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1RZDGD\V�� DSSOLFDWLRQ� RI� YDULRXV� FRUUR�
VLRQ�UHVLVWDQW�DOOR\V�LV�QRWHG�LQ�YDULRXV�VFL�
HQWLILF� DQG� WHFKQLFDO� ILHOGV�� LQ� PHGLFLQH�
MHZHOU\�LQGXVWU\��HWF��6WDLQOHVV�VWHHO��QLFNHO�
FKURPH� DQG� FREDOW�FKURPH� DOOR\V� EHORQJ� WR
WKRVH�DOOR\V��7KH�EDVLF�FRPSRQHQWV�RI�WKRVH
DOOR\V�DUH�FKURPH��QLFNHO��FREDOW�WKDW�GHILQH
WKH� KLJK� DQWLFRUURVLYH� SURSHUWLHV�� (OHFWUR�
FKHPLFDO� SURFHVVLQJ� RI� WKRVH� DOOR\V� LV� LQ�
WHQGHG� WR� SURYLGH� WKH� FHUWDLQ� DELOLWLHV� RU
SURSHUWLHV�ZKLFK�DUH�QRW�LQKHUHQW�LQ�WKH�DO�
OR\V�� LPSURYHG� GHFRUDWLYH� SURSHUWLHV�� LQ�
FUHDVHG� VXUIDFH� HOHFWULFDO� FRQGXFWDQFH�� VRO�
GHULQJ� DELOLW\�� ELRORJLFDO� LQGLIIHUHQFH� >�@�
7KH� JDOYDQLF� FRDWLQJV� EHLQJ� GHSRVLWHG� RQ
WKRVH� PHWDOV� LQFOXGH� FRSSHU�� VLOYHU�� DQG
JROG��(OHFWURFKHPLFDO�FRDWLQJ�RI�WKRVH�DOOR\V
E\� FRPPRQ� PHWKRGV� GR� QRW� JLYH� JRRG� UH�
VXOWV� ZKHQ� EHLQJ� FDUULHG� RXW� E\� FRPPRQ
PHWKRGV�GXH�WR�WKH�SDVVLYH�H[WHUQDO�VXUIDFH

ILOP�ZKLFK� KLQGHUV� WR� REWDLQ� FRDWLQJV�ZLWK
KLJK�DGKHVLRQ��7KXV��WKHUH�LV�D�QHFHVVLW\�RI
VXUIDFH�DFWLYDWLRQ��L�H��UHPRYDO�R[LGH�ILOP�
7KH�PHDVXUHPHQWV�ZHUH�GRQH�XVLQJ�D�3,

������� SRWHQWLRVWDW�� D� 35��� SURJUDPPHU�
DQG� D� 3'$��� UHFRUGLQJ� GHYLFH�� $� VLOYHU
FKORULGH�HOHFWURGH�ZDV�XVHG�DV�WKH�UHIHUHQFH�
7KH� SURFHVVHV� ZHUH� VWXGLHG� LQ� DQ� <6(��
HOHFWURFKHPLFDO� FHOO��7KH�REWDLQHG�YDOXHV�RI
SRWHQWLDOV� ZHUH� QRUPDOL]HG� WR� WKH� QRUPDO
K\GURJHQ� VFDOH�� 3ODWLQXP� �3O� ����� JUDGH�
ZDV�XVHG�DV�WKH�DQRGH�PDWHULDO��7KH�DQRGLF
EHKDYLRU� RI� VWDLQOHVV� VWHHO� ZDV� VWXGLHG� LQ
FRQFHQWUDWHG� K\GURFKORULF� DFLG� VROXWLRQV�
7KH� SODWH�OLNH� HOHFWURGHV� ZLWK� WKH� ZRUNLQJ
VXUIDFH���FP��ZHUH�GHJUHDVHG�DQG�DFWLYDWHG
LQ� VROXWLRQV� DFFRUGLQJ� WR� *267� �����Ü��
SULRU�WR�PHDVXUHPHQWV�
7KH�DQRGLF�EHKDYLRU�RI�QLFNHO�FKURPH�DQG

FREDOW�FKURPH�DOOR\V�ZDV�LQYHVWLJDWHG�EHIRUH

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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LQ� >����@�� ,W� ZDV� HVWDEOLVKHG� WKDW� LQ� ���� l
VROXWLRQ� RI� K\GURFKORULF� DFLG�� WKH� SDVVLYH
FRQGLWLRQ�RI� DOOR\V� FDXVHG�E\�SUHVHQFH� RI� D
GHQVH� R[LGH� ILOP� RQ� WKH� VXUIDFH� LV� EURNHQ�
%DVLQJ�RQ�WKRVH�GDWD��D�VLPLODU�FKDUDFWHU�RI
VWDLQOHVV� VWHHO� GLVVROXWLRQ� LQ� K\GURFKORULF
DFLG�ZDV�DVVXPHG��
,Q� SUHOLPLQDU\� H[SHULPHQWDO� VWXGLHV�� LW

KDV� EHHQ� IRXQG� WKDW� WKH� SDVVLYLW\� RI� VWDLQ�
OHVV� VWHHO� FDQ� EH� EURNHQ� LQ� FKORULGH� VROX�
WLRQV�� )LJ���� LOOXVWUDWHV� WKH� DQRGLF� SRODUL]�
LQJ�GHSHQGHQFHV�UHFHLYHG� IRU� VWDLQOHVV� VWHHO
ZKLFK� DUH� VXEPLWWHG� LQ� VROXWLRQV� ���� l�
����l�� DQG� ����l�K\GURFKORULF� DFLGV�� ,W� KDV
EHHQ� GHWHUPLQHG� WKDW� WKH� VWDWLRQDU\� SRWHQ�
WLDOV�RI�VWDLQOHVV�VWHHO�GLVVROXWLRQ�LQ�VDLG�HOHF�
WURO\WHV� DUH� GLVSODFHG� WR� SRVLWLYH� SRWHQWLDO
DUHD�DV� WKH� VROXWLRQ�S+�GHFUHDVHV�DQG�DFFRU�
GLQJO\�DUH�HTXDO�WR�Ü������9��Ü������9��DQG
Ü������9��UHVSHFWLYHO\�� ,W� LV� VHHQ� WKDW�GXU�
LQJ� VWDLQOHVV� VWHHO� GLVVROXWLRQ� LQ� ����l�K\�
GURFKORULF� DFLG� �FXUYH���� WKH�SDVVLYH� FRQGL�
WLRQ�RI�VWHHO�FKDQJHV�WR�WKH�WUDQVSDVVLYH�RQH
DW� D� UDWKHU� KLJK� SRWHQWLDO� DQG� WKH� DFWLYH
GLVVROXWLRQ� DUHD� LV� QRW� REVHUYHG�� ,Q� ���� l
K\GURFKORULF� DFLG� �FXUYH����� WKH�GLVVROXWLRQ
SURFHHGV� DW� D� KLJK� UDWH�� $V� WKH� OLPLWLQJ
FXUUHQW�GHQVLW\� LV�DWWDLQHG��DQ� LQWHQVH�SDV�
VLYDWLRQ� RI� WKH� VWHHO� VXUIDFH� IROORZHG� E\
WUDQVLWLRQ� LQ� WKH� WUDQVSDVVLYH� VWDWH� LV� RE�
VHUYHG�� 7KH� OLPLWLQJ� FXUUHQW� GHQVLW\� LQ�
FUHDVHV� DSSUR[LPDWHO\� E\� D� IDFWRU� RI� ���
6XFK�KLJK�GLVVROXWLRQ� UDWH� RI� VWHHO�PD\� UH�
VXOW� LQ� D� GHHS� HWFKLQJ� DQG� HURVLRQ� RI� WKH
HOHFWURGH�VXUIDFH�
7KH� FKDUDFWHULVWLF� YLHZ� RI� SRODUL]DWLRQ

GHSHQGHQFH�IRU�VWDLQOHVV�VWHHO�LQ�����l�VROX�
WLRQ��FXUYH����LQGLFDWHV�WKDW�LQ�WKH�SRWHQWLDO
DUHD� RI� �Ü����� WR������9�DQ�DFWLYH�GLVVROX�
WLRQ� RI� WKH� HOHFWURGH� RFFXUV�� 7KH� OLPLWLQJ
FXUUHQW� GHQVLW\� LQ� WKH� SURFHVV� DWWDLQV
������k�FP��� DQG� WKHQ� WKH� DQRGH� EHFRPHV
SDVVLYDWHG�DJDLQ�DQG� LQ�WKH�SRWHQWLDO�UDQJH
RI� ���� WR� � ���� 9� NHHSV� WKH� VWHDG\� SDVVLYH
FRQGLWLRQ��:LWK�SRODUL]DWLRQ�RI�DQ�HOHFWURGH
PRUH� WKDQ� ����9� WKH� DQRGH� SDVVHV� LQ� WUDQ�
VSDVVLYH� VWDWH� GXH� WR� WKH� UXQQLQJ� RI� WKH
IROORZLQJ�UHDFWLRQV�

�&U����+�2�o�&U�2��������+������H��
p�� �����9�

���

�&U������+�2�o�&U�2������+�����H��
p�� �����9��

���

�+�2�o�2�����+�����H���
p�� ������9�

���

'XULQJ�WKH�VWHHO�GLVVROXWLRQ��WKH�HOHFWUR�
O\WH�FRORU�FKDQJHG�WR�EOXLVK�JUHHQ�W\SLFDO�RI
DTXHRXV� FKURPLXP� FKORULGHV� VROXWLRQV�
$OVR��\HOORZ�QXDQFH�RI�WKH�VROXWLRQ�ZDV�RE�
VHUYHG� WKDW� FRUUHVSRQGV� WR� IRUPDWLRQ� RI
LURQ�FKORULGHV�>�@��7KLV�VXJJHVWV�WKDW�LQ�WKLV
FDVH��LQ�DFWLYH�DUHD�DW�ORZ�FXUUHQW�GHQVLWLHV
�XS� WR���k�GP���� WKH� VHOHFWLYH� DQRGH�GLVVR�
OXWLRQ� ZLWK� FKURPLXP� LRQL]DWLRQ� DFFRUGLQJ
WR� UHDFWLRQV� ��Ü��� WDNHV� SODFH�� 7KXV�� LW� LV
MXVW�WKH�����l�K\GURFKORULF�DFLG�WKDW�LV�RI�D
SUDFWLFDO� LQWHUHVW�EHFDXVH� LW�PDNHV� LW�SRVVL�
EOH� WR� FRQGXFW� VHOHFWLYH� GLVVROXWLRQ� DW� ORZ
FXUUHQW�GHQVLW\�ZLWK�FKURPH�HWFKLQJ�
7R� GHILQH� PRUH� SUHFLVHO\� WKH� QDWXUH� RI

PHWDO� DFWLYLW\� GXULQJ� WKH� VWHHO� GLVVROXWLRQ
LQ�FKORULGH�VROXWLRQV��WKH�DQRGLF�EHKDYLRU�RI
SXUH�PHWDOV� EHLQJ�PDLQ� FRPSRQHQWV� RI� WKH
DOOR\�KDV�EHHQ�VWXGLHG��7KH�SRODUL]DWLRQ�GH�
SHQGHQFHV� IRU� QLFNHO�� FKURPH� DQG� LURQ� DUH
VKRZQ� LQ�)LJ�����&RQVLGHUDWLRQ�RI� WKRVH�GH�
SHQGHQFHV� VKRZV� WKDW� SXUH� PHWDOV� DUH� GLV�
VROYH� LQWHQVHO\� ZLWKRXW� SDVVLYDWLRQ� ZLWKLQ
WKH� UHJLRQ� RI� DFWLYH� VWHHO� VWDWH�� H[FHSW� IRU
FKURPH��JUDSK�����7KH�GLVVROXWLRQ�SURFHVVHV
DQVZHU�WR�UHDFWLRQV�
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)H�o�)H������H�����(�� �������9� ���
)XUWKHUPRUH�� WKH� IROORZLQJ� FKHPLFDO� UH�

DFWLRQV�FDQ�SURFHHG�LQ�WKH�K\GURFKORULF�DFLG
VROXWLRQ�

)LJ����� $QRGLF� SRODUL]DWLRQ� SRWHQWLRG\QDPLF
GHSHQGHQFHV� REWDLQHG� RQ� VWDLQOHVV� VWHHO� ZLWK
VFDQ�YHORFLW\�Y� ���Ü��9�V�LQ�K\GURFKORULF�DFLG
VROXWLRQV������l����������l����������l�����
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&U�2�����+�����&O��o��&U&O�����+�2������
7KH� DQRGLF� GLVVROXWLRQ� NLQHWLFV� ZDV� DOVR

VWXGLHG�E\� FRQVLGHULQJ� WKH�SRWHQWLRG\QDPLF
GHSHQGHQFHV� �)LJ����� FXUYH� ���� LQ� WKH� HOHF�
WURFKHPLFDO�� GLIIXVLRQ� DQG� PL[HG� NLQHWLFV
FRRUGLQDWHV�� ,QWHUSUHWDWLRQ� RI� WKH� FXUYH
SDUW� FRUUHVSRQGLQJ� WR� DFWLYH� VWHHO� GLVVROX�
WLRQ�LQ�FRRUGLQDWHV�RI�HOHFWURFKHPLFDO�NLQHW�
LFV� LV� OLQHDU�� 7KH� JUDSKLF� PHWKRG� SURYLGHV
GHWHUPLQDWLRQ� RI� WKH� DQRGLF� UHDFWLRQ� SD�
UDPHWHU� �7DIHO� FRHIILFLHQW�� E� �������9�
WKDW�FRUUHVSRQGV�WR���HOHFWURQV��$W�WKH�FXU�
UHQW� GHQVLW\� FORVH� WR� OLPLWLQJ� RQH�� D� GHYLD�
WLRQ� IURP� WKH� RQO\� HOHFWURFKHPLFDO� FRQWURO
WRZDUGV� PL[HG� NLQHWLFV� LV� IRXQG�� WKDW� LV
FDXVHG�E\�LPSRVHG�GLIIXVLRQ�UHVWULFWLRQV�
7R� GHWHUPLQH� WKH� RSWLPXP� HOHFWURO\VLV

PRGH�� WKH� VWXGLHV� UHVHDUFKHV� LQ� JDO�
YDQRVWDWLF� DQG� SRWHQWLRVWDWLF� FRQGLWLRQV
ZHUH�FDUULHG�RXW��7KH��JDOYDQRVWDWLF��PRGH
KDV�EHHQ�IRXQG�WR�SURYLGH�WKH�QHFHVVDU\�VWD�
ELOLW\� RI� VWHHO� GLVVROXWLRQ� SURFHVV�� 7KH
DQDO\VLV� RI� VWHHO� GLVVROXWLRQ� FKURQRSRWHQ�
WLRJUDSKV� �)LJ����� LQ� WKH� ILHOG� RI� DFWLYDWLRQ

SRWHQWLDOV�KDV� VKRZQ�WKDW� VWHHO� LV�GLVVROYHG
XQGHU�SRODUL]DWLRQ� VWDUWLQJ� IURP�VWDWLRQDU\
SRWHQWLDO� IROORZHG� E\� VXEVHTXHQW� GHFUHDVH
E\���Ü����P9�GXULQJ���Ü���V��$IWHU�WKH�H[�
SLUDWLRQ�RI� VRPH� WLPH�� WKH�SRWHQWLDO� LV�VWDEL�
OL]HG� DQG� UHPDLQV� SUDFWLFDOO\� DW� D� FRQVWDQW
YDOXH�ZKLFK�FRUUHVSRQGV�WR�WKH�DFWLYH�DUHD�RI
DQRGH� GLVVROXWLRQ� �MÈ� ���Ü�����Ü��k�FP���
7KLV�LV�SURPRWLQJ�WR�JHW�WKH�XQLIRUPO\�SLFN�
OHG�VXUIDFH��
,Q�7DEOH�� WKH�PDLQ�SDUDPHWHUV� RI� DQRGLF

SURFHVVLQJ� IRU� QLFNHO� FKURPH� DQG� FREDOW�
FKURPH�DOOR\V�LQYHVWLJDWHG�EHIRUH�>����@�DQG
IRU� VWDLQOHVV� VWHHO� DUH� VXPPDUL]HG�� 7KH
PRGH� �SRWHQWLRVWDW�� ZDV� SURSRVHG� IRU� HOHF�
WURFKHPLFDO� HWFKLQJ� RI� WKH� DOOR\V�� EXW� IRU
VWHHO�� WKH� �JDOYDQRVWDW�� PRGH� ZDV� VXJ�
JHVWHG��.QRZLQJ�WKH�GHSHQGHQFH�RQ�WKH�HOHF�
WURO\VLV� PRGH�� LW� LV� SRVVLEOH� WR� UHDOL]H� WKH
QHFHVVDU\�GLVVROXWLRQ�UDWH�DQG�WR�REWDLQ�WKH
VXUIDFH� UHOLHI� WKDW� LQIOXHQFHV� FULWLFDOO\� WKH
TXDOLW\�RI�WKH�VXEVHTXHQW�FRDWLQJV�
7KXV�� WKH� DQRGLF� EHKDYLRU� RI� VWDLQOHVV

VWHHO�LQ�K\GURFKORULF�DFLG�VROXWLRQV�KDV�EHHQ
LQYHVWLJDWHG�� ,W� LV� HVWDEOLVKHG� WKDW� GLVVROX�
WLRQ�RI� VWHHO� LQ�DQ�DFWLYH�FRQGLWLRQ� LV� FKDU�
DFWHUL]HG�E\� LRQL]DWLRQ�RI� FKURPH�DQG� LURQ�
7KH� RSWLPXP� FRQGLWLRQ� RI� HOHFWURFKHPLFDO
HWFKLQJ� IRU� VWHHO� KDV� EHHQ� GHWHUPLQHG�� 7KH
PRVW�DFFHSWDEOH�FRQGLWLRQV�RI�DQRGLF�SURFHVV
IRU� VWHHO� LQFOXGH� WKH� HOHFWURGH� SRODUL]DWLRQ

)LJ����� $QRGLF� SRODUL]DWLRQ� SRWHQWLRG\QDPLF
GHSHQGHQFHV� REWDLQHG� LQ� ���� 0� K\GURFKORULF
DFLG� DW� VFDQ�UDWH�Y� ���Ü��9�V�RQ�HOHFWURGHV�
)H������&U������1L�����

)LJ����� $QRGLF� FKURQRSRWHQWLRJUDSKV� RI
��t��s���� VWDLQOHVV� VWHHO� GLVVROXWLRQ� LQ
���� 0� K\GURFKORULF� DFLG� DW� FXUUHQW� GHQVLW\
�k�FP��������Ü�����������Ü�����������Ü������

7DEOH�

6WDLQOHVV�VWHHO 1L±&U &RÜ&U
� � � � � � � � �

3RWHQWLDO�(D��9 Ü����� Ü����� Ü���� ���� ���� ���� ���� ���� ���
&XUUHQW�GHQVLW\�MD��$�GP� ��� ��� ��� ���� ��� ��� ��� ��� ���
'LVVROXWLRQ�UDWH�Y��PP�K ��� ��� ��� ��� ��� ���� ���� ���� ����
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DW� D� SUHVHW� YDOXH� RI� FXUUHQW� GHQVLW\� ���Ü
����k�GP���WKDW�SURPRWHV�DQRGLF�DFWLYDWLRQ
ZLWK� SULPDU\� GLVVROXWLRQ� RI� FKURPH� PL�
FURVLWHV�ZLWKRXW�UHOHDVH�RI�KDUPIXO�SURGXFWV
LQWR�DWPRVSKHUH��

5HIHUHQFHV
� ���$� 5HIHUHQFH� *XLGH� RQ� (OHFWURSODWLQJ�� 0LU�

0RVFRZ��������>LQ�5XVVLDQ@��
� ���2�/�6PLUQRYD�� $�8�1LNRQRY�� 9HVWQLN� 178

�.K3,������������������
� ���2�/�6PLUQRYD�� $�8�1LNRQRY�� 9�9�7RYNHV�

9HVWQLN�178��.K3,�����������������
� ���%�9�1HNUDVRY��)XQGDPHQWDOV�RI�*HQHUDO�&KHP�

LVWU\��1DXND��0RVFRZ��������>LQ�5XVVLDQ@�
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