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�

�㸬,QWURGXFWLRQ�

� � � *OREDO� ZDUPLQJ� LV� ZRUOG� FODVV� SUREOHP� WKDW�
EHFRPHV� PRUH� ZRUU\LQJ� RYHU� WKH� \HDUV�� $�
SURPLVLQJ�VROXWLRQ�FRPHV�IURP�WKH�FRQYHUVLRQ�RI�
&2�� �L�H��� JUHHQKRXVH� JDV�� WR� KLJKHU�YDOXH�
FKHPLFDO�VXFK�DV�PHWKDQRO�ZKLFK�FDQ�EH�DFKLHYHG�
E\�KHWHURJHQRXV�FDWDO\VLV��7KH�DGYDQWDJH�RI�WKLV�
FRQYHUVLRQ� LV� WZR�IROG�� UHGXFLQJ� WKH� DPRXQW� RI�
&2�� LQ� DWPRVSKHUH� DQG� SURGXFLQJ� PHWKDQRO�
ZKLFK�FDQ�EH�XVHG�WR�JHQHUDWH�HOHFWULFLW\�WKURXJK�
IXHO�FHOO�>�@��8QGHUVWDQGLQJ�WKH�QRQ�HTXLOLEULXP�
VWDWHV� �L�H��� VWDWHV� ZKHQ� WKH� WUDQVIRUPDWLRQ�
RFFXUV��RI�FDWDO\WLF�SURFHVV�RI�PHWKDQRO�V\QWKHVLV�
LV� WKH� NH\� IDFWRU� LQ� GHVLJQLQJ� WKH� EHVW� FDWDO\VW��
+RZHYHU��REVHUYLQJ�WKH�QRQ�HTXLOLEULXP�VWDWHV�LV�
LQDFFHVVLEOH� LQ� PRVW� H[SHULPHQWV� GXH� WR� WKH�
DWRPLVWLF�VL]H�DQG�WLPH�VFDOH�RI�WKH�HYHQWV��
� � � 7KRXJK� FRPSXWDWLRQDO� DSSURDFKHV� VXFK� DV�
'HQVLW\�)XQFWLRQDO�7KHRU\��')7��DQG�0ROHFXODU�
'\QDPLFV� �0'�� FDQ� REVHUYH� GHWDLO� DWRPLVWLF�
HYHQWV�� LW� VXIIHUV� IURP� KXJH� WUDGHRII� EHWZHHQ�
VSHHG� DQG� DFFXUDF\�� )RU� LQVWDQFH�� ')7� FDQ� EH�
XVHG� WR� DFFXUDWHO\� GHVFULEH� WKH� VWDELOLW\� RI� WKH�
FDWDO\WLF�V\VWHP�E\�FDOFXODWLQJ�WKH�HQHUJ\�DQG�WKH�
DWRPLF� IRUFHV�� +RZHYHU�� LW� LV� FRPSXWDWLRQDOO\�
H[SHQVLYH� DQG� W\SLFDOO\� DSSOLHG� RQO\� IRU�PRGHOV�
ZLWK�VPDOO�VL]H�DQG�VKRUW�REVHUYDWLRQ�WLPH��2Q�WKH�
RWKHU�KDQG��0'�PHWKRG�FDQ�EH�XVHG�WR�H[SOLFLWO\�
VLPXODWH� WKH� WUDMHFWRU\� RI� WKRXVDQGV� WR� WHQ�
WKRXVDQG� RI� DWRPV�� HQDEOLQJ� WKH� GLUHFW�
REVHUYDWLRQ� WR� WKH� QRQ�HTXLOLEULXP� VWDWHV� ZLWK�

REVHUYDWLRQ� WLPH� XS� WR� VHFRQGV�� 'HVSLWH� WKH�
HIILFLHQF\� RI�0'� IRU� VLPXODWLQJ� ODUJH� V\VWHP�� LW�
KDV� XQUHOLDEOH� DFFXUDF\� ZKHQ� GHDOLQJ� ZLWK�
FKHPLFDO�UHDFWLRQV��ZKLFK�DUH�IXQGDPHQWDO�LQ�WKH�
KHWHURJHQRXV� FDWDO\VLV��7KLV� RULJLQDWHV� IURP� WKH�
LQDGHTXDF\�RI� WKH�FODVVLFDO� LQWHUDWRPLF�SRWHQWLDO�
�L�H��� IXQFWLRQ� JRYHUQLQJ� DWRPLF� LQWHUDFWLRQV�� LQ�
0'�WR�WDNH�LQWR�DFFRXQW�WKH�HOHFWURQLF�VWUXFWXUHV�
RI�WKH�V\VWHP��ZKLFK�LV�HYHQWXDOO\�REWDLQDEOH�IURP�
')7�PHWKRG�� � �
� � � ,Q�WKH�HPHUJHQFH�RI�GDWD�VFLHQFH��LW�LV�SRVVLEOH�
WR� DFFHOHUDWH� WKH� 0'� VLPXODWLRQ� ZKLOH�
PDLQWDLQLQJ�KLJK�DFFXUDF\�DW�WKH�')7�OHYHO��7KLV�
FDQ� EH� DFKLHYHG� E\� FRQVWUXFWLQJ� D� PDFKLQH�
OHDUQLQJ� �0/�� LQWHUDWRPLF�SRWHQWLDO� E\� OHDUQLQJ�
WKH�HQHUJ\�DQG�IRUFHV�RI�DWRPLF�VWUXFWXUHV�GHILQHG�
LQ�D�VHW�RI�')7�GDWD��7KH�0/�WKHQ�DFWV�DV�D�EULGJH�
IRU�WKH�ORZ�VFDOH�EXW�DFFXUDWH�')7��DQG�WKH�KLJK�
VFDOH�EXW� LQDFFXUDWH�0'��UHVXOWLQJ� LQ�PXOWLVFDOH�
VLPXODWLRQ�� $UPHG� ZLWK� WKLV� IUDPHZRUN�� ZH�
FRQGXFWHG�GLUHFW�REVHUYDWLRQ�RI�QRQ�HTXLOLEULXP�
VWDWHV�RI�LQLWLDO�VWDJH�RI�PHWKDQRO�V\QWKHVLV�RQ�&X�
EDVHG�FDWDO\VW��LQFOXGLQJ�WKH�WKUHH�PDLQ�UHDFWDQWV��
&2���&2�� DQG�+���:H�QRWH� WKDW� LQ� WKLV� SURMHFW��
WKHVH� WKUHH� UHDFWDQWV� DUH� VWLOO� WUHDWHG�
LQGHSHQGHQWO\�� ,QWHUDFWLQJ� DOO� WKH� UHDFWDQWV� LV�
PXFK�PRUH�FRPSOLFDWHG�DQG�EHFRPHV�RXU�SURMHFW�
LQ�WKH�IXWXUH��
� �
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��㸬0XOWLVFDOH�6LPXODWLRQ�

� � � 7KH�IUDPHZRUN�RI�WKH�PXOWLVFDOH�VLPXODWLRQ�LV�
VKRZQ� VFKHPDWLFDOO\� LQ� )LJ�� ��� 7KHUH� DUH� IRXU�
LPSRUWDQW�EXLOGLQJ�EORFNV��QDPHO\�')7��0/��0'��
DQG� WKH� DQDO\VLV� WRRO� WKDW� ZH� FDOOHG� HOXFLGDWRU��
(DFK�RI�WKHP�LV�GLVFXVVHG�LQ�WKH�IROORZLQJ��

�

)LJ���ʁ7KH�IUDPHZRUN�RI�PXOWLVFDOH�VLPXODWLRQ�
�

���� 'HQVLW\�)XQFWLRQDO�7KHRU\��')7��

� � � ')7� LV� XVHG� WR� VWDUW� WKH� IUDPHZRUN� E\�
JHQHUDWLQJ�WKH�WUDLQLQJ�GDWD�XVHG�DV�LQSXW�LQ�WKH�
0/� DOJRULWKP�� ,Q� WKLV� SURMHFW�� ZH� WULHG� WZR�
SRSXODU�')7� VRIWZDUH�� QDPHO\� 67$7(� >�@� DQG�
4XDQWXP�(VSUHVVR�>�@��7KH�67$7(�LV�XVHG�LQ�WKH�
PXOWLVFDOH� VLPXODWLRQV� RI� &2�� DQG� +�� ZKLOH�
4XDQWXP�(VSUHVVR�LV�XVHG�IRU�WKH�VLPXODWLRQV�RI�
&2��$OO�RI�WKHVH�UHDFWDQWV�DUH�LQWHUDFWHG�ZLWK�&X�
VXUIDFH��7KH� WUDLQLQJ�GDWD�RI�&X�+� V\VWHP��&X�
&2� V\VWHP�� DQG� &X�&2��+�� V\VWHP� FRQVLVW� RI�
DWRPLF�HQYLURQPHQWV�ZLWKLQ�VWUXFWXUHV�RI�WKH�&X�
VXUIDFH� LQWHUDFWLQJ� ZLWK� YDULRXV� FRQILJXUDWLRQV�
PROHFXOHV��ERWK�LQ�JDV�DQG�DGVRUEHG�VWDWHV���7KH�
W\SLFDO� WUDLQLQJ� VWUXFWXUH� RI�&X�+��&X�&2�� DQG�
&X�&2��+�DUH�GHSLFWHG�LQ�)LJ����)LJ����DQG�)LJ����
UHVSHFWLYHO\�� ,Q� SUDFWLFH�� WKH� ')7� VRIWZDUH� FDQ�
UXQ�XVLQJ�03,�DQG�203�SDUDOOHOL]DWLRQ�DQG�WKXV�
LQFUHDVH� WKH� HIILFLHQF\� RI� WKH� FDOFXODWLRQV�
HVSHFLDOO\�LQ�ODUJH�VXSHU�FRPSXWHU��:H�QRWH�WKDW�
WKH� JHQHUDWLRQ� RI� GDWDEDVH� LV� WKH� PRVW� WLPH�
FRQVXPLQJ� FRQVLGHULQJ� WKH� FRPSXWDWLRQDO�
H[SHQVH�RI�')7��
�
�

���� 0DFKLQH�/HDUQLQJ��0/��

� � � $IWHU�WKH�GDWDEDVH�ZDV�JHQHUDWHG��ZH�SURFHHG�
WR� WKH� FRQVWUXFWLRQ� RI� PDFKLQH�OHDUQLQJ�
LQWHUDWRPLF�SRWHQWLDO��,Q�WKLV�SURMHFW�ZH�XVHG�0/�
DOJRULWKP� FDOOHG� *DXVVLDQ� 3URFHVV� 5HJUHVVLRQ�
�*35��ZKLFK�LV�LPSOHPHQWHG�LQ�)/$5(�VRIWZDUH�
>�@�� *35� LV� FKRVHQ� VLQFH� LW� FDQ� SURYLGH� WKH�
XQFHUWDLQW\� RI� SUHGLFWLRQ�EDVHG� RQ� WKH� GDWDEDVH�
LWVHOI�� 7KLV� HQDEOHV� WKH� OHDUQLQJ� VFKHPH� FDOOHG�
DFWLYH� OHDUQLQJ� LQ� ZKLFK� WKH� KLJK� XQFHUWDLQW\�
YDOXH� LV� XVHG� DV� WKH� FULWHULRQ� IRU� DQ� DWRPLF�
HQYLURQPHQW�WR�EH�LQFOXGHG�LQ�WKH�GDWDEDVH��7KLV�
OHDUQLQJ� VFKHPH� WKXV� HQVXUHV� HDFK� GDWD� LV�
VXIILFLHQWO\�GLIIHUHQW�IURP�HDFK�RWKHU��UHVXOWLQJ�LQ�
D�FRPSDFW�DQG� ORZ�FRUUHODWHG�GDWDEDVH��)XUWKHU��
RQ�WKH�IO\� OHDUQLQJ� VFKHPH� FDQ�EH� LPSOHPHQWHG�
E\� HPSOR\LQJ� WKH� IRUFH�ILHOG� LQ� G\QDPLF�
VLPXODWLRQ� WR� JHQHUDWH� PRUH� KLJK�XQFHUWDLQW\�
GDWD� WKDW�FDQ�EH�XVHG� WR� LPSURYH� WKH� IRUFH�ILHOG�
FRQWLQXRXVO\�� 7KH� *35� WKDW� LV� LPSOHPHQWHG� LQ�
)/$5(�FDQ�XVH�203�SDUDOOHOL]DWLRQ� LQ� D� VLQJOH�
QRGH��

�
�*(��	㸸�)&��5���42#*/*/(�3425$452&�

�
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㸸�)&��5����42#*/*/(�3425$452&�
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�

���� 0ROHFXODU�'\QDPLFV��0'��

� � � 7KH�/$0036�>�@�VRIWZDUH�LV�XVHG�WR�SHUIRUP�
ODUJH� VFDOH� PROHFXODU� G\QDPLFV� LQ� SDUDOOHO� ERWK�
XVLQJ� 03,� DQG� 203� SDUDOOHOL]DWLRQ�� 7KH�
PDFKLQH�OHDUQLQJ�LQWHUDWRPLF�SRWHQWLDO�LV�UHDG�E\�
WKH� VRIWZDUH� DQG� WKH� HQHUJ\� DQG� IRUFHV� DUH�
FDOFXODWHG�DW�HYHU\�WLPHVWHS��7KH�QRQ�HTXLOLEULXP�
VWDWHV�RI�WKH�FDWDO\VLV�WKHQ�FDQ�EH�REWDLQHG�IURP�
WKH�DWRPLF�WUDMHFWRULHV�RI�0'�VLPXODWLRQV��
�
���� (OXFLGDWRU�

� � � (OXFLGDWRU�LV�D�VHW�RI�DQDO\VLV�WRRO�WKDW�ZH�XVHG�
WR� DQDO\]H� WKH� WUDMHFWRU\� RI� WKH�0'� VLPXODWLRQ��
7KLV�WRRO�LV�3\WKRQ�EDVHG�SURJUDP�ZKLFK�UHOLHV�RQ�
WZR� OLEUDULHV�� QDPHO\� $6(� >�@� DQG� 2YLWR� >�@��
7DVNV� WKDW� DUH� SHUIRUPHG� XVLQJ� WKLV� WRRO�
LQFOXGLQJ�� WKH� DQDO\VLV� RI� VSOLWWLQJ� DQG�
UHFRPELQDWLRQ� UDWH� RI� K\GURJHQ�� WKH� VXUIDFH�
UHFRQVWUXFWLRQ� RI� LQGXFHG� E\� &2�� DQG� WKH�
YLEUDWLRQDO�VWDWHV�RI�&2��K\GURJHQDWLRQ��
�
��㸬�9DOLGDWLRQ�RI�0DFKLQH�/HDUQLQJ�

,QWHUDWRPLF�3RWHQWLDO�

���%HIRUH� VWDUWLQJ� D� SURGXFWLRQ� UXQ� RI� 0'�
VLPXODWLRQV�� LW� LV� QHFHVVDU\� WR� YDOLGDWH� WKH�
DFFXUDF\�RI�WKH�LQWHUDWRPLF�SRWHQWLDO�SURGXFHG�E\�
0/��7KH�YDOLGDWLRQV�ZHUH�GRQH�LQ�WHUPV�RI�PHDQ�
DEVROXWH� HUURU� �0$(��RI� DWRPLF� IRUFHV� �L�H��� WKH�
GLIIHUHQFH�EHWZHHQ�WKH�IRUFHV�FDOFXODWHG�E\�')7�
DQG�WKH�IRUFHV�SUHGLFWHG�E\�0/���$OO�WKH�UHVXOWV�RI�

0$(� IRU� WKH� &X�+�� &X�&��� DQG� &X�&2��+�
V\VWHPV� DUH� VKRZQ� LQ� )LJ� ��� )LJ� ��� DQG� )LJ� ���
UHVSHFWLYHO\��:H�IRXQG�WKDW�WKH�0$(V�DUH�VPDOOHU�
WKDQ����PH9�«��ZKLFK�LV�UHDVRQDEO\�JRRG��

�

�*(�����!#-*%#4*0/�0'�#40.*$�'02$&3�'02��5���3734&.�

�

�*(��
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�
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�㸬1RQ�HTXLOLEULXP�VWDWHV�RI�+���&2��DQG�
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&&2��LQWHUDFWLQJ�ZLWK�&X�VXUIDFH�

� � � $IWHU� FRQILUPLQJ� WKH� DFFXUDF\� RI� WKH�
LQWHUDWRPLF�SRWHQWLDO��WKH�SURGXFWLRQ�UXQ�RI�0'�
VLPXODWLRQV� ZDV� SHUIRUPHG�� 7KH� UHVXOWLQJ�
G\QDPLFV� RI� +�� LQWHUDFWLQJ� ZLWK� &X� VXUIDFH� LV�
VKRZQ�LQ�)LJ����7KH�ILJXUH�VKRZV�WKH�VSOLWWLQJ�RI�
K\GURJHQ� PROHFXOHV� LQWR� WZR� K\GURJHQ� DWRPV�
�VKRZQ� LQ� UHG� FRORU��� 7KH� K\GURJHQ� DWRP� LV�
LQYROYHG� LQ� DOPRVW� HYHU\� LQWHUPHGLDWH� VWDWH� RI�
PHWKDQRO�V\QWKHVLV��)LJ���VKRZV�WKH�VQDSVKRW�RI�
G\QDPLFV�RI�&X�&2�V\VWHP�RI�ZKLFK�WKH�&2�FR�
DGVRUEHG�RQ� WKH�&X�VXUIDFH��7KH�DQDO\VLV�RI� WKH�
&2� LQGXFHG�VXUIDFH� UHFRQVWUXFWLRQ� LV� RQJRLQJ��
7KH� VQDSVKRW� GHSLFWLQJ� WKH� K\GURJHQDWLRQ�
SURFHVV�RI�&2�� LV� VKRZQ� LQ�)LJ�����7KH�FXUUHQW�
VLPXODWLRQ� KDV� DEOH� WR� VKRZ� VXFFHVVIXO� DQG�
XQVXFFHVVIXO�K\GURJHQDWLRQ�RI�&2��� �

�
�*(���㸸�/#13)04�0'�%7/#.*$3�0'��5���3734&.�

�
�*(���㸸�/#13)04�0'�%7/#.*$3�0'��5����3734&.�

�
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�

�㸬&RQFOXVLRQ�

2YHUDOO��ZH�KDYH�EHHQ�DEOH�WR�SURYLGH�WKH�GLUHFW�
REVHUYDWLRQ� WR� WKH� G\QDPLFV� RI� UHDFWDQWV� LQ� WKH�
PHWKDQRO�V\QWKHVLV��7KH�DQDO\VLV�RI�WKH�UHVXOWLQJ�
G\QDPLFV� LV� EHLQJ� SUHSDUHG� DQG� H[SHFWHG� WR� EH�
SXEOLVKHG�LQ�QHDU�IXWXUH��:KHQ�WKLV�UHVHDUFK�LV�
VXFFHVVIXOO\� FRPSOHWHG�� GHWDLO� NQRZOHGJH� RI�
QRQ�HTXLOLEULXP� VWDWHV� �WKH� dPLVVLQJ� OLQNb� LQ�
H[SHULPHQWDO� DQG� FRPSXWDWLRQDO� VWXGLHV�� FDQ�
EH� SURYLGHG�� ZKLFK� OHDG� WR� PRUH� FRQILGHQW�
XQGHUVWDQGLQJ�RI�KHWHURJHQRXV�FDWDO\VLV�� �
�
%LEOLRJUDSK\�
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