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:H�VWXGLHG��WKH�WKHUPDO�VKRFN��RI�D�IODW�VRGD�OLPH�JODVV�SUHSDUHG�ZLWK�WKUHH�GLIIHUHQW�WKLFNQHVV����

PP����PP�DQG���PP���:H�RSWHG� IRU�GHVFHQGLQJ� WKHUPDO�VKRFN� WHFKQLTXH��7KH�FRROLQJ�ZDV�GRQH�E\�

FROG�DLU�MHW�RQ�VDPSOH�ZDUPHG�EHIRUHKDQG��7KH�KHDW�WUDQVIHUW�FRHIILFLHQW�ZDV�DERXW�����:��&�P
�
��7KH�

WKHUPDO� VKRFN�GXUDWLRQ�ZDV� IL[HG� WR��� VHFRQGV��7KH�KRW� JODVV� WHPSHUDWXUH�ZDV� WDNHQ�EHWZHHQ�����&�

DQG�����&�ZKLOH�WKDW�RI�WKH�DLU�IOX[�ZDV�NHSW�FRQVWDQW�DW����&���

'XULQJ�WKH�H[SORLWDWLRQ�RI�WKH�GDWD���ZH�LQFOXGHG��LQ�WKH�FRPSXWDWLRQV�WKH��JODVV�SURSHUWLHV�WUDQVLHQW�

HYROXWLRQ� ZLWK� WHPSHUDWXUH�� )RU� HDFK� WHVW�� ZH� GHWHUPLQHG� WKH� WHPSHUDWXUH� SURILOH� DQG� WKH� WUDQVLHQW�

VWUHVV� VWDWHV� WKURXJK� WKH� VDPSOHV� WKLFNQHVV�� $SSO\LQJ� WKH� SURSHUW\� RI� OLQHDU� VXSHUSRVLWLRQ� RI� VWUHVV�

LQWHQVLW\� IDFWRUV�� ZH� HVWDEOLVKHG� WKH� HYROXWLRQ� RI� WKH� VWUHVV� LQWHQVLW\� IDFWRU� .,� LQ� IXQFWLRQ� RI� WKH�

SUHH[LVWLQJ� QDWXUDO� IODZV� LQ� WKH� JODVV�� 7KH� FULWLFDO� IODZ� VL]H� ZDV� GHWHUPLQHG� E\� WKH� FODVVLFDO� OLQHDU�

IUDFWXUH�PHFKDQLFV� ODZV��7KH�FULWLFDO� WKHUPDO� VKRFN� IRU�HDFK�FDVH�FRUUHVSRQGV� WR� WKH�SRLQW�ZKHUH� WKH�

VWUHVV�LQWHQVLW\�IDFWRU�.,�UHDFKHV�WKH�JODVV�IUDFWXUH�WRXJKQHVV��.,F� �����03D�P
���
����:H�IRXQG�WKDW�DV�

WKH�VDPSOHV�WKLFNQHVV�LQFUHDVHV��WKH�FULWLFDO�WHPSHUDWXUH�GHFUHDVHV�������
�
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'XULQJ�D�VXGGHQ� WHPSHUDWXUH�FKDQJH�RI�D�ERG\�� WKHUH�RFFXUV� WUDQVLHQW� WHPSHUDWXUH�
JUDGLHQW�WKDW�LQGXFHV�WKHUPDO�VWUHVVHV��7KLV�UHVXOWV�LQ�D�VR�FDOOHG�©�WKHUPDO�VKRFN�ª�ZKHQ�
WKH� ERG\� LV� PDGH� VXGGHQO\� LQ� FRQWDFW� ZLWK� DQ� HQYLURQPHQW� WKDW� KDV� D� GLIIHUHQW�
WHPSHUDWXUH��7KH� VKRFN� LQWHQVLW\� LV� UHODWHG� WR� WKH� WHPSHUDWXUH�GLIIHUHQFH� OHYHO�EHWZHHQ�
WKH�LQLWLDO�ERG\�WHPSHUDWXUH�DQG�WKDW�RI�WKH�HQYLURQPHQW��7KHUH�LV�D�GLVWLQFWLRQ�EHWZHHQ�
DQ�DVFHQGLQJ�WKHUPDO�VKRFN�DQG�GHVFHQGLQJ�RQH��7KH�ODWHU�RQH�LV�PRUH�KDUPIXO�WR�EULWWOH�
PDWHULDOV�DV�LW�JHQHUDWHV�WHQVLOH�VWUHVVHV�RQ�WKH�UDSLGO\�FRROHG�VXUIDFH��7KHVH�VWUHVVHV�PD\�
EH� VXIILFLHQW� WR� DFWLYDWH� SUH�H[LVWLQJ� PLFUR�FUDFNV� DQG� WR� OHDG� WR� PDWHULDOV� GDPDJH� RU�
IUDFWXUH��

7KH� ILUVW� WKHRUHWLFDO� GHVFULSWLRQ�ZDV� SURSRVHG� E\�.LQJHU\��� )URP� D� WKHUPR�HODVWLF�
DQDO\VLV��KH�GHILQHV�WKH�FULWLFDO�WHPSHUDWXUH�GLIIHUHQFH�LQLWLDWLQJ�IUDFWXUH��7KLV�DSSURDFK�LV�
GLUHFWHG� WRZDUGV� WKH� FRQGLWLRQV� WKDW� FRQWURO� WKH� QXFOHDWLRQ� RI� IUDFWXUH�� $QRWKHU�
DSSURDFK� WKDW� WUHDWV� WKH� SURSDJDWLRQ� UDWKHU� WKDQ� WKH� QXFOHDWLRQ� RI� FUDFNV� LV� WKDW� RI�
+DVVHOPDQ���+LV�WKHRU\�HQDEOHV�WR�FKDUDFWHULVH�WKH�FULWLFDO�WHPSHUDWXUH�GLIIHUHQFH�DV�ZHOO�
DV�WKH�GDPDJH�GHJUHH�RI�WKH�PDWHULDOV��,W�WDNHV�LQWR�FRQVLGHUDWLRQ�WKH�SUH�H[LVWLQJ�FUDFNV�
LQVWDELOLW\�LQ�UHODWLRQ�ZLWK�WKH�WHPSHUDWXUH�GLIIHUHQFH���

0DQVRQ�� LQWURGXFHG� WKH� :HLEXOO� GLVWULEXWLRQ� LQ� WKH� FDVH� RI� WKHUPDO� VKRFN�� +H�
VKRZHG� WKDW� WKH� VXUIDFH� VWUHVV� OHYHO� LV� KLJKHU� WKDQ� WKH� H[SHFWHG� YDOXHV� IRU� KLJK�
SUREDELOLW\�RI�IUDFWXUH��$QRWKHU�PRUH�UHDOLVWLF�DSSURDFK�NQRZQ�DV�WKH�ORFDO�DSSURDFK�LQ�
FRPSDULVRQ� ZLWK� WKH� SUHFHHGLQJ� JOREDO� DSSURDFKHV� ZDV� SURSRVHG� E\� (YDQV�� DQG�
FRPSOHWHG�E\�6FKQHLGHU���7KLV�ILQH�DQDO\VLV�HQDEOHV�WR�WUHDW�WKH�SURFHVVHV�RFFXULQJ�GXULQJ�
WKH�WKHUPDO�VKRFN��,W�WDNHV�LQWR�DFFRXQW�WKH�WUDQVLWRU\�FKDUDFWHU�RI�WKH�WKHUPDO�VKRFN�E\�
GHWHUPLQLQJ�DW�HYHU\� LQVWDQW� WKH� WHPSHUDWXUH�SURILOH�� WKH�FRUUHVSRQGLQJ�VWUHVV�VWDWH�DQG�
WKH�VWUHVV�LQWHQVLW\�IDFWRU�LQ�UHODWLRQ�ZLWK�WKH�FUDFN�VL]H���

([SHULPHQWDO�PHWKRGV� IRU� FRQWUROOLQJ� WKHUPDO� VKRFN� GDPDJH� DUH� QXPHURXV��7KHUH�
DUH�VWDWLF�PHWKRGV�IRU�PHDVXULQJ�WKH�PDWHULDO�VFDOLQJ��WKH�ZHLJKW�ORVV�DQG�WKH�PHFKDQLFDO�
VWUHQJWK� GHWHULRUDWLRQ�� 2WKHU� G\QDPLF� PHWKRGV� SHUPLW� WR� FRQWURO� WKH� GDPDJH� E\�
PHDVXULQJ� WKH� IUHTXHQF\� GLVWXUEDQFHV� DQG� WKH� VWDWLRQDU\� RU� PRYLQJ� ZDYHV� GDPSLQJ�
FDXVHG�E\�WKH�WKHUPDO�VKRFN���
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7KH� JODVV� XVHG� LQ� WKLV� VWXG\� LV� D� VLOLFD� VRGD� OLPH�JODVV�PDGH� E\�(1$9$�FRPSDQ\�
�$OJHULD���,WV�FKHPLFDO�FRPSRVLWLRQ�FRQWDLQV�PDLQO\���������RI�6L2�����������RI�1D��2���
�������RI�&D2������0J2��������$O�2���DQG�������LPSXULWLHV��7KH�PDLQ�FKDUDFWHULVWLFV�RI�
WKH�WHVWHG�PDWHULDO��PHDVXUHG�DW�DPELHQW�WHPSHUDWXUH��DUH�JDWKHUHG�LQ�WDEOH����

�
7DEOH����6RPH�SK\VLFDO�FKDUDFWHULVWLFV�RI�(1$9$�JODVV�

3K\VLFDO��SURSHUWLHV� SURSHUW\��YDOXH� H[SHULPHQWDO�WHFKQLTXH�XVHG�
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'LIIHULHQWLDO�7KHUPDO�$QDO\VLV�

�

6RPH� JODVV� SURSHUWLHV� LQ� IXQFWLRQ� RI� WHPSHUDWXUH� ZHUH� PHDVXUHG�� 7R� VWXG\� WKH�
GLODWRPHWULF� EHKDYLRXU�� D� WHVW�ZDV� FDUULHG� RXW� IURP� DPELHQW� WHPSHUDWXUH� WR� ���� �&�RQ�D�
VLOLFD� VDPSOH�KROGHU�GLODWRPHWHU��7KH� WKHUPDO� H[SDQVLRQ�FXUYH�YHUVXV� WHPSHUDWXUH�FDQ�EH�
ILWWHG�E\�WKLV�HTXDWLRQ��

� α��7�� ��������������������7� �>�&��@� ����

7KH� <RXQJ
V� PRGXOXV� (� ZDV� PHDVXUHG� DV� D� IXQFWLRQ� RI� WHPSHUDWXUH� E\� WKH� UHVRQDQFH�
IUHTXHQF\�LQ�EHQGLQJ�ZLWK�D�JULQGR�VRQLF�DSSDUDWXV��

� (�7�� ������������7����������7���������7�� >*3D@� ����

7KH�WKHUPDO�FRQGXFWLYLW\�ZDV�GHULYHG�IURP�WKH�OLWWHUDWXUH����,Q�WKH�UDQJH�IURP����WR������&��
LW�FDQ�EH�ILWWHG�E\��

� .� �����������������7�����������7��� >:�P��&@� �����

7KH�VSHFLILF�KHDW�&S�ZDV�DOVR�GHULYHG�IURP�WKH�OLWHUDWXUH���VLQFH�LW�LV�PRVWO\�GHSHQGHQW�RQ�
WKH�FKHPLFDO�FRPSRVLWLRQ��
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6LQFH� WKH�3RLVVRQ
V� UDWLRQ� LV� JHQHUDOO\�ZHDNO\� GHSHQGHQW� RQ� WKH� WHPSHUDWXUH�� LW�ZDV� RQO\��

PHDVXUHG�DW�URRP�WHPSHUDWXUH�E\�WKH�ZDYH�YHORFLW\�PHWKRG��ν� ������
7KH� WHVW� ZDV� PDGH� XVLQJ� D� GHVFHQGDQW� WKHUPDO� VKRFN� WHVW� W\SH�� 7KH� VDPSOH� LV�

PDLQWDLQHG�DW�KRW�WHPSHUDWXUH�GXULQJ�VL[�PLQXWHV�IRU�PDNLQJ�WKH�WHPSHUDWXUH�XQLIRUP��7KH�
VDPSOH� WUDQVSRUWDWLRQ� WR� WKH� FROG� ]RQH� WDNHV� DSSUR[LPDWHO\� WKUHH� VHFRQGV�� 7KH� FRROLQJ�
SURFHVV� ODVWV���V��6WUHQJWK�PHDVXUHPHQWV�ZHUH�PDGH�DIWHU� WKH�WKHUPDO�VKRFN�WHVWV�XVLQJ�D�
IRXU�SRLQW�EHQGLQJ�FRQILJXUDWLRQ�ZLWK�DQ�LQQHU�DQG�DQ�RXWHU�VSDQ�RI�UHVSHFWLYHO\����DQG����
PP��7KH�WHVWV�ZHUH�FDUULHG�RXW�LQ�DLU�XVLQJ�DQ�,QVWURQ�WHVWLQJ�PDFKLQH��7KH�FURVVKHDG�VSHHG�
ZDV�����PP�PLQ��

7KH�PRGHOLVDWLRQ�LV�EDVHG�RQ�ORFDO�DSSURDFK�RI�WKH�WKHUPDO�VKRFN��7KH�PRGHO�XVHG�LV�LQ�
WZR� GLUHFWLRQV� ��'�� FURVV� VHFWLRQ� RI� D� UHFWDQJXODU� EHDP� ZDV� PRGHOOHG�� %HFDXVH� RI�
V\PPHWU\��ZH�FRQFHQWUDWHG�RQ�RQH�VDPSOH�TXDUWHU��:H�EHJDQ�E\�GHWHUPLQLQJ�WKH�WUDQVLWRU\�
WHPSHUDWXUH�GLVWULEXWLRQ��:H�WKHQ�HYDOXDWH�WKH�WUDQVLHQW�VXSHUILFLDO�VWUHVVHV�DQG�ILQDOO\� WKH�



VWUHVV�LQWHQVLW\�IDFWRU�XVLQJ�WKH�VXSHUSRVLWLRQ�SULQFLSOH�RI��:H�LQWHJUDWHG�LQ�WKLV�QXPHULFDO�
SURFHHGXUH� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� JODVV� WKHUPR�HODVWLF� SURSHUWLHV�� ,W� LV�
LPSRUWDQW� WR� SRLQW� RXW� WKDW� WKH� IURQWDO� DQG� ODWHUDO� KHDW� WUDQVIHU� DUH� LGHQWLFDO� DQG� UHPDLQ�
LQGHSHQGHQW� RI� WHPSHUDWXUH� �� K�  � KI�  � KO� �  � ���� :��P

���&���� ,W� HQDEOHV� WR� HYDOXDWH�
ELGLPHQVLRQQDOO\�WKH�WHPSHUDWXUHV�DQG�WKH�VWUHVVHV�DW�HYHU\�LQVWDQW�RI�WKH�WKHUPDO�VKRFN�DQG�
DW�HYHU\�SRLQW�RQ�WKH�VDPSOH��

:H�ZHUH�HVSHFLDOO\�LQWHUHVWHG�WR�IUDFWXUH�LQLWLDWLRQ�PRPHQWV�GXULQJ�WKH�FRROLQJ�SURFHVV�
DQG�WR�WKH�FUDFN�LQLWLDWLRQ�VLWH��QHDU�WKH�FHQWUH�RI�WKH���[��PP������[��PP��RU���[��PP��
VDPSOH�VXUIDFHV���
�
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)LUVW� RI� DOO��ZH� GHWHUPLQHG� WKH� WHPSHUDWXUH� GLIIHUHQFH� �7F�7V�� EHWZHHQ� WKH� VDPSOH�
LQQHU� FHQWHU� �[ O���� DQG� LWV� VXUIDFH� �[ ��� LQ� IXQFWLRQ� RI� WKH� FRROLQJ� GXUDWLRQ� IRU�

GLIIHUHQW�LPSRVHG�WHPSHUDWXUH�JUDGLHQW�∆7�RQ�WKH�JODVV�ZLWK�WKUHH�GLIIHUHQW�WKLFNQHVV�����
��DQG���PP���
:H�QRWLFHG� DV�ZH� FDQ� VHQ� LQ� ILJXUH� ��� WKDW� WKLV� WHPSHUDWXUH�GLIIHUHQFH� �FHQWHU�VXUIDFH��
VWDUWV� LQFUHDVLQJ� IURP� WKH� EHJLQQLQJ� RI� WKH� WKHUPDO� VKRFN� WRZDUG� D�PD[LPXP� EHIRUH�
GLPLQLVKLQJ� DQG� UHDFKLQJ� WKH� WKHUPDO� HTXLOLEULXP�� )LJXUH� �� UHSUHVHQWV� WKH� PD[LPXP�

WHPSHUDWXUH�GLIIHUHQFH��FHQWHU��VXUIDFH��LQ�IXQFWLRQ�RI�WKH�WKHUPDO�VKRFN�∆7IRU�WKH�WKUHH�
W\SHV� RI� JODVV��:H� REVHUYH� D� FOHDU� OLQHDU� UHODWLRQ� ZLWK� DQ� LQFUHDVLQJ� VORS� DV� WKH� JODVV�
WKLFNQHVV�LQFUHDVHV��
�

�

��

��

��

��

���

���

� � � �

&RROLQJ�GXUDWLRQ��V�

7
F
H
Q
WH
U�
��
7
�V
X
UI
D
F
H
��
�&
�

�

�

��

���

���

���

� ��� ��� ��� ��� ���

7KHUPDO�VKRFN�JUDGLHQW���&�
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)LJXUH����7HPSHUDWXUH�GLIIHUHQFH��7F�7V�� LQ�
IXQFWLRQ�RI�WKH�FRROLQJ�GXUDWLRQ�IRU��
�GLIIHUHQW� WKHUPDO� VKRFN� JUDGLHQWV� �JODVV�
WKLFNQHVV� ��PP��

)LJXUH� ��� 0D[LPDO� WHPSHUDWXUH� GLIIHUHQFH�
�7F�7V�PD[�LQ�IXQFWLRQ�RI�WKH�WKHUPDO�VKRFN�
JUDGLHQW�IRU�WKUHH�GLIIHUHQW�WKLFNQHVV�RI�JODVV��

�

)LJXUH��� � � VKRZV� WKH� WUDQVLHQW�VWUHVVHV�HYROXWLRQ� LQ� IXQFWLRQ�RI� WKH�GHSWK�IRU�GLIIHUHQW�FRROLQJ�
GXUDWLRQV�RQ�D�JODVV�ZKRVH�WKLFNQHVV�LV�H� ���PP��:H�FDQ�VHH�WKDW�WHQVLOH�VWUHVVHV�DUH�PD[LPDO�RQ�
WKH�VXUIDFH�DQG�GLPLQLVK�ZLWK�GHSWK��7KH\�EHFRPH�FRPSUHVVLYH�DIWHU�D�GHSWK�FRUUHVSRQGLQJ�WR�
[ �H����7KH�FRPSUHVVLYH�VWUHVV�DW�WKH�JODVV�FHQWHU�LV�DERXW�KDOI�WKH�PD[LPXP�WHQVLOH�VWUHVV�DW�WKH�
VXUIDFH�� 7KH� HQYHORS� FXUYH� VWUHVV� VKRZQ� LQ� ILJXUH� �� LV� REWDLQHG� WR� WKH� PD[LPDO� WHPSHUDWXUH�
GLIIHUHQFH��7F�7V���



7KH� VWUHVV� LQWHQVLW\� IDFWRU� ZDV� HYDOXDWHG� ZLWK� WKH� K\SRWKHVLV� RI� D� XQLGLUHFWLRQDO� FUDFN� RI� OHQJWK�
VXEPLWWHG�WR�WKH�VWUHVV�SURILOH�6[[��\��W��DFFRUGLQJ�WR�:X
V��FDOFXODWLRQ��,Q�ILJXUH����ZH�UHSUHVHQWHG�
WKH�VWUHVV�LQWHQVLW\�IDFWRU�.�D��W��HYROXWLRQ�ZLWK�WLPH�DQG�IODZV�VL]H��:H�QRWLFH�WKDW�WKH�HQYHORSH�RI�
WKH�FXUYHV�KDV�D�PD[LPXP�DW�WKH�WLPH�W� �������V��7KH�VWUHVV�LQWHQVLW\�IDFWRU�.�D��W��LV�JUHDWHU�WKDQ�
WKH�FULWLFDO�YDOXH�.,&�IRU�WKDW�WLPH�DQG�D�IODZ�VL]H�RI�����P��7KLV�FULWLFDO�IODZ�VL]H�ZDV�GHWHUPLQHG�
DFFRUGLQJ�WR�OLQHDU�IUDFWXUH�PHFKDQLFV�UXSWXUH���,Q�WKLV�FRQGLWLRQV��DW�WKH�HQG�RI�WKH�WKHUPDO�VKRFN��D�
IODZ�RI������P�VL]H�ZLOO�UHDFK�D�ILQDO�OHQJWK�DI��DERXW�WKH�FHQWHU�RI�WKH�VSHFLPHQ��
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'LVWDQFH�VXUIDFH�FHQWHU��PP�
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)LJXUH� ���7UDQVLHQW� VWUHVV�σ[[�\�� LQ� IXQFWLRQ�
RI� WKH� GHSWK� WRZDUG� WKH� FHQWHU� GLIIHUHQW�

WHPSHUDWXUH��∆7 �����&��H� ���PP���

)LJXUH����6WUHVV� LQWHQVLW\� IDFWRU� �YHUVXV�IODZ�
VL]H�
���������������
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