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)LJXUH����6\QFKURQRXV�6HTXHQWLDO�&LUFXLW/HW�XV�LQWURGXFH�WKH�IROORZLQJ�QRWDWLRQV��

3HUPLVVLRQ� WR�PDNH� GLJLWDO�RU� KDUG�FRSLHV�RI� DOO� RU� SDUW�RI� WKLV�ZRUN� IRU�SHUVRQDO�RU�FODVVURRP�XVH�LV�JUDQWHG�ZLWKRXW�IHH�SURYLGHG�WKDW�FRSLHV�DUH�QRW�PDGH�RU�GLVWULEXWHG�IRU�SURILW�RU�FRPPHUFLDO�DGYDQWDJH�DQG�WKDW�FRSLHV�EHDU�WKLV�QRWLFH�DQG�WKH�IXOO�FLWDWLRQ�RQ�WKH�ILUVW�SDJH��7R�FRS\�RWKHUZLVH��RU�UHSXEOLVK�� WR� SRVW� RQ� VHUYHUV� RU� WR� UHGLVWULEX WH� WR� OLVWV�� UHTXLUHV� SULRU�VSHFLILF�SHUPLVVLRQ�DQG�RU�D�IHH�*/69/6,¶����$SULO��������������1HZ�<RUN��1HZ�<RUN��86$�&RS\ULJKW������$&0����������������������«�������



/HW�& EH�D�FRPELQDWLRQDO�SDUW�RI�WKH�66&��DQG� \1IIII ������ EH�'�IOLS�IORSV�� ,QSXWV�RI�& EH� ^ `[1[[[ ������ �LQSXWV�YDULDEOHV�RI� WKH�66&�� DQG� ^ `\1\\\ ������ �FXUUHQW� VWDWH� YDULDEOHV���2XWSXWV� RI�&EH� `�����^ � ]1===  �RXWSXW�YDULDEOHV�RI�WKH�66&�LPSOHPHQWLQJ�WKH�RXWSXW�IXQFWLRQ� O ��DQG� `�����^ � \1<<<  �QH[W�VWDWH�YDULDEOHV�WKDW�UHDOL]H� WKH� QH[W� VWDWH� IXQFWLRQ� G ��� 7KH� FRPELQDWLRQDO� FLUFXLW�&LPSOHPHQWV�D�V\VWHP� ) RI� \] 11 � %RROHDQ�IXQFWLRQV� ^ `OG� RI�
\[ 11 � %RROHDQ�YDULDEOHV� ^ `\[� �

:H� FRQVLGHU� DOO� XQLGLUHFWLRQDO� HUURUV� >�@� DQG� DVVXPH� WKDW� RQO\�RXWSXW� OLQHV�RI� WKH�66&�DUH�REVHUYDEOH�� ,W� OHDGV� WR� WKH� IROORZLQJ�GHILQLWLRQ� RI� WKH� 7RWDOO\� 6HOI�&KHFNLQJ� �76&�� VHTXHQWLDO� FLUFXLW�>�@�'HILQLWLRQ��� $�VHTXHQWLDO�FLUFXLW�LV�VHOI�WHVWLQJ�LI��IRU�HYHU\�IDXOW�LQ�D� IDXOW� VHW�� WKHUH� LV�DQ� LQSXW�VWDWH�FRGH�SDLU� LQ� WKH�FLUFXLW� VXFK�WKDW�D�QRQ�FRGH�RXWSXW�LV�SURGXFHG��'HILQLWLRQ��� $�VHTXHQWLDO�FLUFXLW�LV IDXOW�VHFXUH�LI��IRU�HYHU\�IDXOW�IURP� WKH� IDXOW\� VHW� WKH� VHTXHQWLDO� FLUFXLW� QHYHU� SURGXFHV� DQ�LQFRUUHFW�FRGH�RXWSXW�IRU�D�FRGH�LQSXW�'HILQLWLRQ� �� $� VHTXHQWLDO� FLUFXLW� LV� WRWDOO\� VHOI�FKHFNLQJ� LI� LW� LV�ERWK�VHOI�WHVWLQJ�DQG�IDXOW�VHFXUH��7ZR� PDLQ� DSSURDFKHV� FDQ� EH� LGHQWLILHG� LQ� WKH� GHVLJQ� RI� VHOI�FKHFNLQJ� 66&V�� 7KH� ILUVW� RQH� LV� EDVHG� RQ� DSSO\LQJ� VSHFLDO�WHFKQLTXHV�WR�REVHUYLQJ�VWDWH� WUDQVLWLRQV�RU�D�FRQWURO�IORZ��7KHVH�WHFKQLTXHV� UDQJH� IURP� VWDWH� FRGLQJ� E\� HUURU�GHWHFWLRQ� FRGHV� WR�FRQWURO� IORZ� PRQLWRULQJ E\� VLJQDWXUH� DQDO\VLV� >��� �@� RU� VSHFLDO�PRQLWRULQJ� PDFKLQHV� >�@�� 8VXDOO\�� WKHVH� WHFKQLTXHV� OHDG� WR�FRQVLGHUDEOH�RYHUKHDG��7KH� VHFRQG� DSSURDFK� LV� EDVHG� RQ� FKHFNLQJ� WKH� 66&¶V� RXWSXWV�ZLWKRXW� GLUHFW� FKHFNLQJ� RI� WKH� PHPRU\��:KHQ� WKHVH� WHFKQLTXHV�DUH�DSSOLHG� D�IDXOW�WKDW�OHDGV�WR�D�QRQ�FRGH�VWDWH�YHFWRU�LV�GHWHFWHG�LQ� WKH� QH[W� FORFN� F\FOH� >�@�� 7KLV� SURSHUW\� FDQ� EH� DFKLHYHG� E\�LQWURGXFLQJ�DQ�DGGLWLRQDO�RYHUKHDG��7KH�SUHVHQW�SDSHU�LQYHVWLJDWHV�WKH� EHKDYLRU� RI� WKH� 66&�ZLWKRXW� PHPRU\� FKHFNLQJ�� 6XFK� 66&V�DUH� IUHH� RI� DGGLWLRQDO� RYHUKHDG� WKDW� ZRXOG� EH� UHTXLUHG� E\� WKH�FRQGLWLRQ� RI� LPPHGLDWH� IDXOW� GHWHFWLRQ�� :H� FRQVLGHU� WKDW� WKH�DEVHQFH�RI�LPPHGLDWH�IDXOW�GHWHFWLRQ�WR�EH�D�VLJQLILFDQW�DGYDQWDJH�RI�WKH�VFKHPH��DQG�XWLOL]H�LW�IRU�DFKLHYLQJ�D�VHOI�KHDOLQJ�DELOLW\�:H� XVH� WKH� RQ�VHW� UHDOL]DWLRQ� RI� RXWSXW� DQG� QH[W� VWDWH� IXQFWLRQV�>��@��)XUWKHUPRUH��ZH�GHDO�ZLWK� LPSOHPHQWDWLRQV�ZKHUH�ERWK�WKH�QH[W�VWDWH�DQG�RXWSXW�HTXDWLRQV�DUH�XQDWH�>�@�LQ�VWDWH�YDULDEOHV�DQG�ELQDWH� LQ� SULPDU\� LQSXW� YDULDEOHV�� 66&V� WKDW� DUH� LPSOHPHQWHG�DFFRUGLQJ�WR�VXFK�D�VFKHPH�ZH�FDOO�VHOI�FKHFNLQJ�VWDWH�PRQRWRQLF�66&V�� ,Q� PRVW� FDVHV� XVLQJ� VXFK� LPSOHPHQWDWLRQV� OHDGV� WR� D�FRQVLGHUDEOH�UHGXFWLRQ�LQ�RYHUKHDG��0RUHRYHU��LI�RQO\�RXWSXW�OLQHV�DUH�KDQGOHG�LQ�VXFK�VFKHPHV��66&V�FDQ�IXQFWLRQ�SURSHUO\�ZLWK�WKH�SUHVHQFH�RI�D�IDXOW�DQG�HYHQ�UHFRYHU�IURP�WKH�IDXOW�>�@��6XFK�66&V�ZH�FDOO�VHOI�KHDOLQJ�66&V�6LQFH� WKH� VHOI�KHDOLQJ� 66&V� EHORQJ� WR� VHOI�FKHFNLQJ� FLUFXLWV��GHVLJQLQJ� VXFK� FLUFXLWV� LV� EDVHG� RI� LQWURGXFLQJ� D� UHGXQGDQW�FLUFXLWU\� WKDW� SURYLGHV� WKH� 76&� SURSHUW\�� 'HYHORSPHQW� DQG�LQYHVWLJDWLRQ�RI�PHWKRGV�IRU�V\QWKHVLV�RI�76&�VHOI�KHDOLQJ�66&V�LV�WKH�VHFRQG�REMHFWLYH�RI�WKH�SUHVHQW�SDSHU�

0DMRU�GLIILFXOWLHV�LQ�GHVLJQLQJ�VHOI�FKHFNLQJ�GHYLFHV�DUH�UHODWHG�WR�WKH� FRPSOH[LW\� RI� FRGLQJ� �IRUPLQJ� WKH� FKHFN�ELWV�� DQG�GHFRGLQJ��L�H��YHULILFDWLRQ�WKDW�D�JLYHQ�RXWSXW�LV�D�FRGHZRUG���:H�GHDO�ZLWK�D� 66&� EDVHG� FRQWUROOHU� ZKHUH� WKH� QXPEHU� RI� SRVVLEOH� RXWSXW�YHFWRUV� LV�PXFK� VPDOOHU� WKDQ� ]1� �ZKHUH� ]1 � LV� WKH� QXPEHU�RI�RXWSXW� OLQHV��� ZKLOH� WKH� VHW RI� SRVVLEOH� YHFWRUV� LV� NQRZQ� LQ�DGYDQFH�� 7KLV� SURSHUW\�ZDV� XVHG� E\� >�@� IRU� GHVLJQLQJ� FKHFNHUV��7KH� DXWKRUV� VKRZ� WKDW� WKH� FKHFNHU� IRU� DQ�66&�FRQWUROOHU� FDQ�EH�HIILFLHQWO\�LPSOHPHQWHG�LQ�WKH�IRUP�RI�³VXP�RI�PLQWHUPV´��620��IRU� RXWSXW� IXQFWLRQV� RI� WKH� FRQWUROOHU�� $Q� XQRUGHUHG� FRGH� IRU�RXWSXW� YHFWRUV� LV� XVHG� VLQFH�� IRU� WKHVH� FRGHV�� QR� XQLGLUHFWLRQDO�HUURU� FDQ� WUDQVIRUP� RQH� FRGHZRUG� LQWR� DQRWKHU� FRGHZRUG�� 1RWH�WKDW�WKH�620�FKHFNHU�H[DPLQHV�ZKHWKHU�DQ�RXWSXW�YHFWRU�EHORQJV�WR�WKH�VHW�RI�SRVVLEOH�FRGHZRUGV��DQG�QRW�WR�WKH�%HUJHU�FRGH��DV�LQ�WKH� FDVH� RI� VWDQGDUG� GHVLJQ� >��� �@���$Q� HIILFLHQW� XQRUGHUHG� FRGH�ZDV� GHYHORSHG� E\� 6PLWK� >��@� VSHFLILFDOO\� IRU� WKH� FDVH�ZKHQ� WKH�QXPEHU�RI�SRVVLEOH�FRGHZRUGV�LV�HVVHQWLDOO\�VPDOOHU�WKHQ� ]1� �7KH� PDLQ� REMHFWLYH� LQ� WKH� FRQVWUXFWLRQ� RI� XQRUGHUHG� FRGHV��%HUJHU�� 6PLWK� FRGHV�� LV� WR� DFKLHYH� WKH� UHTXLUHG� SURSHUWLHV� E\�XVLQJ�D�PLQLPDO�QXPEHU�RI�UHGXQGDQW�ELWV��1HYHUWKHOHVV��GHFUHDVH�RI�WKH�QXPEHU�RI�ELWV�LQ�PDQ\�FDVHV�GRHV�QRW�OHDG�WR�DQ�H[SHFWHG�UHGXFWLRQ� LQ� WKH� FKHFNHU
V� FRPSOH[LW\�� 7KXV�� DQ� DSSURDFK� WKDW�WDNHV�LQWR�DFFRXQW�RI�WKH�FKHFNHU
V�FRPSOH[LW\�DW�WKH�HDUOLHU�VWDJHV�RI� WKH� FRGH� FRQVWUXFWLRQ� EHFRPHV� TXLWH� WRSLFDO�� 0RUHRYHU�� WKH�EDVLV�RI�LPSOHPHQWDWLRQ�KDV�WR�EH�WDNHQ�LQWR�FRQVLGHUDWLRQ��1RWH��WKDW�LQ�RXU�FDVH�ZH DUH�LQWHUHVWHG�LQ�WKH�FKHFNHU
V�LPSOHPHQWDWLRQV�E\�/87�EDVHG�)3*$��%DVHG�RQ�WKHVH�UHTXLUHPHQWV�ZH�SURSRVH�D�QRYHO�VR�FDOOHG�UHGXFHG�P�RXW�RI�Q FRGH��7KH�UHGXFHG�P�RXW�RI�QFRGH�GLIIHUV�IURP� WKH�VWDQGDUG�FRGH�E\�KDYLQJ� WKH� WZR�IROORZLQJ�IHDWXUHV����WKLV�FRGH�LV�D�V\VWHPDWLF�RQH����WKLV�FRGH�HQDEOHV�GLYLGLQJ�WKH�FRGHZRUG�LQWR�P�ILHOGV�LQ�VXFK�D�ZD\�WKDW�DQ\�DFFHSWDEOH�FRGHZRUG�KDV�H[DFWO\�RQH�ELW�WKDW�LV�HTXDO�WR�RQH�LQ�HDFK�RI�WKH�ILHOGV��7KH� SURSRVHG� UHGXFHG� FRGH� DOORZV� FKHFNLQJ� HDFK� RI� WKH� ILHOGV�VHSDUDWHO\�DQG�WKHUHIRUH�VLPSOLILHV�WKH�FKHFNHU�6XPPDUL]LQJ� DERYH�PHQWLRQHG� FRQVLGHUDWLRQ� ZH� FDQ� IRUPXODWH�WKH�DLP�RI� WKH�SDSHU�DV�GHYHORSPHQW�RI�PHWKRGV�IRU� V\QWKHVLV�RI�VHOI�KHDOLQJ� 66&V� DQG� VHOI�FKHFNLQJ� FKHFNHUV� IRU� VXFK� FLUFXLWV��7KH�SDSHU�LV�RUJDQL]HG�FRUUHVSRQGLQJO\��,Q�6HFWLRQ����ZH�GHVFULEH�VR�FDOOHG� VWDWH� PRQRWRQLF� 66&V� DQG� WKHLU� VHOI�KHDOLQJ� SURSHUW\���7KH� GHVLJQ� RI� P�RXW�RI�Q� FKHFNHUV� IRU� WKH� VHOI�KHDOLQJ� 66&V� LV�SUHVHQWHG�LQ�6HFWLRQ����%HQFKPDUNV�UHVXOWV�DUH�JLYHQ�LQ�6HFWLRQ����&RQFOXVLRQV� DQG� UHIHUHQFHV� DUH� SUHVHQWHG� LQ� 6HFWLRQ� �� DQG� ���UHVSHFWLYHO\���� 67$7(�0212721,&�66&��� 'HILQLWLRQV/HW�XV�FRQVLGHU�DQ�DUELWUDU\�V\VWHP�) RI�%RROHDQ�IXQFWLRQV� LI �� � � � � � � �^ `NONNN [[[[[[[[ �������������������������� ������ III ) �
/HW� ������� � NDD$  DQG� ������� � NEE%  EH�%RROHDQ�N� WXSOHV�



'HILQLWLRQ� �� 7KH� V\VWHP� ) LV� PRQRWRQLF� LI�� IRU� DQ\� SDLU� RI�%RROHDQ� N�WXSOHV� $�� % VR� WKDW� %$ d �L�H�� LL ED d IRU� DQ\����� NL  ���WKH�FRQGLWLRQ� ���� %$ )d) LV�VDWLVILHG�
&RQVLGHU�D�VXEVHW� [ RI�%RROHDQ�YDULDEOHV�� ^ `N[[[ ������� ��
'HILQLWLRQ� �� 9HFWRU� % FRYHUV� $ LQ� YDULDEOHV� IURP� WKH� VHW� [� d[%$ ��� IRU� DQ\� FRPSRQHQW� L�� FRUUHVSRQGLQJ� WR� D� YDULDEOH� IURP�[ � LL ED d �� DQG� IRU� DQ\� RWKHU� FRPSRQHQW� M FRUUHVSRQGLQJ� WR� D�YDULDEOH� ^ `^ `[[[ N ?������ �� MM ED  �
'HILQLWLRQ� �� 7KH� V\VWHP� ) LV� SDUWLDOO\� PRQRWRQLF� LQ� [YDULDEOHV� LI� IRU� DQ\� SDLU� RI� %RROHDQ� N�WXSOHV�$��% WKH� FRQGLWLRQ����� %$ )d) LV�VDWLVILHG�IRU� d[%$ �1RWLFH� WKDW� LI� ) LV� PRQRWRQLF� LW� LV� SDUWLDOO\� PRQRWRQLF� LQ� DQ\�VXEVHW�RI�LWV�YDULDEOHV��'HILQLWLRQ� �� /HW� ) cc)c� EH� WZR� GLIIHUHQW� V\VWHPV� KDYLQJ� WKH�VDPH� QXPEHU� RI� IXQFWLRQV� DQG� WKH� VDPH� YDULDEOHV� LI� IRU� DQ\� N�WXSOH� ^ `N$ ���� �� ���� $$ ) ccd)c �� WKHQ� ) cc LPSOLFDWHV� )c� ) cc)c % ����� 76&�SURSHUW\�IRU�WKH�VWDWH�PRQRWRQLF�66&/HW�XV�FRQVLGHU�D�VSHFLILF�UHDOL]DWLRQ�RI�WKH�66&�WKDW�ZLOO�FDOO�LW�D�VWDWH�PRQRWRQLF�66&�'HILQLWLRQ� �� 66&� FDOOHG� D� SDUWLDOO\�PRQRWRQLF� LI� WKH� V\VWHP� RI�%RROHDQ� IXQFWLRQV� FRUUHVSRQGLQJ� WR� LWV� FRPELQDWLRQDO� SDUW� LV�SDUWLDOO\�PRQRWRQLF�LQ�VWDWH�YDULDEOHV�$V�ZHOO�NQRZQ��DQ\�PRQRWRQRXV�V\VWHP�RI�%RROHDQ�IXQFWLRQV�FDQ�EH� SUHVHQWHG� LQ� WKH� IRUP� RI� XQDWH� VXP�RI�SURGXFWV�� 2EYLRXVO\��DQ\� V\VWHP� RI� %RROHDQ� IXQFWLRQV� SDUWLDOO\� PRQRWRQRXV� LQ� VWDWH�YDULDEOHV�FDQ�EH�SUHVHQWHG�LQ�WKH�VXP�RI�SURGXFWV�IRUP��ZKLFK� LV�XQDWH�LQ�VWDWH�YDULDEOHV�/HW� FRPELQDWLRQDO� FLUFXLW�& �WKH� FRPELQDWLRQDO� SDUW� RI� DQ� 66&��FRUUHVSRQGV� WR� WKH� V\VWHP� ) ��6\VWHP� ) LV�SDUWLDOO\�PRQRWRQLF�LQ�VWDWH�YDULDEOHV�IRU�D�VWDWH�PRQRWRQLF�66&��/HW� I) EH�D�V\VWHP�FRUUHVSRQGLQJ�WR�WKH�FRPELQDWLRQDO�FLUFXLW�& LQ�SUHVHQFH�RI�D�IDXOW�I��$OVR�VXSSRVH�WKDW� I) LV�SDUWLDOO\�PRQRWRQLF�LQ�VWDWH�YDULDEOHV��,I� )) %I �) LPSOLFDWHV� I) ���ZH�ZLOO�GHQRWH�WKLV�IDXOW�DV� �I ��,I�

I)) % � I) LPSOLFDWHV� ) ��� ZH� ZLOO� GHQRWH� WKLV� IDXOW� DV� �I ��&RQVWUXFW� D� VHW� RI� IDXOWV� � FRQVLVWLQJ� RI� �I DQG� �I IDXOWV� DQG�GHVFULEH� SURSHUWLHV�RI� WKHVH� IDXOWV��2EYLRXVO\��DQ\�XQLGLUHFWLRQDO�IDXOW� LV� HLWKHU� �I RU� �I �� &RQVLGHULQJ� YDULRXV� V\QWKHVLV�PHWKRGV�DQG� YDULRXV� VHWV� RI� IDXOWV� ZH� FDQ� FODULI\� ZKHWKHU� WKH�FRUUHVSRQGLQJ� VHW� FRQWDLQV� RQO\� �I DQG� �I IDXOWV� RU� QRW�� ,W� KDV�EHHQ�SURYHQ� LQ� >�@� WKDW� LI� WKH�66&�LV�V\QWKHVL]HG�DV� WKH�SDUWLDOO\�PRQRWRQLF� V\VWHP� E\� XVLQJ� HLWKHU� WZR�OHYHO� RU� PXOWL�OHYHO�PHWKRGV��WKHQ�DQ\�VLQJOH�VWXFN�DW�IDXOW�RQ�WKH�JDWH�SROHV�DQG�VWDWH�OLQHV�RI�WKH�FLUFXLW�DUH� �I DQG� �I IDXOWV�7KHRUHP��� 7KH�VWDWH�PRQRWRQLF�66&�LV�WRWDOO\�VHOI�FKHFNLQJ�IRU�DQ\�IDXOW�IURP� � �

7KH� SURRI� RI� 7KHRUHP� �� LV� EDVHG� RQ� SURSHUWLHV� RI� SDUWLDOO\�PRQRWRQLF� V\VWHPV� DQG� WKH� IDFW� WKDW� IDXOWV� RFFXU� RQH� DW� D� WLPH�ZKLOH�EHWZHHQ�DQ\�WZR IDXOWV�D�VXIILFLHQW�WLPH�HODSVHV��>��@�2EYLRXVO\�� DQ\� IDXOW� IURP� � LV� HLWKHU� XQGHWHFWDEOH� RU�XQLGLUHFWLRQDO� E\� DQ\� LQSXW� VHTXHQFHV� ,a ,I� D� IDXOW� UHPDLQV�XQGHWHFWDEOH�RQ�WKH�66&�RXWSXW�OLQHV�GXULQJ�WKH�WLPH�WKH�VHTXHQFH�,a PDQLIHVWV�LWVHOI�RQ�WKH�66&�VWDWH�OLQHV��ZH�ZLOO�FDOO�WKH�IDXOW�DV�D�PDVNHG� IDXOW�� 7KH� FRUUHVSRQGLQJ�66&�SURSHUW\�ZH� FDOO� D� IDXOW�PDVNLQJ�SURSHUW\�1RWH� WKDW� RQO\� �I IDXOW� FDQ� EH� PDVNHG� IRU� WKH� VWDWH� PRQRWRQLF�66&��$Q\� �I IDXOW�ZLOO�EH�PDQLIHVWHG�DW� OHDVW�RQ�WKH�QH[W�FORFN��3UHFLVHO\� �I IDXOWV�ZLOO�EH�LQ�WKH�IRFXV�RI�RXU�UHVHDUFK�
��� 6HOI�KHDOLQJ�66&7R� IRUPXODWH� RXU� DSSURDFK�� OHW� XV� GHILQH� IRXU� PRGHV� RI�IXQFWLRQLQJ� RI� WKH� 66&� DQG� GHVFULEH� LWV� EHKDYLRU� LQ� SUHVHQFH� RI�HLWKHU� SHUPDQHQW� RU� WUDQVLHQW� IDXOWV�� XVLQJ� D� JUDSKLFDO�UHSUHVHQWDWLRQ��:H�LQWURGXFH�D�0RGH�7UDQVLWLRQ�*UDSK��07*��IRU�WKLV�SXUSRVH��9HUWH[HV�RI�WKH�07*�FRUUHVSRQG�WR�VSHFLILF�PRGHV�RI� WKH� FLUFXLW�� 7UDQVLWLRQV� EHWZHHQ� WKH� PRGHV� FRUUHVSRQG� WR�VSHFLILF�HYHQWV��
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)LJXUH����0RGH�7UDQVLWLRQ�*UDSK�IRU�D�3HUPDQHQW�)DXOW$Q� 07*� GHVFULELQJ� WKH� SURSRVHG� FRQFHSW� ZLWK� UHVSHFW� WR� D�SHUPDQHQW� IDXOW� LV� VKRZQ� LQ� )LJXUH� ��� )RXU� GLIIHUHQW� PRGHV� RI�IXQFWLRQLQJ�RI�WKH�VWDWH�PRQRWRQLF�66&�FDQ�EH�FRQVLGHUHG�) � )DXOW� IUHH�PRGH�� 7KH� FLUFXLW� UHPDLQV� LQ� WKH� IDXOW� IUHH�PRGH�XQWLO�D�IDXOW�RFFXUV�/ � /DWHQW�PRGH��,W�LV�D�PRGH�ZKHUH�WKH�SUHVHQFH�RI�D�IDXOW�FDQQRW�EH� GHWHFWHG� ZKLOH� WKH� 66&� LV� IXQFWLRQLQJ� VLQFH� WKH� WHVW� YHFWRU�GHWHFWLQJ� WKH� IDXOW� KDV� QRW� \HW� DSSHDUHG� RQ� WKH� FLUFXLW¶V� LQSXWV��7KH� FLUFXLW� PRYHV� WR� WKH� ODWHQW� PRGH� IURP� WKH� IDXOW� IUHH� PRGH�ZKHQ� D� IDXOW� RFFXUV�� DQG� OHDYHV� WKH� ODWHQW� PRGH� ZKHQ� WKH� WHVW�YHFWRU�LV�DSSOLHG�WR�WKH�FLUFXLW�6 � 6LOHQW�PRGH�� ,W� LV� D�PRGH�ZKHUH� WKH�SUHVHQFH�RI�D� IDXOW� GRHV�QRW�PDQLIHVW�LWVHOI�LQ�WKH�IRUP�RI�D�QRQ�FRGH�RXWSXW��DOWKRXJK�WKH�SUHVHQFH�RI� WKH� IDXOW� FRXOG�SRWHQWLDOO\�EH�GHWHFWHG�ZKHQ�WKH�QH[W�VWDWH�OLQHV��RU�WKH�PHPRU\��FDQ�EH�REVHUYHG��7KH�FLUFXLW�PRYHV�WR�WKH�VLOHQW�PRGH�IURP�WKH�ODWHQW�PRGH�ZKHQ�D�QRQ�FRGH�VWDWH�YHFWRU�DSSHDUV� RQ� WKH� IOLS�IORS� LQSXWV�RU� RXWSXWV��)URP� WKH� VLOHQW�PRGH�WKH�FLUFXLW�LV�DEOH�HLWKHU�WR�PRYH�WR�DQ�HUURQHRXV�PRGH��(���RU�WR�UHYHUW�WR�WKH�ODWHQW�PRGH��( � (UURQHRXV�PRGH��,W� LV�D�PRGH� LQ�ZKLFK� WKH�FLUFXLW�WHUPLQDWHV�LWV� SURSHU� IXQFWLRQLQJ�� L�H�� ZKHQ� D� QRQ�FRGH� RXWSXW� YHFWRU� KDV�



EHHQ� SURGXFHG�� 7KH� FLUFXLW� LV� DEOH� WR�PRYH� WR� WKLV� PRGH� HLWKHU�IURP�WKH�VLOHQW�PRGH�RU�IURP�WKH�ODWHQW�PRGH�,Q�WKH�FDVH�RI�WUDQVLHQW�IDXOW��WUDQVLWLRQV�EHWZHHQ�DERYH�PHQWLRQHG�PRGHV� DUH� VKRZQ� LQ� )LJXUH� ��� 2EYLRXVO\�� WKH� ODWHQW� PRGH�/ LV�DEVHQW� LQ� WKH� FDVH� RI� D� WUDQVLHQW� IDXOW�� :KHQ� WKH� WUDQVLHQW� IDXOW�RFFXUV�� WKH� 66&� PRYHV� IURP� )DXOW� IUHH� PRGH� ) HLWKHU� WR� WKH�(UURQHRXV�PRGH�( �LI�D�QRQ�FRGH�RXWSXW�YHFWRU�LV�SURGXFHG��RU�WR�WKH� VLOHQW� PRGH� 6 LI� D� QRQ�FRGH� QH[W� VWDWH� YHFWRU� LV� SURGXFHG��ZKLOH� WKH� RXWSXW� YHFWRU� LV� D� FRGHZRUG��1RWH�� WKDW� WKH� VHTXHQWLDO�FLUFXLW�LV�DEOH�WR�UHWXUQ�WR�WKH�) PRGH�DIWHU�LW
V�IXQFWLRQLQJ�LQ�WKH�6PRGH�� ZKLFK� PHDQV� WKDW� WKH� 66&� KDV� EHFRPH� IDXOW� IUHH� DJDLQ��6XFK�D�WUDQVLWLRQ�RI�WKH�66&�IURP�WKH�6 PRGH� WR�WKH�) PRGH�ZH�ZLOO�FDOO�VHOI�KHDOLQJ�
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)LJXUH����0RGH�7UDQVLWLRQ�*UDSK�IRU�D�7UDQVLHQW�)DXOW+HQFH�� LQ� WKLV� VHFWLRQ� ZH� KDYH� LQWURGXFHG� WKH� VHOI�KHDOLQJ�SURSHUW\�RI�66&V�DQG�KDYH�LOOXVWUDWHG�WKLV�SURSHUW\�E\�WKH�H[DPSOH�RI� WKH� VWDWH� PRQRWRQLF� 66&V�� )XUWKHUPRUH��ZH� KDYH� VKRZQ� WKDW�WKH�FRQVLGHUHG�VWDWH�PRQRWRQLF�66&V�VDWLVI\�WKH�76&�SURSHUW\��,Q�WKH� QH[W� VHFWLRQ� ZH� GHDO� ZLWK� PHWKRGV� IRU� V\QWKHVLV� RI� VHOI�FKHFNLQJ�FKHFNHUV�IRU�VXFK�66&V��� '(6,*1,1*�&+(&.(56�)25�7+(�67$7(�0212721,&�66&7KH� SUHVHQW� VHFWLRQ� LQWURGXFHV� D� UHGXFHG�P�RXW�RI�Q FRGH� DQG� D�PHWKRG� IRU� V\QWKHVLV� RI� WKH� FRUUHVSRQGLQJ� FKHFNHU�� %HLQJ�LPSOHPHQWHG� E\� /87V�� WKLV� FKHFNHU� KDV� D� VLPSOH� VWUXFWXUH�ZLWK�UHODWLYHO\�ORZ�RYHUKHDG�'HILQH� D� UHODWLRQ�RI� FRPSDWLELOLW\� �LQFRPSDWLELOLW\��RQ� WKH� VHW� RI�DFFHSWDEOH�RXWSXW�FRGHZRUGV�2��DV�IROORZV�'HILQLWLRQ��� 7ZR�YDULDEOHV L= DQG� M= DUH�FRPSDWLEOH� LI�WKH\�DUH�ERWK� HTXDO� WR� ³RQH´� LQ� DW� OHDVW� RQH� FRGHZRUG� �UR 2�� ,Q� RWKHU�FDVHV�WKHVH�YDULDEOHV�DUH�LQFRPSDWLEOH�'HILQLWLRQ� ��� 6XEVHW� =7M � �� ^ `=1=== ������ �� LV� D� VHW� RI�FRPSDWLEOH� �LQFRPSDWLEOH�� RXWSXW� YDULDEOHV� LI� DQ\� WZR� YDULDEOHV�WKDW�EHORQJ�WR�WKH�VHW�DUH�FRPSDWLEOH��LQFRPSDWLEOH��2EYLRXVO\�� LI� WKH� VHW� M7 � LV� WKH� VHW� RI� LQFRPSDWLEOH� RXWSXW�YDULDEOHV�� WKHQ� HYHU\� DFFHSWDEOH� RXWSXW� FRGHZRUG�PD\� FRQWDLQ� D�PD[LPXP� RI� RQH� YDULDEOH IURP� WKH� VHW� �RU� GRHV� QRW� FRQWDLQ� DQ\�YDULDEOH�IURP�WKH�VHW�DW�DOO��/HW�VHW�= LV�GLYLGHG�LQWR�VXEVHWV� P77 ������ RI�LQFRPSDWLEOH�YDULDEOHV�
P77= �� ���� �� � � ML 77 ��IRU�DQ\� ML z �

7KHUH�DUH�VHYHUDO�ZHOO�NQRZQ�DOJRULWKPV�IRU�RSWLPDO�SDUWLWLRQLQJ�RQ� WKH� VHW� = >��@�� :H� GR� QRW� GHDO� ZLWK� WKLV� SUREOHP��:H� MXVW�PHQWLRQ� KHUH� WKDW� LW� LV� UHDVRQDEOH� WR� ILQG� WKH� SDUWLWLRQ� ZLWK� WKH�PLQLPDO�QXPEHU�RI�WKH�VXEVHWV��)RU�FRQVWUXFWLQJ�WKH�UHGXFHG�P�RXW�RI�Q FRGH�ZH�SXW HDFK�VXEVHW�
L7 LQWR�WKH�RQH�WR�RQH�FRUUHVSRQGHQFH�WR�D�VSHFLILF�FKHFN�ELW� LF ��
LF  �� RQO\� LQ� WKRVH� RXWSXW� FRGHZRUGV� WKDW� KDYH� QR� RXWSXW�YDULDEOHV�IURP� L7 �2EYLRXVO\�� HYHU\� RXWSXW� ZRUG� IURP� WKH� SURSRVHG� FRGH� FRQWDLQV�H[DFWO\�P ELWV� WKDW� DUH� HTXDO� WR� RQH�� DFFRUGLQJ� WR� WKH�QXPEHU�RI�VXEVHWV�� L7 ��$Q�H[DPSOH�RI�VXFK�D�FRGLQJ�LV�SUHVHQWHG�LQ�7DEOH���7DEOH����$Q�([DPSOH�RI�5HGXFHG�&RGLQJ2XWSXW ,QIRUPDWLRQ�ELWV &KHFN�ELWVFRGH E� E� E� E� E� E� E� E�ZRUGV =� =� =� =� =� F� F� F�R� � � � � � � � �R� � � � � � � � �R� � � � � � � � �R� � � � � � � � �R� � � � � � � � �R� � � � � � � � �R� � � � � � � � �

7KH� IROORZLQJ� SDUWLWLRQ� KDV� EHHQ� FRQVWUXFWHG� DFFRUGLQJ� WR� WKH�DERYH� PDWUL[�� ^ ` ^ `������� ��������� =======  �� 7KH� SURSRVHG�FRGLQJ�LV�EDVHG�RQ�WKH�DERYH�SDUWLWLRQ�&KHFN�ELWV�DUH�UHSUHVHQWHG�E\�WKUHH�ULJKW�KDQG�FROXPQV�LQ�7DEOH����/HW� XV� LQWURGXFH� FRQWLQXRXV� QXPEHULQJ� IRU� LQIRUPDWLRQ� ELWV��'HQRWH�D�ELQDU\�ELW�RI�WKH�FRGHZRUG�E\�V\PERO� LE �VHH�7DEOH�����3DUWLWLRQ�  % ^ `��� �� %%%  ^ `�������� ������� EEEEEEEE FRUUHVSRQGV� WR�WKH�UHGXFHG���RXW�RI�� FRGH�:H� ZLOO� FDOO� WKLV� SDUWLWLRQ� D� FRGLQJ� SDUWLWLRQ�� 1RWH�� WKDW� HDFK�FRGHZRUG� LQFOXGHV� H[DFWO\� RQH� YDULDEOH� IURP� HYHU\� VXEVHW��%%L � �� PL ������ ��:H� SURSRVH� WR� XVH� V\PPHWULF� IXQFWLRQV� IRU� WKH� FKHFNHU
V�IXQFWLRQDO�GHVFULSWLRQ��7KH� V\PPHWULF� IXQFWLRQV�DUH�D�FRQYHQLHQW�DQG�DFFHSWDEOH�IRUP�RI�UHSUHVHQWDWLRQ�IRU� ORJLF�IXQFWLRQV�>�@��:H�ZLOO�XVH�WKH�V\PERO� � �;)K IRU�VXFK�WKH�QRWDWLRQ�RI�VXFK�IXQFWLRQV��ZKHUH� K LV�D�FRQGLWLRQ�GHILQLQJ�WKH�QXPEHU�RI�DUJXPHQWV�WKDW�DUH�HTXDO�WR��RQH��ZKHQ WKH�IXQFWLRQ�LV�HTXDO�WR��RQH���)RU�H[DPSOH��� �;) � LV�D�VR�FDOOHG����KRW��IXQFWLRQ�
7KHRUHP� �� /HW� ^ `P%%% ������ EH� D� FRGLQJ� SDUWLWLRQ�� 7KH�FRPSDWLELOLW\� UHODWLRQ� LV� GHILQHG� DV� WKH� VHW� 2 RI� DFFHSWDEOH�FRGHZRUGV��+HQFH�� � � �    P%)%)5 ��� 	���	 ®̄ 2� HUURU�RQDOXQLGLUHFWLHYHU\�RQ��� �RHYHU\�RQ��� L

%DVHG� RQ� 7KHRUHP� ��� IXQFWLRQ� 5 PD\� EH� XVHG� IRU� GHWHFWLQJ�XQLGLUHFWLRQDO�HUURUV��8QIRUWXQDWHO\��WKLV� IXQFWLRQ�FDQQRW�EH�XVHG�



IRU� WKH� VWUDLJKWIRUZDUG� LPSOHPHQWDWLRQ� E\� D� /87�EDVHG� )3*$��VLQFH�IXQFWLRQ� � �L%) � GRHV�QRW�VDWLVI\�WKH�VHOI�WHVWLQJ�SURSHUW\�$VVXPH� WKDW� WKH� FKHFNHU� LV� LPSOHPHQWHG� E\� WKH� /87�EDVHG�)3*$�� DQG� WKH� /87� KDV�V LQSXWV�� ,Q� RXU� H[DPSOHV� DVVXPH� WKDW��V ���:H�ZLOO� HVWLPDWH� WKH� VFKHPH� FRPSOH[LW\� E\� WKH� QXPEHU� RI�/87V��$FFRUGLQJ� WR� WKH� DFFHSWHG�SUDFWLFH� LQ� WKH� GHVLJQ�RI� FKHFNHUV�ZH�UHSUHVHQW�DQ�HUURU�VLJQDO�E\�XVLQJ�WZR�VLJQDOV� �5 DQG� �5 � �5 �� �5� LPSOHPHQWDWLRQ��� ,I� �� 55 z �� WKH� VFKHPH� LV� IDXOW� IUHH�� LQ� WKH�RSSRVLWH�FDVH�D�IDXOW�KDV�RFFXUUHG�HLWKHU�LQ�WKH�FRQWUROOHU�RU�LQ�WKH�FKHFNHU��)XQFWLRQ�5 FDQ�EH� LPSOHPHQWHG�E\�XVLQJ�WKH���RXW�RI�Q�IXQFWLRQ�DQG�WKH�SURGXFW�IXQFWLRQ��)XQFWLRQ� � �;) � FDQ�EH�SUHVHQWHG�LQ�WKH�IROORZLQJ� IRUP�� � � � ������ ;);)5 tt � DQG�� � � ������ ;);)5 tt � ��ZKHUH� ;;;  � �� DQG� � � �� ;; �
,I�WKH�QXPEHU�RI�DUJXPHQWV�RI� � �;) � HTXDO�N DQG�WKH�QXPEHU�RI�/87
V�LQSXWV�V LV�JUHDWHU�RU�HTXDO�WKDQ�N � NV t ���WKHQ�IXQFWLRQ���RXW�RI�N�FDQ�EH�LPSOHPHQWHG�E\�WZR�/87V��1RWH�WKDW�WKH�VFKHPHV�DUH� WHVWDEOH� RQ� WKH� VHW�RI�DFFHSWDEOH�FRGHZRUGV�DQG� WKDW� WKH\�GR�QRW� LQFOXGH� LQYHUWHUV�� ,I� NV � �� WKH� IROORZLQJ� VLPSOH�GHFRPSRVLWLRQ�FDQ�EH�XVHG�� � � �� ������ �;;));)     ��ZKHUH� ;;;  � �� DQG� � � �� ;; ��/87V� KDYLQJ� DQ� HYHQ� QXPEHU� RI� LQSXWV� DUH� DSSURSULDWH� IRU�LPSOHPHQWDWLRQ� RI� GXDO�UDLO� SURGXFWV�� /HW� LW� EH� UHTXLUHG� WR�LPSOHPHQW� WKH� IROORZLQJ� SURGXFW�� ED J 	 � ZKHUH� HDFK�RI� WKH�YDULDEOHV� LV� UHSUHVHQWHG� LQ� WKH� GXDO�UDLO� IRUP�� � ��� � JJ �� � ��� �DD ��DQG� � ��� �EE UHVSHFWLYHO\��7ZR���LQSXW�/87V�ZLOO�EH�UHTXLUHG�IRU�LPSOHPHQWDWLRQ� RI� WKH� IXQFWLRQ� J �� 7KHVH� /87V� ZLOO� EH�SURJUDPPHG�IRU�LPSOHPHQWDWLRQ�RI�WKH�IROORZLQJ�IXQFWLRQV�

����� 		 ED�ED J DQG� ����� 		 ED�ED J �P�SURGXFW�LV�LPSOHPHQWHG�E\�XVLQJ���P������LQSXW�/87V�KDYLQJ�D�

S\UDPLGDO�VWUXFWXUH�7KH� FKHFNHU� VFKHPH� WKDW� XVHV� WKH� SURSRVHG� GHFRPSRVLWLRQ� LV�VKRZQ�LQ�)LJXUH����
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����� EEEE �� M � ����� EE M�M M � ����� EE5 M�M �)LJXUH����$Q�([DPSOH�RI�WKH�/87�EDVHG�RQ�WKH�P�RXW�RI�Q&KHFNHU7KH� FKHFNHU� GHWHFWV� HUURUV� RQ� WKH� VHW� RI� DFFHSWDEOH� FRGHZRUGV�OLVWHG�LQ�7DEOH����7KH���LQSXW�/87�XVHG�LQ�WKH�VFKHPH�LV�VKRZQ�LQ�WKH� IRUP� RI� ER[HV� ZKHUH� WKH� FRUUHVSRQGLQJ� IXQFWLRQV� DUH�LQGLFDWHG��1RZ�ZH� HVWLPDWH� WKH� FKHFNHU¶V� FRPSOH[LW\� E\ WKH� QXPEHU�/ RI�/87V�WKDW�KDYH�EHHQ�XVHG�IRU�LPSOHPHQWLQJ�WKH�FKHFNHU��/HW� =1RXWSXW� VLJQDOV� EH� SDUWLWLRQHG� LQWR�P� VXEVHWV� IRU� FRGLQJ��(DFK�RI�WKHVH�VXEVHWV�LQFOXGHV� L71 HOHPHQWV��,Q�WKLV�FDVH�
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)LQDOO\�ZH�KDYH�WKH�IROORZLQJ�ERXQGDU\�FRQGLWLRQV�������� ��dd�� P1/P1 == �
�� (;3(5,0(17$/�5(68/76:H� DSSOLHG� WKH� V\QWKHVLV� DSSURDFK� GHVFULEHG� DERYH� WR� VHYHUDO�0&1&�EHQFKPDUNV�WR�FRPSXWH�LPSOHPHQWDWLRQV�IRU�$OWHUD�VHULHV�)3*$V�� &RPSDULVRQV� RI� RYHUKHDGV� SURSRVHG� DUFKLWHFWXUH� ZLWK�
7DEOH����%HQFKPDUN¶V�UHVXOWV&LUFXLW 1; 1= 14 3 �: �: �: 6HTXHQFHV��&VH � � �� �� ���� ���� ���� ��([� � �� �� ��� ���� ���� ���� ��([� � � � �� ���� ���� ���� ��3PD � � �� �� ���� �� ���� �6��� � � �� �� ���� �� ���� ��6��� �� �� �� ��� ���� �� ��� �6��� �� �� �� ��� ���� ���� ���� �6VH � � �� �� �� ���� ���� ��$YUJ� ���� ����� �� ������ �� ����� ���� �����
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