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%U\DQVN�7UDQVSRUW�8QLYHUVLW\��%U\DQVN��5XVVLD
7�6KHYFKHQNR�.\LY�1DWLRQDO�8QLYHUVLW\�
��$FDG��*OXVKNRY�$YH���������.\LY��8NUDLQH

'LVORFDWLRQ�ZDYHV� LQ�PDJQHWLF� FU\VWDOV�QHDU� WKH�RULHQWDWLRQ�SKDVH� WUDQVLWLRQ� WHPSHUD�
WXUHV� DUH� FRQVLGHUHG� LQ� WKH� IUDPH� RI� WKH� ILHOG� GHIHFW� WKHRU\�� 7KH� VLQJXODULWLHV� RI� WKH
GLVORFDWLRQ�IORZV��HODVWLF�VWUDLQV�DQG�PDJQHWL]DWLRQ�RFFXU�LI�WKH�PDJQHWLF�V\VWHP�LV�LQKR�
PRJHQHRXV� DQG� WKH� VSDWLDO� � GLVSHUVLRQ� RI� WKH� PHGLXP� LV� QRW� WDNHQ� LQWR� DFFRXQW�� 7KH
DFFRXQW�IRU�WKH�PHGLXP�GLVSHUVLRQ�SURYLGHV�UHJXODULW\�RI�WKHVH�SDUDPHWHUV�DQG�WKH�FRQYHU�
VLRQ�RI�WKH�VSLQ�ZDYH�WR�WKH�GLVORFDWLRQ�RQH�
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5HDO�FU\VWDOV�FRQWDLQ�GHIHFWV�RI�GLIIHUHQW
QDWXUH�ZKLFK� LQIOXHQFH� LWV�ZDYH�SURSHUWLHV�
7KH�GLVORFDWLRQ�LQIOXHQFH�RQ�SKRQRQ�VSHFWUD
LQ� UHDO� FU\VWDOV� LV� HVSHFLDOO\�QRWRULRXV��7KH
PDJQHWLF�VWUXFWXUH�RI�IHUURPDJQHWLFV�LV�VHQ�
VLWLYH� WR�GLIIHUHQW� LQIOXHQFHV� QHDU� WKH� WHP�
SHUDWXUHV� RI� RULHQWDWLRQ� SKDVH� WUDQVLWLRQV
�237��� 7KH� ORZ� VWDELOLW\� RI� WKH� PDJQHWLF
VWDWH�QHDU�WKH�237�WHPSHUDWXUH�UHOLHYHV�WKH
UHDOL]DWLRQ� RI� GLIIHUHQW� QRQ�OLQHDU� HIIHFWV
7KHUHIRUH�� WKH� LQWHUDFWLRQ� EHWZHHQ� GLVORFD�
WLRQV� DQG� PDJQHWLF� VWUXFWXUH� RI� PDJQHWLFV
ZLOO�EH�UHYHDOHG�DW�WKHVH�WHPSHUDWXUHV�

3KHQRPHQRORJLFDO� GHVFULSWLRQ� RI� GLVORFD�
WLRQ� HQVHPEOHV� LV� EDVHG� RQ� WKH� VWDWLVWLFDO
DSSURDFK�� 7KH� VWDWLVWLFDO� HIIHFWV� DUH� QRW� D
VLPSOH�VXP�RI�WKH�SURSHUWLHV�RI�D�QXPEHU�RI
GLVORFDWLRQV�� 7KH� VWDWLVWLFDO� SURSHUWLHV� RI
WKH� GLVORFDWLRQ� HQVHPEOHV� UHYHDO� WKH� ZDYH
FKDUDFWHULVWLFV� WKHUHRI�� 2QH� RI� WKHVH� ZDYH
HIIHFWV� LV� WKH� VFUHHQLQJ� RI� HODVWLF� VWUDLQV�
DQG�FRUUHFW�GHVFULSWLRQ�UHTXLUHV�WDNLQJ�LQWR
DFFRXQW�WKH�GLVORFDWLRQ�FRUHV��

$V� WKH� HODVWLF� ILHOGV� RI� LQGLYLGXDO� GLVOR�
FDWLRQV�DUH�VFUHHQHG��LW�LV�MXVW�WKH�EHKDYLRU

RI� WKH� GLVORFDWLRQ� FRUH� HQVHPEOH� WKDW� EH�
FRPHV�WKH�FULWLFDO�IDFWRU��:KHQ�DQ�H[WHUQDO
DFWLRQ� LV� DSSOLHG� WR� WKH� FU\VWDO�� WKH� HQVHP�
EOHV� RI� GLVORFDWLRQ� GHIHFWV� PRYH� LQ� WKH� GL�
UHFWLRQ� RI� WKDW� DFWLRQ�� WKH� FU\VWDOORJUDSKLF
JOLGLQJ�RI�WKH�LQGLYLGXDO�GLVORFDWLRQV�ZLWKLQ
WKH�HQVHPEOHV�FDXVHV�D�QRQ�FU\VWDOORJUDSKLF
GLVSODFHPHQW� RI� WKH� HQVHPEOH� DORQJ� WKH� DF�
WLRQ�GLUHFWLRQ�>�@��

7KH� DERYH� PRGHO� RI� WKH� GLVORFDWLRQ� HQ�
VHPEOH� LV� GHVFULEHG� TXDQWLWDWLYHO\� E\� HTXD�
WLRQV� VLPLODU� WR� WKH� 0D[ZHOO� RQHV� LQ� WKH
HOHFWURG\QDPLFV�>����@

��u�MA�U�W�� �wDA �U�W�wW � ���

6��u�DA �U�W�� ��%wMA�U�W�wW ���VA�U�W�� ���

+HUH� MA� LV� WKH�GHIHFW� IORZ�GHQVLW\� WHQVRU�
DA�LV�WKH�GHIHFW�GHQVLW\�WHQVRU��VA��WKH�HODVWLF
VWUHVV� WHQVRU�� 6�� D� FRQVWDQW� KDYLQJ� WKH
VHQVH� RI� OLQHDU� SRWHQWLDO� HQHUJ\� RI� WKH� GH�
IHFW��%��D�FRQVWDQW�FKDUDFWHUL]LQJ�WKH�GHIHFW

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

��� )XQFWLRQDO�PDWHULDOV�������������



LQHUWLDO� SURSHUWLHV�� 7KH� VLJQ� u� GHQRWHV� D
YHFWRU�SURGXFW�

/HW� WKH� V\VWHP� EH� VXSSOHPHQWHG� E\� WKH
HTXDWLRQ�RI�D�FRQWLQXRXV�PHGLXP�PRWLRQ�LQ
WKH�IRUP�
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ZKHUH� U� LV� WKH� PDWHULDO� GHQVLW\�
&A �U�W�U��W����WKH�HODVWLF�PRGXOXV�WHQVRU��,Q� WKH� (T������ OHW� WKH� LQWHUDFWLRQ� RI� WKH
GLVORFDWLRQ� YLEUDWLRQV� ZLWK� WKH� PDJQHWL]D�
WLRQ� RQHV� EH� WDNHQ� LQWR� DFFRXQW� E\� VHWWLQJ
WKH� WHQVRU� � � WR� EH� UH�QRUPDOL]HG� DW� WKH� H[�
SHQVH�RI�WKH�PDJQHWR�HODVWLF�LQWHUDFWLRQ�>�@�
,Q� PDWHULDOV� ZLWK� VWURQJ� PDJQHWRVWULFWLRQ�
WKH� LQWHQVH� LQWHUDFWLRQ� EHWZHHQ� WKH� YLEUD�
WLRQDO� ZDYHV� RI� GLVORFDWLRQV� DQG� PDJQHWLF
PRPHQWV� PD\� FDXVH� HIIHFWV� RFFXUULQJ� GXU�
LQJ� WKH� SURSDJDWLRQ� RI� HOHFWURPDJQHWLF� YL�
EUDWLRQV�>�Ü�@��1RWH�WKDW�WKH�UH�QRUPDOL]LQJ
DGGLWLYH� LV� LQ� SURSRUWLRQ� WR� WKH� G\QDPLF
PDJQHWLF�SHUPLWWLYLW\�WHQVRU��

(T����� LV�� JHQHUDOO\� VSHDNLQJ�� DQ� LQWH�
JUDO�GLIIHUHQWLDO� RQH��7KH� LQKRPRJHQHLW\� RI
WKH� PDWHULDO� ZKHUH� WKH� GLVORFDWLRQ� ZDYH� LV
SURSDJDWHG� LV� GXH� WR� WKDW� RI� WKH� PDJQHWLF
VXEV\VWHP�� 7KLV� LV� HDV\� WR� UHDOL]H� QHDU� WKH
237�XVLQJ�HLWKHU�D�WHPSHUDWXUH�JUDGLHQW�RU
DQ� H[WHUQDO� PDJQHWLF� ILHOG�� 7KH� FKDUDF�
WHULVWLF�LQKRPRJHQHLW\�VL]H�DORQJ�WKH�;�D[LV
DUH� VHW� WR� H[FHHG� FRQVLGHUDEO\� WKH� ZDYH�
OHQJWKV�LQ�WKH�ZDYH�SURFHVVHV�XQGHU�FRQVLG�
HUDWLRQ�� 7KHQ� WKH� LQKRPRJHQHLW\� ZLOO� EH
PDQLIHVWHG� RQO\� LQ� WKH� GHSHQGHQFH� RI� WKH
IHUURPDJQHWLF� UHVRQDQFH� RQ� WKH� [� FRRUGL�
QDWH��$FFRUGLQJ�WR�(T������ZH�REWDLQ
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+HUH��*A �U�W�U��W��� LV� WKH� �WK� UDQN� WHQVRU*UHHQ�IXQFWLRQ�RI�WKH�(T�����ZKHUH�WKH�WHQ�
VRU�MA�U�W��LV�VHW�WR�EH�HTXDO�WR�]HUR�

7R� VLPSOLI\� WKH�PRGHO�� OHW�XV� FRQVLGHU�D
SODQH� YLEUDWLRQ� ZDYH� RI� WKH� VFUHZ� FRPSR�
QHQW� D\\� �D�� SURSDJDWLQJ� LQ� WKH� =;� SODQH�<�D[LV�EHLQJ�WKH�KLJK�V\PPHWU\�RQH���7KHQ
WKH�V\VWHP����������WDNHV�WKH�IRUP

wM[\
w] ���

wM]\
w[ � �

wD
wW �

���

6wDw] � �%
wM[\
wW ���V]\�

���

6wDw[� ��%
wM[\
wW ���V[\�

���

,Q�WKH�DEVHQFH�RI�WKH�PDJQHWR�VWDWLF�LQWHUDF�
WLRQ��WKH�GLVSHUVLRQ�ODZ�IRU�D�KDUPRQLF�GLV�
ORFDWLRQ�ZDYH�KDV�WKH�IRUP�����
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7KH� PLQXV� VLJQ� DW� WKH� UDGLFDO� LQ� (T����
FRUUHVSRQGV� WR� WKH� DFRXVWLF�ZDYH�ZKLOH� WKH
SOXV��WR�WKH�GLVORFDWLRQ�RQH��7KXV��WKH�GLVOR�
FDWLRQ�ZDYH�VSHFWUXP�KDV�D�JDS�Z���

Z�� ��CCCCCC&��e�% � ���
+HUH�� &��{�&�[\[\� LV� WKH� HODVWLF� PRGXOH�([SHULPHQWDO� PHDVXUHPHQWV� RI� WKH� JDS

ZLGWK�DQG�WKH�FXUYDWXUH�RI�WKH�FXUYH�����DW
WKH� SRLQW� N� ��� PDNH� LW� SRVVLEOH� WR� GHWHU�
PLQH�FRQVWDQWV�6�DQG�%�

/HW�XV�FRQVLGHU�DJDLQ�WKH�LQWHUDFWLRQ�RI�D
WLPH�KDUPRQLF� GLVORFDWLRQ� ZDYH� ZLWK� WKH
PDJQHWLF� VXEV\VWHP�� )LUVW�� OHW� WKH�PHGLXP
VSDWLDO�GLVSHUVLRQ�EH�QHJOHFWHG�IRU�ORQJ�GLV�
ORFDWLRQ�ZDYHV��7KHQ� LW�IROORZV�IURP�(T����
WDNLQJ� LQWR� DFFRXQW� WKDW� *[\[\� �*]\]\� ��Z�U�
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+HUH�� Z� LV� WKH� GLVORFDWLRQ� ZDYH� F\FOLF
IUHTXHQF\�� O� �O[\[\� �O]\]\�� WKH� PDJQHWR�HODVWLF� FRQVWDQW� KDYLQJ� WKH� GLPHQVLRQDOLW\
RI�WKH�HQHUJ\�GHQVLW\��l��PDJQHWL]DWLRQ�RI
D� VDPSOH� ZLWK� WKH� HDV\�PDJQHWL]DWLRQ� D[LV
DORQJ�WKH�<�RQH��:��WKH�IHUURPDJQHWLF�UHVR�
QDQFH�IUHTXHQF\�GHSHQGLQJ�RQ�WKH�[�FRRUGL�
QDWH��J��WKH�J\UR�PDJQHW�UDWLR��6XEVWLWXWLQJ
�����DQG������LQWR�����DQG������ZH�REWDLQ
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ZKHUH

'�,�6LURWD��$�)�=KXUDYO\RY���&RQYHUVLRQ�RI�GLVORFDWLRQ���
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6LQFH�:�LQ������GHSHQGV�RQ�[��LW�LV�SRVVL�
EOH� WR� ILQG� D�SRLQW� LQ� WKH�PDJQHWLFV� DW� WKH
VSHFLILHG� IUHTXHQF\� Z� ZKHUH� H�²�� LV� ]HURHG
XQGHU� WKH� VLJQ�FKDQJH�� ,Q�RWKHU�ZRUGV��WKH
IUHTXHQF\�:� DWWDLQV� LQ� WKLV�SRLQW�WKH�YDOXH
:��GHILQHG�DV
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7KLV�FDQ�EH�UHDOL]HG�DW�O�a�����HUJ�FP���
:�a�����VÜ��DQG�Z��a�Z�a�Z�Ü�Z��a�:�/HW�WKH�H�[��EH�]HURHG�LQ�WKH�SRLQW�[� ���
7KHQ�LQ�WKH�YLFLQLW\�RI�WKDW�SRLQW��

H�[�� ��ZE%[����E�!���� ����
,I�� IRU� H[DPSOH�� WKH� PHGLXP� LQKRPR�

JHQHLW\�� WKDW� LV�� WKH� IHUURPDJQHWLF� UHVR�
QDQFH�IUHTXHQF\�GHSHQGHQFH�RQ�[��LV�GXH�WR
D�WHPSHUDWXUH�JUDGLHQW��WKHQ�
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$V�D�UXOH���G:��G[�������WKXV��WR�SURYLGH�WKHSRVLWLYH�E��LW�LV�QHVHVVDU\�WR�SXW��G7�G[��!���
6XEVWLWXWLQJ�LQWR�(T������WKH�VROXWLRQ

D� �D��[�HL�ZW���N]�� ����
DQG�WDNLQJ������LQWR�DFFRXQW��ZH�REWDLQ�
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,W�LV�UDWKHU�GLIILFXOW�WR�VROYH�WKH�(T�����
H[DFWO\� >�@�� )RU� RXU� SXUSRVHV�� OHW� RQO\� WKH
SDUW�RI� WKH� VROXWLRQ�EH�ZULWWHQ� WKDW� LV�FRQ�
QHFWHG�ZLWK�WKH�VLQJXODULW\�RI�LQWHUHVW�>�@�

D��[�� �D��������N�[�OQN[�� ����

7KHQ� LW� IROORZV� IURP� ������ ����� Ò� ����
WKDW
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7KXV��D�VLQJXODULW\�RFFXUV�LQ�FRPSRQHQWV
RI�WKH�GLVORFDWLRQ�IORZ�WHQVRU��$FFRUGLQJ�WR
���� DQG� ������ WKH� FRPSRQHQWV� RI� WKH� HODVWLF
VWUHVV� WHQVRU� DUH� VLQJXODU�� WRR��7KLV� VLQJX�
ODULW\� FDQ� EH� HOLPLQDWHG�� IRU� H[DPSOH�� GXH
WR� GDPSLQJ� LQ� WKH� PDJQHWL]DWLRQ� YLEUDWLRQ
VSHFWUXP�� 7KH� DFFRXQW� IRU� GDPSLQJ� DW� WKH
UH�QRUPDOL]DWLRQ�RI� WKH� HODVWLF�PRGXOHV� FDQ
EH� UHDOL]HG� E\� VXEVWLWXWLRQ� WKH� H[SUHVVLRQ
:�Ü�LGZ�J0�IRU�:�LQ������DQG�������ZKHUH�G
LV�D�VPDOO�GDPSLQJ� LQ�WKH�PDJQHWLF�VXEV\V�
WHP� >�@�� ,Q� WKLV� FDVH�� WKH� IXQFWLRQ� H�[�� DF�
FRUGLQJ�WR������LV�UHSODFHG�E\�

H�[�� ��EZ[���LZQ� ����
ZKHUH�Q�LV�H[SUHVVHG�DV
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/HW�EH�FDOFXODWHG��IRU�H[DPSOH��WKH�DYHU�
DJHG�PDJQHWR�HODVWLF� HQHUJ\�EHLQJ�DEVRUEHG
QHDU�WKH�SRLQW�[� ���XVLQJ�WKH�IRUPXOD

4� �LZ� ³�­®̄5HV[\5HH[\½¾¿G[� ����

+HUH�� 5H� GHQRWHV� WKH� UHDO� SDUW� DQG� WKH
XSSHU�OLQH��WKH�DYHUDJLQJ�RYHU�WKH�YLEUDWLRQ
SHULRG�� H[\� LV� WKH� FRPSRQHQW� RI� WKH� HODVWLFVWUDLQ�WHQVRU��

6XEVWLWXWLQJ�WKH�V[\�DQG�H[\�YDOXHV�IURP������ZH�REWDLQ�
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)RU� VPDOO� Q� YDOXHV�� WKH� LQWHJUDQG� LQ
(T������LV�WKH�G�IXQFWLRQ�

Q
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7KXV�� WKH� YLEUDWLRQ� HQHUJ\� DEVRUSWLRQ
KDV� D� UHVRQDQFH� FKDUDFWHU� ZLWKLQ� D� QDUURZ
OD\HU�QHDU� WKH�SRLQW�[� ���ZKHUH� WKH�GLVOR�
FDWLRQ� ZDYH� IUHTXHQF\� FRLQFLGHV� ZLWK� WKH
JDS� LQ� WKH� GLVORFDWLRQ� YLEUDWLRQ� VSHFWUXP
UH�QRUPDOL]HG� GXH� WR� WKH� PDJQHWRVWULFWLYH
LQWHUDFWLRQ��:H�REWDLQ�DW�WKH�HQG�

'�,�6LURWD��$�)�=KXUDYO\RY���&RQYHUVLRQ�RI�GLVORFDWLRQ���

��� )XQFWLRQDO�PDWHULDOV�������������
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7KDW�LV��WKH�DEVRUSWLRQ�UDWH�RI�WKH�GLVOR�
FDWLRQ�YLEUDWLRQ�HQHUJ\�LV�LQGHSHQGHQW�RI�Q�
VLQFH� WKH�HIIHFWLYH�ZLGWK�RI� WKH�DUHD�ZKHUH
D�VXEVWDQWLDO�DEVRUSWLRQ�RFFXUV�LV�LQ�SURSRU�
WLRQ�WR�Q�

6LQFH�WKH�SUHVHQFH�RI�VLQJXODULWLHV�LQ�WKH
GLVORFDWLRQ� IORZ� GHSHQGHQFH� RQ�[� LV� GXH� WR
WKH�LQWHUDFWLRQ�RI�WKH�GLVORFDWLRQ�YLEUDWLRQV
ZLWK�WKH�PDJQHWL]DWLRQ�RQHV��WKH�GLVORFDWLRQ
ZDYHV� FDQ� EXLOG� HIIHFWLYHO\� WKH� PDJQHWLF
PRPHQW�YLEUDWLRQV��7KH�DFFRXQW�IRU�WKH�VSD�
WLDO� GLVSHUVLRQ� LQ� WKH� PDJQHWLF� VXEV\VWHP
FDQ�UHVXOW� LQ�WKH�GLVORFDWLRQ�ZDYH�WUDQVIRU�
PDWLRQ� LQWR� WKH� VSLQ� RQHV�� ,Q� IDFW�� LQ� WKH
DEVHQFH� RI�GLVSHUVLRQ�� WKH� HIIHFWLYH�PDJQHW
ILHOG� � FDXVHG� E\� HODVWLF� VWUDLQV� KDV� WKH
VWUHQJWK
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DQG� WKH� PDJQHWL]DWLRQ� YHFWRU� FRPSRQHQWV
DUH�H[SUHVVHG�DV�
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