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5HFHLYHG�0DUFK���������
7KH� WHPSHUDWXUH� GHSHQGHQFHV� RI� WKHUPR�H�P�I�� IRU� (U�±[6U[&R2�±G�� +R�±[6U[&R2�±G�(U�±[&D[&R2�±G��+R�±[&D[&R2�±G� FHUDPLFV� KDYH� EHHQ� VWXGLHG� LQ� WKH� WHPSHUDWXUH� UDQJH� RI���� .� �RI� ���� .� IRU� VRPH� PDWHULDOV�� WR� ���� .�� 7KH� =HHEHFN� FRHIILFLHQW� IRU� 6U� GRSHG

VDPSOHV� LV� ORZHUHG� DV� WKH� VWURQWLXP� FRQWHQW� LQFUHDVHV� DQG� WKH� WHPSHUDWXUH� ULVHV�� ,W� KDV
EHHQ�VKRZQ�WKDW�WKH��G�OHYHO�VSOLWWLQJ�DQG�WKH�FKDUJH�GLVSURSRUWLRQDWLRQ�RI�FREDOW�LRQV�LV
WR�EH�WDNHQ�LQWR�DFFRXQW�WR�H[SODLQ�WKH�DERYH�PHQWLRQHG�EHKDYLRU�
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7KH� FRUUHODWLRQ� RI� HOHFWULF� FKDUJH� FDUUL�
HUV� ZLWK� VSLQ� DQG� ODWWLFH� H[FLWDWLRQV� LQIOX�
HQFHV� WKH� HOHFWURQ� SURSHUWLHV� RI� WKH
SHURYVNLWH� VWUXFWXUH� $%2�� FRPSRXQGV� LQ�FOXGLQJ� KLJK�WHPSHUDWXUH� VXSHUFRQGXFWRUV
�+76&��� PDQJDQLWHV� DQG� FREDOWLWHV�� (DFK
VXFK� FRPSRXQG� LV� FKDUDFWHUL]HG� E\� LWV
XQLTXH� IHDWXUHV�� +76&�� E\� KLJK� FULWLFDO
WHPSHUDWXUHV� DQG�PDJQHWLF� ILHOGV��PDQJDQ�
LWHV��E\�FRORVVDO�PDJQHWRUHVLVWDQFH��DQG�FREDO�
WLWHV�� E\� KLJK� WKHUPR�H�P�I�� YDOXHV�� $W� SUH�
VHQW��WKLV�LV�MXVW�WKH�/D±6U±&R±2�V\VWHP�FRP�
SRXQGV�WKDW�DUH�WRGD\�WKH�EHVW�VWXGLHG�DPRQJ
WKH� FREDOWLWHV�� 6R�� IRU� H[DPSOH�� WKH� 6HHEHFN
FRHIILFLHQW� 6� YDOXH� IRU� /D����6U����&R2�� LV����P9�.� >�@��7KH�FREDOWLWHV�RI�RWKHU�UDUH�
HDUWK�HOHPHQWV�DUH�VWXGLHG�PXFK�OHVVHU��7KH
NLQHWLF� SURSHUWLHV� RI� SHURYVNLWH� W\SH� PHWDO
R[LGHV�DUH�EHOLHYHG�WR�EH�GHILQHG�E\�WKH�PHDQ
UDGLXV��U$!�RI�WKH�FDWLRQ�LQ�WKH�$�VLWH�>�@�,Q� WKLV�ZRUN�� VWXGLHG� DUH� WKH� WKHUPRHOHF�
WULF�SURSHUWLHV�RI�5(&R2��G��5(� �+R��(U��FR�EDOWLWHV� GRSHG� ZLWK� DONDOL�HDUWK� HOHPHQWV� 6U
DQG�&D��7KH�LRQLF�UDGLL�RI�KROPLXP��������c�

DQG� HUELXP� ������ c�� DUH� FRQVLGHUDEO\
VPDOOHU�WKDW�RI�ODQWKDQXP��������c��>�@�
7KH� (U�±[6U[&R2�±G�� +R�±[6U[&R2�±G�(U�±[&D[&R2�±G� DQG� +R�±[&D[&R2�±G� °HUD�PLFV�ZLWK�²� ������������������������������

������ ������ ������ �����ZHUH� V\QWKHVL]HG� E\
WKH� VWDQGDUG� VROLG� SKDVH� WHFKQLTXH�� 7KH
VDPSOHV� REWDLQHG� ZHUH� VKDSHG� DV� UHFWDQJX�
ODU� SDUDOOHOHSLSHGV� RI� ����u����u����FP�
VL]H�>�@��7KH�V\QWKHVL]HG�FHUDPLFV�ZHUH�VLQ�
JOH�SKDVH� RQHV� DV� GHWHUPLQHG� E\� ;3$� FDU�
ULHG� RXW� XVLQJ� D�'521����XQLW�ZLWK�&X.D
HPLVVLRQ�� $� W\SLFDO� ;5'� SDWWHUQ� LV� VKRZQ
LQ�)LJ�����7KH�6HHEHFN�FRHIILFLHQW�ZDV�GHWHU�
PLQHG� E\� LQWHJUDO� PHWKRG� ZLWK� UHVSHFW� WR
FRSSHU�� 7KH� FRQWDFWV� WR� WKH� VDPSOHV� ZHUH
UHDOL]HG� E\� XOWUDVRQLF� VROGHULQJ� RI� XOWUD�
SXUH� LQGLXP�� 7KH� WHPSHUDWXUH� JUDGLHQW
DORQJ� WKH� VDPSOH� ZDV� PHDVXUHG� XVLQJ� WZR
FKURPHO�DOXPHO�WKHUPRFRXSOHV��DW��t����z�
RU� FRSSHU�FRQVWDQWDQ� RQHV� �DW� �d����z��
7KH� FRQWURO� WKHUPR�H�P�I�� YDOXHV� ZHUH
PHDVXUHG�RQ� D�SXUH�FREDOW� VDPSOH� LGHQWLFDO
LQ�VL]H�WR�WKH�VDPSOHV�XQGHU�VWXG\�
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,Q�)LJV���� DQG����SUHVHQWHG� DUH� WKH� WHP�
SHUDWXUH�GHSHQGHQFHV�RI�6HHEHFN�FRHIILFLHQW
6�7�� IRU�(U�±[6U[&R2�±G�DQG�+R�±[6U[&R2�±GFHUDPLFV�� UHVSHFWLYHO\�� �)RU� [� ������ DQG
[� ������VDPSOHV��WKH�VSHFLILF�WKHUPR�H�P�I�
ZDV� WHPSHUDWXUH�LQGHSHQGHQW��� 7KH� PHDV�
XUHPHQWV� ZHUH� FDUULHG� RXW� LQ� WKH� WHPSHUD�
WXUH� UDQJH�RI�����.� �����.�IRU� VRPH�VDP�
SOHV�� WR�7|����.��7KH�6�YDOXH�GHFUHDVHG�DV
WKH� WHPSHUDWXUH� ULVHG�� WKH� KROHV� EHLQJ� WKH
PDMRU� HOHFWULF� FKDUJH� FDUULHUV�� H[FHSW� IRU
VDPSOHV� ZLWK� [� ������ ZKHUH� WKH� WKHUPR�
H�P�I�� VLJQ� FRUUHVSRQGHG� WR� WKH� HOHFWURQ
FRQGXFWLYLW\�W\SH�DW�WHPSHUDWXUHV�H[FHHGLQJ
WKH�URRP�RQH�
7R� H[SODLQJ� WKH� 6�7�� GHFUHDVH�� LW� LV� WR

WDNH� LQWR� DFFRXQW� WKDW� WKH� 5(&R2��G� FRP�SRXQGV� DUH� QRQPDJQHWLF� GLHOHFWULFV� ZKHUH
WKH� WULYDOHQW� FREDOW� LRQV� DW� ORZ� WHPSHUD�
WXUHV� DUH� LQ� WKH� ORZ�VSLQ� �/6��&R,,,� GLDPDJ�
QHWLF� VWDWH� �VSLQ� V� ����ZLWK� W�J�HJ�� HOHFWURQFRQILJXUDWLRQ�� $V� WKH� WHPSHUDWXUH� ULVHV�� WKH
&R,,,� /6� VWDWH� RFFXSDQF\� GHFUHDVHV� GXH� WR
WKHUPDO� IOXFWXDWLRQV� �H�J�� LQ� /D&R2�� DW����z��DQG�KLJK�VSLQ��+6��WULYDOHQW�&R���LRQV
DSSHDU�ZLWK�W�J�HJ��DQG�V� ���>�@��,Q�VR�GRLQJ�WKH� HOHFWURQV� IURP� WKH� S� EDQG� WKDW� LV� DVVRFL�
DWHG�ZLWK�ORFDOL]HG�W�J�RUELWDOV�SDVV�WR�GHORFDO�L]HG�V� EDQG� IRUPHG� E\� HJ� RUELWDOV�� 7KH� WHP�SHUDWXUH� YDULDWLRQ� RI� &R���&R,,,� FRQFHQWUD�
WLRQ�UDWLR�FDQ�EH�H[SUHVVHG�>�@�DV

&R���e�&R,,,� �H[S��'�e�N%7�� ���
ZKHUH� '� LV� WKH� HQHUJ\� GLIIHUHQFH� EHWZHHQ
WKH� JURXQG� ORZ�VSLQ� VWDWH� DQG� WKH� H[FLWHG
KLJK�VSLQ� RQH��N%�� WKH�%ROW]PDQQ� FRQVWDQW�
'� ������H9�IRU�+R&R2��>�@�$W� WKH� VXEVWLWXWLRQ� RI�+R��� DQG�(U��� E\
6U���DQG�&D����WKH�&R� LRQV�DUH�WUDQVIRUPHG
LQWR� WKH� PL[HG� HOHFWURQ� VWDWH� &h���&R���

WDNLQJ� LQWR�DFFRXQW�WKH�SULQFLSOH�RI�HOHFWUL�
FDO� QHXWUDOLW\� FRQVHUYDWLRQ�� $W� WKH� &h��
LRQV��WKH�PRELOH��GHORFDOL]HG��HOHFWULF�FKDUJH
FDUULHUV� DUH� VLWXDWHG�� WKXV� FDXVLQJ� DQ� LQ�
FUHDVHG� FRQGXFWLYLW\� >�@�� 7R� H[SODLQ� WKDW
SKHQRPHQRQ��YDULRXV�PRGHOV�ZHUH�XVHG�WDN�
LQJ� LQWR� DFFRXQW� ERWK� WKH� FDWLRQ� YDOHQF\
FKDQJH�>�@�DQG�WKH�VSLQ�VWDWH�GLVWULEXWLRQ�RI
FREDOW� LRQV� UHVXOWLQJ� IURP� WKH� FKDUJH� FDU�
ULHU�GLVSURSRUWLRQDWLRQ�UHDFWLRQ�>�@�
)RU� 6U� GRSHG� VDPSOHV�� WKH� WHPSHUDWXUH

GHSHQGHQFH� RI� WKH� 6HHEHFN� FRHIILFLHQW� FDQ�
QRW�EH�H[SODLQHG�XVLQJ�WKH�IRUPXOD�>�@

6� ���N%�e�H�OQ>&R���e�&R��@�� ���
ZKHUH�H�LV�WKH�HOHPHQWDU\�FKDUJH��DVVXPLQJ
WKH�FREDOWLWHV�WR�EH�V\VWHPV�ZLWK�PL[HG�YD�
OHQFH� FDWLRQV� 0Q��0Q��� DQG� WDNLQJ� RXW� RI
FRQVLGHUDWLRQ� WKH� VSLQ� VWDWHV�� 7KDW� LV� ZK\
OHW� WKH� PRGLILHG� +HLNHV� IRUPXOD� EH� XVHG
ZKHUH�QRW�RQO\�WKH�VSLQ�VWDWHV�RI�FREDOW�LRQV

)LJ����� ;5'� SDWWHUQ� RI� D� (U����6U����&R2�±GVDPSOH�

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� 6HHEHFN
FRHIILFLHQW�IRU�WKH�(U�±[6U[&R2�±G�V\VWHP�
[ ����� ����� [ ����� ����� [ ����� ����� [ ����
�����[ ����������[ ����������[ ���������

)LJ����� 7HPSHUDWXUH� GHSHQGHQFHV� RI� 6HHEHFN
FRHIILFLHQW�IRU�WKH�+R�±[6U[&R2�±G�V\VWHP�
[ ����� ����� [ ����� ����� [ ����� ����� [ ����
�����[ ����������[ ����������[ ���������
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DUH� FRQVLGHUHG� EXW� DOVR� WKH� QXPEHU� RI� GH�
JHQHUDWHG�FRQILJXUDWLRQV�WKHUHRI�>��@�

6� ���N%�e�H�OQ>�J��e�J���²�e������²��@� ���
ZKHUH�J��DQG�J��DUH�WKH�QXPEHU�RI�GHJHQHU�DWHG� FRQILJXUDWLRQV� IRU� VSLQ� VWDWHV� RI�&R��
DQG� &R��� LRQV�� UHVSHFWLYHO\�� [� �&R���&R�
WKH� QXPEHU� RI� &R� VLWHV� RFFXSLHG� E\� &R��
LRQV�� ,W� LV� WR� WDNH� LQWR� DFFRXQW� WKDW� DV� WKH
WHPSHUDWXUH� ULVHV�� WKH� FKDUJH� GLVSURSRU�
WLRQDWLRQ� UHDFWLRQ� UXQV� LQ� WKH� VDPSOHV� WKDW
LV� REVHUYHG� LQ�PRVW� WUDQVLWLRQ�PHWDO� R[LGHV
ZLWK�SDUWLDOO\�RFFXSLHG��G�HOHFWURQ�VXEOHYHOV
>�@�� VXFK� DV� 0Q��� �W�J�HJ��� LQ� �/D�&D�0Q2�>������@�� 0Q�2�� >��@�� DQG� �<�&D�0Q2�� >��@�)H��� �W�J�HJ��� LQ� &D)H2�� >��@� DQG� 6U�±[/D[)H2�� >��@�� DV�ZHOO� DV�9��� �W�J��� LQ�/D�9�2�>��@�� 6LQFH� WKH� &R��Ü&R��� FRXSOHV� DUH� PH�
WDVWDEOH�DQG�GHFRPSRVH�LQWR�&R��Ü&R����WKH
GLVSURSRUWLRQDWLRQ�UHDFWLRQ�LV�ZULWWHQ�DV�>�@

�&R��� ��&R��������&R���c� ���
ZKHUH�WKH�VLJQ�����GHQRWHV�WKH�HOHFWURQV�VLWX�
DWHG�DW�&R���LRQV�DQG��c���WKH�KROHV�VLWXDWHG
DW� &R��� RQHV�� 7KLV� UHDFWLRQ� LQYROYHV� RQO\
WKH� H[FLWHG� FREDOW� LRQV� KDYLQJ� HOHFWURQV� RQ
WKH�HJ�VXEOHYHOV��WKDW�LV��WKH�LRQV�LQ�WKH�+6RU� LQWHUPHGLDWH� VSLQ� �,6�� VWDWH�ZLWK� W�J�HJ�HOHFWURQ� FRQILJXUDWLRQV� DQG� V� ���� ,Q� WKH
IROORZLQJ� FRQVLGHUDUWLRQ�� WKH� VWDWH� RI�&R��
LRQV�LV�LQGLIIHUHQW��7KH�WKHUPDO�HTXLOLEULXP
FRQGLWLRQ� LQ�WKH�GLVSURSRUWLRQDWLRQ�UHDFWLRQ
KDV�WKH�IRUP�>�@

�&R����&R����e��&R����� �H[S��('�e�N%7�� ���
ZKHUH� WKH� TXDQWLWLHV� LQ� WKH� OHIW�KDQG� VLGH
DUH� PROH� IUDFWLRQV� RI� WKH� FRUUHVSRQGLQJ
LRQV��'('� LV� WKH� IUHH� HQHUJ\� FKDQJH� RI� WKHVSLQ� V\VWHP� DVVRFLDWHG� ZLWK� WKH� GLVSURSRU�
WLRQDWLRQ�UHDFWLRQ��WKDW�LV��WKH�UHDFWLRQ�DFWL�
YDWLRQ� HQHUJ\� >�@�� 7R� REWDLQ� WKH� UHODWLRQ�
VKHHS� EHWZHHQ� WKH� &R��� FRQFHQWUDWLRQ� DQG
WKH�WHPSHUDWXUH�YDULDWLRQ��WKH�PDVV�EDODQFH
HTXDWLRQ�>�@

&R,,,���&R�����&R�����&R��� ��� ���
LV�WR�EH�WDNHQ�LQWR�DFFRXQW��WRR�

7DNLQJ�LQWR�FRQVLGHUDWLRQ�����DQG����Ü����
ZH�JHW

&R��� �����>����H[S��('
�e�N%7�@���

����H[S��'�e�N%7� �� ���

6XEVWLWXWLQJ�WKLV�H[SUHVVLRQ�LQWR������WKH
GLUHFW� WHPSHUDWXUH� GHSHQGHQFH� RI� WKH� VSH�
FLILF� WKHUPR�H�P�I�� FDQ� EH� REWDLQHG�� 7KH
6�7�� GHSHQGHQFHV� FDOFXODWHG� XVLQJ� ���� DQG
����DUH�FORVH�WR�WKH�H[SHULPHQWDO�RQHV�LQ�WKH
WHPSHUDWXUH� UHJLRQ� RI� VKDUS� WKHUPR�H�P�I�
GURSSLQJ� �)LJ����� GDVKHG� OLQHV��� 7KH� ILWWLQJ
KDV� EHHQ� IRXQG� WR� EH� SRVVLEOH� RQO\� DW� J�� �������� ���� FRUUHVSRQGLQJ� WR� WKH� FDVH
ZKHQ� WKH� HQHUJ\� GLIIHUHQFH� EHWZHHQ� ,6� DQG
+6�VWDWHV�RI�&R���LRQ�LV�LQVLJQLILFDQW�DQG�J� ��� IRU� WKH� +6� VWDWH� RI� &R��� >��@�� �7KH
&R��� LRQV� IRUPHG� XQGHU� GLVSURSRUWLRQDWLRQ
DUH� LQ� WKH�+6� VWDWH��� � 7KH� ILWWLQJ� SDUDPHWHU
('�YDOXH�LQ�WKH�WHPSHUDWXUH�UHJLRQ�ZKHUH�WKHWKHUPR�H�P�I�� GURSV� VKDUSO\�� DV� GHWHUPLQHG
XVLQJ�WKH�HPSLULF�IRUPXODV

('��PH9�� �£��������§���z����������+R����6U����&R2��G�VDPSOH��
('��PH9�� �Ü�����§���z�������+R����6U����&R2��G�VDPSOH��

GHFUHDVHG� IURP� ���� PH9� GRZQ� WR� �� PH9�
7KH�GLVSURSRUWLRQDWLRQ�HQHUJ\�UHPDLQHG�XQ�
FKDQJHG� �('�  � �� PH9�� DW� 7� !����� .� IRU+R����6U����&R2��G� DQG� DW� 7� !����� .� IRU+R����6U����&R2�±G�VDPSOH�7KH� VSLQ� JDS� ZLGWK� '� LV� ��� PH9� IRU
+R����6U����&R2��G� DQG� ��� PH9� IRU
+R����6U����&R2��G�� 7KH� OHWWHU� YDOXH� LV� FRQ�VLGHUDEOH� ORZHU� WKDQ� WKDW� REWDLQHG� LQ� >��@
ZKHQ� FRQVLGHULQJ� WKH� WHPSHUDWXUH� GHSHQG�
HQFH� RI� HOHFWULF� UHVLVWDQFH� IRU� WKH
+R����6U����&R2��G� VDPSOH�� 7KH� FRQGXFWLYLW\RI�WKDW�VDPSOH�ZDV�GHVFULEHG�XVLQJ�D�GRX�
EOH�FKDQQHO� PRGHO�� 7KH� DSSHDUDQFH� RI� WKH

)LJ����� &RPSDULVRQ� RI� H[SHULPHQWDO�6�7�� GH�
SHQGHQFHV� ZLWK� WKRVH� FDOFXODWHG� � IRU
Gh����6U����&R2�±G�����DQG�Gh����6U����&R2�±G�����VDPSOHV��7KH�ILWWLQJ�SDUDPHWHU�('�DV�D�IXQF�WLRQ� RI� WHPSHUDWXUH�� WKH� GDVKHG� OLQHV� FRUUH�
VSRQG�WR�WKH�IRUPXOD�����
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VHFRQG�FKDQQHO�LQ�WKH�VHPLFRQGXFWRU�PDWUL[
ZDV� GXH� WR� WKHUPDO� H[FLWDWLRQV� RI� FREDOW
LRQV� IURP� D� ORZ�VSLQ� VWDWH� VHSDUDWHG� IURP
WKH� H[FLWHG� RQH� E\� WKH� HQHUJ\� JDS� '�#����
PH9��7KH�GLIIHUHQFH� LQ� WKH� VSLQ�JDS�YDOXHV
REWDLQHG� XVLQJ� WKH� UHVLVWLYH� PHDVXUHPHQWV
DQG� WKH� WKHUPRHOHFWULF� RQHV� FDQ� EH� H[�
SODLQHG� WDNLQJ� LQWR� DFFRXQW� WKDW� WKH� UHOD�
WLRQVKLS� ���� KDV� EHHQ�ZULWWHQ�XQGHU�QHJOHF�
WLRQ� RI� WKH� GHJHQHUDWLRQ� PXOWLSOLFLW\� J�� RIWKH� H[FLWHG�&R��� LRQV�� $�PRUH� SUHFLVH� IRU�
PXOD� IRU� WKH� FRQFHQWUDWLRQ� FKDQJH� RI� WKH
H[FLWHG�&R��� LRQV�DV�D�IXQFWLRQ�RI�WHPSHUD�
WXUH�KDV�EHHQ�REWDLQHG�LQ�>��@�

&R��
&R,,, � �

J�
J����H[S�'�e�N%7�����

���

����������������������������������
7DNLQJ�WKLV�IDFW�LQWR�DFFRXQW��WKH�H[SUHV�

VLRQ� ���� IRU� WKH� WHPSHUDWXUH� GHSHQGHQFH� RI
&R���LRQ�FRQFHQWUDWLRQ�ZLOO�EH�FKDQJHG�LQWR

&R��� �����>����H[S��('
�e�N%7�@���

�����e�J��H[S�'�e�N%7� �� ���

7KH� ILWWLQJ� UHVXOWV� RI� 6�7�� GHSHQGHQFHV
DFFRUGLQJ�WR�����DQG�����DUH�VKRZQ�LQ�)LJ���
E\�VROLG� OLQHV��7KH�ILWWLQJ�KDV�EHHQ�GRQH�DW
'� �����PH9�IRU�+R����6U����&R2��G�DQG�'� ���� PH9� IRU� +R����6U����&R2��G�� $V� WKH� 6UFRQFHQWUDWLRQ� ULVHV�� WKH� �U$!� LQFUHDVHV�WKXV�UHVXOWLQJ�LQ�D�GHFUHDVHG�FKHPLFDO�SUHV�
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