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0DJQHWLF�VHPLFRQGXFWRUV�RI�&G&U � 6H � �GLOXWHG�E\�LQGLXP�EHORQJ�WR�WKH�FODVV�RI�VRIW�PDJQHWLF�PDWHUL�
DOV��7KH�DPRXQW�RI�LQGLXP�DOWHUV�WKH�HQHUJHWLF�VWUXFWXUH�RI�FKDOFRJHQLGH�VSLQHO��)RU�&G&U � 6H � �,Q�PDJQHWLF
VHPLFRQGXFWRU� WKH� VWDWH�ZLWK� UHHQWUDQW� WUDQVLWLRQ� �5((�� LV� DFKLHYHG�� ,Q� WKH� FDVH� RI�&G � � � &U ����� � ,Q � ��	 � 6H �
GLOXWLRQ��WKH�VSLQ�JODVV��6*��VWDWH�DQG�WKH�UDQGRPO\�FDQWHG�VWDWH�LV�REWDLQHG��&KDOFRJHQLGH�VSLQHO�FRXOG�EH
XVHG�DV�WKH�HOHPHQW�RI�D�QHDU�LQIUDUHG�GHWHFWRU��7KHQ�WKH�SKRWRFRQGXFWLYLW\�SURSHUWLHV�±�WKH�YROWDJH�VHQ�
VLWLYLW\�YHUVXV�WKH�OLJKW�ZDYHOHQJWK�±�DUH�RI�LQWHUHVW��7KLV�SDUDPHWHU�LV�DOVR�DIIHFWHG�E\�WKH�GLOXWLRQ�OHYHO�
7KH� SRO\FU\VWDOOLQH� &G � � � &U ����� � ,Q � ��	 � 6H � � WKLQ� ILOPV� REWDLQHG� E\� UI�VSXWWHULQJ� WHFKQLTXH� ZHUH� VWXGLHG�� ,W
ZDV� IRXQG� WKDW� WKH� GHSHQGHQFH� RI� YROWDJH� VHQVLWLYLW\� RI� WKH� SKRWRUHVSRQVH� RQ� WKH� ZDYHOHQJWK� GLIIHUV
VLJQLILFDQWO\�IRU�VDPSOHV�ZLWK�5((�DQG�LQ�WKH�6*�VWDWH��)RU�ERWK�W\SHV�RI�PDJQHWLF�RUGHULQJ��WKH�SKRWRUH�
VSRQVH�EHORZ�WKH�FULWLFDO�PDJQHWLF�WHPSHUDWXUH�LV�ODUJHU�WKDQ�DERYH�LW�
.H\�ZRUGV��PDJQHWLF�VHPLFRQGXFWRU��UHHQWUDQW�WUDQVLWLRQ��VSLQ�JODVV��SKRWRFRQGXFWLYLW\

���,QWURGXFWLRQ
7KH� HQHUJ\�EDQG� VWUXFWXUH� RI�&G&U 
 6H � �PDJQHWLF� VHPLFRQGXFWRUV� LV� LQIOXHQFHG� E\

ORQJ�UDQJH�PDJQHWLF�RUGHU��7KH�WRS�RI�WKH�YDOHQFH�EDQG�DQG�WKH�ERWWRP�RI�WKH�FRQGXF�
WLRQ�EDQG�DUH�VSOLW�GXH�WR�³VSLQ�XS´�DQG�³VSLQ�GRZQ´�FRQILJXUDWLRQV��)LJ�����>�@��7KHUH�LV
D�QRQ�]HUR�GHQVLW\�RI� VWDWHV� LQ� WKH� IRUELGGHQ�JDS�RI� WKH�GRSHG�&G&U 
 6H � �� ,Q��ZKLFK� LV
SUHVHQWHG�LQ�)LJ����>�@��)URP�WKH�H[SHULPHQW�GDWD�LW�LV�NQRZQ�WKDW�WKH�VDPSOHV�

��&G&U 
 6H � �DQG�&G&U 
 6H � ���,Q�DUH�LQ�WKH�VWDWH�ZLWK�UHHQWUDQW�WUDQVLWLRQ��5((��
��&G&U 
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�� 6H � ��,Q�VXEVWLWXWHV�&U��DUH�LQ�VSLQ�JODVV�VWDWH��6*��
��&G � ��� ,Q� &U 
 6H � ��,Q�VXEVWLWXWHV�&G��DUH�LQ�VSLQ�JODVV�VWDWH�
��&G � � � &U
��

 � ,Q
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��� 6H� ��,Q�VXEVWLWXWHV�&G�DQG�&U��DUH�LQ�WKH�UDQGRPO\�FDQWHG�VWDWH�>����@�
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)LJ�����(QHUJ\�OHYHO�GLDJUDP�RI�&G&U � 6H �
DW�7���7 � �>�@��&RQGXFWLRQ�DQG�YDOHQFH�EDQGV

DW�7�!�7 � �DUH�LQGLFDWHG�E\�GDVKHG�OLQHV
)LJ�����7HQWDWLYH�HQHUJ\�OHYHO�GLDJUDP�DW�7� ����.�IRU
,Q�GRSHG�Q�W\SH�&G&U � 6H � �>�@��1�(��LV�WKH�GHQVLW\�RI
VWDWHV��9 �	� �LV�WKH�&G�YDFDQF\��,PSXULW\�EDQG�LV�IRUPHG

E\�6H�YDFDQFLHV DQG�,Q 
 	 �LRQV�RQ�&G�ODWWLFH�VLWHV
:H�LQYHVWLJDWHG�WKLQ�ILOPV�RI�FKDOFRJHQLGH�PDJQHWLF�VHPLFRQGXFWRUV�REWDLQHG�E\�WKH

UI�VSXWWHULQJ�WHFKQLTXH��7KH�PDJQHWLF�VWDWH�ZDV�FODVVLILHG�EDVHG�RQ�WKH�WHPSHUDWXUH�GH�
SHQGHQFH� RI� WKH� PDJQHWL]DWLRQ�0� DQG� XQLGLUHFWLRQDO� PDJQHWLF� DQLVRWURS\� + �
� �� %RWK
SDUDPHWHUV�ZHUH�GHWHUPLQHG�IURP�WKH�IHUURPDJQHWLF�UHVRQDQFH�H[SHULPHQWV��)05��

7KH�PRGLILHG�HQHUJHWLF�VWUXFWXUH�DIIHFWV�WKH�FKDUDFWHU�RI�YROWDJH�VHQVLWLYLW\�LQ�WKH
SKRWRFRQGXFWLYLW\�PHDVXUHPHQWV��7KH�SKRWRFRQGXFWLYLW\�PHDVXUHPHQWV�ZHUH�FDUULHG
RXW�LQ�WKH�WHPSHUDWXUH�UDQJH�RI���±����.��$�GLIIHUHQW�EHKDYLRXU�RI�D�YROWDJH�VHQVLWLY�
LW\� IRU� WKH� PDJQHWLF� VHPLFRQGXFWRUV� ZLWK� 5((� WUDQVLWLRQ� LQ� FRPSDULVRQ� ZLWK� WKH
VDPSOHV�LQ�6*�VWDWH�ZDV�REVHUYHG�

���([SHULPHQW
7KH� FKDOFRJHQLGH� VHPLFRQGXFWRU� WKLQ�ILOP� OD\HUV� ZHUH� IDEULFDWHG� E\� WKH� FR�

VSXWWHULQJ� IURP� WKH� WKUHH� SRZGHUHG� FDWKRGHV� �&G6H�� &U�� &U 
 6H � �� RQ� &RUQLQJ� JODVV
VXEVWUDWHV� ZLWK� FRQWUROOHG� WHPSHUDWXUH�� 7KH� GLOXWLRQ� OHYHO� ZDV� FRQWUROOHG� ZLWK� WKH
DPRXQW�RI�XQLIRUPO\�VSRWWHG�SLHFHV�RI� ,Q 
 6H � �RQ� WKH�&U 
 6H � � FDWKRGH��3RO\FU\VWDOOLQH



,QIOXHQFH�RI�LQGLXP�GLOXWLRQ�OHYHO�RQ�&G � ��� &U � ����� ,Q ���	�
� 6H � PDJQHWLF�VHPLFRQGXFWRUV ���

OD\HUV�ZHUH�REWDLQHG�DIWHU�D�KHDW�WUHDWPHQW�SURFHVV��&RPSRVLWLRQ�RI�WKH�VDPSOHV�ZDV
DQDO\VHG� XVLQJ� ;�UD\�PLFURSUREH� DQG� WKH� WKLFNQHVV� ZDV� PHDVXUHG� ZLWK� 7DO\VXUI� �
SURILORPHWHU��6DPSOHV�ZHUH����±����QP�WKLFN��7KH�WHFKQRORJ\�GHWDLOV�DUH�SUHVHQWHG�LQ
WKH�SDSHU�>�@��7KH�VDPSOHV�RI�&G&U 
 � 
�� ,Q
�� 6H � � WKLQ�ILOPV�ZLWK������[�<������DQG�\� ��
KDYH�EHHQ�LQYHVWLJDWHG��7KH�UHVXOWV�IRU�VDPSOHV�ZLWK�\�!���ZHUH�SUHVHQWHG�HDUOLHU�>�@�

7KH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�0� DQG�RI�XQLGLUHFWLRQDO�PDJQHWLF�DQLVRWURS\
ILHOG�+ � � �RQ� WHPSHUDWXUH�ZHUH� FRQVLGHUHG� DV� WKH� FULWHULD�RI�PDJQHWLF�RUGHULQJ��%RWK
PDJQHWLF�SDUDPHWHUV�ZHUH�GHWHUPLQHG�IURP�WKH�IHUURPDJQHWLF�UHVRQDQFH��)05��GDWD
DW�;�EDQG� IRU� SHUSHQGLFXODU� DQG� SDUDOOHO� JHRPHWU\� DQG� IRU� WHPSHUDWXUH� UDQJH� IURP
��WR�����.��7KH�GLVSHUVLRQ�UHODWLRQ�IRU�XQLIRUP�PRGH�KDV�WKH�IRUP�>�@�

��IRU� WKH�SHUSHQGLFXODU�JHRPHWU\� �WKH� H[WHUQDO�PDJQHWLF� ILHOG� LV�SHUSHQGLFXODU� WR
WKH�ILOP�SODQH�
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ZKHUH�w� ��pn��n�±�WKH�PLFURZDYH�IUHTXHQF\��g�±�WKH�J\URPDJQHWLF�IDFWRU��+ � �DQG�+ � �±�UHVRQDQFH�ILHOGV�RI�WKH�XQLIRUP�PRGH�IRU�WKH�SHUSHQGLFXODU�DQG�SDUDOOHO�JHRPHWU\�
UHVSHFWLYHO\�� %RWK� HTXDWLRQV� DUH� DSSOLHG� WR� GHWHUPLQH�0�7 �� DQG�+ � � �7 �� ZKHQ� WKH
WHPSHUDWXUH�GHSHQGHQFLHV�RI�+ � �DQG�+ � � DUH�NQRZQ�

)LJ�����7KLQ�ILOP�VDPSOH�ZLWK�WKH�LQGLXP�HOHFWURGHV�V\VWHP
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3UHDPSOLILHU
DQG�QDQRYROWPHWHU8 ���

9ROWDJH
�VXSSO\

)LJ�����6FKHPH�RI�WKH�YROWDJH�SKRWRUHVSRQVH�PHDVXUHPHQWV
7R�SUHSDUH�WKH�VDPSOH�IRU�WKH�SKRWRFRQGXFWLYLW\�PHDVXUHPHQWV��LQGLXP�HOHFWURGHV

ZHUH�FDUHIXOO\�SODFHG�RQ� WKH�VDPSOHV�� ,QGLXP�OD\HU�ZDV�HYDSRUDWHG�RQ� WKH�VHPLFRQ�
GXFWRU�WKLQ�ILOP�WR�REWDLQ�D�SURSHU�PHDQGHU�VKDSH��)LJ������6XFK�DQ�DFWLRQ�ORZHUV�WKH
UHVLVWDQFH�5� �RI�WKH�VDPSOHV��ZKLFK�LV�LPSRUWDQW�LQ�D�SKRWRUHVSRQVH�VLJQDO��7KH�SKRWR�
VLJQDO�ZDV�GHWHFWHG�DV�D�YROWDJH�UHVSRQVH�8��� RQ�WKH�ORDG�UHVLVWRU�5� ��DV�LV�VKRZQ�LQ
)LJ�����7KH�LOOXPLQDWLQJ�OLJKW�ZLWKLQ�WKH�ZDYHOHQJWK�UDQJH�IURP�����QP�WR������QP
ZDV�FKRSSHG�ZLWK�WKH�IUHTXHQF\�RI����+]��7KH�PHDVXUHPHQWV�ZHUH�FDUULHG�RXW�XQGHU
WKH�FRQGLWLRQ�5� � �5� ��7KH�VDPSOHV�RI�����±��0��UHVLVWDQFH��DW�����.��ZHUH�ELDVHG
ZLWK����9�YROWDJH��7KH� WHPSHUDWXUH�ZDV�FKDQJHG� IURP����.� WR�����.��7KH�YROWDJH
SKRWR�VLJQDO�ZDV�GHWHFWHG�XVLQJ�D�6HOHFWLYH�1DQRYROWPHWHU�/RFN�LQ 65����

���5HVXOWV
7KH�WHPSHUDWXUH�GHSHQGHQFLHV�RI�PDJQHWL]DWLRQ�0�DQG�WKH�XQLGLUHFWLRQDO�PDJQHWLF

DQLVRWURS\� ILHOG�+ � � �REWDLQHG� IURP� WKH�)05�H[SHULPHQW�DW�;�EDQG� IRU� WKLQ� ILOPV�RI
&G&U 
 6H � �,Q��5((��DQG�&G&U �	� 
 ,Q ��� � 6H � ��6*��DUH�VKRZQ�LQ�)LJV����DQG����6SHFWUDO�VHQ�
VLWLYLW\� 5 
 � RI� WKH� YROWDJH� UHVSRQVH� LV� REWDLQHG� IURP� WKH� SKRWRFRQGXFWLYLW\
PHDVXUHPHQWV�RI� WKH�&G � ��� &U 

��
�� ,Q 
���� � 6H � WKLQ� ILOPV��7KH�GDWD� IRU�&G&U 
 6H � �,Q� �5((�
DQG�&G&U �	� � ,Q ��� � 6H � ��6*��DUH�SUHVHQWHG��7KH�H[SHULPHQWDO�GDWD�DUH�LOOXVWUDWHG�DV�D�YROW�
DJH� VHQVLWLYLW\� RI� WKH� SKRWRUHVSRQVH� YV�� WKH� ZDYHOHQJWK� �)LJV�� �D� �E�� IRU� GLIIHUHQW
WHPSHUDWXUHV��7KH�WUDQVLWLRQV�DUH�LQGLFDWHG�LQ�WKH�ILJXUHV�ZLWK�GRWWHG�OLQHV��7KH�GLIIHU�
HQFHV� LQ� WKH� FKDUDFWHU� RI� VSHFWUDO� VHQVLWLYLW\� DUH� REVHUYHG� GHSHQGLQJ� RQ� WKH
WHPSHUDWXUH��)LJXUHV��D�DQG��E�SUHVHQW�WKH�YROWDJH�VHQVLWLYLWLHV�IRU�WKH�WHPSHUDWXUHV�7
��7 � DQG�7�!�7 � ��UHVSHFWLYHO\�



,QIOXHQFH�RI�LQGLXP�GLOXWLRQ�OHYHO�RQ�&G � ��� &U � ����� ,Q ���	�
� 6H � PDJQHWLF�VHPLFRQGXFWRUV ���

)LJ�����'HSHQGHQFH�RI�PDJQHWL]DWLRQ�RQ�WHPSHUDWXUH )LJ�����'HSHQGHQFH�RI�+ ��� �RQ�WHPSHUDWXUH

)LJ�����7KH�YROWDJH�VHQVLWLYLW\�YV��WKH�SKRWRQ�HQHUJ\�RI�WKH�LQFLGHQW�OLJKW�IRU�
D��WKH�XQGRSHG�&G&U � 6H � �WKLQ�ILOP��E��WKH�&G&U � � � ,Q ��� � 6H � �WKLQ�ILOP

���'LVFXVVLRQ
�����0DJQHWLF�SDUDPHWHUV

)RU�ERWK�W\SHV�RI�PDJQHWLF�RUGHULQJ��5((�DQG�6*���WKH�GHSHQGHQFH�RI�PDJQHWL]D�
WLRQ�RQ�WHPSHUDWXUH�GRHV�QRW�REH\�WKH�%ORFK�ODZ��)RU� WKH�VWDWH�ZLWK�5((�WUDQVLWLRQ�
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WKH�%ORFK�ODZ�LV�PRGLILHG�GXH�WR�D�QRQ�]HUR�GHQVLW\�RI�VWDWHV�LQ�WKH�HQHUJ\�JDS��7KH
GHSHQGHQFH�RI�PDJQHWL]DWLRQ�RQ�WHPSHUDWXUH�LV�GHVFULEHG�E\�(T������>�@
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x¢������VWDQGV�IRU�WKH�5LHPDQQ� x�IXQFWLRQ��D 
 �LV�WKH�HQHUJ\�JDS�DQG�'�LV�WKH�VSLQ�ZDYHVWLIIQHVV�FRQVWDQW�

)LJ�����7KH�YROWDJH�VHQVLWLYLW\�RI�WKH�XQGRSHG�&G&U � 6H � �WKLQ�ILOP��5((��
D��IRU�WKH�WHPSHUDWXUHV�EHORZ�WKH�&XULH�WHPSHUDWXUH��E��IRU�WKH�WHPSHUDWXUHV�KLJKHU�WKDQ�7 �
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� 6H � PDJQHWLF�VHPLFRQGXFWRUV ���

)RU�WKH�6*�VWDWH��WKH�GHSHQGHQFH�0�7 ��LV�GHVFULEHG�E\�WKH�HTXDWLRQ
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ZKHUH�&� �LV�UHVSRQVLEOH�IRU�WKH�GHQVLW\�RI�VWDWHV�LQ�WKH�HQHUJ\�JDS�DQG�D � �LV�D�PHDVXUH
RI� WKH� LQWHUFOXVWHU� LQWHUDFWLRQ�� 7KH� WHPSHUDWXUH� GHSHQGHQFH� RI� PDJQHWL]DWLRQ� SUH�
VHQWHG� LQ� )LJ�� �� LV� LQ� D� JRRG� DJUHHPHQW�ZLWK� WKH� WKHRUHWLFDO� SUHGLFWLRQ� IRU� VDPSOHV
ZLWK� 5((� WUDQVLWLRQ� &G&U 
 6H � �,Q� DQG� DOVR� IRU� &G&U �	� 
 ,Q ��� � 6H � � 6*� VWDWH�� )ROORZLQJ
(T�������WKH�WKHRUHWLFDO�FDOFXODWLRQV�IRU�5((�DUH�SUHVHQWHG�IRU�ILWWLQJ�SDUDPHWHUV�0���
 � ����*� DQG�D 
 �  � ���.��ZKLOH� IRU� 6*� �(T�� �����0����  � ���� *��&� �  � ����� DQG�D �

 �����.��7KH�YDOXHV�RI�0�7 ��FDOFXODWHG�WKHRUHWLFDOO\�DUH�UHSUHVHQWHG�E\�VROLG�OLQHV��,W
LV� VHHQ� LQ�)LJ���� WKDW� WKH�XQLGLUHFWLRQDO�PDJQHWLF� DQLVRWURS\� ILHOG�+� � � LQ�&G&U
��

 � ,Q
 � 6H�
WKLQ� ILOPV� GHFUHDVHV�ZLWK� LQFUHDVLQJ� WHPSHUDWXUH� DQG� GHSHQGV� RQ� WKH� DPRXQW� RI� ,Q
�+ � � �LQFUHDVHV�ZLWK�LQFUHDVLQJ�GLOXWLRQ�OHYHO���+ � � �GHSHQGV�RQ�WKH�ILHOG�LQGXFHG�UHPD�
QHQW�PDJQHWL]DWLRQ�DQG�NHHSV�WKH�GLUHFWLRQ�RI�WKH�FRROLQJ�ILHOG��ZKLFK�PHDQV�WKDW�WKH
VSLQV�KDYH�VRPH�PHPRU\�RI�WKH�FRROLQJ�ILHOG�GLUHFWLRQ��+ � � �LV�LQIOXHQFHG�E\�WKH�GLOX�
WLRQ� OHYHO� DQG�� EHLQJ� UHODWHG� WR� WKH� LQGXFHG� PDJQHWL]DWLRQ�� LV� DOVR� WHPSHUDWXUH�
GHSHQGHQW��7KH�GHSHQGHQFH�+ � � �7 ��LV�DYDLODEOH�RQO\�IURP�WKH�H[SHULPHQWDO�GDWD��VLQFH
QR�FRPSUHKHQVLYH�WKHRUHWLFDO�PRGHO�RI�WKH�WHPSHUDWXUH�GHSHQGHQFH�RI�+ � � �LV�NQRZQ�

�����3KRWRFRQGXFWLYLW\

7KH� YROWDJH� VHQVLWLYLW\� RI� XQGRSHG� &G&U 
 6H � � WKLQ� ILOPV� �5((�� LV� SUHVHQWHG� LQ
)LJ���D��7KH�WUDQVLWLRQ�LV�PDUNHG�E\�WKUHH�OLQHV��IRU�WKH�HQHUJ\�DERXW�����H9��OLQH����
IRU�WKH�HQHUJ\�DERXW�����H9��OLQH����DQG�IRU�WKH�HQHUJ\�DERXW�����H9��OLQH�����/LQH��
H[KLELWV�D�EOXH�VKLIW��/LQH���DOVR�H[KLELWV�D�EOXH�VKLIW�ZKLFK�LV�VLJQLILFDQW� IRU�7�!7 � �
/LQH���H[KLELWV�D�PRUH�FRPSOLFDWHG�HQHUJ\�WUDQVLWLRQ��ZH�KDYH�D�EOXH�VKLIW�IRU�7�!7 �
DQG� D� UHG� VKLIW� IRU� 7�7 � �� 7KH� YROWDJH� VHQVLWLYLW\� RI� GLOXWHG� �6*�� VDPSOHV�
&G&U �	� � ,Q ��� � 6H � �� LV� SUHVHQWHG� LQ�)LJ�� �E��7ZR� WUDQVLWLRQV� DUH�REVHUYHG� IRU� WKH� HQHUJ\
DERXW������OLQH����DQG�����H9��OLQH�����)RU�ERWK�FDVHV�D�EOXH�VKLIW�LV�REVHUYHG�

7KRVH�VKLIWV�IRU�VDPSOHV�ZLWK�5((�WUDQVLWLRQ�DV�ZHOO�DV�IRU�WKH�VDPSOHV�ZLWK�6*
VWDWH� UHVXOW� IURP� D�PHFKDQLVP� UHODWHG� WR� WKH�PDJQHWLF� RUGHULQJ� DQG� LQWHUDWRPLF� H[�
FKDQJH�LQWHUDFWLRQ�>�±�@�

)RU� DOO� VDPSOHV� LQYHVWLJDWHG�� WKH� VSHFWUDO� UHVSRQVH� ±� YROWDJH� VHQVLWLYLW\� LV� DERXW
RQH�RUGHU�RI�PDJQLWXGH�KLJKHU�EHORZ�WKH�&XULH�WHPSHUDWXUH�WKDQ�DERYH�7 � ��$V�DQ�H[�
DPSOH��ZH�SUHVHQW� WKH�GDWD� IRU� WKH� VDPSOH�ZLWK�5((� WUDQVLWLRQ� �)LJV��D��E���)RU� WKH
SRWHQWLDO�DSSOLFDWLRQ�DV�WKH�SKRWRGHWHFWRUV��PDJQHWLF�VHPLFRQGXWRUV�ZRUNLQJ�EHORZ�7 �
FRXOG�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ��7KH�YROWDJH�VHQVLWLYLW\�DQG�LWV�PD[LPXP�DUH�LQIOX�
HQFHG�E\�WKH�GLOXWLRQ�OHYHO�
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���&RQFOXVLRQV
0DJQHWLF� VHPLFRQGXFWRUV� RI�&G � ��� &U 

��
�� ,Q 
���� � 6H � � FKDOFRJHQLGH� VSLQHO� H[KLELW� GLI�
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