
0HFKDQLVP�RI�TXDQWXP�VSLQ�OLTXLG��
DQG�KLJK�7F�VXSHUFRQGXFWLYLW\��

VWXGLHG�E\�H[FLWDWLRQ�VSHFWUD�DQG�QRQHTXLOLEULXP�G\QDPLFV�
FDOFXODWLRQ�E\�YDULDWLRQDO�0RQWH�&DUOR�PHWKRGV

0DVDWRVKL�,0$'$ 
7R\RWD�3K\VLFDO�DQG�&KHPLFDO�5HVHDUFK�,QVWLWXWH��

�����<RNRPLFKL��1DJDNXWH��$LFKL����������

DQG��

5HVHDUFK�,QVWLWXWH�IRU�6LFHQFH�DQG�(QJLQHHULQJ��:DVHGD�8QLYHUVLW\ 
������2NXER��6KLQMXNX�NX��7RN\R����������

8QGHUVWDQGLQJ� SK\VLFV� RI� KLJK�7F� FXSUDWH�

VXSHUFRQGXFWRUV� UHPDLQV� RQH� RI� WKH� LPSRUWDQW�

SUREOHPV�LQ�PDWHULDOV�VFLHQFH��,Q�WKLV�SURMHFW��ZH�

KDYH� UHSURGXFHG� WKH� H[SHULPHQWDO� SKDVH�

GLDJUDP�RI�+J%D�&X2��\� >�@�E\�VROYLQJ� LWV�DE�

LQLWLR�ORZ�HQHUJ\�HIIHFWLYH�+DPLOWRQLDQ�ZLWKRXW�

DGMXVWDEOH� SDUDPHWHUV� >�@�� � ,W� VKRZV� D�

VXSHUFRQGXFWLQJ�SKDVH�LQ�D�ZLGH�UDQJH�RI�KROH�

GHQVLW\� į�� DQG� LWV� FRPSHWLWLRQ� ZLWK� FKDUJH�

SHULRG���SOXV�VSLQ�SHULRG���VWULSH�RUGHU�QHDU�į�Ң�

�����LQ�DJUHHPHQW�ZLWK�H[SHULPHQWDO�UHVXOWV��

$� FUXFLDO� UROH� RI� RII�VLWH� LQWHUDFWLRQV� LQ�

VWDELOL]LQJ� WKH� VXSHUFRQGXFWLYLW\� LV� HOXFLGDWHG�

ZLWK� HPSKDVLV� RQ� FKDUJH� IOXFWXDWLRQV�� ,W� DOVR�

FODULILHV� WKH� FRQGHQVDWLRQ� HQHUJ\� PDLQO\�

FRQWULEXWHG� IURP� WKH� RQ�VLWH� &RXORPE�

LQWHUDFWLRQ��7KH�SUHVHQW�DFKLHYHPHQW�ZLOO�HQDEOH�

GHHSHU�� SUHGLFWDEOH� XQGHUVWDQGLQJ� RQ� RSHQ�

LVVXHV� RI� WKH� KLJK�7F� VXSHUFRQGXFWLQJ�

PHFKDQLVP� DQG� SURPRWH� DE� LQLWLR� VWXGLHV� RQ�

VWURQJO\� FRUUHODWHG� HOHFWURQV� EH\RQG�

SDUDPHWUL]HG�PRGHO�VWXGLHV��

,Q� IRUPHU� VWXGLHV� RQ� D� VLPSOLILHG� HIIHFWLYH�

PRGHO�� QDPHO\� +XEEDUG� PRGHO� RQ� WKH� VTXDUH�

ODWWLFH� KDG� FODULILHG� WKDW� WKH� G�ZDYH�

VXSHUFRQGXFWLQJ� VWDWH� LV� VHYHUHO\� FRPSHWLQJ�

ZLWK�WKH�VWULSH�RUGHUHG�VWDWH��ZKLOH�PRVW�RI�WKH�

SKDVH� GLDJUDP� LQ� WKH� SDUDPHWHU� VSDFH� RI� WKH�

FDUULHU�GRSLQJ�FRQFHQWUDWLRQ�LV�GRPLQDWHG�E\�WKH�

VWULSH� RUGHU� DQG� WKH� VXSHUFRQGXFWLQJ� VWDWH�

UHPDLQV� DQ� H[FLWHG� VWDWH� >���@�� 7KHUHIRUH�� WKH�

+XEEDUG�PRGHO� GRHV� QRW� SURSHUO\� DFFRXQW� IRU�

WKH� H[SHULPHQWDO� SKDVH� GLDJUDP�RI� WKH� FXSUDWH�

VXSHUFRQGXFWRUV�� +RZHYHU�� LW� KDV� DOVR� EHHQ�

VKRZQ�WKDW�WKH�VXSHUFRQGXFWLQJ�SKDVH�LQ�WKH�DE�

LQLWLR� +DPLOWRQLDQ� LV� DGLDEDWLFDOO\� FRQQHFWHG�

ZLWK� WKDW� IRXQG� LQ� WKH�VXSHUFRQGXFWLQJ�H[FLWHG�

VWDWH� RI� WKH� +XEEDUG� PRGHO�� 7KHUHIRUH�� LW� LV�

LQWULJXLQJ� WR� XQGHUVWDQG� WKH� GLVWLQFWLRQ� RI� WKH�

VXSHUFRQGXFWLQJ� VWDWH� LQ� EHWZHHQ� WKH�DE� LQLWLR�

DQG�+XEEDUG�FDVHV���7KH�PHWKRG�IRU�G\QDPLFDO�

SURSHUWLHV�QHZO\�GHYHORSHG�RIIHU�XVHIXO�LQVLJKWV�

LQWR�WKLV�LVVXH�DV�ZH�GHVFULEH�LQ�WKH�QH[W�VHFWLRQ��

��&DOFXODWLRQV� RI� G\QDPLFDO� TXDQWLWLHV� DUH� D�

FKDOOHQJLQJ� VXEMHFW� IRU� VWURQJO\� FRUUHODWHG�

HOHFWURQ� V\VWHPV� HYHQ� LQ� WKH� OLQHDU� UHVSRQVH�
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UHJLPH��5HFHQWO\�ZH�KDYH�GHYHORSHG�D�PHWKRG�

WR�FDOFXODWH�WKH�G\QDPLFDO�FRUUHODWLRQ�IXQFWLRQV�

EDVHG� RQ� WKH� YDULDWLRQDO� 0RQWH� &DUOR� PHWKRG�

>���@���:H�ILUVW�GHYHORSHG�D�PHWKRG�WR�FDOFXODWH�

WKH� FKDUJH� G\QDPLFDO� VWUXFWXUH� IDFWRUV� IRU� WKH�

JURXQG�VWDWHV�RI�FRUUHODWHG�HOHFWURQ�V\VWHPV��2XU�

EHQFKPDUNV� IRU� WKH� RQH�� DQG� WZR�GLPHQVLRQDO�

+XEEDUG� PRGHOV� VKRZ� WKDW� LQFOXVLRQ� RI�

FRPSRVLWH�IHUPLRQ� H[FLWDWLRQV� LQ� WKH� EDVLV� VHW�

JUHDWO\� LPSURYHV� WKH� DFFXUDF\�� LQ� UHIHUHQFH� WR�

WKH�H[DFW�FKDUJH�G\QDPLFDO�VWUXFWXUH�IDFWRUV�IRU�

FOXVWHUV�� 7RJHWKHU� ZLWK� H[DPLQDWLRQ� IRU� ODUJHU�

V\VWHPV� EH\RQG� WUDFWDEOH� VL]HV� E\� WKH� H[DFW�

GLDJRQDOL]DWLRQ�� RXU� UHVXOWV� LQGLFDWH� WKDW� WKH�

YDULDWLRQDO�0RQWH�&DUOR�PHWKRG�LV�D�SURPLVLQJ�

ZD\�IRU�VWXGLHV�RQ�WKH�QDWXUH�RI�FKDUJH�G\QDPLFV�

LQ�FRUUHODWHG�PDWHULDOV�VXFK�DV�WKH�FRSSHU�R[LGH�

VXSHUFRQGXFWRUV� LI� WKH� FRPSRVLWH�IHUPLRQ�

H[FLWDWLRQV�DUH�SURSHUO\�LQFOXGHG�LQ�WKH�UHVWULFWHG�

+LOEHUW�VSDFH�RI�LQWHUPHGLDWH�VWDWHV�LQ�WKH�OLQHDU�

UHVSRQVH� WKHRU\�� 2XU� UHVXOWV� RQ� WKH� FKDUJH�

G\QDPLFDO� VWUXFWXUH� IDFWRU� DUH� FRQVLVWHQW� ZLWK�

WKH� SDUWLFOH�KROH� H[FLWDWLRQV� LQIHUUHG� IURP� WKH�

VLQJOH�SDUWLFOH� VSHFWUDO� IXQFWLRQ� $�N�Ȧ�� LQ� WKH�

OLWHUDWXUH�� 7KH� LPSRUWDQFH� RI� LQFRUSRUDWLQJ�

QRQORFDO�FRPSRVLWH�IHUPLRQ�IRU�D�PRUH�DFFXUDWH�

GHVFULSWLRQ�LV�DOVR�SRLQWHG�RXW�>�@��

��7KLV�PHWKRG�FDQ�EH�H[WHQGHG� WR�FDOFXODWH� WKH�

RQH�ERG\� *UHHQ
V� IXQFWLRQ� E\� LPSURYLQJ� WKH�

YDULDWLRQDO�0RQWH�&DUOR�PHWKRG��:H�EHQFKPDUN�

DJDLQVW� WKH� H[DFW� GLDJRQDOL]DWLRQ� IRU� WKH� RQH��

DQG�WZR�GLPHQVLRQDO�+XEEDUG�PRGHOV�RI����VLWH�

ODWWLFHV�� ZKLFK� SURYHV� KLJK� DFFXUDF\� RI� WKH�

PHWKRG��7KH�DSSOLFDWLRQ�RI�WKH�PHWKRG�WR�ODUJHU�

VL]HG� +XEEDUG� PRGHO� RQ� WKH� VTXDUH� ODWWLFH�

FRUUHFWO\� UHSURGXFHV� WKH� 0RWW� LQVXODWLQJ�

EHKDYLRU�DW�KDOI�ILOOLQJ�DQG�JDS�VWUXFWXUHV�RI�G��

ZDYH� VXSHUFRQGXFWLQJ� VWDWH� RI� WKH� KROH� GRSHG�

+XEEDUG�PRGHO�LQ�WKH�JURXQG�VWDWH�RSWLPL]HG�E\�

HQIRUFLQJ� WKH� FKDUJH� XQLIRUPLW\�� HYLGHQFLQJ� D�

ZLGH�DSSOLFDELOLW\�WR�VWURQJO\�FRUUHODWHG�HOHFWURQ�

V\VWHPV���

)URP� WKH� REWDLQHG� G�ZDYH� VXSHUFRQGXFWLQJ�

JDS�RI�WKH�FKDUJH�XQLIRUP�VWDWH��ZH�ILQG�WKDW�WKH�

JDS� DPSOLWXGH� DW� WKH� DQWLQRGDO�SRLQW� LV� VHYHUDO�

WLPHV�ODUJHU�WKDQ�WKH�H[SHULPHQWDO�YDOXH��ZKHQ�

ZH�HPSOR\�D� UHDOLVWLF�SDUDPHWHU�DV�D�PRGHO�RI�

WKH� FXSUDWH� VXSHUFRQGXFWRUV�� 7KH� HIIHFWLYH�

DWWUDFWLYH� LQWHUDFWLRQ� RI� FDUULHUV� LQ� WKH� G�ZDYH�

VXSHUFRQGXFWLQJ�VWDWH�LQIHUUHG�IRU�DQ�RSWLPL]HG�

VWDWH� RI� WKH� +XEEDUG� PRGHO� LV� DV� ODUJH� DV� WKH�

RUGHU�RI�WKH�QHDUHVW�QHLJKERU�WUDQVIHU��ZKLFK�LV�

IDU� EH\RQG� WKH� IRUPHU� H[SHFWDWLRQ� LQ� WKH�

FXSUDWHV�� 7KH� QDWXUH� RI� WKH� VXSHUFRQGXFWLQJ�

VWDWH� RI� WKH� +XEEDUG� PRGHO� LQ� WHUPV� RI� WKH�

RYHUHVWLPDWH� RI� WKH� JDS� DQG� WKH� DWWUDFWLYH�

LQWHUDFWLRQ� LQ� FRPSDULVRQ� WR� WKH� FXSUDWHV� DUH�

FODULILHG�>�@��

��)LQGLQJ� TXDQWXP� VSLQ� OLTXLGV� LV� DQRWKHU�

LPSRUWDQW�VXEMHFW�RI�WKH�SUHVHQW�UHVHDUFK�SURMHFW��

7RSRORJLFDO�SURSHUWLHV�RI�WKH�VWURQJO\�FRUUHODWHG�

V\VWHPV� ZLWK� VWURQJ� VSLQ�RUELW� LQWHUDFWLRQ� DUH�

RQH� RI� VXFK� VXEMHFWV�� :H� KDYH� VWXGLHG�

+HLVHQEHUJ� PRGHO� ZLWK� VSLQ�RUELW� LQWHUDFWLRQ�

�'\DORVKLQVNLL�0RUL\D� LQWHUDFWLRQ�� RQ� WKH�

S\URFKORUH�ODWWLFH�E\�XVLQJ�WKH�YDULDWLRQDO�0RQWH�
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&DUOR�PHWKRG��7KLV�V\VWHP�KDV�EHHQ�SURSRVHG�WR�

EH� D� FDQGLGDWH� RI� WKH� TXDQWXP� VSLQ� OLTXLG� LQ�

HDUOLHU�VWXGLHV��:H�ZLOO�UHSRUW�WKH�UHVXOW�RQ�WKLV�

VXEMHFW�LQ�WKH�IXWXUH����

$QRWKHU�FDQGLGDWH�RI�WKH�TXDQWXP�VSLQ�OLTXLG�

LV� IRXQG� LQ� D� TXDQWXP�+HLVHQEHUJ�PRGHO�ZLWK�

WKH�JHRPHWULFDOO\�IUXVWUDWHG�VTXDUH�ODWWLFH��FDOOHG�

-��-��PRGHO��%\�XWLOL]LQJ� WKH�PDFKLQH� OHDUQLQJ�

PHWKRG��ZH�KDYH�IRXQG�D�ILUP�HYLGHQFH�IRU�WKH�

TXDQWXP�VSLQ� OLTXLG�DQG�FODULILHG� LWV�H[FLWDWLRQ�

VSHFWUD��ZKLFK� LQGLFDWH� WKH� IUDFWLRQDOL]DWLRQ� RI�

VSLQV� LQWR� VSLQRQV�� 7KH� VXEMHFW� KDV� D� FORVH�

FRQQHFWLRQ�WR�WKH�H[SHULPHQWDOO\�REVHUYHG�VSLQ�

OLTXLG�VWDWH�LQ�PROHFXODU�FRQGXFWRUV��6WXGLHV�RQ�

WKH� DE� LQLWR� ORZ�HQHUJ\� HIIHFWLYH� +DPLOWRQLDQ�

IRU�D�GPLW�FRPSRXQG�DUH�XQGHUZD\�DQG�ZLOO�EH�

UHSRUWHG�HOVHZKHUH���

7KLV� LV� D� FRPELQHG� UHSRUW� IRU� (� SURMHFW�

³0HFKDQLVP�RI�TXDQWXP�VSLQ�OLTXLG�DQG�KLJK�7F�

VXSHUFRQGXFWLYLW\�VWXGLHG�E\�H[FLWDWLRQ�VSHFWUD�

DQG� QRQHTXLOLEULXP� G\QDPLFV� FDOFXODWLRQ� E\�

YDULDWLRQDO� 0RQWH� &DUOR� PHWKRGV´��

³'HYHORSPHQW� RI� PHWKRGRORJ\� IRU� DQDO\VLV� RI�

QRQHTXLOLEULXP� VXSHUFRQGXFWLYLW\� LQ� VWURQJO\�

FRUUHODWHG�V\VWHPV�YLD� LQWHJUDWLRQ�RI�HOHFWURQLF�

VWDWH� WKHRU\� DQG� WLPH�UHVROYHG� H[SHULPHQWDO�

GDWD´�� DQG� VKDUHG� SURMHFW� IRU� SRVW�.� SURMHFW�

³6WXGLHV�RQ�TXDQWXP�VSLQ� OLTXLGV� LQ�PROHFXODU�

FRQGXFWRUV� EDVHG� RQ� ILUVW�SULQFLSOHV�

+DPLOWRQLDQ´��

DQG� ³6WXGLHV� RQ� 4XDQWXP� 6SLQ� /LTXLGV� LQ�

0DWHULDOV�ZLWK�6WURQJ�6SLQ�2UELW�,QWHUDFWLRQ´�

7KLV� VHULHV� RI� ZRUN� KDV� EHHQ� GRQH� LQ�

FROODERUDWLRQ� ZLWK� 7�� 2KJRH�� 7�� 0LVDZD�� 0��

+LUD\DPD�� .�� ,GR�� <�� 1RPXUD�� <�� <DPDML�� 5��

3RKOH�DQG�0��&KDUOHERLV��7KH�FDOFXODWLRQV�ZHUH�

SHUIRUPHG�RQ� FRPSXWHUV� DW� WKH�6XSHUFRPSXWHU�

&HQWHU��,663��8QLY��RI�7RN\R��7KH�ZRUN�LV�DOVR�

VXSSRUWHG� E\� -636� .DNHQKL� ��+������� WKH�

5,.(1�&HQWHU�IRU�&RPSXWDWLRQDO�6FLHQFH�XQGHU�

WKH� +3&,� SURMHFW� �KS�������� DQG� WKH� 0(;7�

+3&,�6WUDWHJLF�3URJUDPV��&'06,��7KLV�SURMHFW�

KDV�XVHG�WKH�VRIWZDUH�+3KL�DQG�P90&��

5HIHUHQFHV 
>�@ 0RWRDNL� +LUD\DPD�� 7DNDKLUR� 0LVDZD��

7DNDKLUR� 2KJRH�� <RXKHL� <DPDML�� 0DVDWRVKL�

,PDGD��3K\V��5HY��%�������������������

>�@� 7DNDKLUR� 2KJRH�� 0RWRDNL� +LUD\DPD��

7DNDKLUR� 0LVDZD�� .RWD� ,GR�� <RXKHL� <DPDML��

0DVDWRVKL� ,PDGD�� 3K\V�� 5HY�� %� ���� �������

��������

>�@� .RWD� ,GR�� 0DVDWRVKL� ,PDGD�� 7DNDKLUR�

0LVDZD��3K\V��5HY��%��������������������

>�@ 0D[LPH�&KDUOHERLV��DQG�0DVDWRVKL� ,PDGD��

DU;LY������������
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