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&\FORVRSKRUDRVHV��)LJXUH����DUH�XQLTXH�PROHFXOHV�IRXQG

DOPRVW�H[FOXVLYHO\�LQ�WKH�PHPEHUV�RI�5KL]RELDFHDH�IDPLO\�

ZKLFK� DUH� IDVW� JURZLQJ� VRLO� EDFWHULD�� 7KHVH� DUH� D� FODVV� RI

XQEUDQFKHG�F\FOLF�ROLJRVDFFKDULGHV�FRPSRVHG�RI� β���→���

'�JOXFDQV� YDU\LQJ� LQ� VL]H� IURP� ��� WR� ��� DV� D� QHXWUDO� RU

DQLRQLF�IRUP��5HFHQWO\��PDQ\�VWXGLHV�KDYH�EHHQ�IRFXVHG�RQ

WKH� LQFOXVLRQ� FRPSOH[DWLRQ� RI� F\FORVRSKRUDRVHV� DV� WKH

HIIHFWLYH�VROXELOL]HU�RI�YDULRXV�LQVROXEOH�FRPSRXQGV�VXFK�DV

HUJRVWHURO�� IOXRURVFHLQ�� LQGRPHWKDFLQ�� SDFOLWD[HO� DQG� YLWD�

PLQV����� 7KH� DQLRQLF� F\FORVRSKRUDRVHV� ORFDWHG� LQ� WKH� SHUL�

SODVPLF�SODFH�RI�WKH�EDFWHULD�SOD\HG�LPSRUWDQW�UROHV�RQ�WKH

RVPRWLF�UHJXODWLRQ�DV�ZHOO�DV�RQ�WKH�VXFFHVVIXO�URRW�QRGXOH

IRUPDWLRQ� RI� 5KL]RELXP� VSHFLHV� DW� WKH� LQLWLDO� VWDJH� RI� WKH

QLWURJHQ�IL[DWLRQ�����7KH�SDUWLDO�VWUXFWXUHV�RI�DQLRQLF�F\FOR�

VRSKRUDRVHV� ZHUH� NQRZQ� WR� EH� VXEVWLWXWHG� ZLWK� FKDUJHG

PROHFXOHV� VXFK� DV� VQ�JO\FHURO���SKRVSKDWH�� VXFFLQLF� DFLG�

DQG� PHWK\OPDORQLF� DFLGV������� GHSHQGLQJ� RQ� WKH� NLQG� RI

5KL]RELXP� VSHFLHV��7KH� VWUXFWXUHV� RI� DQLRQLF� F\FORVRSKRU�

DRVHV�ZHUH� GHGXFHG� IURP� D� IDVW� DWRP� ERPEDUGPHQW�PDVV

VSHFWURPHWU\� �)$%�06���� DQG� 105� VSHFWURVFRS\������������

+RZHYHU�� WKHVH�PHWKRGV�GLG�QRW� VKRZ� WKH� FRPSOHWH� VWUXF�

WXUHV�RI�H[DFW�DQLRQLF�F\FORVRSKRUDRVHV��7KHLU�DQDO\VHV�ZHUH

UHVWULFWHG�WR�D�IHZ�LVRODWHG�IUDFWLRQV�RI�DQLRQLF�F\FORVRSKRU�

DRVHV��0RUHRYHU��DQ\�LQYHVWLJDWLRQV�ZHUH�QRW�SHUIRUPHG�RQ

ZKHWKHU� DOO� WKH� QHXWUDO� F\FORVRSKRUDRVHV� ZHUH� WR� EH

VXEVWLWXWHG�ZLWK�DQLRQLF�PRLHWLHV�RU�QRW��6R��LW�VWLOO�UHPDLQV

XQFOHDU�ZKHWKHU� DOO� WKH� QHXWUDO� F\FORVRSKRUDRVHV� FRXOG� EH

VXEVWUDWHV�IRU�DQLRQLF�RQHV��

,Q�WKLV�VWXG\��ZH�ILUVW�SUHVHQW�WKH�VWUXFWXUDO�DQDO\VHV�RI�WKH

ZKROH�DQLRQLF�F\FORVRSKRUDRVHV�V\QWKHVL]HG�IURP�5KL]RELXP

PHOLORWL������E\�DQ�HOHFWURVSUD\�LRQL]DWLRQ���PDVV�VSHFWUR�

PHWULF��(6,�06��DQG�WZR�GLPHQVLRQDO�105�VSHFWURVFRSLF

PHWKRGV��(VSHFLDOO\��(6,�06�KDV�EHHQ�ZLGHO\�XVHG�LQ�YDUL�

RXV�ILHOGV�DV�D�KLJK�HIILFLHQF\�DQG�KLJK�UHVROXWLRQ�VHSDUDWLRQ

WHFKQLTXH����5HFHQWO\��KLJKO\�VXOIDWHG�F\FOLF�ROLJRVDFFKDULGHV

KDYH� EHHQ� VXFFHVVIXOO\� FKDUDFWHUL]HG� E\� WKLV� WHFKQLTXH� ��

8VLQJ� WKLV�(6,�06�WHFKQLTXHV��ZH�LGHQWLILHG�WKH�GHJUHH�RI

DQLRQLF�VXEVWLWXWLRQ��'$6��IRU�WKH�DQLRQLF�F\FORVRSKRUDRVHV

SURGXFHG� E\� 5�� PHOLORWL� ����� LQ� UHODWLRQ� ZLWK� WKH� VL]H

GLVWULEXWLRQ��$GGLWLRQDO�WZR�GLPHQVLRQDO�105�VSHFWURVFRSLF

DQDO\VLV�ZDV�DOVR�XVHG�WR�FRQILUP�WKH�H[DFW�SRVLWLRQ�RI�WKH

VXEVWLWXWHG� JO\FHUROSKRVSKDWHV� IRU� WKH� LVRODWHG� DQLRQLF

F\FORVRSKRUDRVHV�IURP�5��PHOLORWL������

([SHULPHQWDO�6HFWLRQ

%DFWHULDO� VWUDLQ� DQG� FXOWXUH� FRQGLWLRQ�� 7KH� EDFWHULDO

VWUDLQ�XVHG�LQ�WKLV�VWXG\�ZDV�5KL]RELXP�PHOLORWL�������,W�ZDV

JHQHURXVO\� SURYLGHG� E\�'U��5�� ,��+ROOLQJVZRUWK��068��(�

/DQVLQJ��0LFKLJDQ��8�6�$��)RU�ODUJH�VFDOH�LVRODWLRQ�RI�FHOOX�

ODU� JOXFDQV�� ���P/� SUHFXOWXUH�ZDV� LQRFXODWHG� LQWR� ���P/

*06� VWDQGDUG� PHGLXP��� DQG� FHOOV� ZHUH� FXOWXUHG� WR� ODWH

ORJDULWKPLF�SKDVH�DQG�LQFXEDWHG�DW���� R&��DW�����USP�RQ�D

URWDU\�VKDNHU�

3UHSDUDWLRQ�RI� F\FORVRSKRUDRVHV��&HOOV�ZHUH� KDUYHVWHG

E\�FHQWULIXJDWLRQ��������USP��DW��� R&���ZDVKHG�RQFH�ZLWK�D

VDOLQH� VROXWLRQ�� DQG� VXEMHFWHG� WR� WKH�KRW�HWKDQRO� H[WUDFWLRQ

PHWKRG��&HOOV�ZHUH�WKHQ�H[WUDFWHG�ZLWK����P/�RI������Y�Y�

HWKDQRO�DW��� R&�IRU����PLQ��$IWHU�FHQWULIXJDWLRQ��WKH�VXSHU�

QDWDQW�ZDV�FRQFHQWUDWHG�RQ�D�YDFXXP�URWDU\�HYDSRUDWRU��7KH

FRQFHQWUDWHG� VDPSOH�ZDV� FKURPDWRJUDSKHG� RQ� D�6HSKDGH[

*����FROXPQ� ���� × ����FP��DW� D� UDWH�RI����P/�K�DQG� WKH

HOXDQW�IUDFWLRQV����P/��ZHUH�DVVD\HG�IRU�FDUERK\GUDWH�E\�D

SKHQRO�VXOIXULF� DFLG� PHWKRG�� 7KH� IUDFWLRQV� FRQWDLQLQJ

F\FORVRSKRUDRVHV� ZHUH� SRROHG�� FRQFHQWUDWHG�� DQG� GHVDOWHG

E\�D�6HSKDGH[�*����FROXPQ��� × ���FP��XQGHU� WKH�FRQGL�

WLRQV�GHVFULEHG�DERYH��

3UHSDUDWLRQ�RI�DQLRQLF�F\FORVRSKRUDRVHV��7KH�GHVDOWHG

VDPSOH�ZDV�WKHQ�DSSOLHG�WR�D�FROXPQ����×����FP��RI�'($(�

FHOOXORVH� WR�VHSDUDWH�QHXWUDO�DQG�DQLRQLF�F\FORVRSKRUDRVHV�

&RUUHVSRQGLQJ�DXWKRU��3KRQH������������������)D[������������

������(�PDLO��VKMXQJ#NRQNXN�DF�NU

)LJXUH����3URSRVHG�PROHFXODU�PRGHOV�RI�QHXWUDO�F\FORVRSKRUDRVHV�
�$��3DOOHVFKL�HW�DO����%��-XQJ�HW�DO���
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7KH�FROXPQ�ZDV�ILUVW�ZDVKHG�ZLWK�GLVWLOOHG�ZDWHU�FRQWDLQLQJ

��P0�.&O��DQG�D�FRQFHQWUDWLRQ�JUDGLHQW�ZDV�DSSOLHG�IURP��

P0�WR�����P0�.&O��

(OHFWURVSUD\�LRQL]DWLRQ�PDVV�VSHFWURPHWU\��(6,�06�RI

WKH� DQLRQLF� F\FORVRSKRUDRVHV�ZDV� FDUULHG� RXW� RQ� D�0LFUR�

PDVV�4XDWWUR,,� �$OWULQFKDP��8.��GRXEOH� TXDGUXSROH�PDVV

VSHFWURPHWHU� HTXLSSHG�ZLWK� DQ� LRQ� VSUD\� VRXUFH� DQG� FRQ�

QHFWHG�WR�D�V\ULQJH�SXPS�IRU�VDPSOH�LQMHFWLRQ��(OHFWURVSUD\

VSHFWUD�ZHUH� UHFRUGHG� LQ� WKH� QHJDWLYH�PRGH�ZLWK� WKH� LRQ�

VSUD\�YROWDJH�VHW�DW������N9�DQG�WKH�FRQH�YROWDJH�DW����9�

6FDQQLQJ�ZDV�SHUIRUPHG�LQ�WKH�PXOWL�FKDQQHO�DQDO\]HU�PRGH

IURP�P�]�����WR�P�]�������7KH�VDPSOHV�ZHUH�GLVVROYHG�LQ

ZDWHU�DFHWRQLWULOH��� � ���Y�Y��DW�D�ILQDO�FRQFHQWUDWLRQ�RI�DERXW

����PJ�P/��7KH�VDPSOH�VROXWLRQ�ZDV�LQWURGXFHG�LQWR�WKH�(6,

VRXUFH�DW�D�FRQVWDQW�IORZ�UDWH�RI���µ/�PLQ�����R&�

105�VSHFWURVFRS\�RI�DQLRQLF�F\FORVRSKRUDRVHV��105

VSHFWURVFRSLF� DQDO\VHV�ZHUH�SHUIRUPHG�RQ� D�%UXNHU�$0;

VSHFWURPHWHU������0+]�IRU��+������0+]�IRU���&��DW����R&�

7KH� SXULILHG� DQLRQLF� F\FORVRSKRUDRVHV� ZHUH� GLVVROYHG� LQ

GHXWHUDWHG� ZDWHU� �'�2�� ��������� ��3� 105� VSHFWUD� ZHUH

UHFRUGHG�ZLWK�D�%UXNHU�'5;�����105�VSHFWURPHWHU�RSHU�

DWLQJ�DW�D���3�IUHTXHQF\�RI�����0+]��$�VDPSOH�RI����PJ�ZDV

GLVVROYHG� LQ� '�2� ZLWK� DQ� H[WHUQDO� VWDQGDUG� VROXWLRQ� RI

LQRUJDQLF�SKRVSKRULF�DFLG��0HDVXUHPHQWV�ZHUH�SHUIRUPHG�LQ

D���PP�SUREH�XVLQJ���PP�VDPSOH�WXEHV�DW����R&�

5HVXOWV�DQG�'LVFXVVLRQ

105�VSHFWURVFRSLF�DQDO\VLV��7KH�SUHVHQFH�RI�JO\FHURO�

��SKRVSKDWHV�LQ�WKH�DQLRQLF�F\FORVRSKRUDRVHV�ZDV�FRQILUP�

HG� E\� 105� VSHFWURVFRSLF� DQDO\VLV�� (DFK� RI� WKH� SHDNV� DW

�����������������SSP�ZDV�DVVLJQHG�WR�&��¶��&��¶��DQG�&��¶�RI

VQ�JO\FHURO���SKRVSKDWH� UHVLGXHV�� UHVSHFWLYHO\��(DFK� UHVRQ�

DQFH� RI� &��� WR� &��� RI� DQLRQLF� F\FORVRSKRUDRVHV�ZDV� DOVR

DVVLJQHG� DW� ������� ������ ������ ������ ������ DQG� ����� SSP�

)LJXUH� ��� +64&� VSHFWUXP� RI� DQLRQLF� F\FORVRSKRUDRVHV�� VQ�
JO\FHURO���SKRVSKDWH� UHVLGXHV�ZHUH� GLUHFWO\� OLQNHG� WR� WKH�&��� RI
JOXFRVH�UHVLGXH�WKURXJK�D�SKRVSKRGLHVWHU�OLQNDJH���&V���DQG�+V���
&��� DQG�+��� RI� WKH� JOXFRVH� UHVLGXH� VXEVWLWXWHG� ZLWK� JO\FHURO���
SKRVSKDWH���

)LJXUH����(6,�PDVV�VSHFWUXP�RI�DQLRQLF�F\FORVRSKRUDRVHV��7KH�PDVV�XQLWV�DW����������������������DQG������FRUUHVSRQG�WR�WKH�DQLRQLF
F\FORVRSKRUDRVHV�VXEVWLWXWHG�ZLWK���WR���JO\FHURO���SKRVSKDWH�PRLHWLHV�LQ�'3�����UHVSHFWLYHO\��&DOFXODWHG�PROHFXODU�ZHLJKWV��0Z��ZHUH
VKRZQ� LQ� SDUHQWKHVLV�� 0DVV� GLIIHUHQFH� RI� ���� FRUUHVSRQGV� WR� WKH� PROHFXODU� ZHLJKW� RI� JO\FHURO���SKRVSKDWH�� �,QQHU� GLDJUDP�� 7KH
GHSURWRQDWLRQ�VFKHPH�RI�DQLRQLF�F\FORVRSKRUDRVHV��
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UHVSHFWLYHO\� �GDWD� QRW� VKRZQ��� 3KRVSKDWH� VXEVWLWXWLRQ� WKDW

RFFXUV�DW�&���RI�WKH�JOXFRVH�UHVLGXHV�UHVXOWHG�LQ�VKLIW�RI�WKH

JOXFRVH�&����&����DQG�&���UHVRQDQFH��3DUWLFXODUO\�� WKH�&��

SHDN� LQ� VXEVWLWXWHG� JOXFRVH� UHVLGXHV� VKLIWHG� WR� ����� SSP

EHFDXVH�RI� WKH�DQLRQLF� VXEVWLWXWLRQ��7KH�FKHPLFDO� VKLIWV�RI

&����&���UHVRQDQFHV�DOVR�PRYHG�D� OLWWOH�WR�DQ�XSILHOG�DUHD�

)LJXUH���VKRZV�WKH�KHWHURQXFOHDU�VLQJOH�TXDQWXP�FRKHUHQFH

�+64&�� VSHFWUXP� RI� LVRODWHG� DQLRQLF� F\FORVRSKRUDRVHV�

0HWK\OHQH� JURXSV� ERXQG� WR� WKH� &��� RI� JOXFRVH� UHVLGXHV

VXEVWLWXWHG� ZLWK� VQ�JO\FHURO���SKRVSKDWH� DQG� WKH� WKUHH

FDUERQV�RI�JO\FHURO�ZHUH�DVVLJQHG�LQ�)LJXUH����,W�VKRZHG�WKH

&���RI�VXEVWLWXWHG�JOXFRVH�UHVLGXHV�ZDV�GLUHFWO\�ERXQG�WR�WKH

SKRVSKDWH� RI� DQLRQLF� F\FORVRSKRUDRVHV�� 8SILHOG� &KHPLFDO

VKLIW�RI�WKH�&��¶�RI�JO\FHURO�DOVR�LQGLFDWHG�WKDW�WKH�SKRVSKDWH

ZDV� OLQNHG� WR� WKDW� SRVLWLRQ��2Q� WKH�ZKLOH�� WKH� SUHVHQFH� RI

SKRVSKDWH�JURXSV�RI�DQLRQLF�F\FORVRSKRUDRVHV�ZDV�FRQILUP�

HG�E\���3�105�VSHFWURVFRS\��GDWD�QRW�VKRZQ���7KXV��LQ�WKH

FDVH�RI�DQLRQLF�F\FORVRSKRUDRVHV�V\QWKHVL]HG�IURP�5��PHOLORWL

������ RQO\� VQ�JO\FHURO���SKRVSKDWH� UHVLGXHV� ZHUH� GLUHFWO\

OLQNHG� WR� VRPH� JOXFRVH� UHVLGXHV� WKURXJK� SKRVSKRGLHVWHU

OLQNDJHV�DW�WKH�&���SRVLWLRQ��

(6,�0DVV� VSHFWURPHWU\��)LJXUH� �� VKRZV� WKH� WRWDO�PDVV

VSHFWUXP� RI� WKH� DQLRQLF� F\FORVRSKRUDRVHV� RI� 5�� PHOLORWL

������6SHFWUXP�ZDV�DFTXLUHG� LQ� WKH�QHJDWLYH�LRQ�PRGH�E\

GHSURWRQDWLRQ��>0�+@−��7KH�SDWWHUQ�RI�WKLV�VSHFWUXP�ORRNHG

VLPLODU� WR� WKDW� RI� LVRODWHG� IUDFWLRQ� IURP� '($(�FHOOXORVH

FKURPDWRJUDSK\������7KH�(6,�06�VSHFWUXP�RI�DQLRQLF�F\FOR�

VRSKRUDRVHV� FRQWDLQHG� ��� �>0��+@�−�� WR� ��� FKDUJHG� �>0�

�+@�−��PROHFXOHV�ZLWK�FRPSOH[�SHDN�VHWV�IRUPHG��7KH�PDVV

XQLWV� DW� ����� ����� ������ ����� DQG� ����� FRUUHVSRQG� WR� WKH

7DEOH����([SHFWHG�DQG�REVHUYHG�PDVV�XQLWV�RI� WRWDO�DQLRQLF�F\FORVRSKRUDRVHV� LVRODWHG� IURP�5��PHOLORWL������ �([SHFWHG��7KH�FDOFXODWHG
YDOXHV��2EVHUYHG��7KH�YDOXHV�DFTXLUHG�IURP�(6,�PDVV�VSHFWUXP�

�'3��'HJUHH�RI�3RO\PHUL]DWLRQ�
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� ([SHFWHG� ����� ����� ����� ����� ����� ����� ����� ����� ����� ����� ����

�2EVHUYHG�� ������� ������� ������� ������� ������� ������� ������� ������� ������� Q�G� Q�G

� �([SHFWHG� ����� ����� ����� ����� ����� ����� ����� ����� ����� ����� ����

�2EVHUYHG�� Q�G� ������� ������� ������� ������� ������� ������� ������� ������� ������� ������

� ([SHFWHG� ���� ���� ���� ���� ����� ����� ����� ����� ����� ����� ����

�2EVHUYHG�� Q�G� ������ ������ ������ ������� ������� ������� ������� ������� ������� ������

� ([SHFWHG� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ����

�2EVHUYHG�� Q�G� Q�G� ������ ������ ������ ������ ������ ������ ������ Q�G� ������

� ([SHFWHG� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���� ���

�2EVHUYHG�� Q�G� Q�G� Q�G� Q�G� ������ ������ ������ ������ ������ Q�G� �����

Q�G��QRW�GHWHFWHG�

)LJXUH����(6,�PDVV�VSHFWUXP�RI�>0��+@�−�RI�DQLRQLF�F\FORVRSKRUDRVHV�
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DQLRQLF� F\FORVRSKRUDRVHV� RI� WKH� GHJUHH� RI� SRO\PHUL]DWLRQ

�'3������UHVSHFWLYHO\��7KH�PROHFXODU�ZHLJKW��0:��GLIIHUHQFH

EHWZHHQ�WKH�PDMRU�SHDNV�LV�DERXW�����FRUUHVSRQGLQJ�WR�RQH

SKRVSKRJO\FHURO�PRLHW\�DV�D�VXEVWLWXHQW��2Q�WKH�ZKLOH��PRVW

PDMRU� SHDNV� RI� DQLRQLF� F\FORVRSKRUDRVHV� DSSHDUHG� DURXQG

'3�����ZKLFK�ZHUH�DOVR�PDMRU�LQ�QHXWUDO�RQHV�LQ�5��PHOLORWL

�������

(DFK�RI�H[SHFWHG�RU�REVHUYHG�PDVVHV�RI�WKH�DQLRQLF�F\FOR�

VRSKRUDRVHV�RI�)LJXUH���ZDV�VRUWHG�RXW� LQ�7DEOH����$OO� WKH

PDVVHV�RI�REVHUYHG�SHDNV�ZHUH�H[FHOOHQWO\�H[SODLQHG�E\�WKH

SUHGLFWLRQ�EDVHG�RQ� WKH� FKDUJHG�JO\FHURO���SKRVSKDWH� VXE�

VWLWXHQWV��7KH�GHJUHH�RI�VXEVWLWXWLRQ�RI�DQLRQLF�PRLHWLHV�ZDV

WXUQHG� RXW� WR� EH� GHSHQGHQW� RQ� WKH� '3� �GHJUHH� RI� SRO\�

PHUL]DWLRQ��RI�F\FORVRSKRUDRVHV��7DEOH�����7KH�ODUJHU�'3�RI

F\FORVRSKRUDRVHV��WKH�PRUH�GHJUHH�RI�VXEVWLWXWLRQV�RI�JO\FHURO�

��SKRVSKDWH�PRLHWLHV�ZDV�HYLGHQWO\�REVHUYHG��,Q�WKH�DQLRQLF

F\FORVRSKRUDRVHV�ODUJHU�WKDQ�'3�����WZR�WR�VL[�JO\FHURO���

SKRVSKDWH�PRLHWLHV�ZHUH�DWWDFKHG� WR� WKH�F\FORVRSKRUDRVHV�

+RZHYHU�� LQ� WKH� FDVH� RI� '3� ���� RQO\� WZR� JO\FHURO���

SKRVSKDWH� PRLHWLHV� ZHUH� ERXQG� WR� WKH� F\FORVRSKRUDRVHV�

7KLV� REVHUYDWLRQ� FOHDUO\� LQGLFDWHV� WKDW� QRW� DOO� WKH� QHXWUDO

F\FORVRSKRUDRVHV�DUH�VXEVWUDWHV�IRU�DQLRQLF�RQHV��'HSHQGLQJ

RQ�WKHLU�VL]HV��WKH�GHJUHH�RI�DQLRQLF�VXEVWLWXWLRQ�ZDV�FKDQJHG�

,W�PLJKW�JLYH�DQ�DQVZHU�ZK\�VRPH�RI�F\FORVRSKRUDRVHV�DUH

VR�ODUJH�LQ�GHJUHH�RI�SRO\PHUL]DWLRQ�OLNH�'3�����7KH�ODUJHU
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