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$EVWUDFW,Q�WKLV�SDSHU�D�WZR�LPSLQJLQJ�VWUHDPV�F\FORQH�FRQWDFWLQJ�V\VWHP�VXLWDEOH�IRU�KDQGOLQJ�RI� VROLG�OLTXLG� V\VWHPV� KDV� EHHQ� VWXGLHG�� &HUWDLQ� SHUWLQHQW� SDUDPHWHUV� VXFK� DV�� VROLG�KROGXS��PHDQ�UHVLGHQFH�WLPH�DQG�5HVLGHQFH�7LPH�'LVWULEXWLRQ��57'��RI�VROLG�SDUWLFOHV�KDYH�EHHQ�LQYHVWLJDWHG��$�VWRFKDVWLF�PRGHO�EDVHG�RQ�0DUNRY�FKDLQV�SURFHVVHV�KDV�EHHQ�DSSOLHG�ZKLFK�GHVFULEH� WKH� EHKDYLRU�RI� VROLG�SDUWLFOHV� LQ� WKH FRQWDFWLQJ�V\VWHP��)URP�WKLV�PRGHO� WKH�57'�GDWD�ZHUH�HVWLPDWHG�DQG�FRPSDUHG�ZLWK� WKH�H[SHULPHQWDO�UHVXOWV��7KH�57'�GDWD�ZHUH�REWDLQHG�DW�GLIIHUHQW�'W DQG�FRPSDUHG�ZLWK� WKRVH�HVWLPDWHG� IURP�WKH�PRGHO��$W�'W� �������V D�JRRG�FRUUHODWLRQ�KDV�EHHQ�REVHUYHG�EHWZHHQ�WKH�SUHGLFWHG�DQG� H[SHULPHQWDO� GDWD�� 7KH� 57'� GDWD� PD\� EH� XVHG� WR� GHWHUPLQH� FHUWDLQ� SHUWLQHQW�FKDUDFWHULVWLF�SDUDPHWHUV�RI�SK\VLFDO�DQG�FKHPLFDO�DSSDUDWXVHV�VXFK�DV�FRQYHUVLRQ�LQ�FKHPLFDO�UHDFWRUV�
.H\ZRUGV� +ROGXS�� &\FORQH� FRQWDFWRU�� ,PSLQJLQJ� VWUHDPV�� 5HVLGHQFH� WLPH� GLVWULEX�WLRQ��0DUNRY�FKDLQV�PRGHO
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,QWURGXFWLRQ7KH� DSSOLFDWLRQ� RI� WZR� LPSLQJLQJ� VWUHDPV�V\VWHPV� DV� FKHPLFDO� UHDFWRUV� ZDV� ILUVW�UHSRUWHG�LQ������E\�(OSHULQ�DQG�7DPLU�>�@�,Q�VXFK�D�FRQWDFWLQJ�V\VWHP��WZR�IHHG�VWUHDPV�IORZLQJ� HLWKHU� SDUDOOHO� RU� FRXQWHU� FXUUHQWO\�FROOLGH� ZLWK� HDFK� RWKHU� LQ� WKH� LPSLQJHPHQW�]RQH�� 7KHVH� V\VWHPV� PD\� EH� DSSOLHG� WR�SK\VLFDO� DQG� FKHPLFDO� SURFHVVHV� VXFK� DV�GU\LQJ�>����@��JDV�JDV�DQG�VROLG�VROLG�PL[LQJ�>���@�� GLVVROX�WLRQ� RI� VROLGV� LQ� VROYHQWV� >�@��H[WUDFWLRQ�>�����������@��OLTXLG�OLTXLG�UHDFWLRQV�>������@�DQG�VROLG�OLTXLG�UHDFWLRQV�>��@�7KH� WZR� LPSLQJLQJ� VWUHDPV� F\FORQH� UHDFWRU�

�7,6&5�� ZDV� ILUVW� GHVLJQHG� DQG� DSSOLHG� E\�7DPLU� HW� DO�� LQ� ����� >��@�� 2VFLOODWLQJ� RI�GLVSHUVH� SKDVH� SDUWLFOHV� LQ� FRQWLQXRXV� SKDVH�LV� WKH PDLQ� FKDUDFWHULVWLF� RI� F\FORQH�FRQWDFWLQJ�V\VWHPV�ZKLFK�OHDGV�WR�LQFUHDVH�LQ�UHVLGHQFH� WLPH� RI�GLVSHUVH�SKDVH�SDUWLFOHV� LQ�WKH�FRQWLQXRXV�SKDVH�7KH� REMHFWLYH� RI� WKLV� ZRUN� ZDV� WR� HYDOXDWH�VRPH� SHUWLQHQW� SDUDPHWHUV� DIIHFWLQJ� WKH�SHUIRUPDQFH� RI� V\VWHP� EHKDYLRU� VXFK� DV��PHDQ� UHVLGHQFH� WLPH�� UHVLGHQFH� WLPH�GLVWULEXWLRQ�RI�VROLG�SDUWLFOHV�DQG� WKH�KROGXS�RI�OLTXLG�DQG�VROLG�SKDVHV�
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([SHULPHQWDO�V\VWHP7KH�$SSDUDWXV7KH� YHVVHO� ZDV� D� WDQJHQWLDO� KRUL]RQWDO� IORZ�RI� WZR� LPSLQJLQJ� VWUHDPV� V\VWHPV�� 7KH�DSSDUDWXV� VHW� XS� FRPSULVHG� D� FRQWDFWLQJ�FKDPEHU�PDGH�RI�3\UH[�JODVV�����FP�KHLJKW�����FP�GLDPHWHU�DQG���PP�WKLFNQHVV��ZLWK�DQ�LQQHU� SLSH� FUHDWLQJ� DQQXODU� VSDFH� DQG�GLUHFWLQJ� WKH� VWUHDPV� WRZDUG� WKH� LPSLQJLQJ�]RQH�DQG�DOVR�DOORZLQJ�WKH�JDVHRXV�SURGXFWV�WR� OHDYH� WKH� V\VWHP�� 7KH� GLDPHWHU� RI� WKH�FHQWUDO� LQQHU� WXEH�ZDV� ���PP��$� VFKHPDWLF�RI� WKH� GLDJUDP� RI� WKH� YHVVHO� LV� VKRZQ� LQ�)LJXUH���7ZR�LGHQWLFDO�QR]]OHV�PDGH�RI�VWDLQOHVV�VWHHO�ZLWK�DQ�RXWOHW�SRUW�GLDPHWHU�RI���PP�DQG�DQ�LQOHW�SRUW�GLDPHWHU�RI�����PP�ZHUH�SODFHG�DW�WKH�HQWUDQFH�RI�WZR�OLTXLG�OLQHV��7KH�GLVWDQFH�EHWZHHQ� WKH� QR]]OHV� DQG� WKH� DSSDUDWXV�HQWUDQFH� ZDV� �� FP�� $SSOLFDWLRQ� RI� WKH�QR]]OHV�OHDGV�WR�D�GURS�LQ�SUHVVXUH�DQG�KHQFH��LQFUHDVH� LQ� WKH� RXWOHW� YHORFLW\�� 7KH� ODWWHU�SHUPLWV� WKH� VROLGV� WR�HQWHU� WKH� OLTXLG�VWUHDP��WKXV�SURPRWLQJ�WKH�PL[LQJ�LQWHQVLW\�

7ZR� PL[HG� VWUHDPV� HQWHUHG� WKH� YHVVHO� YLD�WZR� VLOLFRQ� SLSHV� KDYLQJ� ���� PP� LQQHU�GLDPHWHU� DQG� ���PP�RXWOHW� GLDPHWHU�� 6ROLGV�ZHUH� IHG� WR� WKH� OLTXLG� VWUHDPV� E\� PHDQV� RI�WZR� WDSSHG� JODVV� YHVVHOV� SODFHG� DW� �� FP�GLVWDQFH�IURP�WKH�QR]]OHV�7KH� OLTXLG� VWUHDPV� ZHUH� SXPSHG� DW� KLJK�YHORFLW\�� XVLQJ� D� VWDLQOHVV� VWHHO� FHQWULIXJDO�SXPS� ZLWK� D� FDSDFLW\� RI� ������ / K �� $URWDPHWHU�ZLWK�D�PHDVXULQJ�FDSDELOLW\�RI������� / K RI� OLTXLG� ZDV� XVHG� WR� PHDVXUH� WKH�OLTXLG�IORZ�UDWH�
0DWHULDOV6DQG� JUDLQV� ZLWK� PHVK� ��� DQG� ���� �FPJGHQVLW\� ZHUH� XVHG� DV� WKH� VROLG� SKDVH� ZKLOH�ZDWHU� ZDV� DSSOLHG� DV� WKH� OLTXLG� SKDVH�� 7KH�H[SHULPHQWV� ZHUH� SHUIRUPHG� DW� WKH� DPELHQW�WHPSHUDWXUH���������&��
5HVXOWV�DQG�'LVFXVVLRQ7R� SUHVHQW� D� VXLWDEOH� PRGHO� IRU� WKH�FRQWDFWLQJ� V\VWHP�� WKH� EHKDYLRU� RI� VROLG�SDUWLFOHV�VKRXOG�EH�NQRZQ�LQ�WKH�ODWWHU�

)LJXUH��� 6FKHPDWLF�GLDJUDP�RI�WKH�FRQWDFWLQJ�V\VWHP�DQG�IHHGHUV��$OO�GLPHQVLRQV�DUH�LQ�PLOOLPHWUHV�
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+ROGXS�DQG�0HDQ�UHVLGHQFH�WLPH7R� GHWHUPLQH� WKH� PHDQ� UHVLGHQFH� WLPH� RI�SDUWLFOHV� ZLWKLQ� WKH� V\VWHP�� WKH� KROGXS� RI�VROLG�DQG�OLTXLG�SKDVHV�VKRXOG�EH�NQRZQ��7KH�KROGXS�X �� ZDV� PHDVXUHG� E\� VWRSSLQJ� WKH�IORZ� RI� ERWK� SDUWLFOHV� DQG� ZDWHU� DQG�FROOHFWLQJ� WKH� PDWHULDOV� UHPDLQLQJ� LQ� WKH�YHVVHO�� 7KH� OLTXLG� SKDVH� YROXPH� DQG� WKH�ZHLJKW�RI�VDQGV�ZHUH�PHDVXUHG�DQG�UHSRUWHG�DV� OLTXLG� DQG�VROLG�KROGXS�� ,Q�)LJV����DQG����WKH� VROLG� KROGXS� DV� D� IXQFWLRQ� RI� WKH� OLTXLG�

IORZ�UDWHV�DQG�WKH�OLTXLG�KROGXS�DV�D�IXQFWLRQ�RI�WKH�VROLG�IORZ�UDWHV�DUH�SUHVHQWHG�7KH� JHQHUDO� FRQFOXVLRQV� GUDZQ� IURP� )LJ�� ��PD\�EH�VXPPDUL]HG�DV�IROORZV�����$W�D�JLYHQ�OLTXLG�IORZ�UDWH��LQFUHDVLQJ�WKH�VROLG�PDVV�IORZ�UDWH� LQFUHDVHV� WKH�VROLG�KROG�XS������%\� LQFUHDVLQJ� WKH�OLTXLG�IORZ�UDWH�� WKH�VROLG�KROGXS�LV�DOVR�LQFUHDVHG�

)LJXUH��� +ROGXS�RI�VROLG�SDUWLFOHV�ZLWKLQ�WKH�FRQWDFWRU

)LJXUH��� /LTXLG�KROGXS�DV�D�IXQFWLRQ�RI�VROLG�PDVV�IORZ�UDWH
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%\� FRQVLGHULQJ� WKH� GHQVLW\� DQG� VL]H� RI� WKH�SDUWLFOHV� DSSOLHG� LQ� WKLV� VWXG\� WKLV� EHKDYLRU�PD\�EH�H[SODLQHG�E\�WKH�HQKDQFHPHQW�RI�WKH�SDUWLFOH� RVFLOODWLRQ� DQG� URWDWLRQ� ZKHQ� WKH�OLTXLG� IORZ� UDWH� LV� LQFUHDVHG�� ,W� LV� DSSDUHQW�IURP� )LJ�� �� WKDW� DW� D� JLYHQ� OLTXLG� IORZ� UDWH��WKH�KROG�XS�RI� OLTXLG�SKDVH� LQ� WKH�FRQWDFWLQJ�V\VWHP� LV� DOPRVW� FRQVWDQW� DQG� LQVHQVLWLYH� WR�WKH� FKDQJH� LQ� WKH� VROLG� IORZ� UDWH�� 6XFK� D�EHKDYLRU�PD\�EH�H[SODLQHG�E\�QRWLQJ�WKDW�WKH�IORZ� UDWH� RI� OLTXLG� LQ� DOO� WKH� H[SHULPHQWDO�UXQV�ZDV�JUHDWHU�WKDQ�WKDW�RI�WKH�VROLG��+HQFH��YDULDWLRQ�LQ�WKH�VROLG�IORZ�UDWH�PD\�QRW�KDYH�D�SURIRXQG�HIIHFW�RQ�WKH�OLTXLG�KROG�XS�,Q�)LJ����� LW� LV� GHPRQVWUDWHG� WKDW� LQ� DOO� VROLG�IORZ�UDWHV��D�VOLJKW�LQFUHDVH�LQ�VROLG�UHVLGHQFH�WLPH� � RFFXUUV� DV� WKH� OLTXLG� IORZ� UDWH� LV�LQFUHDVHG�
57'�RI�VROLG�SDUWLFOHV57'� H[SHULPHQWV� ZHUH� FRQGXFWHG� WR� REWDLQ�LQVLJKW� LQWR� WKH� EHKDYLRU� RI� WKH� SDUWLFOHV� LQ�WKH� FRQWDFWLQJ� V\VWHP�� 7KLV� LV� DQ� LPSRUWDQW�SDUDPHWHU�EHFDXVH�RI�WKH�SDUWLFOHV�RVFLOODWRU\�PRWLRQ� WKDW� PD\� SURGXFH� LQWHUQDO�UHFLUFXODWLRQ� DQG� DIIHFW� WKH� PHDQ� UHVLGHQFH�WLPH�LQ�WKH�FRQWDFWLQJ�V\VWHP��7KH�VWLPXOXV±UHVSRQVH� PHWKRG� ZDV� DSSOLHG� WR� GHWHUPLQH�WKH�UHVLGHQFH� WLPH�GLVWULEXWLRQ� >��@�� ,Q�RUGHU�WR� SHUIRUP� WKH� 57'� H[SHULPHQWV�� D� FLUFXODU�

SODWH� GLYLGHG� LQWR� ��� HTXDO� VHJPHQWV� ZDV�FRQVWUXFWHG�� 7KH� SODWH�ZDV� SODFHG� XQGHU� WKH�VROLG�GLVFKDUJH�SRUW�RI�WKH�FRQWDFWLQJ�V\VWHP�DQG� ZDV� GULYHQ� DW� WKH� VHOHFWHG� VSHHG� E\�PHDQV� RI� DQ� HOHFWULF� PRWRU�� 'LIIHUHQW�VDPSOLQJ� LQWHUYDOV� ZHUH� WKXV� REWDLQHG� E\�FKDQJLQJ� WKH� VSHHG� RI� URWDWLRQ� $� VXLWDEOH�WUDFHU�� KDYLQJ� YLVLEOH� HIIHFWV� LQ� WKH� RXWOHW�VWUHDP� VKRXOG� EH� XVHG�� ,Q� WKH� SUHVHQW� VWXG\�VDQG�JUDLQV�ZLWK�PHVK����ZHUH�DSSOLHG�DV�WKH�WUDFHU�� $ERXW� �� J RI� WUDFHU� ZDV� UDSLGO\�LQMHFWHG� LQWR� WKH� LQOHW� VWUHDPV� DQG� WKH�RXWOHW�VWUHDP� IURP� WKH� FRQWDFWRU�ZDV� FRQGXFWHG� WR�WKH� URWDWLQJ� GLVN�� 7KH� H[SHULPHQWV� IRU� 57'�GHWHUPLQDWLRQ� ZHUH� SHUIRUPHG� DW� GLIIHUHQW�GLVN� URWDWLRQ� YHORFLWLHV�� 3ORWWLQJ� RI� WKH� VROLG�SDUWLFOHV�ZHLJKW�LQ�HDFK�FHOO�YHUVXV� WQ' JLYHV�WKH� 57'� FXUYH� RI� WKH� FRQWDFWLQJ� V\VWHP��([SHULPHQWDO� 57'� FKDUWV� DW� YDULRXV� W' DUH�VKRZQ�LQ�)LJV����WR����,W LV�DSSDUHQW�IURP�)LJ���� WKDW� LQ� VPDOO� W' YDOXHV�� WKH� 57'� FXUYHV�KDYH�GHPRQVWUDWHG�FHUWDLQ�GHJUHH�RI� UDQGRP�IOXFWXDWLRQV�� ,QFUHDVH� LQ� W' �� ORZHUV� WKH�VHQVLWLYLW\�RI� UHDGLQJ�XQWLO� DW� D�FHUWDLQ�YDOXH�RI� W' ��UDQGRP�IOXFWXDWLRQV�RI�SDUWLFOHV�DUH�QR�ORQJHU� REVHUYHG�� 7KH� H[SHULPHQWDO� UHVXOWV�ZHUH� XVHG� WR� FDOFXODWH� WKH� PHDQ� UHVLGHQFH�WLPH�DQG�WKH�YDULDQFH�RI�57'�GDWD�DFFRUGLQJ�WR�HTXDWLRQV���DQG����UHVSHFWLYHO\�

)LJXUH��� 9DULDWLRQ�RI�WKH�PHDQ�UHVLGHQFH�WLPH�RI�VROLG�SDUWLFOHV�ZLWKLQ�WKH�FRQWDFWRU
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)LJXUH��� ([SHULPHQWDO�57'�DW� V�����ûW  ��H[S V�����1  � V�����W H[S  �� K/���4  

)LJXUH����([SHULPHQWDO�57'�DW V�����ûW  
��H[S V�����1  �� V�����W H[S  �� K/���4  
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)LJXUH��� ([SHULPHQWDO�57'�DW� V�����ûW  
��H[S V�����1  �� V�����WH[S  �� K/���4  

0DUNRY�FKDLQV�PRGHO$V� WKH� FROOLVLRQ� RI� SDUWLFOHV� LQ� WKH�LPSLQJHPHQW� ]RQH� LV� UDQGRP�� D� VXLWDEOH�PDWKHPDWLFDO� WHFKQLTXH� WR� KDQGOH� VXFK� D�SURFHVV�FRXOG�EH�0DUNRY�FKDLQV�PRGHOV�>��@��$FFRUGLQJ� WR� GLVFUHWH�WLPH� 0DUNRY� FKDLQV��WKH� SUREDELOLW\� RI� DQ� HYHQW� DW� WLPH� W JLYHQ�RQO\� WKH� RXWFRPH� DW� WLPH� W�� LV� HTXDO� WR� WKH�SUREDELOLW\� RI� WKH� HYHQW� DW� WLPH� W� JLYHQ� WKH�HQWLUH� KLVWRU\� RI� WKH� V\VWHP�� ,Q� RWKHU�ZRUGV��WKH� SUREDELOLW\� RI� WKH� HYHQW� DW� W� LV� QRW�GHSHQGHQW�XSRQ WKH�VWDWH�KLVWRU\�SULRU�WR�WLPH�W���� 7KXV�� WKH� YDOXHV� RI� WKH� SURFHVV� DW� WKH�JLYHQ� WLPH� W�� GHWHUPLQH� WKH� FRQGLWLRQDO�SURSHUWLHV� IRU� IXWXUH� YDOXHV� RI� WKH� SURFHVV��7KHVH� YDOXHV� DUH� FDOOHG� WKH� VWDWH� RI� WKH�SURFHVV�� DQG� WKH� FRQGLWLRQDO� SURSHUWLHV� DUH�WKRXJKW�RI�DV�WUDQVLWLRQ�SUREDELOLWLHV�EHWZHHQ�WKH� VWDWHV� L DQG� M�� LMS �� 7KHVH� YDOXHV�PD\�EH�GLVSOD\HG� LQ� D� PDWUL[� > @� �LMS 3 FDOOHG� WKH�WUDQVLWLRQ�PDWUL[�7KH� PDWUL[� 3 KDV� 1 URZV� DQG� 1 FROXPQV��ZKHUH�1 LV� WKH�QXPEHU�RI�SRVVLEOH�VWDWHV�IRU�WUDQVLWLRQ�RI�WKH�V\VWHP�

7KH� URZV� RI� PDWUL[� 3 FRQVLVW� RI� WKH�SUREDELOLWLHV�RI�DOO�SRVVLEOH�WUDQVLWLRQV�IURP�D�JLYHQ�VWDWH�DQG��DV�VXFK��VXP�WR���
¦  1
M LMS� � ���
7KLV�PDWUL[�FRPSOHWHO\�GHVFULEHV�WKH�0DUNRY�SURFHVV�� 2WKHU� GHILQLWLRQV� DQG� HTXDWLRQV�UHODWHG�WR�0DUNRY�SURFHVVHV�DUH�DV�IROORZV��1�� � �QVL �� WKH�VWDWH�SUREDELOLW\��GHILQHG�DV� WKH�SUREDELOLW\�WKDW�WKH�V\VWHP�ZLOO�EH�LQ�WKH�VWDWH�L DIWHU� Q� WUDQVLWLRQV� IURP� D� JLYHQ� VWDUWLQJ�SRLQW��11� � �Q6 �� � WKH� � VWDWH� � SUREDELOLW\� � YHFWRU�� � D��OLQH� YHFWRU� FRPSRVHG� RI� HOHPHQWV � �QVL ��� � � � � � � �> @QVQVQVQ 1���6 �� �� 7KH� HTXDWLRQV�ZKLFK� JRYHUQ� WKH� 0DUNRY� SURFHVVHV� DUH� DV�IROORZV�
¦  1
P L QV� ��� ���
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7KLV� HTXDWLRQ� LPSOLHV� WKDW� WKH� WRWDO�SUREDELOLW\� RI� WKH� V\VWHP� WR� UHDFK� RQ� RI� DOO�SRVVLEOH�1 VWDWHV�ZKLFK�FDQ�EH�RFFXSLHG�DIWHU�Q WUDQVLWLRQV� LV� HTXDO� WR� XQLW\�� (TXDWLRQ� ��VWDWHV�WKDW�WKH�SUREDELOLW\�WKDW�WKH�V\VWHP�LV�LQ�VWDWH�M DIWHU�Q�� WUDQVLWLRQ�LV�HTXDO�WR�WKH�VXP�RI�LWV�SUREDELOLWLHV�RI�EHLQJ LQ�DQ\�VWDWH�L DIWHU�Q�WUDQVLWLRQV��PXOWLSOLHG�E\�WKH�SUREDELOLW\�RI�WUDQVIHUULQJ� IURP� VWDWH� L WR� VWDWH� M LQ� RQH�WUDQVLWLRQ�VWHS�
¦  � 1
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)XUWKHU� GHWDLOV� RI� 0DUNRY� PRGHOV� PD\� EH�IRXQG�HOVHZKHUH�>����������@�%\� FRQVLGHULQJ� WKH� SDWWHUQV� RI� SDUWLFOH� IORZ�ZLWKLQ� WKH� YHVVHO�� WKH� UHDFWLRQ� FRPSDUWPHQW�ZDV� GLYLGHG� LQWR� VHYHQ� UHJLRQV� ZLWK� HTXDO�YROXPHV� �)LJ�� ���� (DFK� UHJLRQ�ZDV� DVVXPHG�WR� EH� DQ� LGHDO� IORZ� FRQWDFWRU�� $� UHF\FOH�VWUHDP�U ZDV�DOVR�FRQVLGHUHG�GXH�WR�FRXQWHU�FXUUHQW IORZV�LQ�WKH�LPSLQJHPHQW�]RQH��(DFK�UHJLRQ� UHSUHVHQWV� D� VWDWH� LQ� WKH� 0DUNRY�SURFHVV�� DQG� WKH� WUDQVLWLRQ� SUREDELOLW\� LMS LV�WKH� SUREDELOLW\� RI� D� VROLG� SDUWLFOH� OHDYLQJ�UHJLRQ�L�DQG�HQWHULQJ�UHJLRQ�M�1RZ�� FRQVLGHU� UHJLRQ� �� VKRZQ� LQ� )LJ� ���:KHQHYHU� D� SDUWLFOH� UHDFKHV� WKLV� UHJLRQ�� LW�OHDYHV�WKH�V\VWHP�WR�VWDWH���ZKHUH�LW�UHPDLQV��6WDWH���LV�WKHQ�D�WUDSSLQJ�VWDWH�7KH� VHYHQWK� HOHPHQW� RI� WKH� VWDWH� SUREDELOLW\�YHFWRU� � �QV� LQGLFDWHV� WKH� SUREDELOLW\� WKDW� D�SDUWLFOH� HQWHULQJ� WKH� V\VWHP� DW� � Q ZLOO�OHDYH� WKH� V\VWHP�DIWHU WQ' � ���������� Q �� 7KH�QXPHULFDO� YDOXH� RI� � �QV� IRU� ���������� QUHSUHVHQWV�WKH�LPSXOVH�UHVSRQVH�RI�WKH�V\VWHP�DIWHU�Q�LQWHUYDOV�RI�WLPH�OHQJWK W' �,W� LV� SRVVLEOH� WR� GHILQH� WKH� YDULRXV�SUREDELOLWLHV�DORQJ�WKH�SDWK�RI�D�SDUWLFOH�IURP�WKH�LQOHW�WR�WKH�V\VWHP�GRZQ�WR�WKH�H[LW�GXH�WR�WKH�DVVXPSWLRQ�RI�LGHDO�IORZ�UHJLRQV�IRU�HDFK�VWDWH�� )RU� LGHDO� SOXJ� UHJLRQV�� � LLS DQG� IRU�LGHDO� PL[HG� UHJLRQV� � �WWSLL '� H[S �� ZKLOH�WKH�SUREDELOLW\�RI�OHDYLQJ�DQ\�YHVVHO�L LV�HTXDO�
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)LJXUH��� 0RGHOLQJ�RI�WKH�FRQWDFWLQJ�V\VWHP���D��IORZ�UHJLRQV�SURSRVHG�IRU�WKH�FRQWDFWLQJ�V\VWHP���E��WKH�UHVXOWLQJ�PRGHO��������������SHUIHFW�SOXJ UHJLRQV�����������SHUIHFW�PL[HG�UHJLRQV
7KH� LQLWLDO� VWDWH� SUREDELOLW\� YHFWRU� � ��1V LV�DOVR�NQRZQ�� ��V  � > @������������������� ���
,Q�RUGHU�WR�GHWHUPLQH�WKH�57'�LW�LV�HVVHQWLDO�WR�FDOFXODWH� � �PV� HOHPHQWV�IRU�DOO�P�YDOXHV�IURP� �� WR� ��� DQG� SORW� WKH� UHVXOWV� YHUVXV�WLPH � �WQ' ��$FFRUGLQJ�WR�WKH�57'�GHILQLWLRQ�WKH�IROORZLQJ�HTXDWLRQ�LV�YDOLG�
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,Q� WKLV� HTXDWLRQ� � �PV� �� ZKLFK� LV� LQLWLDOO\� D�IXQFWLRQ�RI�ERWK�5�DQG� T' ��EHFRPH�VROHO\�D�IXQFWLRQ�RI��5�DIWHU�UHSODFLQJ� T' YDOXHV�$�FRPSXWHU�SURJUDP�ZDV�GHYHORSHG�LQ�&��FRGH� WR�FDOFXODWH� � �PV� HOHPHQWV��7KH�IORZ�FKDUW�RI�WKH�SURJUDP�LV�SUHVHQWHG�LQ��)LJ����$� FRPSDULVRQ� KDV� EHHQ� PDGH� EHWZHHQ� WKH�H[SHULPHQWDO� GDWD� DQG� WKRVH� SUHGLFWHG� IURP�WKH�PRGHO��7KLV�LV�SUHVHQWHG�LQ�7DEOH���
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,W�PD\�EH�REVHUYHG� IURP� WKLV� WDEOH� WKDW�ZLWK�W' HTXDO� WR� ������ V D� JRRG� FRUUHODWLRQ� LV�REWDLQHG� EHWZHHQ� WKH� H[SHULPHQWDO� GDWD DQG�PRGHO� SUHGLFWLRQV�� 7KLV� LV� GHPRQVWUDWHG� LQ�)LJ�� ���� 7KLV� LV� DFKLHYHG� E\� FRPSDULQJ� WKH�YDULDQFHV� RI� WKH� H[SHULPHQWDO� DQG� SUHGLFWHG�GDWD� DW� HDFK W' �� 7KH� PLQLPXP� GLIIHUHQFH�EHWZHHQ� �PRGV DQG� �H[SV PD\�UHODWH�WR�WKH�EHVW�FRUUHODWLRQ� EHWZHHQ� WKH� WZR� VHWV� RI� 57'�GDWD��,W� PD\� EH� REVHUYHG� IURP� )LJ�� ��� WKDW� DERXW������� RI� WKH� WRWDO� VROLG� IORZ� � �SZ RVFLOODWH�EHWZHHQ�UHJLRQV������DQG���
&RQFOXVLRQ&HUWDLQ� SHUWLQHQW� SDUDPHWHUV� DIIHFWLQJ� WKH�SHUIRUPDQFH�FDSDELOLW\�RI�WKH�WDQJHQWLDO�IORZ�RI� WZR�LPSLQJLQJ�VWUHDPV�F\FORQH�FRQWDFWRUV�ZLWK� UHF\FOLQJ� VXFK� DV�PHDQ� UHVLGHQFH� WLPH��OLTXLG� DQG� VROLG� KROGXSV� DQG� UHVLGHQFH� WLPH�GLVWULEXWLRQ�RI�VROLG�SDUWLFOHV�ZHUH�VWXGLHG�,QFUHDVLQJ�WKH�OLTXLG�IORZ�UDWH��XS�WR�����/�K��LQFUHDVHV� WKH� VROLG� PHDQ� UHVLGHQFH� WLPH�

ZLWKLQ�WKH�V\VWHP��7KLV�FRXOG�LQ�WXUQ�HQKDQFH�WKH� FRQYHUVLRQ� RI� UHDFWDQWV� LQ� WKH� LPSLQJLQJ�VWUHDPV�FKHPLFDO�FRQWDFWLQJ�V\VWHPV�$� FRPSDUWPHQW� PRGHO� ZDV� SURSRVHG� WR�GHVFULEH� WKH� IORZ� SDWWHUQ� ZLWKLQ� WKH�FRQWDFWLQJ� V\VWHP�� 2Q� WKH� EDVLV� RI� VXFK� D�IORZ� SDWWHUQ� DQG� DSSOLFDWLRQ� RI� 0DUNRY�FKDLQV�GLVFUHWH�IRUPXODWLRQ��D�WKHRUHWLFDO�WZR�SDUDPHWHU�PRGHO�ZDV�GHULYHG�IRU�WKH�57'�RI�WKH� VROLG� SKDVH�� 7KH� WZR� SDUDPHWHUV� ZHUH�HYDOXDWHG��DQG�WKH�PRGHO�ZDV�DGMXVWHG�XVLQJ�H[SHULPHQWDO� 57'� GDWD�� 7KH� PRGHO�GHYHORSHG� LQ� WKH� SUHVHQW� VWXG\�� PD\� EH�DSSOLHG�WR�HVWLPDWH�WKH�57'�IRU�RWKHU�YHVVHOV�KDYLQJ�D�JHRPHWU\�VLPLODU�WR�WKDW�XVHG�LQ�WKLV�LQYHVWLJDWLRQ�� 7R� GHWHUPLQH� WKH� 57'� RI�SDUWLFOHV� ZLWKLQ� DQ\� RWKHU� LPSLQJLQJ�FRQWDFWRU�� D VXLWDEOH� IORZ� UHJLRQ� VKRXOG� EH�SURSRVHG� IRU� WKDW� YHVVHO� DQG� WKH� SUHGLFWHG�UHVXOWV� IURP� WKH� SUHVHQW� PRGHO� KDYH� WR� EH�FRPSDUHG� ZLWK� WKH� H[SHULPHQWDO� GDWD�DYDLODEOH�IRU�WKDW�SDUWLFXODU�DSSDUDWXV��

)LJXUH���� &RPSDULVRQ�EHWZHHQ�WKH�H[SHULPHQWDO�DQG�WKHRUHWLFDO�57'V�LQ�WKH�FRQWDFWLQJ�V\VWHP��(DFK�LQFUHPHQW�LQ�WKH�[ D[LV�UHSUHVHQWV�D� V�����ûW  V�����W  H[S �� �� V�����1  H[S �� �� V�����1  PRG ��5  ��������� K/���4  DQG� VJ�����Z  S �
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1RWDWLRQVD  �FRQVWDQW�HT���E  �FRQVWDQW�HT���F  �FRQVWDQW�HT���G  �FRQVWDQW�HT���H  �FRQVWDQW�HT���I  �FRQVWDQW�HT���
LP  �PDVV�RI�VROLG�SDUWLFOH�LQ�HDFK�FHOO1�  �QXPEHU�RI�DOO�WUDQVLWLRQ�SUREDELOLW\Q  �FHOO�LQGLFDWRU
XQ  �QXPEHU�RI�UHJLRQV�LQ�WKH�IORZ�PRGHO
LMS  �WUDQVLWLRQ�SUREDELOLW\3  �WUDQVLWLRQ�PDWUL[4�  �OLTXLG�IORZ�UDWH�� KGP� �U  �VROLG�UHF\FOH�IORZ�UDWH��J�V�5  �VROLG�UHF\FOH�UDWLR� � SZU57'�  �UHVLGHQFH�WLPH�GLVWULEXWLRQ� �PVL  �VWDWH�SUREDELOLW\� �P6  �VWDWH�SUREDELOLW\�YHFWRU� �PVL  �LWK�HOHPHQW�RI�WKH � �P6 YHFWRUW  �WLPH��V�W  �PHDQ�UHVLGHQFH�WLPH��V�
SZ  �VROLG�PDVV�IORZ�UDWH��J�V�D  �FRQVWDQW�HT����E  �FRQVWDQW�HT����W'  �WLPH�LQFUHPHQW��V�T'  �GLPHQVLRQOHVV�WLPH� � WW'
�V  �YDULDQFH� � ��VX  �VROLG�KROGXS��J�

5HIHUHQFHV�� (OSHULQ�� ,�� DQG�7DPLU��$��� ,VUDHOL� 3DW�� $SSO��1R����������������������� +RVVHLQDOLSRXU��6��0���DQG�0XMXPGDU��$��6���6XSHUKHDWHG�6WHDP�'U\LQJ�RI�6LQJOH�3DUWLFOH�LQ� DQ� ,PSLQJLQJ� 6WUHDPV� 'U\HU�� 'U\LQJ�7HFKQRO�������������������� .XGUD��7���DQG�0XMXPGDU��$��6���³,PSLQJLQJ�6WUHDP� 'U\HUV� IRU� 3DUWLFOHV� DQG� 3DVWHV�´�'U\LQJ�7HFKQRO������������������ 'HYDKDVWLQ�� 6��� DQG� 0XMXPGDU�� $�� 6��� $�1XPHULFDO� 6WXG\� RI� )ORZ� DQG� 0L[LQJ�&KDUDFWHULVWLF� RI� /DPLQDU�&RQILQHG� ,PSLQJ�LQJ�6WUHDPV��&KHP��(QJ��-������������������� 'HYDKDVWLQ�� 6��� DQG� 0XMXPGDU�� $�� 6��� $�1XPHULFDO� 6WXG\� RI� 0L[LQJ� LQ� D� 1RYHO�,PSLQJLQJ�6WUHDP� ,QOLQH�0L[HU��&KHP��(QJ��3URFHVV������������������� 7DPLU�� $��� DQG� *ULQKROW]�� 0��� 3HUIRUPDQFH�RI�D�&RQWLQXRXV�6ROLG�/LTXLG�7ZR�,PSLQJLQJ�6WUHDPV� �7,6�� UHDFWRU�� 'LVVROXWLRQ� RI� 6ROLG��+\GURG\QDPLFV��0HDQ�5HVLGHQFH�7LPH��DQG�+ROGXS� RI� WKH� 3DUWLFOHV�� ,QG�� (QJ�� &KHP��5HV����������������������� 'HKNRUGL�� $�� 0��� ([SHULPHQWDO� ,QYHVWLJD�WLRQ� RI� DQ� DLU�2SHUDWHG�7ZR�,PSLQJLQJ�6WUHDPV� UHDFWRU IRU� &RSSHU� ([WUDFWLRQ�3URFHVVHV�� ,QG�� (QJ�� &KHP�� 5HV��� ��������������������� 'HKNRUGL�� $�� 0��� $� 1RYHO� 7ZR�,PSLQJLQJ�-HWV� UHDFWRU IRU� &RSSHU� ([WUDFWLRQ� DQG�6WULSSLQJ� 3URFHVVHV�� &KHP�� (QJ�� -��� ������������������� 'HKNRUGL�� $�� 0��� .DJKD]FKL�� 7��� DQG�6RKUDEL��0���$SSOLFDWLRQ�RI�DQ�$LU�2SHUDWHG�7ZR�,PSLQJLQJ�6WUHDPV�([WUDFWRU�LQ�/LTXLG�/LTXLG� ([WUDFWLRQ� DQG� &RPSDULVRQ� ZLWK�2WKHU�&RQWDFWRU�7\SHV��&DQ��-��&KHP��(QJ��������������������� %HUPDQ�� <��� DQG� 7DPLU�� $��� ([WUDFWLRQ� LQ�7KLQ� /LTXLG� )LOPV� *HQHUDWHG� E\� ,PSLQJLQJ�6WUHDPV��$,&K(�-��������������������� 'HKNRUGL�� $�� 0��� /LTXLG�/LTXLG� ([WUDFWLRQ�ZLWK� &KHPLFDO� UHDFWLRQ� LQ� D� 1RYHO�,PSLQJLQJ�-HWV� UHDFWRU�� � $,&K(� -��� �������������������
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��� 6RKUDEL�� 0��� DQG� =DUHLNDU� %��� 0RGHOLQJ� RI�WKH� 5HVLGHQFH� 7LPH� 'LVWULEXWLRQ� DQG�$SSOLFDWLRQ� RI� WKH� 7ZR� ,PSLQJLQJ� 6WUHDPV�UHDFWRU LQ� /LTXLG�/LTXLG� 5HDFWLRQV�� &KH��(QJ��7HFKQRO���������������������� 6RKUDEL��0��DQG�0DUYDVW��0��$���$SSOLFDWLRQ�RI� D� &RQWLQXRXV� 7ZR� ,PSLQJLQJ� 6WUHDPV�UHDFWRU LQ� 6ROLG�/LTXLG� (Q]\PH� 5HDFWLRQV��,QG��(QJ��&KHP��5HV��������������������� 7DPLU�� $��� 3URFHVVHV� DQG� 3KHQRPHQD� LQ�,PSLQJLQJ� 6WUHDPV� UHDFWRU�� &KHPLFDO� (QJ�LQHHULQJ�3URJUHVV ����������������������� /HYHQVSLHO�� 2��� &KHPLFDO� 5HDFWLRQ� (QJLQH �HULQJ�� �UG HG�� -RKQ� :LOH\� 	� 6RQV�� 86$������������ 7DPLU� $��� ,PSLQJLQJ� 6WUHDPV� UHDFWRU� )XQ �GDPHQWDOV� DQG� $SSOLFDWLRQV �� (OVHYLHU� 6FL�HQFH� %�9��� $PHVWHUGDP�� 7KH� 1HWKHUODQGV�������

��� 6RKUDEL�� 0��DQG� 0DUYDVW�� 0�� $��� 0HDVXU�PHQW�RI�+ROGXS�DQG�5HVLGHQFH�WLPH�'LVWULEX�WLRQ� LQ� D� 7ZR� ,PSLQJLQJ� 6WUHDPV� &\FORQH�UHDFWRU��-��&KLQ�� ,QGV��&KHP���(QJUV��� �������������������� 3DSRXOLV�� $���3UREDELOLW\�� 5DQGRP� 9DULDEOH�DQG� 6WRFKDVWLF� 3URFHVVHV�� �UG HG���0F*UDZ�+LOO�,QF���1HZ�<RUN���������� 6RKUDEL��0���DQG�-DPVKLGL��$�0���6WXGLHG�RQ�WKH� %HKDYLRU� DQG� $SSOLFDWLRQ� RI� WKH�&RQWLQXRXV� 7ZR�,PSLQJLQJ� 6WUHDPV� UHDFWRU�LQ� *DV�/LTXLG� 5HDFWLRQV�� &KHP�� 7HFKQRO��%LRWHFKQRO������������������


