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KKK �� ww ww�ww 5GWG // � ����
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)LJ� �� 3KDVH�GLDJUDPV�RI� WKH� V\VWHP� LQ� VXSHUFULWLFDO� UHJLPH� IRU� GLIIHUHQW� YDOXHV� RI� QRLVH�FRUUHODWLRQ�WLPH�DW�V  ���Z ± WO �����E ± WO �����F ± WO �����'RPDLQ���FRUUHVSRQGV�WR� GLVRUGHUHG� VWDWH� �IUHH� PRYLQJ� WUDIILF��� ,Q� GRPDLQ� �� RUGHUHG� �WUDIILF� MDP�� DQG�GLVRUGHUHG�VWDWHV�FRH[LVW��'RPDLQ���PHHWV�RUGHUHG�VWDWH�
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ZKHUH� PW KKD { �� )XUWKHU� )RNNHU±3ODQFN� HTXDWLRQ�� /DQJHYLQ� HTXDWLRQ�� DQG�2QVDJHU±0DFKOXS�IXQFWLRQ�DUH�GHWHUPLQHG�E\�WKH�VLPLODU�PDQQHU��+RZHYHU��LQVHUWLRQ�RI�(TV� �����LQWR� (T� ����� JLYHV� WKH� IROORZLQJ� H[SUHVVLRQ� IRU� WKH� VWDWLRQDU\� YDOXHV� RI� KHDGZD\�GHYLDWLRQ�� � � � �> @ � �� � � � ���� �����  �������� &&GP&PGG VHHVKK ����ZKHUH � � � � � � ������� ������� DNPNG KDKVDK ���� �� ����(TXDWLRQV� ������ ����� DQG� ����� GHILQH� WKH� ERXQGDU\� RI� WKH� H[LVWHQFH� GRPDLQ� RI�GLVRUGHUHG�SKDVH���� � ��LQ�SKDVH�GLDJUDP�� � � � ���� �� OWGVVGH ����� NN ����$FFRUGLQJ�WR�WKLV�WKH�VHSDUDWLRQ�RI�WKH�ORZ±IUHTXHQF\�UHJLRQ�LQ�WKH�QRLVH�VSHFWUXP�OHDGV�WR�GHFUHDVH�RI�WKH�WLPH�QHHGHG�IRU�FDU�WR�UHDFK�D�FKDUDFWHULVWLF�YHORFLW\�'HSHQGHQFH����0��� WKDW� LV�D�VROXWLRQ�RI�HTXDWLRQ� ������ LV�SLFWXUHG� LQ�)LJ��� E��7KLV�ILJXUH� VKRZ� WKDW� LQFUHDVH� RI� WKH� QRLVH� LQWHQVLW\� &��� UHVXOWV� LQ� DSSHDUDQFH� RI� WZR�VWDWLRQDU\� VWDWHV� FRUUHVSRQGLQJ� WR� PLQLPXPV� RI� WKH� GHSHQGHQFH� RI� HIIHFWLYH� SRWHQWLDO�HQHUJ\�RQ�KHDGZD\�GHYLDWLRQ����+HQFH��ZH�FDQ�FRQFOXGH� WKDW� WZR�VWDWLRQDU\�YDOXHV�RI�KHDGZD\�GHYLDWLRQ� IURP�RSWLPDO�YDOXH�H[LVW��$W� WKHVH�YDOXHV� WUDIILF� MDP�DQG�FRQJHVWHG�WUDIILF�FDQ�EH�IRUPHG�>��@��7KH�VPDOOHU�YDOXH�FRUUHVSRQGV�WR�WKH�PHWDVWDEOH�VWDWH��GDVKHG�FXUYH��ZKLOH�ODJHU�YDOXH��VROLG�OLQH��PHHWV�WKH�VWDEOH�RUGHUHG�VWDWH�RI�WKH�V\VWHP��7KHVH�



-$00,1*�75$16,7,21�:,7+�)/8&78$7,216��� ��VWDWHV� DUH� GLYLGHG� E\� XQVWDEOH� VWDWH� �GRWWHG� OLQH�� FRUUHVSRQGLQJ� WR� PD[LPXP� RI� WKH�HIIHFWLYH�SRWHQWLDO�HQHUJ\�3KDVH�GLDJUDPV�RI�WKH�V\VWHP�DUH�VKRZQ�LQ�)LJ� ��IRU�GLIIHUHQW�YDOXHV�RI�WKH�QRLVH�FRUUHODWLRQ WLPH�2���+HUH�GRPDLQ���FRUUHVSRQGV�WR�GLVRUGHUHG�VWDWH�RI�WKH�V\VWHP��LQ�RWKHU�ZRUGV��RQO\�RQH�PLQLPXP�RI�WKH�GHSHQGHQFH�RI�HIIHFWLYH�SRWHQWLDO�HQHUJ\�RQ�KHDGZD\�GHYLDWLRQ� H[LVWV� PHHWLQJ� ]HUR� YDOXH�� 7KLV� PLQLPXP� FKDUDFWHUL]HV� WKH� IUHH� WUDIILF�� ,Q�GRPDLQ�� GLVRUGHUHG�DQG�RUGHUHG�VWDWHV�FRH[LVW��VR�WKDW�LQ�DGGLWLRQ�WR�]HUR�PLQLPXP�WKH�PLQLPXP� DSSHDUV� PHHWLQJ� WKH� QRQ]HUR� YDOXH� RI� KHDGZD\� GHYLDWLRQ�� 7KLV� PLQLPXP�FRUUHVSRQGV� WR� WUDIILF� MDP� IRUPDWLRQ�� 'RPDLQ� �� PHHWV� WKH� PRVW� FRPSOH[� IRUP� RI�HIIHFWLYH�SRWHQWLDO�HQHUJ\��+HUH�WKH�PHWDVWDEOH�DQG�RUGHUHG�VWDWHV�RI�WKH�V\VWHP�FRH[LVW��0HWDVWDEOH� VWDWH� DSSHDUDQFH� LV� FDXVHG� E\� GLVSODFHPHQW� RI� ]HUR� PLQLPXP� �GLVRUGHUHG�VWDWH�� DORQJ� WKH� D[LV� RI� KHDGZD\� GHYLDWLRQ� RI� WKH� GHSHQGHQFH� RI� HIIHFWLYH� SRWHQWLDO�HQHUJ\�� ,W� LPSOLHV� WKDW� LQ� WKLV�GRPDLQ� WUDIILF� MDP�FDQ� DSSHDU� DW� WZR�GLIIHUHQW�YDOXHV�RI�KHDGZD\� GHYLDWLRQ� IURP� RSWLPDO� YDOXH�� $QG� DW� WKH� VDPH� WLPH� ]HUR� YDOXH� RI� KHDGZD\�GHYLDWLRQ�FRUUHVSRQGV�WR�PD[LPXP�RI�HIIHFWLYH�SRWHQWLDO�HQHUJ\��L�H��IUHH�WUDIILF�EHFRPHV�XQVWDEOH�� 'RPDLQ� �� FKDUDFWHUL]HV� WKH� RUGHUHG� VWDWH� RI� WKH� V\VWHP�� L�H�� WUDIILF� MDP� DW� D�JLYHQ� KHDGZD\� GHYLDWLRQ� YDOXH� DQG� XQVWDEOH� IUHH� WUDIILF�� /DVW� GRPDLQ� �� GHVFULEHV�

PHWDVWDEOH�V\VWHP¶V�VWDWH�DQG�LV�ORFDWHG�QHDU�WKH�ERXQGDU\�EHWZHHQ�GRPDLQ���DQG����$W�FURVVLQJ� WKH�ERXQGDU\� IURP� GRPDLQ��� WR� GRPDLQ��� WUDQVLWLRQ� RI� WKH�GLVSODFHPHQW� W\SH�IURP� GLVRUGHUHG� WR� PHWDVWDEOH� VWDWH� RFFXUV�� ,W� FRUUHVSRQGV� WR� DSSHDUDQFH� RI� RQO\� RQH�PLQLPXP� RI� WKH� HIIHFWLYH� SRWHQWLDO� HQHUJ\� DQG� PHDQV� WKH� RSSRUWXQLW\� RI� FRQJHVWHG�WUDIILF�IRUPDWLRQ�DW�VPDOO�YDOXH�RI�KHDGZD\�GHYLDWLRQ��)UHH�WUDIILF�LV�XQVWDEOH�KHUH�WRR�/HW� XV� QRZ� DQDO\]H� NLQHWLFV� RI� WKH� V\VWHP� XVLQJ� (XOHU±/DJUDQJH� HTXDWLRQ� ������3KDVH±SODQH�SRUWUDLWV�RI WKH�V\VWHP IRU� IRXU�GRPDLQV��WKDW�DUH�VKRZQ�LQ�SKDVH�GLDJUDP�IRU� 2� ���� �)LJ� �� E��� DUH� GHPRQVWUDWHG� LQ� )LJ� ��� 'RPDLQ� �� LV� FKDUDFWHUL]HG� E\� WKH�SUHVHQFH� RI� WKUHH� VLQJXODU� SRLQWV�� '�� VWDEOH� IRFXV� ) DQG� VDGGOH� 6 �)LJ� �� D��� +HUH�VLQJXODU� SRLQW�' FRUUHVSRQGV� WR� IUHH� WUDIILF� DQG� KDV� WKH� VDPH� FRPSOH[� FKDUDFWHU� ZLWK�VLQJXODU�SRLQW�' IRU�VXSHUFULWLFDO�UHJLPH��&RRUGLQDWHV�RI�WKH�VWDEOH�IRFXV�) DQG�VDGGOH�6DUH� GHWHUPLQHG� E\� WKH� VROXWLRQV� RI� HTXDWLRQ� ����� ZLWK� WDNLQJ� LQWR� DFFRXQW� (TV� ������6ROXWLRQV RI�(TV� �����������IRU�VXEFULWLFDO�UHJLPH�IRU�QRLVH� LQWHQVLW\�&��� ���DUH�VKRZQ�LQ�)LJ� �� E��$V�LV�REYLRXV�IURP�WKH�ILJXUH�WKH�VROXWLRQV�RI�HTXDWLRQ������DUH�LQGHSHQGHQW�RQ� FKDUDFWHULVWLF� DFFHOHUDWLRQ�EUDNLQJ� WLPH� 0�� &RQVHTXHQWO\�� ZH� PD\� REWDLQ� WKH�
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)LJ� �� 3KDVH� GLDJUDPV� RI� WKH� V\VWHP� LQ� VXEFULWLFDO� UHJLPH� IRU� GLIIHUHQW� YDOXHV� RI� QRLVH�FRUUHODWLRQ�WLPH�DW�D �����V  ��DQG�N ���Z ± WO �����E ± WO �����F ± WO �����'RPDLQ���FRUUHVSRQGV�WR�GLVRUGHUHG�VWDWH��IUHH�PRYLQJ�WUDIILF���,Q�GRPDLQ���RUGHUHG��WUDIILF�MDP��DQG�GLVRUGHUHG� VWDWHV� FRH[LVW�� ,Q� GRPDLQ���PHWDVWDEOH� �FRQJHVWHG� WUDIILF�� DQG�RUGHUHG�VWDWHV�FRH[LVW��'RPDLQ���PHHWV�RUGHUHG�VWDWH��DQG�GRPDLQ���PHHWV�PHWDVWDEOH�RQH�
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3KDVH�SRUWUDLW�RI� WKH�V\VWHP�IRU�GRPDLQ���RI�SKDVH�GLDJUDP�LV�VKRZQ�LQ�)LJ� �� E��7KHUH� DUH� IRXU� VLQJXODU� SRLQWV��'�� VDGGOHV�1 DQG�2�� DQG� VWDEOH� IRFXV� ) c �� $V� LQ� WKH�)LJ� �� D VLQJXODU�SRLQW�' FRUUHVSRQGV� WR�IUHH� WUDIILF��EXW�QRZ�SKDVH�WUDMHFWRULHV��ZKLFK�SDVV� WKURXJK� LW�� KDYH� FORVHG� IRUP� DW� LWV� YLFLQLW\� >��@�� 3RLQW� ) c LV� GHWHUPLQHG� E\� WKH�VROXWLRQ� RI� HTXDWLRQ ������ 6DGGOH 2 FKDUDFWHUL]HV� WKH� WUDIILF� MDP� IRUPDWLRQ�� 6DGGOH�1FRUUHVSRQGV�WR�XQVWDEOH�VWDWH�RI�WKH�V\VWHP��QDPHO\��WR�PD[LPXP�RI�WKH GHSHQGHQFH�RI�HIIHFWLYH�SRWHQWLDO�HQHUJ\�RQ�KHDGZD\�GHYLDWLRQ����,Q� )LJ� �� F SKDVH� SRUWUDLW� IRU� WKH� PRVW� FRPSOH[� GRPDLQ� �� RI� SKDVH� GLDJUDP� LV�GHPRQVWUDWHG��7KH�PD[LPDO� QXPEHU�RI�VLQJXODU�SRLQWV� LV�SODFHG�KHUH��'�� VDGGOHV�0��1DQG�2��VWDEOH�IRFXV�)��DQG�VWDEOH�QRGH� ) c ��$V�LQ�WKH�)LJ� �D�FRRUGLQDWHV�RI�SRLQWV�) DQG�) c DUH�GHWHUPLQHG�E\�VROXWLRQV�RI�HTXDWLRQ�������6LQJXODU�SRLQWV�1 DQG�2 KDYH�WKH�VDPH�PHDQLQJ�DV�LQ�)LJ� �� E��6DGGOH�0 FRUUHVSRQGV�WR�PHWDVWDEOH�VWDWH RI�WKH�V\VWHP��QDPHO\��WR�WKH�IRUPDWLRQ�RI�FRQJHVWHG�WUDIILF��
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)LJ� �� 3KDVH� SRUWUDLWV� RI� WKH� V\VWHP� LQ� VXEFULWLFDO� UHJLPH� IRU� GLIIHUHQW� GRPDLQV� RI� SKDVH�GLDJUDP�DW�D �����V  � ��N ��DQG�WO �����D ± GRPDLQ���DW�&��� ����H ���E ± GRPDLQ���DW�&��� ���H �����F ± GRPDLQ���DW�&��� ����H ���G ± GRPDLQ���DW�&��� ����H ��



-$00,1*�75$16,7,21�:,7+�)/8&78$7,216��� ��3KDVH�SRUWUDLW�LQ�)LJ� �� G FRUUHVSRQGV�WR�GRPDLQ���RI�SKDVH�GLDJUDP��$V�LV�VKRZQ�DERYH�WKH�VROXWLRQV�RI�HTXDWLRQ������DUH�UHSUHVHQWHG�E\�VDGGOH� 6 � DQG�VWDEOH�QRGH� ) c ��6DGGOH�2 FRUUHVSRQGV�WR�MDPPHG�WUDIILF��'LVFXVVLRQ� 7KH� DERYH� FRQVLGHUDWLRQ� VKRZV� WKDW� IRU� VXSHUFULWLFDO� UHJLPH�� ZKLFK�FRUUHVSRQGV�WR�WKH�VHFRQG±RUGHU�SKDVH�WUDQVLWLRQ��GXH�WR�IOXFWXDWLRQV�RI�WKH�FKDUDFWHULVWLF�DFFHOHUDWLRQ�EUD±NLQJ� WLPH IUHH� DQG� MDPPHG� WUDIILF� FDQ� FRH[LVW�� $V� LV� NQRZQ� VXFK� D�SLFWXUH�LV�LQKHUHQW�LQ�ILUVW±RUGHU�SKDVH�WUDQVLWLRQ��)RU�VXEFULWLFDO�UHJLPH��ZKLFK�PHHWV�WKH�ILUVW±RUGHU�SKDVH� WUDQVLWLRQ�� GXH� WR� UHJXODWLRQ� RI� IOXFWXDWLRQV� LQWHQVLW\� RI� FKDUDFWHULVWLF�DFFHOHUDWLRQ�EUDNLQJ�WLPH�D�JLYHQ�V\VWHP�FDQ�EH�SDVVHG�IURP�IUHH�WUDIILF�UHJLPH�WR�WUDIILF�MDP� IRUPDWLRQ�� 7KH� ODVW� VWDWH� FDQ� DSSHDU� DW� GLIIHUHQW� YDOXHV� RI� KHDGZD\� GHYLDWLRQ�EHWZHHQ� WUDQVSRUW� IDFLOLWLHV�� 6WDWH� RI� WKH� V\VWHP� FRUUHVSRQGLQJ� WR� WKH� VPDOOHU� YDOXH� RI�KHDGZD\� GHYLDWLRQ� PD\� EH� UHSUHVHQWHG� DV� D� FRQJHVWHG� WUDIILF� UHJLPH�� +RZHYHU�� WKH�FRUUHFW� DQVZHU� FDQ� EH� GHILQHG� XVLQJ� DGGLWLRQDO� LQYHVWLJDWLRQ� RI� G\QDPLFDO� FDU�FKDUDFWHULVWLFV��EXW�VXFK�VWXG\�LV�RXW�RI�RXU�FRQVLGHUDWLRQ�IUDPHZRUN�BBBBBBBBBBBBBBBBB
�� 1DJDWDQL� 7 � 7KHUPRG\QDPLF� WKHRU\� IRU� WKH� MDPPLQJ� WUDQVLWLRQ� LQ� WUDIILF� IORZ ���3K\V� 5HY��(��������9RO� ��� 1 ���3� ����±������� 0DKQNH�5���.DXSXåV� -� 6WRFKDVWLF� WKHRU\� RI� IUHHZD\� WUDIILF ��� 3K\V� 5HY��(�� ������9RO� ��� 1 ���3� ���±������ &KRZGKXU\�'���6DQWHQ�/���6FKDGVFKQHLGHU�$� 6WDWLVWLFDO�SK\VLF�RI�YHKLFXODU� WUDIILF�DQG�VRPH�UHODWHG�V\VWHPV ���3K\VLFV�5HSRUWV��������9RO� ���� 3� ���±������ 1DJDWDQL� 7� 7UDIILF� MDPV� LQGXFHG� E\� IOXFWXDWLRQ� RI� D� OHDGLQJ� FDU ��� 3K\V� 5HY�� (��������9RO� ����1 ���3� ����±������� %HQ±1DLP�(���.UDSLYVN\�3� /�0D[ZHOO�PRGHO�RI�WUDIILF�IORZV ���3K\V� 5HY��(��������9RO� ��� 1 ���3� ��±����� 1HXEHUW�/���/HH�+� <���6FKUHFNHQEHUJ�0� 'HQVLW\�ZDYHV�DQG�MDPPLQJ�WUDQVLWLRQ�LQ�FHOOXODU� DXWRPDWRQ� PRGHOV� IRU� WUDIILF� IORZ ��� -� 3K\V� $�� ������ 9RO� ��� 3� ����±������� Ohjklo_fd_�<���E_n_\j�J� Bg^mpbjh\Zggu_�rmfhf�i_j_oh^u��F��Fbj��������� OZd_g�=� Kbg_j]_lbdZ��F���Fbj��������� He_fkdhc :� B��� Ohf_gdh :� <� LjzojiZjZf_ljbq_kdZy� l_hjby� nZah\h]h�i_j_oh^Z ���@mjg�� wdki_jbf�� b l_hj��nbabdb�� ������L� ������ �������K� ����±�������� 2OHPVNRL�$� ,���.KRPHQNR�$� 9� 6\QHUJHWLF� WKHRU\� IRU� MDPPLQJ�WUDQVLWLRQ� LQ�WUDIILF�IORZ ���3K\V� 5HY��(��������9RO� ��� 3� ��������±������ <Zg�DZfi_g�G� =� KlhoZklbq_kdb_�ijhp_kku�\ nbabd_��obfbb�b [bheh]bb��F���<ukrZy�rdheZ���������� 6KDSLUR�9� ( 6\VWHP�QHDU�D�FULWLFDO�SRLQW�XQGHU�PXOWLSOLFDWLYH�QRLVH�DQG�WKH�FRQFHSW�RI�HIIHFWLYH�SRWHQWLDO ���3K\V� 5HY��(��������9RO� ��� 1���3� ���±������� OZjq_gdh� >�H� NZah\�� i_j_oh^b� m klhoZklbqg�c� kbkl_f�� a j_Zdlb\gh±^bkbiZlb\gbf�j_`bfhf ���Mdj��nba��`mjg��������L� ����� ����K� ���±������� Jzid_�=� G_jZ\gh\_kgZy�klZlbklbq_kdZy�f_oZgbdZ��F���Fbj����������� $UQROG�3� ���3K\V� 5HY��(��������9RO� ��� 1 ���3� ����±�������� ;Zmlbg�G� G���E_hglh\bq�?� :� F_lh^u�b ijb_fu�dZq_kl\_ggh]h�bkke_^h\Zgby�^bgZfbq_kdbo�kbkl_f�gZ�iehkdhklb��F���GZmdZ�������
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