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9ROWDJH�6WDELOLW\�(QKDQFHPHQW�DQG�(IILFLHQF\�,PSURYHPHQW�RI�
1LJHULDQ�7UDQVPLVVLRQ�6\VWHP�8VLQJ�8QLILHG�3RZHU�)ORZ�

&RQWUROOHU

$GHQLML 2�$��	�0EDPDOXLNHP 3�2��
���'HSDUWPHQW�RI�(OHFWULFDO�(QJLQHHULQJ��7KH�)HGHUDO�3RO\WHFKQLF��,ODUR��2JXQ�6WDWH

$%675$&7�� &RQVLVWHQW� LQFUHDVH� LQ� WKH� GHPDQG� IRU� HOHFWULFDO� HQHUJ\� RIWHQ� OHDGV� WR� KHDY\� ORDGLQJ� RI�
WUDQVPLVVLRQ�OLQHV��2QH�RI�WKH�FRQVHTXHQFHV�RI�WKLV�LV�WKDW�VXFK�WUDQVPLVVLRQ�V\VWHPV�DUH�VXEMHFWHG�WR�LPEDODQFH�
LQ� WKH� UHDFWLYH� SRZHU�DQG�KHQFH� YROWDJH� LQVWDELOLW\� DQG� UHGXFWLRQ� LQ� UHDO� SRZHU�RI� WKH� V\VWHP��&RQYHQWLRQDO�
PHWKRGV�RI�HQKDQFLQJ�YROWDJH�VWDELOLW\�DQG�LPSURYLQJ�HIILFLHQF\�KDYH�SURYHQ�WR�EH�VORZ�DQG�GLIILFXOW�WR�FRQWURO��
$� QHZ� DSSURDFK�� KRZHYHU�� LV� WKH� XVH� RI� )OH[LEOH� $&� 7UDQVPLVVLRQ� 6\VWHP� �)$&76�� FRQWUROOHUV�� 7KLV� SDSHU�
DSSOLHG� 8QLILHG� 3RZHU� )ORZ� &RQWUROOHU� �83)&��� D� PHPEHU� RI� WKLV� FODVV� RI� GHYLFHV� WR� 1LJHULD¶V� ���N9�
WUDQVPLVVLRQ�V\VWHP�XVLQJ�0$7/$%��2EWDLQHG�UHVXOWV�VKRZHG�DQ�LPSURYHPHQW�LQ� WKH�YROWDJH�PDJQLWXGH�RI�EXV�
��DQG�EXV����IURP��������DQG��������WR������DQG��������UHVSHFWLYHO\��$OVR��WKH�DFWLYH�SRZHU�ORVV�ZDV�UHGXFHG�
E\� ������ IURP� ������0:� WR� ������0:� ZKHQ� 83)&� ZDV� DSSOLHG�� ,QFRUSRUDWLRQ� RI� 83)&� LPSURYHG� WKH�
V\VWHP¶V�YROWDJH�VWDELOLW\�DQG�UHGXFHG�DFWLYH�SRZHU�ORVVHV��7KH�83)&�FRXOG�WKHUHIRUH�EH�GHSOR\HG�WR�PLQLPL]H�
SURORQJHG�DQG�IUHTXHQW�YROWDJH�LQVWDELOLW\�LQ�WUDQVPLVVLRQ�QHWZRUNV�DQG�HQKDQFH�V\VWHP�HIILFLHQF\�
.H\ZRUGV� 7UDQVPLVVLRQ�V\VWHP��YROWDJH�LQVWDELOLW\��)$&76�GHYLFHV��83)&��0$7/$%

,� ,1752'8&7,21
7UDQVPLVVLRQ� V\VWHPV� DUH� SDUW� RI� WKH� RYHUDOO� HOHFWULFDO� SRZHU� VXSSO\� V\VWHPV�� 7UDQVPLVVLRQ� V\VWHP�

FRQVLVWV� RI� FRQGXFWRUV� FDUULHG� RQ� VWHHO� WRZHUV� OLQNLQJ� JHQHUDWLRQ� VWDWLRQV� WR� XVHUV� WKURXJK� WKH� GLVWULEXWLRQ�
V\VWHP��7KH\�GHOLYHU�EXON�SRZHU�IURP�SRZHU�VWDWLRQV�WR�WKH�ORDG�FHQWHUV�DQG�ODUJH�LQGXVWULDO�FRQVXPHUV�EH\RQG�
WKH�HFRQRPLFDO�VHUYLFH�UDQJH�RI� WKH�UHJXODU�SULPDU\�GLVWULEXWLRQ� OLQHV�>�@��/LNH�PDQ\� WUDQVPLVVLRQ�V\VWHPV� LQ�
WKH� ZRUOG�� 1LJHULD¶V� WUDQVPLVVLRQ� V\VWHP� LV� FKDUDFWHUL]HG� E\� KLJK� WHFKQLFDO� DQG� QRQ�WHFKQLFDO� ORVVHV��
RYHUORDGLQJ��YROWDJH�LQVWDELOLW\��UDGLDO�OLQHV�KDYLQJ�QR�UHGXQGDQF\��UHVXOWV�RI�GH�UHJXODUL]DWLRQ�RI�WKH�HOHFWULFLW\�
PDUNHW�DQG�REVROHWH�VXEVWDWLRQ�HTXLSPHQW >�@�>�@�>�@�

,QFUHDVH�LQ�SRSXODWLRQ�OHDGV�WR�LQFUHDVH�LQ�HFRQRPLF�DFWLYLWLHV�DQG�KHQFH�LQFUHDVH�LQ�HOHFWULFDO�HQHUJ\�
GHPDQG��WKHUHE\�FDXVLQJ�EXUGHQV�RQ�H[LVWLQJ�WUDQVPLVVLRQ�OLQHV�DOVR�WR�LQFUHDVH��7KLV�KDV�FDXVHG�WKH�ORDGLQJ�RI�
WKH�WUDQVPLVVLRQ�OLQHV�EH\RQG�WKHLU�GHVLJQ�OLPLWV�ZLWK�FRQVHTXHQW�UHGXFWLRQ�LQ�SRZHU�TXDOLW\�>�@>�@�

$�PDMRU�FRQVHTXHQFH�RI�RYHUVWUHWFKLQJ� WUDQVPLVVLRQ� OLQHV� LV�YROWDJH� LQVWDELOLW\��9ROWDJH� LQVWDELOLW\� LV�
GHILQHG�DV�WKH�LQDELOLW\�RI�D�SRZHU�V\VWHP�WR�PDLQWDLQ�VWHDG\�YROWDJHV�DW�DOO�EXVHV�LQ�WKH�V\VWHP�XQGHU�QRUPDO�
RSHUDWLQJ� FRQGLWLRQV� DQG� DIWHU� EHLQJ� VXEMHFWHG� WR� D� GLVWXUEDQFH�� ,QVWDELOLW\� PD\� UHVXOW� LQ� WKH� IRUP� RI� D�
SURJUHVVLYH�IDOO�RU�ULVH�RI�YROWDJH�RI�VRPH�EXVHV��7KH�SRVVLEOH�RXWFRPH�RI�YROWDJH�LQVWDELOLW\�LV�ORVV�RI�ORDG�LQ�
WKH� DUHD� ZKHUH� YROWDJHV� UHDFK� XQDFFHSWDEO\� ORZ� YDOXHV� RU� D� ORVV� RI� LQWHJULW\� RI� WKH� SRZHU� V\VWHP�� 9ROWDJH�
LQVWDELOLW\�FRXOG�EH�GXH�WR�ODUJH�GLVWXUEDQFH�RU�VPDOO�GLVWXUEDQFH�>�@>�@>�@�

7KH�SUR[LPLW\�RI�D�JLYHQ�V\VWHP�WR�YROWDJH�LQVWDELOLW\�LV�W\SLFDOO\�DVVHVVHG�E\�LQGLFHV�WKDW�PHDVXUH�RQH�
RU�D�FRPELQDWLRQ�RI�
� 6HQVLWLYLW\�RI�ORDG�EXV�YROWDJH�WR�YDULDWLRQV�LQ�DFWLYH�SRZHU�RI�WKH�ORDG�
� 6HQVLWLYLW\�RI�ORDG�EXV�YROWDJH�WR�YDULDWLRQV�LQ�LQMHFWHG�UHDFWLYH�SRZHU�DW�WKH�ORDG�EXV�
� 6HQVLWLYLW\�RI�WKH�UHFHLYLQJ�HQG�YROWDJH�WR�YDULDWLRQV�LQ�VHQGLQJ�HQG�YROWDJH�
� 6HQVLWLYLW\� RI� WKH� WRWDO� UHDFWLYH� SRZHU� JHQHUDWHG� E\� JHQHUDWRUV�� V\QFKURQRXV� FRQGHQVHUV�� DQG� 696� WR�

YDULDWLRQV�LQ�ORDG�EXV�UHDFWLYH�SRZHU�>��@

&RQYHQWLRQDO�0HWKRGV�2I�,PSURYLQJ�9ROWDJH�6WDELOLW\
7KHUH�DUH�YDULRXV�FRQYHQWLRQDO�PHWKRGV�RI�LPSURYLQJ�WKH�YROWDJH�VWDELOLW\�RI�SRZHU�V\VWHPV��6RPH�RI�WKHVH�DUH�
�D� 5HDFWLYH�3RZHU�&RPSHQVDWLRQ�

5HDFWLYH� SRZHU� FRPSHQVDWLRQ� LV� DQ� LPSRUWDQW� LVVXH� LQ� HOHFWULF� SRZHU� V\VWHPV� EHLQJ� DQ� HIIHFWLYH�
PHDVXUH�WR�LPSURYH�YROWDJH�VWDELOLW\��5HDFWLYH�SRZHU�PXVW�EH�FRPSHQVDWHG�WR�JXDUDQWHH�DQ�HIILFLHQW�GHOLYHU\�RI�
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DFWLYH� SRZHU� WR� ORDGV�� WKXV� UHOHDVLQJ� V\VWHP� FDSDFLW\�� UHGXFLQJ� V\VWHP� ORVVHV�� DQG� LPSURYLQJ� V\VWHP� SRZHU�
IDFWRU�DQG�EXV�YROWDJH�SURILOH�>��@��7KURXJK�FRQWUROOLQJ�WKH�SURGXFWLRQ��DEVRUSWLRQ��DQG�IORZ�RI�UHDFWLYH�SRZHU�
DW� DOO� OHYHOV� LQ� WKH� V\VWHP�� YROWDJH�9DU� FRQWURO� FDQ� PDLQWDLQ� WKH� YROWDJH� SURILOH� ZLWKLQ DFFHSWDEOH� OLPLW� DQG�
UHGXFH�WKH�WUDQVPLVVLRQ�ORVVHV�>�@�

&RPSHQVDWLRQ� FRXOG� EH� VKXQW� ZKHUHE\� WKH� FRPSHQVDWLQJ� GHYLFH� LV� FRQQHFWHG� LQ� SDUDOOHO� ZLWK� WKH�
FLUFXLW�WR�EH�FRPSHQVDWHG��,W�FDQ�EH�FDSDFLWLYH��OHDGLQJ��RU�LQGXFWLYH��ODJJLQJ��UHDFWLYH�SRZHU��DOWKRXJK�LQ�PRVW�
FDVHV�� FRPSHQVDWLRQ� LV�FDSDFLWLYH��6KXQW�FRPSHQVDWLRQ� LV�VXFFHVVIXO� LQ� UHGXFLQJ�YROWDJH�GURS�DQG�SRZHU� ORVV�
SUREOHPV� LQ� WKH� QHWZRUN� XQGHU� VWHDG\� ORDG� FRQGLWLRQV� DV� LW� UHGXFHV� WKH� FXUUHQW� IORZ� LQ� DUHDV� RI� LQVWDOODWLRQ
>��@>��@�� ,W�FRXOG�DOVR�EH�VHULHV�ZKHUHE\�WKH�FRPSHQVDWLQJ�GHYLFH� LV�FRQQHFWHG� LQ�VHULHV�ZLWK�WKH�FLUFXLW�WR�EH�
FRPSHQVDWHG�� :KHUHDV� VKXQW� FRPSHQVDWLRQ� UHGXFHV� WKH� FXUUHQW� IORZ� LQ� DUHDV� RI� LQVWDOODWLRQ�� VHULHV�
FRPSHQVDWLRQ�DFWV�GLUHFWO\�RQ�WKH�VHULHV�UHDFWDQFH�RI�WKH�OLQH��,W�UHGXFHV� WKH�WUDQVIHU�UHDFWDQFH�EHWZHHQ�VXSSO\�
SRLQW�DQG�WKH�ORDG�DQG�WKHUHE\�UHGXFHV�WKH�YROWDJH�GURS�>��@�

�E� 6\QFKURQRXV�&RQGHQVHUV
6\QFKURQRXV� FRQGHQVHU� LV� VLPSO\� D� V\QFKURQRXV� PDFKLQH� ZLWKRXW� DQ\� ORDG� DWWDFKHG� WR� LW�� /LNH�

JHQHUDWRUV��WKH\�FDQ�EH�RYHU�H[LWHG�RU�XQGHU�H[LWHG�E\�YDU\LQJ�WKHLU�ILHOG�FXUUHQW�LQ�RUGHU�WR�JHQHUDWH�RU�DEVRUE�
UHDFWLYH� SRZHU�� 6\QFKURQRXV� FRQGHQVHUV� FDQ� FRQWLQXRXVO\� UHJXODWH� UHDFWLYH� SRZHU� WR� HQVXUH� VWHDG\�
WUDQVPLVVLRQ�YROWDJH��XQGHU�YDU\LQJ� ORDG�FRQGLWLRQV��7KH\�DUH�HVSHFLDOO\�VXLWHG� IRU�HPHUJHQF\�YROWDJH�FRQWURO�
XQGHU� ORVV� RI� ORDG�� JHQHUDWLRQ� RU� WUDQVPLVVLRQ�� EHFDXVH� RI� WKHLU� IDVW�� VKRUW�WLPH� UHVSRQVH�� 6\QFKURQRXV�
FRQGHQVHUV� SURYLGH� QHFHVVDU\� UHDFWLYH�SRZHU� HYHQ� H[FHHGLQJ� WKHLU� UDWLQJ� IRU� VKRUW� GXUDWLRQ�� WR� DUUHVW� YROWDJH�
FROODSVH�DQG�WR�LPSURYH�V\VWHP�VWDELOLW\�>��@>��@�

�F� ([FLWDWLRQ�&RQWURO
:KHQ�WKH�ORDG�RQ�WKH�VXSSO\�V\VWHP�FKDQJHV��WKH�WHUPLQDO�YROWDJH�RI�WKH�DOWHUQDWRU�DOVR�YDULHV�GXH�WR�

WKH�FKDQJHV�LQ�YROWDJH�GURS�LQ�WKH�V\QFKURQRXV�UHDFWDQFH�RI�WKH�DUPDWXUH��6LQFH�WKH�DOWHUQDWRUV�KDYH�WR�EH�UXQ�DW�
D�FRQVWDQW�VSHHG��WKH�LQGXFHG�HPIV��WKHUHIRUH��FDQQRW�EH�FRQWUROOHG�E\�DGMXVWPHQW�RI�VSHHG��7KH�YROWDJH�RI�WKH�
DOWHUQDWRU�FDQ�EH�NHSW�FRQVWDQW�E\�FKDQJLQJ�WKH�ILHOG�FXUUHQW�RI�WKH�DOWHUQDWRU�LQ�DFFRUGDQFH�ZLWK�WKH�ORDG��7KLV�
LV� NQRZQ� DV� (;&,7$7,21� &21752/� 0(7+2'�� 7KH� H[FLWDWLRQ� FRQWURO� PHWKRG� LV VDWLVIDFWRU\� RQO\� IRU�
UHODWLYHO\�VKRUW�WUDQVPLVVLRQ�OLQHV�>�@>��@�

�G� 7DS�&KDQJLQJ�7UDQVIRUPHUV
7DS�FKDQJLQJ� WUDQVIRUPHU�PHWKRG� LV� D� PHWKRG� RI� YROWDJH� FRQWURO� IRU� ORQJ� WUDQVPLVVLRQ� OLQHV�ZKHUH�

PDLQ� WUDQVIRUPHU� LV� QHFHVVDU\�� 7KH� SULQFLSOH� RI� UHJXODWLQJ� WKH� VHFRQGDU\� YROWDJH� LV� EDVHG� RQ� FKDQJLQJ� WKH�
QXPEHU�RI�WXUQV�RQ�WKH�SULPDU\�RU�VHFRQGDU\�L�H��RQ�FKDQJLQJ�WKH�UDWLR�RI�WUDQVIRUPDWLRQ��'HFUHDVH�LQ�SULPDU\�
WXUQV�FDXVHV�LQFUHDVH�LQ�HPI�SHU�WXUQ��DQG�VR�LQ�VHFRQGDU\�RXWSXW�YROWDJH��6HFRQGDU\�RXWSXW�YROWDJH�FDQ�DOVR�EH�
LQFUHDVHG�E\� LQFUHDVLQJ�VHFRQGDU\� WXUQV�DQG�NHHSLQJ�SULPDU\� WXUQV� IL[HG�� ,Q�RWKHU�ZRUGV��GHFUHDVH� LQ�SULPDU\�
WXUQV�KDV�WKH�VDPH�HIIHFW�DV�WKDW�RI�LQFUHDVH�LQ�VHFRQGDU\�WXUQV�>��@�

�H� %RRVWHU�7UDQVIRUPHU
6RPHWLPHV��LW�LV�GHVLUHG�WR�FRQWURO�WKH�YROWDJH RI�D�WUDQVPLVVLRQ�OLQH�DW�D�SRLQW�IDU�DZD\�IURP�WKH�PDLQ�

WUDQVIRUPHU�� 7KLV� FDQ� EH� FRQYHQLHQWO\� DFKLHYHG� E\� WKH� XVH� RI� D� ERRVWHU� WUDQVIRUPHU�� 7KH� VHFRQGDU\� RI� WKH�
ERRVWHU�WUDQVIRUPHU� LV�FRQQHFWHG� LQ�VHULHV�ZLWK�WKH� OLQH�ZKRVH�YROWDJH� LV� WR�EH�FRQWUROOHG��7KH�SULPDU\�RI� WKLV�
WUDQVIRUPHU� LV� VXSSOLHG� IURP� D� UHJXODWLQJ� WUDQVIRUPHU� ILWWHG� ZLWK� RQ�ORDG� WDS�FKDQJLQJ� JHDU�� 7KH� ERRVWHU�
WUDQVIRUPHU�LV�FRQQHFWHG�LQ�VXFK�D�ZD\�WKDW�LWV�VHFRQGDU\�LQMHFWV�D�YROWDJH�LQ�SKDVH�ZLWK�WKH�OLQH�>��@

�I� 3KDVH�6KLIWLQJ�7UDQVIRUPHUV
7KLV� LV� EDVHG� RQ� WKH� FRQFHSW� WKDW� PRGL¿FDWLRQ� RI� YROWDJH� PDJQLWXGHV� DQG� �� RU� WKHLU� SKDVH� FDQ� EH�

DFKLHYHG� E\� DGGLQJ� D� FRQWURO� YROWDJH�� $� VSHFLDO� IRUP� RI� D� ��SKDVH±UHJXODWLQJ� WUDQVIRUPHU� LV� UHDOL]HG� E\�
FRPELQLQJ� D� WUDQVIRUPHU� WKDW� LV� FRQQHFWHG� LQ� VHULHV�ZLWK� D� OLQH� WR� D� YROWDJH� WUDQVIRUPHU� HTXLSSHG�ZLWK� D� WDS�
FKDQJHU��7KH�ZLQGLQJV�RI�WKH�YROWDJH�WUDQVIRUPHU�DUH�VR�FRQQHFWHG�WKDW�RQ�LWV�VHFRQGDU\�VLGH��SKDVH�TXDGUDWXUH�
YROWDJHV�DUH�JHQHUDWHG�DQG�IHG�LQWR�WKH�VHFRQGDU\�ZLQGLQJV�RI�WKH�VHULHV�WUDQVIRUPHU��7KXV�WKH�DGGLWLRQ�RI�VPDOO��
SKDVH�TXDGUDWXUH� YROWDJH� FRPSRQHQWV� WR� WKH� SKDVH� YROWDJHV� RI� WKH� OLQH� FUHDWHV� SKDVH�VKLIWHG� RXWSXW� YROWDJHV�
ZLWKRXW� DQ\� DSSUHFLDEOH� FKDQJH� LQ� PDJQLWXGH�� $� SKDVH�VKLIWLQJ� WUDQVIRUPHU� LV� WKHUHIRUH� DEOH� WR� LQWURGXFH� D�
SKDVH�VKLIW�LQ D�OLQH�>��@�

,,� 81,),('�32:(5�)/2:�&21752//(5��83)&�
7KLV� GHYLFH� LV� D� PHPEHU� KLJK� SRZHU�HOHFWURQLF� EDVHG� FRQWUROOHUV� �)$&76� GHYLFHV�� WKDW� HQKDQFHV�

FRQWUROODELOLW\� DQG� LQFUHDVHV� SRZHU� WUDQVIHU� FDSDELOLW\� RI� SRZHU� V\VWHPV�)$&76� LV� D� UHFHQW� WHFKQRORJLFDO�
GHYHORSPHQW�LQ�HOHFWULFDO�SRZHU�V\VWHPV�WKDW�LV�DLPHG�DW�UHSODFLQJ�WKH�VWDWLF��FRQYHQWLRQDO�PHWKRGV�PHQWLRQHG�
DERYH�>��@>��@>��@�
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7KH�8QLILHG�3RZHU�)ORZ�&RQWUROOHU��RU�83)&��LV�DQ�HOHFWULFDO�GHYLFH�IRU�SURYLGLQJ�IDVW�DFWLQJ�UHDFWLYH�
SRZHU� FRPSHQVDWLRQ� RQ� KLJK�YROWDJH� HOHFWULFLW\� WUDQVPLVVLRQ� QHWZRUNV�� 7KH� 83)&� XVHV� VROLG� VWDWH� GHYLFHV�
ZKLFK�SURYLGH�IXQFWLRQDO�IOH[LELOLW\��JHQHUDOO\�QRW�DWWDLQDEOH�E\�FRQYHQWLRQDO�7K\ULVWRU FRQWUROOHG�V\VWHPV��7KH�
83)&� LV� D� FRPELQDWLRQ� RI� D� VWDWLF� V\QFKURQRXV� FRPSHQVDWRU� �67$7&20� ± VKXQW� FRQYHUWHU�� DQG� D� VWDWLF�
V\QFKURQRXV� VHULHV� FRPSHQVDWRU� �666&� ± VHULHV� FRQYHUWHU�� FRXSOHG� YLD� D� FRPPRQ�'&� YROWDJH� OLQN� DV� VHHQ�
EHORZ�>��@>��@>��@�

)LJXUH����6FKHPDWLF�GLDJUDP�RI�WKH�8QL¿HG�SRZHU�ÀRZ�FRQWUROOHU��83)&��V\VWHP�VKRZLQJ�WZR�EDFN�WR�EDFN�
YROWDJH�VRXUFH�FRQYHUWHUV��96&V�>��@�

,,,� 83)&�32:(5�)/2:�02'(/
7KH�HTXLYDOHQW�FLUFXLW�GLDJUDP�RI�WKH�83)&�LV�VKRZQ�LQ�)LJXUH���

)LJXUH����(TXLYDOHQW�FLUFXLW�GLDJUDP�RI�83)&�>��@

7KH�83)&�YROWDJH�VRXUFHV�DUH�>��@����� ݄ݏܸ ൌ ݄ݏܸ ሺ��� ݄ݏߜ  ݆ ��� ሻ݄ݏߜ ���

݁ݏܸ ൌ �ሺ݁ݏܸ�� ݁ݏߜ  ݆ ��� ሻ݁ݏߜ ���
ZKHUH9VK DQG�įVK DUH�WKH�FRQWUROODEOH�PDJQLWXGH��9VK�PLQ���9VK��9VK�PD[��DQG�SKDVH�DQJOH������įVK ���ʌ��

RI� WKH�YROWDJH�VRXUFH� UHSUHVHQWLQJ� WKH�VKXQW� FRQYHUWHU��7KH�PDJQLWXGH�9VH DQG�SKDVH� DQJOH�įVH RI� WKH�YROWDJH�
VRXUFH�UHSUHVHQWLQJ�WKH�VHULHV�FRQYHUWHU�DUH�FRQWUROOHG�EHWZHHQ�OLPLWV��9VH�PLQ���9VH��9VH�PD[��DQG������įVH ���ʌ��
UHVSHFWLYHO\
7KH�SRZHU�IORZ�HTXDWLRQV�IRU�WKH�83)& DUH�REWDLQHG�DV�IROORZV�>��@>��@�
$W�WKH�VHQGLQJ�HQG�QRGH�L�

݅ܵ ൌ ܲ݅  ݆ܳ݅ ൌ ሺܸ݅ʹ െ ܸ݅ ݁ݏܸ
כ െ ܸ݅ ሻכܸ݇ ݁ݏܻ

כ  ሺܸ݅ʹ െ ܸ݅ ݄ݏܸ
כ ሻ ݄ݏܻ ���

$W�WKH VHQGLQJ�HQG�QRGH�N�
ܵ݇ ൌ ܲ݇  ݆ܳ݇ ൌ ܸ݇ ሺܸ݇כ  ݁ݏܸ

כ െ ሻכܸ݅ ݁ݏܻ
כ ���
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7KH�VHULHV�FRQYHUWHU�SRZHU�LV�

݁ݏܵ ൌ ݁ݏܸ ݁ݏܫ
כ ൌ ݁ݏܲ  ݆ ݁ݏܳ ൌ ሺܸ݇݁ݏܸ

כ െ ݁ݏܸ
כ െ ሻכܸ݅ ݁ݏܻ

כ ���
6KXQW�FRQYHUWHU�SRZHU�

݄ݏܵ ൌ ݄ݏܸ ݄ݏܫ
כ ൌ ݄ݏܲ  ݆ ݄ݏܳ ൌ ݄ݏܸ ሺܸ݅

כ െ ݄ݏܸ ሻ ݄ݏܻ
כ ���

)RU�WKH�FDVH�ZKHQ�WKH�83)&�FRQWUROV�WKH�IROORZLQJ�SDUDPHWHUV�>��@�
��� 9ROWDJH�PDJQLWXGH�DW�WKH�VKXQW�FRQYHUWHU�WHUPLQDO��EXV�L��
��� $FWLYH�SRZHU�IORZ�IURP�EXV�N WR�EXV�L��DQG�
��� 5HDFWLYH�SRZHU�LQMHFWHG�DW�EXV�N��DQG�WDNLQJ�EXV�N WR�EH�D�34�EXV��
7KH�OLQHDULVHG�V\VWHP�RI�HTXDWLRQV�LV�DV�IROORZV�>��@�
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,9� 7+(�1,*(5,$1�75$160,66,21�6<67(0�± 7(67�&$6(
7KH�WHVW�FDVH�IRU�WKLV�ZRUN�LV�WKH����EXV�1LJHULDQ�WUDQVPLVVLRQ�V\VWHP�PDGH�XS�RI�QLQH�����JHQHUDWLQJ�

VWDWLRQV�39� EXVHV� �ZKLFK� DUH� HLWKHU� WKHUPDO� RU� K\GUR� DQG� H[OXGLQJ� WKH� 1LJHULDQ� ,QWHJUDWHG� 3RZHU� 3URMHFWV�
�1,33V��DQG�WKH�,QGHSHQGHQW�3RZHU�3URMHFWV��,33V���DQG�ILIW\�WZR������WUDQVPLVVLRQ�OLQHV�

6RPH�RI�WKH�SUHGRPLQDQW�IHDWXUHV�RI�WKLV�V\VWHP�DUH�
�� 7KHUH� LV�DQ� LQVWDOOHG�FDSDFLW\�RI������0:�RI�JHQHUDWHG�SRZHU�RI�ZKLFK������0:�LV�JRYHUQPHQW�RZQHG�

>��@�
�� 7KH�V\VWHP� LV� FKDUDFWHULVHG�E\�KLJK�SRZHU� ORVVHV� DQG� IUHTXHQW� YROWDJH� LQVWDELOLW\� >��@��7KH� WUDQVPLVVLRQ�

JULG�V\VWHP�LV�DOVR�FKDUDFWHULVHG�E\�UDGLDO��IUDJLOH�DQG�ORQJ�WUDQVPLVVLRQ�OLQHV��VRPH�RI�ZKLFK�ULVN�WRWDO�RU�
SDUWLDO�V\VWHP�FROODSVH�LQ�WKH�HYHQW�RI�PDMRU�IDXOW�RFFXUUHQFH�DQG�PDNH�YROWDJH�FRQWURO�GLIILFXOW�>��@>��@��

�� 7KH�H[LVWLQJ�V\VWHP�FRPSULVHV�RYHU�������NP�RI� WUDQVPLVVLRQ� OLQHV��DERXW������NP�IRU����N9�OLQHV�DQG�
DERXW� �����NP� IRU� ��� N9� OLQHV�� >��@�� 7KHUH� DUH� ��� 1R� RI� �������� N9� VXEVWDWLRQV� ZLWK� WRWDO� LQVWDOOHG�
WUDQVIRUPDWLRQ�FDSDFLW\�RI������09$��HTXLYDOHQW�WR��������0:��>��@>��@�

%XV�DQG�OLQH�GDWD�RI�WKH�1LJHULDQ����EXV�V\VWHP�DUH�SUHVHQWHG�LQ�WKH�WDEOHV�WKDW�IROORZ�

7DEOH����%XV�GDWD�RI�WKH�1LJHULDQ����N9����%XV�WUDQVPLVVLRQ�6\VWHP�>��@�
/2$' *(1(5$7,21

%86�12 92/7�0$*��_9_�SX 3+$6(�$1*/(��'(*� 3' 4' 3* 4* 40,1 40$;

� ���� � ���� ���� ��� � ����� ����
� ���� � ��� ��� ����� � ����� ����
� ���� � ����� ����� ��� � � �
� ���� � ����� ����� ��� � � �
� ���� � ����� ����� ��� � � �
� ���� � ���� ���� ��� � � �
� ���� � ���� ���� ��� � � �
� ���� � ����� ����� ��� � � �
� ���� � ����� ����� ��� � � �
�� ���� � ����� ����� ��� � � �
�� ���� � ���� ���� ����� � ����� ����
�� ���� � ����� ����� ��� � � �
�� ���� � ����� ����� ��� � � �
�� ���� � ����� ����� ��� � � �
�� ���� � ����� ���� ��� � � �
�� ���� � ����� ���� ��� � � �
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�� ���� � ���� ��� ��� � � �
�� ���� � ��� ��� ����� � ����� ����
�� ���� � ���� ���� ��� � � �
�� ���� � ����� ����� ��� � � �
�� ���� � ��� ��� ����� � ����� ����
�� ���� � ����� ����� ��� � � �
�� ���� � ����� ����� ����� � ����� ����
�� ���� � ���� ���� ����� � ����� ����
�� ���� � ����� ���� ��� � � �
�� ���� � ����� ����� ��� � � �
�� ���� � ��� ��� ����� � ����� ����
�� ���� � ��� ��� ����� � ����� ����

7DEOH����/LQH�'DWD�RI�1LJHULDQ����N9����%XV�WUDQVPLVVLRQ�6\VWHP�>��@�
)520�%86 72�%86 5(6,67$1&(�>5@�SX 5($&7$1&(�>;@�SX ����%��686&(37$1&(�
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� �� ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� � ������ ������ ������
� �� ������ ������ ������
� �� ������ ������ ������
� �� ������ ������ ������
� �� ������ ������ ������
� �� ������ ������ ������
� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
�� �� ������ ������ ������
� �� ������ ������ ������
� �� ������ ������ ������

9� 5(68/76 $1' ',6&866,21
1HZWRQ�5DSKVRQ� 3RZHU� IORZ� DQDO\VLV� ZDV� FDUULHG� RXW� RQ� WKH� WHVW� FDVH� ZLWK� DQG� ZLWKRXW� WKH� 83)&� XVLQJ�
0$7/$%� EHFDXVH� RI� WKH� QXPEHU RI� EXVHV� LQYROYHG� ± ���� 7KH� UHVXOW� RI� WKH� YROWDJH�PDJQLWXGHV� RQO\� RI� WKH�
1LJHULDQ����N9�����%XV�WUDQVPLVVLRQ�V\VWHP�ZLWK�DQG�ZLWKRXW�WKH�83)&�LV�VXPPDUL]HG�EHORZ�
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7DEOH����6XPPDUL]HG�UHVXOWV�DQG�&RPSDULVRQ�RI�9ROWDJH�0DJQLWXGHV�ZLWK�DQG�ZLWKRXW�WKH�83)&�IRU�
���%XV�1LJHULDQ�6\VWHP

%86�12 9P :LWKRXW�83)&��SX� 9P :LWK�83)&��SX�
� ������ ������
� ������ ������
� ������ ������
� ������ ������
� ������ ������
� ������ ������
� ������ ������
� ������ ������
� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������
�� ������ ������

:LWKRXW�WKH�83)&��YROWDJHV�DW�EXVHV�����������S�X��DQG������������S�X��ZHUH�VHHQ�WR�EH�WKH�OHDVW��)RU�
WKH� GHYHORSHG� 0$7/$%� SURJUDP�� FRQYHUJHQFH� RFFXUUHG� DIWHU� VL[� ���� LWHUDWLRQV� DQG� WKH� PD[LPXP SRZHU�
PLVPDWFK� ��������H����� 7KH�JHQHUDWHG�UHDFWLYH�SRZHU�LV���������0YDU��7KH�EDVH�09$�LV����09$�ZKLOH�
WKH�EDVH�YROWDJH� LV����N9��:LWK� WKH� LQFOXVLRQ�RI�83)&��FRQYHUJHQFH�RFFXUUHG�DIWHU�VHYHQWHHQ������ LWHUDWLRQV�
DQG� WKH�PD[LPXP�SRZHU�PLVPDWFK�ZDV� IRXQG� WR�EH�������H�����ZKLOH� WKH� UHDFWLYH�SRZHU�KDV�FKDQJHG� IURP�
��������0YDU�WR��������0YDU�

,Q� WHUPV� RI� SRZHU� ORVVHV�� WKHVH� UHGXFHG� SDYLQJ� WKH� ZD\� IRU� EHWWHU� HIILFLHQF\�� :LWKRXW� WKH� 83)&�
LQVWDOOHG��WKH�WRWDO�ORVVHV�LQ�WKH�OLQHV�DUH�������0:��7KH�KLJKHVW�ORVVHV�ZHUH�H[SHULHQFHG�RQ�WKH�OLQHV�EHWZHHQ�
EXVHV����DQG����ZLWK� WKH�YDOXH�SXW�DW� �����0:���:KHQ�83)&�ZDV� LQVWDOOHG��WKH� ORVVHV�UHGXFHG�E\�������WR�
�������0:�

9,� &21&/86,21
7KLV�ZRUN�KDV�EHHQ�DEOH�WR�HVWDEOLVK�WKH�LPSRUWDQFH�GHULYDEOH�IURP�WKH�DSSOLFDWLRQ�RI�)$&76�GHYLFHV�

RQ� WUDQVPLVVLRQ� V\VWHPV�XVLQJ� WKH�1LJHULDQ����N9�����%XV� WUDQVPLVVLRQ� V\VWHP�DV� D� FDVH� VWXG\�� ,W� FRXOG� EH�
VHHQ�KRZ�WKH�FODVV�RI�GHYLFH�FDQ�LPSURYH�YROWDJH�SURILOHV�DQG�UHGXFH�WUDQVPLVVLRQ�ORVVHV� 7KH\�FRXOG�WKHUHIRUH�
EH� GHSOR\HG� WR� PLQLPL]H� SURORQJHG� DQG� IUHTXHQW� YROWDJH� LQVWDELOLW\� LQ� WUDQVPLVVLRQ� QHWZRUNV� DQG� HQKDQFH�
V\VWHP�HIILFLHQF\�

5()(5(1&(6
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