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,Q�WKH�FU\VWDOV�RI�&G=Q7H�VROLG�VROXWLRQV
XVHG�ZLGHO\�LQ�PDQXIDFWXULQJ�RI�J�UDGLDWLRQ
GHWHFWRUV�� WKH� VWUXFWXUH� LQKRPRJHQHLWLHV
PD\� FDXVH� FKDQJHV� LQ� WKH� EDQG� JDS� ZLGWK
>�@�DQG�UHVXOW�� H�J��� LQ�D�GHSHQGHQFH�RI�WKH
GLHOHFWULF� FRQVWDQW� H� RQ� FRRUGLQDWH�� 7KLV
PD\� FDXVH� D� GLVWRUWLRQ� LQ� WKH� GHWHFWRU� VLJ�
QDO�VKDSH�DQG�DPSOLWXGH��$W�WKH�RWKHU�KDQG�
WKH� GLVWULEXWLRQ� FKDUDFWHU� RI� WKH� GLHOHFWULF
LQKRPRJHQHLWLHV� LQ� WKH� UDGLDO� DQG� D[LDO
LQJRW�VHFWLRQV�LV�D�VRXUFH�RI�LQIRUPDWLRQ�RQ
WKH� GLUHFWLRQ� DQG� VHTXHQFH� RI� GHIHFW� IRUPD�
WLRQ� SURFHVVHV� LQ� WKH� FRXUVH� RI� WKH� LQJRW
PDQXIDFWXULQJ� >�@�� ,W� LV� MXVW� D� VHDUFK� IRU
PHWKRGV�WR�UHSUHVHQW�DQG�DQDO\]H�WKDW�LQIRU�
PDWLRQ�WKDW�LV�WKH�PDLQ�SXUSRVH�RI�WKLV�ZRUN�

6WXGLHG�ZHUH� WKH�&G�±[=Q[7H� �[� ����� WR�����FU\VWDOV�KDYLQJ�WKH�UHVLVWLYLW\�U�RI�����
WR������:�FP�JURZQ�E\�WKH�YHUWLFDO�FU\VWDO�
OL]DWLRQ� WHFKQLTXH� IURP� WKH� PHOW� >�@�� *ROG
RU� LQGLXP�JDOOLXP� FRQWDFWV� ZHUH� DSSOLHG
RQWR� RSSRVLWH� VLGHV� RI� WKH� VDPSOHV� RI

�u�u��PP��DQG���u��u��PP��VL]H��6DPSOHV
FXW� RXW� IURP� UDGLDO� DQG� D[LDO� VHFWLRQV� RI
YDULRXV�SDUWV� RI� WKH� LQJRWV�ZHUH� H[DPLQHG�
7KH� VWUXFWXUH� LQKRPRJHQHLWLHV�ZHUH� YLVXDO�
L]HG�E\�HWFKLQJ�� ,5�PLFURVFRS\�DQG�VKDGRZ
PHWKRG��7KH�UHDO� Hc� DQG� LPDJLQDU\�Hcc�SDUWV
RI� WKH� FRPSOH[� GLHOHFWULF� FRQVWDQW� H
� ZHUH
PHDVXUHG� LQ� WKH� ���� +]� WR� ��� N+]� IUH�
TXHQF\� UDQJH� DW� WKH� HOHFWULF� ILHOG� VWUHQJWK
(� ����9�FP�XVLQJ�D�PHDVXULQJ�DQG�FDOFX�
ODWLQJ�VHWXS�>�@��7KH�VXUIDFH�ZDV�VFDQQHG�E\
D�PRQRFKURPDWLF����PP�ZLGH�OLJKW�SUREH�DW
WKH�ZDYHOHQJWK�FRUUHVSRQGLQJ�WR�WKH�SKRWR�
VHQVLWLYLW\� PD[LPXP� RI� WKH� FU\VWDO�� 7KH
VDPSOH� ZDV� GLVSODFHG� DXWRPDWLFDOO\� DW
VSHHGV�RI�����WR����PP�PLQ��WKH�VLJQDO�GLV�
FUHWL]DWLRQ�IUHTXHQF\�EHLQJ�����WR�����+]�

,W� IROORZV� IURP� WKH� FRQVLGHUDWLRQ� RI
PRGLILHG� 3RLVVRQ� HTXDWLRQ� WKDW� IRU� D� VSD�
WLDOO\� LQKRPRJHQHRXV� VHPLFRQGXFWRU� H��M��
�H����M� ��U��WKH�GLUHFWLRQ�RI�GLHOHFWULF�FRQ�
VWDQW� JUDGLHQWV� JHQHUDWHG� E\� VHSDUDWH� HQ�
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VHPEOHV� RI� VWUXFWXUH� GHIHFWV� LV� GHILQHG
PDLQO\�E\�WKH�FKDUDFWHU�RI�GHIHFW�IRUPDWLRQ
SURFHVV� >�@��7KHUHIRUH��ZH�KDYH� VWXGLHG� WKH
FRRUGLQDWH� GHSHQGHQFHV� RI� GLHOHFWULF� FRQ�
VWDQW�Hc�[��ZKHUH�[�LV�WKH�FRRUGLQDWH�FKDUDF�
WHUL]LQJ� WKH�PRQRFKURPDWLF� SUREH� SRVLWLRQ�
7KH� Hc�[�� GHSHQGHQFHV� REWDLQHG� E\� RSWLFDO
VFDQQLQJ� RI� VDPSOHV� IURP� WKH� UDGLDO� DQG
D[LDO� VHFWLRQV� RI� WKH� LQJRW� DUH� XQLTXH� IRU
ERWK�HDFK�VWXGLHG�VDPSOH�DQG�IRU�HDFK�LQGL�
YLGXDO� IDFHW� WKHUHRI�� $� W\SLFDO� GHSHQGHQFH
LV� VKRZQ� LQ�)LJ���� �FXUYH�����$V� WKH�PRQR�
FKURPDWLF� HPLVVLRQ� LQWHQVLW\� ULVHV�� VRPH
FXUYHV� DUH� WUDQVIRUPHG�� 6RPH� H[WUHPHV� LQ�
FUHDVH�DQG�RWKHU�GHFUHDVH� �)LJ����� FXUYH����
6RPHWLPHV�� LQYHUVLRQV� DUH� REVHUYHG�� WKDW
FDQ� EH� FRQQHFWHG� ZLWK� WKH� GHQVLW\� UHGLVWUL�
EXWLRQ�RI�WKH�IUHH�DQG�ERXQG�FKDUJHV�

7KH� LQIOXHQFH� LQWHQVLW\� RI� WKH� LQKRPR�
JHQHLW\�ILHOGV�RQ�WKH�FU\VWDO�HOHFWUR�SK\VLFDO
SURSHUWLHV� GHSHQGV� RQ� ZKHWKHU� WKH� GLUHF�
WLRQV� RI� GLHOHFWULF� FRQVWDQW� JUDGLHQWV� DQG
SRWHQWLDO�RQHV�DUH�FRLQFLGHQW�RU�RSSRVLWH��$V
D� UHVXOW�� VRPH� LQKRPRJHQHLWLHV� LQ� WKH� FU\V�
WDOV� DUH� UHVSRQVLEOH� IRU� VHFWLRQV� ZKHUH� Hc
FKDQJHV� IDVW� GHSHQGLQJ� RQ� WKH� FRRUGLQDWH
ZKLOH� RWKHU� LQKRPRJHQHLWLHV�� IRU� VORZ� YDUL�
DWLRQV��7R�SURYH�WKDW�VXSSRVLWLRQ�LQ�H[SHUL�
PHQW�� WKH� GHc�G[� �I�[�� GHSHQGHQFHV� KDYH
EHHQ�H[DPLQHG�E\�DYHUDJLQJ�WKH�Hc�[��VORSHV
LQ� WZR� QHLJKERULQJ� SRLQWV�� 7KHVH� GHSHQG�
HQFHV��)LJ�����FXUYHV�������LQFOXGH�QXPHURXV
H[WUHPHV� DQG� UHSUHVHQW�� RQ� WKH� ZKROH�� WKH
GLVWULEXWLRQ� FKDUDFWHU� RI� RSSRVLWH� FKDUJHV�
7KH� FRPSDULVRQ� RI� WKRVH� FXUYHV� VKRZV� WKDW
WKH�LQFUHDVH�RI�WKH�SKRWRH[FLWDWLRQ�LQWHQVLW\
E\�D�IDFWRU�RI���UHVXOWV�DOVR�LQ�D�VLJQLILFDQW
WUDQVIRUPDWLRQ�RI� WKH�GHc�G[� �I�[�� GHSHQG�
HQFHV��WKXV�HYLGHQFLQJ�WKH�LQWHQVLILFDWLRQ�RI
WKH� LQWHUQDO� ILHOGV� LQ� VRPH�DUHDV�DQG�ZHDN�

HQLQJ� LQ� RWKHU� RQHV�� 7KH� GHc�G[� �I�[�� GH�
SHQGHQFHV� �)LJ����� FXUYHV� ��� ��� VXSSOHPHQW
FRQVLGHUDEO\�WKH�Hc�[��RQHV� �FXUYHV���DQG���
E\� PDNLQJ� LW� SRVVLEOH� WR� UHYHDO� KDUGO\� QR�
WLFHDEOH� LQKRPRJHQHLWLHV� LQ� WKH� VDPSOHV�� ,W
LV�REYLRXV�WKDW�WKH�WRWDO�FKDUJH�LV�LQ�SURSRU�
WLRQ�WKH�GLIIHUHQFH�RI�DUHDV�HQFRPSDVVHG�E\
WKH� ERZ�VKDSHG� VHFWLRQV� ZKHUH� GHc�G[� LV
ODUJHU�RU�VPDOOHU�WKDQ�]HUR��7KH�DUHD�GLIIHU�
HQFH��GHWHUPLQHG�E\�JUDSKLFDO�LQWHJUDWLRQ�RI
WKH�FRUUHVSRQGLQJ�VHFWLRQV�RI�FXUYHV���DQG��
LQ�)LJ�����KDV� LQFUHDVHG� DV� WKH�SKRWRH[FLWD�
WLRQ� LQWHQVLW\� KDV� UDLVHG�� ,W� LV� ORJLFDOO\� WR
DVVRFLDWH� WKLV�IDFW�ZLWK�WKH�FKDUJH�DFFXPX�
ODWLRQ�

3URFHHGLQJ� IURP� DQ� DQDORJ\� ZLWK� WKH
SKDVH� SODQH�� LW� FDQ� EH� DVVXPHG� WKDW� WKH� Hc
DQG�GHc�G[�YDOXHV� DW� WKH�SKRWRH[FLWDWLRQ�RI
WKH� VDPSOH� ZLWK� WKH� SUREH� DV� ZHOO� DV� WKH
SRLQW� LQ� WKH� GHc�G[� �I�Hc�� GLDJUDP� FRUUH�
VSRQGLQJ� WKHUH� WR� UHSUHVHQW� D� SKDVH� RI� WKH
SURFHVV�WKDW�KDV�IRUPHG�WKH�VSHFLILF�ORFDO�DUHD
RI� WKH� VDPSOH�� 6XFK� GLDJUDPV� DUH� VHTXHQFHV
RI� ERZ�VKDSHG� VHFWLRQV� �)LJ����� WKDW� IRUP� D
SHFXOLDU�JUDSKLF�LPDJH�RI�WKH�FU\VWDO��

7KH� QXPEHU� RI� ERZ�VKDSHG� VHFWLRQV� [L[M�L�� M� ���� ��� ������ L�z�M�� LQ� WKH� GHc�G[� �I�Hc�
GLDJUDP�FDQ�EH�DVVXPHG�WR�GHILQH�WKH�QXP�
EHU�DQG�VHTXHQFH�RI�WKH�SURFHVVHV�RFFXUULQJ
GXULQJ� IRUPDWLRQ� RI� D� FHUWDLQ� LQJRW� SDUW�
7KHQ� WKH� ORRS�OLNH� VHFWLRQV� IRUPHG� GXH� WR
RYHUODSSLQJ�RI�QHLJKERULQJ�ERZ�VKDSHG�GLD�
JUDP� VHFWLRQV� �H�J��� WKH� [�[�� VHFWLRQ�� HYL�GHQFH� WKH� UHGLVWULEXWLRQ� RI� LQWHUQDO� ILHOGV
DQG� FKDQJHV� LQ� WKH� SURFHVV� GLUHFWLRQ�� 7R
SURYH�WKLV�DVVXPSWLRQ��ZH�KDYH�VWXGLHG�WKH
Hcc� �I�Hc�� GLDJUDPV� REWDLQHG� EDVLQJ� RQ� WKH
VSHFWUDO� GHSHQGHQFHV� RI� WKH� UHDO� Hc�O�� DQG
LPDJLQDU\�Hcc�O��SDUWV�RI�WKH�FRPSOH[�GLHOHF�
WULF�FRQVWDQW�DW�WKH�SUREH�SKRWRH[FLWDWLRQ�RI
WKH�QHLJKERULQJ�FU\VWDO�DUHDV�

)LJ����� GHc�G[� �I�Hc�� GLDJUDP� IRU� D
&G���=Q���7H� VDPSOH� FXW� RXW� IURP� DQ� D[LDOLQJRW�VHFWLRQ�

)LJ����� Hc� �I�[�� ������� DQG�GHc�G[� �I�[�� ������
GHSHQGHQFHV� IRU� D�&G���=Q���7H� VDPSOH� IURPLQKRPRJHQHRXV� LQJRW� SDUW�� )� ������+]�
7� �����.��O� ������PP��6ROLG�OLQH�FRUUHVSRQGV
WR�WKH�SKRWRH[FLWDWLRQ�OHYHO�,��GDVKHG�OLQH��WR��,�
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7KRVH�GLDJUDPV�KDYH�EHHQ�FRQVLGHUHG�DF�
FRUGLQJ�WR�WKH�SURFHGXUH�>�@�XVLQJ�WKH�FRHIIL�
FLHQW�.LM� �'6��6L���6M��ZKHUH�'6� LV� WKH�RYHU�ODS� DUHD� RI� Hcc� �I�Hc�� GLDJUDPV� DQG� �6L���6M��WKH�WRWDO�DUHD�WKHUHRI��7KH�FRHIILFLHQW�.LM�LVQXPHULFDOO\� HTXDO� WR� WKH� IUDFWLRQ� RI� FRP�
PRQ�VWDWHV�LQ�WKH�QHLJKERULQJ�FU\VWDO�DUHDV
DQG�UHSUHVHQWV�DW� WKH�PDFURVFRSLF� OHYHO� WKH
FRXSOLQJ�H[WHQW�RI� WZR�VHTXHQWLDO�SURFHVVHV
IRUPLQJ� WKH�VSHFLILHG�GLVWULEXWLRQ�RI� VWUXF�
WXUH� LQKRPRJHQHLWLHV��)RU� WKH� FU\VWDO� DUHDV
FRUUHVSRQGLQJ� WR� WKH� ORRS�OLNH� VHFWLRQV�
.LM�d����� ZKLOH� EHLQJ� ���� WR� ���� IRU� DQ\RWKHU� QHLJKERULQJ� DUHDV�� 7KLV� DOORZV� XV� WR
EHOLHYH�WKDW�WKH�IRUPHU�LQJRW�SDUWV�WR�EH�WKH
PRVW�VXLWDEOH�IRU�PDFKLQLQJ��7R�REWDLQ�UHOL�
DEOH�GDWD�RQ�WKH�GLUHFWLRQ�RI�LQWHUQDO�ILHOGV
JHQHUDWHG� E\� WKH� GLHOHFWULF� LQKRPRJHQHLWLHV
LQ�WKH�VDPSOHV�FXW�RXW�IURP�WKH�LQJRW�UDGLDO
DQG� D[LDO� VHFWLRQV�� WKH� GLVFWUHWL]DWLRQ� IUH�
TXHQFLHV� DW� Hc�[�� PHDVXUHPHQWV� DUH� WR� EH
VXIILFLHQWO\�KLJK��,Q�RXU�RSLQLRQ��WKH�XVH�RI

GHc�G[� �I�[�� GHSHQGHQFHV� DQG�GHc�G[� �I�Hc�
GLDJUDPV�FDQ�SURYLGH�DQ�HIIHFWLYH�PHDQV�IRU
PRQLWRULQJ� RI� WKH� YDULDWLRQV� LQ� WKH� FU\VWDO
FKDUDFWHULVWLFV� FDXVHG� E\� WKH� RSHUDWLRQ
XQGHU� KDUG� FRQGLWLRQV� RU� E\� WHFKQRORJLFDO
SURFHVVLQJ�

7KLV�ZRUN�KDV�EHHQ�VXSSRUWHG�ILQDQFLDOO\
E\�WKH�8NUDLQLDQ�)RXQGDWLRQ�IRU�)XQGDPHQ�
WDO�5HVHDUFK��*UDQW�¢�)������������
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