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5HFHLYHG�1RYHPEHU���������
7KH�G\QDPLFV� RI� D� OLQHDU� VROLWDU\�GRPDLQ�ZDOO� LQ� WKH� ������ RULHQWHG� HSLWD[LDO� IHUULWH�

JDUQHW�ILOPV�KDV�EHHQ�VWXGLHG�XVLQJ�WKH�WZR�IROG�GLJLWDO�KLJK�VSHHG�SKRWRJUDSK\�LQ�WKH�UHDO
WLPH��7KH� LQ�SODQH�PDJQHWLF�ILHOG�ZDV�XVHG� LQ�WKH�H[SHULPHQWV�� LWV�YDOXH�ZDV�FRPSDUDEOH
WR�WKH�VDPSOH�DQLVRWURS\�ILHOG�
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���,QWURGXFWLRQ
1XPHURXV� DUWLFOHV� GHDO� ZLWK� WKH� H[SHUL�

PHQWDO�DQG�WKHRUHWLFDO�LQYHVWLJDWLRQV�RI�WKH
GRPDLQ� ZDOO� �':�� G\QDPLFV� LQ� WKH� IHUULWH�
JDUQHW� ILOPV�� LQFOXGLQJ� WKH� H[SHULPHQWV
XVLQJ� WKH� LQ�SODQH�PDJQHWLF� ILHOGV� >�@�� 7KH
H[SHULPHQWV�ZHUH�FDUULHG�RXW�XVLQJ�ERWK�WKH
KLJK�VSHHG�SKRWRJUDSK\�PHWKRG�>�@�DQG�WKH
EXEEOH�FROODSVH�PHWKRG�>����@��7KH�GLIIHUHQW
W\SHV�RI�WKH�':�YHORFLW\��9��GHSHQGHQFH�RQ
WKH�H[WHUQDO�SXOVH�PDJQHWLF�ILHOG��+S��ZHUHREWDLQHG� LQ� WKH� LQYHVWLJDWLRQV�� ,Q� >�@�� GH�
VFULEHG� UHVXOW� LV� WKH� OLQHDU� LQFUHDVLQJ� GH�
SHQGHQFH�9�+��XS�WR�WKH�PD[LPXP�':�YH�
ORFLW\� RI� ���� NP�V�� 7KH� DXWKRUV� >�@� KDYH
REVHUYHG� WKH� LQFUHDVLQJ� GHSHQGHQFH� 9�+S�LQFOXGLQJ� D� VHFWLRQ� ZLWK� ]HUR� GLIIHUHQWLDO
PRELOLW\� LQ� WKH� PLGGOH� SDUW�� 7KH� PD[LPDO
YDOXH� RI� WKH� ':� YHORFLW\� ZDV� DERXW� VRPH
KXQGUHG�PHWHUV�SHU�VHFRQG��)XUWKHUPRUH��LW
ZDV� IRXQG� WKDW� XQGHU� VRPH� FRQGLWLRQV�� WKH
':�EHFRPHV�GLIIXVH��7KH�DXWKRUV�>�@�XVHG�D
FRQVWDQW� PDJQHWLF� ILHOG� WR� PDNH� WKH� ':
PRYH� ZLWK� D� YHORFLW\� H[FHHGLQJ� WKH� 6ORQ�
FKHYVNL� RQH�� 7KLV� ILHOG�ZDV� RULHQWHG� LQ� WKH
VDPSOH� SODQH� DORQJ� WKH� QRUPDO� WR� WKH� ':

SODQH�� LWV� YDOXH� ZDV� DERXW� VRPH� KXQGUHG
2HUVWHG��ZKLFK� LV�PXFK� ORZHU� WKDQ� WKH� DQ�
LVRWURS\�ILHOG�

7KLV� ZRUN� LV� DLPHG� DW� H[SHULPHQWV� FRQ�
WLQXLQJ�WKH�DERYH�VWXGLHV��,Q�RUGHU�WR�LQYHV�
WLJDWH� WKH� KLJK�VSHHG� ':� G\QDPLFV� LQ� WKH
IHUULWH�JDUQHW� ILOPV�� ZH� XVHG� WKH� WZR�IROG
KLJK� VSHHG� SKRWRJUDSK\� PHWKRG� >�@�� ,Q� DOO
RXU�H[SHULPHQWV��WKH�LQ�SODQH�FRQVWDQW�PDJ�
QHWLF�ILHOG�ZDV�RULHQWHG�LQ�WKH�VDPSOH�SODQH
DORQJ� WKH� QRUPDO� WR� WKH� ':� SODQH�� 7KH
YDOXH� RI� WKLV� ILHOG� ZDV� DERXW� ����� RI� WKH
VDPSOH�DQLVRWURS\�ILHOG�

���([SHULPHQWDO
7KLV�ZRUN�GHVFULEHV� WKH� VWXG\� UHVXOWV� RI

WKH�OLQHDU�VROLWDU\�GRPDLQ�ZDOO�G\QDPLFV�LQ
WKH�������RULHQWHG�HSLWD[LDO�%L<)H*D�JDUQHW
ILOPV�� 7KH� VDPSOH� DQLVRWURS\� ILHOG� ZDV
DERXW� �� WR� �� N2H� DQG� �S0V� ���� *V�� 7KHVROLWDU\� ':� ZDV� IRUPHG� XVLQJ� D� JUDGLHQW
PDJQHWLF�ILHOG��������2H�FP���7KLV�ILHOG�ZDV
RULHQWHG� SHUSHQGLFXODUO\� WR� WKH� VDPSOH
SODQH�� 7KH� G\QDPLFDO� ':� ZDV� LOOXPLQDWHG
E\�WZR�UHG�OLJKW�SXOVHV�RI������QV�GXUDWLRQ�
7KH� GHOD\� WLPH� EHWZHHQ� WKHVH� SXOVHV�ZDV� �
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WR� ��� QV�� 7KH� SXOVH� PDJQHWLF� ILHOG� +� WKDW
PRYHG�WKH�':�KDG�WKH�DPSOLWXGH�OHVV�WKDQ
����2H��7KH� WZR�IROG� KLJK�YHORFLW\�SKRWRJ�
UDSK\� PHWKRG� DOORZV� GHWHUPLQLQJ� WKH� ':
YHORFLW\�DQG�LWV�YLVLEOH�ZLGWK�LQ�WKH�G\QDPLFV�

7KH� SKRWRJUDSKV� ZHUH� PDGH� LQ� WKH� ':
FRQWUDVW� �)LJ����� DV� ZHOO� DV� LQ� WKH� GRPDLQ
FRQWUDVW� �)LJ������ 7KH� SKRWRJUDSKV� VKRZ
WKDW�WKH�YLVLEOH�ZLGWK�RI�WKH�G\QDPLFDO�':
LV� �Ü�� PP� ZKHQ� WKH� ':� � YHORFLW\� LV� OHVV
WKDQ�FHUWDLQ�FULWLFDO�YDOXH�9PD[��,I�WKH�':YHORFLW\�H[FHHGV�WKDW�WKUHVKROG��WKH�':�EH�
FRPHV�GLIIXVH�DQG�LWV�YLVLEOH�ZLGWK�LQFUHDVHV
�)LJ���E�� F��� 7KH� EOXUUHG� WKH� ULJKW� HGJH� RQ
WKH� SKRWRJUDSK� �)LJ���E�� GHPRQVWUDWHV� WKDW
WKH�':�LQ�WKLV�SRVLWLRQ�LV�DOUHDG\�GLIIXVH�

7KH� ':� � YHORFLW\� GHSHQGHQFH� RQ� WKH
SXOVH� PDJQHWLF� ILHOG� DW� GLIIHUHQW� LQ�SODQH
FRQVWDQW�PDJQHWLF�ILHOG�YDOXHV��)LJ���D��ZDV
GHWHUPLQHG� XVLQJ� SKRWRJUDSKV� VLPLODU� WR
WKRVH�RI�)LJ���Ü���7KH�SXOVH�PDJQHWLF� ILHOG
LQFUHDVHV�� WKH� ':� � YHORFLW\� LQFUHDVHV� DW
ILUVW�DQG�UHDFKHV�WKH�YDOXH�9PD[��7KLV�YDOXHUHPDLQV� FRQVWDQW� ZLWKLQ� D� FHUWDLQ� LQWHUYDO
RI�+�YDOXHV��$W�WKH�IXUWKHU�LQFUHDVH�RI�WKH
PDJQHWLF� ILHOG�+�� WKH�':�EHFRPHV� GLIIXVH
DQG�LWV��YHORFLW\�JURZV��,Q�VRPH�SDUWV�RI�WKH
VDPSOH�� WKHUH� ZHUH� UDQGRP� GRPDLQ� IRUPD�
WLRQ�LQ�IURQW�RI�WKH�G\QDPLFDO�GRPDLQ�ZDOO�
7KH� ':� � YHORFLW\� �LQFOXGLQJ� WKH� GLIIXVH
':�� ZDV� PHDVXUHG� LQ� WKRVH� VDPSOH� SDUWV
ZKHUH� WKH� UDQGRP� GRPDLQV� IRUPDWLRQ� ZDV
QRW� REVHUYHG�� ,W� LV� REYLRXV� WKDW� WKH� PHDV�
XUHPHQW�DFFXUDF\�RI�WKH�GLIIXVH�':��YHORF�
LW\�ZDV�ORZHU�WKDQ�WKDW�RI�WKH�':��YHORFLW\
DW�D�VPDOO�YLVLEOH�ZLGWK��)LJ���D���7KH�SRVVL�
ELOLW\� RI� D� VXSHUVRQLF� ':� PRWLRQ� LQ� WKH
IHUULWH�JDUQHW�ILOPV�XQGHU�VSHFLDO�FRQGLWLRQV
ZDV�WKHRUHWLFDOO\�SUHGLFWHG�LQ�>�@��+RZHYHU�
QR� VXFK� KLJK�� YHORFLW\� ':� PRWLRQ� LQ� IHU�
ULWH�JDUQHW�ILOPV�ZDV�REVHUYHG�EHIRUH��

7KH� GHSHQGHQFHV� RI� WKH� ':� YHORFLW\� RQ
WKH�SXOVH�PDJQHWLF� ILHOG� LQ� WKH�SUHVHQFH�RI

DQ� LQ�SODQH�PDJQHWLF� ILHOG�RI�GLIIHUHQW�YDOXH
+SO� DUH� VKRZQ� LQ� )LJ���E�� ,W� LV� SRVVLEOH� WRGHVFULEH�WKHVH�GHSHQGHQFHV�E\�HTXDWLRQ�
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ZKHUH� P� LV� WKH� ':� PRELOLW\�� $XWKRUV� >�@
FRPSDUHG�WKHLU�WKHRUHWLFDO�UHVXOWV�ZLWK�WKH�H[�
SHULPHQWDO� UHVXOWV� REWDLQHG� LQ� >�@� ZKHUH� WKH
PD[LPXP�':�YHORFLW\�GLG�QRW�H[FHHG���NP�V�

7KH� FKDUDFWHU� RI� WKH� 9�+�� GHSHQGHQFHV
UHPDLQV� XQFKDQJHG� DW� GLIIHUHQW� YDOXHV� RI
WKH� LQ�SODLQ�PDJQHWLF�ILHOG��7KH�9PD[�YDOXHLQFUHDVHV� OLQHDUO\� DV� WKH� LQ�SODLQ� PDJQHWLF
ILHOG�+SO� JURZV� �)LJ����� DQG� WUHQGV� WR� WKHVRXQG�VHG�LQ�WKH�IHUULWH�JDUQHW�ILOPV�DV�WKH
LQ�SODQH� PDJQHWLF� ILHOG� YDOXH� DSSURDFKHV
WKH� PDWHULDO� DQLVRWURS\� ILHOG�� 7KH� LQWHUYDO
RI�+� YDOXHV� ZKHUH� WKH� ':� VSHHG� UHPDLQV
FRQVWDQW� GHFUHDVHV� ZKHQ� WKH� LQ�SODQH� PDJ�
QHWLF�ILHOG�+SO�YDOXH�LQFUHDVHV�1XPHURXV�DUWLFOHV�GHDO�ZLWK�WKH�HIIHFW�RI
FRQVWDQW�LQ�SODQH�PDJQHWLF�ILHOG�RQ�WKH�':
G\QDPLFV� LQ� WKH� IHUULWH�JDUQHW� ILOPV� >����@�
+RZHYHU��LQ�WKRVH�H[SHULPHQWV�WKH�YDOXHV�RI

)LJ�����7KH�WZR�IROG�KLJK�VSHHG�SKRWRJUDSKV�RI�D�G\QDPLFDO�':�LQ�WKH�IHUULWH�JDUQHW�ILOP�PDGH�LQ�WKH
':�FRQWUDVW��7KH�':�PRYHV�IURP�ULJKW�WR�OHIW�DW�D�ZLWK�YHORFLW\��NP�V��������D��������E���������F��

)LJ�����7KH�WZR�IROG�KLJK�YHORFLW\�SKRWRJUDSKV
RI�WKH�G\QDPLFDO�':�LQ�WKH�JDUQHW�ILOP�DUH�PDGH
LQ�WKH�GRPDLQ�FRQWUDVW��7KH�':�PRYHV�IURP�OHIW
WR�ULJKW�DW�D�VSHHG��NP�V��������D�������E��
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WKH� LQ�SODQH� PDJQHWLF� ILHOG� GLG� QRW� H[FHHG
�����RI�WKH�VDPSOH�DQLVRWURS\�ILHOG��,Q�RXU
H[SHULPHQWV��WKH�PD[LPXP�YDOXH�RI�WKH�LQ�
SODQH� PDJQHWLF� ILHOG� ZDV� QRW� ORZHU� WKDQ
��� �� RI� WKH� VDPSOH� DQLVRWURS\� ILHOG�� 7KH
OLQHDU�LQFUHDVLQJ�GHSHQGHQFHV�9PD[�+SO��DUHGHVFULEHG� LQ� >����@�� ,Q� WKLV� FDVH�� WKH� ':
YHORFLW\�GLG�QRW�H[FHHG�����P�V�

7KH�':�PRELOLW\�P�ZDV�GHWHUPLQHG�IURP
WKH� LQLWLDO� OLQHDU� VHFWLRQV� RI� WKH� 9�+S�� GH�SHQGHQFHV� REWDLQHG� DW� GLIIHUHQW� LQ�SODQH
PDJQHWLF�ILHOG�+SO�YDOXHV��7KH�':�PRELOLW\
GHSHQGHQFH� RQ� WKH� LQ�SODQH� PDJQHWLF� ILHOG
+SO� LV� VKRZQ� LQ� )LJ����� ,W� LV� SRVVLEOH� WRGLVWLQJXLVK� WZR� OLQHDU� VHFWLRQV�ZLWK� GLIIHU�
HQW� VORSHV� LQ� WKLV� SORWK�� 7KH� ':�PRELOLW\
LQFUHDVHV� VKDUSO\� DW� ORZ� +SO� YDOXHV� DQGUHDFKHV�P� ��������VP��V�2H��DW�+SO� ���N2H�7KH� IXUWKHU� PRELOLW\� LQFUHDVH� EHFRPHV
VPRRWKHU��

7KH�H[SHULPHQWDO�VWXGLHV�RI�WKH�':�PR�
ELOLW\� GHSHQGHQFH� RQ� WKH� LQ�SODQH� FRQVWDQW
PDJQHWLF� ILHOG� YDOXH� DUH� GHVFULEHG� LQ� >��@�
7KH� DXWKRUV� RI� WKDW�ZRUN�GLVFRYHUHG� DQ� DO�
PRVW� OLQHDUO\� LQFUHDVLQJ� GHSHQGHQFH�� ,Q

WKHVH� H[SHULPHQWV�� WKH� YDOXHV� RI� WKH� LQ�
SODQH�FRQVWDQW�PDJQHWLF�ILHOG�GLG�QRW�H[FHHG
����� RI� WKH� VDPSOH� DQLVRWURS\� ILHOG�� 7KLV
GHSHQGHQFH� RI� WKH� ':�PRELOLW\� RQ� WKH� LQ�
SODQH�PDJQHWLF� ILHOG� LV� VLPLODU� WR� WKH� LQLWLDO
VHFWLRQ�RI�WKH�GHSHQGHQFH�SUHVHQWHG�LQ�)LJ����
7KH�DSSOLFDWLRQ�RI�WKH�LQ�SODQH�PDJQHWLF�ILHOG
ZLWK� YDOXH� FORVH� WR� WKH� DQLVRWURS\� ILHOG� UH�
YHDOHG�DQRWKHU�W\SH�RI�WKH�P�+SO��GHSHQGHQFH�7KH�FRQVWDQW� LQ�SODQH�PDJQHWLF�ILHOG�+SOVWDELOL]HV� WKH� ':� VWUXFWXUH�� WKHUHIRUH�� WKH
':� YHORFLW\� YDOXH� 9PD[� LQFUHDVHV�� ,I� WKH':� YHORFLW\� H[FHHGV� 9PD[�� WKH� ':� VWUXF�
WXUH�EHFRPHV�XQVWDEOH��+RZHYHU��LW�LV�GLIIL�
FXOW� WR� REVHUYH� WKH� ':� G\QDPLFV� DW� WKH
LQ�SODQH� PDJQHWLF� ILHOG� YDOXHV� FORVH� WR� WKH
DQLVRWURS\� ILHOG�� EHFDXVH� WKH� GRPDLQ� VWUXF�
WXUH� FRQWUDVW� GURSV� GRZQ� LQ� WKHVH� FRQGL�
WLRQV�� 7KH� ':� YHORFLW\� PHDVXUHPHQW� DFFX�
UDF\�GHFUHDVHV�VKDUSO\�ZKHQ�WKH�UDQGRP�GR�
PDLQV�IRUPDWLRQ�LV�REVHUYHG�LQ�IURQW�RI�WKH
G\QDPLFDO� ':� LQ� WKH� SUHVHQFH� RI� KLJK� LQ�
SODQH�PDJQHWLF�ILHOGV�

$FFRUGLQJ� WR� WKH� WKHRU\� RI� WKH�':�PR�
ELOLW\� GHSHQGHQFH� RQ� WKH� LQ�SODLQ� PDJQHWLF
ILHOG��LW�LV�SRVVLEOH�WR�GLVFULPLQDWH�GLIIHUHQW
FRQWULEXWLRQV� WR� UHOD[DWLRQ� FRQVLGHULQJ� WKH

)LJ�����7KH�GHSHQGHQFH�RI�WKH�VDWXUDWLRQ�YHORF�
LW\�9PD[�RQ�WKH�LQ�SODQH�PDJQHWLF�ILHOG�+SO�

)LJ����� 7KH� GHSHQGHQFH� RI� WKH�':�PRELOLW\�P
RQ�WKH�YDOXH�RI�WKH�LQ�SODQH�PDJQHWLF�ILHOG�+SO�

)LJ�����D���7KH�GHSHQGHQFHV�RI�WKH�':�YHORFLW\
RQ�WKH�SXOVH�PDJQHWLF�ILHOG�LQ�WKH�LQ�SODQH�FRQ�
VWDQW� PDJQHWLF� ILHOG��+SO� �����N2H��z���+SO� ����N2H������E���7KH�GHSHQGHQFH�RI�WKH�':�YHOR�
FLW\� RQ� WKH� SXOVH�PDJQHWLF� ILHOG� LQ� WKH� LQ�SODQH
FRQVWDQW�PDJQHWLF�ILHOG��+SO� �����N2H������+SO� ��N2H�����+SO� �����N2H��▲���+SO� �����N2H�
��
+SO� �����N2H������+SO� �����N2H��'��
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H[SHULPHQWDO� P�+SO�� GHSHQGHQFH� >��@�� ,W� LVLPSRVVLEOH� WR�GLVWLQJXLVK� WKH�GLIIHUHQW�FRQ�
WULEXWLRQV� GHILQLQJ� WKH� ':�PRELOLW\� YDOXH
IURP�WKH�DQDO\VLV�RI�H[SHULPHQWDO�P�+SO��GH�SHQGHQFHV� LI� WKHVH� GHSHQGHQFHV�GR�QRW� FRQ�
WDLQ� SHFXOLDULWLHV�� 7KH� H[SHULPHQWDO� ':
PRELOLW\� YDOXHV� DUH� PXFK� ORZHU� WKDQ� WKH
SUHGLFWHG� RQHV�� 0RUHRYHU�� WKH� WKHRUHWLFDO
FXUYHV� VKRZ� RQO\� WKH� JHQHUDO� W\SH� RI� WKH
H[SHULPHQWDO�GHSHQGHQFHV�>��@�
�������������������&RQFOXVLRQ

7R� FRQFOXGH�� WKH� ':�PRYHG� LQ� WKH� IHU�
ULWH�JDUQHW� ILOP� DW� D� YHORFLW\� FORVH� WR� WKH
VRXQG�RQH�GXH�WR�WKH�FRQVWDQW�LQ�SODQH�PDJ�
QHWLF� ILHOG� ZLWK� YDOXH� FORVH� WR� WKH� VDPSOH
DQLVRWURS\�ILHOG��$Q�XQXVXDO�GHSHQGHQFH�RI
WKH� ':� PRELOLW\� RQ� WKH� LQ�SODQH� FRQVWDQW
PDJQHWLF�ILHOG�KDV�EHHQ�REWDLQHG��7KHVH�UH�
VXOWV� SURYLGH� QHZ� RSSRUWXQLWLHV� IRU� WKH
SUDFWLFDO� DSSOLFDWLRQ� RI� WKH� IHUULWH�JDUQHW
ILOPV�DQG�IRUP�D�EDVLV�IRU�IXUWKHU�VWXGLHV�
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