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$EVWUDFW�� ,Q� WKLV� SDSHU�� ZH� FRQVLGHU� WKH� JHQHUDO� SUREOHP� RIWHFKQLFDO� GRFXPHQW� LQWHUSUHWDWLRQ�� DSSOLHG� WR� WKH� GRFXPHQWV� RIWKH� )UHQFK� 7HOHSKRQLF� 2SHUDWRU�� )UDQFH� 7HOHFRP� 0RUHSUHFLVHO\��ZH�IRFXV�WKH�FRQWHQW�RI�WKLV�SDSHU�RQ�WKH�FRPSXWDWLRQDQG�WKH�XVH�RI�D�QHZ�VHW�RI�IHDWXUHV�DOORZLQJ�WKH�FODVVLILFDWLRQ�RIPXOWL�RULHQWHG�DQG�PXOWL�VFDOHG�SDWWHUQV��DV�ZHOO�DV� WKH� URWDWLRQDQG�VFDOH�SDUDPHWHUV�HVWLPDWLRQ��7KLV� VHW�RI� LQYDULDQWV� LV�EDVHGRQ�WKH�)RXULHU�0HOOLQ�WUDQVIRUP��)07���7KLV�WUDQVIRUPDWLRQ�KDVWZR� LQWHUHVWLQJ�SURSHUWLHV� LQ� WKH� FRQWH[W�RI�RXU� VWXG\��7KH� ILUVWUHOLHV�RQ�WKH�H[FHOOHQW�FODVVLILFDWLRQ�UDWH�ZKLFK�LV�REWDLQHG�ZLWKWKLV� PHWKRG�� 6HFRQGO\�� LW� SURYLGHV� D� UREXVW� HVWLPDWRU� RIRULHQWDWLRQ�DQG�VFDOH�RI�WKH�SURFHVVHG�SDWWHUQV�WKURXJK�WKH�XVH�RIWKH� VKLIW� WKHRUHP� RI� WKH� )RXULHU� WUDQVIRUP��$� FRPSDULVRQ�ZLWKSDUDPHWHU� HVWLPDWLRQ� LVVXHG� IURP� WKH� =HUQLNH�PRPHQWV� LV� DOVRJLYHQ�

���,1752'8&7,21
7KH� FXUUHQW� LPSURYHPHQWV� RI� LQWUDQHW� VWUXFWXUHV� DOORZ� ODUJHFRPSDQLHV� WR� GHYHORS� LQWHUQDO� FRPPXQLFDWLRQV� EHWZHHQVHUYLFHV��7KH�UHSUHVHQWDWLRQ�RI�WKH�KHULWDJH�RI�VXFK�FRPSDQLHV��OLNH�QHWZRUN�PDQDJHUV�ILUPV���LV�RIWHQ�UHSUHVHQWHG�WKURXJK�SDSHUGRFXPHQWV�� ZKLFK� FDQ� EH� HLWKHU� JUDSKLF� RU� WH[WXDO�� $V� DFRQVHTXHQFH�� WKH�VKDULQJ�RI� WKHVH�NLQG�RI� LQIRUPDWLRQ�ZLOO� VWD\YHU\� GLIILFXOW� DV� ORQJ� DV� WKH� VWRUDJH� IRUPDW� ZLOO� QRW� EH� GLJLWDO�7KLV�H[SODLQV�WKH�FXUUHQW�GHYHORSPHQW�RI�VWXGLHV�FRQFHUQLQJ�WKHDXWRPDWLF� DQDO\VLV� RI� FDUWRJUDSKLF� RU� HQJLQHHULQJ� GRFXPHQWVZKLFK�FRPHV�DV�D�UHVXOW�RI� WKH�JURZLQJ�QHHGV�RI� LQGXVWULHV�DQGORFDO�JURXSV�LQ�WKH�GHYHORSPHQW�DQG�XVH�RI�PDSV�DQG�FKDUWV��7KHDLP� RI� WKH� LQWHUSUHWDWLRQ� RI� WHFKQLFDO� PDSV� LV� WR� PDNH� WKHSURGXFWLRQ� RI� GLJLWDO� GRFXPHQWV� HDVLHU� E\� SURSRVLQJ� D� VHW� RIVWDJHV� WR� WUDQVIRUP� WKH� SDSHU� PDS� LQWR� LQWHUSUHWHG� QXPHULFDOVWRUDJH� >�@>�@>�@>�@�� $Q� LPSRUWDQW� VWHS� RI� WKLV� FRQYHUVLRQSURFHVV� FRQVLVWV� LQ� UHFRJQL]LQJ� FKDUDFWHUV� DQG� V\PEROV�� ZKLFKRIWHQ�DSSHDU�RQ�WHFKQLFDO�GRFXPHQWV�LQ�VHYHUDO�RULHQWDWLRQV�DQGVL]HV��6XFK� D� FRQVWUDLQHG�SDWWHUQ� UHFRJQLWLRQ�SUREOHP�KDV� EHHQWKH�REMHFW�RI�LQWHQVH�DQG�WKRURXJK�VWXGLHV��$Q�H[FHOOHQW�VWDWH�RIWKH�DUW�GHVFULELQJ�GLIIHUHQW�SRVVLEOH�DSSURDFKHV�FDQ�EH�IRXQG�LQ>�@��,Q�WKLV�FRPPXQLFDWLRQ��ZH�IRFXV�RXU�DWWHQWLRQ�RQ�DQ�RULJLQDOWHFKQLTXH� ZKLFK� DOORZV� WKH� UHFRJQLWLRQ� RI� PXOWL�RULHQWHG� DQGPXOWL�VFDOHG� FKDUDFWHUV� DQG� VWULQJV�� 7KH� DSSOLFDWLRQ� ZKLFK� LVFRQVLGHUHG�KHUHLQ�LV�WKH�DXWRPDWLF�DQDO\VLV�RI�GRFXPHQWV�LVVXHGIURP�WKH�SULPH�)UHQFK�WHOHSKRQLF�RSHUDWRU��)UDQFH�7HOHFRP�7KH�SDSHU�ZLOO�EH�RUJDQL]HG�DV�IROORZV��,Q�WKH�VHFRQG�VHFWLRQ��ZHEULHIO\� GHVFULEH� RXU� SDWWHUQ� GHVFULSWLRQ� WRRO�� EDVHG� RQ� D� VHW� RILQYDULDQWV�GHULYHG�IURP�WKH�)RXULHU�0HOOLQ�WUDQVIRUP��,Q�WKH�WKLUG

VHFWLRQ�� ZH� H[SODLQ� KRZ� WKHVH� SURSHUWLHV� FDQ� EH� H[SORLWHG� LQRUGHU� WR� REWDLQ� DQ� HVWLPDWLRQ� RI� URWDWLRQ� DQG� VFDOH� SDUDPHWHUVZ�U�W��D�UHIHUHQFH�SDWWHUQ��,QGHHG��WKH�RULHQWDWLRQ�HVWLPDWLRQ�LV�DQLPSRUWDQW�IDFWRU�LQ�RUGHU�WR�UHFRQVWUXFW�VWULQJV�LQ�D�IXUWKHU�VWHS�RIUHFRJQLWLRQ��7KHQ��LQ�WKH�IRXUWK�VHFWLRQ��ZH�SUHVHQW�VRPH�UHVXOWVREWDLQHG� E\� XVLQJ� RXU� WRRO�� DQG� FRPSDUH� WKHP� ZLWK� DQRWKHUNQRZQ� DSSURDFK�� L�H�� =HUQLNH� PRPHQWV�� )LQDOO\�� LQ� WKH� ILIWKVHFWLRQ��ZH� FRQFOXGH� DQG�GHILQH� VRPH�SRWHQWLDO� SHUVSHFWLYHV� WRWKLV�ZRUN�
���7+(�)285,(5�0(//,1�75$16)250��3523(57,(6�$1'�'(5,9('�,19$5,$176

$V� ZH� VDLG� SUHYLRXVO\�� D� VWURQJ� FRQVWUDLQW� LQ� WKH� JOREDOLQWHUSUHWDWLRQ� RI� WKH� GRFXPHQW� FRPHV� IURP� WKH� IDFW� WKDWFKDUDFWHUV� DQG� V\PEROV� FDQ� KDYH� DQ\� RULHQWDWLRQ� DQG� VL]H�� 7KHFRQVHTXHQFH�LV�WKDW�WKH�UHFRJQLWLRQ�SURFHGXUH�WR�EH�DSSOLHG�PXVWEH� LQYDULDQW� ZLWK� UHVSHFW� WR� DQ\� FRPELQDWLRQ� RI� URWDWLRQ� DQGVFDOLQJ� RI� D� SDWWHUQ�� L�H�� DQ\� JHRPHWULF� SRVLWLYH� VLPLOLWXGH�$QRWKHU� VWURQJ� FRQVWUDLQW� UHOLHV� RQ� WKH� UREXVWQHVV� RI� WKHUHFRJQLWLRQ�SURFHGXUH�� ,Q� IDFW��DIWHU� WKH�ELQDUL]DWLRQ�VWHS��PDQ\FKDUDFWHUV�DUH�VWLOO�FRQQHFWHG�HLWKHU�WRJHWKHU��RU�WR�WKH�D�JUDSKLFSDUW� RI� WKH� GRFXPHQW�� OHDYLQJ� DQ\� FODVVLFDO� SDWWHUQ� UHFRJQLWLRQWHFKQLTXH� XVHOHVV�� )LQDOO\�� WKH� ODVW� FRQVWUDLQW� LV� WKH� DELOLW\� WRHVWLPDWH�WKH�RULHQWDWLRQ�DQG�VFDOH�RI�D�SDWWHUQ� LQ�RUGHU� WR�JURXSFKDUDFWHUV�ZLWK�VLPLODU�RULHQWDWLRQV�LQWR�VWULQJV�7KH� VWUDWHJ\� WKDW� ZH� SURSRVH� KHUH� FRYHUV� WKH� WKUHH� DERYHFRQVWUDLQWV� ZLWKLQ� D� XQLIRUP� IUDPHZRUN�� ,W� LV� EDVHG� RQ� WKHDSSOLFDWLRQ�RI� WKH�JHQHUDOL]HG�)RXULHU� DQDO\VLV� WR� WKH� SDUWLFXODUJHRPHWULF�JURXS�RI�SRVLWLYH�VLPLOLWXGH��0RUH�SUHFLVHO\��ZH�PDNHXVH�RI�WKH�)RXULHU�0HOOLQ�WUDQVIRUP��)07��SURSHUWLHV��ZKLFK�DUHYHU\� LQWHUHVWLQJ� IRU� RXU� DSSOLFDWLRQ�� %DVLFDOO\�� WKH� WHFKQLTXHGHYHORSHG�KHUHLQ�LV�D�FRPELQHG�XVH�RI�WKH�ZRUNV�RI�*KRUEHO�>�@�5DYLFKDQGUDQ� DQG� 7ULYHGL� >�@�� ,Q� WKH� IROORZLQJ��ZH� ILUVW� UHFDOOWKH�GHILQLWLRQ�RI�WKH�)07��LWV�DQDO\WLF�SURORQJDWLRQ��$)07��DQGD VHW� RI� FRPSOHWH� DQG� VWDEOH� VLPLOLWXGH� LQYDULDQW� IHDWXUHV�� ILUVWSURSRVHG� LQ�>�@��7KH�SURSHUWLHV�RI� WKHVH� LQYDULDQWV�ZLOO� WKHQ�EHUHFDOOHG�
�����7KH�)RXULHU�0HOOLQ�WUDQVIRUP��)07�
/HW� ( )�I U q EH�D�UHDO�YDOXHG�IXQFWLRQ��WKH�SDWWHUQ��H[SUHVVHG�LQ
SRODU� FRRUGLQDWHV�� 7KH� )07� RI� WKLV� IXQFWLRQ� LV� GHILQHG� DV� WKH)RXULHU�WUDQVIRUP�RQ�WKH�JURXS�RI�SRVLWLYH�VLPLOLWXGH��DV�
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,Q�WKLV�H[SUHVVLRQ��L LV WKH� LPDJLQDU\�XQLW�� ,W� LV�ZHOO�NQRZQ�WKDWWKH� )RXULHU�0HOOLQ� LQWHJUDO� GRHV� QRW� FRQYHUJH� LQ� WKH� JHQHUDO
FDVH��EXW�RQO\�XQGHU�VWURQJ�FRQGLWLRQV�IRU� ( )�I U q �
�����$QDO\WLF�SURORQJDWLRQ�RI�WKH�)RXULHU�0HOOLQ�7UDQVIRUP�$)07�
,Q� RUGHU� WR� DOOHYLDWH� WKH� DERYH� GLIILFXOW\�� *KRUEHO� >�@� KDVSURSRVHG�WKH�XVH�RI�WKH�$)07��GHILQHG�DV�
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$Q�LPSRUWDQW�SURSHUW\�RI�WKH�$)07��DV�ZHOO�DV�WKH�)07��UHOLHVRQ�WKH�DSSOLFDWLRQ�RI�WKH�VKLIW�WKHRUHP�IRU�WKH�)RXULHU�WUDQVIRUP�
/HW ( ) ( )� �J U I Uq a q b= + � EH� D� VFDOHG� DQG� URWDWHG� YHUVLRQ� RI

( )�I U q � WKHQ�ZH�KDYH�WKH�IROORZLQJ��
( ) ( ) ( )�� H[S �L Y

J I0 Y T LT 0 Y Tsa b- +=% % ���
7DNLQJ� WKH� PRGXOXV� RI� ERWK� WHUPV� LQ� (T�� ���� \LHOGV� IHDWXUHVZKLFK� DUH� LQYDULDQW� XQGHU� DQ\� URWDWLRQ� RI� WKH� SDWWHUQ� EXW� QRWXQGHU�VFDOLQJ��0RUHRYHU��LQYDULDQWV�RI�WKLV�W\SH�GR�QRW�KDYH�WKHFRPSOHWHQHVV�SURSHUW\��L�H��WKHUH�LV�QR�ELMHFWLRQ�EHWZHHQ�WKH�GXDOUHSUHVHQWDWLRQV�RI�D�VLQJOH�SDWWHUQ��VLQFH�WKH�SKDVH�LQIRUPDWLRQ�LVGURSSHG�,Q�>�@�� WKH� IROORZLQJ�VHW�RI� URWDWLRQ�DQG�VFDOH� LQYDULDQW� IHDWXUHVZDV�SURSRVHG��
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7KHQ�� LI� ( ) ( )� �J U I Uq a q b= + � LW� FDQ� EH� HDVLO\� VKRZQ� WKDW
( ) ( )� �I J, Y T , Y T= � WKXV� VKRZLQJ� WKH� LQYDULDQFH� RI� WKH� VHW� RI

)07� GHVFULSWRUV� XQGHU� FKDQJH� RI� VFDOLQJ� RU� URWDWLRQ�� 2WKHULPSRUWDQW�SURSHUWLHV�RI�WKHVH�IHDWXUHV�DUH�WKHLU�FRPSOHWHQHVV�DQGWKHLU� FRQYHUJHQFH� �VHH� >�@� IRU� GHWDLOV��� )RU� LPSOHPHQWDWLRQ�� D
YDOXH� RI� � �s = ZDV� WDNHQ� LQ� WKH� DERYH� HTXDWLRQV�� DQG� WKH
FRPSXWDWLRQ�RI� WKH�$)07�ZDV�SHUIRUPHG�ZLWKRXW�&DUWHVLDQ� WRSRODU�FRQYHUVLRQ�E\�XVLQJ�D�ILOWHULQJ�VFKHPH�>�@�

���(;3/2,7$7,21�2)�3523(57,(6�)25,17(535(7$7,21
,Q� WKLV� SDUW�� ZH� GHVFULEH� WKH� XVH� RI� WKH� $)07� IRU� WHFKQLFDOGRFXPHQW� LQWHUSUHWDWLRQ�� )LUVW�� ZH� UHFDOO� VRPH� SUH�SURFHVVLQJVWHSV�WKDW�DUH�QHFHVVDU\�WR�UHFRJQL]H�VKDSHV�RQ�GRFXPHQWV��7KHQZH� H[SRVH� UHFRJQLWLRQ� UHVXOWV� REWDLQHG� WKURXJK� WKH� XVH� RI$)07��FRPELQHG�ZLWK�FODVVLILFDWLRQ�WRROV��)LQDOO\��ZH�LQWURGXFHVRPH� WKHRUHWLFDO� DVSHFWV� DQG� JLYH� UHVXOWV� FRQFHUQLQJ� WKHHVWLPDWLRQ�RI�URWDWLRQ�DQG�VFDOH�SDUDPHWHUV�ZLWK�WKH�$)07�
�����3UH�SURFHVVLQJ�VWHSV
*HQHUDOO\�� LQ� RUGHU� WR� DSSO\� WKH� �$�)07�� D� XQLTXH� SDWWHUQ�LQYDULDQW�DQG�SDWWHUQ�UHSUHVHQWDWLYH�SRLQW�PXVW�EH�FKRVHQ�DV�WKHFHQWHU�RI�GHYHORSPHQW��&R'��RI� WKH� WUDQVIRUP�RQWR� WKH�SDWWHUQ�,Q�WKH�SDUWLFXODU�FDVH�RI�GRFXPHQW�LQWHUSUHWDWLRQ��WKLV�UHTXLUHV�WRLVRODWH�HDFK�SDWWHUQ�RQ�WKH�GRFXPHQW� LPDJH�EHIRUH�DSSO\LQJ�WKH$)07�� W\SLFDOO\� DW� LWV� FHQWHU� RI� LQHUWLD�� 7KH� SURFHVV� XVHG� WRH[WUDFW�VROH�SDWWHUQV�LV�HVVHQWLDOO\�EDVHG�RQ�WKH�FRPELQDWLRQ�RI�DORFDO� DGDSWLYH� VHJPHQWDWLRQ� DQG� D� FRQQHFWHG� FRPSRQHQWVH[WUDFWRU��7KHVH�WRROV�DUH�SUHFLVHO\�GHVFULEHG�LQ�>�@��:H�VKRZ�RQ)LJ�� �� UHVXOWV� REWDLQHG� E\� WKH� WZR� VWHSV� RI� ELQDUL]DWLRQ� DQGFODVVLILFDWLRQ�RI�FRQQHFWHG�FRPSRQHQWV�

)LJ�����$Q�RULJLQDO�JUD\�VFDOHG�LPDJH��OHIW�SDUW��DQG�WKHFRUUHVSRQGLQJ�FKDUDFWHU�OD\HU��ULJKW�SDUW�
2QH� FDQ� QRWH� WKDW� DIWHU� WKHVH� WZR� VWHSV�� VRPH� FKDUDFWHUV� KDYHEHHQ� OHIW� RXW�� ,Q� >�@�� RXU� DSSURDFK� FRQFHUQLQJ� VXFKLQFRQVLVWHQFLHV�LV�SUHFLVHO\�GHVFULEHG�
�����5HFRJQLWLRQ�UHVXOWV
7KH� VWUDWHJ\� WKDW�ZH�KDYH� DGRSWHG� IRU�RXU� WHVWV� FRQFHUQLQJ� WKHFODVVLILFDWLRQ�RI�LVRODWHG�SDWWHUQV�FDQ�EH�VSOLW�LQ�WZR�SDUWV�)LUVW�� LQ� RUGHU� WR� YDOLGDWH� WKH� PHWKRGRORJ\�� ZH� DSSOLHG� RXUWHFKQLTXH�RQ�D�VHW�RI�³FOHDQ´�FKDUDFWHUV��LVVXHG�IURP�D�GDWDEDVHHVSHFLDOO\�SURYLGHG�IRU�WKLV�DSSOLFDWLRQ��DV�FDQ�EH�VHHQ�RQ�)LJ����7KH� GDWDEDVH� FRQVLVWHG� LQ� ���� WUDLQLQJ� VDPSOHV� DQG� ���� WHVWVDPSOHV��,Q�WKH�VHFRQG�SDUW��ZH�FRQVLGHUHG�D�VHW�RI�FKDUDFWHUV�LVVXHG�IURPUHDO� )UDQFH� 7HOHFRP� GRFXPHQWV�� 7KH� WUDLQLQJ� GDWDEDVH� ZDVFRPSRVHG� RI� ����� VDPSOHV� DQG� WKH� WHVWLQJ� GDWDEDVH� ZDVFRPSRVHG�RI�������VDPSOHV��7KH�FODVVLILFDWLRQ�UDWH�LV�TXLWH�JRRGZLWK� UHJDUG� WR� RXU� LQGXVWULDO� FRQVWUDLQWV� VLQFH� WKH� FRUUHFWFODVVLILFDWLRQ�UDWH�UHDFKHV��������ZLWK�WKH�. ± QHDUHVW�QHLJKERUV�.11�� DSSURDFK� DQG� ������� ZLWK� WKH� OHDUQLQJ� YHFWRUTXDQWL]DWLRQ� �/94�� FODVVLILHU��$� VWXG\� RI� WKH� FRQIXVLRQ�PDWUL[VKRZV�WKDW�FRQIXVLRQV�HQFRXQWHUHG�DUH�VWLOO�GXH�WR�VLPLODU�VKDSHV�IRU�H[DPSOH� OLNH�³%´�DQG��³�´��³�´�DQG�³6´��7KHVH�SDWWHUQV�DUHVRPHWLPHV� GLIILFXOW� WR� GLVWLQJXLVK� EHFDXVH� RI� WKH� QRLVH� RQ� WKHLPDJH�� ZKLFK� PD\� FRPH� IURP� DQ� LQDGHTXDWH� ELQDUL]DWLRQ�)LQDOO\�� LQ� RUGHU� WR� KDYH� DQ� REMHFWLYH� SRLQW� RI� YLHZ� DERXW� WKHSURSRVHG�LQYDULDQW�IHDWXUHV��ZH�KDYH�FRPSDUHG�WKHP�ZLWK�RWKHUWHFKQLTXHV�WKDW�DUH�JHQHUDOO\�FRQVLGHUHG�LQ�WKH�OLWHUDWXUH�DV�EHLQJH[FHOOHQW�� 7KXV� ZH� FRPSDUHG� WKH� )RXULHU�0HOOLQ� IHDWXUHV� ZLWKWKH� =HUQLNH�PRPHQWV� >�@� DQG� WKH� FLUFXODU� SULPLWLYHV� >��@�� 7KHUHVXOWV� RI� WKHVH� WHVWV�� ZKLFK� KLJKOLJKW� WKH� VXSHULRULW\� RI� WKH)RXULHU�0HOOLQ�LQYDULDQWV��DUH�SUHVHQWHG�LQ�>�@�
�����6FDOH�DQG�URWDWLRQ�SDUDPHWHUV�HVWLPDWRU
$QRWKHU� LPSRUWDQW� IHDWXUH� RI� WKH� )07� LV� WKH� SRVVLELOLW\� WRGHWHUPLQH� RULHQWDWLRQ� DQG� VFDOH� RI� VKDSHV� IURP� WKH� VHW� RIGHVFULSWRUV� H[WUDFWHG�� WKURXJK� D� FRPSDULVRQ� ZLWK� H[WUDFWHGGHVFULSWRUV� IURP� UHIHUHQFH� VKDSHV�� ,QGHHG�� IURP� (T�� �� DQGWKURXJK� WKH� NQRZOHGJH� RI� D� UHIHUHQFH� VKDSH�� LW� LV� SRVVLEOH� WR
REWDLQ�YDOXHV�RI�a DQG�b �a EHLQJ�WKH�VFDOH�IDFWRU�DQG�b WKH�DQJOHEHWZHHQ� WKH� XQNQRZQ� VKDSH� DQG� D� FRUUHVSRQGLQJ� UHIHUHQFHVKDSH��� ,Q� RUGHU� WR� FRPSXWH� WKHVH� VLPLOLWXGH� SDUDPHWHUV� �DOVRFDOOHG� PRYHPHQW� SDUDPHWHUV��� ZH� FRPSXWH� WKH� (XFOLGHDQGLVWDQFH�EHWZHHQ�WKH�WZR�REMHFWV�LQ�WKH�)RXULHU�0HOOLQ�VSDFH��,I�I
DQG� J DUH� EHORQJ� WR� ( ) ( )� �� �* */ * G / * Gm m¬ � WKH� GLVWDQFH
EHWZHHQ�WKHP�LQ�WKH�)0�VSDFH�FDQ�EH�GHILQHG�DV��
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6TXDULQJ�(T�� ����\LHOGV� WKH�VTXDUH�HUURU�EHWZHHQ� I DQG�J LQ WKH)0 VSDFH��ZKLFK�IRU�LGHQWLFDO�SDWWHUQV�LV�D�IXQFWLRQ�RI�PRYHPHQWSDUDPHWHUV��( )
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7KXV�PRYHPHQW�SDUDPHWHUV�FDQ�EH�H[WUDFWHG�E\�PLQLPL]LQJ�(IJ��E\�FRPSXWLQJ��
( )

( )
[ [
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1HYHUWKHOHVV�� WKH� FDOFXODWLRQ� RI� WKH� $)07� IRU� D� ILQLWH� VHW� RI( )�Y T YDOXHV� UHQGHUV� WKH� DERYH� FULWHULRQ� QRQ� FRQYH[� �� VHYHUDO
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Fig. 2. Square error function calculated between a reference
pattern (letter “A”) and another “A” with the same size, and
rotated by a 100 degrees angle.

)LJ�� ��� 6HW� RI� VKDSHV� XVHG� IRU� WKH� RULHQWDWLRQ� HVWLPDWLRQ�&KDUDFWHUV�RI�WKH�ILUVW�FROXPQ�DUH�XVHG�DV�UHIHUHQFH�VKDSHV

)LJ�����(VWLPDWLRQ�RI�WKH�URWDWLRQ�DQJOH�LQ�UDGLDQV�RI� WKH�VKDSHVIURP�FROXPQ���WR����LQ�FRPSDULVRQ�ZLWK�WKH�UHIHUHQFH�VKDSHV�RIWKH�ILUVW�FROXPQ�
7$%/(��� &203$5,621�2)�7:2�237,0,=$7,21�352&('85(6�)25

6&$/(�$1'�25,(17$7,21�(67,0$7,21���a�� b��
&KDUDFWHU 7UXH�RULHQWDWLRQ 1HOGHU�0HDG *$

( � ��������(�� ����������
$ � ����������(�� �����������
& � ����������(�� �����������
( �� ������������ ������������
$ �� ������������ ������������
$ �� ������������ ������������
& �� ������������ ������������
$ �� ������������ ������������

:LWK
( ) ( ) ( )� H[SQP QP9 U 5 U LPq q= ���



( ) ( ) ( )( ) � �
�

�

�
�

� � �
� �

Q P
V Q V

QP
V

Q V
5 U U

Q P Q P
V V V

-
-

=

-
= -

Ë Û Ë Û+ -
- +Ì Ü Ì Ü

Í Ý Í Ý

Ê ����

,Q�RUGHU�WR�REWDLQ�URWDWLRQ�LQYDULDQFH��LW�LV�QHFHVVDU\�WR�XVH�RQO\WKH�PDJQLWXGH�RI�WKHVH�YDOXHV��,Q�VXFK�D�FDVH��LI( ) ( )� �J U I Uq q b= + ����
WKHQ

( ) ( ) ( )H[S �J I
QP QP= = LPb= ����

,QGLFDWLQJ�WKDW�b FDQ�EH�HVWLPDWHG�)RU�PRUH�GHWDLOV��ZH�VWURQJO\�HQFRXUDJH�WKH�UHDGHU�WR�UHDG�>��@�
�����([SHULPHQWDO�UHVXOWV
7KH�UHVXOWV�REWDLQHG�ZLWK� WKLV�PHWKRG�DUH�DOVR�TXLWH�JRRG�VLQFHHUURU�RQ�WKH�HVWLPDWLRQ�RI�WKH�RULHQWDWLRQ�QHYHU�H[FHHGV������,Q7DEOH���DUH�JLYHQ�FRPSDUHG�HVWLPDWHV�RI�RULHQWDWLRQ�EHWZHHQ�WKHWZR� GLIIHUHQW� DSSURDFKHV� IRU� WKH� DQDO\VLV� RI� D� FKDUDFWHU� � ³$´�$FWXDOO\�� UHVXOWV� DUH� TXLWH� VLPLODU� LQ� PRVW� FDVHV�� DOWKRXJK� DVOLJKWO\�EHWWHU�PHDQ�HUURU�LV�REWDLQHG�ZLWK�WKH�)0�DSSURDFK��2XUILQDO�REMHFWLYH�ZLWK�WKLV�HVWLPDWLRQ�EHLQJ�WR�UHFRQVWUXFW�VWULQJV�RIFKDUDFWHUV�� HUURUV� �ZKLFK� DUH� DOZD\V� OHVV� WKDQ� ������ DUH� VPDOOHQRXJK�UHJDUGLQJ�RXU�FRQVWUDLQWV�2EYLRXVO\�� IXUWKHU� H[SHULPHQWV�PXVW� DEVROXWHO\�EH� OHG� LQ�RUGHUWR YDOLGDWH�WKH�DSSURDFK��7KH�YDOLGDWLRQ�RI�WKLV�NLQG�RI�WHFKQLTXHRQ� D� FRQVHTXHQW� GDWD� EDVH� LV� D� YHU\� KHDY\� RSHUDWLRQ� VLQFH� LWUHTXLUHV� WR� FRQVWLWXWH� D� GDWD� EDVH� IRU� ZKLFK� HDFK� VDPSOH� LVODEHOHG�ZLWK� LWV�RULHQWDWLRQ��7ZR�DOWHUQDWLYHV�DUH�SRVVLEOH�ZKHQGHDOLQJ� ZLWK� WKLV� NLQG� RI� SUREOHP� �� WKH� ILUVW� RQH� FRQVLVWV� LQFRQVWLWXWLQJ�D�V\QWKHWLF�GDWD�EDVH��IRU�ZKLFK�WKH�GDWD�DUH�URWDWHGDXWRPDWLFDOO\��7KLV�DSSURDFK�LV�EHLQJ�OHG�LQ�RXU�ODERUDWRU\��7KHVHFRQG�FRQVLVWV�LQ�ZRUNLQJ�RQ�D�UHDO�GDWD�VHW�DQG�LQ�ODEHOLQJ�HDFKVDPSOH�PDQXDOO\�� 7KLV� DSSURDFK� LV� WKH�PRVW� UHOLDEOH� WHFKQLTXHIRU�WKH�YDOLGDWLRQ�RI�WKH�DSSURDFK��EXW�UDLVHV�WKH�SUREOHP�RI�WKHDVVLJQPHQW�RI�D�SUHFLVH�RULHQWDWLRQ�WR�HDFK�VKDSH�LQ�WKH�ODEHOLQJVWDJH��$V�IDU�DV�ZH�NQRZ��RQ�D�UHDO�GDWD�VHW��WKHUH�LV�QR�UHIHUHQFHGHDOLQJ�ZLWK� WKLV� NLQG� RI� SUREOHP�� ,Q� WKLV� GRPDLQ�� RXU� FXUUHQWZRUNV� GHDO�ZLWK� DQ� HVWLPDWLRQ� EDVHG� RQ� WKH� IXVLRQ� RI� GLIIHUHQWFRQWH[WXDO�LQIRUPDWLRQ�

���&21&/86,21
,Q� WKLV� FRPPXQLFDWLRQ�� ZH� KDYH� SURSRVHG� DQ� RULJLQDOPHWKRGRORJ\�� DOORZLQJ� WKH� GHWHFWLRQ� DQG� UHFRJQLWLRQ� RI� PXOWL�RULHQWHG�DQG�PXOWL�VFDOHG�SDWWHUQV��7KLV�PHWKRGRORJ\�LV�EDVHG�RQWKH�)RXULHU�0HOOLQ� WUDQVIRUP� DQG� WKH� VXSSRUWV�RQ�ZKLFK� LW�ZDVDSSOLHG�DUH�WHFKQLFDO�GRFXPHQWV�UHSUHVHQWLQJ�WKH�QHWZRUN�RI�WKH)UHQFK�7HOHSKRQH�RSHUDWRU��)UDQFH�7HOHFRP���6LQFH�UHFRJQLWLRQRI� LVRODWHG� SDWWHUQV� XVLQJ� WKLV� PHWKRGRORJ\� KDYH� DOUHDG\� EHHQSUHVHQWHG� LQ� D� UHFHQW� SDSHU� >�@�� ZH� KDYH� IRFXVHG� KHUH� RQ� DSDUWLFXODU� LQQRYDWLQJ� SRLQW� FRQFHUQLQJ� WKH� HVWLPDWLRQ� RIFKDUDFWHU� RULHQWDWLRQ�� 5HVXOWV� REWDLQHG� RQ� WKLV� SRLQW� DUH� YHU\�7KH� LQWHJUDWLRQ� RI� WKLV� WRRO� LV� FXUUHQWO\� LQ� SURJUHVV� LQ� RUGHU� WRUHFRQVWUXFW� VWULQJV� RI� FKDUDFWHUV�� ,QGHHG�� RQ� WHFKQLFDOGRFXPHQWV��³FRQVLVWHQW´�VWULQJV�PXVW�KDYH� WKH� VDPH�RULHQWDWLRQDQG�WKH�VDPH�VL]H��)URP�DQRWKHU�SRLQW�RI�YLHZ��ZH�DUH�FXUUHQWO\ZRUNLQJ� DW� WKH� LQWHJUDWLRQ�RI� FRQWH[WXDO� LQIRUPDWLRQ�ZLWKLQ� WKHV\VWHP�DSSURDFK� LQ�RUGHU� WR�YDOLGDWH� WKH�REWDLQHG�HVWLPDWLRQ�RIRULHQWDWLRQ�� ,QGHHG�� DV� DQ� H[DPSOH�� D� VHW� RI� DOLJQHG� FKDUDFWHUVSURYLGHV�VRPH�LQIRUPDWLRQ�FRQFHUQLQJ�D�VWULQJ�RI�FKDUDFWHUV��DQGDV D� FRQVHTXHQFH�� FDQ� YDOLGDWH� WKH� ILQDO� UHVXOW�� $OO� WKHVHFRQVLGHUDWLRQV� DQG� WKH� FXUUHQW� UHVXOWV� PDNH� XV� YHU\� RSWLPLVWLFFRQFHUQLQJ� WKH� IXWXUH� RI� WKLV� SURMHFW� VLQFH� WKH� UHVXOWV� DQG� WKHSRVVLEOH�LPSURYHPHQWV�RI�WKH�PHWKRGRORJ\�VHHP�WR�LQGLFDWH�WKDWD EHWWHU� LQWHUSUHWDWLRQ� RI� WHFKQLFDO� GRFXPHQWV� VKRXOG� EH

DFKLHYHG�� )XUWKHUPRUH�� DOO� WKHVH� DVSHFWV� FRQFHUQLQJ� VWULQJ� DQGV\PERO� UHFRJQLWLRQ� FRQVWLWXWH� DQ� LQWHUHVWLQJ� DOWHUQDWLYH� WR� WKHJURZLQJ�QHHGV�FRQFHUQLQJ�GRFXPHQW�LQGH[LQJ�DQG�FRQWHQW�EDVHGLQIRUPDWLRQ� UHWULHYDO�� ,QGHHG�� WH[WXDO� DQG� V\PEROLF� LQIRUPDWLRQDUH�DPRQJ�WKH�PRVW�LPSRUWDQW�FXHV�IRU�GRFXPHQW�LQGH[LQJ�
7$%/(��� &203$5,621�2)�25,(17$7,21�(67,0$7256

7UXH�RULHQWDWLRQ )0�HVWLPDWH =HUQLNH�HVWLPDWH
� � �
�� �� ��
�� �� ��
�� �� ��
�� �� ��
�� �� ��
�� �� ��
��� ��� ���
��� ��� ���
��� ��� ���
��� ��� ���
��� ��� ���
��� ��� ���

0HDQ�HUURU ���� ����
���%,%/,2*5$3+<

>�@� %RDWWR� /�� HW DO��� $Q� LQWHUSUHWDWLRQ� V\VWHP� IRU� ODQG� UHJLVWHUPDSV� ,(((�&RPSXWHU�0DJD]LQH������������SS��������>�@�6�+��-RVHSK��3��3ULGPRUH��.QRZOHGJH�GLUHFWHG�LQWHUSUHWDWLRQRI�OLQH�GUDZLQJ�LPDJHV��,(((�7UDQV��RQ�3$0,��������������SS����������>�@�-���0��2JLHU��5��0XOORW��-��/DELFKH��<��/HFRXUWLHU��0XOWLOHYHODSSURDFK� DQG� GLVWULEXWHG� FRQVLVWHQF\� IRU� WHFKQLFDO� PDSLQWHUSUHWDWLRQ��DSSOLFDWLRQ�WR�FDGDVWUDO�PDSV��&RPSXWHU�9LVLRQDQG�,PDJH�8QGHUVWDQGLQJ��&9,8�������������SS����������>�@�3��9D[LYLqUH��.��7RPEUH��&(/(67,1� ��&$'�FRQYHUVLRQ�RIPHFKDQLFDO� GUDZLQJV�� ,(((�&RPSXWHU�0DJD]LQH���� �������SS��������>�@�2�'��7ULHU��$��.��-DLQ��7��7D[W��)HDWXUHV�H[WUDFWLRQ�PHWKRGVIRU�FKDUDFWHU�UHFRJQLWLRQ�±�D�VXUYH\��3DWWHUQ�5HFRJQLWLRQ�����������SS����������>�@�)��*KRUEHO��$�FRPSOHWH� LQYDULDQW�GHVFULSWLRQ� IRU� JUD\� OHYHOLPDJHV� E\� WKH� KDUPRQLF� DQDO\VLV� DSSURDFK�� 3DWWHUQ5HFRJQLWLRQ�/HWWHUV������������SS������������>�@� *�� 5DYLFKDQGUDQ�� 0�� 7ULYHGL�� &LUFXODU�0HOOLQ� IHDWXUHV� IRUWH[WXUH� VHJPHQWDWLRQ�� ,(((� 7UDQV�� RQ� ,PDJH� 3URFHVVLQJ� ���������SS������������>�@� &�� &DULRX� HW DO�� $� PXOWL�VFDOH� DQG� PXOWL�RULHQWDWLRQUHFRJQLWLRQ� WHFKQLTXH� DSSOLHG� WR� GRFXPHQW� LQWHUSUHWDWLRQ� �DSSOLFDWLRQ� WR� )UHQFK� WHOHSKRQH� QHWZRUN� PDSV�� ,QW�� -�� RI3DWWHUQ� 5HFRJQLWLRQ� DQG� $UWLILFLDO� ,QWHOOLJHQFH� �,-35$,���������������SS������������>�@� M. Teague, Image analysis via the general theory of
moments, Journal of Optical Society of America, 70  (1980),
pp 920-930.

[10] M. P. Deseilligny, H. Le Men, G. Stamon, «Character string
recognition on maps, a rotation-invariant recognition method
», Pattern Recognition Letters, 16, (1995), pp. 1297-1310.

[11] J. A. Nelder and R. Mead, A simplex method for function
minimization, Computer Journal 7 (1965), pp. 308-313.

[12] D. Zongker and A. Jain, Algorithms for Feature Selection :
An Evaluation, Proceedings of ICPR 96, Vol II (1996), pp
18-22.

[13] W.-Y. Kim and Y.-S. Kim, Robust rotation angle estimator,
IEEE Trans. on PAMI 21(8) (1999) pp. 768-773.


