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5HFHLYHG�-XQH���������
7HPSHUDWXUH� GHSHQGHQFHV� RI� FRQGXFWLYLW\� IRU� +R�±[6U[&R2�±G�� (U�±[6U[&R2�±G�+R�±[&D[&R2�±G� DQG� (U�±[&D[&R2�±G� �[� ������� ������ ������ ������ ������ ������ ������ �����������KDYLQJ�WKH�$%2��SHURYVNLWH�VWUXFWXUH�KDYH�EHHQ�VWXGLHG�LQ�WKH�7!���.�WHPSHUDWXUHUHJLRQ��$OO�WKH�FRPSRXQGV�VWXGLHG�DUH�FKDUDFWHUL]HG�E\�KRSSLQJ�FRQGXFWLRQ�ZLWK�WKH�WHPSHUD�

WXUH�GHSHQGHQFH�RI�FRQGXFWLYLW\�U�7�� �UfH[S�7��7���Q��'HSHQGLQJ�RQ�WKH�GLVWULEXWLRQ�GLVSHU�VLRQ�V�� RI�$�FDWLRQLF� UDGLL��GLIIHUHQW� W\SHV�RI� WKH�KRSSLQJ�FRQGXFWLRQ�DUH� UHDOL]HG�� ,Q�PRVW
VDPSOHV�� WKH� FRQGXFWLRQ� RFFXUV� DV� WKH�YDULDEOH� UDQJH�KRSSLQJ� FRQGXFWLRQ� LQ� WKH�0RWW�PRGH
�Q� �����,Q�WKH�+R�±[6U[&R2�±G�V\VWHP��D�WUDQVLWLRQ�WR�WKH�KRSSLQJ�FRQGXFWLRQ�RYHU�WKH�QHDUHVWVLWHV�RFFXUV�DV�WKH�V�� LQFUHDVHV� �Q� �����ZKLOH� LQ� WKH�(U�±[6U[&R2�±G�� WR�WKH�(IURV�6KNORYVN\PRGH��Q� �����,Q�+R�±[6U[&R2�±G�VDPSOHV��WKH�VSLQ�FRQGXFWLRQ�FKDQQHO�DULVHV�DV�WKH�WHPSHUD�WXUH�ULVHV�XS�WR����Ü����.�GXH�WR�FREDOW�LRQ�WUDQVLWLRQ�LQWR�H[FLWHG�VWDWH�
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'XULQJ� VHYHUDO� ODVW� \HDUV�� HYHU� PRUH
ZRUNV� DUH� SXEOLVKHG� DLPHG� DW� FREDOW� EDVHG
PHWDO� R[LGH� FRPSRXQGV� �FREDOWLWHV��� 7KLV� LV

GXH�WR�WKH�SURSHUWLHV�RI�FREDOWLWHV�W\SLFDO�RI
RWKHU� VWURQJO\� FRUUHODWHG� V\VWHPV� �WKH� GL�
HOHFWULF�PHWDO� WUDQVLWLRQV�� FKDUJH� DQG� RU�
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ELWDO� VXSHUVWUXFWXUHV�� VWURQJ� GHSHQGHQFH� RI
FRQGXFWLYLW\� RQ� H[WHUQDO� PDJQHWLF� ILHOG�� VX�
SHUFRQGXFWLYLW\� LQ� VRGLXP� FREDOWLWH� K\GUDWH�
HWF���DV�ZHOO�DV�VRPH�VSHFLILF�IHDWXUHV�WKHUHRI�
LQ�SDUWLFXODU��D�KLJK�WKHUPR�H�P�I��>�@�

,Q�FREDOWLWHV�KDYLQJ�WKH�$%2��SHURYVNLWHVWUXFWXUH�� FREDOW� LRQ� LQ� WKH� FHQWHU� RI�&R2�RFWDKHGURQ� LV� VXUURXQGHG� E\� QHJDWLYHO\
FKDUJHG� R[\JHQ� OLJDQGV��'XH� WR� WKH� FU\VWDO
ILHOG�HIIHFW��WKH�ILYHIROG�GHJHQHUDWH��G�RUEL�
WDOV�RI�&R��� LRQ�DUH�VSOLW� LQWR�WKUHHIROG�GH�
JHQHUDWH�W�J�OHYHOV�DQG�GRXEO\�GHJHQHUDWH�HJRQHV� ZLWK� FRUUHVSRQGLQJ� HQHUJ\� YDOXHV� HW�JDQG� HHJ�� HHJ!HW�J�� 7KDW� LV�ZK\� HOHFWURQV� RF�FXS\� DW� ILUVW� WKH� W�J� RUELWDOV� DQG� WKHQ� WKH� HJRQHV�� 'HSHQGLQJ� RQ� WKH� UHODWLRQ� EHWZHHQ� WKH
VSOLWWLQJ�HQHUJ\�LQ�WKH�FU\VWDO�ILHOG�'� �HHJ���HW�JDQG� WKH� LQWUDDWRPLF� H[FKDQJH� LQWHUDFWLRQ
HQHUJ\�� WKH� FREDOW� LRQ� PD\� EH� LQ� GLIIHUHQW
VSLQ�VWDWHV��QDPHO\��ORZ�VSLQ��/6���KLJK�VSLQ
�+6��DQG�LQWHUPHGLDWH�VSLQ��,6��RQHV�>�@�WKDW
DIIHFW� WKH� WUDQVSRUW� DQG� PDJQHWRUHVLVWLYH
SURSHUWLHV�RI�FREDOWLWHV�>�@�

$W�SUHVHQW�� LW� LV� WKH�/D�±[6U[&R2�±G� V\V�WHP� WKDW� LV� WKH� EHVW� H[SORUHG� DPRQJ� FREDO�
WLWHV�� 7KH� LQLWLDO� FRPSRXQG� /D&R2�� LV� DQRQ�PDJQHWLF�GLHOHFWULF�ZKHUH�WKH�FREDOW�LRQ
SDVVHV�RXW�RI�WKH�/6�VWDWH�LQWR�WKH�,6�RQH�DV
WKH� WHPSHUDWXUH�ULVHV�XS� WR�����.��7KH� LQ�
WURGXFWLRQ� RI� 6U��� LRQV� KDYLQJ� D� FRQVLGHU�
DEOH�ODUJHU�UDGLXV�WKDQ�/D���UHVXOWV�LQ�VWDEL�
OL]DWLRQ�RI�WKH�H[FLWHG�FREDOW�LRQ�VWDWHV�>�@�
,Q� WKLV� FDVH�� WKH� NLQHWLF� SURSHUWLHV� DUH
FKDQJHG� GUDPDWLFDOO\�� GHSHQGLQJ� RQ� WKH� 6U
FRQWHQW��WKH�VDPSOHV�PD\�EH�VHPLFRQGXFWRUV
RU� FRQGXFWRUV�� WKH� HOHFWURQ� SKDVH� VVHSDUD�
WLRQ� DQG� JLDQW� QHJDWLYH� PDJQHWRUHVLVWDQFH
DULVH� >�@�� 7KH� NLQHWLF� SKHQRPHQD� LQ� RWKHU
UDUH�HDUWK�FREDOWLWHV�ZHUH�VWXGLHG�PXFK�OHVV
FRPSUHKHQVLYHO\�� 0RUHRYHU�� WKH� FRQFHQWUD�
WLRQ� HIIHFW� RI� GLIIHUHQW� UDUH�HDUWK� HOHPHQWV
RQ� NLQHWLF� IHDWXUHV� LQ� $�VXEVWLWXWHG� UDUH�
HDUWK�FREDOWLWHV�LV�VWXGLHG�LQVXIILFLHQWO\�

7KH� NLQHWLF� SURSHUWLHV� RI� SHURYVNLWH�OLNH
$�VXEVWLWXWHG� UDUH�HDUWK� FREDOWLWHV� DUH� GH�
ILQHG� E\� WKUHH� JURXSV� RI� IDFWRUV� >�@�� 7KRVH
DUH�� ILUVW�� WKH� FKDUJH� FDUULHU� FRQFHQWUDWLRQ
WKDW� GHSHQGV� RQ� WKH� GRSLQJ� OHYHO� DQG� WKH
VXEVWLWXWLQJ�FDWLRQ�YDOHQFH��6HFRQG��LW�LV�WKH
DYHUDJH� UDGXLV� �U$!� RI� WKH� $� VLWH� FDWLRQV�7KDW� SDUDPHWHU� GHILQHV� WKH� FKHPLFDO� SUHV�
VXUH�LQ�WKH�V\VWHP�DQG�WKXV�WKH�FU\VWDO�ILHOG
DIIHFWLQJ�WKH�&R�FDWLRQ��7R�HVWLPDWH�WKH�LQ�
IOXHQFH� H[WHQW� RI� �U$!� YDOXH�� D� JHRPHWULFSDUDPHWHU� FDQ� EH� XVHG� GHVFULELQJ� WKH
SHURYVNLWH� ODWWLFH� VWUDLQLQJ�� L�H��� WKH
*ROGVFKPLGW�WROHUDQFH�IDFWRU�>�@�

W� ���U$!���U2��e���CC� ���U%!���U2�� ���

ZKHUH��U%!� LV� WKH� DYHUDJH�UDGLXV� RI�%�FDW�LRQV� �LQ� RXU� FDVH�� FREDOW� RQHV��� U2�� R[\JHQLRQ�UDGLXV�
7KH� WKLUG� IDFWRU� DIIHFWLQJ� WKH� NLQHWLF

SURSHUWLHV� RI� SHURYVNLWH�OLNH� $�VXEVWLWXWHG
FRPSRXQGV� LV� WKH� GLVWULEXWLRQ� GLVRUGHU� RI
GLIIHUHQW�NLQG�LRQV�RFFXSLQJ�WKH�VLWH�$�WKDW�LV
GHILQHG� E\� WKHUHRI� VL]H� PLVPDWFK�� 4XDQWLWD�
WLYHO\��WKDW�SDUDPHWHU�FDQ�EH�SUHVHQWHG�DV�WKH
YDULDQFH� RI� WKH� GLVWULEXWLRQ� RI� $�FDWLRQ� LRQLF
UDGLL�>�@�

V�� �¦\LUL����§̈©¦\LUL·̧¹
�
� ���

ZKHUH� \L� LV� WKH� FRQFHQWUDWLRQ� RI� L�WK� NLQG
$�FDWLRQV��¦\L� �����:KHQ�WKHUH�LV�RQH�FDW�
LRQ�NLQG�RQO\��V�� ����7KH� LRQLFFF�VL]H�PLV�
PDWFK� IDFWRU� LD� DV� D� UXOH� QHJOHFWHG� ZKHQ
FRQVLGHULQJ� WKH� NLQHWLF� SURSHUWLHV� RI
SHURYVNLWHV��7KH� HIIHFW� RI�V�� RQ� WKH�FKDUJH
DQG� PDJQHWLF� RUGHU� LQ� PDQJDQLWHV� ZDV� UH�
SRUWHG�LQ�>�Ü��@�

7KH� DLP� RI� WKLV� ZRUN� ZDV� WR� VWXG\� WKH
WUDQVSRUW�SURSHUWLHV�RI�$c�±[$cc[&R2�±G�UDUH�HDUWK� FREDOWLWHV� �$c� �+R�� (U�� $cc� �&D�� 6U�
ZLWKLQ� D� ZLGH� FRQFHQWUDWLRQ� UDQJH� RI� UDUH�
HDUWK� GRSDQWV� �����d[d������� 7KH� FRPSRVL�
WLRQV� VR� VHOHFWHG�PDNH� LW� SRVVLEOH� WR� GHWHU�
PLQH�WKH�FRUUHODWLRQ�GHJUHH�RI�WKH�FKDUJH�FDU�
ULHU� WUDQVSRUW� ZLWK� HDFK� RI� WKH� WKUHH
DERYH�PHQWLRQHG� IDFWRUV�� VLQFH� WKH�VWURQWLXP
DQG�FDOFLXP�DUH�RI�WKH�VDPH�YDOHQFH��WKH�LRQLF
UDGLL� RI� UDUH�HDUWK� HOHPHQWV� DUH� FORVH� WR� RQH
DQRWKHU� �U+R� �������c�� U(U� ������c�� ZKLOHWKRVH� RI� DONDOL�HDUWK� RQHV� GLIIHU� FRQVLGHU�
DEO\� �U6U� ������c�� U&D� �����c�� >��@��0RUH�RYHU��LW�LV�RI�LQWHUHVW�WR�VWXG\�WKH�LQWHQVLIL�
FDWLRQ�RI� WKH� FKDUJH� FDUULHU� ORFDOL]DWLRQ�HI�
IHFWV� GXH� WR� LQWURGXFWLRQ� RI� KROPLXP� DQG
HUELXP�KDYLQJ� LRQLF� UDGLL� VKRUWHU� WKDQ� ODQ�
WKDQXP��U/D� �������c��7KH� FHUDPLF� VDPSOHV� RI� (U�±[6U[&R2�±G�+R�±[6U[&R2�±G�� (U�±[&D[&R2�±G� DQG
+R�±[&D[&R2�±G��[� ������������������������������������������������������ZHUH�V\QWKHVL]HG
E\� WKH� VWDQGDUG� VROLG� SKDVH� WHFKQLTXH�� 7KH
VDPSOHV�REWDLQHG�ZHUH� VKDSHG�DV� UHFWDQJXODU
SDUDOOHOHSLSHGV� RI� ����u����u����FP��� $F�
FRUGLQJ�WR�;�UD\�DQDO\VLV��'521�����&X�.DHPLVVLRQ��� WKH� FHUDPLFV� ZHUH� VLQJOH�SKDVH
RQHV� DQG� KDG� WKH� SHURYVNLWH�OLNH� FU\VWDO
VWUXFWXUH�>��@�

7KH� FKHPLFDO� FRPSRVLWLRQ� DQG� R[\JHQ
LQGH[� RI� WKH� VDPSOHV� ZHUH� GHWHUPLQHG� E\
FKHPLFDO� DQDO\VLV�� 7KH� WRWDO� &R� FRQWHQWV
ZDV� GHWHUPLQHG� XVLQJ� D� UHGR[� UHDFWLRQ� EH�

$�$�.R]ORYVNLL�HW�DO���(IIHFW�RI�WROHUDQFH�IDFWRU�DQG����
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WZHHQ� SKHQDQWKUROLQH� FRPSOH[HV� RI� FREDOW
�,,�� DQG� LURQ� �,,��� 7KH� UDUH�HDUWK� HOHPHQW
FRQWHDWV� ZHUH� GHWHUPLQHG� E\� GLUHFW� FRP�
SOH[RPHQW� LQ� ZHDN� DFLGLF� PHGLXP� ZLWK
[\OHQRO�RUDQJH�LQGLFDWRU�DQG�WKRVH�RI�DONDOL�
HDUWK� RQHV�� E\� LQYHUVH� WLWUDWLRQ� LQ� DONDOL
PHGLXP� ZLWK� PHWK\O� WK\PRO� WK\PRO� EOXH�
7KH� FDWLRQ� LQGLFHV� GHWHUPLQHG� FRLQFLGHG
ZLWK� VWRLFKLRPHWULF� RQHV�� 7KH� R[\JHQ� GHIL�
FLHQF\�LQGH[�G� ����r�����

7KH� FRQGXFWLYLW\�U�ZDV�PHDVXUHG�E\� WKH
VWDQGDUG�IRXU�SUREH�GF�WHFKQLTXH�LQ�WKH���Ü
���� .� WHPSHUDWXUH� UDQJH� �IRU� VRPH� VDP�
SOHV�� XS� WR� ����.���7KH�PHDVXULQJ� FXUUHQW
SDVVHG� DORQJ� WKH� VDPSOH�� ,QGLXP� FRQWDFWV
ZHUH� DSSOLHG� DFURVV� WKH� VDPSOH� XVLQJ� WKH
XOWUDVRXQG� VROGHULQJ�� 7KH� GLVWDQFH� EHWZHHQ
WKH� SRWHQWLDO� RXWSXWV� ZDV� ��� PP�� 7KH
PHDVXULQJ� FXUUHQW� ZDV� ��� P$�� 7KH� PHDV�
XUHPHQWV�ZHUH�GRQH�XQGHU�WKH�VDPSOH�KHDW�
LQJ�

7KH� PDJQHWLF� VWDWH� RI� WKH� VDPSOHV� ZDV
FRQWUROOHG� E\� PHDVXULQJ� WKH� DF� PDJQHWLF
VXVFHSWLELOLW\� F$&� XVLQJ� D� VHWXS� VLPLODU� WRWKH�+DUWVKRUQ�EULGJH��7KH�DPSOLWXGH�RI�DO�
WHUQDWLQJ� �PRGXODWLQJ�� PDJQHWLF� ILHOG� ZDV
+�W�� �+$&FRV�ZW�� DW� +$&� ��� 2H� DQG� IUH�
TXHQF\�Z��S� ���N+]�

7KH� �U$!�� W� DQG� V�� YDOXHV� ZHUH� FDOFX�ODWHG� XVLQJ� WKH� GDWD� IURP� >��@�� 7KH� HIIHF�
WLYH� UDGLXV� RI�$�VLWH� FDWLRQV� DQG� WKH� WROHU�
DQFH� IDFWRU� LQFUHDVH� DV� WKH�DONDOL�HDUWK� HOH�
PHQW� FRQFHQWUDWLRQ� ULVHV�� WKHLU� YDOXHV
DOZD\V� DUH� FRQVLGHUDEO\� ORZHU� IRU� &D� FRQ�
WDLQLQJ�VDPSOHV�WKDQ�IRU�6U�FRQWDLQLQJ�RQHV�
$W�WKH�VDPH�WLPH��WKH�WROHUDQFH�IDFWRUV�DQG
HIIHFWLYH� UDGLL� RI�$�VLWH� FDWLRQV� GLIIHU� RQO\
VOLJKWO\� IRU� WKH�+R� DQG� (U� FHUDPLFV� GRSHG
ZLWK� WKH� VDPH� DONDOL�HDUWK� PHWDO�� 7KH� W
YDOXH� IRU� WKH� DOO� FHUDPLFV� V\QWKHVL]HG� LV
ZLWKLQ� WKH� UDQJH� W\SLFDO� IRU� WKH� SHURYVNLWH
W\SH� FU\VWDO� VWUXFWXUH�� 7KH� YDULDQFH� V�� LV
PD[LPXP� IRU� WKH� VDPSOHV� KDYLQJ� WKH� 6U
FRQWHQW�[� ������DQG�[� ������

)RU� DOO� WKH� VDPSOHV� VWXGLHG�� WKH� U�7�
FXUYHV�FRUUHVSRQG�TXDOLWDWLYHO\�WR�WKH�VHPL�
FRQGXFWRU�W\SH�GU�G7���ZLWKLQ�WKH�ZKROH�7
UDQJH��7KH�H[SHULPHQWDO�VHPLFRQGXFWRU�FRQ�
GXFWLRQ� FKDUDFWHU�ZLWK� WKH�U�7��GHSHQGHQFH
VLPLODU� WR� WKH� H[SRQHQWLDO� RQH� FDQ� EH� GH�
VFULEHG�ZLWKLQ� WKH� IUDPHV� RI� VHYHUDO� SK\VL�
FDO�PRGHOV��7KH�VWDQGDUG�WKHUPDO�DFWLYDWLRQ
UHODWLRQVKLS� IRU� VHPLFRQGXFWLQJ� V\VWHPV
�$UUKHQLXV�ODZ��KDV�WKH�IRUP

U�7�� �Uf�H[S��(D�e�N%7�� ���

ZKHUH�Uf�LV�D�FRQVWDQW�FRUUHVSRQGLQJ�WR�WKH
FRQGXFWLYLW\� DW� 7of�� N%�� WKH� %ROW]PDQQFRQVWDQW��7KH�(D� TXDQWLW\� KDV� WKH� VHQVH� RIEDQG�JDS�ZLGWK�LQ�WKH�FDVH�RI�EDQG�FRQGXF�
WLRQ� LQ� DQ� LQWULQVLF� VHPLFRQGXFWRU� RU� WKH
VHQVH�RI�DFWLYDWLRQ�HQHUJ\�DW�KRSSLQJ�FRQGXF�
WLYLW\�RYHU�WKH�QHDUHVW�VLWHV��16+��LQ�D�GRSHG
VHPLFRQGXFWRU�>��@��,Q�WKH�ODWWHU�FDVH��WKH�(DYDOXH�LV�FRQVLGHUDEO\�ORZHU�>��@�

,Q� WKH� IUDPH� RI� YDULDEOH� UDQJH� KRSSLQJ
FRQGXFWLYLW\� �95+��� WKH� WHPSHUDWXUH� GH�
SHQGHQFH�RI�UHVLVWLYLW\�KDV�WKH�IRUP�

U�7�� �Uf�H[S��7��e�7��eQ� ���
ZKHUH� 7�� LV� WKH� FKDUDFWHULVWLF� WHPSHUDWXUH�WKH� FKDUJH� FDUULHU� ORFDOL]DWLRQ� HQHUJ\� H[�
SUHVVHG�LQ�WHUPV�RI�WHPSHUDWXUH���7KH�SRZHU
LQGLFHV���Q� �����DQG���Q� �����FRUUHVSRQG
WR� WKUHH�GLPHQVLRQDO�DQG�ELGLPHQVLQDO�0RWW
FRQGXFWLYLW\��UHVSHFWLYHO\�>��@��7KH�UHODWLRQ
����ZLWK� WKH� SRZHU� LQGH[� ��Q� ����� LV� FRQ�
VLGHUHG�LQ�WKH�(IURV�6KNORYVN\�PRGHO�>��@�

:LWKLQ�WKH�DGLDEDWLF�DSSUR[LPDWLRQ�RI�WKH
VPDOO�SRODURQ�KRSSLQJ�PRGHO�>��@��WKH�FRQ�
GXFWLRQ� DFWLYDWLRQ� HQHUJ\� LV� D� VXP� (D� (J�����:+��ZKHUH�(J� LV� WKH�FKDUJH�FDUULHUH[FLWDWLRQ�HQHUJ\��:+�� WKH�HQHUJ\�QHFHVVDU\IRU�KRSV��7KH� WHPSHUDWXUH�GHSHQGHQFH�RI� UH�
VLVWLYLW\�LQ�WKLV�FDVH�FDQ�EH�H[SUHVVHG�DV

U�7�� �U�7�H[S��(D�e�N%7�� ���
ZKHUH� U�� �N%�QH�ZO��� H� EHLQJ� WKH� HOHPHQ�WDU\� FKDUJH�� Q�� WKH� SRODURQ� FRQFHQWUDWLRQ�
Z�� WKH� RSWLFDO� SKRQRQ� IUHTXHQF\�� O�� WKH� SR�
ODURQ�KRS�OHQJWK�

7R� LGHQWLI\� WKH� FRQGXFWLRQ� W\SH�� WKH� H[�
SHULPHQWDO� UHVXOWV� DUH� WR� EH� SURFHVVHG� LQ
OQU� FRRUGLQDWHV� DV� D� IXQFWLRQ� RI� ��7��Q
�Q�  � ��� ��� ��� ��� DQG� OQ�U�7�� �I���7��� 7KH
UHFWLILFDWLRQ�RI�H[SHULPHQWDO�GHSHQGHQFHV�LQ
FRUUHVSRQGLQJ�FRRUGLQDWHV�ZLOO�PHDQ�WKH�YD�
OLGLW\� RI� WKH�PRGHO� IRU� WKH� VDPSOH� FRQGXF�
WDQFH�GHVFULSWLRQ�

2XU�FRQVLGHUDWLRQ�KDV�VKRZQ�WKDW�WKH�FRQ�
GXFWLRQ�QDWXUH�LQ�WKH�V\VWHPV�VWXGLHG�LV�GLI�
IHUHQW� IRU� VDPSOHV� ZLWK� GLIIHUHQW� VWURQWLXP
FRQWHQW� �)LJV����� ���� $V� WR� KROPLXP�FRQWDLQ�
LQJ� FHUDPLFV� �H[FHSW� IRU� +R����6U����&R2�±GVDPSOH���QRQH�RI�WKH�PHFKDQLVPV�FRQVLGHUHG
LV�VXLWDEOH�WR�GHVFULEH�WKH�H[SHULPHQWDO�U�7�
GHSHQGHQFHV� ZLWKLQ� WKH� ZKROH� WHPSHUDWXUH
UDQJH�VWXGLHG��7KH�OLQHDU�VHFWLRQV�DSSHDU�LQ
WKH� ORZ�WHPSHUDWXUH� SDUW� RI� OQU���7��Q�
FXUYHV�� 7KH� OLQHDULW\� LV� GLVWRUWHG� VWDUWLQJ

$�$�.R]ORYVNLL�HW�DO���(IIHFW�RI�WROHUDQFH�IDFWRU�DQG����
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IURP� WKH� WHPSHUDWXUH�7
� VKRZQ�E\�YHUWLFDO
DUURZV�LQ�)LJ����

)RU� PRVW� VDPSOHV� RI� +R�±[6U[&R2�±G� V\V�WHP��WKH�FRQGXFWLYLW\�DW�7�7
�RFFXUV�DFFRUG�
LQJ� WR� YDULDEOH� UDQJH� KRSSLQJ�PHFKDQLVP� RI
WKH�0RWW�W\SH��,Q�FHUDPLFV�ZLWK�[� �������������

������ ������ DQG� ������ WKH� 0RWW� ODZ� IRU� �'
FDVH� LV� PHW� �)LJ���D��� IRU� [� ������ DQG� [� 
������ WKH� �'�0RWW� FRQGXFWLYLW\� LV� REVHUYHG
�)LJ���E�� IRU� WKH� [� ������ VDPSOH�� WKH� H[�
SHULPHQWDO� GDWD� DUH� SURFHVVHG� XS� WR� 7� 
����.���7KH�VDPSOHV�ZLWK�VWURQWLXP�GRSLQJ
LQGLFHV� ����� DQG� ����� IRUP� DQ� H[FHSWLRQ
ZKHUH�WKH�FRQGXFWLRQ�LV�UHDOL]HG�E\�KRSSLQJ
RYHU�WKH�QHDUHVW�VLWHV��)LJ���F��IRU�WKRVH�FH�
UDPLFV�� WKH� H[SHULPHQWDO� GDWD� DUH� REWDLQHG
DQG�SURFHVVHG�XS�WR�7� �����.��

7KH�(U�±[6U[&R2�±G�V\VWHP�VKRZV�D�VLPL�ODU� EHKDYLRU�� ,Q� FHUDPLFV� ZLWK� [� ������
������ ������ ������ ������ ����� DQG� ������ WKH
0RWW� ODZ� IRU��'�FDVH� LV�PHW� �)LJ���D���ZKLOH
IRU� WZR� VDPSOHV� ZLWK� WKH� �LQWHUPHGLDWH�
VWURQWLXP�FRQFHQWUDWLRQ��[� �������[� �������
WKH� (IURV�6KNORYVN\� DSSUR[LPDWLRQ� LV� YDOLG
�)LJ���E��

7KDW� UHVXOW� FDQ�EH�H[SODLQHG� WDNLQJ� LQWR
DFFRXQW� WKDW� WKH� V�� SDUDPHWHU� GHVFULELQJ
WKH� GLVWULEXWLRQ� GLVRUGHU� RI� WKH�$� VLWH� FDW�

)LJ����� 3URFHVVLQJ� RI� H[SHULPHQWDO� U�7�� GH�
SHQGHQFHV�IRU�+R�±[6U[&R2�±G�V\VWHP�VDPSOHVLQ� WKH� FRRUGLQDWHV� FRUUHVSRQGLQJ� WR� KRSSLQJ
FRQGXFWLRQ�� �D�� 95+� FRQGXFWLYLW\�� 0RWW
PRGH�� �'� FDVH�� �E�� 5+� FRQGXFWLYLW\�� 0RWW
PRGH�� �'� FDVH�� �F��16+� FRQGXFWLYLW\�� 7KH�[
YDOXHV������� ���������� ���������� ���������� ����
�������������������������������������������������

)LJ����� 3URFHVVLQJ� RI� H[SHULPHQWDO� U�7�� GH�
SHQGHQFHV� IRU�(U�±[6U[&R2�±G� V\VWHP� VDPSOHVLQ�WKH�FRRUGLQDWHV�FRUUHVSRQGLQJ�WR�95+�FRQ�
GXFWLYLW\�� �D�� �'� 0RWW� FRQGXFWLYLW\�� �E�� WKH
(IURV�6KNORYVN\�PRGH�� &XUYHV� DUH� QXPEHUHG
DV�LQ�)LJ����
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LRQV�DWWDLQV�LWV�PD[LPXP�DW�VWURQWLXP�FRQ�
FHQWUDWLRQ�[� ������DQG�[� �������7KH�PD[L�
PXP� V�� PHDQV� WKH� PD[LPXP� ORFDO� ODWWLFH
GLVWRUWLRQV�DQG�SHULRGLFLW\�GHWHULRUDWLRQV�RI
WKH� PHGLXP� HOHFWULF� SRWHQWLDO� ZKHUH� WKH
FKDUJH� FDUULHUV�PRYH�� ,Q� WKH�+R�±[6U[&R2�±GV\VWHP�� WKLV� FDXVHV� DQ� LQFUHDVHG� ORFDOL]D�
WLRQ�� WKDW� UHVXOWV� LQ� WKH� HOHFWURQ� KRSSLQJ
RYHU� WKH� QHDUHVW� VLWHV� RQO\�� &DOFXODWLRQV
XVLQJ�WKH�GDWD�RI�)LJ���F�JLYHV�WKH�YDOXHV�RI
(D� LQFOXGHG� LQ� ���� RI� ��� PH9� IRU
+R����6U����&R2�±G� DQG� ��� PH9� IRU
+R����6U����&R2�±G��,Q�WKH�HUELXP�VWURQWLXPV\VWHP��WKH�LQFUHDVHG�HOHFWURQ�VWUXFWXUH�GLV�
RUGHU�DW�[� ������DQG�[� ������UHVXOWV� LQ�D
VWURQJHU� HOHFWURQ�HOHFWURQ� LQWHUDFWLRQ� DQG
DSSHDUDQFH� RI� D� &RXORPE� JDS� LQ� WKH� ORFDO�
L]HG� VWDWH�GHQVLW\� VSHFWUXP�QHDU� WKH�)HUPL
OHYHO�� 7KH� TXDOLWDWLYH� GLIIHUHQFH� EHWZHHQ
FRQGXFWLYLW\� RI� KROPLXP� DQG� HUELXP� VDP�
SOHV� LV� OLNH� WR� EH� FRQQHFWHG� ZLWK� WKH� IDFW
WKDW� DW� WKH� VDPH� GRSLQJ� OHYHO�� WKH� �U$!YDOXH�LQ�WKH�(U�±[6U[&R2�±G�V\VWHP�LV�VRPH�ZKDW� VPDOOHU� WKDQ� LQ� +R�±[6U[&R2�±G� RQH�ZKLOH�V��EHLQJ�VRPHZKDW�ODUJHU�

3URFHHGLQJ� IURP� WKH� H[SHULPHQWDO� U�7�
GDWD� SURFHVVLQJ� XVLQJ� (T����� �)LJV���D�� �E�
���� WKH� FKDUDFWHULVWLF� WHPSHUDWXUH� 7�� IRUWKH� YDULDEOH� KRSSLQJ� FRQGXFWLYLW\� ZDV� FDO�
FXODWHG���

7�� �G�OQU��e�G�7�eQ�� ���
7KH�7�� YDOXH� GHFUHDVHV� DV� WKH� WROHUDQFHIDFWRU� LQFUHDVHV� IRU� 6U�GRSHG� VDPSOHV� ZLWK

WKH��'�0RWW�FRQGXFWLRQ� �)LJ������7KH�TXDQ�
WLWDWLYH�GLIIHUHQFHV�LQ�WKH�7��YDOXHV�IRU�KRO�PLXP�DQG�HUELXP�FHUDPLFV�ZLWK�VLPLODU�WRO�
HUDQFH�IDFWRUV�DUH�LQVLJQLILFDQW��7KH�FKDUDF�

WHULVWLF� WHPSHUDWXUHV� IRU� WKH� VDPSOHV� ZLWK
�'�0RWW�FRQGXFWLYLW\�DQG�WKRVH�ZLWK�(IURV�
6KNORYVN\�RQH�DUH�SUHVHQWHG�LQ�7DEOHV���DQG
���UHVSHFWLYHO\��7KH�WUHQG�WR�7��GHFUHDVH�DWLQFUHDVLQJ�WROHUDQFH�IDFWRU� LV�PDQLIHVWHG� LQ
WKRVH�FRQGXFWLYLW\�PRGHV��WRR��7KH�REWDLQHG�7�YDOXHV�DUH�W\SLFDO�RI�VLPLODU�V\VWHPV�>������@�

7KH�PHDQ�KRSSLQJ�OHQJWK�5K�DQG�KRSSLQJHQHUJ\� (K� ZHUH� FDOFXODWHG� XVLQJ� UHODWLRQ�VKLSV�WDNHQ�IURP�>��@�WKDW�DUH�WKH�FRUROODU�
LHV� IURP�WKH�0RWW� IRUPXODV� IRU��'�FRQGXF�
WLYLW\���

5K� ���e��D�7��e�7��e�� ����

(K� ���e��N%7�e�7��e�� ���
ZKHUH�D�LV�WKH�GHFD\�OHQJWK�RI�WKH�ORFDOL]HG
VWDWH�ZDYH�IXQFWLRQ�QHDU�WKH�)HUPL�OHYHO��WKH
ORFDOL]DWLRQ� OHQJWK��� LQ� FREDOWLWHV�� D� ���c
>��@��$V� WKH� WROHUDQFH� IDFWRU� LQFUHDVHV�� WKH
PHDQ�KRS� OHQJWK� �EHLQJ� VHYHUDO� LQWHUDWRPLF
GLVWDQFHV� LQ� WKH� FDVH� RI� 95+� FRQGXFWLRQ�
GLPLQLVKHV�� 6XFK� D� UHJXODULW\� LV� W\SLFDO� RI
ERWK� HUELXP� DQG� KROPLXP� VDPSOHV� GRSHG
ZLWK� VWURQWLXP�ZKHUH� WKH�0RWW� ODZ� IRU� �'
FRQGXFWLYLW\� LV�PHW� �)LJ������ 7KH�(K� YDULHVLQ�D�VLPLODU�PDQQHU��)LJ������7KH�PHDQ�KRS�
SLQJ�HQHUJ\�YDOXH�FRLQFLGHV� LQ� WKH�RUGHU�RI
PDJQLWXGH� ZLWK� WKDW� REWDLQHG� LQ� >��@� IRU
<�±[&D[&R2�±G�SHURYVNLWH�OLNH�FRPSRXQGV�7KH�UHYHDOHG�UHJXODULWLHV�RI�WKH�WROHUDQFH
IDFWRU� LQIOXHQFH� RQ� WKH� KRSSLQJ� FRQGXFWLY�
LW\�SDUDPHWHUV� FDQ�EH�H[SODLQHG�DV�IROORZV�
$V�WKH��U$!�YDOXH�JURZV��WKH�FKHPLFDO�SUHV�VXUH�LQ�WKH�V\VWHP�GHFUHDVHV��7KLV�FDXVHV�DQ
HORQJDWLRQ� RI�&R±2� ERQGV� DQG� UHGXFHG� WKH
S�G� K\EULGL]DWLRQ� RI� FREDOW� DQG� R[\JHQ
HOHFUWRQ� FORXGV�� $V� D� UHVXOW�� WKH� FU\VWDO

)LJ����� &KDUDFWHULVWLF� WHPSHUDWXUH� YDULDWLRQ
DV�D�IXQFWLRQ�RI�WROHUDQFH�IDFWRU�IRU�VDPSOHV
ZLWK� �'� 0RWW� FRQGXFWLYLW\�� +R�±[6U[&R2�±GV\VWHP������(U�±[6U[&R2�±G�V\VWHP�����

7DEOH����&KDUDFWHULVWLF� WHPSHUDWXUH�7�� GH�SHQGLQJ� RQ� WROHUDQFH� IDFWRU� IRU� VDPSOHV
ZLWK��'�0RWW�FRQGXFWLYLW\
&RPSRVLWLRQ W 7�������.

+R����6U����&R2�±G ����� ����
+R����6U����&R2�±G ����� ����

7DEOH����&KDUDFWHULVWLF� WHPSHUDWXUH�7�� GH�SHQGLQJ� RQ� WROHUDQFH� IDFWRU� IRU� VDPSOHV
ZLWK�(IURV�6KNORYVN\�FRQGXFWLYLW\

&RPSRVLWLRQ W 7�������.
(U����6U����&R2�±G ����� ����
(U����6U����&R2�±G ����� ����
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ILHOG�HIIHFW�EHFRPHV�UHGXFHG��DQG�WKH�HQHUJ\
JDS�'�EHWZHHQ�WKH�W�J�DQG�HJ�VWDWHV�EHFRPHVQDUURZHG��$V�D�FRQVHTXHQFH��WKH�EDQG�RI�HJHOHFWURQV� EHFRPHV� EURDGHQHG� DQG� WKH� ORFDO�
L]DWLRQ� UHGXFHV�� WKXV� FDXVLQJ� WKH� ORZHULQJ
RI� FKDUDFWHULVWLF� WHPSHUDWXUHV� �ERWK� 0RWW
DQG� (IURV�6KNORYVN\� RQHV��� WKH� �PHDQ� KRS�
SLQJ� OHQJWK�DQG�HQHUJ\�DQG� LQFUHDVH�RI� WKH
ORFDOL]HG�VWDWH�GHQVLW\�ZLWKLQ�D�QDUURZ�EDQG
QHDU� WKH� )HUPL� OHYHO� LQ� WKH� FDVH� RI� 0RWW
FRQGXFWLYLW\�� 7KH� GLIIHUHQFHV� LQ� WKH� 16+
FRQGXFWLYLW\� DFWLYDWLRQ� HQHUJ\� �(D�� YDOXHVIRU�+R����6U����&R2�±G�DQG�+R����6U����&R2�±
G�VDPSOHV�FDQ�EH�H[SODQHG�VLPLODUO\�7KH�DEVHQFH�RI�TXDOLWDWLYH�GLIIHUHQFHV� LQ
WKH� VWUXFWXUH� SDUDPHWHU� W� LQIOXHQFH� RQ� 7�DQG� LWV� GHULYDWLYHV� FKDUDFWHUL]LQJ� WKH�95+
FRQGXFWLYLW\� IRU� WKH� HUELXP� DQG� KROPLXP
V\VWHPV� LV� H[SODLQHG� E\� WKH� FORVHQHVV� RI
+R���DQG�(U��� LRQLF�UDGLL��,W� LV�WR�QRWH�WKDW
DW� WKH� VDPH� GRSLQJ� LQGLFHV� [�� WKH� FKDUDF�
WHULVWLF�WHPSHUDWXUH�IRU�WKH�0RWW�FRQGXFWLY�
LW\� �)LJ����� LV� VRPHZKDW� KLJKHU� IRU� HUELXP
VDPSOHV�� 7KLV� LV� FRQQHFWHG� ZLWK� WKH� VRPH�
ZKDW� VKRUWHU�(U��� UDGLXV� DQG� WKH� UHVXOWLQJ

KLJKHU�YDOXH�RI�V��WKDW�LQIOXHQFHV�WKH�ORFDO�
L]DWLRQ�

)RU� WKH� +R�±[6U[&R2�±G� V\VWHP�� WKH� GH�YLDWLRQ�RI�FXUYHV��Ü��LQ�)LJ����IURP�OLQHDU�
LW\� WRZDUGV� ORZHU� U� YDOXHV� FDQ� EH� LQWHU�
SUHWHG� DV� WKH� DSSHDUDQFH� RI� D� VHFRQG� FRQ�
GXFWLRQ� FKDQQHO� LQ� WKH� VDPSOHV�� 7KDW
FKDQQHO� DULVHV� DW� 7� �7
� LQ� WKH� VHPLFRQ�
GXFWRU�PDWUL[� KDYLQJ� WKH�95+�FRQGXFWLY�
LW\��[� �������������������������RU�16+�RQH
�[� ������� [� �������� 7KDW� LV� ZK\� D� PRGHO
ZKHUH� WKH� VDPSOHV� ZHUH� SUHVHQWHG� DV� WZR
SDUDOOHO�UHVLVWRUV�ZLWK�FRQGXFWLYLWLHV�V��DQGV�� ZDV� XVHG� WR� GHVFULEH� WKH� FRQGXFWDQFHZLWKLQ� WKH� ZKROH� WHPSHUDWXUH� UDQJH� VWXG�
LHG�� 7KH� PRGHO� RI� WZR� SDUDOOHO� UHVLVWRUV
ZKHUH�RQH�RI�WKRVH�KDV�D�PHWDO�W\SH�FRQGXF�
WLYLW\� ZKLOH� WKH� RWKHU� LV� D� VHPLFRQGXFWRU
KDV�EHHQ�FRQVLGHUHG�LQ�>��@��7KH��QG�FRQGXF�
WLRQ� FKDQQHO� LQ� +R�±[6U[&R2�±G� LV� GXH� WRWKHUPDO� H[FLWDWLRQ� RI� FREDOW� LRQV� WR� WKH
KLJK�VSLQ� VWDWH� UHVXOWLQJ� LQ� IRUPDWLRQ� RI� D
VSLQ�FRQGXFWLRQ�FKDQQHO�

7KH� VDPSOH� FRQGXFWLYLW\� LQ� WKH� PRGHO
XQGHU�FRQVLGHUDWLRQ�LV�WKH�WRWDO�FRQGXFWLYLW\
RI�WZR�SDUDOOHO�FKDQQHOV��

)LJ����� 0HDQ� KRSSLQJ� OHQJWK� YDULDWLRQ� DV� D
IXQFWLRQ� RI� WROHUDQFH� IDFWRU� IRU� +R�±
[6U[&R2�±G� �D�� DQG�(U�±[6U[&R2�±G� �E�� FHUDP�LFV� LQ�WKH�WHPSHUDWXUH�UDQJH�ZKHUH�WKH�0RWW
ODZ�IRU��'�FDVH�LV�PHW��7HPSHUDWXUH��.������
���������������������������������������

)LJ����� 0HDQ� KRSSLQJ� OHQJWK� YDULDWLRQ� DV� D
IXQFWLRQ�RI�WROHUDQFH�IDFWRU�IRU�+R�±[6U[&R2�±G�D�� DQG� (U�±[6U[&R2�±G� �E�� FHUDPLFV� DW� WHP�SHUDWXUHV�FRUUHVSRQGLQJ�WR�WKH��'�0RWW�FRQ�
GXFWLYLW\��&XUYHV�DUH�QXPEHUHG�DV�LQ�)LJ����
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V� �V����V�� ����
7KH� ILUVW� LWHP� FRUUHVSRQGV� WR� WKH� VHPL�

FRQGXFWRU�PDWUL[�FRQGXFWLYLW\�RFFXUULQJ�DF�
FRUGLQJ� WR� KRSSLQJ� PHFKDQLVP�� V�� �UÜ�ZKHUH�U�LV�GHVFULEHG�E\�����IRU�VDPSOHV�ZLWK
[� ������� [� ������ RU� E\� ���� IRU� [� ������
������������������7KH�VHFRQG�LWHP�GHVFULEHV
WKH�VSLQ�FRQGXFWLRQ�FKDQQHO�

V�� �HPQ� �V�fQ� ����
ZKHUH�P�LV�WKH�HJ�HOHFWURQ�PRELOLW\��V�f��WKH
FRQGXFWLYLW\�DW�7of��Q��FRQFHQWUDWLRQ�RI�HJHOHFWURQV� WKHUPDOO\� H[FLWHG� IURP� ,6� WR� +6
VWDWH�7KH�TXDQWLW\�Q�FRLQFLGHV�ZLWK�IXQFWLRQ
GHVFULELQJ� WKH� FRQFHQWUDWLRQ� RI� FREDOW� LRQV
FRQYHUWHG�LQWR�WKH�KLJK�VSLQV�VWDWH�>��@�

Q� �Q�e�>Q���H[S�'�e�N%7�@� �����
ZKHUH�Q� LV� WKH�PXOWLSOLFLW\� RI� WKH�&R��� LRQ
H[FLWHG�VWDWH��'��WKH�VSLQ�JDS�

,W� LV� WR� QRWH� WKDW� WKH� WHPSHUDWXUH�7
� RI
WKH� VSLQ� FRQGLFWLRQ� FKDQQHO� DSSHDUDQFH� IRU

+R����6U����&R2�±G� DQG� +R����6U����&R2�±GVDPSOHV� FRLQFLGHV� ZLWK� WKH� VWDUWLQJ� WHP�
SHUDWXUH�RI� WKH� WKHUPDO�H�P�I��UHGXFWLRQ� LQ
WKRVH� VDPSOHV� WKDW� LV� DVVRFLDWHG� ZLWK� WKH
FKDUJH�GLVSURSRUWLRQDOLW\�RI�&R�LRQV�WKDW�LV
SRVVLEOH�LQ�DQ�H[FLWHG�VWDWH�RQO\�>��@��,Q�WKH
PRGHO�SURSRVHG�WR�GHVFULEH�WKH�WHPSHUDWXUH
GHSHQGHQFH� RI� WKH� WKHUPDO� H�P�I��� WKH� ILW�
WLQJ� WR� H[SHULPHQWDO� UHVXOWV� ZDV� SRVVLEOH
RQO\� ZLWK� WKH� SURYLVR� WKDW� WKH� HQHUJ\� GLI�
IHUHQFH� EHWZHHQ� WKH� ,6� DQG� +6� VWDWHV� RI
FREDOW�LRQV�LV�VPDOO��,W�LV�MXVW�WKH�PXOWLSOLF�
LW\� Q� ���� WKDW� PHWV� WKDW� FRQGLWLRQ� >��@�
7KHUHIRUH�� WKH� ILWWLQJ� XVLQJ� ����� DQG� ����
ZDV�FDUULHG�RXW�DW�WKDW�Q�YDOXH��

7KH� ILWWLQJ� UHVXOWV� DUH� VKRZQ� LQ� )LJ����
7KH�VROLG�FXUYHV�FRUUHVSRQGLQJ�WR�WKH�GXDO�
FKDQQHO� FRQGXFWLYLW\�PRGHO� DJUHH�YHU\�ZHOO
ZLWK� H[SHULPHQWDO� U�7�� GHSHQGHQFHV�� 7KH
GRWWHG� OLQHV� VKRZ� WKH� GHSHQGHQFHV� FRUUH�
VSRQGLQJ� WR� WKH� PDWUL[� FRQGXFWLYLW\� ZLWK�
RXW�WKH�VSLQ�FKDQQHO�ZKLFK�DUH�GHVFULEHG�E\
WKH� 16+� FRQGXFWLYLW\� IRUPXODV� �)LJ����D�
DQG� �'� 0RWW� FRQGXFWLYLW\� �)LJ���E��� 7KH
WHPSHUDWXUHV� DW� ZKLFK� WKH� GXDO�FKDQQHO
FXUYHV�DQG�VLQJOH�FKDQQHO�RQHV�VWDUW�WR�GLI�
IHU�FRLQFLGH�ZLWK�7
��7KH�ILWWLQJ�SDUDPHWHUV
Uf�DQG�V�f�XVHG�WR�FRQVWUXFW�WKH�WKHRUHWLFDOU�7�� GHSHQGHQFHV� DUH� SUHVHQWHG� LQ� 7DEOH���
7KH� RUGHU� RI�PDJQLWXGH� FRLQFLGHQFH� RI�V�fYDOXHV� IRU� WKH� VDPSOHV� ZLWK� GLIIHUHQW� KRS�
SLQJ� FRQGXFWLYLW\� W\SHV� FRQILUPV� LQGLUHFWO\
WKH� VDPH� QDWXUH� RI� WKH� VHFRQG� FRQGXFWLRQ
FKDQQHO�� 7KH� FRQVLGHUDEOH� GLIIHUHQFHV� EH�
WZHHQ�Uf�YDOXHV�IRU�[� �������[� ������VDP�SOHV� DV� FRPSDUHG� WR� WKH� RWKHU�FHUDPLFD�DUH
FRQQHFWHG�ZLWK�GLIIHUHQW�FRQGXFWLRQ�FKDUDF�
WHUV�RI� WKH� VHPLFRQGXFWRU�PDWUL[��7KH�VSLQ
JDS�ZLGWK�XVHG�DV�WKH�ILWWLQJ�SDUDPHWHU�UH�
GXFHV� DV� WKH� WROHUDQFH� IDFWRU� LQFUHDVHV� �)LJ�
���� 6XFK� D� EHKDYLRU� RI� '� DJUHHV� ZLWK� WKH
DERYH�FRQVLGHUHG� LQIOXHQFH�PHFKDQLVP�RI� WKH

)LJ����� )LWWLQJ� RI� H[SHULPHQWDO� U�7�� GHSHQG�
HQFHV�IRU�+R�±[6U[&R2�±G�V\VWHP�VDPSOHV�FRU�UHVSRQGLQJ� WR� WKH� GXDO�FKDQQHO� FRQGXFWLYLW\
PRGHO��7KH�[�YDOXHV��������������������������
����������������������������������

7DEOH���� )LWWLQJ� SDUDPHWHUV�Uf� DQG�V�f� LQWKH� GXDO�FKDQQHO� FRQGXFWLYLW\� PRGHO� IRU
VDPSOHV�RI�+R±6U±&R±2�V\VWHP�

&RPSRVLWLRQ Uf��:�P V�f���:�P�Ü�
+R����6U����&R2�±G ������Ü�� �������
+R����6U����&R2�±G ������Ü�� �������
+R����6U����&R2�±G ������Ü�� ��������
+R����6U����&R2�±G ������Ü� �������
+R����6U����&R2�±G ������Ü� �����
+R����6U����&R2�±G ����Ü�� �������
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$�VLWH� FDWLRQ� PHDQ� UDGLXV� RQ� WKH� KRSSLQJ
FRQGXFWLYLW\� SDUDPHWHUV�� 7KH� '� YDOXHV� IRU
+R����6U����&R2�±G� DQG� +R����6U����&R2�±GVDPSOHV� FRLQFLGH� ZLWK� WKRVH� XVHG� LQ� >��@
ZKHQ� SURFHVVLQJ� WKHRUHWLFDOO\� WKH� WHPSHUD�
WXUH�GHSHQGHQFH� RI� WKH� WKHUPDO� H�P�I�� ,W� LV
WR� QRWH� WKDW� WKH� GHYLDWLRQ� RI� WKH� GHSHQG�
HQFHV�VKRZQ�LQ�)LJ����IURP�WKH�OLQHDULW\�IRU
VDPSOHV�KDYLQJ�[� ������DQG�[� ������LV�QRW
DVVRFLDWHG� ZLWK� WKH� RSHQLQJ� RI� D� QHZ� FRQ�
GXFWLRQ� FKDQQHO�� DV� LW� RFFXUV� WRZDUGV� WKH
LQFUHDVHV�UHVLVWDQFH�

7KH�SUHVHQFH�RI�H[FLWHG�VSLQ�VWDWHV�LQ�WKH
VDPSOHV�GRHV�QRW�PHDQ� WKH�DSSHDUDQFH�RI�D
PDJQHWLFDOO\� RUGHUHG� VWDWH�� ,W� IROORZV� IURP
WKH� PDJQHWLF� VXVFHSWLELOLW\� PHDVXUHPHQWV
WKDW� DOO� WKH� VDPSOHV�ZKHUH�D� VSLQ�FRQWULEX�
WLRQ� WR� WKH� FRQGXFWLYLW\� LV� UHYHDOHG� DUH
SDUDPDJQHWLFV� �DV� DOO� RWKHU� VDPSOHV� VWXG�
LHG��� 7KLV�PD\� EH� D� FRQVHTXHQFH� RI� D�ZHDN
H[FKDQJH� EHWZHHQ� FREDOW� LRQV� LQ� WKH� WHP�
SHUDWXUH�UDQJH�VWXGLHG�

7KH� &D�FRQWDLQLQJ� FHUDPLFD� DUH� FKDUDF�
WHUL]HG�E\�FRQVLGHUDEO\�KLJKHU�U�YDOXHV�WKDQ
6U�FRQWDLQLQJ� RQHV�� WKH� VXEVWLWXWLRQ� LQGLFHV
EHLQJ� WKH� VDPH��7KDW� LV�ZK\� WKH� UHVLVWDQFH
PHDVXUHPHQWV� KDYH� EHHQ� FDUULHG� RXW� WKHUH�
IRU� DW�7�����.�ZLWKLQ� D� FRQVLGHUDEO\� QDU�
URZHU� WHPSHUDWXUH� UDQJH�� )RU� DOO� WKH� VDP�
SOHV��WKH�VDPH�KRSSLQJ�FRQGXFWLYLW\�LV�W\SL�
FDO� RI�� QDPHO\�� WKH� �'� 0RWW� FRQGXFWLYLW\
�)LJ������7KLV�LV�FRQQHFWHG�ZLWK�WKH�IDFW�WKDW
WKH�V�� SDUDPHWHU� LQ�&D� FHUDPLFV� LV� VLJQLIL�
FDQWO\� ORZHU� WKDQ� LQ� 6U� GRSHG� RQHV�� PRUH�
RYHU�� V�� GHSHQGV� RQO\� VOLJKWO\� RQ� WKH� FDO�
FLXP�FRQFHQWUDWLRQ��7KH�HIIHFW�RI�VWUXFWXUH
SDUDPHWHU� W� RQ� WKH�KRSSLQJ� FRQGXFWLYLW\� LV
LQ� DJUHHPHQW� ZLWK� WKH� DERYH� PHFKDQLVP�
WKH� FKDUDFWHULVWLF� WHPSHUDWXUH� GHFUHDVHV� DV
WKH�WROHUDQFH�IDFWRU�ULVHV��DQG�WKH�7��YDOXH

LV� VRPHZKDW� ORZHU� IRU� KROPLXP� VDPSOHV
WKDQ�IRU�HUELXP�RQHV��WKH�VXEVWLWXWLRQ�LQGL�
FHV� EHLQJ� WKH� VDPH� �)LJ������ 7KH� FKDUDF�
WHULVWLF� WHPSHUDWXUH� LV� ORZHU� DW�&D� GRSLQJ
WKDQ�DW�6U�RQH��WKH�UDUH�HDUWK�LRQ�EHLQJ�WKH
VDPH� DQG� WKH� WROHUDQFH� IDFWRU� YDOXHV� EHLQJ
VLPLODU� �VHH� )LJV���� DQG� ���� 7KLV� GLIIHUHQFH
LV�GXH� WR� LRQLF� UDGLL� VLPLODULW\� RI�&D��� DQG
UDUH�HDUWK� HOHPHQWV� DV� ZHOO� DV� WKH� ORZ� V�
YDOXH�LQ�&D�FRQWDLQLQJ�VDPSOHV�

7KXV�� WKH� FRQVLGHUDWLRQ� FDUULHG� RXW� KDV
VKRZQ�WKDW�WKH�KRSSLQJ�FRQGXFWLYLW\�W\SH�LV
REVHUYHG� ZKHQ� KROPLXP� DQG� HUELXP� FREDO�
WLWHV� DUH� GRSHG� ZLWK� DONDOL�HDUWK� HOHPHQWV
ZLWKLQ� D� ZLGH� UDQJH� RI� WKH� GRSDQW� FRQFHQ�
WUDWLRQ��7KH�KRS�FKDUDFWHU�LV�GHILQHG�PDLQO\
E\�GLVRUGHU�WKDW� LV�GXH�WR� LRQLF�UDGLXV�PLV�
PDWFK� RI� WKH� $�VLWH� FDWLRQV�� $W� D� ORZ� V�
YDOXH� �DOO� WKH� &D�GRSHG� VDPSOHV� DQG� WKRVH
ZLWK� 6U� FRQWHQW� ����d[d����� DQG

)LJ�����3URFHVVLQJ�RI�H[SHULPHQWDO�U�7��GHSHQG�
HQFHV� LQ� WKH� FRRUGLQDWHV� FRUUHVSRQGLQJ� WR� �'
0RWW� FRQGXFWLYLW\� PRGH�� �D�� +R�±[&D[&R2�±GV\VWHP���E��(U�±[&D[&R2�±G�V\VWHP��7KH�[�YDO�XHV�� ����� ����� ����� ����� ����� ����� ����� ����
���������������������������������������

)LJ����� 6SLQ� JDS� YDULDWLRQ� DV� D� IXQFWLRQ� RI
WROHUDQFH�IDFWRU�IRU�+R�±[6U[&R2�±G�VDPSOHV�
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����d[d������� WKH� YDULDEOH� UDQJH� KRSSLQJ
FRQGXFWLYLW\� LV� UHDOL]HG� FKDUDFWHUL]HG� E\� D
FRQVWDQW�ORFDO�VWDWH�GHQVLW\�ZLWKLQ�D�QDUURZ
UDQJH�QHDU�WKH�)HUPL�OHYHO��$V�WKH�V��YDOXH
LQFUHDVHV� XS� WR� V�|����� �6U�GRSHG� VDPSOHV
ZLWK� [� ������ DQG� [� �������� WKH� KRSSLQJ
FRQGXFWLYLW\� FKDUDFWHU� LV� FKDQJHG�� ,Q� HU�
ELXP�VDPSOHV��WKH�GLVRUGHU�RI�$�VLWH�FDWLRQV
FDXVHV�D�FRUUHODWLRQ�HIIHFW��D�&RXORPE�LQWHU�
DFWLRQ� EHWZHHQ� WKH� FKDUJHV� DQG� DQ� HQHUJ\
JDS� DSSHDUDQFH� LQ� WKH� ORFDOL]HG� VWDWH� VSHF�
WUXP�DW�WKH�)HUPL�OHYHO�DVVRFLDWHG�ZLWK�WKDW
LQWHUDFWLRQ�� ,Q� KROPLXP� VDPSOHV�� WKH� ORFDO�
L]DWLRQ�LQFUHDVH�DVVRFLDWHG�ZLWK�WKH�GLVRUGHU
RI�$�VLWH� FDWLRQV� FDXVHV� D� WUDQVLWLRQ� WR� WKH
KRSSLQJ�FRQGXFWLYLW\�RYHU�WKH�QHDUHVW�VLWHV�
7KH� SDUDPHWHUV� FKDUDFWHUL]LQJ� WKH� KRSSLQJ
FRQGXFWLYLW\�RI�WKH�VDPH�QDWXUH��WKH�FDUULHU
ORFDOL]DWLRQ� HQHUJ\�� HWF��� DUH� LQIOXHQFHG
PDLQO\�E\�WKH�$�VLWH�FDWLRQ�HIIHFWLYH�UDGLXV
�U$!��7KH�PHFKDQLVP�RI�WKDW�LQIOXHQFH�LV�LQFRQQHFWLRQ�ZLWK�WKH�YDOXH�RI�FKHPLFDO�SUHV�
VXUH�FDXVLQJ�FKDQJHV� LQ�WKH�HQHUJ\�VSOLW�RI
�G�OHYHOV�DQG�VSLQ�VWDWHV�RI�FREDOW�LRQV��7KH
PDLQ� PDQLIHVWDWLRQ� RI� WKDW� PHFKDQLVP� LV
WKH�'�YDOXH�ORZHULQJ�DW�LQFUHDVLQJ�WROHUDQFH
IDFWRU� WKDW� LV�REWDLQHG�ZKHQ�SURFHVVLQJ�H[�
SHULPHQWDO�GDWD�ZLWKLQ�D�PRGHO� WDNLQJ� LQWR
DFFRXQW�WKH�VSLQ�FRQWULEXWLRQ�WR�WKH�FRQGXF�
WLYLW\� RI� +R�±[6U[&R2�±G� V\VWHP� VDPSOHV�7KH� 0RWW� KRSSLQJ� FRQGXFWLYLW\� SDUDPHWHUV
WKDW� DUH� GHILQHG� E\� WKH� ORFDOL]DWLRQ� HQHUJ\
GLIIHU� DOZD\V� IRU� WKH� VDPSOHV� RI� GLIIHUHQW

V\VWHPV�EXW�KDYLQJ�VLPLODU�WROHUDQFH�IDFWRU
YDOXHV�� 7KLV� GLIIHUHQFH� LV� DVVRFLDWHG� ZLWK
WKH� IDFW� WKDW� WKH� FKDUJH� FDUULHU� VWDWHV� DUH
PRUH� ORFDOL]HG� LQ� VDPSOHV� ZLWK� D� ODUJHU
LRQLF� UDGLL� PLVILW� RI� $�VLWH� FDWLRQV�� 7KXV�
PLVPDWFK� WKH� V�� YDOXH� LQIOXHQFHV� DOVR� WKH
0RWW� KRSSLQJ� FRQGXFWLYLW\� SDUDPHWHUV� DO�
WKRXJK�WR�D�OHVVHU�H[WHQW�WKDQ��U$!�

5HIHUHQFHV
� ���$�$�7DVNLQ�� $�1�/DYURY�� <RLFKL� $QGR��3K\V�

5HY��%��������������������
� ���6�*�2YFKLQQLNRY�� <X�6�2UORY�� =K��(NVS��7HRU�

)L]�������������������
� ���9�*RORYDQRY�� /�0LKDO\�� $�5�0RRGHQEDXJK�

3K\V��5HY��%������������������
� ���-�6�3DUN��6�<�3DUN��+�*�3DUN�HW�DO���-��.RUHDQ

3K\V��6RF������������������
� ���$�-�:LOOLDPV�� %�0�6RERWND�� -�3�$WWILHOG�� -�

6ROLG�6WDWH�&KHP�������������������
� ���(�*�)HVHQNR�� 3HURYVNLWH� )DPLO\� DQG� )HU�

URHOHFWULFLW\�� $WRPL]GDW�� 0RVFRZ� ������� >LQ
5XVVLDQ@�

� ���-�3�$WWILHOG�� ,QW��-��,QRUJ��0DW��� ��� ����
�������

� ���6KHQJPLQJ�=KRX��-XQ�;X��*XDQJMXQ�=KDR�HW
DO���-��3K\V��&RQGHQV��0DW�������������������

� ���1�5DPD��9�6DQNDUDQDUD\DQDQ��0�2SHO� HW�DO��
-��$OOR\V�DQG�&RPS�����������������

����9�1�6PRO\DQLQRYD��6�(�/RIODQG��&�+LOO�HW�DO��
-��0DJQ��0DJQ��0DWHU�������������������

����5�'�6KDQQRQ�� $FWD� &U\VWDOORJU��$�� ���� ���
�������

����9�)�.KLUQ\L��$�$�.R]ORYVNLL��$�9�6HPHQRY�HW
DO���)XQFWLRQDO�0DWHULDOV������������������

����1�0RWW�� (�'DYLV�� (OHFWURQ� 3URFHVVHV� LQ� 1RQ�
FU\VWDOOLQH� 0DWHULDOV� �� &ODUHQGRQ� 3UHVV�� 2[�
IRUG�������

����,�%�6KNORYVN\��$�/�(IURV��(OHFWURQ�3URSHUWLHV
RI� 'RSHG� 6HPLFRQGXFWRUV�� 1DXND�� 0RVFRZ
�������>LQ�5XVVLDQ@�

���� *�� 9HQNDWDLDK�� 9�� 3UDVDG�� 3�� 9HQXJRSDO
5HGG\��-��$OOR\V�DQG�vRPS������������������

���� (VD� %RVH�� 6�� .DUPDNDU�� %�� .�� &KDXGKXUL�� -�
3K\V��&RQGHQV��0DWWHU���������������

����<�� /LX��;��<��4LQ��-��3K\V��&KHP��RI�6ROLGV�
����������������

����6��5DYL��0DQRUDQMDQ�.DU��3K\V��%����������
�������

����0DVDVKLJH� 2QRGD��$VDPL� 6XJDZDUD�-�� 3K\V��
&RQGHQV��0DW����������������

���� .LFKL]R� $VDL�� 2VDPX� <RNRNXUD�� 1REXKLNR
1LVKLPRUL� HW� DO��� 3K\V�� 5HY�� %�� ���� �����
�������

����:��.RVKLEDH��.��7VXWVXL��6��0DHNDZD��3K\V�
5HY��%�������������������

)LJ����� 9DULDWLRQ� RI� WKH� 0RWW� FKDUDFWHULVWLF
WHPSHUDWXUH�DV�D�IXQFWLRQ�RI�WROHUDQFH�IDFWRU
IRU� &D�FRQWDLQLQJ� VDPSOHV�� +R�±[&D[&R2�±GV\VWHP������(U�±[&D[&R2�±G�V\VWHP�����
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