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7HWUDPHWK\ODPPRQLXP� WULEURPFDGPDWH�&+���1&G%U� �70&%��EHORQJV�WR�WKH�IDPLO\RI�FU\VWDOV�ZLWK�D�JHQHUDO�FKHPLFDO�IRUPXOD�&+���10;���ZKHUH�0 Û�0Q��1L��&G��;  �&O�%U�� ,�� $PRQJ� WKHP� �&+���10Q&O� ��00v�FU\VWDO� KDV� EHHQ� ZLGHO\� VWXGLHG� DV� TXDVL�RQH�GLPHQVLRQDO�PDJQHWLF� V\VWHP�ZLWK� LQIL �QLWH� FKDLQV� ���±0Q±&O�±0Q±&O�±��� VHSDUDWHGE\� WHWUDPHWK\ODPPRQLXP� FDWLRQV� �70$�>����@� 6LPLODUO\� DV� LQ� WKH� FDVH� RI� 700&LVRPRUSKRXV� FU\VWDOV� RI� �&+���1&G&O��70&&�� DQG� �&+���1L&O� �701&�� H[KLELWVWUXFWXUDO�SKDVH�WUDQVLWLRQV�IURP�KH[DJRQDOKLJK�WHPSHUDWXUH� SKDVH� WR� PRQRFOLQLF� ORZ�WHPSHUDWXUH�SKDVH�>����@��,W�ZDV�VKRZQ�WKDWLQ�KLJK�WHPSHUDWXUH�SKDVH�RI�WKHVH�FU\VWDOV70$� FDWLRQV� DUH� GLVRUGHUHG� >����@� DQGRUGHU�GLVRUGHU�SKDVH� WUDQVLWLRQV�DUH�UHODWHG

WR� WKH� RUGHULQJ� RI� 70$� FDWLRQV� DQG� VPDOOVKLIWV�RI�WKH�PHWDO�KDORJHQ�FKDLQV�>�@��70&%�FU\VWDO� LV�DQRWKHU�PHPEHU�RI�WKLVIDPLO\� DQG� XQGHUJRHV� D� VWUXFWXUDO� SKDVHWUDQVLWLRQ� IURP� KH[DJRQDO� URRP� WHPSHUD �WXUH� SKDVH� �VSDFH� JURXS� c�Ï�P�� WR� DQRWKHUKH[DJRQDO�SKDVH� �VSDFH�JURXS� 3����DQG�GLV�RUGHUHG� VWDWHV� RI� 70$� FDWLRQV� LQ� SDUDHOHF �WULF� DQG� RUGHUHG� LQ� IHUURHOHFWULF� SKDVH� DUHIRXQG� LQ� LW� >�Ü�@�� 7KH� ORZ�WHPSHUDWXUHSKDVH�H[KLELWV�IHUURHOHFWULF�SURSHUWLHV�DORQJWKH� F�D[LV�� 6SRQWDQHRXV� SRODUL]DWLRQ� LVHTXDO�WR����⋅��Ü� &�P� DW�����z�>�@��105�LQYHVWLJDWLRQV�RI�PROHFXODU�G\QDP�LFV� LQ�70&%� >��@� VKRZHG� WKDW�SUHGRPLQDQWPHFKDQLVPV� RI� SURWRQ� UHOD[DWLRQ� DUH� UHRUL �HQWDWLRQV� RI� &+��JURXSV� DQG� 70$� FDWLRQV�105�PHDVXUHPHQWV�GLG�QRW�VKRZ�DQ\�SHFX �OLDULWLHV� UHODWHG� WR� WKH� SKDVH� WUDQVLWLRQ� DW
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���� .�� 0RVW� SUREDEO\� YHU\� IDVW� UHRULHQWD �WLRQV� RI� &+��JURXSV� PDVN� VORZ� PRWLRQV� RI70$� FDWLRQV� DQG� WKHLU� FKDQJHV� FRQQHFWHGZLWK� WKH� SKDVH� WUDQVLWLRQ�� 7HPSHUDWXUH� GH �SHQGHQFLHV� RI� 145� IUHTXHQFLHV� RI� ��%U RE�VHUYHG� SUHYLRXVO\� >������@� FRQILUPHG� WKHILUVW�RUGHU� SKDVH� WUDQVLWLRQ�� 1DNDPXUD� >��@SURSRVHG�WKDW�WKH�WUDQVLWLRQ�WR�WKH�IHUURHOHF �WULF� SKDVH� LV� UHODWHG� WR� WKH� GLVSODFHPHQW� RIWKH� EURPLQH� DWRPV�� 2Q� WKH� FRQWUDU\�� RXUDQDO\VLV� >��@�VKRZHG�WKDW�EURPLQH�DWRPV�GLGQRW�WDNH�D�GLUHFW�SDUW�LQ�WKH�SKDVH�WUDQVLWLRQDQG� FULWLFDO� EHKDYLRXU� RI� UHVRQDQFH� IUHTXHQ �FLHV�LV�FDXVHG�E\�WKH�LQWHUDFWLRQ�ZLWK�VSRQWD �QHRXV�SRODUL]DWLRQ�RI�WKH�FU\VWDO��7R�REWDLQ� IXUWKHU� LQIRUPDWLRQ�UHODWHG�WRWKH�UROH�RI�EURPLQH�DWRPV�LQ�WKH�PHFKDQLVPRI�WKH�SKDVH�WUDQVLWLRQ�DQG�VWXG\�PROHFXODUDQG� ODWWLFH� G\QDPLFV� WKH� WHPSHUDWXUH� GH �SHQGHQFH� RI� VSLQ�ODWWLFH� UHOD[DWLRQ� WLPH� 7�RI���%U QXFOHL�ZDV�PHDVXUHG��0HDVXUHPHQWVZHUH� SHUIRUPHG� E\� PHDQV� RI� SXOVH� VSHF �WURPHWHU� RI� ,66������ W\SH� XVLQJ� WZR�SXOVHDQG� IRXU�SXOVH� �IRU� VPDOO� YDOXHV� RI� 7��PHWKRGV� LQ� WKH� WHPSHUDWXUH� UDQJH� ��Ü����.��5HVXOWV�RI�UHOD[DWLRQ�WLPH�PHDVXUH �PHQWV�DUH�VKRZQ�LQ�)LJ�����$V� LW� FDQ� EH� VHHQ� LQ� )LJ���� VSLQ�ODWWLFHUHOD[DWLRQ�WLPH�H[KLELWV�VWURQJ�WHPSHUDWXUHGHSHQGHQFH� DQG� FKDQJHV� LQ� WKH� UDQJH� RIWKUHH� RUGHUV� RI� PDJQLWXGH� LQ� WKH� WHPSHUD �WXUH� UDQJH� XQGHU� LQYHVWLJDWLRQ�� $V� WKHTXDGUXSRODU� UHOD[DWLRQ� LV� GHILQHG� E\� IOXF �WXDWLRQV� RI� HOHFWULF� ILHOG� JUDGLHQW� �()*�WHQVRU�LQ�D�VLWH�RI�UHVRQDQW�QXFOHXV�� 7�Ü� a-�ω���ZKHUH�-�ω��Û�VSHFWUDO�GHQVLW\�RI�IOXF�WXDWLRQV�� FULWLFDO� EHKDYLRXU� RI� VRPH� YLEUD �

WLRQDO� PRGHV� RI� FU\VWDO� ODWWLFH� UHVXOWV� LQDQRPDORXV� WHPSHUDWXUH� GHSHQGHQFH� RI� UH �OD[DWLRQ�WLPH�RQ�DSSURDFKLQJ�WKH�SKDVH�WUDQ �VLWLRQ� WHPSHUDWXUH�� 6XFK� DQ� DQRPDORXV� EH �KDYLRXU�RI�7� HVVHQWLDOO\�GHSHQGV�RQ�LQWHUDF�WLRQ� FKDUDFWHU� RI� FULWLFDO� EUDQFK� YLEUDWLRQZLWK�HOHFWULF�ILHOG�JUDGLHQW�RQ�D�QXFOHXV��$F �FRUGLQJ�WR�WKHRUHWLFDO�FRQVLGHUDWLRQV�IRU�YDUL �RXV�W\SHV�RI�LQWHUDFWLRQV�>��@�WHPSHUDWXUH�GH �SHQGHQFH� RI�7�Ü� LV�JLYHQ�ZLWK� D�SRZHU� IRU�PXOD�� 7�−� a (7 − 7F)−Q� ���
ZKHUH� Q  ���� ����� ��� ���� LQ� GHSHQGHQFH� RQNLQG�RI�LQWHUDFWLRQ�RU�ORJDULWKPLF�IRUPXOD�7�−� aOQ(7 − 7F)� ���,Q� RXU� FDVH� LQ� KLJK�WHPSHUDWXUH�SDUDHOHFWULF��SKDVH�RQ�DSSURDFKLQJ�WKH�WHP �SHUDWXUH� RI� SKDVH� WUDQVLWLRQ� WKH� UHOD[DWLRQWLPH� 7� VWURQJO\� GHFUHDVHV� WR� WKH� YDOXH� RI��⋅��Ü� V�DFFRUGLQJ�WR�7� a (7 − 7F)� ⁄ �� ���,W� JLYHV� HYLGHQFHV� IRU� FRQWULEXWLRQ� RIFULWLFDO�PRGHV� WR� WKH�HOHFWULF� ILHOG�JUDGLHQWIOXFWXDWLRQV�� 2Q� DSSURDFKLQJ� SKDVH� WUDQVL �WLRQ� WHPSHUDWXUH� 7F LQ� IHUURHOHFWULF� SKDVHGHFUHDVH� LQ� 7� WR� WKH� YDOXH� RI� �⋅��Ü� V� LVREVHUYHG�DQG�WKLV�GHSHQGHQFH�UHVHPEOHV�WKHFULWLFDO� EHKDYLRXU�� WRR�� +RZHYHU�� GHWDLOHGDQDO\VLV�RI�H[SHULPHQWDO�GDWD�GLG�QRW�VKRZ�DQ\FULWLFDO�EHKDYLRXU�RI�UHOD[DWLRQ�WLPH�EHORZ� 7F�LQ�IHUURHOHFWULF�SKDVH���,Q�WKLV�SKDVH�WKH�VSLQ�ODWWLFH�UHOD[DWLRQ�UDWH���7�Ü���LV�ZHOO�GHVFULEHGDV�D�VXP�RI�WKUHH�FRQWULEXWLRQV�7�−� = $W� + EH[S(−(� ⁄ N7) +

+ FH[S(−(� ⁄ N7)� ���
ZKHUH� D  �����⋅��Ü� VÜ�.Ü�����E  �����⋅��� VÜ��F  �����⋅��� VÜ� DQG� (�  ������NFDO�PROH�(�  ������NFDO�PROH�,Q�)LJ���� WKH� WHPSHUDWXUH�GHSHQGHQFH� RI��Ü� REWDLQHG� IURP� H[SHULPHQWDO� GDWD�SRLQWV��DQG�WKH�EHVW�ILWWLQJ�RI�(T������FXUYH��� DQG�GHSHQGHQFLHV� RI�SDUWLFXODU� FRQWULEX �WLRQV� �FXUYHV� �Ü��� WR� WRWDO� VSLQ� UHOD[DWLRQDV�IXQFWLRQV�RI���7 DUH�SUHVHQWHG��7KH�ILUVWWHUP�LQ�(T����� �FXUYH���� LQ�)LJ����GHVFULEHVXVXDO� 5DPDQ� WZR�SKRQRQ� SURFHVV� �HQHUJ\H[FKDQJH� EHWZHHQ� WKH� QXFOHDU� VSLQ� V\VWHP�ZKLFK� LV� SUHGRPLQDQW� DW� ORZ� WHPSHUDWXUHV�,Q� WKLV� SURFHVV� WKH� GLIIHUHQFH� RI� LQFLGHQWDQG� VFDWWHUHG� SKRQRQ� IUHTXHQFLHV� LV� WKHVDPH� RUGHU� RI� PDJQLWXGH� DV� WKH� 145� IUH �

)LJ�����7KH� WHPSHUDWXUH�GHSHQGHQFH�RI�TXDG�UXSRODU�VSLQ�ODWWLFH�UHOD[DWLRQ�WLPH�7� RI�EUR�PLQH�QXFOHL�LQ��&+���1&G%U��
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TXHQF\�� 6XFK� SURFHVVHV� DUH� PRUH� HIIHFWLYHWKDQ�GLUHFW�LQWHUDFWLRQ�RI�HOHFWULF�ILHOG�JUD �GLHQW� DQG� ODWWLFH� YLEUDWLRQV�� $FFRUGLQJ� WRTXDOLWDWLYH�WKHRU\�RI�TXDGUXSRODU�UHOD[DWLRQEDVHG� RQ� 'HE\H�V� PRGHO� IRU� ODWWLFH� YLEUD �WLRQV� DQG� HOHFWULF� ILHOG� JUDGLHQW� PRGHO� IRUSRLQW�FKDUJHV�>��@�WKH���7�−� = D + E7� IRU 7 > ���7'�DQG 7�−� = F7� IRU 7 < ����7'�ZKHUH�7' Û�'HE\H�V�WHPSHUDWXUH��+HUH�RQHFDQ� QRWLFH� WKDW� IRU� 70&%� 7' ������.��6H�FRQG�DQG�WKLUG�WHUPV�GHVFULEH�WKHUPDOO\�DF �WLYDWHG� UHRULHQWDWLRQ�PRWLRQV�ZLWK� HQHUJLHV(� DQG� p��� ,W� LV� GLIILFXOW� WR� H[SODLQ� UHOD �WLYHO\�ORZ�YDOXHV�RI�WZR�DFWLYDWLRQ�HQHUJLHVZLWK�DQ\�UHRULHQWDWLRQ�PRWLRQ�RI�VXFK�KHDY\SDUWLFOHV�DV�EURPLQH�DWRPV���7KHVH�YDOXHV�DUH�FRPSDUDEOH�ZLWK�YDOXHVRI� WKH� DFWLYDWLRQ�HQHUJLHV�RI� &+��JURXS�UR�WDWLRQ� �����NFDO�PRO�� DQG�70$�FDWLRQ� WXP�EOLQJ� ����� NFDO�PRO�� REWDLQHG� IURP� SURWRQPDJQHWLF� VSLQ�ODWWLFH� UHOD[DWLRQ� PHDVXUH �PHQWV� �105��� 6XFK� D� JRRG� DJUHHPHQW� EH �WZHHQ� DFWLYDWLRQ� HQHUJLHV� REWDLQHG� IURPSURWRQ� PDJQHWLF� UHVRQDQFH� DQG� EURPLQHTXDGUXSRODU� UHOD[DWLRQ� OHDGV� XV� WR� FRQFOX �

VLRQ� WKDW� WKH� VDPH� WKHUPDOO\�DFWLYDWHG�PR �WLRQV��QDPHO\��&+��JURXS�UHRULHQWDWLRQV�DQG70$�FDWLRQ�WXPEOLQJ�DUH�UHVSRQVLEOH�IRU�UH �OD[DWLRQ� REVHUYHG� ERWK� LQ� 105� DQG� 145PHDVXUHPHQWV�� ,Q� WKLV�ZD\�� VSLQ�ODWWLFH� UH �OD[DWLRQ� RI� EURPLQH� QXFOHL� UHVXOWV� IURPHOHFWULF� ILHOG� JUDGLHQW� IOXFWXDWLRQV� �GHVSLWHRI� ODWWLFH� YLEUDWLRQV�� FDXVHG� E\� UHRULHQWD �WLRQDO�PRWLRQV� RI� &+��JURXSV� �VWUDLJKW� OLQH�� LQ� )LJ����� DQG� WXPEOLQJ� RI� 70$� FDWLRQV�VWUDLJKW� OLQH� �� LQ� )LJ������ 1HDU� WKH� SKDVHWUDQVLWLRQ� WHPSHUDWXUH� WKH� SULYLOHJHGPHFKDQLVP� LV� UHODWHG� WR� 70$� FDWLRQ� WXP�EOLQJ��7KH�REWDLQHG�UHVXOWV�FRQILUP�RXU�SUH �YLRXV� DVVXPSWLRQ� >��@� WKDW� EURPLQH� QXFOHLGR�QRW�WDNH�WKH�GLUHFW�SDUW�LQ�WKH�WUDQVLWLRQDQG� WKDW� LQ� 7&0%�ZH� GHDO�ZLWK� WKH� RUGHU�GLVRUGHU� W\SH� SKDVH� WUDQVLWLRQ� DFFRPSDQLHGE\�RUGHULQJ�RI�70$�FDWLRQV�5HIHUHQFHV���%�0RURVLQ��(�-�*UDHEHU��$FWD�&QMVODOORJU��������������������0�7�+DWFKLQJV�� *�&KLUDQH�� 5�-�%ULJHQHDX� HWDO���3K\V��5HY��%��������������������{�0RURVLQ�� $FWD� &ULMVWDOORJU��%�� ���� ��������������3�6�3HHUF\�� %�0RURVLQ�� *�$�6DPDUD�� 3K\V�5HY��{��������������������3�6�3HHUF\��%�0RURVLQ��3K\V��/HWW��$�� ���� �������������3�9DQHN�� 0�+DYUDQNRYD�� )�6PXWQ\� HW� DO��)HUURFHOHFWULFV��������������������7�$VDKL�� .�+DVHEH�� .�*HVL�� $FWD�&U\VODOORJU�v�����������������������$VDKL�� z�+DVHEH�� z�*HVL�� $FWD�&U\VWDOORJU�v���������������������z�*HVL��-��3K\V��6RF��-SQ����������������������.�9HQX�� 9�6�6�6DVWU\�� -�5DPDNULVKQD�� -�3K\V��v����������������������6�,VKLPDUX�� 1�1DNDPXUD�� -��3K\V��6RF��-SQ����������������������'�)�%DLVD�� (�'�&KHVQRNRY�� =�&]DSOD� HW� DO��$FWD�3K\V��3RO��$���������������������-�*�.XEDUHY�� 0�$�3RSRY�� 1XFOHDU� 0DJQHWLF5HOD[DWLRQ�DQG�'\QDPLFV�RI�6SLQ�6\VWHPV��62$1�6665��.UDVQR\DUVN���������S����>LQ�5XV�VLDQ@�����-�9DQ�.UDQHQGRQN��3K\VLFD�����������������
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