
([SHULPHQWV�8VLQJ�WKH�/HPXU�7RRONLW�
3DXO�2JLOYLH�DQG�-DPLH�&DOODQ�
6FKRRO�RI�&RPSXWHU�6FLHQFH�
&DUQHJLH�0HOORQ�8QLYHUVLW\�
3LWWVEXUJK��3$��������86$�
^SWR��FDOODQ`#FV�FPX�HGX�

,QWURGXFWLRQ�
7KLV�SDSHU�GHVFULEHV�H[SHULPHQWV�XVLQJ�WKH�/HPXU�WRRONLW���:H�SDUWLFLSDWHG�LQ�WKH�DG�KRF�UHWULHYDO�WDVN�RI�WKH�:HE�
7UDFN�� )LUVW�� ZH� GHVFULEH� /HPXU� LQ� WKH� 6\VWHP� 'HVFULSWLRQ� VHFWLRQ� DQG� GLVFXVV� SDUVLQJ� GHFLVLRQV�� � ,Q� WKH�
([SHULPHQWDO� 5HVXOWV� VHFWLRQ��ZH� GLVFXVV� WKH� RIILFLDO� /HPXU� UXQ� DQG� LWV� UHWULHYDO� SDUDPHWHUV� DQG�ZH� DOVR� GLVFXVV�
VHYHUDO�XQRIILFLDO�UXQV���)LQDOO\��ZH�VXPPDUL]H�DQG�GUDZ�FRQFOXVLRQV��

6\VWHP�'HVFULSWLRQ�
7KH� /HPXU� 7RRONLW� >/HPXU@� LV� DQ� LQIRUPDWLRQ� UHWULHYDO� WRRONLW� GHVLJQHG� ZLWK� ODQJXDJH� PRGHOLQJ� LQ� PLQG����
,QIRUPDWLRQ�DERXW�WKH�WRRONLW�LV�DYDLODEOH�DW�KWWS���ZZZ�FV�FPX�HGX�aOHPXU����7KH�WRRONLW�LV�EHLQJ�GHYHORSHG�DV�SDUW�
RI� WKH� /HPXU� 3URMHFW�� D� FROODERUDWLRQ� EHWZHHQ� WKH� &HQWHU� IRU� ,QWHOOLJHQW� ,QIRUPDWLRQ� 5HWULHYDO� �&,,5�� DW� WKH�
8QLYHUVLW\�RI�0DVVDFKXVHWWV�DQG�WKH�/DQJXDJH�7HFKQRORJLHV�,QVWLWXWH��/7,��DW�&DUQHJLH�0HOORQ�8QLYHUVLW\���/HPXU�
LV�ZULWWHQ�LQ�&���DQG�&�IRU�XVH�XQGHU�81,;�DQG�:LQGRZV�17��

,QGH[�

/HPXU�VXSSRUWV� WZR� W\SHV�RI� LQGH[HV��RQH�VWRULQJ�D�EDJ�RI�ZRUGV�UHSUHVHQWDWLRQV�IRU�GRFXPHQWV�� WKH�RWKHU�VWRULQJ�
WHUP� ORFDWLRQ� LQIRUPDWLRQ�� � ,Q� DGGLWLRQ� WR� VWRULQJ� VWDQGDUG� LQIRUPDWLRQ� �GRFXPHQW� OHQJWKV�� GRFXPHQW� IUHTXHQF\��
FROOHFWLRQ� WHUP� IUHTXHQF\�� HWF��� D� XVHU� FDQ� EXLOG� DX[LOLDU\� ILOHV� VWRULQJ� LQIRUPDWLRQ� XVHIXO� IRU� ODQJXDJH�PRGHOLQJ�
DOJRULWKPV���)RU�H[DPSOH��VPRRWKLQJ�VXSSRUW�ILOHV�HQDEOH�HIILFLHQF\�FRPSDUDEOH�WR�WKDW�RI�VWDQGDUG�,5�DOJRULWKPV����

5HWULHYDO�

/HPXU�FXUUHQWO\�VXSSRUWV�VHYHUDO�UHWULHYDO�DOJRULWKPV���7KH�SULPDU\�UHWULHYDO�PRGHO�LV�D�XQLJUDP�ODQJXDJH�PRGHOLQJ�
DOJRULWKP�EDVHG�RQ�.XOOEDFN�/HLEOHU�GLYHUJHQFH�>&RYHU�DQG�7KRPDV�����@��DOVR�NQRZQ�DV�UHODWLYH�HQWURS\�� �$OVR�
LQFOXGHG�LV�WKH�2.$3,�UHWULHYDO�DOJRULWKP�>:DONHU�HW�DO������@�DQG�D�GRW�SURGXFW�IXQFWLRQ�XVLQJ�7)�,')�ZHLJKWLQJ�
>=KDL�����@���2XU�RIILFLDO�VXEPLVVLRQ�ZDV�EDVHG�RQ�WKH�.XOOEDFN�/HLEOHU��./��GLYHUJHQFH�DOJRULWKP����
�
7KH� ./�GLYHUJHQFH� DOJRULWKP� LV� GHULYHG� DV� IROORZV�� � 'RFXPHQWV� DUH� UDQNHG� DFFRUGLQJ� WR� WKH� QHJDWLYH� RI� WKH�
GLYHUJHQFH�RI�WKH�TXHU\¶V�ODQJXDJH�PRGHO�IURP�WKH�GRFXPHQW¶V�ODQJXDJH�PRGHO���/HW� � �EH�WKH�ODQJXDJH�PRGHO�IRU�
WKH�TXHU\�4�DQG� � �EH� WKH� ODQJXDJH�PRGHO�IRU�GRFXPHQW�'�� �7KH�GRFXPHQWV�DUH�UDQNHG�E\ ( )��'� ��ZKHUH�WKH�

IXQFWLRQ�'�GHQRWHV�./�GLYHUJHQFH��DV�GHILQHG�EHORZ����
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(TXDWLRQ���VWDWHV�WKH�VXP�RI�SUREDELOLWLHV�RI�DOO�RI�WKH�TXHU\�WHUPV�LV�HTXDO�WR�����(TXDWLRQ���FDQ�EH�UHZULWWHQ�XVLQJ�
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5HFDOO� WKDW�ZH�UDQN�E\� ( )��'� �� �6LQFH� WKH�ILUVW�VXPPDWLRQ�RI�(TXDWLRQ��� LV� LQGHSHQGHQW�RI� WKH�GRFXPHQW��ZH�
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:H�FDQ�DGG�DQ\�QXPEHU�DQG�VXEWUDFW�LW�DQG�JHW�WKH�VDPH�UHVXOWV��
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(TXDWLRQ����LV�WKH�UDQNLQJ�HTXDWLRQ�LPSOHPHQWHG�LQ�/HPXU����

$V�VKRZQ�LQ�>/DIIHUW\�DQG�=KDL�����@��XVLQJ�WKH�QHJDWLYH�GLYHUJHQFH�RI�WKH�TXHU\�IURP�WKH�GRFXPHQW�LV�LGHQWLFDO�WR�
WKH�TXHU\�OLNHOLKRRG�PRGHO�ZKHQ�XVLQJ�D�PD[LPXP�OLNHOLKRRG�HVWLPDWRU�IRU�WKH�TXHU\¶V�ODQJXDJH�PRGHO���7KH�TXHU\�

OLNHOLKRRG�PRGHO�ZDV�XVHG�LQ�>=KDL�DQG�/DIIHUW\�����@���7R�VHH�WKLV��VLPSO\�PXOWLSO\�HTXDWLRQ���E\�WKH�TXHU\�OHQJWK��
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/HPXU�FDQ�HVWLPDWH� ( )+, ZS �XVLQJ�PD[LPXP�OLNHOLKRRG��D�VLPSOH�IRUP�RI�-HOLQHN�0HUFHU�VPRRWKLQJ�>-HOLQHN�DQG�

0HUFHU�����@��%D\HVLDQ�VPRRWKLQJ�XVLQJ�'LULFKOHW�SULRUV�>%HUJHU�����@��DQG�DEVROXWH�GLVFRXQWLQJ�>1H\�HW�DO������@���
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ZKHUH� � LV�D�SDUDPHWHU�DQG� ( )'ZF � �GHQRWHV� WKH�FRXQW�RI�ZRUG�Z� LQ�GRFXPHQW�'�� �7KH�KLJKHU� WKH�YDOXH�RI� �� WKH�

PRUH� HPSKDVLV� LV� SODFHG� RQ� WKH� FROOHFWLRQ� ODQJXDJH�PRGHO�� �:H� HVWLPDWH� ( )1ZS � XVLQJ� D�PD[LPXP� OLNHOLKRRG�
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7KH� QXPHUDWRU� LV� WKH� FROOHFWLRQ� WHUP� IUHTXHQF\� RI� WKH� ZRUG�Z�� DQG� GHQRPLQDWRU� LV� VLPSO\� WKH� QXPEHU� RI� ZRUG�

RFFXUUHQFHV�LQ�WKH�FROOHFWLRQ��



%HIRUH� ZH� GLVFXVV� SDUVLQJ�� ZH� H[DPLQH� /HPXU� LQ� WHUPV� RI� VSHHG� DQG� VSDFH� HIILFLHQF\�� � :H� UDQ� DOO� WHVWV� RQ� D�

FRPSXWHU�ZLWK���*%�5$0�UXQQLQJ�6RODULV���7DEOH���GLVSOD\V�WKH�WLPH�VSHQW�RQ�YDULRXV�LQGH[LQJ�DQG�UHWULHYDO�WDVNV���

7KH�LQGH[LQJ�VSHHG�RI�/HPXU�LV�DERXW���*%�SHU�KRXU��LQFOXGLQJ�WKH�WLPH�UHTXLUHG�WR�JHQHUDWH�WKH�VPRRWKLQJ�VXSSRUW�
ILOHV���7DEOH���VKRZV�WKH�VL]H�RI�WKH�EXLOW�GDWDEDVH���&XUUHQWO\��QRQH�RI�WKH�GDWD�LQ�/HPXU�LV�FRPSUHVVHG�E\�WKH�LQGH[�

VWRULQJ� WHUP� ORFDWLRQV�� UHVXOWLQJ� LQ� D� GDWDEDVH� DV� ODUJH� DV� WKH� RULJLQDO� GDWD� ILOHV�� � 7KH� EDJ�RI�ZRUGV� LQGH[� GRHV�

FRPSUHVV�GDWD���/HPXU�VWRUHV�D�GRFXPHQW�SRVWLQJ�OLVW��ZKLFK�VWRUHV�WKH�ZRUGV�WKDW�RFFXU�LQ�HDFK�GRFXPHQW���7KLV�LV�

QRW� QHFHVVDU\� IRU� RXU� UHWULHYDO� DOJRULWKPV� DIWHU� WKH� VPRRWKLQJ� VXSSRUW� KDV� EHHQ� EXLOW�� VR� LW� FDQ� EH� LJQRUHG� RU�

UHPRYHG���,I�ZH�GR�WKLV��WKH�VL]H�RI�GDWDEDVH�JRHV�GRZQ�IURP������*%�WR�����*%����
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7DEOH����'DWDEDVH�6L]H�

3DUVLQJ�
)RU� GRFXPHQW� SDUVLQJ��ZH� XVHG� FDVH�IROGLQJ�� WKH�3RUWHU� VWHPPHU� >3RUWHU� ����@�� DQG� ,QTXHU\¶V� VWRSZRUG� OLVW� �����

ZRUGV��>$OODQ�HW�DO������@���3RVVHVVLYH�HQGLQJV��³¶V´��ZHUH�UHPRYHG����:H�UHPRYHG�+70/�WDJV�DQG�LJQRUHG�WH[W�LQ�

VFULSW�WDJV�DQG�+07/�FRPPHQWV��

:H�DOVR�XVHG�D�YHU\�VLPSOH�DFURQ\P�UHFRJQL]HU� WKDW�FRQYHUWV�DFURQ\PV�VXFK�DV�³)�+�$�´��³)+$¶V´��³)+$V´��DQG�
³)�+�$�¶V´�LQWR�³)+$´���:H�GR�QRW�UHFRJQL]H�DFURQ\PV�FRQWDLQLQJ�QXPEHUV���,I�DQ�XSSHUFDVH�ZRUG�LV�IRXQG�LQ�WH[W��

LW�LV�FKHFNHG�DJDLQVW�DQ�DFURQ\P�OLVW���,I�WKH�ZRUG�LV�LQ�WKH�OLVW��LW�LV�LQGH[HG�XSSHUFDVH���2WKHUZLVH�LW�LV�FRQYHUWHG�WR�

ORZHUFDVH�� � 7R� JHQHUDWH� DQ� DFURQ\P� OLVW��ZH� DVVXPHG� WKDW� WH[W� IRXQG� LQ� XSSHUFDVH�ZDV� JHQHUDWHG� E\� RQH� RI� WZR�

ODQJXDJH�PRGHOV���7KDW�LV��DQ�XSSHUFDVH�ZRUG�LV�JHQHUDWHG�E\�HLWKHU�D�ODQJXDJH�PRGHO�GHVFULELQJ�JHQHUDO�(QJOLVK�RU�

D�PRGHO�IRU�VSHFLDO�XSSHUFDVH�ZRUGV���7KLV�LV�TXDQWLILHG�E\�WKH�IROORZLQJ�HTXDWLRQ��

� ( ) ( ) ( ) ( )N�O P�Q RS ZSZSXSSHUFDVHZS �_ ll -+= � � �����

:H� HPSLULFDOO\� VHW� l � HTXDO� WR� ����� � :H� HVWLPDWH� ( )TZS _ � DV� DERYH� DQG ( )XSSHUFDVHZS � XVLQJ� D� PD[LPXP�

OLNHOLKRRG� HVWLPDWH� EDVHG� RQ� DOO� XSSHUFDVH� ZRUGV� LQ� WKH� FRUSXV�� � :H� WKHQ� XVH� WKH� ([SHFWDWLRQ� 0D[LPL]DWLRQ�

DOJRULWKP�WR�UHFRYHU� ( )N�O P�Q RZS ���)URP�WKLV�ZH�FKRRVH�WKH�DFURQ\P�OLVW�E\�VHOHFWLQJ�DOO�ZRUGV�RFFXUULQJ�DW�OHDVW����

WLPHV�DQG�ZKHUH� ( ) ( ) ( )SN�O P�Q R ZSZS� >-l �� �7KLV�JLYHV�D�UDWKHU� ORQJ� OLVW�RI�������ZRUGV�IRU� WKH�:7��J�FRUSXV���

:H�LQVSHFWHG�WKLV�OLVW�PDQXDOO\���,W�ORRNHG�UHDVRQDEOH��EXW�LW�PRVWO\�FRQVLVWHG�RI���RU���OHWWHU�DFURQ\PV�WKDW�ZRXOG�

QRW�EH�PLVWDNHQ�DV�ZRUGV��VXFK�DV�³80&3´�DQG�³$)527&´���+RZHYHU��LW�GLG�FRQWDLQ�VRPH�KLJKO\�GHVLUDEOH�ZRUGV��
VXFK�DV�³$,'6´�DQG�³86´���$Q�DOWHUQDWLYH�WR�DXWRPDWLFDOO\�JHQHUDWLQJ�DQ�DFURQ\P�OLVW�ZRXOG�EH�WR�FRPSLOH�D�VKRUWHU�

OLVW�E\�KDQG�WKDW�FRQWDLQHG�NQRZQ�SUREOHP�DFURQ\PV��OLNH�³$,'6´��

4XHU\�SDUVLQJ�ZDV�GRQH�DOPRVW�LGHQWLFDOO\�WR�GRFXPHQW�SDUVLQJ���$GGLWLRQDOO\��LI�D�ZRUG�RFFXUUHG�PRUH�WLPHV�LQ�WKH�

LQGH[� LQ� XSSHUFDVH� WKDQ� LQ� ORZHUFDVH�� WKH� XSSHUFDVH� ZRUG� ZDV� DGGHG� WR� WKH� TXHU\�� � 7KLV� ZDV� GRQH� EHFDXVH�

VRPHWLPHV�XVHUV� VXEPLW�TXHULHV�FRQWDLQLQJ� ORZHUFDVH� IRUPV�RI� WKH�DFURQ\PV��H�J���³DLGV´� LQVWHDG�RI�³$,'6´���:H�
XVHG�QR�TXHU\�H[SDQVLRQ��



([SHULPHQWDO�5HVXOWV�
:H�RQO\�VXEPLWWHG�RQH�RIILFLDO�UXQ��JLYHQ�WKH�WLPH�FRQVWUDLQWV�DQG�\RXWK�RI�WKH�WRRONLW���7KH�RIILFLDO�/HPXU�UXQ�XVHG�

WKH�WRRONLW¶V�XQLJUDP�ODQJXDJH�PRGHOLQJ�UHWULHYDO�DOJRULWKP��GHVFULEHG�DERYH���:H�DOVR�SUHVHQW�DQ�XQRIILFLDO�2NDSL�

UXQ��LQ�KRSHV�WKDW�LW�ZLOO�EH�LQWHUHVWLQJ�DQG�GHPRQVWUDWH�WKH�YDOLGLW\�RI�RXU�2NDSL�LPSOHPHQWDWLRQ��

2IILFLDO�5XQ�
)RU�RXU�RIILFLDO�UXQ��ZH�XVH�'LULFKOHW�SULRU�VPRRWKLQJ�ZLWK�D� �RI��������:H�VHW�WKLV�SDUDPHWHU�HPSLULFDOO\�E\�WXQLQJ�

LW� WR� WKH�:7��J� GDWD� VHW� XVLQJ� TXHULHV� FRQVWUXFWHG� IURP� WKH� ZHE� 75(&�� WRSLFV�� � )LJXUH� �� FRPSDUHV� /HPXU� DW�

UHOHYDQW� UHWULHYHG� DW� ���� WR� WKH� EHVW� DQG�PHGLDQ� V\VWHPV�� � 7KH� /HPXU� UXQ� LV�PDUNHG�ZLWK� D� FURVV�� � 7KH�PHGLDQ�

SHUIRUPDQFH�IRU�HDFK�TXHU\�LV�PDUNHG�ZLWK�D�SOXV���7KH�EDU�PDUNV�WKH�EHVW�SHUIRUPDQFH�IRU�WKH�TXHU\����

7KH�JUDSK�VKRZV�WKDW�IRU�PRVW�TXHULHV�WKH�SHUIRUPDQFH�RI�WKH�/HPXU�UXQ�ZDV�ZHOO�DERYH�WKH�PHGLDQ�SHUIRUPDQFH���

)RU�WKH�IHZ�UXQV�ZKHUH�/HPXU¶V�SHUIRUPDQFH�ZDV�EHORZ�WKH�PHGLDQ��WKH�/HPXU�UXQ�ZDV�XVXDOO\�FORVH�WR�WKH�PHGLDQ�
SHUIRUPDQFH���6LQFH�³ZKR�DQG�ZKRP´�ZHUH�LQ�RXU�VWRSZRUG�OLVW��ZH�UHWULHYHG�QR�GRFXPHQWV�IRU�TXHU\������

7DEOH� �� LV� D�PRUH� TXDQWLILHG� GHVFULSWLRQ� RI� /HPXU¶V� SHUIRUPDQFH�� � )RU� SUHFLVLRQ� DW� ����� SUHFLVLRQ� DW� ������ DQG�

DYHUDJH�SUHFLVLRQ�ZH�FRXQWHG�WKH�QXPEHU�RI�TXHULHV�ZKHUH�/HPXU�SHUIRUPHG�WKH�EHVW��QRW�FRXQWLQJ�FDVHV�ZKHUH�WKH�

PHGLDQ�SHUIRUPDQFH�ZDV�DOVR� WKH�EHVW���EHWWHU� WKDQ� WKH�PHGLDQ� �EXW�QRW� WKH�EHVW��� HTXDO� WR� WKH�PHGLDQ��DQG�ZRUVH�

WKDQ�PHGLDQ�SHUIRUPDQFH�� �)URP�WKLV� WDEOH�� LW� LV�HDV\� WR�VHH� WKDW� WKH�SHUIRUPDQFH�RI�/HPXU�RQ� WKH�PDMRULW\�RI� WKH�

TXHULHV�LV�DERYH�WKH�PHGLDQ�SHUIRUPDQFH���7DEOH���DW�WKH�HQG�RI�WKH�SDSHU�VKRZV�UHFDOO�DQG�SUHFLVLRQ�PHDVXUHV��

8QRIILFLDO�5XQV�
,Q�RUGHU� WR�YDOLGDWH�/HPXU¶V� LPSOHPHQWDWLRQ�RI�2NDSL��ZH�SUHVHQW�DQ�XQRIILFLDO�2NDSL� UXQ�XVLQJ�/HPXU�� �)RU� WKLV�

UXQ��ZH�GR�QRW�XVH� DQ\�SVHXGR�UHOHYDQFH�IHHGEDFN�� �7KH�SDUDPHWHUV�ZH�XVH� DUH� WKRVH� VXJJHVWHG�E\�:DONHU� HW�DO��
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