
$E�LQLWLR PRGHOLQJ�RI�WKH�VKRUW�UDQJH�RUGHULQ�)H±1 DQG�)H±& DXVWHQLWLF�DOOR\V
$�1�7LPRVKHYVNLL��6�2�<DEORQRYVNLL

,QVWLWXWH�RI�0DJQHWLVP��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�DQG�0LQLVWU\�
RI�(GXFDWLRQ�DQG�6FLHQFH��<RXWK�DQG�6SRUW�RI�8NUDLQH��
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5HFHLYHG�1RYHPEHU��������
,Q� WKH� SUHVHQW� SDSHU��ZH� KDYH� VWXGLHG� DWRPLF� VWUXFWXUH� RI�)H±1� DQG�)H±&� DXVWHQLWLF

DOOR\V��+LJK�SUHFLVLRQ�DE�LQLWLR� FDOFXODWLRQ�ZDV�XWLOL]HG� IRU� FDOFXODWLRQ�RI� WKH�SDLU�SRWHQ�
WLDOV�RI�LQWHUDWRPLF�LQWHUDFWLRQV�1±1�DQG�&±&�LQ�WKH�)&&�)H�ODWWLFH��7KHVH�SRWHQWLDOV�ZHUH
XVHG�IRU�0RQWH�&DUOR�PRGHOLQJ�RI�WKH�VKRUW�UDQJH�RUGHU�LQ�)H±1�DQG�)H±&�V\VWHPV��,W�ZDV
GLVFRYHUHG�WKDW�LQ�WKH�)&&�)H� ODWWLFH��QLWURJHQ�DWRPV�PLJKW�EH�SDUWLDOO\�RUGHUHG��,Q�WKLV
FDVH�� DWRPLF� VWUXFWXUH� RI� QLWURJHQRXV� DXVWHQLWH� LV� FKDUDFWHUL]HG� E\� DYDLODELOLW\� RI� )H�1SKDVH�ZLWK� WKH� VKRUW� UDQJH�RUGHU�RYHU�1� DWRPV� ORFDWHG� LQ� WKH� WKLUG�FRRUGLQDWLRQ�VSKHUH�
7KH�FDOFXODWLRQV�KDYH�VKRZQ�WKDW��FRQWUDU\�WR�QLWURJHQ��FDUERQ�DWRPV�LQ�LURQ�)&&�ODWWLFH
UHSXOVH�DQG�VHWWOH�DW�PD[LPXP�SRVVLEOH�GLVWDQFHV�IURP�HDFK�RWKHU�
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���,QWURGXFWLRQ
0RVW� RI� WKH� UHVHDUFKHUV� DWWULEXWH� WKH

XQLTXH� SK\VLFDO� SURSHUWLHV� RI� )H±1
DXVWHQLWH�WR�SHFXOLDULWLHV�RI�WKH�VKRUW�UDQJH
RUGHU� LQ� WKLV� DOOR\�� ,W� LV� SUHVXPHG� WKDW
VKRUW� UDQJH� RUGHU� LQ� )H±1� DQG� )H±&
DXVWHQLWLF� DOOR\V� LV� HVVHQWLDOO\� GLIIHUHQW�
DQG�� LQ� LWV� RZQ� WXUQ�� LW� GHILQHV� WKH� GLIIHU�
HQFH� LQ� LPSRUWDQW� SK\VLFDO� SURSHUWLHV� OLNH
VWUHQJWK�� SODVWLFLW\� DQG� RWKHUV��7R�GHVFULEH
WKH�VKRUW� UDQJH�RUGHU�DQG�REWDLQ�VWDWLVWLFDO
DQG� WKHUPRG\QDPLF� FKDUDFWHULVWLFV� RI�)H±1
DQG�)H±&�DXVWHQLWH��LW�LV�QHFHVVDU\�WR�REWDLQ
1±1� DQG� &±&� LQWHUDFWLRQ� HQHUJLHV�� ,Q� WKH
SLRQHHULQJ� SDSHUV�� GHGLFDWHG� WR� VXFK� VWXG�
LHV�� WKH� VHPL�SKHQRPHQRORJLFDO� DSSURDFKHV

EDVHG�XSRQ�H[SHULPHQWDO�GDWD��IRU�LQVWDQFH�
WHPSHUDWXUH�FRQFHQWUDWLRQ� GHSHQGHQFH� RI
WKHUPRG\QDPLF�DFWLYLW\�RI�WKH�DXVWHQLWH�LQ�
WHUVWLWLDOV� >�@�� ZHUH� XVHG�� 7KH� XQGHUWDNHQ
LQYHVWLJDWLRQV� >�� Ü��@� HPSOR\HG� ILUVW� RUGHU
TXDVL�FKHPLFDO� DSSUR[LPDWLRQ�� )LUVW� FRRUGL�
QDWLRQ�VSKHUH�LQWHUDFWLRQV�HYDOXDWHG�OHDG�WR
D�FRQFOXVLRQ�WKDW�&±&�LQWHUDFWLRQ�KDV�UHSXO�
VLRQ� ZLWK� HQHUJ\� RI� Z�� ������� H9� >�@� RUZ�� ������H9�>�@�IRU�)H±&�DOOR\��6LPLODU�HV�WLPDWLRQV�IRU�1±1�LQWHUDFWLRQ�HQHUJLHV�ZHUH
REWDLQHG�IRU�)H±1�DOOR\�Û�Z�� ������H9�>�@RU� Z�� ������ H9� >�@�� ,W� LV� SRVVLEOH� WR� VHHWKDW� LQWHUDFWLRQ� HQHUJLHV� DEVROXWH� YDOXHV
GLIIHU� VLJQLILFDQWO\� DFFRUGLQJ� WR� GLIIHUHQW
DXWKRUV��2EYLRXVO\�� WKLV�GLIIHUHQFH� OHDGV� WR
GLIIHUHQW�GLVWULEXWLRQ�RI� LQWHUVWLWLDOV� LQ� WKH
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DOOR\��7KH�SRVVLELOLW\�WR�VWXG\�LQ�PRUH�GHWDLO
WKH� SDUDPHWHUV� RI� WKH� LQWHUDWRPLF� LQWHUDF�
WLRQ� LV� SURYLGHG�E\�0RVVEDXHU� VSHFWURVFRS\
>�Ü�@�� ,QWHUDWRPLF� LQWHUDFWLRQ�HQHUJLHV�&±&
DQG� 1±1� LQ� WKH� WZR� FRRUGLQDWLRQ� VSKHUHV
ZHUH� HVWLPDWHG� ZLWK� KHOS� RI� 0RQWH�&DUOR
PRGHOLQJ� >�Ü�@�� 0RQWH�&DUOR� PRGHOLQJ� DO�
ORZV�REWDLQLQJ�WKH�GLVWULEXWLRQ�RI�WKH�LQWHU�
VWLWLDO� DWRPV� GHWHFWHG� E\� 0RVVEDXHU� VSHF�
WURVFRS\��7KH�GLVDGYDQWDJH�RI�WKLV�DSSURDFK
LV�WKDW��DV�D�UXOH��LW�LV�SRVVLEOH�WR�REWDLQ�WKH
LQWHUDFWLRQ� RQO\� IRU� WZR� FRRUGLQDWLRQ
VSKHUHV�� $XWKRUV� RI� WKH� PRVW� SDSHUV� GHGL�
FDWHG� WR� WKH� VKRUW� UDQJH� RUGHU� VWXG\� LQ�QL�
WURJHQRXV�DXVWHQLWH� >�������@�FRQFOXGHG�WKDW
QLWURJHQ�DWRPV�DUH�GLVWULEXWHG�DFFRUGLQJ�WR
)H�1� QRQ�VWRLFKLRPHWULF� FRPSRVLWLRQ�� 5H�FHQWO\� >��@�� WKH� HQHUJLHV� RI� IRUPDWLRQ� IRU
&±&� DQG� &±9� �9�YDFDQF\�� SDLUV� ZHUH� RE�
WDLQHG� IURP� WKH� WKHUPRG\QDPLF� DFWLYLW\
GDWD�DQDO\VLV�ZLWK�WKH�XVH�RI�TXDVL�FKHPLFDO
DSSUR[LPDWLRQ� �4&$�� RI� WKH� VWDWLVWLFDO� PH�
FKDQLFV�� 7KH� YDOXHV� RI� WKHVH� HQHUJLHV� ZHUH
XVHG�LQ�IXUWKHU�0RQWH�&DUOR�PRGHOLQJ�RI�WKH
GLIIHUHQW� )H±&� DXVWHQLWH� FRQFHQWUDWLRQV�
2EWDLQHG� GLVWULEXWLRQV� RI� WKH� DWRPV�&� DQG
YDFDQFLHV�9�ZHUH� FRPSDUHG�ZLWK�NQRZQ�GH�
FRPSRVLWLRQV� RI� 0RVVEDXHU� VSHFWUD�� 0RGHO�
LQJ� UHVXOWV� DUH� LQ� D� JRRG� DJUHHPHQW� ZLWK
)H�&�±[�PRGHO� SURSRVHG� LQ� >�@�� 7KUHH� W\SHVRI�LURQ�DWRPV�DUH�GLVWLQJXLVKHG�LQ�WKH�IUDPH
RI� WKLV� PRGHO�� )H���Û� LURQ� DWRP� ZLWK� RQH
FDUERQ� DWRP� DV� D� FORVHVW� QHLJKERU� LQ� WKH
ILUVW�FRRUGLQDWLRQ�VSKHUH��)H�Q�Û�LURQ�DWRP
ZLWK�Q� FDUERQ�DWRPV�RQO\� LQ�WKH�VHFRQG�FR�
RUGLQDWLRQ� VSKHUH� DQG� )H��� Û� LURQ� DWRP�
ZKLFK�GRHV�QRW�FRQWDLQ�FDUERQ�DWRPV�LQ�WKH
WZR�SULPDU\�FRRUGLQDWLRQ�VSKHUHV��,W�ZLOO�EH
VKRZQ� ODWHU�� WKDW� RXU� UHVXOWV�DUH� LQ�D�JRRG
FRUUHVSRQGHQFH� ZLWK� )H�&�±[� PRGHO�� 1±1DWRPV�LQWHUDFWLRQ�ZDV�GHVFULEHG�LQ�>��@�ZLWK
WKH� KHOS� RI� /HQQDUG�-RQHV� SDLU� SRWHQWLDO
ZLWK� SDUDPHWHUV� REWDLQHG� LQ� WKH� IUDPH� RI
TXDVL�KDUPRQLF� DSSUR[LPDWLRQ�� 'LVDGYDQ�
WDJH�RI�WKLV�DSSURDFK� LV� UHODWHG� WR�WKH�VXS�
SRVLWLRQ�DERXW�DQ�DGHTXDF\�RI�WKH�KDUPRQLF
DSSUR[LPDWLRQ� DQG� GLIILFXOWLHV�ZLWK� REWDLQ�
LQJ� WKH� LQIRUPDWLRQ� DERXW� HOHFWURFKHPLFDO
LQWHUDFWLRQ� SRWHQWLDOV�� 6WLOO�� WKH� YDOXHV� RI
WKH� SDLU� LQWHUDFWLRQ� HQHUJLHV� ZHUH� REWDLQHG
IRU� VL[� FRRUGLQDWLRQ� VSKHUHV� �Z�� ������Z��  ������� Z�� �Ü������ Z�� ������� Z�� ������Z�� �������� $V� D� UHVXOW�� WKH� REWDLQHGGHFRPSRVLWLRQ�XS�WR��WK�VSKHUH�LQGLFDWHV�WKH
IRUPDWLRQ� RI� QRQ�VWRLFKLRPHWULF� JÜ)H�1�SKDVH�� ZKLFK� LV� QRW� REVHUYHG� H[SHULPHQ�
WDOO\��7KHUHIRUH��XQWLO�QRZ��WKHUH�LV�QR�FOHDU
FRPPRQ� RSLQLRQ� DERXW� WKH� GLVWULEXWLRQ� RI
QLWURJHQ�DQG�FDUERQ�DWRPV� LQ�)&&�LURQ� ODW�

WLFH�� 0RUHRYHU�� WKHRUHWLFDO� DE�LQLWLR� VKRUW�
UDQJH�RUGHU�PRGHOLQJ�VWXGLHV�LQ�WKHVH�DOOR\V
DUH� DOPRVW� QRQ�H[LVWHQW�� 6R�� WKH� SUHVHQW
SDSHU�LV�GHGLFDWHG�WR�WKH�FOXVWHU�GHFRPSRVL�
WLRQ� >��@� WKHRUHWLFDO� LQYHVWLJDWLRQ� RI� )H±1
DQG�)H±&�DXVWHQLWHV�

���5HVXOWV�DQG�GLVFXVVLRQ
7KH� HVVHQFH� RI� DQ� DSSURDFK� XVHG� LQ� WKH

SUHVHQW� LQYHVWLJDWLRQ� LV� WKH� IROORZLQJ�� 7KH
HQHUJ\� RI� DQ\� DWRPLF� FRQILJXUDWLRQ� LQ� WKH
FU\VWDO� ODWWLFH� RI� WKH� ELQDU\� DOOR\�� ZKHUH
HYHU\� VLWH� LV� RFFXSLHG� E\� $� RU� %� DWRP�� LV
SRVVLEOH� WR�ZULWH� LQ� WKH� IRUP�RI� WKH� H[SDQ�
VLRQ�(� �¦9D3D�� ZKHUH� VXPPDWLRQ� LV� GRQH
RQ�DOO�FOXVWHUV��9D�Û�HIIHFWLYH�FOXVWHU�LQWHU�
DFWLRQV��3D�Û� SURGXFW� RI� WKH� VL� ��r��� YDO�XHV��ZKHUH�LQGH[� L�UXQV�DERXW�RQ�WKH�QRGHV
RI� FOXVWHU�� &OXVWHU� GHFRPSRVLWLRQ� LV� WKH�3DEDVLV�H[SDQVLRQ�DQG�LW�UHSUHVHQWV�WKH�JHQHU�
DOL]DWLRQ�RI�WKH�,VLQJ�PRGHO��9D�Û�VWUXFWXU�
DOO\� LQGHSHQGHQW� SDUDPHWHUV�� ZKLFK� DUH
QHHGHG� WR� EH� GHILQHG�� $Q� HIIHFWLYHQHVV� RI
WKH� FOXVWHU� GHFRPSRVLWLRQ� DSSOLFDWLRQ� LV
EDVHG� XSRQ� WKH� IDFW� WKDW�� DV� D� UXOH�� LW� LV
SRVVLEOH�WR�GR�ZLWK�FOXVWHUV�RI�VPDOO�GLPHQ�
VLRQ� OLNH�� IRU� LQVWDQFH��RI������RU���� ,Q�WKH
SUHVHQW� SDSHU� WKH� SDLU� DSSUR[LPDWLRQ� ZDV
XVHG�� FOXVWHUV� SRVVHVV� GLPHQVLRQ� RI� ��� (Q�
HUJ\�YDOXHV� IRU� WKHVH� FOXVWHUV�PLJKW�EH� RE�
WDLQHG� IURP� DE�LQLWLR� FDOFXODWLRQV� RI� WKH
HOHFWURQLF�VWUXFWXUH�IRU�WKH�VHW�RI�WKH�PRGHO
RUGHUHG� VWUXFWXUHV�� 7RWDO� HQHUJLHV� RI� VXFK
VWUXFWXUHV� WRJHWKHU�ZLWK�NQRZQ�SDUDPHWHUV
JLYH� OLQHDU� VHW� RI� HTXDWLRQV��ZKLFK� WKH� XQ�
NQRZQ� LQWHUDFWLRQ� YDOXHV� DUH� IRXQG� IURP�
7R�VROYH�WKLV�WDVN��WKH�KLJK�SUHFLVLRQ�DE�LQL�
WLR� )/$3:�PHWKRG� �:LHQ�N� SDFNDJH� >��@�
ZDV� XVHG� LQ� WKH� SUHVHQW� SDSHU�� ([FKDQJH�
FRUUHODWLRQ� SRWHQWLDO� ZDV� FDOFXODWHG� LQ� WKH
IUDPH� RI� JUDGLHQW� DSSUR[LPDWLRQ� �**$�� LQ
DFFRUGDQFH� ZLWK� 3XUGXH�%XUNH�(UQ]HUKRI
PRGHO� >��@�� 7KH� QXPEHU� RI� N�SRLQWV� LQ� WKH
ILUVW�%ULOORXLQ�]RQH�LV�������7KH�QXPEHU�RI
SODQH� ZDYHV� SHU� DWRP� LQ� D� EDVLF� VHW� ZDV
HTXDO� WR� ����� 7KLV� PDGH� LW� SRVVLEOH� WR� HQ�
VXUH� WKH� SUHFLVLRQ� IRU� WKH� WRWDO� HQHUJ\� FDO�
FXODWLRQ� RI� ������ H9�� &DOFXODWLRQV� RI� WKH
WRWDO� HQHUJLHV� RI� WKH� RUGHUHG� FU\VWDO� VWUXF�
WXUHV� ZHUH� FDUULHG� RXW� WDNLQJ� LQWR� DFFRXQW
IXOO�VWUXFWXUDO�RSWLPL]DWLRQ��ZKLFK�LQFOXGHV
ODWWLFH� SDUDPHWHUV� DQG� WKH� XQLW� FHOO� DWRPLF
SRVLWLRQV�RSWLPL]DWLRQ�

&DOFXODWLRQV�KDYH�VKRZQ�WKDW�LQ�WKH�)&&
LURQ� ODWWLFH� SDLU� SRWHQWLDOV� IRU� QLWURJHQ�QL�
WURJHQ��1±1��LQWHUDWRPLF�LQWHUDFWLRQ�GHSHQG
HVVHQWLDOO\� XSRQ� QLWURJHQ� FRQFHQWUDWLRQ�� ,Q
WKLV�ZRUN�WZR�VHWV�RI�SDLU�SRWHQWLDOV�RI�1±1
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LQWHUDFWLRQ� �RQH�� ZKLFK� GHVFULEHV� VKRUW
UDQJH� RUGHU� LQ� )H�1� QLWULGH�� DQG� DQRWKHURQH� Û� IRU� )H1������� DXVWHQLWH�� KDYH� EHHQFDOFXODWHG�� 2QH� VHW� RI� &±&� SDLU� SRWHQWLDOV
ZDV�DOVR�FDOFXODWHG�IRU�)H&�������DXVWHQLWH�7R�GHILQH�ILUVW�VHW�RI�SRWHQWLDOV�� WKH�WRWDO
HQHUJLHV�RI�WZR�RUGHUHG�)H�1��VWUXFWXUHV��VL[)H��1�� VWUXFWXUHV� DQG� RQH� )H��1�� VWUXFWXUHKDYH� EHHQ� FDOFXODWHG�� $FFRUGLQJ� WR� )H±1
SKDVH�GLDJUDP� >�@� WKH� IRUPDWLRQ�RI�)H�1�QL�WULGH�LQ�)&&�LURQ�PDWUL[�LV�SRVVLEOH�LQ�����Ü
��� DW��� FRQFHQWUDWLRQ� UDQJH�� 6WRLFKLRPHWU\
RI� WKH� FKRVHQ�PRGHO� VWUXFWXUHV� FRUUHVSRQGV
WR� WKLV� FRQFHQWUDWLRQ� LQWHUYDO�� $OO� FDOFXOD�
WLRQV�ZHUH�FDUULHG�RXW�LQ�VSLQ�SRODUL]HG�IHU�
URPDJQHWLF�DSSURDFK�LQ�RUGHU�WR�GHVFULEH�RU�
GHULQJ� LQ� WKH� QLWULGH�� ZKLFK� LV� IHUURPDJ�
QHWLF� LWVHOI�� &DOFXODWLRQ� UHVXOWV� IRU� SDLU
SRWHQWLDOV�DQG�FRUUHVSRQGLQJ�FRHIILFLHQWV� LQ
WKH�WRWDO�HQHUJ\�HTXDWLRQV�IRU�DOO�VWUXFWXUHV

(� �$�(����$�(�� ���¦FLYL� DUH� JLYHQ� LQ
7DEOH���� 7R� GHILQH� WKH� VHW� RI� SRWHQWLDOV� RI
WKH�)H$��������$� �1��&��DXVWHQLWHV��WRWDO�HQ�HUJLHV�RI�WKH�ILYH�RUGHUHG�)H��$���$� �1��&�VWUXFWXUHV� DQG� WZR� )H��$��$� �1�� &�� RQHVZHUH� FDOFXODWHG�� $V� WKHVH� DXVWHQLWHV� DUH
SDUDPDJQHWLF��FDOFXO�DWLRQV�ZHUH�FDUULHG�RXW
LQ�QRQ�VSLQ�SRODUL]HG� DSSUR[LPDWLRQ��&DOFX�
ODWHG� SDLU� SRWHQWLDOV� DQG� FRUUHVSRQGLQJ� FR�
HIILFLHQWV� LQ� WKH� WRWDO� HQHUJ\� HTXDWLRQV� IRU
DOO� VWUXFWXUHV� (� �$�(����¦FLYL� DUH� SUH�
VHQWHG� LQ� 7DEOH���� 7ZR� VHWV� RI� SDLU� SRWHQ�
WLDOV� IRU� QLWULGH� DQG� QLWURJHQRXV� DXVWHQLWH
DUH� HVVHQWLDOO\� GLIIHUHQW�� ,Q� WKH� FDVH� RI� QL�
WULGH��QLWURJHQ�DWRPV�DWWUDFWLRQ�LV�REVHUYHG
LQ� WKH� VHFRQG� FRRUGLQDWLRQ� VSKHUH��ZKLOH� LQ
WKH� FDVH� RI� DXVWHQLWH� Û� LQ� WKH� WKLUG� RQH�
ZKLFK�PXVW�OHDG�WR�IXQGDPHQWDOO\�GLIIHUHQW
VKRUW�UDQJH�RUGHU�LQ�WKHVH�PDWHULDOV��3RWHQ�

7DEOH����&RHIILFLHQWV�RI�WKH�VHW�RI�HTXDWLRQV�FL��WRWDO�HQHUJLHV�RI�WKH�PRGHO�VWUXFWXUHV�(�DQG�SDLUSRWHQWLDOV�RI�DWRPLF�LQWHUDFWLRQV�RI�WKH�QLWURJHQ�DWRPV�YL��H9��IRU�)H�1�QLWULGH�
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WLDOV� IRU� QLWURJHQRXV� DQG� FDUERQ� DXVWHQLWH
DUH� DOVR� GLIIHUHQW�� 7KH� &±&� LQWHUDFWLRQ� LV
FKDUDFWHUL]HG�E\�UHSXOVLRQ�LQ�WKH�WKLUG�FRRU�
GLQDWLRQ�VSKHUH�

'LIIHUHQW� WKHUPRG\QDPLF� FKDUDFWHULVWLFV
RI� QLWULGH� DQG� DXVWHQLWLF� )H1������� DOOR\ZHUH� FDOFXODWHG� LQ� WKH� EURDG� WHPSHUDWXUH
LQWHUYDO� E\� 0RQWH�&DUOR� PHWKRG� XVLQJ� WZR
VHWV� RI� WKH� REWDLQHG� SRWHQWLDOV�� &KDQJHV� LQ
QLWURJHQ� DWRPLF� SRVLWLRQV� ZHUH� FDUULHG� RXW
ZLWK� WKH� KRSSLQJ� SUREDELOLWLHV� DFFRUGLQJ� WR
0HWURSROLV��$�FHOO�ZLWK�����DWRPLF�SRVLWLRQV
ZDV�XVHG��7HPSHUDWXUH�VWHS�ZDV�����.�ZLWK
IL[HG� QLWURJHQ� FRQFHQWUDWLRQ�� 6KRUW� UDQJH
RUGHU� FDOFXODWLRQ� ZDV� FRQGXFWHG� ZLWK� WKH
GHFUHDVH� RI� WHPSHUDWXUH�� (TXLOLEULXP� FRQ�
ILJXUDWLRQ� RI� WKH� SUHYLRXV� FDOFXODWLRQ� ZDV
XVHG� DV� D� VWDUWLQJ� RQH�� 3KDVH� WUDQVIRUPD�
WLRQ� SRLQWV� ZHUH� IRXQG� IURP� WKH�PD[LPXP
ORFDWLRQ� RQ� WKH� KHDW� FDSDFLW\� YHUVXV� WHP�
SHUDWXUH�FXUYH��6KRUW�UDQJH�RUGHU�PRGHOLQJ
LQ�)H1[�DOOR\�ZLWK�SULPDU\�VHW�RI�SRWHQWLDOV

ZDV� FRQGXFWHG� IRU� FRQFHQWUDWLRQV�[� ������
������������������)LJ����VKRZV�FRQFHQWUDWLRQ
GHSHQGHQFLHV� RI� WKH� QXPEHU� RI� GLIIHUHQW
W\SH� LURQ� DWRPV� LQ� DOOR\� DW� WHPSHUDWXUH
7� ����� .�� $V� LW� FDQ� EH� VHHQ� DW� [� �����
QLWURJHQ� FRQFHQWUDWLRQ� �)H�1� QLWULGH��� RQO\DWRPV� )H�Ü����� �)H�� DWRP� SRVVHVVHV� QLWUR�JHQ�DWRPV��ZKLFK�DUH�XQGHU�WKH�DQJOH������
DQG� DWRPV� )H�� H[LVW�� ,W� LV� DQ� HYLGHQFH� RI)H�1� QLWULGH� SKDVH� IRUPDWLRQ�� &DOFXODWLRQVKDYH�VKRZQ�WKDW�WKLV�SKDVH�IRUPV�DW�����.�
ZKLFK� FRUUHODWHV� ZLWK� WKH� H[SHULPHQWDO
YDOXH� RI� WKH� QLWULGH� IRUPDWLRQ� WHPSHUDWXUH
�����.��� )XUWKHU��0RQWH�&DUOR�PRGHOLQJ� RI
WKH� VKRUW� UDQJH� RUGHU� LQ� DXVWHQLWLF� DOOR\V
ZLWK� VPDOOHU� QLWURJHQ� FRQFHQWUDWLRQV� ZDV
FDUULHG�RXW�ZLWK�WKH�KHOS�RI�WKH�VDPH�LQWHU�
DFWLRQ� SDLU� SRWHQWLDOV�� &DOFXODWLRQV� KDYH
DOVR�VKRZQ�WKDW�DW�����.�LURQ�DWRPV�RI�GLI�
IHUHQW� NLQGV� H[LVW� LQ� WKHVH� DOOR\V�� )RU� LQ�
VWDQFH�� WKHUH� DUH� WZR� NLQGHV� DWRPV�� DWRP
)H���ZKLFK�SRVVHVVHV�RQH�QLWURJHQ�DWRP��DQGDWRP� )H��� ZKLFK� SRVVHVVHV� WZR� QLWURJHQDWRPV�XQGHU�WKH�DQJOH������+RZHYHU��GXULQJ

)LJ�����7HPSHUDWXUH�GHSHQGHQFHV�RI�WKH�QXP�
EHU�RI�GLIIHUHQW�LURQ�DWRPV�LQ�D��)H1��������E�)H&�������DOOR\V�

)LJ����� D�� &RQFHQWUDWLRQ� GHSHQGHQFHV� RI� WKH
QXPEHU�RI�GLIIHUHQW� LURQ�DWRPV�LQ�)H1[� �[� ������ ����� ������ DOOR\� DQG� )H�1� QLWULGH�� E�7HPSHUDWXUH� GHSHQGHQFHV� RI� WKH� QXPEHU� RI
GLIIHUHQW�LURQ�DWRPV�LQ�)H1����DOOR\�
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WKH� PRGHOLQJ� IRU� DOOR\V� RI� DOO� [� ������
�����������FRQFHQWUDWLRQV�VWDUWLQJ�IURP�FHU�
WDLQ� WHPSHUDWXUH��ZKLFK�GHFUHDVHV�ZLWK� WKH
GHFUHDVH� RI� QLWURJHQ� FRQFHQWUDWLRQ�� WKH� RU�
GHULQJ� WDNHV� SODFH�� ZKLFK� LV� FKDUDFWHULVWLF
IRU�QLWULGH�IRUPDWLRQ��,W�FRQWUDGLFWV�WKH�H[�
SHULPHQWDO�GDWD��DV�LW�LV�ZHOO�NQRZQ�WKDW�LQ
WKH�DXVWHQLWLF�DOOR\V�QR�QLWULGH�IRUPDWLRQ�LV
REVHUYHG� DW� VXFK� QLWURJHQ� FRQFHQWUDWLRQV�
7KXV��WKH�VHW�RI�SRWHQWLDOV�JLYHQ�LQ�7DEOH��
GRHV� QRW� GHVFULEH� WKH� VKRUW� UDQJH� RUGHU� LQ
DXVWHQLWH�DOOR\�FRUUHFWO\���

)RU� 0RQWH�&DUOR� PRGHOLQJ� RI� WKH� VKRUW
UDQJH� RUGHU� LQ� QLWURJHQRXV� DQG� FDUERQ
DXVWHQLWHV� WKH� SDLU� SRWHQWLDOV� ZHUH� XVHG�
7KH� SRWHQWLDOV�ZHUH� REWDLQHG�ZLWK� WKH� KHOS
RI� PRGHO� VWUXFWXUHV� )H��$�� DQG� )H��$��$ 1�� &��� ZKLFK� DUH� DFWXDOO\� PRGHOLQJ
)H$�������$� �1��&��DOOR\V��&DOFXODWLRQV�KDYHVKRZQ� WKDW� LQ� WKH� FDVH� RI� QLWURJHQRXV
DXVWHQLWH� QR� )H�1� QLWULGH� IRUPDWLRQ� LV� RE�VHUYHG� DW� WKH� WHPSHUDWXUH� GHFUHDVH�� )LJ���
VKRZV� WKH� UHVXOWV� RI� WKH� VKRUW� UDQJH� RUGHU
PRGHOLQJ� LQ�)H$�������$� �1��&�� DOOR\V��7KHWHPSHUDWXUH� GHSHQGHQFH� RI� WKH� QXPEHU� RI
LURQ� DWRPV� RI� GLIIHUHQW� W\SH� �)H���� )H��±��DQG�)H���ZDV�FDOFXODWHG�WRR��)H���DWRPV�SRV�VHVV�RQH�LPSXULW\�DWRP�DQG���LURQ�DWRPV�LQ
WKH� ILUVW� FRRUGLQDWLRQ� VSKHUH�� &RUUHVSRQG�
LQJO\�� )H��±��� DWRPV� SRVVHVV� IURP� �� WR���LURQ�DWRPV�RI�)H��W\SH��)RU�WKH�)H1������QLWURJHQRXV� DXVWHQLWH� WKH� LQFUHDVH� LQ� QXP�
EHU� RI� )H��±��� DWRPV� ZLWK� WKH� GHFUHDVH� RIWHPSHUDWXUH� �)LJ���D�� LV� DQ� HYLGHQFH� RI� WKH
SDUWLDO� RUGHULQJ� RI� WKH� QLWURJHQ� DWRPV� LQ
WKH� )&&� LURQ� ODWWLFH�� )RU� )H&������� FDUERQDXVWHQLWH��)LJ���E���VWDUWLQJ�IURP�����.�WKH
VKDUS� GHFUHDVH� RI� WKH� DPRXQW� RI� )H��±��DWRPV� LV� REVHUYHG�� WKDW� LV� DQ� HYLGHQFH� RI
FDUERQ� DWRPV� GLVRUGHULQJ� LQ� WKH� )&&� LURQ
ODWWLFH�� $QDO\VLV� RI� WKH� UHVXOWV� KDV� VKRZQ
WKDW� QLWURJHQ� DWRPV� DUH� VLWXDWHG�PDLQO\� LQ
WKH� WKLUG� FRRUGLQDWLRQ� VSKHUH� LQ� UHVSHFW� WR
HDFK�RWKHU��ZKLOH�FDUERQ�DWRPV�Û�LQ�WKH��WK
DQG��WK�FRRUGLQDWLRQ�VSKHUHV��,W�PHDQV�WKDW�
LQ� WKH� FDVH� RI� QLWURJHQRXV� DXVWHQLWH� ZLWK
WKH� WHPSHUDWXUH� GHFUHDVH�� )H�1� RFWDKHGUD�FRQVLVWLQJ� RI� )H�� DWRPV�� XQLWH� EXW� GR� QRWSRVVHVV� FRPPRQ� LURQ� DWRPV�� ,Q� WKH� FDVH� RI
FDUERQ� DXVWHQLWH� WKH� FDUERQ� DWRPV� DUH� GLV�
WULEXWHG�DW�WKH�PD[LPDO�GLVWDQFH�IURP�HDFK
RWKHU�� $FWXDOO\�� WKH� SKDVH� RI� )H�1VWRLFKLRPHWU\�ZLWK�WKH�VKRUW�UDQJH�RUGHU�RI
WKH�QLWURJHQ�DWRPV�LQ�WKH�WKLUG�FRRUGLQDWLRQ
VSKHUH� LV� IRUPHG� LQ� WKH�)&&� LURQ� ODWWLFH�RI
WKH� QLWURJHQRXV� DXVWHQLWH��7KH� REWDLQHG� UH�
VXOWV�OHDG�WR�WKH�FRQFOXVLRQ�WKDW�LQ�WKLV�FDVH
LW�LV�LPSRVVLEOH�WR�IRUP�WKH�ORQJ�UDQJH�RUGHU
RYHU� QLWURJHQ� DWRPV�� )H��� DWRPV� DUH� VLWX�

DWHG�RQ�WKH�VXUIDFH�RI�WKLV�SKDVH��$V�LW�FDQ
EH� VHHQ� LQ� )LJ���D�� WKH� QXPEHU� RI� WKHVH
DWRPV�GHFUHDVHV�VKDUSO\�VWDUWLQJ�DW�WKH�WHP�
SHUDWXUH� RI� IRUPDWLRQ� RI� WKH� VKRUW� UDQJH
RUGHU� RYHU� QLWURJHQ� DQG� IRUPDWLRQ� RI� WKH
SKDVH� ZLWK� )H�1� VWRLFKLRPHWU\�� )RU� WKHFDUERQ� DXVWHQLWH� ZLWK� WKH� WHPSHUDWXUH� GH�
FUHDVH�� WKH� QXPEHU� RI� )H��� LURQ� DWRPV� LQ�FUHDVHV� �)LJ���E��� ZKLFK� PLJKW� KHOS� WR� H[�
SODLQ� VPDOOHU� VROXELOLW\� RI� FDUERQ� DWRPV
���DW�����FRPSDULQJ�WR�QLWURJHQ�������DW����
LQ� WKH�)&&� LURQ�PDWUL[�� ,W� KDV� WR� EH�QRWHG
WKDW� WKH�QXPEHU� RI�)H�� DWRPV�GRHV�QRW�GH�SHQG�XSRQ�WHPSHUDWXUH�

7KH�UHVXOWV�RI�WKLV�0RQWH�&DUOR�PRGHOLQJ
DOORZ�VLQJOLQJ�RXW�WKH�IUDJPHQW�RI�)&&�ODW�
WLFH��ZKLFK�GHPRQVWUDWHV�WKH�GLVWULEXWLRQ�RI
QLWURJHQ� DWRPV� LQ� WKH� WKLUG� FRRUGLQDWLRQ
VSKHUH�� )LJ���D� UHSUHVHQWV� WKH� VFKHPH� RI

)LJ����� D�� 6WUXFWXUH� )H���1��� VLPXODWLQJ� WKHQLWURJHQ�DWRPV�GLVWULEXWLRQ�LQ�WKH�WKLUG�FRRU�
GLQDWLRQ�VSKHUH�RI�)&&�LURQ�ODWWLFH��E��6WUXF�
WXUH� )H��&��� VLPXODWLQJ� WKH� QLWURJHQ� DWRPVGLVWULEXWLRQ� LQ� WKH� VL[WK� FRRUGLQDWLRQ� VSKHUH
RI�)&&�LURQ�ODWWLFH�
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)H���1�� VWUXFWXUH�� ZKLFK� PLJKW� EH� D� JRRGPRGHO� IRU� WKH� QLWURJHQRXV� DXVWHQLWH�� )H�DWRPV� DUH� PDUNHG� ZLWK� WKH� GDUN� FRORU
DURXQG� HDFK� QLWURJHQ� DWRP�� 7KHVH� DWRPV
IRUP�)H�1�RFWDKHGUD�LQ�WKH�WKH�)&&�ODWWLFH�)LJ���E� VKRZV� )H��&�� VWUXFWXUH�� ZKLFK� DS�SHDUHG� WR� EH� HQHUJ\� IDYRUDEOH� DPRQJVW� DOO
FDOFXODWHG� VWUXFWXUHV�� ,Q� WKLV� VWUXFWXUH
FDUERQ�DWRPV�DUH�VLWXDWHG�LQ�WKH��WK�FRRUGL�
QDWLRQ� VSKHUH�� ,W� FRUUHVSRQGV� WR� )H�&�±[PRGHO�SURSRVHG� LQ� >�@�DQG�PLJKW�EH�D�JRRG
PRGHO� IRU� WKH� FDOFXODWLRQ� RI� WKH� K\SHUILQH
LQWHUDFWLRQV����

���&RQFOXVLRQV�
,Q�FXUUHQW�VWXG\�LW�ZDV�UHYHDOHG�WKDW�QL�

WURJHQ� DWRPV� LQ� WKH� QLWURJHQRXV� DXVWHQLWH
FDQ� EH� SDUWLDOO\� RUGHUHG�� ,Q� WKLV� FDVH�� LWV
DWRPLF� VWUXFWXUH� LV� FKDUDFWHUL]HG� E\� WKH
SUHVHQFH�RI�)H�1�SKDVH�ZLWK�WKH�VKRUW�UDQJHRUGHU�RYHU�WKH�DWRPV�RI�QLWURJHQ��ZKLFK�DUH
ORFDWHG�LQ�WKH�WKLUG�FRRUGLQDWLRQ�VSKHUH�

7KH� FDOFXODWLRQV� KDYH� VKRZQ� WKDW�� FRQ�
WUDU\�WR�QLWURJHQ��FDUERQ�DWRPV�LQ�LURQ�)&&
ODWWLFH�UHSXOVH�DQG�VHWWOH�DW�PD[LPXP�SRVVL�
EOH�GLVWDQFHV�IURP�HDFK�RWKHU�
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