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5HFHLYHG�-XO\��������
�6LPXODWLRQ�RI�SKDVH�WUDQVLWLRQV�LQ�,0&�K\GURJHQ�V\VWHPV�EDVHG�RQ�PRGLILHG�VFKHPH�RI

SHUWXUEDWLRQ�WKHRU\�SURYLGHV�FRUUHFW�GHVFULSWLRQ�RI�PDLQ�FKDUDFWHULVWLFV�RI�SKDVH�GLDJUDPV
ZLWKLQ� D� ZLGH� SUHVVXUH� UDQJH� RI� K\GURJHQ� LVRWRSHV� ��� GHFLPDO� RUGHUV� DQG� ZLGHU��� 7KH
REWDLQHG�GDWD�RQ�WKHUPRG\QDPLF�SDUDPHWHUV�RI�DÜE�WUDQVLWLRQ�DOORZV�WR�GHVFULEH�LQYHUVLRQ
RI�LVRWRSLF�HIIHFW�LQ�/D1L�±+��'���V\VWHP��'DWD�RQ�VROXELOLW\�RI�K\GURJHQ�LVRWRSHV�LQ�/D1L�DW�SUHVVXUHV�XS�WR�����DWP��KDYH�EHHQ�REWDLQHG��GDWD�RQ�SDUDPHWHUV�RI�WKH�FULWLFDO�SRLQWV
RI�DÜE�HTXLOLEULXP��IRU�ZKLFK�H[SHULPHQWDO�GDWD�DUH�DEVHQW��KDYH�EHHQ�DOVR�REWDLQHG��7KH
SURSRVHG�FDOFXODWLRQ�VFKHPH�GRHV�QRW�XVH�DQ\�ILWWLQJ�SDUDPHWHUV�RU�HPSLULFDO�FRUUHODWLRQV
DQG� LV� EDVHG� RQ� DWRPLF� FKDUDFWHULVWLFV� RI� WKH� K\GURJHQ� VXEV\VWHP� DQG� PHWDOOLF� PDWUL[
ZKLFK�DUH�SK\VLFDOO\�PHDQLQJIXO�
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0DWKHPDWLFDO� VLPXODWLRQ� RI� SKDVH� GLD�
JUDPV� LQ� K\GURJHQ�PHWDO� K\GULGH� V\VWHPV
PDNHV� LW� SRVVLEOH� WR� UHGXFH� RU� H[FOXGH� H[�
SHQVLYH� DQG� ODVWLQJ� LQYHVWLJDWLRQV�� ,Q� WKH
ZRUN�>�@�RI�WKH�VHULHV�GHYRWHG�WR�DSSOLFDWLRQ
RI� WKHUPRG\QDPLF� SHUWXUEDWLRQ� WKHRU\� IRU
GHVFULSWLRQ� SKDVH� HTXLOLEULXPV� LQ� PHWDOOLF
K\GULGHV� DQG� LQWHUPHWDOOLF� FRPSRXQGV
�,0&��� WKH� IROORZLQJ� UHVXOWV� DUH� SUHVHQWHG�
'HYHORSPHQW� RI� WKH�PRGHO� RI� QRQ�LGHDO� ODW�
WLFH�JDV�RI�K\GURJHQ�LRQV�EDVHG�RQ�WKH�SHU�
WXUEDWLRQ� WKHRU\� DOORZV� WR� UHSURGXFH� WKH
PDLQ� SHFXOLDULWLHV� RI� SKDVH� GLDJUDPV� IRU
,0&Ü+��V\VWHPV�LQ�WKH�UHJLRQ�RI�GLVRUGHUHGSKDVHV��7KH�REWDLQHG�UHVXOWV�IRU�3&7��SUHV�
VXUH�FRPSRVLWLRQ�WHPSHUDWXUH��GLDJUDPV� IRU

/D1L�±+�� V\VWHPV� DJUHH� ZLWK� H[SHULPHQWDOGDWD�
,Q�WKLV�ZRUN��SKDVH�GLDJUDPV�RI�/D1L�±'�V\VWHP� DUH� VLPXODWHG� LQ� WKH� IUDPH� RI� WKH

SURSRVHG� PHWKRG� ZLWK� WKH� DLP� WR� HYDOXDWH
LVRWRSLF� HIIHFW� LQ� ,0&� K\GULGHV� WDNLQJ� WKH
/D1L�� LQWHUPHWDOOLF� FRPSRXQG� DV� DQ� H[DP�SOH�� $SDUW� IURP� SXUHO\� SUDFWLFDO� DSSOLFD�
WLRQV� �LVRWRSH� VHSDUDWLRQ�� K\GURJHQ� HQULFK�
PHQW��HWF����WKH�SUREOHP�LV�RI�D�ODUJH�LQWHU�
HVW� IURP� SK\VLFDO� SRLQW� RI� YLHZ�� ,Q
SDUWLFXODU��LW�LV�RI�LQWHUHVW�ZKHWKHU�WKH�PR�
OHFXODU�VWDWLVWLF�PRGHOV�DUH�DSSOLFDEOH�DW�DOO
WR�GHVFULSWLRQ�RI�ILQH�SHFXOLDULWLHV� LQ�SKDVH
HTXLOLEULD�� 2QH� RI� WKRVH� SHFXOLDULWLHV� LV� QR
GRXEW� WKH� LQYHUVLRQ� RI� LVRWRSLF� HIIHFW� LQ
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/D1L�±+��'��� V\VWHP� DW� HQYLURQPHQWDO� WHP�SHUDWXUHV�
7KH� QHZ� DSSURDFK� WR� WKH� SUREOHP� RI

SKDVH� HTXLOLEULD� FDOFXODWLRQ� LQ� PHWDOOLF� K\�
GULGHV� FRQVLVWV� LQ� GHWHUPLQDWLRQ� RI� WKH� K\�
GURJHQ�VXEV\VWHP�SURSHUWLHV�RI�PHWDOOLF�K\�
GULGH� DQG� DOVR� RI� HTXLOLEULXP�+��PROHFXODUSKDVH� ZLWKLQ� WKH� XQLILHG� PHWKRG�� QDPHO\�
PRGLILHG� VFKHPH� RI� WKHUPRG\QDPLF� SHUWXU�
EDWLRQ�WKHRU\��037��>�@��7KLV�PHWKRG�UHSUH�
VHQWV�SURSHUWLHV�RI�WKH�V\VWHPV�EHLQJ�LQYHV�
WLJDWHG� LQ� WKH� IRUP�RI� VHULHV� LQ�SDUDPHWHUV
GHVFULELQJ� GLIIHUHQFHV� EHWZHHQ� WKH� UHDO� LQ�
WHUDFWLRQ�SRWHQWLDO�RI�SDUWLFOHV�DQG�SRWHQWLDO
RI�]HUR�DSSUR[LPDWLRQ�V\VWHP�
7KHUPRG\QDPLF�GHVFULSWLRQ�RI�WKH�K\GUR�

JHQ� VXEV\VWHP� LQ� WKH� UHJLRQ� RI� GLVRUGHUHG
SKDVHV� �LQ� SDUWLFXODU�� D� DQG� E� RQHV�� ZDV
FDUULHG�RXW�EDVLQJ�RQ�WKH�PRGHO�RI�QRQ�LGHDO
�LQWHUDFWLQJ�� ODWWLFH�JDV�RI�K\GURJHQ�DWRPV�
)RU�FDOFXODWLRQV��ERWK�WKH�GLUHFW�LQWHUDFWLRQ
EHWZHHQ� K\GURJHQ� DWRPV� DQG� LQGLUHFW� �GH�
IRUPDWLRQDO�� FRQWULEXWLRQV� WR� WKH� SRWHQWLDO
HQHUJ\� GXH� WR� WKH� ODWWLFH� H[SDQVLRQ� FDXVHG
E\� K\GURJHQ� GLVVROXWLRQ� ZHUH� WDNHQ� LQWR
FRQVLGHUDWLRQ��7KH�HTXLOLEULXP�SURSHUWLHV�RI
WKH� ODWWLFH� JDV� ZHUH� GHILQHG� IRU� WKH� EDVLF
FDVH� RI� LQWHUVWLWLDO� VROXWLRQ� ZLWK� D� XQLTXH
W\SH� RI� HTXLYDOHQW� LQWHUVWLWLDOV�� ,Q� WKLV
ZRUN��ZH�VKDOO�UHVWULFW�RXU�FRQVLGHUDWLRQ�WR
GLIIHUHQFHV� LQ�SKDVH�HTXLOLEULD�IRU�/D1L�±+�DQG� /D1L�±'�� V\VWHPV�� WKDW� LV�� IRU� WZR� K\�GURJHQ�LVRWRSHV��SURWKLXP�+�DQG�GHXWHULXP
'�� ,Q� ZKDW� IROORZV�� WKH� WHUP� �K\GURJHQ�
ZLOO�VWDQG�ERWK�IRU�+�DQG�'�
$Q� LPSRUWDQW� IDFW� VKRXOG� EH� QRWHG�� WKH

LQLWLDO� ,0&�FU\VWDOOLQH� VWUXFWXUH� LQ� WKH�PD�
MRULW\�RI�FDVHV�GRHV�QRW�GLIIHU� IURP�WKDW�RI
WKH�FU\VWDOOLQH�PDWUL[�LQ�K\GULGH��GHXWHULGH�
SKDVHV� RI� ,0&�K\GURJHQ� V\VWHPV� LQ� WKH� UH�
JLRQ� RI� GLVRUGHUHG�D� DQG� E� SKDVHV�� ,Q� WKLV
FDVH��WKH�FKHPLFDO�SRWHQWLDO�P;�RI�K\GURJHQ�;� �+��'�� FRPSRQHQW� RI� ,0&�K\GULGH�GHX�
WHULGH�KDV�WKH�IRUP��LQFOXGLQJ�WKH�PHPEHUV
RI�WKH�VHFRQG�RUGHU���

EP;� �T�7�� �OQ T
����T���

:�T
7�����D�&VT�

���

�� :�T�
7������D�&VT��

�

���

ZKHUH� E� ���N7�� P�+� � �P+���P+VW�� P+VW�7�� LV� WKH
FKHPLFDO� SRWHQWLDO� LQ� WKH� TVWDQGDUG� VWDWH� >�@�
T� �&�&V��K\GURJHQ�FRQFHQWUDWLRQ��&� �Q,0&�F�K\GURJHQ�FRQFHQWUDWLRQ�LQ�WKH�IRUP�RI�;�,l&
UHODWLRQ�� WKDW� LV�� SHU� IRUPXOD� XQLW� RI� ,0&�
Q,0&��QXPEHU�RI�DWRPV�LQ�WKH�IRUPXOD�XQLW��F�

K\GURJHQ� FRQFHQWUDWLRQ� LQ� ;�0H� XQLWV�� WKDW
LV��SHU�RQH�PDWUL[�DWRP��D� �FÜ��'9�F��9���WKH
GLODWDWLRQ� FRHIILFLHQW� RI� ,0&� ODWWLFH� DW�K\GUR�
JHQ�GLVVROXWLRQ��9DOXHV�&V� >+�,l&@�� WKH� VRUS�WLRQ�FDSDFLW\�RI�,0&��RU�WKH�PD[LPXP�QXPEHU
RI� LQWHUVWLWLDO� SRVLWLRQV� RI�+�'�� DWRPV� LQ� WKH
SKDVH�UHJLRQ�EHLQJ�LQYHVWLJDWHG��DQG�FV�>;�0H@�WKH� PD[LPXP� FRQFHQWUDWLRQ� F�� DUH� ERXQG� E\
WKH� UHODWLRQ� &V� �Q,0&�FV�� 7KH� :�� DQG� :�FRQVWDQWV� SURYLGLQJ� WKH� UHODWLRQVKLS� EHWZHHQ
PDFURVFRSLF� SURSHUWLHV� RI� ,0&�K\GURJHQ� LQ�
WHUVWLWLDO� VROXWLRQV� DQG� PLFURVFRSLF� �DWRPLF�
FKDUDFWHULVWLFV� RI� K\GURJHQ� VXEV\VWHP� DQG
,0&� PHWDOOLF� PDWUL[� DUH�� :�� 
�,�Q0�V���Y��(�FV�� :�� ���,���,���:���ZKHUH�,�� �Ü�������,�� �������DUH�037�SD�UDPHWHUV�IRU�+�'��JDV��Q0�LV�WKH�QXPEHU�RIWKH� PDWUL[� DWRPV� LQ� WKH� XQLW� FHOO�� Y��� WKH
FHOO�YROXPH�DW�&� ����p��>.@�DQG�V��>P@�DUHSDUDPHWHUV� RI� ;Ü;� LQWHUDFWLRQ� SRWHQWLDO
X;�U�� �N(�M�U�V���>�@��,Q� WKH� FRXUVH� RI� SURWLXP� DQG� GHXWHULXP
DEVRUSWLRQ� LQ� LQWHUPHWDOOLF� FRPSRXQG� /D1L�LQ� WKH� UHJLRQ� RI�DÜE� HTXLOLEULD�� WKH� VXEODW�
WLFH�RI�7�LQWHUVWLWLDOV�FDQ�EH�VXSSRVHG�WR�EH
PDLQO\� ILOOHG��WKDW� LV�� WKHUPRG\QDPLF�IXQF�
WLRQV�RI�WKH�ODWWLFH�JDV�GHVFULEH�HTXLOLEULXP
LVRWKHUPV� ZLWK� RQH� �SODWHDX�� LQ� GRXEOH
SKDVH� �D���E�� UHJLRQV�� ,Q� RUGHU� WR� FDOFXODWH
GHFRPSRVLWLRQ� FXUYHV� IRU� KRPRJHQRXV
SKDVHV�RI�/D1L�±+��'���V\VWHPV�� LW� LV�QHFHV�VDU\�WR�ILQG�SDUDPHWHUV�LQ�WKH�HTXDWLRQ�����
$FFRUGLQJ� WR� >�Ü�@� WKH�YDOXH�RI�&V� LV�HTXDOWR� ���� �FV� ������� IRU� ERWK� V\VWHPV�� 6WDEOHFRPELQDWLRQV�RI�(�V���UHVSRQVLEOH�IRU�PXWXDO
DWRP�DWRP�LQWHUDFWLRQ�EHWZHHQ�SURWLXP�DQG
GHXWHULXP� DUH� UHODWHG� DSSUR[LPDWHO\� DV
�(�V���'� ������(�V���+� >�������@�� 7KH� GLODWD�
WLRQ�FRHIILFLHQW�RI�WKH�/D1L��ODWWLFH�LV�KLJKHULQ�WKH�FDVH�RI�GHXWHULXP�GLVVROXWLRQ�WKDQ�LQ
WKH�FDVH�RI�SURWKLXP�E\�DERXW�����>����@��DW
D+� ������ >�@�� WKH�D'�YDOXH� LV������� ,Q�WKLVFDVH��:��DQG�:��FRQVWDQWV�IRU�WKH�V\VWHPV
EHLQJ� LQYHVWLJDWHG� DUH� DV� IROORZV��:��+�� 
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$FFRUGLQJ� WR� WKH� H[SUHVVLRQ� ���� IRU

FKHPLFDO�SRWHQWLDO�RI�WKH�+�'��ODWWLFH�JDV��WKH
SDUDPHWHUV�RI�WKH�FULWLFDO�SRLQW�RI�DÜE�HTXLOL�
EULD�DUH��7F� �Ü������:�����DFV���&°� �TF�&V�ZKHUH� T°� ���������������DFV��� )RU� /D1L�±+��'��� V\VWHPV�� WKLV� JLYHV� 7F�+�� �����.�7F�'�� ����� .� DQG� &F�+�� ������ +�/D1L��

9�6�0DULQLQ�HW�DO����6LPXODWLRQ�RI�SKDVH�GLDJUDPV����
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&F�'�� ������ '�/D1L��� H[SHULPHQWDO� GDWD
DERXW� SRVLWLRQV� RI� FULWLFDO� SRLQWV� DUH� QRW
DYDLODEOH�� 7KH� �&L���� �&V�TL���� EUDQFKHV� RIWKH� GHFRPSRVLWLRQ� FXUYHV� IRU� /D1L�±+��'��KRPRJHQRXV�SKDVHV�LQWR�GLVRUGHUHG�SKDVHV�L
 �D�� E� DUH� GHILQHG� E\� HTXLOLEULXP� FRQGL�
WLRQV��
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ZKHUH� ¯;� LV� WKH� SUHVVXUH� RI� ODWWLFH�;�JDV�;� �+��'�
&DOFXODWLRQV� RI� &7� GLDJUDPV� IRU� /D1L�±+��'��� V\VWHPV� ZHUH� SHUIRUPHG� VWDUWLQJIURP� WKH� FRQVHTXHQFH� RI� FRQGLWLRQV� ���� Û

WKH� UXOH� RI� HTXDO� DUHDV� �FRQILQHG� E\� WKH
P;� �Ta�� FXUYH� DQG� VWUDLJKW� OLQH�P;��3/����ZKLFK
DW� WKH� VSHFLILHG� WHPSHUDWXUH�����7F� LV� IXO�
ILOOHG�LQ�WKH��P;� ���Ta��SODQH�>�@�

S;�E����S;�D�� �FRQVW³�
TaD

TaE
�>P;��3/����P;� �Ta�@GTa� ���

�����

+HUH� Ta� �T������DFVT��� GHSHQGHQFHV� $�3/�� 
$�DD��7�� �$�EE��7��� ZKHUH� $�L��7��{�$�TL�7��
DUH�YDOXHV�RI�WKH�IXQFWLRQ�$� �S;��P;� �DW�WKH
SKDVH� ERXQGDULHV� L� �D�E�� WKDW� LV�� LQ� WKH
SUHVVXUH��SODWHDX��DQG�ODWWLFH�;�JDV�FKHPL�
FDO� SRWHQWLDO� �SODWHDX��� +DYLQJ� IRXQG� WKH
FRRUGLQDWHV�TaL�7��DFFRUGLQJ�WR� ����� LW� LV�SRV�
VLEOH� WR� REWDLQ� WKH� EUDQFKHV� RI� GHFRPSRVL�
WLRQ� FXUYHV� TL���� DFFRUGLQJ� WR� WKH� GHSHQG�
HQFH� LQYHUVH� WR� Ta�T��� WKDW� LV�� YDOXHV� TL� 
TaL����Ü�DFVTaL��VDWLVI\LQJ�HTXDWLRQV�����,Q� )LJ����� ERXQGDULHV� RI� WKH� GLVRUGHUHG
SKDVH�UHJLRQV� DUH� VKRZQ� �&7�GHFRPSRVLWLRQ
FXUYHV�� IRU� /D1L�±+�� DQG� /D1L�±'�� V\VWHPVFDOFXODWHG�IURP�HTXLOLEULXP�FRQGLWLRQV�RI�D
DQG�E�SKDVHV�DFFRUGLQJ�WR�WKH�UXOH�RI�HTXDO
DUHDV� �����9DOXHV� RI� FULWLFDO� SDUDPHWHUV� IRU
DÜE�HTXLOLEULXPV�WKDW�ZHUH�IRXQG�DERYH�FRU�
UHVSRQG�WR�FRRUGLQDWHV�RI�&+�DQG�&'�SRLQWVLQ� WKH�)LJXUH��(VWLPDWLRQ� GDWD� IRU� ERXQGD�
ULHV� RI� �D�E�� UHJLRQ� LQ� /D1L�±+��'��� V\VWHPZKLFK�ZHUH�REWDLQHG�IURP�GHXWHULXP�GHVRUS�
WLRQ� LVRWKHUPV� DUH� JLYHQ� IRU� FRPSDULVRQ� DF�
FRUGLQJ�WR�WKH�ILJXUHV�SUHVHQWHG�LQ�>�@��
7KH� WHPSHUDWXUH� GHSHQGHQFHV� S;�

�3/��7�� RI
K\GULGH� �GHXWHULGH�� E�SKDVHV� GHFRPSRVLWLRQ
SUHVVXUH��WKDW�LV��SUHVVXUH�RI�K\GURJHQ�LRQV
LQ� WKH� �SODWHDX��RI� WKH�S;��&�� LVRWKHUPV� LQ

WKH� KHWHURJHQHRXV� �D�E�� SKDVH� UHJLRQ��PD\
EH� SUHVHQWHG� LQ� WKH� IRUP� RI� FRQYHQWLRQDO
HTXDWLRQ�
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ZKHUH� '+E�o�D
�;� �� '6E�o�D

�;� � FRUUHVSRQG� WR� HQ�
WKDOS\� DQG� HQWURS\� RI� E�SKDVH� GHFRPSRVL�
WLRQ��7KHVH�SDUDPHWHUV�LQ�037�VFKHPH�KDYH
WKH�IROORZLQJ�IRUP��
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ZKHUH�+;�
� �� 6;�

� � DUH� HQWKDOS\� DQG� HQWURS\�
UHVSHFWLYHO\��RI�+��'���LQ�WKH�VWDQGDUG�VWDWH
RI� LGHDO� JDV� >�@�� WKH� TXDQWLW\� 'EoD� FRUUH�VSRQGV� WR�UHODWLYH�GLIIHUHQFH� LQ� VSHFLILF�HQ�
WKDOS\� K;� RI� WKH� ODWWLFH� ;�JDV
K;�L��7��{�K;�VW��7����K;� �TL�7�� RQ� WKH� ERXQGDULHV
RI�KRPRJHQRXV�SKDVHV�TD�����TE����

$V� ZHOO� DV� LQ� WKH� FDVH� RI� GHFRPSRVLWLRQ
RI�K\GULGH�E�SKDVH�RI�/D1L�±+��>�@��ZH�VKDOOGHILQH�WKH�SDUDPHWHUV�����IRU�WKH�UDQJH�RI�RS�
HUDWLQJ� SDUDPHWHUV� LQ� WKH� LVRODWHG� �FULWLFDO�
SRLQW��:H�ZLOO�JHW�WKH�IROORZLQJ�H[SUHVVLRQ�IRU
HQWKDOS\� RI� QRQ�LGHDO� ODWWLFH� JDV� >�@� DQG� IRU
FULWLFDO�FRQFHQWUDWLRQ�T°� �������������DFV��LQWKH�JHQHUDO�IRUP�

)LJ����� 'HFRPSRVLWLRQ� FXUYHV� RI� KRPRJHQRXV
SKDVHV� �&7� GLDJUDPV�� IRU� /D1L�±+��'��� V\V�
WHPV�LQWR�GLVRUGHUHG�D�DQG�E�SKDVHV��FDOFXOD�
WLRQ��� x�� H[SHULPHQWDO� GDWD� IRU� /D1L�±'�� >�@�&+��&'��FULWLFDO�SRLQWV�RI�D�E�HTXLOLEULD���Ü��/D1L�±'�����Ü��/D1L�±+�
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$FFRUGLQJ�WR� �����IRU�/D1L�±'��V\VWHP�DW
TF�'�� �������� 'EoD�F� � ������� 7DNLQJ� LQWR� DF�
FRXQW� WKH� SDUDPHWHUV� IRU� /D1L�±+�� WKDWZHUH� IRXQG� EHIRUH�� ZH� ZLOO� REWDLQ� WKH� IRO�
ORZLQJ�VHW�RI�WKHUPRG\QDPLF�SDUDPHWHUV�>�@
RI� WKH� EoD� SKDVH� WUDQVLWLRQ� LQ� /D1L�� K\�GULGHV� DQG� GHXWHULGHV�� HQWKDOS\� >N-�PROH@
'+E�o�D

�+� � ������� � '+E�o�D
�'� � ������� HQWURS\

>-��.�PROH�@� '6E�o�D
�+� � ������ '6E�o�D

�'� � �����
7KH� S;�

�3/��7�� GHSHQGHQFHV� REWDLQHG� IRU� ERWK
V\VWHPV� DFFRUGLQJ� WR� ���Ü����� DUH� FRPSDUHG
LQ�)LJ����ZLWK�H[SHULPHQWDO�GDWD� >�@�RQ�WKH
SUHVVXUH� LQ� WKH� �SODWHDX�� RI� +�� DQG� '�GHVRUSWLRQ�LVRWKHUPV�
7KH�SUHVVXUH�RI�K\GURJHQ�LVRWRSHV�LQ�WKH

�SODWHDX��RI�VLPLODU�VROXELOLW\�LVRWKHUPV�IRU
PHWDO�K\GURJHQ� DQG� ,0&�K\GURJHQ� V\VWHPV
PD\� EH� ORZHU� IRU� WKH� KHDYLHU� LVRWRSH� '��QRUPDO� LVRWRSLF� HIIHFW�� RU� KLJKHU� �LQYHUVH
LVRWRSLF�HIIHFW��WKDQ�IRU�+���,W� LV�VHHQ�IURP)LJ����WKDW��GHSHQGLQJ�RQ�WHPSHUDWXUH��ERWK
QRUPDO�DQG�LQYHUVH�HIIHFW�FDQ�EH�REVHUYHG�LQ
/D1L�±+��V\VWHP��$W�WKH�WHPSHUDWXUH�7L�ZKHQWKHVH� LVRWRSLF�SUHVVXUHV�DUH�HTXDO�� WKH� LQYHU�
VLRQ�RI� LVRWRSLF�HIIHFW�RFFXUV�� ,QWHUVHFWLRQ�RI
FDOFXODWHG�GHSHQGHQFHV�S;�

�3/��7��WDNHV�SODFH�DW
�'+E�o�D

�'� ���'+E�o�D
�+� ��e��'6E�o�D

�'� ���'6E�o�D
�+� �� �

����.�� H[SHULPHQW� >�@� JLYHV�7L� �����.�DVDQ�DYHUDJH�IRU�GLIIHUHQW�VDPSOHV��
)URP� WKH� HTXDWLRQ� �����RQH�DQ�DQDO\WLFDO

H[SUHVVLRQ� IRU�UHODWLRQVKLS�EHWZHHQ�HTXLOLE�
ULXP� SUHVVXUHV� RI� K\GURJHQ� LVRWRSHV� �DW
��7F��.��FDQ�EH�REWDLQHG�
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DV�ZHOO�DV�WKH�SUHVVXUH�YDOXHV�DW�FULWLFDO�SRLQWV
RI�D�E�HTXLOLEULD��S+�

�F�� ����DWP���S'�
�F�� ����DWP�

([SHULPHQWDO� GDWD� RQ� WKH� SDUDPHWHUV� RI
FULWLFDO�SRLQWV�IRU�WKHVH�HTXLOLEULD�LQ�/D1L�±+��'���DUH�DEVHQW�WR�GDWH�7KH� QDWXUH� RI� LQYHUVH� LVRWRSLF� HIIHFW� LV
DVVRFLDWHG�PDLQO\�ZLWK�ORZHU�HQHUJ\�RI�'±'
LQWHUDFWLRQ�LQ�WKH�ODWWLFH�LQ�FRPSDULVRQ�ZLWK
+±+�LQWHUDFWLRQ��7KH�YLEUDWLRQ�DPSOLWXGH�RI

'�DWRPV� LQ�LQWHUVWLWLDOV�LV� OHVV�WKDQ�WKDW�RI
+� DWRPV� >�@�� WKHLU� VPDOOHU� YROXPH� UHVXOWV
HYHQWXDOO\� LQ� WKH� DERYH�PHQWLRQHG� GLIIHU�
HQFHV�LQ��(�V����FRPELQDWLRQV�IRU�LQWHUDFWLRQ
RI�LVRWRSLF�DWRPV��2Q�WKH�RWKHU�KDQG��GLIIHU�
HQFHV� LQ� ]HUR� YLEUDWLRQ� HQHUJ\� EHWZHHQ
SURWLXP�DQG�GHXWHULXP�DWRPV�LQ�WKH�PHWDO�
OLF�RU�,0&�ODWWLFH�DUH�RI�D�ODUJH�LPSRUWDQFH�
7KH� FRPSHWLWLRQ� RI� WKHVH� WZR� IDFWRUV� FDQ
H[SODLQ�WKH�QDWXUH�RI�LVRWRSLF�HIIHFW��QRUPDO
RU� LQYHUVH��� $V� IRU� WKH� HIIHFW� LQYHUVLRQ�� LQ
JHQHUDO��LW�VKRXOG�WDNH�SODFH�LQ�DQ\�V\VWHP�
DV� VWUDLJKW� OLQHV� LQ� WKH�)LJ����QHYHU�UXQ� LQ
SDUDOOHO��+RZHYHU��VXFK�LQYHUVLRQ�FDQ�RFFXU
LQ� WKH� V\VWHPV� ZKHUH� VLJQLILFDQW� WHPSHUD�
WXUH�H[WHQVLRQ�RI�GRXEOH�SKDVH�UHJLRQ� �D�E�
H[LVWV��WKRXJK�WKLV�LV�QRW�D�VXIILFLHQW�FRQGL�
WLRQ�� )RU� H[DPSOH�� IRU� JG±+��'��� V\VWHPZLWK� LQYHUVH� LVRWRSLF� HIIHFW� DQG� YHU\� ZLGH
WHPSHUDWXUH� UDQJH� RI� D�E� HTXLOLEULXPV� �QR
OHVV� WKDQ� ����.��� WKH� GHSHQGHQFHV� ����PD\
LQWHUVHFW� DW� DERXW� ����� .� ZKLFK� LV� PXFK
KLJKHU�WKDQ�WKH�FULWLFDO� WHPSHUDWXUH�RI�D�E
WUDQVLWLRQ��a����.��>�@�
7KH� SKDVH� cv�� GLDJUDPV� UHODWLQJ� WKH

JDVHRXV�SKDVH�SUHVVXUH�S;��RI�K\GURJHQ�LVR�WRSHV�ZLWK�&��7� SDUDPHWHUV� RI� K\GULGH� DQG
LQWHUPHWDOOLF� FRPSRXQGV� FDQ� EH� REWDLQHG
IURP� WKH� FKHPLFDO� SRWHQWLDO� HTXDOLW\� FRQGL�
WLRQ� IRU� WKH� K\GULGH� ;�VXEV\VWHP� P;�&�� 7�

)LJ����� /RJDULWKP� RI� K\GURJHQ� LVRWRSH� SUHV�
VXUH� LQ� WKH� �SODWHDX�� RI� S;�

�&�� LVRWKHUPV� LQ
GRXEOH�SKDVH� UHJLRQ� �D�E�� DV� D� IXQFWLRQ� RI
LQYHUVH� WHPSHUDWXUH�� FDOFXODWLRQV� DFFRUGLQJ
WR� ����� ([SHULPHQWDO� GDWD� RQ� K\GURJHQ
GHVRUSWLRQ�>�@��q�Ü�+���x�Ü�'���&ULWLFDO�SRLQWV
RI� D�E� HTXLOLEULD�� &+�� &'� �FDOFXODWLRQV���7L�WHPSHUDWXUH�RI�LVRWRSLF�HIIHFW�LQYHUVLRQ�
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DQG�PROHFXODU�P;��S;��7��JDVHRXV�SKDVH�SHURQH�LVRWRSH�DWRP�
P;��S;��7�� ��P;�&�7�� ���

$IWHU�D�QXPEHU�RI�UHDUUDQJHPHQWV�VLPLODU
WR� >�@�� ZH� FDQ� REWDLQ� �DFFRUGLQJ� WR� ����� IRU
S;��T�� 7�� FXUYHV� LQWHUVHFWLQJ� VLQJOH�� DQGGRXEOH�SKDVH� UHJLRQV� RI� ,0&�K\GURJHQ� V\V�
WHPV�

OQS;��T�7�� 
 �OQS;�

�3/��7�����E>P;� �T�7����P;��3/��7�@�
���

ZKHUH�P;��3/�� LV� WKH�FKHPLFDO�SRWHQWLDO�YDOXH
RI� ODWWLFH� ;�JDV� LQ� WKH� �SODWHDX�� RI� P;� �T�
LVRWKHUPV�� WKH� YDOXH� LV� GHILQHG� E\� FRQGL�
WLRQV� ����RI� WKH�JDV�OLTXLG�SKDVH� WUDQVLWLRQ�
7KH� H[SUHVVLRQ� ���� DW� T�TD� DQG� T!TE� GH�VFULEHV� GHVFHQGLQJ� DQG� DVFHQGLQJ� EUDQFKHV
RI� S;��&�� LVRWKHUPV�� UHVSHFWLYHO\�� DQG� DW
TD�T�TE�LW�JLYHV�WKH�YDOXH�S;�

�3/��DFFRUGLQJ�WR
9DQ�W�+RII�HTXDWLRQ�������

)RU� LVRWKHUPV� �t�°� DQG� HOHYDWHG� SUHV�VXUHV�S;���ZH�REWDLQ�
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ZKHUH�');�

� �7�� �);�
� �7����);�

� �7F�;���
);�
� �7�� ��*;�

� �7��e�7�*;�
� � LV� WKH�*LEEV�HQHUJ\

LQ� WKH� VWDQGDUG� VWDWH� RI� LGHDO�;�� JDV� >�@�
4;� �OQS;�

�F� �������S;�
�F� �e�7F�;��� 7KH� H[SUHVVLRQ

����� SURYLGHV� cv�� GHSHQGHQFHV� DERYH� WKH
FULWLFDO� SRLQW� RI� D�E� WUDQVLWLRQ� XS� WR� SUHV�
VXUHV�RI�DERXW�����DWP��WKDW�LV��LQ�WKH�FDVH
ZKHQ�YLULDO�H[SDQVLRQ�RI�FKHPLFDO�SRWHQWLDO
RI�JDVHRXV�K\GURJHQ�SKDVHV� >�@� FDQ�EH�FRQ�
ILQHG�WR�VHFRQG�YLULDO�FRHIILFLHQW�%;��

7KH�SKDVH�GLDJUDP�RI�/D1L�±+��V\VWHP�DWWHPSHUDWXUHV�EHORZ�DQG�DERYH�7F�+��ZDV�RE�WDLQHG�EHIRUH�DQG�LV�SUHVHQWHG�LQ�>�@��,Q�WKLV
ZRUN�� DGGLWLRQDO� SKDVH� HTXLOLEULXPV� LQ
/D1L�±'�� V\VWHP� DUH� FDOFXODWHG�� 7KH� VHW� RIFDOFXODWHG� LVRWKHUPV� LV� VKRZQ� LQ� )LJ���� LQ
FRPSDULVRQ� ZLWK� DYDLODEOH� GDWD� RQ� '�GHVRUSWLRQ�>�@��7KH�SUHGLFWHG�GHSHQGHQFHV�DW

HOHYDWHG� WHPSHUDWXUHV� DQG� SUHVVXUHV� DUH
DOVR� VKRZQ� ERWK� LQ� GRXEOH�SKDVH� DQG� LQ
RYHUFULWLFDO� UHJLRQV�� 7KHUH� DUH� QR� H[SHUL�
PHQWDO�GDWD�RQ�K\GURJHQ�VROXELOLW\�LQ�/D1L�LQ� WKLV� UHJLRQ� RI� VWDWHV��$W� WKH� FULWLFDO� WHP�
SHUDWXUH�P;��F�� �P;��3/��7F�;���DQG�');�

� � ����DQG
ERWK� H[SUHVVLRQV� ���� DQG� ���� GHVFULEH� WKH
FULWLFDO� LVRWKHUP� �����&�� )LJ����� S;��T�7F�;��
ZLWK� LQIOHFWLRQ� SRLQW� S;��TF�7F�;���{�S;�

�F� � 
 �S;�

�3/��7F�;���
7R� FRQFOXGH�� LW� LV� SRVVLEOH� WR� WDNH� LQWR

DFFRXQW� K\GURJHQ�K\GURJHQ� DWWUDFWLRQ� DGH�
TXDWHO\�ZLWKLQ�WKH�IUDPH�RI�WKHUPRG\QDPLF
SHUWXUEDWLRQ� WKHRU\��7KLV�PDNHV� LW� SRVVLEOH
WR�UHSURGXFH�ZLWKLQ�WKH�QRQ�LGHDO�ODWWLFH�JDV
QRW� RQO\� TXDOLWDWLYH� SDUDPHWHUV� RI� SKDVH
HTXLOLEULD� LQ� ,0&�K\GURJHQ� V\VWHPV�� EXW
DOVR� WR� GHVFULEH� ILQH� SHFXOLDULWLHV�� VXFK� DV
LQYHUVLRQ�RI�LVRWRSLF�HIIHFW�LQ�/D1L�±+��'���7KH� LVRWRSLF�HIIHFW�FKDUDFWHU��QRUPDO�RU� LQ�
YHUVH�� LV� GHILQHG� PDLQO\� E\� FRPSHWLWLRQ� RI
WZR� IDFWRUV�� ORZHU� HQHUJ\� RI� '±'� LQWHUDF�
WLRQ� LQ� WKH� ODWWLFH� DV� FRPSDUHG� WR� WKH�+±+
RQH� DQG�� RQ� WKH� RWKHU� KDQG�� E\�GLIIHUHQFHV
LQ� ]HUR� YLEUDWLRQ� HQHUJ\� RI� SURWKLXP� DQG
GHXWHULXP� DWRPV� LQ� WKH� ODWWLFH�� 'DWD� RQ
VROXELOLW\� RI�K\GURJHQ� LVRWRSHV� DW� WKH�SUHV�

)LJ�����3&7�GHSHQGHQFHV�IRU�/D1L�±'��V\VWHP�FDOFXODWLRQ� DFFRUGLQJ� WR� ���� ���7F�� DQG� ����
��t7F��� 7HPSHUDWXUHV� RQ� WKH� LVRWKHUPV� DUHJLYHQ� LQ� GHJUHHV� &�� 7KH� GDVKHG� OLQH� UHSUH�
VHQWV�WKH�ERXQGDU\�RI�GRXEOH�SKDVH� �D�E��UH�
JLRQ�LQ�WKH��OJS'�

Ü&��SODQH��7KH�FULWLFDO�SRLQW
RI� DÜE� HTXLOLEULD�� &'� �FDOFXODWLRQ��� ([SHUL�PHQWDO�GDWD�>�@�RQ�'��GHVRUSWLRQ�DW�WHPSHUD�
WXUHV����&��▲���Ü���&��i������&���������&��x��
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VXUH�XS�WR�����DWP�DQG�SDUDPHWHUV�RI�FULWL�
FDO�SRLQW�D�E�HTXLOLEULD�KDYH�EHHQ�REWDLQHG�

5HIHUHQFHV
� ���9�6�0DULQLQ�� <X�)�6KPDONR�� .�5�8PHUHQNRYD�

3UREOHP\�0DVKLQRVWURHQL\D���������������
� ���9�6�lDULQLQ�� .�5�8PHUHQNRYD�� <X�)�6KPDONR�

)XQFWLRQDO�0DWHULDOV�����������������
� ���$�%LULV��5�9�%XFXU��-��/HVV�&RPPRQ�0HW������

�����������
� ���+\GURJHQ� LQ� 0HWDOV�� HG�� E\� *�$OHIHOG� DQG

-�9RONO��6SULQJHU��%HUOLQ���������
� ���$�)�9RONRY�� ,QYHVWLJDWLRQ� RI� ,QWHUDFWLRQ� EH�

WZHHQ�+\GURJHQ�DQG�/D1L��,QWHUPHWWDOOLF�&RP�SRXQG�� DQG� 2SWLPL]DWLRQ� RI� 7UHDWPHQW� ZLWK
+\GURJHQ� IRU� 2EWDLQLQJ� $FWLYDWHG� 3RZGHUV�

$EVW�� 3K�'�� 7KHVLV�� '3,�� 'RQHWVN�� 8NUDLQH
�������>LQ�5XVVLDQ@�

� ���9�6�0DULQLQ�� <X�)�6KPDONR�� .�5�8PHUHQN�
RYD�� LQ�� +\GURJHQ� 0DWHULDOV� 6FLHQFH� DQG
&KHPLVWU\� RI� &DUERQ� 1DQRPDWHULDOV�� �1$72
6HFXULW\�WKURXJK�6FLHQFH��6HULHV�$��&KHPLVWU\
DQG� %LRORJ\��� 6SULQJHU�� 1HZ� <RUN� �������
S�����

� ���9�6�0DULQLQ�� <X�)�6KPDONR�� .�5�8PHUHQN�
RYD��3UREOHPV�RI�$WRPLF�6FLHQFH�DQG�7HFKQRO�
RJ\�� 6HULHV� �3K\VLFV� RI� 5DGLDWLRQ� 'DPDJHV
DQG�5DGLDWLRQ�0DWHULDO�(QJLQHHULQJ������ ���
�������>LQ�5XVVLDQ@�

� ���7KHUPRG\QDPLF�3URSHUWLHV�RI�,QGLYLGXDO�&RP�
SRXQGV��HG��E\�9�3�*OXVKNR��Y����1DXND��0RV�
FRZ��������>LQ�5XVVLDQ@�
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