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5HFHLYHG�)HEUXDU\���������
7KH�VROLGLILFDWLRQ�NLQHWLFV�LV�FRQVLGHUHG��$�PHWKRG�KDV�EHHQ�SURSRVHG�WR�GHWHUPLQH�WKH

VROLG�SKDVH�FRQFHQWUDWLRQ� LQ�WKH�FRXUVH�RI�PDWHULDO�VROLGLILFDWLRQ�E\�PHDVXULQJ�WKH�VKHDU
PRGXOXV��$V�DQ�H[DPSOH��WKH�VROLG�SKDVH�YDULDWLRQ�GXULQJ�WKH�VROLGLILFDWLRQ�RI�DQ�DTXHRXV
JHODWLQH� VROXWLRQ� KDV� EHHQ� GHWHUPLQHG� ZKLFK� LV� XVHG� DV� WKH� PDWUL[� RI� QDQRV\VWHPV� DUH
RSWLFDO�FKHPLFDO�VHQVRUV�KDV�EHHQ�GHWHUPLQHG�
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$�PDWHULDO�EHLQJ�VROLGLILHG�LV�D�WZR�SKDVH
V\VWHP� FRQWDLQLQJ� D� VRIW� SKDVH� DQG� D� VROLG
RQH�� WKH�DPRXQW�RI� WKH� ODWWHU� LQFUHDVLQJ� LQ
WLPH� LQ� WKH� FRXUVH� RI� VROLGLILFDWLRQ�� 7KH
SXUSRVH�RI�WKLV�ZRUN� LV�WR�VWXG\�WKH�VROLGL�
ILFDWLRQ� SURFHVV� DQG� WR� GHYHORS� D� FRQWURO
PHWKRG� WKHUHIRU�� ,W� LV� WKH� VROLG� SKDVH� FRQ�
FHQWUDWLRQ�LQ�D�VROLGLI\LQJ�PDWHULDO�WKDW�LV�D
PDFURVFRSLF� SDUDPHWHU� FKDUDFWHUL]LQJ� WKH
VROLGLILFDWLRQ�SURFHVV��$FFRUGLQJO\��WKH�WDVN
LV� UHGXFHG� WR�FDOFXODWLRQ�RI� WKH� VROLG�SKDVH
FRQFHQWUDWLRQ�EDVLQJ�RQ�H[SHULPHQWDO�GDWD�
$�PHWKRG�KDV�EHHQ�SURSRVHG�>�@�WR�GHWHU�

PLQH� LQ�H[SHULPHQW�WKH�VKHDU�PRGXOXV�RI�D
PDWHULDO� LQ� WKH� FRXUVH� RI� LWV� VROLGLILFDWLRQ�
,Q� WKLV� ZRUN� EHLQJ� D� FRQWLQXDWLRQ� RI� WKH
SUHFHGLQJ� VWXG\�� LW� LV� VKRZQ� KRZ� WKH� VROLG
SKDVH�FRQFHQWUDWLRQ�FDQ�EH�FDOFXODWHG�XVLQJ
WKRVH�GDWD�
:KHQ� GHWHUPLQLQJ� WKH� VROLG� SKDVH

DPRXQW�LQ�D�WZR�SKDVH�V\VWHP��OHW�WKH�PDWH�
ULDO� XQGHU� VWXG\� EH� FRQVLGHUHG� DV� DQ� LQKR�
PRJHQHRXV� FRQWLQXXP� EHLQJ� D� PL[WXUH� RI
WZR� LVRWURSLF� SKDVHV�� 7KXV�� DQ\� FKDUDF�
WHULVWLF� RI� WKH� LQKRPRJHQHRXV� FRQWLQXXP

PHDVXUHG�LQ�H[SHULPHQW�LV�DQ�DYHUDJLQJ�UH�
VXOW� RYHU� WKH� DUHDV� H[FHHGLQJ� FRQVLGHUDEO\
LQ�VL]H� WKH�DUHD�RI�KHWHURJHQHLW\��6XFK�FKDU�
DFWHULVWLFV�DUH� UHIHUUHG�WR�DV��HIIHFWLYH�FKDU�
DFWHULVWLFV��RU��PL[WXUH�FKDUDFWHULVWLFV���
/HW� WKH� IROORZLQJ� GHVLJQDWLRQV� EH� LQWUR�

GXFHG�� *�� .�� Q�� HIIHFWLYH� VKHDU� PRGXOL�
WKH�YROXPH�PRGXOXV� DQG�3RLVVRQ�UDWLR�RI�D
WZR�SKDVH� V\VWHP�� UHVSHFWLYHO\��*)� DQG�*6�WKH� VKHDU� PRGXOL� RI� VROLG� DQG� OLTXLG� SKDVHV�
UHVSHFWLYHO\��.)�DQG�.6��WKH�YROXPH�PRGXOL�RIVROLG� DQG� OLTXLG� SKDVHV�� UHVSHFWLYHO\�� Q)� DQGQ6��3RLVVRQ�UDWLRV�RI�FRUUHVSRQGLQJ�SKDVHV�)RU� FDOFXODWLRQ� RI� HIIHFWLYH� FRQVWDQWV� RI
DQ�LQKRPRJHQHRXV�FRQWLQXXP��WKH�HODVWLFLW\
WKHRU\�RI�LQKRPRJHQHRXV�PHGLD�LV�XVHG�DV�D
UXOH� >����@�� 7KH� LQKRPRJHQHRXV� FRQWLQXXP
RI�D�VXEVWDQFH�XQGHU�VWXG\�LV�D�PDWUL[�ZLWK
VSKHULFDO� LQFOXVLRQV�� 7KH� PDWUL[� FRUUH�
VSRQGV� WR� WKH� OLTXLG� SKDVH�� WKH� LQFOXVLRQV�
WR�WKH�VROLG�RQH��7KH�DYHUDJH�YDOXH�RI�VWUHVV
WHQVRU� VA®� LQ� D� PDWUL[� LV� HTXDWHG� WR� WKH
H[WHUQDO�VWUHVV�WHQVRU�VA��DSSOLHG�WR�WKH�V\V�
WHP�DW� LQILQLW\�� ,QVLGH�RI�D�VSKHULFDO� LQFOX�
VLRQ�� WKH� ILHOGV� RI� VWUHVVHV� DQG� VWUDLQV� DUH
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KRPRJHQHRXV��7KH�DYHUDJH�VWUHVV�VA®� LV�GH�
WHUPLQHG�DV

VA®� �&)VA���®���&6VA���®� ���
ZKHUH� &)� DQG� &6� DUH� VROLG� DQG� VRIW� SKDVHFRQFHQWUDWLRQV��UHVSHFWLYHO\�
:KHQ� FDOFXODWLQJ� WKH� HIIHFWLYH� HODVWLFLW\

FRQVWDQWV�IRU�DQ�LQKRPRJHQHRXV�FRQWLQXXP�
WKH� HODVWLFLW\� WKHRU\� SUREOHP� LV� DW� ILUVW
VROYHG�IRU�WKH�PRGHO�EHLQJ�D�VLQJOH�VSKHULFDO
LQFOXVLRQ� RI� WKH� VLQJOH� SKDVH� ZLWKLQ� D� PD�
WUL[�KDYLQJ�HIIHFWLYH�HODVWLF�SURSHUWLHV��7KH
VROXWLRQ�KHV�WKH�IRUP

VA���®� �FA$A ���VA�� ���
ZKHUH�FA�WKH�WHQVRU�RI�HIIHFWLYH�HODVWLF�FRQ�
VWDQWV��7KH�IRUPXODV�IRU�WKH�WHQVRU�$A ����DUH
SUHVHQWHG�LQ�>�@��
7KHQ�� WKH� SUREOHP� RI� WKH� HODVWLFLW\� WKH�

RU\� LV� VROYHG� IRU� D� PRGHO� UHSUHVHQWLQJ� D
VSKHULFDO� LQFOXVLRQ� RI� DQRWKHU� SKDVH�ZLWKLQ
D�PDWUL[�KDYLQJ�HIIHFWLYH�HODVWLF�SURSHUWLHV�
7KLV�VROXWLRQ�KDV�WKH�IRUP

VA���®� �FA$A ���VA�� ����
ZKHUH�WKH�WHQVRU�$A ����LV�GHILQHG�E\�IRUPXODV
SUHVHQWHG�LQ�>�@�
6XEVWLWXWLQJ� H[SUHVVLRQV� ����DQG� ���� LQWR

����DQG�WDNLQJ� LQWR�DWWHQWLRQ�WKDW�VA�� �VA®�
ZH�JHW

VA®� �FA>&)$A ������&6$A ���@VA®� ���
6XEVHWWLQJ�WKH�VWUHVV�WHQVRU�LQWR�WKH�YRO�

XPH�DQG�GHYLDWRU�SDUWV��ZH�JHW�IURP�WHQVRU
HTXDWLRQ� ����DIWHU�VXEVWLWXWLQJ�WKH�$A ����DQG
$A ����YDOXHV�XQGHU�DSSUR[LPDWLRQ�&6� �Ü&)�
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ZKHUH�WKH�IROORZLQJ�GHVLJQDWLRQV�DUH�WDNHQ�
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,W� LV�NQRZQ� >�@� WKDW� IRU� WKH� VROLG�SKDVH�
*)�a�.)� DQG� .6�a�.)�� )RU� WKH� VRIW� SKDVH�OHW�*6���.6��L�H���*6���*)�EH�WDNHQ�,Q� ]HUR� DSSUR[LPDWLRQ� IRU� WKH� VPDOO
*6�*)�SDUDPHWHU��WKH�IRUPXOD�����WDNHV�WKHIRUP
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)RU�WKH�VRIW�SKDVH�3RLVVRQ�UDWLR�Q6��LW�LVSRVVLEOH�WR�ZULWH�D�UHODWLRQ�VLPLODU�WR������
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7KHUHIURP��Q6|�����7KH�3RLVVRQ�UDWLR�Q�IRU�WKH�PL[WXUH�YDU�
LHV�IURP�Q)�WR�Q6�ZKHQ�WKH�FRQFHQWUDWLRQ�&)FKDQJHV� IURP��� WR� ]HUR��7KH� ORZHU� OLPLW� RI
WKH� VROLG� SKDVH� 3RLVVRQ� UDWLR� Q)� LV� DERXW����� >�@�� 7KH� SUHVHQWHG� QXPHULFDO� HVWLPD�
WLRQV� RI�Q6� DQG�Q)� DOORZ�XV� WR� FRQVLGHU�GH�SHQGHQFH� RI� WKH� PL[WXUH� 3RLVVRQ� UDWLR� RQ
WKH� VROLG� SKDVH� FRQFHQWUDWLRQ� DV� D� OLQHDU
IXQFWLRQ�

Q� �&)Q)�����������&)�� ����
6XEVWLWXWLQJ� WKH� IRUPXOD� ����� LQWR� ����

ZH�JHW
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&)

������������&)Q)�����������&)�����������&)Q)�����������&)���
§̈
©
*)
* ����

·̧
¹

���

�� ����&)
������������&)Q)�����������&)�����������&)Q)�����������&)���

� �������

7KH� HTXDWLRQ� ����� LV� WKH� &)�Q)�� *)�� *�GHSHQGHQFH�� 7KXV�� VXEVWLWXWLQJ� WKH� YDOXHV
RI� VROLG� SKDVH� 3RLVVRQ� IDFWRU� Q)� VKHDUPRGXOL�RI�WKH�PL[�DQG�WKH�VROLG�SKDVH��*�DQG
*)� UHVSHFWLYHO\�� ZH� ZLOO� JHW� WKH� VROLG� SKDVHFRQFHQWUDWLRQ�LQ�WKH�WZR�SKDVH�V\VWHP�
7R� FKHFN� WKH� SURFHGXUH� LQ� H[SHULPHQW�

OHW� WKH� H[SHULPHQWDO� *�W�� GHSHQGHQFH� EH

2�<X�$NWDQ���'HWHUPLQDWLRQ�RI�WKH�VROLG�SKDVH����
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XVHG�GHVFULELQJ�WKH�VROLGLILFDWLRQ�SURFHVV�RI
DTXHRXV� JHODWLQ� VROXWLRQ� �)LJ����� DQG� SUH�
VHQWHG� LQ� WKH� SUHYLRXV�ZRUN� >�@�� 7KH� VHOHF�
WLRQ� RI� WKLV� REMHFW� ZDV� FDXVHG� E\� WKDW� FLU�
FXPVWDQFH� WKDW� WKH� REMHFW� LQGLFDWHG� ZLGHO\
LV� XVHG� DV� WKH� PDWUL[� RI� QDQRV\VWHPV� DUH
RSWLFDO� FKHPLFDO� VHQVRUV�� LQWHQGHG� IRU� WKH
DQDO\VLV� RI� OLTXLG� PHGLD� >�@�� 7R� FDOFXODWH
WKH� DPRXQW� RI� VROLG� SKDVH� IURP� WKH� PHDV�
XUHG�VKHDU�PRGXOXV�YDOXH��LW�LV�QHFHVVDU\�WR
NQRZ� WKH� VROLG� SKDVH� HODVWLF� FKDUDFWHULVWLFV
Q)� DQG�*)��7KH� VROLG�SKDVH� LV� D�JHO� LQ� WKLVFDVH��$FFRUGLQJ�WR�>�@��WKH�3RLVVRQ�IDFWRU�RI
WKH� JHO� Q)� PDNHV� ������ 7KH� *)� YDOXH� ZDVGHWHUPLQHG� IURP�WKH�NQRZQ�IRUPXOD�RI� WKH
HODVWLFLW\�WKHRU\�>�@
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7KH� JHO� EHORQJV� WR� WKH� FODVV� RI� VR�FDOOHG
ZDWHU�OLNH� PDWHULDOV�� )RU� VXFK� PDWHULDOV�
WKH�EXON�PRGXOXV�.)�LV�DVVXPHG�WR�EH�HTXDOWR� WKDW� RI� ZDWHU� ����������1�P��� >�@�� 7KH
FDOFXODWHG� *)� YDOXH� KDV� IRXQG� WR� EH
��������Q�P���
,Q� )LJ����� WKH� GHSHQGHQFH� RI� JHO� �VROLG

SKDVH�FRQFHQWUDWLRQ�FDOFXODWHG�XVLQJ� �����LV
SUHVHQWHG�� 7KH� ]HUR� WLPH�PRPHQW� LQ�)LJ���
FRUUHVSRQGV�WR�WKH�PHDVXUHPHQW�RQVHW��,W�LV
VHHQ� IURP� WKH� )LJXUH� WKDW� WKH� V\VWHP� FRQ�
WDLQHG�VRPH�JHO�DW�WKH�VWDUW�RI�WKH�PHDVXUH�
PHQWV�� 7KLV� IDFW� FDQ� EH� H[SODLQHG� DV� IRO�
ORZV�� 7KH� JHODWLQ� ZDV� GLVVROYHG� DW� ���&�
7KHQ� WKH� VROXWLRQ� ZDV� FRROHG� FRQWLQXRXVO\
GRZQ� WR� ���&� EHLQJ� WKH� VWDUWLQJ� PHDVXUH�
PHQW� WHPSHUDWXUH�� 7KH� JHO� IRUPDWLRQ� LV
NQRZQ� WR� RQVHW� DW� ���&� >����@�� 7KXV�� WKH
WXEH� ZDV� ILOOHG� ZLWK� JHODWLQ� VROXWLRQ� FRQ�
WDLQLQJ�D�FHUWDLQ�DPRXQW�RI�JHO��,Q�VSLWH�RI
WKLV�� WKH� PHDVXUHG� VKHDU� PRGXOXV� UHPDLQV
DW� ILUVW�]HUR�DV� LV�VHHQ�IURP�WKH�*�W��FXUYH
LQ�>�@��7KDW�LV�WR�VD\��WKH�*�&)��GHSHQGHQFHKDV�WKH�IRUP�VKRZQ�LQ�)LJ����

%DVLFDOO\�� WKH� GHVLJQ� SURFHGXUH� RIIHUHG
LQ�JLYHQ�DUWLFOH��DOORZV�WR�GHILQH�TXDQWLW\�RI
D� ILUP� SKDVH� DW� DQ\� D� SDULW\� RI� OLTXLG� DQG
ILUP�SKDVHV��)RU�WKLV�SXUSRVH�LW�LV�QHFHVVDU\
WR�PHDVXUH�HIIHFWLYH�VKLIW�WKH�PRGXOH�DW�DQ\
SDULW\� RI� WKHVH� SKDVHV�� 6XFK�PHDVXUHPHQWV
FDQ�EH�H[HFXWHG�RQO\�,�XVH��D�WHFKQLTXH�>�@�
2WKHU�WHFKQLTXHV�DOORZ�WR�VSHQG�VXFK�PHDV�
XUHPHQWV� RQO\� IRU� VPDOO� FRQFHQWUDWLRQ� RI
WKLV�RU�WKDW�SKDVH�
7KH� FKDUDFWHU� RI� WKDW� GHSHQGHQFH� DOORZV

XV�WR�FRQFOXGH�WKDW�D�SHUFRODWLRQ�WUDQVLWLRQ
>��@�UHODWHG�WR�WKH�VKHDU�PRGXOXV�RFFXUV�DW
&)� ������ 7KH� GUDPDWLF� LQFUHDVH� RI� WKHVKHDU�PRGXOXV� LQ�WKH�SHUFRODWLRQ�WUDQVLWLRQ
SRLQW� LV� DVVRFLDWHG� WR� WKH� IRUPDWLRQ� RI� WKH
VROLG� SKDVH� FOXVWHU� KDYLQJ� WKH� GLDPHWHU
HTXDO�WR� WKH� WXEH� WUDQVYHUVDO�GLPHQVLRQ�� ,Q
IDFW�� ZKHQ� WKH� VROLG� SKDVH� DJJUHJDWHV� DUH
VPDOOHU� WKDQ� WKH� WXEH� GLDPHWHU�� WKH� SUHV�
HQFH� WKHUHRI�GRHV�QRW�FRQWULEXWH�HVVHQWLDOO\
WR� WKH� VKHDU� PRGXOXV�� VLQFH� LW� LV� WKH� VRIW
SKDVH�WKDW�LV�LQ�FRQWDFW�ZLWK�WKH�WXEH�ZDOOV�
2QO\� ZKHQ� WKH� VROLG� SKDVH� DJJUHJDWHV� EH�
FRPH�HTXDO�WR�WKH�WXEH�GLDPHWHU��WKH�H[SHUL�
PHQW��UHYHDOV��WKH�VROLG�SKDVH�
7KH� SHUFRODWLRQ� WUDQVLWLRQ� LQ� D� WKUHH�GL�

PHQVLRQDO� V\VWHP� LV� NQRZQ� WR� WDNH� SODFH
ZKHQ� WKH� FRQFHQWUDWLRQ� RI� WKH� FRUUHVSRQG�
LQJ�SKDVH�LV������RI�WKH�WRWDO�YROXPH��)RU�D
WZR�GLPHQVLRQDO� V\VWHP�� WKLV� WUDQVLWLRQ
VKRXOG� EH� REVHUYHG� DW� WKH� FRUUHVSRQGLQJ
FRQFHQWUDWLRQ�HTXDO�WR������RI�WKH�WRWDO�YRO�
XPH��,Q�RXU�FDVH��WKH�V\VWHP�XQGHU�LQYHVWL�
JDWLRQ� LV� F\OLQGULF� >�@� ZLWK� WKH� F\OLQGHU
OHQJWK� H[FHHGLQJ� LWV� UDGLXV� E\� D� IDFWRU� RI
����7KDW�LV�ZK\�LW�LV�MXVW�WKH�UDGLXV�WKDW�LV
FULWLFDO� GLPHQVLRQ� IRU� SHUFRODWLRQ�� 7DNLQJ
LQWR� DFFRXQW� WKH� H[SHULPHQWDO� HUURUV�� WKH
REWDLQHG� FULWLFDO� FRQFHQWUDWLRQ� ���� LV� LQ
DJUHHPHQW�ZLWK�WKH�WKHRUHWLFDO�RQH��������
7KH�WHVWLQJ�KDV�VKRZQ�WKDW�WKH�SURFHGXUH

SURSRVHG�FDQ�EH�XVHG�WR�GHWHUPLQH�WKH�VROLG
SKDVH�DPRXQW�LQ�D�VROLGLI\LQJ�PDWHULDO��7KH
SURFHGXUH� SURYLGHV� WKH� VROLG� SKDVH� DPRXQW

)LJ����� 7LPH� GHSHQGHQFH� RI� VROLG� SKDVH� FRQ�
FHQWUDWLRQ� GXULQJ� JHODWLQ� VROXWLRQ� VROLGLILFD�
WLRQ�

)LJ����� 4XDOLWDWLYH� GHSHQGHQFH� RI� WKH� HIIHF�
WLYH� VROLG� SKDVH� FRQFHQWUDWLRQ� RQ� WKH� HIIHF�
WLYH�VKHDU�PRGXOXV��
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GHHUPLQDWLRQ� LQ� WKH� ODWHU� VWDJHV�RI�VROLGLIL�
FDWLRQ� WKDW� LV� LPSRVVLEOH� DW� WKH� H[LVWLQJ
WHFKQLTXHV� XVLQJ�� H�J��� YLVFRVLPHWU\� DQG
OLJKW� VFDWWHULQJ� >������@� WKDW� DOORZV� WR
VWXG\�WKH�VROLGLILFDWLRQ�SURFHVV�DW�ORZ�VROLG
SKDVH�FRQFHQWUDWLRQV�RQO\�

5HIHUHQFHV
� ���2�<X�$NWDQ�� 2�6�6YHFKQLNRYD�� 7�<X�1LNR�

OD\HQNR�� )XQFWLRQDO� 0DWHULDOV�� ���� ���
�������

� ���7�'�6KHUPHJRU��7KHRU\�RI�(ODVWLFLW\�RI�0LFUR�
LQKRPRJHQHRXV�0HGLD��1DXND��0RVFRZ�������
>LQ�5XVVLDQ@�

� ���7�'�6KHUPHUJRU�� 7H[WXUHV� DQG� 0LFURVWUXF�
WXUHV������������������

� ���7DEOHV� RI� 3K\VLFDO� 4XDQWLWLHV�� $� 5HIHUHQFH
%RRN�� HG��E\� ,�.�.LNRLQ��$WRPL]GDW��0RVFRZ
�������>LQ�5XVVLDQ@�

� ���6�%��6DYYLQ��9�9��.X]QHWVRY��6�9��6KHUHPHWHY
HW�DO���5RVV��.KLP��=K����������������

� ���6�3DQ]DYROWD� HW� DO��� %LRPDWHULDOV�� ���� ����
�������

� ���/�$�%XODYLQ��<X�)�=DEDVKWD��8OWUDVRQLF�'LDJ�
QRVWLFV� LQ� 0HGLFLQH�� 3K\VLFDO� )RXQGDWLRQV�
963��/HLGHQ�%RVWRQ��������

� ���9�1RUPDQG�� $�3DUNHU�� LQ�� 3URF��RI� �UG� ,QW�
6\PS��RQ� )RRG� 5KHRORJ\� DQG� 6WUXFWXUH�� =X�
ULFK��6ZLW]HUODQG���������S������

� ���0�'MDERXURY��-�/HEORQG��3�3DSRQ��-��GH�3K\V��
���������������

� ���-�0�=LPDQ�� 0RGHOV� RI� 'LVRGHU�� &DPEULGJH
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