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$%675$&7�
5HVSRQVH�0RGHOLQJ�0HWKRGRORJ\��500��LV�D�QHZ�DSSURDFK�IRU�HPSLULFDO�PRGHOLQJ�
RI�V\VWHPDWLF�YDULDWLRQ�DQG�UDQGRP�YDULDWLRQ��:KLOH�WKH�IRUPHU�W\SH�RI�PRGHOLQJ�
UHVXOWV�LQ�DQ�HVWLPDWHG�QRQ�OLQHDU�UHODWLRQDO�PRGHO��WKH�ODWWHU�W\SH�\LHOGV�DQ�HVWLPDWHG�
TXDQWLOH�IXQFWLRQ�WKDW�H[SUHVVHV�TXDQWLOHV�RI�WKH�GDWD�JHQHUDWLQJ�GLVWULEXWLRQ�LQ�WHUPV�
RI�FRUUHVSRQGLQJ�VWDQGDUG�QRUPDO�TXDQWLOHV��6LQFH�LWV�LQFHSWLRQ�LQ�WKH�ILUVW�\HDUV�RI�WKH�
QHZ�PLOOHQQLXP��500�KDV�EHHQ�DSSOLHG�WR�YDULRXV�ILHOGV�RI�VFLHQFH��HQJLQHHULQJ�DQG�
RSHUDWLRQV�PDQDJHPHQW��DQG�KDV�EHHQ�VKRZQ�WR�GHOLYHU�JRRG�PRGHOLQJ�FDSDELOLWLHV��
ZKLOH�SUHVHUYLQJ�GHVLUDEOH�³XQLIRUPLW\�RI�SUDFWLFH´�DFURVV�ZLGHO\�GLYHUJHQW�
GLVFLSOLQHV��,Q�WKLV�SDSHU��500�LV�EULHIO\�GHOLQHDWHG��DQG�LWV�EDVLF�SKLORVRSK\��UHODWLYH�
WR�H[LVWHQW�DOWHUQDWLYH�DSSURDFKHV��LV�GLVFXVVHG��5HFHQW�PRGHOLQJ�HIIRUWV�WKDW�KDYH�
XVHG�500�WR�GHULYH�PRGHOV�IRU�WHPSHUDWXUH�GHSHQGHQW�FKHPLFDO�SURSHUWLHV�DUH�
EULHIO\�VXUYH\HG��,QLWLDO�UHVXOWV�IURP�DQ�RQJRLQJ�3K'�UHVHDUFK�WKDW�FRPSDUHV�VHYHUDO�
IDPLOLHV�RI�GLVWULEXWLRQV�LQ�WHUPV�RI�WKHLU�FDSDELOLW\�WR�GHOLYHU�JRRG�UHSUHVHQWDWLRQ�WR�
FRPPRQO\�XVHG�VWDWLVWLFDO�GLVWULEXWLRQV�DUH�H[SRXQGHG��7KHVH�UHVXOWV�VXJJHVW�WKDW�IRU�
IDPLOLHV�RI�GLVWULEXWLRQV��FRPPRQO\�XVHG�IRU�GLVWULEXWLRQ�ILWWLQJ��OLNH�3HDUVRQ��
JHQHUDOL]HG�ODPEGD��%XUU�DQG��PRUH�UHFHQWO\��500��UDQNLQJ�LV�IHDVLEOH�LQ�WHUPV�RI�
WKH�DVVRFLDWHG�YDOXHV�RI�WKH�/��QRUP��D�PHDVXUH�FRPPRQO\�XVHG�WR�DVVHVV�JRRGQHVV�
RI�ILW�����
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���,1752'8&7,21�
5HVSRQVH�0RGHOLQJ�0HWKRGRORJ\��500��LV�D�QHZ�DSSURDFK�IRU�HPSLULFDO�PRGHOLQJ�
RI�V\VWHPDWLF�YDULDWLRQ�DQG�RI�UDQGRP�YDULDWLRQ��6LQFH�LWV�LQFHSWLRQ�LQ�WKH�ILUVW�\HDUV�
RI�WKH�QHZ�PLOOHQQLXP��500�KDV�EHHQ�VKRZQ�WR�LQFOXGH��DV�VSHFLDO�FDVHV��PDQ\�
PRGHOV�WKDW�KDYH�EHHQ�GHULYHG�LQGHSHQGHQWO\�ZLWKLQ�YDULRXV�VFLHQWLILF�DQG�
HQJLQHHULQJ�GLVFLSOLQHV�OLNH�SK\VLFV��FKHPLVWU\��FKHPLFDO�HQJLQHHULQJ��RSHUDWLRQV�
PDQDJHPHQW�DQG�TXDOLW\�DQG�UHOLDELOLW\�HQJLQHHULQJ��)XUWKHUPRUH��WKH�HUURU�
GLVWULEXWLRQ�RI�500�KDV�EHHQ�VKRZQ�WR�LQFOXGH�DV�VSHFLDO�FDVHV�YDULRXV�GLVWULEXWLRQV��
WUDQVIRUPDWLRQV�DQG�DSSUR[LPDWLRQV��OLNH�WKH�-RKQVRQ�IDPLO\�RI�GLVWULEXWLRQV��WKH�
&DXFK\�GLVWULEXWLRQ��7XNH\
V�J��DQG�K��GLVWULEXWLRQV�DQG�WKH�LQYHUVH�RI�WKH�%R[�&R[�
WUDQVIRUPDWLRQ��6KRUH��������DQG�UHIHUHQFHV�WKHUHLQ���

,Q�WKLV�SDSHU�500�LV�ILUVW�EULHIO\�GHOLQHDWHG��6HFWLRQ����DQG�LWV�FRUH�JURXS�RI�
HTXDWLRQV�LV�LQWURGXFHG��:H�WKHQ�H[SRXQG��6HFWLRQ����WKH�EDVLF�PRWLYDWLRQ�WKDW�KDV�
WULJJHUHG�WKH�GHYHORSPHQW�RI�500��DQG�GHVFULEH�YDULRXV�SUREOHPV��RI�HVVHQWLDOO\�
QRQ�WHFKQLFDO�QDWXUH��WKDW�ZH�EHOLHYH�H[LVW�ZLWK�WKH�FXUUHQW�DUVHQDO�RI�PHWKRGRORJLHV�
IRU�HPSLULFDO�PRGHOLQJ��+RZ�500�GHDOV�ZLWK�WKHVH�SUREOHPV�LV�DOVR�DGGUHVVHG��,Q�
WKH�QH[W�6HFWLRQ���ZH�EULHIO\�GHPRQVWUDWH�DQ�DSSOLFDWLRQ�RI�500�WR�UHODWLRQDO�
PRGHOLQJ�IURP�WKH�DUHD�RI�PRGHOLQJ�WHPSHUDWXUH�GHSHQGHQW�FKHPLFDO�SURSHUWLHV��

7KH�PDLQ�IRFXV�RI�WKH�SDSHU�LV�VRPH�LQLWLDO�UHVXOWV�REWDLQHG�UHFHQWO\�IURP�WKH�ZRUN�
RI�0UV��)DWHQD�$ZDG��D�3K'�VWXGHQW�XQGHU�WKH�VXSHUYLVLRQ�RI�WKLV�DXWKRU��:KLOH�D�IXOO�
UHSRUW�RI�WKHVH�UHVXOWV�ZLOO�EH�FR�SXEOLVKHG�RQFH�WKH�UHVHDUFK�LV�FRPSOHWHG��WKH�LQLWLDO�
UHVXOWV�VHHP�WR�VXJJHVW�VRPH�LPSRUWDQW�FRQFOXVLRQV�ZLWK�UHVSHFW�WR�WKH�UHODWLYH�
HIIHFWLYHQHVV�RI�YDULRXV�IDPLOLHV�RI�GLVWULEXWLRQV��FRPPRQO\�HPSOR\HG�WR�ILW�
GLVWULEXWLRQV�WR�GDWD��7KHVH�UHVXOWV�DQG�VRPH�GLVFXVVLRQ�RI�WKHLU�LPSOLFDWLRQV�DUH�WKH�
VXEMHFW�RI�6HFWLRQ�����

:H�FRQFOXGH�ZLWK�VRPH�VXPPDUL]LQJ�FRPPHQWV�LQ�6HFWLRQ����
�

���500��,QWURGXFWLRQ�RI�WKH�%DVLF�0RGHO�DQG�9DULDWLRQV�
$W�WKH�KHDUW�RI�500�LV�D�UHODWLRQDO�PRGHO��ZKLFK�GHVFULEHV�D�PRGHOHG�UHVSRQVH��<��LQ�
WHUPV�RI�D�OLQHDU�FRPELQDWLRQ�RI�HIIHFWV��GHQRWHG�WKH�/LQHDU�3UHGLFWRU��K���ZKLFK�
WUDQVPLW�V\VWHPDWLF�YDULDWLRQ�WR�WKH�UHVSRQVH��WZR�SRVVLEO\�FRUUHODWHG�QRUPDO�HUURUV��
H��DQG�H���DQG�D�YHFWRU�RI�SDUDPHWHUV���

:� �ORJ�<�� ��D�O�>�K�H��O�±��@���P����H��� � � � ����
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ZKHUH�^D��O��P�`�DUH�WKUHH�SDUDPHWHUV�WKDW�QHHG�WR�EH�GHWHUPLQHG��
$VVXPLQJ�WKDW�WKH�HUURUV�GHULYH�IURP�D�EL�YDULDWH�QRUPDO�GLVWULEXWLRQ��DQG�

H[SUHVVLQJ�H��LQ�WHUPV�RI�H��SOXV�DQ�DGGLWLYH�LQGHSHQGHQW�HUURU��WKH�500�PRGHO�
EHFRPHV��

� :� �ORJ�<�� ��D�O�>�K�VH�=��O�±��@���P����VH�>U=�������U��������=�@�������
ZKHUH�VH��DQG�VH��DUH�WKH�VWDQGDUG�GHYLDWLRQV�RI�H��DQG�H���UHVSHFWLYHO\��=��DQG�=��DUH�
WZR�LQGHSHQGHQW�VWDQGDUG�QRUPDO�YDULDWHV��DQG�U�LV�WKH�FRUUHODWLRQ�EHWZHHQ�H��DQG�H����

$VVXPLQJ�DUELWUDULO\�K &��D�FRQVWDQW�������EHFRPHV�WKH�TXDQWLOH�IXQFWLRQ�RI�WKH�
500�HUURU�GLVWULEXWLRQ��$VVXPLQJ�IXUWKHU�WKDW�U �r���ZH�REWDLQ�IURP�����WKH�TXDQWLOH�
IXQFWLRQ�RI�<��H[SUHVVHG�LQ�WHUPV�RI�WKH�FRUUHVSRQGLQJ�VWDQGDUG�QRUPDO�TXDQWLOH��
([SUHVVHG�LQ�D�UH�SDUDPHWHUL]HG�IRUP������EHFRPHV��ZLWK�K ����

� :� �ORJ�<�� �ORJ�0����>D��O�6��@>����6�=�O�6��±��@���6�=@�� � ����
ZKHUH�0�LV�WKH�PHGLDQ�RI�<��WKDW�LV��< 0�IRU�= ����DQG�^D��O��6���6�`�DUH�SDUDPHWHUV�
WKDW�QHHG�WR�EH�GHWHUPLQHG��,W�PD\�EH�VKRZQ�WKDW�HLWKHU�6��RU�6��PD\�EH�QHJDWLYH��EXW�
QRW�ERWK��ILQG�GHWDLOV�LQ�6KRUH��������DQG�UHIHUHQFHV�WKHUHLQ���

$�YDULDWLRQ�RI�����ZLWK�OHVV�SDUDPHWHUV��ZKLFK�DOVR�SURYLGHV�JRRG�UHSUHVHQWDWLRQ�WR�
YDULRXVO\�VKDSHG�GLVWULEXWLRQV��LV�

� :� �ORJ�0�����$�%�>H[S�%=��±��@���&=�� � � � ����
ZKHUH�^$�%�&`�DUH�SDUDPHWHUV�WKDW�QHHG�WR�EH�GHWHUPLQHG��)RU�REYLRXV�UHDVRQV��WKH�
500�TXDQWLOH�IXQFWLRQV������DQG������KDYH�EHHQ�GHQRWHG��LQ�VRPH�HDUOLHU�UHIHUHQFHV��
,QYHUVH�1RUPDOL]LQJ�7UDQVIRUPDWLRQV��,17V���2WKHU�YHUVLRQV�RI�WKH�500�TXDQWLOH�
IXQFWLRQ�DOVR�H[LVW��ILQG�GHWDLOV�LQ�WKH�DERYH�UHIHUHQFH���

)RU�PRVW�DSSOLFDWLRQV��XVLQJ�����LQVWHDG�RI�����WR�PRGHO�WKH�TXDQWLOH�IXQFWLRQ�RI�D�
U�Y���<��VKRXOG�EH�UHFRPPHQGHG��7KLV�LV�PDLQO\�IRU�WZR�UHDVRQV��)LUVW��ZKHQ�WKHVH�
TXDQWLOH�IXQFWLRQV�DUH�ILWWHG�WR�GDWD�REWDLQHG�IURP�DQ�XQNQRZQ�GLVWULEXWLRQ��FRPSXWHU�
VHDUFK�IRU�WKH�SDUDPHWHUV�LQ�����PD\�RFFDVLRQDOO\�UHVXOW�LQ�LPDJLQDU\�YDOXHV��WKDW�LV��
ZKHQ����6�=������7KLV�PD\�EH�WURXEOHVRPH��6HFRQGO\��DVVXPLQJ�WKDW�0�LV�HVWLPDWHG�
IURP�WKH�VDPSOH
V�PHGLDQ������FRQWDLQV�RQO\�WKUHH�SDUDPHWHUV�ZKLOH�����FRQWDLQV�IRXU��
7KLV�LPSOLHV�WKDW�LQ�HVWLPDWLQJ�WKH�SDUDPHWHUV�RI�����YLD�PRPHQW�PDWFKLQJ��RQO\�WKH�
ILUVW�WKUHH�PRPHQWV�QHHG�WR�EH�HVWLPDWHG�IURP�VDPSOH�GDWD��7KH�ODUJH�VDPSOLQJ�HUURUV��
DVVRFLDWHG�ZLWK�DQ�HVWLPDWH�RI�WKH�IRXUWK�PRPHQW��WKH�NXUWRVLV���LV�WKXV�DYRLGHG��
0D[LPXP�OLNHOLKRRG�HVWLPDWLQJ�SURFHGXUHV�IRU�����DQG�����DUH�GHWDLOHG�LQ�6KRUH�
���������� �
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%RWK�����DQG�����KDYH�EHHQ�VKRZQ�WR�GHOLYHU�H[FHOOHQW�UHSUHVHQWDWLRQ�IRU�WKH�
TXDQWLOH�IXQFWLRQ�RI�YDULRXV�GLVWULEXWLRQV�OLNH�WKH�ELQRPLDO��WKH�3RLVVRQ��JDPPD��
:HLEXOO�DQG�WKH�([WUHPH�9DOXH�GLVWULEXWLRQV��)LWWLQJ�WR�WKHVH�GLVWULEXWLRQV�KDYH�EHHQ�
FDUULHG�RXW�E\�TXDQWLOH�PDWFKLQJ��XVLQJ�QRQ�OLQHDU�OHDVW�VTXDUHV��7KH�DFFXUDF\�
REWDLQHG��DV�DVVHVVHG�E\�WKH�SUHVHUYDWLRQ�RI�WKH�ILUVW�IRXU�PRPHQWV�RI�WKH�
DSSUR[LPDWHG�GLVWULEXWLRQ��KDV�EHHQ�VKRZQ�WR�EH�VDWLVIDFWRU\�HYHQ�IRU�KLJKO\�VNHZHG�
GLVWULEXWLRQV��VNHZQHVV�YDOXHV�UDQJLQJ�IURP�]HUR�WR�RYHU�HOHYHQ���

�
���0RWLYDWLRQ�IRU�WKH�'HYHORSPHQW�RI�500�
7KH�500�PRGHO�LV�GHULYHG�IURP�D�VHW�RI�D[LRPV�WKDW�VHHP�WR�EH�RI�JHQHUDO�HQRXJK�
FKDUDFWHU�WR�DOORZ�500�WR�SURYLGH�JHQHUDO�SODWIRUPV�IRU�HPSLULFDO�PRGHOLQJ�RI�ERWK�
V\VWHPDWLF�YDULDWLRQ�DQG�UDQGRP�YDULDWLRQ��,Q�IDFW��WKH�GHYHORSPHQW�RI�500�ZDV�
HVVHQWLDOO\�WULJJHUHG�E\�WKH�DXWKRU¶V�VWURQJ�FRQYLFWLRQ�WKDW�FXUUHQW�SODWIRUPV�IRU�
HPSLULFDO�PRGHOLQJ��OLNH�*/0��*HQHUDOL]HG�/LQHDU�0RGHOV���VXIIHU�IURP�FHUWDLQ�
GUDZEDFNV�WKDW�XQGHUPLQH�WKHLU�YDOLGLW\�DV�JHQHUDO�SODWIRUPV�IRU�PRGHOLQJ��6RPH�RI�
WKHVH�GUDZEDFNV�DQG�KRZ�500�VHHPV�WR�UHVSRQG�WR�WKHP�DUH�H[SRXQGHG�LQ�WKLV�
VHFWLRQ��
�
����7UDQVLWLRQV�IURP�PRGHOLQJ�UDQGRP�YDULDWLRQ�WR�PRGHOLQJ�V\VWHPDWLF�
YDULDWLRQ�
$OO�FXUUHQW�SODWIRUPV�IRU�PRGHOLQJ�V\VWHPDWLF�YDULDWLRQ�KDYH�RULJLQDWHG�LQ�PRGHOV�RI�
UDQGRP�YDULDWLRQ��7KXV��OLQHDU�UHJUHVVLRQ�KDV�RULJLQDWHG�LQ�WKH�QRUPDO�GLVWULEXWLRQ��
ZKHUH�LW�LV�DVVXPHG�WKDW�WKH�PHDQ�FDQ�EH�H[SUHVVHG�DV�D�OLQHDU�FRPELQDWLRQ�RI�
V\VWHPDWLF�HIIHFWV��DQG�OLNHZLVH�*/0�KDV�RULJLQDWHG�LQ�WKH�H[SRQHQWLDO�IDPLO\�RI�
GLVWULEXWLRQV��1RW�VXUSULVLQJO\��WKH�UHVXOWLQJ�UHODWLRQDO�PRGHOV��HVSHFLDOO\�WKRVH�
SURGXFHG�LQ�WKH�IUDPHZRUN�RI�*/0��FDUU\�OLWWOH�UHVHPEODQFH�WR�UHODWLRQDO�PRGHOV�
GHYHORSHG�RYHU�PDQ\�\HDUV�LQ�YDULRXV�GLVFLSOLQHV�RI�VFLHQFH�DQG�HQJLQHHULQJ��%\�
FRQWUDVW��500�KDV�EHHQ�GHYHORSHG�DV�D�JHQHUDOL]DWLRQ�RI�WKHVH�PRGHOV��ZLWK�RQO\�RQH�
UHVWULFWLRQ��$OO�PRGHOV�GHVFULEH�PRQRWRQH�FRQYH[��FRQFDYH��UHODWLRQVKLS�EHWZHHQ�WKH�
UHJUHVVRU��RU�WKH�/3��DQG�WKH�UHVSRQVH��7KLV�UDWKHU�JHQHUDO�FKDUDFWHUL]DWLRQ�KDV�VHUYHG��
DV�D�JRRG�GHSDUWXUH�SRLQW�IRU�WKH�VXEVHTXHQW�GHYHORSPHQW�RI�500��,W�VHHPV�WKDW�WKLV�
RULJLQ�RI�500�LV�UHVSRQVLEOH�IRU�WKH�FXPXODWLYH�H[SHULHQFH�ZH�KDYH�WKXV�IDU�KDG�ZLWK�
500�ZKLFK�VKRZV�WKLV�DSSURDFK�WR�EH�VR�HIIHFWLYH��SURGXFLQJ�PRGHOV�ZLWK�
JRRGQHVV�RI�ILW�IDLUO\�FRPSDUDEOH�WR�PXFK�PRUH�FRPSOLFDWHG�HPSLULFDO�UHODWLRQDO�
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PRGHOV��QRZDGD\V�FRPPRQO\�XVHG�LQ�YDULRXV�DSSOLFDWLRQ�DUHDV��OLNH�VRIWZDUH�
UHOLDELOLW\�JURZWK�PRGHOLQJ�RU�FKHPLFDO�HQJLQHHULQJ��5HIHU�IRU�DQ�H[DPSOH�WR�WKH�
ODWWHU�WR�6HFWLRQ�����

500�HPERGLHV�WKH�RQO\�JHQHUDO�PRGHOLQJ�DSSURDFK��SUHVHQWO\�DYDLODEOH��ZKLFK�
KDV�LWV�URRWV�LQ�WKH�DUHD�RI�PRGHOLQJ�V\VWHPDWLF�YDULDWLRQ�UDWKHU�WKDQ�LQ�WKH�DUHD�RI�
PRGHOLQJ�UDQGRP�YDULDWLRQ��5HODWLYH�WR�FRUUHVSRQGLQJ�PRGHOV�SURGXFHG�YLD�*/0��
PRGHOV�SURGXFHG�E\�500�DUH�WKHUHIRUH�PRUH�FRPSDWLEOH�ZLWK�WKRVH�RQH�PD\�H[SHFW�
WR�ILQG�LQ�YDULRXV�DUHDV�RI�VFLHQFH��HQJLQHHULQJ�DQG�RSHUDWLRQV�PDQDJHPHQW��
�
����7UDQVLWLRQ�IURP�PRGHOLQJ�V\VWHPDWLF�YDULDWLRQ�WR�PRGHOLQJ�UDQGRP�YDULDWLRQ�
7KH�TXDQWLOH�IXQFWLRQ�RI�500��DV�GHYHORSHG�LQ�6HFWLRQ����LV�DVVRFLDWHG�ZLWK�WKH�HUURU�
VWUXFWXUH�RI�WKH�500�PRGHO��6LQFH�WKH�ODWWHU�KDV�RULJLQDOO\�EHHQ�GHYHORSHG�IRU�
PRGHOLQJ�V\VWHPDWLF�YDULDWLRQ��RQH�PD\�VD\�WKDW�WKDW�ILWWLQJ�500¶V�TXDQWLOH�IXQFWLRQ�
WR�GDWD�UHSUHVHQW�D�WUDQVLWLRQ�LQ�WKH�RSSRVLWH�GLUHFWLRQ�WR�WKDW�H[SHULHQFHG�ZLWK�OLQHDU�
UHJUHVVLRQ�DQG�*/0��QDPHO\��WKH�HUURU�GLVWULEXWLRQ�RI�D�PRGHO��RULJLQDOO\�GHYHORSHG�
WR�PRGHO�V\VWHPDWLF�YDULDWLRQ��VHUYHV�WR�PRGHO�UDQGRP�YDULDWLRQ��6LQFH�500�
FRQWDLQV�PDQ\�H[LVWHQW�PRGHOV�DV�VSHFLDO�FDVHV��RQH�PD\�H[SHFW�LWV�TXDQWLOH�IXQFWLRQ��
ZKLFK�HVVHQWLDOO\�UHSUHVHQWV�WKH�HUURUV�DVVRFLDWHG�ZLWK�500��WR�GHOLYHU�JRRG�
UHSUHVHQWDWLRQ�WR�D�ZLGH�VSHFWUXP�RI�VWDWLVWLFDO�GLVWULEXWLRQV�WKDW�RQH�PD\�HQFRXQWHU�LQ�
SUDFWLFH��,QLWLDO�UHVXOWV�JLYHQ�LQ�6HFWLRQ����ZKHUH�VHYHUDO�IDPLOLHV�RI�GLVWULEXWLRQV�DUH�
FRPSDUHG�LQ�WHUPV�RI�WKH�GHOLYHUHG�JRRGQHVV�RI�ILW��FRUURERUDWH�WKLV�FRQFOXVLRQ��DQG�
GHPRQVWUDWH�WKH�HIILFDF\�RI�500�DPRQJ�WKH�IDPLOLHV�FRPSDUHG��
�
����&KDQJHV�LQ�WKH�HUURU�GLVWULEXWLRQ�GXH�WR�V\VWHPDWLF�YDULDWLRQ�
,W�LV�D�FRPPRQ�H[SHULHQFH��HDVLO\�VXSSRUWHG�E\�DUJXPHQWV�RI�D�WKHRUHWLFDO�QDWXUH��WKDW�
DV�V\VWHPDWLF�YDULDWLRQ��WUDQVPLWWHG�WR�WKH�UHVSRQVH��FDXVHV�LW�WR�YDU\�RYHU�VHYHUDO�
RUGHUV�RI�PDJQLWXGH��WKH�DVVRFLDWHG�HUURU�GLVWULEXWLRQ�ZRXOG�WHQG�WR�FKDQJH�LQ�D�
SURIRXQG�IDVKLRQ��QDPHO\��QRW�RQO\�LQ�WHUPV�RI�WKH�SDUDPHWHUV�DVVRFLDWHG�ZLWK�WKH�
GHILQHG�HUURU�GLVWULEXWLRQ���,Q�SDUWLFXODU��DV�WKH�UHVSRQVH�JURZV�ZH�H[SHFW�D�GH�
FRXSOLQJ�RI�WKH�PHDQ�IURP�WKH�YDULDQFH��ZKLFK�TXLWH�RIWHQ�OHDGV�WR�WKH�DV\PSWRWLF�
QRUPDOLW\�RI�WKH�HUURU�GLVWULEXWLRQ��7KLV�GHVFULSWLRQ�UHTXLUHV�WKDW�LQ�FRQVWUXFWLQJ�D�
UHODWLRQDO�PRGHO��WKH�UHODWLRQVKLS�EHWZHHQ�WKH�PHDQ�DQG�WKH�YDULDQFH�VKRXOG�QRW�EH�
DVVXPHG�WR�EH�FRQVWDQW��(VWLPDWLQJ�D�*/0�PRGHO��RQH�LV�UHTXLUHG�D�SULRUL�WR�GHILQH�
VXFK�D�UHODWLRQVKLS��ZKLFK�LV�DVVXPHG�WR�UHPDLQ�FRQVWDQW�RYHU�WKH�FRPSOHWH�UDQJH�RI�
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YDULDWLRQ�RI�WKH�UHVSRQVH��500�GRHV�QRW�KDYH�WKLV�GUDZEDFN��DV�GLVFXVVHG�LQ�6KRUH�
�������6HFWLRQ�������
�
����'HILQLQJ�WKH�PRGHO�VWUXFWXUH�SULRU�WR�PRGHO�HVWLPDWLRQ�����
,Q�DOO�FXUUHQW�DSSURDFKHV�IRU�PRGHOLQJ�V\VWHPDWLF�YDULDWLRQ��OLNH�OLQHDU�UHJUHVVLRQ��
UHVSRQVH�WUDQVIRUPDWLRQ�DSSURDFKHV�DQG�*/0��WKH�PRGHO�KDV�WR�EH�VSHFLILHG�LQ�
DGYDQFH��6LQFH�IRU�WKH�500�PRGHO�WZR�RI�WKH�SDUDPHWHUV�GHWHUPLQH�WKH�VWUXFWXUH�RI�
WKH�PRGHO��D�DQG�O�LQ�HT������WKH�XOWLPDWH�VWUXFWXUH�RI�WKH�PRGHO�LV�GHWHUPLQHG�E\�WKH�
HVWLPDWLQJ�SURFHGXUH��$V�D�UHVXOW��PRUH�IOH[LELOLW\�LV�H[SHFWHG�LQ�GHVFULELQJ�WKH�GDWD�
E\�WKH�PRGHO��DQG�DV�D�UHVXOW�EHWWHU�JRRGQHVV�RI�ILW��7KLV�SURSHUW\�RI�500��QDPHO\��
LWV�DELOLW\�WR�GHWHUPLQH�WKH�ILQDO�PRGHO�DV�D�UHVXOW�RI�WKH�HVWLPDWLRQ�SURFHGXUH��LV�
VKDUHG�RQO\�E\�WKH�%R[�&R[�WUDQVIRUPDWLRQ��ZKHUH�WKH�QRQ�OLQHDU�VWUXFWXUH�RI�WKH�ILQDO�
PRGHO��SRZHU�RU�ORJ�WUDQVIRUPDWLRQ��PD\�EH�GHWHUPLQHG�E\�HVWLPDWLRQ��/LNHZLVH��LQ�
ILWWLQJ�500�TXDQWLOH�IXQFWLRQ�WR�GDWD��WKH�ILQDO�VKDSH�RI�WKH�TXDQWLOH�IXQFWLRQ�LV�
GLFWDWHG�E\�WKH�GDWD��DQG�GRHV�QRW�KDYH�WR�EH�VSHFLILHG�LQ�DGYDQFH��
�
����)RXU�PRPHQW�ILWWLQJ�
7KH�SUDFWLFH�RI�ILWWLQJ�GLVWULEXWLRQV�WR�GDWD�EDVHG�RQ�IRXU�PRPHQW�ILWWLQJ�LV�SHUKDSV�
WKH�PRVW�WURXEOLQJ�DVSHFW�RI�WKH�FXUUHQW�VWDWH�RI�WKH�DUW�RI�PRGHOLQJ�UDQGRP�YDULDWLRQ��
7KLV�LV�D�PRVW�SUHYDOHQW�SUDFWLFH�LQ�GLVWULEXWLRQ�ILWWLQJ��)RU�H[DPSOH��PRVW�VWDWLVWLFDO�
SDFNDJHV��FXUUHQWO\�DYDLODEOH��FRPSXWH�SURFHVV�FDSDELOLW\�LQGLFHV�IRU�QRQ�QRUPDO�
SRSXODWLRQV�EDVHG�RQ�IRXU�PRPHQW�ILWWLQJ�RI�D�PHPEHU�RI�WKH�3HDUVRQ�IDPLO\�
�&OHPHQWV¶�PHWKRG��������RU�WKH�-RKQVRQ�IDPLO\��7KH�ODUJH�PHDQ�VTXDUHG�HUURUV�
�06(V��DVVRFLDWHG�ZLWK�HVWLPDWHV�RI�KLJK�GHJUHH�PRPHQWV�KDV�EHHQ�UHSHDWHGO\�
DOOXGHG�WR�LQ�WKH�OLWHUDWXUH��IRU�H[DPSOH��.DULDQ�DQG�'XGHZLF]���������������DQG�
6KRUH������D�������DQG�UHIHUHQFHV�WKHUHLQ���,W�KDV�EHHQ�HPSKDVL]HG�WKDW�WKH�XVH�RI�
HVWLPDWHV�RI�KLJK�GHJUHH�PRPHQWV�LV�ULVN\�DQG�PD\�EH�DVVRFLDWHG�ZLWK�XQDFFHSWDEO\�
ODUJH�VDPSOLQJ�HUURUV��

%\�FRQWUDVW��500�XVHV�LQ�D�PRPHQW�PDWFKLQJ�SURFHGXUH�RQO\�PRPHQWV�RI�ORZ�
GHJUHH��SDUWLDO�DQG�FRPSOHWH���,W�KDV�EHHQ�VKRZQ�WKDW�EHWWHU�HVWLPDWHV�DUH�REWDLQHG�IRU�
VPDOO�WR�PHGLXP�VDPSOH�VL]HV��WKXV�HYDGLQJ�WKH�SUREOHP�RI�WKH�KLJK�06(�DVVRFLDWHG�
ZLWK�IRXU�PRPHQW�PDWFKLQJ��UHIHU�WR�6KRUH��������6HFWLRQ��������IRU�GHWDLOV�DQG�
DGGLWLRQDO�UHOHYDQW�UHIHUHQFHV����
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YDSRU�SUHVVXUH�GDWD�ZDV�FRPSDUHG�WR�WKDW�RI�WKH�IROORZLQJ�H[LVWHQW�PRGHOV��IRU�GHWDLOV�
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HVWLPDWHG�E\�WKH�UHJUHVVLRQ�RI�H[SHULPHQWDO�GDWD��7KLV�HTXDWLRQ�LV�ZLGHO\�XVHG�IRU�
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ZKHUH�^D��E��F��G��H`�DUH�DGMXVWDEOH�SDUDPHWHUV��75�LV�WKH�UHGXFHG�WHPSHUDWXUH�
�75 7�7F��ZKHUH�7F�LV�WKH�FULWLFDO�WHPSHUDWXUH�RI�WKH�SDUWLFXODU�VXEVWDQFH���35�LV�WKH�
UHGXFHG�SUHVVXUH��35 3�3F��ZKHUH�3F�LV�WKH�FULWLFDO�SUHVVXUH�RI�WKH�SDUWLFXODU�
VXEVWDQFH��DQG�W ���75���7KLV�VSHFLILF�HTXDWLRQ�IRUP�ZDV�GHYHORSHG�IRU�2[\JHQ�GDWD�
RQO\��

x� 7KH�H[WHQGHG�5LHGHO�HTXDWLRQ��
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ZKHUH�^$��%��&��'��(`�DUH���DGMXVWDEOH�SDUDPHWHUV��QRW�RQO\�IRU�2[\JHQ�GDWD����
x� 6HOHFWHG�PRGHO�V��E\��7DEOH�&XUYH���7&���

7KLV�VRIWZDUH��7&��VHOHFWV�WKH�EHVW�PRGHO�PRGHOV�RXW�RI�������GLIIHUHQW�HTXDWLRQV�
VWRUHG�LQ�LWV�GDWD�EDQN��8VLQJ��0RGHO�6HOHFWLRQ��SURFHGXUHV�VXUYH\HG�LQ�%XUQKDP�DQG�
$QGHUVRQ���������ZKHUH�WKH�$,&�VWDWLVWLF�LV�XVHG�IRU�WKH�ILQDO�VHOHFWLRQ�RI�WKH�PRGHO��
UXQQLQJ�7&�ZLWK�2[\JHQ�GDWD�UHVXOWHG�LQ�WKH�IROORZLQJ��EHVW��PRGHO��
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x� �$FFHSWDEOH�0RGHO��UHFRPPHQGHG�E\�',335��
',335��'HVLJQ�,QVWLWXWH�IRU�3K\VLFDO�3URSHUW\�'DWD��LV�D�ZLGHO\�XVHG�GDWD�EDVH�IRU�
FRUUHODWLQJ�SK\VLFDO�DQG�WKHUPRG\QDPLF�UHVSRQVHV��SURSHUWLHV���,W�LV�WRGD\�RQH�RI�WKH�
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OHDGLQJ�GDWD�EDVHV�IRU�SK\VLFDO�SURSHUWLHV�DQG�WKHLU�PRGHOLQJ��,W�SURYLGHV�ERWK�GDWD±
VHWV�DQG�UHODWLRQDO�PRGHOV�WR�UHSUHVHQW�WKHVH�GDWD��%DVHG�RQ�DQ�H[DPLQDWLRQ�RI�D�ODUJH�
QXPEHU�RI�SRVVLEOH�PRGHOV��',335�RIIHUV�IRU�HYHU\�FRPELQDWLRQ�RI�VXEVWDQFH�DQG�
SURSHUW\��7KH�$FFHSWDEOH�0RGHO���ZKLFK�LV�MXGJHG�E\�WKH�',335�VFLHQWLILF�WHDP�WR�
FDSWXUH�EHVW�WKH�UHODWLRQVKLS�EHWZHHQ�WKH�UHVSRQVH�DQG�WKH�DIIHFWLQJ�IDFWRU��RU�IDFWRUV���
7KH��$FFHSWDEOH�0RGHO��FDQ�EH�SXUHO\�WKHRUHWLFDO��SXUHO\�HPSLULFDO�RU�D�FRPELQDWLRQ�
WKHUHRI��7KH�ODWWHU�FDVH�VHHPV�WR�EH�FKDUDFWHULVWLF�WR�PRVW��$FFHSWDEOH�0RGHOV��WKDW�
RQH�FDQ�ILQG�LQ�WKH�',335�GDWD�EDVH���

7KH�PRGHO�FXUUHQWO\�UHFRPPHQGHG�E\�',335�IRU�YDSRU�SUHVVXUH�LV��
('77&7
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x� 500�
$�YDULDWLRQ�RI�����OHDGV�WR�WKH�IROORZLQJ�YHUVLRQ�FRQFHUQLQJ�YDSRU�SUHVVXUH�GDWD��QRWH�
WKDW�D�TXDQWLOH�IXQFWLRQ�LV�XVHG�KHUH�IRU�UHODWLRQDO�PRGHOLQJ��ILQG�IXUWKHU�GHWDLOV�LQ�
6KRUH��������&K�������

6WG7
0HGLDQ77D6WG7

0HGLDQ77EE
D0HGLDQ33 ����� @��>H[S��ORJ��ORJ� ������

ZKHUH�0HGLDQ3�DQG�0HGLDQ7�DUH�WKH�PHGLDQV�RI�WKH�PHDVXUHG�YDSRU�SUHVVXUH�DQG�
WHPSHUDWXUH�GDWD��UHVSHFWLYHO\��6WG7�LV�WKH�VWDQGDUG�GHYLDWLRQ�RI�WKH�WHPSHUDWXUH�GDWD��
DQG��D��DQG��E��DUH���DGMXVWDEOH�SDUDPHWHUV��

&KDUDFWHUL]DWLRQ�RI�GDWD�IRU�DOO�WKUHH�JDVHV�DQDO\]HG�LQ�WKLV�UHVHDUFK��2[\JHQ��
$UJRQ�DQG�QLWURJHQ��DUH�VKRZQ�LQ�7DEOH���DQG�WKH�UHVXOWV�RI�WKH�FRPSDULVRQ�IRU�
2[\JHQ�DUH�VKRZQ�LQ�7DEOH����VLPLODU�UHVXOWV�ZHUH�REWDLQHG�IRU�WKH�RWKHU�WZR�JDVHV���
/RZHU�$,&�LQGLFDWHV�D�EHWWHU�ILW��7KH�WKUHH�SDUDPHWHU�$QWRLQH�HTXDWLRQ�FRXOG�QRW�EH�
ILWWHG�WR�GDWD�FRYHULQJ�WKH�ZLGH�WHPSHUDWXUH�UDQJH�RI�YDSRU�SUHVVXUH�XVHG�LQ�WKLV�
H[DPSOH��,W�FDQ�EH�VHHQ�WKDW�WKH�DFFXUDF\�RI�WKH�WZR�SDUDPHWHU�500�HTXDWLRQ�LV�
VLJQLILFDQWO\�KLJKHU�WKDQ�WKDW�RI�WKH�ILYH�SDUDPHWHU�',335�HTXDWLRQ��:DJQHU�HTXDWLRQ�
SURYLGHV�WKH�PRVW�DFFXUDWH�FRUUHODWLRQV�IRU�WKH�YDSRU�SUHVVXUH�RI�2[\JHQ��$UJRQ�DQG�
1LWURJHQ��EXW�LW�VKRXOG�EH�QRWHG�WKDW�WKLV�HTXDWLRQ�ZDV�DFWXDOO\�RSWLPL]HG��E\�VWHSZLVH�
UHJUHVVLRQ��IRU�WKH�YHU\�VDPH�VXEVWDQFHV��)URP�WKH�UHVXOWV�RI�WKLV�FRPSDULVRQ��LW�FDQ�
EH�FRQFOXGHG�WKDW�WKH�JHQHUDO�SXUSRVH�500�FRPSHWHV�IDYRUDEO\�ZLWK�WKH�PRVW�
DFFXUDWH�VSHFLILF�YDSRU�SUHVVXUH�HTXDWLRQV�IRU�UHSUHVHQWLQJ�GDWD�FRYHULQJ�D�ZLGH�
WHPSHUDWXUH�UDQJH����
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7KH�VDPH�H[SHULHQFH�KDV�EHHQ�UHSHDWHG�PRUH�UHFHQWO\��ZKHQ�ILYH�VXEVWDQFHV�DQG�
WKLUWHHQ�SURSHUWLHV��SURYLGHG�E\�',335��ZHUH�DQDO\]HG�YLD�WKH�500�DSSURDFK��
&RPSDULQJ�WKH�UHVXOWLQJ�JRRGQHVV�RI�ILW�UHODWLYH�WR�WKDW�REWDLQHG�ZLWK�WKH�UHVSHFWLYH�
�$FFHSWDEOH�0RGHOV���DV�FXUUHQWO\�SURYLGHG�E\�',335��KDV�LQGLFDWHG��DW�OHDVW�IRU�WKLV�
OLPLWHG�VFRSH�SUHOLPLQDU\�VWXG\��WKDW�PRGHOLQJ�YLD�500�PRVW�FRPPRQO\�SURYLGHV�
EHWWHU�JRRGQHVV�RI�ILW�VWDWLVWLFV�WKDQ�WKH�H[LVWLQJ�PRGHOV��)XUWKHUPRUH��QR��JXHVV�
ZRUN��LV�UHTXLUHG�WR�ILQG�WKH�VWUXFWXUH�RI�WKH�EHVW�ILWWLQJ�PRGHO�VLQFH�WKH�500�
HVWLPDWLRQ�SURFHGXUH�GHWHUPLQHV�QRW�RQO\�WKH�SDUDPHWHUV
�YDOXHV�EXW�DOVR�WKH�YHU\�
VWUXFWXUH�RI�WKH�HVWLPDWHG�PRGHO��
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7DEOH����'DWD�&KDUDFWHUL]DWLRQ��9DSRU�3UHVVXUH�'DWD�
� 2[\JHQ� $UJRQ� 1LWURJHQ�
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3UHVVXUH�XQLWV� 03D� EDU� EDU�
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7DEOH�����&RPSDULVRQ�RI�9DSRU�3UHVVXUH�&RUUHODWLRQ�(TXDWLRQV�IRU�2[\JHQ�'DWD�

02'(/� 1R��RI�
SDUDPHWHUV� 06(� $,&F�

$QWRLQH� �� ������� �������
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��7KH�RULJLQDO�GDWD�VHW�FRQWDLQV�����REVHUYDWLRQV��0HDVXUHPHQWV���������FORVH�WR�WKH�FULWLFDO�SRLQW�
ZHUH�IRXQG�RXWOLHUV�ZLWK�UHVSHFW�WR�PRVW�RI�WKH�WKRXVDQGV�RI�PRGHOV�EHHQ�FKHFNHG�����
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,Q�WKLV�VHFWLRQ�ZH�SUHVHQW�VRPH�LQLWLDO�UHVXOWV�REWDLQHG�E\�$ZDG���������ZLWK�KHU�
SHUPLVVLRQ��,Q�WKLV�SDUW�RI�WKH�UHVHDUFK��D�VHW�RI�ILYH�IDPLOLHV�RI�GLVWULEXWLRQV�ZHUH�
ILWWHG�WR�D�UHSUHVHQWDWLYH�VDPSOH�RI����GLVWULEXWLRQV���
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����7KH�VHW�RI�IDPLOLHV�RI�GLVWULEXWLRQV��XVHG�IRU�ILWWLQJ��
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1RWH�WKDW�$��LV�WKH�PHGLDQ��3 ������7KHUHIRUH�LQ�ILWWLQJ�RQO\�WKUHH�SDUDPHWHUV�QHHG�
WR�EH�GHWHUPLQHG��
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x� 500��$V�LQWURGXFHG�E\�WKH�TXDQWLOH�IXQFWLRQ�LQ�HT�����

1RWH�WKDW�0�LV�WKH�PHGLDQ��] ����7KHUHIRUH�LQ�ILWWLQJ�RQO\�WKUHH�SDUDPHWHUV�QHHG�WR�
EH�GHWHUPLQHG��$OVR�QRWH�WKDW�WKH�-RKQVRQ�IDPLO\�LV�D�VSHFLDO�FDVH�RI�500��6KRUH��
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����7KH�DSSUR[LPDWHG�GLVWULEXWLRQV��ZLWK�WKHLU�VNHZQHVV�DQG�NXUWRVLV�YDOXHV��
�7KH�OLVW�RI����GLVWULEXWLRQV�DSSUR[LPDWHG��ILWWHG��E\�WKH�ILYH�IDPLOLHV�RI�GLVWULEXWLRQV��
HQXPHUDWHG�LQ�6HFWLRQ������LV�JLYHQ�LQ�7DEOH����
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&RPPHQW��7KUHH�RI�WKH�GLVWULEXWLRQV�LQ�WKLV�WDEOH�DUH�LGHQWLFDO�WR�WKRVH�WKDW�DSSHDU�LQ�
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7KH�DQDO\VLV�LQFOXGHG�WKH�ILWWLQJ�RI�WKH�ILYH�IDPLOLHV�RI�GLVWULEXWLRQV��6HFWLRQ������WR�
WKH�WZHQW\�GLVWULEXWLRQV�LQ�WKH�VDPSOH��6HFWLRQ�������7KH�REMHFWLYH�ZDV�WR�ILQG�WKH�EHVW�
ILW�ZKLFK�PLQLPL]HV�WKH�GLVWULEXWLRQDO�GLVWDQFH�EHWZHHQ�WKH�DSSUR[LPDWHG�GLVWULEXWLRQ�
DQG�WKH�ILWWHG�GLVWULEXWLRQ��ZKHUH�DV�D�PHDVXUH�IRU�GLVWDQFH�WKH�/��1RUP�ZDV�XVHG��
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ZKHUH� ��[IT ��LV�WKH�ILWWHG�GHQVLW\�IXQFWLRQ��J�[��LV�WKH�GHQVLW\�IXQFWLRQ�RI�WKH�WUXH�
GLVWULEXWLRQ�DQG�T�LV�D�YHFWRU�RI�SDUDPHWHUV�WKDW�PLQLPL]HV�������:KHQ�WKH�WZR�
GLVWULEXWLRQV�DUH�LGHQWLFDO��LW�FDQ�EH�VKRZQ�WKDW�WKH�/��1RUP�LV�LGHQWLFDOO\�]HUR��
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GLVFDUGHG�IURP�IXUWKHU�DQDO\VLV��

7R�REWDLQ�WKH�RSWLPDO�SDUDPHWHUV�WKDW�PLQLPL]H�������0$7+(0$7,&$��ZDV�
XVHG�ZLWK�WKH�FRPPDQG�10LQLPL]H��DFWLYDWHG�WR�VHDUFK�IRU�WKH�RSWLPDO�SDUDPHWHUV��
9DOXHV�RI�/��DW�WKH�RSWLPDO�VROXWLRQ�ZHUH�XVHG�IRU�VXEVHTXHQW�VWDWLVWLFDO�DQDO\VLV�LQ�
RUGHU�WR�UDQN�WKH�YDULRXV�IDPLOLHV�RI�GLVWULEXWLRQV�LQ�WHUPV�RI�WKHLU�FDSDELOLW\�WR�
UHSUHVHQW�ZHOO�WKH�VDPSOH�RI����GLVWULEXWLRQV��1RWH�WKDW�VRPH�RI�WKH�GLVWULEXWLRQV�LQ�
7DEOH���DUH�VSHFLDO�FDVHV�RI�WKH�3HDUVRQ�IDPLO\��7KHUHIRUH�ZKHQ�DOO�WZHQW\�
GLVWULEXWLRQV�ZHUH�DQDO\]HG��WKH�3HDUVRQ�IDPLO\�ZDV�H[FOXGHG�IURP�WKH�FRPSDULVRQ��
&RQYHUVHO\��IRU�WKH�3HDUVRQ�IDPLO\�RQO\����GLVWULEXWLRQV�ZHUH�DQDO\]HG���
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XQGHUO\LQJ�WKLV�DQDO\VLV��$PRQJ�WKH�WHVWV�H[HFXWHG�ZHUH�D�WHVW�IRU�PXOWLYDULDWH�
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7DEOH���SUHVHQWV�DYHUDJHV�DQG�VWDQGDUG�GHYLDWLRQV�IRU�WKH�/��QRUP�IRU�HDFK�RI�WKH�
ILYH�IDPLOLHV�RI�GLVWULEXWLRQV�ILWWHG�RYHU�WKH�WZHQW\�DSSUR[LPDWHG�VWDWLVWLFDO�
GLVWULEXWLRQV�����IRU�WKH�3HDUVRQ�IDPLO\���)LJXUH���GLVSOD\V�WKH�UHVXOWV�JUDSKLFDOO\��
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YDULRXV�IDPLOLHV�RI�GLVWULEXWLRQV��FRPPRQO\�XVHG�DV�JHQHUDO�SODWIRUPV�IRU�PRGHOLQJ�
UDQGRP�YDULDWLRQ��KDV�EHHQ�HYDOXDWHG��6RPH�GHVFULSWLYH�VWDWLVWLFV�DUH�VKRZQ�ZKLFK�
LQGLFDWH�WKDW�LW�LV�SRVVLEOH�WR�UDQN�WKH�YDULRXV�IDPLOLHV��$V�VKRZQ�E\�WKH�UHVXOWV�DERYH��
EDVHG�RQ�WKH�/��1RUP��DQG�IXUWKHU�YDOLGDWHG�E\�SURSHU�VWDWLVWLFDO�DQDO\VLV��QRW�JLYHQ�
KHUH���500��3HDUVRQ�DQG�*/'��LQ�WKDW�RUGHU��PD\�VHUYH�DV�WKH�EHVW�SODWIRUPV�IRU�
GLVWULEXWLRQ�ILWWLQJ��
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SDSHU��
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*XULRQ�8QLYHUVLW\�RI�WKH�1HJHY���
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