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7KHUH� H[LVWV� D� ODUJH� FRUSXV� RI� KDQGZULWWHQ� KLVWRULFDO� PDQXVFULSWV� WKDW� VHUYH� DV� D� YDOXDEOH� UHVRXUFH� WR�KLVWRULDQV��EXW�WKHLU�LQDELOLW\�WR�ZRUN�ZLWK�WUDGLWLRQDO�LQIRUPDWLRQ�UHWULHYDO�WHFKQLTXHV�FDQ�PDNH�WKHP�GLIILFXOW�WR�XVH��%HIRUH�VXFK�WHFKQLTXHV�FDQ�EH�DSSOLHG��VRPH�PHWKRG�WR�H[WUDFW�LQIRUPDWLRQ�DERXW�WKH�WH[WXDO�FRQWHQW�RI�D�GRFXPHQW�PXVW� EH� DSSOLHG��:LWK� W\SHG�PDWHULDO�� H[LVWLQJ� RSWLFDO� FKDUDFWHU� UHFRJQLWLRQ� �2&5�� WHFKQRORJ\� DQG�NQRZQ�LQGH[LQJ�WHFKQLTXHV�FDQ�ZRUN�ZHOO��:LWK�KDQGZULWLQJ��KRZHYHU��LW�LV�RIWHQ�GLIILFXOW�WR�VHJPHQW�FKDUDFWHUV�IURP�HDFK�RWKHU��EXW�JHQHUDOO\�LW�LV�SRVVLEOH�WR�FOHDUO\�VHSDUDWH�ZRUGV���:RUG�VSRWWLQJ��LV�WKH�SURFHVV�RI�FUHDWLQJ�D� VHDUFKDEOH� WH[W� LQGH[� EDVHG� RQ� WKH� ZRUGV� FRQWDLQHG� ZLWKLQ� D� GRFXPHQW�� 7KLV� LV� DFFRPSOLVKHG� E\� FUHDWLQJ�FODVVHV�RI�ZRUG�LPDJHV��ZKHUH�HDFK�FODVV�FRQVLVWV�RI�PXOWLSOH�LQVWDQFHV�RI�WKH�VDPH�ZRUG��$�KXPDQ�FRXOG�WKHQ�SURYLGH�DQ�$6&,,�HTXLYDOHQW�IRU�WKH�FODVVHV��7KLV�SDSHU�GLVFXVVHV�D�QXPEHU�RI�WHFKQLTXHV�IRU�QRUPDOL]LQJ�IRU�WKH�TXDOLW\�RI�WKH�ZRUG�LPDJHV�DQG�UDQNLQJ�WKHLU�VLPLODULW\��7KHVH�DOJRULWKPV�ZHUH�WHVWHG�RQ�D�VXEVHW�RI�WKH�/LEUDU\�RI�&RQJUHVV
�FROOHFWLRQ�RI�*HRUJH�:DVKLQJWRQ
V�KDQGZULWWHQ�PDQXVFULSWV�
� � � ,1752'8&7,21

&XUUHQWO\��WKHUH�DUH�PDQ\�WULHG�DQG�WHVWHG�WHFKQLTXHV�IRU�DXWRPDWLFDOO\�LQGH[LQJ�DQG�VHDUFKLQJ�WH[WXDO�GDWD��LI�WKH�GDWD�LV�DOUHDG\�LQ�PDFKLQH�UHDGDEOH�IRUP��7KDW�LV��WKHVH�WHFKQLTXHV�ZRUN�RQO\�LI�WKH�GDWD�LV�VWRUHG�RQ�GLVN�LQ�$6&,,��8QLFRGH�� RU� D� VLPLODU� IRUPDW��:KHQ� WKH� GDWD� LV� RQ� D� SULQWHG� SDJH�� KRZHYHU�� DGGLWLRQDO� VWHSV�PXVW� EH�LQWURGXFHG� EHIRUH� WUDGLWLRQDO� LQIRUPDWLRQ� UHWULHYDO� WHFKQLTXHV� PD\� EH� DSSOLHG�� 7KH� SDJHV� PXVW� EH� VRPHKRZ�VFDQQHG�DQG�FRQYHUWHG�WR�$6&,,�RU�VRPH�RWKHU�PDFKLQH�UHDGDEOH�IRUPDW�
2QH�PHWKRG�RI�FUHDWLQJ�VXFK�D�PDFKLQH�UHDGDEOH�GRFXPHQW�IURP�D�FROOHFWLRQ�RI�VFDQQHG�PDQXVFULSWV�LV�WR�FUHDWH�D�WH[W�LQGH[�IURP�WKH�RULJLQDO�GRFXPHQWV��$Q�LQGH[��DV�GLVFXVVHG�KHUH��LV�VLPLODU�WR�WKH�LQGH[�LQ�WKH�EDFN�RI�D�ERRN��LW�ZRXOG�FRQWDLQ�D�OLVW�RI�ZRUGV��HDFK�ZRUG�DVVRFLDWHG�ZLWK�D�VHW�RI�OLQNV��RQH�OLQN�IRU�HDFK�RFFXUUHQFH�RI�WKDW�ZRUG� LQ� WKH� FROOHFWLRQ��:LWK� WKHVH� LQGLFHV�� OLEUDULHV� FDQ�SXW� WKHLU� FROOHFWLRQV� RI�PDQXVFULSWV� RQOLQH�� HDVLO\�DFFHVVLEOH�WR�DQ\RQH�ZKR�QHHGHG�WR�GR�UHVHDUFK�LQYROYLQJ�WKHVH�GRFXPHQWV�
7UDGLWLRQDOO\�� WKH� FRQYHUVLRQ� WR�$6&,,� IRUPDW� LV�GRQH�XVLQJ�2SWLFDO�&KDUDFWHU�5HFRJQLWLRQ� �2&5���ZKLFK�ZRUNV�ZHOO�LI�WKH�SDJH�LV�W\SHZULWWHQ�DQG�WKHUH�LV�OLWWOH�EDFNJURXQG�QRLVH�SUHVHQW��:KHQ�WKH�SDJH�LV�KDQGZULWWHQ��WKHVH�PHWKRGV� IDOO� DSDUW�� 7KHUH� LV� VLPSO\� WRR�PXFK� YDULDWLRQ� LQ� KRZ� WKH� VDPH� OHWWHU� LV�ZULWWHQ�� HYHQ�ZLWKLQ� D�VLQJOH�DXWKRU·V�FROOHFWLRQ�� IRU�2&5�WR�EH�HIIHFWLYH��7KXV��D�QHZ�V\VWHP�PXVW�EH�GHYHORSHG� WR�FUHDWH�PDFKLQH�UHDGDEOH�UHSUHVHQWDWLRQV�RI�WKHVH�KDQGZULWWHQ�SDJHV��VR�FROOHFWLRQV�RI�WKHP�FDQ�EH�LQGH[HG�
7KHUH� DUH� VHYHUDO� DSSOLFDWLRQV� IRU� VXFK� DQ� LQGH[LQJ� V\VWHP� IRU� KDQGZULWWHQ� SDJHV�� 7KHUH� H[LVW� ODUJH�FROOHFWLRQV�RI�KDQGZULWWHQ�GRFXPHQWV��SHQQHG�E\� WKH�VDPH�DXWKRU��6XFK�ERGLHV�RI�ZRUN�H[LVW�� IRU�H[DPSOH��DV�SDUW�RI�WKH�:��(��%��'X%RLV�FROOHFWLRQ�DW�WKH�8QLYHUVLW\�RI�0DVVDFKXVHWWV�RU�WKH�VHWV�RI�SUHVLGHQWLDO�SDSHUV�KHOG�DW�WKH /LEUDU\�RI�&RQJUHVV��&HUWDLQO\�WKHVH�GRFXPHQWV�DUH�D�YHU\�YDOXDEOH�UHVRXUFH��EXW�OHDILQJ�WKURXJK�
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KXQGUHGV�RU� WKRXVDQGV�RI�SDJHV�ZLWKLQ� WKHVH� FROOHFWLRQV� IRU� VSHFLILF� LQIRUPDWLRQ� LV�D� IRUPLGDEOH� WDVN� IRU�HYHQ�WKH�PRVW�GHGLFDWHG�UHVHDUFKHU�
$� V\VWHP� WKDW� LV� DEOH� WR� DXWRPDWLFDOO\� JHQHUDWH� LQGLFHV� IRU� WKHVH� FROOHFWLRQV�ZRXOG� KHOS� DQ\RQH�ZKR�PD\�ZDQW�WR�XVH�WKHVH�UHVRXUFHV��0DQPDWKD�DQG�&URIW��������VXJJHVWHG�DQ�DOJRULWKP��NQRZQ�DV�´ZRUG�VSRWWLQJ�µ�WR�FUHDWH�VXFK�DQ�LQGH[�IURP�VFDQQHG�SDJHV�RI�GRFXPHQWV��0DQPDWKD�DQG�6ULPDO��������GHYHORSHG�DQ�DOJRULWKP�WR�VHJPHQW�SDJHV�LQWR�ZRUGV�XVHG�LQ�WKH�LPSOHPHQWDWLRQ�RI�WKH�ZRUG�VSRWWLQJ�DOJRULWKP�SUHVHQWHG�KHUH��7KH�ZRUG�VSRWWLQJ�DOJRULWKP��ILUVW�GHYHORSHG�LQ��0DQPDWKD�DQG�&URIW�������LV�RXWOLQHG�DV�IROORZV�

���$�VFDQQHG�JUH\OHYHO�LPDJH�RI�WKH�GRFXPHQW�LV�REWDLQHG��
���7KH�SDJH�LV�GLYLGHG�LQWR�XQLWV��ZRUGV��ZKLFK�FDQ�EH�FRPSDUHG�VLQJO\�
���(DFK�ZRUG�LPDJH�LV�WDNHQ�DV�D�WHPSODWH�DQG�FRPSDUHGDJDLQVW�DOO�RWKHU�ZRUG�LPDJHV�
���:RUG�FODVVHV�DUH�JHQHUDWHG�EDVHG�RQ�WKHLU�VLPLODULW\�
���$�KXPDQ�SURYLGHV�DQ�$6&,,�HTXLYDOHQW�RI�HDFK�FODVV�RI�VLPLODU�ZRUGV���0DQPDWKD�DQG�&URIW������

6WHS���LV�DVVXPHG�WR�EH�GRQH��7KH�VXFFHVVIXO�DOJRULWKP�GHYHORSHG�E\�0DQPDWKD�DQG�6ULPDO��������KDQGOHV�6WHS����7KH�UHPDLQLQJ�VHFWLRQV�RI�WKH�SDSHU�ZLOO�SUHVHQW�D�FRPSDUDWLYH�VWXG\�RI�GLIIHUHQW�PDWFKLQJ�WHFKQLTXHV�DV�DQ�DWWHPSW�WR�ILQG�D�VROXWLRQ�IRU�6WHS����7KLV�LQYHVWLJDWLRQ�LV�PRUH�H[WHQVLYH�WKDQ�WKDW�LQ��0DQPDWKD�DQG�&URIW�������DQG�LV�WKH�ILUVW�VXFK�DWWHPSW�DW�DSSO\LQJ�WKHVH�WHFKQLTXHV�WR�*HRUJH�:DVKLQJWRQ·V�PDQXVFULSWV�
7KH�ZRUN�SUHVHQWHG�KHUH�LV�DOO�EDVHG�RQ�D�VXEVHW�RI�:DVKLQJWRQ·V�PDQXVFULSWV��VFDQQHG�IURP�PLFURILOP�DQG�UHFHLYHG�IURP�WKH�/LEUDU\�RI�&RQJUHVV��,Q�KLV�ODWHU�\HDUV��:DVKLQJWRQ�KLUHG�VHFUHWDULHV�WR�HGLW�DQG�UHFRS\�VRPH�RI�KLV�GRFXPHQWV��7KHUHIRUH�WKH�GDWD�VHW�LV�D�UHODWLYHO\�KRPRJHQHRXV�FROOHFWLRQ�RI�GRFXPHQWV�PDGH�XS�RI�RQO\�D�IHZ�SHRSOH·V�KDQGZULWLQJ�

�� �%$&.*5281'
7UDGLWLRQDOO\�� WH[W� LV� VHJPHQWHG� LQWR� OLQHV�� WKHQ� ZRUGV�� WKHQ� FKDUDFWHUV�� DQG� WKHQ� 2SWLFDO� &KDUDFWHU�5HFRJQLWLRQ� �2&5�� WHFKQLTXHV� FDQ� EH� XVHG� WR� UHFRJQL]H� WKH� ZRUGV�� :KLOH� WUDGLWLRQDO� 2&5� ZRUNV� ZHOO� IRU�PDFKLQH�IRQWV��0DQPDWKD�DQG�&URIW��������WKH�WHFKQLTXHV�DUH�RIWHQ�LQHIIHFWLYH�RQ�KDQGZULWWHQ�SDJHV�GXH�WR�WKH�YDULDWLRQ� LQ� GLIIHUHQW� LQVWDQFHV� RI� WKH� VDPH� OHWWHU�� $V� DQ� DOWHUQDWLYH�� WKH� DXWKRUV� LQ� �0DUWL� DQG� %XQNH� ������DWWHPSW�WR�XVH�D�VWDWLVWLFDO�PRGHO�RI�ODQJXDJH�WR�DYRLG�VHJPHQWLQJ�OLQHV�RI�WH[W�LQWR�ZRUGV��7KH\�WUDQVIRUP�D�URZ�RI�KDQGZULWWHQ�WH[W�LQWR�D�VHTXHQFH�RI�ZLQGRZV�DQG�WKHQ�LGHQWLI\�QLQH�IHDWXUHV�IRU�HDFK�ZLQGRZ��6XFK�IHDWXUHV�LQFOXGH�WKH�QXPEHU�RI�EODFN�SL[HOV�LQ�WKH�ZLQGRZ��WKH�FHQWURLG�RI�WKH�ZLQGRZ��WKH�VHFRQG�RUGHU�PRPHQWV�RI�WKH�ZLQGRZ�� WKH� XSSHU� DQG� ORZHU� FRQWRXUV� RI� WKH� ZLQGRZ� WKH� JUDGLHQW� RI� WKH� XSSHU� DQG� ORZHU� FRQWRXUV� RI� WKH�ZLQGRZ��WKH�QXPEHU�RI�EODFN�ZKLWH�WUDQVLWLRQV�LQ�WKH�YHUWLFDO�GLUHFWLRQ��DQG�WKH�QXPEHU�RI�EODFN�SL[HOV�EHWZHHQ�WKH�XSSHU�DQG�ORZHU�FRQWRXUV��)URP�WKLV�P\ULDG�RI�IHDWXUHV��WKH�DXWKRUV�FUHDWH�D�KLGGHQ�0DUNRY�PRGHO�IRU�HDFK�OHWWHU� RI� WKH� DOSKDEHW�� DQG� FRPELQH� WKH� FKDUDFWHUV� LQWR� ZRUGV� DQG� WKH� ZRUGV� LQWR� VHQWHQFHV�� 7KH� UHVXOWV� DUH�SURPLVLQJ�� EXW� VWLOO� UHO\� RQ� UHODWLYHO\� VHSDUDWH� OHWWHUV�� ZKLFK� LV� QRW� DOZD\V� SRVVLEOH� LQ� JHQHUDO� KDQGZULWWHQ�GRFXPHQWV�
7KLV�SUREOHP�PD\�EH�DYRLGHG�E\�VHJPHQWLQJ�WKH�WH[W�LQWR�ZRUGV�DQG�FRPSDULQJ�HQWLUH�ZRUG�LPDJHV�DJDLQVW�HDFK�RWKHU��)RU�WKH�ZRUN�GRQH�KHUH��WKH�DOJRULWKP�RXWOLQHG�LQ��0DQPDWKD�DQG�6ULPDO�������LV�XVHG�WR�VHJPHQW�WKH� GRFXPHQW� LQWR� ZRUGV�� 7KLV� WHFKQLTXH� KDV� EHHQ� SURYHQ� WR� ZRUN� ZHOO� ������� SHUFHQW� DFFXUDF\� RQ�:DVKLQJWRQ·V�
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PDQXVFULSWV��� DQG� ZDV� XVHG� DV� D� SUHOLPLQDU\� VWHS� LQ� WKH� ZRUN� SUHVHQWHG� KHUH�� )LJXUH� �� VKRZV� D� SDJH� RI�:DVKLQJWRQ·V�PDQXVFULSWV�DQG�)LJXUH���VKRZV�WKH�SDJH�DQG�WKH�GLYLVLRQV�PDGH�E\�WKH�VHJPHQWDWLRQ�DOJRULWKP�
2QFH�WKH�WH[W�KDV�EHHQ�VHJPHQWHG��WKH�WDVN�UHPDLQV�WR�VRUW�WKHVH�VHJPHQWV�LQWR�FODVVHV��7KLV�ZLOO�EH�GRQH�E\�FRPSDULQJ� RQH� VHJPHQW�� WKH� WHPSODWH�� DJDLQVW� WKH� RWKHUV�� DQG� UDQNLQJ� PDWFKHV� E\� VLPLODULW\� VFRUHV�� 7KH� WRS�PDWFKHV�ZRXOG�WKHQ�IRUP�WKH�FODVV��$�SUHOLPLQDU\�VWXG\�LQ��0DQPDWKD�DQG�&URIW�������LGHQWLILHG�WZR�DOJRULWKPV�IRU�PDWFKLQJ�LPDJHV��7KH�ILUVW�LV�WKH�(XFOLGHDQ�'LVWDQFH�0DSSLQJ��('0��DOJRULWKP��ZKLFK�ZHLJKWV�PLVPDWFKHV�EHWZHHQ�ZRUGV�EDVHG�RQ�WKH�PDJQLWXGH�RI�GLVSDULWLHV��('0�FDQ�KDQGOH�WUDQVODWLRQV��EXW�LV�XQDEOH�WR�FRPSHQVDWH�IRU�VFDOLQJ��VKHDU��RU�URWDWLRQ�² WKHVH�WUDQVIRUPDWLRQV�PXVW�EH�GHDOW�ZLWK�EHIRUH�WKH�VFRUH�LV�FRPSXWHG��7KH�RWKHU�PHWKRG��DQ�LPSOHPHQWDWLRQ�RI�WKH�IHDWXUH�DVVRFLDWLRQ�DOJRULWKP�GHYHORSHG�E\�6FRWW�DQG�/RQJXHW�+LJJLQV���������ORRNV�IRU�DQ�DIILQH�WUDQVIRUPDWLRQ�EHWZHHQ�WZR�LPDJHV��%HFDXVH�WKHVH�DOJRULWKPV�DUH�YHU\�UHVRXUFH�LQWHQVLYH��LW�LV�GHVLUDEOH� WR� SUXQH� WKH� LPDJHV� ZKLFK� DUH�PRVW� OLNHO\� QRW� WR� EH� PDWFKHV�� WR� FXW� GRZQ� RQ� WKH� QXPEHU� RI�FRPSDULVRQV�WR�EH�GRQH�E\�WKH�PDWFKLQJ�DOJRULWKPV�

�� �287/,1(�2)�0$7&+,1*�67(36
:LWK�WKH�SDJH�VHJPHQWHG�LQWR�ZRUGV��WKH�QH[W�VWHS�LV�WR�PDWFK�WKH�ZRUGV�WR�HDFK�RWKHU�WR�JHQHUDWH�OLVWV�RI�VLPLODU�LPDJHV��7KH�QH[W�WKUHH�VHFWLRQV�GLVFXVV�WKH�YDULRXV�VWHSV�WR�REWDLQ�WKHVH�PDWFKLQJV�

���7KH�VHW�RI�DOO�LPDJHV�LV�SUXQHG�E\�GLVFDUGLQJ�ZRUGV�ZKLFK�DUH�XQOLNHO\�WR�PDWFK�WKH�WHPSODWH�
���7KH�LPDJHV�DUH�SUHSURFHVVHG�WR�HOLPLQDWH�QRLVH�DQG�QRUPDOL]H�YDULDWLRQV�
���$�VFRUH�LV�JHQHUDWHG�IRU�HDFK�FRPSDULVRQ��+LJK�VFRUHV�VKRXOG�LQGLFDWH�D�JRRG�PDWFK�DQG�ORZ�VFRUHV�VKRXOG�LQGLFDWH�D�SRRU�PDWFK�

7R� JHQHUDWH� WKH� VFRUHV� IRU� FRPSDULVRQV�� IRXU� DOJRULWKPV�ZHUH� WHVWHG��$� VLPSOH� DOJRULWKP� WR� FRPSXWH� WKH�;25�RI�WZR�LPDJHV�ZDV WHVWHG�ILUVW��1H[W��DQ�DOJRULWKP�ZKLFK�FDOFXODWHG�WKH�6XP�RI�6TXDUHG�'LIIHUHQFHV��66'��EHWZHHQ�WZR�LPDJHV�ZDV�WHVWHG��7KH�SHUIRUPDQFH�RI�WKH�;25�DOJRULWKP�ZDV�WKHQ�LPSURYHG�WKURXJK�WKH�XVH�RI�(XFOLGHDQ�'LVWDQFH�0DSSLQJ��('0���)LQDOO\��DQ�DOJRULWKP�EDVHG�RQ�WKH�IHDWXUH�PDWFKLQJ�DOJRULWKP�VXJJHVWHG�LQ��6FRWW�DQG�/RQJXHW�+LJJLQV�������ZDV�WHVWHG��$OO�RI� WKHVH�DOJRULWKPV�XVHG�RQH�ZRUG�DV�D�WHPSODWH�WR�FRPSDUH�DJDLQVW�DOO�WKH�RWKHU�ZRUGV�ZLWKLQ�WKH�VHW��7KH�GHWDLOV�RI�WKHVH�PHWKRGV�DUH�H[SODLQHG�LQ�6HFWLRQ���
� 3581,1*

3UXQLQJ�LV�WKH�SURFHVV�RI�GHWHUPLQLQJ�ZKLFK�LPDJHV�DUH�QRW�OLNHO\�WR�EH�PDWFKHV�EHIRUH�UXQQLQJ�WKH�VFRULQJ�DOJRULWKP� E\� XVLQJ� HDV\�WR�PHDVXUH� SURSHUWLHV� RI� WKH� LPDJH�� 'XH� WR� WKH� UHVRXUFH�LQWHQVLYH� QDWXUH� RI� WKH�PDWFKLQJ�DOJRULWKPV�� LW� LV�GHVLUDEOH� WR�SUXQH� WKH�VHDUFK�VSDFH�RI�DV�PDQ\�ZRUG� LPDJHV�DV�SRVVLEOH��ZKLOH�EHLQJ�FDUHIXO� QRW� WR� GLVPLVV� YDOLG� PDWFKHV�� 6HYHUDO� W\SHV� RI� SUXQLQJ� FULWHULD� ZHUH� WHVWHG�� LPDJH� OHQJWK�� LPDJH� DUHD��DVSHFW�UDWLR��QXPEHU�RI�DVFHQGHUV�DQG�GHVFHQGHUV��DQG�QXPEHU�RI�EODFN�WR�ZKLWH�WUDQVLWLRQV�LQ�D�FURVV�VHFWLRQ�RI�WKH�LPDJH�
7KH�IDVWHVW�SUXQLQJ�PHWKRGV�XVHG�GHSHQGHG�VWULFWO\�RQ�WKH�VL]H�RI�WKH�LPDJH��6LQFH�WKHUH�LV�D�UHODWLYHO\�ORZ�YDULDWLRQ�LQ�WKH�VL]H�RI�ZRUGV�ZULWWHQ�E\�WKH�VDPH�LQGLYLGXDO��WKH�OHQJWK�RI�D�ZRUG�LPDJH�PD\�EH�DQ�HVWLPDWH�RI�WKH�QXPEHU�RI�OHWWHUV�LQ�WKH�ZRUG��7KXV�LW�LV�LQLWLDOO\�DVVXPHG�WKDW�WKHUH�H[LVWV�DQ�D VXFK�WKDW�
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7KUHVKROGD 5HO��5HWXUQHG�5HOHYDQW 5HO��5HWXUQHG�5HWXUQHG 5HWXUQHG�RXW�RI������� ����� ����� ����� ����� ����� ����� ����� ����� ������� ����� ����� ������ ����� ����� ������� ����� ����� ���7DEOH����7KUHVKROG�GDWD�IRU�D �OHQJWK���5HO��5HWXUQHG�5HOHYDQW�LV�DQ�DFFXUDF\�UDWLQJ�DW�HDFK�WKUHVKROG�YDOXH��WDNHQ�DV�WKH�QXPEHU�RI�UHOHYDQW�ZRUGV�WKDW�ZHUH�OHIW�DIWHU�SUXQLQJ�DW�D�JLYHQ�WKUHVKROG�YDOXH�GLYLGHG�E\�WKH�WRWDO�QXPEHU�RI�UHOHYDQW�ZRUGV���7ZR�ZRUG�LPDJHV�DUH�UHOHYDQW�LI�WKHLU�$6&,,�WUDQVODWLRQV�DUH�WKH�VDPH���5HO��5HWXUQHG�5HWXUQHG�LV�WKH�QXPEHU�RI�UHOHYDQW ZRUGV�OHIW�DIWHU�SUXQLQJ�GLYLGHG�E\�WKH�WRWDO�QXPEHU�RI�ZRUGV�OHIW�DIWHU�SUXQLQJ��7KLV�VFRUH�LQGLFDWHV�KRZ�PDQ\�QRQ�UHOHYDQW�ZRUG�LPDJHV�ZHUH�OHIW�DIWHU�SUXQLQJ�DW�HDFK�WKUHVKROG��7KH�ILQDO�FROXPQ��5HWXUQHG��LV�VLPSO\�WKH�DYHUDJH�QXPEHU�RI�ZRUG�LPDJHV�OHIW�DIWHU�SUXQLQJ�DW�HDFK�WKUHVKROG��7KLV�WDEOH�IRUPDW�LV�DOVR�XVHG�LQ�7DEOHV�������DQG������
7DEOH���VKRZV�GHPRQVWUDWHV�KRZ�ZHOO�SUXQLQJ�E\�OHQJWK�ZRUNV�DW�GLIIHUHQW�YDOXHV�RI�D��,W�ZDV�REVHUYHG�WKDW�SUXQLQJ�E\�LPDJH�OHQJWK�DORQH�LV�OLNHO\�WR�PLVPDWFK�LPDJHV�WKDW�FRQWDLQ�WKH�VDPH�ZRUG�ZULWWHQ�DW�GLIIHUHQW�VFDOHV��8QIRUWXQDWHO\� WKH� ZRUGV� LQ� :DVKLQJWRQ·V� GRFXPHQW� GR� YDU\� LQ� VL]H� DQG� WKLV� LV� VRPHWLPHV� PDJQLILHG� E\� WKH�VHJPHQWDWLRQ�DOJRULWKP��7R�DFFRXQW�IRU�WKLV��WKH�DXWKRUV�LQ��0DQPDWKD�DQG�&URIW�������SUXQH�XVLQJ�WKH�UDWLR�RI�WKH�DUHDV�RI�WKH�ZRUG�LPDJHV�DQG�WKH�UDWLR�RI�WKH�DVSHFW�UDWLRV�RI�WKH�WZR�ZRUGV��7KDW�LV��LW�LV�DVVXPHG�
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7KUHVKROGE 5HO��5HWXUQHG�5HOHYDQW 5HO��5HWXUQHG�5HWXUQHG 5HWXUQHG
� ����� ����� ����� ����� ����� ����� ����� ����� ������ ����� ����� ������ ����� ����� ������� ����� ����� ���7DEOH����7KUHVKROG�GDWD�IRU�E �DUHD��



�

7KUHVKROGG 5HO��5HWXUQHG�5HOHYDQW 5HO��5HWXUQHG�5HWXUQHG 5HWXUQHG
� ����� ����� ����� ����� ����� ����� ����� ����� ������� ����� ����� ������� ����� ����� ������� ����� ����� ���7DEOH����7KUHVKROG�GDWD�IRU�G �DVSHFW�UDWLR��

7KLV�DVVXPHV�WKDW�ZRUGV�ZULWWHQ�LQ�GLIIHUHQW�VL]HV�ZLOO�OLNHO\�EH�VFDOHG�SURSRUWLRQDOO\�LQ�ERWK�WKH�YHUWLFDO�DQG�KRUL]RQWDO� GLUHFWLRQV� DQG� WKXV� ZLOO� KDYH� D� VLPLODU� DVSHFW� UDWLR� WR� WKH� WHPSODWH� ZRUG�� 7KHVH� WZR� WHFKQLTXHV�WRJHWKHU�SURYLGHG�D�EHWWHU�HVWLPDWH�WKDQ� OHQJWK�DORQH� IRU� WKH�SUXQLQJ�VWHS��EXW�VWLOO�GLG�QRWDFKLHYH�WKH�GHVLUHG�KLJK�OHYHO�RI�SUXQLQJ�ZKLOH�QRW�UHPRYLQJ�YDOLG�ZRUGV�IURP�FRQVLGHUDWLRQ�
7R�LPSURYH�XSRQ�WKHVH�WHFKQLTXHV��WKH�QH[W�SUXQLQJ�PHWKRG�DWWHPSWHG�ZDV�WR�WDNH�LQWR�DFFRXQW�IHDWXUHV�LQ�WKH�SL[HOV�RI�WKH�ZRUGV��2QH�VXFK�SDWWHUQ��DQ�DVFHQGHU�� LV�WKH�SDUW�RI�D� OHWWHU�ZKLFK�H[WHQGV�DERYH�WKH�ERG\�RI�WKH�ZRUG��6LPLODUO\��D�GHVFHQGHU�H[WHQGV�EHORZ�WKH�PDLQ�VHFWLRQ�RI�WKH�ZRUG��)RU�H[DPSOH��WKH�ZRUG�´H[DPSOHµ�KDV� RQH� DVFHQGHU�� WKH� ´Oµ�� DQG� RQH� GHVFHQGHU�� WKH� ´Sµ�� ZKLOH� WKH� ZRUG� ´RQHµ� KDV� QHLWKHU� DVFHQGHUV� QRU�GHVFHQGHUV�� 7R� ILQG� WKH� QXPEHU� RI� DVFHQGHUV�� ILUVW� WKH�XSSHU� DQG� ORZHU�EDVHOLQHV�RI� WKH�PDLQ� VHJPHQW�RI� WKH�ZRUG�ZHUH�IRXQG��7R�FRPSXWH�WKH�EDVHOLQHV�RI�WKH�LPDJH��WKH�YHUWLFDO�SURMHFWLRQ�RI�WKH�EODFN�DQG�ZKLWH�LPDJH�LV�FRPSXWHG��7KH�XSSHU�DQG� ORZHU�EDVHOLQHV�DUH�WDNHQ�DV� WKH�WZR�SRLQWV�ZKHUH�WKH�FKDQJHV� LQ�WKLV�SURMHFWLRQ�DUH�JUHDWHVW�� )LJXUH� �� GHPRQVWUDWHV� WKLV� FRQFHSW�� (DFK� FRQQHFWHG� FRPSRQHQW� DERYH� WKH� XSSHU� EDVHOLQH�ZDV� WKHQ�FRXQWHG�DV�DQ�DVFHQGHU��(DFK�FRQQHFWHG�FRPSRQHQW�EHORZ�WKH� ORZHU�EDVHOLQH�ZDV�FRXQWHG�DV�D�GHVFHQGHU���7R�DYRLG�FRXQWLQJ�IDOVH�DVFHQGHUV�DQG�GHVFHQGHUV�� WKH�FRPSRQHQWV�KDG�WR�EH�ODUJHU�WKDQ����SL[HOV�WR�EH�FRXQWHG���7DEOHV���DQG���VKRZ�WKH�GLVWULEXWLRQ�RI�DVFHQGHUV�DQG�GHVFHQGHUV�RYHU�DOO�WKH�ZRUGV�LQ�WKH�WHVW�VHW��DQG�7DEOHV���DQG���VKRZ�WKH�GLVWULEXWLRQ�RI�DVFHQGHUV�DQG�GHVFHQGHUV�IRU�D�VLQJOH�ZRUG��$OH[DQGULD�
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7DEOH����'LVWULEXWLRQ�RI�DVFHQGHUV�IRU�RQH�ZRUG��$OH[DQGULD��� 7DEOH����'LVWULEXWLRQ�RI�GHVFHQGHUV�IRU�RQH�ZRUG��$OH[DQGULD�
$V� H[SHFWHG�� WKHUH� LV� D� VPDOO� YDULDWLRQ� LQ� WKH�QXPEHU� RI� DVFHQGHUV� DQG�GHVFHQGHUV� GHWHFWHG� IRU�RQH�ZRUG�FODVV��EXW��XQIRUWXQDWHO\�� WKH�YDULDWLRQ�RYHU�DOO�ZRUGV� LV�QRW� ODUJH�HQRXJK� WR�EH�H[SORLWHG��DV� VHHQ� LQ� WKH�DERYH�GHQVLW\�SORWV��&RXQWLQJ�DVFHQGHUV�ZDV�QRW�DOZD\V�DFFXUDWH��DQG�WKXV�SUXQLQJ�E\�DVFHQGHUV�DORQH�RIWHQ�SUXQHG�RXW�WRR�PDQ\�PDWFKHV�RU�DOORZHG�WRR�PDQ\�PDWFKHV�WR�EH�FRQVLGHUHG��&RXQWLQJ�WKH�QXPEHU�RI�GHVFHQGHUV�SURYHG�WR�EH�PRUH�DFFXUDWH��� LW�ZDV�DOPRVW�DOZD\V�WKH�FDVH�WKDW�DOO�WKH�LPDJHV�IRU�RQH�ZRUG�FODVV�ZRXOG�KDYH�WKH�VDPH�QXPEHU� RI� GHVFHQGHUV�� 7KHUHIRUH� SUXQLQJ� E\� WKH� QXPEHU� RI� GHVFHQGHUV� ZDV� FRPELQHG� ZLWK� RWKHU� SUXQLQJ�WHFKQLTXHV�WR�LPSURYH�WKH�DFFXUDF\�RI�WKH�SUXQLQJ�VWHS�
%HFDXVH� RI� WKH� SUREOHP� RI� DFFXUDF\� LQ� FRXQWLQJ� DVFHQGHUV�� DQRWKHU� SUXQLQJ� PHWKRG� ZDV� XVHG�� 7KLV�WHFKQLTXH� VHOHFWHG� D� FURVV�VHFWLRQ� RI� D� ELQDUL]HG� ZRUG� DQG� WRRN� D� FRXQW� RI� WKH� QXPEHU� RI� EODFN�WR�ZKLWH�WUDQVLWLRQV�ZLWKLQ� WKDW�FURVV�VHFWLRQ��8VLQJ� WKLV� WHFKQLTXH�� LW�ZDV�KRSHG� WKDW� WKH�QXPEHU�RI� OHWWHUV� LQ� WKH�ZRUG�FRXOG EH�HVWLPDWHG�PRUH�DFFXUDWHO\�WKDQ�MXVW�E\�XVLQJ�WKH�OHQJWK�RI�WKH�LPDJH��&URVV�VHFWLRQV�ZHUH�FRQVLGHUHG�WR�EH�D�VLQJOH�URZ�RI� WKH� LPDJH�� WDNHQ�DW� WKH�PLGGOH�RI� WKH� LPDJH�� WKH�FHQWURLG��WKH�XSSHU�EDVHOLQH��DQG�WKH�ORZHU�EDVHOLQH���)LJXUH���VKRZV�WKH�ORFDWLRQ�RI�HDFK�FURVV�VHFWLRQ�RQ�WKH�ZRUG�´'HFHPEHU�µ�7DEOHV���WKURXJK����VKRZ�WKH� QXPEHU� RI� GRFXPHQWV� UHWXUQHG� IRU� FURVV�VHFWLRQ� GLIIHUHQFHV�� 7KH� VWDQGDUG� GHYLDWLRQ� RI� WKH� QXPEHU� RI�WUDQVLWLRQV� RYHU� DOO� GRFXPHQWV� LQ� WKH� WHVW� VHW� ZDV� DSSUR[LPDWHO\� �� �DFWXDO� YDOXH� ������� KRZHYHU�� ZLWKRXW�SUHSURFHVVLQJ�� WKH�VWDQGDUG�GHYLDWLRQ�RI� WKH�QXPEHU�RI� WUDQVLWLRQV�DPRQJ�QRQ�VWRSZRUGV�YDULHG�E\�PRUH�WKDQ�WKLV��%HFDXVH�RI� WKLV� YDULDWLRQ�� WKH�QXPEHU� RI� WUDQVLWLRQV�ZLWKLQ� D� FURVV�VHFWLRQ�GLG�QRW� \LHOG� DFFXUDWH�SUXQLQJ�UHVXOWV��&XWRII�WKUHVKROGV�VHW� LQ�LQFUHPHQWV�RI�RQH�VWDQGDUG�GHYLDWLRQ�DOORZHG�PDQ\�QRQ�UHOHYDQW�GRFXPHQWV�RU�WRR�IHZ�UHOHYDQW�GRFXPHQWV��DV�VKRZQ�LQ�WKH�WDEOHV�EHORZ�

&HQWURLG0LGSRLQW�/LQH 8SSHU�%DVHOLQH/RZHU�%DVHOLQH)LJXUH����'LDJUDP�GHPRQVWUDWLQJ�WKH�SRVVLEOH�FURVV�VHFWLRQ�URZV�
7KUHVKROG 5HO��5HWXUQHG�5HOHYDQW 5HO��5HWXUQHG�5HWXUQHG 5HWXUQHG
�� ����� ����� ������ ����� ����� ������ ����� ����� ������ ����� ����� ����� ����� ����� ����� ����� ����� ��7DEOH����7KUHVKROG�GDWD�IRU�FHQWURLG�WUDQVLWLRQV



��

7KUHVKROG 5HO��5HWXUQHG�5HOHYDQW 5HO��5HWXUQHG�5HWXUQHG 5HWXUQHG
�� ����� ����� ������ ����� ����� ������ ����� ����� ������ ����� ����� ����� ����� ����� ����� ����� ����� ��7DEOH����7KUHVKROG�GDWD�IRU�PLGGOH�WUDQVLWLRQV
7KUHVKROG 5HO��5HWXUQHG�5HOHYDQW 5HO��5HWXUQHG�5HWXUQHG 5HWXUQHG
�� ����� ����� ������ ����� ����� ������ ����� ����� ������ ����� ����� ����� ����� ����� ����� ����� ����� ���7DEOH�����7KUHVKROG�GDWD�IRU�XSSHU�EDVHOLQH�WUDQVLWLRQV
7KUHVKROG 5HO��5HWXUQHG�5HOHYDQW 5HO��5HWXUQHG�5HWXUQHG 5HWXUQHG
�� ����� ����� ������ ����� ����� ������ ����� ����� ������ ����� ����� ����� ����� ����� ����� ����� ����� ���7DEOH�����7KUHVKROG�GDWD�IRU�ORZHU�EDVHOLQH�WUDQVLWLRQV

2I� WKH�SUXQLQJ� WHFKQLTXHV� WULHG��D�FRPELQDWLRQ�RI�H[DPLQLQJ�DUHD� �ZLWK�E  ����DVSHFW� UDWLR� �ZLWK�G  ������DQG�QXPEHU�RI�GHVFHQGHUV��RQO\�ZRUGV�ZLWK�WKH�VDPH�QXPEHU�RI�GHVFHQGHUV�DUH�DOORZHG��JDYH�WKH�EHVW�UHVXOWV�:LWK� WKHVH� SDUDPHWHUV�� ���� RI� WKH� SRVVLEOH� FRPSDULVRQV�ZHUH� DYRLGHG�� DQG� ����RI� WKH� UHOHYDQW�ZRUGV�ZHUH�UHWDLQHG��7KHVH�WHFKQLTXHV�ZHUH�XVHG�IRU�WKH�WHVWV�LQ�WKH�VXEVHTXHQW�VWHSV�
�� �35(352&(66,1*

$IWHU� SUXQLQJ� RXW� LPDJHV� WKDW� ZHUH� OHDVW� OLNHO\� WR�PDWFK� D JLYHQ�ZRUG� LPDJH�� VRPH� QRUPDOL]DWLRQ� RI� WKH�LPDJHV� ZDV� QHHGHG� VR� WKDW� WKH� LPDJHV� FRXOG� EH� EHWWHU� FRPSDUHG�� 7KHVH� QRUPDOL]DWLRQ� VWHSV� ZHUH� WHUPHG�´SUHSURFHVVLQJµ�LQ�WKH�VHQVH�WKDW�WKH\�ZHUH�GRQH�EHIRUH�VHQGLQJ�WKH�LPDJHV�WR�WKH�PDWFKLQJ�DOJRULWKPV�
7KH�ILUVW�VWHS�ZDV�WR�ELQDUL]H�WKH�LPDJHV�E\�FRQYHUWLQJ�DOO�SL[HOV�OHVV�WKDQ�D�WKUHVKROG�YDOXH�WR�ZKLWH�DQG�DOO�WKH� RWKHUV� WR� EODFN�� WR� JLYH� ZKLWH�RQ�EODFN� LPDJHV�� DV� LQ� )LJXUH� �� �WKH� RULJLQDO� LV� VKRZQ� LQ� )LJXUH� ���� 9LVXDO�LQVSHFWLRQ�RYHU�D�VHW�RI�LPDJHV�VKRZHG�WKDW�D�WKUHVKROG�YDOXH�RI�����SURGXFHG�FOHDU�LPDJHV�ZLWK�PLQLPDO�ORVV�RI�LQIRUPDWLRQ���$�PRUH�UREXVW�WKUHVKROGLQJ�VFKHPH��VXFK�DV�H[DPLQLQJ�WKH�KLVWRJUDP�RI�JUH\�OHYHOV��PD\�LPSURYH�UHVXOWV��� 2IWHQ� D� ZRUG� WR� EH� PDWFKHG� KDG� GDQJOLQJ� GHVFHQGHUV� RU� RWKHU� DUWLIDFWV� OHIW� E\� WKH� VHJPHQWDWLRQ�DOJRULWKP� IURP� WKH� ZRUGV� VXUURXQGLQJ� LW� LQ� WKH� RULJLQDO� GRFXPHQW�� 7KHVH� DUWLIDFWV� QHJDWLYHO\� DIIHFWHG� WKH�PDWFKLQJ�DOJRULWKPV�DQG�WKXV�QHHGHG�WR�EH�UHPRYHG�ZLWKRXW�UHPRYLQJ�SDUWV�RI�WKH�DFWXDO�ZRUG��7R�DFKLHYH�WKLV��



��

DIWHU� WKH� LPDJHV� ZHUH� ELQDUL]HG�� D� ZKLWH� ER[� ZDV� GUDZQ� EHWZHHQ� WKH� XSSHU� DQG� ORZHU� EDVHOLQHV� DQG� WKH� ��FRQQHFWHG� FRPSRQHQWV� RI� WKH� UHVXOWLQJ� LPDJH�ZHUH� IRXQG��$OO� WKH� FRPSRQHQWV� EXW� WKH� ODUJHVW�ZHUH� UHPRYHG��7KLV�KDG� WKH�HIIHFW�RI� UHPRYLQJ� WKH�XQZDQWHG�SDUWV�ZKLOH�NHHSLQJ� WKH�DVFHQGHUV� LQWDFW�ZLWK�WKH�RULJLQDO�ZRUG��)LJXUH� �� VKRZV� DQ� LPDJH� ZLWK� D� GDQJOLQJ� GHVFHQGHU� DQG� )LJXUH� �� VKRZV� WKH� UHVXOWV� DIWHU� ELQDUL]DWLRQ� DQG�FRPSRQHQW�UHPRYDO�

)LJXUH����2ULJLQDO�JUH\VFDOH�LPDJH�RI�5HJLPHQW��� )LJXUH����%LQDUL]HG�YHUVLRQ��ZLWK�H[WUD�FRPSRQHQWV�UHPRYHG�$IWHU�WKH�UHPRYDO�RI�XQZDQWHG�FRPSRQHQWV��WKH�QH[W�VWHS�ZDV�WR�FRPSHQVDWH�IRU�WKH�YDULDWLRQ�LQ�WKH�VL]H�RI�D�ZRUG��7KH�KHLJKWV�RI�WKH�LPDJH�DQG�WHPSODWH�ZHUH�QRUPDOL]HG�VR�WKDW�WKH�GLVWDQFH�EHWZHHQ�WKH�ORZHU�EDVHOLQH�DQG�WKH�WRS�ZDV�WKH�VDPH�IRU�ERWK�ZRUGV��7KH�ODUJHU�LPDJH�ZDV�UHGXFHG�DQG�WKH�VPDOOHU�LPDJH�ZDV�HQODUJHG�VR�WKDW�WKH�WZR�LPDJHV�ZHUH�QRUPDOL]HG�WR�WKHLU�DYHUDJH�KHLJKW�
$IWHU�WKH�KHLJKWV�RI�WKH�ZRUGV�ZHUH�QRUPDOL]HG��WKH�TXHVWLRQ�ZDV�OHIW�RI�KRZ�WR�QRUPDOL]H�WKH�ZLGWKV�RI�WKH�ZRUGV��6HYHUDO�WHFKQLTXHV�ZHUH�WULHG��)LUVW��QRWKLQJ�ZDV�GRQH��7KH�ZRUGV�ZHUH�VFDOHG�DFFRUGLQJ�WR�WKHLU�KHLJKWV�DORQH� DQG� DQ\� GLIIHUHQFH� LQ�ZLGWK� DIWHU� WKH� VFDOLQJ�ZDV� LJQRUHG��7KH� UHVXOWV�ZHUH�SURPLVLQJ�� EXW� QRW� DFFXUDWH�HQRXJK��$�VHFRQG�PHWKRG�ZDV�WR�ILUVW�QRUPDOL]H�RQO\� WKH�KHLJKWV�RI� WKH�ZRUGV�DQG�WKHQ�QRUPDOL]H�WKH�ZLGWKV�VHSDUDWHO\��DQG�WHVWV�VKRZHG�WKLV�WR�EH�DQ�LPSURYHPHQW��(YHQ�VR��WKHUH�ZHUH�RIWHQ�FDVHV�ZKHUH�WKH�ILUVW�RU� ODVW�OHWWHU�RI�D�ZRUG�KDG�EHHQ�QRW� LQFOXGHG�GXH�WR�WKH�VHJPHQWDWLRQ�SURFHVV��DQG�WKLV�DIIHFWHG�KRZ�ZHOO� WKH�ZRUGV�FRXOG� EH� VFDOHG� WR� HDFK� RWKHU�� ,Q� DQ� DWWHPSW� WR� FRPSHQVDWH� IRU� WKLV�� WKH� ZRUGV� ZHUH� VFDOHG� E\� WKH� GLVWDQFH�EHWZHHQ� WZR�FHQWURLGV��RQH� IRU� WKH� OHIW�KDOI�RI� WKH� LPDJH�DQG�RQH�IRU� WKH�ULJKW�KDOI�� UDWKHU� WKDQ�RYHUDOO�ZLGWK��8QIRUWXQDWHO\��WKLV�WHFKQLTXH�ZDV�DOVR�SURQH�WR�PLVVLQJ�RU�FURSSHG�OHWWHUV�DQG�WKXV�GLG�QRW�LPSURYH�UHVXOWV�RYHU�WKH�VHFRQG�PHWKRG��1RUPDOL]LQJ�E\�UHODWLYH�KHLJKW�DQG�WKHQE\�ZLGWK�VHSDUDWHO\�KHOSHG�WR�UHPRYH�DQ\�ELDV�LQ�WKH�;25�FRPSXWDWLRQ��D�VWHS�XVHG�LQ�WZR�RI�WKH�PDWFKLQJ�DOJRULWKPV�DV�GHVFULEHG�LQ�6HFWLRQ����GXH�WR�WKH�YDULDWLRQ�LQ�VL]HV�RI�WKH�VDPH�ZRUG�
$QRWKHU� IDFWRU� WR�EH�FRQVLGHUHG� LV� WKDW�PXFK�RI�*HRUJH�:DVKLQJWRQ·V�ZULWLQJ� LV�ZULWWHQ�DW�D�VODQW��EXW��DV�ZLWK�ZRUG�VL]H��WKLV�VODQW�LV�QRW�FRQVLVWHQW�WKURXJKRXW�KLV�SDSHUV��7R�FRUUHFW�IRU�WKLV��D�VODQW�DQJOH�ZDV�FRPSXWHG�IRU�HDFK�ZRUG�DQG�WKH�LPDJH�ZDV�VKHDUHG�WR�UHPRYH�WKLV�DQJOH�EHIRUH�FRPSXWLQJ�WKH�;25�LPDJH��7KH�DQJOH�ZDV�FRPSXWHG�E\�ILQGLQJ�WKH�DYHUDJH�GLVWDQFH�IURP�WKH�OHIW�HGJH�RI�WKH�LPDJH�WR�WKH�ULJKW�HGJH�RI�WKH�ILUVW�OHWWHU��7KH�VKHDU�WUDQVIRUPDWLRQ�ZDV�SHUIRUPHG�E\�VKLIWLQJ�HDFK�URZ�RI�WKH�LPDJH�E\�D�GLVWDQFH�SURSRUWLRQDO�WR�WKH�KHLJKW�RI� WKH� URZ� DQG� WKH� VODQW� DQJOH�� 7KLV� RIWHQ� \LHOGHG� UHVXOWV� VLPLODU� WR� WKH� WUDQVIRUPDWLRQ� VKRZQ� LQ� )LJXUH� ���3UREOHPV�VRPHWLPHV�DURVH�EHFDXVH�RI�FXUOV�RU�WDLOV�RQ�WKH�ILUVW�OHWWHU�RI�D�ZRUG��D�PRUH�VRSKLVWLFDWHG�PHWKRG�RI�ILQGLQJ�WKH�VODQW�DQJOH��VXFK�DV�FDOFXODWLQJ�WKH�VODQW�DQJOH�DW�VHYHUDO�SRLQWV�LQ�WKH�ZRUG�LPDJH�DQG�DYHUDJLQJ�WKH�UHVXOWV��PD\�LPSURYH�WKH�VODQW�FRUUHFWLRQ�SURFHVV��,Q�DGGLWLRQ�WR�D�VODQW�LQ�WKH�ZRUGV��RFFDVLRQDOO\�WKHUH�ZDV�DOVR�D�VOLJKW�URWDWLRQ�SUHVHQW��EXW�PRVW�RI�WKH�ZRUGV�ZHUH�KRUL]RQWDO��%HFDXVH�WKHVH�RFFDVLRQDO�VOLJKW�URWDWLRQV�GLG�QRW�JUHDWO\� DIIHFW� WKH� ;25� FRPSXWDWLRQV�� WKH� URWDWLRQ� ZDV� QRW� QRUPDOL]HG�� EXW� WKLV� LV� DQRWKHU� SRVVLELOLW\� IRU�LPSURYLQJ�WKH�QRUPDOL]DWLRQ�SURFHVV�

)LJXUH����5HJLPHQW��DIWHU�ELQDUL]DWLRQ�DQG�VODQW�FRUUHFWLRQ�
2WKHU�SUHSURFHVVLQJ�PHWKRGV�YDULHG�EDVHG�RQ�ZKLFK�DOJRULWKP�ZDV�WR�EH�XVHG��*LYHQ�D�JUH\VFDOH�LPDJH��WKH�HGJHV� RI� WKH� OHWWHUV� FDQ� EH� IRXQG� XVLQJ� D� *DXVVLDQ� GHULYDWLYH� HGJH� ILOWHU�� DV� LQ� )LJXUH� ��� $� VLPLODU� PHWKRG�LQYROYHG� DSSO\LQJ� D� /DSODFLDQ� RI *DXVVLDQ� ILOWHU� WR� WKH� LPDJH� DQG� WKUHVKROGLQJ� WKH� UHVXOW� XVLQJ� D� YDOXH� RI� ���GHWHUPLQHG�HPSLULFDOO\��WR�OHDYH�RQO\�WKH�FHQWHUV�RI�WKH�OHWWHUV��DV�VKRZQ�LQ�)LJXUH����7KHVH�WZR�WHFKQLTXHV�ZHUH�



��

XVHG� WR� UHGXFH� WKH� QXPEHU� RI� SRLQWV� WKH� 6/+� DOJRULWKP� QHHGHG� WR�GHDO� ZLWK�� ZKLFK� KHOSHG� WR� VSHHG� XS�FRPSXWDWLRQV��7KHVH� WHFKQLTXHV� GLG�QRW�ZRUN� IRU� WKH�('0�DOJRULWKP��KRZHYHU��$OWKRXJK� WKH� HGJH�RU� FHQWHU�LPDJHV�DUH�´FOHDQHUµ�EHFDXVH�PRVW�RI�WKH�QRLVH�GXH�WR�VFDQQLQJ�DQG�ELQDUL]LQJ�KDV�EHHQ�UHPRYHG��IRU�H[DPSOH��FRPSDUH )LJXUHV���DQG�����WKHUH�DUH�IHZHU�SL[HOV�IRU�WKH�;25�WR�PDWFK�DQG�VR�HUURUV�LQ�DOLJQPHQW�DUH�PDJQLILHG��7KLV�H[SODLQV�WKH�ODFN�RI�LPSURYHPHQW�IRU�WKH�('0�DOJRULWKP�ZLWK�WKHVH�WHFKQLTXHV�

)LJXUH����(GJHV�H[WUDFWHG�XVLQJ�D�*XDVVLDQ�ILOWHU��� )LJXUH����([WUDFWLRQ�ZLWK�D�/DSODFLDQ�RI�*XDVVLDQ�ILOWHU�
$IWHU�WKH�SUHSURFHVVLQJ�VWHSV�ZHUH�GRQH��WKH�LPDJHV�ZHUH�DOLJQHG�ZLWK�HDFK�RWKHU�LQ�DQ�DWWHPSW�WR�JHQHUDWH�WKH� EHVW� PDWFKLQJ� SRVVLEOH� EHWZHHQ� WKH� WZR� LPDJHV�� )LUVW� WKH� LPDJHV� ZHUH� DOLJQHG� YHUWLFDOO\� E\� WKHLU� ORZHU�EDVHOLQHV��7KUHH�GLIIHUHQW�PHWKRGV�ZHUH�WULHG� WR�DOLJQ� LPDJHV�KRUL]RQWDOO\��2QH�PHWKRG�VLPSO\�URXJKO\�DOLJQHG�WKH� LPDJHV� E\� WKHLU� OHIWPRVW� SL[HOV�� $QRWKHU� PHWKRG� DWWHPSWHG� WR� DOLJQ� WKH� FHQWURLGV� RI� WKH� LPDJHV�� $� ILQDO�PHWKRG�DWWHPSWHG�WR� OLQH�XS�WKH�DVFHQGHUV�RI�HDFK�LPDJH��7KH�PHWKRG�XVHG�PRVW�RIWHQ� LQ�WHVWLQJ�ZDV�DOLJQLQJ�LPDJHV�KRUL]RQWDOO\�E\�WKHLU�OHIWPRVW�SL[HOV��7KH�RWKHU�WZR�PHWKRGV�GLG�QRW�LPSURYH�UHVXOWV�DQG�WRRN�PRUH�WLPH�WR�FRPSXWH�

�� �0$7&+,1*�$/*25,7+06
)RXU� GLIIHUHQW�PDWFKLQJ� DOJRULWKPV�ZHUH� WULHG�� UDQJLQJ� IURP� D� YHU\� VLPSOH�;25� FRPSXWDWLRQ� WR� D�PXFK�PRUH�VRSKLVWLFDWHG�FDOFXODWLRQ�RI�DIILQH�WUDQVIRUPDWLRQV��$OO�WKH�PDWFKLQJ�DOJRULWKPV�WRRN�RQH�LPDJH��GHVLJQDWHG�LW�DV�D�WHPSODWH��DQG�WRRN�HDFK�RI�WKH�RWKHU�LPDJHV�OHIW�DIWHU�WKH�SUXQLQJ�VWHS�DQG�FRPSDUHG�WKHP�WR�WKH�WHPSODWH�WR�JHQHUDWH�D�VFRUH��,Q�VRPH�ZD\��DOO�DOJRULWKPV�PHDVXUHG�WKH�HUURU�EHWZHHQ�WKH�WHPSODWH�DQG�HDFK�LPDJH��WKXV�D�SHUIHFW� PDWFK� ZRXOG� KDYH� D� VFRUH� RI� ]HUR�� 7KHVH� VFRUHV� ZHUH� WKHQ� LQYHUWHG�� DQG� WKH� LPDJHV� ZHUH� UDQNHG�DFFRUGLQJ�WR�KRZ�ZHOO�WKH\�PDWFKHG�WKH�WHPSODWH�

;257KH�PRVW� EDVLF� RI�PDWFKLQJ� WHFKQLTXHV� LPSOHPHQWHG� LQYROYHG� WDNLQJ� D� VLPSOH�;25� RI� WZR� LPDJHV�� 7KH�LPDJHV�ZHUH�DOLJQHG�DV�GLVFXVVHG�LQ�WKH�SUHSURFHVVLQJVWDJH��7KHQ�WKH�;25�ZDV�FRPSXWHG�RI�WKH�FRUUHVSRQGLQJ�SL[HOV��ZKLFK� FUHDWHG� D� QHZ�ELQDU\� LPDJH� VXFK� WKDW�ZKLWH� SL[HOV� LQGLFDWH�PLVPDWFKHV�EHWZHHQ� WKH� WZR� LPDJHV���)LJXUH���VKRZV�D�GHPRQVWUDWLRQ�RI�WKLV�SURFHVV��7KHVH�PLVPDWFKHG�SL[HOV�DUH�FRXQWHG��DQG�WKHUHVXOW�LV�XVHG�DV�WKH�VFRUH�IRU�WKDW�VHW�RI�LPDJHV��7KLV�SURFHVV�LV�UHSHDWHG�D�IHZ�WLPHV�ZLWK�GLIIHUHQW�SRVLWLRQLQJ�RI�WKH�WZR�LPDJHV�IRU�HDFK�VHW��DOORZLQJ�IRU�VKLIWV�LQ�WKH�LPDJHV��DV�WKH�DOLJQPHQW�VWHS�LV�LPSHUIHFW���7KH�PLQLPXP�VFRUH�IURP�WKHVH�FRPSDULVRQV�� GLYLGHG� E\� WKH� VL]H� RI� WKH� ;25� LPDJH� ZDV� XVHG� DV� WKH�PDWFK� VFRUH� IRU� WKH� WZR� LPDJHV�� 7KLV�WHFKQLTXH�ZDV�YHU\�IDVW��EXW�ZDV�WRR�JHQHUDO�DQG�GLG�QRW�IDUH�ZHOO�
)LJXUH����7ZR�H[DPSOHV�RI�´$OH[DQGULD�µ�DIWHU�SUHSURFHVVLQJ��2Q�WKH�ULJKW�LV�WKH�FRUUHVSRQGLQJ�;25�LPDJH��7KH�ZKLWH�SL[HOV�LQ�WKH�;25�LPDJH�UHSUHVHQW�PLVPDWFKHG�SL[HOV�

66'7KH� QH[W� DWWHPSW� LQYROYHG� FRPSXWLQJ� WKH� 6XP� RI� 6TXDUHG� 'LIIHUHQFHV� �66'�� EHWZHHQ� WZR� LPDJHV�� ,Q�FRPSXWLQJ�WKH�66'��RQH�RI�WKH�WHVW�ZRUGV�LV�GHVLJQDWHG�WKH�WHPSODWH��7KH�VPDOOHU�RI�WKH�WZR�LPDJHV�ZDV�XVHG�DV�WKH�WHPSODWH� LQ�WKH�WHVWV��WKRXJK�VHOHFWLQJ�WKH�ODUJHU�RI�WKH�WZR�LPDJHV�KDG�QR�VLJQLILFDQW�HIIHFW��7KH�XSSHU�OHIW�SL[HO�RI�WKH�WHPSODWH�LPDJH�LV�WKHQ�DOLJQHG�ZLWK�D�SL[HO�RQ�WKH�LPDJH�WR�EH�WHVWHG��7KH�66'�YDOXH�IRU�WKDW�SL[HO�ZDV�FRPSXWHG�XVLQJ�WKH�IRUPXOD�



��
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ZKHUH�7 LV�WKH�P�[�Q WHPSODWH�LPDJH�DQG�, LV�WKH�LPDJH�WR�EH�WHVWHG�DJDLQVW��7KLV�YDOXH�ZDV�FRPSXWHG�IRU�HYHU\�SRLQW�LQ�WKH�WHVW�LPDJH��2QFH�WKH�66'�YDOXH�KDG�EHHQ�FRPSXWHG�IRU�HYHU\�SL[HO�LQ�WKH�WHVW�LPDJH��WKH�ORZHVW�RI�WKHVH�YDOXHV�ZDV�WKHQ�UHWXUQHG�DV�WKH�UHOHYDQFH�VFRUH�
,W�ZDV�VRRQ�GLVFRYHUHG�WKDW�VFRUHV�EDVHG�RQ�WKH�66'�RI�WZR�LPDJHV�ZHUH�ELDVHG�VLJQLILFDQWO\�WRZDUG�SDLUV�RI�LPDJHV� LQ�ZKLFK� WKH� WHPSODWH� LPDJH�ZDV� YHU\� VPDOO��:KHQ� WKH� WHPSODWH� LPDJH� LV� VPDOO�� WKH� 66'�FRPSXWDWLRQ�LQYROYHV�IHZHU�YDOXHV��UHVXOWLQJ�LQ�D�ORZ�HUURU�YDOXH��DQG�DQ�HUURQHRXVO\�KLJK�VFRUH���7KLV�ELDV�ZDV�DGMXVWHG�IRU�XVLQJ�WZR�PHWKRGV��D�QRUPDOL]HG�YHUVLRQ�RI�WKH�66'�DOJRULWKP�RI�WKH�IRUP�� � � �� � � �� �� �¦¦¦¦ ��
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DQG�DQ�DGGLWLRQDO�SUHSURFHVVLQJ�VWHS� LQ�ZKLFK�WKH�WZR�ZRUGV�ZHUH�VFDOHG�WR�VLPLODU�VL]HV�E\�WKH�KHLJKW�RI�WKHLU�OHWWHUV��6HH�6HFWLRQ���IRU�PRUH�DERXW�VL]H�QRUPDOL]DWLRQ��
7KLV�WHFKQLTXH�\LHOGHG�UHVXOWV�WKDW�ZHUH�URXJKO\�HTXLYDOHQW�WR�;25�EDVHG�LPDJH�PDWFKLQJ��WKRXJK�WKH�WLPH�QHHGHG�WR�FRPSXWH�WKH�VFRUH�ZDV�VLJQLILFDQWO\�KLJKHU��7KLV�WLPH�FRXOG�EH�LPSURYHG�VOLJKWO\�E\�DOLJQLQJ�WKH�WZR�LPDJHV� E\� WKHLU� UHVSHFWLYH� EDVHOLQHV� DQG� OLPLWLQJ� WKH� YHUWLFDO� PRYHPHQW� RI� WKH� WHPSODWH��:LWK� WKLV� DGGLWLRQDO�FRQVWUDLQW��WKH�66'�WHVWV�UDQ�VLJQLILFDQWO\�IDVWHU��ZLWK�QHJOLJLEOH�ORVV�RI�SUHFLVLRQ�

('07R�LPSURYH�RQ�WKH�;25�PDWFKLQJ�DOJRULWKP��LW�ZDV�QRWHG�WKDW�LQ�WKH�;25�LPDJH�DQ�LVRODWHG�ZKLWH�SL[HO�KDV�WKH�VDPH�YDOXH�DV�D�ZKLWH�SL[HO�ZLWKLQ�D�JURXS�RI�RWKHU�ZKLWH�SL[HOV��%XW�DQ�LVRODWHG�ZKLWH�SL[HO�LV�SUREDEO\�MXVW�GXH�WR�QRLVH�OHIW�E\�WKH�ELQDUL]DWLRQ�SURFHVV�RU�D�VPDOO�PLVDOLJQPHQW�LQ�WKH�LPDJHV��ZKHUHDV�D�EORE�RI�ZKLWH�SL[HOV�LQGLFDWHV� D� PRUH� VHULRXV� PLVPDWFK� EHWZHHQ� WZR� LPDJHV�� 7KXV�� WR� LPSURYH� WKH� VFRUH� JHQHUDWHG� E\� WKH� ;25�DOJRULWKP��WKH�SL[HOV�ZLWKLQ�D�EORE�VKRXOG�EH�ZHLJKWHG�KLJKHU�WKDQ�LVRODWHG�SL[HOV�
7R�DFKLHYH�WKLV�GHVLUHG�ZHLJKWLQJ��(XFOLGHDQ�GLVWDQFH�PDSSLQJ��('0��PD\�EH�DSSOLHG�WR�WKH�;25�LPDJH��7KLV�VHUYHV�WR�ZHLJKW�WKH�ZKLWH�SL[HOV�E\�WKHLU�GLVWDQFH�IURP�EODFN�SL[HOV��7KXV�D�ZKLWH�SL[HO�VXUURXQGHG�E\�RWKHU�ZKLWH�SL[HOV�UHFHLYHV�D�KLJKHU�ZHLJKW�WKDQ�D�ZKLWH�SL[HO�VXUURXQGHG�E\�EODFN�SL[HOV��7R�JHQHUDWH�WKH�ZHLJKWLQJV��D�WZR�SDVV��ORZ�HUURU�('0�YDULDQW�FDOOHG�6HTXHQWLDO�2FWDJRQDO�'LVWDQFH�PDSSLQJ��'DQLHOVVRQ�������ZDV�XVHG��$�VFRUH� LV� WKHQ� FRPSXWHG�XVLQJ� WKH� VXP�RI� WKH�GLVWDQFHV� FRPSXWHG� IRU� HDFK�SL[HO� LQ� WKH�;25� LPDJH��%\�XVLQJ�('0��WKH�UDQNLQJV�RI�ZRUGV�LPSURYHG�VLJQLILFDQWO\��EHWWHU�WKDQ�WKH�WZR�SUHYLRXV�DOJRULWKPV�
2QH�LPSURYHPHQW�WR�WKH�('0�VFRULQJ�PHWKRG�LV�WR�DWWHPSW�WR�QRUPDOL]H�E\�WKH�VL]H�RI�WKH�LPDJHV�XVHG�LQ�WKH�FRPSDULVRQ��7KH� ODUJHU� WKH�ZRUG� LPDJHV�� WKH�PRUH�DUHD�IRU�SL[HOV� WR�PLVV�� UHVXOWLQJ�LQ�ZRUVH�('0�VFRUHV��7KUHH�WHFKQLTXHV�ZHUH�WULHG�WR�ULG�WKH�VFRUHV�RI�WKLV�ELDV��2QH�PHWKRG�VLPSO\�GLYLGHG�WKH�VFRUH�E\�WKH�DUHD�RI�WKH�;25� LPDJH��$QRWKHU�PHWKRG� WKDW�ZDV� WULHG�GLYLGHG� WKH� VFRUH�E\� WKH�RULJLQDO�DUHD�RI� WKH�VPDOOHU� LPDJH�� LQ�DQ�DWWHPSW� WR� JLYH� EHWWHU� VFRUHV� WR� LPDJHV� WKDW� ZHUH� FORVH� LQ� VL]H�� 8QH[SHFWHGO\�� WKLV� VHFRQG�PHWKRG� GLG�PRUH�SRRUO\� WKDQ� WKH� ILUVW��2QH�SRVVLEOH�H[SODQDWLRQ� LV� WKDW� WKH�VL]HV�DUH�DOUHDG\�DGMXVWHG� LQ�WKH�SUHSURFHVVLQJ�VWHSV��ZKLFK�PHDQV� WKDW�GLYLGLQJ�E\� WKH� DUHD� RI� WKH�;25� LPDJH�GRHV�� LQ� HIIHFW��ZHLJKW� VFRUHV� ORZHU� IRU� LPDJHV� WKDW�ZHUH�QRW�FORVH�LQ�VL]H��7KH�ILQDO�PHWKRG�RI�VFRUH�QRUPDOL]DWLRQ�GLYLGHG�WKH�VFRUH�E\�WKH�QXPEHU�RI�ZKLWH�SL[HOV�LQ�WKH�;25�LPDJH��7KLV�LPSURYHG�UHVXOWV��EXW�QRW�DV�PXFK�DV�GLYLGLQJ�E\�WKH�DUHD�RI�WKH�;25�LPDJH��DQG�DOVR�QHHGHG�WR�EH�FRPSXWHG�PRUH�RIWHQ��VR�WKH�ILUVW�PHWKRG�ZDV�XVHGIRU�WKH�WHVWV�



��

6/+7KRXJK� WKH� WHVWV� FRQGXFWHG� XVLQJ� (XFOLGHDQ� GLVWDQFH� PDSSLQJ� ZHUH� HQFRXUDJLQJ�� IXUWKHU� SUHFLVLRQ� LV�GHVLUHG��7R� LPSURYH�XSRQ�WKH�UHVXOWV�RI� WKH�('0�WHVWV��DQ�DOJRULWKP�VXJJHVWHG�E\�6FRWW�DQG�/RQJXHW�+LJJLQV���������UHIHUUHG�WR�KHUH�DV�WKH�6/+�DOJRULWKP��ZDV�LPSOHPHQWHG�
7KH� 6/+� DOJRULWKP� LV� LQWHQGHG� WR� UHFRYHU� WKH� FRUUHVSRQGHQFH� EHWZHHQ� WZR� VHWV� RI� SRLQWV�, DQG� -�� ZKHQ�WKHUH�H[LVWV�DQ�DIILQH�WUDQVIRUP�EHWZHHQ�WKHP��$Q�DIILQH�WUDQVIRUP�LV�D�OLQHDU�WUDQVIRUPDWLRQ�RI�WKH�IRUPW$UU � 


ZKHUH�$ LV� D���[�� PDWUL[� DQG�W LV� D���GLPHQVLRQDO� YHFWRU��7KLV� W\SH�RI� WUDQVIRUP�FDQ�GHVFULEH� VFDOLQJ�� VKHDU��WUDQVODWLRQ�LQ�ERWK�GLUHFWLRQV��DQG�URWDWLRQ�EHWZHHQ�WZR�VHWV�RI�SRLQWV��
,Q�WKH�6/+�DOJRULWKP��WKH�FRUUHVSRQGHQFH�EHWZHHQ�SRLQWV�LV�FDOFXODWHG�E\�ILUVW�FUHDWLQJ�DQ�DGMDFHQF\�PDWUL[�EHWZHHQ�DOO�SRLQWV� ,L� DQG�DOO�SRLQWV� -M� ��7KLV�PDWUL[��FDOOHG�*��LV�RI�WKH�IRUP

�
�

�VLMULM H* � 
IRU�HDFK�SRLQW�LQ�, DQG�-��� LMU LV�WKH�(XFOLGHDQ�GLVWDQFH�EHWZHHQ�SRLQWV�L DQG�M���7KLV�PDWUL[�* LV�GLDJRQDOL]HG�WR�*� �7'8 XVLQJ�VLQJXODU�YDOXH�GHFRPSRVLWLRQ��69'���UHVXOWLQJ�LQ�WKH�GLDJRQDO�PDWUL[�' DQG�RUWKRJRQDO�PDWULFHV�7�DQG�8��7KH�PDWUL[�' LV� WKHQ� WKUHVKROGHG� WR� ILQG�WKH�PDWUL[�(�� DOO�FRUUHVSRQGLQJ�GLDJRQDO�YDOXHV�RI�' JUHDWHU�WKDQ�J DUH�VHW�WR���LQ�(��DQG�DOO�RWKHU�YDOXHV�RI�( DUH�VHW�WR����7KH�PDWUL[�( LV�WKHQ�XVHG�WR�FRPSXWH�3� �7(8��ZKHUH� 3 LV� D� SDLULQJ� PDWUL[� GHVFULELQJ� WKH� FRUUHVSRQGHQFH� EHWZHHQ� SRLQWV� LQ�, DQG� -�� 0RUH� VSHFLILFDOO\�� D�FRUUHVSRQGHQFH�EHWZHHQ�SRLQWV�, DQG�- LV� VXJJHVWHG�ZKHQ�3LM LV� WKH�JUHDWHVW�YDOXH�ERWK� LQ� LWV� URZ�DQG�FROXPQ��2QFH�WKLV�FRUUHVSRQGHQFH�LV�IRXQG��WKH�DSSURSULDWH�DIILQH�WUDQVIRUP�FDQ�EH�HDVLO\�FDOFXODWHG�XVLQJ�WKH�OHDVW�PHDQ�VTXDUHV�PHWKRG�

7KLV� DOJRULWKP�PD\� EH� XWLOL]HG� WR� GHWHUPLQH� IHDWXUH� FRUUHVSRQGHQFH� EHWZHHQ� D� SDLU� RI� LPDJHV�� )LUVW�� WKH�LPDJHV�DUH�WKUHVKROGHG��DV�GLVFXVVHG�LQ�6HFWLRQ�����DQG�D�FROOHFWLRQ�RI�SRLQWV��DOO�QRQ�]HUR�SL[HOV��LV�GHULYHG�IURP�HDFK�UHVXOWLQJ�ELQDU\�LPDJH��7KHVH�FROOHFWLRQV�RI�SRLQWV�, DQG�- DUH�WKHQ�SDVVHG�WR�WKH�6/+�DOJRULWKP��2QFH�WKH�FRUUHVSRQGHQFH�LV�IRXQG�EHWZHHQ�WKH�SRLQWV�RI�, DQG�-��WKH�HUURU�EHWZHHQ�WKH�WUDQVIRUPHG�VHW�RI�SRLQWV�-· DQG�,�(6/+��PD\�EH�FRPSXWHG�DV�IROORZV� �¦ �� Y YY -,(6/+ �W$
ZKHUH�Y UHSUHVHQWV�D�VLQJOH�SRLQW�LQ�, RU�-��7KLV�HUURU�VFRUH�LV�VPDOOHVW�ZKHQ�WKH�LPDJHV�EHLQJ�FRPSDUHG�DUH�PRVW�VLPLODU��DQG�WKXV�LWV�LQYHUWHG�YDOXH�PD\�EH�XVHG�DV�D�VFRULQJ�IXQFWLRQ�

3ULRU� UHVHDUFK�XVLQJ� WKLV�PHWKRG�KDV�SURYLGHG�HQFRXUDJLQJ� UHVXOWV� �0DQPDWKD�DQG�&URIW��������+RZHYHU��ZKLOH� WKLV�HDUOLHU�ZRUN�XVHG�6/+�RQ�D�VHW�RI� LPDJHV�SUXQHG�E\�WKHLU�('0�VFRUH��WKH�6/+�DOJRULWKP�ZDV�XVHG�KHUH�DV�D�GLVWLQFW�LPDJH�PDWFKLQJ�IXQFWLRQ�
5HVXOWV� IRU� WKH� 6/+� DOJRULWKP� ZHUH� HQFRXUDJLQJ�� WKRXJK� WKH� UHVXOWV� IRXQG� XVLQJ� 6/+� DORQH� ZHUH� OHVV�DFFXUDWH� WKDQ� WKRVH� IRXQG� XVLQJ� WKH� ('0� WHVW�� 7KH� HIIHFWLYHQHVV� RI� WKH� DOJRULWKP� LQ� PDWFKLQJ� ZRUGV� ZDV�DIIHFWHG�E\�VHYHUDO�IDFWRUV�� LQFOXGLQJ�WKH�YDOXHV�RI�V DQG� J ��(PSLULFDO�WHVWLQJ�VKRZHG�WKDW�D�YDOXHV�RI�����IRU�V DQG�RI����� IRU�J ZHUH�LGHDO�IRU�WKHVH�WHVWV�



��

7KH� WHFKQLTXHV� XVHG� WR� JHQHUDWH� WKH� ELQDU\� LPDJHV� QHHGHG� IRU� WKH� 6/+� DOJRULWKP� DOVR� KDG� D� VLJQLILFDQW�LPSDFW�RQ�WKH�HIIHFWLYHQHVV�RI�WKLV�PHWKRG��7KUHVKROGLQJ�WKH�LPDJHV�DW�YDU\LQJ�JUH\�OHYHOV�ZDV�DWWHPSWHG��DV�ZDV�HGJH�GHWHFWLRQ�DQG�VNHOHWRQL]LQJ�LQ�YDULRXV�ZD\V��7KH�LPDJHV�DFTXLUHG�XVLQJ�WKH�WKUHVKROGHG�LPDJH�DIWHU�DSSO\LQJ�D�/DSODFLDQ�RI�*DXVVLDQ�ILOWHU��DV�LQ�)LJXUH����JDYH�WKH�EHVW�UHVXOWV�
:KLOH� WKH� H[SHULPHQWV� XVLQJ� 6/+� DV� D� PDWFKLQJ� DOJRULWKP� ZHUH� HQFRXUDJLQJ�� WKH� WLPH� QHHGHG� E\� WKH�DOJRULWKP�ZDV�IDU�JUHDWHU�WKDQ�ZDV�QHHGHG�IRU�DQ\�RI�WKH�RWKHU�DOJRULWKPV�WHVWHG��7DEOH������7KLV�LV�SULPDULO\�GXH�WR�WKH�WLPH�QHFHVVDU\�WR�SHUIRUP�VLQJXODU�YDOXH�GHFRPSRVLWLRQ�RQ�D�ODUJH�PDWUL[��IDVWHU�PHWKRGV�WR�FRPSXWH�WKH�69'�RI�D�ODUJH�PDWUL[�ZRXOG�VKRUWHQ�WKH�UXQQLQJ�WLPH�RI�WKLV�DOJRULWKP�FRQVLGHUDEO\�

�� �(;3(5,0(17$/�5(68/76
)RU�D�VHW�RI�WHVW�GDWD�RQ�ZKLFK�WR�WHVW�WKH�DOJRULWKPV��WKUHH�VHWV�RI����FRQVHFXWLYH�SDJHV�ZHUH�FKRVHQ�IURP�*HRUJH�:DVKLQJWRQ·V� OHWWHUV��7KHVH� OHWWHUV�DUH�SDUW�RI� WKH�DUFKLYDO�FROOHFWLRQ�DW� WKH�/LEUDU\�RI�&RQJUHVV��ZKHUH�WKH\�KDYH�EHHQ�VFDQQHG�LQ�DQG�NHSW�RQ�PLFURILFKH��7KH�LPDJHV�RI�WKH�GRFXPHQWV�XVHG�LQ�WKH�H[SHULPHQWV�ZHUH�VFDQQHG IURP� WKH� PLFURILFKH�� 7KHUHIRUH�� EHFDXVH� WKHVH� ZHUH� WKLUG� JHQHUDWLRQ� FRSLHV�� WKHUH� ZDV� VLJQLILFDQW�GHJUDGDWLRQ�LQ�WKH�TXDOLW\�RI�WKH�LPDJH��XQZDQWHG�DUWLIDFWV�KDG�EHHQ�LQWURGXFHG�DQG�LPDJH�TXDOLW\�KDG�EHHQ�ORVW�
:LWK�HDFK�RI� WKH�WKUHH�VHWV�RI�GDWD� WDNHQ�IURP�WKH�FROOHFWLRQ�� WKH�SDJHV�ZHUH�VHJPHQWHG� LQWR�ZRUG�LPDJHV�XVLQJ�WKH�WHFKQLTXHV�GHVFULEHG�LQ��0DQPDWKD�DQG�6ULPDO��������,Q�RUGHU�WR�FUHDWH�D�JURXQG�WUXWK�WR�VFRUH�KRZ�ZHOO�WKH�PDWFKLQJ�DOJRULWKPV�GLG��LW�ZDV�WKHQ�QHFHVVDU\�WR�PDQXDOO\�JHQHUDWH�D�OLVWLQJRI�WKH�$6&,,�HTXLYDOHQW�IRU�HDFK�ZRUG��7KLV�ZDV� D� WHGLRXV� DQG�GLIILFXOW� SURFHVV�� GXH� WR� WKH�SRRU� TXDOLW\�RI� WKH� LPDJHV�� ,W�TXLFNO\�EHFDPH�DSSDUHQW� KRZ� XVHIXO� D� V\VWHP� WR� DXWRPDWLFDOO\� LQGH[� WKHVH� GRFXPHQWV� ZRXOG� EH�� %HFDXVH� WKH� VHJPHQWDWLRQ�DOJRULWKP�ZDV�QRW�SHUIHFWO\�DFFXUDWH��VRPH�RI�WKH�ZRUGV�KDG�EHHQ�FURSSHG��,I�OHVV�WKDQ�D�OHWWHU�ZDV�PLVVLQJ��WKH�HQWLUH�ZRUG�ZDV� JLYHQ� DV� WKH�$6&,,� HTXLYDOHQW�� ,I�PRUH� WKDQ� WKDW�ZDV�PLVVLQJ�� KRZHYHU�� RQO\� WKH�SDUW� RI� WKH�ZRUG�WKDW�ZDV� LQFOXGHG�ZDV�JLYHQ�DV�WKH�$6&,,�HTXLYDOHQW��,I�QR�OHWWHUV�FRXOG�EH�PDGH�RXW��D�FRQWURO�FKDUDFWHU��¶�·��ZDV�LQVHUWHG�LQWR�WKH�WUDQVODWLRQ�
%\�XVLQJ�WKLV�WUDQVFULSWLRQ�RI�WKH�LPDJHV��UHOHYDQFH�EHWZHHQ�LPDJHV�FRXOG�EH�MXGJHG��$Q�LPDJH�ZDV�GHHPHG�UHOHYDQW� WR� DQRWKHU� LI� WKH� WZR� LPDJHV� KDG� WKH� VDPH� $6&,,� HTXLYDOHQW�� :KHQ� D� UDQNHG� OLVW� RI� PDWFKHV� ZDV�UHWXUQHG�E\�RQH�RI�WKH�PDWFKLQJ�DOJRULWKPV��UHFDOO�SUHFLVLRQ�VFRUHV�ZHUH�FRPSXWHG�
$IWHU� UXQQLQJ� WHVWV� RQ� WKH� WKUHH� GDWD� VHWV�� LW� EHFDPH� DSSDUHQW� WKDW� WZR� RI� WKH� VHWV� RI� ��� SDJHV� ZHUH� RI�H[WUHPHO\�ORZ�TXDOLW\�DQG�GLG�QRW�DOORZ�DQ\�RI�WKH�PDWFKLQJ�DOJRULWKPV�WR�ZRUN�ZHOO��7KHVH�SDJHV�DOVR�FDXVHG�WKH�PRVW�VHJPHQWDWLRQ�HUURUV�DQG�GLIILFXOW\�LQ�WUDQVFULSWLRQ��%HFDXVH�WKH�TXDOLW\�RI�WKH�LPDJHV�ZLWKLQ�WKHVH�WZR�VHWV�ZHUH�VR�SRRU��DOO�WKH�WHVWV�IRU�FRPSDULQJ�DOJRULWKPV�ZHUH�UXQ�RQ�WKH�WKLUG�VHW��ZKLFK�SRVHG�IHZHU�SUREOHPV��,Q�DGGLWLRQ��WKH�WKLUG�GDWD�VHW�FRQWDLQHG�WKH�PRVW�UHSHDWHG�QRQ�VWRSZRUGV�WKDW�ZRXOG�EH�XVHIXO�WR�LQGH[�DQG�FRXOG�EH� FKRVHQ� IRU� WHVWV�� 7DEOH� ��� VKRZV� WKH� GLIIHUHQFHV� LQ� DYHUDJH� UHFDOO�SUHFLVLRQ� VFRUHV� EHWZHHQ� WKH� WKUHH� VHWV��)LJXUH����VKRZV�WKUHH�OLQHV��RQH�IURP�HDFK�GDWD�VHW�

'DWD�6HW�� 'DWD�6HW�� 'DWD�6HW��$YHUDJH�3UHFLVLRQ ������ ������ ������5�3UHFLVLRQ ������ ������ ������7DEOH�����&RPSDULVRQ�RI�UHFDOO�SUHFLVLRQ�VFRUHV��XVLQJ�('0�IRU�D�PDWFKLQJ�DOJRULWKP��DFURVV�WKH�WKUHH�GDWD�VHWV�



��

)LJXUH�����5HSUHVHQWDWLYH�OLQHV�H[WUDFWHG�IURP�GDWD�VHWV�������DQG����UHVSHFWLYHO\��1RWH�WKH�XQLIRUPLW\�LQ�LQN�LQ�WKH�WKLUG�OLQH�DV�FRPSDUHG�ZLWK�WKH RWKHU�WZR��7KH�GLIIHUHQFH�LQ�TXDOLW\�LV�PRUH�SURQRXQFHG�ZKHQ�WKH�LPDJHV�DUH�GLVSOD\HG�RQ�D�VFUHHQ��DQG�DOVR�PDJQLILHG�ZKHQ�WKH�LPDJHV�DUH�ELQDUL]HG�
7R�FUHDWH�D�WHVW�VHW�WR�WHVW�WKH�DOJRULWKPV�����ZRUGV�ZHUH�FKRVHQ�RI�YDU\LQJ�OHQJWKV����WR����FKDUDFWHUV��DQG�YDU\LQJ� QXPEHU� RI� RFFXUUHQFHV� ��� WR� ���� DSSHDUDQFHV��� (DFK� RI� WKHVH�ZRUGV�ZHUH� UXQ� WKURXJK� WKH�PDWFKLQJ�DOJRULWKP�� WR�JHQHUDWH� D� UDQNHG� OLVW�� DQG� WKH� DYHUDJH� UHFDOO�SUHFLVLRQ�VFRUHV�ZHUH�FDOFXODWHG�RYHU�DOO����TXHULHV��7DEOH� ��� VKRZV� WKH� GLIIHUHQFHV� LQ KRZ� WKH� DOJRULWKPV� SHUIRUPHG� RYHU� WKHVH� TXHULHV�� 7DEOH� ��� VKRZV� WKH�GLIIHUHQFHV�LQ�('0�SHUIRUPDQFH�ZKHQ�SUHSURFHVVLQJ�ZDV�XVHG��)ROORZLQJ�WKH�WHVWV�WR�GHWHUPLQH�DYHUDJH�UHFDOO�SUHFLVLRQ��WKH�UXQQLQJ�WLPHV�RI�WKH�GLIIHUHQW�DOJRULWKPV�ZHUH�WHVWHG��7DEOH����VKRZV�WKH�WLPH�UHTXLUHG�WR�SHUIRUP�D�VLQJOH�FRPSDULVRQ�XVLQJ�HDFK�DOJRULWKP�

;25 66' ('0 6/+$YHUDJH�3UHFLVLRQ ������ ������ ������ ������5�3UHFLVLRQ ������ ������ ������ ������7DEOH�����&RPSDULVRQ�RI�UHFDOO�SUHFLVLRQ�VFRUHV�IRU�WKH�IRXU�PDWFKLQJ�DOJRULWKPV�
:LWKRXW�3UHSURFHVVLQJ :LWK�3UHSURFHVVLQJ$YHUDJH�3UHFLVLRQ ������ ������5�3UHFLVLRQ ������ ������7DEOH�����&RPSDULVRQ�RI�UHFDOO�SUHFLVLRQ�VFRUHV�IRU�('0�ZLWK�DQG�ZLWKRXW�SUHSURFHVVLQJ�

;25 66' ('0 6/+��KDOI� 6/+��IXOO�5XQQLQJ�7LPH��VHFRQGV� ���� ���� ���� ����� ������7DEOH�����&RPSDULVRQ�RI�UXQQLQJ�WLPH�IRU�WKH�IRXU�PDWFKLQJ�DOJRULWKPV��7KH�VFRUHV�KHUH�LQGLFDWH�WKH�WLPH�UHTXLUHG�WR�SHUIRUP�D�VLQJOH�FRPSDULVRQ�EHWZHHQ WZR�LQVWDQFHV�RI�WKH�ZRUG�$OH[DQGULD��)RU�6/+��WKH�WHVWV�ZHUH�UXQ�RQ�ERWK�WKH�KDOI�VL]H�DQG�IXOO�VL]H�LPDJHV�
7KH�UHVXOWV�IRXQG�LQ�WKH�H[SHULPHQWV�LQGLFDWH�WKDW�WKH�('0�DOJRULWKP�LV�URXJKO\�DV�IDVW�DV�;25��EXW�PRUH�LPSRUWDQWO\� LV�WKH�PRVW�DFFXUDWH�PDWFKLQJ�PHWKRG�RI�WKRVH�WHVWHG��ZLWK�UHFDOO�SUHFLVLRQ�VFRUHV�ZHOO�DERYH�WKRVH�DFKLHYHG� XVLQJ� 6/+��+RZHYHU�� GXH� WR� WKH� HQRUPRXV� DPRXQW� RI� WLPH� UHTXLUHG� WR� FRPSXWH� WKH� SURSHU� DIILQH�WUDQVIRUP��WKH�LPDJHV�XVHG�E\�WKH�6/+�DOJRULWKP�ZHUH�ILUVW�UHGXFHG�LQ�VL]H�E\�KDOILQ�RUGHU�WR�UHGXFH�WKH�QXPEHU�RI� SRLQWV� LQYROYHG� DQG� LPSURYH� SHUIRUPDQFH�� 7KH� H[DFW� HIIHFW� RI� WKLV� UHGXFWLRQ� RQ� WKH� SHUIRUPDQFH� RI� WKH�DOJRULWKP�KDV�QRW�\HW�EHHQ�GHWHUPLQHG�� ,W� LV�EHOLHYHG� WKDW�SHUIRUPDQFH�PD\� LQFUHDVH�FRQVLGHUDEO\�ZKHQ�KLJKHU�UHVROXWLRQ�LPDJHV�DUH�XVHG��7HVWV�XVLQJ�6/+�RQ�IXOO�VL]H�LPDJHV�ZHUH�UXQ��EXW�ZHUH�QRW�DEOH�WR�EH�FRPSOHWHG�E\�WKH� WLPH� RI� WKLV� SXEOLFDWLRQ�� )XUWKHU� PHWKRGV� WR� LPSURYH� WKH� SHUIRUPDQFH� RI� WKH� 6/+� DOJRULWKP� KDYH� EHHQ�FRQVLGHUHG�� DQG�DUH�GLVFXVVHG�EULHIO\� LQ�6HFWLRQ����)LJXUH����VKRZV� WKH� WRS�HLJKW�PDWFKHV� IRU� WKUHH�RI� WKH� WHVW�ZRUGV��DV�UDQNHG�E\�WKH�('0�DOJRULWKP�
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)LJXUH�����7RS���PDWFKHV� IURP�UDQNLQJV��DV�GHWHUPLQHG�E\�WKH�('0�DOJRULWKP��7KH�WHPSODWH�LV�WKH�WRS�UDQNHG�LPDJH�LQ�HDFK�OLVW��5HFUXLWV��'HFHPEHU��DQG�$OH[DQGULD��UHVSHFWLYHO\���7KH�DYHUDJH�SUHFLVLRQ�YDOXHV�IRU�WKHVH�WKUHH�TXHULHV�DUH�����������������DQG���������UHVSHFWLYHO\��6LPLODUO\��WKH�5�SUHFLVLRQ�YDOXHV�DUH�����������������DQG���������UHVSHFWLYHO\�
$� IHZ� LQVLJKWV� LQWR� LPSURYHPHQWV� LQ� WKH� ('0� DOJRULWKP� FDQ� EH� JDWKHUHG� E\� YLHZLQJ� WKH� UHVXOWV� LQ� WKH�UDQNHG� OLVWV�SUHVHQWHG� LQ�)LJXUH�����2QH�REVHUYDWLRQ�LV�WKDW�WKH�ODVW�HQWU\�LQ�WKH�OLVW� IRU�´'HFHPEHUµ�LV�DFWXDOO\�WKH� VDPH� ZRUG� LPDJH� DV� WKH� VHFRQG� HQWU\� LQ� WKH� ´5HFUXLWVµ� OLVW�� 7KXV�� LQ� DQ� DFWXDO� LPSOHPHQWDWLRQ� RI� WKH�PDWFKLQJ�DOJRULWKPV��ZKHUH�ZRUG�FODVVHV�ZHUH�WR�EH�IRUPHG��WKH�´5HFUXLWVµ�UDQNHG�HLJKWK�LQ�WKH�´'HFHPEHUµ�OLVW�ZRXOG� QRW� EH� LQFOXGHG� LQ� WKH� ´'HFHPEHUµ� ZRUG� FODVV�� DV� LW� DSSHDUV� PRUH� KLJKO\� UDQNHG� LQ� DQRWKHU� OLVW�� %\�JDWKHULQJ� WKHVH� UDQNHG� OLVWV� LQWR� DFWXDO� ZRUG� FODVVHV�� WKH� UHFDOO�SUHFLVLRQ� VFRUHV� ZRXOG� EH� LPSURYHG�� $QRWKHU�REVHUYDWLRQ� WR�PDNH� LV� WKDW� WKH� VL[WK�� VHYHQWK��DQG�HLJKWK�HQWULHV� LQ� WKH� UDQNHG� OLVW� IRU�´$OH[DQGULDµ�DUH�PXFK�VPDOOHU� WKDQ� WKH�´$OH[DQGULDµ WHPSODWH��7KLV� VXJJHVWV� WKDW� LI� VRPH�VRUW�RI�ZHLJKWLQJ�ZDV�DSSOLHG� WR� WKH�VFRUHV�UHWXUQHG� IURP�('0�EDVHG� RQ� WKH� VL]H� GLIIHUHQFH� LQ�ZRUG� LPDJHV�� WKH� UDQNLQJV�PD\�EH�PRUH� DFFXUDWH��7KHVH�REVHUYDWLRQV� VXJJHVW� VRPH� SRVVLELOLWLHV� WR� LPSURYH� WKH� PDWFKLQJ DOJRULWKPV�� VHYHUDO� RWKHU� SRVVLELOLWLHV� DUH�GLVFXVVHG�LQ�6HFWLRQ���

�� �)8785(�:25.
6HYHUDO�GLUHFWLRQV�KDYH�EHHQ�SURSRVHG� DV�SDUW�RI�ZRUN� WKDW�FRXOG�EH�FRQWLQXHG� LQ� WKLV�DUHD��7KH\� IDOO� LQWR�WKUHH� FDWHJRULHV�� EHWWHU� PHWKRGV� RI� SUXQLQJ� DQG� SUHSURFHVVLQJ�� DGGLWLRQDO� WHVWLQJ�� DQG� LPSOHPHQWLQJ� RWKHU�DOJRULWKPV��
7KH� SUXQLQJ� DQG� SUHSURFHVVLQJ� VWHSV� DUH� IDU� IURP� SROLVKHG�� 3UXQLQJ� LV� D� GLIILFXOW� SUREOHP� EHFDXVH� LW� LV�GHVLUDEOH�WR�QDUURZ�WKH�VHDUFK�VSDFH�IRU�SRVVLEOH�PDWFKHV��EXW�UHOHYDQW�ZRUGV�VKRXOG�QRW�EH�PLVVHG��,Q�DGGLWLRQ��DV�PRUH� SRVVLEOH�PDWFKHV� DUH� FRQVLGHUHG�� FRUUHFW�PDWFKHV� DUH�PRUH� OLNHO\� QRW� WR�EH� UDQNHG�KLJKO\��7KXV�� LW� LV�GHVLUDEOH� WR�QDUURZ�WKH�VHDUFK�VSDFH�DV�WLJKWO\�DV�SRVVLEOH�ZLWKRXW�PLVVLQJ�UHOHYDQW�PDWFKHV��6HYHUDO�WHFKQLTXHV�KDYH�EHHQ�GLVFXVVHG�DQG�WULHG��EXW�RWKHU�PHWKRGV�PD\�ZRUN�EHWWHU��3HUKDSV�WKH�EHVW�PHWKRG�LV�WR�QRW�SUXQH�DW�DOO��EXW�UDWKHU�WR�WU\�D�VLPSOH��IDVW�DOJRULWKP�RQ�DOO�WKH�LPDJHV�DQG�WKHQ�XVH�PRUH�VRSKLVWLFDWHG�PHWKRGV�RQ�WKH�WRS�VXEVHW�RI�PDWFKHV�UHWXUQHG�E\�WKH�ILUVW�
$GGLWLRQDO�SUHSURFHVVLQJ�PHWKRGV�FRXOG�DOVR�EH�LPSOHPHQWHG��$OWKRXJK�PRVW�RI�:DVKLQJWRQ·V�KDQGZULWLQJ�ZDV�PRUH�RU� OHVV�KRUL]RQWDO�� VFRUHV� FRXOG�EH� LPSURYHG�E\� DWWHPSWLQJ� WR�QRUPDOL]H� DQ\� URWDWLRQ� WKDW�PLJKW�EH�SUHVHQW�� :KHQ� FRQYHUWLQJ� LPDJHV� IURP� JUH\VFDOH� WR� EODFN� DQG� ZKLWH�� D� FRQVWDQW� YDOXH� ZDV� FKRVHQ� DV� WKH�
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WKUHVKROG��$�PRUH�VRSKLVWLFDWHG�PHWKRG�RI�WKUHVKROGLQJ��VXFK�DV�FKRRVLQJ�D�WKUHVKROG�EDVHG�RQ�D�KLVWRJUDP�RI�WKH�RULJLQDO�LPDJH�PD\�LPSURYH�WKH�TXDOLW\�RI�WKH�EODFN�DQG�ZKLWH�LPDJHV�
$Q� REYLRXV� ZHDNQHVV� LQ� WKLV� H[DPLQDWLRQ� RI� PDWFKLQJ� WHFKQLTXHV� LV� WKH� ODFN� RI� WHVW� GDWD�� 'XH� WR� WKH�GLIILFXOW\�LQ�PDQXDOO\�LQGH[LQJ�WKH�GRFXPHQWV�IRU�WHVWLQJ��WKH�DOJRULWKPV�ZHUH�RQO\�WHVWHG�XVLQJ�D�IHZ�SDJHV�IURP�D�ODUJH�FRUSXV�RI�*HRUJH�:DVKLQJWRQ·V�KDQGZULWWHQ�GRFXPHQWV��$GGLWLRQDOO\��WKH�PHWKRGV�ZHUH�QRW�WULHG�RQ�DQ\�RWKHU�VHW�RI�KDQGZULWWHQ�PDQXVFULSWV��%XW�WKDW�LV�QRW�WR�VD\�WKDW�WKH�UHVXOWV�SUHVHQWHG�KHUH�ZRXOG�QRW�JHQHUDOL]H�WR� RWKHU� DXWKRUV·� KDQGZULWLQJ�� ,QGHHG�� WKH� ('0� DQG� 6/+� DOJRULWKPV� KDYH� EHHQ� WULHG� RQ� RWKHU� VHWV� RI�GRFXPHQWV�� LQFOXGLQJ� WHVW� FDVHV� IURP� WKH� ',081'� GRFXPHQW� VHUYHU� DQG� WKH� +XGVRQ� DUFKLYDO� FROOHFWLRQ��0DQPDWKD�DQG�&URIW��������5HJDUGOHVV��EHIRUH�WKH�PHWKRGV�SUHVHQWHG�KHUH�DUH�XVHG�LQ�DQ�IXOO�LQGH[LQJ�V\VWHP��WKH\�ZRXOG�QHHG�WR�EH�WHVWHG�DFURVV�PDQ\�GLIIHUHQW�DXWKRUV·�GRFXPHQWV�
7KHUH�DUH�RWKHU�WHFKQLTXHV�WKDW�PD\�SURYH�WR�EH�RI�XVH�LQ�GHDOLQJ�ZLWK�KDQGZULWWHQ�GRFXPHQWV��2QH�ZRXOG�EH�WR�PRGHO�WKH�ZRUG�PDWFKLQJ�SUREOHP�DV�D�ELSDUWLWH�PDWFKLQJ�SUREOHP��RU�DQDORJRXV�QHWZRUN�IORZ�SUREOHP��6LPLODU� WHFKQLTXHV�KDYH�EHHQ�XVHG� LQ�LPDJH�IHDWXUH�PDSSLQJ��&KHQJ�HW�DO��������7KHUH�DUH�VHYHUDO�RWKHU�SRLQW�PDWFKLQJ� WHFKQLTXHV� WKDW�PD\�EH� DSSOLFDEOH�� VXFK� DV� WKRVH�GLVFXVVHG� LQ� �*RWWHVIHOG�%URZQ�������� ,Q� DGGLWLRQ��RWKHU�ZHLJKWLQJ�WHFKQLTXHV�FRXOG�KHOS�WR�LPSURYH�UHFRJQLWLRQVFRUHV��7HFKQLTXHV�VXFK�DV�XVLQJ�KLGGHQ�0DUNRY�PRGHOV�� ZKLOH� QRW� DFFXUDWH� HQRXJK� WR� SURGXFH�PDWFK� UDQNLQJV��PD\� KHOS� WR�ZHLJKW�ZRUGV�PD\� SURYH� WR� JLYH�PRUH�FRQWH[W� WR�ZRUGV�DQG� LPSURYH�UDQNLQJV��0DUWL�DQG�%XQNH��������$QRWKHU�SRVVLEOH�VFRULQJ�PHWKRG�FRXOGXVH� WKH� IHDWXUH� FRPSDULVRQ� WHFKQLTXHV� WKDW� ZHUH� XVHG� LQ� SUXQLQJ�� 6HYHUDO� IHDWXUHV� RI� DQ� LPDJH� FRXOG� EH�FRPSXWHG�� VXFK� DV� QXPEHU� DQG� ORFDWLRQV� RI� DVFHQGHUV�GHVFHQGHUV�� FHQWURLGV��PRPHQWV�� DUHDV�� HGJH� FURVVLQJV��KRUL]RQWDO�DQG�YHUWLFDO�SURMHFWLRQV��PRPHQWV� DQG�WKHVH�IHDWXUHV�FRXOG�EH�FRPELQHG�WR�FUHDWH�D�VLJQDWXUH�IRU�WKDW�ZRUG��,Q�FRPSDULQJ�WZR�ZRUGV��D�YHFWRU�RI�VXFK�IHDWXUHV�FRXOG�EH�FRPSXWHG�IRU�HDFK�LPDJH�DQG�WKHQ�WKH�WZR��SRVVLEO\�ZHLJKWHG��YHFWRUV�FRXOG�EH�FRPSDUHG�WR�\LHOG�D�VFRUH��3RVVLEO\�WKH�EHVWPHWKRGV�FRXOG�EH�GHULYHG�E\�FRPELQLQJ�WKHVH�RU�RWKHU�WHFKQLTXHV�WR�FUHDWH�K\EULG�PDWFKLQJ�DOJRULWKPV�
)LQDOO\�� LW� LV�EHOLHYHG� WKDW� WKH� VFRUHV� DFKLHYHG�E\� WKH�6/+�DOJRULWKP�RQ� WKH� FXUUHQW� WHVW�GDWD� DUH� OHVV� WKDQ�RSWLPDO�� 6HYHUDO� FKDQJHV� WR� WKH� FXUUHQW� LPSOHPHQWDWLRQ�KDYH� WKH�SRWHQWLDO� WR� LPSURYH�SHUIRUPDQFH��8VLQJ� WKH�KLJKHU� UHVROXWLRQ� LPDJHV� FXUUHQWO\� XVHG� E\� WKH�('0� DOJRULWKP�ZRXOG� DOPRVW� FHUWDLQO\� LPSURYH� SHUIRUPDQFH��5HGXFLQJ� WKH� QXPEHU� RI� SRLQWV� LQ� WKH� LPDJH� XVLQJ� D� WHFKQLTXH� VXFK� DV� VNHOHWRQL]LQJ� PD\�DOORZ� WKH� KLJKHU�UHVROXWLRQ� LPDJHV� WR� EH� XVHG�� ZKLOH� VWLOO� NHHSLQJ� WKH� UXQQLQJ� WLPH� DW� DQ� DFFHSWDEOH� OHYHO�� 2WKHU�PHWKRGV� IRU�FRPSXWLQJ� WKH� VFRUH� KDYH� DOVR� EHHQ� GLVFXVVHG�� $OLJQLQJ� WKH� EDVHOLQHV� RI� WKH� WZR� LPDJHV� DQG� DVVXPLQJ� WKH�WUDQVODWLRQ� RQ� WKH� \�D[LV� WR� EH� ]HUR�PD\� SURGXFH� D�PRUH� DFFXUDWH� DIILQH� WUDQVIRUP� EHWZHHQ� WKH� WZR� LPDJHV��WKRXJK�WKLV�KDV�\HW�WR�EH�WHVWHG��7KH�FXUUHQW�LPSOHPHQWDWLRQ�RI�WKH�DOJRULWKP�DOVR�GRHV�QRW�IDFWRU�WKH�QXPEHU�RI�SL[HOV�LQ�HDFK�LPDJH�ZKLFK�DUH�QRW�JLYHQ�D�FRUUHVSRQGLQJ�SRLQW�E\�WKH�6/+�DOJRULWKP��,W�KDV�EHHQ�REVHUYHG�WKDW�WKH�QXPEHU� RI� WKHVH� SL[HOV� LV�PXFK� VPDOOHU�EHWZHHQ�ZRUGV� WKDW� DUH� WKH� VDPH�� ,W� LV�EHOLHYHG� WKDW� IDFWRULQJ� WKH�QXPEHU�RI�XQPDWFKHG�SRLQWV�LQWR�WKH�6/+�VFRUH�PD\�IXUWKHU�LPSURYH�DFFXUDF\�RI�WKH�DOJRULWKP�

�� �&21&/86,21
7KHUH�DUH�WZR�SUREOHPV�FHQWUDO�WR�LQGH[LQJ�ODUJH�FROOHFWLRQV�RI�KDQGZULWWHQ�GRFXPHQWV��7KH�ILUVW�REVWDFOH�LV�VHJPHQWLQJ�D�KDQGZULWWHQ�SDJH�LQWR�ZRUGV�WKDW�FDQ�EH�PDWFKHG�DJDLQVW�RWKHU�ZRUGV��7KLV�KDV�EHHQ�ODUJHO\�VROYHG�E\�WKH�VFDOH�VSDFH�WHFKQLTXH�GHVFULEHG�LQ��0DQPDWKD�DQG�6ULPDO��������7KH�VHFRQG�SUREOHP�LV�WKH�PDWFKLQJ�RI�WKH�ZRUG�LPDJHV�DQG�FODVVLILFDWLRQ�LQWR�FODVVHV�VR�WKDW�DQ�LQGH[�FDQ�EH�FUHDWHG��7KRXJK�WKH�VWXG\�RI�WHFKQLTXHV�GHVFULEHG�KHUH�LV�QRW�FRQFOXVLYH��LW�GRHV�JLYH�SURPLVLQJ�UHVXOWV�DQG�SRLQW�WR�GLUHFWLRQV�WKDW�PD\�HYHQWXDOO\�OHDG�WR�D� YLDEOH� LQGH[LQJ� V\VWHP�� ,Q� SDUWLFXODU�� DGYDQFHPHQWV� LQ� LPDJH� QRUPDOL]DWLRQ� IRU� WKH� ('0� DOJRULWKP� RU�LPSURYHPHQWV�WR�WKH�UXQQLQJ�WLPH�RI�WKH�6/+�DOJRULWKP�ZRXOG�FUHDWH�DQ�DFFXUDWH�PDWFKLQJ�WHFKQLTXH�WKDW�FRXOG�EH�IXUWKHU�WHVWHG�DQG�HYHQWXDOO\�LQFRUSRUDWHG�LQWR�DQ�DXWRPDWLF�LQGH[LQJ�V\VWHP�IRU�KDQGZULWWHQ�PDQXVFULSWV�
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�� � �$&.12:/('*(0(176
7KLV�PDWHULDO�LV�EDVHG�RQ�ZRUN�VXSSRUWHG�LQ�SDUW�E\�WKH�/LEUDU\�RI�&RQJUHVV�DQG�'HSDUWPHQW�RI�&RPPHUFH�XQGHU�FRRSHUDWLYH�DJUHHPHQW�QXPEHU�((&���������DQG�LQ�SDUW�E\�WKH�1DWLRQDO�6FLHQFH�)RXQGDWLRQ�XQGHU�JUDQW�QXPEHUV�(,$���������DQG�,,6����������$Q\�RSLQLRQV��ILQGLQJV�DQG�FRQFOXVLRQV�RU�UHFRPPHQGDWLRQV�H[SUHVVHG�LQ�WKLV�PDWHULDO�DUH�WKH�DXWKRUV·�DQG�GR�QRW�QHFHVVDULO\�UHIOHFW�WKRVH�RI�WKH�VSRQVRU�
5��0DQPDWKD�SURYLGHG�JXLGDQFH� WKURXJKRXW�RXU� WLPH�VSHQW�RQ� WKLV�SURMHFW��)DQJ�)DQJ�)HQJ�SURYLGHG� WKH�VHWV� RI� GRFXPHQWV� XVHG� LQ� RXU� H[SHULPHQWV� DQG� WKH� VRIWZDUH� WR� VHJPHQW� WKRVH� GRFXPHQWV� LQWR� ZRUGV��
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'DQLHOVVRQ��3HU�(ULN��������(XFOLGHDQ�'LVWDQFH�0DSSLQJ��&RPSXWHU�*UDSKLFV�DQG�,PDJH�3URFHVVLQJ� ������������
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0DQPDWKD�� 5�� DQG� 6ULPDO�� 1�� ������ 6FDOH� 6SDFH� 7HFKQLTXH� IRU� :RUG� 6HJPHQWDWLRQ� LQ� +DQGZULWWHQ�'RFXPHQWV��/1&6� 6FDOH�6SDFH�7KHRULHV�LQ�&RPSXWHU�9LVLRQ ��������
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