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�76&$2,��ZLQGLQJ�DUUDQJHPHQW��ZKLFK�SURYLGHV�ZHOO�UHJXODWHG�RXWSXW�YROWDJH�DQG�IUHTXHQF\�
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,�ZRXOG�OLNH�WR�WKDQN�'U��'XOHHSD�7KULPDZLWKDQD��3URI��7LDQ�+XD�/LX�DQG�3URI��0DKLQGD�
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ሚܫ $FWXDO�JULG�FXUUHQW

ሚ௦ିܫ��ሚ௦ାܫ 3KDVRU�YDULDEOHV�RI�SRVLWLYH�DQG�QHJDWLYH�VHTXHQFH�V\PPHWULFDO�
FRPSRQHQWV�RI�VWDWRU�FXUUHQWV

෨ܸ
௦ା�� ෨ܸ௦ି 3KDVRU�YDULDEOHV�RI�SRVLWLYH�DQG�QHJDWLYH�VHTXHQFH�V\PPHWULFDO�
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כ )LQDO�VHOHFWHG�H[FLWDWLRQ�YROWDJH�UHIHUHQFH
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ᇱ ሚ௦ܫ��

ᇱ 3KDVRU�YDULDEOHV�RI�WKH�UHIHUUHG�76&�ZLQGLQJ�YROWDJH�DQG�FXUUHQW
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௦ା�� ෨ܺ௦ି 3KDVRU�YDULDEOHV�RI�SRVLWLYH�DQG�QHJDWLYH�VHTXHQFH�V\PPHWULFDO�

FRPSRQHQWV
෨ܺ
ఈ�� ෨ܺఉ 3KDVRU�YDULDEOHV�LQ�WKHߙ� DQGߚ� D[LV

ଓǁା ��ଓǁି 5RWDWLQJ�YHFWRUV�RI�WKH�URWRU�FXUUHQW�V\PPHWULFDO�FRPSRQHQWV

ଓǁ௦ା ��ଓǁ௦ି 5RWDWLQJ�YHFWRUV�RI�WKH�VWDWRU�FXUUHQW�V\PPHWULFDO�FRPSRQHQWV

ሬሬԦ௦ߖ 6WDWRU�IOX[�YHFWRU

ܥ &RPSHQVDWLRQ�FDSDFLWRU
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ᇱ 5HIHUUHG�FRPSHQVDWLRQ�FDSDFLWRU

ܮ 5RWRU�OHDNDJH�LQGXFWDQFH

௦ܮ 6WDWRU�OHDNDJH�LQGXFWDQFH

ܮ 0DJQHWL]LQJ�LQGXFWDQFH

௦ܰ 3HU�VWDWRU�SKDVH�WRWDO�QXPEHU�RI�WXUQV
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ᇱ 5HIHUUHG�ORDG�UHVLVWDQFH

ܴ 5RWRU�UHVLVWDQFH

ܴ௦ 6WDWRU�UHVLVWDQFH

ܶ (OHFWURPDJQHWLF�WRUTXH

ܶ௫ ([WHUQDO�WRUTXH�

ܼᇱ 5HIHUUHG�LPSHGDQFH

ܼ (TXLYDOHQW�LPSHGDQFH

݅ఈ
ᇱ ��݅ఉ

ᇱ 5HIHUUHGߙ� DQGߚ� FRPSRQHQWV�RI�WKH�URWRU�FXUUHQWV
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݅ఈ � ݅ఉ ߙ DQGߚ� FRPSRQHQWV�RI�WKH�URWRU�FXUUHQWV

݅ఈ௦� ݅ఉ௦� ݅௦ ߚ��ߙ DQG�]HUR�FRPSRQHQWV�RI�VWDWRU�FXUUHQWV

௦ݒ ��݅௦ $FWXDO�YROWDJH�DQG�FXUUHQW�RI�WKH�2,�ZLQGLQJ

௦ݒ ��݅௦ $FWXDO�YROWDJH�DQG�FXUUHQW�RI�WKH�76&�ZLQGLQJ
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ᇱ 5HIHUUHG�YROWDJH�DQG�FXUUHQW�RI�WKH�76&�ZLQGLQJ

�ఈ௦ݒ �ఉ௦ݒ ௦ݒ ߚ��ߙ DQG�]HUR�FRPSRQHQWV�RI�WKH�VWDWRU�YROWDJHV

ௗߠ *ULG�FXUUHQW�SKDVRU�DQJOH
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&KDSWHU��

,QWURGXFWLRQ

���� %DFNJURXQG

6XVWDLQDEOH�GHYHORSPHQW�LV�D PDMRU�FKDOOHQJH�DW�SUHVHQW��(YHU\�QHZ�XQLW�RI�HFRQRPLF�

JURZWK� LV� VWLOO� DWWDLQHG� DW� WKH� H[SHQVH� RI� GHSOHWLRQ� RI� WKH� QDWXUDO� HQHUJ\� UHVRXUFHV� DQG�

GHJUDGDWLRQ�RI�WKH�HQYLURQPHQW��2QH�RI�WKH�PDMRU�UHDVRQV�IRU�WKLV�LV�WKH�ZRUOG¶V�KHDY\�UHOLDQFH�

RQ�IRVVLO�IXHOV��)RVVLO�IXHOV�DUH�QRQ�UHQHZDEOH�HQHUJ\�VRXUFHV��PHDQLQJ�WKDW�WKHUH�LV�D�ILQLWH�

DPRXQW�RI�IRVVLO�IXHOV�DYDLODEOH�DQG�WKH\�GR�QRW�QDWXUDOO\�UHSOHQLVK�IDVW�HQRXJK��,Q�DGGLWLRQ��

IRVVLO�IXHOV�QHHG�WR�EH�EXUQHG�WR�UHOHDVH�WKH�VWRUHG�HQHUJ\��+RZHYHU��WKH�EXUQLQJ RI�IRVVLO�IXHOV�

DOVR�UHOHDVHV�KDUPIXO�SDUWLFOHV�DQG�JUHHQKRXVH�JDVHV�LQWR�WKH�DWPRVSKHUH��UHVXOWLQJ�LQ�DGYHUVH�

HQYLURQPHQWDO�HIIHFWV��$W�SUHVHQW��IRU�LQVWDQFH��DURXQG�����RI�WKH�ZRUOG�SRSXODWLRQ�OLYH�DPLG�

XQVDIH�RXWGRRU�DLU�SROOXWLRQ��ZKLFK�FDXVHV�PRUH�WKDQ���PLOOLRQ�GHDWKV�HDFK�\HDU�>�@��$URXQG�

����RI�WKH�JOREDO�JUHHQKRXVH�JDVHV�HPLVVLRQV�DUH�VRXUFHG�IURP�WKH�EXUQLQJ�RI�IRVVLO IXHOV�>�@��

,Q�RUGHU�WR�UHGXFH�WKH�UHOLDQFH�RQ�IRVVLO�IXHOV��LW�KDV�EHFRPH�D�FRQVHQVXV�DPRQJ�FRXQWULHV�

RI� WKH�ZRUOG� WR� IRFXV�PRUH�RQ� UHQHZDEOH� HQHUJ\��8QOLNH�QRQ�UHQHZDEOH� HQHUJ\�� UHQHZDEOH�

HQHUJ\� FRPHV� IURP� VRXUFHV� WKDW DUH� QDWXUDOO\� UHSOHQLVKHG� LQ� D� UHODWLYHO\� VKRUW� WLPHIUDPH��

6RXUFHV� RI� UHQHZDEOH� HQHUJ\�PDLQO\� LQFOXGH�ZLQG�� K\GUR�� VRODU�� JHRWKHUPDO� DQG� ELRPDVV��

$QRWKHU� LPSRUWDQW� DGYDQWDJH� LV� WKDW� UHQHZDEOH� HQHUJ\� LV� D� FOHDQ� VRXUFH� RI� HQHUJ\��:LQG��

K\GURHOHFWULF� DQG� VRODU� V\VWHPV� JHQHUDWH� HOHFWULFLW\� ZLWKRXW� DLU� SROOXWLRQ� DQG� JUHHQKRXVH�

HPLVVLRQV�� *HRWKHUPDO� DQG� ELRPDVV� V\VWHPV� HPLW� VRPH� JUHHQKRXVH� JDVHV�� KRZHYHU� WKH�

HPLVVLRQV�DUH�PXFK�ORZHU�WKDQ�WKRVH�RI�EXUQLQJ�IRVVLO�IXHOV���

8QOLNH� WKH� IRVVLO� IXHOV��ZKLFK� KHDYLO\� UHOLHV� RQ� WKH� WUDQVSRUW� OLQHV�� UHQHZDEOH� HQHUJ\�

VRXUFHV� DUH� EURDGO\� DYDLODEOH� DQG� GLVWULEXWHG�� 'LVWULEXWHG� JHQHUDWLRQ� WKHUHIRUH� EHFRPHV� D�

SURPLVLQJ� SDUDGLJP� IRU� WKH� UHQHZDEOH� HQHUJ\� V\VWHPV�� 'XH� WR� WKH� GLVWULEXWHG� QDWXUH� RI�

UHQHZDEOH�HQHUJ\�VRXUFHV��WKHVH�GLVWULEXWHG�JHQHUDWLRQ�V\VWHPV�DUH�XVXDOO\�VPDOO�VFDOH�LQ�WHUPV�

RI�SRZHU� UDWLQJ�� WKXV�PD\�QRW�EH� DV� HIILFLHQW� DV� ODUJH� VFDOH� FHQWUDOLVHG�JHQHUDWLRQ� V\VWHPV��

+RZHYHU��WKLV�GLVDGYDQWDJH�LV�RIIVHW�E\�WKH�FRVW�UHGXFWLRQ�RI�WKH�WUDQVPLVVLRQ�DQG�GLVWULEXWLRQ�

JULG��
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,Q�UHFHQW�\HDUV��UHQHZDEOH�GLVWULEXWHG�JHQHUDWLRQ�XVLQJ�VPDOO�VFDOH�JHQHUDWLQJ�XQLWV�RI�

SRZHU�UDWLQJ�OHVV�WKDQ����N:�KDV�GUDZQ�SDUWLFXODU�DWWHQWLRQV�>����@��%HFDXVH��RQ�RQH�KDQG��WKLV�

VPDOO�VFDOH�UHQHZDEOH�GLVWULEXWHG�JHQHUDWLQJ�V\VWHP�LV�TXLWH�VXLWDEOH�WR�SURYLGH�HOHFWULFLW\�IRU�

KRPHV��EXVLQHVVHV�DQG�IDUPV�LQ�UHPRWH�DUHDV��2Q�WKH�RWKHU�KDQG��WKH�JOREDO�WUHQG�RI�HQHUJ\�

GHUHJXODWLRQ�HQFRXUDJHV�WKH�GHYHORSPHQW�RI�VXFK�V\VWHPV��0RUH�LPSRUWDQWO\��DW�SUHVHQW��DERXW�

��ELOOLRQ�SHRSOH�VWLOO�ODFN�DFFHVV�WR�HOHFWULFLW\��DQG�WKH�YDVW�PDMRULW\�RI�WKHP�DUH�OLYLQJ�LQ�WKH�

UXUDO�DUHDV�RI�$IULFD�DQG�$VLD�3DFLILF� >�@��7KH�VPDOO�VFDOH�UHQHZDEOH�GLVWULEXWHG�JHQHUDWLRQ�

V\VWHP�KDV�JUHDW�SRWHQWLDO� WR�KHOS�SURYLGH�EDVLF� HOHFWULFLW\� VHUYLFH� WR� WKRVH�SHRSOH�ZKR�DUH�

OLYLQJ�ZLWKRXW�HOHFWULFLW\�

7KH�PDMRULW\� RI� VPDOO� VFDOH� UHQHZDEOH� JHQHUDWLRQ� V\VWHPV� XVH� HOHFWULF� JHQHUDWRUV� WR�

FRQYHUW�NLQHWLF�HQHUJ\�LQWR�HOHFWULFDO�HQHUJ\��H[FHSW�WKH�SKRWRYROWDLF�V\VWHPV��$PRQJ�WKHVH�

HOHFWULF� JHQHUDWRUV�� VTXLUUHO� FDJH� LQGXFWLRQ� JHQHUDWRUV� �6&,*V�� DUH� WKH� FKHDSHVW� DQG� PRVW�

UXJJHG��WKXV�PRVW�ZLGHO\�XVHG��,Q�UHPRWH�DQG�UXUDO�DUHDV��WKH�SRSXODWLRQ�LV�VSDUVHO\�GLVWULEXWHG��

DQG� WKH�PRVW� RI� HOHFWULF� ORDGV� DUH� RI� VLQJOH�SKDVH� QDWXUH�� 7KHUHIRUH�� VLQJOH�SKDVH� 6&,*� LV�

SUHIHUUHG�RYHU���SKDVH�6&,*�WR�PDNH�WKH�ZKROH�V\VWHP�VLPSOH�DQG�FRVW�HIIHFWLYH��8VLQJ�VLQJOH�

SKDVH�6&,*V�PHDQV�WKDW�IRU�D�JLYHQ�DPRXQW�RI�FDSLWDO�LQYHVWPHQW��PRUH�DUHDV�FDQ�JDLQ�DFFHVV�

WR�HOHFWULFLW\�

6LQJOH�SKDVH� VTXLUUHO� FDJH� LQGXFWLRQ�PDFKLQHV� �6&,0V�� FDQ� EH� XVHG� IRU� VLQJOH�SKDVH�

HOHFWULFLW\�JHQHUDWLRQ�>����@��EXW�XVH�RI�FRQYHQWLRQDO���SKDVH�6&,0V�IRU�VLQJOH�SKDVH�HOHFWULFLW\�

JHQHUDWLRQ� LV�PRUH� DGYDQWDJHRXV�RYHU� VLQJOH�SKDVH�PDFKLQHV�� HVSHFLDOO\� IRU�PDFKLQHV�ZLWK�

SRZHU�UDWLQJV�DERYH��N:�>����@����7KLV�LV�EHFDXVH ��SKDVH�6&,0V�DUH�ZLGHO\�DYDLODEOH�LQ�WKH�

PDUNHW��DQG�PRUH�HFRQRPLFDO�LQ�WHUPV�RI�ERWK�VL]H�DQG�FRVW�WKDQ�LWV�VLQJOH�SKDVH�FRXQWHUSDUWV��

7KHUHIRUH��XVH�RI���SKDVH�VTXLUUHO�FDJH�LQGXFWLRQ�PDFKLQHV��6&,0��IRU�VLQJOH�SKDVH�HOHFWULFLW\�

JHQHUDWLRQ�KDV�EHHQ�RI�LQWHUHVW�WR�ERWK�DFDGHPLD�DQG�LQGXVWU\�DQG�FRQVHTXHQWO\�EHHQ�ZLGHO\�

H[SORUHG���+RZHYHU��ZKHQ�D���SKDVH�6&,0�LV�RSHUDWHG�DV�D�VLQJOH�SKDVH�JHQHUDWRU��WKH���SKDVH�

VWDWRU� FXUUHQWV� DUH� JHQHUDOO\� XQEDODQFHG�� �7KHUHIRUH�� RXWSXW� SRZHU� GHJUDGDWLRQ� LV� QRUPDOO\�

LQHYLWDEOH�� )XUWKHUPRUH�� WKH� DGYHUVH� HIIHFWV� VXFK� DV�PHFKDQLFDO� YLEUDWLRQ�� SRRU� HIILFLHQF\��

WKHUPDO�RYHUORDG�DQG�XQFRQWUROODEOH�SRZHU�IDFWRU�DUH�DOVR�FRQFHUQHG�>�@��+HQFH��YDULRXV�SKDVH�

EDODQFLQJ� WHFKQLTXHV� KDYH� EHHQ� SURSRVHG� DQG� LQYHVWLJDWHG� WR� PLWLJDWH� WKHVH FRQFHUQV�� ,Q�

JHQHUDO��DOO� WKHVH�WHFKQLTXHV�FDQ�EH�FODVVLILHG�LQWR�WZR�FDWHJRULHV��QDPHO\�EDVHG�RQ�SDVVLYH�

FLUFXLW�HOHPHQWV�DQG�SRZHU�HOHFWURQLF�FRQYHUWHUV��

7KH�WHFKQLTXHV��ZKLFK�DUH�EDVHG�RQ�SDVVLYH�FLUFXLW�HOHPHQWV��KDYH�WKH�DGYDQWDJHV�RI�ORZ�

FRVW��ORZ�PDLQWHQDQFH�DQG�VLPSOH�FRQILJXUDWLRQ��+RZHYHU��WKHVH�WHFKQLTXHV�VKDUH�WZR�FRPPRQ�

ZHDNQHVVHV��2QH�LV�WKH�SRRU�RXWSXW�YROWDJH�DQG�IUHTXHQF\�UHJXODWLRQ�DQG�WKH�RWKHU�LV�WKH�OLPLWHG�
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RSHUDWLQJ�UDQJH��&RQYHUVHO\��WKH�WHFKQLTXHV��ZKLFK�DUH�EDVHG�RQ�SRZHU�FRQYHUWHUV��KDYH�EHWWHU�

YROWDJH�DQG�IUHTXHQF\�UHJXODWLRQ�FDSDELOLWLHV�DQG�ZLGHU�RSHUDWLQJ�UDQJH�EXW�DW�WKH�H[SHQVH�RI�

KLJKHU�FRVW�DQG�FRPSOLFDWHG�FRQILJXUDWLRQV��,Q�DGGLWLRQ��D�SRZHU�FRQYHUVLRQ�VWDJH��FRPSULVLQJ�

HLWKHU�D�EDFN�WR�EDFN�FRQYHUWHU�RU�DQ�DOWHUQDWLQJ�FXUUHQW��$&��GLUHFW�FXUUHQW��'&��FRQYHUWHU��

LV�RIWHQ HPSOR\HG�RQ�WKH�IURQW�HQG�RU�EDFN�HQG�RI�WKH�ORDG��LQHYLWDEO\�FDXVLQJ�KLJK�KDUPRQLF�

GLVWRUWLRQ�

$V�DQ�DOWHUQDWLYH��D�QHZ�ZLQGLQJ�FRQILJXUDWLRQ��WKDW�XVHV�RQH�RI�WKH�VWDWRU�SKDVHV�RI�D���

SKDVH�6&,0�DV�WKH�H[FLWDWLRQ�ZLQGLQJ�DQG�WKH�UHPDLQLQJ�WZR�SKDVHV�FRQQHFWHG�LQ�VHULHV�DV�WKH�

SRZHU�ZLQGLQJ��KDV�EHHQ�SURSRVHG�>����@��7KLV�GHFRXSOHG�ZLQGLQJ�FRQILJXUDWLRQ LV�QDPHG�DV�

7ZR�6HULHV� &RQQHFWHG� DQG� 2QH� ,VRODWHG� �76&$2,�� DQG� VKRZQ� LQ� )LJ�� ����� (OHFWULFLW\� LV�

JHQHUDWHG�WKURXJK�WKH�SRZHU�ZLQGLQJ ZLWK�DSSURSULDWH�H[FLWDWLRQ��$�FRPSHQVDWLRQ�FDSDFLWRU�LV�

HPSOR\HG�WR�UHGXFH�WKH�UHDFWLYH�SRZHU�UHTXLUHPHQW�RI�WKH�JHQHUDWRU�� ,Q�FRQWUDVW�WR�RWKHU�SRZHU�

FRQYHUWHU� EDVHG� WHFKQLTXHV�� WKH� 76&$2,� FRQILJXUHG� JHQHUDWRU� DOVR� FRPELQHV� WKH� FRVW�

DGYDQWDJH�RI�WKH�SDVVLYH�FLUFXLW�HOHPHQW�EDVHG WHFKQLTXHV��E\�RQO\�XVLQJ�D�EL�GLUHFWLRQDO�VLQJOH�

SKDVH�FRQYHUWHU��,Q�DGGLWLRQ��LW HQDEOHV�GLUHFW�VLQJOH�SKDVH�HOHFWULFLW\�JHQHUDWLRQ�ZLWKRXW�XVLQJ�

D�SRZHU�FRQYHUVLRQ�VWDJH��WKXV�DOVR�KDYLQJ�WKH�DGYDQWDJH�RI�ORZ�KDUPRQLF�GLVWRUWLRQ��+RZHYHU��

WKH�VWXG\�RI�WKH�76&$2,�FRQILJXUHG�6&,*V�LV�VWLOO�QRW�FRPSOHWH�DQG�WHFKQRORJ\�JDS�H[LVWV��

7KLV�WKHVLV�LQWHQGV�WR�DGGUHVV�VRPH�RI�WKHVH�WHFKQRORJ\�JDSV��

ܲ݁
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)LJ����� 7KH�76&$2,�FRQILJXUDWLRQ�IRU���SKDVH�6&,0V�IHHGLQJ�VLQJOH�SKDVH�ORDG

���� 5HVHDUFK�2EMHFWLYHV

$� FRPSUHKHQVLYH� UHYLHZ� RI� WKH� 76&$2,� FRQILJXUHG� 6&,*V� LV� JLYHQ� LQ� &KDSWHU� ���

$FFRUGLQJ�WR�WKLV�UHYLHZ��WKHUH�VWLOO�H[LVW�WKUHH�PDMRU�XQVROYHG�GLIILFXOWLHV��DVVRFLDWHG�ZLWK�WKH�

76&$2,�FRQILJXUHG�JHQHUDWRU��7KLV�WKHVLV�ZLOO�EH�H[SHQGHG�E\�VROYLQJ�WKHVH�GLIILFXOWLHV�
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)LUVWO\�� WKH� WKHVLV� FRPSOHWHV� WKH� VWHDG\�VWDWH� DQDO\VLV� RI� WKH� VWDQGDORQH� 76&$2,�

FRQILJXUHG� JHQHUDWRU�� E\� SURSRVLQJ� D� XQLILHG� HTXLYDOHQW� FLUFXLW�� )XUWKHUPRUH�� WKH� WKHVLV�

GHPRQVWUDWHV�WKDW�WKH�VWHDG\�VWDWH�ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV�RI�WKLV�JHQHUDWRU�FDQ�EH�

HIIHFWLYHO\�LQYHVWLJDWHG�WKURXJK�WKH�SURSRVHG�HTXLYDOHQW�FLUFXLW�

6HFRQGO\��WKH�WKHVLV�LQYHVWLJDWHV�WKH�EHKDYLRXU�RI�WKH�JULG�FRQQHFWHG�76&$2,�JHQHUDWRU��

DQG� SURSRVHV� D� FRQWURO� VFKHPH� IRU� LQWHJUDWLQJ� WKH�76&$2,� FRQILJXUHG� JHQHUDWRUV� LQWR� WKH�

VLQJOH�SKDVH�GLVWULEXWHG�SRZHU�V\VWHP��7KH�WKHVLV�GHPRQVWUDWHV�WKH�IHDVLELOLW\�RI�WKH�SURSRVHG�

FRQFHSW��XVLQJ�VLPXODWLRQ�DQG�H[SHULPHQWDO�UHVXOWV�RI�D�SURWRW\SH�JHQHUDWRU�

)LQDOO\�� LQ�RUGHU� WR� DFKLHYH� WKH�EDODQFHG�RSHUDWLQJ�FRQGLWLRQ� DQG� IXUWKHU� LPSURYH� WKH�

G\QDPLF�UHVSRQVH��WKH�WKHVLV�SURSRVHV�D�WRSRORJLFDO�PRGLILFDWLRQ�WR�WKH�76&$2,�FRQILJXUDWLRQ�

DQG�D�QRYHO�GLUHFW�IOX[�FRQWUROOHG� �')&��VFKHPH� WR�FRQWURO� WKH�JHQHUDWRU�FRQILJXUHG� LQ� WKH�

PRGLILHG�FRQILJXUDWLRQ��7KH�PRGLILHG�FRQILJXUDWLRQ�LV�FDOOHG�13&�76&$2,��1HXWUDO�3RLQW�

&RQQHFWHG�76&$2,��ZLQGLQJ�FRQILJXUDWLRQ��7KH�WKHVLV�GHPRQVWUDWHV�WKDW�E\�HPSOR\LQJ�')&�

VFKHPH��WKH�13&�76&$2,�FRQILJXUHG�6&,*V�FDQ�UHDOL]H�EDODQFHG�RSHUDWLRQ�DQG�IDVW�G\QDPLF�

UHVSRQVH��

���� 7KHVLV�2UJDQLVDWLRQ�

7KH�FKDSWHUV�RI�WKLV�WKHVLV�DUH�DUUDQJHG�DV�IROORZV�

&KDSWHU� �� ± /LWHUDWXUH� 6XUYH\� 7KLV� FKDSWHU� SUHVHQWV� DQ� RYHUYLHZ� RI� WKH� PRVW�

FRPPRQO\�XVHG HOHFWULF�JHQHUDWRUV��IROORZHG�E\�D�GHWDLOHG�FRPSDULVRQ�RI�WKHLU�DGYDQWDJHV�DQG�

GLVDGYDQWDJHV�� %DVHG� RQ� WKLV� FRPSDULVRQ�� WKH� VTXLUUHO� FDJH� LQGXFWLRQ� JHQHUDWRU� �6&,*�� LV�

VXLWDEOH� IRU� WKH� ORZ�FRVW� VPDOO� VFDOH� UHQHZDEOH�GLVWULEXWHG�JHQHUDWLRQ�V\VWHPV��0RVW�RI WKH�

HOHFWULF�ORDGV�DUH�RI�VLQJOH�SKDVH�QDWXUH�IRU�VXFK�JHQHUDWLRQ�V\VWHPV��DQG�UHJDUGLQJ�WKH�VLQJOH�

SKDVH� HOHFWULFLW\� JHQHUDWLRQ�� WKH� ��SKDVH� LQGXFWLRQ� PDFKLQH� KDV� PRUH� DGYDQWDJHV� RYHU� LWV�

VLQJOH�SKDVH�FRXQWHUSDUW��$�VXUYH\�RI�SXEOLFDWLRQV�RQ�XVLQJ���SKDVH�LQGXFWLRQ�PDFKLQHV�IRU�

VLQJOH�SKDVH�HOHFWULFLW\�JHQHUDWLRQ�LV�WKHUHIRUH�SUHVHQWHG��ZLWK�WKH�HPSKDVLV�RQ�WKH�76&$2,�

FRQILJXUHG� JHQHUDWRU�� )LQDOO\�� WKUHH�PDMRU� XQVROYHG� GLIILFXOWLHV RI� WKH�76&$2,� FRQILJXUHG�

JHQHUDWRU�DUH�LGHQWLILHG��DQG�FRQVWLWXWLQJ�DV�UHVHDUFK�REMHFWLYHV�RI�WKLV�WKHVLV�

&KDSWHU� �� ± $� 6WHDG\�6WDWH� (TXLYDOHQW� &LUFXLW�0RGHO� IRU� 6WDQGDORQH� 76&$2,�

&RQILJXUHG� ,QGXFWLRQ�*HQHUDWRUV� 7KLV� FKDSWHU�SURSRVHV� D�ZLQGLQJ� IXQFWLRQ�DSSURDFK� WR�

GHULYH�D�G\QDPLF�PRGHO�RI�WKH�76&$2,�FRQILJXUHG�JHQHUDWRU��%DVHG�RQ�WKH�GHULYHG�G\QDPLF�

PRGHO��WKLV�FKDSWHU�WKHQ�SUHVHQWV�WKH�VWHDG\�VWDWH�HTXLYDOHQW�FLUFXLW�PRGHOV�RI�WKH�VWDQGDORQH�

76&$2,� FRQILJXUHG� JHQHUDWRU�� XVLQJ� WKH� PHWKRG� RI� V\PPHWULFDO� FRPSRQHQWV�� ,Q� RUGHU� WR�
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LQYHVWLJDWH�WKH�ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV SHUWLQHQWO\��WZR�GLIIHUHQW�HTXLYDOHQW�FLUFXLW�

PRGHOV�DUH�REWDLQHG�E\�DGRSWLQJ�GLIIHUHQW�WUDQVIRUPDWLRQ�PDWUL[��8VLQJ�WKHVH�WZR�PRGHOV��WKLV�

FKDSWHU� WKHRUHWLFDOO\� LQYHVWLJDWHV� WKH� VWHDG\�VWDWH� EHKDYLRXU RI� WKH� VWDQGDORQH� 76&$2,�

FRQILJXUHG� JHQHUDWRU� DQG� GHWHUPLQHV� WKH� LPSDFW� RI� V\VWHP� SDUDPHWHUV� RQ� WKH� ORDG� DQG�

H[FLWDWLRQ�FKDUDFWHULVWLFV��DV�ZHOO�DV�RQ�WKH�OHYHO�RI�YROWDJH�XQEDODQFH�

&KDSWHU���± 3HUIRUPDQFH�RI�6WDQGDORQH�76&$2,�&RQILJXUHG�,QGXFWLRQ�*HQHUDWRUV�

7KLV�FKDSWHU�LQYHVWLJDWHV�ERWK�WKH�VWHDG\�VWDWH�EHKDYLRXU�DQG�SHUIRUPDQFH�RI�WKH�VWDQGDORQH�

76&$2,�FRQILJXUHG�JHQHUDWRU�WKURXJK�VLPXODWLRQV��LPSOHPHQWLQJ�WKH�SURSRVHG�PDWKHPDWLFDO�

PRGHO� LQ� 0$7/$%�6LPXOLQN� DQG� H[SHULPHQWDOO\� XVLQJ� D� SURWRW\SH� JHQHUDWRU�� %RWK� WKH�

VLPXODWHG�DQG�H[SHULPHQWDO�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW�DQG�H[KLELW�WKH�VDPH�WUHQG��IXUWKHU�

LQGLFDWLQJ�WKDW�WKH�FKDUDFWHULVWLFV�RI�WKLV�SDUWLFXODU�JHQHUDWRU�FDQ�EH�DFFXUDWHO\�SUHGLFWHG�E\�WKH�

SURSRVHG�HTXLYDOHQW�FLUFXLW�PRGHOV��

&KDSWHU� �� ± *ULG� ,QWHJUDWLRQ� RI� 76&$2,� &RQILJXUHG� *HQHUDWRUV� 7KLV� FKDSWHU�

LQYHVWLJDWHV�WKH�VWHDG\�VWDWH�EHKDYLRXU�RI�WKH�JULG�FRQQHFWHG�76&$2,�JHQHUDWRU��DQG�SURSRVHV�

D� FRQWURO� VFKHPH� WR� LQWHJUDWH� WKH� 76&$2,� FRQILJXUHG� JHQHUDWRUV� LQWR� WKH� VLQJOH�SKDVH�

GLVWULEXWHG� SRZHU� V\VWHP�� 7KH� SURSRVHG� FRQWURO� VFKHPH� LQFRUSRUDWHV� D� ORRN�XS� WDEOH�� DQG�

HQDEOHV� WKH� HOHFWULFLW\� JHQHUDWLRQ� DW� QHDU�XQLW\� SRZHU� IDFWRU� DQG� OLPLWV� WKH� XQEDODQFHG�

RSHUDWLRQ�RI�WKH�JHQHUDWRU��,Q�DGGLWLRQ��WKLV�FKDSWHU�SURSRVHV�D�VOLS�HVWLPDWLRQ�PHWKRG��ZKLFK�

HQDEOHV VSHHG�VHQVRUOHVV� FRQWURO� RI� WKH� JHQHUDWRU�� IXUWKHU� VLPSOLI\LQJ� WKH� V\VWHP�� )LQDOO\��

VLPXODWLRQ� DQG� H[SHULPHQWDO� UHVXOWV� IRU� D� SURWRW\SH� JHQHUDWRU� DUH� SURYLGHG� WR� YDOLGDWH� WKH�

SURSRVHG�FRQFHSW�DQG�FRQWURO�VFKHPH��

&KDSWHU� �� ± 'LUHFW�)OX[�&RQWUROOHG� 13&�76&$2,� &RQILJXUHG� *HQHUDWRUV� IRU�

6WDQGDORQH�$SSOLFDWLRQV� 7KLV�FKDSWHU�SURSRVHV�D�WRSRORJLFDO�PRGLILFDWLRQ�WR�WKH�76&$2,�

ZLQGLQJ�FRQILJXUDWLRQ�WR�UHDOL]H�EDODQFHG�RSHUDWLRQ�RI�WKH�JHQHUDWRU��7KH�PRGLILHG�ZLQGLQJ�

FRQILJXUDWLRQ�� QDPHG� 13&�76&$2,� �1HXWUDO�3RLQW�&RQQHFWHG� 76&$2,�� FRQILJXUDWLRQ��

FRQQHFWV� WKH� QHXWUDO�SRLQW� RI� WKH� WZR� VHULHV�FRQQHFWHG� ZLQGLQJ� LQ� WKH� 76&$2,� ZLQGLQJ�

FRQILJXUDWLRQ�WR�DQ�DGGLWLRQDO�FRQYHUWHU�OHJ��7KH�RSHUDWLQJ�SULQFLSOHV�DQG�FRQWURO�VFKHPH�RI�

WKH� VWDQGDORQH� 13&�76&$2,� FRQILJXUHG� JHQHUDWRU� DUH� SUHVHQWHG�� )LQDOO\�� VLPXODWLRQ� DQG�

H[SHULPHQWDO� UHVXOWV� IRU� D� SURWRW\SH� JHQHUDWRU� DUH� DOVR� SURYLGHG� WR� YDOLGDWH� WKH� SURSRVHG�

FRQFHSW�DQG�FRQWURO�VFKHPH��

&KDSWHU���± &RQFOXVLRQV� 7KLV�FKDSWHU�VXPPDUL]HV�WKH�ILQGLQJV�RI�WKH�WKHVLV�DQG�EULHIO\�

GLVFXVVHV�GLUHFWLRQV�IRU�IXWXUH�UHVHDUFK�
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&KDSWHU��

/LWHUDWXUH�6XUYH\

���� ,QWURGXFWLRQ

7KH�PDMRULW\�RI�UHQHZDEOH�HQHUJ\�FRQYHUVLRQ�V\VWHPV��5(&6��WUDQVIRUP�NLQHWLF�HQHUJ\�

LQWR�HOHFWULFDO�HQHUJ\��XVLQJ�DQ�HOHFWULF�JHQHUDWRU��'LIIHUHQW�W\SHV�RI�JHQHUDWRUV��VXFK�DV�VTXLUUHO�

FDJH�LQGXFWLRQ�JHQHUDWRUV��6&,*V���GRXEO\�IHG�LQGXFWLRQ�JHQHUDWRU��'),*V���DQG�V\QFKURQRXV�

JHQHUDWRU��6*V��HWF���KDYH�EHHQ�HPSOR\HG�LQ�5(&6V��7KH\�GLIIHU�IURP�RQH�DQRWKHU�ZLWK�UHVSHFW�

WR�RSHUDWLQJ�SULQFLSOHV��FKDUDFWHULVWLFV��FRPSOH[LW\��SHUIRUPDQFH��FRVW��HWF��DQG�WKH�ULJKW�FKRLFH�

GHSHQGV�RQ� WKH�HQHUJ\�VRXUFHV��SRZHU� UDWLQJ�� WKH� W\SH�RI� ORDG�DQG� WKH�RSHUDWLQJ�VSHHG�DQG�

HQYLURQPHQW�>������@��

7KHUHIRUH��DQ�RYHUYLHZ�RI�PRVW�FRPPRQO\�XVHG�HOHFWULF�JHQHUDWRUV�LV�ILUVWO\�SUHVHQWHG�LQ�

WKLV� FKDSWHU�� HPSKDVL]LQJ RQ� WKHLU� DGYDQWDJHV� DQG� GLVDGYDQWDJHV�� %DVHG� RQ� WKHVH� VSHFLILF�

DGYDQWDJHV�DQG�GLVDGYDQWDJHV��D�GHWDLOHG�JHQHUDWRU�VHOHFWLRQ�LV�WKHQ�FRQGXFWHG�IRU�VPDOO�VFDOH�

UHQHZDEOH� GLVWULEXWHG� JHQHUDWLRQ� V\VWHPV� 7KH� VTXLUUHO� FDJH� LQGXFWLRQ� JHQHUDWRU� �6&,*�� LV�

ILQDOO\�VHOHFWHG� EHFDXVH�LW�FDQ�EHWWHU�IXOILO WKH�ORZ�FRVW�DQG�KLJK�GXUDEOH�GHPDQGV RI�WKH�V\VWHP�

6PDOO�VFDOH�UHQHZDEOH�GLVWULEXWHG�JHQHUDWLRQ�V\VWHPV�DUH�XVXDOO\�FODVVLILHG�LQWR�WZR�PDLQ�

FDWHJRULHV�E\�WKH�W\SH�RI�ORDGV��RQH�IRU���SKDVH�HOHFWULFLW\�JHQHUDWLRQ�DQG�WKH�RWKHU�IRU�VLQJOH�

SKDVH� HOHFWULFLW\� JHQHUDWLRQ�� $FFRUGLQJO\�� WKLV� FKDSWHU� SURYLGHV� FRPSUHKHQVLYH� UHYLHZV� RI�

6&,*V��FRQVLGHULQJ WKHVH�WZR�GLIIHUHQW�ORDGV�UHVSHFWLYHO\� 7KH���SKDVH�6&,*V�DQG�VHOI�H[FLWHG�

LQGXFWLRQ�JHQHUDWRUV��6(,*V���IRU�VXSSO\LQJ���SKDVH�ORDGV��DUH�ILUVWO\�UHYLHZHG�LQ�WKLV�FKDSWHU��

$IWHUZDUGV��D�GHWDLOHG�OLWHUDWXUH VXUYH\�RI���3KDVH�6&,*V�IRU�VXSSO\LQJ�VLQJOH�SKDVH�ORDGV�LV�

SUHVHQWHG��,Q�WKLV�VHFWLRQ��76&$2,�FRQILJXUHG���SKDVH�6&,*�LV�IRFXVHG��ZLWK�WKH�HPSKDVLV RQ�

LWV� XQLTXH� DWWULEXWHV� IRU� VLQJOH�SKDVH� HOHFWULFLW\� JHQHUDWLRQ�� )LQDOO\�� WKUHH� PDMRU� XQVROYHG�

GLIILFXOWLHV RI�WKH�76&$2,�FRQILJXUHG�JHQHUDWRU�DUH�LGHQWLILHG��DV� WKH�UHVHDUFK�GLUHFWLRQV�RI�

WKLV�WKHVLV�
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���� 2YHUYLHZ�RI�'LIIHUHQW�(OHFWULF�*HQHUDWRUV

$� FODVVLILFDWLRQ� RI�PRVW� FRPPRQ� HOHFWULF� JHQHUDWRUV� LQ� HQHUJ\� FRQYHUVLRQ� V\VWHP� LV�

LOOXVWUDWHG�LQ�)LJ�������'HSHQGLQJ�RQ�WKHLU�RSHUDWLQJ�SULQFLSOHV�DQG�VWUXFWXUHV��WKHVH�JHQHUDWRUV�

DUH�GLYLGHG�LQ�WZR�PDLQ�JURXSV��LQGXFWLRQ�JHQHUDWRUV�DQG�V\QFKURQRXV�JHQHUDWRUV��

�ůĞĐƚƌŝĐ 'ĞŶĞƌĂƚŽƌ

/ŶĚƵĐƚŝŽŶ
'ĞŶĞƌĂƚŽƌ

^ǇŶĐŚƌŽŶŽƵƐ
'ĞŶĞƌĂƚŽƌ

�ŽƵďůǇ &ĞĚ /ŶĚƵĐƚŝŽŶ
'ĞŶĞƌĂƚŽƌ

^ƋƵŝƌƌĞů �ĂŐĞ /ŶĚƵĐƚŝŽŶ
'ĞŶĞƌĂƚŽƌ

tŽƵŶĚ ZŽƚŽƌ
^ǇŶĐŚƌŽŶŽƵƐ 'ĞŶĞƌĂƚŽƌ

WĞƌŵĂŶĞŶƚ DĂŐŶĞƚ
^ǇŶĐŚƌŽŶŽƵƐ 'ĞŶĞƌĂƚŽƌ

^ůŝƉ ZŝŶŐ &ĞĚ ZŽƚŽƌ �ƌƵƐŚůĞƐƐ ZŽƚŽƌ ^ůŝƉ ZŝŶŐ &ĞĚ ZŽƚŽƌ �ƌƵƐŚůĞƐƐ ZŽƚŽƌ

)LJ����� &ODVVLILFDWLRQ�RI�FRPPRQO\�XVHG�HOHFWULF�JHQHUDWRUV

%RWK�WKHVH�WZR�JURXSV�LQFOXGH�JHQHUDWRUV�ZLWK�ZRXQG�URWRU��7KH�ZRXQG�URWRU�LQGXFWLRQ�

JHQHUDWRU��DOVR�QDPHG�DV�WKH�GRXEO\�IHG�LQGXFWLRQ�JHQHUDWRU��'),*���LV�RQH�RI�WKH�PRVW�ZLGHO\�

XVHG� JHQHUDWRUV� LQ� ODUJH� VFDOH� ZLQG� HQHUJ\� FRQYHUVLRQ� V\VWHP� �:(&6��� 7KH� ZRXQG� URWRU�

V\QFKURQRXV�JHQHUDWRU��:56*���ZLWK�DGGLWLRQDO�FRQWURO�GHJUHH�RI�IUHHGRP��LV�DOVR�IRXQG�LQ�

PDQ\�SUDFWLFDO�DSSOLFDWLRQV�>�����@��,Q�JHQHUDO��WKH�ZRXQG�URWRU�LV�IHG�E\�VOLS�ULQJV�WKURXJK�

EUXVKHV��+RZHYHU��WKH�DGGLWLRQDO�VOLS�ULQJV�DQG�EUXVKHV�QRW�RQO\�PDNH�WKH�VWUXFWXUH�FRPSOH[�

EXW�DOVR�LQFUHDVH�WKH�PDLQWHQDQFH�FRVW��,Q�RUGHU�WR�UHGXFH�WKH�PDLQWHQDQFH�FRVW�RI�WUDGLWLRQDO�

'),*�DQG�:56*��EUXVKOHVV�ZRXQG�URWRU�JHQHUDWRU�LV�SURSRVHG�DQG�ZLGHO\�H[SORUHG�>�����@�����

8QOLNH�'),*� DQG�:56*�ZKLFK� DUH� RQO\� VXLWDEOH� IRU�PHGLXP� DQG� ODUJH� VFDOH� SRZHU�

JHQHUDWLRQV��WKH�VTXLUUHO�FDJH�LQGXFWLRQ�JHQHUDWRU��6&,*��DQG�SHUPDQHQW�PDJQHW�V\QFKURQRXV�

JHQHUDWRU��306*��DUH�DSSOLFDEOH�WR�DOPRVW�DOO�W\SHV�RI�SRZHU�JHQHUDWLRQ�V\VWHPV��,Q�DGGLWLRQ��

IURP�WKH�DVSHFW�RI�URWRU�VWUXFWXUH��WKH�URWRU�FLUFXLWV�RI�6&,*�DUH�VKRUWHG�LQWHUQDOO\�DQG�WKHUHIRUH�

QRW�FRQQHFWHG�ZLWK�H[WHUQDO�FLUFXLW��+RZHYHU��LQ�WKH�306*��WKH�SHUPDQHQW�PDJQHWV�UHSODFH�

WKH�URWRU�FLUFXLWV�WR�JHQHUDWH�WKH�URWRU�PDJQHWLF�IOX[��

7DEOH������OLVWV�WKH�YDULRXV�JHQHUDWRUV�PHQWLRQHG�DERYH�DQG�RXWOLQHV�WKH�DGYDQWDJHV�DQG�

GLVDGYDQWDJHV� RI� HDFK� >���� �����@�� 6&,*� LV� ZLGHO\� HPSOR\HG� LQ� GLIIHUHQW� NLQGV� RI� SRZHU�
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JHQHUDWLRQ� V\VWHPV� E\� YLUWXH� RI� LWV� ORZ� FRVW� DQG� UREXVW� VWUXFWXUH�� +RZHYHU�� LW� UHTXLUHV�

DGGLWLRQDO�UHDFWLYH�SRZHU��WKXV�UHGXFLQJ�WKH�WRWDO�HIILFLHQF\�RI�WKH�V\VWHP��306*�RIIHUV�WKH�

KLJKHVW�HIILFLHQF\�DQG�SRZHU�GHQVLW\�DQG�LV�VXLWDEOH�IRU�GLUHFW�GULYH�SRZHU�JHQHUDWLRQ��,WV�PDMRU�

GLVDGYDQWDJH�LV�WKH�KLJK�FRVW�DQG�GHPDJQHWL]DWLRQ�ULVN�RI�WKH�SHUPDQHQW�PDJQHWV��$OWKRXJK�

'),*�FDQ�EH�HTXLSSHG�ZLWK�D�UHGXFHG�FDSDFLW\�FRQYHUWHU��WKH�KLJK�PDLQWHQDQFH�FRVW�PDNHV�LW�

RQO\� VXLWDEOH� WR� PHGLXP� DQG� ODUJH� VFDOH� JHQHUDWLRQ� V\VWHPV�� 6LPLODUO\�� WKH� KLJK� LQLWLDO�

LQYHVWPHQW�DQG�PDLQWHQDQFH�FRVW� DOVR� UHVWULFW� WKH�DSSOLFDWLRQ�RI�:56*�WR� WKH�PHGLXP�DQG�

ODUJH�VFDOH�JHQHUDWLRQ�V\VWHPV��

7DEOH����� $GYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�GLIIHUHQW�W\SHV�RI�JHQHUDWRU�

*HQHUDWRU�W\SH $GYDQWDJHV� 'LVDGYDQWDJHV

6TXLUUHO�&DJH�,QGXFWLRQ�

*HQHUDWRU��6&,*��

x /RZ�FRVW

x +LJK�PDUNHW�VKDUH��$OPRVW�

����RI�WKH�LQGXVWULDO�

HOHFWULF�PDFKLQHV�FRPHV�

XQGHU�WKLV�FDWHJRU\��

x 6LPSOH�GHVLJQ�

x 5XJJHG�LQ�FRQVWUXFWLRQ�DQG�

UHTXLUHV�PLQLPXP�

PDLQWHQDQFH

x +LJKHU�RYHUORDG�FDSDFLW\

x ([FHOOHQW�GDPSLQJ�RI�

WRUTXH�SXOVDWLRQ

x &DQ�RSHUDWH�LQ�DOPRVW�DQ\�

HQYLURQPHQWDO�FRQGLWLRQV�

LQFOXGLQJ�KLJK�WHPSHUDWXUH��

SROOXWHG�DQG�H[SORVLYH�

x $SSOLFDEOH�WR�VXSHU�KLJK��

KLJK�DQG�PHGLXP��

JHQHUDWRU�HQYLURQPHQWV�

x 5HTXLUHV�UHDFWLYH�SRZHU

x ,QFUHDVHG�SRZHU�FRQYHUWHU�

FRVW�LQ�ODUJH�VFDOH�JHQHUDWRU�

VLQFH�WKH�FRQYHUWHU�PXVW�EH�

UDWHG�DW�WKH�IXOO�V\VWHP�

SRZHU�UDWLQJ�

x +LJKHU�HQHUJ\�ORVVHV�LQ�

SRZHU�FRQYHUWHU

x 5HODWLYHO\�ORZ�HIILFLHQF\

x /LPLWHG�UDQJH�RI�RSHUDWLQJ�

VSHHG

x 1HHGV�*HDUER[�

3HUPDQHQW�0DJQHW�

6\QFKURQRXV�*HQHUDWRU�

�306*�

x $GGLWLRQDO�UHDFWLYH�SRZHU�

DQG�H[FLWDWLRQ�DUH�QRW�

QHHGHG VLQFH�WKH�URWRU�

x +LJK�FRVW�

x /HVV�UXJJHG�LQ�FRQVWUXFWLRQ

x 5HODWLYHO\�ORZ�PDUNHW�VKDUH
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PDJQHWLF�IOX[�LV�SURYLGHG�

E\�SHUPDQHQW�PDJQHWV

x +LJKHU�HIILFLHQF\�DQG�

SRZHU�GHQVLW\

x 5HODWLYHO\�ZLGH�RSHUDWLQJ�

VSHHG�UDQJH

x 6XLWDEOH�IRU�GLUHFW�GULYH�

DQG�JHDU�ER[�LV�WKHUHIRUH�

HOLPLQDWHG

x )OH[LELOLW\�LQ�GHVLJQ��

HVSHFLDOO\�IRU�VPDOO�DQG�

OLJKWZHLJKW�GHVLJQV

x 1R�QHHG�IRU�URWRU�

PDLQWHQDQFH

x $SSOLFDEOH�WR�VXSHU�KLJK��

KLJK��PHGLXP��DQG�ORZ�

VSHHG�JHQHUDWRU

x )XOO�FDSDFLW\�SRZHU�

FRQYHUWHU�LV�DOVR�QHHGHG

x 'HPDJQHWL]DWLRQ�ULVN�RI�WKH�

SHUPDQHQW�PDJQHW�XQGHU�

KLJK�WHPSHUDWXUH�DQG�

RYHUORDGLQJ�FRQGLWLRQV

x 5HFWLILHU�LV�QHHGHG�LQ�LQLWLDO�

VWDJH�RI�SRZHU�FRQYHUVLRQ

'RXEO\�)HG�,QGXFWLRQ�

*HQHUDWRU��'),*�

x 5HGXFHG�FRQYHUWHU�FRVW�DQG�

ORVVHV��SRZHU�FRQYHUWHU�

UDWLQJ�LV�W\SLFDOO\�����RI�

V\VWHP�SRZHU�UDWLQJ�

x ,PSURYHG�V\VWHP�HIILFLHQF\

x 3RZHU�IDFWRU�UHJXODWLRQ�FDQ�

EH�LPSOHPHQWHG�DW�ORZHU�

FRVW

x (QDEOHV�GHFRXSOHG�FRQWURO�

RI�DFWLYH�SRZHU�DQG�

UHDFWLYH�SRZHU�RI�WKH�

JHQHUDWRU

x 6XLWDEOH�IRU�KLJK�SRZHU�

DSSOLFDWLRQV

x 1RW�DSSOLFDEOH�WR�PHGLXP�

VSHHG�DQG�ORZ�VSHHG�

JHQHUDWRU

x &RPSOLFDWHG�SURFHVV�WR�

PDQXIDFWXUH�URWRU

x 1HHG�IRU�SHULRGLF�VOLS�ULQJ�

PDLQWHQDQFH

x 6XVFHSWLEOH�WR�JULG�

GLVWXUEDQFH��

:RXQG�5RWRU�6\QFKURQRXV�

*HQHUDWRU��:56*��

x $SSOLFDEOH�IRU�GLUHFW�GULYH�

x $SSOLFDEOH�WR�ORZ�VSHHG�

JHQHUDWRU

x +LJK�FRVW�DQG�FRPSOLFDWHG�

SURFHVV�WR�PDQXIDFWXUH�

URWRU

x /RZ�SRZHU�GHQVLW\
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x /HVV�PHFKDQLFDO�ZHDU�GXH�

WR�ORZ�URWRU�VSHHG�

x $OORZV�GHFRXSOHG�FRQWURO�

RI�ERWK�DFWLYH�DQG�UHDFWLYH�

SRZHU�RI�WKH�JHQHUDWRU

x )XOO�FDSDFLW\�SRZHU�

FRQYHUWHU�LV�QHHGHG

x +LJKHU�PDLQWHQDQFH�FRVWV

���� *HQHUDWRUV�DSSOLFDEOH�WR�VPDOO�VFDOH�UHQHZDEOH�DQG�

GLVWULEXWHG�JHQHUDWLRQ�

$OPRVW�KDOI�D�FHQWXU\�DJR��HOHFWULF�SRZHU�LV�PDLQO\�JHQHUDWHG�E\�ODUJH�VFDOH�FHQWUDOLVHG�

JHQHUDWLQJ�VWDWLRQV��7KHVH�JHQHUDWLQJ�VWDWLRQV�DUH�JHQHUDOO\�ORFDWHG�FORVH�WR�WKH�IXHOV�DQG�IDU�

IURP� WKH� HQG�XVHUV� RI� SRZHU��7KH� JHQHUDWHG� HOHFWULFLW\� KDV� WR� EH� GHOLYHUHG� WR� WKH� HQG�XVHU�

WKURXJK� WKH� ORQJ� WUDQVPLVVLRQ� DQG� GLVWULEXWLRQ� �7	'�� JULG�� 7KLV� LV� EHFDXVH� WKH� FRVW� RI�

WUDQVSRUWLQJ�IXHO�IDU�H[FHHGHG�WKH�FRVW�RI�EXLOGLQJ�7	'�JULG�DW�WKDW�WLPH��+RZHYHU��ZLWK�WKH�

UDSLG�H[SDQVLRQ�RI�WKH�HOHFWULFLW\�GHPDQG��WKH�FRVW�RI�EXLOGLQJ�7	'�JULG�DOVR�LQFUHDVHV�UDSLGO\��

LW� HYHQ� KDV� H[FHHGHG� WKH� FRVW� RI� EXLOGLQJ� FHQWUDOLVHG� JHQHUDWLQJ� VWDWLRQ� LQ� PDQ\� SODFHV��

)XUWKHUPRUH��PRUH�DQG�PRUH�SRZHU�IDLOXUHV�ZHUH�FDXVHG�E\�WKH�7	'�JULG����

,Q�WKLV�FRQWH[W��WKH�GLVWULEXWHG�JHQHUDWLRQ�ZDV�SURSRVHG�LQ�WKH�HDUO\�����V�>������@��,Q�

FRQWUDVW� WR� WKH� FHQWUDOLVHG� JHQHUDWLRQ�� GLVWULEXWHG� JHQHUDWLRQ� HPSOR\V� QXPHURXV�� EXW� VPDOO�

VFDOH� JHQHUDWLQJ� V\VWHPV� WR� SURGXFH� HOHFWULFLW\� FORVH� WR� WKH� HQG� XVHUV�� +HQFH�� WKH� W\SLFDO�

SUREOHPV�FDXVHG�E\�WKH�FHQWUDOLVHG�JHQHUDWLRQ��QDPHO\�WKH�KLJK�FRVW��SRRU�UHOLDELOLW\�DQG�ORZ�

HIILFLHQF\�RI�WKH�7	'�JULG��FDQ�EH�VROYHG�>������@��%HVLGHV��WKH�GLVWULEXWHG�JHQHUDWLRQ��PDLQO\�

XVLQJ�UHQHZDEOH�HQHUJ\��LV�PRUH�HQYLURQPHQWDOO\�IULHQGO\�WKDQ�WKH�IRVVLO�IXHO�EDVHG�FHQWUDOLVHG�

JHQHUDWLRQ����

,Q�UHFHQW�\HDUV��UHQHZDEOH�GLVWULEXWHG�JHQHUDWLRQ�XVLQJ�VPDOO�VFDOH�JHQHUDWLQJ�XQLWV�RI�

SRZHU�UDWLQJ�OHVV�WKDQ����N:�KDV�GUDZQ�SDUWLFXODU�DWWHQWLRQV�>����@��%HFDXVH� WKLV�VPDOO�VFDOH�

UHQHZDEOH�GLVWULEXWHG�JHQHUDWLQJ�V\VWHP�LV�VXLWDEOH�WR�SURYLGH�HOHFWULFLW\�IRU�KRPHV��EXVLQHVVHV�

DQG�IDUPV�LQ�UHPRWH�DUHDV��0RUH�LPSRUWDQWO\��WKLV�WHFKQRORJ\�KDV�JUHDW�SRWHQWLDO�WR�KHOS�SURYLGH�

EDVLF�HOHFWULFLW\�VHUYLFH�WR�WKH�QHDUO\�RQH�ELOOLRQ�SHRSOH�ZKR�DUH�OLYLQJ�ZLWKRXW�HOHFWULFLW\�

7KH�DGYDQWDJHV�RI�VXFK�V\VWHPV�DUH�OLVWHG�DV�EHORZ��

x /RZ�LQLWLDO�LQYHVWPHQW

x &DSDELOLW\�WR�RSHUDWH�LQ�VWDQGDORQH�PRGH�IRU�LVRODWHG�FRPPXQLWLHV�

x +LJK�IHHG�LQ�WDULIIV��),7�



��

x /RZHU�LPSDFW�RQ�WKH�ODQGVFDSH

x /RZHU�QRLVH�OHYHO

$V�GLVFXVVHG�SUHYLRXVO\��'),*V DQG�:56*V�DUH�RQO\� VXLWDEOH� IRU�PHGLXP�DQG� ODUJH�

VFDOH�SRZHU�JHQHUDWLRQV��7KHUHIRUH��WKH�VHOHFWLRQ�RI�JHQHUDWRUV�IRU�VXFK�VPDOO�VFDOH�GLVWULEXWLRQ�

JHQHUDWLRQ�LV�FRQILQHG�WR�306*V�DQG�6&,*V��

)RU�WKH�306*��DV�PHQWLRQHG�EHIRUH��LW�LV�SRVVLEOH�WR�XVH�D�ODUJH�QXPEHU�RI�SROH�SDLUV�WR�

DOORZ�WKH�JHQHUDWRU�WR�RSHUDWH�DW�ORZ�VSHHG�ZLWKRXW�GHFUHDVLQJ�WKH�HIILFLHQF\��7KHUHIRUH��WKH�

JHDU�ER[�DQG�WKH�LVVXHV�UHODWLQJ�WR�LW��VXFK�DV�ULVLQJ�FRVW�DQG�ZHLJKW��PDLQWHQDQFH�DQG�QRLVH��

FDQ�EH�DYRLGHG��6XFK�D�JHQHUDWRU�LV�DOVR�FDOOHG�DV�D�GLUHFW�GULYH�JHQHUDWRU��+RZHYHU��LQ�RUGHU�

WR�DFFRPPRGDWH�D�ODUJH�QXPEHU�RI�SROH�SDLUV��LW�LV�LQHYLWDEOH�WR�LQFUHDVH�WKH�URWRU�GLDPHWHU��)RU�

WKH�JHQHUDWRU�ZLWK�SRZHU�UDWLQJ�OHVV�WKDQ����N:��WKH�PRVW�FRPPRQO\�XVHG�UDGLDO�IOX[�LQQHU�

URWRU�PDFKLQH�FRQILJXUDWLRQ�QR� ORQJHU�SURYLGHV� VXIILFLHQW� VSDFH� WR�DFFRPPRGDWH�VXFK�KLJK�

QXPEHU�RI�SROH�SDLUV��WKXV�EHFRPHV�XQVXLWDEOH�IRU�WKH�GLUHFW�GULYH�DSSOLFDWLRQ��&RQVHTXHQWO\��

UDGLDO�IOX[�RXWHU�URWRU�DQG�D[LDO�IOX[�PDFKLQH�FRQILJXUDWLRQ�ZKLFK�FRXOG�SURYLGH�ODUJHU�URWRU�

GLDPHWHU�ZLWK� WKH� VDPH�PDFKLQH� YROXPH� DUH�ZLGHO\� H[SORUHG� LQ� WKLV� SRZHU� UDQJH� >�����@��

'UDZEDFNV�RI�WKHVH�WZR�FRQILJXUDWLRQV�DUH�WKH�KLJKHU FRVW�DQG�PRUH�FRPSOLFDWHG�PDQXIDFWXUH�

SURFHVV��

,W� LV� DOVR� SRVVLEOH� WR� HPSOR\� D� KLJK�VSHHG� 306*�ZLWK� JHDUER[� IRU� VXFK� VPDOO� VFDOH�

GLVWULEXWLRQ�JHQHUDWLRQ��,Q�RUGHU�WR�DFKLHYH�KLJKHU�SRZHU�GHQVLW\�WKDQ�LWV�6&,*�FRXQWHUSDUW��

WKHVH� KLJK�VSHHG� 306*V� PXVW� EH� PDGH� ZLWK� KLJK�HQHUJ\� UDUH�HDUWK� PDJQHWV�� +RZHYHU��

H[SHQVLYH�SULFHV�RI�UDUH�HDUWK�PDWHULDOV�DQG�H[SRUW�UHVWULFWLRQ�RQ�WKHP�PDNH�WKH�FRVW�RI�KLJK�

VSHHG�306*V�PXFK�KLJKHU�WKDQ�LWV�6&,*�FRXQWHUSDUW��

,Q�VXPPDU\��306*�LV�KLJKO\�GHVLUDEOH�IRU�WKH�VPDOO�VFDOH�GLVWULEXWLRQ�JHQHUDWLRQ�ZKLFK�

LV�QRW� VHQVLWLYH� WR�SULFHV�EXW�SXUVXHV�KLJK�SRZHU�GHQVLW\�DQG�SHUIRUPDQFH��&RQYHUVHO\�� WKH�

6&,*� LV�PRUH� VXLWDEOH� IRU� WKH� ORZ�FRVW� DQG�GXUDEOH� VPDOO� VFDOH�GLVWULEXWLRQ�JHQHUDWLRQ�DQG�

FXUUHQWO\�GRPLQDWHV�WKH�ILHOG�RI�VPDOO�VFDOH�GLVWULEXWLRQ�JHQHUDWLRQ��7KHUHIRUH��6&,*�LV�VHOHFWHG�

WR�EH�WKH�JHQHUDWRU�IRU�WKH�ORZ�FRVW�VPDOO�VFDOH�GLVWULEXWLRQ�JHQHUDWLRQ�V\VWHPV�SURSRVHG�LQ�WKLV�

WKHVLV�����

���� 6&,*�EDVHG�VPDOO�VFDOH�JHQHUDWLRQ�V\VWHPV

$�VPDOO�VFDOH�GLVWULEXWLRQ�JHQHUDWLRQ�V\VWHP�FDQ�EH�FODVVLILHG�LQWR�WZR�PDLQ�FDWHJRULHV�

E\�WKH�W\SH�RI�ORDGV��RQH�IRU�SURYLGLQJ�HOHFWULFLW\�WR�WKH���SKDVH�ORDG�DQG�WKH�RWKHU�IRU�SURYLGLQJ�

HOHFWULFLW\�WR�WKH�VLQJOH�SKDVH�ORDG��7KHUHIRUH��WKH�6&,*�HPSOR\HG�LQ�VXFK�V\VWHP�FDQ�DOVR�EH�
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FODVVLILHG�LQWR�WZR�FDWHJRULHV�DFFRUGLQJO\��RQH�LV���SKDVH�6&,*�DQG�WKH�RWKHU�LV�VLQJOH�SKDVH�

6&,*��

����� ��3KDVH�6&,*�DQG�6(,*

7KH�SULQFLSOH�DQG�RSHUDWLRQ�RI�JULG�FRQQHFWHG���SKDVH�6&,*V�DUH�ZHOO�XQGHUVWRRG�DQG�

GLVFXVVHG� LQ� GHWDLO� >���� ��@�� :KHQ� WKH� URWRU� RI� DQ� LQGXFWLRQ� PDFKLQH� LV� GULYHQ� DERYH�

V\QFKURQRXV�VSHHG�E\�D�SULPH�PRYHU��WKH�PDFKLQH�ZLOO�RSHUDWH�DV�D�JHQHUDWRU��7KH�LQGXFWLRQ�

PDFKLQH� HTXLYDOHQW� FLUFXLW� PRGHO� FDQ� DOVR� EH� XVHG� WR� LQYHVWLJDWH� WKH� HOHFWURPHFKDQLFDO�

FKDUDFWHULVWLFV�RI�WKH�PDFKLQH�RSHUDWLQJ�LQ�WKH�JHQHUDWLQJ�PRGH��,Q�FRQWUDVW�WR�WKH�PRWRULQJ�

PRGH��D�QHJDWLYH�VOLS�LV�XVHG�VLQFH�WKH�URWRU�VSHHG�LV�KLJKHU�WKDQ�WKH�V\QFKURQRXV�VSHHG��$�VRIW�

VWDUWHU�DQG�D���SKDVH�FDSDFLWRU�EDQN�DUH�XVXDOO\�UHTXLUHG�IRU�OLPLWLQJ�WKH�KLJK�LQUXVK�FXUUHQW�

GXULQJ� WKH� VWDUW�XS� SKDVH� DQG� FRPSHQVDWLQJ� WKH� UHDFWLYH� SRZHU� GUDZQ� E\� WKH� JHQHUDWRU��

UHVSHFWLYHO\��

7KH� ��SKDVH� VHOI�H[FLWHG� LQGXFWLRQ� JHQHUDWRU� �6(,*��� RQ� WKH� RWKHU� KDQG�� KDV� DOVR�

UHPDLQHG�DV�D�VWURQJ�FDQGLGDWH�IRU�VPDOO�VFDOH�VWDQGDORQH�SRZHU�JHQHUDWLRQ�V\VWHP�GXH�WR�LWV�

ORZ�FRVW�DQG�VLPSOH�RSHUDWLQJ�VFKHPH�>�����@��7KH�VHOI�H[FLWDWLRQ�SKHQRPHQRQ�LQ�LQGXFWLRQ�

PDFKLQHV��ZLWK�H[FLWDWLRQ�FDSDFLWRUV�FRQQHFWHG�WR�VWDWRU�WHUPLQDOV��KDV�EHHQ�ZHOO�NQRZQ�IRU�

PRUH�WKDQ����\HDUV�>��@��DQG�YDULRXV�PRGHOV�KDYH�EHHQ�SURSRVHG�WR�LQYHVWLJDWH�WKH�VWHDG\�VWDWH�

DV� ZHOO� DV� WUDQVLHQW� FKDUDFWHULVWLFV� RI� ��SKDVH� 6(,*� RSHUDWLQJ� ZLWK� HLWKHU� D� UHJXODWHG� RU�

XQUHJXODWHG�SULPH�PRYHU��

7KH�PDMRU�GUDZEDFN�RI�WKH�VWDQGDORQH���SKDVH�6(,*�LV�LWV�SRRU�YROWDJH�UHJXODWLRQ��7KDW�

LV�EHFDXVH�WKH�RXWSXW�YROWDJH�RI�WKH�6(,*�LV�JRYHUQHG�E\�WKH�H[FLWDWLRQ�FDSDFLWDQFH��WKH�VSHHG�

RI�WKH�SULPH�PRYHU�DQG�WKH�ORDG�LPSHGDQFH��,Q�RUGHU�WR�LPSURYH�WKH�YROWDJH�UHJXODWLRQ��YDULRXV�

WHFKQLTXHV�� VXFK� DV� VZLWFKHG� FDSDFLWRU� EDQN�� YDULDEOH� 9$5� �9ROW�$PSHUH� 5HDFWLYH��

FRQWUROOHUV��HOHFWURQLF�ORDG�FRQWUROOHUV��(/&V��DQG�VROLG�VWDWH�FRQWUROOHUV�KDYH�EHHQ�SURSRVHG�

>�����@��+RZHYHU��WKHVH�WHFKQLTXHV��ZLWKRXW�H[FHSWLRQ��LQYROYH�VRSKLVWLFDWHG�DQG�H[SHQVLYH�

HTXLSPHQW��ZKLFK�LQFUHDVH�WKH�FRVW�DQG�FRPSOH[LW\�RI�WKH�V\VWHP����

����� $QDO\VLV�RI�6(,*V

)RU VWHDG\�VWDWH� DQDO\VLV�� SHU� SKDVH� HTXLYDOHQW� FLUFXLW� RI� WKH� ��SKDVH� 6(,*� KDV� EHHQ�

GHYHORSHG� IURP� WKH� FODVVLFDO� PDWKHPDWLFDO� PRGHO� RI� LQGXFWLRQ� PDFKLQHV�� %DVHG� RQ� WKLV�

HTXLYDOHQW�FLUFXLW��WZR�GLIIHUHQW�PRGHOV��QDPHO\�WKH�ORRS�LPSHGDQFH�PHWKRG�>�����@ DQG�WKH�

QRGDO�DGPLWWDQFH�PHWKRG�>�����@��KDYH�EHHQ�ZLGHO\�XVHG�WR�SUHGLFW�WKH�JHQHUDWRU�SHUIRUPDQFH��
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)RU� WUDQVLHQW� DQDO\VLV�� WKH� G�T UHIHUHQFH� IUDPH� PRGHO� RI� WKH� 6(,*�� EDVHG� RQ� WKH�

JHQHUDOL]HG�PDFKLQH�WKHRU\��KDV�EHHQ�H[WHQVLYHO\�XVHG�IRU�LQYHVWLJDWLQJ�WKH�YROWDJH�EXLOW�XS�

SURFHVV�DQG�WKH�LPSDFW�RI�ORDG�YDULDWLRQV�>�����@��

7KH�VHOHFWLRQ�RI�H[FLWDWLRQ�FDSDFLWRUV�IRU�WKH���SKDVH�6(,*�ZDV�VWXGLHG�LQ�>�����@��ZKLOH�

WKH� SHUIRUPDQFH� RI� WKH� 6(,*V�� GULYHQ� E\� UHJXODWHG� DQG� XQUHJXODWHG� SULPH� PRYHU�� ZDV�

LQYHVWLJDWHG�LQ�>����������@��

����� ��3KDVH�6&,0V�6XSSO\LQJ�6LQJOH�3KDVH�/RDGV

,Q�UXUDO�DQG�VXEXUEDQ�DUHDV��WKH�SRSXODWLRQ�LV�VSDUVHO\�GLVWULEXWHG��DQG�WKH�PDMRULW\�RI�

HOHFWULF�ORDGV�DUH�RI�VLQJOH�SKDVH�QDWXUH��7KHUHIRUH��D�VLQJOH�SKDVH�SRZHU�VXSSO\�LV�SUHIHUUHG�

RYHU�D���SKDVH�SRZHU�VXSSO\�WR�PDNH�WKH�GLVWULEXWLRQ�V\VWHP�VLPSOH�DQG�FRVW�HIIHFWLYH��6LQJOH�

SKDVH�6&,0V�FDQ�EH�XVHG�IRU�VLQJOH�SKDVH�HOHFWULFLW\�JHQHUDWLRQ�>������@��EXW�WKH�FRQYHQWLRQDO�

��SKDVH� 6&,0V� KDV�PRUH� DGYDQWDJHV� RYHU� VLQJOH�SKDVH�PDFKLQHV� WR� JHQHUDWH� VLQJOH�SKDVH�

HOHFWULFLW\��HVSHFLDOO\�ZKHQ�WKH�PDFKLQH�SRZHU�UDWLQJ�H[FHHGV��N:�>������@��+RZHYHU��ZKHQ�

D� ��SKDVH� 6&,0� LV� RSHUDWHG� DV� D� VLQJOH�SKDVH� JHQHUDWRU�� WKH� ��SKDVH� VWDWRU� FXUUHQWV� DUH�

JHQHUDOO\�XQEDODQFHG��7KH�XQEDODQFHG�RSHUDWLRQ�RI�WKH�JHQHUDWRU�QRW�RQO\�GHJUDGHV�WKH�RXWSXW�

SRZHU�EXW�FDXVHV�PDQ\�DGYHUVH�HIIHFWV�VXFK�DV�PHFKDQLFDO�YLEUDWLRQ��SRRU�HIILFLHQF\��WKHUPDO�

RYHUORDG�DQG�XQFRQWUROODEOH�SRZHU�IDFWRU�>��@��

+HQFH�� YDULRXV� SKDVH� EDODQFLQJ� WHFKQLTXHV� KDYH� EHHQ� SURSRVHG� DQG� LQYHVWLJDWHG� WR�

PLWLJDWH�WKHVH�FRQFHUQV��$OO�WKHVH�WHFKQLTXHV��LQ�JHQHUDO��FDQ�EH�FODVVLILHG�LQWR�WZR�FDWHJRULHV��

RQH� LV�EDVHG�RQ� WKH�SDVVLYH�FLUFXLW�HOHPHQWV�DQG� WKH�RWKHU� LV�EDVHG�RQ� WKH�SRZHU�HOHFWURQLF�

FRQYHUWHUV��

,Q�WKH�PHWKRG�SURSRVHG�E\�>��@��D�VWHDG\�VWDWH�SRZHU�V\VWHP�EDODQFHU�ZDV�LQYHVWLJDWHG�

WR�UHVROYH�WKH�DIRUHPHQWLRQHG�XQEDODQFHG�FRQGLWLRQV��%\�XVLQJ�D�FDSDFLWDQFH�DQG�DQ�LQGXFWDQFH�

RI�LGHQWLFDO�UHDFWDQFH��WKH�SRZHU�V\VWHP�EDODQFHU�LV�DEOH�WR�EDODQFH�WKH�VWDWRU�FXUUHQWV��+RZHYHU��

WKH�VHULHV�UHVRQDQFH�EHWZHHQ�WKH�FDSDFLWDQFH�DQG�LQGXFWDQFH�FDXVHG�VHYHUH�RYHU�YROWDJHV�ZKHQ�

WKH�VSHFLILHG�RSHUDWLQJ�SRLQW�LV�FKDQJHG��7KH���SKDVH�6&,0�LQ�6PLWK�FRQQHFWLRQ��VKRZQ�LQ�)LJ��

����D���ZDV�SURSRVHG�LQ�>��@��,W�UHPRYHG�WKH�GDQJHU�RI�WKH�UHVRQDQFH�HIIHFW�XVLQJ�FDSDFLWRUV�

H[FOXVLYHO\��$GGLWLRQDOO\��LW�ZDV�FDSDEOH�RI�EDODQFLQJ�VWDWRU�SKDVH�FXUUHQWV�IRU�PHGLXP�DQG�

KHDY\�ORDGV�>�����@��
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)LJ����� ��SKDVH�6&,*�ZLWK�VLQJOH�SKDVH�RXWSXW���D��6PLWK�FRQQHFWLRQ���E��6WHLQPHW]�FRQQHFWLRQ���F��)XNDPL�

FRQQHFWLRQ

7KH�6WHLQPHW]�FRQQHFWLRQ��VKRZQ�LQ�)LJ������E���LV�DOVR�ZLGHO\�XVHG�WR�EDODQFH���SKDVH�

6&,*V�RSHUDWHG�LQ�VLQJOH�SKDVH�PRGH�GXH�WR�LWV�VLPSOH�FRQILJXUDWLRQ�>�����@��,Q�FRQWUDVW�WR�WKH�

6PLWK�FRQQHFWLRQ��WKLV�PHWKRG�LV�DSSOLFDEOH�IRU���SKDVH�6&,0V�ZLWK�VWDWRU�ZLQGLQJV�FRQILJXUHG�

LQ�ERWK�VWDU�DQG�GHOWD�FRQQHFWLRQV��:LWK�SURSHUO\�VHOHFWHG�FDSDFLWDQFH�DQG�RSHUDWLQJ�VSHHG��WKH�

SHUIHFW� SKDVH� EDODQFH� FDQ� EH� DFKLHYHG� WKURXJK WKLV� FRQQHFWLRQ�� $QRWKHU� SKDVH� EDODQFLQJ�

VFKHPH�� SURSRVHG� LQ� >��@�� LV� LOOXVWUDWHG� LQ� )LJ�� ����F��� ,W� LQWURGXFHG� VHULHV� FRPSHQVDWLRQ�

FDSDFLWRUV�WR�LPSURYH�WKH�UHJXODWLRQ�RI�RXWSXW�YROWDJH��+RZHYHU��ZLWK�WKLV�WHFKQLTXH��LW�LV�PRUH�

GLIILFXOW WR� EDODQFH� SKDVH� FXUUHQWV� DQG� WKH� PDFKLQH� XWLOL]DWLRQ� LV� SRRU� >���� ��@�� � &XUUHQW�

LQMHFWLRQ�PHWKRG�>��@ DQG�6&,*V�ZLWK�&��&�FRQQHFWLRQ�>��@ KDYH�DOVR�EHHQ�LQYHVWLJDWHG�DV�

SKDVH�EDODQFLQJ�WHFKQLTXHV��$OWKRXJK�DOO�WKHVH�SDVVLYH�FLUFXLW�HOHPHQWV�EDVHG�WHFKQLTXHV�DUH�

DEOH�WR�EDODQFH�WKH�PDFKLQH�DW�D�VSHFLILF�RSHUDWLQJ�VSHHG�DQG�ORDG��WKH�UHJXODWLRQ�RI�ERWK�SRZHU�
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DQG�YROWDJH�ZLWK�EDODQFHG�RSHUDWLQJ�FRQGLWLRQV�LV�YHU\�GLIILFXOW�WR�DFKLHYH�XQGHU�G\QDPLF�ORDG�

DQG�YDULDEOH�VSHHG�FRQGLWLRQV��$GGLWLRQDOO\��WKHVH�WHFKQLTXHV�KDYH�VRPH�LQKHUHQW�GUDZEDFNV�

VXFK�DV�VHOI�H[FLWDWLRQ�IDLOXUH�>������@��VHQVLWLYLW\�WR�RSHUDWLQJ�SDUDPHWHUV�>������@ DQG�SRRU�

YROWDJH�DQG�IUHTXHQF\�UHJXODWLRQV� >������@��1RQHWKHOHVV��PDQ\�DWWHPSWV�KDYH�EHHQ�PDGH� WR�

RYHUFRPH�WKHVH�GLIILFXOWLHV�WKURXJK�YDULRXV�PRGLILFDWLRQV�WR�WKH�H[LVWLQJ�WHFKQLTXHV��LQFOXGLQJ�

PXOWL�PRGH� RSHUDWLRQ� IRU� 6&,*V� ZLWK� 6PLWK� FRQQHFWLRQ� >���� ��@�� 6&,*V� ZLWK� GLIIHUHQW�

PRGLILHG�6WHLQPHW]�FRQQHFWLRQV�>������@ DQG�)XNDPL�FRQILJXUDWLRQ�ZLWK�GDPSLQJ�UHVLVWDQFH�

>��@�� +RZHYHU�� WKHVH� PRGLILFDWLRQV� FDXVHG� LQFUHDVHG� FRPSOH[LW\� DQG� FRVW� ZLWK� OLPLWHG�

LPSURYHPHQW�LQ�SHUIRUPDQFH��

:LWK�ERWK�WKH�DGYDQFHV�DQG�UHGXFWLRQ�LQ�FRVW�LQ�VHPLFRQGXFWRU�GHYLFHV��SRZHU�HOHFWURQLF�

FRQYHUWHUV�ZLWK�DFWLYH�FRQWURO�VWDUWHG�WR�HPHUJH�DV�DQ�DOWHUQDWLYH�DSSURDFK�WR�LPSURYH�G\QDPLF�

UHVSRQVH�DV�ZHOO�DV�YROWDJH�DQG�IUHTXHQF\�UHJXODWLRQ�FDSDELOLW\�RI�WKH���SKDVH�6&,0�EDVHG�

VLQJOH�SKDVH� HOHFWULFLW\� JHQHUDWLRQ� V\VWHPV�� 0HWKRGV� LQ� >�����@ HPSOR\HG� WZR� IXOO�EULGJH�

FRQYHUWHUV�LQ�EDFN�WR�EDFN�FRQILJXUDWLRQ��DV�VKRZQ�LQ�)LJ������D���WR�LPSURYH�WKH�SHUIRUPDQFH�

RI� WKH� JHQHUDWRU�� +RZHYHU�� WKH� XVH� RI� WZR� IXOO� FDSDFLW\� FRQYHUWHUV� ZLWK� D� EXON\� ILOWHU�

FRQVLGHUDEO\�LQFUHDVHV�WKH�FRVW�DQG�VL]H�DV�ZHOO�DV�WKH�FRPSOH[LW\�RI�WKH�V\VWHP��$V�LOOXVWUDWHG�

LQ�)LJ������E���VLQJOH�SKDVH�HOHFWULFLW\�FRXOG�DOVR�EH�JHQHUDWHG�XVLQJ�D���SKDVH�6&,0�ZLWK�D�

FRPELQDWLRQ�RI���SKDVH�FRQYHUWHUV�DQG�GXPS�ORDG�>�������@��EXW�DW WKH�H[SHQVH�RI�VLJQLILFDQW�

SRZHU�ORVVHV�LQ�WKH�GXPS�ORDG�DQG�ODUJH�RXWSXW�YROWDJH�GURS�XQGHU�KHDY\�ORDG�FRQGLWLRQV��,Q�

>��������@��DQ�HOHFWURQLF� ORDG�FRQWUROOHU� �(/&���DV�GHSLFWHG� LQ�)LJ������F���ZDV�SURSRVHG� WR�

DVVLVW���SKDVH�6&,0�LQ�GHOWD�FRQQHFWLRQ� IRU� VWDQGDORQH�VLQJOH�SKDVH�SRZHU�JHQHUDWLRQ��DQG�

VXEVHTXHQWO\�H[WHQGHG�IRU�VWDU�FRQQHFWHG���SKDVH�6&,0V�ZLWK�)XNDPL�FRQILJXUDWLRQ� >���@��

$OWKRXJK� WKLV�VFKHPH�SURYLGHV�D� UHODWLYHO\� ORZ�FRVW�DQG�VLPSOH�VROXWLRQ�IRU���SKDVH�6&,0�

EDVHG�VLQJOH�SKDVH�SRZHU�JHQHUDWLRQ�V\VWHP��LW�LV�RQO\�DSSOLFDEOH�XQGHU�FRQVWDQW�LQSXW�SRZHU�

FRQGLWLRQV�DQG�VXIIHUV�IURP�ORZ�HIILFLHQF\�DQG�KLJK�KDUPRQLF�GLVWRUWLRQ�DW�RXWSXW�

ܲ݉

ܲ݁ ^ŝŶŐůĞͲƉŚĂƐĞ
>ŽĂĚ

^�/' &ŝůƚĞƌ &ŝůƚĞƌdŚƌĞĞͲƉŚĂƐĞ
s^�
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�ƵŵƉ >ŽĂĚ
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ďĂŶŬ

^ŝŶŐůĞͲƉŚĂƐĞ
>ŽĂĚ

E

�ƵŵƉ
>ŽĂĚ

^ŝŶŐůĞͲƉŚĂƐĞ
>ŽĂĚ

&ƌŽŵ ŐĞŶĞƌĂƚŽƌ ƐŝĚĞ

�>� ;�ůĞĐƚƌŽŶŝĐ >ŽĂĚ �ŽŶƚƌŽůůĞƌͿ

F

)LJ����� 3ORWV�IRU��D��7KH�EDFN�WR�EDFN�FRQILJXUDWLRQ�IRU���SKDVH�6&,*V�IHHGLQJ�VLQJOH�SKDVH�ORDG��E��7KH�
YROWDJH�VRXUFH�FRQYHUWHU��96,��DQG�GXPS�ORDG�EDVHG�FRQILJXUDWLRQ��F��7KH�VWUXFWXUH�RI�HOHFWURQLF�ORDG�FRQWUROOHU�

�(/&�

7DEOH�� ���� VXPPDULVHV WKH� DGYDQWDJHV� DQG� GLVDGYDQWDJHV� RI� WKH� DERYHPHQWLRQHG� WZR�

PDMRU�SKDVH�EDODQFLQJ�WHFKQLTXHV�

7DEOH������&RPSDULVRQ�RI�WZR�PDMRU�SKDVH�EDODQFLQJ�WHFKQLTXHV�

3KDVH�EDODQFLQJ�WHFKQLTXHV $GYDQWDJHV� 'LVDGYDQWDJHV

3DVVLYH�&LUFXLWV�(OHPHQWV�

%DVHG�7HFKQLTXHV

x /RZ�FRVW

x 6LPSOH�&RQILJXUDWLRQ

x 3RRU�YROWDJH�DQG�IUHTXHQF\�

UHJXODWLRQV

x 3RRU�PDFKLQH�XWLOL]DWLRQ

x /LPLWHG�UDQJH�RI�RSHUDWLQJ�

VSHHG

x 6HOI�H[FLWDWLRQ�IDLOXUH

3RZHU�(OHFWURQLF�&RQYHUWHU�

%DVHG�7HFKQLTXHV

x ,PSURYHG�YROWDJH�DQG�

IUHTXHQF\�UHJXODWLRQV

x :LGH�RSHUDWLQJ�VSHHG

x )DVW�G\QDPLF�UHVSRQVH

x +LJK�FRVW

x &RPSOH[�FRQILJXUDWLRQ

x %XON\�ILOWHU�LV�QHHGHG

x /RZ�HIILFLHQF\�ZLWK�GXPS�

ORDG�



��

����� $QDO\VLV���3KDVH�6&,*V�6XSSO\LQJ�6LQJOH�3KDVH�/RDGV

1XPHURXV�PRGHOV�KDYH�EHHQ�SURSRVHG�WR�LQYHVWLJDWH�ERWK�WKH�VWHDG\�VWDWH�DQG�G\QDPLF�

EHKDYLRXU� RI� ��3KDVH�6&,*V� VXSSO\LQJ� VLQJOH�SKDVH� ORDGV�� ,Q� WKH� VWHDG\�VWDWH� DQDO\VLV�� WKH�

V\PPHWULFDO� FRPSRQHQWV� WKHRU\� ZDV� ZLGHO\� XVHG� IRU� GHYHORSLQJ� PRGHOV�� ,Q� DGGLWLRQ� WKH�

V\PPHWULFDO�FRPSRQHQWV�WKHRU\�DOORZV�IRU�GHWHUPLQLQJ�WKH�RSHUDWLQJ�SDUDPHWHUV��FRQGLWLRQV�

RI�SKDVH�EDODQFLQJ�DQG�WKH�YDOXHV�RI�H[FLWDWLRQ�FDSDFLWRUV�>�������@��%DVHG�RQ�WKH�V\PPHWULFDO�

FRPSRQHQWV�� YDULRXV� WHFKQLTXHV� VXFK� DV� 1HZWRQ±5DSKVRQ� PHWKRG� >���@�� +RRNH�-HHYHV�

RSWLPL]DWLRQ�PHWKRG� >���@ DQG�JHQHWLF� DOJRULWKP�*$�� >���@��ZHUH�ZLGHO\� HPSOR\HG� LQ� WKH�

LQYHVWLJDWLRQ�RI�WKH�SDVVLYH�FLUFXLW�HOHPHQWV�EDVHG�VLQJOH�SKDVH�JHQHUDWRU��6LPLODUO\��LQ�WKHVH�

WHFKQLTXHV�� WKH� GHWHUPLQDWLRQ� RI� WKH� SKDVH� EDODQFLQJ� FRQGLWLRQV� ZDV� HQDEOHG� E\� LPSRVLQJ�

QHJDWLYH�VHTXHQFH�V\PPHWULFDO�FRPSRQHQWV� WR�EH�HTXDO� WR�]HUR� >��������@�� ,Q� DGGLWLRQ�� WKH�

FRQFHSWV�RI�YROWDJH�XQEDODQFH�IDFWRU��98)��DQG�FXUUHQW�XQEDODQFH�IDFWRU��&8)���ZKLFK�DUH�

HYROYHG� IURP� V\PPHWULFDO� FRPSRQHQWV��ZHUH�ZLGHO\� XVHG� IRU� HYDOXDWLQJ� WKH� GHJUHH� RI� WKH�

PDFKLQH�XQEDODQFH�>��������@��

+RZHYHU�� WKH� PDLQ� GLVDGYDQWDJH� RI� V\PPHWULFDO� FRPSRQHQWV� LV� WKDW� WKH� G\QDPLF�

SHUIRUPDQFH�RI�WKH�JHQHUDWRU�FDQQRW�EH�SUHGLFWHG�DQG�LQYHVWLJDWHG��7KHUHIRUH��WKH�G�T UHIHUHQFH�

IUDPH�PRGHO�ZDV�ZLGHO\�HPSOR\HG�LQ�WKH�G\QDPLF�DQDO\VLV�RI�WKH���3KDVH�6&,*V�RSHUDWLQJ�RQ�

WKH�VLQJOH�SKDVH�PRGH�>�������������@��%HVLGHV��D�WLPH�VWHSSLQJ�ILQLWH�HOHPHQW�PHWKRG��)(0��

SURSRVHG�LQ�>���@ ZDV�DOVR�DGDSWHG�IRU�G\QDPLF�SHUIRUPDQFH�VWXGLHV����

����� 76&$2,�FRQILJXUDWLRQ

9DULRXV�DWWHPSWV�RI�RSHUDWLQJ�D���SKDVH�6&,0�WR�JHQHUDWH�VLQJOH�SKDVH�HOHFWULFLW\�KDYH�

EHHQ�VXUYH\HG�LQ�WKH�VHFWLRQ��������,Q�RUGHU�WR�LPSURYH�WKH�HOHFWULFLW\�JHQHUDWLRQ�SHUIRUPDQFH��

D�SRZHU�FRQYHUVLRQ�VWDJH��FRPSULVLQJ�HLWKHU�D�EDFN�WR�EDFN�FRQYHUWHU�RU�DQ�DOWHUQDWLQJ�FXUUHQW�

�$&��GLUHFW�FXUUHQW��'&��FRQYHUWHU��LV�HPSOR\HG�RQ�WKH�IURQW�HQG�RU�EDFN�HQG�RI�WKH�ORDG��7KLV�

SRZHU�FRQYHUVLRQ�VWDJH�DOORZV�IRU�WKH�YDULDEOH�VSHHG�JHQHUDWLRQ� +RZHYHU��LW�LQHYLWDEO\�FUHDWHV�

KDUPRQLF�GLVWRUWLRQ�RI�WKH�ORDG�

$V�DQ�DOWHUQDWLYH��D�QHZ�ZLQGLQJ�FRQILJXUDWLRQ�WKDW�XVHV�RQH�RI�VWDWRU�SKDVHV�RI�WKH���

SKDVH�6&,0�DV�WKH�H[FLWDWLRQ�ZLQGLQJ�DQG�WKH�UHPDLQLQJ�WZR�SKDVHV�FRQQHFWHG�LQ�VHULHV�DV�WKH�

SRZHU�ZLQGLQJ��KDV�EHHQ�SURSRVHG�>����@��7KLV�GHFRXSOHG�ZLQGLQJ�FRQILJXUDWLRQ LV�QDPHG�DV�

7ZR�6HULHV�&RQQHFWHG�DQG�2QH�,VRODWHG��76&$2,��DQG�VKRZQ�LQ�)LJ�������,W HQDEOHV�YDULDEOH�

VSHHG�VLQJOH�SKDVH�HOHFWULFLW\�JHQHUDWLRQ�ZLWKRXW�XVLQJ�D�SRZHU�FRQYHUVLRQ�VWDJH��
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)LJ����� 7KH�76&$2,�FRQILJXUDWLRQ�IRU���SKDVH�6&,0V�IHHGLQJ�VLQJOH�SKDVH�ORDG

9DULDEOH� UHDFWLYH� SRZHU� UHTXLUHG� E\� WKH� 76&$2,� FRQILJXUHG� JHQHUDWRU� LV� SURYLGHG�

WKURXJK� WKH�H[FLWDWLRQ�ZLQGLQJ�E\�D� VPDOO� VFDOH� EL�GLUHFWLRQDO� FRQYHUWHU��7KH�EL�GLUHFWLRQDO�

FRQYHUWHU�LV�FRQQHFWHG�ZLWK�DQ�HQHUJ\�VWRUDJH�V\VWHP��(66���,Q�SUDFWLFH��D�SKRWRYROWDLF��39��

SDQHO�FDQ�EH�LQWHJUDWHG�LQWR�WKH�(66��HQDEOLQJ�K\EULG�UHQHZDEOH�HQHUJ\�JHQHUDWLRQ��+5(*��

ZKLFK�FDQ�VLJQLILFDQWO\�LPSURYH�WKH�V\VWHP�UHOLDELOLW\�DQG�HQHUJ\�XWLOL]DWLRQ��7KH�VWDQGDORQH�

VLQJOH�SKDVH� HOHFWULFLW\� LV� JHQHUDWHG� WKURXJK� WKH� SRZHU�ZLQGLQJ� GLUHFWO\��:LWK� VWRUDJH� DQG�

UHWULHYDO�RI�HQHUJ\�XQGHU�OLJKW�DQG�KHDY\�ORDG�FRQGLWLRQV�UHVSHFWLYHO\��WKH�FRPELQDWLRQ�RI�WKH�

(66� DQG� WKH� EL�GLUHFWLRQDO� FRQYHUWHU� DOORZV� FRQVWDQW� IUHTXHQF\� HOHFWULFLW\� JHQHUDWLRQ� IRU�

VWDQGDORQH�DSSOLFDWLRQV�XQGHU�YDULDEOH�ORDGV�DQG�URWRU�VSHHGV�FRQGLWLRQV��

7KLV� XQLTXH�ZLQGLQJ� FRQILJXUDWLRQ� SUHVHQWV� VHYHUDO� LQWHUHVWLQJ� DWWULEXWHV�� DV� SUHVHQWHG�

EHORZ��

x :LWK� VLQXVRLGDO� H[FLWDWLRQ�� WKH� IUHTXHQF\� RI� WKH� ORDG� YROWDJH� LV� DV� VDPH� DV� WKH�

IUHTXHQF\�RI�WKH�H[FLWDWLRQ�YROWDJH�XQGHU�YDU\LQJ�ORDGV�DQG�URWRU�VSHHGV�FRQGLWLRQV��

x 7KH�DPSOLWXGH�RI�WKH�ORDG�YROWDJH�LV�SURSRUWLRQDO�WR�WKH�DSSOLHG�H[FLWDWLRQ�YROWDJH��

HQDEOLQJ�WKH�VLPSOH�FRQWURO�VFKHPH�RI�WKH�ORDG�YROWDJH�

x 2QO\�D�UHGXFHG�FDSDFLW\�FRQYHUWHU�LV�QHHGHG�WR�JHQHUDWH�HOHFWULFLW\��

x 7KH�KDUPRQLF�FRQWHQW�RI�WKH�ORDG�YROWDJH�LV�JUHDWO\�DWWHQXDWHG�GXH�WR�WKH�HOHFWULF�DQG�

PDJQHWLF�GHFRXSOLQJ�RI�H[FLWDWLRQ�ZLQGLQJ�DQG�SRZHU�ZLQGLQJ��7KH�EXON\�ILOWHUV�DUH�

WKHUHIRUH�QR�ORQJHU�QHFHVVDU\����
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)LJ����� &RQWURO�EORFN�GLDJUDP�IRU�VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU

7KHVH� DWWULEXWHV� ZHUH� XVHG� WR� GHYHORS� WKH� FORVHG�ORRS� FRQWUROOHU� IRU� WKH� VWDQGDORQH�

76&$2,�FRQILJXUHG�JHQHUDWRU�>�@��7KH�FRQWUROOHU�LV�LOOXVWUDWHG�LQ�)LJ�������7KH�VLQJOH�SKDVH�

RXWSXW�YROWDJH�LV�FRQYHUWHG�WR�D�URRW�PHDQ�VTXDUH��506��YDOXH�DQG�FRPSDUHG�ZLWK�WKH�GHVLUHG

RXWSXW� YROWDJH�� 7KH� YROWDJH� HUURU� LV� IHG� WR� D� SURSRUWLRQDO±LQWHJUDO� �3,�� FRQWUROOHU�� 7KLV� 3,�

FRQWUROOHU� UHJXODWHV� WKH� H[FLWDWLRQ� YROWDJH� PDJQLWXGH� E\� SURYLGLQJ� WKH� UHIHUHQFH� RI� WKH�

H[FLWDWLRQ�YROWDJH�PDJQLWXGH��7KH�IUHTXHQF\�RI�JHQHUDWLRQ�LV�VHW�E\�D�IL[HG�IUHTXHQF\�RVFLOODWRU��

WKH�RXWSXW�RI�ZKLFK�LV�PXOWLSOLHG�ZLWK�WKH�H[FLWDWLRQ�YROWDJH�PDJQLWXGH�UHIHUHQFH�WR�SURGXFH�D�

VLQXVRLGDO� H[FLWDWLRQ� YROWDJH� UHIHUHQFH� IRU� WKH� IXOO�EULGJH� FRQYHUWHU�� 7KH� FRQYHUWHU� FDQ� EH�

FRQWUROOHG�XVLQJ�SXOVH�ZLGWK�PRGXODWLRQ�WHFKQLTXH�WR�SURGXFH�WKH�UHTXLUHG�YROWDJH�

,Q� FRPSDULVRQ� WR� RWKHU� WHFKQLTXHV�� WKH� 76&$2,� FRQILJXUHG� JHQHUDWRU� LV� HDVLHU� WR�

LPSOHPHQW��,Q�DGGLWLRQ��LW�FDQ�UHJXODWH�WKH�JHQHUDWHG�YROWDJH�DW�YDULDEOH�VSHHGV�ZLWK�ORZ�FRVW��

7KHUHIRUH��LW�KDV�EHHQ�H[SORUHG�IRU�JHQHUDWLQJ�VLQJOH�SKDVH�HOHFWULFLW\�LQ�VPDOO�VFDOH�UHQHZDEOH�

HQHUJ\�FRQYHUVLRQ�V\VWHPV��$Q�LPSURYHG�G\QDPLF�PRGHO��ZKLFK�WDNHV�WKH�FRUH�ORVV�UHVLVWDQFH�

LQWR�DFFRXQW��ZDV�SUHVHQWHG�LQ�>��������@ WR�LPSURYH�WKH�WKHRUHWLFDO�DQDO\VLV�RI�WKH�76&$2,�

FRQILJXUHG� JHQHUDWRU�� ,Q� >���@�� D� JUDYLWDWLRQDO� VHDUFK� DOJRULWKP� �*6$�� EDVHG� VHOHFWLYH�

KDUPRQLF�HOLPLQDWLRQ��6+(��3:0�WHFKQLTXH�ZDV�SURSRVHG��IRU�H[FLWDWLRQ�YROWDJH�FRQWURO��WR�

IXUWKHU� GHFUHDVH� WKH� KDUPRQLF� GLVWRUWLRQ� RI� WKH� JHQHUDWHG� YROWDJH�� 7KH� LQWHJUDWLRQ� RI� WKH�

76&$2,� FRQILJXUHG� JHQHUDWRU� LQWR� WKH� K\EULG� UHQHZDEOH� JHQHUDWLRQ� V\VWHP� KDV� EHHQ�

LQYHVWLJDWHG�LQ�>��������@��+RZHYHU��DFFRUGLQJ�WR�WKH�OLWHUDWXUH�UHYLHZ��WKHUH�VWLOO�H[LVW�WKUHH�

PDMRU�XQVROYHG�GLIILFXOWLHV DVVRFLDWHG�ZLWK�WKH�76&$2,�FRQILJXUHG�JHQHUDWRU��



��

x )LUVWO\��LQ�FRQWUDVW�WR�WKH�FRQYHQWLRQDO���SKDVH�FDJH�LQGXFWLRQ�PDFKLQH��WKH�76&$2,�

FRQILJXUHG�LQGXFWLRQ�PDFKLQH�ODFNV�D�XQLILHG�HTXLYDOHQW�FLUFXLW��WKURXJK�ZKLFK�WKH�

VWHDG\�VWDWH�ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV�RI�WKH�JHQHUDWRUV�FDQ�EH�LQYHVWLJDWHG��

x 6HFRQGO\��DOO�WKH�SUHYLRXV�LQYHVWLJDWLRQV�RI�WKH�76&$2,�FRQILJXUHG�JHQHUDWRU�DUH�

FRQILQHG�WR�WKH�VWDQGDORQH�SRZHU�JHQHUDWLRQ�DSSOLFDWLRQV��+RZHYHU��WKH�LQWHJUDWLRQ�

RI� WKH� 76&$2,� FRQILJXUHG� ��SKDVH� FDJH� LQGXFWLRQ� JHQHUDWRU� LQWR� D� VLQJOH�SKDVH�

GLVWULEXWHG�SRZHU�V\VWHP�LV�\HW�WR�EH�LQYHVWLJDWHG��

x )LQDOO\��DOWKRXJK�WKH�76&$2,�JHQHUDWRU�LV�HDV\�WR�LPSOHPHQW�DQG�ORZ�LQ�FRVW��WKH�

EDODQFHG� RSHUDWLQJ� FRQGLWLRQ� DQG� IDVW� G\QDPLF� UHVSRQVH� DUH� GLIILFXOW� WR� DFKLHYH��

ZKLFK�VHYHUHO\�UHVWULFW�LWV�SUDFWLFDELOLW\���

���� 6XPPDU\

,Q� WKLV� FKDSWHU�� WKH� VTXLUUHO� FDJH� LQGXFWLRQ� JHQHUDWRU� �6&,*�� ZDV� VHOHFWHG� IRU� WKH�

JHQHUDWLRQ�V\VWHP�VWXGLHG� LQ� WKLV� WKHVLV��E\�FRPSDULQJ� WKH�DGYDQWDJHV�DQG�GLVDGYDQWDJHV�RI�

GLIIHUHQW� HOHFWULF� JHQHUDWRUV�� 7KHQ�� DQ� RYHUYLHZ� RI� WKH� 6&,*� EDVHG� VPDOO� VFDOH� JHQHUDWLRQ�

V\VWHPV� ZDV� SUHVHQWHG�� IROORZHG E\� D� GHWDLOHG� VXUYH\� RI� VXFK� V\VWHPV� LQ� WHUPV� RI� WKHLU�

RSHUDWLQJ� FRQGLWLRQV�� PRGHOOLQJ� PHWKRGV�� FRQWURO� VWUDWHJLHV� DQG� OLPLWDWLRQV�� 7KH� 76&$2,�

FRQILJXUDWLRQ�� ZLWK� LWV� XQLTXH� DWWULEXWHV�� ZDV� HPSKDVL]HG� E\� FRPSDULQJ ZLWK RWKHU�

WHFKQLTXHV IRU� RSHUDWLQJ� D� ��SKDVH�6&,*� WR� JHQHUDWH� VLQJOH�SKDVH� HOHFWULFLW\�� )LQDOO\�� WKUHH�

PDMRU�XQVROYHG�GLIILFXOWLHV RI�WKH�76&$2,�FRQILJXUHG�JHQHUDWRU�ZHUH�LGHQWLILHG�DQG�SURSRVHG�

DV�WKH�UHVHDUFK�GLUHFWLRQV�RI�WKLV�WKHVLV�



��
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&KDSWHU��

$�6WHDG\�6WDWH�(TXLYDOHQW�&LUFXLW�0RGHO�IRU�

6WDQGDORQH�76&$2,�&RQILJXUHG�,QGXFWLRQ�

*HQHUDWRUV

���� ,QWURGXFWLRQ

��SKDVH� FDJH� LQGXFWLRQ�PDFKLQHV�� RSHUDWHG� LQ� WZR� VHULHV�FRQQHFWHG� DQG� RQH�LVRODWHG�

�76&$2,��ZLQGLQJ�FRQILJXUDWLRQ��KDYH�EHHQ�SURSRVHG�WR�JHQHUDWH�VLQJOH�SKDVH�HOHFWULFLW\�DW�

YDULDEOH�URWRU�VSHHGV�IRU� UHQHZDEOH�HQHUJ\�FRQYHUVLRQ�V\VWHPV��+RZHYHU�� LQ�FRPSDULVRQ� WR�

RWKHU�WRSRORJLHV�HPSOR\HG�IRU�VLQJOH�SKDVH�HOHFWULFLW\�JHQHUDWLRQ�XVLQJ���SKDVH�6&,0V��WKHUH�

LV�QR�XQLILHG�HTXLYDOHQW�FLUFXLW�IRU�WKH�76&$2,�FRQILJXUHG�LQGXFWLRQ�JHQHUDWRU�WR�SUHGLFW�DQG�

LQYHVWLJDWH�LWV�VWHDG\�VWDWH�SHUIRUPDQFH��:LWK�WKH�KHOS�RI�V\PPHWULFDO�FRPSRQHQWV��WKLV�FKDSWHU�

WKHUHIRUH�SUHVHQWV�WKH�VWHDG\�VWDWH�HTXLYDOHQW�FLUFXLW�PRGHOV��DOORZLQJ�WR�SHUIRUP�VXFK�GHWDLOHG�

LQYHVWLJDWLRQV�

$� G\QDPLF�PDWKHPDWLFDO�PRGHO�� IURP�ZKLFK� WKH� ILQDO� VWHDG\�VWDWH� HTXLYDOHQW� FLUFXLW�

PRGHO�ZLOO�EH�GHULYHG��LV�ILUVW�SUHVHQWHG�LQ�WKLV�FKDSWHU��7KH�G\QDPLF�PDWKHPDWLFDO�PRGHO�LV�

REWDLQHG�XVLQJ�WKH�ZLQGLQJ�IXQFWLRQ�DSSURDFK��ZKLFK�LV�PXFK�VLPSOHU�WKDQ�WKH�WUDQVIRUPDWLRQ�

PDWUL[�EDVHG�DSSURDFK�SUHYLRXVO\�DGRSWHG�LQ�>�@��7KH�ZLQGLQJ�IXQFWLRQ�DSSURDFK�DYRLGV�WKH�

FXPEHUVRPH� PDWKHPDWLFDO� GHULYDWLRQ� LQ� >�@�� 0RUH� LPSRUWDQWO\�� LW� GLUHFWO\� RIIHUV� DQ�

H[SOLFLW GHVFULSWLRQ RI�WKH�UHVXOWLQJ�ZLQGLQJ�GLVWULEXWLRQ�RI�WKH�76&$2,�FRQILJXUHG�PDFKLQH�

,Q�RUGHU�WR�LQYHVWLJDWH�WKH�ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV�SHUWLQHQWO\��LW�LV�GHVLUDEOH�WR�

LVRODWH�HLWKHU�WKH�ORDG�FLUFXLW�RU�H[FLWDWLRQ�FLUFXLW�IURP�WKH�GHULYHG�HTXLYDOHQW�FLUFXLW�PRGHO��

$FFRUGLQJO\�� WKH� G\QDPLF� PRGHO� LV� WKHQ� WUDQVIRUPHG� LQWR� WZR� GLIIHUHQW� HTXLYDOHQW� FLUFXLW�

PRGHOV��HQDEOLQJ�WKH�LQYHVWLJDWLRQ�RI�HLWKHU�WKH�ORDG�RU�H[FLWDWLRQ�FKDUDFWHULVWLFV�WKURXJK�WKH�

VHOHFWLRQ�RI�WKH�DSSURSULDWH�WUDQVIRUPDWLRQ�PDWUL[��8VLQJ�WKHVH�WZR�GLIIHUHQW�HTXLYDOHQW�FLUFXLW�

PRGHOV�� WKLV� FKDSWHU� WKHUHZLWK� WKHRUHWLFDOO\� LQYHVWLJDWHV� WKH� VWHDG\�VWDWH� EHKDYLRXU� RI� WKH�
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JHQHUDWRU� DQG� GHWHUPLQHV� WKH� LPSDFW� RI� V\VWHP� SDUDPHWHUV� RQ� WKH� ORDG� DQG� H[FLWDWLRQ�

FKDUDFWHULVWLFV��DV�ZHOO�DV�RQ�WKH�OHYHO�RI�YROWDJH�XQEDODQFH�

���� '\QDPLF�0DWKHPDWLFDO�0RGHO

7R�REWDLQ�WKH�G\QDPLF�PRGHO�RI�WKH���SKDVH�6&,0�FRQILJXUHG�LQ�WKH�76&$2,�ZLQGLQJ�

DUUDQJHPHQW��WKLV�FKDSWHU�SURSRVHV�D�PRGHOOLQJ�PHWKRG��ZKLFK�LV�EDVHG�RQ�WKH�ZLQGLQJ�IXQFWLRQ�

DSSURDFK��7KLV�PRGHOOLQJ�DSSURDFK�QRW�RQO\�HOLPLQDWHV�WKH�OHQJWK\�PDWKHPDWLFDO�PDQLSXODWLRQ�

SUHVHQWHG� LQ� >�@ EXW�DOVR�RIIHUV�D�GLUHFW�YLVXDO� LQVLJKW� LQWR� WKLV�SDUWLFXODU�JHQHUDWRU�FRQFHSW�

ZKLFK�KDV�QRW�EHHQ�SRVVLEOH�ZLWK�WKH�UHSRUWHG�PRGHOOLQJ�PHWKRGV��

)LUVW��FRQVLGHU�WKH�VWDWRU�ZLQGLQJ�GLVWULEXWLRQ�RI�D�FRQYHQWLRQDO���SKDVH�6&,0�RYHU�����

HOHFWULFDO�GHJUHHV��DV�VKRZQ�LQ�)LJ������(DFK�VWDWRU�SKDVH�ZLQGLQJ�LV�DVVXPHG�WR�EH�VLQXVRLGDOO\�

GLVWULEXWHG�DORQJ�WKH�DLU�JDS��DQG�WKH�HIIHFWV�RI�VORWWLQJ�DUH�QHJOHFWHG�

WŚĂƐĞ Ă ǁŝŶĚŝŶŐ
ĚŝƐƚƌŝďƵƚŝŽŶ

WŚĂƐĞ ď ǁŝŶĚŝŶŐ
ĚŝƐƚƌŝďƵƚŝŽŶ

WŚĂƐĞ Đ ǁŝŶĚŝŶŐ
ĚŝƐƚƌŝďƵƚŝŽŶ

WŚĂƐĞ Ă ŵĂŐŶĞƚŝĐ ĂǆŝƐ
߶

н

Ͳ

н н
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)LJ����� :LQGLQJ�GLVWULEXWLRQ�RI�WKH�VWDWRU�RI�D�FRQYHQWLRQDO���SKDVH�6&,0�RYHU�����HOHFWULFDO�GHJUHHV

7KH�ZLQGLQJ�IXQFWLRQ�FDQ�EH�WUHDWHG�DV�VSDWLDO�GLVWULEXWLRQ�RI�WKH�PDJQHWR�PRWLYH�IRUFH�

�00)���H[FLWHG�E\�D�XQLW�FXUUHQW�IORZLQJ�WKURXJK�WKH�DVVRFLDWHG�ZLQGLQJ�>���@��,W�LV�WKHUHIRUH�

GLUHFWO\�UHODWHG� WR� WKH�00)� %\�WDNLQJ� WKH�PDJQHWLF�D[LV�RI�SKDVH�µD¶�DV� WKH�UHIHUHQFH�� WKH�

ZLQGLQJ�IXQFWLRQV�RI�SKDVH�µD¶��µE¶�DQG�µF¶�RI�WKH�VWDWRU�ZLQGLQJV�FDQ�EH�GHILQHG��UHVSHFWLYHO\��

DV�

ܰሺ߶ሻ ൌ
௦ܰ

ʹ
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ܰሺ߶ሻ ൌ
௦ܰ
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ݏܿ ሺ߶ െ
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͵
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ܰሺ߶ሻ ൌ
௦ܰ

ʹ
ݏܿ ሺ߶ െ

Ͷߨ

͵
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:KHUH� ௦ܰ LV�WKH�SHU�SKDVH�WRWDO�QXPEHU�RI�WXUQV�DQG�߶ LV�WKH�HOHFWULFDO�DQJOH�ZLWK�UHVSHFW�

WR�WKH�PDJQHWLF�D[LV�RI�WKH�SKDVH�µD¶�ZLQGLQJ��

ܽݏ݅

ܿݏ݅

ܾݏ݅ ܾݏݒ

ܿݏݒ

ݏ݅

݁ݏ݅
݁ݏݒ

ݏݒ

ܽݏݒ

)LJ����� 76&$2,�ZLQGLQJ�FRQILJXUDWLRQ

6HFRQGO\�� EDVHG� RQ� WKH� 76&$2,�ZLQGLQJ� DUUDQJHPHQW�� RQH� RI� WKH� WKUHH�ZLQGLQJV� LV�

VHSDUDWHG�DV�WKH�2QH�,VRODWHG��2,��ZLQGLQJ�DQG�WKH�UHPDLQLQJ�WZR�ZLQGLQJV��EHLQJ�FRQQHFWHG�

LQ�VHULHV��FRQVWLWXWH�WKH�7ZR�6HULHV�&RQQHFWHG��76&��ZLQGLQJ��$V�GHSLFWHG�LQ�)LJ�������ZLWK�

SKDVH�µD¶�DV�WKH�2,�ZLQGLQJ�IRU�H[FLWDWLRQ�DQG�SKDVH�µE¶�DQG�µF¶�FRQQHFWHG�LQ�VHULHV�DV�WKH�76&�

ZLQGLQJ� IRU� VLQJOH�SKDVH� HOHFWULFLW\� JHQHUDWLRQ�� WKH�ZLQGLQJ� IXQFWLRQV� RI� WKHVH� WZR� VHWV� RI�

ZLQGLQJV�FDQ�EH�UHDGLO\�REWDLQHG��7KH�ZLQGLQJ�IXQFWLRQ�RI�WKH 2,�ZLQGLQJ��EHLQJ�LGHQWLFDO�WR�

WKDW�RI�WKH�SKDVH�µܽ¶�ZLQGLQJ��LV�JLYHQ�LQ��������DQG�WKH�ZLQGLQJ�IXQFWLRQ�RI�WKH�76&�ZLQGLQJ��

ZKLFK�LV�GLUHFWO\�UHODWHG�WR�LWV�00)�GLVWULEXWLRQ��LV�JLYHQ�LQ������

௦ܰሺ߶ሻ ൌ
௦ܰ

ʹ
ݏܿ ሺ߶ሻ �����

௦ܰሺ߶ሻ ൌ ܰሺ߶ሻ െ ܰሺ߶ሻ ൌ
ξ͵ ௦ܰ

ʹ
ݏܿ ቀ߶ െ

ߨ
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)URP�������DQG��������LW�FDQ�EH�QRWHG�WKDW�WKH�76&�ZLQGLQJ�LV�VWLOO�VLQXVRLGDOO\�GLVWULEXWHG�

DORQJ�WKH�DLU�JDS��EXW�ZLWK�ξ͵ ௦ܰ WXUQV��)XUWKHUPRUH��WKH�76&�ZLQGLQJ�DQG�WKH�2,�ZLQGLQJ�DUH�

ORFDWHG� ZLWK� WKHLU� PDJQHWLF� D[HV� ��� HOHFWULFDO� GHJUHHV� DSDUW�� +HQFH� WKH\� DUH� PDJQHWLFDOO\�

GHFRXSOHG��7KH�UHVXOWLQJ�ZLQGLQJ�GLVWULEXWLRQ�RI�WKH�76&$2,�FRQILJXUHG���SKDVH�6&,0��RYHU�

����HOHFWULFDO�GHJUHHV��FDQ�EH�LOOXVWUDWHG�LQ�)LJ�������)URP�)LJ�������LW�LV�HDV\�WR�REVHUYH�WKDW�WKH�

76&$2,�FRQILJXUHG���SKDVH�6&,0�FDQ�EH�HTXLYDOHQW�WR�DQ�XQV\PPHWULFDO���SKDVH�6&,0��E\�

LJQRULQJ� WKH� VOLJKW� GLIIHUHQFHV� LQ� WKH� VWDWRU� UHVLVWDQFH� DQG� OHDNDJH� LQGXFWDQFHV�� 7KXV�� WKH�

PRGHOOLQJ�WHFKQLTXHV�DQG�WKH�DQDO\WLFDO�HTXDWLRQV��GHYHORSHG�LQ�WKLV�FKDSWHU��DUH�DOVR�VXLWDEOH�

IRU� LQYHVWLJDWLQJ� WKH� EHKDYLRXU� RI� WKH� LQYHUWHU�DVVLVWHG� VLQJOH�SKDVH� LQGXFWLRQ� JHQHUDWRU�

SURSRVHG�LQ�>�������@����

/ƐŽůĂƚĞĚ ƉŚĂƐĞ
ǁŝŶĚŝŶŐ

ĚŝƐƚƌŝďƵƚŝŽŶ ^ĞƌŝĞƐ ĐŽŶŶĞĐƚĞĚ
ƉŚĂƐĞ ǁŝŶĚŝŶŐ
ĚŝƐƚƌŝďƵƚŝŽŶ

WŚĂƐĞ Ă ŵĂŐŶĞƚŝĐ ĂǆŝƐ
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)LJ����� 5HVXOWLQJ�ZLQGLQJ�GLVWULEXWLRQ�RI�WKH���SKDVH�6&,0�LQ�WKH�76&$2,�ZLQGLQJ�FRQILJXUDWLRQ�RYHU�����

HOHFWULFDO�GHJUHHV

7KH� G\QDPLFV� RI� WKH� 76&$2,� FRQILJXUHG� 6&,0� DUH� PRGHOOHG� LQ� WKH� VWDWLRQDU\ߚߙ�

UHIHUHQFH� IUDPH�� )RU� GHULYDWLRQ� RI� WKH�PRGHO�� LW� LV� DVVXPHG� WKDW� WKHߙ� D[LV� RI� WKH� IUDPH� LV�

DOLJQHG�ZLWK�WKH�PDJQHWLF�D[LV�RI�2,�ZLQGLQJ��6LQFH�WKH�QXPEHU�RI�WXUQV�RI�WKH�HTXLYDOHQW���

SKDVH� URWRU�ZLQGLQJV� LQ� WKHߚߙ� UHIHUHQFH� IUDPH� FDQ� EH� DUELWUDULO\� VHOHFWHG� >���@�� WKH� URWRU�

FLUFXLWV�DUH�UHSUHVHQWHG�E\���SKDVH�URWRU�FLUFXLWV�ZLWK�HDFK�SKDVH�KDYLQJ�WKH�VDPH�QXPEHU�RI�

WXUQV�ZLWK�WKH�2,�ZLQGLQJ��0RUHRYHU��WKH�GHSHQGHQFH�RI�VWDWRU�YROWDJH�HTXDWLRQV�RQ�WKH�WXUQ¶V�

UDWLR�EHWZHHQ�WKH�76&�ZLQGLQJ�DQG�2,�ZLQGLQJ�FDQ�DOVR�EH�HOLPLQDWHG�E\�UHIHUULQJ�WKH�76&�

ZLQGLQJ�WR�WKH�2,�ZLQGLQJ��
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9DULDEOHV� ௦ݒ
ᇱ DQG� ݅௦

ᇱ DUH� WKH� UHIHUUHG� YROWDJH� DQG� FXUUHQW� RI� WKH� 76&� ZLQGLQJ��

UHVSHFWLYHO\��7KH�UHODWLRQVKLSV�EHWZHHQ�WKH�UHIHUUHG YDULDEOHVݒ�௦
ᇱ DQG�݅௦

ᇱ DQG�DFWXDO�YDULDEOHV�

௦ݒ DQG�݅௦ DUH��UHVSHFWLYHO\��JLYHQ�DV�

௦ݒ
ᇱ ൌ

௦ݒ

ξ͵
�����

݅௦
ᇱ ൌ ξ͵݅௦ �����

:LWK� WKH� VHULHV� FRQQHFWLRQ� RI� SKDVH� µE¶� DQG� µF¶�ZLQGLQJV�� WKH� UHVLVWDQFH� DQG� OHDNDJH�

LQGXFWDQFH�RI�WKH�76&�ZLQGLQJ�DUH�WZLFH�DV�PXFK�DV�WKRVH�RI�WKH�2,�ZLQGLQJ��&RQVHTXHQWO\��

WKH�YROWDJH�HTXDWLRQV�RI�WKH�VWDWRU�DQG�URWRU�FLUFXLWV�IRU�WKH�76&$2,�FRQILJXUHG���SKDVH�6&,0V�

LQ�VWDWLRQDU\�UHIHUHQFH�IUDPH�FDQ�EH�ZULWWHQ�DV��

൦
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:KHUH� YDULDEOHV� ௦ݒ DQG� ݅௦ UHSUHVHQW� WKH� YROWDJH� DQG� FXUUHQW� RI� WKH� 2,� ZLQGLQJ�

UHVSHFWLYHO\��DQG�YDULDEOHV�݅ఈ
ᇱ DQG�݅ఉ

ᇱ UHSUHVHQW�WKH�UHIHUUHGߙ� DQGߚ� FRPSRQHQWV�RI�WKH�URWRU�

FXUUHQWV�� UHVSHFWLYHO\�� 7KH�  UHSUHVHQWV� WKH� GLIIHUHQWLDO� RSHUDWRU� ݀ Τݐ݀ �� SDUDPHWHUV� ܴ௦ ��

௦ܮ � ܮ � ܴ DQGܮ� LQ� ������ UHVSHFWLYHO\� UHSUHVHQW� WKH� VWDWRU� UHVLVWDQFH�� WKH� VWDWRU� OHDNDJH�

LQGXFWDQFH��WKH�PDJQHWL]LQJ�LQGXFWDQFH��WKH�URWRU�UHVLVWDQFH�DQG�WKH�URWRU�OHDNDJH�LQGXFWDQFH�

RI�WKH���SKDVH�6&,0�DQG�߱ LV�WKH�HOHFWULFDO�DQJXODU�IUHTXHQF\�RI�WKH�URWRU�LQ�UDG�V��

7KH�HOHFWURPDJQHWLF�WRUTXH�DSSOLHG�RQ�WKH�URWRU�VKDIW�FDQ�EH�H[SUHVVHG�DV�

ܶ ൌ
ܲ

ʹ
ሺ݅௦ܮ

ᇱ ݅ఈ
ᇱ െ ݅௦݅ఉ

ᇱ ሻ �����
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ZKHUH�ܲ LV� WKH� QXPEHU� RI� SROHV�� (TXDWLRQV� ������������ GHVFULEH� RQO\� WKH� HOHFWULFDO�

EHKDYLRXU�RI�WKH�76&$2,�FRQILJXUHG�6&,0��7KH�PRWLRQ�RI�WKH�PDFKLQH�FDQ�EH�GHVFULEHG�E\

ܶ െ ܶ௫ ൌ
ܬʹ

ܲ

݀߱

ݐ݀
������

ZKHUH ܬ LV�WKH�URWRU�LQHUWLD�LQ�݇݃ ή ݉ଶ��߱ LV�WKH�HOHFWULFDO�DQJXODU�IUHTXHQF\�RI�WKH�URWRU�

LQ�UDG�V�� ܶ LV�WKH�HOHFWURPDJQHWLF�WRUTXH��LQ�1P�DQG ܶ௫ LV�WKH�H[WHUQDO�WRUTXH�DSSOLHG�RQ�WKH�

URWRU�VKDIW��LQ�1P�

���� 6WHDG\�6WDWH�(TXLYDOHQW�&LUFXLW�0RGHO

7R�GHULYH�WKH�VWHDG\�VWDWH�HTXLYDOHQW�FLUFXLW�PRGHO�RI�WKLV�SDUWLFXODU�JHQHUDWRU��������FDQ�

EH�UHDGLO\�WUDQVIRUPHG�LQWR�WKH�VWHDG\�VWDWH�YROWDJH�HTXDWLRQV�YLD�UHSODFLQJ� E\�݆߱௦��ZKHUH�

߱௦ LV� WKH� V\QFKURQRXV� DQJXODU� IUHTXHQF\�� $V� UHYLHZHG� LQ� &KDSWHU� �� IRU� WKH� XQEDODQFHG�

H[FLWDWLRQ�DQG�ORDG�DUUDQJHPHQWV��WKH�PHWKRG�RI�V\PPHWULFDO�FRPSRQHQWV��SURSRVHG�LQ�>���@��

LV� PRVW� FRPPRQO\� XVHG� WR� GHYHORS� WKH� JHQHUDOL]HG� VWHDG\�VWDWH� HTXLYDOHQW� PRGHO�� 8VLQJ�

V\PPHWULFDO�FRPSRQHQWV��WKH�XQEDODQFHG�SKDVRU�YDULDEOHV�RI�WKH�JHQHUDWRU�FDQ�EH�UHSUHVHQWHG�

LQ� WHUPV�RI� WZR�VHWV�RI�EDODQFHG�SKDVRU�YDULDEOHV��HDFK�KDYLQJ�RSSRVLWH�SKDVH�VHTXHQFH��DV�

JLYHQ�EHORZ

ቈ
෨ܺ
ఈ

෨ܺ
ఉ
 ൌ ሾࡿሿ ቈ

෨ܺ
௦ା

෨ܺ
௦ି
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ZKHUH� ෨ܺ UHSUHVHQWV� DQ\� SKDVRU� YDULDEOHV� RI� WKH� VWDWRU� DQG� URWRU� FLUFXLWV� LQ� WKHߚߙ�

UHIHUHQFH�IUDPH��ሾࡿሿ LV�WKH�FRUUHVSRQGLQJ�WUDQVIRUPDWLRQ�PDWUL[�DQG�WKH�SRVLWLYH�VHTXHQFH�DQG�

QHJDWLYH� VHTXHQFH� V\PPHWULFDO� FRPSRQHQWV� DUH� GHQRWHG� E\� VXEVFULSWV� ݏ  DQG� ݏ െ ��

UHVSHFWLYHO\��+RZHYHU��DFFRUGLQJ�WR�WKH�V\PPHWULFDO�FRPSRQHQWV�WKHRU\��WKH�VHOHFWLRQ�RI�ሾࡿሿ

LV� QRW� XQLTXH�� DQG� DSSURSULDWHO\� VHOHFWHG�ሾࡿሿ ZLOO� HQDEOH� WKH� GHULYHG� HTXLYDOHQW� FLUFXLW� WR�

SHUWLQHQWO\� LQYHVWLJDWH� HLWKHU� WKH� ORDG� RU� H[FLWDWLRQ FKDUDFWHULVWLFV� RI� WKH� JHQHUDWRU�� XQGHU�

VWHDG\�VWDWH�FRQGLWLRQV���
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����� (TXLYDOHQW�&LUFXLW�0RGHO�WR�,QYHVWLJDWH�/RDG�&KDUDFWHULVWLFV

,Q�RUGHU�WR�GHULYH�DQ�HTXLYDOHQW�FLUFXLW�PRGHO�WR�LQYHVWLJDWH�WKH�ORDG�FKDUDFWHULVWLFV�RI�WKH�

JHQHUDWRU��LW�LV�GHVLUDEOH�WR�LVRODWH�WKH�ORDG�FLUFXLW�LQ�WKH�PRGHO��$FFRUGLQJO\��WKH�WUDQVIRUPDWLRQ�

PDWUL[�ሾࡿሿ LV�VHOHFWHG�DV�

ሾࡿሿ ൌ ቂ
݆ െ݆
ͳ ͳ
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7KHQ��WKH�YROWDJH�HTXDWLRQV�LQ�WHUPV�RI�WKH�V\PPHWULFDO�FRPSRQHQWV�DUH�GLUHFWO\�REWDLQHG�

E\�VXEVWLWXWLQJ�WKH�WUDQVIRUPDWLRQ�PDWUL[�ሾࡿሿ��GHILQHG�LQ���������LQWR�WKH�VWHDG\�VWDWH�IRUP�RI�

������DV�
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%\�VLPSOLILFDWLRQ��WKH�DERYH�YROWDJH�HTXDWLRQV�FDQ�EH�UHZULWWHQ�LQ�D�FRPSDFW�IRUP�DV�
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ZKHUH�V LV�WKH�VOLS��

%DVHG� RQ� WKH� LQYHUVH� RI� WKH� WUDQVIRUPDWLRQ� PDWUL[� JLYHQ� LQ� �������� WKH� V\PPHWULFDO�

FRPSRQHQWV�RI�VWDWRU�YROWDJHV�FDQ�EH�H[SUHVVHG�DV�
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:KHQ�WKH�ORDG�LPSHGDQFH�ܼ LV�FRQQHFWHG�ZLWK�WKH�SRZHU�ZLQGLQJ�LQ�SDUDOOHO��WKH�UHIHUUHG�

RXWSXW�YROWDJH� ෨ܸ௦
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)LJ����� 7KH�XQLILHG�OXPSHG�HTXLYDOHQW�FLUFXLW�WR�LQYHVWLJDWH�WKH�H[FLWDWLRQ�FKDUDFWHULVWLFV��D��&RPSOHWH�

HTXLYDOHQW�FLUFXLW��E��6LPSOLILHG�FLUFXLW�DQG��F��6LPSOLILHG�FLUFXLW��

6LPLODUO\�XVLQJ�DSSURSULDWH�DSSUR[LPDWLRQV��)LJ������D��FDQ�EH�UHSODFHG�E\�)LJ������E���

DQG�WKHQ�)LJ������E��FDQ�EH�IXUWKHU�H[SUHVVHG�E\�LWV�VLPSOHVW�IRUP�VKRZQ�LQ�)LJ������F���,Q�)LJ��

����F��� ERWK� WKH� H[WHUQDO� ORDG� FLUFXLW� DQG� PDFKLQH� LWVHOI� DUH� UHSUHVHQWHG� E\� DQ� HTXLYDOHQW�

LPSHGDQFH�ܼ��ZKLFK�LV�FRQQHFWHG�LQ�VHULHV�ZLWK�WKH�H[FLWDWLRQ�VRXUFH��7KH�H[SUHVVLRQ�RI�WKH�

H[FLWDWLRQ�FXUUHQW�FDQ�WKHUHIRUH�EH�ZULWWHQ�DV�
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,Q���������WKH�ILUVW�WZR�WHUPV�UHSUHVHQW�WKH�DFWLYH�FRPSRQHQW�RI�WKH�H[FLWDWLRQ�FXUUHQW�DQG�

WKH� ODVW� WZR� WHUPV� UHSUHVHQW� WKH� UHDFWLYH� FRPSRQHQW� RI� WKH� H[FLWDWLRQ� FXUUHQW�� 7KHVH� WZR�

FRPSRQHQWV�DUH�RI�JUHDW�LPSRUWDQFH�LQ�WKH�LQYHVWLJDWLRQ�RI�WKH�76&$2,�FRQILJXUHG�JHQHUDWRU��

)URP���������LW�LV�FOHDU�WKDW�WKH�PDJQLWXGH�RI�QR�ORDG�H[FLWDWLRQ�FXUUHQW��IRU�D�JLYHQ�H[FLWDWLRQ�

YROWDJH��LV�DOZD\V�PLQLPXP�DW�V\QFKURQRXV�VSHHG�ሺݏ ൌ Ͳሻ UHJDUGOHVV�RI�PDFKLQH�SDUDPHWHUV��

:KHQ�WKH�ORDG�LV�FRQQHFWHG� WKH�PLQLPXP�PDJQLWXGH�RI�WKH�H[FLWDWLRQ�FXUUHQW�LV�DFKLHYHG�DW�

ݏ ൌ െܴȀ͵ܴௗ
ᇱ ��,Q���������LW�LV�DOVR�REVHUYHG�WKDW�WKH�UHDFWLYH�FRPSRQHQW�RI�WKH�H[FLWDWLRQ�

FXUUHQW�LV�PDLQO\�LQIOXHQFHG�E\�WKH�PDJQHWL]LQJ�LQGXFWDQFH�DQG�WKH�FRPSHQVDWLRQ�FDSDFLWDQFH��

7KXV�� D� SURSHUO\� VHOHFWHG� FRPSHQVDWLRQ� FDSDFLWDQFH� ZLOO� VLJQLILFDQWO\� UHGXFH� WKH� UHDFWLYH�

SRZHU�UHTXLUHPHQW�RI�WKH�EL�GLUHFWLRQDO�FRQYHUWHU��

���� 6XPPDU\

,Q� WKLV� FKDSWHU�� D�ZLQGLQJ� IXQFWLRQ�PRGHOOLQJ� DSSURDFK�ZDV� LQWURGXFHG� WR� GHULYH� WKH�

G\QDPLF�PRGHO�RI�WKH 76&$2,�FRQILJXUHG�JHQHUDWRU�� ,W�KDV�EHHQ�VKRZQ�WKDW� WKH�XVH�RI�WKH�

ZLQGLQJ� IXQFWLRQ� DSSURDFK� OHG� WR� D� VLPSOHU�PRGHOOLQJ� SURFHVV��0RUH� LPSRUWDQWO\��ZLQGLQJ�

IXQFWLRQ� DSSURDFK� SURYLGHG� D� GLUHFW� DQG� YLVXDOL]HG� GHVFULSWLRQ� RI� WKH� UHVXOWLQJ� ZLQGLQJ�

GLVWULEXWLRQ RI� WKH� 76&$2,� FRQILJXUHG� JHQHUDWRU�� DQG� UHYHDOHG� WKH� UHODWLRQVKLS� EHWZHHQ�

76&$2,�FRQILJXUHG���SKDVH�6&,*�DQG�VLQJOH�SKDVH�6&,*���8VLQJ�WKH�V\PPHWULFDO�FRPSRQHQW�

WKHRU\�� WKH� REWDLQHG� G\QDPLF� PRGHO� ZDV� WUDQVIRUPHG� LQWR� WZR� GLIIHUHQW� HTXLYDOHQW� FLUFXLW�

PRGHOV��8VLQJ�WKHVH�WZR�HTXLYDOHQW�FLUFXLW�PRGHOV��WKH�ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV�RI�

WKH� JHQHUDWRU�� DV� ZHOO� DV� WKH� LPSDFW� RI� WKH� PDFKLQH� SDUDPHWHUV� RQ� LWV� SHUIRUPDQFH�� ZHUH�

LQYHVWLJDWHG��
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&KDSWHU��

3HUIRUPDQFH�RI�6WDQGDORQH�76&$2,�

&RQILJXUHG�,QGXFWLRQ�*HQHUDWRUV

���� ,QWURGXFWLRQ

%DVHG� RQ� WKH� SURSRVHG� HTXLYDOHQW� FLUFXLW� PRGHOV�� WKH� VWHDG\�VWDWH� EHKDYLRXU� DQG�

SHUIRUPDQFH�RI�WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�LQGXFWLRQ�JHQHUDWRU�KDYH�EHHQ�WKHRUHWLFDOO\�

LQYHVWLJDWHG� LQ� WKH� SUHYLRXV� FKDSWHU�� +RZHYHU�� WKH� DFFXUDF\� RI� ERWK� SURSRVHG� PRGHO� DQG�

SHUIRUPDQFH�FKDUDFWHULVWLFV�LV�\HW�WR�EH�SURYHQ��

7KHUHIRUH� LQ� WKLV� FKDSWHU�� WKH� JHQHUDO� VWHDG\�VWDWH� SHUIRUPDQFH� RI� WKH� VWDQGDORQH�

76&$2,�FRQILJXUHG�JHQHUDWRU�LV�ILUVWO\�LQYHVWLJDWHG�WKURXJK�VLPXODWLRQV�DQG�H[SHULPHQWDOO\�

XQGHU� YDULRXV� RSHUDWLQJ� FRQGLWLRQV�� 6HFRQGO\�� WKH� VWHDG\�VWDWH� ORDG� DQG� H[FLWDWLRQ�

FKDUDFWHULVWLFV� RI� WKH� JHQHUDWRU� DUH� DOVR� LQYHVWLJDWHG� XVLQJ� ERWK� VLPXODWLRQV� DV� ZHOO� DV�

H[SHULPHQWV��%RWK�WKH�VLPXODWHG�DQG�H[SHULPHQWDO�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW�DQG�H[KLELW�

VDPH�WUHQG��7KHVH�UHVXOWV� IXUWKHU� LQGLFDWH� WKDW� WKH� ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV�RI� WKLV�

SDUWLFXODU�JHQHUDWRU�FDQ�EH�DFFXUDWHO\�SUHGLFWHG�E\�WKH�DQDO\WLFDO�HTXDWLRQV�H[WUDFWHG�IURP�WKH�

SURSRVHG� HTXLYDOHQW� FLUFXLW�PRGHOV�� )LQDOO\�� WKLV� FKDSWHU� H[SODLQV� WKH� FDXVHV� RI� WKH� WRUTXH�

IOXFWXDWLRQV� LQ� WKLV� JHQHUDWRU�� +RZHYHU�� WKH� GLIILFXOWLHV� LQ� WKH� PDQLSXODWLRQ� RI� WKH�

HOHFWURPDJQHWLF� WRUTXH� XQGHU� XQEDODQFHG� RSHUDWLQJ� FRQGLWLRQV�� PDNH� LW� LPSRVVLEOH� WR�

LQYHVWLJDWH� WKH� LPSDFW� RI� WKH� V\VWHP� SDUDPHWHUV� RQ� WKH� WRUTXH� IOXFWXDWLRQ�� 7KLV� FKDSWHU�

WKHUHIRUH�SURSRVHV�WR�XVH�YROWDJH�XQEDODQFH�IDFWRU��98)��WR�GHWHUPLQH�WKH�DSSUR[LPDWH�OHYHO�

RI�WKH�WRUTXH�IOXFWXDWLRQ�DQG�YHULILHV�WKH�HIIHFWLYHQHVV�RI�WKLV�DSSURDFK�E\�VLPXODWLRQV�

���� *HQHUDO�6WHDG\�6WDWH�3HUIRUPDQFH

,Q� RUGHU� WR� GHPRQVWUDWH� WKH� SUDFWLFDO� YLDELOLW\� RI� WKH� VWDQGDORQH� 76&$2,� FRQILJXUHG�

JHQHUDWRU��D�SURWRW\SH�JHQHUDWRU�ZDV�FRQILJXUHG�LQ�WKH�76&$2,�ZLQGLQJ�DUUDQJHPHQW��XVLQJ�D�

��SROH���N:�����9�FDJH�LQGXFWLRQ�PDFKLQH��7KH�SDUDPHWHUV�RI�WKLV�FDJH�LQGXFWLRQ�PDFKLQH�



��

DUH�JLYHQ�LQ�WKH�$SSHQGL[�$� %DVHG�RQ�WKLV�SURWRW\SH�JHQHUDWRU��WKH�H[SHULPHQWDO�SODWIRUP��RQ�

ZKLFK�D�VPDOO�VFDOH�JHQHUDWLRQ�V\VWHP�ZDV�LPSOHPHQWHG��ZDV�EXLOW�DQG�VKRZQ�LQ�)LJ�������

,Q� WKH� H[SHULPHQW�� WKH� SURWRW\SH� JHQHUDWRU� ZDV� PHFKDQLFDOO\� FRXSOHG� WR DQRWKHU�

LQGXFWLRQ�PDFKLQH�FRQWUROOHG�E\�D�YDULDEOH�VSHHG�GULYH��96'��WR�HPXODWH�WKH�YDULDEOH�VSHHG�

SULPH�PRYHU��$�YDULDEOH�UHVLVWLYH�ORDG�ZDV�FRQQHFWHG�ZLWK�WKH�SRZHU�ZLQGLQJ��DQG�D�VLQJOH�

SKDVH�YROWDJH�VRXUFH�FRQYHUWHU��96&��ZDV�FRQQHFWHG�ZLWK�WKH�H[FLWDWLRQ�ZLQGLQJ�WR�UHJXODWH�

WKH�ORDG�YROWDJH�DW����9���+]�XQGHU�YDU\LQJ�URWRU�VSHHGV��7KH�FRQWURO�VRIWZDUH�RI�WKH�VLQJOH�

SKDVH�96&�ZDV�GHYHORSHG�RQ�D�7,�'HOILQR�������FRQWUROOHU�ERDUG��DQG�WKH�FRQWURO�DOJRULWKP�

KDV�EHHQ�GHWDLOHG�LQ�&KDSWHU����7KH�ORDG�YROWDJH�ZDV�PHDVXUHG�E\�WKH�LVRODWHG�YROWDJH�VHQVRU��

DQG� WKH� IHHGEDFN� VLJQDO�RI� WKH� ORDG�YROWDJH�ZDV� UHDG�E\� WKH�FRQWURO�ERDUG� WKURXJK�DQ�$�'�

�$QDORJ� WR� 'LJLWDO�� FRQYHUWHU�� $FFRUGLQJ� WR� WKH� PHDVXUHG� DQG� GHVLUHG� ORDG� YROWDJHV�� WKH�

FRQWUROOHU�ERDUG�SURYLGHV�WKH�3:0��3XOVH�:LGWK�0RGXODWLRQ��VLJQDOV�WR�WKH�96&��
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)LJ����� ([SHULPHQWDO�VHWXS

%HIRUH�DQ\�GHWDLOHG�LQYHVWLJDWLRQV�WKURXJK�VLPXODWLRQV�DQG�H[SHULPHQWV��WKH�YDOXH�RI�WKH�

FRPSHQVDWLRQ�FDSDFLWRU�PXVW�EH�ILUVW�GHWHUPLQHG��7KH�FRPSHQVDWLRQ�FDSDFLWRU��FRQQHFWHG�ZLWK�

WKH�UHVLVWLYH�ORDG�LQ�SDUDOOHO��LV�HPSOR\HG�WR�UHGXFH�WKH�UHDFWLYH�SRZHU�UHTXLUHPHQW�RI�WKH�96&��

KDYLQJ�D�VLJQLILFDQW�LPSDFW�RQ�WKH�V\VWHP�RSHUDWLQJ�UDQJH��
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)RU�WKLV�SDUWLFXODU�JHQHUDWLRQ�V\VWHP��WKH�RSHUDWLQJ�UDQJH�LV�GHSHQGHQW�RQ�ERWK�LWV�ORDG�

UDQJH�DQG�VSHHG�UDQJH��:LWKLQ�WKH�RSHUDWLQJ�UDQJH�� WKH�SKDVH�FXUUHQWV�DQG�YROWDJHV�DQG�WKH�

98)�RI�WKLV�SURWRW\SH�JHQHUDWRU�PXVW�EH�DOO�ZLWKLQ�WKH�UHVWULFWHG�UDQJH��&RQYHUVHO\��LI�DQ\�RI�

WKHP�H[FHHGV� WKH� UHVWULFWHG� UDQJH�� WKH�FRUUHVSRQGLQJ�RSHUDWLQJ�SRLQW�ZLOO�QRW�EH�ZLWKLQ� WKH�

RSHUDWLQJ�UDQJH�RI�WKH�JHQHUDWRU���

,Q� SUDFWLFH�� WKH� SKDVH� FXUUHQWV� DQG� YROWDJHV� DUH� OLPLWHG� ZLWKLQ� ���$� DQG� ���9�

UHVSHFWLYHO\��DQG�WKH�PD[LPXP�98)�LV�QRW�DOORZHG�WR�H[FHHG������� � ,Q�DGGLWLRQ��ZKHQ�WKLV�

SURWRW\SH� JHQHUDWRU� LV� RSHUDWHG� ZLWK� D� VSHFLILF� FRPSHQVDWLRQ� FDSDFLWRU�� WKH� DFWXDO� SKDVH�

FXUUHQWV�DQG�YROWDJHV�DQG�DOVR�WKH�98)�RI�WKH�JHQHUDWRU�DW�GLIIHUHQW�UHVLVWLYH�ORDGV�DQG�URWRU�

VSHHGV�FDQ�EH�FDOFXODWHG�E\�0$7/$% XVLQJ�WKH�SUHYLRXVO\�GHULYHG�VWHDG\�VWDWH�PDWKHPDWLFDO�

PRGHO��7KHUHIRUH��E\�GHWHUPLQLQJ�ZKHWKHU�WKH�FDOFXODWHG�YDOXHV�DUH�ZLWKLQ�WKH�UHVWULFWHG�UDQJHV��

WKH� SUDFWLFDO� RSHUDWLQJ� UDQJH� RI� WKLV� SURWRW\SH� JHQHUDWRU� ZLWK� WKH� VSHFLILF� FRPSHQVDWLRQ�

FDSDFLWRU�FDQ�EH�REWDLQHG���

7KH�EOXH�VKDGHG�UHJLRQ�LQ�)LJ������LQGLFDWHV�WKH�VLPXODWHG�RSHUDWLQJ�UDQJH�VDWLVI\LQJ�WKH�

DERYH� FULWHULD�� ZKHQ� WKH� SURWRW\SH� JHQHUDWRU� ZDV FRQQHFWHG� ZLWK� D� ��X)� FRPSHQVDWLRQ�

FDSDFLWRU�WR�VXSSO\�SRZHU�WR�WKH�UHVLVWLYH�ORDG�DW�����9����+]��7KH�DUHD�RI�WKH�EOXH�VKDGHG�

UHJLRQ� FDQ� EH� XVHG� WR� TXDQWLI\� WKH� RSHUDWLQJ� UDQJH� RI� WKH� JHQHUDWRU�� 7KHUHIRUH�� WKH�

FRPSHQVDWLRQ�FDSDFLWRU�FDQ�EH�VHOHFWHG�E\�FRPSDULQJ�WKH�DUHDV�RI�WKH�EOXH�VKDGHG�UHJLRQV�ZLWK�

UHVSHFW�WR�GLIIHUHQW�FDSDFLWRUV��7KH�RSHUDWLQJ�UDQJHV�RI�WKLV�SURWRW\SH�JHQHUDWRU�XVLQJ�GLIIHUHQW�

FRPSHQVDWLRQ� FDSDFLWRUV� DUH� FRPSDUHG� LQ� WKH� SHUFHQWDJH� EDU� JUDSK� LOOXVWUDWHG� LQ� )LJ�� �����

$FFRUGLQJ�WR�)LJ�������WKH���X)�FDSDFLWRU�SURYLGHV�WKH�PD[LPXP�RSHUDWLQJ�UDQJH��KHQFH�LW�ZDV�

VHOHFWHG����������
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)LJ����� 2SHUDWLQJ�UDQJH�RI�WKH�SURWRW\SH�JHQHUDWRU�

ZKHQ�D���X)�FRPSHQVDWLRQ�FDSDFLWRU�ZDV�FRQQHFWHG

)LJ����� 2SHUDWLQJ�UDQJH�FRPSDULVRQ�XVLQJ�GLIIHUHQW�

FRPSHQVDWLRQ�FDSDFLWRUV
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)LJ������D��DQG�)LJ������E��VKRZ�WKH�FRQWRXU�SORWV�VLPXODWHG�E\�0$7/$% IRU�WKH�FXUUHQW�

YDULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�DQG�WKH�SRZHU�ZLQGLQJ��UHVSHFWLYHO\��ZLWK�YDU\LQJ�ORDGV�

DQG�URWRU�VSHHGV� ZKHQ�WKH�ORDG�YROWDJH�LV�UHJXODWHG�DW����9���+]���$W�OLJKW�ORDGV��LW�LV�FOHDU�

IURP� )LJ�� ����D�� WKDW� WKH� PLQLPXP� H[FLWDWLRQ� ZLQGLQJ� FXUUHQW� LV� DFKLHYHG� DW� URWRU� VSHHGV�

VOLJKWO\�DERYH�WKH�V\QFKURQRXV�VSHHG��$W�KHDY\�ORDGV��KRZHYHU��WKH�VSHHG�FRUUHVSRQGLQJ�WR�WKH�

PLQLPXP�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�LQFUHDVHV�VXEVWDQWLDOO\�ZLWK�LQFUHDVLQJ�ORDG���,Q�FRQWUDVW��

WKH�SRZHU�ZLQGLQJ�FXUUHQW�YDULHV�RQO\�ZLWK�WKH�FKDQJLQJ�ORDGV��DV�VKRZQ�LQ�)LJ������E���EHFDXVH�

WKH�ORDG�YROWDJH�LV�UHJXODWHG�DW����9���+]�IRU�DOO�VSHHGV��
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)LJ����� &RQWRXUV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW��D��WKH�SRZHU�ZLQGLQJ�FXUUHQW��E��ZLWK�WKH�FKDQJLQJ�ORDGV�

DQG�URWRU�VSHHGV�

7KH�FRQWRXUV�VKRZLQJ�WKH�YDULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�ZLWK�WKH�FKDQJLQJ�

ORDGV� DQG� URWRU� VSHHGV� DUH� SUHVHQWHG� LQ� )LJ�� ����� ZKHQ� WKH� ORDG� YROWDJH� LV� UHJXODWHG� DW�
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)LJ����� &RQWRXUV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�ZLWK�WKH�FKDQJLQJ�ORDGV�DQG�URWRU�VSHHGV
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$V�VKRZQ�LQ�)LJ�������WKH�UHTXLUHG�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�VKRXOG�EH�DXJPHQWHG�ZKHQ�

D�KHDYLHU�ORDG�LV�FRQQHFWHG�RYHU�D�ZLGH�UDQJH�RI�URWRU�VSHHGV��7KH�VLPXODWHG�DQG�H[SHULPHQWDO�

YDULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�YHUVXV�WKH�URWRU�VSHHGV�DUH�LOOXVWUDWHG�LQ�)LJ������

IRU� WKUHH� GLIIHUHQW� UHVLVWLYH� ORDGV�� ZKHQ� WKH� ORDG� YROWDJH� LV� UHJXODWHG� DW� ���9���+]�� 7KH�

VLPXODWHG�DQG�H[SHULPHQWDO�UHVXOWV�DUH�LQ�DJUHHPHQW�DQG�H[KLELW�WKH�VDPH�WUHQG��$V�REVHUYHG�

HDUOLHU�LQ�)LJ�������)LJ������FRQVLVWHQWO\�LQGLFDWHV WKDW�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�LV�QHHGHG�WR�

LQFUHDVH�ZLWK�WKH�LQFUHDVLQJ�RI�WKH�ORDG��ZKHQ�WKH�RXWSXW�YROWDJH�LV�UHJXODWHG�DW�D�IL[HG�YDOXH��

$OWKRXJK� WKH� LPSHGDQFH� VHHQ� IURP� WKH� H[FLWDWLRQ� ZLQGLQJ� LV� FRPSOH[� LQ� QDWXUH�� EHLQJ�

GHSHQGHQW�RQ�ERWK�WKH�V\QFKURQRXV�DQJXODU�IUHTXHQF\�DQG�WKH�VOLS�IUHTXHQF\��WKH�GHFUHDVH�LQ�

WKH�UHTXLUHG�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�ZLWK�WKH�LQFUHDVLQJ�URWRU�VSHHG�LV�REYLRXV�LQ�)LJ������
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&DOFXODWHG

0HDVXUHG

���: /RDG
���: /RDG
���: /RDG

)LJ����� 9DULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�ZLWK�WKH�FKDQJLQJ�URWRU�VSHHGV�ZKHQ�WKUHH�GLIIHUHQW�

ORDGV�DUH�FRQQHFWHG

)LJ�� ���� LOOXVWUDWHV� WKH� YDULDWLRQV� RI� WKH� H[FLWDWLRQ� ZLQGLQJ� FXUUHQW� IRU� YDU\LQJ� URWRU�

VSHHGV�DQG�GLIIHUHQW�UHVLVWLYH�ORDGV��
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���: /RDG
���: /RDG
���: /RDG

&DOFXODWHG

0HDVXUHG

���: /RDG
���: /RDG
���: /RDG

)LJ����� 9DULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�ZLWK�WKH�FKDQJLQJ�URWRU�VSHHGV�ZKHQ�WKUHH�GLIIHUHQW�

ORDGV�DUH�FRQQHFWHG

$V� VKRZQ� LQ� )LJ�� ����� IRU� HDFK� ORDG�� WKHUH� H[LVWV� D� XQLTXH� URWRU� VSHHG�� DW�ZKLFK� WKH�

H[FLWDWLRQ�ZLQGLQJ�FXUUHQW� LV�PLQLPXP��7KH�YDULDWLRQV�RI� WKH�DFWLYH�SRZHU�SURYLGHG�E\� WKH�
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H[FLWDWLRQ�ZLQGLQJ�IRU�YDU\LQJ�URWRU�VSHHGV�DQG�GLIIHUHQW�ORDGV�DUH�LOOXVWUDWHG�LQ�)LJ�������7KH�

SRVLWLYH�SRZHU�DQG�QHJDWLYH�SRZHU�LQGLFDWH�WKDW�WKH�DFWLYH�SRZHU�LV�VXSSOLHG�DQG�DEVRUEHG�E\�

WKH�H[FLWDWLRQ�ZLQGLQJ��UHVSHFWLYHO\��
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���: /RDG
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&DOFXODWHG

0HDVXUHG

���: /RDG
���: /RDG
���: /RDG

)LJ����� 9DULDWLRQV�RI�WKH�DFWLYH�SRZHU�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�ZLWK�WKH�FKDQJLQJ�URWRU�VSHHGV�ZKHQ�WKUHH�

GLIIHUHQW�ORDGV�DUH�FRQQHFWHG

,W� FDQ�EH�QRWHG� WKDW� WKHUH�DOVR� H[LVWV�D�XQLTXH� URWRU� VSHHG� IRU�HDFK� ORDG�DW�ZKLFK� WKH�

H[FLWDWLRQ�ZLQGLQJ�QHLWKHU�VXSSOLHV�QRU�DEVRUEV�DFWLYH�SRZHU��7KLV� LV�EHFDXVH�ERWK�WKH�ORDG�

SRZHU�DQG�ORVVHV�RI�WKH�JHQHUDWRU�DW�WKLV�VSHHG�DUH�PHW�E\�WKH�SULPH�PRYHU��,Q�DGGLWLRQ��WKLV�

VSHHG�LV�EDVLFDOO\�LGHQWLFDO�WR�WKH�VSHHG�RI�PLQLPXP�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�REVHUYHG�LQ�

)LJ�� ����� %HFDXVH��ZKHQ� WKH� URWRU� VSHHG� LV� LQFUHDVHG� EH\RQG� WKLV� XQLTXH� VSHHG�� WKH� SRZHU�

VXSSOLHG�E\�WKH�SULPH�PRYHU�LV�LQFUHDVHG��DQG�WKH�H[FHVV�SRZHU�LV�WKHUHZLWK�DEVRUEHG�E\�WKH�

H[FLWDWLRQ�ZLQGLQJ��UHVXOWLQJ�LQ�DQ�LQFUHDVH�LQ�WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW� 6LPLODUO\��ZKHQ�

WKH� URWRU� VSHHG� LV� UHGXFHG� EHORZ� WKH� XQLTXH� VSHHG�� WKH� SRZHU� RI� WKH� SULPH� PRYHU� LV�

VXSSOHPHQWHG�E\�WKH�H[FLWDWLRQ�ZLQGLQJ��DOVR�UHVXOWLQJ�LQ�DQ�LQFUHDVH�LQ�WKH�H[FLWDWLRQ�ZLQGLQJ�

FXUUHQW��

7KH�SHUIRUPDQFH�RI�WKH�SURSRVHG�JHQHUDWRU�ZDV�DOVR�HYDOXDWHG�LQ�WHUP�RI�WKH�HIILFLHQF\�

IRU� WKUHH� GLIIHUHQW� ORDG� SRZHU� OHYHOV�� DV� VKRZQ� LQ� )LJ�� ����� $� PD[LPXP� HIILFLHQF\� RI�

DSSUR[LPDWHO\�����LV�REVHUYHG�ZKHQ����:�ORDG�LV�FRQQHFWHG��
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���: /RDG
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���: /RDG

)LJ����� (IILFLHQF\�RI�WKH�JHQHUDWRU�ZKHQ�WKUHH�GLIIHUHQW�ORDGV�DUH�FRQQHFWHG

���� /RDG�&KDUDFWHULVWLFV

7KH� HTXLYDOHQW� FLUFXLW�PRGHO�� GHULYHG� IRU� LQYHVWLJDWLQJ� WKH� ORDG� FKDUDFWHULVWLFV� RI� WKH�

VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU��KDV�DOUHDG\�EHHQ�REWDLQHG�LQ�6HFWLRQ��������8VLQJ�

WKLV�PRGHO��WKH�UHODWLRQVKLS�EHWZHHQ�WKH�ORDG�YROWDJH�DQG�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�FDQ�EH�

H[SOLFLWO\� GHVFULEHG� E\� ��������$FFRUGLQJ� WR� �������� WKH� ORDG� YROWDJH� LV� SURSRUWLRQDO� WR� WKH�

H[FLWDWLRQ�ZLQGLQJ�YROWDJH�EXW�LQYHUVHO\�SURSRUWLRQDO�WR�WKH�ORDG�LPSHGDQFH��

)LJ�������VKRZV WKH�VLPXODWHG�DQG�H[SHULPHQWDO�YDULDWLRQV�RI�WKH�QR�ORDG�YROWDJH�ZLWK�

WKH� FKDQJLQJ� URWRU� VSHHGV� IRU� WKUHH� GLIIHUHQW� FRPSHQVDWLRQ� FDSDFLWRUV��ZKHQ� WKH� H[FLWDWLRQ�

ZLQGLQJ� YROWDJH� LV� IL[HG� DW� ���9���+]�� ,W� LV� FOHDU WKDW� WKHUH� H[LVWV� DQ� LQYHUVH� UHODWLRQVKLS�

EHWZHHQ�WKH�ORDG�YROWDJH�DQG�ORDG�LPSHGDQFH��ZKHQ�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�LV�IL[HG��

&RPELQLQJ� ZLWK� WKH� UHVXOWV� VKRZQ� LQ� )LJ�� ����� WKH� ORDG� FKDUDFWHULVWLFV� RI� WKH� VWDQGDORQH�

76&$2,�FRQILJXUHG�JHQHUDWRU�FDQ�EH�FRPSUHKHQVLYHO\�LOOXVWUDWHG���

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

���

���

���

���

���

5RWRU 6SHHG �U�PLQ�

1
R�
/
RD
G
9
RO
WD
JH

�9
�

2SHQ &LUFXLW
& ��X)
& ��X)
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2SHQ &LUFXLW
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)LJ������ 9DULDWLRQV�RI�WKH�QR�ORDG�YROWDJH�ZLWK�WKH�FKDQJLQJ�URWRU�VSHHGV
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���� ([FLWDWLRQ�&KDUDFWHULVWLFV

7KH�VLPXODWHG� DQG�H[SHULPHQWDO�YDULDWLRQV�RI� WKH�QR�ORDG�H[FLWDWLRQ�ZLQGLQJ�FXUUHQWV�

ZLWK�WKH�FKDQJLQJ�URWRU�VSHHGV�IRU�WKUHH�GLIIHUHQW�FRPSHQVDWLRQ�FDSDFLWRUV�DUH�VKRZQ�LQ�)LJ��

������ ZKHQ� WKH� H[FLWDWLRQ� ZLQGLQJ� YROWDJH� LV� IL[HG� DW� ���9���+]�� 7KH� JRRG� DJUHHPHQWV�

EHWZHHQ�WKH�VLPXODWHG�DQG�H[SHULPHQWDO�UHVXOWV�FRQYLQFLQJO\�LQGLFDWH�WKDW�WKH�SURSRVHG�XQLILHG�

HTXLYDOHQW�FLUFXLWV�DUH�DFFXUDWH�DQG�FDQ�EH�XVHG�DW�WKH�GHVLJQ�VWDJH��$V�H[SHFWHG�IURP���������

)LJ�������VKRZV�WKDW�WKH�QR�ORDG�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�UHTXLUHPHQW�LV�DOZD\V�PLQLPXP�DW�

WKH�V\QFKURQRXV�VSHHG�HYHQ� WKRXJK� WKH�JHQHUDWRU� LV�FRQQHFWHG ZLWK�GLIIHUHQW�FRPSHQVDWLRQ�

FDSDFLWRUV�� )XUWKHUPRUH�� )LJ�� ����� LQGLFDWHV� WKDW� WKH� UHDFWLYH� SRZHU� UHTXLUHPHQW� RI� WKH�

JHQHUDWRU� FDQ� EH� HIIHFWLYHO\� FRPSHQVDWHG� E\� WKH� FRPSHQVDWLRQ� FDSDFLWRU�� FRQQHFWHG� WR� WKH�

SRZHU�ZLQGLQJ��)URP�WKH�LQYHVWLJDWLRQ�RI�WKH�UHDFWLYH�SRZHU�WHUPV�LQ���������LW�LV�QRWDEOH�WKDW�

WKH�VHOHFWHG�FRPSHQVDWLRQ�FDSDFLWRU�VKRXOG�EH�DV�FORVH�DV�WR ʹ ͵Τ ߱௦
ଶܮ��ZKLFK�LV�DERXW�����X)�

LQ�WKLV�FDVH�WR�HIIHFWLYHO\�FRPSHQVDWH�WKH�UHDFWLYH�SRZHU�UHTXLUHPHQW�DQG�UHGXFH�WKH�H[FLWDWLRQ�

ZLQGLQJ�FXUUHQW�
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&DOFXODWHG
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2SHQ &LUFXLW
& ��X)
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)LJ������ 9DULDWLRQV�RI�WKH�QR�ORDG�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�ZLWK�WKH�FKDQJLQJ�URWRU�VSHHGV�DQG�WKUHH�

GLIIHUHQW�FRPSHQVDWLRQ�FDSDFLWRUV�

)LJ�� ����� VKRZV� WKH� VLPXODWHG� YDULDWLRQV� RI� WKH� H[FLWDWLRQ� ZLQGLQJ� FXUUHQW� RI� WKH�

JHQHUDWRU� ZLWK� YDU\LQJ� VSHHGV� DQG� GLIIHUHQW� UHVLVWLYH� ORDGV�� ZKHQ� WKH� ORDG� YROWDJH� ZDV�

UHJXODWHG�DW����9���+]�DQG�D���X)�FRPSHQVDWLRQ�FDSDFLWRU�LV�HPSOR\HG��$FFRUGLQJ�WR���������

WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�LV�GHWHUPLQHG�E\�WKH�UHVLVWLYH�ORDG�DQG�RSHUDWLQJ�VSHHG��ZLWK�WKH�

IL[HG� FRPSHQVDWLRQ� FDSDFLWRUV�� ,Q� DGGLWLRQ�� DV� H[SODLQHG� LQ� 6HFWLRQ� ������� WKH� H[FLWDWLRQ�

ZLQGLQJ�FXUUHQW�IRU�D�JLYHQ�UHVLVWLYH�ORDG�LV�DOZD\V�PLQLPXP�DW�WKH�RSHUDWLQJ�VSHHG��VDWLVI\LQJ�

ݏ ൌ െܴȀ͵ܴௗ
ᇱ ��7KH�WKLFNHU�EOXH�OLQH�LQ�)LJ�������GHQRWHV�WKH�URWRU�VSHHGV��VDWLVI\LQJݏ� ൌ

െܴȀ͵ܴௗ
ᇱ �� DQG� WKH� UHG� FLUFOHV� GHQRWHV� WKH� H[SHULPHQWDO� RSHUDWLQJ� VSHHGV�� DW� ZKLFK� WKH�
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H[FLWDWLRQ�ZLQGLQJ�FXUUHQW� LV PLQLPXP�ZLWK� WKH�JLYHQ� UHVLVWLYH� ORDG��7KH�JRRG�DJUHHPHQWV�

EHWZHHQ�WKH�WKHRUHWLFDO�DQG�H[SHULPHQWDO�UHVXOWV�IXUWKHU�LQGLFDWH�WKH�YDOLGLW\�RI�WKH�WKHRUHWLFDO�

DQDO\VHV��
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)LJ������ &RQWRXUV�VKRZLQJ�WKH�YDULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�ZLWK�WKH�FKDQJLQJ�ORDGV�DQG�URWRU�

VSHHGV

���� )OXFWXDWLQJ�7RUTXH�DQG�98)

7KH�PDMRU�GUDZEDFN�RI�WKH�76&$2,�FRQILJXUHG�6&,*�LV�LWV�DV\PPHWULFDO�H[FLWDWLRQ�DQG�

ORDG�DUUDQJHPHQW��7KLV�DV\PPHWULFDO�DUUDQJHPHQW�ZLOO�LQHYLWDEO\�FDXVH�XQEDODQFHG�RSHUDWLRQ�

RI�WKH�JHQHUDWRU��UHVXOWLQJ�LQ�WRUTXH�IOXFWXDWLRQV��7KH�IOXFWXDWLQJ�WRUTXH�SURGXFHV�DXGLEOH�QRLVH�

DQG�PHFKDQLFDO�YLEUDWLRQV��OLPLWLQJ�QRW�RQO\�WKH�RSHUDWLQJ�OLIH�EXW�DOVR�WKH�RSHUDWLQJ�UDQJH�RI�

JHQHUDWRU�� 7KH� XQGHUVWDQGLQJ� RI� WKH�PHFKDQLVPV� EHKLQG� WKH� IOXFWXDWLQJ� WRUTXH� LV� WKHUHIRUH�

LPSRUWDQW��

&RQVLVWHQW�ZLWK�WKH�DVVXPSWLRQ�RI�WKH�VWHDG\�VWDWH�RSHUDWLRQ��WKH�URWDWLQJ�YHFWRUV�RI�WKH�

VWDWRU�DQG�URWRU�FXUUHQW�V\PPHWULFDO�FRPSRQHQWV�FDQ�EH�ZULWWHQ�DV�

ଓǁ௦ା ൌ ȁଓǁ௦ାȁ���ሺ߱௦ݐ  ௦ାሻߠ  ݆ȁଓǁ௦ାȁ݊݅ݏሺ߱௦ݐ  ௦ାሻߠ �����

ଓǁ௦ି ൌ ȁଓǁ௦ିȁ ���ሺ߱௦ݐ  ௦ିሻߠ  ݆ȁଓǁ௦ିȁ݊݅ݏሺ߱௦ݐ  ௦ିሻߠ �����

ଓǁା ൌ ȁଓǁାȁ���ሺ߱௦ݐ  ାሻߠ  ݆ȁଓǁାȁ݊݅ݏሺ߱௦ݐ  ାሻߠ �����

ଓǁି ൌ ȁଓǁିȁ���ሺ߱௦ݐ  ିሻߠ  ݆ȁଓǁିȁ݊݅ݏሺ߱௦ݐ  ିሻߠ �����

:KHUH� ȁଓǁ௦ାȁ �� ȁଓǁ௦ିȁ �� ȁଓǁାȁ DQG� ȁଓǁିȁ DUH� WKH� DPSOLWXGHV� RI� WKH� FRUUHVSRQGLQJ� YHFWRU�

TXDQWLWLHV��DQGߠ�௦ାߠ��௦ିߠ��ା DQGߠ�ି DUH�WKHLU�SKDVH�DQJOHV��UHIHUULQJ�WR�WKHߙ� D[LV��,W�FDQ�EH�

QRWHG� WKDW� DOO� RI� WKHVH� YDULDEOHV� DUH� GHWHUPLQHG� E\� WKH� RSHUDWLQJ� FRQGLWLRQV� DQG V\VWHP�
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SDUDPHWHUV��6XEVWLWXWLQJ���������������������DQG�������LQWR��������DQG�WDNLQJ�WKH�UHDO�SDUWV��JLYHV�

WKH�VWHDG\�VWDWH�YDOXHV�RI�WKH�VWDWRU�DQG�URWRU�FXUUHQWV�LQ�WKHߙ�� DQGߚ��D[LV�DV�

݅௦ ൌ ȁଓǁ௦ାȁ���ሺ߱௦ݐ  ௦ାሻߠ  ȁଓǁ௦ିȁ ���ሺ߱௦ݐ  ௦ିሻߠ �����

݅௦
ᇱ ൌ ȁଓǁ௦ାȁ݊݅ݏሺ߱௦ݐ  ௦ାሻߠ െ ȁଓǁ௦ିȁ݊݅ݏሺ߱௦ݐ  ௦ିሻߠ �����

݅ఈ
ᇱ ൌ ȁଓǁାȁ���ሺ߱௦ݐ  ାሻߠ  ȁଓǁିȁ���ሺ߱௦ݐ  ିሻߠ �����

݅ఉ
ᇱ ൌ ȁଓǁାȁ݊݅ݏሺ߱௦ݐ  ାሻߠ െ ȁଓǁିȁ݊݅ݏሺ߱௦ݐ  ିሻߠ �����

6XEVWLWXWLQJ���������������������DQG�������LQWR�������JLYHV�WKH�VWHDG\�VWDWH�HOHFWURPDJQHWLF�

WRUTXH�DV

ܶ ൌ
ܲ

ʹ
ሺȁଓǁ௦ାȁȁଓǁାȁܮ ௦ାߠሺ݊݅ݏ െ ାሻߠ െ ȁଓǁ௦ିȁȁଓǁିȁ ௦ିߠሺ݊݅ݏ െ ିሻߠ

ȁଓǁ௦ାȁȁଓǁିȁ ݐሺʹ߱௦݊݅ݏ  ௦ାߠ  ିሻߠ

െȁଓǁ௦ିȁȁଓǁାȁ݊݅ݏ ሺʹ߱௦ݐ  ௦ିߠ  ାሻሻߠ

�����

$V�VKRZQ�E\��������WKH�WLPH�LQYDULDQW�DYHUDJH�WRUTXH�LV�SURGXFHG�E\�WKH�ILUVW�WZR�WHUPV��

LQ�ZKLFK� WKH�VWDWRU�DQG� URWRU�FXUUHQWV�KDYH� WKH�VDPH�SKDVH�VHTXHQFH�� ,Q� FRQWUDVW�� WKH� WLPH�

YDULDQW�WRUTXH�IOXFWXDWLQJ�DW�WKH�IUHTXHQF\�RI��߱௦ LV�SURGXFHG�E\�WKH�ODVW�WZR�WHUPV��LQ�ZKLFK�

WKH�VWDWRU�DQG�URWRU�FXUUHQWV�KDYH�RSSRVLWH�SKDVH�VHTXHQFH��
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)LJ������ 7KH�WUDMHFWRU\�RI�WKH�VWDWRU�IOX[�DW����:�

ORDG�DQG������530�URWRU�VSHHG

)LJ������ 7KH�LQVWDQWDQHRXV�HOHFWURPDJQHWLF�WRUTXH�DW�

���:�ORDG�DQG������530�URWRU�VSHHG



��

�� ���� � ��� �
��

����

�

���

�

ߚ
�D
[
LV
�I
OX
[
�O
LQ
N
DJ
H�
�:

E
�

ߙ �D[LV�IOX[�OLQNDJH��: E�
� ���� ���� ���� ����

���

���

��

�

7LPH �V�

7
RU
TX
H
�1
P
�

)LJ������ 7KH�WUDMHFWRU\�RI�WKH�VWDWRU�IOX[�DW����:�

ORDG�DQG������530�URWRU�VSHHG

)LJ������ 7KH�LQVWDQWDQHRXV�HOHFWURPDJQHWLF�WRUTXH�DW�

���:�ORDG�DQG������530�URWRU�VSHHG

)LJ�� ����� DQG� )LJ�� ����� VKRZ WKH� WUDMHFWRU\� RI� WKH� VWDWRU� IOX[� VLPXODWHG� XVLQJ�

0$7/$%�6LPXOLQN��ZKHQ�WKH�JHQHUDWRU�LV�RSHUDWHG�XQGHU�GLIIHUHQW�RSHUDWLQJ�FRQGLWLRQV��$V�

HYLGHQW��WKH�WUDMHFWRU\�RI�WKH�VWDWRU�IOX[�LV�HOOLSWLFDO�EHFDXVH�RI�WKH�XQEDODQFHG�RSHUDWLRQ�RI�WKH�

JHQHUDWRU��7KH�VLPXODWHG� LQVWDQWDQHRXV�HOHFWURPDJQHWLF� WRUTXHV�RI� WKH�JHQHUDWRU��ZKLFK�DUH�

IOXFWXDWLQJ�DW�WZLFH�WKH�V\QFKURQRXV�IUHTXHQF\��DUH�VKRZQ�LQ )LJ�������DQG�)LJ�������

7KH�HOHFWURPDJQHWLF�WRUTXH��JLYHQ�LQ��������LV�KDUG�WR�PDQLSXODWH��+RZHYHU��DV�PHQWLRQHG�

LQ�&KDSWHU����WKH�98)�DQG�&8)�DUH�ZLGHO\�XVHG�IRU�HYDOXDWLQJ�WKH�DSSUR[LPDWH�OHYHO�RI�WRUTXH�

IOXFWXDWLRQV��)LJ� �����VKRZV�WKH�VLPXODWHG�YDULDWLRQV�RI�WKH�WRUTXH�IOXFWXDWLRQ�DPSOLWXGH�ZLWK�

GLIIHUHQW�URWRU�VSHHGV�DQG�UHVLVWLYH�ORDGV�ZKHQ�D���X)�FRPSHQVDWLRQ�FDSDFLWRU�LV�FRQQHFWHG��

ZKLOH�WKH�VLPXODWHG�98)�DQG�&8)�YDULDWLRQV�DUH�VKRZQ�LQ�)LJ�������DQG�)LJ��������UHVSHFWLYHO\��

$Q�DSSUR[LPDWH�OLQHDU�UHODWLRQVKLS�EHWZHHQ�WKH�DPSOLWXGH�RI�WKH�WRUTXH�IOXFWXDWLRQ�DQG�

98)�FDQ�EH�REVHUYHG�IURP�)LJ��������DQG�)LJ��������7KH�98)�FDQ�WKHUHIRUH�HIIHFWLYHO\�PHDVXUH�

WKH�OHYHO�RI�WKH�WRUTXH�IOXFWXDWLRQV��WKHUHIRUH�EHFRPHV�DQ�LPSRUWDQW�LQGLFDWRU�WR�HYDOXDWH�WKH�

SHUIRUPDQFH�RI�WKH�JHQHUDWRU��+RZHYHU��IURP�)LJ��������LW�FDQ�EH�QRWHG�WKDW�&8)�LV�QRW�D�JRRG�
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PHDVXUH�WR�HYDOXDWH�WKH�OHYHO�RI�WRUTXH�IOXFWXDWLRQV��FRPSDULQJ�ZLWK�98)��7KLV�LV�EHFDXVH�WKH�

QHJDWLYH�VHTXHQFH�VWDWRU�FXUUHQW�LV�QRW�DOZD\V�VPDOOHU�WKDQ�WKH�SRVLWLYH�VHTXHQFH�VWDWRU�FXUUHQW��

PDNLQJ� WKH� &8)� HYHQ� JUHDWHU� WKDQ� ��� HVSHFLDOO\� ZKHQ� WKH� JHQHUDWRU� LV� RSHUDWHG� DW� VXE�

V\QFKURQRXV�VSHHGV�
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)LJ������ 9DULDWLRQV�RI�98)�ZLWK�WKH�FKDQJLQJ�ORDGV�

DQG�URWRU�VSHHGV�

)LJ������ 9DULDWLRQV�RI�&8)�ZLWK�WKH�FKDQJLQJ�ORDGV�

DQG�URWRU�VSHHGV�

���� 6HOHFWLRQ�RI���SKDVH�6&,0V�IRU�76&$2,�&RQILJXUDWLRQ

7KH�PDFKLQH�SDUDPHWHUV�RI�WKH�FRQYHQWLRQDO���SKDVH�6&,0�YDU\�FRQVLGHUDEO\��EDVHG�RQ�

WKHLU�SRZHU�UDWLQJV��HIILFLHQF\�FODVVHV�� URWRU�PDWHULDOV��DSSOLFDWLRQ��RSHUDWLQJ�HQYLURQPHQWDO�

DQG�FRROLQJ�PHWKRG��%\�OLQNLQJ�WKH�WRUTXH�IOXFWXDWLRQV�DQG�XVLQJ�98)��LW�LV�SRVVLEOH�WR�GHYHORS�

D�JXLGHOLQH�WR�VHOHFW�D���SKDVH�6&,0��ZKLFK�SURGXFHV�UHODWLYHO\�ORZ�WRUTXH�IOXFWXDWLRQ�LQ�WKH�

76$&2,�ZLQGLQJ�FRQILJXUDWLRQ��:LWK�WKH�KHOS�RI�REWDLQHG�DQDO\WLFDO�HTXDWLRQV��WKH�JXLGHOLQH�

RI�VHOHFWLQJ�WKH�YDOXHV�RI�ERWK�FRPSHQVDWLRQ�FDSDFLWRU�DQG�PDFKLQH�SDUDPHWHUV�LV�VXPPDUL]HG�

DV�EHORZ�

ܥ �� $FFRUGLQJ� WR� �������� LQ� RUGHU� WR� HIIHFWLYHO\� FRPSHQVDWH� IRU� WKH� UHDFWLYH�

UHTXLUHPHQW�RI�WKH�JHQHUDWRUܥ�� VKRXOG�EH�DV�FORVH�DV�WR�ʹ ͵Τ ߱௦
ଶܮ���+RZHYHU�IURP�WKH�

DVSHFW�RI�98)ܥ��� VKRXOG�EH�DV�FORVH�DV�WR�ͳ ͵Τ ߱௦
ଶܮ WR�PDNH�WKH�QXPHUDWRU�RI��������DV�

VPDOO�DV�SRVVLEOH��,Q�SUDFWLVHܥ�� ZLOO�EH�VHOHFWHG�EHWZHHQ�ͳ ͵Τ ߱௦
ଶܮ DQG�ʹ ͵Τ ߱௦

ଶ�୫��EXW�

PXVW�EH�FORVHU�WR�ͳ ͵Τ ߱௦
ଶ�୫ GXH�WR�KLJKHU�SULRULW\�JLYHQ�IRU�WKH�98)�

�6�ܮLQFHܥ�� KDV�WR�EH�FORVH�WR�ͳ ͵Τ ߱௦
ଶܮ��WKH�YDOXH�RIܮ� ZLOO�WKHUHIRUH�GLUHFWO\�

LQIOXHQFH�WKH�GHQRPLQDWRU�RI���������$V�WKH�LPDJLQDU\�SDUW�RI�ʹ ܼଵΤ LV�QHJDWLYH��WKH�YDOXH�RI�

ܮ VKRXOG�EH�DV�ODUJH�DV�SRVVLEOH�WR�UHGXFH�98)��
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ܴ௦ DQG�ܴ��WKH�YDOXHV�RI�ܴ௦ DQG�ܴ VKRXOG�EH�VHOHFWHG�WR�PDNH�WKH�YDOXH�RI�ܼଵ DV�VPDOO�

DV�SRVVLEOH��QDPHO\�ሺ͵ܴ௦ െ ܴሻ DV�VPDOO�DV�SRVVLEOH��WR�UHGXFH�98)�

௦ܮ DQGܮ� �� WKH� YDOXHV� RI� ERWKܮ�௦ DQGܮ� VKRXOG� EH� VHOHFWHG� DV� VPDOO� DV� SRVVLEOH� WR�

UHGXFH�98)��DFFRUGLQJ�WR��������

���� 6XPPDU\

%RWK�WKH�VWHDG\�VWDWH�EHKDYLRXU�DQG�SHUIRUPDQFH�RI�WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�

JHQHUDWRU�ZHUH�GLVFXVVHG�DQG�LQYHVWLJDWHG�XVLQJ�VLPXODWLRQV�DQG�H[SHULPHQWV�LQ�WKLV�FKDSWHU��

ZLWK� WKH� HPSKDVLV� RQ� LWV� ORDG� DQG� H[FLWDWLRQ� FKDUDFWHULVWLFV�� %RWK� WKH� VLPXODWHG� DQG�

H[SHULPHQWDO�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW��DQG�SURYH�WKH�DFFXUDF\�DQG�HIIHFWLYHQHVV�RI�WKH�

SURSRVHG�HTXLYDOHQW�FLUFXLW�PRGHOV��0RUHRYHU��WKH�WKHRUHWLFDO�EDVLV�RI�WKH�WRUTXH�IOXFWXDWLRQ�RI�

WKLV�JHQHUDWRU�ZDV�GHVFULEHG�E\�LQYHVWLJDWLQJ�LWV�HOHFWURPDJQHWLF�WRUTXH�SURGXFWLRQ�LQ�GHWDLO��

7R�RYHUFRPH�WKH�GLIILFXOWLHV�LQ�PDQLSXODWLQJ�WKH�WRUTXH�H[SUHVVLRQ�XQGHU�XQEDODQFHG�RSHUDWLQJ�

FRQGLWLRQV��XVH�RI�98)�ZDV�SURSRVHG�WR�REWDLQ�WKH�DSSUR[LPDWH�OHYHO�RI�WKH�WRUTXH�IOXFWXDWLRQ��

$�JXLGHOLQH�IRU�VHOHFWLQJ���SKDVH�6&,0V�IRU�76&$2,�ZLQGLQJ�FRQILJXUDWLRQ�WR�DFKLHYH�ORZ�

WRUTXH�IOXFWXDWLRQV�KDV�EHHQ�GHVFULEHG�
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&KDSWHU��

*ULG�,QWHJUDWLRQ�RI�76&$2,�&RQILJXUHG�

*HQHUDWRUV�

���� ,QWURGXFWLRQ

%HKDYLRXU� RI� ��SKDVH� FDJH� LQGXFWLRQ� PDFKLQHV�� RSHUDWHG� LQ� WKH� 76&$2,� ZLQGLQJ�

FRQILJXUDWLRQ�DW�YDULDEOH�VSHHGV�WR�JHQHUDWH�VLQJOH�SKDVH�HOHFWULFLW\��KDV�EHHQ�LQYHVWLJDWHG�LQ�

GHWDLO�IRU�VWDQGDORQH�UHQHZDEOH�SRZHU�JHQHUDWLRQ�V\VWHPV��+RZHYHU��LQWHJUDWLRQ�RI�76&$2,�

FRQILJXUHG���SKDVH�FDJH�LQGXFWLRQ�PDFKLQHV�LQWR�VLQJOH�SKDVH�GLVWULEXWHG�SRZHU�V\VWHP�LV�\HW�

WR� EH� LQYHVWLJDWHG�� 7KLV� FKDSWHU� WKHUHIRUH� LQYHVWLJDWHV� WKH� EHKDYLRXU� RI� WKH� JULG�FRQQHFWHG�

76&$2,�JHQHUDWRU�� DQG� SURSRVHV� D� FRQWURO� VFKHPH� IRU� LQWHJUDWLQJ� WKH�76&$2,�FRQILJXUHG�

JHQHUDWRUV�LQWR�WKH�VLQJOH�SKDVH�GLVWULEXWHG�SRZHU�V\VWHP�

)LUVWO\�� D� VWHDG\�VWDWH� PRGHO� LV� SUHVHQWHG� WR� LQYHVWLJDWH� WKH� EHKDYLRXU� RI� WKH� JULG�

FRQQHFWHG�76&$2,�JHQHUDWRU�� 6HFRQGO\�� WKH� RSHUDWLQJ� FULWHULRQ� LV� IRUPXODWHG� IRU� WKH� JULG�

FRQQHFWHG�76&$2,�JHQHUDWRUV��FRQVLGHULQJ�WKH�IROORZLQJ�WKUHH�DVSHFWV��QDPHO\�WKH�JULG�VLGH�

SRZHU�IDFWRU��WKH�WRUTXH�IOXFWXDWLRQ�DQG�WKH�RSHUDWLQJ�YROWDJHV�DQG�FXUUHQWV�RI�WKH�PDFKLQHV��

)URP� WKH� LQYHVWLJDWLRQ�RI� WKH�SURSRVHG�PRGHO�� LW� LV� IRXQG� WKDW� WKHUH�H[LVWV�PXWXDO�FRXSOLQJ�

DPRQJ� WKHVH� WKUHH� DVSHFWV� RI� WKH�SURSRVHG�FULWHULRQ��0RUHRYHU�� WKH� FRXSOLQJ�PDNHV� LW� YHU\�

GLIILFXOW�WR�RSHUDWH�WKH�JHQHUDWRU�WR�IXOILO�WKH�SURSRVHG�FULWHULRQ�DW�YDULDEOH�VSHHGV��XVLQJ�UHDO�

WLPH� FRPSXWHG� H[FLWDWLRQ� ZLQGLQJ� YROWDJH�� ,Q� RUGHU� WR� RYHUFRPH� WKLV� LVVXH�� WKLV� FKDSWHU�

WKHUHIRUH� SURSRVHV� D� ORRN�XS� WDEOH� �/87��PHWKRG�� XVLQJ� SUH�FRPSXWHG� RSWLPXP�H[FLWDWLRQ�

YROWDJH� DW� GLIIHUHQW�RSHUDWLQJ� VSHHGV��7KLUGO\�� WR� IXUWKHU� VLPSOLI\ WKH�RYHUDOO� V\VWHP�� D� VOLS�

HVWLPDWLRQ�PHWKRG�LV�SURSRVHG�WR�HQDEOH�VSHHG�VHQVRUOHVV�FRQWURO�RI�WKH�JHQHUDWRU��)LQDOO\��WKH�

YDOLGLW\�RI�WKH�SURSRVHG�JHQHUDWRU�FRQFHSW�LV�YHULILHG�WKURXJK�VLPXODWLRQV��LPSOHPHQWLQJ�WKH�

SURSRVHG�PRGHO�LQ�0$7/$%�6LPXOLQN�DQG�H[SHULPHQWDO�HYLGHQFH�RI�D�SURWRW\SH�JHQHUDWRU�LQ�

WKLV� FKDSWHU�� *RRG� DJUHHPHQW� EHWZHHQ� VLPXODWHG� DQG� H[SHULPHQWDO� UHVXOWV� XQGHU� YDULRXV�

RSHUDWLQJ� FRQGLWLRQV� LQGLFDWHV� WKDW� WKH� JHQHUDWRU� FDQ� EH� VXFFHVVIXOO\� JULG� LQWHJUDWHG�E\� WKH�
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SURSRVHG�FRQWURO�VFKHPH�DQG�LV�VXLWDEOH�IRU�DSSOLFDWLRQV��VXFK�DV�VPDOO�VFDOH�ZLQG�DQG�PLFUR�

K\GUR�GLVWULEXWHG�JHQHUDWLRQ�V\VWHPV������

���� 0DWKHPDWLFDO�0RGHO

$V�GHULYHG�LQ�&KDSWHU����WKH�G\QDPLF�EHKDYLRXU�RI�WKH�76&$2,�FRQILJXUHG�6&,0�FDQ�

EH�GHVFULEHG�E\�WKH�IROORZLQJ�HTXDWLRQV�LQ�WKH�VWDWLRQDU\�Įȕ IUDPH��ZLWK�WKHߙ��D[LV�RI�WKH�IUDPH�

EHLQJ�DOLJQHG�ZLWK�WKH�PDJQHWLF�D[LV�RI�WKH�2QH�,VRODWHG��2,��ZLQGLQJ��
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,Q�������� UHSUHVHQWV� WKH�GLIIHUHQWLDO�RSHUDWRU�݀ Τݐ݀ ��SDUDPHWHUV�ܴ௦ܮ��௦� �ܮ ܴ DQGܮ�

UHSUHVHQW�WKH�VWDWRU�UHVLVWDQFH��WKH�VWDWRU�OHDNDJH�LQGXFWDQFH��WKH�PDJQHWL]LQJ�LQGXFWDQFH��WKH�

URWRU�UHVLVWDQFH�DQG�WKH�URWRU�OHDNDJH�LQGXFWDQFH�RI�WKH���SKDVH�6&,0��UHVSHFWLYHO\��DQG�߱ LV�

WKH�HOHFWULFDO�DQJXODU�IUHTXHQF\�RI�WKH�URWRU�LQ�UDG�V��7KH�HOHFWURPDJQHWLF�WRUTXH�DSSOLHG�RQ�WKH�

URWRU�VKDIW� LV�JLYHQ� LQ��������ZKHUH�ܲ LV� WKH�QXPEHU�RI�SROHV��7KH�PRWLRQ�RI� WKH�PDFKLQH� LV�

GHVFULEHG� LQ� ������ VXEVHTXHQWO\�� ZKHUH ܬ LV� WKH� URWRU� LQHUWLD� LQ� ݇݃ ή ݉ଶ �� ܶ LV� WKH�

HOHFWURPDJQHWLF�WRUTXH��LQ�1P�DQG� ܶ௫ LV�WKH�H[WHUQDO�WRUTXH��DSSOLHG�RQ�WKH�URWRU�VKDIW��LQ�1P��

7KH�VWHDG\�VWDWH�YROWDJH�HTXDWLRQV�RI�WKH�JULG�FRQQHFWHG�76&$2,�FRQILJXUHG�JHQHUDWRU�

FDQ�EH�UHDGLO\�REWDLQHG�YLD�UHSODFLQJ�WKH�GLIIHUHQWLDO�RSHUDWRU� E\�݆߱ௗ��ZKHUH�߱ௗ LV�WKH�

JULG�DQJXODU�IUHTXHQF\��DQG�FRQVHTXHQWO\�H[SUHVVHG�XVLQJ�SKDVRU�YDULDEOHV�DV��
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7KH�PHWKRG�RI� V\PPHWULFDO� FRPSRQHQWV� LV� DOVR� HPSOR\HG� WR�GHYHORS� WKH�JHQHUDOL]HG�

VWHDG\�VWDWH� HTXLYDOHQW� FLUFXLW� PRGHO� WKDW� ZLOO� EH� XVHG� WR� LQYHVWLJDWH� WKH� EHKDYLRXU� DQG�

SHUIRUPDQFH�RI�WKLV�JULG�FRQQHFWHG�JHQHUDWRU��%\�DSSURSULDWHO\�VHOHFWLQJ�WKH�WUDQVIRUPDWLRQ�

PDWUL[�ሾࡿሿ DV�

ሾࡿሿ ൌ ቂ
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ZKHUH�V LV�WKH�VOLS��7KH�SRVLWLYH�VHTXHQFH�DQG�QHJDWLYH�VHTXHQFH�V\PPHWULFDO�FRPSRQHQWV�DUH�

GHQRWHG�E\�VXEVFULSWVݏ�  DQGݏ� െ��UHVSHFWLYHO\��

7KH�DERYH�HTXDWLRQV�FDQ�EH�UHSUHVHQWHG�E\�WKH�VWHDG\�VWDWH�HTXLYDOHQW�FLUFXLW�VKRZQ�LQ�
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:LWK�WKH�LPSHGDQFHV�GHILQHG�DERYH��WKH�VWHDG\�VWDWH�HTXLYDOHQW�FLUFXLW�PRGHO�VKRZQ�LQ�

)LJ������FDQ�EH�DFFRUGLQJO\�VLPSOLILHG�WR�WKH�PRGHO�VKRZQ�LQ�)LJ�������
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ݏሚܫ

െݏሚܫ

െܼʹ

н

н

෨ܸ
ݏ

෨ܸ
െݏ

Ͳ

Ͳ ܼ͵  ܼʹ

ܼͳ  ܼʹ

)LJ����� 6LPSOLILHG�VWHDG\�VWDWH�HTXLYDOHQW�FLUFXLW

7KH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�VWDWRU�YROWDJHV�FDQ�WKHUHIRUH�EH�H[SUHVVHG�LQ�WHUPV�

RI�WKH�VWDWRU�FXUUHQWV�V\PPHWULFDO�FRPSRQHQWV�ZLWK�QHZO\�GHILQHG�LPSHGDQFHV�DV��

෨ܸ
௦ା ൌ ܼଵܫሚ௦ା  ܼଶܫሚ௦ି ������

෨ܸ
௦ି ൌ ܼଶܫሚ௦ା  ܼଷܫሚ௦ି ������

7KH� V\PPHWULFDO� FRPSRQHQWV� RI� WKH� VWDWRU� FXUUHQWV� FDQ� EH� DFFRUGLQJO\� REWDLQHG� E\�

VROYLQJ��������DQG��������VLPXOWDQHRXVO\�DV��

ሚ௦ାܫ ൌ ൫ܼଷ ෨ܸ௦ା െ ܼଶ ෨ܸ௦ି൯ ܼΤ ������

ሚ௦ିܫ ൌ ൫ܼଵ ෨ܸ௦ି െ ܼଶ ෨ܸ௦ା൯ ܼΤ ������

ZKHUH ܼ ൌ ܼଵܼଷ െ ሺܼଶሻ
ଶ�

%DVHG� RQ� WKH� LQYHUVH� RI� WKH� WUDQVIRUPDWLRQ� PDWUL[� JLYHQ� LQ� ������� WKH� V\PPHWULFDO�

FRPSRQHQWV�RI�VWDWRU�YROWDJHV�FDQ�EH�ZULWWHQ�DV�

෨ܸ
௦ା ൌ െ

݆

ʹ
෨ܸ
௦ 

ͳ

ʹ
෨ܸ
௦
ᇱ ������

෨ܸ
௦ି ൌ

݆

ʹ
෨ܸ
௦ 

ͳ

ʹ
෨ܸ
௦
ᇱ ������

)RU� VLPSOLFLW\�� WKH� UHIHUUHG�SRZHU�ZLQGLQJ�SKDVRU�YROWDJH� LV� IL[HG�DV� UHIHUHQFH� WR�EH�

෨ܸ
௦
ᇱ ൌ ௦ܸ

ᇱ Ͳס ൌ ௦ܸ
ᇱ ZKHUH�� ௦ܸ

ᇱ LV�WKH�UHIHUUHG�JULG�YROWDJH�DPSOLWXGH��WKH�H[FLWDWLRQ�ZLQGLQJ�

SKDVRU�YROWDJH�LV�UHSUHVHQWHG�LQ�WHUPV�RI�LWV�UHDO�DQG�LPDJLQDU\ FRPSRQHQWV�DV� ෨ܸ௦ ൌ ௦ܸோ 



��

݆ ௦ܸூ �� ZKHUH� ௦ܸோ DQG ݆ ௦ܸூ GHQRWH� WKH� UHDO� SDUW� DQG� WKH� LPDJLQDU\� SDUW� RI� WKH� H[FLWDWLRQ�

ZLQGLQJ�SKDVRU�YROWDJH��UHVSHFWLYHO\��

$FFRUGLQJO\��WKH�SKDVRUV�RI�WKH�VWDWRU�YROWDJH�V\PPHWULFDO�FRPSRQHQWV��JLYHQ�LQ��������

DQG���������FDQ�EH�IXUWKHU�H[SUHVVHG��LQ�WHUPV�RI�LWV�UHDO�DQG�LPDJLQDU\�FRPSRQHQWV��DV�

෨ܸ
௦ା ൌ

ͳ

ʹ
ሺ ௦ܸூ  ௦ܸ

ᇱ ሻ െ
݆

ʹ ௦ܸோ ������

෨ܸ
௦ି ൌ

ͳ

ʹ
ሺ ௦ܸ

ᇱ െ ௦ܸூሻ 
݆

ʹ ௦ܸோ ������

6XEVWLWXWLQJ� �������DQG� ������� LQWR� �������DQG� �������� WKH�SKDVRUV�RI� WKH�VWDWRU�FXUUHQW�

V\PPHWULFDO�FRPSRQHQWV�FDQ�EH�IXUWKHU�JLYHQ�DV�

ሚ௦ାܫ ൌ
ͳ

ʹ

ܼଷ
ܼ

ሺ ௦ܸூ  ௦ܸ
ᇱ െ ݆ ௦ܸோሻ െ

ͳ

ʹ

ܼଶ
ܼ

ሺ ௦ܸ
ᇱ െ ௦ܸூ  ݆ ௦ܸோሻ ������

ሚ௦ିܫ ൌ
ͳ

ʹ

ܼଵ
ܼ

ሺ ௦ܸ
ᇱ െ ௦ܸூ  ݆ ௦ܸோሻ െ

ͳ

ʹ

ܼଶ
ܼ

ሺ ௦ܸூ  ௦ܸ
ᇱ െ ݆ ௦ܸோሻ ������

%DVHG�RQ�WKH�WUDQVIRUPDWLRQ�PDWUL[�ሾࡿሿ��GHILQHG�LQ��������WKH�FXUUHQW�IORZLQJ�WKURXJK�WKH�

SRZHU�ZLQGLQJ�FDQ�EH�REWDLQHG�DV�IROORZV�

ሚ௦ܫ
ᇱ ൌ ሚ௦ାܫ  ሚ௦ିܫ

ൌ
ͳ

ʹ

ܼଷ
ܼ

ሺ ௦ܸூ  ௦ܸ
ᇱ െ ݆ ௦ܸோሻ 

ͳ

ʹ

ܼଵ
ܼ

ሺ ௦ܸ
ᇱ െ ௦ܸூ  ݆ ௦ܸோሻ െ

ܼଶ
ܼ

௦ܸ
ᇱ

������

,Q� SUDFWLFH�� D� SDUDOOHO� FRPSHQVDWLRQ� FDSDFLWRUܥ� LV� HPSOR\HG� WR� FRPSHQVDWH� WKH�

UHDFWLYH� SRZHU� UHTXLUHPHQW� RI� WKH� JHQHUDWRU�� WKHUHIRUH� WKH� DFWXDO� JULG� FXUUHQW� FDQ� EH�

UHSUHVHQWHG�DV��

ሚܫ ൌ ���ሺܫሚሻ݁
ఏೝ ൌ ሚ௦ܫ

ᇱ ξ͵Τ  ݆߱௦ܥ
෨ܸ
௦ ������

:KHUH����ሺܫሚሻ UHSUHVHQWV�WKH�DEVROXWH�YDOXH�RI�WKH�JULG�FXUUHQW�SKDVRU�DQGߠ�ௗ LV�WKH�

JULG�FXUUHQW�SKDVRU�DQJOH��



��

7KH�JULG�YROWDJH�SKDVRU��EHLQJ�WKH�VDPH�DV�WKH�SRZHU�ZLQGLQJ�YROWDJH�SKDVRU��LV�IL[HG�DV�

UHIHUHQFH��7KHUHIRUH��WKH�SRZHU�IDFWRU�DW�WKH�JULG�VLGH�FDQ�EH�REWDLQHG�E\�FDOFXODWLQJ�WKH�FRVLQH�

RI�WKH�JULG�FXUUHQW�SKDVRU�DQJOH�DV�

�Ǥ 	Ǥ ൌ ��� ሺߠௗሻ ������

/LNHZLVH�� WKLV� DV\PPHWULFDO� ZLQGLQJ� DUUDQJHPHQW� ZLOO� DOVR� FDXVH� WKH� XQEDODQFHG�

RSHUDWLRQ�RI�WKH�JHQHUDWRU��OHDGLQJ�WR�WRUTXH�IOXFWXDWLRQ��$V�GHVFULEHG�LQ�WKH�SUHYLRXV�FKDSWHU��

WKH� GLIILFXOWLHV� LQ� WKH�PDQLSXODWLRQ� RI� WKH� IOXFWXDWLQJ� WRUTXH��PDNH�98)� DQG� &8) ZLGHO\�

DGRSWHG�WR�DSSUR[LPDWH�WKH�OHYHO�RI�WRUTXH�IOXFWXDWLRQ��

$FFRUGLQJ�WR��������DQG���������WKH�YROWDJH�XQEDODQFH�IDFWRU��98)���ZKLFK�LV�GHILQHG�DV�

WKH�UDWLR�RI�PRGXOXV�RI�WKH�QHJDWLYH�VHTXHQFH�WR�WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�RI�WKH�VWDWRU�

YROWDJHV��FDQ�EH�REWDLQHG�DV�

ܨܷܸ ൌ ቤ
෨ܸ
௦ି

෨ܸ
௦ା

ቤ ൌ ቤ
ሺ ௦ܸூ  ௦ܸ

ᇱ ሻ െ ݆ ௦ܸோ

ሺ ௦ܸ
ᇱ െ ௦ܸூሻ  ݆ ௦ܸோ

ቤ ������

6LPLODUO\��DFFRUGLQJ�WR��������DQG���������WKH�FXUUHQW�XQEDODQFH�IDFWRU��&8)���ZKLFK�LV�

GHILQHG�DV�WKH�UDWLR�RI�PRGXOXV�RI�WKH�QHJDWLYH�VHTXHQFH�WR�WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�

RI�WKH�VWDWRU�FXUUHQWV��FDQ�EH�REWDLQHG�DV�

ܨܷܥ ൌ ቤ
ሚ௦ିܫ

ሚ௦ାܫ
ቤ ൌ ቤ

ܼଷሺ ௦ܸூ  ௦ܸ
ᇱ െ ݆ ௦ܸோሻ െ ܼଶሺ ௦ܸ

ᇱ െ ௦ܸூ  ݆ ௦ܸோሻ

ܼଵሺ ௦ܸ
ᇱ െ ௦ܸூ  ݆ ௦ܸோሻ െ ܼଶሺ ௦ܸூ  ௦ܸ

ᇱ െ ݆ ௦ܸோሻ
ቤ ������

,W�FDQ�EH�QRWHG�LQ��������DQG��������WKDW�WKH�98)�LV�LQGHSHQGHQW�RI�WKH�V\VWHP�SDUDPHWHUV��

FRQYHUVHO\��WKH�&8)�LV�GHSHQGHQW�RQ�WKH�V\VWHP�SDUDPHWHUV��

7KH�VWHDG\�VWDWH�WRUTXH�SURGXFWLRQ�RI�WKH�JHQHUDWRU��ZLWK�D�VSHFLILF�H[FLWDWLRQ�YROWDJH��

FDQ� EH� REWDLQHG� WKURXJK� VLPXODWLRQ�� LPSOHPHQWLQJ� WKH� SURSRVHG� PDWKHPDWLFDO� PRGHO� LQ�

0$7/$%�6LPXOLQN�� 7KHQ�� WKH� DVVRFLDWHG� WRUTXH� IOXFWXDWLRQ� DPSOLWXGH� FDQ� EH� UHDGLO\�

FDOFXODWHG�IURP�WKH�REWDLQHG�WRUTXH�SURGXFWLRQ��%\�FKDQJLQJ�WKH�UHDO�DQG�LPDJLQDU\�SDUW�RI�WKH�

SKDVRU�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�UHVSHFWLYHO\��WKH�YDULDWLRQV�RI�WKH�WRUTXH�IOXFWXDWLRQ�

DPSOLWXGH�ZLWK�YDU\LQJ�H[FLWDWLRQ�YROWDJHV�FDQ�EH�VLPXODWHG��

$���N:����SROH���SKDVH�FDJH�LQGXFWLRQ�PDFKLQH��ZLWK�WKH�SDUDPHWHUV�JLYHQ�LQ�$SSHQGL[�

$��ZDV�FRQILJXUHG�LQ�WKH 76&$2,�ZLQGLQJ�DUUDQJHPHQW�IRU�WKH�IROORZLQJ�VLPXODWLRQV��)LJ������
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VKRZV�WKH�VLPXODWHG�YDULDWLRQV�RI�WKH�WRUTXH�IOXFWXDWLRQ�DPSOLWXGH�ZLWK�FKDQJLQJ�H[FLWDWLRQ�

YROWDJHV��ZKHQ�VOLS� ܥ�������� ൌ ʹͲܨݑ DQG�WKH�JULG�YROWDJH�LV�IL[HG�DW����9���+]��
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݉ܫ
ሺ
෨ܸ ݏ
݁
ሻ

ܴ݁ ሺ ෨ܸ݁ݏ ሻ

)LJ����� 9DULDWLRQV�RI�WKH�DPSOLWXGH�RI�WKH�WRUTXH�IOXFWXDWLRQ�ZLWK�FKDQJLQJ�H[FLWDWLRQ�YROWDJHV

:KHUH�WKH�ܴ݁൫ ෨ܸ௦൯ DQG݉ܫ�ሺ ෨ܸ௦ሻ DUH�WKH�LPDJLQDU\�DQG�UHDO�SDUW�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�

SKDVRU�YROWDJH�UHVSHFWLYHO\��$V�VKRZQ�LQ�)LJ�������WKH�WRUTXH�IOXFWXDWLRQ�FRXOG�EH�HOLPLQDWHG�

DW�D�VSHFLILF�H[FLWDWLRQ�YROWDJH��,Q�DGGLWLRQ��LW�LV�QRWLFHDEOH�WKDW�WKH�ODUJHU�WKH�GLIIHUHQFH�EHWZHHQ�

WKH�DSSOLHG�H[FLWDWLRQ�YROWDJH�DQG�WKLV�VSHFLILF�YROWDJH��WKH�ODUJHU�WKH�DPSOLWXGH�RI�WKH�WRUTXH�

IOXFWXDWLRQ�ZLOO�EH�

7KH� YDULDWLRQV� RI� 98)� DQG� &8)�ZLWK� FKDQJLQJ� H[FLWDWLRQ� YROWDJHV� FDQ� EH� REWDLQHG�

WKURXJK� VLPXODWLRQ� LQ� WKH� VLPLODU� ZD\�� LPSOHPHQWLQJ� WKH� ������� DQG� ������� LQ�

0$7/$%�6LPXOLQN�UHVSHFWLYHO\��7KH�YDULDWLRQV�RI�98)�DQG�&8)�ZLWK�FKDQJLQJ�H[FLWDWLRQ�

YROWDJHV�DUH�VLPXODWHG��XQGHU�WKH�VDPH�RSHUDWLQJ�FRQGLWLRQV��DQG�VKRZQ�LQ�)LJ������DQG�)LJ��
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݉ܫ
ሺ
෨ܸ ݏ
݁
ሻ

ܴ݁ ሺ ෨ܸ݁ݏ ሻ

)LJ����� 9DULDWLRQV�RI�98)�ZLWK�FKDQJLQJ�H[FLWDWLRQ�
YROWDJHV

)LJ����� 9DULDWLRQV�RI�&8)�ZLWK�FKDQJLQJ�H[FLWDWLRQ�
YROWDJHV
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����� UHVSHFWLYHO\��$V�HYLGHQW�� WKH�&8)�RXWSHUIRUPV� WKH�98)� LQ� DSSUR[LPDWLQJ� WKH� OHYHO� RI�

WRUTXH�IOXFWXDWLRQV��+HQFH�WKH�&8)�LV�VHOHFWHG�WR�DQ�LQGLFDWRU�WR�UHSUHVHQW�WKH�OHYHO�RI�WRUTXH�

IOXFWXDWLRQV�DSSUR[LPDWHO\�

���� 'HWHUPLQDWLRQ�RI�WKH�([FLWDWLRQ�:LQGLQJ�9ROWDJH

,Q�WKLV�VHFWLRQ��WKH�VWUDWHJLHV�IRU�VHOHFWLQJ�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH��ZKLFK�DOORZV�

WKH�JHQHUDWRU�WR�VDWLVI\�JLYHQ�FULWHULRQ��LV�GHVFULEHG��,Q�RUGHU�WR�GHPRQVWUDWH�WKH�YLDELOLW\�RI�WKH�

SURSRVHG� VHOHFWLRQ� VWUDWHJ\�� D� ��N:�� ��SROH� ��SKDVH� FDJH� LQGXFWLRQ� PDFKLQH�� ZLWK� WKH�

SDUDPHWHUV�JLYHQ�LQ�$SSHQGL[�$��ZDV�FRQILJXUHG�LQ�WKH�76&$2,�ZLQGLQJ�DUUDQJHPHQW��DV�D�

SURWRW\SH�JHQHUDWRU��IRU�WKH�IROORZLQJ�QXPHULFDO�DQDO\VLV�

7KH�IRUPXODWLRQ�RI� WKH�RSHUDWLQJ�FULWHULRQ�PDLQO\�FRQVLGHUV� WKUHH�DVSHFWV��QDPHO\� WKH�

JULG�VLGH�SRZHU�IDFWRU��WKH�WRUTXH�IOXFWXDWLRQ�DQG�WKH�PD[LPXP�RSHUDWLQJ�YROWDJH�DQG�FXUUHQW��

)LUVWO\��IRU�WKH�JULG�VLGH�SRZHU�IDFWRU��LW�LV�GHVLUDEOH�WR�SURYLGH SRZHU�WR�WKH�VLQJOH�SKDVH�

JULG�DW�QHDU�XQLW\�SRZHU�IDFWRU�LQ�D�PDMRULW\�RI�DSSOLFDWLRQ�VFHQDULRV��6HFRQGO\��IRU�WKH�WRUTXH�

IOXFWXDWLRQ��LQ�RUGHU�WR�PLQLPL]H�WKH�DXGLEOH�QRLVH�DQG�PHFKDQLFDO�YLEUDWLRQV�FDXVHG�E\�LW��WKH�

DPSOLWXGH�RI�WKH�WRUTXH�IOXFWXDWLRQ�PXVW�EH�OLPLWHG��$OWKRXJK��WKH�WRUTXH�IOXFWXDWLRQ�LV�GLIILFXOW�

WR�EH�PDQLSXODWHG�PDWKHPDWLFDOO\��LW�KDV�EHHQ�SURYHQ�WKDW�WKH�&8)�FDQ�HIIHFWLYHO\�DSSUR[LPDWH�

WKH�OHYHO�RI�WKH�WRUTXH�IOXFWXDWLRQ�LQ�WKH�ODVW�VHFWLRQ��+HQFH��WKH�&8)�ZLOO�UHSODFH�WKH�WRUTXH�

IOXFWXDWLRQ�WR�EH�OLPLWHG��)LQDOO\��ERWK�WKH�PD[LPXP�RSHUDWLQJ�YROWDJH�DQG�FXUUHQW�PXVW�EH�

OLPLWHG��FRQVLGHULQJ�WKH�PDFKLQH�UDWLQJV��RSHUDWLQJ�FRQGLWLRQV�DQG�RSHUDWLQJ�UDQJH���

7KH�GHWDLOHG�RSHUDWLQJ�FULWHULRQ�IRU�WKLV�SURWRW\SH�JHQHUDWRU�LV�SURSRVHG�DFFRUGLQJ�WR�WKH�

FRQVLGHUDWLRQV�DERYH�DQG�OLVWHG�DV�IROORZLQJ��

x *HQHUDWLQJ� DFWLYH� SRZHU� WR� WKH� VLQJOH�SKDVH� JULG� DW� QHDU�XQLW\� SRZHU� IDFWRU�

�3RZHU�IDFWRU���െͲǤͻͺ��

x 2SHUDWLQJ� WKH� JHQHUDWRU� ZLWK� DV� VPDOO� WRUTXH� IOXFWXDWLRQ� DV� SRVVLEOH� E\�

PDLQWDLQLQJ�WKH�FXUUHQW�XQEDODQFHG�IDFWRU��&8)��XQGHU�������

x 7KH� RSHUDWLQJ� SKDVH� FXUUHQWV� DQG� YROWDJHV� DUH� OLPLWHG�ZLWKLQ� ���$� DQG� ���9�

UHVSHFWLYHO\�

,W� LV� LPSRUWDQW� WR� QRWH� WKDW� WKH� RSHUDWLQJ� FULWHULRQ� FDQ� EH� PRGLILHG� WR� VXLW� GLIIHUHQW�

FRQVLGHUDWLRQV��DQG�LV�QRW�OLPLWHG�RQO\�WR�WKH�DERYHPHQWLRQHG�

)URP����������������DQG��������LW�FDQ�EH�QRWHG�WKDW�WKH�JULG�VLGH�SRZHU�IDFWRU��WKH�&8)�

DQG�WKH�RSHUDWLQJ�FXUUHQWV�DUH�DOO�RQO\�GHSHQGHQW�RQ�WKH�RSHUDWLQJ�VSHHG�DQG�H[FLWDWLRQ�YROWDJH��
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ZKHQ�WKH�JULG�YROWDJH�DQG�V\VWHP�SDUDPHWHUV�DUH�IL[HG��+RZHYHU�� LW� LV�VWLOO�YHU\�GLIILFXOW� WR�

UHJXODWH�WKHVH�WKUHH�IDFWRUV�DW�WKH�VDPH�WLPH�XQGHU�YDULDEOH�VSHHG�FRQGLWLRQV��XVLQJ�UHDO�WLPH�

FRPSXWHG�H[FLWDWLRQ�YROWDJH��7KLV�FKDSWHU�WKHUHIRUH�SURSRVHG�DQ�DSSURDFK��XVLQJ�WKH�RII�OLQH�

PHWKRG� WR� SUH�FRPSXWH� WKH� RSWLPXP� H[FLWDWLRQ� YROWDJHV� DW� GLIIHUHQW� RSHUDWLQJ� VSHHGV�� 7KH�

REWDLQHG�H[FLWDWLRQ�YROWDJHV�DQG�FRUUHVSRQGLQJ�VSHHGV�DUH�VWRUHG�LQ�D�WZR�GLPHQVLRQDO����'��

ORRN�XS�WDEOH��7KLV�ORRN�XS�WDEOH�LV�XVHG�WR�SURYLGH�WKH�RSWLPXP�H[FLWDWLRQ�ZLQGLQJ�UHIHUHQFH�

YROWDJH�DFFRUGLQJ�WR�GLIIHUHQW�RSHUDWLQJ�URWRU�VSHHGV�LQ�SUDFWLFH�

7KH�RII�OLQH�FRPSXWDWLRQ�PDLQO\�FRQVLVWV�RI� WZR�SDUWV�� ILUVWO\��VHOHFWLQJ� WKH�H[FLWDWLRQ�

YROWDJHV�� VDWLVI\LQJ� DOO� WKH� UHTXLUHPHQWV� LQFOXGHG� LQ� WKH� FULWHULD�� IRU� GLIIHUHQW� VSHHGV�

UHVSHFWLYHO\��WKHQ��XVLQJ�WKH�DYHUDJH�ILOWHULQJ�DOJRULWKP�WR�REWDLQ�WKH�ILQDO�H[FLWDWLRQ�YROWDJHV�

DSSOLHG�IRU�GLIIHUHQW�VSHHGV��

7KH�GHWDLOHG�GHWHUPLQDWLRQ�SURFHVV�RI�WKH�H[FLWDWLRQ�YROWDJH�LV�GHVFULEHG�DV�IROORZV�

�� 6HOHFWLQJ� WKH� H[FLWDWLRQ� YROWDJHV� WR� JHQHUDWH� SRZHU� WR� WKH� JULG� DW� QHDU�XQLW\�

SRZHU�IDFWRU�IRU�GLIIHUHQW�URWRU�VSHHGV�UHVSHFWLYHO\��

7KH�JULG�VLGH�SRZHU�IDFWRU�FDQ�EH�FDOFXODWHG�XVLQJ���������IRU�GLIIHUHQW�UHDO�DQG�

LPDJLQDU\� SDUWV� RI� WKH� H[FLWDWLRQ�ZLQGLQJ SKDVRU� YROWDJHV�� DW� DQ\� JLYHQ� URWRU�

VSHHG��
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)LJ����� 7KH�YDULDWLRQV�RI�WKH�JULG�VLGH�SRZHU�IDFWRU��3�)���ZLWK�UHVSHFW�WR�GLIIHUHQW�H[FLWDWLRQ�
YROWDJHV�IRU�VOLS� �െ�������ୡ୭୫୮  ���Ɋ)

)LJ�� ���� VKRZV� WKH� JULG�VLGH� SRZHU� IDFWRU� YDULDWLRQV� ZLWK� YDU\LQJ� H[FLWDWLRQ�

YROWDJHV��ZKHQ� VOLS� �െ����� DQG� D� ��Ɋ)� FRPSHQVDWLRQ� FDSDFLWRU� LV� FRQQHFWHG�

ZLWK�WKH�SRZHU�ZLQGLQJ�RI�WKH�SURWRW\SH�JHQHUDWRU�LQ�SDUDOOHO��7KH�EOXH�VKDGHG�
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UHJLRQ�LQ�)LJ������VKRZV�WKH�FROOHFWLRQ�RI�WKH�H[FLWDWLRQ�YROWDJHV�WKDW�VDWLVI\�QHDU�

XQLW\�SRZHU�IDFWRU�JHQHUDWLRQ�DW�WKLV�SDUWLFXODU�VSHHG��7KLV�SURFHVV�LV�UHSHDWHG�WR�

REWDLQ�WKH�H[FLWDWLRQ�YROWDJHV��VDWLVI\LQJ�WKH�QHDU�XQLW\�SRZHU�IDFWRU�JHQHUDWLRQ��

IRU�GLIIHUHQW�VSHHGV�

�� 6HOHFWLQJ� WKH� H[FLWDWLRQ� YROWDJHV� WR� RSHUDWH� WKH� JHQHUDWRU�ZLWK�&8)� VPDOOHU�

WKDQ������IRU�GLIIHUHQW�URWRU�VSHHGV�UHVSHFWLYHO\��

6LPLODUO\��WKH�&8)�FDQ�EH�FDOFXODWHG�XVLQJ���������IRU�GLIIHUHQW�UHDO�DQG�LPDJLQDU\�

SDUWV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�SKDVRU�YROWDJHV�DW�DQ\�JLYHQ�URWRU�VSHHG���
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&8)������

݉ܫ
ሺ
෨ܸ ݏ
݁
ሻ

ܴ݁ ሺ ෨ܸ݁ݏ ሻ

)LJ����� 7KH�YDULDWLRQV�RI�WKH�&8)�ZLWK�UHVSHFW�WR�GLIIHUHQW�H[FLWDWLRQ�YROWDJHV�IRU�VOLS� ��
�������ୡ୭୫୮  ���Ɋ)�

)LJ�� ���� LOOXVWUDWHV� WKH� YDULDWLRQV� RI� WKH�&8)�ZLWK� YDU\LQJ� H[FLWDWLRQ�ZLQGLQJ�

YROWDJH� IRU� VOLS�  �െ����� DQG� ܥ�  � ��Ɋ)�� 7KH� FROOHFWLRQ� RI� WKH� H[FLWDWLRQ�

YROWDJHV�ZKLFK�DOORZ�WKH�&8)�VPDOOHU�WKDQ������DW�WKLV�SDUWLFXODU�VSHHG�LV�PDUNHG�

E\�EOXH�VKDGHG�UHJLRQ��7KLV�SURFHVV�LV�UHSHDWHG�WR�REWDLQ�WKH�H[FLWDWLRQ�YROWDJHV��

VDWLVI\LQJ�WKH�&8)�UHTXLUHPHQW��IRU�GLIIHUHQW�VSHHGV��

�� 6HOHFWLQJ�WKH�H[FLWDWLRQ�YROWDJHV�WR�RSHUDWH�WKH�JHQHUDWRU�ZLWK�LWV�SKDVH�YROWDJHV�

DQG�FXUUHQWV�OLPLWHG�WR�VSHFLILF�YDOXHV�IRU�GLIIHUHQW�URWRU�VSHHGV�UHVSHFWLYHO\���

)RU�WKH�SKDVH�YROWDJHV��GXH�WR�WKLV�SDUWLFXODU�ZLQGLQJ�DUUDQJHPHQW��WKH�H[FLWDWLRQ�

YROWDJH�LV�QRW�DOORZHG�WR�H[FHHG�WKH�JULG�YROWDJH�ZKHQ�PLQLPL]LQJ�WKH�XQEDODQFHG�

RSHUDWLRQ�RI�WKH�JHQHUDWRU��7KH�UHTXLUHPHQW�DVVRFLDWHG�ZLWK�WKH�SKDVH�YROWDJH�LV�

WKHUHIRUH�HDVLO\�VDWLVILHG��
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݉ܫ
ሺ
෨ܸ ݏ
݁
ሻ

ܴ݁ ሺ ෨ܸ݁ݏ ሻ

)LJ����� 7KH�YDULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�ZLWK�UHVSHFW�WR GLIIHUHQW�H[FLWDWLRQ�
YROWDJHV�IRU�VOLS� ���������ୡ୭୫୮  ���Ɋ)�
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���

݉ܫ
ሺ
෨ܸ ݏ
݁
ሻ

ܴ݁ ሺ ෨ܸ݁ݏ ሻ

)LJ����� 7KH�YDULDWLRQV�RI�WKH�SRZHU�ZLQGLQJ�FXUUHQW�ZLWK�UHVSHFW�WR GLIIHUHQW�H[FLWDWLRQ�
YROWDJHV�IRU�VOLS� ���������ୡ୭୫୮  ���Ɋ)�

)RU�WKH�SKDVH�FXUUHQWV��ERWK�WKH�SRZHU�ZLQGLQJ�FXUUHQW�DQG�WKH�H[FLWDWLRQ�ZLQGLQJ�

FXUUHQW�FDQ�EH�FDOFXODWHG�XVLQJ��������IRU�GLIIHUHQW�UHDO�DQG�LPDJLQDU\�SDUWV�RI�WKH�

H[FLWDWLRQ�ZLQGLQJ�SKDVRU�YROWDJH�DW�DQ\�JLYHQ�URWRU�VSHHG��)LJ������DQG�)LJ������

LOOXVWUDWH�WKH�YDULDWLRQV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�DQG�WKH�SRZHU�ZLQGLQJ�

FXUUHQW�ZLWK�YDU\LQJ�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�IRU�VOLS  �െ�����DQG� ܥ�  �

��Ɋ)�� UHVSHFWLYHO\��7KH� FROOHFWLRQ� RI� WKH� H[FLWDWLRQ� YROWDJHV�ZKLFK�PDNHV� WKH�

H[FLWDWLRQ� ZLQGLQJ� FXUUHQW� DQG� SRZHU� ZLQGLQJ� FXUUHQW� VPDOOHU� WKDQ� ���$� DUH�

PDUNHG�E\�EOXH�VKDGHG�UHJLRQ��UHVSHFWLYHO\�LQ�)LJ������DQG�)LJ�������$V�VKRZQ�LQ�

)LJ������DQG�)LJ�������WKH�SRZHU�FXUUHQW�LV�VPDOOHU�WKDQ�WKH�H[FLWDWLRQ�ZLQGLQJ�LQ�
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JHQHUDO��7KLV�LV�EHFDXVH�WKH�SRZHU�ZLQGLQJ�KDV�D�JUHDWHU�QXPEHU�RI�WXUQV��WKXV�

QHHGV� OHVV� FXUUHQW�� /LNHZLVH�� WKLV� SURFHVV� LV� UHSHDWHG� WR� REWDLQ� WKH� H[FLWDWLRQ�

YROWDJHV�� VDWLVI\LQJ� WKH�SKDVH�YROWDJHV DQG�FXUUHQWV� UHTXLUHPHQWV�� IRU�GLIIHUHQW�

VSHHGV�

�� 6HOHFWLQJ� WKH� FROOHFWLRQ� RI� WKH� H[FLWDWLRQ� YROWDJHV� ZKLFK� FDQ� RSHUDWH� WKH�

JHQHUDWRU�VDWLVI\LQJ�DOO�WKH�UHTXLUHPHQWV�LQFOXGHG�LQ�WKH�FULWHULD�IRU�GLIIHUHQW�

URWRU�VSHHGV�UHVSHFWLYHO\�

2QFH� WKH�H[FLWDWLRQ�YROWDJHV��DOORZLQJ� WKH�JHQHUDWRU� WR� VDWLVI\�HDFK� LQGLYLGXDO�

UHTXLUHPHQW�LQFOXGHG�LQ�WKH�FULWHULD��DUH�VHOHFWHG�UHVSHFWLYHO\�IRU�D�VSHFLILF�VSHHG��

WKH�H[FLWDWLRQ�YROWDJHV�ZKLFK�DOORZ�WKH�JHQHUDWRU�WR�VDWLVI\�DOO�WKH�UHTXLUHPHQWV�

LQ�WKH�FULWHULD�FDQ�EH�UHDGLO\�REWDLQHG��/LNHZLVH��WKLV�SURFHVV�LV�UHSHDWHG�WR�REWDLQ�

WKH� H[FLWDWLRQ�YROWDJHV�� VDWLVI\LQJ�DOO� UHTXLUHPHQWV� LQFOXGHG� LQ� WKH� FULWHULD�� IRU�

GLIIHUHQW�VSHHGV�

�� 2EWDLQLQJ�WKH�ILQDO�H[FLWDWLRQ�YROWDJHV�IRU�GLIIHUHQW�URWRU�VSHHGV�

2QFH� WKH� H[FLWDWLRQ� YROWDJHV�� DOORZLQJ� WKH� JHQHUDWRU� WR� VDWLVI\� DOO� WKH�

UHTXLUHPHQWV�LQ�WKH�FULWHULD�IRU�D�VSHFLILF�VSHHG��DUH�REWDLQHG��WKH�ILQDO�H[FLWDWLRQ�

YROWDJH� DSSOLHG� IRU� WKLV� VSHFLILF� VSHHG� FDQ� EH� GHWHUPLQHG�� XVLQJ� WKH� DYHUDJH�

ILOWHULQJ�DOJRULWKP��E\�

ܴ݈݁ܽ൫ ෨ܸ௦
כ ൯ ൌ

ሺܴ݈݁ܽ൫݉ݑݏ ෨ܸ௦భ
כ ൯  ܴ݈݁ܽ൫ ෨ܸ௦మ

כ ൯  ൫݈ܴܽ݁ڮ ෨ܸ௦
כ ൯ሻ

݊
������

൫݃ܽ݉ܫ ෨ܸ௦
כ ൯ ൌ

൫݃ܽ݉ܫሺ݉ݑݏ ෨ܸ௦భ
כ ൯  ൫݃ܽ݉ܫ ෨ܸ௦మ

כ ൯  ڮ ൫݃ܽ݉ܫ ෨ܸ௦
כ ൯ሻ

݊
������

:KHUH�� ෨ܸ௦
כ LV�WKH�ILQDO�H[FLWDWLRQ�SKDVRU�YROWDJH�DSSOLHG�IRU�WKLV�VSHFLILF�VSHHG��

෨ܸ
௦భ
כ �� ෨ܸ௦మ

כ « ෨ܸ
௦
כ DUH�WKH�VHOHFWHG�H[FLWDWLRQ�SKDVRU�YROWDJHV�ZKLFK�VDWLVI\�DOO�WKH�

UHTXLUHPHQWV� LQFOXGHG� LQ� WKH� FULWHULD�� Q� LV� WKH� WRWDO� QXPEHU� RI� WKHVH� VHOHFWHG�

YROWDJHV��ܴ݈݁ܽ���DQG݃ܽ݉ܫ����GHQRWH�WKH�UHDO�SDUW�DQG�LPDJLQDU\�SDUW�RI�WKH�SKDVRU�

UHVSHFWLYHO\�� /LNHZLVH�� WKLV� SURFHVV� LV� UHSHDWHG� WR� REWDLQ� WKH� ILQDO� H[FLWDWLRQ�

YROWDJHV�DSSOLHG�IRU�GLIIHUHQW�VSHHGV��7KH�ILQDO�H[FLWDWLRQ�YROWDJHV�DUH�UHSUHVHQWHG�

LQ� WKH� IRUP� RI� WKH� SKDVRU�� )RU� WKH� SUDFWLFDO� XVH�� WKHVH� SKDVRU� YDOXHV� ZLOO� EH�

WUDQVIRUPHG�LQWR�WKH�506�YDOXHV�RI�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJHV�DQG�WKH�SKDVH�
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GLIIHUHQFH�EHWZHHQ�WKH�H[FLWDWLRQ�ZLQGLQJ�YROWDJH�DQG�SRZHU�ZLQGLQJ�YROWDJH��

7KHVH�WUDQVIRUPHG�YDOXHV�ZLOO EH�VWRUHG�LQ�WKH�PHPRU\�RI�WKH�PLFURSURFHVVRU�DV�

D�ORRN�XS�WDEOH��)LJ�������DQG�)LJ�������VKRZ�WKH�ILQDO�506�YDOXH�RI�WKH�H[FLWDWLRQ�

YROWDJH�DQG�WKH�SKDVH�GLIIHUHQFH�IRU�GLIIHUHQW�RSHUDWLQJ�VSHHGV�UHVSHFWLYHO\��$V�

VKRZQ�LQ�)LJ�������DQG�)LJ��������WKH�YDULDWLRQV�RI�WKH�H[FLWDWLRQ�506�YROWDJH�

DQG�WKH�SKDVH�GLIIHUHQFH�ZLWK�WKH�URWRU�VSHHG�DUH�VPRRWK��WKXV�HQVXULQJ�WKH�GDWD�

FRQWLQXLW\�DQG�VPRRWKQHVV�DFURVV�WKH�RSHUDWLQJ�URWRU�VSHHG��

���� ���� ���� ���� ���� ����
���

���

���

���

���

���

���

5RWRU 6SHHG �U�PLQ�

(
[F
LW
DW
LR
Q
5
0
6
9
RO
WD
JH
�9
�

)LJ������ 7KH�506�YDOXHV�RI�WKH�H[FLWDWLRQ�YROWDJHV�IRU�GLIIHUHQW�RSHUDWLQJ�VSHHGV�

���� ���� ���� ���� ���� ����
��

��

��

��

��

��

���

���

5RWRU 6SHHG �U�PLQ�

(
[F
LW
DW
LR
Q
3
KD
VH

'
LI
IH
UH
QF
H
�'
HJ
UH
H�

)LJ������ 7KH�SKDVH�GLIIHUHQFH�IRU�GLIIHUHQW�RSHUDWLQJ�VSHHGV�

���� 6OLS�(VWLPDWLRQ

$V�PHQWLRQHG�DERYH��WKH�RSHUDWLQJ�VSHHG�RI�WKH�JHQHUDWRU�LV�UHTXLUHG�WR�GHWHUPLQH�ZKLFK�

H[FLWDWLRQ�YROWDJH�WKDW�ZLOO�EH�DSSOLHG�IURP�WKH�ORRN�XS�WDEOH��$OWKRXJK�WKH�RSHUDWLQJ�VSHHG�

FDQ�EH�REWDLQHG�GLUHFWO\�E\�D�VSHHG�VHQVRU��LW�LV�XQGHVLUDEOH�EHFDXVH�WKLV�FDXVHV�GHJUDGDWLRQ�RI�

UHOLDELOLW\�DQG�DGGV�H[WUD�FRVW�� ,W� LV� WKHUHIRUH�TXLWH�QHFHVVDU\� WR�SURSRVH�D� VSHHG�HVWLPDWLRQ�
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PHWKRG�� )RU� WKH� JULG�FRQQHFWHG� 76&$2,� FRQILJXUHG� JHQHUDWRU�� LWV� V\QFKURQRXV� DQJXODU�

IUHTXHQF\� LV� IL[HG� ZLWK� WKH� JULG� DQJXODU� IUHTXHQF\�� WR� DOORZ� WKH� VSHHG� HVWLPDWLRQ� WR� EH�

WUDQVIRUPHG�LQWR�VOLS�HVWLPDWLRQ��7KXV��LQ�WKLV�VHFWLRQ��D�VOLS�HVWLPDWLRQ�PHWKRG��ZKLFK�LV�EDVHG�

RQ� WKH� IDVW� WLPH� GRPDLQ� V\PPHWULFDO� FRPSRQHQWV� GHFRPSRVLWLRQ� DOJRULWKP�� LV� SUHVHQWHG��

FRQVLGHULQJ� WKH� FURVV� FRXSOLQJ� HIIHFWV� FDXVHG� E\� WKH� LQWULQVLF� DV\PPHWU\� RI� WKH� PDFKLQH�

ZLQGLQJ��

7KH� VSDFH� FRPSOH[� YHFWRU� UHSUHVHQWDWLRQ� PHWKRG�� LQWURGXFHG� LQ� >���@ IRU� G\QDPLF�

DQDO\VLV�RI�YDULDEOH�IUHTXHQF\�DF�GULYHV��LV�XVHG�LQ�WKLV�SDSHU�WR�VLPSOLI\�WKH�GHULYDWLRQV��DQG�

WKH�PDFKLQH�YDULDEOH�UHSUHVHQWHG�LQ�VSDFH�FRPSOH[�YHFWRU�FDQ�EH�JLYHQ�E\�

Ԧܺሺݐሻ ൌ ܺఈሺݐሻ  ݆ ఉܺሺݐሻ ������

:KHUH�� FDQ�UHSUHVHQW�DQ\�YDULDEOH�RI�WKH�VWDWRU�DQG�URWRU�FLUFXLWV� ܺఈ DQG� ఉܺ DUH�Ƚ DQG�

ߚ FRPSRQHQWV�RI�WKH�YDULDEOH�ܺ LQ�WKH�VWDWLRQDU\ߚߙ� IUDPH�UHVSHFWLYHO\�DQG�݆ LV�WKH�LPDJLQDU\�

XQLW\��7KH� Ԧܺሺݐሻ FDQ�DOVR�EH�H[SUHVVHG�E\�WKH�VXPPDWLRQ�RI�WKH�SRVLWLYH�DQG�QHJDWLYH�VHTXHQFH�

FRPSRQHQWV��DV�IROORZV�

Ԧܺሺݐሻ ൌ ܺାሺݐሻ݁
ሺఠೞ௧ାఏశሻ  ܺିሺݐሻ݁

ିሺఠೞ௧ାఏషሻ ������

,Q� �������� VXEVFULSWV  ܽ݊݀ െ UHSUHVHQW� SRVLWLYH� DQG� QHJDWLYH� VHTXHQFH� FRPSRQHQWV��

ܺାሺݐሻ DQG�ܺିሺݐሻ�� ZKLFK� DUH� DVVXPHG� WR� YDU\� VORZO\� ZLWK� WLPH�� DUH� WKH�PDJQLWXGHV� RI� WKH�

SRVLWLYH� DQG� QHJDWLYH� VHTXHQFH� FRPSRQHQWV� UHVSHFWLYHO\��߱௦ LV� WKH� V\QFKURQRXV� DQJXODU�

IUHTXHQF\�DQGߠ�ା DQGିߠ� DUH�WKH�FRUUHVSRQGLQJ�SKDVH�DQJOHV��(TXDWLRQ��������FDQ�EH�UHZULWWHQ�

DV�EHORZ�ZLWKߛ� ߱௦Τ GHOD\�

Ԧܺሺݐ െ
ߛ

߱௦
ሻ ൌ ܺା ൬ݐ െ

ߛ

߱௦
൰ ݁ሺఠೞ௧ାఏశሻ݁ିఊ  ܺି ൬ݐ െ

ߛ

߱௦
൰ ݁ିሺఠೞ௧ାఏషሻ݁ఊ ������

:KHQ�WKH�GHOD\�DQJOHߛ� LV�YHU\�VPDOO��DERYH�HTXDWLRQ�FDQ�EH�DSSUR[LPDWHG�DV�IROORZV�

Ԧܺሺݐ െ
ߛ

߱௦
ሻ ൌ ܺାሺݐሻ݁

ሺఠೞ௧ାఏశሻ݁ିఊ  ܺିሺݐሻ݁
ିሺఠೞ௧ାఏషሻ݁ఊ ������

6XEWUDFWLQJ� Ԧܺሺݐሻ݁ఊ IURP���������HTXDWLRQ�EHORZ�FDQ�EH�REWDLQHG�
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Ԧܺ ൬ݐ െ
ߛ

߱௦
൰ െ Ԧܺሺݐሻ݁ఊ ൌ െʹ݆ߛ݊݅ݏ ή ܺାሺݐሻ݁

ሺఠೞ௧ାఏశሻ ������

7KXV

ܺାሺݐሻ݁
ሺఠೞ௧ାఏశሻ ൌ

݆

ߛ݊݅ݏʹ
 Ԧܺ ൬ݐ െ

ߛ

߱௦
൰ െ Ԧܺሺݐሻ݁ఊ൨ ������

(TXDWLRQ��������LV�WKH�GHFRPSRVLWLRQ�HTXDWLRQ�RI�WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQW�IURP�

WKH�RULJLQDO�VLJQDOV��7KH�SRVLWLYH�VHTXHQFH�FRPSRQHQW�FDQ�EH�GHVFULEHG�LQ�WHUPV�RIߙ�� DQGߚ�

FRPSRQHQWV�DV�EHORZ�E\�VXEVWLWXWLQJ��������LQWR��������

ܺାሺݐሻ݁
ሺఠೞ௧ାఏశሻ ൌ

ͳ

ߛ݊݅ݏʹ
 ఉܺሺݐሻܿߛݏ  ܺఈሺݐሻߛ݊݅ݏ െ ఉܺ ൬ݐ െ

ߛ

߱௦
൰൨


݆

ߛ݊݅ݏʹ
ܺఈ ൬ݐ െ

ߛ

߱௦
൰ െ ܺఈሺݐሻܿߛݏ  ఉܺሺݐሻߛ݊݅ݏ൨

������

7KHߙ� DQGߚ� D[LV� SRVLWLYH� VHTXHQFH� FRPSRQHQWV� FDQ� EH� UHDGLO\� REWDLQHG� E\� ������� DV�

EHORZ�

ܺఈାሺݐሻ ൌ
ͳ

ʹ
ܺఈሺݐሻ െ

ͳ

ߛ݊݅ݏʹ
 ఉܺ ൬ݐ െ

ߛ

߱௦
൰ െ ఉܺሺݐሻܿߛݏ൨ ������

ఉܺାሺݐሻ ൌ
ͳ

ʹ ఉܺሺݐሻ 
ͳ

ߛ݊݅ݏʹ
ܺఈ ൬ݐ െ

ߛ

߱௦
൰ െ ܺఈሺݐሻܿߛݏ൨ ������

,Q�WKH�VLPLODU�PHWKRG�� WKH�QHJDWLYH�VHTXHQFH�FRPSRQHQWV� LQ� WKHߚߙ� IUDPH�FDQ�DOVR�EH�

REWDLQHG�DV�EHORZ�

ܺఈିሺݐሻ ൌ
ͳ

ʹ
ܺఈሺݐሻ 

ͳ

ߛ݊݅ݏʹ
 ఉܺ ൬ݐ െ

ߛ

߱௦
൰ െ ఉܺሺݐሻܿߛݏ൨ ������

ఉܺିሺݐሻ ൌ
ͳ

ʹ ఉܺሺݐሻ െ
ͳ

ߛ݊݅ݏʹ
ܺఈ ൬ݐ െ

ߛ

߱௦
൰ െ ܺఈሺݐሻܿߛݏ൨ ������

)URP��������WR���������LW�LV�QRWHG�WKDW�WKH�VPDOOHU�WKH�WLPH�GHOD\ߛ� ߱௦Τ LV��WKH�IDVWHU�WKH�

UHVSRQVH� ZLOO� EH�� +RZHYHU�� WKH� WLPH� GHOD\ߛ� ߱௦Τ FDQQRW� EH� WRR� VPDOO� DV� LW� ZLOO� WKHQ� EH�

VXVFHSWLEOH�WR�WKH�QRLVH��
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)LJ������ 7KH�GHFRPSRVLWLRQ�DOJRULWKP�IRU�QHJDWLYH�VHTXHQFH�FRPSRQHQW

7KH� V\PPHWULFDO� FRPSRQHQWV� REWDLQHG� IURP� WKH� DERYHPHQWLRQHG� PHWKRG� FDQ� EH�

HPSOR\HG�WR�HVWLPDWH�WKH�RSHUDWLQJ�VOLS��7KH�SURSRVHG�VOLS�HVWLPDWLRQ�VWUDWHJ\�LV�SHUIRUPHG�LQ�

WKH� UHIHUHQFH� IUDPH� IL[HG� WR� WKH� GHFRXSOHG� SRVLWLYH� VHTXHQFH� FRPSRQHQW� RI� WKH� VWDWRU� IOX[�

OLQNDJH�� 7KLV� UHIHUHQFH� IUDPH� LV� URWDWLQJ� DW� IUHTXHQF\ ߱௦ା �� ZKLFK� GHQRWHV� WKH� SRVLWLYH�

V\QFKURQRXV�IUHTXHQF\��DQG�WKH�HVWLPDWLRQ�LV�EDVHG�RQ�WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�RQO\��

7KH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�EDVHG�URWRU�FLUFXLW�HTXDWLRQV�LQ�WKH�SRVLWLYH�V\QFKURQRXVO\�
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URWDWLQJ�IUDPH�FDQ�EH�GLUHFWO\�GHULYHG�IURP�������LQ�WKH�VWDWLRQDU\�IUDPH��GXH�WR�WKH�GHFRXSOHG�

UHODWLRQVKLS�EHWZHHQ�SRVLWLYH�DQG�QHJDWLYH�VHTXHQFH�FRPSRQHQWV�LQ�URWRU�FLUFXLWV�
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FRPSRQHQWV� EHLQJ� HYDOXDWHG� LQ� WKH� SRVLWLYH� V\QFKURQRXVO\� URWDWLQJ� UHIHUHQFH� IUDPH�� 7KH�

VXEVFULSWV�݀ DQGݍ� DUH� XVHG� WR� GHQRWH� WKH� GLUHFW� DQG� TXDGUDWXUH� D[LV� FRPSRQHQWV� LQ� WKH�

UHIHUHQFH�IUDPH�UHVSHFWLYHO\��
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)LJ�������VKRZV�WKH�EORFN�GLDJUDP�RI�WKH�SURSRVHG�VOLS�HVWLPDWLRQ�VFKHPH��DQG�WKH�VWDWRU�
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���� 76&$2,�&RQILJXUHG�6LQJOH�3KDVH�*ULG�&RQQHFWHG�,QGXFWLRQ�

*HQHUDWRU

7KH� EORFN� GLDJUDP� RI� WKH�76&$2,�FRQILJXUHG� VLQJOH�SKDVH� JULG�FRQQHFWHG� LQGXFWLRQ�

JHQHUDWRU� LV� LOOXVWUDWHG� LQ� )LJ�� ������ $V� VKRZQ� LQ� )LJ�� ������ WKH� H[FLWDWLRQ�ZLQGLQJ� RI� WKH�

76&$2,�FRQILJXUHG�JHQHUDWRU�LV�IHG�E\�WKH�VLQJOH�SKDVH�EL�GLUHFWLRQDO�FRQYHUWHU�DQG�WKH�SRZHU�

ZLQGLQJ��FRQVWUXFWHG�E\�WKH�WZR�VHULHV�FRQQHFWHG�ZLQGLQJV��LV�FRQQHFWHG�ZLWK�WKH�VLQJOH�SKDVH�

$&�JULG��7KH�PHDVXUHG�ZLQGLQJ�FXUUHQWV�DQG�YROWDJHV�DUH�SURYLGHG� WR� WKH�VOLS�HVWLPDWRU� WR�

HVWLPDWH�WKH�VOLS�DQJXODU�IUHTXHQF\��7KH�HVWLPDWHG�VOLS�DQJXODU�IUHTXHQF\�RU�LWV�HTXLYDOHQW�URWRU�

VSHHG�LV�IHG�LQWR�WKH�SUH�GHILQHG�ORRN�XS�WDEOH�WR�VHOHFW�WKH�UHIHUHQFH�YROWDJH�RI�WKH�H[FLWDWLRQ�

ZLQGLQJ��,Q�RUGHU�WR�JHQHUDWH�WKH�DFWXDO�H[FLWDWLRQ�YROWDJH��EHVLGHV�WKH�UHIHUHQFH�YROWDJH��WKH�

JULG�SKDVH�DQJOHߠ�ௗ LV�DOVR�UHTXLUHG��DQG�LW�LV�REWDLQHG�IURP�WKH�3//��3KDVH�/RFNHG�/RRS����
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)LJ������ %ORFN�GLDJUDP�RI�WKH�SURSRVHG�FRQWURO�VFKHPH�IRU�JULG�FRQQHFWHG�76&$2,�JHQHUDWRU

���� 5HVXOWV�DQG�'LVFXVVLRQ

,Q�RUGHU�WR�GHPRQVWUDWH�WKH�YLDELOLW\�RI�WKH�SURSRVHG�FRQWURO�VWUDWHJ\�DQG�LQYHVWLJDWH�ERWK�

WKH� EHKDYLRXU� DQG� OLPLWDWLRQV� RI� WKH� JULG�FRQQHFWHG� 76&$2,� JHQHUDWRU�� VLPXODWLRQV� DQG�

H[SHULPHQWDO�WHVWV�KDYH�EHHQ�SHUIRUPHG�XQGHU�YDULRXV�VWHDG\�VWDWH�DQG�WUDQVLHQW�FRQGLWLRQV��

$�IRXU�SROH���N:�����9�FDJH�LQGXFWLRQ�PDFKLQH�ZDV�FRQILJXUHG�LQ�WKH�76&$2,�ZLQGLQJ�

DUUDQJHPHQW� IRU� ERWK� VLPXODWLRQV� DQG� H[SHULPHQWV�� 7KH� SDUDPHWHUV� RI� WKLV� FDJH� LQGXFWLRQ�

PDFKLQH� DUH� JLYHQ� LQ� WKH� $SSHQGL[� $�� %DVHG� RQ� WKLV� SURWRW\SH� JHQHUDWRU�� D� VPDOO�VFDOH�

JHQHUDWLRQ�V\VWHP�ZDV�LPSOHPHQWHG�RQ�WKH�H[SHULPHQWDO�SODWIRUP�VKRZQ�LQ�)LJ��������
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,Q� WKH� H[SHULPHQW�� WKH� SURWRW\SH� JHQHUDWRU� ZDV� PHFKDQLFDOO\� FRXSOHG� ZLWK DQRWKHU�

LQGXFWLRQ�PDFKLQH�FRQWUROOHG�E\�D�YDULDEOH�VSHHG�GULYH��96'��WR�HPXODWH�WKH�YDULDEOH�VSHHG�

SULPH�PRYHU��7KH����9���+]�VLQJOH�SKDVH�JULG�ZDV�FRQQHFWHG�ZLWK�WKH�SRZHU�ZLQGLQJ��DQG�D�

VLQJOH�SKDVH�YROWDJH�VRXUFH�FRQYHUWHU��96&��ZDV�FRQQHFWHG�ZLWK�WKH�H[FLWDWLRQ�ZLQGLQJ��7KH�

FRQWURO� VRIWZDUH�RI� WKH� VLQJOH�SKDVH�96&�ZDV�GHYHORSHG�RQ�D�7,�'HOILQR�������FRQWUROOHU�

ERDUG��9ROWDJH�DQG�FXUUHQW� VHQVRUV�ZHUH�XVHG� WR�PHDVXUH� WKH�JULG�YROWDJH�DQG� WKH�ZLQGLQJ�

FXUUHQWV�RI�WKH�JHQHUDWRU��UHVSHFWLYHO\��7KH�IHHGEDFN�VLJQDOV�RI�WKH�JULG�YROWDJH�DQG�WKH�ZLQGLQJ�

FXUUHQWV�ZHUH� UHDG�E\� WKH�FRQWUROOHU�ERDUG� WKURXJK�$�'� �$QDORJ� WR�'LJLWDO�� FRQYHUWHU��7KH�

ORRN�XS� WDEOH�SUHVHQWHG� LQ�)LJ�� �����ZDV� VWRUHG� LQ� WKH� FRQWUROOHU�ERDUG� WR� VHOHFW� WKH�SURSHU�

H[FLWDWLRQ�ZLQGLQJ�YROWDJH��%DVHG�RQ�WKH�VHOHFWHG�H[FLWDWLRQ�ZLQGLQJ�UHIHUHQFH�YROWDJH�DQG�JULG�

SKDVH�DQJOH��WKH�3:0�VLJQDOV�IRU�WKH�VZLWFKHV�LQ�WKH�VLQJOH�SKDVH�96&�ZHUH�JHQHUDWHG�E\�WKH�

FRQWUROOHU�ERDUG��DFFRUGLQJO\�
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)LJ������ ([SHULPHQWDO�VHWXS

%HIRUH� WKH� GHWDLOHG� VLPXODWHG� DQG� H[SHULPHQWDO� LQYHVWLJDWLRQ�� WKH� YDOXH� RI� WKH�

FRPSHQVDWLRQ�FDSDFLWRU�PXVW�EH�ILUVW�GHWHUPLQHG��7KH�FRPSHQVDWLRQ�FDSDFLWRU��FRQQHFWHG�ZLWK�

WKH�VLQJOH�SKDVH�JULG�LQ�SDUDOOHO��LV�XVHG�WR�UHGXFH�WKH�UHDFWLYH�SRZHU�UHTXLUHPHQW�RI�WKH�JULG��

7KXV��LW�SOD\V�D�YLWDO�UROH�LQ�FRUUHFWLQJ�WKH�JULG�VLGH�SRZHU�IDFWRU��DQG�WKHQ�KDV�D�VLJQLILFDQW�

LPSDFW�RQ�WKH�V\VWHP�RSHUDWLQJ�UDQJH��
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8QOLNH� WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU�� WKH�RSHUDWLQJ�UDQJH�RI� WKH�JULG�

FRQQHFWHG�76&$2,�FRQILJXUHG�JHQHUDWRU� LV�RQO\�GHWHUPLQHG�E\� LWV� VSHHG� UDQJH��7KH�VSHHG�

UDQJH�FDQ�EH�LQGLUHFWO\�REWDLQHG��XVLQJ�WKH�GHWHUPLQDWLRQ�PHWKRG�SURSRVHG�IRU�WKH�H[FLWDWLRQ�

ZLQGLQJ�YROWDJH�LQ�6HFWLRQ������)RU�D�JLYHQ�URWRU�VSHHG�� WKH�GHWHUPLQDWLRQ�PHWKRG�FDQ�ILQG�

ZKHWKHU� WKHUH� H[LVWV� DQ� H[FLWDWLRQ� YROWDJH�� DOORZLQJ� WKLV� SURWRW\SH� JHQHUDWRU� WR� VDWLVI\� WKH�

FULWHULD� GHVFULEHG� DERYH�� ZLWK� D� VSHFLILF� FRPSHQVDWLRQ� FDSDFLWRU�� ,I� WKHUH� H[LVWV� VXFK� DQ�

H[FLWDWLRQ�YROWDJH�� WKLV�SDUWLFXODU�URWRU�VSHHG� LV�DSSOLFDEOH�IRU� WKH�JHQHUDWRU��RWKHUZLVH�� WKLV�

SDUWLFXODU�URWRU�VSHHG�LV�QRW�DSSOLFDEOH��

)LJ������ LOOXVWUDWHV�WKH�VLPXODWHG�RSHUDWLQJ�VSHHG�UDQJH�RI�WKH�SURWRW\SH�JHQHUDWRU�ZLWK�

GLIIHUHQW�FRPSHQVDWLRQ�FDSDFLWRUV�XVLQJ�WKH�SURSRVHG�FULWHULD��$FFRUGLQJ�WR�)LJ��������WKH���X)�

FDSDFLWRU�SURYLGLQJ�WKH�PD[LPXP�RSHUDWLQJ�UDQJH��ZDV�WKHUHIRUH�VHOHFWHG�
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)LJ������ 7KH�RSHUDWLQJ�VSHHG�UDQJH�IRU�GLIIHUHQW�SDUDOOHO�FRPSHQVDWLRQ�FDSDFLWRUV

)LJ�� �����D�� DQG� )LJ�� �����E�� VKRZ� WKH� YDULDWLRQV� LQ� WKH� VWHDG\�VWDWH� FXUUHQWV� RI� WKH�

H[FLWDWLRQ�ZLQGLQJ�DQG�SRZHU�ZLQGLQJ�UHVSHFWLYHO\�ZLWK�YDU\LQJ�URWRU�VSHHGV��$V�VKRZQ�LQ�)LJ��

������H[SHULPHQWDO�DQG�VLPXODWHG�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW��DQG�ERWK�H[FLWDWLRQ�ZLQGLQJ�

DQG�SRZHU�ZLQGLQJ�FXUUHQWV�LQFUHDVH�OLQHDUO\�ZLWK�LQFUHDVLQJ�URWRU�VSHHGV��,W�LV�LPSRUWDQW�WR�

QRWH�WKDW��WKH�H[FLWDWLRQ�ZLQGLQJ�FXUUHQW�LV�SURSRUWLRQDO�WR�WKH�SRZHU�ZLQGLQJ�FXUUHQW�E\�D�IDFWRU�

DSSUR[LPDWHO\� HTXDOOLQJ� WR�ξ͵ �� ZKLFK LV� WKH� WXUQV� UDWLR� EHWZHHQ� WKH� SRZHU� ZLQGLQJ� DQG�

H[FLWDWLRQ�ZLQGLQJ��WKXV�LQGLFDWLQJ�WKH�JHQHUDWRU�LV�RSHUDWHG�ZLWK�PLQLPXP�XQEDODQFH�
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)LJ������ �D��([FLWDWLRQ�ZLQGLQJ�FXUUHQW�DQG��E��SRZHU�ZLQGLQJ�FXUUHQW�YV�URWRU�VSHHGV

7KH�YDULDWLRQV�LQ�WKH�DFWLYH�SRZHU�SURYLGHG�E\�WKH�H[FLWDWLRQ�ZLQGLQJ�DQG�SRZHU�ZLQGLQJ�

YHUVXV�WKH�URWRU�VSHHGV�DUH�VKRZQ�LQ�)LJ�������D��DQG�)LJ�������E���UHVSHFWLYHO\��7KH�QHJDWLYH�

SRZHU�LQGLFDWHV�WKDW�WKH�DFWLYH�SRZHU�LV�VXSSOLHG�E\�ERWK�SRZHU�ZLQGLQJ�DQG�H[FLWDWLRQ�ZLQGLQJ��

8QOLNH�WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU��ZKLFK�FDQ�EH�RSHUDWHG�ERWK�DW�VXE� DQG�

VXSHU�V\QFKURQRXV�URWRU�VSHHGV��WKH�JULG�FRQQHFWHG�JHQHUDWRU�LV�OLPLWHG�WR�EH�RSHUDWHG�DW�RQO\�

VXSHU�V\QFKURQRXV�VSHHGV�E\�WKH�JLYHQ�RSHUDWLQJ�FULWHULD��7KXV��WKH�H[FLWDWLRQ�ZLQGLQJ�NHHSV�

JHQHUDWLQJ� DFWLYH� SRZHU�� DQG� WKH� JHQHUDWHG� SRZHU� LV� IHG� EDFN� WKURXJK� WKH� EL�GLUHFWLRQDO�

FRQYHUWHU WR�WKH�HQHUJ\�VWRUDJH�V\VWHP�XQGHU�DOO�RSHUDWLQJ�FRQGLWLRQV��+RZHYHU��LI�WKH�RSHUDWLQJ�

FULWHULRQ�LV�FKDQJHG��WKH�JULG�FRQQHFWHG�JHQHUDWRU�LV�DOVR�DEOH�WR�RSHUDWH�DW�ERWK�VXE� DQG�VXSHU�

V\QFKURQRXV�URWRU�VSHHGV�DQG�DFWLYH�SRZHU�FDQ�DOVR�EH�SURYLGHG�IURP�WKH�FRQYHUWHU�VLGH��7KH�

VLPLODU�YDULDWLRQV�RI�WKH�JHQHUDWHG�DFWLYH�SRZHU�YHUVXV�URWRU�VSHHGV�FDQ�EH�REVHUYHG�LQ�)LJ��

�����D�� DQG� )LJ�� �����E��� IXUWKHU� LQGLFDWLQJ� WKDW� WKH� JHQHUDWRU� LV� RSHUDWHG� ZLWK� PLQLPXP�

XQEDODQFH��,Q�DGGLWLRQ��LW�LV�QRWLFHDEOH�WKDW�WKH�PD[LPXP�JHQHUDWHG�DFWLYH�SRZHU�LV�DERXW��N:��

ZKHQ�WKH�JHQHUDWRU�LV�RSHUDWHG�DW�KLJKHVW�VSHHGV��
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)LJ������ $FWLYH�SRZHU�JHQHUDWLRQ�RI�WKH��D��H[FLWDWLRQ�ZLQGLQJ�DQG��E��SRZHU�ZLQGLQJ�YV�URWRU�VSHHGV

)LJ�� �����D�� DQG� )LJ�� �����E��� UHVSHFWLYHO\�� GHPRQVWUDWH� WKH� YDULDWLRQV� RI� WKH� UHDFWLYH�

SRZHU�VXSSOLHG�E\�WKH�SRZHU�ZLQGLQJ�DQG�H[FLWDWLRQ�ZLQGLQJ�ZLWK�GLIIHUHQW�URWRU�VSHHGV��$V�

LOOXVWUDWHG� LQ� )LJ�� ������ WKH� UHDFWLYH� SRZHU� UHTXLUHPHQWV� LQFUHDVH� ZLWK� WKH� LQFUHDVLQJ� URWRU�

VSHHGV�� )XUWKHUPRUH�� DV� H[SHFWHG�� WKH� SUHVHQFH� RI� WKH� FRPSHQVDWLRQ� FDSDFLWRU� VLJQLILFDQWO\�

UHGXFHV�WKH�UHDFWLYH�SRZHU�UHTXLUHPHQW�RI�WKH�JULG�VLGH��0HDQZKLOH��DV�WKH�JHQHUDWRU�LV�UHTXLUHG�

WR�EH�RSHUDWHG�ZLWK�PLQLPXP�XQEDODQFH��WKH�UHDFWLYH�SRZHU�FRQVXPHG�E\�WKH�FRPSHQVDWLRQ�

FDSDFLWRU��ZKLFK�LV������9$�LQ�WKLV�FDVH��LV�DSSUR[LPDWHO\�HTXDO�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH�

UHDFWLYH�SRZHU�SURYLGHG�E\�WKH�JULG�VLGH�DQG�FRQYHUWHU�VLGH��������
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)LJ������ 5HDFWLYH�SRZHU�JHQHUDWLRQ�RI�WKH��D��H[FLWDWLRQ�ZLQGLQJ�DQG��E��SRZHU�ZLQGLQJ�YV�URWRU�VSHHGV
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)LJ�������D��VKRZV�WKH�YDULDWLRQ�RI�&8)�ZLWK�GLIIHUHQW�URWRU�VSHHGV��$V�VKRZQ�LQ�)LJ��

�����D���WKH�YDULDWLRQ�RI�&8)�LV�VWULFWO\�OLPLWHG�ZLWKLQ�WKH�JLYHQ�UDQJH��ZKLFK�LV���WR������LQ�

WKLV�FDVH��7KH�VPDOO�YDULDWLRQV�RI�&8)�IXUWKHU�LQGLFDWH�WKH�JHQHUDWRU�LV�RSHUDWHG�ZLWK�PLQLPXP�

XQEDODQFH�� ,W� LV� LQWHUHVWLQJ� WR�QRWH� WKDW� WKH�PDJQLWXGH�RI�XQEDODQFH� LV� LQWHQVLILHG�ZKHQ� WKH�

RSHUDWLQJ�VSHHG�DSSURDFKHV�WR�WKH�ORZHVW�DQG�KLJKHVW�VSHHG�OLPLWDWLRQV��7KH�YDULDWLRQV�RI�WKH�

SRZHU�IDFWRU�YHUVXV�WKH�URWRU�VSHHGV�DUH�VKRZQ�LQ�)LJ�������E���$V�VKRZQ�LQ�)LJ�������E���WKH�

H[SHULPHQWDO�DQG�VLPXODWHG�UHVXOWV�DUH�DOVR�LQ�JRRG�DJUHHPHQW�DQG�WKH�SRZHU�IDFWRU�LV�ZHOO�

UHJXODWHG�EHORZ��������HQVXULQJ�WKDW�JHQHUDWHG�SRZHU�LV�GHOLYHUHG�WR�WKH�JULG�ZLWK�QHDU�XQLW\�

SRZHU�IDFWRU��+RZHYHU��WKH�SRZHU�IDFWRU�EHFRPHV�SRRU�DW�WKH�ORZHVW�DQG�KLJKHVW�VSHHGV��7KH�

SHUIRUPDQFH�RI�WKH�SURSRVHG�JHQHUDWRU�ZDV�DOVR�HYDOXDWHG�XVLQJ�WKH�HIILFLHQF\��DV�VKRZQ�LQ�

)LJ�� �����F��� 7KH� VPDOO� GLIIHUHQFH� EHWZHHQ� WKH� H[SHULPHQWDO� DQG� VLPXODWHG� UHVXOWV� FDQ� EH�

DWWULEXWHG�WR�ORVVHV�WKDW�ZHUH�QRW�LQFOXGHG�LQ�WKH PDWKHPDWLFDO�PRGHO��$�PD[LPXP�HIILFLHQF\�

RI�DSSUR[LPDWHO\�����ZDV�DFKLHYHG�ZKHQ�WKH�JHQHUDWRU�ZDV�RSHUDWHG�DW�WKH�ORZHVW�URWRU�VSHHGV�

ZLWK�PLQLPXP�ORDG��+RZHYHU��DV�VSHHG�DQG�ORDG�LQFUHDVH��WKH�HIILFLHQF\�EHJLQV�WR�GHFUHDVH�

OLQHDUO\�WR�DQ�DSSUR[LPDWHO\������
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)LJ������ �D��&8)���E��SRZHU�IDFWRU�DQG��F��HIILFLHQF\�YV�URWRU�VSHHGV

)LJ������ DQG�)LJ������ VKRZ�WKH�WUDQVLHQW�H[SHULPHQWDO�ZDYHIRUPV�RI�WKH�JULG�YROWDJH�

DQG�FXUUHQW�RI�WKH�SURSRVHG�VLQJOH�SKDVH�JULG�FRQQHFWHG�76&$2,�JHQHUDWRU�GXULQJ�WKH�FKDQJH�

RI�VSHHG��7KH�DFFHOHUDWLRQ�WHVW�UHVXOWV��ZKLFK�DUH�VKRZQ�LQ�)LJ��������ZHUH�REWDLQHG�E\�OLQHDUO\�

LQFUHDVLQJ�WKH�URWRU�VSHHG�IURP������USP�DW����V�WR������USP�ZLWKLQ����V�DQG�WKH�GHFHOHUDWLRQ�

WHVW�UHVXOWV��VKRZQ�LQ�)LJ��������ZHUH�REWDLQHG�E\�OLQHDUO\�GHFUHDVLQJ�WKH�URWRU�VSHHG�IURP������

USP�DW����V�WR������USP�ZLWKLQ����V��$V�FDQ�EH�VHHQ��WKH�V\VWHP�EHKDYHV�DV�H[SHFWHG��8QGHU�

WKH�SURSRVHG�FRQWURO�VFKHPH��WKH�JULG�FXUUHQW�YDULHV�VPRRWKO\�ZLWK�WKH�YDU\LQJ�VSHHGV�DQG�WKH�

SRZHU�LV�VWLOO�GHOLYHUHG�WR�WKH�JULG�DW�QHDU�XQLW\�SRZHU�IDFWRU�ZKHQ�WKH�VSHHG�ZDV�FKDQJHG��

*ULG 9ROWDJH
*ULG &XUUHQW
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)LJ������ ([SHULPHQWDO�WUDQVLHQW�ZDYHIRUPV�RI�JULG�YROWDJH�DQG�FXUUHQW�DW�DFFHOHUDWLRQ
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)LJ������ ([SHULPHQWDO�WUDQVLHQW�ZDYHIRUPV�RI�JULG�YROWDJH�DQG�FXUUHQW�DW�GHFHOHUDWLRQ

���� 6XPPDU\

$�YDULDEOH�VSHHG�JULG�FRQQHFWHG�76&$2,�FRQILJXUHG�6&,*�IRU�VLQJOH�SKDVH�HOHFWULFLW\�

JHQHUDWLRQ�KDV�EHHQ�GHVFULEHG� LQ� WKLV�FKDSWHU��$�PDWKHPDWLFDO�PRGHO�KDV�EHHQ�SURSRVHG� WR�

LQYHVWLJDWH� WKH� EHKDYLRXU� DQG� OLPLWDWLRQV� RI� WKLV� JULG�FRQQHFWHG� JHQHUDWRU��$� ORRN�XS� WDEOH�

EDVHG�FRQWURO�VFKHPH�KDV�DOVR�EHHQ�SURSRVHG�WR�RSHUDWH�WKH�JHQHUDWRU�XQGHU�JLYHQ�RSHUDWLQJ�

FRQGLWLRQV��7R�VLPSOLI\�WKH�LPSOHPHQWDWLRQ�RI�WKH�SURSRVHG�JHQHUDWRU��D�VOLS�HVWLPDWLRQ�PHWKRG�

KDV�EHHQ�LQFRUSRUDWHG�WR�WKH�FRQWUROOHU�WR�DFKLHYH�VSHHG�VHQVRUOHVV�FRQWURO�RI�WKLV�JHQHUDWRU��

7KH�YDOLGLW\�RI�WKH�SURSRVHG�JHQHUDWRU�FRQFHSW�KDV�EHHQ�YHULILHG�E\�XVLQJ�ERWK�VLPXODWLRQV�DQG�

H[SHULPHQWDO�HYLGHQFH�RI�D�SURWRW\SH�JHQHUDWRU��%RWK�DQDO\WLFDO�DQG�PHDVXUHG�UHVXOWV�LQGLFDWH�

WKH�SURSRVHG�WHFKQLTXH�LV�YLDEOH�DQG�DOORZV�IRU�YDULDEOH�VSHHG�HOHFWULFLW\�JHQHUDWLRQ�DW�QHDU�

XQLW\�SRZHU�IDFWRU��7KH�SURSRVHG�JHQHUDWRU��ZKLFK�LV�HDV\�WR�EH�LPSOHPHQWHG�DQG�ORZ�LQ�FRVW��

LV�DQ�LGHDO�FDQGLGDWH�IRU�VPDOO�VFDOH�UHQHZDEOH�HQHUJ\�GLVWULEXWHG�JHQHUDWLRQ��
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&KDSWHU��

'LUHFW�)OX[�&RQWUROOHG�13&�76&$2,�

&RQILJXUHG�*HQHUDWRUV�IRU�6WDQGDORQH�

$SSOLFDWLRQV

���� ,QWURGXFWLRQ

%HKDYLRXU� RI� WKH� 76&$2,� FRQILJXUHG� 6&,*� KDV� EHHQ� LQYHVWLJDWHG� LQ� GHWDLO� IRU� ERWK�

VWDQGDORQH�DQG�JULG�FRQQHFWHG�DSSOLFDWLRQV��%\�XVLQJ�RQO\�D�UHGXFHG±FDSDFLW\�FRQYHUWHU��WKLV�

WHFKQLTXH�SURYLGHV�D�ORZ�FRVW�DQG�VPDOO�VL]HG�VROXWLRQ�IRU�VLQJOH�SKDVH�HOHFWULFLW\�JHQHUDWLRQ��

+RZHYHU��GXH�WR�WKH�ODFN�RI�FRQWURO�GHJUHHV�RI�IUHHGRP��WKH�EDODQFHG�RSHUDWLRQ�FRQGLWLRQ�DQG�

IDVW�G\QDPLF�UHVSRQVH�DUH�GLIILFXOW�WR�DFKLHYH�

7KLV� FKDSWHU� WKHUHIRUH� SURSRVHV� D� WRSRORJLFDO� PRGLILFDWLRQ� WR� WKH� 76&$2,� ZLQGLQJ�

FRQILJXUDWLRQ�WR�RYHUFRPH�WKLV�SUREOHP��7KH�PRGLILHG�ZLQGLQJ�FRQILJXUDWLRQ��QDPHG�13&�

76&$2,��1HXWUDO�3RLQW�&RQQHFWHG�76&$2,��FRQILJXUDWLRQ��FRQQHFWV�WKH�QHXWUDO�SRLQW�RI�WKH�

WZR� VHULHV�FRQQHFWHG� ZLQGLQJ� WR� DQ� DGGLWLRQDO� FRQYHUWHU� OHJ�� WKXV� SURYLGLQJ� DQ� DGGLWLRQDO�

FRQWURO�GHJUHH�RI�IUHHGRP��

,Q� DGGLWLRQ�� WKLV� FKDSWHU� LQYHVWLJDWHV� WKH� EHKDYLRXU� DQG� FRQWURO� RI� WKH�13&�76&$2,�

FRQILJXUHG� JHQHUDWRU� IRU� VWDQGDORQH� DSSOLFDWLRQV�� )LUVWO\�� D� G\QDPLF� PDWKHPDWLFDO� PRGHO��

ZKLFK� FDQ� DFFXUDWHO\� SUHGLFW� WKH� EHKDYLRXU� RI� WKH� VWDQGDORQH� 13&�76&$2,� FRQILJXUHG�

JHQHUDWRU��LV�SUHVHQWHG��:LWK�WKH�KHOS�RI�WKLV�PRGHO��LW�LV�VKRZQ�WKDW��E\�GLUHFWO\�FRQWUROOLQJ�WKH�

PRGXOXV�DQG�URWDWLQJ�VSHHG�RI�WKH�VWDWRU�IOX[��WKH�JHQHUDWRU�FDQ�SURYLGH�ZHOO�UHJXODWHG�RXWSXW�

YROWDJH�XQGHU�EDODQFHG�RSHUDWLQJ�FRQGLWLRQV��6HFRQGO\��D�GLUHFW�IOX[�FRQWUROOHG��')&��VFKHPH�

LV� DFFRUGLQJO\�SURSRVHG��7KLV� FRQWURO� VFKHPH�HQDEOHV�EDODQFHG�RSHUDWLRQ�DQG� IDVW� WUDQVLHQW�

UHVSRQVH�RI�WKH�VWDQGDORQH�13&�76&$2,�FRQILJXUHG�JHQHUDWRU��WKURXJK�GLUHFWO\�UHJXODWLQJ�WKH�

PRGXOXV�DQG�URWDWLQJ�VSHHG�RI�WKH�VWDWRU�IOX[��)LQDOO\��WKH�YDOLGLW\�RI�WKH�SURSRVHG�JHQHUDWRU�

FRQFHSW� LV� YHULILHG� WKURXJK� VLPXODWLRQV�� LPSOHPHQWLQJ� WKH� SURSRVHG� PRGHO� LQ�

0$7/$%�6LPXOLQN� DQG� H[SHULPHQWDO� HYLGHQFH� RI� D� SURWRW\SH� JHQHUDWRU�� *RRG� DJUHHPHQW�
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EHWZHHQ� WKHRUHWLFDO� UHVXOWV DQG� WKRVH� REWDLQHG� IURP� WKH� SURWRW\SH�13&�76&$2,�JHQHUDWRU�

XQGHU�YDULRXV�RSHUDWLQJ�FRQGLWLRQV�LQGLFDWHV�WKDW�WKH�JHQHUDWRU�FDQ�EH�VXFFHVVIXOO\�UHJXODWHG�

E\�WKH�SURSRVHG�FRQWURO�VFKHPH�

���� '\QDPLF�0DWKHPDWLFDO�0RGHO

7KH�SURSRVHG�13&�76&$2,�FRQILJXUHG�6&,*�LV�GHSLFWHG�LQ�)LJ�������$V�VKRZQ�LQ�)LJ��

����� WKH� 13&�76&$2,� ZLQGLQJ� FRQILJXUDWLRQ� LV� HYROYHG� IURP� WKH� 76&$2,� ZLQGLQJ�

FRQILJXUDWLRQ��,Q�RUGHU�WR�SURYLGH�PRUH�FRQWURO�GHJUHHV�RI�IUHHGRP��WKH�13&�76&$2,�ZLQGLQJ�

FRQILJXUDWLRQ�FRQQHFWV�WKH�QHXWUDO�SRLQW�RI�WKH�WZR�VHULHV�FRQQHFWHG�ZLQGLQJ�LQ�WKH�76&$2,�

ZLQGLQJ�FRQILJXUDWLRQ�WR�DQ�DGGLWLRQDO�FRQYHUWHU�OHJ�
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ƉĂŶĞů

�ŶĞƌŐǇ ƐƚŽƌĂŐĞ ƐǇƐƚĞŵdŚƌĞĞͲƉŚĂƐĞ s^�

ܲ݉

^ŝŶŐůĞͲ
ƉŚĂƐĞ
>ŽĂĚ

ܲ݁ ࢋܳ

��ͲůŝŶŬ
�ĂƉĂĐŝƚŽƌ

ܲ ܳ

)LJ����� 7KH�13&�76&$2,�FRQILJXUDWLRQ�IRU���SKDVH�6&,*V�IHHGLQJ�VLQJOH�SKDVH�ORDG

7KH�G\QDPLF�EHKDYLRXU�RI�WKH�13&�76&$2,�FRQILJXUHG�6&,*�ZLOO�EH�GHVFULEHG�LQ�WKH�

VWDWLRQDU\ߚߙ�Ͳ UHIHUHQFH�IUDPH��'XH�WR�WKH�SUHVHQFH�RI�WKH�DGGLWLRQDO�OHJ��WKHUH�ZLOO�EH�D�]HUR�

VHTXHQFH� VWDWRU� FXUUHQW�� 7KXV�� WKH� ]HUR�VHTXHQFH� FRPSRQHQW�� LQGLFDWHG� E\� WKH� VXEVFULSW� ���

VKRXOG�EH�LQFOXGHG��7KH�VWDWRU�DQG�URWRUߚߙ�Ͳ YDULDEOHV�FDQ�EH�GLUHFWO\�GHWHUPLQHG�IURP�WKH�DEF

YDULDEOHV�E\�XVLQJ�WKH�IROORZLQJ�SRZHU�LQYDULDQW�WUDQVIRUPDWLRQ�HTXDWLRQ�
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7KH�YDULDEOH�ܺ FDQ�EH�WKH�VWDWRU�RU�URWRU�YROWDJH��FXUUHQW�DQG�IOX[�OLQNDJH��)RU�WKH�VTXLUUHO�

FDJH� URWRU�� WKHUH� DUH�QR� ]HUR�VHTXHQFH� FRPSRQHQWV� 7KXV�� WKH� URWRU�YROWDJHݒ�ఈ DQGݒ�ఉ DUH�

]HUR��&RQVHTXHQWO\��WKH�G\QDPLF�PRGHO�RI�WKH�13&�76&$2,�FRQILJXUHG�6&,*�FDQ�EH�REWDLQHG�

LQ�WKH�VWDWLRQDU\ߚߙ�Ͳ UHIHUHQFH�IUDPH�DV�IROORZV��

)RU�WKH�VWDWRU�

ఈ௦ݒ ൌ ܴ௦݅ఈ௦ 
݀߰ఈ௦

ݐ݀
�����

ఉ௦ݒ ൌ ܴ௦݅ఉ௦ 
݀߰ఉ௦

ݐ݀
�����

௦ݒ ൌ ܴ௦݅௦ 
݀߰௦

ݐ݀
�����

:KHUH

߰ఈ௦ ൌ ሺܮ௦  ሻ݅ఈ௦ܮ  ݅ఈܮ �����

߰ఉ௦ ൌ ሺܮ௦  ሻ݅ఉ௦ܮ  ݅ఉܮ �����

߰௦ ൌ ௦݅௦ܮ �����

)RU�WKH�URWRU

Ͳ ൌ ܴ݅ఈ 
݀߰ఈ

ݐ݀
 ߱߰ఉ �����

Ͳ ൌ ܴ݅ఉ 
݀߰ఉ

ݐ݀
െ ߱߰ఈ �����

ZKHUH�

߰ఈ ൌ ሺܮ  ሻ݅ఈܮ  ݅ఈ௦ܮ ������

߰ఉ ൌ ሺܮ  ሻ݅ఉܮ  ݅ఉ௦ܮ ������

7KH�HOHFWURPDJQHWLF�WRUTXH�DQG�WKH�HOHFWURPHFKDQLFDO�EHKDYLRXU�FDQ�EH�H[SUHVVHG�E\��

ܶ ൌ


ʹ
ሺ݅ఉ௦݅ఈܮ െ ݅ఈ௦݅ఉሻ ������



��

ܶ െ ܶ௫ ൌ
ܬʹ

ܲ

݀߱

ݐ݀
������

9DULDEOHVݒ�ఈ௦ ఉ௦ǡݒ�� ௦ݒ �� ݅ఈ௦ �� ݅ఉ௦ �� ݅௦ ��߮ఈ௦ ��߮ఉ௦ DQG�߮௦ UHSUHVHQW� WKHߙ� ߚ�� DQG� ]HUR�

FRPSRQHQWV�RI� WKH�VWDWRU�YROWDJHV��FXUUHQWV�DQG� IOX[� OLQNDJHV� UHVSHFWLYHO\��DQG�݅ఈ��݅ఉ��߮ఈ

DQG�߮ఉ UHSUHVHQW�WKH�UHIHUUHGߙ� DQGߚ� FRPSRQHQWV�RI�WKH�URWRU�FXUUHQWV�DQG�IOX[�OLQNDJHV��7KH�

YDULDEOH�߱ GHQRWHV�WKH�LQVWDQWDQHRXV�URWRU�DQJXODU�VSHHG�LQ�HOHFWULFDO�UDGLDQV�SHU�VHFRQG�� ܶ

DQG� ܶ௫ UHSUHVHQW� WKH� HOHFWURPDJQHWLF� WRUTXH� DQG� WKH� ORDG� WRUTXH� UHVSHFWLYHO\�� 7KH� PRGHO�

SDUDPHWHUV�ܴ௦� ܴܮ��௦� ܬ��ܮ��ܮ DQG�ܲ UHSUHVHQW�WKH�VWDWRU�DQG�URWRU�UHVLVWDQFHV��WKH�VWDWRU�DQG�

URWRU�OHDNDJH�LQGXFWDQFHV��WKH�PDJQHWL]LQJ�LQGXFWDQFH��WKH�URWRU�LQHUWLD�DQG�WKH�QXPEHU�RI�SROHV��

DQG� DOO� WKHVH� URWRU� TXDQWLWLHV� DUH� UHIHUUHG� WR� WKH� VWDWRU� FLUFXLW�� $FFRUGLQJO\�� WKH� G\QDPLF�

HTXLYDOHQW� FLUFXLWV� RI� WKH� 13&�76&$2,� FRQILJXUHG� 6&,*� LQ� WKH VWDWLRQDU\ߚߙ�Ͳ UHIHUHQFH�

IUDPH�FDQ�EH�VKRZQ�DV�LQ�)LJ������

н

Ͳ

н

ݏߙݒ ݏߙ݅ ݉ܮݎߙ݅

ݏܴݏ݈ܮ ܮ ݎ݈

ݎ߱ ݎߚ߮
ݎܴ

н

Ͳ

н

ݏߚݒ ݏߚ݅ݎߚ݅ ݉ܮ

ݏܴݏ݈ܮ ܮ ݎ݈

െ߱ݎ ݎߙ߮
ݎܴ

�D[LV�HTXLYDOHQW�FLUFXLWߙ �D[LV�HTXLYDOHQW�FLUFXLWߚ

н

Ͳ
Ͳݒ ݏ ݅Ͳ ݏ

ܮ ݏܴݏ݈

��D[LV�HTXLYDOHQW�FLUFXLW

)LJ����� 7KH�G\QDPLF�HTXLYDOHQW�FLUFXLWV�RI�WKH�13&�76&$2,�FRQILJXUHG���SKDVH�6&,*

���� 'LUHFW�)OX[�&RQWURO�

$VVXPLQJ�WKDW�VWDWRU�IOX[�YHFWRUߖ�ሬሬԦ௦ ൌ ߰ఈ௦  ݆߰ఉ௦ URWDWHV�ZLWK�DQ�DQJXODU�VSHHG�߱௦ DQG�

LWV�DPSOLWXGH�LV�NHSW�FRQVWDQW�DW�ቚߖሬሬԦ௦
כ
ቚ��WKH�VWDWRU�IOX[�YHFWRU�FDQ�EH�H[SUHVVHG�DV�

ሬሬԦ௦ߖ ൌ ቚߖሬሬԦ௦
כ
ቚ ݁ఠೞ௧ ������
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7KHߙ� DQGߚ� FRPSRQHQWV� RI� WKH� VWDWRU� IOX[� OLQNDJHV� FDQ� EH� REWDLQHG� E\� XVLQJ�(XOHU
V�

IRUPXOD�

߰ఈ௦ ൌ ቚߖሬሬԦ௦
כ
ቚ ݏܿ ሺ߱௦ݐሻ ������

߰ఉ௦ ൌ ቚߖሬሬԦ௦
כ
ቚ ݊݅ݏ ሺ߱௦ݐሻ ������

%\� XVLQJ� WKH� /DSODFH� WUDQVIRUP� RI� ������ DQG� ������ DQG� WKH� UHODWLRQVKLS� EHWZHHQ� WKH�

FXUUHQWV�DQG�IOX[�OLQNDJHV�JLYHQ�E\����������������������DQG���������DQG�FRQVLGHULQJ�URWRU�IOX[�

KDV�]HUR�LQLWLDO�FRQGLWLRQ�DQG�URWRU�VSHHG LV�NHSW�FRQVWDQW��WKH�UHODWLRQVKLS�EHWZHHQ�VWDWRU�DQG�

URWRU�IOX[�OLQNDJH�FDQ�EH�REWDLQHG�DV�
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ZKHUHܮ�௦ ൌ ௦ܮ  ܮ��ܮ ൌ ܮ  ܮ DQGߪ� ൌ ͳ െ ܮ
ଶ ௦Τܮ ܮ LV�WKH�OHDNDJH�IDFWRU��

%\� VXEVWLWXWLQJ� WKH�/DSODFH� WUDQVIRUP�RI� ������� DQG� ������� LQWR� ������� DQG� ������� DQG�

WDNLQJ�WKH�LQYHUVH�/DSODFH�WUDQVIRUP��WKHߙ� DQGߚ� FRPSRQHQWV�RI�WKH�URWRU�IOX[�OLQNDJHV�LQ�WLPH�

GRPDLQ�FDQ�EH�REWDLQHG�

߰ఈ ൌ ݔ ቚߖሬሬԦ௦
כ
ቚ ܿݏሺ߱௦ݐሻ െ ݁

ି
ோೝ
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௧
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כ
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ି
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௧
ሻ൨ݐሺ߱݊݅ݏ

������



��

߰ఉ ൌ ݕ ቚߖሬሬԦ௦
כ
ቚ ܿݏሺ߱௦ݐሻ െ ݁

ି
ோೝ
ఙೝ

௧
ሻ൨ݐሺ߱ݏܿ

 ݔ ቚߖሬሬԦ௦
כ
ቚ ݊݅ݏሺ߱௦ݐሻ െ ݁

ି
ோೝ
ఙೝ

௧
ሻ൨ݐሺ߱݊݅ݏ

������

ZKHUH�

ݔ ൌ
ܮ
௦ܮ

��� ሺ������ ሺߪሺ߱௦ െ ߱ሻ ܮ ܴΤ ሻሻ

ඥͳ  ሺߪሺ߱௦ െ ߱ሻ ܮ ܴΤ ሻଶ
������

ݕ ൌ െ
ܮ
௦ܮ

��� ሺ������ ሺߪሺ߱௦ െ ߱ሻ ܮ ܴΤ ሻሻ

ඥͳ  ሺߪሺ߱௦ െ ߱ሻ ܮ ܴΤ ሻଶ
������

7KXV�� LQ� WKH� VWHDG\� VWDWH�� WKH�Ƚ DQG�Ⱦ FRPSRQHQWV� RI� WKH� URWRU� IOX[� OLQNDJHV� DUH� ERWK�

VLQXVRLGDO�DQG�FDQ�EH�H[SUHVVHG�DV�

߰ఈǡ௦௦ ൌ ܯ ቚߖሬሬԦ௦
כ
ቚ ��� ሺ߱௦ݐ െ ሻߠ ������

߰ఉǡ௦௦ ൌ ܯ ቚߖሬሬԦ௦
כ
ቚ ���ሺ߱௦ݐ െ ሻߠ ������

ZKHUH�

ܯ ൌ
ܮ
௦ܮ

ͳ

ඥͳ  ሺߪሺ߱௦ െ ߱ሻ ܮ ܴΤ ሻଶ
������

ߠ ൌ ������ ሺߪሺ߱௦ െ ߱ሻ ܮ ܴΤ ሻ ������

%\� VXEVWLWXWLQJ� �������� �������� ������� DQG� ������� LQWR� WKH�G\QDPLF�PRGHO�RI� WKH�13&�

76&$2,�FRQILJXUHG�6&,*��WKH�VWHDG\�VWDWH�VWDWRU�YROWDJHVݒ�ఈ௦ DQGݒ�ఉ௦��DQG�VWDWRU�FXUUHQWV�݅ఈ௦

DQG�݅ఉ௦ FDQ�EH�REWDLQHG�DV�

ఈ௦ǡ௦௦ݒ ൌ ቚߖሬሬԦ௦
כ
ቚ ሾܣ ���ሺ߱௦ݐሻ െܤ ���ሺ߱௦ݐሻሿ ������

ఉ௦ǡ௦௦ݒ ൌ ቚߖሬሬԦ௦
כ
ቚ ሾ݊݅ݏܣሺ߱௦ݐሻ ݏܿܤሺ߱௦ݐሻሿ ������

݅ఈ௦ǡ௦௦ ൌ ቚߖሬሬԦ௦
כ
ቚ ሾܥ ���ሺ߱௦ݐሻ െܦ ���ሺ߱௦ݐሻሿ ������

݅ఉ௦ǡ௦௦ ൌ ቚߖሬሬԦ௦
כ
ቚ ሾܥ ሻݐሺ߱௦݊݅ݏ ݏܿܦሺ߱௦ݐሻሿ ������

ZKHUH�
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ܴ௦

௦ܮߪ
െ

ܴ௦ܮ
ܮ௦ܮߪ

�ܯ�� ሺߠሻ ������

ܤ ൌ
ܴ௦ܮ
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ሻߠሺ݊݅ݏܯ  ͳ ������

ܥ ൌ
ͳ
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െ

ܮ
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ݏܿܯ ሺߠሻ ������

ܦ ൌ
ܮ

ܮ௦ܮߪ
ሻߠሺ݊݅ݏܯ ������

,Q�SUDFWLFH��LW�LV�DVVXPHG�WKDW�WKH�SKDVH�µE¶ ZLQGLQJ�LV�XVHG�DV�WKH�LVRODWHG�SRZHU�ZLQGLQJ�

IRU� VLQJOH�SKDVH� HOHFWULFLW\� JHQHUDWLRQ�� 7KH� VWDQGDORQH� UHVLVWLYH� ORDG� ܴௗ LV� GLUHFWO\�

FRQQHFWHG� DFURVV� WKH� SRZHU� ZLQGLQJ�� $GGLWLRQDOO\�� D� FRPSHQVDWLRQ� FDSDFLWRU� ܥ LV�

FRPPRQO\�FRQQHFWHG�ZLWK�WKH�SRZHU�ZLQGLQJ�LQ�SDUDOOHO�WR�SURYLGH�IL[HG�UHDFWLYH�SRZHU�WR�WKH�

JHQHUDWRU��7KXV��WKH�H[WHUQDO�HOHFWULFDO�UHODWLRQVKLS�RI�WKH�SRZHU�ZLQGLQJ�FDQ�EH�H[SUHVVHG�DV�

EHORZ��

݅ሺݏሻ ൌ െ
ͳ  ܥௗܴݏ

ܴௗ
ሻݏሺݒ ������

7KH�YROWDJH� DQG�FXUUHQW RI� WKH�SKDVH� µE¶� FDQ�EH� H[SUHVVHG�E\� WKH�FRUUHVSRQGLQJߚߙ�Ͳ

FRPSRQHQWV�E\�WDNLQJ�WKH�LQYHUVH�WUDQVIRUP�RI������WKXV
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%DVHG�RQ� ������ DQG� ������� WKH� ]HUR� VHTXHQFH� FRPSRQHQW� RI� WKH� VWDWRU� YROWDJHV� FDQ� EH�

H[SUHVVHG�E\�WKH�]HUR�FRPSRQHQW�RI�WKH�VWDWRU�FXUUHQWV��%\�VROYLQJ����������������DQG��������

VLPXOWDQHRXVO\��WKH�VWHDG\�VWDWH�]HUR�FRPSRQHQW�VWDWRU�YROWDJHݒ�௦ FDQ�EH�REWDLQHG��7KHUHIRUH��

WKH�VWHDG\�VWDWH�JHQHUDWHG�RXWSXW�YROWDJH�FDQ�EH�FDOFXODWHG�E\�VXEVWLWXWLQJ����������������DQG�

௦ݒ LQWR���������DQG�FDQ�EH�VLPSOLILHG�DV�

௨௧ǡ௦௦ݒ ൌ ܩ ቚߖሬሬԦ௦
כ
ቚ ��� ሺ߱௦ݐ  ܲሻ ������
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:KHUH��* DQG�3 DUH�WKH�IXQFWLRQV�RI�߱௦��߱ DQG�V\VWHP�SDUDPHWHUV��,W�LV�HYLGHQW�WKDW��E\�

PDLQWDLQLQJ�WKH�URWDWLQJ�VSHHG�RI�WKH�VWDWRU�IOX[�FRQVWDQW��WKH�JHQHUDWHG�IUHTXHQF\�ZLOO�EH�NHSW�

FRQVWDQW��DQG�E\�FRQWUROOLQJ�WKH�PRGXOXV�RI�WKH�VWDWRU�IOX[��WKH�DPSOLWXGH�RI�WKH�RXWSXW�YROWDJH�

ZLOO�EH� UHJXODWHG�SURSRUWLRQDOO\��7KLV�PHDQV� WKDW� LW� LV�SRVVLEOH� WR�REWDLQ� WKH�RXWSXW�YROWDJH�

FRQWURO� E\� UHJXODWLQJ� WKH� URWDWLQJ� VSHHG� DQG� WKH�PRGXOXV� RI� WKH� VWDWRU� IOX[�� DQG� WKLV� LV� WKH�

IXQGDPHQWDO�LGHD�RI�WKH�')&�VFKHPH�IRU�WKH�13&�76&$2,�FRQILJXUHG�6&,*��

���� ')&�RI�13&�76&$2,�&RQILJXUHG�6&,*�

,Q�WKH�SUHYLRXV�VHFWLRQ��LW�KDV�EHHQ�SURYHQ�WKDW�WKH�JHQHUDWHG�VLQJOH�SKDVH�YROWDJH�FDQ�EH�

GLUHFWO\�FRQWUROOHG�E\�UHJXODWLQJ�WKH�URWDWLQJ�VSHHG�DQG�WKH�PRGXOXV�RI�WKH�VWDWRU�IOX[��7KHUHIRUH��

D�FRQWURO�VFKHPH�RI�WKH�GLUHFW�IOX[�FRQWUROOHG�13&�76&$2,�FRQILJXUHG�6&,*�LV�VKRZQ�LQ�)LJ��

�����
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ݐݑܸ
כ ʹ͵Ͳܸ
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�ĞƚĞĐƚŽƌ

ቚߖሬሬԦݏ
כ

ቚ
หߖሬሬԦݏ ห
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ݏ߱
ݏߠכ

ݏߠכ

,ǇƐƚĞƌĞƐŝƐ
�ŽŶƚƌŽůůĞƌ

ܲ݁

)LJ����� 'LUHFW�IOX[�FRQWUROOHG�VWDQGDORQH�13&�76&$2,�FRQILJXUHG�6&,*

7KH�NH\�FRPSRQHQWV�LQ�WKH�SURSRVHG�VFKHPH�DUH�WKH�IOX[�HVWLPDWLRQ�EORFN�DQG�VZLWFK�

FRQILJXUDWLRQ�VHOHFWLRQ�EORFN��7KH�IOX[�HVWLPDWLRQ�EORFN�HVWLPDWHV�WKH�LQVWDQWDQHRXV�YDOXHV�RI�

WKH�VWDWRU� IOX[�XVLQJ� ������DQG� �������7KH�VZLWFK�FRQILJXUDWLRQ�VHOHFWLRQ�EORFN� UHJXODWHV� WKH�

URWDWLQJ� VSHHG� DQG�PRGXOXV� RI� WKH� VWDWRU� IOX[� E\� VHOHFWLQJ� WKH� SURSHU� FRQYHUWHU� VZLWFKLQJ�

FRQILJXUDWLRQ��DFFRUGLQJ�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH�UHIHUHQFH�DQG�LQVWDQWDQHRXV�YDOXH�RI�WKH�

VWDWRU�IOX[��

'XH�WR�WKH�SUHVHQFH�RI�WKH�RXWSXW�YROWDJH��SKDVH�µE¶ YROWDJH���WKH�FRQWURO�HIIHFWV�DSSOLHG�

E\�WKH�FRQYHUWHU�YROWDJH�VZLWFKLQJ�VSDFH�YHFWRU�DUH�GLVWXUEHG��7KXV��LQ�RUGHU�WR�FRPSHQVDWH�WKH�



��

GLVWXUEDQFH�HIIHFWV�RI�WKH�RXWSXW�YROWDJH�DSSOLHG�RQ�WKH�VWDWRU�IOX[�HIIHFWLYHO\��ODUJH�'&�OLQN�

YROWDJH�DQG�VPDOO�VDPSOLQJ�SHULRG�VKRXOG�EH�DGRSWHG��

7KHUH�DUH�VL[�QRQ�]HUR�DFWLYH�YROWDJH�VZLWFKLQJ�VSDFH�YHFWRUV�DQG�WZR�]HUR�VSDFH�YHFWRUV�

LQ�WKH�WKUHH�SKDVH�96&�VKRZQ�LQ�)LJ�������7KHVH�VSDFH�YHFWRUV�DUH�GHSLFWHG�LQ�)LJ�������7KH�

FRUUHVSRQGLQJ�HLJKW�VZLWFKLQJ�FRQILJXUDWLRQV�DUH�VKRZQ�LQ�)LJ������
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)LJ����� 9ROWDJH�VZLWFKLQJ�VSDFH�YHFWRUV�RI�WKH�WKUHH�SKDVH�96&

D F

ܸ݀ܿ

ܸͳ ሺͳͲͲሻ

D F

ܸ݀ܿ

ܸ ʹ ሺͳͳͲሻ

D F

ܸ݀ܿ

ܸ ͷ ሺͲͲͳሻ

D F

ܸ݀ܿ

ܸ  ሺͳͲͳሻ
D F

ܸ݀ܿ

ܸ ͵ ሺͲͳͲሻ

D F

ܸ݀ܿ

ܸ  ሺͳͳͳሻ
D F

ܸ݀ܿ

ܸ Ͷ ሺͲͳͳሻ

D F

ܸ݀ܿ

ܸ ͺ ሺͲͲͲሻ

)LJ����� &RUUHVSRQGLQJ�HLJKW�VZLWFKLQJ�FRQILJXUDWLRQV

$FFRUGLQJ�WR�WKH�SULQFLSOH�RI�RSHUDWLRQ�RI�')&��WKH�VHOHFWLRQ�RI�WKH�FRQYHUWHU�YROWDJH�

VSDFH�YHFWRUV�DSSOLHG�DW�HDFK�VDPSOLQJ�SHULRG�LV�PDGH�WR�PDLQWDLQ�WKH�VWDWRU�IOX[�GHYLDWLRQV�

ZLWKLQ� WKH� OLPLWV� RI� WZR� K\VWHUHVLV� EDQGV�� VKRZQ� LQ� )LJ�� ��� DQG� )LJ�� ����� 7KH� VWDWRU� IOX[�

PRGXOXV�K\VWHUHVLV�FRPSDUDWRU��LOOXVWUDWHG�LQ�)LJ�������LV�XVHG�WR�UHJXODWH�WKH�DPSOLWXGH�RI�WKH�

RXWSXW�YROWDJH��%HFDXVH�WKH�GLUHFW�XVH�RI�WKH�VWDWRU�IOX[�URWDWLQJ�VSHHG�UHJXODWRU�OHDGV�WR�WKH�

VWHDG\�VWDWH�HUURU�LQ�WKH�IUHTXHQF\�RI�WKH�RXWSXW�YROWDJH��WKH�IUHTXHQF\�RI�WKH�RXWSXW�YROWDJH�LV�

WKHUHIRUH�LQGLUHFWO\�FRQWUROOHG�E\�UHJXODWLQJ�WKH�DQJOH�RI�WKH�VWDWRU�IOX[��DV�VKRZQ�LQ�)LJ������
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)LJ����� 6WDWRU�)OX[�DQJOH�K\VWHUHVLV�FRPSDUDWRU

7KH�GHVLUHG�UHIHUHQFH�RI�WKH�PRGXOXV�DQG�WKH�DQJOH�RI�WKH�VWDWRU�IOX[��ȁ߰௦
ȁכ ܽ݊݀ ��DUH�כߠ

FRPSDUHG�ZLWK�WKH�HVWLPDWHG�YDOXHV��ห ߰௦ห ܽ݊݀ ���UHVSHFWLYHO\��DQG�WKH�UHVXOWLQJ�HUURUV�DUH�IHGߠ

LQWR�FRUUHVSRQGLQJ�K\VWHUHVLV�EDQG�FRPSDUDWRUV�GHSLFWHG�LQ�)LJ������DQG�)LJ�������$V�LQGLFDWHG�

LQ�)LJ�������LI�DQ�LQFUHDVH�LQ�WKH�VWDWRU�IOX[�PRGXOXV�LV�UHTXLUHG�WKHQ�RXWSXW�VLJQDO టߝ ൌ ͳ��DQG�

LI�D�GHFUHDVH�LV UHTXLUHG టߝ ൌ െͳ��$OVR�DV�LQGLFDWHG�LQ�)LJ�������LI�DQ�LQFUHDVH�RI�WKH�VWDWRU�IOX[�

DQJOH�LV�UHTXLUHG�WKHQ�WKH�RXWSXW�VLJQDOߝ�ఏ ൌ ͳ��LI�D�GHFUHDVH�LV�UHTXLUHGߝ�ఏ ൌ െͳ��DQG�LI�QR�

FKDQJH�LV�UHTXLUHGߝ�ఏ ൌ Ͳ��

7DEOH����� 2SWLPXP�YROWDJH�VZLWFKLQJ�YHFWRU�ORRN�XS�WDEOH

ઽૐ ઽી 6HFWRU�� 6HFWRU�� 6HFWRU��� 6HFWRU�� 6HFWRU�� 6HFWRU��
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([FHSW�IRU�WKH�RXWSXWV�RI�WKHVH�FRPSDUDWRUV��WKH�VHOHFWLRQ�RI�WKH�FRQYHUWHU�YROWDJH�VSDFH�

YHFWRUV�DOVR�GHSHQGV�RQ�WKH�VHFWRU�LQ�ZKLFK�WKH�VWDWRU�IOX[�OLHV��7KH�VL[�VHFWRUV��HDFKߨ� ͵Τ ZLGH��

DUH�LQGLFDWHG�LQ�)LJ�������7KH�VZLWFKLQJ�FRQILJXUDWLRQ�VHOHFWLRQ�EORFN�VKRZQ�LQ�)LJ������UHFHLYHV�

WKH�LQSXW�VLJQDOVߝ�టߝ��ఏ DQG�VHFWRU�QXPEHU��DQG�WKHQ�IHHGV�WKH�VZLWFKLQJ�FRQILJXUDWLRQ�WR�WKH�

96&�WR�JHQHUDWH� WKH�DSSURSULDWH�YROWDJH�VZLWFKLQJ�VSDFH�YHFWRU�XVLQJ� WKH�RSWLPXP�YROWDJH�

VZLWFKLQJ�YHFWRU�ORRN�XS�WDEOH�VKRZQ�LQ 7DEOH�������

7KH�GHVLUHG�VWDWRU�IOX[�PRGXOXV�UHIHUHQFH�LV�REWDLQHG�E\�WKH�K\VWHUHVLV�FRQWUROOHU�VKRZQ�

LQ�)LJ�������)LUVW�� LQ�HYHU\�F\FOH������V� IRU���+]��� WKH�GHVLUHG�RXWSXW�506�YROWDJH�YDOXH� LV�

FRPSDUHG�ZLWK�WKH�YDOXH�REWDLQHG�IURP�WKH�506�GHWHFWRU��DQG�WKH�UHVXOWLQJ�HUURU�LV�IHG�LQWR�

WKH�K\VWHUHVLV�FRQWUROOHU��$V�LQGLFDWHG�LQ�)LJ�������LI�DQ�LQFUHDVH�LQ�WKH�RXWSXW�506�YROWDJH�LV�

UHTXLUHG�WKHQߝ�௦ ൌᶭ ȁ߰௦
�ȁ��ZKLFK�PHDQV�WKH�UHIHUHQFH�YDOXH�RI�WKH�VWDWRU�IOX[�PRGXOXV�LVכ

LQFUHDVHG�E\�ᶭ ȁ߰௦
ȁ��LI�WKH�GHFUHDVH�RI�WKH�RXWSXW�506�YROWDJH�LV�UHTXLUHG��WKHQכ ௦ߝ ൌ െᶭ

ȁ߰௦
ȁ��ZKLFK�PHDQV�WKH�UHIHUHQFH�YDOXH�RI�WKH�VWDWRU�IOX[�PRGXOXV�LV�GHFUHDVHG�E\�ᶭכ ȁ߰௦

�ȁ��LI�WKHכ

RXWSXW�506�YROWDJH�LV�ZLWKLQ�WKH�K\VWHUHVLV�EDQG��WKH�UHIHUHQFH�YDOXH�RI�WKH�VWDWRU�IOX[�GRHV�

QRW�FKDQJH�
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)LJ����� 2XWSXW�YROWDJH�K\VWHUHVLV�FRPSDUDWRU

���� 5HVXOWV�DQG�'LVFXVVLRQ

,Q�RUGHU�WR�GHPRQVWUDWH�WKH SUDFWLFDO�YLDELOLW\�RI�WKH�SURSRVHG�FRQFHSW�DQG�WR�LQYHVWLJDWH�

WKH� EHKDYLRXU� DQG� OLPLWDWLRQV� RI� WKH� VLQJOH�SKDVH� 13&�76&$2,� FRQILJXUHG� JHQHUDWRU�� D�

FRPSUHKHQVLYH�VHW�RI�VLPXODWHG�DQG�H[SHULPHQWDO�WHVWV�KDYH�EHHQ�SHUIRUPHG�XQGHU�VWHDG\�VWDWH�

DQG�WUDQVLHQW�FRQGLWLRQV��$�IRXU�SROH���N:����9�FDJH�LQGXFWLRQ�PDFKLQH�ZDV�FRQILJXUHG�LQ�

WKH�13&�76&$2,�ZLQGLQJ�DUUDQJHPHQW�IRU�ERWK�WKHRUHWLFDO�VLPXODWLRQV�DQG�H[SHULPHQWV��7KH�

SDUDPHWHUV�RI�WKLV�FDJH�LQGXFWLRQ�PDFKLQH�DUH�DOVR�JLYHQ�LQ� WKH�$SSHQGL[�$��%DVHG�RQ�WKLV�

SURWRW\SH�PDFKLQH�� D� VPDOO�VFDOH� VLQJOH�SKDVH� JHQHUDWLRQ� V\VWHP� ZDV� LPSOHPHQWHG� RQ� WKH�

H[SHULPHQWDO�SODWIRUP��VFKHPDWLFDOO\�VKRZQ�LQ�)LJ�������
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)LJ����� ([SHULPHQWDO�VHWXS

,Q� WKH� H[SHULPHQW�� WKH� SURWRW\SH� JHQHUDWRU� ZDV� PHFKDQLFDOO\� FRXSOHG� ZLWK� DQRWKHU�

LQGXFWLRQ� PDFKLQH�� ZKLFK� ZDV� FRQWUROOHG� E\� D� YDULDEOH�VSHHG� GULYH� �96'�� WR� HPXODWH� WKH�

YDULDEOH�VSHHG�SULPH�PRYHU��$�YDULDEOH�UHVLVWLYH�ORDG�ZDV�GLUHFWO\�FRQQHFWHG�ZLWK�WKH�SRZHU�

ZLQGLQJ��DQG�WKH�JHQHUDWRU�ZDV�FRQWUROOHG�E\�WKH���SKDVH�YROWDJH�VRXUFH�FRQYHUWHU��96&��WR�

VXSSO\�VLQJOH�SKDVH�SRZHU�WR�WKH�VWDQGDORQH�UHVLVWLYH�ORDG�DW����9���+]��,Q�RUGHU�WR�RYHUFRPH�

WKH�GLVWXUEDQFH�FDXVHG�E\� WKH� ORDG�YROWDJH�� ODUJH�'&�OLQN�YROWDJH�DQG�VPDOO� VDPSOH�SHULRG�

VKRXOG�EH�HPSOR\HG�LQ�WKH�SURSRVHG�FRQWURO�VFKHPH��7KHUHIRUH�����9�'&�OLQN�YROWDJH�ZLWK����

ɊV�VDPSOH�SHULRG�ZDV�VHOHFWHG�IRU�WKH�H[SHULPHQWV�

7KH� FRQWURO� VRIWZDUH� RI� WKH� WKUHH�SKDVH�96&�ZDV� GHYHORSHG� RQ� D� 7,�'HOILQR ������

FRQWUROOHU�ERDUG��9ROWDJH�DQG�FXUUHQW�VHQVRUV�ZHUH�XVHG�WR�PHDVXUH�WKH�ORDG�YROWDJH�DQG�WKH�

ZLQGLQJ�FXUUHQWV�RI�WKH�JHQHUDWRU��UHVSHFWLYHO\��7KH�IHHGEDFN�VLJQDOV�RI�WKH�ORDG�YROWDJH�DQG�

WKH� ZLQGLQJ� FXUUHQWV� ZHUH� UHDG� E\� WKH� FRQWUROOHU� ERDUG� WKURXJK� $�'� �$QDORJ� WR� 'LJLWDO��

FRQYHUWHU��%DVHG�RQ�WKH�SURSRVHG�')&�VFKHPH��WKH�3:0�VLJQDOV�IRU�WKH�VZLWFKHV�LQ�WKH���

SKDVH�96&�ZHUH�DFFRUGLQJO\�JHQHUDWHG�E\�WKH�FRQWUROOHU�ERDUG�

%HIRUH�GHWDLOHG�DQDO\VLV��LW�LV�YLWDO�WR�GHWHUPLQH�WKH�YDOXH�RI�WKH�FRPSHQVDWLRQ�FDSDFLWRU��

ZKLFK�LV�FRQQHFWHG�ZLWK�WKH�SRZHU�ZLQGLQJ�LQ�SDUDOOHO��%\�OLPLWLQJ�WKH�RSHUDWLQJ�SKDVH�FXUUHQWV�

DQG�YROWDJHV�ZLWKLQ����$�DQG����9�UHVSHFWLYHO\��WKH�SUDFWLFDO�RSHUDWLQJ�UDQJH�RI�WKH�SURSRVHG�

JHQHUDWRU�ZDV�HYDOXDWHG�QXPHULFDOO\�IRU�GLIIHUHQW�FRPSHQVDWLRQ�FDSDFLWRUV�DQG�D���X)�SDUDOOHO�
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FRQQHFWHG� FRPSHQVDWLRQ� FDSDFLWRU� LV� VHOHFWHG� ZLWK� VDWLVIDFWRU\� RSHUDWLQJ� UDQJH�� 7KH� EOXH�

VKDGHG�DUHD� LQ�)LJ������� LOOXVWUDWHV� WKH�SRVVLEOH�RSHUDWLQJ�UDQJH�RI� WKH�JLYHQ�13&�76&$2,�

FRQILJXUHG� JHQHUDWRU� ZLWK� D� ��X)� FRPSHQVDWLRQ� FDSDFLWRU�� 7KH� RSHUDWLQJ� UDQJHV� RI� WKLV�

SURWRW\SH�JHQHUDWRU�XVLQJ�GLIIHUHQW�FRPSHQVDWLRQ�FDSDFLWRUV�DUH�FRPSDUHG�LQ�WKH�SHUFHQWDJH�

EDU�JUDSK�LOOXVWUDWHG�LQ�)LJ��������
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)LJ������ 3RVVLEOH�RSHUDWLQJ�UDQJH�ZLWK���X)�

FRPSHQVDWLRQ�FDSDFLWRU

)LJ������ 2SHUDWLQJ�UDQJH�FRPSDULVRQ�XVLQJ�GLIIHUHQW�

FRPSHQVDWLRQ�FDSDFLWRUV

)LJ��������D���)LJ��������E��DQG�)LJ��������F��JLYH�FRQWRXU�FXUYHV�VKRZLQJ�WKH�YDULDWLRQV�

RI�SKDVH�µD¶ 506�FXUUHQW��SKDVH�µE¶ 506�FXUUHQW�DQG�SKDVH�µF¶ 506�FXUUHQW�ZLWK�WKH�FKDQJLQJ�

ORDGV�DQG�URWRU�VSHHGV�UHVSHFWLYHO\��$V�VKRZQ�LQ�)LJ��������D��DQG�)LJ��������E���ERWK�SKDVH�µD¶

FXUUHQW�DQG�SKDVH�µE¶ FXUUHQW LQFUHDVH�ZLWK�D�GHYLDWLRQ�RI�WKH�URWRU�VSHHG�IURP�WKH�V\QFKURQRXV�

VSHHG�������U�PLQ���$GGLWLRQDOO\��DV�WKH�ORDG�YROWDJH�LV�UHJXODWHG�DW����9���+]�IRU�DQ\�VSHHGV��

WKH�ORDG�FXUUHQW��SKDVH�µE¶ FXUUHQW��YDULHV�RQO\�ZLWK�WKH�FKDQJLQJ�ORDGV��DV�VKRZQ�LQ�)LJ�������
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)LJ������ &RQWRXUV�VKRZLQJ�WKH�YDULDWLRQV�RI�SKDVH�µD¶ FXUUHQW��D���SKDVH�µE¶ FXUUHQW��E��DQG�SKDVH�µF¶ FXUUHQW�

�F��ZLWK�WKH�FKDQJLQJ�ORDGV�DQG�URWRU�VSHHGV

)LJ�������D��DQG�)LJ�������E��SUHVHQW� WKH�FRQWRXUV�VKRZLQJ�WKH�YDULDWLRQV�RI�SKDVH�µD¶

506�YROWDJH�DQG�SKDVH�µF¶ 506�YROWDJH�ZLWK�FKDQJLQJ�ORDGV�DQG�URWRU�VSHHGV�UHVSHFWLYHO\�
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)LJ������ &RQWRXUV�VKRZLQJ�WKH�YDULDWLRQV�RI�SKDVH�D�YROWDJH��D��DQG�SKDVH�F�YROWDJH��F��ZLWK�WKH�FKDQJLQJ�

ORDGV�DQG�URWRU�VSHHGV

$V�VKRZQ�LQ�)LJ�������D���WKH�PLQLPXP�SKDVH�µD¶ YROWDJH�LV�DFKLHYHG�DW�D�URWRU�VSHHG�

VOLJKWO\� EHORZ� WKH� V\QFKURQRXV� VSHHG�� HYHQ� ZKHQ� GLIIHUHQW� UHVLVWLYH� ORDGV� DUH� FRQQHFWHG��

+RZHYHU��WKH�SKDVH�µF¶ YROWDJH�GHFUHDVHV�ZLWK�DQ�LQFUHDVH�RI�URWRU�VSHHGV�DQG�ORDG�UHVLVWDQFH��

)LJ�������D��DQG�)LJ�������E���UHVSHFWLYHO\��GHPRQVWUDWH�WKH�YDULDWLRQV�RI�SKDVH�µD¶ DQG�

SKDVH�µF¶ FXUUHQWV�ZLWK�WKH�URWRU�VSHHG�ZKHQ�WKUHH�GLIIHUHQW�UHVLVWLYH�ORDGV�DUH�FRQQHFWHG��$V�

HYLGHQW��ERWK�H[SHULPHQWDO�DQG�VLPXODWHG�UHVXOWV�DUH�LQ�DJUHHPHQW�DQG�H[KLELW�WKH�VDPH�WUHQG��

,W� LV� LQWHUHVWLQJ� WR�QRWH� WKDW� WKH�YDULDWLRQV�RI�SKDVH�µD¶�FXUUHQW�ZLWK� ORDGV� LV�RSSRVLWH�WR� WKH�

YDULDWLRQV�RI�SKDVH�µF¶�FXUUHQW�ZLWK�ORDGV��DOWKRXJK�WKHUH�H[LVWV�D�XQLTXH�URWRU�VSHHG�IRU�FHUWDLQ�

ORDGV��DW�ZKLFK�WKH�FXUUHQWV�DUH�PLQLPXP��
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)LJ������ 9DULDWLRQV�RI�WKH�SKDVH�µD¶ FXUUHQW��D��DQG�SKDVH�µF¶ FXUUHQW��E��ZLWK�WKH�URWRU�VSHHG�ZKHQ�GLIIHUHQW�

ORDGV�DUH�FRQQHFWHG

7KH�YDULDWLRQV�RI�WKH�DFWLYH�SRZHU�DQG�UHDFWLYH�SRZHU�SURYLGHG�E\�WKH�H[FLWDWLRQ�ZLQGLQJ�

YHUVXV�URWRU�VSHHGV�DUH� LOOXVWUDWHG� LQ�)LJ�������D��DQG�)LJ�������E��� UHVSHFWLYHO\��ZKHQ� WKUHH�

GLIIHUHQW�UHVLVWLYH�ORDGV�DUH�FRQQHFWHG��
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D E

)LJ������ 9DULDWLRQV�RI�WKH�DFWLYH�SRZHU��D��DQG�UHDFWLYH�SRZHU��E��RI�WKH�H[FLWDWLRQ�ZLQGLQJ�ZLWK�WKH�URWRU�

VSHHG�ZKHQ�GLIIHUHQW�ORDGV�DUH�FRQQHFWHG

$V�VKRZQ�LQ�)LJ�������D���WKH�SURYLGHG�DFWLYH�SRZHU�YDULHV�OLQHDUO\�ZLWK�WKH�FKDQJLQJ�

URWRU�VSHHGV��0RUHRYHU��LW�LV�FOHDUO\�HYLGHQW�WKDW�WKHUH�H[LVWV�D�XQLTXH�URWRU�VSHHG�DW�ZKLFK�WKH�

H[FLWDWLRQ� ZLQGLQJ� QHLWKHU� VXSSOLHV� QRU� DEVRUEV� DFWLYH� SRZHU� EXW� RQO\� SURYLGHV� H[FLWDWLRQ�

SRZHU�WR�WKH�JHQHUDWRU��:KHQ�WKH�JHQHUDWRU�LV�RSHUDWHG�DERYH�WKLV�VSHHG��WKH�VXPPDWLRQ�RI�WKH�

ORDG�SRZHU�DQG�PDFKLQH�ORVVHV�DUH�OHVV�WKDQ�WKH�SRZHU�SURYLGHG�E\�WKH�SULPH�PRYHU��DQG�H[FHVV�

SRZHU� LV� DEVRUEHG� E\� WKH� H[FLWDWLRQ�ZLQGLQJ�� ,Q� FRQWUDVW�� WKH� H[FLWDWLRQ�ZLQGLQJ� QHHGV� WR�

VXSSOHPHQW� WKH�SULPH�PRYHU� WR�PHHW� WKH� ORDG� UHTXLUHPHQWV�ZKHQ� WKH�JHQHUDWRU� LV�RSHUDWHG�

EHORZ�WKLV�VSHHG��,Q�DGGLWLRQ��LW�LV�LQWHUHVWLQJ�WR�QRWH�WKDW�WKLV�XQLTXH�URWRU�VSHHG�LQFUHDVHV�ZLWK�

WKH�LQFUHDVH�LQ�WKH�ORDG���$V�VKRZQ�LQ�)LJ�������E���WKH�UHDFWLYH�SRZHU�SURYLGHG�E\�WKH�H[FLWDWLRQ�
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ZLQGLQJ� LV� REVHUYHG� WR� LQFUHDVH� ZLWK� LQFUHDVLQJ� ORDG� DQG� WKH� PLQLPXP� UHDFWLYH� SRZHU�

UHTXLUHPHQWV�DUH�DFKLHYHG�DW�D�VSHHG�VOLJKWO\�KLJKHU�WKDQ�WKH�V\QFKURQRXV�VSHHG�IRU�GLIIHUHQW�

ORDGV�
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)LJ������ (IILFLHQF\�RI�WKH�JHQHUDWRU

7KH� SHUIRUPDQFH� RI� WKH� SURSRVHG� JHQHUDWRU� ZDV� DOVR� HYDOXDWHG� E\� PHDVXULQJ� WKH�

HIILFLHQF\� IRU� D� UDQJH� RI� ORDG� DQG� H[FLWDWLRQ� SRZHU� OHYHOV�� DV� LOOXVWUDWHG� LQ� )LJ�� ������ $�

PD[LPXP�HIILFLHQF\�RI�DSSUR[LPDWHO\�����LV�REVHUYHG��)LJ�������DQG�)LJ��������UHVSHFWLYHO\��

VKRZ�WKH�RXWSXW�YROWDJH�ZKHQ�WKH�SRZHU�ZLQGLQJ�LV�VXEMHFWHG�WR�WKH�ORDG�UHVLVWDQFH�LQFUHDVH�

DQG�GHFUHDVH���)LJ�������LOOXVWUDWHV�WKH�H[SHULPHQWDO�ZDYHIRUP�RI�WKH�ORDG�YROWDJH�ZKHQ�WKH�

UHVLVWDQFH�ORDG�LV�LQFUHDVHG�IURP�����2KP�WR�����2KP�DW����V��DQG�)LJ�������LOOXVWUDWHV�WKH�

H[SHULPHQWDO�ZDYHIRUP�RI�WKH�ORDG�YROWDJH�ZKHQ�WKH�UHVLVWDQFH�ORDG�LV�UHGXFHG�IURP�����2KP�

WR�����2KP�DW����V��$V�VKRZQ�LQ�)LJ�������DQG�)LJ��������WKH�ORDG�YROWDJH�LV�ZHOO�FRQWUROOHG�E\�

WKH�SURSRVHG�VWUDWHJ\�ZLWK�D�VKRUW�VHWWOLQJ�WLPH���
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)LJ������ ([SHULPHQWDO�ZDYHIRUP�RI�WKH�ORDG�YROWDJH�

ZKHQ�WKH�ORDG�LV�LQFUHDVHG�

)LJ������ ([SHULPHQWDO�ZDYHIRUP�RI�WKH�ORDG�YROWDJH�

ZKHQ�WKH�ORDG�LV�UHGXFHG�



��

���� 6XPPDU\

%\� FRQQHFWLQJ� WKH� QHXWUDO�SRLQW� RI� WKH� WZR� VHULHV�FRQQHFWHG�ZLQGLQJ� RI� WKH�76&$2,�

FRQILJXUHG� JHQHUDWRU� WR� DQ� DGGLWLRQDO� FRQYHUWHU� OHJ�� DQ� LPSURYHG� 76&$2,� ZLQGLQJ�

FRQILJXUDWLRQ�WKDW�HQDEOHV�WKH�EDODQFHG�RSHUDWLQJ�FRQGLWLRQ��IDVW�G\QDPLF�UHVSRQVH�DQG�ZLGHU�

RSHUDWLQJ�UDQJH�KDV�EHHQ�SURSRVHG�LQ�WKLV�FKDSWHU��7KH�PDWKHPDWLFDO�PRGHO��ZKLFK�SUHGLFWV�LWV�

EHKDYLRXU��KDV�DOVR�EHHQ�SUHVHQWHG��:LWK�WKH�KHOS�RI�WKLV�PRGHO��D�QRYHO�GLUHFW�IOX[�FRQWUROOHG�

�')&��VFKHPH��ZKLFK�HQDEOHV�WKH�FRQWURO�RI�JHQHUDWHG�YROWDJH�E\�GLUHFWO\�UHJXODWLQJ�WKH�VWDWRU�

IOX[��LV�SURSRVHG��7KH�YDOLGLW\�RI�WKH�SURSRVHG�FRQFHSW�RI�JHQHUDWLRQ�KDV�EHHQ�YHULILHG�XVLQJ�

VLPXODWLRQV� DQG� H[SHULPHQWDO� HYLGHQFH� RI� D� SURWRW\SH� JHQHUDWRU�� %RWK� VLPXODWLRQV� DQG�

PHDVXUHG� UHVXOWV� LQGLFDWH� WKDW� WKH� WHFKQLTXH� LV� YLDEOH� DQG� DOORZV� IRU� WKH� YDULDEOH�VSHHG�

HOHFWULFLW\�JHQHUDWLRQ�DW�FRQVWDQW�IUHTXHQF\�ZKLOH�RSHUDWLQJ�WKH�FDJH�LQGXFWLRQ�PDFKLQH�XQGHU�

EDODQFHG�FRQGLWLRQV��



��
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&KDSWHU��

&RQFOXVLRQV

7KLV� FKDSWHU� LQFOXGHV� FRQFOXGLQJ� UHPDUNV� DQG� FRQWULEXWLRQV�PDGH� WR� WKH� ILHOG� RI� WKH�

76&$2,� FRQILJXUHG� JHQHUDWRU� IURP� WKLV� WKHVLV�� DQG� D� GLVFXVVLRQ� RQ� SRVVLEOH� GLUHFWLRQV� IRU�

IXWXUH�UHVHDUFK�

���� &RQFOXVLRQV

'XH�WR�GHSOHWLQJ�UHVHUYHV��LQFUHDVLQJ�FRVWV�DQG�DGYHUVH�HQYLURQPHQWDO�HIIHFWV�RI�IRVVLO�

IXHOV��LW�KDV�EHFRPH�D�FRPPRQ�SUDFWLFH�ZLWKLQ�ERWK�DFDGHPLD�DQG�LQGXVWU\�WR�IRFXV�PRUH�RQ�

UHQHZDEOH� JHQHUDWLRQ� V\VWHPV�� $PRQJ� WKHVH�� WKH� VPDOO� VFDOH� VLQJOH�SKDVH� UHQHZDEOH�

GLVWULEXWHG�JHQHUDWLRQ�V\VWHP�KDV�GUDZQ�SDUWLFXODU�DWWHQWLRQ��%HFDXVH��VXFK�D�JHQHUDWLRQ�V\VWHP�

LV�VXLWDEOH�WR�PHHW�WKH�HOHFWULFLW\�GHPDQG�LQ�UXUDO�DQG�UHPRWH�DUHDV��+RZHYHU��WKHVH�DUHDV�DUH�

QRUPDOO\�ORFDWHG�LQ�WKH�OHVV�GHYHORSHG�UHJLRQV��WKXV�EHFRPH�FRVW�VHQVLWLYH��,Q�RUGHU�WR�VDWLVI\�

WKH�UHTXLUHPHQWV�RI�ERWK�ORZ�V\VWHP�FRVW�DQG�KLJK�UHOLDELOLW\��WKH�ORZ�FRVW�DQG�UXJJHG���SKDVH�

VTXLUUHO�FDJH�LQGXFWLRQ�PDFKLQH�FDQ�EH�HPSOR\HG��%HFDXVH�WKH�PDMRULW\�RI�HOHFWULF� ORDGV�LQ�

WKHVH�DUHDV�DUH�RI�VLQJOH�SKDVH�QDWXUH��YDULRXV�WHFKQLTXHV�KDYH�EHHQ�GHYHORSHG�WR�XVH���SKDVH�

VTXLUUHO�FDJH�LQGXFWLRQ�PDFKLQHV�IRU�VLQJOH�SKDVH�HOHFWULFLW\�JHQHUDWLRQV��DV�GHWDLOHG�LQ�&KDSWHU�

���

$V�DQ�DOWHUQDWLYH��D�QHZ�ZLQGLQJ�FRQILJXUDWLRQ��XVLQJ�RQH�RI�WKH�VWDWRU�SKDVHV�RI�D���

SKDVH�VTXLUUHO�FDJH�LQGXFWLRQ�PDFKLQH�DV�WKH�H[FLWDWLRQ�ZLQGLQJ�DQG�WKH�UHPDLQLQJ�WZR�SKDVHV�

FRQQHFWHG�LQ�VHULHV�DV�WKH�SRZHU�ZLQGLQJ��KDV�EHHQ�SURSRVHG�IRU�XVLQJ���SKDVH�VTXLUUHO�FDJH�

LQGXFWLRQ�PDFKLQHV�WR�JHQHUDWH�VLQJOH�SKDVH�HOHFWULFLW\��DQG�QDPHG�76&$2,��:LWK�WKLV�VLPSOH�

FRQILJXUDWLRQ��D���SKDVH�VTXLUUHO�FDJH�LQGXFWLRQ�PDFKLQH�FDQ�JHQHUDWH�UHJXODWHG�VLQJOH�SKDVH�

HOHFWULFLW\�DW�FRQVWDQW�IUHTXHQF\�XQGHU�YDU\LQJ�URWRU�VSHHGV��7KH�DLP�RI�WKLV�WKHVLV�ZDV�WR�VROYH�

WKUHH� PDMRU� WHFKQLFDO� GLIILFXOWLHV� DVVRFLDWHG� ZLWK� WKH� 76&$2,� FRQILJXUHG� JHQHUDWRU�� DV�

LGHQWLILHG�LQ�&KDSWHU����

,Q�&KDSWHU� ��� D� FRPSUHKHQVLYH� HTXLYDOHQW� FLUFXLW�PRGHO�ZDV� SURSRVHG� WR� SURYLGH� DQ�

LQVLJKW�LQWR�WKH�VWHDG\�VWDWH�EHKDYLRXU�RI�WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU��8VLQJ�
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WKLV�PRGHO��WKH�LPSDFWV�RI�V\VWHP�SDUDPHWHUV�RQ�LWV�ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV��DV�ZHOO�

DV�RQ� LWV� OHYHO�RI�XQEDODQFHG�RSHUDWLRQ�ZHUH� LGHQWLILHG��)XUWKHUPRUH��&KDSWHU���SUHVHQWHG�D�

ZLQGLQJ�IXQFWLRQ�DSSURDFK�WR�REWDLQ�WKH�G\QDPLF�PRGHO�RI�WKH�76&$2,�FRQILJXUHG�JHQHUDWRU��

HOLPLQDWLQJ�WKH�SUHYLRXV�UHSRUWHG�FXPEHUVRPH�GHULYDWLRQV��&KDSWHU���LQYHVWLJDWHG�WKH�VWHDG\�

VWDWH� EHKDYLRXU� RI� WKH� VWDQGDORQH� 76&$2,� FRQILJXUHG� JHQHUDWRU� WKURXJK� VLPXODWLRQV��

LPSOHPHQWLQJ� WKH�SURSRVHG�PDWKHPDWLFDO�PRGHO� LQ�0$7/$%�6LPXOLQN�DQG�H[SHULPHQWDOO\�

XVLQJ�D�SURWRW\SH�JHQHUDWRU��%RWK�WKH�VLPXODWHG�DQG�H[SHULPHQWDO�UHVXOWV�DUH�LQ�JRRG�DJUHHPHQW�

DQG�H[KLELW�VDPH�WUHQG��IXUWKHU�LQGLFDWLQJ�WKDW�WKH�FKDUDFWHULVWLFV�RI�WKLV�SDUWLFXODU�JHQHUDWRU�

FDQ�EH�DFFXUDWHO\�SUHGLFWHG�E\�WKH�SURSRVHG�HTXLYDOHQW�FLUFXLW�PRGHOV��

&KDSWHU� �� LQYHVWLJDWHG� WKH� VWHDG\�VWDWH� EHKDYLRXU� RI� WKH� JULG�FRQQHFWHG� 76&$2,�

JHQHUDWRU�DQG�SURSRVHG�D�ORRN�XS�WDEOH�EDVHG�FRQWURO�VFKHPH�WR�RSHUDWH�WKH�JHQHUDWRU�XQGHU�

JLYHQ� RSHUDWLQJ� FRQGLWLRQV�� 7R� VLPSOLI\� WKH� LPSOHPHQWDWLRQ� RI� WKH� JHQHUDWRU�� &KDSWHU� ��

SURSRVHG� D� VOLS� HVWLPDWLRQ�PHWKRG�� HQDEOLQJ� WKH� VSHHG�VHQVRUOHVV� FRQWURO� RI� WKH� JHQHUDWRU��

)LQDOO\��VLPXODWLRQ�DQG�H[SHULPHQWDO�UHVXOWV�IRU�D�SURWRW\SH�JHQHUDWRU�ZHUH�SURYLGHG�WR�YDOLGDWH�

WKH�SURSRVHG�FRQFHSW�DQG�FRQWURO�VFKHPH��

,Q�&KDSWHU��� D�PRGLILHG�ZLQGLQJ�FRQILJXUDWLRQ��QDPHG�13&�76&$2,��ZDV�SUHVHQWHG��

%\�FRQQHFWLQJ�WKH�QHXWUDO�SRLQW�RI�WKH�WZR�VHULHV�FRQQHFWHG�ZLQGLQJ�LQ�WKH�76&$2,�ZLQGLQJ�

FRQILJXUDWLRQ� WR�DQ�DGGLWLRQDO�FRQYHUWHU� OHJ�� WKH�EDODQFHG�RSHUDWLRQ�RI� WKH�JHQHUDWRU�FDQ�EH�

UHDOL]HG��7KH�IXQGDPHQWDO�UHODWLRQVKLS�EHWZHHQ�WKH�VWDWRU�IOX[�OLQNDJH�DQG�WKH�RXWSXW�YROWDJH�

ZDV� LQYHVWLJDWHG� IRU� WKH� VWDQGDORQH� JHQHUDWRU�� %DVHG� RQ� WKLV� UHODWLRQVKLS�� D� GLUHFW�IOX[�

FRQWUROOHG��')&��VFKHPH��ZKLFK�HQDEOHV�EDODQFHG�RSHUDWLRQ�RI�WKH�JHQHUDWRU�ZLWK�IDVW�WUDQVLHQW�

UHVSRQVH��ZDV�DFFRUGLQJO\�SURSRVHG��7KH�YDOLGLW\�RI�WKH�SURSRVHG�JHQHUDWRU�FRQFHSW�ZDV�DOVR�

YHULILHG�WKURXJK�ERWK�VLPXODWLRQV�DQG�H[SHULPHQWV�

���� &RQWULEXWLRQV

7KH�PDLQ�FRQWULEXWLRQV�RI�WKLV�WKHVLV�DUH�VXPPDUL]HG�DV�EHORZ

x 6WHDG\�VWDWH� HTXLYDOHQW� FLUFXLW�PRGHOV� KDYH� EHHQ� SURSRVHG� IRU� WKH� VWDQGDORQH�

76&$2,�FRQILJXUHG�JHQHUDWRU��:LWK�WKHVH�PRGHOV��WKH�VWHDG\�VWDWH�EHKDYLRXU�RI�

WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU�ZDV�LQYHVWLJDWHG��DQG�WKH�LPSDFWV�

RI�V\VWHP�SDUDPHWHUV�RQ�WKH�ORDG�DQG�H[FLWDWLRQ�FKDUDFWHULVWLFV�RI�WKH�JHQHUDWRU��

DV�ZHOO�DV�RQ�WKH�OHYHO�RI�LWV�YROWDJH�XQEDODQFH��ZHUH�LGHQWLILHG�

x $�FRQWURO�VFKHPH�KDV�EHHQ�SURSRVHG�IRU�WKH�JULG�FRQQHFWHG�76&$2,�FRQILJXUHG�

JHQHUDWRU�� 7KH� FRQWURO� VFKHPH� LQFRUSRUDWHV� D� ORRN�XS� WDEOH�� HQDEOLQJ� WKH�
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HOHFWULFLW\� JHQHUDWLRQ� DW� QHDU�XQLW\� SRZHU� IDFWRU� DQG� OLPLWLQJ� WKH� XQEDODQFHG�

RSHUDWLRQ�RI�WKH�JHQHUDWRU��,Q�DGGLWLRQ��D�VOLS�HVWLPDWLRQ�PHWKRG��ZKLFK�HQDEOHV�

VSHHG�VHQVRUOHVV�FRQWURO�RI�WKH�JHQHUDWRU��KDV�DOVR�EHHQ�SURSRVHG�IRU�VLPSOLI\LQJ�

WKH�V\VWHP�

x $Q� 13&�76&$2,� ZLQGLQJ� FRQILJXUDWLRQ� KDV� EHHQ� SURSRVHG� EDVHG� RQ� WKH�

76&$2,� ZLQGLQJ� FRQILJXUDWLRQ�� 7KLV� QHZ� FRQILJXUDWLRQ� DOORZV� WKH� EDODQFHG�

RSHUDWLRQ� RI� WKH� JHQHUDWRU�� $� PDWKHPDWLFDO� PRGHO� IRU� WKH� 13&�76&$2,�

FRQILJXUHG�JHQHUDWRU�KDV�EHHQ�GHULYHG�DQG�D�')&�VFKHPH�KDV�EHHQ�SURSRVHG�WR�

UHJXODWH�WKH�RXWSXW�YROWDJH�ZLWK�IDVW�WUDQVLHQW�UHVSRQVH��

���� )XWXUH�:RUN

7KLV� WKHVLV�KDV� DOUHDG\� LGHQWLILHG� WKH� LPSDFWV�RI�PDFKLQH�SDUDPHWHUV�RQ� WKH� ORDG�DQG�

H[FLWDWLRQ�FKDUDFWHULVWLFV�RI� WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU��DV�ZHOO�DV�RQ� LWV�

OHYHO� RI� XQEDODQFHG�RSHUDWLRQ� LQ�&KDSWHU� ��� ,W� LV�ZHOO� NQRZQ� WKDW� WKH� SDUDPHWHUV� RI�6&,0�

FKDQJH� VLJQLILFDQWO\� ZLWK� PDQ\� YDULDEOHV�� VXFK� DV� SRZHU� UDWLQJV�� DSSOLFDWLRQV�� PDWHULDOV��

ZLQGLQJ�SDWWHUQV�DQG�PDQXIDFWXUH�SURFHVVHV��)RU�H[DPSOH��UHVLVWDQFH�DQG�OHDNDJH�UHDFWDQFH�RI�

ERWK� VWDWRU� DQG� URWRU� FLUFXLWV� DUH� XVXDOO\� UHGXFHG�ZLWK� LQFUHDVLQJ� RI� WKH� SRZHU� UDWLQJV�� ,Q�

DGGLWLRQ��WKH�URWRU�UHVLVWDQFH�RI�WKH�OLQH�IHG�6&,0V�LV�JHQHUDOO\�KLJKHU�WKDQ�WKDW�RI�WKH�LQYHUWHU�

IHG�6&,0V�ZLWK�VDPH�UDWHG�SRZHU��%HFDXVH�WKH�OLQH�IHG�6&,0V��ZKLFK�QHHG�D�KLJK�VHOI�VWDUWLQJ�

WRUTXH��DUH�QRUPDOO\�GHVLJQHG�ZLWK�D�GRXEOH�FDJH�RU�GHHS�URWRU�VORWV��+RZHYHU��WKH�LQYHUWHU�

IHG�6&,0V��ZKLFK�QR�ORQJHU�QHHG�WKH�VHOI�VWDUWLQJ�WRUTXH��QRUPDOO\�DGRSW�VKDOORZ�DQG�ZLGH�

URWRU�VORWV��OHDGLQJ�WR�D�ORZHU�URWRU�UHVLVWDQFH��7KHUHIRUH��WKH�QH[W�DUHD�RI�UHVHDUFK�FRXOG�LQYROYH�

WKH�GHGLFDWHG�FRPSDULVRQ�DQG�VHOHFWLRQ�DPRQJ�GLIIHUHQW�RII�WKH�VKHOI�6&,0V�IRU�WKH�VWDQGDORQH�

76&$2,�FRQILJXUHG�JHQHUDWRU��XVLQJ�DQDO\WLFDO�HTXDWLRQV�GHULYHG�LQ�&KDSWHU����)XUWKHUPRUH��

DQ�RSWLPL]HG�GHVLJQ�RI�WKH�6&,0�IRU�WKH�VWDQGDORQH�76&$2,�FRQILJXUHG�JHQHUDWRU�FRXOG�DOVR�

EH�SHUIRUPHG��EDVHG�RQ�WKH�NQRZQ�LQIOXHQFHV�RI�PDFKLQH�SDUDPHWHUV�RQ�LWV�EHKDYLRXU������

&KDSWHU���SURSRVHG�D�WRSRORJLFDO�PRGLILFDWLRQ�WR�WKH�76&$2,�ZLQGLQJ�FRQILJXUDWLRQ��

7KH�PRGLILHG�ZLQGLQJ�FRQILJXUDWLRQ��QDPHG�DV�13&�76&$2,��SURYLGHV�DQ�DGGLWLRQDO�FRQWURO�

GHJUHH� RI� IUHHGRP�� WKXV� HQDEOLQJ� WKH� YHFWRU� FRQWURO� RI� WKH� JHQHUDWRU�� 7KHUH� DUH� WZR�PDMRU�

VWUDWHJLHV�IRU�WKH�YHFWRU�FRQWURO�RI�WKH�JHQHUDWRU��QDPHO\�GLUHFW�IOX[�FRQWURO��')&��DQG�ILHOG�

RULHQWHG�FRQWURO��)2&���7KHVH�WZR�VWUDWHJLHV�DUH�GLIIHUHQW�LQ�WKH�FRQWURO�SULQFLSOH�EXW�LGHQWLFDO�

LQ�QDWXUH��,Q�&KDSWHU����WKH�GLUHFW�IOX[�FRQWUROOHG�VFKHPH�ZDV�SURSRVHG�IRU�WKH�13&�76&$2,�

FRQILJXUHG� JHQHUDWRU�� :LWK� WKLV� FRQWURO� VFKHPH�� WKH� JHQHUDWRU� FDQ� SURYLGH� ZHOO�UHJXODWHG�



���

RXWSXW�YROWDJH�DW�YDU\LQJ�URWRU�VSHHGV�XQGHU�WKH�EDODQFHG�RSHUDWLRQ�FRQGLWLRQ��$QRWKHU�DUHD�RI�

UHVHDUFK�WKHUHIRUH�FRXOG�EH�WR� LPSOHPHQW� WKH�ILHOG�RULHQWHG�FRQWUROOHG�VFKHPH�IRU� WKH�13&�

76&$2,�FRQILJXUHG�JHQHUDWRU��7KH�ILHOG�RULHQWHG�FRQWUROOHG�VFKHPH�LV�H[SHFWHG�WR�EH�PRUH�
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