
02'(/,1*�$1'�6,08/$7,21�2)�0,&52675,3�3$7&+�$17(11$6�9,$�7+(�)'7'�7(&+1,48(*RQFD�dDNÕU� /HYHQW�6HYJL�H�PDLO��JRQFD#NRX�HGX�WU H�PDLO��OVHYJL#GRJXV�HGX�WU� .RFDHOL�8QLYHUVLW\���'HSDUWPHQW�RIO�(OHFWURQLFV�	�&RPPXQLFDWLRQ�(QJLQHHULQJ�.RFDHOL��7XUNH\�� 'RJXV�8QLYHUVLW\���'HSDUWPHQW�RIO�(OHFWURQLFV�	�&RPPXQLFDWLRQ�(QJLQHHULQJ��$FÕEDGHP��,VWDQEXO�7XUNH\.H\�ZRUGV��)'7'��PLFURVWULS�SDWFK�DQWHQQDV��PRGHOLQJ��VLPXODWLRQ
$%675$&77KUHH�GLPHQVLRQDO� ILQLWH�GLIIHUHQFH� WLPH�GRPDLQ��)'7'�� PHWKRG� LV� DSSOLHG� WR� IXOO�ZDYH� DQDO\VLV� RI�PLFURVWULS�SDWFK�DQWHQQDV��%URDGEDQG�FKDUDFWHULVWLFV�RI� QHWZRUN� SDUDPHWHUV� VXFK� DV� LQSXW� LPSHGDQFH��VFDWWHULQJ� SDUDPHWHUV� DUH� FDOFXODWHG� IURP� WLPH�GRPDLQ�VLPXODWHG�GDWD��$OVR�UDGLDWLRQ�SDWWHUQ�RI��OLQH�IHG� SDWFK� DQWHQQDV� DUH� REWDLQHG�� 7KH� )'7'� UHVXOWV�DUH� ILUVW� WHVWHG� DQG� FDOLEUDWHG� DJDLQVW� DQRWKHU�SRZHUIXO� WLPH� GRPDLQ� VLPXODWLRQ� DQG� WKHQ� DUH�FRPSDUHG�ZLWK�WKH�PHDVXUHPHQWV�LQ�WKH�OLWHUDWXUH�

,� ,1752'8&7,21
7KH� ILQLWH�GLIIHUHQFH� WLPH�GRPDLQ� �)'7'�� PHWKRG� KDV�EHHQ� ZLGHO\� XVHG� LQ� VROYLQJ� FRPSOH[� HOHFWURPDJQHWLF�SUREOHPV� VLQFH� ILUVW� LQWURGXFHG� LQ� ����� >�@�� ,Q� )'7'��0D[ZHOO¶V�HTXDWLRQV�DUH�GLVFUHWL]HG�GLUHFWO\� LQ�VSDFH�DQG�WLPH�� DQG� LW� LV� YHU\� IOH[LEOH� LQ� PRGHOLQJ� FRPSOH[�VWUXFWXUHV��(DUOLHU�DSSOLFDWLRQV�RI� WKH�)'7'�ZHUH�PDLQO\�LQ� VFDWWHULQJ�� EXW�PRUH� UHFHQWO\� D� QXPEHU� RI� UHVHDUFKHUV�KDYH� DSSOLHG� WKLV� PHWKRG� WR� DQDO\]H� EURDG� UDQJH� RI�HOHFWURPDJQHWLF� SUREOHPV� IURP� HOHFWURPDJQHWLF�FRPSDWLELOLW\�� WR� VXEVXUIDFH� LPDJLQJ�� IURP� UDGDU� FURVV�VHFWLRQ� PRGHOLQJ� WR� ELR�HOHFWURPDJQHWLFV� >�@� LQFOXGLQJ�DQWHQQD�SUREOHPV�>�@��7KH�)'7'� DOJRULWKP� FDQ� EH�XVHG�WR� DQDO\]H� DQWHQQDV� RI� DQ\� VKDSH�� LQFOXGLQJ� SODQDU� DQG�VWDFNHG� PLFURVWULS� DQWHQQDV� ZLWK� SUREH� RU� DSHUWXUH�FRXSOHG�IHHG�HIIHFWV�>�@��
,Q� WKLV�VWXG\��UHFWDQJXODU�PLFURVWULS�SDWFK�DUUD\�DQWHQQDV�DUH�DQDO\]HG�ZLWK� LQ�KRXVH�SUHSDUHG�)'7'�SDFNDJH��7KH�SDFNDJH� LV� ILUVW� WHVWHG� DQG� FDOLEUDWHG� DJDLQVW� DQRWKHU� LQ�KRXVH� SUHSDUHG� SDFNDJH� EDVHG� RQ� WKH� WUDQVPLVVLRQ� OLQH�PDWUL[� �7/0��PHWKRG� >�@��$IWHU�FDOLEUDWLRQ�� WKH�SDFNDJH�LV� XVHG� WR� LQYHVWLJDWH� SDWFK� DUUD\V�� 7KH� UHVXOWV� DUH�FRPSDUHG�DJDLQVW�DYDLODEOH�PHDVXUHPHQW�GDWD�

,,� 35,1&,3/(6�2)�7+(�)'7'
(OHFWURPDJQHWLF� ILHOGV� FDQ� EH� GHVFULEHG� LQ� D� GLIIHUHQWLDO�IRUP�E\ 0D[ZHOO�HTXDWLRQV�LQ�D�OLQHDU�PHGLXP�

(W+ && u�� wwP ���DQG (+W( &&& VH �u� ww ���
,Q� WKH� )'7'� PHWKRG�� WKH� REMHFW� XQGHU� LQYHVWLJDWLRQ� LV�GLUHFWO\� GLVFUHWL]HG� LQ� LWV� HQYLURQPHQW� DQG� WKLV� LV� FDOOHG�WKH� FRPSXWDWLRQ� YROXPH�� 7KH� VPDOOHVW� SLHFHV� LQ� WKLV�YROXPH� DUH� FDOOHG� FHOOV�� (DFK� FHOO� KDV� D� FRUUHVSRQGLQJ�PDWHULDO� W\SH�� ZKLFK� LV� VSHFLILHG� LQ� WHUPV� RI� WKH� FHOO¶V�SHUPLWWLYLW\�� SHUPHDELOLW\� DQG� FRQGXFWLYLW\�� $� PDWHULDO�PD\� DOVR� EH� GHILQHG� DV� D� SHUIHFW� HOHFWULFDO� FRQGXFWRU��3(&���LQ�ZKLFK�FDVH WKH�WRWDO�ILHOGV�LQ�WKDW�FHOO�DUH�VHW�WR�]HUR�� � ,Q�HDFK�FHOO�� VL[� HOHFWURPDJQHWLF� ILHOG� FRPSRQHQWV�([��(\��(]��+[��+\� DQG�+]� DUH�ORFDWHG�DW�VSHFLILF�SRLQWV�DV�VKRZQ�LQ�)LJ����

)LJXUH����7KH���'�)'7'�XQLW�FHOO
7KH�GLUHFW� RXWSXW� RI� WKH� )'7' LV� LQIRUPDWLRQ� UHJDUGLQJ�WKH�WLPH�GRPDLQ�UHVSRQVH�RI��DQ�DQWHQQD��RU�DQ�REMHFW��WR�D� VSHFLILHG� VRXUFH�� 7KLV� LQFOXGHV� GHWHUPLQLQJ��HOHFWURPDJQHWLF� ILHOGV� RYHU� VSDFH� DW� D� VSHFLILF� WLPH�� DV�ZHOO� DV� WKH� ILHOGV� DW� D� VSHFLILF� ORFDWLRQ� DV� D� IXQFWLRQ� RI�



WLPH�� 7ZR W\SHV� RI� VRXUFHV� DUH� RI� SULPDU\� LQWHUHVW� LQ�DQWHQQD�GHVLJQ���,I�D�ILQLWH�SXOVH��VXFK�DV�*DXVVLDQ�SXOVH��LV�XVHG�� WKHQ� WLPH�LV�DGYDQFHG�XQWLO� WKH�SXOVH�IDGHV�DZD\��WKH�FRPSXWDWLRQ�YROXPH�� �7KHQ��D�)RXULHU� WUDQVIRUP�PD\�EH� DSSOLHG�RII�OLQH� WR� FRQYHUW� WLPH�GRPDLQ� UHVSRQVH� LQWR�WKH� IUHTXHQF\�GRPDLQ�� ,I�� RQ� WKH� RWKHU� KDQG�� D� VLQJOH�IUHTXHQF\� VLQXVRLG� LV� XVHG� DV� WKH� VRXUFH�� WKH� VLPXODWLRQ�VKRXOG� EH� FRQWLQXHG� XQWLO� WKH� ILHOGV� UHDFK� WKHLU� VWHDG\�VWDWH�YDOXHV���
7ZR� SRZHUIXO� VLPXODWLRQ� SDFNDJHV� ZHUH� SUHSDUHG� WR� GR�WHVWV� DQG� FDOLEUDWLRQ� ILUVW�� 7KH\� DUH� )'�$17� DQG� 7/0�$17��ZKLFK� DUH�EDVHG�RQ� WKH�)'7'�DQG�7/0�PHWKRGV��UHVSHFWLYHO\�� 6DPSOH� PLFURVWULS� VWUXFWXUHV� DUH� XVHG� IRU�WKHVH� WHVWV� DQG� VFDWWHULQJ� SDUDPHWHUV� DUH� FDOFXODWHG� YLD�ERWK�SDFNDJHV��7\SLFDO�UHVXOWV�DUH�SLFWXUHG�LQ�)LJ�V ��DQG����WRJHWKHU�ZLWK�WKH�VWUXFWXUHV�XQGHU�LQYHVWLJDWLRQ�

)LJXUH����6�SDUDPHWHUV�YV��IUHTXHQF\�VLPXODWHG�YLD�)'�$17�DQG�7/0�$17�SDFNDJHV�� �
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)LJXUH����6�SDUDPHWHUV�YV��IUHTXHQF\�VLPXODWHG�YLD�)'�$17�DQG�7/0�$17�SDFNDJHV � �
+HUH�� ��u��u���� )'7'� VSDFH� LV� XVHG� ZLWK�'[ '\ '] K���� ZKHUH� K : �� PP� �K�� KHLJKW� RI� WKH�VXEVWUDWH�� :�� ZLGWK� RI� WKH� PLFURVWULS� OLQH��� 7LPH� VWHS�

'W '[���F��� ZKHUH� F� LV� WKH� VSHHG� RI� OLJKW� LQ� YDFXXP��5HODWLYH�SHUPLWWLYLW\�LV�IL[HG�WR������$V�REVHUYHG�LQ�WKHVH�H[DPSOHV�� D� YHU\� JRRG� DJUHHPHQW� KDV� EHHQ� REWDLQHG�EHWZHHQ�UHVXOWV�RI�WKH�SDFNDJHV��
,,,� )'7'�$1$/<=(6�2)�3$7&+�$17(11$6�$1'�180(5,&$/�,03/(0(17$7,21

$IWHU�FDOLEUDWLQJ� WKH�)'�$17�SDFNDJH�DJDLQVW� WKH�7/0�$17��QXPHULFDO�VLPXODWLRQV�KDYH�EHHQ�SHUIRUPHG�IRU�WZR�FRQILJXUDWLRQV�� D� OLQH�IHG� UHFWDQJXODU� SDWFK� DQWHQQD� DQG�WKUHH�HOHPHQW�SDWFK�FRSODQDU�SDUDVLWLF�PLFURVWULS�DQWHQQD�>���@�� 6FKHPDWLF� GLDJUDPV� RI� PLFURVWULS� SDWFK� DQWHQQDV�DQDO\]HG�ZLWK�WKH�)'�$17�SDFNDJH�DUH�VKRZQ�LQ�)LJ�����

)LJXUH� ��� 6WUXFWXUHV� RI� � /LQH�IHG� UHFWDQJXODU� DQG� WKUHH�HOHPHQW�FRSODQDU�SDWFK�SDUDVLWLF�PLFURVWULS�DQWHQQDV�
7KH� OLQH�IHG� UHFWDQJXODU� SDWFK� LV� GHVLJQHG� WR� KDYH� D�UHVRQDQW� IUHTXHQF\� DW� ����*+]�� DQG� WKH� VHFRQG�RQH� LV� DW����� *+]�� 7KHVH� SDWFKHV� DUH� HWFKHG� RQ� D� GLHOHFWULF�VXEVWUDWH�ZLWK�HU� ������7KH�OHQJWK�RI�WKH�IHG�OLQH�IURP�WKH�VRXUFH�SODQH� WR� WKH�HGJH�RI� WKH�DQWHQQD� LV���']�� DQG� WKH�UHIHUHQFH� SODQH� IRU� SRUW� �� LV� ��']� IURP� WKH� HGJH� RI� WKH�SDWFK�IRU�ERWK�RI�DQWHQQDV��%HUHQJHU¶V�SHUIHFWO\�PDWFKHG�OD\HU� �30/�� ZLWK� �� FHOOV� LV� DSSOLHG DV� WKH� DEVRUELQJ�ERXQGDU\�FRQGLWLRQ��2WKHU�SDUDPHWHUV�RI�WKH�VWUXFWXUHV�DUH�JLYHQ��LQ�7DEOH���

7DEOH����7KH�SDUDPHWHUV�RI�SDWFK�DQWHQQDV
/LQH�IHG�VLQJOH�SDWFK $UUD\�DQWHQQD

6XEVWUDWH�WKLFNQHVV ����PP �����PP
'[� �������PP '[� ������FP'\� �������PP '\� �������FP6SDFH�6WHSV ']� �����PP ']� ������FP1; �� 1; ��1< �� 1< ��7RWDO�6L]H 1= �� 1= ��
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7KH� VSDWLDO� GLVWULEXWLRQ� RI� (\�[�\�]�W�� MXVW� EHQHDWK� WKH�PLFURVWULS�DQWHQQDV�DW�GLIIHUHQFH�WLPH�VWHSV�DUH�VKRZQ�LQ�)LJ����

�D�

�E�
)LJXUH� ��� 7LPH� YDULDWLRQ� RI� (\ DW� WKH� ]�[� SODQH� LQ� WKH�VXEVWUDWH�� �D�� IRU� D� OLQH�IHG� UHFWDQJXODU� SDWFK�� �E�� IRU� D�WKUHH�HOHPHQW�FRSODQDU�SDWFK�DQWHQQD�
0LFURVWULS� SDWFK� DQWHQQD� LV� D� RQH�SRUW� FLUFXLW�� ,WV�VFDWWHULQJ�PDWUL[�KDV�RQO\�RQH�HOHPHQW�� WKDW� LV��6�� RU� WKH�UHIOHFWLRQ�FRHIILFLHQW���6�� LV�GHILQHG�DV

�� ���� I9 I9I6 LQFUHI �� ���
ZKHUH�9UHI�I��LV�WKH�)RXULHU�WUDQVIRUPHG�UHIOHFWLRQ�YROWDJH�DW� WKH� LQSXW� SODQH�� DQG�9LQF�I�� LV� WKH� )RXULHU� WUDQVIRUPHG�LQFLGHQW� YROWDJH� DW� WKH� VDPH� SRVLWLRQ� >�@�� 7KH� VFDWWHULQJ�FRHIILFLHQW�UHVXOWV�RI�WKH�UHFWDQJXODU�SDWFK�DQWHQQD��VKRZQ�LQ�)LJ����
7KH�RSHUDWLQJ�UHVRQDQFH�DW�����*+]�LV�VWURQJO\�WUDFHG�YLD�ERWK� WKH� )'�$17� VLPXODWLRQ� SDFNDJH� DQG� LQ� WKH�PHDVXUHPHQW���7KH�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW��

)LJXUH� ��� 5HWXUQ� ORVV� YV�� IUHTXHQF\� RI� WKH� OLQH�IHG�UHFWDQJXODU�DQWHQQD���D��)'�$17�UHVXOW���E��PHDVXUHPHQW�UHVXOW�IURP�>�@���F��)'7'�UHVXOW�IURP�>�@�
5HWXUQ� ORVV�YV�� IUHTXHQF\�RI� WKH�WKUHH�HOHPHQW�PLFURVWULS�SDWFK��DQWHQQD�LV�VKRZQ�LQ�)LJ�����$V�VKRZQ�LQ�WKH�ILJXUH��UHVRQDQFH� IUHTXHQF\� RI� WKH� SDWFK� DUUD\� LV� DW� DERXW� ����*+]�� 2XU� )'7'� UHVXOW� LV� LQ� JRRG� � DJUHHPHQW� ZLWK�PHDVXUHPHQW�
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)LJXUH� ��� 5HWXUQ� ORVV� YV�� IUHTXHQF\� RI� WKH� WKUHH�HOHPHQW�SDWFK�DUUD\��FXUYH�OHJHQGV�VDPH�ZLWK�)LJ����
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,QSXW� LPSHGDQFH� RI� DQ� DQWHQQD� PD\� EH� FDOFXODWHG� IURP�WKH�FRPSXWHG�6���I��E\�WUDQVIRUPLQJ�WKH�UHIHUHQFH�SODQH�WR�WKH�HGJH�RI�WKH�PLFURVWULS�DQWHQQD�DV�
N/M N/MLQ H6 H6== ���

���� �� ���� ���
ZKHUH� N� LV� WKH�ZDYHQXPEHU� RQ� WKH�PLFURVWULS�� � /� LV� WKH�OHQJWK�IURP�WKH�HGJH�RI�WKH�DQWHQQD�WR�WKH�UHIHUHQFH�SODQH����� ¨]��� DQG� =� LV� WKH� FKDUDFWHULVWLF� LPSHGDQFH� RI� WKH�PLFURVWULS� OLQH� >�@�� ,QSXW� LPSHGDQFHV� RI� WKH� DQWHQQDV�FDOFXODWHG�LQ�WKLV�PDQQHU�DUH�VKRZQ�LQ�)LJ����

)LJXUH� �D�� ,QSXW� LPSHGDQFH� YV�� IUHTXHQF\� RI� WKH� SDWFK�DQWHQQD
5HODWLYHO\� QDUURZ� DQG� EURDG� EDQG� FKDUDFWHULVWLFV� DURXQG�WKH�UHVRQDQFH�IUHTXHQFLHV�DUH�FOHDUO\�REVHUYHG�LQ�)LJ�V��D�DQG��E��UHVSHFWLYHO\��
)LQDOO\�� UDGLDWLRQ� SDWWHUQV� RI� ERWK� WKH� SDWFK� DQG� WKUHH�HOHPHQW� SDWFK� DUUD\� DQWHQQD� DUH� VLPXODWHG� YLD� )'�$17�DQG�DUH�SORWWHG�LQ�)LJ���D�DQG��E��UHVSHFWLYHO\��+HUH�ERWK�SDWWHUQV� EHORQJ� WR� \]� SODQH� UDGLDWLRQ� IRU� WKH� WKHWD�FRPSRQHQWV�RI�WKH�HOHFWULF�ILHOG��1HDUO\����GHJUHHV�EHDP�ZLGWK� LV� REWDLQHG�ZLWK� D� VLQJOH� SDWFK� IRU� WKH�SDUDPHWHUV�OLVWHG� LQ�7DEOH����2Q�WKH�RWKHU�KDQG�� ORFDWLQJ� WZR�QHDUE\�SDUDVLWLF� SDWFKHV� DV� JLYHQ� LQ� )LJ�� �� UHVXOWV� LQ� D� QDUURZHU�

EHDPZLGWK�DV�LOOXVWUDWHG�LQ�)LJ���E��7KH�PRUH�SDUDVLWLF��RU�OLQH�IHG�� HOHPHQWV� LQ� WKH� DUUD\� WKH� QDUURZHU� WKH�EHDPZLGWK�

)LJXUH� �E�� ,QSXW� LPSHGDQFH� YV�� IUHTXHQF\� RI� WKH� SDWFK�DUUD\
,W� VKRXOG� EH� QRWHG� WKDW� DQ� HIIHFWLYH� QHDU�WR�IDU� ILHOG�WUDQVIRUPDWLRQ� SDFNDJH� LV� DFFRPPRGDWHG� LQWR� WKH� )'�$17� SDFNDJH� WR� GHDO� ZLWK� WKH� UDGLDWLRQ� SDWWHUQV��0RUHRYHU�� WKH� SDWFK� LV� GLVFUHWL]HG� DQG� ORFDWHG� LQ� IUHH�VSDFH LQ� WKH�FRPSXWDWLRQ�YROXPH�ZKLFK� LV� WHUPLQDWHG�E\�HIIHFWLYH�30/�W\SH�DEVRUELQJ�ERXQGDU\�VLPXODWRUV��

)LJXUH� �D�� 5DGLDWLRQ� SDWWHUQV� �RQ� \]�SODQH�� RI� WKH�PLFURVWULS�SDWFK�DQWHQQD
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)LJXUH� �E��5DGLDWLRQ� SDWWHUQV� �RQ� \]�SODQH�� RI� WKH� WKUHH�HOHPHQW�PLFURVWULS�SDWFK�DUUD\
,9��&21&/86,216�$1'�',6&866,21

&DQRQLFDO� PLFURVWULS� SDWFK� VWUXFWXUHV� DUH� LQYHVWLJDWHG� LQ�WKLV� VWXG\� ZLWK� DQ� LQ�KRXVH� SUHSDUHG� )'7'� DQWHQQD�SDFNDJH�� )'�$17�� 7KH� SDFNDJH� LV� ILUVW� WHVWHG� DQG�FDOLEUDWHG�DJDLQVW�DQRWKHU�SDFNDJH�SUHSDUHG�LQ�RXU�JURXS��WKH� 7/0�EDVHG� DQWHQQD� VLPXODWLRQ� SDFNDJH�� $IWHU� WKH�FDOLEUDWLRQ�H[DPSOH�VWUXFWXUHV�DUH�LQYHVWLJDWHG�LQ�GHWDLO�
7KH� )'�$17� SDFNDJH� GHDOV� ZLWK� QHWZRUN� SDUDPHWHU�FRPSXWDWLRQV� ZKLFK� UHTXLUHV� QHDU� ILHOG� VLPXODWLRQV�� DV�ZHOO� DV� UDGLDWLRQ�SDWWHUQ� VLPXODWLRQV�ZKLFK� UHTXLUH� QHDU�WR�IDU� ILHOG� WUDQVIRUPDWLRQ�URXWLQHV�� ,Q�)'�$17��QHDU�WR�IDU� ILHOG� WUDQVIRUPDWLRQ� LV� GLUHFWO\� SHUIRUPHG� LQ� WLPH�GRPDLQ�ZKLOH�WKH�)'7'�VLPXODWLRQ�UXQV��2II�OLQH�GLVFUHWH�)RXULHU� WUDQVIRUPDWLRQ LV� DSSOLHG� WR� WKH� )'7'� GDWD� LQ�RUGHU�WR�REWDLQ�IUHTXHQF\�GRPDLQ�FKDUDFWHULVWLFV�ZKHQ�WKH�VLPXODWLRQ�LV�RYHU��,W�LV�VKRZQ�KHUH�WKDW�WKH�)'7'�PHWKRG�LV� YHU\� HIIHFWLYH� LQ� VLPXODWLQJ� PLFURVWULS� SDWFK� DQWHQQD�DUUD\V�

5()(5(1&(6
���.��6��<HH� ����,(((�7UDQV��$QW��3URSDJDW���9RO��$3�����1R�����SS����������0D\�����
���/HYHQW�6HYJL���&RPSOH[�(OHFWURPDJQHWLF�3UREOHPV�DQG�1XPHULFDO� 6LPXODWLRQ� $SSURDFKHV��� ,(((� 3UHVV��3LVFDWDZD\��1HZ�-HUVH\��86$������
����$��5HLQHL[�DQG�%��-HFNR���$QDO\VLV�RI�0LFURVWULS�3DWFK�$QWHQQDV� 8VLQJ� )LQLWH�'LIIHUHQFH� 7LPH� 'RPDLQ�0HWKRG��� ,(((� 7UDQV�� $QW�� 3URSDJDW��9RO�� $3�����SS�����������1RY������
��� �0DUWLQ�/��=LPPHUPDQ���8VH�RI� WKH�)'7'�0HWKRG�LQ�WKH� 'HVLJQ� RI� 0LFURVWULS� $QWHQQD� $UUD\V��� ,QW�-�� RI�0LFURZDYH� DQG� 0LOOLPHWHU�ZDYH� &RPS��DLGHG� HQJ���9RO���1R��������������
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