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,QVWLWXWR�GH�,QYHVWLJDFLRQHV�0LQHUDV��

,QVWLWXWR�GH�$XWRPiWLFD�)DFXOWDG�GH�,QJHQLHUtD� 8QLYHUVLGDG�1DFLRQDO�GH�6DQ�-XDQ� $UJHQWLQD�
$EVWUDFW��7KLV�SDSHU�DLPV�DW�GHVFULELQJ�DQ�H[SHUW�FRQWURO�GHVLJQ�IRU�JUDGH�DQG�UHFRYHU\�RSWLPL]DWLRQ�LQ�D�FROXPQ�IORWDWLRQ�SODQW��DOVR�DYRLGLQJ�WKH�IURWK�RYHUORDGLQJ�SKHQRPHQRQ�E\�PRQLWRULQJ�FRQFHQWUDWH�IURWK�VROLG�WR�OLTXLGV�UDWLR��6XFK�H[SHUW�V\VWHP�FDQ�EH�GHILQHG�E\�PHDQV�RI�VLPSOH� IX]]\� LQIHUHQFH�V\VWHPV�ZKLFK�EDVLFDOO\�PRGLI\�IURWK�GHSWK�DQG�JDV�KROGXS����&RS\ULJKW��������,)$&
.H\ZRUGV��FROXPQ�IORWDWLRQ��H[SHUW�V\VWHPV��IX]]\�ORJLF�

���,1752'8&7,21
,Q� WKH� ODVW� IHZ� \HDUV� GLIIHUHQW� VROXWLRQV� IRU� WKH�PLQHUDOXUJLFDO� LQGH[HV� RSWLPL]DWLRQ� LQ� IORWDWLRQ�FROXPQV�KDYH�EHHQ�SURSRVHG�
.RVLFN� DQG� 'REE\� ������� KDYH� SUHVHQWHG� DQ�DGYDQFHG� FRQWURO� EDVHG� RQ� WKH� FRPSLODWLRQ� RI� WKH�RSHUDWRUV¶�H[SHULHQFH�LQ�D�NQRZOHGJH�GDWD�EDVH�
%HUJK� DQG� $FXxD� ������� KDYH� VKRZQ� WKH� XVH� RI��KLHUDUFKLFDO�VXSHUYLVRU\�FRQWURO��DQG�.DUU��������KDV�XVHG� JHQHWLF� DOJRULWKPV� WR�PLQLPL]H� D� FRVW� IXQFWLRQ�ZKLFK�RSWLPL]HV�WKH�FRQFHQWUDWH�JUDGH�
+LUDMLPD� HW� DO� ������� DQG� %HUJ� HW� DO� ������� KDYH�XVHG�IX]]\�V\VWHPV�
([SHUW� FRQWURO� RI� FROXPQ� IORWDWLRQ� SRLQWV� DW�RSWLPL]LQJ�PLQHUDOXUJLFDO�LQGH[HV��FRQFHQWUDWH�JUDGH�DQG� UHFRYHU\�� � 7KLV� SDSHU� DOVR� FRQVLGHUV� IURWK�RYHUORDGLQJ�SKHQRPHQRQ�SUHYHQWLRQ��ZKLFK�KDV�EHHQ�WUDGLWLRQDOO\�FKDUDFWHUL]HG��E\�WKH�PD[LPXP�SRVVLEOH�VROLGV� FRQWHQW� LQ� WKH� IURWK� SURGXFW�� 3UDFWLFDO�FRQVLGHUDWLRQV� LQGLFDWH� WKDW� ZKHQ� IURWK� VROLG�WR�OLTXLG� UDWLR� E\� YROXPH� LV� KLJKHU� WKDQ� ����� IURWK� JHWV�VR� WKLFN� WKDW� LW� WHQGV� WR� FROODSVH� �/XWUHOO� DQG�<RRQ��������
*HQHUDOO\�� RSWLPL]DWLRQ� LV� FDUULHG� RXW� E\�PRGLI\LQJ�FRQWURO� ORRSV�VHW�SRLQWV�LPSOHPHQWHG�RQ�WKH�FROXPQ��VXFK�DV��IURWK�GHSWK��JDV�KROGXS�DQG�ELDV�UDWH���,W�ZLOO�

EH�VKRZQ�WKDW�DQ�HIILFLHQW�H[SHUW�FRQWURO�V\VWHP�ZLWK�HDV\�UHFDOLEUDWLRQ�FDQ�EH�DFKLHYHG�MXVW�VHWWLQJ�XS�WKH�ILUVW� WZR� DERYH� PHQWLRQHG� SDUDPHWHUV� DSSO\LQJ�RFFDVLRQDO� FKDQJHV� LQ� WKH� ZDVK� ZDWHU� UDWH� DQG�GHILQLQJ� DGHTXDWH� VXSHUYLVLQJ� SROLFLHV�� 5HDJHQWV�IORZV�DUH�KHOG�FRQVWDQW��
7KH� H[SHUW� V\VWHP� KDV� EHHQ� GHVLJQHG� EDVHG� RQ� D�PXOWLYDULDEOH� SUHGLFWLYH� FRQWURO� �&KXN� HW� DO��� ������DSSOLHG� WR� D� ODERUDWRU\� IORWDWLRQ� FROXPQ� �)LJ�� ��KDYLQJ�WKH�IURWK�GHSWK�DQG�JDV�KROGXS�DV�RXWSXWV��DQG�WKH� WDLOV� DQG� DLU� YDOYHV� SRVLWLRQV� DV� PDQLSXODWHG�YDULDEOHV�
7KH� � PLQHUDOXUJLFDO� LQGH[HV� EHKDYLRU� DQDO\VLV� KDV�EHHQ�FDUULHG�RXW�XVLQJ�D�FROXPQ�PRGHO�GHYHORSHG�LQ�WZR� VHFWLRQV�� WKH� G\QDPLF� � DQG�PLQHUDOXUJLFDO� RQHV��%RWK�DUH�EULHIO\�GHVFULEHG�EHORZ�

���'<1$0,&�02'(/
)URWK� GHSWK� KDV� EHHQ� PRGHOHG� DV�+I  � +IK �� +IJ� �ZKHUH +IK LV� WKH� FRPSRQHQW� GXH� WR� WKH� K\GURVWDWLF�KHLJKW�REWDLQHG�IURP�WKH�YROXPH�EDODQFH�³ ���� GW4444.++ SFZDILIK �� ���
ZKHUH�+IL LV� WKH� LQLWLDO� IURWK� GHSWK��. D� FRQVWDQW��4DWKH�IHHG�UDWH��4Z WKH�ZDVK�ZDWHU�UDWH��4F WKH�WDLOV�UDWH�DQG�4S WKH�SURGXFW�UDWH�
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)LJ������)ORWDWLRQ�FROXPQ�GLDJUDP�DQG�LWV�LQVWUXPHQWDWLRQ�
+IJ� LV� WKH�4J JDV�UDWH�LQIOXHQFH��HPSLULFDOO\�REWDLQHG�E\�LGHQWLILFDWLRQ�IURP�LQSXW�RXWSXW�UHODWLRQVKLSV�DV
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7DLOV�UDWH�KDV�DOVR�EHHQ�GHVFULEHG�DV� WKH�DGGLWLRQ�RI��LWV�K\GURVWDWLF�DQG�JDV�LQIOXHQFHV�

4F  �4FK ��4FJ� ���
7KH� IRUPHU� GHSHQGV� RQ� WKH� VTXDUH� URRW� RI� WKH� IURWK�GHSWK�DQG�RQ�WKH�[YF SLQFK�YDOYH�SRVLWLRQ�OLQHDOO\�

IKYFFK ++E[D4 �� �� � ���
ZKLOH� WKH� ODWWHU�� ZKLFK� LV� HPSLULFDOO\� REWDLQHG�� LV�VKRZQ�LQ�HT������
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:LWK� D� VLPLODU� DSSURDFK�� WKH� (J JDV� KROGXS� LV�H[SUHVVHG� DV� WKH� VXP� RI� WKH� JDV� UDWH�� WDLOV� UDWH� DQG�ZDVK� ZDWHU� UDWH� LQIOXHQFHV� GHVFULEHG� LQ� WUDQVIHU�IXQFWLRQV����������DQG������DV�IROORZV�
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&DOFXODWLRQV� VWDUW� REWDLQLQJ� WKH� SDUWLFOH�EXEEOH�FROOLVLRQ�SUREDELOLW\��/RRWUHOO�DQG�<RRQ��������KDYH�VKRZQ�WKDW�LW�FDQ�EH�HVWLPDWHG�E\
3 ' 'F S E �� � 5H � �� � ���� � ��� �� � ���

ZKHUH�'E LV� WKH� EXEEOH� GLDPHWHU��'S LV� WKH� SDUWLFOH�GLDPHWHU� DQG� 5H LV� WKH� 5H\QROGV� QXPEHU� RI� WKH�EXEEOH�
7KH�RYHUDOO�SUREDELOLW\�RI�FROOLVLRQ�LV

3� �3F 3D ����
ZKHUH� 3D LV� WKH� SUREDELOLW\� RI� DGKHVLRQ� DIWHU� WKH�FROOLVLRQ�� 7KH� UHODWLYH� YDOXHV� RI� 3D IRU� GLIIHUHQW�PLQHUDO� FRPSRQHQWV� GHWHUPLQH� IORWDWLRQ� VHOHFWLYLW\��7KHUHIRUH� IRU� WKH� YDOXHG� PLQHUDO� L�H�� IOXRULWH� WKH�RYHUDOO�SUREDELOLW\�LV�3I  �3F 3DI �2QFH� 3I LV� NQRZQ�� WKH� ILUVW�RUGHU� UDWH� FRQVWDQW� IRU�SDUWLFOH�FDSWXUH�FDQ�EH�IRXQG�DV

NI  �����3I 9J ��'E������������������������������������ ����ZKHUH�9J LV�WKH�VXSHUILFLDO�JDV�YHORFLW\�)RU�UHFRYHU\�FDOFXODWLRQ��WKH�8VS SDUWLFOH�VOLS�YHORFLW\�DQG� WKH�5HS SDUWLFOH�5H\QROGV�QXPEHU�DUH�QHFHVVDU\��7KHVH� YDOXHV� FDQ� EH� REWDLQHG� �)LQFK� DQG� 'REE\�������� XVLQJ� HTXDWLRQV� ����� DQG� ����� LQ� D� UHFXUVLYH�ZD\�
O
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VVSVS �P'8 � )�� U ����
ZKHUH�IV LV� WKH�VROLGV� IUDFWLRQ� LQ� WKH�VOXUU\��UV LV� WKH�PHDQ�VROLGV�GHQVLW\�DQG��O LV�WKH�OLTXLG�YLVFRVLW\��7KH� PHDQ� UHVLGHQFH� WLPH� RI� WKH� VOXUU\� ZLWKLQ� WKH�FROXPQ�FDQ�EH�REWDLQHG�IURP

W  ��/�± +I����(J��9F����������������������������� ����ZKHUH�/ LV�GH�FROXPQ�OHQJWK�DQG�9F�LV�WKH�VXSHUILFLDO�WDLOV�YHORFLW\��7KH�SDUWLFOH�UHVLGHQFH�WLPH�LV
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7KH�3HFOHW�QXPEHU�3H LV�D�PHDVXUH�RI� WKH�GHJUHH�RI�D[LDO PL[LQJ� LQ� D� FROXPQ�� DQG� LW� FDQ� EH� GHWHUPLQHG�IURP�WKH�HPSLULFDO�UHODWLRQVKLS
3H� �%>�/�'�9W�9J����(J�@m ����

+HUH��/�' LV�WKH�FROXPQ�OHQJWK�WR�GLDPHWHU�UDWLR�DQG��% ���� DQG� P ����� DUH� VXLWDEOH� YDOXHV� IRU� D� ZLGH�UDQJH�RI�FROXPQV�
:LWK�WKHVH�SUHYLRXV�FDOFXODWLRQV��WKH�FROOHFWLRQ�]RQH�IOXRULWH�UHFRYHU\�FDQ�EH�REWDLQHG�DV
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ZLWK� 3HN$ SI ��� W� �
7KH�IROORZLQJ�H[SUHVVLRQ�JLYHV�WKH�IURWK�UHFRYHU\�
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DQG� WKH� IOXRULWH� RYHUDOO� UHFRYHU\� LV� WKHQ� GHWHUPLQHG�DV
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&RQVLGHULQJ� DOO� WKH� L SUHVHQW� PLQHUDO� VSHFLHV�� WKH�WRWDO�VROLGV�UHFRYHU\�LV
¦  Q
L IFWRW LIL55 � ����� ����

ZKHUH� I�L� LV� WKH� IHHG� JUDGH� RI� WKH� L PLQHUDO�FRPSRQHQW��7KH�FRQFHQWUDWH�JUDGH� LV� WKHQ�H[SUHVVHG�E\
IWRW

IFII I55F  ���������������������������������
)RU�D�JLYHQ�) VROLGV�IHHG�UDWH��WKH�VROLGV�FRQFHQWUDWH�IORZ�FDQ�QRZ�EH�ZULWWHQ�DV

I
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7KH� IURWK� VROLG�WR�OLTXLG� UDWLR� E\� YROXPH� HVWLPDWLRQ�XVHG�LQ�WKH�H[SHUW�V\VWHP�IRU�RYHUORDGLQJ�SUHYHQWLRQ�LV
)L &4 5 &S RV ����� �����������������������

LQ�ZKLFK�4S LV�WKH�YROXPHWULF�FRQFHQWUDWH�UDWH�

���6(16,7,9,7<�$1$/<6,6
7KH� VHQVLWLYLW\� DQDO\VLV� DOORZV� WR� REVHUYH� WKH�LQIOXHQFH�RI�WKH�GLIIHUHQW�SODQW�YDULDEOHV�DIIHFWLQJ�WKH�WKUHH�PLQHUDOXUJLFDO� LQGLFDWRUV�DOUHDG\�PHQWLRQHG��FIFRQFHQWUDWH�JUDGH��5IFI UHFRYHU\��DQG�)L IURWK�VROLG�WR�OLTXLG� UDWLR� E\� YROXPH�� 7KH� ORJLFDO� UXOHV� WR� EH�DSSOLHG� E\� WKH� H[SHUW� V\VWHP� UHVXOW� IURP� WKHVH�DQDO\VLV�FRQFOXVLRQV�
,QSXW� YDULDEOHV� DUH� GLYLGHG� LQWR� WZR� JURXSV�� L�H���RSHUDWLYH� YDULDEOHV�� XVHG� WR� FRQWURO� WKH� SODQW�SHUIRUPDQFH��DQG�V\VWHP�GLVWXUEDQFHV�
2SHUDWLYH�9DULDEOHV�� +I )URWK�GHSWK(J *DV�KROGXS�4Z:DVK�ZDWHU�UDWH
'LVWXUEDQFHV�� 4D )HHG�UDWH�I )HHG�JUDGH��'S 3DUWLFOH�GLDPHWHU�5VO )HHG�VROLG�WR�OLTXLG�UDWLR$OWKRXJK�WKHUH�DUH�VRPH�RWKHU�GLVWXUEDQFHV��WKH�RQHV�XQGHU�FRQVLGHUDWLRQ�DIIHFW�RXWSXWV�WR�D�JUHDW�H[WHQW�
)LJXUHV� �� WR� �� VKRZ� WKH� PLQHUDOXUJLFDO� LQGH[HV�YDULDWLRQ��H[SUHVVHG�DV�D���WR���IUDFWLRQ�WRJHWKHU�ZLWK�WKH� RSHUDWLYH� YDULDEOHV�� � 6LPLODUO\�� )LJXUHV� �� WR� ��LQGLFDWH� WKH� GLVWXUEDQFHV� HIIHFW�� 6LQFH� WKH� H[SHUW�V\VWHP� KDV� EHHQ� GHVLJQHG� IRU� D� ODERUDWRU\� FROXPQ��WKH�REVHUYHG�RSHUDWLQJ�UDQJHV�RI�WKH�YDULDEOHV�IDLO�WR�FRUUHVSRQG� WR� LQGXVWULDO� DSSOLFDWLRQV�� EXW� WKH�H[WHQVLRQ�IRU�D�UHDO�SODQW�LV�LPPHGLDWH�
,W� FDQ� EH� VHHQ� WKDW� JUDGH� DQG� UHFRYHU\� DUH�PXWXDOO\�H[FOXGLQJ� REMHFWLYHV�� � *HQHUDOO\�� LI� D� SDUDPHWHU�LQFUHDVHV��WKH�RWKHU�GLPLQLVKHV�

)LJ������0LQHUDOXUJLFDO�LQGH[HV�YDULDWLRQ�ZLWK�IURWK�GHSWK�

)LJ�����9DULDWLRQ�ZLWK�JDV�KROGXS�



)LJ�����:DVK�ZDWHU�UDWH�YDULDWLRQ�HIIHFW�

)LJ�����)HHG�UDWH�YDULDWLRQ�HIIHFW�

)LJ�����)HHG�JUDGH�YDULDWLRQ�HIIHFW�

)LJ�����3DUWLFOH�VL]H HIIHFW�

)LJ�����)HHG�VROLG�WR�OLTXLG�UDWLR�YDULDWLRQ�HIIHFW�
,W� LV� ZRUWK\� WR� QRWLFH� WKDW� HYHU\� GLVWXUEDQFH� XQGHU�FRQVLGHUDWLRQ��PD\�FDXVH�D�IURWK�VROLG�WR�OLTXLG�UDWLR�LQFUHDVH� DQG� D� VXEVHTXHQW� GDQJHU� RI� RYHUORDGLQJ��%RWK� D� JDV� KROGXS� LQFUHPHQW� DQG� D� ZDVK� ZDWHU�LQFUHDVH� GLPLQLVK� WKLV� YDOXH� ZKLFK� ZLOO� EH� XVHG�SURILWDEO\�E\�WKH�H[SHUW�V\VWHP�

���(;3(57�6<67(0�'(6,*1
6RPH� DXWKRUV�� OLNH�%HQDVNHXU� DQG�'HVELHQV� ��������KDYH� SURSRVHG� FHOO� IORWDWLRQ� FRQWURO� XVLQJ�PLQHUDOXUJLFDO� LQGH[HV� IHHGEDFN�� +RZHYHU�� DV WKH�V\VWHP�EHKDYLRU� LV�VWURQJO\�QRQ�OLQHDU��D�IX]]\� ORJLF�

EDVHG� H[SHUW� V\VWHP� DV� WKH� RQH� SUHVHQWHG� EHORZ�SURYLGHV�D�VLPSOH�DQG�HIIHFWLYH�VROXWLRQ�
,Q� RUGHU� WR� GHILQH� D� VWUDWHJ\� IRU� WKH� H[SHUW� V\VWHP�GHFLVLRQV�� WKUHH� HUURUV� UHODWHG� WR� WKH� PLQHUDOXUJLFDO�LQGLFDWRUV� XQGHU� VWXG\� DUH� GHILQHG� DV� LQSXWV�� VLQFH�WKH\� VKRZ� WKH� GLVWDQFH� DV� UHJDUGV� D� FULWLFDO� YDOXH�ZKLFK�VKRXOG�QRW�EH�EURNHQ��)RU�FI FRQFHQWUDWH�JUDGH�DQG�5IFI UHFRYHU\�VXFK�FULWLFDO�YDOXH�LV�WKH�ORZHVW�RQH��DQG� IRU�)L IURWK� VROLG�WR�OLTXLG� UDWLR� LW� LV WKH�KLJKHVW�RQH��DV�IROORZV�

(UURUFI� �FI � FIPLQ(UURU5IFI� �5IFI � 5IFIPLQ(UURU)L� �)L�± )LPD[7KH� H[SHUW� V\VWHP�RXWSXWV� DUH� SRVLWLYH� LQFUHDVHV� IRU�WKH� IURWK� GHSWK� DQG� JDV� KROGXS� VHW� SRLQWV�� �'HOWD+IDQG�'HOWD(J��DQG�IRU�WKH�ZDVK�ZDWHU�UDWH�'HOWD4Z�
$Q� (UURUFI YV�� (UURU5IFI� SODQH� LV� GHILQHG�� DQG� WZR�GLIIHUHQW�]RQHV�FDQ�EH�VHHQ�LQ�)LJ�����DV�ZHOO���7KHVH�]RQHV� DUH� DVVRFLDWHG� ZLWK� WZR� GLVWLQFWLYH� ZRUNLQJ�PHWKRGV� L�H�� WKH� RSWLPL]DWLRQ� PRGH� DQG� WKH�SURWHFWLRQ� PRGH�� � 7KH� IRUPHU� LV� GHWHUPLQHG� E\�PHDQV� RI� ORZ� JUDGH� DQG� UHFRYHU\�� EXW� DV� WKH� ODWWHU�SUHVHQWV� DGHTXDWH� YDOXHV� LW� LV� QHFHVVDU\� WR� SD\�DWWHQWLRQ� WR� WKH� V\VWHP� SURWHFWLRQ� GXH� WR� WKH� IURWK�RYHUORDGLQJ�

)LJ�����([SHUW�V\VWHP�RSHUDWLRQ�PRGHV�
����2SWLPL]DWLRQ�PRGH�
:KHQ� ZRUNLQJ� ZLWK� WKH� RSWLPL]DWLRQ� PRGH� LW� LV�QHFHVVDU\�WR�EHDU�LQ�PLQG�WKDW�WKH�REMHFWLYH�LV�WR�NHHS�TXDOLW\�DQG�SURGXFWLRQ�� �7KH�IRFXV� LV� WR�SUHVHUYH�WKH�FRQFHQWUDWH� JUDGH� DQG� UHFRYHU\� RYHU� WKH� PLQLPXP�YDOXHV� FIPLQ DQG� 5IFIPLQ�� UHVSHFWLYHO\�� PRYLQJ� WKH�V\VWHP�WR�WKH�SURWHFWLRQ�]RQH���
7DNLQJ� EHQHILW� RI� WKH� ZHOO�NQRZQ� JUDGH�IURWK� GHSWK�UHODWLRQ� DQG� RI� WKH� UHFRYHU\�JDV� KROGXS� RQH�� WKH�RSHUDWRUV¶� UHDVRQLQJ� LV� PRYHG�� OLQJXLVWLFDOO\�VSHDNLQJ�� WR� IX]]\� LQIHUHQFH� V\VWHP� ORJLFDO� UXOHV�� DV�IROORZV�
,I� JUDGH� LV� UDWKHU� ORZ� DQG� WKHUH� LV� D� JRRG� UHFRYHU\��WKHQ�DQ�LQFUHDVH�LV�H[HUWHG�RQ�IURWK�GHSWK�
2Q�WKH�FRQWUDU\�



,I� WKH� UHFRYHU\� LV� UDWKHU� ORZ� DQG� WKHUH� LV� D� JRRGJUDGH��WKHQ�WKH�JDV�KROGXS�LV�VOLJKWO\�LQFUHDVHG�
%RWK� LQGLFDWRUV� PD\� EH� ORZ� LQ� VRPH� FDVHV�� VR� WKH�IROORZLQJ�ZD\�RI�WKLQNLQJ VKRXOG�EH�DSSOLHG�
,I� JUDGH� DQG� UHFRYHU\� DUH� ORZ�� WKHQ� IURWK� GHSWK� DQG�JDV�KROGXS�DUH�VOLJKWO\�LQFUHDVHG�
7KLV� NLQG� RI� UHDVRQLQJ� JLYHV�ZD\� WR� WZR� GLVWLQFWLYH�0DPGDQL� W\SH� IX]]\� LQIHUHQFH� V\VWHPV�DFWLQJ� DW� WKH�VDPH�WLPH���2QH�RI�WKHP�PRGLILHV�WKH�IURWK�GHSWK�VHW�SRLQW� DQG WKH� RWKHU�� WKH� JDV� KROGXS�� � %RWK� V\VWHPV�LQSXWV�� WKH�(UURUFI�JUDGH DQG�WKH�(UURU5IFI UHFRYHU\�HUURUV��DUH�DOLNH��6HH�)LJ�����

)X]]\6\VWHP�� 'HOWD+I
(UURUFI(UURU5IFI

'HOWD(J)X]]\6\VWHP��
)LJ�� ���� 7ZR� GLIIHUHQW� IX]]\� V\VWHPV� DFWLQJ� DW� WKH�VDPH�WLPH�LQ�WKH�RSWLPL]DWLRQ�PRGH�
7ULDQJXODU� PHPEHUVKLS� IXQFWLRQV� DQG� PLQLPXP�LQIHUHQFH�KDYH�EHHQ�XVHG�
����3URWHFWLRQ�PRGH
:KHQ� WKH� SURWHFWLRQ� PRGH� ZRUNV�� JUDGH� DQG�UHFRYHU\�YDOXHV�DUH�DFFHSWDEOH�DQG�LW� LV�UHTXLUHG�QRW�WR�H[FHHG�WKH�)LPD[�YDOXH��
$V� LW� KDV� DOUHDG\� EHHQ� QRWLFHG� LQ� VHFWLRQ� �� D� JDV�KROGXS� LQFUHDVH�ZLOO� UHGXFH� WKH� IURWK� VROLG�WR�OLTXLG�UDWLR�� $W� WKH� VDPH� WLPH�� DV� WKH� JDV� KROGXS� KDV� D�VWURQJ� LQIOXHQFH� LQ� UHFRYHU\�� WKLV�YDULDEOH� VKRXOG�EH�LQFOXGHG� LQ� WKH� V\VWHP�� � ,Q� WKLV� ZD\�� D� PDLQ� IX]]\�V\VWHP��)X]]\�6\VWHP��� LV�GHILQHG�
8QGHU�FHUWDLQ�FRQGLWLRQV��D�KLJK�IURWK�VROLG�WR� OLTXLG�UDWLR� DQG� ORZ� JUDGH� PD\� RFFXU�� $� IURWK� GHSWK�LQFUHDVH� LQ� RSWLPL]DWLRQ� PRGH� ZRXOG� VWLOO� FDXVH� D�KLJKHU� LQFUHDVH� LQ�)L�� ,W� PD\� EH� FRPSHQVDWHG� IRU� D�OLJKW� LQFUHDVH�RI� WKH�JDV� KROGXS�� EXW�PDLQO\�ZLWK� DQ�LQFUHPHQW� LQ� WKH� ZDVK� ZDWHU� UDWH� FDUULHG� RXW� E\� D�VHFRQG� IX]]\� V\VWHP� �)X]]\�6\VWHP����� DV� LW� FDQ� EH�VHHQ�LQ�)LJ�����

)X]]\6\VWHP��
'HOWD4Z(UURU)L(UURUFI

(UURU5IFI(UURU)L 'HOWD(J
)X]]\6\VWHP��

)LJ������3URWHFWLRQ�PRGH�IX]]\�LQIHUHQFH�V\VWHPV�

���5(68/76
6RPH� VLPXODWHG� WHVWV� LQ� ZKLFK� WKH� REMHFWLYH� LV� WR�NHHS� JUDGH� DQG� UHFRYHU\� DERYH� D� PLQLPXP� RI� ����DQG� WKH� IURWK� VROLG�WR�OLTXLG� UDWLR� EHORZ� ���� DUH�VKRZQ�KHUH�
)LJ�����GHSLFWV�WKH�H[SHUW�V\VWHP�EHKDYLRU�ZKHQ�IHHG�JUDGH� GHFUHDVHV� FDXVLQJ� D� FRQFHQWUDWH� JUDGH� IDOO� DW�WKH� VDPH� WLPH�� � 6XFK� D� SUREOHP� LV VROYHG� LQ� WKH�RSWLPL]DWLRQ� PRGH� E\� D� IURWK� GHSWK� LQFUHDVH��%HVLGHV��LQ�)LJ�����LW�LV�SRVVLEOH�WR�VHH�KRZ�WKH�H[SHUW�V\VWHP� VROYHV� D� UHFRYHU\� GHFUHDVH� FDXVHG� E\� D�'SPHDQ� GLDPHWHU� RI� SDUWLFOHV� IDOO� LQ� WKH� RSWLPL]DWLRQ�PRGH��E\�PHDQV RI DQ�LQFUHDVH�RI�WKH�JDV�KROGXS���,W�LV� ZRUWK\� WR� QRWLFH� KRZ� WKH� UHFRYHU\�� PDUNHG� LQ� D�GRWWHG� OLQH�� LV� UHGHWHUPLQHG� ZKHQ� LW� LV� QH[W� WR� WKH�DGPLVVLEOH�ORZHU�ERXQGDU\�
$Q� LQFUHDVH� LQ� 5VO IHHG� GHQVLW\� PD\� FDXVH� D�QRWLFHDEOH� LQFUHDVH� LQ�)L�� IURWK� VROLG�WR�OLTXLG� UDWLR���6XFK�D�SUREOHP�LV�FOHDUHG�XS�E\�WKH�SURWHFWLRQ�PRGH���,Q� )LJ�� ��� LW� FDQ� EH� VHHQ� WKDW� RQFH� WKH� YDULDEOH� LV�UHDFKLQJ� LWV� KLJKHVW� XSSHU� ERXQGDU\�� DQ� LQFUHDVH� LQ�JDV�KROGXS�PDNHV�LW�UHWXUQ�WR�WKH�VHFXULW\�]RQH���

)LJ�� ���� ([SHUW� V\VWHP� UHVSRQGV� WR� D FRQFHQWUDWH��JUDGH�GHFUHDVH�

)LJ�� ���� ([SHUW� V\VWHP� UHVSRQGV� WR� D� UHFRYHU\�GHFUHDVH�FDXVHG�E\�D�SDUWLFOH�GLDPHWHU�IDOO�



)LJ�� ���� 6ROXWLRQ� IRU� IURWK� VROLG�WR�OLTXLG� UDWLR�LQFUHDVH�E\�LQFUHPHQWLQJ�JDV�KROGXS�
)LQDOO\��D�FRPELQDWLRQ�RI�WKH�RSWLPL]DWLRQ�PRGH�WKDW�UHVWRUHV�WKH�JUDGH�DQG�WKH�SURWHFWLRQ�PRGH��UHGXFLQJ�WKH�IURWK�VROLG�WR�OLTXLG�UDWLR�LV�GHSLFWHG�LQ�)LJ�����

)LJ�� ���� 2SWLPL]DWLRQ� DQG� SURWHFWLRQ� PRGHV�RSHUDWLQJ�VLPXOWDQHRXVO\�
���&21&/86,216

$� VLPSOH� DQG� HIIHFWLYH� H[SHUW� V\VWHP� KDV� EHHQ�GHYHORSHG���,W�LV�DEOH�WR�VROYH�PLQHUDOXUJLFDO�LQGH[HV�IDOOV�DQG�GLIIHUHQW�IURWK�GHQVLW\�ULVN�VLWXDWLRQV�FDXVHG�E\� FRPPRQ� SDUDPHWHUV� YDULDWLRQV� LQ� D� FROXPQ�IORWDWLRQ�SODQW�
7KH�H[SHUW� V\VWHP�EDVHG�RQ� WKH�XVH�RI� WKH�JUDGH�YV��UHFRYHU\�SODQH�KDV�D�UHGXFHG�TXDQWLW\�RI�UXOHV�� �7KH�YDULRXV� PHPEHUVKLS� IXQFWLRQV� FRQFHUQLQJ� IX]]\�LQIHUHQFH� V\VWHPV� DUH� H[SUHVVHG� LQ� PLQHUDOXUJLFDO�LQGH[HV� XQLWV�� � $V� WKH\� DUH� ZLGHO\� NQRZQ� E\�PHWDOXUJLFDO� HQJLQHHUV�� WKH� V\VWHP� PD\ HDVLO\� EH�UHFDOLEUDWHG�ZKHQ�QHFHVVDU\�

$&.12:/('*0(176
7KH� DXWKRUV� ZRXOG� OLNH� WR� WKDQN� 3URI��1RUD�0XxR]�IRU�KHU�(QJOLVK�WUDQVODWLRQ�RI�WKLV�SDSHU�

5()(5(1&(6
%HQDVNHXU��$��5��DQG�$��'HVELHQV���������/\DSXQRY�EDVHG� GHFHQWUDOL]HG� FRQWURO� RI� D� URXJKHUIORWDWLRQ� SKHQRPHQRORJLFDO� VLPXODWRU�� ,Q��&RQWURO� DQG� 2SWLPL]DWLRQ� LQ� 0LQHUDOV�� 0HWDOV�DQG� 0DWHULDOV� 3URFHVVLQJ �'�� +RGRXLQ�� &��%D]LQ� HW� $�� 'HVELHQV� �(G����� SS�� ���������&DQDGLDQ� ,QVWLWXWH� RI� 0LQLQJ�� 0HWDOOXUJ\� DQG�3HWUROHXP��0RQWUpDO��&DQDGD�
%HUJK�� /�*�� DQG� 3�&�� $FXxD� �������� +LHUDUFKLFDO�&RQWURO�RI�IORWDWLRQ�&ROXPQV��,9�0HHWLQJ�RI�WKH�6RXWKHUQ� +HPLVSKHUH� RQ� 0LQHUDO� 7HFKQRORJ\��&RQFHSFLyQ��&KLOH�
%HUJK�� /�*��� -�%�� <LDQDWRV� DQG� &�� /HLYD� ��������)X]]\� 6XSHUYLVRU\� &RQWURO� RI� )ORWDWLRQ� RI�)ORWDWLRQ� &ROXPQV�� 0LQHUDO� (QJLQHHULQJ�� ����1����SS����������
&KXN�� 2�'��� 9�� 0XW�� (�� 1XxH]� DQG� /�9�� *XWLHUUH]��������� 0XOWLYDULDEOH� 3UHGLFWLYH� &RQWURO� RI�IURWK�GHSWK�DQG�JDV�KROGXS�LQ�FROXPQ�IORWDWLRQ���3URFHHGLQJV� RI� WKH� ��WK ,)$&� 6\PSRVLXP� RQ�$XWRPDWLRQ� LQ� 0LQLQJ�� 0LQHUDO� DQG� 0HWDO�3URFHVVLQJ��000�������7RN\R��-DSDQ�
)LQFK�� -�$�� DQG� *�6�� 'REE\� �������� &ROXPQ�)ORWDWLRQ��3HUJDPRQ�3UHVV��/RQGRQ�
+LUDMLPD�� 7�� 7�� 7DNDPRUL�� 0�� 7VXQHNDZD�� 7��0DWVXEDUD��.��2VKLPD��7��,PDL��.��6DZDNL�DQG�6��.XER� ��������7KH� DSSOLFDWLRQ� RI� IX]]\ RJLF�WR� FRQWURO� FRQFHWUDWH� JUDGH� LQ� FROXPQ� IORWDWLRQ�DW� 7R\RKD� PLQHV�� 3URFHHGLQJV� RI� ,QWHUQDWLRQDO�&RQIHUHQFH� RQ� &ROXPQ� )ORWDWLRQ�� 6XGEXU\��2QWDULR��&DQDGD��SS����������
.DUU��&K��/�� ��������$GDSWLYH�SURFHVV� FRQWURO� XVLQJ�ELRORJLFDO� SDUDGLJPV�� -RXUQDO� RI 1HWZRUN� DQG�&RPSXWHU�$SSOLFDWLRQV �����SS��������
.RVLFN�� *�$�� DQG� *�6�� 'REE\�� �������� $GYDQFHG�FRQWURO�IRU�FROXPQ�IORWDWLRQ���&DQDGLDQ�0LQHUDO�3URFHVVRUV� $QQXDO� 2SHUDWRUV¶� &RQIHUHQFH��2WWDZD��2QWDULR��&DQDGi�
/XWUHOO�� *�+�� DQG� 5�+�� <RRQ� �������� $� IORWDWLRQ�FROXPQ� VLPXODWRU� EDVHG� RQ� K\GURGLQDPLF�SULQFLSOHV�� ,QWHUQDWLRQDO� -RXUQDO� RI� 0LQHUDO�3URFHVVLQJ� 1���� SS� ��������� (OVHYLHU� 6FLHQFH�3XEOLVKHUV��$PVWHUGDP�
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