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���,QWURGXFWLRQ'LIIHUHQW�PHWKRGV� DUH� XVHG� IRU� SUHSDUD �WLRQV� RI� D±& ILOPV�� 7KH� DELOLW\� RI� FDUERQDWRPV�WR�KDYH� VS���VS� DQG�VS ERQGLQJ�FRQ�ILJXUDWLRQ� OHDGV� WR� D� ODUJH� YDULDWLRQ� LQVWUXFWXUH� DQG� LQ� HOHFWURQLF� SURSHUWLHV�� ,QDPRUSKRXV� IRUP�RI� FDUERQ�RQH�RI� WKH�PRVWLPSRUWDQW� SDUDPHWHU� LV� WKH� VS��VS� UDWLRZKLFK� EDVLFDOO\� GHWHUPLQHV� WKH� HOHFWURQLFGHQVLW\� RI� VWDWHV�� &RQVLGHULQJ� WKH� FRQGXF �WLYLW\�ZKLFK� LV� LQ�D�FRQQHFWLRQ�ZLWK�DWRPLFDQG� HOHFWURQLF� VWUXFWXUH�� WKHVH� YDULRXVPHWKRGV� SURGXFH� D� ZLGH� UDQJH� IRU� PDFUR �VFRSLF�SDUDPHWHUV�RI�D±& ILOP�6HYHUDO� HOHFWURQ� DQG� QHXWURQ� GLIIUDFWLRQPHDVXUHPHQWV� ZHUH� HPSOR\HG� RQ� D±& VDP�SOH� LQ� RUGHU� WR� GHWHUPLQH� WKH� DWRPLF� DU �
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)XQFWLRQDO�0DWHULDOV����1R��������� �������²�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������ ���



0RQWH� &DUOR� �0&�� W\SH�PHWKRG��0HWURSROLVHW�DO��ZHUH�WKH�SLRQHHUV�RI�WKLV�NLQG�RI�FRP �SXWHU� VLPXODWLRQV� >�@�� 5HFHQWO\� D� QHZ� YHU �VLRQ�RI�WKLV�PHWKRG�²�WKH�VR�FDOOHG�5HYHUVH0RQWH� &DUOR� VLPXODWLRQ�²� KDV� EHHQ� GHYHO �RSHG�E\�0F*UHHY\�DQG�3XV]WDL�>�@��ZKLFK�LVFRQYHQLHQW� IRU� LQYHVWLJDWLRQ� RI� DPRUSKRXVPDWHULDOV�� ,W� LV�EDVHG�RQ� WKH� UHVXOWV�RI�GLI �IUDFWLRQ� PHDVXUHPHQWV�� � 7KH� DOJRULWKP� LVTXLWH� VLPSOH� DQG� YHU\� VLPLODU� WR� VWDQGDUG0HWURSROLV� 0RQWH� &DUOR� WHFKQLTXH� >�@�� 7KHPHWKRG� VWDUWV� ZLWK� DQ� LQLWLDO� WKUHH� GLPHQ �VLRQDO�FRQILJXUDWLRQ��$�QHZ�FRQILJXUDWLRQ�LVJHQHUDWHG� E\� D� UDQGRP� GLVSODFHPHQW� RI� DUDQGRPO\� FKRVHQ� SDUWLFOH�� 7KH� QHZ� UDGLDOGLVWULEXWLRQ� IXQFWLRQ� J�U�� DQG�RU� VWUXFWXUHIDFWRU� 6�4�� LV� FDOFXODWHG�� ,Q� WKH� IROORZLQJVWHS�J�U��DQG�RU�6�4��DUH�FRPSDUHG�ZLWK�WKHH[SHULPHQWDO� UHVXOW� IRU� WKH� V\VWHP� WKDW� LVEHLQJ�PRGHOOHG�XVLQJ�D�VWDQGDUG�FKL�WHVW��,IFKL�� �� FKL�� WKH� QHZ� FRQILJXUDWLRQ� LV� DF �FHSWHG��RWKHUZLVH�LW�LV�DFFHSWHG�ZLWK�D�SURE �DELOLW\�WKDW�IROORZV�D�QRUPDO�GLVWULEXWLRQ��,IWKH� QHZ� FRQILJXUDWLRQ� LV� DFFHSWHG� LW� EH �FRPHV�WKH�VWDUWLQJ�FRQILJXUDWLRQ��RWKHUZLVHWKH�ROG�FRQILJXUDWLRQ�LV�UHWDLQHG��7KLV�SURF �HVV� LV� WKHQ� UHSHDWHG� XQWLO� FKL� FRQYHUJHV� LQJ�U��DQG�RU�6�4�� OHYHO�L�H��ZH�UHDFK�HTXLOLE�ULXP�� 7KLV� PHWKRG� ZDV� DSSOLHG� IRU� FRQ �VWUXFWLQJ�ODUJH�D±& DQG�D±6L PRGHOV�>�@�6HFRQG�� WKH�0ROHFXODU�'\QDPLFV� �0'�� LVDQ�RWKHU�XVHIXO�WRRO�IRU�GHVFULELQJ�QRQ�FU\V �WDOOLQH� V\VWHPV� ZKHQ� WKH� XVH� RI� WKH� WUDGL �WLRQDO� WHFKQLTXHV� LV� GLIILFXOW�� 7KH� 1HZWRQHTXDWLRQV� RI� PRWLRQ� FDQ� EH� VROYHG� IRU� DVPDOO�WLPH�LQWHUYDO�LI�WKH�LQWHUDFWLRQ�SRWHQ �WLDO� DQG� WKH� SRVLWLRQ� RI� 1 SDUWLFOHV� DUHJLYHQ� IRU� WKH� ODVW� SRLQWV� RI� WLPH�� 7R� LQWH �JUDWH� WKH�0'�HTXDWLRQV�RI�PRWLRQ� WKH�9HU �OHW� DOJRULWKP� >�@� LV� XVXDOO\� XVHG�ZLWK� WLPHVWHS�HTXDO� WR�DERXW�D�IHQWRVHFRQG��7KH�QHZSRVLWLRQ�RI�D�JLYHQ�SDUWLFOH�LV�
U(W + ∆W) = �U(W) − U(W − ∆W) + D(W)∆W� + 2(∆W�) �
7KH� PRWLRQ� RI� WKH� SDUWLFOHV� LV� IROORZHGE\�UHSHDWLQJ�WKLV�SURFHGXUH��%\�0'�WKH�G\ �QDPLFV� RI� WKH� V\VWHPV� FDQ� EH� IROORZHG�WKHUHIRUH�LW� LV�XVHIXO�WR�PRGHO�IXQGDPHQWDOSKHQRPHQD�OLNH�JURZWK�IURP�YDSRU�SKDVH�WRD� VXUIDFH�� ,Q�0&�DQG�0'�FDVHV� WKH� FUXFLDOSRLQW� LV� WKH� DSSOLHG� ORFDO� SRWHQWLDO�� ,Q� RXUFDOFXODWLRQV� 0'� VLPXODWLRQ� ZDV� SHUIRUPHGZLWK� WKH� WLJKW�ELQGLQJ� +DPLOWRQLDQ� RI� ;X�:DQJ��&KDQ�DQG�+R�>�@�IRU�FDUERQ�V\VWHPV�$OO� WKH� SDUDPHWHUV� DQG� IXQFWLRQV� RI� WKLVPHWKRG� ZHUH� ILWWHG� WR� WKH� UHVXOWV� RI� ORFDOGHQVLW\�IXQFWLRQDO�FDOFXODWLRQV�IRU�JUDSKLWH�GLDPRQG�DQG�OLQHDU�FKDLQV�

���0RGHOV�DQG�0HWKRG
:H� FRQVLGHU� WKUHH� W\SHV� RI� VWUXFWXUDOPRGHOOLQJ� WKDW� KDYH� EHHQ� DSSOLHG� WR� DPRU �SKRXV� FDUERQ�� %HHPDQ� HW� DO�� FRQVWUXFWHGIRXU� PRGHOV� FRQWDLQLQJ� GLIIHUHQW� QXPEHUVRI�FDUERQ�DWRPV�DQG�SURSRUWLRQV�RI� VS� DQGVS� VLWHV�>�@��7KHVH�UDQGRP�QHWZRUN�PRGHOVFRQWDLQ� ������ ����� ���� DQG� ���� FDUERQDWRPV��2GG�PHPEHUHG�ULQJV�FDQ�EH�IRXQG�LQHDFK� VWUXFWXUH�� *DOOL� DQG� KHU� FR�ZRUNHUVFRQVWUXFWHG� DQ�DPRUSKRXV� FDUERQ� VWUXFWXUHZLWK�D�FRPSXWHU� VLPXODWLRQ� >��@��7KH\�FDU �ULHG� RXW� D� ILUVW� SULQFLSOH� 0ROHFXODU� 'L �QDPLFV� VLPXODWLRQ� IRU� ��� DWRPV� XVLQJ����J�FP� RI� PDFURVFRSLF� GHQVLW\�� 7KH� LQ �WHUDWRPLF� SRWHQWLDO� ZDV� FRQVWUXFWHG� IURPWKH�HOHFWURQLF�JURXQG�VWDWH�WUHDWHG�ZLWK�GHQ �VLW\�IXQFWLRQDO�WHFKQLTXHV��7KH�PRGHO�ZDV�RE �WDLQHG� E\� UDSLG� FRROLQJ� RI� OLTXLG� FDUERQ�6LPLODU�PHWKRG�ZDV�XVHG�E\�6WHSKDQ�DQG�KLVFR�ZRUNHUV� >��@� LQ� RUGHU� WR� JHQHUDWH� D±&PRGHOV�KDYLQJ�GLIIHUHQW�GHQVLW\�LQ�D�UDQJH�RI���������J�FP��� 7KH\� DSSOLHG� D� VHPLHPSLUL�FDO� GHQVLW\�IXQFWLRQDO� DSSURDFK�� 7KH� PRGHOVFRQWDLQHG�����FDUERQ�DWRPV�,Q� RXU� FDVH� ZH� VLPXODWHG� WKH� JURZLQJSURFHGXUH� RI� WKH� DPRUSKRXV� FDUERQ� � VWUXF �WXUH��RQ�GLDPRQG�������VXUIDFH��7KH�IRUPD �WLRQ� RI� DPRUSKRXV� FDUERQ� � VWUXFWXUHV� RQ� DVXEVWUDWH� ZDV� VLPXODWHG� VLPLODUO\� WR� DWRP�E\�DWRP� GHSRVLWLRQ�� 2XU� PRWLYDWLRQ� LV� WKHIROORZLQJ��,W�LV�ZHOO�NQRZQ�WKDW�FDUERQ�XVX �DOO\� LV� JURZQ� DV� DPRUSKRXV� ILOP� E\� YDSRU�JURZWK� WHFKQLTXH� DQG� LW� LV� QRW� VR� HDV\� WRSUHSDUH� IURP� OLTXLG� SKDVH� XVLQJ� UDSLGTXHQFKLQJ�3HULRGLF� ERXQGDU\� FRQGLWLRQV� ZHUHDGRSWHG� WR� DYRLG� VXUIDFH� HIIHFWV�� ,Q� RXUFRPSXWHU� H[SHULPHQW� WKHUH� ZHUH� WKUHH� GLI �IHUHQW� VHWV� RI� FDUERQ� DWRPV�� 7KH� ILUVW� RQHZDV�WKH�DWRPLF�FXUUHQW�RI�FDUERQ�DWRPV�IRU �ZDUGHG� WR� WKH� WDUJHW� RI� D� ������ GLDPRQGVXUIDFH��7KH�VHFRQG� VHW�ZDV� WKH�XSSHU�SDUWRI� WKH� VXEVWUDWH��ZKLFK� FRQWDLQHG� DWRPV� DW�� .� RI� LQLWLDO� WHPSHUDWXUH�� 7KH� DWRPV� RIWKLUG� VHW� IRUPHG� WKH� ERWWRP� SDUW� RI� WKHVXEVWUDWH�� 7KHVH� DWRPV� ZHUH� IL[HG� DW� WKHLULGHDO�ODWWLFH�VLWHV�D�� 'XULQJ� WKH� SURFHGXUH� D� FDUERQ� DWRPVWDUWHG� WR�PRYH� IRUZDUG� WR� WKH� WDUJHW� VXU �IDFH��,WV� LQLWLDO�[��\ FRRUGLQDWHV�LQ�WKH�FXU�UHQW�ZHUH�UDQGRPO\�GHWHUPLQHG��$V�WKH�FXWRII� GLVWDQFH� RI� RXU� WLJKW�ELQGLQJ� SRWHQWLDOZDV�����? �� WR� VSHHG�XS� WKH� VLPXODWLRQ�� WKHLQLWLDO� ] FRRUGLQDWHV� LQ� WKH� FXUUHQW� ZHUHSODFHG� ���� ? RYHU� WKH� WDUJHW�� 7KH� LQLWLDOYHORFLWLHV� RI� WKH� DWRPV� LQ� WKH� FXUUHQW�ZHUHUDQGRPO\�GHWHUPLQHG�
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E��,I�WKH�SDUWLFOH�DUULYHG�LQWR�WKH�FULWLFDOGLVWDQFH�WR�WKH�VXEVWUDWH��ZKLFK�ZDV�D�OLWWOHELW� JUHDWHU� WKDQ� WKH� ERQG� GLVWDQFH�� SURFH �GXUH��D��ZDV�VWDUWHG�DJDLQ�� ,Q�WKH�PHDQWLPHWKH�ROG�SDUWLFOH�EHFDPH�WKH�SDUW�RI�WKH�ERQGHGFDUERQV��EXW�LW�ZDV�NHSW�PRYLQJ��7R�VLPXODWHLQHODVWLF� FROOLVLRQ� E\� WKH� WDUJHW� VXUIDFH� WKHYHORFLW\�RI�WKH�FXUUHQW�DWRP�ZDV�GHFUHDVHG�LQHDFK�0'�VWHS�E\�D�JLYHQ�IDFWRU����5HVXOWV�DQG�GLVFXVVLRQV
,Q� WKLV� SDUDJUDSK�� UHVXOWV� RI� D±& ILOPJURZWK�VLPXODWLRQ�LV�SUHVHQWHG�IRU�WZR�GLI �IHUHQW� YROXPHV� RI� WKH� V\VWHPV�� � 7KH� WRWDOVLPXODWLRQ�WLPH�RI�WKH�DWRP�E\�DWRP�GHSRVL �WLRQ�ZDV�XVXDOO\������SVHF��,Q�WKLV�FDVH�WKHWLPH� VWHS� ZDV� HTXDO� WR� ���� IHPWRVHFRQG�)LJ����VKRZV�WKH�ILQDO�VWUXFWXUH�RI�WKH�ILUVWVLPXODWLRQ� LQ� WKH� XQLW� FHOO�� 7KH� FXUUHQWFDPH� IURP� WKH� =� GLUHFWLRQ� UDQGRPO\�� 7KHNLQHWLF�HQHUJ\�RI�LQFRPLQJ�DWRPV�ZHUH�UHOD �WLYH� ORZ�� ����� H9�� )LJ��� GLVSOD\V� D� PRGHOZKHUH� WKH� NLQHWLF� HQHUJ\�ZDV� ���� H9�� 7KLVHQHUJ\� LV�YHU\� FORVH� WR� WKH�YDOXH�XVHG�GXU �

)LJ����7KH� ILQDO� VWUXFWXUH� LQ� WKH�XQLW� FHOO�RIWKH� DWRP�E\�DWRP� GHSRVLWLRQ�� 7KH� VXEVWUDWHRI���.�DUH�DW� WKH� ERWWRP�RI�WKH�)LJXUH��7KHNLQHWLF� HQHUJ\� RI� LQFRPLQJ� DWRPV�ZHUH� UHOD�WLYH� ORZ�������H9��7KLV�PRGHO�LV�D�FKDLQ�OLNHDPRUSKRXV�VWUXFWXUH�

)LJ���� 7KH� VHFRQG� VWUXFWXUH�� 7KH� NLQHWLF� HQ�HUJ\�RI�LQFRPLQJ�DWRPV�ZHUH�����H9�

)LJ����7KH�ILQDO� VWUXFWXUH�LQ�WKH�XQLW�FHOO�RIWKH�VLPXODWLRQ�IRU�D� ODUJH�DPRUSKRXV� FDUERQPRGHO��7KH�NLQHWLF�HQHUJ\�RI�LQFRPLQJ�DWRPVZHUH�����H9��,W�FRQWDLQV�����FDUERQ�DWRPV�
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LQJ�WKH�D±& VDPSOH�SUHSDUDWLRQ��%RWK�FDVHVWKH� VXEVWUDWH� FRQVLVW� RI� ��� FDUERQ� DWRPV�7KH�VWUXFWXUH�RI�WKH�ILUVW�PRGHO�ZDV�D�FKDLQOLNH� DPRUSKRXV� VWUXFWXUH� ZKLOH� WKH� VHFRQGRQH� FRQWDLQV�PRUH� VS� DQG�VS� DWRPLF�VLWHVDQG� ULQJV�� ,W�PHDQV�WKDW� WKH�KLJKHU� LQFRP �LQJ� HQHUJ\� SURGXFHV� OHVV� FKDLQV� DQG� PRUHULQJV�� 6LPLODU� H[SHULPHQWDO� UHVXOWV� KDYHEHHQ�UHFHQWO\�SXEOLVKHG�>������@�6HFRQG�ZH�FRQVWUXFWHG�ODUJHU�PRGHOV�DV�FDQEH� VHHQ� LQ� )LJ���� 7KH� VXEVWUDWH� FRQWDLQV� ���FDUERQ� DWRPV�� DQG� WKH� DYHUDJH� LQLWLDO� NLQHWLFHQHUJ\� RI� LQFRPLQJ� FDUERQ� DWRPV� DUH� DOVR���� H9�� ���� FDUERQ� DWRPV� IRUPV� WKH� DPRU�SKRXV�SDUW�RI� WKH�PRGHO�� ,Q�)LJ���ZH�SUHVHQWWKH�FDOFXODWHG�UDGLDO�GLVWULEXWLRQ�IXQFWLRQ� J�U��ZKLFK�LV�FORVH�WR�RXU�H[SHULPHQWDO�UHVXOW�PHDV �XUHG� E\� QHXWURQ� GLIIUDFWLRQ�� )LJ��� VKRZV� WKHDQJXODU�GLVWULEXWLRQ�IXQFWLRQ����2XWORRN2XU�PROHFXODU�G\QDPLFV�VLPXODWLRQ�FRQVLVWRI� DWRPLF� VXEVWUDWH� ZKLFK� LV� DW� 7  ���WHP�SHUDWXUH�� $SSO\LQJ� 1RVH�+RRYHU� WKHUPRVWDW�1+��>������@�WKH�WHPSHUDWXUH�RI�WKH�HTXLOLE �ULXP� V\VWHP� FDQ� EH� FRQWUROOHG� DQG� 1+� G\ �QDPLFV�SURGXFHV�UHDO�IOXFWXDWLRQV�LQ�WKH�VWDWHYDULDEOHV��7KLV�1+�LV�XVHIXO�LQ�XQGHUVWDQGLQJWKH�UROH�RI�VXEVWUDWH�WHPSHUDWXUH�IRU�JURZWKRI�DPRUSKRXV�FDUERQ�ILOP�,Q�VXPPDU\�ZH�KDYH�SUHVHQWHG�WKH�IRUPD �WLRQ� RI� DPRUSKRXV� FDUERQ� VWUXFWXUHV� XQGHUYDULRXV� VLPXODWLRQ� FRQGLWLRQV�� 2Q� WKH� GLD �PRQG� VXUIDFH� GHSRVLWLRQ� FRPSXWHU� H[SHUL �PHQW� WKH� ILQDO� VWUXFWXUHV� ZHUH� DPRUSKRXVVWUXFWXUHV� ZLWK� ILYHIROG�� VL[IROG� DQG� VHYHQ �IROG�PHPEHUHG�ULQJV�7KLV�ZRUN�KDV�EHHQ�VXSSRUWHG�E\�WKH�)XQG27.$� �*UDQW� 1R�7�������� 7�������7��������DQG�+XQJDULDQ��-DSDQHVH�LQWHUJRY �HUQPHQWDO�FR�RSHUDWLRQ�LQ�6	7�1R-$3�������
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