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$EVWUDFW7HUQDU\� SKDVH� GLDJUDPV IRU� >SRO\HWK\OHQH� �0Z ��������� 0Z�0Q ����� �� Q�EXWDQH�FDUERQ� GLR[LGH@�� >SRO\SURS\OHQH� �0Z ��������� 0Z�0Q ������ Q�SHQWDQH�FDUERQ�GLR[LGH@� DQG� >SRO\VW\UHQH� �0Z ���������� F\FORKH[DQH�� FDUERQ� GLR[LGH@� KDYH� EHHQ�JHQHUDWHG�XVLQJ�WKH�6DQFKH]�/DFRPEH��6/��ODWWLFH�IOXLG�PRGHO��7KH�UHVXOWV�VKRZ�WKDW�DW�UHODWLYHO\� ORZ� SUHVVXUH�� WKH� WHUQDU\� SKDVH� GLDJUDP� KDV� D� /�/�9� WKUHH�SKDVH� UHJLRQ�ERXQGHG� E\� WZR� WZR�SKDVH� UHJLRQV� �/�9� DQG� /�/��� $W� KLJK� SUHVVXUH�� /�/�9� DQG� /�9�UHJLRQV�GLVDSSHDU�DQG�RQO\� WKH�/�/�UHJLRQ�UHPDLQV� :LWK�DQ� LQFUHDVH�RI�SUHVVXUH�WKLV�WZR�SKDVH�/�/�UHJLRQ�EHFRPHV VPDOOHU��7KLV�PRGHO�FDQ�DOVR�SUHGLFW�WUDQVLWLRQ�/&67�WR�8&67� E\� LQFUHDVLQJ� SUHVVXUH�� )RU� SRO\VW\UHQH� F\FORKH[DQH�� FDUERQ�GLR[LGH�PL[WXUH��WKH� FDOFXODWHG� UHVXOWV� REWDLQHG� XVLQJ� WKH� 6/�PRGHO� DUH� FRPSDUHG� ZLWK� WKH� UHSRUWHG�FDOFXODWHG� UHVXOWV� FUHDWHG� E\� WKH� SHUWXUEHG�KDUG�VSKHUH FKDLQ�PRGHO� �3+6&��DQG� WKH�UHSRUWHG� H[SHULPHQWDO� GDWD�ZKLFK� LQGLFDWH� JRRG� DJUHHPHQW�ZLWK� ERWK� � WKH� FDOFXODWHG�UHVXOWV�E\�3+6&�PRGHO�DQG�H[SHULPHQWDO�GDWD�
.H\ZRUGV� KLJK� SUHVVXUH�� SKDVH� GLDJUDP�� 6DQFKH]�/DFRPEH� �6/�� PRGHO�� SRO\PHU�VROYHQW� 6&)��WHUQDU\�PL[WXUHV

 � &RUUHVSRQGLQJ�DXWKRU��(�PDLO��PQORWIROODKL#\DKRR�FRP

,QWURGXFWLRQ5HFHQWO\� VXSHUFULWLFDO� IOXLGV� �6&)V�� KDYH�EHHQ� DSSOLHG� LQ� D� YDULHW\� RI� SRO\PHU�SURFHVVHV� LQFOXGLQJ� IUDFWLRQDWLRQV� >���@��SDUWLFOH� IRUPDWLRQ� >�@�� UHDFWLRQV� >���@��SURFHVV� LQYROYLQJ� SRO\PHU� EOHQGV�� DQG� WKH�QHZ�VHSDUDWLRQ�SURFHVVHV�RI SRO\PHU�VROYHQW�PL[WXUH� XVLQJ� VXSHUFULWLFDO� DQWL�VROYHQWV��6$6��7KH� 6$6� SURFHVV� LV� SDUWLFXODUO\� LQWHUHVWLQJ�IURP�D�SUDFWLFDO�DQG�WKHRUHWLFDO�SRLQW�RI�YLHZ��,Q�WKLV�VHSDUDWLRQ�WHFKQLTXH��E\�DGGLWLRQ�RI�D�VXSHUFULWLFDO� JDV� �QDPHO\�� DQWL�VROYHQW��� WKH�ORZHU FULWLFDO� VROXWLRQ� WHPSHUDWXUH� �/&67��

FXUYH� FDQ�EH� VKLIWHG� WR� D� ORZHU� WHPSHUDWXUH��7KHUHIRUH� LQ� SUDFWLFH�� WKLV� VHSDUDWLRQ�WHFKQLTXH�PD\�EH� VXFFHVVIXOO\� DSSOLHG�ZKHQ�WKH� KLJK� GH�PL[LQJ� WHPSHUDWXUHV� LQ� VXFK�VHSDUDWLRQ� SURFHVVHV� FDXVH� ODUJH� HQHUJ\�FRQVXPSWLRQ DQG� WKH� FRQVHTXHQW� ULVN� RI�SRO\PHU� GHJUDGDWLRQ�� 7KLV� WHFKQLTXH� FDQ�VHSDUDWH�WKH�SRO\PHU�VROXWLRQ�LQWR�D�SRO\PHU�ULFK�SKDVH�DQG�D�VROYHQW�ULFK�SKDVH��ZKLFK�LV�DOPRVW�SRO\PHU�IUHH�&RHQ� HW� DO�>�@� VWXGLHG� WKH� JDV� DQWL�VROYHQW�PHWKRG�IRU�IUDFWLRQDWLRQ�RI�SRO\�PHWKDFU\ODWH�LQ� DFHWRQH�� 7KH\� IRXQG� WKLV� WHFKQLTXH� IRU� D�SRO\PHU� ZLWK� D� EURDG� PROHFXODU� ZHLJKW�
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GLVWULEXWLRQ�HIIHFWLYH�,W� LV� LPSRUWDQW� WR� GHWHUPLQH� WKH� SKDVH�EHKDYLRU� RI� SRO\PHU�VROYHQW�JDV� V\VWHPV� IRU�IXWXUH� VXSHUFULWLFDO� DQWL�VROYHQW� �6$6�� SUR�FHVVVHV�� 6LPSOHU� IRUPV� RI� HTXDWLRQ� RI� VWDWH�VXFK� DV� WKH� FXELF� HTXDWLRQV� RI� VWDWH� DUH� QRW�HIIHFWLYH� LQ� GHVFULELQJ� WKHVH� V\VWHPV� FRQ�WDLQLQJ�FRPSRQHQWV�ZLWK� ODUJH�GLIIHUHQFHV� LQ�VL]H�DQG�PROHFXODU�LQWHUDFWLRQV�7KH� ODWWLFH�IOXLG� PRGHO� ZDV� SURSRVHG� E\�6DQFKH]� DQG� /DFRPEH� >���@� WR� GHVFULEH�WKHUPRG\QDPLF� SURSHUWLHV� RI� PROHFXODU�IOXLGV� RI� DUELWUDU\� VL]H�� PDLQO\� SRO\PHU�VROYHQW� SKDVH� EHKDYLRU�� ,Q� WKLV� WKHRU\�� WKH�6DQFKH]�DQG�/DFRPEH�HTXDWLRQ�RI�VWDWH��6/�(26��KDV�D�VLPSOHU�DQDO\WLFDO�IRUP�FRPSDUHG�ZLWK� RWKHU� HTXDWLRQV� VXFK DV� .OHLQWMHQV�.RQLQLJVYHOG� PHDQ� ILHOG� ODWWLFH� JDV� PRGHO�>�@�� JURXS�FRQWULEXWLRQ� ODWWLFH� IOXLG� �*&/)��HTXDWLRQ� RI� VWDWH� >�����@�� SHUWXUEHG� KDUG�VSKHUH� FKDLQ�PRGHO� �3+6&�� >�����@� DQG� WKH�VWDWLVWLFDO� DVVRFLDWHG� IOXLG� WKHRU\� �6$)7�>�����@�;LRQJ� DQG�.LUDQ� >�����@�REWDLQHG� WKH�SKDVH�GLDJUDPV�IRU�WHUQDU\�V\VWHPV�RI�>SRO\HWK\OHQH���Q�SHQWDQH���&2�@�E\�XVLQJ�WKH�6/�(26�DQG�LQ�RUGHU� WR�DFKLHYH�D�JRRG�FRUUHODWLRQ�RI� WKH�SKDVH� EHKDYLRU�� WKH\� ILWWHG� WKH� ELQDU\�LQWHUDFWLRQ�SDUDPHWHU�IRU�WKH�SRO\PHU�DQG�WKH�JDV�WR�WKH�WHUQDU\�GDWD�*DXWHU� DQG� +HLGHPDQQ� >��@� XVHG� WKH� 6/�(26� WR�PRGHO� FORXG� SRLQW� LVRWKHUPV�RI� WZR�ELQDU\� V\VWHPV� RI� SRO\HWK\OHQH� �WKH� ILUVW�SRO\HWK\OHQH�KDV�D�PDVV�DYHUDJH�DQG�QXPEHU�PRODU�PDVVHV� RI� ������� DQG� ������� DQG� WKH�VHFRQG�SRO\HWK\OHQH�KDV�D�PDVV�DYHUDJH�DQG�QXPEHU� PRODU� PDVVHV� RI� ������ DQG� �������UHVSHFWLYHO\�� LQ� HWK\OHQH� DQG� RQH� ELQDU\�V\VWHP�RI�SRO\HWK\OHQH��WKH�SRO\HWK\OHQH�KDV�PDVV� DYHUDJH� DQG� QXPEHU� PRODU� PDVVHV�EHLQJ���������DQG�������� LQ�Q�KH[DQH��7KH\�IRXQG�JRRG�DJUHHPHQW�ZLWK�WKH�H[SHULPHQWDOFORXG�SRLQW�GDWD��7UXPSL�HW�DO�>��@�PHDVXUHG�WKH�FORXG�SRLQW�IRU�D�ELQDU\�V\VWHP�RI�>OLQHDU�ORZ�GHQVLW\�SRO\HWK\OHQH�HWK\OHQH@��7KH\�DOVR�PRGHOHG�WKHLU�H[SHULPHQWDO�GDWD�ZLWK�WKH�6/�(26��+DPHGL�HW�DO�>��@�H[WHQGHG�WKH�*&/)�

(26�WR�SUHGLFW�WKH�GHQVLW\�RI�SXUH�SRO\PHUV��9/(� RI� YDSRUV�� VXSHUFULWLFDO� JDV� VROXELOLW\DQG� WKH� //(� RI� SRO\PHU�VROYHQW� V\VWHPV��7KH\� SURSRVHG� D� QHZ� PL[LQJ� UXOH� IRU� WKH�FDOFXODWLRQ� RI� WKH� ELQDU\� LQWHUDFWLRQ� SDUD�PHWHUV�IRU�WKH�PL[WXUHV VWXGLHG�+RUVW� HW� DO�>��@� PHDVXUHG� WKH� FORXG�SRLQW�FXUYHV�IRU�>SRO\VW\UHQH�F\FORKH[DQH�JDV@�DQG�>SRO\HWK\OHQH�F\FORKH[DQH�JDV@� V\VWHPV� WR�GHWHUPLQH� WKH�LQIOXHQFH�RI�DQWL�VROYHQW�JDVHV�HWKDQH�� SURSDQH� DQG� QLWURJHQ� RQ� WKH� FRQ�GLWLRQV� IRU� /&67�SKDVH� VHSDUDWLRQ� RI� WKHVH�V\VWHPV�� 7KH\� XVHG� WKH� 6$)7� HTXDWLRQ� WR�FRUUHODWH� WKH� SKDVH� HTXLOLEULD� RI� WKH�>SRO\PHU�VROYHQW@� V\VWHPV� LQYHVWLJDWHG� DQG�WKH\� XVHG� WKH� UHVXOWV� REWDLQHG� IRU� ELQDU\�V\VWHPV� WR� SUHGLFW� TXDOLWDWLYHO\� WKH� SKDVH�EHKDYLRU� RI� WKH� WHUQDU\� V\VWHP� RI� >SRO\PHU�VROYHQW�JDV@�� 7KHLU� UHVXOWV� VKRZHG� WKDW� D�TXDQWLWDWLYHO\� FRUUHFW� SUHGLFWLRQ� RI� WKH�LQIOXHQFH� RI� WKH� DGGLWLRQ� RI� VXSHUFULWLFDO�JDVHV�RQ�WKH�SRO\PHU�VROYHQW�SKDVH�EHKDYLRU�ZLWK�6$)7�LV�QRW�SRVVLEOH�/RUD� DQG�0F+XJK� >��@�PHDVXUHG� WKH�FORXG�SRLQW� GDWD� IRU� WKH� V\VWHP� >SRO\�PHWK\O�PHWKDFU\ODWH� � &2� � PHWK\O PHWKDFU\ODWH��00$�@� LQ� WKH� WHPSHUDWXUH� UDQJH� RI� ��� WR����� R&� DQG� SUHVVXUHV� DV� KLJK� DV� �����EDU��7KH\�XVHG�WKH�6$)7�HTXDWLRQ�WR�PRGHO�WKHLU�UHVXOWV�� 7KH� 6$)7� PRGHO� TXDOLWDWLYHO\�LQGLFDWHG� WKDW� WKH�FORXG�SRLQW�FXUYH�SUHVVXUH�GHFUHDVHV� ZLWK� LQFUHDVLQJ� 00$� FRQFHQWUD�WLRQ��1GLD\H� HW� DO�>��@� LQYHVWLJDWHG� WKH� SKDVH�EHKDYLRU� RI� WZR� W\SHV� RI� SRO\SURS\OHQH��FRPPHUFLDO� =LHJOHU�1DWWD� 33� DQG� D� PHWDO�ORFHQLF� 33�� LQ� Q�EXWDQH� LQ� D� KLJK� SUHVVXUH�YDULDEOH�YROXPH�YLHZ�FHOO��)RU�WKHVH�V\VWHPV��WKH\� REVHUYHG� WKUHH� W\SHV� RI� SKDVH� HT�XLOLEULXP�� YDSRU�OLTXLG�� OLTXLG�OLTXLG� DQG�YDSRU�OLTXLG�OLTXLG� UHJLRQV�� 7KH\� PRGHOHG�WKH� H[SHULPHQWDO� GDWD� ZLWK� WKH� 6$)7�HTXDWLRQ� DQG� VKRZHG� D� JRRG� DJUHHPHQW�EHWZHHQ� WKH� 6$)7�PRGHO� DQG� H[SHULPHQWDO�GDWD�ZKHQ�D�ELQDU\�LQWHUDFWLRQ�SDUDPHWHU�ZDV�HPSOR\HG�WR�ILW�WKH�H[SHULPHQWDO�YDOXHV�
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,Q� WKH� SUHVHQW� SDSHU� WKH� 6/�(26� LV� XVHG� WR�SUHGLFW� WKH� SKDVH� EHKDYLRU� RI� >SRO\HWK\OHQH�Q�EXWDQH� &2�@��>SRO\SURS\OHQH � Q�SHQWDQH �&2�@�DQG >SRO\VW\UHQH � F\FORKH[DQH � &2�@�WHUQDU\� PL[WXUHV� RYHU� D� ZLGH� UDQJH� RI�WHPSHUDWXUHV� DQG� SUHVVXUHV�� 7KH� UHVXOWV� DUH�SUHVHQWHG� LQ� WKH� IRUP� RI� WHUQDU\� SKDVH�GLDJUDPV� DW� GLIIHUHQW� FRPSRVLWLRQV� DQG�YDU\LQJ�WHPSHUDWXUH�DQG�SUHVVXUH�
0RGHO$� GHWDLOHG� GHVFULSWLRQ� RI� WKH� 6DQFKH]�/DFRPEH�PRGHO�FDQ�EH�IRXQG�LQ�WKH�OLWHUDWXUH�>����@��%ULHIO\� WKH�EDVLF�HTXDWLRQ�RI�VWDWH�IRU�WKH�PRGHO�LV�JLYHQ�LQ�WKH�IROORZLQJ�IRUP�

�@�U�����>/Q��73! �  ��� UU� ���
ZKHUH� X��73 DQG� U DUH� WKH� UHGXFHG�WHPSHUDWXUH�� SUHVVXUH�� YROXPH�� DQG� GHQVLW\��UHVSHFWLYHO\��DQG DUH�GHILQHG�DV

5�7�7�77  H  ���
 �3�3�33 QH  ���

9�9���     QUUU 
��
�U��0��U�19  QUQ   ���

ZKHUH� H LV�WKH�PHU�PHU�LQWHUDFWLRQ�HQHUJ\��Q LV� WKH� FORVH�SDFNHG� PRODU� YROXPH� RI� D�PHU�� 0 LV� WKH� PROHFXODU� ZHLJKW�� 1 LV� WKH�QXPEHU�RI�PROHFXOHV��U LV�WKH�QXPEHU�RI�VLWHV��PHUV��RFFXSLHG�LQ� WKH�ODWWLFH�E\�D�PROHFXOH��

DQG� 5 LV� WKH� XQLYHUVDO� JDV� FRQVWDQW�� 7��3�DQG� U DUH� UHVSHFWLYHO\� WKH� FKDUDFWHULVWLF�WHPSHUDWXUH��SUHVVXUH��DQG�FORVH�SDFNHG�PDVV�GHQVLW\ DQG D� SXUH� FRPSRQHQW� LV� FRPSOHWHO\�FKDUDFWHUL]HG� E\� WKUHH� SDUDPHWHUV� 7�� 3��DQG U �)RU�PXOWL�FRPSRQHQW�PL[WXUHV�LW�LV�QHFHVVDU\�WR� GHILQH� PL[LQJ� UXOHV� IRU PL[H � PL[Q DQG�PL[U WR�FDOFXODWH�SURSHUWLHV�RI�D�PL[WXUH��7KH�PL[LQJ� UXOH� IRU� WKH� FKDUDFWHULVWLF� FORVH�SDFNHG�PRODU�YROXPH�RI�D�PHU�RI�WKH�PL[WXUH�PL[Q LV�
¦ ¦   �L �M LMMLPL[ Q))Q ���

ZKHUH� LMQ LV�JLYHQ�DV�
���� LM

MMLLLM KQQQ �� ���
ZKHUH� LMK �� FRUUHFWV� IRU� GHYLDWLRQV� IURP� WKH�DULWKPHWLF�PHDQ�IRU�WKH�FRPSRQHQWV L DQG�M LQ�WKH� PL[WXUH�� 7KH� YROXPH� IUDFWLRQ� LI LV�GHILQHG�DV�

¦ ¸̧¹·¨̈©§ ) M MM
M

LL
LL PP  QUQU ���

ZKHUH�PL LV�WKH�PDVV�IUDFWLRQ�RI�FRPSRQHQW�LLQ� WKH� PL[WXUH�� DQG� UL DQG LQ DUH� WKH�FKDUDFWHULVWLF�PDVV�GHQVLW\� DQG� FORVH�SDFNHG�PRODU�YROXPH�RI�FRPSRQHQW�L��UHVSHFWLYHO\��7KH� PL[LQJ� UXOH� IRU� WKH� FKDUDFWHULVWLF�LQWHUDFWLRQ�HQHUJ\�IRU�WKH�PL[WXUH� PL[H LV�
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ZKHUH� LLH DQG� MMH DUH� WKH� FKDUDFWHULVWLF� PHU�PHU� LQWHUDFWLRQ� HQHUJLHV� IRU� FRPSRQHQWV� LDQG� M�� DQG LMG LV� D� PL[WXUH� SDUDPHWHU� WKDW�DFFRXQWV� IRU� VSHFLILF� ELQDU\� LQWHUDFWLRQV�EHWZHHQ�FRPSRQHQWV�L DQG�M��7KH�PL[LQJ�UXOH�IRU� WKH� QXPEHU� RI� VLWHV� RFFXSLHG� E\� D�PROHFXOH�RI�WKH�PL[WXUH�� PL[U ��LV�JLYHQ�E\�

¦) M M
M

PL[ UU� ����

ZKHUH� LU UHSUHVHQWV WKH� QXPEHU� RI� VLWHV� RI�PROHFXOH�M RFFXSLHV�LQ�WKH�ODWWLFH�)RU� SRO\PHU�VROYHQW� FDOFXODWLRQV� LW� LV� PRUH�FRQYHQLHQW� WR� GHULYH� D� FKHPLFDO� SRWHQWLDO�UDWKHU� WKDQ� D� IXJDFLW\� FRHIILFLHQW�� $SSO\LQJ�WKHVH�FRPELQLQJ�UXOHV��WKH�6DQFKH]�/DFRPEH�WUHDWPHQW� OHDGV� WR� WKH� IROORZLQJ� JHQHUDO�H[SUHVVLRQ� IRU� WKH� FKHPLFDO� SRWHQWLDO� RI� WKH�LWK�FRPSRQHQW�LQ�D�PXOWL�FRPSRQHQW�V\VWHP��
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°̄°® »»¼º««¬ª �¸̧¹·¨̈©§ )�)��»¼º«¬ª ¹̧·©̈§ ��) 

¦¦ ¦
¦ ¦

   

  
F
M LMML

F
M

F
M MLMLMM

F
M

F
M MLMLMMLLLL

3U57

UUU57

LM

LM

�� � 

� � 

�OQ��OQ�����

��OQ

QQQUUUUQHQHHQQU

HQHHQQUP
����

5HVXOW�DQG�'LVFXVLRQ)RU� WKH� WHUQDU\� PL[WXUHV� RI� >SRO\PHU�����VROYHQW� ����6&�&2� ���@�� WKH� YDOXHV� RI�LQWHUDFWLRQ� SDUDPHWHUV� � ��G DQG ��G �� IRU� WKH�ELQDU\� SDLUV� RI� >6&�&2� �VROYHQW@ DQG�>SRO\PHU�VROYHQW@ PL[WXUHV� DUH� RSWLPL]HG�ILUVWO\ DQG� WKHQ� WKH\ DUH� XVHG� GLUHFWO\� LQ�WHUQDU\�PL[WXUHV�ZLWKRXW� IXUWKHU� DGMXVWPHQW��7KH� LQWHUDFWLRQ� SDUDPHWHU� ��G IRU� WKH� ELQDU\�SDLU� >SRO\PHU�� 6&�&2�@� LV� RSWLPL]HG� E\�WHUQDU\� GDWD� VLQFH� H[SHULPHQWDO� GDWD� IRU� WKLV�ELQDU\� SDLU� LV� QRW� DYDLODEOH� LQ� WKH� OLWHUDWXUH��7KH� LQWHUDFWLRQ� SDUDPHWHUV� LMG �� DUH� REWDLQHG�XVLQJ�DQ�RSWLPL]DWLRQ�PHWKRG��7KH PHWKRG LV�

GHVLJQHG� WR� REWDLQ WKH� PLQLPXP� DEVROXWH�DYHUDJH� GHYLDWLRQ� EHWZHHQ� WKH� FDOFXODWHG�UHVXOWV� DQG� WKH� H[SHULPHQWDO� GDWD� �REWDLQHG�IURP� WKH� UHIHUHQFHV� ���� ��� DQG� ����� 7KH�FKDUDFWHULVWLF�SDUDPHWHUV��3��7��!��IRU�WKH�6/�PRGHO� DUH� OLVWHG� LQ� 7DEOH� ��� ,Q� 7DEOH� ���WKH�RSWLPL]HG�LQWHUDFWLRQ�SDUDPHWHUV�� LMG ��DUH�UHSRUWHG�7KH� SKDVH� GLDJUDPV� IRU� WKH� WHUQDU\� PL[WXUH�RI� >SRO\HWK\OHQH� �0Z ��������� 0Z �0Q ����� Q�EXWDQH�FDUERQ� GLR[LGH@� DUH� JHQHUDWHG�DQG�VKRZQ�LQ�)LJXUHV���WR����)LJXUHV���DQG���VKRZ� WKH� SKDVH� EHKDYLRU� RI� WKH� PL[WXUH� DW�����.�
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,Q�)LJXUH� �� IRU� WKH� WHUQDU\� V\VWHP�RI� >3(�Q�EXWDQH�&2�@�DW���03D�WKH�/�/�9�WKUHH�SKDVH�UHJLRQ� LV�ERXQGHG�E\� WZR� WZR�SKDVH� UHJLRQV��/�9�DQG�/�/� EXW�IRU�WKH�VDPH�V\VWHP�DV�WKH�SUHVVXUH� LV� LQFUHDVHG� WR� KLJKHU� WKDQ����03D
ZKLFK� &2� LV� LQ� VXSHUFULWLFDO� FRQGLWLRQ� �DV�VKRZQ� LQ� )LJXUHV� �� DQG� ��� WKH� /�9� UHJLRQ�GLVDSSHDUV�DQG�WKH�SKDVH�GLDJUDP�FRQVLVWV�RI�D�RQH�PLVFLEOH�OLTXLG�SKDVH�UHJLRQ DQG�D� WZR�LPPLVFLEOH�OLTXLG�SKDVH�UHJLRQ�

7DEOH��� &KDUDFWHULVWLF�SDUDPHWHUV�IURP�OLWHUDWXUH
5HI�U�JFP���7�.�3�03D�
���������������Q�� 3HQWDQH��&��
��������������Q�± %XWDQH��&��
���������������&DUERQ�GLR[LGH��&2��
��������������&\FORKH[DQH
���������������3RO\HWK\OHQH��3(�
�����������������3RO\SURS\OHQH��33�
��������������3RO\VW\UHQH

7DEOH��� 2SWLPL]HG�LQWHUDFWLRQ�SDUDPHWHUV�XVHG�LQ�WKLV�VWXG\
6\VWHP ��G ��G ��G
3(�����Q�EXWDQH�����&2����� ������ ������ ������
33�����Q� SHQWDQH�����&2����� ������ ������ ������
36�����F\FORKH[DQH�����&2����� ������ ������ ������

)LJXUH� �� 3KDVH� GLDJUDPV� IRU� 3(�Q�EXWDQH�� &2��V\VWHP�DW����.�DQG���03D��>��@ )LJXUH� �� &RPSDULVRQ� RI� SKDVH� GLDJUDPV� RI� 3(�Q�EXWDQH�&2��V\VWHP DW����DQG����03D��7 ����.�>��@
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)LJXUH��� 3KDVH�GLDJUDPV�IRU�3(�Q�EXWDQH�&2��V\VWHP )LJXUH �� &RPSDULVRQ� RI� SKDVH GLDJUDPV� RI 3(�Q�DW����.�DW����DQG�����03D�>��@ EXWDQH�&2��V\VWHP�DW����.�DQG��������DQG�3 ���03D>��@

)LJXUH��� &RPSDULVRQ�RI�SKDVH�GLDJUDPV�RI�3(�Q�EXWDQH�&2��V\VWHP�DW����.�DQG�����.� 3 ����03D�>��@
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$QDO\VLV�RI�WKH�V\VWHPLF EHKDYLRU�DW�WKH�VDPH�SUHVVXUH� EXW� GLIIHUHQW� WHPSHUDWXUHV� LQGLFDWHV�DQ� LQWHUHVWLQJ� HIIHFW� RI� WHPSHUDWXUH�� )RU�H[DPSOH�� )LJXUHV� �� DQG� �� VKRZ� WKH� FRP�SDULVRQV� RI� WKH� SKDVH� GLDJUDPV� DW� WZR�WHPSHUDWXUHV� ����� DQG� ���.�� DW� ��� DQG� ����03D�SUHVVXUHV �,Q�WKHVH�FRQGLWLRQV�&2� LV�LQ�VXSHUFULWLFDO� FRQGLWLRQ�� 6&�&2���� $V� VKRZQ�LQ� )LJXUH ��� DW� ��03D�� DV� WKH� WHPSHUDWXUH�LQFUHDVHV D VKULQNLQJ�LQ WKH�RQH�SKDVH�UHJLRQLV� REVHUYHG�� $V� D� UHVXOW� D SRLQW� LQ� WKH� RQH�SKDVH� UHJLRQ� DW� ����.�PD\� IDOO� LQWR� D� WZR�SKDVH�UHJLRQ�DW�KLJKHU�WHPSHUDWXUH��L�H��DW�����.�� 7KLV� PHDQV� WKDW� D� WHUQDU\� PL[WXUH� RI�VSHFLILF� FRPSRVLWLRQ� PD\� XQGHUJR� SKDVH�VHSDUDWLRQ� XSRQ� LQFUHDVLQJ� WKH� WHPSHUDWXUH��7KLV� LV� WKH� ZHOO� NQRZQ� EHKDYLRU� WHUPHG� DV�/&67��ORZHU�FULWLFDO�VROXWLRQ�WHPSHUDWXUH���$V� WKH� SUHVVXUH� LV� LQFUHDVHG� WR� HYHQ� KLJKHU�YDOXHV� ����� 03D�� )LJXUH ���� WKH� RQH�SKDVH�UHJLRQ� EHJLQV� WR� VKULQN�� EXW� QRZ� ZLWK�GHFUHDVLQJ� WHPSHUDWXUH DQG WKH� V\VWHP�XQGHUJRHV�D�SKDVH�VHSDUDWLRQ�XSRQ�D�GHFUHDVH�LQ� WHPSHUDWXUH�� 7KLV� W\SH� RI� EHKDYLRU� LV�NQRZQ� DV� 8&67� �XSSHU� FULWLFDO� VROXWLRQ�WHPSHUDWXUH��� 7KXV��ZLWK� LQFUHDVLQJ� SUHVVXUH��ZKLFK� DFFRPSDQLHV� DQ� LQFUHDVH� LQ� WKH�FDUERQ� GLR[LGH� FRQWHQW� LQ� WKH� PL[WXUHVZKHUHLQ�&2� LV� LQ� VXSHUFULWLFDO�FRQGLWLRQ��� D�WUDQVLWLRQ�IURP�/&67�WR�8&67�W\SH�EHKDYLRU�WDNHV�SODFH��7KLV�WUDQVLWLRQ�ZDV�DOVR�UHSRUWHG�E\�;LRQJ�DQG�.LUDQ�>��@�IRU�>SRO\HWK\OHQH�Q�SHQWDQH��FDUERQ�GLR[LGH@�PL[WXUH�6LPLODU� FDOFXODWLRQV� DUH� GRQH� IRU�>SRO\SURS\OHQH� �0Z  ��������� 0Z �0Q ������ �� Q�SHQWDQH� �� FDUERQ� GLR[LGH@� DV�VKRZQ� LQ� )LJXUHV� �� WR� �� )LJXUH� �� IRU� WKLV�V\VWHP�LV�DW�����.�DQG���03D��LQ�ZKLFK�&2�LV� LQ� VXE�FULWLFDO� FRQGLWLRQ�� DQG� FRQVLVWV� RI�WKUHH� UHJLRQV� RI� /�/�� /�9� DQG� /�/�9� ,Q�)LJXUH�� IRU� WKH�VDPH�V\VWHP�DV�WKH�SUHVVXUH�LV� LQFUHDVHG�WR�KLJKHU�WKDQ����03D LQ�ZKLFK�&2� LV� LQ� VXSHUFULWLFDO� FRQGLWLRQ�� WKH� /�9�UHJLRQ� GLVDSSHDUV� DQG� WKH� SKDVH� GLDJUDP�FRQVLVWV�RI�D�RQH�PLVFLEOH�OLTXLG�SKDVH�UHJLRQDQG�D� WZR�LPPLVFLEOH�OLTXLG�SKDVH�UHJLRQ� ,Q�WKLV� ILJXUH ZKHQ� WKH� SUHVVXUH� LQFUHDVHV�� WZR�

SKDVH�/�/�UHJLRQ�VKULQNV�

)LJXUH� �� 3KDVH� GLDJUDPV� IRU� 33�Q�SDQWDQH�&2��V\VWHP�DW����.�DQG���03D�>��@

)LJXUH� �� &RPSDULVRQ� RI� SKDVH� GLDJUDPV� RI� 33�Q�SDQWDQH�&2�� V\VWHP� DW� ���� ���� ��� DQG� ��� 03D��7 ���.�>��@
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)LJXUHV���DQG���DUH�DW� WZR� WHPSHUDWXUHV�����.� DQG� ���� .� EXW� DW� ��� 03D� DQG� ��� 03D��7KHVH� ILJXUHV� DUH� VDPH� DV� )LJXUHV� �� DQG� ���DQG�VKRZ�WKH�HIIHFW�RI�SUHVVXUH�RQ�/&67�DQG�8&67�

)LJXUH� �� &RPSDULVRQ� RI� SKDVH� GLDJUDPV� RI� 33�Q�SDQWDQH�&2�� V\VWHP�DW� ���.� DQG� � ���.� 3 ���03D�>��@

)LJXUH� �� &RPSDULVRQ� RI� SKDVH� GLDJUDPV� RI� 33�Q�SDQWDQH�&2�� V\VWHP� DW� ���.� DQG� ���.��3 ���03D�>��@

)LJXUH� ��� FRPSDUHV� WKH� UHSRUWHG� H[SHUL�PHQWDO�GDWD� >��@��FLUFOH��IRU�WKH�>SRO\VW\UHQH��0Z ���������F\FORKH[DQH�FDUERQ� GLR[LGH@�PL[WXUH� DW� ���� .� DQG� ����� 03D� ZLWK�FDOFXODWHG� UHVXOWV� REWDLQHG� WKURXJK� � WKH� 6/�PRGHO�� 7KLV� SKDVH� GLDJUDP� ZDV� DOVR�JHQHUDWHG�E\�)DYDUL�HW� DO�� >��@��DV�VKRZQ�LQ�)LJXUH�����GDVKHG�OLQHV���XVLQJ�WKH�SHUWXUEHG�KDUG�VSKHUH� FKDLQ� �3+6&�� PRGHO� �VROLG�OLQHV��� 7KLV� ILJXUH� VKRZV� JRRG� DJUHHPHQW�EHWZHHQ� RXU� UHVXOWV� REWDLQHG� E\� WKH� 6/�PRGHO� ZLWK� ERWK� )DYDUL� HW�� DO�� UHVXOWV�REWDLQHG� WKH� 3+6&�PRGHO� DQG� WKH� H[SHUL�PHQWDO�GDWD��

(KIWTG� ��� &RPSDULVRQ� RI� H[SHULPHQWDO� GDWD� >��@��FLUFOH�� IRU� SRO\VW\UHQH�F\FORKH[DQH�&2� V\VWHP� DW�����.�DQG������03D�ZLWK� FDOFXODWLRQV�REWDLQHG�ZLWK�WKH� 6/�PRGHO�VROLG� OLQHV�� DQG� � 3+6&� �PRGHO�GDVKHG�OLQHV��>��@
&RQFOXVLRQ,W�LV�FRQFOXGHG�WKDW�WKH�6/�PRGHO�FDQ�EH�XVHG�WR�REWDLQ�D�SKDVH�GLDJUDP�RYHU�D�ZLGH�UDQJH�RI� WHPSHUDWXUHV�� SUHVVXUHV DQG� FRPSRVLWLRQVIRU�WKH�V\VWHP�RI�>SRO\PHU�VROYHQW�FDUERQ�GL�R[LGH@�� 7KLV� PRGHO� FDQ� DOVR� SUHGLFW�TXDOLWDWLYHO\� WKH� WUDQVLWLRQ� IURP� /&67� WR�
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8&67� XSRQ LQFUHDVLQJ� SUHVVXUH�� 7KH� 6/�PRGHO� FDOFXODWLRQ� KDV� WKH� DGGHG� DGYDQWDJH�RYHU� WKH� 3+6&�PRGHO�� VLQFH� WKH 3+6&�PRGHO� QHHGV� FRPSOLFDWHG� DQG� PRUH� WLPH�FRQVXPLQJ� FDOFXODWLRQV� WR� REWDLQ� WKH� SKDVH�EHKDYLRU�IRU�WKH�V\VWHPV�VWXGLHG�LQ�WKLV�ZRUN�
5HIHUHQFHV�� 0�$��0HLOFKHQ��%�0��+DVFK��0�$��0F+XJK��0DFURPROHFXOHV �������������������� <��:DQJ��5��1��'DYH��5��3IHIIHU��-RXUQDO�RI�6XSHUFULWLFDO�)OXLGV �������������������� '�-�� 'L[RQ�� 5�$�� %RGPHLHU�� .�3�� -RKQVWRQ��$,&K(�-�������������������� .�0�� 6FKROVN\�� -�� 6XSHUFULW�� )OXLGV� ��� ������������� 6�� *�� .D]DULDQ�� 3RO\PHU� 6FLHQFH �� ���� ������������ (��0��&RHQ��-��)��4XLQQ��)DULED�'HKJKDQL��1��5��)RVWHU�DQG�7��3��'DYLV��3RO\PHU���������������������� ,�&��6DQFKH]��5�+��/DFRPEH��-��3K\V��&KHP���������������������� ,�&�� 6DQFKH]�� 5�+�� /DFRPEH�� 0DFUR�PROHFXOHV�������������������� /�$�� .OHLQWMHQV�� 5�� .RQLQJVYHOG�� &ROORLG�3RO\P��6FL���������������������� 5RQDOG� 3�� 'DQQHU�� 0�� +DPHGL�� %�� &�� /HH��)OXLG� 3KDVH� (TXLOLEULD �� ��������� ���������������� 0�� +DPHGL�� 9�� 0XUDOLGKDUDQ�� %�� &�� /HH��5RQDOG� 3��'DQQHU��5RQDOG� 3��'DQQHU�� )OXLG�3KDVH�(TXLOLEULD��������������������� <��6RQJ��6�0��/DPEHUW�� -�0��3UDXVQLW]�� ,QG��(QJ��&KHP��5HV���������������������� <��6RQJ��6�0��/DPEHUW��-�0��3UDXVQLW]� FKHP(QJ��6FL���������������������� <�� 6RQJ�� 7�� +LQR�� 6� 0�� /DPEHUW�� -� 0��3UDXVQLW]�� )OXLG� 3KDVH� (TXLOLEULD �� ����� ����������

��� )DYDUL��)���%HUWXFFR��$��(OYDVVRUH��1���&KHP��(QJ��6FL����� ����������������� 0LFKHOH� /RUD�� 0�� $��0FKXJK�� )OXLG� 3KDVH�(TXLOLEULD���������������������� 0��+��WHU�+RUVW��6��%HKPH��*��6DGRZVNL��7K��:��GH�/RRV��-RXUQDO�RI�6XSHUFULWLFDO�)OXLGV��������������������� 3��0��1GLD\H��&��'DULYD�� -��9��2OLYHULUD��)��:��7DYDUHV��-RXUQDO�RI�6XSHUFULWLFDO�)OXLGV ��������������������� <�� ;LRQJ�� (�� .LUDQ�� 3RO\PHU�� ���� ��������������� <�� ;LRQJ�� (�� .LUDQ�� -RXUQDO� RI� $SSOLHG�3RO\PHU�VFLHQFH�������������������� .�� *DXWHU� DQG� 5�� $�� +HLG�� )OXLG� 3KDVH�(TXLOLEULD������������������������ +��7UXPSL��7K��:��GH�/RRV��5��$��.UHQ]�DQG�5��$��+HLGHPDQQ�� -��RI�VXSHUFULWLFDO�)OXLGV ���������������������� 0DUWLQ�� 0�7��� /DWHHI�� $��� 5REHUWV�� &�%���)OXLG�3KDVH�(TXLOLEULD �����������������


