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0RGXOH�����,PDJH�3UH�SURFHVVLQJ

:H�ZHUH�SUHVHQWHG�ZLWK�����RULJLQDO�LPDJHV��7KHUH ZHUH�����LPDJHV�RI�HDFK�FDWHJRU\�
1HFURVLV��6WURPD�DQG�7XPRU��7R�LQFUHDVH�WKH�VL]H�RI WKH�GDWD�VHW��ZH�ILUVW�QRUPDOL]HG�WKH�LPDJHV
XVLQJ�5HLQKDUG¶V�PHWKRG��,PDJH�QRUPDOL]DWLRQ�ZDV�QHFHVVDU\ EHFDXVH�WKH�FRORU�W\SH��LQWHQVLW\
DQG�EULJKWQHVV�ZRXOG�YDU\�IURP�LPDJH�WR�LPDJH�HYHQ LI�UHFRUGHG�WKURXJK�WKH�VDPH�PLFURVFRSH
E\�WKH�VDPH�SDWKRORJLVW�DW�WKH�VDPH�WLPH�IUDPH��7KLV ZRXOG�UHGXFH�WKH�HUURU�LQ�RXU�IHDWXUH
H[WUDFWLRQ�SURFHVV�DV�WKH�QRUPDOL]HG�LPDJH�ZRXOG�KDYH WKH�VDPH�FRORU�GLVWULEXWLRQ�UDQJH�DQG
ZRXOGQ¶W�IOXFWXDWH�LPDJH�WR�LPDJH�

�����5HLQKDUG¶V�FRORU�QRUPDOL]DWLRQ

5HLQKDUG¶V�PHWKRG�QHHGHG�DQ�5*%�LPDJH�WR�EH�FRQYHUWHG WR�/$%�LPDJH�IRUPDW��7KHQ
WKH�IROORZLQJ�IRUPXODV�ZLOO�EH�DSSOLHG�WR�HDFK�SL[HO RI�FRUUHVSRQGLQJ�OD\HU�

)LJXUH������5HLQKDUG¶V�HTXDWLRQV�IRU�FRORU�QRUPDOL]DWLRQ >�@

7KH�ILQDO�LPDJH�LV�WKH�QRUPDOL]HG�IRUP�RI�WKH�RULJLQDO LPDJH��%HIRUH�ZH�DSSOLHG�WKLV�IRUPXOD�WR
DOO�WKH�LPDJHV��ZH�QHHGHG�D�WDUJHW�LPDJH�VR�ZH�FKRVH ³1HFURVLVB���SQJ´�DV�RXU�WDUJHW�LPDJH
EHFDXVH�LW�ZDV�D�ZHOO�EDODQFHG�LPDJH�LQ�WHUPV�RI�FRORU� FRQWHQW�FRYHUDJH�DQG�OLJKW�LQWHQVLW\�ZLWK
GLVWLQFW�VWDLQLQJ�IRU�QXFOHXV�DQG�F\WRSODVP�

)LJXUH������7DUJHW�LPDJH�IRU�FRORU�QRUPDOL]DWLRQ��1HFURVLV ���



�����,PDJH�DXJPHQWDWLRQ

:H�DSSOLHG���NLQGV�RI�DXJPHQWDWLRQ�WR�WKH�QRUPDOL]HG LPDJHV�WR�H[SDQG�RXU�GDWDVHW��7KH
ILUVW�PHWKRG�RI�DXJPHQWDWLRQ�ZDV�URWDWLRQ�RI�HDFK QRUPDOL]HG�LPDJH�E\���GLIIHUHQW�DQJOHV�RI�����
�����������ZKLFK�PDGH�D�QHZ�VHW�RI�����LPDJHV��1H[W WKH�RULJLQDO�QRUPDOL]HG�LPDJHV�ZHUH
IOLSSHG�KRUL]RQWDOO\�DQG�YHUWLFDOO\�PDNLQJ�����QHZ LPDJHV��$QG�ODVWO\��WKH�RULJLQDO�QRUPDOL]HG
LPDJHV�ZKLFK�ZHUH�����[�����SL[HOV�ZHUH�JLYHQ�UDQGRP FURSV�RI�VL]H�����[�����SL[HOV�DQG���RI
WKRVH�FURSV�IURP�HDFK�QRUPDOL]HG�LPDJH�EHFDPH�SDUW RI�WKH�GDWDVHW��DOO�VKRZQ�LQ�7DEOH�����

7DEOH������$XJPHQWDWLRQ�EUHDNGRZQ

6U�� $XJPHQWDWLRQ 9DULDWLRQV ,PDJH�FRXQW

� 2ULJLQDO�,PDJHV 1RQH ���

� 1RUPDOL]DWLRQ 1RQH ���

� 5RWDWLRQ ��������������� ���

� )OLS +RUL]RQWDO��9HUWLFDO ���

� 5DQGRP�FURS ��UDQGRPV ����

7RWDO ����

�����'DWDVHW�EUHDNGRZQ

:H�PDGH�D�IROGHU�IRU�HDFK�RULJLQDO�LPDJH�DQG�SODFHG DOO�WKH�QRUPDOL]HG�DQG�DXJPHQWHG
LPDJHV�LQ�HDFK�IROGHU��7KLV�ZDV�WR�SUHYHQW�UHSHWLWLRQ RI�LPDJHV�ZKLOH�FUHDWLQJ�WKH�PRGHO��:KLOH
EUHDNLQJ�GRZQ�WKH�GDWDVHW��ZH�EURNH�����LPDJHV�RI WKH�WKUHH�FDWHJRULHV�UDQGRPO\�WR�PDLQWDLQ�D
EDODQFH�IRU�SUHGLFWLRQ�RI�HDFK�W\SH�FRUUHFWO\�DQG QRW�VNHZ�WKH�PRGHO�WR�IDYRXU�SUHGLFWLRQ�RI�RQH
FDWHJRU\�OLNH�WXPRU�RU�QHFURVLV��7KH�GDWDVHW�ZDV�EURNHQ LQWR�D����������IRUPDW�IRU�WKH�'HHS
1HXUDO�1HWZRUN�PRGHO�DQG�������IRU�.11�DQG�690�ZKHUH FURVV�YDOLGDWLRQ�ZDV�DSSOLHG��7R
VWD\�FRQVLVWHQW��HDFK�LPDJH�DQG�LWV�GHULYHG�DXJPHQWDWLRQV ZHUH�NHSW�LQ�WKH�VDPH�W\SH�RI�GDWDVHW
�7DEOH������

7DEOH������'DWDVHW�EUHDNGRZQ�DFFRUGLQJ�WR�PRGHO

0RGHO 'DWDVHW�%UHDNGRZQ

690��/LQHDU�.HUQHO���.11 ��������7UDLQLQJ�7HVWLQJ

'HHS�1HXUDO�1HWZRUN �����������7UDLQLQJ�7HVWLQJ�9DOLGDWLQJ



0RGXOH������)HDWXUH�([WUDFWLRQ�DQG�6HOHFWLRQ

$Q�H[WHQVLYH�OLWHUDWXUH�UHYLHZ�RI�WKH�YDULRXV�IHDWXUHV WKDW�DUH�FRPPRQO\�XVHG�LQ�LPDJH
FODVVLILFDWLRQ�ZDV�GRQH��ERWK�UHIHUULQJ�WR�WKH�SURYLGHG UHIHUHQFHV�LQ�WKH�SURMHFW�RXWOLQH�DV�ZHOO�DV
H[WHUQDO�MRXUQDO�SXEOLFDWLRQ�UHVHDUFK��*XUFDQ�HW�DO� SURYLGH�DQ�H[WHQVLYH�RYHUYLHZ�RI�WKH�SURFHVV
RI�FODVVLI\LQJ�KLVWRSDWKRORJLFDO�LPDJH�DQDO\VLV��PHQWLRQLQJ WKDW�WKHUH�DUH�JHQHUDOO\�IRXU�W\SHV�RI
IHDWXUHV��VL]H�DQG�VKDSH��UDGLRPHWULF�DQG�GHQVLWRPHWULF� WH[WXUHV��DQG�FKURPDWLQ�VSHFLILF�>�@�
7KHVH�IRXU�W\SHV�ZHUH�FDWHJRUL]HG�DQG�WKH�DOJRULWKP IRU�HDFK�W\SH�RI�IHDWXUH�H[WUDFWLRQ�PHWKRG
ZDV�WKRURXJKO\�GHVFULEHG�LQ�%RXFKHURQ�HW�DO��>�@�

7KUHH�IHDWXUH�FDWHJRULHV�ZHUH�GHFLGHG�RQ�WR�ORRN LQWR�IXUWKHU��FRORU��WH[WXUH��DQG
PRUSKRORJLFDO�IHDWXUHV��7DEOH���� UHSUHVHQWV�WKH�EUHDNGRZQ RI�WKH�QXPEHU�RI�IHDWXUHV�H[WUDFWHG
IURP�HDFK�FDWHJRU\��ZLWK�D�WRWDO�RI�����IHDWXUHV�

7DEOH������1XPEHU�RI�)HDWXUHV�([WUDFWHG�SHU�&DWHJRU\

)HDWXUH�&DWHJRU\ ��RI�)HDWXUHV

&RORU ��

7H[WXUH ��

0RUSKRORJLFDO ��

7RWDO ���

�����&RORU�)HDWXUHV

7DEHVK�HW�DO��SURYLGHG�D�FRORU�IHDWXUH�H[WUDFWLRQ SURFHVV�WKDW�ZDV�LQFRUSRUDWHG�LQ�RXU
IHDWXUH�H[WUDFWLRQ�SURFHVV�>�@��,W�ZDV�UHSRUWHG�WKDW VHHLQJ�WKH�FRORU�FKDQJH�ZLWKLQ�DQ�LPDJH�FDQ
SRWHQWLDOO\�LPSO\�WKDW�WKHUH�LV�PDOLJQDQF\�SUHVHQW LQ�WKH�LPDJH��HSLWKHOLDO�QXFOHL�VWDLQLQJ�EOXH
LQYDGHV�VWURPD�ZKLFK�VWDLQ�UHG���:LWK�WKDW�VDLG�����ELQ KLVWRJUDP�FKDQQHOV�ZHUH�FUHDWHG�SHU
FRORU�OD\HU�IRU�HDFK�LPDJH�LQ�WKH�5*%�VFDOH��ZKLFK SURYLGHG����IHDWXUHV��6HSDUDWHO\����ELQ
KLVWRJUDP�FKDQQHOV�ZHUH�FUHDWHG�SHU�OD\HU�IRU�HDFK LPDJH�LQ�WKH�+69��KXH��VDWXUDWLRQ��YDOXH�
VFDOH��ZKLFK�SURYLGHG����DGGLWLRQDO�IHDWXUHV��7KLV UHVXOWV�LQ�D�WRWDO�RI����IHDWXUHV�FDWHJRUL]HG�DV
³FRORU�IHDWXUHV´��SOHDVH�UHIHU�WR�³PRG�BNHQWR�P´�IRU LPSOHPHQWDWLRQ��

�����7H[WXUDO�)HDWXUHV

%RXFKHURQ�HW�DO��PHQWLRQHG�WKH�XVH�RI�WH[WXUDO�IHDWXUHV LQ�SDWKRORJLFDO�LPDJH
FODVVLILFDWLRQ�XVLQJ�WKH�0DWODE�IXQFWLRQ JUD\FRPDWUL[ WR�FUHDWH�D�FR�RFFXUUHQFH�PDWUL[�DIWHU
JUH\�VFDOLQJ�WKH�LPDJHV��$�V\PPHWULFDO�FR�RFFXUUHQFH PDWUL[�ZLWK�DQ�RIIVHW�RI���ZDV�FUHDWHG�DQG
WKH�IXQFWLRQ */&0B)HDWXUHV� FUHDWHG�E\�$YLQDVK�8SSXOXUL ZDV�XVHG�WR�H[WUDFW����IHDWXUHV�SHU
RIIVHW��VRPH�RI�WKH�WH[WXUDO�IHDWXUHV�H[WUDFWHG�LQFOXGH� FRQWUDVW��FOXVWHU�SURPLQHQFH��FOXVWHU



VKDGH��HQHUJ\��HQWURS\��KRPRJHQHLW\��VXP�RI�VTXDUHV��HWF���IXOO�OLVW�FDQ�EH�IRXQG�LQ�IXQFWLRQ
GRFXPHQWDWLRQ��>�@��:H�GHFLGHG�WR�XVH�WKLV�IXQFWLRQ UDWKHU�WKDQ�WKH�VWDQGDUG JUH\FRSURSV
IXQFWLRQ�LQ�WKH�0DWODE�,PDJH�3URFHVVLQJ�7RROER[��ZKLFK LQFOXGHV�FRQWUDVW��FRUUHODWLRQ��HQHUJ\�
DQG�KRPRJHQHLW\���EHFDXVH�8SSXOXUL�KDG�VXFFHVVIXOO\ LQWHJUDWHG�SDUDPHWHUV�IURP�+DUDOLFN�HW�DO�
ZKLFK�GLYHV�GHHSHU�LQWR�WKH�YDULRXV�WH[WXUDO�IHDWXUHV WKDW�DUH�FRPPRQO\�H[WUDFWHG�IRU
FODVVLILFDWLRQ��DOVR�NQRZQ�DV�WKH�+DUDOLFN�)HDWXUHV� >�@��7KHVH�IHDWXUHV�KDYH�EHHQ�IUHTXHQWO\
XVHG�WR�GLVWLQJXLVK�EHWZHHQ�KHDOWK\�WLVVXH�DQG�FDQFHURXV WXPRUV�DV�PHQWLRQHG�LQ�&DUXVR�HW�DO�¶V
VWXG\�RQ�KRZ�+DUDOLFN�)HDWXUHV�LPSDFW�WKH�FODVVLILFDWLRQ RI�FRORUHFWDO�FDQFHU�FHOOV�>�@��2I�WKH���
IHDWXUHV�WKH\�FDOFXODWHG��WKH���PRVW�VLJQLILFDQW�IHDWXUHV ZHUH��(QHUJ\��XQLIRUPLW\�RI�LPDJH��
&RQWUDVW��ORFDO�IOXFWXDWLRQ���&RUUHODWLRQ��OLQHDU GHSHQGHQFLHV�RI�LPDJH�JUH\�OHYHOV���DQG�,QYHUVH
'LIIHUHQFH�0RPHQW��XQLIRUPLW\�RI�DIILQLW\�LQ�FR�RFFXUUHQFH JUH\�OHYHOV���:H�KDYH�PDGH�VXUH�WR
LPSOHPHQW�WKHVH�IRXU�IHDWXUHV�LQ�RXU�IHDWXUH�H[WUDFWLRQ SURFHVV�DV�ZHOO�

�����0RUSKRORJLFDO�)HDWXUHV

)XNXPD�HW�DO��UHSRUWHG�WKH�DFFXUDF\�RI�YDULRXV�IHDWXUHV H[WUDFWHG�IURP�EUDLQ
KLVWRSDWKRORJLFDO�LPDJHV��WZR�RI�ZKLFK�DUH�QXFOHDU GHQVLW\�RI�D�JLYHQ�ZLQGRZ�DQG�SHULPHWHU�RI
WKH�QXFOHXV��UHSRUWLQJ�DFFXUDFLHV�RI���������DQG������� UHVSHFWLYHO\�>�@��1XFOHDU�GHQVLW\�LV�D
YHU\�ORJLFDO�IHDWXUH�WKDW�ZLOO�SURYLGH�XV�ZLWK�KRZ PDQ\�QXFOHL�WKHUH�DUH�LQ�D�JLYHQ�ZLQGRZ��)RU
FDQFHURXV�FHOOV�WKDW�FDQQRW�UHJXODWH�FHOO�GLYLVLRQ� ZH�ZLOO�H[SHFW�WR�VHH�VLJQLILFDQWO\�PRUH�QXFOHL�
=KHQJ�HW�DO��GHVLJQHG�D�FRQYROXWLRQDO�QHXUDO�QHWZRUN IRU�EUHDVW�OHVLRQ�FODVVLILFDWLRQ�DQG
LPSOHPHQWHG�FHOO�QXFOHXV�DSSHDUDQFH��VXUURXQGLQJ�F\WRSODVP� DQG�GLVWULEXWLRQ�RI�QXFOHL�DV
IHDWXUHV�>�@��7KH�MXVWLILFDWLRQ�IRU�WKH�DERYH�IHDWXUHV DUH�SUHVHQW�E\�SDWKRORJLVWV���VRPH�H[DPSOHV
LQFOXGH�D�QXFOHXV�ZLWK�IROGV�DQG�LQGHQWDWLRQV��HQODUJHG QXFOHROL��DQG�GLVSHUVHG�KHWHURFKURPDWLQ
>�@�

7R�LPSOHPHQW�WKH�PRUSKRORJLFDO�IHDWXUH�H[WUDFWLRQ PHQWLRQHG�DERYH��ZH�ILUVW�OLQHDUL]HG
WKH�LPDJHV�IRU�EHWWHU�FRQWUDVW��WKHQ�LQFRUSRUDWHG D�&DQQ\�HGJH�GHWHFWLRQ�DOJRULWKP��7KLV�ZLOO
SURYLGH�XV�ZLWK�D�PDVN�WKDW�UHSUHVHQWV�WKH�HGJHV�RI WKH�QXFOHL��:H�WKHQ�UDQ�WKH�0DWODE�IXQFWLRQ
UHJLRQSURSV DQG�REWDLQHG�WKH�IROORZLQJ�IHDWXUHV��DUHD� PDMRU�D[LV�OHQJWK��PLQRU�D[LV�OHQJWK�
FLUFXODULW\��HFFHQWULFLW\��RULHQWDWLRQ��FRQYH[�DUHD� ILOOHG�DUHD��HXOHU�QXPEHU��HTXLYDOHQW�GLDPHWHU�
VROLGLW\��H[WHQW��DQG�SHULPHWHU��7KH�IXQFWLRQ�SURYLGHG D 1�[��� PDWUL[�LQ�ZKLFK�HDFK�FROXPQ
UHSUHVHQWHG�D�IHDWXUH�H[WUDFWHG�IURP�WKH�LPDJH��WKXV ���IHDWXUHV�

�����3ULQFLSDO�&RPSRQHQW�$QDO\VLV��3&$�

2QFH�WKH�IHDWXUHV�ZHUH�H[WUDFWHG�DQG�FRQFDWHQDWHG KRUL]RQWDOO\�WR�D 1�[���� PDWUL[��D
SULQFLSDO�FRPSRQHQW�DQDO\VLV�ZDV�GRQH�WR�GHWHUPLQH WKH�QXPEHU�RI�SULQFLSDO�FRPSRQHQWV�WKDW
ZLOO�VXP�WR�DW�OHDVW�����ZKLOH�VWLOO�FRQVLGHULQJ�FRPSXWDWLRQ SRZHU���D�EDODQFH�PXVW�EH
FRQVLGHUHG��0RUH�SULQFLSDO�FRPSRQHQWV�FDQ�EH�XVHG WR�FUHDWH�FODVVLILFDWLRQ�PRGHOV��EXW�WKDW�PD\
UHVXOW�LQ�XQQHFHVVDU\�FRPSXWDWLRQDO�SRZHU�XVHG�LI D�ORZHU�QXPEHU�RI�SULQFLSDO�FRPSRQHQWV�FDQ



EH�XWLOL]HG�WR�VFRUH�LQ�D�VLPLODU�UDQJH��7KH�IHDWXUHV�ZHUH�ILUVW�QRUPDOL]HG�WR�REWDLQ�EHWWHU�UHVXOWV�
DQG�WKHQ�WKH SFD IXQFWLRQ�LQ�0DWODE�ZDV�XVHG��GHIDXOW FHQWHULQJ�DOJRULWKP�XVHG�LV�VLQJXODU�YDOXH
GHFRPSRVLWLRQ��69'���$IWHU�UXQQLQJ��WKH�SULQFLSDO FRPSRQHQW�QXPEHU�DQG�WKH�HLJHQYDOXHV�ZHUH
SORWWHG�DJDLQVW�HDFK�RWKHU�WR�ILQG�WKH�QXPEHU�RI�SULQFLSDO FRPSRQHQWV�UHTXLUHG�WR�UHDFK�D
YDULDQFH�RI�DW�OHDVW������7KLV�LV�GRQH�E\�ORRNLQJ DW�WKH�DUHD�XQGHU�WKH�FXUYH�RI�WKH�HLJHQYDOXH
JUDSK��7KURXJK�DQDO\VLV��WKH�ILUVW����SULQFLSDO�FRPSRQHQWV KDG�DOORZHG�XV�WR�UHDFK�WKH�WDUJHW
YDULDQFH�WKDW�ZH�ZHUH�ORRNLQJ�IRU��DV�VKRZQ�LQ�)LJXUH �����$�WKUHH�GLPHQVLRQDO�SORW�ZLWK�WKH�WRS
WKUHH�SULQFLSDO�FRPSRQHQWV�ZHUH�DOVR�SORWWHG�WR�VKRZ KRZ�WKH�IHDWXUHV�DQG�FODVVHV�FOXVWHUHG�

)LJXUH������D��(LJHQYDOXHV�Y�V��SULQFLSDO�FRPSRQHQWV JUDSK�WR�GHWHUPLQH�WKH�WRS����
YDULDQFH��E��7RS���SULQFLSDO�FRPSRQHQWV�SORWWHG�DJDLQVW HDFK�RWKHU�

)URP�WKLV�LQLWLDO�SULQFLSDO�FRPSRQHQW�DQDO\VLV��RXU WHDP�K\SRWKHVL]HG�WKDW�ZH�ZLOO�SUREDEO\�VHH
EHWWHU�UHVXOWV�ZLWK�D�QRQ�OLQHDU�FODVVLILHU��DV�WKH GDWD�GRHV�QRW�ORRN�DV�LI�LW�ZLOO�EH�OLQHDUO\
VHSDUDEOH�



0RGXOH�����3UHGLFWLRQ�0RGHOLQJ

�����/LWHUDWXUH�6XUYH\

.11
7KH�.�1HDUHVW�1HLJKERU�FODVVLILHU��RU�.11�IRU�VKRUW� LV�D�OLQHDU�FODVVLILHU�WKDW�FODVVLILHV

DQ�REMHFW�EDVHG�RQ�D�PDMRULW\�YRWH�RI�LWV�QHDUHVW QHLJKERUV��7KH�DPRXQW�RI�QHDUHVW�QHLJKERUV�LV
VSHFLILHG�E\�.��VXFK�WKDW�LI�. ���WKHQ�HDFK�REMHFW ZLOO�KDYH�LWV�FODVV�GHWHUPLQHG�E\�WKH�PRVW
FRPPRQ�FODVV�DPRQJ�LWV���QHDUHVW�QHLJKERUV��7KH�GLVWDQFH EHWZHHQ�HDFK�REMHFW�LV�FDOFXODWHG�E\�D
(XFOLGHDQ�GLVWDQFH��ZKLFK�LV�FDOFXODWHG�E\�WKH�HTXDWLRQ LQ�)LJXUH�����

)LJXUH������)RUPXOD�DQG�UHSUHVHQWDWLRQ�RI�(XFOLGHDQ 'LVWDQFH

7KH�SDSHUV�IURP�*XUX�HW�DO��DQG�6KDUPD�HW�DO��ERWK XWLOL]HG�.11�IRU�LPDJH�FODVVLILFDWLRQ�
ZLWK�(XFOLGHDQ�'LVWDQFH�EHLQJ�WKH�EDVLV�RI�GLVWDQFH PHDVXUHPHQW�>��@>��@��7KH�ILUVW�SDSHU�XVHG
WH[WXUH�IHDWXUHV�IURP�*/&0�WR�FODVVLI\�IORZHU�LPDJHV� DQG�KDG�D�SHUIRUPDQFH�RI���������ZLWK
. ����7KH�VHFRQG�SDSHU�FODVVLILHG�FDQFHU�FHOOV�IURP WKHLU�PRUSKRORJLFDO�IHDWXUHV�ZLWK�DQ
DFFXUDF\�RI��������EXW�WKLV�SDSHU�GLG�QRW�VSHFLI\ WKH�DPRXQW�RI�QHDUHVW�QHLJKERUV��7KHVH�WZR
SDSHUV�VKRZ�WKDW�.11�FDQ�EH�D�VLPSOH�\HW�DQ�HIIHFWLYH WRRO�LQ�FODVVLI\LQJ�LPDJHV�

690
6XSSRUW�9HFWRU�0DFKLQH��690��LV�D�OLQHDU�FODVVLILHU ZKLFK�ZRUNV�E\�PDNLQJ�DQ�RSWLPDO

ERXQGDU\�ZLWK�VXSSRUWLQJ�YHFWRUV�DV�WKH�PDUJLQ��7KH PDLQ�RSWLPDO�ERXQGDU\�ZKLFK�VHSDUDWHV�WKH
WZR�FDWHJRULHV�LV�FDOOHG�D�K\SHUSODQH��,W�LV�D�OLQH LQ��'�DQG�D�SODQH�LQ��'�DQG�WKH�EHVW�SRVVLEOH
K\SHUSODQH�LV�IRUPHG�E\�KDYLQJ�PD[LPXP�GLVWDQW�PDUJLQV WR�EHVW�FODVVLI\�WKH�GDWD��:KHQ�WKH
GDWD�LV�QRW�VLJQLILFDQWO\�GLVWLQJXLVKDEOH��WKH��' SORW�FDQ�EHFRPH��'�XQWLO�D�K\SHUSODQH�ZLWK
RSWLPDO�VXSSRUW�YHFWRUV�WKDW�IRUP�PDUJLQV�LV�REWDLQHG� 7KH�PDUJLQV�OLH�RQ�WKH�SRLQWV�FORVHVW�WR
WKH�K\SHUSODQH�VR�WKH�PRUH�GLVWDQW�WKH�PDUJLQV��WKH EHWWHU�WKH�PRGHO��7KH�SDSHU�IURP�/H�HW�DO�
PHUJHV�DQ�DUWLILFLDO�QHXUDO�QHWZRUN��$11��ZLWK�D�VXSSRUW YHFWRU�PDFKLQH�IRU�HQKDQFHG�LPDJH
FODVVLILFDWLRQ�>��@��)LUVWO\��WKH\�VHSDUDWHG�WKH�LPDJH LQWR�PDQ\�VXE�LPDJHV�EDVHG�RQ�WKH�IHDWXUHV
RI�LPDJHV��(DFK�VXE�LPDJH�LV�FODVVLILHG�LQWR�WKH�UHVSRQVLYH FODVV�E\�DQ�$11��)LQDOO\��WKH�690
FRPSLOHG�DOO�WKH�FODVVLILHG�UHVXOWV�RI�$11��7KH�FRPELQHG PRGHO�JDYH�����SUHFLVLRQ�

'11
$�'HHS�1HXUDO�1HWZRUN��'11��LV�D�W\SH�RI�$UWLILFLDO 1HXUDO�1HWZRUNV��$11���ZKLFK

DUH�ERWK�QRQOLQHDU�FODVVLILHUV��7KH�PDLQ�GLIIHUHQFH EHWZHHQ�WKH�WZR�LV�WKH�DPRXQW�RI�KLGGHQ



OD\HUV��'11�W\SLFDOO\�KDV�PRUH�OD\HUV�WKDQ�D�W\SLFDO�1HXUDO�1HWZRUN��7KH�SDSHU�IURP�6ODGRMHYLF
HW�DO��XVHG�D�'HHS�&RQYROXWLRQDO�1HXUDO�1HWZRUN�WR UHFRJQL]H����W\SHV�RI�SODQW�GLVHDVHV�IURP
OHDI�LPDJHV�>��@��7KH�DXWKRUV�XVHG�D�GDWDEDVH�ZLWK RYHU��������LPDJHV��DQG�WKHQ�WKH\�SHUIRUPHG
GDWD�DXJPHQWDWLRQ��ZKLFK�LQFOXGHG�DIILQH�WUDQVIRUPDWLRQV� SHUVSHFWLYH�WUDQVIRUPDWLRQV�DQG
LPDJH�URWDWLRQV��LQ�RUGHU�WR�KHOS�SUHYHQW�RYHUILWWLQJ� 7KH�PRGHO�XVHG���OHDUQLQJ�OD\HUV���
FRQYROXWLRQDO�OD\HUV��DQG���IXOO\�FRQQHFWHG�OD\HUV� 7KH�GDWDVHW�ZDV�VSOLW�XS�LQWR�WUDLQLQJ�DQG
WHVWLQJ��ZLWK�������LPDJHV�XVHG�IRU�WUDLQLQJ�DQG����� LPDJHV�XVHG�IRU�YDOLGDWLRQ�����IROG�FURVV
YDOLGDWLRQ�ZDV�XVHG�WR�HYDOXDWH�WKH�DFFXUDF\�RI�WKH PRGHO��$IWHU�WXQLQJ�WKH�SDUDPHWHUV�RI�WKH
KLGGHQ�OD\HUV�DQG�K\SHUSDUDPHWHUV�RI�WKH�QHWZRUN� WKH\�DFKLHYHG�DQ�RYHUDOO�DFFXUDF\�RI�������

5DQGRP�)RUHVW
7KH�5DQGRP�)RUHVW��5)��FODVVLILHU�LV�D�QRQOLQHDU�FODVVLILHU WKDW�XWLOL]HV�D�PDMRULW\�YRWH

DPRQJ�D�FROOHFWLRQ�RI�GHFLVLRQ�WUHHV�WR�FODVVLI\�LWV REMHFWV��7KH�SDSHU�E\�0LUPRKDPPDGL�HW�DO�
XVHG�5DQGRP�)RUHVW�WR�FODVVLI\�PLFURVFRSLF�FHOO�LPDJHV WR�UHFRJQL]H�DFXWH�O\PSKREODVWLF
OHXNHPLD�DQG�O\PSKRF\WHV�FHOO�VXEW\SHV�>��@��$�WRWDO RI�����LPDJHV�ZHUH�WDNHQ�IURP�EORRG
VDPSOHV�RI���QRUPDO�VXEMHFWV�DQG����SDWLHQWV��,PDJH HQKDQFHPHQW�ZDV�SHUIRUPHG�WR�QRUPDOL]H
WKH�OLJKWQHVV�RI�WKH�LPDJHV�E\�WUDQVIRUPLQJ�WKH�GDWD VHW�IURP�5*%�WR�+69��DQG�XVLQJ�D
KLVWRJUDP�HTXDOL]DWLRQ�PHWKRG�RQ�WKH�9�FKDQQHO�RI +69�FRORU�VSDFH��7KH�DXWKRUV�WKHQ
VHJPHQWHG�WKH�QXFOHL�LQ�WKH�LPDJHV�DQG�SHUIRUPHG�IHDWXUH H[WUDFWLRQ�RQ�WKH�VHJPHQWHG�QXFOHL�
FDWHJRUL]LQJ�WKHP�LQWR�JHRPHWULFDO�DQG�VWDWLVWLFDO IHDWXUHV��:KHQ�WUDLQLQJ�WKH�5)�PRGHO��HDFK
WUHH�LV�RQO\�JLYHQ�D�OLPLWHG�SRUWLRQ�RI�WKH�GDWDVHW LQ�RUGHU�WR�SUHYHQW�RYHUILWWLQJ��$IWHU�WXQLQJ
K\SHUSDUDPHWHUV�DQG�SHUIRUPLQJ����IROG�FURVV�YDOLGDWLRQ� WKH�PRGHO�DFKLHYHG�D�FODVVLILFDWLRQ
DFFXUDF\�RI��������

�����,PSOHPHQWDWLRQ

)URP�WKH�IRXU�FODVVLILHUV�LGHQWLILHG�LQ�WKH�SUHYLRXV VHFWLRQ��WKUHH�ZHUH�FKRVHQ�IRU�WKLV
SURMHFW��.11��690�DQG�'11��7KH���OLQHDU�FODVVLILHUV �.11�DQG�690��ZRXOG�WHVW�KRZ�ZHOO�WKH
LPDJH�GDWD�FRXOG�EH�OLQHDUO\�VHSDUDWHG��'11�ZRXOG FRXQW�DV�D�QRQOLQHDU�FODVVLILHU��DV�WKH
FUHDWLRQ�RI�ZHLJKWHG�OD\HUV�GRHV�QRW�FUHDWH�D�OLQHDU GHFLVLRQ�ERXQGDU\��7KH�LPSOHPHQWDWLRQ�RI
WKHVH���FODVVLILHUV�DOO�VWDUWHG�ZLWK�WKH�IHDWXUHV H[WUDFWHG�LQ�0RGXOH���

7KH�.11�DQG�690�LPSOHPHQWDWLRQ�ZHUH�QHDUO\�LGHQWLFDO LQ�LPSOHPHQWDWLRQ�DQG�RQO\
UHTXLUHG�FKDQJLQJ�D�IHZ�OLQHV�RI�FRGH�LQ�0DWODE��)LUVW� WKH�IHDWXUHV��SULQFLSDO�FRPSRQHQWV��DQG
ODEHOV�ZHUH�LPSRUWHG�LQWR�0DWODE�DQG�����RI�WKH�GDWD ZDV�VSOLW�RII�WR�DFW�DV�D�WHVWLQJ�VHW�IRU�ODWHU�
1H[W��WKH�GDWD�ZDV�ILW�WR�D�PRGHO�LQ�0DWODE���IRU PXOWLFODVV�690�WKH�WHDP�XVHG ILWFHFRF��DQG�IRU
.11� ILWFNQQ��7KHVH�PRGHOV�DUH�GHVLJQHG�VSHFLILFDOO\ IRU�FODVVLILFDWLRQ�WDVNV�LQYROYLQJ�PXOWLSOH
FODVVHV��)RU�.11��WKH�QXPEHU�RI�QHLJKERUV�KDV�WR�EH VSHFLILHG�KHUH�DV�D�SDUDPHWHU��ZKLFK�ZLOO
EH�GLVFXVVHG�LQ�D�ODWHU�VHFWLRQ���7KH�PRGHO�ZDV�ILW DQG�WKHQ�IXUWKHU�WUDLQHG�XVLQJ�FURVV�YDOLGDWLRQ
HUURU��,Q�WKLV�SURFHVV��WKH�WUDLQLQJ�GDWD�ZDV�VSOLW LQWR�N�IROGV��DQG�WKH�PRGHO�ZDV�WUDLQHG
LWHUDWLYHO\�ZLWK���IROG�OHIW�RXW��$IWHU�WKH�FURVV YDOLGDWLRQ��WKH�WUDLQHG�PRGHO�ZDV�XVHG�WR�SUHGLFW



WKH�ODEHOV�RI�WKH�LQLWLDO�����YDOLGDWLRQ�WHVW�VHW��)URP�WKHVH�SUHGLFWRUV�WKH�WHDP�H[WUDFWHG�WKH
PHWULFV�RI�DFFXUDF\��)��VFRUH��DQG�DUHD�XQGHU�WKH UHFHLYHU�RSHUDWLQJ�FXUYH��$852&��

7KH�LPSOHPHQWDWLRQ�RI�WKH�GHHS�QHXUDO�QHWZRUN�ZDV VOLJKWO\�GLIIHUHQW��7KH�QHWZRUN�ZDV
FUHDWHG�IROORZLQJ�0DWODE¶V�JXLGH�WR�FUHDWLQJ�D�SDWWHUQ UHFRJQLWLRQ�QHXUDO�QHWZRUN��7KH�QHWZRUN
DUFKLWHFWXUH�FRQVLVWV�RI�D�WZR�OD\HU�IHHGIRUZDUG�QHWZRUN� ZLWK�D�VLJPRLG�WUDQVIHU�IXQFWLRQ�LQ�WKH
KLGGHQ�OD\HU��DQG�D�VRIWPD[�WUDQVIHU�IXQFWLRQ�LQ�WKH RXWSXW�OD\HU�>��@��$�VDPSOH�DUFKLWHFWXUH�LV
VKRZQ�LQ�)LJXUH�����

)LJXUH������$UFKLWHFWXUH�RI�D�1HXUDO�1HWZRUN

7KH����UHSUHVHQWV����KLGGHQ�OD\HUV�ZLWK�VLJPRLG�IXQFWLRQV DQG�WKHUH�DUH���RXWSXW�OD\HUV�WR�PDWFK
WKH���FODVVHV��1HFURVLV��7XPRU��6WURPD���,Q�DGGLWLRQ� D�JHQHULF�PD[�IXQFWLRQ�PXVW�EH
LPSOHPHQWHG�VLQFH�WKH�QHWZRUN�RQO\�RXWSXWV�ZHLJKWV IRU�HDFK�FODVV��H�J��ZHLJKWV�RI������������
DUH�FODVVLILHG�DV�FODVV�����7KH�QHXUDO�QHWZRUN�KDV LQWHUQDO�YDOLGDWLRQ�DV�ZHOO��PHDQLQJ�WKDW�WKH
GDWD�ZDV�VSOLW�LQWR�����WUDLQLQJ������WHVWLQJ��DQG ����YDOLGDWLRQ��7KH�QHXUDO�QHWZRUN�XVHV�WKH
����DV�UHIHUHQFH�WR�ORZHU�WKH�WUDLQLQJ�HUURU�ZLWK HDFK�HSRFK��7KH�ILQDO�����DFWV�DV�YDOLGDWLRQ
DIWHU�WKH�WUDLQLQJ�VLPLODU�WR�WKH�����IURP�WKH�.11 DQG�690�IURP�ZKLFK�PHWULFV�FDQ�EH
H[WUDFWHG��7KH�WUDLQLQJ�W\SH�VHOHFWHG�ZDV�D�VFDOHG FRQMXJDWH�JUDGLHQW�EDFNSURSDJDWLRQ�DOJRULWKP�

�����0RGHO�+\SHUSDUDPHWHU�2SWLPL]DWLRQ

$IWHU�VHWWLQJ�XS�WKH�PRGHOV��WKH�QH[W�LPSRUWDQW�VWHS ZDV�WR�RSWLPL]H�WKHLU
K\SHUSDUDPHWHUV��7KHVH�K\SHUSDUDPHWHUV�FRQWURO�KRZ WKH�PRGHOV�DUH�UXQ��DQG�FKDQJLQJ�WKHP
ZLOO�FKDQJH�WKHLU�RXWSXWV��7KLV�SURFHVV�ZDV�GRQH�WKURXJK LWHUDWLYHO\�UXQQLQJ�WKH�PRGHOV�DQG
FKDQJLQJ�VHOHFWHG�K\SHUSDUDPHWHUV�LQ�HDFK�UXQ�

.11�+\SHUSDUDPHWHUV
)RU�WKH�.11�PRGHO��WKH�QXPEHU�RI�QHDUHVW�QHLJKERUV DQG�WKH�QXPEHU�RI�IROGV�LQ�N�IROG

FURVV�YDOLGDWLRQ�ZHUH�WKH�VHOHFWHG�K\SHUSDUDPHWHUV WKDW�ZHUH�WXQHG��7KH�QXPEHU�RI�QHDUHVW
QHLJKERUV�UDQJHG�IURP���WR�����DQG�WKH�QXPEHU�RI�IROGV UDQJHG�IURP���WR�����ZLWK���EHLQJ�WKH
PLQLPXP�VLQFH�DW�OHDVW���IROGV�DUH�QHHGHG�IRU�FURVV YDOLGDWLRQ�WR�RFFXU��DQG����EHLQJ�WKH�XSSHU
OLPLW��EHFDXVH�LW�ZRXOG�UHVXOW�LQ�����LPDJHV�SHU�IROG ZLWK�D�GDWD�VHW�RI������LPDJHV��7KH�UDQJH�RI
��WR����ZDV�FKRVHQ�IRU�WKH�QHDUHVW�QHLJKERUV�WR�JHW D�ZLGH�UDQJH�RI�YDOXHV�DQG�WR�PDNH�D�VTXDUH
PDWUL[��7KH�UHVXOWV�RI�WKH�.11�K\SHUSDUDPHWHU�DQDO\VLV FDQ�EH�VKRZQ�EHORZ�LQ�)LJXUH������ZLWK



WKH���WDUJHW�PHWULFV�EHLQJ�DFFXUDF\��)��VFRUH��DQG�52&�$8&��)URP�WKHVH���KHDW�PDSV��WKH
RSWLPDO�YDOXHV�IRU�WKH�K\SHUSDUDPHWHUV�ZHUH�LGHQWLILHG DV���QHDUHVW�QHLJKERUV�DQG����IROGV�

)LJXUH������+HDWPDSV�IRU�.11�+\SHUSDUDPHWHU�WXQLQJ IURP���WDUJHW�PHWULFV�
D��$FFXUDF\��E��)��VFRUH��F��52&�$8&

690��/LQHDU�.HUQHO��+\SHUSDUDPHWHUV
7KH�QXPEHU�RI�IROGV�IRU�N�IROG�FURVV�YDOLGDWLRQ�DQG WKH�QXPEHU�RI�IHDWXUHV�ZHUH�FKRVHQ

DV�WKH�K\SHUSDUDPHWHUV�IRU�WKH�690�PRGHO��$V�VKRZQ LQ�WKH�690�KHDWPDSV��WKH�UHVXOWV�DERYH
���IHDWXUHV�UHPDLQHG�WKH�VDPH��3ULQFLSDO�&RPSRQHQW $QDO\VLV�WKDW�ZDV�UXQ�LQ�0RGXOH��
LQGLFDWHG�WKDW�WKH�WRS����IHDWXUHV�PDGH�XS�RYHU���� RI�WKH�YDULDQFH��VR�HYDOXDWLQJ�WKH�QXPEHU�RI
IHDWXUHV�DV�D�K\SHUSDUDPHWHU�LQ�WKH�690�PRGHO�KHOSHG IXUWKHU�YDOLGDWH�WKH�UHVXOWV�RI�3&$��$V
VKRZQ�RQ�WKH�;�D[LV�RI�)LJXUH������WKH�QXPEHU�RI�FURVV�YDOLGDWLRQ IROGV�KDG�QR�LPSDFW�RQ�WKH
UHVXOWV�RI�WKH�PRGHO��)URP�WKHVH�KHDW�PDSV��LW�ZDV GHWHUPLQHG�WKDW�WKH�RSWLPDO�SDUDPHWHUV�ZRXOG
EH����IHDWXUHV�DQG���IROGV��LQ�RUGHU�WR�PD[LPL]H�UHVXOWV ZKLOH�QRW�XVLQJ�H[FHVV�FRPSXWDWLRQDO
SRZHU�

)LJXUH������+HDWPDSV�IRU�690�+\SHUSDUDPHWHU�WXQLQJ IURP���WDUJHW�PHWULFV�
D��$FFXUDF\��E��)��VFRUH��F��52&�$8&



'HHS�11�+\SHUSDUDPHWHUV
7KH�QHXUDO�QHWZRUN�ZDV�LPSOHPHQWHG�ZLWK���RI�IHDWXUHV DQG���RI�KLGGHQ�OD\HUV�DV

K\SHUSDUDPHWHUV��8QIRUWXQDWHO\��WKH�11�SHUIRUPHG�H[WUHPHO\ SRRUO\�ZLWK�WKH����SULQFLSDO
FRPSRQHQWV��VR�DOO�WKH�K\SHUSDUDPHWHU�WXQLQJ�ZDV�GRQH ZLWK�DOO�����IHDWXUHV��7KLV�PDGH�VHQVH�
DV�HDFK�IHDWXUH�FUHDWHV�DQ�DGGLWLRQDO�LQSXW�OD\HU IRU�WKH�QHXUDO�QHWZRUN��DOORZLQJ�PRUH
ILQH�WXQLQJ�WR�WDNH�SODFH��)RUWXQDWHO\��WKLV�LQFUHDVH LQ�IHDWXUHV�GLG�QRW�VHHP�WR�EH�DQ�RYHUEHDULQJ
ORDG�IRU�WKH�WUDLQLQJ�VHTXHQFH��ZLWK�HDFK�QHW�EHLQJ WUDLQHG�LQ�DSSUR[LPDWHO\���VHFRQGV�RU�OHVV�
9DU\LQJ�WKH�K\SHUSDUDPHWHU�RI�WKH���RI�KLGGHQ�OD\HUV IURP��������\LHOGHG�WKH�LQWHUHVWLQJ�UHVXOWV
VKRZQ�EHORZ�

)LJXUH��������RI�KLGGHQ�OD\HU�K\SHUSDUDPHWHU�WXQLQJ UHVXOWV

$IWHU�IXUWKHU�DQDO\VLV��WKLV�ZDV�SUREDEO\�DQ�H[FHVVLYH UDQJH�WR�SHUIRUP�WXQLQJ�XSRQ��2QH�FDQ�VHH
WKDW�DIWHU�����KLGGHQ�OD\HUV��WKH�SHUIRUPDQFH�PHWULFV H[SHULHQFH�UDQGRP�VSLNHV�LQ�SHUIRUPDQFH
�SUREDEO\�GXH�WR�RYHUILWWLQJ���,Q�DGGLWLRQ��WKH�WHDP VDZ�WKDW�WKHUH�LV�OLWWOH�EHQHILW�WR�LQFUHDVLQJ�WKH
QXPEHU�RI�KLGGHQ�OD\HUV��$V�VXFK��WKH�WHDP�VHOHFWHG D�PRGHO�ZLWK�IHZHU�WKDQ�����KLGGHQ�OD\HUV
�H�J������OD\HUV���ZKLFK�LV�D�VWDEOH�UHJLRQ�WKDW�FRQVLVWHQWO\ VFRUHV�!�����RQ�DOO�WKUHH�PHWULFV�

7DEOH�����GHSLFWV�RXU�ILQDOL]HG�SURSRVHG��WXQHG�K\SHUSDUDPHWHUV IRU�WKH�WKUHH�FODVVLILHUV
EDVHG�RII�RI�RXU�K\SHUSDUDPHWHU�RSWLPL]DWLRQ�DQDO\VLV� :H�WKHQ�LPSOHPHQWHG�WKHVH
K\SHUSDUDPHWHUV��WUDLQHG�RXU�PRGHO��DQG�UDQ�RXU�WHVWLQJ GDWDVHW��7R�DVVHVV�ZKLFK�PRGHO�LV�EHWWHU�
WKHUH�LV�D�QHHG�WR�FDOFXODWH�VWDQGDUGL]HG�SHUIRUPDQFH PHWULFV�



7DEOH������2SWLPL]HG�+\SHUSDUDPHWHUV�IRU�HDFK�&ODVVLILFDWLRQ�0RGHO

&ODVVLILFDWLRQ�0RGHO 7XQHG�+\SHUSDUDPHWHUV

690��/LQHDU�.HUQHO� ��RI�3&¶V��������)ROG�&9

.11 ��RI�1HDUHVW�1HLJKERUV��������)ROG�&9

'HHS�11 ��RI�+LGGHQ�/D\HUV���

����3HUIRUPDQFH�0HWULFV

7KH�PHWULFV�WKH�WHDP�XOWLPDWHO\�VHOHFWHG�IRU�TXDQWLI\LQJ PRGHO�SHUIRUPDQFH�ZHUH
DFFXUDF\������)��VFRUH������DQG�$8&�RI�WKH�52&�FXUYH� $852&��7KHVH�DUH�FRQVLGHUHG�VWDQGDUG
PHWULFV�IRU�HYDOXDWLQJ�SHUIRUPDQFH�DQG�FDQ�EH�FDOFXODWHG XVLQJ�WKH�IROORZLQJ�IRUPXODH�

���

���
:KHUH
73��7UXH�3RVLWLYH
71��7UXH�1HJDWLYH
)3��)DOVH�3RVLWLYH
)1��)DOVH�1HJDWLYH

$UHD�XQGHU�WKH�FXUYH�UHTXLUHV�SORWWLQJ�WKH�IDOVH�SRVLWLYH UDWH�DJDLQVW�WKH�WUXH�SRVLWLYH�UDWH�DQG
ILQGLQJ�WKH�DUHD�XQGHU�WKH�UHVXOWLQJ�FXUYH��OLNH�VR�



)LJXUH������52&�&XUYH

$�KLJKHU�DUHD�DV�VHHQ�LQ�)LJXUH�����LPSOLHV�WKDW�WKH PRGHO�LGHQWLILHV�WUXH�SRVLWLYHV�FRUUHFWO\�IDU
PRUH�RIWHQ�WKDQ�PDNLQJ�DQ�LQFRUUHFW�IDOVH�SRVLWLYH SUHGLFWLRQ��$V�VXFK��KLJKHU�$8&�YDOXHV�DUH
GHVLUDEOH��7KH�VDPH�JRHV�IRU�DFFXUDF\�DQG�)��VFRUH� 7KH�WHDP�FKRVH�WKHVH�SHUIRUPDQFH�PHWULFV
EHFDXVH�WKH\�DUH�VFDOH�LQYDULDQW���WKH\�FDQ�EH�DSSOLHG WR�DQ\�PRGHO�DQG�DUH�JUHDW�HYDOXDWRUV�RI
FODVVLILHUV�

7DEOH�����VXPPDUL]HV�RXU�UHVXOWV�IURP�WKH�FRQIXVLRQ PDWULFHV�DQG�52&�FXUYHV�WKDW�ZH
SORWWHG��SUHVHQWHG�LQ�$SSHQGL[��

7DEOH������3HUIRUPDQFH�0HWULF�5HVXOWV�RI�.11��690 DQG�'HHS�11

.11 690 'HHS�11

$FFXUDF\ ������ ������ ������

)��6FRUH ������ ������ ������

$8& 1HFURVLV��������
6WURPD��������
7XPRU��������

1HFURVLV��������
6WURPD��������
7XPRU��������

6WURPD��������
1HFURVLV��������
7XPRU��������



�����)LQDO�0RGHO�6HOHFWLRQ��*UDSKLFDO�8VHU�,QWHUIDFH��*8,���)XWXUH�:RUN

)LQDO�0RGHO�6HOHFWLRQ
$IWHU�RSWLPL]LQJ�WKH�WKUHH�FODVVLILFDWLRQ�PHWKRGV ZH�SXUVXHG��D�SUHGLFWLYLW\�SORW�IRU�WKH

OLQHDU�FODVVLILHUV�ZDV�FUHDWHG�ZKHUH�WKH�LQWHUQDO DFFXUDF\�ZDV�SORWWHG�DJDLQVW�WKH�H[WHUQDO
DFFXUDF\��7KH�LQWHUQDO�DFFXUDF\�ZDV�FDOFXODWHG�IURP WKH�.�IROG�&URVV�9DOLGDWLRQ�ORVV�DQG�WKH
H[WHUQDO�DFFXUDF\�ZDV�UHSUHVHQWHG�E\�WKH�DFFXUDF\ YDOXHV�PHQWLRQHG�DERYH��7KH�GHHS�QHXUDO
QHWZRUN�UHVXOW�ZDV�QRW�LPSOHPHQWHG�LQ�WKH�SUHGLFWLYLW\ SORW��DV�ZH�GLG�QRW�FRQGXFW�FURVV
YDOLGDWLRQ�IRU�WKH�GHHS�QHXUDO�QHW��)LJXUH�����LOOXVWUDWHV WKH�SUHGLFWLYLW\�SORW�

)LJXUH������3UHGLFWLYLW\�SORW�RI�RSWLPL]HG�OLQHDU FODVVLILHUV�

)URP�WKH�UHVXOWV�ZH�FDQ�VHH�WKDW�DOWKRXJK�WKH�RSWLPL]HG 690�PRGHO�KDV�D�JUHDWHU�H[WHUQDO
DFFXUDF\��LW�GRHV�QRW�KDYH�DV�JUHDW�RI�DQ�LQWHUQDO DFFXUDF\�FRPSDUHG�WR�WKH�RSWLPL]HG�.11
PRGHO��)URP�WKH�OLQHDU�OLQH�VKRZQ��ZH�FDQ�VHH�WKDW RYHUDOO�WKH�RSWLPL]HG�.11�PRGHO�SHUIRUPV
EHWWHU��DV�LW�LV�FORVHU�WR�WKH�GLDJRQDO�OLQH��)URP WKLV�UHVXOW��ZH�FDQ�FRQFOXGH�WKDW�RXW�RI�WKH�OLQHDU
FODVVLILHUV�WKDW�ZH�KDG�LPSOHPHQWHG��WKH�RSWLPL]HG .11�PRGHO�ZLWK�.� ���QHDUHVW�QHLJKERUV�DQG
.�)ROG�FURVV�YDOLGDWLRQ�RI����SHUIRUPV�EHVW�

:H�DOVR�ZDQWHG�WR�ILQG�D�PHWKRG�WR�FRPSDUH�RXU�GHHS QHXUDO�QHWZRUN�UHVXOWV�ZLWK�RXU
WZR�OLQHDU�PRGHOV��VR�ZH�H[WUDFWHG�WKH�WKUHH�WDUJHW PHWULFV�ZH�KDG�FDOFXODWHG�IURP�HDFK�PRGHO¶V
SHUIRUPDQFH�DQG�GUHZ�D�OLQHDU�EDU�FKDUW�WR�VHH�KRZ WKH�WKUHH�PRGHOV�FRPSDUH�DV�VKRZQ�LQ�)LJXUH
�����$V�SUHGLFWHG��WKH�GHHS�QHXUDO�QHWZRUN�RXW�SHUIRUPHG WKH�WZR�OLQHDU�FODVVLILHUV�LQ�DOO�WKUHH
WDUJHW�PHWULFV��7KLV�HQIRUFHV�RXU�K\SRWKHVLV�WKDW WKH�GDWDVHW�FDQ�EH�FODVVLILHG�EHWWHU�ZLWK�D
QRQ�OLQHDU�FODVVLILHU�



)LJXUH������%DU�JUDSK�ZLWK�WKUHH�FODVVLILHUV�DQG�UHVSHFWLYH PHWULF�VFRUHV�IRU�FRPSDULVRQ

*UDSKLFDO�8VHU�,QWHUIDFH��*8,�
$IWHU�REWDLQLQJ�RXU�UHVXOWV��ZH�ZRUNHG�RQ�D�JUDSKLFDO XVHU�LQWHUIDFH�GHVLJQ��*8,��WKDW

ZLOO�EHWWHU�VWUHDPOLQH�WKH�SDWKRORJLFDO�LGHQWLILFDWLRQ SURFHVV�LI�RXU�SURSRVHG�FODVVLILFDWLRQ
SLSHOLQH�LV�LPSOHPHQWHG��7KH�*8,�GHVLJQ�LV�VKRZQ�LQ )LJXUH������ZLWK�WZR�PDLQ�FRPSRQHQWV����
LW�ZLOO�ILUVW�LPSOHPHQW�WKH�FRORU�QRUPDOL]DWLRQ�ZH LQWHJUDWHG�LQWR�RXU�SURMHFW�LQ�0RGXOH����DQG�LW
ZLOO�VKRZ�WKH�SDWKRORJLVW�WKH�RXWSXW��7KHQ��WKH�XVHU ZLOO�FKRRVH�WKH�FODVVLILHU�WKH\�ZRXOG�OLNH�WR
XVH�DV�ZHOO�DV�WKH�SHUIRUPDQFH�PHWULF��7KH�VFRUH�ZLOO VKRZ�LQ�D�YDOXH�ER[�DV�ZHOO�DV�WKH
FODVVLILFDWLRQ�WKDW�WKH�VHOHFWHG�FODVVLILHU�RXWSXWV� ,W¶V�D�YHU\�VLPSOH��VWUDLJKWIRUZDUG��*8,�WKDW�ZLOO
QRW�FRQIXVH�DQ\�SDWKRORJLVWV�ZKR�PD\�QRW�EH�IDPLOLDU ZLWK�WKH�WHFKQLFDO�FRQFHSWV�RI�PDFKLQH
OHDUQLQJ�

)LJXUH������*8,�GHVLJQ�ZLWK�LPDJH�SUH�SURFHVVLQJ�DQG SUHGLFWLRQ�PRGHOLQJ�LPSOHPHQWHG



)XWXUH�:RUN
,Q�FRQFOXVLRQ��ZH�KDYH�H[SHULHQFHG�WKH�HQWLUH�SURFHVV RI�FODVVLI\LQJ�KLVWRSDWKRORJLFDO

LPDJHV���IURP�LPDJH�SUH�SURFHVVLQJ�WR�IHDWXUH�H[WUDFWLRQ WR�K\SHUSDUDPHWHU�WXQLQJ�DQG�ILQDO
PRGHO�VHOHFWLRQ��7KLV�ZDV�D�YHU\�LQIRUPDWLYH��KDQGV�RQ� DSSOLFDWLRQ�KHDY\�SURMHFW�WKDW�WDXJKW�XV
ZKDW�LW�WDNHV�WR�FUHDWH�D�PDFKLQH�OHDUQLQJ�DOJRULWKP IRU�LPDJH�FODVVLILFDWLRQ��,I�ZH�KDG�PRUH
WLPH��ZH�ZRXOG�GR�DGGLWLRQDO�ZRUN�WKDW�ZRXOG�LPSURYH RXU�ZRUN��)LUVW��ZH�ZRXOG�OLNH�WR�VHH�KRZ
WKH�SHUIRUPDQFH�RI�RXU�PRGHOV�ZLOO�LPSURYH�ZLWK�D JUHDWHU�GDWDVHW���ZH�ZRXOG�ORYH�WR�H[SORUH
JUHDWHU�LPDJH�DXJPHQWDWLRQ�PHWKRGV�WR�LQFUHDVH�WKH VL]H�RI�WKH�GDWDVHW��6HFRQG��QRZ�WKDW�ZH
KDYH�FRQILUPHG�WKDW�OLQHDU�FODVVLILHUV�DUH�QRW�WKH PRVW�LGHDO�ZLWK�WKLV�VSHFLILF�GDWDVHW��ZH�ZRXOG
WHVW�RWKHU�QRQ�OLQHDU�FODVVLILFDWLRQ�PHWKRGV��VXFK DV�WKH�5DQGRP�)RUHVW�DOJRULWKP�WKDW�ZH�KDYH
GRQH�D�OLWHUDWXUH�UHYLHZ�RQ���)LQDOO\��ZH�ZRXOG�ORYH WR�FRQWLQXH�ZRUN�RQ�RXU�*8,�VR�WKDW�LW�LV
IXOO\�IXQFWLRQDO��$OO�LQ�DOO��WKLV�ZDV�D�JUHDW�SURMHFW IRU�XV�WR�UHDOO\�OHDUQ�KRZ�WR�LQFRUSRUDWH�LPDJH
SURFHVVLQJ�DQG�PDFKLQH�OHDUQLQJ�DSSOLFDWLRQV�WR�WKH GHYHORSPHQW�RI�DQ�LPDJH�FODVVLILHU�IRU
FODVVLI\LQJ�KLVWRSDWKRORJLFDO�LPDJHV�IURP�FDQFHU�SDWLHQWV�
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