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OHYHO�VFKHPH�KDV�ORZ�WKUHVKROG�SXPS�SRZHUDQG� LV� HDV\� WR� DFKLHYH�SRSXODWLRQ� LQYHUVLRQRI�ZRUNLQJ� OHYHOV��)RU�RUJDQLF� OXPLQRSKRUVZLWK� ZLGH� HOHFWURQ� OHYHOV�� WKLV� PHDQV� WKDWWKH� FRPSOHWH� LQYHUVLRQ� RI� HOHFWURQ� OHYHOV� LVQRW�QHFHVVDU\�WR�REWDLQ�SRVLWLYH�JDLQ�LQ�WKHDFWLYH� PHGLXP�� 7R� VWDUW� JHQHUDWLRQ�� LW� LVHQRXJK�WR�SURYLGH�RQO\�SDUWLDO� LQYHUVLRQ�RIZRUNLQJ� YLEUDWLRQDO�URWDWLRQDO� VXEOHYHOV� RIH[FLWHG�DQG�JURXQG�VLQJOHW�VWDWHV�LQ�WKH�OX �PLQRSKRU�PROHFXOH�7KH� DSSURSULDWH� FKRLFH� RI� ZRUNLQJ� HOHF �WURFKHPLOXPLQRSKRU� LV� DOVR� QHFHVVDU\� IRUVXFFHVVIXO� VROXWLRQ� RI� WKH� SUREOHP�� LQ� RXUFDVH�� ZH� XVH� '3$� ZLWK� OXPLQHVFHQFH� SHDNDERXW�����QP��7KLV� OXPLQRSKRU�KDV�D�KLJKOXPLQHVFHQFH� TXDQWXP� \LHOG� LQ� GLIIHUHQWVROYHQWV� DPRXQWLQJ� DERXW� ���� WR���� DFFRUG �LQJ� WR� GLIIHUHQW� VRXUFHV� >�@�� 7KH� \LHOG� RIVLQJOHW�H[FLWHG�PROHFXOHV�LQ�WKH�ELUDGLFDO�UH �FRPELQDWLRQ�SURFHVV�IRU�'3$�LV�DOVR�RQH�RIWKH�KLJKHVW�DPRQJ�NQRZQ�HOHFWURFKHPLOXPL �QRSKRUV� DQG� UHDFKHV� ��� �� >��@�� 8QOLNHPRVW� RWKHU� DQWKUDFHQH� GHULYDWLYHV�� �����'3$� DOPRVW� QHYHU� IRUPV� H[FLPHUV� DQG� GL �PHUV� GXH� WR� LWV� QRQSODQDU� PROHFXODU� FRQ �ILJXUDWLRQ�� WKDW� PDNHV� LQ� SRVVLEOH� WR� SUH �YHQW� VRPH� VLGH� URXWHV� RI� H[FLWDWLRQ� HQHUJ\WUDQVIRUPDWLRQ� FRPSHWLQJ� ZLWK� WKH� PDLQRQH� FRQVLGHUHG� DERYH� >��@�� 7KLV�� IRU� H[DP �SOH�� DOORZV� WR� XVH� KLJK� OXPLQRSKRU� FRQFHQ �WUDWLRQV� LQ� VROXWLRQ�� OLPLWHG� RQO\� E\� LWVVROXELOLW\� LQ�WKH�VROYHQW�XVHG��7KLV�IDFW��DVZHOO�DV�D�UHODWLYHO\�KLJK�$5�OLIHWLPH�LQ�VR �OXWLRQ���DERXW�����WR����V��SURYLGH�HIILFLHQWWUDQVIHU�RI�HOHFWURQ�GRQRUV��$5��IURP�FDWK �RGH� WR� DQRGH� LQ� WKH�GHYLFH��7KH�'3$� OXPL �QHVFHQFH� TXDQWXP� \LHOG� LV� DOVR� SHUVLVWHQWHQRXJK�DJDLQVW�TXHQFKLQJ�ZLWK�R[\JHQ�SUH �VHQW�LQ�VROXWLRQ�>��@�7KH� SURFHVVHV� FRQFHUQHG� ZLWK� OLJKW� JHQ �HUDWLRQ� LQ� WKH� V\VWHP� XQGHU� FRQVLGHUDWLRQZHUH�LQYHVWLJDWHG�E\�PHDQV�RI�PDWKHPDWLFDOVLPXODWLRQ�� 7R� VLPXODWH� SURFHVVHV� LQ� WKHFHOO�� LW� LV� UHDVRQDEOH� WR� VXEGLYLGH� WKH� SURE �OHP� LQWR� WZR�� L�� VLPXODWLRQ� RI� $5� JHQHUD �WLRQ�� ORVV�� DQG� GLIIXVLRQ� SURFHVVHV� LQ� WKHVROXWLRQ�EXON�DQG�LL��VLPXODWLRQ�RI�SURFHVVHVLQ� WKH� OXPLQRSKRU�ILOP�ZKHUH�&5�DQG�HOHF �WURQ�H[FLWHG� FHQWHUV� JHQHUDWHG� LQ� ELUDGLFDOUHFRPELQDWLRQ� DUH� ORFDOL]HG�� 3URFHVVHV� RIWKH�ILUVW�WDVN�DUH�GHVFULEHG�E\�WKH��QG�)LFNODZ� PRGLILHG� HTXDWLRQ� IRU� RQH�GLPHQVLRQDOGLIIXVLRQ� ZLWK� DSSURSULDWH� LQLWLDO� DQGERXQGDU\� FRQGLWLRQV� >�@��7KH�PDVV� WUDQVIHUSURFHVV� LQ� 2&(� LV� FRQVLGHUHG� WR� EH� VROHO\GLIIXVLRQ��WDNLQJ�LQWR�DFFRXQW�WKH�IDFW�WKDWDOPRVW�DOO� YROWDJH�DSSOLHG�WR�FHOO� HOHFWURGHVGURSV� DFURVV� WKH� GRXEOH� OD\HU� �'/�� DW� WKH
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ZKHUH� τ� LV� WKH� $5� OLIHWLPH� LQ� VROXWLRQ�'J≈'�  �'��GLIIXVLRQ�FRHIILFLHQWV�RI�WKH�OX �PLQRSKRU� PROHFXOHV� LQ� JURXQG� VWDWH� DQG$5�� UHVSHFWLYHO\�� FJ�� F��� FRQFHQWUDWLRQV� RIJURXQG� VWDWH� DQG� $5� LQ� VROXWLRQ�� UHVSHF �WLYHO\�� N$�� N&�� KHWHURJHQHRXV� UHDFWLRQ� UDWHFRQVWDQWV� ZLWK� DQRGH� DQG� FDWKRGH�� UHVSHF �WLYHO\��7KH�VROXWLRQ�RI�WKH�V\VWHP�XQGHU�FRQVLG �HUDWLRQ�PDNHV�LW�SRVVLEOH�WR�ILQG�$5�FRQFHQ �WUDWLRQ�DQG�IOX[�DW�WKH�DQRGH�VXUIDFH��[ �/�ZKLFK� GHWHUPLQH� WKH� HPLWWLQJ� FHQWHUV� IRU �PDWLRQ� DQG� GHDFWLYDWLRQ� NLQHWLFV� LQ� WKH� OX �PLQRSKRU� ILOP�� 7KHVH� SURFHVVHV� FDQ� EH� GH �VFULEHG� E\� UDWH� HTXDWLRQV� V\VWHP� IRU� PDLQ�����'3$� HQHUJ\� OHYHOV� LQYROYHG� LQ� WKHVWLPXODWHG� HPLVVLRQ� SURFHVV�� 7KDW� LV� WKHVHFRQG�WDVN�RI�2&(�SURFHVVHV�VLPXODWLRQ��$VPHQWLRQHG� DERYH�� HOHFWURQ� HQHUJ\� OHYHOV� LQRUJDQLF�OXPLQRSKRUV��VXFK�DV������'3$��DUHD� EURDG� EDQG� RI� YLEUDWLRQDO� DQG� URWDWLRQDOOLQHV� DQG� SRSXODWLRQ� LQYHUVLRQ� LV� UHDOL]HGEHWZHHQ� ORZHU� YLEUDWLRQDO� VXEOHYHOV� RI� WKHH[FLWHG�VLQJOHW� VWDWH�DQG�XSSHU�VXEOHYHOV�RIWKH� JURXQG� RQH�� )RU� FRQYHQLHQFH� RI�PDWKH �PDWLFDO�GHVFULSWLRQ��WKLV�FDQ�EH�UHSUHVHQWHGDV� VXEGLYLVLRQ� RI� WKH� HOHFWURQ�JURXQG� VWDWHEDQG�LQWR�WZR�VXEOHYHOV��7KH�OLIHWLPH�RI�WKHKLJKHU� VXEOHYHO� ��H[FLWHG� JURXQG��� FDQ� EHWDNHQ� HTXDO� WR� UHOD[DWLRQ� WLPH� ZLWKLQJURXQG� VWDWH� YLEUDWLRQDO� VXEOHYHOV�� 6LQFHHOHFWURFKHPLFDO� SXPSLQJ� SURYLGHV� D� KLJKSUREDELOLW\� RI� WULSOHW� VWDWHV� IRUPDWLRQ� >�@DQG� WKHLU� OLIHWLPH� LV� FRQVLGHUDEO\� ORQJHUWKDQ� WKDW� RI� H[FLWHG� VLQJOHW� RQHV�� WKHLU� LQ �IOXHQFH� RQ� HPLVVLRQ� SURFHVVHV� NLQHWLFV� LQWKH�V\VWHP�FDQQRW�EH�QHJOHFWHG�7KH� VWLPXODWHG� HPLVVLRQ� SURFHVV� LQ� 2&(FDQ� EH� GHVFULEHG� E\� HTXDWLRQ� IRU� SKRWRQIOX[� GHQVLW\� DYHUDJHG� RYHU� WKH� UHVRQDWRUOHQJWK� >��@�� WKH� H[FLWHG� FHQWHU� GLVWULEXWLRQLV� DOVR� DYHUDJHG� RYHU� WKH� ILOP� WKLFNQHVV�6XFK�DSSURDFK�PDNHV�LW�LPSRVVLEOH�WR�GHWHU �PLQH� WKH� EHDP� VSDWLDO� VWUXFWXUH� DQG� VRPHRWKHU� IHDWXUHV�� EXW� JLYHV� HQRXJK� LQIRUPD �WLRQ� WR� GHWHUPLQH� SRVVLELOLW\� RI� SRSXODWLRQLQYHUVLRQ��NLQHWLF�DQG�HQHUJ\�SDUDPHWHUV�RIWKH�GHYLFH�EHLQJ�FRQVLGHUHG�

7KH�VHFRQG�SDUW�RI�WKH�PRGHO�FDQ�EH�UHS �UHVHQWHG� DV� D� V\VWHP� RI� UDWH� HTXDWLRQV� ���ZLWK�LQLWLDO�FRQGLWLRQV�����
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ZKHUH�16��17��1J��1J ²� VLQJOHW�� WULSOHW�JURXQG� DQG� �H[FLWHG� JURXQG�� VWDWH� SRSXOD �WLRQV��UHVSHFWLYHO\�� τ6��τ7��τJ��VLQJOHW��WULS�OHW�DQG��H[FLWHG�JURXQG�� VWDWH� OLIHWLPH�� UH �VSHFWLYHO\�� 1��� OXPLQRSKRU� PROHFXODU� FRQ�FHQWUDWLRQ� LQ� WKH� ILOP�� ,�� SKRWRQ� IOX[GHQVLW\�� σ6�� VLQJOHW� VWDWH� DEVRUSWLRQ� FURVV�VHFWLRQ��β��DFWLYH�ORVV�FRHIILFLHQW�LQ�WKH�PH�GLXP�� /]�� UHVRQDWRU� RSWLFDO� OHQJWK�� U��� U��PLUURU� UHIOHFWDQFHV�� F�� OLJKW� VSHHG� LQ� WKHILOP�� ϕ6�� VLQJOHW� \LHOG� LQ� WKH� ELUDGLFDO� UH �FRPELQDWLRQ� SURFHVV�� F��/��� $5� FRQFHQWUD�WLRQ�DW�DQRGH�VXUIDFH��Ω��VSRQWDQHRXV�HPLV�VLRQ�SRUWLRQ�IDOOLQJ�LQWR�DPSOLILHG�PRGHV�7KH� SUHVHQWHG� PRGHO� ZDV� FRPSXWHG� DF �FRUGLQJ� WR� WKH� GHYHORSHG� DOJRULWKP� XVLQJFRPSXWHU� VLPXODWLRQ� DQG� DSSURSULDWH� VRIW �ZDUH� IRU�QXPHULFDO� VROXWLRQ�RI� V\VWHPV�RIQRQOLQHDU� SDUWLDO� GLIIHUHQWLDO� HTXDWLRQV>���������@��:H�VKRXOG�HPSKDVL]H�DJDLQ�WKDWWKH� GLVWLQJXLVKLQJ� IHDWXUHV� RI� WKH� PRGHODUH�� WKH� DFFRXQW� IRU� WKH� ILQLWHQHVV� RI� '/FKDUJLQJ� UDWH�� KHWHURJHQHRXV� UHDFWLRQ� RQWKH�HOHFWURGHV� VXUIDFH�UDWH�� OXPLQRSKRU�$5OLIHWLPH� LQ� VROXWLRQ� YROXPH�� WKH� HPLVVLRQSURFHVVHV� FRPSXWDWLRQ� LQ� '3$� ILOP� WRRNLQWR�DFFRXQW�WKH�HOHFWURQ�GRQRU��$5��WUDQV �SRUW�NLQHWLFV� WKURXJK�FHOO� YROXPH��$V�D�UH �VXOW� RI� FRPSXWDWLRQ��ZH�KDYH� REWDLQHG� FRU �UHVSRQGLQJ�UHVXOWV�GHVFULELQJ�NLQHWLFV�RI�H[FLWHGVWDWHV�DQG�SKRWRQ�GHQVLW\�IOX[��)LJV��������&RQVLGHUDWLRQ�RI�WKH�UHVXOWV�VKRZV�D�IXQ �GDPHQWDO�SRVVLELOLW\�RI�WKUHVKROG�SRSXODWLRQRI� H[FLWHG� VLQJOHW� OHYHOV� DQG� SUHGRPLQDQFHRI� VWLPXODWHG� HPLVVLRQ� RYHU� VSRQWDQHRXVRQH��SRLQW����)LJ������ZKLFK�GLIIHUV�LQ�SULQ �FLSOH�IURP�NQRZQ�UHVXOWV�>����@�
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7KXV�� RXU� FDOFXODWLRQV� VKRZ� WKDW� LQ� WKHSURSRVHG�2&(�PRGHO�ZLWK�ZRUNLQJ�HOHFWURGHPRGLILHG� E\� PHDQV� RI� /DQJPXLU�%ORGJHWWDQG� LPPRELOL]HG� WKLQ� ILOP� RI� DFWLYH� VXE �VWDQFH�²�RUJDQLF�OXPLQRSKRU��²�LW�LV�SRVVL �EOH� WR� DFKLHYH� ODVHU� DFWLRQ� ZLWK� HOHFWUR �FKHPLFDO�SXPSLQJ��,W�LV�REYLRXV�WKDW�D�IXU �WKHU� WKHRUHWLFDO� LQYHVWLJDWLRQ� LV� XUJHQWXVLQJ� SK\VLFDO� DQG� PDWKHPDWLFDO� PRGHOVWDNLQJ� LQWR�DFFRXQW�DOO� WKRVH�FRPSOH[�SURF �HVVHV� RFFXUULQJ� LQ�2&(� LQ� VWLPXODWHG� HPLV �VLRQ� PRGH�� DV� ZHOO� DV� GHYHORSPHQW� RI� UHDOVWUXFWXUHV� RI� VXFK� GHYLFHV�� 7KRVH� FHUWDLQO\ZLOO� ILQG� SURPLVLQJ� DSSOLFDWLRQV� LQ� YDULRXVDUHDV� ZKHUH� FRKHUHQW� YHUVDWLOH�� WXQDEOH�FRPSDFW�RSWLFDO� VRXUFHV�DUH�QHFHVVDU\��VXFKDV�VHQVRUV�IRU�ELRPHGLFLQH�DQG�HFRORJ\��VLJ �QDO�DQG�LQIRUPDWLRQ�FRQYHUWHUV�IRU�WHOHFRP �PXQLFDWLRQV��HWF��5HIHUHQFHV
���1�1�5R]KLWVNLL�� $�,�%\NK�� 0�$�.UDVQR�JRORYHWV�� (OHFWURFKHPLFDO� /XPLQHVFHQFH�.K785(�3XEO���.KDUNRY�����������1�1�5R]KLWVNLL�� <X�.�.KXGHQVNLL�� $�,�%\NK�,]Y��$1�8665��6HU��)L]����������������������5�0�0HDVXUHV��$SSO��2SWLFV�����������������

���7�.KRULXFK\�� 2�1LYD�� +�.KDWDNHQDND�� 1D�WXUH���������������������1�9RURQNLQD��$�9�7ROPDFKHY��$�$�$YGHHQNR�0RO��&U\VW��/LT��&U\VW����������������������1�1�5R]KLWVNLL�� $�9�7ROPDFKHY�� LQ�� (OHF�WURQLF�3URFHVVHV�LQ�2UJDQLF�0DWHULDOV��$EVWU�RI� ��UG� ,QW�� &RQI���.KDUNLY�� 0D\� �������������S�������7�)RUVWHU�� )OXRUHV]HQ]� 2UJDQLVFKHU� 9HUELQ�GXQJHQ�� 9DQ� GHQ� +RHFN� XQG� 5XSUHFKW�� *RW�WLQJHQ�����������%�0DQQ��+�.XKQ��-��$SSO��3K\V����������� ����������,�6�%HUOPDQ��+DQGERRN�RI�)OXRUHVFHQFH�6SHF�WUD� RI� $URPDWLF� 0ROHFXOHV�� $FDGHPLF� 3UHVV�1HZ�<RUN������������&�3�.HV]WKHO\L��1�(�7RNHO�7DNYRU\DQ��$�-�%DUG�$QDO��&KHP����������������������$�6�&KHUNDVRY�� 3KRWRGLPHUL]DWLRQ�� 3KRWRR[L�GDWLRQ�DQG�([FLPHU�)RUPDWLRQ�RI�$QWKUDFHQH'HULYDWLYHV�� LQ��0ROHFXODU� 3KRWRQLFV��1DXND�/HQLQJUDG���������S���������$�$�6DPDUVNL\�� ,QWURGXFWLRQ� LQ� 'LIIHUHQFH6FKHPH� 7KHRU\�� 1DXND�� 0RVFRZ�� ������� >LQ5XVVLDQ@�����'��3RWWHU��&RPSXWDWLRQDO�3K\VLFV��-RKQ�:LOH\	�6RQV�/WG���/RQGRQ�����������$�/�0LNDHODQ�� 0�/�7HU�0LNDHODQ�� <�*�7XUNRY�6ROLG� 6WDWH� 2SWLFDO� *HQHUDWRUV�� 6RY��5DGLR�0RVFRZ��������>LQ�5XVVLDQ@�
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