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&KULVWLDQVHQ� RSWLFDO� ILOWHUV� ZLWK� VROLG� JUDLQV� RU� OLTXLG� GURSOHWV� LPPHUVHG� LQ� D�
FRQWLQXRXV�SKDVH�RI� FRPSDUDEOH� UHIUDFWLYH� LQGH[�ZHUH�XVHG� DV� FKURPDWLF� ILOWHUV�EHIRUH�
UHSODFHPHQW� E\� LQWHUIHUHQFH� ILOWHUV�� &KULVWLDQVHQ� ILOWHUV� DUH� RSWLFDOO\� KRPRJHQHRXV� IRU�
UDGLDWLRQ� LQ� D� QDUURZ� EDQG� VWURQJO\� GHSHQGHQW� XSRQ� WHPSHUDWXUH� DQG� QRZ� SURYLGH� D�
PHWKRG�IRU�FKDUDFWHUL]LQJ�JODVV�KRPRJHQHLW\�NQRZQ�DV�WKH�6KHO\XEVNLL�PHWKRG� �� LQ�WKH�
JODVV� LQGXVWU\�� &ORVH� WR� WKH� &KULVWLDQVHQ� ZDYHOHQJWK� RU� WHPSHUDWXUH� ZKHUH� OLTXLG� DQG�
SDUWLFOH� UHIUDFWLYH� LQGLFHV�DUH�HTXDO�� WKH�VSHFWUDO� WUDQVPLVVLRQ�EHFRPHV�YHU\� VHQVLWLYH� WR�
SDUWLFOH� KRPRJHQHLW\� DV� D� UHVXOW� RI� VFDWWHULQJ� HIIHFWV� GXH� WR� GLIIHUHQFHV� LQ� SDUWLFOH�
UHIUDFWLYH�LQGLFHV��5DPDQ���GHYHORSHG�D�ZDYH�WKHRU\�RI�WKH�FRKHUHQW�WUDQVPLVVLRQ�IRU�DQ�
LGHDO�GHWHFWRU�RI�]HUR�DSHUWXUH�DQJOH�E\�FRQVLGHULQJ�WKH�SKDVH�FKDQJHV�DPRQJ�WKH�ZDYHV�
SDVVLQJ� WKH� ILOWHU��'HVSLWH� ,PDJDZD·V� FRUUHFWLRQ� IRU� WKH� SKDVH� YDULDQFH� GXH� WR� SDUWLFOH�
QXPEHU� IOXFWXDWLRQV� ��� 5DPDQ·V� WKHRU\� GRHV� QRW� SUHGLFW� WKH� FRUUHFW� WHPSHUDWXUH�
GHSHQGHQFH� RI� WKH� VSHFWUDO� WUDQVPLVVLRQ� DQG� LQYDULDEO\� XQGHUHVWLPDWHV� WKH� YDULDQFH� RI�
JODVV�UHIUDFWLYH�LQGH[�PHDVXUHG�ZLWK�0DFK�²�=HKQGHU�LQWHUIHURPHWU\����9DUVKQH\D�HW�DO���
WKHQ� DGYDQFHG� WKH� FRQWURYHUVLDO� RSLQLRQ� WKDW� JHRPHWULFDO� RSWLFV� KDG� WR� EH� XVHG� UDWKHU�
WKDQ� ZDYH� RSWLFDO� WKHRU\� WR� GHVFULEH� OLJKW� VFDWWHULQJ� IURP� ODUJH� SDUWLFOHV�� ,Q� IDFW�� D�
UHDOLVWLF�ZDYH�WKHRU\�RI�&KULVWLDQVHQ�ILOWHUV�KDV�WR�DFFRXQW�IRU�WKH�DSHUWXUH�DQJOH�RI� WKH�
GHWHFWRU� DQG� GLIIXVH� WUDQVPLVVLRQ� WKURXJK� WKH� VFDWWWHULQJ� PHGLXP�� $W� WKH� PRPHQW�� D�
ZDYH� VFDWWHULQJ�PRGHO� GHVFULELQJ� WKH� VSHFWUDO� DWWHQXDWLRQ� RI�&KULVWLDQVHQ� ILOWHUV� LV� VWLOO�
PLVVLQJ�GHVSLWH�D�YHU\�ODUJH�QXPEHU�RI�H[SHULPHQWDO�DQG�WKHRUHWLFDO�FRQWULEXWLRQV���

7KH�SUHVHQW�ZRUN�H[DPLQHV�FULWLFDOO\�WKH�FRQWUDGLFWLRQV�DPRQJ�SUHYLRXV�WKHRULHV�DQG�
H[SHULPHQWV� RQ� WKH� EDVLV� RI� 0RQWH� &DUOR� VLPXODWLRQV� DQG� VWDWLVWLFDO� PRGHOV� RI� ZDYH�
SURSDJDWLRQ� LQ� UDQGRP� VFDWWHULQJ� PHGLD�� 7KH� DQRPDORXV� GLIIUDFWLRQ� WKHRU\� IRU� OLJKW�
VFDWWHULQJ� IURP� ODUJH�SDUWLFOHV�SUHGLFWV�D� VSHFWUDO�FRKHUHQW�H[WLQFWLRQ� LQ�DJUHHPHQW�ZLWK�
WKH� 5DPDQ� ²� ,PDJDZD� WKHRU\� RI� ZHDNO\� VFDWWHULQJ� PHGLD� ZLWK� DQ� DGGLWLRQDO� WHUP�
GHVFULELQJ�VFDWWHULQJ�ORVVHV�����
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ZKHUH�α  DFFRXQWV� IRU�ZDOO� UHIOHFWLRQV� DQG� DEVRUSWLRQ� ORVVHV��λ LV� WKH� OLJKW�ZDYHOHQJWK��
τ WKH� RSWLFDO� WKLFNQHVV��  ]� WKH� VODE� WKLFNQHVV��4H� WKH� H[WLQFWLRQ� HIILFLHQF\� IURP� D� VLQJOH�

SDUWLFOH� LQ� IOXLG��φ  WKH� SDUWLFOH� YROXPH� IUDFWLRQ�� G� WKH� SDUWLFOH� GLDPHWHU�� QS� WKH� DYHUDJH�
SDUWLFOH� UHIUDFWLYH� LQGH[�� QV� WKH� IOXLG� UHIUDFWLYH� LQGH[��ωφ  WKH� ORFDO� YDULDQFH� LQ� SDUWLFOH�
YROXPH�IUDFWLRQ��ω  WKH�YDULDQFH�LQ�SDUWLFOH�UHIUDFWLYH�LQGLFHV�DQG�N�≈���D�VWUXFWXUH�IDFWRU��
&RQVLGHULQJ�IDU�ILHOG�LQWHUIHUHQFHV�RI�ZDYHV�VFDWWHUHG�LQ�WKH�IRUZDUG�GLUHFWLRQ��D�SKRWRQ�
GLIIXVLRQ� DSSUR[LPDWLRQ� IXUWKHU� JLYHV� WKH� GLIIXVH� WUDQVPLVVLRQ�'� ZLWKLQ� WKH� DSHUWXUH�

DQJOH�Ω�RI�WKH�GHWHFWRU���



�

ZKHUH� V� LV� WKH� VFDWWHULQJ� QXPEHU� RI� GLIIXVLRQ� SDWKV� DQG�3�Ω�� WKH� FXPXODWLYH� GHQVLW\�
SUREDELOLW\� IRU� VFDWWHULQJ�DQJOHV� IURP�D� VLQJOH�SDUWLFOH�� ,Q�DJUHHPHQW�ZLWK�0RQWH�&DUOR�
VLPXODWLRQV�� WKH�ZDYH� VFDWWHULQJ�PRGHO� SUHGLFWV� QRQ�QHJOLJLEOH� GLIIXVH� WUDQVPLVVLRQ� IRU�
UHODWLYHO\� KRPRJHQHRXV� JODVV� VSKHUHV� DQG� VPDOO� GHWHFWRU� DSHUWXUH� DQJOH� �ILJ����� *ODVV�
LQKRPRJHQHLWLHV� VLJQLILFDQWO\� LQFUHDVH� WKH� GLIIXVH� FRQWULEXWLRQ� DQG� WKH� ZLGWK� RI� WKH�
VSHFWUDO�WUDQVPLVVLRQ�FXUYH�GHILQHG�LQ�WHUPV�RI��WHPSHUDWXUH�DW�KDOI�KHLJKW��ILJ������

�

)LJXUH� �� �� 7HPSHUDWXUH� GHSHQGHQFH� RI��

VSHFWUDO� H[WLQFWLRQ� &� DQG� GLIIXVH�

WUDQVPLVVLRQ�'�RI�FRKHUHQW�OLJKW�LQ�D�UDQGRP�

SDFNLQJ�RI� VFDWWHULQJ�JODVV� VSKHUHV��6WDQGDUW�

GHYLDWLRQ� RI� SDUWLFOH� UHIUDFWLYH� LQGLFHV� ω�  �
����� DQG� GHWHFWRU� DSHUWXUH� DQJOH�Ω�  � �PUDG�

�G�  � ����P�� φ�  � ������ ]�  � �PP�����������������

ωφ  � ������ ��������� =∂∂ 7QV DQG� N�  ����

1XPHULFDO� VLPXODWLRQV� �V\PEROV�� DQG� ZDYH�

VFDWWHULQJ�PRGHO��
�

7KH� WUDQVPLVVLRQ� FXUYHV� RI�&KULVWLDQVHQ� ILOWHUV�ZHUH� GHWHUPLQHG� XVLQJ� DQ� H[SDQGHG�

+H�1H�ODVHU� �EHDP�GLDPHWHU��PP��DQG�D�GHWHFWLRQ�V\VWHP�RI�VPDOO�DSHUWXUH�DQJOH�Ω���
����PUDG��7KH�SUHSDUDWLRQ�SURFHVV�RI�WKH�JODVV�JUDLQV�ZDV�VWDQGDUGLVHG�DQG�WKH�KHDWLQJ�
UDWH���������PQ�RI�WKH�VFDWWHULQJ�PHGLXP�HQVXUHV�QHJOLJLEOH�WHPSHUDWXUH�JUDGLHQWV�LQ�WKH�
FHOO�� )RU� FORVHO\� SDFNHG� IORDW� JODVV� JUDLQV� LQ� FKORUREHQ]HQH�� WKH�ZDYH� VFDWWHULQJ�PRGHO�

GHVFULEHV�H[SHULPHQWV�DQG�SUHGLFWV�D� VWDQGDUW�GHYLDWLRQ�ω� ����������RI�JODVV� UHIUDFWLYH�
LQGLFHV��ILJ��D���7KH�FODVVLFDO�5DPDQ�²�6KHO\XEVNLL�WKHRU\�LJQRUHV�PXOWLSOH�VFDWWHULQJ�DQG�
WKHQ� XQGHUHVWLPDWHV� ERWK� WKH� WUDQVPLVVLRQ� RI� RSDTXH� PHGLD� DQG� WKH� KRPRJHQHLW\� RI�

JODVV��ω� ���������ILJ��E��DV�UHFHQWO\�UHSRUWHG�E\�+HLGULFK�HW�DO����

�
)LJXUH�����([SHULPHQWDO�WUDQVPLVVLRQ�FXUYHV�RI�IORDW�JODVV�JUDLQV�LQ�&KORUREHQ]HQH��

6SHFWUDO�H[WLQFWLRQ�&�DQG�DWWHQXDWLRQ�&�'�GHULYHG�HLWKHU�IURP�WKH�ZDYH�VFDWWHULQJ�

PRGHO� �ω�  � ���� ����� �D��� RU� WKH� 5DPDQ� ±� 6KHO\XEVNLL� WKHRU\� �ω�  � �� ����� �E�������������������
�Ω � ����PUDG���G ����P��φ  ������]� �PP��ωφ  �������� ��������� =∂∂ 7QV �DQG��N�
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�
$Q�H[WHQVLYH�VHW�RI�H[SHULPHQWV�ZDV�SHUIRUPHG�ZLWK�IORDW�JODVV�RU�&RUQLQJ�JODVV�LQ�

FKORUREHQ]HQH� RU� EURPEHQ]RO� DV� D� IXQFWLRQ� RI� SDUWLFOH� GLDPHWHU�� FHOO� WKLFNQHVV� DQG�
GHWHFWRU� DSHUWXUH� DQJOH� �ILJ����� ,Q�FRQWUDVW�ZLWK� WKH�SUHGLFWLRQV�RI�5DPDQ� ��6KHO\XEVNLL�
WKHRU\��WKH�PD[LPXP�WUDQVPLWWDQFH�&R�'R�VOLJKWO\�LQFUHDVHV�ZLWK�SDUWLFOH�GLDPHWHU��ILJ��D�
DQG�ILJ��E���
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0XOWLSOH�VFDWWHULQJ�HIIHFWV�DQG�QRQ�OLQHDU�YDULDWLRQV�RI�H[WLQFWLRQ�HIILFLHQF\�ZLWK�WKH�

GLHOHFWULF�FRQWUDVW�LQGHHG�UHVXOW�LQ�D�FRPSOH[�GHSHQGHQFH�RI�WKH�PD[LPXP�WUDQVPLWWDQFH�
&R�'R�RI�&KULVWLDQVHQ�ILOWHUV�ZLWK�PHDQ�SDUWLFOH�GLDPHWHU�DQG� OLJKW�ZDYHOHQJWK� LQ�JRRG�
DJUHHPHQW�ZLWK�SKHQRPHQRORJLFDO�IRUPXOD�GHULYHG�E\�$IJKDQ�HW�DO���DQG�+RIIPDQQ�HW�DO�
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)RU�FORVHO\�SDFNHG�JUDLQV��WKH�YDULDQFH�ωφ �LQ�ORFDO�SDUWLFOH�YROXPH�IUDFWLRQ�LV�DERXW�
������ILJ��D���7KH�ZHDN�GHFUHDVH�RI�WKH�YDULDQFH�LQ�JODVV�UHIUDFWLYH�LQGLFHV�IXUWKHU�UHIOHFWV�
VRPH�LQKRPRJHQHLW\�ZLWKLQ�WKH�YROXPH�RI�WKH�JUDLQV��ILJ��E�����
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,Q� FRQFOXVLRQ�� D� VWDWLVWLFDO� PRGHO� RI� ZDYH� VFDWWHULQJ� DQG� LQWHUIHUHQFH� SKHQRPHQD�
GHVFULEHV� OLJKW� WUDQVPLWWDQFH� WKURXJK� UDQGRP� FKULVWLDQVHQ� ILOWHUV� DQG� DFFRXQWV� IRU�
UHSRUWHG�LQDGHTXDFLHV�RI�WKH�5DPDQ�²�6KHO\XEVNLL�WKHRU\��7KH�VFDWWHULQJ�PRGHO�SURYLGHV�

)LJXUH� �� �� ([SHULPHQWDO� WUDQVPLVVLRQ� FXUYHV�� VSHFWUDO� H[WLQFWLRQ�&� DQG� DWWHQXDWLRQ� &�'���

�D�� IORDW� JODVV� LQ� FKORUREHQ]HQH� ZLWK� G�  � ����P� DQG� ω�  � ���� ������ �E�� IORDW� JODVV� LQ�
FKORUREHQ]HQH�ZLWK�G�  � ����P� DQG ω�  � ���� ������ �F�� &RUQLQJ� JODVV� LQ� EURPEHQ]RO�ZLWK���������
G� �����P�DQG�ω� ������������

�D�� �E�� �F��

)LJXUH� �� �� 9DULDQFH� RI�

ORFDO� SDUWLFOH� YROXPH�

IUDFWLRQ� ωφ� �D�� DQG�

SDUWLFOH� UHIUDFWLYH� LQGLFHV��

ω� �E�� GHULYHG� IURP�

WUDQVPLVVLRQ� FXUYHV� � IRU�

IORDW� JODVV� �� �� DQG�

&RUQLQJ�JODVV����������

�D�� �E��



D�FRQYHQLHQW�ZD\�WR�GHWHUPLQH�WKH�YDULDQFH�RI�JODVV�UHIUDFWLYH� LQGH[�IRU�UHODWLYHO\�VPDOO�
DSHUWXUH� DQJOH� LQ� WKH� IRUZDUG� GLUHFWLRQ�� 7KH� SUHVHQW� VWDWLVWLFDO� WUHDWPHQW� RI� IDU� ILHOG�
LQWHUIHUHQFHV� LQGHHG� EHFRPHV� LQDFFXUDWH� IRU� ODUJH� GHWHFWRU� DSHUWXUH� DQJOH� DQG� VWURQJO\�
VFDWWHULQJ�PHGLD���

�

�

�

�

�
�
�6KHO\XEVNLL�9�,���*ODVV�DQG�&HUDPLFV����������������������

�
�5DPDQ�&�9���,QGLDQ�$FDG��6FL��$���������������������

�
�,PDJDZD�+���*ODVV�7HFK���������������������

�
�+HLGULFK�5�3��DQG�)ULVFKDW�*�+���*ODVWHFK��%HU��*ODVV��6FL��7HFKQRO����������������������

�
�9DUVKQH\D�$�.���/RR�0�&��DQG�6RXOHV�7�)���-��$P��&HUDP��6RF�����������������������

�
�$IJKDQ�0��DQG�&DEOH�0���-��1RQ�&U\VW��6ROLGV����	����������������

��+RIIPDQQ�+�-��DQG�6WHLQKDUW�5���*ODVWHFK��%HU��*ODVV��6FL��7HFKQRO����������������������
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