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&RDO WDU SLWFK ZDV FKHPLFDOO\ PRGLILHG ZLWK �� ZW� EHQ]RTXLQRQH �%4� WR UDLVH WKH VRIWHQLQJ SRLQW RI LVRWURSLF SLWFK SUH�

FXUVRU DQG WKH SUHFXUVRU ZDV PHOW�VSXQ LQWR SLWFK ILEHUV� VWDELOL]HG� FDUERQL]HG DQG DFWLYDWHG ZLWK VWHDP DW ���R&� 7KH ZHLJKW

ORVV RI FDUERQ ILEHU�EHQ]RTXLQRQH �&)�%4� LQFUHDVHG ZLWK WKH LQFUHDVH RI DFWLYDWLRQ WLPH OLNH RWKHU ILEHUV� EXW ZDV ORZHU WKDQ

WKRVH RI .XUHKD ILEHU DW WKH VDPH DFWLYDWLRQ WLPH LQ VSLWH RI ODUJHU JHRPHWULF VXUIDFH DUHD� 7KRVH DGVRUSWLRQ LVRWKHUPV ILWWHG

LQWR ¨7\SH ,© DFFRUGLQJ WR %UXQDXHU� 'HPLQJ� 'HPLQJ DQG 7HOOHU FODVVLILFDWLRQ� +RZHYHU� WKHUH ZDV YHU\ WKLQ ORZ�SUHVVXUH

K\VWHUHVLV WKDW ORZHU FORVXUH SRLQWV RI WKH K\VWHUHVLV DUH DERXW ���������� )URP WKH SRUH VL]H GLVWULEXWLRQ FXUYHV� WKHUH PLJKW

EH VRPH PLFURSRUHV KDYLQJ QDUURZ�QHFNHG ERWWOH� D VHULHV RI LQWHUFRQQHFWHG SRUH LV PRUH OLNHO\ WKDQ GLVFUHWH ERWWOHV� )7�,5

VWXGLHV VKRZHG WKDW WKH IXQFWLRQDO JURXSV VXFK DV FDUER[\O� TXLQRQH� DQG SKHQRO ZHUH LQWURGXFHG WR $&)V�%4 VXUIDFH DIWHU

VWHDP DFWLYDWLRQ� 0HWK\OHQH EOXH GHFRORUL]DWLRQ DQG LRGLQH DGVRUSWLRQ FDSDFLW\ RI $&)�%4 LQFUHDVHG OLQHDUO\ ZLWK WKH

LQFUHDVH RI VSHFLILF VXUIDFH DUHD DQG ZDV ODUJHU WKDQ WKDW RI $&)�.XUHKD DW WKH VDPH VSHFLILF VXUIDFH DUHD�

.H\ZRUGV � $&)� &RDO WDU SLWFK� %(7 VXUIDFH DUHD� )XQFWLRQDO JURXSV

�� ,QWURGXFWLRQ

5HFHQWO\� PXFK DWWHQWLRQ KDV EHHQ IRFXVHG RQ DFWLYDWHG
FDUERQ ILEHUV �$&)V�� $&) KDV D UHPDUNDEO\ UDSLG UDWH RI
DGVRUSWLRQ IRU VROYHQW UHFRYHU\� GHRGRUL]DWLRQ DQG WKH
UHPRYDO RI FRQWDPLQDQWV IURP ZDWHU DQG JDVHV� 7KH DSSOLFD�
WLRQ RI $&) LV H[WHQGHG QRW RQO\ DGVRUEHQWV EXW DOVR FDWDO\VW
VXSSRUWV� HOHFWULFDO DQG HOHFWURQLF PDWHULDOV IRU LWV XQLTXH
SRUH VWUXFWXUH DQG VXIILFLHQW OHYHO RI HOHFWULFDO FRQGXFWLYLW\�
7KXV HIIRUWV KDYH EHHQ XQGHU ZD\ WR SUHSDUH FKHDSHU $&)V
ZLWK FRQWUROOHG SRUH VL]H GLVWULEXWLRQ� KLJK VXUIDFH DUHD DQG
GHVLJQHG IXQFWLRQDO JURXSV� $&)V KDYH EHHQ PDQXIDFWXUHG
IURP UD\RQ� SRO\DFU\ORQLWULOH� SKHQROLF�UHVLQ� DQG SLWFKHV LQ
D WZR�VWHS SURFHVV RI FDUERQL]DWLRQ RI WKH UDZ PDWHULDO DQG
VXFFHVVIXO DFWLYDWLRQ� $PRQJ WKH $&)V� SLWFK�EDVHG RQH
DSSHDUV PRVW SURPLVLQJ LQ WKH IXWXUH EHFDXVH RI ORZ FRVW
DQG XQLTXH SURSHUWLHV�
6SLQQDELOLW\ RI SLWFK LV GHSHQGHG RQ LWV FKHPLFDO FRPSRVL�

WLRQ DQG PROHFXODU ZHLJKW GLVWULEXWLRQ >�@� $OWKRXJK DQ\
VSLQQDEOH SLWFK ZLWK KLJK FDUERQ \LHOG FDQ EH XVHG DV D SUH�
FXUVRU RI JHQHUDO SXUSRVH FDUERQ ILEHU LQ SULQFLSOH� D TXDOL�
ILHG SUHFXUVRU PXVW VDWLVI\ WKH IROORZLQJ WZR UHTXLUHPHQWV�
)LUVWO\� KLJKHU VRIWHQLQJ SRLQW LV SUHIHUDEOH DV IDU DV VWDEOH
VSLQQLQJ LV DVVXUHG� VLQFH VWDELOL]DWLRQ DW KLJKHU WHPSHUDWXUH
LV DOORZHG IRU VXFK D SLWFK SUHFXUVRU WR FRPSOHWH LWV VWDELOL�
]DWLRQ LQ D VKRUW SHULRG RI WLPH� 6HFRQGO\� WKH SLWFK PXVW EH
FRPSOHWHO\ LVRWURSLF� EHFDXVH FRQWDPLQDWLRQ E\ DQ\ PHVR�
SKDVH VSKHUHV RI ZKLFK WKH YLVFRVLW\�WHPSHUDWXUH UHODWLRQ�
VKLS LV YHU\ GLIIHUHQW IURP WKDW RI WKH LVRWURSLF SDUW VHYHUHO\
GHWHULRUDWHV WKH VSLQQDELOLW\ RI WKH ZKROH SLWFK�

$LU EORZLQJ KDV EHHQ VXFFHVVIXOO\ DSSOLHG LQ SUHSDULQJ
SUHFXUVRUV IRU LVRWURSLF FDUERQ PDWHULDOV DQG LQ UDLVLQJ WKH
VRIWHQLQJ SRLQW RI FRDO WDU RU SHWUROHXP IHHG VWRFNV >�@�
0RFKLGD HW DO� >�@ REWDLQHG FRDO WDU SLWFK SUHFXUVRU ZLWK VRIW�
HQLQJ SRLQW RI ���R& E\ DLU EORZLQJ� +RZHYHU� WKH DLU EORZ�
LQJ UHTXLUHV VHYHUH FRQWURO RI FRQGLWLRQV LQ EORZLQJ WLPH DQG
WHPSHUDWXUH� <DQJ HW DO� >�@ UHSRUWHG WKDW FRDO WDU SLWFK ZDV
SRO\PHUL]HG ZLWK EHQ]RTXLQRQH �%4� DW DERXW ���R& UHVXOW�
LQJ LQ DQ LQFUHDVH LQ PROHFXODU VL]H ZLWKRXW GHYHORSPHQW RI
DQLVRWURS\�
,Q WKLV VWXG\� FRDO WDU SLWFK FKHPLFDOO\ PRGLILHG ZLWK ��

ZW� %4 ZDV H[DPLQHG DV D SUHFXUVRU WR SURGXFH $&)
WKURXJK VSLQQLQJ� VWDELOL]LQJ� FDUERQL]LQJ� DQG DFWLYDWLQJ� 7KH
DGYDQWDJH RI WKH KLJK \LHOG DIWHU WKH FDUERQL]DWLRQ DV ZHOO DV
DFWLYDWLRQ ZDV PRVW FRQFHUQHG� 3RURVLW\ LQ WKH $&) ZDV
DOVR PHDVXUHG WR XQGHUVWDQG LWV FKDUDFWHULVWLFV�

�� ([SHULPHQW

7HWUDK\GURIXUDQ �7+)� VROXEOH IUDFWLRQ RI WKH FRDO WDU
SLWFK �V�S� ��R&� -XQJ�:RR &RDO &KHP� &R�� .RUHD� ZDV ROL�
JRPHUL]HG ZLWK �� ZW� S�EHQ]RTXLQRQH �%4� XQGHU QLWUR�
JHQ IORZ DW ���R& IRU � K� DQG IXUWKHU KHDW WUHDWHG ZLWK
QLWURJHQ EXEEOLQJ DW ���R& IRU �K� 7KH VRIWHQLQJ SRLQW RI WKH
FKHPLFDOO\ PRGLILHG LVRWURSLF SLWFK ZDV ���R& DQG WKH RWKHU
SURSHUWLHV ZHUH LQWURGXFHG LQ D SUHYLRXV UHSRUW >�@� 7KLV SUH�
FXUVRU SLWFK ZDV DJHG IRU �K DW ���R& XQGHU QLWURJHQ IORZ
DQG WKHQ PHOW�VSXQ WKURXJK D QR]]OH �'  ��� PP� /  ���
PP� DW ���R&� �� NJI�P

�� 7KH VSLQQLQJ VSHHG ZDV ��� P�

&DUERQ

6FLHQFH
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PLQ� 7KH DV�VSXQ ILEHU ZDV VWDELOL]HG LQ DQ DLU FRQYHFWLRQ
RYHQ DW ���R& IRU �K� 7KH ILEHU ZDV FDUERQL]HG DW ����R&
ZLWK KHDWLQJ UDWH RI �R&�PLQ DQG KHOG IRU �K XQGHU DUJRQ
IORZ� 7KLV LVRWURSLF SLWFK�EDVHG FDUERQ ILEHU LV QDPHG &)�
%4� 7KH DYHUDJH ILEHU GLDPHWHU ZDV �� µP�
7KH &)�%4 ZDV DFWLYDWHG E\ VWHDP GLOXWHG ZLWK QLWURJHQ

LQ D F\OLQGULFDO TXDUW] WXEH �,�'  � FP� LQVWDOOHG LQ DQ HOHF�
WULF IXUQDFH DW GLIIHUHQW OHYHOV RI EXUQ�RII DW ���R&� 7KH
QLWURJHQ IORZ UDWH DQG YROXPH UDWLR RI +�2�1� ZHUH IL[HG DW
��� O�PLQ DQG ����� UHVSHFWLYHO\ LQ DOO FDVHV� 7KH H[WHQW RI
DFWLYDWLRQ LV H[SUHVVHG LQ � RI ZHLJKW ORVV DIWHU JDVLILFDWLRQ�
7KH .XUHKD LVRWURSLF SLWFK�EDVHG FDUERQ ILEHU �.&)�����
DYHUDJH GLDPHWHU �� µP� ZDV DOVR DFWLYDWHG IRU FRPSDULVRQ�
7KXV SUHSDUHG $&)V ZHUH QDPHG $&)�%4 DQG .XUHKD� 3HU�
FHQWDJH DWWDFKHG GHVFULEHG WKH H[WHQW RI EXUQ�RII�
6SHFLILF VXUIDFH DUHDV RI $&)V ZHUH GHWHUPLQHG E\ %(7

PHWKRG XVLQJ 1� DW �� .� 7KH PLFURSRURXV YROXPH DQG WKH
H[WHUQDO VXUIDFH DUHD ZHUH GHWHUPLQHG E\ XVLQJ αV�PHWKRG
>�@� 7KH VDPSOHV ZHUH GHJDVVHG DW ��� . XQGHU G\QDPLF
YDFXXP ���−� 3D� IRU ��K DQG DQ DGVRUSWLRQ WLPH RI �� PLQ
ZDV DOORZHG IRU HDFK SRLQW �$6$3 ����� 0LFURPHULWLFV�
8�6�$��� 7KH VXUIDFH PRUSKRORJLHV RI GLIIHUHQW OHYHO RI
$&)V ZHUH REVHUYHG ZLWK 6(0 �-60 ����� -DSDQ�� 7KH VXU�
IDFH IXQFWLRQDO JURXSV RI WKH $&)V�%4 ZHUH DQDO\]HG E\
)7�,5 VSHFWURSKRWRPHWHU XVLQJ *HQHVLV ���� VHULHV �0DWW�
VRQ &R�� 8�6�$� >�@� $GVRUSWLRQ WHVWV RI LRGLQH DQG PHWK\O�
HQH EOXH IURP DTXHRXV VROXWLRQ ZHUH FDUULHG RXW IROORZLQJ
WKH FRQYHQWLRQDO PHWKRG >�@�

�� 5HVXOWV DQG 'LVFXVVLRQ

���� 6WUXFWXUDO SURSHUWLHV

7KH ZHLJKW ORVV RI FDUERQ ILEHU ZLWK UHVSHFW WR DFWLYDWLRQ
WLPH ZDV VKRZQ LQ )LJ� �� 7KH GRWWHG OLQH LV WKH UHVXOW RI
DFWLYDWLRQ RI .XUHKD LVRWURSLF SLWFK�EDVHG FDUERQ ILEHU

�.&)����� IRU FRPSDULVRQ ZLWK &)�%4� 7KH ZHLJKW ORVV
LQFUHDVHG ZLWK WKH LQFUHDVH RI DFWLYDWLRQ WLPH OLNH RWKHU
ILEHUV� +RZHYHU� WKH ZHLJKW ORVV RI &)�%4 ZDV VPDOOHU WKDQ
WKDW RI JHQHUDO LVRWURSLF SLWFK�EDVHG FDUERQ ILEHUV >�@ DQG RI
.XUHKD ILEHU DW WKH VDPH DFWLYDWLRQ WLPH LQ VSLWH RI ODUJHU
JHRPHWULF VXUIDFH� 7KLV PHDQV WKH &)�%4 LV WKHUPDOO\ PRUH
VWDEOH WKDQ .XUHKD ILEHU� ,W LV EHOLHYHG WKDW WKH &)�%4 KDV
GLIIHUHQW RULHQWDWLRQ VWUXFWXUH IURP RWKHU ILEHUV EHFDXVH RI
ROLJRPHUDWLRQ RI SUHFXUVRU SLWFK� ,I WKH VSHFLILF VXUIDFH DUHD
RU WKH WRWDO SRUH YROXPH RI $&)�%4���� ZDV VDPH WR WKDW
RI $&)�.XUHKD����� $&)�%4 ZRXOG QHHG ORQJHU DFWLYD�
WLRQ WLPH� ZKLFK PHDQV ��� KLJKHU HQHUJ\ FRQVXPSWLRQ
WKDQ $&)�.XUHKD� 2Q WKH RWKHU KDQG� WKH \LHOG RI $&)�%4
LV DERXW ��� KLJKHU WKDQ WKDW RI $&)�.XUHKD DW WKH VDPH
DFWLYDWLRQ WLPH� 7KHUHIRUH� LQ GHWHUPLQLQJ WKH RSWLPXP DFWL�
YDWLRQ FRQGLWLRQ RI $&)� LW FDQ EH DVVXPHG WKDW WKH DGVRUS�
WLRQ FKDUDFWHULVWLFV DQG FDSDFLWLHV DUH PRUH LPSRUWDQW WKDQ
DQ\ RWKHU IDFWRUV�
7KH DGVRUSWLRQ LVRWKHUP RI $&)V�%4���� ZDV VKRZQ LQ

)LJ� �� 7KH LVRWKHUP VKRZV ¨7\SH ,© ZLWK VKDUS NQHH DQG
WKHQ SODWHDX DV RWKHU $&)V�%4� 7KLV PHDQV WKHUH DUH HQRU�
PRXV PLFURSRUHV LQ WKH ILEHUV� 7KH DPRXQW RI QLWURJHQ
DGVRUSWLRQ LQFUHDVHG UHPDUNDEO\ ZLWK WKH LQFUHDVH RI EXUQ�
RII OHYHO� 7KHUH DUH YHU\ WKLQ ¨ORZ�SUHVVXUH K\VWHUHVLV© RQ DOO
LVRWKHUPV� ZKLFK FRXOG QRW EH REVHUYHG IURP WKH $&)�
.XUHKD DQG RWKHU LVRWURSLF SLWFK�EDVHG $&)V� 7KH SUHFXUVRU
SLWFK PRGLILHG ZLWK EHQ]RTXLQRQH VXUHO\ DIIHFWHG WKH FKDU�
DFWHULVWLFV RI FDUERQ ILEHUV DQG DFWLYDWHG FDUERQ ILEHUV� 7KH
ORZHU FORVXUH SRLQWV RI WKH K\VWHUHVLV DUH DERXW ����������
+DUULV >��@ GUDZ DWWHQWLRQ IURP WKH IDFW WKDW WKH ORZ FORVXUH
SRLQW RI WKH K\VWHUHVLV ORRS RI QLWURJHQ LVRWKHUP DW �� . LV
VLWXDWHG DW WKH UHODWLYH SUHVVXUH FORVH WR ���� EXW QHYHU
EHORZ� RQH�KDOI RI PRUH WKDQ RQH KXQGUHG QLWURJHQ LVR�
WKHUPV LQ WKH OLWHUDWXUH H[DPLQHG E\ +DUULV VKRZV D VKDUS
IDOO� ZLWK ORRS FORVXUH� LQ WKH UHODWLYH SUHVVXUH UDQJH RI ����
WR ����� ,QWHUSUHWHG E\ D .HOYLQ W\SH DQDO\VLV� WKHVH REVHUYD�
WLRQV ZRXOG LPSO\ WKDW D ODUJH SURSRUWLRQ RI DGVRUEHQWV SRV�

)LJ� �� :HLJKW ORVV RI &)�%4 ZLWK UHVSHFW WR DFWLYDWLRQ WLPH DW
���R&�

)LJ� �� $GVRUSWLRQ LVRWKHUPV RI $&)V�%4� �D� ���� �E� ����
�F� ���� �G� ��� ZHLJKW ORVV�
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VHVV DQ H[WHQVLYH SRUH V\VWHP LQ WKH YHU\ QDUURZ UDQJH
��c � US � ��c� ZLWK D VXGGHQ FXW�RII DURXQG ��c� ZKLFK
FRUUHVSRQGV WR 3�3R  ����� 7KH LPSUREDELOLW\ RI WKLV VWDWH RI
DIIDLUV OHG +DUULV WR VXJJHVW WKDW D FKDQJH LQ WKH PHFKDQLVP
RI DGVRUSWLRQ RFFXUUHG DW WKLV SRLQW� WKRXJK KH GLG QRW VSHFX�
ODWH DV WR LWV QDWXUH� 7KH VLPLODU UHVXOWV KDYH UHSRUWHG E\ VHY�
HUDO UHVHDUFKHUV >��� ��@� 7D\\DE >��@ UHSRUWHG WKDW WKH
SRVLWLRQ RI WKH FORVXUH SRLQW ZDV DOPRVW WKH VDPH DW a����
ZLWK D PHVRSRURXV PDJQHVLD�
*DV DGVRUSWLRQ FKDUDFWHULVWLFV RI VRPH $&)�%4 ZHUH

VKRZQ LQ 7DEOH �� 7KH XQDFWLYDWHG FDUERQ ILEHU �&)�%4�
SRVVHVVHV DERXW ��� P��J RI VSHFLILF VXUIDFH DUHD WKDW LV
TXLWH GLIIHUHQW IURP RWKHU LVRWURSLF SLWFK�EDVHG FDUERQ ILEHUV�
,Q JHQHUDO� WKH RWKHU XQDFWLYDWHG FDUERQ ILEHUV SRVVHVV WKH
VXUIDFH DUHD FORVH WR LWV JHRPHWULF VXUIDFH DUHD ���� P��J�� ,Q
DGGLWLRQ� WKH DYHUDJH SRUH GLDPHWHU RI &)�%4 LV ����c
ZKLFK LV IDU ODUJHU WKDQ WKRVH RI RWKHU FDUERQ ILEHUV� $OVR�
WKH PLFURSRUH YROXPH RI XQDFWLYDWHG FDUERQ ILEHU LV DOPRVW
VDPH WR WKH WRWDO SRUH YROXPH� DQG WKH H[WHUQDO VXUIDFH DUHD
LV YHU\ VPDOO� 7KLV PHDQV WKDW WKHUH DUH DOUHDG\ ORWV RI
PLFURSRUHV LQ WKH ILEHUV ZKLFK FRQWULEXWH WR LQFUHDVH VSHFLILF
VXUIDFH DUHD� 7KHVH PLFURSRUHV PXVW KDYH GHYHORSHG GXULQJ
WKH FDUERQL]DWLRQ RI SLWFK ILEHUV�
7KH VSHFLILF VXUIDFH DUHD DQG WKH WRWDO SRUH YROXPH RI

$&)�%4 LQFUHDVHG ZLWK WKH LQFUHDVH RI EXUQ�RII� 7KH
PLFURSRUH YROXPH LV FORVH WR WKH WRWDO SRUH YROXPH� ZKLFK LV
VKRZLQJ WKDW WKH QHZO\ GHYHORSHG SRUHV DUH DOPRVW
PLFURSRUHV� 7KLV LV FRQILUPHG E\ WKH VPDOO LQFUHDVH RI H[WHU�
QDO VXUIDFH DUHD ZLWK UHVSHFW WR EXUQ�RII� 7KH DYHUDJH SRUH
GLDPHWHU RI $&)�%4 LQFUHDVHV IURP ����c WR ����c DW ���
EXUQ�RII DQG WKHQ VKRZV LQWHUHVWLQJO\ FRQVWDQW YDOXHV DERXW
��c ZLWK WKH LQFUHDVH RI EXUQ�RII� ZKLFK LV WZLFH DV ODUJH DV
WKRVH RI JHQHUDO SXUSRVH LVRWURSLF $&)V >��@� ,Q JHQHUDO� WKH
DYHUDJH SRUH GLDPHWHU RI LVRWURSLF�SLWFK EDVHG $&) LV DERXW
��c DQG VOLJKWO\ HQODUJHG DV WKH EXUQ�RII LQFUHDVH� +RZ FDQ
ZH H[SODLQ WKH GHYHORSPHQW RI ODUJHU PLFURSRUH GLDPHWHU RI
$&)V�%4 LQ VSLWH RI WKHUPDOO\ PRUH VWDEOH WKDQ .XUHKD FDU�
ERQ ILEHUV� 3UREDEO\� EHQ]RTXLQRQH PD\ KDYH FRQWULEXWHG WR
HQKDQFH WKH RULHQWDWLRQ RI LVRWURSLF SLWFK ILEHU DORQJ WKH
D[LDO GLUHFWLRQ RI ILEHU� 7KHUHIRUH� PRVW PLFURSRUHV GHYHO�
RSHG PLJKW KDYH VOLW VKDSHV RI QDUURZ UDQJH DORQJ WKH ILEHU
GLUHFWLRQ� 7KH ORZHU FORVXUH SRLQW RI WKH K\VWHUHVLV ORRS LQ
)LJ� � KDV DOUHDG\ LQGLFDWHG WKDW WKHUH DUH RQO\ WKH QDUURZ
UDQJH RI SRUHV LQ $&)V�%4�
7KH UHODWLRQVKLS EHWZHHQ EXUQ�RII DQG VSHFLILF VXUIDFH

DUHD ZDV VKRZQ LQ )LJ� �� 7KH VSHFLILF VXUIDFH DUHD LQFUHDVHG

OLQHDUO\ ZLWK WKH LQFUHDVH RI EXUQ�RII DV H[SHFWHG� ,QWHUHVW�
LQJO\� WKH VSHFLILF VXUIDFH DUHD RI $&)�%4 LV IDU ODUJHU WKDQ
WKDW RI RWKHU SLWFK�EDVHG $&)V DW WKH VDPH OHYHO RI EXUQ�RII
>�@� ,W LV EHOLHYHG WKDW WKHUH LV QRW RQO\ D OLWWOH H[WHUQDO
ZHLJKW ORVV EXW DOVR PXFK LQWHUQDO ZHLJKW ORVV RI &)�%4
ZLWK LQFUHDVLQJ WKH EXUQ�RII LQ FRPSDULVRQ ZLWK RWKHU SLWFK�
EDVHG FDUERQ ILEHUV�
)LJ� � VKRZV WKH SRUH VL]H GLVWULEXWLRQ RI $&)V�%4 GHWHU�

PLQHG E\ DGVRUSWLRQ RI QLWURJHQ DW �� .� (DFK FXUYH LQGL�
FDWHV WKDW WKH DPRXQW RI SRUH YROXPH LQFUHDVH DQG WKH SRUH
VL]H DUH JUDGXDOO\ FKDQJHG IURP QDUURZ UDQJH WR ZLGH UDQJH
DFFRUGLQJ DV WKH ZHLJKW ORVV RI $&)�%4 LQFUHDVH OLNH 7DEOH
�� 2Q WKH RWKHU KDQG� D QHZ SHDN ZDV GHYHORSHG GLVWLQFWO\
DURXQG ��c SRUH ZLGWK� ,Q WKH FXUYH RI $&)�%4 DW ���
EXUQ�RII OHYHO� D SHDN ZDV GLYLGHG LQWR WZR SDUWV FOHDUO\�

7DEOH �� 1LWURJHQ $GVRUSWLRQ &KDUDFWHULVWLFV RI $&)V�%4
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)LJ� �� 6SHFLILF VXUIDFH DUHD RI $&)V�%4 ZLWK UHVSHFW WR
ZHLJKW ORVV DW ���R&�

)LJ� �� 3RUH VL]H GLVWULEXWLRQ RI $&)V�%4 REWDLQHG E\ PHDQV
RI WKH +�. PHWKRG�
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7KLV UHVXOW LPSOLHV WKDW VRPH ZLGHU SRUHV� FORVH WR PHVRSRUH�
DUH GHYHORSHG LQ WKH ILEHUV� 0DQ\ LQYHVWLJDWRUV >�����@ KDYH
EHHQ VXJJHVWHG WKDW SRUHV IRUPHG E\ SURSHU DFWLYDWLRQ DUH
JHQHUDOO\ QHHGOH VKDSH DQG YDU\ LQ GLDPHWHU EHWZHHQ � DQG �
QP� EXW IXUWKHU DFWLYDWLRQ FDXVH VXUIDFH EXUQ�RII UHVXOWLQJ LQ
PDFURSRUH IRUPDWLRQ� $OVR� RWKHU UHVHDUFKHUV >��� ��@ SUR�
SRVHG WKDW WKH VXUIDFH R[LGHV RI FDUERQ DGVRUEHQWV IRUPHG
GXULQJ DFWLYDWLRQ UHGXFH WKHLU VRUSWLRQ FDSDFLW\ FDXVHG E\
WKH EORFN RI SRUH HQWUDQFHV� 7KHUHIRUH� IURP WKH SRUH VL]H
GLVWULEXWLRQ FXUYHV RI QLWURJHQ DGVRUSWLRQ DQG VPDOO K\VWHUH�
VLV LQ )LJ� �� ZH FDQ XQGHUVWDQG WKDW WKHUH PLJKW EH VRPH
PLFURSRUHV KDYLQJ QDUURZ�QHFNHG ERWWOH� &RQVLGHULQJ WKH
IDFW WKDW FDUERQ ILEHUV DUH PDGH XS RI JUDSKLWH EDVDO SODQHV
LQ WKH IRUP RI PLFURILEULOV ZLWK LPSHUIHFW VWDFNLQJ ZKLFK
IRUP SRUHV RU YRLGV� D VHULHV RI LQWHUFRQQHFWHG SRUH VSDFHV
DV (YHUHWW >��@ SRLQWV RXW LV PRUH OLNHO\ WKDQ GLVFUHWH ERWWOHV�

���� 6XUIDFH PRUSKRORJ\ DQG SURSHUWLHV

)LJ� � VKRZV WKH 6(0 SKRWRJUDSKV RI YDULRXV EXUQ�RII RI
$&)V�%4� 2Q WKH VXUIDFH RI XQDFWLYDWHG FDUERQ ILEHU� WKHUH
DUH VRPH FRDUVH SRUHV DV H[SHFWHG IURP WKH GDWD RI VSHFLILF
VXUIDFH DUHD DQG DYHUDJH SRUH GLDPHWHU� 7KHVH SRUHV VHHP WR
EH VRPH GLWFKHV DORQJ WKH ILEHU D[LV WKDW PLJKW EH FDXVHG E\
WKH VFUDWFK RI QR]]OH ZDOO� 7KHVH GLWFKHV UHPDLQHG DIWHU FDU�
ERQL]DWLRQ DQG HQODUJHG WKH VSHFLILF VXUIDFH DUHD DQG DYHU�
DJH SRUH GLDPHWHU RI XQDFWLYDWHG FDUERQ ILEHU� 7KH VXUIDFH RI
$&)�%4���� ZDV DOVR YHU\ FRDUVH DQG TXLWH GLIIHUHQW IURP
WKH VXUIDFH PRUSKRORJ\ RI RWKHU $&)V� +RZHYHU� WKHUH
PLJKW EH RQO\ PLFURSRUHV LQ WKH ILEHUV LQ FRQVLGHUDWLRQ RI
ODUJH PLFURSRUH YROXPH DQG VPDOO H[WHUQDO VXUIDFH DUHD�
,QWHUHVWLQJO\� WKH VXUIDFH RI $&)�%4 EHFRPHV VPRRWK ZLWK
LQFUHDVLQJ WKH EXUQ�RII� ,W LV EHOLHYHG WKDW WKH H[WHUQDO EXUQ�
RII UHPRYHV VRPH ODUJHU SRUHV RI VXUIDFH DQG RQO\
PLFURSRUHV GHYHORS ZLWK WKH LQFUHDVH RI EXUQ�RII� 7KH VXU�
IDFH PRUSKRORJ\ RI WKH KLJKHU EXUQ�RII ����� VKRZV WKDW
WKHUH DUH HQRUPRXV PLFURSRUHV UHVXOWLQJ LQ KLJK VSHFLILF VXU�
IDFH DUHD RI WKH ILEHUV� +RZHYHU� WRR PXFK EXUQ�RII �����
PDNHV WKH VXUIDFH FRDUVH DJDLQ� 7UDFHV RI VRPH GLWFKHV
UHPDLQ DIWHU KLJK EXUQ�RII OHYHO�
6XUIDFH IXQFWLRQDO JURXSV RI &)�%4 DQG $&)�%4 ZHUH

LQYHVWLJDWHG E\ )7�,5 DQG VKRZQ LQ )LJ� �� $ EURDG DEVRUS�
WLRQ EDQG ZLWK D PD[LPXP DW ���� FP−� VHHPV WR DULVH IURP
YLEUDWLRQV RI 2+ JURXSV RI DGVRUEHG ZDWHU PROHFXOHV� 7KH
VSHFWUDO UDQJH RI ��������� FP−� ZDV YHU\ LPSRUWDQW EHFDXVH
WKH IXQFWLRQDOLW\ RI FDUERQ ZDV GHWHUPLQHG E\ VXUIDFH
JURXSV H[LVWHG LQ WKLV UHJLRQ� 7KH SHDN DURXQG ���� FP−�

ZDV DVVLJQHG WR WKH FDUER[\O & 2 VWUHWFKLQJ RI QRQ�DUR�
PDWLF FDUER[\OLF DFLG VWUXFWXUH >��@� $FFRUGLQJ WR SUHYLRXV
OLWHUDWXUH >��@� WKH FDUER[\O & 2 VWUHWFKLQJ RI D FDUER[\OLF
DFLG H[LVWLQJ LQ DQ DURPDWLF ULQJ VWUXFWXUH JHQHUDOO\ DSSHDUV
DW ��������� FP−� DQG LWV ZDYH QXPEHU LV DIIHFWHG E\ GLIIHU�
HQW SHULSKHUDO IXQFWLRQDO JURXSV� &RQVLGHULQJ WKH IDFW WKDW

)LJ� �� 6(0 LPDJHV RI $&) VXUIDFHV� �D� ��� �E� ���� �F�
���� �G� ���� �H� ��� ZHLJKW ORVV�

)LJ� �� )7�,5 VSHFWUD RI XQDFWLYDWHG DQG DFWLYDWHG FDUERQ
ILEHUV� �D� XQDFWLYDWHG� �E� ��� ZHLJKW ORVV�



�� 6� .� 5\X HW DO� � &DUERQ 6FLHQFH 9RO� �� 1R� � ������ ����

WKH FDUERQ\O SHDN RI WKH TXLQRQH VWUXFWXUH DSSHDUV DW ����
FP−�� WKH SHDN DW ���� FP−� FRXOG EH DVVLJQHG DV D FDUERQ\O
SHDN RI FRQMXJDWHG NHWRQH RU TXLQRQH VWUXFWXUH >�����@�
(VSHFLDOO\� LW ZDV LQWHUHVWLQJ WKDW WKH EURDG EDQG DW ZLWK D
PD[LPXP DW ���� FP−� ZDV GHYHORSHG DV WKH EXUQ�RII RI
&)�%4 LQFUHDVHG� 7KLV DEVRUSWLRQ EDQG FDQ EH DVVLJQHG WR
&�2 DQG 2�+ EHQGLQJ�VWUHWFKLQJ YLEUDWLRQ RI WKH SKHQRO
JURXS >�����@�

���� $GVRUSWLRQ SURSHUWLHV

0HWK\OHQH EOXH GHFRORUL]DWLRQ FDSDFLW\ RI $&)�%4 ZDV
LQYHVWLJDWHG DQG VKRZQ LQ )LJ� �� 7KH DGVRUSWLRQ RI WKH FDW�
LRQLF G\H� PHWK\OHQH EOXH� KDV EHHQ XVHG IRU D ORQJ WLPH IRU
WKH HYDOXDWLRQ RI WKH DGVRUSWLRQ SURSHUWLHV RI DFWLYH FDUERQV�
SDUWLFXODUO\ OLTXLG SKDVH FDUERQV� 0RUHRYHU� LW KDV EHHQ
SRLQWHG RXW WKDW ZKHQ D ODUJH PROHFXOH� OLNH PHWK\OHQH EOXH�
DQG VPDOOHU� RU VROYHQW PROHFXOHV� OLNH ZDWHU� DUH DGVRUEHG
RQ D SRURXV VROLG WKH HIIHFWLYH VXUIDFH RI DGVRUEHQW DYDLODEOH
WR WKH ODUJHU PROHFXOH LV OLPLWHG E\ SRUH VFUHHQLQJ RU PROHF�
XODU VLHYLQJ >��� ��@� )URP WKH UHVXOW� WKH GHFRORUL]DWLRQ
FDSDFLW\ LQFUHDVHG OLQHDUO\ ZLWK WKH LQFUHDVH RI VSHFLILF VXU�
IDFH DUHD DQG LV ODUJHU WKDQ WKDW RI $&)�.XUHKD DW WKH VDPH
VSHFLILF VXUIDFH DUHD� 7KLV IDFW FRQILUPV WKDW WKH DYHUDJH
SRUH VL]H RI $&)�%4 LV ODUJHU WKDQ $&)�.XUHKD DQG WKH
$&)�%4 FDQ DGVRUE ODUJHU DGVRUEDWH PRUH HDVLO\� ,Q DGGL�
WLRQ WR WKDW� WKH VXUIDFH FRQWDLQHG LQ WKHVH SRUHV LV SUHVXP�
DEO\ DOO DYDLODEOH WR PHWK\OHQH EOXH VLQFH WKLV G\H PROHFXOH
KDV D PLQLPXP GLDPHWHU RI DERXW ��� QP >��@ DQG WKH OLPLW�
LQJ GLDPHWHU RI SRUHV ZKLFK ZLOO DGPLW WKH PROHFXOH KDV
EHHQ HVWLPDWHG WR EH DERXW ��� QP >��@�
,RGLQH DGVRUSWLRQ FDSDFLW\ RI $&)�%4 LV VKRZQ LQ )LJ� ��

7KH DGVRUSWLRQ FDSDFLW\ LQFUHDVHG OLQHDUO\ ZLWK WKH LQFUHDVH
RI VSHFLILF VXUIDFH DUHD DV ZHOO DV PHWK\OHQH EOXH GHFRORUL�
]DWLRQ� 7KH LRGLQH DGVRUSWLRQ FDSDFLW\ RI $&)�%4 ZDV
KLJKHU WKDQ WKDW RI $&)�.XUHKD DERYH ���� P��J RI VSHFLILF
VXUIDFH DUHD� 7KLV UHVXOW DOVR LQGLFDWHV WKDW WKH PLFURSRUH

VWUXFWXUH RI $&)�%4 LV GLIIHUHQW IURP $&)�.XUHKD�

�� &RQFOXVLRQ

7KH FRDO WDU SLWFK ZDV FKHPLFDOO\ PRGLILHG ZLWK �� ZW�
%4 DQG WKH SUHFXUVRU ZDV PHOW�VSXQ LQWR SLWFK ILEHUV� VWDEL�
OL]HG� FDUERQL]HG DQG DFWLYDWHG ZLWK VWHDP DW ���R&�
7KH ZHLJKW ORVV RI &)�%4 LQFUHDVHG ZLWK WKH LQFUHDVH RI

DFWLYDWLRQ WLPH EXW ZDV ORZHU WKDQ WKDW RI .XUHKD ILEHU DW WKH
VDPH DFWLYDWLRQ WLPH LQ VSLWH RI ODUJHU JHRPHWULF VXUIDFH�
7KLV PHDQV WKDW &)�%4 LV WKHUPDOO\ PRUH VWDEOH WKDQ
.XUHKD ILEHU DQG WKH &)�%4 KDV GLIIHUHQW RULHQWDWLRQ VWUXF�
WXUH IURP RWKHU ILEHUV EHFDXVH RI ROLJRPHUDWLRQ RI SUHFXUVRU
SLWFK�
7KH QLWURJHQ DGVRUSWLRQ LVRWKHUPV RI $&)�%4 VKRZ

¨7\SH ,© ZLWK VKDUS NQHH DQG WKHQ SODWHDX� +RZHYHU� WKHUH
DUH YHU\ WKLQ ¨ORZ�SUHVVXUH K\VWHUHVLV© RQ DOO WKH LVRWKHUPV�
ZKRVH ORZHU FORVXUH SRLQWV DUH DERXW ���������� )URP WKH
SRUH VL]H GLVWULEXWLRQ FXUYHV RI QLWURJHQ� ORZ�SUHVVXUH K\V�
WHUHVLV PLJKW EH FDXVH E\ VRPH PLFURSRUHV KDYLQJ QDUURZ�
QHFNHG ERWWOH� D VHULHV RI LQWHUFRQQHFWHG SRUH LV PRUH OLNHO\
WKDQ GLVFUHWH ERWWOHV�
7KH PLFURSRUH YROXPH RI XQDFWLYDWHG FDUERQ ILEHU LV

DOPRVW VDPH WR WKH WRWDO SRUH YROXPH� DQG WKH H[WHUQDO VXU�
IDFH DUHD LV YHU\ VPDOO� 7KHVH PLFURSRUHV PXVW EH GHYHORSHG
GXULQJ WKH FDUERQL]DWLRQ RI SLWFK�
7KH )7�,5 UHVXOWV VKRZ WKDW IXQFWLRQDO JURXSV VXFK DV FDU�

ER[\O� TXLQRQH� DQG SKHQRO ZHUH LQWURGXFHG WR FDUERQ VXU�
IDFH OLNH RWKHU LVRWURSLF SLWFK�EDVHG $&)V�
0HWK\OHQH EOXH GHFRORUL]DWLRQ FDSDFLW\ RI $&)�%4 LQ�

FUHDVHG OLQHDUO\ ZLWK WKH LQFUHDVH RI VSHFLILF VXUIDFH DUHD�
7KLV LQGLFDWHV WKDW WKH $&)�%4 FDQ DGVRUE ODUJHU DGVRUEDWH
PRUH HDVLO\� ,RGLQH DGVRUSWLRQ FDSDFLW\ RI $&)�%4 DOVR
LQFUHDVHG OLQHDUO\ ZLWK WKH LQFUHDVH RI VSHFLILF VXUIDFH DUHD
DV ZHOO DV PHWK\OHQH EOXH GHFRORUL]DWLRQ� 7KH LRGLQH DGVRUS�
WLRQ FDSDFLW\ RI $&)�%4 ZDV KLJKHU WKDQ WKDW RI $&)�

)LJ� �� 0HWK\OHQH EOXH GHFRORUL]DWLRQ FDSDFLW\ RI DFWLYDWHG FDU�
ERQ ILEHUV�

)LJ� �� ,RGLQH DGVRUSWLRQ FDSDFLW\ RI DFWLYDWHG FDUERQ ILEHUV�



$FWLYDWHG &DUERQ )LEHUV IURP &KHPLFDOO\ 0RGLILHG &RDO 7DU 3LWFKHV ��

.XUHKD DERYH ���� P��J RI VSHFLILF VXUIDFH DUHD� 7KLV UHVXOW
DOVR VKRZV WKDW WKH PLFURSRUH VWUXFWXUH RI $&)�%4 LV GLIIHU�
HQW IURP $&)�.XUHKD�
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