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ZKHUH� &����� γ���� DUH� WKH� HIIHFWLYH� HODVWLFDQG� WKHUPRHODVWLF� FRQVWDQWV�� UHVSHFWLYHO\�
θ���WKH�WHPSHUDWXUH�RI�WKH�K� WKLFN�PDWHULDODUHD�� I�W��� D� FHUWDLQ� NQRZQ� WLPH� IXQFWLRQWKDW� LV� VORZ� DV� FRPSDUHG� WR� WKH� KHDW� SXOVHIURQW� LQFUHDVH� UDWH�� 9�� WKHUPRHODVWLF� ZDYHSURSDJDWLRQ� VSHHG�� Π�� WUDQVIRUPDWLRQ� FRHI�ILFLHQW� RI� WUDQVYHUVDO� VWUHVVHV� LQWR� H[FLWLQJIRUFHV�DORQJ�WKH�= D[LV�'HQRWLQJ� WKH� 37$� UHVSRQVH� LQ� WKH� DE �VHQFH�RI�VWDWLRQDU\�VWUHVVHV�DV� 3� DQG�WKHU�PRHODVWLF�VKLIWV�LQ�WKH�VDPH�DUHD�DV� X���DQGWDNLQJ� LQWR� DFFRXQW� WKDW� WKH� 37$� UHVSRQVH�3�� LV� LQ� SURSRUWLRQ� WR� WKHUPRHODVWLF� VKLIWV�3  �$⋅X ZKHUH�$ LV�WKH�LQVWUXPHQW�IXQFWLRQ�RIWKH�ZKROH� V\VWHP���ZH�REWDLQ� IRU� WKH� UHODWLYHFKDQJH� RI� WKH� 37$� UHVSRQVH� ∆3�3�  �∆X�X�DQG�DW�HQG�
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7KDW� LV�� WKH� UHODWLYH� FKDQJH� RI� WKH�37$UHVSRQVH�LQ�WKH�VWUHVVHG�DUHD�RI�D�PHGLXP�LVGHILQHG� E\� OLQHDU� DQG� QRQOLQHDU� HODVWLF� �&�DQG� WKHUPRHODVWLF� �γ�� FRQVWDQWV� RI� WKH� VXE�VWDQFH�DQG�GHSHQGV�OLQHDUO\�RQ�WKH�VWDWLRQDU\VWUHVV�PDJQLWXGH��7KLV� IDFW� LV� RI� LPSRUWDQFHLQ�WKH�SUDFWLFDO�XVH�RI�WKH�37$�SURFHGXUH�+DUPRQLF�PRGXODWLRQ�RI� ODVHU�UDGLDWLRQ�)RUFHG� YLEUDWLRQ� RI� UHVWULFWHG� VROLG� ERGLHVDUH� NQRZQ� WR� EH� VWXGLHG� WUDGLWLRQDOO\� IURPWZR�VWDQGSRLQWV��2Q�WKH�RQH�KDQG��WKH�SURS �HUWLHV�RI�YLEUDWLRQV�WKHPVHOYHV��H�J���HODVWLFVKLIWV�� DUH� FRQVLGHUHG�� 7KH� GHSHQGHQFHVWKHUHRI� RQ� WKH� IUHTXHQF\� ZLWKLQ� WKH� ZKROHH[FLWLQJ� IUHTXHQF\� UDQJH� DV�ZHOO� DV� RQ� WKHH[FLWDWLRQ� SRLQW� FRRUGLQDWHV� DQG� WKH� REVHU �YDWLRQ� SRLQW� RQHV� DUH� DQDO\]HG�� 7KH� VROX �WLRQV�RI�WKRVH�WDVNV�DUH�FXPEHUVRPH�HQRXJKDQG� FDQ�EH� REWDLQHG�XVLQJ�QXPHULFDO�PHWK �RGV� WKDW� DUH� LQFRQYHQLHQW� LQ� SUDFWLFH�� 2QWKH� RWKHU� KDQG�� WKH� FDVHV� DUH� FRQVLGHUHGZKHUH�WKRVH�VKLIWV�FDQ�EH�GHVFULEHG�DQDO\WL �FDOO\��7ZR�FDVHV��QDPHO\��D�VWUDLJKW�EDU�DQGD� EHQW� RQH� �VWUHVVHG� PHGLXP�� KDYH� EHHQVWXGLHG�6ROYLQJ� WKH� PRWLRQ� HTXDWLRQ� E\� HLJHQ �IXQFWLRQ� PHWKRG� XQGHU� DFFRXQW� IRU� DFWLRQRI� D� SRLQW� WKHUPRHODVWLF� IRUFH� �WUDQVYHUVDOJHRPHWU\��� WKH� IROORZLQJ� H[SUHVVLRQV� KDYHEHHQ� GHULYHG� IRU� HODVWLF� VKLIWV� DW� WKH� EXWWVXUIDFH� RI� D� EDU� �REVHUYDWLRQ� SRLQW�� LQ� WKHFDVH�RI�ORQJLWXGLQDO�EDU�YLEUDWLRQV�QHDU�WKHEDU�QDWXUDO�IUHTXHQFLHV�
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ZKHUH�0VW��0DW DUH� FRRUGLQDWH�LQGHSHQGHQWFRQVWDQW� IDFWRUV�� [���\��� WKH� ODVHU� EHDP� LQ�FLGHQFH�SRLQW�FRRUGLQDWHV�8VLQJ� WKH� UHODWLRQVKLSV� REWDLQHG�� YDOXHVRI� WKH� 37$� UHVSRQVH� ZHUH� FDOFXODWHG� IRUORQJLWXGLQDO� DQG� WRUVLRQDO� YLEUDWLRQV� RI� DEDU� XQGHU� VLQJOH� SDVVLQJ� RI� WKH� ODVHU� EHDPDORQJ� WKH� EDU� WUDQVYHUVDO� D[LV�� $� JRRGDJUHHPHQW� LV� REVHUYHG� EHWZHHQ� FDOFXODWHGDQG� H[SHULPHQWDO� 37$� UHVSRQVH� YDOXHV� DVIXQFWLRQV� RI� WKH� ODVHU� EHDP� DFWLRQ� FRRUGL �QDWH�� ,W� LV� MXVW� WKH� FDVH� RI� WRUVLRQDO� YLEUD �WLRQ�H[FLWDWLRQ�DQG�UHFRUGLQJ�WKDW�KDV�EHHQHVWDEOLVKHG�WR�SURYLGH�WKH�VLPSOHVW�DQG�HYL �GHQW� DQDO\VLV� RI� WKH� UHVXOWV�� LQ� SDUWLFXODU�ZKHQ� VWXG\LQJ� WKH� HIIHFW� RI� WKH� PDWHULDOVWUHVVHG�VWDWH�RQ�WKH�H[FLWDWLRQ�FKDUDFWHU�RIWKRVH�YLEUDWLRQV�7R� LOOXVWUDWH�WKH�37$�PHWKRG�SRWHQWLDOL �WLHV� LQ� YLVXDOL]DWLRQ� DQG�PRQLWRULQJ� RI� WKHVWUHVV� ILHOG� VSDWLDO� GLVWULEXWLRQ� LQ� VXUIDFHOD\HUV� RI� YDULRXV� PDWHULDOV�� OHW� WKH� VWXG\UHVXOWV�EH�SUHVHQWHG�IRU�VSHFLPHQV�RI�VLOLFRQQLWULGH� �6L�1��� VWUXFWXUDO� FHUDPLFV�� 7KH6L�1� EDVHG� VWUXFWXUDO� PDWHULDOV� DUH� XVHG
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ZLGHO\� LQ� KHDW�UHVLVWDQW� VWUXFWXUHV�� LQ� SDU �WLFXODU�� LQ� HQJLQH� EXLOGLQJ�� DV� ZHOO� DV� WRPDQXIDFWXUH�SLHFHV�DQG�DVVHPEOLHV�RSHUDWHGLQ� DJJUHVVLYH�PHGLD� XQGHU� KLJK�PHFKDQLFDOORDGLQJ�� 8QIRUWXQDWHO\�� WHFKQLFDO� GLIILFXO �WLHV�KLQGHU� WKH� LQGXVWULDO� SURGXFWLRQ�RI� FH �UDPLFV� H[KLELWLQJ�KLJK� DQG� VWDEOH� SHUIRUP �DQFH�OHYHO�ZLWKLQ�D�ZLGH�WHPSHUDWXUH�UDQJH�,W� LV� RI� LPSRUWDQFH� WR� QRWH� WKDW� LQKRPR �JHQHLWLHV� DQG� GHIHFWV� DULVLQJ� GXULQJ� WKHPDQXIDFWXULQJ� RI� VXFK� PDWHULDOV� UHVXOW� LQORFDO� VWUHVV� ILHOGV� ZKLFK�� EHLQJ� LQ� LQWHUDF �WLRQ�XQGHU�H[WHUQDO�ORDGLQJ��PD\�FDXVH�IRU �PDWLRQ� RI� DUHDV� ZLWK� FULWLFDO� VWUHVV� OHYHOV�,Q� WKLV� FRQQHFWLRQ�� LQ� SURJUHVV� DUH� LQYHVWL �JDWLRQ� DQG� WHFKQRORJ\� GHYHORSPHQW� IRUPDQXIDFWXULQJ� RI� WKH� FHUDPLF� PDWHULDO� LW �VHOI� DV� ZHOO� DV� VHDUFK� IRU� QRQGHVWUXFWLYHPHWKRGV� WR� FRQWURO� LWV� SURSHUWLHV�� LQ� SDU �WLFXODU��RI�LQWHUQDO�VWUHVVHV�>�@�$� FRPSXWHUL]HG� 37$� PLFURVFRSH� ZLWKKDUPRQLF�PRGXODWLRQ� RI� WKH�$U� ODVHU� HPLV �VLRQ�LQWHQVLW\�ZDV�XVHG�LQ�RXU�H[SHULPHQWV�7KH� PHDVXUHPHQWV� ZHUH� GRQH� DW� ��� N+]�WKXV�SURYLGLQJ�WKHUPRZDYH�YLVXDOL]DWLRQ� LQD�FHUDPLF�PDWHULDO�LQ�D�GHSWK�RI�DERXW���WR���µP�� +RW�VLQWHUHG� FHUDPLF� VSHFLPHQVZHUH� VWXGLHG� ZLWK� VXUIDFH� PDUNV� DSSOLHGXVLQJ� WKH� 9LFNHUV� S\UDPLGDO� LQGHQWHU�� 7KHLQGHQWDWLRQ�GLDJRQDO� VL]H�ZDV���� WR���� µP�2QH�RI�VXFK�LQGHQWDWLRQV�LV�VKRZQ�LQ�)LJ���DV�DQ�H[DPSOH��7KH�OLQHDU�GLPHQVLRQV�RI�WKHDUHD� ZKHUH� WKH� 37$� UHVSRQVH� LV� FKDQJHG�DERXW�����µP��DUH�VHHQ�WR�H[FHHG�FRQVLGHU �DEO\�WKH�YLVLEOH�VL]H�RI�WKH�LQGHQWDWLRQ�LWVHOI�DERXW� ��� µP��� 7KLV� LV� GXH� WR� WKDW� HODVWLFVWUHVVHV� FDXVHG�E\�SODVWLF� VWUDLQ�ZLWKLQ� WKHLQGHQWHU� DFWLRQ� ]RQH� DUH� H[WHQGHG� RYHU� DFRQVLGHUDEOH� GLVWDQFH� IURP� WKH� LQGHQWLRQSRLQW�� $Q� DWWHQWLRQ� LV� WR� EH� JLYHQ� WR� WKH

DQLVRWURSLF� FKDUDFWHU� RI� WKH� 37$� VLJQDOFKDQJH�� 3HUKDSV� WKLV� LV� FRQQHFWHG� ZLWK� LQ �KRPRJHQHLW\� RI� WKH� VSHFLPHQ� SK\VLFR�PH �FKDQLFDO�FKDUDFWHULVWLFV�&RQVLGHULQJ� WKH� ZKROH� VHW� RI� WKH� GDWDREWDLQHG�� LW� KDV� EHHQ� HVWDEOLVKHG� WKDW� WKHUHVXOWV� RI� H[SHULPHQWDO� DQG� WKHRUHWLFDOVWXGLHV�DLPHG�DW�HOXFLGDWLRQ�RI�WKH�37$�UH �VSRQVH� IRUPDWLRQ� PHFKDQLVP� LQ� D� PHGLXPXQGHU� VWUHVV� �WKH� SXOVH� PRGXODWLRQ� RI� WKHODVHU�HPLVVLRQ�EHLQJ�XVHG��FDQ�EH�FRQVLGHUHGDV�D�PHWKRGRORJLFDO�EDVH�WR�GHYHORS�D�FLUFXLWGHVLJQ�IRU�37$�GLDJQRVWLFV� �ZLWK�SLH]RHOHF �WULF�UHFRUGLQJ��RI�VWUHVVHG�VWDWH�LQ�PDWHULDOVDQG�VWUXFWXUHV�6XFK� D� FLUFXLW� LQFOXGHV� �L�� D� FRQWDFWOHVVRSWLFDO�SXOVH�H[FLWDWLRQ� FKDQQHO�� �LL�� D�37$UHVSRQVH� UHFRUGLQJ� FLUFXLW� XVLQJ� D� VHW� RIQRQ�H[SHQVLYH� VWDWLRQDU\� VHQVRUV� IL[HG� SHU �PDQHQWO\� RQ� WKH� VWUXFWXUH� XQGHU� FRQWURO�DQG� �LLL�� D� SRUWDEOH� DSSDUDWXV� SURYLGLQJ� DFRQWDFWOHVV�LQWHUURJDWLRQ�RI�WKH�VHQVRUV�DQGUHFRUGLQJ� WKH� 37$� UHVSRQVHV� UHFHLYHGWKHUHE\� V\QFKURQRXVO\� ZLWK� WKH� FRQWDFWOHVVRSWLFDO�H[FLWDWLRQ�XVLQJ�D�3&�)LJ����VKRZV�D�VFKHPDWLF�GLDJUDP�RI�VXFKD�FLUFXLW��7KH��VPDUW��VHQVRU�LV�D�SLH]RHOHF �WULF� SODWH� EHLQJ� LQ� D� UHOLDEOH� DFRXVWLF� FRQ �WDFW� ZLWK� WKH� VWUXFWXUH� DQG� FRQYHUWLQJ� WKHDFRXVWLF�37$�UHVSRQVH� VLJQDO� LQWR� WKH� HOHF �WULF� RQH��7KH� ODWWHU� LV� DPSOLILHG� DQG� WUDQV �PLWWHG�WR�WKH�SRUWDEOH�DSSDUDWXV�ZLWKLQ�WKHWLPH� LQWHUYDO� EHWZHHQ� WKH� V\QFKURQL]LQJSXOVHV�� 7KH� VLJQDO� WUDQVPLVVLRQ� IURP� WKHVHQVRU�WR�WKH�UHFHLYHU�RFFXUV�LQ�YDULRXV�IUH �TXHQF\� UDQJHV�� EXW�� LQ� RXU� RSLQLRQ�� LW� LVMXVW�WKH�9+)�)0�UDQJHV��VHQVRUV�RXW�RI�WKHGLUHFW� YLVLRQ� ]RQH�� RU� DQ� RSWLFDO� FKDQQHOFRQQHFWLQJ� WKH� VHQVRU� OLJKW� GLRGH� DQG� WKHUHFHLYLQJ� SKRWRGLRGH� �ZKHQ� WKHUH� LV� D� IUHHSDWK� IRU� WKH� LQIRUPDWLYH� OLJKW� EHDP��� 7KH

)LJ����� 37$� LPDJH� RI� D� 9LFNHUV� S\UDPLGLQGHQWDWLRQ� )LJ����� &LUFXLW� GHVLJQ� IRU� WKH� 37$� GLDJQRV�WLFV�RI�VWUHVVHG�DUHDV�LQ�VWUXFWXUDO�PDWHULDOV�
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SRZHU� VXSSO\� IRU� WKH� VHQVRU� FRXOG� EH� SUR �YLGHG� HLWKHU� E\� EXLOW�LQ� SKRWR�FHOO� ZLWK� DF �FXPXODWLQJ� HOHPHQW� �KLJK�FDSDFLW\� FRQ �GHQVHU�� RU� �ZKHQ� WKHUH� LV� D� VKRUW� GLVWDQFHEHWZHHQ� WKH� VHQVRU� DQG� UHFHLYHU�� XVLQJ� WKHLQWHUURJDWLQJ� SXOVH� HQHUJ\�� ,Q� WKH� ODWWHUFDVH��D�VWDWLRQDU\�SRZHU�VXSSO\�IRU�WKH�VHQ �VRU�LV�XQQHFHVVDU\�7KH� SKRWR�FHOOV� FRXOG� FRQYHUW� LQWR� HOHF �WULF� FXUUHQW� HLWKHU� WKH� GD\OLJKW� RU� WKRVHFRXOG� EH� FKDUJHG� E\� DQ� RSWLFDO� SXPSLQJVRXUFH� �H�J��� D� ORZ�SRZHU� ODVHU�� WKDW� LV� DQREOLJDWRU\� PHPEHU� RI� WKH� SRUWDEOH� DSSDUD �WXV� DV� D� SRLQWLQJ� V\VWHP� HOHPHQW� �ODVHUVLJKW���$�VLPLODU� FRPSURPLVH�EHWZHHQ� IXOO\FRQWDFWOHVV� GDWD� WUDQVPLWWLQJ� V\VWHPV� IURPYDULRXV� VHQVRUV� DQG� FRQWDFW� RQHV� ZDV� SUR �SRVHG� E\� 5XVVLDQ� VSHFLDOLVWV� DW� WKH� �&RP�SOH[� &RPPXQLFDWLRQ� 6\VWHPV�� FRPSDQ\ZKHQ�GHYHORSLQJ�WKH�3DJH�8S�FRPSOH[�XVLQJWZR�ZD\�SDJHU�FRPPXQLFDWLRQ�WR�UHFHLYH�DQGWUDQVPLW�WKH� WHOHPHWULF�GDWD�IURP�VHQVRUV�RID�FLW\�HQJLQHHULQJ�LQIUDVWUXFWXUH�>�@�7KXV��WKH�VWXGLHV�PDNH�LW�SRVVLEOH�WR�FRQ �FHLYH�WKH�QDWXUH�RI�SK\VLFDO�SURFHVVHV�RFFXU �ULQJ�XQGHU�DEVRUSWLRQ�RI�PRGXODWHG�HOHFWUR �PDJQHWLF� UDGLDWLRQ� LQ� D� VWUHVVHG� PDWHULDO

PHGLXP�DQG� VXJJHVW� WKDW� WKH�SURSRVHG� FLU �FXLW�GHVLJQ� LV�RSWLPDO�DQG�VXIILFLHQW�WR�XVHWKHUHRI�DV�D�EDVH�IRU�WKH�37$�GLDJQRVWLFV�RIPDWHULDOV� DQG� SRWHQWLDOO\� GDQJHURXV� DUHDVRI� YDULRXV� LQGXVWULDO� VWUXFWXUHV� IURP� WKHVWDQGSRLQW�RI�FULWLFDO�VWUHVV�OHYHOV�WKHUHLQ�5HIHUHQFHV���9�3�=KDURY��9�6�/HWRNKRY��/DVHU�2SWLF�$FRXV�WLF� 6SHFWURVFRS\�� 1DXND�� 0RVFRZ� ������� >LQ5XVVLDQ@����9�(�*XVHY��$�$�.DUDEXWRY��/DVHU�2SWRDFRXV�WLFV�� *O��5HG��)L]��0DWK��/LW��� 0RVFRZ� ������>LQ�5XVVLDQ@����:�%�-DFNVRQ�� 1�0�$PHU�� $�&�%RFFDUD�� '�)RXU�QLHU��$SSO��2SW����������������������+�'HUVFK�� 1�0�$PHU�� $SSO��3K\V��/HWW��� �����������������5�0�%XUEHOR�� LQ�� 3URJUHVV� LQ� 3KRWRWKHUPDODQG� 3KRWRDFRXVWLF� 6FLHQFH� DQG� 7HFKQRORJ\�HG��E\�$�0DQGHOLV��3�+HVV��63,(�2SWLFDO�(QJL�QHHULQJ�3UHVV��%HOOLQJKDP������������&KDSWHU���S�������%�'�6DZLFND�� -�*�0XUSK\�� )�.DQDU\�� 3K\V�5HY��%��������������������(�$�%HO\DQNR�� LQ��(OHFWURQLFV��6FLHQFH��7HFK�QRORJ\��%XVLQHVV��1R�������������>LQ�5XVVLDQ@�
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