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$EVWUDFW� 7KH� GDWD� VWUHDP� PRGHO� KDV� EHHQ� GHILQHG� IRU� QHZ� FODVVHV� RI� DSSOLFDWLRQV� LQYROYLQJ�
PDVVLYH�GDWD�EHLQJ�JHQHUDWHG�DW�D�IDVW�SDFH��:HE�FOLFN�VWUHDP�DQDO\VLV�DQG�GHWHFWLRQ�RI�QHWZRUN�
LQWUXVLRQV�DUH�WZR�H[DPSOHV��&OXVWHU�DQDO\VLV�RQ�GDWD�VWUHDPV�EHFRPHV�PRUH�GLIILFXOW��EHFDXVH�WKH�
GDWD�REMHFWV� LQ�D�GDWD�VWUHDP�PXVW�EH�DFFHVVHG�LQ�RUGHU�DQG�FDQ�EH�UHDG�RQO\�RQFH�RU�IHZ�WLPHV�
ZLWK�OLPLWHG�UHVRXUFHV��5HFHQWO\��D�IHZ�FOXVWHULQJ�DOJRULWKPV�KDYH�EHHQ�GHYHORSHG�IRU�DQDO\]LQJ�
QXPHULF� GDWD� VWUHDPV�� +RZHYHU�� WR� RXU� NQRZOHGJH� WR� GDWH�� QR� DOJRULWKP� H[LVWV� IRU� FOXVWHULQJ�
FDWHJRULFDO�GDWD�VWUHDPV��,Q�WKLV�SDSHU��ZH�SURSRVH�DQ�HIILFLHQW�FOXVWHULQJ�DOJRULWKP�IRU�DQDO\]LQJ�
FDWHJRULFDO� GDWD� VWUHDPV�� ,W� KDV� EHHQ� SURYHG� WKDW� WKH� SURSRVHG� DOJRULWKP� XVHV� VPDOO� PHPRU\�
IRRWSULQWV��:H�SURYLGH�HPSLULFDO�DQDO\VLV�RQ�WKH�SHUIRUPDQFH�RI�WKH�DOJRULWKP�LQ�FOXVWHULQJ�ERWK�
V\QWKHWLF�DQG�UHDO�GDWD�VWUHDPV��
�
.H\ZRUGV�&OXVWHULQJ��&DWHJRULFDO�'DWD��'DWD�6WUHDP��'DWD�0LQLQJ�
�

��� ,QWURGXFWLRQ�
)RU�PDQ\� UHFHQW� DSSOLFDWLRQV�� WKH� FRQFHSW� RI�GDWD� VWUHDP� LV�PRUH� DSSURSULDWH� WKDQ� WKDW� RI�

GDWDVHW� %\�QDWXUH��D�VWRUHG�GDWDVHW�LV�DQ�DSSURSULDWH�PRGHO�ZKHQ�VLJQLILFDQW�SRUWLRQV�RI�WKH�GDWD�
DUH�TXHULHG�UHSHDWHGO\��DQG�XSGDWH�RI�GDWD�LV�UHODWLYHO\�LQIUHTXHQW��,Q�FRQWUDVW��D�GDWD�VWUHDP�LV�DQ�
DSSURSULDWH�PRGHO�ZKHQ�D�ODUJH�YROXPH�RI�GDWD�LV�DUULYLQJ�FRQWLQXRXVO\��,W�LV�HLWKHU�XQQHFHVVDU\�RU�
LPSUDFWLFDO�WR�VWRUH�DOO�DUULYLQJ�GDWD�LQ�VRPH�IRUPV��)RU�H[DPSOH��FDOO�GDWD�DUULYLQJ�DW�VZLWFKHV�RI�D�
WHOHFRPPXQLFDWLRQ�QHWZRUN� DQG�:HE� ORJV� LQ� D�:HE� VHUYHU� DOO� EHORQJ� WR� GDWD� VWUHDPV�� ,Q� WKHVH�
DSSOLFDWLRQV�� GHFLVLRQV� KDYH� WR� EH� PDGH� DW� WLPHV� ZKHQ� LPSRUWDQW� HYHQWV� RFFXU�� 3URFHVVLQJ�
DFFXPXODWHG�GDWD�SHULRGLFDOO\�E\�EDWFKHV��DV�RWKHU�GDWD�PLQLQJ�DSSOLFDWLRQV��LV�XVXDOO\�QRW�DOORZHG��
'DWD�VWUHDP�LV�DOVR�DQ�DSSURSULDWH�PRGHO�IRU�DFFHVV�WR�ODUJH�GDWD�VHWV�VWRUHG�LQ�VHFRQGDU\�PHPRU\�
ZKHUH�SHUIRUPDQFH�UHTXLUHPHQWV�QHFHVVLWDWH�OLQHDU�VFDQV�>�@��

,Q�WKH�GDWD�VWUHDP�PRGHO��GDWD�SRLQWV�FDQ�RQO\�EH�DFFHVVHG�LQ�WKH�RUGHU�RI�WKHLU�DUULYDOV�DQG�
UDQGRP� DFFHVV� LV� QRW� DOORZHG�� 7KH� VSDFH� DYDLODEOH� WR� VWRUH� GDWD� VWUHDPV� LV� RIWHQ� QRW� HQRXJK�
EHFDXVH� RI� WKH� YROXPH� RI� XQERXQGHG� VWUHDPLQJ� GDWD� SRLQWV�� +RZ� WR� HIIHFWLYHO\� RUJDQL]H� DQG�
HIILFLHQWO\�H[WUDFW�XVHIXO�LQIRUPDWLRQ�IURP�D�GDWD�VWUHDP�LV�D�SUREOHP�WKDW�KDV�DWWUDFWHG�UHVHDUFKHUV�
 &RUUHVSRQGLQJ�DXWKRU��7HO��������������������H[W��������� �



IURP�PDQ\�ILHOGV��$OWKRXJK�WKHUH�DUH�PDQ\�DOJRULWKPV�IRU�GDWD�PLQLQJ��WKH\�DUH�QRW�GHVLJQHG�IRU�
GDWD�VWUHDPV�>�@��

7R�SURFHVV�KLJK�YROXPH��RSHQ�HQGHG�GDWD�VWUHDPV��DQ�DOJRULWKP�KDV�WR�PHHW�VRPH�VWULQJHQW�
FULWHULD�� ,Q� >�@�� 'RPLQJRV� SUHVHQWV� D� VHULHV� RI� GHVLJQHG� FULWHULD� IRU� VXFK� DOJRULWKP�� ZKLFK� DUH�
VXPPDUL]HG�DV�IROORZV��
�
�� 7KH�WLPH�QHHGHG�E\�WKH�DOJRULWKP�WR�SURFHVV�HDFK�GDWD�UHFRUG�LQ�WKH�VWUHDP�PXVW�EH�VPDOO�DQG�

FRQVWDQW��RWKHUZLVH��LW�LV�LPSRVVLEOH�IRU�WKH�DOJRULWKP�WR�FDWFK�XS�WKH�SDFH�RI�WKH�GDWD��
��� 5HJDUGOHVV�RI�WKH�QXPEHU�RI�UHFRUGV�WKH�DOJRULWKP�KDV�VHHQ��WKH�DPRXQW�RI�PDLQ�PHPRU\�XVHG�

PXVW�EH�IL[HG��
��� ,W� PXVW� EH� D�RQH�SDVV� DOJRULWKP�� VLQFH� LQ�PRVW� DSSOLFDWLRQV�� HLWKHU� WKH� QHZ� GDWD� LV� QRW� \HW�

DYDLODEOH��RU�WKHUH�LV�QR�WLPH�WR�UHYLVLW�ROG�GDWD��
��� ,W�PXVW�KDYH� WKH�DELOLW\� WR�PDNH�D�XVDEOH�PRGHO�DYDLODEOH�DW� DQ\� WLPH�� VLQFH�ZH�PD\�QHYHU�

PHHW�WKH�HQG�RI�WKH�VWUHDP��
��� 7KH�PRGHO�PXVW�EH�XS�WR�GDWH�DW� DQ\�SRLQW� LQ� WLPH�� WKDW� LV� WR� VD\�� LW�PXVW�NHHS�XS�ZLWK� WKH�

FKDQJHV�RI�WKH�GDWD��

7KH�ILUVW�WZR�FULWHULD�DUH�PRVW�LPSRUWDQW�DQG�KDUG�WR�DFKLHYH��$OWKRXJK�PXFK�ZRUN�KDV�EHHQ�
GRQH�RQ�VFDODEOH�GDWD�PLQLQJ�DOJRULWKPV��PRVW�DOJRULWKPV�UHTXLUH�D�ORW�RI�PDLQ�PHPRU\�WR�KDQGOH�
WKH�GDWD�DQG�WKH�FRPSXWDWLRQ�FRPSOH[LW\�RI�WKHVH�DOJRULWKPV�LQFUHDVHV�QRQOLQHDUO\�DV�WKH�GDWD�VL]H�
LQFUHDVHV��7KHUHIRUH��WKHVH�DOJRULWKPV�DUH�XQDEOH�WR�FRSH�ZLWK�GDWD�VWUHDPV��EHFDXVH�PRVW�RI�WKHP�
ZLOO�H[KDXVW�DOO�DYDLODEOH�PDLQ�PHPRU\�RU�IDOO�EHKLQG�WKH�GDWD�>�@��

&OXVWHULQJ�KDV�EHHQ�XVHG�DV�DQ�HIIHFWLYH�WHFKQLTXH�IRU�GHDOLQJ�ZLWK�GDWD�VWUHDPV��$�FOXVWHULQJ�
DOJRULWKP� GLYLGHV� GDWD� LQWR� VXEVHWV� VR� WKDW� WKH� LQWUD�FOXVWHU� VLPLODULW\� LV� PD[LPL]HG� ZKLOH� WKH�
LQWHU�FOXVWHU� VLPLODULW\� LV� PLQLPL]HG�� 6RPH� UHFHQW� ZRUN� RQ� GHVLJQLQJ� FOXVWHULQJ� DOJRULWKPV� IRU�
GDWD� VWUHDPV�KDV�EHHQ� IRFXVHG�RQ�QXPHULF�GDWD� VWUHDPV�� L�H��� WKH�GDWD� LWHPV�DUH�QXPHULF�YDOXHV��
+RZHYHU�� FOXVWHULQJ� DOJRULWKPV� IRU� FDWHJRULFDO� GDWD� VWUHDPV� DUH� DOVR� YHU\� LPSRUWDQW� IRU� UHDO�
DSSOLFDWLRQV�VXFK�DV�:HE�FOLFN�VWUHDP�DQDO\VLV�DQG�LQIRUPDWLRQ�FRQWHQW�VHFXULW\��7R�WKH�EHVW�RI�RXU�
NQRZOHGJH�� WKHUH� LV�QR�SXEOLVKHG�ZRUN�RQ�KRZ�WR�FOXVWHU�FDWHJRULFDO�GDWD�VWUHDPV��,Q� WKLV�SDSHU��
ZH�SURSRVH�DQ�HIILFLHQW�FOXVWHULQJ�DOJRULWKP�IRU�DQDO\]LQJ�FDWHJRULFDO�GDWD�VWUHDPV��:H�VKRZ�WKDW�
WKH� SURSRVHG� DOJRULWKP� KDV� VPDOO� PHPRU\� IRRWSULQWV�� :H� SURYLGH� HPSLULFDO� DQDO\VLV� RQ� WKH�
SHUIRUPDQFH�RI�WKH�DOJRULWKP�LQ�FOXVWHULQJ�ERWK�V\QWKHWLF�DQG�UHDO�GDWD�VWUHDPV��

,Q�WKH�IROORZLQJ�VHFWLRQV��ZH�EHJLQ�ZLWK�D�UHYLHZ�RI�UHODWHG�ZRUN�LQ�WKUHH�DUHDV������VWUHDP�
GDWD�PLQLQJ������FOXVWHULQJ�GDWD�VWUHDPV�����DQG�FDWHJRULFDO�GDWD�FOXVWHULQJ��7KHQ��ZH�GHVFULEH�RXU�
DOJRULWKP�LQ�GHWDLOV�DQG�SURYLGH�HPSLULFDO�DQDO\VLV�RQ�WKH�DOJRULWKP¶V�SHUIRUPDQFH��

�
��� 5HODWHG�:RUN�
�
���� 5HODWHG�:RUN�RQ�0LQLQJ�'DWD�6WUHDPV�

9HU\�UHFHQWO\��VRPH�LQWHUHVWLQJ�ZRUNV�KDYH�EHHQ�SXEOLVKHG�WR�DGGUHVV�GDWD�VWUHDPV�LQ�WKH�GDWD�
PLQLQJ�FRPPXQLW\��7KHVH�SURSRVDOV�KDYH�WULHG�WR�DGDSW�WUDGLWLRQDO�GDWD�PLQLQJ�WHFKQRORJLHV�WR�WKH�
GDWD�VWUHDP�PRGHO��

7KH� DXWKRUV� RI� >���@� GLVFXVVHG� WKH� SUREOHPV� RI� HIILFLHQWO\� FRQVWUXFWLQJ� GHFLVLRQ� WUHHV� DQG�



FRQGXFWLQJ� HQVHPEOH� FODVVLILFDWLRQ� LQ� D� GDWD� VWUHDP� HQYLURQPHQW�� /DVW� SUHVHQWHG� DQ� RQOLQH�
FODVVLILFDWLRQ�V\VWHP�EDVHG�RQ�LQIR�IX]]\�QHWZRUNV�>�@��

0DQNX�DQG�0RWZDQL�GLVFXVVHG� WKH�SUREOHP�RI� IUHTXHQW�SDWWHUQ�PLQLQJ� LQ�GDWD�VWUHDPV�>�@��
&KHQ�DQG�HW�DO��SURSRVHG�DOJRULWKPV�IRU�UHJUHVVLRQ�DQDO\VLV�RI�WLPH�VHULHV�GDWD�VWUHDPV�>�@��

/DPEHUW�DQG�3LQKHULR�LQYHVWLJDWHG�H[WUDFWLQJ�LQIRUPDWLRQ�DERXW�FXVWRPHUV�IURP�D�VWUHDP�RI�
WUDQVDFWLRQV�DQG�PLQLQJ� LW� LQ� UHDO�WLPH�>��@��+DQFRFN��D� ODQJXDJH�IRU�H[WUDFWLQJ�VLJQDWXUHV� IURP�
GDWD�VWUHDPV�ZDV�SUHVHQWHG�LQ�>��@�� � �
� 7KH�DXWKRUV�RI� >�����@�DGGUHVVHG� WKH�SUREOHP�RI�PLQLQJ�PXOWLSOH�GDWD�VWUHDPV��$OJRULWKPV�
IRU� DQDO\]LQJ� FR�HYROYLQJ� WLPH� VHTXHQFHV� WR� IRUHFDVW� IXWXUH� YDOXHV� DQG�GHWHFW� FRUUHODWLRQV�ZHUH�
GHVFULEHG� LQ� >��@��&KHQ� DQG� HW� DO� SURSRVHG� D� FROOHFWLYH� DSSURDFK� WR�PLQLQJ�%D\HVLDQ� QHWZRUNV�
IURP�GLVWULEXWHG�KHWHURJHQHRXV�:HE�ORJ�GDWD�VWUHDPV�>��@�� �

'RPLQJRV�DQG�+XOWRQ�LQYHVWLJDWHG�D�IHZ�NH\�DVSHFWV�RI�VWUHDP�GDWD�PLQLQJ�DOJRULWKPV�DQG�
RXWOLQHG�D�QXPEHU�RI�SRVVLEOH�GLUHFWLRQV�IRU�IXWXUH�UHVHDUFK�>�@��7KH�SUREOHP�RI�FRPSXWLQJ�GHQVLW\�
IXQFWLRQV�RYHU�GDWD�VWUHDPV�ZDV�H[DPLQHG�LQ�>�@��
�
���� 5HODWHG�:RUN�RQ�&OXVWHULQJ�'DWD�6WUHDPV�
�

7KH�DXWKRUV�RI�>��������@�VWXGLHG�FOXVWHULQJ�LQ�WKH�GDWD�VWUHDP�PRGHO��7KH\�H[WHQGHG�FODVVLFDO�
FOXVWHULQJ�DOJRULWKPV��VXFK�DV�N�PHGLDQ�DQG�N�PHDQV�WR�GDWD�VWUHDP�DSSOLFDWLRQV��E\�DVVXPLQJ�WKDW�
WKH� GDWD� REMHFWV� DUULYH� DV� FKXQNV�� 6SHFLDOO\�� LQ� >�������@�� D� /2&$/6($5&+� VXEURXWLQH� ZDV�
SHUIRUPHG� WZLFH� HYHU\� WLPH� D� QHZ� FKXQN� DUULYHG�� ILUVW� RQ� WKH� QHZ�FKXQN� RI� SRLQWV� WR� JHQHUDWH�
FOXVWHU� FHQWHUV� DQG� WKHQ� RQ� WKH� VHW� RI� FOXVWHU� FHQWHUV� RI� DOO� REVHUYHG� FKXQNV� SURGXFHG� E\�
/2&$/6($5&+� WR� ORFDWH� WKH� RYHUDOO� FOXVWHU� FHQWHUV�� ,W� KDV� EHHQ� SURYHG� WKDW� WKH� WZR�SKDVH�
DOJRULWKP� SURGXFHV� D� JRRG� DSSUR[LPDWLRQ� WR� WKH� RSWLPXP� FOXVWHULQJ� DQG� LV� PHPRU\� HIILFLHQW��
&KDULNDU�DQG�HW� DO�SURSRVHG�D� VWUHDPLQJ�DOJRULWKP� IRU� WKH�N��0HGLDQ�SUREOHP�ZLWK�DQ�DUELWUDU\�
GLVWDQFH�IXQFWLRQ�>��@��%DEFRFN�DQG�HW�DO�>��@�H[WHQGHG�WKHLU�SUHYLRXV�PHWKRG�LQ�>��@�WR�WKH�GDWD�
VWUHDP�ZLQGRZV�PRGHOV��7KH�9).0�DOJRULWKP�ZDV�SURSRVHG�LQ�>��@��ZKLFK�H[WHQGV�WKH�N�PHDQV�
FOXVWHULQJ�DOJRULWKP�E\�ERXQGLQJ�WKH�OHDUQHU¶V�ORVV�DV�D�IXQFWLRQ�RI�WKH�QXPEHU�RI�H[DPSOHV�XVHG�
DW�HDFK�VWHS��

,Q� >��@�� WKH� DXWKRUV� GHYHORSHG� DQ� HIILFLHQW�PHWKRG�� FDOOHG� &OX6WUHDP�� IRU� FOXVWHULQJ� ODUJH�
HYROYLQJ�GDWD�VWUHDPV�� ,QVWHDG�RI� WU\LQJ�WR�FOXVWHU� WKH�ZKROH�VWUHDP�DW�D� WLPH�� WKH�PHWKRG�YLHZV�
WKH� VWUHDP� DV� D� FKDQJLQJ� SURFHVV� RYHU� WLPH�� 7KH�&OX6WUHDP�PRGHO� SURYLGHV� D� ZLGH� YDULHW\� RI�
IXQFWLRQDOLW\� LQ� FKDUDFWHUL]LQJ� GDWD� VWUHDP� FOXVWHUV� RYHU� GLIIHUHQW� WLPH� KRUL]RQV� LQ� DQ� HYROYLQJ�
HQYLURQPHQW��

,Q�>��@��WKH�DXWKRU�DGGUHVVHG�WKH�SUREOHP�RI�FOXVWHULQJ�GDWD�VWUHDPV�RI�ZKLFK�GLPHQVLRQDOLW\�
LQFUHDVHV�RYHU�WLPH��7KDW�LV��D�GDWD�VWUHDP�KDV�N YDOXHV��GLPHQVLRQV��DW�WKH�NWK�VQDSVKRW�ZKLOH�WKH�
N���YDOXHV�DW�WKH��N���WK�VQDSVKRW��$�ZHLJKWHG�GLVWDQFH�PHWULF�EHWZHHQ�WZR�VWUHDPV�ZDV�DSSOLHG�
DQG�DQ�LQFUHPHQWDO�FOXVWHULQJ�DOJRULWKP�ZDV�GHYHORSHG�WR�SURGXFH�FOXVWHUV�RI�VWUHDPV�� �
�
���� 5HODWHG�:RUN�RQ�&OXVWHULQJ�&DWHJRULFDO�'DWD�
�

$ IHZ�DOJRULWKPV�KDYH�EHHQ�SURSRVHG�LQ�UHFHQW�\HDUV�IRU�FOXVWHULQJ�FDWHJRULFDO�GDWD�>�����@��
+DQ�DQG�HW�DO��DGGUHVVHG�WKH�SUREOHP�RI�FOXVWHULQJ�FXVWRPHU�WUDQVDFWLRQV�LQ�D�PDUNHW�GDWDEDVH�>��@��
67,55��DQ�LWHUDWLYH�DOJRULWKP�EDVHG�RQ�QRQ�OLQHDU�G\QDPLFDO�V\VWHPV�ZDV�SUHVHQWHG�LQ�>��@��7KH�



FDWHJRULFDO� FOXVWHULQJ� SUREOHP� ZDV� PDSSHG� WR� D� W\SH� RI� QRQ�OLQHDU� V\VWHPV�� ,I� WKH� G\QDPLFDO�
V\VWHP�FRQYHUJHV��WKH�FDWHJRULFDO�GDWDEDVHV�FDQ�EH�FOXVWHUHG��$QRWKHU�UHFHQW�UHVHDUFK�>��@�VKRZHG�
WKDW� WKH� NQRZQ� G\QDPLFDO� V\VWHPV� FDQQRW� JXDUDQWHH� FRQYHUJHQFH�� DQG� SURSRVHG� D� UHYLVHG�
G\QDPLFDO�V\VWHP�LQ�ZKLFK�FRQYHUJHQFH�FDQ�EH�JXDUDQWHHG�� �

.�PRGHV�� DQ� DOJRULWKP� H[WHQGLQJ� WKH� N�PHDQV� SDUDGLJP� WR� FDWHJRULFDO� GRPDLQ� ZDV�
LQWURGXFHG� LQ� >�����@�� 1HZ� GLVVLPLODULW\� PHDVXUHV� WR� GHDO� ZLWK� FDWHJRULFDO� GDWD� ZDV� XVHG� WR�
UHSODFH� PHDQV� ZLWK� PRGHV�� DQG� D� IUHTXHQF\� EDVHG� PHWKRG� ZDV� XVHG� WR� XSGDWH� PRGHV� LQ� WKH�
FOXVWHULQJ� SURFHVV� WR� PLQLPL]H� WKH� FOXVWHULQJ� FRVW� IXQFWLRQ�� %DVHG� RQ� WKH� N�PRGHV� DOJRULWKP��
-ROORLV� DQG� 1DGLI� SURSRVHG� DQ� DGDSWHG� PL[WXUH� PRGHO� IRU� FDWHJRULFDO� GDWD�� ZKLFK� JLYHV� D�
SUREDELOLVWLF� LQWHUSUHWDWLRQ� RI� WKH� FULWHULRQ� RSWLPL]HG� E\� WKH� N�PRGHV� DOJRULWKP� >��@�� $� IX]]\�
N�PRGHV� DOJRULWKP� ZDV� SUHVHQWHG� LQ� >��@� DQG� WKH� WDEX� VHDUFK� WHFKQLTXH� ZDV� XVHG� LQ� >��@� WR�
LPSURYH� WKH� IX]]\� N�PRGHV� DOJRULWKP�� $Q� LWHUDWLYH� LQLWLDO�SRLQWV� UHILQHPHQW� DOJRULWKP� IRU�
FDWHJRULFDO�GDWD�ZDV�SUHVHQWHG�LQ�>��@��7KH�ZRUN�LQ�>��@�FDQ�EH�FRQVLGHUHG�DV�WKH�H[WHQVLRQV�RI�WKH�
N�PRGHV�DOJRULWKP�WR�WUDQVDFWLRQ�GRPDLQV��

,Q� >��@�� WKH� DXWKRUV� LQWURGXFHG� D� QRYHO� IRUPDOL]DWLRQ� RI� D� FOXVWHU� IRU� FDWHJRULFDO� GDWD� E\�
JHQHUDOL]LQJ� D� GHILQLWLRQ� RI� FOXVWHUV� IRU� QXPHULFDO� GDWD��$� IDVW� VXPPDUL]DWLRQ� EDVHG� DOJRULWKP��
&$&786�� ZDV� SUHVHQWHG�� ZKLFK� LV� EXLOW� RQ� WKUHH� SKDVHV�� VXPPDUL]DWLRQ� FOXVWHULQJ� DQG�
YDOLGDWLRQ�

52&.��DQ�DGDSWDWLRQ�RI�DQ�DJJORPHUDWLYH�KLHUDUFKLFDO�FOXVWHULQJ�DOJRULWKP��ZDV�LQWURGXFHG�
LQ� >��@��7KLV� DOJRULWKP� VWDUWV� E\� DVVLJQLQJ� HDFK� UHFRUG� WR� D� VHSDUDWHG� FOXVWHU�� DQG� WKHQ�PHUJLQJ�
FOXVWHUV�UHSHDWHGO\�DFFRUGLQJ�WR�WKH�FORVHQHVV�EHWZHHQ�FOXVWHUV��7KH�FORVHQHVV�EHWZHHQ�FOXVWHUV�LV�
GHILQHG�DV� WKH� VXP�RI� WKH�QXPEHU�RI� ³OLQNV´�EHWZHHQ�DOO�SDLUV�RI� UHFRUGV��ZKHUH� WKH�QXPEHU�RI�
³OLQNV´�LV�FRPSXWHG�DV�WKH�QXPEHU�RI�FRPPRQ�QHLJKERUV�EHWZHHQ�WZR�UHFRUGV�� �

,Q� >��@�� WKH� DXWKRUV� SURSRVHG� WKH� QRWLRQ� RI� ODUJH� LWHP� $Q� LWHP� LV� ODUJH� LQ� D� FOXVWHU� RI�
WUDQVDFWLRQV� LI� LW� LV� FRQWDLQHG� LQ� D� XVHU� VSHFLILHG� IUDFWLRQ� RI� WUDQVDFWLRQV� LQ� WKDW� FOXVWHU�� $Q�
DOORFDWLRQ� DQG� UHILQHPHQW� VWUDWHJ\�� ZKLFK� KDV� EHHQ� DGRSWHG� LQ� SDUWLWLRQLQJ� DOJRULWKPV� VXFK� DV�
N�PHDQV�� ZDV� XVHG� WR� FOXVWHU� WUDQVDFWLRQV� E\� PLQLPL]LQJ� WKH� FULWHULD� IXQFWLRQ� GHILQHG�ZLWK� WKH�
QRWLRQ�RI� ODUJH� LWHPV�� )ROORZLQJ� WKH� ODUJH� LWHP�PHWKRG� LQ� >��@�� D� QHZ�PHDVXUHPHQW�� FDOOHG� WKH�
VPDOO�ODUJH� UDWLR� ZDV� SURSRVHG� DQG� XWLOL]HG� WR� SHUIRUP� FOXVWHULQJ� >��@�� ,Q� >��@�� WKH� DXWKRUV�
FRQVLGHUHG� WKH� LWHP� WD[RQRP\� LQ�SHUIRUPLQJ� FOXVWHU� DQDO\VLV��:KLOH� WKH�ZRUN� >��@� SURSRVHG�DQ�
DOJRULWKP�EDVHG�RQ�³FDXFXV´��ZKLFK�LV�ILQH�SDUWLWLRQHG�GHPRJUDSKLF�JURXSV�EDVHG�RQ�WKH�SXUFKDVH�
IHDWXUHV�RI�FXVWRPHUV�� �

6TXHH]HU��D�RQH�SDVV�DOJRULWKP�ZDV�SURSRVHG�LQ�>��@��6TXHH]HU�UHSHDWHGO\�UHDGV�UHFRUGV�IURP�
D GDWDVHW�RQH�DW� D� WLPH��:KHQ� WKH� ILUVW� UHFRUG�DUULYHV�� LW� IRUPV�D�FOXVWHU� DORQH��7KH�FRQVHFXWLYH�
UHFRUGV� DUH� HLWKHU� SXW� LQWR� DQ� H[LVWLQJ� FOXVWHU� RU� UHMHFWHG�E\� DOO� H[LVWLQJ� FOXVWHUV� WR� IRUP�D�QHZ�
FOXVWHU�E\�D�JLYHQ�VLPLODULW\�IXQFWLRQ��

&22/&$7�� DQ� HQWURS\�EDVHG� DOJRULWKP� IRU� FDWHJRULFDO� FOXVWHULQJ�� ZDV� SURSRVHG� LQ� >��@��
6WDUWLQJ�IURP�D�KHXULVWLF�PHWKRG�RI� LQFUHDVLQJ�WKH�KHLJKW�WR�ZLGWK�UDWLR�RI� WKH�FOXVWHU�KLVWRJUDP��
WKH� DXWKRUV� LQ� >��@� GHYHORSHG� WKH�&/23(� DOJRULWKP�� &ULVWRIRU� DQG� 6LPRYLFL� >��@� LQWURGXFHG� D�
GLVWDQFH�PHDVXUH�EHWZHHQ�SDUWLWLRQV� EDVHG�RQ� WKH�QRWLRQ�RI� WKH�JHQHUDOL]HG� FRQGLWLRQDO� HQWURS\�
DQG�D�JHQHWLF�DOJRULWKP�DSSURDFK�ZDV�XWLOL]HG�WR�GLVFRYHU�WKH�PHGLDQ�SDUWLWLRQ��,Q�>��@��WKH�DXWKRUV�
IRUPDOO\� GHILQHG� WKH� FDWHJRULFDO� GDWD� FOXVWHULQJ� SUREOHP� DV� DQ� RSWLPL]DWLRQ� SUREOHP� IURP� WKH�
YLHZSRLQW�RI�FOXVWHU�HQVHPEOH��DQG�DSSOLHG�WKH�FOXVWHU�HQVHPEOH�DSSURDFK�WR�FDWHJRULFDO�GDWD��
�



���� 6XPPDU\�
�

7R� WKH� EHVW� RI� RXU� NQRZOHGJH�� WKLV� SUREOHP� RI� FOXVWHULQJ� FDWHJRULFDO� GDWD� VWUHDPV� KDV� QRW�
UHFHLYHG�H[SOLFLW�FRQVLGHUDWLRQ�WR�GDWH��6RPH�FDWHJRULFDO�GDWD�FOXVWHULQJ�DSSURDFKHV�>H�J���������@�
RU DOJRULWKPV� >H�J�����������@� IRU� FOXVWHULQJ�QXPHULF�GDWD� VWUHDPV�PD\�EH�PRGLILHG� WR�GHDO�ZLWK�
FDWHJRULFDO�GDWD�VWUHDPV��EXW�WKH�WDVN�LV�QRQ�WULYLDO��7KH�SUREOHP�LV�RSHQ�DQG�SURYLGHV�SURPLVLQJ�
IXWXUH�UHVHDUFK�GLUHFWLRQV�� �
�
��� 1RWDWLRQV�

/HW�WKH�GDWDVHW�'  ^;�� ;��«��;Q` EH�D�VHW�RI�REMHFWV�GHVFULEHG�E\�P FDWHJRULFDO�DWWULEXWHV��
$�� «��$P ZLWK�GRPDLQV�'��«��'P UHVSHFWLYHO\��7KH�YDOXH�VHW�9L LV�D�VHW�RI�YDOXHV�RI�$L WKDW�DUH�
SUHVHQW� LQ�'� )RU�HDFK�Y�9L� WKH� IUHTXHQF\� I �Y���GHQRWHG�DV� IY� LV� WKH�QXPEHU�RI�REMHFWV�2�'
ZLWK� 2� $L� Y� 6XSSRVH� WKH� QXPEHU� RI� GLVWLQFW� DWWULEXWH� YDOXHV� RI� $L LV� LS � :H� GHILQH� WKH�
KLVWRJUDP�RI�$L DV�WKH�VHW�RI�SDLUV��KL  ^�Y�� I�����Y�� I���«���

LS
Y �

LS
I �`��(DFK�HOHPHQW�RI�KL LV�FDOOHG�

DQ�HQWU\�LQ�WKH�KLVWRJUDP�RU�MXVW�D�KLVWRJUDP�HQWU\��7KH�KLVWRJUDP�RI�GDWDVHW�' LV�GHILQHG�DV��+  
^K�� K�� «�� KP`�� ,Q� WKH� UHVW� RI� WKH� SDSHU�� ZKHQHYHU� QR� FRQIXVLRQ� DULVHV�� ZH� VLPSOLI\� WR� XVH�
³KLVWRJUDP´�DV�WKH�VKRUWKDQG�IRU�³WKH�KLVWRJUDP�RI�D�GDWDVHW´�� � �

/HW�;��<�EH� WZR�FDWHJRULFDO�REMHFWV�GHVFULEHG�E\�P FDWHJRULFDO� DWWULEXWHV��7KH�GLVVLPLODULW\�
PHDVXUH�EHWZHHQ�; DQG�< FDQ�EH�GHILQHG�DV� WKH� WRWDO�PLVPDWFKHV�RI� WKH�FRUUHVSRQGLQJ�DWWULEXWH�
YDOXHV� RI� WKH� WZR� REMHFWV�� 7KH� VPDOOHU� WKH� QXPEHU� RI�PLVPDWFKHV� LV�� WKH�PRUH� VLPLODU� WKH� WZR�
REMHFWV��)RUPDOO\��
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(T�����FDQ�EH�UHGHILQHG�DV�
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)URP� WKH� LPSOHPHQWDWLRQ� HIILFLHQF\� YLHZSRLQW�� (T� ���� FDQ� EH� FRPSXWHG� PRUH� HIILFLHQWO\�

EHFDXVH�LW�RQO\�UHTXLUHV�WR�FRPSXWH�WKH�IUHTXHQFLHV�RI�PDWFKHG�DWWULEXWH�YDOXH�SDLUV�� �
&OXVWHULQJ� DQDO\VLV� DLPV� DW� SDUWLWLRQLQJ� D� GDWDVHW� ' LQWR� N FOXVWHUV� &� &� «�� &N ZKHUH�

&L� &M I DQG�&� � &�� «�� &N� '� )RU�HDFK�FOXVWHU�&L� ZH�XVH�+L WR�GHQRWH�WKH�KLVWRJUDP�
GHULYHG�IURP�LW��
�
��� $�6WUHDP�&OXVWHULQJ�$OJRULWKP�IRU�&DWHJRULFDO�'DWD�
�
����7KH�6WUHDP&OX&'�$OJRULWKP�
�

6TXHH]HU�LV�D�RQH�SDVV�FOXVWHULQJ�DOJRULWKP�IRU�FDWHJRULFDO�GDWD�>��@��7KH�DOJRULWKP�GLYLGHV�Q�
UHFRUGV� LQWR� FOXVWHUV�� ,QLWLDOO\�� WKH� ILUVW� UHFRUG� LQ� WKH� GDWDVHW� LV� UHDG� LQ� DQG� D� QHZ� KLVWRJUDP� LV�
FUHDWHG��7KH�UHVW�RI�UHFRUGV�DUH�UHDG�LWHUDWLYHO\��)RU�HDFK�UHFRUG��ZH�FRPSXWH�LWV�VLPLODULW\�YDOXHV�
ZLWK� DOO� H[LVWLQJ� FOXVWHUV� XVLQJ� (T� ����� $PRQJ� WKHVH� YDOXHV�� WKH� PD[LPDO� VLPLODULW\� YDOXH� LV�
VHOHFWHG��,I�WKLV�YDOXH�LV�JUHDWHU�WKDQ�WKH�JLYHQ�VLPLODULW\�WKUHVKROG��LW�LV�SXW�LQWR�WKH�FOXVWHU�WKDW�KDV�
WKH� ODUJHVW� VLPLODULW\�� 7KH� KLVWRJUDP� RI� WKLV� FOXVWHU� LV� DOVR� XSGDWHG�ZLWK� WKH� QHZ� UHFRUG�� ,I� WKH�
DERYH� FRQGLWLRQ� GRHV� QRW� KROG�� D� QHZ� FOXVWHU� �UHSUHVHQWHG� E\� D� KLVWRJUDP�� LV� FUHDWHG�� 7KH�
DOJRULWKP�FRQWLQXHV�XQWLO�DOO�WKH�UHFRUGV�LQ�WKH�GDWDVHW�DUH�UHDG��

,Q�WKH�FOXVWHULQJ�SURFHVV��WKH�PDLQ�RSHUDWLRQ�RI�6TXHH]HU�LV�WR�PDLQWDLQ�DQG�XSGDWH�PXOWLSOH�
KLVWRJUDPV��%HFDXVH�GDWD�VWUHDP�DOJRULWKPV�KDYH�OLPLWHG�UHTXLUHPHQWV�RQ�PDLQ�PHPRU\��RXU�ILUVW�
JRDO� ZLOO� EH� WR� PDNH� WKH� FOXVWHULQJ� EH� FDUULHG� RXW� LQ� D� VPDOO� VSDFH�� 7KHUHIRUH�� LQVWHDG� RI�
PDLQWDLQLQJ� DOO� WKH� YDOXH� IUHTXHQFLHV� LQ� HDFK� KLVWRJUDP�� ZH� DSSO\� WKH� DSSUR[LPDWLRQ� FRXQWV�
WHFKQLTXH�RYHU�GDWD�VWUHDPV�GHYHORSHG�E\�0DQNX�DQG�0RWZDQL�>�@�WR�NHHS�RQO\�YDOXH�IUHTXHQFLHV�
WKDW�DUH�UHODWLYHO\�³ODUJH´��,Q�WKH�VHTXHO��ZH�ZLOO�EULHIO\�LQWURGXFH�WKHLU�/RVV\�&RXQWLQJ�$OJRULWKP��

7KH� ORVV\� FRXQWLQJ� DOJRULWKP� >�@� XVHV� WZR� XVHU�VSHFLILHG� SDUDPHWHUV�� D� VXSSRUW� WKUHVKROG�
V�������DQG�DQ�HUURU�SDUDPHWHUH �������VXFK�WKDW� H ��V� /HW�1 GRQDWH�WKH�FXUUHQW�OHQJWK�RI�WKH�
VWUHDP��L�H���WKH�QXPEHU�RI�UHFRUGV�VHHQ�VR�IDU��7KH�LQFRPLQJ�VWUHDP�LV�FRQFHSWXDOO\�GLYLGHG�LQWR�



EXFNHWV�ZLWK�Z »»
º««

ª
H
� WUDQVDFWLRQV� HDFK��%XFNHWV� DUH� ODEHOHG�E\�EXFNHW� LGV� VWDUWLQJ� IURP����7KH�

FXUUHQW� EXFNHW� LG� LV� GRQDWHG� E\� FXUUHQWE � ZKRVH� YDOXH� LV� »»
º««

ª
Z
1 � )RU� DQ� HOHPHQW� H� LWV� WUXH�

IUHTXHQF\� LQ� WKH� VWUHDP� VHHQ� VR� IDU� LV� GHQRWHG� E\ HI � 1RWH� WKDW� H DQG�Z DUH� IL[HG� ZKLOH�1�

FXUUHQWE DQG HI FKDQJH�YDOXHV�DV�WKH�VWUHDP�SURJUHVVHV��7KH�GDWD�VWUXFWXUH�' LV�D�VHW�RI�HQWULHV�RI�
WKH�IRUP��H� I� ' ���ZKHUH�H LV�DQ�HOHPHQW�LQ�WKH�VWUHDP��I LV�DQ�LQWHJHU�UHSUHVHQWLQJ�LWV�HVWLPDWHG�
IUHTXHQF\��DQG� ' LV�WKH�PD[LPXP�SRVVLEOH�HUURU�LQ�I�

,QLWLDOO\��' LV�HPSW\��:KHQHYHU�D�QHZ�HOHPHQW�H DUULYHV��ZH�ILUVW�ORRN�DW�' WR�VHH�ZKHWKHU�DQ�
HQWU\�IRU�H DOUHDG\�H[LVWV�RU�QRW��,I�WKH�ORRNXS�VXFFHHGV��WKH�HQWU\�LV�XSGDWHG�E\�LQFUHPHQWLQJ�LWV�
IUHTXHQF\�I E\�RQH��2WKHUZLVH��D�QHZ�HQWU\�LQ�WKH�IRUP�RI��H� ��� FXUUHQWE ����LV�FUHDWHG��$OVR��' LV�
SUXQHG�E\� GHOHWLQJ� VRPH� RI� LWV� HQWULHV� DW� EXFNHW� ERXQGDULHV�� L�H���ZKHQHYHU�1 {� PRG�Z� 7KH�
GHOHWLRQ�UXOH�LV��DQ�HQWU\��H� I� ' � LV�GHOHWHG�LI�I �' d FXUUHQWE � :KHQ�D�XVHU�UHTXHVWV�D�OLVW�RI�LWHPV�
ZLWK�WKUHVKROG�V� RXWSXW�WKRVH�HQWULHV�ZLWK�I t �V�H �1�

)RU�DQ�HQWU\��H� I� ' ���I UHSUHVHQWV�WKH�H[DFW�IUHTXHQF\�FRXQW�RI�H HYHU�VLQFH�WKLV�HQWU\�ZDV�
LQVHUWHG�LQWR�'� 7KH�YDOXH�RI� ' DVVLJQHG�WR�D�QHZ�HQWU\�LV�WKH�PD[LPXP�QXPEHU�RI�WLPHV�WKDW�H
KDV� RFFXUUHG� LQ� WKH� ILUVW FXUUHQWE ��� EXFNHWV�� 7KLV� YDOXH� LV� H[DFWO\� FXUUHQWE ���� 2QFH� DQ� HQWU\� LV�
LQVHUWHG�LQWR�'� LWV' YDOXH�UHPDLQV�XQFKDQJHG��

�
7KHRUHWLFDO�DQDO\VLV�>�@�VKRZV�WKDW�DQVZHUV�SURGXFHG�E\�WKH�/RVV\�&RXQWLQJ�$OJRULWKP�ZLOO�

KDYH�WKH�IROORZLQJ�JXDUDQWHHV��
�� $OO�LWHPVHWV�ZKRVH�WUXH�IUHTXHQF\�H[FHHGV�V1�DUH�RXWSXW��7KHUH�DUH�QR IDOVH�QHJDWLYHV�
�� 1R�LWHPVHW�ZKRVH�WUXH�IUHTXHQF\�LV�OHVV�WKDQ��V�H �1 LV�RXWSXW��
�� (VWLPDWHG�IUHTXHQFLHV�DUH�OHVV�WKDQ�WKH�WUXH�IUHTXHQFLHV�E\�DW�PRVW� H 1�
%DVHG� RQ� WKH� 6TXHH]HU� DOJRULWKP� DQG� WKH� /RVV\� &RXQWLQJ� $OJRULWKP�� ZH� GHILQH� WKH� QHZ�

VWUHDPLQJ�FOXVWHULQJ�DOJRULWKP�6WUHDP&OX&'�DV�VKRZQ�LQ�)LJ�����7KH�NH\�VWHSV�LQ�WKLV�DOJRULWKP�
DUH� 6WHS� ����� DQG� 6WHS� ������ ,Q� 6WHS� ������ WKH� KLVWRJUDP� LV� SUXQHG� E\� GHOHWLQJ� VRPH� HQWULHV� DW�
EXFNHW�ERXQGDULHV��7KDW�LV��DFFRUGLQJ�WR�WKH�GHOHWLRQ�UXOH��HDFK�KLVWRJUDP�+L LV�SUXQHG�E\�GHOHWLQJ�
VRPH�HQWULHV�DW�EXFNHW�ERXQGDULHV�ZKHQHYHU�1L {� PRG�Z� ZKHUH�1L GHQRWHV�WKH�FXUUHQW�VL]H�RI�
WKH�FOXVWHU�&L DQG�Z »»

º««
ª
H
� � 1RWH�WKDW�HDFK�HQWU\� LQ�WKH�KLVWRJUDP�XVHG�LQ�RXU�DOJRULWKP�LV�LQ�WKH�

IRUP�RI��H� I� ' ���ZKLOH�WKH�KLVWRJUDP�HQWU\�LQ�WKH�6TXHH]HU�DOJRULWKP�LV�IRUP�RI��H� I ��� �
,Q� 6WHS� ������ ZH� FRPSXWH� WKH� VLPLODULW\� EHWZHHQ� D� UHFRUG� DQG� D� FOXVWHU� �UHSUHVHQWHG� E\� D�

KLVWRJUDP�� DFFRUGLQJ� WR� (T� ����� 6LQFH� WKH� KLVWRJUDP� PD\� KDYH� EHHQ� SUXQHG� LQ� 6WHS� ������ WKH�
IUHTXHQF\�RI�HDFK�HOHPHQW�LQ�WKH�KLVWRJUDP�LV�QRW�DFFXUDWH��7KHUHIRUH��ZKHQ�DSSO\LQJ�(T�����LQ�WKH�



6WUHDP&OX&'�DOJRULWKP��RQO\�WKRVH�HOHPHQWV�ZLWK�³ODUJH´�YDOXH�IUHTXHQFLHV�DUH�FRQVLGHUHG��L�H���
WKH� IUHTXHQF\� I RI DQ� HOHPHQW� VDWLVI\LQJ� I t �V�H �1� ,Q� RWKHU�ZRUGV�� RQO\� WKRVH� HOHPHQWV�ZLWK�
³ODUJH´� YDOXH� IUHTXHQFLHV�ZLOO� FRQWULEXWH� WR� WKH� VLPLODULW\� YDOXH��:H�ZLOO� RIIHU� VRPH� DGGLWLRQDO�
LQVLJKWV�RQ�WKH�FKRLFH�RI�V LQ�6HFWLRQ���� �

0RUHRYHU�� WKH� 6TXHH]HU� DOJRULWKP� LV� D� VSHFLDO� FDVH� RI� WKH� 6WUHDP&OX&'� DOJRULWKP� LQ�
QRQ�VWUHDPLQJ�HQYLURQPHQW�LI�ZH�VHW�WKH�LQSXW�SDUDPHWHUV�WR�VRPH�GHVLUDEOH�YDOXHV��L�H���V H DQG�
H ���1� 7KXV�� WKH�GLIIHUHQFH�EHWZHHQ�6TXHH]HU�DQG�6WUHDP&OX&'�LV�PDLQO\�GHWHUPLQHG�E\�KRZ�
WKH�YDOXHV�RI�WKHVH�WZR�SDUDPHWHUV�DUH�VSHFLILHG�E\�XVHUV�� �
�
$OJRULWKP�6WUHDP&OX&'�

,QSXW�� � � '6� � ���WKH�FDWHJRULFDO�GDWD�VWUHDP�
� VW� ���XVHU�GHILQHG�VLPLODULW\�WKUHVKROG� �

H ���XVHU�GHILQHG�HUURU�SDUDPHWHU�IRU�IUHTXHQW�SDWWHUQ�
� V� � � � � � � � � ���XVHU�GHILQHG�PLQLPDO�VXSSRUW�WKUHVKROG�YDOXH�

� 2XWSXW�� 7KH�FOXVWHU�GHVFULSWLRQV�LQ�IRUP�RI�KLVWRJUDPV�VR�IDU�

��� %HJLQ�
��� IRUHDFK�UHFRUG�W LQ�'6�GR�EHJLQ� �
��� � � � � � IRUHDFK�H[LVWLQJ�FOXVWHU�&L

��� � FRPSXWLQJ�WKH�VLPLODULW\�EHWZHHQ�W DQG�&L

��� � � � � � HQG�
��� � JHWWLQJ�WKH�PD[LPDO�YDOXH�RI�VLPLODULW\��VLPBPD[�
��� � � � � � JHWWLQJ�WKH�FRUUHVSRQGLQJ�FOXVWHU���&PD[�
��� � � � � � LI�VLPBPD[�! �VW�WKHQ�
��� � � � � � � � XSGDWH�HQWULHV�RI�WKH�IRUP��H� I� PD[LPDO�HUURU���LQ�FOXVWHU�&PD[�
��� � � � � � � � LI�SUXQLQJ�FRQGLWLRQ�LV�VDWLVILHG��DW�EXFNHW�ERXQGDULHV��WKHQ�
��� � GHOHWLQJ�VRPH�RI�LWV�HQWULHV�DFFRUGLQJ�WKH�GHOHWLRQ�UXOH�
��� � � � � � � � HQG�
��� � HQG�
��� � HOVH�
��� � � � � � � � � FUHDWLQJ�D�QHZ�FOXVWHU�ZLWK�W��FUHDWLQJ�D�QHZ�KLVWRJUDP��
��� � HQG�
��� HQG�

)LJ����7KH�VWUHDPLQJ�FOXVWHULQJ�DOJRULWKP�IRU�FDWHJRULFDO�GDWD�

����$QDO\VLV�
�

)LUVWO\��ZH�VKRZ�WKDW�WKH�6WUHDP&OX&'�DOJRULWKP�FDQ�EH�SURYHG�WR�KDYH�D�VSDFH�JXDUDQWHH�RQ�
PDLQ�PHPRU\�FRQVXPHG�� �

�



7KHRUHP���>�@��/RVV\�&RXQWLQJ�$OJRULWKP�FRPSXWHV�DQH �GHILFLHQW�V\QRSVLV�XVLQJ�DW�PRVW�
�ORJ�� 1HH HQWULHV��ZKHUH�1 GRQDWHV�WKH�FXUUHQW�OHQJWK�RI�WKH�VWUHDP��L�H���WKH�QXPEHU�RI�UHFRUGV�

VHHQ�VR�IDU��
�
7KHRUHP���LPSOLHV�WKDW�HDFK�KLVWRJUDP�LV�VSDFH�ERXQGHG��6WUDLJKWIRUZDUGO\��ZH�FDQ�KDYH�WKH�

IROORZLQJ�WKHRUHP��
7KHRUHP��� 7KH�6WUHDP&OX&'�DOJRULWKP�XVHV�DW�PRVW� �ORJ��

�
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3URRI�� )URP� 7KHRUHP� ���ZH� NQRZ� WKDW� IRU� HDFK� FOXVWHU� &L WKH� VSDFH� QHHGHG� LV� DW� PRVW�
�ORJ��
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$FFRUGLQJ� WR� 7KHRUHP� ��� WKH� PHPRU\� UHTXLUHPHQW� RI� RXU� DOJRULWKP� GHSHQGV� RQ� H � 1L

��d Ld N� DQG�N� 7R�UHGXFH�WKH�GHSHQGHQW�YDULDEOHV��ZH�KDYH�/HPPD���� �
/HPPD��� /HW�1  NT�U� � U N� N DQG�T EH�QDWXUDO�QXPEHUV��,I�N QDWXUH�QXPEHUV�1�� 1�� «��
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7KH�SURRI�RI�/HPPD���FDQ�HDVLO\�EH� IRXQG� LQ�D�QXPEHU� WKHRU\� WH[WERRN�� )URP�
/HPPD����ZH�FDQ�GHULYH�/HPPD����
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$FFRUGLQJ� WR�7KHRUHP���� WKH�PHPRU\� UHTXLUHPHQW�RI�RXU�DOJRULWKP�RQO\�GHSHQGV�RQ� WKUHH�
SDUDPHWHUV�H � N DQG�1� 7R�EH�PRUH�SUHFLVH�� LQFUHDVLQJH ZLOO�GHFUHDVH�WKH�PHPRU\�XVDJH��ZKLOH�
LQFUHDVLQJ�N ZLOO�LQFUHDVH�WKH�PHPRU\�UHTXLUHPHQW��,Q�IDFW��LQ�WKH�SURFHVV�RI�FOXVWHULQJ�FDWHJRULFDO�
GDWD� VWUHDPV�� WKH� YDOXHV� RI� H DQG� N DUH� XVXDOO\� IL[HG� LQ� WKH� 6WUHDP&OX&'� DOJRULWKP�� ZKLOH�1
FKDQJHV� DV� WKH� VWUHDP� SURJUHVVHV�� +HQFH�� WKH� QXPEHU� RI� UHFRUGV�1 VHHQ� VR� IDU� GHWHUPLQHV� WKH�
PHPRU\�XVDJH�RI�RXU�DOJRULWKP�� �

$OWKRXJK�� WKHRUHWLFDOO\�� WKH�PHPRU\� UHTXLUHPHQW� RI� RXU� DOJRULWKP� LQFUHDVHV� DV� WKH� VWUHDP�
VL]H�LQFUHDVHV��LWV�LQFUHDVH�LV�LQ�SURSRUWLRQ�WR�ORJDULWKP�RI�WKH�VWUHDP�VL]H��,W�PHDQV�WKDW�HYHQ�ZKHQ�
GDWD� VWUHDP� LQFUHDVHV� YHU\� VLJQLILFDQWO\�� WKH� PHPRU\� XVDJH� DOPRVW� NHHSV� FRQVLVWHQW�� :H� ZLOO�
YHULI\�WKLV�SRLQW�LQ�WKH�HPSLULFDO�HYDOXDWLRQ�VHFWLRQ��

)XUWKHUPRUH��LI�ZH�PDNH�DQ�DVVXPSWLRQ�WKDW� LQ�UHDO�ZRUOG�GDWDVHWV��HOHPHQWV�ZLWK�YHU\�ORZ�
IUHTXHQF\� �DW� PRVW� �

1H � WHQG� WR� RFFXU� PRUH� RU� OHVV� XQLIRUPO\� DW� UDQGRP�� WKHQ� WKH� /RVV\�

&RXQWLQJ�PHWKRG�UHTXLUHV�QR�PRUH�WKDQ� H
� VSDFH��DV�SURYHG�LQ�>�@��,W�LV�WUXH�HYHQ�LI�WKH�SRVLWLRQV�

RI WKH�KLJK�IUHTXHQF\�HOHPHQWV�DUH�FKRVHQ�E\�DQ�DGYHUVDU\��RQO\�WKH�ORZ�IUHTXHQF\�HOHPHQWV�DUH�
UHTXLUHG�WR�EH�GUDZQ�IURP�VRPH�IL[HG�GLVWULEXWLRQ�>�@��7KHUHIRUH��IROORZLQJ�WKLV�DVVXPSWLRQ��RXU�



DOJRULWKP�ZLOO�UHTXLUH�D�IL[HG�DPRXQW�RI�PDLQ�PHPRU\�JLYHQ�LQ�7KHRUHP����
7KHRUHP��� )RU� WKH� 6WUHDP&OX&'� DOJRULWKP�� LI� VWUHDP� HOHPHQWV� DUH� GUDZQ� LQGHSHQGHQWO\�

IURP�D� IL[HG�SUREDELOLW\�GLVWULEXWLRQ�� LW� LV� H[SHFWHG� WKDW� WKH�DOJRULWKP�XVHV�DW�PRVW� H
N� HQWULHV�

ZKHUH�N LV�WKH�FXUUHQW�QXPEHU�RI�FOXVWHUV��
3URRI��)RU�HDFK�FOXVWHU�&L� ZLWK�KLVWRJUDP�+L� ZH�GHQRWH�WKH�H[SHFWDWLRQ�RQ�PHPRU\�XVDJH�DV�
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KROGV��7KDW�LV��LW�LV�

H[SHFWHG�WKDW�WKH�DOJRULWKP�XVHV�DW�PRVW� H
N� HQWULHV�� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

6LQFH�WKH�DERYH�DVVXPSWLRQ�LV�DOZD\V�URXJKO\�VDWLVILHG�E\�WKH�UHDO�ZRUOG�GDWD�VHWV��$FFRUGLQJ�
WR�7KHRUHP����ZH�FDQ�FRQFOXGH�WKDW��UHJDUGOHVV�RI�WKH�QXPEHU�RI�UHFRUGV�RXU�DOJRULWKP�KDV�VHHQ��
WKH� DPRXQW� RI� PDLQ� PHPRU\� XVHG� LV� IL[HG�� 7KLV� SURSHUW\� LV� PRVW� GHVLUDEOH� IRU� VWUHDPLQJ�
DOJRULWKPV�� ,Q�FRQWUDVW�� WKH�6TXHH]HU�DOJRULWKP�>��@�FDQ¶W�SURYLGH�VXFK�NLQG�RI�JXDUDQWHH��7KXV��
WKH�6WUHDP&OX&'�DOJRULWKP�LV�VXSHULRU�WR�WKH�6TXHH]HU�DOJRULWKP�ZLWK�UHVSHFW�WR�PHPRU\�XVDJH�LQ�
GDWD�VWUHDP�DSSOLFDWLRQV��

$IWHU�GLVFXVVLQJ�WKH�VSDFH�FRPSOH[LW\�RI�WKH�DOJRULWKP��ZH�WDNH�D�ORRN�DW�WKH�WLPH�FRPSOH[LW\�
RI�WKH�DOJRULWKP��)RU�HYHU\�UHFRUG�SURFHVVHG��ZH�RQO\�KDYH�WR�FDOFXODWH�WKH�VLPLODULW\�ZLWK�H[LVWLQJ�
FOXVWHUV�� XSGDWH� RU� FUHDWH� D� QHZ�KLVWRJUDP�� DQG�GR� WKH� SUXQLQJ� LI� LW¶V� DW� WKH� EXFNHW� ERXQGDULHV��
7KHUHIRUH��ZKHQ�WKH�QXPEHU�RI�FOXVWHUV� LV�IL[HG��ZH�FDQ�VHH�WKDW� WKH�FRPSXWDWLRQDO�FRVW�RI�HDFK�
UHFRUG�LV�FRQVWDQW��7KH�WRWDO�FRPSXWDWLRQDO�FRVW� LV�OLQHDU�WR�WKH�VL]H�RI�WKH�GDWD�VWUHDP��:H�KDYH�
GHWDLOHG�DQDO\VLV�DERXW�LW�LQ�WKH�H[SHULPHQWDO�SDUW��
�
����(QKDQFHPHQW�IRU�5HDO�$SSOLFDWLRQV�
�

7KH�GDWD� VHWV� LQ� UHDO�OLIH� DSSOLFDWLRQV� DUH� XVXDOO\� FRPSOH[��7KH\�KDYH�QRW� RQO\� FDWHJRULFDO�
GDWD� EXW� DOVR� QXPHULF� GDWD�� 6RPHWLPHV�� WKH\� DUH� LQFRPSOHWH� )XUWKHUPRUH�� LQ� UHDO� DSSOLFDWLRQV��
WKHUH�DUH�XVXDOO\�VRPH�FRQVWUDLQWV�RQ�WKH�FOXVWHU�VL]HV�RU�WKH�QXPEHU�RI�FOXVWHUV��,Q�WKLV�VHFWLRQ��ZH�
GLVFXVV�WKH�WHFKQLTXHV�IRU�KDQGOLQJ�GDWD�ZLWK�WKHVH�FKDUDFWHULVWLFV�LQ�6WUHDP&OX&'��
�
+DQGOLQJ�QXPHULF�GDWD��7R�SURFHVV�QXPHULF�GDWD��ZH�DSSO\� WKH�ZLGHO\�XVHG�ELQQLQJ�WHFKQLTXH�
>��@� DQG� FKRRVH� HTXDO�ZLGWK� PHWKRG� IRU� LWV� IHDVLELOLW\� LQ� WKH� GDWD� VWUHDP� HQYLURQPHQW�� )RU� D�
SUHGHILQHG� ZLGWK� YDOXH� Z� WKH� QXPEHU� RI� ELQV� LV� DGMXVWHG� G\QDPLFDOO\� WR� DFFRPPRGDWH� QHZ�
FRPLQJ�GDWD�SRLQWV�� �
�
+DQGOLQJ�PLVVLQJ�YDOXHV�7R�KDQGOH�LQFRPSOHWH�GDWD��ZH�SURYLGH�WZR�FKRLFHV��,Q�WKH�ILUVW�FKRLFH��
PLVVLQJ� YDOXHV� LQ� DQ� LQFRPSOHWH� REMHFW� ZLOO� QRW� EH� FRQVLGHUHG� ZKHQ� XSGDWLQJ� KLVWRJUDPV� DQG�
FRPSXWLQJ� VLPLODULWLHV�� ,Q� WKH� VHFRQG� FKRLFH�� PLVVLQJ� YDOXHV� DUH� WUHDWHG� DV� VSHFLDO� FDWHJRULFDO�
DWWULEXWH�YDOXHV�� �
�
+DQGOLQJ�FRQVWUDLQWV��:H�FRQVLGHU�WZR�NLQGV�RI�FRQVWUDLQWV��EDODQFHG�FOXVWHU�VL]H�DQG�PD[LPDO�
QXPEHU� RI� FOXVWHUV�� 6LQFH� VHYHUDO� UHDO� OLIH� GDWD� PLQLQJ� DSSOLFDWLRQV� GHPDQG� FRPSDUDEO\� VL]HG�



VHJPHQWV�RI�WKH�GDWD��LUUHVSHFWLYH�RI�ZKHWKHU�WKH�QDWXUDO�FOXVWHUV�LQ�WKH�GDWD�DUH�FRPSDUDEOH�VL]HV�
RU QRW�� )RU� H[DPSOH�� D� GLUHFW� PDUNHWLQJ� FDPSDLJQ� RIWHQ� VWDUWV� ZLWK� VHJPHQWLQJ� FXVWRPHUV� LQWR�
JURXSV�RI�URXJKO\�HTXDO�VL]H�RU�HTXDO�HVWLPDWHG�UHYHQXH�JHQHUDWLRQ��VR�WKDW� WKH�VDPH�QXPEHU�RI�
VDOHV�WHDPV��PDUNHWLQJ�GROODUV�HWF���FDQ�EH�DOORFDWHG�WR�HDFK�VHJPHQW�>��@��7R�KDQGOH�VXFK�EDODQFH�
FRQVWUDLQW�� LQ� WKH� FOXVWHULQJ� SURFHVV�� ZH� FDQ� LQFRUSRUDWH� WKH� FOXVWHU� VL]H� LQWR� VLPLODULW\�
FRPSXWDWLRQ�DV�D�ZHLJKW��L�H���D�VPDOO�FOXVWHU�LQ�VL]H�LV�JLYHQ�D�JUHDWHU�ZHLJKW�� �

,Q� WKH� 6WUHDP&OX&'&� DOJRULWKP�� WKH� QXPEHU� RI� FOXVWHUV� LV� QRW� IL[HG�� ,Q� UHDO� DSSOLFDWLRQV��
VRPHWLPHV� ZH� ZLOO� JHW� WRR� PDQ\� FOXVWHUV� ZLWK� LQDSSURSULDWH� SDUDPHWHU� YDOXHV�� +HQFH�� ZH� DGG�
DQRWKHU� SDUDPHWHU��PF� WR� FRQWURO� WKH� ODUJHVW� QXPEHU� RI� FOXVWHUV�� 7KDW� LV�� ZKHQ� WKH� QXPEHU� RI�
FOXVWHUV�LV�HTXDO�WR�PF�GXULQJ�WKH�FOXVWHULQJ�SURFHVV��ZH�ZLOO�QRW�FUHDWH�QHZ�FOXVWHU�DJDLQ��)RU�WKH�
QHZ�FRPLQJ�GDWD�REMHFWV��WKH\�DUH�SXW�LQWR�WKH�FOXVWHU�WKDW�LV�PRVW�VLPLODU�WR��
�
��� ([SHULPHQWDO�5HVXOWV�

�
$ FRPSUHKHQVLYH� SHUIRUPDQFH� VWXG\� KDV� EHHQ� FRQGXFWHG� WR� HYDOXDWH� RXU� PHWKRG�� ,Q� WKLV�

VHFWLRQ��ZH�GHVFULEH�WKRVH�H[SHULPHQWV�DQG�WKHLU�UHVXOWV��5HDO�OLIH�GDWDVHWV�ZHUH�XVHG�WR�HYDOXDWH�
WKH� TXDOLW\� RI� WKH� FOXVWHULQJ� UHVXOWV� SURGXFHG� E\� RXU� VWUHDP� FOXVWHULQJ� DOJRULWKP�� 6\QWKHWLF�
GDWDVHWV�ZHUH�XVHG�WR�SULPDULO\�GHPRQVWUDWH�WKH�VFDODELOLW\�RI�RXU�DOJRULWKP��DQG�WR�SURYH�WKDW�WKH�
WLPH�FRVW�SHU�UHFRUG�LV�ZLWKLQ�D�VPDOO�FRQVWDQW�YDOXH��ZKLFK�PHDQV�WKH�DOJRULWKP�FDQ�RXWSXW� WKH�
UHVXOWV� LQ� OLQHDU� WLPH��:H� DOVR� GLG� H[SHULPHQWV� WR� VKRZ� WKH� DGYDQWDJH� RI� WKH� 6WUHDP&OX&'�
DOJRULWKP�ZLWK�UHVSHFW�WR�PHPRU\�XVDJH��$GGLWLRQDOO\��ZH�WHVWHG�KRZ�WKH�LQSXW�SDUDPHWHUV�DIIHFW�
HG�WKH�SHUIRUPDQFH�RI�6WUHDP&OX&'��

2XU� DOJRULWKPV� ZHUH� LPSOHPHQWHG� LQ� -DYD�� $OO� H[SHULPHQWV� ZHUH� FRQGXFWHG� RQ� D�
3HQWLXP�����* PDFKLQH�ZLWK�����0�RI�5$0�DQG�UXQQLQJ�:LQGRZV�������
�
����5HDO�/LIH�'DWDVHW�DQG�(YDOXDWLRQ�0HDVXUHV�

:H�H[SHULPHQWHG�ZLWK� WKH�0XVKURRP�GDWDVHW��ZKLFK�ZDV�REWDLQHG� IURP� WKH�8&,�0DFKLQH�
/HDUQLQJ�5HSRVLWRU\�>��@��7KH�PXVKURRP�GDWDVHW�KDV����DWWULEXWHV�DQG������UHFRUGV��(DFK�UHFRUG�
UHSUHVHQWV� SK\VLFDO� FKDUDFWHULVWLFV� RI� D� VLQJOH�PXVKURRP��$� FODVVLILFDWLRQ� ODEHO� RI� SRLVRQRXV� RU�
HGLEOH� LV� SURYLGHG� ZLWK� HDFK� UHFRUG�� 7KH� QXPEHUV� RI� HGLEOH� DQG� SRLVRQRXV� PXVKURRPV� LQ� WKH�
GDWDVHW�DUH������DQG�������UHVSHFWLYHO\��

9DOLGDWLQJ�FOXVWHULQJ�UHVXOWV�LV�D�QRQ�WULYLDO�WDVN��,Q�WKH�SUHVHQFH�RI�WUXH�ODEHOV��DV�LQ�WKH�FDVH�
RI WKH�GDWD�VHWV�ZH�XVHG��WKH�FOXVWHULQJ�DFFXUDF\�IRU�PHDVXULQJ�WKH�FOXVWHULQJ�UHVXOWV�ZDV�FRPSXWHG�
DV� IROORZV�� *LYHQ� WKH� ILQDO� QXPEHU� RI� FOXVWHUV�� N� FOXVWHULQJ� DFFXUDF\� U ZDV� GHILQHG� DV�� U

 Q
DN

L L¦  � � ZKHUH�Q LV�WKH�QXPEHU�RI�UHFRUGV�LQ�WKH�GDWDVHW��DL LV�WKH�QXPEHU�RI�LQVWDQFHV�RFFXUULQJ�
LQ�ERWK�FOXVWHU�L DQG�LWV�FRUUHVSRQGLQJ�FODVV��ZKLFK�KDG�WKH�PD[LPDO�YDOXH��,Q�RWKHU�ZRUGV��DL LV�WKH�
QXPEHU�RI�UHFRUGV�ZLWK�WKH�FODVV�ODEHO�WKDW�GRPLQDWHV�FOXVWHU�L� &RQVHTXHQWO\��WKH�FOXVWHULQJ�HUURU�
LV�GHILQHG�DV�H  ��U� )XUWKHUPRUH��ZH�GHILQH�WKH�DEVROXWH�FOXVWHULQJ�HUURU�DFH�DV��DFH� HQ�

����&OXVWHULQJ�5HVXOWV�



,W�KDV�EHHQ�GHPRQVWUDWHG�WKDW�WKH�6TXHH]HU�DOJRULWKP�>��@�DQG�WKH�N�PRGHV�DOJRULWKP�>�����@�
FDQ� SURGXFH� EHWWHU� FOXVWHULQJ� RXWSXW� WKDQ� RWKHU� DOJRULWKPV� LQ� FOXVWHULQJ� FDWHJRULFDO� GDWDVHWV� LQ�
WHUPV� RI� FOXVWHULQJ� DFFXUDFLHV�� ,Q� DGGLWLRQ�� WKH� 6TXHH]HU� DOJRULWKP� LV� D� RQH�SDVV� FOXVWHULQJ�
DOJRULWKP� IRU� FDWHJRULFDO� GDWD�� 7KXV�� WKLV� VHFWLRQ� LV� PDLQO\� GHYRWHG� WR� GHPRQVWUDWH� WKH�
HIIHFWLYHQHVV� RI� RXU� VWUHDPLQJ� FOXVWHULQJ� DOJRULWKP�� 6WUHDP&OX&'� LQ� FRPSDULVRQ� ZLWK� WKH�
6TXHH]HU�DOJRULWKP�DQG�WKH�N�PRGHV�DOJRULWKP�� �

:H� XVHG� WKH� 6WUHDP&OX&'� DQG� 6TXHH]HU� DOJRULWKPV� WR� FOXVWHU� WKH�0XVKURRP� GDWDVHW� LQWR�
GLIIHUHQW�QXPEHUV�RI�FOXVWHUV�ZLWK�IL[HG�WKUHVKROG�YDOXHV�RI�VLPLODULW\��YDU\LQJ�IURP���WR�����)RU�
HDFK� IL[HG� WKUHVKROG� YDOXH� RI� VLPLODULW\�� WKH� FOXVWHULQJ� HUURUV� RI� GLIIHUHQW� DOJRULWKPV� ZHUH�
FRPSDUHG��,Q�WKLV�H[SHULPHQW��WKH�HUURU�SDUDPHWHUH ZDV�VHW�WR�������DQG�V ZDV�VHW�WR���DQG�����
UHVSHFWLYHO\�� 7R� PDNH� UHVXOWV� RI� WKH� N�PRGHV� DOJRULWKP� FRPSDUDEOH� ZLWK� WKDW� RI� WKH� RWKHU�
DOJRULWKPV��ZH�OHW�N�PRGHV�SURGXFH�WKH�VDPH�QXPEHU�RI�FOXVWHUV�DV�WKDW�RI�6TXHH]HU�LQ�DOO�FDVHV��
7KH�N�PRGHV�VHOHFWHG�WKH�ILUVW�N GLVWLQFW�UHFRUGV�IURP�WKH�GDWD�VHW�DV�WKH�LQLWLDO�N PRGHV��

)LJ��� VKRZV� WKH� UHVXOWV� RI� WKH�0XVKURRP� GDWDVHW� IURP� GLIIHUHQW� FOXVWHULQJ� DOJRULWKPV��:H�
VXPPDUL]HG�WKH�UHODWLYH�SHUIRUPDQFH�RI�WKHVH�DOJRULWKPV�LQ�7DEOH����
�
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7KH�VLPLODULW\�WKUHVKROG�YDOXH
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6TXHH]HU 6WUHDP&OX&'�V �� 6WUHDP&OX&G�V ���� N�PRGHV

)LJ����&OXVWHULQJ�UHVXOWV�RQ�WKH�0XVKURRP�GDWDVHW�

7DEOH����5HODWLYH�SHUIRUPDQFH�RI�GLIIHUHQW�FOXVWHULQJ�DOJRULWKPV� �
5DQNLQJ� �� �� �� �� $YHUDJH�&OXVWHULQJ�(UURU
6TXHH]HU� � �� �� � ������

6WUHDP&OX&'�V ��� � � �� � ������
6WUHDP&OX&'�V ����� �� � �� �� ������

N�PRGHV� � �� �� � ������

&RPSDULQJ�WR�WKH�6TXHH]HU�DOJRULWKP�DQG�WKH�N�PRGHV�DOJRULWKP��WKH�6WUHDP&OX&'��V �����
DOJRULWKP�SHUIRUPHG�EHVW�LQ���FDVHV�DQG�VHFRQG�EHVW�LQ���FDVHV��,W�QHYHU�SHUIRUPHG�ZRUVW�LQ�RWKHU�
FDVHV��:KHQ�V ZDV�VHW�WR����DOWKRXJK�6WUHDP&OX&'�RQO\�SHUIRUPHG�EHVW�LQ�RQH�FDVH��EXW�LW�QHYHU�
SHUIRUPHG�ZRUVW�� ,W� SHUIRUPHG� VHFRQG� EHVW� RU� WKLUG� EHVW� LQ� PRVW� RWKHU� FDVHV�� )XUWKHUPRUH�� WKH�
DYHUDJH�FOXVWHULQJ�HUURU�RI�WKH�6WUHDP&OX&'�DOJRULWKP�ZDV�VLJQLILFDQWO\�VPDOOHU�WKDQ�WKDW�RI�RWKHU�
DOJRULWKPV��

2QH� LPSRUWDQW� REVHUYDWLRQ� IURP�)LJ��� DQG�7DEOH� ��ZDV� WKDW� WKH� FOXVWHULQJ� DFFXUDF\�RI� WKH�
6WUHDP&OX&'�DOJRULWKP�ZDV�UHDVRQDEO\�JRRG�DOWKRXJK�WKLV�DOJRULWKP�XVHV�DSSUR[LPDWLRQ�FRXQWV�
WHFKQLTXH�>�@�RQ�WKH�RULJLQDO�6TXHH]HU�DOJRULWKP��,W�LPSOLHV�WKDW�WKH�6WUHDP&OX&'�DOJRULWKP�FDQ�
SURGXFH�JRRG�FOXVWHULQJ�RXWSXW�ZLWK�OLPLWHG�PHPRU\�LQ�WKH�GDWD�VWUHDP�HQYLURQPHQW��



2QH�PD\�DUJXH� WKDW� WKH�DEVROXWH�DFFXUDF\� UDWHV� OLVWHG� LQ�)LJ���FDQ�QRW�SUHFLVHO\� UHIOHFW� WKH�
SHUIRUPDQFH� VLQFH� WKH\�ZHUH�QRW� VWULFWO\�REWDLQHG�XVLQJ� WKH� VDPH�QXPEHU�RI� FOXVWHUV��+RZHYHU��
IURP�WKRVH� UHVXOWV��ZH�DUH�FRQILGHQW� WR�FODLP� WKDW�6WUHDP&OX&'�FRXOG�SURYLGH�DW� OHDVW� WKH�VDPH�
OHYHO�RI�DFFXUDF\�DV�RWKHU�SRSXODU�PHWKRGV��

$QRWKHU� LQWHUHVWLQJ� SKHQRPHQRQ� ZH� KDYH� REVHUYHG� LQ� WKH� H[SHULPHQW� ZDV� WKDW� WKH�
6WUHDP&OX&'�DOJRULWKP�WHQGV�WR�SURGXFH�EDODQFHG�FOXVWHUV��7KLV� LV�D�JRRG�SURSHUW\�VLQFH�PDQ\�
UHDO�OLIH�GDWD�PLQLQJ�DSSOLFDWLRQV�GHPDQG�FRPSDUDEO\�VL]HG�VHJPHQWV�RI�WKH�GDWD��LUUHVSHFWLYH�RI�
ZKHWKHU�WKH�QDWXUDO�FOXVWHUV�LQ�WKH�GDWD�KDYH�EDODQFHG�VL]HV�RU�QRW�� �
�
����7XQLQJ�3DUDPHWHUV�

7KH� VXSSRUW� WKUHVKROG� V DQG� WKH� HUURU� SDUDPHWHU H PDNH� WKH� 6WUHDP&OX&'� DOJRULWKP�
GLIIHUHQW� IURP� WKH�6TXHH]HU�DOJRULWKP��7KHVH�SDUDPHWHUV�FDQ�DIIHFW� WKH� UHVXOWV�RI�FOXVWHULQJ�DQG�
WKH� VSHHG�RI� WKH�DOJRULWKP�� ,Q� WKH� VHTXHO��ZH�ZLOO�JLYH� VRPH�HPSLULFDO� UHVXOWV�RQ�KRZ� WKH\�FDQ�
DIIHFW�WKH�6WUHDP&OX&'�DOJRULWKP�ZLWK�WKH�0XVKURRP�GDWDVHW�

)LUVWO\�� ZH� RIIHU� VRPH� LQVLJKWV� RQ� HUURU� SDUDPHWHU H � $V� GLVFXVVHG� LQ� 6HFWLRQ� ��� HDFK�
KLVWRJUDP�+L LV�SUXQHG�E\�GHOHWLQJ�VRPH�HQWULHV�DW�EXFNHW�ERXQGDULHV��$SSDUHQWO\��ODUJHH UHVXOWV�
LQ� PRUH� SUXQLQJV�� )LJ�� �� VKRZV� WKDW� ZKHQ� WKH� VXSSRUW� WKUHVKROG� V ZDV� IL[HG� WR� ���� DQG� WKH�
VLPLODULW\� WKUHVKROG� VW� ZDV� VHW� WR� ��������� UHVSHFWLYHO\�� WKH� QXPEHU� RI� SUXQLQJV� LQFUHDVHG�ZLWK�
LQFUHDVH�RI� H �
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)LJ����7KH�QXPEHU�RI�SUXQLQJV�YV��GLIIHUHQW�HUURU�SDUDPHWHU�YDOXHV�
�
)LJ��� DOVR� VKRZV� WKDW� WKH� LQFUHDVH� LQ� WKH� VLPLODULW\� WKUHVKROG� VW� UHGXFHG� WKH� QXPEHU� RI�

SUXQLQJV��7KLV�LV�EHFDXVH�WKH�DOJRULWKP�WHQGHG�WR�SURGXFH�PRUH�VWDEOH�FOXVWHUV�ZKHQ�WKH�VLPLODULW\�
WKUHVKROG� EHFDPH� ODUJHU�� 7KDW� LV�� ZKHQ� WKH� VLPLODULW\� WKUHVKROG� YDOXH� ZDV� UHODWLYHO\� ODUJH��
DFFRUGLQJ�WKH�H[HFXWLRQ�SURFHVV�RI�WKH�6WUHDP&OX&'�DOJRULWKP��RQO\�WKRVH�³PRUH�VLPLODU´�LWHPV�
ZHUH�SXW�LQWR�WKH�VDPH�FOXVWHU��7KXV��ZH�ZRXOG�KDYH�OHVV�RSSRUWXQLW\�WR�SUXQH�WKH�KLVWRJUDP��

)LJ��� JLYHV� WKH� UHVXOWV� RQ� WKH� QXPEHU� RI� FOXVWHUV� DVH FKDQJHG�� 7KH� QXPEHU� RI� FOXVWHUV�
LQFUHDVHG�QHDUO\�OLQHDU�ZLWK�UHVSHFW�WR�WKH�YDOXH�RIH � 7KLV�SKHQRPHQRQ�FDQ�EH�LQWHUSUHWHG�IURP�
IDFW�WKDW�WKH�ODUJHUH UHVXOWV�LQ�LQFUHDVH�RI�SUXQLQJV��+HQFH��PRUH�FOXVWHUV�ZHUH�IRUPHG�WR�KDQGOH�
XQVWDEOHQHVV�� $W� WKH� VDPH� WLPH�� ZH� DOVR� QRWLFH� WKDW� WKH� QXPEHU� RI� FOXVWHUV� IRUPHG� E\� WKH�
6WUHDP&OX&'� DOJRULWKP� ZDV� OHVV� DIIHFWHG� E\� WKH� VLPLODULW\� WKUHVKROG� VW� 7KLV� PHDQV� WKDW� WKH�
DOJRULWKP�LV�QRW�VHQVLWLYH�WR�SDUDPHWHU�VW�
�
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)LJ����7KH�QXPEHU�RI�FOXVWHUV�YV��GLIIHUHQW�HUURU�SDUDPHWHU�YDOXHV�

)LJ����VKRZV�KRZ�WKH�FOXVWHULQJ�HUURU�FKDQJHG�DVH LQFUHDVHG��,W�FDQ�EH�REVHUYHG�WKDW� WKH�
FOXVWHULQJ�HUURU�GLGQ¶W�FKDQJH�VLJQLILFDQWO\�ZLWK�UHVSHFW�WR�WKH�HUURU�SDUDPHWHUH � 7KLV�PHDQV�WKDW�
WKH�FOXVWHULQJ�DFFXUDF\�ZDV�OHVV�DIIHFWHG�E\�FKDQJHV�RQH �
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7KH�HUURU�SDUDPHWHU

&OX
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)LJ����&OXVWHULQJ�HUURU�YV��GLIIHUHQW�HUURU�SDUDPHWHU�YDOXHV�
�

6HFRQGO\�� ZH� VWXGLHG� ZKDW� ZDV� WKH� HIIHFW� RI� WKH� VXSSRUW� WKUHVKROG� V RQ� WKH� DOJRULWKP¶V�
SHUIRUPDQFH�� 7KH� YDOXH� RI� H ZDV� IL[HG� WR� ������ DQG� WKH� VLPLODULW\� WKUHVKROG� VW� ZDV� VHW� WR�
���������� UHVSHFWLYHO\��:H� VWXGLHG� KRZ� WKH� QXPEHU� RI� SUXQLQJV�� WKH� QXPEHU� RI� FOXVWHUV� DQG� WKH�
FOXVWHULQJ� HUURU� FKDQJHG�ZLWK� UHVSHFW� WR� GLIIHUHQW� V YDOXHV�� )LJ�� ��� )LJ�� �� DQG� )LJ��� VKRZ� WKRVH�
H[SHULPHQWDO�UHVXOWV��ZKHUH�V YDULHG�IURP�����WR������
�

�

���

���

���

���

���

��� ��� ��� ��� ��� ��� ��� ��� ��� �

7KH�VXSSRUW�WKUHVKROG
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)LJ����7KH�QXPEHU�RI�SUXQLQJV�YV��GLIIHUHQW�VXSSRUW�WKUHVKROG�YDOXHV�
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)LJ����7KH�QXPEHU�RI�FOXVWHUV�YV��GLIIHUHQW�VXSSRUW�WKUHVKROG�YDOXHV�
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&OX
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)LJ���&OXVWHULQJ�HUURU�YV��GLIIHUHQW�VXSSRUW�WKUHVKROG�YDOXHV�

:LWK�LQFUHDVH�RI�V� ZH�FDQ�VHH�WKDW�WKH�QXPEHU�RI�SUXQLQJV�GHFUHDVHG��)LJ������7KH�QXPEHU�RI�
FOXVWHUV� LQFUHDVHG� RQO\� ZKHQ� WKH� VXSSRUW� WKUHVKROG� YDOXH� ZDV� UHODWLYHO\� ODUJH� �)LJ� ���� DQG� WKH�
FOXVWHULQJ�HUURU�GLGQ¶W�FKDQJH�VLJQLILFDQWO\��)LJ�����+HQFH��FKDQJHV�RQ�SDUDPHWHU�V GLG�QRW�DIIHFW�
WKH�DOJRULWKP�VLJQLILFDQWO\�� �

,Q�VXPPDU\�� IURP�WKH�DIRUHPHQWLRQHG�H[SHULPHQWV��ZH�FDQ�VHH�WKDW� WKH�SHUIRUPDQFH�RI� WKH�
6WUHDP&OX&'� DOJRULWKP� ZDV� PDLQO\� GHWHUPLQHG� E\� WKH� SDUDPHWHU H DQG� OHVV� DIIHFWHG� E\�
SDUDPHWHU�V� 7R�SURSHUO\�VHW�DSSURSULDWH�YDOXHV�WR�WKHVH�SDUDPHWHUV�LQ�SUDFWLFH��ZH�VXJJHVW�WKDW�WKH�
VXSSRUW�WKUHVKROG�YDOXH�V VKRXOG�WDNH�D�PLGGOH�YDOXH�EHWZHHQ���DQG����:KLOH�KRZ�WR�VHWH YDOXH�
LV�D�OLWWOH�GLIILFXOW��ZH�RIIHU�PRUH�HPSLULFDO�LQVLJKWV�RQ�WKLV�SUREOHP�LQ�WKH�QH[W�VHFWLRQ��
�
����([SHULPHQWV�ZLWK�6\QWKHWLF�'DWDVHW�
�

:H�SUHVHQW�H[SHULPHQWV�ZLWK�V\QWKHVL]HG�FDWHJRULFDO�GDWD�VWUHDPV�FUHDWHG�ZLWK�WKH�VRIWZDUH�
GHYHORSHG�E\�'DQD�&ULVWRIRU�>��@��7KH�VWUHDP�VL]H��L�H���QXPEHU�RI�URZV���WKH�QXPEHU�RI�DWWULEXWHV�
DQG� WKH�QXPEHU� RI� FODVVHV� DUH� WKH�PDMRU� SDUDPHWHUV� LQ� WKH� V\QWKHVL]HG� FDWHJRULFDO� GDWD� VWUHDPV�
JHQHUDWLRQ��7DEOH��� VKRZV� WKH�GDWD� VWUHDPV�JHQHUDWHG�ZLWK�GLIIHUHQW�SDUDPHWHUV� DQG�XVHG� LQ� WKH�
H[SHULPHQWV��,Q�DOO�GDWDVHWV��ZH�VHW�WKH�UDQGRP�JHQHUDWRU�VHHG�WR���� �

6LQFH�ZH�NQHZ�WKH�WUXH�QXPEHU�RI�FOXVWHUV�LQ�HDFK�JHQHUDWHG�GDWDVHW��LQ�DOO�H[SHULPHQWV��ZH�
VHW� WKH�PD[LPDO� QXPEHU� RI� FOXVWHUV� DV� WKH� QXPEHU� RI� FODVVHV� VKRZQ� LQ� 7DEOH� ���:H� IL[HG� WKH�
VXSSRUW� WKUHVKROG� YDOXH� WR� ���� DQG� WKH� VLPLODULW\� WKUHVKROG� YDOXH� WR� EH� KDOI� RI� WKH� QXPEHU� RI�
DWWULEXWHV��
� 7KH�VRXUFH�FRGHV�DUH�SXEOLF�DYDLODEOH�DW��KWWS���ZZZ�FV�XPE�HGX�aGDQD�*$&OXVW�LQGH[�KWPO�



7DEOH��� 7HVW�'DWD�6WUHDPV�
'DWD�6WUHDPV 6WUHDP�6L]H 1XPEHU�RI�$WWULEXWHV 1XPEHU�RI�&ODVVHV
'DWD�6WUHDP�� �������� ��� ���
'DWD�6WUHDP�� �������� ��� ���
'DWD�6WUHDP�� �������� ��� ���
'DWD�6WUHDP�� �������� ��� ���

7KH�H[SHULPHQWV�ZHUH�GLYLGHG� LQWR� WKUHH�SDUWV�����)LUVWO\�� WKH� WHVW�RI� WKH�H[HFXWLRQ�WLPH�RQ�
GDWD�VWUHDPV�RI�GLIIHUHQW�VL]HV�UHYHDOHG�WKDW�WKH�H[HFXWLRQ�WLPH�RI�RXU�DOJRULWKP�ZDV�OLQHDU�WR�WKH�
GDWD�VL]H�����6HFRQGO\��ZH�VWXGLHG�WKH�DIIHFW�RI�WKH�HUURU�SDUDPHWHUH RQ�WKH�PHPRU\�XVDJH��ZKLFK�
VKRZHG�WKDW�WKH�PHPRU\�XVDJH�GHFUHDVHG�ZLWK�LQFUHDVH�RIH � )XUWKHUPRUH��ZH�HPSLULFDOO\�YHULILHG�
WKH�VWDWHPHQW�WKDW�WKH�6WUHDP&OX&'�DOJRULWKP�ZDV�VXSHULRU�WR�WKH�6TXHH]HU�DOJRULWKP�ZLWK�UHVSHFW�
WR�PHPRU\�XVDJH�����7KLUGO\��ZH�GHPRQVWUDWHG� WKDW�FKDQJHV�RQ� H GLG�QRW�DIIHFW� WKH�FOXVWHULQJ�
DFFXUDF\�RI�RXU�DOJRULWKP�VLJQLILFDQWO\��HYHQ�LQ�WKH�GDWD�VWUHDP�HQYLURQPHQW�ZLWK�ODUJH�GDWD�VL]H��
)URP����DQG�����ZH�FDQ�PDNH�WKH�FRQFOXVLRQ�WKDW��WKH�SHUIRUPDQFH�RI�RXU�DOJRULWKP�ZLOO�VWLOO�EH�
JRRG HYHQ�LI�RQO\�D�VPDOO�PHPRU\�VSDFH�LV�DYDLODEOH��7KLV�LQGLFDWHV�WKDW�RXU�DOJRULWKP�LV�VXLWDEOH�
IRU�FOXVWHULQJ�FDWHJRULFDO�GDWD�VWUHDPV�� �

�
([HFXWLRQ� 7LPH�� 7KH� FUXFLDO� FKDUDFWHULVWLF� RI� WKH� VWUHDP� DOJRULWKP� LV� WR� NHHS� XS� ZLWK�

FRQWLQXRXVO\�FRPLQJ�GDWD�VWUHDP��7KDW�LV�WR�VD\��WKH�H[HFXWLRQ�WLPH�PXVW�EH�OLQHDU�WR�WKH�GDWD�VL]H��
:H� WHVWHG� GDWD� VWUHDPV� RI� GLIIHUHQW� VL]HV� DQG� UHFRUGHG� FRUUHVSRQGLQJ� H[HFXWLRQ� WLPHV� RI� WKH�
DOJRULWKP�� �

)LJ����VKRZV�KRZ�WKH�H[HFXWLRQ�WLPH�VFDOHG�XS�RQ�WKH�IRXU�GDWD�VHWV��WKH�HUURU�SDUDPHWHU�ZDV�
IL[HG�WR��������:H�FDQ�VHH�WKDW�DV�WKH�VL]H�RI�WKH�GDWD�VHWV�LQFUHDVHG��WKH�H[HFXWLRQ�WLPH�LQFUHDVHG�
OLQHDUO\��7KLV�ILJXUH�DOVR�H[KLELWV�WKDW�VORSHV�RI�WKH�FXUYHV�DUH�GLIIHUHQW��:H�QRWLFH�WKDW�WKH�FXUYH�
ZLWK� KLJKHU� VORSH� UHSUHVHQWV� WKH� GDWD� VWUHDP� LQ� ZKLFK� ERWK� WKH� QXPEHU� RI� DWWULEXWHV� DQG� WKH�
QXPEHU� RI� FODVVHV� DUH� ODUJHU�� $SSDUHQWO\�� WKLV� LV� GXH� WR� IDFW� WKDW� WKH� WLPH� FRPSOH[LW\� RI� WKH�
DOJRULWKP�LV�OLQHDU�WR�ERWK�WKH�QXPEHU�RI�DWWULEXWHV�DQG�WKH�QXPEHU�RI�FODVVHV��
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'DWD�6WUHDP�� 'DWD�6WUHDP��
'DWD�6WUHDP�� 'DWD�6WUHDP��

)LJ���([HFXWLRQ�WLPH�YV��VWUHDP�VL]H�

0HPRU\� 8VDJH�� 2QH� GLVWLQFW� IHDWXUH� RI� VWUHDPLQJ� DOJRULWKPV� LV� WKDW� WKH\� KDYH� OLPLWHG�
PHPRU\� UHTXLUHPHQWV�� ,W� LV� DOVR� WKH� EDVLV� IRU� RXU� DUJXPHQW� WKDW� WKH� 6WUHDP&OX&'� DOJRULWKP� LV�
PRUH�IDYRUHG�LQ�WKH�GDWD�VWUHDP�HQYLURQPHQW�WKDQ�WKH�6TXHH]HU�DOJRULWKP�� �



7R�FRPSDUH�WKH�6WUHDP&OX&'�DOJRULWKP�DQG�WKH�6TXHH]HU�DOJRULWKP�RQ�PHPRU\�XVDJH��ZH�
UDQJHG�WKH�VWUHDP�VL]H�IURP��������WR���������RQ�GDWD�VWUHDP����WKH�HUURU�SDUDPHWHU�ZDV�IL[HG�WR�
������ WR� FKHFN� WKH� IOXFWXDWLRQ� RI�PHPRU\� UHTXLUHPHQWV� LQ� WHUPV� RI� WKH� QXPEHU� RI� HQWULHV�� $V�
VKRZQ� LQ� )LJ�����ZKHQ� WKH� VWUHDP� VL]H� LQFUHDVHG�� WKH�PHPRU\�XVDJH�RI� WKH�6TXHH]HU� DOJRULWKP�
LQFUHDVHG�OLQHDUO\��ZKLOH�WKH�PHPRU\�XVDJH�RI�WKH�6WUHDP&OX&'�DOJRULWKP�NHSW�DOPRVW�FRQVWDQW��
)XUWKHUPRUH�� LQ� DOO� FDVHV�� WKH� 6WUHDP&OX&'� DOJRULWKP� RXWSHUIRUPHG� WKH�6TXHH]HU� DOJRULWKP�E\�
IDFWRUV�RI���WR����� �

7KH� HUURU� SDUDPHWHUH LV� DQ� LPSRUWDQW� SDUDPHWHU� LQ� WKLV� DOJRULWKP� DQG� KDV� ELJ� LPSDFW� RQ�
PHPRU\�XVDJH�� DV� SRLQWHG� RXW�6HFWLRQ������ ,Q� WKLV� H[SHULPHQW��ZH� UDQJHGH IURP������ WR� ���� WR�
FKHFN�WKH�IOXFWXDWLRQ�RI�PHPRU\�XVDJH�RQ�WKH�IRXU�GDWD�VWUHDPV��)LJ�����VKRZV�WKH�UHVXOWV��,W�FDQ�
EH VHHQ�IURP�WKH�ILJXUH�WKDW�ZKHQ�WKHH YDOXH�LQFUHDVHG��WKH�PHPRU\�XVDJH�GHFUHDVHG�VLJQLILFDQWO\�
ZKHQ� H ZDV�UHODWLYHO\�VPDOO��DQG�WKHUHDIWHU�NHSW�GHFUHDVLQJ�ZLWK�D�VORZ�UDWH�� �
�
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)LJ����0HPRU\�XVDJH�LQ�WHUPV�RI�WKH�QXPEHU�RI�HQWULHV�YV��VWUHDP�VL]H�IRU�GDWD�VWUHDP���
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)LJ����0HPRU\�XVDJH�LQ�WHUPV�RI�WKH�QXPEHU�RI�HQWULHV�YV��HUURU�SDUDPHWHUH
&OXVWHULQJ�$FFXUDF\��$V�ZH�KDYH�SUHVHQWHG�LQ�6HFWLRQ�����RQ�WKH�UHDO�GDWDVHWV��WKHH GLG�QRW�

DIIHFW� WKH� FOXVWHULQJ� DFFXUDF\� RI� RXU� DOJRULWKP� VLJQLILFDQWO\�� ,Q� WKLV� H[SHULPHQW�� ZH� SURYLGHG�
IXUWKHU�HYLGHQFH�XVLQJ� ODUJH� V\QWKHWLF�GDWD� VWUHDPV��$V� VKRZQ� LQ�)LJ������ZKHQ� WKHH YDOXH�ZDV�
UDQJHG� IURP� ����� WR� ����� WKH� DEVROXWH� FOXVWHULQJ� HUURU� RQ� GDWD� VWUHDP� ��� �� DQG� �� DOPRVW� NHSW�
FRQVWDQW�� �
� 7KH� PDLQ� PHPRU\� LV� RFFXSLHG� E\� WKH� HQWULHV� LQ� KLVWRJUDPV� LQ� ERWK� 6WUHDP&OX&'� DOJRULWKP� DQG� 6TXHH]HU�DOJRULWKP��7KHUHIRUH��WKH�PHPRU\�XVDJH�IRU�HDFK�DOJRULWKP�FDQ�EH�PHDVXUHG�ZLWK�WKH�QXPEHU�RI�HQWULHV�LQ�DOO�WKH�KLVWRJUDPV��
� 6LQFH�WKH�FOXVWHUV�RI�WKHVH�JHQHUDWHG�GDWDVHWV�DUH�ZHOO�VHSDUDWHG��VR�WKH�FOXVWHULQJ�DFFXUDF\�LV�UHODWLYHO\�YHU\�KLJK��7R�PDNH�WKH�FKDQJHV�RQ�FOXVWHULQJ�DFFXUDF\�PRUH�FOHDU��ZH�XVH�DEVROXWH�FOXVWHULQJ�HUURU�LQ�)LJ�����



7KLV� ILJXUH� DOVR� VKRZV� WKDW� WKH� FXUYH� IRU� GDWD� VWUHDP� �� FKDQJHV� GLVWLQFWO\� RQ� DEVROXWH�
FOXVWHULQJ� HUURU� FRPSDUHG� ZLWK� WKH� RWKHU� WKUHH� FXUYHV�� +RZHYHU�� LQ� WKH� LQWHUYDO� >�������@�� WKLV�
FXUYH�LV�URXJKO\�SDUDOOHO�WR�WKH�[�D[LV��7KDW�LV�WR�VD\��IURP�D�JOREDO�YLHZSRLQW��WKH�FOXVWHULQJ�HUURU�
GDWD�VWUHDP���DOVR�NHSW�QHDUO\�FRQVWDQW�� �
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'DWD�6WUHDP�� 'DWD�6WUHDP��
'DWD�6WUHDP�� 'DWD�6WUHDP��

)LJ����&OXVWHU�HUURU�LQ�WHUPV�RI�WKH�QXPEHU�PLVFODVVLILHG�REMHFWV�YV��HUURU�SDUDPHWHUH
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