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R[LGHV�DQG�FDUERQ�XVLQJ�VXSSRUWHG�FDWDO\WLF�QHXWUDOL]HUV�DUH�DQDO\]HG��7KH�UHSODFHPHQW�RI
SODWLQXP�PHWDOV� LQ�FDWDO\VWV�E\�DOOR\V�DQG�R[LGH�FRPSRXQGV� LV�GLVFXVVHG� WR�EH�DQ�DFWXDO
WDVN��7KH�XVH�RI�K\GURJHQ�UHOHDVH�UHDFWLRQ�LV�SURSRVHG�WR�HVWLPDWH�WKH�FDWDO\WLF�DFWLYLW\�RI
V\QWKHVL]HG� PDWHULDOV�� (OHFWURFKHPLFDO� PHWKRGV� DUH� VKRZQ� WR� EH� RI� JRRG� SURVSHFWV� LQ
FDWDO\WLF�PDWHULDO�GHVLJQ��&XUUHQW�H[FKDQJH�GHSHQGHQFH�RQ��PHWDO�K\GURJHQ��DQG��PHWDO�
R[\JHQ�� ERQG� HQHUJ\� LV� XVHG� IRU� DOOR\� SURSHUW\� SUHGLFWLRQ�� 7KH� PRGHV� IRU� V\QWKHVLV� RI
QLFNHO�SDOODGLXP��QLFNHO�FRSSHU�DQG�QLFNHO�WXQJVWHQ�DOOR\V�ZLWK�PD[LPXP�FDWDO\WLF�DFWLYLW\
DUH�RSWLPL]HG��7KH�V\QHUJLVP�RI�QLFNHO�WXQJVWHQ�DQG�QLFNHO�FRSSHU�DOOR\V�LV�VKRZQ�

�¯ºÈÓÈãÒÏÒ¯ºmÈÓ©�º°º­ËÓÓº°�Ò�º�Ò°�}Ò��Ë²Óº�ËÓÓ©²��ÈÏºm©²�m©­¯º°ºm�º����ãËmº�º�
¯º�ºm�� º}°Ò�ºm� ÈÏº�È� Ò� ��ãË¯º�È� °� Ò°¹ºã	ÏºmÈÓÒËä� }È�ÈãÒ�Ò�Ë°}Ò²� ÓË®�¯ÈãÒÏÈ�º¯ºm�
|�äË�ËÓÈ� È}��Èã	Óº°�	� ÏÈäËÓ©� ¹ãÈ�ÒÓºÒ�ºm� m� }È�ÈãÒÏÈ�º¯È²� ÓÈ� °¹ãÈm©� Ò� º}°Ò�Ó©Ë
°ºË�ÒÓËÓÒ«���¯Ë�ãºÎËÓº�Ò°¹ºã	ÏºmÈ�	�¯ËÈ}�Ò
�m©�ËãËÓÒ«�mº�º¯º�È��ã«�º�ËÓ}Ò�}È�È�
ãÒ�Ò�Ë°}º®�È}�ÒmÓº°�Ò�°ÒÓ�ËÏÒ¯�Ëä©²�äÈ�Ë¯ÒÈãºm��z�¹Ë¯°¹Ë}�ÒmÓ©ä�°¹º°º­Èä��ÒÏÈ®�
ÓÈ�}È�ÈãÒ�Ò�Ë°}Ò²�äÈ�Ë¯ÒÈãºm�ÓÈ�äË�ÈããÒ�Ë°}Ò²�Óº°Ò�Ëã«²�º�ÓË°ËÓ©�ªãË}�¯º²ÒäÒ�Ë°�
}ÒË� äË�º�©�� iã«� ¹¯º�ÓºÏÒ¯ºmÈÓÒ«� °mº®°�m� °¹ãÈmºm� Ò°¹ºã	ÏºmÈÓÈ� ÏÈmÒ°Òäº°�	� �º}È
º­äËÓÈ� º�� ªÓË¯�Ò®� °m«ÏÒ� �äË�Èãã�mº�º¯º��� Ò� �äË�Èãã�}Ò°ãº¯º����|¹�ÒäÒÏÒ¯ºmÈÓ©�¯Ë�
ÎÒä©�°ÒÓ�ËÏÈ�°¹ãÈmºm�ÓÒ}Ëã	�¹ÈããÈ�Ò®��ÓÒ}Ëã	�äË�	�Ò�ÓÒ}Ëã	�mºã	Á¯Èä��°º°�Èm�}º�º�
¯©²� °ºº�mË�°�m�Ë�� äÈ}°ÒäÈã	Óº®� }È�ÈãÒ�Ò�Ë°}º®� È}�ÒmÓº°�Ò�� �º}ÈÏÈÓº�� ��º� °¹ãÈm©
ÓÒ}Ëã	�mºã	Á¯Èä�Ò�ÓÒ}Ëã	�äË�	�º­ãÈ�È
��°ÒÓË¯�Ë�Ò�Ë°}Òä�ªÁÁË}�ºä�

1HXWUDOL]DWLRQ�RI�WR[LF�JDVHRXV�HPLVVLRQV
IURP� YHKLFOHV�� PLQLQJ� HTXLSPHQW�� GRPHVWLF
ZDVWH�SURFHVVLQJ�SODQWV��IRRG�DQG�RWKHU�ORZ
SURGXFWLYLW\�ZRUNV� LV� DQ� DFWXDO� SUREOHP� LQ
PRVW� DGYDQFHG� FRXQWULHV��$� VWURQJ� LPSXOVH
WR�WKH�GHYHORSPHQW�RI�FDWDO\WLF�SXULILFDWLRQ
PHWKRGV� DV�ZHOO� DV� WR� FUHDWLRQ�RI�YDULRXVO\
GHVLJQHG� QHXWUDOL]HUV� ZDV� JLYHQ� >�@� E\� LP�
SOHPHQWDWLRQ� RI� EORFN� FDUULHU� V\VWHPV�
ZKLFK�DUH�FDSDEOH�WR�ZRUN�LQ�ZLGH�WHPSHUD�
WXUH�UDQJH��LQ�SDUWLFXODU�DW�WKH��FROG��VWDUW
RI� HQJLQHV�� 7KH� UHSODFHPHQW� RI� FHUDPLF
EORFN� FDUULHUV� E\�PHWDOOLF� RQHV� LV� SURPRWHG
>�@� E\�� D� UDWKHU� ODUJH� IORZ� VHFWLRQ�� KLJK
VSHFLILF� VXUIDFH�DQG�KHDW� FRQGXFWLYLW\��SUR�
YLGLQJ� WKH� UDSLG� KHDWLQJ��XQLIRUP� FDWDO\WLF
OD\HU� WHPSHUDWXUH� DQG� WKH� ORZHUHG� ULVN� RI
ORFDO�RYHUKHDWV��KLJK�PHFKDQLFDO�DQG�LPSDFW

VWUHQJWK�� WKH� SURGXFWLRQ� IOH[LELOLW\�� DOORZ�
LQJ�WR�PDNH�FDWDO\VWV�RI�GLIIHUHQW�DQG�VL]HV�
7KH� WUDGLWLRQDO� FDWDO\WLF� QHXWUDOL]HUV

EDVHG�RQ�SODWLQXP�JURXS�PHWDOV��3W��5K��3G�
SURYLGH� D� FRQVLGHUDEOH� UHGXFWLRQ� RI� FRQFHQ�
WUDWLRQ�RI�XQEXUQHG�K\GURFDUERQV�DQG�QLWUR�
JHQ� R[LGHV� �12[���'XH� WR� WKH� ORZ�DYDLODELO�LW\� DQG� KLJK� SULFH� RI� SODWLQXP� JURXS�PHW�
DOV�� D� JUHDW� QXPEHU� RI� UHVHDUFKHV� KDV� EHHQ
GLUHFWHG� WR� FRQWHQW� RI� WKHVH� PDWHULDOV� LQ
FDWDO\WLF�V\VWHPV�DQG�HYHQ�WR�WKHLU�FRPSOHWH
UHSODFHPHQW�� $Q� LPSRUWDQW� SDUW� LQ� VROYLQJ
WKLV�SUREOHP�EHORQJV�WR�WKH�WUDQVLWLRQ�PHWDO
R[LGHV� �&X��&U��0Q�� )H��&R��1L�� DV� ZHOO� DV
PL[HG� DQG� FRPSRVLWH� R[LGHV�� IRU� H[DPSOH
VSLQHOV�DQG�SHURYVNLWHV��DQG�DOVR�WR�YDULRXV
DOOR\V� >�@�� %XW� SUREOHPV� RI� SURYLGLQJ� WKH
GXUDEOH� DGKHVLRQ� DQG� FDWDO\WLF� OD\HU� KRPR�

)XQFWLRQDO�0DWHULDOV�����1R��������� �������Û�,QVWLWXWH�IRU�6LQJOH�&U\VWDOV
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JHQHRXV�GLVWULEXWLRQ�RQ�WKH�FDUULHU�DV�ZHOO�DV
ZD\V� WR� LWV� VSHFLILF� DUHD� YDOXH� DQG� SRURVLW\
HQKDQFHPHQW�� L�H�� SURYLGLQJ� WKH� PHWKRG� IRU
PDQXIDFWXULQJ� D� VWDEOH� LJQREOH� FDWDO\VW� RQ
PHWDOOLF�FDUULHU��UHPDLQ�XQVROYHG�WR�GDWH�
2QH� RI� WKH�PRVW� HIIHFWLYH� FRPSOH[� VROX�

WLRQV� IRU� D� QXPEHU� RI� PHQWLRQHG� SUREOHPV
FRQVLVWV�LQ�WKH�HOHFWURFKHPLFDO�WHFKQLTXHV�RI
WKH� FDUULHU� SUHWUHDWPHQW�� VXUIDFH� VKDSLQJ
DQG� WKH� GHSRVLWLRQ� RI� YDULDEOH� FRPSRVLWLRQ
DQG� WKLFNQHVV� FRDWLQJV�ZLWK� KLJK� DGKHVLRQ�
SRVVHVVLQJ�FDWDO\WLF�SURSHUWLHV�DQG�FRUURVLYH
UHVLVWDQFH�� 3UHIHUUHG� VKRXOG� EH� WKH� SXOVH
HOHFWURO\VLV� PRGHV�� SURYLGLQJ� WKH� IOH[LEOH
FRQWURO�RI�WKH�DOOR\�FRPSRVLWLRQ��UHJXODWLRQ
RI� WKH� SKDVH� FRPSRVLWLRQ� DQG� WKH� FRDWLQJ
SXULW\��DQG�UHGXFWLRQ�RI�LQWHUQDO�VWUHVVHV�LQ
WKH�PDWHULDOV��7KLV�ZRUN�LV�GHYRWHG�WR�VROY�
LQJ� WKH� SUREOHP� RI� FDWDO\WLFDOO\� DFWLYH� V\V�
WHP�HOHFWURGHSRVLWLRQ�RQ�PHWDOOLF�FDUULHUV�
$� YLWDO� SUREOHP� LQ� SODWLQXP� PHWDO� UH�

SODFHPHQW� LV� WKH� FDWDO\WLF� DFWLYLW\� SUHGLF�
WLRQ�IRU�LJQREOH�PHWDOV�DQG�DOOR\V�LQ�KHWHUR�
JHQHRXV� UHGR[� UHDFWLRQV��ZKLFK� GHSHQGV� RQ
WKHLU� DELOLW\� WR� DGVRUE�PROHFXOHV� DV�ZHOO� DV
WR�LQIOXHQFH�WKH�HOHFWURQ�GHQVLW\�UHGLVWULEX�
WLRQ� DQG� LQWHUDWRPLF� ERQG� EUHDNLQJ�� 7KH
�PHWDO� Û� UHDJHQW� DFWLYH� FHQWHU�� ERQG� HQ�
HUJ\� FDQ� EH� EHOLHYHG� WR� EH� D� TXDQWLWDWLYH
FKDUDFWHULVWLF� RI� VXFK� SURSHUW\�� � )URP� WKLV
SRLQW�RI�YLHZ��LW�LV�SRVVLEOH�WR�XVH�WKH�PRGHO
UHDFWLRQ� RI� K\GURJHQ� UHGXFWLRQ� WR� HVWLPDWH
WKH� V\QWKHVL]HG� PDWHULDO� FDWDO\WLF� DFWLYLW\�
EHFDXVH�WKLV�HOHFWURFKHPLFDO�SURFHVV�DOVR�LQ�
FOXGHV� WKH� DGVRUSWLRQ� VWDJH�� DQG� LWV� UDWH
GHSHQGV�RQ�WKH�HOHFWURGH�QDWXUH�DQG��PHWDO
Û�K\GURJHQ�� �(0±+�� ERQG� HQHUJ\� >�@�� ,W� LVMXVW�WKH�K\GURJHQ�FXUUHQW�H[FKDQJH�GHQVLW\
WKDW� LV�FRQVLGHUHG� WR�EH� WKH�XQLYHUVDO�SURF�
HVV�FKDUDFWHULVWLF��EHFDXVH�LW�LV�LQGHSHQGHQW
RI� WKH� HOHFWURGH�SRWHQWLDO�� ,Q� RXU�ZRUN� >�@�
LW�KDV�EHHQ�VXJJHVWHG� WKDW�G�PHWDOV� ORFDWHG
RQ�GLIIHUHQW�VLGHV�RI�WKH�M+2���'(+�20 �GHSHQG�
HQFH��)LJ������ZKHUH�'(+�20 �LV�WKH�GLIIHUHQFH
EHWZHHQ� �PHWDO�K\GURJHQ�� DQG� �PHWDO�R[\�
JHQ��ERQG�HQHUJ\��DUH�DEOH�WR�IRUP�FDWDO\WLF
DFWLYH� DOOR\V�� 7KLV� K\SRWKHVLV� ZDV� YHULILHG
WDNLQJ� WKH� HOHFWURGHSRVLWHG� QLFNHO�FRSSHU�
QLFNHO�SDOODGLXP� DQG� QLFNHO�WXQJVWHQ� DOOR\V
DV�H[DPSOHV�
7KH� DOOR\� FRDWLQJV� ZHUH� GHSRVLWHG� RQWR

VWHHO�� QLFNHO�� DQG� FRSSHU� VXEVWUDWHV� DIWHU
SUHWUHDWPHQW� XVLQJ� D� VWDQGDUG�PHWKRG� >�@�
7KH�1L±&X� DOOR\� ZHUH� GHSRVLWHG� IURP� FRP�
SOH[� S\URSKRVSKDWH� HOHFWURO\WHV�� ZKHUH� WKH
WRWDO� FRQFHQWUDWLRQ� RI� FRSSHU� DQG� QLFNHO
VDOWV� KDV� QRW� H[FHHG� ���� PRO�GP��� WKDW� RI
SRWDVVLXP� S\URSKRVSKDWH� �� PRO�GP�� DW
¯s� ����Ü����DQG�GLUHFW�FXUUHQW�GHQVLW\���

WR�����k�P���1L±3G� FRDWLQJV�KDYH�EHHQ�RE�
WDLQHG�IURP�WKH�SRO\OLJDQG�DPPRQLXP�S\UR�
SKRVSKDWH� HOHFWURO\WH�� S+� ����� WR� ������ DW
����z�� 7KH� FDWKRGH� FXUUHQW� GHQVLW\� MF� ZDVYDULHG� LQ� WKH� UDQJH� RI� �� WR� ��� k�P��� 7KH
1L±:� DOOR\� ZDV� GHSRVLWHG� IURP� D� FRPSOH[
DPPRQLXP� FLWUDWH� HOHFWURO\WH� >�@� XVLQJ
XQLSRODU� SXOVH� FXUUHQW�� 7KH� WXQJVWDWH� FRQ�
WHQW� LQ� WKH� HOHFWURO\WH� ZDV� YDULHG� LQ� WKH
UDQJH�RI�������WR�����PRO�GP�� DW� WKH� WRWDO
QLFNHO�VXOIDWH�DQG�VRGLXP�WXQJVWDWH�FRQFHQ�
WUDWLRQ�RI�����PRO�GP��� &LWULF� DFLG� FRQFHQ�
WUDWLRQ� ZDV� ���� PRO�GP��� ¯s� ���� (OHF�
WURGHSRVLWLRQ�KDV�EHHQ�FDUULHG�RXW�DW�����.
DQG�SXOVH�FXUUHQW�GHQVLW\�DPSOLWXGH������WR
�����k�P��� 7KH� 1L� FRQWHQW� LQ� DOOR\V� ZDV
GHWHUPLQHG� XVLQJ� SKRWRFDORULPHWU\� >�@�� WKH
FRSSHU� RQH�� E\� HOHFWURO\WLF� GHSRVLWLRQ� RQ� D
SODWLQXP� FDWKRGH� >�@�� 7KH� FDWDO\WLF� SURSHU�
WLHV� RI� HOHFWURGHSRVLWHG� DOOR\V� ZHUH� HVWL�
PDWHG�EDVLQJ�RQ�WKH�H[FKDQJH�FXUUHQW�YDOXH
LQ�WKH�PRGHO�UHDFWLRQ�RI�K\GURJHQ�UHGXFWLRQ
IURP� VXOIXULF� DFLG� VROXWLRQ�� 7KH� FHOO� ZDV
GH�R[\JHQDWHG�E\�SXUJLQJ�ZLWK�KLJK�SXULW\
DUJRQ� ZLWK� VLPXOWDQHRXV� SULPDU\� FDWKRGH
ZRUN�XS�RI�WKH�VROXWLRQ�GXULQJ����PLQ��9RO�
WDPPHWULF�PHDVXUHPHQWV� KDYH� EHHQ� FDUULHG
RXW�XQGHU� OLQHDU� VWHS�SRWHQWLDO�SRODUL]DWLRQ
PRGH� XVLQJ� D� 3,�������� SRWHQWLRVWDW� DQG� D
35��� SURJUDPPHU� LQ� D� VWDQGDUG� &6(��
WKUHH�HOHFWURGH�FHOO�

(OHFWURO\VLV� PRGH� LQIOXHQFH� RQ� WKH� DOOR\
FRPSRVLWLRQ�� :KHQ� 1L±:� DOOR\� GHSRVLWLQJ
IURP�D�DPPRQLXP�FLWUDWH�HOHFWURO\WH��QLFNHO
UHGXFWLRQ� WDNHV� SODFH� ZLWK� GHSRODUL]DWLRQ
ZKLFK� LQFUHDVHV� ZLWK� WKH� FDWKRGH� FXUUHQW
GHQVLW\�MF�LQFUHDVH��DOWKRXJK�ZH�KDYH�HVWDE�OLVKHG� WKDW� QLFNHO� FRQWHQW� LQ� WKH� DOOR\�� DV
ZHOO�DV�WKH�FXUUHQW�HIILFLHQF\�(F��DUH�HVVHQ�WLDOO\�LQGHSHQGHQW�RI�MF��1L�,,��DQG�:�9,��VDOW

)LJ�����+\GURJHQ�H[FKDQJH�FXUUHQW�GHQVLW\�DV
D�IXQFWLRQ�RI�ERQG�HQHUJ\�GLIIHUHQFH�'(+�20 ��
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FRQFHQWUDWLRQ� UDWLR� LQ� WKH� HOHFWURO\WH� LQIOX�
HQFHV� WKH� FRDWLQJ� FRPSRVLWLRQ� FRQVLGHUDEO\�
DV� WKH�1L�,,��:�9,�� UDWLR� ULVHV��1L� FRQWHQW� LQ
WKH� DOOR\� Z�1L�� DQG� WKH� DOOR\� FXUUHQW� HIIL�
FLHQF\�LQFUHDVH��7DEOH����
&RQVLGHUDWLRQ� RI� NLQHWLF� SDUDPHWHUV� IRU

SDUWLDO�UHDFWLRQV��G�DQG�O��HQDEOHV�WR�SURSRVH
WKH�WXQJVWHQ�QLFNHO��FREDOW��DOOR\�GHSRVLWLRQ
PHFKDQLVP� �)LJ������ ZKHUH� 0� �� ^1L�� &R`�
.W]��� WKH� FDWLRQ�� $]±�� WKH� DQLRQ�� /�� WKH� OL�
JDQG��/���^2+±��&LW±��1+���+P3�2�P±����`��YGDQG�YGV�DUH�EXON�DQG�VXUIDFH�GLIIXVLRQ�UDWHVRI� D� FRPSRQHQWV� IURP� WKH� HOHFWURO\WH� EXON
�[� �f��WR�WKH�HOHFWURGH� �[� ����RU�WKH�UHDF�
WLRQ� OD\HU� �[� �G¯�� VXUIDFH��NVL� DQG�NIL�� UDWHFRQVWDQWV� RI� HOHFWURFKHPLFDO� DQG� FKHPLFDO
UHDFWLRQV�� .Z�� ZDWHU� HTXLOLEULXP� FRQVWDQW��;�DG�� DG�DWRP�� �<�FO�� FU\VWDO� ODWWLFH� DWRP�7KLV� JHQHUDO� VFKHPH� LQFOXGHV� WKH� FKHPLFDO
VWHS�FRUUHVSRQGLQJ� WR� WXQJVWDWH� LRQV�UHGXF�
WLRQ� E\� K\GURJHQ� DG�DWRPV� RFFXUULQJ� DW
KLJK�FDWKRGH�FXUUHQW�GHQVLW\�UHDOL]HG�XQGHU
SXOVH�HOHFWURO\VLV�PRGH�
$OWKRXJK� WKH� HTXLOLEULXP� SRWHQWLDOV� IRU

FRSSHU�(�&X���&X��DQG�QLFNHO�(�1L���1L��DS�
SURDFK� HDFK� RWKHU� GXH� WR� WKH� FRPSOH[� IRU�
PDWLRQ�LQ�WKH�S\URSKRVSKDWH�HOHFWURO\WH��WKH
YDOXH� (�&X���&X�� PRUH� SRVLWLYH� WKDQ
(�1L���1L��� +RZHYHU�� GXULQJ� FRGHSRVLWLRQ�
1L���LRQ� GLVFKDUJH� RFFXUV� ZLWK� GHSRODUL]D�
WLRQ� ZKLOH� &X���� ZLWK� VXSHUSRODUL]DWLRQ�
WKHUHIRUH��ERWK�PHWDOV�FR�GHSRVLW�DV�DQ�DOOR\
LQ�FHUWDLQ�FRQGLWLRQV��:KHQ�FXUUHQW�GHQVLW\
LQFUHDVHV�� WKH� QLFNHO� FRQWHQW� LQ� WKH� DOOR\
GURSV�� EXW�ZKHQ�1L�,,��&X�,,�� VDOW� FRQFHQWUD�
WLRQ� UDWLR� LQFUHDVHV�� LW� JURZV� UHJXODUO\
�7DEOH����� ZKHUHDV� WKH� WHPSHUDWXUH� ULVH� UH�
VXOWV� LQ� DQ� LQFUHDVLQJ� FRSSHU� FRQWHQW� WKH
DOOR\�� 7KH� 1L±&X� DOOR\� FXUUHQW� HIILFLHQF\
JURZV� WR� VRPH�H[WHQW�ZKHQ�1L�,,��&X�,,�� VDOW
FRQFHQWUDWLRQ� UDWLR� DQG� FDWKRGH� FXUUHQW
GHQVLW\�LQFUHDVH�
$V� WR� QLFNHO�SDOODGLXP� DOOR\� GHSRVLWLRQ�

WKH� YDULDWLRQ� RI� WKH� FRQFHQWUDWLRQ� UDWLR� RI
PDLQ� FRPSRQHQWV� LQ� WKH� HOHFWURO\WH
3G���1L��� IURP� ����� WR� ���� UHVXOWV� LQ� WKH
GHFUHDVH�RI�QLFNHO�FRQWHQW�LQ�WKH�DOOR\�E\���
WR������ZLWKLQ�WKH�FXUUHQW�GHQVLW\�UDQJH�RI
��� WR� ��� $�P��� 6R�� WKH� PD[LPXP� QLFNHO

FRQWHQW� LQ� WKH� DOOR\� ������� LV� DFKLHYHG� DW
WKH�FDWKRGH�FXUUHQW�GHQVLW\������$�P�� DQG
WKH�FRQFHQWUDWLRQ�UDWLR�RI�PDLQ�FRPSRQHQWV
LQ� WKH� HOHFWURO\WH� ������ 7KH� FXUUHQW� HIIL�
FLHQF\�DFKLHYHV�WKH�PD[LPXP�YDOXH������DW
MF� ������$�P�� DQG� WKH� DOOR\�IRUPLQJ� FRP�
SRQHQW�UDWLR������+DYLQJ�FRQVLGHUHG�WKH�NL�
QHWLF�FULWHULD��ZH�SUHVHQW�WKH�PHFKDQLVP�RI
&X�3G�Ü1L� DOOR\� GHSRVLWLRQ� �)LJ������ ,W� LQ�
FOXGHV� UHDFWLRQV� RI� SRO\OLJDQG� FRPSOH[� GLV�
VRFLDWLRQ�DV�ZHOO�DV�LRQLF�PROHFXODU�HTXLOLE�
ULXP� LQ� WKH� HOHFWURO\WH� UHVXOWLQJ� LQ� IRUPD�
WLRQ� RI� YDULRXV� SURWRQDWHG� SDUWLFOHV�� 7KH
VDPH� UHGXFWLRQ� PHFKDQLVP� IRU� &X±1L� DQG
3G±1L� DOOR\� FRPSRQHQWV� FDQ� EH� QRWHG�� LQ
FRQWUDVW�WR�1L±:�DOOR\�RQHV�

$QDO\VLV� RI� WKH� DOOR\� FDWDO\WLF� DFWLYLW\�
7R�SURYH� WKH� FRUUHFWQHVV�RI� WKH�RIIHUHG�DS�
SURDFK� WR� GHWHUPLQDWLRQ� RI� WKH� PDWHULDO
SURSHUWLHV� DQG� DGHTXDF\� RI� WKHLU� TXDQWLWD�
WLYH�FKDUDFWHULVWLFV��FDWDO\WLF�DFWLYLW\�RI�LQ�
GLYLGXDO� PHWDOV� �SODWLQXP�� FRSSHU�� DQG
QLFNHO��KDV�EHHQ�DQDO\]HG�E\�FDOFXODWLQJ�WKH
NLQHWLF� SDUDPHWHUV� RI� K\GURJHQ� UHGXFWLRQ
SURFHVV���M+2���FKDUJH�WUDQVIHU�FRHIILFLHQW��D�
DQG� WKH� 7DIHO� HTXDWLRQ� FRQVWDQWV� D� DQG� E�

)LJ�����*HQHUDO�VFKHPH�RI�WXQJVWHQ�FR�GHSRVL�
WLRQ�ZLWK�G�PHWDOV�

7DEOH���� (IIHFW� RI� HOHFWURO\WH� FRPSRVLWLRQ
RQ�WKH�FRPSRQHQW�FRQWHQW�DQG�FXUUHQW�HIIL�
FLHQF\�RI�1L±:�DOOR\

1L�,,��:�9,� ���� � ��� ��� �
Z�1L���� ���� ���� ���� ���� ����
&H��� ���� �� �� ���� ��

7DEOH���� (IIHFW� RI� HOHFWURO\VLV� SDUDPHWHUV
RQ� FRPSRVLWLRQ� DQG� FXUUHQW� HIILFLHQF\� RI
1L±&X�DOOR\

1L�,,��&X�,,� 7��. MF��k�P� &H��� Z�1L����
� ��� �� �� ����

�� �� ���
��� �� �� ���

�� �� ����
� ��� �� �� ����

�� �� ����
��� �� ��� ����
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EDVLQJ� RQ� SRODUL]DWLRQ� GHSHQGHQFHV
�7DEOH� ���� 7KH� FRPSDULVRQ� RI� NLQHWLF� SD�
UDPHWHUV� �VHH� 7DEOH����� FDOFXODWHG� IURP� H[�
SHULPHQW�UHVXOWV�DQG�NQRZQ�IURP�OLWHUDWXUH
VRXUFHV� �WKHRU��� >��@�� HYLGHQFHV� WKHLU� JRRG
DJUHHPHQW�� DQG� WKXV� FRQILUPV� WKH� UHDVRQ�
DELOLW\� RI� SURSRVHG� SURFHGXUH� DSSOLFDWLRQ
ZKHQ� GHWHUPLQLQJ� WKH� RSWLPXP� FDWDO\WLF
DOOR\� FRPSRVLWLRQ�� 7KH� SRODUL]DWLRQ� PHDV�
XUHPHQWV�WHVWLI\�WKDW�DPRQJ�VWXGLHG�PDWHUL�
DOV� 1L±:� DOOR\V� WKDW� SRVVHVV� WKH� KLJKHVW
FDWDO\WLF� DFWLYLW\� ZKHQ� Z�:�� EHLQJ� ZLWKLQ
OLPLWV�RI����WR�������7KLV�Z�:��UDQJH�FRU�
UHVSRQGV� FRPSOHWHO\� WR� WKHRUHWLFDO� FDOFXOD�
WLRQ�GDWD� �)LJ���E��� WKXV�UHIOHFWLQJ� WKH� FRU�
UHFWQHVV� RI� DSSURDFKHV� GHYHORSHG� LQ� >�@�
0RUHRYHU�� WKH� PD[LPXP� DFWLYLW\� RI� FRDW�
LQJV��GHSRVLWHG�RQ�QLFNHO�VXEVWUDWH��LV�WR�EH
QRWHG�� 7KLV� LV� SUREDEO\� GXH� WR� WKH� ORZHUHG
LQWHUQDO� VWUHVV� OHYHO� DQG� WKH� PRUH� SHUIHFW
FRDWLQJ� VWUXFWXUH� IRUPDWLRQ� RQ� VXEVWUDWHV
RI�VLPLODU�QDWXUH��7KH�OJM+2�YDOXH�GLIIHUHQFHV
REVHUYHG� IRU�1L±:� DOOR\� REWDLQHG� RQ� RWKHU

VXEVWUDWHV� PLJKW� EH� H[SODLQHG� E\� GLIIHUHQW
FRDWLQJ� SRURVLW\� �DQG� WKXV� WUXH� VXUIDFH
DUHD��ZKLFK� LV� GLPLQLVKHG�DW� ULVLQJ�RYHUSR�
WHQWLDO� RI� K\GURJHQ� HYROXWLRQ� DQG� LWV� DE�
VRUSWLRQ� GXULQJ� WKH� DOOR\� GHSRVLWLRQ� LQ� WKH
1L�!�)H�!�&X� VHTXHQFH�� 7KXV�� WKH� K\GURJHQ
FXUUHQW�H[FKDQJH�YDOXHV�RQ�QLFNHO��ZKLFK�LV
FDWDO\WLFDOO\�PRUH�DFWLYH�DQG�VLPLODU�WR�WKH
FRDWLQJ� LQ� QDWXUH�� DUH� VRPHZKDW� KLJKHU
WKDQ�RQ�RWKHU�VXEVWUDWHV�
7KH�1L±&X�DOOR\V�KDYH�ORZHU�FDWDO\WLF�DF�

WLYLW\�LQ�FRPSDULVRQ�ZLWK�1L±:�DOOR\V��LQGH�
SHQGHQW� RI� WKH� FRPSRVLWLRQ� DQG� VXEVWUDWH
PDWHULDO�� $W� WKH� VDPH� WLPH�� WKH� FDWDO\WLF
DFWLYLW\�RI�ERWK�DOOR\V�H[FHHGV�WKH�DFWLYLWLHV
RI� DOOR\�IRUPLQJ� FRPSRQHQWV� �)LJ������ VLQFH
1L�DQG�&X�DV�ZHOO�DV�1L�DQG�:�DUH�ORFDWHG�RQ
GLIIHUHQW� VLGHV� RI� WKH� GHSHQGHQFH� �VHH
)LJ������7KLV�IDFW�FRPSOHWHO\�FRUUHVSRQGV�WR
WKHRUHWLFDO�LGHDV�FRQFHUQLQJ�WKH�V\QHUJLF�HI�
IHFW� SUREDELOLW\�� 7KH� M+2� YDOXH� IRU� 1L±&X
DOOR\�LV�FORVH�WR�WKDW�RI�QLFNHO��VR�WKH�LQWHU�
YDO� RI� PD[LPXP� OJM+2� YDOXHV� REWDLQHG� IRU

)LJ�����*HQHUDO� VFKHPH�RI� SDOODGLXP� �FRSSHU�� FR�GHSRVLWLRQ�ZLWK�G�PHWDOV� IURP�SRO\OLJDQG�HOHFWUR�
O\WHV�

7DEOH����.LQHWLF�SDUDPHWHUV�RI�K\GURJHQ�HYROXWLRQ�SURFHVV�RQ�PHWDOV

(OHFWURGH
PDWHULDO

ÜÈ ÜE D ÜOJM+2�
H[S� WKHRU� H[S� WKHRU� H[S� WKHRU� H[S� WKHRU�

3W ���� ���� ����� ����� Ü Ü ���� ����
1L ���� ���� ����� ����� ���� ���� ���� ����
&X ���� ���� ����� ����� ���� ���� ���� ����
: Ü Ü Ü Ü Ü Ü Ü ���
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DOOR\V�ZLWK�QLFNHO�FRQWHQW����WR�������SHU�
PLWV� WR�FRQVLGHU� WKH� FRQWULEXWLRQ� IURP�WKLV
PHWDO� WR� WKH� DOOR\� SURSHUWLHV� WR� EH� GRPL�
QDQW�� 7KH� OJM+2� YDOXHV� IRU� WKH�1L±&X� DOOR\V
DOVR� GHSHQG� RQ� WKH� VXEVWUDWH� PDWHULDO�� EXW
WKH� GLIIHUHQFH� EHWZHHQ� WKHP� LV� LQVLJQLIL�
FDQW�� VR� WKH� UHVXOWV� REWDLQHG� RQ� WKH� VWHHO
VXEVWUDWH� WKDW� LV� ZLGHO\� XVHG� LQ� SUDFWLFH�
DUH�LOOXVWUDWHG��7KH�PD[LPXP�H[FKDQJH�FXU�
UHQW�LV�DWWDLQHG�IRU�WKH�DOOR\�RI������QLFNHO
DQG������FRSSHU��+\GURJHQ�HYROXWLRQ�RYHU�
YROWDJH�YDOXHV�RQ�1L±&X�DOOR\V�DUH�FRQVLGHU�
DEO\� ORZHU� DV� FRPSDUHG� WR� K+� RQ� FRSSHUDQG��DV�ZHOO�DV�H[FKDQJH�FXUUHQWV��DUH�SUDF�
WLFDOO\� LQGHSHQGHQW� RI� WKH� VXEVWUDWH� PDWH�
ULDO�� DOWKRXJK� H[FHHG� 1L±:� DOOR\� RYHUYRO�
WDJH�DOPRVW�DW������9��7KH�FDWDO\WLF�DFWLYLW\
RI� 1L±3G� DOOR\� GLUHFWO\� FKDQJHV� IURP� WKH
SURSHUWLHV�RI�WKH�ILUVW�PHWDO�WR�WKRVH�RI�WKH
VHFRQG� RQH� �)LJ����� FXUYH� ��� ZLWKRXW� DQ\
V\QHUJLF� HIIHFW� EHFDXVH� 1L� DQG� 3G� DUH� OR�
FDWHG� RQ� WKH� VDPH� VLGH� RI� WKH� GHSHQGHQFH
�VHH�)LJ������6XFK�EHKDYLRU� LV� LQ�D�FRPSOHWH
DJUHHPHQW� ZLWK� FDOFXODWHG� M+2� YDOXHV� �VHH
)LJ���D��
&RQVLGHUDWLRQ�RI�WKH�VWXG\�UHVXOWV�DOORZV

WR�FRQFOXGH�WKDW�QLFNHO�WXQJVWHQ�DOOR\V�ZLWK
WXQJVWHQ� FRQWHQW� RI� ��� WR� ����� GHSRVLWHG
RQ�QLFNHO�RU�LWV�DOOR\V�DUH�WKH�PRVW�SHUVSHF�
WLYH� FDWDO\WLF� PDWHULDOV� RI� QRQ�SODWLQXP
JURXS� IRU� WKH� JDV� ZDVWH� SXULILFDWLRQ�� 7KH
WXQJVWHQ� FRQWHQW� LQFUHDVH� LQ� WKH� VSHFLILHG
UDQJH�IDYRUV�WKH�FRDWLQJ�DPRUSKL]DWLRQ�>�@�
UHVXOWLQJ� LQ� WKH� VWUHVV� UHOD[DWLRQ� DQG� LQ�
FUHDVHG� FRUURVLRQ� UHVLVWDQFH�� D� VXIILFLHQWO\
KLJK�FDWDO\WLF�DFWLYLW\�EHLQJ�UHWDLQHG�DW�WKH
VDPH�WLPH�

1L±:� DOOR\� ZLWK� DQ� RSWLPXP� Z�1L�� FRQ�
WHQW� LQWHUYDO� KDV� EHHQ� GHSRVLWHG� IURP� DQ

HOHFWURO\WH� ZLWK� 1L�,,��:�9,�� VDOW� FRQFHQWUD�
WLRQ� UDWLR� RI� �� WR� �� DW� WKH� SXOVH� FXUUHQW
GHQVLW\� ����� $�P��� FXUUHQW� SXOVHV� KDYLQJ
EHHQ�LQWHUFKDQJHG�ZLWK�SDXVHV�IRU�WKH�LQWHU�
QDO� VWUHVV� UHOD[DWLRQ� LQ� WKH� FRDWLQJV�� )RU
1L±&X� DOOR\�� WKH� RSWLPXP�QLFNHO� FRQWHQW� LV
SURYLGHG� DW� MF� ����$�P��� WHPSHUDWXUH
���� .� DQG� PD[LPXP� 1L�,,��&X�,,�� VDOW� FRQ�
FHQWUDWLRQ�UDWLR�LQ�WKH�HOHFWURO\WH�
7KH� V\QWKHVL]HG� RSWLPXP� FRPSRVLWLRQ

1L±:�DQG�1L±3G�DOOR\V�ZHUH�WHVWHG�DW�VWDQGV
VLPXODWLQJ�WKH�GLHVHO�HQJLQH�ZRUN�>��@��7KH
K\GURFDUERQ�DQG�&2�UHGXFWLRQ� LQ�WKH�HPLV�
VLRQV� SXULILFDWLRQ� E\� ��Ü��� ��� QLWURJHQ
R[LGH� �12[�� E\� ��Ü�����ZDV� DWWDLQHG�� WKH
UHDFWLRQ� LJQLWLRQ� WHPSHUDWXUH� EHLQJ� ORZ�
HUHG�� 7KH� RSWLPLVWLF� ZRUN� UHVXOWV� FRQFHUQ�
LQJ�WKH�QREOH�PHWDO�UHSODFHPHQW�LQ�QHXWUDO�
L]HUV� FRQILUP� WKH� SRVVLELOLW\� RI� WKH� K\GUR�
JHQ� UHGXFWLRQ� PRGHO� UHDFWLRQ� XVH� WR

)LJ����� &RUUHODWLRQ� EHWZHHQ� H[SHULPHQWDO� DQG� FDOFXODWHG� YDOXHV� RI� K\GURJHQ� H[FKDQJH� FXUUHQW
GHQVLW\�IRU�1L±3G��D��DQG�1L±:��E��DOOR\V��

)LJ����� 1L� FRQWHQW� LQIOXHQFH� RQ� FDWDO\WLF� DF�
WLYLW\� RI� 1L±3G� ����� 1L±&X� ����� 1L±:� ���
DOOR\V�
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HVWLPDWH� WKH� PDWHULDO� FDWDO\WLF� DFWLYLW\� LQ
JDVHRXV�UHDFWLRQV�
7R�FRQFOXGH��WKH�LQIOXHQFH�RI�HOHFWURO\VLV

SDUDPHWHUV� RQ� WKH� FRPSRVLWLRQ� RI� QLFNHO�
FRSSHU�� QLFNHO�SDOODGLXP� DQG� QLFNHO�WXQJ�
VWHQ� DOOR\V� HVWDEOLVKHG� LQ� H[SHULPHQWV� KDV
SURYLGHG� SUHFRQGLWLRQV� IRU� REWDLQLQJ� WKH
PDWHULDOV� ZLWK� GLIIHUHQW� FRPSRQHQW� FRQ�
WHQWV�� 7KH� DQDO\VLV� RI� K\GURJHQ� H[FKDQJH
FXUUHQWV�RQ�LQGLYLGXDO�PHWDOV�LQ�FRPSDULVRQ
ZLWK� WKH� FDWDO\WLF� DFWLYLW\� LQ� JDVHRXV� UHDF�
WLRQV�KDV�FRQILUPHG�WKH�UHDVRQDELOLW\�RI�K\�
GURJHQ�UHGXFWLRQ�PRGHO�UHDFWLRQ�XVH�IRU�WKH
HVWLPDWLRQ� RI� WKH� FDWDO\WLF� QLFNHO�EDVHG� DO�
OR\V�� 7KH� H[SHULPHQWDO� NLQHWLF� SDUDPHWHUV
RI�K\GURJHQ�UHGXFWLRQ�UHDFWLRQ�REWDLQHG�IRU
GLIIHUHQW� QLFNHO� DOOR\V� DJUHH�ZHOO� ZLWK� SUH�
GLFWLRQV� RI� WKH� PDWHULDO� FDWDO\WLF� DFWLYLW\
EDVHG�RQ�FKHPLFDO��SK\VLFDO�DQG�RWKHU�FKDU�
DFWHULVWLFV� RI� DOOR\�IRUPLQJ� FRPSRQHQWV�
7KLV� RSHQV� QHZ� DSSURDFK� WR� UHSODFH� QREOH
PHWDOV� LQ� GLIIHUHQW� FDWDO\WLF� V\VWHPV�� 7KH
FDWDO\WLF� V\QHUJLVP�HIIHFW� IRU�QLFNHO�FRSSHU
DQG� QLFNHO�WXQJVWHQ� DOOR\V� KDV� EHHQ� HVWDE�
OLVKHG�� RSWLPXP� QLFNHO� DOOR\� FRPSRVLWLRQV
KDYH�EHHQ�GHILQHG�DQG�WHFKQRORJLFDO�UHJLPHV
RI�WKHLU�GHSRVLWLRQ�KDYH�EHHQ�GHYHORSHG�

5HIHUHQFHV
� ���3�*�0HQRQ�� 0�)�=YLQJHOV�� (�0�<RKDQVRQ� HW

DO���.LQHWLND�L�.DW�����������������
� ���5�-�)DUUDXWR�� 5�0�+HN�� .LQHWLND� L� .DW��� ��

�����������
� ���9�7LOXV�� (�=DEUHFKNL�� <�*OX]KHN�� .LQHWLND� L

.DW�����������������
� ���1�9�.RURYLQ��(OHNWURNKLPL\D�����������������
� ���1�'�6DNKQHQNR��2�6�/DG\JLQ��0�9�9HG�HW�DO��

9HVWQLN�178��.K3,�����������������
� ���$�0�6XKRWLQ�� (OHFWURFKHPLVWU\� 0DQXDO�
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� ���2�*�3XURYVND\D��/�,�6WHSDQRYD��/�6�,YDVKNHYLFK

HW�DO���*DOYDQRWHNK��L�2EUDE��3RY����������������
� ���0�,�%XODWRY��,�3�.DOLQNLQ��3UDFWLFDO�*XLGH�RQ

3KRWRFRORULPHWULF� DQG� 6SHFWURSKRWRPHWULF
$QDO\VLV� 0HWKRGV�� .KLPLD�� /YLY� ������� >LQ
5XVVLDQ@�

� ���$�,�/HYLQ�� $�9�3RPRVRY�� 7HFKQLFDO� (OHFWUR�
FKHPLVWU\�/DERUDWRU\�:RUNVKRS��0HWDOOXUJLD�
0RVFRZ��������>LQ�5XVVLDQ@�

����/�,�$QWURSRY�� 7KHRUHWLFDO� (OHFWURFKHPLVWU\�
/\ELG±��.\LY��������>LQ�5XVVLDQ@�
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