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,� ,QWURGXFWLRQ([LVWLQJ� DSSURDFKHV� IRU� GHVLJQ� RI� VHOI�FKHFNLQJ� )60V� DUH� EDVHG� RQ� HLWKHU� GXSOLFDWLRQ�� RU�DSSOLFDWLRQ�WR�WKHP�RI�VSHFLILF�HUURU�GHWHFWLQJ�FRGHV��%HUJHU�FRGH��FRQVWDQW�ZHLJKW�FRGH��HWF����,Q�PRVW�FDVHV��WKHVH�DSSURDFKHV�UHTXLUH�D�KDUGZDUH�RYHUKHDG�RI�PRUH�WKDQ�����SHUFHQW��0DMRU� GLIILFXOWLHV� LQ� GHVLJQLQJ� RI� VHOI�FKHFNLQJ� GHYLFHV� DUH� UHODWHG� WR� WKH FRPSOH[LW\� RI�GHFRGLQJ��L�H��YHULILFDWLRQ� WKDW�D�JLYHQ�RXWSXW� LV�D�FRGHZRUG���2XWSXWV�RI�D�VHOI �FKHFNLQJ�FLUFXLW�DUH�XVXDOO\� HQFRGHG�E\� FRGHZRUGV�RI� D� FRGH��ZKLFK�GHWHFWV� XQLGLUHFWLRQDO� HUURUV� > ��@��)RU� H[DPSOH�� LQ�>��@�LW�ZDV�VKRZQ�WKDW�VWXFN�DW�IDXOW��FURVV�SRLQW�IDXOWV�DQG�VKRUWV�LQ�026�3/$V�DQG�520V�UHVXOW�LQ�XQLGLUHFWLRQDO�HUURUV�DW�WKHLU�RXWSXWV� $SSOLFDWLRQV�RI�WKH�VHOI�FKHFNLQJ�FRQFHSW�WR�&RQWURO�8QLWV�DQG�PLFURSURFHVVRUV�ZHUH� SUHVHQWHG� LQ� >��@�� 6HYHUDO�ZRUNV� GHDO�ZLWK� V\QWKHVLV� RI� WRWDOO\� VHOI�FKHFNLQJ��76&�� &RQWURO� 8QLWV� >��� ��@�� GHVLJQ� IRU� WHVWDELOLW\� RI� FRQWUROOHUV� >�@� DQG� VHOI�FKHFNLQJ� FRQWURO�QHWZRUNV�>�@��3DSHU�>�@�SUHVHQWV�VHYHUDO�VFKHPHV�IRU�RQ�OLQH�FKHFNLQJ�RI�PLFURSURJUDP�FRQWURO�XQLWV��ZKLFK� DUH� EDVHG� RQ� FRPSXWLQJ� RI� D� VHW� RI� VLJQDWXUHV� DQG� LQVHUWLQJ� RI� WKHVH� VLJQDWXUHV� LQ� D�PLFURSURJUDP� FRGH� DW� VSHFLILF� ORFDWLRQV�� 3DSHUV� > �@� DQG� >��@� DUH� DOVR� GHGLFDWHG� WR� WKH� SUREOHP� RI�V\QWKHVLV�RI�VHOI�FKHFNLQJ�PLFURSURJUDPPHG�FRQWURO�XQLWV��,Q�>�@�D�GHVLJQ�RI�D�VSHFLDO�PRQLWRU�FLUFXLW�HQDEOLQJ�WR�GHWHFW�D�VSHFLILHG�IDXOW�VHW�LV�SURSRVHG��,Q�> ��@��GXSOLFDWLRQ�RI�D�PLFURSURJUDP�VHTXHQFHU�ZDV�SURSRVHG�WR�DFKLHYH�WKH�WRWDOO\�VHOI �FKHFNLQJ�SURSHUW\��3DSHU�>�@�GHVFULEHV�D�VSHFLDO�WHFKQLTXH�IRU�GHFRPSRVLQJ�WKH�LQLWLDO�)60�WR�DFKL HYH�ERWK�RQ�OLQH�FKHFNLQJ�DQG�RQ�OLQH�WHVWLQJ��7KH�FRQFXUUHQW�WHVWLQJ�DQG�FKHFNLQJ�DOORZV�GHFUHDVLQJ�WKH�RYHUKHDG�LQ�FRPSDULVRQ� WR� WUDGLWLRQDO� RQ�OLQH� FKHFNLQJ� DSSURDFKHV�� 7KH� WHFKQLTXH�� ZKLFK� LV� SUHVHQWHG� LQ� > �@�DOORZV�GHWHFWLRQ�RI�LQSXW�IDXOWV�ZLWK�WKH�DLG�RI�XQRUGHUHG�LQSXW�YHFWRUV�
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.QRZQ�DSSURDFKHV�IRU�V\QWKHVLV�RI�0HDO\�W\SH�)60V�DUH�EDVHG�RQ�%HUJHU�HQFRGLQJ�RI�RXWSXWV�DQG�P�RXW�RI�Q�VWDWH�DVVLJQPHQW�>�����@��)RU�WKHVH�DUFKLWHFWXUHV�FKHFNHUV�GHWHFW�SUHVHQFH�RI�D�IDXOW�E\�H[DPLQLQJ�ZKHWKHU�DQ�RXWSXW�YHFWRU�EHORQJV�WR�WKH�FRUUHVSRQGLQJ�FRGH��7R�WKH�EHVW�RI�RXU�NQRZOHGJH��DXWKRUV�RI�WKH�DERYH�PHQWLRQHG�ZRUNV�GLG�QRW�WU\�WR�GHVLJQ�RQ�OLQH� FKHFNLQJ� FRQWUROOHUV� E\� XWLOL]LQJ� VSHFLILF� )60� SURSHUWLHV��:H�ZLOO� IRFXV� RQ� SURSHUWLHV� RI� WKH�)60��ZKLFK�DUH�W\SLFDO�IRU�FRQWUROOHUV��DQG�DOVR�KDYH�D�FRQVLGHUDEOH�LPSDFW�RQ�WKH�UHVXOWLQJ�RYHUKHDG��2QH�RI�VXFK�SURSHUWLHV�LV�WKDW�WKH�QXPEHU�RI�SRVVLEOH�)60�RXWSXW�FRGHZRUGV�LV�PXFK�VPDOOHU�WKDQ� 1��ZKHUH�1� LV�D�QXPEHU�RI�RXWSXW�OLQH��ZKLOH�WKH�VHW�RI�SRVVLEOH�FRGHZRUGV�LV�NQRZQ�LQ�DGYDQFH�7KLV�SURSHUW\�ZDV�XVHG�LQ�>�@�IRU�GHVLJQLQJ�FKHFNHUV��7KH�DXWKRUV�VKRZ�WKDW�WKH�FKHFNHU�RI�DQ�)60�FRQWUROOHU�FDQ�EH�HIILFLHQWO\� LPSOHPHQWHG� LQ� WKH� IRUP�RI�³VXP�RI�PLQWHUPV´� �620��RI�RXWSXW�IXQFWLRQV�RI�WKH�FRQWUROOHU���$Q�XQRUGHUHG�FRGH�IRU�RXWSXW�YHFWRUV�LV�XVHG�EHFDXVH�IRU�WKHVH�FRGHV�DQ\�XQLGLUHFWLRQDO� HUURU� FDQQRW� WUDQVIRUP�RQH�FRGHZRUG� LQWR� DQRWKHU�FRGHZRUG�� ,Q� > �@�� WKH�%HUJHU�FRGH�ZDV�XVHG�DV�DQ�XQRUGHUHG�FRGH��1RWH�WKDW�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�VXIILFLHQWO\�VPDOOHU�WKHQ� 1� ��7DNLQJ�LQWR�DFFRXQW�WKDW�WKLV�SURSHUW\�LV�YDOLG�IRU�)60�EDVHG�FRQWUROOHUV��WKH�FRGH�SURSRVHG�LQ�> ��@�FRXOG�EH�DSSOLHG�LQVWHDG�RI�WKH�%HUJHU�FRGH�IRU�DGGLWLRQDO�RYHUKHDG�UHGXFWLRQ�:H� ZLOO� XVH� )LHOG� 3URJUDPPDEOH� *DWH� $UUD\V� �)3*$V�� DV� D� EDVLV� IRU� )60� FRQWUROOHU¶V�LPSOHPHQWDWLRQV��7KH�DSSURDFK�GHVFULEHG� LQ�>�@�IRU�V\QWKHVLV�RI�VHOI�FKHFNLQJ�FLUFXLWV�E\�)3*$V�LV�EDVHG�RQ�GXDO�UDLO�LPSOHPHQWDWLRQV�RI�WKH�KDUGZDUH�WR�EH�FKHFNHG��8VLQJ�WKLV�DSSURDFK�)3*$ �EDVHG�)60� FRQWUROOHU� FDQ� EH� LPSOHPHQWHG� DV� D� FRPELQDWLRQ� RI� WKH� GXDO �UDLO� FRQWUROOHU� DQG� WKH� GXDO�UDLO�620�EDVHG� FKHFNHU� �620�FKHFNHU��� ,Q� WKLV� FDVH�� RXWSXW� YHFWRUV� RI� WKH�)60�FRQWUROOHU� KDYH� WR� EH�HQFRGHG�E\�D�FRGH�GHWHFWLQJ�DOO�XQLGLUHFWLRQDO�HUURUV��VXFK�DV�WKH�%HUJHU�FRGH�� 1HHGOHVV�WR�VD\��WKDW�VXFK�DQ�LPSOHPHQWDWLRQ�LV�FULWLFDO�IURP�WKH�SRLQW�RI�YLHZ�RI�UHVXOWLQJ�RYHUKHDG�GXH�WR�ERWK�WKH�GXDO �UDLO�GHVLJQ�DQG�WKH�%HUJHU�HQFRGLQJ��,Q�WKH�SUHVHQW�SDSHU�ZH�SURSRVH�D�QHZ�DUFKLWHFWXUH�WKDW�GRHV�QRW�UHTXLUH�DQ\�HQFRGLQJ�RI�RXWSX W�YHFWRUV�DQG�DOORZV�D�VLQJOH�UDLO�GHVLJQ�RI�)60V��7KLV� SDSHU� LV� RUJDQL]HG� DV� IROORZV�� 6HFWLRQ� �� LQWURGXFHV� EDVLF� GHILQLWLRQV� DQG� D� UHYLHZ� RI�UHODWHG�ZRUNV��,Q�6HFWLRQ���ZH�GHVFULEH�WKH�SURSRVHG�DUFKLWHFWXUH�RI�WKH�VHOI �FKHFNLQJ�)60�FRQWUROOHU��%HQFKPDUNV UHVXOWV�DUH�SUHVHQWHG�LQ�6HFWLRQ����&RQFOXVLRQV�DUH�SUHVHQWHG�LQ�6HFWLRQ���
,,� )UDPHZRUNV�,Q�WKLV�VHFWLRQ�ZH�UHPLQG�EDVLF�GHILQLWLRQV�UHODWHG�WR�)60V�DQG�IDXOW�PRGHOV�

$� )60�&RQWUROOHUV�:H� ZLOO� FRQVLGHU� D� V\VWHP� DV� D� FRPELQDWLRQ� RI� D�FRQWURO�XQLW��FRQWUROOHU��DQG�D�GDWD�SDWK��)60��EHLQJ�D�QDWXUDO�IRUPDO�PRGHO�RI�WKH�FRQWUROOHU��FDQ�EH�GHILQHG�E\� LWV� WUDQVLWLRQ� WDEOH��7KH�WUDQVLWLRQ� WDEOH�IRU�DQ�H[HPSODU\�)60�LV�VKRZQ�E\�7DEOH���
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,Q� WKLV� WDEOH�� DP DQG� � DV SUHVHQW� VWDWH� DQG� QH[W� VWDWH� FRUUHVSRQGLQJO\�� ;�DP�� DV� � WUDQVLWLRQ�IXQFWLRQ��L�H��D�%RROHDQ�IXQFWLRQ�ZKLFK�LV�HTXDO�WR���ZKHQ�)60�PDNHV�WKH�WUDQVLWLRQ�IURP�VWDWH� DP WR�VWDWH�DV��<�DP��DV� ± PLFUR�LQVWUXFWLRQ��WKH�OLVW�RI�RXWSXW�VLJQDOV�ZKLFK�DUH�HTXDO���RQ�WKH�WUDQVLWLRQ�RI�WKH�)60�IURP�DP WR�DV��
%� 'HILQLWLRQV�DQG�$VVXPSWLRQV:H�QRZ�UHFDOO�VRPH�EDVLF�GHILQLWLRQV�IURP�WKH�WKHRU\�RI�GHVLJQ�RI�7RWDOO\�6HOI�&KHFNLQJ��76&��VHTXHQWLDO�FLUFXLWV��$� ILQLWH� VWDWH�PDFKLQH�)60� LV� VHOI�WHVWLQJ� LI�� IRU� HYHU\� IDXOW� LQ� D� IDXOW¶V� VHW�� WKHUH� LV� VXFK�DQ�LQSXW�VWDWH�SDLU�LQ�WKH�FLUFXLW�WKDW�D�QRQ�FRGH�RXWSXW�LV�SURGXFHG��$�VWDWH�PDFKLQH�LV�IDXOW �VHFXUH�LI��IRU�HYHU\�IDXOW�IURP�D�IDXOWV�VHW��WKH�PDFKLQH�QHYHU�SURGXFHV�DQ�LQFRUUHFW�FRGH�RXWSXW�IRU�D�FRGH�LQSXW��$�VWDWH�PDFKLQH�LV�WRWDOO\�VHOI�FKHFNLQJ�LI�LW�LV�ERWK�VHOI�FKHFNLQJ�DQG�IDXOW�VHFXUH��>�@�
&� )DXOW�0RGHO$V� LW� KDV� EHHQ�PHQWLRQHG�� WKH�EDVLV� RI� WDUJHW� LPSOHPHQWDWLRQ�RI� WKH�)60�FRQWUROOHU� LV�/87 �EDVHG�)3*$�FRPSULVLQJ�&RQILJXUDEOH�/RJLF�%ORFNV� �&/%V��� 7KH� IDXOW�PRGHO�XVHG� LQ� WKLV�SDSHU� LV�JHQHUDO�PRGHO�RI�VLQJOH�FHOO�IDXOWV��:H�DVVXPH�WKDW�DW�PRVW�RQH�&/%�FDQ�SURGXFH�D�IDXOW\�RXWSXW��7KH�FLUFXLW�SULPDU\�LQSXWV�DUH�FRQVLGHUHG�WR�EH�IDXOW �IUHH��
,,,� 0DWFK�'HWHFWRU�EDVHG�DUFKLWHFWXUH�RI�D�VHOI�FKHFNLQJ�FRQWUROOHU:H�SURSRVH�D�QHZ�DUFKLWHFWXUH� IRU� WKH�)60�FRQWUROOHU� WKDW�GRHV�QRW� UHTX LUH�DQ\�HQFRGLQJ�RI�RXWSXW�YHFWRUV�DQG�FRQVHTXHQWO\�DOORZV�UHGXFWLRQ�RI�WKH�UHTXLUHG�RYHUKHDGV��:H�FDOO�WKLV�DUFKLWHFWXUH�D�0DWFK�'HWHFWRU��0'��DUFKLWHFWXUH�VLQFH�LW�LV�EDVHG�RQ�XVLQJ�D�0DWFK�'HWHFWRU�ZLWKLQ�WKH�FKHFNHU��$�FKHFNHU�WKDW�LQFOXGHV�WKH�0DWFK�'HWHFWRU�ZLOO�EH�FDOOHG�0'�FKHFNHU�$�VFKHPDWLF�GLDJUDP�RI�WKH�0'�DUFKLWHFWXUH�LV�VKRZQ�LQ�)LJXUH����7KH�SURSRVHG�DUFKLWHFWXUH�FRQVLVWV� RI� WZR� SRUWLRQV�� D� VHOI�FKHFNLQJ� )60� DQG� 0'�FKHFNHU�� ,Q� WXUQ�� HDFK� RI� WKHVH� SRUWLRQV�FRQWDLQV� WZR� PDLQ� EORFNV�� DQ� ³HYROXWLRQ´� EORFN� DQG� DQ� ³H[HFXWLRQ´� EORFN� >�@�� %HVLGHV� WKH� )60�FRQWDLQV�D�3URGXFW�7HUPV�&RPSUHVVRU��37&���7KH�IXQFWLRQ�RI�WKH�37&�LV�WR�IRUP� ��RXW�RI�0 FRGH�RI�WKH�RXWSXW�FRGHZRUG��0 ± QXPEHU�RI�WKH�PLFUR�LQVWUXFWLRQV���7KH�HYROXWLRQ�EORFN�RI�WKH�)60��(Y)60��LPSOHPHQWV�DOO�RI�SURGXFW�WHUPV�ZKLOH�WKH�H[HFXWLRQ�EORFN� RI� WKH� )60� �([)60�� LPSOHPHQWV� RXWSXWV� DQG� QH[W� VWDWH� IXQFWLRQV� RI� WKH� FRQWUROOHU�� 7KH�HYROXWLRQ� EORFN� RI� WKH� FKHFNHU� �(Y&K�� LPSOHPHQWV� SURGXFW� WHUPV� FRUUHVSRQGLQJ� WR� WKH� RXWSXW�FRGHZRUG�RI�WKH�FRQWUROOHU�ZKLOH�WKH�H[HFXWLRQ�EORFN�RI�WKH�FKHFNHU��([&K��FROOHFW�DOO�WKHVH�SURGXFW�WHUPV�IRU�UHDOL]DWLRQ�RI�WKH�HUURU�IXQFWLRQ��7KH�PDLQ�LGHD�RI�WKH�SURSRVHG�DSSURDFK�LV�EDVHG�RQ�WKH�SURSHUW\�WKDW�ERWK�D�YHFWRU�WKDW�HQWHUV�LQWR�([)60�DQG�D�YHFWRU�WKDW�HQWHUV� LQWR�([&K�DUH�HTXDO�WR�WKH���RXW�RI�0 FRGH�RI�WKH�FRUUHVSRQGLQJ�RXWSXW�FRGHZRUG��7KHVH�YHFWRUV�KDYH�WR�EH�HTXDO�LQ�WKH�FDVH�RI�SURSHU�IXQFWLRQLQJ�RI�WKH�FRQWUROOHU�DQG�DUH�GLIIHUHQW�LQ�WKH�FDVH�RI�D�IDXOW��&RPSDULVRQ�RI�WKHVH�WZR�YHFWRUV�E\�WKH�0DWFK�'HWHF WRU��0'��HQDEOHV�DFKLHYLQJ�WKH�76&�SURSHUW\�RI�WKH�FRQWUROOHU��
$� 6HOI�FKHFNLQJ�)60,QSXWV�RI�WKH�HYROXWLRQ�EORFN�RI�WKH�)60��(Y)60��FRPSULVH�ZRUNLQJ�LQSXWV� ; RI�WKH�)60�DQG�RXWSXW� PHPRU\� VLJQDOV� ^ `5W��W7 �� �� 2XWSXWV� RI� WKH� (Y)60� FRUUHVSRQG� WR� SURGXFW� WHUPV�^ `+S��S3 �� ��7KH�3URGXFW�7HUPV�&RPSUHVVRU��37&��WUDQVIRUPV�WKH�YHFWRU�RI�SURGXFW�WHUPV�LQWR�³ ��RXW�RI�0´�FRGH�/�<���



7KH� (Y)60� LV� LPSOHPHQWHG� DV� D� WUHH�� ZKHUHLQ� HDFK� RI� WKH� QRGHV� LV� HLWKHU� D� SUH �GHVLJQHG�&RQILJXUDEOH�/RJLF�%ORFN��&/%���RU�D�IDQ�RXW��(DFK�&/%�LV�GHVLJQHG�IRU�LPSOHPHQWDWLRQ�RI�HLWKHU�D�VXP�RI�WZR�SURGXFW�WHUPV�RI�J YDULDEOHV��RU�DQ�$1'�IXQFWLRQ�RI��J YDULDEOHV��:H�XVH�WKH�;LOLQ[������VHULHV�)3*$V�>��@�IRU�LPSOHPHQWDWLRQ�RI�WKH�SURSRVHG�VHOI �FKHFNLQJ�VFKHPH��,Q�WKLV�FDVH�WKH�QXPEHU�RI�LQSXWV�RI�WKH�&/%�LV�HTXDO�WR����ZKLFK�PHDQV�J  ���37&�FRQVLVWV�RI�&/%V�HDFK�SURJUDPPHG�IRU�LPSOHPHQWDWLRQ�RI�RQH�RI�WZR�IXQFWLRQV��³25´�DQG�³��RXW�RI��J´���,I�WZR�SURGXFW�WHUPV�SL DQG�SM��UHODWLQJ�WR�WKH�VDPH�RXWSXW�YHFWRU��DUH�RUWKRJRQDO �SL 	�SM  ����WKH\�ZLOO�EH�FRPELQHG�E\�WKH�³��RXW�RI��J´�&/%��2WKHUZLVH�WKHVH�WHUPV�ZLOO�EH�FRPELQHG�E\�WKH�³25´�&/%��7KH�H[HFXWLRQ�EORFN�RI�WKH�)60��([)60��LPSOHPHQWV�25�DVVHPEOLQJ�RI�37&�RXWSXWV��2XWSXWV�RI� ([)60� DUH� RXWSXW� VLJQDOV� < RI� WKH� )60� DQG� LQSXW�PHPRU\� VLJQDOV� ^ `5G��G' �� �� 7KH�PHPRU\�VLJQDOV�DUH�FRGHG�E\�FRGHZRUGV�RI�WKH�³��RXW�RI�5´�FRGH��
%� 0'�FKHFNHU7KH�0'�FKHFNHU�FRQVLVWV�RI� WKH�HYROXWLRQ�EORFN��(Y&K��� WKH�H[HFXWLRQ�EORFN��([&K��DQG� WKH�0DWK� 'HWHFWRU� �0'�� EHWZHHQ� WKHP�� (Y&K� LPSOHPHQWV� DOO� PLQWHUPV�� ZKLOH� ([&K� DVVHPEOHV� WKHVH�PLQWHUPV�WR�LPSOHPHQW�WKH�FKHFNHU¶V�IXQFWLRQ���7KH� (Y&K� LV� EXLOW� DV� D� VHOI�FKHFNLQJ� WUHH� ZLWK� ³$1'´� QRGHV� IRU� LPSOHPHQWDWLRQ� RI� ³ORQJ´�SURGXFW�WHUPV�DQG�³IRUN´�QRGHV�DFWXDOO\�LPSOHPHQWHG�E\�UHJXODU�IDQ �RXWV� 7KH�([&K�FRPSULVHV�HLWKHU�³��RXW�RI��J´��RU�³��J�����RXW�RI��J´�FHOOV��&/%V��FRPELQLQJ�DOO�PLQWHUPV��FRPLQJ�IURP�WKH�(Y&K�,W�LV�SURSRVHG�WR�XVH�WKH�IROORZLQJ�SUH�GHVLJQHG�$�&HOOV�DQG�2�FHOOV�IRU�LPSOHPHQWDWLRQ�RI�WKH�DERYH�PHQWLRQHG�QRGHV�RI�WKH�FKHFNHU�$�&HOO� LPSOHPHQWV� QRGHV� RI� WKH� ³$1'´� W\SH�� ,W� KDV� WZR� LQSXWV�� IRXU� IXQFWLRQDO� LQSXWV� IRU�LPSOHPHQWDWLRQ�RI�PLQWHUPV��DQG�WZR�FDVFDGH�RXWSXWV�2�&HOO�LPSOHPHQWV�QRGHV�RI�HLWKHU�³J�RXW�RI��J´�RU�³��J�����RXW�RI��J´�W\SHV��7KHVH�FHOOV�KDYH���LQSXWV�DQG���RXWSXW�

(Y&K� LV� D� VHOI�FKHFNLQJ� WZR�UDLO� WUHH�FRPSULVLQJ�D�QXPEHU�RI�$�&HOOV��7KLV�WUHH�LV�FRQVWUXFWHG�LQ�VXFK�D�ZD\�WKDW�LQ�WKH�FDVH�RI�SURSHU�IXQFWLRQLQJ�RI�ERWK�WKH�FRQWUROOHU�DQG�WKH� FKHFNHU� RQH� DQG� RQO\� RQH� GXDO�UDLO�RXWSXW� �6L�9L��ZLOO� KDYH� YDOXH� ������� $OO� WKH�UHPDLQLQJ� RXWSXWV� ZLOO� KDYH� YDOXH� �������2XWSXWV� RI� WKH� (Y&K� WUHH� DUH� LQSXWV� RI� WKH�([&K� RI� WKH� FKHFNHU�� (DFK� RI� WKH� WZR�UDLO�RXWSXWV�RI�WKH�(Y&K�FRUUHVSRQGV�WR�D�FHUWDLQ�RXWSXW�YHFWRU�RI�WKH�RULJLQDO�)60�
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([&K�FRPSULVHV�WZR�FRPSRQHQWV�FRQVLVWLQJ RI�2�&HOOV��$OO�6�RXWSXWV�RI�(Y&K�VHUYH�DV�LQSXWV�RI� WKH� ILUVW� FRPSRQHQW�RI� WKH�([&K��7KLV� FRPSRQHQW� LV� LPSOHPHQWHG�DV� D� FRQYHUJLQJ�³ ��RXW�RI�0´�PXOWLOHYHO�WUHH��$OO�9�RXWSXWV�RI�WKH�(Y&K�DUH�LQSXWV�WR�WKH�VHFRQG�FRPSRQHQW�RI�WKH�([&K��ZKLFK�LV�LPSOHPHQWHG�DV�D�FRQYHUJLQJ�³�0����RXW�RI�0´�PXOWLOHYHO�WUHH�7KH�0DWFK�'HWHFWRU� FRPSDUHV� RXWSXWV� RI� WKH�37&� DQG�RXWSXWV� RI� WKH� HYROXWLRQ� EORFN�RI� WKH�FKHFNHU��(Y&K���$Q\�RXWSXW�YHFWRU�RI�37&�LV�IRUPHG�E\�0�ELQDU\�RQH �UDLO�RXWSXWV��2XWSXW�YHFWRUV�RI�(Y&K� DUH�0�GXDO�UDLO�FRGHG�RXWSXWV�� ,Q�)LJXUH� ��� WKH� FKHFNHU� LV� VKRZQ�DV�0'�FKHFNHU�� ,I� WKH� WZR�FRPSDUHG�YHFWRUV�DUH�HTXDO��WKH�UHVXOWLQJ�YHFWRU�ZLOO�EH�HTXDO�WR�WKH�(Y&K�RXWSXW�YHFWRU��,I�WKH\�DUH�QRW��WKH�([&K�ZLOO�UHFHLYH�D�SUHGHWHUPLQHG�IDXOW\�GXDO �UDLO�YHFWRU��$Q�H[DPSOH�RI�WKH�PDWFK�GHWHFWLRQ�IXQFWLRQ�LV�VKRZQ�LQ�7DEOH����,Q�WKLV�WDEOH�� 6��L�� 9��L� � GXDO�UDLO� FRGH� RI� ELW� L RI� DQ� RXWSXW� YHFWRU� RI� WKH� (Y&K�� 6��L��� 9��L� � GXDO�UDLO� FRGH� RI� ELW� L RI� WKH�FRUUHVSRQGLQJ�RXWSXW�YHFWRU� WKH�PDWFK�GHWHFWRU��0'��� /�L� � WKH VWDWH�RI�ELW� L RI� WKH�37&�VLQJOH�UDLO�RXWSXW�YHFWRU�/�<�� )RU� WKH� 0'�DUFKLWHFWXUH� DW� DQ\� FORFN�� DQ� LQSXW�U� LQLWLDWHV� ³��RXW�RI�0´� FRGH� RI� <P�� 7KLV� FRGH� LV�GXFHG�ERWK�LQWR�WKH�([)60�DQG�WKH�PDWFK�GHWHFWRU��XW� YHFWRUV� SURGXFHG� E\� ([)60� DUH� WUDQVIRUPHG�WKH�VDPH�/�<P� FRGH�WKDW�KDV�EHHQ�SURGXFHG�E\�WKH��� 7KH� PDWFK� GHWHFWRU� FKHFNV� ZKHWKHU� WKHVH� FRGHV�KH�VDPH��DQG� LI� WKH�FRGHV�GLIIHU�IURP�RQH�DQRWKHU��'�FKHFNHU�ZLOO�SURGXFH�WKH�HUURU�VLJQDO�
%HQFKPDUNV�UHVXOWV

:)3*$�7DEOH��WHUPV��W
)606 DFRUUHVS)60�VH
YHFWRLQWUR2XWSLQWR�37&DUH� WWKH�0
,9�

Table 2. Truth table of the Match Detector.G (i) S1(i), V1(i) S0(i), V0(i)

1 1 0 1 0

0 0 1 0 1

1 0 1 1 1

0 1 0 0 0

- 0 0 0 0

- 1 1 1 1
H�DSSOLHG�WKH�V\QWKHVLV�DSSURDFK�GHVFULEHG�DERYH�WR�VHYHUDO�0&1&�EHQFKPDUNV�WR�FRPSXWH�LPSOHPHQWDWLRQV� IRU�;LOLQ[������VHULHV�)3*6V� >��@�5HVXOWV� IRU�EHQFKPDUNV�DUH�SUHVHQWHG� LQ���,Q�WKLV�WDEOH��/ � QXPEHU�RI�LQSXW�OLQHV��1 � QXPEHU�RI�RXWSXW�OLQHV��+ � QXPEHU�RI�SURGXFW�UDQVLWLRQV���5 � QXPEHU�RI�VWDWHV�RI�WKH�)60��0 � QXPEHU�RI�RXWSXW�YHFWRUV�QG� 0'6 � FRPSOH[LWLHV� �QXPEHUV� RI� &/%V�� RI� WKH� LQLWLDO� )60� DQG� WKH� 0'�FKHFNHU�RQGLQJO\�� ����)60
0'0' 66 : %%6 :� � FRPSOH[LW\��QXPEHUV�RI�&/%V��DQG�RYHUKHDG��LQ����IRU�OI�FKHFNLQJ�LPSOHPHQWDWLRQV�EDVHG�RQ�WKH�%HUJHU�FRGLQJ�DUFKLWHFWXUH�>��� �@��
Table 3. Overheads results for FSM benchmarks implemented by Xilinx-4000 series FPGAs

1$0( 5 / 1 + 0 6)60 6E :E 60' :0'EEVVH �� � � �� �� �� �� ���� �� ���FVH �� � � �� �� �� �� ��� �� ���'N��� � � � �� �� �� �� ��� �� ���'N��� � � � �� �� �� �� ��� �� ���VW\U �� �� � ��� �� ��� �� ��� �� ���VDXQG �� �� �� ��� �� ��� �� ��� �� ���6���� �� �� � ��� �� ��� ��� ��� ��� ���6� �� � � ��� �� ��� �� ��� �� ���SPD �� � � ��� �� �� �� ��� �� ���SODQHW �� �� � ��� �� �� ��� ���� ��� ����6��� �� �� �� ��� �� ��� �� ��� �� ���([� � � � �� �� �� �� ���� �� ���([� �� �� � ��� �� �� ��� ���� ��� ����WDY � � � �� �� �� �� ��� �� ���
big 18 28 17 185 17 ��� 87 ��� 71 ���



2QH� FDQ� VHH� IURP� WKLV� WDEOH� WKDW� WKH� SURSRVHG� DSSURDFK� IRU� GHVLJQ� RI� WRWDO O\� VHOI�FKHFNLQJ�PLFURFRQWUROOHUV� UHVXOWV� LQ�RYHUKHDGV��ZKLFK� DUH� DERXW������2XU�DSSURDFK� UHVXOWV� LQ�DERXW��� �����UHGXFWLRQ�RI�RYHUKHDG�DV�FRPSDUHG�WR�NQRZQ�LPSOHPHQWDWLRQ�>��� �@�
9� &RQFOXVLRQV:H�KDYH�SURSRVHG�D�QRYHO�WHFKQLTXH�IRU�WKH�V\QWKHVLV�RI�VHOI �FKHFNLQJ�)3*$�EDVHG�)60V��%\�XWLOL]LQJ� LQWULQVLF� IHDWXUHV� RI� WKH� )60V�� WKH� SURSRVHG� DUFKLWHFWXUH� DOORZV� LPSOHPHQWDWLRQ� RI�FRQWUROOHUV�E\�D�VLQJOH�UDLO�VFKHPH�ZLWKRXW�DQ\�DGGLWLRQDO�HQFRGLQJ�RI�RXWSXW�ZRUGV��7KLV�UHVXOWV� LQ�FRQVLGHUDEOH� UHGXFWLRQ� RI� WKH� UHTXLUHG� RYHUKHDG�� %HQFKPDUNV� UHVXOWV� LQGLFDWH� WKDW� WKH� SURSRVHG�DSSURDFK� IRU� WKH� GHVLJQ� RI� VHOI�FKHFNLQJ� )60V� LV� HIILFLHQW� IURP� WKH� SRLQW� RI� YLHZ� RI� UHTXLUHG�RYHUKHDGV�

5HIHUHQFHV>�@ &��%ROFKLQL��5��0RQWDQGRQ��)��6DOLQFH��DQG�'��6FLXWR���'HVLJQ�RI�9+'/ �%DVHG�7RWDOO\�6HOI�&KHFNLQJ�)LQLWH�6WDWH�0DFKLQHV�DQG�'DWD�3DWK�'HVFULSWLRQV���,(((�7UDQVDFWLRQ�RQ�9HU\�/DUJH�6FDOH�,QWHJUDWLRQ��9/6,��6\VWHPV��9RO�����1R����������>�@ %�� (VFKHUPDQQ� DQG� +�� :XQGHUOLFK�� �2SWLPL]HG� 6\QWKHVLV� RI� 6HOI �7HVWDEOH� )LQLWH� 6WDWH�0DFKLQHV���,QWO��&RQI��RQ�)DXOW�7ROHUDQW�&RPSXWDWLRQ�������>�@ $��+HUWZLJ���8WLOL]LQJ�2II�OLQH�%,67�&LUFXLWU\�IRU�WKH�2Q�OLQH�7HVW�RI�)60V�����WK�,QWHUQDWLRQDO�2Q�OLQH�7HVWLQJ�&RQIHUHQFH��&DSUL��������&RPSHQGLXP�RI�SDSHUV��SS���� ����>�@ 9��6��,\HQJDU��/��/��.LQQH\���&RQFXUUHQW�)DXOW�'HWHFWLRQ�LQ�0LFURSURJUDPPHG�&RQWURO�8QLWV���,(((�7UDQVDFWLRQV�RQ�&RPSXWHUV��9RO��&�����1R�����6HSWHPEHU�������SS����������>�@ 3��/DOD��6HOI�FKHFNLQJ�DQG�)DXOW�7ROHUDQW�'LJLWDO�'HVLJQ��0RUJDQ�.DXIPDQQ�3XEOLVKHUV��6DQ �)UDQFLVFR�6DQ�'LHJR�1HZ�<RUN�%RVWRQ�/RQGRQ��6\GQH\�7RN\R�������>�@ ,�� /HYLQ�� 0�� .DUSRYVN\�� �2Q�OLQH� 6HOI�&KHFNLQJ� RI� 0LFURSURJUDP� &RQWURO� 8QLWV��� ��WK�,QWHUQDWLRQDO�2Q�OLQH�7HVWLQJ�&RQIHUHQFH��&DSUL��������&RPSHQGLXP�RI�SDSHUV��SS����� �����>�@ ,�� /HYLQ�� 9�� 6LQHOQLNRY�� �6HOI�FKHFNLQJ� RI� )3*$� EDVHG� &RQWURO� 8QLWV��� 3URFHHGLQJV� RI� �WK�*UHDW�/DNHV�6\PSRVLXP�RQ�9/6,��$QQ�$UERU��0LFKLJDQ��������,(((�SUHVV��SS����� �����>�@ $��<X��0DWURVRYD�� 6��$��2VWDQLQ�� �6HOI�&KHFNLQJ�)60�1HWZRUNV�'HVLJQ��� ��WK� ,QWHUQDWLRQDO�2Q�OLQH�7HVWLQJ &RQIHUHQFH��&DSUL��������&RPSHQGLXP�RI�SDSHUV��SS����� �����>�@ 0��1DPMRR���'HVLJQ�RI�&RQFXUUHQWO\�7HVWDEOH�0LFURSURJUDPPLQJ�&RQWURO�8QLWV���3URF��2I�WKH����$QQXDO�:RUNVKRS�RQ�0LFURSURJUDPPLQJ��3DOR�$OWR��&$���SS����� ������2FW�������>��@ $�� 0�� 3DVFKDOLV�� &�� +DODWVLV�� *�� 3KLORN\SURX�� �&RQFXUUHQWO\� 7RWDOO\� 6HOI �&KHFNLQJ�0LFURSURJUDP�&RQWURO�8QLW�ZLWK�'XSOLFDWLRQ� RI�0LFURSURJUDP�6HTXHQFHU���0LFURSURFHVVLQJ�DQG�0LFURSURJUDPPLQJ������������SS����������>��@ 0�� *�� 6DPL�� '�� 6FLXWR�� 5�� 6WHIDQHOOL�� �&RQFXUUHQWO\� 6HOI�&KHFNLQJ� 6WUXFWXUHV� IRU� )60V���0LFURSURFHVVLQJ�DQG�0LFURSURJUDPPLQJ���������������������1RUWK�+ROODQG�>��@ -��6PLWK��³2Q�6HSDUDEOH�8QRUGHUHG�&RGHV´��,(((�7UDQVDFWLRQ�RQ�&RPSXWHUV��9RO��& �����1R�����$XJXVW������>��@ ;LOLQ[���7KH�3URJUDPPDEOH�/RJLF���'DWD�%RRN�������


	Introduction
	Frameworks
	FSM Controllers
	Definitions and Assumptions
	Fault Model

	Match Detector based architecture of a self-checking controller
	Self-checking FSM
	MD-checker

	Benchmarks results
	Conclusions

