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$EVWUDFW�
�

7KLV� SDSHU�H[WHQGV�RXU�SUHYLRXV�ZRUN�RQ� IRUPDOL]LQJ�

HYHQW� RUGHULQJV� XVLQJ� SDUWLDO� RUGHU� VHW� DQG� LWV�

DSSOLFDWLRQ� LQ� VSDFH� DQDO\VLV� LQ� GLVWULEXWHG� VLPXODWLRQ��
:H� IRFXV� RQ� WKH� WLPH� DQG� VSDFH� WUDGH�RII� LQ� H[SORLWLQJ�

HYHQW� SDUDOOHOLVP�� (YHQW� SDUDOOHOLVP� LV� GLYLGHG� LQWR�

LQKHUHQW� �SUREOHP�� SDUDOOHOLVP�� HYHQW� RUGHULQJ�
SDUDOOHOLVP� DQG� HIIHFWLYH� HYHQW� SDUDOOHOLVP�� �)LUVWO\�� ZH�

DQDO\]H� WKH� SHUIRUPDQFH� FRVW�RI� YDU\LQJ�HYHQW�RUGHULQJ�

SDUDOOHOLVP� RQ�PHPRU\� UHTXLUHPHQW� LQ� RSHQ�DQG�FORVHG�
V\VWHPV�� � 6HFRQGO\�� ZH� VWXG\� WKH� HIIHFWV� RI�

LQWHUFRQQHFWLRQ� WRSRORJ\� RI� D� SK\VLFDO� V\VWHP� RQ�

H[SORLWDEOH� HYHQW� RUGHULQJ� SDUDOOHOLVP�� 0HDVXUHPHQWV�
ZHUH� REWDLQHG� IURP�D� WLPH�VSDFH� DQDO\]HU� WKDW�ZH� KDYH�

GHYHORSHG��

�
�

���,QWURGXFWLRQ�
�

3DUDOOHO� VLPXODWLRQ� RIIHUV� WKH� SRWHQWLDO� WR� VSHHGXS�

VLPXODWLRQV�� KRZHYHU� WKH� LPSOHPHQWDWLRQ� RYHUKHDG� RI�
HYHQW� V\QFKURQL]DWLRQ� FDQ� EH� KLJK� >�@�� �0XFK� UHVHDUFK�

KDV�EHHQ�GRQH�WR�DQDO\]H�WKH�SDUDOOHOLVP�RI�D�JLYHQ�UHDO�

ZRUOG�V\VWHP�� �%HUU\�DQG�-HIIHUVRQ�SURSRVHG�WKH�FRQFHSW�
RI� FULWLFDO� SDWK� DQDO\VLV� �&3$�� WR� VWXG\� WKH� LQKHUHQW�

SDUDOOHOLVP� >�@�� /LYQ\� LPSOHPHQWHG� D� SDUDOOHOLVP�

DQDO\]HU� EDVHG� RQ� WKH� &3$� XVLQJ� D� VSHFLDO� VLPXODWLRQ�
ODQJXDJH� ',66� >�@�� � /LQ� SURSRVHG� VLPLODU� SDUDOOHOLVP�

DQDO\]HUV� >�@�� � 7KUHH� &3$� DOJRULWKPV� KDG� EHHQ�

GHYHORSHG� EDVHG� RQ� GLIIHUHQW� HYHQW� VFKHGXOLQJ� SROLFLHV���
7HR�HW�DO�SURSRVHG�DQ�DQDO\WLFDO�PHWKRG�RI�DQDO\]LQJ�WKH�

LQKHUHQW� SDUDOOHOLVP� XVLQJ� RSHUDWLRQDO� ODZV� DQG� PHDQ�

YDOXH�DQDO\VLV�>��@���:RQJ�HW�DO�SURSRVHG�DQ�DOJRULWKP�WR�
SUHGLFW� WKH� PHPRU\� FRQVXPSWLRQ� RI� VSHFLILF� &0%�

SURWRFRO�E\�PHDVXULQJ�WKH�HYHQW�SRSXODWLRQ�OLVW�>��@��

�
'LIIHUHQW� IURP� RWKHU� SDUDOOHOLVP� DQG� PHPRU\�

DQDO\VHV�� ZH� IRFXV� RQ� WKH� HIIHFW� RI� HYHQW� RUGHULQJV�� �$�

VLPXODWLRQ� SURWRFRO� DGRSWV�D�VSHFLILF� HYHQW�RUGHULQJ�DQG�

GLIIHUHQW� HYHQW� RUGHULQJV� SURGXFHV� GLIIHUHQW� GHJUHH� RI�
SDUDOOHOLVP���7KH�REMHFWLYHV�RI�RXU�DSSURDFK�DUH�WR�GHULYH�

D� WLJKWHU�XSSHU�ERXQG�RQ�SDUDOOHOLVP�DQG�D� ORZHU�ERXQG�

RQ�PHPRU\� UHTXLUHPHQW�� DQG�ZLWK� WKH� DLP� RI� DQDO\]LQJ�
WKH�SDUDOOHOLVP��WLPH��DQG�PHPRU\��VSDFH��WUDGH�RII��

�

:H� SURSRVHG� D� PHWKRGRORJ\� WR� DQDO\]H� PHPRU\�
UHTXLUHPHQW� LQ� GLVFUHWH�HYHQW� VLPXODWLRQ� LQ� >��@>��@���

7KLV� SDSHU� IRFXVHV� RQ� HYHQW� SDUDOOHOLVP� DQDO\VLV� DQG�

TXDQWLI\LQJ�WKH�GHJUHH�RI�HYHQW�SDUDOOHOLVP��:H�DSSO\�RXU�
DQDO\VLV� WR� IRXU� V\QWKHWLF� EHQFKPDUNV� UHSUHVHQWLQJ�

GLIIHUHQW� TXHXLQJ� QHWZRUN� WRSRORJLHV�� � 7KH� UHVXOW� VKRZV�

WKDW� WKH� DPRXQW� RI� HYHQW� SDUDOOHOLVP� H[SORLWDEOH� E\�
SDUDOOHO� VLPXODWLRQ� LV� GHSHQGHQW� RQ� WKH� WRSRORJ\� RI� WKH�

SK\VLFDO�V\VWHP��

�
7KH�UHVW�RI�WKLV�SDSHU�LV�RUJDQL]HG�DV�IROORZV���6HFWLRQ�

�� UHYLHZV� WKH� VLPXODWLRQ� PRGHOLQJ� SURFHVV�� � :H�

IRUPDOL]H�RXU�SURSRVHG�SDUDOOHOLVP�DQDO\VLV� LQ�VHFWLRQ�����
7KH� LPSOHPHQWDWLRQ� RI� RXU� DQDO\]HU� LV� SUHVHQWHG� LQ�

VHFWLRQ� ��� � 6HFWLRQ� �� GLVFXVVHV� RXU� H[SHULPHQWDO� UHVXOW���

:H�FRQFOXGH�RXU�SDSHU�LQ�VHFWLRQ����
�

���0HPRU\�5HTXLUHPHQW�
�

7KHUH� DUH� WKUHH� PDMRU� FRPSRQHQWV� LQ� VLPXODWLRQ�

PRGHOLQJ�� L�H�� SK\VLFDO� V\VWHP�� VLPXODWLRQ� PRGHO�� DQG�

LPSOHPHQWDWLRQ�� � 7KH� UHDO�ZRUOG� V\VWHP� EHLQJ� HPXODWHG�
LV� FDOOHG� SK\VLFDO� V\VWHP�� � $� VLPXODWLRQ� PRGHO� LV� D�

ORJLFDO�PRGHO�RI�D�SK\VLFDO�V\VWHP�WKDW�GHILQHV�WKH�LQSXW��

SDUDPHWHUV�� RXWSXW�� V\VWHP� VWDWHV�� DQG� RWKHU� SK\VLFDO�
V\VWHP� FRPSRQHQWV� WR� EH� VLPXODWHG�� � 6XEVHTXHQWO\� WKH�

VLPXODWLRQ�PRGHO� LV�WUDQVODWHG�LQWR�HLWKHU�D�VHTXHQWLDO�RU�

SDUDOOHO�GLVWULEXWHG� LPSOHPHQWDWLRQ� �VLPXODWRU� SURJUDP��
RQ�D�FHUWDLQ�H[HFXWLRQ�SODWIRUP���7KH�SK\VLFDO�V\VWHP�DQG�

VLPXODWLRQ�PRGHO�DUH�LQGHSHQGHQW�RI�WKH�LPSOHPHQWDWLRQ����

�
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%DVHG� RQ� WKH� VLPXODWLRQ� PRGHOLQJ� SDUDGLJP�� ZH�

GLYLGHG�WKH�PHPRU\�UHTXLUHG�WR�VXSSRUW�D�VLPXODWLRQ�LQWR�
WKUHH� PDLQ� FRPSRQHQWV� >��@>��@�� QDPHO\�� PHPRU\� WR�

PRGHO�WKH�VWDWHV�RI�WKH�SK\VLFDO�V\VWHP�� SURE0 ���PHPRU\�

UHTXLUHG� E\� WKH� HYHQW� OLVW� WR� VFKHGXOH� HYHQW� H[HFXWLRQ�

EDVHG� RQ� WKH� VHOHFWHG� HYHQW� RUGHULQJ� � RUG0 ��� DQG�

PHPRU\� RYHUKHDG� WR� LPSOHPHQW� WKH� V\QFKURQL]DWLRQ�

SURWRFRO� RQ� D� VSHFLILF� H[HFXWLRQ� SODWIRUP� � V\QF0 ����

SURE0 � LV� GHSHQGHQW� RQ� WKH� SUREOHP� VL]H�� DQG� RUG0 � LV�

GHSHQGHQW�RQ�WKH�HYHQW�RUGHULQJ�XVHG���7KH�VL]H�RI� V\QF0 �

GHSHQGV�RQ�WKH�HIILFLHQF\�RI�WKH�LPSOHPHQWDWLRQ���+HQFH��

WKH� WRWDO� PHPRU\� UHTXLUHPHQW� RI� LPSOHPHQWLQJ� D�
VLPXODWLRQ� PRGHO� RQ� UHDO� PDFKLQHV� XVLQJ� D� FHUWDLQ�

SURWRFRO�LV� SURE0 � RUG0 � V\QF0 ��

�

���(YHQW�3DUDOOHOLVP�
�

7KH�WLPH�DQDO\VLV�RI�D�GLVWULEXWHG�VLPXODWLRQ�FDQ�DOVR�

EH� VWXGLHG� DW� WKUHH� GLIIHUHQW� OHYHOV�� QDPHO\�� SK\VLFDO�
V\VWHP�� HYHQW� RUGHULQJ�� DQG� LPSOHPHQWDWLRQ�� � ,Q� WKH�

SK\VLFDO� V\VWHP� OHYHO�� HYHQWV� PD\� KDSSHQ� FRQFXUUHQWO\���

+HQFH�� SK\VLFDO� V\VWHP� KDV� SDUDOOHOLVP� ZKLFK� LV� FDOOHG�

WKH� LQKHUHQW�HYHQW�SDUDOOHOLVP� � SUREΠ ��� �6LPXODWLRQ�KDV�

WKH� DELOLW\� WR� FRPSUHVV� WLPH� E\� DSSO\LQJ�D�FHUWDLQ�HYHQW�

RUGHULQJ�� � 'LIIHUHQW� HYHQW� RUGHULQJ� H[SORLWV� GLIIHUHQW�

GHJUHH� RI� HYHQW� SDUDOOHOLVP�� � :H� UHIHU� WKLV� DV� HYHQW�

RUGHULQJ� SDUDOOHOLVP� � RUG
Π ��� � $W� WKH� LPSOHPHQWDWLRQ��

PDLQWDLQLQJ� D� FHUWDLQ� HYHQW� RUGHULQJ� RQ� D� VSHFLILF�
H[HFXWLRQ� SODWIRUP� UHTXLUHV� V\QFKURQL]DWLRQ� RYHUKHDG��

KHQFH� WKH� LPSOHPHQWDWLRQ� PD\� UHGXFH� RUGΠ �� � :H� FDOO�

WKLV�SDUDOOHOLVP�WKH�HIIHFWLYH�HYHQW�SDUDOOHOLVP�� V\QFΠ ����

�

�����,QKHUHQW�(YHQW�3DUDOOHOLVP�
�

,QKHUHQW� HYHQW� SDUDOOHOLVP� � SUREΠ �� UHIHUV� WR� WKH�

SDUDOOHOLVP� WKDW� H[LVWV� LQ� WKH� SK\VLFDO� V\VWHP�� � ,Q� D�

SK\VLFDO� V\VWHP�� VRPH� VHUYLFH� FHQWHUV� PD\� DFW�

LQGHSHQGHQWO\�� � 7KLV� LQGHSHQGHQF\� VXJJHVWV� WKDW� WKH�
SK\VLFDO�V\VWHPV�KDYH�VRPH�GHJUHHV�RI�SDUDOOHOLVP�� �7KH�

GHJUHH� RI� SDUDOOHOLVP� LQ� WKH�SK\VLFDO� V\VWHP�GHSHQGV�RQ�

WKH�GHJUHH�RI�GHSHQGHQF\�EHWZHHQ�HYHQWV����
�

7KH�LQWHUFRQQHFWLRQV�DPRQJ�VHUYLFH�FHQWHUV��WRSRORJ\��

LQ�SK\VLFDO�V\VWHP�PD\�DIIHFW�WKH�HYHQW�GHSHQGHQF\����)RU�
H[DPSOH��HYHQWV�LQ�VHUYLFH�FHQWHU���LQ�WKH�SK\VLFDO�V\VWHP�

D� LQ�ILJXUH���ZLOO�QHYHU�DIIHFW�HYHQWV�LQ�VHUYLFH�FHQWHU����

EXW�E\�DGGLQJ�D�IHHGEDFN�DV�VKRZQ�LQ�SK\VLFDO�V\VWHP�E��
HYHQWV�LQ�VHUYLFH�FHQWHU���PD\�DIIHFW�WKH�HYHQWV�LQ�VHUYLFH�

FHQWHU�����+HQFH��SK\VLFDO�V\VWHP�E�KDV�D�KLJKHU�GHJUHH�RI�

HYHQW� GHSHQGHQF\�� �&RQVHTXHQWO\��SK\VLFDO� V\VWHP�E�KDV�

OHVV� SUREΠ �WKDQ�SK\VLFDO�V\VWHP�D��
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)LJXUH����(IIHFW�RI�7RSRORJ\�RQ�,QKHUHQW��

(YHQW�3DUDOOHOLVP�
�

�����(YHQW�2UGHULQJ�3DUDOOHOLVP�

�
(YHQWV� LQ� WKH�SK\VLFDO�V\VWHP�KDSSHQ�FKURQRORJLFDOO\�

EDVHG� RQ� WKH� SK\VLFDO� WLPH�� 3K\VLFDO� WLPH� UHIHUV� WR� WKH�

UHDO� WLPH� LQ� WKH� SK\VLFDO� V\VWHP� >�@�� � $Q� HYHQW� ZLWK� D�
VPDOOHU�SK\VLFDO� WLPH�RFFXUV�EHIRUH�DQRWKHU�HYHQW�ZLWK�D�

ODUJHU� SK\VLFDO� WLPH�� %HIRUH� SDUDOOHO� FRPSXWHU� ZDV�

LQWURGXFHG�� VHTXHQWLDO� VLPXODWLRQ� PXVW� PDLQWDLQ� WKLV�
RUGHULQJ�ZKHQ�LW�VHTXHQWLDOO\�H[HFXWHV�HYHQWV� LQ�RUGHU�WR�

SURGXFH�D�FRUUHFW�VLPXODWLRQ�UHVXOW���7KLV�RUGHULQJ�LV�WRR�

VWULFW� LQ� D� VHQVH� WKDW� HYHQ� WKRXJK� HYHQWV� PD\� KDSSHQ�
FRQFXUUHQWO\� LQ� WKH� SK\VLFDO� V\VWHP�� LW�ZLOO� EH� H[HFXWHG�

VHTXHQWLDOO\� LQ� WKH� VLPXODWLRQ�� ,Q� WKH� DGYHQW� RI� SDUDOOHO�

FRPSXWHU��LW�LV�SRVVLEOH�WR�XVH�RWKHU�HYHQW�RUGHULQJ�ZKLFK�
\LHOG� FRUUHFW� VLPXODWLRQ� UHVXOW�� � VR� ORQJ� DV� LW� GRHV� QRW�

YLRODWH�WKH�HYHQW�FDXVDOLW\��
�
'LIIHUHQW�HYHQW�RUGHULQJV�LQWURGXFH�GLIIHUHQW�GHJUHH�RI�

SDUDOOHOLVP�� 7KH� GHJUHH� RI� HYHQW� RUGHULQJ� SDUDOOHOLVP�

GHSHQGV�RQ�WKH�VWULFWQHVV�RI�HYHQW�RUGHULQJ�UXOHV���6WULFWHU�
UXOHV� UHVWULFW� WKH� QXPEHU� RI� FRQFXUUHQW� HYHQWV� >��@���

+HQFH�� VWULFWHU� HYHQW� RUGHULQJ� H[SORLWV� OHVV� HYHQW�

SDUDOOHOLVP���
�

,Q� WKLV� SDSHU� ZH� IRFXV� RQ� IRXU� HYHQW� RUGHULQJV�

UHSUHVHQWLQJ� IRXU� GLIIHUHQW� GHJUHHV� RI� SDUDOOHOLVP�� L�H��
WRWDO�� WLPHVWDPS�� WLPH�LQWHUYDO� DQG� SDUWLDO� HYHQW�

RUGHULQJV�� �7KH�PDLQ� GLIIHUHQFH� DPRQJ�WKHP�OLHV� LQ� WKH�

GHILQLWLRQ� RI� FRQFXUUHQW� HYHQW�� � 7KLV� ZRUN� FDQ� EH�
H[WHQGHG�WR�LQFOXGH�RWKHU�HYHQW�RUGHULQJV��

�

7RWDO� HYHQW�RUGHULQJ�H[HFXWHV�HYHQW�VHTXHQWLDOO\�HYHQ�
WKRXJK� HYHQWV� PD\� KDSSHQ� FRQFXUUHQWO\� LQ� WKH� SK\VLFDO�

V\VWHP���+RZ�WRWDO�HYHQW�RUGHULQJ�DUUDQJHV�HYHQWV� LQ�WKH�

SK\VLFDO� V\VWHP� KDV� EHHQ� VWXGLHG� LQ� >�@>��@>��@�� � 7RWDO�

HYHQW�RUGHULQJ�GRHV�QRW�KDYH�DQ\�SDUDOOHOLVP��
RUG

Π  �����

�
&RQFXUUHQW� HYHQWV� LQ� WLPHVWDPS� HYHQW� RUGHULQJ� LV�

GHILQHG� DV� WKH� VHW� RI� HYHQWV� ZLWK� WKH� VDPH� WLPHVWDPS��
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KHQFH� WKH\� FDQ� EH� H[HFXWHG� LQ� SDUDOOHO� LQ� WKH�

LPSOHPHQWDWLRQ��
�

7LPH�LQWHUYDO� HYHQW� RUGHULQJ� SURYLGHV� DQRWKHU�

DOWHUQDWLYH� WR� VHTXHQFH� HYHQWV� >��@�� � (DFK� HYHQW� LV�
VWDPSHG�ZLWK�D� WLPH�LQWHUYDO�>VWDUW�H���HQG�H�@� LQGLFDWLQJ�

WKDW� HYHQW� H� PD\� RFFXU� DW� VLPXODWLRQ� WLPH� EHWZHHQ�

VWDUW�H�� DQG� HQG�H��� (YHQW� H�� LV� H[HFXWHG� EHIRUH� H�� LI�
HQG�H��� �� VWDUW�H���� � 7KXV�� DQ\� HYHQWV� LQ� ZKLFK� WKHLU�

LQWHUYDOV� RYHUODS� FDQ� EH� H[HFXWHG� FRQFXUUHQWO\�� � 7KH�

GHILQLWLRQ� RI� FRQFXUUHQW� HYHQW� LQ� WLPHVWDPS� HYHQW�
RUGHULQJ� LV� OHVV� VWULFW�� WKHUHIRUH� RQ� DYHUDJH� LW� KDV� PRUH�

FRQFXUUHQW�HYHQWV����

�
7KH�QH[W�HYHQW�RUGHULQJ�LV�SDUWLDO�HYHQW�RUGHULQJ�>��@���

3DUWLDO� HYHQW� RUGHULQJ� GRHV� QRW� DVVXPH� DQ\� FRQFHSW� RI�

WLPH� DWWDFKHG� WR� HDFK� HYHQW�� � ,QVWHDG�� SDUWLDO� HYHQW�
RUGHULQJ� DUUDQJHV� HYHQWV� EDVHG� RQ� HYHQW� FDXVDOLW\� RQO\���

(YHQW� H�� LV� H[HFXWHG� EHIRUH� H�� LI� H�� FDXVDOO\� DIIHFWV� H���

3DUWLDO� HYHQW� RUGHULQJ� LV� VLPLODU� WR� WLPH�LQWHUYDO� HYHQW�
RUGHULQJ� ZLWK� LQILQLWH� LQWHUYDO� VL]H�� � :KHQ� WKH� LQWHUYDO�

VL]H� LV� LQILQLWH�� WKH� RQO\� LQIRUPDWLRQ� DYDLODEOH� IRU�

DUUDQJLQJ� HYHQWV� LV� FDXVDO�HIIHFW� UHODWLRQVKLS� DPRQJ�
HYHQWV���7ZR�RU�PRUH�HYHQWV�DUH�FRQFXUUHQW�LI�WKH\�GR�QRW�

FDXVDOO\�DIIHFW�HDFK�RWKHU��$PRQJ�WKH�HYHQW�RUGHULQJ�WKDW�

PDLQWDLQV� WKH� HYHQW� FDXVDOLW\�� WKLV� LV� WKH� OHDVW� VWULFW�
GHILQLWLRQ� RI� FRQFXUUHQW� HYHQW�� 7KHUHIRUH� SDUWLDO� HYHQW�

RUGHULQJ� SURGXFHV� WKH� ODUJHVW� QXPEHU� RI� FRQFXUUHQW�

HYHQWV��
�
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)LJXUH����6SHFWUXP�RI�(YHQW�2UGHULQJV�DQG��

(YHQW�3DUDOOHOLVP�
�
%DVHG� RQ� RXU� HYHQW� RUGHULQJ� DSSURDFK�� ZH� HVWDEOLVK�

WKH� UHODWLRQVKLS�EHWZHHQ�SK\VLFDO�V\VWHP��GLIIHUHQW�HYHQW�

RUGHULQJV� DQG� VLPXODWLRQ� LPSOHPHQWDWLRQ� DV� VKRZQ� LQ�
ILJXUH���� �$OO�HYHQW�RUGHULQJV� WR�WKH� OHIW�RI�FDXVDOLW\� OLQH�

�LQFOXGLQJ� SDUWLDO� HYHQW� RUGHULQJ�� PDLQWDLQ� HYHQW�

FDXVDOLW\� DQG� RQ� WKH� RWKHU� VLGH� LJQRUHV� HYHQW� FDXVDOLW\���

7KH� WRWDO�HYHQW�RUGHULQJ�KDV�WKH� OHDVW�SDUDOOHOLVP�DQG�DV�

ZH�UHOD[HG�WKH�RUGHULQJ�ZH�FDQ�H[SORLW�PRUH�SDUDOOHOLVP����
�

(YHQW� RUGHULQJV� WKDW� LJQRUH� HYHQW� FDXVDOLW\� WUDGH�RII�

HYHQW� SDUDOOHOLVP� IRU� VLPXODWLRQ� FRUUHFWQHVV�� � 6RPH�
UHVHDUFKHUV� DUJXHG� WKDW� WR� H[SORLW�PRUH�SDUDOOHOLVP� LW� LV�

DFFHSWDEOH� WR� VDFULILFH�FRUUHFWQHVV� DV� ORQJ�DV� WKH�HUURU� LV�

VWDWLVWLFDOO\� LQVLJQLILFDQW�>�@>��@>��@�� �5HFHLYH�RUGHU�>�@��
SULRULW\� RUGHU� >�@�� DSSUR[LPDWH� WLPH� RUGHU� >�@�� WROHUDQFH�

RUGHU� >�@� DUH� H[DPSOHV� RI� HYHQW� RUGHULQJ� WKDW� LJQRUHV�

HYHQW�FDXVDOLW\��
�

�����(IIHFWLYH�(YHQW�3DUDOOHOLVP�
�

$W� WKH� LPSOHPHQWDWLRQ� OHYHO�� DGGLWLRQDO� RYHUKHDG� LV�

QHFHVVDU\� WR� PDLQWDLQ� HYHQW� RUGHULQJ� V\QFKURQL]DWLRQ�
DFURVV� WKH� SURFHVVRUV�� � 7KH� RYHUKHDG� DIIHFWV� WKH� HYHQW�

RUGHULQJ� SDUDOOHOLVP�� � )RU� H[DPSOH�� WR� LPSOHPHQW� D�

SDUWLDO� HYHQW� RUGHULQJ�� EHIRUH� H[HFXWLQJ� DQ� HYHQW�� D�
SURFHVVRU� KDV� WR� FKHFN� ZKHWKHU� WKH� DQWHFHGHQW� RI� WKLV�

HYHQW� KDV� EHHQ� H[HFXWHG�� � 7KH� DQWHFHGHQW� PD\� EH� RQ�

DQRWKHU� SURFHVVRU�� KHQFH� D� FRXSOH� RI�PHVVDJHV�PXVW� EH�
VHQW� DQG� UHFHLYHG�� � :KLOH� WKH� SURFHVVRU� LV� ZDLWLQJ� IRU�

DFNQRZOHGJHPHQW�� LW� FDQQRW� H[HFXWH� DQ\� HYHQWV� DQG�

UHPDLQV�LGOH���+HQFH��LW�UHGXFHV�WKH�QXPEHU�RI�FRQFXUUHQW�
HYHQWV�DQG�WKH�DPRXQW�RI�HYHQW�RUGHULQJ�SDUDOOHOLVP���,Q�

DGGLWLRQ� WR� WKLV�� WKH� H[HFXWLRQ� SODWIRUP� VXFK� DV� WKH�

QXPEHU� RI� SURFHVVRUV� ZLOO� DOVR� DIIHFW� WKH� H[SORLWDEOH�
HYHQW� SDUDOOHOLVP�� �:H� FDOOHG� WKLV� DV� WKH�HIIHFWLYH�HYHQW�

SDUDOOHOLVP�� V\QFΠ ��RI�D�VLPXODWLRQ�SUREOHP��

�

V\QFΠ �LV�OHVV�WKDQ�RU�HTXDO�WR� RUGΠ �GHSHQGLQJ�RQ�WKH�

HIILFLHQF\� RI� WKH� LPSOHPHQWDWLRQ�� 7KHUH� DUH� WRR� PDQ\�

IDFWRUV�DIIHFWLQJ� V\QFΠ �VR�WKDW�LW�LV�YHU\�GLIILFXOW�WR�FDUU\�

RXW� IXOO� IDFWRULDO� H[SHULPHQWV�� � 7KLV� SDSHU� FRQFHQWUDWHV�
RQ� WKH� HYHQW� RUGHULQJ� OHYHO�� ZH� ZLOO� GLVFXVV� WKH�

PHDVXUHPHQW�RI� V\QFΠ �LQ�D�VHSDUDWH�SDSHU��

�

���0HDVXUHPHQW�
�

7KH�PDLQ� DLP� RI� RXU� H[SHULPHQW� LV� WR�GHWHUPLQH� WKH�

WUDGH�RII� EHWZHHQ� SDUDOOHOLVP� DQG� PHPRU\� UHTXLUHPHQW�
IRU� YDULRXV� HYHQW� RUGHULQJV�� �$� VLPXODWRU� LV� UHTXLUHG� WR�

JHQHUDWH� D� VHW� RI� HYHQWV�� :H� FKRVH� &6,0� DV� WKH�

VLPXODWRU�� &6,0� LV� D�&� VLPXODWLRQ� OLEUDU\� IRU�PRGHOLQJ�
DQG� GHYHORSLQJ� VHTXHQWLDO� GLVFUHWH�HYHQW� VLPXODWLRQV�

>��@�� � 1H[W�� DQ� DQDO\]HU� LV� UHTXLUHG� WR� RUGHU� WKH� VHW� RI�

HYHQWV� DFFRUGLQJ� WR� D� FHUWDLQ� HYHQW� RUGHULQJ� DQG� WR�

PHDVXUH� WKH� SDUDOOHOLVP� �
RUG

Π �� DQG� PHPRU\�

UHTXLUHPHQW� � RUG0 ��� � :H� GHYHORSHG� 7LPH� DQG� 6SDFH�

$QDO\]HU��76$��LQ�&����� ,W�VXSSRUWV�WKH�DQDO\VLV�RI�IRXU�

7RWDO�

(YHQW�

2UGHU�

7LPH�

VWDPS�

(YHQW�

2UGHU�

7LPH�

,QWHUYDO�

(YHQW�

2UGHU�

3DUWLDO�

(YHQW�

2UGHU�

0DLQWDLQV�

&DXVDOLW\�

,JQRUHV�

&DXVDOLW\�

3K\VLFDO�

�6\VWHP�

6HTXHQWLDO�

6LPXODWLRQ�

&DXVDOLW\�

/LQH�

3DUDOOHO�

6LPXODWLRQ�

RUGΠ �5HFHLYH��

3ULRULW\��

7ROHUDQFH��

$7�(YHQW�

2UGHU�



HYHQW� RUGHULQJV�� L�H�� WRWDO�� WLPHVWDPS�� WLPH�LQWHUYDO� DQG�

SDUWLDO� HYHQW�RUGHULQJV���76$�OLEUDU\�FDQ�EH�GRZQORDGHG�
IURP�ZZZ�FRPS�QXV�HGX�VJ�aUSVLP�06*�WVD�LQGH[�KWPO��

�

)LJXUH� �� VKRZV� WKH� PDLQ� ORRS� LQ� D� VHTXHQWLDO�
VLPXODWRU� ZLWK� 76$� LQVWUXPHQWDWLRQ�� 7KH� VLPXODWRU�

LQYRNHV� 76$� IRU� HYHU\� HYHQW� WKDW� LV� UHPRYHG� IURP� WKH�

HYHQW� OLVW� �OLQH� ���� � 76$� WKHQ� VLPXODWHV� GLIIHUHQW� HYHQW�
RUGHULQJV� DV� GHWDLOHG� LQ� ILJXUH� ��� � /LQH� �� FRPSXWHV� WKH�

SDUDOOHOLVP�DQG�PHPRU\�UHTXLUHPHQW��

�
���:KLOH��VLPXODWLRQ�LV�LQ�SURJUHVV��
������UHPRYH�HYHQW�H�ZLWK�WKH�VPDOOHVW�WLPH��
������VWDPSHG�IURP�HYHQW�OLVW�
������VLPXODWLRQBFORFN� �WV�H��
������H[HFXWH�HYHQWBKDQGOHU�H��
������76$�H��
���76$BUHSRUW���

�

)LJXUH����6HTXHQWLDO�6LPXODWLRQ�DQG�76$�

,QVWUXPHQWDWLRQ�
�

)LJXUH���VKRZV�76$�H[HFXWLYH�URXWLQH���$VVXPH�WKHUH�

DUH� Q� ORJLFDO� SURFHVVHV� �/3��� � (DFK� /3�PDLQWDLQV� WKUHH�

OLVWV��L�H��/�VWRUHV�WKH�XQSURFHVVHG�HYHQWV�SURGXFHG�E\�WKH�
VHTXHQWLDO� VLPXODWRU�� 4� VWRUHV� WKH� HYHQWV� ZDLWLQJ� IRU�

UHVRXUFHV�� DQG� (� VWRUHV� WKH� QXPEHU� RI� IXWXUH� HYHQWV�

VFKHGXOHG�� � ,QLWLDOO\� WKHVH� OLVWV� DUH� HPSW\�� � 9DULDEOHV�
PD[4� DQG� PD[(� DUH� WKH� PD[LPXP� VL]H� RI� 4� DQG� (�

UHVSHFWLYHO\�� � 9DULDEOH� WRW3$5� PHDVXUHV� WKH� DYHUDJH�

QXPEHU� RI� FRQFXUUHQW� HYHQW�� �:DOO�FORFN� WLPH�PHDVXUHV�
WKH�WLPH�WR�H[HFXWH�WKH�VLPXODWLRQ�SURJUDP�>�@��

�

,Q� OLQH� ��� DQ� HYHQW� H� SURGXFHG� E\� WKH� VHTXHQWLDO�
VLPXODWRU� �OLQH� �� LQ� ILJXUH� ��� LV� VWRUHG� LQ� WKH� UHVSHFWLYH�

XQSURFHVVHG�HYHQW� OLVW���/LQH���FKHFNV�LI�LW�LV�SRVVLEOH�IRU�

76$� WR� SURFHHG�� � %HFDXVH� LI� DW� OHDVW� RQH� RI� WKH�
XQSURFHVVHG�HYHQW� LV� HPSW\�� 76$�GRHV� QRW�KDYH�HQRXJK�

LQIRUPDWLRQ�WR�GHFLGH�ZKHWKHU�HYHQW�H�FDQ�EH�H[HFXWHG�RU�

QRW�� �$IWHU� HQRXJK� LQIRUPDWLRQ�KDV�EHHQ�FROOHFWHG��76$�
VLPXODWHV� WKH� HYHQW� H[HFXWLRQ� E\� DVVXPLQJ� WKDW� HYHU\�

HYHQW�WDNHV�D�IL[HG�XQLW�RI�ZDOO�FORFN�WLPH�DQG�HDFK�/3�LV�

PDSSHG�RQWR� D�SURFHVVRU�� �+HQFH� WKH�ZDOO�FORFN� WLPH� LV�
LQFUHDVHG�E\�RQH�XQLW�LQ�OLQH����

�

)RU� HDFK� /3�� 76$� FKHFNV� ZKHWKHU� WKH� DQWHFHGHQW� RI�
WKH� HDUOLHVW� XQSURFHVVHG� HYHQW� �L�H�� HYHQW� K�� KDV� EHHQ�

H[HFXWHG�VR�DV�WR�PDLQWDLQ�WKH�HYHQW�FDXVDOLW\���)RU�HYHQW�

RUGHULQJV� RWKHU� WKDQ� SDUWLDO� HYHQW� RUGHULQJ�� 76$� DOVR�
FKHFNV�ZKHWKHU� H[HFXWLQJ� WKH�HDUOLHVW�XQSURFHVVHG�HYHQW�

GRHV�QRW�YLRODWH�DQ\�DGGLWLRQDO�UXOHV�VLQFH�D�VWULFWHU�HYHQW�

RUGHULQJ�KDV�PRUH�UXOHV���
�

,Q� OLQH� ��� K� KDV� EHHQ� H[HFXWHG�� KHQFH� LW� LV� UHPRYHG�

IURP�/�� �7KH�H[HFXWLRQ�RI�K�PD\�SURGXFH�D�VHW�RI�HYHQWV�

ZDLWLQJ� IRU� UHVRXUFHV� �4′��� D� VHW� RI� LQWHUQDO� HYHQWV� �,(′��

DQG�D�VHW�RI�H[WHUQDO�HYHQWV��((′���$Q�LQWHUQDO�HYHQW�LV�DQ�
HYHQW� VFKHGXOHG� E\� DQRWKHU� HYHQW� RQ� WKH� VDPH� /3�� �$Q�
H[WHUQDO� HYHQW� LV� DQ� HYHQW� VFKHGXOHG� E\� DQRWKHU� HYHQW�

IURP�GLIIHUHQW�/3���/LQH���DGGV�4′�WR�4��,(′�WR�(L�DQG�((′�
WR� (M�� � 9DULDEOH� EXV\� LQ� OLQH� ��� FRXQWV� WKH� QXPEHU� RI�

FRQFXUUHQW�HYHQWV�RQ�HDFK�LWHUDWLRQ���7KLV�YDULDEOH�ZLOO�EH�

XVHG�WR�PHDVXUH� RUGΠ ����

�

/LQH����DQG����FDOFXODWHV�WKH�QHZ�PD[LPXP�4�DQG�(�
VL]H� UHVSHFWLYHO\�� � ,I� WKH�FXUUHQW� WRWDO�RI�4�VL]H� IRU� HDFK�

/3�LV�ODUJHU�WKDQ�WKH�SUHYLRXV�PD[LPXP�4�VL]H��WKHQ�OLQH�

���ZLOO� XSGDWH� WKH�PD[LPXP�4� VL]H�� � /LQH���� GRHV� WKH�
VDPH� WKLQJ� IRU� PD[LPXP�(� VL]H�� � /LQH� ���DFFXPXODWHV�

WKH�QXPEHU�RI�FRQFXUUHQW�HYHQWV��

�
)LQDOO\�� LQ�OLQH��������76$BUHSRUW��VHH�DOVR� OLQH���RQ�

ILJXUH� ��� SURGXFHV� WKH� PHPRU\� UHTXLUHG� � SURE0 � DQG�

RUG
0 �� DQG� WKH� DYHUDJH� HYHQW� SDUDOOHOLVP� �

RUG
Π ��� � 7KH�

SURE0 �LV�GHILQHG�DV�WKH�PD[LPXP�TXHXH�VL]H�DQG� RUG0 �

LV�GHILQHG�DV� WKH�PD[LPXP�VL]H�RI�HYHQW�OLVWV�>��@���/LQH�
���FDOFXODWHV�WKH�DYHUDJH�QXPEHU�RI�FRQFXUUHQW�HYHQWV�E\�

GLYLGLQJ� YDULDEOH� WRW3$5� ZLWK� WKH� WRWDO� ZDOO�FORFN� WLPH�

UHTXLUHG�WR�FRPSOHWH�WKH�VLPXODWLRQ�UXQ��
�
,QLWLDOO\��∀ L�/L�4L�(L� �∅ ��PD[4� �PD[(� ����
WRW3$5� ����ZDOOBFORFN� ����
�
���76$�H��

�����/L� �/L�∪ �^H`�
�����LI�∀ L�/L�≠�∅ �
�������EXV\� �����ZDOOBFORFN����
�������IRU�HDFK�/L�
���������K� �KHDG�/L��
���������LI�DQWH�K��KDV�EHHQ�H[HFXWHG�		�K�GRHV�
���������QRW�YLRODWH�HYHQW�RUGHULQJ�UXOHV�
�����������/L� �/L�±�^K`�

�����������4L� �4L�∪ �4′�
�����������(L� �(L�∪ �,(′�
�����������(M� �(M�∪ �((′��ZKHUH�M ����Q�����M≠L�
�����������EXV\���

�������PD[4� �PD[�PD[4��ΣL�_4L_��
�������PD[(� �PD[�PD[(��ΣL�_(L_��
�������WRW3$5� �WRW3$5���EXV\��
�
���76$BUHSRUW���
������0SURE� �PD[4��
������0RUG�� �PD[(��
������3RUG�� �WRW3DU���ZDOOBFORFN��

�

)LJXUH����76$�([HFXWLYH�5RXWLQH�

�

���([SHULPHQWDO�5HVXOW�
�

:H� VHOHFWHG� DQG� LPSOHPHQWHG� IRXU� V\QWKHWLF�
EHQFKPDUNV� UHSUHVHQWLQJ� EDVLF� TXHXLQJ� QHWZRUN�

WRSRORJLHV��ILJXUH�����

D�� /LQHDU� 3LSHOLQH� �/3,3(�� LV� DQ� RSHQ� V\VWHP� ZLWK�
VHUYLFH� FHQWHUV� FRQQHFWHG� LQ� D� FKDLQ�OLNH� WRSRORJ\��



7KH�SDUDPHWHUV�DUH��QXPEHU�RI�QRGHV��Q��DQG�WUDIILF�

LQWHQVLW\� �ρ��ZKLFK� LV� WKH� UDWLR� EHWZHHQ� DUULYDO� UDWH�
DQG�VHUYLFH�UDWH��

E�� 3LSHOLQH�ZLWK�)HHGEDFN��3,3()%��LV�DQ�RSHQ�V\VWHP�

EXW� ZLWK� IHHGEDFNV� FRQQHFWLRQV� DPRQJ� VHUYHU�
FHQWHUV���7KH�SDUDPHWHUV�DUH�WKH�VDPH�DV�/3,3(��

F�� &LUFXODU� 3LSHOLQH� �&3,3(�� KDV� D� ULQJ�OLNH� WRSRORJ\�

UHSUHVHQWLQJ� D� �VLPSOH�� FORVHG� V\VWHP� ZLWK� VLQJOH�
IHHGEDFN�� �7KH�SDUDPHWHUV� DUH� WKH�QXPEHU�RI�QRGHV�

�Q��DQG�MRE�GHQVLW\��P��ZKLFK�LV�WKH�DYHUDJH�QXPEHU�

RI�MREV�LQ�HDFK�QRGH��
G�� 3+2/'�KDV�D� WRUXV� WRSRORJ\�DQG�LV�FRPPRQO\�XVHG�

LQ� SDUDOOHO� VLPXODWLRQ� VWXGLHV� >�@�� � ,W� UHSUHVHQWV� D�

FORVHG� V\VWHP� ZLWK� PXOWLSOH� IHHGEDFN� FRQQHFWLRQV���
7KH�SDUDPHWHUV�DUH�VLPLODU�WR�&3,3(��

�
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)LJXUH����6\QWKHWLF�%HQFKPDUNV�

�

�����(IIHFW�RI�(YHQW�2UGHULQJV�DQG�7RSRORJ\�
�

7KH� ILUVW� H[SHULPHQW� VKRZV� WKH�HIIHFWV�RI�YDU\LQJ� WKH�

HYHQW� RUGHULQJ� RQ� HYHQW� SDUDOOHOLVP� � RUGΠ ��� � 7KH�

H[SHULPHQW� UHVXOWV� DUH� EDVHG� RQ� DQ� DYHUDJH� RI� WKUHH�

UHSOLFDWLRQV�� DQG� VLPXODWLRQ� GXUDWLRQ� RI� �������

WLPHVWDPS� XQLWV� SHU� UXQ�� � )RU� WLPH� LQWHUYDO� HYHQW�
RUGHULQJ�� ZH� XVHG� DQ� LQWHUYDO� VL]H� RI� ����� 7KH� UHVXOW� LV�

VXPPDUL]HG�LQ�DSSHQGL[�%��

7RWDO� HYHQW�RUGHULQJ��727��FRUUHVSRQGV�WR�VHTXHQWLDO�

VLPXODWLRQ�ZLWK� RUGΠ �RI�RQH��� RUGΠ �RI�WLPH�VWDPS�HYHQW�

RUGHULQJ� �76�� LV� WZR�� � %HFDXVH� WKH� WLPH�VWDPS� RI� D�

GHSDUWXUH� HYHQW� DQG� LWV� FRUUHVSRQGLQJ� DUULYDO� HYHQW� RQ�
WKH�UHFHLYLQJ�QRGH�KDV�WKH�VDPH�WLPHVWDPS��L�H���QR�HYHQW�

WUDYHOLQJ� WLPH� EHWZHHQ� VHUYLFH� FHQWHUV�� � 7LPH�LQWHUYDO�

HYHQW� RUGHULQJ� �7,��ZLWK� LQWHUYDO� VL]H�RI� ����PHDQV� WKDW�
DQ\� HYHQWV�ZLWK� WLPH�VWDPS� GLIIHUHQFH� OHVV� WKDQ�����FDQ�

EH�H[HFXWHG�FRQFXUUHQWO\�VR�ORQJ�DV�WKH\�DUH�QRW�FDXVDOO\�

GHSHQGHQW���7KLV�FDQ�H[SORLW�PRUH� RUGΠ �WKDQ�WLPH�VWDPS�

HYHQW� RUGHULQJ�� � 3DUWLDO� HYHQW� RUGHULQJ� �3$5��FRQVLGHUV�

RQO\� HYHQW� FDXVDOLW\� DQG� WKXV� H[SORLWV� PRUH� RUGΠ � WKDQ�

WLPH�LQWHUYDO�HYHQW�RUGHULQJ��

�

RUG
Π � RI� WLPHVWDPS�HYHQW�RUGHULQJ�IRU�DOO�EHQFKPDUN�

LV� DSSUR[LPDWHO\� WKH� VDPH�� � +RZHYHU�� DV� ZH� UHOD[� WKH�
HYHQW� RUGHULQJ� WR� D� SDUWLDO� HYHQW� RUGHULQJ�� WKH� OHYHO� RI�

RUGΠ � H[SORLWDEOH� LV� GLIIHUHQW�� � )LJXUH� �� VKRZV� WKH�

GLIIHUHQW�
RUG

Π � H[SORLWHG� E\� SDUWLDO� HYHQW� RUGHULQJ� IRU�

HDFK� EHQFKPDUN�� � 7KLV� VKRZV� WKDW� GLIIHUHQW� WRSRORJLHV�

DIIHFW�WKH�DPRXQW�RI�
RUG

Π �H[SORLWDEOH�E\�HYHQW�RUGHULQJV�

LQ�SDUDOOHO�VLPXODWLRQ�

�

�
�

�

�
�

�

�
�

�

�
�

�

)LJXUH���� RUGΠ ���3DUWLDO�(YHQW�2UGHULQJ�

�

7KH�VLPSOH�WRSRORJ\�RI�/3,3(�ZKLFK�LV�OLQHDU�ZLWKRXW�
DQ\� IHHGEDFN� HQDEOHV� SDUWLDO� HYHQW� RUGHULQJ� WR� H[SORLW�

RUG
Π � RI� ����� � 3,3()%� LV� DQ� /3,3(�ZLWK� RQH� IHHGEDFN�

FKDQQHO�� 7KLV� VWUXFWXUH� UHVXOWV� LQ� WKH�VLPXODWLRQ�WLPH� LQ�

WKH� OHIWPRVW�QRGH��ILJXUH��E��DGYDQFLQJ�IXUWKHU�DKHDG�DV�

FRPSDUH�WR�WKH�UHPDLQLQJ�QRGHV���7KLV�QRGH�FDQ�H[HFXWH�
HYHQWV�ZLWKRXW�DQ\�OLPLWDWLRQ���7KH�QRGH�RQ�LWV�ULJKW�PXVW�

V\QFKURQL]H� LWV� WZR� LQSXW� FKDQQHOV� DQG� WKH� VLPXODWLRQ�

WLPH� DGYDQFHPHQW� UDQJH� EHWZHHQ� WKH� WZR� FKDQQHOV� LV�
YHU\�ZLGH���+HQFH��PRVW�RI�WKH�WLPH�LW�KDV�WR�ZDLW�IRU�WKH�

IHHGEDFN� FKDQQHO� WR� VHQG� WKH� QH[W� HYHQW� EHIRUH� LW� FDQ�

H[HFXWH� HYHQWV� IURP� LWV� OHIW� QRGH�� 6LPLODU� FDVH� DOVR�
KDSSHQV� WR� WKH� ULJKWPRVW� QRGH�� � 3DUWLDO� HYHQW� RUGHULQJ�

H[SORLWV�
RUG

Π �RI������
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�

&3,3(� LV� PRUH� FRPSOH[� WKDQ� /3,3(� EHFDXVH� LW� KDV�
RQH� IHHGEDFN� ORRS� FRQQHFWLQJ� WKH� ODVW� QRGH� WR� WKH� ILUVW�

QRGH�� � 'LIIHUHQW� IURP� 3,3()%�� DOO� QRGHV� LQ�&3,3(� KDV�

H[DFWO\� RQH� LQSXW� FKDQQHO�� KHQFH� HYHU\� HYHQWV� DUULYHG�

IURP� WKH� LQSXW� FKDQQHO� FDQ�EH� SURFHVVHG� GLUHFWO\��
RUG

Π ���

LV� DURXQG� ���� � 7KH� LQWHUZRYHQ� IHHGEDFN� FKDQQHOV� LQ�
3+2/'� PDNH� LW� WKH� PRVW� FRPSOH[� WRSRORJ\� LQ� WKLV�

H[SHULPHQW�� �3DUWLDO� HYHQW� RUGHULQJ�FDQ�H[SORLW� RUGΠ �RI�

��� RQO\�� � +HQFH�� LW� FDQ� EH� FRQFOXGHG� WKDW� IHHGEDFN�

FKDQQHO� UHGXFH� RUGΠ � WKDW� FDQ� EH� H[SORLWHG� E\� UHOD[LQJ�

WKH� HYHQW� RUGHULQJ�� L�H�� WKH� SK\VLFDO� V\VWHP� OLPLWV� WKH�

DPRXQW� RI� RUGΠ � H[SORLWDEOH� E\� SDUDOOHO� VLPXODWLRQ�

�XQOHVV�ZH�LJQRUH�WKH�FDXVDOLW\���

�

�����7LPH�DQG�6SDFH�7UDGH�RII�
�

)DVWHU� LPSOHPHQWDWLRQ� PD\� UHTXLUH� PRUH� PHPRU\���
+HQFH�� LW� LV� LPSRUWDQW� WR� DQDO\]H� WKH� WUDGH�RII� EHWZHHQ�

WLPH� DQG� VSDFH� SHUIRUPDQFH�� � )LJXUH� �� VKRZV� WKH�

SDUDOOHOLVP�� RUGΠ ��DQG�WKH�PHPRU\�UHTXLUHPHQW�� RUG0 ��

RI� IRXU� EHQFKPDUNV� XVLQJ� IRXU� HYHQW� RUGHULQJV�� � 7KH�

QXPEHU�RI�QRGHV�LV�����DQG�RQ�DYHUDJH����HYHQWV�RFFXUV�
RQ�HDFK�QRGH�ZLWKLQ�RQH�WLPHVWDPS�XQLW��

�

,Q� JHQHUDO�� IRU� RSHQ� V\VWHP� �/3,3(� DQG� 3,3()%��� D�

VWULFWHU�HYHQW�RUGHULQJ�UHTXLUHV�OHVV�
RUG

0 ���7HR�HW�DO�KDV�

GHYHORSHG�WKH�PHPRU\�UHTXLUHPHQW�PRGHO�IRU�HDFK�HYHQW�
RUGHULQJ� >��@>��@�� � 'HWDLO� DQDO\VLV� DQG� DQDO\WLFDO� SURRI�

FDQ� EH� VHHQ� IURP� WKH� VDPH�SDSHU�� ,Q� JHQHUDO�� OHVV� VWULFW�

HYHQW�RUGHULQJ�LQFUHDVHV� WKH�QXPEHU�RI�VFKHGXOHG�HYHQWV�
ZKLFK� KDYH� WR� EH� VWRUHG� LQ� WKH� HYHQW� OLVW�� � +RZHYHU��

FRQWUDU\� WR� RXU� LQWXLWLRQ�� UHOD[LQJ� WKH�HYHQW� RUGHULQJ� LQ�

FORVHG�V\VWHP�GRHV�QRW�LQFUHDVH� RUG0 ��EHFDXVH�D�VWULFWHU�

HYHQW� RUGHULQJ� LPSRVHV� PRUH� RUGHULQJ� UXOHV� WKDQ�

QHFHVVDU\� WR� PDLQWDLQ� HYHQW� FDXVDOLW\�� � +HQFH�� WKH�
SDUDOOHOLVP� JDLQ� FDQ� EH� DFKLHYHG� RQO\� E\� UHOD[LQJ� WKH�

HYHQW� RUGHULQJ� UXOHV�� � 7KH� GHWDLO� H[SODQDWLRQ� FDQ� EH�

IRXQG�LQ�WKH�DSSHQGL[�$��
�

7KH� UHVXOW� DOVR� VKRZV� WKDW� 3,3()%� UHTXLUHV� PRUH�

RUG0 � WKDQ� /3,3(�� � $IWHU� GHFRPSRVLQJ� WKH� PHPRU\�

UHTXLUHPHQW��LW�WXUQV�RXW�WKDW�WKH�IHHGEDFN�FRQWULEXWHV�WKH�

ELJJHVW� SRUWLRQ� RI� PHPRU\� UHTXLUHG� E\� 3,3()%�� � 7KH�
QRGH� ZKLFK� KDV� PRUH� WKDQ� RQH� LQSXW� FKDQQHO� KDV� WR�

V\QFKURQL]H� DOO� LWV� LQSXW� FKDQQHOV�� � %DFNZDUG� IHHGEDFN�

ZLGHQV� WKH� VLPXODWLRQ� WLPH�JDS�EHWZHHQ�LQSXW� FKDQQHOV��
KHQFH� PRVW� RI� WKH� WLPH� WKH� QRGH� KDV� WR� ZDLW� IRU� WKH�

IHHGEDFN� FKDQQHO� WR� VHQG� WKH� QH[W� HYHQW� EHIRUH� LW� FDQ�

H[HFXWH�HYHQWV�IURP�RWKHU�QRGHV�� �'XULQJ�ZKLFK��D�ORW�RI�
PHPRU\� LV� UHTXLUHG� WR� VWRUH� WKH� HYHQW� VHQW� IURP� RWKHU�

FKDQQHOV���7KLV�V\QFKURQL]DWLRQ�DOVR�UHGXFHV�SDUDOOHOLVP��

KHQFH� 3,3()%� KDV� OHVV� SDUDOOHOLVP� WKDQ� /3,3(�� � 7LPH�

LQWHUYDO� HYHQW� RUGHULQJ� FRQWUROV� WKH� VLPXODWLRQ� WLPH�

DGYDQFHPHQW�� � +HQFH�� LW� FDQ� UHGXFH�
RUG

0 �� � +RZHYHU��

OHVV� RUGΠ �FDQ�EH�H[SORLWHG��
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)LJXUH����7LPH�� RUGΠ ��DQG�6SDFH�� RUG0 ��7UDGH�RII�

�

&3,3(� DQG� 3+2/'� UHTXLUH� WKH� VDPH� DPRXQW� RI�

PHPRU\� RUG0 ���+RZHYHU��WLPH�LQWHUYDO�DQG�SDUWLDO�HYHQW�

RUGHULQJ� FDQ� H[SORLW� PRUH� RUGΠ � IURP� &3,3(� WKDQ�

3+2/'�� � (DFK� QRGH� LQ� &3,3(� KDV� H[DFWO\� RQH� LQSXW�

FKDQQHO� DV� FRPSDUH� WR� 3+2/'� ZKLFK� KDV� IRXU� LQSXW�

FKDQQHOV�� � +HQFH�� 3+2/'� KDV� WR� V\QFKURQL]H� LWV� LQSXW�
FKDQQHOV�UHVXOWLQJ�LQ� OHVV�SDUDOOHOLVP���+RZHYHU��VLQFH�LW�

LV�D�FORVHG�V\VWHP�WKH�PHPRU\�UHTXLUHPHQW�LV�FRQVWDQW��

�

���&RQFOXGLQJ�5HPDUNV�
�

7KLV� SDSHU� SUHVHQWHG� D� IUDPHZRUN� IRU� VWXG\LQJ� WLPH�

DQG� VSDFH� WUDGH�RII� LQ� GLVWULEXWHG� VLPXODWLRQ�� � (YHQW�

SDUDOOHOLVP� LV� FODVVLILHG� LQWR� LQKHUHQW� HYHQW� SDUDOOHOLVP�

� SUREΠ ��� HYHQW� RUGHULQJ� SDUDOOHOLVP� �
RUG

Π ��� DQG�

HIIHFWLYH� HYHQW� SDUDOOHOLVP� � V\QFΠ ��� 6HTXHQWLDO�



VLPXODWLRQ�DSSOLHV� D� YHU\� VWULFW� HYHQW�RUGHULQJ� VXFK�WKDW�

QR� SDUDOOHOLVP� LV� H[SORLWHG� � RUGΠ � SUREΠ ��� � 3DUDOOHO�

VLPXODWLRQ�XVHV�OHVV�VWULFW�HYHQW�RUGHULQJV�WR�H[SORLW�PRUH�

SDUDOOHOLVP� WKDQ� SUREΠ � VR� DV� WR� DFKLHYH� VSHHG�XS�

� RUGΠ ! SUREΠ ��� � 7KH� HIIHFWLYH� HYHQW� SDUDOOHOLVP�

PHDVXUHV� WKH� HYHQW� SDUDOOHOLVP� IRU� D� VLPXODWRU�

LPSOHPHQWDWLRQ�� � 7KH� GLIIHUHQFH� EHWZHHQ�
RUG

Π � DQG�

V\QFΠ � GHQRWHV� WKH� LPSOHPHQWDWLRQ� RYHUKHDG� LQFOXGLQJ�

WKH� V\QFKURQL]DWLRQ� WR� VXSSRUW� IRU� D� SDUWLFXODU� HYHQW�
RUGHULQJ�DQG�WKH�FRVW�RI�WKH�H[HFXWLRQ�SODWIRUP��

�

2XU� H[SHULPHQW� VKRZV� WKDW� IRU� RSHQ� V\VWHPV�� L�H��
/3,3(� DQG� 3,3()%�� D� OHVV� VWULFW� HYHQW�RUGHULQJ�H[SORLWV�

PRUH� SDUDOOHOLVP� � RUGΠ �� EXW� UHTXLUHV� PRUH� PHPRU\�

�
RUG

0 ��� � &RXQWHU� WR� LQWXLWLRQ�� IRU� FORVHG� V\VWHPV�� L�H��

&3,3(� DQG� 3+2/'�� LQFUHDVLQJ� WKH� GHJUHH� RI� HYHQW�

SDUDOOHOLVP�GRHV�QRW�UHTXLUH�PRUH�PHPRU\��
RUG

0 ����7KLV�

LV� EHFDXVH� D� VWULFWHU� HYHQW� RUGHULQJ� LPSRVHV� PRUH�
RUGHULQJ�UXOHV�WKDQ�QHFHVVDU\�WR�PDLQWDLQ�HYHQW�FDXVDOLW\��

KHQFH�UHOD[LQJ�WKH�HYHQW�RUGHULQJ�FDQ�H[SORLW�PRUH� RUGΠ �

ZLWKRXW�UHTXLULQJ�PRUH�
RUG

0 ��

�
7KH� H[SHULPHQW� XVLQJ� IRXU� V\QWKHWLF� EHQFKPDUNV�

VXJJHVWV� WKDW� WKH� WRSRORJ\� RI� SK\VLFDO� V\VWHP� OLPLWV� WKH�

DPRXQW� RI� SDUDOOHOLVP� � RUGΠ �� H[SORLWDEOH� E\� SDUDOOHO�

VLPXODWLRQ�� � 7KH� H[LVWHQFH� RI� IHHGEDFN� UHGXFHV� WKH�

SDUDOOHOLVP� RI� 3,3()%� WR� DSSUR[LPDWHO\� ���� RI� WKH�
/3,3(¶V� SDUDOOHOLVP�� � 6LPLODUO\�� D� PRUH� FRPSOH[�

IHHGEDFN� VWUXFWXUH� UHGXFHV� WKH� SDUDOOHOLVP�RI�3+2/'�WR�

����RI�WKH�&3,3(¶V�SDUDOOHOLVP��

�

5HIHUHQFHV�
�

>�@� 2�� %HUU\� DQG� '�� -HIIHUVRQ�� ³&ULWLFDO� 3DWK� $QDO\VLV� RI�

'LVWULEXWHG�6LPXODWLRQ´��3URF��RI�6&6�0XOWLFRQIHUHQFH�RQ�

'LVWULEXWHG�6LPXODWLRQ��������SS��������

>�@� 5�0�� )XMLPRWR�� ³3HUIRUPDQFH� RI� 7LPH� :DUS� XQGHU�

6\QWKHWLF�:RUNORDG´��3URF��RI�WKH�6&6�0XOWLFRQIHUHQFH�RQ�

'LVWULEXWHG�6LPXODWLRQ���������������

>�@� 5�0�� )XMLPRWR� DQG� 5�0��:HDWKHUO\�� ³7LPH�0DQDJHPHQW�

LQ� WKH� 'R'� +LJK� /HYHO� $UFKLWHFWXUH´�� 3URF�� RI� WKH� ��WK�

:RUNVKRS� RQ� 3DUDOOHO� DQG�'LVWULEXWHG� 6LPXODWLRQ�� ������

SS���������

>�@� 5�0�� )XMLPRWR�� ³([SORLWLQJ� 7HPSRUDO� 8QFHUWDLQW\� LQ�

3DUDOOHO� DQG� 'LVWULEXWHG� 6LPXODWLRQV´�� 3URF�� RI� WKH� ��WK�

:RUNVKRS� RQ� 3DUDOOHO� DQG�'LVWULEXWHG� 6LPXODWLRQ�� ������

SS���������

>�@� )XMLPRWR�� 5�0�� 3DUDOOHO� DQG� 'LVWULEXWHG� 6LPXODWLRQ�

6\VWHPV���-RKQ�:LOH\�	�6RQV��,QF���������

>�@� <�%�� /LQ�� ³3DUDOOHOLVP� $QDO\]HUV� IRU� 3DUDOOHO� 'LVFUHWH�

(YHQW� 6LPXODWLRQ´�� $&0� 7UDQV�� RQ� 0RGHOLQJ� DQG�

&RPSXWHU�6LPXODWLRQ���������������SS�����������

>�@� 0�� /LYQ\�� ³$� 6WXG\� RI� 3DUDOOHOLVP� LQ� 'LVWULEXWHG�

6LPXODWLRQ´��3URF��RI�6&6�0XOWLFRQIHUHQFH�RQ�'LVWULEXWHG�

6LPXODWLRQ��������SS��������

>�@� 3�� 0DUWLQL�� 0�� 5XPHNDVWHQ�� DQG� -�� 7ROOH�� ³7ROHUDQW�

6\QFKURQL]DWLRQ� IRU� 'LVWULEXWHG� 6LPXODWLRQV� RI�

,QWHUFRQQHFWHG� &RPSXWHU� 1HWZRUNV´�� � 3URF�� RI� WKH� ��WK�

:RUNVKRS� RQ� 3DUDOOHO� DQG�'LVWULEXWHG� 6LPXODWLRQ�� ������

SS������������

>�@� +�� 0HKO�� ³$� 'HWHUPLQLVWLF� 7LH�EUHDNLQJ� 6FKHPH� IRU�

6HTXHQWLDO� DQG�'LVWULEXWHG�6LPXODWLRQ´�� �3URF��RI� WKH��WK�

:RUNVKRS� RQ� 3DUDOOHO� DQG�'LVWULEXWHG� 6LPXODWLRQ�� ������

SS�����������

>��@�'�0�� 5DR�� 1�9�� 7KRQGXJXODP�� 5�� 5DGKDNULVKQDQ�� DQG�

3�$�� :LOVH\�� ³8QV\QFKURQL]HG� 3DUDOOHO� 'LVFUHWH� (YHQW�

6LPXODWLRQ´��3URF�� RI� WKH� :LQWHU� 6LPXODWLRQ� &RQIHUHQFH��

YRO�����������SS������±������

>��@�5�� 5RQQJUHQ� DQG�0�� /LOMHQVWDP�� ³2Q� (YHQW� 2UGHULQJ� LQ�

3DUDOOHO� 'LVFUHWH� (YHQW� 6LPXODWLRQ´�� 3URF�� RI� ��WK�

:RUNVKRS� RQ� 3DUDOOHO� DQG�'LVWULEXWHG� 6LPXODWLRQ�� ������

SS���������

>��@�<�0�� 7HR�� +�� :DQJ�� DQG� 6�&�� 7D\�� ³$� )UDPHZRUN� RI�

$QDO\]LQJ�3DUDOOHO� 6LPXODWLRQ�3HUIRUPDQFH´��3URF��RI� WKH�

��QG�$QQXDO�6LPXODWLRQ�6\PSRVLXP��������SS�����������

>��@�<�0��7HR�� %�6�6�� 2QJJR�� DQG� 6�&��7D\�� ³(IIHFW�RI�(YHQW�

2UGHULQJV� RQ� 0HPRU\� 5HTXLUHPHQW� LQ� 3DUDOOHO�

6LPXODWLRQ´��3URF��RI�WKH��WK�,QWHUQDWLRQDO�6\PSRVLXP�RQ�

0RGHOLQJ�� $QDO\VLV� DQG� 6LPXODWLRQ� RI� &RPSXWHU� DQG�

7HOHFRPPXQLFDWLRQ�6\VWHPV��������SS���������

>��@�7HR� <�0��� DQG� %�6�6�� 2QJJR�� $�0HWKRGRORJ\� IRU� 6SDFH�

$QDO\VLV� RI�'LVFUHWH�HYHQW� 6LPXODWLRQ��7HFKQLFDO�5HSRUW���

75$���� 'HSDUWPHQW� RI� &RPSXWHU� 6FLHQFH�� 1DWLRQDO�

8QLYHUVLW\�RI�6LQJDSRUH��-XQH��������

>��@�1�9�� 7KRQGXJXODP�� '�0�� 5DR�� 5�� 5DGKDNULVKQDQ�� DQG�

3�$�� :LOVH\�� ³5HOD[LQJ� &DXVDO� &RQVWUDLQWV� LQ� 3'(6´���

3URF�� RI� WKH� ��WK� ,QWHUQDWLRQDO� DQG� ��WK� 6\PSRVLXP� RQ�

3DUDOOHO�DQG�'LVWULEXWHG�3URFHVVLQJ��������SS������±�����

>��@�:DWNLQV�� .�� �'LVFUHWH�(YHQW� 6LPXODWLRQ� LQ�&�� �0F*UDZ�

+LOO��������

>��@�)��:LHODQG��³7KH�7KUHVKROG�RI�(YHQW�6LPXOWDQHLW\´��3URF��

RI� WKH� ��WK� :RUNVKRS� RQ� 3DUDOOHO� DQG� 'LVWULEXWHG�

6LPXODWLRQ��������SS���������

>��@�<�&�� :RQJ�� DQG� 6�<�� +ZDQJ�� ³3UHGLFWLRQ� RI� 0HPRU\�

&RQVXPSWLRQ� LQ� &RQVHUYDWLYH� 3DUDOOHO� 6LPXODWLRQ´��3URF��

�WK� :RUNVKRS� RQ� 3DUDOOHO� DQG� 'LVWULEXWHG� 6LPXODWLRQ��

������SS�����������

�

$SSHQGL[�$��6QDSVKRW�RI�76$�([HFXWLRQ�
�

)LJXUH�EHORZ�VKRZV�D�VQDSVKRW�RI�D�VLPSOH�H[DPSOH�RI�

WZR�/3V�VHQGLQJ�D�PHVVDJH�WR�HDFK�RWKHU���$�WXSOH�������
$� ���� GHQRWHV� DUULYDO� HYHQW� �� RFFXUULQJ� DW� VLPXODWLRQ�

WLPH��������1XPEHUV�LQ�WKH�EUDFNHW�LV�WKH�HYHQW�OLVW��)(/��

VL]H� IRU� /3�� DQG� /3��� � (DFK� OLQH� UHSUHVHQWV� RQH� ZDOO�



FORFN�WLPH�XQLW�� �$VVXPH�DW�WKH�EHJLQQLQJ��WKHUH�DUH�ILYH�

HYHQWV� VFKHGXOHG� IRU� DUULYDOV� IRU� HDFK�/3�� �7R� UHDFK� WKH�
VDPH�VWDWH��SDUWLDO�HYHQW�RUGHULQJ�UHTXLUHV�OHVV�ZDOO�FORFN�

WLPH� WKDQ� WLPH�VWDPS�HYHQW�RUGHULQJ�� �)URP�WKH�QXPEHU�

RI�LGOH�VWHSV��GHQRWHG�E\�GDVKHG�OLQHV���LW�FDQ�EH�VHHQ�WKDW�
SDUWLDO��HYHQW��RUGHULQJ��KDV�PRUH��HYHQW�SDUDOOHOLVP��WKDQ��

WLPH�VWDPS� HYHQW� RUGHULQJ�� EXW� WKH�PHPRU\� UHTXLUHG�E\�

ERWK�RUGHULQJ�DUH�HTXDO� DV� VKRZQ� E\� WKH� )(/�VL]H�� ,W� LV�

FOHDU� IURP� VQDSVKRW� EHORZ� WKDW� WLPH�VWDPS� HYHQW�
RUGHULQJ�LPSRVHV�PRUH�UHVWULFWLRQV��)RU�H[DPSOH�DW�ZDOO��

FORFN� WLPH� �� DQG� ��� ERWK� HYHQWV� DUH� LQGHSHQGHQW��

WKHUHIRUH�WKH\�FRXOG�KDYH�EHHQ�H[HFXWHG�DW�WKH�VDPH�WLPH�
DV�SDUWLDO�HYHQW�RUGHULQJ�GLG� LQ�ZDOO�FORFN� WLPH���� �7KLV�

FDQ�EH�GRQH�ZLWKRXW�DQ\�DGGLWLRQDO�PHPRU\��

��������������3$57,$/�(9(17�25'(5,1*���������7,0(�67$03�(9(17�25'(5,1*�
��������������������������������������������������������������������������
:$//B&/.����/3����������/3��������)(/��������/3����������/3��������)(/��
��������������������������������������������������������������������������
��������������$�����������$��������������������������������$�������������
��������������$�����������$��������������������$�������������������������
��������������$��������������������������������$�������������������������
��������������'�����������$��������������������������������$�������������
��������������$�����������'��������������������$�������������������������
��������������$��������������������������������'�����������$�������������
��������������'�����������$��������������������$�������������������������
��������������$�����������$��������������������$�����������'�������������
��������������'�����������$��������������������'�����������$�������������
��������������$�����������'��������������������$�������������������������
��������������'�����������$��������������������������������$�������������
��������������'�����������$��������������������'�����������$�������������
��������������������������$��������������������$�����������'�������������
��������������$�����������'��������������������'�����������$�������������
�����������������������������������������������������������$�������������
�����������������������������������������������'�����������$�������������
�����������������������������������������������$�����������'�������������
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