
5REXVW�VWDELOLW\�DQDO\VLV�RI�QRQOLQHDU�SURFHVVHV�XVLQJ�HPSLULFDO�VWDWH�DIILQH�PRGHOV�DQG
/0,¶V

+HFWRU�0��%XGPDQ��DQG�7LPRWK\�.QDSS
'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ

8QLYHUVLW\�RI�:DWHUORR��:DWHUORR��2QWDULR
ID[�����������������
&DQDGD�1�/��*�

����������������������������������������������������������
���$XWKRU�WR�ZKRP�FRUUHVSRQGHQFH�VKRXOG�EH�DGGUHVVHG��H�PDLO��KEXGPDQ#FDSH�XZDWHUORR�FD�

$EVWUDFW
$�QRYHO�PHWKRGRORJ\� LV� SURSRVHG� IRU� WKH� DQDO\VLV� RI� UREXVW� VWDELOLW\�RI� D� QRQOLQHDU� SURFHVV�XQGHU� OLQHDU
FRQWURO��7KH�DQDO\VLV�LV�EDVHG�RQ�VWDWH�DIILQH�HPSLULFDO�PRGHOV�UHJUHVVHG�IURP�LQSXW�RXWSXW�GDWD��7KH�VWDWH
PRGHO�LV�UHSUHVHQWHG�E\�D�VHW�RI�SRO\QRPLDO�PDWULFHV�QRQOLQHDU�ZLWK�UHVSHFW�WR�WKH�PDQLSXODWHG�YDULDEOHV�
7KLV�PRGHO�LQ�FRPELQDWLRQ�ZLWK�D�OLQHDU�3,�FRQWUROOHU�UHVXOWV�LQ�D�FORVHG�ORRS�PRGHO�WKDW�FDQ�EH�VKRZQ�WR�OLH
LQ�D�SRO\WRSH�RI�PDWULFHV��7KLV�DOORZV�IRU�WKH�IRUPXODWLRQ�RI�D�/\DSXQRY�VWDELOLW\�WHVW�LQ�WHUPV�RI�D�VLPSOH
VHW�RI�/0,¶V��/LQHDU�0DWUL[�,QHTXDOLWLHV����7KLV�VHW�RI�LQHTXDOLWLHV�FDQ�EH�DOVR�H[SDQGHG�WR�DFFRXQW�IRU�LQSXW
VDWXUDWLRQ��7KH�VWDELOLW\�DQDO\VLV�SURGXFHV�UHJLRQV�RI�VWDELOLW\��LQ�WHUPV�RI�WKH�3,�FRQWUROOHU�SDUDPHWHUV��WKDW
DUH�VLJQLILFDQWO\�ODUJHU�WKDQ�WKH�UHJLRQV�SUHYLRXVO\�FDOFXODWHG�E\�D�P��6WUXFWXUHG�6LQJXODU�9DOXH��WHVW��7KH
FRQVHUYDWLYHQHVV�RI�WKH�DQDO\VLV�LV�DVVHVVHG�E\�FRPSDULVRQ�WR�FORVHG�ORRS�VLPXODWLRQV�RI�D�KLJKO\�QRQOLQHDU
&675��&RQWLQXRXV�6WLUUHG�7DQN�5HDFWRU��XQGHU�3,�FRQWURO�

.H\ZRUGV��UREXVW�VWDELOLW\��/LQHDU�0DWUL[�,QHTXDOLWLHV��P�DQDO\VLV��&675�UHDFWRU�

��,QWURGXFWLRQ
7KHUH�DUH�PDQ\�RSWLRQV�WR�FRQVLGHU�ZKHQ�FKRRVLQJ�D�FRQWURO�VWUDWHJ\�IRU�D�SURFHVV��EXW�

UHJDUGOHVV� RI� ZKLFK� FRQWURO� VWUDWHJ\� LV� LPSOHPHQWHG�� LW� ZLOO� JHQHUDOO\� EH� EDVHG� RQ� D� G\QDPLF
PRGHO� RI� WKH� SURFHVV�� 7KHVH�PRGHOV� JHQHUDOO\� KDYH� YDU\LQJ� GHJUHHV� RI� DFFXUDF\�� DOWKRXJK� QR
PRGHO�LV�HYHU�SHUIHFW���7KHUHIRUH��FRQWUROOHUV�GHVLJQHG�EDVHG�RQ�WKHVH�PRGHOV�KDYH�WR�EH�UREXVW�LQ
WKH�SUHVHQFH�RI�PRGHO�XQFHUWDLQW\�RU�PRGHO�LQDFFXUDF\�

$FFXUDWH�PRGHOV�RI�FKHPLFDO�SURFHVVHV�DUH�RIWHQ�GLIILFXOW�WR�REWDLQ�PHFKDQLVWLFDOO\�VLQFH
PDQ\�RI� WKH�SDUDPHWHUV�DUH�SRRUO\�NQRZQ�� ,Q�D�SUHYLRXV�ZRUN��.QDSS�DQG�%XGPDQ� �������XVH
HPSLULFDO�PRGHOV�LGHQWLILHG�IURP�H[SHULPHQWDO�LQSXW�RXWSXW�GDWD�WR�GHVLJQ�UREXVW�FRQWUROOHUV��7KH
PRGHOV�XVHG�E\�.QDSS�DQG�%XGPDQ�DUH�EDVHG�RQ� WKH�ZRUN�GRQH�E\�6RQWDJ� �������DQG�IXUWKHU
GHYHORSHG�E\�'LD]�DQG�'HVURFKHUV���������6RQWDJ��������VWXGLHV�D�JHQHUDO�W\SH�RI�LQSXW�RXWSXW
UHODWLRQ�NQRZQ�DV�D� UHVSRQVH�PDS�� �7KLV�PDS� VSHFLILHV�KRZ�SDVW� YDOXHV�RI� WKH� LQSXW� DIIHFW� WKH
SUHVHQW�RXWSXW�RI�WKH�V\VWHP��8VLQJ�WKH�UHVSRQVH�PDS�GHVFULSWLRQ��6RQWDJ�GHYHORSV�D�YHU\�JHQHUDO
UHDOL]DWLRQ�WKHRU\�IRU�D�FODVV�RI�QRQOLQHDU�V\VWHPV�FDOOHG�VWDWH�DIILQH�V\VWHP�L�H��V\VWHPV�WKDW�DUH
DIILQH�LQ�WKH�VWDWH�YDULDEOHV���7KLV�V\VWHP�LV�UHSUHVHQWHG�E\�HTXDWLRQV�RI�WKH�IRUP�

����������������������������������
� � � �� � � � � �� �
� � � �� � � �W[WX+W\

WX*W[WX)W[

 
� ��

�������������� ���

:KHUH�[�LV�WKH�VWDWH�YHFWRU�DQG�)�����+����DQG�*����DUH�SRO\QRPLDO�PDWULFHV�
'LD]�DQG�'HVURFKHUV��������LQWURGXFHG�DQ�DOJRULWKP�WR�FRPSXWH�D�SRO\QRPLDO�VWDWH�DIILQH

PRGHO�IRU�D�GLVFUHWH�WLPH�QRQOLQHDU�V\VWHP���7KH�PHWKRG�XVHV�WKH�SDUDPHWHUV�RI�D�1$50$�PRGHO
WR�GLUHFWO\�FRPSXWH�D�%HKDYLRU�PDWUL[�ZKLFK�LV�WKHQ�XVHG�WR�ILQG�WKH�VWDWH�DIILQH�PRGHO��.QDSS
DQG�%XGPDQ� �������KDYH�SUHYLRXVO\� VKRZQ� WKH� IRUPXODWLRQ� RI� D� QRQOLQHDU�6WUXFWXUHG�6LQJXODU
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9DOXH�SUREOHP��XVLQJ� WKH�PRGHO�JLYHQ�E\�HTXDWLRQ� ������� WR� VWXG\� WKH� UREXVWQHVV�RI� WKH� FORVHG
ORRS�QRQOLQHDU�V\VWHP�

2WKHU� DSSURDFKHV� KDYH� EHHQ� SURSRVHG� LQ� WKH� SDVW� WR� VWXG\� WKH� UREXVWQHVV� RI� QRQOLQHDU
V\VWHPV�XQGHU�OLQHDU�FRQWURO��)RU�H[DPSOH��D�UREXVW�OLQHDU�FRQWUROOHU�IRU�DQ�H[RWKHUPLF�&675�ZDV
GHVLJQHG�E\�'R\OH��3DFNDUG� DQG�0RUDUL� �������XVLQJ� D� VWUXFWXUHG� VLQJXODU�YDOXH� DSSURDFK�� � ,Q
'R\OH¶V�ZRUN��D�ILUVW�SULQFLSOH�PRGHO�RI�WKH�SURFHVV�LV�GHYHORSHG�DQG�ERXQGV��FRQLF�VHFWRUV���RQ
WKH�QRQOLQHDULWLHV�DUH�IRXQG�IURP�WKLV�ILUVW�SULQFLSOH�PRGHO���$VVXPLQJ�WKDW�WKH�PRGHO�XQFHUWDLQW\
LV�HQWLUHO\�GXH� WR� WKH�QRQOLQHDULWLHV�RI�WKH�SURFHVV�� LW�ZDV�SRVVLEOH� WR�XVH� WKHVH�FRQLF�ERXQGV� WR
GHVFULEH�WKH�SURFHVV�ZLWK�XQFHUWDLQW\�LQ�WKH�VWDQGDUG�0�'�VWUXFWXUH�IRU�UREXVW�VWDELOLW\�DQDO\VLV�
7KH� LGHQWLILFDWLRQ� RI� WKH� ERXQGV� VKRZQ� E\� 'R\OH� ������� LV� QRW� WULYLDO� DQG� UHTXLUHV� FDUHIXO
REVHUYDWLRQ� RI� WKH� QRQOLQHDULWLHV� WR� EH� ERXQGHG�� � ,Q� DGGLWLRQ�� IRU� PDQ\� QRQOLQHDU� FKHPLFDO
SURFHVVHV��DGHTXDWH�ILUVW�SULQFLSOH�PRGHOV�DUH�QRW�DYDLODEOH�

7KH�PHWKRGRORJ\�SURSRVHG�E\�.QDSS�DQG�%XGPDQ�IRU�WKH�DQDO\VLV�DQG�GHVLJQ�RI�UREXVW
FRQWUROOHUV� KDV� WKH� GLVWLQFWLYH� DGYDQWDJH� WKDW� LW� LV� EDVHG� VROHO\� RQ� HPSLULFDO� PRGHOV�� ,Q� WKLV
PHWKRGRORJ\� �� D� 1$50$� �1RQOLQHDU� $XWRUHJUHVVLYH� 0RYLQJ� $YHUDJH�� PRGHO� LV� LQLWLDOO\
LGHQWLILHG� IURP� LQSXW� RXWSXW� GDWD� XVLQJ� D� FRQYHQWLRQDO� OHDVW� VTXDUHV� ILWWLQJ� SURFHGXUH�
8QIRUWXQDWHO\�� WKH� 1$50$� PRGHO� LV� QRW� VXLWDEOH� IRU� UREXVW� VWDELOLW\� DQDO\VLV� GXH� WR� WKH
GHSHQGHQFH�RI�WKH�RXWSXW�RQ�SDVW� LQSXWV�DQG�RXWSXWV� UDLVHG� WR�GLIIHUHQW�SRZHUV�DQG� LQ�GLIIHUHQW
SURGXFW� FRPELQDWLRQV�� ,I� DOO� WKHVH� SURGXFWV� DQG� KLJK� RUGHU� WHUP�ZLOO� EH� DVVXPHG� WR� EH�PRGHO
XQFHUWDLQW\� LQ�D� UREXVWQHVV�DQDO\VLV�� D�YHU\�FRQVHUYDWLYH�GHVLJQ�ZLOO�VXUHO\� UHVXOW��2Q� WKH�RWKHU
KDQG��QRQOLQHDU�GLVFUHWH�VWDWH�DIILQH�PRGHOV��JLYHQ�LQ�HTXDWLRQ����DUH�LGHDOO\�VXLWHG�IRU�WKH�UREXVW
VWDELOLW\�WHVW��7KH\�DOVR�KDYH�WKH�GLVWLQFW�DGYDQWDJH�WKDW�WKH�QRQOLQHDU�WHUPV��ZKLFK�DUH�DVVXPHG�LQ
WKLV� ZRUN� WR� EH� WKH� VRXUFH� RI� PRGHO� PLVPDWFK� ZLWK� UHVSHFW� WR� D� QRPLQDO� OLQHDU� PRGHO�� DUH� D
IXQFWLRQ�RI�WKH�FXUUHQW�LQSXWV�X�W��RQO\��7KLV�JUHDWO\�IDFLOLWDWHV�WKH�FDOFXODWLRQ�RI�WKH�XQFHUWDLQW\
ERXQGV� VLQFH� WKH� LQSXWV� KDYH� D� SULRUL� NQRZQ� OLPLWV� GXH� WR� H�J�� DFWXDWRU� OLPLWV�� 7KHQ�� IRU� WKH
SXUSRVH�RI�UREXVWQHVV�DQDO\VLV��D�PLQLPDO�VWDWH�DIILQH�PRGHO�UHDOL]DWLRQ�RI�WKH�LGHQWLILHG�1$50$
PRGHO�ZDV�REWDLQHG�XVLQJ�WKH�PHWKRG�SURSRVHG�E\�'LD]�DQG�'HVURFKHUV��������PHQWLRQHG�DERYH�
$�PLQLPDO� UHDOL]DWLRQ� LV� VRXJKW� WR� DYRLG� FRQVHUYDWLYHQHVV� LQ� WKH� UREXVW� VWDELOLW\� DQDO\VLV�� 7KH
FRQYHUVLRQ�RI�WKH�1$50$�PRGHO�WR�WKH�VWDWH�DIILQH�PRGHO�ZDV�GRQH�WKURXJK�DQ�LQWHUPHGLDWH�VWHS
ZKHUH�D�9ROWHUUD�VHULHV�PRGHO�RI�WKH�SURFHVV�LV�FDOFXODWHG��%DVHG�RQ�WKH�UREXVW�VWDELOLW\�DQDO\VLV
.QDSS�DQG�%XGPDQ��������FRPSXWHG�UHJLRQV�LQ�WHUPV�RI�WKH�SDUDPHWHU�YDOXHV�RI�D�3,�FRQWUROOHU
FKRVHQ�WR�FRQWURO�WKH�V\VWHP�XVLQJ�D�6WUXFWXUHG�6LQJXODU�9DOXH��669��WHVW��8QIRUWXQDWHO\��.QDSS
DQG� %XGPDQ� SUHYLRXVO\� IRXQG� LW� WKDW� ZKHQ� WKH� ZLQGRZ� RI� RSHUDWLQJ� FRQGLWLRQV� LV� WRR� ODUJH�
UHJLRQV� RI� UREXVW� VWDELOLW\� FDQQRW� EH� IRXQG�� 7KHUHIRUH�� WKHUH� LV� D� PRWLYDWLRQ� WR� UHGXFH� WKH
FRQVHUYDWLYHQHVV�RI�WKH�DQDO\VLV�

,Q�WKLV�ZRUN�ZH�SURSRVH�D�QHZ�IRUPXODWLRQ�RI�WKH�UREXVW�FRQWURO�SUREOHP��EDVHG�VWLOO�RQ
WKH�VWDWH�DIILQH�PRGHOV��EXW�XVLQJ�D�/0,��/LQHDU�0DWUL[�,QHTXDOLWLHV��WHVW�LQVWHDG�RI�WKH�669�WHVW
XVHG�LQ�WKH�SUHYLRXV�ZRUN�E\�.QDSS�DQG�%XGPDQ���,W�ZLOO�EH�VKRZQ�WKDW�WKH�/0,�WHVW��EHLQJ�OHVV
FRQVHUYDWLYH�WKDQ�WKH�669�WHVW��UHVXOWV�LQ�ODUJHU�UHJLRQV�RI�UREXVW�VWDELOLW\�WKDQ�WKH�RQHV�UHVXOWLQJ
IURP�WKH�669�WHVW��7KH�WKHRUHWLFDO�UHVXOWV�DUH�GHPRQVWUDWHG�WKURXJK�D�&675�SURFHVV�FDVH�VWXG\�

��0LQLPDO�6WDWH�$IILQH�0RGHOV��6XPPDU\

7KH�REMHFWLYH� LV� WR�ILQG�PLQLPDO� VWDWH�DIILQH�PRGHOV�RI� WKH� W\SH�GHVFULEHG�E\�(TXDWLRQ
�����7KH�ILUVW�VWHS�WRZDUGV�WKH�GHYHORSPHQW�RI�VXFK�PRGHO�LV�WKH�FDOFXODWLRQ�RI�D�1$50$�PRGHO�
7KLV� W\SH�RI�PRGHOV� LV� WKH�HDVLHVW� WR�REWDLQ� IURP� LQSXW�RXWSXW�GDWD�DQG� LV�JLYHQ�E\� WKH�JHQHUDO
IRUP�
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7KH�SDUDPHWHUV� ) )
L

\

LM

\X� � HWF��PD\�EH� FDOFXODWHG� XVLQJ� OHDVW� VTXDUHV� VLQFH� \�W�� LV� OLQHDU

ZLWK�UHVSHFW�WR�WKH�SDUDPHWHUV�LQ�HTXDWLRQ�����
,Q� RUGHU� WR� REWDLQ� DQ� DFFXUDWH� PRGHO� RI� WKH� SURFHVV� E\� OLQHDU� UHJUHVVLRQ�� SHUVLVWHQW

H[FLWDWLRQ� LQ� WKH� LQSXWV�PXVW� EH� SURYLGHG�� � )RU� OLQHDU�PRGHOV��*DXVVLDQ�ZKLWH� QRLVH� �*:1�� LV
VXIILFLHQW� WR� H[FLWH� WKH� V\VWHP� DOWKRXJK� IRU� QRQOLQHDU� PRGHOV� WKLV� WHFKQLTXH� RIWHQ� OHDGV� WR
SUREOHPV� RI� FURVV�FRUUHODWLRQ� EHWZHHQ� XQPHDVXUHG� GLVWXUEDQFHV� DQG� WKH� RXWSXW�� UHVXOWLQJ� LQ� D
SRRU� PRGHO� �1RZDN� DQG� 9DQ� 9HHQ�� ������� � $QRWKHU� FRPPRQO\� XVHG� PHWKRG� IRU� SHUVLVWHQW
H[FLWDWLRQ�LV�WKDW�RI�D�SVHXGRUDQGRP�ELQDU\�VHTXHQFH��35%6��LQ�WKH�LQSXW�� �7KLV�PHWKRG�HQWDLOV
FUHDWLQJ� SXOVHV� RI� UDQGRP� WLPH� OHQJWK� EHWZHHQ� WZR� GLVWLQFW� LQSXW� YDOXHV�� � ,Q� WKH� FDVH� RI� D
QRQOLQHDU�SURFHVV��KRZHYHU��35%6�GRHV�QRW�SURYLGH�DGHTXDWH�H[FLWDWLRQ�DQG�ZLOO�DOVR�UHVXOW�LQ�D
SRRU�PRGHO�� �1RZDN�DQG�9DQ�9HHQ�VKRZ� WKDW� WKH�XVH�RI� D�SVHXGRUDQGRP�PXOWLOHYHO� VHTXHQFH
�3506��RI�SXOVHV�LQ� WKH� LQSXW�ZLOO�SURYLGH�DGHTXDWH�H[FLWDWLRQ�WR� WKH�QRQOLQHDU�SURFHVV� LI�1��
GLVWLQFW�LQSXW�OHYHOV�DUH�XVHG�WR�PRGHO�D�SURFHVV�RI�RUGHU�1���7KLV�H[FLWDWLRQ�VLJQDO�ZDV�DGRSWHG�LQ
WKLV�ZRUN�

7KH�EDVLV�IXQFWLRQV�LQ�(TXDWLRQ�����DUH�VHOHFWHG�E\� WHVWLQJ� WKH�FURVVFRUUHODWLRQ�EHWZHHQ
GLIIHUHQW� SRVVLEOH� FDQGLGDWH� IXQFWLRQV� WR� WKH� RXWSXW� \�� 7KH� EDVLV� IXQFWLRQV� ZKLFK� UHVXOW� LQ� WKH
KLJKHVW�FRUUHODWLRQV�DUH�VHOHFWHG�IRU�XVH�LQ�WKH�1$50$�PRGHO���7KHQ��IROORZLQJ�'HVURFKHUV�DQG
'LD]� PHWKRGRORJ\� ������� D� 9ROWHUUD� PRGHO� LV� REWDLQHG� IURP� WKH� 1$50$� PRGHO� DV� DQ
LQWHUPHGLDWH�VWHS�WRZDUGV�WKH�FDOFXODWLRQ�RI�WKH�ILQDO�PLQLPDO�VWDWH�DIILQH�PRGHO��$V�H[SODLQHG�LQ
WKH� LQWURGXFWLRQ�� ERWK� WKH�1$50$�DQG�9ROWHUUD�PRGHOV�ZHUH� IRXQG� XQVXLWDEOH� IRU� UREXVWQHVV
DQDO\VLV� GXH� WR� WKH� GHSHQGHQF\� RI� WKHVH�PRGHOV� RQ� FXUUHQW� DQG� SDVW� YDOXHV� RI� WKH� LQSXWV� DQG
RXWSXWV�ZKLFK�OHDGV�WR�D�FRQVHUYDWLYH�XQFHUWDLQW\�GHVFULSWLRQ�DQG�FRQVHTXHQWO\�WR�D�FRQVHUYDWLYH
DQDO\VLV� RI� V\VWHP� UREXVWQHVV�� $� %HKDYLRU� PDWUL[� %� LV� FRQVWUXFWHG� IURP� WKH� 9ROWHUUD� VHULHV
FRHIILFLHQWV��7KHQ�� WKH� DOJRULWKP�RI�6RQWDJ������� LV� XVHG� WR� ILQG� D�PLQLPDO� VWDWH� DIILQH�PRGHO
�(TXDWLRQ� ����� IURP� WKH� FDOFXODWHG�%�PDWUL[�� )ROORZLQJ� WKLV� DOJRULWKP� DQ�P� E\�P� QRQVLQJXODU
VXEPDWUL[�RI�WKH�PDWUL[�%�LV�UHFXUVLYHO\�IRXQG�

/HW�I� EH� D�P[P�QRQVLQJXODU� VXEPDWUL[�RI�%�I�� DQG� OHW�DL� GHQRWH� WKH� URZV�RI�I� DQG�EL

GHQRWH�WKH�FROXPQV�RI�I���$�VWDWH�DIILQH�PRGHO�PD\�WKHQ�EH�GHWHUPLQHG�IURP�WKH�UHDOL]DWLRQ�

) L Q
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:KHUH� IL� LV� D� VXEPDWUL[� RI� %�I�� ZLWK� WKH� VDPH� URZV� DV� I� EXW� ZLWK� FROXPQV� LQGH[HG� E\
D D

�
L L

P
� �� ��7KH�PRGHO�JLYHQ�E\�HTXDWLRQ�����ZLWK�FRHIILFLHQWV�FDOFXODWHG�IURP���������LV�XVHG�LQ

WKH�QH[W�VHFWLRQ�WR�IRUPXODWH�D�UREXVW�VWDELOLW\�SUREOHP�XVLQJ�/LQHDU�0DWUL[�,QHTXDOLWLHV��/0,��

���5REXVW�6WDELOLW\�$QDO\VLV

7KH�XQFHUWDLQW\�RI�WKH�V\VWHP�ZLOO�EH�DVVXPHG�WR�EH�WKH�GLIIHUHQFH�EHWZHHQ�WKH�QRQOLQHDU
PRGHO� JLYHQ� E\� HTXDWLRQ� ���� DQG� D� QRPLQDO� OLQHDU� PRGHO� GHILQHG� E\� WKH� OLQHDU� WHUPV� RI� WKDW
HTXDWLRQ�L�H��WKH�DIILQH�PRGHO�

� � � � � �
� � � �
[ W ) [ W * X W

\ W + [ W

�  �

 

�
� �

�

���

,W� LV� DOVR� DVVXPHG� WKDW� DOO� RI� WKH� XQFHUWDLQW\� LQ� WKH� QRQOLQHDU� VWDWH� DIILQH�PRGHO� LV� GXH� WR� WKH
QRQOLQHDULW\�RI� WKH�SURFHVV� DURXQG� WKLV�RSHUDWLQJ�SRLQW�� � ,W� LV� WKHUHIRUH�SRVVLEOH� WR� GHVFULEH� WKH
PRGHO�XQFHUWDLQW\��GL��LQ�WKH�IRUP�
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(TXDWLRQ� ������� LV� WKH�NH\�DGYDQWDJH�RI� WKH�PHWKRGRORJ\�SUHVHQWHG�KHUH�� � ,Q� JHQHUDO� LW� LV� YHU\
GLIILFXOW�WR�TXDQWLI\�WKH�XQFHUWDLQW\��G��'R\OH����������,Q�RXU�FDVH��VLQFH�G�LV�HTXDO�WR�WKH�LQSXW��LW
FDQ�EH�HDVLO\�TXDQWLILHG���)RU�H[DPSOH��HDFK�LQSXW�LQ�D�SURFHVV�LV�NQRZQ�WR�OLH�EHWZHHQ�D�ORZHU
DQG� DQ� XSSHU� OLPLW� NQRZQ� GXULQJ� WKH� GHVLJQ� VWDJH� GXH� WR�� IRU� H[DPSOH�� DFWXDWRU� FRQVWUDLQWV� RU
HFRQRPLF�FRQVLGHUDWLRQV��WKXV�

����
PD[PLQ

XXX dd �����������

7KH�LQSXW�X�QRUPDOL]HG�EDVHG�RQ�WKHVH�ERXQGV�EHWZHHQ�±��DQG����L�H��IURP����� �d
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6LQFH� FORVHG� ORRS� UREXVW� VWDELOLW\� LV� GHVLUHG�� D� OLQHDU� FRQWUROOHU� LV� DGGHG� WR� WKH� SURFHVV�� � $
FRQYHQLHQW�IRUP�RI�OLQHDU�FRQWUROOHU�WR�XVH�LV�D�VWDWH�IHHGEDFN�FRQWUROOHU�JLYHQ�E\�

� � � � � �
� � � � � �

[ [

[

W $ W % H W

X W & W ' H W
F F

F F

�  �

 �

�
����

:KHUH�$F��%F��&F��DQG�'F�DUH�FRQWURO�SDUDPHWHUV���[�W��LV�WKH�FRQWUROOHU�LQWHUQDO�VWDWH��DQG�H�W��LV�WKH
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G
� EHLQJ� WKH� GHVLUHG
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7KLV�VWUXFWXUH�ZDV�XVHG�SUHYLRXVO\�E\�.QDSS�DQG�%XGPDQ�WR�DQDO\]H�UREXVW�VWDELOLW\�XVLQJ�D�P
WHVW��6LQFH� WKLV�DQDO\VLV� OHDG� WR�FRQVHUYDWLYH� UHVXOWV� IRU� VRPH� VLWXDWLRQV�� LQ� WKH� FXUUHQW�ZRUN� DQ
DOWHUQDWLYH�UREXVW�VWDELOLW\�WHVW�ZDV�VRXJKW�WKDW�ZLOO�UHVXOW�LQ�D�OHVV�FRQVHUYDWLYH�GHVLJQ��7KH�PRGHO
JLYHQ�E\�(TXDWLRQ������LV�LGHDOO\�VXLWHG�IRU�WKH�DSSOLFDWLRQ�RI�DQ�DOWHUQDWLYH�UREXVW�VWDELOLW\�WHVW
XVLQJ�/0,¶V� �/LQHDU�0DWUL[� ,QHTXDOLWLHV�� VHH� H�J��*DKLQHW� HW� DO� ��������� (TXDWLRQ� �����PD\� EH
YLHZHG�DV�D�SRO\WRSLF�V\VWHP�IRU�ZKLFK�

�W�$�W� KK  �� �������������������������������������������������������� ����

:KHUH�$�LV�D�WLPH�YDU\LQJ�PDWUL[�GXH�WR�WKH�WLPH�YDULDWLRQ�RI�WKH�LQSXW�X�DQG�FRQVHTXHQWO\�RI�G
DFFRUGLQJ�WR�(TXDWLRQ�����DQG�PD\�EH�FRQVLGHUHG�DV�O\LQJ�LQ�D�SRO\WRSH�RI�PDWULFHV�JLYHQ�E\�
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7KHQ��IRU�WKLV�SRO\WRSLF�PRGHO�D�/\DSXQRY�VWDELOLW\�WHVW�FDQ�EH�IRUPXODWHG�DV�IROORZV��$VVXPH�D
/\DSXQRY�IXQFWLRQ�

N

7

NN
39 KK ����

:KHUH�3�LV�D�SRVLWLYH�GHILQLWH�PDWUL[��7KHQ�IRU�VWDELOLW\�

�
�

��
� NN

99 ����

7KHQ��IURP�VXEVWLWXWLRQ�RI������LQWR������

��� 33$$7 ����������

*HQHUDOO\�� WKH� VROXWLRQ� RI� (TXDWLRQ� ����� LV� LQWUDFWDEOH� VLQFH� LW� SRVHV� DQ� LQILQLWH� QXPEHU� RI
FRQVWUDLQWV�RQ�3��+RZHYHU��VLQFH�$�OLHV�LQ�D�SRO\WRSH�RI�PDWULFHV��GHVFULEHG�E\�������WKH�SUREOHP
DERYH�PD\�EH�UHGXFHG�WR�WKH�VROXWLRQ�RI�D�ILQLWH�VHW�RI�Q�/LQHDU�0DWUL[�,QHTXDOLWLHV��/0,¶V��VHH
*DKLQHW�HW�DO���������7KH�VHW�RI�/0,¶V�JLYHQ�E\�

Q�������L33$$
L

7

L
���  �� ����������

LV�D�VXIILFLHQW�FRQGLWLRQ�IRU�WKH�VWDELOLW\�RI�WKH�V\VWHP�GHILQHG�E\������
7KH�YHUWLFHV�RI�WKH�SRO\WRSH�GHILQHG�E\������FRUUHVSRQG�WR�WKH�GLIIHUHQW�FRPELQDWLRQV�RI

WKH�H[WUHPH�YDOXHV�RI�G
L

�DV�GHILQHG�E\�(TXDWLRQ������,Q�GHILQLQJ�G
L

�LW�ZDV�DVVXPHG�WKDW�WKH�LQSXWV
DUH� EHWZHHQ� XSSHU� DQG� ORZHU� OLPLWV� GXH� WR� IRU� H[DPSOH� DFWXDWRU� FRQVWUDLQWV�� +RZHYHU�� WKH
VDWXUDWLRQ� SUREOHP�RFFXUULQJ�ZKHQ� WKH� LQSXWV� UHDFKHG� WKHVH� OLPLWV�ZDV� QRW� DFFRXQWHG� IRU��7KH
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PRGHO� JLYHQ� E\�(TXDWLRQ� ����� FDQ� EH� VOLJKWO\�PRGLILHG� WR� DFFRXQW� IRU� WKH� VDWXUDWLRQ� VLWXDWLRQ�
$VVXPLQJ�WKDW�DQ�DQWLZLQGXS�VFKHPH�ZLOO�EH�LPSOHPHQWHG�ZLWK�WKH�FRQWUROOHU�VXFK�DV�WKH�HUURU�LV
UHVHW�WR�]HUR�ZKHQ�WKH�FDOFXODWHG�LQSXW�LV�ODUJHU�WKDQ�WKH�VDWXUDWLRQ�OLPLW��7KHQ��WKH�PRGHO�JLYHQ
E\������EHFRPHV�
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7KHUHIRUH�� FRQYHUJHQFH� RI� WKH�ZKROH� VWDWH� YHFWRU�K� LV� QRW� SRVVLEOH�� ,QVWHDG�� GXULQJ� VDWXUDWLRQ�
FRQYHUJHQFH� RI� RQO\� WKH� VWDWH� YHFWRU� [�PD\� EH� WHVWHG�� ,Q� RUGHU� WR� LQFOXGH� WKLV� VLWXDWLRQ� LQ� WKH
SRO\WRSLF�PRGHO�JLYHQ�E\�(TXDWLRQ������D�QHZ�YDULDEOH�I�LV�LQWURGXFHG�LQWR�WKH�PDWUL[�$�VXFK�DV�
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 X�W��EDVHG�RQ�HTXDWLRQ�����

7KH�V\VWHP�RI�/0,�µV�JLYHQ�E\������ZKHUH�WKH�PDWULFHV�$
L

�DUH�QRZ�GHILQHG�IURP�(TXDWLRQ�����
PD\� EH� VROYHG� XVLQJ� WKH� IXQFWLRQ� )($63� LQ� WKH� /0,� 0DWODE� WRROER[� �*DKLQHW� HW� DO�� ������
5HVXOWV�RI�WKLV�DQDO\VLV�IRU�D�&675�FDVH�VWXG\�DUH�SUHVHQWHG�LQ�WKH�IROORZLQJ�VHFWLRQ�

���&DVH�VWXG\��FRQWLQXRXV�VWLUUHG�WDQN�UHDFWRU��&675�

7KH� &675� SURFHVV� GDWD� ZDV� SURGXFHG� ZLWK� WKH� IROORZLQJ� QRQGLPHQVLRQDO� HTXDWLRQV
UHSUHVHQWLQJ�WKH�FRPSRQHQW�DQG�HQHUJ\�EDODQFH�IRU�WKH�UHDFWRU�
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DQG�[
�

�DUH�WKH�UHDFWRU¶V�QRQGLPHQVLRQDO�FRQFHQWUDWLRQ�DQG�WHPSHUDWXUH�UHVSHFWLYHO\��[
F

� LV� WKH
FRROLQJ�WHPSHUDWXUH�7KH�SURFHVV�KDV�RQH�VWDEOH�VWHDG\�VWDWH�ZKHQ�WKH�QRQGLPHQVLRQDO�JURXSV�DUH
'D �������% �����E �����DQG�J �����
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7KH� FRROLQJ� WHPSHUDWXUH� [
F

� ZDV� VHOHFWHG� DV� WKH� PDQLSXODWHG� YDULDEOH� DQG� WKH
FRQFHQWUDWLRQ� [

�

� DV� WKH� FRQWUROOHG� YDULDEOH�� 7KH� FRQWUROOHU� ZDV� FKRVHQ� WR� EH� D� 3,�DQWLZLQGXS�
7ZR�UDQJHV�RI�FRROLQJ�WHPSHUDWXUHV�ZHUH�LQYHVWLJDWHG�
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7KHVH� YDOXHV� ZHUH� DVVXPHG� WR� UHVXOW� IURP� VDWXUDWLRQ� OLPLWV� RI� WKH� FRROLQJ� UDWH�� 7KH� LGHD� LQ
LQYHVWLJDWLQJ� WZR� GLIIHUHQW� UDQJHV� RI� WKH� FRROLQJ� WHPSHUDWXUH�� RQH� VPDOO� DQG� WKH� VHFRQG� RQH
ODUJHU��ZDV� WR� DVVHVV�KRZ� WKH� VHW� RI� FRQWUROOHU�SDUDPHWHUV� WKDW�SURYLGH�VWDELOLW\� LQ� WKH� UDQJH�RI
RSHUDWLRQ�� LV� UHGXFHG� DV� WKH� UDQJH� RI� RSHUDWLRQ� EHFRPHV� ODUJHU��7KLV�ZDV� H[SHFWHG� � GXH� WR� WKH
ODUJHU�DPRXQW�RI�QRQOLQHDULW\�LQ�WKH�ODUJHU�UDQJH�DV�FRPSDUHG�WR�WKH�VPDOOHU�RQH�

)ROORZLQJ� WKH� SURFHGXUH� H[SODLQHG� LQ� WKH� SUHYLRXV� VHFWLRQ�� 1$50$� PRGHOV� ZHUH
LQLWLDOO\�LGHQWLILHG�IRU�ERWK�UDQJHV�GHILQHG�DERYH�XVLQJ�PXOWLOHYHO�35%6�VLJQDOV�LQ�[

F

��7KHQ��IURP
WKH�1$50$�PRGHOV��VWDWH�DIILQH�PRGHOV�ZHUH�REWDLQHG�IRU�HDFK�RQH�RI�WKH�FRROLQJ�UDWH�UDQJHV
FRQVLGHUHG���7KH�UHVXOWLQJ�VWDWH�DIILQH�PRGHOV��XVLQJ�WKH�QRWDWLRQ�JLYHQ�LQ�(TXDWLRQ������DUH�
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8VLQJ�WKHVH�PRGHOV��.QDSS�DQG�%XGPDQ��������KDYH�SUHYLRXVO\�VKRZQ�E\�D�P�6WUXFWXUHG
6LQJXODU�9DOXH�DQDO\VLV�WKDW�D�ILQLWH�UHJLRQ�RI�VWDELOLW\��GHILQHG�LQ�WHUPV�RI�WKH�SURSRUWLRQDO�JDLQ
DQG� WKH� UHVHW� WLPH� RI� WKH� 3,� FRQWUROOHU�� PD\� EH� REWDLQHG� IRU� WKH� VPDOOHU� UDQJH� RI� FRROLQJ
WHPSHUDWXUHV�� +RZHYHU�� WKH� 6WUXFWXUHG� 6LQJXODU� 9DOXH� DQDO\VLV� ZDV� XQDEOH� WR� SURYLGH� D� ILQLWH
VWDELOLW\�UHJLRQ�IRU�WKH�ODUJHU�UDQJH�RI�FRROLQJ�WHPSHUDWXUHV�

,Q� RUGHU� WR� FRQGXFW� DQ� DOWHUQDWLYH� VWDELOLW\� DQDO\VLV� XVLQJ� /0,¶V� DV� H[SODLQHG� LQ� WKH
SUHYLRXV�VHFWLRQ��WKH�YHUWLFHV�RI�WKH�SRO\WRSH�GHILQHG�LQ������DUH�IRXQG��1RWLFH�WKDW�IRU�WKH�PRGHOV
JLYHQ� E\� ����� DQG� ������ RQO\� WKH� SRZHU� RQH� RI� WKH� LQSXW� X� DSSHDUV� LQ� WKH� PRGHOV�� L�H�� G� X

�� ��
�
dd� G ��DQG�) ��RU���DFFRUGLQJ�WR�WKH�GHILQLWLRQ�������7KHQ��LW�LV�HDV\�WR�YHULI\�WKDW�WKH

YHUWLFHV�RI�WKH�SRO\WRSH�IRU�WKLV�H[DPSOH��IRU�ERWK�UDQJHV�RI�FRROLQJ�WHPSHUDWXUHV��DUH�
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7KH�ILUVW�WZR�PDWULFHV�LQ������ERXQG�WKH�FDVHV�ZKHQ�WKH�LQSXW�X�LV�VPDOOHU�WKDQ�RU�H[DFWO\
HTXDO�WR�WKH�VDWXUDWLRQ�OLPLWV��7KH�ODVW�WZR�PDWULFHV�UHSUHVHQW�WKH�FDVHV�ZKHUH�WKH�FDOFXODWHG�LQSXW
X�LV�ODUJHU�WKDQ�WKH�VDWXUDWLRQ�OLPLWV�DQG�WKH�DQWLZLQGXS�VFKHPH�LV�DFWLYDWHG��DV�H[SODLQHG�LQ�WKH
SUHYLRXV�VHFWLRQ��7KH�UHJLRQ�RI�VWDELOLW\��FDOFXODWHG�IRU� WKH�VPDOO�UDQJH�RI�FRROLQJ� WHPSHUDWXUHV
XVLQJ�P�E\�.QDSS�DQG�%XGPDQ���������DUH�JLYHQ�LQ�)LJXUH����6LQFH�LQ�WKDW�ZRUN�VDWXUDWLRQ�ZDV
QRW�H[SOLFLWO\�FRQVLGHUHG�LQ�WKH�FDOFXODWLRQ��LQLWLDOO\�D�UHJLRQ�RI�VWDELOLW\�XVLQJ�/0,�ZDV�FRPSXWHG
IRU�FRPSDULVRQ�SXUSRVHV�ZLWKRXW�FRQVLGHULQJ� WKH�VDWXUDWLRQ�H[SOLFLWO\��7KLV� LPSOLHV� WR�VROYH� WKH
/0,¶V� FRUUHVSRQGLQJ� WR� RQO\� PDWULFHV� $�� DQG� $�� LQ� (TXDWLRQ� ������ ,W� LV� FOHDU� WKDW� WKH� /0,
DQDO\VLV� LV� VLJQLILFDQWO\� OHVV� FRQVHUYDWLYH� WKDQ� WKH� P� DQDO\VLV� UHVXOWLQJ� LQ� D� ODUJHU� UHJLRQ� RI
VWDELOLW\�

7KH�UHJLRQV�RI�VWDELOLW\�XVLQJ�WKH�/0,�FDOFXODWLRQ�ZLWK�VDWXUDWLRQ�DUH�VKRZQ�LQ�)LJXUH��
IRU�WKH�VPDOO�UDQJH�RI�FRROLQJ�WHPSHUDWXUH�DQG�LQ�)LJXUH���IRU�WKH�ODUJHU�UDQJH�RI�WKLV�WHPSHUDWXUH�
$V�H[SHFWHG��WKH�VWDELOLW\�UHJLRQ�IRU�WKH�ODUJHU�FRROLQJ�WHPSHUDWXUH�UDQJH�LV�VPDOOHU�WKDQ�WKH�RQH
FRPSXWHG� IRU� WKH� VPDOOHU� UDQJH� GXH� WR� WKH� GLIIHUHQW� DPRXQW� RI� QRQOLQHDULW\� RFFXUULQJ� LQ� WKH
SURFHVV��7KH� LQGLFDWLRQ� WKDW� WKH� VWDELOLW\�ERXQGV�DUH�UHODWHG� WR� WKH�QRQOLQHDULW\�RI� WKH�HPSLULFDO
PRGHOV� DQG� QR� WR� WKH� VWDELOLW\� RI� WKH� QRPLQDO� OLQHDU� V\VWHP�� LV� REYLRXV� IURP� FORVHG� ORRS
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VLPXODWLRQV�XVLQJ�WKHVH�PRGHOV��)RU�LQVWDQFH��D�FORVHG�ORRS�VLPXODWLRQ�XVLQJ�WKH�HPSLULFDO�PRGHO
JLYHQ� E\� �����ZLWK�.F ���� DQG� W, �� UHVXOWV� LQ� LQVWDELOLW\� �VHH� )LJXUH� ��� DV� SUHGLFWHG� IURP� WKH
ERXQGV�VKRZQ�LQ�)LJXUH���ZKHUHDV�WKH�QRPLQDO�FORVHG�ORRS�OLQHDU�V\VWHP�LV�VWLOO�VWDEOH��$OWKRXJK
XQVWDEOH�� WKH�FRQWUROOHG�YDULDEOH� LQ�)LJXUH���HYROYHV�EHWZHHQ�ERXQGV�GXH� WR� WKH�DVVXPHG� LQSXW
FRQVWUDLQWV�

7KH� IDFW� WKDW� WKH�TXDGUDWLF�/\DSXQRY� VWDELOLW\� DQDO\VLV� LV� FRQVLVWHQWO\� OHVV�FRQVHUYDWLYH
WKDQ�WKH�P�DQDO\VLV�LV�NQRZQ�DQG� LW�ZDV�WKHRUHWLFDOO\�SURYHQ� LQ�D�SUHYLRXV�ZRUN�E\�=KRZ�HW�DO
��������2Q�WKH�RWKHU�KDQG��WKH�QRYHOW\�RI�WKH�FXUUHQW�ZRUN�LV�WKDW�WKH�/\DSXQRY�VWDELOLW\�DQDO\VLV
LV� VROHO\� EDVHG� RQ� D� VSHFLDO� FODVV� RI� HPSLULFDO�PRGHOV�� ZKLFK� UHVXOWHG� LQ� WKH� IRUPXODWLRQ�� DQG
VROXWLRQ�RI�D�UHODWLYHO\�VLPSOH�VHW�RI�/0,¶V�

7R�WHVW�WKH�FRQVHUYDWLYHQHVV�RI�WKH�/0,�VWDELOLW\�DQDO\VLV��D�ODUJH�QXPEHU�RI�FORVHG�ORRS
VLPXODWLRQV�ZHUH�FRQGXFWHG�VWDUWLQJ�IURP�GLIIHUHQW�LQLWLDO�FRQGLWLRQV��IRU�GLIIHUHQW�VHW�SRLQW�YDOXHV
DQG�XVLQJ� WKH�WZR�UDQJHV�RI�VDWXUDWLRQ� OLPLWV�RQ� WKH�FRROLQJ� WHPSHUDWXUH��7KH�VLPXODWLRQV�ZHUH
FRQGXFWHG�XVLQJ�ERWK�WKH�VWDWH�DIILQH�HPSLULFDO�PRGHOV�DQG�WKH�DFWXDO�&675�GLIIHUHQWLDO�HTXDWLRQ�
)RU�VLPSOLFLW\�SURSRUWLRQDO�FRQWURO�RQO\�ZDV�LPSOHPHQWHG��L�H��ILQLWH�.F�DQG�LQILQLWH�UHVHW�WLPH�W,�
7KH�REMHFWLYH�ZDV�WR�ILQG�WKH�PD[LPDO�YDOXHV�RI�.F�WKDW�SURYLGHG�VWDELOLW\�DQG�FRPSDUHG�WKHP�WR
WKH�OLPLWV�VKRZQ�LQ�ILJXUHV���DQG����7KH�UHVXOWV�DUH�SUHVHQWHG�LQ�7DEOH���WRJHWKHU�ZLWK�WKH�VWDELOLW\
OLPLWV�FDOFXODWHG�XVLQJ�ERWK�/0,�DQG�P�DQDO\VLV�IRU�FRPSDULVRQ�SXUSRVHV�

5DQJH�RI�FRROLQJ
WHPSHUDWXUH�[F

/0,�WHVW 6WDWH�DIILQH
VLPXODWLRQV

$FWXDO�&675
HTXDWLRQV

������� ���� ��� �
��������� ���� ��� ���

7DEOH���� OLPLWLQJ�YDOXHV�RI� WKH�SURSRUWLRQDO�JDLQ�.F� IRU� FORVHG� ORRS�VWDELOLW\��7KH�JDLQ
YDOXHV�DUH�EDVHG�RQ�QRUPDOL]HG�PDQLSXODWHG�YDULDEOH�YDOXHV�EHWZHHQ�±��DQG���

$OWKRXJK�WKLV�WDEOH�LQGLFDWHV�WKDW�WKH�/0,�VWDELOLW\�DQDO\VLV�LV�FRQVHUYDWLYH�FRPSDUHG�WR
WKH�VLPXODWLRQV��LW�LV�VWLOO�SRVVLEOH�WKDW�ZRUVW�FDVHV��ZKLFK�ZLOO�LPSRVH�WLJKWHU�VWDELOLW\�OLPLWV��ZHUH
QRW�VLPXODWHG��,W�LV�DOVR�FOHDU�IURP�WKHVH�UHVXOWV�WKDW�FRQVHUYDWLYHQHVV�RI�WKH�DQDO\VLV�LV�SDUWO\�GXH
WR�WKH�DSSUR[LPDWLRQ�RI�WKH�DFWXDO�&675�HTXDWLRQV�E\�WKH�HPSLULFDO�VWDWH�DIILQH�PRGHO��7KLV�LV�WKH
SULFH�WR�EH�SDLG�IRU�WKH�EDVLF�DVVXPSWLRQ�PDGH�LQ�WKLV�ZRUN�WKDW�WKH�ILUVW�SULQFLSOH�PRGHO�RI�WKH
SURFHVV�LV�XQDYDLODEOH�D�SULRUL�WR�WKH�GHVLJQHU�

���&RQFOXVLRQV

$�PHWKRGRORJ\�LV�SURSRVHG�IRU�WKH�VWDELOLW\�DQDO\VLV�RI�D�QRQOLQHDU�V\VWHP�XQGHU� OLQHDU
FORVHG� ORRS� FRQWURO�� 7KH� NH\� DGYDQWDJH� RI� WKH� PHWKRG� LV� WKDW� LW� LV� EDVHG� VROHO\� RQ� HPSLULFDO
PRGHOV�RI� WKH�QRQOLQHDU� V\VWHP�FDOFXODWHG�GLUHFWO\� IURP�H[SHULPHQWDO�GDWD��7KH�HPSLULFDO� VWDWH
DIILQH�PRGHOV�DUH�VKRZQ�WR�OLH�LQ�D�SRO\WRSH�RI�PDWULFHV��7KLV�IDFW�DOORZV�IRU�WKH�IRUPXODWLRQ�RI
WKH� VWDELOLW\� DQDO\VLV� LQ� WKH� IRUP� RI� /LQHDU� 0DWUL[� ,QHTXDOLWLHV�� (IIHFW� RI� VDWXUDWLRQ� LQ� WKH
PDQLSXODWHG�YDULDEOH�FDQ�EH�H[SOLFLWO\�WDNHQ�LQWR�DFFRXQW�LQ�WKLV�DQDO\VLV��7KH�VWDELOLW\�OLPLWV�LQ
WHUPV� RI� WKH� WXQLQJ� SDUDPHWHUV� RI� D� 3,� FRQWUROOHU� ZHUH� FDOFXODWHG� IRU� D� FKHPLFDO� UHDFWRU� DQG
VKRZQ� WR� EH� VLJQLILFDQWO\� OHVV� FRQVHUYDWLYH� WKDQ� WKH� OLPLWV� SUHYLRXVO\� FRPSXWHG� XVLQJ� D� P
DQDO\VLV���$�ODUJH�QXPEHU�RI�FRPSXWHU�VLPXODWLRQV�ZHUH�FRQGXFWHG�WR�DVVHVV�WKH�FRQVHUYDWLYHQHVV
RI� WKH� PHWKRG�� 7KH� FRQVHUYDWLYHQHVV� YDULHV� DV� D� IXQFWLRQ� RI� WKH� RSHUDWLQJ� OLPLWV� RI� WKH
PDQLSXODWHG�YDULDEOH� �H�J�� FRROLQJ� WHPSHUDWXUH��XQGHU�FRQVLGHUDWLRQ� DQG� LW� DOVR�GHSHQGV�RQ� WKH
DFFXUDF\�RI�WKH�DSSUR[LPDWLRQ�RI�WKH�DFWXDO�SURFHVV�E\�WKH�LGHQWLILHG�HPSLULFDO�PRGHOV�

5HIHUHQFHV
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'LD]�� +��� DQG� $�� 'HVURFKHUV� �������� ³0RGHOLQJ� RI� 1RQOLQHDU� 'LVFUHWH�7LPH� 6\VWHPV� IURP
,QSXW�2XWSXW�'DWD´�$XWRPDWLFD������QR����SS����������

'R\OH� ,,,�� )��� 3DFNDUG�� $��� DQG�0��0RUDUL� �������� ³5REXVW� &RQWUROOHU� 'HVLJQ� IRU� D� 1RQOLQHDU
&675´�&KHP��(QJ��6FL�������SS������������

'R\OH�,,,��)���DQG�0��0RUDUL���������³$�&RQLF�6HFWRU�%DVHG�0HWKRGRORJ\�IRU�1RQOLQHDU�&RQWURO
'HVLJQ´��$&&�3URFHHGLQJV��6DQ�'LHJR��&$��86$�

*DKLQHW��3���$SNDULDQ��3���DQG�0DKPRXG�&KLODOL���������³$IILQH�3DUDPHWHU�'HSHQGHQW�/\DSXQRY
)XQFWLRQV� IRU� 5HDO� 3DUDPHWULF� 8QFHUWDLQW\´��3URFHHGLQJV� RI� WKH� &'&�� /DNH� %XHQD� 9LVWD�� )/�
SS�����������

*DKLQHW��3���1HPLURYVNL��$���/DXE�$��-���DQG�0DKPRXG�&KLODOL���������/0,�&RQWURO�7RROER[�)RU
8VH�ZLWK�0DWODE��7KH�0DWKZRUNV�,QF���1DWLFN��0DVV�

.QDSS� 7��� DQG� +�� %XGPDQ� �������� ³5REXVW� &RQWURO� 'HVLJQ� RI� 1RQOLQHDU� 3URFHVVHV� 8VLQJ
(PSLULFDO�6WDWH�$IILQH�0RGHOV´��6XEPLWWHG�WR�WKH�,QW��-��RI�&RQWU�

1RZDN�� 5��� DQG� %�� 9DQ� %HHQ�� ³5DQGRP� DQG� 3VHXGRUDQGRP� ,QSXWV� IRU� 9ROWHUUD� )LOWHU
,GHQWLILFDWLRQ´��,(((�7UDQV��RQ�6LJQDO�3URFHVVLQJ������QR����SS�����������

6RQWDJ��(�����������³5HDOL]DWLRQ�7KHRU\�RI�'LVFUHWH�7LPH�1RQOLQHDU�6\VWHPV�3DUW�,��7KH�%RXQGHG
&DVH´��,(((�7UDQV�RQ�&LUFXLWV�DQG�6\VWHPV��&$6�����QR���SS���������

=KRZ�� .��.KDUJRQHNDU�� 3�3��� 6WRXVWUXS�� -��DQG� +�+�� 1LHPDQQ�������� ³5REXVW� 6WDELOLW\� DQG
3HUIRUPDQFH�RI�8QFHUWDLQ�6\VWHPV�LQ�6WDWH�6SDFH´��3URFHHGLQJV�RI�WKH�&'&���SS����������
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)LJXUH����6WDELOLW\�UHJLRQV��DERYH�WKH�OLQHV��EDVHG�RQ�WKH�P�WHVW��GRWWHG��DQG�WKH�/0,�WHVW��VROLG��

)LJXUH����6WDELOLW\�UHJLRQ��DERYH�WKH�OLQH��FRPSXWHG�ZLWK�/0,�DQDO\VLV�IRU�VPDOO�[F�UDQJH�
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)LJXUH����6WDELOLW\�UHJLRQ��DERYH�WKH�OLQH��FRPSXWHG�IURP�/0,�DQDO\VLV�IRU�ODUJH�[F�UDQJH�

)LJXUH����&ORVHG�ORRS�UHVSRQVH�RI�WKH�FRQFHQWUDWLRQ�IRU�.F ����DQG�W, ��
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