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/DWWLFH�%ROW]PDQQ�VLPXODWLRQ�DQG�IUDFWDO�DQDO\VLV�RI�HIIHFWLYH�WKHUPDO�

FRQGXFWLYLW\�LQ�SRURXV�PHGLD

;XDQ 4LQD�E��-LDQFKDR�&DLD��<LQJIDQJ�=KRXE��=KLTLQ�.DQJE�F

D ,QVWLWXWH� RI� *HRSK\VLFV� DQG� *HRPDWLFV� &KLQD�8QLYHUVLW\� RI� *HRVFLHQFHV��:XKDQ�
��������3��5��&KLQD
E 6FKRRO� RI� (QJLQHHULQJ�� 8QLYHUVLW\� RI� $EHUGHHQ�� $EHUGHHQ�� $%���8(�� 8QLWHG�
.LQJGRP
F .H\� /DERUDWRU\� RI� ,Q�VLWX� 3URSHUW\�LPSURYLQJ� 0LQLQJ� RI� 0LQLVWU\� RI� (GXFDWLRQ��
7DL\XDQ 8QLYHUVLW\ RI 7HFKQRORJ\��7DL\XDQ�������� 3��5� &KLQD
 &RUUHVSRQGLQJ� DXWKRU�� FDLMF#FXJ�HGX�FQ �-�� &DL��� \LQJIDQJ�]KRX#DEGQ�DF�XN �<��
=KRX�

$EVWUDFW

+HDW�WUDQVIHU�LQ SRURXV�PHGLD�KDV�EHHQ�DWWUDFWLQJ ZLGH�DWWHQWLRQ�LQ�D�YDULHW\�RI�VFLHQWLILF�

UHVHDUFKHV�DQG�HQJLQHHULQJ�DSSOLFDWLRQV�RYHU WKH�SDVW�GHFDGHV� 'XH�WR�WKH�FRPSOH[LW\�

RI�SRUH�VROLG�PLFURVWUXFWXUDO�IHDWXUHV��DQ DFFXUDWH VLPXODWLRQ�RI�KHDW�WUDQVSRUW�SURFHVV�

DQG�HYDOXDWLRQ RI�HIIHFWLYH� WKHUPDO�FRQGXFWLYLW\ LQ�VDWXUDWHG�SRURXV�PHGLD UHPDLQ D�

JUHDW�FKDOOHQJH� ,Q�WKLV�ZRUN��WKH�ODWWLFH�%ROW]PDQQ�PHWKRG��/%0��VLPXODWLRQ�RI�IOXLG�

VROLG� FRXSOLQJ� KHDW� WUDQVIHU� DQG� D� IUDFWDO� PRGHO� DUH� DGRSWHG� WR� VWXG\� WKH� WKHUPDO�

WUDQVSRUW�SURSHUW\�LQ�WKUHH�GLPHQVLRQDO�SRURXV PHGLD��7KH�DFFXUDF\ DQG�UHOLDELOLW\ RI�

WKH�SURSRVHG�/%0�VLPXODWLRQ LV�YDOLGDWHG�E\�WKH HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�RI�D�

VWUDLJKW� FDSLOODU\� WXEH�� ZKLFK� DQDO\WLFDO� VROXWLRQ LV� DYDLODEOH� 7KH� UHODWLRQ� EHWZHHQ�

HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�LQ�SRURXV�PHGLD�ZLWK�GLIIHUHQW�JHRPHWULFDO�SDUDPHWHUV

EDVHG�RQ�WKH�/%0�VLPXODWLRQ�DQG�IUDFWDO�PRGHO�DUH�DQDO\]HG�DQG�GLVFXVVHG�H[WHQVLYHO\��

7KH�UHVXOW�VKRZV�WKDW�WKH�SURSRVHG�/%0�IOXLG�VROLG�FRXSOLQJ VLPXODWLRQ�LV�DQ�HIILFLHQW�

WRRO�WR�GHVFULEH�WKH�KHDW�WUDQVIHU�LQ�FRPSOH[�SRURXV PHGLD�DQG�WKH�IUDFWDO�GLPHQVLRQ�

QRW� RQO\� KDV� DQ� LPSRUWDQW� HIIHFW� RQ� DFFXUDWHO\� HVWLPDWLQJ� WKH� HIIHFWLYH� WKHUPDO�

FRQGXFWLYLW\� EXW� DOVR� PD\� EH� D� XVHIXO� SDUDPHWHU� WR� GHWHUPLQH� WKH� UHSUHVHQWDWLYH�

HOHPHQWDO�YROXPH��5(9� RI�SRURXV�PHGLD� ,W�LV�DOVR�IRXQG�WKDW�FRPSDUHG�ZLWK /%0�

VLPXODWLRQ��WKH IUDFWDO�PRGHO�RYHU�SUHGLFDWHV WKH�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�DQG WKH�

0D[ZHOO�PRGHO�XQGHU�SUHGLFDWHV WKH�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\� 7KH�SURSRVHG�/%0�

VLPXODWLRQ�DQG�IUDFWDO�PRGHO�PD\�UHYHDO�D�EHWWHU�XQGHUVWDQGLQJ�IRU�WKH�WKHUPRSK\VLFDO�
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PHFKDQLVPV�RI�KHDW�WUDQVIHU�LQ�SRURXV�PHGLD�

.H\ZRUGV��(IIHFWLYH�WKHUPDO�FRQGXFWLYLW\��/DWWLFH�%ROW]PDQQ�PHWKRG��)UDFWDO PRGHO�

3RURXV�PHGLD
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�� ,QWURGXFWLRQ

)OXLG�IORZ�DQG�KHDW�WUDQVIHU�LQ�SRURXV�PHGLD�SOD\V�DQ�HVVHQWLDO�UROH�LQ�D�YDULHW\�RI�

VFLHQWLILF� UHVHDUFKHV� DQG� HQJLQHHULQJ� DSSOLFDWLRQV�� VXFK� DV� JHRWKHUPDO� HQHUJ\�

H[WUDFWLRQ >�@�� SHWUROHXP� HQJLQHHULQJ >�@�� QXFOHDU� ZDVWH� VXEVXUIDFH� GLVSRVDO >�@�

K\GURFDUERQ�IRUPDWLRQ�PRGHOLQJ >�@��DQG�FLYLO�HQJLQHHULQJ >�@��:KLOH�GXH�WR�WKH�SRURXV�

VWUXFWXUH�FRPSOH[LW\��D�ULJRURXV�WKHRUHWLFDO�GHVFULSWLRQ�RI�WUDQVSRUW�EHKDYLRUV�UHPDLQV�

D�JUHDW�FKDOOHQJH��

6LQFH WKH� IUDFWDO�JHRPHWU\ WKHRU\�ZDV� LQLWLDOO\�GHYHORSHG�E\�0DQGHOEURW� >�@ WR�

GHVFULEH�WKH�FRPSOH[LW\�RI�WKH�QDWXUDO�REMHFWV��LW KDV�EHHQ�ZLGHO\ DSSOLHG�WR�PRGHO�WKH�

WUDQVSRUW� SURFHVV� LQ� SRURXV� PHGLD >��� �@� <X� DQG� &KHQJ� >�@ SURSRVHG� DQ� HIIHFWLYH�

WKHUPDO�FRQGXFWLYLW\�PRGHO�LQ�EL�GLVSHUVHG�SRURXV�PHGLD EDVHG�RQ IUDFWDO�WKHRU\�DQG�

WKHUPRHOHFWULF DQDORJ\�PHWKRG��0LDR� HW� DO�� >��@ SUHVHQWHG� DQ� DQDO\WLFDO� VROXWLRQ� RI�

HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\� LQ� IUDFWDO� GXDO�SRURVLW\� PHGLD DQG� IRXQG� WKDW� WKH�

SURSRVHG�PRGHO� FRXOG� SURYLGH� D� EHWWHU� XQGHUVWDQGLQJ� RI� WKH� SK\VLFDO� EDVLV� RI� KHDW�

WUDQVSRUW� LQ� SRURXV� PHGLD� WKDQ� FRQYHQWLRQDO� PRGHOV�� 3LD� HW� DO�� >��@ GHYHORSHG� DQ�

LQWHUPLQJOHG� IUDFWDO� XQLWV� PRGHO� WR� VWXG\� WKH� UHODWLRQVKLS� EHWZHHQ� WKH� WKHUPDO�

SURSHUWLHV�DQG�PLFURVWUXFWXUH�LQ�FHUDPLF�SRURXV�PHGLD�DQG�WKH�PRGHO�SUHGLFWLRQV DJUHH�

ZHOO�ZLWK�WKH�H[SHULPHQWDO�GDWD��-LQ�HW�DO��>��@ SURSRVHG�D�IUDFWDO�PRGHO�WR�SUHGLFW�WKH�

HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\ LQ�SRURXV�PHGLD�RI�WKH DXWRFODYHG�DHUDWHG�FRQFUHWH EDVHG�

RQ� WKH�VHOI�VLPLODU�6LHUSLQVNL�FDUSHW� 5HFHQWO\��ZH�KDYH�DSSOLHG WKH�IUDFWDO� WKHRU\� WR�

GHVFULEH�WKH�HIIHFW�WKHUPDO�FRQGXFWLYLW\�LQ XQVDWXUDWHG�SRURXV�PHGLD� 7KH�HIIHFWLYHQHVV

DQG� UHOLDELOLW\ RI� WKLV� SURSRVHG� IUDFWDO� PRGHO LV� YDOLGDWHG E\ FRPSDULQJ� ZLWK� WKH�

SXEOLVKHG�H[SHULPHQWDO GDWD >��@� 7R�WKH�EHVW�RI�RXU�NQRZOHGJH��WKH�SDUDPHWHUV�XVHG�LQ�

PRVW�RI�IUDFWDO�PRGHOV��VXFK�DV�WKH�IUDFWDO�GLPHQVLRQ RI�SRUH�VL]H�GLVWULEXWLRQ��WKH�IUDFWDO�

GLPHQVLRQ RI�JUDQXODU�PDWUL[ VL]H�GLVWULEXWLRQ��DQG�WKH�WRUWXRVLW\�IUDFWDO GLPHQVLRQ� DUH�

QRUPDOO\ HVWLPDWHG E\ HPSLULFDO� HTXDWLRQV >��@�� DQG� YHU\� OLPLWHG HIIRUW� KDV� EHHQ�

FRYHUHG�WR�GHWHUPLQH�WKHVH�SDUDPHWHUV�GLUHFWO\ IURP�DYDLODEOH�WKUHH�GLPHQVLRQDO PLFUR�

&7�URFN�LPDJHV�IRU�PRVW�RI�WKH�H[LVWLQJ�IUDFWDO�EDVHG HIIHFWLYH WKHUPDO�FRQGXFWLYLW\

PRGHOV >�����@�
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$V�WKH�GHYHORSPHQW�RI�FRPSXWLQJ�DQG�DGYDQFHG�LPDJLQJ�WHFKQLTXHV WR�FDSWXUH�WKH�

GHWDLOHG�SRURXV�VWUXFWXUH��D ODUJH�QXPEHU RI QXPHULFDO PHWKRGV�KDYH�EHHQ�SURSRVHG�WR�

VWXG\�WKH�IOXLG�IORZ�DQG�KHDW�WUDQVIHU�LQ�SRURXV�PHGLD� 0RVW�RI�H[LVWLQJ FRPSXWDWLRQDO�

IOXLG� G\QDPLFV� �&)'�� DSSOLHG� WR� VLPXODWH� WKH� WUDQVSRUW� EHKDYLRUV LQ� SRURXV�PHGLD�

LQFOXGH VRPH� FRQYHQWLRQDO� JULG� EDVHG� QXPHULFDO� WHFKQLTXHV�� VXFK� DV� WKH� ILQLWH�

GLIIHUHQFH�PHWKRG �)'0� >��@��ILQLWH HOHPHQW�PHWKRG��)(0� >��@��DQG�ILQLWH�YROXPH�

PHWKRG� �)90� >��@� %HVLGHV� WKH� JULG� EDVHG� QXPHULFDO� PHWKRGV�� SDUWLFOH� EDVHG�

DSSURDFKHV��IRU�H[DPSOH WKH�ODWWLFH�%ROW]PDQQ�PHWKRG��/%0�� KDYH EHHQ�SURSRVHG�WR�

VLPXODWH� DQG�PRGHO� WKH� IOXLG� IORZ DQG� KHDW� WUDQVIHU� LQ� SRURXV�PHGLD >���� ��@� 7KH�

IXQGDPHQWDO�FRQFHSW�RI�WKH�/%0�LV�WR�XWLOL]H WKH�SDUWLFOH�JURXSV��ZKLFK�DUH PXFK�ELJJHU

WKDQ�WKH�IOXLG�PROHFXOHV�EXW�PXFK�VPDOOHU WKDQ�WKH�UHDO�PDFURVFRSLF�VFDOH��WR�GHVFULEH�

WKH� WUDQVSRUW� EHKDYLRUV� E\� FDOFXODWLQJ� WKH LQWHUDFWLRQV� RI� WKH� SDUWLFOH� GLVWULEXWLRQ�

IXQFWLRQ >��@� ,W� LV�ZHOO�HYLGHQFHG WKDW� WKH�/%0�FDQ�QRW�RQO\�UHFRYHU�WKH JRYHUQLQJ�

HTXDWLRQV�EDVHG�RQ�WKH�&KDSPDQ±(QVNRJ�DQDO\VLV EXW�DOVR�DFFRXQW�IRU WKH�FRPSOLFDWHG�

ERXQGDULHV�RI�JRYHUQLQJ�HTXDWLRQV�DFFXUDWHO\�>��@� 7KHUHIRUH��D�VLJQLILFDQW QXPEHU�RI�

UHVHDUFKHV�RQ�WKH�WUDQVSRUW�SURSHUWLHV LQ�SRURXV�PHGLD�KDYH�EHHQ�VXFFHVVIXOO\�FDUULHG�

RXW� EDVHG� RQ� WKH� /%0� )RU� H[DPSOH�� &DL DQG� +XDL� >��@ VLPXODWHG� WKH� IOXLG�VROLG�

FRQMXJDWH�KHDW� WUDQVIHU�LQ�IUDFWDO�SRURXV�PHGLD�EDVHG�RQ�WKH�/%0� %DVKD�HW DO�� >��@

DSSOLHG� WKH� SDUDOOHO� /%0� WR�PRGHO� DQG� VLPXODWH� WKH� IOXLG� IORZ� DQG�KHDW� WUDQVIHU� LQ�

URWDWLQJ�FKDQQHOV��/DPDUWL HW�DO��>��@ SURSRVHG�D�QXPHULFDO�VWXG\�WR�VLPXODWH�WKH�PL[HG�

FRQYHFWLRQ�KHDW�WUDQVIHU�LQ�D�FDYLW\�GULYHQ�E\�SHULRGLFDOO\�RVFLOODWLQJ�OLG EDVHG�RQ�WKH�

/%0� )DQJ�HW�DO��>��@ SUHVHQWHG�WKH�/%0 WR�SUHGLFW�WKH�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�

IRU� DQLVRWURSLF� KHWHURJHQHRXV SRURXV� PHGLD�� 7KH\� REVHUYHG� WKDW� WKH� QXPHULFDOO\�

SUHGLFWHG�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQW�GDWD��

7KH�DFFXUDWH HYDOXDWLRQ�RI�WKH�UHODWLRQ�EHWZHHQ�KHDW�WUDQVIHU�SURSHUW\�DQG�FRPSOH[

SRURXV�PHGLD LV�VWLOO�D�GDXQWLQJ�WDVN��0HDQZKLOH��WKH�SDUDPHWHUV�RI�IUDFWDO�GLPHQVLRQ�

XVHG�LQ�PRVW�RI�SUHYLRXV�IUDFWDO�PRGHOV�DUH�QRUPDOO\�HVWLPDWHG�E\�HPSLULFDO�HTXDWLRQV��

,Q� WKLV� ZRUN�� ZH� SUHVHQW SRUH�VFDOH� /%0� VLPXODWLRQV RI� IOXLG�VROLG� FRXSOLQJ� KHDW�

WUDQVIHU�DQG�IUDFWDO�PRGHO�WR�FDOFXODWH WKH�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�LQ�FRQVWUXFWLQJ�
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WKUHH�GLPHQVLRQDO�FXEHV�ZLWK�GLIIHUHQW�VL]HV�DQG�SRURVLWLHV�IURP�D�PLFUR�&7�LPDJHV�RI�

%HUHD� VDQGVWRQH� FRUH� 7KH� SURSRVHG� /%0 VLPXODWLRQ� LV� ILUVW� YDOLGDWHG� E\� WKH

EHQFKPDUN RI�DQDO\WLFDO�VROXWLRQ UHVXOWV��7KH�LPSDFWV RI�VLPXODWLRQ�VL]H��SRURVLW\�DQG�

URFN� IOXLG� WKHUPDO� FRQGXFWLYLW\� UDWLR� RQ� WKH� HIIHFW� WKHUPDO� FRQGXFWLYLW\� RI� %HUHD�

VDQGVWRQH�DUH LQYHVWLJDWHG�DQG�GLVFXVVHG H[WHQVLYHO\� 7KH�SUHVHQW /%0�VLPXODWLRQ�DQG�

IUDFWDO�PRGHO�PD\�UHYHDO WKH�EHWWHU�XQGHUVWDQGLQJ�RI�SK\VLFDO�EDVLV IRU KHDW WUDQVSRUW�LQ�

SRURXV�PHGLD��

�� 0DWHULDOV�DQG�VDPSOHV�FRQVWUXFWLQJ� � �

,Q�WKLV�ZRUN��WKH�WKUHH�GLPHQVLRQDO�PLFUR�&7�LPDJHV�RI�%HUHD�VDQGVWRQH FRUH�DUH�

XVHG� WR� VWXG\� WKH� UHODWLRQ� EHWZHHQ� HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\� DQG� GLIIHUHQW�

PLFURVWUXFWXUHV�RI�URFN�SRURXV�PHGLD�EDVHG�RQ�WKH�/%0 DQG�DYDLODEOH�IUDFWDO�PRGHO

>��@� 7KH� %HUHD� VDQGVWRQH� LV� D� VHGLPHQWDU\� URFN� DQG� KDV� EHHQ� ZLGHO\� DSSOLHG� WR�

LQYHVWLJDWH WKH�WUDQVSRUW�SURSHUWLHV�RI�UHVHUYRLU URFN�IRU�WKH�SDVW�WKUHH�GHFDGHV�>��@��7KH�

SHWURSK\VLFDO� SDUDPHWHUV RI� VHOHFWHG�%HUHD� VDQGVWRQH�FRUH� DUH� JLYHQ� LQ� WKH�7DEOH���

$IWHU�WKH�PLFUR�&7�LPDJHV�SURFHVVLQJ��WKH�ELQDU\�LPDJHV�DUH�REWDLQHG��VHH�)LJ����� )LJ��

� DOVR SUHVHQWV�WKH�SURFHVV�RI�FRQVWUXFWLQJ�WKH VDPSOHV�RI�WKUHH�GLPHQVLRQDO�FXEHV ZLWK�

GLIIHUHQW� VL]HV� DQG� SRURVLWLHV� $V� VKRZQ� LQ� )LJ�� ��� WKH� GLIIHUHQW� FRORUV� RI� WKUHH�

GLPHQVLRQDO� FXEH UHSUHVHQW� WKH�GLIIHUHQW� VL]HV�RI�FRQVWUXFWLQJ�VDPSOHV��7KH�VL]HV�RI�

VDPSOHV DUH� ��� �� ���� � ���� �� ���� �� ���� �� DQG� ���� YR[HOV�� UHVSHFWLYHO\� ,Q�

DGGLWLRQ� WKH����GLIIHUHQW�WKUHH�GLPHQVLRQDO�FXEHV�ZLWK�WKH�VL]H�RI� ���� SL[HOV FDQ�EH�

JHQHUDWHG E\�WKLV VHOHFWHG�%HUHD�VDQGVWRQH�FRUH�� ��� ��� ���u u SL[HOV���7KH�VDPSOHV�

ZLWK�GLIIHUHQW�SRURVLWLHV�FDQ�EH�JHQHUDWHG�E\�WKHVH����GLIIHUHQW�FXEHV�� �

7DEOH��� 7KH�SHWURSK\VLFDO�SDUDPHWHUV�RI�VHOHFWHG�%HUHD�VDQGVWRQH�FRUH�

6DPSOH 6L]H��SL[HOV� 5HVROXWLRQ�� PP � 3RURVLW\

%HUHD�VDQGVWRQH ��� ��� ���u u ��� ������
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)LJ�� �� 7KH� JHRPHWU\� RI ELQDU\� WKUHH�GLPHQVLRQDO� %HUHD� VDQGVWRQH� LPDJH� DQG� WKH� VDPSOHV�

FRQVWUXFWLQJ�ZLWK�GLIIHUHQW�VL]HV�DQG�SRURVLWLHV� 7KH�FRORU�RI�ZKLWH�DQG�EODFN�DUH�SRUH�SKDVH�DQG�

VROLG�SKDVH��UHVSHFWLYHO\�

�� $�IUDFWDO�PRGHO�RI�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\

5HFHQWO\��ZH�KDYH GHULYHG�D�QHZ�IUDFWDO�PRGHO�RI�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�

LQ XQVDWXUDWHG� SRURXV� PHGLD RULJLQDWHG� IURP� WKH� /DSODFH¶V� HTXDWLRQ DQG LW FDQ EH�

VLPSOLILHG WR�IRU�VDWXUDWHG�SRURXV�PHGLD�DV�IROORZLQJ >��@

� �
� �

� ��

�

��

� �
I V IV

H I
V V V I

N N N'
N N

' ' N N

I ��
 �

� �
���

ZKHUH� HN LV� WKH� HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\� RI� SRURXV�PHGLD� V' LV� WKH� IUDFWDO�

GLPHQVLRQ�RI�JUDLQV VL]H�GLVWULEXWLRQ�� I LV�WKH�SRURVLW\�� VN LV�WKH�WKHUPDO�FRQGXFWLYLW\�

RI� VROLG� SKDVH�� DQG� IN LV� WKH� WKHUPDO� FRQGXFWLYLW\� RI� SRUH� SKDVH��7KLV� QHZ� IUDFWDO�

PRGHO�RI�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�FDQ�SURYLGH�DQ H[SODQDWLRQ RI�SK\VLFDO�EDVLV�
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IRU KHDW�WUDQVIHU��3OHDVH�UHIHU�RXU�UHFHQW�SXEOLFDWLRQ�IRU�PRUH�GHWDLOV >��@��+RZHYHU��LQ�

RXU�SUHYLRXV�ZRUN�� V' LV�HVWLPDWHG E\�WKH�HPSLULFDO�HTXDWLRQ� DQG�LW�ODFNV�RI�GLUHFW�

PHDVXUHPHQW�IURP�WKUHH�GLPHQVLRQDO�PLFUR�&7�LPDJHV RI�SRURXV�PHGLD�

7KH ER[� FRXQWLQJ�PHWKRG� LV� WKH�PRVW� HIIHFWLYH DQG�ZHOO� DFFHSWHG� DSSURDFK� WR�

FDOFXODWH WKH�IUDFWDO�GLPHQVLRQ�IURP�WKH�URFN�LPDJHV�>�����@��+HUH�ZH�KDYH�DGRSWHG�

WKH� DOJRULWKP�SURSRVHG� E\�:X HW� DO� >��@ WR� HVWLPDWH� IUDFWDO� GLPHQVLRQ� IURP� WKUHH�

GLPHQVLRQDO URFN�LPDJHV��WKLV�PHWKRG�KDV�EHHQ�XVHG�LQ�WKUHH�GLPHQVLRQDO FRDO�PLFUR�

IUDFWXUHV�DQG�LW�FRQWDLQV WKUHH�PDLQ�SURFHGXUHV�WR�FDOFXODWH�WKH�IUDFWDO�GLPHQVLRQ�RI�D�

WKUHH�GLPHQVLRQDO URFN�LPDJH EDVHG�RQ WKH�ER[�FRXQWLQJ�DOJRULWKP��)LUVWO\��WKH�ER[HV�

RI�GLIIHUHQW� OHQJWK� VFDOHV� U DUH� VHOHFWHG� WR�GLYLGH� WKH�ELQDU\� LPDJHV��6HFRQGO\�� WKH�

QXPEHU� � �1 U RI� WRWDO� ER[HV� FRYHULQJ� WKH� JUDQXODU� PDWUL[ LV� FRPSXWHG� XQGHU� WKH�

GLIIHUHQW�VFDOH U ��7KLUGO\��WKH�REWDLQHG�GDWDVHWV� >ORJ��� �� ORJ � �@U 1 U DUH�OLQHDU�ILWWHG�

DQG�WKH�VORS�LV�WKH IUDFWDO�GLPHQVLRQ��,Q�RUGHU�WR YDOLGDWH�WKH�ER[�FRXQWLQJ�SURJUDP��WKH�

VHOI�VLPLODU 0HQJHU 6SRQJH LV�XVHG�WR�FDOFXODWH�IUDFWDO�GLPHQVLRQ��$V�VKRZQ�LQ�)LJ����

WKH�UHVXOW�RI WKH�FDOFXODWHG�IUDFWDO�GLPHQVLRQ�IURP�RXU�SURJUDP�LV LGHQWLFDO�ZLWK� WKH�

WKHRUHWLFDO YDOXH�RI� ORJ �� � ORJ� ������| ��7KLV�FOHDUO\�GHPRQVWUDWHV WKH�YDOLGLW\ RI�

SURSRVHG�SURJUDP�WR�GHWHUPLQH�WKH�IUDFWDO�GLPHQVLRQ�IURP�WKUHH�GLPHQVLRQDO�LPDJHV�
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)LJ���� 7KH�IUDFWDO�GLPHQVLRQ�RI� WKH�0HQJHU 6SRQJH�� �D��7KH�VFKHPDWLF�GLDJUDP RI� WKH�0HQJHU�

6SRQJH� �E��7KH�UHVXOW�RI�FDOFXODWHG�IUDFWDO�GLPHQVLRQ�EDVHG�RQ�WKH ER[�FRXQWLQJ�PHWKRG�

�� 1XPHULFDO PHWKRGRORJ\

�����/DWWLFH�%ROW]PDQQ�0HWKRG�

7KH� WKUHH�GLPHQVLRQDO� QLQHWHHQ�VSHHG �'�4��� /%0� �VHH� )LJ�� �� ZLWK�0XOWL�

5HOD[DWLRQ�7LPH��057��LV�XVHG�WR�PRGHO�WKH�VWHDG\�VWDWH�IORZ�LQ�SRURXV�PHGLD� 7KH�

057�VFKHPH LV�SUHVHQWHG�QRW�RQO\�WR�KDYH�D�KLJK�DFFXUDF\�UHVXOW DQG�EHWWHU�QXPHULFDO�

VWDELOLW\ >��@ EXW�DOVR�WR�HOLPLQDWH�VSXULRXV�YHORFLWLHV�QHDU�ERXQGDULHV >��@ FRPSDUHG�

ZLWK� WKH� 6LQJOH�5HOD[DWLRQ�7LPH �657�� /%0� 7R VROYH WKH� KHDW� WUDQVIHU LQ� SRURXV�

PHGLD�� WKH� WHPSHUDWXUH� ILHOG� LV� VLPXODWHG� E\� WKH VHFRQG� GLVWULEXWLRQ� IXQFWLRQ� DV� D

SDVVLYH�VFDODU� >��@��7KH�GRXEOH HYROXWLRQ�HTXDWLRQ�ZLWK�057�FROOLVLRQ�PRGHO�DQG�D�

%KDWQDJDU�*URVV�.URRN��%*.� FROOLVLRQ�PRGHO�IRU�WKH�YHORFLW\ ILHOG�DQG�WHPSHUDWXUH�

ILHOG DUH�ZULWWHQ�DV�LQ�GLVFUHWL]HG�IRUP >������@
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HTJ LV� WKH�

HTXLOLEULXP� LQWHUQDO� HQHUJ\� GLVWULEXWLRQ� IXQFWLRQ�� DQG� JW LV� WKH� LQWHUQDO� HQHUJ\�

UHOD[DWLRQ�SDUDPHWHU�UHODWHG�WR�WKH�WKHUPDO GLIIXVLYLW\��$V�VKRZQ�LQ�)LJ�����WKH�GLVFUHWH�
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ZKHUH� �F [ WG G LV�WKH�ODWWLFH�VSHHG�

)LJ���� 7KH�GLVFUHWL]HG�ODWWLFH�YHORFLWLHV�RI�'�4���

7KH�PDFURVFRSLF�SDUDPHWHUV RI�GHQVLW\� U DQG�YHORFLW\ X DUH UHOHYDQW� WR� WKH�

SDUWLFOH�GHQVLW\�GLVWULEXWLRQ�IXQFWLRQ�DQG�FDQ�EH�ZULWWHQ�DV�>��@
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7KH�WUDQVIRUPDWLRQ PDWUL[ 0 FDQ�EH�ZULWWHQ�DV�>������@
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ZKHUH� [ [M XU �� \ \M XU �� ] ]M XU ��DQG�WKH�FRQVWDQW� �U LV�WKH�PHDQ�GHQVLW\�LQ�WKH�

IOXLG�V\VWHP�>��@�

7KH�UHOD[DWLRQ�PDWUL[ 6 LV�D�GLDJRQDO�PDWUL[ DQG�FDQ�EH�H[SUHVVHG�DV >������@
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ZKHUH� Q LV�WKH�NLQHPDWLF�YLVFRVLW\�

)RU� WKH LQWHUQDO� HQHUJ\�GLVWULEXWLRQ� IXQFWLRQ� LQ� WKH�(T�� ����� WKH LQWHUQDO� HQHUJ\�

UHOD[DWLRQ�SDUDPHWHU� JW LV�UHODWHG�WR�WKH�WKHUPDO�GLIIXVLYLW\� D FDQ�EH�ZULWWHQ�DV�>����
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ZKHUH � SN FD U � N LV�WKH�WKHUPDO�FRQGXFWLYLW\�RI�VROLG�RU�IOXLG�SKDVH�DQG� SF LV�

WKH�VSHFLILF�KHDW�FDSDFLW\�

7KH�HTXLOLEULXP�LQWHUQDO�HQHUJ\�GLVWULEXWLRQ�IXQFWLRQ�IRU� WKH�IOXLG�SKDVH�FDQ�EH�
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ZKHUH WKH�LQWHUQDO�HQHUJ\� H LV�UHODWHG�WR�WKH�PDFURVFRSLF�WHPSHUDWXUH� 7 DQG�FDQ�EH�
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ZKHUH� 5 LV�WKH�JDV FRQVWDQW��

�����%RXQGDU\�FRQGLWLRQV

������ %RXQGDU\�WUHDWPHQW�IRU�IOXLG�IORZ

7KH�SUHVVXUH�ERXQGDU\�FRQGLWLRQV�DUH LPSOHPHQWHG�WR�VROYH WKH�LQOHW�DQG�RXWOHW RI�
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IOXLG�IORZ E\�PHDQV�RI WKH�=RX�+H�PRGHO�>��@� )RU�WKH�VROLG�IOXLG�ERXQGDU\��WKH KDOI�

ZD\�ERXQFH�EDFN�PRGHO�SURSRVHG�E\�=LHJOHU >��@ KDV�EHHQ�WKH�PRVW�FRQYHQLHQW DQG

SRZHUIXO�VWUDWHJ\ WR�GHDO�ZLWK�WKH�QR�VOLS IOXLG�VROLG�LQWHUIDFHV��ZKLFK�KDV�WKH�VHFRQG�

RUGHU�DFFXUDF\� 7KH�ZRUNLQJ�SULQFLSOH LV� WKDW� WKH�GLVWULEXWLRQ� IXQFWLRQV� UHDFKLQJ WKH�

VROLG�ZDOO�GXULQJ�SURSDJDWLRQ DUH�UHIOHFWHG EDFN�LQWR�WKH�RULJLQDO�IOXLG�ILHOG DORQJ�WKH�

UHYHUVHG�LQFRPLQJ GLUHFWLRQ��7KH�XQNQRZQ�GLVWULEXWLRQ�IXQFWLRQ DW�WKH�VROLG�ERXQGDU\�

LI FDQ�EH�GHWHUPLQHG�E\�>��@
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ZKHUH� LI
 LV� WKH� SRVW� FROOLVLRQ� GLVWULEXWLRQ� IXQFWLRQ� RI� PRYLQJ� WRZDUG� WKH� VROLG�

ERXQGDU\��7KLV VWDQGDUG�ERXQFH�EDFN�PRGHO�GHVFULEH�WKH�VROLG�ERXQGDU\�VXUIDFH�ORFDWHG�

DW WKH�PLGGOH RI WZR�QHLJKERULQJ�ODWWLFH�QRGHV ZLWK�WKH�VDPH�GLVWDQFH � �[G � )RU�WKH�

FDVH�ZKHQ�WKH�ERXQGDU\�LV�QRW�H[DFWO\ SODFHG�DW� WKH � �[G �� WKH LQWHUSRODWHG�ERXQFH�

EDFN�PRGHO�ZDV GHYHORSHG E\�%RX]LGL�HW�DO� >��@ WR�VROYH�WKH�DUELWUDU\�ERXQGDU\ VKDSHV�

7KH� GHWDLOHG� FDVHV RI� LQWHUSRODWHG� ERXQFH� EDFN�PRGHO� DUH LOOXVWUDWHG LQ�)LJ�� �� 7KH�

TXDQWLW\ K LV�GHILQHG�WR�EH�WKH UDWLR�RI�WKH�ERXQGDU\�GLVWDQFH�WR�D�PHVK�ZLWK � �Kd � �

7KH�OLQHDU�LQWHUSRODWLRQ PRGHO�IRU�WKH�XQNQRZQ�GHQVLW\�SRSXODWLRQV FDQ�EH�JLYHQ�E\�
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�������%RXQGDU\�WUHDWPHQW�IRU�KHDW�WUDQVIHU

)RU� WKH VDPSOHV� RI� WKUHH�GLPHQVLRQDO� FXEH�� WKH� WZR VXUIDFH ERXQGDULHV� DUH�

HPSOR\HG� WR� EH� GLIIHUHQW� FRQVWDQW� WHPSHUDWXUH� EDVHG� RQ� WKH 'LULFKOHW ERXQGDU\�

FRQGLWLRQ��%XW�RWKHU�ERXQGDULHV�DUH�DVVXPHG�WR�EH�DGLDEDWLF��7KH�'LULFKOHW ERXQGDU\�

FRQGLWLRQ IRU�WKH�XQNQRZQ�HQHUJ\�GLVWULEXWLRQ�IXQFWLRQ LJ FDQ�EH�H[SUHVVHG�DV�>��@
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ZKHUH� LJ
 LV� WKH� SRVW� FROOLVLRQ� HQHUJ\� GLVWULEXWLRQ� IXQFWLRQ� RI� PRYLQJ� WRZDUG� WKH�

ERXQGDU\�� �� �%H  IRU�'�4����DQG�WKH�HQHUJ\�VRXUFH�WHUP� %M FDQ�EH�ZULWWHQ�DV�>��@

�
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ZKHUH� %U LV� WKH� GHQVLW\� DW� WKH� ERXQGDU\� DQG� %7 LV� WKH� ERXQGDU\� WHPSHUDWXUH��

$QDORJRXV WR WKH�VROLG�IOXLG�ERXQGDU\ WUHDWPHQW�RI�IOXLG�IORZ�DV�VKRZQ�LQ�)LJ�����WKH�

WKHUPDO�ERXQGDU\�EDVHG�RQ� WKH�ERXQFH�EDFN�VFKHPH DQG� LQWHUSRODWLRQ�RI� WKH�HQHUJ\�

GLVWULEXWLRQ�IXQFWLRQ�IRU�WKH�'LULFKOHW ERXQGDU\�FRQGLWLRQ LV�JLYHQ�E\�>��@
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ZKHUH�WKH�GHILQLWLRQ RI�TXDQWLW\ K LV�LGHQWLFDO�LQ�(T�� ������

)LJ���� 7KH�GHWDLOHG�FDVHV�RI�LQWHUSRODWHG�ERXQFH�EDFN�PRGHO� �D� 7KH�ERXQGDU\�GLVWDQFH�LV�VPDOOHU

WKDQ�KDOI D� ODWWLFH� OHQJWK�� �E��7KH� VROLG�ERXQGDU\� LV� DW� WKH�PLGSRLQW� RI� D� ODWWLFH� OHQJWK�� �F� 7KH�
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ERXQGDU\�GLVWDQFH�LV�ODUJHU�WKDQ�KDOI�D�ODWWLFH�OHQJWK�

�����9DOLGDWLRQ�WHVW�

,Q�RUGHU�WR�YDOLGDWH�WKH�SUHVHQW�/%0�IRU WKH�IOXLG�VROLG�FRQMXJDWH�KHDW�WUDQVIHU��WKH

HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\ REWDLQHG�IURP�/%0�VLPXODWLRQ�DQG�DQDO\WLFDO�SDUDOOHO�

VROXWLRQ�DUH�HVWLPDWHG LQ�D�VLPSOH�WKUHH�GLPHQVLRQDO�F\OLQGULFDO WXEH�PRGHO� $V�VKRZQ�

LQ�)LJ�����WKH JHRPHWU\�RI SRUH�SKDVH��F\OLQGULFDO�WXEH��DQG�VROLG�SKDVH��VNHOHWRQ� DUH�

SDUDOOHO�FRQQHFWLRQ��7KH�VLPXODWLRQ�GRPDLQ�LV� ��� YR[HOV DQG�LWV SRURVLW\� I HTXDOV�

WR ��������$W WKH�=�GLUHFWLRQ�� WKH LQOHW�DQG�RXWOHW�RI�IORZ�ILHOG DUH�FRQVLGHUHG DV�WKH�

SUHVVXUH ERXQGDU\�DQG�WKH�'LULFKOHW�ERXQGDU\�FRQGLWLRQV�DUH�VHW� WR�EH� ��+7  DQG

��/7  � 7KH�RWKHU�ERXQGDULHV�DUH�DVVXPHG�WR�EH�DGLDEDWLF DW�WKH�;�DQG�<�GLUHFWLRQ��7KH�

HIIHFWLYH� WKHUPDO�FRQGXFWLYLW\�RI� WKH�JLYHQ�FLUFXODU�VWUDLJKW�FDSLOODU\� WXEH�ILWWHG� LQ�D�

VTXDUH�VROLG�GRPDLQ��VHH�)LJ������FRXOG�EH�H[SUHVVHG DQDO\WLFDOO\�DV >��@
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0HDQZKLOH�� WKH� HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\� FRXOG� EH� HVWLPDWHG� IURP� WKH�

GLVWULEXWLRQ�RI�WHPSHUDWXUH�IOLHG��ZKLFK�LV�VLPXODWHG�E\ /%0�VLPXODWLRQ >��@�
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ZKHUH� / LV� WKH� OHQJWK�RI�F\OLQGULFDO WXEH�� $ LV� WKH FURVV�VHFWLRQDO�DUHD��DQG� T LV�

WKH�KHDW�IOX[ RI�HYHU\�ODWWLFH��%DVHG�RQ�WKH�FODVVLFDO )RXULHU¶V�ODZ��WKH�KHDW�IOX[�FDQ�EH�

ZULWWHQ�DV�>��@

T N 7 � ' ����

ZKHUH� N LV� WKH� WKHUPDO� FRQGXFWLYLW\� RI� VROLG� RU� IOXLG� SKDVH� DQG� 7' LV� WKH�

WHPSHUDWXUH�GLIIHUHQFH RI�HYHU\�ODWWLFH�DORQJ�WKH�KHDW�WUDQVIHU�GLUHFWLRQ�

7KH�FRPSDULVRQ�EHWZHHQ�WKH�/%0�VLPXODWLRQ UHVXOWV DQG�WKH�DQDO\WLFDO VROXWLRQ�

UHVXOWV RI�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\ IRU�GLIIHUHQW�WKHUPDO FRQGXFWLYLW\�UDWLR�RI�WKH�
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VROLG�SKDVH�WR�SRUH SKDVH � �V IN N ��ZLWK�SRURVLW\� ������I  DUH�VKRZQ�LQ�7DEOH����$V�

VKRZQ�LQ�WKLV�WDEOH��WKH HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\ UHVXOWV RI�/%0�VLPXODWLRQ�DJUHH

H[FHOOHQWO\�ZLWK�WKH�DQDO\WLFDO UHVXOWV��ZKLFK�YDOLGDWHV RXU�GLUHFW�/%0�VLPXODWLRQ�RI�

KHDW�WUDQVIHU�LQ�SRURXV�PHGLD�

7DEOH��� 7KH�FRPSDULVRQ�EHWZHHQ�WKH HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�IURP /%0�VLPXODWLRQ DQG�WKH�

DQDO\WLFDO VROXWLRQ�

7KHUPDO�FRQGXFWLYLW\�UDWLR�

� �V IN N �

/%0�VLPXODWLRQ�UHVXOWV�

� �H IN N �

$QDO\WLFDO�VROXWLRQ�UHVXOWV�

� �H IN N �
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)LJ���� 7KH�JHRPHWU\�DQG�ERXQGDU\�FRQGLWLRQV�RI�F\OLQGULFDO�WXEH�PRGHO�

�� 6LPXODWLRQ�UHVXOWV�DQG�GLVFXVVLRQ

,Q� WKLV� VHFWLRQ�� WKH�KHDW� WUDQVSRUW�SURFHVV� LQ� WKH� FRQVWUXFWLQJ� WKUHH�GLPHQVLRQDO

IURP�%HUHD�VDQGVWRQH�LV LQYHVWLJDWHG EDVHG�RQ�WKH�/%0�DQG�IUDFWDO�PRGHO��0RUHRYHU�

WKH�WUHDWPHQW�RI�ERXQGDU\�FRQGLWLRQV�IRU�WKHVH�FRQVWUXFWLQJ�FXEHV DUH�LGHQWLFDO�ZLWK WKH�

YDOLGDWLRQ�PRGHO�DV� VKRZQ� LQ�)LJ�����7KH� IUDFWDO�GLPHQVLRQV� IURP� WKHVH� FRQVWUXFWHG�

URFN�LPDJHV DUH�DOVR�GHWHUPLQHG�E\�ER[�FRXQWLQJ�PHWKRG� )XUWKHUPRUH��WKH�LQIOXHQFHV�

RI�D�VHULHV�RI�HVVHQWLDO SDUDPHWHUV��VXFK�DV�VDPSOH�VL]H��IUDFWDO�GLPHQVLRQ��SRURVLW\��DQG

WKHUPDO�FRQGXFWLYLW\�UDWLR��RQ�KHDW�WUDQVIHU�SHUIRUPDQFH�ZLOO�EH�DQDO\]HG�DQG�GLVFXVVHG�

���� 7KH�LQIOXHQFH�RI�FRPSXWDWLRQ�VL]H�RQ�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\

3K\VLFDO�VL]H�RU�VFDOH�HIIHFW�RI�WUDQVSRUW�EHKDYLRUV LV�D�FRPPRQ�SKHQRPHQRQ�LQ�

SRURXV�PHGLD��0DQ\� WUDQVSRUW� SURSHUWLHV�PD\� EH� GHSHQGHQW� RQ� WKH�PDWHULDO� VL]H RU�

GLPHQVLRQ� >��@��7KH ZHOO�NQRZQ� H[DPSOH� SURSRVHG� E\�*ULIILWK >��@ VKRZV WKDW� WKH�



��

PDWHULDO� VWUHQJWK LV� VHQVLWLYH WR� WKH� VL]H� RI� WKH� SRURXV�PHGLD� ,Q� RUGHU� WR� VWXG\ WKH�

LQIOXHQFH�RI�VLPXODWLRQ�VL]H�RQ�KHDW�WUDQVIHU�LQ�SRURXV�PHGLD� ZH�FRQVWUXFWHG�GLIIHUHQW�

VL]H�RI WKUHH�GLPHQVLRQDO URFN�LPDJHV��YR[HO�VL]H�FKDQJLQJ IURP� ��� WR� ���� ��IURP�

WKH %HUHD�VDQGVWRQH��VHH�)LJ������DQG�WKHQ�ZH�SHUIRUPHG�GHWDLOHG�/%0�VLPXODWLRQ�RI�

KHDW�WUDQVIHU�SURFHVV�DQG�IUDFWDO�DQDO\VLV�WR�REWDLQ�WKHLU�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\��

)LJ����VKRZV�WKH�JHRPHWULHV�DQG�FRUUHVSRQGLQJ�VWHDG\�WHPSHUDWXUH�GLVWULEXWLRQ�LQ�

WKH FRQVWUXFWHG WKUHH�GLPHQVLRQDO�URFN�LPDJHV ZKHQ�WKH WKHUPDO�FRQGXFWLYLW\�UDWLR�RI�

WKH� VROLG� SKDVH� WR� IOXLG� SKDVH HTXDOV WR � � � �V IN N  �� ,W� LV� REVHUYHG� WKDW� WKH�

WHPSHUDWXUH� GLVWULEXWLRQ� FRQWRXUV� DUH� PXFK� PRUH� WRUWXRXV� DQG� FKDQJHDEOH� DW� WKH�

LQWHUIDFHV�RI�IOXLG�SKDVH�DQG�VROLG�SKDVH WKDQ�RWKHU�SRVLWLRQV��7KLV�LV�EHFDXVH�WKDW WKH�

GLIIHUHQW�WKHUPDO�FRQGXFWLYLW\�UHVXOWV�LQ GLIIHUHQW�KHDW�WUDQVIHU�UDWH�RI WKH�IOXLG�SKDVH�

DQG�VROLG�SKDVH��ZKLFK PD\�JHQHUDWH�WKH�WHPSHUDWXUH�WXUQLQJ�SRLQWV�DW�WKH�LQWHUIDFHV�RI

IOXLG�SKDVH�DQG�VROLG�SKDVH��7KHVH DJUHH�ZLWK�WKH H[SHFWHG�UHVXOWV�JLYHQ�E\�&DL�DQG�

+XDL�>��@�



��
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)LJ�� �� 7KH JHRPHWULHV DQG� FRUUHVSRQGLQJ VWHDG\ WHPSHUDWXUH� GLVWULEXWLRQ� FRQWRXUV RI� WKUHH�

GLPHQVLRQDO FRQVWUXFWHG�VDQGVWRQH� LPDJHV��/HIW�FROXPQ�� WKH�SRUH�VROLG�JHRPHWU\�DQG ZKLWH�DQG�

EURZQ DUH� SRUH� SKDVH� DQG� VROLG� SKDVH�� UHVSHFWLYHO\�� ULJKW� FROXPQ�� WKH� VWHDG\� WHPSHUDWXUH�

GLVWULEXWLRQ�� �D��7KH� VDPSOH� VL]H�RI� ��� SL[HOV�� �E��7KH� VDPSOH� VL]H�RI� ���� SL[HOV�� �F��7KH�

VDPSOH�VL]H�RI� ���� SL[HOV���G��7KH�VDPSOH�VL]H�RI� ���� SL[HOV� �H��7KH�VDPSOH�VL]H�RI� ����

SL[HOV���I��7KH�VDPSOH�VL]H�RI� ���� SL[HOV�

7KH�/%0�VLPXODWHG DQG�DQDO\WLFDO�VROXWLRQ��IUDFWDO�PRGHO�DQG�0D[ZHOO�PRGHO��

UHVXOWV�RI�HIIHFWLYH� WKHUPDO�FRQGXFWLYLW\� DV� D� IXQFWLRQ�RI� WKH� OHQJWK� VL]H�RI� WKH� URFN�

LPDJHV� ZLWK� � �V IN N  LV� SUHVHQWHG� LQ� )LJ�� ��7KH� ZHOO�NQRZQ�0D[ZHOO PRGHO� RI

HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�LV�GHULYHG IURP�WKH�VROXWLRQ�RI�/DSODFH¶V�HTXDWLRQ DQG�

FDQ�EH�ZULWWHQ�DV�>��@
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$V� VKRZQ� LQ� )LJ�� ��� WKH� HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\� IOXFWXDWHV� DW� VPDOO� VL]H� DQG�

UHPDLQ�FRQVWDQW�ZKHQ�WKH�OHQJWK�VL]H�RI�URFN�LPDJH�LV�ODUJHU�WKDQ������ZKLFK�GHQRWHV�

IRU�WKH�UHSUHVHQWDWLYH�HOHPHQWDU\�YROXPH �5(9���&RPSDULQJ ZLWK�WKH�/%0�UHVROXWLRQ��

WKH�IUDFWDO�PRGHO�RYHUHVWLPDWHV�WKH�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\��ZKLOH�WKH�0D[ZHOO�

PRGHO� XQGHUHVWLPDWHV WKH� HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\�� 7KLV� LV EHFDXVH� WKDW� WKH�

0D[ZHOO� PRGHO� LV� RQO\� GHWHUPLQHG� E\� SRURVLW\�� EXW� WKH� IUDFWDO� VLPXODWHG� HIIHFWLYH�

WKHUPDO�FRQGXFWLYLW\�LV�YHU\�VHQVLWLYH�WR�WKH�SRURVLW\�DQG�IUDFWDO�GLPHQVLRQ� V' ��)LJ����
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VKRZV� WKH� IUDFWDO� GLPHQVLRQ� V' GHWHUPLQHG� E\� ER[� FRXQWLQJ� PHWKRG� YHUVXV� WKH�

YDULDWLRQ�RI�FXELF�VL]HV��)URP�WKH�)LJ�����WKH�WUHQG�RI�IUDFWDO�GLPHQVLRQ�LV�VLPLODU�ZLWK�

WKH�/%0�UHVXOWV�RI�GLPHQVLRQOHVV�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\��,W�LV�FRQFOXGHG�WKDW�

WKH�IUDFWDO�GLPHQVLRQ�PD\�EH�D�XVHIXO�SDUDPHWHU�WR�GHWHUPLQH�WKH�5(9�RI�SRURXV�PHGLD��

7KLV�UHVXOW LV�DQDORJRXV�WR WKH�UHODWLRQ�EHWZHHQ�IUDFWDO�GLPHQVLRQ�EDVHG�5(9�JLYHQ�E\�

:X�HW�DO��>��@�
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)LJ���� 7KH�LQIOXHQFH RI�URFN�LPDJH�VL]H�RQ�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�VLPXODWHG�E\�/%0�DQG�

DQDO\WLFDO�VROXWLRQ��IUDFWDO�PRGHO�DQG�0D[ZHOO�PRGHO� IRU�WKH�FRQVWUXFWHG�WKUHH�GLPHQVLRQDO URFN�

LPDJHV�ZLWK� � �V IN N  �
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)LJ���� 7KH IUDFWDO�GLPHQVLRQ GHWHUPLQHG�E\�ER[�FRXQWLQJ�PHWKRG�DQG�SRURVLW\�YHUVXV�WKH�YDULDWLRQ�

RI�URFN�LPDJH VL]HV�

���� 7KH�LQIOXHQFH�RI�SRURVLW\�RQ�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\

$V� VKRZQ� LQ� IUDFWDO� EDVHG� PRGHO� �(T�� ����� DQG� 0D[ZHOO� PRGHO� �(T�� �������

SRURVLW\� LV� RQH�RI� WKH�PRVW� HVVHQWLDO� SDUDPHWHUV� WKDW� LQIOXHQFH WKH�HIIHFWLYH� WKHUPDO�

FRQGXFWLYLW\ LQ VDWXUDWHG�SRURXV�PHGLD��,Q�WKLV�VXEVHFWLRQ��WKH�LPSDFW�RI�SRURVLW\�RQ�

HIIHFWLYH WKHUPDO� FRQGXFWLYLW\ LV� LQYHVWLJDWH� H[WHQVLYHO\�ZLWK�GLUHFW� QXPHULFDO�/%0�

VLPXODWLRQ� DQG� WKH UHVXOWV� DUH� FRPSDUHG� ZLWK� ERWK� 0D[ZHOO� DQG� IUDFWDO� PRGHO��

6XEVHFWLRQV�ZLWK����� YR[HOV�DUH�FRQVWUXFWHG�IURP�WKH�%HUHD VDQGVWRQH�DV�GHVFULEHG�LQ�

)LJ� ���DQG�WKH�WKHUPDO�FRQGXFWLYLW\�UDWLR�RI�WKH�VROLG�SKDVH�WR�IOXLG�SKDVH DUH�VHW�WR�EH�

��� � �V IN N  ��IRU�DOO�WKH�VLPXODWLRQ�FDVHV��

7KH�VLPXODWHG�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�DV�D�IXQFWLRQ�RI�SRURVLW\�LV�SUHVHQWHG�

LQ� )LJ�� ��� $V� GHPRQVWUDWHG LQ WKLV� ILJXUH�� WKH� GLPHQVLRQOHVV� HIIHFWLYH� WKHUPDO�

FRQGXFWLYLW\�� �H IN N ��GHFOLQHV�ZLWK�WKH�LQFUHDVH�RI�SRURVLW\ IRU�/%0�VLPXODWLRQV�DQG�

DQDO\WLFDO�PRGHOV� 7KLV�FDQ�EH�H[SODLQHG E\�WKH�IDFW�WKDW WKH�IOXLG�SKDVH�FRQWULEXWLRQ�WR�

HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�LQFUHDVHV�ZLWK�WKH�LQFUHDVH�RI�SRURVLW\�EXW WKH�IOXLG�SKDVH�

RI�WKHUPDO�FRQGXFWLYLW\�LV�VPDOOHU�WKDQ�VROLG�SKDVH� ,W�KDV�WR�EH�QRWLFHG�WKDW�WKH�HIIHFWLYH�

WKHUPDO� FRQGXFWLYLW\� VLPXODWHG� IURP�/%0�VLPXODWLRQ� DQG�0D[ZHOO�PRGHO� GHFUHDVH�
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PXFK� VKDUSHU� ZLWK� LQFUHDVLQJ� SRURVLW\� WKDQ� WKDW� IURP� IUDFWDO� PRGHO�� 7KH� HIIHFWLYH�

WKHUPDO�FRQGXFWLYLW\�VLPXODWHG�IURP�/%0�DQG�IUDFWDO�PRGHO�DUH�PRUH�VFDWWHUHG�DQG�

FKDQJHDEOH�FRPSDUHG�ZLWK� WKH�0D[ZHOO�DV� WKH�KHDW� WUDQVIHU�DOVR� LQIOXHQFHG�E\�SRUH�

JHRPHWULHV�RWKHU�WKDQ�SRURVLW\�LQ�SRURXV�PHGLD� 7KLV�VLWXDWLRQ LQGLFDWHV�WKDW WKH�/%0�

DQG�IUDFWDO�PRGHO�FDQ�EHWWHU�UHIOHFW�WKH KHDW�WUDQVIHU�FKDUDFWHULVWLFV ZLWK�WKH�LQIOXHQFH�

RI�PLFURVWUXFWXUHV�LQ�SRURXV�PHGLD��
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)LJ���� 7KH LQIOXHQFH�RI�SRURVLW\�RQ�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�LQ VDWXUDWHG�SRURXV�PHGLD� KHUH�

WKH WKHUPDO�FRQGXFWLYLW\�UDWLR�RI�WKH�VROLG�SKDVH�WR�IOXLG�SKDVH�HTXDOV�WR���� � �V IN N  ��

)LJ����DOVR�VKRZV�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�WKH�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�

VLPXODWHG� IURP WKH� WKUHH�PHWKRGV� LQFUHDVHV�ZLWK� WKH� LQFUHDVH�RI SRURVLW\��:KHQ� WKH�

SRURVLW\� LV� OHVV� WKDQ������ WKH� �H IN N REWDLQHG�IURP�/%0 WHQGV� WR�EH�HTXDO�ZLWK� WKH�

UHVXOWV� IURP�IUDFWDO�PRGHO�DQG�0D[ZHOO��7KH� UHDVRQ� LV� WKDW� WKH�PHGLD�PD\�EH�FORVH�

SUR[LPLW\�WR�WKH�XQLIRUP�SRURXV�PHGLD�DQG�WKH�KHDW�WUDQVIHU�SURFHVV�LV�OHVV�HIIHFWHG�E\�

WKH� VDWXUDWHG� IOXLG�� ,W� FDQ� EH� REVHUYHG WKDW� WKH� �H IN N RI� IUDFWDO� PRGHO� LV� VOLJKWO\�

JUHDWHU�WKDQ�WKH�UHVXOWV�IURP�/%0�DQG�0D[ZHOO�PRGHO�DV�WKH�SRURVLW\�LQFUHDVHV� 7KLV�

GLVFUHSDQF\ PLJKW�EH�GXH�WR�WKH�IDFW WKDW�WKH�LQIOXHQFHV�RI�SHUFRODWLRQ�WKUHVKROG DQG�

FRQWDFW�WKHUPDO�UHVLVWDQFH DUH�QRW�WDNHQ�LQWR�DFFRXQW�LQ�IUDFWDO�PRGHO >��@��5HFHQW�ZRUN�



��

RI� HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\� PRGHO� UHSRUWHG E\� *KDQEDULDQ� DQG� 'DLJOH >��@

VKRZHG�WKDW�WKH�FULWLFDO�SRURVLW\�SOD\V�DQ�LPSRUWDQW�UROH�WR�GHVFULEH�WKH�FKDUDFWHULVWLFV�

RI�KHDW�WUDQVIHU LQ�SRURXV�PHGLD��,Q JHQHUDO��WKH�SRUH�VXUIDFHV�RU�FRQWDFW�VSRWV�DPRQJ�

VROLG�JUDLQV DUH�URXJK LQ�SRURXV�PHGLD��5HFHQWO\��4LQ�HW�DO��>��@ SURSRVHG�DQ HIIHFWLYH�

WKHUPDO�FRQGXFWLYLW\�PRGHO�LQ IUDFWDO�SRURXV�PHGLD�ZLWK�URXJK�VXUIDFHV DQG�FRQFOXGHG�

WKDW�WKH�WKHUPDO�UHVLVWDQFH�KDYH�DQ�HIIHFW�RQ�WKH�KHDW�WUDQVIHU LQ�SRURXV�PHGLD� $QRWKHU

SRVVLEOH�VRXUFH�RI�WKLV�GLVFUHSDQF\�LV�WKDW�WKH�IUDFWDO�GLPHQVLRQ� V' LV�QRW�DFFXUDWHO\�

FDOFXODWHG E\�ER[�FRXQWLQJ�PHWKRG��)LJ���� SUHVHQWV�WKH�FRPSDULVRQ�EHWZHHQ�WKH�ILWWLQJ�

UHVXOWV�IURP�/%0�DQG�ER[�FRXQWLQJ�PHWKRG�UHVXOWV�IRU�IUDFWDO�GLPHQVLRQ��$V�VKRZQ�LQ�

WKLV�ILJXUH��LW�LV�YHULILHG WKDW�DV H[SHFWHG�WKH�IUDFWDO�GLPHQVLRQ� V' KDV�DQ�LPSRUWDQW�

HIIHFW�RQ�DFFXUDWHO\�HVWLPDWLQJ WKH�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�LQ�IUDFWDO�PRGHO��7KH

IUDFWDO�GLPHQVLRQ�GLIIHUHQFHV EHWZHHQ�ILWWLQJ�UHVXOWV�DQG�ER[�FRXQWLQJ�PHWKRG�UHVXOWV

EHFRPH�VOLJKWO\�ODUJHU�ZKHQ�WKH�SRURVLW\ ODJHU�WKDQ������7KLV�FDQ�EH�VKRZHG�WKDW�WKH�

WRSRORJ\�DQG�JHRPHWU\ RI�SRUH�VSDFH�DQG�VROLG�SKDVH�PD\�EHFRPH�PRUH�FRPSOLFDWHG�

DV WKH�SRURVLW\�LQFUHDVHV��ZKLFK�OHDGV�WR�WKH�PRUH�GLIILFXOWLHV�LQ GHWHUPLQLQJ WKH�IUDFWDO�

GLPHQVLRQ�DFFXUDWHO\� 5HFHQWO\��DV�VXJJHVWHG�E\�:X�HW�DO� >��@��WKH�SUHFLVH�FRPSXWDWLRQ�

RI�IUDFWDO�GLPHQVLRQ E\�ER[�FRXQWLQJ�PHWKRG PD\�PRVWO\�GHSHQG�RQ�WKH�UHVROXWLRQ�RI�

PLFUR�&7�LPDJHV�DQG�LPDJH�SURFHVVLQJ��
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)LJ����� 7KH FRPSDULVRQ�EHWZHHQ�WKH�ILWWLQJ�UHVXOWV�IURP�/%0�DQG�ER[�FRXQWLQJ�PHWKRG UHVXOWV�IRU

IUDFWDO� GLPHQVLRQ� V' �� �D� 7KH� IUDFWDO� GLPHQVLRQ IURP� ILWWLQJ� UHVXOWV� DQG� ER[� FRXQWLQJ�PHWKRG�

UHVXOWV�ZLWK�GLIIHUHQW�SRURVLWLHV���E��7KH�IUDFWDO�GLPHQVLRQ GLIIHUHQFH�EHWZHHQ�ILWWLQJ�UHVXOWV�DQG�ER[�

FRXQWLQJ�PHWKRG�UHVXOWV�ZLWK�GLIIHUHQW�SRURVLWLHV�

���� 7KH�LQIOXHQFH�RI� �V IN N RQ�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\

7KH�HIIHFW�RI�YDULRXV�WKHUPDO�FRQGXFWLYLW\�UDWLR�RQ�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�

LV VWXGLHG�LQ�SRURXV�PHGLD�DW�VPDOO��LQWHUPHGLDWH�DQG�ODUJH�SRURVLWLHV� ����������������
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DQG���������UHVSHFWLYHO\� )LJ���� VKRZV�WKH�FRPSDULVRQ�EHWZHHQ�WKH�/%0�VLPXODWLRQ�

UHVXOWV� DQG� DQDO\WLFDO� VROXWLRQ� UHVXOWV� IURP� IUDFWDO�PRGHO� DQG�0D[ZHOO� PRGHO� ZLWK�

GLIIHUHQW�SRURVLWLHV� IRU WKH�GLIIHUHQW� WKHUPDO�FRQGXFWLYLW\�UDWLRV�RI� WKH�VROLG�SKDVH� WR�

IOXLG�SKDVH � �V IN N �� $V� LOOXVWUDWHG� LQ�)LJ������ WKH� UHVXOWV�RI�GLPHQVLRQOHVV� HIIHFWLYH�

WKHUPDO�FRQGXFWLYLW\�� �H IN N ��GHFUHDVH�ZLWK�WKH�LQFUHDVH�RI�SRURVLW\�ZKHQ� � �V IN N ! ��

,W�LV�DOVR�VHHQ�WKDW�WKH�UHVXOWV�RI�GLPHQVLRQOHVV�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�IURP�/%0�

DQG�DQDO\WLFDO�PRGHOV�KDYH�D�FOHDUO\�JURZLQJ� WUHQG�ZLWK� WKH� LQFUHDVH�RI� WKH� WKHUPDO�

FRQGXFWLYLW\�UDWLR RI�WKH�VROLG�SKDVH�WR�IOXLG�SKDVH� ,I� � ���V IN N ! ��WKH� �H IN N IURP�

/%0�LV�ODUJHU�WKDQ�WKH�UHVXOWV�IURP DQDO\WLFDO�PRGHOV��7KLV�LV�UHDVRQDEOH�EHFDXVH WKH�

DSSOLFDELOLW\ RI�DQDO\WLFDO�PRGHOV IRU�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�LV�OLPLWHG�DQG�WKH\�

PD\�EH RQO\�VXLWDEOH�IRU�D�UDQJH�RI� WKHUPDO�FRQGXFWLYLW\�UDWLRV�RI�WKH�VROLG�SKDVH�WR�

IOXLG�SKDVH DQG�SRURVLW\�RU�D�SDUW�RI FHUWDLQ�JHRPHWULHV�RI�SRURXV�PHGLD��7KH�SUHVHQW�

UHVXOWV�DUH�FRQVLVWHQW�ZLWK�WKH�FRQFOXVLRQV�JLYHQ�E\�:DQJ�DQG�/L�>��@�
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)LJ����� 7KH LQIOXHQFH�RI�WKHUPDO�FRQGXFWLYLW\�UDWLRV RI WKH�VROLG�SKDVH�WR�IOXLG�SKDVH RQ�HIIHFWLYH�

WKHUPDO�FRQGXFWLYLW\�RI�VDWXUDWHG�SRURXV�PHGLD�

�� 6XPPDU\�DQG�FRQFOXVLRQV

,Q�WKLV�ZRUN��WKH�/%0�VLPXODWLRQ�IRU�IOXLG�VROLG�FRXSOLQJ DQG�IUDFWDO�PRGHO�DUH�
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DSSOLHG� WR� SUHGLFW� WKH� HIIHFWLYH� WKHUPDO� FRQGXFWLYLW\� LQ� WKUHH�GLPHQVLRQDO VDWXUDWHG�

SRURXV�PHGLD��$FFRUGLQJ�WR�WKH FRPSDULVRQ�ZLWK�DQDO\WLFDO�VROXWLRQ�LQ�D�VLPSOH�WKUHH�

GLPHQVLRQDO� F\OLQGULFDO WXEH�PRGHO�� WKH� DFFXUDF\� RI� WKH� SUHVHQW� /%0�VLPXODWLRQ� LV�

FRQILUPHG� 7KH� UHODWLRQ�EHWZHHQ�KHDW� WUDQVIHU�SURSHUW\� DQG� URFN�SRURXV�PHGLD�ZLWK�

VLPXODWLRQ� VL]H� SRURVLW\�� DQG� WKHUPDO� FRQGXFWLYLW\� UDWLRV�RI� WKH� VROLG�SKDVH� WR� IOXLG�

SKDVH EDVHG� RQ� WKH� /%0� VLPXODWLRQ� DQG� IUDFWDO� PRGHO LV� DQDO\]HG� DQG� GLVFXVVHG�
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