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7KH� LQWHUHVW� LQ� ODQWKDQXP� FREDOWDWHV
/D�±[$[&R2�� �$� LV� DQ� DONDOLQH�HDUWK� HOH�PHQW�� LV�PRWLYDWHG�E\�WKHLU�SURVSHFWLYH�DS�
SOLFDWLRQ� DV� KLJK�VHQVLWLYLW\� PDJQHWLF� ILHOG
VHQVRUV�� DV� HOHFWURGHV� LQ� IHUUR�HOHFWULF� FD�
SDFLWRUV� >�@� DQG� LQ� WKHUPDO� FHOOV� >�@�� 7KLV
ZRUN� FRQFHUQV� WKH� LQIOXHQFH� RI� KHDW� H[�
FKDQJH� FRQGLWLRQV� ZLWK� HQYLURQPHQW� RQ
PDJQHWLF� SURSHUWLHV� RI� ODQWKDQXP� FREDO�
WDWHV�� ,W� LV� NQRZQ� >�@� WKDW� LQ� VXEVWLWXWHG
ODQWKDQXP�PDQJDQLWHV��YDOXH�RI�PDJQHWL]D�
WLRQ�0� LV� LQIOXHQFHG� E\� FRROLQJ� UDWH�� 7KLV
LQIOXHQFH� KDV� LWV� PD[LPXP� QHDU� WKH� &XULH
WHPSHUDWXUH��°�� %HVLGHV�� LW� LV� VKRZQ� >����@WKH��S\URPDJQHWLF��HIIHFW�ZDV�UHYHDOHG�FRQ�
VLVWLQJ� LQ� WKH� IDFW� WKDW� PDJQHWL]DWLRQ� RI
JDUQHW�W\SH� IHUULWHV� DQG� \WWULXP�RUWKRIHU�
ULWH�LV�FKDQJHG�XQGHU�LUUDGLDWLRQ�ZLWK�SXOVH
ODVHU� EHDPV�� $V� DQ� LQGLFDWRU� RI� 0� YDOXH
YDULDWLRQ�� WKHUH� ZDV� HOHFWURPRWLYH� IRUFH
�(0)�� EHLQJ� UHJLVWHUHG� LQ� D� GHWHFWRU� FRLO
DURXQG� D� VDPSOH� XQGHU� WHVWLQJ�� 7KH� (0)
JHQHUDWLRQ�PLJKW�EH�H[SODLQHG�ERWK�E\�PDJ�

QHWR�HODVWLF� >�@� DQG� WKHUPR�PDJQHWLF� >�@
PHFKDQLVPV�� L�H��� E\� DQ� LQIOXHQFH� RI� WKHU�
PDO�SXOVHV� WKDW� RFFXU�GXH� WR� LUUDGLDWLRQ�RI
WKH�VDPSOH�

7KH�VWXGLHV�ZHUH�FDUULHG�RXW�XVLQJ�WKUHH
FHUDPLF�VDPSOHV�RI�WKH�IROORZLQJ�FKHPLFDO�FRP�
SRVLWLRQV������/D����6U����&R2���7F� �Ü���&������/D����6U����&R2�� �7F� �Ü���&�� DQG� ���
/D����6U����&R2�� �7F� �Ü����&��� 7KH� LQLWLDOFRPSRXQG�/D&R2��LV�D�QRQ�PDJQHWLF�GLHOHF�WULF� RI� SHURYVNLWH� W\SH� VWUXFWXUH�� 6XEVWLWX�
WLRQ� RI� /D� E\� DQ� DONDOLQH�HDUWK� HOHPHQW� UH�
VXOWV� LQ�RFFXUUHQFH�RI�PDJQHWLF�RUGHULQJ�RI
/D�±[$[&R2��ZLWKLQ�WKH�FRQFHQWUDWLRQ�UDQJHRI� ���d[d����� 7KH� &XULH� SRLQW� LV� ORFDWHG
ZLWKLQ� ���� WR� ���� z� LQWHUYDO� >�@�� ,Q� WKLV
FDVH�� WKH� VDPSOHV� DUH� VXEGLYLGHG� LQWR� UH�
JLRQV�HQULFKHG�LQ�FKDUJH�FDUULHUV��DQG�KHQFH
H[KLELWLQJ� PHWDO� W\SH� FRQGXFWLYLW\�� DQG
WKRVH�GHSOHWHG�RI�FKDUJH�FDUULHUV��WKH�VHPL�
FRQGXFWRU� FRQGXFWLYLW\� W\SH��� 7KH� UHJLRQV
HQULFKHG� LQ�FKDUJH�FDUULHUV�UHSUHVHQW�D�IHU�
URPDJQHWLF� VWDWH��ZKLOH� WKRVH�SRRU� LQ� WKHVH
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FDUULHUV�DUH�QRQ�PDJQHWLF�>�@��7KH�QDWXUH�RI
SKDVH� WUDQVIRUPDWLRQV� DQG� PDJQHWR�UHVLV�
WLYH� HIIHFW� LQ� WKHVH� FRPSRXQGV� LV� VWLOO� D
PDWWHU�XQGHU�GLVFXVVLRQ�>�@�

7R� VWXG\� WKH� LQIOXHQFH� RI� VSHFLILF� IHD�
WXUHV�RI�KHDW�H[FKDQJH�ZLWK�HQYLURQPHQW�RQ
PDJQHWLF� WUDQVLWLRQ� LQ� ODQWKDQXP� FREDO�
WDWHV�� YDULDWLRQV� RI� WHPSHUDWXUH� GHSHQG�
HQFHV� RI� UHDO� Fc���� DQG� LPDJLQDU\� Fcc���
SDUWV� RI� FRPSOH[� PDJQHWLF� VXVFHSWLELOLW\
KDYH� EHHQ� LQYHVWLJDWHG� DW� GLIIHUHQW� FRROLQJ
DQG� KHDWLQJ� UDWHV� RI� WKH� VDPSOHV�� 6LPLODU
VWXGLHV� KDYH� EHHQ� FDUULHG� RXW� SUHYLRXVO\
ZLWK� ODQWKDQXP� PDQJDQLWHV� >�@�� 7KH� �°YDOXH� KDV� EHHQ� GHWHUPLQHG� IURP� WKH� PD[L�
PXP� LQ� WKH� PDJQHWLF� VXVFHSWLELOLW\� WHP�
SHUDWXUH�GHSHQGHQFH��7KH�PDJQHWLF�PHDVXUH�
PHQWV�ZHUH� FDUULHG� RXW�XVLQJ�D� VHWXS�RI� WKH
+DUWVKRUQ� EULGJH� W\SH�� 7KH� DPSOLWXGH� RI� DO�
WHUQDWLQJ� �PRGXODWLQJ��PDJQHWLF� ILHOG�+�W�� 
+DFFRV�ZW�� FRUUHVSRQGHG� WR�sÈ°� ���2H�� IUH�TXHQF\� Z��S� ����� N+]� �W� LV� WLPH��� 7KH
PHDVXULQJ�DSSDUDWXV�ZDV�FDOLEUDWHG�XVLQJ�D
UHIHUHQFH�VDPSOH�RI�KLJK�WHPSHUDWXUH�VXSHU�
FRQGXFWLQJ� <%D�&X�2�� FHUDPLFV�� 9DOXHV� RIFc�DQG�Fcc�KDYH�EHHQ�FDOFXODWHG�LQ�6O�XQLWV�

7KH� VDPSOHV� SUHSDUHG� E\� FRQYHQWLRQDO
VROLG� VWDWH� UHDFWLRQ�PHWKRG�ZHUH� VKDSHG�DV
��� PP� ORQJ� DQG� ���� PP� GLDPHWHU� F\OLQ�
GHUV�� $FFRUGLQJ� WR� ;�UD\�SKDVH� DQDO\VLV
GDWD�� WKH� VDPSOHV� ZHUH� VLQJOH�SKDVH� RQHV
SRVVHVVLQJ� � KH[DJRQDO� VWUXFWXUH� ZLWK� WKH
FU\VWDO�ODWWLFH�XQLW�FHOO�FKDUDFWHUL]HG�E\�WKH
SDUDPHWHUV� È� �E� ��������� QP�� °� 

��������QP�� DQG� J� ������� 7KH� VDPSOHV
ZHUH� SODFHG� LQ� D� FORVHG� FDSVXOH� ZKHUH� WKH
WHPSHUDWXUH� ZDV� FRQWUROOHG� E\� PHDQV� RI� D
FRSSHU�FRQVWDQWDQ� WKHUPRFRXSOH� DW� WKH� UHI�
HUHQFH� MXQFWLRQ� WHPSHUDWXUH� ��&�� 7KH� VDP�
SOHV� ZHUH� FRROHG� E\� LPPHUVLRQ� RI� WKH� FDS�
VXOH� LQWR� OLTXLG� QLWURJHQ� DQG� ZDUPHG� XS
DJDLQ� XVLQJ� D� UHVLVWLYH� QRQ�LQGXFWLYH
KHDWHU�� 7KH� KHDWLQJ� UDWH� ZDV� UHJXODWHG� E\
YDU\LQJ� WKH� KHDWHU� FXUUHQW�� 7KH� YDULRXV
FRROLQJ�UDWHV�ZHUH�REWDLQHG�E\�FKDQJLQJ�WKH
VDPSOH�KROGLQJ� FDSVXOH� WKHUPDO� LQVXODWLRQ
H[WHQW�� 7KH� WHPSHUDWXUH� FKDQJH� UDWH� GH�
ILQHG�RYHU�WLPH�LQWHUYDO�'W�EHWZHHQ�LWV�VWDUW
DQG� WKH� WKHUPDO� HTXLOLEULXP� VWDWH�ZDV� UHS�
UHVHQWHG�DV�DQ�DYHUDJH�YDOXH�'7�'W�

)LJV����DQG���UHSUHVHQW�GHSHQGHQFHV�Fc���
DQG� Fcc����� UHVSHFWLYHO\�� REWDLQHG� IRU� WKH
VDPSOH�1R���LQ�FRROLQJ�PRGH��7KH�FRROLQJ�SURF�
HVV� ZDV� VWDUWHG� IURP� WHPSHUDWXUHV� ��!7F�ZKHUH� WKH� VDPSOH� ZDV� LQ� SDUDPDJQHWLF
VWDWH�� ,W�KDV� EHHQ� IRXQG�WKDW�DW� UDSLG�FRRO�
LQJ� RI� D� VDPSOH� IURP� �� �����.� WR� ���z�
WKH� PD[LPXP� YDOXHV� RI� Fc�PD[� DQG� FccPÈ²LQFUHDVH�DV�FRPSDUHG�WR�PD[LPXP�YDOXHV�RI
WKHVH� SDUDPHWHUV�� FcPD[� DQG� FccPÈ²�� UHVSHF�WLYHO\�� REWDLQHG� XQGHU� HTXLOLEULXP� �L�H��
VORZ�� FRROLQJ�PRGH�� 7KH� UHODWLYH� LQFUHPHQW
RI�Fc����PD[LPXP�YDOXH� DW�QRQ�HTXLOLEULXP
SURFHVV� LQFUHDVHV� ZLWK� ULVLQJ� FRROLQJ� UDWH�
UHDFKLQJ� ��� �� DW� '7�'W� ����� z�PLQ�� ,W
VKRXOG� EH� QRWHG� WKDW� GXULQJ�PHDVXUHPHQWV
LQ�QRQ�HTXLOLEULXP�FRQGLWLRQV�� D� VLJQLILFDQW
WHPSHUDWXUH�JUDGLHQW�LV�SUHVHQW�LQ�WKH�VDP�
SOHV��%HVLGHV�� WKH� WKHUPDO� FRQGXFWLYLW\�YDO�

)LJ����� 'HSHQGHQFH� Fc�7�� IRU� D
/D����6U����&R2��VDPSOH�GHWHUPLQHG�DW�GLIIHU�HQW�FRROLQJ�UDWHV��.�PLQ���������������������
����DQG����������&XUYHV�����Ü�����GHQRWH�QRQ�
HTXLOLEULXP� SURFHVVHV� DQG� ���� UHSUHVHQWV� DQ
HTXLOLEULXP�SURFHVV�

)LJ����� 'HSHQGHQFH� Fcc���� IRU� D
/D����6U����&R2��VDPSOH�GHWHUPLQHG�DW�GLIIHU�HQW� FRROLQJ� UDWHV�� ��.�PLQ� �GRWWHG� OLQH�� DQG
����.�PLQ��VROLG�OLQH��

$�$�.R]ORYVNLL�HW�DO����,QIOXHQFH�RI�KHDW�H[FKDQJH����

)XQFWLRQDO�PDWHULDOV������������� ���



XHV� IRU� D� FHUDPLF� VDPSOH� >��@� DQG� IRU� D
PHDVXULQJ� WKHUPRFRXSOH� MXQFWLRQ� >��@� GLI�
IHU� E\� PRUH� WKDQ� DQ� RUGHU� RI� PDJQLWXGH�
7KH� WHPSHUDWXUH� UHJLVWHUHG� LQ� WKLV� H[SHUL�
PHQW� GHQRWHV� D� WHPSHUDWXUH� LQVLGH� WKH
PHDVXUHPHQW�FHOO�DQG�DW�WKH�VDPSOH�VXUIDFH�
7KHUHIRUH�� VKLIWV� RI� PD[LPXPV� LQ� FXUYHV
Fc���� DQG� Fcc���� FRUUHVSRQGLQJ� WR� WKH� QRQ�
HTXLOLEULXP� SURFHVV� VKRXOG� QRW� EH� FRQVLG�
HUHG�DV�D�GHSUHVVLRQ�RI�WKH�&XULH�SRLQW�

7KH� GLVFRYHUHG� HIIHFW� LV� V\PPHWULFDO
ZLWK�UHVSHFW�WR�WHPSHUDWXUH�YDULDWLRQ��VLQFH
WKH� FcPÈ²� YDOXH� GHFUHDVHV� DW� UDSLG
���� .�PLQ�� KHDWLQJ�XS� RI� VDPSOHV� DV� FRP�
SDUHG� WR�Fc��PÈ²� �VHH�)LJ������0RUHRYHU��WKHFXUYH� Fc���� UHSUHVHQWV� D� PLQLPXP� ZLWKLQ
WKH� WHPSHUDWXUH� UDQJH� QHDU� ��� .�� 7KDW
PLQLPXP� LV� DQ� HYLGHQFH� WKDW� GHFUHDVH� RI
FcPÈ²� DW� UDSLG� WHPSHUDWXUH� HOHYDWLRQ� LVFDXVHG� QRW� E\� GLIIHUHQW� KHDWLQJ� GHJUHHV� RI
QHDU�VXUIDFH� DQG� LQWHULRU� VDPSOH� UHJLRQV�
EXW� GXH� WR� VRPH� RWKHU� SK\VLFDO� IDFWRUV�� ,Q
WKH� FRXUVH� RI� WLPH�� WKH� Fc� DQG� Fcc� YDOXHV
ZKLFK�FRUUHVSRQG�ERWK�WR�UDSLG�FRROLQJ�DQG
UDSLG�KHDWLQJ�XS��UHVSHFWLYHO\��FRPH�EDFN�WR
WKHLU� HTXLOLEULXP� YDOXHV� DW� D� VSHFLILF� WHP�
SHUDWXUH�� ZKHQ� G7�GW� ���� 7KH� Fc���� DQG
Fcc���� GHSHQGHQFHV�GHWHUPLQHG� LQ� FRQGLWLRQV
RI�HTXLOLEULXP�FRROLQJ�DQG�KHDWLQJ�XS�FRLQ�
FLGH� ZLWK� RQH� DQRWKHU�� 6LPLODU� GDWD� KDYH
DOVR�EHHQ�REWDLQHG�ZLWK�VDPSOHV�1R���DQG��
KDYLQJ�ORZHU��°�YDOXHV�)LJXUHV� �� DQG� �� SUHVHQW� WKH� FXUYHV� RI
Fc����DQG�Fcc����WHPSHUDWXUH�K\VWHUHVLV�ORRSV
IRU�WKH�VDPSOH�1R����UHVSHFWLYHO\��WKH�FXUYH
�� LV� REWDLQHG� GXULQJ� VORZ� KHDWLQJ� XS� IURP
���.��DQG�FXUYHV������DQG���DUH�REWDLQHG�

GXULQJ� FRROLQJ� DW� WKH� ���� .�PLQ� UDWH�
VWDUWLQJ�IURP�WHPSHUDWXUHV�EHORZ��°��7KH�GDWD�ZHUH�FRQILUPHG�E\�LPDJH�RI�RV�
FLOORJUDSK�SURGXFHG�FXUYHV��DQG�E\�WKH�IDFW
WKDW� WKH� EULGJH� ZDV� SUDFWLFDOO\� QRW� GLVEDO�
DQFHG� GXULQJ� UDSLG� WHPSHUDWXUH� YDULDWLRQV
ZLWK�QR�VDPSOH�LQ�WKH�PHDVXULQJ�FRLO��0RUH�
RYHU��D�VLPLODU�LQFUHDVH�RI�FcPÈ²�Ò�FccPÈ²�KDVEHHQ� REVHUYHG� DIWHU� D� VDPSOH� �KDYLQJ� WHP�
SHUDWXUH� ���&�� KDV� EHHQ� SODFHG� LQWR� WKH
PHDVXULQJ�FHOO�FRROHG�SUHOLPLQDULO\�GRZQ�WR
��� .�� WKXV� H[FOXGLQJ� DQ\� SHDN� HIIHFWV� RI

)LJ����� 'HSHQGHQFH� Fc�7�� IRU� D
/D����6U����&R2��VDPSOH�GHWHUPLQHG�DW�GLIIHU�HQW�KHDWLQJ� UDWHV����.�PLQ� �GRWWHG� OLQH��DQG
���.�PLQ��VROLG�OLQH��

)LJ����� +\VWHUHVLV� Fc�7�� REWDLQHG� DW� UDSLG
FRROLQJ� ����� .�PLQ�� RI� D� /D����6U����&R2�VDPSOH� VWDUWLQJ� IURP�����7F�� FXUYH� �����7� Ü���&�� FXUYH� ������� �Ü���&�� FXUYH� ������� 
Ü����&�� &XUYH� ���� GHQRWHV� DQ� HTXLOLEULXP
SURFHVV�

)LJ����� +\VWHUHVLV� Fcc�7�� REWDLQHG� DW� UDSLG
FRROLQJ� ����� .�PLQ�� RI� D� /D����6U����&R2�VDPSOH� VWDUWLQJ� IURP�����7F�� FXUYH� �����7� Ü���&�� FXUYH� ���� �� �Ü����&�� &XUYH� ���� GH�
QRWHV�DQ�HTXLOLEULXP�SURFHVV�
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LQVWUXPHQWDO� RULJLQ�� 7KH� FcPÈ²� YDOXH� WKXVGHWHUPLQHG�H[FHHGHG�Fcc�PÈ²�E\������
7KH�UHVXOW�REWDLQHG�PD\�EH�H[SODLQHG�E\

VLPSOH� FRQVLGHUDWLRQV� WKDW� IROORZ�� 7DNLQJ
LQWR� DFFRXQW� WKH� H[SHULPHQWDO� FRQGLWLRQV
DQG�WKH�RSHUDWLRQDO�SULQFLSOH�RI�F�PHDVXULQJ
VHWXS�� WKH�XQEDODQFH� VLJQDO�EHLQJ�PHDVXUHG
FDQ�EH�H[SUHVVHG�DV

8� �H����H��a�G0�e�GW� 
 ��w0�e�w+��w+�e�wW�����w0�e�w7��w7�e�wW�� �

 �F��w+�e�wW�����w0�e�w7��w7�e�wW�� 
 �F��w+�e�wW����'8�

���

ZKHUH� H�� LV� (0)� LQGXFHG� ZLWKLQ� GHWHFWRU
FRLO� WKDW� VXUURXQGV� D� VDPSOH�� H��� (0)� LQ�
GXFHG� ZLWKLQ� WKH� FRPSHQVDWLQJ� FRLO�� '8�
WKHUPRPDJQHWLF� FRQWULEXWLRQ� WR� WKH� VLJQDO
EHLQJ� PHDVXUHG�� $W� VORZ� WHPSHUDWXUH
FKDQJH�� L�H��� ZKHQ� w7�e�wW� ���� LW� IROORZV
IURP�����WKDW

8�a�F��w+�e�wW�� ���
)RU� IHUURPDJQHWLFV� WKDW� SRVVHVV� D� VLQJOH

PDJQHWLF�VXEODWWLFH��WKH�FRQGLWLRQ��w0�e�w7�����
LV� YDOLG� EHORZ� WKH� &XULH� SRLQW�� $W� UDSLG
FRROLQJ� RI� VDPSOHV�� �w7�e�wW������ DQG� FRQVH�
TXHQWO\��'8�!���DQG�8�!�8���DFFRUGLQJ�WR�����$W� UDSLG� KHDWLQJ�XS�� '8����� DQG� 8���8��ZKLFK�LV�LQ�FRQIRUPLW\�ZLWK�H[SHULPHQWDO�GDWD�

7KXV�� WKHUPRPDJQHWLF� HIIHFWV� LQ� WKH
VWXGLHG� ODQWKDQXP�FREDOWDWHV�� DV�ZHOO�DV� LQ
VXEVWLWXWHG� ODQWKDQXP� PDQJDQLWHV� >�@�
FDXVH� D� VLJQLILFDQW� LQIOXHQFH� RQ� PDJQHWLF
PHDVXUHPHQWV�� 7KH� GLVFRYHUHG� HIIHFW� LV
VLPLODU� WR� �S\UR�PDJQHWLF�� RQH� UHJLVWHUHG
SUHYLRXVO\� LQ� RWKHU� NLQGV� RI� PDJQHWLFV
>��� �@�� 'LIIHUHQFH� IURP� GDWD� LQ� >����@� FRQ�

VLVWHG� LQ� WKH� IDFW� WKDW� WKHUPDO� SXOVHV� KDYH
EHHQ� IRUPHG� E\� PHDQV� RI� KHDW� H[FKDQJH
SURFHVVHV�UDWKHU�WKDQ�E\�HOHFWURPDJQHWLF�UD�
GLDWLRQ��7KLV�PDGH�LW�SRVVLEOH�WR�QHJOHFW�WKH
SRWHQWLDO� FRQWULEXWLRQ� RI� VXVFHSWLELOLW\
YDOXH� RI� ZKLFK� RFFXUV� GXH� WR� LQWHUDFWLRQ
EHWZHHQ� HOHFWURPDJQHWLF� UDGLDWLRQ� DQG� WKH
PDJQHWLF� VSLQ� VXEV\VWHP�� DV� ZHOO� DV� WR
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