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7KH�VSULQJ�EDFN�SKHQRPHQRQ�LQ�UROOHG�FRSSHU�DQG�DOXPLQXP�VKHHWV�KDV�EHHQ�VWXGLHG�LQ

H[SHULPHQW��7KH�WLPH�GHSHQGHQFHV�RI�VWUDLQ�DW�EHQGLQJ�RI�VSHFLPHQV�XQGHU�SHUPDQHQW�ORDG
KDYH� EHHQ� GHVFULEHG� E\� SRZHU� IXQFWLRQV� ZLWK� D� IUDFWLRQDO� LQGH[�� 7KH� DQLVRWURS\� RI� WKH
VSULQJ�EDFN� SKHQRPHQRQ� KDV� EHHQ� UHYHDOHG�� $� PDWKHPDWLFDO� PRGHO� LV� SURSRVHG� ZKLFK
GHVFULEHV� WKH� VSULQJ�EDFN� EDVLQJ� RQ� IUDFWDO� FRQFHSWV� RI� WKH� UHOD[DWLRQ� SURFHVVHV� XQGHU
H[WHUQDO�SHUPDQHQW�VWUHVV�
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7KH�SXUSRVH�RI�WKLV�ZRUN�LV�WR�VWXG\�WKH
LQIOXHQFH� RI� WKH� VWUDLQLQJ� UDWLR� RQ� WKH
VSULQJ�EDFN�LQ�DOXPLQXP�DQG�FRSSHU�DQG�WR
HVWDEOLVK� WKH� IUDFWDO� QDWXUH� RI� WKH� VSULQJ�
EDFN�SKHQRPHQRQ�

7KH� SK\VLFDO� H[LVWHQFH� UHJLRQ� RI� +RRNH
ODZ� LV� H[WUHPHO\� OLPLWHG� LQ� UHDO� VROLGV� >�@�
,QHODVWLFLW\�� RU� D� WUDQVLWLRQ� LQWR� DQ� HODVWR�
SODVWLF� GHIRUPDWLRQ� UDQJH�� LV� REVHUYHG� DW
VWUHVVHV� ZHOO� EHORZ� WKH� \LHOG� VWUHQJWK� RI� D
PDWHULDO��7KHUHIRUH��EHVLGHV�RI�HODVWLF�SURF�
HVVHV�� WKH� HIIHFWV� RI� WKH� PDWHULDO� LQHODVWLF
EHKDYLRU� DUH� PDQLIHVW� WKHPVHOYHV� ZLWKLQ
OLPLWV� RI� HODVWLF� VWUDLQ�� 7KH� VSULQJ�EDFN� LV
DQ�H[DPSOH�RI�VXFK� LQHODVWLFLW\�SKHQRPHQD�
7KH� VSULQJ�EDFN� SKHQRPHQD� DUH� RI� D� JUHDW
SUDFWLFDO� LPSRUWDQFH��WKH�GLUHFW�VSULQJ�EDFN
SOD\V� DQ� LPSRUWDQW� UROH� LQ� HOHPHQWV� OLNH
VSULQJV�� PHPEUDQHV�� DQG� RWKHU� HODVWLF� HOH�
PHQWV�EHLQJ�XQGHU�ORQJ�WHUP�ORDG�>�@��+RZ�
HYHU�� GHVSLWH� WKH� LPSRUWDQFH� RI� WKH� VSULQJ�
EDFN� SKHQRPHQD�� WKHLU� WKHRU\� LV� QRW� TXLWH
FRPSOHWH��7KH�PDWKHPDWLFDO�PRGHO� RI� FUHHS

LQ�KHWHURJHQHRXV�PHGLD�EDVHG�RQ�WKH�IUDFWDO
FRQFHSWV� RI� QRQ�HTXLOLEULXP� SURFHVVHV�� ZDV
SURSRVHG�IRU�WKH�ILUVW�WLPH�LQ�>�@�ZKHUH�D�UHOD�
WLRQ� EHWZHHQ� WKH� IUDFWDO� GLPHQVLRQ� DQG� $Q�
GUDGH� FUHHS� SDUDPHWHUV� >����@� ZDV� DOVR� HVWDE�
OLVKHG�

7KH�UHFWDQJXODU�VSHFLPHQV�ZHUH�FXW�RXW�RI
FRSSHU�DQG�DOXPLQXP�VKHHWV�ZHUH�XVHG�DV�WKH
UHVHDUFK�REMHFWV��7KH�VSHFLPHQ�D[LV�ZHUH�SR�
VLWLRQHG�WKURXJK�HDFK�����EHWZHHQ�WKH�UROOLQJ
GLUHFWLRQ��5'��DQG�WUDQVYHUVDO�GLUHFWLRQ��7'�
DIWHU� UROOLQJ� WR� ��� DQG� ����� GHIRUPDWLRQ� LQ
WKLFNQHVV�� 7KH� LQYHVWLJDWLRQV� RI� WKH� GLUHFW
VSULQJ�EDFN� ZHUH� FDUULHG� RXW� RQ� D� VSHFLDO
WHVWLQJ� PDFKLQH� >�@�� 7KH� UHODWLYH� VWUDLQ� H
ZDV�FDOFXODWHG�IURP�WKH�H[SHULPHQWDO�GHIOHF�
WLRQ� I� RI� WKH� VWULS� KDYLQJ� WKH� WKLFNQHVV� K
DQG� OHQJWK� O� �GLVWDQFH� EHWZHHQ� WKH� UROOHUV�
DFFRUGLQJ�WR�WKH�IRUPXOD�>�@�
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7KH� PHDVXUHPHQW� HUURU� GLG� QRW� H[FHHG
���� ��� 7KH� ;�UD\� GLIIUDFWLRQ� PHWKRG� ZDV
XVHG� WR� H[DPLQH� WKH� FU\VWDOORJUDSKLF� WH[�
WXUH� >�@�� 7KH� DQDO\VLV� RI� WH[WXUH� UHVHDUFK
UHVXOWV�KDV� VKRZQ� WKDW� D� WH[WXUH� W\SLFDO�RI
UROOHG�)&&�PHWDOV�DQG�DOOR\V�ZDV�IRUPHG�LQ
VKHHWV� ZKLFK� FDQ� EH� GHVFULEHG� PDLQO\� DV
^���`�����!���^���`�����!�>�@�

7KH�JHQHUDO�VWUDLQ�RI�D�VROLG�ERG\�FDXVHG
E\� FRQVWDQW� H[WHUQDO� VWUHVV� FRQVLVWV� RI� WZR
FRPSRQHQWV��

H�W�� �H����H��W�� ���
7KH� H[SHULPHQWDO� WLPH� GHSHQGHQFHV� RI

WKH� VWUDLQ� H�W�� FDXVHG� E\� WKH� DFWLRQ�RI�SHU�
PDQHQW� IOH[LRQ� VWUHVVHV� ZDV� VXEMHFWHG� WR
FRPSXWHUL]HG� UHJUHVVLYH� DQDO\VLV� WKDW� KDV
VKRZQ� WKDW�SRZHU� IXQFWLRQV�RI� WLPH�ZLWK�D
IUDFWLRQDO�LQGH[�DUH�WKH�EHVW�ZD\�WR�GHVFULEH
WKH�H[SHULPHQWDO�WLPH�GHSHQGHQFH�RI�VWUDLQ�

H�W�� �H����FWD�� ����
7KH� GHSHQGHQFH� H� �H�W�� DQG� YDOXHV� RI� F

DQG�D�LQ�HTXDWLRQ�����DUH�JLYHQ�LQ�7DEOH�DQG
)LJV��������,W�LV�VHHQ�WKDW�WKH�VSULQJ�EDFN�LV
DQLVRWURSLF�� 7KH� FRHIILFLHQWV� DQG� SRZHU� LQ�
GLFHV� LQ� (T����� GLIIHU� IRU� GLIIHUHQW� GLUHF�
WLRQV� RI� WKH� VKHHWV�� ,QIOXHQFH� RI� GHIRUPD�
WLRQ� DOVR� WDNHV� SODFH�� 7KH� FRHIILFLHQWV� RI
(T�����DV�ZHOO�DV�VKDSHV�RI�WKH�FXUYHV�GLIIHU
IRU�WKH�GLIIHUHQW�VWUDLQLQJ�UDWLRV��

$� PRGHO� RI� VSULQJ�EDFN� LV� SURSRVHG� LQ
ZKDW� IROORZV�� 7KH� SODVWLFLW\� DULVHV� XS� QRW
LQVWDQWO\�LQ�WKH�ZKROH�VROLG��5HJLRQV�ZKLFK
SDVV�WR�WKH�SODVWLF�VWDWH�EHFDXVH�RI�WKH�VROLG
PLFURVFRSLF�OHYHO�KHWHURJHQHLW\�DUH�DFFXPX�
ODWHG� JUDGXDOO\�� $FFRUGLQJ� WR� WKH� PRGHUQ
YLHZV��WKH�PLFUR�SODVWLF�VWUDLQLQJ�LV�WKH�UH�
VXOW� RI� OLWWOH� DQG�� DV� D� UXOH�� UHYHUVLEOH�PR�
WLRQ�RI�GLVORFDWLRQV� >����@�� ,I� WKH� VWUHVV� DS�
SOLHG� WR� D� VSHFLPHQ� LV� FRQVWDQW�� D� IUDFWLRQ
RI� GLVORFDWLRQV� �RU� RWKHU� GHIHFWV� DQG� WKHLU
FOXVWHUV�� ZLOO� EH� IDYRUDEO\� RULHQWHG� IRU� D
VOLGLQJ� �RU� IRU� D� PRYLQJ��� 7KH� ORFDWLRQ� RI

RWKHU�GLVORFDWLRQV� �RU� RWKHU�GHIHFWV��ZLOO�EH
OHVV� IDYRUDEOH�� ,I� WKH� VWUHVVHV� DSSOLHG� WR� D
VSHFLPHQ� DUH� FRQVWDQW�� GLVORFDWLRQV� �RU
RWKHU� GHIHFWV�� ZLOO� EH� LQ� VXFK� VWDWH� WKDW� D
ZHDN� VWURNH� RQO\� ZLOO� EH� QHHGHG� WR� RQVHW
WKHLU�PRWLRQ�� 7LPH� IOXFWXDWLRQV� RI� WKHUPDO
HQHUJ\�ZLOO�FDXVH�PRWLRQ�RI�GLVORFDWLRQV��RU
RWKHU� GHIHFWV��� +RYHUHU�� DV� GLVORFDWLRQV� �RU
RWKHU� GHIHFWV�� ZLOO� PRYH�� WKH� SURFHVV� RI
WKHUPDOO\� DFWLYDWHG� PRWLRQ� ZLOO� JUDGXDOO\
EHFRPH�GHFHOHUDWHG�EHFDXVH�RI�YDULRXV�LQWHU�
QDO� IULFWLRQ� PHFKDQLVPV�� 7KXV�� WKH� VWUDLQ�
LQJ�VSHHG�ZLOO�JUDGXDOO\�JR�GRZQ�

6FKHPDWLFDOO\�� WKH� WUDQVLWLRQ� LQWR� WKH
PLFUR�SODVWLF� VWDWH� FDQ� EH� GHVFULEHG� DV� IRO�
ORZV� �)LJ���D��E��F���$W�ILUVW�� WKH�VLQJOH�GH�
IHFWV�RI�O��OLQHDU�VL]H�DULVH��]HUR�VFDOH�OHYHO��7KHQ� WKH� FOXVWHUV� RI� GHIHFWV� DSSHDU� RI� O�OLQHDU� VL]H� �ILUVW� VFDOH� OHYHO��� HWF�� (YHQWX�
DOO\��WKH�DUHD�RI�WKH�GHIHFWV�WKDW�SHQHWUDWHV
WKH� HQWLUH� YROXPH� RI� WKH� PDWHULDO� ZLOO� DS�
SHDU� LQ� WLPH� DW� WKH� OQ� VFDOH� OHYHO� �)LJ���G��,Q� WKLV� FDVH�� WKH� GHIHFWV�ZLOO� FUHDWH� D� VHOI�
VLPLODU�VHW��IUDFWDO��RI�D�PDVV�0I�GHSHQGLQJRQ�WKH�VFDOH�DV�IROORZV�

0I�I�OGI� ���
ZKHUH� GI� LV� WKH� IUDFWDO� GLPHQVLRQ� RI� WKHVSHFLILF�VHW��

/HW�WKH�GHIRUPDWLRQ�EH�FRQVLVWLQJ�RI�WZR
SDUWV� DFFRUGLQJ� WR� (T������ 7KXV�� H�� IROORZVWKH�DSSOLHG�VWUHVV�V�ZLWK�LQILQLWHVLPDO�GHOD\
DFFRUGLQJ�WR�+RRNH�ODZ��H�� �V�V��LQ�WKH�H[�DPLQHG� UHJLRQ�� 7KH� WLPH�GHSHQGHQW� SDUW� RI
GHIRUPDWLRQ� H��W�� ODJV� EHKLQG� WKH� DSSOLHGVWUHVV��/HW�WKH�ODZ�RI�GHOD\�EH�DV�IROORZV��LI
H
� �Vf�V� LV� WKH�PD[LPXP�DFKLHYDEOH� VWUDLQYDOXH� DW� D� IL[HG� V�� WKHQ� DW� DQ\� PRPHQW�
H��W�� LQFUHDVHV� WRZDUG� WKLV�YDOXH�DW�D�VSHHGSURSRUWLRQDO� WR� Vf�V�Ü�H��W���+HUH� V�� DQG� VfDUH� WKH� PDWHULDO� SDUDPHWHUV� FKDUDFWHUL]LQJ
WKH� VSHFLILF�PDWHULDO�� ,Q� WKLV� FDVH�� WKH� GLI�
IHUHQWLDO�HTXDWLRQ�RI�UHOD[DWLRQ�FDQ�EH�ZULW�
WHQ��DFFRUGLQJ�WR�>�@��DV�IROORZV�

7DEOH��$�VSULQJ�EDFN�LQ�GHIRUPHG�PHWDOV�

$OXPLQLXP &RSSHU�
$QJOH

ZLWK�5'��� H����� F���� D���� ����
UHGXFWLRQ

$QJOH
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UHGXFWLRQ
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9�9�8VRY�HW�DO����7KH�VWUXFWXUDO�UHOD[DWLRQ�DQG����
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ZKHUH�W�LV�WKH�UHOD[DWLRQ�WLPH��7KH�VROXWLRQ
WR�WKLV�HTXDWLRQ��WDNLQJ�����LQWR�DFFRXQW��LV
WKH�IROORZLQJ�

H�W�� �H����H��W�� �ª¬V����Vf�����H[S��
W
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1RZ� OHW� XV� FRQVLGHU� WKH� QRQ�HTXLOLEULXP
VWDWH� RI� D�PHGLXP�KDYLQJ�D� IUDFWDO�QDWXUH�
/HW�WKH�QRQ�HTXLOLEULXP�VWDWH�EH�GHILQHG�E\
VHW�RI�SHULRGV�RI�HYHQWV��ZKHUH�D�QH[W�HYHQW
KDSSHQV� DIWHU� D� SUHYLRXV� HYHQW� KDV� KDS�
SHQHG��,Q�VXFK�D�FDVH��VRPH�SHULRGV�DUH�H[�
FOXGHG�IURP�WKH�FRQWLQXRXV�VHULHV�RI�VWDWHV�
6XFK� D� SURFHVV� LV� SURGXFHG� E\� WKH� IUDFWDO
VWDWH� ZLWK� D� SUHVHW� IUDFWDO� GLPHQVLRQ� GI�7KH� UHOD[DWLRQ� HTXDWLRQ� ZULWWHQ� XVLQJ� WKH
RSHUDWRU�RI�IUDFWLRQDO�GLIIHUHQWLDWLRQ�'DI�[�
LV�VLPLODU�WR�(T�����

>�����W'�D@H��W�� �VfV� ���
ZKHUH�>��Ü��@��
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ZKHUH�*�[�� LV� WKH�JDPPD�IXQFWLRQ��D� LV� WKH
IUDFWDO� GLPHQVLRQ�GI��7R� VROYH� WKH� HTXDWLRQ
����� ZH� XVH� WKH� /DSODFH� WUDQVIRUPDWLRQ� GH�
ILQHG�DV�

IB�S�� �³�
�

f
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ZKHUH�WKH�RULJLQDO�IXQFWLRQ�LV�

I�[�� � ��S��³�D�Lf

D�Lf
��IB�S�H[S�S[�GS����5HS�t�D������

ZKHUH�5HS�LV�WKH�UHDO�SDUW�RI�FRPSOH[�YDOXH�S�
7KH�VROXWLRQ�RI�HTXDWLRQ�����IRU�WKH�RULJL�

QDO�IXQFWLRQ�H��W��LV�

)LJ����� $� VSULQJ�EDFN� LQ� WKH� UROOHG� DOXPLQLXP�� 5HGXFWLRQ�� ��� �� �D��� ��� �� �E��� 7KH� QXPHUDOV
LQGLFDWH�VDPSOHV�FXW�����DORQJ�WKH�UROOLQJ�GLUHFWLRQ��5'�������DW�DQ�DQJOH�RI�����WR�WKH�5'��DQG����
DORQJ�WKH�WUDQVYHUVDO�GLUHFWLRQ� �7'���7KH�SRLQWV�VWDQG�IRU�H[SHULPHQWDO�GDWD��DQG�WKH� OLQHV�FRUUH�
VSRQG�WR�UHODWLRQV�RI�WKH�W\SH���H�W�� �H����FWD�ZLWK�FRHIILFLHQWV�JLYHQ�LQ�WKH�7DEOH�

)LJ�����$�VSULQJ�EDFN�LQ�WKH�UROOHG�FRSSHU��5HGXFWLRQ��������D���������E���7KH�OHJHQG�LV�LGHQWLFDO
WR�)LJ���

9�9�8VRY�HW�DO����7KH�VWUXFWXUDO�UHOD[DWLRQ�DQG����
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:KHQ� D� ���� WKHQ� ����� LV� HTXLYDOHQW� WR
����� 7KH� VSULQJ�EDFN� WDNHV� SODFH� GXULQJ
PXFK�VKRUWHU�WLPH�LQWHUYDOV�WKDQ�UHOD[DWLRQ
SHULRGV�� W���_W�� 7KHUHIRUH�� (T������ FDQ� EH
FRQVLGHUHG� DV� DQ� H[SDQVLRQ� LQ� WHUPV� RI
VPDOO� �W�W��� ,I� RQO\� WKH� ILUVW� FRPSRQHQWV�RI
WKH� VHULHV� ����� �OLQHDU� DSSUR[LPDWLRQ�� DUH
WDNHQ� LQWR� DFFRXQW�� WKHQ� WKH� WLPH� GHSHQG�
HQFH�RI�VWUDLQ�LV�DV�IROORZV�

H�W�� �H����D�WD�������� ����
ZKHUH�H�� �V��V��D�� �VfV���W�D�*�D����7KXV�� WKH� WUDQVLWLRQ� IURP� VWULFWO\� H[SR�
QHQWLDO� WR� DQRPDORXV� GHSHQGHQFH� RFFXUV� DW
WKH� WUDQVLWLRQ� IURP� WKH� FRQWLQXRXV� GLVWULE�
XWLQJ� �D� ���� WR� WKH� IUDFWDO� GLVWULEXWLQJ� RI
UHOD[DWLRQ� SHULRGV� �����D� �GI������ DW� WKHVSULQJ�EDFN�

7KXV�� WKH� DQLVRWURS\� RI� VSULQJ�EDFN� HI�
IHFW�LQ�PHWDOV�KDV�EHHQ�UHYHDOHG��7KH�SRZHU
IXQFWLRQV� RI� WLPH� ZLWK� D� IUDFWLRQDO� LQGH[
DUH�WKH�EHVW�ZD\�WR�GHVFULEH�WKH�H[SHULPHQ�
WDO�WLPH�GHSHQGHQFH�RI�VWUDLQ�DW�WKH�VSULQJ�
EDFN�� 7KH� IUDFWDO� PDWKHPDWLFDO� PRGHO� RI
VSULQJ�EDFN� LQ� VWUDLQHG� PHWDO� LV� SURSRVHG�
7KH� GLIIHUHQWLDO� HTXDWLRQ� RI� WKH� IUDFWDO� UH�

OD[DWLRQ�SURFHVV�DW�D�VSULQJ�EDFN�LV�GHULYHG�
7KH�VROXWLRQ�RI�WKH�GLIIHUHQWLDO�HTXDWLRQ�IRU
UHOD[DWLRQ� FRLQFLGHV� DV� D� ILUVW� DSSUR[LPD�
WLRQ� ZLWK� WKH� H[SHULPHQWDO� WLPH� GHSHQG�
HQFHV�RI�WKH�VWUDLQ��LI�WKH�UHOD[DWLRQ�SHULRGV
KDYH�WKH�IUDFWDO�GLVWULEXWLRQ��7KH�IUDFWLRQDO
LQGH[�RI�SRZHU�GHSHQGHQFH�FKDUDFWHUL]HV�WKH
IUDFWDO�GLPHQVLRQDOLW\�RI�UHOD[DWLRQ�SURFHVV
DW�D�VSULQJ�EDFN�

5HIHUHQFHV
� ���-�)�1\H�� 3K\VLFDO� 3URSHUWLHV� RI� &U\VWDOV�

&ODUHQGRQ�3UHVV��2[IRUG��������
� ���<D�%�)UHHGPDQ�� 0HFKDQLFDO� 3URSHUWLHV� RI

0HWDOV��3DUW����'HIRUPDWLRQ�DQG�'HVWUXFWLRQ�
0DVKLQRVWURHQLH��0RVFRZ��������>LQ�5XVVLDQ@�

� ���9�9�1RYLNRY��8NU��)L]��=K������������������
� ���5�:�.�+RQH\FRPEH��7KH�3ODVWLF�'HIRUPDWLRQ

RI� 0HWDOV�� (GZDUG� $UQROG� 3XEOLVKHUV�� &DP�
EULGJH��������

� ���(�1�GD�&�$QGUDGH��3KLO��0DJ������������������
� ���$�)�9R\LWHQNR�� <X�'�6NULSQLN�� 1�*�6ROR�

Y\HYD��*�1�1DGHJGLQD��6WUHQJWK�RI�0DWHULDOV�
1R���������������

� ���0�0�%RURGNLQD�� (�1�6SHFWRU�� ;�UD\� 'LIIUDF�
WLRQ� $QDO\VLV� RI� WKH� 7H[WXUHV� LQ�0HWDOV� DQG
$OOR\V�� 0HWDOOXUJLD�� 0RVFRZ�� ����� >LQ� 5XV�
VLDQ@��

� ���$�%�/HEHGHY�� )L]��7YHUG��7HOD�� ���� ����
�������
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