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$FFRUGLQJ�WR�D�UHFHQW�SXEOLFDWLRQ�>�@��WKH
WKLQ�ILOP� WHUQDU\� FKDONRS\ULWH� VHPLFRQ�
GXFWLQJ� FRPSRXQGV� DQG� VROLG� VROXWLRQV
EDVHG�WKHUHRQ�DUH�DOPRVW�XQLTXH��H[FHSW�IRU
FDGPLXP�WHOOXULGH��VHPLFRQGXFWRU�IDPLO\�RI
JRRG�SURVSHFWV�IRU�RSWLPL]HG�VRODU�FHOO�EDQG
VWUXFWXUHV��7KH�KRPRMXQFWLRQ�FRSSHU�LQGLXP
GLVHOHQLGH� �&X,Q6H��� RU�&,6�� FHOOV�ZLWK� HIIL�FLHQF\� H[FHHGLQJ� ��� �� ZHUH� GHVFULEHG� DV
HDUO\�DV�LQ������>�@�
7KH� RQH�VWHS� HOHFWURGHSRVLWLRQ� RI� FRSSHU

LQGLXP� GLVHOHQLGH� ILOPV� LV� DPRQJ� WKH�PRVW
SURPLVLQJ�PDQXIDFWXULQJ�WHFKQLTXHV�RI�WKDW
VHPLFRQGXFWRU�PDWHULDO��WDNLQJ�LQWR�DFFRXQW
D� ORZ�FRVW�DQG� ODUJH�VFDOH�SURGXFWLRQ�SRVVL�
ELOLW\� >�@��+RZHYHU�� WKH� UHSRUWHG� HIILFLHQF\
RI� VRODU� FHOOV� EDVHG�RQ� HOHFWURGHSRVLWHG�&,6
ILOPV�UHPDLQV� ORZ�DV�FRPSDUHG�WR�WKRVH�RE�
WDLQHG�ZLWK�HYDSRUDWHG�RQHV� >����@��3HUKDSV
WKH� ORZ�HIILFLHQF\� LV�GXH�WR�WKH�SUHVHQFH�RI
ELQDU\� FRPSRXQGV� REVHUYHG� >�@� LQ� WKH� HOHF�
WURGHSRVLWHG�ILOPV�LQ�DGGLWLRQ�WR�&,6�SKDVH�
$V�IDU�DV�ZH�NQRZ�>����@��RQH�RI�WKH�PRVW

SURPLVLQJ�ZD\V�WR�LPSURYH�SURSHUWLHV�RI�WKH
HOHFWURGHSRVLWHG� ILOPV� LV� WR� XVH� WKH� SXOVH
SODWLQJ� WHFKQLTXHV�� 1HYHUWKHOHVV�� UDUH� DW�
WHPSWV� WR� HPSOR\� D� SXOVHG� SRWHQWLDO� WHFK�
QLTXH�IRU�&,6�HOHFWURGHSRVLWLRQ�ZHUH�XQVXF�

FHVVIXO� XS� WR� QRZ�� 6R�� WKH� SXUSRVH� RI� WKLV
ZRUN� LV� WR� LQYHVWLJDWH� WKH� LQIOXHQFH� RI�GLI�
IHUHQW�SXOVH�SODWLQJ� FRQGLWLRQV� RQ�&,6� ILOP
FKHPLFDO� FRPSRVLWLRQ� DQG� HOHFWULFDO� SURSHU�
WLHV�LQ�RUGHU�WR�UHYHDO�WKH�ZD\V�WR�LPSURYHG
&,6�ILOPV�TXDOLW\�
7KH� &,6� ILOPV� ZHUH� HOHFWURGHSRVLWHG� DW

URRP� WHPSHUDWXUH� RQ� FDWKRGHV� LQ� DTXHRXV
DFLGLF� FKORULGH� HOHFWURO\WH� FRQWDLQLQJ
���� P0�&X&O�� ���� P0� ,Q&O��� DQG� ���� P06H2�� �S+� ��� LQ� WKUHH�HOHFWURGH� FHOO� ZLWKSODWLQXP� FRXQWHU�HOHFWURGH� DQG� VDWXUDWHG
$J�$J&O�UHIHUHQFH�HOHFWURGH��6$(���7KH�HOHF�
WURGHV� ZHUH� IL[HG� EXW� WKH� HOHFWURO\WH� ZDV
DJLWDWHG� E\� D� PDJQHWLF� VWLUUHU�� (OHFWUR�
SROLVKHG�PRO\EGHQXP�SODWHV� RU�JODVV� VKHHWV
FRYHUHG�ZLWK�6Q2��6E�FRQGXFWLYH�OD\HUV�SUH�SDUHG� E\� FKHPLFDO� YDSRU� GHSRVLWLRQ�PHWKRG
>�@�ZHUH�XVHG� DV� FDWKRGHV��7KH� HOHFWURGHSR�
VLWLRQ� ZDV� FDUULHG� RXW� XQGHU� SXOVH� SODWLQJ
FRQGLWLRQV� DW� DPSOLWXGHV� RI� UHFWDQJXODU�SR�
WHQWLDOV� 8D� YDU\LQJ� IURP� ���� 9� WR� ���� 9�L�H��ZKHQ�FDWKRGH�SRWHQWLDO�8F�ZDV�VZLWFKHGRQ��LW�ZDV�YDULHG�IURP�����9�WR�Ü���Ü����9
YV��6$(���7KH�SRWHQWLDO�SXOVH�IUHTXHQF\�ZDV
YDULHG� IURP�����+]�XS� WR���N+]��7KH�UHOD�
WLYH� SXOVH� GXUDWLRQ�4� W�WL�� ZKHUH� W� LV� WKHSXOVH�SHULRG�ÈQG�WL��WKH�SXOVH�GXUDWLRQ��ZDV
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����� ����� ������ ����� ����� ����� ���� RU� ����� 7KH
ILOP�WKLFNQHVV�PHDVXUHG�E\�LQWHUIHURPHWHU�ZDV
LQFUHDVHG�IURP�����PP�XS�WR�����PP�DV�WKH�4
YDOXH� GHFUHDVHG�� 7KH� GHSRVLWLRQ� WLPH� ZDV
���PLQ�
7KH� EXON� ILOP� FKHPLFDO� FRPSRVLWLRQ� ZDV

LQYHVWLJDWHG�XVLQJ�WZR�PHWKRGV��,Q�WKH�ILUVW
RQH�� D� /(2� ����� VFDQQLQJ� HOHFWURQ� PLFUR�
VFRSH� LQ� HQHUJ\�GLVSHUVLYH� ;�UD\� VSHFWURV�
FRS\� �(';�� PRGH� ZDV� XVHG�� 7KH� VHFRQG
PHWKRG�ZDV� DQRGLF� VWULSSLQJ� LQ� DFFRUGDQFH
ZLWK� >����@� FRQVLVWLQJ� LQ� UHFRUGLQJ� RI� YRO�
WDPPRJUDPV� UHJLVWHUHG� LQ� D� QRQ�VWLUUHG
����0�+�62�� GXULQJ� VFDQQLQJ� RI� 6Q2��6EHOHFWURGH� SRWHQWLDO� WRZDUGV� WKH� DQRGLF� UH�
JLRQ� IURP� ���� 9� XS� WR� ���� 9� �YV�� 6$(�� DW
WKH� VFDQ� UDWH� RI� ��P9�V��7KH� VXUIDFH�PRU�
SKRORJ\� RI� WKH� HOHFWURGHSRVLWHG� &,6� ILOPV
ZDV�VWXGLHG�E\�WKH�/(2������LQVWUXPHQW�LQ
VFDQQLQJ� HOHFWURQ� PLFURVFRS\� �6(0�� PRGH�
&URVV� UHVLVWDQFHV� RI� DV�GHSRVLWHG�&,6� ILOPV
5A�ZHUH� LQYHVWLJDWHG�E\�RQH�SUREH�PHWKRG�+RW�SUREH�PHDVXUHPHQW�WHFKQLTXH�ZDV�XVHG
WR� GHWHUPLQH� WKH� FRQGXFWLYLW\� W\SH� RI� WKH
ILOPV�

7ZR� SHDNV� ZHUH� UHYHDOHG� LQ� WKH� DQRGLF
VWULSSLQJ�FXUYHV��7KH�ILUVW�SHDN�LV�ZLWKLQ�WKH
DQRGLF�SRWHQWLDO�UHJLRQ�RI�Ü���d8Fd�Ü����9�YV�6$(�DQG��DFFRUGLQJ�WR�>����@��LW�FRUUHVSRQGV
WR�R[LGDWLRQ�RI�LPSXULW\�ELQDU\�FRPSRXQGV��IRU
H[DPSOH�� &X�±[6H�� &X�6H� DQG�RU� ,Q�6H��� 7KHVHFRQG� SHDN� DW� Ü���d8FdÜ����9�YV�� 6$(�� LQDFFRUGDQFH� ZLWK� >����@�� LV� GXH� WR� &X,Q6H�R[LGDWLRQ�
&RPSDULVRQ� RI� DQRGLF� VWULSSLQJ� FXUYHV

REWDLQHG� IRU� &,6� ILOPV� HOHFWURGHSRVLWHG
XQGHU� VDPH� SRWHQWLDO� SXOVH� DPSOLWXGH
�����9��� SXOVH� IUHTXHQF\� �I� ����+]��EXW�DW
GLIIHUHQW� 4� YDOXHV� GHPRQVWUDWHG� WKDW� WKH
ILOPV� GHSRVLWHG� XQGHU� KLJK� 4� YDOXHV� FRQ�
WDLQHG� VLJQLILFDQW� SURSRUWLRQ� RI� ELQDU\� LP�
SXULWLHV�� ZKLOH� WKRVH� GHSRVLWHG� DW�4� YDOXHV
QHDU� RQH� GLG� QRW� FRQWDLQ� LPSXULW\� SKDVHV
HVVHQWLDOO\��)LJ��D���1RWH�WKDW�VXFK�REVHUYD�
WLRQ� DJUHHV� ZHOO� ZLWK� HQHUJ\�GLVSHUVLYH� ;�
UD\�VSHFWURVFRS\�GDWD�
,QYHVWLJDWLRQ� RI� WKH� SRWHQWLDO� SXOVH� IUH�

TXHQF\� LQIOXHQFH� RQ� &,6� ILOP� FRPSRVLWLRQ
UHYHDOHG� DQ� H[WUHPH� GHSHQGHQFH� �)LJ��E��
7KH� DQRGLF� VWULSSLQJ� FXUYHV� IRU� WKH� ILOPV
REWDLQHG� DW�8D� �����9�DQG�4� ����� DW� ORZDQJ�KLJK�IUHTXHQF\�YDOXHV�VKRZHG�WKH�VLJQL�
ILFDO�FRQWHQW�RI�LPSXULW\�ELQDU\�FRPSRXQGV�
(VSHFLDOO\� JUHDW� WKHLU� FRQFHQWUDWLRQV� ZHUH
REVHUYHG� IRU� WKH� ILOPV� REWDLQHG� DW
It���� +]�� $W� WKH� VDPH� WLPH�� WKH� DQRGLF
VWULSSLQJ� FXUYHV� IRU� WKH� ILOPV� GHSRVLWHG� DW
�dId���+]�KDYH�VKRZQ�QHDUO\�VWRLFKLRPHWULF
&X,Q6H��FRPSRVLWLRQ�WKDW�ZDV�FRQILUPHG�E\(';� DQDO\VLV�� )LJ���� VKRZV� D� QHDU�
VWRLFKLRPHWULF� &X,Q6H�� ILOP� ���� DW��� &X�
���DW���6H�����DW��� ,Q��HOHFWURGHSRVLWHG�DW
WKH�VDPH�YDOXHV�RI�DPSOLWXGH�SRWHQWLDO�DQG
4��EXW�DW�D�PRGHUDWH�IUHTXHQF\��I� ����+]��
:KHQ� FRPSDULQJ� )LJ���D� DQG� )LJ���E�� WKH
VWRLFKLRPHWULF�ILOP��)LJ���E��LV�VHHQ�WR�KDYH

)LJ���� &RPSRVLWLRQ� DQG� FURVV� UHVLVWDQFHV� RI
&,6�ILOPV�HOHFWURGHSRVLWHG�XVLQJ�SXOVH�SODWLQJ
WHFKQLTXH�� D� Ü� 8D � ���9�� I�  ��� +]��
E�Ü�4 �����8D ����9��F�Ü�4 �����I� ����+]�

)LJ�����(';�DQDO\VLV�VSHFWUD�RI�&,6�ILOPV�HOHF�
WURGHSRVLWHG� DW�8F�  � �����4� ����� DQG� DW� IUH�TXHQFLHV����+]�
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D�PRUH�VPRRWK�VXUIDFH� WKDQ�WKH� LQGLXP�HQ�
ULFKHG�RQH��)LJ���D��
0RUHRYHU��WR�GHWHUPLQH�WKH�RSWLPDO�SXOVH

DPSOLWXGHV� PRUH� DFFXUDWHO\�� WKH� PHDVXUH�
PHQWV� RI� ILOP� FURVV� UHVLVWDQFHV� 5A� ZHUHXVHG�� VLQFH�� DV� LV� ZHOO� NQRZQ� >�@�� WKH� SUH�
IHUUHG� VHJUHJDWLRQ� RI� ELQDU\� SKDVHV� RQ� WKH
JUDLQ� ERXQGDULHV� UHVXOWV� LQ� VKRUW�FLUFXLWHG
SKRWRYROWDLF�FHOOV�RU�LQ�FHOOV�ZLWK�ORZ�VKXQW
UHVLVWDQFH��7KH�HOHFWULFDO�PHDVXUHPHQWV�FRQ�
ILUPHG� (';� DQG� DQRGLF� VWULSSLQJ� GDWD� IRU
WKH� ILOPV� VKRZQ� LQ� )LJ���� DQG� )LJ����� WKH
QHDU�VWRLFKLRPHWULF� &,6� ILOPV� VKRZHG� WKH
KLJKHVW� 5A� YDOXHV� �)LJ����� 2Q� WKH� RWKHUKDQG�� WKHVH�PHDVXUHPHQWV�PDGH� LW� SRVVLEOH
WR� VHOHFW� WKH� RSWLPDO�SXOVH� DPSOLWXGH�YDOXH
DQG� WR� FRPSDUH� WKH� ILOPV� REWDLQHG� XQGHU
SXOVH� PRGH� ZLWK� WKRVH� HOHFWURGHSRVLWHG� LQ
SRWHQWLRVWDWLF�PRGH� LQ� DFFRUGDQFH�ZLWK� >�@�
,W� WXUQHG� RXW� WKDW� ZLWKLQ� WKH� UDQJH� IURP
����9�WR�����9��WKH�EHVW�SXOVH�DPSOLWXGH�8DDPRXQWHG�����9�DW�8F� YDOXH�GURSSLQJ�IURP���� WR� Ü���� 9� YV�� 6$(�� &RPSDULVRQ� ZLWK
SRWHQWLRVWDWLF� PRGH� >�@� KDV� UHYHDOHG� WKDW
WKH� SXOVH� HOHFWURGHSRVLWLRQ� SURYLGHV� WKH
PRVW� VLQJOH�SKDVHG� &X,Q6H�� ILOPV� FKDUDF�WHUL]HG�E\�KLJKHVW�5A�YDOXHV�RI�WKH�RUGHU�RI����2KP�DQG�UHVLVWLYLW\�YDOXHV�RI�WKH�RUGHU
RI� ��� 2KP�FP�� $OO� WKH� DERYH�PHQWLRQHG
HOHFWURGHSRVLWHG� &,6� ILOPV� KDYH� VKRZQ� WKH
S�W\SH�FRQGXFWLYLW\�

7KXV�� WKH� SXOVH� SODWLQJ� WHFKQLTXH� SUR�
YLGHV� DQ� LPSURYHPHQW� RI� WKH� HOHFWURGHSR�
VLWHG�&,6� ILOP�TXDOLW\��2SWLPL]DWLRQ�RI�UHF�
WDQJXODU� SRWHQWLDO� SXOVH� HOHFWURGHSRVLWLRQ
SDUDPHWHUV� XVLQJ� WKH� (';�� DQRGLF� VWULS�
SLQJ��6(0�DQG�HOHFWULFDO�PHDVXUHPHQWV�GDWD
KDYH� SURYLGHG� QHDU�VWRLFKLRPHWULF� &X,Q6H�ILOPV� ZLWK� UHVLVWLYLW\� RI� WKH� RUGHU� RI
���2KP�FP� DW� 4� ����� WR� ����� WKH� FDWKRGH
SRWHQWLDO� DPSOLWXGH� ���� 9� DQG� DW� IUHTXHQ�
FLHV��dId���+]�
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