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���,QWURGXFWLRQ
7KH� SURJUHVV� LQ� WKH� ILHOG� RI� YDULDEOH�VSHHG� GULYHV� LV� JRLQJ� RQ�� DQG� WZRWUHQGV�FDQ�EH�REVHUYHG�

Y WKH�ILUVW�RQH�FRQVLVWV�LQ�LPSURYLQJ�WKH�SURSHUWLHV�RI�H[LVWLQJ�WUDQVPLVVLRQV�E\
LQWURGXFLQJ�QHZ�FRQVWUXFWLRQDO�VROXWLRQV��XVLQJ�PDWHULDOV�RI�KLJKHU�VWUHQJWK�DQG�LPSURYLQJ�WKH�TXDOLW\�RI�FRQIRUPDQFH�

Y WKH�RWKHU�DLPV�DW�DWWHQXDWLQJ�WKH�GUDZEDFNV�RI�H[LVWLQJ�YDULDEOH�VSHHG
WUDQVPLVVLRQV�E\�FRQQHFWLQJ�WKHP�WR�WRRWKHG�FRQVWDQW�UDWLR�JHDUV�RU�ZLWKPXOWL�VSHHG�RQHV��7KH�IRUPHU�DUH�WR�HQVXUH�EHWWHU�RSHUDWLQJ�FRQGLWLRQV�RI�DYDULDEOH�VSHHG�WUDQVPLVVLRQ��ZKLFK�OHDGV�WR�DQ�LQFUHDVH�LQ�WKHLU�HIILFLHQF\�7KH�ODWWHU�DUH�WR�LQFUHDVH�WKH�UDQJH���LQVXIILFLHQW�IRU�D�JLYHQ�XVH���RI�WKHG\QDPLF�UDWLR�RI�D�YDULDEOH�VSHHG�WUDQVPLVVLRQ�LWVHOI��7KHUH�DUH�WZR�PHWKRGVRI�FRQQHFWLQJ�WUDQVPLVVLRQV�WR�IRUP�FRPSOH[�GULYH�V\VWHPV��VHULHV�DQGSDUDOOHO�
,Q�D�VHULHV�FRQQHFWLRQ�WKH�VDPH�SRZHU�IORZV�WKURXJK�DOO�WKH�HOHPHQWV�RI�WKHV\VWHP��ZKLOH�WKH�HIILFLHQF\�DQG�WKH�UDQJH�RI�UDWLRV�RI�WKH�ZKROH�GULYH�V\VWHP�LVHTXDO� WR� WKH� SURGXFW� RI� WKH� HIILFLHQF\� RU� WKH� UDQJH�� UHVSHFWLYHO\�� RI� SDUWLFXODUHOHPHQWV�� ,Q� WKLV� FRQQHFWLRQ� LW� LV� SRVVLEOH� WR� LQFUHDVH� WKH� UDQJH� E\� PHDQV� RIDGGLQJ� D� UHGXFHU��ZKHUHDV� DQ� LQFUHDVH� LQ� WKH� HIILFLHQF\� FDQ� EH� REWDLQHG� LQ� WKHVDPH� ZD\� RQO\� LQ� WKH� FDVH� RI� VKLIWLQJ� WKH� RSHUDWLQJ� SDUDPHWHUV� RI� DYDULDEOH�VSHHG�WUDQVPLVVLRQ�WR�D�PRUH�IDYRXUDEOH�DUHD�,Q� WKH� SDUDOOHO� FRQQHFWLRQ�� ZKHUH� WKH� SRZHU� WUDQVPLWWHG� EUDQFKHV� RII�� DYDULDEOH�VSHHG�WUDQVPLVVLRQ�WUDQVPLWV�SDUW�RI�WKH�SRZHU�DQG�KDV�D�GLIIHUHQW�UDQJHRI�UDWLR�WKDQ�WKH�ZKROH�GULYH�V\VWHP��%HVLGHV��WKH�WUDQVPLVVLRQ�WUDQVPLWV�VPDOOHUSRZHU� EXW� KDV� VPDOOHU� GLPHQVLRQV� DQG�ZHLJKW�� &RQVHTXHQWO\�� WKH� GULYH� V\VWHPREWDLQHG� FDQ� KDYH� EHWWHU� SURSHUWLHV� LQ� HYHU\� UHVSHFW� WKDQ� WKH� YDULDEOH�VSHHGWUDQVPLVVLRQ�FRQVWLWXWLQJ� LWV�HOHPHQW�� LI� LW�ZHUH� WR� WUDQVPLW� WKH�ZKROH�SRZHU�� ,QPDQ\� FDVHV� LW� LV� � WKH� RQO\� DFFHSWDEOH� VROXWLRQ�� H�J�� IRU� D� FLW\� EXV�� ,Q� DGGLWLRQ�SDUDOOHO�V\VWHPV�DOORZ�D�YDULDEOH�VSHHG�WUDQVPLVVLRQ�WR�EH�FRPELQHG�LQWR�V\VWHPVRI� D� YDULDEOH� VWUXFWXUH�� ZKLFK� ZLOO� \LHOG� SURSHUWLHV� VDWLVI\LQJ� WKH� UHTXLUHPHQWVUHVXOWLQJ�IURP�WKHLU�XVH�LQ�YHKLFOHV�
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)LJ�����$�VFKHPDWLF�GLDJUDP�RI��WKH�SRZHU�WUDQVPLVVLRQ�V\VWHP�DQG�FXUUH¶V�FRXUVH�RI��WKH�EDVLF
SDUDPHWHUV�RI�WKH�K\GURVWDWLF�WUDQVPLVVLRQ

7KH�ZRUN�RQ�WKH�FRQVWUXFWLRQ�RI�WKH�K\EULG�GULYH�LQ�D�FLW\�EXV�KDV�OHG�WR�WKHVROXWLRQ� VKRZQ� LQ� )LJ�� ��� 7KH� PDLQ� XQLWV� DUH�� K\GURSQHXPDWLF� HQHUJ\DFFXPXODWRUV� � DQG� D� WKUHH�UDQJH� YDULDEOH�VSHHG� WUDQVPLVVLRQ� ZLWK� D� SDUDOOHOSRZHU� IORZ�� 7KH� ODWWHU� FRQVLVWV� RI�� D� SODQHWDU\� WUDQVPLVVLRQ� ZLWK� WKUHH� VLPSOHVHULHV� ,�� ,,�� ,,,�� WZR� FOXWFKHV�$�DQG�%�ZKLFK� FKDQJH� RYHU� WKH� UDQJHV� RI� UDWLR�� DK\GURVWDWLF�WUDQVPLVVLRQ�ZLWK�WZR�PDFKLQHV�D�DQG�E��DQG�VHYHUDO�WRRWKHG�JHDUV�RIFRQVWDQW� D[HV�� $� FKDQJH� LQ� WKH� UDWLR� LQ� WKH� K\GURPHFKDQLFDO� YDULDEOH�VSHHGWUDQVPLVVLRQ� LV� EURXJKW� DERXW� E\� D� FKDQJH� LQ� WKH� UDWLR� LQ� WKH� K\GURVWDWLFWUDQVPLVVLRQ�� 7KH� IROORZLQJ� FRQILJXUDWLRQV� DUH� SRVVLEOH�� LQ� UDQJH� ,� �� WKHFRQQHFWLRQ� RI� WKH� K\GURVWDWLF� WUDQVPLVVLRQ� WR� WKH� UHPDLQLQJ� SDUW� RI� WKH� SDUDOOHOV\VWHP�E\�PHDQV�RI�D�FRQVWDQW�WUDQVPLVVLRQ�DW�WKH�RXWSXW��DQG�LQ�UDQJHV�,,�DQG�,,,� ZLWK�WKH�LQWHUQDO�FRQQHFWLRQ�>���@��7KH�PHWKRG�RI�FRQQHFWLRQ�RI�WKH�K\GURVWDWLFEUDQFK� WR� WKH�PHFKDQLFDO�RQH�DIIHFWV�FXUYHV�RI� WKH�EDVLF�SDUDPHWHUV��)LJ����DQGWKH�DOJRULWKP�RI�RSHUDWLRQ�RI�WKH�FRQWURO�V\VWHP�
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7KH�FRQVWUXFWLRQ�RI�WKH�YDULDEOH�VSHHG�WUDQVPLVVLRQ�JHDU�ER[�DQG�WKH�W\SHRI�WKH�HQHUJ\�DFFXPXODWRU�KDYH�DQ�HIIHFW�RQ�WKH�UHDOLVDWLRQ�RI�WKH�FRQWURO�RI�WKHWUDQVPLVVLRQ�WKURXJK�WKH�FRQWURO�RI�WKH�K\GURVWDWLF�WUDQVPLVVLRQ��7KH�LQWURGXFWLRQRI� D� YDULDEOH�VSHHG� WUDQVPLVVLRQ� ZLOO� UHGXFH� IXHO� FRQVXPSWLRQ� E\� DSSUR[�
��������DQG�VXSSOHPHQWLQJ�WKH�WUDQVPLVVLRQ�ZLWK�D�VHW�RI�HQHUJ\�DFFXPXODWRUV
ZLOO� UHVXOW� LQ� D� IXUWKHU� GHFUHDVH� E\� �������� ,Q� YLHZ� RI� WKH� IXQFWLRQLQJ� RI� DK\EULG� GULYH�� DQ� HVVHQWLDO� SUREOHP� LV� WKH� PDQQHU� RI� FRRSHUDWLRQ� RI� HQHUJ\VRXUFHV��WKH�SULPDU\���IURP�WKH�FRPEXVWLRQ�HQJLQH��DQG�WKH�VHFRQGDU\���IURP�WKHHQHUJ\� DFFXPXODWRU�� 7KH� FRQFHSWLRQ� RI� VXFK� FRRSHUDWLRQ�� YHULILHGH[SHULPHQWDOO\��DOORZLQJ�WKH�UHDOLVDWLRQ�RI�DQ\�F\FOH�RI�GULYLQJ�LQ�WKH�FLW\�EXV�KDVEHHQ�SUHVHQWHG��,Q�SULQFLSOH��WKH�FRPEXVWLRQ�HQJLQH�SHUIRUPV�WKH�IXQFWLRQ�RI�WKHXQLW�HTXDOLVLQJ�WKH�HQHUJ\�EDODQFH�

)LJ������$�VFKHPDWLF�GLDJUDP�RI�WKH�FRQWUROO�V\VWHP�IRU�WKH�SURWRW\SH�YDULDEOH�VSHHG�WUDQVPLVVLRQDQG�K\GURSQHXPDWLF�HQHUJ\�DFFXPXODWRUV
7KH� PLFURSURFHVVRU� FRQWURO� V\VWHP�� )LJ���� IRU� WKH� IROORZLQJ� RSHUDWLQJFRQGLWLRQV�WR�EH�REWDLQHG�,��6WDQGVWLOO��� 7KH�FRQWURO�V\VWHP�VZLWFKHG�RII��1R�WDVNV�DUH�SHUIRUPHG�LQ�WKH�V\VWHP��7KHEXV�LV�SDUNHG�LQ�D�EXV�GHSRW�RU�DW�D�WHUPLQXV��
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��� 7KH�FRQWURO�V\VWHP�VZLWFKHG�RQ��'LUHFW�FXUUHQW�LV�VXSSOLHG�WR�WKH�IXQFWLRQDOVZLWFKHV�DQG�JRYHUQRUV��7KH�YDOYHV�FRQWUROOLQJ�WKH�RLO�IORZ�DUH�FORVHG�]� ]� ]� ]� ����� &KDUJLQJ�WKH�DFFXPXODWRUV�ZKLOH�SDUNLQJ��7KH�FKDUJLQJ�SXPS�FRQQHFWHG�WRWKH�FRPEXVWLRQ�HQJLQH�E\�PHDQV�RI�D�FRQVWDQW�UDWLR�WUDQVPLVVLRQ��DOZD\VSXPSV�WKH�RLO�WR�WKH�ORZ�SUHVVXUH�DFFXPXODWRUV�WKURXJK�QRQ�UHWXUQ�YDOYH�]����ZKHQ�WKH�HQJLQH�LV�UXQQLQJ��,Q�WKH�FRPSDUDWRU��FRPS�����WKH�VHOHFWLRQ�RIWKH�PD[LPXP�SUHVVXUH�YDOXHV�LQ�WKH�DFFXPXODWRUV�LV�PDGH��'XULQJ�WKH
YHKLFOH�VWDQGVWLOO��w� ���WKHVH�YDOXHV�DUH�S� ��03D�DQG�S� ���03D��ZKLOHGULYLQJ��S� ��03D�DQG�S� ���03D��UHVSHFWLYHO\��8QWLO�WKH�SUHVVXUH�LQ�WKHORZ�SUHVVXUH�DFFXPXODWRU�UHDFKHV�D�YDOXH�RI����03D��WKH�FRPSDUDWRU��FRPS����ZLOO�QRW�VZLWFK�RQ�VZLWFK�$��WKHUHE\�WKH�FRQWURO�V\VWHP�LV�GLVFRQQHFWHG�7KH�FKDUJLQJ�RI�WKH�KLJK�SUHVVXUH�DFFXPXODWRU�FDQ�WDNH�SODFH�ZKHQ�VZLWFK3��LV�LQ�WKH�SRVLWLRQ�]� ���7KHQ��D�VLJQDO�IURP�WKH�FRPSDUDWRU��FRPS�����WKURXJK�WKH�VZLWFKHV��$�����3�����DQG���HQJDJHV�FOXWFK�����DQG�VHWV�WKH
DQJXODU�YHORFLW\�wV w0�LQ�WKH�FRPEXVWLRQ�HQJLQH�JRYHUQRU�DQG�VZLWFKHV�RQVZLWFK������ZKLOH�WKH�GHIOHFWLRQ�DQJOH�RI�WKH�GLVN�gPD[ ��R�LV�JLYHQ�WR�WKHVHFRQGDU\�JRYHUQRU�RI�K\GURVWDWLF�PDFKLQH�µD¶��:KHQ�WKH�YDOXH�RI�S�PD[ ��03D�LV�UHDFKHG�LQ�WKH�KLJK�SUHVVXUH�DFFXPXODWRU��WKH�FRPSDUDWRU��FRPS�����GLVFRQQHFWV�WKH�V\VWHP��,Q�WKH�FRPEXVWLRQ�HQJLQH�JRYHUQRU�WKH�VLJQDO
FRQWUROOLQJ�VZLWFK�����LV�WXUQHG�RII��DQG�WKH�DQJXODU�YHORFLW\�wV wM�LV�VHW�ZKHUHDV�WKH�YDOXH�RI�g ��LV�FRQYH\HG�WKURXJK�VZLWFK�����WR�WKH�GHIOHFWLRQFLUFXLW��RI�WKH�GLVN���� 'XULQJ�D�VWDQGVWLOO��ZKHQ�VZLWFK��3���RI�JRYHUQRU�5,�LV�VZLWFKHG�RYHU�IURPWKH�µDFFXPXODWRU�FKDUJLQJ¶�SRVLWLRQ��WKH�V\VWHP�FKDUJHV�RQO\�WKHORZ�SUHVVXUH�DFFXPXODWRUV��:KHQ�WKH�YDOXH�RI����03D�LV�UHDFKHG��VZLWFK�$�LVWXUQHG�RQ�DQG�D�VLJQDO�IURP�WKH�FRPSDUDWRU��FRPS�����LV�VHQW�WR�VZLWFK��3���DQG�D�VLJQDO�IURP�WKH�VHW�VLJQDO�SURFHVVLQJ�V\VWHP�LQ�JRYHUQRU�5,,�FDQ�EHJLYHQ�WR�DGGHU������,,��'ULYLQJ��� 7KH�YHKLFOH�LV�SRZHUHG�E\�D�FRPEXVWLRQ�HQJLQH�RQO\��µFRQYHQWLRQDO�GULYH¶��6ZLWFK��3���LV�LQ�WKH�]� ]� ]� �SRVLWLRQ��ZKLOH�VZLWFK��3���LQ�]� ���:KHQYDOYH��]���LV�WXUQHG�RQ��LW�LV�SRVVLEOH�WR�PDNH�XS�OHDNDJH�LQ�WKH�K\GURVWDWLFFLUFXLW�E\�PHDQV�RI�WKH�ORZ�SUHVVXUH�DFFXPXODWRUV�DQG�WKH�FKDUJLQJ�SXPS��WRWKH�YDOXH�S�PLQ ��03D��$�VLJQDO�RI�WKH�VHW�VSHHG�RI�WKH�YHKLFOH�LV�ZRUNHG�RXWLQ�WKH�XQLW�RI�FRQWURO�RI�VLJQDOV��ZKHUH�D�VLJQDO�IURP�WKH�DFFHOHUDWRU�LV�VHQW�WRWKH�PDWFKLQJ�HOHPHQW�LQ�ZKLFK�LW�LV�FKDQJHG�LQWR�D�VWDQGDUG�LQWHUQDO�VLJQDO�RIWKH�JRYHUQRU��7KH�YDOXH�RI�WKLV�VLJQDO�GHSHQGV�RQ�WKH�GHJUHH�RI�WKHDFFHOHUDWRU�SHGDO�DQG�VZLWFK��3���SRVLWLRQ��,W�FDQ�DVVXPH�SRVLWLYH�YDOXHV�ZLWK
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WKH�µGULYLQJ�IRUZDUGV¶�SRVLWLRQ�RU�QHJDWLYH�YDOXHV�ZLWK�WKH�µGULYLQJEDFNZDUGV¶�SRVLWLRQ��7KH�VLJQDO�RI�WKH�VHW�VSHHG�LV�WKHQ�VHQW�WKURXJK�VZLWFK�3���WR�WKH�DFFHOHUDWLRQ�VSHHG�OLPLWLQJ�EORFN��7KH�SRVLWLRQ�RI��3����GHSHQGV
RQ�WKH�YDOXH�RI�WKH�VLJQDO�IURP�WKH�V\VWHP��WKH�VHQVRU�RI�WKH�VSHHG�w���WKHPDWFKLQJ�HOHPHQW��WKH�UHYHUVLQJ�DPSOLILHU��WKH�EUDNH�SHGDO�SRWHQWLRPHWHU�7KH�VLJQDO�WKXV�VKDSHG�LV�VHQW�WR�DGGHU�������LQ�ZKLFK�LW�LV�DGGHG�WR�WKH�VLJQDOIURP�WKH�EUDNH�SHGDO�SRWHQWLRPHWHU��2QH�RI�WKHVH�VLJQDOV�LV�DOZD\V�HTXDO�WR]HUR��7KH�ILUVW�RI�WKHVH�JRYHUQRUV��RQ�WKH�EDVLV�RI�WKH�VHW�DQG�DFWXDO�VSHHG�ZRUNV�RXW�WKH�VLJQDO�RI�WKH�VHW�SRVLWLRQ�RI�WKH�VHUYRYDOYHV�WKDW�GHIOHFW�WKH�GLVNLQ�K\GURVWDWLF�PDFKLQH�µD¶�RU�µE¶��ZKHUHDV�WKH�VHFRQG�RQH�ZRUNV�RXW�WKHVLJQDO�FRQWUROOLQJ�WKH�VHUYRYDOYH��7KH�VLJQDO�RI�WKH�VHW�VSHHG��WKURXJK�WKHPDWFKLQJ�V\VWHP�DQG�VZLWFK������LV�DOVR�FRQYH\HG�WR�WKH�FRPEXVWLRQ�HQJLQH
JRYHUQRU��LQ�ZKLFK�WKH�DQJXODU�YHORFLW\�wV w0�LV�VHW��,Q�WKLV�ZD\��LW�LVSRVVLEOH�WR�WUDQVIHU�WKH�HQHUJ\�IURP�WKH�=6�HQJLQH��WKURXJK�WKH�K\GURVWDWLFWUDQVPLVVLRQ�D��E��WR�WKH�YHKLFOH�ZKHHOV�ZLWKRXW�WKH�SDUWLFLSDWLRQ�RI�WKHHQHUJ\�DFFXPXODWHG�LQ�WKH�KLJK�SUHVVXUH�DFFXPXODWRU����� +\EULG�GULYH��7KH�FRQQHFWLRQV�LQ�WKH�FRQWURO�V\VWHPV�DUH�WKH�VDPH�DVGHVFULEHG�DERYH��DQG�VZLWFK��3���LV�WXUQHG�RQ��7KH�SKDVHV�RI�RSHUDWLRQVSURFHHG�KHUH�DV�LQ�VHFWLRQV�,���DQG�,,����LI�WKH�SUHVVXUH�LQ�WKH�KLJK�SUHVVXUH
DFFXPXODWRU�LV�S�>���03D��RQO\�VHFRQGDU\��DFFXPXODWHG�HQHUJ\�ZLOO�EH�XVHGIRU�WKH�PRWLRQ�RI�WKH�YHKLFOH���%HORZ�WKH�VHW�YDOXH�RI�WKH�SUHVVXUH��WKHFRPSDUDWRU��FRPS�����ZLOO�WXUQ�RQ�VZLWFKHV�����DQG�����DQG��VHQG�WKH�VLJQDO�WRWKH�HQJLQH�JRYHUQRU��WKHUHE\�DOORZLQJ�WKH�LQWHUDFWLRQ�RI�WZR�VRXUFHV�RIHQHUJ\��SULPDU\���WKH�FRPEXVWLRQ�HQJLQH��DQG�VHFRQGDU\���WKH�KLJK�SUHVVXUHDFFXPXODWRU��:KLOH�EUDNLQJ�WKHUH�ZLOO�EH�D�UHYHUVH�IORZ�RI�HQHUJ\���IURP�WKHYHKLFOH�ZKHHOV��WKURXJK�K\GURVWDWLF�PDFKLQH�µE¶��ZKLFK�WKHQ�VWDUWVIXQFWLRQLQJ�DV�D�SXPS��WR�WKH�KLJK�SUHVVXUH�DFFXPXODWRU��WKH�HQHUJ\�ZLOODFFXPXODWH�LQ�WKH�DFFXPXODWRU�DV�D�UHVXOW�RI�WKH�RSHUDWLRQ�RI�JRYHUQRU�5,,�

5HIHUHQFHV
�� .RZDOVNL�6���0XOWLUDQJH�K\GURPHFKDQLFDO� WUDQVPLVVLRQV��:DUVDZ�8QLYHUVLW\�RI� �7HFKQRORJ\� �,QVWLWXWH�RI�9HKLFOHV�3DSHUV��1U���������
�� 3DZHOVNL�=���1DS G K\EU\GRZ\�GOD�DXWREXVX�PLHMVNLHJR��:\GDZQLFWZR�3ROLWHFKQLNL�àyG]NLHM�0RQRJUDILD�QU����������������
�� 3DZHOVNL�=���6WXGLHV�RI�WKH�6SHHG�*RYHUQRU�IRU�D�9DULDEOH�6SHHG�7UDQVPLVVLRQ�ZLWK�D�3DUDOOHO3RZHU�)ORZ��,6$7$¶����3DSHU�1U���$(����
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