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/DZUHQFH�%HUNHOH\�1DWLRQDO�/DERUDWRU\����&\FORWURQ�5RDG��06�������
%HUNHOH\��&$������86$

1DWLRQDO�7HFKQLFDO�8QLYHUVLW\��.KDUNLY�3RO\WHFKQLFDO�,QVWLWXWH��
���)UXQ]H�6WU���������.KDUNLY��8NUDLQH

5HFHLYHG�-DQXDU\���������
.LQHWLFV� RI� SKDVH� IRUPDWLRQ� 6F�6L� PXOWLOD\HUV� DQG� 6L�6F�6L� WKUHH�OD\HUV� ZLWKLQ� WKH

WHPSHUDWXUH�UDQJH�RI����Ü����&�KDV�EHHQ�VWXGLHG�E\�FURVV�VHFWLRQDO�WUDQVPLVVLRQ�HOHFWURQ
PLFURVFRS\� DQG� VPDOO�DQJOH� ;�UD\� UHIOHFWRPHWU\�� *URZWK� RI� 6F6L� VLOLFLGH� JRYHUQHG� E\
GLIIXVLRQ� NLQHWLFV� ZDV� REVHUYHG� DW� DOO� WHPSHUDWXUHV�� 7ZR� JURZWK� VWDJHV� RI� QRQSDUDEROLF
DQG�SDUDEROLF�EHKDYLRU�ZHUH�UHYHDOHG��,QLWLDO�QRQSDUDEROLF�VWDJH�LV�FKDUDFWHUL]HG�E\�KLJKHU
GLIIXVLRQ�FRHIILFLHQW��ZKLFK�GHFUHDVHV�GXULQJ�DQQHDOLQJ� LQ����WLPHV�GXH�WR�VLOLFLGH�VWUXF�
WXUDO�UHOD[DWLRQ��$IWHU�DQQLKLODWLRQ�RI�H[FHVV�IUHH�YROXPH�D�WUDQVLWLRQ�WR�SDUDEROLF�JURZWK
WDNHV�SODFH��3DUDPHWHUV�RI� LQWHUGLIIXVLRQ� �DFWLYDWLRQ�HQHUJ\�(�|��H9�DQG�SUH�H[SRQHQWLDO
IDFWRU�'�� �����Ü���P�VÜ���ZHUH�GHWHUPLQHG�IRU�SDUDEROLF�JURZWK�VWDJH�
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,VVXHV� RI� GLIIXVLRQ� DQG� SKDVH� IRUPDWLRQ
LQ� WUDQVLWLRQ� PHWDO�VLOLFRQ� OD\HUHG� V\VWHPV
DUH�RI�JUHDW�SUDFWLFDO� LPSRUWDQFH�IRU�XS�WR�
GDWH� VLOLFRQ� WHFKQRORJLFDO� DSSOLFDWLRQV� LQ
JHQHUDO� DQG�QDQRWHFKQRORJLHV� LQ�SDUWLFXODU�
6LOLFLGHV� RI� WUDQVLWLRQ�PHWDOV� DUH� QRZDGD\V
ZLGHO\� XVHG� LQ� VHPLFRQGXFWRU� HQJLQHHULQJ�
RZLQJ� WR� WKHLU� ORZ� VSHFLILF� HOHFWULF� UHVLV�
WDQFHV� DQG� HOHYDWHG� PHOWLQJ� WHPSHUDWXUHV�
7KHVH� IDFWRUV� OHG� UHVHDUFKHUV� WR� XQGHUWDNH
QXPHURXV�H[SHULPHQWDO�VWXGLHV�RI�GLIIXVLRQ
SURFHVVHV�DQG�SKDVH�IRUPDWLRQ�LQ�PHWDO�VLOL�
FRQ� V\VWHPV� >����@�� )XUWKHUPRUH�� D� QXPEHU
RI� PXOWLOD\HU� SHULRGLF� PHWDO�VLOLFRQ� VWUXF�

WXUHV�ZHUH� IRXQG� WR� EH� YHU\� SHUVSHFWLYH� DV
UHIOHFWLQJ� FRPSRQHQWV� IRU� ;�UD\� DQG� H[�
WUHPH�XOWUDYLROHW� �(89��RSWLFV� ��dOd���QP�
GXH� WR� WKHLU� KLJK� H[SHULPHQWDOO\� UHIOHFWLRQ
FRHIILFLHQWV�� $V� D� JRRG� H[DPSOH�� WKH� 6F�6L
SHULRGLF� PXOWLOD\HUV� ZLWK� SHULRGV� RI
��Ü��� QP�KDYH� SURYHQ� WR� EH� YHU\� SHUVSHF�
WLYH� IRU� DSSOLFDWLRQ� RYHU� WKH� ZDYHOHQJWK
UDQJH�RI���Ü���QP�>�@��8S�WR�GDWH��WKH\�DUH
ZLGHO\�XVHG�WR�FRQWURO�WKH�;�UD\�ODVHU�UDGLD�
WLRQ� DW� O� ������ QP� >�@�� LQ� ;�UD\� PLFURV�
FRS\�>�@�DQG�LQ�DVWURSK\VLFDO�UHVHDUFK�DSSOL�
FDWLRQV� DV� ZHOO� >�@�� 2SWLFDO� SURSHUWLHV� RI

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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;�UD\� PXOWLOD\HUV� GHSHQG� JUHDWO\� RQ� WKH
SUHVHQFH� RI� LQWHUOD\HUV� DW� LQWHUIDFHV� EH�
WZHHQ� OD\HUV� RI� EDVLF� PDWHULDOV�� 7KLV� IDFW
EHFDPH� D� QH[W� VWLPXOXV� WR� VWXG\� WKH� SURF�
HVVHV� RI� GLIIXVLRQ� DQG� SKDVH� IRUPDWLRQ� LQ
PHWDO�VLOLFRQ� PXOWLOD\HU� VWUXFWXUHV�� ,Q� RXU
SUHYLRXV�ZRUN��ZH�GHWHUPLQHG�EDVLF�PHFKD�
QLVPV� RI� VLOLFLGH� IRUPDWLRQ� LQ� 6F�6L� PXOWL�
OD\HUV�RYHU�WKH�ZLGH�UDQJH�RI�WHPSHUDWXUHV�
7HPSHUDWXUH� LQWHUYDO� RI� PLUURUV� VWDELOLW\�
W\SH� RI� FKHPLFDO� UHDFWLRQV� DQG� VHTXHQFH� RI
VLOLFLGH� IRUPDWLRQ� ZHUH� GHWHUPLQHG� LQ� SD�
SHUV� >�Ü�@�� DQG� WKH� IDVW� GLIIXVLRQ� VSHFLHV
ZDV� GHWHUPLQHG� LQ� >��@�� 7KH� SUHVHQW� SDSHU
UHIHUV� WR� D� GHWDLOHG� VWXG\� RI� NLQHWLFV� RI
VLOLFLGH� IRUPDWLRQ� DW� LQLWLDO� VWDJHV� ZKLFK
JHQHUDOO\� GHILQHV� WKH� WKHUPDO� VWDELOLW\� RI
;�UD\�6F�6L�PXOWLOD\HUV��
7ZR�W\SHV�RI�VDPSOHV�ZHUH�SUHSDUHG��SH�

ULRGLF� 6F�6L� PXOWLOD\HUV� FRQVLVWLQJ� RI� WKLQ
OD\HUV�DQG�WKUHH�OD\HU�6L�6F�6L�FRDWLQJV�FRQ�
VLVWLQJ� RI� WKLFNHU� OD\HUV�� 3HULRG� RI� PXOWL�
OD\HU� �L�H��� WKLFNQHVV� RI�6F�6L� ELOD\HUV�� ZDV
+� ���� QP� ZLWK� ELOD\HU� QXPEHU� DPRXQWHG
WR�1� ����� 7KLFNQHVV� RI� HYHU\� OD\HU� LQ� WKH
6L�6F�6L� OD\HUHG� FRPSRVLWLRQ� ZDV
������������ QP�� FRUUHVSRQGLQJO\�� 7KH
PXOWLOD\HUV� ZHUH� XVHG� IRU� VWXG\LQJ� LQLWLDO
VWDJH� RI� VLOLFLGH� JURZWK�� ZKLOH� WKH� ODWHU
VWDJH� ZDV� VWXGLHG� XVLQJ� WKH� WKUHH�OD\HUV
�VHH�EHORZ�IRU�GHWDLOV���$OO� WKUHH�OD\HUV�DQG
PXOWLOD\HUV�ZHUH�IDEULFDWHG�E\�PHWKRG�RI�GF
PDJQHWURQ� VSXWWHULQJ� LQ� $U� HQYLURQPHQW
XQGHU� a���� 3D� ZRUNLQJ� SUHVVXUH�� 7R� VWXG\
PHFKDQLVPV�DQG�NLQHWLFV�RI�VLOLFLGH�IRUPDWLRQ�
WKH� VDPSOHV� ZHUH� VXEMHFWHG� WR� LVRWKHUPDO� DQ�
QHDOLQJ�LQ�D�YDFXXP�IXUQDFH�DW���Ü��3D��RYHU
����&Ü����&�WHPSHUDWXUH�UDQJH��$IWHU�DQQHDO�
LQJ�IRU�DERXW���KRXU�VDPSOHV�ZHUH�FRROHG�GRZQ
DQG� LQYHVWLJDWHG� E\� VPDOO�DQJOH� ;�UD\� UHIOHF�
WLYLW\� �6$;5�� WHFKQLTXHV� ZLWK� SULPDU\� IRFXV
WR�PHDVXUH�VLOLFLGH�WKLFNQHVV��7KH�6$;5�VSHF�
WUD� ZHUH� REWDLQHG� LQ� �TÜ�T�� JHRPHWU\� DW
O�&X.D�� ����������QP� ZLWK� '521��0� GLI�IUDFWRPHWHU� ��%XUHYHVWQLN��� 5XVVLD�� HTXLS�

SHG� ZLWK� D� VLOLFRQ� PRQRFKURPDWRU�� ([SHUL�
PHQWDO� GLIIUDFWLRQ� VSHFWUD�ZHUH� LQWHUSUHWHG
E\�FRPSDULVRQ�RI�WKHP�ZLWK�VLPXODWHG�RQHV�
7KH� VLPXODWLRQ� RI� WKH� GLIIUDFWLRQ� VSHFWUD
ZHUH� SHUIRUPHG� XVLQJ� )UHVQHO� HTXDWLRQV
>��Ü��@�� ,Q� RUGHU� WR� YHULI\� WKH� UHVXOWV� RI
VLPXODWLRQ� VRPH� WHVW�VDPSOHV� ZHUH� VHOHF�
WLYHO\� VWXGLHG� E\� 7(0� WHFKQLTXHV�� 5HVXOWV
RI� WKH� WKLFNQHVV�PHDVXUHPHQWV� REWDLQHG� E\
ERWK� PHWKRGV� ZHUH� LQ� D� JRRG� FRUUHODWLRQ�
7KH� FURVV�VHFWLRQDO� 7(0� VWXGLHV� ZHUH� SHU�
IRUPHG� LQ� WUDQVPLVVLRQ� HOHFWURQ�PLFURVFRSH
3(0�8� ��6(/0,��� 8NUDLQH�� RSHUDWHG� DW
���� NH9�� 7KH� VDPSOHV� SUHSDUDWLRQ� SURFH�
GXUH�ZDV�GHVFULEHG�LQ�SDSHU�>��@��
7KH� FURVV�VHFWLRQDO� 7(0� LPDJH� RI� WKH

6F�6L� PXOWLOD\HU� LQ� DV�GHSRVLWHG� VWDWH� LV
VKRZQ� LQ� )LJ���D�� 7KHUH� DUH� DPRUSKRXV� LQ�
WHUOD\HUV� RI� a�� QP� WKLFN� EHWZHHQ� WKH� SRO\�
FU\VWDOOLQH�6F�DQG�DPRUSKRXV�6L�OD\HUV�ZLWK
WKLFNQHVV� RI� ���� QP� DQG� ����� QP�� FRUUH�
VSRQGLQJO\��7KH�LQWHUOD\HUV�DUH�VRPH�6F[6L\VLOLFLGH��DOOR\��IRUPHG�GXULQJ�WKH�GHSRVLWLRQ
RI� WKH� PXOWLOD\HU�� 'XULQJ� LVRWKHUPDO� DQ�
QHDOLQJ�DW�7DQQ� �����&��WKLFNQHVV�RI�DPRU�SKRXV� OD\HUV� JUHZ�XS� DW� WKH� H[SHQVH� RI�6F
DQG� 6L� OD\HUV� �)LJ���E��� 0RQLWRULQJ� WKH
FKDQJH� RI� 6F� DQG� 6L� WKLFNQHVV� GXULQJ� DQ�
QHDOLQJ�� WKH� PHDQ� VWRLFKLRPHWULF� FRPSRVL�
WLRQ� RI� D� JURZLQJ� DPRUSKRXV� DOOR\� FDQ� EH
HVWLPDWHG��)RU�H[DPSOH��FRPSDULVRQ�RI�GDWD
LQ� )LJ���D� DQG� )LJ���E� VKRZV� WKDW� ���� QP
6F�OD\HUV� DQG� ���� QP� 6L�OD\HUV� ZHUH� FRQ�
VXPHG�LQ�UHOHYDQW�FKHPLFDO�UHDFWLRQ�WR�IRUP
WZR�VLOLFLGH�OD\HUV�RI�QHDU�HTXDO�WKLFNQHVV�RI
|����QP�DW�6F�RQ�6L�DQG�6L�RQ�6F�LQWHUIDFHV�
7KXV�� SURSRUWLRQ� RI� PXOWLOD\HU� PDWHULDO
FRQVXPSWLRQ� PDGH� XS� ���������� 7KH� WRWDO
WKLFNQHVV�RI�HDFK�VLOLFLGH�OD\HU��IRUPHG�GXU�
LQJ� GHSRVLWLRQ� SURFHVV� DQG� VXEVHTXHQW� DQ�
QHDOLQJ�DPRXQWHG�|����QP��7KHUH�DUH�D�IHZ
VLOLFLGHV�LQ�WKH�ELQDU\�6F±6L�SKDVH�GLDJUDP�
6F�6L��� 6F�6L��� 6F6L�� 6F6L����±6F6L����� �L�H�6F�6L�±6F�6L���>��@��7KH�KLJKHVW�VLOLFRQ�FRQ�WHQW� SKDVH� LV� ZLGHO\� QRQ�VWRLFKLRPHWULF�

)LJ����� &URVV�VHFWLRQDO� 7(0� LPDJHV� RI� WKH� 6F�6L� PXOWLOD\HUV� LQ� DV�GHSRVLWHG� VWDWH� �D�� DQG� DIWHU
DQQHDOLQJ�DW�7DQQ� �����&�IRU����KRXUV��E���6L�VXEVWUDWH��QRW�VKRZQ��LV�EHORZ��
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.QRZQ� GHQVLWLHV� RI� WKH� VFDQGLXP� VLOLVLGHV
KDYH�FORVH�YDOXHV��U6F�6L� �������J�FP���U6F6L� 
��������J�FP����U6F�6L�� �������J�FP���>��@�
:H� FDQ� FDOFXODWH� WKH� WKLFNQHVV� UDWLR� RI

FRQVXPHG�VFDQGLXP� �'W6F�� DQG�VLOLFRQ� �'W6L�DW�IRUPDWLRQ�RI�VRPH�VLOLFLGH�6FP6LQ�DV�
'W6F�e�'W6L� ��PU6L06F��e��QU6F06L�� ���

ZKHUH� U6L� DQG� U6F� DUH� GHQVLWLHV� �U6F� 
�����J�FP�� DQG� U6L� ������J�FP��� DQG�06LDQG�06F� DUH� DWRPLF� PDVVHV� RI� VLOLFRQ� DQGVFDQGLXP��UHVSHFWLYHO\��P�DQG�Q�DUH�FRHIIL�
FLHQWV�LQ�FKHPLFDO�IRUPXOD�RI�D�VLOLVLGH�

&DOFXODWHG�UDWLRV�'W6F�'W6L�PDGH�XS������������ ����� DQG� ����Ü����� IRU� WKH� VLOLFLGHV
6F�6L��� 6F�6L��� 6F6L�� 6F6L����±6F6L�����6F�6L�±6F�6���� FRUUHVSRQGLQJO\�� 7KH� H[�SHULPHQWDO� UDWLR� RI�6F� DQG�6L� YROXPH� IUDF�
WLRQV������������DJUHHV�ZHOO�ZLWK�WKHRUHWLFDO
SURSRUWLRQ� ����������� LQ� UHDFWLRQ� RI� 6F6L
VLOLFLGH� IRUPDWLRQ�� 7KXV�� SURFHVVHV� RI
VLOLFLGH� IRUPDWLRQ� LQ� 6F�6L� PXOWLOD\HUV�� DW
WHPSHUDWXUHV� XS� WR� ����&�� RFFXUV� XQGHU
VROLG�VWDWH�DPRUSKL]DWLRQ�UHDFWLRQ��UHVXOWLQJ
LQ� IRUPDWLRQ� RI� DPRUSKRXV� 6F6L�� °�6F��
D�6L�o�D�6F6L�� )XUWKHU� HYROXWLRQ� RI� WKH
VWUXFWXUH� DQG� SKDVH� FRPSRVLWLRQ� RI� 6F�6L
OD\HUHG� V\VWHPV� �LQFOXGLQJ� WUDQVIRUPDWLRQV
EHWZHHQ�DPRUSKRXV�VLOLFLGHV��FU\VWDOOL]DWLRQ

DQG� GHFRPSRVLWLRQ� RI� FU\VWDOOLQH� VLOLFLGHV�
ZDV�GHVFULEHG�LQ�GHWDLO�HDUOLHU�>�@�
7KH�FURVV�VHFWLRQ�7(0�LPDJHV�RI�6L�6F�6L

VWUXFWXUHV�� LQ� DV�GHSRVLWHG� VWDWH� DQG� DIWHU
DQQHDOLQJ� DW� 7DQQ� �����&� IRU� �� KRXU�� DUHVKRZQ� LQ� )LJ���D� DQG� )LJ���E�� ,W� LV� HYLGHQW
WKDW�6F6L� IRUPDWLRQ� LQ� WKUHH�OD\HU� FRDWLQJV
UXQV� LQ� D�PDQQHU� VLPLODU� WR� WKDW� LQ�PXOWL�
OD\HUV��$JDLQ��FRPSDULVRQ�RI�)LJ���D�DQG��E
VKRZV� WKDW� ��� QP� RI� 6F� DQG� ��� QP� RI� 6L
ZDV�FRQVXPHG�LQ�WKLV�FKHPLFDO�UHDFWLRQ��UH�
VXOWLQJ�LQ�IRUPDWLRQ�RI�VLOLFLGH�OD\HU����QP
WKLFN��,W�PHDQV�WKDW�6F�DQG�6L�DUH�FRQVXPHG
DW� WKH� UDWLR� RI� ��������� DQG� WKDW� FRPSRVL�
WLRQ�RI�WKH�VLOLFLGH�LV�WKH�VDPH�IRU�PXOWLOD\�
HUV� DQG� WKUHH�OD\HUV� DQG� DJUHHV� ZHOO� ZLWK
WKH�6F6L� VLOLFLGH� VWRLFKLRPHWU\�� 7KXV�� FRP�
SRVLWLRQ� RI� WKH� VLOLFLGH� DW� HDUOLHU� DQG� ODWHU
VWDJHV� LV� JHQHUDOO\� WKH� VDPH�� DQG� GRHV� QRW
GHSHQG� QHLWKHU� RQ� WKH� WKLFNQHVV� RI� VFDQ�
GLXP� DQG� VLOLFRQ� OD\HUV� QRU� WKH� VLOLFLGH
OD\HU� WKLFNQHVV�� $QDO\VLV� RI� VHOHFWHG� DUHD
GLIIUDFWLRQ� SDWWHUQ� KDV� VKRZQ� WKDW� DQQHDO�
LQJ� DW� 7DQQ� �����&� IRU� �� KRXU� UHVXOWV� LQIRUPDWLRQ� RI� WKH� FU\VWDOOLQH� 6F6L� VLOLFLGH�
7KH�FU\VWDOOLQH�6F6L�FDQ�DOVR�EH�UHYHDOHG�LQ
WKH� VHOHFWHG� DUHD� GLIIUDFWLRQ� SDWWHUQ�RI� WKH
WKUHH�OD\HU�VDPSOH�DQQHDOHG�DW�7DQQ� �����&IRU� ��� KRXUV�� 1RWH�� WKDW� WKH� WKLFNQHVV� RI
WKH�VLOLFLGH��ZKHQ�FU\VWDOOLQH�SKDVH�ZDV�MXVW
GHWHFWHG�� ZDV� |��� QP� LQ� ERWK� DERYH� FDVHV�
7KXV�� WKH� DPRUSKRXV� VLOLFLGH� IRUPV� DW� LQ�

)LJ�����&URVV�VHFWLRQDO� 7(0� LPDJHV� RI� WKH�6L�6F�6L� WKUHH�OD\HUV� LQ� DV�GHSRVLWHG� VWDWH� �D�� DQG� DIWHU
DQQHDOLQJ�DW�7DQQ� �����&�IRU���KRXU��E��
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LWLDO� VWDJHV� RI� DQQHDOLQJ� DQG� XQGHUJRHV
FU\VWDOOL]DWLRQ�DW�IXUWKHU�VWDJHV��
7R� SORW� D� GHSHQGHQFH� RI� WKH� VLOLFLGH

WKLFNQHVV� RQ� DQQHDOLQJ� WLPH� ZH� XVHG� WKH
6$;5�GDWD�� )LJ���� VKRZV� 6$;5� VSHFWUD� RI
6F�6L� PXOWLOD\HUV� LQ� DV�GHSRVLWHG� VWDWH�� 8S
KHUH��ZH�FDQ�LGHQWLI\�DERXW����%UDJJ�UHIOHF�
WLRQ�RUGHUV�IURP�SHULRGLFDO�VWUXFWXUH�RI�WKH
PXOWLOD\HU��$QJXODU�SRVLWLRQ�RI�SHDNV�LV�GH�
ILQHG� E\� WKH� %UDJJ�V� ODZ�� ZLWK� DFFRXQW� RI
;�UD\V� UHIUDFWLRQ� HIIHFW�� 5HIHUULQJ� WR� WKH
%UDJJ�V� ODZ� DQG� SORWWLQJ� WKH� VLQ�T� YHUVXV
Q�O���� JUDSK� ZKHUH� Q� LV� RUGHU� RI� %UDJJ
SHDN��ZH�FDQ�FRPSXWH�YDOXH�RI�SHULRG�LQ�WKH
PXOWLOD\HU�ZLWK�XS�WR������QP�DFFXUDF\�DO�
ORZDQFH�� 7KH� GLIIUDFWLRQ� VSHFWUD� FRQWDLQ�
EHVLGHV��WKH�LQIRUPDWLRQ�RQ�WKLFNQHVV�RI�LQ�
GLYLGXDO�OD\HUV��7KLV�LQIRUPDWLRQ�FDQ�EH�H[�
WUDFWHG� IURP�WKH� IXOO� VHW�RI�%UDJJ�SHDN� LQ�
WHQVLWLHV�� ,Q� JHQHUDO� FDVH�� WKH� LQWHQVLW\� RI
HDFK�%UDJJ�SHDN� LV� GHWHUPLQHG�E\� LQWHUIHU�
HQFH� RI� UDGLDWLRQ� EHDPV� UHIOHFWHG� IURP� DOO
LQWHUIDFHV�RI�WKH�PXOWLOD\HU��$V�RQH�FDQ�VHH
LQ� )LJ���D� WKHUH� H[LVW� IRXU� W\SHV� RI� LQWHU�
IDFHV� LQ�6F�6L�FRDWLQJV��VXFK�DV��6L�RQ�6F6L�
6F6L�RQ�6F�� 6F�RQ�6F6L� DQG� 6F6L�RQ�6L�� $W
WKH� VDPH� WLPH�� 7(0� LPDJLQJ� DQG� 6$;5
VSHFWUD� VLPXODWLRQ� WHFKQLTXHV� VKRZ� WKDW
URXJKQHVV� RI�6F6L�RQ�6F� DQG�6F�RQ�6F6L� LQ�
WHUIDFHV�LV�E\�IDU�JUHDWHU�WKDQ�WKDW�RI�6L�RQ�
6F6L� DQG� 6F6L�RQ�6L� RQHV�� 6LQFH� URXJK
ERXQGDULHV� RI� WKH� 6F� OD\HU� PDNH� D� PLQRU
FRQWULEXWLRQ�WR�UHVXOWLQJ�GLIIUDFWLRQ��WKH�LQ�
WHQVLW\�RI�%UDJJ�SHDNV�VKRXOG�PDLQO\�EH�GH�
ILQHG� E\� SRVLWLRQ� RI� 6F6L�RQ�6L� DQG� 6L�RQ�
6F6L�LQWHUIDFHV��L�H��E\�6L�OD\HU�WKLFNQHVV�RU�
PRUH�H[DFWO\��E\�UDWLR�RI�6L� OD\HU�WKLFNQHVV
WR�WKH�SHULRG�

.QRZLQJ� FRPSRVLWLRQ� RI� WKH� JURZLQJ
VLOLFLGH�DQG�6L�OD\HU�WKLFNQHVV�HYROXWLRQ��ZH
FDQ�SUHGLFW� WKH�FKDQJH�RI� VLOLFLGH� WKLFNQHVV
GXULQJ�DQQHDOLQJ��EHFDXVH�ERWK�WKHVH�YDOXHV
DUH�FRUUHODWHG�WRJHWKHU�E\�UDWLR�

'K6L�e������'K6F6L�� ������� ���
7KLV� FRUUHODWLRQ� LV� GHWHUPLQHG� E\� WKH

UDWLR� RI�PRODU�YROXPHV�RI� ERWK� FRPSRQHQWV
LQ� 6F���6Lo6F6L� FKHPLFDO� UHDFWLRQ�� ZKHUH
'K6L�GHQRWHV�UHGXFWLRQ�RI�6L�WKLFNQHVV��'K6F6LGHILQHV� LQFUHPHQW� RI� VLOLFLGH� LQWHUOD\HU
WKLFNQHVV��DQG�FRHIILFLHQW���DFFRXQWV�IRU�H[�
LVWHQFH� RI� WZR� VLOLFLGH� LQWHUOD\HUV� LQ� HDFK
SHULRG��7KH�VLOLFLGH�IRUPDWLRQ�UHDFWLRQ�LV�DF�
FRPSDQLHG�E\�FKDQJH�RI�VSHFLILF�YROXPH�DV�

'+� �'K6F���'K6L�������'K6F6L� ���
ZKHUH� '+� LV� WKH� FKDQJH� RI� WKH� PXOWLOD\HU
SHULRG�DQG�'K6F�GHQRWHV�WKH�UHGXFWLRQ�RI�6FWKLFNQHVV��+HQFH��HYROXWLRQ�RI�VLOLFLGH�WKLFN�
QHVV�FDQ�DOVR�EH�HYDOXDWHG�E\�FKDQJH�RI�WKH
PXOWLOD\HU�SHULRG��'+��DV��

'K6F6L� ��������'+� ���
7KH�6$;5�GLIIUDFWLRQ�FXUYHV�IRU�6L�6F�6L

WKUHH�OD\HUV� LQ� DV�GHSRVLWHG� VWDWH� DQG� DIWHU
DQQHDOLQJ�DW�����&�IRU���KRXU�DUH�VKRZQ�LQ
)LJ����� &KDUDFWHU� RI� LQWHQVLW\� RVFLOODWLRQV
IRU� GLIIUDFWLRQ� DQJOHV� �T���� LV� GHWHUPLQHG
PDLQO\�E\�WKLFNQHVV�RI�WKH�WRS�VLOLFRQ�OD\HU
�GHILQHG� ZLWK� DFFXUDF\� RI� a���� QP��� 9DOXH
RI� VLOLFLGH� WKLFNQHVV� FDQ�EH�FDOFXODWHG� IURP
WKH�6L�FRQVXPSWLRQ�SHU�UDWLR�

'K6L�e�'K6F6L� ������� ���

)LJ����� ([SHULPHQWDO� �VROLG� OLQH�� DQG� FDOFX�
ODWHG� �GRW� OLQH�� VPDOO�DQJOH� ;�UD\� �O� 
������ QP�� VSHFWUD� IRU� WKH� 6F�6L� PXOWLOD\HUV
LQ�DV�GHSRVLWHG�VWDWH�

)LJ����� ([SHULPHQWDO� �VROLG� OLQH�� DQG� FDOFX�
ODWHG� �GURS� OLQH�� VPDOO�DQJOH� ;�UD\� �O� 
������ QP�� VSHFWUD� IRU� WKH�6L�6F�6L� WKUHH�OD\�
HUV� DIWHU� DQQHDOLQJ� DW� 7DQQ� �����&� IRU��KRXU�
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)LJ���� UHSUHVHQW� GHSHQGHQFHV� RI� DPRU�
SKRXV� VLOLFLGH� WKLFNQHVV� RQ� DQQHDOLQJ� WLPH
K��W�� IRU� PXOWLOD\HUV� WUHDWHG� DW� WHPSHUD�
WXUHV�RI�����&��,W� LV�REYLRXV�WKDW�FKDUDFWHU
RI�WKH�VLOLFLGH�JURZWK�LV�UDWKHU�FRPSOLFDWHG�
2Q� RQH� KDQG�� GHSHQGHQFH� RI� WKH� WKLFNQHVV
RQ�WLPH�GRHV�QRW�PDQLIHVW�LWV�OLQHDU�FKDUDF�
WHU� �KaW��� WKDW�PHDQV� WKLV� SURFHVV� GRHV� QRW
REH\�WKH�ERXQGDU\�NLQHWLFV��,Q�RWKHU�ZRUGV�
SURFHVV� RI� VLOLFLGH� JURZWK� LV� QRW� JRYHUQHG
E\�D�FKHPLFDO�UHDFWLRQ�RI�VFDQGLXP�DQG�VLOL�
FRQ�DW� WKH� LQWHUIDFHV�EXW� LV� OLPLWHG�E\�UDWH
RI�GLIIXVLRQ�RI�6L�RU�DQG�6F�DWRPV�WKURXJK
WKH� VLOLFLGH� OD\HU�� 2Q� WKH� RWKHU� KDQG�
VLOLFLGH� JURZWK� GRHV� QRW� REH\� WKH� SDUDEROLF
ODZ� �K��a�W�� DW� OHDVW� DW� LQLWLDO� VWDJH� DV� LW
VKRXOG�EH� LQ� WKH� FDVH� RI�GLIIXVLRQ�NLQHWLFV�
7KH� GHSHQGHQFH� K��a�W� EHFRPHV� OLQHDU� RQO\
DIWHU� ORQJ� DQQHDOLQJ� DW� PRGHUDWH� WHPSHUD�
WXUHV��)LJ������,Q�RUGHU�WR�SURYLGH�D�FRUUHFW
FRPSDULVRQ�RI� UHVXOWV� FROOHFWHG� IURP�PXOWL�
OD\HUV� DQG� WKUHH�OD\HUV�� LW� LV� QHFHVVDU\� WR
FKHFN�RXW�ZKHWKHU�VLOLFLGH�JURZWK�UDWHV�DUH
HTXDO�LQ�ERWK�FDVHV�DQG�ZKHWKHU�DQ\�VL]H�HI�
IHFWV� DSSHDU�� 7LPH�GHSHQGHQFH� RI� VLOLFLGH
OD\HU� WKLFNQHVV� LQ� WKUHH�OD\HUV� DW� ����&� LV
VKRZQ� LQ� )LJ���� ZLWK� GDUN� VTXDUHV�� 7KH
VFDWWHU� LQ� WKH� WKUHH�OD\HU� GDWD� LV� PXFK
EURDGHU� WKDQ� WKDW� LQ�PXOWLOD\HU� GDWD� �RSHQ
FLUFOHV��EHFDXVH�OHVV�SUHFLVLRQ�RI�OD\HU�WKLFN�
QHVV�PHDVXUHPHQW� IRU� WKUHH�OD\HUV� �)LJ�����
1HYHUWKHOHVV�� ERWK� GDUN� VTXDUHV� DQG� RSHQ
FLUFOHV� GLVSOD\� D� IDLUO\� JRRG�PXWXDO� DJUHH�
PHQW� DORQJ� WKH� MRLQW� FKDUDFWHULVWLF� FXUYH
IRU� ERWK� WKUHH�OD\HUV� DQG� PXOWLOD\HUV�
7KHUHIRUH��VLOLFLGH�JURZWK�UDWH�GRHV�QRW�GH�
SHQG�RQ�WKLFNQHVV�RI�6F�OD\HUV��+HQFH��FRP�
SDULVRQ� RI� UHVXOWV� FROOHFWHG� RQ� WKUHH�OD\HUV
DQG� PXOWLOD\HUV� FDQ� EH� UHJDUGHG� WR� DV� D

TXLWH� FRUUHFW� SURFHGXUH�� 'HSHQGHQFHV� RI
VLOLFLGH�JURZWK�RQ�DQQHDOLQJ�WLPH�IRU�WKUHH�
OD\HUV� WUHDWHG� LVRWKHUPDOO\� DW� ���R&� DUH
SUHVHQWHG� LQ� )LJ����� 7KH� SORWV� VKRZ� TXLWH
FOHDUO\�WKDW�DIWHU�LQLWLDO�VWDJH�RI�QRQ�OLQHDU
JURZWK��D� WUDQVLWLRQ� WR� OLQHDU�JURZWK�VWDJH
RFFXUV�
$FFRUGLQJ� WR� FODVVLF� WKHRU\� RI� UHDFWLYH

GLIIXVLRQ�D�JURZWK�RI�DQ�LQWHUPHGLDWH�FRP�
SRXQG� RFFXUV� DV� D� UHVXOW� RI� WZR� VXFFHVVLYH
SURFHVVHV� >��@�� 7KH� ILUVW� RQH� LV� D� GLIIXVLRQ
RI� UHDFWLRQ�LQYROYHG� FRPSRQHQWV� WKURXJK
WKH� OD\HU� RI� LQWHUPHGLDWH� FRPSRXQG�WRZDUG
WKH�UHDFWLRQ�]RQH��.LQHWLFV�RI�WKLV�SURFHVV�LV
GHVFULEHG�E\�SDUDEROLF� ODZ��[��a�W���ZKHUH�[
LV�GLIIXVLRQ�OHQJWK��L�H��WKLFNQHVV�RI�WKH�LQ�
WHUPHGLDWH� FRPSRXQG�� DQG� W� LV� DQQHDOLQJ
WLPH��7KH�VHFRQG�SURFHVV�LV�D�FKHPLFDO�UHDF�
WLRQ� WKDW� WDNHV� SODFH� DW� ERXQGDULHV� RI� WKH
LQWHUPHGLDWH� FRPSRXQG� OD\HU� DW� D� FRQVWDQW
WLPH�LQGHSHQGHQW� UDWH�� $W� LQLWLDO� VWDJH� RI
JURZWK��ZKHQ�WKLFNQHVV�RI�WKH�LQWHUPHGLDWH
FRPSRXQG�LV�VPDOO��VPDOOHU�WKDQ�VRPH�WUDQ�
VLHQW�WKLFNQHVV�[��� WKH�GLIIXVLRQ�UXQV�YHU\
IDVW�� EHFDXVH� LWV� UDWH� LV� LQYHUVHO\� SURSRU�
WLRQDO� WR� WKLFNQHVV� DV� G[�GW�a���[�� $W� WKLV
VWDJH��FKHPLFDO�UHDFWLRQ�LV�WKH�VORZHVW�SURF�
HVV�WKDW�VSHFLILHV�WKH�FRQVWDQW�UDWH��[�a�W��RI
WKLFNQHVV� JURZWK�� +RZHYHU�� DV� ORQJ� DV� WKH
VLOLFLGH� WKLFNQHVV� LV� JURZLQJ� RQ�� GLIIXVLRQ
UDWH� LV� GHFUHDVLQJ�� DQG� WKH� GLIIXVLRQ� EH�
FRPHV� WKH� VORZHVW� SURFHVV� ZKHQ� WKLFNQHVV
H[FHHGV� WKH� YDOXH� [�� 8QGHU� WKHVH� FRQGL�
WLRQV�� VLOLFLGH� JURZWK� NLQHWLFV� FKDQJHV� WR�
ZDUGV�D�GLIIXVLRQ�UHJLPH��[��a�W���5HVXOWV�RI
WKLV�UHVHDUFK�VKRZ��KRZHYHU��WKDW�FKDUDFWHU
RI� DPRUSKRXV� VLOLFLGH� JURZWK� GLIIHUV� VXE�
VWDQWLDOO\� IURP� WKH� FODVVLF� EHKDYLRU�� 7KH
VWDJH� RI� ERXQGDU\�JURZWK�NLQHWLFV�RI� �K�aW�
LV� QRW� REVHUYHG�� 7KH� VHFWLRQ� RI� WKH� FXUYH

)LJ����� 7LPH� GHSHQGHQFHV� RI� VTXDUHG� WKLFN�
QHVV�RI�WKH�VLOLFLGH�6F6L��K��6F6L��LQ�WKH�PXOWL�OD\HUV� RQ� GXUDWLRQ� RI� LVRWKHUPDO� DQQHDOLQJ
SURFHVV� DW� 7DQQ� �����&�� 7KH� ILWWLQJ� FXUYHVDUH�VKRZQ�DV�VROLG�OLQHV��7KH�GDUN�VTXDUHV����
LQ� WKH� )LJXUH� FRUUHVSRQG� WR� WKH� WKHH�OD\HU
DQQHDOHG�DW�WKH�VDPH�WHPSHUDWXUH�

)LJ����� 7LPH� GHSHQGHQFHV� RI� VTXDUHG� WKLFN�
QHVV� RI� WKH� VLOLFLGH� 6F6L� �K�� 6F6L�� LQ� WKH6L�6F�6L� WKUHH�OD\HUV� RQ� GXUDWLRQ� RI� LVRWKHU�
PDO� DQQHDOLQJ� SURFHVV� DW� 7DQQ� �����&�� 7KHILWWLQJ�FXUYHV�DUH�VKRZQ�DV�VROLG�OLQHV�

'�/�9RURQRY�HW�DO����,QLWLDO�VWDJHV�RI�GLIIXVLRQ�DQG����

�� )XQFWLRQDO�PDWHULDOV�������������



FRUUHVSRQGLQJ� WR� WKH� ERXQGDU\� NLQHWLFV� LV
DEVHQW�LQ�WKH�)LJ����DQG����,Q�WHUPV�RI�K��W�
FRRUGLQDWHV� WKLV� LPDJLQDU\� VHFWLRQ� VKRXOG
ORRN� OLNH� DQ� XSULVLQJ� FXUYH�� 7KXV�� DEVHQFH
RI� VXFK� DQ� XSULVLQJ� FXUYH�VHFWLRQ� DW� WKH
YHU\� EHJLQQLQJ� �RU�� DW� OHDVW�� ZKHQ� VLOLFLGH
OD\HU�WKLFNQHVV�H[FHHGV���QP��LQGLFDWHV�WKDW
WKH�VLOLFLGH�JURZWK�SURFHVV�LV�OLPLWHG�E\�WKH
GLIIXVLRQ�RQO\�DQG�QRW�E\�WKH�FKHPLFDO�UHDF�
WLRQ�� ,Q� RWKHU� ZRUGV�� YDOXH� RI� WUDQVLHQW
WKLFNQHVV�[�IRU�WKH�6F�6L�V\VWHP�LV�OLNHO\�WR
EH�VXEVWDQWLDOO\�EHORZ���QP��
6HFRQGO\��RQ� LQLWLDO�VWDJH�RI�JURZWK��WKH

SDUDEROLF� ODZ� �K��a�W�� LV� GLVREH\HG�� EHFDXVH
RI� GHSHQGHQFH� RI� VTXDUHG� WKLFNQHVV� RI� WKH
VLOLFLGH�OD\HU�RQ�WLPH�LV�QRW�OLQHDU��,Q�RWKHU
ZRUGV�� WKH� HIIHFWLYH�GLIIXVLRQ� FRHIILFLHQW� LV
QRW� FRQVWDQW�� EXW� GHFUHDVHV� GXULQJ� WKH� DQ�
QHDOLQJ� DV� WKH� DQJOH� RI� VORSH� IRU� FXUYHV
K��W���)RU�H[DPSOH��WKH�GLIIXVLRQ�FRHIILFLHQW
ZDV� a����Ü���P�VÜ�� IRU� WKH� ILUVW� KRXU�
a������Ü���P�VÜ�� IRU� WKH� VHFRQG� KRXU� DQG
a������Ü���P�VÜ�� IRU� WKH� HOHYHQWK� KRXU� RI
DQQHDOLQJ� DW� ����&�� %HORZ� LQ� WKLV� SDSHU�
WKHUH� LV� D� GLVFXVVLRQ� RQ� SRVVLEOH� UHDVRQV
WKDW� EULQJ� WR� VORZGRZQ� RI� WKH� VLOLFLGH
JURZWK��PHDQLQJ�VXFK�DVSHFWV�DV�QRQ�OLQHDU
GLIIXVLYLW\� DQG� VWUXFWXUDO� UHOD[DWLRQ� RI
DPRUSKRXV� OD\HUV� GXULQJ� DQQHDOLQJ�� $W
ODWHU� VWDJHV�� WKHUH� RFFXUV� WUDQVLWLRQ� WR� UH�
JLPH� RI� FODVVLF� UHDFWLYH� GLIIXVLRQ�� ZKHUHE\
GHSHQGHQFH� RI� VTXDUHG� WKLFNQHVV� �K��� RQ
WLPH� �W�� EHFRPHV� OLQHDU�� 7KH� VLPLODU� VORZ�
GRZQ� RI� DQ� DPRUSKRXV� VLOLFLGH� JURZWK�ZDV
REVHUYHG� LQ� GXH� WLPH� LQ�0R�6L� PXOWLOD\HUV
>������@�
.HHSLQJ� LQ�PLQG� WKDW� GLIIXVLRQ� LV� JRLQJ

RQ� WKURXJK� WKH� XOWUD�WKLQ� OD\HUV�� VL]H�HI�
IHFWV� KDYH� WR� EH� WDNHQ� LQWR� FRQVLGHUDWLRQ�
+DYLQJ�DQDO\]HG�D�FDVH�RI�UHDFWLYH�GLIIXVLRQ
WKURXJK�D�YHU\�WKLQ�LQWHUPHGLDWH�FRPSRXQG
OD\HU�� DXWKRU� RI� WKH� SDSHU� >��@� FRQFOXGHG
WKDW�WKH� ODZ�RI�GLIIXVLRQ�IORZ�SURSRUWLRQDO�
LW\� WR� FRQFHQWUDWLRQ�JUDGLHQW� �-aG&�G[��
NQRZQ� DV� WKH� ILUVW� )LFN�V� ODZ�� ZRXOG� QR
ORQJHU�EH� REH\HG� LI� YDOXHV�RI� WKLFNQHVV� IDOO
EHORZ� a��� QP�� ,Q� UHJDUG� WR� ORZ� WKLFNQHVV
YDOXHV��WKH�GLIIXVLRQ�GULYLQJ�IRUFH��L�H��FRQ�
FHQWUDWLRQ� JUDGLHQW�� EHFRPHV� GUDPDWLFDOO\
ODUJH��,Q�WKDW�FDVH�WKH�H[SUHVVLRQ�IRU�D�GLI�
IXVLRQ� IORZ�DORQJ�ZLWK� OLQHDU� WHUP� �G&�G[�
FRQWDLQV� DOVR� WHUPV� RI� KLJKHU� RUGHU� OLNH
�G&�G[��� DQG� PRUH�� ZKLFK� FRQWULEXWLRQ� LV
LQYHUVHO\�SURSRUWLRQDO�WR�WKH�WKLFNQHVV�[��,Q
RWKHU� ZRUGV�� ZLWK� ORZ� YDOXHV� RI� WKLFNQHVV�
GHSHQGHQFH�RI�GLIIXVLRQ�IORZ�RQ�WKH�FRQFHQ�
WUDWLRQ�JUDGLHQW�LV�YHU\�VWURQJ�DQG�QRQ�OLQ�
HDU�� ZKHUHE\� PDVV�WUDQVIHU� SURFHVVHV� EH�
FRPHV� KLJKO\� DFFHOHUDWHG�� ,Q� D� QRQ�OLQHDU

GLIIXVLRQ� PRGHO�� WKHUH� PXVW� WKHRUHWLFDOO\
H[LVW� D� FHUWDLQ� FULWLFDO� WKLFNQHVV� RI� WUDQVL�
WLRQ� WRZDUG� WKH� OLQHDU� GLIIXVLRQ�� ,W� VKRXOG
EH�QRWHG�KHUH�WKDW�WKLV�PRGHO�GRHV�QRW�VXJ�
JHVW� DQ\� GHSHQGHQFH� RI� WKH� FULWLFDO� WKLFN�
QHVV�RQ�WHPSHUDWXUH�RI�DQQHDOLQJ��+RZHYHU�
MXGJLQJ� E\� WKH� VLWXDWLRQ� LQ� )LJ���� DQG� ��
WKLFNQHVV�RI�WUDQVLWLRQ�WR�WKH�OLQHDU�VWDJH�RI
GLIIXVLRQ�LV�GLIIHUHQW�IRU�WKH�GLIIHUHQW�WHP�
SHUDWXUHV��2QH�KDV�WR�WDNH�LQWR�DFFRXQW�WKDW
WKH� FRDWLQJV� ZHUH� V\QWKHVL]HG� XQGHU� IDU
QRQ�HTXLOLEULXP�FRQGLWLRQV��VXFK�DV�TXHQFK�
LQJ�RI�YDSRU�SKDVH�RQ�D�FROG�VXEVWUDWH���$V
D� UHVXOW� WKH� FRDWLQJV� FRQWDLQ� ORWV� RI� QRQ�
HTXLOLEULXP�YDFDWLRQ�W\SH�GHIHFWV�� H[FHVVLYH
IUHH� YROXPH� DQG� VR� RQ� >��@�� 6XFK� NLQG� RI
GHIHFWV� IDFLOLWDWHV� WKH� GLIIXVLRQ� RI� VLOLFRQ
DQG� VFDQGLXP� DWRPV� WKURXJK� WKH� VLOLFLGH
OD\HUV�� +RZHYHU� WKH� GHIHFW� FRQFHQWUDWLRQ
GHFUHDVHV�GXULQJ�DQQHDOLQJ�GXH�WR�DQQLKLOD�
WLRQ� RI� H[FHVVLYH� IUHH� YROXPH� LQ� OD\HUV� RI
DPRUSKRXV� 6F6L�� DQG� WKH� GLIIXVLRQ� VORZV
GRZQ�� 7KLV� DSSURDFK� ZDV� DSSOLHG� SDUWLFX�
ODUO\�LQ�SDSHU�>��@�WR�DQDO\]H�WKH�NLQHWLFV�RI
VLOLFLGH� JURZWK� LQ�0R�6L�PXOWLOD\HU� V\VWHP�
$FFRUGLQJ�WR�WKH�DSSURDFK�WKHUH�LV�DQ�DGGL�
WLRQDO� WHUP�'QRQHTXLOLE�� 2I� GLIIXVLRQ� FRHIIL�FLHQW�GHVFULELQJ� WKH�GLIIXVLRQ� WKURXJK�QRQ�
HTXLOLEULXP�GHIHFWV��

'� �'HTXLOLE����'QRQHTXLOLE� ���

'QRQHTXLOLE�� � �
���e�'LQLWLDO���G���e�'QRQHTXLOLE���e�GWW�

������

7KH� ORQJHU� WKH� DQQHDOLQJ� WLPH�� WKH
VPDOOHU� YDOXH� RI� QRQ�HTXLOLEULXP� WHUP
�'QRQHTXLOLE��� LV�� HYHQWXDOO\� LW� EHFRPHV�QHJOL�JLEOH�
7KH�SUHVHQFH�RI�WKH�QRQ�HTXLOLEULXP�WHUP

RI� WKH� GLIIXVLYLW\� WUDQVIRUPV� WKH� SDUDEROLF
ODZ�RI�JURZWK��K�� ��'W��LQWR�
K�� ��§
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7DNLQJ� LQWR� DFFRXQW� WKH� WKLFNQHVV� RI
VLOLFLGH� OD\HU� EHIRUH� DQQHDOLQJ�� K�� LV� QRW]HUR�� ZH� ILQDOO\� REWDLQ� WKH� UHODWLRQVKLS� EH�
WZHHQ�K�DQG�W�IRU�VLOLFLGH�JURZWK�
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7KLV� HTXDWLRQ� ���� ZDV� XVHG� WR� DSSUR[L�
PDWH� H[SHULPHQWDO� GDWD� RQ� WKH� VLOLFLGH
JURZWK�� 7KH� ILWWLQJ� FXUYHV� DUH� VKRZQ� LQ
)LJ���� DQG� �� DV� WKLQ� FRQWLQXRXV� OLQHV�� 7KLV
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SURFHGXUH�DOORZV�RQH�WR�GHWHUPLQH�FRUUHFWO\
WKH� HTXLOLEULXP� GLIIXVLYLW\� �L�H�� WKH� GLIIX�
VLRQ�FRHIILFLHQW�DW�SDUDEROLF�VWDJH�RI�VLOLFLGH
JURZWK� DW� 'HTXLOLE�� �'SDUDEROLF�� DQG� WR� HVWL�PDWH� WKH� GLIIXVLYLW\� DW� LQLWLDO� PRPHQW� RI
DQQHDOLQJ� �'LQLWLDO�� DV� ZHOO�� 5HVXOWDQW� DS�SUR[LPDWLRQ�FXUYHV�DUH�SORWWHG�LQ�)LJ����DQG
��ZLWK�WKLQ�FRQWLQXRXV�OLQHV��$V�ILWWLQJ�SD�
UDPHWHUV�� WKHUH� ZHUH� XVHG� FRHIILFLHQWV� RI
GLIIXVLRQ� DW� SDUDEROLF� VWDJH� RI� JURZWK
�'SDUDEROLF�� DQG� WKRVH� DW� LQLWLDO� PRPHQW� RIDQQHDOLQJ� �'LQLWLDO�� DW� WKH� DQQHDOLQJ� WLPHWDQQ�� ���� 3ORWV� RI� $UUKHQLXV� GHSHQGHQFLHVIRU� 'SDUDEROLF� DQG� 'LQLWLDO� DUH� VKRZQ� LQ)LJ�����7KH�DFWLYDWLRQ�HQHUJ\�(�RI�GLIIXVLRQ
RQ�SDUDEROLF�VHFWLRQ�RI�VLOLFLGH�JURZWK�FXUYH
DQG� WKH� SUH�H[SRQHQWLDO� IDFWRU� PDNHV� XS
���� H9� DQG�'�� �����Ü���P�VÜ�� FRUUHVSRQG�
LQJO\�
(DUOLHU� XVLQJ� GLIIXVLRQ� PDUNV� PHWKRG�

ZH� KDYH� IRXQG� WKDW� WKH� VLOLFRQ� LV� WKH� IDVW
GLIIXVLRQ� VSHFLHV� LQ� 6F±6L� V\VWHP� >�@�� 7KH
LQWULQVLF� GLIIXVLYLW\� RI� VLOLFRQ� LQ� 6F6L� ZDV
IRXQG� WR� H[FHHG� RQH� RI� VFDQGLXP�E\� IDFWRU
RI� ���� 7KHUHIRUH�� WKH� GLIIXVLRQ� SDUDPHWHUV
LQYROYHG� �L�H�� DFWLYDWLRQ� HQHUJ\� DQG� SUH�H[�
SRQHQWLDO� IDFWRU�� DUH� UHOHYDQW� WR� GLIIXVLRQ
RI� 6L� DWRPV� WKURXJK� WKH� DPRUSKRXV� 6F6L
VLOLFLGH��$UUKHQLXV�SORWV�\LHOG�ORZ�YDOXHV�RI
DFWLYDWLRQ� HQHUJ\� �(� ����� H9�� DQG� SUH�H[�
SRQHQWLDO� IDFWRU� �'�� �����Ü���P�VÜ��� IRU
WKH�GLIIXVLYLW\��6XFK� WKH� ORZ�YDOXHV�RI�GLI�
IXVLRQ� SDUDPHWHUV� DUH� W\SLFDO� IRU� PDQ\
DPRUSKRXV� DOOR\V�� WKXV� FRQILUPLQJ� WKH
NQRZQ� PRGHOV� RQ� FROOHFWLYH� PHFKDQLVPV� RI
GLIIXVLRQ� LQ� DPRUSKRXV� PDWHULDOV� >��@�� ,Q
RXU� UHVHDUFK� WKH� VFDQGLXP� VLOLFLGH� ZDV
DPRUSKRXV� DW� DOO� VWDJHV� RI� DQQHDOLQJ� RI
PXOWLOD\HUV�DQG�DW�LQLWLDO�VWDJH�RI�DQQHDOLQJ
RI�WKUHH�OD\HUV��7KH�FU\VWDOOL]DWLRQ�RI�DPRU�
SKRXV� VLOLFLGH� ZDV� REVHUYHG� DW� WKH� ODWHU
VWDJHV� RI� DQQHDOLQJ� RI� WUHH�OD\HUV� �7DQQ� ����&�� WDQQd�� KRXU� DQG� 7DQQ� �����&�WDQQd���KRXUV���:H�GLG�QRW�REVHUYH�DQ\�QR�
WLFHDEOH� FKDQJHV� RI� WKH� DFWLYDWLRQ� HQHUJ\
GXULQJ� DPRUSKRXV�WR�FU\VWDOOLQH� WUDQVLWLRQ�
7KH�PRVW� SUREDEOH� H[SODQDWLRQ� RI� WKLV� IDFW
PD\� EH� UHODWHG� WR� D� SRRU� SHUIHFWLRQ� RI� WKH
VLOLFLGH� VWUXFWXUH� EHLQJ� IRUPHG� XQGHU�PRG�
HUDWH�WHPSHUDWXUHV�RI�DQQHDOLQJ��,Q�WKH�FDVH
WKH�GLIIXVLRQ�DORQJ�WKH�QXPHURXV�GHIHFWV�RI
QDQRFU\VWDOOLQH�VLOLFLGH��VXFK�DV�GLVORFDWLRQV
DQG� JUDLQ� ERXQGDULHV�� SOD\V� WKH� EDVLF� UROH�
$V�WKH�DFWLYDWLRQ�HQHUJ\�RI�GLIIXVLRQ�DORQJ
WKH�FU\VWDOOLQH�VWUXFWXUH�GHIHFWV�LV�VXEVWDQ�
WLDOO\� ORZHU� DV� FRPSDUHG� WR� WKDW� LQ�YROXPH
RI� D� SHUIHFW� FU\VWDO�� WKH� DFWLYDWLRQ� HQHUJ\
RI� GLIIXVLRQ� LQ� WKH� QDQRFU\VWDOOLQH� VLOLFLGH
UHPDLQV�UDWKHU�VPDOO��

6F6L� VLOLFLGH� LV� GHWHUPLQHG� WR� IRUP� LQ
6F�6L� OD\HUHG� V\VWHPV� DQQHDOHG� RYHU� WKH
���Ü����&� WHPSHUDWXUH� UDQJH�� DV� D� UHVXOW
RI� WKH� FKHPLFDO� UHDFWLRQ�� °�6F���D�6L
�o�D�F��6F6L��$W�LQLWLDO�VWDJH�RI�JURZWK��WKH
VFDQGLXP�VLOLFLGH� LV�DPRUSKRXV��$V�VRRQ�DV
WKH�VLOLFLGH� OD\HU� LV�WKLFN�HQRXJK��WKH�FU\V�
WDOOL]DWLRQ� RI� WKH� DPRUSKRXV� 6F6L� RFFXUV
�7DQQ� �����&�� WDQQd�� KRXU� DQG� 7DQQ� ����&��WDQQd���KRXUV���7KH�VLOLFLGH�FRPSRVL�WLRQ� DQG� LWV� JURZWK� UDWH� GR� QRW� GHSHQG� RQ
WKLFNQHVV�RI�6F�DQG�6L�OD\HUV��*URZWK�RI�WKH
VLOLFLGH� IURP� WKH� YHU\� EHJLQQLQJ� �[t��QP�
REH\V� WR� GLIIXVLRQ�FRQWUROOHG� NLQHWLFV�� 7KH
VWDJH� RI� UHDFWLRQ�JRYHUQHG� �KaW�� NLQHWLFV
ZDV� QRW� UHYHDOHG�� 'LIIXVLRQ� RI� 6L� DWRPV
WKURXJK� WKH� VLOLFLGH� OD\HU� LV� FKDUDFWHUL]HG
E\� ORZ�YDOXHV�RI�DFWLYDWLRQ�HQHUJ\� �����H9�
DQG�SUH�H[SRQHQWLDO�IDFWRU��'�� �����Ü���P�VÜ���
7KH� LQLWLDO� VWDJH� JURZWK� RI� DPRUSKRXV
VLOLFLGH� KDV� DQ� H[SOLFLW� QRQ�OLQHDU� EHKDYLRU
DQG�WKH�SDUDEROLF�ODZ�K�aW�LV�GLVREH\HG��7KH
VWDJH� LV� FKDUDFWHUL]HG�E\�GHFUHDVH� RI�GLIIX�
VLRQ� FRHIILFLHQW� E\� IDFWRU� RI� ��Ü��� GXH� WR
VWUXFWXUDO�UHOD[DWLRQ�RI�DPRUSKRXV�VLOLFLGH�
$W� WKH� LVRWKHUPDO� DQQHDOLQJ� WKH� WUDQVLWLRQ
WR� WKH� FODVVLF� SDUDEROLF� ODZ� RI� WKH� VLOLFLGH
JURZWK�RFFXUV�DV�DQQHDOLQJ�WLPH�LQFUHDVHV�
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