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7KH DQDO\WLF JUDGLHQW PHWKRG IRU WKH HTXDWLRQ�RI�PRWLRQ FRXSOHG�FOXVWHU VLQJOHV DQG GRXEOHV �(20�&&6'�
HQHUJ\ KDV EHHQ H[WHQGHG WR HPSOR\ D UHGXFHGPROHFXODU RUELWDO �02� VSDFH� 1RW RQO\ WKH LQQHUPRVW FRUH02V
EXW DOVR VRPH RI WKH RXWHUPRVW YLUWXDO 02V FDQ EH GURSSHG LQ WKH UHGXFHG02 VSDFH� DQG D VXEVWDQWLDO DPRXQW
RI FRPSXWDWLRQ WLPH FDQ EH UHGXFHG ZLWKRXW GHWHULRUDWLQJ WKH UHVXOWV� ,Q RUGHU WR VWXG\ WKH PDJQLWXGHV DQG
WUHQGV RI WKH HIIHFWV RI WKH GURSSHG 02V� WKH JHRPHWULHV DQG YLEUDWLRQDO SURSHUWLHV RI WKH JURXQG DQG H[FLWHG
VWDWHV RI %)� &2� &1� 1�� $O&O� 6L6� 3�� %&O� $O)� &6� 6L2� 31 DQG *H6H DUH FDOFXODWHG ZLWK GLIIHUHQW VL]HV RI
PROHFXODU RUELWDO VSDFH� 7KH ����*
 DQG WKH DXJ�FF�S97= EDVLV VHWV DUH HPSOR\HG IRU DOO PROHFXOHV H[FHSW
*H6H IRU ZKLFK WKH �����*
 DQG WKH 7=9�I EDVLV VHWV DUH XVHG� ,W LV VKRZQ WKDW WKH PDJQLWXGHV RI WKH GURS��
02 HIIHFWV DUH DERXW ����� c LQ ERQG OHQJWKV DQG DERXW �� RQ KDUPRQLF IUHTXHQFLHV DQG ,5 LQWHQVLWLHV SUR�
YLGHG WKDW WKH GURSSHG 02V FRUUHVSRQG WR ��V�� ��V��V��S�� DQG ��V��V��S��V��S� DWRPLF RUELWDOV RI WKH ILUVW� WKH
VHFRQG� DQG WKH WKLUG URZ DWRPV� UHVSHFWLYHO\� 7KH JHRPHWULHV DQG YLEUDWLRQDO SURSHUWLHV RI WKH ILUVW DQG WKH VHF�
RQG H[FLWHG VWDWHV RI +&1 DQG +1& DUH FDOFXODWHG E\ XVLQJ D GUDVWLFDOO\ UHGXFHG YLUWXDO 02 VSDFH DV ZHOO DV
ZLWK WKH ZHOO GHILQHG IUR]HQ FRUH 02 VSDFH� 7KH UHVXOWV VXJJHVW WKH SRVVLELOLW\ RI XVLQJ D YHU\ VPDOO 02 VSDFH
IRU TXDOLWDWLYH VWXG\ RI YDOHQFH H[FLWHG VWDWHV�

,QWURGXFWLRQ

7KH HTXDWLRQ�RI�PRWLRQ FRXSOHG�FOXVWHU �(20�&&� PHWK�
RG��� DQG LWV DQDO\WLF JUDGLHQW��� DUH QRZ FRQVLGHUHG DV RQH RI
WKH PRVW DFFXUDWH DQG UHOLDEOH PHWKRG IRU VWXG\LQJ SRWHQWLDO
HQHUJ\ VXUIDFH �3(6� RI DQ HOHFWURQLFDOO\ H[FLWHG VWDWH RI D
PROHFXOH���� 7KH ODUJH GHPDQG RQ FRPSXWDWLRQDO UHVRXUFHV
RI WKH PHWKRGV� KRZHYHU� LV VHYHUHO\ UHVWULFWLQJ WKHLU DFWXDO
DSSOLFDWLRQV IRU D ZLGHU UDQJH RI PROHFXODU V\VWHPV�
,Q DQ HIIRUW WR UHGXFH WKH FRPSXWDWLRQDO GHPDQGV LQ WKH

(20�&& DQG LWV DQDO\WLF JUDGLHQW� 6WDQWRQ DQG *DXVV KDV
GHYHORSHG D VLPSOLILHG (20�0%37���� PHWKRG EDVHG RQ
WKH H[SDQVLRQ RI VLPLODULW\ WUDQVIRUPHG +DPLOWRQLDQ WKURXJK
VHFRQG RUGHU� $Q HYHQ PRUH DSSUR[LPDWH PHWKRG� 3�(20�
0%37����� DQG LWV DQDO\WLF JUDGLHQW��� KDV EHHQ DOVR GHYHO�
RSHG EDVHG RQ WKH SDUWLWLRQLQJ VFKHPH RI WKH (20�
0%37��� HTXDWLRQ� 7KHLU SHUIRUPDQFH DQG UHOLDELOLW\ DUH
FRPSDUHG ZLWK RWKHU PHWKRGV� VXFK DV &,6 DQG &,6�'������

0HDQZKLOH� DQDO\WLF HQHUJ\ JUDGLHQWV IRU FRXSOHG�FOXVWHU
PHWKRGV�� IRU D JURXQG VWDWH KDYH EHHQ JHQHUDOL]HG WR XVH D
UHGXFHG 02 VSDFH� ZKLFK SHUPLW GURSSLQJ QRW RQO\ WKH
LQQHUPRVW FRUH 02V EXW DOVR WKH RXWHUPRVW YLUWXDO 02V���

:H DUH JRLQJ WR UHIHU WR WKH H[WHQGHGPHWKRG DV WKH ¨GURS�02
PHWKRG©� DQG WKH RULJLQDO PHWKRG� ZLWK DOO PROHFXODU RUELWDOV
SDUWLFLSDWLQJ LQ HOHFWURQ FRUUHODWLRQ� DV WKH ¨DOO�02 PHWKRG©�
%HFDXVH WKH FRPSXWDWLRQ WLPH RI FRXSOHG�FOXVWHU PHWKRGV
GHSHQG RQ WKH KLJK SRZHU RI WKH QXPEHU RI 02V� D ODUJH
SRUWLRQ RI FRPSXWDWLRQ WLPH FDQ EH UHGXFHG E\ GURSSLQJ MXVW
D IHZ FKHPLFDOO\ LQHUW FRUH 02V� 7KH SHUIRUPDQFH DQG XVH�
IXOQHVV RI WKH GURS�02 JUDGLHQW PHWKRG IRU WKH JURXQG VWDWH
KDYH EHHQ V\VWHPDWLFDOO\ VWXGLHG LQ WKH SUHYLRXV ZRUN��� 7KH

WKHRUHWLFDO VWXGLHV IRU WKH SKRWRHOHFWURQ VSHFWUD RI $O� DQG
$J� DV ZHOO DV WKH VWDELOLW\ RI %&O�− DQG $O&O�− E\ XVLQJ WKH
GURS�02 PHWKRG KDYH GHPRQVWUDWHG LWV XVHIXOQHVV DQG UHOL�
DELOLW\ IRU D JURXQG RU ORZ�O\LQJ HOHFWURQLF VWDWHV������

7KH VLPLODU HIILFLHQF\ LQ VWXG\LQJ 3(6 RI DQ H[FLWHG VWDWH
FDQ EH H[SHFWHG LI WKH DQDO\WLF JUDGLHQW RI WKH HTXDWLRQ�RI�
PRWLRQ FRXSOHG�FOXVWHU HQHUJ\� LV H[WHQGHG WR SHUPLW XVLQJ D
UHGXFHG PROHFXODU RUELWDO VSDFH� 7KH H[WHQVLRQ LV QRZ
LPSOHPHQWHG LQ WKH $&(6�,, VXLWV RI SURJUDPV��� $ SUHOLPL�
QDU\ UHVXOW RI WKH PHWKRG IRU WKH ILUVW H[FLWHG VWDWH RI IRUPDO�
GHK\GH KDV DOUHDG\ EHHQ SUHVHQWHG LQ WKH SUHYLRXV SDSHU���

7KH SUHVHQW ZRUN LV WR SURYLGH VRPH PRUH GHWDLOV DERXW WKH
H[WHQVLRQ RI WKH PHWKRG DQG WKH UHVXOWV RI V\VWHPDWLF VWXGLHV
RQ WKH VHYHUDO DVSHFWV RI WKH H[WHQGHG PHWKRG�
7KH EDVLF WKHRUHWLFDO SUREOHPV EHKLQG WKH H[WHQVLRQ DQG

WKH LGHDV XVHG LQ VROYLQJ WKH SUREOHPV DUH GHVFULEHG LQ WKH
QH[W VHFWLRQ RI ¨7KHRUHWLFDO FRQVLGHUDWLRQV©� $ V\VWHPDWLF
VWXG\ DERXW WKH PDJQLWXGH DQG WUHQGV RI WKH HIIHFWV RI WKH
UHGXFHG 02 VSDFH RQ JHRPHWULHV� YLEUDWLRQDO SURSHUWLHV�
DQG H[FLWDWLRQ HQHUJLHV DUH FRQGXFWHG E\ FDOFXODWLQJ WKH
SURSHUWLHV RI WKH JURXQG DQG H[FLWHG VWDWHV RI %)� &2� &1�
1�� $O&O� 6L6� 3�� %&O� $O)� &6� 6L2� 31� DQG *H6H�
$QRWKHU DVSHFW RI WKH SUHVHQW H[WHQVLRQ� L�H�� WKH SRVVLELOLW\
RI DSSO\LQJ WKH (20�&&6' PHWKRG IRU YDOHQFH H[FLWHG
VWDWH RI ODUJHU PROHFXOHV ZLWK GUDVWLFDOO\ UHGXFHG VPDOO 02
VSDFH� LV DOVR H[DPLQHG E\ FDOFXODWLQJ WKH ILUVW DQG WKH VHF�
RQG H[FLWHG VLQJOHW VWDWHV RI +&1 DQG +1&�

7KHRUHWLFDO &RQVLGHUDWLRQV

%HFDXVH WKH SUHVHQW ZRUN LV D UDWKHU VWUDLJKWIRUZDUG
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H[WHQVLRQ RI WKH SUHYLRXV GURS�02 ZRUN IRU D JURXQG
VWDWH��� RQO\ D EULHI GHVFULSWLRQ DERXW WKH PDLQ WKHRUHWLFDO
SUREOHP HQFRXQWHUHG LQ WKH PRGLILFDWLRQ RI WKH DOO�02 DQD�
O\WLF JUDGLHQW IRU &&6' DQG (20�&&6' HQHUJLHV ZLOO EH
GHVFULEHG KHUH ILUVW� DQG WKHQ WKH DFWXDO SUREOHPV HQFRXQ�
WHUHG LQ LPSOHPHQWLQJ WKH H[WHQGHG PHWKRG DQG WKH VWUDWHJ\
XVHG LQ VROYLQJ WKH SUREOHPV ZLOO IROORZ�
7KH FRUUHODWHG ZDYH IXQFWLRQ LQ WKH FRXSOHG�FOXVWHU VLQ�

JOHV DQG GRXEOHV �&&6'� PHWKRG� VWDUWLQJ IURP D UHIHUHQFH
+DUWUHH�)RFN ZDYH IXQFWLRQ _Φ�!� LV GHILQHG E\ XVLQJ H[FL�
WDWLRQ RSHUDWRUV 7 DV IROORZLQJ���

$IWHU PDNLQJ WKH QRUPDO RUGHUHG +DPLOWRQLDQ E\ VXEWUDFW�
LQJ WKH JURXQG VWDWH� � WKH HTXDWLRQ
IRU WKH FRUUHODWLRQ HQHUJ\ EHFRPHV WKH IROORZLQJ�

7KH &&6' FRUUHODWLRQ HQHUJ\ DQG ZDYH IXQFWLRQ DUH FDOFX�
ODWHG E\ VROYLQJ WKH FRXSOHG HTXDWLRQV REWDLQHG E\ SURMHFW�
LQJ WKH DERYH HTXDWLRQ ZLWK UHVSHFW WR
DIWHU WKH SUH�PXOWLSOLFDWLRQ E\ H[S�−7��
2Q WKH RWKHU KDQG� WKH ZDYH IXQFWLRQ IRU DQ H[FLWHG VWDWH

LQ WKH HTXDWLRQ�RI�PRWLRQ FRXSOHG�FOXVWHU WKHRU\ �(20�&&�
LV GHILQHG E\ DSSO\LQJ H[FLWDWLRQ RSHUDWRUV 5� ZKLFK KDV WKH
VDPH IRUP DV 7� RQ WKH FRXSOHG�FOXVWHU ZDYH IXQFWLRQ IRU WKH
JURXQG VWDWH� DQG XVLQJ WKH FRPPXWDWLRQ UHODWLRQ EHWZHHQ
H[FLWDWLRQ RSHUDWRUV��

7KH HTXDWLRQ IRU WKH H[FLWDWLRQ HQHUJ\ FDQ EH ZULWWHQ ZLWK
WKH VLPLODULW\ WUDQVIRUPHG +DPLOWRQLDQ DV WKH IROORZLQJ�

7KHQ DQ HLJHQYDOXH RI WKH VLPLODULW\ WUDQVIRUPHG QRUPDO
RUGHUHG +DPLOWRQLDQ� � LV WKH
HQHUJ\ RI WKH H[FLWHG VWDWH�
:KHQ WKH FRUUHODWLRQ HQHUJ\ DQG H[FLWDWLRQ HQHUJ\ DW D

JLYHQ JHRPHWU\ DUH WKH WDUJHW RI D FDOFXODWLRQ PHWKRG� WKH
FDOFXODWLRQ ZLWK D UHGXFHG 02 VSDFH FDQ EH GRQH MXVW E\
UHVWULFWLQJ WKH L� M DQG D� E LQ WKH 7� DQG 7� RSHUDWRU WR EH
ZLWKLQ WKH UHGXFHG 02 VSDFH� L�H�� MXVW E\ GURSSLQJ WKH
VHOHFWHG FRUH DQG�RU YLUWXDO PROHFXODU RUELWDOV LQ WKH WUDQV�
IRUPDWLRQ RI WZR�HOHFWURQ LQWHJUDOV� 7KDW LV ZK\ ZH RIWHQ
UHIHU WR WKH PHWKRG DV WKH GURS�02 PHWKRG�
2QFH WKH FRUUHODWLRQ DQG H[FLWDWLRQ HQHUJLHV DUH GHILQHG

DQG FDOFXODWHG E\ XVLQJ WKH UHGXFHG 02 VSDFH� WKHQ WKH JUD�
GLHQWV RI WKH HQHUJLHV DUH DOVR GHILQHG ZLWKLQ WKH VDPH
UHGXFHG 02 VSDFH� 7KH IROORZLQJ HTXDWLRQ IRU WKH DQDO\WLF
JUDGLHQW LQ WKH UHGXFHG 02 VSDFH LV H[DFWO\ WKH VDPH IRUP
DV LQ WKH DOO 02 VSDFH� EHFDXVH QRWKLQJ KDV EHHQ DOWHUHG LQ
DOO WKH HTXDWLRQV DQG SURFHGXUHV IRU WKH DQDO\WLF JUDGLHQW RI

WKH FRUUHODWLRQ DQG WKH H[FLWDWLRQ HQHUJLHV�

7KH RQO\ GLIIHUHQFH LV WKDW WKH 02 LQGLFHV� S� T� U� DQG V� DUH
QRZ UHVWULFWHG WR WKH 02V SDUWLFLSDWLQJ LQ WKH UHGXFHG 02
VSDFH� 7KH RQH�SDUWLFOH UHGXFHG GHQVLW\ 'S�T DQG WKH WZR�
SDUWLFOH UHGXFHG Γ�ST� UV� GHQVLW\ DUH DOVR GHILQHG ZLWKLQ WKH
UHGXFHG 02 VSDFH� DQG WKHLU DFWXDO IRUPV GHSHQG RQ WKH
OHYHO RI H[FLWDWLRQV� WKH UHIHUHQFH IXQFWLRQ� DQG WKH WDUJHW
HOHFWURQLF VWDWH��������

7KH GHULYDWLYHV LQ WKH DERYH HTXDWLRQ� KRZHYHU� OHDG WR
RUELWDO UHVSRQVH WHUPV GHSHQGHQW RQ DOO 02V� %HFDXVH DFWLYH
02V φS DUH OLQHDU FRPELQDWLRQV RI EDVLV DWRPLF RUELWDOV φµ �

WKH RUELWDO UHVSRQVH� ZLWK UHVSHFW WR DQ H[WHUQDO SHUWXUEDWLRQ
χ� LV GHILQHG E\ XVLQJ WKH FRXSOHG�SHUWXUEHG +DUWUHH�)RFN
�&3+)� FRHIILFLHQWV ���

ZKHUH WKH LQGH[ Y QRZ VSDQ RYHU DOO 02V LQFOXGLQJ IUR]HQ
02V� 7KH LPSRUWDQW IDFW LV WKDW WKH UHVSRQVH RI HDFK DFWLYH
02 LV GHILQHG ZLWKLQ DOO 02 VSDFH LQFOXGLQJ WKH GURSSHG
02V HYHQ ZKHQ VRPH 02V DUH GURSSHG LQ FRQVWUXFWLQJ WKH
UHGXFHG 02 VSDFH� 7KLV LV WKH PDLQ SUREOHP IRU WKH DQDO\WLF
JUDGLHQW ZLWK D UHGXFHG 02 VSDFH��� 7KH H[SOLFLW GHYHORS�
PHQW RI WKH DERYH HTXDWLRQV LQWR D FRPSXWDWLRQDOO\ WUDFWDEOH
IRUP LV JLYHQ LQ RXU SUHYLRXV ZRUN��� 7KH RQO\ GLIIHUHQFH RI
WKH SUHVHQW ZRUN IRU DQ H[FLWHG VWDWH IURP WKH SUHYLRXV RQH
IRU D JURXQG VWDWH LV WKH H[SOLFLW IRUPV RI 'S�T DQG Γ�ST� UV�
ZKLFK DUH GHILQHG E\ WKH (TV� ���� DQG ���� RI WKH RULJLQDO
ZRUN�� $OO RWKHU VWHSV LQ WKH GHULYDWLRQV DUH H[DFWO\ WKH VDPH
DV EHIRUH��� ,QVWHDG RI SUHVHQWLQJ GHWDLOV RI WKH GHULYDWLRQV
RQFH DJDLQ� RQO\ WKH WKUHH LPSRUWDQW DVSHFWV RI WKH GHULYD�
WLRQV DQG LPSOHPHQWDWLRQV� GLVWLQFWLYH LQ WKH GURS�02
PHWKRG� DUH ZRUWK\ WR EH JLYHQ KHUH�
7KH ILUVW SUREOHP LV WKH QHFHVVLW\ RI WKH IROORZLQJ WZR�

HOHFWURQ LQWHJUDOV�

� S, __ T- !� � S, __ TU !� � S$ __ T- !� � S$ __ TU !�

ZKHUH WKH S� T� U� DQG V UHIHU WR WKH JHQHULF DFWLYH RFFXSLHG
DQG YLUWXDO 02V� 2Q WKH RWKHU KDQG� WKH ,� - UHIHU WR GURSSHG
RFFXSLHG 02V ZKLOH WKH $ VWDQGV IRU GURSSHG YLUWXDO 02V�
,QVSHFWLRQ RI (T� ���� RI WKH SUHYLRXV ZRUN�� VKRZV WKDW
WKHVH LQWHJUDOV DUH LQGLVSHQVDEOH IRU WKH FRQVWUXFWLRQ RI WKH
RQH�SDUWLFOH LQWHUPHGLDWHV� HYHQ WKRXJK WKHVH LQWHJUDOV DUH
QRW UHTXLUHG WR VROYH WKH && DQG WKH HTXDWLRQV� 7KHVH DGGL�
WLRQDO LQWHJUDOV KDYH WR EH JHQHUDWHG E\ D VHSDUDWH LQWHJUDO
WUDQVIRUPDWLRQ�
7KH VHFRQG SUREOHP DULVHV IURP WKH IDFW WKDW WKH FRUUHOD�
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WLRQ DQG H[FLWDWLRQ HQHUJLHV DUH QRW LQYDULDQW WR PL[LQJ WKH
GURSSHG DQG DFWLYH 02V� ,W LPSOLHV WKDW WKH &3+) FRHIIL�
FLHQW EHWZHHQ WKH GURSSHG DQG DFWLYH 02V FDQQRW EH
REWDLQHG E\ WKH IROORZLQJ UHODWLRQ� ZKLFK VWHPV IURP WKH
RUWKRQRUPDOLW\ FRQGLWLRQ DQG FDXVHV WKH PL[LQJ EHWZHHQ
DFWLYH DQG GURSSHG 02V���

:H PD\ XVH WKH DERYH UHODWLRQ IRU WKH &3+) FRHIILFLHQWV
EHWZHHQ GURSSHG RFFXSLHG 02V� EHWZHHQ DFWLYH RFFXSLHG
02V� EHWZHHQ DFWLYH YLUWXDO 02V� DQG EHWZHHQ GURSSHG YLU�
WXDO 02V ZKLOH WKH &3+) FRHIILFLHQWV EHWZHHQ GURSSHG DQG
DFWLYH 02V DUH KDQGOHG E\ XVLQJ D VHSDUDWH =�YHFWRU HTXD�
WLRQ� 6XFK SDUWLWLRQLQJ RI WKH &3+) EORFNV� KRZHYHU� KDV OLW�
WOH DGYDQWDJH DQG FDXVHV MXVW DQ DGGLWLRQDO FRPSOH[LW\ LQ
SURJUDPPLQJ� ,QVWHDG RI XVLQJ WKHVH UHODWLRQV� WKH FDQRQLFDO
SURSHUW\ RI RUELWDOV DUH XVHG IRU WKH VROXWLRQ RI WKH =�YHFWRU
HTXDWLRQ QRW RQO\ IRU WKH RFFXSLHG�YLUWXDO EORFN� EXW DOVR IRU
WKH RFFXSLHG�RFFXSLHG DQG YLUWXDO�YLUWXDO SDUWV� 0RUH
H[SOLFLWO\� WKH DERYH HTXDWLRQ IURP WKH RUWKRQRUPDOLW\ LV
QHYHU XVHG LQ WKH SUHVHQW GURS�02 PHWKRG�
7KHUH LV WKH WKLUG SUREOHP LI UHVWULFWHG RSHQ�VKHOO +DUWUHH�

)RFN �52+)� RUELWDOV DUH XVHG� 7KH VWDQGDUG 52+) RUELWDOV
VDWLVI\ WKH %ULOORXLQ FRQGLWLRQ IRU WKH =�YHFWRU HTXDWLRQ RI
WKH RFFXSLHG�YLUWXDO SDUW� EXW GR QRW VDWLVI\ WKH FDQRQLFDO
FRQGLWLRQ IRU WKH RFFXSLHG�RFFXSLHG RU YLUWXDO�YLUWXDO SDUW�
,Q RUGHU WR SUHYHQW WKH PL[LQJ RI GURSSHG DQG DFWLYH RFFX�
SLHG �RU YLUWXDO� RUELWDOV� DV PHQWLRQHG LQ WKH DERYH VHFRQG
SUREOHP� WKH =�YHFWRU HTXDWLRQ IRU WKH RFFXSLHG�RFFXSLHG RU
WKH YLUWXDO�YLUWXDO EORFNV KDYH WR EH VROYHG E\ LPSRVLQJ WKH
VHPLFDQRQLFDO FRQGLWLRQ RQ WKH α� DQG WKH β�VSLQ RFFXSLHG
DQG YLUWXDO RUELWDOV� ,Q RWKHU ZRUGV� WKH VWDQGDUG RUELWDOV FDQ
QRW EH XVHG KHUH� 7KLV VHPLFDQRQLFDO FRQGLWLRQ KDV EHHQ
XVHG WR REWDLQ WKH DQDO\WLF JUDGLHQWV IRU WKH 52+)�
&&6'�7� PHWKRGV��� DQG ZH KDYH XWLOL]HG H[DFWO\ WKH VDPH
WHFKQLTXH KHUH� 6LPSO\ VD\LQJ WKH WHFKQLTXH� WKH SURFHGXUH
WR VROYH WKH 52+) =�YHFWRU HTXDWLRQ KDV WR EH PRGLILHG DV
WKH IROORZLQJ� $W ILUVW WKH RUELWDO�UHVSRQVH GHQVLWLHV LQ WHUPV
RI VWDQGDUG RUELWDOV DUH WUDQVIRUPHG WR WKRVH LQ WHUPV RI VHPL�
FDQRQLFDO RUELWDOV E\ XVLQJ WKH WUDQVIRUPDWLRQ PDWULFHV
ZKLFK URWDWH WKH VWDQGDUG RUELWDOV LQWR WKH VHPLFDQRQLFDO UHS�
UHVHQWDWLRQ� $IWHU WKH FRQWUDFWLRQ RI WKH RUELWDO�UHVSRQVH
GHQVLWLHV ZLWK WZR�HOHFWURQ LQWHJUDOV DQG )RFN PDWUL[ HOH�
PHQWV DUH SHUIRUPHG LQ WKH VHPLFDQRQLFDO UHSUHVHQWDWLRQ� WKH
FRQWUDFWHG LQWHUPHGLDWH PDWULFHV DUH WUDQVIRUPHG EDFN LQWR
WKH VWDQGDUG RUELWDOV� 7KHQ WKH XSGDWHG RUELWDO�UHVSRQVH
PDWULFHV DUH FRQVWUXFWHG DJDLQ� DQG WKHVH VWHSV DUH UHSHDWHG
XQWLO FRQYHUJHQFH LV DFKLHYHG� ,W KDV WR EH HPSKDVL]HG KHUH
WKDW WKH GURS��02 DQDO\WLF JUDGLHQW ZLWK 52+) RUELWDOV LV
SRVVLEOH RQO\ ZLWK VHPLFDQRQLFDO RQHV�
7KH DERYH FRQVLGHUDWLRQV IRU WKH DQDO\WLF JUDGLHQW RI DQ

H[FLWH VWDWH KDYH EHHQ LPSOHPHQWHG LQWR WKH $&(6 ,, SUR�
JUDP��� DQG WKH JHRPHWU\ RSWLPL]DWLRQ IRU DQ H[FLWHG VWDWH LV
QRZ SRVVLEOH ZLWK WKH HTXDWLRQ�RI�PRWLRQ FRXSOHG�FOXVWHU
VLQJOHV DQG GRXEOHV OHYHO RI WKHRU\� )LUVW RUGHU SHRSHUWLHV RI
WKH H[FLWHG VWDWH DOVR FDQ EH FRPSXWHG ZLWK D UHGXFHG 02

VSDFH ZLWKRXW DQ\ IXUWKHU FRQVLGHUDWLRQV� 7KH VHFRQG GHULYD�
WLYHV IRU KDUPRQLF IUHTXHQFLHV DUH REWDLQHG E\ QXPHULFDO
GLIIHUHQWLDWLRQ RI WKH ILUVW DQDO\WLF JUDGLHQWV�

5HVXOWV DQG 'LVFXVVLRQV

7KH ILUVW SXUSRVH RI WKLV VHFWLRQ LV WR PDNH D V\VWHPDWLF
VWXG\ RQ WKH SHUIRUPDQFH RI WKH SUHVHQW H[WHQVLRQ DQG WR JHW
DQ H[SHFWHG PDJQLWXGH DQG WUHQGV RI WKH HIIHFWV RI WKH
GURSSHG 02V RQ ERQG OHQJWKV� DQJOHV� KDUPRQLF IUHTXHQ�
FLHV� ,5 LQWHQVLWLHV� DQG H[FLWDWLRQ HQHUJLHV RI H[FLWHG VWDWHV�
:H ZDQW WR UHGXFH WKH FRPSXWDWLRQ WLPHV LQ WKH DSSOLFDWLRQ
RI WKH (20�&&6' JUDGLHQW PHWKRG E\ GURSSLQJ FRUH
PROHFXODU RUELWDOV ZLWK OLWWOH DPELJXLW\� 7R PLQLPL]H VXFK
DPELJXLW\� RQO\ WKH 02V FRUUHVSRQGLQJ WR �V DWRPLF RUELWDOV
�$2V� RI WKH ILUVW URZ DWRPV� �V� �V� DQG �S $2V RI WKH VHF�
RQG URZ DWRPV� DQG �V� �V� �S� �V� DQG �S $2V RI WKH WKLUG
URZ DWRPV ZLOO EH GURSSHG� 7KH SRVVLELOLW\ RI GURSSLQJ 02V
FRUUHVSRQGLQJ WR �G $2V RI WKH WKLUG URZ DWRPV ZLOO DOVR EH
GLVFXVVHG ZLWK WKH UHVXOWV IRU WKH *H6H PROHFXOH� 7KH SODXVL�
ELOLW\ RI WKH GURS�02 PHWKRG ZLWK GUDVWLFDOO\ UHGXFHG 02
VSDFH LV WKH VHFRQG SRLQW RI WKLV VHFWLRQ� ZKLFK ZLOO EH GHOLY�
HUHG ZLWK WKH UHVXOWV IRU WKH ILUVW DQG WKH VHFRQG H[FLWHG
VWDWHV RI +&1 DQG +1&�
7KH ERQG OHQJWKV� KDUPRQLF IUHTXHQFLHV� ,5 LQWHQVLWLHV�

DQG DGLDEDWLF H[FLWDWLRQ HQHUJLHV DUH FDOFXODWHG IRU WKH JURXQG
VWDWH DQG H[FLWHG VWDWHV RI VHYHUDO GLDWRPLF PROHFXOHV�
%HFDXVH WKH SUHVHQW ZRUN LV QRW WR VWXG\ DQ\ XQNQRZQ HOHF�
WURQLF VWDWH EXW WR LQYHVWLJDWH WKH GURS�02 HIIHFWV� RQO\ WKH
H[FLWHG VWDWHV ZHOO FKDUDFWHUL]HG E\ H[SHULPHQWV DUH VWXGLHG
KHUH� ,Q RUGHU WR FRYHU DV ZLGH DV SRVVLEOH FKHPLFDO ERQGV
ZLWK DV VLPSOH DV SRVVLEOH GLDWRPLF PROHFXOHV� D YDULHW\
FRPELQDWLRQV DPRQJ WKH VHFRQG DQG WKLUG URZ PDLQ JURXS
HOHPHQWV DUH VHOHFWHG� 7KH 7DEOH � LV WKH UHVXOWV IRU PROH�
FXOHV �%)� &2� &1� 1�� FRQVLVWHG RI WKH ILUVW URZ DWRPV
ZKLOH WKH 7DEOH � LV IRU PROHFXOHV �$O&O� 6L6� 3�� RI WKH VHF�
RQG URZ DWRPV� 7KH UHVXOWV IRU PROHFXOHV �%&O� $O)� &6�
6L2� 31� FRPSRVHG RI RQH ILUVW URZ DWRP DQG DQRWKHU VHF�
RQG URZ DWRP DUH JLYHQ LQ 7DEOH �� 2Q WKH RWKHU KDQG� 7DEOH
� IRU *H6H LV WR VKRZ WKH UHVXOWV ZLWK GLIIHUHQW VHOHFWLRQ RI
IUR]HQ FRUH 02V� 7KH JURXQG DQG H[FLWHG GRXEOHW VWDWHV RI
&1 DUH FDOFXODWHG ZLWK WKH 52+) RUELWDOV� ZKLOH WKH VLQJOHW
JURXQG DQG H[FLWHG VWDWHV RI DOO RWKHU PROHFXOHV DUH FDOFX�
ODWHG ZLWK WKH 5+) RUELWDOV� :H FRQVLGHU WKH ����*
 EDVLV LV
WKH PLQLPDO VL]H IRU WKH VWXG\ RI DQ H[FLWHG VWDWH ZKLOH WKH
DXJ�FF�S97= EDVLV LV WKH SURSHU FKRLFH IRU TXDQWLWDWLYH WKHR�
UHWLFDO YDOXHV� 7KH &DUWHVLDQ VL[ G�IXQFWLRQV DUH XVHG IRU ��
��*
 DQG �����*
 EDVLV VHWV�� ZKLOH VSKHULFDO ILYH G� DQG
VHYHQ I�IXQFWLRQV DUH XVHG IRU DXJ�FF�S97=�� DQG WKH 7=9
�I �� EDVLV VHWV� ,Q RUGHU WR HPSKDVL]H WKH SHUIRUPDQFH RI WKH
SUHVHQW PHWKRG� WKH YDOXHV REWDLQHG E\ XVLQJ WKH GURS�02
PHWKRG DQG WKH GLIIHUHQFHV �∆� IURP WKH DOO�02 UHVXOWV DUH
SUHVHQWHG LQ WKH WDEOHV� DQG FRPSDUHG ZLWK H[SHULPHQWDO YDO�
XHV��� 7KH GHVLJQDWLRQV� GURS�02�QF �QY� DQG GURS�02�QF��
DUH XVHG WR UHSUHVHQW WKDW WKH QF LQQHUPRVW RFFXSLHG DQG WKH
QY RXWHUPRVW YLUWXDO PROHFXODU RUELWDOV DUH GURSSHG LQ WKH
&&6' DQG WKH (20�&&6' FDOFXODWLRQV� 7KH QF FDQ EH HDV�
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LO\ GHWHUPLQHG SULRU WR FDOFXODWLRQV EDVHG RQ WKH VKHOO VWUXF�
WXUH RI DWRPV LQ D PROHFXOH� ZKLOH WKH QY FDQ EH GHWHUPLQHG
EDVHG RQ YLUWXDO RUELWDO HQHUJLHV DIWHU WKH +DUWUHH�)RFN FDO�
FXODWLRQV� 2QO\ D IHZ DUWLILFLDOO\ KLJK O\LQJ YLUWXDO RUELWDOV
DUH GURSSHG DW SUHVHQW� DQG WKH UHVXOWV LQ 7DEOH �a� DUH
DOPRVW QRW FKDQJHG E\ HLWKHU LQFOXGLQJ RU GURSSLQJ WKHP�
)URP WKH YDOXHV LQ 7DEOHV � DQG �� LW FDQ EH VHHQ WKDW WKH

HIIHFWV RI WKH GURS�02V DUH VPDOO DQG DOPRVW WKH VDPH LQ
PDJQLWXGH IRU ERWK WKH JURXQG DQG WKH H[FLWHG VWDWH� (VSH�
FLDOO\ ZKHQ WKH ����*
 EDVLV VHWV DUH XVHG� WKH GLIIHUHQFH
EHWZHHQ UHVXOWV E\ WKH GURS�02 DQG WKH DOO�02 PHWKRG DUH
DERXW ����� c IRU ERQG OHQJWKV� �� FP−� IRU KDUPRQLF IUH�
TXHQFLHV� DQG ��� NP�PRO IRU ,5 LQWHQVLWLHV� ,W DOVR FDQ EH
QRWHG WKDW� H[FHSW WKH $�Π VWDWH RI &1 ZLWK WKH ����*

EDVLV� ERQG OHQJWKV LQFUHDVH ZKLOH KDUPRQLF IUHTXHQFLHV
GHFUHDVH E\ GURSSLQJ FRUH RUELWDOV ZKLFK PHDQV D OLWWOH PRUH
IODW SRWHQWLDO FXUYH� EXW WKH GLIIHUHQFHV DUH YHU\ VPDOO DV ZH

HPSKDVL]H KHUH� 7KH DGLDEDWLF H[FLWDWLRQ HQHUJLHV DUH UHGXFHG
E\ WKH GURS�02 HIIHFW LQ PRVW FDVHV DQG LQFUHDVHG LQ VRPH
FDVHV� EXW WKH PDJQLWXGH DUH VR VPDOO WR PDNH DQ\ DUJXPHQW
KHUH� L�H�� OHVV WKDQ ����� H9� 7KH GURS�02 HIIHFWV WXUQ RXW
WR EHFRPH D OLWWOH ODUJHU ZKHQ WKH DXJ�FF�S97= EDVLV VHWV
DUH XVHG� 7KLV PD\ EH GXH WR WKH IDFW WKDW WKH DXJ�FF�S97=
EDVLV VHWV DUH RSWLPL]HG QRW IRU FRUH SDUW EXW IRU YDOHQFH SDUW�
:H H[SHFW WKDW WKH GLIIHUHQFH FDQ EH UHGXFHG PXFK LI D WLJKW
EDVLV IXQFWLRQ LV DGGHG WR WKH IDPLO\ RI FF�S9;= EDVLV� RU LI
WKH EDVLV VHWV DUH UH�RSWLPL]HG IRU FRUH SDUW� 6XFK SRVVLELOL�
WLHV� KRZHYHU� DUH QRW H[SORUHG LQ WKLV ZRUN� ,Q VSLWH RI WKDW�
WKH FDOFXODWHG UHVXOWV E\ XVLQJ WKH GURS�02 PHWKRG LQ FRQ�
MXQFWLRQ ZLWK WKH DXJ�FF�S97= EDVLV DUH TXLWH JRRG LQ
DJUHHPHQW ZLWK H[SHULPHQWDO YDOXHV� 7KH PDJQLWXGH RI WKH
GURS�02 HIIHFWV LQ 7DEOH � IRU PROHFXOHV ZLWK WKH VHFRQG
URZ DWRPV DUH URXJKO\ WZLFH RI WKRVH LQ 7DEOH � IRU PROH�
FXOHV RI WKH ILUVW URZ DWRPV� 2Q WKH RWKHU KDQG� WKH PDJQL�
WXGH LQ 7DEOH � IRU PROHFXOHV ZLWK RQH ILUVW URZ DWRP DQG
DQRWKHU VHFRQG URZ DWRP WXUQ RXW WR EH EHWZHHQ WKRVH LQ
7DEOH � DQG 7DEOH �� ,W LV ZRUWK WR QRWLFH WKDW WKH FRPSXWD�
WLRQ WLPHV DUH UHGXFHG GRZQ WR DERXW D IDFWRU RI ���� �����
DQG ���� IRU PROHFXOHV LQ 7DEOH �� 7DEOH �� DQG 7DEOH ��
UHVSHFWLYHO\� E\ XVLQJ WKH GURS�02 PHWKRG�
2QH RI WKH LPSRUWDQW WKLQJV KHUH LV WKDW WKH PDJQLWXGH DQG

WUHQG RI WKH GURS�02 HIIHFWV DUH DOPRVW WKH VDPH IRU ERWK
WKH JURXQG DQG WKH H[FLWHG VWDWHV� DQG WKH PDJQLWXGHV DUH
VWLOO VPDOO HQRXJK� UHJDUGOHVV RI WKH PROHFXOHV DQG EDVLV VHWV�
6XFK IHDWXUHV KROG IRU DOO PROHFXOHV WKURXJK 7DEOH � WR ��
6LPLODU PDJQLWXGH DQG WUHQGV DUH H[SHFWHG WR KROG IRU DQ\
PROHFXOHV QRW H[SOLFLWO\ VWXGLHG KHUH�
7KH UHVXOWV LQ 7DEOH � VKRZ DQRWKHU LQWHUHVWLQJ SRLQW�

7DEOH �� 7KH ERQG OHQJWK �U LQ c�� KDUPRQLF IUHTXHQF\ �ω LQ
FP−��� ,5 LQWHQVLW\ �,QW� LQ NP�PRO�� DQG DGLDEDWLF H[FLWDWLRQ HQHUJ\
�7H LQ H9� IRU WKH JURXQG DQG WKH H[FLWHG VWDWHV RI %)� &2� &1� DQG
1� E\ XVLQJ WKH GURS�02 PHWKRG� 7KH GLIIHUHQFH RI WKH GURS�02
UHVXOW IURP WKH DOO�02 PHWKRG LV GHVLJQDWHG E\ ∆ �DOO�02 UHVXOW��
�GURS�02 UHVXOW�

GURS�02
����*
 DXJ�FF�S97=

([SWO�D

����� ∆ ����� ∆

%) ;
�Σ�

U ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

,QW� ����� ���� ����� ����

$
�Π U ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

,QW� ���� ���� ����� ����

7H ����� ������ ����� ������ �����

&2 ;
�Σ�

U ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

,QW� ���� ����� ���� ����

$
�Π 5 ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

,QW� ��� ���� ���� ����

7H ����� ������ ����� ������ �����

&1 ;
�Σ�

U ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

,QW� ���� ���� ���� ����

$
�Π U ������������� ������ ������� ������

ω ���� �� ���� ��� ����

,QW� ���� ��� ���� ����

7H ����� ������ ����� ������ �����

%
�Π U ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

,QW� ����� ��� ����� ����

7H ����� ������ ����� ������ �����

1� ;
�Σ�

U ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

$
�Π U ������ ������� ������ ������� ������

ω ���� �� ���� ��� ����

7H ����� ������ ����� ������ �����

D5HIHUHQFH ���

7DEOH �� 5HVXOWV IRU $O&O� 6L6� DQG 3�� $OO V\PEROV DQG HQWULHV
KDYH WKH VDPH PHDQLQJ DV LQ 7DEOH �
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%HFDXVH WKLUG URZ DWRPV KDYH �G DWRPLF RUELWDOV� LW LV LQWHU�
HVWLQJ WR VHH WKH HIIHFWV RI GURSSLQJ 02V FRUUHVSRQGLQJ WR
�G $2V� ,Q RUGHU WR PDNH GLUHFW FRPSDULVRQV DPRQJ UHVXOWV
ZLWK GLIIHUHQW 02 VSDFH� DOO WKH FDOFXODWHG YDOXHV DUH JLYHQ
LQ 7DEOH �� 7KH 7=9 � I EDVLV LV FRQVWUXFWHG E\ DGGLQJ RQH
VHW RI I�IXQFWLRQV WR WKH 7=9 EDVLV��� 7KH H[SRQHQWV RI WKH I�
IXQFWLRQV DUH ������ DQG ������ IRU *H DQG 6H� UHVSHFWLYHO\�
7KH 02V FRUUHVSRQGLQJ WR �V� �V� DQG �S $2V DUH GURSSHG
LQ WKH GURS�02���� PHWKRG� DQG DGGLWLRQDO 02V FRUUH�
VSRQGLQJ WR �V DQG �S $2 DUH DOVR GURSSHG LQ WKH GURS�
02���� PHWKRG� 7KH GURS�02���� PHWKRG LV ZKDW HYHQ WKH
02V PDLQO\ FRQVLVWHG RI �G $2V DUH GURSSHG�
7KH GLIIHUHQFHV EHWZHHQ WKH GURS�02���� DQG WKH DOO�02

UHVXOWV DUH QRWLFHDEO\ VPDOOHU IRU WKLV PROHFXOH FRQVLVWHG RI
WKH WKLUG URZ DWRPV� ZKLFK GHPRQVWUDWH WKH XVHIXOQHVV RI WKH

SUHVHQW GURS�02 PHWKRGV� 7KH XQH[SHFWHG VPDOO GLIIHU�
HQFHV VHHP WR FRPH IURP WKH FRXQWHU SRLVRQLQJ RI WKH GURS�
02 HIIHFWV RI LQQHU VKHOOV LQ WKHVH FDVHV� ,Q RWKHU ZRUGV� WKH
ERQG OHQJWKV DUH VOLJKWO\ LQFUHDVHG IURP WKH DOO�02 WR WKH
GURS�02����� DQG WKHQ GHFUHDVHG E\ WKH GURS�02�����
H[FHSW WKH �Π VWDWH ZLWK WKH 7=9 � I EDVLV LQ ZKLFK ERQG
OHQJWK LQFUHDVHV PRQRWRQLFDOO\ E\ WKH GURS�02 HIIHFWV EXW
WKH UHVXOW VKRZV VWLOO YHU\ VPDOO GLIIHUHQFH� ������� c� $V
WKH UHVXOW� DOO WKH YDOXHV LQ 7DEOH � E\ WKH GURS�02����
PHWKRG DUH DOPRVW WKH VDPH DV WKRVH E\ WKH DOO�02 PHWKRG�
L�H�� WKH GLIIHUHQFHV �∆��� DUH IDLUO\ VPDOO� 7KH FRPSXWDWLRQ
WLPH WR VROYH WKH &&6' DQG WKH (20�&&6' HTXDWLRQV RI
WKH GURS�02���� DQG WKH GURS�02���� PHWKRGV UHTXLUHV
OHVV WKDQ ��� DQG ����� UHVSHFWLYHO\� RI WKH DOO�02 PHWKRG�
7KRXJK WKH UHVXOWV E\ WKH GURS�02���� PHWKRG DUH DOVR UHD�
VRQDEO\ JRRG HQRXJK DQG WKH GLIIHUHQFHV �∆��� DUH UHODWLYHO\
VPDOO LQ WKHVH FDVHV� WKH GLIIHUHQFHV FRXOG EH ODUJHU LQ RWKHU
FDVHV� HVSHFLDOO\ IRU ERQG DQJOHV DQG EHQGLQJ YLEUDWLRQV�
7DEOH � DQG � DUH VKRZLQJ D VRPHZKDW GLIIHUHQW DVSHFW RI

WKH SUHVHQW PHWKRG� 7KH JHRPHWULHV DQG YLEUDWLRQDO SURSHU�
WLHV RI WKH ILVW DQG WKH VHFRQG H[FLWHG VLQJOHW VWDWHV RI +&1
DQG +1& DUH FDOFXODWHG E\ WKH (20�&&6' ZLWK GLIIHUHQW
02 VSDFHV� 7KH SXUH VSKHULFDO G� DQG I�IXQFWLRQV DUH XVHG LQ
WKH '=3 DQG 7=�3 EDVLV VHWV� 7KH GHWDLOV RI WKH '=3 DQG
7=�3 EDVLV VHWV DUH JLYHQ HOVHZKHUH���:KHQ RQO\ WZR LQQHU�
PRVW 02V DUH GURSSHG� WKH PDJQLWXGHV RI WKH GURS�02
HIIHFWV DUH DOPRVW WKH VDPH DV VKRZQ LQ 7DEOH �� ,W VKRXOG EH
QRWHG WKDW WKH GURS�02 HIIHFWV RQ ERQG DQJOHV DQG EHQGLQJ
IUHTXHQFLHV DUH DOVR YHU\ VPDOO� 7KH PDLQ SRLQW KHUH LV WKDW
WKH UHVXOWV REWDLQHG E\ WKH GURS�02������ ZLWK WKH '=3
EDVLV DQG WKH GURS�02������ ZLWK WKH 7=�3 EDVLV� 6XFK
GUDVWLFDOO\ VPDOO 02 VSDFH PHDQV WKDW RQO\ VL[ ORZHVW YLU�
WXDO PROHFXODU RUELWDOV DUH LQFOXGHG LQ WKH UHGXFHG 02
VSDFHV� 0RUH WKDQ ��� FRPSXWDWLRQ WLPH KDV DOUHDG\ EHHQ

7DEOH �� 5HVXOWV IRU %&O� $O)� &6� 6L2� DQG 31� $OO V\PEROV DQG
HQWULHV KDYH WKH VDPH PHDQLQJ DV LQ 7DEOH �
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$QDO\WLF *UDGLHQW RI (20�&&�'URS�02 %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � ���

UHGXFHG MXVW E\ GURSSLQJ RQO\ WKH WZR FRUH 02V� ,Q DGGLWLRQ
WR WKDW� E\ OHDYLQJ RQO\ VL[ YLUWXDO 02V� WKH FRPSXWDWLRQ
WLPHV IRU VROYLQJ WKH &&6' DQG WKH (20�&&6' HTXDWLRQV
EHFDPH DERXW RQH KXQGUHGWK DQG RQH WKRXVDQGWK IRU WKH FDVH
ZLWK '=3 DQG 7=�3 EDVLV� UHVSHFWLYHO\� :H DUH QRW VD\LQJ
WKDW WKH WRWDO FRPSXWDWLRQ WLPH LV DFWXDOO\ UHGXFHG VR PXFK
EHFDXVH WKH FRPSXWDWLRQ WLPHV IRU RWKHU VWHSV VXFK DV LQWH�
JUDO FDOFXODWLRQV� +DUWUHH�)RFN FDOFXODWLRQV� DQG LQWHJUDO
WUDQVIRUPDWLRQ DUH QRZ EHFRPLQJ GRPLQDQW WLPH�FRQVXPLQJ
VWHSV� %XW LW LV FOHDU WKDW WKH FDOFXODWLRQV IRU H[FLWHG VWDWH DUH
EHFRPLQJ H[WUHPHO\ IDVWHU ZLWK VXFK GUDVWLFDOO\ UHGXFHG
02 VSDFH� 2I FRXUVH WKH UHVXOWV ZLWK VXFK VPDOO 02 VSDFH
DUH QRW JRRG HQRXJK IRU D TXDQWLWDWLYH SXUSRVH� 7KH UHVXOWV�
KRZHYHU� DUH QRW VR EDG DQG DUH TXDOLWDWLYHO\ UHDVRQDEOH IRU
JHRPHWULHV DQG KDUPRQLF IUHTXHQFLHV� 1HHGOHVV WR VD\ VXFK
VPDOO 02 VSDFH FDQ EH XVHG RQO\ IRU YDOHQFH H[FLWHG VWDWHV�
&RQVLGHULQJ WKH IDFW WKDW PRVW SKRWRFKHPLFDO SKHQRPHQD
DUH UHODWHG WR YDOHQFH H[FLWHG VWDWH� WKH SUHVHQW UHVXOWV VXJ�
JHVW WKDW WKH (20�&&6' PHWKRG� ZLWK VXFK VPDOO 02
VSDFH� FDQ EH D QHZ DOWHUQDWLYH PHWKRG IRU D TXDOLWDWLYH
VWXG\ RI SKRWRFKHPLFDO SURFHVVHV� 7KLV YLHZSRLQW KDV
DOUHDG\ EHHQ VXJJHVWHG LQ WKH SUHYLRXV FRPPXQLFDWLRQ IRU

WKH ILUVW H[FLWHG VWDWH RI IRUPDOGHK\GH��� LQ ZKLFK WKH FRP�
SDULVRQ ZLWK WKH UHVXOWV E\ &,6 DUH DOVR JLYHQ� 7KH SUHVHQW
PHWKRG ZLWK VXFK VPDOO 02 VSDFH� KRZHYHU� PD\ EH QRW
UREXVW HQRXJK IRU VLPSOH PLQG DSSOLFDWLRQV� 0RUH VWXGLHV
IRU WKH UHOLDELOLW\ RI WKH PHWKRG DQG WKH SRVVLELOLW\ WR
LPSURYH WKH UHVXOWV RI XVLQJ VXFK VPDOO 02 VSDFH E\ UH�
RSWLPL]LQJ WKH YLUWXDO 02 VSDFH� VRPHKRZ� DUH RSHQHG DW
WKLV SRLQW�

&RQFOXVLRQV

7KH DQDO\WLF JUDGLHQW PHWKRG IRU DQ H[FLWHG VWDWH ZLWK WKH
HTXDWLRQ�RI�PRWLRQ FRXSOHG�FOXVWHU VLQJOHV DQG GRXEOHV �(20�
&&6'� WKHRU\ LV H[WHQGHG WR XVH D UHGXFHG PROHFXODU RUELWDO
�02� VSDFH� E\ ZKLFK D VXEVWDQWLDO DPRXQW RI FRPSXWDWLRQ
WLPH FDQ EH UHGXFHG ZLWKRXW GHWHULRUDWLQJ FDOFXODWHG UHVXOWV�
7KH V\VWHPDWLF VWXG\ IRU WKH PDJQLWXGHV DQG WUHQGV RI WKH
GURS��02 HIIHFWV RQ JHRPHWULHV� YLEUDWLRQDO SURSHUWLHV� DQG
DGLDEDWLF H[FLWDWLRQ HQHUJLHV DUH FRQGXFWHG� :KHQ WKH 02V
FRUUHVSRQGLQJ WR FKHPLFDOO\ LQHUW DWRPLF FRUH RUELWDOV DUH
GURSSHG WR PDNH WKH UHGXFHG 02 VSDFH� WKH GLIIHUHQFHV
EHWZHHQ WKH UHVXOWV ZLWK WKH GURS�02 DQG WKH DOO�02 VSDFH
DUH YHU\ VPDOO DQG DOPRVW WKH VDPH IRU ERWK WKH JURXQG DQG
H[FLWHG HOHFWURQLF VWDWHV� $OVR VKRZQ LV WKDW WKH GURS�02
PHWKRG ZLWK GUDVWLFDOO\ UHGXFHG 02 VSDFH� ZKLFK PHDQV

7DEOH �� 7KH VWDWLRQDU\ SRLQW ERQG OHQJWKV �U LQ c�� DQJOH �∠ LQ
GHJUHHV�� KDUPRQLF IUHTXHQFLHV �ω LQ FP−��� ,5 LQWHQVLWLHV �,QW LQ
NP�PRO�� GLSROH PRPHQWV �µ LQ 'HE\H�� DQG YHUWLFDO H[FLWDWLRQ
HQHUJLHV �νH LQ H9� RI WKH ORZHVW WZR H[FLWHG VLQJOHW VWDWHV�
DQG � RI +&1
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��� %XOO� .RUHDQ &KHP� 6RF� ����� 9RO� ��� 1R� � .\RXQJ .� %DHFN DQG 6DQJ ,O -HRQ

PXFK IDVWHU FDOFXODWLRQV� KDV WKH SRVVLELOLW\ RI SURYLGLQJ
TXDOLWDWLYHO\ UHDVRQDEOH LQIRUPDWLRQ IRU YDOHQFH H[FLWHG
VWDWHV LQYROYHG LQ PDQ\ SKRWRFKHPLFDO SKHQRPHQD�
7KH SUHVHQW UHVXOWV DUH TXLWH HQFRXUDJLQJ WKDW WKH KLJK

UHOLDELOLW\ RI WKH (20�&&6' PHWKRG FDQ EH DSSOLHG IRU
ZLGHU UDQJH RI PROHFXOHV� 7KH PDJQLWXGH DQG WUHQGV RI WKH
GURSSHG 02V RQ JHRPHWU\ DQG YLEUDWLRQ IUHTXHQFLHV� SUH�
VHQWHG LQ WKLV ZRUN� FDQ EH DQ XVHIXO UHIHUHQFH IRU DFWXDO
DSSOLFDWLRQV RQ ODUJHU PROHFXOHV�
$FNQRZOHGJPHQW� 7KH DXWKRU ZLVKHV WR DFNQRZOHGJH WKH

KHOS DQG GLVFXVVLRQ E\ 3URIHVVRU 5� -� %DUWOHWW� 7KLV ZRUN
ZDV VXSSRUWHG E\ WKH .RUHD 6FLHQFH DQG (QJLQHHULQJ )RXQ�
GDWLRQ XQGHU *UDQW .26()���������������� 7KH &5$<
&�� VXSHUFRPSXWHU RI (75, LV XVHG IRU WKH FRPSXWDWLRQV RI
WKLV ZRUN� ZKLFK LV DFNQRZOHGJHG�

5HIHUHQFHV

�� 0RQNKRUVW� +� -� ,QW� -� 4XDQWXP &KHP� 6\PS� ����� ���
����

�� *HHUWVHQ� -�� 5LWWE\� 0�� %DUWOHWW� 5� -� &KHP� 3K\V� /HWW�

����� ���� ���
�� 6WDQWRQ� -� )�� %DUWOHWW� 5� -� -� &KHP� 3K\V� ����� ���

�����

�� 6WDQWRQ� -� )� -� &KHP� 3K\V� ����� ��� �����
�� 6WDQWRQ� -� )�� *DXVV� -� -� &KHP� 3K\V� ����� ���� �����

�� 6WDQWRQ� -� )�� +XDQJ� &��0�� 6]DOD\� 3� *� -� &KHP� 3K\V�

����� ���� ����
�� :DWWV� -� '�� *ZDOWQH\� 6� 5�� %DUWOHWW� 5� -� -� &KHP� 3K\V�

����� ���� �����

�� 6WDQWRQ� -� )�� *DXVV� -�� ,VKLNDZD� 1�� +HDG�*RUGRQ� 0� -�
&KHP� 3K\V� ����� ���� �����

�� 6WDQWRQ� -� )�� *DXVV� -� -� &KHP� 3K\V� ����� ���� �����

��� *ZDOWQH\� 6� 5�� 1RRLMHQ� 0�� %DUWOHWW� 5� -� &KHP� 3K\V�
/HWW� ����� ���� ����

��� *ZDOWQH\� 6� 5�� %DUWOHWW� 5� -� -� &KHP� 3K\V� ����� ����

���
��� �D� 3XUYLV� *� '�� %DUWOHWW� 5� -� -� &KHP� 3K\V� ����� ���

����� �E� %DUWOHWW� 5� -� -� 3K\V� &KHP� ����� ��� �����

��� %DHFN� .� .�� :DWWV� -� '�� %DUWOHWW� 5� -� -� &KHP� 3K\V�
����� ���� �����

��� �D� %DHFN� .� .�� %DUWOHWW� 5� -� -� &KHP� 3K\V� ����� ����

����� �E� <RRQ� -�� .LP� .� 6�� %DHFN� .� .� -� &KHP�
3K\V� ����� ���� �����

��� %DHFN� .� .�� &KRL� +�� ,ZDWD� 6� -� 3K\V� &KHP� $ �����

���� �����

��� $GYDQFHG &RQFHSWV LQ (OHFWURQLF 6WUXFWXUH 7KHRU\ �$&(6�
,,���$ SURGXFW RI WKH 8QLYHUVLW\ RI )ORULGD� 4XDQWXP 7KH�

RU\ 3URMHFW� GHYHORSHG E\ 6WDQWRQ� -� )�� *DXVV� -�� :DWWV�

-� '�� 1RRLMHQ� 0�� 2OLSKDQW� 1�� 3HUHUD� 6� $�� 6]DOD\� 3�
*�� /DXGHUGDOH� :� -�� *ZDOWQH\� 6� 5�� %HFN� 6�� %DONRYD�

$�� %HUQKROGW� '� (�� %DHFN� .� .�� 5R]\F]NR� 3�� 6HNLQR�

+�� +REHU� &�� %DUWOHWW� 5� -� ,QWHJUDO SDFNDJHV LQFOXGHG
DUH 902/ �$OPORI� -� DQG 7D\ORU� 3� 5��� 935236 �7D\�

ORU� 3��� $%$&86 �+HOJDNHU� 7�� -HQVHQ� +� -� $D�� -RU�

JHQVHQ� 3�� 2OVHQ� -�� 7D\ORU� 3� 5���

��� %DHFN� .� .� -� &KHP� 3K\V� ����� ���� ��
��� 6FKHLQHU� $� &�� 6FXVHULD� *� (�� 5LFH� -� (�� /HH� 7� -��

6FKDHIHU ,,,� +� )� -� &KHP� 3K\V� ����� ��� �����

��� �D� *DXVV� -�� &UHQHU� '� &KHP� 3K\V� /HWW� ����� ���� ����
�E� 7UXFNV� *� :�� :DWWV� -� '�� 6DOWHU� (� $�� %DUWOHWW� 5� -�

LELG� ����� ���� ����

��� 6DOWHU� (� $�� 7UXFNV� *� :�� %DUWOHWW� 5� -� -� &KHP� 3K\V�
����� ��� �����

��� *DXVV� -�� 6WDQWRQ� -� )�� %DUWOHWW� 5� -� -� &KHP� 3K\V�

����� ��� ����� �����
��� 5HQGHOO� $� 3�� /HH� 7� -� -� &KHP� 3K\V� ����� ��� �����

��� �D� :DWWV� -� '�� *DXVV� -�� %DUWOHWW� 5� -� &KHP� 3K\V� /HWW�

����� ���� �� �E� /DXGHUGDOH� :� -�� 6WDQWRQ� -� )�� *DXVV�
-�� :DWWV� -� '�� %DUWOHWW� 5� -� -� &KHP� 3K\V� ����� ���

�����

��� :DWWV� -� '�� *DXVV� -�� %DUWOHWW� 5� -� -� &KHP� 3K\V� �����
��� �����

��� *HUUDWW� -�� 0LOOV� ,� 0� -� &KHP� 3K\V� ����� ��� �����

��� *DXVV� -�� &UHPHU� '� $GY� 4XDQWXP &KHP� ����� ��� ����
��� �D� +HKUH� :� -�� 'LWFKILHOG� 5�� 3RSOH� -� $� -� &KHP�

3K\V� ����� ��� ����� �E� +DULKDUDQ� 3� &�� 3RSOH� -� $�

7KHRU� &KLP� $FWD ����� ��� ���� �F� )UDQFO� 0� 0�� 3HWUR�
:� -�� +HKUH� :� -�� %LQNOH\� -� 6�� *RUGRQ� 0� 6��

'H)UHHV� '� -�� 3RSOH� -� $� -� &KHP� 3K\V� ����� ��� �����

�G� &XUWLVV� /� $�� 0F*UDWK� 0� 3�� %ODQGHDX� -�3�� 'DYLV�
1� (�� %LQQLQJ -U�� 5� &�� 5DGRP� /� -� &KHP� 3K\V� �����

���� �����

��� �D� 'XQQLQJ -U�� 7� +� -� &KHP� 3K\V� ����� ��� ����� �E�
:RRQ� '� (�� 'XQQLQJ -U�� 7� +� -� &KHP� 3K\V� ����� ���

�����

��� 6FKDIHU� $�� +XEHU� &�� $KOULFKV� 5� -� &KHP� 3K\V� �����
���� �����

��� +HU]EHUJ� *�0ROHFXODU 6SHFWUD DQG 0ROHFXODU 6WUXFWXUH�

9DQ 1RVWUDQG 5HLQKROG 3UHVV� 1HZ <RUN� ����� 9RO� � DQG
��

��� 6WDQWRQ� -� )�� *DXVV� -� -� &KHP� 3K\V� ����� ���� �����


