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,QVWLWXWH�RI�3K\VLFV��3ROLVK�$FDGHP\�RI�6FLHQFHV��DO��/RWQLNyZ���������������:DUV]DZD��3RODQG

0DJQHWRVWULFWLRQ�LV�RQH�RI�WKH�PRVW�LPSRUWDQW�SURSHUWLHV�RI�PDJQHWLF�PDWHULDOV�FRQVLGHULQJ�ERWK�EDVLF
UHVHDUFK�DQG�WHFKQLFDO�DSSOLFDWLRQV��,Q�WKLV�SDSHU��D�UHYLHZ�RI�WKH�H[SHULPHQWDO�UHVXOWV��ERWK�RI�WKH�FU\V�
WDOOLQH�IUDFWLRQ�DQG�WHPSHUDWXUH��DQG�WKHRUHWLFDO�PRGHOV��WZR�FRPSRQHQW�DQG�WKUHH�FRPSRQHQW�5HXVV�W\SH
DSSUR[LPDWLRQV�DV�ZHOO�DV�WKH�HIIHFWLYH�PHGLXP�PRGHO��RI� WKH�PDJQHWRVWULFWLRQ� LQ�VRIW�PDJQHWLF�QDQRF�
U\VWDOOLQH�DOOR\V�LV�SUHVHQWHG�

.H\�ZRUGV��QDQRFU\VWDOOLQH�PDWHULDOV��PDJQHWRVWULFWLRQ��LQWHUIDFHV��VRIW�PDJQHWV

���,QWURGXFWLRQ
1DQRFU\VWDOOLQH� DOOR\V�� SURGXFHG� E\� WKH� FRQWUROOHG� GHYLWULILFDWLRQ� RI� WKH� DPRU�

SKRXV�ULEERQV��DUH�FRPSRVHG�RI� WZR�PDLQ�PDJQHWLF�SKDVHV�±�QDQR�VL]HG�FU\VWDOOLWHV
HPEHGGHG�LQ�D� UHVLGXDO�DPRUSKRXV�PDWUL[��7KH\�H[KLELW�H[FHSWLRQDOO\�VRIW�PDJQHWLF
SURSHUWLHV��ZKLFK� DULVH� IURP�D� VXEVWDQWLDOO\� UHGXFHG�PDJQHWLF� DQLVRWURS\� DV�ZHOO� DV
D�YHU\� VPDOO� HIIHFWLYH� VDWXUDWLRQ� PDJQHWRVWULFWLRQ� >�±�@�� 7KH� LQWHUSUHWDWLRQ� RI� WKH
PDJQHWRVWULFWLYH�HIIHFWV� LQ� VXFK�KHWHURJHQHRXV�PDJQHWLF� V\VWHPV� LV�D�GLIILFXOW� SURE�
OHP�� WKH�SURSHUWLHV�RI� UHVSHFWLYH�SKDVHV�� FRPSOH[� VWDWHV� RI� WKH� LQWHUQDO� VWUHVVHV� DQG
VWUDLQV�DV�ZHOO�DV�PDJQHWRHODVWLF�LQWHUDFWLRQV�DQG�KLJK�GHQVLW\�RI�WRSRORJLFDO�GHIHFWV
DULVLQJ�DW�WKH�LQWHUIDFHV�VKRXOG�EH�FRQVLGHUHG�

,Q� WKH�SDSHU��H[SHULPHQWDO� UHVXOWV�RI� WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ� LQ� WKH�QDQRF�
U\VWDOOLQH�DOOR\V�DV�ZHOO�DV�WKH�UHYLHZ�RI�WKH�H[LVWLQJ�SKHQRPHQRORJLFDO�PRGHOV��ZKLFK
DUH�XVXDOO\�XVHG�WR�LQWHUSUHW�WKH�H[SHULPHQWDO�GHSHQGHQFLHV��DUH�SUHVHQWHG�

���3KHQRPHQRORJLFDO�PRGHOV�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ
7KH� VLPSOHVW� PRGHO� RI� WKH� HIIHFWLYH� PDJQHWRVWULFWLRQ� RI� DOOR\V� DW� WKH� GLIIHUHQW

VWDJHV�RI�FU\VWDOOL]DWLRQ�KDV�EHHQ�SURSRVHG�E\�+HU]HU�>����@��,W�LV�EDVHG�RQ�WKH�5HXVV�
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W\SH�DSSUR[LPDWLRQ��ZKLFK�DVVXPHV�WKDW�WKH�VWUHVV�LV�WKH�VDPH�LQ�WKH�ZKROH�PDWHULDO�
ERWK� LQ� WKH�SDUWLFOHV�DQG� LQ� WKH�PDWUL[�� ,Q� WKLV�PRGHO�� WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ
��� �
�l �LV�LQWHUSUHWHG�DV�D�YROXPHWULFDOO\�ZHLJKWHG�EDODQFH�EHWZHHQ�WKH�SRVLWLYH�FRQWUL�

EXWLRQ�IURP�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[�DQG�WKH�QHJDWLYH�RQH�IURP�WKH�FU\VWDOOLWHV
DFFRUGLQJ�WR
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ZKHUH�S�LV�WKH�YROXPH�IUDFWLRQ�RI�WKH�FU\VWDOOLQH�SKDVH�DQG� ���
�l �DQG� �� 

!l �DUH�WKH�VDWX�
UDWLRQ� PDJQHWRVWULFWLRQV� RI� WKH� DPRUSKRXV� DQG� FU\VWDOOLQH� SKDVHV�� UHVSHFWLYHO\�
+RZHYHU�� WKH�FKDQJHV�LQ�FRPSRVLWLRQ�RI�WKH�UHVLGXDO�DPRUSKRXV�SKDVH��ZKLFK�RFFXU
ZLWK�WKH�HYROXWLRQ�RI�WKH�FU\VWDOOLQH�IUDFWLRQ��OHDGLQJ�WR�LWV�HQULFKPHQW�ZLWK�%�DQG�1E
RU� =U��� LQGLFDWH� WKDW� ���

�l LV� QRW� D� FRQVWDQW� YDOXH�� EXW� LW� LV� LQ� IDFW� D� IXQFWLRQ� RI� S�
0RUHRYHU�� LQ� WKH�)LQHPHW�W\SH� DOOR\V�� WKH� FRPSRVLWLRQ�RI�)H±6L� FU\VWDOOLWHV�� FUHDWHG
XQGHU�YDULRXV�DQQHDOLQJ�FRQGLWLRQV��FDQ�EH�GLIIHUHQW�DQG��WKHUHIRUH�GLIIHUHQW� �� 

!l �YDO�
XHV�� FRUUHVSRQGLQJ� WR� WKH� DSSURSULDWH� 6L� FRQFHQWUDWLRQ�� VKRXOG� EH� FRQVLGHUHG�� 7KH
���
�l � S��YDOXHV�FDQ�EH�IRXQG�HLWKHU�IURP�WKH�PHDVXUHPHQWV�RI�WKH�DPRUSKRXV�PDWHULDOV

ZLWK�WKH�FRPSRVLWLRQ�VLPLODU�WR�WKDW�HVWLPDWHG�IRU�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[�>�@
RU�IURP�SKHQRPHQRORJLFDO�PRGHOV�>����@��,Q�WKH�ODWWHU�FDVH��(T������FDQ�EH�SUHVHQWHG�LQ
WKH�IRUP�>�@
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ZKHUH� ���
��*l �LV�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�RI�WKH�DPRUSKRXV�SUHFXUVRU�DQG�N�LV�WKH

SDUDPHWHU� WKDW�H[SUHVVHV� FKDQJHV�RI� WKH�PDJQHWRVWULFWLRQ� LQ� WKH� UHVLGXDO� DPRUSKRXV
SKDVH�ZLWK�WKH�HYROXWLRQ�RI�WKH�FU\VWDOOLQH�SKDVH�

,W� VKRXOG�EH�QRWHG� WKDW� WKLV� VLPSOH� WZR�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ� LJ�
QRUHV� WKH� HIIHFWV� FRQQHFWHG�ZLWK� WKH� UHGXFWLRQ�RI� VL]H�RI� VXFK� V\VWHPV� WR� WKH� QDQR�
VFDOH�DQG�UHOHYDQW�WR�WKH�PDWWHU�LQ�KDQG��DQ�LQFUHDVLQJ�UROH�RI�WKH�LQWHUIDFHV��$V�ZDV
VKRZQ�E\�PHDQV�RI�WKH�0|VVEDXHU�VSHFWURVFRS\�>����@��WKH�SURSHUWLHV�RI�DWRPV�DW�WKH
LQWHUIDFHV�GLIIHU� IURP� WKRVH� ORFDWHG� LQVLGH� WKH� FU\VWDOOLQH� DQG� DPRUSKRXV� SKDVHV�� ,Q
WKH�QDQRFU\VWDOOLQH�DOOR\V�� WKH� LQWHUIDFLDO�DWRPV��KDYLQJ�QHLWKHU� VKRUW�QRU� ORQJ� UDQJH
RUGHU��FUHDWH� LQ� IDFW�DQ�DGGLWLRQDO�SKDVH�ZKLFK� LV�FKDUDFWHUL]HG�E\�D�KLJK�GHQVLW\�RI
WRSRORJLFDO� GHIHFWV�� :KHQ� WKH� VL]H� RI� WKH� FU\VWDOOLWHV� GHFUHDVHV�� WKHLU� VXUIDFH�WR�
YROXPH�UDWLR�GUDPDWLFDOO\�LQFUHDVHV�DQG�WKHQ�WKH�DWRPV�VLWXDWHG�DW�WKH�LQWHUIDFHV�SOD\
LPSRUWDQW�DQG�VRPHWLPHV�HYHQ�GRPLQDQW�UROH�LQ�WKH�RYHUDOO�EHKDYLRXU�RI�WKH�PDWHULDO�

7KH�H[LVWHQFH�RI�WKH�LQWHUIDFLDO�SKDVH�LQ�WKH�QDQRFU\VWDOOLQH�DOOR\V��ZKHUH�WKH�PDJQH�
WRHODVWLF� FRXSOLQJ�GLIIHUV� IURP� WKRVH� LQ� WKH�EXON�RI� WKH� WZR�PDLQ� FRQVWLWXHQW� SKDVHV�� DV
FRQILUPHG�E\� WKHRUHWLFDO�PRGHOOLQJ� >�@�� OHG� WR� WKH�PRGLILFDWLRQ� RI� WKH� VLPSOH�PRGHO� E\
LQWURGXFLQJ�LQWR�(T������WKH�WHUP�WKDW�GHVFULEHV�WKH�LQWHUIDFLDO�FRQWULEXWLRQ�DQG�GHSHQGV�RQ
WKH�VXUIDFH�WR�YROXPH�UDWLR�6�9�IRU�LQGLYLGXDO�FU\VWDOOLWHV�>��±��@
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ZKHUH� �
�l LV�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�RI�WKH�LQWHUIDFLDO�OD\HU�

)RU�VSKHULFDO�JUDLQV��ZLWK�WKH�DYHUDJH�UDGLXV�5��(T������WUDQVIRUPV�WR�WKH�IRUP
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,Q�WKLV�DSSUR[LPDWLRQ��MXVW�DV�LQ�WKH�VLPSOHVW�PRGHO��WKH�VWUHVVHV�DUH�DVVXPHG�WR�EH
WKH�VDPH�LQ�DOO�SKDVHV��ZKLFK�LV�QRW�H[DFWO\�IXOILOOHG�LQ�WKH�QDQRVWUXFWXUHV�FRQVLGHUHG�
0RUHRYHU��WKH�LQWHUIDFLDO�PDJQHWRVWULFWLRQ�FRQVWDQW� �

�l XVHG�LQ�WKLV�PRGHO�ZDV�LQWUR�
GXFHG� E\� DQDORJ\� WR� WKH� VXUIDFH� PDJQHWRVWULFWLRQ� FRQVLGHUHG� IRU� WKLQ� ILOPV� DQG
VXSHUODWWLFHV� DQG� LW� KDV� WKH� XQLWV� RI� OHQJWK� >��@�� 7KH� TXHVWLRQ� UHPDLQV� ZKHWKHU� WKH
WKLFNQHVV�RI�WKH�LQWHUIDFLDO�OD\HU��ZKLFK�LV�D�SDUDPHWHU�ZHOO�HVWLPDWHG�H�J��E\�PHDQV�RI
WKH�0|VVEDXHU�VSHFWURVFRS\��VKRXOG�DOVR�EH�FRQVLGHUHG�LQ�WKLV�PRGHO�

7KH�PRVW�JHQHUDO�DSSURDFK�WR�WKH�DQDO\VLV�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�LQ�WKH
QDQRFU\VWDOOLQH� DOOR\V� KDV� UHFHQWO\� EHHQ� SURSRVHG� E\� &H�:HQ�1DQ� HW� DO�� >��@� ZKR
DVVXPHG� WKDW� DGGLWLRQDO� PDJQHWRHODVWLF� VWUHVVHV� DUH� ORFDOLVHG� DW� WKH� VXUIDFH� RI� WKH
FU\VWDOOLWHV��GXH�WR�WKHLU�OLPLWHG�UDGLXV��,Q�WKLV�PRGHO��WKH�LQWHUIDFH�UHJLRQV�VXUURXQG�
LQJ� WKH� FU\VWDOOLWHV� DUH� FRQVLGHUHG� DV� FOXVWHUV� RI� DWRPV� KDYLQJ� YDULRXV� LQWHUDWRPLF
GLVWDQFHV�� 7KH� LQWHUIDFLDO� HIIHFWV� DUH� GHVFULEHG� XVLQJ� DQ� HIIHFWLYH�PHGLXP� W\SH
PHWKRG�EDVHG�RQ�WKH�*UHHQ�IXQFWLRQ�WHFKQLTXH�>��@��,W�KDV�EHHQ�VKRZQ�WKDW��DVVXPLQJ
WKH� HTXDO� VKHDU�PRGXOL� LQ� WKH�ZKROH�PDWHULDO�� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� RI� WKH
QDQRFU\VWDOOLQH�PDJQHWLF�V\VWHP�FDQ�EH�GHVFULEHG�DV
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ZKHUH� �LV�WKH�WKLFNQHVV�RI�WKH�LQWHUIDFLDO�OD\HU�DQG� �

�l �LV�LWV�VDWXUDWLRQ�PDJQHWRVWULF�
WLRQ� ZLWK� �

�
�
� dll = �� ,I� WKH� WKLFNQHVV� RI� WKH� LQWHUIDFLDO� OD\HU� LV� QHJOLJLEO\� VPDOO� LQ

FRPSDULVRQ�ZLWK�WKH�SDUWLFOH�UDGLXV��L�H�� �5������ WKLV�HTXDWLRQ�UHGXFHV�WR�WKH�WKUHH�
FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ�JLYHQ�E\�(T������

���([SHULPHQWDO�UHVXOWV

�����'HSHQGHQFH�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�RQ�WKH�FU\VWDOOLQH�IUDFWLRQ

7KH�PRVW�ZLGHO\� VWXGLHG� QDQRFU\VWDOOLQH�PDWHULDOV� DUH� WKH� )LQHPHW�W\SH� �)H±1E
±&X±6L±%�� DQG�1DQRSHUP�W\SH� �)H±=U±%±&X�� DOOR\V��7KH� W\SLFDO� URRP�WHPSHUDWXUH
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H[SHULPHQWDO�GDWD� IRU� WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ� LQ� WKHVH�DOOR\V� VKRZ� WKDW� LQ� WKH
DV�TXHQFKHG�VWDWH�DQG�DIWHU�DQQHDOLQJ�DW�VXIILFLHQWO\�ORZ�WHPSHUDWXUH��DIWHU�VWUXFWXUDO
UHOD[DWLRQ��WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�LV�SRVLWLYH�DQG�LW�LV�DURXQG����±������� � �LQ
)LQHPHW�W\SH�DOOR\V�>�±�@�DQG���±������ � �LQ�1DQRSHUP�W\SH�RQHV�>������@��$IWHU�DQ�
QHDOLQJ� DW� KLJKHU� WHPSHUDWXUH�� ZLWK� WKH� HYROXWLRQ� RI� WKH� FU\VWDOOLQH� IUDFWLRQ� S�� WKH
PDJQHWRVWULFWLRQ�UDSLGO\�GHFUHDVHV�DQG�LQ�WKH�IXOO\�QDQR�FU\VWDOOL]HG�VWDWH�LW�LV�FORVH�WR
]HUR��,W�KDV�EHHQ�VKRZQ�WKDW�HYHQ�WKH�VLPSOHVW�WZR�FRPSRQHQW�DSSUR[LPDWLRQ��GHVFULEHG
E\�(T�������JLYHV�D�TXDOLWDWLYH�H[SODQDWLRQ�RI�WKH� ����� � S�l GHSHQGHQFLHV�DQG�D�QXPEHU�RI
URRP�WHPSHUDWXUH�H[SHULPHQWV�VKRZ�WKDW� ��� �

�l LV�URXJKO\�D�OLQHDU�IXQFWLRQ�RI�S�>�����@��,Q
WXUQ��PRUH�DFFXUDWH�DSSUR[LPDWLRQ��JLYHQ�E\�(T�������XVHG�E\�7ZDURZVNL�HW�DO���UHYHDOHG
D�TXDGUDWLF� ����� � S�l �GHSHQGHQFH�LQ�)H �
	�� 
 &X � 1E 	 6L ��
�� 
 % � �QRQRFU\VWDOOLQH�DOOR\V�>�@��+RZ�
HYHU��IRU�)H � � � 
���� &X � 5� 6L ��
�� 
 % � ��5� �9��0R��:��7D��1E��DOOR\V�DQG�IRU�)H±=U±%±�&X�
PDWHULDOV�0�OOHU�HW�DO�� >����@�DQG� ODZVND�:DQLHZVND�HW�DO�� >��@�� UHVSHFWLYHO\��KDYH
VKRZQ� WKDW� WKH� SDUDEROLF� GHSHQGHQFH� IRU� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� GRHV� QRW� ILW
WKH�H[SHULPHQWDO�UHVXOWV�RI� ����� � S�l ��VHH�DOVR�WKH�GRWWHG�FXUYH�LQ�)LJ����E����LQGLFDWLQJ
WKDW�LQ�PDQ\�FDVHV�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�RI�QDQRFU\VWDOOLQH�PDWHULDOV�FDQQRW
EH�GHVFULEHG�DV�D�EDODQFH�EHWZHHQ�WKH�FU\VWDOOLQH�DQG�DPRUSKRXV�FRQWULEXWLRQV�

)LJ�����(IIHFWLYH�PDJQHWRVWULFWLRQ�LQ�)H ��� =U � % � &X � �QDQRFU\VWDOOLQH�DOOR\V�YV��FU\VWDOOLQH�IUDFWLRQ�
D��EURNHQ�OLQHV�FRUUHVSRQG�WR�FU\VWDOOLQH�F��DPRUSKRXV�D�DQG�LQWHUIDFLDO�L�FRQWULEXWLRQV�

VROLG�OLQH�FDOFXODWHG�IURP�(T�������E��FRPSDULVRQ�RI�WKH�H[SHULPHQWDO�GDWD�DQG�ILWWHG�FXUYHV
E\�XVLQJ�WZR�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ��(T��������WKUHH�FRPSRQHQW�5HXVV�W\SH

DSSUR[LPDWLRQ��(T�������DQG�WKH�HIIHFWLYH�PHGLXP�PRGHO��(T������>��@�

7KH�5HXVV�W\SH�DSSUR[LPDWLRQ��ZKLFK�FRQVLGHUV�WKH�LQWHUIDFLDO�HIIHFWV��(T������RU
������ KDV� EHHQ� DSSOLHG� WR� DQDO\VH� WKH� H[SHULPHQWDO� ����� � S�l GHSHQGHQFLHV� PHDVXUHG
ERWK� LQ�)LQHPHW�W\SH� >���� ��@� DQG�1DQRSHUP�W\SH� >����@� DOOR\V�� 7KH� H[HPSODU\� UH�
VXOWV��REWDLQHG�IRU�)H �

 =U � % � &X� �QDQRFU\VWDOOLQH�VDPSOHV��DUH�VKRZQ�LQ�)LJ����D���,Q�WKLV
ILJXUH��WKH�FRQWULEXWLRQV�WR�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�RULJLQDWLQJ�IURP�WKH�LQGLYLG�
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XDO�SKDVHV��FU\VWDOOLQH��DPRUSKRXV�DQG� LQWHUIDFLDO�DUH�VKRZQ�DV�EURNHQ� OLQHV��FXUYH�F��D
DQG� L�� UHVSHFWLYHO\��� ZKHUHDV� WKH� VROLG� OLQH� UHSUHVHQWV� WKH� ILWWHG� ����� � S�l FXUYH�� ,Q
)H ��
 =U � % � &X� �QDQRFU\VWDOOLQH�VDPSOHV��LQ�ZKLFK�WKH�VLPSOH� �)H�FU\VWDOOLWHV�DUH�IRUPHG�
WKH�ILWWLQJ�RI� WKH�H[SHULPHQWDO�GDWD� WR�(T�� ����KDYH�EHHQ�SHUIRUPHG�IRU� ���

�l  �±����� �
�L�H���WKH�YDOXH�XVXDOO\�DVVXPHG�IRU�WKH�SRO\FU\VWDOOLQH�LURQ���7KH�SDUDPHWHUV�RI�WKLV�ILW
DUH�DV�IROORZV�� 96� �l � ��������� � ��N� ��������� � ��7KH�SRVLWLYH�YDOXH�RI�WKH�N�SDUDPHWHU
LQGLFDWHV�WKDW�WKH�PDJQHWRVWULFWLRQ�RI�WKH�DPRUSKRXV�SKDVH�LQFUHDVHV�ZLWK�D�GHFUHDVH�RI
)H�FRQWHQW�� EHLQJ� LQ� DQ� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO� UHVXOWV� >��@�� )RU� VSKHULFDO
FU\VWDOOLWHV�ZLWK�WKHLU�UDGLXV�5�����QP��WKH�PDJQHWRVWULFWLRQ�FRQVWDQW�WKDW�GHVFULEHV�WKH
LQWHUIDFH�ZDV�HVWLPDWHG�WR�EH� �

�l ���������� � �QP�
,QWHUSUHWDWLRQ�RI� WKH� ����� � S�l GHSHQGHQFLHV�REWDLQHG� IRU�)LQHPHW�W\SH�DOOR\V�XVLQJ

WKH�PRGHO� JLYHQ� E\� (T�� ���� VKRZV� WKDW� WKH� YDOXH� RI� WKH� PDJQHWRVWULFWLRQ� FRQVWDQW�
ZKLFK�FKDUDFWHUL]HV�WKH�FU\VWDO�DPRUSKRXV�LQWHUIDFH��LV�LQ�WKH�UDQJH�RI�������� � ��� �

�l
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7KH�PRGHO�ZLWK� WKH�HIIHFWLYH�PHGLXP�GHVFULSWLRQ�RI� LQWHUIDFLDO�HIIHFWV��JLYHQ�E\
(T�� ����� KDV� EHHQ� DSSOLHG� WR� WKH� DQDO\VLV� RI� ����� � S�l GHSHQGHQFH� LQ� WKH�)H � 
 =U � % � &X �
QDQRFU\VWDOOLQH�DOOR\V�DQG�WKH�UHVXOWV�REWDLQHG�DUH�VKRZQ�LQ�)LJ���E�±�VROLG�OLQH�>��@�
,Q�WKLV�ILJXUH��WKH�FRPSDULVRQ�RI�WKH�H[SHULPHQWDO�GDWD�DQG� ����� � S�l FXUYHV��FDOFXODWHG
XVLQJ�WKH�WKUHH�PRGHOV�GHVFULEHG�DERYH��(T�������(T������DQG�(T�������LV�SUHVHQWHG��,W�LV
VHHQ� WKDW� WKH� VLPSOH� EDODQFH� RI� WKH� FU\VWDOOLWHV� DQG� DPRUSKRXV�PDWUL[� FRQWULEXWLRQV
�(T�������GRHV�QRW�DSSURSULDWHO\�GHVFULEH�WKH�H[SHULPHQWDO�GDWD��7KH�DSSUR[LPDWLRQ�LV
GHILQLWHO\� LPSURYHG�ZKHQ� WKH� LQWHUIDFLDO� HIIHFWV� DUH� WDNHQ� LQWR� DFFRXQW�� 7KH�5HXVV�
W\SH�DSSUR[LPDWLRQ��(T�������JLYHV�D�ORZHU�HVWLPDWH�IRU�WKH�LQWHUIDFH�PDJQHWRVWULFWLRQ�
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�

�

� = ���������� � ��ZKHUH� � �����QP��DV�ZDV�VKRZQ�LQ�>�����@��WKDQ�WKH�HIIHFWLYH�
PHGLXP� DSSURDFK� �(T�� �����ZKLFK� JLYHV �

�l �� ����� � � >��@�� 7KLV� GLIIHUHQFH� LV�PDLQO\
FDXVHG�E\�WKH�XQGHUHVWLPDWLRQ�RI�WKH�YROXPH�IUDFWLRQ�RI�WKH�LQWHUIDFH�OD\HU�E\�WDNLQJ
�5�� �� LQ� WKH� IRUPHU�PRGHO�� ZKLFK� LV� WRR� URXJK� DVVXPSWLRQ� IRU� WKH� QDQRVWUXFWXUH
VWXGLHG��ZKHUH� �5� � ������ 7KRXJK� ERWK� RI� WKHVH�PRGHOV� FDQ�ZHOO� DSSUR[LPDWH� WKH
H[SHULPHQWDO�GDWD�� LW� VHHPV� WKDW�PRUH� UHOLDEOH�YDOXHV� IRU� WKH� LQWHUIDFH�PDJQHWRVWULF�
WLRQ�FRQVWDQW�FDQ�EH�REWDLQHG�IURP�WKH�HIIHFWLYH�PHGLXP�DSSURDFK�

�����7KHUPDO�HYROXWLRQ�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ

7KH�FKDUDFWHULVWLF� IHDWXUH�RI� WKH� WHPSHUDWXUH�GHSHQGHQFLHV�RI� WKH� HIIHFWLYH�PDJ�
QHWRVWULFWLRQ�LQ�)LQHPHW�W\SH�DOOR\V�LV�WKH�DSSHDUDQFH�RI�D�FRPSHQVDWLRQ�WHPSHUDWXUH�
GHILQHG� DV� WKH� WHPSHUDWXUH� DW�ZKLFK� WKH�PDJQHWRVWULFWLRQ� EHFRPHV� ]HUR� >��� ������@�
7KH� H[SHULPHQWDO� GDWD� REWDLQHG� IRU� VHOHFWHG� )H � 	 � 
 &X � 1E 	 6L ��
�� 
 % � � VDPSOHV� DUH SUH�
VHQWHG� LQ� )LJ�� ��D��� 7KH� PRVW� VXUSULVLQJ� UHVXOWV� UHJDUGLQJ� ����� � 7�l GHSHQGHQFH� DUH
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REWDLQHG�DW�WHPSHUDWXUHV�DERYH�WKH�&XULH�SRLQW�RI�WKH�DPRUSKRXV�PDWUL[�7 � �DP���,Q�
VWHDG�RI�QHJDWLYH�PDJQHWRVWULFWLRQ��H[SHFWHG�IURP�WKH�EDODQFH��(T�� �����EHWZHHQ� WKH
QHJDWLYH� FRQWULEXWLRQ� RI� )H�6L� JUDLQV� DQG� YDQLVKLQJ� FRQWULEXWLRQ� IURP� WKH� UHVLGXDO
DPRUSKRXV�PDWUL[��1LHOVHQ�HW�DO��>��@�UHYHDOHG�WKDW�DW�7�!�7 � �DP��WKH�H[SHULPHQWDOO\
REVHUYHG� ��� �

�l YDOXHV�ZHUH�HLWKHU�FORVH�WR�]HUR�RU�SRVLWLYH��7KLV�LQGLFDWHG�DJDLQ�WKDW�WKH
HIIHFWLYH�PDJQHWRVWULFWLRQ�RI�WKH�QDQRFU\VWDOOLQH�PDWHULDOV�LV�PRUH�FRPSOH[�WKDQ�WKDW
GHVFULEHG�E\�WKH�VLPSOH�WZR�FRPSRQHQW�5HXVV�W\SH�PRGHO�JLYHQ�E\�(T������

)LJ�����7HPSHUDWXUH�GHSHQGHQFLHV�RI�WKH�HIIHFWLYH�PDJQHWRVWULFWLRQ�LQ�)H ����� � &X � 1E � 6L � ��� � % �
QDQRFU\VWDOOLQH�DOOR\V��D��ZLWK�GLIIHUHQW�FU\VWDOOLWH�FRQWHQW��E��IRU�S� �������EURNHQ�OLQHV
FRUUHVSRQG�WR�FU\VWDOOLQH�F��DPRUSKRXV�D�DQG�LQWHUIDFLDO�L�FRQWULEXWLRQV�FDOFXODWHG

E\�XVLQJ�WKH�WKUHH�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ��(T������

7KH�PRVW�GHWDLOHG�VWXGLHV�RI� WKH� WKHUPDO�HYROXWLRQ�RI� WKH�HIIHFWLYH�PDJQHWRVWULF�
WLRQ�LQ�WKH�)LQHPHW�W\SH�DOOR\V�ZHUH�FRQGXFWHG�E\�*U|VVLQJHU�HW�DO��>������@�ZKR�KDYH
DOVR�PHDVXUHG�WKH�WHPSHUDWXUH�GHSHQGHQFLHV�RI�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�LQ�WKH
PLFUR�FU\VWDOOLQH�)H�6L� DOOR\V� DQG� XVHG� WKHVH� UHVXOWV� DV� UHIHUHQFH� GDWD� WR�PRGHO� WKH
EHKDYLRXU�RI�WKH�FU\VWDOOLQH�SKDVH�LQ�QDQRFU\VWDOOLQH�DOOR\V��7KH�LQWHUSUHWDWLRQ�RI�WKH
HIIHFWLYH�PDJQHWRVWULFWLRQ�ZDV�PDGH�ZLWKLQ�WKH�IUDPHZRUN�RI�WKH�PRGHO�GHVFULEHG�E\
(T�� ����� ZKHUHDV� WKH� WKHUPDO� GHSHQGHQFLHV� IRU� WKH� LQGLYLGXDO� FRPSRQHQWV�ZHUH� GH�
VFULEHG�E\�WKH�FULWLFDO�H[SRQHQW�PHWKRG��7KH�H[HPSODU\�H[SHULPHQWDO�GDWD��REWDLQHG
IRU�)H � 	 � 
 &X � 1E 	 6L � � � 
 % � �QDQRFU\VWDOOLQH�DOOR\��FRQWDLQLQJ�DERXW�����RI�)H ��� 6L �	� �FU\V�
WDOOLQH�SKDVH��DV�ZHOO�DV�WKRVH�IRU�WKH�PLFUR�FU\VWDOOLQH�)H ��� 6L �	� �DUH�VKRZQ�LQ�)LJ���D�
7KH�DSSDUHQW�PDJQHWRVWULFWLRQ�RI�WKH�UHVLGXDO�DPRUSKRXV�SKDVH� 
��

�l ��SUHVHQWHG�LQ�WKLV
ILJXUH��ZDV�FDOFXODWHG�IURP�(T�� ����XVLQJ�IRU� ���

�l � WKH�YDOXHV�REWDLQHG�IRU� WKH�PLFUR�
FU\VWDOOLQH�FRXQWHUSDUW��,Q�WKLV�VDPSOH��DV�ZHOO�DV�LQ�PDQ\�RWKHU�)LQHPHW�W\SH�DOOR\V�RI
)H 
 ��� � &X � 1E 	 6L� % � �FRPSRVLWLRQV�� \� ������������������������������DQG�Z� �������ZLWK
S�)H ��� 6L �	� ��§������*U|VVLQJHU�HW�DO��>������@�KDYH�IRXQG�UHPDUNDEOH�DQG�SRVLWLYH� 
��

�l
YDOXHV��)LJ���E��±�DW�WHPSHUDWXUHV�DERYH�WKH�XVXDOO\�GHWHUPLQHG�&XULH�WHPSHUDWXUH�RI
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WKH�DPRUSKRXV�SKDVH�� ���
�7 a����.���7KH�REVHUYHG� 
��

�l �7��EHKDYLRXU�ZDV�DVFULEHG�WR
DQ� HQKDQFHPHQW� RI� WKH� &XULH� WHPSHUDWXUH� RI� WKH� UHPDLQLQJ� DPRUSKRXV� SKDVH� DIWHU
DQQHDOLQJ� GXH� WR� DQ� H[FKDQJH�� GULYHQ� SRODUL]DWLRQ� RI� WKH� PDWUL[� E\� IHUURPDJQHWLF
JUDLQV�� SRVWXODWHG� E\� +HUQDQGR� >��@�� $� VLPSOH� OLQHDU� UHJUHVVLRQ� RI� WKH� 
��

�l �7�� GH�
SHQGHQFLHV� SUHVHQWHG� LQ�)LJ�� �E� LQGLFDWHV� WKDW� 
��

�l � GRHV� QRW� YDQLVK� XS� WR� WKH�&XULH
WHPSHUDWXUH�RI�WKH�FU\VWDOOLQH�SKDVH��a����.���VHH� WKH�GRWWHG� OLQH� LQ�)LJ���D��� WKHUH�
IRUH��WKH�LQFUHDVH�RI�WKH�&XULH�SRLQW�RI�WKH�DPRUSKRXV�SKDVH�VKRXOG�H[FHHG�����.��,W
RXJKW� WR� EH� QRWLFHG� WKDW� VXFK� DQ� HQKDQFHPHQW� RI� ���

�7 �� HVWLPDWHG� IURP� WKH�PDJQH�
WRVWULFWLRQ�PHDVXUHPHQWV� >������@�� LV�QHLWKHU� VXSSRUWHG�E\� WKH�PDJQHWL]DWLRQ� QRU� E\
0|VVEDXHU� VSHFWURVFRS\�PHDVXUHPHQWV� DQG� KDV� QHYHU� EHHQ� REVHUYHG� LQ� WKH� QDQRF�
U\VWDOOLQH�DOOR\V�

)LJ�����7HPSHUDWXUH�GHSHQGHQFLHV�RI�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�
D��PHDVXUHG�LQ�)H � ��� � &X � 1E � 6L � ��� � % � �QDQRFU\VWDOOLQH�DOOR\�ZLWK�S� �������FORVHG�FLUFOHV��>��@�

)H ��� 6L ��� �PLFURFU\VWDOOLQH�DOOR\��RSHQ�WULDQJOHV��>��@�DQG�
���
	l �FDOFXODWHG�IURP�(T�������RSHQ�FLUFOHV��

WKH�GRWWHG�OLQH�UHSUHVHQW�WKH�SRVVLEOH�LQWHUIDFLDO�PDJQHWRVWULFWLRQ��E��RI�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[
FDOFXODWHG�IURP�(T������IRU�)H 
���� 
 &X � 1E � 6L � % � �DOOR\V�DQQHDOHG�DW�����.�IRU���K��DIWHU�>��@�

7KH� LQWHUSUHWDWLRQ� RI� WKH� ��� �
�l �7�� GHSHQGHQFLHV� EHFRPHV� FOHDUHU�ZKHQ� FRQVLGHULQJ

WKH� DGGLWLRQDO� SRVLWLYH� FRQWULEXWLRQ� IURP� WKH� LQWHUIDFLDO� SKDVH�� 6LQFH� WKH� LQWHUIDFHV
H[KLELW�D�PDJQHWLF�RUGHULQJ�DW�HOHYDWHG�WHPSHUDWXUHV��IDU�DERYH�WKH�&XULH�SRLQW�RI�WKH
DPRUSKRXV� DOOR\��� DV� ZDV� VKRZQ� E\� WKH� 0|VVEDXHU� VSHFWURVFRS\� LQYHVWLJDWLRQV
>�����@��WKLV�LQWHUIDFLDO�FRQWULEXWLRQ�FDQ�DFFRXQW�IRU�WKH�REVHUYHG� ��� �

�l �7��GHSHQGHQFLHV�
7KH�WKUHH�FRPSRQHQW�5HXVV�W\SH�DSSUR[LPDWLRQ�JLYHQ�E\�(T������ZDV�DSSOLHG�WR�DQDO\VH
WKH�H[SHULPHQWDO�GDWD�SUHVHQWHG� LQ�)LJ���D��DQG� WKH�H[HPSODU\� UHVXOWV�REWDLQHG� IRU� WKH
VDPSOH�ZLWK�S� �����DUH�SUHVHQWHG�LQ�)LJ���E��7KH�FU\VWDOOLQH��DPRUSKRXV�DQG�LQWHUIDFLDO
FRQWULEXWLRQV�DUH�VKRZQ�DV�EURNHQ�OLQHV��FXUYH�F��D�DQG�L��UHVSHFWLYHO\���7KH�FRQWULEXWLRQ
IURP� WKH�FU\VWDOOLQH�SKDVH�ZDV�HVWLPDWHG�EDVHG�RQ� WKH� WHPSHUDWXUH�GHSHQGHQFH�RI� WKH
VDWXUDWLRQ�PDJQHWRVWULFWLRQ� UHSRUWHG� E\�*U|VVLQJHU� HW� DO�� >���� ��@� LQ� )H ��� 6L ��� � PLFUR�
FU\VWDOOLQH�ULEERQ��VHH�DOVR�RSHQ�WULDQJOHV�LQ�)LJ���D���7KH�FRQWULEXWLRQ�IURP�WKH�LQWHU�
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IDFHV� ZDV� FDOFXODWHG� DVVXPLQJ� WKDW� DW� D� URRP� WHPSHUDWXUH� �
�l KDV� D� YDOXH� REWDLQHG

IURP� ����� � S�l ILWWLQJ� LQ� WKH� )LQHPHW�W\SH� DOOR\V� � �
�l §� ������� � QP�� DQG� GHFUHDVHV� ZLWK

LQFUHDVLQJ�WHPSHUDWXUH��7KH�FRQWULEXWLRQ�IURP�WKH�UHVLGXDO�DPRUSKRXV�PDWUL[�REWDLQHG
IURP�WKH� WKUHH�FRPSRQHQW�PRGHO�JLYHQ�E\�(T�� ���� LV�VPDOO�DQG��PRUHRYHU��YDQLVKHV�DW
7�§� ���

�7 �ZKLFK�VHHPV�WR�KDYH�PRUH�SK\VLFDO�PHDQLQJ�WKDQ�WKH� ���
�l �7 ��UHVXOWV�VKRZQ�LQ

)LJ���E�DQG�IRXQG�IURP�WKH�WZR�FRPSRQHQW�PRGHO��(T��������&RQVLGHULQJ�WKH�DERYH��WKH
DSSDUHQW�ODUJH��SRVLWLYH�PDJQHWRVWULFWLRQ�RI�WKH�DPRUSKRXV�SKDVH� ���

�l �7���IRXQG�HYHQ
DW� WKH�KLJKHVW� WHPSHUDWXUHV� DSSOLHG� �7�!!� ���

�7 �� >������@� �)LJ�� �E��� VKRXOG� EH� LQWHU�
SUHWHG� DV� RULJLQDWLQJ�� LQ� IDFW�� IURP� WZR� WHUPV�� D� FRQWULEXWLRQ� IURP� WKH� UHVLGXDO
DPRUSKRXV� PDWUL[� �PXFK� UHGXFHG� LQ� FRPSDULVRQ� ZLWK� WKH� UHVXOWV� SUHVHQWHG� LQ� WKLV
ILJXUH�� DQG�D� FRQWULEXWLRQ� IURP� WKH� LQWHUIDFLDO� SKDVH�ZKLFK� EHFRPHV� GRPLQDQW�ZLWK
LQFUHDVLQJ�WHPSHUDWXUH�DQG�LV�UHVSRQVLEOH�IRU�WKH�SRVLWLYH�YDOXHV�RI�WKH�HIIHFWLYH�PDJ�
QHWRVWULFWLRQ�REVHUYHG�DW�KLJK�WHPSHUDWXUHV��WKH�GRWWHG�OLQH�LQ�)LJ��D��

���&RQFOXVLRQV
7KUHH� SKHQRPHQRORJLFDO�PRGHOV� RI� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� LQ� QDQRQFU\V�

WDOOLQH�DOOR\V�DUH�SUHVHQWHG��RQH�FRQVLGHUV�RQO\�WKH�FU\VWDOOLQH�DQG�DPRUSKRXV�PDWUL[
FRQWULEXWLRQV� DQG� WZR� RWKHUV� WDNH� DGGLWLRQDOO\� LQWR� DFFRXQW� D� FRQWULEXWLRQ� IURP� WKH
LQWHUIDFHV�IRUPHG�DW�FU\VWDOOLWH±PDWUL[�ERXQGDULHV�� L�H�� WKH�5HXVV�W\SH�DSSUR[LPDWLRQ
DQG� WKH�HIIHFWLYH�PHGLXP�PRGHO��$SSOLFDWLRQ�RI� WKHVH�PRGHOV� WR� WKH�DQDO\VLV�RI� WKH
H[SHULPHQWDO� GHSHQGHQFLHV� RI� WKH� HIIHFWLYH�PDJQHWRVWULFWLRQ� RQ� WKH� FU\VWDOOLQH� IUDF�
WLRQ�DV�ZHOO�DV�RQ�WKH�WHPSHUDWXUH�VKRZ�WKDW�WKH�VLPSOH�WZR�FRPSRQHQW�PRGHO�LV�QRW
VXIILFLHQW�WR�GHVFULEH�WKH�H[SHULPHQWDO�GDWD�DQG�RQO\�WKH�PRGHOV�ZKLFK�WDNH� LQWR�DF�
FRXQW� WKH� LQWHUIDFLDO� HIIHFWV� FDQ� ZHOO� DSSUR[LPDWH� WKH� GHSHQGHQFLHV� ����� � S�l DQG

��� �
�l �7���7KH�PRVW�LPSRUWDQW�RXWFRPH�RI�WKH�DQDO\VLV�FDUULHG�RXW�ZLWKLQ�WKHVH�PRGHOV

LV�WKDW� WKH�LQWHUIDFLDO�PDJQHWRVWULFWLRQ�KDV�SRVLWLYH�YDOXHV��ZKLOH�WKH�VDWXUDWLRQ�PDJ�
QHWRVWULFWLRQV�RI�WKH�FRUUHVSRQGLQJ�EXON�FU\VWDOV�DUH�QHJDWLYH��$OWKRXJK�ERWK�RI�WKHVH
PRGHOV�JLYH�VDWLVIDFWRU\�ILWWLQJ�RI�WKH�H[SHULPHQWDO�FXUYHV��LW�VHHPV�WKDW�D�PRUH�FRP�
SOH[�PRGHO�EDVHG�RQ�WKH�HIIHFWLYH�PHGLXP�GHVFULSWLRQ��LQ�ZKLFK�ORFDO�PDJQHWRHODVWLF
HIIHFWV��FKDUDFWHULVWLF�RI�LQGLYLGXDO�SKDVHV��DV�ZHOO�DV�WKH�WKLFNQHVV�RI�WKH�LQWHUIDFLDO
OD\HU�DUH�FRQVLGHUHG��JLYHV�PRUH�UHOLDEOH�YDOXHV�RI�WKH�VDWXUDWLRQ�PDJQHWRVWULFWLRQ�

$FNQRZOHGJHPHQW
�7KLV�ZRUN�ZDV� VXSSRUWHG� LQ�SDUW�ZLWKLQ� WKH�(XURSHDQ�&RPPXQLW\�SURJUDP� ,&$��&7�����������

�&HQWHU�RI�([FHOOHQFH�&(/',6��
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