
�����������������7R�EH�SXEOLVKHG�LQ�WKH�,(((�$SSOLHG�3RZHU�(OHFWURQLFV�&RQIHUHQFH��$3(&�
����5HFRUG��6DQ�'LHJR��0DUFK�������

$EVWUDFW���$YHUDJH�PRGHOLQJ�RI�3:0�FRQYHUWHUV� LV�UHH[DPLQHG
LQ�WKH�OLJKW�RI�WKH�EHKDYLRUDO�GHSHQGHQW�VRXUFHV�QRZ�LQFOXGHG�LQ
PRGHUQ� YHUVLRQV� RI� HOHFWURQLF� FLUFXLW� VLPXODWRUV�� $� WRSRORJ\
LQGHSHQGHQW� EHKDYLRUDO� PRGHO� LV� GHYHORSHG� WR� HPXODWH� WKH
RSHUDWLRQ�RI�3:0�FRQYHUWHUV�LQ�YROWDJH�DQG�FXUUHQW�PRGHV��IRU
FRQWLQXRXV�DQG�GLVFRQWLQXRXV�LQGXFWRU�FXUUHQW�FDVHV��,W�LV�VKRZQ
WKDW�� LQ� JHQHUDO�� WKH� RSHUDWLRQ� RI� WKH� VZLWFKLQJ� SDUW� LQYROYHV
WKUHH�EHKDYLRUDO� EORFNV�� WKH�*HQHULF� 6ZLWFKHG� ,QGXFWRU�0RGHO
�*6,0��� WKH� 'XW\� &\FOH� *HQHUDWRU� �'&*�� DQG� WKH� ,QGXFWRU
&XUUHQW� *HQHUDWRU� �,&*��� ([SOLFLW� H[SUHVVLRQV� DQG� HTXLYDOHQW
FLUFXLWV�DUH�GHYHORSHG�IRU�DOO�SRVVLEOH�PRGHV�RI�RSHUDWLRQ�

,��,1752'8&7,21

����7KH� 6ZLWFKHG� ,QGXFWRU�0RGHO� �6,0�� >���@� GHYHORSHG� IRU
3:0�DQG�4XDVL�5HVRQDQW�FRQYHUWHUV�LV�EDVHG�RQ�WKH�DYHUDJH
EHKDYLRU�RI�WKH�VZLWFK�PRGH�FLUFXLW��7KLV�LQKHUHQW�IHDWXUH�DQG
WKH� IDFW� WKDW� LW� LV� WRSRORJ\� LQGHSHQGHQW� PDNHV� WKH� PRGHO
KLJKO\� FRPSDWLEOH� ZLWK� JHQHUDO� SXUSRVH� HOHFWURQLF� FLUFXLW
VLPXODWRUV�
�����7KH� � REMHFWLYH� RI� WKLV� VWXG\� ZDV� WR� UHH[DPLQH� WKH
SRVVLELOLWLHV�RI�GLUHFW�DYHUDJH�VLPXODWLRQ�RI�3:0�FRQYHUWHUV
LQ� WKH� OLJKW� RI� WKH� QHZ� GHYHORSPHQWV� LQ� HOHFWURQLF� FLUFXLW
VLPXODWLRQ�WHFKQRORJ\�

,,��02'(51�(/(&7521,&�&,5&8,7�6,08/$7256

���0RVW�� LI� QRW� DOO�� PRGHUQ� HOHFWURQLF� FLUFXLW� VLPXODWRUV� DUH
EDVHG� RQ� 63,&(� >�@� ZKLFK� ZDV� RULJLQDOO\� OLPLWHG� WR
SRO\QRPLDO� GHSHQGHQW� VRXUFHV�� 7KLV� VKRUWFRPLQJ� RI� WKH
HDUOLHU� VLPXODWRUV� KDV� EHHQ� DOOHYLDWHG� LQ� PRGHUQV� SDFNDJHV
ZKLFK� QRZ� LQFOXGH� JHQHUDOL]HG� � EHKDYLRUDO� PRGHOV�� 7KH
EHKDYLRUDO� GHSHQGHQW� VRXUFHV� FDQ� EH� GHVFULEHG� E\� DQ\
DOJHEUDLF�UHODWLRQVKLS�DQG�KHQFH�WKH�UHVWULFWLRQ�RI�SRO\QRPLDO
IXQFWLRQ� KDV� EHHQ� UHPRYHG�� )RU� H[DPSOH� +63,&(
�0HWD�6RIWZDUH�,QF���&DPSEHOO��&$��SHUPLWV�WKH�GHILQLWLRQ�RI
D�EHKDYLRUDO�GHSHQGHQW�YROWDJH�VRXUFH��(;��DV�

�ZKHUH�.�LV�D�FRQVWDQW��9�P�Q��GHQRWHV�WKH�YROWDJH�EHWZHHQ

QRGH���P��DQG���Q��DQG��$%6��GHQRWHV�DEVROXWH�YDOXH��3OHDVH

QRWH�WKDW�WKH�DERYH�IRUP�RI�WKH�PDWKHPDWLFDO�H[SUHVVLRQ�GRHV
QRW�FRQILUP�WR�WKH�V\QWD[�RI�+63,&(��
�����2QFH� GHILQHG�� WKH� EHKDYLRUDO� UHODWLRQVKLS� LV� IXOO\
FRPSDWLEOH�ZLWK�RWKHU�IXQFWLRQV�RI�WKH�VLPXODWRU�VXFK�DV��'&�
�$&�DQG��75$16�DQDO\VHV�

,,,��7+(�%(+$9,25$/�3:0�$9(5$*(�02'(/

���$�SUHUHTXLVLWH�IRU�D�VXFFHVVIXO�DYHUDJH�VLPXODWLRQ�RI��3:0
FRQYHUWHUV� LV� WKH� VXEVWLWXWLRQ� RI� WKH� VZLWFKLQJ� SDUWV� ZLWK� DQ
DYHUDJH� PRGHO�� &ORVH� H[DPLQDWLRQ� RI� WKH� FODVVLFDO� 3:0
WRSRORJLHV� UHYHDOV� WKDW� WKH\� DOO� VKDUH� D� FRPPRQ�� WRSRORJ\
LQGHSHQGHQW�� � VZLWFKLQJ� PRGXOH�� D� VZLWFKHG� LQGXFWRU� >���@�
$OWKRXJK�QRUPDOO\�UHDOL]HG�E\�D�VZLWFK�DQG�D�VWHHULQJ�GLRGH�
WKH� VZLWFKLQJ� DFWLRQ� FDQ� EH� GHVFULEHG� E\� D� WRJJOH� VZLWFK
ZKLFK� DOWHUQDWHO\� FRQQHFWV� RQH� HQG� RI� WKH� LQGXFWRU� WR� WZR
WHUPLQDOV� �E�� DQG� �F�� �)LJ���>�@�� 7KH� LQWHUDFWLRQ� RI� WKH
VZLWFKHG� LQGXFWRU� PRGXOH� ZLWK� WKH� LQWHUIDFH� FLUFXLWU\� LV
GHVFULEHG� KHUH� E\� D� *HQHULF� 6ZLWFKHG� ,QGXFWRU� 0RGHO
�*6,0��ZKLFK�LQFOXGHV�WKUHH�GHSHQGHQW�FXUUHQW�VRXUFHV��)LJ�
����7KH�GHSHQGHQW�VRXUFHV�RI�WKH�*6,0�UHSUHVHQW�WKH�DYHUDJH
WHUPLQDO�FXUUHQWV�RI�WKH�VZLWFKHG�LQGXFWRU�DVVHPEO\��)LJ�����
7KH�EHKDYLRUDO�GHVFULSWLRQ�RI�WKHVH�GHSHQGHQW�FXUUHQW�VRXUFHV
��L�H��WKHLU�PDJQLWXGH�DV�D�IXQFWLRQ�RI�RWKHU�SDUDPHWHUV�RI�WKH
FRQYHUWHU���ZLOO�EH�D�IXQFWLRQ�RI�WKH�RSHUDWLRQDO�PRGH�RI�WKH
FRQYHUWHU�
���7KH� SURSRVHG� EHKDYLRUDO� 3:0� DYHUDJH� PRGHO� LQFOXGHV
WKUHH�EDVLF�EORFNV��)LJ������� WKH�*6,0��GLVFXVVHG�DERYH�� WKH
,QGXFWRU� &XUUHQW� *HQHUDWRU� �,&*�� DQG� WKH� 'XW\� &\FOH
*HQHUDWRU� �'&*��� /LNH� WKH� *6,0�� WKH� '&*� IXQFWLRQ� LV
DOJHEUDLF�� 7KDW� LV�� LW� LV� WKH� PDWKHPDWLFDO� H[SUHVVLRQ� RI� WKH
GXW\� F\FOH� LQ� YROWDJH� PRGH� DQG� FXUUHQW� PRGH� FRQYHUWHUV�
6LQFH� WKHVH� IXQFWLRQV� DUH� DOJHEUDLF�� WKH�EHKDYLRUDO�PRGHO�RI
WKH�'&*�ZLOO�EH�DOJHEUDLF��,Q�WKH�FDVH�RI�WKH�,QGXFWRU�&XUUHQW
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)LJ����7KH�VZLWFKHG�LQGXFWRU�DVVHPEO\�
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�)LJ����7KH�*HQHULF�6ZLWFKHG�,QGXFWRU�0RGHO��*6,0�

*HQHUDWRU��,&*���RQH�KDV�WR�GLVWLQJXLVK�IRXU�FDVHV��)LJ������,Q
WKH�FRQWLQXRXV�LQGXFWRU�FXUUHQW�FDVHV��WKH�LQGXFWRU�FXUUHQW�LV
D�G\QDPLF�IXQFWLRQ�RI�WKH�YROWDJH�DFURVV�WKH�*6,0�WHUPLQDOV�
$V� ZLOO� EH� VKRZQ� EHORZ�� WKLV� GLIIHUHQWLDO� HTXDWLRQ
UHODWLRQVKLS� FDQ� FRQYHQLHQWO\� EH� HPXODWHG� E\� DQ� HTXLYDOHQW
FLUFXLW�� )RU� WKH� GLVFRQWLQXRXV� LQGXFWRU� FXUUHQW� FDVH�� WKH
UHODWLRQVKLS� EHWZHHQ� WKH� LQGXFWRU� FXUUHQW� DQG� WKH� YROWDJH
DFURVV� WKH�*6,0�WHUPLQDOV� LV�DOJHEUDLF�DQG� WKHUHIRUH�FDQ�EH
GHVFULEHG�E\�DQ�DOJHEUDLF�EHKDYLRUDO�PRGHO�
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)LJ�� ��� %HKDYLRUDO� PRGHO� RI� WKH� VZLWFKLQJ� VHFWLRQ� RI� � 3:0
FRQYHUWHUV�

�����

'\QDPLF

'\QDPLF

$OJHEUDLF

$OJHEUDLF

&RQWLQXRXV�
,QGXFWRU�
&XUUHQW

'LVFRQWLQXRXV�
,QGXFWRU�
&XUUHQW

9ROWDJH�
0RGH

&XUUHQW�
0RGH

)LJ�� ��� 7KH� IXQFWLRQDO� QDWXUH� RI� WKH� ,QGXFWRU� &XUUHQW� *HQHUDWRU
�,&*��IRU�DOO�3:0�FDVHV�

,9��%(+$9,25$/�02'8/(6�2)�3:0�&219(57(56
��7KH�DOJHEUDLF�DQG�G\QDPLF�UHODWLRQVKLSV�IRU�DOO�EDVLF�3:0
WRSRORJLHV�ZHUH� GHULYHG� IRU� DOO� PRGHV� RI� RSHUDWLRQ� DQG� DUH
VXPPDUL]HG� LQ� $33(1',;� ,�� 7KH� EHKDYLRUDO� PRGXOHV
UHSUHVHQW� WKH�DYHUDJH� UHVSRQVH�RI� WKH�PRGXOHV� DV� D� IXQFWLRQ
RI� WKH� UHOHYDQW� SDUDPHWHUV�� 7KH� PRGXOHV� ZKLFK� LQYROYH� D
GLIIHUHQWLDO�HTXDWLRQ��� L�H�� WKH� ,&*� LQ�FRQWLQXRXV�PRGH� ��DUH
UHSUHVHQWHG� E\� DQ� HTXLYDOHQW� FLUFXLW� ZKLFK� LV� VROYHG
G\QDPLFDOO\�GXULQJ� VLPXODWLRQ��$OJHEUDLF�PRGXOHV� �� H�J�� WKH
'&*� �� DUH� UHSUHVHQWHG� E\� WKH� FRUUHVSRQGLQJ� PDWKHPDWLFDO
UHODWLRQVKLSV��7KHVH�HTXDWLRQV�DUH�DSSOLHG�E\�WKH�VLPXODWRU�WR
FDOFXODWH� WKH� UHOHYDQW� SDUDPHWHUV� GXULQJ� D� ODUJH� VLJQDO
VLPXODWLRQ�� ,Q� WKH� FDVH� RI� VPDOO� VLJQDO� �$&�� VLPXODWLRQ�� WKH
VLPXODWRU� ZLOO� ILUVW� OLQHDUL]H� WKH� HTXDWLRQV� DURXQG� WKH� 
'&

RSHUDWLQJ� SRLQW� EHIRUH� DSSO\LQJ� LW� LQ� WKH� �DYHUDJH�� VPDOO
VLJQDO�VLPXODWLRQ�

$��7KH�,&*�DQG�WKH�*6,0���FRQWLQXRXV�PRGH�FDVH�
��7KH� SURSRVHG� WRSRORJ\�LQGHSHQGHQW� HTXLYDOHQW� FLUFXLW� LV
GHYHORSHG� E\� FRQVLGHULQJ� WKH� DYHUDJH� YROWDJH� DFURVV� WKH
LQGXFWRU�� ([DPLQDWLRQ� RI� WKH� VZLWFKHG� LQGXFWRU� DVVHPEO\
�)LJ�����UHYHDOV�WKDW�WKH�DYHUDJH�YROWDJH��9/��LV�D��IXQFWLRQ�RI
WKH�YROWDJH�DFURVV�WKH�WHUPLQDOV�^9�D�E���9�D�F�`�DQG�WKH�WLPH
WKH�VZLWFK�LV�LQ�WKH�
21
��721��DQG�
2))
��721��SRVLWLRQV�

���

ZKHUH�76�LV�WKH�SHULRG�RI�WKH�VZLWFKLQJ�F\FOH�
7KDW�LV�
�������9/� ��'RQ�9�D�E����'RII�9�D�F�� ���
6LQFH�WKH�GXW\�UDWLRV�VLJQDOV�ZLOO�EH�SURGXFHV�� LQ� WKH�SUHVHQW
DSSURDFK�� E\� D� GHSHQGHQW� YROWDJH� VRXUFHV� �VHH� EHORZ�� ZH
HQFRGH�WKHP�LQWR�SURSRUWLRQDO�YROWDJH�VLJQDOV��7KH�GHILQLWLRQ
RI� WKH� GHSHQGHQW� � YROWDJH� VRXUFH� �(/�� UHTXLUHG� WR� JHQHUDWH
WKH�DYHUDJH�LQGXFWRU�YROWDJH�LV�WKXV�
�������(/� ��9'RQ9�D�E����9'RII9�D�F� ���

6LQFH� WKH� DYHUDJH� LQGXFWRU� FXUUHQW� LQ� WKH� FRQWLQXRXV� PRGH
FDVH� LV� GHWHUPLQHG� E\� WKH� DYHUDJH� YROWDJH� LPSUHVVHG� RQ� WKH
LQGXFWRU��WKH�LQGXFWRU�FXUUHQW�FDQ�EH�VLPXODWHG�LQ�WKLV�FDVH�E\
WKH�VLPSOH�HTXLYDOHQW�FLUFXLW�ZKLFK�LV�JLYHQ�LQ�$33(1',;�,�
7KH� HTXLYDOHQW� FLUFXLW� LQFOXGHV� WKH� LQGXFWRU�� LWV� SDUDVLWLF
UHVLVWDQFH� DQG� DQ� DYHUDJH� YROWDJH� VRXUFH� �(/�� ZKLFK�� LQ
JHQHUDO�� ZLOO� EH� WLPH� GHSHQGHQW�� $OVR� LQFOXGHG� LQ� WKH
HTXLYDOHQW� FLUFXLW� LV� D� YROWDJH� VRXUFH� RI� ]HUR� YROWDJH� WKDW� LV
XVHG�WR�VHQVH�WKH�FXUUHQW�LQ�WKH�ORRS�>�@�
���2QFH� WKH� LQGXFWRU� FXUUHQW� LV� DYDLODEOH�� WKH� GHSHQGHQW
FXUUHQW� VRXUFHV� RI� WKH�*6,0�PRGHO� �)LJ�� ��� FDQ� EH� UHDGLO\
GHILQHG� E\� FRQVLGHULQJ� WKH�ZD\� WKH� FXUUHQW� LV� VSOLW� EHWZHHQ
WKH�WHUPLQDOV��6LQFH�WKH�FXUUHQW�RI�WHUPLQDO��D��LV�LGHQWLFDO�WR
WKH� LQGXFWRU� FXUUHQW�ZH� GHILQH� WKH� GHSHQGHQW� FXUUHQW� VRXUFH
�*D��DV�
�������*D �,�961��� ���
ZKHUH� ,�961�� LV� WKH� FXUUHQW� RI� WKH� GXPP\� YROWDJH� VRXUFH
�61��RI�WKH�HTXLYDOHQW�FLUFXLW��$33(1',;�,��
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�����7KH�FXUUHQW�LV�WKHQ�GLYLGHG�EHWZHHQ�WHUPLQDOV��D��DQG��E�
�)LJ�� ��� DFFRUGLQJ� WR� WKH� IUDFWLRQ� RI� WLPH� WKH� LQGXFWRU� LV
FRQQHFWHG�WR�HDFK�RI�WKHP��1DPHO\�
�������*E� ��9'RQ�,�961� ���

�������*F� ��9'RII�,�961� ���

1RWH� WKDW� LQ� WKH� DERYH� HTXDWLRQV� WKH� GXW\� F\FOH� LV� DOUHDG\
HQFRGHG�LQWR�YROWDJH�

%��7KH�,&*�DQG�WKH�*6,0���GLVFRQWLQXRXV�PRGH�FDVH�

�����8QOLNH� WKH� FRQWLQXRXV� LQGXFWRU� FXUUHQW� FDVH�� WKH� DYHUDJH
LQGXFWRU� FXUUHQW� LQ� WKH� GLVFRQWLQXRXV� PRGH� LV� DQ� DOJHEUDLF
�DQG� QRW� D� G\QDPLF�� IXQFWLRQ� RI� WKH� FRQWUROOLQJ� SDUDPHWHUV�
7KLV� LV� D� FRQVHTXHQFH� RI� WKH� IDFW� WKDW� WKH� SHDN� LQGXFWRU
FXUUHQW� �,SN�� LV� D� OLQHDU� IXQFWLRQ� RI� WKH� SURGXFW� ^9�D�E�
721`DQG�WKDW�WKH�WHUPLQDO�FXUUHQWV�RI�WKH�*6,0�LV�UHODWHG�WR
WKH�SHDN�FXUUHQW�E\�VLPSOH�JHRPHWULFDO�UHODWLRQVKLSV��)LJ�����
7KH�*6,0� GHSHQGHQW� FXUUHQW� VRXUFHV� IRU� WKH� GLVFRQWLQXRXV
FDVH�DUH�KHQFH�GHILQHG�DV�
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)LJ����7KH�LQGXFWRU�FXUUHQW�LQ�WKH�GLVFRQWLQXRXV�FDVH�

&��'XW\�&\FOH�*HQHUDWRU��'&*����YROWDJH�PRGH�FDVHV��

��)RU�D�JLYHQ�SULPDU\�FRQWURO�YROWDJH�RI�WKH�3:0�PRGXODWRU
�9(���WKH�GHILQLWLRQ�RI�WKH�GHSHQGHQW��YROWDJH�VRXUFH��('RQ�

WKDW�JHQHUDWHV�WKH�GXW\�F\FOH�VLJQDO��9'RQ��LV�

�('RQ� �.0�9(� ����

ZKHUH��.0�LV�WKH�PRGXODWRU
V�SURSRUWLRQDOLW\�FRQVWDQW�
����,Q�WKH�FRQWLQXRXV�PRGH�FDVH��'2))�LV�UHODWHG�WR�'21�E\�
�����'2))� �����'21 ����

&RQVHTXHQWO\�
�����('RII� �����9'RQ ����

,Q� WKH� GLVFRQWLQXRXV� PRGH� FDVH�� WKH� UHODWLRQVKLS� EHWZHHQ
'2))�DQG�'21�LV��

�ZKHUH�/�LV�WKH�LQGXFWDQFH�RI�WKH�LQGXFWRU�

&RQVHTXHQWO\�
'��'XW\�&\FOH�*HQHUDWRU��'&*����FXUUHQW�PRGH�FDVHV�

�����$SSO\LQJ� WKH� H[SUHVVLRQ� IRU� WKH� GXW\� F\FOH� JHQHUDWRU� IRU

WKH� FRQWLQXRXV� PRGH� FDVH� >�@�� ZH� GHILQH� WKH� GXW\� F\FOH
GHSHQGHQW�YROWDJH�VRXUFH�DV�
ZKHUH�9(� LV� WKH� SULPDU\� FRQWURO� YROWDJH� �WKH� RXWSXW� RI� WKH
HUURU� DPSOLILHU���.6� LV� WKH� FXUUHQW� ORRS� JDLQ� DQG�0&� LV� WKH
VORSH�RI�WKH�FRPSHQVDWLQJ�UDPS�
���,Q�WKH�FXUUHQW�PRGH�GLVFRQWLQXRXV�LQGXFWRU�FXUUHQW�FDVH��WKH

FRQWURO�YROWDJH��9(��LV�IRXQG�WR�EH��)LJ������
�&RQVHTXHQWO\�� WKH� GXW\� F\FOH� GHSHQGHQW� YROWDJH� VRXUFH� LV

GHILQHG�DV�
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)LJ�����7KH�LQGXFWRU�FXUUHQW�LQ�WKH�FXUUHQW�PRGH��GLVFRQWLQXRXV�FDVH�
9��$33/<,1*�7+(�%(+$9,25$/�02'(/

��7KH� WRSRORJ\� LQGHSHQGHQW� EHKDYLRUDO� PRGXOHV� GHYHORSHG
DERYH� DQG� VXPPDUL]HG� LQ� $33(1',;� ,�� FDQ� EH� XVHG� WR
GHYHORS� LQSXW� ILOHV� IRU� HOHFWURQLF� FLUFXLW� VLPXODWRUV� ZKLFK
LQFOXGH� DOJHEUDLF� EHKDYLRUDO�PRGHOV� VXFK� DV� UHFHQW� YHUVLRQV
RI�+63,&(��0HWD�6RIWZDUH�,QF��&DPSEHOO��&$��DQG�363,&(
�0LFUR6LP�&R��� ,UYLQH�� &$��� 7R� VLPXODWH� D� JLYHQ� WRSRORJ\�
RQH�KDV� WR�SODFH� WKH�PRGHO� LQ� WKH� FRUUHVSRQGLQJ� RULHQWDWLRQ
DQG� LQ� WKH� GLVFRQWLQXRXV� LQGXFWRU� FXUUHQW� FDVH�� WR� VHW� WKH
GLUHFWLRQ� RI� WKH� FRQWUROOHG� FXUUHQW� VRXUFHV� DFFRUGLQJ� WR� WKH



��

H[SHFWHG� GLUHFWLRQV� RI� WKH� FXUUHQWV�� 2WKHU� 3:0� WRSRORJLHV
FDQ� EH� VLPXODWHG� E\� UHGXFLQJ� WKHP� WR� RQH� RI� WKH� EDVLF
WRSRORJLHV��)RU�H[DPSOH��WKH�IRUZDUG�FRQYHUWHU�LV�WUHDWHG�DV�D
%XFN�FRQYHUWHU�ZLWK�D�VFDOHG�LQSXW�YROWDJH��HWF��
������$�363,&(��0LFUR6LP��&R���,UYLQH��&$��FRPSDWLEOH�LQSXW
ILOH�WHPSODWHV�WKDW�FRYHUV�DOO�FDVHV�LV�JLYHQ�LQ
$33(1',;�,,��

9,��(;$03/(
����7KH� SURSRVHG� VLPXODWLRQ� DSSURDFK� LV� GHPRQVWUDWHG� E\
FRQVLGHULQJ� D� &XUUHQW�0RGH� �&0�� EXFN� FRQYHUWHU� �)LJ�� ���
7KH� SRZHU� VWDJH� LV� WKH� EHQFKPDUN� FLUFXLW� SUHVHQWHG� E\
0LGGOHEURRN�>�@�DQG�LQYHVWLJDWHG�LQ�DQ�HDUOLHU�VWXG\�>�@��7KH
DYHUDJH� HTXLYDOHQW� FLUFXLW� � �)LJ�� ��� ZDV� WUDQVODWHG� WR� D
363,&(�FRPSDWLEOH�ILOH�E\�DSSO\LQJ�WKH�WHPSODWH�68%&.7V
JLYHQ� LQ� $33(1',;� ,,�� 6LPXODWLRQ� UHVXOWV� REWDLQHG� E\
DSSO\LQJ�WKH�SURSRVHG�EHKDYLRUDO�PRGHOV�ZHUH�IRXQG�WR�EH�LQ
JRRG� DJUHHPHQW� ZLWK� SUHYLRXVO\� SXEOLVKHG� >���@� DQDO\WLFDO
DQG�H[SHULPHQWDO�UHVXOWV�
��7KH� SRZHU� RI� WKH� SURSRVHG� GLUHFW� VLPXODWLRQ� DSSURDFK� LV
H[HPSOLILHG�E\�WKH�UHVXOWV�RI�D�QXPEHU�RI�NH\�DQDO\VHV��)LJ���
SUHVHQWV�WKH�VPDOO�VLJQDO�FRQWURO� WR�RXWSXW��YRXW�Y(�� WUDQVIHU

IXQFWLRQ�IRU�D�����:� ORDG��:KHQ�WKH� ORDG� LVFKDQJHG� WR���:
WKH�FRQYHUWHU
V� LQGXFWRU�FXUUHQW�ZLOOEH�GLVFRQWLQXRXV�DQG�WKH
HTXLYDOHQW�FLUFXLW�KDV�WR�EH�VZLWFKHG�WR�WKH�GLVFRQWLQXRXV�FDVH
SHU� WKH� UHODWLRQVKLSV� JLYHQ� LQ� $33(1',;� ,�� 7KH
FRUUHVSRQGLQJ� FRQWURO� WR� RXWSXW� �YRXW�Y(�� WUDQVIHU� IXQFWLRQ

IRU�WKH�GLVFRQWLQXRXV�FDVHV�LV�JLYHQ�LQ�)LJ�����
��&ORVHG� ORRS�� ODUJH� VLJQDO� VLPXODWLRQ� LV� GHPRQVWUDWHG� E\
SUHVHQWLQJ�WKH�UHVXOWV�RI�WUDQVLHQW�DQDO\VLV�ZKHQ�WKH�FRQYHUWHU
LV�H[SRVHG�WR�D�ORDG�FXUUHQW�FKDQJH��)LJV����������

9,,��',6&866,21�$1'�&21&/86,216
������6LPXODWLRQ� RI� WKH� UDWKHU� FRPSOH[� DQDORJ� FLUFXLWV
SUHVHQWHG�KHUH�FRXOG�EH�KDPSHUHG�E\�FRQYHUJHQFH�SUREOHPV�
7KLV�LV�HVSHFLDOO\�WUXH�LQ�FORVHG�ORRS�VLPXODWLRQ�LQ�ZKLFK�WKH
G\QDPLF� EHKDYLRU� RI� WKH� V\VWHP� DGGV� LQVWDELOLW\� WR� WKH
QXPHULFDO� DOJRULWKP� XVHG� E\� WKH� VLPXODWRU�� 1RQHWKHOHVV�� LW
ZDV� IRXQG� WKDW� LQ� PRVW� RI� WKH� FDVHV� WKH� SUREOHP� FDQ� EH
DOOHYLDWHG�E\�IROORZLQJ�VRPH�VLPSOH�SURFHGXUDO� UXOHV��ZKLFK
DVVLVW�FRQYHUJHQFH���7KH�IROORZLQJV�DUH�VRPH�VXJJHVWLRQV�WKDW
ZHUH� IRXQG� WR� EH� RI� JUHDW� KHOS� LQ� HOLPLQDWLQJ� FRQYHUJHQFH
GHDGORFNV�
�� (YDOXDWH� WKH�TXLHVFHQW�SRLQW�YROWDJHV�E\� UXQQLQJ� D� 
'&


VZHHS�LQ�RSHQ� ORRS�FRQILJXUDWLRQ� �9287� �DV�D� IXQFWLRQ
RI�9(��

�� $SSO\� WKH� RSHUDWLQJ� SRLQW� GDWD� REWDLQHG� LQ� VWHS� ���� WR
GHILQH� LQLWLDO� YROWDJH� �E\� WKH� �12'(6(7� FRPPDQG�� RI
FULWLFDO�QRGHV��H�J��RXWSXW�YROWDJH��RXWSXWV�RI�RSHUDWLRQDO
DPSOLILHUV� HWF���� ,W� VKRXOG�EH�QRWHG� WKDW� WKH� �12'(6(7
FRPPDQG� LPSRVHV� D� YROWDJH� VRXUFH� RI� UHODWLYHO\� ORZ
LQSXW� UHVLVWDQFH�� &RQVHTXHQWO\� �� LV� LV� DGYLVDEOH� WR� DGG
RXWSXW� UHVLVWDQFH� WR� DPSOLILHUV�ZKLFK� DUH� WR�EH� FODPSHG
E\�WKH��12'(6(7�LQVWUXFWLRQ��DVVXPLQJ�RI�FRXUVH�WKDW�LV
GRHV�QRW�FKDQJH�WKH�EDVLF�FKDUDFWHULVWLFV�RI�WKH�FLUFXLW�

�� &RQYHUJHQFH� SUREOHPV� LQ� FORVHG� ORRS� VLPXODWLRQ� DUH
DJJUDYDWHG�E\�IDVW�QRQ�OLQHDU�GHYLFHV�DQG�KLJK�JDLQ�HUURU
DPSOLILHUV��7KHUHIRUH��GR�QRW�XVH� 
LGHDO
�GHYLFHV� �GLRGHV�
WUDQVLVWRUV�HWF���RI�]HUR�RU�YHU\�ORZ�LQWHUQDO�FDSDFLWDQFHV
DQG�UHGXFH�WKH��RSHQ�ORRS��JDLQ�RI�WKH�HUURU�DPSOLILHU�DV
PXFK�DV�SRVVLEOH�

�� ,W� VKRXOG� DOVR� EH� QRWHG� WKDW� WKH� VXEFLUFXLWV� JLYHQ� LQ
$33(1',;� ,,� DVVXPH� D� VSHFLILF� PRGH� RI� RSHUDWLRQ�
7KH\� GR� QRW� LQFOXGH� D� WRJJOH� DUUDQJHPHQW� WR
DXWRPDWLFDOO\� VZLWFK� IURP� VD\�� FRQWLQXRXV� LQGXFWRU
FXUUHQW�PRGH� WR�GLVFRQWLQXRXV�PRGH� >�@�� �&RQVHTXHQWO\
RQH� KDV� WR�PDNH� VXUH� WKDW� WKH� FRQYHUWHU� LV� WKH� DVVXPHG
PRGH�WKURXJKRXW�D� ODUJH�VLJQDO�VLPXODWLRQ�� �7KLV�FDQ�EH
FRQYHQLHQWO\�GRQH�E\�H[DPLQLQJ�WKH�VXP�

�����ZKLFK� VRXOG� EH� VPDOOHU� WKDQ� RQH� IRU� WKH� GLVFRQWLQXRXV

PRGH�FDVHV�DQG�HTXDO�WR�RU�ODUJHU�WKDQ�RQH�IRU�FRQWLQXRXV
PRGH�FDVHV��7R�KHOS�WKLV�HYDOXDWLRQ��WKH�68%&.7
V�ZHUH
GHVLJQHG�ZLWK� H[WUD�SRUWV�ZKLFK� FDUU\� WKH� HVVHQWLDO� GDWD
�$33(1',;�,,��

�����7KH� PDMRU� DGYDQWDJH� RI� WKH� SURSRVHG� WRSRORJ\
LQGHSHQGHQW� PRGHOV� LV� WKH� IDFW� WKDW� WKH\� FDQ� EH� GHILQHG� DV
VXEFLUFXLW�DQG�GLUHFWO\�DSSOLHG� WR�UXQ�'&��VPDOO�VLJQDO��$&�
DQG� ODUJH� VLJQDO� �75$1�� DQDO\VLV� LQ� RSHQ� DQG� FORVHG� ORRS
FRQILJXUDWLRQV��%\� D� VLPSOH�PRGLILFDWLRQ� >�@� WKH�PRGHO� FDQ
EH�DSSOLHG�WR�VLPXODWH�$YHUDJH�&XUUHQW�0RGH�V\VWHPV�>�@�DQG
WR� H[SORUH� RWKHU� VFKHPHV� RI� VLQJOH� RU� PXOWLSOH� IHHGEDFN
FRQILJXUDWLRQV�

$&.12:/('*0(17
��7KH� VLPXODWLRQ� UHVXOWV� SUHVHQWHG� LQ� WKLV� SDSHU� ZKHUH
REWDLQHG� E\� DQ� HYDOXDWLRQ� YHUVLRQ� RI� 363,&(� � �9���� �� 7KH
DXWKRU� ZKLVKHV� WR� WKDQN� 0LFUR6LP� &R�� IRU� PDNLQJ� WKLV
SRZHUIXO�GHPR�SXEOLF�GRPDLQ�
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)LJ����� 363,&(� FRPSDWLEOH� HTXLYDOHQW� FLUFXLW� IRU� WKH� FRQYHUWHU
RI� )LJ�� �� ZKHQ� RSHUDWHG� LQ� WKH� FRQWLQXRXV� LQGXFWRU
FXUUHQW�PRGH�

� ��� ��N �0
)UHTXHQF\� >+]@

*DLQ

3KDVH

3KDVH

>'HJ�@*DLQ >GE@
��� ��

��������

)LJ������ �6PDOO�VLJQDO�FRQWURO�WR��RXWSXW��YRXW�Y(�� WUDQVIHU�IXQFWLRQ
RI� WKH� SRZHU� VWDJH� VKRZQ� LQ� )LJ�� ��� &RQWLQXRXV� LQGXFWRU
FXUUHQW�FDVH�����:�ORDG��

�����������

� ��� ��N �0
)UHTXHQF\� >+]@

3KDVH >'HJ�@*DLQ >GE@ �
���

����

*DLQ

3KDVH

)LJ������ 6PDOO� VLJQDO� FRQWURO�WR�RXWSXW� �YRXW�Y(�� WUDQVIHU
IXQFWLRQ� RI� WKH� SRZHU� VWDJH� VKRZQ� LQ� )LJ�� ��
'LVFRQWLQXRXV�LQGXFWRU�FXUUHQW��FDVH�����:�ORDG��

�����������

� ��� ��� ��� ��� �
7LPH >P6HF@

2XWSXW�9ROWDJH >9@
�����

�����

�����

)LJ����� 2XWSXW�YROWDJH�RI�WKH�FRQYHUWHU�RI��)LJ����ZKHQ�VXEMHFWHG�WR
D� ORDG�FKDQJH�RI����$PS��&RQWLQXRXV� LQGXFWRU�FXUUHQW�FDVH� ����:
ORDG��

�����������

�

�����

��� ��� ��� ��� �
7LPH >P6HF@

2XWSXW�9ROWDJH >9@
�����

�����

)LJ������ 2XWSXW�YROWDJH�RI�WKH�FRQYHUWHU�RI�)LJ����ZKHQ�VXEMHFWHG
WR� D� ORDG� FKDQJH� RI� ���$PS�� 'LVFRQWLQXHV� LQGXFWRU
FXUUHQW�FDVH������:�ORDG��

5()(5(1&(6
>�@�� 6��%HQ�<DDNRY���63,&(�VLPXODWLRQ�RI�3:0�'&�'&

FRQYHUWRU� V\VWHPV�� YROWDJH� IHHGEDFN�� FRQWLQXRXV
LQGXFWRU� FRQGXFWLRQ� PRGH��� ,((� (OHFWURQLFV� /HWWHUV�
9RO������1R������SS������������$XJXVW������

>�@�� 6��%HQ�<DDNRY��'��(GU\��<��$PUDQ�DQG�2��6KLPRQ\��
63,&(� VLPXODWLRQ� RI� TXDVL�UHVRQDQW
]HUR�FXUUHQW�VZLWFKLQJ� '&�'&� FRQYHUWRUV��� ,((
(OHFWURQLFV�/HWWHUV��9RO������1R������SS����������-XQH
�����

>�@�� '�� .LPKL� � DQG� 6�� %HQ�<DDNRY��$� 63,&(�PRGHO� IRU
FXUUHQW� PRGH� 3:0� FRQYHUWHUV� RSHUDWLQJ� XQGHU
FRQWLQXRXV� LQGXFWRU�FXUUHQW�FRQGLWLRQV��� ,(((�7UDQV�
RQ�3RZHU�(OHFWURQLFV��YRO�����SS�����������$SU�������

>�@� <�� $PUDQ�� )�� +XOLHKHO� DQG� 6�� %HQ�<DDNRY�� ³� $
XQLILHG� 63,&(� � FRPSDWLEOH� DYHUDJH� PRGHO� RI� 3:0
FRQYHUWHUV���,(((�7UDQV��RQ�3RZHU�(OHFWURQLFV��9RO�
���SS�����������2FW�������

>�@� 6��%HQ�<DDNRY�DQG�=��*DDWRQ���63,&(�VLPXODWLRQ�RI
3:0�'&�'&� FRQYHUWRU� V\VWHPV�� YROWDJH� IHHGEDFN�
FRQWLQXRXV� LQGXFWRU� FRQGXFWLRQ� PRGH��� ,((
(OHFWURQLFV� /HWWHUV��9RO�� ����1R�� ���� SS� ����������
$XJXVW������

>�@�� /�:�� 1DJHO�� �63,&(���� $� FRPSXWHU� SURJUDP� WR
VLPXODWH� VHPLFRQGXFWRU� FLUFXLWV��� 0HPRUDQGXP� 1R�
(5/�0�����8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\�������

>�@�� 5�� '��0LGGOHEURRN�� �0RGHOLQJ� FXUUHQW� SURJUDPPHG
%XFN� DQG� %RRVW� FRQYHUWHUV��� ,(((� 7UDQV�� 3RZHU
(OHFWURQLFV��9RO�����SS�����������-DQXDU\������

>�@� /�� +�� 'L[RQ�� �$YHUDJH� FXUUHQW�PRGH� FRQWURO� RI
VZLWFKLQJ� SRZHU� VXSSOLHV��� LQ� 8QLWURGH� VZLWFKLQJ
UHJXODWHG� SRZHU� VXSSO\� GHVLJQ� VHPLQDU� PDQXDO

�8QLWURGH�&R��&RUSRUDWLRQ��0HUULPDFN���������SS����
�������
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