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8VLQJ�6XSSRUW�9HFWRU�0DFKLQHV�&ODVVLILHU�WR�,PSURYH�WKH�3HUIRUPDQFH�RI��
5HLQIRUFHPHQW�/HDUQLQJ�EDVHG�:HE�&UDZOHUV���
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7KH�PDLQ�FRQWULEXWLRQ�RI�WKLV�SDSHU�LV� LQWURGXFLQJ�DQ�DSSURDFK�IRU�H[SDQGLQJ�WKH�FUDZOLQJ�PHWKRGV�RI�&RUD�
VSLGHU��DV�D�5/�EDVHG�VSLGHU��:H�KDYH�LQWURGXFHG�QRYHO�PHWKRGV�IRU�FDOFXODWLQJ�WKH�4�9DOXH�LQ�UHLQIRUFHPHQW�
OHDUQLQJ�PRGXOH�RI�WKH�VSLGHU��7KH�SURSRVHG�FUDZOHUV�FDQ�ILQG�WKH�WDUJHW�SDJHV�IDVWHU�DQG�HDUQ�PRUH�UHZDUGV�
RYHU� WKH�FUDZO� WKDQ�&RUD
V�FUDZOHUV��:H�KDYH�XVHG�6XSSRUW�9HFWRU�0DFKLQHV��690V��FODVVLILHU� IRU� WKH�ILUVW�
WLPH�DV�D�WH[W� OHDUQHU�LQ�:HE�FUDZOHUV�DQG�FRPSDUHG�WKH�UHVXOWV�ZLWK�FUDZOHUV�ZKLFK�XVH�1DwYH�%D\HV��1%��
FODVVLILHU�IRU�WKLV�SXUSRVH��7KH�UHVXOWV�VKRZ�WKDW�FUDZOHUV�XVLQJ�690V�RXWSHUIRUP�FUDZOHUV�ZKLFK�XVH�1%�LQ�
WKH�ILUVW�KDOI�RI�FUDZOLQJ�D�:HE�VLWH�DQG�ILQG�WKH�WDUJHW�SDJHV�PRUH�TXLFNO\��7KH�WHVW�EHG�IRU�WKH�HYDOXDWLRQ�RI�
RXU� DSSURDFKHV�ZDV�:HE� VLWHV� RI� IRXU� FRPSXWHU� VFLHQFH�GHSDUWPHQWV� RI� IRXU� XQLYHUVLWLHV��ZKLFK�KDYH�EHHQ�
PDGH�DYDLODEOH�RIIOLQH��
�
.H\ZRUGV��:HE�&UDZOLQJ��)RFXVHG�&UDZOLQJ��5HLQIRUFHPHQW�/HDUQLQJ��7H[W�&ODVVLILFDWLRQ��
�
��� ,1752'8&7,21�
�
)RFXVHG�FUDZOLQJ�>�������@�V�D�PHWKRG��ZKLFK�LV�DEOH�WR�FUDZO�SDUWLFXODU�WRSLFDO�SRUWLRQV�RI�WKH�:RUOG�:LGH�
:HE� TXLFNO\� DQG� HIILFLHQWO\� E\� IROORZLQJ� RQO\� WKH� PRVW� LQWHUHVWLQJ� OLQNV� ZLWKRXW� DQ\� QHHG� WR� H[SORUH� WKH�
HQWLUH� :HE� >�@�� 0DQ\� UHVHDUFKHV� >���������������������������������@� KDYH� EHHQ� GRQH� WR� LPSURYH� WKH�
IXQFWLRQDOLW\�DQG�HIIHFWLYHQHVV�RI�IRFXVHG�FUDZOHUV��7KH�PDMRU�SUREOHP�RI�IRFXVHG�FUDZOLQJ�LV�KRZ�WR�ILQG�WKH�
SDWK� IRU� WKH� FUDZOHU�� WRZDUGV� UHOHYDQW� SDJHV� WR� WKH� IRFXVHG� WRSLF�V��� 7KH� PRVW� LPSRUWDQW� IHDWXUH� RI�
UHLQIRUFHPHQW�OHDUQLQJ�ZKLFK�PDNHV�LW�DSSURSULDWH�IRU�IRFXVHG�FUDZOLQJ�RI�WKH�:HE�LV�LWV�DELOLW\�WR�PRGHO�WKH�
IXWXUH�UHZDUG�RI�DQ�DFWLRQ�LQ�IRUP�RI�GHOD\HG�UHZDUGV��6R��LW�FDQ�JLYH�DQ�HVWLPDWLRQ�RI�WKH�DPRXQW�RI�UHZDUGV�
�WDUJHW�SDJHV��ZKLFK�DQ�DJHQW�LV�DEOH�WR�HDUQ�LQ�WKH�IXWXUH�E\�IROORZLQJ�D�K\SHUOLQN��
3UHYLRXV� UHVHDUFKHV� LQ� &RUD� VHDUFK� HQJLQH� >��� ��� �@� VKRZ� WKDW� IRFXVHG� FUDZOHUV� RI� WKH� :HE�� ZKLFK� XVH�
UHLQIRUFHPHQW� OHDUQLQJ� �5/�� DV� WKHLU� OHDUQLQJ� PHWKRG� KDYH� DFKLHYHG� D� EHWWHU� SHUIRUPDQFH� DQG� DUH� PRUH�
HIILFLHQW� WKDQ� RWKHU� IRFXVHG� FUDZOHUV�� 5/�EDVHG� &UDZOHU� RI� &RUD� VHDUFK� HQJLQH� XVHV� 1DwYH� %D\HV� �1%��
FODVVLILHU� IRU� OHDUQLQJ� WKH� WH[W� LQ� WKH� QHLJKERUKRRG� RI� K\SHUOLQNV�� 7KH� UHVXOW� RI� WKH� FODVVLILFDWLRQ� RI�
QHLJKERUKRRG� WH[W� RI� K\SHUOLQN� LV� XVHG� WR� HVWLPDWH� 4�YDOXH� RI� HDFK� K\SHUOLQN�� 6XSSRUW� 9HFWRU� 0DFKLQHV�
�690V��FODVVLILHU�RXWSHUIRUPV�1DwYH�%D\HV�FODVVLILHU� LQ�WH[W�FODVVLILFDWLRQ��,Q�WKLV�SDSHU��ZH�KDYH�XVHG�ERWK�
FODVVLILFDWLRQV��1%�DQG�690V��LQ�D�5/�EDVHG�FUDZOHU�DQG�H[DPLQHG�WKHP�DJDLQVW�GLIIHUHQW�SDUDPHWHUV��ZKLFK�
DIIHFW� RQ� WKH� SHUIRUPDQFH� RI� 5/�EDVHG� FUDZOHU�� 7KH� UHVXOWV� VKRZ� WKDW� FUDZOHUV� XVLQJ� 690V� RXWSHUIRUP�
FUDZOHUV�ZKLFK�XVH�1%�LQ�WKH�ILUVW�KDOI�RI�FUDZOLQJ�D�:HE�VLWH�DQG�ILQG�WKH�WDUJHW�SDJHV�PRUH�TXLFNO\��7KH�WHVW�
EHG�IRU�HYDOXDWLRQ�RI�RXU�DSSURDFKHV�ZDV�:HE�VLWHV�RI�IRXU�FRPSXWHU�VFLHQFH�GHSDUWPHQWV�RI�IRXU�XQLYHUVLWLHV��
,Q� VHFWLRQ� ��� ZH� JLYH� DQ� RYHUYLHZ� RI� UHODWHG� ZRUNV�� 6HFWLRQ� �� GHVFULEHV� KRZ� WR� FUDZO� WKH� :HE� XVLQJ�
UHLQIRUFHPHQW� OHDUQLQJ� DQG� ZKDW� LV� RXU� H[WHQVLRQ� WR� WKLV� DSSURDFK�� 6HFWLRQ� �� H[SODLQV� WKH� GHVLJQ� DQG�
LPSOHPHQWDWLRQ� RI� WKH� FUDZOHUV�� 6HFWLRQ� �� UHSUHVHQWV� LPSOHPHQWDWLRQ� UHVXOWV� DQG� ZH� ILQDOO\� FRQFOXGH� DQG�
GLVFXVV�IXWXUH�ZRUNV�LQ�VHFWLRQ����
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5HLQIRUFHPHQW� OHDUQLQJ� KDV� EHHQ� XVHG� LQ� WZR� NLQGV� RI� :HE� VHDUFK� DSSOLFDWLRQV�� )LUVWO\�� LW� ZDV� XVHG� IRU�
QDYLJDWLRQ� RI� XVHUV� LQ� D� UHFRPPHQGHU� V\VWHP��:HE:DWFKHU� >��@��7KLV� V\VWHP� OHDUQV� D�4�IXQFWLRQ� IRU� HDFK�
ZRUG� LQ�SDJHV� DQG� UHFRPPHQGV� WKH�K\SHUOLQNV��ZKLFK�PD[LPL]H� WKH� VXP�RI� WKH�FRUUHVSRQGLQJ�4�IXQFWLRQV��
7KH�VHFRQG�DSSURDFK�WR�IRFXVHG�FUDZOLQJ�XVHV�UHLQIRUFHPHQW�OHDUQLQJ��5/��WR�VSLGHU�WKH�:HE�HIILFLHQWO\��LQ�
&RUD�VHDUFK�HQJLQH�>�����@��LV�WKUHH�WLPHV�PRUH�HIILFLHQW�WKDQ�%UHDWK�ILUVW�FUDZOHU��ZKLFK�LV�FRPPRQO\�XVHG�E\�
JHQHUDO� SXUSRVH� VHDUFK� HQJLQHV�� DQG� DOVR� LV� PRUH� HIILFLHQW� WKDQ� RWKHU� IRFXVHG� FUDZOLQJ� PHWKRGV� >�@�� 7KLV�
SDSHU� LV� DQ� H[WHQVLRQ� WR� DSSURDFKHV� RI� &RUD� LQ� FUDZOLQJ� RI� WKH�:HE� DV� LW� KDV� EHHQ� GHVFULEHG� LQ� WKH� QH[W�
VHFWLRQV���

�
��� &5$:/,1*�7+(�:(%�86,1*�5(,1)25&(0(17�/($51,1*�

�
5HLQIRUFHPHQW�OHDUQLQJ�>��@��DV�D�W\SH�RI�VHPL�VXSHUYLVHG�OHDQLQJV��LV�D�IUDPHZRUN�IRU�OHDUQLQJ�IURP�UHZDUGV�
DQG�SXQLVKPHQW��7KLV�PHWKRG� LV� DSSURSULDWH� IRU� OHDUQLQJ�E\� WULDO� DQG�HUURU� IURP�G\QDPLF�HQYLURQPHQWV�DQG�
VLWXDWLRQV�ZLWK�GHOD\HG�UHZDUGV��7KH�VSHFLILF�UHDVRQV�WKDW�PDNH�UHLQIRUFHPHQW�OHDUQLQJ�DSSURDFK�DSSURSULDWH�
IRU� :HE� FUDZOLQJ� LV� >�@�� ���� :HE� FUDZOLQJ� SURYLGHV� VLWXDWLRQV� ZLWK� GHOD\HG� UHZDUGV� �UHZDUGV� ZKLFK� DUH�
DWWDLQDEOH�E\�IROORZLQJ�D�K\SHUOLQN�VHYHUDO�KRSV�IDUWKHU�������:H�FDQ�FDOFXODWH�WKH�SHUIRUPDQFH�DV�WKH�VXP�RI�
GLVFRXQWHG� UHZDUGV� DFKLHYHG� E\� WKH� FUDZOHU�� ���� '\QDPLF� HQYLURQPHQW� �:HE� VLWHV��� ZKLFK� DQ� RQ�OLQH�5/�
EDVHG� FUDZOHU� FDQ� OHDUQ� QHZ� PRGHOV� DQG� DGDSWV� LWVHOI� WR� WKH� FKDQJHV� LQ� WKH� HQYLURQPHQW�� ,Q� IROORZLQJ�
VXEVHFWLRQV��ZH�ZLOO�GLVFXVV�UHLQIRUFHPHQW�OHDUQLQJ�DQG�KRZ�IRFXVHG�FUDZOLQJ�SUREOHP�FDQ�EH�PDSSHG�RQWR�LW�
DQG�RXU�H[WHQVLRQV�LQ�WKLV�UHJDUG��
�
8VLQJ�5HLQIRUFHPHQW�/HDUQLQJ�IRU�:HE�&UDZOLQJ�
,Q� WKLV� VHFWLRQ��ZH�GHVFULEH� WKDW� KRZ�ZH�PDS�RXU�SUREOHP��FUDZOLQJ�RI� WKH�:HE�� WR� UHLQIRUFHPHQW� OHDUQLQJ�
IUDPHZRUN��,Q�:HE�FUDZOLQJ��UHODWHG�SDJHV�WR�WKH�IRFXVHG�WRSLF�DUH�LPPHGLDWH�UHZDUGV��IROORZLQJ�D�K\SHUOLQN�
LV�FRQVLGHUHG�DV�DQ�DFWLRQ��DQG�VWDWH�LV�WKH�VHW�RI������DOO�RI�K\SHUOLQNV�KDYH�EHHQ�YLVLWHG�XS�WR�QRZ�DQG������DOO�
RI�UHODWHG�SDJHV�RQ�WKH�:HE�WR�EH�YLVLWHG�>�@���7KH�DFWLRQ�VSDFH�LV�YHU\�ODUJH�DQG�G\QDPLF�VLQFH�LW�GHSHQGV�RQ�
ZKDW�SDJHV�RQ�WKH�:HE�KDYH�EHHQ�YLVLWHG�\HW��7KH�VWDWH�VSDFH�LV�DOVR�YHU\�ODUJH�DQG�GLIILFXOW�WR�JHQHUDWH��,Q�
SUDFWLFH�� ZH� PDNH� VRPH� VLPSOLI\LQJ� DVVXPSWLRQ� LQ� RUGHU� WR� PDNH� WKH� SUREOHP� PDQDJHDEOH� DQG� WR� DLG�
JHQHUDOL]DWLRQ�>�@��5HVHDUFKHUV�RI�&RUD�>�@�KDV�PDGH�IROORZLQJ�VLPSOLI\LQJ�DVVXPSWLRQ�WKDW�ZH�ZLOO�DOVR�XVHG�
WKHP�� ����ZH�FRQVLGHU� WKDW� VWDWH� LV� LQGHSHQGHQW� WR�ZKLFK� UHODWHG�SDJHV�KDV�EHHQ�YLVLWHG�DQG� UHPDLQHG� WR�EH�
YLVLWHG��&RQVLGHULQJ�YLVLWHG�K\SHUOLQNV� DUH� DFWLRQV�� XVLQJ� WKLV� DVVXPSWLRQ�� DOO� RI� VWDWHV� DUH�PDSSHG� LQWR�RQH�
VWDWH�DQG�RXU�SUREOHP�FKDQJHV�WR�VHOHFWLQJ�WKH�EHVW�DYDLODEOH�DFWLRQ�LQ�DQ\�JLYHQ�WLPH������:H�DVVXPH�WKDW�ZH�
FDQ� REWDLQ� DQ� HVWLPDWLRQ� RI� WKH� DPRXQW� RI� IXWXUH� UHZDUGV� RI� IROORZLQJ� D� K\SHUOLQN� E\� D�PDSSLQJ� IURP� LWV�
QHLJKERUKRRG� WH[W� WR� D� VFDODU� YDOXH�� 7KLV� PDSSLQJ� LV� GRQH� E\� VROYLQJ� WKLV� UHJUHVVLRQ� SUREOHP� WKURXJK�
FODVVLILFDWLRQ� >��@��&RUD� VHDUFK�HQJLQH�XVHG�1DwYH�%D\HV�FODVVLILHU� WR�FODVVLILFDWLRQ�RI�QHLJKERUKRRG� WH[W�RI�
K\SHUOLQNV��6XSSRUW�YHFWRU�PDFKLQH�FODVVLILHU� >��@��ZKLFK� LV� D�EDVHG�RQ�FRPSXWDWLRQDO� OHDUQLQJ� WKHRU\� >��@��
KDV�DFKLHYHG�D�EHWWHU�SHUIRUPDQFH�LQ�WH[W�FODVVLILFDWLRQ�WKDQ�QDwYH�%D\HV�>��@��2QH�RI�WKH�H[WHQVLRQV�WKDW�ZH�
KDYH�DSSOLHG�LV�XVLQJ�WKLV�WH[W�FODVVLILHU�DQG�FRPSDULQJ�WKH�UHVXOWV�ZLWK�WKH�UHVXOW�RI�XVLQJ�QDwYH�%D\HV����
1DwYH�%D\HV�&ODVVLILHU�� ,Q� WKLV�PRGHO�RI� OHDUQLQJ�� LW� LV� DVVXPHG� WKDW� WH[WV�DUH�JHQHUDWHG�IURP�D�SDUDPHWULF�
PRGHO�DQG� WUDLQLQJ�GDWD�FROOHFWLRQ� LV�XVHG� WR�HVWLPDWH� WKHVH�SDUDPHWHUV� >��@�� ,Q� WHVWLQJ�SKDVH�� IRU�HDFK�QHZ�
GRFXPHQW��XVLQJ� OHDUQHG�SDUDPHWHUV�DQG�%D\HV� UXOH�� WKH�SUREDELOLW\�RI�JHQHUDWLRQ�RI� WKLV�GRFXPHQW�E\�HDFK�
FODVV� LV� FRPSXWHG�� &ODVVLILFDWLRQ� LV� VHOHFWLRQ� RI� WKH� FODVV� ZLWK� WKH� KLJKHVW� SUREDELOLW\� IRU� ZRUGV� RI� WKLV�
GRFXPHQW��7KLV�PRGHO�RI�OHDUQLQJ�XVHV�%D\HV�UXOH�DQG�DVVXPHV�WKDW�RFFXUUHQFH�RI�HDFK�ZRUG�LQ�D�GRFXPHQW�LV�
LQGHSHQGHQW�RI�RFFXUUHQFH�RI�RWKHU�ZRUGV� LQ�FODVV�RI� WKDW�GRFXPHQW�DQG� WKH�SODFH�RI� LWV�RFFXUUHQFH��DQG�VR�
FDOOHG�QDwYH�%D\HV���
6XSSRUW� 9HFWRU� 0DFKLQHV� &ODVVLILHU� �690V��� 7KLV� PRGHO� RI� OHDUQLQJ� LV� EDVHG� RQ� �6WUXFWXUDO� 5LVN�
0LQLPL]DWLRQ��SULQFLSOH�LQ�FRPSXWDWLRQDO�OHDUQLQJ�>��@��7KH�EDVLF�LGHD�RI�WKLV�SULQFLSOH�LV�WR�ILQG�K\SRWKHVLV�K�
IRU�ZKLFK�ZH�FDQ�JXDUDQWHH�WKH�ORZHVW�WUXH�HUURU�>��@��7KH�WUXH�HUURU�JLYHV�WKH�SUREDELOLW\�RI�WKH�HUURU�RI�WKH�
PRGHO� IRU�DQ�XQVHHQ�DQG�UDQGRPO\�VHOHFWHG� WHVW�H[DPSOH��7R�DFKLHYH� WKLV�JRDO�� WKLV�PRGHO�ILQGV�K\SHUSODQH�
ZLWK� WKH�PD[LPXP�PDUJLQ�RI� VHSDUDWLRQ� WR� FODVVHV�RI� WUDLQLQJ�GDWD��7UDQVGXFWLYH�6XSSRUW�9HFWRU�0DFKLQHV�
�7690V��LV�D�NLQG�RI�690V�WKDW�ZDV�LQWURGXFHG�E\�-RDFKLPHV�>��@��7KH�DLP�RI�WKLV�FODVVLILHU�LV�WR�OHDUQ�IURP�
D� VPDOO� QXPEHU� RI� WUDLQLQJ� GDWD� �DV� WUDLQLQJ� DQG� WHVWLQJ� GDWD�� LQ� WUDLQLQJ� SKDVH�� 7690V� KDV� RXWSHUIRUPHG�
690V�LQ�WH[W�FODVVLILFDWLRQ�>��@��:KLOH�690V�XVHV�DQ�LQGXFWLYH�LQIHUHQFH�WR�ILQG�D�GHFLVLRQ�IXQFWLRQ�ZLWK�ORZ�
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UDWH�RI�HUURUV�LQ�DOO�GLVWULEXWLRQV�RI�H[DPSOHV��DV�WUDLQ�DQG�WHVW���7690V�XVHV�WUDQVGXFWLYH�LQIHUHQFH�WR�FODVVLI\�
D� VHW� RI� H[DPSOHV� �WUDLQLQJ� GDWD�� ZLWK� WKH� ORZHVW� HUURU�� 6RPH� RI� WKH� FKDUDFWHULVWLFV� RI� WH[W� FODVVLILFDWLRQ�
SUREOHPV�ZKLFK�PDNH�7690V��D�YHU\�JRRG�WH[W�FODVVLILHU�DUH��KLJK�GLPHQVLRQDOLW\�RI�LQSXW�VSDFH��FROOHFWLRQV�
ZLWK�PRUH�WKDQ��������IHDWXUHV���VSDUVHQHVV�RI�YHFWRUV�RI�LQSXW�VSDFH��DQG�ORZ�QXPEHU�RI�LUUHOHYDQW�IHDWXUHV�
>�����@���
�
��� '(6,*1�$1'�,03/(0(17$7,21�
�
'HVLJQ�RI�WKH�5/�EDVHG�&UDZOHU��
7KH�RYHUDOO�DUFKLWHFWXUH�RI�WKH�V\VWHP�LV�LOOXVWUDWHG�LQ�ILJXUH�����

�)LJXUH����$UFKLWHFWXUH�RI�5/�%DVHG�&UDZOHU�
�

:H�VWXG\�WKH�V\VWHP�LQ�WZR�SKDVHV��OHDUQLQJ�DQG�WHVWLQJ��)LJXUH���VKRZV�WKH�LQIUDVWUXFWXUH�RI�ERWK�SKDVHV�LQ�
ZKLFK�WKH�5/�FRPSRQHQW��DQG�WKH�WH[W�FODVVLILHU�LQ�LW��LQ�OHDUQLQJ�SKDVH�LV�WUDLQHG�XVLQJ�WUDLQLQJ�:HE�VLWHV�DQG�
LQ�WHVW�SKDVH�LW�HVWLPDWHV�WKH�DPRXQW�RI�UHZDUG�RI�HDFK�K\SHUOLQN���:HE�FUDZOHU�LV�D�SURJUDP��ZKLFK�IHWFKHV�
WKH�85/�ZLWK�WKH�KLJKHVW�HVWLPDWHG�UHZDUG�IURP�WKH�SULRULWL]HG�TXHXH�DQG�GRZQORDGV�LW�IURP�WKH�:HE��:HE�
SDJH� FROOHFWLRQV� DUH� GRZQORDGHG� LQ� D� SKDVH� IRU� SUHSDUDWLRQ� RI� WHVW� EHG� DQG� PDGH� DYDLODEOH� RIIOLQH� LQ� D�
GDWDEDVH�XVLQJ�D�KDVK�PHFKDQLVP�IRU�UHWULHYDO�RI�D�UHTXHVWHG�:HE�SDJH�XVLQJ�WKH�FRUUHVSRQGLQJ�85/���
�
/HDUQLQJ� 3KDVH�� ,Q� WKLV� SKDVH�� UHLQIRUFHPHQW� OHDUQLQJ� EDVHG� DJHQW� DLPV� WR� OHDUQ� D� JHQHUDOL]HG� UXOH� IRU�
FRPSXWLQJ� 4�YDOXH� RI� D� K\SHUOLQN� XVLQJ� WKH� QHLJKERUKRRG� WH[W� RI� K\SHUOLQN�� 7KLV� UXOH� KHOSV� WKH� DJHQW� WR�
HVWLPDWH�WKH�DPRXQW�RI�IXWXUH�UHZDUG�RI�HDFK�K\SHUOLQN�EDVHG�RQ�LWV�QHLJKERUKRRG�WH[W�LQ�WKH�WHVW�SKDVH���

�)LJXUH����7KH�ZRUNIORZ�RI�5/�EDVHG�FUDZOHU�LQ�OHDUQLQJ�SKDVH�
�
)LJXUH� �� GHSLFWV� WKDW�� D� 4�YDOXH� IRU� HDFK�85/� LV� FDOFXODWHG� DFFRUGLQJ� WR� WKH� QXPEHU� RI� SDSHUV�ZKLFK� DUH�
DYDLODEOH� DW� GLIIHUHQW� OHYHOV� RI� WKH� 85/V� DQG� EDVHG� RQ� D� VSHFLILF� IXQFWLRQ�� 7KH� IRUPDO� VSHFLILFDWLRQV� RI�
IXQFWLRQV� WKDW� DUH�XVHG� LQ�FDOFXODWLRQ�RI�4�YDOXHV�DUH�JLYHQ� LQ� ILJXUH����7KHVH� IXQFWLRQV�� H[FHSW�&XWRII�� DUH�
DOVR� HYDOXDWHG� LQ� &RUD��:H� VWXGLHG� WKHLU� EHKDYLRU� XVLQJ� 690V� FODVVLILHU� LQ� FRPSDULVRQ� WR� 1%�� $IWHU� WKH�
FDOFXODWLRQ� RI� WKH� 4�YDOXHV�� 85/
V� WH[W� DQG� LWV� QHLJKERUKRRG� WH[W� DUH� H[WUDFWHG� DQG� WKH� SDLU� RI� �4�
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YDOXH�DVVRFLDWHG�WH[W��IRU�HDFK�85/�LV�VWRUHG�LQ�D�OLVW��:H�KDYH�XVHG�WKUHH�W\SHV�RI�QHLJKERUKRRG�WH[W��QHDU�
WH[W������ZRUGV�EHIRUH��DQG�DIWHU�WKH�85/V���UHODWLYH�WH[W��QHDU�WH[W���SUHYLRXV�KHDGV�DQG�VXEKHDGV�RI�WKH�WH[W�
LQ�SDJH��ZKLFK�FRQWDLQV�WKH�85/��DQG�IXOO��ZKROH�WH[W�RI�WKH�SDJH��ZKLFK�FRQWDLQV�WKH�85/���7KH�QXPEHU�RI�
FODVVHV�LV�FRQVLGHUHG�EHWZHHQ���WR����7KH�QXPEHU�RI�FODVVHV�LV�OLPLWHG�WR����VLQFH�WKH�DFFXUDF\�RI�QDwYH�%D\HV�
FODVVLILHU�IRU�K\SHUWH[WV�DQG�WKHLU�FRUUHVSRQGLQJ�WH[WV�GHFUHDVHV�WR�DURXQG�����IRU���FODVVHV��*LYHQ�SDLUV�RI�
�4�YDOXH?EDJ�RI�ZRUGV�� FODVVLILHG� WR� VRPH�SUHGHILQHG� FODVVHV�� WKH\�DUH�XVHG�DV� WUDLQLQJ�GDWD�RI�D�FODVVLILHU��
7KLV�FODVVLILHU�LV�XVHG�DV�WKH�LQSXW�RI�WKH�WHVWLQJ�SKDVH���
�
7HVWLQJ�3KDVH�� ,Q� WKLV� SKDVH��4�YDOXHV�RI� WKH�85/V� DUH� HVWLPDWHG�XVLQJ� WKHLU� QHLJKERUKRRG� WH[W��)RU� HDFK�
SDJH��ZKLFK� WKH�FUDZOHU� ILQGV�� LW�H[WUDFWV� LWV�85/V�DQG�LWV�FRUUHVSRQGLQJ�QHLJKERUKRRG�WH[W��)RU�HDFK�85/��
WKHVH� WH[WV� DUH� UHSUHVHQWHG� WR� WKH� WUDLQHG� FODVVLILHU� DQG� LW� UHWXUQV� WKH� SUREDELOLW\� RI� SHUWDLQLQJ� WKH� WH[W� WR�
GRFXPHQWV�LQ�HDFK�FODVV��7KHVH�SUREDELOLWLHV�DUH�XVHG�WR�FDOFXODWH�WKH�4�YDOXH�RI�WKH�85/V�DV�IROORZV�>�@���

}~��
}~}~ ���7�����

� � �^�>����� �^�>�� ��
�

� �� ZKLFK� Q� LQGLFDWHV� WKH� QXPEHU� RI� FODVVHV��3F � �WH[W�� LV� WKH� SUREDELOLW\� RI�
SHUWDLQLQJ� WKH� WH[W� WR� FODVV� QXPEHU� L�� DQG� 4B$YJ�F � �� LV� WKH� DYHUDJH� RI� 4�YDOXHV� RI� WH[WV� LQ� FODVV� L�� 7KH�
ZRUNIORZ�RI�V\VWHP�LQ�WKH�WHVWLQJ�SKDVH�LV�LOOXVWUDWHG�LQ�ILJXUH�����
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)LJXUH����7KH�IRUPDO�VSHFLILFDWLRQ�RI�IXQFWLRQV��ZKLFK�DUH�XVHG�IRU�FDOFXODWLRQ�RI�4�YDOXHV�LQ�OHDUQLQJ�SKDVH�

�

�)LJXUH����7KH�ZRUNIORZ�RI�5/�EDVHG�FUDZOHU�LQ�WHVWLQJ�SKDVH�
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([SHULPHQWDO�6HWXS�
7KH�V\VWHP�LV�GHVLJQHG�WR�ZRUN�RQ�OLQH�RQ�WKH�:HE��EXW�ZH�WUDLQHG�DQG�WHVWHG�LW�RIIOLQH��OLNH�&RUD�VSLGHU�>�@��
,Q�2FWREHU�������ZH� FUDZOHG�:HE� VLWHV� RI� IRXU�FRPSXWHU� VFLHQFH�GHSDUWPHQWV� LQ�%RVWRQ��%URZQ��3LWWVEXUJ�
DQG�8QLYHUVLW\� RI�&DOLIRUQLD� DW�'DYLV� �8&'DYLV���7KHUH�ZHUH�������+70/�SDJHV�� �������K\SHUOLQNV� DQG�
�����SDSHU�ILOHV��WDUJHW�SDJHV���)RU�HDFK�UXQ��ZH�XVHG�WKUHH�RI�WKHP�DV�WKH�WUDLQLQJ�VHW�DQG�WKH�RWKHU�DV�WKH�WHVW�
:HE�VLWH� IRU� WKH�HYDOXDWLRQ�RI� WKH�SHUIRUPDQFH�RI�FUDZOLQJ�PHWKRGV��7KH�UHSRUWHG�UHVXOWV�IRU�HDFK�FUDZOLQJ�
PHWKRG�DUH�DYHUDJHG�RYHU�WKH�SHUIRUPDQFH�RI�WKDW�FUDZOLQJ�PHWKRG�IRU�WKH�IRXU�:HE�VLWHV��VHSDUDWHO\��
�
��� 5(68/76�
�
$�FUDZOHU�EDVHG�RQ�UHLQIRUFHPHQW� OHDUQLQJ� LV�FRQVLGHUHG�WR�EH�PRUH�HIILFLHQW�WKDQ�RWKHU�5/�EDVHG�FUDZOHUV��
VLQFH� LW� LV� DEOH� WR� JDLQ� D�PD[LPXP�QXPEHU�RI� UHZDUGV��ZKLOH� WUDYHUVLQJ�D� IHZHU�QXPEHU�RI�K\SHUOLQNV��:H�
HYDOXDWHG� WKH� FUDZOLQJ�PHWKRGV�DJDLQVW� HDFK�RWKHU�EDVHG�RQ� WZR�SDUDPHWHUV�� ���� WKH� UDWLR�RI� WKH�QXPEHU�RI�
UHZDUGV� �WDUJHW� SDJHV�� WR� WKH� QXPEHU� RI� WUDYHUVHG� K\SHUOLQNV��:H� YLVXDOL]H� WKLV� SDUDPHWHU� E\� GUDZLQJ� WKH�
QXPEHU�RI�FUDZOHG�WDUJHW�SDJH�DJDLQVW�WKH�QXPEHU�RI�WUDYHUVHG�K\SHUOLQNV�LQ�D�FKDUW�DQG�FRPSDULQJ�WKHP������
WKH�DPRXQW�RI��UHZDUGV�WKDW�HDFK�FUDZOHU�DFKLHYHV�GXULQJ�D�FUDZOLQJ�VHVVLRQ��7KH�JRDO�RI�D�5/�EDVHG�FUDZOHU�
LV�WR�PD[LPL]H�DFKLHYHG�UHZDUGV�GXULQJ�FUDZOLQJ��7KLV�UHZDUG�LV�FRPSXWHG�DV�WKH�LQWHJUDO�RI�WKH�VSDFH�XQGHU�
WKH�FXUYH�LQ�D�FKDUW��ZKLFK�LWV�YHUWLFDO�D[LV�LV�WKH�QXPEHU�RI�FUDZOHG�WDUJHW�SDJHV�DQG�LWV�KRUL]RQWDO�D[LV�LV�WKH�
QXPEHU�RI�WUDYHUVHG�K\SHUOLQNV���
8VLQJ�VXSSRUW�YHFWRU�PDFKLQHV�FODVVLILHU�LQ�FRPSDULVRQ�WR�QDwYH�%D\HV�LPSURYHG�WKH�SHUIRUPDQFH�RI�FUDZOHUV�
HVSHFLDOO\� LQ� WKH�ILUVW�KDOI�RI� WKH�FUDZOLQJ��&UDZOHUV�ZKLFK�XVH�690V�ILQG� WKH�WDUJHW�SDJHV�IDVWHU�WKDQ�RWKHU�
DSSURDFKHV�� ZKLFK� VKRZ� WKH� DELOLW\� WR� ILQG� WKHLU� SDWK� WRZDUGV� WDUJHW� SDJHV� DW� WKH� ILUVW� SDUW� RI� D� FUDZOLQJ�
VHVVLRQ��)LJXUHV���D�DQG���E�GHSLFW�D�FRPSDULVRQ�RI�FUDZOHUV��ZKLFK�XVH�690V�DQG�1%��,Q�WKLV�ILJXUH��$YJ�LQ�
WKH�LQLWLDOL]DWLRQ�RI�WKH�QDPH�RI�PHWKRGV�LPSOLFDWHV�WKDW�WKH�UHVXOWV�DUH�DYHUDJHG�RYHU�WKH�UHVXOWV�RI�FUDZOLQJ�
IRXU� :HEVLWHV� RI� WHVW� EHG�� 7KH� RYHUDOO� IRUP� RI� WKH� QDPH� RI� PHWKRGV� LV��
&ODVVLILHUB1HLJKERUKRRG7H[WB&ODVV1XP)XQFWLXQ*DPPD��ZKLFK� WKH� YDOXHV� RI� &ODVVLILHU� LV� 690V� RU� 1%��
1HLJKERUKRRG7H[W�FDQ�EH�Q��QHDU���U��UHODWHG���RU� I��IXOO���&ODVV1XP�LV���������RU����)XQFWLRQ�LV�WKH�IXQFWLRQ�
QDPH�IRU�FDOFXODWLQJ�4�9DOXHV��DQG�ILQDOO\�*DPPD�LV�FRQVLGHUHG�WR�EH����������RU������

�

��D��&RPSDULVRQ�RI�WZR�PHWKRGV�ZKLFK�XVH�
IXWXUH�SDUDOOHO��IXQFWLRQ��QHDU�WH[W����FODVVHV�DQG��
JDPPD� ������IRU�FDOFXODWLQJ�4�YDOXHV�

�
)LJXUH����&RPSDULVRQ�RI�5/�EDVHG�VSLGHUV�LQ�XVLQJ�690V�DQG�1%�FODVVLILHUV�LQ�WKH�ILUVW����SHUFHQW�RI�

FUDZOLQJ�VHVVLRQ�
�
$V� ILJXUHV� ��D� DQG� ��E� VKRZ� WKH� FUDZOHUV� ZKLFK� XVH� 690V� FODVVLILHU� RXWSHUIRUP� FUDZOHUV� ZKLFK� XVH� 1%�
FODVVLILHU��:H�VHOHFWHG�WKH�ILUVW����SHUFHQW�RI�WKH�FUDZOLQJ�WR�SURYLGH�D�EHWWHU�YLHZ�RI�FUDZOHU
V�SHUIRUPDQFH�LQ�
WKH� ILUVW� VWHSV� RI� FUDZOLQJ� DQG� PRYLQJ� WRZDUGV� WDUJHW� SDJHV� IURP� WKH� VWDUW�� )LJXUHV� ��D� DQG� ��E� VKRZ� WKH�
FRPSDULVRQ�RI� WZR�FUDZOHUV� LQ� WKH�ZKROH�FUDZOLQJ�VHVVLRQ�IRU� ILQGLQJ�FRPSXWHU�VFLHQFH�SDSHUV� LQ�FRPSXWHU�

�
��E���&RPSDULVRQ�RI�WZR�PHWKRGV�ZKLFK�XVH�

GLVWDQFH�IXQFWLRQ��IXOO�WH[W����FODVVHV�DQG�JDPPD�
 ������IRU�FDOFXODWLQJ�4�YDOXHV�
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VFLHQFH�GHSDUWPHQWV��7KH�ILJXUHV���LQGLFDWH�WKDW�WKH�FUDZOHUV�ZKLFK�XVH�690V�RXWSHUIRUP�FUDZOHUV�ZKLFK�XVH�
1%�FODVVLILHU�IRU�ZKROH�FUDZO�VHVVLRQ��

ó�ô ��
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�
�

)LJXUH����&RPSDULVRQ�RI�UHLQIRUFHPHQW�OHDUQLQJ�VSLGHUV�XVLQJ��690V�DQG�1%�FODVVLILHU�LQ�ZKROH�FUDZO�
VHVVLRQ��

:H�KDYH�LPSOHPHQWHG�D�YDULHW\�RI�IXQFWLRQV�IRU�FDOFXODWLQJ�DQG�WKHLU�FRPSDULVRQ�WKURXJK�WKH�ILUVW�HYDOXDWLRQ�
SDUDPHWHU�LV�QRW�SUDFWLFDO��7KH�VHFRQG�HYDOXDWLRQ�SDUDPHWHU�ZKLFK�LV�WKH�DPRXQW�RI�DFKLHYHG�UHZDUG�LV�XVHG�
IRU�FRPSDULQJ�GLIIHUHQW�FUDZOHUV�ZLWK�HDFK�RWKHU��7DEOH���VKRZV�FRPSDULVRQ�EHWZHHQ�WKH�DYHUDJHG�DPRXQW�RI�
UHZDUGV�ZKLFK�GLIIHUHQW�IRFXVHG�FUDZOHUV�DFKLHYH�IRU�WKH�ILUVW�KDOI�RI�WKH�FUDZO�������DQG�ZKROH�RI�LW�����������

�
7DEOH����&RPSDULVRQ�RI�WKH�DPRXQW�RI�UHZDUG�ZKLFK�KDYH�EHHQ�DFKLHYHG�E\�GLIIHUHQW�PHWKRGV�RI�5/�EDVHG�

FUDZOLQJ�þ ÿ � ������� 	�
��� � ÿ������ ��� þ ÿ � ������� ��
�
����� ÿ������ ���
��A�6�����������C�8�� �� �� ô � ���"ô � ��! ��"�" �"!��"�������RC^8"� �� �� ô �#�$!�ô ��! "�% ó�&
y.!��"���'���RC^8"� �� �� ô � ���"ô �"ó %�% ó �"!���� � � �RC^8"� �� �� ô " &'�"ô ��� " �"ó�(
��A�6�������")��C�8�� �� �� ô " ��&�ô " ó %�% ó�& �"!���� � � ������� � � ô ! &'�"ô ��� ó � &
��A�6���� ��")��C�8�� �� �� ô " ��&�ô ��& ��%�% & �"!���� �����R�� ��� � ô " &�&�ô % ó�����&�(
��A�6���� ��")���  A"�)� ô " ��&�ô ( "�%'���*" �"!���� � � ������� � � ô � &�&�ô %�� &�(��
��A�6���� � � �"����� � � ô � ��&�ô � (�(��)( �"!���� �����R�� ��� � ô � &�&�ô ��& %�� ó
y.!��"��� � �RC^8"� �� �� ô " ��ó�ô % &�&"ó�� " �"!��"��� � �RC^8"� �� �� ô " &�&�ô �"ó �*��� &
y.!���� �'����� ��8"� � ô " ��ó�ô ó������"ó�( �"!���� � � �R�� ��� � ô � &�&�ô � " (�� � (
��A�6���� ������C�8�� �� �� ô " ��ó�ô ó�('&'��& " �"!���� � � �RC^8"� �� �� ô �+&�&�ô ( " & " &

�
$V�WKH�UHVXOWV�VKRZ��FUDZOHUV�ZKLFK�XVH�690V�DUH�DEOH�WR�DFTXLUH�PRUH�UHZDUG�LQ�WKH�ILUVW�KDOI�RI�WKH�FUDZO��
%XW��FRQVLGHULQJ�WKH�ZKROH�FUDZOLQJ�VHVVLRQ���������FUDZOHUV�ZKLFK�XVH�1%�FODVVLILHU�DFKLHYH�PRUH�UHZDUGV��
VLQFH�PRVW�RI�WKHP�DFW�EHWWHU�LQ�WKH�VHFRQG�KDOI�RI�WKH�FUDZOLQJ�DQG�WKHLU�RYHUDOO�UHZDUG�LV�JUHDWHU�WKDQ�RWKHU�
FUDZOHUV��7KLV�REVHUYDWLRQ�LV�VKRZQ�LQ�WDEOH����&RQVLGHULQJ�WKLV�REVHUYDWLRQ��ZH�GHVLJQHG�DQG�LPSOHPHQWHG�D�
FUDZOHU�ZKLFK�XVHV� WKH�SRVLWLYH�IHDWXUHV�RI�ERWK�FUDZOHUV�� L�H��� LW�XVHV�690V�FODVVLILHU� LQ� WKH� ILUVW�����RI�D�
FUDZOLQJ�VHVVLRQ�DQG�WKHQ�FRQWLQXHV�ZLWK�WKH�1%�FODVVLILHU��7KH�H[SHULPHQWDO�UHVXOW�VKRZV�WKDW�FUDZOHUV�XVLQJ�
WKLV� DSSURDFK� DFKLHYH� D� EHWWHU� SHUIRUPDQFH�ZKHQ� XVLQJ� ERWK� RI� WKH� HYDOXDWLRQ� SDUDPHWHUV� �UDWLRQ� RI� WDUJHW�
SDJHV� IRXQG� WR� K\SHUOLQNV� WUDYHUVHG�� DQG� WKH� DPRXQW� RI� DFKLHYHG� UHZDUG��� :H� FDOOHG� WKLV� DSSURDFK� WKH�
&KDQJH3ROLF\���
:H�KDYH�FRPSDUHG�HIIHFW�RI�WKH�&KDQJH3ROLF\�DSSURDFK�LQ�FUDZOHUV�RQ�RQH�IRFXVHG�FUDZOHU��DQG�D�EUHDGWK�
ILUVW� FUDZOHU�� )LJXUHV� ��D� DQG� ��E� VKRZ� WKH� FRPSDULVRQ� EHWZHHQ� WZR� FUDZOLQJ� PHWKRGV� �RQH� EDVHG� RQ�

� �ó�ô !�
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&KDQJH3ROLF\� �DQG� 690V��� WKH� RWKHU� XVLQJ� 1%� FODVVLILHU�� D� EUHDGWK�ILUVW� VHDUFK� FUDZOHU�� DQG� D� IRFXVHG�
FUDZOLQJ�PHWKRG�ZKLFK�GRHV�QRW�PRGHO�IXWXUH�UHZDUG�RI�D�K\SHUOLQN��LPPHGLDWH�IXQFWLRQ��

)LJXUH����&RPSDULVRQ�RI�D�5/�EDVHG�FUDZOHU�XVLQJ�690V�FODVVLILHU��EDVHG�RQ�&KDQJH3ROLF\�DSSURDFK��ZLWK�
VDPH�PHWKRG�XVLQJ�1%��%)6�DQG�LPPHGLDWH�IRFXVHG�FUDZOHU�
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