
)$8/7�$1$/<6,6�&216,'(5,1*�)$8/7�&855(17�&2175,%87,216�)520�

',675,%87('�(1(5*<�5(6285&(6

E\

$GQDQ�$UDSRYLF��3�(QJ���303

%DFKHORU�RI�$SSOLHG�6FLHQFH��+RQRXUV�(OHFWULFDO�(QJLQHHULQJ��8QLYHUVLW\�RI�:DWHUORR������

$Q 053�SUHVHQWHG�WR�5\HUVRQ�8QLYHUVLW\

LQ�SDUWLDO�IXOILOOPHQW�RI�WKH

UHTXLUHPHQWV�IRU�WKH�GHJUHH�RI

0DVWHU�RI�(QJLQHHULQJ

LQ�WKH�SURJUDP�RI�

(OHFWULFDO�DQG�&RPSXWHU�(QJLQHHULQJ

7RURQWR��2QWDULR��&DQDGD������

��$GQDQ�$UDSRYLF������



LL

$XWKRU¶V�'HFODUDWLRQ

,�KHUHE\�GHFODUH�WKDW�,�DP�WKH�VROH�DXWKRU�RI�WKLV�053��7KLV�LV�D�WUXH�FRS\�RI�WKH�053��LQFOXGLQJ�DQ\�UHTXLUHG�

ILQDO�UHYLVLRQV�

,� DXWKRUL]H� 5\HUVRQ� 8QLYHUVLW\� WR� OHQG� WKLV� 053� WR� RWKHU� LQVWLWXWLRQV� RU� LQGLYLGXDOV� IRU� WKH� SXUSRVH� RI�

VFKRODUO\�UHVHDUFK�

,�IXUWKHU�DXWKRUL]H�5\HUVRQ�8QLYHUVLW\�WR�UHSURGXFH�WKLV�053�E\�SKRWRFRS\LQJ�RU�E\�RWKHU�PHDQV��LQ�WRWDO�

RU�LQ�SDUW��DW�WKH�UHTXHVW�RI�RWKHU�LQVWLWXWLRQV�RU�LQGLYLGXDOV�IRU�WKH�SXUSRVH�RI�VFKRODUO\�UHVHDUFK�

,�XQGHUVWDQG�WKDW�P\�053�PD\�EH�PDGH�HOHFWURQLFDOO\�DYDLODEOH�WR�WKH�SXEOLF�



LLL

)DXOW�$QDO\VLV�&RQVLGHULQJ�)DXOW�&XUUHQW�&RQWULEXWLRQV�IURP�'LVWULEXWHG�(QHUJ\�5HVRXUFHV

0DVWHU�RI�(QJLQHHULQJ������

$GQDQ�$UDSRYLF��3�(QJ���303

(OHFWULFDO DQG�&RPSXWHU (QJLQHHULQJ

5\HUVRQ�8QLYHUVLW\

:LWK� HPHUJLQJ� FRQFHUQV� RYHU� FOLPDWH� FKDQJH� DQG� WKH� QHHG� IRU� UHGXFHG� JUHHQKRXVH� JDV� HPLVVLRQV��

WRJHWKHU�ZLWK�WKH�JURZLQJ�DZDUHQHVV�RI�WKH�LPSRUWDQFH�RI�WKH�QDWXUDO�HQYLURQPHQW�DQG�WKH�GHSOHWLRQ�RI�WKH�

HDUWK¶V�QRQ�UHQHZDEOH�HQHUJ\�UHVRXUFHV�� WKH�JHQHUDWLRQ�RI HOHFWULFLW\� IURP�GLVWULEXWHG�UHQHZDEOH�HQHUJ\�

UHVRXUFHV� VXFK� DV� VRODU� SKRWRYROWDLF� �39�� DQG� ZLQG� HQHUJ\� KDV� EHJXQ� WR� H[SDQG� DW� D� UDSLG� SDFH��

3UROLIHUDWLRQ�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV� LQ�GLVWULEXWLRQ V\VWHPV�KDV�LQWURGXFHG�QHZ�

FKDOOHQJHV� LQ� GHWHUPLQLQJ� WKH� PD[LPXP� SRVVLEOH� IDXOW� FXUUHQWV� WKDW� D� SRZHU� V\VWHP�PXVW� EH� DEOH� WR�

ZLWKVWDQG�ZLWKRXW�EHLQJ�FRPSURPLVHG��7KHUHIRUH��LW�LV�LPSHUDWLYH�WR�GHYHORS�WKH�PDWKHPDWLFDO�DQG�VRIWZDUH�

VLPXODWLRQ�PRGHOV�WKDW�DSSUR[LPDWH�WKH�UHVSRQVH�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�GXULQJ�

D�IDXOW�RQ�WKH�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP�LQ�RUGHU�WR�GHWHUPLQH�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQV�WR�WKH�

HOHFWULFDO� JULG� WKDW� D� WUDQVPLVVLRQ� RU� GLVWULEXWLRQ� XWLOLW\� QHHGV� WR� UHIOHFW� LQ� WKHLU� FRQQHFWLRQ� LPSDFW�

DVVHVVPHQWV�



LY

7DEOH�RI�&RQWHQWV

3DJH

$XWKRU¶V�'HFODUDWLRQ«««««««««««««««««««««««««««��

$EVWUDFW««««««««««««««««««««««««««««««««���

/LVW�RI 7DEOHV�««««««««««««««�««««««««««««««««

/LVW�RI�)LJXUHV��««««««««««�«««««««««««««««««««�

&KDSWHU���± ,QWURGXFWLRQ««««««««�«««««««««««««««««��

����,QWURGXFWLRQ«««««««««««««««««««««««««���

����2EMHFWLYH�RI�WKH�5HSRUW«««««««««««««««««««««

����2XWOLQH�RI�WKH�5HSRUW««««««««««««««««««««««

&KDSWHU���± 6\PPHWULFDO�)DXOWV««««««�««««««««««««««««�

����,QWURGXFWLRQ««««««««««««««««««««««««««

����)DXOW�&XUUHQW�7UDQVLHQWV�LQ�0DFKLQHV««««««««««««««���

����6\PPHWULFDO�)DXOW�$QDO\VLV�XVLQJ�WKH�%XV�,PSHGDQFH�0DWUL[««««��

����&KDSWHU�6XPPDU\«««««««««««««««««««««««

&KDSWHU���± 6\PPHWULFDO�&RPSRQHQWV�DQG�8QV\PPHWULFDO�)DXOWV«««««««��

����,QWURGXFWLRQ««««««««««««««««««««««««««

����6\PPHWULFDO�&RPSRQHQWV««««««««�«««««««««««��

����6HTXHQFH�,PSHGDQFHV�DQG�6HTXHQFH�1HWZRUNV«««««««««��
�
����3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI�

*HQHUDWRUV««««««««««««««««««««««««�

����3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI

7UDQVPLVVLRQ�/LQHV««««««««««««««««««««��

����3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI�

<�DQG�¨�&RQQHFWLRQV««««���«««««««««««««««

����3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI�

7UDQVIRUPHUV«««««««««««««««««««««««�

LL

LLL

YLL

L[

�

�

�

�

�

�

�

��

��

��

��

��

��

��

��

��

��



Y

����6LQJOH�/LQH�WR�*URXQG�)DXOW�RQ�DQ�8QORDGHG�*HQHUDWRU««�««««��

����/LQH�WR�/LQH�)DXOW�RQ�DQ�8QORDGHG�*HQHUDWRU«««««««««««�

�����'RXEOH�/LQH�WR�*URXQG�)DXOW�RQ�DQ�8QORDGHG�*HQHUDWRU«««««���

�����8QV\PPHWULFDO�)DXOWV�RQ�3RZHU�6\VWHPV««««««««««««�

�����8QV\PPHWULFDO�)DXOW�$QDO\VLV�XVLQJ�WKH�%XV�,PSHGDQFH�0DWUL[«««

�����)DXOWV�7KURXJK�DQ�,PSHGDQFH«««««««««««««««««�

�����&KDSWHU�6XPPDU\««««««««««««««««««««««��

&KDSWHU���± 3RZHU�6\VWHP�0RGHOLQJ�DQG�)DXOW�$QDO\VLV�RI�&RQYHUWHU�%DVHG�

'LVWULEXWHG�(QHUJ\�5HVRXUFHV««««««««««««��«««««««

����,QWURGXFWLRQ««««««««««««««««««««««««««

����3UREOHP�6WDWHPHQW««««««««««««««««««««««��

����6ROXWLRQ�0HWKRG««««««««««««««««««««««««

������)DXOW�$QDO\VLV�RI�&RQYHUWHU�%DVHG�'LVWULEXWHG�(QHUJ\�

5HVRXUFHV�IRU�$&�6LGH�%ROWHG�)DXOWV«««««««««�

������)DXOW�$QDO\VLV�RI�&RQYHUWHU�%DVHG�'LVWULEXWHG�(QHUJ\�

5HVRXUFHV�IRU�'&�6LGH�)DXOWV«««««�«««��«««��

����&KDSWHU�6XPPDU\«««««««««««««««««««««««

&KDSWHU���± 0$7/$%�)DXOW�&XUUHQW�$QDO\VLV�3URJUDP«««««�«««««««��

����,QWURGXFWLRQ««««««««««««««««««««««««««

����7HVW�'DWD��««««««««««««««««««««««««««

����7HVW�'DWD��««««««««««««««««««««««««««

����7HVW�'DWD��««««««««««««««««««««««««««

����7HVW�'DWD��««««««««««««««««««««««««««

����&KDSWHU�6XPPDU\«««««««««««««««««««««««

&KDSWHU���± &RQFOXVLRQ««««««««««««««««««««««««««

����*HQHUDO«««««««««««««««««««««««««««��

����&KDSWHU�:LVH�6XPPDU\««««««««««««««««««««��

����&RQWULEXWLRQ�DQG�&RQFOXVLRQV«««««««««««�«««««««

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

���

���

���

���

���

���



YL

$SSHQGL[««««««««««««««««««««««««««««««««�

5HIHUHQFHV«««««««««««««««««««««««««««««««�

*ORVVDU\«�«««««««««««««««««««««««««««««««�

���

���

���



YLL

/LVW�RI�7DEOHV

7DEOH 3DJH

���� 7\SHV�RI�SRZHU�V\VWHP�IDXOWV��LQ�GHFUHDVLQJ�IUHTXHQF\�RI�RFFXUUHQFH««««

�����)LHOGV�GHILQHG�RQ�WKH�6<67(0 OLQH«««««««««««««««««««

�����)LHOGV�GHILQHG�RQ�WKH�%86 OLQH«««««««««««««««««««««

�����)LHOGV�GHILQHG�RQ�WKH�/,1(�OLQH««««««««««««««««««««���

���� )LHOGV�GHILQHG�RQ�WKH�*(1(5$725�DQG�02725�OLQHV««««««««««�

�����)LHOGV�GHILQHG�RQ�WKH�)$8/7�OLQH«««««««««««««««««««���

�����6\QFKURQRXV�PDFKLQH�GDWD�IRU�WHVW�GDWD��««««««««««««««««

�����7UDQVPLVVLRQ�OLQH�GDWD�IRU�WHVW�GDWD��««««««««««««««««««

�����7UDQVIRUPHU�GDWD�IRU�WHVW�GDWD��««««««««««««««««««««�

�����&RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�SXEOLVKHG�UHVXOWV�XVLQJ�

3RZHU:RUOG�6LPXODWRU««««««««««««««««««««««««��

������3RVLWLYH�VHTXHQFH�V\VWHP�EUDQFK�GDWD��S�X�����09$�««««««««««�

������*HQHUDWRU�LPSHGDQFHV�IRU�PRPHQWDU\�DQG�LQWHUUXSWLQJ�GXW\��S�X�����09$�«

������0RWRU�LPSHGDQFHV�IRU�PRPHQWDU\�DQG�LQWHUUXSWLQJ�GXW\��S�X�����09$�«««

������&RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�SXEOLVKHG�UHVXOWV�IURP�

,(((�6WG���������� DQG�DQ�(7$3�VKRUW�FLUFXLW�YHULILFDWLRQ�DQG�YDOLGDWLRQ�

FRPSDQ\�GRFXPHQW«««««««««««««««««««««««««

������&RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�FDOFXODWHG�LQYHUWHU�IDXOW

FXUUHQW�FRQWULEXWLRQ«««««««««««««««««««««««««�

������&RPSDULVRQ�RI�IDXOW�FXUUHQW�FRQWULEXWLRQV�IURP�D������09$�V\QFKURQRXV�

JHQHUDWRU�DQG�D������09$�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�

VLGH�LQYHUWHU««««««««««««««««««««««««««««�

������&RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�FDOFXODWHG�LQYHUWHU�IDXOW�

FXUUHQW�FRQWULEXWLRQ«««««««««««««««««««««««««�

�

��

��

��

��

��

��

��

��

��

��

��

��

��

���

���

���



YLLL

������&RPSDULVRQ�RI�IDXOW�FXUUHQW�FRQWULEXWLRQV�IURP�D������09$�V\QFKURQRXV�

JHQHUDWRU�DQG�D������09$�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�

VLGH�LQYHUWHU««««««««««««««««««««««««««««� ���



L[

/LVW�RI�)LJXUHV

)LJXUH 3DJH

�����&XUUHQW�LQ�D�VHULHV�5�/�FLUFXLW�ZLWK�DF�YROWDJH�VRXUFH««««�«««««««�

������D��&XUUHQW�ZDYHIRUP�ZLWK�PD[LPXP�DV\PPHWU\««««�«««««««««

�E��&XUUHQW�ZDYHIRUP�ZLWK�QR�GF�FRPSRQHQW«««««««««««««««

�����7KH�WRWDO�IDXOW�FXUUHQWV�DV�D�IXQFWLRQ�RI�WLPH�GXULQJ�D�V\PPHWULFDO�WKUHH�SKDVH

IDXOW�RQ�D�V\QFKURQRXV�JHQHUDWRU«««««««««««««««««««��

�����7KH�DF�V\PPHWULFDO�FRPSRQHQW�RI�WKH�IDXOW�FXUUHQW««««««««««««�

�����6LQJOH�OLQH�GLDJUDP�RI�D�IRXU�EXV�WKUHH�SKDVH�SRZHU�V\VWHP««««««««

�����7KH�SHU�SKDVH��SHU�XQLW�HTXLYDOHQW�FLUFXLW�RI�WKH�SRZHU�V\VWHP««««�«««

�����7KH�HTXLYDOHQW�FLUFXLW�ZLWK�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�RQ�EXV���VLPXODWHG

E\�LQVHUWLQJ�DQ�DGGLWLRQDO�YROWDJH�VRXUFH�െ܄ LQ�VHULHV�ZLWK�DQ�H[LVWLQJ�

YROWDJH�VRXUFH UHSUHVHQWLQJ�WKH�SUHIDXOW�YROWDJH܄� DW�EXV��««««««««

�����7KH�SRZHU�V\VWHP�ZLWK�DOO�VRXUFHV�VHW�WR�]HUR�H[FHSW�IRU�െ܄��DQG�ZLWK�WKH

LPSHGDQFH�YDOXHV�FRQYHUWHG�WR�DGPLWWDQFHV«««««««««««««««

�����7KUHH�VHWV�RI�EDODQFHG�SKDVRUV�ZKLFK�DUH�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�

WKUHH�XQEDODQFHG SKDVRUV««««««««««««««««««««««��

�����*UDSKLFDO�DGGLWLRQ�RI�WKH�FRPSRQHQWV�VKRZQ�LQ�)LJXUH�����WR�REWDLQ�WKUHH

XQEDODQFHG�SKDVRUV«««««««««««««««�««««««««««

�����3KDVRU�GLDJUDP�LOOXVWUDWLQJ�WKH�UHODWLRQVKLSV�DPRQJ�WKH�YDULRXV�H[SRQHQWV

RI�ܽ««««««««««««««««««««««�««««««««««�

�����$�<�FRQQHFWHG�WKUHH�SKDVH�JHQHUDWRU�JURXQGHG�WKURXJK�DQ�LQGXFWLYH�

UHDFWDQFH««««««««««««««««««««««««««««««

������D��$�V\QFKURQRXV�JHQHUDWRU�DV�VHHQ�E\�SRVLWLYH�VHTXHQFH�FXUUHQWV«�«««�

�E��7KH�SRVLWLYH�VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�JHQHUDWRU«««««�««��

�

��

��

��

��

��

��

��

��

��

��

��

��

��

��



[

�F��$�V\QFKURQRXV�JHQHUDWRU�DV�VHHQ�E\�QHJDWLYH�VHTXHQFH�FXUUHQWV«�«««

�G��7KH�QHJDWLYH�VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�JHQHUDWRU««««�«««
�H��$�V\QFKURQRXV�JHQHUDWRU�DV�VHHQ�E\�]HUR�VHTXHQFH�FXUUHQWV«««�«««

�I��7KH�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�JHQHUDWRU««««««�«««�

������D��$Q�XQJURXQGHG�<�FRQQHFWHG�ORDG�KDV�QR�SDWK�EHWZHHQ�WKH�QHXWUDO�DQG

WKH�JURXQG��WKXV�WKH�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�KDV�DQ�RSHQ�FLUFXLW

EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG«««««««««««««««««�

�E��$�JURXQGHG�<�FRQQHFWHG�ORDG�KDV�D�VKRUW�FLUFXLW�EHWZHHQ�WKH�QHXWUDO�DQG�

WKH�JURXQG��WKXV�WKH�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�KDV�D�VKRUW�FLUFXLW�

EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG«««««««««««««««««�

�F��$�<�FRQQHFWHG�ORDG�JURXQGHG�WKURXJK�DQ�LPSHGDQFH��7KH�]HUR�VHTXHQFH

HTXLYDOHQW�FLUFXLW�KDV�WKH�LPSHGDQFH�͵ܼே EHWZHHQ�WKH�QHXWUDO�DQG�WKH�

JURXQG««««««««««««««««««««««««««««««

�G��$�¨�FRQQHFWHG�ORDG�KDV�QR�SDWK�WR�WKH�JURXQG��WKXV�QR�]HUR�VHTXHQFH

FXUUHQWV�FDQ�IORZ�LQWR�WKH�ORDG��+RZHYHU��DQ\�]HUR�VHTXHQFH�FXUUHQWV�

LQVLGH�WKH�ORDG�FDQ�IORZ�IUHHO\�ZLWKLQ�WKH�¨««««««««�««�««««�

�����6\PEROV��FRQQHFWLRQ�GLDJUDPV��DQG�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLWV�IRU�

YDULRXV�W\SHV�RI�WKUHH�SKDVH�WUDQVIRUPHUV««««««««««««««««

�����$�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�SKDVH�ܽ RI�DQ�XQORDGHG�JHQHUDWRU��7KH

JHQHUDWRU¶V�QHXWUDO�LV�JURXQGHG�WKURXJK�DQ�LQGXFWLYH�UHDFWDQFH««�««««��

�����)RU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH

QHWZRUNV�DUH�FRQQHFWHG�LQ�VHULHV�WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG

FXUUHQWV�LQ�WKH�IDXOW««««««««««««««««««««««««««

������$�OLQH�WR�OLQH�IDXOW�EHWZHHQ�SKDVHV�ܾ DQG�ܿ RI�DQ�XQORDGHG�JHQHUDWRU�«««��

������)RU�D�OLQH�WR�OLQH�IDXOW��WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV�DUH�

FRQQHFWHG�LQ�SDUDOOHO�WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH

IDXOW««««««««««««««««««««««««««««««««

������$�GRXEOH�OLQH�WR�JURXQG�IDXOW�EHWZHHQ�SKDVHV�ܾ��ܿ��DQG�WKH�JURXQG�RI�DQ�
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[L

XQORDGHG�JHQHUDWRU«««««««««««««««««««««««««�

������)RU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�

VHTXHQFH�QHWZRUNV�DUH�FRQQHFWHG�LQ�SDUDOOHO�WR�GHWHUPLQH�WKH�VHTXHQFH�

YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW««««««««««««««�«««««�

������$�VLPSOH�SRZHU�V\VWHP�ZLWK�D�IDXOW�DW�WKH�SRLQW�LQGLFDWHG�E\�WKH�ൈ«««««

������7KH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�IRU�WKH�SRZHU�V\VWHP

VKRZQ�LQ�)LJXUH�������WRJHWKHU�ZLWK�WKHLU�7KHYHQLQ�HTXLYDOHQW�FLUFXLWV«�««�

������&RQQHFWLRQ�GLDJUDP�IRU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP�««�

������)RU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP��WKH�SRVLWLYH�� QHJDWLYH���

DQG�]HUR�VHTXHQFH�QHWZRUNV�DUH�FRQQHFWHG�LQ�VHULHV�DW�WKH�SRLQW�RI�WKH�IDXOW

ܲ WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW««�««««�

������&RQQHFWLRQ�GLDJUDP�IRU�D�OLQH�WR�OLQH�IDXOW�RQ�D�SRZHU�V\VWHP«««««««

������)RU�D�OLQH�WR�OLQH�IDXOW�RQ�D�SRZHU�V\VWHP��WKH�SRVLWLYH� DQG�QHJDWLYH�

VHTXHQFH�QHWZRUNV�DUH�FRQQHFWHG�LQ�SDUDOOHO�DW�WKH�SRLQW�RI�WKH�IDXOW ܲ WR�

GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW««�««««««�

������&RQQHFWLRQ�GLDJUDP�IRU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP«�«

������)RU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP��WKH�SRVLWLYH���QHJDWLYH��

DQG�]HUR�VHTXHQFH�QHWZRUNV�DUH�FRQQHFWHG�LQ�SDUDOOHO�DW�WKH�SRLQW�RI�WKH�

IDXOW�ܲ WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW««««�

������&RQQHFWLRQ�GLDJUDPV�IRU�YDULRXV�IDXOWV�WKURXJK�DQ�LPSHGDQFH�RQ�D�SRZHU�

V\VWHP�

�D��6\PPHWULFDO�WKUHH�SKDVH�IDXOW«««««««««««««««««««

�E� 6LQJOH�OLQH�WR�JURXQG�IDXOW«««««««««««««««««««««

�F��/LQH�WR�OLQH�IDXOW«««««««««««««««««««««««««�

�G��'RXEOH�OLQH�WR�JURXQG�IDXOW««««««««««««««««««««��

������&RQQHFWLRQV�RI�VHTXHQFH�QHWZRUNV�WR�VLPXODWH�IDXOWV�WKURXJK�DQ�LPSHGDQFH�

RQ�D�SRZHU�V\VWHP�

�D��6\PPHWULFDO�WKUHH�SKDVH�IDXOW«««««««««�««««««««««
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[LL

�E��6LQJOH�OLQH�WR�JURXQG�IDXOW«««««««««««««««««««««

�F��/LQH�WR�OLQH�IDXOW«««««««««««««««««««««««««�

�G��'RXEOH�OLQH�WR�JURXQG�IDXOW««««««««««««««««««««��

������D��6HULHV�FRQYHUWHU�FRQQHFWHG�ZLQG�WXUELQH�JHQHUDWRU�WRJHWKHU�ZLWK�IO\ZKHHO

HQHUJ\�VWRUDJH««««««««««««««««««««««««««

�E��0LFURJULG�WRSRORJ\�ZLWK�VHULHV�FRQYHUWHU�FRQQHFWHG�VRODU�39�DQG�ZLQG�

SRZHU�JHQHUDWLRQ�RSWLRQV�WRJHWKHU�ZLWK�EDWWHU\�EDQN�DQG�VXSHUFDSDFLWRU

VWRUDJH�RSWLRQV««««««««««««««««««««««««««

�����0RGHOOLQJ�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�RI�D�VHULHV�FRQYHUWHU�FRQQHFWHG�ZLQG

WXUELQH�JHQHUDWRU�

�D��,QLWLDO�SUHIDXOW�FRQGLWLRQ««««««««««««««««««««««��

�E��)DXOW�FRQGLWLRQ««««««««««««««««««««««««««�

�F��9HFWRU�GLDJUDP�XQGHU�IDXOW�FRQGLWLRQV««««««««««««««««�

�����(TXLYDOHQW�FLUFXLW�RI�EDWWHU\�IRU�FDOFXODWLQJ�IDXOW�FXUUHQW««««««««««�

�����3K\VLFDO�DUUDQJHPHQW�RI����FHOO�OHDG�DFLG�VWRUDJH�EDWWHU\�PRXQWHG�LQ�WKUHH�

URZV««««««««««««««««««««««««««««««««�

�����%XV�EDU�UHDFWDQFH�LQ�RKPV�SHU�IRRW�IRU�HDFK�FRQGXFWRU�DW����F\FOHV««««��

�����7UDQVPLVVLRQ�OLQH�UHVLVWDQFH�DQG�UHDFWDQFH�SHU�VLQJOH�FRQGXFWRU�LQ�RKPV�SHU�

�����IHHW�DW����F\FOHV««««««««««««««««««««««««��

�����(TXLYDOHQW�FLUFXLW�IRU�H[DPSOH�FDOFXODWLRQ««««««««««««««««�

�����)DXOW�FXUUHQW�WLPH�SURILOH�RI�EDWWHU\�IRU�H[DPSOH�FDOFXODWLRQ««««««««��

�����)DXOW�FXUUHQW�WLPH�SURILOH�RI�EDWWHU\«««««««««««««««««««

������6WDQGDUG�DSSUR[LPDWLRQ�RI�IDXOW�IXQFWLRQ««««««««««««««««�

������7LPH�WR�SHDNݐ�୮ DQG�ULVH�WLPH�FRQVWDQW�߬ଵ IRU�IDXOW�RI�D�EDWWHU\««�««««

�����6DPSOH�LQSXW�ILOH WR�WKH�0$7/$% IDXOW�FXUUHQW�DQDO\VLV�SURJUDP««««««��

�����6LQJOH�OLQH�GLDJUDP�IRU�WHVW�GDWD��«««««««««««««««««««��

�����6LQJOH�OLQH�GLDJUDP�IRU�WHVW�GDWD��«««««««««««««««««««��

�����6LQJOH�OLQH�GLDJUDP�IRU�WHVW�GDWD��«««««««««««««««««««��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

��

���



�

&KDSWHU���± ,QWURGXFWLRQ

��� ,QWURGXFWLRQ

(OHFWULFDO�SRZHU�V\VWHPV�DUH��LQ�JHQHUDO��FRPSOH[�V\VWHPV�FRPSRVHG�RI�D�ZLGH�UDQJH�RI�HTXLSPHQW�GHYRWHG�

WR�JHQHUDWLQJ��WUDQVPLWWLQJ��DQG�GLVWULEXWLQJ�HOHFWULFDO�SRZHU�WR�YDULRXV�FRQVXPSWLRQ�FHQWHUV��$OWKRXJK�WKHVH�

V\VWHPV�DUH�GHVLJQHG�WR�VHUYH�ORDGV�LQ�D�VDIH�DQG�UHOLDEOH�PDQQHU��WKH�YHU\�FRPSOH[LW\�RI�WKHVH�V\VWHPV�

VXJJHVWV�WKDW�IDLOXUHV�DUH�XQDYRLGDEOH�UHJDUGOHVV�RI�KRZ�FDUHIXOO\�WKHVH�V\VWHPV�KDYH�EHHQ�GHVLJQHG��7KH�

IHDVLELOLW\�RI�GHVLJQLQJ�DQG�RSHUDWLQJ�D�SRZHU�V\VWHP�ZLWK�]HUR�IDLOXUH�UDWH�LV��LI�QRW�UHDOLVWLF��HFRQRPLFDOO\�

XQMXVWLILDEOH��$�IDXOW�LQ�D�FLUFXLW�LV�DQ\�IDLOXUH�WKDW�LQWHUIHUHV�ZLWK�WKH�QRUPDO�IORZ�RI�FXUUHQW�WR�WKH�ORDGV�>�@��

,Q�PRVW�IDXOWV��D�FXUUHQW�SDWK�GHYHORSV�EHWZHHQ�WZR�RU�PRUH�SKDVHV��RU�EHWZHHQ�RQH�RU�PRUH�SKDVHV�DQG�

WKH�QHXWUDO� �JURXQG���2QFH� WKLV�FXUUHQW�SDWK� LV�HVWDEOLVKHG�� LW� SURYLGHV�D�VKRUW�FLUFXLW�ZLWK� UHODWLYHO\� ORZ�

LPSHGDQFH�UHVXOWLQJ�LQ�H[FHVVLYH�FXUUHQW�IORZV��,I�XQFRQWUROOHG��WKHVH�H[FHVVLYH�FXUUHQW�IORZV�FDQ�FDXVH�

VHUYLFH�RXWDJH�ZLWK�DFFRPSDQ\LQJ�GRZQWLPH�RI�HTXLSPHQW�DQG�DVVRFLDWHG�LQFRQYHQLHQFH��LQWHUUXSWLRQ�RI�

HVVHQWLDO�IDFLOLWLHV�RU�YLWDO�VHUYLFHV��H[WHQVLYH�HTXLSPHQW�GDPDJH��SHUVRQQHO�LQMXU\�RU�IDWDOLW\��DQG�SRVVLEOH�

ILUH�GDPDJH�>�@��

7KH�PRVW�FRPPRQ�VRXUFH�RI�IDXOWV�RQ�KLJK�YROWDJH�WUDQVPLVVLRQ�OLQHV�LV�OLJKWQLQJ�>�@��:KHQ�OLJKWLQJ�VWULNHV�

D�SKDVH�RI�WKH�WUDQVPLVVLRQ�OLQH�� LW�SURGXFHV�D�YHU\�KLJK�WUDQVLHQW�YROWDJH�WKDW�FDQ�IDU�H[FHHG�WKH�UDWHG�

YROWDJH�RI�WKH�WUDQVPLVVLRQ�OLQH��$OWKRXJK KLJK�YROWDJH�WUDQVPLVVLRQ�OLQHV�KDYH�VWULQJV�RI�LQVXODWRUV�EHWZHHQ�

HDFK�SKDVH�RI�WKH�WUDQVPLVVLRQ�OLQH�DQG�WKH�VXSSRUWLQJ�WRZHUV�WKDW�FDUU\�WKH�WUDQVPLVVLRQ�OLQH��ZKHQ�WKH�

YROWDJH� GLIIHUHQFH� EHWZHHQ� WKH� SKDVH� RI� WKH� WUDQVPLVVLRQ� OLQH� DQG� WKH� JURXQGHG� VWUXFWXUH� RI� WKH�

WUDQVPLVVLRQ�WRZHU�LV�ODUJH�HQRXJK�WR�LRQL]H�WKH�DLU�DURXQG�WKH�LQVXODWRUV��LW�FUHDWHV�D�FXUUHQW�SDWK�IURP�WKH�

SKDVH�RI�WKH�WUDQVPLVVLRQ�OLQH�WR�WKH�JURXQGHG�VWUXFWXUH�RI�WKH�WUDQVPLVVLRQ�WRZHU��SURGXFLQJ�DQ�DUF��7KH�

UHVXOWDQW�FRQGLWLRQ�LV�NQRZQ�DV�IODVKRYHU��6XFK�IDXOWV�LQYROYLQJ�D�VLQJOH�SKDVH�DQG�JURXQG�DUH�FDOOHG�VLQJOH�

OLQH�WR�JURXQG�IDXOWV��2QFH�WKH�FXUUHQW�VWDUWV�IORZLQJ�WKRXJK�WKH�DUF�� LW�FRQWLQXHV�WR�GR�VR�HYHQ�DIWHU�WKH�

OLJKWQLQJ�GLVDSSHDUV��+RZHYHU�� LQ� WKH�FDVH�RI� IDXOWV� LQYROYLQJ� LRQL]HG�FXUUHQW� SDWKV�NQRZQ�DV� WUDQVLHQW�

IDXOWV��WKH�WUDQVLHQW�IDXOW�ZLOO�XVXDOO\�FOHDU�LI�SRZHU�LV�UHPRYHG�IURP�WKH�WUDQVPLVVLRQ�OLQH�IRU�D�VKRUW�WLPH�

DQG�WKHQ�UHVWRUHG��

)DXOWV�FDQ�DOVR�RFFXU� LI�RQH�SKDVH�RI�D�WUDQVPLVVLRQ� OLQH�EUHDNV�DQG�FRPHV�LQWR�GLUHFW�FRQWDFW�ZLWK�WKH�

JURXQG��RU�LI�D�VWULQJ�RI�LQVXODWRUV�VXSSRUWLQJ�WKH�OLQH�EUHDNV��DOORZLQJ�WKH�OLQH�WR�VDJ�WR�WKH�JURXQG��7KLV�

W\SH�RI�IDXOW�LV�NQRZQ�DV�D�SHUPDQHQW�IDXOW�EHFDXVH��LQ�FRQWUDVW�WR�D�WUDQVLHQW�IDXOW��LW�ZLOO�QRW�FOHDU�HYHQ�LI�

SRZHU� LV� UHPRYHG� IURP�WKH� WUDQVPLVVLRQ� OLQH�DQG� WKHQ�UHVWRUHG�� ,Q�PRVW�SRZHU�V\VWHPV��DSSUR[LPDWHO\�

WKUHH�TXDUWHUV�RI�DOO�IDXOWV�DUH�WUDQVLHQW�RU�SHUPDQHQW�VLQJOH�OLQH�WR�JURXQG�IDXOWV�>�@��7KHUH�DUH�DOVR�VHYHUDO�

RWKHU�W\SHV�RI�IDXOWV��6\PPHWULFDO�WKUHH�SKDVH�IDXOWV�RFFXU�ZKHQ�DOO�WKUHH�SKDVHV�RI�D�WUDQVPLVVLRQ�OLQH�DUH�

VKRUWHG�WRJHWKHU��7KLV�W\SH�RI�IDXOW�LV�RIWHQ�WKH�PRVW�VHYHUH�DQG�LW�LV�FXVWRPDU\�WR�SHUIRUP�RQO\�V\PPHWULFDO�



�

WKUHH�SKDVH� IDXOW� VLPXODWLRQV�ZKHQ�GHWHUPLQLQJ� WKH�PD[LPXP�SRVVLEOH� IDXOW� FXUUHQWV��/LQH�WR�OLQH� IDXOWV�

RFFXU�ZKHQ�WZR�SKDVHV�RI�D�WUDQVPLVVLRQ�OLQH�FRPH�LQWR�GLUHFW�FRQWDFW�RU�ZKHQ�IODVKRYHU�RFFXUV�EHWZHHQ�

WZR� SKDVHV� RI� D� WUDQVPLVVLRQ� OLQH�� )LQDOO\�� GRXEOH� OLQH�WR�JURXQG� IDXOWV� RFFXU� ZKHQ� WZR� SKDVHV� RI� D�

WUDQVPLVVLRQ�OLQH�FRPH�LQWR�GLUHFW�FRQWDFW�ZLWK�HDFK�RWKHU�DQG�ZLWK�WKH�JURXQG��

'XULQJ�D�IDXOW��WKH�KLJK�FXUUHQW�IORZV�LQ�WKH�WUDQVPLVVLRQ�OLQH�DUH�GHWHFWHG�E\�SURWHFWLYH�UHOD\V�DQG�FLUFXLW�

EUHDNHUV�RQ�WKH�DIIHFWHG�WUDQVPLVVLRQ�OLQH�DUH�DXWRPDWLFDOO\�RSHQHG�IRU�D�EULHI�SHULRG��DSSUR[LPDWHO\�����

VHFRQG�RU����F\FOHV��WR�LVRODWH�WKH�IDXOWHG�SRUWLRQ�RI�WKH�WUDQVPLVVLRQ�V\VWHP�IURP�WKH�UHVW�RI�WKH�SRZHU�

V\VWHP�DQG�LQWHUUXSW�WKH�IORZ�RI�IDXOW�FXUUHQW�LQ�WKH�LRQL]HG�SDWK��DOORZLQJ�GHLRQL]DWLRQ�WR�WDNH�SODFH�DQG�WKH�

DUF�FRQGXFWLQJ�WKH�FXUUHQW�WR�EH�H[WLQJXLVKHG��7KH�FLUFXLW�EUHDNHUV�DUH�WKHQ�UHFORVHG��,I�WKH�SRZHU�V\VWHP�

IDXOW� ZDV� D� WUDQVLHQW� IDXOW� FDXVHG� E\� IODVKRYHU�� QRUPDO� RSHUDWLRQ� VKRXOG� EH� UHVWRUHG� EHFDXVH� WKH� DUF�

FRQGXFWLQJ�WKH�FXUUHQW�KDV�EHHQ�H[WLQJXLVKHG��,I�WKH�IDXOW�LV�VWLOO�SUHVHQW�RQ�WKH�WUDQVPLVVLRQ�OLQH�DIWHU�WKH�

FLUFXLW�EUHDNHUV�UHFORVH��WKH\�ZLOO�RSHQ�DJDLQ��LVRODWLQJ�WKH�IDXOWHG�SRUWLRQ�RI�WKH�WUDQVPLVVLRQ�V\VWHP�IURP�

WKH�UHVW�RI�WKH�V\VWHP�XQWLO�WKH�SHUPDQHQW�IDXOW�FDQ�EH�ORFDWHG�DQG�FOHDUHG�E\�D�UHSDLU�FUHZ��

3URSHU�VHOHFWLRQ�RI�FLUFXLW�EUHDNHU�VL]HV�UHTXLUHV�NQRZOHGJH�RI�WKH�PD[LPXP�DYDLODEOH�IDXOW�FXUUHQW��DQG�

WKH�FLUFXLW�EUHDNHUV�XVHG�WR�SURYLGH�RYHUFXUUHQW�SURWHFWLRQ�WR�SRZHU�V\VWHPV�PXVW�EH�GHVLJQHG�WR�RSHUDWH�

SURSHUO\�DQG�ZLWKRXW�GDPDJH�HYHQ�ZKHQ� WKH�PD[LPXP�SRVVLEOH� IDXOW�FXUUHQWV�DUH� IORZLQJ� LQ� WKH�SRZHU�

V\VWHP��,Q�DGGLWLRQ��SURWHFWLYH�UHOD\V�PXVW�EH�DGMXVWHG�WR�RSHQ�FLUFXLW�EUHDNHUV�ZKHQ�IDXOWV�RFFXU�EXW�QRW�

XQGHU�QRUPDO�IXOO�ORDG�RSHUDWLQJ�FRQGLWLRQV��7KH�FDOFXODWLRQ�RI�FXUUHQW�IORZV�XQGHU�IDXOW�FRQGLWLRQV�LV�FDOOHG�

IDXOW�DQDO\VLV�

6LQFH�WKH�RFFXUUHQFH�RI�IDXOWV�FDQQRW�DOZD\V�EH�SUHYHQWHG��D VLJQLILFDQW�SDUW�RI�SRZHU�V\VWHP�SURWHFWLRQ�LV�

GHYRWHG�WR�GHWHFWLQJ�IDXOW�FRQGLWLRQV�LQ�D�UHOLDEOH�PDQQHU��7R�WKDW�H[WHQW��FRQVLGHUDEOH�FDSLWDO�LQYHVWPHQW�

LV� VSHQW� RQ� LQWHUUXSWLQJ� HTXLSPHQW DW� DOO� YROWDJH� OHYHOV� WKDW� FDQ�ZLWKVWDQG� WKH�PD[LPXP�SRVVLEOH� IDXOW�

FXUUHQWV�LPSRVHG�RQ�WKHP�ZLWKRXW�EHLQJ�GHVWUR\HG DQG�HIIHFWLYHO\�LVRODWH�WKH�VPDOOHVW�SRVVLEOH�SRUWLRQ�RI�

WKH�SRZHU�V\VWHP�LPSDFWHG�E\�WKH�IDXOW�LQ�RUGHU�WR�UHWDLQ�VHUYLFH�WR�WKH�UHVW�RI�WKH�V\VWHP�DQG�UHGXFH WKH�

DPRXQW�RI�GRZQWLPH�UHTXLUHG�IRU�HTXLSPHQW�QRW�EHORQJLQJ�WR�WKH�IDXOWHG�SRUWLRQ�RI�WKH�SRZHU�V\VWHP��7KH�

VHOHFWLRQ�RI�D�FLUFXLW�EUHDNHU�IRU�D�SRZHU�V\VWHP�GHSHQGV�QRW�RQO\�RQ�WKH�FXUUHQW�WKH�FLUFXLW�EUHDNHU�PXVW�

FDUU\�XQGHU�QRUPDO�RSHUDWLQJ�FRQGLWLRQV��EXW�DOVR�RQ�WKH�PD[LPXP�FXUUHQW�LW�PD\�KDYH�WR�FDUU\�PRPHQWDULO\�

LPPHGLDWHO\�DIWHU�D�IDXOW�RFFXUV��L�H���³ZLWKVWDQG´�FDSDELOLW\��DQG�WKH�FXUUHQW�LW�PD\�KDYH�WR�LQWHUUXSW�DW�WKH�

YROWDJH�RI�WKH�OLQH�LQ�ZKLFK�LW�LV�SODFHG��L�H���³LQWHUUXSWLQJ´�FDSDELOLW\���7KHUHIRUH��LW�IROORZV�WKDW�IDXOW�VWXGLHV�

DUH�DV�QHFHVVDU\�IRU�DQ\�SRZHU�V\VWHP�DV�RWKHU�IXQGDPHQWDO�V\VWHP�VWXGLHV�VXFK�DV�SRZHU�IORZ�VWXGLHV��

WUDQVLHQW�VWDELOLW\�VWXGLHV��KDUPRQLF�DQDO\VLV�VWXGLHV��HWF��>�@��)DXOW�VWXGLHV�FDQ�EH�SHUIRUPHG�DW�WKH�SODQQLQJ�

VWDJH�WR�GHWHUPLQH�WKH�PD[LPXP�SRVVLEOH�IDXOW�FXUUHQWV�WKDW�HTXLSPHQW��FDEOHV��WUDQVIRUPHUV��FRQGXFWRUV��

HWF�� PXVW�EH�DEOH�WR�ZLWKVWDQG�ZLWKRXW�EHLQJ�GHVWUR\HG��7KH�GDWD�REWDLQHG�IURP�IDXOW�VWXGLHV�DOVR�VHUYH�WR�

GHWHUPLQH�WKH�VHWWLQJV�RI�UHOD\V�ZKLFK�FRQWURO�WKH�RSHUDWLRQ�RI�FLUFXLW�EUHDNHUV��)RU�H[LVWLQJ�V\VWHPV��IDXOW�



�

VWXGLHV�DUH�QHFHVVDU\�LQ�WKH�FDVHV�RI�DGGHG�JHQHUDWLRQ��LQVWDOODWLRQ�RI�H[WUD�URWDWLQJ�ORDGV��V\VWHP�OD\RXW�

PRGLILFDWLRQV��YHULILFDWLRQ�RI�WKH�DGHTXDF\�RI�H[LVWLQJ�FLUFXLW�EUHDNHUV��HWF��³3RVW�PRUWHP´�DQDO\VLV�PD\�DOVR�

LQYROYH�IDXOW�VWXGLHV�LQ�RUGHU�WR�GXSOLFDWH�WKH�UHDVRQV�DQG�V\VWHP�FRQGLWLRQV�WKDW�OHDG�WR�WKH�V\VWHP¶V�IDLOXUH�

(OHFWULF�SRZHU�V\VWHPV�KDYH�XVHG�DQG�ZLOO�FRQWLQXH�WR�XVH�V\QFKURQRXV�PDFKLQHV LQ�WKH�IRUHVHHDEOH�IXWXUH

IRU�WKH�JHQHUDWLRQ�RI�HOHFWULFLW\��+RZHYHU��ZLWK�HPHUJLQJ�FRQFHUQV�RYHU�FOLPDWH�FKDQJH�DQG�WKH�QHHG�IRU�

UHGXFHG�JUHHQKRXVH�JDV�HPLVVLRQV��WRJHWKHU�ZLWK�WKH�JURZLQJ�DZDUHQHVV�RI�WKH�LPSRUWDQFH�RI�WKH�QDWXUDO�

HQYLURQPHQW�DQG�WKH�GHSOHWLRQ�RI�WKH HDUWK¶V�QRQ�UHQHZDEOH�HQHUJ\�UHVRXUFHV��WKH�JHQHUDWLRQ�RI�HOHFWULFLW\�

IURP�GLVWULEXWHG�UHQHZDEOH�HQHUJ\�UHVRXUFHV�VXFK�DV�VRODU�SKRWRYROWDLF��39��DQG�ZLQG�HQHUJ\�KDV�EHJXQ�

WR�H[SDQG�DW�D�UDSLG�SDFH��*HQHUDOO\��VXFK�JHQHUDWLRQ�V\VWHPV�HLWKHU�JHQHUDWH�GF�RU XVH�DV\QFKURQRXV�

PDFKLQHV� WKDW� JHQHUDWH� LQFRPSDWLEOH� IUHTXHQFLHV��DQG� WKHUHIRUH�PXVW�EH� LQWHUIDFHG� WR� WKH� WKUHH�SKDVH�

SRZHU� V\VWHP� WKURXJK� D� SRZHU� HOHFWURQLFV� FRQYHUWHU�� 7KH� FRPELQDWLRQ� RI� V\QFKURQRXV� DQG� FRQYHUWHU�

LVRODWHG�HOHFWULFDO�JHQHUDWLRQ�V\VWHPV�LV�H[SHFWHG�WR�FKDQJH�WKH�EHKDYLRXU�RI�WKUHH�SKDVH�SRZHU�V\VWHPV�

IROORZLQJ�GLVWXUEDQFHV�VXFK�DV�WKH�RFFXUUHQFH�RI�D�IDXOW�RQ�WKH�SRZHU�V\VWHP��3UROLIHUDWLRQ�RI�FRQYHUWHU�

EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�LQ GLVWULEXWLRQ�V\VWHPV�KDV�LQWURGXFHG�QHZ�FKDOOHQJHV�LQ�GHWHUPLQLQJ�

WKH� PD[LPXP� SRVVLEOH� IDXOW� FXUUHQWV� WKDW� D� SRZHU� V\VWHP� PXVW� EH� DEOH� WR� ZLWKVWDQG� ZLWKRXW� EHLQJ�

FRPSURPLVHG��$V�SDUW� RI�D�FRQQHFWLRQ� LPSDFW�DVVHVVPHQW� IRU�D�QHZ�JHQHUDWLRQ� IDFLOLW\��XWLOLWLHV� UHTXLUH�

GHWDLOHG�LQIRUPDWLRQ�RQ�IDXOW�FKDUDFWHULVWLFV�RI�WKH�JHQHUDWLRQ�VRXUFHV��+RZHYHU��WKHUH�LV�OLPLWHG�NQRZOHGJH�

RU�FRQWUDGLFWRU\�FRQFOXVLRQV�UHJDUGLQJ�WKH�EHKDYLRXU�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV��H�J���

VRODU�39�DQG�ZLQG�SRZHU�JHQHUDWLRQ�VWDWLRQV��GXULQJ�IDXOWV�RQ�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHPV��:LWKRXW�

DFFXUDWH�GDWD�DQG�GHWDLOV�RI�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQV�IURP�VHULHV�FRQYHUWHU�FRQQHFWHG�VRODU�39�DQG�

ZLQG�JHQHUDWRUV��LW�LV�QRW�SRVVLEOH�WR�DVVHVV�WKH�ULVN�RI�FRQQHFWLQJ�WKHP�DQG�KHQFH�GHWHUPLQLQJ�WKH�VWUDWHJ\�

DQG�VHWWLQJV�RI�WKH�RYHUFXUUHQW�SURWHFWLYH�GHYLFHV�WKDW�SURWHFW�WKH�SRZHU�V\VWHP��7KHUHIRUH��LW�LV�LPSHUDWLYH�

WR�GHYHORS�WKH�PDWKHPDWLFDO�DQG�VRIWZDUH�VLPXODWLRQ�PRGHOV�WKDW�DSSUR[LPDWH�WKH�UHVSRQVH�RI�FRQYHUWHU�

EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�GXULQJ�D� IDXOW�RQ� WKH� WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP� LQ�RUGHU� WR�

GHWHUPLQH�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�

WR� UHIOHFW� LQ� WKHLU� FRQQHFWLRQ� LPSDFW� DVVHVVPHQWV� 7KHRUHWLFDO� PRGHOV� IRU� FRQYHUWHU�EDVHG� GLVWULEXWHG�

HQHUJ\�UHVRXUFHV DQG�WKHLU�FKDUDFWHULVWLFV�XQGHU�IDXOW�FRQGLWLRQV�KDYH�EHHQ�SUHVHQWHG�LQ�YDULRXV�OLWHUDU\�

ZRUNV�DQG�SXEOLFDWLRQV�RQ�WKH�WRSLF�>�@�� >��@�



�

��� 2EMHFWLYH�RI�WKH�5HSRUW

7KH� REMHFWLYH� RI� WKLV� UHSRUW� LV� WR� LPSOHPHQW WKH WKHRUHWLFDO� PRGHOV� WKDW� DSSUR[LPDWH� WKH� UHVSRQVH� RI�

FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�GXULQJ�D�IDXOW�RQ�WKH�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP XVLQJ�

D�SURJUDP�GHYHORSHG� LQ�0$7/$%�IRU�SHUIRUPLQJ� IDXOW�FXUUHQW�DQDO\VLV�XVLQJ�FRQYHQWLRQDO� IDXOW�DQDO\VLV�

WHFKQLTXHV��L�H���FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�DQG�LQ�HDFK�WUDQVPLVVLRQ�OLQH�LQ�WKH�

SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH��VLQJOH�OLQH�WR�JURXQG��OLQH�WR�OLQH��RU�GRXEOH�OLQH�WR�JURXQG�IDXOWV�

GXULQJ�WKH�VXEWUDQVLHQW��WUDQVLHQW��RU�VWHDG\�VWDWH�SHULRGV��

7KH�0$7/$%� IDXOW� FXUUHQW� DQDO\VLV� SURJUDP� LV� XVHG� WR� SHUIRUP� IDXOW� DQDO\VLV� RI� D� SRZHU� V\VWHP�ZLWK�

FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�LQ�RUGHU�WR�GHPRQVWUDWH�KRZ�WR�LPSOHPHQW�WKHVH�PRGHOV�WR�

DSSUR[LPDWH�WKH�IDXOW�UHVSRQVH�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�ZLWKLQ�WKH�IUDPHZRUN�RI�

FRQYHQWLRQDO� IDXOW� DQDO\VLV� WHFKQLTXHV� DQG� DFFXUDWHO\� VLPXODWH� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQV� WR� WKH�

HOHFWULFDO� JULG� WKDW� D� WUDQVPLVVLRQ� RU� GLVWULEXWLRQ� XWLOLW\� QHHGV� WR� UHIOHFW� LQ� WKHLU� FRQQHFWLRQ� LPSDFW�

DVVHVVPHQWV�HVVHQWLDO� IRU� WKH�GHVLJQ�DQG�DSSOLFDWLRQ�RI�GLVWULEXWLRQ�DQG�SURWHFWLYH�DSSDUDWXVHV�XVHG� LQ�

WKHVH�V\VWHPV�



�

��� 2XWOLQH�RI�WKH�5HSRUW

7KH�VXFFHHGLQJ FKDSWHUV DQG�DSSHQGL[�FRPSULVLQJ�WKH�UHPDLQGHU RI�WKH�UHSRUW�FRQWDLQ�WKH�IROORZLQJ�

7KH�VHFRQG�FKDSWHU�RI�WKH�UHSRUW��HQWLWOHG�³6\PPHWULFDO�)DXOWV´��EHJLQV�ZLWK�DQ�LQWURGXFWLRQ�WR�IDXOW�DQDO\VLV��

IROORZHG�E\�D�GLVFXVVLRQ�RI�WKUHH�SKDVH�V\PPHWULFDO�IDXOWV�DQG�FRQFOXGHV�ZLWK�WKH�IRUPXODWLRQ�RI�D�JHQHUDO�

SURFHGXUH�IRU�FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�DQG� LQ�HDFK�WUDQVPLVVLRQ� OLQH� LQ�D�

SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH�IDXOWV�GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��

7KLV�JHQHUDO�SURFHGXUH�LV�WKHQ�LOOXVWUDWHG�E\�PHDQV�RI�DQ�H[DPSOH��7KLV�FKDSWHU�SURYLGHV�WKH�QHFHVVDU\�

EDFNJURXQG�IRU�VXEVHTXHQW�FKDSWHUV��

7KH�WKLUG�FKDSWHU�RI�WKH�UHSRUW��HQWLWOHG�³6\PPHWULFDO�&RPSRQHQWV�DQG�8QV\PPHWULFDO�)DXOWV´��EHLQJV�ZLWK�

DQ� LQWURGXFWLRQ� WR� WKH� DQDO\VLV� RI� XQEDODQFHG� SRZHU� V\VWHPV�� IROORZHG�E\� D� GLVFXVVLRQ� RI� V\PPHWULFDO�

FRPSRQHQWV�� VHTXHQFH� LPSHGDQFHV� DQG� VHTXHQFH� QHWZRUNV�� SRVLWLYH��� QHJDWLYH��� DQG� ]HUR�VHTXHQFH�

HTXLYDOHQW�FLUFXLWV�RI�JHQHUDWRUV��WUDQVPLVVLRQ�OLQHV��WUDQVIRUPHUV��HWF��DQG�FRQFOXGHV�ZLWK�D�GLVFXVVLRQ�RI�

VLQJOH�OLQH�WR�JURXQG��OLQH�WR�OLQH��DQG�GRXEOH�OLQH�WR�JURXQG�IDXOWV�RQ�DQ�XQORDGHG�JHQHUDWRU�ZKLFK�LV�WKHQ�

H[WHQGHG�WR�XQV\PPHWULFDO�IDXOWV�RQ�PRUH�FRPSOH[�SRZHU�V\VWHPV��7KH�UHODWLRQVKLSV�GHYHORSHG�IRU�HDFK�

W\SH�RI�XQV\PPHWULFDO�IDXOW�DUH�XVHG�WR�IRUPXODWH�D�JHQHUDO�SURFHGXUH�IRU�FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�

FXUUHQWV�LQ�VLQJOH�OLQH�WR�JURXQG��OLQH�WR�OLQH��DQG�GRXEOH�OLQH�WR�JURXQG�IDXOWV�RQ�D�SRZHU�V\VWHP�GXULQJ WKH�

VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��7KHVH�UHODWLRQVKLSV�DUH�WKHQ�H[WHQGHG�WR�WKH�FDVH�ZKHUH�

D�IDXOW�RFFXUV�WKRURXJK�DQ�LPSHGDQFH� 7KLV�FKDSWHU�SURYLGHV�WKH�QHFHVVDU\�EDFNJURXQG�IRU�VXEVHTXHQW�

FKDSWHUV�

7KH�IRXUWK�FKDSWHU�RI�WKH�UHSRUW��HQWLWOHG�³3RZHU�6\VWHP�0RGHOOLQJ�DQG�)DXOW�$QDO\VLV�RI�&RQYHUWHU�%DVHG�

'LVWULEXWHG�(QHUJ\�5HVRXUFHV´�EHJLQV�ZLWK�DQ�LQWURGXFWLRQ�WR�WKH�FKDOOHQJHV�LPSRVHG�E\�WKH�SUROLIHUDWLRQ�

RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�DQG�LGHQWLILHV�WKH�LPSRUWDQFH�RI�GHYHORSLQJ�PDWKHPDWLFDO�

DQG� VRIWZDUH� VLPXODWLRQ� PRGHOV� WKDW� DSSUR[LPDWH� WKH� UHVSRQVH� RI FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\�

UHVRXUFHV�GXULQJ�D�IDXOW�RQ�WKH�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP��7KLV�LV�VXEVHTXHQWO\�IROORZHG�E\�ERWK�D�

TXDOLWDWLYH� DQG� TXDQWLWDWLYH� DQDO\VLV� RI� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQV� IURP� FRQYHUWHU�EDVHG� GLVWULEXWHG�

HQHUJ\�UHVRXUFHV�LQ�WKH�HYHQW�RI�D�IDXOW�RQ�WKH�KRVW�V\VWHP��LQIRUPDWLRQ�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�

XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�LPSDFW�DVVHVVPHQWV���7KH�FKDSWHU�FRQFOXGHV�ZLWK�WKH�PRGHOOLQJ�

DQG�IDXOW�DQDO\VLV�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�LQ�WKH�HYHQW�RI�D�IDXOW�RQ�WKH�GF�VLGH�RI�

D�JULG�VLGH�LQYHUWHU�

7KH� ILIWK� FKDSWHU� RI� WKH� UHSRUW�� HQWLWOHG� ³0$7/$%� )DXOW� &XUUHQW� $QDO\VLV� 3URJUDP´�� EHJLQV� ZLWK� DQ�

LQWURGXFWLRQ�WR�D�0$7/$%�SURJUDP�GHYHORSHG�IRU�FDOFXODWLQJ�WKH�YROWDJHV DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�

DQG�LQ�HDFK�WUDQVPLVVLRQ�OLQH�LQ�D SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH��VLQJOH�OLQH�WR�JURXQG��OLQH�WR�



�

OLQH� RU�GRXEOH�OLQH�WR�JURXQG�IDXOWV�GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��7HVW�GDWD�LV�

XVHG WR�YHULI\�DQG�YDOLGDWH�WKH�0$7/$%�SURJUDP�DJDLQVW�SXEOLVKHG�FDVHV�DQG�RWKHU�IDXOW�FXUUHQW�DQDO\VLV�

VRIWZDUH�SURJUDPV�WR�HQVXUH�LWV�WHFKQLFDO�DFFXUDF\��$IWHU�FRPSDULQJ�WKH�UHVXOWV��WKH�0$7/$%�SURJUDP�LV�

WKHQ�XVHG�WR�SHUIRUP�IDXOW�DQDO\VLV�RI�D�SRZHU�V\VWHP ZLWK�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�

LQ�RUGHU�WR�VLPXODWH�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�

XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�LPSDFW�DVVHVVPHQWV��7KH�LQSXW�ILOHV WR�WKH�0$7/$%�SURJUDP�DQG�

WKH� FRUUHVSRQGLQJ� 0$7/$%� &RPPDQG�:LQGRZ� RXWSXWV IRU� HDFK� VHW� RI� WHVW� GDWD� DUH� SURYLGHG� LQ� WKH�

DSSHQGL[�RI�WKLV UHSRUW�

)LQDOO\��WKH�VL[WK�FKDSWHU�RI�WKH�UHSRUW�LV�HQWLWOHG�³&RQFOXVLRQ´��IROORZHG�E\�DQ�DSSHQGL[�ZKLFK�FRQWDLQV�WKH�

HQWLUH�FRGH�IRU�WKH�0$7/$%�SURJUDP�GHYHORSHG�IRU�FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�

DQG�LQ�HDFK�WUDQVPLVVLRQ�OLQH�LQ�D SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH��VLQJOH�OLQH�WR�JURXQG��OLQH�WR�

OLQH� RU�GRXEOH� OLQH�WR�JURXQG�IDXOWV�GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��7KH� LQSXW�

ILOHV WR�WKH�0$7/$%�SURJUDP�DQG�WKH�FRUUHVSRQGLQJ�0$7/$%�&RPPDQG�:LQGRZ�RXWSXWV IRU�HDFK�VHW�RI�

WHVW�GDWD��IURP�&KDSWHU����DUH�DOVR�SURYLGHG�LQ�WKH�DSSHQGL[�RI�WKLV�UHSRUW�



�

&KDSWHU���± 6\PPHWULFDO�)DXOWV

��� ,QWURGXFWLRQ

$�IDXOW�LQ�D�FLUFXLW�LV�DQ\�IDLOXUH�WKDW�LQWHUIHUHV�ZLWK�WKH�QRUPDO�IORZ�RI�FXUUHQW�WR�WKH�ORDGV�>�@��,Q�PRVW�IDXOWV��

D�FXUUHQW�SDWK�GHYHORSV�EHWZHHQ� WZR�RU�PRUH�SKDVHV��RU�EHWZHHQ�RQH�RU�PRUH�SKDVHV�DQG�WKH�QHXWUDO�

�JURXQG���2QFH� WKLV�FXUUHQW�SDWK� LV�HVWDEOLVKHG�� LW� SURYLGHV�D�VKRUW�FLUFXLW�ZLWK� UHODWLYHO\� ORZ� LPSHGDQFH�

DOORZLQJ�YHU\�KLJK�FXUUHQWV�WR�IORZ�WKURXJK�WKLV�FXUUHQW�SDWK��LQWR�WKH�JURXQG��DQG�EDFN�LQWR�WKH�SRZHU�V\VWHP�

WKRXJK�WKH�JURXQGHG�Z\H�FRQQHFWLRQV�RI�JHQHUDWRUV�LQ�WKH�V\VWHP��7KH�PRVW�FRPPRQ�VRXUFH�RI�IDXOWV�RQ�

KLJK�YROWDJH� WUDQVPLVVLRQ� OLQHV� LV� OLJKWQLQJ� >�@��:KHQ� OLJKWLQJ�VWULNHV�D�SKDVH�RI� WKH� WUDQVPLVVLRQ� OLQH�� LW�

SURGXFHV� D� YHU\� KLJK� WUDQVLHQW� YROWDJH� WKDW� FDQ� IDU� H[FHHG� WKH� UDWHG� YROWDJH� RI� WKH� WUDQVPLVVLRQ� OLQH��

$OWKRXJK�KLJK�YROWDJH�WUDQVPLVVLRQ�OLQHV�KDYH�VWULQJV�RI�LQVXODWRUV�EHWZHHQ�HDFK�SKDVH�RI�WKH�WUDQVPLVVLRQ�

OLQH�DQG�WKH�VXSSRUWLQJ�WRZHUV�WKDW�FDUU\�WKH�WUDQVPLVVLRQ�OLQH��ZKHQ�WKH�YROWDJH�GLIIHUHQFH�EHWZHHQ�WKH�

SKDVH�RI� WKH� WUDQVPLVVLRQ� OLQH�DQG� WKH�JURXQGHG�VWUXFWXUH�RI� WKH� WUDQVPLVVLRQ� WRZHU� LV� ODUJH�HQRXJK� WR�

LRQL]H�WKH�DLU�DURXQG�WKH�LQVXODWRUV��LW�FUHDWHV�D�FXUUHQW�SDWK�IURP�WKH�SKDVH�RI�WKH�WUDQVPLVVLRQ�OLQH�WR�WKH�

JURXQGHG� VWUXFWXUH� RI� WKH� WUDQVPLVVLRQ� WRZHU�� SURGXFLQJ� DQ� DUF�� 7KH� UHVXOWDQW� FRQGLWLRQ� LV� NQRZQ� DV�

IODVKRYHU��6XFK�IDXOWV�LQYROYLQJ�D�VLQJOH�SKDVH�DQG�JURXQG�DUH�FDOOHG�VLQJOH�OLQH�WR�JURXQG�IDXOWV��2QFH�WKH�

FXUUHQW�VWDUWV�IORZLQJ�WKRXJK�WKH�DUF��LW�FRQWLQXHV�WR�GR�VR�HYHQ�DIWHU�WKH�OLJKWQLQJ�GLVDSSHDUV��+RZHYHU��LQ�

WKH�FDVH�RI�IDXOWV�LQYROYLQJ�LRQL]HG�FXUUHQW�SDWKV�NQRZQ�DV�WUDQVLHQW�IDXOWV��WKH�WUDQVLHQW�IDXOW�ZLOO�XVXDOO\�

FOHDU�LI�SRZHU�LV�UHPRYHG�IURP�WKH�WUDQVPLVVLRQ�OLQH�IRU�D�VKRUW�WLPH�DQG�WKHQ�UHVWRUHG��

)DXOWV�FDQ�DOVR�RFFXU� LI�RQH�SKDVH�RI�D�WUDQVPLVVLRQ OLQH�EUHDNV�DQG�FRPHV�LQWR�GLUHFW�FRQWDFW�ZLWK�WKH�

JURXQG��RU�LI�D�VWULQJ�RI�LQVXODWRUV�VXSSRUWLQJ�WKH�OLQH�EUHDNV��DOORZLQJ�WKH�OLQH�WR�VDJ�WR�WKH�JURXQG��7KLV�

W\SH�RI�IDXOW�LV�NQRZQ�DV�D�SHUPDQHQW�IDXOW�EHFDXVH��LQ�FRQWUDVW�WR�D�WUDQVLHQW�IDXOW��LW�ZLOO QRW�FOHDU�HYHQ�LI�

SRZHU� LV� UHPRYHG� IURP�WKH� WUDQVPLVVLRQ� OLQH�DQG� WKHQ�UHVWRUHG�� ,Q�PRVW�SRZHU�V\VWHPV��DSSUR[LPDWHO\�

WKUHH�TXDUWHUV�RI�DOO�IDXOWV�DUH�WUDQVLHQW�RU�SHUPDQHQW�VLQJOH�OLQH�WR�JURXQG�IDXOWV�>�@��7KHUH�DUH�DOVR�VHYHUDO�

RWKHU�W\SHV�RI�IDXOWV��6\PPHWULFDO�WKUHH�SKDVH�IDXOWV�RFFXU�ZKHQ�DOO�WKUHH�SKDVHV�RI�D�WUDQVPLVVLRQ�OLQH�DUH�

VKRUWHG�WRJHWKHU��/LQH�WR�OLQH�IDXOWV�RFFXU�ZKHQ�WZR�SKDVHV�RI�D�WUDQVPLVVLRQ�OLQH�FRPH�LQWR�GLUHFW�FRQWDFW�

RU�ZKHQ�IODVKRYHU�RFFXUV�EHWZHHQ�WZR�SKDVHV�RI�D�WUDQVPLVVLRQ�OLQH��)LQDOO\��GRXEOH�OLQH�WR�JURXQG�IDXOWV�

RFFXU�ZKHQ�WZR�SKDVHV�RI�D�WUDQVPLVVLRQ�OLQH�FRPH�LQWR�GLUHFW�FRQWDFW�ZLWK�HDFK�RWKHU�DQG�ZLWK�WKH�JURXQG��

7KH�YDULRXV�W\SHV�RI�IDXOWV�DUH�OLVWHG�RQ�WKH�QH[W�SDJH LQ�7DEOH������ LQ�RUGHU�RI�GHFUHDVLQJ�IUHTXHQF\�RI�

RFFXUUHQFH�

'XULQJ�D�IDXOW��WKH�KLJK�FXUUHQW�IORZV�LQ�WKH�WUDQVPLVVLRQ�OLQH�DUH�GHWHFWHG�E\�SURWHFWLYH�FLUFXLWU\�DQG�FLUFXLW�

EUHDNHUV�RQ�WKH�DIIHFWHG�WUDQVPLVVLRQ�OLQH�DUH�DXWRPDWLFDOO\�RSHQHG�IRU�D�EULHI�SHULRG��DSSUR[LPDWHO\�����

VHFRQG�RU����F\FOHV��WR�LVRODWH�WKH�IDXOWHG�SRUWLRQ�RI�WKH�WUDQVPLVVLRQ�OLQH�IURP�WKH�UHVW�RI�WKH�SRZHU�V\VWHP�

DQG� LQWHUUXSW� WKH� IORZ� RI� FXUUHQW� LQ� WKH� LRQL]HG� SDWK�� DOORZLQJ� GHLRQL]DWLRQ� WR� WDNH� SODFH� DQG� WKH� DUF�
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FRQGXFWLQJ�WKH�FXUUHQW�WR�EH�H[WLQJXLVKHG��7KH�FLUFXLW�EUHDNHUV�DUH�WKHQ�UHFORVHG��,I�WKH�SRZHU�V\VWHP�IDXOW�

ZDV�D�WUDQVLHQW�IDXOW�FDXVHG�E\�IODVKRYHU��QRUPDO�RSHUDWLRQ�VKRXOG�EH�UHVWRUHG�EHFDXVH�WKH�DUF�FRQGXFWLQJ�

WKH� FXUUHQW� KDV� EHHQ� H[WLQJXLVKHG�� ,I� WKH� IDXOW� LV� VWLOO� SUHVHQW� RQ� WKH� WUDQVPLVVLRQ� OLQH� DIWHU� WKH� FLUFXLW

EUHDNHUV�UHFORVH��WKH\�ZLOO�RSHQ�DJDLQ��LVRODWLQJ�WKH�IDXOWHG�SRUWLRQ�RI�WUDQVPLVVLRQ�OLQH�IURP�WKH�UHVW�RI�WKH�

SRZHU�V\VWHP�XQWLO�WKH�SHUPDQHQW�IDXOW�FDQ�EH�ORFDWHG�DQG�FOHDUHG�E\�D�UHSDLU�FUHZ��3URSHU�VHOHFWLRQ�RI�

FLUFXLW�EUHDNHU�VL]HV�UHTXLUHV�NQRZOHGJH�RI�WKH�PD[LPXP�DYDLODEOH�IDXOW�FXUUHQW��DQG�WKH�FLUFXLW�EUHDNHUV�

XVHG�WR�SURYLGH�RYHUFXUUHQW�SURWHFWLRQ�WR�SRZHU�V\VWHPV�PXVW�EH�GHVLJQHG�WR�RSHUDWH�SURSHUO\�DQG�ZLWKRXW�

GDPDJH�HYHQ�ZKHQ�WKH�PD[LPXP�SRVVLEOH�IDXOW�FXUUHQWV�DUH�IORZLQJ�LQ�WKH�SRZHU�V\VWHP��,Q�DGGLWLRQ��WKH�

SURWHFWLYH�FLUFXLWU\�PXVW�EH�DGMXVWHG�WR�RSHQ�FLUFXLW�EUHDNHUV�ZKHQ�IDXOWV�RFFXU�EXW�QRW�XQGHU�QRUPDO�IXOO�

ORDG�RSHUDWLQJ�FRQGLWLRQV��7KH�FDOFXODWLRQ�RI�FXUUHQW�IORZV�XQGHU�IDXOW�FRQGLWLRQV�LV�FDOOHG�IDXOW�DQDO\VLV�

7\SH�RI�IDXOW $EEUHYLDWLRQ &DWHJRU\

6LQJOH�OLQH�WR�JURXQG 6/* 8QV\PPHWULFDO

/LQH�WR�OLQH // 8QV\PPHWULFDO

'RXEOH�OLQH�WR�JURXQG //* 8QV\PPHWULFDO

6\PPHWULFDO�WKUHH�SKDVH �3 6\PPHWULFDO

7DEOH����� 7\SHV�RI�SRZHU�V\VWHP�IDXOWV��LQ�GHFUHDVLQJ�IUHTXHQF\�RI�RFFXUUHQFH�>�@�



�

��� )DXOW�&XUUHQW�7UDQVLHQWV�LQ�0DFKLQHV

$V�PHQWLRQHG�HDUOLHU��FLUFXLW�EUHDNHUV�DUH�GHVLJQHG�WR�RSHQ�ZKHQ�D�IDXOW�LV�GHWHFWHG��FOHDULQJ�WKH�IDXOW�DQG�

DOORZLQJ�WKH�UHPDLQLQJ�SDUW�RI�WKH�SRZHU�V\VWHP�WR�FRQWLQXH�RSHUDWLQJ��7KH�VHOHFWLRQ�RI�D�FLUFXLW�EUHDNHU�IRU�

D�SRZHU�V\VWHP�GHSHQGV�QRW�RQO\�RQ� WKH�FXUUHQW� WKH�FLUFXLW�EUHDNHU�PXVW�FDUU\�XQGHU�QRUPDO�RSHUDWLQJ�

FRQGLWLRQV��EXW�DOVR�RQ�WKH�PD[LPXP�FXUUHQW�LW�PD\�KDYH�WR�FDUU\�PRPHQWDULO\��L�H���³ZLWKVWDQG´�FDSDELOLW\��

DQG�WKH�FXUUHQW�LW�PD\�KDYH�WR� LQWHUUXSW�DW� WKH�YROWDJH�RI�WKH� OLQH�LQ�ZKLFK�LW� LV�SODFHG��L�H���³LQWHUUXSWLQJ´�

FDSDELOLW\���7R�DSSURDFK�WKH�SUREOHP�RI�FDOFXODWLQJ�WKH�LQLWLDO�FXUUHQW�ZKHQ�D�IDXOW�RFFXUV�RQ�D�SRZHU�V\VWHP�

DQG�GHYHORS�DQ�LQVLJKW�LQWR�WKH�QDWXUH�RI�IDXOW�FXUUHQWV��FRQVLGHU�WKH�VHULHV�5�/�FLUFXLW�VKRZQ�EHORZ�LQ�)LJXUH�

�����7KH�FORVLQJ�RI�VZLWFK�6:�DWݐ� ൌ Ͳ VHFRQGV�UHSUHVHQWV�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�RFFXUULQJ�DW�

WKH�WHUPLQDOV�RI�DQ�XQORDGHG�V\QFKURQRXV�JHQHUDWRU��)RU�WKH�WLPH�EHLQJ��DVVXPH�]HUR�IDXOW� LPSHGDQFH��

L�H���D�VROLG�RU�³EROWHG´�IDXOW��6XFK�IDXOWV�SURGXFH�WKH�PD[LPXP�SRVVLEOH�IDXOW�FXUUHQWV�DQG�IRUP�WKH�EDVLV�RI�

FDOFXODWLRQV�IRU�ZLWKVWDQG�FDSDELOLWLHV�RQ�VZLWFKLQJ�GHYLFHV��7KH�FXUUHQW�LV�DVVXPHG�WR�EH�]HUR�EHIRUH�WKH�

VZLWFK�LV�FORVHG��DQG�WKH�SKDVH�VKLIWߙ� GHWHUPLQHV�WKH�PDJQLWXGH�RI�WKH�DSSOLHG�YROWDJH ୫ܸୟ୶ ���ሺ߱ݐ  ሻߙ

ZKHQ�WKH�FLUFXLW�LV�FORVHG�DWݐ� ൌ Ͳ VHFRQGV��

)LJXUH����� &XUUHQW�LQ�D�VHULHV�5�/�FLUFXLW�ZLWK�DF�YROWDJH�VRXUFH�>��@�

,I�WKH�LQVWDQWDQHRXV�YROWDJH�LV�]HUR�YROWV�DQG�LQFUHDVLQJ�LQ�D�SRVLWLYH�GLUHFWLRQ�ZKHQ�WKH�VZLWFK�LV�FORVHG��

WKHQߙ� ൌ െߨȀʹ UDG��,I�WKH�LQVWDQWDQHRXV�YROWDJH�LV�DW�LWV�SRVLWLYH�PD[LPXP�YDOXH�ZKHQ�WKH�VZLWFK�LV�FORVHG��

WKHQߙ� ൌ Ͳ UDG��7KH�GLIIHUHQWLDO�HTXDWLRQ�LV

୫ܸୟ୶ ���ሺ߱ݐ  ሻߙ ൌ ܴ݅  ܮ
݀݅

ݐ݀
�����

7KH�VROXWLRQ�RI�WKLV�HTXDWLRQ�LV

݅ሺݐሻ ൌ
୫ܸୟ୶

ȁܼȁ
ൣ���ሺ߱ݐ  ߙ െ ሻߠ െ ݁ିோ௧Ȁ���ሺߙ െ ሻ൧ߠ � �����



��

ZKHUH� ȁܼȁ ൌ ඥܴଶ  ሺ߱ܮሻଶ π DQG� ߠ ൌ ���ିଵሺ߱ܮȀܴሻ UDG�� ,Q� WUDQVPLVVLRQ� V\VWHPV�� ܮ߱ ب ܴ�� )RU�

H[DPSOH�� D� ����09$�� ����� SRZHU� IDFWRU� V\QFKURQRXV� JHQHUDWRU�PD\� KDYH� D� UDWLR� RI� UHDFWDQFH� �ܺ�� WR�

UHVLVWDQFH��ܴ���L�H���ܺȀܴ UDWLR��RI�����DQG�LV�WKHUHIRUH�W\SLFDOO\�PRGHOHG�E\�DQ�LQWHUQDO�JHQHUDWHG�YROWDJH�LQ�

VHULHV�ZLWK�DQ�LQGXFWDQFH��ZKLOH�D�WUDQVIRUPHU�RI�WKH�VDPH�UDWLQJ�PD\�KDYH�DQ ܺȀܴ UDWLR�RI����>��@��>��@��

7KH�ܺȀܴ UDWLRV�LQ�ORZ�YROWDJH�V\VWHPV�DUH�RI�WKH�RUGHU�RI�����>��@��>��@��)RU�SUHVHQW�GLVFXVVLRQV��DVVXPH�

D�KLJK�ܺȀܴ UDWLR��L�Hߠ��� ൎ ʹȀߨ UDG�

7KH�ILUVW�WHUP�RI�(TXDWLRQ�������YDULHV�VLQXVRLGDOO\�ZLWK�WLPH�DQG�LV�FDOOHG�WKH�DF�V\PPHWULFDO�FRPSRQHQW�RU�

VWHDG\�VWDWH�FRPSRQHQW�RI�WKH�FXUUHQW��7KH�VHFRQG�WHUP�LV�QRQSHULRGLF�DQG�GHFD\V�H[SRQHQWLDOO\�ZLWK�D�

WLPH�FRQVWDQWܮ�Ȁܴ��7KLV�QRQSHULRGLF� WHUP� LV�FDOOHG� WKH�GF�FRPSRQHQW�RI� WKH�FXUUHQW�� ,I� WKH�YDOXH�RI� WKH�

VWHDG\�VWDWH�FRPSRQHQW� LV�QRW� ]HUR�ZKHQ� ݐ ൌ Ͳ VHFRQGV�� WKH�GF�FRPSRQHQW�DSSHDUV� LQ� WKH�VROXWLRQ� WR�

VDWLVI\� WKH�SK\VLFDO�FRQGLWLRQ�RI�]HUR�FXUUHQW�DW� WKH� LQVWDQW�RI�FORVLQJ� WKH�VZLWFK�� ,Q�RWKHU�ZRUGV�� WKH�GF�

FRPSRQHQW�LV�FUHDWHG�DW�WKH�PRPHQW�RI�WKH�IDXOW�LQ�RUGHU�IRU�WKH�FXUUHQW�WR�EH�FRQWLQXRXV�DW�WKDW�WLPH�VLQFH�

D�FXUUHQW�FDQQRW�FKDQJH�LQVWDQWDQHRXVO\� LQ�DQ� LQGXFWLYH�FLUFXLW��1RWH�WKDW� WKLV� WHUP�GRHV�QRW�H[LVW� LI� WKH�

VZLWFK�LV�FORVHG�DW�D�SRLQW�RQ�WKH�YROWDJH�ZDYH�VXFK�WKDWߙ� െ ߠ ൌ േߨȀʹ UDG� L�Hߙ��� ൌ Ͳ RUߨ� UDG��+RZHYHU��

LI�WKH�VZLWFK�LV�FORVHG�DW�D�SRLQW�RQ�WKH�YROWDJH�ZDYH�VXFK�WKDWߙ� െ ߠ ൌ Ͳ UDG��L�Hߙ��� ൌ ʹȀߨ UDG��RUߙ� െ

ߠ ൌ ߨ UDG�� L�Hߙ��� ൌ െߨȀʹ UDG�� WKH�GF�FRPSRQHQW�KDV� LWV�PD[LPXP� LQLWLDO� YDOXH��ZKLFK� LV�HTXDO� WR� WKH�

PD[LPXP�YDOXH�RI�WKH�VWHDG\�VWDWH�FRPSRQHQW��VRPHWLPHV�FDOOHG�WKH�GRXEOLQJ�HIIHFW�>��@��>��@���7KHVH�WZR�

VLWXDWLRQV�DUH�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH�����D��DQG��E���7KH�GF�FRPSRQHQW�PD\�KDYH�DQ\�YDOXH�

IURP���$�WR� ୫ܸୟ୶Ȁȁܼȁ��GHSHQGLQJ�RQ�WKH�LQVWDQWDQHRXV�YDOXH�RI�WKH�DF�YROWDJH�VRXUFH�ZKHQ�WKH�FLUFXLW�LV�

FORVHG�DQG�RQ�WKH�SRZHU�IDFWRU�RI�WKH�FLUFXLW��$W�WKH�LQVWDQW�RI�FORVLQJ�WKH�VZLWFK��WKH�GF�DQG�VWHDG\�VWDWH�

FRPSRQHQWV�DOZD\V�KDYH�WKH�VDPH�PDJQLWXGH�EXW�DUH�RSSRVLWH�LQ�VLJQ�WR�H[SUHVV�WKH�]HUR�YDOXH�RI�FXUUHQW�

WKHQ�H[LVWLQJ��6LQFH�WKH� LQVWDQWDQHRXV�YDOXHV�RI�FXUUHQW�DW� WKH�PRPHQW�RI� WKH�IDXOW�DUH�GLIIHUHQW� LQ�HDFK�

SKDVH��WKH�PDJQLWXGH�RI�WKH�GF�FRPSRQHQW�ZLOO�EH�GLIIHUHQW�LQ�HDFK�SKDVH�DV�VKRZQ�RQ�SDJH����LQ�)LJXUH�

����� 7KHVH� GF� FRPSRQHQWV� RI� FXUUHQW� GHFD\� TXLFNO\�� EXW� WKH\� LQLWLDOO\� DYHUDJH� DSSUR[LPDWHO\� ��� RU� ���

SHUFHQW�RI�WKH�DF�FXUUHQW�IORZ�WKH�LQVWDQW�DIWHU�WKH�IDXOW�RFFXUV��$V�D�UXOH�RI�WKXPE��WKH�WRWDO�DV\PPHWULFDO�

UPV�FXUUHQW�LV�WKHUHIRUH�W\SLFDOO\�����RU�����WLPHV�WKH�VL]H�RI�WKH�VXEWUDQVLHQW�FXUUHQWV�DORQH�>�@��>��@��$OO�

SRZHU�HTXLSPHQW��WUDQVIRUPHUV��FLUFXLW�EUHDNHUV��HWF���PXVW�EH�GHVLJQHG�WR�ZLWKVWDQG�WKLV�H[WUHPHO\�KLJK�

FXUUHQW�OHYHO�IRU�D�EULHI�SHULRG�ZLWKRXW�GDPDJH��7KLV�LV�NQRZQ�DV�WKH�³ZLWKVWDQG´�FDSDELOLW\�RI�DQ�HTXLSPHQW�

RU�GHYLFH��
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)LJXUH����� �D��&XUUHQW�ZDYHIRUP�ZLWK�PD[LPXP�DV\PPHWU\���E��&XUUHQW�ZDYHIRUP�ZLWK�QR�GF�FRPSRQHQW�>��@�



��

)LJXUH����� 7KH� WRWDO� IDXOW�FXUUHQWV�DV�D� IXQFWLRQ�RI� WLPH�GXULQJ�D�V\PPHWULFDO� WKUHH�SKDVH� IDXOW�RQ�D�V\QFKURQRXV�

JHQHUDWRU�>�@�

7KH�DF�V\PPHWULFDO�FRPSRQHQW�RI�WKH�IDXOW�FXUUHQW�E\�LWVHOI�LV�VKRZQ�RQ�QH[W�SDJH�LQ�)LJXUH������7KH�DF�

V\PPHWULFDO�FRPSRQHQW�RI�FXUUHQW VWDUWV�RXW�YHU\�KLJK��DQG�GHFD\V�WR�D�VWHDG\�VWDWH�YDOXH�LQ�WZR�VWDJHV��

7KH�ILUVW�SHULRG�RI�YHU\�UDSLG�GHFD\�LV�FDOOHG�WKH�VXEWUDQVLHQW�SHULRG�DQG�LW�ODVWV�RQO\�D�IHZ�F\FOHV��7KH�DF�

UPV� FXUUHQW� IORZLQJ� GXULQJ� WKH� VXEWUDQVLHQW� SHULRG� LV� FDOOHG� WKH� VXEWUDQVLHQW� FXUUHQW�� 7KH� VXEWUDQVLHQW�

FXUUHQW�LV�EDVLFDOO\�DVVRFLDWHG�ZLWK�WKH�WLPH�FRQVWDQWV�RI�WKH�DPRUWLVVHXU�RU�GDPSHU�ZLQGLQJV�RI�JHQHUDWRUV�

DQG�PRWRUV�DQG�LV�RIWHQ�DV�PXFK�DV����WLPHV�WKH�VL]H�RI�WKH�VWHDG\�VWDWH�UPV�FXUUHQW�>�@��7KH�VHFRQG�SHULRG�

RI�VORZHU GHFD\�LV�FDOOHG�WKH�WUDQVLHQW�SHULRG�DQG�LW�ODVWV�IRU�����WR�����VHFRQG��7KH�DF�UPV�FXUUHQW�IORZLQJ�

GXULQJ�WKH�WUDQVLHQW�SHULRG�LV�FDOOHG�WKH�WUDQVLHQW�FXUUHQW��7KH�WUDQVLHQW�FXUUHQW�LV�EDVLFDOO\�DVVRFLDWHG�ZLWK�

WKH�WLPH�FRQVWDQWV�RI�WKH�ILHOG�ZLQGLQJV�RI JHQHUDWRUV�DQG�PRWRUV�DQG�LV�RIWHQ�DV�PXFK�DV���WLPHV�WKH�VL]H�

RI� WKH�VWHDG\�VWDWH� UPV�FXUUHQW� >�@��$IWHU� WKH� WUDQVLHQW�SHULRG�� WKH�DF�V\PPHWULFDO�FRPSRQHQW�RI�FXUUHQW�

UHDFKHV�WKH�VWHDG\�VWDWH�SHULRG��,Q�JHQHUDO��WKH�VXEWUDQVLHQW�FXUUHQWV�DUH�QHHGHG�WR�VSHFLI\�WKH�³ZLWKVWDQG´�

FDSDELOLW\� RI� DQ\� FLUFXLW� EUHDNHUV� LQ� WKH� V\VWHP��ZKLOH� WKH� WUDQVLHQW� FXUUHQWV� DUH� QHHGHG� WR� VSHFLI\� WKH�

³LQWHUUXSWLQJ´�FDSDELOLW\�RI�WKH�FLUFXLW�EUHDNHUV��7KH�UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV�LQ�WKH�VXEWUDQVLHQW�



��

SHULRG�DUH�FDOOHG�VXEWUDQVLHQW�UHDFWDQFHV��ܺԢԢ���7KH�UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV�LQ�WKH�WUDQVLHQW�

SHULRG�DUH�FDOOHG�WUDQVLHQW�UHDFWDQFHV��ܺԢ���7KH�UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV�LQ�WKH�VWHDG\�VWDWH�

SHULRG�DUH�WKH�PDFKLQHV¶�V\QFKURQRXV�UHDFWDQFHV�� ௌܺ���7KH�UHVLVWDQFHV�DQG�UHDFWDQFHV�RI�WUDQVPLVVLRQ�

OLQHV��WUDQVIRUPHUV��DQG�RWKHU�VWDWLF�FRPSRQHQWV�GR�QRW�FKDQJH�GXULQJ�WKH�IDXOW�WUDQVLHQWV�

)LJXUH����� 7KH�DF�V\PPHWULFDO�FRPSRQHQW�RI�WKH�IDXOW�FXUUHQW�>�@�



��

��� 6\PPHWULFDO�)DXOW�$QDO\VLV�XVLQJ�WKH�%XV�,PSHGDQFH�0DWUL[�

7KH�GLVFXVVLRQ�RI�IDXOW�FXUUHQW�FDOFXODWLRQV�WKXV�IDU�KDV�EHHQ�OLPLWHG�WR�VLPSOH�FLUFXLWV��EXW�LW�ZLOO�QRZ�EH�

H[WHQGHG�WR�DQ�1�EXV�SRZHU�V\VWHP��7R�VROYH�IRU�WKH�IDXOW�FXUUHQWV�LQ�D�SRZHU�V\VWHP��D�QHZ�YROWDJH�VRXUFH�

ZLOO�EH�LQWURGXFHG�LQ�WKH�SRZHU�V\VWHP�WR�UHSUHVHQW�WKH�HIIHFWV�RI�D�IDXOW�DW�D�EXV��%\�VROYLQJ�IRU�WKH�FXUUHQWV�

LQWURGXFHG�E\�WKLV�DGGLWLRQDO�YROWDJH�VRXUFH��LW�ZLOO�DXWRPDWLFDOO\�EH�VROYLQJ�IRU�WKH�IDXOW�FXUUHQWV�WKDW�IORZ�DW�

WKDW�EXV��7R�XQGHUVWDQG�WKLV�DSSURDFK��FRQVLGHU�WKH�IROORZLQJ�H[DPSOH�ERUURZHG�IURP�>�@�DV�VKRZQ�EHORZ�

LQ�)LJXUH������7KH�H[DPSOH�SURFHHGV�WR�GHYHORS�WKH�JHQHUDO�HTXDWLRQV�E\�ILUVW�FUHDWLQJ�D�SHU�SKDVH��SHU�

XQLW�HTXLYDOHQW�FLUFXLW�RI�WKH�SRZHU�V\VWHP�XVLQJ�WKH�VXEWUDQVLHQW�UHDFWDQFH�ܺԢԢ LQVWHDG�RI�WKH�V\QFKURQRXV�

UHDFWDQFH�ܺ ௌ IRU�HDFK�V\QFKURQRXV�PDFKLQH�DV�VKRZQ�EHORZ�LQ�)LJXUH������)RU�VLPSOLFLW\��WKH�SRZHU�V\VWHP�

LV�DVVXPHG�WR�EH�LQLWLDOO\�XQORDGHG��,Q�WKH�DEVHQFH�RI�ORDGV��QR�SUHIDXOW�FXUUHQWV�IORZ�EHWZHHQ�EXVHV�DQG�

WKH�YROWDJH�DW�HYHU\�EXV��DQG�WKH�LQWHUQDO�YROWDJH RI�HDFK�JHQHUDWRU��ZLOO�EH�WKH�VDPH�DV�WKH�SUHIDXOW�YROWDJH�

DW�WKH�IDXOWHG�EXV��GHQRWHG�E\�WKH�V\PERO܄���

)LJXUH����� 6LQJOH�OLQH�GLDJUDP�RI�D�IRXU�EXV�WKUHH�SKDVH�SRZHU�V\VWHP�>�@�

)LJXUH����� 7KH�SHU�SKDVH��SHU�XQLW�HTXLYDOHQW�FLUFXLW�RI�WKH�SRZHU�V\VWHP�>�@��1RWH�WKDW�WKH�VXEWUDQVLHQW�UHDFWDQFHV�

DUH�XVHG�LQVWHDG�RI�WKH�V\QFKURQRXV�UHDFWDQFHV�IRU�HDFK�V\QFKURQRXV�PDFKLQH��
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6LQFH� WKH�SUHIDXOW�YROWDJH�DW�EXV��� LV�DOUHDG\܄���D�YROWDJH�VRXUFH܄� FDQ�EH� LQVHUWHG�DW�EXV���ZLWKRXW�

FDXVLQJ�FXUUHQW�WR�IORZ�LQ�WKH�SRZHU�V\VWHP�DV�VKRZQ�EHORZ LQ�)LJXUH������,I�D�V\PPHWULFDO�WKUHH�SKDVH�

IDXOW�RFFXUV�RQ�EXV���� WKLV� LV�HTXLYDOHQW� WR� LQVHUWLQJ�DQ�DGGLWLRQDO�YROWDJH�VRXUFH�െ݂܄ LQ�VHULHV�ZLWK� WKH�

H[LVWLQJ�YROWDJH�VRXUFH� UHSUHVHQWLQJ� WKH�SUHIDXOW�YROWDJH ܄ DW�EXV����PDNLQJ� WKH� WRWDO�YROWDJH�DW�EXV���

EHFRPH�]HUR�DQG�WKHUHE\�VLPXODWLQJ�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�RQ�EXV����:LWK�WKLV�DGGLWLRQDO�YROWDJH�

VRXUFH�LQVHUWHG��WKHUH�ZLOO�QRZ�EH�D�IDXOW�FXUUHQW ۷
ᇱᇱ��7KLV�IDXOW�FXUUHQW�LV�HQWLUHO\�GXH�WR�WKH�LQVHUWLRQ�RI�WKH�

QHZ�YROWDJH�VRXUFH��WKHUHIRUH��VXSHUSRVLWLRQ�FDQ�EH�XVHG�WR�DQDO\]H�WKH�HIIHFWV�RI�RQO\�WKH�QHZ�YROWDJH�

VRXUFH�RQ� WKH�SRZHU�V\VWHP��7KH�UHVXOWLQJ�FXUUHQW� IORZ�ZLOO�EH� WKH�FXUUHQW� IRU� WKH�HQWLUH�SRZHU�V\VWHP��

EHFDXVH�WKH�RWKHU�VRXUFHV�LQ�WKH�SRZHU�V\VWHP�SURGXFHG�D�QHW�]HUR�FXUUHQW�

)LJXUH����� 7KH�HTXLYDOHQW�FLUFXLW�ZLWK�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�RQ�EXV���VLPXODWHG�E\�LQVHUWLQJ�DQ�DGGLWLRQDO�

YROWDJH�VRXUFH�െ܄ LQ�VHULHV�ZLWK�DQ�H[LVWLQJ�YROWDJH�VRXUFH UHSUHVHQWLQJ�WKH�SUHIDXOW�YROWDJH܄� DW�EXV���>�@��:KHQ�

WKH�DGGLWLRQDO�YROWDJH�VRXUFH�െ܄ LV�LQVHUWHG��WKH�YROWDJH�DW�EXV���EHFRPHV�]HUR�DQG�D�IDXOW�FXUUHQW ۷
ᇱᇱ IORZV��6LQFH�

WKHUH�ZDV�QR�IDXOW�FXUUHQW�EHIRUH�LQVHUWLQJ�WKH�DGGLWLRQDO�YROWDJH�VRXUFH��WKH�IDXOW�FXUUHQW�QRZ�IORZLQJ�LV�HQWLUH�GXH�WR�

WKH�LQVHUWLRQ�RI�WKH�QHZ�YROWDJH�VRXUFH�

,I� DOO� WKH� YROWDJH� VRXUFHV� H[FHSW� IRU�െ܄ DUH� VHW� WR� ]HUR� DQG� WKH� LPSHGDQFH� YDOXHV� DUH� FRQYHUWHG� WR�

DGPLWWDQFHV��WKH�SRZHU�V\VWHP�DSSHDUV�DV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH������)URP�WKLV�ILJXUH��LW�LV�WKHQ�

SRVVLEOH�WR�FRQVWUXFW�WKH�EXV�DGPLWWDQFH�PDWUL[܇�ୠ୳ୱ��7KH�EXV�DGPLWWDQFH�PDWUL[܇�ୠ୳ୱ IRU�DQ�1�EXV�SRZHU�

V\VWHP�KDV�WKH�IROORZLQJ�IRUP�

ୠ୳ୱ܇ ൌ ൦

ଵܻଵ ଵܻଶ ڮ ଵܻே

ଶܻଵ ଶܻଶ ǥ ଶܻே

ڭ ڭ ڭ ڭ

ேܻଵ ேܻଶ ǥ ேܻே

൪ �����
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7KH�RUGHU�RI�WKH�VXEVFULSWV�RI�WKH�HOHPHQWV� ܻ RI܇�ୠ୳ୱ LV�HIIHFW�FDXVH��L�H���WKH�ILUVW�VXEVFULSW�UHSUHVHQWV�WKH�

EXV�DW�ZKLFK�WKH�FXUUHQW�LV�EHLQJ�H[SUHVVHG�DQG�WKH�VHFRQG�VXEVFULSW�UHSUHVHQWV�WKH�YROWDJH�FDXVLQJ�WKLV�

FRPSRQHQW�RI�FXUUHQW��7KH�UXOHV�IRU�GHWHUPLQLQJ�WKH�HOHPHQWV�RI܇�ୠ୳ୱ DUH�DV�IROORZV�

x 7KH�GLDJRQDO�HOHPHQWV ܻ DUH�HTXDO WR WKH�VXP�RI�DOO�DGPLWWDQFHV�GLUHFWO\�FRQQHFWHG�WR�EXV�M DQG�DUH�

FDOOHG WKH�VHOI�DGPLWWDQFHV��RU�GULYLQJ�SRLQW�DGPLWWDQFHV��RI�WKH EXVHV�

x 7KH�RII�GLDJRQDO�HOHPHQWV ܻ DUH�HTXDO WR WKH�QHJDWLYH�RI�WKH�VXP�RI�DOO DGPLWWDQFHV�GLUHFWO\ FRQQHFWHG�

EHWZHHQ�EXVHV�݅ DQG�݆ DQG DUH�FDOOHG WKH�PXWXDO�DGPLWWDQFHV��RU�WUDQVIHU�DGPLWWDQFHV��RI�WKH�EXVHV�

)LJXUH����� 7KH�SRZHU�V\VWHP�ZLWK�DOO�VRXUFHV�VHW�WR�]HUR�H[FHSW�IRU�െ܄��DQG�ZLWK�WKH�LPSHGDQFH�YDOXHV�FRQYHUWHG�

WR�DGPLWWDQFHV�

7KH�QRGDO�HTXDWLRQ�GHVFULELQJ�WKLV�SRZHU�V\VWHP�LV

܄ୠ୳ୱ܇ ൌ ۷ �����

:LWK�DOO�RWKHU�YROWDJH�VRXUFHV�VHW�WR�]HUR��WKH�YROWDJH�DW�EXV���LV�െ܄��DQG�WKH�FXUUHQW�HQWHULQJ�EXV���LV�

െ۷݂
ԢԢ��7KHUHIRUH��WKH�QRGDO�HTXDWLRQ�EHFRPHV

൦

ଵܻଵ ଵܻଶ ଵܻଷ ଵܻସ

ଶܻଵ ଶܻଶ ଶܻଷ ଶܻସ

ଷܻଵ ଷܻଶ ଷܻଷ ଷܻସ

ସܻଵ ସܻଶ ସܻଷ ସܻସ

൪ ൦

ο܄ଵ
െ܄
ο܄ଷ
ο܄ସ

൪ ൌ ൦

Ͳ
െ۷

ᇱᇱ

Ͳ
Ͳ

൪ �����

ZKHUH�ο܄ଵ��ο܄ଷ��DQG�ο܄ସ DUH�WKH�FKDQJHV�LQ�WKH�YROWDJHV�DW�WKRVH�EXVHV�GXH�WR�WKH�FXUUHQW�െ۷
ᇱᇱ LQMHFWHG�

DW�EXV���E\�WKH�IDXOW��7KH�VROXWLRQ�WR�(TXDWLRQ�������LV
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܄ ൌ ୠ୳ୱ܇
ିଵ ۷ ൌ ୠ୳ୱ۷܈ �����

൦

ο܄ଵ
െ܄
ο܄ଷ
ο܄ସ

൪ ൌ ൦

ܼଵଵ ܼଵଶ ܼଵଷ ܼଵସ
ܼଶଵ ܼଶଶ ܼଶଷ ܼଶସ
ܼଷଵ ܼଷଶ ܼଷଷ ܼଷସ
ܼସଵ ܼସଶ ܼସଷ ܼସସ

൪ ൦

Ͳ
െ۷

ᇱᇱ

Ͳ
Ͳ

൪ �����

ZKHUH܈�ୠ୳ୱ ൌ ୠ୳ୱ܇
ିଵ ��7KH�RUGHU�RI�WKH�VXEVFULSWV�RI�WKH�HOHPHQWV�ܼ RI܈�ୠ୳ୱ LV�HIIHFW�FDXVH��L�H���WKH�ILUVW�

VXEVFULSW�UHSUHVHQWV�WKH�EXV�DW�ZKLFK�WKH�YROWDJH LV�EHLQJ�H[SUHVVHG�DQG�WKH�VHFRQG�VXEVFULSW�UHSUHVHQWV�

WKH�FXUUHQW FDXVLQJ�WKLV�FRPSRQHQW�RI�YROWDJH� 6LQFH�RQO\�EXV���KDV�FXUUHQW�LQMHFWHG�DW�LW��LW�LV�HYLGHQW�WKDW�

(TXDWLRQ�������UHGXFHV�WR

ο܄ଵ ൌ െܼଵଶ۷
ᇱᇱ

െ܄ ൌ െܼଶଶ۷
ᇱᇱ

ο܄ଷ ൌ െܼଷଶ۷
ᇱᇱ

ο܄ସ ൌ െܼସଶ۷
ᇱᇱ

�����

,Q�RWKHU�ZRUGV��WKH�IDXOW�FXUUHQW�DW�EXV���LV�VLPSO\�WKH�SUHIDXOW�YROWDJH܄� DW�EXV���GLYLGHG�E\�ܼଶଶ��WKH�VHOI�

LPSHGDQFH��RU�GULYLQJ�SRLQW�LPSHGDQFH��DW�EXV���

۷
ᇱᇱ ൌ

܄

ܼଶଶ
�����

7KH�YROWDJH�GLIIHUHQFH�DW�HDFK�RI�WKH�EXVHV�LQ�WKH�SRZHU�V\VWHP�GXH�WR�WKH�IDXOW�FXUUHQW�FDQ�EH�FDOFXODWHG�

E\�VXEVWLWXWLQJ�(TXDWLRQ�������LQWR�(TXDWLRQV�������

ο܄ͳ

ο܄ʹ

ο܄͵

ο܄Ͷ

ൌ

െܼͳʹ۷݂
ԢԢ

െ݂܄

െܼ͵ʹ۷݂
ԢԢ

െܼͶʹ۷݂
ԢԢ

ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
െۍ

ܼͳʹ
ܼʹʹ

݂܄

െ݂܄

െ
ܼ͵ʹ
ܼʹʹ

݂܄

െ
ܼͶʹ
ܼʹʹ

ے݂܄
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

������

,I�LW�LV�DVVXPHG�WKDW�WKH�SRZHU�V\VWHP�ZDV�RSHUDWLQJ�DW�QR�ORDG�FRQGLWLRQV�EHIRUH�WKH�IDXOW��LW�LV�UHODWLYHO\�

VWUDLJKWIRUZDUG�WR�FDOFXODWH�WKH�YROWDJHV�DW�HYHU\�EXV�GXULQJ�WKH�IDXOW��$W�QR�ORDG��WKH�YROWDJH�ZLOO�EH�WKH�

VDPH�DW�HYHU\�EXV�LQ�WKH�SRZHU�V\VWHP��KHQFH�WKH�YROWDJH�DW�HYHU\�EXV�LQ�WKH�SRZHU�V\VWHP�LV܄���7KH�
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FKDQJH�LQ�YROWDJH�DW�HYHU\�EXV�FDXVHG�E\�WKH�IDXOW�FXUUHQW�െ۷
ᇱᇱ LV�JLYHQ�E\�(TXDWLRQ���������KHQFH�WKH�WRWDO�

YROWDJH�DW�HDFK�EXV�GXULQJ�WKH�IDXOW�FDQ�EH�FDOFXODWHG�IURP

൦

ଵ܄
ଶ܄
ଷ܄
ସ܄

൪ ൌ

ۏ
ێ
ێ
ێ
ۍ
܄
܄
܄
ے܄
ۑ
ۑ
ۑ
ې

 ൦

ο܄ଵ
ο܄ଶ
ο܄ଷ
ο܄ସ
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൦

ଵ܄
ଶ܄
ଷ܄
ସ܄

൪ ൌ

ۏ
ێ
ێ
ێ
ۍ
܄
܄
܄
ے܄
ۑ
ۑ
ۑ
ې



ۏ
ێ
ێ
ێ
ێ
ێ
ێ
െۍ

ܼଵଶ
ܼଶଶ

܄

െ܄

െ
ܼଷଶ
ܼଶଶ

܄

െ
ܼସଶ
ܼଶଶ

ے܄
ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

ൌ

ۏ
ێ
ێ
ێ
ێ
ێ
ێ
ͳۍ െ

ܼଵଶ
ܼଶଶ
Ͳ

ͳ െ
ܼଷଶ
ܼଶଶ

ͳ െ
ܼସଶ
ܼଶଶے

ۑ
ۑ
ۑ
ۑ
ۑ
ۑ
ې

܄ ������

7KHUHIRUH��LW�LV�SRVVLEOH�WR�FDOFXODWH�WKH�YROWDJH�DW�HYHU\�EXV�LQ�WKH�SRZHU�V\VWHP�GXULQJ�WKH�IDXOW�IURP�D�

NQRZOHGJH�RI�WKH�SUHIDXOW�YROWDJH܄� DW�WKH�IDXOWHG�EXV�DQG�WKH�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ��2QFH�WKHVH�

EXV�YROWDJHV�DUH�NQRZQ��LW� LV�WKHQ�DOVR�SRVVLEOH�WR�FDOFXODWH�WKH�IDXOW�FXUUHQW�IORZLQJ�LQ�DQ\�WUDQVPLVVLRQ�

OLQH�GXULQJ�WKH�IDXOW�XVLQJ�WKH�EXV�YROWDJHV�DQG�WKH�EXV�DGPLWWDQFH�PDWUL[܇�ୠ୳ୱ�

7KH�JHQHUDO�SURFHGXUH�IRU�FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�DQG�LQ�HDFK�WUDQVPLVVLRQ�

OLQH�LQ�WKH�SRZHU�V\VWHP�GXULQJ�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�LV�DV�IROORZV�>�@�

�� &UHDWH�D�SHU�SKDVH��SHU�XQLW�HTXLYDOHQW�FLUFXLW�IRU�WKH�SRZHU�V\VWHP��,QFOXGH�VXEWUDQVLHQW�UHDFWDQFHV�

ܺԢԢ RI�HDFK�V\QFKURQRXV�PDFKLQH�LI�WKH�VXEWUDQVLHQW�IDXOW�FXUUHQWV�DUH�GHVLUHG�DQG�LQFOXGH�WKH�WUDQVLHQW�

UHDFWDQFHV�ܺԢ RI�HDFK�V\QFKURQRXV�PDFKLQH�LI�WKH�WUDQVLHQW�IDXOW�FXUUHQWV�DUH�GHVLUHG��$OVR�LQFOXGH�WKH�

VXEWUDQVLHQW�UHDFWDQFHV�RI�HDFK�LQGXFWLRQ�PRWRU�LI�WKH�VXEWUDQVLHQW�IDXOW�FXUUHQWV�DUH�GHVLUHG�DQG�LJQRUH�

WKH�LQGXFWLRQV�PRWRUV�FRPSOHWHO\�LI�WKH�WUDQVLHQW�IDXOW�FXUUHQWV�DUH�GHVLUHG���7KLV�LV�EHFDXVH�ZKHQ�D�

IDXOW�GHYHORSV�RQ�D�SRZHU�V\VWHP�ZLWK�D�V\QFKURQRXV�PRWRU��WKH�PRWRU�EHFRPHV�D�WHPSRUDU\�JHQHUDWRU�

E\�FRQYHUWLQJ�LWV�HQHUJ\�RI�URWDWLRQ�EDFN�LQWR�HOHFWULFDO�SRZHU��ZKLFK�LV�VXSSOLHG�WR�WKH�SRZHU�V\VWHP��

6LQFH� D� V\QFKURQRXV� PRWRU� LV� SK\VLFDOO\� WKH� VDPH� DV� D� V\QFKURQRXV� JHQHUDWRU�� LW� DOVR� KDV� D�

VXEWUDQVLHQW� UHDFWDQFH� ܺԢԢ DQG� WUDQVLHQW� UHDFWDQFH� ܺԢ WKDW� PXVW� EH� FRQVLGHUHG� LQ� DQDO\]LQJ� IDXOW�

FXUUHQWV�IORZLQJ�LQ�WKH�SRZHU�V\VWHP��,Q�FRQWUDVW��DQ�LQGXFWLRQ�PRWRU�LV�VLPSO\�DQ�$&�PDFKLQH�WKDW�KDV�

RQO\�DPRUWLVVHXU�RU�GDPSHU�ZLQGLQJV�RQ� LWV�URWRU��6LQFH�GDPSHU�ZLQGLQJV�DUH�WKH�SULPDU\�VRXUFH�RI�

FXUUHQW�GXULQJ�WKH�VXEWUDQVLHQW�SHULRG��WKH�LQGXFWLRQ�PRWRUV�FRQQHFWHG�WR�D�SRZHU�V\VWHP�VKRXOG�EH�

FRQVLGHUHG� LQ�DQDO\]LQJ�VXEWUDQVLHQW�IDXOW�FXUUHQWV�IORZLQJ� LQ�WKH�SRZHU�V\VWHP��+RZHYHU��VLQFH�WKH�
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FXUUHQWV�LQ�D�GDPSHU�ZLQGLQJ�DUH�RI�QHJOLJLEOH�LPSRUWDQFH�GXULQJ�WKH�WUDQVLHQW�DQG�VWHDG\�VWDWH�SHULRGV�

RI�IDXOWV��LQGXFWLRQ�PRWRUV�PD\�EH�LJQRUHG�LQ�DQDO\]LQJ�IDXOW�FXUUHQWV�DIWHU�WKH�VXEWUDQVLHQW�SHULRG�HQGV��

�� &DOFXODWH� WKH� EXV� DGPLWWDQFH� PDWUL[� ��ୠ୳ୱ܇ ,QFOXGH� WKH� DGPLWWDQFHV� RI� DOO� WUDQVPLVVLRQ� OLQHV��

WUDQVIRUPHUV��HWF���EHWZHHQ�EXVHV��LQFOXGLQJ�WKH�DGPLWWDQFHV�RI�WKH�ORDGV�RU�JHQHUDWRUV�WKHPVHOYHV�DW�

HDFK�EXV��

�� &DOFXODWH�WKH�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ��7KH�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ LV�WKH�LQYHUVH�RI�WKH�EXV�

DGPLWWDQFH�PDWUL[܇�ୠ୳ୱ���0$7/$%�FDQ�EH�XVHG�WR�SHUIRUP�WKLV�FDOFXODWLRQ���

�� $VVXPH�WKDW�WKH�SRZHU�V\VWHP�LV�DW�QR�ORDG�FRQGLWLRQV�DQG�GHWHUPLQH�WKH�YROWDJH�DW�HYHU\�EXV��$W�QR�

ORDG�FRQGLWLRQV��WKH�YROWDJH�DW�HYHU\�EXV�ZLOO�EH�WKH�VDPH��VLQFH�RWKHUZLVH�D�FXUUHQW�ZRXOG�IORZ�EHWZHHQ�

EXVHV��7KLV�YROWDJH�ZLOO�EH�WKH�VDPH�DV�WKH�LQWHUQDO�YROWDJH�RI�WKH�JHQHUDWRUV�LQ�WKH�V\VWHP��,W�LV�WKH�

SUHIDXOW�YROWDJH�LQ�WKH�SRZHU�V\VWHP��GHQRWHG�E\�WKH�V\PERO܄��

�� &DOFXODWH�WKH�FXUUHQW�DW�WKH�IDXOWHG�EXV��7KH�FXUUHQW�DW�WKH�IDXOWHG�EXV�FDQ�EH�FDOFXODWHG�GLUHFWO\�IURP�

D�NQRZOHGJH�RI܄� DQG܈�ୠ୳ୱ��,I�EXV�݅ LV�IDXOWHG��WKH�IDXOW�FXUUHQW�ZLOO�EH

۷ǡ
ᇱᇱ ൌ

܄

ܼ
�� ������

�� &DOFXODWH�WKH�YROWDJHV�DW�HDFK�EXV�GXULQJ�WKH�IDXOW��7KH�YROWDJH�DW�EXV�݆ GXULQJ�D�V\PPHWULFDO�WKUHH�

SKDVH�IDXOW�DW�EXV�݅ LV�JLYHQ�E\�WKH�HTXDWLRQ

܄ ൌ ൬ͳ െ
ܼ

ܼ
൰ ܄ �� ������

�� &DOFXODWH�WKH�FXUUHQWV�LQ�DQ\�GHVLUHG�WUDQVPLVVLRQ�OLQHV�GXULQJ�WKH�IDXOW��7KH�FXUUHQW�IORZLQJ�WKURXJK�D�

WUDQVPLVVLRQ�OLQH�EHWZHHQ�EXV�݅ DQG�EXV�݆ FDQ�EH�FDOFXODWHG�IURP�WKH�HTXDWLRQ�

۷ ൌ െ ܻ൫܄ െ ൯܄ �� ������

7KH� DERYH� JHQHUDO� SURFHGXUH� IRU� FDOFXODWLQJ� WKH� YROWDJHV� DQG� IDXOW� FXUUHQWV� DW� HDFK� EXV� DQG� LQ� HDFK�

WUDQVPLVVLRQ�OLQH�LQ�WKH�SRZHU�V\VWHP�GXULQJ�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�LV�LOOXVWUDWHG�E\�H[WHQGLQJ�WKH�

HDUOLHU�H[DPSOH�ERUURZHG�IURP�>�@�DV�IROORZV�
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�� &UHDWH�D�SHU�SKDVH��SHU�XQLW�HTXLYDOHQW�FLUFXLW�IRU�WKH�SRZHU�V\VWHP��7KLV�VWHS�ZDV�FRPSOHWHG�RQ�SDJH�

���7KH�UHVXOWLQJ�SHU�SKDVH��SHU�XQLW�HTXLYDOHQW�FLUFXLW�LV�VKRZQ�LQ�)LJXUH�����

�� &DOFXODWH�WKH�EXV�DGPLWWDQFH�PDWUL[܇�ୠ୳ୱ��7KH�UXOHV�IRU�GHWHUPLQLQJ�WKH�HOHPHQWV�RI܇�ୠ୳ୱ ZDV�GHVFULEHG�

HDUOLHU��7KH�0$7/$%�VWDWHPHQW�UHTXLUHG�WR�LQLWLDOL]H܇�ୠ୳ୱ LV

�� &DOFXODWH�WKH�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ��7KH�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ LV�WKH�LQYHUVH�RI�WKH�EXV�

DGPLWWDQFH�PDWUL[܇�ୠ୳ୱ���0$7/$%�FDQ�EH�XVHG�WR�SHUIRUP�WKLV�FDOFXODWLRQ��

�� $VVXPH�WKDW�WKH�SRZHU�V\VWHP�LV�DW�QR�ORDG�FRQGLWLRQV�DQG�GHWHUPLQH�WKH�YROWDJH�DW�HYHU\�EXV��)RU�WKLV�

SRZHU�V\VWHP��WKH�QR�ORDG�YROWDJH�DW�HYHU\�EXV��ZKLFK�ZLOO�EH�HTXDO�WR�WKH�SUHIDXOW�YROWDJH�DW�WKH�EXV��

ZLOO�EH܄� ൌ ͳǤͲͲסͲι ���

�� &DOFXODWH�WKH�FXUUHQW�DW�WKH�IDXOWHG�EXV��7KH�FXUUHQW�DW�WKH�IDXOWHG�EXV�LV

۷ǡଶ
ᇱᇱ ൌ

܄

ܼଶଶ
ൌ
ͳǤͲͲסͲι

݆ͲǤʹʹͻͷ
ൌ ͶǤ͵ͷ͵סെ ͻͲι ��

�� &DOFXODWH�WKH�YROWDJHV�DW�HDFK�EXV�GXULQJ�WKH�IDXOW��7KH�YROWDJH�DW�EXV�݆ GXULQJ�D�V\PPHWULFDO�WKUHH�

SKDVH�IDXOW�DW�EXV�݅ LV�JLYHQ�E\�WKH�HTXDWLRQ

܄ ൌ ൬ͳ െ
ܼ

ܼ
൰ ܄



��

ଵ܄ ൌ ൬ͳ െ
ܼଵଶ
ܼଶଶ

൰܄ ൌ ൬ͳ െ
݆ͲǤͳͻ͵ͺ

݆ͲǤʹʹͻͷ
൰ ሺͳǤͲͲסͲιሻ ൌ ͲǤͳͷͷסͲι ��

ଶ܄ ൌ ͲǤͲסͲι ��

ଷ܄ ൌ ൬ͳ െ
ܼଷଶ
ܼଶଶ

൰܄ ൌ ൬ͳ െ
݆ͲǤͳͶͻͶ

݆ͲǤʹʹͻͷ
൰ ሺͳǤͲͲסͲιሻ ൌ ͲǤ͵ͶͻͲסͲι ��

ସ܄ ൌ ൬ͳ െ
ܼସଶ
ܼଶଶ

൰܄ ൌ ൬ͳ െ
݆ͲǤͳͷͲ

݆ͲǤʹʹͻͷ
൰ ሺͳǤͲͲסͲιሻ ൌ ͲǤ͵Ͷ͵ͺסͲι ��

�� &DOFXODWH�WKH�FXUUHQWV�LQ�DQ\�GHVLUHG�WUDQVPLVVLRQ�OLQHV�GXULQJ�WKH�IDXOW��7KH�FXUUHQW�IORZLQJ�WKURXJK�

WUDQVPLVVLRQ�OLQH���± ��FDQ�EH�FDOFXODWHG�IURP�

۷ଷଵ ൌ െ ଷܻଵሺ܄ଷ െ ଵሻ܄ ൌ ሺെ݆ͶǤͲሻሺͲǤ͵ͶͻͲסͲι െ ͲǤͳͷͷסͲιሻ ൌ ͲǤ͵ס െ ͻͲι ��

7KH�IDXOW�FXUUHQW�FRQWULEXWLRQV�WR�EXV���E\�WKH�DGMDFHQW�XQIDXOWHG�EXVHV�DUH

)URP�EXV���

۷ଵଶ ൌ െ ଵܻଶሺ܄ଵ െ ଶሻ܄ ൌ ሺെ݆ͺǤͲሻሺͲǤͳͷͷסͲι െ ͲǤͲסͲιሻ ൌ ͳǤʹͶͶͺס െ ͻͲι ��

)URP�EXV���

۷ଷଶ ൌ െ ଷܻଶሺ܄ଷ െ ଶሻ܄ ൌ ሺെ݆ͶǤͲሻሺͲǤ͵ͶͻͲסͲι െ ͲǤͲסͲιሻ ൌ ͳǤ͵ͻͲס െ ͻͲι ��

)URP�EXV���

۷ସଶ ൌ െ ସܻଶሺ܄ସ െ ଶሻ܄ ൌ ሺെ݆ͷǤͲሻሺͲǤ͵Ͷ͵ͺסͲι െ ͲǤͲסͲιሻ ൌ ͳǤͳͻͲס െ ͻͲι ��

([FHSW�IRU�URXQG�RII�HUURUV��WKH�VXP�RI�WKHVH�IDXOW�FXUUHQW�FRQWULEXWLRQV�LV�HTXDO�WR�۷ǡଶ
ᇱᇱ DV�H[SHFWHG�



��

��� &KDSWHU�6XPPDU\

$�IDXOW�LQ�D�FLUFXLW�LV�DQ\�IDLOXUH�WKDW�LQWHUIHUHV�ZLWK�WKH�QRUPDO�IORZ�RI�FXUUHQW�WR�WKH�ORDGV��,Q�PRVW�IDXOWV��D�

FXUUHQW�SDWK�IRUPV�EHWZHHQ�WZR�RU�PRUH�SKDVHV��RU�EHWZHHQ�RQH�RU�PRUH�SKDVHV�DQG�WKH�QHXWUDO��JURXQG���

7KLV�FXUUHQW�SDWK�KDV�UHODWLYHO\�ORZ�LPSHGDQFH��UHVXOWLQJ�LQ�H[FHVVLYH�FXUUHQW�IORZV�

:KHQ�D�IDXOW�RFFXUV��ERWK�DQ�DF�V\PPHWULFDO�FRPSRQHQW�RI�IDXOW�FXUUHQW DQG�DQ�DV\PPHWULFDO�GF�WUDQVLHQW�

FRPSRQHQW� RI� IDXOW� FXUUHQW� DUH� FUHDWHG�� 7KH� OHYHO� RI� WKH� GF� FRPSRQHQW� RI� FXUUHQW� GHSHQGV� RQ� WKH�

LQVWDQWDQHRXV�FXUUHQW�LQ�HDFK�SKDVH�DW�WKH�LQVWDQFH�RI�WKH�IDXOW��7KH�DF�V\PPHWULFDO�FRPSRQHQW�RI�FXUUHQW�

VWDUWV�RXW�YHU\�KLJK��DQG�GHFD\V�WR�D�VWHDG\�VWDWH�OHYHO�LQ�WZR�VWDJHV��7KH�ILUVW�SHULRG�RI�YHU\�UDSLG�GHFD\�

LV� FDOOHG� WKH�VXEWUDQVLHQW� SHULRG�DQG� LW� ODVWV�RQO\� D� IHZ�F\FOHV��7KH�VXEWUDQVLHQW� FXUUHQWV�DUH EDVLFDOO\�

DVVRFLDWHG�ZLWK�WKH�WLPH�FRQVWDQWV�RI�WKH�DPRUWLVVHXU�RU�GDPSHU�ZLQGLQJV�RI�JHQHUDWRUV�DQG�PRWRUV��7KH�

VHFRQG�SHULRG�RI�VORZHU�GHFD\�LV�FDOOHG�WKH�WUDQVLHQW�SHULRG�DQG�LW�ODVWV�IRU�����WR�����VHFRQG��7KH�WUDQVLHQW�

FXUUHQWV�DUH EDVLFDOO\�DVVRFLDWHG�ZLWK�WKH�WLPH�FRQVWDQWV�RI�WKH�ILHOG�ZLQGLQJV�RI�JHQHUDWRUV�DQG�PRWRUV�

7KH�UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV� LQ� WKH�VXEWUDQVLHQW�SHULRG�DUH�FDOOHG�VXEWUDQVLHQW� UHDFWDQFHV�

�ܺԢԢ���7KH�UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV�LQ�WKH�WUDQVLHQW�SHULRG�DUH�FDOOHG�WUDQVLHQW�UHDFWDQFHV��ܺԢ���

7KH� UHDFWDQFHV� RI� JHQHUDWRUV� DQG� PRWRUV� LQ� WKH� VWHDG\�VWDWH� SHULRG� DUH� WKH� PDFKLQHV¶� V\QFKURQRXV�

UHDFWDQFHV� � ௌܺ��� 7KH� UHVLVWDQFHV� DQG� UHDFWDQFHV� RI� WUDQVPLVVLRQ� OLQHV�� WUDQVIRUPHUV�� DQG� RWKHU� VWDWLF�

FRPSRQHQWV�GR�QRW�FKDQJH�GXULQJ�WKH�IDXOW�WUDQVLHQWV�

)DXOW�FXUUHQWV�FDQ�EH�FDOFXODWHG� IURP�WKH�EXV� LPSHGDQFH�PDWUL[܈�ୠ୳ୱ��$�EXV�DGPLWWDQFH�PDWUL[܇�ୠ୳ୱ LV�

FDOFXODWHG� VHSDUDWHO\� IRU� WKH� VXEWUDQVLHQW�� WUDQVLHQW�� DQG� VWHDG\�VWDWH� SHULRGV� E\� XVLQJ� WKH� DSSURSULDWH�

UHDFWDQFHV��DQG WKHQ�LQYHUWHG�WR�REWDLQ�WKH�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ��2QFH�WKH�EXV�LPSHGDQFH�PDWUL[�

ୠ୳ୱ܈ KDV�EHHQ�FDOFXODWHG��WKH�IDXOW�FXUUHQW�۷ DW�D�SDUWLFXODU�EXV� ݅ FDQ�EH�IRXQG�E\�GLYLGLQJ�WKH�SUHIDXOW�

YROWDJH܄� DW�WKH�EXV�E\�WKH�VHOI�LPSHGDQFH �RU�GULYLQJ�SRLQW�LPSHGDQFH��RI�WKH EXV�

۷ǡ
ᇱᇱ ൌ

܄

ܼ
ሺ��ሻ ������

,I�WKH�VXEWUDQVLHQW�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ LV�XVHG��WKH�IDXOW�FXUUHQW�ZLOO�EH�WKH�VXEWUDQVLHQW�IDXOW�FXUUHQW�

۷
ᇱᇱ��6LPLODUO\��LI�WKH�WUDQVLHQW�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ LV�XVHG��WKH�IDXOW�FXUUHQW�ZLOO�EH�WKH�WUDQVLHQW�IDXOW�

FXUUHQW�۷
ᇱ �

,I�LW�LV�DVVXPHG�WKDW�WKH�SRZHU�V\VWHP�ZDV�XQORDGHG�EHIRUH�WKH�IDXOW�RFFXUUHG��WKHQ�WKH�YROWDJH�DW�HDFK�EXV�

FDQ�EH�FDOFXODWHG�IURP�WKH�HTXDWLRQ



��

܄ ൌ ൬ͳ െ
ܼ

ܼ
൰ ܄ ሺ��ሻ ������

ZKHUH�EXV�݅ LV�WKH�IDXOWHG�EXV�
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&KDSWHU���± 6\PPHWULFDO�&RPSRQHQWV�DQG�8QV\PPHWULFDO�)DXOWV

��� ,QWURGXFWLRQ

0RVW�IDXOWV�WKDW�RFFXU�RQ�SRZHU�V\VWHPV�DUH�XQV\PPHWULFDO�IDXOWV�>�@��LQ�ZKLFK�WKH�PDJQLWXGH�DQG�SKDVH�

GLVSODFHPHQW�EHWZHHQ�DQ\�WZR�SKDVHV�RI�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�WKUHH�SKDVHV�RI�WKH�SRZHU�V\VWHP�

ZLOO�GLIIHU��7KH�PRVW�FRPPRQ�H[DPSOH�RI�DQ�XQV\PPHWULFDO�IDXOW�LV�WKH�VLQJOH�OLQH�WR�JURXQG�IDXOW��LQ�ZKLFK�

WKHUH�DUH�KLJK�FXUUHQWV� LQ�RQH�SKDVH�DQG� WKH�JURXQG��QHXWUDO��RQO\��2WKHU�H[DPSOHV� LQFOXGH� OLQH�WR�OLQH�

IDXOWV�DQG�GRXEOH�OLQH�WR�JURXQG�IDXOWV��,Q�DOO�WKUHH�FDVHV��WKH�PDJQLWXGH�DQG�SKDVH�GLVSODFHPHQW�EHWZHHQ�

DQ\�WZR�SKDVHV�RI�YROWDJHV�DQG�FXUUHQWV�GLIIHU�IRU�GLIIHUHQW�SKDVHV�RI�WKH�SRZHU�V\VWHP��7KLV�SUHVHQWV�D�

FKDOOHQJH��GXH�WR�WKDW�WKH�DQDO\VLV�WHFKQLTXH�XVHG�WR�VWXG\�SRZHU�V\VWHPV�GXULQJ�V\PPHWULFDO�WKUHH�SKDVH�

IDXOWV�DVVXPHV�EDODQFHG�IDXOW�FRQGLWLRQV��L�H���WKH�PDJQLWXGH�DQG�SKDVH�GLVSODFHPHQW�EHWZHHQ�DQ\�WZR�

SKDVHV�RI�YROWDJHV�DQG�FXUUHQWV�DUH�LGHQWLFDO�LQ�HDFK�SKDVH�RI�WKH�SRZHU�V\VWHP��+RZHYHU��LQ�WKLV�VHFWLRQ�

D�WHFKQLTXH�FDOOHG�WKH�PHWKRG�RI�V\PPHWULFDO�FRPSRQHQWV�ZLOO�EH�GLVFXVVHG��ZKLFK�ZLOO�HQDEOH�WKH�DQDO\VLV�

RI� XQEDODQFHG� SRZHU� V\VWHPV� DQG� OHDG� WR� DFFXUDWH� SUHGLFWLRQV� RI� SRZHU� V\VWHP� EHKDYLRXU� GXULQJ�

XQV\PPHWULFDO�IDXOWV��

��� 6\PPHWULFDO�&RPSRQHQWV

,Q�������&�/��)RUWHVFXH�LQWURGXFHG�D�WHFKQLTXH�IRU�GHDOLQJ�ZLWK�XQEDODQFHG�SRO\SKDVH�V\VWHPV�FDOOHG�WKH�

PHWKRG�RI�V\PPHWULFDO�FRPSRQHQWV�>��@��)RUWHVFXH¶V�ZRUN�SURYHV�WKDW�DQ�XQEDODQFHG�V\VWHP�RI�݊ UHODWHG�

SKDVRUV�FDQ�EH�UHVROYHG�LQWR�݊ V\VWHPV�RI�EDODQFHG�SKDVRUV�FDOOHG�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�

RULJLQDO� SKDVRUV�� 7KH� ݊ SKDVRUV� RI� HDFK� VHW� RI� FRPSRQHQWV� DUH� HTXDO� LQ� PDJQLWXGH� DQG� WKH� SKDVH�

GLVSODFHPHQW�EHWZHHQ�DGMDFHQW�SKDVRUV�RI� WKH�VHW�DUH�HTXDO��$OWKRXJK� WKH�PHWKRG� LV�DSSOLFDEOH� WR�DQ\�

XQEDODQFHG�SRO\SKDVH�V\VWHP��WKH�SUHVHQW�GLVFXVVLRQ�ZLOO�EH�FRQILQHG�WR�XQEDODQFHG�WKUHH�SKDVH�SRZHU�

V\VWHPV��$FFRUGLQJ�WR�)RUWHVFXH¶V�WKHRUHP��WKUHH�XQEDODQFHG�SKDVRUV�RI�D�WKUHH�SKDVH�SRZHU�V\VWHP�FDQ�

EH�UHVROYHG�LQWR�WKUHH�EDODQFHG�V\VWHPV�RI SKDVRUV��7KH�EDODQFHG�VHWV�RI�FRPSRQHQWV�DUH�

�� $�VHW�RI�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�FRQVLVWLQJ�RI�WKUHH�SKDVRUV�HTXDO�LQ�PDJQLWXGH��GLVSODFHG�IURP�

HDFK�RWKHU�E\����ι LQ�SKDVH��DQG�KDYLQJ�WKH�VDPH�SKDVH�VHTXHQFH�DV�WKH�RULJLQDO�SKDVRUV�

�� $�VHW�RI�QHJDWLYH�VHTXHQFH�FRPSRQHQWV�FRQVLVWLQJ�RI� WKUHH�SKDVRUV�HTXDO� LQ�PDJQLWXGH��GLVSODFHG�

IURP�HDFK�RWKHU�E\����ι LQ�SKDVH��DQG�KDYLQJ�WKH�RSSRVLWH�SKDVH�VHTXHQFH�IURP�WKH�RULJLQDO�SKDVRUV�

�� $�VHW�RI�]HUR�VHTXHQFH�FRPSRQHQWV�FRQVLVWLQJ�RI�WKUHH�SKDVRUV�HTXDO�LQ�PDJQLWXGH�DQG�SKDVH��L�H���

]HUR�SKDVH�GLVSODFHPHQW�IURP�HDFK�RWKHU��



��

,W�LV�FXVWRPDU\�ZKHQ�VROYLQJ�D�SUREOHP�E\�V\PPHWULFDO�FRPSRQHQWV�WR�GHVLJQDWH�WKH�WKUHH�SKDVHV�RI�WKH�

SRZHU�V\VWHP�DV ܽ��ܾ��DQG�ܿ LQ�VXFK�D�PDQQHU�WKDW� WKH�WKUHH�SKDVHV�SHDN�LQ�WKDW�RUGHU�DQG�WKH�SKDVH�

VHTXHQFH�RI�WKH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�SRZHU�V\VWHP�LV�ܾܽܿ��,Q�VXFK�D�SRZHU�V\VWHP��WKH�SRVLWLYH�

VHTXHQFH�FRPSRQHQWV�ZLOO�KDYH�SKDVH�VHTXHQFH�ܾܽܿ��ZKLOH�WKH�QHJDWLYH�VHTXHQFH�FRPSRQHQWV�ZLOO�KDYH�

SKDVH�VHTXHQFH�ܾܽܿ��7KH� ]HUR�VHTXHQFH�FRPSRQHQWV�GR�QRW�KDYH�D� SKDVH�VHTXHQFH�� VLQFH�DOO� WKUHH�

SKDVHV�SHDN�DW�WKH�VDPH�WLPH��7UDGLWLRQDOO\��WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�RI�WKH�RULJLQDO�SKDVRUV�DUH�

GHVLJQDWHG�ZLWK�WKH�VXEVFULSW����WKH�QHJDWLYH�VHTXHQFH�FRPSRQHQWV�DUH�GHVLJQDWHG�ZLWK�WKH�VXEVFULSW����

DQG�WKH�]HUR�VHTXHQFH�FRPSRQHQWV�DUH�GHVLJQDWHG�ZLWK�WKH�VXEVFULSW����DV�VKRZQ�EHORZ LQ�)LJXUH�������,I�

WKH�RULJLQDO�SKDVRUV�DUH�WKH�YROWDJHV�LQ�HDFK�SKDVH�RI�WKH�SRZHU�V\VWHP�DQG�DUH�GHVLJQDWHG܄�܄����DQG�

��܄ WKHQ� WKH� SRVLWLYH�VHTXHQFH� FRPSRQHQWV� RI� WKH� YROWDJHV� ZLOO� EH� ��ଵ܄��ଵ܄ DQG� �ଵ܄� WKH� QHJDWLYH�

VHTXHQFH�FRPSRQHQWV�RI�WKH�YROWDJHV�ZLOO�EH܄�ଶ܄��ଶ��DQG܄�ଶ��DQG�WKH�]HUR�VHTXHQFH�FRPSRQHQWV�RI�

WKH� YROWDJHV� ZLOO� EH܄�܄���� DQG܄��� 7KH� WRWDO� YROWDJH� LQ� HDFK� SKDVH� ZLOO� EH� WKH� VXP� RI� WKH� WKUHH�

FRPSRQHQWV�IRU�WKDW�SKDVH�

܄ ൌ ଵ܄  ଶ܄  ܄

܄ ൌ ଵ܄  ଶ܄  ܄

܄ ൌ ଵ܄  ଶ܄  ܄

������

7KH�V\QWKHVLV�RI�D�VHW�RI� WKUHH�XQEDODQFHG�SKDVRUV� IURP� WKH� WKUHH�VHWV�RI�V\PPHWULFDO�FRPSRQHQWV�RI�

)LJXUH�����LV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH�����

)LJXUH����� 7KUHH�VHWV�RI�EDODQFHG�SKDVRUV�ZKLFK�DUH�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKUHH�XQEDODQFHG�SKDVRUV�>�@�



��

)LJXUH����� *UDSKLFDO�DGGLWLRQ�RI�WKH�FRPSRQHQWV�VKRZQ�LQ�)LJXUH�����WR�REWDLQ�WKUHH�XQEDODQFHG�SKDVRUV�>�@�

,Q�ZRUNLQJ�ZLWK�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�DQ�XQEDODQFHG�WKUHH�SKDVH�SRZHU�V\VWHP��WKH�RSHUDWLRQ�RI�

VKLIWLQJ�D�SKDVRU�WKURXJK�DQ�DQJOH�RI����ι RFFXUV�UHSHDWHGO\��7KLV�RSHUDWLRQ�LV�HTXLYDOHQW�WR�PXOWLSO\LQJ�WKH�

SKDVRU�E\�WKH�TXDQWLW\ס�����ι��6LQFH�PXOWLSOLFDWLRQ�E\�WKLV�TXDQWLW\�RFFXUV�VR�RIWHQ�� WKH�FRQVWDQW�ܽ KDV�

EHHQ�LQWURGXFHG�WR�UHSUHVHQW�LW�VXFK�WKDW�HDFK�PXOWLSOLFDWLRQ�E\�ܽ URWDWHV�D�SKDVRU�E\����ι ZLWKRXW�FKDQJLQJ�

LWV�PDJQLWXGH��7KHUHIRUH�

ܽ ൌ ͳסͳʹͲι

ܽଶ ൌ ͳסʹͶͲι

ܽଷ ൌ ͳס͵Ͳι ൌ ͳסͲι ൌ ͳ

������

������

������

)LJXUH�����EHORZ�LOOXVWUDWHV�WKH�UHODWLRQVKLSV�DPRQJ�WKH�SRVLWLYH�DQG�QHJDWLYH�H[SRQHQWV�RI�ܽ�

)LJXUH����� 3KDVRU�GLDJUDP�LOOXVWUDWLQJ�WKH�UHODWLRQVKLSV�DPRQJ�WKH�YDULRXV�H[SRQHQWV�RI�ܽ >�@�



��

7KH�V\PPHWULFDO�FRPSRQHQWV�RI�DQ�XQEDODQFHG�WKUHH�SKDVH�YROWDJH�FDQ�QRZ�EH�UHSUHVHQWHG�LQ�WHUPV�RI�

WKH�ܽ FRQVWDQW��WKHUHE\�UHGXFLQJ�WKH�QXPEHU�RI�XQNQRZQ�TXDQWLWLHV�E\�H[SUHVVLQJ�HDFK�FRPSRQHQW�RI܄�

DQG܄� DV�WKH�SURGXFW�RI�D�FRPSRQHQW�RI܄� DQG�VRPH�IXQFWLRQ�RI�WKH�RSHUDWRU�ܽ ൌ ͳסͳʹͲι��$V�PHQWLRQHG�

HDUOLHU��WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�KDYH�SKDVH�VHTXHQFH�ܾܽܿ �DV�VKRZQ�SUHYLRXVO\�LQ�)LJXUH�������

7KHUHIRUH��WKH�UHODWLRQVKLSV�DPRQJ�WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV�ZLOO�EH

ଵ܄ ൌ ܽଶ܄ଵ

ଵ܄ ൌ ଵ܄ܽ
������

7KH� QHJDWLYH�VHTXHQFH� FRPSRQHQWV� KDYH� SKDVH� VHTXHQFH� ܾܽܿ �DV� VKRZQ� SUHYLRXVO\� LQ� )LJXUH� ������

7KHUHIRUH��WKH�UHODWLRQVKLSV�DPRQJ�WKH�QHJDWLYH�VHTXHQFH�FRPSRQHQWV�ZLOO�EH

ଶ܄ ൌ ଶ܄ܽ

ଶ܄ ൌ ܽଶ܄ଶ
������

7KH�]HUR�VHTXHQFH�FRPSRQHQWV�DUH�WKH�VDPH�LQ�DOO�SKDVHV��DV�VKRZQ�SUHYLRXVO\�LQ�)LJXUH�������7KHUHIRUH��

WKH�UHODWLRQVKLSV�DPRQJ�WKH�]HUR�VHTXHQFH�FRPSRQHQWV�ZLOO�EH

܄ ൌ ܄

܄ ൌ ܄
������

,W� LV� QRZ�SRVVLEOH� WR� GHWHUPLQH� WKH� V\PPHWULFDO� FRPSRQHQWV� RI� DQ� XQEDODQFHG� WKUHH�SKDVH� YROWDJH� E\�

UHVROYLQJ�WKH�WKUHH�XQEDODQFHG�SKDVRUV�LQWR�WKHLU�V\PPHWULFDO�FRPSRQHQWV��7KH�XQEDODQFHG�VHW�RI�WKUHH�

SKDVH� YROWDJHV� LV� JLYHQ� LQ� WHUPV�RI� V\PPHWULFDO� FRPSRQHQWV� E\�(TXDWLRQV� ������� DQG� WKH� UHODWLRQVKLSV�

EHWZHHQ�WKH�SKDVHV�RI�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�FRPSRQHQWV�LV�JLYHQ�E\�(TXDWLRQV�������

WR��������6XEVWLWXWLQJ�(TXDWLRQV�������WR�������LQWR�(TXDWLRQV�������\LHOGV�

܄ ൌ ଵ܄  ଶ܄  ܄

܄ ൌ ܽଶ܄ଵ  ଶ܄ܽ  ܄

܄ ൌ ଵ܄ܽ  ܽଶ܄ଶ  ܄

������

������

������

,Q�PDWUL[�IRUP��(TXDWLRQV�������WR��������EHFRPH�
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ZKHUH

ܣ ൌ 
ͳ ͳ ͳ
ͳ ܽଶ ܽ
ͳ ܽ ܽଶ
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7KHUHIRUH��WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�XQEDODQFHG�WKUHH�SKDVH�YROWDJH�FDQ�EH�H[SUHVVHG�DV



܄
ଵ܄
ଶ܄

൩ ൌ ଵିܣ 

܄
܄
܄
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6LQFH

ଵିܣ ൌ 
ͳ ͳ ͳ
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͵
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(TXDWLRQ��������EHFRPHV



܄
ଵ܄
ଶ܄

൩ ൌ
ͳ

͵
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ͳ ܽ ܽଶ
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(TXDWLRQ��������VKRZV�KRZ�WR�FDOFXODWH�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�SKDVH�ܽ RI�DQ�XQEDODQFHG�WKUHH�

SKDVH�YROWDJH��,Q�H[SDQGHG�IRUP��(TXDWLRQ��������EHFRPHV�

܄ ൌ
ଵ

ଷ
ሺ܄  ܄  ሻ܄ ]HUR�VHTXHQFH���������������������

ଵ܄ ൌ
ଵ

ଷ
ሺ܄  ܄ܽ  ܽଶ܄ሻ SRVLWLYH�VHTXHQFH����������������

ଶ܄ ൌ
ଵ

ଷ
ሺ܄  ܽଶ܄  ሻ܄ܽ QHJDWLYH�VHTXHQFH��������������

7KH�V\PPHWULFDO� FRPSRQHQWV�RI� WKH�RWKHU� WZR�SKDVHV�FDQ�EH�FDOFXODWHG� IURP�(TXDWLRQV� ������ WR� �������

6LPLODU�UHVXOWV�DSSO\�WR�OLQH�WR�OLQH�YROWDJHV�VLPSO\�E\�UHSODFLQJ܄�܄����DQG܄� LQ�(TXDWLRQV��������WR��������

E\܄�܄�� ��DQG܄���UHVSHFWLYHO\�

(TXDWLRQ��������VKRZV�WKDW�QR�]HUR�VHTXHQFH�FRPSRQHQWV�H[LVW�LI�WKH�VXP�RI�WKH�WKUHH�XQEDODQFHG�SKDVRUV�

LV�]HUR��6LQFH�WKH�VXP�RI�WKH�OLQH�WR�OLQH�YROWDJH�SKDVRUV�LQ�D�WKUHH�SKDVH�SRZHU�V\VWHP�LV�DOZD\V�]HUR��

]HUR�VHTXHQFH� FRPSRQHQWV� DUH� QHYHU� SUHVHQW� LQ� WKH� OLQH�WR�OLQH� YROWDJHV� UHJDUGOHVV� RI� WKH� GHJUHH� RI�



��

XQEDODQFH��7KH�VXP�RI�WKH�WKUHH�OLQH�WR�QHXWUDO�YROWDJH�SKDVRUV�LV�QRW�QHFHVVDULO\�]HUR��DQG�KHQFH�OLQH�WR�

QHXWUDO�YROWDJHV�PD\�FRQWDLQ�]HUR�VHTXHQFH�FRPSRQHQWV�

7KH�SUHFHGLQJ�HTXDWLRQV�FRXOG�KDYH�EHHQ�ZULWWHQ� IRU� DQ\�VHW� RI� UHODWHG�SKDVRUV��DQG� WKH� UHODWLRQVKLSV�

DPRQJ�XQEDODQFHG� WKUHH�SKDVH�FXUUHQWV�KDYH� WKH�VDPH�IRUPV�DV� WKH� UHODWLRQVKLSV�DPRQJ�XQEDODQFHG�

WKUHH�SKDVH�YROWDJHV��7KH�FXUUHQWV�LQ�HDFK�SKDVH�FDQ�EH�UHSUHVHQWHG�LQ�WHUPV�RI�V\PPHWULFDO�FRPSRQHQWV�

DV�

۷ ൌ ۷ଵ  ۷ଶ  ۷

۷ ൌ ۷ଵ  ۷ଶ  ۷

۷ ൌ ۷ଵ  ۷ଶ  ۷

������

������

������

6XEVWLWXWLQJ� WKH� UHODWLRQVKLSV� EHWZHHQ� WKH� SKDVHV� RI� WKH� SRVLWLYH��� QHJDWLYH��� DQG� ]HUR�VHTXHQFH�

FRPSRQHQWV�\LHOGV

۷ ൌ ۷ଵ  ۷ଶ  ۷

۷ ൌ ܽଶ۷ଵ  ܽ۷ଶ  ۷

۷ ൌ ܽ۷ଵ  ܽଶ۷ଶ  ۷

������

������

������

DQG�WKH�V\PPHWULFDO�FRPSRQHQWV�FDQ�EH�UHSUHVHQWHG�LQ�WHUPV�RI�WKH�FXUUHQWV�LQ�HDFK�SKDVH�DV��

۷ ൌ
ଵ

ଷ
ሺ۷  ۷  ۷ሻ ]HUR�VHTXHQFH���������������������

۷ଵ ൌ
ଵ

ଷ
ሺ۷  ܽ۷  ܽଶ۷ሻ SRVLWLYH�VHTXHQFH����������������

۷ଶ ൌ
ଵ

ଷ
ሺ۷  ܽଶ۷  ܽ۷ሻ QHJDWLYH�VHTXHQFH��������������

(TXDWLRQ��������SURYLGHV�DQ�LPSRUWDQW�LQVLJKW�LQWR�WKH�RSHUDWLRQ�RI�XQEDODQFHG�WKUHH�SKDVH�SRZHU�V\VWHPV��

&RPSDULQJ� WKH�FXUUHQW� LQ� WKH�QHXWUDO�RI�D�SRZHU�V\VWHP�JLYHQ�E\� ۷ே ൌ ۷  ۷  ۷ WR�(TXDWLRQ� �������

UHYHDOV�WKDW

۷ே ൌ ͵۷ ������

7KH�FXUUHQW�LQ�WKH�QHXWUDO��RU�JURXQG��RI�WKH�SRZHU�V\VWHP�LV�HTXDO�WR���WLPHV�WKH�]HUR�VHTXHQFH�FRPSRQHQW�

RI�FXUUHQW��7KHUHIRUH�� LI�D�V\VWHP�HOHPHQW�KDV�QR�QHXWUDO�FXUUHQW�� WKHQ� WKHUH�FDQ�EH�QR�]HUR�VHTXHQFH�

FRPSRQHQWV�RI�FXUUHQWV�LQ�WKH�HOHPHQW��+HQFH�¨�FRQQHFWHG�DQG�XQJURXQGHG�<�FRQQHFWHG�HOHPHQWV�FDQQRW�

KDYH�]HUR�VHTXHQFH�FRPSRQHQWV�RI�FXUUHQWV�



��

��� 6HTXHQFH�,PSHGDQFHV�DQG�6HTXHQFH�1HWZRUNV

,Q�DQ\�SDUW�RI�WKH�SRZHU�V\VWHP��WKH�YROWDJH�GURS�FDXVHG�E\�WKH�FXUUHQW�RI�D�SDUWLFXODU�VHTXHQFH�GHSHQGV�

RQ�RQO\�WKH�LPSHGDQFH�RI�WKDW�SDUW�RI�WKH�SRZHU�V\VWHP�WR�FXUUHQW�IORZ�RI�WKDW�VHTXHQFH�>�@��,Q�JHQHUDO��WKH�

LPSHGDQFH�RI�D�FLUFXLW�FDQ�GLIIHU�IRU�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�FXUUHQWV��7KH�LPSHGDQFH�RI�D�

FLUFXLW�WR�SRVLWLYH�VHTXHQFH�FXUUHQW�LV�FDOOHG�WKH�SRVLWLYH�VHTXHQFH�LPSHGDQFH�RI�WKH�FLUFXLW��6LPLODUO\��WKH�

LPSHGDQFH�RI�WKH�FLUFXLW�WR�QHJDWLYH�VHTXHQFH�FXUUHQW�LV�FDOOHG�WKH�QHJDWLYH�VHTXHQFH�LPSHGDQFH�RI�WKH�

FLUFXLW��DQG�WKH�LPSHGDQFH�RI�WKH�FLUFXLW�WR�]HUR�VHTXHQFH�FXUUHQW�LV�FDOOHG�WKH�]HUR�VHTXHQFH�LPSHGDQFH�

RI�WKH�FLUFXLW��'XH�WR�WKDW�FXUUHQWV�RI�D�SDUWLFXODU�VHTXHQFH�SURGXFH�YROWDJHV�GURSV�RI�WKH�VDPH�VHTXHQFH�

RQO\�� LW� LV�SRVVLEOH�WR�FUHDWH�VHSDUDWH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�SHU�XQLW�HTXLYDOHQW�FLUFXLWV�

FDOOHG�VHTXHQFH�QHWZRUNV��7KH�RYHUDOO�EHKDYLRXU�RI D�SRZHU�V\VWHP�GXULQJ�XQV\PPHWULFDO�IDXOWV�FDQ�WKHQ�

EH�REWDLQHG�E\�WUHDWLQJ�HDFK�VHW�RI�V\PPHWULFDO�FRPSRQHQWV�VHSDUDWHO\�DQG�VXSHULPSRVLQJ�WKH�UHVXOWV��

$V� PHQWLRQHG� HDUOLHU�� LQ� D� WKUHH�SKDVH� SRZHU� V\VWHP� ZKLFK� LV� QRUPDOO\� EDODQFHG�� XQEDODQFHG� IDXOW�

FRQGLWLRQV�JHQHUDOO\�FDXVH�XQEDODQFHG�YROWDJHV�DQG�FXUUHQWV�WR�H[LVW�LQ�HDFK�RI�WKH�SKDVHV��,I�WKH�YROWDJHV�

DQG� FXUUHQWV� DUH� UHODWHG� E\� FRQVWDQW� LPSHGDQFHV�� WKH� V\VWHP� LV� VDLG� WR� EH� OLQHDU� DQG� WKH� SULQFLSOH� RI�

VXSHUSRVLWLRQ� DSSOLHV�� 7KH� YROWDJH� UHVSRQVH� RI� WKH� OLQHDU� V\VWHP� WR� WKH� XQEDODQFHG� FXUUHQWV� FDQ� EH�

GHWHUPLQHG�E\�FRQVLGHULQJ�WKH�VHSDUDWH�UHVSRQVHV�RI�HDFK�V\VWHP�HOHPHQW�WR�WKH�V\PPHWULFDO�FRPSRQHQWV�

RI�WKH�FXUUHQWV�DQG�VXSHULPSRVLQJ�WKH�UHVXOWV��)RU�WKH�SUHVHQW�GLVFXVVLRQ��WKH�V\VWHP�HOHPHQWV�RI�LQWHUHVW�

DUH�WKH�PDFKLQHV��WUDQVPLVVLRQ�OLQHV��DQG�ORDGV�FRQQHFWHG�LQ�¨�RU�<�FRQILJXUDWLRQV��DOWKRXJK�D�VLPSOLI\LQJ�

DVVXPSWLRQ�W\SLFDOO\�PDGH�LQ�LQGXVWU\�EDVHG�IDXOW�VWXGLHV�DUH�WKDW�ORDG�LPSHGDQFHV�DUH�PXFK�ODUJHU�WKDQ�

WKRVH�RI�QHWZRUN�FRPSRQHQWV��DQG�WKXV�FDQ�EH�QHJOHFWHG�LQ�V\VWHP�PRGHOOLQJ�>�@�

6LQFH� WKH� UHVSRQVH� RI� HDFK� V\VWHP� HOHPHQW� GHSHQGV� RQ� WKH� V\PPHWULFDO� FRPSRQHQW� RI� FXUUHQW� EHLQJ�

FRQVLGHUHG��WKUHH�GLIIHUHQW�SHU�SKDVH�HTXLYDOHQW�FLUFXLWV�PXVW�EH�FRQVWUXFWHG�IRU�HDFK�HOHPHQW�RI�WKH�WKUHH�

SKDVH�SRZHU�V\VWHP��RQH�IRU�HDFK�W\SH�RI�V\PPHWULFDO�FRPSRQHQW�WR�UHIOHFW�WKH�VHSDUDWH�UHVSRQVHV�RI�WKH�

V\VWHP� HOHPHQWV� WR� WKH� FXUUHQWV� RI� HDFK� VHTXHQFH�� 7KH� SRVLWLYH�VHTXHQFH� QHWZRUN� LV� D� SHU�SKDVH�

HTXLYDOHQW�FLUFXLW�FRQWDLQLQJ�RQO\�WKH�SRVLWLYH�VHTXHQFH�LPSHGDQFHV�DQG�VRXUFHV��ZKLFK�PHDQV�WKDW�LW�LV�

LGHQWLFDO� WR� WKH�SHU�SKDVH�HTXLYDOHQW�FLUFXLW�XVHG� IRU�V\PPHWULFDO� IDXOW� DQDO\VLV�FRYHUHG� LQ� WKH�SUHYLRXV�

VHFWLRQ��7KH�QHJDWLYH�VHTXHQFH�QHWZRUN� LV�D�SHU�SKDVH�HTXLYDOHQW�FLUFXLW�FRQWDLQLQJ�RQO\� WKH�QHJDWLYH�

VHTXHQFH�LPSHGDQFHV��DQG�WKH�]HUR�VHTXHQFH�QHWZRUN�LV�D�SHU�SKDVH�HTXLYDOHQW�FLUFXLW�FRQWDLQLQJ�RQO\�

WKH� ]HUR�VHTXHQFH� LPSHGDQFHV�� 2QFH� WKH� SRVLWLYH��� QHJDWLYH��� DQG� ]HUR�VHTXHQFH� QHWZRUNV� DUH�

FRQVWUXFWHG�� WKH\� DUH� LQWHUFRQQHFWHG� DFFRUGLQJ� WR� WKH� W\SH� RI� IDXOW� EHLQJ� DQDO\]HG�� DQG� WKH� SRVLWLYH���

QHJDWLYH�� DQG� ]HUR�VHTXHQFH� FRPSRQHQWV� RI� FXUUHQW� DUH� FDOFXODWHG�� 7KHVH� FRPSRQHQWV� FDQ� WKHQ� EH�

FRPELQHG�E\�XVLQJ�(TXDWLRQV��������WR��������WR�FDOFXODWH�WKH�XQEDODQFHG�WKUHH�SKDVH�FXUUHQWV�IORZLQJ�LQ�

WKH�IDXOW�DQG�HOVHZKHUH�ZLWKLQ WKH�SRZHU�V\VWHP�



��

��� 3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI�*HQHUDWRUV

7KH�HTXLYDOHQW�FLUFXLW�RI�D�<�FRQQHFWHG��WKUHH�SKDVH�V\QFKURQRXV�JHQHUDWRU�JURXQGHG�WKURXJK�DQ�LQGXFWLYH�

UHDFWDQFH�LV�VKRZQ�RQ�SDJH �� LQ�)LJXUH������7KH�V\QFKURQRXV�JHQHUDWRU�DV�VHHQ�E\�SRVLWLYH�VHTXHQFH�

FXUUHQWV�LV�VKRZQ�RQ�SDJH��� LQ�)LJXUH�����D���WRJHWKHU�ZLWK�WKH�SRVLWLYH�VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�

JHQHUDWRU�VKRZQ�LQ�)LJXUH�����E���1RWH�WKDW�LW�LV�WKH�VDPH�DV�WKH�SHU�SKDVH HTXLYDOHQW�FLUFXLW�XVHG�LQ�WKH�

SUHYLRXV�VHFWLRQ�IRU�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DQDO\VLV��7KH�V\QFKURQRXV�JHQHUDWRU�LV�PRGHOHG�E\�DQ�

LQWHUQDO�JHQHUDWHG�YROWDJH�LQ�VHULHV�ZLWK�WKH�LQGXFWLYH�UHDFWDQFH�RI�HDFK�ZLQGLQJ�LQ�WKH�JHQHUDWRU�WR�SRVLWLYH�

VHTXHQFH�FXUUHQW��GHQRWHG�E\� WKH�SRVLWLYH�VHTXHQFH� LPSHGDQFH�ܼଵ��)RU�VXEWUDQVLHQW� IDXOW�DQDO\VLV�� WKH�

UHDFWDQFH� LV� WKH� VXEWUDQVLHQW� UHDFWDQFH�ܺᇱᇱ�� )RU� WUDQVLHQW� IDXOW� DQDO\VLV�� WKH� UHDFWDQFH� LV� WKH� WUDQVLHQW�

UHDFWDQFH�ܺᇱ��)RU�VWHDG\�VWDWH�IDXOW�DQDO\VLV��WKH�UHDFWDQFH�LV�WKH�PDFKLQH¶V�V\QFKURQRXV�UHDFWDQFH� ௌܺ�

6LPLODUO\��WKH�V\QFKURQRXV�JHQHUDWRU�DV�VHHQ�E\�QHJDWLYH�VHTXHQFH�FXUUHQWV�LV�VKRZQ�RQ�SDJH��� LQ�)LJXUH�

����F���WRJHWKHU�ZLWK�WKH�QHJDWLYH�VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�JHQHUDWRU�VKRZQ�LQ�)LJXUH�����G���7KH�

QHJDWLYH�VHTXHQFH� HTXLYDOHQW� FLUFXLW� GRHV� QRW� FRQWDLQ� YROWDJH� VRXUFHV� EHFDXVH� WKHUH� DUH� QR� YROWDJH�

VRXUFHV� LQVLGH� WKH� JHQHUDWRU� WKDW� JHQHUDWH� QHJDWLYH�VHTXHQFH� YROWDJHV�� 7KHUHIRUH�� WKH� V\QFKURQRXV�

JHQHUDWRU�LV�PRGHOHG�E\�WKH�LQGXFWLYH�UHDFWDQFH�RI�HDFK�ZLQGLQJ� LQ�WKH�JHQHUDWRU� WR�QHJDWLYH�VHTXHQFH�

FXUUHQW��GHQRWHG�E\�WKH�QHJDWLYH�VHTXHQFH�LPSHGDQFH�ܼଶ��$V�PHQWLRQHG�HDUOLHU��WKH�QHJDWLYH�VHTXHQFH�

FXUUHQWV�KDYH�WKH�RSSRVLWH�SKDVH�VHTXHQFH�WR�WKH�SRVLWLYH�VHTXHQFH�FXUUHQWV�DQG�E\�FKDQJLQJ�WKH�SKDVH

VHTXHQFH�RI� WKH�FXUUHQWV�DSSOLHG� WR�D�WKUHH�SKDVH�VWDWRU�� WKH�GLUHFWLRQ�RI�URWDWLRQ�RI� WKH�PDJQHWLF� ILHOGV�

SURGXFHG�LQ�WKH�PDFKLQH�EHFRPHV�UHYHUVHG��$V�D�UHVXOW��WKH�QHJDWLYH�VHTXHQFH�FXUUHQWV�SURGXFH�D�URWDWLQJ�

PDJQHWLF�ILHOG�RSSRVLWH�WR�WKH�GLUHFWLRQ�RI URWDWLRQ�RI�WKH�PDFKLQH�>�@��7KLV�EDFNZDUG�URWDWLRQ�LQGXFHV�D�YHU\�

KLJK� YROWDJH� LQ� WKH� DPRUWLVVHXU� RU� GDPSHU�ZLQGLQJV� RI� WKH� JHQHUDWRU� DQG�EHFDXVH� WKH�PDJQHWLF� ILHOGV�

FRQWLQXH� WR� WXUQ�RSSRVLWH� WR� WKH� URWDWLRQ�RI� WKH�JHQHUDWRU�� WKLV�YROWDJH�GRHVQ¶W�GHFD\�DIWHU�D� IHZ�F\FOHV��

7KHUHIRUH�� WKH� QHJDWLYH�VHTXHQFH� FXUUHQWV� VHH� D� UHDFWDQFH� WKDW� LV� DSSUR[LPDWHO\� WKH� VL]H� RI� WKH�

VXEWUDQVLHQW�UHDFWDQFH�RI�WKH�JHQHUDWRU�DW�DOO�WLPHV�

)LQDOO\�� WKH�V\QFKURQRXV�JHQHUDWRU�DV� VHHQ�E\� ]HUR�VHTXHQFH�FXUUHQWV� LV� VKRZQ�RQ�SDJH� �� LQ�)LJXUH�

����H���WRJHWKHU�ZLWK�WKH�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�JHQHUDWRU�VKRZQ�LQ�)LJXUH�����I���7KH�]HUR�

VHTXHQFH�HTXLYDOHQW�FLUFXLW�GRHV�QRW�FRQWDLQ�YROWDJH�VRXUFHV�EHFDXVH�WKHUH�DUH�QR�YROWDJH�VRXUFHV�LQVLGH�

WKH�JHQHUDWRU�WKDW�JHQHUDWH�]HUR�VHTXHQFH�YROWDJHV��7KHUHIRUH��WKH�V\QFKURQRXV�JHQHUDWRU�LV�PRGHOHG�E\�

WKH�LQGXFWLYH�UHDFWDQFH�RI�HDFK�ZLQGLQJ�LQ�WKH�JHQHUDWRU�WR�]HUR�VHTXHQFH�FXUUHQW��GHQRWHG�E\�WKH�]HUR�

VHTXHQFH� LPSHGDQFH� ܼ��7KH� WRWDO� FXUUHQW� IORZLQJ� LQ� WKH� LPSHGDQFH�ܼே EHWZHHQ� WKH�QHXWUDO� DQG� WKH�

JURXQG�RI�WKH�JHQHUDWRU�LV�͵۷ EHFDXVH�WKH�]HUR�VHTXHQFH�FXUUHQW�IURP�DOO�WKUHH�SKDVHV�IORZV�WKURXJK�LW�

DQG� WKH� FXUUHQW� LV� LGHQWLFDO� LQ� HDFK� SKDVH�� 7KHUHIRUH�� WKH� YROWDJH� GURS� IURP� SRLQW� ܽ WR� JURXQG�ZLOO� EH�

െ͵۷ܼே െ ۷ ܼ��7R�UHSUHVHQW�WKLV�YROWDJH�GURS�LQ�WKH�SHU�SKDVH�HTXLYDOHQW�FLUFXLW��ZKLFK�FRQWDLQV�RQO\�



��

WKH�]HUR�VHTXHQFH�FXUUHQW�LQ�SKDVH�ܽ��DQ�LPSHGDQFH���WLPHV�ODUJHU�WKDQ�WKH�SK\VLFDO�LPSHGDQFH�EHWZHHQ�

WKH� QHXWUDO� DQG� WKH� JURXQG�RI� WKH�JHQHUDWRU�PXVW�EH� XVHG�� 7KH� WRWDO� ]HUR�VHTXHQFH� LPSHGDQFH�RI� WKH�

JHQHUDWRU�LV�

ܼ ൌ ܼ  ͵ܼே ������

7KH�]HUR�VHTXHQFH� LPSHGDQFH� ܼ RI�HDFK�ZLQGLQJ� LQ� WKH�JHQHUDWRU�FRQVLVWV�RI�RQO\�D� UHODWLYHO\�VPDOO�

LQGXFWLYH� UHDFWDQFH�GXH� WR� WKDW� WKH� ]HUR�VHTXHQFH� FXUUHQWV� LQ� DOO� WKUHH�SKDVHV� LQFUHDVH�DQG� GHFUHDVH�

WRJHWKHU��FDXVLQJ�WKHLU�PDJQHWLF�ILHOGV�WR�FDQFHO�HDFK�RWKHU�RXW�DQG�SURGXFH�RQO\�D�VPDOO�UHDFWDQFH��7KH�

]HUR�VHTXHQFH� UHDFWDQFH� RI� D� JHQHUDWRU¶V� ZLQGLQJV� FDQ� EH� DV� VPDOO� DV� RQH�TXDUWHU� WKH� PDFKLQH¶V�

VXEWUDQVLHQW�UHDFWDQFH�>�@��

7KH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�YROWDJHV�LQ�SKDVH�ܽ RI�WKH�JHQHUDWRU�FDQ�EH�IRXQG�E\�DSSO\LQJ�

.LUFKKRII¶V�YROWDJH�ODZ�WR�HDFK�RI�WKH�SHU�SKDVH�HTXLYDOHQW�FLUFXLWV��ZKLFK�OHDGV�WR

ଵ܄ ൌ ۳ଵ െ ۷ଵܼଵ

ଶ܄ ൌ െ۷ଶܼଶ

܄ ൌ െ۷ܼ

������

������

������

ZKHUH�۳ଵ LV�WKH�SRVLWLYH�VHTXHQFH�LQWHUQDO�JHQHUDWHG�YROWDJH�RI�WKH�JHQHUDWRU��DQG�WKH�LPSHGDQFHV�ܼଵ��

ܼଶ��DQG�ܼ DUH�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�LPSHGDQFHV�RI�WKH�JHQHUDWRU��UHVSHFWLYHO\��1RWH�

WKDW� WKH�GLVFXVVLRQ�DERYH� FDQ�EH�DSSOLHG� HTXDOO\� WR� V\QFKURQRXV�PRWRUV�DQG�V\QFKURQRXV�JHQHUDWRUV��

VLQFH�WKH\�DUH�SK\VLFDOO\�WKH�VDPH�PDFKLQH��



��

)LJXUH����� $�<�FRQQHFWHG�WKUHH�SKDVH�JHQHUDWRU�JURXQGHG�WKURXJK�DQ�LQGXFWLYH�UHDFWDQFH�>�@�



��

)LJXUH����� �D��$�V\QFKURQRXV�JHQHUDWRU�DV�VHHQ�E\�SRVLWLYH�VHTXHQFH�FXUUHQWV���E��7KH�SRVLWLYH�VHTXHQFH�HTXLYDOHQW�

FLUFXLW� IRU� WKH� JHQHUDWRU�� �F�� $� V\QFKURQRXV� JHQHUDWRU DV� VHHQ� E\� QHJDWLYH�VHTXHQFH� FXUUHQWV�� �G�� 7KH� QHJDWLYH�

VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�JHQHUDWRU���H��$�V\QFKURQRXV�JHQHUDWRU�DV�VHHQ�E\�]HUR�VHTXHQFH�FXUUHQWV���I��7KH�

]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�IRU�WKH�JHQHUDWRU�>�@��



��

��� 3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI�7UDQVPLVVLRQ�/LQHV

'XH� WR� WKDW� WUDQVPLVVLRQ� OLQHV� FRQVLVW� RI� VWDWLF� FRPSRQHQWV�� WKHUH� LV� QR� GLIIHUHQFH� EHWZHHQ� KRZ� WKH\�

UHVSRQG�WR�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�FXUUHQWV��7KHUHIRUH��WKH�HTXLYDOHQW�FLUFXLW�IRU�D�WUDQVPLVVLRQ�

OLQH�LV�LGHQWLFDO�IRU�ERWK�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV��7KLV�HTXLYDOHQW�FLUFXLW�FRQVLVWV�RI�VLPSO\�

WKH� VHULHV� LPSHGDQFH� RI� WKH� WUDQVPLVVLRQ� OLQH�� +RZHYHU�� RYHUKHDG� WUDQVPLVVLRQ� OLQHV� UHVSRQG� YHU\�

GLIIHUHQWO\�IRU�]HUR�VHTXHQFH FXUUHQWV�FRPSDUHG�WR�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�FXUUHQWV��7KH�UHDVRQ�

EHLQJ�WKH�VHULHV�LQGXFWDQFH�RI�D�WUDQVPLVVLRQ�OLQH�LQFUHDVHV�LQ�GLUHFW�SURSRUWLRQ�WR�WKH�QDWXUDO�ORJDULWKP�RI�

WKH� GLVWDQFH� EHWZHHQ� WKH� VHQGLQJ� DQG� UHWXUQLQJ� FRQGXFWRUV� >�@�� )RU� ]HUR�VHTXHQFH� FXUUHQWV�� DOO� WKUHH�

SKDVHV�RI�WKH�WUDQVPLVVLRQ�OLQH�FDUU\�HTXDO�FXUUHQWV��DQG�WKH�UHWXUQ�SDWK�LV�HLWKHU�WKURXJK�RYHUKHDG�JURXQG�

ZLUHV� RU� WKURXJK� WKH�JURXQG� LWVHOI�� 6LQFH�ERWK� WKH� JURXQG�ZLUHV� DQG� WKH� JURXQG� LWVHOI� DUH� W\SLFDOO\�ZHOO�

VHSDUDWHG�IURP�WKH�SKDVHV��WKH�]HUR�VHTXHQFH�LQGXFWLYH�UHDFWDQFH�RI�D�WUDQVPLVVLRQ�OLQH�LV�JHQHUDOO\�ODUJHU�

WKDQ� WKH� SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH� LQGXFWLYH� UHDFWDQFH��)RU� WUDQVPLVVLRQ� OLQHV�ZLWKRXW�RYHUKHDG�

JURXQG�ZLUHV��WKH�UHWXUQ�SDWK�PXVW�EH�WKURXJK�WKH�JURXQG�LWVHOI��DQG�WKH�]HUR�VHTXHQFH�LQGXFWLYH�UHDFWDQFH�

ZLOO� EH� HYHQ� ODUJHU� EHFDXVH� WKH� SKDVHV� DUH� VR� IDU� DERYH� WKH� JURXQG�� 7KH� ]HUR�VHTXHQFH� LQGXFWLYH�

UHDFWDQFH�RI�DQ�RYHUKHDG� WUDQVPLVVLRQ� OLQH�ZLOO�EH��� WR����� WLPHV� ODUJHU� WKDQ� WKH�SRVLWLYH� RU�QHJDWLYH�

VHTXHQFH LQGXFWLYH� UHDFWDQFH�� ZLWK� RYHUKHDG� WUDQVPLVVLRQ� OLQHV� ZLWKRXW� RYHUKHDG� JURXQG�ZLUHV� DW� WKH�

XSSHU�HQG�RI�WKLV�UDQJH�>�@��1RWH�WKDW�WKH�VHULHV�UHVLVWDQFH�RI�WKH�WUDQVPLVVLRQ�OLQH��ZKLFK�LV�RIWHQ�QHJOHFWHG�

DV� D� VLPSOLI\LQJ� DVVXPSWLRQ� PDGH� LQ� FUHDWLQJ� SHU�SKDVH� HTXLYDOHQW� FLUFXLWV� IRU� IDXOW� FXUUHQW� DQDO\VLV��

UHPDLQV�WKH�VDPH�IRU�DOO�WKUHH�V\PPHWULFDO�FRPSRQHQWV�RI�FXUUHQW��$OWKRXJK�WKH�GLVFXVVLRQ�WKXV�IDU�KDV�

SULPDULO\� IRFXVHG�RQ�SRZHU�V\VWHPV�WKDW�DUH�QRUPDOO\�EDODQFHG�DQG�RQO\�EHFRPH�XQEDODQFHG�XSRQ�WKH�

RFFXUUHQFH�RI�DQ�XQV\PPHWULFDO�IDXOW��LQ�SUDFWLFDO�WUDQVPLVVLRQ�V\VWHPV�VXFK�FRPSOHWH�V\PPHWU\�LV�PRUH�

LGHDO�WKDQ�UHDOL]HG��EXW�VLQFH�WKH�HIIHFW�RI�WKH�GHSDUWXUH�IURP�V\PPHWU\�LV�W\SLFDOO\�VPDOO��SHUIHFW�EDODQFH�

EHWZHHQ�SKDVHV�LV�RIWHQ�DVVXPHG�HVSHFLDOO\�LI�WKH�WUDQVPLVVLRQ�OLQHV�DUH�WUDQVSRVHG�DORQJ�WKHLU�OHQJWKV�

>�@�
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��� 3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI�<�DQG�¨�&RQQHFWLRQV

'XH�WR�WKDW�<� DQG�¨�FRQQHFWHG�ORDGV�DUH�VWDWLF�GHYLFHV��WKHUH�LV�QR�GLIIHUHQFH�EHWZHHQ�KRZ�WKH\�UHVSRQG�

WR�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�FXUUHQWV��7KHUHIRUH��WKH�HTXLYDOHQW�FLUFXLW�IRU�D�<� RU�¨�FRQQHFWHG�ORDG�

LV�LGHQWLFDO�IRU�ERWK�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV��7KLV�HTXLYDOHQW�FLUFXLW�FRQVLVWV�RI�VLPSO\�WKH�

<� RU�¨�FRQQHFWHG�LPSHGDQFH�RI�WKH�ORDG��+RZHYHU��<� DQG�¨�FRQQHFWHG�ORDGV�UHVSRQG�YHU\�GLIIHUHQWO\�IRU�

]HUR�VHTXHQFH�FXUUHQWV�FRPSDUHG�WR�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�FXUUHQWV��$V�PHQWLRQHG�HDUOLHU��]HUR�

VHTXHQFH�FXUUHQWV�KDYH�WKH�VDPH�SKDVH�LQ�DOO�WKUHH�SKDVHV�RI�D�WKUHH�SKDVH�SRZHU�V\VWHP��WKXV�WKH\�FDQ�

RQO\� IORZ� LI� WKHUH� LV�D�SDWK� WR� WKH�JURXQG� IRU� WKH� UHWXUQ�FXUUHQW�� ,I� WKHUH� LV�QR�UHWXUQ�SDWK�� WKHQ�QR�]HUR�

VHTXHQFH�FXUUHQWV�FDQ�IORZ�

$Q�XQJURXQGHG�<�FRQQHFWHG�ORDG�LV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�����D���'XH�WR�WKDW�WKHUH�LV�QR�SDWK�

EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG�LQ�WKLV�ORDG��QR�]HUR�VHTXHQFH�FXUUHQWV�FDQ�IORZ��7KH�FRUUHVSRQGLQJ�

]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�KDV�DQ�LPSHGDQFH�ܼ EHWZHHQ�WKH�WHUPLQDOV�RI�WKH�ORDG�DQG�WKH�QHXWUDO��

DQG�DQ�RSHQ�FLUFXLW�EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG��

$�JURXQGHG�<�FRQQHFWHG� ORDG� LV� VKRZQ�RQ� WKH� QH[W� SDJH� LQ�)LJXUH�����E���'XH� WR� WKDW� WKHUH� LV� D�SDWK�

EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG�LQ�WKLV�ORDG��]HUR�VHTXHQFH�FXUUHQWV�FDQ�IORZ��7KH�FRUUHVSRQGLQJ�]HUR�

VHTXHQFH�HTXLYDOHQW�FLUFXLW�KDV�DQ�LPSHGDQFH�ܼ EHWZHHQ�WKH�WHUPLQDOV�RI�WKH�ORDG�DQG�WKH�QHXWUDO��DQG�D�

VKRUW�FLUFXLW�EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG�

$�<�FRQQHFWHG�ORDG�WKDW�LV�JURXQGHG�WKURXJK�DQ�LPSHGDQFH�LV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�����F���

'XH�WR�WKDW�WKHUH�LV�D�SDWK�EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG�LQ�WKLV�ORDG��]HUR�VHTXHQFH�FXUUHQWV�FDQ�

IORZ��+RZHYHU�� WKH�FXUUHQW� IORZLQJ� LQ� WKH�SDWK�EHWZHHQ� WKH�QHXWUDO�DQG� WKH�JURXQG� LV��� WLPHV� WKH�]HUR�

VHTXHQFH�FXUUHQW�LQ�DQ\�VLQJOH�SKDVH��WKXV�WKH�FRUUHVSRQGLQJ�LPSHGDQFH�LQ�WKH�]HUR�VHTXHQFH�HTXLYDOHQW�

FLUFXLW�LV�͵ܼே��7KH�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�KDV�DQ�LPSHGDQFH�ܼ EHWZHHQ�WKH�WHUPLQDOV�RI�WKH�ORDG�

DQG�WKH�QHXWUDO��DQG�DQ�LPSHGDQFH�͵ܼே EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG�

$�¨�FRQQHFWHG�ORDG�LV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�����G���'XH�WR�WKDW�WKHUH�LV�QR�SDWK�WR�JURXQG�LQ�

WKLV�ORDG��QR�]HUR�VHTXHQFH�FXUUHQWV�FDQ�IORZ�LQWR�WKH�ORDG��+RZHYHU��DQ\�]HUR�VHTXHQFH�FXUUHQWV�LQVLGH�

WKH�ORDG�FDQ�IORZ�IUHHO\�ZLWKLQ�WKH�¨�EHFDXVH�WKH�SKDVHV�RI�WKH�¨�FRQQHFWHG�ORDG�DUH�FRQQHFWHG�KHDG�WR�

WDLO� LQ� D� FORVHG� ORRS�� 7KH� FRUUHVSRQGLQJ� ]HUR�VHTXHQFH� HTXLYDOHQW� FLUFXLW� KDV� DQ� RSHQ�FLUFXLW� DW� WKH�

WHUPLQDOV��DQG�D�FORVHG�ORRS�FRQWDLQLQJ�WKH�LPSHGDQFH�ܼ�



��

)LJXUH����� �D��$Q�XQJURXQGHG�<�FRQQHFWHG� ORDG�KDV�QR�SDWK�EHWZHHQ� WKH�QHXWUDO�DQG� WKH�JURXQG�� WKXV� WKH�]HUR�

VHTXHQFH�HTXLYDOHQW�FLUFXLW�KDV�DQ�RSHQ�FLUFXLW�EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG���E��$�JURXQGHG�<�FRQQHFWHG�ORDG�

KDV�D�VKRUW�FLUFXLW�EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG��WKXV�WKH�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLW�KDV�D�VKRUW�FLUFXLW�

EHWZHHQ� WKH�QHXWUDO�DQG� WKH�JURXQG�� �F��$�<�FRQQHFWHG� ORDG�JURXQGHG� WKURXJK�DQ� LPSHGDQFH��7KH�]HUR�VHTXHQFH�

HTXLYDOHQW�FLUFXLW�KDV�WKH�LPSHGDQFH�͵ܼே EHWZHHQ�WKH�QHXWUDO�DQG�WKH�JURXQG���G��$�¨�FRQQHFWHG�ORDG�KDV�QR�SDWK�WR�

WKH�JURXQG��WKXV�QR�]HUR�VHTXHQFH�FXUUHQWV�FDQ�IORZ�LQWR�WKH�ORDG��+RZHYHU��DQ\�]HUR�VHTXHQFH�FXUUHQWV�LQVLGH�WKH�

ORDG�FDQ�IORZ�IUHHO\�ZLWKLQ�WKH�¨�>�@�



��

��� 3RVLWLYH���1HJDWLYH���DQG�=HUR�6HTXHQFH�(TXLYDOHQW�&LUFXLWV�RI�7UDQVIRUPHUV

'XH�WR�WKDW�WUDQVIRUPHUV�DUH�VWDWLF�GHYLFHV��WKHUH�LV�QR�GLIIHUHQFH�EHWZHHQ�KRZ�WKH\�UHVSRQG�WR�SRVLWLYH�

DQG�QHJDWLYH�VHTXHQFH�FXUUHQWV��7KHUHIRUH�� WKH�HTXLYDOHQW� FLUFXLW� IRU� D� WUDQVIRUPHU� LV� LGHQWLFDO� IRU� ERWK�

SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV��7KLV�HTXLYDOHQW�FLUFXLW�FRQVLVWV�RI�VLPSO\�WKH�VHULHV�LPSHGDQFH�

RI�WKH�WUDQVIRUPHU��1RWH�WKDW�WKH�VKXQW�FRPSRQHQWV�UHSUHVHQWLQJ�WKH�H[FLWDWLRQ�EUDQFK�RI�WKH�WUDQVIRUPHU�

DUH�W\SLFDOO\�QHJOHFWHG�DV�D�VLPSOLI\LQJ�DVVXPSWLRQ�PDGH�LQ�FUHDWLQJ�SHU�SKDVH�HTXLYDOHQW FLUFXLWV�IRU�IDXOW�

FXUUHQW�DQDO\VLV�>�@��+RZHYHU��WUDQVIRUPHUV�UHVSRQG�YHU\�GLIIHUHQWO\�IRU�]HUR�VHTXHQFH�FXUUHQWV�FRPSDUHG�

WR�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�FXUUHQWV��(DFK�VLGH�RI�D�WZR�ZLQGLQJ�WUDQVIRUPHU�LV�HLWKHU�<�FRQQHFWHG�

RU� ¨�FRQQHFWHG�� WKXV� WKH� ]HUR�VHTXHQFH�HTXLYDOHQW� FLUFXLW� RI� D� VLGH�ZLOO� DSSHDU� DV� RQH�RI� WKH�<� RU� ¨�

FRQQHFWHG�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLWV�VKRZQ�SUHYLRXVO\�LQ�)LJXUH������+RZHYHU��WKH�FXUUHQW�IORZ�RQ�

HDFK�VLGH�RI�D�WZR�ZLQGLQJ�WUDQVIRUPHU�LV�UHODWHG�E\�WKH�WXUQV�UDWLR�RI�WKH�WUDQVIRUPHU��L�H��� ܰ۷ ൌ ௌܰ۷ௌ��

7KHUHIRUH��LI�WKHUH�LV�QR�SDWK�IRU�]HUR�VHTXHQFH�FXUUHQWV�RQ�RQH�VLGH�RI�WKH�WUDQVIRUPHU��WKHUH�PXVW�DOVR�EH�

QR�]HUR�VHTXHQFH�FXUUHQWV�RQ�WKH�RWKHU�VLGH�RI�WKH�WUDQVIRUPHU��

7KHUH�DUH�ILYH�SRVVLEOH�FDVHV�RI�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLWV�IRU�WKUHH�SKDVH�WUDQVIRUPHUV�GHSHQGLQJ�

RQ�WKH�FRQQHFWLRQV�RI�WKHLU�SULPDU\�DQG�VHFRQGDU\�ZLQGLQJV�DV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH�����



��

)LJXUH����� 6\PEROV��FRQQHFWLRQ�GLDJUDPV��DQG�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLWV� IRU�YDULRXV�W\SHV�RI� WKUHH�SKDVH�

WUDQVIRUPHUV�>�@�
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��� 6LQJOH�/LQH�WR�*URXQG�)DXOW�RQ�DQ�8QORDGHG�*HQHUDWRU

$Q�XQORDGHG�JHQHUDWRU�ZLWK�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�SKDVH�ܽ LV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�

�����:KHQ�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RFFXUV�RQ�SKDVH�ܽ RI�DQ�XQORDGHG�JHQHUDWRU��WKH�YROWDJH�LQ�SKDVH�

ܽ DW�WKH�ORFDWLRQ�RI�WKH�IDXOW�EHFRPHV�]HUR��DQG�WKH�FXUUHQWV�LQ�SKDVHV�ܾ DQG�ܿ UHPDLQ�]HUR�

۷ ൌ Ͳ
۷ ൌ Ͳ
܄ ൌ Ͳ

ൡ VLQJOH�OLQH�WR�JURXQG�IDXOW ������

7KH�V\PPHWULFDO�FRPSRQHQWV�RI�FXUUHQW�LQ� WKH�IDXOW�DUH�JLYHQ�LQ�WHUPV�RI�WKH�FXUUHQWV�LQ�HDFK�SKDVH�E\�

(TXDWLRQV��������WR���������6XEVWLWXWLQJ�۷ ൌ Ͳ DQG�۷ ൌ Ͳ LQWR�(TXDWLRQV��������WR��������\LHOGV�
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ଵ
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ଵ
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۷ଵ ൌ
ଵ

ଷ
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ଵ
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۷
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ଵ

ଷ
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ଵ
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۷
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������

7KHUHIRUH�� ۷ ൌ ۷ଵ ൌ ۷ଶ ൌ
ଵ

ଷ
۷ ������

(TXDWLRQ��������VKRZV�WKDW�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�FXUUHQW�DUH�DOO�HTXDO�LQ�D�VLQJOH�OLQH�WR�JURXQG�

IDXOW��6XEVWLWXWLQJ�۷ଶ ൌ ۷ଵ DQG�۷ ൌ ۷ଵ LQWR�(TXDWLRQV��������WR��������\LHOGV

ଵ܄ ൌ ۳ଵ െ ۷ଵܼଵ

ଶ܄ ൌ െ۷ଵܼଶ

܄ ൌ െ۷ଵܼ

������

������

������

7KH� YROWDJH� LQ� SKDVH� ܽ LV� JLYHQ� LQ� WHUPV� RI� V\PPHWULFDO� FRPSRQHQWV� E\� (TXDWLRQ� ������� 6XEVWLWXWLQJ�

(TXDWLRQV��������WR��������LQWR�(TXDWLRQ�������\LHOGV

܄ ൌ ଵ܄  ଶ܄  ܄ ൌ ۳ଵ െ ۷ଵܼଵ െ ۷ଵܼଶ െ ۷ଵܼ ൌ Ͳ ������

5HDUUDQJLQJ�(TXDWLRQ��������WR�VROYH�IRU�WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�LQ�WKH�IDXOW�\LHOGV�

۷ଵ ൌ
۳

ܼ  ܼଵ  ܼଶ
������
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)RU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�FXUUHQW�DUH�DOO�HTXDO��DQG�WKH�

WRWDO�LPSHGDQFH�LV�WKH�VHULHV�FRPELQDWLRQ�RI�ܼଵ��ܼଶ��DQG�ܼ��1RWH�WKDW�WKLV�UHVXOW�LV�HTXLYDOHQW�WR�FRQQHFWLQJ�

WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�LQ�VHULHV�DW�WKH�WHUPLQDOV�UHSUHVHQWLQJ�WKH�ORFDWLRQ�RI�

WKH�IDXOW��DV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH������

,Q� VXPPDU\�� WR� FDOFXODWH� WKH� YROWDJHV� DQG� FXUUHQWV� LQ� D� VLQJOH� OLQH�WR�JURXQG� IDXOW� RQ� D� WKUHH�SKDVH�

V\QFKURQRXV�JHQHUDWRU�>�@�

�� &UHDWH�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�IRU�WKH�JHQHUDWRU�

�� &RQQHFW�WKH�VHTXHQFH�QHWZRUNV�LQ�VHULHV�DW�WKH�WHUPLQDOV�UHSUHVHQWLQJ�WKH�ORFDWLRQ�RI�WKH�IDXOW�

�� &DOFXODWH�۷ ൌ ۷ଵ ൌ ۷ଶ IURP�WKLV�QHWZRUN�

�� &DOFXODWH܄�܄��ଵ��DQG܄�ଶ IURP�(TXDWLRQV��������WR��������

�� &DOFXODWH�DQ\�UHTXLUHG�YROWDJHV�DQG�FXUUHQWV�E\�FRPELQLQJ� WKH�V\PPHWULFDO�FRPSRQHQWV�FDOFXODWHG�

DERYH�XVLQJ�(TXDWLRQV�������WR��������DQG��������WR��������

)LJXUH����� $�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�SKDVH�ܽ RI�DQ�XQORDGHG�JHQHUDWRU��7KH�JHQHUDWRU¶V�QHXWUDO� LV�JURXQGHG�

WKURXJK�DQ�LQGXFWLYH�UHDFWDQFH�>�@�
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)LJXUH����� )RU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�DUH�FRQQHFWHG�LQ�

VHULHV�WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW�>�@�
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��� /LQH�WR�/LQH�)DXOW�RQ�DQ�8QORDGHG�*HQHUDWRU

$Q�XQORDGHG�JHQHUDWRU�ZLWK�D�OLQH�WR�OLQH�IDXOW�EHWZHHQ�SKDVHV�ܾ DQG�ܿ LV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�

������:KHQ�D�OLQH�WR�OLQH�IDXOW�RFFXUV�EHWZHHQ�SKDVHV�ܾ DQG�ܿ RI�DQ�XQORDGHG�JHQHUDWRU��WKH�YROWDJHV�LQ�

SKDVHV�ܾ DQG�ܿ PXVW�EH�HTXDO��DQG�WKH�FXUUHQWV�LQ�SKDVHV�ܾ DQG�ܿ PXVW�EH�WKH�QHJDWLYH�RI�HDFK�RWKHU�

܄ ൌ ܄
۷ ൌ Ͳ
۷ ൌ െ۷

ൡ OLQH�WR�OLQH�IDXOW ������

6XEVWLWXWLQJ܄� ൌ ܄ LQWR�(TXDWLRQV��������WR��������\LHOGV�
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1RWH� WKDW�(TXDWLRQV� �������DQG� �������DUH� LGHQWLFDO�� LPSO\LQJ� WKDW� IRU� D� OLQH�WR�OLQH� IDXOW܄�ଵ ൌ �ଶ��7KH܄

V\PPHWULFDO�FRPSRQHQWV�RI�FXUUHQW�LQ�WKH�IDXOW�DUH�JLYHQ�LQ�WHUPV�RI�WKH�FXUUHQWV�LQ�HDFK�SKDVH�E\�(TXDWLRQV�

�������WR���������6XEVWLWXWLQJ�۷ ൌ Ͳ DQG�۷ ൌ െ۷ LQWR�(TXDWLRQV��������WR��������\LHOGV�

۷ ൌ
ଵ

ଷ
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ଵ

ଷ
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۷ଶ ൌ
ଵ

ଷ
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)URP�(TXDWLRQV��������WR���������LW�FDQ�UHDGLO\�EH�VHHQ�WKDW� ۷ ൌ Ͳ DQG�۷ଶ ൌ െ۷ଵ��6XEVWLWXWLQJ܄�ଵ ൌ

ଶ��۷܄ ൌ Ͳ��DQG�۷ଶ ൌ െ۷ଵ LQWR�(TXDWLRQV��������WR��������\LHOGV

ଵ܄ ൌ ۳ଵ െ ۷ଵܼଵ

ଵ܄ ൌ ۷ଵܼଶ

܄ ൌ െ۷ܼ ൌ Ͳ
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)URP�(TXDWLRQV��������DQG���������LW�FDQ�EH�REVHUYHG�WKDW�

۷ଵܼଶ ൌ ۳ଵ െ ۷ଵܼଵ ������
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۷ଵ ൌ
۳ଵ

ܼଵ  ܼଶ
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)RU�D�OLQH�WR�OLQH�IDXOW��WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�LV�WKH�QHJDWLYH�RI�WKH�QHJDWLYH�VHTXHQFH�FXUUHQW��DQG�

WKH�]HUR�VHTXHQFH�FXUUHQW�LV�]HUR��WKLV�PDNHV�VHQVH�SK\VLFDOO\�EHFDXVH�WKH�IDXOW�LV�QRW�FRQQHFWHG�WR�WKH�

JURXQG��WKXV�WKHUH�LV�QR�SDWK�WR�JURXQG�IRU�WKH�]HUR�VHTXHQFH�FXUUHQWV�WR�IORZ�WKURXJK���,Q�DGGLWLRQ��WKH�

SRVLWLYH�VHTXHQFH�SKDVH�YROWDJH�LV�HTXDO�WR�WKH�QHJDWLYH�VHTXHQFH�SKDVH�YROWDJH��1RWH�WKDW�WKLV�UHVXOW�LV�

HTXLYDOHQW� WR� FRQQHFWLQJ� WKH� SRVLWLYH� DQG� QHJDWLYH�VHTXHQFH� QHWZRUNV� LQ� SDUDOOHO� DW� WKH� WHUPLQDOV�

UHSUHVHQWLQJ�WKH�ORFDWLRQ�RI�WKH�IDXOW��DV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH������

,Q�VXPPDU\�� WR�FDOFXODWH� WKH�YROWDJHV�DQG�FXUUHQWV� LQ�D� OLQH�WR�OLQH� IDXOW�RQ�D� WKUHH�SKDVH�V\QFKURQRXV�

JHQHUDWRU�>�@�

�� &UHDWH�WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV�IRU�WKH�JHQHUDWRU��7KH�]HUR�VHTXHQFH�QHWZRUN�LV�

QRW�UHTXLUHG�

�� &RQQHFW� WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV� LQ�SDUDOOHO� DW� WKH� WHUPLQDOV� UHSUHVHQWLQJ� WKH�

ORFDWLRQ�RI�WKH�IDXOW�

�� &DOFXODWH�۷ଵ ൌ െ۷ଶ IURP�WKLV�QHWZRUN��1RWH�WKDW�۷ ൌ Ͳ�

�� &DOFXODWH܄�܄��ଵ��DQG܄�ଶ IURP�(TXDWLRQV��������WR��������

�� &DOFXODWH�DQ\�UHTXLUHG�YROWDJHV�DQG�FXUUHQWV�E\�FRPELQLQJ� WKH�V\PPHWULFDO�FRPSRQHQWV�FDOFXODWHG�

DERYH�XVLQJ�(TXDWLRQV�������WR��������DQG��������WR��������

)LJXUH������ $�OLQH�WR�OLQH�IDXOW�EHWZHHQ�SKDVHV ܾ DQG�ܿ RI�DQ�XQORDGHG�JHQHUDWRU�>�@�



��

)LJXUH� ����� )RU� D� OLQH�WR�OLQH� IDXOW�� WKH� SRVLWLYH� DQG� QHJDWLYH�VHTXHQFH� QHWZRUNV� DUH� FRQQHFWHG� LQ� SDUDOOHO� WR�

GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW�>�@�



��

���� 'RXEOH�/LQH�WR�*URXQG�)DXOW�RQ�DQ�8QORDGHG�*HQHUDWRU

$Q�XQORDGHG�JHQHUDWRU�ZLWK�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�EHWZHHQ�SKDVHV�ܾ DQG�ܿ LV�VKRZQ�RQ�SDJH �� LQ�

)LJXUH�������:KHQ�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RFFXUV�EHWZHHQ�SKDVHV�ܾ ��ܿ ��DQG�WKH�JURXQG�RI�DQ�XQORDGHG�

JHQHUDWRU��WKH�YROWDJHV�LQ�SKDVHV�ܾ DQG�ܿ PXVW�ERWK�EH�HTXDO�WR�]HUR��DQG�WKH�FXUUHQW�LQ�SKDVH�ܽ PXVW�EH�

]HUR��EHFDXVH�WKDW�SKDVH�LV�QRW�VKRUWHG��

܄ ൌ Ͳ
܄ ൌ Ͳ
۷ ൌ Ͳ

ൡ GRXEOH�OLQH�WR�JURXQG�IDXOW ������

6XEVWLWXWLQJ܄� ൌ ܄ ൌ Ͳ LQWR�(TXDWLRQV��������WR��������\LHOGV�

܄ ൌ
ଵ

ଷ
ሺ܄  Ͳ  Ͳሻ ൌ

ଵ

ଷ
܄

ଵ܄ ൌ
ଵ

ଷ
ሾ܄  ܽሺͲሻ  ܽଶሺͲሻሿ ൌ

ଵ

ଷ
܄

ଶ܄ ൌ
ଵ

ଷ
ሾ܄  ܽଶሺͲሻ  ܽሺͲሻሿ ൌ

ଵ

ଷ
܄

������

������

������

7KHUHIRUH܄��ଵ ൌ ଶ܄ ൌ ܄ IRU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW��)XUWKHUPRUH��WKH�IDXOW�FXUUHQWV�IORZLQJ�RXW�

WKURXJK�SKDVHV�ܾ DQG�ܿ PXVW�UHWXUQ�WKURXJK�WKH�QHXWUDO��ZKLFK�OHDGV�WR

۷ே ൌ ۷  ۷ ������

6XEVWLWXWLQJ�(TXDWLRQV�����������������DQG��������LQWR�(TXDWLRQ��������\LHOGV�

͵۷ ൌ ሺܽଶ۷ଵ  ܽ۷ଶ  ۷ሻ  ሺܽ۷ଵ  ܽଶ۷ଶ  ۷ሻ

۷ ൌ ሺܽଶ  ܽሻ۷ଵ  ሺܽଶ  ܽሻ۷ଶ
۷ ൌ െ۷ଵ െ ۷ଶ ������

)URP�(TXDWLRQV��������DQG��������XVLQJ�WKH�IDFW�WKDW܄�ଵ ൌ ଶ܄ IRU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�

۳ଵ െ ۷ଵܼଵ ൌ െ۷ଶܼଶ

۷ଶ ൌ
۷ଵܼଵ െ ۳ଵ

ܼଶ
�������

)URP�(TXDWLRQV��������DQG��������XVLQJ�WKH�IDFW�WKDW܄�ଵ ൌ ܄ IRU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�



��

۳ଵ െ ۷ଵܼଵ ൌ െ۷ܼ

۷ ൌ
۷ଵܼଵ െ ۳ଵ

ܼ
�������

6XEVWLWXWLQJ�(TXDWLRQV��������DQG��������LQWR�(TXDWLRQ��������\LHOGV

ͳܼͳܣ۷ െ ͳܣ۳
ܼͲ

ൌ െ۷ܣͳ െ
ͳܼͳܣ۷ െ ͳܣ۳

ܼʹ

ͳܣ۷ ൌ
ͳܣ۳

ܼͳ 
ܼʹܼͲ

ܼʹ  ܼͲ

�������

)RU�D�GRXEOH� OLQH�WR�JURXQG� IDXOW܄��ଵ ൌ ଶ܄ ൌ ���DQG܄ WKH� WRWDO� LPSHGDQFH� LV� WKH�VXP�RI�ܼଵ SOXV� WKH�

SDUDOOHO�FRPELQDWLRQ�RI�ܼଶ DQG�ܼ��1RWH�WKDW�WKLV�UHVXOW�LV�HTXLYDOHQW�WR�FRQQHFWLQJ�WKH�SRVLWLYH���QHJDWLYH���

DQG�]HUR�VHTXHQFH�QHWZRUNV�LQ�SDUDOOHO�DW�WKH�WHUPLQDOV�UHSUHVHQWLQJ�WKH�ORFDWLRQ�RI�WKH�IDXOW��DV�VKRZQ�RQ�

WKH�QH[W�SDJH LQ�)LJXUH������

,Q� VXPPDU\�� WR� FDOFXODWH� WKH� YROWDJHV� DQG FXUUHQWV� LQ� D� GRXEOH� OLQH�WR�JURXQG� IDXOW� RQ� D� WKUHH�SKDVH�

V\QFKURQRXV�JHQHUDWRU�>�@�

�� &UHDWH�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�IRU�WKH�JHQHUDWRU�

�� &RQQHFW�WKH�VHTXHQFH�QHWZRUNV�LQ�SDUDOOHO�DW�WKH�WHUPLQDOV�UHSUHVHQWLQJ�WKH�ORFDWLRQ�RI�WKH�IDXOW�

�� &DOFXODWH�۷ଵ IURP�WKLV�QHWZRUN�

�� &DOFXODWH܄�܄��ଵ��DQG܄�ଶ IURP�(TXDWLRQ���������QRWLQJ�WKDW�WKH�WKUHH�YROWDJHV�DUH�HTXDO�

�� &DOFXODWH�۷ DQG�۷ଶ IURP�(TXDWLRQV��������DQG��������

�� &DOFXODWH�DQ\�UHTXLUHG�YROWDJHV�DQG�FXUUHQWV�E\�FRPELQLQJ� WKH�V\PPHWULFDO�FRPSRQHQWV�FDOFXODWHG�

DERYH�XVLQJ�(TXDWLRQV�������WR��������DQG��������WR��������



��

)LJXUH������ $�GRXEOH�OLQH�WR�JURXQG�IDXOW�EHWZHHQ�SKDVHV�ܾ��ܿ��DQG�WKH�JURXQG�RI�DQ�XQORDGHG�JHQHUDWRU�>�@�

)LJXUH������ )RU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�DUH�FRQQHFWHG�LQ�

SDUDOOHO�WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW�>�@�



��

���� 8QV\PPHWULFDO�)DXOWV�RQ�3RZHU�6\VWHPV

7KH�GLVFXVVLRQ�WKXV�IDU�KDV�EHHQ�OLPLWHG�WR�FDOFXODWLQJ�WKH�YROWDJHV�DQG�FXUUHQWV�LQ�DQ�XQV\PPHWULFDO�IDXOW�

RQ�D�WKUHH�SKDVH�V\QFKURQRXV�JHQHUDWRU��7KDW�GLVFXVVLRQ�ZLOO�QRZ�EH�H[WHQGHG�WR�FRQVLGHU�FDOFXODWLQJ�WKH�

YROWDJHV�DQG�FXUUHQWV�LQ�DQ�XQV\PPHWULFDO�IDXOW RQ�D�PRUH�FRPSOH[�SRZHU�V\VWHP��7R�DSSURDFK�WKH�SUREOHP�

RI�H[WHQGLQJ� WKH�GLVFXVVLRQ�RI�JHQHUDWRUV� WR�PRUH�FRPSOH[�SRZHU� V\VWHPV��FRQVLGHU� WKH�DSSOLFDWLRQ�RI�

7KHYHQLQ¶V�WKHRUHP�ZKLFK�VWDWHV�WKDW�D�OLQHDU�WZR�WHUPLQDO�FLUFXLW�FDQ�EH�UHSODFHG�E\�DQ�HTXLYDOHQW�FLUFXLW�

FRQVLVWLQJ�RI�D�YROWDJH�VRXUFH�LQ�VHULHV�ZLWK�DQ�LPSHGDQFH��ZKHUH�WKH�YROWDJH�VRXUFH�LV�WKH�RSHQ�FLUFXLW�

YROWDJH�DW� WKH�WHUPLQDOV�DQG�WKH�VHULHV�LPSHGDQFH�LV� WKH�LQSXW�RU�HTXLYDOHQW�LPSHGDQFH�DW�WKH�WHUPLQDOV�

ZKHQ�WKH�LQGHSHQGHQW�VRXUFHV�DUH�VHW�WR�]HUR�>�@��7R�XQGHUVWDQG�WKH�VLJQLILFDQFH�RI�7KHYHQLQ¶V�WKHRUHP�

DV�LW�SHUWDLQV�WR�IDXOW�DQDO\VLV��FRQVLGHU�WKH�SRZHU�V\VWHP�VKRZQ�EHORZ�LQ�)LJXUH�������6XFK�D�SRZHU�V\VWHP�

LV�VXIILFLHQWO\�JHQHUDO�IRU�HTXDWLRQV�GHULYHG�WKHUHIURP�WR�EH�DSSOLFDEOH�WR�DQ\�EDODQFHG�WKUHH�SKDVH�SRZHU�

V\VWHP�UHJDUGOHVV�RI�WKH�FRPSOH[LW\��$VVXPH�WKDW�WKHUH�LV�D�K\SRWKHWLFDO�VWXE�RI�ZLUH�FRQQHFWHG�WR�HDFK�

SKDVH�RI�WKH�SRZHU�V\VWHP�DW�SRLQW�³ൈ´��DQG�WKDW�D�IDXOW�RFFXUV�RQ�WKDW�VWXE��,I�D�IDXOW�RFFXUV�RQ�WKH�VWXE��

WKHQ�D�FXUUHQWܫ� ZLOO� IORZ�RXW�RI� WKH�IDXOW��7KH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�IRU� WKLV�

SRZHU�V\VWHP�DUH�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH������D����F���DQG��H���UHVSHFWLYHO\��ZLWK�WKH�ORFDWLRQ�RI�

WKH�IDXOW�ODEHOOHG�RQ�HDFK�VHTXHQFH�QHWZRUN��1RWH�WKDW�HDFK�VHTXHQFH�QHWZRUN�FDQ�EH�LVRODWHG�IURP�WKH�

UHVW� RI� WKH� FLUFXLW� E\� WZR� WHUPLQDOV�� RQH� DW� WKH� VWXE� DQG� RQH� DW� WKH� UHIHUHQFH�� 7KHUHIRUH�� D� 7KHYHQLQ�

HTXLYDOHQW�FLUFXLW�FDQ�EH�FUHDWHG�IRU�HDFK�VHTXHQFH�QHWZRUN��DV�VHHQ�IURP�WKH�ORFDWLRQ�RI�WKH�IDXOW��7KH�

7KHYHQLQ�HTXLYDOHQW�FLUFXLWV�RI�WKH�SRVLWLYH���QHJDWLYH��DQG�]HUR�VHTXHQFH�QHWZRUNV�DUH�VKRZQ�RQ�WKH�QH[W�

SDJH�WR�WKH�ULJKW�RI�WKH�FRUUHVSRQGLQJ�VHTXHQFH�QHWZRUN�LQ�)LJXUH������E����G���DQG��I���UHVSHFWLYHO\��1RWH�

WKDW�WKH�7KHYHQLQ�HTXLYDOHQW�FLUFXLWV�RI�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�DUH�LGHQWLFDO�

WR�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�HTXLYDOHQW�FLUFXLWV�RI�D�JHQHUDWRU��7KHUHIRUH��WKH�GLVFXVVLRQ�

WKXV�IDU�UHJDUGLQJ�XQV\PPHWULFDO�IDXOWV�RQ�WKUHH�SKDVH�V\QFKURQRXV�JHQHUDWRUV�ZLOO�HTXDOO\�DSSO\�WR�PRUH�

FRPSOH[�SRZHU�V\VWHPV��LI�WKH�SRZHU�V\VWHPV�DUH�UHSUHVHQWHG�E\�WKHLU�7KHYHQLQ�HTXLYDOHQW�FLUFXLWV�

)LJXUH������ $�VLPSOH�SRZHU�V\VWHP�ZLWK�D�IDXOW�DW�WKH�SRLQW�LQGLFDWHG�E\�WKH�ൈ >�@�



��

)LJXUH������ 7KH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�IRU�WKH�SRZHU�V\VWHP�VKRZQ�LQ�)LJXUH�������WRJHWKHU�

ZLWK�WKHLU�7KHYHQLQ�HTXLYDOHQW�FLUFXLWV��1RWH�WKDW܄� LV�WKH�SUHIDXOW�YROWDJH�DW�WKH�ORFDWLRQ�RI�WKH�IDXOW�>�@�

)RU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW��WKH�VWXEV�RI�ZLUH�DUH�FRQQHFWHG�DV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�������

7KH�IROORZLQJ�UHODWLRQVKLSV�H[LVW�DW�WKH�IDXOW

۷ ൌ Ͳ
۷ ൌ Ͳ
܄ ൌ Ͳ

ൡ VLQJOH�OLQH�WR�JURXQG�IDXOW ������



��

7KHVH�UHODWLRQVKLSV�DUH�LGHQWLFDO�WR�WKRVH�IRU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�D�WKUHH�SKDVH�V\QFKURQRXV�

JHQHUDWRU��WKXV�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�IDXOW�YROWDJHV�DQG�FXUUHQWV�ZLOO�KDYH�WKH�VDPH�VROXWLRQV�

DV�IRU�WKH�WKUHH�SKDVH�V\QFKURQRXV�JHQHUDWRU��H[FHSW�WKDW�WKH�SUHIDXOW�YROWDJH܄� UHSODFHV�۳��7KHUHIRUH��

WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�۷ଵ LQ�WKH�IDXOW�ZLOO�EH�JLYHQ�E\�WKH�HTXDWLRQ�

۷ଵ ൌ
܄

ܼ  ܼଵ  ܼଶ
������

ZKHUH܄� LV�WKH�SUHIDXOW�YROWDJH�DW�WKH�ORFDWLRQ�RI�WKH�IDXOW�DQG�ܼଵ��ܼଶ��DQG�ܼ DUH�WKH�7KHYHQLQ�HTXLYDOHQW�

LPSHGDQFHV� RI� WKH� SRVLWLYH��� QHJDWLYH��� DQG� ]HUR�VHTXHQFH� QHWZRUNV�� UHVSHFWLYHO\�� DV� VHHQ� IURP� WKH�

ORFDWLRQ�RI� WKH�IDXOW��7KH�WKUHH�VHTXHQFH�QHWZRUNV�VKRXOG�EH�FRQQHFWHG� LQ�VHULHV�DW� WKH�IDXOW�SRLQW�ܲ WR�

FDOFXODWH�WKH�HIIHFWV�RI�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�WKH�SRZHU�V\VWHP��DV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�

)LJXUH������

)LJXUH������ &RQQHFWLRQ�GLDJUDP�IRU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP�>�@�



��

)LJXUH������ )RU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�

DUH�FRQQHFWHG�LQ�VHULHV�DW�WKH�SRLQW�RI�WKH�IDXOW�ܲ WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW�>�@�

)RU�D� OLQH�WR�OLQH� IDXOW�� WKH�VWXEV�RI�ZLUH�DUH�FRQQHFWHG�DV�VKRZQ�RQ� WKH�QH[W�SDJH LQ�)LJXUH�������7KH�

IROORZLQJ�UHODWLRQVKLSV�H[LVW�DW�WKH�IDXOW

܄ ൌ ܄
۷ ൌ Ͳ
۷ ൌ െ۷

ൡ OLQH�WR�OLQH�IDXOW ������

7KHVH�UHODWLRQVKLSV�DUH�LGHQWLFDO�WR�WKRVH�IRU�D�OLQH�WR�OLQH�IDXOW�RQ�D�WKUHH�SKDVH�V\QFKURQRXV�JHQHUDWRU��

WKXV�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�IDXOW�YROWDJHV�DQG�FXUUHQWV�ZLOO�KDYH�WKH�VDPH�VROXWLRQV�DV�IRU�WKH�

WKUHH�SKDVH� V\QFKURQRXV� JHQHUDWRU�� H[FHSW WKDW� WKH� SUHIDXOW� YROWDJH� ܄ UHSODFHV� ۳�� 7KHUHIRUH�� WKH�

SRVLWLYH�VHTXHQFH�FXUUHQW�۷ଵ LQ�WKH�IDXOW�ZLOO�EH�JLYHQ�E\�WKH�HTXDWLRQ

۷ଵ ൌ
܄

ܼଵ  ܼଶ
������



��

ZKHUH܄� LV� WKH�SUHIDXOW�YROWDJH�DW� WKH� ORFDWLRQ�RI� WKH� IDXOW�DQG�ܼଵ DQG�ܼଶ DUH� WKH�7KHYHQLQ�HTXLYDOHQW�

LPSHGDQFHV�RI�WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV��UHVSHFWLYHO\��DV�VHHQ�IURP�WKH�ORFDWLRQ�RI�

WKH�IDXOW��7KH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV VKRXOG�EH�FRQQHFWHG�LQ�SDUDOOHO�DW�WKH�IDXOW�SRLQW�

ܲ WR�FDOFXODWH�WKH�HIIHFWV�RI�D�OLQH�WR�OLQH�IDXOW�RQ�WKH�SRZHU�V\VWHP��DV�VKRZQ�EHORZ�LQ�)LJXUH������

)LJXUH������ &RQQHFWLRQ�GLDJUDP�IRU�D�OLQH�WR�OLQH�IDXOW�RQ�D�SRZHU�V\VWHP�>�@�

)LJXUH������ )RU�D�OLQH�WR�OLQH�IDXOW�RQ�D�SRZHU�V\VWHP��WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV�DUH�FRQQHFWHG�

LQ�SDUDOOHO�DW�WKH�SRLQW�RI�WKH�IDXOW�ܲ WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW�>�@�

)RU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW��WKH�VWXEV�RI�ZLUH�DUH�FRQQHFWHG�DV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH�������

7KH�IROORZLQJ�UHODWLRQVKLSV�H[LVW�DW�WKH�IDXOW

܄ ൌ Ͳ
܄ ൌ Ͳ
۷ ൌ Ͳ

ൡ GRXEOH�OLQH�WR�JURXQG�IDXOW ������

7KHVH�UHODWLRQVKLSV�DUH�LGHQWLFDO�WR�WKRVH�IRU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RQ�D�WKUHH�SKDVH�V\QFKURQRXV�

JHQHUDWRU��WKXV�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�IDXOW�YROWDJHV�DQG�FXUUHQWV�ZLOO�KDYH�WKH�VDPH�VROXWLRQV�

DV�IRU�WKH�WKUHH�SKDVH�V\QFKURQRXV�JHQHUDWRU��H[FHSW�WKDW�WKH�SUHIDXOW�YROWDJH܄� UHSODFHV�۳��7KHUHIRUH��

WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�۷ଵ LQ�WKH�IDXOW�ZLOO�EH�JLYHQ�E\�WKH�HTXDWLRQ



��

ͳܣ۷ ൌ
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ܼͳ 
ܼʹܼͲ

ܼʹ  ܼͲ

�������

ZKHUH܄� LV�WKH�SUHIDXOW�YROWDJH�DW�WKH�ORFDWLRQ�RI�WKH�IDXOW�DQG�ܼଵ��ܼଶ��DQG�ܼ DUH�WKH�7KHYHQLQ�HTXLYDOHQW�

LPSHGDQFHV� RI� WKH� SRVLWLYH��� QHJDWLYH��� DQG� ]HUR�VHTXHQFH� QHWZRUNV�� UHVSHFWLYHO\�� DV� VHHQ� IURP� WKH�

ORFDWLRQ�RI�WKH�IDXOW��7KH�WKUHH�VHTXHQFH�QHWZRUNV�VKRXOG�EH�FRQQHFWHG�LQ�SDUDOOHO�DW�WKH�IDXOW�SRLQW�ܲ WR�

FDOFXODWH�WKH�HIIHFWV�RI�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RQ�WKH�SRZHU�V\VWHP��DV�VKRZQ�EHORZ�LQ�)LJXUH������

)LJXUH������ &RQQHFWLRQ�GLDJUDP�IRU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP�>�@�

)LJXUH������ )RU�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RQ�D�SRZHU�V\VWHP��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV�

DUH�FRQQHFWHG�LQ�SDUDOOHO�DW�WKH�SRLQW�RI�WKH�IDXOW�ܲ WR�GHWHUPLQH�WKH�VHTXHQFH�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�IDXOW�>�@�



��

���� 8QV\PPHWULFDO�)DXOW�$QDO\VLV�XVLQJ�WKH�%XV�,PSHGDQFH�0DWUL[

,Q�WKH�SUHYLRXV�VHFWLRQ��WKH�SRVLWLYH�VHTXHQFH�EXV�LPSHGDQFH�PDWUL[܈�ୠ୳ୱ ZDV�XVHG�WR�FDOFXODWH�WKH�IDXOW�

FXUUHQW�LQ�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW��DV�ZHOO�DV�WKH�YROWDJHV�DQG�FXUUHQWV�DW�HDFK�EXV�DQG� LQ�DQ\�

GHVLUHG�WUDQVPLVVLRQ�OLQHV�LQ�WKH�SRZHU�V\VWHP GXULQJ�WKH�IDXOW��,W�LV�DOVR�SRVVLEOH�WR�FUHDWH�EXV�LPSHGDQFH�

PDWULFHV� IRU� QHJDWLYH� DQG� ]HUR�VHTXHQFH� QHWZRUNV��ZKLFK� FDQ� EH� XVHG� WR� FDOFXODWH� WKH� YROWDJHV� DQG�

FXUUHQWV� IRU� XQV\PPHWULFDO� IDXOWV� LQ� D� SRZHU� V\VWHP�� ,I� D� VHTXHQFH� QHWZRUN� LV� UHSUHVHQWHG� E\� D EXV�

LPSHGDQFH� PDWUL[� ��ୠ୳ୱ܈ WKHQ� WKH� RQ�GLDJRQDO� WHUPV� RI� WKH� EXV� LPSHGDQFH� PDWUL[� ܼ DUH� VLPSO\� WKH�

7KHYHQLQ�HTXLYDOHQW�LPSHGDQFHV�RI�WKH�QHWZRUN�DW�WKH�FRUUHVSRQGLQJ�EXVHV��7KHUHIRUH��LI�D�VLQJOH�OLQH�WR�

JURXQG�IDXOW�RFFXUV�DW�EXV�݅��WKHQ�WKH�SRVLWLYH�VHTXHQFH�IDXOW�FXUUHQW�DW�EXV�݅ FDQ�EH�FDOFXODWHG�IURP�WKH�

HTXDWLRQ

۷ଵ ൌ
܄

ܼǡଵ  ܼǡଶ  ܼǡ
������

ZKHUH�ܼǡଵ LV� WKH� LPSHGDQFH�RI�HOHPHQW� ݅݅ RI� WKH�SRVLWLYH�VHTXHQFH�EXV� LPSHGDQFH�PDWUL[��ܼǡଶ LV� WKH�

LPSHGDQFH�RI�HOHPHQW�݅݅ RI�WKH�QHJDWLYH�VHTXHQFH�EXV�LPSHGDQFH�PDWUL[��DQG�ܼǡ LV�WKH�LPSHGDQFH�RI�

HOHPHQW�݅݅ RI�WKH�]HUR�VHTXHQFH�EXV�LPSHGDQFH�PDWUL[�

6LPLODUO\�� LI�D� OLQH�WR�OLQH� IDXOW� RFFXUV�DW�EXV� ݅�� WKHQ� WKH�SRVLWLYH�VHTXHQFH� IDXOW�FXUUHQW�DW�EXV� ݅ FDQ�EH�

FDOFXODWHG�IURP�WKH�HTXDWLRQ

۷ଵ ൌ
܄

ܼǡଵ  ܼǡଶ
������

)LQDOO\��LI�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�RFFXUV�DW�EXV�݅��WKHQ�WKH�SRVLWLYH�VHTXHQFH�IDXOW�FXUUHQW�DW�EXV�݅ FDQ�

EH�FDOFXODWHG�IURP�WKH�HTXDWLRQ

ͳܣ۷ ൌ
݂܄

ܼ݅݅ǡͳ 
ܼ݅݅ǡʹܼ݅݅ǡͲ

ܼ݅݅ǡʹ  ܼ݅݅ǡͲ

�������



��

���� )DXOWV�7KURXJK�DQ�,PSHGDQFH

7KH�GLVFXVVLRQ�WKXV�IDU�KDV�EHHQ�OLPLWHG�WR�IDXOWV�ZLWK�]HUR�IDXOW�LPSHGDQFH��L�H���D�VROLG�RU�³EROWHG´�IDXOW��

6XFK� IDXOWV� SURGXFH� WKH� KLJKHVW� YDOXH� RI� IDXOW� FXUUHQWV� IRU� D� JLYHQ� W\SH� RI� IDXOW� DQG� IRUP� WKH� EDVLV� RI�

FDOFXODWLRQV�XVHG�WR�GHWHUPLQH�WKH�PD[LPXP�SRVVLEOH�IDXOW�FXUUHQWV�WKDW�D�SRZHU�V\VWHP�PXVW�EH�DEOH�WR�

ZLWKVWDQG�ZLWKRXW�EHLQJ�GHVWUR\HG��$OWKRXJK�VXFK�IDXOWV�UHVXOW�LQ�WKH�KLJKHVW�YDOXH�RI�IDXOW�FXUUHQWV�DQG�DUH�

WKHUHIRUH�WKH�PRVW�FRQVHUYDWLYH�YDOXHV�WR�XVH�ZKHQ�GHWHUPLQLQJ�WKH�HIIHFWV�RI�DQWLFLSDWHG�IDXOWV�RQ�D�SRZHU�

V\VWHP�� WKH� IDXOW� LPSHGDQFH� LV�VHOGRP�]HUR� >�@��0RVW� IDXOWV�DUH� WKH� UHVXOW�RI� LQVXODWRU� IODVKRYHU�DIWHU�D�

OLJKWQLQJ� VWULNH�� ZKHUH� WKH� LPSHGDQFH� EHWZHHQ� WKH� WUDQVPLVVLRQ� OLQH� DQG� WKH� JURXQG� GHSHQGV� RQ� WKH�

UHVLVWDQFH�RI�WKH�DUF��RI�WKH�WRZHU�VWUXFWXUH�LWVHOI��DQG�RI�WKH�JURXQG�FRQQHFWLRQ�LI�WKHUH�DUH�QR�RYHUKHDG�

JURXQG�ZLUHV��H�J��� WKH�WRZHU�IRRWLQJ���7KHVH�LPSHGDQFHV�UHGXFH�WKH�WRWDO�FXUUHQW� IORZ�FRPSDUHG�WR�WKH�

VROLG�RU�EROWHG�FDVH�

$�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�WKURXJK�DQ�LPSHGDQFH� ܼ LV�VKRZQ�RQ�SDJH��� LQ�)LJXUH������D���1RWH�WKDW�

WKH� WKUHH�SKDVH�SRZHU�V\VWHP�UHPDLQV�EDODQFHG�GXULQJ� WKH� IDXOW�KDYLQJ� WKH�VDPH� LPSHGDQFH�EHWZHHQ�

HDFK�SKDVH�DQG� WKH�FRPPRQ�SRLQW��6LQFH� WKH�SRZHU�V\VWHP�UHPDLQV�EDODQFHG��RQO\�SRVLWLYH�VHTXHQFH�

FRPSRQHQWV�RI�YROWDJH�DQG�FXUUHQW�DSSHDU�LQ�WKH�IDXOW��:LWK�WKH�IDXOW�LPSHGDQFH� ܼ HTXDO�LQ�DOO�SKDVHV��WKH�

LPSHGDQFH� ܼ LV� VLPSO\� FRQQHFWHG� LQ� VHULHV�ZLWK� WKH SRVLWLYH�VHTXHQFH�QHWZRUN�DW� WKH� IDXOW� SRLQW�ܲ WR�

FDOFXODWH�WKH�HIIHFWV�RI�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�WKURXJK�DQ�LPSHGDQFH��DV�VKRZQ�RQ�SDJH��� LQ�

)LJXUH������D���7KHUHIRUH��WKH SRVLWLYH�VHTXHQFH�FXUUHQW�LQ�WKH�IDXOW�EHFRPHV�

۷ଵ ൌ
܄

ܼଵ  ܼ
������

$�VLQJOH�OLQH�WR�JURXQG�IDXOW�WKURXJK�DQ�LPSHGDQFH� ܼ LV�VKRZQ�RQ�SDJH��� LQ�)LJXUH������E���7KH�IROORZLQJ�

UHODWLRQVKLSV�H[LVW�DW�WKH�IDXOW

۷ ൌ Ͳ
۷ ൌ Ͳ
܄ ൌ ۷ ܼ

ቑ VLQJOH�OLQH�WR�JURXQG�IDXOW ������

7KH�V\PPHWULFDO�FRPSRQHQWV�RI�FXUUHQW�LQ� WKH�IDXOW�DUH�JLYHQ�LQ�WHUPV�RI�WKH�FXUUHQWV�LQ�HDFK�SKDVH�E\�

(TXDWLRQV��������WR���������6XEVWLWXWLQJ�۷ ൌ Ͳ DQG�۷ ൌ Ͳ LQWR�(TXDWLRQV��������WR��������\LHOGV�



��

۷ ൌ
ଵ

ଷ
ሺ۷  Ͳ  Ͳሻ ൌ

ଵ

ଷ
۷

۷ଵ ൌ
ଵ

ଷ
ሾ۷  ܽሺͲሻ  ܽଶሺͲሻሿ ൌ

ଵ

ଷ
۷

۷ଶ ൌ
ଵ

ଷ
ሾ۷  ܽଶሺͲሻ  ܽሺͲሻሿ ൌ

ଵ

ଷ
۷

������

������

������

7KHUHIRUH�� ۷ ൌ ۷ଵ ൌ ۷ଶ ൌ
ଵ

ଷ
۷ ������

(TXDWLRQ��������VKRZV�WKDW�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�FXUUHQW�DUH�DOO�HTXDO�LQ�D�VLQJOH�OLQH�WR�JURXQG�

IDXOW�WKURXJK�DQ�LPSHGDQFH� ܼ��6XEVWLWXWLQJ�۷ଶ ൌ ۷ଵ DQG�۷ ൌ ۷ଵ LQWR�(TXDWLRQV��������WR��������DQG�

UHSODFLQJ�۳ଵ ZLWK�WKH�SUHIDXOW�YROWDJH܄� \LHOGV

ଵ܄ ൌ ܄ െ ۷ଵܼଵ

ଶ܄ ൌ െ۷ଵܼଶ

܄ ൌ െ۷ଵܼ

������

������

������

7KH� YROWDJH� LQ� SKDVH� ܽ LV� JLYHQ� LQ� WHUPV� RI� V\PPHWULFDO� FRPSRQHQWV� E\� (TXDWLRQ� ������� 6XEVWLWXWLQJ�

(TXDWLRQV��������WR��������LQWR�(TXDWLRQ�������\LHOGV

܄ ൌ ଵ܄  ଶ܄  ܄ ൌ ܄ െ ۷ଵܼଵ െ ۷ଵܼଶ െ ۷ଵܼ ൌ ͵۷ଵ ܼ ������

5HDUUDQJLQJ�(TXDWLRQ��������WR�VROYH�IRU�WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�LQ�WKH�IDXOW�\LHOGV�

۷ଵ ൌ
܄

ܼଵ  ܼଶ  ܼ  ͵ ܼ
�������

)RU�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�WKURXJK�DQ�LPSHGDQFH��WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�FXUUHQW�

DUH�DOO�HTXDO��DQG�WKH�WRWDO�LPSHGDQFH�LV�WKH�VHULHV�FRPELQDWLRQ�RI�ܼଵ��ܼଶ��ܼ��DQG�͵ ܼ��7KLV�PDNHV�VHQVH�

SK\VLFDOO\�EHFDXVH�WKH�LPSHGDQFH� ܼ DSSHDUV�LQ�WKH�SDWK�WR�JURXQG��KHQFH�WKH�]HUR�VHTXHQFH�FRPSRQHQWV�

RI�FXUUHQW�FDQ�IORZ�WKURXJK�LW��DQG�WKH�]HUR�VHTXHQFH�FRPSRQHQWV�RI�FXUUHQW�IURP�DOO�WKUHH�SKDVHV�ZLOO�IORZ�

WKURXJK�WKH�VDPH�LPSHGDQFH� ܼ��7KHUHIRUH��WKH�IDXOW�LPSHGDQFH�PXVW�EH�FRQQHFWHG LQ�VHULHV�ZLWK�WKH�]HUR�

VHTXHQFH�QHWZRUN�DW�WKH�IDXOW�SRLQW�ܲ LQ�RUGHU�IRU�WKH�]HUR�VHTXHQFH�FXUUHQW�WR�IORZ�WKURXJK�LW��DV�VKRZQ�

RQ�SDJH��� LQ�)LJXUH������E���7KH�VL]H�RI�WKH�IDXOW�LPSHGDQFH�LQ�WKH�VHTXHQFH�GLDJUDP�RI�)LJXUH������E��

PXVW�EH�͵ ܼ WR�DFFRXQW�IRU�WKH�IDFW�WKDW�WKH�]HUR�VHTXHQFH�FXUUHQWV�IURP�DOO�WKUHH�SKDVHV�IORZ�WKURXJK�LW�

DQG�WKH�FXUUHQW�LV�LGHQWLFDO�LQ�HDFK�SKDVH��



��

$� OLQH�WR�OLQH� IDXOW� WKURXJK� DQ� LPSHGDQFH� ܼ LV� VKRZQ� RQ� SDJH �� LQ� )LJXUH� �����F��� 7KH� IROORZLQJ�

UHODWLRQVKLSV�H[LVW�DW�WKH�IDXOW

܄ ൌ ܄ െ ۷ ܼ

۷ ൌ Ͳ
۷ ൌ െ۷

ቑ OLQH�WR�OLQH�IDXOW �������

6XEVWLWXWLQJ܄� ൌ ܄ െ ۷ ܼ LQWR�(TXDWLRQV��������WR��������\LHOGV�

܄ ൌ
ଵ

ଷ
ሾ܄  ܄  ሺ܄ െ ۷ ܼሻሿ

ଵ܄ ൌ
ଵ

ଷ
ሾ܄  ܄ܽ  ܽଶሺ܄ െ ۷ ܼሻሿ

ଶ܄ ൌ
ଵ

ଷ
ሾ܄  ܽଶ܄  ܽሺ܄ െ ۷ ܼሻሿ

�������

�������

�������

)URP�(TXDWLRQV��������DQG��������

ଶ܄ ൌ ଵ܄ 
ଵ

ଷ
ሺܽଶ െ ܽሻ۷ ܼ �������

6XEVWLWXWLQJ�(TXDWLRQ��������LQWR�(TXDWLRQ��������\LHOGV

ଶ܄ ൌ ଵ܄ 
ଵ

ଷ
ሺܽଶ െ ܽሻሺܽଶ۷ଵ  ܽ۷ଶ  ۷ሻ ܼ �������

7KH�V\PPHWULFDO�FRPSRQHQWV�RI�FXUUHQW�LQ� WKH�IDXOW�DUH�JLYHQ�LQ�WHUPV�RI�WKH�FXUUHQWV�LQ�HDFK�SKDVH�E\�

(TXDWLRQV��������WR���������6XEVWLWXWLQJ�۷ ൌ Ͳ DQG�۷ ൌ െ۷ LQWR�(TXDWLRQV��������WR��������\LHOGV�

۷ ൌ
ଵ

ଷ
ሺͲ െ ۷  ۷ሻ

۷ଵ ൌ
ଵ

ଷ
ሾͲ െ ܽ۷  ܽଶ۷ሿ

۷ଶ ൌ
ଵ

ଷ
ሾͲ െ ܽଶ۷  ܽ۷ሿ

�������

�������

�������

)URP�(TXDWLRQV��������WR���������LW�FDQ�UHDGLO\�EH�VHHQ�WKDW�۷ ൌ Ͳ DQG�۷ଶ ൌ െ۷ଵ��6XEVWLWXWLQJ�۷ ൌ Ͳ

DQG�۷ଶ ൌ െ۷ଵ LQWR�(TXDWLRQ��������\LHOGV
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ଶ܄ ൌ ଵ܄ 
ଵ

ଷ
ሺܽଶ െ ܽሻሺܽଶ۷ଵ െ ܽ۷ଵሻ ܼ

ൌ ଵ܄ 
ଵ

ଷ
ሺܽଶ െ ܽሻଶ۷ଵܼ

ൌ ଵ܄ 
ଵ

ଷ
ሺെ݆ξ͵ሻଶ۷ଵܼ

ൌ ଵ܄ െ ۷ଵܼ �������

6XEVWLWXWLQJ܄�ଶ ൌ ଵ܄ െ ۷ଵܼ��۷ ൌ Ͳ��DQG�۷ଶ ൌ െ۷ଵ LQWR�(TXDWLRQV��������WR��������DQG�UHSODFLQJ�۳ଵ

ZLWK�WKH�SUHIDXOW�YROWDJH܄� \LHOGV

ଵ܄ ൌ ܄ െ ۷ଵܼଵ

ଵ܄ ൌ ۷ଵܼଶ  ۷ଵܼ

܄ ൌ െ۷ܼ ൌ Ͳ

�������

�������

�������

)URP�(TXDWLRQV��������DQG���������LW�FDQ�EH�REVHUYHG�WKDW�

۷ଵܼଶ  ۷ଵܼ ൌ ܄ െ ۷ଵܼଵ �������

۷ଵ ൌ
܄

ܼଵ  ܼଶ  ܼ
�������

)RU�D�OLQH�WR�OLQH�IDXOW�WKURXJK�DQ�LPSHGDQFH��WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�LV�WKH�QHJDWLYH�RI�WKH�QHJDWLYH�

VHTXHQFH�FXUUHQW��DQG�WKH�]HUR�VHTXHQFH�FXUUHQW�LV�]HUR��,Q�DGGLWLRQ��WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�

YROWDJHV�GLIIHU�E\�RQO\�WKH�YROWDJH�GURS�DFURVV�WKH�LPSHGDQFH� ܼ �L�H܄���ଵ െ ଶ܄ ൌ ۷ଵܼ���7KHUHIRUH��WKH�

LPSHGDQFH� ܼ PXVW�EH�LQVHUWHG�EHWZHHQ�WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV�DW�WKH�IDXOW�SRLQW�ܲ

VXFK�WKDW�WKH�FRUUHVSRQGLQJ�YROWDJHV�GLIIHU�E\�RQO\�WKH�YROWDJH�GURS�DFURVV�WKH�LPSHGDQFH� ܼ��DV�VKRZQ�

RQ�SDJH��� LQ�)LJXUH������F��



��

)LJXUH������ &RQQHFWLRQ�GLDJUDPV�IRU�YDULRXV�IDXOWV�WKURXJK�DQ�LPSHGDQFH�RQ�D�SRZHU�V\VWHP���D��6\PPHWULFDO�WKUHH�

SKDVH�IDXOW���E��6LQJOH�OLQH�WR�JURXQG�IDXOW���F��/LQH�WR�OLQH�IDXOW���G��'RXEOH�OLQH�WR�JURXQG�IDXOW�>�@�

$�GRXEOH� OLQH�WR�JURXQG�IDXOW� WKURXJK�DQ� LPSHGDQFH� ܼ LV�VKRZQ�DERYH LQ�)LJXUH������G���7KH�IROORZLQJ�

UHODWLRQVKLSV�H[LVW�DW�WKH�IDXOW

܄ ൌ ሺ۷  ۷ሻ ܼ

܄ ൌ ܄
۷ ൌ Ͳ

ቑ GRXEOH�OLQH�WR�JURXQG�IDXOW �������

6XEVWLWXWLQJ܄� ൌ ܄ LQWR�(TXDWLRQV��������WR��������\LHOGV�

܄ ൌ
ଵ

ଷ
ሺ܄  ܄  ሻ܄ ൌ

ଵ

ଷ
ሺ܄  ሻ܄ʹ

ଵ܄ ൌ
ଵ
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7KHUHIRUH�� ଵ܄ ൌ ଶ܄ ൌ ܄ െ ܄ ൌ ܄ െ ሺ۷  ۷ሻ ܼ IRU� WKLV� W\SH� RI� IDXOW�� )XUWKHUPRUH�� WKH� IDXOW�

FXUUHQWV�IORZLQJ�RXW�WKURXJK�SKDVHV�ܾ DQG�ܿ PXVW�UHWXUQ�WKURXJK�WKH�QHXWUDO��ZKLFK�OHDGV�WR

۷ே ൌ ۷  ۷ �������

)URP� (TXDWLRQV� ������� DQG� ��������� ଵ܄ ൌ ଶ܄ ൌ ܄ െ ۷ேܼ ൌ ܄ െ ͵۷ܼ IRU� WKLV� W\SH� RI� IDXOW��

6XEVWLWXWLQJ�(TXDWLRQV�����������������DQG��������LQWR�(TXDWLRQ���������\LHOGV�
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͵۷ ൌ ሺܽଶ۷ଵ  ܽ۷ଶ  ۷ሻ  ሺܽ۷ଵ  ܽଶ۷ଶ  ۷ሻ

۷ ൌ ሺܽଶ  ܽሻ۷ଵ  ሺܽଶ  ܽሻ۷ଶ
۷ ൌ െ۷ଵ െ ۷ଶ �������

)URP�(TXDWLRQV��������DQG��������XVLQJ�WKH�IDFW�WKDW܄�ଵ ൌ ଶ܄ IRU�WKLV�W\SH�RI�IDXOW�DQG�UHSODFLQJ�۳ଵ ZLWK�

WKH�SUHIDXOW�YROWDJH܄��

܄ െ ۷ଵܼଵ ൌ െ۷ଶܼଶ

۷ଶ ൌ
۷ଵܼଵ െ ܄

ܼଶ

��������

)URP�(TXDWLRQV��������DQG��������XVLQJ�WKH�IDFW�WKDW܄�ଵ ൌ ܄ െ ͵۷ܼ IRU�WKLV�W\SH�RI�IDXOW�DQG�UHSODFLQJ�

۳ଵ ZLWK�WKH�SUHIDXOW�YROWDJH܄��

܄ െ ۷ଵܼଵ ൌ െ۷ܼ െ ͵۷ܼ

۷ ൌ
۷ଵܼଵ െ ܄

ܼ  ͵ ܼ

��������

6XEVWLWXWLQJ�(TXDWLRQV���������DQG���������LQWR�(TXDWLRQ���������\LHOGV

ͳܼͳܣ۷ െ ݂܄
ܼͲ  ͵ܼ݂

ൌ െ۷ܣͳ െ
ͳܼͳܣ۷ െ ݂܄

ܼʹ

ͳܣ۷ ൌ
݂܄

ܼͳ 
ܼʹሺܼͲ  ͵ܼ݂ሻ
ܼʹ  ܼͲ  ͵ܼ݂

��������

)RU� D� GRXEOH� OLQH�WR�JURXQG� IDXOW� WKURXJK� DQ� LPSHGDQFH�� ଵ܄ ൌ ଶ܄ ൌ ܄ െ ͵۷ܼ�� DQG� WKH� WRWDO�

LPSHGDQFH�LV�WKH�VXP�RI�ܼଵ SOXV�WKH�SDUDOOHO�FRPELQDWLRQ�RI�ܼଶ DQG�ܼ  ͵ ܼ��7KLV�PDNHV�VHQVH�SK\VLFDOO\�

EHFDXVH�WKH�LPSHGDQFH� ܼ DSSHDUV�LQ�WKH�SDWK�WR�JURXQG��KHQFH�WKH�]HUR�VHTXHQFH�FRPSRQHQWV�RI�FXUUHQW�

FDQ�IORZ�WKURXJK�LW��DQG�WKH�]HUR�VHTXHQFH�FRPSRQHQWV�RI�FXUUHQW�IURP�DOO�WKUHH�SKDVHV�ZLOO�IORZ�WKURXJK�

WKH� VDPH� LPSHGDQFH� ܼ�� 7KHUHIRUH�� WKH� IDXOW� LPSHGDQFH� PXVW� EH� FRQQHFWHG� LQ� VHULHV� ZLWK� WKH� ]HUR�

VHTXHQFH�QHWZRUN�DW�WKH�IDXOW�SRLQW�ܲ LQ�RUGHU�IRU�WKH�]HUR�VHTXHQFH�FXUUHQW�WR�IORZ�WKURXJK�LW��DV�VKRZQ�

RQ�WKH�QH[W�SDJH LQ�)LJXUH������G���7KH�VL]H�RI� WKH�IDXOW� LPSHGDQFH� LQ�WKH�VHTXHQFH�GLDJUDP�RI�)LJXUH�

�����G��PXVW�EH�͵ ܼ WR�DFFRXQW� IRU� WKH� IDFW� WKDW� WKH�]HUR�VHTXHQFH�FXUUHQWV� IURP�DOO� WKUHH�SKDVHV� IORZ�

WKURXJK�LW�DQG�WKH�FXUUHQW�LV�LGHQWLFDO�LQ�HDFK�SKDVH�



��

)LJXUH������ &RQQHFWLRQV�RI�VHTXHQFH�QHWZRUNV� WR�VLPXODWH� IDXOWV� WKURXJK�DQ� LPSHGDQFH�RQ�D�SRZHU� V\VWHP�� �D��

6\PPHWULFDO�WKUHH�SKDVH�IDXOW���E��6LQJOH�OLQH�WR�JURXQG�IDXOW���F��/LQH�WR�OLQH�IDXOW���G��'RXEOH�OLQH�WR�JURXQG�IDXOW�>�@�



��

���� &KDSWHU�6XPPDU\

8QEDODQFHG�WKUHH�SKDVH�YROWDJHV�DQG�FXUUHQWV�FDQ�EH�UHVROYHG�LQWR�WKHLU�V\PPHWULFDO�FRPSRQHQWV��7KHUH�

DUH�WKUHH�VHWV�RI�V\PPHWULFDO�FRPSRQHQWV��D�SRVLWLYH�VHTXHQFH��ܾܽܿ��VHW��D�QHJDWLYH�VHTXHQFH��ܾܽܿ��VHW��

DQG� D� ]HUR�VHTXHQFH� �LQ� SKDVH�� VHW�� 3RVLWLYH�VHTXHQFH� FRPSRQHQWV� SHDN� LQ� SKDVH� RUGHU� ܾܽܿ�� ZKLOH�

QHJDWLYH�VHTXHQFH�FRPSRQHQWV�SHDN�LQ�SKDVH�RUGHU�ܾܽܿ��DQG�]HUR�VHTXHQFH�FRPSRQHQWV�DOO�SHDN�DW�WKH�

VDPH� WLPH�� 3UREOHPV� DUH� VROYHG� ZLWK� V\PPHWULFDO� FRPSRQHQWV� E\� WUHDWLQJ� HDFK� VHW� RI� V\PPHWULFDO�

FRPSRQHQWV�VHSDUDWHO\�DQG�VXSHULPSRVLQJ�WKH�UHVXOWV�

&XUUHQWV�RI�D�JLYHQ�VHTXHQFH�SURGXFH�YROWDJHV�RI�WKDW�VHTXHQFH�RQO\��VR�LW�LV�SRVVLEOH�WR�FUHDWH�VHSDUDWH�

SRVLWLYH��� QHJDWLYH��� DQG� ]HUR�VHTXHQFH�SHU�XQLW� HTXLYDOHQW� FLUFXLWV� �FDOOHG� VHTXHQFH�QHWZRUNV��� DQG� WR�

VROYH�IRU�WKH�YROWDJH�DQG�FXUUHQW�UHODWLRQVKLSV�LQ�HDFK�RQH�VHSDUDWHO\�

7KH�SRVLWLYH�VHTXHQFH�QHWZRUN�DORQH� LV� VXIILFLHQW� WR� VROYH�SUREOHPV� LQYROYLQJ�V\PPHWULFDO� WKUHH�SKDVH�

IDXOWV��EHFDXVH�WKRVH�SRZHU�V\VWHPV�DUH�EDODQFHG��,I�WKH�SRZHU�V\VWHP�EHFRPHV�XQEDODQFHG�IRU�VRPH�

UHDVRQ��VXFK�DV�D�VLQJOH�OLQH�WR�JURXQG�IDXOW���WKHQ�DOO�WKH�SKDVH�VHTXHQFHV�DUH�QHHGHG�

7KH� IDXOW� FXUUHQWV� LQ� D� VLQJOH� OLQH�WR�JURXQG� IDXOW� FDQ� EH� FDOFXODWHG� E\� FRQQHFWLQJ� WKH� WKUHH� VHTXHQFH�

QHWZRUNV�LQ�VHULHV�VR�WKDW�۷ଵ ൌ ۷ଶ ൌ ۷��7KHQ��WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�۷ଵ LQ�WKH IDXOW�EHFRPHV

۷ଵ ൌ
܄

ܼ  ܼଵ  ܼଶ
�������

ZKHUH܄� LV�WKH�SUHIDXOW�YROWDJH�RQ�WKH�EXV�ZKHUH�WKH�IDXOW�RFFXUV��DQG�ܼଵ��ܼଶ��DQG�ܼ DUH�WKH�7KHYHQLQ�

HTXLYDOHQW�LPSHGDQFHV�RI�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV��UHVSHFWLYHO\��DW�WKH�SRLQW�

RI�WKH�IDXOW�

7KH�IDXOW�FXUUHQWV�LQ�D�OLQH�WR�OLQH�IDXOW�FDQ�EH�FDOFXODWHG�E\�FRQQHFWLQJ�WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�

QHWZRUNV�LQ�SDUDOOHO�VR�WKDW܄�ଵ ൌ ଶ܄ DQG�۷ଵ ൌ െ۷ଶ��7KHQ��WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�۷ଵ LQ�WKH�IDXOW�

EHFRPHV

۷ଵ ൌ
܄

ܼଵ  ܼଶ
�������



��

ZKHUH܄� LV� WKH� SUHIDXOW� YROWDJH� RQ� WKH� EXV� ZKHUH� WKH� IDXOW� RFFXUV�� DQG� ܼଵ DQG�ܼଶ DUH� WKH� 7KHYHQLQ�

HTXLYDOHQW�LPSHGDQFHV�RI�WKH�SRVLWLYH� DQG�QHJDWLYH�VHTXHQFH�QHWZRUNV��UHVSHFWLYHO\��DW�WKH�SRLQW�RI�WKH�

IDXOW�

7KH�IDXOW�FXUUHQWV�LQ�D�GRXEOH�OLQH�WR�JURXQG�IDXOW�FDQ�EH�FDOFXODWHG�E\�FRQQHFWLQJ�WKH�SRVLWLYH���QHJDWLYH���

DQG�]HUR�VHTXHQFH�QHWZRUNV�LQ�SDUDOOHO�VR�WKDW܄�ଵ ൌ ଶ܄ ൌ ܄ DQG�۷ଵ ൌ െ۷ଶ െ ۷��7KHQ��WKH�SRVLWLYH�

VHTXHQFH�FXUUHQW�۷ଵ LQ�WKH�IDXOW�EHFRPHV

۷ଵ ൌ
܄

ܼଵ 
ܼଶܼ
ܼଶ  ܼ

��������

ZKHUH܄� LV�WKH�SUHIDXOW�YROWDJH�RQ�WKH�EXV�ZKHUH�WKH�IDXOW�RFFXUV��DQG�ܼଵ��ܼଶ��DQG�ܼ DUH�WKH�7KHYHQLQ�

HTXLYDOHQW�LPSHGDQFHV�RI�WKH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�QHWZRUNV��UHVSHFWLYHO\��DW�WKH�SRLQW�

RI�WKH�IDXOW�

,Q�DQ\�W\SH�RI�IDXOW��RQFH�WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�۷ଵ LQ�WKH�IDXOW�KDV�EHHQ�FDOFXODWHG��LW�LV�UHODWLYHO\�

VWUDLJKWIRUZDUG�WR�FDOFXODWH�WKH�QHJDWLYH� DQG�]HUR�VHTXHQFH�FXUUHQWV�۷ଶ DQG�۷��UHVSHFWLYHO\��IURP�WKH�

VSHFLDO�UHODWLRQVKLSV�WKDW�DSSO\�WR�WKH�SDUWLFXODU�W\SH�RI�IDXOW��7KHQ�WKH�DFWXDO�IDXOWV�FXUUHQWV�LQ�HDFK�SKDVH�

FDQ�EH�FDOFXODWHG�IURP�WKH�HTXDWLRQV�

۷ ൌ ۷ଵ  ۷ଶ  ۷

۷ ൌ ܽଶ۷ଵ  ܽ۷ଶ  ۷

۷ ൌ ܽ۷ଵ  ܽଶ۷ଶ  ۷

�������

�������

�������

,W�LV�SRVVLEOH�WR�FUHDWH�VHSDUDWH�SRVLWLYH���QHJDWLYH���DQG�]HUR�VHTXHQFH�EXV�DGPLWWDQFH�PDWULFHV܇�ୠ୳ୱ DQG�

EXV�LPSHGDQFH�PDWULFHV܈�ୠ୳ୱ IRU�D�SRZHU�V\VWHP��6LQFH�WKH�RQ�GLDJRQDO�WHUPV�RI�WKH�EXV�LPSHGDQFH�PDWUL[�

ܼ FRQWDLQV�WKH�7KHYHQLQ�HTXLYDOHQW�LPSHGDQFH�RI�WKH�SRZHU�V\VWHP�DW�WKDW�SRLQW��WKHVH�WHUPV�FDQ�EH�XVHG�

LQ�WKH�HTXDWLRQV�IRU�WKH�SRVLWLYH�VHTXHQFH�FXUUHQW�۷ଵ WR�FDOFXODWH�WKH�IDXOW�FXUUHQWV�WKDW�ZRXOG�IORZ�DW�HDFK�

EXV�LQ�WKH�SRZHU�V\VWHP�IRU�HDFK�W\SH�RI IDXOW�



��

&KDSWHU� �� ± 3RZHU� 6\VWHP� 0RGHOLQJ� DQG� )DXOW� $QDO\VLV� RI� &RQYHUWHU�%DVHG�

'LVWULEXWHG�(QHUJ\�5HVRXUFHV

��� ,QWURGXFWLRQ

(OHFWULF�SRZHU�V\VWHPV�KDYH�XVHG�DQG�ZLOO�FRQWLQXH�WR�XVH�V\QFKURQRXV�PDFKLQHV LQ�WKH�IRUHVHHDEOH�IXWXUH

IRU�WKH�JHQHUDWLRQ�RI HOHFWULFLW\� +RZHYHU��ZLWK�HPHUJLQJ�FRQFHUQV�RYHU�FOLPDWH�FKDQJH�DQG�WKH�QHHG�IRU�

UHGXFHG�JUHHQKRXVH�JDV�HPLVVLRQV��WRJHWKHU�ZLWK�WKH�JURZLQJ�DZDUHQHVV�RI�WKH�LPSRUWDQFH�RI�WKH�QDWXUDO�

HQYLURQPHQW�DQG�WKH�GHSOHWLRQ�RI�WKH�HDUWK¶V�QRQ�UHQHZDEOH�HQHUJ\�UHVRXUFHV��WKH�JHQHUDWLRQ�RI�HOHFWULFLW\�

IURP�GLVWULEXWHG�UHQHZDEOH�HQHUJ\�UHVRXUFHV�VXFK�DV�VRODU�SKRWRYROWDLF��39��DQG�ZLQG�HQHUJ\�KDV�EHJXQ�

WR�H[SDQG�DW�D�UDSLG�SDFH��*HQHUDOO\��VXFK�JHQHUDWLRQ�V\VWHPV�HLWKHU�JHQHUDWH�GF�RU�XVH�DV\QFKURQRXV�

PDFKLQHV� WKDW� JHQHUDWH� LQFRPSDWLEOH� IUHTXHQFLHV��DQG� WKHUHIRUH�PXVW�EH� LQWHUIDFHG� WR� WKH� WKUHH�SKDVH�

SRZHU� V\VWHP� WKURXJK� D� SRZHU� HOHFWURQLFV� FRQYHUWHU�� 7KH� FRPELQDWLRQ� RI� V\QFKURQRXV� DQG� FRQYHUWHU�

LVRODWHG�HOHFWULFDO�JHQHUDWLRQ�V\VWHPV�LV�H[SHFWHG�WR�FKDQJH�WKH�EHKDYLRXU RI�WKUHH�SKDVH�SRZHU�V\VWHPV�

IROORZLQJ�GLVWXUEDQFHV�VXFK�DV�WKH�RFFXUUHQFH�RI�D�IDXOW�RQ�WKH�SRZHU�V\VWHP��3UROLIHUDWLRQ�RI�FRQYHUWHU�

EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�LQ GLVWULEXWLRQ�V\VWHPV�KDV�LQWURGXFHG�QHZ�FKDOOHQJHV�LQ�GHWHUPLQLQJ�

WKH� PD[LPXP� SRVVLEOH� IDXOW� FXUUHQWV� WKDW� D� SRZHU� V\VWHP� PXVW� EH� DEOH� WR� ZLWKVWDQG� ZLWKRXW� EHLQJ�

FRPSURPLVHG��$V�SDUW� RI�D�FRQQHFWLRQ� LPSDFW�DVVHVVPHQW� IRU�D�QHZ�JHQHUDWLRQ� IDFLOLW\��XWLOLWLHV� UHTXLUH�

GHWDLOHG�LQIRUPDWLRQ�RQ�IDXOW�FKDUDFWHULVWLFV�RI�WKH�JHQHUDWLRQ�VRXUFHV��$OWKRXJK�,(((�6WG�����������>��@�

SURYLGHV� UHTXLUHPHQWV� UHOHYDQW� WR� WKH� LQWHUFRQQHFWLRQ� DQG� LQWHURSHUDELOLW\� EHWZHHQ�SRZHU� V\VWHPV�DQG�

GLVWULEXWHG�HQHUJ\� UHVRXUFHV�� WKHUH� LV� VWLOO� OLPLWHG�NQRZOHGJH�RU� FRQWUDGLFWRU\� FRQFOXVLRQV� UHJDUGLQJ� WKH�

EHKDYLRXU� RI� FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\� UHVRXUFHV� �H�J��� VRODU� 39� DQG� ZLQG� SRZHU� JHQHUDWLRQ�

VWDWLRQV��GXULQJ�IDXOWV�RQ�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHPV��:LWKRXW�DFFXUDWH�GDWD�DQG�GHWDLOV�RI�WKH�IDXOW�

FXUUHQW�FRQWULEXWLRQV�IURP�VHULHV�FRQYHUWHU�FRQQHFWHG�VRODU�39�DQG�ZLQG�JHQHUDWRUV��LW�LV�QRW�SRVVLEOH�WR�

DVVHVV� WKH� ULVN�RI�FRQQHFWLQJ� WKHP�DQG�KHQFH�GHWHUPLQLQJ� WKH�VWUDWHJ\�DQG�VHWWLQJV�RI� WKH�RYHUFXUUHQW�

SURWHFWLYH�GHYLFHV�WKDW�SURWHFW�WKH�SRZHU�V\VWHP��7KHUHIRUH��LW�LV�LPSHUDWLYH�WR�GHYHORS�WKH�PDWKHPDWLFDO�

DQG� VRIWZDUH� VLPXODWLRQ� PRGHOV� WKDW� DSSUR[LPDWH� WKH� UHVSRQVH� RI� FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\�

UHVRXUFHV�GXULQJ�D�IDXOW�RQ�WKH�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP�LQ�RUGHU�WR�GHWHUPLQH�WKH�IDXOW�FXUUHQW�

FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�

LPSDFW� DVVHVVPHQWV�� $� VLQJOH� OLQH� GLDJUDP� RI� D� ZLQG� WXUELQH� JHQHUDWRU� WRJHWKHU� ZLWK� IO\ZKHHO� HQHUJ\�

VWRUDJH�LQWHUIDFHG�WR�WKH�WKUHH�SKDVH�SRZHU�V\VWHP�WKURXJK�D�SRZHU�HOHFWURQLFV�FRQYHUWHU�LV�VKRZQ�RQ�WKH�

QH[W�SDJH LQ�)LJXUH�����D���IROORZHG�E\�D�VLQJOH�OLQH�GLDJUDP�RI�D�PLFURJULG�WRSRORJ\�ZLWK�VRODU�39�DQG�ZLQG�

SRZHU�JHQHUDWLRQ�RSWLRQV�WRJHWKHU�ZLWK�EDWWHU\�EDQN�DQG�VXSHUFDSDFLWRU�VWRUDJH�RSWLRQV�LQWHUIDFHG�WR�WKH�

WKUHH�SKDVH�SRZHU�V\VWHP�WKURXJK�D�SRZHU�HOHFWURQLFV�FRQYHUWHU�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH�����E���



��

)LJXUH� ���� �D�� 6HULHV� FRQYHUWHU�FRQQHFWHG� ZLQG� WXUELQH� JHQHUDWRU� WRJHWKHU� ZLWK� IO\ZKHHO� HQHUJ\� VWRUDJH� >�@�� �E��

0LFURJULG�WRSRORJ\�ZLWK�VHULHV�FRQYHUWHU�FRQQHFWHG�VRODU�39�DQG�ZLQG�SRZHU�JHQHUDWLRQ�RSWLRQV�WRJHWKHU�ZLWK�EDWWHU\�

EDQN�DQG VXSHUFDSDFLWRU�VWRUDJH�RSWLRQV�>��@�



��

��� 3UREOHP�6WDWHPHQW�

$OWKRXJK� ,(((� 6WG� ���������� >��@� SURYLGHV� UHTXLUHPHQWV� UHOHYDQW� WR� WKH� LQWHUFRQQHFWLRQ� DQG�

LQWHURSHUDELOLW\�EHWZHHQ�SRZHU�V\VWHPV�DQG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV��WKHUH�LV�VWLOO�OLPLWHG�NQRZOHGJH�

RU� FRQWUDGLFWRU\� FRQFOXVLRQV� UHJDUGLQJ� WKH� EHKDYLRXU� RI� FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\� UHVRXUFHV�

GXULQJ� IDXOWV� RQ� WUDQVPLVVLRQ� RU� GLVWULEXWLRQ� V\VWHPV�� )XOO�VFDOH� VWDWLF� FRQYHUWHUV� HIIHFWLYHO\� LVRODWH� WKH�

HOHFWULFDO�JHQHUDWRU�DQG� LWV�VSHFLILF�HOHFWULFDO� SHUIRUPDQFH�FKDUDFWHULVWLFV� IURP� WKH�SRZHU�V\VWHP� LQ� WKH�

HYHQW�RI�D�IDXOW�RQ�WKH�KRVW�V\VWHP�>�@��0DQ\�PRGHUQ�VWDWLF� LQYHUWHUV�WHQG�WR�XVH� LQVXODWHG�JDWH�ELSRODU�

WUDQVLVWRU��,*%7��VZLWFKHV��7KH�SHUIRUPDQFH�RI�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRUV�GXULQJ�D�IDXOW�RQ�WKH�

FRQYHUWHU� RXWSXW� WHUPLQDOV� RU� HOVHZKHUH�RQ� WKH�SRZHU� V\VWHP� LV�GLFWDWHG� E\� WKH�FRQWURO� VWUDWHJ\� RI� WKH�

LQYHUWHU��%HIRUH�D�IDXOW�RFFXUV��WKH�LQYHUWHU�RXWSXW�FXUUHQW�LV�FRQWUROOHG�ERWK�LQ�PDJQLWXGH�DQG�SKDVH��7KH�

SKDVH�LV�W\SLFDOO\�VHW�ZLWKLQ�PLQLPXP�DQG�PD[LPXP�OLPLWV�ZLWK�UHVSHFW�WR�WKH�]HUR�FURVVLQJ�RI�WKH�RXWSXW�

YROWDJH� WR� HQVXUH� WKDW� WKH� LQYHUWHU� UHDFWLYH� SRZHU� RXWSXW� LV� NHSW� ZLWKLQ� FRUUHVSRQGLQJ� PLQLPXP� DQG�

PD[LPXP�OLPLWV��:KHQ�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�RFFXUV�RQ�WKH�SRZHU�V\VWHP��WKH�LQYHUWHU¶V�LQKHUHQW�

FRQVWDQW�FXUUHQW�FRQWURO�VWUDWHJ\�FDQ�HQVXUH�WKDW�WKH�LQYHUWHU�FRQWLQXHV�WR�VXSSO\�WKH�VDPH�FXUUHQW�DV�WKDW�

VXSSOLHG�LQ�WKH�SRZHU�IUHTXHQF\�F\FOH�MXVW�EHIRUH�WKH�RFFXUUHQFH�RI�WKH�IDXOW��7KH�PDJQLWXGH�RI�WKH�LQYHUWHU�

IDXOW�FXUUHQW�FRQWULEXWLRQ�GXH�WR�WKH�LQKHUHQW�FRQVWDQW�FXUUHQW�FRQWURO�VWUDWHJ\�LQ�WKH�HYHQW�RI�D�V\PPHWULFDO�

WKUHH�SKDVH�IDXOW�DW�EXV�݅ FDQ�EH�LOOXVWUDWHG�DV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH�����



��

)LJXUH����� 0RGHOOLQJ�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�RI�D�VHULHV�FRQYHUWHU�FRQQHFWHG�ZLQG�WXUELQH�JHQHUDWRU���D��,QLWLDO�

SUHIDXOW�FRQGLWLRQ���E��)DXOW�FRQGLWLRQ��DQG��F��9HFWRU�GLDJUDP�XQGHU�IDXOW�FRQGLWLRQV�>�@�



��

��� 6ROXWLRQ�0HWKRG

����� )DXOW�$QDO\VLV�RI�&RQYHUWHU�%DVHG�'LVWULEXWHG�(QHUJ\�5HVRXUFHV�IRU�$&�6LGH�%ROWHG�)DXOWV

)LJXUH�����D��RQ�WKH�SUHYLRXV�SDJH�VKRZV�D�VHULHV�FRQYHUWHU�FRQQHFWHG�ZLQG�WXUELQH�JHQHUDWRU��ZKLFK�PD\�

EH�LQGXFWLRQ�RU�V\QFKURQRXV��ZLWK�WKH�JULG�VLGH�LQYHUWHU�FRQQHFWHG�WKURXJK�D�WUDQVIRUPHU�WR�D�GLVWULEXWLRQ�

V\VWHP�YROWDJH�OHYHO��W\SLFDOO\�HLWKHU�����N9�RU�����N9�LQ�2QWDULR���7KLV�LV�WKHQ�FRQQHFWHG�WR�D�KLJKHU�YROWDJH�

JULG�V\VWHP�WKURXJK�DQRWKHU�WUDQVIRUPHU��7KH�ODUJHVW�SUHIDXOW�LQYHUWHU�FXUUHQW�LV�WKDW�VXSSOLHG�DW�UDWHG�SRZHU�

DQG�UHDFWLYH�SRZHU�RXWSXW�RI�WKH�LQYHUWHU��$VVXPH�WKDW�DW�EXV�݅ WKH�LQYHUWHU�UDWHG�SRZHU�RXWSXW�LV�ܲ��UDWHG�

ODJJLQJ�UHDFWLYH�SRZHU�RXWSXW�LV�ܳ DQG�WKH�UDWHG�ODJJLQJ�SRZHU�IDFWRU�LV����߶��7KHUHIRUH��WKH�UDWHG�LQYHUWHU�

FXUUHQW�GHOLYHUHG�DW�EXV�݅ MXVW�EHIRUH�WKH�RFFXUUHQFH�RI�WKH�IDXOW�LV�JLYHQ�E\�WKH�HTXDWLRQ

۷ሺ୰ୟ୲ୣୢሻ ൌ
ܲ െ ݆ܳ

܄
כ ൌ ห۷ሺ୰ୟ୲ୣୢሻห݁

ିథ �������

7KH�UHODWLRQVKLS�EHWZHHQ�WKH�YROWDJH܄� DW�EXV�݅ DQG�WKH�JULG�V\VWHP�YROWDJH܄�௦ DW�EXVݏ���QHJOHFWLQJ�WKH�

WUDQVIRUPHU�UHVLVWDQFH�ܴ௧ DV�D�VLPSOLI\LQJ�DVVXPSWLRQ�EHFDXVH�LW�LV�PXFK�VPDOOHU�WKDQ�LWV�UHDFWDQFH�ܺ௧��LV�

JLYHQ�E\�WKH�HTXDWLRQ

௦܄ ൌ ܄ െ ݆ܺ௧۷ሺ୰ୟ୲ୣୢሻ ൌ ȁ܄௦ȁ݁
ିఋ �������

$W�EXVݏ��� WKH�JULG� V\VWHP� LV� UHSUHVHQWHG� E\� LWV�7KHYHQLQ�HTXLYDOHQW� FLUFXLW��6LQFH� WKH�JULG�VLGH� LQYHUWHU�

FRQWLQXHV�WR�VXSSO\�D�FRQVWDQW��EDODQFHG�WKUHH�SKDVH�FXUUHQW�GXULQJ�WKH�IDXOW�DQG�WKH�UHVXOWDQW�YROWDJH�GLS�

DW�LWV�WHUPLQDOV��WKH�LQYHUWHU�DQG�LWV�WUDQVIRUPHU FDQ�EH�UHSUHVHQWHG�DV�D�FRQVWDQW�SRVLWLYH�VHTXHQFH�FXUUHQW�

VRXUFH�DV�VKRZQ�RQ�WKH�SUHYLRXV�SDJH�LQ�)LJXUH�����E���)RU�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�EXV�݅��WKH�

SRVLWLYH�VHTXHQFH�FXUUHQW�VXSSOLHG�WR�WKH�IDXOW�IURP�WKH�KLJK�YROWDJH�JULG�V\VWHP�LV�JLYHQ E\�WKH�HTXDWLRQ

۷௦ ൌ
௦܄

ܼ௦  ܼ௧
ൌ

௦܄

ඥሺܴ௦  ܴ௧ሻ
ଶ  ሺܺ௦  ܺ௧ሻ

ଶ
݁ି ୲ୟ୬

షభሾሺೞାሻȀሺோೞାோሻሿ �������

,Q� SUDFWLFH�� ሺܺ௦  ܺ௧ሻȀሺܴ௦  ܴ௧ሻ ZLOO� EH� GRPLQDWHG� E\� WKH� WUDQVIRUPHU�ܺ௧Ȁܴ௧ UDWLR�� ZKLFK� LV� W\SLFDOO\�

EHWZHHQ����DQG����>�@�EXW�PD\�EH�DV�KLJK�DV����>��@��>��@�GHSHQGLQJ�RQ�WKH�UDWLQJ�RI�WKH�WUDQVIRUPHU�DV�

PHQWLRQHG� HDUOLHU�� $� WUDQVIRUPHU� ܺ௧Ȁܴ௧ UDWLR� RI� ��� DQG� ��� FRUUHVSRQG� WR� LPSHGDQFH� SKDVH� DQJOHV�

���ିଵሺܺ௧Ȁܴ௧ሻ RI�����DQG������UHVSHFWLYHO\��)LJXUH�����F��RQ�WKH�SUHYLRXV�SDJH�VKRZV�WKH�YHFWRU�GLDJUDP�

RI� WKH�DERYH�YROWDJHV�DQG�FXUUHQWV� LQFOXGLQJ�WKH�FXUUHQW�VXSSOLHG�WR�WKH�IDXOW� IURP�WKH�KLJK�YROWDJH�JULG�



��

V\VWHP��7KH�FRPSRQHQW�RI�SRVLWLYH�VHTXHQFH�FXUUHQW�VXSSOLHG WR�WKH�IDXOW�IURP�WKH�LQYHUWHU�WKDW�LV�LQ�SKDVH�

ZLWK�۷௦ LV�JLYHQ�E\�WKH�HTXDWLRQ�

ห۷ሺୱୡሻห ൌ ห۷ሺ୰ୟ୲ୣୢሻห ��� ߚ ൌ ห۷ሺ୰ୟ୲ୣୢሻห ��� ���
ିଵ ൬

ܺ௧
ܴ௧
൰ െ ሺ߶ െ ሻ൨ߜ �������

)RU�H[DPSOH�� IRU�ܺ௧Ȁܴ௧ ൌ ���� RU� ���ିଵሺܺ௧Ȁܴ௧ሻ ൌ ����� UDWHG� LQYHUWHU� ODJJLQJ�SRZHU� IDFWRU�RQ� WKH�KLJK�

YROWDJH�VLGH�RI�LWV�WUDQVIRUPHU�HTXDO�WR������RU�߶ ൌ ���ିଵሺͲǤͻͷሻ ൌ �������DQG�ORDG�DQJOHߜ� ൌ ����LW�FDQ�EH�

REVHUYHG�IURP�(TXDWLRQ�������WKDW

ห۷ሺୱୡሻห ൌ ห۷ሺ୰ୟ୲ୣୢሻห ���ሾͺι െ ሺͳͺǤʹι െ ιሻሿ ൎ ͲǤʹͺห۷ሺ୰ୟ୲ୣୢሻห �������

7KH�WRWDO�IDXOW�FXUUHQW�DW�EXV�݅ LV�VLPSO\�WKH�VXP�RI�WKH�KLJK�YROWDJH�JULG�V\VWHP�DQG�LQYHUWHU�IDXOW�FXUUHQW�

FRQWULEXWLRQV��L�H���۷ǡ ൌ ۷௦  ۷ሺୱୡሻ��

,I�WKH�LQYHUWHU�ZHUH�RSHUDWLQJ�DW�UDWHG�OHDGLQJ�SRZHU�IDFWRU��LW�FDQ�EH�VLPLODUO\�VKRZQ�WKDW

ห۷ሺୱୡሻห ൌ ห۷ሺ୰ୟ୲ୣୢሻห ��� ���
ିଵ ൬

ܺ௧
ܴ௧
൰ െ ሺ߶  ሻ൨ߜ �������

+RZHYHU��LQ�WKLV�FDVH��DOWKRXJK�WKH�FXUUHQW�VXSSOLHG�WR�WKH�IDXOW�IURP�WKH�LQYHUWHU�KDV�D�ODUJHU�PDJQLWXGH��LW�

LV�LQ�DQWL�SKDVH�ZLWK�WKH�GRPLQDWH�FXUUHQW�VXSSOLHG�WR�WKH�IDXOW�IURP�WKH�KLJK�YROWDJH�JULG�V\VWHP�DQG�ZLOO�

WKHUHIRUH�DFW�WR�UHGXFH�WKH�WRWDO�IDXOW�FXUUHQW�DW�EXV�݅��(TXDWLRQ�������VKRZV�WKDW�WKH�LQKHUHQW�LQYHUWHU�IDXOW�

FXUUHQW�FRQWULEXWLRQ�LQ�WKH�HYHQW�RI�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�EXV�݅ LV�D�VPDOO�IUDFWLRQ�RI�WKH�LQYHUWHU�

UDWHG�FXUUHQW�IRU�D�FRQVWDQW�FXUUHQW�FRQWURO�VWUDWHJ\�ZKLFK�HQVXUHV�WKDW�WKH�LQYHUWHU�FRQWLQXHV�WR�VXSSO\�WKH�

VDPH�FXUUHQW��ERWK�LQ�PDJQLWXGH�DQG�SKDVH��GXULQJ�WKH�IDXOW�DV�WKDW�VXSSOLHG�LQ�WKH�SRZHU�IUHTXHQF\�F\FOH�

MXVW�EHIRUH�WKH�RFFXUUHQFH�RI�WKH�IDXOW��L�H���۷ሺ୰ୟ୲ୣୢሻ��

6HULHV� FRQYHUWHU�FRQQHFWHG� JHQHUDWRUV� ZLWK� D� JULG�VLGH� LQYHUWHU� FDQ� SURYLGH� D� FRQWUROOHG� IDXOW� FXUUHQW�

UHVSRQVH� GXULQJ� WKH� HQWLUH� IDXOW� GXUDWLRQ� >�@�� 7KHUHIRUH�� XWLOLWLHV� W\SLFDOO\� UHTXLUH� D� ODUJHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�IURP�VXFK�JHQHUDWRUV�WR�DVVLVW�SRZHU�V\VWHP�SURWHFWLRQ�LQ�WKH�GHWHFWLRQ�RI IDXOW�FXUUHQWV��$V�D�

UHVXOW��PRGHUQ�JULG�VLGH�LQYHUWHU�FRQWUROV�DUH�W\SLFDOO\�GHVLJQHG�WR�VXSSO\�D� ODUJHU�DQG�FRQVWDQW�YDOXH�RI�

WKUHH�SKDVH�IDXOW�FXUUHQW�WKDW�LV�UHODWHG�WR�WKH�UDWHG�FXUUHQW�E\

ห۷ሺୱୡሻห ൌ ห۷ሺ୰ୟ୲ୣୢሻหߙ �������



��

ZKHUHߙ�  ͵ IRU�PRVW�FXUUHQW�LQYHUWHU�GHVLJQV�>�@�� >��@��7KH�LQYHUWHU�FDQ�EH�FRQVLGHUHG�WR�DFW�DV�D�SRVLWLYH�

VHTXHQFH�FRQVWDQW�FXUUHQW�VRXUFH�GXULQJ�WKH�HQWLUH�IDXOW�GXUDWLRQ�DV�JLYHQ�E\�(TXDWLRQ��������,Q�DGGLWLRQ��

WKH�LQYHUWHU�FRQVWDQW�FXUUHQW�FRQWURO�VWUDWHJ\�HQVXUHV�WKDW�WKH�SRVLWLYH�VHTXHQFH�IDXOW�FXUUHQW�VXSSOLHG�GRHV�

QRW�FRQWDLQ�D�GF�FRPSRQHQW�RI�FXUUHQW�>�@��

8QGHU�XQEDODQFHG�IDXOW�FRQGLWLRQV��H�J���VLQJOH� OLQH�WR�JURXQG�IDXOW�� WKH�FRQWURO�V\VWHPV�RI�PRVW�PRGHUQ�

LQYHUWHUV�DUH�GHVLJQHG�WR�FRQWLQXH�WR�VXSSO\�EDODQFHG�WKUHH�SKDVH�FXUUHQWV�LUUHVSHFWLYH�RI�WKH�GHJUHH�RI�

WKHLU� YROWDJH� XQEDODQFH�� 7KHUHIRUH�� XQGHU� XQEDODQFHG� IDXOW� FRQGLWLRQV�� WKH� LQYHUWHU� ZLOO� RQO\� VXSSO\� D�

SRVLWLYH�VHTXHQFH�FXUUHQW�WR�WKH�IDXOW�ZLWK�WKH�QHJDWLYH� DQG�]HUR�VHTXHQFH�FXUUHQWV�EHLQJ�HTXDO�WR�]HUR�

>�@��,Q�RWKHU�ZRUGV��VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRUV�ZLWK�JULG�VLGH�LQYHUWHUV��H�J���VRODU�39�DQG�ZLQG�

WXUELQH�JHQHUDWRUV��WKDW�GHOLYHU�DQ�LQFUHDVHG�FRQVWDQW�FXUUHQW�LQ�UHVSRQVH�WR�WKH�RFFXUUHQFH�RI�D�IDXOW�RQ�

WKH�SRZHU�V\VWHP�FDQ�EH�UHSUHVHQWHG� LQ� LQGXVWU\�EDVHG�IDXOW�VWXGLHV�E\�D�SRVLWLYH�VHTXHQFH�HTXLYDOHQW�

FLUFXLW�FRQVLVWLQJ�RI�D�FRQVWDQW�FXUUHQW�VRXUFH��JLYHQ�E\�(TXDWLRQ��������DQG�QHJDWLYH� DQG�]HUR�VHTXHQFH�

HTXLYDOHQW�FLUFXLWV�FRQVLVWLQJ�RI�LQILQLWH�QHJDWLYH� DQG�]HUR�VHTXHQFH�LPSHGDQFHV��UHVSHFWLYHO\��L�H���RSHQ�

FLUFXLWV�� 7R� RYHUFRPH� WKH� GLIILFXOW\� RI� LQWHJUDWLQJ� D� FRQVWDQW� FXUUHQW� VRXUFH� LQWR� WKH� IUDPHZRUN� RI�

FRQYHQWLRQDO�IDXOW�DQDO\VLV��LW�PXVW�EH�UHSODFHG�E\�D�YROWDJH�VRXUFH�EHKLQG�DQ�LQGXFWLYH�UHDFWDQFH��DV�LQ�

WKH� FDVH� RI� V\QFKURQRXV� JHQHUDWRUV�� XVLQJ� D� 1RUWRQ�7KHYHQLQ� VRXUFH� WUDQVIRUPDWLRQ� VXFK� WKDW� WKH�

FRQYHQWLRQDO�IDXOW�FXUUHQW�FDOFXODWLRQ�WHFKQLTXHV�GHVFULEHG�HDUOLHU�LQ�&KDSWHUV���DQG���PD\�EH�HPSOR\HG��

+RZHYHU��LW�LV�JHQHUDOO\�LQFRUUHFW�WR�DVVXPH�WKDW�D�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�

LQYHUWHU�FDQ�EH�PRGHOHG�E\�DQ�LQWHUQDO�JHQHUDWHG�YROWDJH�۳ EHKLQG�D�SRVLWLYH�VHTXHQFH�LPSHGDQFH�ܼଵ

VXFK�WKDW�ห۷ሺୱୡሻห ൌ ȁ۳ȁȀȁܼଵȁ��7KLV�UHSUHVHQWDWLRQ�ZLOO�SURGXFH�WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�

IRU�RQH�IDXOW�ORFDWLRQ�RQO\��QDPHO\�DW�WKH�LQYHUWHU�WUDQVIRUPHU�RXWSXW�WHUPLQDOV��$W�RWKHU�IDXOW�ORFDWLRQV�RQ�

WKH� SRZHU� V\VWHP�� WKH� VRXUFH� WUDQVIRUPDWLRQ� ZLOO� SURGXFH� D� ORZHU� DQG� LQFRUUHFW� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�WKDQ�WKDW�JLYHQ�E\�(TXDWLRQ��������6LQFH�WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�YDULHV�

ZLWK�WKH�LQYHUWHU�WUDQVIRUPHU�WHUPLQDO�YROWDJH�ZKLFK�LV�D�IXQFWLRQ�RI�WKH�IDXOW�FXUUHQW��WKH�HTXLYDOHQW�SRVLWLYH�

VHTXHQFH�LPSHGDQFH�PXVW�EH�GHWHUPLQHG�E\�DQ�LWHUDWLYH�SURFHVV�WR�REWDLQ�WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�

FRQWULEXWLRQ��DV�ZLOO�EH�VHHQ�LQ�&KDSWHU�����)XUWKHUPRUH��WKH� LQYHUWHU�FRQVWDQW�FXUUHQW�FRQWURO�VWUDWHJ\�LV�

QRUPDOO\�YHU\�IDVW�VR�WKDW�WKH�DF�V\PPHWULFDO�FRPSRQHQW�RI�FXUUHQW�GRHV�QRW�FKDQJH�ZLWK�WLPH�GXULQJ�WKH�

IDXOW��ZKLFK�PHDQV�WKDW�WKH�VXEWUDQVLHQW�DQG�VWHDG\�VWDWH�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQV�DUH�HTXDO�>�@�



��

����� )DXOW�$QDO\VLV�RI�&RQYHUWHU�%DVHG�'LVWULEXWHG�(QHUJ\�5HVRXUFHV�IRU�'&�6LGH�)DXOWV

7KH�GLVFXVVLRQ� WKXV� IDU�KDG�EHHQ� OLPLWHG� WR�PRGHOOLQJ�DQG� IDXOW�DQDO\VLV�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�

HQHUJ\�UHVRXUFHV�LQ�WKH�HYHQW�RI�D�IDXOW�RQ�WKH�KRVW�V\VWHP��7KH�GLVFXVVLRQ�ZLOO�QRZ�EH�H[WHQGHG�WR�LQFOXGH�

PRGHOOLQJ�DQG�IDXOW�DQDO\VLV�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�LQ�WKH�HYHQW�RI�D�IDXOW�RQ�WKH�

GF�VLGH�RI�D�JULG�VLGH�LQYHUWHU��7KH�FDOFXODWLRQ�RI�IDXOW�FXUUHQWV�LQ�GF�V\VWHPV�LV�HVVHQWLDO�IRU�WKH�GHVLJQ�DQG�

DSSOLFDWLRQ�RI�GLVWULEXWLRQ�DQG�SURWHFWLYH�DSSDUDWXVHV�XVHG�LQ�WKHVH�V\VWHPV��$OWKRXJK�GLIIHUHQW�VRXUFHV�RI�

GF� IDXOW�FXUUHQWV�PD\�EH�FRQVLGHUHG�� WKH� IRFXV�RI� WKLV�GLVFXVVLRQ�ZLOO�EH�RQ�EDWWHU\�SRZHU�DSSOLFDWLRQV��

ZKLFK�DUH�FRPPRQO\�XVHG�DV�HQHUJ\�VWRUDJH�V\VWHPV�LQ�FRQMXQFWLRQ�ZLWK�VRODU�39�JHQHUDWLRQ�V\VWHPV��

7KRXJK�WKH�VLPSOLILHG�SURFHGXUHV�IRU�GF�IDXOW�FXUUHQW�FDOFXODWLRQV�DUH�GRFXPHQWHG�LQ�VRPH�SXEOLFDWLRQV��

WKHVH�DUH�QRW�ZHOO�HVWDEOLVKHG�>��@��>��@��7KHUH�LV�QR�$PHULFDQ�1DWLRQDO�6WDQGDUGV�,QVWLWXWH��$16,��,QVWLWXWH�

RI�(OHFWULFDO�DQG�(OHFWURQLFV�(QJLQHHUV��,(((��VWDQGDUG�IRU�WKH�FDOFXODWLRQ�RI�IDXOW�FXUUHQWV�LQ�GF�V\VWHPV��

$�*HQHUDO�(OHFWULF�&RPSDQ\�SXEOLFDWLRQ�>��@�DQG�,(((�6WG�&�����������>��@�SURYLGH�VRPH�JXLGHOLQHV��7KH�

,QWHUQDWLRQDO� (OHFWURWHFKQLFDO� &RPPLVVLRQ� �,(&�� VWDQGDUG� �������� >��@�� SXEOLVKHG� LQ� ������ LV� WKH� RQO\�

FRPSUHKHQVLYH�GRFXPHQW�DYDLODEOH�RQ�WKLV�VXEMHFW��7KLV�VWDQGDUG�DGGUHVVHV�WKH�FDOFXODWLRQ�RI�IDXOW�FXUUHQWV�

LQ�GF�DX[LOLDU\�LQVWDOODWLRQV�LQ�SRZHU�SODQWV�DQG�VXEVWDWLRQV�DQG�GRHV�QRW�LQFOXGH�FDOFXODWLRQV�LQ�RWKHU�ODUJH�

GF� SRZHU� V\VWHPV�� VXFK� DV� HOHFWULFDO� UDLOZD\ WUDFWLRQ� DQG� WUDQVLW� V\VWHPV�� $QDORJRXV� WR� IDXOW� FXUUHQW�

FDOFXODWLRQV� LQ� DF� V\VWHPV�� WKH�PD[LPXP� SRVVLEOH� IDXOW� FXUUHQWV�PXVW� EH� FRQVLGHUHG� IRU� VHOHFWLQJ� WKH�

ZLWKVWDQG�UDWLQJ�RI�DOO�HOHFWULFDO�HTXLSPHQW�DV�WKH\�PXVW�EH�GHVLJQHG�WR�ZLWKVWDQG�WKLV�H[WUHPHO\ KLJK�FXUUHQW�

OHYHO�IRU�D�EULHI�SHULRG�ZLWKRXW�GDPDJH� 7R�GHWHUPLQH�WKH�PD[LPXP�SRVVLEOH�IDXOW�FXUUHQWV�WKDW�D�GF�V\VWHP�

PXVW�EH�DEOH�WR�ZLWKVWDQG�ZLWKRXW�EHLQJ�GHVWUR\HG��LW�LV�DVVXPHG�WKDW�WKH�EDWWHU\�LV�IXOO\�FKDUJHG�DQG�WKH�

IDXOW�FXUUHQW�FRQWULEXWLRQ�RI�WKH�FRQYHUWHU�LV�OLPLWHG�WR�D�SUH�VHW�PD[LPXP�YDOXH�GXH�WR�WKH�FXUUHQW�FRQWURO�

FDSDELOLW\� RI�PRGHUQ�FRQYHUWHU� FRQWURO� V\VWHPV��ZKLFK� UHPRYH� WKH� ILULQJ�SXOVHV� WR� WKH� ,*%7V�ZKHQ� WKH�

FXUUHQW�H[FHHGV�D�SDUWLFXODU�WKUHVKROG�LQ�RUGHU�WR�SUHVHUYH�WKH�HOHFWURQLF FRPSRQHQWV�>�@��>��@��>��@��>��@��

1RWH�WKDW�WKH�DF�V\VWHP�FRQWULEXWHV�WR�D�GF�IDXOW�FXUUHQW�RQO\�ZKHQ�WKH�FRQYHUWHU�RSHUDWHV�LQ�UHFWLILHU�PRGH��

DQG�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�RQO\�EHFRPHV�VLJQLILFDQW�ZKHQ�WKH�UHFWLILHU�LV�HLWKHU�ZLWKRXW�JULG�FRQWURO�

�VXFK�FRQYHUWHUV�KDYH�EHFRPH�REVROHWH��RU�WKH�FRQWUROV�IRU�OLPLWLQJ�WKH�UHFWLILHU�FXUUHQW�DUH�QRW�HIIHFWLYH��

7KHUHIRUH�� LQ� WKH�FDVH�RI� VRODU�39�JHQHUDWLRQ�ZLWK�EDWWHU\�EDQN�VWRUDJH�FRQQHFWHG� WKURXJK�D�JULG�VLGH�

LQYHUWHU��RQO\�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�RI�WKH�VWRUDJH�EDWWHULHV�WR�D�IDXOW�RQ�WKH�GF�VLGH�RI�WKH�JULG�VLGH�

LQYHUWHU�ZLOO�EH�FRQVLGHUHG�VLQFH�WKH�DF�V\VWHP�ZLOO�QRW�FRQWULEXWH�WR�WKH�GF�IDXOW�FXUUHQW�ZKHQ�WKH�FRQYHUWHU�

RSHUDWHV�LQ�LQYHUWHU�PRGH��7KH�UHPDLQGHU�RI�WKLV�GLVFXVVLRQ�ZLOO�FRQVLGHU�WKH IDXOW�FXUUHQW�FRQWULEXWLRQ�RI�

IXOO\�FKDUJHG�OHDG�DFLG�VWRUDJH�EDWWHULHV�GXULQJ�D�IDXOW�RQ�WKH�GF�VLGH�RI�D�JULG�VLGH�LQYHUWHU�E\�FRPSDULQJ�

WKH�UHVXOWV�RI� WZR�GLIIHUHQW�DSSURDFKHV�IRU�FDOFXODWLQJ� WKH�GF�IDXOW�FXUUHQW��EHJLQQLQJ�ZLWK�WKH�JXLGHOLQHV�

SURYLGHG LQ�WKH�*HQHUDO�(OHFWULF�&RPSDQ\�SXEOLFDWLRQ�>��@�VXEVHTXHQWO\�IROORZHG�E\�WKH�SURFHGXUHV�RXWOLQHG�

LQ ,(&�VWDQGDUG���������>��@�



��

7KH�HTXLYDOHQW�FLUFXLW�RI�D�OHDG�DFLG�VWRUDJH�EDWWHU\�IRU�HYDOXDWLQJ�IDXOW�FXUUHQW�LV�VKRZQ�EHORZ LQ�)LJXUH�

���� DQG� FRQVLVWV� RI� D� YROWDJH� VRXUFH� ���ܧ� WZR� UHVLVWDQFHV� �ܴ DQG�ܴେ��� DQG� DQ� LQGXFWDQFH� ���େܮ� 7KH�

PDJQLWXGH�RI�WKH�YROWDJH�VRXUFH�LV�GHWHUPLQHG�EDVHG�RQ�WZR�YROWV�SHU�FHOO�RU

ܧ ൌ ʹǤͲ �Ȁ���� ൈ ������ �� ����� ሺ�ሻ �������

2QH�RI�WKH�UHVLVWDQFHV�LQ�WKH�HTXLYDOHQW�FLUFXLW�RI�)LJXUH�����UHSUHVHQWV�WKH�LQWHUQDO�UHVLVWDQFH��ܴ��RI�WKH�

EDWWHU\�DQG�LWV�PDJQLWXGH�LV�HTXDO�WR�WKH�EDWWHU\�LQWHUQDO�YROWDJH����9�SHU�FHOO��GLYLGHG�E\�����WLPHV�WKH���

KRXU�DPSHUH�UDWLQJ�RI�WKH�EDWWHU\��L�H��

ܴ ൌ
ܧ

ͳͲͲ ୌୖ଼ܫ
ሺπሻ �������

7KH�RWKHU�UHVLVWDQFH��ܴେ��LQ�WKH�HTXLYDOHQW�FLUFXLW�RI�)LJXUH�����UHSUHVHQWV�WKH�FRQGXFWRUV�ZKLFK�FRQQHFW�

WKH�FHOOV�WRJHWKHU��7KH�PDJQLWXGH�RI�WKLV�UHVLVWDQFH�PXVW�EH�EDVHG�RQ�D�NQRZOHGJH�RI�WKH�FRQGXFWRU�VL]H��

OHQJWK�� DQG� FRPSRVLWLRQ�� 7KH� LQGXFWDQFH� ��େܮ� LQ� WKH� HTXLYDOHQW� FLUFXLW� RI� )LJXUH� ���� UHSUHVHQWV� WKH�

LQGXFWDQFH� RI� WKH� FLUFXLW� ZKLFK� LV� FUHDWHG� E\� WKH� FRQGXFWRUV� FRQQHFWLQJ� WKH� FHOOV� WRJHWKHU�� 7KH� FHOOV�

WKHPVHOYHV�DUH�FRQVLGHUHG�WR�KDYH�QR�LQWHUQDO�LQGXFWDQFH��7KH�SK\VLFDO�DUUDQJHPHQW�RI�D����FHOO�OHDG�DFLG�

VWRUDJH�EDWWHU\�PRXQWHG�LQ�WKUHH�URZV�LV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�����

ܴ ൌ %DWWHU\�LQWHUQDO�UHVLVWDQFH�ൌ
�ܧ

ͳͲͲ ��ͺܫ
���

ܧ ൌ %DWWHU\�LQWHUQDO�YROWDJH� �����9�FHOO�î�QXPEHU�RI�FHOOV��9�

ܴେ ൌ 5HVLVWDQFH�RI�FHOO�FRQQHFWRUV����

େܮ ൌ ,QGXFWDQFH�RI�FHOO�FLUFXLW��+�

ୌୖ଼ܫ ൌ ��KRXU�DPSHUH�UDWLQJ�RI�EDWWHU\��$�

)LJXUH����� (TXLYDOHQW�FLUFXLW�RI�EDWWHU\�IRU�FDOFXODWLQJ�IDXOW�FXUUHQW�>��@�



��

)LJXUH����� 3K\VLFDO�DUUDQJHPHQW�RI����FHOO�OHDG�DFLG�VWRUDJH�EDWWHU\�PRXQWHG�LQ�WKUHH�URZV�>��@�

7KH�GLIIHUHQWLDO�HTXDWLRQ�GHVFULELQJ�WKH�HTXLYDOHQW�FLUFXLW�RI�)LJXUH�����LV�JLYHQ�E\

݅ሺܴ  ܴେሻ  େܮ
݀݅
ݐ݀

ൌ ܧ �������

7KH�VROXWLRQ�RI�WKLV�HTXDWLRQ�LV�JLYHQ�E\

݅ ൌ
ܧ

ሺܴ  ܴେሻ
ሾͳ െ ݁ି൫ሺோాାோిሻȀి൯௧ሿ ሺ�ሻ �������

7KH�PD[LPXP�IDXOW�FXUUHQW�FDQ�EH�FDOFXODWHG�IURP�WKH�HTXDWLRQ

ሺୗେሻܫ ൌ
ܧ

ܴ  ܴେ
ሺ�ሻ �������

7KH�LQLWLDO�PD[LPXP�UDWH�RI�ULVH�RI�WKH�IDXOW�FXUUHQW�LV�JLYHQ�E\�݀݅Ȁ݀ݐ DWݐ� ൌ Ͳ VHFRQGV��L�H��

݀݅
ݐ݀

ൌ
ܧ
େܮ

ሺ�Ȁ�ሻ �������

7KH� IDXOW� FXUUHQW� YV�� WLPH�SURILOH� IRU� WKH� EDWWHU\� ZLOO� EH� D� VLPSOH� H[SRQHQWLDO� FXUYH� VLQFH� DOO� WKH� FLUFXLW�

SDUDPHWHUV�UHPDLQ�FRQVWDQW�GXULQJ�WKH�WUDQVLHQW��



��

$V�DQ�H[DPSOH�RI�WKH�JXLGHOLQHV�SURYLGHG�LQ�WKH�*HQHUDO�(OHFWULF�&RPSDQ\�SXEOLFDWLRQ�>��@�RXWOLQHG�DERYH��

FRQVLGHU� WKH����FHOO� OHDG�DFLG�VWRUDJH�EDWWHU\�PRXQWHG� LQ�WKUHH�URZV�DV�VKRZQ�RQ�WKH�SUHYLRXV�SDJH�LQ�

)LJXUH������7KH�EDWWHU\�LV�UDWHG�����$K��DPSHUH�KRXU��EDVHG�RQ�DQ���KRXU�UDWH�RI�GLVFKDUJH�WR������9�SHU�

FHOO�DW����&��7KH�EDWWHU\�LQWHUQDO�YROWDJH�DFFRUGLQJ�WR�(TXDWLRQ�������LV

ܧ ൌ ʹǤͲ �Ȁ���� ൈ Ͳ ����� ൌ ͳʹͲ �

7KH�EDWWHU\�LQWHUQDO�UHVLVWDQFH�DFFRUGLQJ�WR�(TXDWLRQ�������LV

ܴ ൌ
ͳʹͲ �

ͳͲͲ ൈ ʹͷ �
ൌ ͲǤͲͶͺ π

7KH�FHOO�FRQQHFWLRQV�FRQVLVW�RI�D�WRWDO�RI�DSSUR[LPDWHO\��������PHWHUV�����IHHW��RI�1R����FRSSHU�FRQGXFWRU�

ܴେ ൌ ǤͻʹͶͺ � ൈ ͲǤͳʹ ����Ȁ͵ͲͶǤͺ � ൈ
ͳ

͵ͲͶǤͺ
ൌ ͲǤͲͲͶ π

7KH�LQGXFWDQFH�RI�WKH�FHOO�FLUFXLW�LV�GHWHUPLQHG�IURP�WKH�FRQILJXUDWLRQ�VKRZQ�SUHYLRXVO\�LQ�)LJXUH������7KH�

WRWDO�FRQGXFWRU�OHQJWK�LV�DSSUR[LPDWHO\���������PHWHUV�����IHHW���7KH�EDWWHU\�FHOOV�FRQVWLWXWH��������PHWHUV�

����IHHW��RI�WKLV�FRQGXFWRU�OHQJWK�DQG�WKH�1R����FRSSHU�FRQGXFWRU�FRQVWLWXWHV�WKH�UHPDLQLQJ��������PHWHUV�

����IHHW���7KH�FLUFXLW�LQGXFWDQFH�FDQ�EH�GHWHUPLQHG�E\�UHIHUULQJ�WR�DSSURSULDWH����F\FOH�UHDFWDQFH�GDWD�DQG�

GLYLGLQJ�WKH� LQGXFWLYH�UHDFWDQFH�E\�ʹ݂ߨ ൌ ሺͲߨʹ ��ሻ ൌ ͵ ���Ȁ���7R�FDOFXODWH�WKH� LQGXFWDQFH�IRU� WKH�

EDWWHU\�FHOOV��DVVXPH�WKDW�WKH�FHOOV�DUH�WKH�HTXLYDOHQW�RI�D�������FP��VL[�LQFK��FRQGXFWRU�VSDFHG�������FP�

����LQFKHV��IURP�WKH�UHWXUQ�FRQGXFWRU��7KH����F\FOH�UHDFWDQFH�GDWD�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�����

IRU�EXV�EDU�FLUFXLWV�LV�VXIILFLHQWO\�DFFXUDWH�IRU�UHSUHVHQWLQJ�WKH�EDWWHU\�FHOOV��)URP�)LJXUH������IRU�������FP�

�VL[�LQFK��FKDQQHOV�VSDFHG�������FP�����LQFKHV��DSDUW�

ܺ ൌ ͳͲǤ ൈ ͳͲି πȀ�

ܮ ൌ
ͳͲǤ ൈ ͳͲି πȀ�

͵ ���Ȁ�
ൌ ͲǤͶʹͶ ൈ ͳͲି �Ȁ�

ܮ ൌ ͳͺǤʹͺͺ �ൈ ͲǤͶʹͶ ൈ ͳͲି �Ȁ� ൌ Ǥͺ ൈ ͳͲି �

6LPLODUO\��WKH����F\FOH�UHDFWDQFH�GDWD�VKRZQ�RQ�SDJH �� LQ�)LJXUH�����FDQ�EH�XVHG�WR�UHSUHVHQW�WKH�1R����

FRSSHU�FRQGXFWRU�RQ�������FP�����LQFK��VSDFLQJ�

ܺ ൌ ͲǤͳʹ πȀ͵ͲͶǤͺ �



��

ܮ ൌ
ͲǤͳʹ πȀ͵ͲͶǤͺ �

͵ ���Ȁ�
ൌ ͲǤͲͲͲ͵͵ �Ȁ͵ͲͶǤͺ �

ܮ ൌ ǤͻʹͶͺ �ൈ ͲǤͲͲͲ͵͵ �Ȁ͵ͲͶǤͺ �ൈ
ͳ

͵ͲͶǤͺ
ൌ ͺǤ ൈ ͳͲି �

)LJXUH����� %XV�EDU�UHDFWDQFH�LQ�RKPV�SHU��������PHWHUV��SHU�IRRW� IRU�HDFK�FRQGXFWRU�DW����F\FOHV�>��@�



��

)LJXUH����� 7UDQVPLVVLRQ�OLQH�UHVLVWDQFH�DQG�UHDFWDQFH�SHU�VLQJOH�FRQGXFWRU�LQ�RKPV�SHU�������PHWHUV�������IHHW� DW�

���F\FOHV�>��@�

7KH�WRWDO�LQGXFWDQFH�IRU�WKH�EDWWHU\�FLUFXLW�LV�WKHQ�HTXDO�WR

ܮ ൌ ሺǤͺ  ͺǤሻ ൈ ͳͲି � ൌ ͳǤͶ ൈ ͳͲି �

7KH�HTXLYDOHQW�FLUFXLW�IRU�WKLV�EDWWHU\�DSSHDUV�DV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH������7KH�PD[LPXP�IDXOW�

FXUUHQW�DFFRUGLQJ�WR�(TXDWLRQ��������LV

ሺୗେሻܫ ൌ
ͳʹͲ �

ͲǤͲͶͺ π  ͲǤͲͲͶ π
ൌ ʹ͵ͳͲ �

7KH�LQLWLDO�PD[LPXP�UDWH�RI�ULVH�RI�WKH�IDXOW�FXUUHQW�DFFRUGLQJ�WR�(TXDWLRQ��������LV

݀݅
ݐ݀

ൌ
ͳʹͲ �

ͳǤͶ ൈ ͳͲି �
ൌ Ǥ͵ ൈ ͳͲ �Ȁ�

7KH�IDXOW�FXUUHQW�WLPH�SURILOH�IRU�WKLV�H[DPSOH�LV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH������7KH�WLPH�FRQVWDQW�

IRU�WKLV�FLUFXLW�LV�HTXDO�WR

େܮ
ܴ  ܴେ

ൌ
ͳǤͶ ൈ ͳͲି �

ͲǤͲͶͺ π  ͲǤͲͲͶ π
ൌ ͲǤ͵ʹ ��



��

,Q�RWKHU�ZRUGV��WKH�IDXOW�FXUUHQW�ZLOO�HTXDO���� RI������$��RU�HTXLYDOHQWO\������$��DW������PLOOLVHFRQGV�DIWHU�

WKH�IDXOW�LV�LQLWLDWHG��

)LJXUH����� (TXLYDOHQW�FLUFXLW�IRU�H[DPSOH�FDOFXODWLRQ�>��@�

)LJXUH����� )DXOW�FXUUHQW�WLPH�SURILOH RI�EDWWHU\ IRU�H[DPSOH�FDOFXODWLRQ�>��@�

7KH�W\SLFDO�IDXOW�FXUUHQW�WLPH�SURILOH�RI�D�OHDG�DFLG�VWRUDJH�EDWWHU\�DQG�WKH�VWDQGDUG�DSSUR[LPDWH�IXQFWLRQV�

DV�SHU�,(&�VWDQGDUG���������>��@�DUH�ERWK�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUHV�����DQG�������UHVSHFWLYHO\��

7KH�IROORZLQJ�GHILQLWLRQV�DSSO\�WR�WKH�SURFHGXUHV�RXWOLQHG�LQ�,(&�VWDQGDUG���������>��@�

୩ܫ ൌ TXDVL�VWHDG\�VWDWH�IDXOW�FXUUHQW��$�

݅୮ ൌ SHDN�IDXOW�FXUUHQW��$�

୩ܶ ൌ IDXOW�GXUDWLRQ��V�

୮ݐ ൌ WLPH�WR�SHDN��V�

߬ଵ ൌ ULVH�WLPH�FRQVWDQW��V�

߬ଶ ൌ GHFD\�WLPH�FRQVWDQW��V�

7KH�VWDQGDUG�DSSUR[LPDWH�IXQFWLRQV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH������DUH�GHVFULEHG�E\�WKH�IROORZLQJ�

HTXDWLRQV�



��

݅ଵሺݐሻ ൌ ݅୮
ͳ െ ݁ି௧Ȁఛభా

ͳ െ ݁ି௧౦ాȀఛభా
ሺ�ሻ �������

݅ଶሺݐሻ ൌ ݅୮ ቂሺͳ െ ሻ݁ି൫௧ି௧౦ా൯ఛమాߙ  ቃߙ ሺ�ሻǡ ݐ  ୮ݐ �������

ߙ ൌ ୩Ȁ݅୮ܫ �������

7KH�TXDVL�VWHDG\�VWDWH�FXUUHQWܫ��୩��LV�FRQYHQWLRQDOO\�DVVXPHG�DV�WKH�YDOXH�DW���VHFRQG�DIWHU�WKH�IDXOW�LV�

LQLWLDWHG�

)LJXUH����� )DXOW�FXUUHQW�WLPH�SURILOH�RI�EDWWHU\�>��@�

)LJXUH������ 6WDQGDUG�DSSUR[LPDWLRQ�RI�IDXOW�IXQFWLRQ�>��@�

7R�FDOFXODWH�WKH�PD[LPXP�IDXOW�FXUUHQW�RU�WKH�SHDN�FXUUHQW�DFFRUGLQJ�WR�,(&�VWDQGDUG���������>��@��WKH�

EDWWHU\� LQWHUQDO� UHVLVWDQFH�ܴ LV�PXOWLSOLHG�E\�D� IDFWRU�RI������$OO�RWKHU� LPSHGDQFHV�VKRZQ�SUHYLRXVO\� LQ�

)LJXUH�����UHPDLQ�XQFKDQJHG��$OVR��LI�WKH�RSHQ�FLUFXLW�YROWDJH�RI�WKH�EDWWHU\�LV�XQNQRZQ��WKHQ�WKH�EDWWHU\�

LQWHUQDO�YROWDJHܧ� ൌ ͳǤͲͷܷ୬ LV�XVHG��ZKHUH�ܷ୬ ൌ ʹǤͲ �Ȁ���� IRU� OHDG�DFLG�EDWWHULHV��7KH�SHDN� IDXOW�

FXUUHQW�LV�JLYHQ�E\�WKH�HTXDWLRQ



��

݅୮ ൌ
ܧ
ܴ୰

ሺ�ሻ �������

ZKHUH�݅୮ LV�WKH�SHDN�IDXOW�FXUUHQW�IURP�WKH�EDWWHU\�DQG�ܴ୰ LV�WKH�WRWDO�HTXLYDOHQW�UHVLVWDQFH�XS�WR�WKH�IDXOW�

ORFDWLRQ�LQ�WKH�EDWWHU\�FLUFXLW��ZLWK�ܴ PXOWLSOLHG�E\�D�IDFWRU�RI������L�H���ܴ୰ ൌ ͲǤͻܴ  ܴେ ሺπሻ���7KH�WLPH�

WR�SHDN�DQG�WKH�ULVH�WLPH�FRQVWDQW�DUH�UHDG�IURP�WKH�FXUYHV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�������EDVHG�

RQ�ͳȀߜ��ZKLFK�LV�GHILQHG�E\�WKH�HTXDWLRQ

ͳ

ߜ
ൌ

ʹ

ܴ୰
୰ܮ


ͳ

ܶ

ሺ�ሻ �������

7KH�WLPH�FRQVWDQW� ܶ LV�VSHFLILHG�DV�HTXDO�WR����PLOOLVHFRQGV�DQGܮ�୰ LV�WKH�WRWDO�HTXLYDOHQW�LQGXFWDQFH�

XS� WR� WKH� IDXOW� ORFDWLRQ� LQ� WKH EDWWHU\� FLUFXLW�� 7KH� GHFD\� WLPH� FRQVWDQW� ߬ଶ LV� FRQVLGHUHG� WR� EH� ����

PLOOLVHFRQGV��7KH�TXDVL�VWHDG\�VWDWH�IDXOW�FXUUHQW�LV�JLYHQ�E\�WKH�HTXDWLRQ�

୩ܫ ൌ
ͲǤͻͷܧ

ܴ୰  ͲǤͳܴ
ሺ�ሻ �������

1RWH�WKDW�(TXDWLRQ��������FRQVLGHUV�WKDW�WKH�EDWWHU\�YROWDJH�IDOOV�DQG�WKH�LQWHUQDO�FHOO�UHVLVWDQFH�LQFUHDVHV�

DIWHU�WKH�RFFXUUHQFH�RI�D�IDXOW��D�GLVFKDUJHG�EDWWHU\�ZLOO�KDYH�D�KLJKHU�FHOO�UHVLVWDQFH��

$V�DQ�H[DPSOH�RI�WKH�SURFHGXUH�RXWOLQHG�LQ�,(&�VWDQGDUG���������>��@��FRQVLGHU�WKH�VDPH����FHOO�OHDG�DFLG�

VWRUDJH�EDWWHU\�PRXQWHG�LQ�WKUHH�URZV�XVHG�LQ�WKH�SUHYLRXV�H[DPSOH��7KH�WRWDO�HTXLYDOHQW�UHVLVWDQFH�LQ�WKH�

EDWWHU\�FLUFXLW�LV�ܴ୰ ൌ ͲǤͻܴ  ܴେ ൌ ͲǤͻ ൈ ͲǤͲͶͺ  ͲǤͲͲͶ ൌ ͲǤͲͶʹ π��7KH�EDWWHU\�QRPLQDO�YROWDJH�RI�

����9 LV�PXOWLSOLHG�E\�D�IDFWRU�RI�������7KHUHIRUH��WKH�SHDN�IDXOW�FXUUHQW�DFFRUGLQJ�WR�(TXDWLRQ��������LV�

݅୮ ൌ
ͳǤͲͷ ൈ ͳʹͲ �

ͲǤͲͶʹ π
ൌ ʹͲ �

7KLV�LV�DSSUR[LPDWHO\�������KLJKHU�FRPSDUHG�WR�WKH�FDOFXODWLRQ�RI�WKH�SUHYLRXV�H[DPSOH��)URP�(TXDWLRQ�

�������

ͳ

ߜ
ൌ

ʹ

ͲǤͲͶʹ π
ͳǤͶ ൈ ͳͲି �


ͳ

͵Ͳ ൈ ͳͲିଷ �

ൌ ͲǤ ��



��

)URP� )LJXUH� ������ WKH� WLPH� WR� SHDN� ୮ݐ ൎ ʹ PLOOLVHFRQGV� DQG� WKH� ULVH� WLPH� FRQVWDQW� ߬ଵ ൎ ͲǤ͵ͷ

PLOOLVHFRQGV��7KHVH�UHVXOWV�DUH�FRQVLVWHQW�ZLWK�WKRVH�RI�WKH�SUHYLRXV�H[DPSOH��7KH�TXDVL�VWHDG\�VWDWH�IDXOW�

FXUUHQW�DFFRUGLQJ�WR�(TXDWLRQ��������LV�

୩ܫ ൌ
ͲǤͻͷ ൈ ͳʹͲ�

ͲǤͲͶʹ π  ͲǤͳ ൈ ͲǤͲͶͺ π
ൌ ʹͳͻʹ �

)LJXUH������ 7LPH�WR�SHDNݐ�୮ DQG�ULVH�WLPH�FRQVWDQW�߬ଵ IRU�IDXOW�RI�D�EDWWHU\�>��@�



��

��� &KDSWHU�6XPPDU\

6HULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRUV�ZLWK�D�JULG�VLGH�LQYHUWHU�HIIHFWLYHO\�LVRODWH�WKH�HOHFWULFDO�JHQHUDWRU�

DQG�LWV�VSHFLILF�HOHFWULFDO�SHUIRUPDQFH�FKDUDFWHULVWLFV�IURP�WKH�SRZHU�V\VWHP�LQ�WKH�HYHQW�RI�D�IDXOW�RQ�WKH�

KRVW� V\VWHP� DQG� FDQ� SURYLGH� D� FRQWUROOHG� IDXOW� FXUUHQW� UHVSRQVH� GXULQJ� WKH� HQWLUH� IDXOW� GXUDWLRQ� >�@��

7KHUHIRUH��XWLOLWLHV�W\SLFDOO\�UHTXLUH�D�ODUJHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�IURP�VXFK�JHQHUDWRUV�WR�DVVLVW�SRZHU�

V\VWHP� SURWHFWLRQ� LQ� WKH� GHWHFWLRQ� RI� IDXOW� FXUUHQWV�� $V� D� UHVXOW��PRGHUQ� JULG�VLGH� LQYHUWHU� FRQWUROV� DUH�

W\SLFDOO\�GHVLJQHG�WR�VXSSO\�D�ODUJHU�DQG�FRQVWDQW YDOXH�RI�WKUHH�SKDVH�IDXOW�FXUUHQW�WKDW�LV�UHODWHG�WR�WKH�

UDWHG�FXUUHQW�E\

ห۷ሺୱୡሻห ൌ ห۷ሺ୰ୟ୲ୣୢሻหߙ �������

ZKHUHߙ�  ͵ IRU�PRVW�FXUUHQW�LQYHUWHU�GHVLJQV�>�@�� >��@��7KH�LQYHUWHU�FDQ�EH�FRQVLGHUHG�WR�DFW�DV�D�SRVLWLYH�

VHTXHQFH�FRQVWDQW�FXUUHQW�VRXUFH�GXULQJ�WKH�HQWLUH�IDXOW�GXUDWLRQ�DV�JLYHQ�E\�(TXDWLRQ��������,Q�DGGLWLRQ��

WKH�LQYHUWHU�FRQVWDQW�FXUUHQW�FRQWURO�VWUDWHJ\�HQVXUHV�WKDW�WKH�SRVLWLYH�VHTXHQFH�IDXOW�FXUUHQW�VXSSOLHG�GRHV�

QRW�FRQWDLQ�D�GF�FRPSRQHQW�RI�FXUUHQW�>�@��

8QGHU�XQEDODQFHG�IDXOW�FRQGLWLRQV��H�J���VLQJOH� OLQH�WR�JURXQG�IDXOW�� WKH�FRQWURO�V\VWHPV�RI�PRVW�PRGHUQ�

LQYHUWHUV�DUH�GHVLJQHG�WR�FRQWLQXH�WR�VXSSO\�EDODQFHG�WKUHH�SKDVH�FXUUHQWV�LUUHVSHFWLYH�RI�WKH�GHJUHH�RI�

WKHLU� YROWDJH� XQEDODQFH�� 7KHUHIRUH�� XQGHU� XQEDODQFHG� IDXOW� FRQGLWLRQV�� WKH� LQYHUWHU� ZLOO� RQO\� VXSSO\� D�

SRVLWLYH�VHTXHQFH�FXUUHQW�WR�WKH�IDXOW�ZLWK�WKH�QHJDWLYH� DQG�]HUR�VHTXHQFH�FXUUHQWV�EHLQJ�HTXDO�WR�]HUR�

>�@��,Q�RWKHU�ZRUGV��VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRUV�ZLWK�JULG�VLGH�LQYHUWHUV��H�J���VRODU�39�DQG�ZLQG�

WXUELQH�JHQHUDWRUV��WKDW�GHOLYHU�DQ�LQFUHDVHG�FRQVWDQW�FXUUHQW�LQ�UHVSRQVH�WR�WKH�RFFXUUHQFH�RI�D�IDXOW�RQ�

WKH�SRZHU�V\VWHP�FDQ�EH�UHSUHVHQWHG� LQ� LQGXVWU\�EDVHG�IDXOW�VWXGLHV�E\�D�SRVLWLYH�VHTXHQFH�HTXLYDOHQW�

FLUFXLW�FRQVLVWLQJ�RI�D�FRQVWDQW�FXUUHQW�VRXUFH��JLYHQ�E\�(TXDWLRQ��������DQG�QHJDWLYH� DQG�]HUR�VHTXHQFH�

HTXLYDOHQW�FLUFXLWV�FRQVLVWLQJ�RI�LQILQLWH�QHJDWLYH� DQG�]HUR�VHTXHQFH�LPSHGDQFHV��UHVSHFWLYHO\��L�H���RSHQ�

FLUFXLWV��� 7R� RYHUFRPH� WKH� GLIILFXOW\� RI� LQWHJUDWLQJ� D� FRQVWDQW� FXUUHQW� VRXUFH� LQWR� WKH� IUDPHZRUN� RI�

FRQYHQWLRQDO�IDXOW�DQDO\VLV��LW�PXVW�EH�UHSODFHG�E\�D�YROWDJH�VRXUFH�EHKLQG�DQ�LQGXFWLYH�UHDFWDQFH��DV�LQ�

WKH� FDVH� RI� V\QFKURQRXV� JHQHUDWRUV�� XVLQJ� D� 1RUWRQ�7KHYHQLQ� VRXUFH� WUDQVIRUPDWLRQ� VXFK� WKDW� WKH�

FRQYHQWLRQDO� IDXOW�FXUUHQW�FDOFXODWLRQ�WHFKQLTXHV�PD\�EH�HPSOR\HG��+RZHYHU�� LW� LV�JHQHUDOO\� LQFRUUHFW� WR�

DVVXPH�WKDW�D�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�FDQ�EH�PRGHOHG�E\�DQ�LQWHUQDO�

JHQHUDWHG� YROWDJH� ۳ EHKLQG� D� SRVLWLYH�VHTXHQFH� LPSHGDQFH� ܼଵ VXFK� WKDW� ห۷ሺୱୡሻห ൌ ȁ۳ȁȀȁܼଵȁ�� 7KLV�

UHSUHVHQWDWLRQ�ZLOO�SURGXFH�WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�IRU�RQH�IDXOW�ORFDWLRQ�RQO\��QDPHO\�

DW� WKH� LQYHUWHU� WUDQVIRUPHU� RXWSXW� WHUPLQDOV�� $W� RWKHU� IDXOW� ORFDWLRQV� RQ� WKH� SRZHU� V\VWHP�� WKH� VRXUFH�

WUDQVIRUPDWLRQ� ZLOO� SURGXFH� D� ORZHU� DQG� LQFRUUHFW� LQYHUWHU� IDXOW� FXUUHQW� FRQWULEXWLRQ� WKDQ� WKDW� JLYHQ� E\�

(TXDWLRQ� ������� 6LQFH� WKH� HTXLYDOHQW� SRVLWLYH�VHTXHQFH� LPSHGDQFH� YDULHV� ZLWK� WKH� LQYHUWHU� WUDQVIRUPHU�

WHUPLQDO�YROWDJH�ZKLFK�LV�D�IXQFWLRQ�RI�WKH�IDXOW�FXUUHQW��WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�



��

EH�GHWHUPLQHG�E\�DQ�LWHUDWLYH�SURFHVV�WR�REWDLQ�WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ��)XUWKHUPRUH��

WKH�LQYHUWHU�FRQVWDQW�FXUUHQW�FRQWURO�VWUDWHJ\�LV�QRUPDOO\�YHU\�IDVW�VR�WKDW�WKH�DF�V\PPHWULFDO�FRPSRQHQW�RI�

FXUUHQW�GRHV�QRW�FKDQJH�ZLWK� WLPH�GXULQJ�WKH�IDXOW��ZKLFK�PHDQV�WKDW� WKH�VXEWUDQVLHQW�DQG�VWHDG\�VWDWH�

LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQV�DUH�HTXDO�>�@�



��

&KDSWHU���± 0$7/$%�)DXOW�&XUUHQW�$QDO\VLV�3URJUDP

��� ,QWURGXFWLRQ

7KH�GLVFXVVLRQ�RI�WKH�SUHYLRXV�FKDSWHU�LGHQWLILHG�WKH�LPSRUWDQFH�RI�GHYHORSLQJ�PDWKHPDWLFDO�DQG�VRIWZDUH�

VLPXODWLRQ� PRGHOV� WKDW� DFFXUDWHO\� DSSUR[LPDWH� WKH� UHVSRQVH� RI� FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\�

UHVRXUFHV�GXULQJ�D�IDXOW�RQ�WKH�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP��,Q�WKLV�FKDSWHU��D�0$7/$%�SURJUDP�

GHYHORSHG� IRU�VXFK�D�SXUSRVH�� L�H�� FDOFXODWLQJ� WKH�YROWDJHV�DQG� IDXOW�FXUUHQWV�DW�HDFK�EXV�DQG� LQ�HDFK�

WUDQVPLVVLRQ�OLQH�LQ�WKH�SRZHU�V\VWHP�IRU�WKUHH�SKDVH��VLQJOH�OLQH�WR�JURXQG��OLQH�WR�OLQH� RU�GRXEOH�OLQH�WR�

JURXQG�IDXOWV�GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��LV�YHULILHG�DQG�YDOLGDWHG�DJDLQVW�

SXEOLVKHG�FDVHV�DQG�RWKHU�IDXOW�FXUUHQW�DQDO\VLV�VRIWZDUH�SURJUDPV�WR�HQVXUH�LWV�WHFKQLFDO�DFFXUDF\��$IWHU�

FRPSDULQJ�WKH�UHVXOWV��WKH�0$7/$%�IDXOW�FXUUHQW�DQDO\VLV�SURJUDP�LV�WKHQ�XVHG�WR�SHUIRUP�IDXOW�DQDO\VLV�RI�

D�SRZHU�V\VWHP�ZLWK�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV� LQ�RUGHU� WR�VLPXODWH�WKH�IDXOW�FXUUHQW�

FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�

LPSDFW�DVVHVVPHQWV��7KH�VRXUFH�FRGH�IRU�WKH�0$7/$%�SURJUDP�LV�SURYLGHG�LQ�WKH�DSSHQGL[�RI�WKLV�UHSRUW�

7KH�LQSXW�GDWD�IRU�WKH�0$7/$%�IDXOW�FXUUHQW�DQDO\VLV�SURJUDP�LV�SODFHG�LQ�DQ�LQSXW�ILOH��ZKLFK�FDQ�EH�FUHDWHG�

XVLQJ�DQ\�DYDLODEOH�WH[W�HGLWRU��H�J���QRWHSDG��ZRUGSDG��HWF����7KH�LQSXW�ILOH�PD\ FRQWDLQ�XS�WR�VL[�GLIIHUHQW�

W\SHV�RI�LQSXW�OLQHV�XVHG�WR�GHVFULEH�WKH�SRZHU�V\VWHP�

x $�6<67(0 OLQH�WR�GHILQH�WKH�SRZHU�V\VWHP�VWXG\�QDPH�DQG�EDVH�DSSDUHQW�SRZHU�RI�WKH�SRZHU�V\VWHP�

�LQ�09$��

x 7ZR�RU�PRUH�%86 OLQHV�WR�GHILQH�WKH�EXV�QDPHV�DQG�SUHIDXOW�EXV�YROWDJH�

x 2QH�RU�PRUH�/,1( OLQHV�WR�GHILQH�WKH�WUDQVPLVVLRQ�OLQHV�FRQQHFWLQJ�WKH�YDULRXV�EXVHV�WRJHWKHU��1RWH�

WKDW� WUDQVIRUPHUV� DW� WKH� VHQGLQJ� DQG� UHFHLYLQJ� HQGV� RI� WUDQVPLVVLRQ� OLQHV� DUH� WUHDWHG� DGGLWLRQDO�

�WUDQVPLVVLRQ�OLQHV��

x 2QH�RU�PRUH�*(1(5$725 OLQHV�WR�GHILQH�WKH�LPSHGDQFHV�RI�JHQHUDWRUV�LQ�WKH�SRZHU�V\VWHP�

x =HUR�RU�PRUH�02725 OLQHV�WR�GHILQH�WKH�LPSHGDQFHV�RI�PRWRUV�LQ�WKH�SRZHU�V\VWHP�

x $�)$8/7 OLQH�WR�VSHFLI\�WKH�ORFDWLRQ��W\SH��DQG�WLPH�SHULRG��VXEWUDQVLHQW��HWF���RI�WKH�IDXOW�

$�VDPSOH�LQSXW�ILOH�LV�VKRZQ�RQ�WKH�QH[W�SDJH LQ�)LJXUH������7KLV�LQSXW�ILOH�FRQWDLQV�DOO�VL[�GLIIHUHQW�W\SHV�RI�

LQSXW�OLQHV��LQFOXGLQJ�FRPPHQW�OLQHV�WKDW�EHJLQ�ZLWK�D�� V\PERO�LQ�FROXPQ���



��

)LJXUH ���� 6DPSOH�LQSXW�ILOH�WR�WKH�0$7/$%�IDXOW�FXUUHQW�DQDO\VLV�SURJUDP�

7KH�IRUPDW�RI�D�6<67(0 OLQH�LV�VKRZQ�EHORZ��DQG�WKH�YDOXHV�LQ�WKH�OLQH�DUH�GHILQHG�LQ�7DEOH�����

)LHOG 'HVFULSWLRQ

6<67(0 /LQH�LGHQWLILHU

QDPH 3RZHU�V\VWHP�VWXG\�QDPH��VSDFHV�DUH�QRW�DOORZHG�ZLWKLQ�WKH�QDPH�

EDVH09$ %DVH�DSSDUHQW�SRZHU�RI�WKH�SRZHU�V\VWHP��LQ�09$

7DEOH����� )LHOGV�GHILQHG�RQ�WKH�6<67(0 OLQH�

7KH�IRUPDW�RI�D�%86 OLQH�LV�VKRZQ�EHORZ��DQG�WKH�YDOXHV�LQ�WKH�OLQH�DUH�GHILQHG�LQ�7DEOH�����



��

)LHOG 'HVFULSWLRQ

%86 /LQH�LGHQWLILHU

QDPH %XV�QDPH��VSDFHV�DUH�QRW�DOORZHG�ZLWKLQ�WKH�QDPH�

YROWV 3UHIDXOW�EXV�YROWDJH��LQ�SHU�XQLW

7DEOH����� )LHOGV�GHILQHG�RQ�WKH�%86 OLQH�

7KH�IRUPDW�RI�D�/,1( OLQH�LV�VKRZQ�EHORZ��DQG�WKH�YDOXHV�LQ�WKH�OLQH�DUH�GHILQHG�LQ�7DEOH������

)LHOG 'HVFULSWLRQ

/,1( /LQH�LGHQWLILHU

IURP %XV�ZKHUH�WUDQVPLVVLRQ�OLQH�EHJLQV

WR %XV�ZKHUH�WUDQVPLVVLRQ�OLQH�HQGV

5VH 7UDQVPLVVLRQ�OLQH�VHULHV�UHVLVWDQFH��LQ�SHU�XQLW

;VH 7UDQVPLVVLRQ�OLQH�VHULHV�UHDFWDQFH��LQ�SHU�XQLW

*VK 7UDQVPLVVLRQ�OLQH�VKXQW�FRQGXFWDQFH��LQ�SHU�XQLW

%VK 7UDQVPLVVLRQ�OLQH�VKXQW�VXVFHSWDQFH��LQ�SHU�XQLW

;� =HUR�VHTXHQFH�VHULHV�UHDFWDQFH��LQ�SHU�XQLW��VHW�WR���IRU�V\PPHWULFDO�

WKUHH�SKDVH�IDXOWV�

9LV =HUR�VHTXHQFH� YLVLELOLW\� IODJ� �VHW� WR� �� IRU� V\PPHWULFDO� WKUHH�SKDVH�

IDXOWV��

��± 9LVLEOH�WR�QHLWKHU�EXV

��± 9LVLEOH�WR�WKH�³IURP´�EXV�RQO\

��± 9LVLEOH�WR�WKH�³WR´�EXV�RQO\�

��± 9LVLEOH�WR�ERWK�EXVHV

7DEOH����� )LHOGV�GHILQHG�RQ�WKH�/,1( OLQH�



��

7KH�IRUPDWV�RI�*(1(5$725 DQG�02725 OLQHV�LV�VKRZQ�EHORZ��DQG�WKH�YDOXHV�LQ�WKH�OLQHV�DUH�GHILQHG�LQ�

7DEOH�����

)LHOG 'HVFULSWLRQ

*(1(5$725 /LQH�LGHQWLILHU

02725 /LQH�LGHQWLILHU

EXV %XV�WKDW�PDFKLQH�LV�FRQQHFWHG�WR

5 0DFKLQH�UHVLVWDQFH��LQ�SHU�XQLW

;V 0DFKLQH�V\QFKURQRXV�UHDFWDQFH� ௌܺ��LQ�SHU�XQLW

;S 0DFKLQH�WUDQVLHQW�UHDFWDQFH�ܺԢ��LQ�SHU�XQLW

;SS 0DFKLQH�VXEWUDQVLHQW�UHDFWDQFH�ܺԢԢ��LQ�SHU�XQLW

;� 1HJDWLYH�VHTXHQFH�UHDFWDQFH�ܺଶ��LQ�SHU�XQLW��VHW�WR���IRU�V\PPHWULFDO�

WKUHH�SKDVH�IDXOWV�

;� =HUR�VHTXHQFH� UHDFWDQFH�ܺ�� LQ� SHU� XQLW� �VHW� WR� �� IRU� V\PPHWULFDO�

WKUHH�SKDVH�IDXOWV�

7DEOH����� )LHOGV�GHILQHG�RQ�WKH�*(1(5$725 DQG�02725 OLQHV�

7KH�IRUPDW�RI�D�)$8/7 OLQH�LV�VKRZQ�EHORZ��DQG�WKH�YDOXHV�LQ�WKH�OLQH�DUH�GHILQHG�LQ�7DEOH�����



��

)LHOG 'HVFULSWLRQ

)$8/7 /LQH�LGHQWLILHU

EXV )DXOW�ORFDWLRQ

FDOFBW\SH )DXOW�W\SH�

�3�± 6\PPHWULFDO�WKUHH�SKDVH�IDXOW

/*�± 6LQJOH�OLQH�WR�JURXQG�IDXOW

//�± /LQH�WR�OLQH�IDXOW

'/*�± 'RXEOH�OLQH�WR�JURXQG�IDXOW

FDOFBWLPH 7LPH�SHULRG�IRU�IDXOW�DQDO\VLV�

��± $OO�

��± 6XEWUDQVLHQW�SHULRG

��± 7UDQVLHQW�SHULRG

��± 6WHDG\�VWDWH�SHULRG

7DEOH����� )LHOGV�GHILQHG�RQ�WKH�)$8/7 OLQH�

7R�SHUIRUP� IDXOW� DQDO\VLV�XVLQJ� WKLV�0$7/$%�SURJUDP�� WKH�SHU�XQLW� LPSHGDQFHV�DQG�DGPLWWDQFHV�RI�DOO�

FRPSRQHQWV�PXVW� ILUVW� EH�FDOFXODWHG� WR�D�FRPPRQ�V\VWHP�EDVH��DQG� WKHQ�DQ� LQSXW� ILOH� FDQ�EH�FUHDWHG�

FRQWDLQLQJ� DOO� WKRVH� LQSXW� SDUDPHWHUV� XVHG� WR� GHVFULEH� WKH� SRZHU� V\VWHP� EHLQJ� VWXGLHG�� 1RWH� WKDW�

WUDQVIRUPHUV�DW�WKH�VHQGLQJ�DQG�UHFHLYLQJ�HQGV�RI�WUDQVPLVVLRQ�OLQHV�DUH�WUHDWHG�DGGLWLRQDO��WUDQVPLVVLRQ�

OLQHV�� $V�PHQWLRQHG�HDUOLHU�� WKH�SUHIDXOW�YROWDJHV�VKRXOG�EH�JHQHUDOO\�DVVXPHG� WR�EH�D�FRQVWDQW� YDOXH�

�W\SLFDOO\������WR�FRUUHVSRQG�WR�SUHIDXOW�QR�ORDG�FRQGLWLRQV�



��

��� 7HVW�'DWD��

7KH� IROORZLQJ� LV� D� FRPSDULVRQ� RI� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� DJDLQVW SXEOLVKHG� UHVXOWV� XVLQJ�

3RZHU:RUOG�6LPXODWRU� >��@��7KH�IDXOW�DQDO\VLV� LV�SHUIRUPHG�RQ�D���EXV�SRZHU�V\VWHP�ZKRVH�VLQJOH�OLQH�

GLDJUDP�LV�VKRZQ�EHORZ�LQ�)LJXUH������,QSXW�GDWD�DUH�JLYHQ�EHORZ�LQ�7DEOHV�����������DQG������7KH�LQSXW�ILOHV�

WR�WKH�0$7/$%�SURJUDP�DQG�WKH�FRUUHVSRQGLQJ�0$7/$%�FRPPDQG�ZLQGRZ�RXWSXWV�DUH�SURYLGHG�LQ�WKH�

DSSHQGL[�RI�WKLV�UHSRUW��1RWH�WKDW�WKH�QHXWUDOV�RI�ERWK�WUDQVIRUPHUV�DQG�WKH�JHQHUDWRU�FRQQHFWHG�WR�EXV���

DUH�VROLGO\�JURXQGHG��DV�LQGLFDWHG�E\�D�QHXWUDO�UHDFWDQFH�RI�]HUR�IRU�DOO�WKHVH�HTXLSPHQW��+RZHYHU��D�QHXWUDO�

UHDFWDQFH� ��������SHU�XQLW�LV�FRQQHFWHG�WR�WKH�QHXWUDO�RI�WKH�JHQHUDWRU�FRQQHFWHG�WR�EXV����7KH�SUHIDXOW�

YROWDJH�LV������SHU�XQLW��7KH�IDXOW�LV�D�VLQJOH�OLQH�WR�JURXQG�IDXOW�DW�%XV����WKHQ�%XV����DQG�VR�RQ�WR�%XV����

7KH�FRPSDULVRQ�EHWZHHQ�WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�DQG�WKRVH�SXEOLVKHG�XVLQJ�3RZHU:RUOG�6LPXODWRU�

>��@�DUH�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�7DEOH������1RWH�WKDW�WKH�UHVXOWV�DUH�LGHQWLFDO�ZLWK�]HUR�SHUFHQW�HUURU�

)LJXUH����� 6LQJOH�OLQH�GLDJUDP�IRU�WHVW�GDWD���>��@�

%XV ࢄ ൌ ᇱᇱࢄ

SHU�XQLW

ࢄ

SHU�XQLW

ࢄ

SHU�XQLW

1HXWUDO�5HDFWDQFHࢄ�

SHU�XQLW

� ������ ������ ������ ������

� ������ ������ ������ ������

7DEOH����� 6\QFKURQRXV�PDFKLQH�GDWD�IRU�WHVW�GDWD�� �S�X������09$� >��@�



��

%XV�WR�%XV ࢄ ൌ ࢄ

SHU�XQLW

ࢄ

SHU�XQLW

��� ������ ������

��� ������ ������

��� ������ ������

7DEOH����� 7UDQVPLVVLRQ�OLQH�GDWD�IRU�WHVW�GDWD�� �S�X������09$� >��@�

%XV /RZ�9ROWDJH

�FRQQHFWLRQ�

EXV

+LJK�9ROWDJH

�FRQQHFWLRQ�

EXV

/HDNDJH�5HDFWDQFH

SHU�XQLW

1HXWUDO�5HDFWDQFH

SHU�XQLW

� ���¨� ���<� ������ ������

� ���¨� ���<� ������ ������

7DEOH����� 7UDQVIRUPHU�GDWD�IRU�WHVW�GDWD�� �S�X������09$� >��@�

)DXOW

%XV

3RZHU:RUOG

6LQJOH

/LQH�WR�

*URXQG

)DXOW�&XUUHQW

�3KDVH�$�

SHU�XQLW

0$7/$%

6LQJOH

/LQH�WR�

*URXQG

)DXOW�&XUUHQW

�3KDVH�$�

SHU�XQLW

��(UURU

0$7/$%

3RVLWLYH�

6HTXHQFH

7KHYHQLQ

(TXLYDOHQW

,PSHGDQFH

SHU�XQLW

0$7/$%

1HJDWLYH�

6HTXHQFH

7KHYHQLQ

(TXLYDOHQW

,PSHGDQFH

SHU�XQLW

0$7/$%

=HUR�

6HTXHQFH

7KHYHQLQ

(TXLYDOHQW

,PSHGDQFH

SHU�XQLW

� ����� ����� ���� M�������� M�������� M��������

� ����� ����� ���� M�������� M�������� M��������

� ����� ����� ���� M�������� M�������� M��������

� ����� ����� ���� M�������� M�������� M��������

� ����� ����� ���� M�������� M�������� M��������

7DEOH����� &RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�SXEOLVKHG�UHVXOWV�XVLQJ�3RZHU:RUOG�6LPXODWRU�>��@�



��

��� 7HVW�'DWD��

7KH�IROORZLQJ�LV�D�FRPSDULVRQ�RI�WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�ERWK�SXEOLVKHG�UHVXOWV�IURP�,(((�

6WDQGDUG����������>�@�DV�ZHOO�DV�SXEOLVKHG�UHVXOWV�IURP�DQ�(7$3�VKRUW�FLUFXLW�YHULILFDWLRQ�DQG�YDOLGDWLRQ�

FRPSDQ\�GRFXPHQW�>��@�XVHG�WR�YHULI\�DQG�YDOLGDWH�(7$3¶V�WHFKQLFDO�DFFXUDF\�E\�FRPSDULQJ�UHVXOWV�ZLWK�

FRPSUHKHQVLYH�WHVW�FDVHV��LQFOXGLQJ�WKH�H[DPSOH�IURP�,(((�6WDQGDUG����������>�@��7KH�IDXOW�DQDO\VLV�LV�

SHUIRUPHG�RQ�D����EXV�LQGXVWULDO�V\VWHP�ZKRVH�VLQJOH�OLQH�GLDJUDP�LV�VKRZQ�RQ�WKH�QH[W�SDJH�LQ�)LJXUH�

����� 7KH� V\VWHP� LV� D� FRPSRVHG� RI� FLUFXLWV� RI� VHYHUDO� YROWDJH� OHYHOV�� ORFDO� JHQHUDWLRQ�� D� XWLOLW\�

LQWHUFRQQHFWLRQ��DQG�D�YDULHW\�RI�URWDWLQJ�ORDGV�W\SLFDO�RI�DQ�LQGXVWULDO�V\VWHP�RSHUDWLQJ�QHDU�WR�IXOO�FDSDFLW\��

7KH�V\VWHP�FRQWDLQV�ERWK�V\QFKURQRXV�DQG LQGXFWLRQ�PRWRUV��7KH�XWLOLW\�LV�RSHUDWLQJ�DW���N9�DQG�WKH�ORFDO�

JHQHUDWRUV�DW������N9��,QSXW�GDWD�DUH�JLYHQ�RQ�SDJHV������ LQ�7DEOHV�������������DQG�������7KH�LQSXW�ILOH�WR�

WKH� 0$7/$%� SURJUDP� DQG� WKH� FRUUHVSRQGLQJ� 0$7/$%� FRPPDQG� ZLQGRZ� RXWSXW� DUH� SURYLGHG� LQ� WKH�

DSSHQGL[�RI�WKLV�UHSRUW��7KH�IDXOW�LV�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV�����7KH�FRPSDULVRQ�EHWZHHQ�

WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�DQG�WKRVH�SXEOLVKHG�IURP�,(((�6WDQGDUG����������>�@�DQG�WKH�(7$3�VKRUW�

FLUFXLW�YHULILFDWLRQ�DQG�YDOLGDWLRQ�FRPSDQ\�GRFXPHQW�>��@�DUH�VKRZQ�RQ�SDJH��� LQ�7DEOH�������1RWH�WKDW�

WKH�UHVXOWV�DUH�LGHQWLFDO�ZLWK�]HUR�SHUFHQW�HUURU�



��

)LJXUH����� 6LQJOH�OLQH�GLDJUDP�IRU�WHVW�GDWD���>�@�



��

7DEOH������ 3RVLWLYH�VHTXHQFH�V\VWHP�EUDQFK�GDWD��S�X�����09$��>�@�



��

7DEOH������ 3RVLWLYH�VHTXHQFH�V\VWHP�EUDQFK�GDWD��S�X�����09$���&RQWLQXHG��>�@�

7DEOH������ *HQHUDWRU�LPSHGDQFHV�IRU�PRPHQWDU\�DQG�LQWHUUXSWLQJ�GXW\ �S�X�����09$��>�@�



��

7DEOH������ 0RWRU�LPSHGDQFHV�IRU�PRPHQWDU\�DQG�LQWHUUXSWLQJ�GXW\ �S�X�����09$��>�@�



��

)DXOW DW�%XV���

,(((�6WG��

���������

([DPSOH (7$3 0$7/$% ��(UURU

3UHIDXOW�9ROWDJH��N9� ���� ���� ���� ����

)DXOW�FXUUHQW��S�X�����09$� ���� � ���� ����

)DXOW�FXUUHQW��N$� ������ ������ ������ ����

9ROWDJH�WR�JURXQG�GXULQJ�IDXOW��S�X�� ���� ���� ���� ����

)DXOW�FRQWULEXWLRQ�IURP�%XV����S�X�� ���� � ���� ����

)DXOW�FRQWULEXWLRQ�IURP�%XV����N$� ������ ������ ������ ����

9ROWDJH�WR�JURXQG�DW�%XV����S�X�� ���� ���� ���� ����

)DXOW�FRQWULEXWLRQ�IURP�PRWRUV��S�X�� ���� � ���� ����

)DXOW�FRQWULEXWLRQ�IURP�PRWRUV��N$� ���� ���� ���� ����

7DEOH������ &RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�SXEOLVKHG�UHVXOWV�IURP�,(((�6WG�����������>�@�DQG�DQ�

(7$3�VKRUW�FLUFXLW�YHULILFDWLRQ�DQG�YDOLGDWLRQ�FRPSDQ\�GRFXPHQW�>��@�

3HUFHQW�(UURU�LV�EHWZHHQ�WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�DQG�WKRVH�SXEOLVKHG�IURP�,(((�6WDQGDUG��������� >�@�



��

��� 7HVW�'DWD��

7KH�0$7/$%�IDXOW�FXUUHQW�DQDO\VLV�SURJUDP�ZLOO�QRZ�EH�XVHG�WR�SHUIRUP�IDXOW�DQDO\VLV�RI�D�SRZHU�V\VWHP�

ZLWK� FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\� UHVRXUFHV� WR� GHPRQVWUDWH� KRZ� WR� PRGHO� WKH� IDXOW� FXUUHQW�

FRQWULEXWLRQV�WR�WKH�SRZHU�V\VWHP�ZLWKLQ�WKH�IUDPHZRUN�RI FRQYHQWLRQDO�IDXOW�DQDO\VLV�WHFKQLTXHV��7KH�IDXOW�

DQDO\VLV�LV�SHUIRUPHG�RQ�WKH�VDPH�V\VWHP�DV�LQ�WKH�SUHYLRXV�VHW�RI�WHVW�GDWD�IURP�,(((�6WDQGDUG����������

>�@��H[FHSW�WKDW�WKH������09$�ORFDO�V\QFKURQRXV�JHQHUDWRU�LGHQWLILHG�E\�³*(1��´�RQ�WKH�VLQJOH�OLQH�GLDJUDP�

VKRZQ�HDUOLHU�LQ�)LJXUH�����LV�UHSODFHG�ZLWK�DQ�HTXLYDOHQW������09$�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�

ZLWK�D�JULG�VLGH�LQYHUWHU��H�J���VRODU�39�DQG�ZLQG�WXUELQH�JHQHUDWRUV�ZLWK�HQHUJ\�VWRUDJH��FRQQHFWHG�WKURXJK�

D�WUDQVIRUPHU�WR�WKH�GLVWULEXWLRQ�V\VWHP�YROWDJH�OHYHO�������N9��DV�VKRZQ�RQ�SDJH���� LQ�)LJXUH������$V�LQ�

WKH�SUHYLRXV�VHW�RI�WHVW�GDWD�IURP�,(((�6WDQGDUG����������>�@��WKH�V\VWHP�EDVH�DSSDUHQW�SRZHU�LV����09$��

7KH� LQSXW� ILOH� WR� WKH�0$7/$%� SURJUDP� DQG� WKH� FRUUHVSRQGLQJ�0$7/$%� FRPPDQG� ZLQGRZ� RXWSXW� DUH�

SURYLGHG�LQ�WKH�DSSHQGL[�RI�WKLV�UHSRUW��7KH�IDXOW�LV�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV����L�H���WKH�LQYHUWHU�

WUDQVIRUPHU�RXWSXW�WHUPLQDOV��7KH�0$7/$%�VLPXODWLRQ�UHVXOWV�DUH�VKRZQ�RQ�SDJH���� LQ�7DEOH������

7KH�UDWHG�RXWSXW�FXUUHQW�RI�WKH�LQYHUWHU�RQ�WKH�KLJK�YROWDJH�VLGH�RI�WKH�WUDQVIRUPHU�FDQ�EH�FDOFXODWHG�IURP�

ห۷୧୬୴ሺ୰ୟ୲ୣୢሻห ൌ
ͳʹǤͷ ���

ξ͵ ൈ ͳ͵Ǥͺ ��
ൌ ͷʹ͵ �

$V�PHQWLRQHG� LQ� &KDSWHU� ��� VHULHV� FRQYHUWHU�FRQQHFWHG� JHQHUDWRUV� ZLWK� D� JULG�VLGH� LQYHUWHU� HIIHFWLYHO\�

LVRODWH�WKH�HOHFWULFDO�JHQHUDWRU�DQG�LWV�VSHFLILF�HOHFWULFDO�SHUIRUPDQFH�FKDUDFWHULVWLFV�IURP�WKH�SRZHU�V\VWHP�

LQ�WKH�HYHQW�RI�D�IDXOW�RQ�WKH�KRVW�V\VWHP�DQG�FDQ�SURYLGH�D�FRQWUROOHG�IDXOW�FXUUHQW�UHVSRQVH�GXULQJ�WKH�

HQWLUH� IDXOW� GXUDWLRQ� >�@��7KHUHIRUH��XWLOLWLHV� W\SLFDOO\� UHTXLUH�D� ODUJHU� IDXOW� FXUUHQW� FRQWULEXWLRQ� IURP�VXFK�

JHQHUDWRUV�WR�DVVLVW�SRZHU�V\VWHP�SURWHFWLRQ�LQ�WKH�GHWHFWLRQ�RI�IDXOW�FXUUHQWV��$V�D�UHVXOW��PRGHUQ�JULG�VLGH�

LQYHUWHU�FRQWUROV�DUH�W\SLFDOO\�GHVLJQHG�WR�VXSSO\�D�FRQVWDQW�YDOXH�RI�WKUHH�SKDVH�IDXOW�FXUUHQW�WKDW�LV�UHODWHG�

WR�WKH�UDWHG�FXUUHQW�E\

ห۷୧୬୴ሺୱୡሻห ൌ ห۷୧୬୴ሺ୰ୟ୲ୣୢሻหߙ �������

ZKHUHߙ�  ͵ IRU�PRVW�FXUUHQW�LQYHUWHU�GHVLJQV�>�@�� >��@��)RU�WKLV�VHW�RI�WHVW�GDWD��ZH�ZLOO�XVHߙ� ൌ ʹ��,Q�WKLV�

FDVH��WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�LV�JLYHQ�E\

ห۷୧୬୴ሺୱୡሻห ൌ ʹ ൈ ͷʹ͵ � ൌ ͳǡͲͶ �

,Q�SHU�XQLW�
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ൌ
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7R�RYHUFRPH�WKH�GLIILFXOW\�RI�LQWHJUDWLQJ�D�FRQVWDQW�FXUUHQW�VRXUFH�LQWR�WKH�IUDPHZRUN�RI�FRQYHQWLRQDO�IDXOW�

DQDO\VLV�� LW� PXVW� EH� UHSODFHG� E\� D� YROWDJH� VRXUFH� EHKLQG� DQ� LQGXFWLYH� UHDFWDQFH� �DV� LQ� WKH FDVH� RI�

V\QFKURQRXV�JHQHUDWRUV��XVLQJ�D�1RUWRQ�7KHYHQLQ�VRXUFH�WUDQVIRUPDWLRQ�VXFK�WKDW�WKH�FRQYHQWLRQDO�IDXOW�

FXUUHQW� FDOFXODWLRQ� WHFKQLTXHV� GHVFULEHG� HDUOLHU� LQ�&KDSWHUV� �� DQG���PD\�EH�HPSOR\HG��+RZHYHU�� LW� LV�

JHQHUDOO\�LQFRUUHFW�WR�DVVXPH�WKDW�D�VHULHV FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�FDQ�EH�

PRGHOHG� E\� DQ� LQWHUQDO� JHQHUDWHG� YROWDJH� ۳ EHKLQG� D� SRVLWLYH�VHTXHQFH� LPSHGDQFH� ܼଵ VXFK� WKDW�

ห۷୧୬୴ሺୱୡሻห ൌ ȁ۳ȁȀȁܼଵȁ��7KLV�UHSUHVHQWDWLRQ�ZLOO�SURGXFH�WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�IRU�RQH�

IDXOW�ORFDWLRQ�RQO\��QDPHO\�DW�WKH�LQYHUWHU�WUDQVIRUPHU�RXWSXW�WHUPLQDOV��$W�RWKHU�IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�

V\VWHP��WKH�VRXUFH�WUDQVIRUPDWLRQ�ZLOO�SURGXFH�D�ORZHU�DQG�LQFRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDQ�

WKDW�JLYHQ�E\ (TXDWLRQ��������6LQFH�WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH� LPSHGDQFH�YDULHV�ZLWK� WKH� LQYHUWHU�

WUDQVIRUPHU� WHUPLQDO� YROWDJH� ZKLFK� LV� D� IXQFWLRQ� RI� WKH� IDXOW� FXUUHQW�� WKH� HTXLYDOHQW� SRVLWLYH�VHTXHQFH�

LPSHGDQFH� PXVW� EH� GHWHUPLQHG� E\� DQ� LWHUDWLYH� SURFHVV� WR� REWDLQ� WKH� FRUUHFW� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�DW�DOO�RWKHU�IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�V\VWHP��DV�ZLOO�EH�VHHQ�LQ�WKH�QH[W�VHW�RI�WHVW�GDWD���

7KHUHIRUH��WKH�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�FDQ�EH�FDOFXODWHG�IURP

ห۷୧୬୴ሺୱୡሻห ൌ
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ȁܼଵȁ
�������

ZKHUH܄�ଵ LV�WKH�SRVLWLYH�VHTXHQFH�WHUPLQDO�YROWDJH�RI�WKH�LQYHUWHU�WUDQVIRUPHU��)RU�D�IDXOW�DW�WKH�LQYHUWHU�

WUDQVIRUPHU�RXWSXW�WHUPLQDOV��L�H܄���ଵ ൌ Ͳ SHU�XQLW��WKLV�VLPSOLILHV�WR�

ห۷୧୬୴ሺୱୡሻห ൌ
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7R�REWDLQ�WKH�GHVLUHG�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ��WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�FDQ�

EH�FDOFXODWHG�DFFRUGLQJ�WR�(TXDWLRQ������

ȁܼଵȁ ൌ
ȁ۳ȁ
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ൌ
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+HQFH��WR�REWDLQ�WKH�GHVLUHG�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ� WKH�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�

ZLWK� D� JULG�VLGH� LQYHUWHU� �LQFOXGLQJ� WKH� LQYHUWHU� WUDQVIRUPHU�� FDQ� EH�PRGHOOHG� E\� DQ� HTXLYDOHQW� YROWDJH�

VRXUFH�EHKLQG�D�VXEWUDQVLHQW�UHDFWDQFH�RI�����SHU�XQLW� )URP�WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�VKRZQ�RQ�

SDJH���� LQ�7DEOH�������WKH�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�IURP�%XV����WR�WKH�V\PPHWULFDO�WKUHH�SKDVH�

IDXOW�DW�%XV��� L�H���WKH�LQYHUWHU�WUDQVIRUPHU�RXWSXW�WHUPLQDOV��LV�WKH�FDOFXODWHG�GHVLUHG�YDOXH�RI�����SHU�XQLW�

RU� ������$� DV� H[SHFWHG��7KLV� UHVXOW� YHULILHV� DQG� YDOLGDWHV� WKH�0$7/$%�PRGHO� RI� WKH� VHULHV� FRQYHUWHU�

FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU��WKHUHE\�HQVXULQJ�WKH�WHFKQLFDO�DFFXUDF\�RI�WKH�PRGHO�ZLWKLQ�

WKH�IUDPHZRUN�RI�FRQYHQWLRQDO�IDXOW�DQDO\VLV�WHFKQLTXHV��



���

)LJXUH����� 6LQJOH�OLQH�GLDJUDP�IRU�WHVW�GDWD���>�@�



���

)DXOW DW�%XV�� 0$7/$%

&RUUHFW

&DOFXODWHG

9DOXH ��(UURU

3UHIDXOW�9ROWDJH��N9� ���� � �

)DXOW�FXUUHQW��S�X�����09$� ������ � �

)DXOW�FXUUHQW��N$� ������ � �

9ROWDJH�WR�JURXQG�GXULQJ�IDXOW��S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV����S�X�� ������ � �

)DXOW�FRQWULEXWLRQ�IURP�%XV����N$� ����� � �

9ROWDJH�WR�JURXQG�DW�%XV����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV����N$� ����� � �

9ROWDJH�WR�JURXQG�DW�%XV����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� � �

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� � �

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� � �

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� � �

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� � �

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� ����� ����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� ����� ����

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� � �

7DEOH������ &RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�FDOFXODWHG LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�

)RU�FRPSDULVRQ��WKH�IDXOW�DQDO\VLV�SHUIRUPHG�DERYH�IRU�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV���LV�UHSHDWHG�

RQ�WKH�VDPH�V\VWHP�XVHG�LQ�WKH�SUHYLRXV�VHW�RI�WHVW�GDWD�IURP�,(((�6WDQGDUG����������>�@��ZLWK�WKH�RULJLQDO�

�����09$�ORFDO�V\QFKURQRXV�JHQHUDWRU�LGHQWLILHG�E\�³*(1��´�RQ�WKH�VLQJOH�OLQH�GLDJUDP�VKRZQ�HDUOLHU�LQ�

)LJXUH������7KH� LQSXW� ILOH� WR� WKH�0$7/$%�SURJUDP�DQG� WKH�FRUUHVSRQGLQJ�FRPPDQG�ZLQGRZ�RXWSXW�DUH�

SURYLGHG�LQ�WKH�DSSHQGL[�RI�WKLV�UHSRUW��7KH�0$7/$%�VLPXODWLRQ�UHVXOWV�DUH�VKRZQ RQ�WKH�QH[W�SDJH LQ�7DEOH



���

����� )URP� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ� LQ� 7DEOH� ����� LW� LV� HYLGHQW� WKDW� WKH� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV�� IURP�WKH�RULJLQDO������09$�ORFDO�V\QFKURQRXV�

JHQHUDWRU�LGHQWLILHG�E\�³*(1��´�RQ�WKH�VLQJOH�OLQH�GLDJUDP�VKRZQ�HDUOLHU�LQ�)LJXUH�����LV�VLJQLILFDQWO\�JUHDWHU�

WKDQ�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�IURP�WKH������09$�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�

LQYHUWHU�LGHQWLILHG�E\�³*(1��´�RQ�WKH�VLQJOH�OLQH�GLDJUDP�VKRZQ�HDUOLHU�LQ�)LJXUH�����

)DXOW DW�%XV��

�����09$�

6\QFKURQRXV�

*HQHUDWRU

�����09$

*ULG�VLGH

,QYHUWHU

3UHIDXOW�9ROWDJH��N9� ���� ����

)DXOW�FXUUHQW��S�X�����09$� ������ ������

)DXOW�FXUUHQW��N$� ������ ������

9ROWDJH�WR�JURXQG�GXULQJ�IDXOW��S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV����S�X�� ������ ������

)DXOW�FRQWULEXWLRQ�IURP�%XV����N$� ����� �����

9ROWDJH�WR�JURXQG�DW�%XV����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV����N$� ����� �����

9ROWDJH�WR�JURXQG�DW�%XV����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� �����

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� �����

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� �����

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� �����

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�*(1����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�*(1����N$� ����� �����

7DEOH������ &RPSDULVRQ�RI�IDXOW�FXUUHQW�FRQWULEXWLRQV�IURP�D������09$�V\QFKURQRXV�JHQHUDWRU�DQG�D������09$�VHULHV�

FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�



���

��� 7HVW�'DWD��

7KH�0$7/$%�IDXOW�FXUUHQW�DQDO\VLV�SURJUDP�ZLOO�DJDLQ�EH�XVHG�WR�SHUIRUP�IDXOW�DQDO\VLV�RI�D�SRZHU�V\VWHP�

ZLWK�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV��H[FHSW�WKDW�WKH�ORFDWLRQ�RI�WKH�IDXOW�RQ�WKH�SRZHU�V\VWHP�

ZLOO�EH�RWKHU� WKDQ�WKH� LQYHUWHU� WUDQVIRUPHU�RXWSXW� WHUPLQDOV�WR�GHPRQVWUDWH�WKH� LWHUDWLYH�SURFHVV�XVHG�WR�

REWDLQ�WKH�FRUUHFW� LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�DW�DOO�RWKHU�IDXOW� ORFDWLRQV�RQ�WKH�SRZHU�V\VWHP��7KH�

IDXOW�DQDO\VLV�LV�SHUIRUPHG�RQ�WKH�VDPH�V\VWHP�XVHG�LQ�WKH�SUHYLRXV�VHW�RI�WHVW�GDWD�VKRZQ�HDUOLHU�LQ�)LJXUH�

�����7KH�LQSXW�ILOH�WR�WKH�0$7/$%�SURJUDP�DQG�WKH�FRUUHVSRQGLQJ�0$7/$%�FRPPDQG�ZLQGRZ�RXWSXW�DUH�

SURYLGHG�LQ�WKH�DSSHQGL[�RI�WKLV�UHSRUW��7KH�IDXOW�LV�D�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV�����7KH�0$7/$%�

VLPXODWLRQ�UHVXOWV�DUH�VKRZQ�RQ�SDJHV���� DQG���� LQ�7DEOHV����� DQG�������UHVSHFWLYHO\�

7KH�UDWHG�RXWSXW�FXUUHQW�RI�WKH�LQYHUWHU�RQ�WKH�KLJK�YROWDJH�VLGH�RI�WKH�WUDQVIRUPHU�FDQ�EH�FDOFXODWHG�IURP�

ห۷୧୬୴ሺ୰ୟ୲ୣୢሻห ൌ
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$V�PHQWLRQHG�HDUOLHU��VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRUV�ZLWK�D�JULG�VLGH�LQYHUWHU�HIIHFWLYHO\�LVRODWH�WKH�

HOHFWULFDO�JHQHUDWRU�DQG� LWV�VSHFLILF�HOHFWULFDO� SHUIRUPDQFH�FKDUDFWHULVWLFV� IURP� WKH�SRZHU�V\VWHP� LQ� WKH�

HYHQW�RI�D�IDXOW�RQ�WKH�KRVW�V\VWHP�DQG�FDQ�SURYLGH�D�FRQWUROOHG�IDXOW�FXUUHQW�UHVSRQVH�GXULQJ�WKH�HQWLUH�

IDXOW�GXUDWLRQ�>�@��7KHUHIRUH��XWLOLWLHV�W\SLFDOO\�UHTXLUH�D�ODUJHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�IURP�VXFK�JHQHUDWRUV�

WR�DVVLVW�SRZHU�V\VWHP�SURWHFWLRQ�LQ�WKH�GHWHFWLRQ�RI�IDXOW�FXUUHQWV��$V�D UHVXOW��PRGHUQ�JULG�VLGH�LQYHUWHU�

FRQWUROV�DUH�W\SLFDOO\�GHVLJQHG�WR�VXSSO\�D�FRQVWDQW�YDOXH�RI�WKUHH�SKDVH�IDXOW�FXUUHQW�WKDW�LV�UHODWHG�WR�WKH�

UDWHG�FXUUHQW�E\�(TXDWLRQ��������ZKHUHߙ�  ͵ IRU�PRVW�FXUUHQW�LQYHUWHU�GHVLJQV�>�@�± >��@��)RU�WKLV�VHW�RI�WHVW

GDWD��ZH�ZLOO�XVHߙ� ൌ ʹ��,Q�WKLV�FDVH��WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�LV�JLYHQ�E\

ห۷୧୬୴ሺୱୡሻห ൌ ʹ ൈ ͷʹ͵ � ൌ ͳǡͲͶ �

,Q�SHU�XQLW�

ห۷୧୬୴ሺୱୡሻห ൌ
ͳǡͲͶ �

ୠୟୱୣܫ
ൌ

ͳǡͲͶ �

ܵୠୟୱୣ
ξ͵ ൈ ܸǡୠୟୱୣ

ൌ
ͳǡͲͶ �

ͳͲ ���

ξ͵ ൈ ͳ͵Ǥͺ ��

ൌ
ͳǡͲͶ �

ͶͳͺǤͶ �
ൌ ʹǤͷ ��

7R�RYHUFRPH�WKH�GLIILFXOW\�RI�LQWHJUDWLQJ�D�FRQVWDQW�FXUUHQW�VRXUFH�LQWR�WKH�IUDPHZRUN�RI�FRQYHQWLRQDO�IDXOW�

DQDO\VLV�� LW� PXVW� EH� UHSODFHG� E\� D� YROWDJH� VRXUFH� EHKLQG� DQ� LQGXFWLYH� UHDFWDQFH� �DV� LQ� WKH� FDVH� RI�

V\QFKURQRXV�JHQHUDWRUV��XVLQJ�D�1RUWRQ�7KHYHQLQ�VRXUFH�WUDQVIRUPDWLRQ�VXFK�WKDW�WKH�FRQYHQWLRQDO�IDXOW�

FXUUHQW� FDOFXODWLRQ� WHFKQLTXHV� GHVFULEHG� HDUOLHU� LQ�&KDSWHUV� �� DQG���PD\�EH�HPSOR\HG��+RZHYHU�� LW� LV�



���

JHQHUDOO\�LQFRUUHFW�WR�DVVXPH�WKDW�D�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�FDQ�EH�

PRGHOHG� E\� DQ� LQWHUQDO� JHQHUDWHG� YROWDJH� ۳ EHKLQG� D� SRVLWLYH�VHTXHQFH� LPSHGDQFH� ܼଵ VXFK� WKDW�

ห۷୧୬୴ሺୱୡሻห ൌ ȁ۳ȁȀȁܼଵȁ��7KLV�UHSUHVHQWDWLRQ�ZLOO�SURGXFH�WKH�FRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�IRU�RQH�

IDXOW�ORFDWLRQ�RQO\��QDPHO\�DW�WKH�LQYHUWHU WUDQVIRUPHU�RXWSXW�WHUPLQDOV��$W�RWKHU�IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�

V\VWHP��WKH�VRXUFH�WUDQVIRUPDWLRQ�ZLOO�SURGXFH�D�ORZHU�DQG�LQFRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDQ�

WKDW�JLYHQ�E\�(TXDWLRQ��������6LQFH�WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH� LPSHGDQFH�YDULHV�ZLWK� WKH� LQYHUWHU�

WUDQVIRUPHU� WHUPLQDO� YROWDJH� ZKLFK� LV� D� IXQFWLRQ� RI� WKH� IDXOW� FXUUHQW�� WKH� HTXLYDOHQW� SRVLWLYH�VHTXHQFH�

LPSHGDQFH� PXVW� EH� GHWHUPLQHG� E\� DQ� LWHUDWLYH� SURFHVV� WR� REWDLQ� WKH� FRUUHFW� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�DW�DOO�RWKHU�IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�V\VWHP� 7KHUHIRUH��WKH�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�

FDQ�EH�FDOFXODWHG�IURP�(TXDWLRQ��������ZKHUH܄�ଵ LV�WKH�SRVLWLYH�VHTXHQFH�WHUPLQDO�YROWDJH�RI�WKH�LQYHUWHU�

WUDQVIRUPHU��)RU�D�IDXOW�DW�WKH�LQYHUWHU�WUDQVIRUPHU�RXWSXW�WHUPLQDOV��L�H܄���ଵ ൌ Ͳ SHU�XQLW��WKLV�VLPSOLILHV�WR�

(TXDWLRQ�������DV�VHHQ�LQ�WKH�SUHYLRXV�VHW�RI�WHVW�GDWD��+RZHYHU��DW�DOO�RWKHU�IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�

V\VWHP��(TXDWLRQ������ ZLOO�SURGXFH�D�ORZHU�DQG�LQFRUUHFW�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDQ�WKDW�JLYHQ�

E\�(TXDWLRQ��������7R�REWDLQ�WKH�GHVLUHG�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�DW�DOO�RWKHU�IDXOW�ORFDWLRQV�RQ�WKH�

SRZHU�V\VWHP��WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�GHWHUPLQHG�E\ DQ� LWHUDWLYH�SURFHVV�

XQWLO�LW�SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��

)RU� WKH� ILUVW� LWHUDWLRQ�� ZH� ZLOO� DVVXPH� ଵ܄ ൌ Ͳ SHU� XQLW� DV� DQ� LQLWLDO� HVWLPDWHG� YDOXH� IRU� WKH� LQYHUWHU�

WUDQVIRUPHU�WHUPLQDO�YROWDJH GXULQJ�WKH�IDXOW�RQ�WKH�SRZHU�V\VWHP��7KLV�YDOXH�ZLOO�WKHQ�EH�XVHG�WR�FDOFXODWH�

WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH DFFRUGLQJ�WR�(TXDWLRQ��������ZKLFK�ZLOO�EH�VXSSOLHG�DV�LQSXW�

GDWD�WR� WKH�0$7/$%�SURJUDP��7KH�RXWSXW�RI� WKH�0$7/$%�SURJUDP�ZLOO�EH�REVHUYHG WR�GHWHUPLQH� LI� WKH�

GHVLUHG�YDOXH�RI�WKH�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ PDWFKHV�WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�EDVHG�RQ�

WKH� HVWLPDWHG� YDOXHV� RI� WKH� LQYHUWHU� WUDQVIRUPHU� WHUPLQDO� YROWDJH DQG� WKH� HTXLYDOHQW� SRVLWLYH�VHTXHQFH�

LPSHGDQFH�� ,I� DQ\�PLVPDWFK� H[LVWV�� VXEVHTXHQW� LWHUDWLRQV� DUH� SHUIRUPHG� XQWLO� WKH� GHVLUHG� YDOXH� RI� WKH�

LQYHUWHU� IDXOW� FXUUHQW� FRQWULEXWLRQ PDWFKHV� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV�� 'XULQJ� HDFK� VXEVHTXHQW�

LWHUDWLRQ��WKH�VWDUWLQJ�YDOXH�IRU�WKH�LQYHUWHU�WUDQVIRUPHU�WHUPLQDO�YROWDJH GXULQJ�WKH�IDXOW�RQ�WKH�SRZHU�V\VWHP

ZLOO�EH�XSGDWHG EDVHG�RQ�WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�RI�WKH�SUHYLRXV�LWHUDWLRQ�DQG�WKH�SURFHVV�GHVFULEHG�

DERYH�ZLOO�EH�UHSHDWHG�XQWLO� WKH�FRUUHVSRQGLQJ�HTXLYDOHQW�SRVLWLYH�VHTXHQFH� LPSHGDQFH�FDOFXODWHG�IURP�

(TXDWLRQ�������SURGXFHV�WKH�GHVLUHG�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ��6XEVWLWXWLQJ܄�ଵ ൌ Ͳ SHU�XQLW LQWR�

(TXDWLRQ�������\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͳǤͲ ��

ʹǤͷ ��
ൌ ͲǤͶ ��

%XW



���

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൌ ටܴ୲
ଶ  ሺ ୲ܺ  ୧ܺ୬୴ሻ

ଶ ൌ ͲǤͶ ��

ZKLFK�OHDGV�WR

ඥሺͲǤͲͲ͵ͳ͵ ��ሻଶ  ሺͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ሻ
ଶ ൎ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͶ ��

)URP� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ RQ� SDJH� ��� LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV������ SHU�XQLW�RU���� $��$V�D�UHVXOW��WKH�

HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�IXUWKHU�DGMXVWHG�E\�UHFDOFXODWLQJ�(TXDWLRQ�������XQWLO� LW�

SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��

)RU� WKH�VHFRQG� LWHUDWLRQ��ZH�ZLOO�XVH� ȁ۳ȁ െ ȁ܄ଵȁ ൌ ͲǤʹͳͶͶͲ SHU�XQLW DV�D�VWDUWLQJ�YDOXH�EDVHG�RQ� WKH�

0$7/$%�VLPXODWLRQ�UHVXOWV�IURP�WKH�SUHYLRXV�LWHUDWLRQ��L�H��

ȁ۳ȁ െ ȁ܄ଵȁ ൌ ห۷୧୬୴ሺୱୡሻห ൈ ȁܼଵȁ ൌ ͲǤͷ͵ �� ൈ ͲǤͶ �� ൌ ͲǤʹͳͶͶͲ ��

5HSHDWLQJ WKH�SURFHVV GHVFULEHG�DERYH�ZLWK�WKLV�XSGDWHG�YDOXH�\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ െ ȁ܄ଵȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͲǤʹͳͶͶͲ ��

ʹǤͷ ��
ൌ ͲǤͲͺͷ ��

ZKLFK�OHDGV�WR

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൎ ଵܺ ൌ ୲ܺ  ୧ܺ୬୴ ൌ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͲͺͷ ��

)URP� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ RQ� SDJH� ��� LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV������ SHU�XQLW�RU���� $��$V�D�UHVXOW��WKH�

HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�IXUWKHU�DGMXVWHG�E\�UHFDOFXODWLQJ�(TXDWLRQ�������XQWLO� LW�

SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��

)RU� WKH WKLUG LWHUDWLRQ�� ZH� ZLOO� XVH� ȁ۳ȁ െ ȁ܄ଵȁ ൌ ͲǤͳͷͺ SHU� XQLW DV� D� VWDUWLQJ� YDOXH� EDVHG� RQ� WKH�

0$7/$%�VLPXODWLRQ�UHVXOWV�IURP�WKH�SUHYLRXV�LWHUDWLRQ��L�H��

ȁ۳ȁ െ ȁ܄ଵȁ ൌ ห۷୧୬୴ሺୱୡሻห ൈ ȁܼଵȁ ൌ ͳǤͻ͵Ͷ �� ൈ ͲǤͲͺͷ �� ൌ ͲǤͳͷͺ ��



���

5HSHDWLQJ WKH�SURFHVV GHVFULEHG�DERYH�ZLWK�WKLV�XSGDWHG�YDOXH�\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ െ ȁ܄ଵȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͲǤͳͷͺ ��

ʹǤͷ ��
ൌ ͲǤͲ͵Ͷ ��

ZKLFK�OHDGV�WR

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൎ ଵܺ ൌ ୲ܺ  ୧ܺ୬୴ ൌ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͲ͵Ͷ ��

)URP� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ RQ� SDJH ��� LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV������ SHU�XQLW�RU���� $��$V�D�UHVXOW��WKH�

HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�IXUWKHU�DGMXVWHG�E\�UHFDOFXODWLQJ�(TXDWLRQ�������XQWLO� LW�

SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��

)RU� WKH IRXUWK LWHUDWLRQ�� ZH�ZLOO� XVH� ȁ۳ȁ െ ȁ܄ଵȁ ൌ ͲǤͳͷʹͻͳ SHU� XQLW DV� D� VWDUWLQJ� YDOXH� EDVHG� RQ� WKH�

0$7/$%�VLPXODWLRQ�UHVXOWV�IURP�WKH�SUHYLRXV�LWHUDWLRQ��L�H��

ȁ۳ȁ െ ȁ܄ଵȁ ൌ ห۷୧୬୴ሺୱୡሻห ൈ ȁܼଵȁ ൌ ʹǤ͵Ͳͷ �� ൈ ͲǤͲ͵Ͷ �� ൌ ͲǤͳͷʹͻͳ ��

5HSHDWLQJ WKH�SURFHVV GHVFULEHG�DERYH�ZLWK�WKLV�XSGDWHG�YDOXH�\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ െ ȁ܄ଵȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͲǤͳͷʹͻͳ ��

ʹǤͷ ��
ൌ ͲǤͲͳͳ ��

ZKLFK�OHDGV�WR

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൎ ଵܺ ൌ ୲ܺ  ୧ܺ୬୴ ൌ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͲͳͳ ��

)URP� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ RQ� SDJH� ��� LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV������ SHU�XQLW�RU������ $��$V�D�UHVXOW��WKH�

HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�IXUWKHU�DGMXVWHG�E\�UHFDOFXODWLQJ�(TXDWLRQ�������XQWLO� LW�

SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��

)RU�WKH ILIWK LWHUDWLRQ��ZH�ZLOO�XVH�ȁ۳ȁ െ ȁ܄ଵȁ ൌ ͲǤͳͶͺͶ SHU�XQLW DV�D�VWDUWLQJ�YDOXH�EDVHG�RQ�WKH�0$7/$%�

VLPXODWLRQ�UHVXOWV�IURP�WKH�SUHYLRXV�LWHUDWLRQ��L�H��



���

ȁ۳ȁ െ ȁ܄ଵȁ ൌ ห۷୧୬୴ሺୱୡሻห ൈ ȁܼଵȁ ൌ ʹǤͶ͵Ͳ �� ൈ ͲǤͲͳͳ �� ൌ ͲǤͳͶͺͶ ��

5HSHDWLQJ WKH�SURFHVV GHVFULEHG�DERYH�ZLWK�WKLV�XSGDWHG�YDOXH�\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ െ ȁ܄ଵȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͲǤͳͶͺͶ ��

ʹǤͷ ��
ൌ ͲǤͲͷͻͶ ��

ZKLFK�OHDGV�WR

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൎ ଵܺ ൌ ୲ܺ  ୧ܺ୬୴ ൌ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͲͷͻͶ ��

)URP� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ RQ� SDJH ��� LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV������ SHU�XQLW�RU������ $��$V�D�UHVXOW��WKH�

HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�IXUWKHU�DGMXVWHG�E\�UHFDOFXODWLQJ�(TXDWLRQ�������XQWLO� LW�

SURGXFHV�DQ LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��

)RU� WKH VL[WK LWHUDWLRQ�� ZH� ZLOO� XVH� ȁ۳ȁ െ ȁ܄ଵȁ ൌ ͲǤͳͶͳͲ SHU� XQLW DV� D� VWDUWLQJ� YDOXH� EDVHG� RQ� WKH�

0$7/$%�VLPXODWLRQ�UHVXOWV�IURP�WKH�SUHYLRXV�LWHUDWLRQ��L�H��

ȁ۳ȁ െ ȁ܄ଵȁ ൌ ห۷୧୬୴ሺୱୡሻห ൈ ȁܼଵȁ ൌ ʹǤͶͶ �� ൈ ͲǤͲͷͻͶ �� ൌ ͲǤͳͶͳͲ ��

5HSHDWLQJ WKH�SURFHVV GHVFULEHG�DERYH�ZLWK�WKLV�XSGDWHG�YDOXH�\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ െ ȁ܄ଵȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͲǤͳͶͳͲ ��

ʹǤͷ ��
ൌ ͲǤͲͷͺͺͶ ��

ZKLFK�OHDGV�WR

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൎ ଵܺ ൌ ୲ܺ  ୧ܺ୬୴ ൌ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͲͷͺͺͶ ��

)URP� WKH� 0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ RQ� SDJH ��� LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV������ SHU�XQLW�RU������ $��$V�D�UHVXOW��WKH�

HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�IXUWKHU�DGMXVWHG�E\ UHFDOFXODWLQJ�(TXDWLRQ�������XQWLO� LW�

SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��



���

)RU� WKH VHYHQWK LWHUDWLRQ��ZH�ZLOO�XVH� ȁ۳ȁ െ ȁ܄ଵȁ ൌ ͲǤͳͶͷͳ SHU�XQLW DV�D�VWDUWLQJ�YDOXH�EDVHG�RQ�WKH�

0$7/$%�VLPXODWLRQ�UHVXOWV�IURP�WKH�SUHYLRXV�LWHUDWLRQ��L�H��

ȁ۳ȁ െ ȁ܄ଵȁ ൌ ห۷୧୬୴ሺୱୡሻห ൈ ȁܼଵȁ ൌ ʹǤͶͻͲ �� ൈ ͲǤͲͷͺͺͶ �� ൌ ͲǤͳͶͷͳ ��

5HSHDWLQJ WKH�SURFHVV GHVFULEHG�DERYH�ZLWK�WKLV�XSGDWHG�YDOXH�\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ െ ȁ܄ଵȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͲǤͳͶͷͳ ��

ʹǤͷ ��
ൌ ͲǤͲͷͺͲ ��

ZKLFK�OHDGV�WR

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൎ ଵܺ ൌ ୲ܺ  ୧ܺ୬୴ ൌ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͲͷͺͲ ��

)URP� WKH�0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ� RQ� WKH� QH[W� SDJH LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV������ SHU�XQLW�RU������ $��$V�D�UHVXOW��WKH�

HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�PXVW�EH�IXUWKHU�DGMXVWHG�E\�UHFDOFXODWLQJ�(TXDWLRQ�������XQWLO� LW�

SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�YDOXH��

)RU� WKH HLJKWK LWHUDWLRQ�� ZH�ZLOO� XVH� ȁ۳ȁ െ ȁ܄ଵȁ ൌ ͲǤͳͶʹͳ SHU� XQLW DV� D� VWDUWLQJ� YDOXH� EDVHG� RQ� WKH�

0$7/$%�VLPXODWLRQ�UHVXOWV�IURP�WKH�SUHYLRXV�LWHUDWLRQ��L�H��

ȁ۳ȁ െ ȁ܄ଵȁ ൌ ห۷୧୬୴ሺୱୡሻห ൈ ȁܼଵȁ ൌ ʹǤͶͻͷ �� ൈ ͲǤͲͷͺͲ �� ൌ ͲǤͳͶʹͳ ��

5HSHDWLQJ WKH�SURFHVV GHVFULEHG�DERYH�ZLWK�WKLV�XSGDWHG�YDOXH�\LHOGV

ȁܼଵȁ ൌ
ȁ۳ȁ െ ȁ܄ଵȁ

ห۷୧୬୴ሺୱୡሻห
ൌ
ͲǤͳͶʹͳ ��

ʹǤͷ ��
ൌ ͲǤͲͷͺͶͺ ��

ZKLFK�OHDGV�WR

ȁܼଵȁ ൌ ටܴଵ
ଶ  ଵܺ

ଶ ൎ ଵܺ ൌ ୲ܺ  ୧ܺ୬୴ ൌ ͲǤͲͷ͵ʹͶ ��  ୧ܺ୬୴ ൌ ͲǤͲͷͺͶͺ ��

)URP� WKH�0$7/$%� VLPXODWLRQ� UHVXOWV� VKRZQ RQ� WKH� QH[W� SDJH LQ� 7DEOH� ������ WKH� LQYHUWHU� IDXOW� FXUUHQW�

FRQWULEXWLRQ�GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� LV�WKH�FDOFXODWHG�GHVLUHG�YDOXH�RI�����SHU�



���

XQLW�RU ������$�DV�H[SHFWHG��$V�D�UHVXOW��WKH�HTXLYDOHQW�SRVLWLYH�VHTXHQFH�LPSHGDQFH�QHHG�QRW EH�IXUWKHU�

DGMXVWHG�E\�UHFDOFXODWLQJ�(TXDWLRQ�������GXH�WR�WKDW� WKH�FDOFXODWHG� LQYHUWHU� IDXOW�FXUUHQW�FRQWULEXWLRQ�KDV

FRQYHUJHG WR�WKH�GHVLUHG�YDOXH DQG�QR�IXUWKHU�LWHUDWLRQV�DUH�UHTXLUHG��+HQFH��WR�REWDLQ�WKH�GHVLUHG�LQYHUWHU�

IDXOW�FXUUHQW�FRQWULEXWLRQ� WKH�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU��LQFOXGLQJ�WKH�

LQYHUWHU�WUDQVIRUPHU��FDQ�EH�PRGHOOHG�E\�DQ�HTXLYDOHQW�YROWDJH�VRXUFH�EHKLQG�D�VXEWUDQVLHQW�UHDFWDQFH�RI

������� SHU�XQLW� 7KLV�UHVXOW�YHULILHV�DQG�YDOLGDWHV�WKH�0$7/$%�PRGHO�RI�WKH�VHULHV�FRQYHUWHU�FRQQHFWHG�

JHQHUDWRU� ZLWK� D� JULG�VLGH� LQYHUWHU�� WKHUHE\� HQVXULQJ� WKH� WHFKQLFDO� DFFXUDF\� RI� WKH� PRGHO� ZLWKLQ� WKH�

IUDPHZRUN�RI�FRQYHQWLRQDO�IDXOW�DQDO\VLV�WHFKQLTXHV�

)DXOW DW�%XV���

,QYHUWHU

)DXOW

&RQWULEXWLRQ

�S�X�����09$�

,QYHUWHU

)DXOW

&RQWULEXWLRQ

�N$� ��(UURU

,WHUDWLRQ�� ����� ����� �����

,WHUDWLRQ�� ����� ����� �����

,WHUDWLRQ�� ����� ����� ����

,WHUDWLRQ�� ����� ����� ����

,WHUDWLRQ�� ����� ����� ����

,WHUDWLRQ�� ����� ����� ����

,WHUDWLRQ�� ����� ����� ����

,WHUDWLRQ�� ����� ����� ����

7DEOH������ &RPSDULVRQ�RI�0$7/$%�VLPXODWLRQ�UHVXOWV�DJDLQVW�FDOFXODWHG LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�

)RU� FRPSDULVRQ�� WKH� IDXOW� DQDO\VLV� SHUIRUPHG� DERYH� IRU� D� V\PPHWULFDO� WKUHH�SKDVH� IDXOW� DW� %XV� ��� LV�

UHSHDWHG�RQ�WKH�VDPH�V\VWHP�XVHG�LQ�WHVW�GDWD���IURP�,(((�6WDQGDUG����������>�@��ZLWK�WKH�RULJLQDO������

09$�ORFDO�V\QFKURQRXV�JHQHUDWRU�LGHQWLILHG�E\�³*(1��´�RQ�WKH�VLQJOH�OLQH�GLDJUDP�VKRZQ�HDUOLHU�LQ�)LJXUH�

���� 7KH�LQSXW�ILOH�WR�WKH�0$7/$%�SURJUDP�DQG�WKH�FRUUHVSRQGLQJ�FRPPDQG�ZLQGRZ�RXWSXW�DUH�SURYLGHG�

LQ�WKH�DSSHQGL[�RI�WKLV�UHSRUW��7KH�0$7/$%�VLPXODWLRQ�UHVXOWV�DUH�VKRZQ RQ�WKH�QH[W�SDJH LQ�7DEOH �����

)URP�WKH�0$7/$%�VLPXODWLRQ�UHVXOWV�VKRZQ�LQ�7DEOH������ LW�LV�HYLGHQW�WKDW�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�

GXULQJ�WKH�V\PPHWULFDO�WKUHH�SKDVH�IDXOW�DW�%XV��� IURP�WKH�RULJLQDO������09$�ORFDO�V\QFKURQRXV�JHQHUDWRU�

LGHQWLILHG�E\�³*(1��´�RQ�WKH�VLQJOH�OLQH�GLDJUDP�VKRZQ�HDUOLHU�LQ�)LJXUH�����LV�OHVV�WKDQ�WKH�IDXOW�FXUUHQW�

FRQWULEXWLRQ�IURP�WKH������09$�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�LGHQWLILHG�E\�

³*(1��´�RQ�WKH�VLQJOH�OLQH�GLDJUDP�VKRZQ�HDUOLHU�LQ�)LJXUH������7KLV�UHVXOW�HPSKDVL]HV�WKH�QHHG�WR�GHYHORS�

PDWKHPDWLFDO�DQG�VRIWZDUH�VLPXODWLRQ�PRGHOV�WKDW�DSSUR[LPDWH�WKH�UHVSRQVH�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�

HQHUJ\�UHVRXUFHV�GXULQJ�D�IDXOW�RQ�WKH�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP�LQ�RUGHU�WR�GHWHUPLQH�WKH�IDXOW�

FXUUHQW�FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�



���

FRQQHFWLRQ� LPSDFW� DVVHVVPHQWV� HVVHQWLDO� IRU� WKH� GHVLJQ� DQG� DSSOLFDWLRQ� RI� GLVWULEXWLRQ� DQG� SURWHFWLYH�

DSSDUDWXVHV�XVHG�LQ�WKHVH�V\VWHPV�

)DXOW DW�%XV���

�����09$�

6\QFKURQRXV�

*HQHUDWRU

�����09$

*ULG�VLGH

,QYHUWHU

3UHIDXOW�9ROWDJH��N9� ���� ����

)DXOW�FXUUHQW��S�X�����09$� ����� �����

)DXOW�FXUUHQW��N$� ����� �����

9ROWDJH�WR�JURXQG�GXULQJ�IDXOW��S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�%XV�����N$� ����� �����

9ROWDJH�WR�JURXQG�DW�%XV�����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�PRWRUV��S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�PRWRUV��N$� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�*(1����S�X�� ����� �����

)DXOW�FRQWULEXWLRQ�IURP�*(1����N$� ����� �����

7DEOH������ &RPSDULVRQ�RI�IDXOW�FXUUHQW�FRQWULEXWLRQV�IURP�D������09$�V\QFKURQRXV�JHQHUDWRU�DQG�D������09$�VHULHV�

FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�



���

��� &KDSWHU�6XPPDU\

%DVHG�RQ�WKH�WHVWLQJ�UHVXOWV SUHVHQWHG�LQ�WKLV�FKDSWHU��LW�FDQ�EH�FRQFOXGHG�WKDW�WKH�GHVLUHG�LQYHUWHU�IDXOW�

FXUUHQW� FRQWULEXWLRQ�� JLYHQ� E\� ห۷ሺୱୡሻห ൌ ��ห۷ሺ୰ୟ୲ୣୢሻหߙ ZDV� VXFFHVVIXOO\� REWDLQHG� E\� PRGHOOLQJ� WKH� VHULHV�

FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU��LQFOXGLQJ�WKH�LQYHUWHU�WUDQVIRUPHU��E\�DQ�HTXLYDOHQW�

YROWDJH�VRXUFH�EHKLQG�DQ� LQGXFWLYH�UHDFWDQFH�XVLQJ�D�1RUWRQ�7KHYHQLQ�VRXUFH�WUDQVIRUPDWLRQ�VXFK�WKDW�

FRQYHQWLRQDO� IDXOW� FXUUHQW� FDOFXODWLRQ� WHFKQLTXHV� ZHUH� DEOH� WR� EH� HPSOR\HG�� 7KHVH� UHVXOWV� YHULI\� DQG�

YDOLGDWH�WKH�0$7/$%�PRGHO�RI�WKH�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU��WKHUHE\�

HQVXULQJ�WKH�WHFKQLFDO�DFFXUDF\�RI�WKH�PRGHO�ZLWKLQ�WKH�IUDPHZRUN�RI�FRQYHQWLRQDO�IDXOW�DQDO\VLV�WHFKQLTXHV��

)XUWKHUPRUH��EDVHG�RQ�WKH�WHVWLQJ�UHVXOWV�SUHVHQWHG�LQ�WKLV�FKDSWHU��LW�FDQ�DOVR�EH�FRQFOXGHG�WKDW�WKH�IDXOW�

FXUUHQW�FRQWULEXWLRQ�IURP�D�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�GXULQJ�D�IDXOW�DW�

WKH� LQYHUWHU� WUDQVIRUPHU� RXWSXW� WHUPLQDOV� LV� VLJQLILFDQWO\� OHVV� WKDQ� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQ� IURP�DQ�

HTXLYDOHQW�ORFDO�V\QFKURQRXV�JHQHUDWRU�DW�WKH�VDPH�IDXOW�ORFDWLRQ�RQ�WKH�SRZHU�V\VWHP��+RZHYHU��DW�RWKHU�

IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�V\VWHP��LW�ZDV�FRQFOXGHG�WKDW�WKLV�LV�QRW�QHFHVVDULO\�WKH�FDVH�DQG�IRU�D�JLYHQ�

IDXOW� ORFDWLRQ� RQ� WKH� SRZHU� V\VWHP�� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQ� IURP� WKH� VHULHV� FRQYHUWHU�FRQQHFWHG�

JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�ZDV�JUHDWHU�WKDQ�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�IURP�WKH�HTXLYDOHQW�ORFDO�

V\QFKURQRXV� JHQHUDWRU�� 7KHVH� UHVXOWV� HPSKDVL]H� WKH� QHHG� WR� GHYHORS� PDWKHPDWLFDO� DQG� VRIWZDUH�

VLPXODWLRQ�PRGHOV� WKDW�DSSUR[LPDWH� WKH� IDXOW� UHVSRQVH�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\� UHVRXUFHV�

ZLWKLQ� WKH� IUDPHZRUN�RI�FRQYHQWLRQDO� IDXOW�DQDO\VLV� WHFKQLTXHV�DQG�DFFXUDWHO\�VLPXODWH� WKH� IDXOW�FXUUHQW�

FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�

LPSDFW�DVVHVVPHQWV HVVHQWLDO�IRU�WKH�GHVLJQ�DQG�DSSOLFDWLRQ�RI�GLVWULEXWLRQ�DQG�SURWHFWLYH�DSSDUDWXVHV�XVHG�

LQ�WKHVH�V\VWHPV�



���

&KDSWHU���± &RQFOXVLRQ

��� *HQHUDO

,Q� VXPPDU\�� HOHFWULFDO� SRZHU� V\VWHPV� DUH� FRPSOH[� V\VWHPV� FRPSRVHG� RI� D� ZLGH� UDQJH� RI� HTXLSPHQW�

GHYRWHG� WR� JHQHUDWLQJ�� WUDQVPLWWLQJ�� DQG� GLVWULEXWLQJ� HOHFWULFDO� SRZHU� WR� YDULRXV� FRQVXPSWLRQ� FHQWHUV��

$OWKRXJK�WKHVH�V\VWHPV�DUH�GHVLJQHG�WR�VHUYH�ORDGV�LQ�D�VDIH�DQG�UHOLDEOH�PDQQHU��WKH�YHU\�FRPSOH[LW\�RI�

WKHVH�V\VWHPV�VXJJHVWV�WKDW�IDLOXUHV�DUH�XQDYRLGDEOH�UHJDUGOHVV�RI�KRZ�FDUHIXOO\�WKHVH�V\VWHPV�KDYH�EHHQ�

GHVLJQHG��7KH�IHDVLELOLW\�RI�GHVLJQLQJ�DQG�RSHUDWLQJ�D�SRZHU�V\VWHP�ZLWK�]HUR�IDLOXUH�UDWH�LV��LI�QRW�UHDOLVWLF��

HFRQRPLFDOO\�XQMXVWLILDEOH��$�IDXOW�LQ�D�FLUFXLW�LV�DQ\�IDLOXUH�WKDW�LQWHUIHUHV�ZLWK�WKH�QRUPDO�IORZ�RI�FXUUHQW�WR�

WKH�ORDGV�>�@��,Q�PRVW�IDXOWV��D�FXUUHQW�SDWK�GHYHORSV�EHWZHHQ�WZR�RU�PRUH�SKDVHV��RU�EHWZHHQ�RQH�RU�PRUH�

SKDVHV� DQG� WKH� QHXWUDO� �JURXQG���2QFH� WKLV� FXUUHQW� SDWK� LV� HVWDEOLVKHG�� LW� SURYLGHV� D� VKRUW�FLUFXLW� ZLWK�

UHODWLYHO\�ORZ�LPSHGDQFH�UHVXOWLQJ�LQ�H[FHVVLYH�FXUUHQW�IORZV��,I�XQFRQWUROOHG��WKHVH�H[FHVVLYH�FXUUHQW�IORZV�

FDQ� FDXVH� VHUYLFH� RXWDJH� ZLWK� DFFRPSDQ\LQJ� GRZQWRZQ� RI� HTXLSPHQW� DQG� DVVRFLDWHG� LQFRQYHQLHQFH��

LQWHUUXSWLRQ�RI�HVVHQWLDO�IDFLOLWLHV�RU�YLWDO�VHUYLFHV��H[WHQVLYH�HTXLSPHQW�GDPDJH��SHUVRQQHO�LQMXU\�RU�IDWDOLW\��

DQG�SRVVLEOH�ILUH�GDPDJH�>�@�

(OHFWULF�SRZHU�V\VWHPV�KDYH�XVHG�DQG�ZLOO�FRQWLQXH�WR�XVH�V\QFKURQRXV�PDFKLQHV LQ�WKH�IRUHVHHDEOH�IXWXUH

IRU�WKH�JHQHUDWLRQ�RI�HOHFWULFLW\��+RZHYHU��ZLWK�HPHUJLQJ�FRQFHUQV�RYHU�FOLPDWH�FKDQJH�DQG�WKH�QHHG�IRU�

UHGXFHG�JUHHQKRXVH�JDV�HPLVVLRQV��WRJHWKHU�ZLWK�WKH�JURZLQJ�DZDUHQHVV�RI�WKH�LPSRUWDQFH�RI�WKH�QDWXUDO�

HQYLURQPHQW�DQG�WKH�GHSOHWLRQ�RI�WKH�HDUWK¶V�QRQ�UHQHZDEOH�HQHUJ\�UHVRXUFHV��WKH�JHQHUDWLRQ�RI�HOHFWULFLW\�

IURP�GLVWULEXWHG�UHQHZDEOH�HQHUJ\�UHVRXUFHV�VXFK�DV�VRODU�SKRWRYROWDLF��39��DQG�ZLQG�HQHUJ\�KDV�EHJXQ�

WR� H[SDQG�DW� D� UDSLG� SDFH��3UROLIHUDWLRQ� RI FRQYHUWHU�EDVHG�GLVWULEXWHG� HQHUJ\� UHVRXUFHV� LQ GLVWULEXWLRQ�

V\VWHPV�KDV�LQWURGXFHG�QHZ�FKDOOHQJHV�LQ�GHWHUPLQLQJ�WKH�PD[LPXP�SRVVLEOH�IDXOW�FXUUHQWV�WKDW�D�SRZHU�

V\VWHP�PXVW�EH�DEOH�WR�ZLWKVWDQG�ZLWKRXW�EHLQJ�FRPSURPLVHG��$V�SDUW�RI�D�FRQQHFWLRQ�LPSDFW�DVVHVVPHQW�

IRU�D�QHZ�JHQHUDWLRQ�IDFLOLW\��XWLOLWLHV�UHTXLUH�GHWDLOHG�LQIRUPDWLRQ�RQ�IDXOW�FKDUDFWHULVWLFV�RI�WKH�JHQHUDWLRQ�

VRXUFHV� :LWKRXW� DFFXUDWH� GDWD� DQG� GHWDLOV� RI� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQV� IURP� VHULHV� FRQYHUWHU�

FRQQHFWHG�VRODU�39�DQG�ZLQG�JHQHUDWRUV��LW�LV�QRW�SRVVLEOH�WR�DVVHVV�WKH�ULVN�RI�FRQQHFWLQJ�WKHP�DQG�KHQFH�

GHWHUPLQLQJ�WKH�VWUDWHJ\�DQG�VHWWLQJV�RI�WKH�RYHUFXUUHQW�SURWHFWLYH�GHYLFHV�WKDW�SURWHFW�WKH�SRZHU�V\VWHP��

7KHUHIRUH��LW�LV�LPSHUDWLYH�WR�GHYHORS�WKH�PDWKHPDWLFDO�DQG�VRIWZDUH�VLPXODWLRQ�PRGHOV�WKDW�DSSUR[LPDWH�

WKH� UHVSRQVH� RI� FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\� UHVRXUFHV� GXULQJ� D� IDXOW� RQ� WKH� WUDQVPLVVLRQ� RU�

GLVWULEXWLRQ� V\VWHP� LQ� RUGHU� WR� GHWHUPLQH� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQV� WR� WKH� HOHFWULFDO� JULG� WKDW� D�

WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�LPSDFW�DVVHVVPHQWV�

)URP�WKH�DQDO\VLV�LQ�WKH�UHSRUW�ERG\��LW�ZDV�FRQFOXGHG�WKDW�IXOO�VFDOH�VWDWLF�FRQYHUWHUV�HIIHFWLYHO\�LVRODWH�WKH�

HOHFWULFDO�JHQHUDWRU�DQG� LWV�VSHFLILF�HOHFWULFDO� SHUIRUPDQFH�FKDUDFWHULVWLFV� IURP� WKH�SRZHU�V\VWHP� LQ� WKH�

HYHQW�RI�D�IDXOW�RQ�WKH�KRVW�V\VWHP��7KH�SHUIRUPDQFH�RI�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRUV�GXULQJ�D�



���

IDXOW�RQ�WKH�FRQYHUWHU�RXWSXW�WHUPLQDOV�RU�HOVHZKHUH�RQ�WKH�SRZHU�V\VWHP�LV�GLFWDWHG�E\�WKH�FRQWURO�VWUDWHJ\�

RI�WKH�LQYHUWHU��%HIRUH�D�IDXOW�RFFXUV��WKH�LQYHUWHU�RXWSXW�FXUUHQW�LV�FRQWUROOHG�ERWK�LQ�PDJQLWXGH�DQG�SKDVH��

7KH�SKDVH� LV� W\SLFDOO\�VHW�ZLWKLQ�PLQLPXP�DQG�PD[LPXP� OLPLWV�ZLWK� UHVSHFW� WR� WKH�]HUR�FURVVLQJ�RI� WKH�

RXWSXW�YROWDJH�WR�HQVXUH�WKDW�WKH�LQYHUWHU�UHDFWLYH�SRZHU�RXWSXW�LV�NHSW�ZLWKLQ�FRUUHVSRQGLQJ�PLQLPXP�DQG�

PD[LPXP�OLPLWV��:KHQ�D�IDXOW�RFFXUV�RQ�WKH�SRZHU�V\VWHP��WKH�LQYHUWHU¶V�LQKHUHQW�FRQVWDQW�FXUUHQW�FRQWURO�

VWUDWHJ\�FDQ�HQVXUH�WKDW�WKH�LQYHUWHU�LV�DEOH�WR�SURYLGH�D�FRQWUROOHG�IDXOW�FXUUHQW�UHVSRQVH�GXULQJ�WKH�HQWLUH�

IDXOW�GXUDWLRQ��7KHUHIRUH��XWLOLWLHV�W\SLFDOO\�UHTXLUH�D�ODUJHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�IURP�VXFK�JHQHUDWRUV�WR�

DVVLVW� SRZHU� V\VWHP�SURWHFWLRQ� LQ� WKH�GHWHFWLRQ�RI� IDXOW� FXUUHQWV��$V�D� UHVXOW��PRGHUQ�JULG�VLGH� LQYHUWHU�

FRQWUROV�DUH�W\SLFDOO\�GHVLJQHG�WR�VXSSO\�D� ODUJHU�DQG�FRQVWDQW�YDOXH�RI� WKUHH�SKDVH�IDXOW�FXUUHQW� WKDW� LV�

UHODWHG�WR�WKH�UDWHG�FXUUHQW�E\ ห۷ሺୱୡሻห ൌ ߙ�ห۷ሺ୰ୟ୲ୣୢሻห��ZKHUHߙ  ͵ IRU�PRVW�FXUUHQW�LQYHUWHU�GHVLJQV�>�@�± >��@��

,Q� DGGLWLRQ�� PRVW�PRGHUQ� LQYHUWHUV� DUH� GHVLJQHG� WR� FRQWLQXH� WR� VXSSO\� EDODQFHG� WKUHH�SKDVH� FXUUHQWV�

LUUHVSHFWLYH� RI� WKH� GHJUHH� RI� WKHLU� YROWDJH� XQEDODQFH� DQG� DUH� WKHUHIRUH FRQVLGHUHG� WR� DFW� DV� SRVLWLYH�

VHTXHQFH�FRQVWDQW�FXUUHQW�VRXUFHV GXULQJ�WKH�HQWLUH�IDXOW�GXUDWLRQ >�@��)XUWKHUPRUH��WKH�LQYHUWHU�FRQVWDQW�

FXUUHQW�FRQWURO�VWUDWHJ\�HQVXUHV� WKDW� WKH�SRVLWLYH�VHTXHQFH� IDXOW�FXUUHQW�VXSSOLHG�GRHV�QRW�FRQWDLQ�D�GF�

FRPSRQHQW�RI�FXUUHQW DQG�LV�QRUPDOO\�YHU\�IDVW�VR�WKDW�WKH�DF�V\PPHWULFDO�FRPSRQHQW�RI�FXUUHQW�GRHV�QRW�

FKDQJH�ZLWK�WLPH�GXULQJ�WKH�IDXOW��ZKLFK�PHDQV�WKDW WKH�VXEWUDQVLHQW�DQG�VWHDG\�VWDWH�LQYHUWHU�IDXOW�FXUUHQW�

FRQWULEXWLRQV�DUH�HTXDO�>�@�
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��� &KDSWHU�:LVH�6XPPDU\

7KH�SUHFHGLQJ FKDSWHUV DQG�VXFFHHGLQJ�DSSHQGL[�FRPSULVLQJ�WKH�HQWLUHW\�RI�WKH�UHSRUW�FDQ�EH�VXPPDUL]HG�

E\�WKH�IROORZLQJ�

7KH�VHFRQG�FKDSWHU�RI�WKH�UHSRUW��HQWLWOHG�³6\PPHWULFDO�)DXOWV´��EHJLQV�ZLWK�DQ�LQWURGXFWLRQ�WR�IDXOW�DQDO\VLV��

IROORZHG�E\�D�GLVFXVVLRQ�RI�WKUHH�SKDVH�V\PPHWULFDO�IDXOWV�DQG�FRQFOXGHV�ZLWK�WKH�IRUPXODWLRQ�RI�D�JHQHUDO�

SURFHGXUH�IRU�FDOFXODWLQJ WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�DQG� LQ�HDFK�WUDQVPLVVLRQ� OLQH� LQ�D�

SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH�IDXOWV�GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��

7KLV�JHQHUDO�SURFHGXUH�LV�WKHQ�LOOXVWUDWHG�E\�PHDQV�RI�DQ�H[DPSOH��7KLV�FKDSWHU�SURYLGHV�WKH�QHFHVVDU\�

EDFNJURXQG�IRU�VXEVHTXHQW�FKDSWHUV��

7KH�WKLUG�FKDSWHU�RI�WKH�UHSRUW��HQWLWOHG�³6\PPHWULFDO�&RPSRQHQWV�DQG�8QV\PPHWULFDO�)DXOWV´��EHLQJV�ZLWK�

DQ� LQWURGXFWLRQ� WR� WKH� DQDO\VLV� RI� XQEDODQFHG� SRZHU� V\VWHPV�� IROORZHG�E\� D� GLVFXVVLRQ� RI� V\PPHWULFDO�

FRPSRQHQWV�� VHTXHQFH� LPSHGDQFHV� DQG� VHTXHQFH� QHWZRUNV�� SRVLWLYH��� QHJDWLYH��� DQG� ]HUR�VHTXHQFH�

HTXLYDOHQW�FLUFXLWV�RI�JHQHUDWRUV��WUDQVPLVVLRQ�OLQHV��WUDQVIRUPHUV��HWF��DQG�FRQFOXGHV�ZLWK�D�GLVFXVVLRQ�RI�

VLQJOH�OLQH�WR�JURXQG��OLQH�WR�OLQH��DQG�GRXEOH�OLQH�WR�JURXQG�IDXOWV�RQ�DQ�XQORDGHG�JHQHUDWRU�ZKLFK�LV�WKHQ�

H[WHQGHG�WR�XQV\PPHWULFDO�IDXOWV�RQ�PRUH�FRPSOH[�SRZHU�V\VWHPV��7KH�UHODWLRQVKLSV�GHYHORSHG�IRU�HDFK�

W\SH�RI�XQV\PPHWULFDO�IDXOW�DUH�XVHG�WR�IRUPXODWH�D�JHQHUDO�SURFHGXUH�IRU�FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�

FXUUHQWV�LQ�VLQJOH�OLQH�WR�JURXQG��OLQH�WR�OLQH��DQG�GRXEOH�OLQH�WR�JURXQG�IDXOWV�RQ�D�SRZHU�V\VWHP�GXULQJ WKH�

VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��7KHVH�UHODWLRQVKLSV�DUH�WKHQ�H[WHQGHG�WR�WKH�FDVH�ZKHUH�

D�IDXOW�RFFXUV�WKRURXJK�DQ�LPSHGDQFH� 7KLV�FKDSWHU�SURYLGHV�WKH�QHFHVVDU\�EDFNJURXQG�IRU�VXEVHTXHQW�

FKDSWHUV�

7KH�IRXUWK�FKDSWHU�RI�WKH�UHSRUW��HQWLWOHG�³3RZHU�6\VWHP�0RGHOOLQJ�DQG�)DXOW�$QDO\VLV�RI�&RQYHUWHU�%DVHG�

'LVWULEXWHG�(QHUJ\�5HVRXUFHV´�EHJLQV�ZLWK�DQ LQWURGXFWLRQ�WR�WKH�FKDOOHQJHV�LPSRVHG�E\�WKH�SUROLIHUDWLRQ�

RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�DQG�LGHQWLILHV�WKH�LPSRUWDQFH�RI�GHYHORSLQJ�PDWKHPDWLFDO�

DQG� VRIWZDUH� VLPXODWLRQ� PRGHOV� WKDW� DSSUR[LPDWH� WKH� UHVSRQVH� RI� FRQYHUWHU�EDVHG� GLVWULEXWHG� HQHUJ\�

UHVRXUFHV�GXULQJ�D�IDXOW�RQ�WKH�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�V\VWHP��7KLV�LV�VXEVHTXHQWO\�IROORZHG�E\�ERWK�D�

TXDOLWDWLYH� DQG� TXDQWLWDWLYH� DQDO\VLV� RI� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQV� IURP� FRQYHUWHU�EDVHG� GLVWULEXWHG�

HQHUJ\�UHVRXUFHV�LQ�WKH�HYHQW�RI D�IDXOW�RQ�WKH�KRVW�V\VWHP��LQIRUPDWLRQ�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�

XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�LPSDFW�DVVHVVPHQWV���7KH�FKDSWHU�FRQFOXGHV�ZLWK�WKH�PRGHOOLQJ�

DQG�IDXOW�DQDO\VLV�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�LQ�WKH�HYHQW�RI�D�IDXOW�RQ�WKH�GF�VLGH�RI�

D�JULG�VLGH�LQYHUWHU�

7KH� ILIWK� FKDSWHU� RI� WKH� UHSRUW�� HQWLWOHG� ³0$7/$%� )DXOW� &XUUHQW� $QDO\VLV� 3URJUDP´�� EHJLQV� ZLWK� DQ�

LQWURGXFWLRQ�WR�D�0$7/$%�SURJUDP�GHYHORSHG�IRU�FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK EXV�
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DQG�LQ�HDFK�WUDQVPLVVLRQ�OLQH�LQ�D SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH��VLQJOH�OLQH�WR�JURXQG��OLQH�WR�

OLQH� RU�GRXEOH�OLQH�WR�JURXQG�IDXOWV�GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��7HVW�GDWD�LV�

XVHG�WR�YHULI\�DQG�YDOLGDWH�WKH 0$7/$%�SURJUDP�DJDLQVW�SXEOLVKHG�FDVHV�DQG�RWKHU�IDXOW�FXUUHQW�DQDO\VLV�

VRIWZDUH�SURJUDPV�WR�HQVXUH�LWV�WHFKQLFDO�DFFXUDF\��$IWHU�FRPSDULQJ�WKH�UHVXOWV��WKH�0$7/$%�SURJUDP�LV�

WKHQ�XVHG�WR�SHUIRUP�IDXOW�DQDO\VLV�RI�D�SRZHU�V\VWHP�ZLWK�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�

LQ�RUGHU�WR�VLPXODWH�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�

XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�LPSDFW�DVVHVVPHQWV��7KH�LQSXW�ILOHV WR�WKH�0$7/$%�SURJUDP�DQG�

WKH� FRUUHVSRQGLQJ� 0$7/$%� &RPPDQG�:LQGRZ� RXWSXWV IRU� HDFK� VHW� RI� WHVW� GDWD� DUH� SURYLGHG� LQ� WKH�

DSSHQGL[�RI�WKLV UHSRUW�

)LQDOO\��WKH�VL[WK�FKDSWHU�RI�WKH�UHSRUW�LV�HQWLWOHG�³&RQFOXVLRQ´��IROORZHG�E\�DQ�DSSHQGL[�ZKLFK�FRQWDLQV�WKH�

HQWLUH�FRGH�IRU�WKH�0$7/$%�SURJUDP�GHYHORSHG�IRU�FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�

DQG�LQ�HDFK�WUDQVPLVVLRQ�OLQH�LQ�D SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH��VLQJOH�OLQH�WR�JURXQG��OLQH�WR�

OLQH� RU�GRXEOH� OLQH�WR�JURXQG�IDXOWV�GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��7KH� LQSXW�

ILOHV WR�WKH�0$7/$%�SURJUDP�DQG�WKH�FRUUHVSRQGLQJ�0$7/$%�&RPPDQG�:LQGRZ�RXWSXWV IRU�HDFK�VHW�RI�

WHVW�GDWD��IURP�&KDSWHU����DUH�DOVR�SURYLGHG�LQ�WKH�DSSHQGL[�RI�WKLV�UHSRUW�
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��� &RQWULEXWLRQ�DQG�&RQFOXVLRQV

,Q�WKLV�UHSRUW��WKHRUHWLFDO�PRGHOV�IRU�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV WKDW�KDYH�EHHQ�SUHVHQWHG�

LQ�YDULRXV�OLWHUDU\�ZRUNV�DQG�SXEOLFDWLRQV�RQ�WKH�WRSLF�>�@�� >��@�DUH�LPSOHPHQWHG�XVLQJ�D�SURJUDP�GHYHORSHG�

LQ� 0$7/$%� IRU� SHUIRUPLQJ� IDXOW� FXUUHQW� DQDO\VLV� RI� D� SRZHU� V\VWHP� XVLQJ� FRQYHQWLRQDO� IDXOW� DQDO\VLV�

WHFKQLTXHV� L�H���FDOFXODWLQJ�WKH�YROWDJHV�DQG�IDXOW�FXUUHQWV�DW�HDFK�EXV�DQG�LQ�HDFK�WUDQVPLVVLRQ�OLQH�LQ�WKH�

SRZHU�V\VWHP�IRU�V\PPHWULFDO�WKUHH�SKDVH��VLQJOH�OLQH�WR�JURXQG��OLQH�WR�OLQH� RU�GRXEOH�OLQH�WR�JURXQG�IDXOWV�

GXULQJ WKH�VXEWUDQVLHQW��WUDQVLHQW��RU VWHDG\�VWDWH�SHULRGV��7KH�0$7/$%�IDXOW�FXUUHQW�DQDO\VLV�SURJUDP�ZDV�

XVHG�WR�SHUIRUP�IDXOW�DQDO\VLV�RI�D�SRZHU�V\VWHP�ZLWK�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\�UHVRXUFHV�LQ�RUGHU�

WR� GHPRQVWUDWH� KRZ� WR� LPSOHPHQW� WKHVH�PRGHOV� WR DSSUR[LPDWH� WKH� IDXOW� UHVSRQVH� RI� FRQYHUWHU�EDVHG�

GLVWULEXWHG�HQHUJ\�UHVRXUFHV�ZLWKLQ�WKH�IUDPHZRUN�RI�FRQYHQWLRQDO�IDXOW�DQDO\VLV�WHFKQLTXHV�DQG�DFFXUDWHO\�

VLPXODWH�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�

WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�LPSDFW�DVVHVVPHQWV HVVHQWLDO�IRU�WKH�GHVLJQ�DQG�DSSOLFDWLRQ�RI�GLVWULEXWLRQ�DQG�

SURWHFWLYH�DSSDUDWXVHV�XVHG�LQ�WKHVH�V\VWHPV�

,W�ZDV�GLVFXVVHG�WKDW�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRUV�ZLWK�JULG�VLGH� LQYHUWHUV��H�J���VRODU�39�DQG�

ZLQG�WXUELQH�JHQHUDWRUV��WKDW�GHOLYHU�DQ�LQFUHDVHG�FRQVWDQW�FXUUHQW�LQ�UHVSRQVH�WR�WKH�RFFXUUHQFH�RI�D�IDXOW�

RQ�WKH�SRZHU�V\VWHP�FDQ�EH�UHSUHVHQWHG�LQ�LQGXVWU\�EDVHG�IDXOW�VWXGLHV�E\�D�SRVLWLYH�VHTXHQFH�HTXLYDOHQW�

FLUFXLW� FRQVLVWLQJ� RI� D� FRQVWDQW� FXUUHQW� VRXUFH�� JLYHQ� E\� ห۷ሺୱୡሻห ൌ ��ห۷ሺ୰ୟ୲ୣୢሻหߙ DQG� QHJDWLYH� DQG� ]HUR�

VHTXHQFH�HTXLYDOHQW�FLUFXLWV�FRQVLVWLQJ�RI�LQILQLWH�QHJDWLYH� DQG�]HUR�VHTXHQFH�LPSHGDQFHV��UHVSHFWLYHO\��

L�H���RSHQ�FLUFXLWV��7R�RYHUFRPH�WKH�GLIILFXOW\�RI�LQWHJUDWLQJ�D�FRQVWDQW�FXUUHQW�VRXUFH�LQWR�WKH�IUDPHZRUN�RI�

FRQYHQWLRQDO�IDXOW�DQDO\VLV��LW�ZDV�UHSODFHG�E\�D�YROWDJH�VRXUFH�EHKLQG�DQ�LQGXFWLYH�UHDFWDQFH��DV�LQ�WKH�

FDVH� RI� V\QFKURQRXV� JHQHUDWRUV�� XVLQJ� D� 1RUWRQ�7KHYHQLQ� VRXUFH� WUDQVIRUPDWLRQ� VXFK� WKDW� WKH�

FRQYHQWLRQDO�IDXOW�FXUUHQW�FDOFXODWLRQ�WHFKQLTXHV�GHVFULEHG�HDUOLHU�LQ�&KDSWHUV���DQG���PD\�EH�HPSOR\HG��

+RZHYHU�� LW� ZDV� GLVFXVVHG� WKDW� LW� LV� JHQHUDOO\� LQFRUUHFW� WR� DVVXPH� WKDW� D� VHULHV FRQYHUWHU�FRQQHFWHG�

JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU�FDQ�EH�PRGHOHG�E\�DQ�LQWHUQDO�JHQHUDWHG�YROWDJH�۳ EHKLQG�D�SRVLWLYH�

VHTXHQFH�LPSHGDQFH�ܼଵ VXFK�WKDW�ห۷ሺୱୡሻห ൌ ȁ۳ȁȀȁܼଵȁ��7KLV�UHSUHVHQWDWLRQ�ZLOO�SURGXFH�WKH�FRUUHFW�LQYHUWHU�

IDXOW�FXUUHQW�FRQWULEXWLRQ�IRU�RQH�IDXOW�ORFDWLRQ�RQO\��QDPHO\�DW�WKH�LQYHUWHU�WUDQVIRUPHU�RXWSXW�WHUPLQDOV��$W�

RWKHU� IDXOW� ORFDWLRQV�RQ� WKH�SRZHU�V\VWHP�� WKH�VRXUFH� WUDQVIRUPDWLRQ�ZLOO�SURGXFH�D� ORZHU� DQG� LQFRUUHFW�

LQYHUWHU� IDXOW� FXUUHQW� FRQWULEXWLRQ� WKDQ� WKDW� JLYHQ� E\� ห۷ሺୱୡሻห ൌ ��ห۷ሺ୰ୟ୲ୣୢሻหߙ 6LQFH� WKH� HTXLYDOHQW� SRVLWLYH�

VHTXHQFH�LPSHGDQFH�YDULHV�ZLWK�WKH�LQYHUWHU�WUDQVIRUPHU�WHUPLQDO�YROWDJH�ZKLFK�LV�D�IXQFWLRQ�RI�WKH�IDXOW�

FXUUHQW�� WKH� HTXLYDOHQW� SRVLWLYH�VHTXHQFH� LPSHGDQFH� PXVW� EH� GHWHUPLQHG� E\� WKH� LWHUDWLYH� SURFHVV�

GHVFULEHG�LQ�&KDSWHU���XQWLO�LW�SURGXFHV�DQ�LQYHUWHU�IDXOW�FXUUHQW�FRQWULEXWLRQ�WKDW�FRQYHUJHV�WR�WKH�GHVLUHG�

YDOXH DW�DOO�RWKHU�IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�V\VWHP��

%DVHG�RQ� WKH� WHVWLQJ� UHVXOWV� IURP�&KDSWHU���� LW� FDQ�EH�FRQFOXGHG� WKDW� WKH�GHVLUHG� LQYHUWHU� IDXOW�FXUUHQW�

FRQWULEXWLRQ�� JLYHQ�E\� ห۷ሺୱୡሻห ൌ �\ห۷ሺ୰ୟ୲ୣୢሻห��ZDV�VXFFHVVIXOOߙ REWDLQHG�E\�PRGHOOLQJ� WKH� VHULHV� FRQYHUWHU�
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FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU��LQFOXGLQJ�WKH�LQYHUWHU�WUDQVIRUPHU� E\�DQ�HTXLYDOHQW�YROWDJH�

VRXUFH� EHKLQG� DQ� LQGXFWLYH� UHDFWDQFH� XVLQJ� D� 1RUWRQ�7KHYHQLQ� VRXUFH� WUDQVIRUPDWLRQ� VXFK� WKDW�

FRQYHQWLRQDO� IDXOW� FXUUHQW� FDOFXODWLRQ� WHFKQLTXHV� ZHUH� DEOH� WR� EH� HPSOR\HG� 7KHVH� UHVXOWV� YHULI\� DQG�

YDOLGDWH�WKH�0$7/$%�PRGHO�RI�WKH�VHULHV�FRQYHUWHU�FRQQHFWHG�JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU��WKHUHE\�

HQVXULQJ�WKH�WHFKQLFDO�DFFXUDF\�RI�WKH�PRGHO�ZLWKLQ�WKH�IUDPHZRUN�RI�FRQYHQWLRQDO�IDXOW�DQDO\VLV�WHFKQLTXHV��

)XUWKHUPRUH��EDVHG�RQ�WKH�WHVWLQJ�UHVXOWV�IURP�&KDSWHU����LW�FDQ�DOVR�EH�FRQFOXGHG�WKDW� WKH�IDXOW�FXUUHQW�

FRQWULEXWLRQ� IURP� D� VHULHV� FRQYHUWHU�FRQQHFWHG� JHQHUDWRU� ZLWK� D� JULG�VLGH� LQYHUWHU GXULQJ� D� IDXOW� DW� WKH�

LQYHUWHU� WUDQVIRUPHU� RXWSXW� WHUPLQDOV LV� VLJQLILFDQWO\� OHVV� WKDQ� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQ� IURP� DQ�

HTXLYDOHQW�ORFDO�V\QFKURQRXV�JHQHUDWRU�DW�WKH�VDPH�IDXOW�ORFDWLRQ�RQ�WKH�SRZHU�V\VWHP��+RZHYHU��DW�RWKHU�

IDXOW�ORFDWLRQV�RQ�WKH�SRZHU�V\VWHP��LW�ZDV�FRQFOXGHG�WKDW�WKLV�LV�QRW�QHFHVVDULO\�WKH�FDVH�DQG�IRU�D�JLYHQ�

IDXOW� ORFDWLRQ� RQ� WKH� SRZHU� V\VWHP�� WKH� IDXOW� FXUUHQW� FRQWULEXWLRQ� IURP� WKH� VHULHV� FRQYHUWHU�FRQQHFWHG�

JHQHUDWRU�ZLWK�D�JULG�VLGH�LQYHUWHU ZDV�JUHDWHU�WKDQ�WKH�IDXOW�FXUUHQW�FRQWULEXWLRQ�IURP�WKH�HTXLYDOHQW�ORFDO�

V\QFKURQRXV� JHQHUDWRU�� 7KHVH� UHVXOWV� HPSKDVL]H� WKH� QHHG� WR� GHYHORS� PDWKHPDWLFDO� DQG� VRIWZDUH�

VLPXODWLRQ�PRGHOV� WKDW�DSSUR[LPDWH� WKH� IDXOW� UHVSRQVH�RI�FRQYHUWHU�EDVHG�GLVWULEXWHG�HQHUJ\� UHVRXUFHV�

ZLWKLQ� WKH� IUDPHZRUN�RI�FRQYHQWLRQDO� IDXOW�DQDO\VLV� WHFKQLTXHV�DQG�DFFXUDWHO\�VLPXODWH� WKH� IDXOW�FXUUHQW�

FRQWULEXWLRQV�WR�WKH�HOHFWULFDO�JULG�WKDW�D�WUDQVPLVVLRQ�RU�GLVWULEXWLRQ�XWLOLW\�QHHGV�WR�UHIOHFW�LQ�WKHLU�FRQQHFWLRQ�

LPSDFW�DVVHVVPHQWV�
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'LVWULEXWLRQ�&RQIHUHQFH�DQG�([SRVLWLRQ��&KLFDJR��,/��������SS������

>��@�5��:DOOLQJ��(��*XUVR\�DQG�%��(QJOLVK���&XUUHQW�&RQWULEXWLRQV�IURP�7\SH���DQG�7\SH���:LQG�7XUELQH�

*HQHUDWRUV�'XULQJ�)DXOWV�� �����,(((�3RZHU�DQG�(QHUJ\�6RFLHW\�*HQHUDO�0HHWLQJ��6DQ�'LHJR��&$�

������SS������
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>��@ $%%���)DXOWV�LQ�/9'&�0LFURJULGV�ZLWK�)URQW�(QG�&RQYHUWHUV�� $%%�7HFKQLFDO�$SSOLFDWLRQ�3DSHUV�

YRO�����QR������SS�������������

>��@�-��*ORYHU��0��6DUPD�DQG�7��2YHUE\H��3RZHU�6\VWHP�$QDO\VLV�DQG�'HVLJQ���WK�HG��6WDPIRUG��&7�

&HQJDJH�/HDUQLQJ�������

>��@�-��'DV��6KRUW�&LUFXLWV�LQ�$&�DQG�'&�6\VWHPV��$16,��,(((��DQG�,(&�6WDQGDUGV��%RFD�5DWRQ��)/��&5&

3UHVV�������

>��@�-��'DV��3RZHU�6\VWHP�$QDO\VLV��6KRUW�&LUFXLW�/RDG�)ORZ�DQG +DUPRQLFV��%RFD�5DWRQ��)/��&5&�3UHVV�

�����

>��@�³,(((�$SSOLFDWLRQ�*XLGH�IRU�$&�+LJK�9ROWDJH�&LUFXLW�%UHDNHUV�5DWHG�RQ�D 6\PPHWULFDO�&XUUHQW�%DVLV�´�

LQ�,(((�6WG�&������������������

>��@�&��)RUWHVFXH���0HWKRG�RI�6\PPHWULFDO�&R�2UGLQDWHV�$SSOLHG�WR�WKH�6ROXWLRQ�RI�3RO\SKDVH

1HWZRUNV�� 7UDQVDFWLRQV�RI�WKH�$PHULFDQ�,QVWLWXWH�RI�(OHFWULFDO�(QJLQHHUV��YRO� ����QR�����SS�������

�����������

>��@�³,(((�6WDQGDUG�IRU�,QWHUFRQQHFWLRQ�DQG�,QWHURSHUDELOLW\�RI�'LVWULEXWHG�(QHUJ\�5HVRXUFHV�ZLWK

$VVRFLDWHG�(OHFWULF�3RZHU�6\VWHPV�,QWHUIDFHV�´�LQ�,(((�6WG�����������������

>��@�-��0RPRK� 6PDUW�*ULG��)XQGDPHQWDOV�RI�'HVLJQ�DQG�$QDO\VLV��+RERNHQ��1-��-RKQ�:LOH\�	�6RQV�������

>��@�*HQHUDO�(OHFWULF�&RPSDQ\��*(�,QGXVWULDO�3RZHU�6\VWHPV 'DWD�%RRN��6FKHQHFWDG\��1<�������

>��@�³,(((�6WDQGDUG�IRU�'&�������9�DQG�EHORZ��3RZHU�&LUFXLW�%UHDNHUV�8VHG�LQ�(QFORVXUHV�´�LQ�,(((�6WG

&�����������������

>��@�³6KRUW�&LUFXLW�&XUUHQWV�LQ�'&�$X[LOLDU\�,QVWDOODWLRQV�LQ�3RZHU�3ODQWV�DQG�6XEVWDWLRQV�´�LQ�,(&�����������

�����

>��@�(7$3���9DOLGDWLRQ�&DVHV�DQG�&RPSDULVRQ�5HVXOWV��������
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*ORVVDU\

$&�V\PPHWULFDO�FRPSRQHQW�RI�FXUUHQW��WKH�DF�V\PPHWULFDO�FRPSRQHQW��RU�VWHDG\�VWDWH�FRPSRQHQW��RI�

FXUUHQW� LV� WKH�VLQXVRLGDOO\� YDU\LQJ�FRPSRQHQW�RI� IDXOW� FXUUHQW� WKDW� VWDUWV�RXW� YHU\� KLJK�DQG�GHFD\V� WR�D�

VWHDG\�VWDWH�YDOXH�LQ�WZR�VWDJHV�

$V\PPHWULFDO�FXUUHQW��7KH�FRPELQDWLRQ�RI�WKH�DF�V\PPHWULFDO�FRPSRQHQW��RU�VWHDG\�VWDWH�FRPSRQHQW��RI�

FXUUHQW�DQG�WKH�GF�FRPSRQHQW�RI�FXUUHQW�

%ROWHG�IDXOW��$�IDXOW�ZLWK�]HUR�LPSHGDQFH��VXFK�IDXOWV�SURGXFH�WKH�PD[LPXP�SRVVLEOH�IDXOW�FXUUHQWV�DQG�

IRUP�WKH�EDVLV�RI�FDOFXODWLRQV�IRU�ZLWKVWDQG�UDWLQJV�RQ�VZLWFKLQJ�GHYLFHV�

&LUFXLW�EUHDNHU� $�VZLWFKLQJ�GHYLFH�FDSDEOH�RI�PDNLQJ��FDUU\LQJ��DQG�EUHDNLQJ�FXUUHQWV�XQGHU�QRUPDO�FLUFXLW�

FRQGLWLRQV�DV�ZHOO�DV�PDNLQJ��FDUU\LQJ�IRU�D�VSHFLILHG�WLPH��DQG�EUHDNLQJ�FXUUHQWV�XQGHU�VSHFLILHG�DEQRUPDO�

FRQGLWLRQV�VXFK�DV�WKRVH�WKDW�DULVH�XQGHU�IDXOW�FRQGLWLRQV�RQ�D�SRZHU�V\VWHP�

'&�FRPSRQHQW�RI�FXUUHQW��WKH�GF�FRPSRQHQW�RI�FXUUHQW�LV�WKH�WUDQVLHQW��QRQSHULRGLF��DQG�H[SRQHQWLDOO\�

GHFD\LQJ� FRPSRQHQW� RI� IDXOW� FXUUHQW� WKDW� LV� FUHDWHG� DW� WKH�PRPHQW� RI� WKH� IDXOW� WR� VDWLVI\� WKH� SK\VLFDO�

FRQGLWLRQ�RI�FRQWLQXRXV�FXUUHQW�DW�WKH�LQVWDQFH�RI�WKH�IDXOW�VLQFH�D�FXUUHQW�FDQQRW�FKDQJH�LQVWDQWDQHRXVO\�

LQ�DQ�LQGXFWLYH�FLUFXLW�� WKH�OHYHO�RI�WKH�GF�FRPSRQHQW�RI�FXUUHQW�GHSHQGV�RQ�WKH�LQVWDQWDQHRXV�FXUUHQW�LQ�

HDFK�SKDVH�DW�WKH�LQVWDQFH�RI�WKH�IDXOW�

'RXEOH�OLQH�WR�JURXQG�IDXOW��$�IDXOW� WKDW�RFFXUV�ZKHQ�WZR�SKDVHV�RI�D�SRZHU�V\VWHP�FRPH�LQWR�GLUHFW�

FRQWDFW�ZLWK�HDFK�RWKHU�DQG�ZLWK�WKH�JURXQG�RU�ZKHQ�IODVKRYHU�RFFXUV�EHWZHHQ�WZR�SKDVHV�RI�D�SRZHU�

V\VWHP�DQG�WKH�JURXQG�

)DXOW��$Q\�IDLOXUH�WKDW�LQWHUIHUHV�ZLWK�WKH�QRUPDO�IORZ�RI�FXUUHQW�WR�WKH�ORDGV��,Q�PRVW�IDXOWV��D�FXUUHQW�SDWK�

GHYHORSV�EHWZHHQ�WZR�RU�PRUH�SKDVHV��RU�EHWZHHQ�RQH�RU�PRUH�SKDVHV�DQG�WKH�QHXWUDO��JURXQG���2QFH�

WKLV� FXUUHQW� SDWK� LV� HVWDEOLVKHG�� LW� SURYLGHV� D� VKRUW�FLUFXLW� ZLWK� UHODWLYHO\� ORZ� LPSHGDQFH� UHVXOWLQJ� LQ�

H[FHVVLYH�FXUUHQW�IORZV��6\Q� VKRUW�FLUFXLW�

)DXOW�DQDO\VLV��7KH�FDOFXODWLRQ�RI�YROWDJHV�DQG�FXUUHQW�IORZV XQGHU�IDXOW�FRQGLWLRQV�RQ�D�SRZHU�V\VWHP�

)ODVKRYHU��$Q�LRQL]HG�FXUUHQW�SDWK�WKDW�RFFXUV�ZKHQ�WKH�YROWDJH�GLIIHUHQFH�EHWZHHQ�WZR�RU�PRUH�SKDVHV��

RU�EHWZHHQ�RQH�RU�PRUH�SKDVHV�DQG�WKH�QHXWUDO��JURXQG���LV�ODUJH�HQRXJK�WR�LRQL]H�WKH�VXUURXQGLQJ�DLU�DQG�

SURGXFH�DQ�DUF� WKDW�HVWDEOLVKHV�D�FXUUHQW�SDWK�EHWZHHQ� WZR�RU�PRUH�SKDVHV��RU� EHWZHHQ�RQH�RU�PRUH�

SKDVHV�DQG�WKH�QHXWUDO��JURXQG��
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+LJK�YROWDJH��&LUFXLW�YROWDJH�RYHU�QRPLQDO������N9�

127(�± $16,�VWDQGDUGV�DUH�QRW�XQDQLPRXV�LQ�HVWDEOLVKLQJ�WKH�WKUHVKROG�RI�³KLJK�YROWDJH´�

,PSHGDQFH� 7KH�YHFWRU�VXP�RI�UHVLVWDQFH�DQG�UHDFWDQFH�LQ�DQ�DF�FLUFXLW�

,QWHUUXSWLQJ�UDWLQJ� WKH�PD[LPXP�FXUUHQW�WKDW�DQ�RYHUFXUUHQW�SURWHFWLYH�GHYLFH��H�J���FLUFXLW�EUHDNHU��FDQ�

LQWHUUXSW�RU�EUHDN�DW�WKH�YROWDJH�RI�WKH�OLQH�LQ�ZKLFK�LW�LV�SODFHG�

/LQH�WR�OLQH�IDXOW��$�IDXOW�WKDW�RFFXUV�ZKHQ�WZR�SKDVHV�RI�D�SRZHU�V\VWHP�FRPH�LQWR�GLUHFW�FRQWDFW�RU�ZKHQ�

IODVKRYHU�RFFXUV�EHWZHHQ�WZR�SKDVHV�RI�D�SRZHU�V\VWHP�

/RZ�YROWDJH��&LUFXLW�YROWDJH�XQGHU������9�

0HGLXP�YROWDJH��&LUFXLW�YROWDJH�JUHDWHU�WKDQ������9�XS�WR�DQG�LQFOXGLQJ������N9�

127(�± $16,�VWDQGDUGV�DUH�QRW�XQDQLPRXV�LQ�HVWDEOLVKLQJ�WKH�WKUHVKROG�RI�³KLJK�YROWDJH´�

0HWKRG�RI�V\PPHWULFDO�FRPSRQHQWV� D�WHFKQLTXH�LQWURGXFHG�LQ������E\�&�/��)RUWHVFXH�IRU�GHDOLQJ�ZLWK�

XQEDODQFHG�SRO\SKDVH�V\VWHPV�FDOOHG�WKH�PHWKRG�RI�V\PPHWULFDO�FRPSRQHQWV��)RUWHVFXH¶V�ZRUN�SURYHV�

WKDW�DQ�XQEDODQFHG�V\VWHP�RI�݊ UHODWHG�SKDVRUV�FDQ�EH�UHVROYHG�LQWR�݊ V\VWHPV�RI�EDODQFHG�SKDVRUV�FDOOHG�

WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�RULJLQDO�SKDVRUV��7KH�݊ SKDVRUV�RI�HDFK�VHW�RI�FRPSRQHQWV�DUH�HTXDO�

LQ�PDJQLWXGH�DQG�WKH�SKDVH�GLVSODFHPHQW�EHWZHHQ�DGMDFHQW�SKDVRUV�RI� WKH�VHW�DUH�HTXDO� $FFRUGLQJ�WR�

)RUWHVFXH¶V�WKHRUHP��WKUHH�XQEDODQFHG�SKDVRUV�RI�D�WKUHH�SKDVH�SRZHU�V\VWHP�FDQ�EH�UHVROYHG�LQWR�WKUHH�

EDODQFHG�V\VWHPV�RI�SKDVRUV FDOOHG�WKH�V\PPHWULFDO�FRPSRQHQWV�RI�WKH�WKUHH�SKDVH�YROWDJHV�RU�FXUUHQWV��

6HH�DOVR� V\PPHWULFDO�FRPSRQHQWV�

1HJDWLYH�VHTXHQFH� $�VHW�RI�V\PPHWULFDO�FRPSRQHQWV�FRQVLVWLQJ�RI� WKUHH�SKDVRUV�HTXDO� LQ�PDJQLWXGH��

GLVSODFHG�IURP�HDFK�RWKHU�E\����ι LQ�SKDVH��DQG�KDYLQJ�WKH�RSSRVLWH�SKDVH�VHTXHQFH�IURP�WKH�RULJLQDO�

SKDVRUV��6HH�DOVR� V\PPHWULFDO�FRPSRQHQWV�

1RUWRQ¶V� WKHRUHP�� VWDWHV� WKDW� D� OLQHDU� WZR�WHUPLQDO� FLUFXLW� FDQ� EH� UHSODFHG� E\� DQ� HTXLYDOHQW� FLUFXLW�

FRQVLVWLQJ�RI�D�FXUUHQW�VRXUFH�LQ�SDUDOOHO�ZLWK�DQ�LPSHGDQFH��ZKHUH�WKH�FXUUHQW�VRXUFH�LV�WKH�VKRUW�FLUFXLW�

FXUUHQW�WKURXJK�WKH�WHUPLQDOV�DQG�WKH�LPSHGDQFH�LV�WKH�LQSXW�RU�HTXLYDOHQW�LPSHGDQFH�DW�WKH�WHUPLQDOV�ZKHQ�

WKH�LQGHSHQGHQW�VRXUFHV�DUH�WXUQHG�RII�



���

3HUPDQHQW�IDXOW��$�IDXOW� LQYROYLQJ�GLUHFW�FRQWDFW�EHWZHHQ�WZR�RU�PRUH�SKDVHV��RU�EHWZHHQ�RQH�RU�PRUH�

SKDVHV�DQG�WKH�QHXWUDO��JURXQG���ZLOO�QRW�FOHDU�HYHQ� LI�SRZHU� LV�UHPRYHG�IURP�WKH�IDXOWHG�SRUWLRQ�RI� WKH�

SRZHU�V\VWHP�DQG�WKHQ�UHVWRUHG�

3RVLWLYH�VHTXHQFH��$�VHW�RI�V\PPHWULFDO�FRPSRQHQWV�FRQVLVWLQJ�RI� WKUHH�SKDVRUV�HTXDO� LQ�PDJQLWXGH��

GLVSODFHG�IURP�HDFK�RWKHU�E\����ι LQ�SKDVH��DQG�KDYLQJ�WKH�VDPH�SKDVH�VHTXHQFH�DV�WKH�RULJLQDO�SKDVRUV��

6HH�DOVR� V\PPHWULFDO�FRPSRQHQWV�

UPV��7KH�VTXDUH�URRW�RI�WKH�DYHUDJH�YDOXH�RI�WKH�VTXDUH�RI�WKH�YROWDJH�RU�FXUUHQW�RYHU�RQH�SHULRG�

6HTXHQFH�QHWZRUNV��7KH�SRVLWLYH�VHTXHQFH�QHWZRUN�LV�D�SHU�SKDVH HTXLYDOHQW�FLUFXLW�FRQWDLQLQJ�RQO\�WKH�

SRVLWLYH�VHTXHQFH� LPSHGDQFHV�DQG�VRXUFHV��7KH�QHJDWLYH�VHTXHQFH�QHWZRUN� LV�D�SHU�SKDVH�HTXLYDOHQW�

FLUFXLW�FRQWDLQLQJ�RQO\�WKH�QHJDWLYH�VHTXHQFH�LPSHGDQFHV��DQG�WKH�]HUR�VHTXHQFH�QHWZRUN�LV�D�SHU�SKDVH�

HTXLYDOHQW�FLUFXLW�FRQWDLQLQJ�RQO\�WKH�]HUR�VHTXHQFH�LPSHGDQFHV�

6HTXHQFH�LPSHGDQFHV��7KH� LPSHGDQFH�RI�D�FLUFXLW� WR�SRVLWLYH�VHTXHQFH�FXUUHQW� LV�FDOOHG�WKH�SRVLWLYH�

VHTXHQFH�LPSHGDQFH�RI�WKH�FLUFXLW��6LPLODUO\��WKH�LPSHGDQFH�RI�WKH�FLUFXLW�WR�QHJDWLYH�VHTXHQFH�FXUUHQW�LV�

FDOOHG�WKH�QHJDWLYH�VHTXHQFH�LPSHGDQFH�RI�WKH�FLUFXLW��DQG�WKH�LPSHGDQFH�RI�WKH�FLUFXLW�WR�]HUR�VHTXHQFH�

FXUUHQW�LV�FDOOHG�WKH�]HUR�VHTXHQFH�LPSHGDQFH�RI�WKH�FLUFXLW�

6KRUW�FLUFXLW��$Q� DEQRUPDO� FRQQHFWLRQ� �LQFOXGLQJ� DQ� DUF�� RI� UHODWLYHO\� ORZ� LPSHGDQFH�� ZKHWKHU� PDGH�

DFFLGHQWDOO\�RU�LQWHQWLRQDOO\��EHWZHHQ�WZR�SRLQWV�RI�GLIIHUHQW�SRWHQWLDOV��6\Q� IDXOW�

6LQJOH�OLQH�WR�JURXQG�IDXOW��$�IDXOW�WKDW�RFFXUV�ZKHQ�D�VLQJOH�SKDVH�RI�D�SRZHU�V\VWHP�FRPHV�LQWR�GLUHFW�

ZLWK�WKH�JURXQG�RU�ZKHQ�IODVKRYHU�RFFXUV�EHWZHHQ�D VLQJOH�SKDVH�RI�D�SRZHU�V\VWHP�DQG�WKH�JURXQG�

6RXUFH�WUDQVIRUPDWLRQ��D�VRXUFH�WUDQVIRUPDWLRQ�LV�WKH�SURFHVV�RI�UHSODFLQJ�D�YROWDJH�VRXUFH�LQ�VHULHV�ZLWK�

DQ�LPSHGDQFH�E\�D�FXUUHQW�VRXUFH�LQ�SDUDOOHO�ZLWK�DQ�LPSHGDQFH�RU�YLFH�YHUVD�

6XEWUDQVLHQW�FXUUHQW��7KH�DF�UPV�FXUUHQW�IORZLQJ�GXULQJ�WKH�VXEWUDQVLHQW�SHULRG�LV�FDOOHG�WKH�VXEWUDQVLHQW�

FXUUHQW��7KH�VXEWUDQVLHQW�FXUUHQWV�DUH EDVLFDOO\�DVVRFLDWHG�ZLWK�WKH�WLPH�FRQVWDQWV�RI�WKH�DPRUWLVVHXU�RU�

GDPSHU�ZLQGLQJV�RI�JHQHUDWRUV�DQG�PRWRUV�

6XEWUDQVLHQW�SHULRG��7KH�DF�V\PPHWULFDO� FRPSRQHQW�RI� FXUUHQW� VWDUWV� RXW� YHU\� KLJK��DQG� GHFD\V� WR� D�

VWHDG\�VWDWH�OHYHO�LQ�WZR�VWDJHV��7KH�ILUVW�SHULRG�RI�YHU\�UDSLG�GHFD\�LV�FDOOHG�WKH�VXEWUDQVLHQW�SHULRG�DQG�LW�

ODVWV�RQO\�D�IHZ�F\FOHV�
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6XEWUDQVLHQW�UHDFWDQFH��7KH�UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV�LQ�WKH�VXEWUDQVLHQW�SHULRG�DUH�FDOOHG�

VXEWUDQVLHQW� UHDFWDQFHV��7KH�UHVLVWDQFHV�DQG�UHDFWDQFHV�RI� WUDQVPLVVLRQ� OLQHV�� WUDQVIRUPHUV��DQG�RWKHU�

VWDWLF�FRPSRQHQWV�GR�QRW�FKDQJH�GXULQJ�WKH�IDXOW�WUDQVLHQWV�

6XSHUSRVLWLRQ� 7KH�VXSHUSRVLWLRQ�SULQFLSOH�VWDWHV�WKDW�WKH�YROWDJH�DFURVV��RU�FXUUHQW�WKURXJK��DQ�HOHPHQW�

LQ�D�OLQHDU�FLUFXLW�LV�WKH�DOJHEUDLF�VXP�RI�WKH�YROWDJHV�DFURVV��RU�FXUUHQW�WKRXJK��WKDW�HOHPHQW�GXH�WR�HDFK�

LQGHSHQGHQW�VRXUFH�DFWLQJ�DORQH�

6\PPHWULFDO�WKUHH�SKDVH�IDXOW��$�IDXOW�WKDW�RFFXUV�ZKHQ�DOO�WKUHH�SKDVHV�RI�D�SRZHU�V\VWHP�FRPH�LQWR�

GLUHFW�RU�ZKHQ�IODVKRYHU�RFFXUV�EHWZHHQ�DOO�WKUHH�SKDVHV�RI�D�SRZHU�V\VWHP��LQ�ZKLFK�WKH�PDJQLWXGH�DQG�

SKDVH�GLVSODFHPHQW�EHWZHHQ�DQ\�WZR�SKDVHV�RI�YROWDJHV�DQG�FXUUHQWV�DUH�LGHQWLFDO�LQ�HDFK�SKDVH�RI�WKH�

SRZHU�V\VWHP�

6\PPHWULFDO� FRPSRQHQWV� $� V\PPHWULFDO� VHW� RI� WKUHH� YHFWRUV� XVHG� WR� PDWKHPDWLFDOO\� UHSUHVHQW� DQ�

XQV\PPHWULFDO�VHW�RI� WKUHH�SKDVH�YROWDJHV�RU�FXUUHQWV�� ,Q�D�WKUHH�SKDVH�V\VWHP��RQH�VHW�RI� WKUHH�HTXDO�

PDJQLWXGH� YHFWRUV� GLVSODFHG� IURP� HDFK� RWKHU� E\� ����� LQ� WKH� VDPH� VHTXHQFH� DV� WKH� RULJLQDO� VHW� RI�

XQV\PPHWULFDO�YHFWRUV��7KLV�VHW�RI�YHFWRUV�LV�FDOOHG�WKH�SRVLWLYH�VHTXHQFH�FRPSRQHQWV��$�VHFRQG�VHW�RI�

WKUHH�HTXDO�PDJQLWXGH�YHFWRUV�GLVSODFHG�IURP�HDFK�RWKHU�E\������LQ�WKH�UHYHUVH�VHTXHQFH�DV�WKH�RULJLQDO�

VHW�RI�XQV\PPHWULFDO�YHFWRUV��7KLV�VHW�RI�YHFWRUV�LV�FDOOHG�WKH�QHJDWLYH�VHTXHQFH�FRPSRQHQWV��$�WKLUG�VHW�

RI�WKUHH�HTXDO�PDJQLWXGH�YHFWRUV�GLVSODFHG�IURP�HDFK�RWKHU�E\�����7KLV�VHW�RI�YHFWRUV�LV�FDOOHG�WKH�]HUR�

VHTXHQFH�FRPSRQHQWV��

6\QFKURQRXV�UHDFWDQFH��7KH� UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV� LQ� WKH�VWHDG\�VWDWH�SHULRG�DUH� WKH�

PDFKLQHV¶�V\QFKURQRXV�UHDFWDQFHV��7KH�UHVLVWDQFHV�DQG�UHDFWDQFHV�RI�WUDQVPLVVLRQ�OLQHV��WUDQVIRUPHUV��

DQG�RWKHU�VWDWLF�FRPSRQHQWV�GR�QRW�FKDQJH�GXULQJ�WKH�IDXOW�WUDQVLHQWV�

7KHYHQLQ¶V� WKHRUHP�� VWDWHV� WKDW� D� OLQHDU� WZR�WHUPLQDO� FLUFXLW� FDQ� EH� UHSODFHG� E\� DQ� HTXLYDOHQW� FLUFXLW�

�FDOOHG�WKH�7KHYHQLQ�HTXLYDOHQW�FLUFXLW��FRQVLVWLQJ�RI�D�YROWDJH�VRXUFH�LQ�VHULHV�ZLWK�DQ�LPSHGDQFH��ZKHUH�

WKH�YROWDJH�VRXUFH� LV� WKH�RSHQ�FLUFXLW�YROWDJH�DW� WKH� WHUPLQDOV�DQG� WKH�VHULHV� LPSHGDQFH� LV� WKH� LQSXW�RU�

HTXLYDOHQW�LPSHGDQFH�DW�WKH�WHUPLQDOV�ZKHQ�WKH�LQGHSHQGHQW�VRXUFHV�DUH�VHW�WR�]HUR�

7UDQVLHQW�FXUUHQW��7KH�DF�UPV�FXUUHQW�IORZLQJ�GXULQJ�WKH�WUDQVLHQW�SHULRG�LV�FDOOHG�WKH�WUDQVLHQW�FXUUHQW��

7KH�WUDQVLHQW�FXUUHQWV�DUH�EDVLFDOO\�DVVRFLDWHG�ZLWK�WKH�WLPH�FRQVWDQWV�RI�WKH�ILHOG�ZLQGLQJV�RI�JHQHUDWRUV�

DQG�PRWRUV�



���

7UDQVLHQW�IDXOW��$�IDXOW�LQYROYLQJ�IODVKRYHU�EHWZHHQ�WZR�RU�PRUH�SKDVHV��RU�EHWZHHQ�RQH�RU�PRUH�SKDVHV�

DQG�WKH�QHXWUDO��JURXQG���XVXDOO\�FOHDUV�LI�SRZHU�LV�UHPRYHG�IURP�WKH�IDXOWHG�SRUWLRQ�RI�WKH�SRZHU�V\VWHP�

IRU�D�VKRUW�WLPH�DQG�WKHQ�UHVWRUHG�

7UDQVLHQW�SHULRG� 7KH�DF�V\PPHWULFDO�FRPSRQHQW�RI�FXUUHQW�VWDUWV�RXW�YHU\�KLJK��DQG�GHFD\V�WR�D VWHDG\�

VWDWH�OHYHO�LQ�WZR�VWDJHV��7KH�VHFRQG�SHULRG�RI�VORZHU�GHFD\�LV�FDOOHG�WKH�WUDQVLHQW�SHULRG�DQG�LW�ODVWV�IRU�

����WR�����VHFRQG��

7UDQVLHQW�UHDFWDQFH��7KH�UHDFWDQFHV�RI�JHQHUDWRUV�DQG�PRWRUV�LQ�WKH�WUDQVLHQW�SHULRG�DUH�FDOOHG�WUDQVLHQW�

UHDFWDQFHV�� 7KH� UHVLVWDQFHV� DQG� UHDFWDQFHV� RI� WUDQVPLVVLRQ� OLQHV�� WUDQVIRUPHUV�� DQG� RWKHU� VWDWLF�

FRPSRQHQWV�GR�QRW�FKDQJH�GXULQJ�WKH�IDXOW�WUDQVLHQWV�

8QV\PPHWULFDO� IDXOW�� $� VLQJOH� OLQH�WR�JURXQG�� OLQH�WR�OLQH�� RU� GRXEOH� OLQH�WR�JURXQG� IDXOW� LQ� ZKLFK� WKH�

PDJQLWXGH�DQG�SKDVH�GLVSODFHPHQW�EHWZHHQ�DQ\�WZR�SKDVHV�RI�YROWDJHV�DQG�FXUUHQWV�LQ�WKH�WKUHH�SKDVHV�

RI�WKH�SRZHU�V\VWHP�ZLOO�GLIIHU�

:LWKVWDQG� UDWLQJ�� 7KH� PD[LPXP� FXUUHQW� WKDW� DQ� XQSURWHFWHG� HOHFWULFDO� FRPSRQHQW� FDQ� VXVWDLQ� IRU� D�

VSHFLILHG�SHULRG�RI�WLPH�ZLWKRXW�WKH RFFXUUHQFH�RI�H[WHQVLYH�GDPDJH��

=HUR�VHTXHQFH� $�VHW�RI�]HUR�VHTXHQFH�FRPSRQHQWV�FRQVLVWLQJ�RI�WKUHH�SKDVRUV�HTXDO�LQ�PDJQLWXGH�DQG�

SKDVH��L�H���]HUR�SKDVH�GLVSODFHPHQW�IURP�HDFK�RWKHU���6HH�DOVR� V\PPHWULFDO�FRPSRQHQWV�


