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7KH� SRO\PRUSKLVP� RI� FKHPLFDO� VXE �VWDQFHV� KDV� EHHQ� NQRZQ� IRU� PRUH� WKDQ���� \HDUV� >�@�� 7KH� SKDVH� WUDQVLWLRQV� EH �WZHHQ�YDULRXV�VWUXFWXUHV�FDXVHG�E\�H[WHUQDOHIIHFWV�KDYH� EHHQ� VWXGLHG� IRU� D� JUHDW�QXP �EHU� RI� FRPSRXQGV� WKDW�PDGH� LW� SRVVLEOH� WRGHYHORS� D� FRQVLVWHQW� WKHRU\� RI� VXFK� SURF �HVVHV� >�@�� 7KH� WUDQVIRUPDWLRQV� FRQGLWLRQHGE\� WKH� FKDQJHV� LQ� DWRPLF� FRRUGLQDWLRQ� VXU �URXQGLQJ� DUH� RI� D� SDUWLFXODU� LQWHUHVW� EH �FDXVH� WKH\� DUH� GXH� WR� D� IXQGDPHQWDO� UHDU �UDQJHPHQW� RI� WKH� VXEVWDQFH� VSDWLDO� VWUXF �WXUH� DQG� DUH� DFFRPSDQLHG� E\� FRQVLGHUDEOHKHDW�HIIHFWV�>�@�7KH� FRQFHSW� RI� SUHIHUHQFH� HQHUJ\�� 7KHFRQVLGHUDEOH�JDS�EHWZHHQ�IDVW�DFFXPXODWLRQRI� WKH� VWUXFWXUDO� LQIRUPDWLRQ� RQ� FRPSOH[FRPSRXQGV� DQG� VORZ� UDWH� RI� WKH� ODERULRXVWKHUPRFKHPLFDO� VWXGLHV� VWLSXODWHG� D� GHYHO �RSPHQW� RI� QHZ� PHWKRGV� IRU� HVWLPDWLRQ� RIWKHUPRG\QDPLF� SURSHUWLHV� RI� VXEVWDQFHV�7KH� FKRLFH� RI� FRRUGLQDWLRQ� SRO\KHGURQ� DV� DVWUXFWXUH�IUDJPHQW�GHWHUPLQLQJ�WKHVH�SURS �HUWLHV�DOORZV�XV� WR�DSSO\�D�XQLWHG�DSSURDFKWR� WKH� FRQVLGHUDWLRQ� RI� DPRUSKRXV�� JODVV�OLNH��QDQR�FU\VWDOOLQH��DQG�FU\VWDOOLQH�VWDWHV>�@�� 7KH�SULPDU\�RFFXSDWLRQ� RI�GHILQLWH� SR �VLWLRQV� E\� FDWLRQV� LV� GHILQHG� E\� FU\VWDO �ORJUDSKLF� DQG� WKHUPRG\QDPLF� IDFWRUV�� WKDW

EHFDPH�D�EDVH�IRU�WKH�FRQFHSW�RI�SUHIHUHQFHHQHUJ\� WR� D� FHUWDLQ� FRRUGLQDWLRQ� VXUURXQG �LQJ�� 7KH� $O�� LRQ� WUDQVLWLRQ� HQWKDOS\� IURPWHWUDKHGUDO� 2�± VXUURXQGLQJ� WR� RFWDKHGUDORQH� ZDV� ILUVW� GHWHUPLQHG� LQ� >�@� WR� EH� RI������N-�PRO��/DWHU��D�SUREOHP�ZDV�IRUPX �ODWHG� >�@� RI� WKH� FKRLFH� RI� NH\� ∆+�� ∆* DQG
∆6 YDOXHV� IRU� FKDQJH� LQ� FDWLRQLF� FRRUGLQD �WLRQ�QXPEHUV�UHODWHG� WR� WKH� WHWUDKHGURQ�WR�RFWDKHGURQ� WUDQVLWLRQV� ZLWKLQ� WKH� R[\JHQVXUURXQGLQJ�� ,Q� >�@�� WKH� YDOXHV� RI� WKHUPR �G\QDPLF� IXQFWLRQV� IRU� FKDQJHV� LQ�FRRUGLQD �WLRQ� RI� ERWK� WUDQVLWLRQ� DQG� QRQ�WUDQVLWLRQPHWDO� FDWLRQV� ZHUH� V\VWHPDWL]HG�� DQG� WKHVWUXFWXUDO�GHWDLOLQJ�WDNLQJ�LQWR�DFFRXQW�WKHW\SH�RI�R[LGH�RU�VXOILGH�FRRUGLQDWLRQ�SRO\KH �GURQ�ZDV� VKRZQ� WR� EH� DQ� RSWLPXP� RQH� IRUFRPSDULQJ� WKHUPRFKHPLFDO� DQG� VWUXFWXUDOFKDUDFWHULVWLFV� RI� FRRUGLQDWLRQ� FRPSRXQGV�5HFHQWO\� >�@�� D� YHUVDWLOH� HTXDWLRQ� ZDV� GH �GXFHG�UHODWLQJ�WKH�HQWKDOS\�RI�FDWLRQLF�SUHI �HUHQFH�WR�DOWHUQDWLYH�SRVLWLRQV�LQ�DQ\�DQLRQLFFORVHVW� SDFNLQJ�ZLWK� W\SLFDO� LQWHUDWRPLF� GLV �WDQFHV�DQG�D�VHOI�FRQVLVWHQW�V\VWHP�RI�WKH�FDW �LRQLF� SUHIHUHQFH� HQWKDOSLHV�ZDV� SURSRVHG� IRUVXOILGHV��VHOHQLGHV��DQG�K\GULGHV�7KH�FRQFHSW�RI�SUHIHUHQFH�HQHUJ\�SURYHGWR� EH� UDWKHU� IUXLWIXO�� 6R�� WKH� HQWKDOSLHV� RI

)XQFWLRQDO�0DWHULDOV�����1R��������� �������²�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV

)XQFWLRQDO�PDWHULDOV������������� ���



FKDQJHV� LQ� FDWLRQLF� FRRUGLQDWLRQ� QXPEHUVDUH� XVHG� WR� FDOFXODWH� UHVSHFWLYH� YDOXHV� IRUWKH� SURFHVVHV� RI� VLPSOH�WR�FRPSOH[� R[LGHIRUPDWLRQ�� WR� DQDO\]H� WKHRUHWLFDOO\� WKH� VWD �ELOL]DWLRQ�RI�PHWDVWDEOH� R[LGH� IRUPV�GXH� WRPRGLI\LQJ�DGGLWLYHV��WR�VLPXODWH�SRZHU�FRQ �VXPLQJ�KLJK�WHPSHUDWXUH�SURFHVVHV��FU\VWDO �OL]DWLRQ� RI� DPRUSKRXV� R[LGHV� DQG� VHOI�VSUHDGLQJ� KLJK�WHPSHUDWXUH� V\QWKHVLV� RIPXOWL�HOHPHQWDO�R[LGHV��>�@�7KH� ILUVW� DWWHPSWV� WR� DSSO\� TXDQWXPFKHPLFDO�PHWKRGV� IRU� FDOFXODWLRQ� RI� HQHUJ\FKDQJH� YDOXHV� LQ� FDWLRQLF� FRRUGLQDWLRQ� VXU �URXQGLQJ�JDYH�RQO\�TXDOLWDWLYHO\�FRUUHFW�UH �VXOWV� ZKHUHDV� WKH� DEVROXWH� YDOXHV� H[FHHGHGWKH�H[SHULPHQWDO�RQHV�E\�VHYHUDO�WLPHV�>��@�1HYHUWKHOHVV�� IRU� H[DPSOH��PRGHUQ�QRQ�HP �SLULFDO�FDOFXODWLRQV�WDNLQJ�LQWR�DFFRXQW�HOHF �WURQ�HQHUJ\�FRUUHODWLRQ�IRU�WKH�SURFHVV�
0J2 + α−$O�2� <²> 0J$O�2�

DFFRPSDQLHG� E\� WUDQVLWLRQ� RI� PDJQHVLXPLRQV� IURP� WKH� RFWDKHGUDO� FRRUGLQDWLRQ� VXU �URXQGLQJ�WR�WHWUDKHGUDO�RQH�>��@��UHSURGXFHWKH�H[SHULPHQWDO�GDWD�WR�ZLWKLQ���WR�����6WUXFWXUDO� WUDQVIRUPDWLRQV� LQ� FOXVWHUV�&OXVWHUV� ²� V\VWHPV� RI� ERXQG� DWRPV� DQGPROHFXOHV� ²� DUH� UDWKHU� FRQYHQLHQW� REMHFWVWR� VWXG\� VWUXFWXUDO� WUDQVIRUPDWLRQV� >��@�7KH� FOXVWHU� VWUXFWXUHV� PD\� GLIIHU� IXQGD �PHQWDOO\�IURP�WKRVH�RI�FU\VWDOV�ZKDW�LV�GLF �WDWHG� VLJQLILFDQWO\� E\� WKH� IRUP� RI� LQWHUD �WRPLF� SRWHQWLDO� >��@� DV� ZHOO� DV� E\� FOXVWHUVL]H��PXOWLDWRPLF�FOXVWHUV�PD\�EH�YHU\�VLPL �ODU� WR� FU\VWDOV� LQ� VWUXFWXUH�� DQG� WHPSHUD �WXUH�� $� VHDUFK� SURFHGXUH� ZDV� GHVFULEHG� LQ>��@� IRU� WUDQVLWLRQ� VWDWHV� EHWZHHQ� LVRPHULFIRUPV�RI�WKH�FOXVWHUV�XVLQJ�SRWHQWLDO�HQHUJ\VXUIDFHV�GHVFULEHG�E\�VLPSOH�DQDO\WLFDO�SDLUSRWHQWLDOV�� $V� H[DPSOHV�� DUJRQ� DQG� SRWDV �VLXP� FOXVWHUV� ZHUH� FRQVLGHUHG�� ,W� LV� WKHDXWKRUV¶� RSLQLRQ�� WKLV�PHWKRG� RSHQV� D� ZD\IRU�PRUH�GHWDLOHG� LQVLJKW� LQWR� UHODWLRQVKLSVEHWZHHQ� HQHUJ\�� UHDFWLYLW\�� DQG� SRWHQWLDO� HQ �HUJ\�VXUIDFHV�RI�VXFK�V\VWHPV��/DWHU��WKH�VWXG\PHWKRGV� RI� WKH� VWUXFWXUDO� WUDQVIRUPDWLRQV� LQFOXVWHUV�ZHUH�VXPPDUL]HG�LQ�WKH�UHYLHZ�>��@�6HYHUDO� ZRUNV� DUH� GHYRWHG� WR� LQYHVWLJD �WLRQ�LQ�WKH�HQHUJ\�RI�VWUXFWXUDO�WUDQVIRUPD �WLRQV�RI�PHWDO�FOXVWHUV��6R��LQ�>��@��GHSHQG �HQFH� RI� WKH� HQHUJ\� RI� VPDOO� FOXVWHUV� RI� WKHPHWDOV� SRVVHVVLQJ� IFF� ODWWLFH� LQ� WKH� EXONVWDWH� �$O�� &D�� 1L�� &X�� 6U�� 5K�� 3G�� $J�� &H�<E��,U��3W��$X��3E��DQG�7K��RQ�DWRPLF�FRRUGL�QDWLRQ� ZDV� VWXGLHG�� 7KH� HTXLOLEULXP� VWUXF �WXUHV�� WUDQVLWLRQ� VWDWHV� DQG� WUDQVIRUPDWLRQPHFKDQLVPV� LQ�WKH�WUDQVLWLRQ�PHWDO��QLFNHO�VLOYHU��DQG�JROG��FOXVWHUV�FRQVLVWLQJ�RI����WR

���� DWRPV� ZHUH� DOVR� H[DPLQHG� >��@�� WKH/HQQDUG�-RQHV�� 0RUVH�� 6DWWRQ�&KHQ�� DQG0DUUHOO�0RWWUDP� HPSLULFDO� LQWHUDWRPLF� SR �WHQWLDOV�EHLQJ�XVHG�6WUXFWXUDO�WUDQVIRUPDWLRQV�LQ�FU\VWDOV�RIVLPSOH�VXEVWDQFHV��3KDVH�WUDQVLWLRQV�LQ�VLP�SOH� ERGLHV� PD\� RFFXU� XQGHU� QRUPDO� RU� HOH �YDWHG� SUHVVXUH�� $� FU\VWDO� FKHPLFDO� HVWLPD �WLRQ� RI� WKH� SRO\PRUSKRXV� WUDQVIRUPDWLRQSUHVVXUHV� IRU� FRYDOHQW� VXEVWDQFHV� ZDV� SUR �SRVHG�LQ�>��@�WKDW�PDGH�LW�SRVVLEOH�WR�REWDLQTXDOLWDWLYHO\�FRUUHFW�FRQFOXVLRQV��7KH�SKDVHWUDQVLWLRQ�LQ�VLOLFRQ�XQGHU�K\GURVWDWLF�FRP �SUHVVLRQ��IURP�WKH�FXELF�GLDPRQG�VWUXFWXUHWR� WKDW� RI� β�WLQ�� DFFRPSDQLHG� E\� WKH� LQ�FUHDVH� LQ� DWRPLF� FRRUGLQDWLRQ�QXPEHU� IURPIRXU� WR� VL[� ZDV� VLPXODWHG� DV� GHSHQGHQW� RQWKH� DWRPLF� YROXPH� LQ� >��@� ZLWK� XVH� RI� WKH7HUVRII� HPSLULFDO� LQWHUDWRPLF� SRWHQWLDO� DVZHOO�DV�RQ�WKH�EDVH�RI�QRQ�HPSLULFDO�FDOFXOD �WLRQV�RI�WKH�WRWDO�HQHUJ\��7KH�H[LVWHQFH�SRV �VLELOLW\� RI�XQXVXDO�FU\VWDOOLQH� VWUXFWXUHV�RIHOHPHQWV�XQGHU�KLJK�SUHVVXUH�KDV�EHHQ�GLV �FXVVHG�LQ�WKH�UHYLHZ�>��@�6WUXFWXUDO� WUDQVIRUPDWLRQV� LQ� ELQDU\FRPSRXQGV�� )RU� WKH� PRVW� SDUW�� WKHRUHWLFDODUWLFOHV� DUH� GHYRWHG� WR� VLPXODWLRQ� RI� SKDVHWUDQVLWLRQV� LQ� $;�$%��� $;��$%���� DQG� $�%�FU\VWDOV�� 1RQ�HPSLULFDO� TXDQWXP� FKHPLFDOFDOFXODWLRQV� RI� VWUXFWXUDO� SURSHUWLHV� DQGSKDVH� WUDQVLWLRQ� SUHVVXUH� ZHUH� FDUULHG� RXWLQ� >��@� IRU� VRGLXP�FKORULGH�� FDOFXODWHG� YDO �XHV�EHLQJ� LQ�D�JRRG�DJUHHPHQW�ZLWK�H[SHUL �PHQWDO�RQHV��7KH�DXWKRUV�RI�>��@�KDYH�VWXG �LHG� WKH� SKDVH� WUDQVLWLRQ� WKHUPRG\QDPLFV�PHFKDQLVP�� DQG� NLQHWLF� DVSHFWV� LQ� DONDOLKDOLGHV� DQG� DONDOL� HDUWK� R[LGHV�ZLWK�XVH� RIERWK�WZR�ERG\�SRWHQWLDOV�DQG�DE�LQLWLR�SHUL �RGLF� FDOFXODWLRQV�� 7KH� UHVXOWV� REWDLQHG� WHV �WLI\�WKDW�ERWK�WKH�PHFKDQLVPV�SURSRVHG�EH �IRUH� �WKH� %XUJHU� DQG� :DWDQDEH�7RNRQDPL�0RULPRWR� RQHV�� FDQ� EH� UHDOL]HG�� VLQFH� WKHDFWLYDWLRQ� HQHUJ\� YDOXHV� IRU� WKHVH� WZRPHFKDQLVPV� DUH� YHU\� FORVH�� WKH� ZD\� RIWUDQVIRUPDWLRQ� EHLQJ� GHSHQGHQW� HVVHQWLDOO\RQ� WKH� H[WHUQDO�SUHVVXUH� YDOXH��$Q� LQYHVWL �JDWLRQ� RI� VWUXFWXUDO� SKDVH� WUDQVLWLRQV� LQ �GXFHG� E\� XOWUD�KLJK� SUHVVXUH� LQ� DONDOL� KDO �LGH�FU\VWDOV�ZDV�FDUULHG�RXW�LQ�>������@��7KHWUDQVLWLRQ� SUHVVXUH� IRU� FU\VWDO� RI� LQILQLWHVL]H� ZDV� FDOFXODWHG�� WKH� VHOI�FRQVLVWHQW� SR �WHQWLDOV�RI�SDLU�LQWHUDFWLRQ�RI�LRQV�REWDLQHGZLWKLQ� WKH� IUDPHZRUNV� RI� WKH� LQKRPRJHQH �RXV� HOHFWURQ� JDV� WKHRU\� EHLQJ� XVHG�� 7KHUHODWLYH� FKDQJHV� LQ� YROXPH� RI� %� DQG� %�PRGLILFDWLRQV�ZHUH� FDOFXODWHG� IRU�D�QXPEHURI� FRPSRXQGV� ZLWKLQ� WKH� DSSUR[LPDWLRQ� RIVHYHQ� FRRUGLQDWLRQ� VSKHUHV�� 7KH� DXWKRUV� RI>������@�KDYH�FDOFXODWHG�WKH�WUDQVLWLRQ�SUHV �
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VXUH� IRU� OLPLWHG�VL]H� FU\VWDOV�� VKRZHG� D�GH �SHQGHQFH�RI�WKLV�YDOXH�RQ�WKH�LQLWLDO�FU\VWDOVL]H��DQG�DQDO\]HG�WKH�FRQWULEXWLRQ�IURP�YD �FDQFLHV� WR� WKH� FKDUDFWHU� RI� WKH� VL]H� HIIHFWGLVFRYHUHG�1RQ�HPSLULFDO� FDOFXODWLRQV�ZHUH�PDGH� LQ>��@�ZLWKLQ�WKH�IUDPHZRUNV�RI�GHQVLW\�IXQF �WLRQDO� WKHRU\� RQ� WKH� WUDQVLWLRQ� LQ� FHVLXPK\GULGH�IURP�FXELF�VWUXFWXUH�WR�RUWKRUKRP �ELF� RQH� WKDW� RFFXUV� XQGHU� SUHVVXUH� RI���*3D�� 7KH� TDXWKRUV� RI� >��@� FRQVLGHUHG� DVHULHV� RI� %� → %� → %� SKDVH� WUDQVLWLRQVLQ�EHU\OOLXP�R[LGH� WDNLQJ�SODFH�XQGHU�SUHV �VXUH�RI�XS�WR����*3D��DQG�LQ�>��@��D�UHODWLYHVWDELOLW\�RI�WKH�%� DQG�%� SKDVHV�ZDV�VWXG�LHG� WKHRUHWLFDOO\� IRU� PDJQHVLXP� R[LGH� DQGJDOOLXP�QLWULGH��7KH�HIIHFW�RI�KLJK�SUHVVXUHRQ� WKH� %� → %� VWUXFWXUDO� WUDQVIRUPDWLRQVLQ�VLOLFRQ�FDUELGH�ZDV�VWXGLHG�LQ�>��@�ZLWKLQWKH� IUDPH� RI� WKH� PROHFXODU� G\QDPLFVPHWKRG�� DQG� WKH� H[LVWHQFH�RI�DQ� LQWHUPHGL �DWH� RUWKRUKRPELF� SKDVH� ZDV� SUHGLFWHG� EH �VLGHV�RI�%� DQG�%� RQHV�>��@��7KH�HOHFWURQLFVWUXFWXUH�DQG�FKHPLFDO�VWDELOLW\�RI�ILYH�WLWD �QLXP� PRQRFDUELGH� SRO\PRUSKRXV� PRGLILFD �WLRQV� ZLWK� WKH� %�±%� DQG� %� VWUXFWXUHVZHUH�VWXGLHG�LQ�>��@��LW�ZDV�HVWDEOLVKHG�EDV �LQJ� RQ� FDOFXODWLRQV� RI� WRWDO� EDQG� HQHUJLHVWKDW�WKH�VWDELOLW\�RI�PRGLILFDWLRQV�GHFUHDVHVLQ�D�VHTXHQFH�RI�%� !�%� !�%� ≈ %� !�%��&DOFXODWLRQV�ZHUH�PDGH� LQ� >��@�RI�WKH� UX �WLOH�→ IOXRULWH� WUDQVLWLRQ�SUHVVXUH�XVLQJ� WKH+DUWUHH�)RFN� DQG� PROHFXODU� G\QDPLFV� PHWK �RGV�� WKH� ��� *3D� YDOXH� REWDLQHG� DJUHHV� ZHOOZLWK� H[SHULPHQWDO� RQH�� 1HYHUWKHOHVV�� LW� ZDVVKRZQ� ODWHU� >��@� WKDW� WKH� IOXRULWH� VWUXFWXUHVKRXOG� EH� DOZD\V� XQVWDEOH� DQG� LI� WKH� SUHV �VXUH� LQFUHDVHV�� WKH� FRPSRXQG� XQGHUJRHV� DQXPEHU�RI�WUDQVIRUPDWLRQV�LQ�D�VHTXHQFH RI�VWDEOHSKDVHV��UXWLOH�→ α�3E2� → 3G)� → α�3E&O��6LOLFRQ�LV�WHWUD�FRRUGLQDWHG�LQ�WKH�PDMRU �LW\� RI� VLOLFD� SRO\PRUSKV� H[FHSW� IRUVWLVKRYLWH�ZKHUH� LW� LV�VL[�FRRUGLQDWHG��3HUL �RGLF� FDOFXODWLRQV� RI� WKH� SUREDEOH� UHDFWLRQSDWK� EHWZHHQ� FU\VWREDOLWH� DQG� VWLVKRYLWHZHUH� FDUULHG� RXW� LQ� >��@�� 7KH� WUDQVLWLRQSUHVVXUH� FDOFXODWHG� ��� *3D�� LV� FRQVLVWHQWZLWK� WKH� H[SHULPHQWDO� FRQGLWLRQV� RI� WKHVWLVKRYLWH� V\VWKHVLV�� WKH� DFWLYDWLRQ� HQHUJ\DW���.�XQGHU�WKLV�SUHVVXUH�ZDV�IRXQG�WR�EH����N-�PRO��)XUWKHU�VWLVKRYLWH�WUDQVIRUPD �WLRQ� LQWR�D�SKDVH� RI� D� &D&O��W\SH� VWUXFWXUHXQGHU� SUHVVXUH� RI� DERYH� ����*3D�ZDV� FRQ �VLGHUHG� E\� WKH� VDPH� DXWKRUV� LQ� >��@� ZKHUHWKH� WUDQVLWLRQ�PHFKDQLVP�ZDV� VKRZQ� WR� LQ �FOXGH� D� URWDWLRQ� RI� WKH� 6L2� RFWDKHGUDDURXQG� WKHLU� &�� D[HV�� /DWHU�� LW� ZDV� VKRZQ>��@�WKDW�WKH�WUDQVLWLRQ�RI�VWLVKRYLWH�LQWR�D
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