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&RQWURO�WDVNV�EH\RQG�WKH�VFRSH�RI�VHULDO�SURFHVVRUV�FDQ�EH SHUIRUPHG�XVLQJ�SDUDOOHO� V\VWHPV� VXFK� DV� QHXUDO� QHWZRUNV�� � &XUUHQW� QHXUDO� V\VWHPV� VXIIHU�VHULRXV�LQWHUFRQQHFWLRQ�SUREOHPV�RQ�VLOLFRQ�EXW�E\�HPSOR\LQJ�VSDWLDO�RSWLFV�WR�LQWHUFRQQHFW�QHXURQV� WKLV� OLPLWDWLRQ�FDQ�EH�RYHUFRPH�� �7KLV�UHSRUW�H[DPLQHV�ERWK� WKH� QHXUDO� QHWZRUN� DUFKLWHFWXUHV� DQG� VPDUW� SL[HO� LQWHUFRQQHFWLRQ�WHFKQRORJLHV�WKDW�FDQ�EH�XVHG�WR�FRQVWUXFW�WKHP���,Q�FRQFOXVLRQ��LW�H[DPLQHV�D�VDPSOH� V\VWHP� DQG� FRQVLGHUV� WKH� SRWHQWLDO� DSSOLFDWLRQV� RI� D� VPDUW� SL[HO�RSWLFDO�QHXUDO�QHWZRUN�
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7UDGLWLRQDO� FRPSXWHU� V\VWHPV�� DV�IRXQG� LQ ZLGHVSUHDG� XVH� WRGD\��KDYH� DOZD\V� EHHQ� VHTXHQWLDO� LQ�QDWXUH� ZLWK� RQH� LQVWUXFWLRQ� EHLQJ�ULJLGO\� SHUIRUPHG� DIWHU� WKH� RWKHU���$V� WKH� SRZHU� RI� WKHVH� FRPSXWHUV�KDV�LQFUHDVHG�E\�EHWZHHQ�����DQG����� SHU� \HDU� RYHU� WKH� ODVW� IHZ�GHFDGHV�� LW� ZLOO� QRW� EH� ORQJ� EHIRUH�WKH�VHTXHQWLDO�FRPSXWHU�UHDFKHV�LWV�SK\VLFDO� FRPSXWDWLRQDO� OLPLW� ± WKH�VSHHG� RI� OLJKW�� � 7R� VXVWDLQ� VXFK� D�UDWH� RI� JURZWK� QHZ� FRPSXWLQJ�WHFKQLTXHV� ZLOO� QHHG� WR� EH�GHYHORSHG� DQG� WKH� RQO\� ZD\�IRUZDUG�ZLOO�EH� WKH� LPSOHPHQWDWLRQ�RI�SDUDOOHO�DUFKLWHFWXUHV�� )LJXUH�� VKRZV�WKH�DSSURDFKHV�WDNHQ�E\�YDULRXV�FRPSXWHU�V\VWHPV�WRZDUGV�SHUIRUPDQFH�³(O�'RUDGR´�>�@�7XUQLQJ� WR� QDWXUH� IRU� LQVSLUDWLRQ�� D� JRRG� H[DPSOH� RI� D� SDUDOOHO� DUFKLWHFWXUH�PD\�EH�IRXQG�LQ�WKH�EUDLQ���,Q�FRPSXWHU�VFLHQFH�WHUPV�D�KXPDQ�EUDLQ�FDQ�EH�FRQVLGHUHG�DV�FRQWDLQLQJ�LQ�WKH�UHJLRQ�RI����� SURFHVVRUV�ZRUNLQJ�LQ�SDUDOOHO���(DFK�SURFHVVRU��RU�QHXURQ��KDV�LWV�RZQ�YHU\�VLPSOH�WDVN�WR�SHUIRUP�DQG�LV�SDUW�RI�D�KLJKO\� LQWHUFRQQHFWHG�V\VWHP�� � ,W� LV� WKLV�H[WUHPH LQWHUFRQQHFWLYLW\�ZLWKLQ�WKH�QHWZRUN�WKDW�LV�WKH�DWWUDFWLRQ�RI�D�QHXUDO�V\VWHP�VLQFH�QRLVH�RU�D�IHZ�HUURUV�ZLOO�SUREDEO\�EH�LQFRQVHTXHQWLDO���$Q�HQWLUH�FDOFXODWLRQ�RQ�D�VHTXHQWLDO�V\VWHP�FDQ�EH�UXLQHG�E\�D�VLQJOH�ELW�HUURU�EXW�RQ�D�QHXUDO�V\VWHP�LW�VLPSO\ UHVXOWV�LQ�JUDFHIXO� GHJUDGDWLRQ�� �7KLV� IDXOW� WROHUDQFH�FUHDWHV�D� UREXVW�V\VWHP�ZKLFK� LV�WKH�PDMRU�DWWUDFWLRQ�RI�DUWLILFLDO�QHXUDO�QHWZRUNV �$11V��$SSO\LQJ� RQH� RI� WRGD\¶V�PRVW� SRZHUIXO� FRPSXWHUV� WR� D� WDVN� VXFK� DV� LPDJH�UHFRJQLWLRQ� EHJLQV� WR� KLJKOLJKW� WKH� VKRUWFRPLQJV� RI� FXUUHQW� FRPSXWHU�WHFKQRORJ\��HYHQ�WKRXJK�WKH�F\FOH�WLPHV�RI�D�VLOLFRQ�V\VWHP�DUH���� WLPHV�WKDW�RI� WKH�EUDLQ�� WKH�EUDLQ� LV�VWLOO�H[WUHPHO\� IDVW�DW�D� WDVN� OLNH� LPDJH�UHFRJQLWLRQ���&RPELQLQJ� WKH� VSHHG� RI� VLOLFRQ� DQG� WKH� WROHUDQFH�RI� D� QHXUDO� V\VWHP� FRXOG�OHDG�WR�DQ�HYROXWLRQ�LQ�FRPSXWHU�DUFKLWHFWXUH�
������ 55HHSSRRUUWW 22XXWWOOLLQQHH
,W� LV� WKH� LQWHQWLRQ� RI� WKLV� UHSRUW� WR� H[DPLQH� WKH� FRPSRQHQW� SDUWV� RI�RSWRHOHFWURQLF� QHXUDO� QHWZRUNV ZKLFK� DUH� LPSOHPHQWHG� XVLQJ� VPDUW� SL[HOV���7KLV� UHSRUW� GLYLGHV� XS� WKH� V\VWHP� LQWR LWV� WZR� FRPSRQHQW� SDUWV�� H[DPLQHV�

���� ,,,,QQQQWWWWUUUURRRRGGGGXXXXFFFFWWWWLLLLRRRRQQQQ

)LJXUH��%DVHG�RQ�D�GLDJUDP�E\�'DQQ\�+LOOLV��DUFKLWHFW�RI�WKH�FRQQHFWLRQ�PDFKLQHV�



6PDUW�3L[HO�2SWRHOHFWURQLF�1HXUDO�1HWZRUNV

�

WKHP� VHSDUDWHO\� DQG� WKHQ� UHFRPELQHV� WKHP� WR� FRQVLGHU� WKH� SRVVLEOH�LPSOHPHQWDWLRQ� DGYDQWDJHV� RI� D� FRPELQHG� VROXWLRQ�� � 7KLV� UHVXOWV� LQ� WKH�IROORZLQJ���FKDSWHUV�$UWLILFLDO 1HXUDO 1HWZRUNV� $Q� H[DPLQDWLRQ� RI� DUWLILFLDO� QHXUDO� QHWZRUNV�UDQJLQJ� IURP� VLPSOH� LQWHUFRQQHFWLRQ� VFKHPHV� WR� PXOWL�OD\HU� SHUFHSWURQV�0/3V��DQG�OHDUQLQJ�YHFWRU�TXDQWLVDWLRQ �/94��LQFOXGLQJ�WKHLU�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�6PDUW 3L[HOV� $QDO\VLV� RI� ZKDW� D� VPDUW� SL[HO� LV� DQG� FXUUHQWO\� YLDEOH�LPSOHPHQWDWLRQV���,QIRUPDWLRQ�RQ�WKH�VWUHQJWKV�DQG�ZHDNQHVVHV�RI�HDFK�W\SH�LV�DOVR�LQFOXGHG�KHUH�IRU�ERWK�PRQROLWKLF DQG�K\EULG DSSURDFKHV�2SWRHOHFWURQLF 1HWZRUNV� $�FXOPLQDWLRQ�RI�WKH�NQRZOHGJH�IURP�WKH�SUHYLRXV�WZR� FKDSWHUV� ZLWK� DQ� H[DPLQDWLRQ� RI� KRZ� VPDUW� SL[HOV� FRXOG� UHYROXWLRQLVH�QHXUDO�QHWZRUN�LPSOHPHQWDWLRQV���$�VDPSOH�QHWZRUN�DQG�YDULRXV�DSSOLFDWLRQV�DUH�DOVR�EULHIO\�FRQVLGHUHG�



6PDUW�3L[HO�2SWRHOHFWURQLF�1HXUDO�1HWZRUNV

�
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$UWLILFLDO� QHXUDO� QHWZRUNV� ZHUH� GHVLJQHG� WR� EH� DQ� DQDORJ\� �LI� D� UDWKHU� SRRU�RQH��RI� WKH�KXPDQ�EUDLQ��ZKLFK� LV�D�PDVVLYHO\�SDUDOOHO�V\VWHP��EHFDXVH� WKH�KXPDQ� EUDLQ� LV� SHUKDSV� RQH� RI� WKH� PRVW� UREXVW� DQG� IDXOW� WROHUDQW� SDWWHUQ�UHFRJQLWLRQ�V\VWHPV�NQRZQ���+RZHYHU��$11V�KDYH�QRW�TXLWH�UHDFKHG�WKH�VL]H�DQG� FRPSOH[LW\� RI� WKH� KXPDQ� EUDLQ� \HW�� � (YHQ� VR�� $11V� KDYH� SURYHG�WKHPVHOYHV� WR� EH� FRPSHWHQW� DW� SDWWHUQ� UHFRJQLWLRQ�� �:KDW�PDNHV�$11V� VR�LQWHUHVWLQJ� WKRXJK� LV� WKHLU� SRZHU� RI� GLVFULPLQDWLRQ� ± D� FKDUDFWHULVWLF� QRW�H[KLELWHG�E\�VWRFKDVWLF WHFKQLTXHV���,Q�DGGLWLRQ�WR�WKLV�WUDLW��WKH\�DOVR�KDYH�WKH�SRZHU�WR�OHDUQ�7KLV�DQDORJ\�KDV� QRZ�GHYHORSHG�EH\RQG� WKH� SRLQW� RI� D� FRS\�RI� WKH�KXPDQ�EUDLQ� LQWR� D� ILHOG� LQ� LWV� RZQ� ULJKW� DQG� WRGD\� $11V� DUH� JHQHUDOO\� UHIHUUHG� WR�VLPSO\�DV�QHXUDO�QHWZRUNV �11��>��@�
������ 77KKHH 11RRGGHH ²² $$QQ $$UUWWLLIILLFFLLDDOO 11HHXXUURRQQ
$�QRGH��DV� VKRZQ� LQ� ILJXUH���� LV� WKH�EDVLF�EXLOGLQJ� EORFN� RI� QHXUDO� QHWZRUNV�� � 7KH�QRGH� ZDV� GHYHORSHG� DV� DQ� DSSUR[LPDWLRQ�RI�D�QHXURQ�LQ�QDWXUH�$� QRGH� WDNHV� Q �;��«�;Q�� LQSXWV� DQG�PXOWLSOLHV�LWV�VWUHQJWK�E\�D�VFDODU�ZHLJKW�:QMNQRZQ�DV�WKH�V\QDSWLF�ZHLJKW���7KLV�DOORZV�D� FHUWDLQ� LQSXW� WR� KDYH� PRUH� LPSRUWDQFH�WKDQ� RWKHUV�� 7KHVH� LQSXWV� DUH� WKHQ�VXPPHG� E\� WKH� QRGH� DQG� SXW WKURXJK� D�WUDQVIHU�IXQFWLRQ�I�[����7KH�WUDQVIHU�IXQFWLRQ�LV� QRGH� GHSHQGHQW� DQG� FDQ� EH� DOPRVW�DQ\WKLQJ�GHVLUHG���7KH�UHVXOW�LV�WKHQ�UHWXUQHG�RQ�D�VLQJOH�RXWSXW�<���)LJXUH��RYHUOHDI�VKRZV�VRPH�FRPPRQ�WUDQVIHU�IXQFWLRQV�7KH�QRGH¶V�RXWSXW�GHSHQGV�RQ� LWV� WUDQVIHU� IXQFWLRQ�DQG�VXP�RI� LQSXWV�� �)RU�H[DPSOH�� WKH� OLQHDU� WKUHVKROG� WUDQVIHU� IXQFWLRQ�ZRXOG�RXWSXW�HLWKHU�D� ���RU���GHSHQGHQW� RQ� LQSXW�� � 2Q� WKH� RWKHU� KDQG�� D� OLQHDU� GHFLVLRQ� QHXURQ� ZRXOG�VPRRWK�WKH�UHVSRQVH�RI�WKH�QRGH�SURYLGLQJ�QRW�MXVW�WKH�YDOXHV�RI����DQG ��EXW�DOVR�DOO�WKH�YDOXHV�LQ�EHWZHHQ�2QH� RI� WKH� PRVW� IUHTXHQWO\� XVHG� WUDQVIHU�IXQFWLRQV�LV�WKH�VLJPRLG IXQFWLRQ��DV�VKRZQ�LQ� HTXDWLRQ� ��� ZKHUH� D GHWHUPLQHV� KRZ�UDSLG�WKH�IXQFWLRQ¶V�UHVSRQVH�LV�

���� $$$$UUUUWWWWLLLLIIIILLLLFFFFLLLLDDDDOOOO 1111HHHHXXXXUUUUDDDDOOOO 1111HHHHWWWWZZZZRRRRUUUUNNNNVVVV

� � [H[I D�� � �

)LJXUH��$�QRGH�VXPV�DOO� LQFRPLQJ�ZHLJKWV�;� WR�;Q DIWHU�PXOWLSO\LQJ�WKHP�E\� WKH� DSSURSULDWH� ZHLJKW� :�M WR� :QM DQG� WKHQ� GHWHUPLQHV� LWV�UHVSRQVH�EDVHG�RQ�WKH�LQ�EXLOW�IXQFWLRQ�I�[��

(TXDWLRQ��



6PDUW�3L[HO�2SWRHOHFWURQLF�1HXUDO�1HWZRUNV

�

7KH�DGYDQWDJH�RI� WKH�VLJPRLG� IXQFWLRQ� LV� WKDW� LW�KDV�VPRRWK�WUDQVLWLRQ�OLPLWV���$QRWKHU�VLPLODU�IXQFWLRQ�RI�QRWH�ZKLFK�LV�ZLGHO\�XVHG�LV�WKH�WDQJHQW�K\SHUEROLF�IXQFWLRQ�7KH� QRGH� LV� WKH� EDVLF� EXLOGLQJ� EORFN� RI� QHXUDO� QHWZRUNV� DQG� E\� FRPELQLQJ�WKHP� FRUUHFWO\�� DOWHULQJ� WKHLU� IXQFWLRQV� DQG� ZHLJKWLQJ� PHWKRGV� D� YDULHW\� RI�GLIIHUHQW�V\VWHPV�FDQ�EH�EXLOW�XS�ZKLFK�PD\�EH�SXW�WR�XVH�LQ�D�JUHDW�GHDO�RI�DSSOLFDWLRQV�
������ 11HHXXUUDDOO 11HHWWZZRRUUNN 77\\SSHHVV
7KHUH�DUH� WZR�EDVLF� W\SHV�RI�QHXUDO�QHWZRUNV��RQHV�ZKLFK� WDNH�ELQDU\� LQSXW�DQG�RQHV�ZKLFK�WDNH�FRQWLQXRXV�YDOXHG�LQSXW�1HXUDO�1HWZRUN�1DPH ,QSXW�7\SH 7UDLQLQJ�0HWKRG+RSILHOG�1HW %LQDU\ 6XSHUYLVHG+DPPLQJ�1HW %LQDU\ 6XSHUYLVHG&DUSHQWHU�*URVVEHUJ�&ODVVLILHU %LQDU\ 8QVXSHUYLVHG3HUFHSWURQ &RQWLQXRXV 6XSHUYLVHG0XOWL�/D\HU�3HUFHSWURQ &RQWLQXRXV 6XSHUYLVHG.RKRQHQ�6HOI�2UJDQLVLQJ�)HDWXUH�0DSV &RQWLQXRXV 8QVXSHUYLVHG7DEOH��

)LJXUH��7KH�DERYH�DUH�DOO�H[DPSOHV�RI�WKUHVKROG�IXQFWLRQV�I�[����3OHDVH�QRWH�WKDW�WKH�PLQLPXP�DQG�PD[LPXP�YDOXHV�VKRZQ�KHUH�DUH�FRQVLGHUHG�WR�EH�QRUPDOLVHG��L�H�����DQG���UHVSHFWLYHO\�
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7KHVH� QHWZRUNV� FDQ� DJDLQ� EH� VXE�FODVVLILHG� GHSHQGHQW� RQ� WKH� SURFHGXUH�XVHG� WR� WUDLQ� WKHP��VXSHUYLVHG RU�XQVXSHUYLVHG OHDUQLQJ��7DEOH�� VKRZV�WKH�SURSHUWLHV�RI�VRPH�FRPPRQ�QHXUDO�QHWZRUNV�8QVXSHUYLVHG� OHDUQLQJ� LV� ZKHUH� WKH� QRGHV� FRPSHWH� IRU� GDWD�� QR� GHVLUHG�UHVSRQVH�LV�DSSOLHG�VLQFH�WKHUH�LV�QR�WDUJHW�VHW���6XSHUYLVHG�OHDUQLQJ�LV�ZKHUH�WKHUH�LV�D�VSHFLILF�UHVSRQVH�ZKLFK PXVW�EH�DFKLHYHG��$�QHWZRUN�WKDW�KDV�EHHQ�WUDLQHG� LQ� D� VXSHUYLVHG� PDQQHU� LV� JRRG� IRU� PRGHOOLQJ� ZKHUHDV� D� QHWZRUN�WUDLQHG�LQ�DQ�XQVXSHUYLVHG�PDQQHU�LV�JRRG�IRU�H[SORUDWRU\�ZRUN�
������ 66LLPPSSOOHH 11HHWWZZRRUUNNVV
7KLV� VHFWLRQ�PHQWLRQV� WKH� EDVLF� VWUXFWXUHV� IRXQG� LQ�DOO� QHXUDO QHWZRUNV�DQG�KRZ�WKH\�DUH�FODVVLILHG�
���������� 22XXWWVVWWDDUU 11HHWWZZRRUUNNVV$Q� RXWVWDU QHWZRUN� �DV� VKRZQ� LQ�ILJXUH� ��� OHDUQV� DQG� UHFDOOV� D� VSDWLDO�LQSXW�SDWWHUQ�ZKLFK� LV�LPSUHVVHG�RQWR�DQ� DUUD\� RI� QHXURQV�� � 7R� OHDUQ��;� LV�DFWLYDWHG� ZKLFK� WXUQV� RQ� WKH�FRPPDQG� QHXURQ� ��� � 7KH� SDWWHUQ�ZKLFK� LV� FXUUHQWO\� RQ�;� WR�;Q LV� WKHQ�OHDUQHG� DQG� VWRUHG� E\� WKH� QHXURQV��WR�Q�� 7R�UHFDOO��WKH�FRPPDQG�QHXURQ�WKHQ� UHDFWLYDWHV� WKH� QHXURQV�SURSRUWLRQDOO\� WR� WKH� SUHYLRXVO\�OHDUQHG� LQSXW�� � 3OHDVH� VHH� >��@�� >��@DQG�>��@ IRU�IXUWKHU�LQIRUPDWLRQ�
���������� $$YYDDOODDQQFFKKHH 11HHWWZZRRUUNNVV$Q�DYDODQFKH QHWZRUN� LV� GHVLJQHG� WR� UHFDOO� VSDFH�WLPH� SDWWHUQV�� � ,W� FDQ� EH�WKRXJK�RI�DV�D�VHULHV�RI�RXWVWDU�QHWZRUNV��VHH��������DFWLYDWHG�VHTXHQWLDOO\�LQ�WLPH�E\�RQO\�RQH�FRQWUROOLQJ�QHXURQ���5HDG�RXW�SURGXFHV�D�VKRUW�WHUP�PHPRU\�SDWWHUQ� DFURVV� WKH� QHXURQV� SURSRUWLRQDO� WR� WKH� RULJLQDO� SDWWHUQ�� 3OHDVH� VHH�>��@��>��@ DQG�>��@ IRU�IXUWKHU�LQIRUPDWLRQ�
���������� ,,QQVVWWDDUU 11HHWWZZRRUUNNVV7KH�LQVWDU QHWZRUN��DV�FDQ�EH�VHHQ�LQ�ILJXUH� ��� LV� XVHG� IRU� UHFRJQLVLQJ�VSDWLDO� LQSXW� SDWWHUQV�� � $Q� LQSXW�SDWWHUQ� LV�DSSOLHG�WR�QHXURQV�;� WR�;QZKLFK� VLJQDO� WKH� FHQWUDO� QHXURQ� ����$FWLYDWLRQ� RI� WKH� FHQWUDO� QHXURQ� WKHQ�FDXVHV�LW�WR�JR�WRZDUGV�D�VWHDG\�VWDWH�SURSRUWLRQDO� WR� LWV� LQSXWV�� � 7R�UHFRJQLVH�� WKH� SDWWHUQ� LV� UHSOD\HG� WR�WKH� FHQWUDO� QHXURQ� DQG� LI� WKH� LQSXWV�

)LJXUH��2XWVWDU�QHWZRUN�IRU�VSDWLDO�SDWWHUQ�UHFRJQLWLRQ�

)LJXUH��7KH�,QVWDU�QHXUDO�QHWZRUN��XVHG�IRU�VSDWLDO�SDWWHUQ�UHFRJQLWLRQ�
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DUH�RYHU�D�FHUWDLQ�WKUHVKROG�WKHQ�WKH�QHXURQ�ILUHV���3OHDVH�VHH�>��@��>��@ DQG�>��@ IRU�IXUWKHU�LQIRUPDWLRQ�
������ 77KKHH 33HHUUFFHHSSWWUURRQQ
5RVHQEODWW�>��@ LQYHQWHG�PDQ\�YDULDWLRQV�RI D�VLPSOH�QHWZRUN�ZKLFK�KH�FDOOHG�WKH�SHUFHSWURQ���7KH�SHUFHSWURQ�LV�VLPSO\�D�OD\HU�RI�LQSXW�QHXURQV�FRQQHFWHG�GLUHFWO\�WR�D�OD\HU�RI�RXWSXW�QHXURQV�DQG�LV�HVSHFLDOO\�VXLWHG�IRU�VLPSOH�SDWWHUQ�FODVVLILFDWLRQ�SUREOHPV���3OHDVH�H[DPLQH�ILJXUH���

7KH�;25��H[FOXVLYH�RU��SUREOHP�XVHG�WR�LOOXVWUDWH�QHWZRUN�SHUIRUPDQFH�KHUH�LV�ZKHUH� WZR�FRQWLQXRXV� YDOXHG� LQSXWV�;� DQG�;� DUH� WR� EH�FODVVLILHG� LQWR�D�FDWHJRU\�$�RU�%�ZKLFK� LV�RXWSXW�RQ�<�� � ,Q� WKH�GLDJUDPV�� WKH�DFWXDO�RXWSXW�<IURP� WKH� QHXURQ� LV LQGLFDWHG� E\� WKH� WZR� FRQWUDVWLQJO\� VKDGHG� UHJLRQV�� WKH�YDOXH� RI� ZKLFK� LV� LUUHOHYDQW�� � 7KH� WDUJHW� FODVVLILFDWLRQV� RI� $� DQG�%� DUH� DOVR�VKRZQ�KHUH�DQG��LI�WKH�V\VWHP�LV�WR�IXQFWLRQ�FRUUHFWO\��ERWK�$�FLUFOHV�PXVW�EH�ERXQGHG�E\�RQO\�RQH�VKDGH�$� VLQJOH� OD\HU� SHUFHSWURQ LV� WKH� VLPSOHVW� RI� DOO� DQG� FRQVLVWV� RI� RQO\� RQH�QHXURQ�� � *LYHQ� WKH� WZR� LQSXWV� ;� DQG� ;��� LW� LV� RQO\� FDSDEOH� RI� FODVVLI\LQJ�LQIRUPDWLRQ�ZLWK�D�VLQJOH�K\SHUSODQH OLQH���7KLV�LV�QRW�HQRXJK�WR�VXFFHVVIXOO\�

)LJXUH��7KLV�ILJXUH�VKRZV�WKH�WKUHH�PDMRU�W\SHV�RI�SHUFHSWURQ�QHWZRUN�DQG�WKHLU�UHVSRQVH�WR�WKH�;25�FODVVLILFDWLRQ�SUREOHP��VHH�WH[W�IRU�GHWDLOV��
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LPSOHPHQW�D�;25�DUFKLWHFWXUH�DQG�DV�FDQ�EH�VHHQ�WKH�QHXURQ�LV�RQO\�FDSDEOH�RI�OHDUQLQJ�WR�ILUH�RQ�RQH�LQVWDQFH�RI�$�7KH�QH[W�VWHS�XS�LQ�FRPSOH[LW\�LV�WKH�WZR�OD\HU�SHUFHSWURQ���$V�FDQ�EH�VHHQ��WKLV�QHWZRUN�LV�FDSDEOH�RI�LPSOHPHQWLQJ�D�;25�RSHUDWLRQ�EHFDXVH�WKH�V\VWHP�LV� FDSDEOH� RI� UHPHPEHULQJ� PRUH� WKDQ� MXVW� RQH� K\SHUSODQH�� LW� FDQ�PRGHO� D�FRQYH[�RSHQ�RU�FORVHG�UHJLRQ�)LQDOO\� ZH� KDYH� WKH� PXOWL�OD\HU� SHUFHSWURQ� �0/3�� �PRUH� WKDQ� WZR� OD\HUV� ±WKUHH�OD\HU�H[DPSOH�JLYHQ�LQ�WKLV�FDVH����7KH\�GLIIHU�IURP�D�QRUPDO�SHUFHSWURQ�LQ�WKDW�WKH\�KDYH�KLGGHQ�OD\HUV � VR�FDOOHG�EHFDXVH�WKHLU�RXWSXW�LV�QRW�DFWXDOO\�REVHUYDEOH�� � (DFK� OD\HU� WKDW� LV� DGGHG� HQDEOHV� DQ� H[WUD�� GLVWLQFW�� QRQ�OLQHDU�FODVVLILFDWLRQ� OLQH�� � 7KLV� DOORZV� D� GHFLVLRQ� OLQH� RI� DOPRVW� DQ\� VKDSH� WR� EH�FUHDWHG�� � ,W� FDQ� EH� HDVLO\� VHHQ� WKDW� WKLV� QHWZRUN� FDQ� LPSOHPHQW� WKH� ;25�SUREOHP�� LI� SHUKDSV� D� ELW� WR� VSHFLILFDOO\�� � 0/3V�� XQOLNH� VLQJOH� OD\HU�SHUFHSWURQV�� DUH� FDSDEOH� RI� PRGHOOLQJ� WUDLQLQJ� VHWV� WKDW� DUH� QRW� OLQHDUO\�VHSDUDEOH���7KLV�LV�WKHLU�PDMRU�DGYDQWDJH�RYHU�QRUPDO�SHUFHSWURQV�$Q� SHUFHSWURQ� QHWZRUN� KDV� WZR� PRGHV� RI� RSHUDWLRQ�� 5HFDOO� DQG� /HDUQLQJ�PRGH���/HDUQLQJ�PRGH�>�@ WUDLQV�WKH�QHWZRUN�WR�VLPXODWH�DSSURSULDWH�GDWD�E\�DOWHULQJ� HDFK� QRGHV¶� LQSXW� ZHLJKWV� XQWLO� WKH� V\VWHP� LV� PRGHOOHG� WR� ZLWKLQ�SUHGHILQHG�OLPLWV��L�H��D�WDUJHW�VHW���5HFDOO�PRGH�VLPSO\�SXWV�YDOXHV�LQ�DQG�WKH�SHUFHSWURQ�ZLOO�DWWHPSW�WR�FODVVLI\�LW�3HUFHSWURQ�QHWZRUNV�H[KLELW�PDQ\�DGYDQWDJHV�RYHU�QRUPDO�PHWKRGV�x $�SHUFHSWURQ�FDQ�EH�VHW�XS�WR�OHDUQ�WKURXJK�H[SHULHQFH�IURP�WKH�LQSXW�GDWD�LWVHOI�x 7KH\� FDQ� EH� DSSOLHG� WR D� FODVVLILFDWLRQ�� QRLVH� UHGXFWLRQ� RU� SUHGLFWLRQ�SUREOHPV�x 7KH\�FDQ�PDNH�D�FRQFOXVLRQ�HYHQ�LI�WKH�LQSXW�GDWD�LV�QRW�ZHOO�GHILQHG�x 3DWWHUQV�FDQ�EH�H[WUDFWHG�HYHQ�WKRXJK�GLIIHUHQFHV�DUH�YHU\�VXEWOH�x 'HFLVLRQV�FDQ�EH�PDGH�HYHQ�LI�WKH�GDWD�LV�FKDRWLF�E\�QRUPDO PDWKHPDWLFDO�VWDQGDUGV�)RU�IXUWKHU�LQIRUPDWLRQ�SOHDVH�VHH�>��@��>��@��>��@��>��@ DQG�>��@�
������ //HHDDUUQQLLQQJJ 99HHFFWWRRUU 44XXDDQQWWLLVVDDWWLLRRQQ
/HDUQLQJ� YHFWRU� TXDQWLVDWLRQ� �/94�� LV� D� W\SH� RI� VXSHUYLVHG� WUDLQLQJ� WKDW�WHDFKHV� D� FRPSHWLWLYH� OD\HU WR� DXWRPDWLFDOO\� FODVVLI\� LQSXW� YHFWRUV���8QIRUWXQDWHO\�� DXWRPDWLF� FODVVLILFDWLRQ� PHDQV� WKDW� YHFWRUV� WKDW� DUH� FORVH�WRJHWKHU�ZLOO� SUREDEO\�EH�SXW� LQWR� WKH�VDPH�FODVV�� �7KHUH� LV�QR�PHWKRG� LQ�D�FRPSHWLWLYH� OD\HU� WR� VSHFLI\� ZKHWKHU� LQSXW� YHFWRUV� DUH� RI� WKH� VDPH� FODVV� RU�QRW���7KLV�LV�ZKHUH�DQ�/94�QHWZRUN�FRPHV�LQ�WR�SOD\�DV�LW�DOORZV�VSHFLILFDWLRQ�RI�WKH�WDUJHW�YHFWRUV���3OHDVH�VHH�>��@ IRU�PRUH�LQIRUPDWLRQ�:KHQ�DSSO\LQJ�WKH�.RKRQHQ�UXOH��>��@ DQG�>��@��WKH�FRPSHWLWLYH�QHXURQ�ZKRVH�ZHLJKW� IRUPV� WKH�FORVHVW�PDWFK�ZLQV�DQG�RXWSXWV�D���� �+RZHYHU�� LQ�DQ�/94�QHWZRUN� D� WDUJHW� YHFWRU� LV� IRXQG� XVLQJ� WKH� OLQHDU� OD\HU� ZHLJKWV� :��� � 7KLV�PHDQV�WKDW�WKH�.RKRQHQ�UXOH�LV�XVHG�RQO\�WR�XSGDWH�WKH�ZHLJKWV�LI�WKH�QHXURQ�
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WDUJHW� LV�WKDW�WDUJHW���,I�WKH�ZLQQLQJ�QHXURQ�LV�IRXQG�WR�EH�RI�WKH�WDUJHW�FODVV��WKHQ�WKH�.RKRQHQ�UXOH�LV�VWLOO�DSSOLHG�EXW�ZLWK�D�VLJQ�FKDQJH���7KLV�PRYHV�WKH�RIIHQGLQJ�QHXURQ�DZD\� IURP�WKH�YHFWRU�� �7KLV�UHVXOWV� LQ�FRPSHWLWLYH�QHXURQV�PRYLQJ�WRZDUGV�YHFWRUV�RI�WKHLU�RZQ�FODVV�DQG�WKHQ�FRPSHWLQJ�ZLWK�HDFK�RWKHU�WR�IRUP�VXE�FODVVHV�)LJXUH�� VKRZV�DQ�H[DPSOH�RI�DQ�/94�QHWZRUN�

������ &&RRQQFFOOXXVVLLRRQQ
7KH�DPRXQW�RI�WKHRU\�LQ�WKH�ILHOG�RI�QHXURFRPSXWLQJ�LV�LPPHQVH���7KLV�FKDSWHU�JDYH�DQ�RYHUYLHZ�RI�WKH�EDVLFV�RI�WKH�ILHOG�� IROORZHG�E\�D�EULHI�GHVFULSWLRQ�RI�VRPH�FRPPRQ�QHWZRUNV��EXW�HYHQ�VR�RQO\�VFUDWFKHG�WKH�VXUIDFH� 6HFWLRQ����PHQWLRQV�RWKHU�LQWHUHVWLQJ�QHWZRUNV�EXW�GRHV�QRW�GHVFULEH�WKHP���)RU�IXUWKHU�UHDGLQJ� RQ� WKHVH� �DQG�RWKHU�� QHXUDO� QHWZRUNV�SOHDVH�FRQVXOW� >��@�� >��@�� >��@DQG�>��@�(YHQ� WKRXJK� ODUJH� VFDOH� QHXUDO� FRPSXWHUV� GR� QRW� \HW� H[LVW�� WKH� SRVVLEOH�DSSOLFDWLRQV�UHPDLQ�GLYHUVH� IURP�SDWWHUQ�UHFRJQLWLRQ� LQ�ERWK�VSDWLDO�DQG�WLPH�GRPDLQV�WR�WKH�LPSOHPHQWDWLRQ�RI�GLJLWDO�ORJLF�ZLWK�D�GHJUHH�RI�IDXOW�WROHUDQFH��
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)LJXUH��6DPSOH�/HDUQLQJ�9HFWRU�4XDQWLVDWLRQ�QHXUDO�QHWZRUN�
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������ 77KKHH ,,QQWWHHUUFFRRQQQQHHFFWWLLRRQQ 33UURREEOOHHPP
,Q�������6WRQH�GHYHORSHG�D�VRUWLQJ�DOJRULWKP�IRU�SDUDOOHO�V\VWHPV�ZKLFK�KDV��WR� WKLV� GD\�� QRW� EHHQ� VXUSDVVHG� DV� IDU� DV� D� PLQLPDO� UDWH� RI� JURZWK� RI�FRPSXWDWLRQDO�VWHSV�LV�FRQFHUQHG�

7KH�DOJRULWKP� LV� EDVHG�RQ�ZRUN� GRQH�E\�%DWFKHU� LQ������FDOOHG� WKH�ELWRQLF�PHUJH�VRUW��6WRQH�DGDSWLQJ�%DWFKHU¶V�ZRUN�IRU�D�VKXIIOH�H[FKDQJH�QHWZRUN��>�@��>�@ DQG�>��@����7KH�LQWHUFRQQHFWLRQ�PHWKRGRORJ\� LV�JHQHUDOO\�NQRZQ�DV� ³6WRQH¶V�SHUIHFW� VKXIIOH´� DQG�FDQ�EH�VHHQ� LQ�ILJXUH���7KH�PDMRU�GLVDGYDQWDJH�LV�WKDW�WR�LPSOHPHQW�WKLV�V\VWHP� LQ� DQ\� VFDOH� WKH� DPRXQW� RI�LQWHUFRQQHFWLRQ� OD\RXW�EHFRPHV�SURKLELWLYH�� ,W� LV�WKLV� YHU\� LQWHUFRQQHFWLRQ� SUREOHP� WKDW� OLPLWV�LPSOHPHQWDWLRQV� RI� KLJKO\� LQWHUFRQQHFWHG�

���� 6666PPPPDDDDUUUUWWWW 3333LLLL[[[[HHHHOOOOVVVV

)LJXUH��7KLV�QHWZRUN�LV�FDSDEOH�RI�SHUIRUPLQJ�D�SHUIHFW�VKXIIOH�RQ����HOHPHQWV���(DFK�QRGH�LQ��D��LV�OHWWHUHG�$�WR�+�DQG�LV�LQWHUFRQQHFWHG�DV�VKRZQ�WR�WZR�VXFFHVVRU�QRGHV���3DUW��E��VKRZV�WKLV�QHWZRUN�LPSOHPHQWHG�XVLQJ�D���PHWDO�OD\RXW�SURFHVV�

)LJXUH��3KRWRQV�KDYH�WKH�DGYDQWDJH�RI�EHLQJ�QRQ�LQWHUDFWLQJ�LQ�IUHH�VSDFH�
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FRQFXUUHQW� V\VWHPV�VXFK�DV�QHXUDO�QHWZRUNV��KRZHYHU�� WKLV� LV�ZKHUH�RSWLFDO�LQWHUFRQQHFWLRQ�FRPHV�LQWR�SOD\�,Q� D� FRQILQHG�DUHD�� HOHFWURQLF� FRQQHFWLRQV� QHHG� WR�EH�SODFHG�ZLWK� VXIILFLHQW�VSDFLQJ�VR�WKDW�WKHUH�LV�QR�HOHFWURQLF�FURVVWDON�GXH�WR�FDSDFLWDQFH���7KLV�OHDGV�WR� SK\VLFDO� VL]H� OLPLWDWLRQV� LQ� DQ\� VLOLFRQ� SURFHVVRU�� �+RZHYHU�� OLJKW� KDV� WKH�SURSHUW\�WKDW�LW�LV�QRQ�LQWHUDFWLQJ�LQ�IUHH�VSDFH�DQG WKHUHIRUH�WKH�LQWHUFRQQHFWV�FDQ�HIIHFWLYHO\�FURVV�HDFK�RWKHU��ILJXUH�� DQG�>��@��� �6LQFH�WKH� LQWHUFRQQHFWV�FDQ�WKHQ�EH�PRUH�GLUHFW��WKH�DPRXQW�RI�URXWLQJ�LV�UHGXFHG�DQG�VNHZ�EHFRPHV�OHVV�RI�D�SUREOHP���)LJXUH��� VKRZV�D�SHUIHFW�VKXIIOH�QHWZRUN�XVLQJ�DQ�RSWLFDO�LQWHUFRQQHFWLRQ� VWUDWHJ\�� � +HUH� WKH� GDWD� IURP� HDFK� RI� WKH� LQSXW� QRGHV� LV�FRQYHUWHG� LQWR� DQ� RSWLFDO� LQIRUPDWLRQ� VWUHDP� �H�J�� PRGXODWHG� RQWR� D� ODVHU�EHDP�� DQG� URXWHG� WKURXJK� D� &RPSXWHU� *HQHUDWHG� +RORJUDP �&*+��� � 7KH�&*+� LV� FRPSXWHU� FRQWUROOHG� DQG� FDQ� GHIOHFW� HDFK� LQSXW� EHDP� WR� D� SUH�SURJUDPPHG� WDUJHW�� � 7KH� EHDPV� DUH� WKHQ� UHIRFXVHG� GRZQ� RQWR� D� GHWHFWRU�DUUD\�ZKLFK�FRQYHUWV�WKH�LQIRUPDWLRQ�EDFN�LQWR�HOHFWURQLF�VLJQDOV�IRU WKH�RXWSXW�QRGHV���,W�FDQ�EH�HDVLO\�VHHQ�WKDW�WKLV�VROXWLRQ�LV�DOVR�WZR�GLPHQVLRQDO��L�H��D��'�DUUD\�RI�HPLWWHU�DQG�GHWHFWRU�HOHPHQWV�FDQ�EH�XVHG�7KHUH� DUH� YDULRXV� FRPELQDWLRQV� RI�FRPSRQHQWV�WKDW�FDQ�EH�XVHG�LQ�VXFK�D�V\VWHP�>��@���)RU�H[DPSOH�$FWLYH� 2XWSXW� 'HYLFHV� �UHTXLUH� QR�H[WHUQDO�OLJKW�VRXUFH��x 9HUWLFDO� &DYLW\� 6XUIDFH� (PLWWLQJ�/DVHU �9&6(/��>�@ DQG�>�@�3DVVLYH� 2XWSXW� 'HYLFHV� �UHTXLUH�H[WHUQDO�OLJKW�VRXUFH��x (OHFWUR�2SWLF� 0RGXODWRU� �(20��>��@��>��@��>��@ DQG�>��@�x 6HOI� (OHFWUR�RSWLF� (IIHFW� 'HYLFH�6(('��>��@ DQG�>��@�2SWLFDO� LQWHUFRQQHFWLRQ� HOHPHQWV� DUH�PDLQO\�GRPLQDWHG�E\�x &RPSXWHU� *HQHUDWHG� +RORJUDPV�&*+��ZKLFK�DUH�DOVR�NQRZQ�DV�D'LIIUDFWLYH� 2SWLF� (OHPHQWV� �'2(��>��@��>��@��>��@ DQG�>��@�5HFHLYHU� HOHPHQWV� DUH� XVXDOO\� VRPH�IRUP�RI�x 3KRWRGLRGH >��@�x 6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH �6(('��>��@ DQG�>��@�8QIRUWXQDWHO\� WKHUH� DUH� D� IHZ� SUREOHPV� ZLWK� FRQVWUXFWLQJ� D� SUDFWLFDO�GHWHFWRU�PRGXODWRU�V\VWHP��DOWKRXJK�LW�LV�SRVVLEOH�WR�LPSOHPHQW�D�GHWHFWRU�RQ�VLOLFRQ�� LW� LV� QRW� SRVVLEOH� WR� LPSOHPHQW� D� PRGXODWRU� �LQVXIILFLHQW� EDQGJDS�HQHUJ\�GLIIHUHQFH� LQ VLOLFRQ� >��@��� �7KH�FKRLFH�RI�PRGXODWRU� LV� WKHUHIRUH�YHU\�

)LJXUH���([DPSOH� RI� RSWLFDO� FRPPXQLFDWLRQV� FKDQQHOV� LQWHUFRQQHFWLQJ� WR� FUHDWH� D�SHUIHFW�VKXIIOH�QHWZRUN�
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UHOHYDQW� VLQFH� LW� QRW� RQO\� JUHDWO\� LQIOXHQFHV� WKH� IDEULFDWLRQ� SURFHVV� EXW� DOVR�ZKDW� WKH� V\VWHP� FDQ� EH� XVHG� IRU� WKHUHDIWHU�� � 7DEOH� � VXPPDULVHV� WKH�SURSHUWLHV�RI�IRXU�FRPPRQ�RXWSXW�LQWHUIDFHV�
7HFKQRORJ\ 2Q�&KLS�'ULYH�3RZHU ,QWHU�&KLS�&RQQHFWLYLW\ )DQ�RXW
0RGXODWRUV ,QHIILFLHQW *RRG 3RRU9&6(/V +LJK�SRZHU�FRQVXPSWLRQ 0RGHUDWH ([FHOOHQW/('V ,QHIILFLHQW ,QFRPSDWLEOH�ZLWK�KRORJUDPV 9HU\�3RRU
PFDYLW\�/('V *RRG 8VH�ILEUH�EXQGOHV 3RRU

7DEOH��7DNHQ�IURP�UHIHUHQFH�QXPEHU�>��@�8QIRUWXQDWHO\�HDFK�WHFKQRORJ\�KDV�D�GUDZEDFN�ZKLFK�PDNHV�LW�XQGHVLUDEOH�LQ�FHUWDLQ�VLWXDWLRQV���7KLV� SUREOHP� UHVXOWHG LQ� WKH� GHYHORSPHQW� RI�K\EULG�WHFKQRORJLHV�ZKLFK�HPSOR\�D�6L�GHWHFWRU�DQG� *D$V� PRGXODWRU� DUUD\V�� IOLS�FKLS� ERQGHG��UHIHUHQFHV�>��@ DQG�>��@��RQ�WRS�RI�RQH�DQRWKHU��VHH�ILJXUH�����DIWHU�HDFK�KDV�EHHQ�VHSDUDWHO\�IDEULFDWHG�� � 7KLV� FRPELQDWLRQ� RI� LQSXW��SURFHVVLQJ� DQG� RXWSXW� HOHPHQWV� LV� JHQHUDOO\�NQRZQ�DV�D�VPDUW�SL[HO�
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5HVHDUFKHU ,QSXW /RJLF 2XWSXW$7�	�7 *D$V�6((' *D$V�)(7 *D$V�6(('�0RGXODWRU177��2SWLFRPS 060�*D$V +(07�0(6)(7 *D$V�9&6(/=XULFK *D$V *D$V�0(6)(7 *D$V�/('$7�	�7 *D$V 6L�&026 *D$V�0RGXODWRU+HULRW�:DWW ,Q*D$V 6L�&026 ,Q*D$V3�0RGXODWRU*HRUJLD�7HFK (/2�,Q*D$V3 6L�&026 (/2�,Q*D$V3�/('
(UODQJHQ��6LHPHQV��&RORUDGR 6L�3,1 6L�&026 *D$V�9&6(/
(GLQEXUJK��&RORUDGR 6L &026 /LTXLG�&U\VWDO�0RGXODWRU8&�6DQ�'LHJR 6L 026 3/=7�0RGXODWRU7DEOH��������� &&RRQQFFOOXXVVLLRRQQ
,W�LV�DSSDUHQW�IURP�WKH�LQIRUPDWLRQ�LQ�WKLV�VHFWLRQ�WKDW�WKH�*D$V�04:�GLRGH�RQ�6L�&026�K\EULG�WHFKQRORJ\�LV�WKH�RQO\�LPSOHPHQWDWLRQ�WR�PHHW�DOO�WKH�FULWHULRQ�IRU�DQ�HIILFLHQW�V\VWHP���8VLQJ�6L�&026�9/6,�ORJLF�LV�D�JUHDW�DGYDQWDJH�VLQFH�LW�LV�D�WHFKQRORJ\�ZKLFK�LV�QRW�RQO\�YHU\�PDWXUH�EXW�VFDODEOH�DQG�IOH[LEOH�&RPSDULQJ�PRQROLWKLF� WR�K\EULG� WHFKQRORJLHV�� LW� FDQ�EH�VHHQ� WKDW�PRQROLWKLF�V\VWHPV� FDQQRW� FRPSHWH� DJDLQVW� QHZ� K\EULG� WHFKQRORJLHV�� � 7KHVH� QHZ�WHFKQRORJLHV�DUH�PRUH�HIILFLHQW�DQG�EHWWHU�GHYHORSHG�LQ�DOPRVW�HYHU\�DVSHFW�
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������ ,,QQWWUURRGGXXFFWWLLRRQQ
7KH�PDLQ�DGYDQWDJH�RI�LPSOHPHQWLQJ�DQ�RSWRHOHFWURQLF�QHXUDO�QHWZRUN�LV�WKDW�LQWHUFRQQHFWLYLW\� LV�QR� ORQJHU�D�SUREOHP� LQ�FRPSOH[�V\VWHPV��D�SUREOHP� WKDW�PDNHV�LW�LPSUDFWLFDEOH�WR�LPSOHPHQW�SXUH�VLOLFRQ�QHXUDO�V\VWHPV���7KLV�VHFWLRQ�H[DPLQHV�KRZ�VPDUW�SL[HOV�FDQ�WDNHQ�DGYDQWDJH�RI�WR�EXLOG�VXFK�V\VWHPV�
������ ))DDQQ��,,QQ DDQQGG ))DDQQ��22XXWW
)DQ�LQ DQG�IDQ�RXW DUH�ERWK�PDMRU�SUREOHPV�WR�LPSOHPHQW�LQ�VLOLFRQ�EXW�DUH�D�FUXFLDO�SDUW�RI�QHXUDO�QHWZRUNV�)LUVWO\� OHW� XV� FRQVLGHU� IDQ�LQ�E\� ORRNLQJ� DW� ILJXUH� �����5HIHUULQJ� EDFN� WR� WKH� LQVWDU�QHWZRUN�LQ��������ZH�VHH�WKDW�WKLV�QHWZRUN�LQYROYHV�M LQSXWV�EHLQJ� FROOHFWHG� E\� D� VLQJOH�QHXURQ�LQ�D�SDUDOOHO�DUUD\�RI�LQHWZRUNV�� � ,I� ZH� WDNH� WKH�RXWSXW� IURP� HDFK� QHXURQ� LQ�3LM��ZH�FDQ�VHH�WKDW�WKH�LQSXW�WR�3L LV�D�OLQHDU�VXPPDWLRQ�RI�DOO� M RXWSXWV� UHVSHFWLYHO\���(DFK� SL[HO� HOHPHQW� QHHG�RQO\�WKHQ�EH�SURJUDPPHG�WR�UHVSRQG�DV�WKRXJK�LW�ZHUH�D�QHXURQ�)DQ�RXW�� DV� VKRZQ� LQ� ILJXUH�����LV�XVHG�LQ�VWUXFWXUHV�VXFK�DV�WKH�RXWVWDU� QHWZRUN� LQ� ������� :H�VHH� WKDW� WKLV�QHWZRUN� LQYROYHV�D�VLQJOH� LQSXW� IURP� L SDUDOOHO�QHWZRUNV� LQ� 3L EHLQJ� GLVWULEXWHG�WR�M PXOWLSOH�WDUJHW�QHXURQV�LQ�3LM���7KH� GLIIUDFWLYH� RSWLF� HOHPHQW��'2(�� LV� XVHG� KHUH� WR� VSOLW� WKH�VLJQDO�HYHQO\�DPRQJ�WKH� WDUJHWV�EXW� WKLV� UHVXOWV� LQ� WKH� VLJQDO�SRZHU� EHLQJ� GLYLGHG� DPRQJVW�WKH� WDUJHW� SL[HO� HOHPHQWV� ZKLFK�REYLRXVO\�UHVXOWV�LQ�DQ�LQFUHDVHG�QRLVH� OHYHO� LQ� WKH� V\VWHP���+RZHYHU�� DV� ORQJ� DV� WKH� QRLVH�

���� 2222SSSSWWWWRRRRHHHHOOOOHHHHFFFFWWWWUUUURRRRQQQQLLLLFFFF 1111HHHHWWWWZZZZRRRRUUUUNNNNVVVV

)LJXUH���)DQ�LQ�H[DPSOH�XVLQJ�D�F\OLQGULFDO�OHQV�2(�

)LJXUH���)DQ�RXW�H[DPSOH�XVLQJ�D�GLIIUDFWLYH�RSWLF�HOHPHQW��'2(��



6PDUW�3L[HO�2SWRHOHFWURQLF�1HXUDO�1HWZRUNV

��

>��@ UHPDLQV� ZLWKLQ�PDQDJHDEOH� OLPLWV� WKH� UREXVW� QDWXUH� RI� QHXUDO� QHWZRUNV�VKRXOG�HDVLO\�EH�DEOH�WR�FRPSHQVDWH�IRU�WKLV�SUREOHP�3OHDVH�UHIHU�WR�>��@ IRU�IXUWKHU�LQIRUPDWLRQ�RQ�IDQ�LQ�DQG�IDQ�RXW�
������ 22SSWWRRHHOOHHFFWWUURRQQLLFF 11HHXXUUDDOO 11HHWWZZRRUUNN
7KH�FRPELQDWLRQ�RI�IDQ�LQ�DQG�IDQ�RXW�LQ�DQ�RSWLFDO�QHXUDO�QHWZRUN�DOORZV�ODUJH�QHWZRUNV�WR�EH�LPSOHPHQWHG���3OHDVH�H[DPLQH�ILJXUH����

7KLV�V\VWHP�WDNHV�LQSXW�VWUDLJKW�IURP�D�GLVWULEXWHG�IHHGEDFN �')%��ODVHU�ZKLFK�LW� VSOLWV� DQG� GLVWULEXWHV� HYHQO\� WR� WKH� PRGXODWRU� DUUD\�� � )DQ�RXW� LV� WKHQ�SHUIRUPHG�E\�D�KRORJUDP�WR�FUHDWH�PXOWLSOH�LPDJHV�RI�WKH�PRGXODWRU�DUUD\�RQ�D�ZHLJKW�PDVN���7KLV�PDVN�DSSOLHV�DQ�DSSURSULDWH�ZHLJKW�PRGLILFDWLRQ�RQ�WKH�LQSXW� VLJQDO� EHIRUH� LW� FRQWLQXHV� RQ�� �$QRWKHU� OHQV� LV� WKHQ�XVHG� WR� IDQ�LQ� WKH�ZHLJKWHG�LQIRUPDWLRQ�RQWR�WKH�FRUUHFW�GHWHFWRU�RQ�WKH�GHWHFWRU�DUUD\�
������ $$SSSSOOLLFFDDWWLLRRQQVV RRII 22SSWWRRHHOOHHFFWWUURRQQLLFF 11HHXXUUDDOO 11HHWWZZRRUUNNVV
2SWRHOHFWURQLF�QHXUDO�QHWZRUNV�FDQ�EH�DSSOLHG�WR�DQ\�VLWXDWLRQ�ZKHUH�D�QHXUDO�QHWZRUN�FRXOG�EH�DSSOLHG���6RPH�JRRG�H[DPSOHV�RI�VXFK�DUH�x 7HOHFRPPXQLFDWLRQV�6ZLWFKLQJ�x 6PDUW�&RQWURO�6\VWHPVx ,PDJH�3URFHVVLQJ�x &KDUDFWHU�5HFRJQLWLRQ�x 6SHHFK�3URFHVVLQJ�

)LJXUH���([DPSOH�RI�DQ�RSWRHOHFWURQLF�QHXUDO�QHWZRUN�HPSOR\LQJ�ERWK�IDQ�LQ�DQG�IDQ�RXW���3OHDVH�VHH�WH[W�IRU�PRUH�GHWDLOV���'LDJUDP�WDNHQ�IURP�>�@�
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$V�ORQJ�DV�WKH�SUREOHP�KDV�D�ORW�RI� LQKHUHQW�FRQFXUUHQF\�WKHQ�WKH�V\VWHP�LV�VXLWHG� WR� ILQGLQJ�D� VROXWLRQ�� �7KHVH�V\VWHPV�DUH�QRW�VXLWHG� WR�DQ\�SUREOHPV�ZKLFK�DUH�VHTXHQWLDO� LQ�QDWXUH��WKH�QH[W�LQVWUXFWLRQ�QHHGLQJ�D�UHVXOW�IURP�WKH�SUHYLRXV�)RU�IXUWKHU� LQIRUPDWLRQ�RQ�RSWRHOHFWURQLF�QHXUDO�QHWZRUNV��SOHDVH�FRQVXOW�>�@��>��@��>��@ DQG�>��@
������ &&RRQQFFOOXXVVLLRRQQ
2SWLFV� KDV� D� PDMRU� DGYDQWDJH� RYHU� HOHFWURQLFV� ZKHQ� LPSOHPHQWLQJ� KLJKO\�LQWHUFRQQHFWHG�V\VWHPV�EHFDXVH�RI�WKH�LQKHUHQW�SURSHUWLHV�RI�OLJKW���,W�FDQ�EH�FOHDUO\�VHHQ�WKDW�WKH�SURPLVH�LQ�VXFK�V\VWHPV�DQG�WKHLU�DSSOLFDWLRQ�WR�QHXUDO�QHWZRUN�LPSOHPHQWDWLRQ�LV�JUHDW���7KHUH�LV�XQIRUWXQDWHO\�RQH�SUREOHP�OXUNLQJ�LQ�WKH�EDFNJURXQG��QRLVH���7KLV�LV�WKH�YHU\�SUREOHP�ZKLFK�OLPLWV�WKH�GHJUHH�RI�IDQ�RXW� EHFDXVH� HDFK� VLJQDO� WKDW� WKH� LQSXW� LV� GLYLGHG� LQWR� JLYHV� LWV� RZQ�FRQWULEXWLRQ� WR� RYHUDOO� V\VWHP� QRLVH�� � 7RR� PXFK� QRLVH� DQG� WKH� V\VWHP�EHFRPHV�XVHOHVV�
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7KLV�UHSRUW�KDV�FDUHIXOO\� ORRNHG�DW� WKH� WHFKQRORJLHV�DQG� WKHRULHV� LQYROYHG� LQ�FUHDWLQJ� D� VPDUW� SL[HO� RSWLFDO� QHXUDO� QHWZRUN�� � ,W� KLJKOLJKWHG� WKH� UHDVRQV�EHKLQG�DQ�RSWLFDO�LPSOHPHQWDWLRQ�EXW�KDV�QRW�\HW�DGGUHVVHG�RQH�LVVXH��ZKDW�LV�WKH�GHPDQG�IRU VXFK�D�V\VWHP"2SWRHOHFWURQLF� QHXUDO� QHWZRUNV� ZLOO� UHPDLQ� VLPSO\� D� FXULRVLW\� UDWKHU� WKDQ� D�XVHIXO� V\VWHP� XQOHVV� LQGXVWULDO� XVHV� FDQ� EH� IRXQG� IRU� WKHP�� � 7KHUH� DUH�KRZHYHU� VRPH� YHU\� SURPLVLQJ� DSSOLFDWLRQV� IRU� WKH� V\VWHPV��WHOHFRPPXQLFDWLRQV� VZLWFKLQJ� DQG� FRQWURO� WDVNV�� � 7KH� VKHHU� SDUDOOHOLVP� RI�RSWRHOHFWURQLF�QHXUDO�QHWZRUNV�PDNHV�WKHP�KLJKO\�VXLWHG�WR�WKHVH�DSSOLFDWLRQV�DQG��JLYHQ�FRQWLQXHG�GHYHORSPHQW��VPDUW�SL[HO�RSWRHOHFWURQLF�QHXUDO�QHWZRUNV�PD\�RQH�GD\�EH�DV�FRPPRQ�DV�WKH�PLFURSURFHVVRU�

���� &&&&RRRRQQQQFFFFOOOOXXXXVVVVLLLLRRRRQQQQ
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$11 $UWLILFLDO�1HXUDO�1HWZRUN(20 (OHFWUR�2SWLF�0RGXODWRU&*+ &RPSXWHU�*HQHUDWHG�+RORJUDP&+)(7 &RPSOLPHQWDU\�+HWHURVWUXFWXUH�)LHOG�(IIHFW�7UDQVLVWRU&026 &RPSOLPHQWDU\�0HWDO�2[LGH�6HPLFRQGXFWRU'2( 'LIIUDFWLYH�2SWLF�(OHPHQW'2(6 'RXEOH�+HWHURVWUXFWXUH�2SWRHOHFWURQLF�6ZLWFK')% 'LVWULEXWHG�)HHG�%DFN'�6((' 3KRWRGLRGH�6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH($56 ([FLWRQ�$EVRUSWLRQ�5HIOHFWLRQ�6ZLWFK(/2 (SLWD[LDO�/LIW�2II(20 (OHFWUR�2SWLF�0RGXODWRU)(7 )LHOG�(IIHFW�7UDQVLVWRU)(7�6((' )LHOG�(IIHFW�7UDQVLVWRU�6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH+(07 +LJK�(OHFWURQ�0RELOLW\�7UDQVLVWRU+37 +HWHURMXQFWLRQ�3KRWR�7UDQVLVWRU+37�02' +37�± 0RGXODWRU+37�9&6(/ +HWHURMXQFWLRQ� 3KRWR�7UDQVLVWRU� ± 9HUWLFDO� &DYLW\� 6XUIDFH�(PLWWLQJ�/DVHU/$26 /LJKW�$PSOLI\LQJ�2SWLFDO�6ZLWFK/(' /LJKW�(PLWWLQJ�'LRGH/�6((' /RJLF�6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH/94 /HDUQLQJ�9HFWRU�4XDQWLVDWLRQ0(6)(7 0HWDO�6HPLFRQGXFWRU�)LHOG�(IIHFW�7UDQVLVWRU0)/236 0LOOLRQ�)ORDWLQJ�2SHUDWLRQV�3HU�6HFRQG0/3 0XOWL�/D\HU�3HUFHSWURQ02' 0RGXODWRU02(7 0RQROLWKLF�2SWR�(OHFWURQLF�7UDQVLVWRU04: 0XOWLSOH�4XDQWXP�:HOO0�6((' 0XOWL�VWDWH�6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH060 0HWDO�6HPLFRQGXFWRU�0HWDO11 1HXUDO�1HWZRUN2( 2SWLFDO�(OHPHQW2(,& 2SWR�(OHFWURQLF�,QWHUFRQQHFWV5�6((' 5HVLVWLYH�6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH57' 5HVRQDQW 7XQQHOOLQJ�'LRGH6((' 6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH63$ 6PDUW�3L[HO�$UUD\6/0 6SDWLDO�/LJKW�0RGXODWRU6�6((' 6\PPHWULF�6HOI�(OHFWUR�RSWLF�(IIHFW�'HYLFH9&6(/ 9HUWLFDO�&DYLW\�6XUIDFH�(PLWWLQJ�/DVHU9/6, 9HU\�/DUJH�6FDOH�,QWHJUDWLRQ967(3 9HUWLFDO�WR�6XUIDFH�7UDQVPLVVLRQ�(OHFWUR�3KRWRQLF;25 ([FOXVLYH�2U

���� ****OOOORRRRVVVVVVVVDDDDUUUU\\\\
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>�@ 5��3��:HEE�DQG�$��:��2¶1HLOO��³2SWRHOHFWURQLF�1HXUDO�1HWZRUNV´��%7�7HFKQRORJ\�-RXUQDO��9ROXPH�����1R�����SDJHV����������-XO\������>�@ 6�� *�� 6P\WK�� ³3UHSURJUDPPLQJ� PXOWLOD\HU� 3HUFHSWURQV´�� %7�7HFKQRORJ\�-RXUQDO��9ROXPH�����1R�����SDJHV��������-XO\������>�@ 6RQJ�<X� DQG�6WHSKHQ�5��)RUUHVW�� ³,PSOHPHQWDWLRQV� RI�6PDUW�3L[HOV�IRU� 2SWRHOHFWURQLF� 3URFHVVRUV� DQG� ,QWHUFRQQHFWLRQ� 6\VWHPV� ,��2SWRHOHFWURQLF�*DWH� 7HFKQRORJ\´�� -RXUQDO� RI� /LJKWZDYH�7HFKQRORJ\��9ROXPH�����1R������SDJHV������������2FWREHU������>�@ 6RQJ�<X� DQG�6WHSKHQ�5��)RUUHVW�� ³,PSOHPHQWDWLRQV� RI�6PDUW�3L[HOV�IRU�2SWRHOHFWURQLF�3URFHVVRUV�DQG�,QWHUFRQQHFWLRQ�6\VWHPV�,,��6(('�%DVHG� 7HFKQRORJ\� DQG� &RPSDULVRQ� ZLWK� 2SWRHOHFWURQLF� *DWHV´��-RXUQDO� RI� /LJKWZDYH� 7HFKQRORJ\��9ROXPH� ����1R�� ���� SDJHV� �����������2FWREHU������>�@ -RKQ�O��+HQQHVVH\�DQG�'DYLG�$��3DWWHUVRQ��³&RPSXWHU�$UFKLWHFWXUH�D�4XDQWLWDWLYH�$SSURDFK´�������0RUJDQ�.DXIPDQQ�>�@ 0LFKDHO� -�� 4XLQQ�� ³3DUDOOHO� &RPSXWLQJ� 7KHRU\� DQG� 3UDFWLFH´�� �����0F*UDZ�+LOO�>�@ +DUROG�6��6WRQH��³3DUDOOHO�3URFHVVLQJ�ZLWK�WKH�3HUIHFW�6KXIIOH´��,(((�7UDQVDFWLRQV�RQ�&RPSXWHUV��9ROXPH�&�����1R�����)HEUXDU\�����>�@ +��6RGD��.��,JD��&��.LWDKDUD�DQG�<��6XHPDWVX��³*D,Q$V3�,Q3�6XUIDFH�(PLWWLQJ� /DVHUV´�� -DSDQHVH� -RXUQDO� RI� $SSOLHG� 3K\VLFV�� ���� SDJH������������>�@ &��-��&KDQJ�+DVQDLQ��0��DQG�-��3��+DUELVRQ��/��7��)ORUH]�DQG�&�/LQ��³0RQROLWKLF�0XOWLSOH�:DYHOHQJWK�6XUIDFH�(PLWWLQJ�/DVHUV´��-RXUQDO�RI�/LJKWZDYH�7HFKQRORJ\���������SDJHV�����������������>��@ 6�� 'HVPRQG� 6PLWK�� ³2SWRHOHFWURQLF� 'HYLFHV´�� ����� 3UHQWLFH� +DOO�,QWHUQDWLRQDO�6HULHV�LQ�2SWRHOHFWURQLFV�>��@ $PQRQ�<DULY��³4XDQWXP�(OHFWURQLFV�± 7KLUG�(GLWLRQ´�������-RKQ�:LOH\�	�6RQV�>��@ 7��&�� %�� <X�� 5�� -��0HDUV�� $�� %��'DYH\��:��$��&URVVODQG��0��:��*��6QRRN�� 1�� &ROOLQJV� DQG� 0�%LUFK�� ³'HVLJQ� RI� 6PDUW� 6SDWLDO� /LJKW�0RGXODWRUV� IRU� 1HXUDO� 1HWZRUNV´�� 2SWLFDO� 0HPRU\� DQG� 1HXUDO�1HWZRUNV��������SDJHV���������������>��@ 5��+��<DQ�� 5�� -��6LPHV� DQG�/��$��&ROGUHQ�� ³$QDO\VLV� DQG�'HVLJQ� RI�6XUIDFH�1RUPDO� )DEU\�3HURW�(OHFWUR�RSWLF�0RGXODWRUV´�� ,(((�-RXUQDO�RI�4XDQWXP�(OHFWURQLFV��� ������SDJHV�����������������>��@ '��$��%��0LOOHU��'��6��&KHPOD��7��&��'DPHQ��7��+��:RRG��&��$��%XUUXV��$�� &�� *RVVDUG� DQG�:��:LHJPDQQ�� ³1RYHO� +\EULG� 2SWLFDOO\� %LVWDEOH�
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DVDUR� DQG� 6�� 3�� +XL�� �*D$V�04:� 0RGXODWRUV� ,QWHJUDWHG� ZLWK� 6LOLFRQ� &026��� ,(((� 3KRWRQ��YROXPH������SDJHV����������$SULO������>��@ +�� :DGD� DQG� 7�� .DPLMRK�� ³5RRP�7HPSHUDWXUH� &:� 2SHUDWLRQ� RI�,Q*D$V3� /DVHUV� RQ� 6L� )DEULFDWHG� E\� :DIHU� %RQGLQJ��� ,(((� 37/��YROXPH����QXPEHU����)HEUXDU\������>��@ 6��0��)LNH��%��%XFKDQDQ��1��0��-RNHUVW�DQG�0��$��%URRNH����[��$UUD\�RI� 7KLQ� )LOP� 3KRWRGHWHFWRUV� 9HUWLFDOO\� (OHFWULFDOO\� ,QWHUFRQQHFWHG� WR�6LOLFRQ� &LUFXLWU\��� ,(((� 3KRWRQ�� YROXPH� �� ���� SDJHV� �����������2FWREHU������>��@ 5�� $�� 1RYRWQ\�� ³$QDO\VLV� RI� 6PDUW� 3L[HO� 'LJLWDO� /RJLF´�� +HULRW�:DWW�8QLYHUVLW\��1RYHPEHU������
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V��)(7
V��DQG�04:�0RGXODWRUV���,(((�37/��YROXPH����QXPEHU����SDJHV��������-DQXDU\������>��@ %��<��$XOO��.��%��1LFKROV��3$��0DNL��6�&��3DOPDWHHU��(��5��%URZQ�DQG�7��$��/LQG�� �0RQROLWKLF�2SWRHOHFWURQLF�7UDQVLVWRU��$�1HZ�6PDUW�3L[HO�'HYLFH���$SSOLHG�3K\VLFV�/HWWHUV��YROXPH�����QXPEHU�����SDJHV�����������������>��@ 5�� 3�� :HEE�� ³2YHUFRPLQJ� 1RLVH� LQ� D� )DVW� 1HXUDO� 1HWZRUN´�� %7�/DERUDWRULHV�� 0DUWOHVKDP� +HDWK�� ,SVZLWFK�� ,3�� �5(�� 8.��ZHEEBUBS#EW�ZHE�EW�FR�XN�
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