FKRLFH� RI�ZLQGRZLQJ� IXQFWLRQ� DIIHFWV� WKH� XQLIRUPLW\� RI� WKH� LQ�EDQG� H[FLWDWLRQ
DQG�WKH�RXW�RI�EDQG�ULSSOH��DV�ZHOO�DV�WKH�VKDUSQHVV�RI�WKH�FXW�RII�LQEHWZHHQ���7KLV�LV
GHVFULEHG�IXUWKHU�LQ�6HFWLRQ�������EHORZ�

)XUWKHUPRUH�� RQ� UHVRQDQFH� WKH� IOLS� DQJOH� RI� D� WUXQFDWHG� SXOVH� FDQ� EH� ZHOO�
DSSUR[LPDWHG� E\� WKH� DERYH� )RXULHU� WUDQVIRUP� LI� VXIILFLHQWO\� ZLGH� D� WUXQFDWLRQ
HQYHORSH�LV�FKRVHQ���7KLV�FDQ�EH�VKRZQ�DV�IROORZV�

$�SXOVH�WUXQFDWHG�WR�D�ZLGWK�2�LV�GHVFULEHG�E\

 ��W6 ��� ûü
ýþÿ��� H$ �� �������������������������� ���� 2W2 ���� ����

� ���������RWKHUZLVH�

,Q�WKH�IUHTXHQF\�GRPDLQ�WKLV�FRUUHVSRQGV�WR�D�FRQYROXWLRQ�E\�D�VLQF�IXQFWLRQ�

����VLQF�����
�

�
���Ö ��

�
&2�

2HL.�$&6 ��	
� ���� �
 � ����

^

Time / •s

Amplitude
(normalised)

���

kHz
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(YDOXDWLQJ� ���Ö6 �

³���
��� cc�� &G2&HL.�

2$6 ����� ����VLQF����
�

����Ö ��
�

� ����

7KH� SKDVH� RI� WKH� LQWHJUDQG� DW� WKH� ILUVW� ]HUR� RI� WKH� VLQF� �& ���2�� LV� JLYHQ� E\
3� ����.2��� � )RU� D�SXOVH� EDQGZLGWK� RI� ���N+]� DQG� D� SXOVH� GXUDWLRQ� RI� ����V�� DQG
XVLQJ� WKH� DSSUR[LPDWLRQ� JLYHQ� LQ� (TXDWLRQ� ������ 3�a����� �a� �q��� � 7KLV� GHSKDVLQJ
ZRXOG�KDYH� D�QHJOLJLEOH� HIIHFW� RQ� WKH�YDOXH�RI� WKH� LQWHJUDO�ZLWKLQ� WKH� FHQWUDO� OREH�
2XWVLGH� RI� WKH� FHQWUDO� OREH� WKH� YDOXH� RI� WKH� VLQF� IXQFWLRQ� LV�PXFK� VPDOOHU� DQG� WKH
FRQWULEXWLRQ�WR�WKH�LQWHJUDO�IURP�WKLV�UHJLRQ�LV�PXFK�OHVV���,QGHHG��ZKHQ�WKH�SKDVH�RI
WKH�LQWHJUDQG�KDV�UHDFKHG������WKH�VLQF�IXQFWLRQ�KDV�UHDFKHG�WKH��� �]HUR�FURVVLQJ��VHH
)LJXUH����EHORZ����7KHUHIRUH��DW�& ��WKH�SKDVH�WHUP�LQ�WKH�LQWHJUDQG�KDV�YHU\�OLWWOH
HIIHFW� RQ� WKH� LQWHJUDO��ZKLFK� FDQ� WKHQ� EH� DSSUR[LPDWHG� E\� WKH� LQWHJUDO� RI� WKH� VLQF
DORQH���7KH�YDOXH�RI�WKH�H[SUHVVLRQ�LV�WKHQ

����
�

�
�����VLQF����

�
����Ö !! L.�$&G2&L.�
2$6 "#"# �|cc��| ³$$% �����

+HQFH��RQ�UHVRQDQFH�WKH�UHVSRQVH�RI�WKH�VSLQV�LV�DSSUR[LPDWHO\�WKH�VDPH�DV�IRU� WKH
LQILQLWH�IXQFWLRQ�

)LJXUH�����3ORW�VKRZLQJ�WKH�FHQWUH�RI�WKH�TXDGUDWLF�SKDVH�IXQFWLRQ��EODFN�OLQH�±�UHDOFRPSRQHQW��DQG�WKH�VLQF�IXQFWLRQ��UHG�OLQH��LQ�WKH�LQWHJUDQG�RI�(TXDWLRQ�����
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7KH� )RXULHU� WUDQVIRUP� VKRZV� WKDW� WKH� FKLUS� SXOVH� OHDGV� WR� D� TXDGUDWLF� GHSKDVLQJ
DFURVV� WKH� )R9�� �7KH� WRWDO� GHSKDVLQJ� SURGXFHG� E\� WKH� SXOVH� FDQ� EH� REWDLQHG� IURP
(TXDWLRQ������DERYH�

7KH�SKDVH�LV�FRQMXJDWHG�E\�WKH����q�UHIRFXVVLQJ�SXOVH�
3&� �&'���.

$W�WKH�HGJH�RI�WKH�)R9��Z� ��%:����
���3()*+� �%:,����.

7KHQ��VXEVWLWXWLQJ�IRU�%:�DQG�.�
%:� �.2-.� �����2/0

ZKHUH�2/0�LV�WKH�GXUDWLRQ�RI�D�FRPSDUDEOH�VLQF�SXOVH�
����31234� �.2567���� ��������256�256

$W�FHQWUH�RI�WKH�)R9��������&� ����38� ��
3KDVH�GLIIHUHQFH�DFURVV�)R9� � 9:

;:
2
2� �� ����

)LJXUH�����'HSKDVLQJ�DFURVV�WKH�ILHOG�RI�YLHZ�IRU�GLIIHUHQW�FKLUS�SXOVH�GXUDWLRQV

<<

=>?@ABC@D@EFGHIJKLM

NO
PQ

RST
UVW
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7KH�HDUOLHU�GHVFULSWLRQ�RI�WKH�GHYHORSPHQW�RI�WKH�LGHD�RI�)0�SXOVHV�JLYHV�DQ�LQWXLWLYH
LQVLJKW� LQWR� WKH� EHKDYLRXU� RI� WKH� VSLQV� XQGHU� D� FKLUS� SXOVH�� � $� FKLUS� SXOVH� ZLWK
PRGXODWLRQ�$�W�� �$ �̂ �FRQVWDQW�LV�JLYHQ�E\�

_`
a

��
bcd

H$W6 e� ����
7KLV� VLJQDO� VKRZV� D� GHJUHH� RI� V\PPHWU\� LQ� WLPH� ZLWK� UHVSHFW� WR� GLIIHUHQW� RIIVHW
IUHTXHQFLHV�� � 7KLV� FDQ� EH� VHHQ� E\� UHZULWLQJ� WKLV� H[SUHVVLRQ� IRU� VSLQV� LQ� D� IUDPH
URWDWLQJ�DW�RIIVHW�IUHTXHQF\�'��DV�VKRZQ�E\�.XQ]�>�@�

fghijij HH6HW6W6 klmnon � � pq
r

���� s
tsust HH6 vwxyz
{{ |}~�~�� ����

7KHUHIRUH��WKH�UHVSRQVH�RI�D�VSLQ�URWDWLQJ�DW�RIIVHW�IUHTXHQF\�û�LV�WKH�VDPH�DV�WKDW�RI
D� VSLQ� RQ� UHVRQDQFH�� EXW� VKLIWHG� ODWHU� E\� D� WLPH�û�.� DQG� SKDVH� VKLIWHG� E\� �û���.�
ZKLFK� LV�HTXDO� WR� WKH�SKDVH�RI� WKH�SXOVH�DW� W  û�.�� �:LQGRZLQJ�RI� WKLV� IXQFWLRQ� WR
SURGXFH�D�WUXQFDWHG�SXOVH�SURGXFHV�D�YHU\�VLPLODU�UHVSRQVH�RYHU�WKH�SXOVH�EDQGZLGWK�
ZLWK�D�KLJKO\�TXDGUDWLF�SKDVH���,Q�05,�VXFK�D�SXOVH�ZRXOG�H[FLWH�VSLQV�VHTXHQWLDOO\
DFURVV�WKH�)R9��IURP�WKH�ORZHVW�IUHTXHQFLHV�XS�WR�WKH�KLJKHVW�LQ�WKH�SXOVH�EDQGZLGWK�
,Q�WKLV�ZD\�WKH�HQHUJ\�RI�WKH�SXOVH�LV�GLVWULEXWHG�LQ�WLPH��UHVXOWLQJ�LQ�D�UHGXFHG�SHDN
SRZHU�

������:LQGRZLQJ�RI�SXOVHV
7KH�ZLQGRZLQJ�IXQFWLRQ�$�W��GHWHUPLQHV�WKH�VKDSH�RI�WKH�H[FLWDWLRQ�SURILOH��DQG�WKH
EDQGZLGWK�RI�WKH�UHVSRQVH�LV�GHWHUPLQHG�E\�WKH�UDQJH�RI�IUHTXHQFLHV�VZHSW�RXW�E\�WKH
ZLQGRZHG�SXOVH���+RZHYHU��D�VKDUS�UHFWDQJXODU�WUXQFDWLRQ�HQYHORSH�SURGXFHV�D�SXOVH
ZKLFK�JLYHV�D�KLJKO\�ULSSOHG�H[FLWDWLRQ�SURILOH�ZLWK�PRGHUDWH�RXW�RI�EDQG�H[FLWDWLRQ�
$�VPRRWKHU�WUXQFDWLRQ�FDQ�EH�REWDLQHG�E\�DSSO\LQJ�D�+DPPLQJ�ZLQGRZ�WR�WKH�SXOVH�
'LIIHUHQW�ZLGWKV�RI�+DPPLQJ�ZLQGRZ�ZHUH� LQYHVWLJDWHG� WR�GHWHUPLQH� WKH�HQYHORSH
ZKLFK�JDYH�WKH�EHVW�SURILOH��DV�PHDVXUHG�E\�WKH�H[FLWDWLRQ�EDQGZLGWK�SHU�XQLW�SXOVH
SRZHU�
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������ 3HDN�SRZHU
7KH�DPSOLWXGH�RI�D�FKLUS�SXOVH�FDQ�EH�FRPSDUHG�ZLWK�WKDW�RI�D�VLQF�SXOVH�RI�WKH�VDPH
EDQGZLGWK�WKURXJK�WKH�)RXULHU�WUDQVIRUP���7KLV�LV�D�JRRG�DSSUR[LPDWLRQ�IRU�WKH�ORZ
IOLS� DQJOH� SXOVHV� UHTXLUHG� LQ� %8567�� � )RU� KLJKHU� SXOVH� DPSOLWXGHV�� EH\RQG� WKH
)RXULHU� UHJLPH�� WKH� IOLS� DQJOH� RI� WKH� FKLUS� SXOVH� LQFUHDVHV�PRUH� VORZO\� �OHVV� WKDQ
OLQHDUO\��DQG�LW�XOWLPDWHO\�WHQGV�WRZDUGV����q�LQ�D�VLPLODU�IDVKLRQ�WR�DGLDEDWLF�SXOVHV
>�@�

$Q�LQILQLWH�GXUDWLRQ�VLQF�SXOVH�RI�EDQGZLGWK�%:�LV�JLYHQ�E\
���VLQF�� � W%:$W6 �� �� ����

,WV�)RXULHU�WUDQVIRUP�LV�� ��$�

 ��Ö &6 ��� %:$�� �� � ����� ���� %:&%: ���� ����
� ��RWKHUZLVH

,Q�SUDFWLFH�WKH�VLQF�SXOVH�ZLOO�EH�WUXQFDWHG���+RZHYHU��LI�WKH�WRWDO�GXUDWLRQ�RI�WKH�VLQF
SXOVH�LV�PDGH�WKH�VDPH�DV�WKH�FKLUS�SXOVH��DQG�LI�2���!!�2�����ZKHUH�2���LV�WKH�):+0
RI� WKH� FHQWUDO� VLQF� OREH�� WKHQ� WKH� H[FLWDWLRQ� SURILOH�ZRXOG� EH� ODUJHO\� VLPLODU� WR� WKH
LQILQLWH� VLQF�SXOVH�� �7KH� WUXQFDWLRQ� HQYHORSH� LQ� WKH� WLPH� GRPDLQ� OHDGV� WR� D� QDUURZ
VLQF�FRQYROXWLRQ�NHUQHO�LQ�WKH�IUHTXHQF\�GRPDLQ��ZKLFK�LQ�WXUQ�ZRXOG�SURGXFH�RQO\
VPDOO�ULSSOHV�RQ�WKH�H[FLWDWLRQ�SURILOH�

)RU�SXOVHV�RI�WKH�VDPH�IOLS�DQJOH�HTXDWLRQV������	������FDQ�EH�FRPSDUHG�
(TXDWLQJ�WKH�PRGXOLL�RI�WKH�IUHTXHQF\�UHVSRQVHV�
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6XEVWLWXWLQJ�.�a�%:���2����IURP�(TXDWLRQ�������DQG�%:� ������2���JLYHV�
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+HQFH��WKH�UDWLR�RI�SHDN�SRZHUV�LV�JLYHQ�E\�
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)RU�)0�SXOVHV�RI�FRQVWDQW�EDQGZLGWK�WKH�SHDN�SRZHU�DSSUR[LPDWHO\�VFDOHV�LQYHUVHO\
ZLWK�GXUDWLRQ���7KLV�DSSUR[LPDWLRQ�KROGV�EHVW�IRU�UHFWDQJXODU�FKLUS�SXOVHV�ZKHUH
2¢£�!!�2¤£�DQG�IRU�):+0�EDQGZLGWK��,Q�%8567��DQ�XSSHU�OLPLW�WR�WKH�SXOVH�GXUDWLRQ
LV� VHW� E\� WKH� SHULRG� RI� WKH� SXOVH� WUDLQ�� 2¥�� �$V� H[SODLQHG� HDUOLHU� �6HFWLRQ� ������� WKH
SXOVH� VSDFLQJ� GHWHUPLQHV� WKH� LPDJH� UHVROXWLRQ�� DQG� VLQFH� WKH� SXOVH� GXUDWLRQ�� 2¦§�
GHWHUPLQHV�WKH�EDQGZLGWK�RI�H[FLWDWLRQ�� WKH�PD[LPXP�WKHRUHWLFDO� UHGXFWLRQ� LQ�SHDN
SRZHU�LV�JLYHQ�E\�

¨©
ª«

¬­®
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±¬°̄
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2
3
3

EDQGZLGWK
UHVROXWLRQ �  | ����

ZKHUH�1²�LV�WKH�QXPEHU�RI�SL[HOV�LQ�WKH�UHDGRXW�GLUHFWLRQ�
7KHUHIRUH��D�WKHRUHWLFDO�PD[LPXP�1³�IROG�UHGXFWLRQ�LQ�SHDN�SRZHU�LV�SRVVLEOH���7KH
WRWDO�5)�SRZHU�LV�QRW�DIIHFWHG�

������ 3UHYLRXV�ZRUN�XVLQJ�)0�SXOVHV
7KH�TXDGUDWLF�SKDVH�RI� WKH�5)�SXOVHV� OHDGV�WR�D�TXDGUDWLF�SKDVH�LQ� WKH�VSLQV�DFURVV
WKH�H[FLWDWLRQ�EDQGZLGWK�� DV� VKRZQ�HDUOLHU� LQ�(TXDWLRQ� ������ �7KLV� FKDUDFWHULVWLF�RI
)0�SXOVHV�KDV�OLPLWHG�WKHLU�XVH�IRU�VOLFH�VHOHFWLYH�H[FLWDWLRQ�LQ�05,�SUHYLRXVO\���7KH
TXDGUDWLF�SKDVH�FDQQRW�EH�UHIRFXVVHG�E\�WKH�DFWLRQ�RI�OLQHDU�JUDGLHQWV�DQG�WKLV�OHDGV
WR� D� UHGXFWLRQ� LQ� VLJQDO� DPSOLWXGH�� � $� WHFKQLTXH� IRU� UHIRFXVVLQJ� WKH� VSLQV� ZDV
GHYHORSHG� E\� .XQ]�� ZKR� XVHG� D� ��q� )0� SXOVH� LQ� FRPELQDWLRQ� ZLWK� D� ���q
UHIRFXVVLQJ� )0� SXOVH� IRU� VOLFH� VHOHFWLRQ� >�@�� � 7KH� ��q� SXOVH� DORQH�� RU� ZLWK� D
FRQYHQWLRQDO� UHIRFXVVLQJ� SXOVH��ZRXOG� OHDG� WR� D� JUHDWO\� UHGXFHG� VLJQDO�� �+RZHYHU�
.XQ]�GHPRQVWUDWHG�WKDW�D����q�UHIRFXVVLQJ�)0�SXOVH�ZRXOG�DOVR�SURGXFH�D�TXDGUDWLF
SKDVH� YDULDWLRQ�� DQG� WKDW� ZLWK� VXLWDEOH� FKRLFH� RI� JUDGLHQW� DQG� IUHTXHQF\� VZHHS
SDUDPHWHUV� WKH� HIIHFWV� RI� RQH� SXOVH� FRXOG� EH� PDGH� FRPSOHPHQWDU\� WR� WKH� RWKHU�
UHVXOWLQJ�LQ�D�FRQVWDQW�SKDVH�RI�WKH�VSLQV�WKURXJK�WKH�VOLFH�� � ,Q�%8567�LPDJLQJ�WKH
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H[FLWDWLRQ�FRPSRQHQW�RI� WKH�VHTXHQFH� LV�GLIIHUHQW� LQ� WKDW� WKH�5)�H[FLWDWLRQ�SXOVH� LV
DSSOLHG�LQ�WKH�SUHVHQFH�RI�D�JUDGLHQW�LQ�WKH�IUHTXHQF\�HQFRGLQJ�GLUHFWLRQ�SURGXFLQJ�D
PDQ\�SL[HO�ZLGH�H[FLWDWLRQ��UDWKHU�WKDQ�D�VLQJOH�SL[HO�GHHS�VOLFH�VHOHFWLYH�H[FLWDWLRQ�

0DXGVOH\� >�@� LQYHVWLJDWHG� WKH� XVH� RI� µSKDVH� VFUDPEOHG¶� 5)� SXOVHV� DQG� QRQ�OLQHDU
JUDGLHQWV�DV�WZR�LQGHSHQGHQW�PHWKRGV�IRU�SURGXFLQJ�D�YDULDWLRQ�LQ�WKH�SKDVH�RYHU�WKH
)R9�� WKHUHE\� UHGXFLQJ� WKH� SHDN� HFKR� DPSOLWXGH� RI� )RXULHU� HQFRGHG� GDWD�� DQG� VR
LQFUHDVLQJ�WKH�G\QDPLF�UDQJH�RI�WKH�DFTXLUHG�VLJQDO���+H�QRWHG�WKDW�JUHDWHU�UHGXFWLRQV
LQ�WKH�VLJQDO�SHDN�UHVXOWHG�IURP�FKLUS�SXOVHV�UDWKHU�WKDQ�IURP�UDQGRP�SKDVH�SXOVHV�
$OVR��KLV�SXOVH�VHTXHQFH�JHQHUDWHG�D��'�SKDVH�YDULDWLRQ�RYHU�WKH�LPDJHG�VOLFH�DQG�QR
SKDVH�YDULDWLRQ�WKURXJK�WKH�VOLFH�

-RKQVRQ�HW�DO��>�@�XVHG�D�GLVFRQWLQXRXV�SKDVH�VFUDPEOLQJ�WHFKQLTXH��ZKLFK�SURGXFHG
D�FRQVWDQW�SKDVH�ZLWKLQ�HDFK�SL[HO��EXW�D�VFUDPEOHG�SKDVH�EHWZHHQ�SL[HOV���7KLV�ZDV
GHYHORSHG�IRU�DSSOLFDWLRQ�LQ�FRPELQDWLRQ�ZLWK�5)�SKDVH�HQFRGLQJ�IRU�VSHFWURVFRSLF
LPDJLQJ�� �$� UHFWDQJXODU� 36)� FDQ� EH� REWDLQHG��ZKLFK� UHGXFHV� FRQWDPLQDWLRQ� RI� WKH
VLJQDO� IURP� QHDUE\� SL[HOV�� � 7KLV� WHFKQLTXH� DOVR� UHPRYHV� WKH� GHSKDVLQJ� ZLWKLQ
LQGLYLGXDO� SL[HOV� ZKLFK� RWKHUZLVH� ZRXOG� UHGXFH� WKH� VLJQDO�� � $JDLQ�� ERWK� UDQGRP
SKDVH�DQG�FKLUS�SXOVHV�ZHUH�H[DPLQHG�DQG�D�JUHDWHU�UHGXFWLRQ�LQ�VLJQDO�ZDV�QRWHG�IRU
WKH�FKLUS�SXOVHV���+RZHYHU��WR�JHQHUDWH�D�UHFWDQJXODU�36)�ZRXOG�UHTXLUH�D�VLQF�SXOVHV
RI�GXUDWLRQ�!��2 �́�WR�LQFOXGH��µ¶�VLGH�OREHV���ZKLFK�LV�FOHDUO\�QRW�SRVVLEOH�LQ�%8567�

������ &RQVHTXHQFHV�RI�TXDGUDWLF�SKDVH�LQ�%8567
7KH�LPSOLFDWLRQV�RI�D�TXDGUDWLF�SKDVH�LQ�WKH�PDJQHWLVDWLRQ�GHSHQG�RQ�WKH�SDUDPHWHUV
RI�WKH�H[FLWDWLRQ�DQG�WKH�DFTXLVLWLRQ���+RZHYHU��IUHTXHQF\�PRGXODWLRQ�LQ�%8567�FDQ
EH� LQWURGXFHG� RQ� WZR� OHYHOV�� IRU� LQGLYLGXDO� 5)� SXOVHV� DQG� IRU� WKH� SXOVH� WUDLQ
HQYHORSH�

�������� &KLUS�SXOVHV
7KH� %8567� H[FLWDWLRQ� LV� YROXPDU� DQG� WKH� TXDGUDWLF� SKDVH� LV� SURGXFHG� DORQJ� WKH
UHDGRXW�GLUHFWLRQ���$FURVV�WKH�ZKROH�)R9�WKH�VSLQV�DUH� WRWDOO\�GHSKDVHG��EXW�ZLWKLQ
HDFK�SL[HO�WKHUH�LV�RQO\�D�VPDOO�SKDVH�YDULDWLRQ�DQG�WKHUHIRUH�RQO\�D�VPDOO�GHJUHH�RI
VLJQDO� GURSRXW�� � 7KLV� LQWUD�SL[HO� GHSKDVLQJ� LV� OHDVW� DW� WKH� FHQWUH� RI� WKH� )R9� DQG
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JUDGXDOO\�LQFUHDVHV�ZLWK�GLVWDQFH�RXWZDUGV�LQ�WKH�UHDGRXW�GLUHFWLRQ���7KH�VLJQDO�IURP
LQGLYLGXDO�SL[HOV�FDQ�EH�SUHFLVHO\�GHWHUPLQHG�E\�LQWHJUDWLQJ�WKH�PDJQHWLVDWLRQ�SURILOH
RYHU�HDFK�SL[HO�
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ZKHUH�,�&��LV�WKH�VSLQ�GHQVLW\�

7KH�JUHDWHVW�GHSKDVLQJ��ZKLFK�ZLOO�EH� LQ� WKH�RXWHUPRVW�SL[HOV�� FDQ�EH� HVWLPDWHG� DV
IROORZV���)URP�(TXDWLRQ������WKH�SKDVH�RI�WKH�PDJQHWLVDWLRQ�DW�W� ���WKH�FHQWUH�SRLQW
RI�WKH�UHIRFXVVLQJ��LV�JLYHQ�E\�

.
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�WKH�VLJQ�LV�QRZ�SRVLWLYH�IROORZLQJ�WKH����q�SXOVH��

,I� WKH�IUHTXHQF\�YDULDEOH� LV�QRZ�FKDQJHG�WR� QXPEHUSL[HO
&

&O   û ��ZKHUH�'Z
LV�WKH�UHVROXWLRQ��DQG�WKH�IROORZLQJ�VXEVWLWXWLRQV�DUH�PDGH�
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ZKHUH�1Ä�LV�WKH�QXPEHU�RI�WKH�SL[HOV�LQ�WKH�UHDGRXW�GLUHFWLRQ�
WKH�SKDVH�FDQ�EH�ZULWWHQ�
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,Q�%8567�WKH�VDPSOLQJ�ZLQGRZ�LV�HTXDO�LQ�GXUDWLRQ�WR�WKH�VSDFLQJ�RI�WKH�5)�SXOVHV�
�����2Û�� �2Ü�t�2ÝÞ ����

� �3ßàáâãäåæâçèäéæ d' ����

7KH�PD[LPXP�SRVVLEOH�GHSKDVLQJ�DFURVV�D�SL[HO�GXH�WR�FKLUS�SXOVHV�LQ�%8567�LV�a��
7KLV� ZRXOG� OHDG� WR� D� GHFUHDVH� LQ� SL[HO� LQWHQVLW\� RI� ���� �HYDOXDWHG� E\� QXPHULFDO
VLPXODWLRQ��DW� WKH�HGJH�RI� WKH�)R9��DVVXPLQJ�D�FRQVWDQW�VSLQ�GHQVLW\��� �)RU�VKRUWHU
SXOVHV�WKH�GHSKDVLQJ�LV�PXFK�OHVV���)RU�D�SXOVH�VSDFLQJ�2ê� ������V�DQG�D�SXOVH�OHQJWK
2ëì�a������V��WKH�GHSKDVLQJ�LV�DSSUR[LPDWHO\�������� ���q��ZKLFK�ZRXOG�OHDG�WR�RQO\�D
��� UHGXFWLRQ� LQ� SL[HO� LQWHQVLW\�� � +RZHYHU�� %8567� LV� D� SHFXOLDU� WHFKQLTXH� ZKLFK
UHVXOWV�LQ�D�SL[HO�H[FLWDWLRQ�SURILOH�ZKLFK�PLJKW�QRW�EH�XQLIRUP�LQ�HLWKHU�DPSOLWXGH�RU
SKDVH���,Q�WKH�QH[W�VHFWLRQ�WKH�HIIHFW�RI�WKH�SKDVH�PRGXODWLRQ�RI�WKH�SXOVH�WUDLQ�RQ�WKH
PDJQHWLVDWLRQ� LV� H[DPLQHG�� DQG� LW� LV� VKRZQ� WKDW� LQ� %8567� WKHUH� LV�� LQ� IDFW�� QR
UHGXFWLRQ�LQ�SL[HO�LQWHQVLW\�GXH�WR�WKH�FKLUS�SXOVHV�

íîï ðð ñòó ðð
�D� �E�

)LJXUH����7KH�QHW�VLJQDO�IURP�WKH�RXWHUPRVW�SL[HOV�LV�VKRZQ�IRU�GLIIHUHQW�VDPSOLQJZLQGRZ�GXUDWLRQV����D��VKRZV�WKH�YDOXHV�HQFRXQWHUHG�LQ�%8567���7KHFKLUS�SXOVH�GHVFULEHG�DERYH�KDV�2ôõ�2ö�a������ZKLFK�OHDGV�WR�RQO\�D���UHGXFWLRQ�LQ�VLJQDO�LQWHQVLW\�LQ�WKH�RXWHUPRVW�SL[HOV�
�������� 28),6�DQG�)0�%8567

,W�LV�LQWHUHVWLQJ�WR�QRWH�WKH�SDUDOOHO�EHWZHHQ�WKH�XVH�RI�FKLUS�SXOVHV�LQ�%8567�DQG�WKH
SKDVH�PRGXODWLRQ�VFKHPHV�RI�28),6� >�@�DQG�)0�%8567�>�@��ZKLFK�XVH�D� VLPLODU
SULQFLSOH�WR�PRGXODWH�WKH�SKDVHV�DORQJ�WKH�HQWLUH�SXOVH�WUDLQ�LQ�RUGHU�WR�H[FLWH�DOO�WKH
PDJQHWLVDWLRQ��DV�H[SODLQHG� LQ�6HFWLRQ����������� �:LWK�QR�SKDVH�PRGXODWLRQ��RQO\�D
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QDUURZ�VWULS� LV�H[FLWHG�ZLWKLQ�HDFK�SL[HO� �RI�ZLGWK�÷�øù�RI� D�SL[HO��ZKHUH�1ú� LV� WKH
QXPEHU�RI�SXOVHV�LQ�WKH�5)�WUDLQ���EXW�ZLWK�D�TXDGUDWLF�SKDVH�PRGXODWLRQ�HDFK�SL[HO
FDQ�EH�IXOO\�H[FLWHG���$QG�VR��WKH�ZLGWK�RI�WKH�)RXULHU�WUDQVIRUPHG�HQYHORSH�IXQFWLRQ
LV� EURDGHQHG� WR� D� IXOO� SL[HO¶V� ZLGWK�� ZKLFK� OHDGV� WR� D� �1û� LQFUHDVH� LQ� VLJQDO� >�@�
+RZHYHU��WKH�TXDGUDWLF�GHSKDVLQJ�LV�QRZ�DQ�LPSRUWDQW�IDFWRU�

,Q�FRQWUDVW�WR�WKH�LQGLYLGXDO�FKLUS�SXOVHV�WKH�IUHTXHQF\�PRGXODWLRQ�RI�WKH�HQWLUH�SXOVH
WUDLQ� OHDGV� WR� VLJQLILFDQW� LQWUD�SL[HO� GHSKDVLQJ�� � 7KH� QHW� VLJQDO� LV� QRZ� VPDOO
FRPSDUHG�WR�D�IXOO\�UHIRFXVVHG�SL[HO�� �)URP�(TXDWLRQ������ LW�FDQ�EH�VKRZQ�WKDW� WKH
SKDVH�UROO�DFURVV�D�VLQJOH�SL[HO�LV���S�DW�WKH�PLG�SRLQW�RI�WKH�HFKR�WUDLQ��IRU�1ü� �����

6XEVWLWXWLQJ�1ý� ���VLQFH�WKH�EDQGZLGWK�RI�WKH�HQYHORSH�DORQH�LV�HTXDO�WR�RQH�SL[HO�
DQG�2þÿ �1���2���ZKHUH�2��LV�WKH�SHULRG�RI�WKH�SXOVH�WUDLQ�
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$FURVV� WKLV� VLQJOH� SL[HO� O� YDULHV� IURP� ±ò� WR� �ò� DQG� KHQFH� WKH� SKDVH� DW� WKH� SL[HO
HGJHV�LV�HTXDO�WR�
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+HQFH��IRU����SXOVHV�WKH�SKDVH�UROO�LV�����

�D� �E�
)LJXUH�����D��'HSKDVLQJ�DFURVV�D�VLQJOH�SL[HO�IURP�(TXDWLRQ������ZLWK�1� ����DQG

�E��1HW�VLJQDO�LQWHQVLW\�IURP�D�VLQJOH�SL[HO�IRU�GLIIHUHQW�1���F�I��>�@�

���������
������
��� �!��"
##$%&

'

()*



��

$V�D�UHVXOW�RI�WKLV�GHSKDVLQJ�WKH�QHW�VLJQDO�IURP�HDFK�SL[HO�LV�UHGXFHG�WR�������RI�WKH
IXOO�SL[HO�VLJQDO��VLPLODU�WR�WKDW�SUHGLFWHG�IURP�FRQVLGHUDWLRQV�RI�HQHUJ\���������VHH
6HFWLRQ� ������ � 7KLV� GHSKDVLQJ� H[SODQDWLRQ� JLYHV� DQRWKHU� DQJOH� RQ� WKH� ORZ� 615� RI
%8567�

3KDVH�HYROXWLRQ�DQG�WKH�IRUPDWLRQ�RI�HFKRHV

7KH�%8567�SXOVH�WUDLQ��^HQYHORSH�[�G�WUDLQ`���5)�SXOVH��H[FLWHV�VSLQV�DFURVV� WKH
IXOO� EDQGZLGWK� RI� WKH� LQGLYLGXDO� SXOVHV�� � 7KH� SHULRGLF� G�WUDLQ� LQ� WKH� H[FLWDWLRQ
IXQFWLRQ�WUDQVODWHV�WR�D�SHULRGLF�G�WUDLQ�LQ�WKH�PDJQHWLVDWLRQ��VR�WKDW�WKH�VLQJOH�SL[HO
H[FLWDWLRQ�DERYH�LV�DOLDVHG�DFURVV�WKH�IXOO�EDQGZLGWK��VHH�6HFWLRQ��������

���������

)LJXUH����6FKHPDWLF�YLHZ�RI�WKH�SKDVH�YDULDWLRQ�DFURVV�VHYHUDO�SL[HOV��H[WHQGLQJRYHU�WKH�IXOO�EDQGZLGWK
,Q�WKH�FDVH�RI�D�TXDGUDWLF�SKDVH�IXQFWLRQ�WKH�HIIHFW�RI�WKH�UHIRFXVVLQJ�JUDGLHQW� LV� WR
VKLIW�WKH�SDUDEROD�ZLWKLQ�HDFK�SL[HO�

)RU�VSLQV�LQ�WKH�FHQWUDO�SL[HO�DW�WLPH�W�LQ�WKH�SUHVHQFH�RI�WKH�UHDGRXW�JUDGLHQW�
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+HQFH�� WKH� OLQHDU� JUDGLHQW� WUDQVODWHV� WKH� SDUDEROD�� EXW� GRHV� QRW� DIIHFW� LWV� VKDSH
�GHWHUPLQHG� E\� WKH�Z,� FRHIILFLHQW��� � 7KH� WXUQLQJ� SRLQW� RI� WKH� SDUDEROD� IROORZV� WKH
ORFXV�RI�SRLQWV�JLYHQ�E\�WKH�SDUDPHWULF�HTXDWLRQV�
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)LJXUH�����3KDVH�HYROXWLRQ�ZLWKLQ�D�SL[HO���'RWWHG�OLQH�±�ORFXV�RI�WKH�PLQLPXP��VROLG
OLQH�±�H[DPSOH�SKDVH�GLVWULEXWLRQ� IRU� W��� L�H�� EHIRUH� WKH�PLG�SRLQW� RI� WKH
HFKR�

7KLV� SKDVH�PDWFKHV� WKDW� RI� WKH� UHVXOWDQW� HFKRHV� � �-.W� ��� � 7KLV� LV� D� UHDVRQDEOH
UHVXOW� JLYHQ� WKDW� WKH� UDWH� RI� FKDQJH� RI� SKDVH� ZLWKLQ� WKH� SL[HO� LV� OHDVW� DURXQG� WKH
SDUDEROD�PLQLPXP���0RVW�RI�WKH�UHVXOWDQW�VLJQDO�FRPHV�IURP�VSLQV�DURXQG�WKLV�SRLQW�
+HUH� WKH� VSLQV� LQWHUIHUH� FRQVWUXFWLYHO\�� DZD\� IURP� WKLV� SRLQW� WKH� VSLQV� LQWHUIHUH
GHVWUXFWLYHO\�

7KLV�SLFWXUH�RI�WKH�HYROXWLRQ�RI�SKDVH�DFURVV�D�VLQJOH�SL[HO�FDQ�EH�H[WHQGHG�DFURVV�WKH
ZKROH� LPDJH�� � 0RUH� JHQHUDOO\�� RXWVLGH� RI� WKH� FHQWUDO� SL[HO�� WKH� SKDVH� HYROXWLRQ
DFTXLUHV�D�IXUWKHU�WHUP��ZKLFK�DGGV�RQO\�D�XQLIRUP�DPRXQW�DFURVV�HDFK�SL[HO�
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7KH�PLQLPXP�RI�WKH�SKDVH�SDUDEROD�ZLWKLQ�HDFK�SL[HO�VKLIWV�IURP�WKH�ULJKW�KDQG�VLGH
�KLJK� IUHTXHQF\�� WR� WKH� OHIW� KDQG� VLGH� �ORZ� IUHTXHQF\�� XQGHU� WKH� DFWLRQ� RI� WKH
UHIRFXVVLQJ�JUDGLHQW� �IRU�SRVLWLYH�.��� � ,Q� WKLV�ZD\�GLIIHUHQW�SDUWV�RI� HDFK�SL[HO�ZLOO
FRQWULEXWH� WR�HDFK�HFKR��DQG�WKH�HFKR�SKDVHV�ZLOO� IROORZ�WKH�SKDVHV�RI� WKH�PLQLPD�
7KLV�ORFDOLVHG�FRQWULEXWLRQ�IURP�HDFK�SL[HO�LV�YHU\�VLPLODU�WR�VLQJOH�SKDVH�%8567��LQ
ZKLFK� D� QDUURZ� VWULS� RI� VSLQV� LV� H[FLWHG�ZLWKLQ� HDFK� SL[HO�� � $V� WKH� VSLQV� LQ� WKHVH
SHULRGLFDOO\�GLVSODFHG�VWULSV�PRYH�FROOHFWLYHO\�LQWR�SKDVH��E\�LQWHJHU�PXOWLSOHV�RI��S�
DQG� RXW� RI� SKDVH�� WKH� FKDUDFWHULVWLF� WUDLQ� RI� HFKRHV� LV� IRUPHG�� � $Q� LGHQWLFDO
LQWHUSUHWDWLRQ�FDQ�EH�XVHG�LQ�WKH�FDVH�RI�)0�%8567��DV�WKH�SKDVH�RI�WKH�SHULRGLFDOO\
GLVSODFHG�PLQLPD�DUH�EURXJKW�LQ�WR�DQG�RXW�RI�SKDVH��E\�LQWHJHU�PXOWLSOHV�RI��S��E\
WKH�DFWLRQ�RI�WKH�JUDGLHQW�

����

)LJXUH�����3KDVH�HYROXWLRQ�DFURVV�SL[HOV�DW�WKH�FHQWUH�RI�WKH�)R9���%RWWRP�OLQH�±�VWDUWRI�UHIRFXVVLQJ��PLGGOH�OLQH�±�PLG�SRLQW�RI�UHIRFXVVLQJ��WRS�OLQH�±�D�ODWHUSRLQW�LQ�WKH�UHIRFXVVLQJ�

�������� 1HW�VLJQDO�ORVV�UHVXOWLQJ�IURP�TXDGUDWLF�SKDVH
7KH�FRPELQHG�HIIHFW�RI�WKH�FKLUS�SXOVHV�DQG�WKH�SKDVH�PRGXODWLRQ�RI�WKH�SXOVH�WUDLQ
LV�WR�SURGXFH�D�VXSHUSRVLWLRQ�RI�WKH�WZR�TXDGUDWLF�SKDVH�YDULDWLRQV���7KH�28),6�DQG
)0�%8567�SKDVH�PRGXODWLRQV�OHDG�WR�D�ODUJH�LQWUD�SL[HO�GHSKDVLQJ��ZKLFK�OHDGV�WR
WKH� FKDUDFWHULVWLF� UHGXFHG� VLJQDO� RI� %8567�� ZKHUHDV� WKH� FKLUS� SXOVHV� OHDG� WR� D
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VPDOOHU�GHSKDVLQJ�DFURVV� WKH�ZKROH�)R9��ZKLFK�FDQ� LWVHOI� OHDG� WR�VLJQLILFDQW�VLJQDO
GURS�RXW�� �+RZHYHU�� WKH�DGGLWLRQ�RI� WKHVH� WZR�SKDVH�YDULDWLRQV�ZRXOG�QRW� OHDG� WR�D
FXPXODWLYH� ORVV� LQ� VLJQDO�� � ,Q� IDFW�� E\� UHYHUVLQJ� WKH� GLUHFWLRQV� RI� WKH� IUHTXHQF\
VZHHSV�RI� WKH� FKLUS�SXOVHV�DQG�SXOVH� WUDLQ�PRGXODWLRQV� WKH�QHW� GHSKDVLQJ� FRXOG�EH
UHGXFHG��WKH�WZR�TXDGUDWLF�FRHIILFLHQWV�DUH�RI�RSSRVLWH�VLJQ�DQG�ZLOO�UHVXOW�LQ�UHGXFHG
LQWUD�SL[HO� GHSKDVLQJ�� ZLWK� D� VOLJKW� VKLIW� RI� WKH� SDUDERODV¶� PLQLPD�� � +RZHYHU�� LQ
SUDFWLFH� WKLV� LV� QRW� QHFHVVDU\� VLQFH� WKH� TXDGUDWLF� FRHIILFLHQWV� RI� WKH� WZR� SKDVH
YDULDWLRQV�DUH�D�IHZ�RUGHUV�RI�PDJQLWXGH�DSDUW��IRU�1¢� �1£� �����VHH�HTXDWLRQV�����
	�������DQG� WKHUH� LV� OLWWOH� QHW� FKDQJH� LQ� VLJQDO�� IRU�EHWWHU� RU� IRU�ZRUVH�� DV� D� UHVXOW�
7KHUHIRUH��WKH�SUHGLFWLRQ�RI�VLJQDO�ORVV�LQ�WKH�RXWHU�SL[HOV�PDGH�DERYH�LV�QRW�YDOLG�LQ
%8567�

)LQDOO\��WKH�TXHVWLRQ�RI�ZKHWKHU�WKHUH�ZLOO�EH�DQ\�IXUWKHU�UHGXFWLRQ�LQ�VLJQDO�IURP�WKH
FXPXODWLYH�GHSKDVLQJ�FDQ�EH�DYRLGHG�DOWRJHWKHU���,W�LV�QRW��LQ�IDFW��QHFHVVDU\�WR�KDYH
DQ\�NQRZOHGJH�DW�DOO�RI�WKH�IXQFWLRQDO�IRUP�RI�WKH�SKDVH�YDULDWLRQ���,W�FDQ�EH�VLPSO\
GHPRQVWUDWHG�WKDW�WKH�SL[HO�LQWHQVLW\�FDQ�EH�PDGH�WR�UHPDLQ�XQFKDQJHG��UHJDUGOHVV�RI
WKH�SKDVH�DFURVV�WKH�FKLUS�SXOVH�EDQGZLGWK���:LWK�D�PLQRU�PRGLILFDWLRQ�WR�WKH�SXOVH
WUDLQ� WKH� LQWHU�SL[HO� SKDVH� YDULDWLRQ� FDQ� EH� FKDQJHG� IURP� FRQWLQXRXV� WR� GLVFUHWH�
WKHUHE\�VHSDUDWLQJ�RXW�WKH�WZR�SKDVH�IXQFWLRQV���7KH�%8567�H[FLWDWLRQ�LV�VKRZQ�LQ
)LJXUH����D����$�IUHTXHQF\�PRGXODWHG�'$17(�HQYHORSH�IXQFWLRQ�SURGXFHV�D�GLVFUHWH
VWHSSLQJ�RI�WKH�SKDVH�EHWZHHQ�VXFFHVVLYH�SXOVHV�RI�WKH�WUDLQ���)RXULHU�WUDQVIRUP�WKHQ
VKRZV� WKDW� WKLV� UHVXOWV� LQ� WKH� FRQWLQXRXV� VXSHUSRVLWLRQ� RI� WKH� SKDVHV� RI� WKH� SL[HO
SURILOH�DQG�WKH�H[FLWDWLRQ�HQYHORSH�� � ,Q�)LJXUH����E�� WKH�RUGHU�RI� WKH�PXOWLSOLFDWLRQ
DQG� WKH� FRQYROXWLRQ� DUH� UHYHUVHG� LQ� WKH� 5)� WUDLQ�� � 7KLV� HIIHFWLYHO\� UHYHUVHV� WKH
VLWXDWLRQ�LQ��D���D�FRQWLQXRXV�VXSHUSRVLWLRQ�RI� WKH�SKDVHV�RI� WKH�SXOVH�HQYHORSH�DQG
WKH�FKLUS�SXOVHV�UHVXOWV�LQ�D�GLVFUHWH�VWHSSLQJ�RI�WKH�SKDVH�EHWZHHQ�VXFFHVVLYH�HFKRHV�
+HQFH�� ZLWKLQ� HDFK� SL[HO� WKH� SKDVH� LV� XQFKDQJHG� IURP� WKDW� GXH� WR� WKH� '$17(
HQYHORSH�DORQH��DSDUW�IURP�D�FRQVWDQW�RIIVHW�
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�D�

�E�
)LJXUH�����0DWKHPDWLFDO�GHVFULSWLRQ�RI�WKH�%8567�SXOVH�WUDLQ��DQG�LWV�)RXULHUWUDQVIRUP���D��FRQYHQWLRQDO��DV�SUHYLRXVO\�GHVFULEHG��DQG��E��PRGLILHG�WRHOLPLQDWH�FXPXODWLYH�GHSKDVLQJ�

���� 5HVXOWV

������ 6LPXODWLRQV
6LPXODWLRQV� ZHUH� SHUIRUPHG� RQ� FKLUS� SXOVHV� WUXQFDWHG� ZLWK� GLIIHUHQW� ZLQGRZLQJ
IXQFWLRQV�� � )RU� D� VHOHFWHG� EDQGZLGWK� WKH� GLIIHUHQW� SXOVHV�ZHUH� FRPSDUHG� XVLQJ� WKH
µEDQGZLGWK�SHU�XQLW�SRZHU¶�DV�WKH�ILJXUH�RI�PHULW���7KH�EDQGZLGWK�ZDV�PHDVXUHG�DV
WKH�IXOO�ZLGWK�DW�¤�¥¦�RI�WKH�PHDQ�YDOXH�RI�WKH�WUDQVYHUVH�PDJQHWLVDWLRQ�PHDVXUHG�RYHU
WKH�FHQWUDO�a����RI�WKH�H[FLWDWLRQ�EDQG���$OVR��WKH�UHGXFWLRQ�LQ�SHDN�SRZHU�REWDLQHG
ZDV�FRPSDUHG�ZLWK�WKH�WKHRUHWLFDO�SUHGLFWLRQ�

7ZR�PHWKRGV�RI�VLPXODWLRQ�ZHUH�FRQVLGHUHG��WKH�)RXULHU�WUDQVIRUP�DQG�D�QXPHULFDO
VLPXODWLRQ� RI� WKH� %ORFK� HTXDWLRQV�� � 7KH� SXOVHV� LQYHVWLJDWHG� ZHUH� RI� WKH� ORZ� IOLS
DQJOHV��aS����� W\SLFDO� LQ�%8567�� �7KH�WZR�PHWKRGV�JDYH�QHDU�LGHQWLFDO�UHVXOWV� IRU
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WKHVH� SXOVHV�� DQG� WKHUHIRUH� WKH� VLPSOHU� )RXULHU� WUDQVIRUP� ZDV� VXIILFLHQW� IRU� RXU
RSWLPLVDWLRQ�SXUSRVHV�

&KLUSSXOVH :LQGRZLQJIXQFWLRQ W���PV D���UDG�V üý %DQGZLGWK��N+]
� UHFWDQJXODU ��� ����[���þ ���
� �����+DPPLQJ ��� ����[���þ ���

7DEOH����&KLUS�SXOVH�SDUDPHWHUV

�D� �E�
)LJXUH������D��3XOVH�SURILOHV�DQG��E��VLPXODWHG�UHVSRQVHV�IRU�FKLUS�SXOVHV�ZLWK�DUHFWDQJXODU�ZLQGRZ��EROG�OLQH��DQG�D�����+DPPLQJ�ZLQGRZ�GXUDWLRQ�7KH�EDQGZLGWKV�DUH�WKH�VDPH������N+]�
7KH� UHFWDQJXODU� ZLQGRZHG� FKLUS� SXOVH� SURGXFHV� D� EURDG� EXW� MDJJHG� H[FLWDWLRQ
SURILOH���$�+DPPLQJ�ZLQGRZ��D�FRVLQH�IXQFWLRQ���oS��ZDV�XVHG�WR�VPRRWK�WKH�SXOVH
FXW�RII� DQG�� FRQVHTXHQWO\�� WR� VPRRWK� WKH� H[FLWDWLRQ� SURILOH� DQG� UHGXFH� RXW�RI�EDQG
H[FLWDWLRQ���7KH�ZLGWK�RI�WKH�ZLQGRZ�ZDV�YDULHG�LQ�FRQMXQFWLRQ�ZLWK�WKH�RYHUDOO�SXOVH
GXUDWLRQ�WR�SURGXFH�SXOVHV�RI�WKH�VDPH�EDQGZLGWK��DV�REVHUYHG�LQ�VLPXODWLRQV���7KH
SHUIRUPDQFH� RI� H[DPSOH� SXOVHV� LV� JLYHQ� LQ� 7DEOH� �� EHORZ�� � )RU� FRPSDULVRQ� D
WUXQFDWHG� VLQF�SXOVH� �QRW� VKRZQ�DERYH��ZLWK� D�GXUDWLRQ� DSSUR[LPDWHO\� HTXDO� WR� WKH
UHFWDQJXODU�FKLUS�SXOVH�����PV��ZDV�XVHG���7KH�FHQWUDO�OREH�RI�WKH�VLQF�ZDV�a��PV�LQ
GXUDWLRQ��PXFK� VKRUWHU� WKDQ� WKH� WUXQFDWLRQ� HQYHORSH�� �&RQVHTXHQWO\�� WKH� WUXQFDWLRQ
HQYHORSH�UHVXOWHG�LQ�D�QDUURZ�FRQYROXWLRQ�NHUQHO�LQ�WKH�IUHTXHQF\�GRPDLQ��IROORZLQJ
)RXULHU�WUDQVIRUP���ZKLFK�OHG�WR�VRPH�ULSSOLQJ�DFURVV�WKH�H[FLWDWLRQ�EDQG��EXW�GLG�QRW
RWKHUZLVH� VLJQLILFDQWO\�DIIHFW� WKH�H[FLWDWLRQ�SURILOH�� �7KH� UHVXOWV� VKRZ� WKDW� WKH� VLQF
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KDV� D� EHWWHU� SHUIRUPDQFH� WKDQ� WKH� FKLUS� SXOVHV�� ZKLOVW� WKH� ZLQGRZHG� FKLUS� KDV� D
PDUNHGO\�LPSURYHG�SHUIRUPDQFH�RYHU�WKH�UHFWDQJXODU�FKLUS�

$QRWKHU�ZD\�WR�GHULYH�D�SXOVH�LV�WR�WDNH�WKH�LQYHUVH�)RXULHU�WUDQVIRUP�RI�WKH�GHVLUHG
H[FLWDWLRQ�SURILOH��DV�GHPRQVWUDWHG�E\�.XQ]�>�@���,Q�KLV�ZRUN�D�YHU\�QDUURZ�JDXVVLDQ
ZDV�XVHG�WR�VPRRWK�WKH�HGJHV�RI�WKH�H[FLWDWLRQ�SURILOH��DQG�WKLV�ZDV�WUDQVIRUPHG�LQWR
D�FKLUS�OLNH�SXOVH�ZLWK�D�VLPLODU�HQYHORSH�WR�WKH�+DPPLQJ�ZLQGRZHG�SXOVH�DERYH�

3XOVH %:���SRZHU�QRUPDOLVHG� $PSOLWXGH�QRUPDOLVHG�±�IURP�VLPXODWLRQ
$PSOLWXGH�QRUPDOLVHG�±�IURP�WKHRU\

7UXQFDWHG�VLQF ���� ����� �����
5HFWDQJXODU�FKLUS ���� �����
+DPPLQJ�FKLUS ���� ����� �����

7DEOH����&RPSDULVRQ�RI�GLIIHUHQW�SXOVHV��D�VLQF�SXOVH��QRW�VKRZQ�DERYH���RI�WKH�VDPHGXUDWLRQ�DV�WKH�UHFWDQJXODU�FKLUS�SXOVH��DQG�WKH�+DPPLQJ�ZLQGRZHG�FKLUSSXOVH�

7DEOH� �� DOVR� JLYHV� WKH� UHODWLYH� DPSOLWXGHV� RI� WKH� SXOVHV�� DV� GHWHUPLQHG� ERWK� IURP
VLPXODWLRQ�DQG�IURP�WKHRU\��(TXDWLRQ�������H[DFW�H[SUHVVLRQ����7KH�VLPXODWLRQ�UHVXOWV
DJUHH�YHU\�FORVHO\�ZLWK�WKH�WKHRU\���6LQFH�WKH�WKHRU\�LV�RQO\�VWULFWO\�DFFXUDWH�IRU�WKH
LQILQLWH� FKLUS� IXQFWLRQ�� WKLV� VKRZV� WKDW� WKH� WUXQFDWLRQ� RI� WKH� FKLUS� SXOVHV� KDV
QHJOLJLEOH� HIIHFW� RQ� WKH� DPSOLWXGH� RI� WKH�PHDQ� H[FLWDWLRQ� DFURVV� WKH� FHQWUH� RI� WKH
EDQGZLGWK��GHVSLWH�WKH�KLJK�QRQ�XQLIRUPLW\�RI�WKH�SURILOH�LQ�WKLV�UHJLRQ�

������ ([SHULPHQWV
N�VSDFH
7KH�HFKRHV�SURGXFHG�LQ�D�FKLUS�SXOVH�%8567�H[SHULPHQW�DUH�VSUHDG�RXW�LQ�WLPH��MXVW
DV�WKH�HQHUJ\�RI�HDFK�FKLUS�SXOVH�LV�GLVWULEXWHG�RYHU�WKH�ORQJHU�SXOVH�GXUDWLRQ���7R�D
ILUVW�DSSUR[LPDWLRQ�WKH�SKDVH�RI�HDFK�HFKR�LV�H[SHFWHG�WR�EH�TXDGUDWLF��ZLWK�D�WLPH�
UHYHUVHG�SKDVH�LQ� UHODWLRQ�WR� WKH�FKLUS�SXOVH�� �7KLV�DSSUR[LPDWLRQ�KROGV�EHVW�ZKHUH
WKH�OLQHDU�DSSUR[LPDWLRQ�DSSOLHV�DQG�IRU�D�XQLIRUP�SKDQWRP�RI�LQILQLWH�H[WHQW���+HUH
WKH� SKDQWRP� �D� VSKHULFDO� GRSHG�ZDWHU� SKDQWRP� ILOOLQJ� KDOI� WKH� )R9�� LV� FOHDUO\� QRW
XQLIRUP�RYHU�WKH�H[FLWDWLRQ�EDQGZLGWK�DQG�DOVR�H[WHQGV�RQO\�RYHU�WKH�FHQWUDO�KDOI�RI
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WKH� )R9�� � 7KH� SKDVH� RI� WKH� DERYH� HFKRHV� ZDV� LQGHHG� IRXQG� WR� GHYLDWH� IURP� WKLV
DSSUR[LPDWLRQ���7KH�VRXUFH�RI�WKLV�GHYLDWLRQ�ZDV�LQYHVWLJDWHG�

)LJXUH�����'DWD�IURP����SXOVH�%8567�H[SHULPHQW��VKRZLQJ��D��N�VSDFH��KRUL]RQWDOUHDGRXW��YHUWLFDO�SKDVH�HQFRGLQJ���DQG��E��UHFRQVWUXFWHG�PRGXOXV�LPDJH�

7KH�SKDVH�RI� LQGLYLGXDO�HFKRHV� IURP� WKLV�GDWD� VHW� VKRZV�D�TXDGUDWLF�OLNH�YDULDWLRQ�
EXW�IRUPLQJ�D�EURDGHU�WKDQ�H[SHFWHG�FXUYH�ZLWK�RQH�VLGH�VWHHSHU�WKDQ�WKH�RWKHU���$V
ZHOO�DV�WKH�UHDVRQV�VWDWHG�DERYH��DQRWKHU�SRVVLEOH�FDXVH�RI�WKH�GHYLDWLRQ�RI�WKH�SKDVH
LV�HGG\�FXUUHQWV���,I�HGG\�FXUUHQWV�ZHUH�GHFD\LQJ�DZD\�WKURXJK�HDFK�HFKR��WKHQ�WKLV
FRXOG�UHVXOW� LQ� WKH�NLQG�RI�HIIHFWV�REVHUYHG��$GGLWLRQDOO\�� DQ\�HGG\�FXUUHQWV�ZRXOG
GLPLQLVK� VLJQLILFDQWO\� RYHU� WKH� ��PV� GXUDWLRQ� RI� WKH� HFKR� WUDLQ�� DQG� WKLV�ZRXOG� LQ
WXUQ�DIIHFW�WKH�SKDVH�IURP�RQH�HFKR�WR�WKH�QH[W�� �+RZHYHU��ZKHQ�D�WUDLQ�RI�%8567
HFKRHV��DV� LQ�DQ� LPDJLQJ�H[SHULPHQW��ZDV�H[DPLQHG�� WKH�VDPH�SKDVH�YDULDWLRQ�ZDV
VHHQ�RYHU�DOO�HFKRHV�RI�WKH�WUDLQ���7KHUHIRUH��VLQFH�QR�FKDQJH�ZDV�VHHQ�IURP�RQH�HFKR
WR� WKH�QH[W�� WKLV�HGG\�FXUUHQW� H[SODQDWLRQ�ZDV�GLVPLVVHG�DV�D�SRVVLEOH� FDXVH�RI� WKH
SKDVH�GHYLDWLRQV�

7KH�HIIHFW�RI� WKH�SKDQWRP�SURILOH�ZDV�H[DPLQHG� WKURXJK�VLPXODWLRQV�� �)RU� ORZ�IOLS
DQJOHV� WKH�)RXULHU� WUDQVIRUP�FDQ�EH�XVHG� WR�FDOFXODWH� WKH�PDJQHWLVDWLRQ�SURILOH� DQG
WKH� UHVXOWDQW� HFKRHV�� � ,QLWLDO� VLPXODWLRQV� RI� D� UHFWDQJXODU� SKDQWRP� VKRZHG� WKDW� D
QDUURZ�SKDQWRP�ZRXOG�LQGHHG�EURDGHQ�WKH�SKDVH�YDULDWLRQ�RI� WKH�HFKRHV�DQG��DOVR�
WKDW� DQ� DV\PPHWULF� SKDQWRP� L�H�� RII�FHQWUH�� ZRXOG� UHVXOW� LQ� DQ� DV\PPHWULF� HFKR
SKDVH�� VLPLODU� WR� WKDW� REVHUYHG� LQ� H[SHULPHQWV�� � )ROORZLQJ� WKLV�� D� PRUH� DFFXUDWH
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VLPXODWLRQ�ZDV�SHUIRUPHG��ZKLFK�LQFOXGHG�ERWK�WKH�SURILOH�RI�WKH�VSKHULFDO�SKDQWRP
LQ�WKH�LPDJLQJ�SODQH�DQG�WKH�SRVLWLRQ�RI�WKH�SKDQWRP�LQ�WKH�)R9�

)LJXUH�����3KDVH�RI�DQ�HFKR��VROLG�OLQH��ILWWHG�E\�VLPXODWLRQ��EOXH�OLQH��DQG�E\�FKLUSSKDVH��GRWWHG�OLQH�
7KH� VLPXODWHG� SKDVH� YDULDWLRQ� RI� WKH� HFKRHV� PRUH� FORVHO\� UHVHPEOHV� WKDW� RI� WKH
H[SHULPHQWDO�GDWD��EXW�GRHV�QRW�ILW�LW�ZHOO��DV�VKRZQ�LQ�)LJXUH����DERYH���7KH�VKDSHV
RI�WKH�VLPXODWHG�DQG�H[SHULPHQWDO�FXUYHV�DUH�VLPLODU��DOWKRXJK�WKH�VLPXODWHG�FXUYH�LV
QDUURZHU���&OHDUO\��WKH�SKDQWRP�VKDSH�DQG�SRVLWLRQ�DIIHFWV�WKH�UHVXOWDQW�HFKR�SKDVH�
EXW�RWKHU��XQLGHQWLILHG��IDFWRUV�DUH�SUHVHQW�DOVR�

,PDJHV
0XOWL�VOLFH�LPDJHV�WKURXJK�D�KXPDQ�IRRW�DUH�VKRZQ�EHORZ���$�VLQJOH�IRRW�ZDV�SODFHG
LQWR�D����FP�GLDPHWHU�7(0�KHDG�FRLO�GULYHQ�LQ�TXDGUDWXUH�PRGH�DQG�LPDJHG
µFRURQDOO\¶��DV�)LJXUH����GHPRQVWUDWHV���$�UHGXFWLRQ�LQ�SHDN�SRZHU�RI�RYHU�����ZDV
REWDLQHG���7KH�IXOO�SDUDPHWHUV��WRJHWKHU�ZLWK�D�VHW�RI�LPDJHV��DUH�JLYHQ�EHORZ�

)LJXUH����6NHWFK�VKRZLQJ�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�µFRURQDO¶�VOLFHV�

�����	
��
�
�
�������

��������������

/ •s

P
ha

se
 / 

�



��

5)�SDUDPHWHUV
�����V�FKLUS�SXOVH

LQFOXGLQJ�����V�+DPPLQJ�ZLQGRZ
����N+]�%:

3HDN�3RZHU���:
&KLUS ��������

6LQF��SUHGLFWHG� ����

3KDVH�PRGXODWLRQ PXOWL�SKDVH�28),6
)OLS�DQJOH ��q

2 �����V
%:!"#$%&%'%() ����N+]

75 ��V
6OLFH�WKLFNQHVV ���PP
5HVROXWLRQ ����[�����PP

615� ���
7DEOH����([SHULPHQWDO�SDUDPHWHUV

�D� �E� �F� �G�

�H� �I� �J� �K�
)LJXUH�����0XOWL�VOLFH�LPDJHV�RI�D�KXPDQ�IRRW��UHDGRXW�JUDGLHQW�DFURVV�WKH�SDJH��,PDJHV�DUH�VKRZQ�IURP�WKH�WRS�PRVW�GRZQ�>�D���K�@�

���� 'LVFXVVLRQ
7KH� SHDN� SRZHU� UHTXLUHG� LQ� %8567� FDQ� FDXVH� SUREOHPV� ZLWK� FRQYHQWLRQDO� 05
VFDQQHUV��EXW�ZLWK�FKLUS�SXOVHV�WKH�VHTXHQFH�EHFRPHV�SUDFWLFDEOH��HVSHFLDOO\�DW�KLJK
ILHOGV� DQG� IRU� PLFURVFRS\� V\VWHPV�� � )UHTXHQF\� PRGXODWLRQ� FDQ� SURGXFH� KLJK
EDQGZLGWK� SXOVHV� ZLWK� JUHDWO\� UHGXFHG� DPSOLWXGHV� FRPSDUHG� WR� DPSOLWXGH
PRGXODWLRQ�DORQH���,Q�SUHYLRXV�ZRUN�WKH�DSSOLFDWLRQ�RI�)0�SXOVHV�KDV�EHHQ�UHVWULFWHG
E\�WKH�GHSKDVLQJ�RI�WKH�VSLQV��ZKLFK�GHFUHDVHV�WKH�QHW�VLJQDO���,Q�%8567��KRZHYHU�
WKLV�GHSKDVLQJ�LV�RI�QR�FRQVHTXHQFH�±�WKH�QHW�VLJQDO�LV�XQFKDQJHG���7KH�XVH�RI�FKLUS
SXOVHV�GRHV�QRW� LWVHOI� UHGXFH� WKH� WRWDO�5)�SRZHU��KRZHYHU� LW� GRHV� OHQG� LWVHOI� WR� WKH
SRVVLELOLW\� RI� PDNLQJ� VRPH� UHGXFWLRQV� WKURXJK� UHILQHPHQW� RI� WKH� SXOVHV�

*+,
-..
/01
23/
4



��

&RQYHQWLRQDO�KLJK�EDQGZLGWK������N+]��$0�SXOVHV�DUH�YHU\�VKRUW��a����V���DQG�VXFK
VKRUW�SXOVHV�FDQQRW�HDVLO\�EH�SUHFLVHO\�VKDSHG��DQG�KHQFH�FDQQRW�EH�GHVLJQHG�WR�KDYH
RSWLPXP� H[FLWDWLRQ� SURILOHV�� � %\� FRQWUDVW� WKH� ORQJHU� FKLUS� SXOVHV� FDQ� EH� SUHFLVHO\
VKDSHG�DQG�WKLV�DOORZV�IRU�WKH�SRVVLELOLW\�RI�LPSURYHG�H[FLWDWLRQ�SURILOHV�

7KH� TXDGUDWLF� SKDVH� RI� WKH� 5)� SXOVH� WUDQVIRUPV� LQWR� D� TXDGUDWLF� SKDVH� RI� WKH
PDJQHWLVDWLRQ� IRU� D� SXOVH� RI� LQILQLWH� GXUDWLRQ�� � +RZHYHU�� WKH� WUXQFDWLRQ� DQG
ZLQGRZLQJ� RI� WKH� SXOVH� OHDGV� WR� D� TXDGUDWLF�OLNH� SKDVH� DFURVV� WKH� H[FLWDWLRQ
EDQGZLGWK��DQG�RQO\� OLWWOH�H[FLWDWLRQ�RXWVLGH�RI� WKLV� UHJLRQ�� �/LNHZLVH�� WKH�SKDQWRP
µZLQGRZV¶� WKH� H[FLWDWLRQ� IXQFWLRQ�� DQG� WKLV� UHVXOWV� LQ� HFKRHV� ZLWK� TXDGUDWLF�OLNH
SKDVH��UDWKHU�WKDQ�UHWXUQLQJ�WKH�SKDVH�RI�WKH�5)�SXOVH���+RZHYHU��HYHQ�ZLWK�DOO�WKHVH
SDUDPHWHUV�LQFOXGHG�LQ�WKH�VLPXODWLRQV�WKH�FDOFXODWHG�SKDVH�GLG�QRW�PDWFK�WKH�DFWXDO
HFKR�SKDVH�

7KH�PRVW�QRWDEOH�IHDWXUH�RI�WKH�LPDJHV�LV�WKH�TXDGUDWLF�OLNH�SKDVH�YDULDWLRQ�DORQJ�WKH
UHDGRXW� GLUHFWLRQ�� � 7KLV� FRXOG� EH� FRUUHFWHG� IRU� LI� QHFHVVDU\�� HLWKHU� E\� DFTXLULQJ� D
UHIHUHQFH�LPDJH�RU�E\�VLPXODWLQJ�WKH�H[SHFWHG�SKDVH�YDULDWLRQ���7KH�PRGXOXV�LPDJHV�
KRZHYHU��VKRZHG�QR�JHRPHWULF�GLVWRUWLRQ�

$W�ORZHU�ILHOGV�FKLUS�SXOVHV�ZLOO�HQDEOH�IDVWHU�%8567�LPDJLQJ��ZKLFK�LV�OLPLWHG�E\
WKH�KLJK�FRLO�YROWDJHV�UHTXLUHG�WR�JHQHUDWH�YHU\�VKRUW�5)�SXOVHV�RI� WKH� UHTXLUHG�IOLS
DQJOH� >�@�� � 7KHVH� SXOVHV� ZLOO� EH� RI� JUHDWHU� EHQHILW� VWLOO� IRU� PXOWLSO\�UHIRFXVVHG
%8567�WHFKQLTXHV�H�J��>�@�ZLWK�KLJKHU�IOLS�DQJOH�SXOVHV�� �$W�KLJKHU�ILHOGV�WKH�SHDN
SRZHU�OHYHO�ZLOO�EH�JUHDWHU��DQG�WKH�UHTXLUHPHQW�IRU�D�WHFKQLTXH�WR�UHGXFH�LW�ZLOO�EH
PRUH�XUJHQW�VWLOO�

���� 5HIHUHQFHV
�� =KD��/��DQG�,�-��/RZH��2SWLPLVHG�XOWUD�IDVW�LPDJLQJ�VHTXHQFH��28),6��

0DJQ��5HVRQ��0HG�������������S����������
�� *HOGHUHQ��3�Y���-�+��'X\Q�DQG�&�7�:��0RRQHQ��$QDO\WLFDO�VROXWLRQ�IRU�SKDVH

PRGXODWLRQ�LQ�%8567�LPDJLQJ�ZLWK�RSWLPXP�VHQVLWLYLW\��-��0DJQ��5HVRQ�
6HULHV�%�������������S��������
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�� &KR��=�+���<�0��5R�DQG�,�.��+RQJ��)0�'$17(�IDVW�LPDJLQJ�DQG�YDULDWLRQV�
HPHUJLQJ�UI�EDVHG�XOWUDIDVW�LPDJLQJ�WHFKQLTXHV��&RQFHSWV�0DJQ��5HVRQ��
�������������S��������

�� .XQ]��'���8VH�RI�IUHTXHQF\�PRGXODWHG�UDGLRIUHTXHQF\�SXOVHV�LQ�05�LPDJLQJ
H[SHULPHQWV��0DJQ��5HVRQ��0HG������������S����������

�� .XQ]��'���)UHTXHQF\�PRGXODWHG�UDGLRIUHTXHQF\�SXOVHV�LQ�VSLQ�HFKR�DQG
VWLPXODWHG�HFKR�H[SHULPHQWV��0DJQ��5HVRQ��0HG������������S����������

�� 0DXGVOH\��$�$���'\QDPLF�UDQJH�LPSURYHPHQW�LQ�105�LPDJLQJ�XVLQJ�SKDVH
VFUDPEOLQJ��-��0DJQ��5HVRQ�������������S����������

�� -RKQVRQ��*���(�;��:X�DQG�6�.��+LODO��2SWLPL]HG�SKDVH�VFUDPEOLQJ�IRU�5)
SKDVH�HQFRGLQJ��-��0DJQ��5HVRQ��6HULHV�%�������������S��������

�� +HQQLJ��-��DQG�0��+RGDSS��%XUVW�LPDJLQJ��0$*0$�����������S��������
�� *HOGHUHQ��3�Y���&�7�:��0RRQHQ�DQG�-�+��'X\Q��6XVFHSWLELOLW\�LQVHQVLWLYH

VLQJOH�VKRW�05,�FRPELQLQJ�%8567�DQG�PXOWLSOH�VSLQ�HFKRHV��0DJQ��5HVRQ�
0HG�������������S����������
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�� 5HGXFLQJ�6$5�ZLWK�DQ�2VFLOODWRU\�*UDGLHQW

���� ,QWURGXFWLRQ
%8567� LV� D� WHFKQLTXH� UHTXLULQJ� D� KLJK� H[FLWDWLRQ� EDQGZLGWK� FRPSDUHG�ZLWK� RWKHU
LPDJLQJ�VHTXHQFHV���7\SLFDOO\�DQ�5)�EDQGZLGWK�RI�����N+]�LV�UHTXLUHG�LQ�%8567�
DV�RSSRVHG�WR���N+]�IRU�VOLFH�VHOHFWLYH�H[FLWDWLRQ�LQ�WHFKQLTXHV�VXFK�DV�(3,���7KHUH
DUH� WZR�PDMRU� FRQVHTXHQFHV�RI� WKLV�� ERWK�RI�ZKLFK� FUHDWH�SUREOHPV��SDUWLFXODUO\� DW
KLJK� ILHOGV�� � )LUVWO\�� D� YHU\� KLJK� SHDN� 5)� SRZHU� LV� UHTXLUHG� ZKLFK� FDQ� SXW� WKH
WHFKQLTXH�RXWVLGH�WKH�UDQJH�RI�PDQ\�5)�DPSOLILHUV���7KH�SUHYLRXV�FKDSWHU�DGGUHVVHG
WKLV�ZLWK�WKH�XVH�RI�FKLUS�SXOVHV���6HFRQGO\��WKH�WRWDO�5)�SRZHU�LV�ODUJH��ZKLFK�OLPLWV
WKH�XVH�RI�WKH�WHFKQLTXH��SXWWLQJ�FRQVWUDLQWV�RQ�WKH�IOLS�DQJOH�DQG�WKH�UHSHWLWLRQ�WLPH
IRU�KXPDQ� LPDJLQJ�� �7KH�PD[LPXP�DOORZDEOH�6$5�LV���:�NJ� IRU�EUDLQ�H[FLWDWLRQ�
7KLV�SUREOHP�LV�WDFNOHG�LQ�WKLV�FKDSWHU�WKURXJK�D�PRGLILFDWLRQ�WR�WKH�H[FLWDWLRQ�WUDLQ�
ZKLFK�FDQ�SURGXFH�VXEVWDQWLDO�UHGXFWLRQV�LQ�6$5�

7KH�%8567�H[FLWDWLRQ�LV�GHILQHG�E\�D�SHULRGLF�WUDLQ�RI�5)�SXOVHV�LQ�WKH�SUHVHQFH�RI
D� JUDGLHQW� DFURVV� WKH� )R9�� � 7KLV� FDXVHV� WKH� VSLQV� WR� PRYH� LQ� DOWHUQDWH� VWHSV� RI
QXWDWLRQ�DQG�SUHFHVVLRQ��DQG�WKLV� OHDGV�WR�D�FXPXODWLYH�WLSSLQJ�RI� WKH�VSLQV�LQWR�WKH
WUDQVYHUVH�SODQH�IRU�VSLQV�RQ�UHVRQDQFH�DQG�DW�D�VHULHV�RI�KDUPRQLF�RIIVHW�IUHTXHQFLHV
>�@���$W�LQ�EHWZHHQ�IUHTXHQFLHV�WKH�RYHUDOO�IOLS�DQJOH�LV�PXFK�VPDOOHU�

7KH�EDVLF�FRPSRQHQWV�RI�WKLV�VSLQ�HYROXWLRQ�DUH�WKH�QXWDWLRQ��GULYHQ�E\�WKH�WUDQVYHUVH
5)�FRPSRQHQW��DQG�WKH�SUHFHVVLRQ��GULYHQ�E\�WKH�ORQJLWXGLQDO�5)�FRPSRQHQW�L�H��WKH
JUDGLHQW���)URP�WKLV�YLHZSRLQW�LW�LV�FOHDU�WKDW�WKH�JUDGLHQW�LV�QRW�UHTXLUHG�GXULQJ�WKH
5)�SXOVH���7KHUHIRUH��WKH�JUDGLHQW�FDQ�EH�UHGXFHG�GXULQJ�WKH�DSSOLFDWLRQ�RI�WKH�SXOVH�
ZKLFK�ZLOO�UHGXFH�WKH�EDQGZLGWK�UHTXLUHPHQW��DQG�KHQFH�WKH�WRWDO�SRZHU��RI�WKH�5)
SXOVH�� � $OVR�� WKH� JUDGLHQW� EHWZHHQ� SXOVHV� FDQ� EH� LQFUHDVHG� DQG� WKH� LQWHU�SXOVH
GXUDWLRQ� GHFUHDVHG� VR� WKDW� WKH� RULJLQDO� SXOVH� WUDLQ� GXUDWLRQ�ZLOO� EH�PDLQWDLQHG�� � ,Q
SUDFWLFH� LW� LV� HDVLHU� WR� LPSOHPHQW�D� VPRRWKO\�YDU\LQJ� JUDGLHQW�� WR�SURGXFH� D�SDUWLDO
UHGXFWLRQ�LQ�EDQGZLGWK�

(DFK�5)�SXOVH�RI�WKH�WUDLQ�KDV�WR�EH�DOWHUHG�WR�JLYH�DV�JRRG�D�UHVSRQVH�ZLWK�WKH�WLPH�
YDU\LQJ� JUDGLHQW� DV�ZLWK� WKH� FRQVWDQW� JUDGLHQW�� � 7KLV� FDQ� EH�PRVW� VLPSO\� DFKLHYHG
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XVLQJ� WKH� 9(56(� WUDQVIRUP� >�@�� � ,Q� IDFW�� WKH� 9(56(� SULQFLSOH� SURYLGHV� D� PRUH
JHQHUDO�H[SODQDWLRQ�RI�WKH�PHWKRG�RI�WKH�RVFLOODWRU\�JUDGLHQW�LQ�%8567��E\�YLHZLQJ
WKH�WHFKQLTXH�DV�D� WUDQVIRUP�RI� WKH�HQWLUH�SXOVH�WUDLQ�� WKHUH�QHHG�EH�QR�UHIHUHQFH� WR
WKH�PRWLRQ�RI�WKH�VSLQV�

$GGLWLRQDOO\��WKH�SHDN�SRZHU�LV�UHGXFHG�E\�WKLV�WHFKQLTXH���,W�FDQ�EH�XVHG�RQ�LWV�RZQ
RU� LQ� FRPELQDWLRQ� ZLWK� FKLUS� SXOVHV�� VR� WKDW� D� VXLWDEOH� VHW� RI� SDUDPHWHUV� FDQ� EH
FKRVHQ�WR�PHHW�ERWK�WKH�V\VWHP�L�H��SHDN�SRZHU��DQG�6$5�FRQVWUDLQWV�

���� 7KHRU\

������ 7LPH�YDU\LQJ�JUDGLHQW
$�SHULRGLF�WUDLQ�RI�5)�SXOVHV�H[FLWHV�VSLQV�DW�SHULRGLFDOO\�GLVSODFHG�IUHTXHQFLHV��ZLWK
D�VHSDUDWLRQ�GHSHQGLQJ�RQ�WKH�SXOVH�VSDFLQJ���(DUOLHU��WKH�PRWLRQ�RI�WKH�VSLQV�XQGHU
WKH� DOWHUQDWH� VWHSV� RI� QXWDWLRQ� DQG� SUHFHVVLRQ� RI� WKH� 5)� WUDLQ� ZDV� GHVFULEHG� �VHH
6HFWLRQ��������� �6SLQV�RQ� UHVRQDQFH� DUH� WLSSHG�GRZQ� WR� WKH� WUDQVYHUVH�SODQH�E\� WKH
FXPXODWLYH� DFWLRQ�RI� WKH�SXOVHV�� DQG� VLPLODUO\� DW� KDUPRQLF� RIIVHW� IUHTXHQFLHV� VSLQV
DUH� DOVR� WLSSHG� IXOO\� GRZQ� E\� WKH� SXOVHV�� � $W� LQ�EHWZHHQ� IUHTXHQFLHV�� ZKHUH� WKH
SUHFHVVLRQ�LV�QRW�D�ZKROH�QXPEHU�RI�F\FOHV��D�UHGXFHG�IOLS�DQJOH�UHVXOWV�

,Q� WKLV� LGHDOLVHG� GHVFULSWLRQ� RI� WKH� VSLQV¶� PRWLRQ� WKH� SHULRGV� RI� QXWDWLRQ� DQG
SUHFHVVLRQ� DUH� VHSDUDWH�� ZKLFK� ZRXOG� FRUUHVSRQG� WR� D� WUDLQ� RI� LQVWDQWDQHRXV� 5)
SXOVHV���7KH�VSLQV�FDQ�EH�PDGH�WR�WUDFH�RXW�WKH�VDPH�SDWK�LI�WKH�JUDGLHQW�LV�VZLWFKHG
RQ�DQG�RII�ZLWK�ILQLWH�5)�SXOVHV�DSSOLHG�GXULQJ�WKH�RII�SHULRGV���,Q�WKLV�ZD\�WKH�KLJK
EDQGZLGWK�SUREOHP�FDQ�EH�FRPSOHWHO\�DPHOLRUDWHG��$�FRQVWDQW� JUDGLHQW�ZRXOG� VWLOO
EH�XVHG�GXULQJ�WKH�HFKR�DFTXLVLWLRQ�

,Q� SUDFWLFH� WKH� JUDGLHQW� QHHG� RQO\� EH� VZLWFKHG� ORZ�� UDWKHU� WKDQ� RII�� GXULQJ� WKH�5)
SXOVHV� �DV� VKRZQ� LQ� )LJXUH� ���LL�� EHORZ�� WR� JLYH� PRUH� WKDQ� HQRXJK� EDQGZLGWK
UHGXFWLRQ���7KH�UHVSRQVH�RI�WKH�VSLQV�WR�WKH�5)�SXOVHV�FDQ�EH�NHSW�XQFKDQJHG�LI�WKH
5)� GXUDWLRQ� LV� VFDOHG� LQYHUVHO\� ZLWK�� DQG� WKH� DPSOLWXGH� VFDOHG� GLUHFWO\� ZLWK�� WKH
JUDGLHQW�� � $� SXOVH� RI� WZLFH� WKH� GXUDWLRQ� DQG� KDOI� WKH� DPSOLWXGH� DQG� JUDGLHQW� ZLOO
SURGXFH� WKH� VDPH� UHVSRQVH� DV� WKH� RULJLQDO� SXOVH�� � 6LPLODUO\�� WKH� SUHFHVVLRQ� LQ�
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EHWZHHQ�5)�SXOVHV�LV�GHWHUPLQHG�E\�WKH�WLPH�LQWHJUDO�RI�WKH�JUDGLHQW��DQG�VR�D�KLJKHU
JUDGLHQW� RI� VKRUWHU� GXUDWLRQ� FDQ� EH� XVHG�� � +HQFH�� E\� VZLWFKLQJ� WKH� JUDGLHQW� ORZ
GXULQJ�DQG�KLJK�LQ�EHWZHHQ�SXOVHV�WKH�RYHUDOO�GXUDWLRQ�RI�WKH�SXOVH�WUDLQ�FDQ�EH�NHSW
WKH�VDPH�

0RUH�XVHIXO�ZRXOG�EH�D�VPRRWKO\�YDU\LQJ�JUDGLHQW�� VXFK�DV�D� VLQXVRLGDO�ZDYHIRUP
VXSHULPSRVHG�RQWR�WKH�FRQVWDQW�JUDGLHQW��DV�VKRZQ�LQ�)LJXUH����LLL�����7KLV�ZRXOG�EH
OHVV�GHPDQGLQJ�RQ� WKH�JUDGLHQWV��NHHS�HGG\�FXUUHQWV� WR�D�PLQLPXP�DQG� UHGXFH� WKH
FRQWULEXWLRQV� IURP� KLJKHU� KDUPRQLFV� WR� WKH� DFRXVWLF� QRLVH�� � (DFK� 5)� SXOVH� LV
SRVLWLRQHG�RYHU�D�JUDGLHQW�PLQLPXP�DQG�WKH�SHULRG�RI�WKH�VLQH�ZDYH�LV�HTXDO�WR�WKH
SXOVH�VSDFLQJ���,Q�WKLV�PHWKRG�WKH�SXOVH�FDQQRW�UHDGLO\�EH�VWUHWFKHG�DQG�VFDOHG��DV�IRU
D� VZLWFKHG� WZR�OHYHO� JUDGLHQW�� KRZHYHU�� D� JHQHUDOLVDWLRQ� RI� WKLV� LGHD�� WKH� 9(56(
WUDQVIRUP��GHVFULEHV�D�PHWKRG�IRU�GHULYLQJ�D�QHZ�SXOVH�IURP�WKH�RULJLQDO�SXOVH�

)LJXUH�����6HJPHQW�RI�WKH�%8567�5)�WUDLQ�VKRZQ�ZLWK�WKUHH�SRVVLEOH�JUDGLHQWV�L��FRQVWDQW��LL��VZLWFKHG�DQG�LLL��RVFLOODWRU\�

������ 9(56(
9(56(� �YDULDEOH�UDWH� VHOHFWLYH� H[FLWDWLRQ�� >�@� LV� WKH� QDPH� RI� D� VWUDLJKWIRUZDUG
WHFKQLTXH�IRU�WUDQVIRUPLQJ�D�VSDWLDOO\�VHOHFWLYH�SXOVH�DQG�JUDGLHQW�LQWR�DQ�DOWHUQDWLYH
SXOVH�DQG�JUDGLHQW��ZKLFK�DUH�W\SLFDOO\�FKRVHQ�WR�KDYH�D�ORZHU�6$5�WKDQ�WKH�RULJLQDO
VHTXHQFH�� � ,W�GUDZV� DQ�DGGLWLRQDO�GHJUHH�RI� IUHHGRP� LQWR�SXOVH�GHYHORSPHQW� DQG� LW
FDQ� EH� DSSOLHG� WR� DQ\� SXOVH�� � 7KH� GHULYHG� SXOVH� DQG� JUDGLHQW� SURGXFH� DQ� LGHQWLFDO
UHVSRQVH�WR�WKH�RULJLQDO�SXOVH�DQG�JUDGLHQW�
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7KH� EDVLF� LGHD� LV� VLPLODU� WR� WKDW�PHQWLRQHG� DERYH� ±� D� SXOVH� FDQ� EH� VWUHWFKHG� DQG
VFDOHG�LQ�SURSRUWLRQ�WR�WKH�JUDGLHQW�WR�\LHOG�DQRWKHU�SXOVH�DQG�JUDGLHQW�ZLWK�WKH�VDPH
UHVSRQVH�� � 7KLV�ZRUNV� EHFDXVH� WKH� QHW� %� ILHOG� LV� VFDOHG� LQYHUVHO\�ZLWK� WKH� RYHUDOO
GXUDWLRQ��VR�WKDW�WKH�WRWDO�URWDWLRQ�RI�WKH�VSLQV�LV�WKH�VDPH���,Q�WKLV�ZD\�WKH�DPSOLWXGH
DQG�WRWDO�SRZHU�RI�D�SXOVH�FDQ�EH�FRQWUROOHG���0RUH�JHQHUDOO\��GLIIHUHQW�SRUWLRQV�RI�D
SXOVH�FDQ�EH�VWUHWFKHG�DQG�VFDOHG�E\�GLIIHUHQW�DPRXQWV��ZKLFK�DOORZV�IRU�D�JUHDW�GHDO
RI� IOH[LELOLW\� LQ� WUDQVIRUPLQJ� WKH� SXOVH� DQG� HQDEOLQJ� DPSOLWXGH� DQG� GXUDWLRQ
FRQVWUDLQWV�WR�EH�EURXJKW�LQ���7KLV�LV�WKH�EDVLV�RI�9(56(�
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)LJXUH�����7KH�SDWK�RI�WKH�PDJQHWLVDWLRQ�LV�WKH�VDPH�IRU�GLIIHUHQW�FRPELQDWLRQV�RI�%DQG�ûW

7KH�URWDWLRQ�RI�WKH�VSLQV�LV�GHVFULEHG�E\�WKH�/DUPRU�UHODWLRQ��&� ��%�
7KH�WUDQVYHUVH�FRPSRQHQWV�RI�%�DUH�WKH�DSSOLHG�5)��DQG�WKH�ORQJLWXGLQDO�FRPSRQHQW
LV�SURSRUWLRQDO�WR�WKH�JUDGLHQW���$�VLQJOH�URWDWLRQ��FRQVWDQW�%�RYHU�D�WLPH�ûW��LV�JLYHQ
E\��� �&W� ��%ûW���7KH�VDPH�URWDWLRQ�ZLOO�EH�REWDLQHG�LI�%�LV�VFDOHG�XS�DQG�ûW�VFDOHG
GRZQ�VR� WKDW� WKH�SURGXFW� LV�XQFKDQJHG�� � ,I� WKH�DPSOLWXGH�RI� WKH�5)� LV� ORZHUHG�� WKH
WRWDO�SRZHU�ZLOO�DOVR�EH�ORZHUHG�

6WDUWLQJ� ZLWK� D� SLHFHZLVH� GHILQLWLRQ� RI� DQ� 5)� SXOVH� HDFK� HOHPHQW� FDQ� EH
LQGHSHQGHQWO\�VFDOHG�WRJHWKHU�ZLWK�WKH�FRUUHVSRQGLQJ�JUDGLHQW�HOHPHQW��ZKLFK�DOORZV
IRU�WKH�ZKROH�SXOVH�WR�EH�WUDQVIRUPHG�DFFRUGLQJ�WR�VRPH�SUH�GHILQHG�FRQVWUDLQW�H�J�
PLQLPXP� 6$5� IRU� D� IL[HG� GXUDWLRQ�� � ,Q� %8567� WKH� FRQVWDQW� JUDGLHQW� LV� WR� EH
UHSODFHG� ZLWK� DQ� RVFLOODWRU\� JUDGLHQW�� WKH� DPSOLWXGH� DQG� SHULRG� RI� ZKLFK� ZLOO
GHWHUPLQH� WKH� WUDQVIRUPDWLRQ� RI� LQGLYLGXDO�5)� SXOVHV�� � 7KH� GXUDWLRQ� RI� HDFK� SXOVH
ZLOO�LQFUHDVH�DQG��LQ�JHQHUDO��WKH�SHDN�DPSOLWXGH�ZLOO�GHFUHDVH�DQG��PRVW�LPSRUWDQWO\�
VR�ZLOO�WKH�WRWDO�SRZHU���7KLV�WHFKQLTXH�FDQ�EH�DSSOLHG�LQ�FRPELQDWLRQ�ZLWK�WKH�FKLUS
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SXOVHV� RI� WKH� SUHYLRXV� FKDSWHU�� ZLWK� WKH� FKLUS� SXOVH� DQG� WKH� JUDGLHQW� RVFLOODWLRQ
FKRVHQ�WR�PHHW�WKH�QHFHVVDU\�SHDN�SRZHU�DQG�6$5�FRQVWUDLQWV���+RZHYHU��WKHVH�WZR
WHFKQLTXHV�SXW�FRQIOLFWLQJ�UHTXLUHPHQWV�RQ�WKH�5)�SXOVHV�LQ�RQH�UHVSHFW��ORQJHU�FKLUS
SXOVHV�KDYH�ORZHU�SHDN�SRZHUV��\HW�VKRUWHU�SXOVHV��RI�D�JLYHQ�VKDSH��OHDG�WR�JUHDWHU
UHGXFWLRQV� LQ�6$5�� � ,I� D� WUDQVIRUPHG�SXOVH� ILOOV� RQO\� WKH�PLQLPXP� LQ� WKH� JUDGLHQW
RVFLOODWLRQ��LW�ZLOO�KDYH�D�ORZHU�QHW�SRZHU�WKDQ�D�SXOVH�ZKLFK�VSLOOV�DFURVV�WKH�ULVLQJ
HGJHV�RI�WKH�JUDGLHQW��DQG�KHQFH��RSWLPDO�JDLQV�UHVXOW�IURP�WKH�VKRUWHVW�SXOVHV���7KH
EHQHILWV� RI� WKH� WZR� WHFKQLTXHV� FDQ� EH� VHW� DJDLQVW� RQH� DQRWKHU� WR� IRUPXODWH� D� SXOVH
PHHWLQJ�ERWK� WKH� V\VWHP�DQG�6$5�FRQVWUDLQWV�� � ,Q�SUDFWLFH� DW� �7� LW�ZDV� IRXQG� WKDW
WKHVH�UHTXLUHPHQWV�GLG�QRW�UHVWULFW�WKH�IRUPXODWLRQ�RI�WKH�SXOVHV�DQG�WKHUH�ZDV�DPSOH
VFRSH�LQ�WKH�SRVVLEOH�FKRLFHV�RI�FKLUS�DQG�JUDGLHQW�SDUDPHWHUV�

&RQQROO\�HW�DO�� >�@�XVHG�9(56(�WR�PLQLPLVH� WKH�6$5�RI�D�SXOVH�ZKLOH�NHHSLQJ� LWV
GXUDWLRQ�FRQVWDQW���6XFK�RSWLPLVHG�SXOVHV�ZHUH�VKRZQ�WR�KDYH�FRQVWDQW�PDJQLWXGH���,W
LV�LQWHUHVWLQJ�WR�QRWH��WKHUHIRUH�� WKDW� WKH�KLJKO\�XQLIRUP�FKLUS�SXOVHV�DUH� WKHPVHOYHV
DOPRVW�PLQLPXP�6$5�SXOVHV��WKDW�LV��WKHUH�FDQ�RQO\�EH�D�VPDOO�IXUWKHU�UHGXFWLRQ�LQ
6$5�WKURXJK�DQ�RSWLPLVHG�9(56(�WUDQVIRUP�VXEMHFW�WR�WKH�FRQVWUDLQW�RI�D�FRQVWDQW
SXOVH� GXUDWLRQ�� � ,W� PLJKW� EH� H[SHFWHG� WKDW� WKH� VZLWFKHG� JUDGLHQW� PHWKRG� �)LJXUH
���LL���ZLOO� UHVXOW� LQ�D� ORZHU�SRZHU�GHSRVLWLRQ� WKDQ� WKH�RVFLOODWRU\�JUDGLHQW�PHWKRG
�)LJXUH� ���LLL��� IRU� D� JLYHQ� GXUDWLRQ� RI� UHIDEULFDWHG� FKLUS� SXOVH�� � 9(56(
WUDQVIRUPDWLRQ� ZLWK� WKH� VZLWFKHG� JUDGLHQW� ZLOO� UHVXOW� DJDLQ� LQ� FKLUS� SXOVHV�� VWLOO
XQLIRUP�EXW�RI�ORQJHU�GXUDWLRQ��ZKHUHDV�ZLWK�WKH�RVFLOODWRU\�JUDGLHQW�WUDQVIRUPDWLRQ
ZLOO� OHDG� WR� D� URXJKO\� VLQXVRLGDO� SXOVH� SURILOH�� UHIOHFWLQJ� WKH� JUDGLHQW� HQYHORSH�
+RZHYHU�� LW�ZDV� REVHUYHG� WKDW� WKLV�ZDV� QRW� QHFHVVDULO\� FRUUHFW�� � ,QGHHG�� WKH� SXOVH
VKRZQ�LQ�)LJXUH����LQ�6HFWLRQ�������EHORZ�KDV�D�ORZHU�SRZHU�WKDQ�D�SXOVH�GHULYHG�IRU
D� VZLWFKHG� JUDGLHQW� �QRW� VKRZQ��� � ,Q� JHQHUDO�� ZKHWKHU� RU� QRW� WKLV� LV� WKH� FDVH� ZLOO
GHSHQG�RQ�WKH�WUXQFDWLRQ�RI�WKH�FKLUS�SXOVH�DQG�LWV�GXUDWLRQ�
$V� D� ILQDO� FRPPHQW�� WKH�9(56(� SULQFLSOH� SURYLGHV� D� FRPSOHWH� H[SODQDWLRQ� RI� WKH
RVFLOODWRU\�JUDGLHQW�PHWKRG��ZLWKRXW�QHHG�WR� UHIHU� WR�QXWDWLRQ�DQG�SUHFHVVLRQ�� �7KLV
PRGLILFDWLRQ� WR�%8567�FDQ�EH�YLHZHG� DV� D� VLQJOH�9(56(� WUDQVIRUP�RI� WKH� HQWLUH
SXOVH�WUDLQ��ZLWK�WKH�VKDSH�DQG�DPSOLWXGH�RI�WKH�JUDGLHQW�RVFLOODWLRQ�GHWHUPLQLQJ�WKH
WUDQVIRUP�RI�WKH�5)�SXOVHV�� �7KH�EDQGZLGWK�RI�HDFK�SXOVH�LV�UHGXFHG��DQG�WKHUH�DUH
FRUUHVSRQGLQJ�UHGXFWLRQV�LQ�WKH�6$5�DQG�SHDN�SRZHU�RI�HDFK�SXOVH�
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)LJXUH�����6HFWLRQ�RI�D�PRGLILHG�%8567�VHTXHQFH�VKRZLQJ�WKH�SURILOH�RI�FKLUSSXOVHV�WUDQVIRUPHG�WR�PDWFK�WKH�RVFLOODWRU\�JUDGLHQW���7\SLFDO�SXOVH�DQGZDYHIRUP�SDUDPHWHUV�DUH�JLYHQ�

������ 9(56(�WUDQVIRUP�RI�FKLUS�SXOVHV�ZLWK�DQ�RVFLOODWRU\�JUDGLHQW
)RU�DQ�LQLWLDO�5)�SXOVH�GHILQHG�SLHFHZLVH�LQ�Q�HOHPHQWV�ZLWK�D�FRQVWDQW�WLPH�VWHS�ûW�
WKH�WRWDO�GXUDWLRQ�LV�JLYHQ�E\
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,I� WKLV� SXOVH� LV� DSSOLHG� XQGHU� RQH� JUDGLHQW�ZDYHIRUP� �*[��� ZKLFK� LV� WKHQ� UHSODFHG
ZLWK�DQRWKHU�JUDGLHQW�ZDYHIRUP��*\���HDFK�WLPH�VWHS�ZLOO�EH�VFDOHG�E\�WKH�UDWLR�RI�WKH
JUDGLHQWV�DW�WKH�FRUUHVSRQGLQJ�SRLQWV�LQ�WLPH���7KH�UHIRUPHG�SXOVH�GXUDWLRQ�LV�JLYHQ
E\
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ZKHUH�We�LV�HTXDO�WR�WKH�VXP�RI�WKH�SUHFHGLQJ�WLPH�VWHSV�LQ�WKH�UHIRUPHG�SXOVH�
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,I�RQH�RI�WKH�JUDGLHQWV�LV�FRQVWDQW�DQG�WKH�RWKHU�WLPH�YDU\LQJ��LW�LV�VLPSOHU�WR�GHYHORS
WKLV�H[SUHVVLRQ�IRU�WKH�UHIRUPHG�SXOVH�GXUDWLRQ�E\�FKRRVLQJ�D�FRQVWDQW�WLPH�VWHS�IRU
WKH�WLPH�YDU\LQJ�JUDGLHQW��WKDW�LV��ZLWK�*n�DV�WKH�WLPH�YDU\LQJ�JUDGLHQW�DQG�*o�DV�WKH
FRQVWDQW� JUDGLHQW� �VHH� )LJXUH� ����� 7KHQ�� VLQFH� WKH� JUDGLHQW� LQ� WKH� GHQRPLQDWRU� LQ
(TXDWLRQ������LV�FRQVWDQW��WKLV�DYRLGV�WKH�GLIILFXOW\�RI�HYDOXDWLQJ�Wp�
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�D� �E�
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ZKHUH� 7�DQG� 7�DUH� WKH� GXUDWLRQV� RI� WKH� RULJLQDO� SXOVH� DQG� WKH� UHIRUPHG� SXOVH
UHVSHFWLYHO\�

7KH�HQHUJ\�RI�D�SXOVH�GHILQHG�SLHFHZLVH�LV�JLYHQ�E\
�� �� �� W$W,6$5 'v' ¦¦ � � ����

ZKHUH� , � LV� WKH�LQVWDQWDQHRXV�SRZHU�RI� WKH�L¡¢�HOHPHQW��SURSRUWLRQDO� WR� WKH�VTXDUH�RI
WKH�DPSOLWXGH��$£���DQG�ûW£�LV�WKH�GXUDWLRQ�RI�WKH�HOHPHQW�
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$V�DERYH��D�FRQVWDQW�WLPH�VWHS��ûW°��LV�FKRVHQ�IRU�WKH�WLPH�YDU\LQJ�JUDGLHQW��*°��L�H�
IRU�WKH�UHIDEULFDWHG�SXOVH���7KH�WLPH�VWHSV�IRU�WKH�FRQVWDQW�JUDGLHQW��*±��DUH�JLYHQ�E\
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6XEVWLWXWLQJ� IRU�ûW±µ� DQG� $°�� WKH� UDWLR� RI� WKH� 6$5V� RI� WKH� LQLWLDO� �6$5±�� DQG� WKH
UHIRUPHG��6$5°��SXOVHV�LV
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)RU� FKLUS� SXOVHV� WKH� DPSOLWXGH� $¶� LV� DSSUR[LPDWHO\� FRQVWDQW�� � :LWK� WKLV
DSSUR[LPDWLRQ�DQG�LQ�WKH�OLPLW�ûW:��WKLV�H[SUHVVLRQ�EHFRPHV
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ZKHUH�7»�LV�WKH�GXUDWLRQ�RI�WKH�UHIDEULFDWHG�SXOVH�

7KLV�JLYHV�D�XVHIXO�DSSUR[LPDWLRQ�IRU�WKH�UHGXFWLRQ�LQ�6$5�ZKLFK�ZLOO�DULVH�IURP�WKH
XVH�RI�9(56(�WUDQVIRUPHG�FKLUS�SXOVHV�LQ�FRPELQDWLRQ�ZLWK�D�WLPH�YDU\LQJ�JUDGLHQW�
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���� 5HVXOWV

������ &DOFXODWLRQ�RI�WUDQVIRUPHG�FKLUS�SXOVHV
7UDQVIRUPDWLRQ� RI� WKH� FKLUS� SXOVH� LQ� )LJXUH� ��� �EODFN� OLQH�� OHDGV� WR� SUHGLFWHG
UHGXFWLRQV�LQ�6$5�RI�����DQG������FRUUHVSRQGLQJ� WR�JUDGLHQW�RVFLOODWLRQV�RI����
DQG�����DPSOLWXGH�UHVSHFWLYHO\���7KH�DSSUR[LPDWLRQ�JLYHQ�E\�(TXDWLRQ�������DERYH�
RYHUHVWLPDWHG�WKHVH�6$5�JDLQV�E\�D�IHZ�SHUFHQW���7KH�WDEOH�EHORZ�JLYHV�IXUWKHU�SXOVH
GHWDLOV�

2VFLOODWLRQDPSOLWXGH 6$5�UHGXFWLRQ 3HDN�SRZHUUHGXFWLRQ 3XOVH�GXUDWLRQ
1RQH��. �� � � �����V
������. ���� ���� ���� �����V
������. ���� ���� ���� �����V

7DEOH�����3HUIRUPDQFH�RI�9(56(�WUDQVIRUPHG�FKLUS�SXOVHV�HYDOXDWHG�E\�FDOFXODWLRQ�7KH�UHGXFWLRQV�LQ�SRZHU�DUH�JLYHQ�UHODWLYH�WR�WKH�RULJLQDO�SXOVH��WRS�OLQH��

�D�

�E�
)LJXUH�����&RUUHVSRQGLQJ�5)�DQG�JUDGLHQW�SURILOHV���%ODFN�OLQH�±�FKLUS�SXOVH�DQGFRQVWDQW�JUDGLHQW��EOXH�OLQH�±�9(56(�WUDQVIRUPHG�SXOVH�ZLWK�������.� �����JUDGLHQW�RVFLOODWLRQ�

Time / ¼s

RF Amplitude
(normalised)

Time / ¼s

Gradient
 (normalised)
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������ ([SHULPHQWV
0XOWL�VOLFH�LPDJHV�WKURXJK�D�KXPDQ�IRRW�DUH�VKRZQ�EHORZ���$V�SUHYLRXVO\��D�VLQJOH
IRRW�ZDV�SODFHG�LQWR�D����FP�GLDPHWHU�7(0�KHDG�FRLO�GULYHQ�LQ�TXDGUDWXUH�PRGH�DQG
LPDJHG� µFRURQDOO\¶�� � 7KH� IXOO� SDUDPHWHUV�� WRJHWKHU�ZLWK� D� VHW� RI� LPDJHV�� DUH� JLYHQ
EHORZ�

7DEOH����([SHULPHQWDO�SDUDPHWHUV

�D� �E� �F� �G�

�H� �I� �J� �K�
)LJXUH�����0XOWL�VOLFH�LPDJHV�RI�D�KXPDQ�IRRW��UHDGRXW�JUDGLHQW�DFURVV�WKH�SDJH��

7KH�PHDVXUHG�6$5� UHGXFWLRQ�ZDV� JUHDWHU� WKDQ� WKDW� SUHGLFWHG�� �7KH�6$5� ILJXUH� LQ
7DEOH����LV�EDVHG�RQ�WKH�GLIIHUHQFH�LQ�WKH�PHDVXUHG�SHDN�SRZHUV�RI�WKH�WZR�SXOVHV�
7KHVH� ZHUH� UHDG� IURP� WKH� GLJLWDO� GLVSOD\� RQ� WKH� 5)� DPSOLILHU� DV� WKH� SXOVHV� ZHUH
DSSOLHG��7KH�UHDGLQJ�HUURUV�TXRWHG�RQ�WKHVH�PHDVXUHPHQWV�GR�QRW�UHIOHFW�WKH�VKRW�WR�
VKRW� IOXFWXDWLRQV� LQ� WKH� UHDGLQJV�� DQG� WKHUHIRUH� DUH� OLNHO\� WR� XQGHUHVWLPDWH� WKH� WUXH

*UDGLHQW�DQG�5)�SDUDPHWHUV
����JUDGLHQW�RVFLOODWLRQ�ZLWK9(56(�WUDQVIRUPHG�����V�FKLUS�SXOVH

3HDN�3RZHU���:
9(56(¶G�FKLUS ��������

&KLUS ��������

6$5�UHGXFWLRQ� ����������

3KDVH�PRGXODWLRQ PXOWL�SKDVH�28),6
)OLS�DQJOH ��q

2½ �����V
%:¾¿ÀÁÂÃÂÄÂÅÆ ����N+]

75 ��V
6OLFH�WKLFNQHVV ���PP
5HVROXWLRQ ����[�����PP

615� ���
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HUURUV�� � 7KLV� FRXOG� H[SODLQ� WKH� GLVFUHSDQF\� EHWZHHQ� WKH� 6$5� ILJXUHV�� � 1R� LPDJH
DUWHIDFWV�ZHUH�REVHUYHG�ZLWK�WKLV� WHFKQLTXH�� �+RZHYHU�� WKH�KLJK�IUHTXHQF\�JUDGLHQW
RVFLOODWLRQV� LQWURGXFH�KLJK�SLWFK�QRLVH� WR� WKH� VHTXHQFH�� � ,W�ZDV� IRXQG� WKDW� HYHQ� IRU
VPDOO� DPSOLWXGHV� RI� RVFLOODWLRQ� WKH� QRLVH� ZDV� PRGHUDWH�� DQG� HDUSOXJV� PLJKW� EH
QHFHVVDU\�

���� &RQFOXVLRQV
7KLV�FKDSWHU�KDV�GHVFULEHG�D�WHFKQLTXH�ZKLFK�FDQ�RYHUFRPH�WKH�KLJK�6$5�SUREOHPV
DVVRFLDWHG�ZLWK� KLJK� ILHOG� %8567� LPDJLQJ�� � 7KH� UHGXFWLRQ� LQ� WRWDO� SRZHU� FDQ� EH
FRQWUROOHG�WKURXJK�WKH�DPSOLWXGH�RI�WKH�RVFLOODWLRQ���$�VPRRWKO\�YDU\LQJ�HQYHORSH�LV
HPSOR\HG�ZKLFK�PLQLPLVHV�DQ\�HGG\�FXUUHQWV�� �$QRWKHU�EHQHILW�RI� WKLV� WHFKQLTXH�LV
WKDW� LW� UHGXFHV� WKH� SHDN� SXOVH� SRZHU�� DQRWKHU� FRQVWUDLQLQJ� IDFWRU� DW� KLJK� ILHOGV�
$GGLWLRQDOO\��WKH�FKLUS�SXOVH�RI�WKH�SUHYLRXV�FKDSWHU�FDQ�EH�XVHG�LQ�FRQMXQFWLRQ�ZLWK
WKLV� WHFKQLTXH�� ZKLFK� ZLOO� JLYH� JUHDWHU� FRQWURO� VWLOO� RYHU� WKH� SXOVH� 6$5� DQG� SHDN
SRZHU�� � 7KH� PRVW� QRWDEOH� GUDZEDFN� LV� WKH� LQWURGXFWLRQ� RI� D� PRGHUDWH� DPRXQW� RI
DFRXVWLF�QRLVH�WR�D�VHTXHQFH�NQRZQ�IRU�LWV�TXLHWQHVV���7KH�JHQWOH�µFOXQN¶�LV�UHSODFHG
E\�D�PDUNHG�KLJK�SLWFK�QRLVH��HYHQ�IRU�VPDOO�RVFLOODWLRQV�

���� 5HIHUHQFHV
�� 0RUULV��*�$��DQG�5��)UHHPDQ��6HOHFWLYH�H[FLWDWLRQ�LQ�)RXULHU�7UDQVIRUP

1XFOHDU�0DJQHWLF�5HVRQDQFH��-��0DJQ��5HVRQ�������������S����������
�� &RQROO\��6���'��1LVKLPXUD�DQG�$��0DFRYVNL��9DULDEOH�UDWH�VHOHFWLYH

H[FLWDWLRQ��-��0DJQ��5HVRQ�������������S����������
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�� &RQFOXVLRQV

%8567�KDV�EHHQ�LPSOHPHQWHG�RQ�D��7�ZKROH�ERG\�LPDJLQJ�V\VWHP���,W�KDV�SURGXFHG
LPDJHV�ZLWK�OLWWOH�GLVWRUWLRQ�DQG�UHODWLYHO\�IUHH�IURP�DUWHIDFWV���,W�KDV�EHHQ�VKRZQ�WKDW
WKH�VHTXHQFH�LV�VHQVLWLYH�WR�ERWK�7Ç�DQG�GLIIXVLRQ��DQG�WKDW�ZLWK�SDUDPHWHUV�W\SLFDO�WR
WKDW� RI� WKH� KXPDQ� EUDLQ� WKH� 7Ç� DWWHQXDWLRQ� LV� PDUNHGO\� JUHDWHU� WKDQ� WKDW� GXH� WR
GLIIXVLRQ���7KH�ZRUN�LQ�WKLV�WKHVLV�KDV�LQ�SDUW�EHHQ�OLPLWHG�E\�WKH�FRQVWUDLQWV�RI� WKH
V\VWHP��EXW�LW�KDV�DOVR�OHG�WR�SURJUHVV�LQ�VRPH�NH\�DUHDV�

615
%8567� LV� KLQGHUHG� E\� D� ORZ� 615� FRPSDUHG� ZLWK� RWKHU� IDVW� WHFKQLTXHV�� ZKLOH
VXIIHULQJ�IURP�WKH�FRPPRQ�SUREOHP�RI�D�KLJK�DFTXLVLWLRQ�EDQGZLGWK��,W�ZDV�H[SHFWHG
WKDW� WKH�KLJKHU� ILHOG� LQ�1RWWLQJKDP�ZRXOG� OHDG� WR� LPSURYHPHQWV� LQ�615�FRPSDUHG
ZLWK�WKDW�SUHVHQWHG�LQ�SXEOLFDWLRQV�RI�ZRUN�DW�ORZHU�ILHOGV�� �$W��7�WKH�KLJKHVW�615
REWDLQHG� IURP�KXPDQ�EUDLQ� LPDJHV�ZDV� IRXQG� WR�EH� DSSUR[LPDWHO\�����ZKLFK� IDOOV
VKRUW�RI�WKH�615V�UHSRUWHG�LQ�VRPH�HDUOLHU�ZRUN�FDUULHG�RXW�DW�MXVW����7��+RZHYHU��LW
LV� QRW� SRVVLEOH� WR� EH� DEOH� WR� PDNH� D� SUHFLVH� FRPSDULVRQ� VLQFH� WKHUH� LV� D� ORW� RI
YDULDELOLW\�LQ�WKH�615�GDWD�SUHVHQWHG�DW����7��HYHQ�ZKHQ�WKH�GLIIHUHQW�SDUDPHWHUV�LQ
HDFK�H[SHULPHQW�DUH�WDNHQ�LQWR�DFFRXQW��2QO\�RQH�SXEOLFDWLRQ�H[LVWV�RI�EUDLQ�LPDJHV
DW��7�� WKH�67($0�%8567�WHFKQLTXH�DFKLHYHG�615V�RI�XS� WR����XVLQJ�VWLPXODWHG
HFKRHV�� �+RZHYHU�� LI� WKLV�615�LV�DGMXVWHG� WR� WDNH�DFFRXQW�RI� WKH�GLIIHUHQFHV� LQ� WKH
VHTXHQFHV�±�VWLPXODWHG�HFKRHV��UHVXOWLQJ�LQ�D� ORZHU�VLJQDO���EDQGZLGWK��DWWHQXDWLRQ�
UHVROXWLRQ�DQG�IOLS�DQJOH�±�LW�FRPHV�RXW�D�IHZ�WLPHV�KLJKHU�WKDQ�WKH�615�RI������$OVR�
FRPSDULVRQV�ZHUH�PDGH�RQ�WKH�1RWWLQJKDP�VFDQQHU�EHWZHHQ�%8567�DQG�(3,��ZKLFK
GHPRQVWUDWHG�WKDW�%8567�SHUIRUPHG�DW�OHDVW�DV�ZHOO��LI�QRW�EHWWHU��WKDQ�H[SHFWHG���,Q
D� VHW� RI� SKDQWRP� LPDJHV� LW� ZDV� IRXQG� WKDW� ERWK� VHTXHQFHV� JDYH� D� VLPLODU� 615�
FRQWUDU\� WR� H[SHFWDWLRQV�� � +RZHYHU�� LQ� JHQHUDO�� (3,� LPDJHV� RI� WKH� KXPDQ� EUDLQ
DFTXLUHG�RQ�WKH�VFDQQHU�KDYH�D�KLJKHU�615�WKDQ�WKH�ILJXUH�RI����IRU�%8567�DERYH�
7KHUHIRUH�� WKLV�VXJJHVWV� WKDW� WKH� ORZ�615� LV� LQ�SDUW�GXH� WR� WKH�KDUGZDUH�� � ,W� LV�QRW
FOHDU�ZKHWKHU�WKH�H[SHFWHG�JDLQV�IURP�KLJKHU�ILHOGV�DUH�IXOO\�UHDOLVHG�

7KH� DOWHUQDWLYH� DPSOLWXGH� DQG� SKDVH� PRGXODWLRQV� ZKLFK� KDYH� EHHQ� GHYHORSHG
SURYLGH� D�PRGHVW� LPSURYHPHQW� WR� WKH� VLJQDO�� � $PSOLWXGH�PRGXODWLRQ� RI� WKH� SXOVH
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WUDLQ�� LQ� FRPELQDWLRQ�ZLWK� H[LVWLQJ� SKDVH�PRGXODWLRQV�� KDV� EHHQ� VKRZQ� WR� SURYLGH
VPDOO�JDLQV� LQ�VLJQDO�� �7KH�QRYHO� FRPELQHG�DPSOLWXGH�DQG�SKDVH�PRGXODWLRQV�KDYH
EHHQ� VKRZQ� WR� RIIHU� D� PXFK� PRUH� YHUVDWLOH� PHWKRG� IRU� FRQWUROOLQJ� WKH� HFKR
DPSOLWXGHV�� � 0RGHVW� VLJQDO� LPSURYHPHQWV� FDQ� EH� REWDLQHG� ZLWK� OLWWOH� ORVV� RI
UHVROXWLRQ��ZKLOH�PXFK�ODUJHU�VLJQDO�JDLQV�DUH�SRVVLEOH�EXW�RQO\� WR� WKH�GHWULPHQW�RI
WKH� UHVROXWLRQ�� � $� FRPSURPLVH� FDQ� EH� FKRVHQ� GHSHQGLQJ� RQ� WKH� DSSOLFDWLRQ� LQ
TXHVWLRQ�

([SHULPHQWV�ZHUH� FDUULHG� RXW� WR� GHWHFW� EUDLQ� DFWLYDWLRQ� LQ� UHVSRQVH� WR� DQ� DFRXVWLF
VWLPXOXV�XVLQJ�DQ�H[LVWLQJ�SURWRFRO���6SLQ�HFKRHV�ZHUH�DFTXLUHG�WR�JLYH�7È�FRQWUDVW�
ZKLFK�SURGXFHV�D�PRUH�VSDWLDOO\�SUHFLVH�UHVSRQVH�EXW�DW�D�ORZHU�RUGHU�RI�PDJQLWXGH�
VLQFH�LW� LV�GHSHQGHQW�RQO\�RQ�WKH�GLIIXVLRQ�RI�ZDWHU�PROHFXOHV� LQ� WKH�ORFDOLVHG�ILHOG
JUDGLHQWV���7KH�SURFHVVHG�GDWD�VKRZHG�SRVVLEOH�FOXVWHUV�RI�DFWLYDWLRQ�LQ�WKH�UHOHYDQW
SDUW� RI� WKH� EUDLQ�� � +RZHYHU�� WKH� GDWD� ZDV� QRLV\� DQG� LW� ZDV� XQFOHDU� ZKHWKHU� WKH
DSSDUHQW�DFWLYDWLRQ�ZDV�VLJQLILFDQW���,W�ZRXOG�EH�XVHIXO�WR�EH�DEOH�WR�XVH�%8567�IRU
IXQFWLRQDO� ZRUN�� DQG� SDUWLFXODUO\� IRU� DFRXVWLF� VWXGLHV�� EXW� LW� FRXOG� QRW� EH� SXUVXHG
KHUH�IRU�ODFN�RI�615�

5)�3RZHU
,Q�LPSOHPHQWLQJ�%8567�DW��7�D�PDMRU�REVWDFOH�ZDV�IRXQG�WR�EH�WKH�OHYHOV�RI�SHDN
5)�SRZHU�UHTXLUHG��ZKLFK�ZHUH�IDU�JUHDWHU�WKDQ�FRXOG�EH�REWDLQHG�ZLWK�WKH�LQ�KRXVH
DPSOLILHU���$�VROXWLRQ�KDV�EHHQ�SURSRVHG�ZKLFK�SURGXFHV�XS�WR�DQ�1É�IROG�UHGXFWLRQ�
ZKHUH�1É� LV� WKH�QXPEHU�RI�'$17(�SXOVHV�� LQ� SHDN� SRZHU�� � ,W�ZDV� VKRZQ� WKDW� WKH
LQWURGXFWLRQ�RI�FKLUS�SXOVHV�LQWR�WKH�%8567�VHTXHQFH�GRHV�QRW�UHVXOW�LQ�VLJQDO�ORVV�
ZKLFK� KDV� XVXDOO\� SUHFOXGHG� WKHLU� LPSOHPHQWDWLRQ� LQ� FRQYHQWLRQDO� LPDJLQJ
VHTXHQFHV���7KH�TXDGUDWLF�OLNH�SKDVH�DORQJ�WKH�UHDGRXW�GLUHFWLRQ�FDQ�EH�FRUUHFWHG�IRU
LI� UHTXLUHG�� KRZHYHU� WKH� PRGXOXV� LPDJHV� ZHUH� QRW� DIIHFWHG�� � :KHQ� XVHG� LQ
FRPELQDWLRQ� ZLWK� VRPH� RI� WKH� SKDVH� PRGXODWLRQ� VFKHPHV�� DQ� DSSHDOLQJ� GRXEOH
TXDGUDWLF� SKDVH� SURJUHVVLRQ� UHVXOWV� �� WKH� SKDVHV� RI� WKH� LQGLYLGXDO� SXOVHV� DQG� WKH
SKDVH�PRGXODWLRQ� RI� WKH� SXOVH� WUDLQ� DUH� ERWK� TXDGUDWLF�� � 7KLV� SHDN� SRZHU� SUREOHP
DIIHFWV�ERWK� WKH�H[LVWLQJ�SKDVH�PRGXODWLRQ�%8567�VHTXHQFHV�� DV�ZHOO� DV� WKH�PRUH
GHPDQGLQJ�FRPELQHG�PRGXODWLRQV�H[SORUHG� LQ�&KDSWHU���� �$W�KLJKHU� ILHOG� WKH�SHDN
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SRZHU�ZLOO� EH� JUHDWHU� WKDQ� WKDW� UHTXLUHG� DW� �7�� DQG� FKLUS� SXOVHV�ZLOO� EH� RI� JUHDWHU
LPSRUWDQFH�VWLOO�

7KH� SUREOHP� RI� WKH� WRWDO� 5)� SRZHU� GHSRVLWLRQ� KDV� EHHQ� RYHUFRPH� ZLWK� WKH
LQWURGXFWLRQ�RI�D� WLPH�YDU\LQJ�JUDGLHQW�� �$W��7� WKH�5)�SRZHU�DSSURDFKHG� WKH�6$5
OLPLW�� DQG� DW� KLJKHU� ILHOGV� WKH� 5)� SRZHU� ZRXOG� EH� HYHQ� JUHDWHU�� � 7KH� RVFLOODWRU\
JUDGLHQW�ZDV� VKRZQ� WR�EH� DEOH� WR� JLYH� UHGXFWLRQV� LQ�5)�SRZHU� RI� RYHU� ����� �7KH
UHVSRQVH� RI� WKH� VSLQV� ZDV� XQFKDQJHG� IROORZLQJ� WKH� 9(56(� WUDQVIRUPDWLRQ� RI� WKH
SXOVHV�� � 7KLV� PHWKRG� DOVR� UHGXFHV� WKH� SHDN� SRZHU� �D� UHGXFWLRQ� RI� RYHU� ���� ZDV
GHPRQVWUDWHG����+RZHYHU��DORQJ�ZLWK�WKH�RVFLOODWRU\�JUDGLHQW�WKHUH�LV�WKH�LQWURGXFWLRQ
RI�KLJK�SLWFK�DFRXVWLF�QRLVH�� �:KLOVW�WKH�WHFKQLTXH�UHPDLQV�OHVV�QRLV\�WKDQ�(3,�LW�LV
QR�ORQJHU�D�TXLHW�WHFKQLTXH���1RQHWKHOHVV��WKLV�WHFKQLTXH��ZKHQ�XVHG�LQ�FRPELQDWLRQ
ZLWK�WKH�FKLUS�SXOVHV��KDV�HQDEOHG�%8567�WR�EH�LPSOHPHQWHG�DW��7�ZLWK�RSWLPLVHG
SDUDPHWHUV�

2WKHU�LVVXHV
%8567�ZDV�DOVR�XVHG��LI�XQVXFFHVVIXOO\��WR�DFTXLUH�D�VLQJOH�VKRW��')7GDWD�VHW���7KH
JUDGLHQW�ZDV�UHYHUVHG�D�QXPEHU�RI�WLPHV��DQG�HDFK�VHW�RI�UHIRFXVVHG�HFKRHV�ZDV�XVHG
WR�HQFRGH�D�SODQH�LQ�N�VSDFH���:LWK�RQO\�LQ�SODQH�HQFRGLQJ�JUDGLHQWV�DSSOLHG��LW�ZDV
IRXQG�WKDW� WKH�HFKRHV�EHJDQ� WR�VSUHDG�RXW�ZLWK�VXFFHVVLYH� UHIRFXVVLQJ�� �7KLV�HIIHFW
DURVH� GXH� WR� HGG\� FXUUHQWV� LQ� WKH� VWUXFWXUHV� RI� WKH�PDJQHW�� DQG� LW� ZDV� SRVVLEOH� WR
FRUUHFW�LW�ZLWK�WKH�SUH�HPSKDVLV�XQLW���7KH�PDLQ�GLIILFXOW\�HQFRXQWHUHG�ZDV�WKH�VKRW�
WR�VKRW�YDULDELOLW\�LQ�WKH�SRVLWLRQV�RI�WKH�HFKRHV���7KLV�LQVWDELOLW\��WKH�VRXUFH�RI�ZKLFK
ZDV�QRW� WUDFHG��PHDQW� WKDW� LW�ZDV�QRW�SRVVLEOH� WR� FRUUHFW� IRU� WKH�YDULDWLRQV� DQG� WKH
WHFKQLTXH�ZDV�QRW�SXUVXHG�IXUWKHU�

(GG\�FXUUHQWV��UHVXOWLQJ�IURP�WKH�H[FLWDWLRQ�DQG�UHDGRXW�JUDGLHQWV��ZHUH�DQ�LVVXH�LQ
DOO� WKH� H[SHULPHQWV�� � ,W� ZDV� IRXQG� WKDW� UDPSLQJ� WKH� JUDGLHQW� PRUH� JHQWO\� GLG� QRW
LPSURYH�WKLV�HIIHFW���+RZHYHU��LQ�WKH�PDLQ�LW�ZDV�SRVVLEOH�WR�VXFFHVVIXOO\�FRPSHQVDWH
IRU�WKLV�ZLWK�WKH�SUH�HPSKDVLV�XQLW�

,Q� VXPPDU\�� LQ� WKLV� ZRUN� %8567� KDV� QRW� VR� IDU� SURYHG� WR� EH� D� SUDFWLFDO� URXWLQH
WHFKQLTXH� IRU�KXPDQ� LPDJLQJ� DW� �7�� �+RZHYHU�� WKH� UHVXOWV� DUH� HQFRXUDJLQJ� IRU� WKH



���

LPSOHPHQWDWLRQ�RI�%8567�DW�KLJKHU�ILHOGV���7KH�VLJQDO�JDLQV�DW�KLJKHU�ILHOGV�DQG�WKH
LPDJH�TXDOLWLHV�RI�%8567�PLJKW�PDNH�WKLV�D�XVHIXO�WRRO�IRU�UHVHDUFK��SDUWLFXODUO\�IRU
IXQFWLRQDO�ZRUN���7KH�PRGLILFDWLRQV�GHYHORSHG�LQ�WKLV�WKHVLV�LQFUHDVH�WKH�VFRSH�RI�WKH
VHTXHQFH�� � ,WV� LPSOHPHQWDWLRQ� DW� KLJKHU� ILHOGV� LV� QRZ� IHDVLEOH�� �+RZHYHU�� LW�PLJKW
QHFHVVDULO\�EHFRPH�DQ�DFRXVWLFDOO\�QRLV\�WHFKQLTXH�LQ�6$5�OLPLWHG�DSSOLFDWLRQV�� � ,W
FRXOG�EH�RI�PRVW�XVH�DV�D�PXOWLSO\�UHIRFXVVHG�WHFKQLTXH��XVLQJ�VKRUWHU� WUDLQV�RI�5)
SXOVHV�RI�KLJKHU�DPSOLWXGH�� �0RUH�VSHFLILFDOO\�� LW�PLJKW� ILQG�XVH�LQ�D�PXOWL�HOHPHQW
H[FLWDWLRQ� �$��0DJLOO� DQG� 3�� *ORYHU��0XOWLSOH� H[FLWDWLRQ� VWUDWHJLHV� IRU� LPDJLQJ� DW
XOWUD�KLJK� ILHOG�� (6050%�� &RSHQKDJHQ�� ������� ZKLFK� FDQ� EH� XVHG� WR� WDFNOH� WKH
ZDYHOHQJWK�HIIHFWV�HQFRXQWHUHG�DW�KLJKHU�ILHOGV�


