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ZHUH� LQYHVWLJDWHG��:H� XVHG� WKH�PDJQHWLF� H[FKDQJH� SDUDPHWHUV� IURP� WKH� ILUVW�SULQFLSOHV
FDOFXODWLRQV�� ,Q� WKH� VLPXODWLRQ�� PDJQHWLF�0Q��� DQG�0Q��� LRQV� DUH� GHVFULEHG� E\� FODVVLFDO
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WXUH�RI� WKH�PDQJDQLWH��7KH�&XULH� WHPSHUDWXUH�DQG�PDJQHWRFDORULF� HIIHFW�YDOXHV�REWDLQHG
GXULQJ�WKH�WKHRUHWLFDO�VLPXODWLRQV�DUH�LQ�D�JRRG�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDO�GDWD��
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���,QWURGXFWLRQ
7KH� PDJQHWLF� UHIULJHUDWLRQ� WHFKQRORJ\

DWWUDFWV� WKH� LQFUHDVLQJ� DWWHQWLRQ� RI� UH�
VHDUFKHUV�� 7KH�PDJQHWRFDORULF� HIIHFW� �0&(�
LV�D�PDJQHWR�WKHUPRG\QDPLF�SKHQRPHQRQ�LQ
ZKLFK�D�UHYHUVLEOH�FKDQJH�LQ�WHPSHUDWXUH�RI
D� VXLWDEOH� PDWHULDO� LV� FDXVHG� E\� H[SRVLQJ
WKH� PDWHULDO� WR� D� FKDQJLQJ� PDJQHWLF� ILHOG
>�@�� ,W�KDV�JUHDW� LPSRUWDQFH� LQ�WKH�WHFKQRO�
RJ\� RI� PDJQHWLF� UHIULJHUDWLRQ�� $PRQJ� WKH
YDULRXV� DOWHUQDWLYH� WHFKQRORJLHV� WKDW� FRXOG
EH� XVHG� LQ� UHIULJHUDWLRQ� GHYLFHV�� WKH� LQ�
FUHDVLQJ� DWWHQWLRQ� RI� UHVHDUFKHUV� LQ� WKH
ZRUOG� DWWUDFWV� WKH� WHFKQRORJ\� RI� PDJQHWLF
UHIULJHUDWLRQ� >�Ü�@��7KH�PDJQHWLF�PDWHULDOV
ZLWK� ODUJH� YDOXHV� RI� PDJQHWRFDORULF� HIIHFW
FDQ� EH� DSSOLHG� DV� ZRUN� VXEVWDQFHV� LQ�PDJ�
QHWLF�FRROLQJ�GHYLFHV�VXFK�DV�LQGXVWULDO�DQG
KRXVHKROG� UHIULJHUDWRUV�� DLU� FRQGLWLRQHUV�

KHDW� SXPSV�� HWF� >�@�� 8QWLO� UHFHQWO\�� WKH
UDUH�HDUWK�PHWDO�*G�LV�UHJDUGHG�DV�WKH�PRVW
SURPLVLQJ�PDWHULDO�IRU�XVH�DV�D�ZRUNLQJ�RQH
LQ�PDJQHWLF�FRROLQJ�GHYLFHV�>�@��%HFDXVH�WKH
IDFW� WKDW� WKH� FRVW� RI� JDGROLQLXP� LV� KLJK
HQRXJK�LQ�ODVW�WLPH�PRUH�DWWHQWLRQ�KDV�EHHQ
IRFXVHG� RQ� ILQGLQJ� QHZ� PDWHULDOV� WKDW� DUH
FKHDSHU�DQG�KDYH�D�ODUJH�0&(��,W�ZDV�IRXQG
WKDW� VXFK� FRPSRXQGV� LQFOXGH� 1L±0Q±*D�
0Q±$V±6E��/D±)H±6L��UDUH�HDUWK�PDQJDQLWHV
>������Ü��@�� 0DQJDQLWHV� KDYH� WKH� JHQHUDO
IRUPXOD��5�±[0[0Q2���ZKHUH�5�Û�WULYDOHQW
UDUHHDUWK� HOHPHQWV� VXFK� DV�/D��3U��(X��*G�
HWF���0�Û� GLYDOHQW� DONDOL� LRQV� VXFK� DV�%D�
&D� RU�1D��.��$J�� DQG� HWF�� ,Q� UHFHQW� \HDUV�
SHURYVNLWH�PDQJDQLWHV�KDYH�EHHQ�LQWHQVLYHO\
VWXGLHG��7KHVH�FRPSRXQGV��DOORZ�XV�WR�YDU\
WKH� WHPSHUDWXUH� RI� SKDVH� WUDQVLWLRQV� LQ� D
ZLGH�UDQJH�RI�WHPSHUDWXUHV�DQG�WKXV�UHDOL]H
D�ZLGH�WHPSHUDWXUH�UDQJH�RI�WKH�0&(�>�@�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�67&��,QVWLWXWH�IRU�6LQJOH�&U\VWDOV�

)XQFWLRQDO�PDWHULDOV������������� ��



3UHVHQFH� RI� H[SHULPHQWDO� ZRUNV� RQ� UH�
VHDUFK� RI� SKDVH� WUDQVLWLRQV� DQG� 0&(� LQ
SHURYVNLWH�PDQJDQLWHV� OHDGV� WR�QHFHVVLW\� RI
WKH� DQDO\VLV� RI� H[SHULPHQWDO� UHVXOWV� E\
PHDQV� RI� YDULRXV� WKHRUHWLFDO� PRGHOV�� )RU
WRGD\� LQ� VFLHQWLILF� SXEOLFDWLRQV� WKHUH� LV� D
ELJ�QXPEHU�RI�ZRUNV�LQ�ZKLFK�WKH�WKHRUHWL�
FDO� PRGHOV� DUH� GLVFXVVHG�� DOORZLQJ� WR� GH�
VFULEH�SKDVH�WUDQVLWLRQV�DQG�0&(�LQ�YDULRXV
PDJQHWLF�PDWHULDOV��+RZHYHU�WKH�WKHRUHWLFDO
ZRUNV�DOORZLQJ�WR�GHVFULEH�0&(�LQ�PDQJDQ�
LWHV� E\� PHDQV� RI� 0RQWH� &DUOR� PHWKRG� DUH
SUDFWLFDOO\�DEVHQW�

,Q� RXU� ZRUN� XVLQJ� WKH� FRPSXWHG� YDOXHV
RI� WKH� PDJQHWLF� H[FKDQJH� LQWHUDFWLRQV� E\
WKH� ILUVW�SULQFLSOHV� FDOFXODWLRQV� DQG� XVLQJ
WKH� +HLVHQEHUJ�V� +DPLOWRQLDQ� ZH� SUHVHQW
0RQWH�&DUOR�FDOFXODWLRQV�RI�WKH�WHPSHUDWXUH
GHSHQGHQFH� RI� PDJQHWL]DWLRQ�� HQWURS\
FKDQJHV�� DQG� WKH� &XULH� WHPSHUDWXUH� RI
/D���%D���0Q2��

���0RGHO�DQG�VLPXODWLRQ
,Q�WKLV�SDSHU�WKH�YDOXHV�RI�WKH�PDJQHWLF

H[FKDQJH�LQWHUDFWLRQV�ZHUH�FDOFXODWHG�XVLQJ
WKH� 635�..5� �6SLQ� 3RODUL]HG� 5HODWLYLVWLF
.RUULQJD�.RKQ�5RVWRNHU�FRGH��SDFNDJH�>��@�
.RUULQJD�.RKQ�5RVWRNHU� FRGH� LV� EDVHG� RQ
WKH� *UHHQ�V� IXQFWLRQV� DV� RSSRVHG� WR� %ORFK
ZDYH� IXQFWLRQV� DQG� HLJHQYDOXHV�� 7KH� +HLV�
HQEHUJ�H[FKDQJH�SDUDPHWHUV�ZHUH�FDOFXODWHG
XVLQJ�WKH�WKHRU\�RI�/LFKWHQVWHLQ�HW�DO��>��@�
ZKHUH� WKH� H[FKDQJH� LQWHUDFWLRQV� EHWZHHQ� D
SDLU� RI� VSLQV� LV� FDOFXODWHG�XVLQJ� D� FODVVLFDO
+HLVHQEHUJ� +DPLOWRQLDQ�� 7KH� FKHPLFDO� GLV�
RUGHU� KDV� EHHQ� WUHDWHG� E\� WKH� VLQJOH� VLWH
FRKHUHQW� SRWHQWLDO� DSSUR[LPDWLRQ� �&3$��
7KH� PD[LPXP� QXPEHU� RI� &3$� LWHUDWLRQV
DQG� WKH� &3$� WROHUDQFH� ZHUH� VHW� WR� ��� DQG
����� P5\�� UHVSHFWLYHO\�� 7KH� ILUVW� VWHS� LQ
WKHVH�FDOFXODWLRQV�ZDV� WR�FDOFXODWH�WKH�VHOI�
FRQVLVWHQW� SRWHQWLDO� �6&)��� 7KH� PD[LPXP
QXPEHU�RI�6&)�LWHUDWLRQV�ZDV�WDNHQ�WR�����
$IWHU� WKH� VHOI�FRQVLVWHQW� SRWHQWLDO� ZDV� FDO�
FXODWHG� LW�ZDV�XVHG�WR�VLPXODWH�WKH�+HLVHQ�
EHUJ�V�PDJQHWLF� H[FKDQJH� FRXSOLQJ�SDUDPH�
WHUV�XVLQJ�6SLQ�3RODUL]HG�6FDODU�5HODWLYLVWLF
�63�65(/���,QWHUDFWLRQV�ZHUH�WDNHQ�LQWR�DF�
FRXQW� LQ� WKH� ILUVW� DQG� VHFRQG� FRRUGLQDWLRQ
VSKHUH�� ,W� LV� NQRZQ� WKDW� LQ� PDQJDQLWHV� DW
ORZ� WHPSHUDWXUHV� LV� D� VHULHV� RI� VWUXFWXUDO
DQG� PDJQHWLF� SKDVH� WUDQVLWLRQV�� )RU� H[DP�
SOH�� VXFK� WUDQVLWLRQV� RFFXU� LQ
/D���%D���0Q2��>��@��,W�LV�VKRZQ�WKDW��LQ�WKHPDQJDQLWHV�WZR�VWUXFWXUDO�SKDVHV�FDQ�EH�RE�
VHUYHG�� ORZ�WHPSHUDWXUH� ,PPD� DQG� KLJK�
WHPSHUDWXUH� 5�F�� ,Q� RXU� ZRUN�� ZH� FDOFX�
ODWHG� WKH� H[FKDQJH� FRQVWDQWV� IRU� WKH� 5�F
SKDVHV�RI�/D���%D���0Q2��PDQJDQLWH�

0DQJDQLWH�/D���%D���0Q2�� FU\VWDOOL]HV� LQD� SHURYVNLWH� VWUXFWXUH� LQ� ZKLFK� WULYDOHQW
0Q��� DQG� WHWUDYDOHQW�0Q��� LRQV� DUH�GLVWULE�
XWHG� LQ� WR�5�F� ODWWLFH�� KDYLQJ� FRRUGLQDWLRQ
QXPEHU� RI� VL[� LQ� WKH� ILUVW� FRRUGLQDWLRQ
VSKHUH�DQG�KDYLQJ�DOVR�FRRUGLQDWLRQ�QXPEHU
RI� VL[� LQ� WKH� VHFRQG� FRRUGLQDWLRQ� VSKHUH�
7DEOH�SUHVHQWV�WKH�UHVXOWV�RI�DE�LQLWLR�FDOFX�
ODWLRQV� RI� WKH� PDJQHWLF� H[FKDQJH� LQWHUDF�
WLRQV�-LM�)LJ����VKRZV�WKH�GHSHQGHQFH�RI�PDJQHWLF
H[FKDQJH� LQWHUDFWLRQV� RQ� WKH� LQWHUDWRPLF
GLVWDQFH��

���0RQWH�&DUOR�VWXG\
,Q� RXU� VLPXODWLRQ� PRGHO� PDJQHWLF�0Q��

DQG�0Q���LRQV�DUH�GHVFULEHG�E\�FODVVLFDO�+H�
LVHQEHUJ� VSLQV�� ZKLOH� R[\JHQ�� ODQWKDQXP
DQG�FDOFLXP�LRQV�DUH�FRQVLGHUHG�DV�QRQ�PDJ�
QHWLF�� 7KH� 0RQWH� &DUOR� VLPXODWLRQV� KDYH
EHHQ� FDUULHG� RXW� HPSOR\LQJ� WKH� VWDQGDUG
0HWURSROLV� DOJRULWKP�� 7KH� QXPEHU� RI� VLWHV
XVHG� LQ� WKH� VLPXODWLRQV� ZDV� 1� ������ 7KH
QXPEHU� RI� 0RQWH� &DUOR� VWHSV� LV� �������:H
VWDUWHG�WKH�VLPXODWLRQV�LQ�WKH�IHUURPDJQHWLF

)LJ����� $E� LQLWLR� PDJQHWLF� H[FKDQJH� LQWHUDF�
WLRQV� DV� D� IXQFWLRQ� RI� WKH� GLVWDQFH� G�D� EH�
WZHHQ�SDLUV�RI�DWRPV� L�DQG� M� �LQ�XQLWV�RI�WKH
ODWWLFH�FRQVWDQW�D��

7DEOH�� 7KH� FDOFXODWHG� YDOXHV� RI� WKH� LQWH�
JUDOV� RI� WKH� H[FKDQJH� LQWHUDFWLRQ� IRU
/D���%D���0Q2�

6HFRQG�FRRUGLQDWLRQ
VSKHUH

)LUVW�FRRUGLQDWLRQ
VSKHUH
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SKDVH��7KH�HQHUJ\�+�RI�WKH�V\VWHP�DQG�WKH
RUGHU� SDUDPHWHUV�P� ZHUH� DYHUDJHG� IRU� ���
0RQWH�&DUOR� VWHSV�� ,Q�RUGHU� WR� REWDLQ� HTXL�
OLEULXP� YDOXHV� RI� +� DQG� P� WKH� ILUVW� ���
0RQWH�&DUOR�VWHSV�ZHUH�GLVFDUGHG��

$W� FDOFXODWLRQ� ZH� XVHG� WKH� LQWHUDFWLRQV
ZLWKLQ�ILUVW�DQG�VHFRQG�FRRUGLQDWLRQ�VSKHUH�
7KH�+DPLOWRQLDQ�XVHG�LQ�WKLV�ZRUN�LV�
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ZKHUH� -LM� DUH� WKH� H[FKDQJH� LQWHUDFWLRQ� SD�UDPHWHUV��6L� �^6[��6\��6]`�DUH�VSLQV�RI�PDQ�JDQHVH� LRQV��DQG�+� LV� WKH�DSSOLHG�PDJQHWLF
ILHOG�� 6L� WDNHV� WKH� YDOXHV� �� IRU�0Q��� �HJc�DQG�0Q��� �HJ�� RU� ���� IRU�0Q��� �G��� DFFRUG�
LQJ� WR� WKH� HOHFWURQLF� FRQILJXUDWLRQ� RI� LRQV
>��@��P%� LV� WKH�%RKU�PDJQHWRQ�DQG�J� LV� WKH/DQGH�IDFWRU��

7KH� UHODWLYH� PDJQHWL]DWLRQ� ZDV� FDOFX�
ODWHG�E\�WKH�IROORZLQJ�IRUPXOD�

P� ��CCCCCCCCCCCCC6[����6\����6]� ���
7KHUPRG\QDPLF� SURSHUWLHV� VXFK� DV� KHDW

FDSDFLW\� �&��� ODWWLFH� VSHFLILF� KHDW� �&ODW��PDJQHWLF� VSHFLILF� KHDW� �&PDJ��� HQWURS\� �6��LVRWKHUPDO� HQWURS\� FKDQJH� �'6��ZHUH� FDOFX�
ODWHG� XVLQJ� WKH� IROORZLQJ� VWDQGDUG� H[SUHV�
VLRQV�>��@���
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ZKHUH�1L�LV�WKH�QXPEHU�RI�LRQV�SHU�IRUPXOD
XQLW� DQG�4'� LV� WKH� 'HE\H� WHPSHUDWXUH��6+DQG�6��GHQRWH� WKH�HQWURS\� LQ�SUHVHQFH�RI�DPDJQHWLF� ILHOG�+� DQG� LQ� ]HUR� ILHOG�� UHVSHF�
WLYHO\�� 5� LV� WKH� JDV� FRQVWDQW�� N%� LV� WKH%ROW]PDQQ�FRQVWDQW�

���5HVXOWV�DQG�GLVFXVVLRQ
,Q�RXU�SUHYLRXV�ZRUN�>��@�ZH�H[SHULPHQ�

WDOO\� LQYHVWLJDWHG� WKH� SURSHUWLHV� RI
/D���%D���0Q2��� /DQWKDQXP� PDQJDQLWHV
ZHUH� SUHSDUHG� E\� VROLG�VWDWH� UHDFWLRQ� WHFK�

QLTXH�� 7HPSHUDWXUHV� RI� SKDVH� WUDQVLWLRQ
ZHUH� H[SHULPHQWDOO\� IRXQG�� 0DJQHWLF� DQG
PDJQHWRFDORULF� SURSHUWLHV� LQ� VDPSOHV� ZHUH
LQYHVWLJDWHG�� ,W� ZDV� VKRZQ�� WKDW� WKH� &XULH
WHPSHUDWXUH�LV�����.�IRU�/D���%D���0Q2���,WZDV� DOVR� UHYHDOHG�� WKDW� WKH� ODUJH� DGLDEDWLF
FKDQJH� RI� WHPSHUDWXUH� �'7DG�� DW� PDJQHWLFILHOG� FKDQJH� WDNHV� SODFH� QHDU� WKH� WHPSHUD�
WXUH� RI� PDJQHWLF� SKDVH� WUDQVLWLRQ�� )URP
WKHVH� UHVXOWV� /D���%D���0Q2�� PDWHULDO� ZDVVWURQJO\� VXJJHVWHG� WR� EH�XVHG� IRU�PDJQHWLF
UHIULJHUDWLRQ� HTXLSPHQW� ZRUNLQJ� QHDU� DQG
DERYH�URRP�WHPSHUDWXUH�

)LJ���� VKRZV� WKH� UHVXOWV� RI� WKHRUHWLFDO
PRGHOLQJ�RI� WKH� WHPSHUDWXUH�GHSHQGHQFH� RI
PDJQHWL]DWLRQ�IRU�/D���%D���0Q2���,W�LV�VHHQ�IURP�)LJ����WKDW�WKH�&XULH�WHP�
SHUDWXUH�IRU�/D���%D���0Q2��REWDLQHG�GXULQJRXU�WKHRUHWLFDO�VLPXODWLRQV�DJUHHV�ZHOO�ZLWK
H[SHULPHQWDO� GDWD�� 2XU� FDOFXODWLRQV� DOVR
VKRZQ� WKDW� WKH� PDJQHWL]DWLRQ� FDOFXODWHG
ZLWK�DFFRXQW�RI�WKH�H[FKDQJH�LQWHUDFWLRQV�LQ
WZR�FRRUGLQDWLRQ�VSKHUHV�ZDV�PRUH�FORVH� WR
WKH�H[SHULPHQWDO�RQH�

,Q�)LJ����ZH�SUHVHQW�WKH�FDOFXODWHG�PDJ�
QHWLF� HQWURS\� FKDQJH� IRU� /D���%D���0Q2�FRPSRXQG� XSRQ� PDJQHWLF� ILHOG� YDULDWLRQ
IURP���WR���7��,W�FDQ�EH�VHHQ�WKDW�WKH�PD[L�
PDO�0&(�LV�REVHUYHG�DW�WKH�&XULH�SRLQW�

)LJ���� VKRZV� WKH� UHVXOWV� RI� WKHRUHWLFDO
PRGHOLQJ� RI� DGLDEDWLF� WHPSHUDWXUH� FKDQJH
DW�FKDQJLQJ�RI�PDJQHWLF�ILHOG�IURP���WR���7
IRU�/D���%D���0Q2���$V�VHHQ�IURP�)LJ����WKHPDJQHWRFDORULF� HIIHFW� REWDLQHG� GXULQJ� WKH

)LJ����� 7HPSHUDWXUH� GHSHQGHQFH� RI� PDJQHWL�
]DWLRQ� IRU� /D���%D���0Q2��� +HUH� WKH� HPSW\VTXDUHV�DQG�FLUFOHV�DUH�WKH�UHVXOWV�RI�WKHRUHWL�
FDO�PRGHOLQJ�ZLWK�DFFRXQW�RI�WKH�H[FKDQJH� LQ�
WHUDFWLRQV� LQ�WKH�ILUVW�DQG�VHFRQG�FRRUGLQDWLRQ
VSKHUHV� DQG� LQ� WKH� ILUVW� FRRUGLQDWLRQ� VSKHUH
RQO\�� UHVSHFWLYHO\�� )LOOHG� V\PEROV� SUHVHQW� WKH
H[SHULPHQWDO�PHDVXUHPHQWV�>��@�

2�3DYOXNKLQD�HW�DO����0RGHOLQJ�RI�PDJQHWLF�DQG����
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WKHRUHWLFDO�VLPXODWLRQV�DJUHHV�ZHOO�ZLWK�WKH
H[SHULPHQWDO�GDWD��

���&RQFOXVLRQV
,Q�WKLV�SDSHU�WKH�YDOXHV�RI�WKH�PDJQHWLF

H[FKDQJH�LQWHUDFWLRQV�ZHUH�FDOFXODWHG�XVLQJ
635�..5� SDFNDJH� ZLWK� DFFRXQW� RI� WKH� H[�
FKDQJH� LQWHUDFWLRQV� LQ� WKH� ILUVW� WZR�FRRUGL�
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