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 � $� KXPDQ�FRPSXWHU� GLDORJXH� V\VWHP� VKRXOG� EH� DEOH� WR� KDQGOH� VSRQWDQHRXV
XQJUDPPDWLFDO� VHQWHQFHV� LQ� WKH� DQDO\VLV�UHFRJQLWLRQ� VWDJH� DQG� DW� WKH� VDPH� WLPH� JHQHUDWH
JUDPPDWLFDOO\� FRUUHFW� UHVSRQVHV�� 0RUHRYHU�� WKH� FRQVWUDLQW� RI� QRW� KDYLQJ� HQRXJK� GRPDLQ�
GHSHQGHQW�WUDLQLQJ�PDWHULDO�VKRXOG�EH�RYHUFRPH��,Q�WKLV�SDSHU�ZH�SUHVHQW�D�PHWKRG�DEOH� WR
FRSH�ZLWK�WKH�DERYH�SKHQRPHQD��,W�LV�DQ�LQFUHPHQWDO�GDWD�GULYHQ�SURFHVV�EDVHG�RQ�WKH�9LWHUEL
DOJRULWKP��ZKLFK�JLYHQ�DV�LQSXW�D�VHW�RI�VHQWHQFHV��SURGXFHV�D�+LGGHQ�0DUNRY�0RGHO��+00�
WKDW� LQFRUSRUDWHV�JUDPPDWLFDO� VWUXFWXUH�SURYLGHG�E\� ODUJH� FRQWH[W� GHSHQGHQFLHV�DV�ZHOO� DV
FRYHUDJH� RI� XQJUDPPDWLFDO� VSRQWDQHRXV� VHQWHQFHV� SURYLGHG� E\� VWDWLVWLFDO� HVWLPDWLRQV�
)XUWKHUPRUH�� WKH� DOJRULWKP� JHQHUDOLVHV� WKH� VDPSOH� GDWD�� WKHUHE\� UHGXFLQJ� WKH� UHTXLUHG
DPRXQW�RI�WUDLQLQJ�VDPSOHV�IRU�DFTXLULQJ�UHOLDEOH�PRGHOV��$GMXVWPHQW�RI�SDUDPHWHUV�PD\�OHDG
WR�D�PRGHO�ZKHUH� VWRFKDVWLF� IHDWXUHV� VXSHUVHGH�JUDPPDWLFDO� VWUXFWXUH�DQG� WKH� FRQWUDU\�� ,Q
WKH� ILUVW� FDVH�� WKH� RXWSXW� +00� FDQ� EH� XVHG� DV� D� UREXVW� IOH[LEOH� ODQJXDJH� PRGHO� LQ� WKH
DQDO\VLV�UHFRJQLWLRQ�VWDJH��,Q�WKH�VHFRQG�FDVH��WKH�+00�EHFRPHV�DSSURSULDWH�IRU�JHQHUDWLQJ
YDOLG�V\VWHP�UHVSRQVHV�ZLWKRXW�WKH�QHHG�RI�JUDPPDUV�
��� ����� � ��8Q�V\VWqPH�GH�GLDORJXH�HQWUH�O¶�KRPPH�HW�O¶�RUGLQDWHXU�GHYUDLW�rWUH�FDSDEOH�GH�JpUHU
GHV�SKUDVHV�VSRQWDQpHV�DJUDPPDWLFDOHV�GDQV�OH�VWDGH�GH�O¶�DQDO\VH�HW�GH�OD�UpFRJQLWLRQ�HW��DX
PrPH�WHPSV��GH�JpQpUHU�GHV�UpSRQVHV�JUDPPDWLFDOHPHQW�FRUUHFWHV��2Q�GRLW�DXVVL�UHVRXGUH�OH
SUREOqPH�GH�Q¶�DYRLU�TXH�GH�WUDLQLQJ�PDWpULHO�OLPLWp�SRXU�FKDTXH�DSSOLFDWLRQ�VSHFLILTXH��8QH
PpWKRGH�FDSDEOH�GH�VH�GpEURXLOOHU�HQWUH�FHV�GHX[�GLIILFXOWpV�HVW�SUHVHQWpH�GDQV�FH�WUDYDLO��,O�V¶
DJLW� G¶� XQ� SURFqV� GRQQpHV±GLULJp� LQFUpPHQWDO�� IRQGp� VXU� O¶� DOJRULWKPH� 9LWHUEL�� TXL�� GRQQp
FRPPH�LQSXW�XQ�HQVHPEOH�GH�SKUDVHV��SURGXLW�XQ�+00�TXL�LQFRUSRUH�VWUXFWXUH�JUDPPDWLFDOH
SURFXUpH� SDU� ODUJHV� GHSHQGHQFHV� GH� FRQWH[W� HW� FRXYHUWXUH� GH� SKUDVHV� VSRQWDQpHV
DJUDPPDWLFDOHV�SURFXUpHV�SDU�HVWLPDWLRQV�VWDWLVWLTXHV��(Q�RXWUHV��O¶�DOJRULWKPH�JpQpUDOLVH�OHV
GRQQpHV� G¶� HFKDQWLOORQ� HW� UHGXLW� OD� TXDQWLWp� GH� WUDLQLQJ� GRQQpHV� H[LJpH� SRXU� REWHQLU� GHV
PRGqOHV�SUpFLVHV��$MXVWHPHQW�GHV�SDUDPqWUHV�SHXW�JXLGHU�j�XQ�PRGqOH�R��OHV�FDUDFWpULVWLTXHV
VWRFKDVWLTXHV�GpSODFHQW�OD�VWUXFWXUH�JUDPPDWLFDOH�HW�DX�FRQWUDLUH��(Q�SUHQLHU�FDV�� O¶�RXWSXW
+00�SHXW�rWUH�XWLOLVp�FRPPH�XQ�PRGqOH�GH� ODQJDJH� IOH[LEOH� HW� UREXVWH�GDQV� OH� VWDGH�GH� O¶
DQDO\VH� HW� GH� OD� UpFRJQLWLRQ�� (Q� GHX[LqPH� FDV�� OH� +00� GHYLHQW� DSSURSULp� j� JpQpUHU� GHV
UpSRQVHV�GX�V\VWpPH�YDOLGHV�VDQV�DYRLU�EHVRLQ�GH�JUDPPDLUH�
����� � ��� ����� ��ODQJXDJH�PRGHOOLQJ��ODQJXDJH�JHQHUDWLRQ��+00��ILQLWH�VWDWH�DXWRPDWD
 � �!� � "�# � � ��PRGpOLVHU�GH�ODQJDJH��JHQHUDWLRQ�GH�ODQJDJH��+00��DXWRPDWHV�G¶�pWDW�ILQL
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���,QWURGXFWLRQ

,Q� VSRNHQ� KXPDQ�FRPSXWHU� GLDORJXHV�� HVSHFLDOO\� PL[HG�LQLWLDWLYH� DQG� XVHU�
GULYHQ��LW�LV�YHU\�LPSRUWDQW�WKDW�WKH�V\VWHP�FDQ�KDQGOH�FHUWDLQ�OLQJXLVWLF�SKHQRPHQD
WKDW� IUHTXHQWO\� RFFXU� LQ� VSRQWDQHRXV� VSHHFK� VXFK� DV� ILOOHG� SDXVHV�� KHVLWDWLRQ� DQG
FRUUHFWLRQ�� *UDPPDU�EDVHG� PRGHOV� DUH� NQRZQ� WR� EH� YHU\� UHVWULFWLYH� DQG� FDQQRW
DGHTXDWHO\�GHDO�ZLWK�WKH�DERYH�SKHQRPHQD��2Q�WKH�RWKHU�KDQG��VWDWLVWLFDO� ODQJXDJH
PRGHOV� EDVHG� RQ� Q�JUDPV� DUH� PXFK� PRUH� IOH[LEOH� DJDLQVW� HIIHFWV� RI� VSRQWDQHRXV
VSHHFK��+RZHYHU�� UHOLDEOH�Q�JUDP� HVWLPDWLRQ� UHTXLUHV� D� YHU\� ODUJH� WUDLQLQJ� FRUSXV
DQG�RU� VRSKLVWLFDWHG� VPRRWKLQJ� WHFKQLTXHV�� 'LDORJXH� V\VWHPV� GHDO� ZLWK� VSHFLILF
WDVN�RULHQWHG�GRPDLQV��ZKHUH�LW�LV�GLIILFXOW�WR�REWDLQ�VXIILFLHQW�GDWD�LQ�RUGHU�WR�FUHDWH
UREXVW�VWDWLVWLFDO�ODQJXDJH�PRGHOV��HVSHFLDOO\�LQ�WKH�ILUVW�SKDVHV�RI�WKHLU�GHYHORSPHQW
ZKHUH�QR�LQIRUPDWLRQ�E\�WKH�XVH�RI�WKH�V\VWHP�LWVHOI�LV�DYDLODEOH��7KHUHIRUH��LW�VHHPV
DSSURSULDWH� WR� FRPELQH� ERWK� W\SHV� RI� PRGHOV�� *UDPPDU�EDVHG� PRGHOV� JLYH� EHWWHU
UHVXOWV� IRU� JUDPPDWLFDOO\� FRUUHFW� XWWHUDQFHV� ZKHUHDV� VWRFKDVWLF� PRGHOV� DUH� PXFK
PRUH�UREXVW�WR�VSRQWDQHRXV�VSHHFK�

$� QXPEHU� RI� UHVHDUFKHUV� KDYH� SURSRVHG� ZD\V� WR� FRPELQH� OLQJXLVWLF� DQG
VWRFKDVWLF� NQRZOHGJH� LQ� WKH� VSHHFK� UHFRJQLWLRQ� SURFHVV�� ,Q� VRPH� DSSURDFKHV
JUDPPDUV�ZHUH�XVHG�LQ�RUGHU�WR�FRPSXWH�Q�JUDP�VWDWLVWLFV�DQG�WKH\�ZHUH�FRPELQHG
ZLWK� WUDGLWLRQDO�Q�JUDPV�HOLFLWHG�IURP�D�FRUSXV� >-85�����(&.���@��2WKHU�DWWHPSWV
WRZDUGV� WKLV� GLUHFWLRQ�� H[SORLWHG� V\QWDFWLF� LQIRUPDWLRQ� LQ� IRUPLQJ� JUDPPDWLFDO
IUDJPHQWV� RI� YDULRXV� W\SHV�� DQG� VXSSODQWHG� WKH� VWDQGDUG� Q�JUDP� ZLWK� Q�JUDPV� RI
IUDJPHQW� W\SHV� >0(7� ���� //2� ���� 022� ���� 323� ���� 768� ���� 1$6� ��@�� /LQN
JUDPPDUV� >)21� ��@� DQG� V\QWDFWLF� LQIRUPDWLRQ� >3(5� ���� &+(� ����:8� ��@� ZHUH
XVHG�� LQ� DQ� DWWHPSW� WR� LPSURYH� WKH� ODQJXDJH� PRGHO� E\� SURYLGLQJ� LW� ZLWK� ORQJ
GLVWDQFH� GHSHQGHQFLHV� QRW� FDSWXUHG� LQ� WKH� Q�JUDP� VWDWLVWLFV�� $OWKRXJK� LW� LV� QRW
FRQQHFWHG� VWUDLJKWIRUZDUGO\� WR� RXU� DSSURDFK�� ZH� VKRXOG� VWDWH� KHUH� WKDW� KLJK�OHYHO
VHPDQWLF� LQIRUPDWLRQ�PD\�DOVR�EH�XVHG� WR� LQFRUSRUDWH� ODUJH�VSDQ� FRQVWUDLQWV��7ZR
DSSURDFKHV� LQ� WKDW� GLUHFWLRQ� ZHUH� EDVHG� RQ� ZRUG� WULJJHUV� >/$8� ��@� DQG� /DWHQW
6HPDQWLF�$QDO\VLV��/6$��>%(/���@�

7KH�QDWXUDOQHVV�DQG�SHUFHLYHG� LQWHOOLJHQFH�RI� D� VSRNHQ�GLDORJXH� LQWHUIDFH�GRHV
QRW�GHSHQG�RQO\�RQ�LWV�DELOLW\�WR�UHFRJQLVH�DQG�DQDO\VH�XVHU�XWWHUDQFHV�FRUUHFWO\�EXW
DOVR� RQ� WKH� TXDOLW\� RI� WKH�1DWXUDO� /DQJXDJH�*HQHUDWLRQ� �1/*��PRGXOH��1/*� KDV
EHHQ� H[WHQVLYHO\� VWXGLHG� IRU� ³VLQJOH�LQWHUDFWLRQ´� V\VWHPV�� H�J�� VXPPDULVHUV�
WUDQVODWRUV�� DQG� UHSRUW� JHQHUDWRUV�� EXW� OLWWOH� LV� NQRZQ� DERXW� HIIHFWLYH� ZD\V� RI
SHUIRUPLQJ�1/*�LQ�GLDORJXH�V\VWHPV�>*$/���@��&XUUHQW�DSSURDFKHV� WR�1/*�KDYH
OLPLWHG� VXFFHVV� ZKHQ� DSSOLHG� WR� FRQYHUVDWLRQDO� V\VWHPV�� ,Q� GLDORJXH� V\VWHPV� WKH
ODQJXDJH�XVH�PXVW�EH�H[WHQVLYH�DQG�YDULHG�>67(�����*$/���@��0RUHRYHU��WKH�1/*
PRGXOH�KDV�WR�EH�UREXVW�DJDLQVW�PLVVLQJ�DQG�LQFRPSOHWH�GDWD�>.1,�����*$/���@��D
SUREOHP� WKDW� RFFXUV� RIWHQ� LQ� VSRNHQ� GLDORJXH� V\VWHPV�� DQG� LW� VKRXOG� RSHUDWH� LQ� D
IUDFWLRQ�RI�UHDO�WLPH�

7KH�1/*�FRPSRQHQW�RI�PRVW�GLDORJXH�V\VWHPV�LV�EDVHG�RQ�WHPSODWHV��7HPSODWH�
EDVHG� V\VWHPV� UHTXLUH� OLWWOH� OLQJXLVWLF� H[SHUWLVH� DQG� DUH� FRVW�HIIHFWLYH� VROXWLRQV� WR



6WRFKDVWLF�/DQJXDJH�0RGHOOLQJ�IRU�5HFRJQLWLRQ�DQG�*HQHUDWLRQ« �

1/*� LQ� WKH� HDUO\� VWDJHV� RI� SURWRW\SLQJ�� +RZHYHU�� WHPSODWHV� WHQG� WR� EHFRPH
XQPDQDJHDEOH�DV�WKH�V\VWHP�JURZV��VLQFH�WKH�QXPEHU�RI�WHPSODWHV�QHHGHG�WR�FRYHU
DOO� VLWXDWLRQV� ZKLOH� PDLQWDLQLQJ� D� UHDVRQDEOH� TXDOLW\� FDQ� EHFRPH� TXLWH� ODUJH�
7HPSODWHV�DUH�DSSOLFDWLRQ�VSHFLILF�DQG�KDYH�WR�EH�HQWLUHO\�UHZULWWHQ�ZKHQ�VZLWFKLQJ
WR� D� QHZ� DSSOLFDWLRQ� GRPDLQ�� )XUWKHUPRUH�� WKH� VHQWHQFHV� WKH\� SURGXFH� ODFN� WKH
YDULDELOLW\�DQG�UREXVWQHVV�WR�PLVVLQJ�GDWD��QHHGHG�E\�FRQYHUVDWLRQDO�V\VWHPV��VLQFH
WKH\� PHUHO\� UHO\� RQ� VORW�ILOOLQJ� WHFKQLTXHV� >*$/� ���� 5$0� ��@�� *HQHUDO�SXUSRVH
UXOH�EDVHG� JHQHUDWLRQ� V\VWHPV� >+29� ���� )$:� ���� %$7� ��@� VLGHVWHS� WKHVH
SUREOHPV��EXW� WKH\� WHQG� WR�EH�GLIILFXOW� WR�DGDSW� WR� WDVN�VSHFLILF�DSSOLFDWLRQV�GXH� WR
WKHLU� JHQHUDOLW\�� VRSKLVWLFDWLRQ�� DQG� WKHLU� QHHG� IRU� D� ODUJH� DPRXQW� RI� OLQJXLVWLF
NQRZOHGJH�>5$0���@��,Q�DGGLWLRQ��W\SLFDO�UXOH�EDVHG�JHQHUDWRUV�GR�QRW�DFKLHYH�UHDO�
WLPH�SHUIRUPDQFH� DQG� DUH�XQVXLWDEOH� IRU�GLDORJXH� V\VWHPV� >67(�����2+�����*$/
��@��5HFHQWO\��DWWHPSWV�KDYH�EHHQ�PDGH�WR�RYHUFRPH�WKH�SUREOHP�RI�ERWK�WHPSODWH�
EDVHG�DQG�UXOH�EDVHG�V\VWHPV�E\� LQWURGXFLQJ�D�K\EULG�DSSURDFK� LQFRUSRUDWLQJ�ERWK
PRGHOV�>%86�����67(�����$;(���@�

$FFRUGLQJ� WR� >5$0�����86=�����5(,���@��1/*�FRQVLVWV� RI��� OD\HUV�� ����7H[W
3ODQQLQJ�� ���� 6HQWHQFH� 3ODQQLQJ�� DQG� ���� 6XUIDFH� 5HDOLVDWLRQ�� 'HWHUPLQLQJ� WKH
V\VWHP¶V�LQWHQW�RU�FRPPXQLFDWLYH�JRDO�LQ�GLDORJXH�V\VWHPV�LV�RXW�RI�WKH�VFRSH�RI�WKH
JHQHUDWRU�DQG�LV�XVXDOO\�KDQGOHG�E\�WKH�GLDORJXH�PDQDJHU��7KH�GLDORJXH�VWUXFWXUH�RI
D� FRQYHUVDWLRQDO� V\VWHP�PD\� EH� IRUPHG� HLWKHU� KHXULVWLFDOO\� RU� E\� XVLQJ� VWDWLVWLFDO
PHWKRGV�>022�����/(9�����5(,���@��6RPH�DSSURDFKHV�WRZDUGV�VHQWHQFH�SODQQLQJ
DUH�GHVFULEHG�LQ�>*$/���@��>5$0���@�DQG�>:$/���@�

7R� GDWH�� RQO\� OLPLWHG� XVH� RI� VWDWLVWLFDOO\� GHULYHG� UHVRXUFHV� KDV� EHHQ� PDGH� IRU
VXUIDFH� UHDOLVDWLRQ� LQ� 1/*�� ,Q� WKH� FXUUHQW� DSSURDFKHV�� UXOH�EDVHG� V\VWHPV� DUH
FRPELQHG�ZLWK�VWRFKDVWLF�PRGHOV��WKDW�LV�D�JUDPPDU�JHQHUDWHV�SRVVLEOH�VWULQJV�IRU�D
SDUWLFXODU�VHPDQWLF�LQSXW�DQG�D�VWDWLVWLFDO�ODQJXDJH�PRGHO�DFWV�DV�D�ILOWHU�WKDW�SUXQHV
DQG�UDQNV�WKH�DOWHUQDWLYH�VWULQJV�>.1,�����/$1�����%$1�����*$/�����+80���@��,Q
>2+���@�� D�SXUHO\� VWRFKDVWLF� VXUIDFH� UHDOLVDWLRQ� LV� SURSRVHG��0RUHRYHU�� >5$7���@
LQWURGXFHV�WUDLQDEOH�PHWKRGV�IRU�VXUIDFH�JHQHUDWLRQ��1HYHUWKHOHVV��UHVHDUFK�RQ�XVLQJ
JUDPPDUV�IRU�1/*�FRQWLQXHV�>*$5���@�

,Q� WKLV�SDSHU�ZH�SUHVHQW� D�PHWKRG��ZKLFK� FDQ� EH� XVHG� IRU� ODQJXDJH�PRGHOOLQJ
ERWK� LQ� WKH� DQDO\VLV�UHFRJQLWLRQ� VWDJH� RI� D� GLDORJXH� V\VWHP� DQG� LQ� WKH� SKDVH� RI
JHQHUDWLQJ� UHVSRQVHV�� ,W� VKRXOG� EH� VWDWHG� KHUH� WKDW� RXU� WHFKQLTXH� GHDOV� RQO\� ZLWK
VXUIDFH� UHDOLVDWLRQ�� ,W� LV� DQ� LQFUHPHQWDO� GDWD�GULYHQ� SURFHVV� EDVHG� RQ� WKH� 9LWHUEL
DOJRULWKP��,W�WDNHV�DV�LQSXW�D�VHW�RI�VHQWHQFHV�DQG�SURGXFHV�D�+00�RU�HTXLYDOHQWO\�D
6WRFKDVWLF� )LQLWH�6WDWH� 1HWZRUN� �6)61��� ZKLFK� LQWHJUDWHV� VWDWLVWLFDO� HVWLPDWLRQV
ZLWK�JUDPPDWLFDO�FRQVWUDLQWV��WKXV�UHWDLQLQJ�WKH�DGYDQWDJHV�RI�ERWK�DSSURDFKHV��7KH
LQFRUSRUDWHG� JUDPPDWLFDO� VWUXFWXUH� DOORZV� IRU� ODUJH� FRQWH[W� GHSHQGHQFLHV� WR� EH
FRQVLGHUHG��7KDW�LV��WKH�VWDWH�KLVWRU\�YDULHV�DQG�LV�QRW�OLPLWHG�WR�WKH�YDOXH�GHQRWHG�E\
WKH�RUGHU�RI�WKH�+00��7KH�RXWSXW�+00�PD\�SURGXFH�WKH�DERYH�VHW�RI�VHQWHQFHV�
JLYHQ�DV�LQSXW��WRJHWKHU�ZLWK�RWKHU�VHQWHQFHV�QRW�DSSHDULQJ�LQ�WKH�WUDLQLQJ�GDWD��7KLV
LV� DFFRPSOLVKHG� ERWK� E\� WKH� FUHDWLRQ� RI� ZRUG�SKUDVH� FODVVHV� DQG� WKH� VWRFKDVWLF
IHDWXUHV� RI� WKH� DOJRULWKP�� 7KHUHIRUH�� WKH� DOJRULWKP� JHQHUDOLVHV� WKH� VDPSOH� GDWD�
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WKHUHE\� UHGXFLQJ� WKH� UHTXLUHG� DPRXQW� RI� WUDLQLQJ� VDPSOHV� IRU� DFTXLULQJ� UHOLDEOH
PRGHOV�� $GMXVWPHQW� RI� SDUDPHWHUV�PD\� OHDG� WR� D�PRGHO� ZKHUH� VWRFKDVWLF� IHDWXUHV
VXSHUVHGH�JUDPPDWLFDO�VWUXFWXUH�DQG�WKH�FRQWUDU\��,Q�WKH�ILUVW�FDVH��WKH�RXWSXW�+00
FDQ�EH�XVHG�DV�D�UREXVW�ODQJXDJH�PRGHO�LQ�WKH�DQDO\VLV�UHFRJQLWLRQ�VWDJH��DQG�LQ�WKH
VHFRQG�FDVH�DV�D�PRGHO� IRU�JHQHUDWLQJ�YDOLG� V\VWHP�UHVSRQVHV�ZLWKRXW� WKH� QHHG�RI
JUDPPDUV�� ,I� ZH� XVH� WKH� UHVXOWLQJ� +00� LQ� WH[W�EDVHG� GLDORJXH� V\VWHPV� DV� D
ODQJXDJH�PRGHO�IRU�UHFRJQLWLRQ�RI�ZULWWHQ�LQSXW��ZKLFK�XVXDOO\�IROORZV�JUDPPDWLFDO
VWUXFWXUH��WKHQ�WKH�SDUDPHWHUV�RI�WKH�DOJRULWKP�VKRXOG�EH�DGMXVWHG�DV�LQ�WKH�UHVSRQVH
JHQHUDWLRQ� FDVH�� 1HYHUWKHOHVV�� WKH� SURSRVHG� WHFKQLTXH� LV� PRUH� DSSURSULDWH� IRU
VSRNHQ�LQSXW�DQG�RXWSXW�GXH�WR�LWV�VWRFKDVWLF�QDWXUH��,I�WKH�SURGXFHG�+00�LV�XVHG�DV
D� ODQJXDJH� PRGHO� LQ� WKH� UHFRJQLWLRQ� VWDJH�� WKHQ� WKH� LQSXW� WUDLQLQJ� VHQWHQFHV
UHSUHVHQW�SRVVLEOH�VSHDNHU�XWWHUDQFHV� LQ�D�GLDORJXH�VWDWH��2Q�WKH�RWKHU�KDQG�� LQ� WKH
1/*�SURFHVV��WKH�VHW�RI�WUDLQLQJ�GDWD�FRQVLVWV�RI�DOWHUQDWLYH�IRUPV�RI�V\VWHP�SURPSWV
IRU�WKH�VDPH�GLDORJXH�VWDWH�

,Q� >*(2� ���� *(2� ��@� ZH� DSSOLHG� RXU� PHWKRG� WR� ODQJXDJH� PRGHOOLQJ� LQ� WKH
UHFRJQLWLRQ�VWDJH�RI�VSRNHQ�GLDORJXH�V\VWHPV��7KH�FXUUHQW�ZRUN� LV�DQ�H[WHQVLRQ�RI
>*(2���@�DQG�>*(2���@��,Q� WKH�SUHVHQW�SDSHU��ZH�H[SODLQ�RXU� WHFKQLTXH� LQ�GHWDLO�
IRFXVVLQJ� RQ� NH\� LPSOHPHQWDWLRQ� LVVXHV�� ZKLFK� DUH� QRW� REYLRXV� IURP� WKH� JHQHUDO
DOJRULWKP� GHVFULSWLRQ� DQG� WKDW� ZHUH� QRW� SUHVHQWHG� LQ� RXU� SUHYLRXVO\� PHQWLRQHG
ZRUNV��)XUWKHUPRUH��RXU�PHWKRG� LV� FRPSDUHG�QRW�RQO\�ZLWK�ELJUDPV�EXW� DOVR�ZLWK
FODVV�EDVHG� ELJUDPV�� DQG� DGGLWLRQDO� UHVXOWV� FRQFHUQLQJ� ZRUG� UHFRJQLWLRQ� DFFXUDF\
DUH�SURYLGHG��)LQDOO\�RXU�DOJRULWKP�LV�QRW�RQO\�LQYHVWLJDWHG�IURP�WKH�SHUVSHFWLYH�RI
ODQJXDJH� PRGHOOLQJ� LQ� WKH� UHFRJQLWLRQ� VWDJH� EXW� DOVR� DV� D� PHDQV� WR� JHQHUDWH
JUDPPDWLFDOO\� FRUUHFW� V\VWHP� UHVSRQVHV� ZLWKRXW� WKH� QHHG� RI� JUDPPDUV� DQG� ZLWK
OLPLWHG�WUDLQLQJ�VDPSOHV�

7KH�SDSHU�LV�RUJDQLVHG�DV�IROORZV��7KH�SURSRVHG�DSSURDFK�LV�GHVFULEHG�LQ�GHWDLO
LQ�VHFWLRQ����([SHULPHQWDO�UHVXOWV��ERWK�IRU�WKH�UHFRJQLWLRQ�DQG�WKH�JHQHUDWLRQ�VWDJHV�
DUH� JLYHQ� LQ� VHFWLRQ� ��� )LQDOO\�� D� VXPPDU\� DQG� VRPH� FRQFOXVLRQV� DUH� SURYLGHG� LQ
VHFWLRQ���

���7KH�SURSRVHG�DSSURDFK
�����&RPSDULVRQ�ZLWK�UHODWHG�ZRUN

,Q� WKH� PDMRULW\� RI� WKH� V\VWHPV� PHQWLRQHG� LQ� VHFWLRQ� �� �DQDO\VLV�UHFRJQLWLRQ
VWDJH���Q�JUDPV�DUH�GHULYHG�IURP�JUDPPDUV��RU�WZR�VHSDUDWH�PRGHOV��D�OLQJXLVWLF�DQG
D�VWRFKDVWLF�RQH��DUH�LQWHUSRODWHG�WR�IRUP�D�QHZ�ODQJXDJH�PRGHO��DQG�WKH�SURFHVV�RI
IRUPLQJ�JUDPPDWLFDO�IUDJPHQWV�WKDW�ZLOO�EH�FRPELQHG�ZLWK�VWDWLVWLFDO�HVWLPDWLRQV�LV
VHSDUDWH�IURP�FRPSXWLQJ�WKH�Q�JUDPV��2XU�DOJRULWKP�LQFRUSRUDWHV�LQ�LWV�VWUXFWXUH�WKH
LQWHJUDWLRQ�RI�OLQJXLVWLF�DQG�VWRFKDVWLF�IHDWXUHV��7KDW�LV�WKH�UHVXOWLQJ�PRGHO�LV�EXLOW�LQ
D� VWUDLJKWIRUZDUG� ZD\� IURP� WKH� WUDLQLQJ� GDWD� DQG� QRW� E\� WKH� FRPELQDWLRQ� RI� D
JUDPPDU�EDVHG� PRGHO� DQG� D� VWDWLVWLFDOO\� HVWLPDWHG� RQH�� >768� ��@� DQG� >1$6� ��@
UHSUHVHQWHG�JUDPPDWLFDO� IUDJPHQWV� DV�)LQLWH�6WDWH�$XWRPDWD� �)6$���2XU� DSSURDFK
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DOVR�XVHV�)6$�VLQFH�WKH�UHVXOWLQJ�+00�LV�HTXLYDOHQW�WR�D�6)61�ZKHUH�WKH�QRGHV�DUH
WKH�ZRUG�SKUDVH�FODVVHV�DQG�WKH�DUFV�DUH�WKH�VWDWH�WUDQVLWLRQV�RI� WKH�+00��ODEHOOHG
ZLWK�WKH�FRUUHVSRQGLQJ�WUDQVLWLRQ�SUREDELOLWLHV��7KH�REVHUYDWLRQ�SUREDELOLWLHV�RI�WKH
+00� FRUUHVSRQG� WR� WKH� SUREDELOLWLHV� ZLWKLQ� WKH� FODVVHV� �VXE�QHWZRUNV�� RI� WKH
VWRFKDVWLF�QHWZRUN��7KH�XVH�RI�VWRFKDVWLF�DXWRPDWD� WR�UHSUHVHQW�VWDWLVWLFDO� ODQJXDJH
PRGHOV� KDV� EHHQ� UHFHQWO\� SURSRVHG� >5,&� ���� 02+� ��@� ZLWK� WKH� DLP� WR� KDQGOH
DFFXUDWH�ODQJXDJH�PRGHOV�LQ�D�RQH�VWHS�GHFRGLQJ�SURFHGXUH��,Q�>5,&���@�D�EDFN�RII
Q�JUDP�ODQJXDJH�PRGHO�LV�UHSUHVHQWHG�WKURXJK�D�QRQ�GHWHUPLQLVWLF�6WRFKDVWLF�)LQLWH�
6WDWH� $XWRPDWRQ� �6)6$��� ZKLFK� LV� FDOOHG�9DULDEOH�1�JUDP� 6WRFKDVWLF� $XWRPDWRQ
�916$���,Q�>%25�����9$5�����9$5���@�WKH�XVH�RI�VPRRWKHG�.�7HVWDEOH�ODQJXDJH
LQ� WKH� 6WULFW� 6HQVH� �.�766�� UHJXODU� JUDPPDUV� DOORZHG� REWDLQLQJ� D� GHWHUPLQLVWLF
6)6$�� .� VWDQGV� IRU� WKH� VDPH� PHDQLQJ� DV� 1� LQ� 1�JUDP� DQG� HDFK� VWDWH� RI� WKH
DXWRPDWRQ� UHSUHVHQWV� D� ZRUG� FKDLQ� RI� XS� WR� .���� 2XU� DOJRULWKP� SURGXFHV� D
GHWHUPLQLVWLF�6)61��$FFRUGLQJ�WR�>+23���@��QRQ�GHWHUPLQLVWLF�DUH�WKH�DXWRPDWD�WKDW
DOORZ�PRUH�WKDQ�RQH�WUDQVLWLRQ�IURP�D�VWDWH��RI�WKH�VDPH�LQSXW�V\PERO��7KXV�LQ�QRQ�
GHWHUPLQLVWLF� DXWRPDWD�� IRU� D� JLYHQ� VWULQJ� RI� V\PEROV� WKHUH� DUH� VHYHUDO� SRVVLEOH
VHTXHQFHV� RI� VWDWHV� WKDW� UHFRJQLVH� LW�� ,Q� WKH� 6)61V� SURGXFHG� E\� RXU� PHWKRG�� ZH
FDQQRW�KDYH�GLIIHUHQW�VWDWH�VHTXHQFHV�IRU�WKH�VDPH�VWULQJ�RI�V\PEROV��,Q�916$�DQG
.�766�PRGHOV��WKH�KLVWRU\�VL]H�KDV�D�YDOXH�RI�XS�WR�1���DQG�.���UHVSHFWLYHO\��2XU
DOJRULWKP�LV�VWUXFWXUHG�LQ�VXFK�D�ZD\�WKDW�DOORZV�IRU�ORQJHU�GLVWDQFH�GHSHQGHQFLHV�WR
EH�FRQVLGHUHG��DQG�UHVXOWV�LQ�YDULDEOH�KLVWRU\�VL]HV�ZLWK�QR�VSHFLILF�XSSHU�OLPLW��7KH
XSSHU� OLPLW� GHSHQGV� RQ� WKH� QXPEHU� RI� ZRUGV�SKUDVHV� RI� WKH� VHQWHQFHV� XVHG� DV
WUDLQLQJ� GDWD� DQG� WKH� ZD\� WKHVH� VHQWHQFHV� DUH� DVVRFLDWHG�� DQG� LQ� PDQ\� FDVHV� WKH
FRPSOHWH�KLVWRU\�LV�UHWDLQHG��$�ODUJH�YDOXH�RI�KLVWRU\�VL]H�LQGLFDWHV�D�KLJK�GHJUHH�RI
JUDPPDWLFDO� VWUXFWXUH� ZKHUHDV� D� ORZHU� YDOXH� HQWDLOV� EURDGHU� FRYHUDJH� RI
XQJUDPPDWLFDO�VSRQWDQHRXV�VHQWHQFHV�

$QRWKHU�PDLQ�DGYDQWDJH�RI�RXU�WHFKQLTXH�LV�WKDW�ZRUG�SKUDVH�FODVVHV�DUH�FUHDWHG
DXWRPDWLFDOO\�GXULQJ�WKH�FRQVWUXFWLRQ�RI�WKH�+00��,Q�>(&.�����323���@�FODVVHV�DUH
FUHDWHG�PDQXDOO\�� LQ�FRQWUDVW�ZLWK�RWKHU�H[LVWLQJ� V\VWHPV� >%52����� -$5�����.1(
���� 5,(� ���� 60$� ���� 1$6� ��@�� ZKHUH� DXWRPDWLF� WHFKQLTXHV� DUH� XVHG� DQG� WKH
FOXVWHULQJ�SURFHGXUH�LV�LQGHSHQGHQW�RI�WKH�FRQVWUXFWLRQ�RI�WKH�ILQDO�PRGHOV��7KDW�LV
FODVVHV�DUH�PHUJHG�DQG�RU�ZRUGV�PRYH�IURP�RQH�FODVV�WR�DQRWKHU��DQG�WKH�SURFHGXUH
LWHUDWHV�XQWLO� D�FULWHULRQ� LV�RSWLPLVHG� H�J��PD[LPXP� OLNHOLKRRG��SHUSOH[LW\�� DYHUDJH
PXWXDO�LQIRUPDWLRQ��7KHQ�WKH�ODQJXDJH�PRGHO�SUREDELOLWLHV�DUH�HVWLPDWHG�DFFRUGLQJ
WR� WKH� IRUPHG� FODVVHV�� 7KXV� LQ� DOO� WKH� DIRUHPHQWLRQHG� FDVHV�� WKH� ODQJXDJH� PRGHOV
UHTXLUH�DOUHDG\� IRUPHG�FOXVWHUV� LQ�RUGHU� WR�EHFRPH�PRUH�FRPSDFW� DQG� UREXVW��2XU
DOJRULWKP�GRHV�QRW�UHTXLUH�WKH�SUHH[LVWHQFH�RI�FODVVHV�EXW�FUHDWHV�WKHP�DXWRPDWLFDOO\
DQG� VLPXOWDQHRXVO\� ZLWK� WKH� FRQVWUXFWLRQ� RI� WKH� +00�� (DFK� ZRUG�SKUDVH� PD\
EHORQJ�WR�PRUH�WKDQ�RQH�FOXVWHU��VLQFH�LW�LV�DOORZHG�WR�KDYH�PXOWLSOH�LQVWDQFHV�RI�WKH
VDPH� ZRUG�SKUDVH� LQ� WKH� +00�� 7KH� PHUJLQJ� RSHUDWLRQ� SUHVHUYHV� WKH� DELOLW\� WR
JHQHUDWH�DOO� WKH� WUDLQLQJ�GDWD��+RZHYHU��QHZ�VHQWHQFHV�QRW� LQFOXGHG� LQ� WKH� WUDLQLQJ
VDPSOHV�PD\�DOVR�EH�JHQHUDWHG��ZKLFK�LV�FRQVLGHUHG�DV�JHQHUDOLVDWLRQ�RI�WKH�VDPSOH
GDWD��0RUHRYHU��LQ�FDVH�ZH�DFTXLUH�DGGLWLRQDO�VHQWHQFHV��WKH�+00�LV�QRW�EXLOW�IURP
VFUDWFK�XVLQJ�DOO�WKH�WUDLQLQJ�GDWD��ROG�GDWD�WRJHWKHU�ZLWK�DGGLWLRQDO�GDWD���7KDW�LV�WKH



�

+00�FUHDWHG�ZLWK� WKH� ROG� VHW� RI� GDWD� LV� XVHG� DV� WKH� LQLWLDO� PRGHO� LQ� WKH� WUDLQLQJ
SURFHGXUH��7KH�QHZ�GDWD�ZLOO�EH�XVHG� WR�XSGDWH� WKH�FXUUHQW�+00�LWHUDWLYHO\�XQWLO
WKH� ILQDO� PRGHO� LV� EXLOW�� &RQVHTXHQWO\� WKH� DGDSWDWLRQ� RI� WKH� ODQJXDJH� PRGHO� WR
DGGLWLRQDO�GDWD� LQ� WKH�VDPH�GRPDLQ�RU� WR�DQRWKHU�DSSOLFDWLRQ�EHFRPHV�PXFK�HDVLHU
DQG�HIILFLHQW�ZLWK�ORZ�GHYHORSPHQW�FRVWV�

$V� LW� ZDV� PHQWLRQHG� LQ� VHFWLRQ� ��� PRVW� DSSURDFKHV� WKDW� LQWHJUDWH� VWDWLVWLFDO
NQRZOHGJH�IRU�VXUIDFH�UHDOLVDWLRQ�DUH�EDVHG�RQ�WKH�IROORZLQJ�IUDPHZRUN��WKH\�XVH�D
JHQHUDWLRQ�VSHFLILF�JUDPPDU�DQG�FRQVWUXFW�D�ODWWLFH�UHSUHVHQWLQJ�DOO�SRVVLEOH�VWULQJV
WKDW� WKH�JUDPPDU�DOORZV� IRU�D�SDUWLFXODU� VHPDQWLF� LQSXW��7KHQ�� LQ�D� VHSDUDWH� VWDJH�
VWDWLVWLFV� DUH� XVHG� WR� UDQN� WKH� DOWHUQDWLYHV� LQ� WHUPV� RI� ³IOXHQF\´�� GHWHUPLQHG� E\
VLPLODULW\� WR�Q�JUDPV� LQ� WKH� FRUSXV� >.1,� ���� /$1� ����*$/� ��@��+RZHYHU�� WKHVH
DSSURDFKHV� KDYH� VRPH� OLPLWDWLRQV�� H�J�� WKHLU� VWDWLVWLFDO� QDWXUH� PD\� OHDG� WR
XQJUDPPDWLFDO� VHQWHQFHV�� OH[LFDO� FR�RFFXUUHQFHV� HWF�� ,Q� RUGHU� WR� GHDO� ZLWK� VXFK
SKHQRPHQD� >%$1� ��@� XVHG� VXE�WUHH� VWUXFWXUHV�� ZKLFK� DOORZ� WKH� KDQGOLQJ� RI� ORQJ
GLVWDQFH� GHSHQGHQFLHV�� 0RUHRYHU�� >+80� ��@� XVHG� D� VWDWLVWLFDO� ODQJXDJH� PRGHO
GHULYHG� IURP�D� IXOO� JUDPPDU� WR� FRQVWUDLQW� WKH� VLPSOLILHG� YHUVLRQ� RI� WKLV� JUDPPDU�
ZKLFK�ZDV�UHVSRQVLEOH�IRU�1/*�

%\�DGMXVWLQJ�WKH�DSSURSULDWH�SDUDPHWHUV��RXU�DOJRULWKP�FDQ�UHWDLQ�D�KLJK�OHYHO�RI
JUDPPDWLFDO� VWUXFWXUH� DQG� FRYHU� ODUJH� FRQWH[W� GHSHQGHQFLHV�� )XUWKHUPRUH�� LW� GRHV
QRW�UHTXLUH�WKH�H[LVWHQFH�RI�D�JUDPPDU�LQ�RUGHU�WR�IXQFWLRQ��7KDW�LV��LQ�RXU�FDVH�ZH
GR�QRW�KDYH�D�VWRFKDVWLF�ODQJXDJH�PRGHO�WKDW�ILOWHUV�WKH�RXWSXW�RI�D�JUDPPDU��EXW�D
PRGHO�WKDW�FDQ�EH�XVHG� LQ�D�VWUDLJKWIRUZDUG�ZD\� WR�JHQHUDWH� WKH�GLDORJXH�V\VWHP¶V
UHVSRQVHV�� (YHQ�� LI� WKH� UHVXOWLQJ� +00� RI� RXU� DSSURDFK� LV� XVHG� DV� D� ILOWHU� IRU� D
JUDPPDU��DV�LQ�WKH�SUHYLRXV�ZRUNV�>.1,�����/$1�����%$1�����*$/�����+80���@�
LW� LV�H[SHFWHG� WR�JLYH�EHWWHU� UHVXOWV� WKDQ�Q�JUDPV�VLQFH� LW� LQFRUSRUDWHV�JUDPPDWLFDO
NQRZOHGJH�LQ�LWV�VWUXFWXUH��1HYHUWKHOHVV��LW�LV�SUHIHUUHG�WR�DSSO\�WKH�SURGXFHG�+00
GLUHFWO\� WR�1/*��VLQFH� WKLV� LV� WKH�EDVLF�DGYDQWDJH�RI�RXU� DSSURDFK� LQ� WKH� UHVSRQVH
JHQHUDWLRQ� FDVH�� $JDLQ�� DV� LQ� WKH� DQDO\VLV�UHFRJQLWLRQ� VWDJH�� WKH� IDFW� WKDW� WKH
DOJRULWKP� JHQHUDOLVHV� IURP� VDPSOH� GDWD� UHGXFHV� WKH� DPRXQW� RI� WUDLQLQJ� VHQWHQFHV
UHTXLUHG�IRU�IRUPLQJ�UHOLDEOH�PRGHOV��7KH�XVH�RI�FOXVWHUV�DQG�WKH�VWDWLVWLFDO�QDWXUH�RI
WKH�DOJRULWKP�ZLOO�FRPSHQVDWH�IRU�PLVVLQJ�VDPSOHV�

7KH� SURSRVHG� WHFKQLTXH� KDV� EHHQ� DSSOLHG� WR� ODQJXDJH� PRGHOOLQJ� ERWK� LQ� WKH
UHFRJQLWLRQ�DQG� WKH�JHQHUDWLRQ�SKDVHV�RI�GLDORJXH�V\VWHPV��+RZHYHU�� LW� FRXOG�DOVR
EH�YLHZHG�IURP�DQRWKHU�SHUVSHFWLYH�WKDW�LV�DV�D�PHWKRG�IRU�LQGXFLQJ�WKH�VWUXFWXUH�RI
+00V�IURP� VDPSOH�REVHUYDWLRQ�VHTXHQFHV��7KH�%DXP�:HOFK�DOJRULWKP��ZKLFK� LV
XVHG�IRU�WUDLQLQJ�+00V��DVVXPHV�WKDW�WKH�QXPEHU�RI�WKH�+00�VWDWHV�LV�IL[HG��DQG
XVHV� LQLWLDOO\� UDQGRP�SDUDPHWHUV� WKDW� DUH� LWHUDWLYHO\� XSGDWHG�XQWLO� D�SRLQW� LV� IRXQG
ZKHUH� WKH� VDPSOH� OLNHOLKRRG� LV� ORFDOO\� PD[LPDO�� $� PRUH� JHQHUDO� SUREOHP� LV� WR
DGGLWLRQDOO\� ILQG� WKH� EHVW�+00� WRSRORJ\�� ZKLFK� LQFOXGHV� QRW� RQO\� HVWLPDWLQJ� WKH
WUDQVLWLRQ� DQG� REVHUYDWLRQ� SUREDELOLWLHV� EXW� DOVR� WKH� QXPEHU� RI� VWDWHV�� 7KH� %DXP�
:HOFK� DOJRULWKP�FRXOG�EH�XVHG� DJDLQ�RQ� IXOO\� FRQQHFWHG�PRGHOV�RI� YDU\LQJ� VL]HV�
SLFNLQJ� WKH� PRGHO� VL]H� DQG� WRSRORJ\� ZLWK� WKH� KLJKHVW� SRVWHULRU� SUREDELOLW\�
�0D[LPXP� OLNHOLKRRG� HVWLPDWLRQ� LV� QRW� XVHIXO� IRU� WKLV� FRPSDULVRQ� VLQFH� ODUJHU
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PRGHOV� XVXDOO\� ILW� GDWD� EHWWHU���+RZHYHU�� WKLV� DSSURDFK� LV� YHU\� FRVWO\� DQG� %DXP�
:HOFK�PD\�JHW�VWXFN�DW�VXE�RSWLPDO�ORFDO�PD[LPD��:H�KDQGOH�WKH�VWUXFWXUH�OHDUQLQJ
SUREOHP�LQ�DQ�LQFUHPHQWDO�ZD\��$Q�LQLWLDO�PRGHO�LV�FRQVWUXFWHG�DQG�WKH�PRGHO�VL]H�LV
DGMXVWHG� DV� QHZ� GDWD� DSSHDUV�� 1HZ� REVHUYDWLRQV� FUHDWH� QHZ� VWDWHV� RU� PHUJH� ZLWK
H[LVWLQJ� RQHV�� 7KHUHIRUH�� LQ� HYHU\� LWHUDWLRQ� WKH� QXPEHU� RI� VWDWHV� PD\� LQFUHDVH� RU
UHPDLQ� XQFKDQJHG� DQG� WKH� +00� SUREDELOLWLHV� DUH� XSGDWHG� DFFRUGLQJO\�� %H\RQG
EHLQJ� LQFUHPHQWDO�� RXU� DOJRULWKP� LV� GDWD�GULYHQ� LQ� WKDW� WKH� WUDLQLQJ� GDWD� LWVHOI
FRPSOHWHO\� GHWHUPLQHV� WKH� LQLWLDO� PRGHO� VKDSH�� LQ� FRQWUDVW� ZLWK� WKH� %DXP�:HOFK
DOJRULWKP� ZKHUH� WKH� LQLWLDO� PRGHO� LV� FRPSOHWHO\� XQLQIRUPHG� E\� WKH� GDWD�� 2WKHU
DSSURDFKHV� FORVH� WR� RXUV� DUH� WKH� RQHV� GHVFULEHG� E\� >7+2� ��@� DQG� >672� ��@�
+RZHYHU�� WKHVH� DSSURDFKHV� DSDUW� IURP� WKH� DOJRULWKPLF� GLIIHUHQFHV� WKH\� KDYH�
FRPSDUHG�WR�RXU�PHWKRG��ZHUH�DOVR�DSSOLHG�WR�GLIIHUHQW�WDVNV�

�����$OJRULWKP�GHVFULSWLRQ

7KH�IORZ�FKDUW�RI�RXU�PHWKRG�LV�VKRZQ�LQ�)LJXUH����,Q�WKLV�VHFWLRQ��ZH�GHVFULEH
WKH�DOJRULWKP�FRQFLVHO\�DQG��LQ�WKH�IROORZLQJ�RQHV��ZH�H[SODLQ�WKH�VWHSV�LW�FRQVLVWV�RI
LQ�GHWDLO�

)LJXUH����7KH�IORZ�FKDUW�RI�WKH�DOJRULWKP�

$W� ILUVW� D� VHW� RI� VHQWHQFHV� LV� VHOHFWHG� WR� WUDLQ� WKH� LQLWLDO�+00��)RU� HYHU\� QHZ
VHQWHQFH�6��SUHIHUDEO\�WKH�ORQJHVW��DV�LW�ZLOO�EH�H[SODLQHG�LQ�VHFWLRQ�������WKH�9LWHUEL
DOJRULWKP� LV� DFWLYDWHG�� WR� FKHFN� ZKHWKHU� WKLV� VHQWHQFH� FRXOG� EH� H[WUDFWHG� E\� WKH
FXUUHQW�+00��IROORZLQJ�RQH�RI�LWV�SDWKV��7KH�SUREDELOLW\�DVVLJQHG�WR�WKH�VHQWHQFH�6
LV�FRPSDUHG�ZLWK�D�WKUHVKROG�7��ZKLFK�LV�GHILQHG�IRU�WKH�+00��7KH�HVWLPDWLRQ�RI�7
ZLOO�EH�GHVFULEHG�LQ�GHWDLO�LQ�VHFWLRQ�������D���,I�WKH�SUREDELOLW\�DVVLJQHG�WR�6�H[FHHGV
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RU� LV� HTXDO� WR� 7�� RU� LI� D� SDUW� RI� 6� ILWV� LQ� DQ� H[LVWLQJ� +00� SDWK�� WKHQ� XQNQRZQ
REVHUYDWLRQV� RI� 6�� WKDW� LV� ZRUGV� RU� SKUDVHV�� DUH� DEOH� WR�PDWFK� H[LVWLQJ� VWDWHV�� L�H�
ZRUG�RU�SKUDVH�FOXVWHUV��DQG�EHFRPH�PHPEHUV�RI� WKHP�� ,Q� WKLV�ZD\�� WKH�FOXVWHULQJ
SURFHGXUH� WDNHV� SODFH� VLPXOWDQHRXVO\� ZLWK� WKH� FRQVWUXFWLRQ� RI� WKH� +00�� 7DNLQJ
LQWR� FRQVLGHUDWLRQ� WKH� PRGLILHG� FOXVWHUV� DQG� VHQWHQFHV� WKDW� DUH� VXEVHWV� RI� 6�� WKH
+00� LV� XSGDWHG�� 7KDW� LV�� WKH� REVHUYDWLRQ� SUREDELOLWLHV� ZLWKLQ� WKH� H[LVWLQJ� VWDWHV
�FOXVWHUV��DUH� UHHVWLPDWHG�DQG�QHZ� VWDWHV�PD\�EH� DGGHG� �IRU� WKH�SDUWV�RI� VHQWHQFHV
WKDW� FDQQRW� PDWFK� H[LVWLQJ� VWDWHV��� 7KH� WUDQVLWLRQ� SUREDELOLWLHV� DUH� DOVR� XSGDWHG�
6XEVHW�VHQWHQFHV�RI�6�DUH�WKH�VHQWHQFHV��DOO�WKH�ZRUGV�SKUDVHV�RI�ZKLFK�DUH�FRQWDLQHG
LQ� VHQWHQFH� 6�� 7KH� ZRUG�SKUDVH� RUGHU� PD\� EH� FRQVLGHUHG� RU� QRW� EH� WDNHQ� LQWR
DFFRXQW��6� LV� LQFOXGHG�LQ�LWV�VXEVHWV�� �E��� ,I� WKH�SUREDELOLW\�DVVLJQHG� WR�6� LV�VPDOOHU
WKDQ� 7� DQG� QR� SDUWV� RI� 6� ILW� LQ� H[LVWLQJ� +00� SDWKV�� WKH� DOUHDG\� H[LVWLQJ� VWDWHV
�FOXVWHUV�� DUH� QRW� XSGDWHG�� EXW� QHZ� RQHV� DUH� FUHDWHG� WR� LQFRUSRUDWH� WKH� VXEVHW
VHQWHQFHV� RI� 6� LQWR� WKH� +00�� ,Q� HLWKHU� FDVH� �D�� RU� �E��� D� QHZ� WKUHVKROG� IRU� WKH
XSGDWHG�+00� LV� HVWLPDWHG� DQG� UHSODFHV�7�� 7KHQ� D� QHZ� VHQWHQFH� LV� VHOHFWHG�� WKH
SUREDELOLW\� RI� ZKLFK� LV� JRLQJ� WR� EH� FRPSDUHG� ZLWK� WKH� XSGDWHG� WKUHVKROG�� 7KH
SURFHGXUH�LWHUDWHV�XQWLO�QR�PRUH�VHQWHQFHV�DUH�DYDLODEOH�

7KURXJKRXW� WKH� LWHUDWLRQV��SKUDVHV�PD\�EH�IRUPHG��E\�XVLQJ�VLPSOH� UXOHV�RU�E\
WDNLQJ� LQWR� FRQVLGHUDWLRQ� VRSKLVWLFDWHG� V\QWDFWLF� DQG� VHPDQWLF� UHVWULFWLRQV��� GXULQJ
HDFK� VHQWHQFH¶V� SURFHVVLQJ�� WKDW� LV� EHIRUH�9LWHUEL� LV� DSSOLHG�� ,Q� RXU� WHVWV�� SKUDVHV
ZHUH�IRUPHG�E\�FRQVLGHULQJ�ZRUGV�ZLWK�YHU\�VWURQJ�FRUUHODWLRQ��H�J��,�ZRXOG�OLNH�WR�
LGHQWLW\�FDUG��HWF����WKDW�LV�ZRUG�WXSOHV��ZKLFK�DUH�VWURQJO\�UHFXUUHQW�LQ�WKH�ODQJXDJH
DQG�FDQ�EH�WKRXJKW�DV�D�VLQJOH�OH[LFDO�HQWU\��7KHVH�SKUDVHV�ZHUH�PDQXDOO\�VHOHFWHG�
7KH� SKUDVH� IRUPXODWLRQ� LV� WKH� RQO\� VWHS� ZKHUH� ODQJXDJH�GHSHQGHQW� NQRZOHGJH� LV
DSSOLHG�� ,Q� RUGHU� WR� FRPSDUH� WKH� RXWSXW� RI� RXU� DOJRULWKP� ZLWK� D� JUDPPDU�EDVHG
PRGHO�UHSUHVHQWHG�DV�D�ILQLWH�VWDWH�QHWZRUN��ZH�FRQVLGHU�WKH�ILQDO�+00�DV�D�6)61
�VHH�VHFWLRQ�����IRU�GHWDLOV��

7KH� W\SH� RI� WKH� +00� ZH� XVH� LV� GLVFUHWH�� ,I� D� ZRUG�SKUDVH� IROORZV� DQRWKHU
ZRUG�SKUDVH� WKH� WUDQVLWLRQ� SUREDELOLW\� D � � � EHWZHHQ� WKHLU� FODVVHV� WKDW� LV� WKH� +00
VWDWHV�L�DQG�M�LV�JUHDWHU�WKDQ�]HUR��RWKHUZLVH�LW�LV�HTXDO�WR�]HUR��,Q�WKH�FDVH�ZKHUH�D � � �¨
��� WZR� W\SHV� RI� WUDQVLWLRQ� SUREDELOLWLHV� DUH� FRQVLGHUHG�� WUDQVLWLRQV� ZLWK� HTXDO
SUREDELOLW\� IURP� RQH� VWDWH� WR� DQRWKHU� RU� SUREDELOLWLHV� GHULYHG� IURP� WKH� QXPEHU� RI
WLPHV� D� ZRUG�SKUDVH� FODVV� DSSHDUV� DIWHU� DQRWKHU�� 7R� EH� PRUH� SUHFLVH�� LI� D
ZRUG�SKUDVH�FODVV�X� LV�IROORZHG�E\�Q�ZRUG�SKUDVH�FODVVHV� LQ� WKH� WUDLQLQJ�GDWD�� WKHQ
WKH�SUREDELOLW\�WKDW�D�ZRUG�SKUDVH�FODVV�Z�RFFXUV�DIWHU�WKH�ZRUG�SKUDVH�X��LQ�WKH�FDVH
RI�HTXDO�SUREDELOLWLHV��ZRXOG�EH

3�Z�_�X�� �����Q ���
2Q�WKH�RWKHU�KDQG��LI�WKH�QXPEHU�RI�WLPHV�FODVV�Z�IROORZV�X�LV�FRQVLGHUHG��WKHQ

3�Z�_�X�� �1�X��Z����1�X� ���
ZKHUH�1�X��Z�� LV� WKH�QXPEHU� RI� RFFXUUHQFHV� RI� FODVV�Z� DIWHU� FODVV�X� DQG�1�X�� WKH
QXPEHU�RI�RFFXUUHQFHV�RI�FODVV�X�
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,Q� WKH� VDPH�ZD\��REVHUYDWLRQV�� L�H��ZRUGV�SKUDVHV�� FDQ� KDYH� HTXDO�SUREDELOLWLHV
ZLWKLQ�D�VWDWH��FODVV���RU�WKH�SUREDELOLWLHV�DUH�IRUPHG�DFFRUGLQJ� WR� WKH�IUHTXHQF\�RI
RFFXUUHQFH�RI�WKH�ZRUGV�SKUDVHV��,Q�WKH�IRUPHU�FDVH�LI�D�ZRUG�SKUDVH�Y�EHORQJV�WR�D
FODVV�&�Y��� ZKLFK� KDV� Q� PHPEHUV�� WKHQ� WKH� SUREDELOLW\� RI� WKLV� ZRUG�SKUDVH� LQ� WKH
FODVV�LV

3�Y�_�&�Y��� �����Q ���
,Q�WKH�ODWWHU�FDVH

3�Y�_�&�Y��� �1�Y����1�&�Y�� ���
ZKHUH�1�Y��LV�WKH�QXPEHU�RI�RFFXUUHQFHV�RI�ZRUG�SKUDVH�Y�DQG�1�&�Y���WKH�QXPEHU
RI� RFFXUUHQFHV� RI� FODVV�&�Y��� WKDW� LV� WKH� VXP� RI� WKH� QXPEHU� RI� RFFXUUHQFHV� RI� LWV
PHPEHUV�

�����7UDLQLQJ�GDWD

$� VHW� RI� VHQWHQFHV� LV� XVHG� DV� LQSXW� WR� WKH� DOJRULWKP�� 7KHVH� VHQWHQFHV� FDQ� EH
GHULYHG�IURP�VLPXODWLRQ�H[SHULPHQWV��:L]DUG�RI�2]���7KH\�FDQ�DOVR�EH�JHQHUDWHG�E\
WKH� XVH� RI� WKH� V\VWHP� LWVHOI� IRU� WKH� DQDO\VLV�UHFRJQLWLRQ� VWDJH�� 7KDW� LV�� XWWHUDQFHV
VSRNHQ�E\�XVHUV�DUH�UHFRUGHG�DQG�WUDQVFULEHG��LQ�RUGHU�WR�EH�XVHG�IRU�H[WHQGLQJ�DQG
LPSURYLQJ�WKH�FXUUHQW�ODQJXDJH�PRGHOV��2XU�DOJRULWKP�WDNHV�WKH�VHW�RI�VHQWHQFHV�IRU
JUDQWHG�� UHJDUGOHVV�RI�ZKHWKHU� WKH\�DUH�GHULYHG�IURP�VLPXODWLRQ�H[SHULPHQWV�� IURP
WKH� V\VWHP� LWVHOI�� IURP� WKH� DSSOLFDWLRQ� JUDPPDU�� DUH� PDQXDOO\� FUHDWHG� RU� DUH
SURGXFHG�E\�D�FRPELQDWLRQ�RI� WKHVH�PHWKRGV��+RZHYHU��DV� LW�ZLOO�EH� VKRZQ� LQ� WKH
WHVWV� FDUULHG� RXW�� WKH� EHVW� ODQJXDJH� PRGHO� IRU� UHFRJQLWLRQ� LV� REWDLQHG�� E\� PL[LQJ
VHQWHQFHV�WDNHQ�IURP�WKH�XVH�RI�WKH�V\VWHP�ZLWK�JUDPPDWLFDOO\�FRUUHFW�VHQWHQFHV��2Q
WKH� RWKHU� KDQG�� LQ� WKH� 1/*� SURFHVV� WKH� EHVW� PRGHO� LV� WKH� RQH� WKDW� LV� EDVHG� RQ
JUDPPDWLFDOO\� FRUUHFW� VHQWHQFHV�� 7KHUH� LV� QR� UHTXLUHPHQW� IRU� D� JUDPPDU� EXW� LI� D
VLPSOH�JUDPPDU�LV�DYDLODEOH�LW�FRXOG�EH�XVHG�IRU�JHQHUDWLQJ�VHQWHQFHV�WKDW�ZRXOG�EH
GLUHFWHG�� DV� LQSXW�� WR� RXU� DOJRULWKP�� 7KLV� LV� ZKDW� ZH� GLG� LQ� VHFWLRQ� �� LQ� RUGHU� WR
FRPSDUH�RXU�PRGHOV�ZLWK�JUDPPDU�EDVHG�RQHV�XQGHU�H[DFWO\�WKH�VDPH�FRQGLWLRQV��,Q
IUHH�SKUDVH�RUGHU�ODQJXDJHV�VXFK�DV�*UHHN��D�FKXQNHU�FRXOG�EH�XVHG�IRU�WKH�VSOLW�RI
VHQWHQFHV�LQWR�SKUDVHV�DQG�WKHLU�RUGHULQJ�VR�WKDW�PRUH�WUDLQLQJ�GDWD�LV�DYDLODEOH�

�����,QLWLDOLVDWLRQ

7KH�LQLWLDOLVDWLRQ�VWDJH�LQFOXGHV�VWHSV���WR����DV�GHSLFWHG�LQ�)LJXUH����7KH�ORQJHVW
VHQWHQFH�6�LV�VHOHFWHG��WKDW�LV�WKH�RQH�ZLWK�WKH�ELJJHVW�QXPEHU�RI�ZRUGV�SKUDVHV��VWHS
����ZKLFK�ZLOO�EH�XVHG�WRJHWKHU�ZLWK�LWV�VXEVHW�VHQWHQFHV�WR�WUDLQ�WKH�LQLWLDO�+00��$V
LW� KDV� DOUHDG\� EHHQ� PHQWLRQHG�� VXEVHW� VHQWHQFHV� RI� 6� DUH� WKH� VHQWHQFHV�� DOO� WKH
ZRUGV�SKUDVHV�RI�ZKLFK�DUH�FRQWDLQHG�LQ�VHQWHQFH�6��7KHUH�DUH�WZR�FDVHV��LQ�WKH�ILUVW
FDVH�ZKHUH� WKH�ZRUG�SKUDVH�RUGHU� LV� UHWDLQHG� �:32�±�:RUG�3KUDVH�2UGHU��� LI�6� LV
WKH� VHTXHQFH�RI�ZRUGV�Y ��� � Y ��� � Y � ��«�� Y � � WKHQ� D� VXEVHW� VHQWHQFH�RI�6� FRXOG�KDYH� WKH



��

IRUP�Y � �� Y� �� Y � ��«�� Y � � � � ���� L��� M��� N���«���P��� Q�� ,Q� WKH� VHFRQG� FDVH�ZKHUH� WKH
ZRUG�SKUDVH�RUGHU�GRHV�QRW�SRVH�D�FRQVWUDLQW��1:32�±�1R�:RUG�3KUDVH�2UGHU���WKH
VXEVHW� VHQWHQFHV�RI�6�KDYH� WKH� IRUP�Y � �� Y� �� Y � ��«�� Y � ���� L�� M�� N��P��� Q�� ,I�6�� LV� D
FDQGLGDWH�VHQWHQFH�WR�EH�LQFOXGHG�LQ�WKH�VXEVHW�VHQWHQFHV�RI�6��DQG�LI�D�ZRUG�SKUDVH
DSSHDUV�Q�WLPHV�LQ�6�DQG�P�WLPHV�LQ�6���WKHQ�D�UHVWULFWLRQ�WKDW�DSSOLHV�WR�ERWK�FDVHV
�:32�DQG�1:32��LV�WKDW�P���Q��VWHS�����%\�XVLQJ�WKH�ORQJHVW�VHQWHQFH��ZH�HQVXUH
WKDW� PRUH� VHQWHQFHV� EHFRPH� VXEVHW� VHQWHQFHV� GLUHFWO\� ZLWKRXW� DSSO\LQJ� 9LWHUEL�
7KXV� WKH� WRWDO�FRPSXWDWLRQ� WLPH� IRU� WKH�FRQVWUXFWLRQ�RI� WKH� ILQDO�+00� LV� UHGXFHG
VLJQLILFDQWO\��HVSHFLDOO\�ZKHQ�PXFK�WUDLQLQJ�GDWD�LV�LQYROYHG��7KH�JDLQ�LV�KLJKHU�LQ
WKH� :32� FDVH� EHFDXVH� LQ� HYHU\� LWHUDWLRQ� IHZHU� VHQWHQFHV� DUH� VHOHFWHG� DV� VXEVHW
VHQWHQFHV�RI�6�GXH�WR�WKH�ZRUG�SKUDVH�RUGHU�FRQVWUDLQW�DQG�WKHUHIRUH�PRUH�LWHUDWLRQV
DUH� UHTXLUHG�� 1HYHUWKHOHVV�� WKH� FRPSXWDWLRQDO� FRVW� LV� QRW� VR� LPSRUWDQW� VLQFH� WKH
SURFHGXUH�LV�RIIOLQH��7KDW�LV�WKH�+00V�DUH�QRW�FUHDWHG�RQOLQH�GXULQJ�WKH�UHFRJQLWLRQ
DQG�JHQHUDWLRQ�VWDJHV�

7KH� QXPEHU� RI� VWDWHV� 1�� LQ� WKH� LQLWLDO� +00�� LV� HTXDO� WR� WKH� QXPEHU� RI
ZRUGV�SKUDVHV�RI�6��7KH�QXPEHU�RI�REVHUYDWLRQV�0�LV�HTXDO�WR�1����7KH�UHGXQGDQW
REVHUYDWLRQ� VWDQGV� IRU� DQ\� XQNQRZQ� ZRUG�SKUDVH�� 7UDQVLWLRQ� DQG� REVHUYDWLRQ
SUREDELOLWLHV� DUH� HVWLPDWHG� XVLQJ� HTXDWLRQV� ���� WR� ����� 7KH� REVHUYDWLRQ� RI� WKH
XQNQRZQ�ZRUG�SKUDVH� KDV� D� SUREDELOLW\� RI���������� LQ� DOO� VWDWHV�� 7KH� UHDVRQ� WKDW
���������LV�XVHG�LQVWHDG�RI���LV�WR�DYRLG�RYHUIORZV�LQ�FRPSXWDWLRQV��7KH�LQLWLDO�VWDWH
SUREDELOLW\�p � �LV���RQO\�ZKHQ�L�LV�WKH�HQWHU�VWDWH�DQG���IRU�DOO�RWKHU�VWDWHV��VWHS����

$IWHU�WKH�LQLWLDO�+00�KDV�EHHQ�EXLOW��RXU�QH[W�VWHS�LV�WKH�GHILQLWLRQ�RI���GHFLVLRQ
WKUHVKROGV�WKDW�ZLOO�EH�XVHG�WR�GHFLGH�LI�D�QHZ�VHQWHQFH�ZLOO�ILW�LQ�DQ�H[LVWLQJ�SDWK�RU
FUHDWH�D�SDWK�RI�LWV�RZQ��VWHS�����7KH���WKUHVKROGV�FRUUHVSRQG�WR�WKH�RFFXUUHQFH�RI���
��� �� DQG���XQNQRZQ�ZRUGV�SKUDVHV� UHVSHFWLYHO\��2QO\� �� WKUHVKROGV� DUH� FRQVLGHUHG
EHFDXVH�LI�D�QHZ�VHQWHQFH�KDV�PRUH�WKDQ���XQNQRZQ�ZRUGV�SKUDVHV�LW�LV�PRUH�OLNHO\
WKDW� LW� ZLOO� IDLO� WR� IROORZ� DQ� H[LVWLQJ� SDWK�� 7KH� SURFHGXUH� IRU� WKH� WKUHVKROGV¶
GHILQLWLRQ�LV�DV�IROORZV��7KH�9LWHUEL�DOJRULWKP�ILQGV�WKH�RSWLPDO�VWDWH�VHTXHQFH�WKDW
SURGXFHV� WKH� ORQJHVW� VHQWHQFH�6�� DQG� WKH� UHVXOWLQJ� SUREDELOLW\� LV� FRQVLGHUHG� DV� WKH
ILUVW� WKUHVKROG�� 2QH� RI� WKH� REVHUYDWLRQV� LQ� WKH� DERYH� VHTXHQFH� LV� UHSODFHG� E\� WKH
XQNQRZQ�ZRUG�SKUDVH�REVHUYDWLRQ�H�J��LI�Y�LV�WKH�XQNQRZQ�REVHUYDWLRQ�DQG�Y � ��«��Y � �

� ��Y � ��Y � � � ��«��Y � �LV�WKH�REVHUYDWLRQ�VHTXHQFH��WKH�QHZ�VHTXHQFH�ZLOO�EHFRPH�Y � ��«��Y � �

� �� Y�� Y � � � ��«�� Y � � ZKHUH����� L���Q��� DQG� WKH�9LWHUEL� DOJRULWKP�ZLOO� JLYH� WKH� VHFRQG
WKUHVKROG�� %\� UHSODFLQJ� WZR� RU� WKUHH� REVHUYDWLRQV� ZLWK� WKH� XQNQRZQ� ZRUG�SKUDVH
REVHUYDWLRQ��WKH�WKLUG�DQG�IRXUWK�WKUHVKROGV�DUH�GHILQHG��Y � ��«��Y � � � ��Y��Y��Y � � � ��«��Y � ��LI
L� �Q��� WKHQ� Y � � �  � Y � �� DQG� Y � ��«�� Y � � � �� Y�� Y�� Y�� Y � � � ��«�� Y � � �LI� L� �Q��� WKHQ� WKH� �UG
XQNQRZQ�REVHUYDWLRQ�Y�ZLOO�EH�Y � ���:H�XVXDOO\�VHOHFW�L� �Q���XQOHVV�Q�����ZKHUH�L�LV
UHPRGLILHG�VR�WKDW�PRVW�RI�WKH�VHQWHQFHV�DQG�WKHUHIRUH�WKUHVKROGV�FDQ�EH�GHILQHG��,I
Q����� WKHQ�VRPH� WKUHVKROGV�DUH�QRW�FRQVLGHUHG��+RZHYHU�� LQ�SUDFWLFH� WKLV�GRHV�QRW
KDSSHQ�� VLQFH� WKHUH� DUH� DOZD\V� WUDLQLQJ� VHQWHQFHV�ZLWK�PRUH�ZRUGV�SKUDVHV�� 6RPH
SUHOLPLQDU\�H[SHULPHQWV�KDYH�VKRZQ�WKDW�WKH�YDOXH�RI�L�KDV�QR�VLJQLILFDQW�HIIHFW�RQ
WKH�UHVXOWLQJ�QHWZRUN��:H�LQWHQG�WR�FDUU\�RXW�IXUWKHU�WHVWV�ZLWK�GLIIHUHQW�YDOXHV�RI�L�
DQG�ZDWFK�KRZ�WKUHVKROGV�DUH�DIIHFWHG�
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�����,WHUDWLYH�SURFHGXUH

7KLV�VWDJH�LQFOXGHV�VWHSV���WR�����DV�GHSLFWHG�LQ�)LJXUH����7KH�ORQJHVW�VHQWHQFH�6
RI�WKH�UHPDLQLQJ�VHQWHQFHV�LV�VHOHFWHG�DQG�WUDQVIRUPHG�LQWR�DQ�REVHUYDWLRQ�VHTXHQFH
�VWHS� ���� 7KH� 9LWHUEL� DOJRULWKP� ILQGV� WKH� RSWLPDO� VWDWH� VHTXHQFH� ZLWK� WKH
FRUUHVSRQGLQJ� SUREDELOLW\�� $FFRUGLQJ� WR� WKH� QXPEHU� RI� XQNQRZQ� REVHUYDWLRQV� WKH
DERYH�SUREDELOLW\�LV�FRPSDUHG�ZLWK�RQH�RI�WKH���WKUHVKROGV��VWHS�����,I�LW�H[FHHGV�RU
LW�LV�HTXDO�WR�WKH�DSSURSULDWH�WKUHVKROG�7��&DVH�����WKHQ�D�QHZ�REVHUYDWLRQ�FDQ�PDWFK
RQH�RI�WKH�H[LVWLQJ�VWDWHV��FODVVHV���DQG�EHFRPH�D�PHPEHU�RI�WKLV�FODVV��PRYH�WR�VWHS
����,Q�FDVHV�ZKHUH�WKH�WKUHVKROG�7�LV�QRW�H[FHHGHG�DQG�RQO\�D�SDUW�DQG�QRW�WKH�ZKROH
VHQWHQFH� PDWFKHV� DQ� H[LVWLQJ� SDWK� VWUDLJKWIRUZDUGO\� RU� E\� VKLIW� �&DVH� ���� WKH
FDQGLGDWH�PDWFKHV�EHWZHHQ�QHZ�REVHUYDWLRQV�DQG�H[LVWLQJ� VWDWHV��PD\�EH� DFFHSWHG
DFFRUGLQJ� WR� VRPH� FULWHULD� �VWHS� ���� 7KHVH� FULWHULD� DUH� SRVLWLRQ�� QXPEHU� RI� ZRUGV�
ZRUG� RUGHU�� LI� D�ZRUG�SKUDVH� VHTXHQFH� DSSHDUV�PRUH� WKDQ� RQFH� LQ� WKH� SDWK� HWF�� ,I
WKHVH�FULWHULD�DUH�YHU\�VWULFW��WKHQ�LW�LV�PRUH�OLNHO\�WKDW�WKHVH�FDQGLGDWH�PDWFKHV�ZLOO
EH� UHMHFWHG��ZKLFK� ZLOO� UHVXOW� LQ� D� PRGHO� ZKHUH� JUDPPDWLFDO� VWUXFWXUH� VXSHUVHGHV
VWRFKDVWLF�IHDWXUHV��2Q�WKH�RWKHU�KDQG��ORRVH�FULWHULD�ZLOO�DOORZ�PDWFKHV�WKDW�GR�QRW
FRQIRUP� WR� JUDPPDWLFDO� UXOHV� DQG�PD\� DOVR� FDXVH� LQVHUWLRQV� RI� ORRSV�� 7KDW� LV� WKH
UHVXOWLQJ� PRGHO� ZLOO� FRPH� FORVHU� WR� WKH� Q�JUDP� VWUXFWXUH�� ,Q� RUGHU� WR� ILQG� WKH
FDQGLGDWH� PDWFKHV�� WKH� REVHUYDWLRQ� DQG� VWDWH� VHTXHQFHV� �GHULYHG� IURP� WKH� 9LWHUEL
DOJRULWKP��PXVW�EH�FRPSDUHG�� ,W� VKRXOG�EH�QRWHG�KHUH� WKDW� LI�ZH�ZDQW� WR� FRPSDUH
VLPLODU� WKLQJV�� ZH� PXVW� UHSODFH� REVHUYDWLRQV� ZLWK� WKH� VWDWHV� �FODVVHV�� ZKHUH� WKH\
EHORQJ� DQG� WKHQ� FRPSDUH� WKLV� VWDWH� VHTXHQFH�ZLWK� WKH� VWDWH� VHTXHQFH� H[WUDFWHG� E\
9LWHUEL�

,I�WKH�FRQGLWLRQV�RI�VWHSV���RU���DUH�VDWLVILHG��ZH�PRYH�WR�VWHS���WR�HQVXUH�WKDW�DQ
REVHUYDWLRQ� ZLOO� QRW� PDWFK� D� FODVV� E\� PLVWDNH�� 7KH� DOJRULWKP� JHWV� DOO� WKH� VXEVHW
VHQWHQFHV�RI�6��ZKLFK�FRQWDLQ�WKLV�REVHUYDWLRQ�DQG�FRPSXWHV�WKHLU�SUREDELOLWLHV�XVLQJ
9LWHUEL�� 7KHUHIRUH� VWHS� �� DOVR� LQFOXGHV� WKH� H[WUDFWLRQ� RI� VXEVHW� VHQWHQFHV� RI� 6�
DOWKRXJK�WKLV�LV�QRW�GHSLFWHG�LQ�)LJXUH����EHFDXVH�LW�ZRXOG�FRPSOLFDWH�WKH�IORZ�FKDUW�
,I� WKH� XQNQRZQ� REVHUYDWLRQ� PDWFKHV� WKH� VDPH� VWDWH� LQ� WKH� JUHDWHVW� SRUWLRQ� RI� WKH
VXEVHW�VHQWHQFHV�RI�6��ZKLFK�FRQWDLQ�WKLV�REVHUYDWLRQ��H�J��PRUH�WKDQ������LQ�&DVH
���� LW� LV�FRQVLGHUHG�WKDW�WKH�REVHUYDWLRQ�FDQ�EHFRPH�D�PHPEHU�RI� WKH�FODVV�DQG� WKH
FOXVWHU�LV�XSGDWHG�DFFRUGLQJO\��VWHS������7KH�SHUFHQWDJH�LV�VHW�KLJKHU��H�J�������LQ
&DVH����IURP�VWHS�����EHFDXVH�WKH�FULWHULRQ�VKRXOG�EH�VWULFWHU�VLQFH�WKH�WKUHVKROG�7�LV
QRW� H[FHHGHG�� ,Q� RUGHU� WR� FKHFN� LI� WKH� DERYH� SHUFHQWDJHV� DUH� H[FHHGHG�� WKH
REVHUYDWLRQ�DQG�VWDWH�VHTXHQFHV��GHULYHG�IURP�WKH�9LWHUEL�DOJRULWKP��DUH�FRPSDUHG�
$JDLQ� WKH�REVHUYDWLRQV�PXVW�EH� UHSODFHG�E\� WKH� VWDWHV� �FODVVHV��ZKHUH� WKH\�EHORQJ
DQG� WKHQ� FRPSDUHG� ZLWK� WKH� VWDWH� VHTXHQFH� H[WUDFWHG� E\� 9LWHUEL�� 7KH� DERYH
SHUFHQWDJHV�DUH�VHW�HPSLULFDOO\�DQG�WKH�GHILQLWLRQ�RI�WKHLU�YDOXHV�LV�VWLOO� UHVHDUFK� LQ
SURJUHVV��+LJKHU�YDOXHV�OHDG�WR�YHU\�VWULFW�FOXVWHUV�DQG�PRUH�VWDWHV��ZKLOH�ORZHU�RQHV
DUH� UHVSRQVLEOH� IRU� ORRVH� FOXVWHUV� DQG� IHZHU� VWDWHV�� )URP� VWHS� ��� WKH� SURFHGXUH
FRQWLQXHV�DV�IROORZV��$OO�WKH�VHQWHQFHV�WKDW�KDYH�EHHQ�XVHG�VR�IDU�WRJHWKHU�ZLWK�WKH
QHZ�VHQWHQFH�6��ZKLFK�FDXVHG�WKH�PDWFK��DQG�WKH�VXEVHW�VHQWHQFHV�RI�6� IRUP�D� VHW
IRU�HVWLPDWLQJ�WKH�QHZ�+00�SDUDPHWHUV��VWHS�����7KH�QXPEHU�RI�VWDWHV�UHPDLQV�WKH



��

VDPH�LI�DOO� WKH�XQNQRZQ�ZRUGV�SKUDVHV�RI�6�DUH�FOXVWHUHG� WR�H[LVWLQJ�VWDWHV��RU�RQH
VWDWH� LV�DGGHG� IRU�HYHU\�XQNQRZQ�ZRUG�SKUDVH� WKDW�FDQQRW�PDWFK�DQ�H[LVWLQJ�VWDWH�
7KH� QXPEHU� RI� XQNQRZQ� ZRUGV�SKUDVHV� LV� DGGHG� WR� WKH� SUHYLRXV� QXPEHU� RI
REVHUYDWLRQV�WR�JLYH�WKH�FXUUHQW�QXPEHU�RI�REVHUYDWLRQV�LQ�WKH�+00��7UDQVLWLRQ�DQG
REVHUYDWLRQ�SUREDELOLWLHV�DUH�UHHVWLPDWHG�DFFRUGLQJ�WR�HTXDWLRQV�����WR�����WDNLQJ�LQWR
DFFRXQW�WKH�QHZ�GDWD�DQG�FOXVWHUV��2Q�WKH�RWKHU�KDQG��LI�QHLWKHU�RI�FDVHV���RU���KDV
WDNHQ�SODFH��FRQGLWLRQV�RI�VWHSV���DQG���DUH�QRW�VDWLVILHG��WKHQ�WKH�DOJRULWKP�PRYHV
WR�VWHS���� ,I�QR�XQNQRZQ�ZRUG�SKUDVH�PDWFKHV�DQ�H[LVWLQJ�VWDWH� IRU�H�J��PRUH� WKDQ
����RU�����RI�WKH�VHQWHQFHV��FRQGLWLRQ�RI�VWHS���LV�QRW�VDWLVILHG��WKHQ�WKH�SURFHGXUH
PRYHV� WR� VWHS��� EHFDXVH� WKH� VXEVHW� VHQWHQFHV� RI�6� KDYH� DOUHDG\� EHHQ� H[WUDFWHG� LQ
VWHS� ��� )URP� VWHS� ��� 6� ZLWK� LWV� VXEVHW� VHQWHQFHV� LV� XVHG� IRU� XSGDWLQJ� WKH� +00
SDUDPHWHUV��VWHS�����7KH�XQNQRZQ�ZRUGV�SKUDVHV�DUH�FRQVLGHUHG�DV�QHZ�VWDWHV�RI�WKH
+00��$IWHU�WKH�QHZ�+00�KDV�EHHQ�FRQVWUXFWHG��WKH�WKUHVKROGV�DUH�XSGDWHG��VWHS
���� WKH� ORQJHVW� RI� WKH� UHPDLQLQJ� VHQWHQFHV� LV� VHOHFWHG� �VWHS� ���� DQG� WKH� VWHSV
GHVFULEHG�DERYH�DUH�UHSHDWHG��7KH�SURFHGXUH�VWRSV�ZKHQ�WKHUH�DUH�QR�RWKHU�WUDLQLQJ
VHQWHQFHV��FRQGLWLRQ�RI�VWHS���LV�QRW�VDWLVILHG��

,Q�WKH�VHQWHQFHV�XVHG�IRU�WUDLQLQJ��ZH�DOZD\V�DGG�WKH�REVHUYDWLRQV�HQWHU�DQG�H[LW
DV� ILUVW� DQG� ODVW� ZRUGV�SKUDVHV� UHVSHFWLYHO\� VR� WKDW� WKH� UHVXOWLQJ� QHWZRUN� KDV� RQO\
RQH� HQWUDQFH� DQG� RQH� H[LW� VWDWHV�� )URP� QRZ� RQ� ZKHQ� ZH� JLYH� D� VHTXHQFH� RI
ZRUGV�SKUDVHV�WKDW�IRUPV�D�VHQWHQFH��WKH�ILUVW�DQG�ODVW�REVHUYDWLRQV��HQWHU��H[LW��ZLOO
EH�RPLWWHG��WKDW�LV�LI�WKH�VHQWHQFH�LV�HQWHU��Y � ��Y � ��«��Y � ��H[LW�LW�ZLOO�EH�GHQRWHG�DV�Y � �
Y � ��«��Y � ��7R�EH�PRUH�DQDO\WLFDO�OHW�XV�KDYH�VRPH�H[DPSOHV��ZKLFK�H[SODLQ�KRZ�WKH
DOJRULWKP�ZRUNV�LQ�WKH�PRVW�FRPPRQ�FDVHV�DQG�ZKHUH�ZH�FDQ�VHH�KRZ�WKH�FULWHULD�RI
SRVLWLRQ�� QXPEHU� RI� ZRUGV�� ZRUG� RUGHU� DQG�PXOWLSOH� DSSHDUDQFH� RI� D� ZRUG�SKUDVH
DSSO\��6XSSRVH�WKDW�ZH�KDYH�WKH�VHQWHQFHV�Y � ��Y � ��«��Y � � � ��Y � � � ��Y � ��6����Y � � � ��Y � ��Y � ��Y � �
«�� Y � � � � �6��� DQG� Y � � � �� Y � � � �� Y � �� Y � ��«�� Y � � � � �6���� $OO� WKH� VHQWHQFHV� KDYH� WKH� VDPH
QXPEHU�RI�ZRUGV�SKUDVHV��:H�VHOHFW�6��WR�WUDLQ�WKH�LQLWLDO�+00�VLQFH�LW�LV�WKH�ILUVW
RQH� LQ� RUGHU�� ,Q� WKH� :32� FDVH� 6�� ZLOO� QRW� FRPSULVH� D� VXEVHW� VHQWHQFH� RI� 6��
WKHUHIRUH�9LWHUEL�ZLOO�EH�DFWLYDWHG��7KH�SDWK�Y � �� Y � ��«�� Y � � � � LV�FRPPRQ� IRU�ERWK�6�
DQG�6���+RZHYHU��LI�ZH�DGG�QHZ�VWDWHV�RQO\�IRU�Y � � � ��Y � ��WKH�UHVXOWLQJ�QHWZRUN�IRU�6�
DQG�6�� LV� WKH�RQH�GHSLFWHG� LQ�)LJXUH��D��7KH�REVHUYDWLRQ�VHTXHQFH�Y � � � �� Y � � DSSHDUV
WZLFH� LQ� WKH� VDPH�SDWK��ZKLFK� LV�QRW�DOORZHG��7KH�QHWZRUN�RI�)LJXUH��D�ZRXOG�EH
FRUUHFW� LI�6�� KDG� WKH� IRUP�Y � � � �� Y � � � �� Y � �� Y � ��«�� Y � � � � RU� HTXLYDOHQWO\� LI�ZH� RQO\� KDG
VHQWHQFHV�6��DQG�6��VLQFH�LQ�WKLV�FDVH�WKH�SDWK�Y � � � ��Y � � � ��ZRXOG�EH�GLIIHUHQW�IURP�Y � � � �
Y � ��+RZHYHU�� QRZ� WKDW�ZH� KDYH� VLPLODU� SDWKV� QHZ� VWDWHV�ZLOO� EH� DGGHG� IRU� DOO� WKH
REVHUYDWLRQV�RI�6��Y � � � ��Y � ��Y � ��Y � ��«��Y � � � ��,Q�WKH�QH[W�LWHUDWLRQ��ZKHUH�6��ZLOO�DOVR�EH
FRQVLGHUHG��Y � � � �ZLOO�PDWFK�Y � ��)LJXUH��E���,Q�WKH�1:32�FDVH�6��DQG�6��ZLOO�EH�XVHG
WR� WUDLQ� WKH� LQLWLDO�+00� DQG�ZKHQ�9LWHUEL� LV� DFWLYDWHG� IRU�6��� Y � � � � ZLOO� PDWFK� Y �
�)LJXUH��F��� ,Q�RUGHU� IRU�Y � � DQG� Y � � � � WR� EHFRPH�PHPEHUV� RI� WKH� VDPH� FOXVWHU�� WKLV
PDWFK�VKRXOG�DSSHDU�LQ�PRUH�WKDQ�����RI�WKH�DYDLODEOH�VHQWHQFHV��)LJXUH��F�VKRZV
WKDW� 1:32� LQWURGXFHV� ORRSV� DQG� LQFUHDVHV� SHUSOH[LW\� EXW� DOVR� OHDGV� WR� WKH
FRQVWUXFWLRQ� RI� PRUH� FRPSDFW� QHWZRUNV� DQG� WR� WKH� SUHGLFWLRQ� RI� PRUH� VHQWHQFHV
�JHQHUDOLVDWLRQ���ZKLFK�LV�YHU\�LPSRUWDQW�HVSHFLDOO\�ZKHQ�WKH�WUDLQLQJ�GDWD�LV�OLPLWHG�
(�J��WKH�QHWZRUN�RI�)LJXUH��F�SURGXFHV�WKH�REVHUYDWLRQ�VHTXHQFH�Y � ��Y � ��«��Y � � � ��Y � � � �



6WRFKDVWLF�/DQJXDJH�0RGHOOLQJ�IRU�5HFRJQLWLRQ�DQG�*HQHUDWLRQ« ��

)LJXUH� ���([DPSOH� H[SODLQLQJ� WKH� IRUPXODWLRQ� RI� FODVVHV� DQG� KRZ� WKH� FULWHULD� RI
ZRUG�RUGHU�DQG�PXOWLSOH�DSSHDUDQFH�RI�D�ZRUG�SKUDVH�DSSO\�
Y � � � ��ZKLFK�LV�QRW�LQFOXGHG�LQ�WKH�WUDLQLQJ�VHQWHQFHV��+RZHYHU��LI�WKH�FODVVHV�IRUPHG
DUH�QRW�FRUUHFW��WKH�HUURU�LQ�1:32�ZLOO�EH�JUHDWHU�VLQFH�PRUH�SDWKV�DUH�LQYROYHG��,Q
VHFWLRQ���UHVXOWV�DUH�JLYHQ�IURP�H[SHULPHQWV�FDUULHG�RXW�ZLWK�ERWK�:32�DQG�1:32
FDVHV�� ,Q�)LJXUH��E� WKH�FRPSOHWH�KLVWRU\� LV� UHWDLQHG�ZKHUHDV� LQ�)LJXUH��F� LW� LV�QRW�
GXH�WR�WKH�LQWURGXFWLRQ�RI�ORRSV�

/HW� XV� KDYH� D� PRUH� JHQHUDO� H[DPSOH� QRZ�� 6XSSRVH� WKDW� ZH� KDYH� WKH� H[LVWLQJ
+00�SDWK�Y � ��«��Y � � � ��Y � ��Y � � � ��«��Y � ��6���DQG�VHQWHQFH�Y � � � ��«��Y � � � ��Y��Y � � � ��«��Y � � �
�6���ZKHUH�L�P�����DQG�L�S���Q��7KHQ�6��ZLOO�EH�FRQVLGHUHG�WR�ILW� LQ�6��DQG�Y�ZLOO
PDWFK�ZLWK�Y � �LI�>�P�����RU�S������DQG��P�¨����DQG��S�¨���@��$W�ILUVW�ZH�FRQVLGHUHG��
QHLJKERXU� REVHUYDWLRQV� LQVWHDG� RI� �� EXW� WKLV� UHVXOWHG� LQ� IDLOLQJ� WR� PDWFK� UHOHYDQW
ZRUGV�SKUDVHV��,Q�WKH�VDPH�ZD\��LI�ZH�KDG�VHQWHQFHV�Y � � � ��«��Y � � � ��Y��Y��«��Y � � � � � ���
XQNQRZQ� REVHUYDWLRQV��� Y � � � ��«�� Y � � � �� Y�� Y�� Y��«�� Y � � � � � � ��� XQNQRZQ� REVHUYDWLRQV��
WKHVH� VHQWHQFHV� ZRXOG� PDWFK� ZLWK� 6�� LI� WKH� SUHYLRXV� FRQGLWLRQ� �IRU� �� XQNQRZQ
REVHUYDWLRQ�� LV� VDWLVILHG�� 1RWH� WKDW� WKH� V\PERO� Y� VWDQGV� IRU� DQ\� XQNQRZQ
REVHUYDWLRQ�� ZKLFK� PHDQV� WKDW� �� RU� �� VXEVHTXHQW� Y� GR� QRW� FRUUHVSRQG� WR� �� RU� �
LGHQWLFDO� ZRUGV�SKUDVHV�� ,I� WKH� XQNQRZQ� REVHUYDWLRQV� DUH� RQ� WKH� OHIW� HGJH� RI� WKH
VHQWHQFH� Y�� «�� Y � � � � ��� XQNQRZQ� REVHUYDWLRQ��� Y�� Y�� «�� Y � � � � � � ��� XQNQRZQ
REVHUYDWLRQV���DQG�Y��Y��Y��«��Y � � � � � ����XQNQRZQ�REVHUYDWLRQV���WKHQ�LW�VKRXOG�EH�P��
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���+HUH�WKH�FRQVWUDLQW�LV�VWULFWHU�VLQFH�ZH�KDYH�QHLJKERXU�REVHUYDWLRQV�RQO\�WRZDUGV
RQH� GLUHFWLRQ�� )LQDOO\� LI� WKH� XQNQRZQ� REVHUYDWLRQV� DUH� RQ� WKH� ULJKW� HGJH� RI� WKH
VHQWHQFH� Y � � � �� «�� Y� ��� XQNQRZQ� REVHUYDWLRQ��� Y � � � � � �� «�� Y�� Y� ��� XQNQRZQ
REVHUYDWLRQV��� DQG� Y � � � � � ��«�� Y�� Y�� Y� ��� XQNQRZQ� REVHUYDWLRQV��� WKHQ� WKH� FRQVWUDLQW
VKRXOG�DOVR�EH�VWULFWHU��WKDW�LV�P�����

�����$GGLWLRQDO�IHDWXUHV

6RPH�DGGLWLRQDO�FULWHULD�PD\�DOVR�EH�DGGHG�VR�WKDW�FOXVWHUV�DUH�FRUUHFWO\�IRUPHG�
H�J��ZRUGV�FRXOG�EH�GLYLGHG�LQ�IXQFWLRQDO�DQG�QRQ�IXQFWLRQDO�ZRUGV�RU�WKHLU�3DUW�2I�
6SHHFK��326��FRXOG�EH�FRQVLGHUHG��7KXV�D�IXQFWLRQDO�ZRUG�FDQQRW�EH�FOXVWHUHG�ZLWK
D�QRQ�IXQFWLRQDO�RQH�DQG�ZRUGV�WKDW�GR�QRW�KDYH�WKH�VDPH�326�FDQQRW�EHORQJ�WR�WKH
VDPH�FODVV��,Q�WKH�VDPH�ZD\�SKUDVHV�RI�GLIIHUHQW�W\SHV�PD\�QRW�EH�DOORZHG�WR�EH�LQ
WKH�VDPH�FOXVWHU�HYHQ�LI�DOO�WKH�RWKHU�FULWHULD�DUH�PHW��,I�XVHG��WKH�DERYH�FULWHULD�FDQ
EH� FRQVLGHUHG� DV� ODQJXDJH�GHSHQGHQW� IHDWXUHV� RI� WKH� DOJRULWKP�� 7KHVH� DGGLWLRQDO
FRQVWUDLQWV��DSDUW�IURP�326��KDYH�EHHQ�WDNHQ�LQWR�DFFRXQW�LQ�WHVWV�DQG�KDYH�UHVXOWHG
LQ�LPSURYHG�SHUIRUPDQFH��1HYHUWKHOHVV��WKH�FOXVWHUV�WKDW�WKH�DOJRULWKP�SURGXFHV�DUH
FRUUHFWO\�IRUPHG�HYHQ�LI�WKHVH�FULWHULD�DUH�QRW�FRQVLGHUHG�

,Q�FDVH�ZH�KDYH�FUHDWHG�RXU�PRGHO�DQG�QHZ�GDWD�DSSHDUV��WKH�+00�LV�QRW�EXLOW
IURP�VFUDWFK�XVLQJ�DOO�WKH�WUDLQLQJ�GDWD��ROG�WRJHWKHU�ZLWK�QHZ�VHW�RI�VHQWHQFHV���7KDW
LV�WKH�+00�FUHDWHG�ZLWK�WKH�ROG�VHW�RI�VHQWHQFHV�LV�XVHG�DV�WKH�LQLWLDO�PRGHO�LQ�WKH
WUDLQLQJ�SURFHGXUH��7KH�QHZ�GDWD�ZLOO�EH�XVHG� WR�XSGDWH� WKLV�PRGHO�� ,Q� WKH�JHQHUDO
FDVH�WKH�XSGDWHG�PRGHO�ZLOO�QRW�EH�H[DFWO\�WKH�VDPH�DV�WKH�PRGHO�GHULYHG�IURP�XVLQJ
DOO�WKH�GDWD��ROG�DQG�QHZ���7KH�VWUXFWXUH�RI�WKH�WZR�+00V�FRXOG�EH�D�OLWWOH�GLIIHUHQW
VLQFH�WKH�ILQDO�PRGHO�GHSHQGV�RQ�WKH�DYDLODEOH�GDWD�DQG�WKHLU�RUGHU�LQ�WKH�WUDLQLQJ�VHW�
7KHUHIRUH� LQ� WKH� XSGDWHG�PRGHO� VRPH�ZRUGV�SKUDVHV�PD\� KDYH� QRW� EHHQ� FOXVWHUHG
EHFDXVH�WKH�GDWD�ZRXOG�QRW�KDYH�H[FHHGHG�WKH�����RU�����WKUHVKROGV��2Q�WKH�RWKHU
KDQG��LI�DOO�WKH�GDWD�LV�XVHG�IURP�WKH�EHJLQQLQJ��WKH�SUREDELOLW\�WKDW�FRUUHFW�FOXVWHUV
DUH� IRUPHG� LV� JUHDWHU�� 7KXV� D� PRGHO� GHULYHG� IURP� XVLQJ� DOO� WKH� DYDLODEOH� GDWD� LV
VXSSRVHG�WR�SHUIRUP�EHWWHU�WKDQ�WKH�RQH�EXLOW�LQ�PRUH�VWHSV��ZLWK���RU�PRUH�VHWV�RI
VHQWHQFHV��+RZHYHU��WKLV�LV�QRW�DOZD\V�WKH�FDVH�DQG�GHSHQGV�RQ�WKH�VSHFLILF�GDWD�VHW�

���(YDOXDWLRQ
�����$QDO\VLV�UHFRJQLWLRQ�VWDJH

,Q� RUGHU� WR� WHVW� RXU� DOJRULWKP�ZH� XVHG� GDWD� IURP� �� GLIIHUHQW� VSRNHQ� ODQJXDJH
V\VWHPV�� $&&H66� �D� V\VWHP� IRU� DXWRPDWLQJ� WKH� FDOO� FHQWHU� VHUYLFHV� RI� D� FDU
LQVXUDQFH� FRPSDQ\�� (8� SURMHFW� /(��������� ,'$6� �DQ� ,QWHUDFWLYH� WHOHSKRQH�EDVHG
'LUHFWRU\� $VVLVWDQFH� 6HUYLFHV� V\VWHP�� (8� SURMHFW� /(��������� DQG� D� FDOO�URXWLQJ
VSRNHQ�GLDORJXH�V\VWHP�GHYHORSHG�E\�WKH�*UHHN�FRPSDQ\�.QRZOHGJH�6�$��:H�XVHG
GDWD� IURP� ��� GLDORJXH� VWDWHV� RI� $&&H66�� �� RI� ,'$6� DQG� �� RI� WKH� FDOO�URXWLQJ
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V\VWHP�����LQ�WRWDO�
7KUHH�VHWV�RI�H[SHULPHQWV�ZHUH�FDUULHG�RXW��,Q�WKH�ILUVW�RQH��7HVW�����ZH�FRQVLGHU

DV�WUDLQLQJ�GDWD�IRU�RXU�DOJRULWKP��WKH�VHQWHQFHV�GHULYHG�IURP�WKH�JUDPPDUV�RI�WKH��
DSSOLFDWLRQV��,Q�WKH�VHFRQG�RQH��7HVW�����WKH�WUDLQLQJ�GDWD�LV�GHULYHG�IURP�WKH�XVH�RI
WKH�V\VWHP�LWVHOI��)LQDOO\��LQ�WKH�WKLUG�H[SHULPHQW��7HVW�����WKH�WUDLQLQJ�VHQWHQFHV�DUH
GDWD� GHULYHG� IURP� JUDPPDUV� PL[HG� ZLWK� VHQWHQFHV� GHULYHG� IURP� WKH� XVH� RI� WKH
V\VWHP�� 7KH� WRWDO� VL]H� RI� WKH� FRUSRUD� XVHG� ZDV� ����� 0E\WHV�� 7KH� QXPEHU� RI
VHQWHQFHV� GHULYHG� IURP� WKH� JUDPPDUV� YDULHG� IURP����� WR� ������� DFFRUGLQJ� WR� WKH
GLDORJXH�VWDWH��ZLWK�DQ�DYHUDJH�YDOXH�RI����������7KH�QXPEHU�RI�VHQWHQFHV�GHULYHG
IURP�WKH�XVH�RI�WKH�V\VWHP�YDULHG�IURP�����WR�������DFFRUGLQJ�WR�WKH�GLDORJXH�VWDWH�
ZLWK�DQ�DYHUDJH�YDOXH�RI����������7KH�VL]H�RI� WKH�YRFDEXODU\�ZDV�EHWZHHQ����DQG
����ZRUGV�� DJDLQ� DFFRUGLQJ� WR� WKH�GLDORJXH� VWDWH��ZLWK� DQ� DYHUDJH� YDOXH� RI� ������
7KLV�KLJK�YDULDQFH� LQ� WKH�QXPEHU�RI�VHQWHQFHV�DQG�YRFDEXODU\� VL]H�DULVHV� IURP�WKH
IDFW�WKDW�WKH����QHWZRUNV�DUH�QRW�HTXLYDOHQW�LQ�VWUXFWXUH��$�KLJK�QXPEHU�RI�VHQWHQFHV
DQG�RU� YRFDEXODU\� VL]H� IRU� D� GLDORJXH� VWDWH� GRHV� QRW� QHFHVVDULO\� HQWDLO� D� KLJK
FRPSOH[LW\��7KDW�LV��WKHUH�FRXOG�EH�PRUH�GLIILFXOWLHV�LQ�IRUPLQJ�FRUUHFW�FOXVWHUV�DQG
QHWZRUNV�LQ�D�GLDORJXH�VWDWH�ZLWK�OLPLWHG�QXPEHU�RI�VHQWHQFHV�DQG�YRFDEXODU\� VL]H
WKDQ�LQ�DQRWKHU�VWDWH�ZKHUH�WKH�QXPEHU�RI�VHQWHQFHV�DQG�ZRUGV�LV�KLJK�

:H�FDUULHG�RXW�H[SHULPHQWV�ZLWK�ZRUG�SKUDVH�FODVVHV�IRU�ERWK�:32�DQG�1:32�
7ZR�W\SHV�RI�SUREDELOLW\�HVWLPDWLRQV�ZHUH�FRQVLGHUHG��,Q�WKH�IRUPHU�FDVH��ZKLFK�ZH
ZLOO� FDOO�(���HTXDWLRQV� ����DQG� ����ZHUH�XVHG� WR�FRPSXWH� WKH� WUDQVLWLRQ� DQG�ZLWKLQ
FODVV�SUREDELOLWLHV�UHVSHFWLYHO\��,Q�WKH�ODWWHU�FDVH��(����ZH�DSSOLHG�HTXDWLRQV�����DQG
�����$V�LW�ZDV�PHQWLRQHG�LQ�VHFWLRQ������SKUDVHV�ZHUH�PDQXDOO\�VHOHFWHG��:KHQ�ZH
H[WUDFWHG� WKH� SKUDVHV� IRU� RXU� WUDLQLQJ� VHW�� ZH� PRGLILHG� WKH� ZRUG�EDVHG� JUDPPDU
QHWZRUNV� WR� WDNH� WKH� SKUDVHV� LQWR� DFFRXQW� VR� WKDW� ZH� KDYH� SKUDVH�EDVHG� JUDPPDU
QHWZRUNV�WRR�

7KH�SUHFLVLRQ� DQG� UHFDOO� SDUDPHWHUV� FRPSULVH� D�YDOLG�PHWULF� IRU� HYDOXDWLQJ� WKH
SHUIRUPDQFH� RI� RXU� DOJRULWKP� UHJDUGLQJ� WKH� IRUPHG� FOXVWHUV��:H� GHILQH� DV�&� WKH
QXPEHU�RI�FRUUHFW�PDWFKHV�EHWZHHQ�ZRUGV�RU�SKUDVHV��IRUPHG�E\�RXU�PHWKRG��7�WKH
WRWDO�QXPEHU�RI�PDWFKHV�IRUPHG�E\�XVLQJ�RXU�DOJRULWKP��DQG�2�WKH�WRWDO�QXPEHU�RI
FRUUHFW�PDWFKHV��ZKLFK�FDQ�EH�GHULYHG�IURP�WKH�WUDLQLQJ�GDWD��7KHQ�

3UHFLVLRQ� �&���7 DQG 5HFDOO� �&���2
/HW� XV� WDNH� DQ� H[DPSOH�� LI� ZH� KDYH�ZRUGV� VSHDN�� WDON�� FRPPXQLFDWH� DQG� FRQWDFW�
ZKLFK�PXVW�EH�PHPEHUV�RI�WKH�VDPH�FOXVWHU��WKHQ�WKH�FRUUHFW�PDWFKHV�ZH�H[SHFW�WR
JHW� DUH� VSHDN�WDON�� VSHDN�FRPPXQLFDWH� DQG� VSHDN�FRQWDFW�� ,I� RXU� DOJRULWKP� IRUPV
PDWFKHV� VSHDN�WDON�� VSHDN�FRPPXQLFDWH�� VSHDN�LQLWLDWH� DQG� VSHDN�OLVWHQ� WKHQ� 7 ��
& �� �VSHDN�WDON� VSHDN�FRPPXQLFDWH�� DQG� 2 �� �VSHDN�WDON�� VSHDN�FRPPXQLFDWH�
VSHDN�FRQWDFW��� 7KXV� WKH� SUHFLVLRQ� LV� ���� DQG� WKH� UHFDOO� LV� ������ ,I� ZH� FRQVLGHUHG
FOXVWHUV�LQVWHDG�RI�PDWFKHV�WKHQ�ZH�ZRXOG�KDYH�& ��VLQFH�WKH�FOXVWHU�IRUPHG�E\�RXU
DOJRULWKP� �VSHDN�� WDON�� FRPPXQLFDWH�� LQLWLDWH�� OLVWHQ�� LV� QRW� FRUUHFW�� 7 �� VLQFH� ZH
KDYH�RQH�FOXVWHU�DQG�2 ���ZKLFK�LV��VSHDN��WDON��FRPPXQLFDWH��FRQWDFW���7KXV�ERWK
WKH�SUHFLVLRQ�DQG�UHFDOO�ZRXOG�EH���DOWKRXJK�VRPH�PDWFKHV�IRUPHG�E\�WKH�DOJRULWKP



��

DUH�FRUUHFW��7KHUHIRUH�D�GHILQLWLRQ�RI�SUHFLVLRQ�DQG�UHFDOO�EDVHG�RQ�IXOO�FOXVWHUV��DV�D
PHWULF� IRU� WKH� DOJRULWKP¶V� FRUUHFWQHVV��ZRXOG� EH�PLVOHDGLQJ��:H� VKRXOG� DOVR� VWDWH
KHUH�WKDW�ZH�WRRN�FOXVWHUV�VXFK�DV�QDPHV��FDU�PRGHOV��FLWLHV�HWF���IRU�JUDQWHG��7KDW�LV
ZH� ZHUH� LQWHUHVWHG� RQO\� LQ� IRUPLQJ� FOXVWHUV� RI� UHOHYDQW� ZRUGV�SKUDVHV�� H�J��ZDQW�
QHHG��GHVLUH�HWF���VLQFH�WKLV�LV�WKH�PRVW�GLIILFXOW�DQG�XVHIXO�FDVH��&ODVVHV�RI�QDPHV�
FLWLHV� HWF�� GR� QRW� QHHG� VXFK� DOJRULWKPV� WR� EH� FUHDWHG��7KH\� DUH� DOUHDG\� IRUPHG� LQ
GDWDEDVHV��,W� LV�YHU\�FUXFLDO� WKDW� WKH�SUHFLVLRQ� LV�KLJK�VR� WKDW�QR� LOO�IRUPHG�FOXVWHUV
DUH�FUHDWHG�VLQFH�WKLV�ZRXOG�UHVXOW�LQ�DVVRFLDWLQJ�LUUHOHYDQW�ZRUGV�SKUDVHV�DQG�LQ�WKH
HQG�LQ�LQFUHDVLQJ�SHUSOH[LW\��7KXV�YHU\�VWURQJ�WKUHVKROGV�DUH�VHW�WR�HQVXUH�WKDW�RQO\
FRUUHFW�FOXVWHUV�DUH�FUHDWHG�

7HVW�� 7HVW�� 7HVW��
:32 1:32 :32 1:32 :32 1:32

3UHFLVLRQ
:�(� ���� ���� ���� ���� ���� ����
:�(� ���� ���� ���� ���� ���� ����
3�(� ���� ���� ���� ���� ���� ����
3�(� ���� ���� ���� ���� ���� ����

5HFDOO
:�(� ���� ���� ���� ���� ���� ����
:�(� ���� ���� ���� ���� ���� ����
3�(� ���� ���� ���� ���� ���� ����
3�(� ���� ���� ���� ���� ���� ����

7DEOH����3UHFLVLRQ�DQG�UHFDOO�YDOXHV�IRU�WKH�IRUPHG�FODVVHV�

7HVW��� DLPV� DW� FRPSDULQJ� JUDPPDU�EDVHG�QHWZRUNV�ZLWK�RXU�PRGHOV� XQGHU� WKH
VDPH�FRQGLWLRQV�WKDW�LV�ZLWK�H[DFWO\�WKH�VDPH�WUDLQLQJ�GDWD��7KDW�LV��ZH�XVH�DV�LQSXW
WR�WKH�DOJRULWKP�WKH�VHQWHQFHV��ZKLFK�DUH�GHULYHG�IURP�WKH�JUDPPDU�EDVHG�QHWZRUNV�
7KH� DSSURSULDWH� JUDPPDU� LV� ORDGHG� DFFRUGLQJ� WR� WKH� GLDORJXH� V\VWHP� DQG� WKH
GLDORJXH� VWDWH�� 7KXV� WKH� RXWSXW� RI� RXU� DOJRULWKP� LV� FRPSDUHG� ZLWK� WKH� JUDPPDU�
EDVHG�QHWZRUN�LQ�HDFK�RQH�RI�WKH����GLDORJXH�VWDWHV�

,Q�7DEOH����WKH�SUHFLVLRQ�DQG�UHFDOO�YDOXHV�DUH�GHSLFWHG��&RPSXWLQJ�WKH�DYHUDJH�LV
QRW�D�YHU\�DFFXUDWH�PHWULF�LQ�RXU�FDVH�VLQFH�DV�LW�KDV�DOUHDG\�EHHQ�PHQWLRQHG�WKH���
QHWZRUNV�DUH�QRW�HTXLYDOHQW�LQ�VWUXFWXUH��+RZHYHU�� LW� LV� LQGLFDWLYH�RI� WKH�HIILFLHQF\
RI� RXU�PHWKRG�� 6RPHWLPHV� DQ� (�� QHWZRUN� FDQ� KDYH� GLIIHUHQW� SUHFLVLRQ� DQG� UHFDOO
IURP�WKH�FRUUHVSRQGLQJ�(��QHWZRUN��:H�KDYH�REVHUYHG�WKDW�RIWHQ� WKH�(��QHWZRUNV
KDYH� KLJKHU� SUHFLVLRQ� EXW� ORZHU� UHFDOO� WKDQ� WKH� (�� RQHV�� 7KDW� LV� WKH\� DUH� PRUH
UHOLDEOH� LQ� IRUPLQJ� FRUUHFW� FOXVWHUV�EXW�RQ� WKH�RWKHU�KDQG�DV� WKHLU� SUREDELOLWLHV� DUH
EDVHG� RQ� WKH� H[DFW� QXPEHU� RI� RFFXUUHQFHV�� VRPHWLPHV� WKH\� IDLO� WR� PDWFK
ZRUGV�SKUDVHV�� ZKLFK� DUH� VWURQJO\� FRUUHODWHG� EXW� WKDW� GR� QRW� KDYH� HTXLYDOHQW
RFFXUUHQFHV�� ,Q� WKH� VDPH�ZD\�� LQ� WKH�:32�FDVH�� WKH� SUHFLVLRQ� LV� KLJKHU� VLQFH� WKH



6WRFKDVWLF�/DQJXDJH�0RGHOOLQJ�IRU�5HFRJQLWLRQ�DQG�*HQHUDWLRQ« ��

ZRUG�SKUDVH�RUGHU�LV�WDNHQ�LQWR�FRQVLGHUDWLRQ�LQ�IRUPLQJ�FOXVWHUV��+RZHYHU�QHWZRUNV
GHULYHG�IURP�WKH�1:32�FDVH�WHQG�WR�KDYH�KLJKHU�UHFDOO�YDOXHV��0RUHRYHU��SKUDVH�
EDVHG� �3��QHWZRUNV�JHQHUDOO\�RXWSHUIRUP�ZRUG�EDVHG� �:��RQHV�EHFDXVH� WKH�XVH�RI
SKUDVHV�DOORZV�IRU�PDWFKHV�EHWZHHQ�H[SUHVVLRQV�ZLWK�WKH�VDPH�PHDQLQJ�WKDW�ZRXOG
QRW�WDNH�SODFH�LI�WKHLU�FRQVWLWXHQW�ZRUGV�ZHUH�FRQVLGHUHG�

7KH�ODQJXDJH�PRGHO�FDQ�EH�HYDOXDWHG�WKURXJK�LWV�SHUSOH[LW\�RQ�WHVW�GDWD��ZKLFK
LV�JLYHQ�E\�WKH�IROORZLQJ�HTXDWLRQ�

33� �>3U�Y � «Y � �@ �
� � � �����������

ZKLFK�LV�HTXDO�WR

7KH� JUDPPDU�EDVHG� QHWZRUNV� ZH� XVH� DUH� GHWHUPLQLVWLF�� 7KH� VDPH� DSSOLHV� IRU� WKH
PRGHOV�GHULYHG�IURP�RXU�DOJRULWKP��VHH�VHFWLRQ�����IRU�GHWDLOV���DQG�ELJUDPV��7KXV
IROORZLQJ�WKH�SDWKV�ZLOO�QRW�OHDG�WR�DQ�DPELJXRXV�QRGH�VHOHFWLRQ��7DEOH���GHSLFWV�WKH
DYHUDJH� LQFUHDVH� ���� LQ�SHUSOH[LW\�RI�RXU�PRGHOV� FRPSDUHG� WR� WKH� JUDPPDU�EDVHG
RQHV�DQG�WKH�DYHUDJH�UHGXFWLRQ�����FRPSDUHG�WR�ELJUDPV�DQG�FODVV�EDVHG�ELJUDPV�
:H� KDYH� IRUPHG� FODVV�EDVHG� ELJUDPV� XVLQJ� WKH� FOXVWHULQJ� DOJRULWKP� SURSRVHG� E\
>.1(� ��@�� 3HUSOH[LW\� LQ� WKH� JUDPPDU�EDVHG� QHWZRUNV� LV� VPDOOHU� WKDQ� LQ� WKH� RQHV
GHULYHG� IURP� RXU� DOJRULWKP�� 7KLV� LV� EHFDXVH� WKH� JUDPPDU�EDVHG� QHWZRUNV� ILW� GDWD
H[DFWO\��+RZHYHU�� WKH\�GR�QRW�JHQHUDOLVH��DQG�WKHUHIRUH�WKH\�DUH�QRW� UREXVW�DJDLQVW
XWWHUDQFHV� QRW� LQFOXGHG� LQ� WKH� WUDLQLQJ� GDWD�� $FFRUGLQJ� WR� WKH� H[SHULPHQWV�� (�
QHWZRUNV�KDYH� ORZHU�SHUSOH[LW\� WKDQ�(��RQHV��1HWZRUNV�RI�:32�FDVH�KDYH� ORZHU
SHUSOH[LW\� YDOXHV� WKDQ� WKH� RQHV� RI� 1:32� FDVH� DQG� SKUDVH�EDVHG� QHWZRUNV� KDYH
JHQHUDOO\�ORZHU�SHUSOH[LW\�WKDQ�ZRUG�EDVHG�RQHV��7KH�DYHUDJH�SHUSOH[LW\�UHGXFWLRQ
����RI�RXU�PRGHOV�FRPSDUHG�WR�ELJUDPV�LV�JUHDWHU�WKDQ�WKH�RQH�ZH�JHW�E\�FRPSDULQJ
RXU�QHWZRUNV�DJDLQVW�FODVV�EDVHG�ELJUDPV�

7HVW��
3HUSOH[LW\�,QFUHDVH
YV��JUDPPDUV����

3HUSOH[LW\�5HGXFWLRQ
YV��ELJUDPV����

3HUSOH[LW\�5HGXFWLRQ
YV��FODVV�ELJUDPV����

:32 1:32 :32 1:32 :32 1:32
:�(� ���� ���� ����� ����� ����� �����
:�(� ���� ���� ����� ����� ����� �����
3�(� ���� ���� ����� ����� ����� �����
3�(� ���� ���� ����� ����� ����� �����

7DEOH����7KH�SHUSOH[LW\�����LQ�WKH�QHWZRUNV�GHULYHG�IURP�RXU�DOJRULWKP�FRPSDUHG
WR�JUDPPDU�EDVHG�RQHV��ELJUDPV�DQG�FODVV�EDVHG�ELJUDPV��7HVW����
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,Q� 7HVW� ��� ZH� FRQVLGHU� DV� WUDLQLQJ� VHQWHQFHV� GDWD� GHULYHG� IURP� WKH� XVH� RI� WKH
V\VWHP� LWVHOI�� WR� FRPSDUH� RXU�PRGHOV� ZLWK� ELJUDPV� DQG� FODVV�EDVHG� ELJUDPV�� 7KH
UHDVRQ�LV�WKDW�WKH�SRZHU�RI�ELJUDPV�DQG�FODVV�EDVHG�ELJUDPV�DULVHV�IURP�WKH�IDFW�WKDW
WKH\� JLYH� UHOLDEOH� HVWLPDWLRQV� ZKHQ� WUDLQHG� ZLWK� UHDO� GDWD�� 7KXV� LW� ZRXOG� QRW� EH
UHDVRQDEOH� WR� FRPSDUH� RXU� PRGHOV� ZLWK� ELJUDPV� DQG� FODVV�EDVHG� ELJUDPV� XVLQJ
VHQWHQFHV�GHULYHG�RQO\�IURP�JUDPPDUV��'DWD�LV�VSOLW�LQ�WZR�SDUWV������IRU�WUDLQLQJ�
����IRU�WHVWLQJ��VR�WKDW�SHUSOH[LW\�LV�FRPSXWHG�E\�XVLQJ�D�WHVW�VHW�GLIIHUHQW�IURP�WKH
WUDLQLQJ�VHW��,Q�RXU�QHWZRUNV��ELJUDPV�DQG�FODVV�EDVHG�ELJUDPV��DOO�EDVHG�RQ�SKUDVHV�
WKH�VHQWHQFHV�XVHG�IRU�WHVWLQJ�ZLOO�ILUVW�EH�VSOLW�LQWR�SKUDVHV�DQG�WKHQ�SHUSOH[LW\�ZLOO
EH� HVWLPDWHG�� 6LQFH� WKH� WHVW� GDWD� PD\� FRQWDLQ� HYHQWV� QRW� VHHQ� LQ� WKH� WUDLQLQJ
VHQWHQFHV�� VPRRWKLQJ� WHFKQLTXHV� VKRXOG� EH� DSSOLHG�� :H� XVH� WKH� :LWWHQ�%HOO
GLVFRXQWLQJ� VFKHPH� >:,7� ���� 3/$� ��@� EHFDXVH� DFFRUGLQJ� WR� >9$5� ��@�� LW� ZDV
H[SHULPHQWDOO\�FRPSDUHG�WR�RWKHU�FODVVLFDO�PHWKRGV�OHDGLQJ�WR�D�VLJQLILFDQW�GHFUHDVH
LQ�WHVW�VHW�SHUSOH[LW\��:H�FRQVLGHU�RQO\�WKH�RFFXUUHQFHV�RI�WKH�VSHFLILF�QRGH�DQG�QRW
RI�WKH�ZRUG�RU�SKUDVH�DVVRFLDWHG�ZLWK�LW��EHFDXVH�WKH�VDPH�ZRUG�SKUDVH�PD\�DSSHDU
LQ�PRUH�WKDQ�RQH�QRGHV��)RU�HYHQWV�WKDW�KDYH�EHHQ�VHHQ�WKH�FRQGLWLRQDO�SUREDELOLW\
3�Y�_�[��RI�REVHUYDWLRQ�Y�LQ�WKH�FRQWH[W�[�LV�

ZKHUH�F ��� � �LV�WKH�QXPEHU�RI�WLPHV�ZRUG�SKUDVH�Y�RFFXUUHG�LQ�FRQWH[W�[��Q� �LV�WKH�WRWDO
QXPEHU�RI�RFFXUUHQFHV�RI�ZRUGV�SKUDVHV�LQ�WKDW�FRQWH[W

DQG�U� �LV�WKH�QXPEHU�RI�GLIIHUHQW�ZRUGV�WKDW�RFFXUUHG�LQ�FRQWH[W�[��7KH�SUREDELOLW\�RI
D�SUHYLRXVO\�XQVHHQ�ZRUG�SKUDVH�R�RFFXUULQJ�LQ�WKDW�FRQWH[W�[�LV�JLYHQ�E\�

7DEOH� �� VKRZV� WKH� DYHUDJH� SHUSOH[LW\� UHGXFWLRQ� LQ� RXU� PRGHOV� FRPSDUHG� WR
ELJUDPV� DQG� FODVV�EDVHG� ELJUDPV��7KH� SHUSOH[LW\� UHGXFWLRQ� YV�� ELJUDPV� DQG� FODVV�
EDVHG� ELJUDPV� LV� D� OLWWOH� KLJKHU� LQ� 7HVW� �� FRPSDUHG� WR� 7HVW� ��� $� UHDVRQDEOH
H[SODQDWLRQ�ZRXOG� EH� WKDW� WKH� SHUIRUPDQFH� RI� ELJUDPV� DQG� FODVV�EDVHG� ELJUDPV� LV
EHWWHU�LQ�7HVW���VLQFH�WKH�WUDLQLQJ�VHQWHQFHV�DUH�UHDO�GDWD�GHULYHG�IURP�WKH�XVH�RI�WKH
V\VWHP�LWVHOI�DQG�QRW�E\�D�JUDPPDU��7KH�DYHUDJH�SUHFLVLRQ�DQG�UHFDOO�YDOXHV�IRU�WKH
IRUPHG�PDWFKHV�DUH�VKRZQ�LQ�7DEOH����7KHUH�LV�D�UHGXFWLRQ�FRPSDUHG�WR�WKH�YDOXHV
RI� 7HVW� �� FDXVHG� E\� WKH� VSRQWDQHRXV� QDWXUH� RI� WKH� WUDLQLQJ� GDWD� LQ� 7HVW� ��� ZKLFK
FRPSOLFDWHV�FOXVWHULQJ�

,Q�7HVW����ZH�FRQVLGHU�DV�WUDLQLQJ�VHQWHQFHV�GDWD�GHULYHG�IURP�JUDPPDUV�PL[HG
ZLWK�VHQWHQFHV�GHULYHG�IURP�WKH�XVH�RI�WKH�V\VWHP��7DEOH���VKRZV�WKH�SHUSOH[LW\
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7HVW��
3HUSOH[LW\�5HGXFWLRQ

YV��ELJUDPV����
3HUSOH[LW\�5HGXFWLRQ
YV��FODVV�ELJUDPV����

:32 1:32 :32 1:32
:�(� ����� ����� ���� ����
:�(� ����� ����� ���� ����
3�(� ����� ����� ���� ����
3�(� ����� ����� ����� ����

7DEOH����7KH�DYHUDJH�SHUSOH[LW\�UHGXFWLRQ�����LQ�WKH�QHWZRUNV�GHULYHG�IURP�RXU
DOJRULWKP�FRPSDUHG�WR�ELJUDPV�DQG�FODVV�EDVHG�ELJUDPV��7HVW����

7HVW��
3HUSOH[LW\�5HGXFWLRQ

YV��ELJUDPV����
3HUSOH[LW\�5HGXFWLRQ
YV��FODVV�ELJUDPV����

:32 1:32 :32 1:32
:�(� ����� ����� ����� ����
:�(� ����� ����� ����� ����
3�(� ����� ����� ����� ����
3�(� ����� ����� ����� ����

7DEOH����7KH�DYHUDJH�SHUSOH[LW\�UHGXFWLRQ�����LQ�WKH�QHWZRUNV�GHULYHG�IURP�RXU
DOJRULWKP�FRPSDUHG�WR�ELJUDPV�DQG�FODVV�EDVHG�ELJUDPV��7HVW����

UHGXFWLRQ��7KH�SHUSOH[LW\� UHGXFWLRQ� LV� ORZHU� FRPSDUHG� WR� WKH�YDOXHV�RI�7HVW� �� EXW
KLJKHU�FRPSDUHG�WR�7HVW����$JDLQ�VPRRWKLQJ�LV�DSSOLHG��7DEOH���GHSLFWV�WKH�DYHUDJH
SUHFLVLRQ�DQG�UHFDOO�YDOXHV�IRU�WKH�IRUPHG�FOXVWHUV��7KHUH�LV�D�UHGXFWLRQ�FRPSDUHG�WR
WKH�YDOXHV�RI�7HVW���EXW�DQ�LQFUHDVH�FRPSDUHG�WR�7HVW���VLQFH�VHQWHQFHV�GHULYHG�IURP
JUDPPDUV�DUH�LQFOXGHG�LQ�WKH�WUDLQLQJ�GDWD�

$FFRUGLQJ� WR� WKH� WHVWV�� WKH� EHVW� ODQJXDJH� PRGHO� IRU� WKH� UHFRJQLWLRQ� VWDJH� LV
GHULYHG�IURP�PL[LQJ�JUDPPDWLFDOO\�FRUUHFW�DQG�VSRQWDQHRXV�VHQWHQFHV��7HVW����� ,Q
WKLV� FDVH� SKUDVH�EDVHG� QHWZRUNV� �:32�(��� JLYH� WKH� ORZHVW� SHUSOH[LW\� YDOXHV�
$FWXDOO\� WKH�SHUSOH[LW\� UHGXFWLRQ� FRPSDUHG� WR�ELJUDPV�DQG� FODVV�EDVHG�ELJUDPV� LV
JUHDWHU� LQ� 7HVW� ��� EXW� LQ� WKLV� FDVH� WKH� RXWSXW� PRGHOV� ZRXOG� QRW� EH� UREXVW� WR
VSRQWDQHRXV�VSHHFK�VLQFH�WKH\�DUH�WUDLQHG�RQO\�ZLWK�JUDPPDWLFDOO\�FRUUHFW�GDWD�

,Q� RUGHU� WR� LQYHVWLJDWH� KRZ� WKH� QHWZRUNV� SURGXFHG� E\� RXU� DOJRULWKP� DIIHFW
UHFRJQLWLRQ� SHUIRUPDQFH�� WHVWV� ZHUH� FDUULHG� RXW�� ZLWK� GDWD� IURP� WKH� FDOO�URXWLQJ
GLDORJXH�V\VWHP��:H�XVHG������UHFRUGLQJV� VSRNHQ�E\� UHDO� XVHUV�� FRUUHVSRQGLQJ� WR



��

WKH�V\VWHP�SURPSW�³:KR�ZRXOG�\RX�OLNH�WR�VSHDN�ZLWK"´��7KH�VSHHFK�UHFRJQLVHU�ZH
XVHG�ZDV�EXLOW�ZLWK� WKH�+7.�+LGGHQ�0DUNRY�0RGHOV� WRRONLW�� ,Q�RUGHU� WR� WUDLQ� WKH
UHFRJQLVHU�ZH�XVHG�WKH�6SHHFK'DW�,,�*UHHN�WHOHSKRQH�GDWDEDVH�

,Q� 7DEOH� ��� ZH� FDQ� VHH� WKH� UHFRJQLWLRQ� DFFXUDF\� IRU� WKH� JUDPPDU�EDVHG� �*�
QHWZRUNV�� WKH� RQHV� GHULYHG� IURP� RXU� DOJRULWKP�� ELJUDPV� ��J�� DQG� FODVV�EDVHG
ELJUDPV��&O�J��� ,Q�HDFK�FHOO�� WKH� ILUVW�QXPEHU�VKRZV� WKH���ZRUG�DFFXUDF\�DQG� WKH
VHFRQG� WKH���NH\ZRUG� DFFXUDF\��7KH���ZRUG� DFFXUDF\� LV� JLYHQ� E\� WKH� IROORZLQJ
HTXDWLRQ�

ZKHUH�1� LV� WKH�WRWDO�QXPEHUV�RI�ZRUGV�LQ�WKH�UHIHUHQFH�WUDQVFULSWLRQV��'� VWDQGV� IRU
WKH�QXPEHU�RI�GHOHWLRQV��6� IRU� WKH�QXPEHU�RI�VXEVWLWXWLRQV�DQG�,� IRU� WKH�QXPEHU�RI
LQVHUWLRQV�� 7KH� NH\ZRUG� DFFXUDF\� LV� WKH� SHUFHQWDJH� RI� WKH� VHQWHQFHV� ZKHUH� WKH
NH\ZRUG��QDPH��ZDV�UHFRJQLVHG�FRUUHFWO\�� ,Q� WKLV�GLDORJXH�VWDWH�ZH�KDYH�RQO\�RQH
NH\ZRUG��+RZHYHU��WKHUH�DUH�RWKHU�GLDORJXH�QRGHV�ZLWK�PXOWLSOH�NH\ZRUGV�

:RUG�.H\ZRUG�5HFRJQLWLRQ�$FFXUDF\����
7HVW�� 7HVW�� 7HVW������� ���	� 
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7DEOH����:RUG�NH\ZRUG�UHFRJQLWLRQ�DFFXUDF\�����
7KH�QHWZRUNV�GHULYHG�IURP�RXU�DOJRULWKP�JLYH�WKH�EHVW�UHFRJQLWLRQ�UDWHV�GXH�WR

WKH�IDFW�WKDW�WKH\�UHWDLQ�WKH�SUHGLFWDELOLW\�RI�WKH�JUDPPDU�EDVHG�QHWZRUNV�DQG�DW�WKH
VDPH�WLPH�WKH\�DUH�PRUH�UREXVW� WR�VSRQWDQHRXV�VSHHFK��7KH�1:32�FDVH�JLYHV� WKH
EHVW� UHFRJQLWLRQ� DFFXUDF\�� 7KHUHIRUH� WKH� 1:32� PRGHOV� DUH� PRUH� UREXVW� WR
VSRQWDQHRXV� VSHHFK� VLQFH� WKHLU� VWRFKDVWLF� IHDWXUHV� VXSHUVHGH� WKHLU� JUDPPDWLFDO
VWUXFWXUH�� DV� RSSRVHG� WR� WKH� :32� FDVH�� 7KH� FROXPQV� FRUUHVSRQG� WR� WKH� WKUHH
PHWKRGV�RI�EXLOGLQJ�WKH�PRGHOV�DFFRUGLQJ�WR�WKH�WUDLQLQJ�GDWD��7KLV�RI�FRXUVH�GRHV
QRW�DSSO\�WR�JUDPPDU�EDVHG�QHWZRUNV�DQG�WKDW�LV�ZK\�WKH\�KDYH�WKH�VDPH�DFFXUDF\
LQ�DOO�WHVWV��,I�WKH�EHVW�SHUFHQWDJHV�RI�JUDPPDU�EDVHG�QHWZRUNV��RXU�PRGHOV��ELJUDPV
DQG�FODVV�EDVHG�ELJUDPV�DUH�FRQVLGHUHG��WKH�ZRUG�UHFRJQLWLRQ�DFFXUDF\�LPSURYHPHQW

G�H�IJ*K�K	LMON%N4P�Q1R
N-STVU QXWL YZZZ[ \ ]^_\
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IRU� RXU� PRGHOV� FRPSDUHG� WR� JUDPPDU�EDVHG� QHWZRUNV�� ELJUDPV� DQG� FODVV�EDVHG
ELJUDPV� LV� ���������������DQG������� UHVSHFWLYHO\�� ,Q� WKH� VDPH�ZD\�� WKH� JDLQ� LQ
NH\ZRUG�UHFRJQLWLRQ�SHUIRUPDQFH� LV�������FRPSDUHG� WR�JUDPPDU�EDVHG�QHWZRUNV�
������FRPSDUHG�WR�ELJUDPV�DQG�������FRPSDUHG�WR�FODVV�EDVHG�ELJUDPV�

�����*HQHUDWLRQ�VWDJH

(YDOXDWLQJ�D�1/*�V\VWHP�LV��XQIRUWXQDWHO\��D�GLIILFXOW�WDVN�EHFDXVH�LW�LV�KDUG�WR
DSSUDLVH� TXDOLWDWLYH� DVSHFWV� >*$/� ���� +80� ��@�� 7KH� HYDOXDWLRQ� RI� WKH� 1/*
FRPSRQHQW�LQ�D�VSRNHQ�GLDORJXH�V\VWHP�LV�HYHQ�PRUH�SUREOHPDWLF��VLQFH�LW�LV�KDUG�WR
VHSDUDWH� LW� IURP� RWKHU� FRPSRQHQWV� RI� WKH� V\VWHP�� HVSHFLDOO\� WKH� WH[W�WR�VSHHFK
HQJLQH� >2+� ���� *$/� ��@�� 6LQFH� WKHUH� LV� QR� UHIHUHQFH� GDWD�� ZH� FDQQRW� XVH� WKH
*HQHUDWLRQ�6WULQJ�$FFXUDF\��*6$��PHWULF�SURSRVHG�E\�>%$1���@��ZKLFK�PHDVXUHV
WKH�FRUUHVSRQGHQFH�EHWZHHQ�WKH�DFWXDO�PRGHOV�DQG�WKH�GHVLUHG�WDUJHW�PRGHOV��*6$�LV
VLPLODU�WR�WKH�VWDQGDUG�DFFXUDF\�VKRZQ�LQ�HTXDWLRQ������7KH�GLIIHUHQFH�LV�WKDW�LW�WUHDWV
WKH�GHOHWLRQ�RI�D� WRNHQ� DW� RQH� ORFDWLRQ� LQ� WKH� VWULQJ�� DQG� WKH� LQVHUWLRQ�RI� WKH� VDPH
WRNHQ�DW�DQRWKHU�ORFDWLRQ�LQ�WKH�VWULQJ��DV�RQH�VLQJOH�PRYHPHQW�HUURU��1HYHUWKHOHVV�
WKH�UHVXOWV�ZH�JRW�IURP�WKH�DQDO\VLV�UHFRJQLWLRQ�VWDJH�HYDOXDWLRQ�FRXOG�JLYH�XV�VRPH
LQVLJKW�DERXW�WKH�SRWHQWLDO�RI�RXU�PHWKRG�LQ�JHQHUDWLQJ�YDOLG�V\VWHP�UHVSRQVHV�

$V�LQ�WKH�UHFRJQLWLRQ�VWDJH��LW�LV�YHU\�FUXFLDO�WKDW�WKH�SUHFLVLRQ�LV�KLJK�VR�WKDW�QR
LOO�IRUPHG� FOXVWHUV� DUH� FUHDWHG�� ZKLFK� ZLOO� UHVXOW� LQ� JHQHUDWLQJ� XQJUDPPDWLFDO
UHVSRQVHV��7DEOH� �� VKRZV� WKDW�(�� QHWZRUNV� DOZD\V� KDYH� KLJKHU� SUHFLVLRQ� WKDQ� (�
RQHV��WKH�:32�FDVH�JLYHV�KLJKHU�SUHFLVLRQ�YDOXHV�WKDQ�WKH�1:32�FDVH��DQG�SKUDVH�
EDVHG� �3�� QHWZRUNV� JHQHUDOO\� RXWSHUIRUP� ZRUG�EDVHG� �:�� RQHV�� 0RUHRYHU�� WKH
QHWZRUNV� WUDLQHG� ZLWK� JUDPPDWLFDOO\� FRUUHFW� VHQWHQFHV� �7HVW� ��� KDYH� WKH� KLJKHVW
SUHFLVLRQ�YDOXHV��,Q�WKH�VDPH�ZD\��LI�ZH�FRPSDUH�WDEOHV������DQG����ZH�ZLOO�ILQG�WKDW
(�� QHWZRUNV� �:32� FDVH��� HVSHFLDOO\� SKUDVH�EDVHG� �3�� RQHV�� LQ� 7HVW� ��� KDYH� WKH
ORZHVW� SHUSOH[LW\�� ZKLFK� HQWDLOV� WKDW� WKHLU� JUDPPDWLFDO� VWUXFWXUH� VXSHUVHGHV� WKHLU
VWRFKDVWLF�IHDWXUHV�

)URP� WKH� DERYH�� LW� LV� FRQFOXGHG� WKDW�� LQ� WKH� 1/*� SURFHVV�� D� SKUDVH�EDVHG
QHWZRUN� �:32�(���� WUDLQHG� ZLWK� JUDPPDWLFDOO\� FRUUHFW� VHQWHQFHV� �7HVW� ���� LV
H[SHFWHG�WR�JLYH�WKH�EHVW�UHVXOWV��7R�SURYH�WKLV�SRLQW��ZH�FDUULHG�RXW�D�VLPSOH�WHVW�IRU
WKH�GLDORJXH�VWDWH�RI�LGHQWLW\�FDUG�QXPEHUV��:H�H[WUDFWHG�DOO�WKH�VHQWHQFHV�IURP�WKH
SKUDVH�EDVHG� JUDPPDU� QHWZRUN� WKDW�ZH� KDG� IRU� WKLV� SDUWLFXODU� GLDORJXH� VWDWH�� 7KH
JUDPPDWLFDOO\�FRUUHFW�VHQWHQFHV�ZHUH�����LQ�WRWDO��DQG�WKH\�ZHUH�GLUHFWHG�DV�LQSXW�WR
RXU�DOJRULWKP��:32�(����7KH�LGHQWLW\�FDUG�QXPEHU�ZDV�WUHDWHG�DV�D�VLQJOH�ZRUG�WKDW
LV�ZH�GLG� QRW� WDNH� LQWR� DFFRXQW� GLIIHUHQW� VHTXHQFHV� RI� OHWWHUV� DQG� QXPEHUV��ZKLFK
ZRXOG�UHVXOW�LQ�WRR�PDQ\�VHQWHQFHV��7KH�SURGXFHG�+00�ZDV�UHDG\�IURP�7HVW���LQ
VHFWLRQ������7KHQ�ZH�H[WUDFWHG�DOO�WKH�SRVVLEOH�RXWSXWV�RI�RXU�PRGHO��7KH\�ZHUH����
VHQWHQFHV�LQ�WRWDO������IURP�WKH�WUDLQLQJ�GDWD�DQG����QHZ�VHQWHQFHV�SURGXFHG�GXH�WR
WKH� JHQHUDOLVDWLRQ� HIIHFW�� 7KH� ��� QHZ� VHQWHQFHV� ZHUH� FKHFNHG� PDQXDOO\� WR� VHH
ZKHWKHU�WKH\�ZHUH�JUDPPDWLFDOO\�FRUUHFW�RU�QRW��7KH�UHVXOW�ZDV�WKDW����RI�WKHP�ZHUH
YDOLG� VHQWHQFHV��7KHUHIRUH� WKH� SURSRUWLRQ� ���� RI� WKH� FRUUHFW� VHQWHQFHV� WR� WKH� WRWDO
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QXPEHU�RI�VHQWHQFHV��JHQHUDWHG�E\�RXU�DOJRULWKP��LV������������
������������������ 
������ ��� DQG� WKH� SHUFHQWDJH� ���� RI� WKH� FRUUHFW� QHZ� VHQWHQFHV� WR� WKH� WRWDO� QHZ
VHQWHQFHV� GHULYHG� IURP� RXU� PRGHO�� LV� ��� 
� ���� �� ���  � ������ ��� $OWKRXJK� WKH
SUHFLVLRQ�YDOXH� LV� KLJK� ��������ZKLFK�PHDQV� WKDW�PRVW�RI� WKH� FOXVWHUV� DUH� FRUUHFWO\
IRUPHG�� WKH� SHUFHQWDJH� RI� WKH� QHZ� FRUUHFW� VHQWHQFHV� WR� WKH� WRWDO� QHZ� VHQWHQFHV� LV
TXLWH�ORZHU����������EHFDXVH�DQ�LOO�IRUPHG�FOXVWHU�LV�QRW�WKH�RQO\�VRXUFH�RI�HUURUV�
0DWFKHV� PD\� EH� FRUUHFW� EXW� UHVXOW� LQ�� H�J�� DVVRFLDWLQJ� ZRUGV� ZLWK� LQDSSURSULDWH
SUHSRVLWLRQV��DQG�WKXV�SURGXFH�JUDPPDWLFDOO\�ZURQJ�VHQWHQFHV��7KH�WHVW�FDUULHG�RXW
IRU�WKLV�SDUWLFXODU�QRGH�JDYH�SURPLVLQJ�UHVXOWV�EXW�LW�FRXOG�QRW�EH�SHUIRUPHG�IRU�DOO
WKH�GLDORJXH� VWDWHV�� GXH� WR� WKH� HQRUPRXV�PDQXDO� HIIRUW� WKDW�ZRXOG� EH� UHTXLUHG� IRU
FKHFNLQJ� WKH� VHQWHQFHV��7KHUHIRUH� IRU�PRUH� H[WHQVLYH� UHVXOWV�ZH�ZLOO� KDYH� WR�ZDLW
XQWLO�WKH�DOJRULWKP�LV�LPSOHPHQWHG�RQ�D�UHDO�V\VWHP��6R�IDU��RXU�DOJRULWKP�KDV�EHHQ
LQFRUSRUDWHG� LQ� WKH� UHFRJQLWLRQ� PRGXOH� RI� RXU� GLDORJXH� V\VWHPV�� :H� LQWHQG� WR
LQFRUSRUDWH� LW� LQ� WKH�1/*�PRGXOH� DV�ZHOO�� VR� WKDW�ZH� WHVW� LWV� HIILFLHQF\�� DV� IDU� DV
1/*�LV�FRQFHUQHG��RQ�UHDO�FRQGLWLRQV�

���&RQFOXVLRQV

,Q�WKLV�SDSHU��ZH�SUHVHQWHG�D�PHWKRG�IRU�FUHDWLQJ�6)61V�IRU�ODQJXDJH�PRGHOOLQJ
ERWK�LQ�WKH�UHFRJQLWLRQ�DQG�WKH�JHQHUDWLRQ�VWDJHV�RI�GLDORJXH�V\VWHPV��:RUG�SKUDVH
FODVVHV�DUH�FUHDWHG�DXWRPDWLFDOO\�GXULQJ� WKH�FRQVWUXFWLRQ�RI�D�+00��7KH� UHVXOWLQJ
+00� LQFRUSRUDWHV� OLQJXLVWLF� NQRZOHGJH�� DQG� LQIRUPDWLRQ� SURYLGHG� E\� VWDWLVWLFDO
HVWLPDWLRQV�� DQG� DOORZV� IRU� YDULDEOH� KLVWRU\� VL]HV� ZLWK� QR� VSHFLILF� XSSHU� OLPLW�
$GMXVWPHQW�RI�SDUDPHWHUV�PD\�OHDG�WR�D�PRGHO�ZKHUH�VWRFKDVWLF�IHDWXUHV�VXSHUVHGH
JUDPPDWLFDO� VWUXFWXUH� �UHFRJQLWLRQ� VWDJH�� DQG� WKH� FRQWUDU\� �JHQHUDWLRQ� VWDJH���2XU
PHWKRG�ZDV� WHVWHG�XVLQJ�GDWD� IURP���GLIIHUHQW� VSRNHQ�GLDORJXH� V\VWHPV��7KH� WHVWV
FDUULHG� RXW�� SURYHG� WKH� HIILFLHQF\� RI� RXU� DOJRULWKP� UHJDUGLQJ� SUHFLVLRQ� DQG� UHFDOO
YDOXHV�IRU�WKH�IRUPHG�FOXVWHUV��SHUSOH[LW\��DQG�UHFRJQLWLRQ�SHUIRUPDQFH��0RUHRYHU�
WKH�DERYH�YDOXHV�RI�SUHFLVLRQ�DQG�SHUSOH[LW\�PDNH�RXU�PRGHOV�SURPLVLQJ�IRU�WKH�WDVN
RI�JHQHUDWLQJ�YDOLG�UHVSRQVHV�ZLWKRXW�WKH�QHHG�RI�JUDPPDUV�

)XWXUH� ZRUN� ZLOO� IRFXV� RQ� H[SORULQJ� WKH� DPRXQW� RI� GDWD� QHFHVVDU\� IRU
FRQVWUXFWLQJ�HIILFLHQW�QHWZRUNV��)RU�H[DPSOH��D�PDWWHU�WKDW�VKRXOG�EH�LQYHVWLJDWHG�LV
WKH� DQDORJ\� RI� VHQWHQFHV� GHULYHG� IURP� JUDPPDUV� WR� UHDO� GDWD�� VR� WKDW� WKH� EHVW
QHWZRUNV� DUH� SURGXFHG�� 0RUHRYHU�� HQKDQFHG� VPRRWKLQJ� WHFKQLTXHV� ZLOO� EH
LQYHVWLJDWHG��H�J��WKH�GHOLPLWHG�VPRRWKLQJ�WHFKQLTXH�>9$5���@�

5HIHUHQFHV
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