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&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, ,QYLWHG / $ZDUG /HFWXUH &(-011

&DWDO\WLF 0HWKRGV IRU WKH &RQVWUXFWLRQ RI +DORJHQ-)XQFWLRQDOL]HG 2UJDQLF &RPSRXQGV
ZLWK $SSOLFDWLRQ WR /DWH-6WDJH )XQFWLRQDOL]DWLRQV

%. 0DUW¯Q-0DWXWH1

1'HSDUWPHQW RI 2UJDQLF &KHPLVWU\, 6WRFNKROP 8QLYHUVLW\, 6(-106 91, 6WRFNKROP, 6ZHGHQ;
EHOHQ.PDUWLQ.PDWXWH#VX.VH, ZZZ.RUJDQ.VX.VH/EP; #EPDUWLQPDWXWH

2XU ODWHVW LQYHVWLJDWLRQV RQ WKH GHYHORSPHQW RI FDWDO\WLF PHWKRGV IRU V\QWKHVL]LQJ KHWHURDWRP-
IXQFWLRQDOL]HG EXLOGLQJ EORFNV DQG DGYDQFHG GUXJ-OLNH PROHFXOHV ZLOO EH SUHVHQWHG. 7KH XVH RI D
IDPLO\ RI VLPSOH 3,1-OLJDQGOHVV FRPSOH[HV, ZLWK WKH JHQHUDO IRUPXOD >&S*,U(,,,)@ KDYH EHHQ XVHG IRU
WDQGHP 1,3-K\GULGH VKLIW / IXQFWLRQDOL]DWLRQ RI DOO\OLF DOFRKROV, DV ZHOO DV IRU WKH IXQFWLRQDOL]DWLRQ RI
&-+ ERQGV LQ EHQ]RLF DFLGV. 2XU DWWHPSWV WR GHYHORS DV\PPHWULF KDORJHQDWLRQ UHDFWLRQV UHVXOWHG
RQ WKH GHYHORSPHQW RI D QRYHO RUJDQRFDWDO\WLF VWHUHRVSHFLILF UHDFWLRQ PHGLDWHG E\ D VLPSOH EDVH,
DQG ZKLFK UHOLHV RQ WKH LQ-VLWX IRUPDWLRQ RI LRQV SDLUV ZLWK LQGXFHG QRQ-FRYDOHQW FKLUDOLW\. 7KH
VFRSH DV ZHOO DV WKH PHFKDQLVPV RI WKHVH UHDFWLRQV ZLOO EH SUHVHQWHG.

6HOHFWHG *URXS 5HIHUHQFHV

>1@ ,ULGLGLXP FDWDO\VLV: &KHP. &RPPXQ. 2011, 47, 8331-8333; $QJHZ. &KHP. ,QW. (G. 2013, 52, 6273; 
&KHP. (XU. -. 2014, 20, 10703; $&6 &DWDO\VLV, 2015, 5, 708; $&6 &DWDO\VLV 2015, 5, 3704; &KHP.
&RPPXQ. 2017, 53, 9842; $&6 &DWDO., 2018, 8, 920; &KHP. (XU. -. 2020, 26, 14978; 1DWXUH &RPPXQ.
2019, 10, 524450; &KHP. (XU. -. 2020, 26, 1018; L6FLHQFH 2021, 24, 102467; -$&6 $X 2022, 2, 906.

>2@ %DVH FDWDO\VLV: -. $P. &KHP. 6RF. 2016, 138, 13408; $&6 &DWDO\VLV, 2019, 9, 9134; 2UJ. /HWW. 2020,
22, 4123; 2UJ. /HWW. 2022, 24, 3867
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&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, &RQWULEXWHG 7DON (15PLQ) &(-013

&DWDO\WLF &DUERFKORURFDUERQ\ODWLRQ RI 8QVDWXUDWHG +\GURFDUERQV YLD &–&2&O %RQG
&OHDYDJH

(. +. 'HQWRQ1, <. +. /HH1, 6. 5RHGLJHU1, 3. %RHKP1, 0. )HOOHUW1, %. 0RUDQGL1*

1(7+ =¾ULFK

7KHUH LV DQ XUJHQW UHTXLUHPHQW WR FRQVWUXFW &–& ERQGV, HVVHQWLDO WR WKH SURGXFWLRQ DQG GLVFRYHU\
RI PDWHULDOV DQG ELRDFWLYH FRPSRXQGV, ZLWK D IRFXV RQ VXVWDLQDELOLW\. 5HDFWLRQV WKDW FDQ IRUP
PXOWLSOH &–& ERQGV LQ D VLQJOH VWHS LQ D PRGXODU IDVKLRQ DUH UDUH. 7KLV WDVN LV PDGH PRUH
GHPDQGLQJ LI LW LV WR EH DFKLHYHG ZLWK FRPSOHWH DWRP HFRQRP\, RQH DVSHFW RI VXVWDLQDEOH
V\QWKHVLV. 3UHYLRXV ZRUN XVLQJ WUDQVLWLRQ PHWDO FDWDO\VLV KDV PDGH LQLWLDO SURJUHVV LQ WKLV DUHD,
DFWLYDWLQJ &–& ERQGV ZLWKLQ IXQFWLRQDO JURXSV (H.J. &–&1 ERQGV) RU ZLWK GLUHFWLQJ JURXSV. 7KLV
DFWLYDWLRQ DOORZV IRU D IRUPDO DGGLWLRQ RI WKH &–& ERQG DFURVV XQVDWXUDWHG K\GURFDUERQV.

7R IXUWKHU GHYHORS WKLV DUHD RI FDWDO\VLV ZKLOVW H[SORULQJ IXQGDPHQWDO UHDFWLYLW\, ZH FRQVLGHUHG
XVLQJ UHDGLO\ DYDLODEOH DFLG FKORULGHV IRU WKH IRUPDO DGGLWLRQ RI &–&2&O ERQGV DFURVV XQVDWXUDWHG
K\GURFDUERQV.1 7KH WUDQVIRUPDWLRQ ZDV UHDOL]HG LQ ERWK DQ LQWHU- DQG DQ LQWUDPROHFXODU VHWWLQJ,
XVLQJ VWUDLQHG DONHQHV DQG WHWKHUHG DON\QHV, UHVSHFWLYHO\. 1RWDEOH IHDWXUHV RI WKH UHDFWLRQ LQFOXGH
WKH KLJK VWHUHRVHOHFWLYLW\, XVH RI ERWK DU\O DQG DONHQ\O DFLG FKORULGHV, JRRG IXQFWLRQDO JURXS
WROHUDQFH, DQG WKH XVH RI FDUER[\OLF DFLGV DV VWDUWLQJ PDWHULDOV ZLWK LQ VLWX DFWLYDWLRQ. ,QWHUHVWLQJO\,
WKH UHDFWLRQ DOVR VKRZV DQ H[DPSOH RI WHPSHUDWXUH-GHSHQGHQW VWHUHRGLYHUJHQFH, ZKLFK, WRJHWKHU
ZLWK SODXVLEOH PHFKDQLVWLF SDWKZD\V, ZDV LQYHVWLJDWHG E\ ')7 FDOFXODWLRQV. )LQDOO\, WKH V\QWKHWLF
XWLOLW\ RI WKH SURGXFWV ZDV KLJKOLJKWHG ZLWK WKH V\QWKHVLV RI WHWUDVXEVWLWXWHG F\FORSHQWDQHV.

>1@ (OOLRWW +. 'HQWRQ,* <RQJ +R /HH,* 6YHQ 5RHGLJHU, 3KLOLS %RHKP, 0D[LPLOLDQ )HOOHUW, %LOO
0RUDQGL $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ 2021, 60, 23435-23443
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&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, &RQWULEXWHG 7DON (15PLQ) &(-014

2[\JHQ $WRP 7UDQVIHUV &DWDO\]HG E\ &REDOW 6XOILGH

9. :\VV1, 0. ). 'HOOH\1*

18QLYHUVLW¦W %DVHO, 6W. -RKDQQV-5LQJ 19, 4056 %DVHO, 6ZLW]HUODQG

7UDQVLWLRQ PHWDO VXOILGHV KDYH VKRZQ KLJK DFWLYLW\ IRU HOHFWURFDWDO\WLF R[\JHQ HYROXWLRQ UHDFWLRQ
(2(5).>1,2@ 7KHVH PDWHULDOV IRUP R[LGL]HG VXUIDFHV, XQGHU WKHVH FRQGLWLRQV, ZKLFK FDQ FDWDO\]H 2(5
PRUH HIILFLHQWO\ WKDQ WKH FRUUHVSRQGLQJ PHWDO R[LGHV.>2,3@ 7KH FDWDO\WLF SURSHUWLHV RI WUDQVLWLRQ
PHWDO VXOILGHV IRU 2(5 FRXOG LQGLFDWH D JHQHUDO DELOLW\ WR FDWDO\]H R[\JHQ DWRP WUDQVIHU UHDFWLRQV.
+RZHYHU, VXOILGH PDWHULDOV KDYH QRW EHHQ PXFK H[SORUHG IRU WKHUPDO R[LGDWLYH WUDQVIRUPDWLRQV VR
IDU. $SSOLFDWLRQ RI WKH HDUWK-DEXQGDQW VXOILGHV LQ WKHUPDO FDWDO\VLV ZRXOG EH LQWHUHVWLQJ IRU WKH
GHYHORSPHQW RI PRUH VXVWDLQDEOH FDWDO\WLF SURFHVVHV.

:H GHPRQVWUDWH WKH FDWDO\WLF DFWLYLW\ RI PHVRVFDOH FREDOW VXOILGH (&R968) IRU WKHUPDO R[\JHQ DWRP
WUDQVIHU UHDFWLYLW\ LQFOXGLQJ ERWK HSR[LGDWLRQV DQG HSR[LGH GHR[\JHQDWLRQV. 6LPLODUO\ WR ZKDW KDV
EHHQ REVHUYHG GXULQJ 2(5, WKH &R968 VXUIDFH FDQ R[LGL]H DQG WUDQVIRUP LQ SUHVHQFH RI WKH VWURQJ
R[LGL]LQJ DJHQWV RI WKH HSR[LGDWLRQ UHDFWLRQV. :LWK XVH RI PLOG R[\JHQ GRQRUV, KRZHYHU, ZH FDQ
VKRZ WKDW ERWK SULVWLQH &R968 DQG VXUIDFH-R[LGL]HG &R968 RXWSHUIRUP FREDOW R[LGH LQ WKH WKHUPDO
FDWDO\VLV RI R[\JHQ DWRP WUDQVIHUV. 2XU UHVXOWV VKRZ WKH KLJK FDWDO\WLF SRWHQWLDO RI SULVWLQH FREDOW
VXOILGH LQ WKHUPDO R[\JHQ DWRP WUDQVIHU UHDFWLRQV.

>1@ 0HHQDNVKL &KDXKDQ, .DVDOD 3UDEKDNDU 5HGG\, &KLQQDNRQGD 6. *RSLQDWK, 6DVDQND 'HND, $&6
&DWDO\VLV, 2017, 7, 5871−5879.
>2@ -LQJGH /L, *XLKXD /LX, -LQJ )X, *DRSHQJ -LDQJ, 'DQ /XR, )DWK\ 0. +DVVDQ, -LQJ =KDQJ, <D-3LQJ
'HQJ, 3DQ ;X, /XLV 5LFDUGH]-6DQGRYDO, =KRQJZHL &KHQ, -RXUQDO RI &DWDO\VLV, 2018, 367, 43-52.
>3@ :HL /L, 'HKXD ;LRQJ, ;XHIHL *DR, /LIHQJ /LX, &KHPLFDO &RPPXQLFDWLRQV, 2019, 55, 8744-8763.
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&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, &RQWULEXWHG 7DON (15PLQ) &(-015

,ULGLXP FRPSOH[HV EHDULQJ 2-IXQFWLRQDOL]HG 3<( OLJDQGV IRU HIILFLHQW IRUPLF DFLG
GHK\GURJHQDWLRQ

1. /(17=1, 0. $OEUHFKW1*

1'HSDUWPHQW RI &KHPLVWU\, %LRFKHPLVWU\ DQG 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI %HUQ

7KH ORQJ-WHUP VWRUDJH RI UHQHZDEOH HQHUJLHV LV D PDWWHU RI XUJHQF\ WR DFFRPPRGDWH VHDVRQDO
YDULDWLRQV. +\GURJHQ LV D SURPLVLQJ HQHUJ\ FDUULHU IRU IXHO, EXW LWV VWRUDJH DV D FRPSUHVVHG JDV LV
VWLOO SUREOHPDWLF. &KHPLFDOV VXFK DV IRUPLF DFLG ()$) FDQ DFW DV OLTXLG RUJDQLF K\GURJHQ FDUULHUV
WKURXJK K\GURJHQDWLRQ DQG GHK\GURJHQDWLRQ F\FOHV. 7KH FDWDO\WLF GHK\GURJHQDWLRQ RI )$ KDV
IRXQG D JURZLQJ LQWHUHVW GXULQJ WKH SDVW GHFDGH DQG VHYHUDO KRPRJHQHRXV FRPSOH[HV EDVHG RQ
LULGLXP, UXWKHQLXP DQG LURQ KDYH EHHQ UHSRUWHG DV FDWDO\VWV IRU WKLV UHDFWLRQ.>1-3@

:H VRXJKW WR SURSHO )$ GHK\GURJHQDWLRQ ZLWK FRPSOH[HV FRQWDLQLQJ S\ULG\OLGHQH-DPLQHV
(3<(V), WKDW LV, OLJDQGV ZKLFK IHDWXUH D XQLTXH HOHFWURQLF IOH[LELOLW\ ()LJ. 1D).>4@ 7KHVH OLJDQGV DUH
NQRZQ IRU WKHLU VWDELOL]DWLRQ RI YDULRXV WUDQVLWLRQ PHWDOV DQG IRU LPSDUWLQJ KLJK FDWDO\WLF DFWLYLW\ LQ,
R[LGDWLRQ FDWDO\VLV, H.J. LQ ROHILQ DQG ZDWHU R[LGDWLRQ.>4,5@ :H WKHUHIRUH GHYHORSHG D QHZ ELGHQWDWH
OLJDQG V\VWHP FRPSULVHG RI V\QWKHWLFDOO\ VLPSOH DQG LQH[SHQVLYH 2-IXQFWLRQDOL]HG 3<( ()LJ. 1E),
DQG LWV FRUUHVSRQGLQJ LULGLXP(,,,) FRPSOH[HV. +HUH ZH ZLOO SUHVHQW WKH H[WUDRUGLQDU\ DFWLYLW\ RI
WKHVH FRPSOH[HV LQ )$ GHK\GURJHQDWLRQ FDWDO\VLV ZLWK WXUQRYHU QXPEHUV DURXQG 300,000 K–1 DQG
WXUQRYHU QXPEHUV LQ WKH PLOOLRQV ()LJ. 1F). :H ZLOO DOVR GLVFXVV UHFHQW LQYHVWLJDWLRQV LQWR WKH
KRPRJHQHLW\ RI WKH SURFHVV, WKH HOHFWURQLF DQG VWHULF YHUVDWLOLW\ RI WKH OLJDQG WR RSWLPL]H FDWDO\WLF
DFWLYLW\, WKH HIIHFW RI DGGLWLYHV, DQG WKH FRVW-HIIHFWLYHQHVV RI WKH FDWDO\WLF V\VWHP WR HQYLVDJH
LQGXVWULDO DSSOLFDWLRQV.

>1@ =KLMXQ :DQJ, 6KHQJ-0HL /X, -XQ /L, -LMLH :DQJ, &DQ /L, &KHP. - (XU. -. 2015, 21 (36),
12592–12595.
>2@ 6D\DQ .DU, 0LFKDHO 5DXFK, *UHJRU\ /HLWXV, <HKRVKRD %HQ-'DYLG, 'DYLG 0LOVWHLQ, 1DW. &DWDO.
2021, 4 (3), 193–201.
>3@ (OL]DEHWK %LHOLQVNL, 3DUDVNHYL /DJDGLWLV, <XDQ\XDQ =KDQJ, %UDQGRQ 0HUFDGR, &KULVWLDQ :¾UWHOH,
:HVOH\ %HUQVNRHWWHU, 1LOD\ +D]DUL, 6YHQ 6FKQHLGHU, -. $P. &KHP. 6RF. 2014, 136 (29),
10234–10237.
>4@ 0LTXHO 1DYDUUR, 0R /L, 6WHIDQ %HUQKDUG, 0DUWLQ $OEUHFKW, 'DOWRQ 7UDQV. 2018, 47 (3), 659–662.
>5@ .HYLQ 6DO]PDQQ, &DQGHOD 6HJDUUD, 0DUWLQ $OEUHFKW, $QJHZ. &KHP. ,QW. (G. 2020, 59 (23),
8932–8936.
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&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, &RQWULEXWHG 7DON (15PLQ) &(-016

7RROV IRU 3UHGLFWLQJ WKH $FWLYLW\ RI ,PPRELOL]HG )UXVWUDWHG /HZLV 3DLU &DWDO\VWV

6. 'DV1, 5. /DSOD]D1, -. 7. %ODVNRYLWV1, &. &RUPLQERHXI1*

1/DERUDWRU\ IRU &RPSXWDWLRQDO 0ROHFXODU 'HVLJQ, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ,
(FROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), 1015 /DXVDQQH, 6ZLW]HUODQG

'HYHORSLQJ DQG LPSOHPHQWLQJ WRROV IRU UDSLG HVWLPDWLRQ RI FDWDO\VW SHUIRUPDQFH FDQ VLJQLILFDQWO\
H[SDQG WKH VHDUFK VSDFH DQG DFFHOHUDWH GLVFRYHULHV. :H SUHVHQW D FRPSXWDWLRQDO IUDPHZRUN IRU
SUHGLFWLQJ WKH DFWLYLW\ RI D FDWDO\VW EDVHG RQ LWV PLQLPDO DFWLYH VLWH LQIRUPDWLRQ. 2XU DSSURDFK
UHOLHV RQ HVWDEOLVKLQJ OLQHDU DQG QRQOLQHDU VFDOLQJ UHODWLRQVKLSV IRU PDSSLQJ WKH FKHPLVWU\/
JHRPHWU\ RI WKH DFWLYH VLWH WR WKHLU DFWLYLW\ WKURXJK LQWXLWLYH HOHFWURQLF/VWUXFWXUDO GHVFULSWRU
YDULDEOHV. 7KH UHVXOWLQJ PDSV WKHQ JXLGH XV WR UHFRJQL]H "VZHHW VSRWV" LQ WKH UHVSHFWLYH GHVFULSWRU
VSDFHV WKDW IXOILOO WKH FULWHULD IRU PD[LPXP DFWLYLW\. $V VXFK, WKHVH WRROV FDQ EH DSSOLHG IRU
H[WHQVLYH H[SORUDWLRQ RI WKRXVDQGV RI PROHFXOHV DQG PDWHULDOV IRU WKH GHVLJQ RI RSWLPDO FDWDO\WLF
HQYLURQPHQWV WR GULYH KLJKO\ VRXJKW-DIWHU FKHPLFDO WUDQVIRUPDWLRQV.

7KH DELOLW\ RI WKLV IUDPHZRUN LV GHPRQVWUDWHG ZLWK WKH FKDOOHQJLQJ GLVFRYHU\ RI LPPRELOL]HG
IUXVWUDWHG /HZLV SDLUV ()/3V) >1,2@ IRU WKH K\GURJHQDWLRQ RI &22. 6LQFH VXFK FDWDO\VWV IHDWXUH D
ELIXQFWLRQDO DFWLYH VLWH ZLWK ULJLG GRQRU DQG DFFHSWRU XQLWV, FDWDO\WLF EHKDYLRU LV GHWHUPLQHG E\
WKHLU FKHPLFDO DV ZHOO DV JHRPHWULF FRPSRVLWLRQ. %\ FRQVWUXFWLQJ UHOHYDQW DFWLYLW\ PDSV DQG
DQDO\]LQJ WKHP, ZH VKRZ KRZ WR PD[LPL]H SHUIRUPDQFH E\ PDQLSXODWLQJ WKH FKHPLVWU\ RI WKH
/HZLV SDLUV DQG FRQWUROOLQJ WKHLU VSDWLDO DUUDQJHPHQWV. >3,4@ 8WLOL]LQJ WKH FKHPLVWU\ DQG WKH
JHRPHWU\-EDVHG WRROV WRJHWKHU, ZH FUHDWH D SLSHOLQH IRU UDSLG VFUHHQLQJ RI FXUDWHG GDWDEDVHV RI
)/3V WR QRW RQO\ LGHQWLI\ SURPLVLQJ FRPELQDWLRQV EXW DOVR WR IRUPXODWH FRQFUHWH GHVLJQ SULQFLSOHV
IRU EXLOGLQJ VXFK K\EULG DFWLYH VLWHV.

>1@ '. :. 6WHSKDQ, 6FLHQFH., 2016, 354, DDI7229
>2@ <LQ =KDQJ, 3XL &KLQJ, /DQ, .\OH 0DUWLQ DQG 6KHQJTLDQ 0D, &KHP &DWDO\VLV 2, 439–457
>3@ 6KXEKDMLW 'DV, 5XEHQ /DSOD]D, -. 7HUHQFH %ODVNRYLWV, &O«PHQFH &RUPLQERHXI, $QJHZ. &KHP. ,QW.
(G., 2022, GRL: 10.1002/DQLH.202202727
>4@ 6KXEKDMLW 'DV, 5XEHQ /DSOD]D, -. 7HUHQFH %ODVNRYLWV, &O«PHQFH &RUPLQERHXI, PDQXVFULSW XQGHU
SUHSDUDWLRQ
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&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, &RQWULEXWHG 7DON (15PLQ) &(-017

1RQ-R[LGDWLYH &RXSOLQJ RI 0HWKDQH ZLWK 7UDQVLWLRQ-0HWDO &DUELGHV: 0HFKDQLVWLF
5HYHODWLRQ RI WKH 5ROH RI &DUELGLF &DUERQ

6. %. =KDQJ1, 4. 3HVVHPHVVH2, /. /¦WVFK1, .. (QJHO1, $. YDQ %DYHO3, $. +RUWRQ3, 3. 3D\DUG2*, &.
&RS«UHW1*

1(7+ =XULFK, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, 9ODGLPLU-3UHORJ-:HJ 1-5, 8093
=¾ULFK, 6ZLW]HUODQG, 28QLYHUVLW« &ODXGH %HUQDUG /\RQ ,, &156, ,&%06, UXH 9LFWRU *ULJQDUG, )-69622
/\RQ, )UDQFH , 36KHOO *OREDO 6ROXWLRQV ,QWHUQDWLRQDO %.9., *UDVZHJ 31, 1031 +: $PVWHUGDP, 7KH

1HWKHUODQGV

1RQ-R[LGDWLYH PHWKDQH FRXSOLQJ WR KLJKHU K\GURFDUERQV LV JDLQLQJ PRPHQWXP.>1@ ,Q WKLV VWXG\, WKH
UHDFWLYLW\ RI PRO\EGHQXP DQG WXQJVWHQ FDUELGHV WRZDUGV QRQ-R[LGDWLYH PHWKDQH FRXSOLQJ LV
LQYHVWLJDWHG. 7KHVH WUDQVLWLRQ-PHWDO FDUELGHV GLVSOD\ JRRG VHOHFWLYLWLHV WRZDUGV &2+[ ([ 2,4,6).
:KLOH PHWKDQH FRXSOLQJ PHFKDQLVPV DUH VWLOO GHEDWHG, LQIRUPDWLRQ UHJDUGLQJ DFWLYH VLWH VWUXFWXUH
DQG LQLWLDWLRQ PHFKDQLVP IRU &2+[ IRUPDWLRQ DUH VFDUFH, DQG PHWDO FDUELGHV DUH RIWHQ SRVWXODWHG
DV WKH LQ-VLWX IRUPHG DFWLYH VLWH.  

,Q RUGHU WR XQGHUVWDQG WKH UROH SOD\HG E\ FDUELGLF FDUERQ, ZH PRQLWRU ERWK WKH JDV SKDVH
FRPSRVLWLRQ DQG WKH EXON FDUELGH E\ FRPSDULQJ SULVWLQH DQG VSHQW FDWDO\VW DIWHU UHDFWLRQ ZLWK 13&-
ODEHOOHG PHWKDQH DW 1100 r& ZLWK YDULRXV FKDUDFWHUL]DWLRQ WHFKQLTXHV (;36, VROLG-VWDWH 105,
S;5'). 'XULQJ WKLV UHDFWLRQ, 0R2& VKRZV D VWDEOH VHOHFWLYLW\ RYHU WLPH RQ VWUHDP, ZKLOH D ORVV RI
VHOHFWLYLW\ LV REVHUYHG IRU :&. ;36 DQDO\VHV LQGLFDWH D SDUWLDO UHGXFWLRQ RI :& WR :(0) IRU WKH
VSHQW FDWDO\VW, SRLQWLQJ WRZDUGV & GHSOHWLRQ RI WKH :& PDWUL[ RYHU WKH FRXUVH RI WKH UHDFWLRQ,
ZKLOH QR PDMRU FKDQJHV DUH REVHUYHG IRU 0R2&. ,Q SDUDOOHO, FDUERQ-H[FKDQJH LV REVHUYHG EHWZHHQ
WKH JDV SKDVH DQG WKH PHWDO FDUELGH, DV HYLGHQFHG E\ WKH LQFRUSRUDWLRQ RI FDUELGLF FDUERQ LQ WKH
&2+[ SURGXFWV. &DUERQ GLIIXVLRQ FRHIILFLHQWV ZHUH FDOFXODWHG HOXFLGDWLQJ WKH GLIIHUHQW H[WHQW RI &
PRELOLW\ IRU PRO\EGHQXP DQG WXQJVWHQ FDUELGH. )XUWKHUPRUH, 13& HQULFKPHQW RI VSHQW 0R2& DQG
:& LV HYLGHQFHG E\ 13& VROLG-VWDWH 105 ZLWK LQWHQVH 105 VLJQDOV DW 274 DQG 307 SSP IRU 0R DQG
: FDUELGHV, UHVSHFWLYHO\. 2YHUDOO, WKH SUHVHQFH RI D VLJQLILFDQW DPRXQW RI QRQ-ODEHOOHG LVRWRSRPHU
DPRQJ &2 SURGXFWV LQGLFDWHV D 0DUV-YDQ-.UHYHOHQ-W\SH PHFKDQLVP ZLWK SDUWLFLSDWLRQ RI WKH EXON
FDUERQ VLWHV (LQ SODFH RI R[\JHQ).

/HIW: 1RQ-R[LGDWLYH PHWKDQH FRXSOLQJ WR &2+[ SURGXFWV RYHU 0R2& DQG :&. ([ 2,4,6). 5LJKW:
6HOHFWLYLW\ GLVWULEXWLRQ IRU &2+[ VSHFLHV DQG &+4 FRQYHUVLRQ DW 1100 r& DQG 0.1 DWP PHWKDQH
SDUWLDO SUHVVXUH RYHU 0R2& DQG :&.

>1@ +RUQ, 5DLPXQG, DQG 5REHUW 6FKO¸JO. "0HWKDQH DFWLYDWLRQ E\ KHWHURJHQHRXV
FDWDO\VLV." &DWDO\VLV /HWWHUV, 2015, 23-39.
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&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, ,QYLWHG / $ZDUG /HFWXUH &(-021

:KDW LV PRUH LPSRUWDQW WR HQDEOH HIILFLHQW F\EHU-SK\VLFDO V\VWHPV – GLJLWDO WZLQV RU WKH
GHJUHH RI DXWRPDWLRQ LQ 5&' ODEV"

5. *XHOOHU1

1&KHPVSHHG 7HFKQRORJLHV $*, :¸OIHUVWUDVVH 8, 4414 )¾OOLQVGRUI, 6ZLW]HUODQG

*DPLILFDWLRQ, ,QWHUQHW RI WKH /DE 7RROV, 'LJLWDO 7ZLQV, 0DFKLQH /HDUQLQJ / $UWLILFLDO ,QWHOOLJHQFH
FRPELQHG ZLWK DXWRPDWLRQ DUH SLYRWDO WRROV WR PRYH UHVHDUFK DQG LWV RSHUDWLRQV LQWR WKH GLJLWDO
DJH.

3UHVHQWHG FRQFHSWV DQG VROXWLRQV KLJKOLJKW WKDW GLJLWDO WZLQV DUH GLVUXSWLYH IRU HYHU\ ODE DQG
HQDEOH WKH $, / 0/ SLSHOLQHV LQ WKH IXWXUH FRPELQHG ZLWK UHDG\-WR-DSSO\ DQG TXDOLW\ DVVXUHG
FDWDO\VWV, UHDJHQWV, EXLOGLQJ EORFNV (602/(). 7KH SUHVHQWDWLRQ VKRZV &KHPVSHHG’V WRS-GRZQ DQG
ERWWRP-XS GLJLWDOL]DWLRQ DSSURDFK ($UN6XLWH 6RILD) FRPELQHG ZLWK LWV XQLTXH, SURSULHWDU\
SURWRFROOLQJ WKDW LV VKDSLQJ WKH 5&' VSKHUH.
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2SHUDQGR ;-UD\ VSHFWURVFRS\ UHYHDOHG WKH NH\ UROH RI WKH 3W-)H2[ FDWDO\WLF LQWHUIDFH LQ
SUHIHUHQWLDO &2 R[LGDWLRQ

,. ,. 6DG\NRY1,3, 9. /. 6XVKNHYLFK1, ). .UXPHLFK2, 5. -. 1XJXLG1, -. $. YDQ %RNKRYHQ3, 0. 1DFKWHJDDO1,
2. 9. 6DIRQRYD1*

13DXO 6FKHUUHU ,QVWLWXWH, 2,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =¾ULFK, 3(7+ =¾ULFK

3UHIHUHQWLDO FDUERQ PRQR[LGH R[LGDWLRQ (352;) LV RI JUHDW LPSRUWDQFH IRU WKH LPSOHPHQWDWLRQ RI
K\GURJHQ-EDVHG IXHO FHOOV DQG RWKHU PRGHUQ K\GURJHQ-EDVHG HQHUJ\ V\VWHPV.1 &DWDO\VWV UHTXLUHG
IRU WKLV UHDFWLRQ PXVW SXULI\ K\GURJHQ IXHO IURP WUDFHV RI SRLVRQRXV FDUERQ PRQR[LGH, ZKLFK LV
DEOH WR FRPSOHWHO\ GHDFWLYDWH WKH IXHO FHOO DQRGH.2 7KH PDLQ GLIILFXOW\ OLHV LQ D UHODWLYHO\ ORZ
WHPSHUDWXUH RI D IXHO FHOO RSHUDWLRQ. 352; FDWDO\VW PXVW R[LGL]H FDUERQ PRQR[LGH XVLQJ PROHFXODU
R[\JHQ IURP DLU FORVH WR DPELHQW WHPSHUDWXUH. 3W-)H2[ FDWDO\VWV VKRZ RQH RI WKH KLJKHVW 352;
DFWLYLWLHV DW DPELHQW WHPSHUDWXUHV ZLWK 100% VHOHFWLYLW\ WRZDUGV R[LGDWLRQ RI FDUERQ PRQR[LGH.3
$W WKH VDPH WLPH, FRPPHUFLDO LPSOHPHQWDWLRQ RI 352; 3W-)H2[ FDWDO\VWV LV VWURQJO\ OLPLWHG GXH WR
WKHLU IDVW GHDFWLYDWLRQ.4 7KH UHDVRQ IRU WKLV GHDFWLYDWLRQ SURFHVV LV XQFOHDU VLQFH QR FOHDU
H[SODQDWLRQ IRU WKH UHDFWLRQ PHFKDQLVP KDV EHHQ SURSRVHG.

7R XQFRYHU WKH PHFKDQLVP RI SUHIHUHQWLDO &2 R[LGDWLRQ RYHU 3W-)H2[ FDWDO\VWV, ZH XVHG RSHUDQGR
;-UD\ DEVRUSWLRQ VSHFWURVFRS\ WKDW FDQ TXDQWLWDWLYHO\ SUREH WKH UHGR[ DFWLYLW\ RI LURQ DQG SODWLQXP
XQGHU LQ VLWX DQG RSHUDQGR FRQGLWLRQV. 2SHUDQGR ;$6 DW WKH )H . DQG 3W /3-HGJHV LGHQWLILHG WKDW
SUHWUHDWPHQW FRQGLWLRQV GHWHUPLQH WKH VWUXFWXUH RI LURQ DQG SODWLQXP VLWHV DQG WKHLU VWHDG\-VWDWH
FRQYHUVLRQ. $ TXDQWLWDWLYH FRPSDULVRQ RI RSHUDQGR VWUXFWXUDO FKDQJH, REWDLQHG ZLWK WLPH-UHVROYHG
;$6 VSHFWURVFRS\, ZLWK FDWDO\WLF UDWHV UHYHDOHG WKDW WKH )H2+/)H3+ UHGR[ SDLU LV GLUHFWO\ LQYROYHG LQ
WKH FDWDO\WLF F\FOH RI FDUERQ PRQR[LGH R[LGDWLRQ DV VKRZQ LQ ILJXUH EHORZ.5 7ZR GLIIHUHQW UHDFWLRQ
PHFKDQLVPV RI WKLV UHDFWLRQ DW 100R& DQG DW DPELHQW WHPSHUDWXUHV ZHUH HVWDEOLVKHG. :H KDYH
DOVR GHWHUPLQHG WKH SUHUHTXLVLWHV IRU WKH 3W-)H2[ FDWDO\VW GHDFWLYDWLRQ DQG WKH UROH RI 3W-)H2[
LQWHUIDFH LQ WKH SUHIHUHQWLDO &2 R[LGDWLRQ DW DPELHQW WHPSHUDWXUHV.

>1@ 9. ). 9DOG«V-/µSH], 7. 0DVRQ, 3. 5. 6KHDULQJ, '. -. /. %UHWW,3URJU. LQ (QHUJ. DQG &RPE. 6FL.
2020, 79, 100842.
>2@   3. -LQJ, ;. *RQJ, %. /LX, -. =KDQJ, &DWDO. 6FL. 7HFKQRO. 2020, 10, 919-934.
>3@   *. /LX, $. *. :DOVK, 3. =KDQJ, -. 3K\V. &KHP. /HWW. 2020, 11, 2219-2229.
>4@   $. 6LULMDUXSKDQ, -. *. *RRGZLQ, 5. :. 5LFH, -. &DWDO. 2004, 224, 304-313.
>5@ ,. ,. 6DG\NRY, 0. =DELOVNL\, $. +. &ODUN, ). .UXPHLFK, 9. 6XVKNHYLFK, -. $. YDQ %RNKRYHQ, 0.
1DFKWHJDDO, 2. 9. 6DIRQRYD, $&6 &DWDO. 2021, 11, 11793-11805.
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2(5 &DWDO\VW’V 7UDQVSRUW /D\HU 0DWWHUV: 6WDELOLW\ &RPSDULVRQ %HWZHHQ &‑%DVHG *'/
DQG 7L‑%DVHG 37/

$. %RUQHW1, 6. 3LWVFKHLGHU2, (. %HUWKHXVVHQ2, &. 0. 3HGHUVHQ2, $. 0DOHW]NR3, 1. 6HVHOM4, *. ..
:LEHUJ1, &. .DOOHVRH2, -. 0HONH3, 0. $UHQ]1*

18QLYHUVLW\ RI %HUQ, 2'DQLVK 7HFKQRORJLFDO ,QVWLWXWH, 3)UDXQKRIHU-,QVWLWXW I¾U &KHPLVFKH
7HFKQRORJLH, 4%OXH :RUOG 7HFKQRORJLHV

&XUUHQWO\, VLJQLILFDQW HIIRUWV DUH WDNHQ WR ILQG WKH PRVW DFWLYH DQG VWDEOH HOHFWURFKHPLFDO R[\JHQ
HYROXWLRQ UHDFWLRQ (2(5) FDWDO\VW GLYHUWLQJ IURP FULWLFDO UDZ PDWHULDO. +RZHYHU, RQH DOVR QHHGV WR
FRQVLGHU QHZ FDWDO\VW VFUHHQLQJ PHWKRGV, HVSHFLDOO\ ZLWK UHVSHFW WR VWDELOLW\ LQYHVWLJDWLRQV ZKHUH
URWDWLQJ GLVN HOHFWURGH (5'() VWXGLHV DUH QRW VXLWDEOH >1@. 5HFHQWO\, ZH LQWURGXFHG D JDV GLIIXVLRQ
HOHFWURGH (*'() VHWXS DV D QHZ WHVWLQJ SODWIRUP IRU 2(5 FDWDO\VWV >2@. 7KLV PHWKRGRORJ\ VWHPV
IURP IXHO FHOO DSSURDFK XVLQJ FDUERQ JDV GLIIXVLRQ OD\HUV (*'/V) DV WUDQVSRUW OD\HU WR EULQJ WKH
UHDFWDQW WR WKH FDWDO\VW. +RZHYHU, FDUERQ LV QRW VWDEOH XQGHU WKH KDUVK 2(5 FRQGLWLRQV, WKXV ZDWHU
HOHFWURO\VHU XVHV SRURXV WUDQVSRUW OD\HUV (37/V) RI WLWDQLD LQVWHDG. ,Q WKH FXUUHQW ZRUN, ZH WHVWHG
WKH LQIOXHQFH RI WKH WUDQVSRUW OD\HU RQ WKH VWDELOLW\ RI D KLJKO\ DFWLYH ,U0.75X0.32[ FDWDO\VW RQ
KRPHPDGH DQWLPRQ\ GRSHG WLQ R[LGH ($72) VXSSRUW LQ D *'( VHWXS. 7KH WHVW FRQVLVWHG LQ KROGLQJ
WKH SRWHQWLDO DW 1.6 9 IRU 2 K. )LUVWO\, WKH VWDELOLW\ RI WKH FDWDO\VW RQ D *'/ RU D 37/ ZDV FRPSDUHG
DW 60 r&. 5DSLG GHFOLQH RI WKH *'/-FDWDO\VW DFWLYLW\ ZDV REVHUYHG, ZKLOH WKH 37/-FDWDO\VW DFWLYLW\
GHPRQVWUDWHV D UDWKHU VWDEOH EHKDYLRU ()LJ. 1). :H DWWULEXWH WKLV IDVW DFWLYLW\ GURS WR WKH
GHJUDGDWLRQ RI WKH *'/ LWVHOI. 0RUHRYHU, WKH DFWLYLW\ DW 30 r& RI WKH 37/-FDWDO\VW ZDV FRPSDUHG WR
OLWHUDWXUH GDWD RQ 5'( VHWXS >1@. ,Q WKH 5'( VHWXS, D EUHDNGRZQ LV REVHUYHG DIWHU RQO\ 30 PLQ
ZKHQ DSSO\LQJ D FRQVWDQW FXUUHQW GHQVLW\. ,Q FRQWUDVW, 37/-FDWDO\VW WHVWHG LQ WKH *'( VHWXS
H[KLELWV QR DFWLYLW\ ORVV GXULQJ 2 K XQGHU VLPLODU FRQGLWLRQV.

)LJXUH 1: 3RWHQWLRVWDWLF VWDELOLW\ WUDQVLHQWV DW 1.6 9 RI ,U0.75X0.32[/$72 GHSRVLWHG RQ &-EDVHG *'/
(JUHHQ IXOO) DQG RQ 7L-EDVHG 37/ DW 60 r& (EODFN IXOO) DQG 30 r& (EOXH GDVKHG).

>1@ +DQ\ $. (O-6D\HG HW DO., -RXUQDO RI 7KH (OHFWURFKHPLFDO 6RFLHW\, 2019, 166 (8), )458-)464
>2@ -RKDQQD 6FKU¸GHU HW DO., -$&6 $X, 2021, 1, 247-251
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%LPHWDOOLF &R3W 1DQRSDUWLFOHV IRU WKH 'U\ 5HIRUPLQJ RI 0HWKDQH: 8QGHUVWDQGLQJ
6WUXFWXUH-3HUIRUPDQFH 5HODWLRQVKLSV

'. 1LHGEDOND1, 3. 0. $EGDOD1, 1. =LPPHUOL1, &. 5. 0¾OOHU1*

1(7+ =¾ULFK, 'HSDUWPHQW RI 0HFKDQLFDO DQG 3URFHVV (QJLQHHULQJ, /HRQKDUGVWUDVVH 21, 8092
=¾ULFK, 6ZLW]HUODQG

%LPHWDOOLF QDQRSDUWLFOHV DUH DQ DWWUDFWLYH DOWHUQDWLYH WR WKH FRQYHQWLRQDO PRQRPHWDOOLF V\VWHPV,
SURYLGLQJ DQ HOHJDQW DQG YHUVDWLOH WRROER[ WR PRGLI\ WKH HOHFWURQLF DQG JHRPHWULF VWUXFWXUH>1@ RI
WKH PHWDOV DQG LQ WXUQ WKHLU FDWDO\WLF DFWLYLW\.>2@ <HW, VWUXFWXUH-SHUIRUPDQFH UHODWLRQVKLSV ZKLFK
IRUP WKH EDVLV RI D UDWLRQDOO\ JXLGHG GHVLJQ RI HIIHFWLYH ELPHWDOOLF V\VWHPV UHPDLQ HOXVLYH. ,Q WKLV
UHJDUG, WKH V\QWKHVLV RI ZHOO-GHILQHG ELPHWDOOLF QDQRSDUWLFOHV DQG WKHLU GHWDLOHG FKDUDFWHUL]DWLRQ
XQGHU UHDFWLRQ FRQGLWLRQV ZLOO SDYH WKH ZD\ IRU PRUH DFFXUDWH VWUXFWXUH-SHUIRUPDQFH UHODWLRQVKLSV.
:H XVH &R[3W\ EDVHG FDWDO\VWV DV PRGHO FDWDO\VWV IRU GU\ UHIRUPLQJ RI PHWKDQH ('50) – D UHDFWLRQ
FDWDO\]HG E\ PRQRPHWDOOLF QREOH RU WUDQVLWLRQ PHWDOV LQFOXGLQJ 5X, 5K, 3W, 1L, DQG &R (W\SLFDOO\
VXSSRUWHG RQ PHWDO R[LGHV). 7KH DLP RI WKH VWXG\ LV WR XQGHUVWDQG KRZ PRGLILFDWLRQV LQ WKH
VWUXFWXUH RI WKH ELPHWDOOLF QDQRSDUWLFOHV LQIOXHQFH WKHLU '50 SHUIRUPDQFH. +HUH, ZH V\QWKHVL]HG
VPDOO &R[3W\ (DQG WKH PRQRPHWDOOLF UHIHUHQFHV) VXSSRUWHG RQWR 6L22 WKURXJK VWURQJ HOHFWURVWDWLF
DGVRUSWLRQ.>3@ ;-UD\ DEVRUSWLRQ VSHFWURVFRS\ RI &R3W/6L22 UHYHDOHG GLIIHUHQFHV LQ WKH ;$1(6 UHJLRQ
()LJ. 1$, VLPLODU REVHUYDWLRQV LQ WKH 3W /3-HGJH) DQG LQ WKH H[WHQGHG ;-UD\ DEVRUSWLRQ QHDU-HGJH
VWUXFWXUH ((;$)6) LQ FRPSDULVRQ WR PRQRPHWDOOLF &R/6L22. 7KLV UHVXOW LQGLFDWHV WKH IRUPDWLRQ RI
DOOR\V DQG LV H[SODLQHG E\ D FKDUJH WUDQVIHU IURP &R WR 3W.>4@ %\ VFDQQLQJ WUDQVPLVVLRQ HOHFWURQ
PLFURVFRS\ (67(0, )LJ. 1$ LQVHW) DQG SDLU GLVWULEXWLRQ IXQFWLRQ DQDO\VLV RI WKH ;-UD\ WRWDO VFDWWHULQJ
GDWD, ZH VKRZ WKDW WKH QDQRSDUWLFOH VL]H LV FD. 1.2 QP DIWHU WKH UHGXFWLRQ DW 700 DQG 800 r&,
UHVSHFWLYHO\.

:H REVHUYHG D YHU\ KLJK '50 DFWLYLW\ IRU FDWDO\VWV ZLWK [:\ a 1:1 (L.H. &R3W/6L22) ZKHQ FRPSDUHG
WR WKH PRQRPHWDOOLF FRXQWHUSDUWV ()LJ. 1%). 6XUSULVLQJO\, PRQRPHWDOOLF &R DQG 3W VKRZ YHU\ ORZ
'50 DFWLYLWLHV DW DOO WHPSHUDWXUHV WHVWHG, ZKLOH WKH '50 DFWLYLW\ RI &R3W/6L22 LV DSSUHFLDEO\ KLJKHU
DW 750 DQG 850 r&. 7KHVH UHVXOWV VXJJHVW WKDW WKH IRUPDWLRQ RI D &R-3W DOOR\, OHDGLQJ WR D PDWHULDO
ZLWK D PRGLILHG HOHFWURQLF VWUXFWXUH FRPSDUHG WR WKH PRQRPHWDOOLF UHIHUHQFHV, OHDGV WR D KLJKO\
DFWLYH '50 FDWDO\VW.

>1@ 6. )XUXNDZD, 7. .RPDWVX, $&6 &DWDO\VLV 2017, 7, 735-765. >2@ -. 1LX, <. :DQJ, 6. (. /LODQG, 6. ..
5HJOL, -. <DQJ, .. 5. 5RXW, -. /XR, 0. 5ºQQLQJ, -. 5DQ, '. &KHQ, $&6 &DWDO\VLV 2021, 11, 2398-2411.
>3@ $. :RQJ, 4. /LX, 6. *ULIILQ, $. 1LFKROOV, -. 5. 5HJDOEXWR, 6FLHQFH 2017, 358, 1427-1430. >4@ :.-).
+XDQJ, 4. =KDQJ, '.-). =KDQJ, -. =KRX, &. 6L, /. *XR, :.-6. &KX, =.-<. :X, 7KH -RXUQDO RI 3K\VLFDO
&KHPLVWU\ & 2013, 117, 6872-6879.
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$WRPLFDOO\ SUHFLVH GHVLJQ RI ELPHWDOOLF $X-5X DQG 5X‑3W ORZ‑QXFOHDULW\ FDWDO\VWV YLD
FDUERQ KRVW IXQFWLRQDOL]DWLRQ

9. *LXOLPRQGL1, 6. .. .DLVHU1, $. 5XL]-)HUUDQGR2, $. -. 0DUW¯Q1, 6. %¾FKHOH1, ). .UXPHLFK1, $. +. &ODUN3,
1. /µSH]2, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK, 2,QVWLWXWH RI &KHPLFDO 5HVHDUFK RI &DWDORQLD, 33DXO 6FKHUUHU ,QVWLWXWH

%LPHWDOOLF ORZ‑QXFOHDULW\ FDWDO\VWV (E‑/1&V) KDYH UHFHQWO\ JDLQHG SURPLQHQFH E\ YLUWXH RI WKH
XQLTXH FRRSHUDWLYH LQWHUDFWLRQV WKH\ RIWHQ H[KLELW. +RZHYHU, WKH ODFN RI V\QWKHWLF VWUDWHJLHV ZLWK
FRQWURO RYHU LQWHUPHWDOOLF ERQG IRUPDWLRQ DQG WKH LQWULQVLF OLPLWDWLRQV RI FKDUDFWHUL]DWLRQ
WHFKQLTXHV SRVH PDMRU KXUGOHV WR WKHLU GHYHORSPHQW.>1@ )XUWKHUPRUH, WKH VWXG\ RI FDWDO\WLF
V\QHUJLHV LV VWLOO LQ LWV LQIDQF\, VR IDU H[FOXVLYHO\ IRFXVLQJ RQ GLUHFW FRRSHUDWLYLW\ PHFKDQLVPV.
+HUHLQ, ZH FRQGXFW WKH ILUVW FRPSDUDWLYH LQYHVWLJDWLRQ EHWZHHQ ELPHWDOOLF GLPHUV DQG LVRODWHG
DWRPV. 7R WKLV HQG, D KROLVWLF DSSURDFK LV GHYHORSHG FRPELQLQJ (L) SUHFLVLRQ V\QWKHVLV,
(LL) DGYDQFHG FKDUDFWHUL]DWLRQ, (LLL) H[SORUDWLRQ RI VLQJOH‑VLWH SURWRQ DGVRUSWLRQ SURSHUWLHV YLD WKH
K\GURJHQ HYROXWLRQ UHDFWLRQ (+(5), DQG (LY) GHQVLW\ IXQFWLRQDO WKHRU\. $LPLQJ WR H[SORUH WKH
LPSDFW RI YLUWXDOO\ LQDFWLYH PHWDO DWRPV IRU WKH +(5 (H.J., $X) RQ PRGHUDWHO\ DFWLYH RQHV (H.J., 5X),
$X‑5X /1&V DUH VWXGLHG. &RQWURO RYHU PHWDO‑ERQG IRUPDWLRQ LV DFKLHYHG E\ FDUHIXO IRUPXODWLRQ RI
WKH FDUERQ KRVW, GHOLYHULQJ $X‑5X GLPHUV RQ 2‑IXQFWLRQDOLWLHV DQG LVRODWHG DWRPV RQ
1‑IXQFWLRQDOLWLHV ()LJ. 1D).>2@ ,QWULJXLQJO\, $X DWRPV HQKDQFH WKH +(5 NLQHWLFV RI WKHLU 5X DQDORJV
DOUHDG\ ZKHQ LVRODWHG, PDJQLI\LQJ WKH HIIHFW WZRIROG LQ GLPHUV. :KLOH WKH FRRSHUDWLYLW\ DFWLRQ LQ
WKH GLPHUV LV DWWULEXWDEOH WR GLUHFW LQWHUPHWDOOLF FKDUJH UHGLVWULEXWLRQ, WKH QDWXUH RI WKH V\QHUJ\ LQ
WKH LVRODWHG DUFKLWHFWXUH LV XQNQRZQ. 1RWDEO\, E\ VXEVWLWXWLQJ $X DWRPV ZLWK 3W
RQHV, H[KLELWLQJ KLJKHU DIILQLW\ IRU 1‑FDYLWLHV DQG VLPLODU DFWLYLW\ WR 5X DWRPV, WKH V\QHUJ\ LV
DPSOLILHG WHQIROG ()LJ. 1E). 6WUXFWXUDO DOWHUDWLRQV LQGXFHG E\ WKH LQWHJUDWLRQ RI D VHFRQG PHWDO
VSHFLHV DUH DQDO\]HG. 3W DWRPV DUH IRXQG WR RFFXS\ WKH PRVW HQHUJHWLFDOO\‑IDYRUDEOH
1‑FDYLWLHV, OHDGLQJ 5X DWRPV WR DGRSW D GLVWLQFW DQG PRUH DFWLYH FRQILJXUDWLRQ ()LJ. 1F). 7KHVH
ILQGLQJV SURYLGH QRYHO LQVLJKWV LQWR FRPSOH[ PHWDO‑PHWDO DQG PHWDO‑KRVW LQWHUSOD\V LQ E‑/1&V.

)LJ. 1D 'LVWLQFW DUFKLWHFWXUHV RI $X‑5X /1&V DQG FRUUHVSRQGLQJ PLFURVFRS\ DQG VSHFWURVFRS\
DQDO\VHV. E +(5 DFWLYLW\ RI E‑/1&V QRUPDOL]HG WR 5X VLQJOH DWRPV. F &DYLW\ FRQWURO H[HUWHG E\ 3W
DWRPV, GLVSODFLQJ 5X DWRPV WR PRUH DFWLYH FRQILJXUDWLRQV, DV UHIOHFWHG E\ WKHLU SURWRQ DGVRUSWLRQ
HQHUJ\ (̩*+*).

>1@ -. 6KDQ, &. <H, <. -LDQJ, 0. -DURQLHF, <. =KHQJ, 6.-=. 4LDR, 6FL. $GY., 2022, 8, HDER0762.
>2@ 9. *LXOLPRQGL, 6... .DLVHU, $.-. 0DUW¯Q, 6. %¾FKHOH, ). .UXPHLFK, $.+. &ODUN, -. 3«UH]-5DP¯UH],
6PDOO, 2022, 18, 2200224.
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'\QDPLFV RI QDQRSDUWLFOH PRWLRQ DQG PHWDO-R[LGH VXSSRUW LQ UHGR[-UHDFWLYH JDVHV

+. )UH\*1,4, $. %HFN*2,5, ;. +XDQJ3, -. $. YDQ %RNKRYHQ4,5*, 0. *. :LOOLQJHU6,7*

16FLHQWLILF &HQWHU RI 2SWLFDO DQG (OHFWURQ 0LFURVFRS\ (6FRSH0) (7+ =¾ULFK, 2WWR-6WHUQ-:HJ 3, 8093
=¾ULFK, 6ZLW]HUODQ, 2,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ (,&%), (7+ =XULFK, 9ODGLPLU-3UHORJ-
:HJ 1-10, 8093 =XULFK, 6ZLW]HUODQG, 3&ROOHJH RI &KHPLVWU\, )X]KRX 8QLYHUVLW\, )X]KRX 350116, 3.
5. &KLQD, 4,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ (,&%), (7+ =XULFK, 9ODGLPLU-3UHORJ-:HJ 1-10,

8093 =XULFK, 6ZLW]HUODQG , 5/DERUDWRU\ IRU &DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\ (/6.), 3DXO
6FKHUUHU ,QVWLWXWH, )RUVFKXQJVVWUDVVH 111, 5232 9LOOLJHQ, 6ZLW]HUODQG, 66FLHQWLILF &HQWHU RI 2SWLFDO
DQG (OHFWURQ 0LFURVFRS\ (6FRSH0) (7+ =¾ULFK, 2WWR-6WHUQ-:HJ 3, 8093 =¾ULFK, 6ZLW]HUODQG , 7
)DFXOW\ IRU &KHPLVWU\, 0XQLFK 7HFKQLFDO 8QLYHUVLW\ 0XQLFK, 85748 *DUFKLQJ E. 0¾QFKHQ

VW\OH "WH[W-DOLJQ: MXVWLI\;"!,Q WKH HDUO\ GD\V RI FDWDO\VLV UHVHDUFK, R[LGH FDUULHUV ZHUH FRQVLGHUHG
WR EH PHUH LQHUW FDUULHUV IRU KLJKO\ GLVSHUVHG PHWDO QDQRSDUWLFOHV. )RUW\ \HDUV DJR, H[SHULPHQWV
ZLWK QREOH PHWDO-7L22 FDWDO\VWV GHPRQVWUDWHG WKDW R[LGH VXSSRUWV DUH IDU IURP LQHUW LQ VXFK
FDWDO\WLF V\VWHPV DQG FDQ VWURQJO\ HIIHFW WKH DGVRUSWLRQ EHKDYLRU DQG VWUXFWXUH RI FDWDO\VWV DQG
WKH SKHQRPHQRQ ZDV QDPHG WKH VWURQJ PHWDO-VXSSRUW LQWHUDFWLRQ (606,) >1@. 606, ZDV REVHUYHG
LQ QREOH PHWDO FDWDO\VWV VXSSRUWHG RQ UHGXFLEOH R[LGHV VXFK DV 7L22. 7KLV SKHQRPHQRQ LV RI
SDUDPRXQW LPSRUWDQFH, VLQFH LW FDQ GHWHUPLQH WKH FDWDO\WLF DFWLYLW\ DQG VWDELOLW\. 7KH 606,
SKHQRPHQRQ KDV, IRU WKH PRVW SDUW, EHHQ FKDUDFWHUL]HG H[ VLWX. 6XFK DQ DSSURDFK LV QRW DEOH WR
FDSWXUH WKH RQJRLQJ G\QDPLFV RI D ZRUNLQJ V\VWHP. 7KH G\QDPLF LQWHUDFWLRQV EHWZHHQ QREOH
PHWDO SDUWLFOHV DQG UHGXFLEOH PHWDO-R[LGH VXSSRUWV FDQ GHSHQG RQ UHGR[ UHDFWLRQV ZLWK DPELHQW
JDVHV. ,Q RXU ZRUN >2,3@, RSHUDQGR WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ UHYHDOHG WKDW WKH
606,–LQGXFHG HQFDSVXODWLRQ RI SODWLQXP SDUWLFOHV RQ 7L22 REVHUYHG XQGHU UHGXFLQJ FRQGLWLRQV LV
ORVW RQFH WKH V\VWHP LV H[SRVHG WR D UHGR[-UHDFWLYH HQYLURQPHQW FRQWDLQLQJ R[\JHQ DQG K\GURJHQ
DW D WRWDO SUHVVXUH RI a1 EDU. 'HVWDELOL]DWLRQ RI WKH PHWDO–R[LGH LQWHUIDFH DQG UHGR[-PHGLDWHG
UHFRQVWUXFWLRQV RI 7L22 OHDG WR SDUWLFOH G\QDPLFV DQG GLUHFWHG SDUWLFOH PLJUDWLRQ WKDW GHSHQG RQ
QDQRSDUWLFOH RULHQWDWLRQ ()LJXUH 1). $ VWDWLF HQFDSVXODWHG 606, VWDWH ZDV UHHVWDEOLVKHG ZKHQ
VZLWFKLQJ EDFN WR SXUHO\ R[LGL]LQJ FRQGLWLRQV. 7KLV ZRUN KLJKOLJKWV WKH GLIIHUHQFH EHWZHHQ UHDFWLYH
DQG QRQUHDFWLYH VWDWHV DQG GHPRQVWUDWHV WKDW PDQLIHVWDWLRQV RI WKH PHWDO-VXSSRUW LQWHUDFWLRQ
VWURQJO\ GHSHQG RQ WKH FKHPLFDO HQYLURQPHQW.

 

>1@ 6. -. 7DXVWHU, 6. &. )XQJ, DQG 5. /. *DUWHQ, -$&6, 1978, 100(1), 170–175. >2@ $. %HFN, ;. +XDQJ,
/. $UWLJOLD, 0. =DELOVNL\, ;. :DQJ, 3. 5]HSND, '. 3DODJLQ, 0.-*. :LOOLQJHU, -. $. YDQ %RNKRYHQ,1DWXUH
&RPPXQLFDWLRQV 2020, 10, 3220. >3@ +. )UH\, $. %HFN, ;. +XDQJ, -. $. YDQ %RNKRYHQ, 0. *.
:LOOLQJHU, 6FLHQFH 2022, 376, 982–987.
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6WUXFWXUH RI VHOHFWLYH DQG QRQ-VHOHFWLYH GLFRSSHU (,,) VLWHV LQ &X0), IRU PHWKDQH
R[LGDWLRQ WR PHWKDQRO

0. $UWVLXVKHXVNL1,2, -. $. YDQ %RNKRYHQ1,2, 9. 6XVKNHYLFK2*

1,QVWLWXWH IRU &KHPLVWU\ DQG %LRHQJLQHHULQJ, (7+ =XULFK, 8093 =XULFK, 6ZLW]HUODQG, 2/DERUDWRU\ IRU
&DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\, 3DXO 6FKHUUHU ,QVWLWXW, 5232 9LOOLJHQ 36,, 6ZLW]HUODQG

'LUHFW PHWKDQH R[LGDWLRQ WR PHWKDQRO YLD FKHPLFDO ORRSLQJ RYHU FRSSHU-FRQWDLQLQJ ]HROLWHV LV
FRQVLGHUHG DV D SURPLVLQJ SURFHVV IRU WKH HIIHFWLYH YDORUL]DWLRQ RI QDWXUDO JDV >1@. 6LJQLILFDQW
DWWHQWLRQ KDV EHHQ GLUHFWHG WR WKH HOXFLGDWLRQ RI WKH VWUXFWXUH RI WKH DFWLYH VLWHV, DQG YDULRXV
PRWLIV, LQFOXGLQJ PRQR- DQG ELV-μ-R[R FRSSHU GLPHUV, ZHUH SURSRVHG >1-5@. +RZHYHU, WKH
VHOHFWLYLW\ RI PHWKDQH DFWLYDWLRQ RYHU FRSSHU DFWLYH VLWHV RI GLIIHUHQW QDWXUH UHPDLQV D VXEMHFW RI
GHEDWHV, FUHDWLQJ REVWDFOHV LQ HVWDEOLVKLQJ WKH JHQHUDO VWUXFWXUH-WR-SHUIRUPDQFH UHODWLRQVKLSV IRU
PHWKDQH DFWLYDWLRQ RYHU FRSSHU-FRQWDLQLQJ ]HROLWHV. 0RUHRYHU, WKH IDFWRUV FRQWUROOLQJ FRSSHU
VSHFLDWLRQ LQ WKH PDWHULDOV DUH \HW WR EH GHWHUPLQHG, EHLQJ DQ HVVHQWLDO VWHS WR GHYHORS PHWKRGV
IRU FRQWUROOHG V\QWKHVLV RI EHWWHU-SHUIRUPLQJ PDWHULDOV.

,Q WKH SUHVHQW FRQWULEXWLRQ, ZH KDYH VWXGLHG WKH VWUXFWXUH RI WKH DFWLYH VLWHV KRVWHG LQ ZHOO-
GHILQHG FRSSHU-FRQWDLQLQJ 0), (&X0),) PDWHULDOV E\ PHDQV RI LQ VLWX 89/YLV DQG ;$6 VSHFWURVFRS\
DQG FRUUHODWHG WKH UHVXOWV ZLWK PDWHULDO’V SHUIRUPDQFH LQ PHWKDQH VHOHFWLYH R[LGDWLRQ. :H KDYH
GHPRQVWUDWHG WKDW WKH FRSSHU VSHFLDWLRQ LQ &X0), LV JRYHUQHG E\ &X/$O UDWLR LQ WKH PDWHULDO,
SURYLGLQJ D SRVVLELOLW\ WR FRQWURO PDWHULDOV’ DFWLYLW\ DQG VHOHFWLYLW\. &X0), PDWHULDOV ZLWK ORZ &X/$O
UDWLR FRQWDLQ SUHIHUDEO\ PRQR-μ-R[R GLPHULF VLWHV ZKLFK VHOHFWLYHO\ R[LGL]H PHWKDQH WR PHWKDQRO
LQ D ZLGH WHPSHUDWXUH UDQJH. $Q LQFUHDVH LQ &X/$O UDWLR IRU &X0), UHVXOWV LQ WKH IRUPDWLRQ RI
DQRWKHU W\SH RI PRQR-μ-R[R GLPHULF VLWHV ZLWK ORQJHU &X-&X GLVWDQFH. 7KH FRUUHVSRQGLQJ VLWHV
ZHUH JHQHUDOO\ EHOLHYHG WR EH FDSDEOH RI PHWKDQH FRQYHUVLRQ RI PHWKDQRO >2,3@; KRZHYHU, ZH
FOHDUO\ VKRZHG WKDW WKH\ DUH QRQ-VHOHFWLYH DQG RYHUR[LGL]H PHWKDQH WR IRUPDWH VSHFLHV HYHQ
XQGHU PLOG UHDFWLRQ FRQGLWLRQV.

7KH REWDLQHG GHWDLOHG LQIRUPDWLRQ RQ WKH VWUXFWXUH DQG VSHFWURVFRSLF IHDWXUHV RI ERWK VHOHFWLYH
DQG QRQ-VHOHFWLYH PRQR-μ-R[R GLFRSSHU VLWHV LV HVVHQWLDO IRU WKH FKDUDFWHUL]DWLRQ RI VWDWH-RI-WKH DUW
PDWHULDOV DSSOLHG LQ FKHPLFDO ORRSLQJ. 0RUHRYHU, LW RSHQV QRYHO RSSRUWXQLWLHV IRU WKH FRQWUROOHG
V\QWKHVLV RI WKH GHILQHG FRSSHU VLWHV LQ FRSSHU-FRQWDLQLQJ PDWHULDOV EH\RQG PHWKDQH FRQYHUVLRQ
WR PHWKDQRO.

>1@ 0DUN 1HZWRQ, $P\ .QRUSS, 9LWDO\ 6XVKNHYLFK, 'HQQLV 3DODJLQ, -HURHQ $. YDQ
%RNKRYHQ. &KHPLFDO 6RFLHW\ 5HYLHZV, 2020, 49(5), 1449-1486.
>2@ 0DULMNH *URRWKDHUW, 3LHWHU 6PHHWV, %HUW 6HOV, 3LHUUH -DFREV 5REHUW 6FKRRQKH\GW. -RXUQDO RI WKH
$PHULFDQ &KHPLFDO 6RFLHW\, 2005, 127(5), 1394-1395.
>3@ -XOLD :RHUWLQN, 3LHWHU 6PHHWV, 0DULMNH *URRWKDHUW, 0LFKDHO 9DQFH, %HUW 6HOV, 5REHUW
6FKRRQKH\GW, (GZDUG 6RORPRQ. 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV, 2009, 106(45),
18908-18913.
>4@ 9LWDO\ 6XVKNHYLFK, 'HQQLV 3DODJLQ, 0DUFR 5DQRFFKLDUL, -HURHQ YDQ %RNKRYHQ. 6FLHQFH, 2017,
356(6337), 523-527.
>5@ 9LWDO\ 6XVKNHYLFK, 0LNDODL $UWVLXVKHXVNL, 'DQLHO .ORVH, *XQQDU -HVFKNH, -HURHQ YDQ %RNKRYHQ.
$QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ, 2021, 60(29), 15944-15953.
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,QVLJKWV LQWR /HZLV DFLGLF QDWXUH RI H[WUD-IUDPHZRUN DOXPLQXP FHQWHUV LQFRUSRUDWHG LQ
]HROLWHV E\ LRQ-H[FKDQJH

6. 5. %DWRRO1, 6. 9LWDO\2, -. $. %RNKRYHQ1,2*

1(7+ =XULFK, 6ZLW]HUODQG, 23DXO 6FKHUUHU ,QVWLWXWH, 9LOOLJHQ, 6ZLW]HUODQG

7KH FDWDO\WLF DFWLYLW\ RI ]HROLWHV RULJLQDWHV IURP %UºQVWHG DFLG DQG /HZLV DFLG VLWHV. %UºQVWHG
DFLGLW\ LV ZHOO-GHILQHG DV LW VWHPV IURP D K\GUR[\O JURXS, ZKLFK EULGJHV WKH IUDPHZRUN VLOLFRQ DQG
DOXPLQXP DWRPV RI WKH ]HROLWH >1-2@. +RZHYHU, GXH WR WKHLU SOXUDO QDWXUH, WKH VWUXFWXUH RI /HZLV
DFLG VLWHV UHPDLQV PXFK OHVV GHILQHG >2@. ,Q WKLV ZRUN, ZH PRGXODWH WKH /HZLV DFLGLW\ RI ]HROLWHV,
ZLWK WKH DLP WR XQGHUVWDQG WKHLU VWUXFWXUH E\ TXDQWLWDWLYHO\ GHWHUPLQLQJ WKHLU VWUXFWXUH-DFWLYLW\
UHODWLRQ. :H LQWURGXFH /HZLV DFLGLW\ LQWR ]HROLWH < E\ D IDFLOH LRQ-H[FKDQJH RI DOXPLQXP VSHFLHV
IROORZHG E\ FDOFLQDWLRQ >3@. 7KH ]HROLWH IUDPHZRUN UHPDLQV SUHVHUYHG DIWHU LQFRUSRUDWLRQ RI H[WUD-
IUDPHZRUN DOXPLQXP VSHFLHV E\ LRQ-H[FKDQJH, DV VXJJHVWHG E\ ;-UD\ GLIIUDFWLRQ DQG 12
SK\VLVRUSWLRQ. $Q LQFUHDVH LQ WKH WRWDO H[WUD-IUDPHZRUN DOXPLQXP LQ WKH PRGLILHG ]HROLWHV OHG WR D
PDUNHG LQFUHDVH LQ WKH QXPEHU RI /HZLV DFLG VLWHV, DV LOOXVWUDWHG E\ )7,5 VSHFWURVFRS\ RI DGVRUEHG
S\ULGLQH DQG FDUERQ PRQR[LGH. +RZHYHU, QR FRQVLGHUDEOH FKDQJH LQ WKH QXPEHU RI %UºQVWHG DFLG
VLWHV ZDV REVHUYHG. $IWHU LRQ-H[FKDQJH, WKHUH ZDV D VLJQLILFDQW LPSURYHPHQW LQ WKH FDWDO\WLF
FRQYHUVLRQ DQG UDWH RI UHDFWLRQ IRU WKH 039 UHGXFWLRQ RI 4-WHUW EXW\O F\FORKH[DQRQH RYHU ]HROLWH
FDWDO\VWV. 7KH FDWDO\WLF DFWLYLW\ RI PRGLILHG ]HROLWHV TXDQWLWDWLYHO\ FRUUHODWHG ZLWK WKH
FRQFHQWUDWLRQ RI WKH LQWURGXFHG H[WUD-IUDPHZRUN DOXPLQXP VSHFLHV DQG WKH WRWDO /HZLV DFLG
FRQWHQW IURP S\ULGLQH-)7,5. 7KHUHIRUH, LW LV LQIHUUHG WKDW WKH QHZO\ LQWURGXFHG H[WUD-IUDPHZRUN
DOXPLQXP VSHFLHV DUH FHUWDLQO\ /HZLV DFLGLF, ZLWK DQ RFWDKHGUDO FRRUGLQDWLRQ XQGHU WKH FRQGLWLRQV
RI 105 PHDVXUHPHQW DQG DUH UHVSRQVLEOH IRU HQKDQFHG /HZLV DFLG FDWDO\WLF DFWLYLW\ RI WKH
DOXPLQXP H[FKDQJHG ]HROLWHV >3@. 7KH SUHVHUYDWLRQ RI %UºQVWHG DFLG VLWHV IXUWKHU LGHQWLILHV WKHVH
H[WUD-IUDPHZRUN DOXPLQXP VSHFLHV DV FKDUJH QHXWUDO, OLNHO\ LQ WKH IRUP RI QDQR-VL]HG
$O(2+)3(+22)3 RU $O223 FOXVWHUV >3-5@. 7KH VWUHQJWK DQG WKHUPDO VWDELOLW\ RI WKHVH /HZLV DFLG VLWHV LV
DOVR FDSDEOH RI LPSURYLQJ WKH DFWLYLW\ RI ]HROLWHV IRU FDWDO\WLF GHK\GURJHQDWLRQ RI OLJKW DONDQHV WR
OLJKW ROHILQV.

>1@ 0. 5DYL, 9./. 6XVKNHYLFK, -.$. YDQ %RNKRYHQ, 1DWXUH 0DWHULDOV, 2020, 19, 1047-1056.
>2@ -. +XDQJ, <. -LDQJ, 9.5.5. 0DUWKDOD, %. 7KRPDV, (. 5RPDQRYD, 0. +XQJHU, 7KH -RXUQDO RI 3K\VLFDO
&KHPLVWU\ &, 2008, 112, 3811-3818.
>3@ 6.5. %DWRRO, 6\HGD 5., 9./. 6XVKNHYLFK, DQG -.$. YDQ %RNKRYHQ. -RXUQDO RI &DWDO\VLV  2022, 408,
24-35.
>4@ &. /LX, *. /L, (.-.0. +HQVHQ, (.$. 3LGNR, $&6 &DWDO\VLV, 2015, 5, 7024-7033.
>5@ 6. /L, $. =KHQJ, <. 6X, +. )DQJ, :. 6KHQ, =. <X, /. &KHQ, ). 'HQJ, 3K\VLFDO &KHPLVWU\ &KHPLFDO
3K\VLFV, 2010, 12,  3895-3903.
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$LU DQG 0RLVWXUH 7ROHUDQW +\GURDPLQDWLRQ 5HDFWLRQV XVLQJ $ONDOL-0HWDO $PLGHV DV
&DWDO\VWV

6. %HOUKRPDUL1, /. -. %ROH1, (. +HYLD1*

18QLYHUVLW¦W %HUQ, 'HSDUWPHQW I¾U &KHPLH, %LRFKHPLH XQG 3KDUPD]LH, 3012 %HUQ, 6ZLW]HUODQG

$ONDOL-PHWDO DPLGHV DUH FRPPRGLW\ UHDJHQWV XVHG RQ D GDLO\ EDVLV LQ V\QWKHWLF ODERUDWRULHV
ZRUOGZLGH. 7KLV QHDU XELTXLWRXV XWLOL]DWLRQ VWHPV IURP WKH KLJK UHDFWLYLW\ RI WKHLU KLJKO\ SRODU 0HWDO-
1 ERQGV. +RZHYHU, WKHLU UHDFWLYLW\ DOVR LPSRVHV VHYHUH GUDZEDFNV VXFK DV WKH QHHG WR SHUIRUP
UHDFWLRQV XQGHU LQHUW FRQGLWLRQV, LQ GU\ WR[LF RUJDQLF VROYHQWV, DQG DW ORZ WHPSHUDWXUHV WR FRQWURO
WKHLU VHOHFWLYLW\.>1@ %UHDNLQJ GRZQ WKH EDUULHU EHWZHHQ RUJDQRPHWDOOLF DQG DHURELF/DTXHRXV
FKHPLVWU\, RXU JURXS KDV UHFHQWO\ UHSRUWHG WKH VWRLFKLRPHWULF DSSOLFDWLRQV RI OLWKLXP DPLGHV IRU
HVWHU DPLGDWLRQ>2@ DQG K\GURDPLQDWLRQ RI VW\UHQHV>3@ LQ DLU, DW URRP WHPSHUDWXUH XVLQJ
ELRUHQHZDEOH 2-PHWK\O 7+) DV VROYHQW.

8SJUDGLQJ VWRLFKLRPHWULF UHDFWLRQV WR FDWDO\WLF UHJLPHV, LQ WKLV ZRUN ZH UHSRUW WKH ILUVW H[DPSOHV
RI FDWDO\WLF K\GURDPLQDWLRQ RI RUJDQLF KHWHURFXPXOHQHV VXFK DV FDUERGLLPLGHV DQG LVRF\DQDWHV
PHGLDWHG E\ OLWKLXP DPLGHV LQ WKH SUHVHQFH RI DLU DQG PRLVWXUH, FRQGLWLRQV WUDGLWLRQDOO\ GLVDOORZHG
IRU WKLV W\SH RI RUJDQRPHWDOOLF UHDJHQWV. 5HDFWLRQV FDQ EH FDUULHG RXW XVLQJ D RQH SRW DSSURDFK,
HPSOR\LQJ Q%X/L DV D SUHFDWDO\VW. .H\ UHDFWLRQ LQWHUPHGLDWHV KDYH EHHQ LVRODWHG DQG
FKDUDFWHULVHG LQ 2-PHWK\O 7+), ZLWK WKH DLG RI ;-UD\ GLIIUDFWLRQ DQG 1+ '26< 105, VKHGGLQJ OLJKW
WRZDUGV WKH VSHFLDO NLQHWLF DFWLYDWLRQ REVHUYHG IRU WKHVH V\VWHPV XQGHU WKH UHDFWLRQ FRQGLWLRQV
HPSOR\HG LQ WKLV VWXG\. 7KH UROH SOD\HG E\ WKH DONDOL-PHWDO KDV DOVR EHHQ DVVHVVHG E\
LQYHVWLJDWLQJ D VHOHFWHG QXPEHU RI UHDFWLRQV XVLQJ VRGLXP DQG SRWDVVLXP DPLGHV DV FDWDO\VWV.

>1@ (D) 8OULFK :LHWHOPDQQ, -DQ .OHWW, $QRUJ. $OOJ. &KHP., 2018, 644, 194-204. (E) 5REHUW (. 0XOYH\,
6WXDUW '. 5REHUWVRQ, $QJHZ. &KHP. ,QW. (G., 2013, 52, 11470-11487.
>2@ 0LFKDHO )DLUOH\, /HRQLH -. %ROH, )ORULDQ ). 0XONV, /DXUD 0DLQ, $ODQ 5. .HQQHG\, &KDUOHV 7. 2’+DUD,
-RDTXLQ *DUFLD-$OYDUH], (YD +HYLD, &KHP. 6FL., 2020, 11, 6500-6509.
>3@ )ORULDQ ). 0XONV, /HRQLH -. %ROH, $OEHUWR +HUQDQ-*RPH], $ODQ 5. .HQQHG\, -RDTXLQ *DUFLD-
$OYDUH], (YD +HYLD, $QJHZ. &KHP. ,QW. (G., 2020, 59, 19021-19026.
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,GHQWLI\LQJ DQG $GYDQFLQJ 6WUDWHJLHV IRU +LJK-<LHOG 0HWKDQH 3DUWLDO 2[LGDWLRQ

$. 1. %ODQNHQVKLS1, <. -L1, 0. 5DYL1, 0. $UWVLXVKHXVNL2, 9. 6XVKNHYLFK2, -. $. YDQ %RNKRYHQ1,2*

1,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =XULFK, 8093 =XULFK, 6ZLW]HUODQG, 2/DERUDWRU\ IRU
&DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\, 3DXO 6FKHUUHU ,QVWLWXWH, 5232 9LOOLJHQ, 6ZLW]HUODQG

$ GLUHFW PHWKDQH YDORUL]DWLRQ SURFHVV WKDW DFKLHYHV KLJK SURGXFW \LHOGV LQ D VFDOH-IOH[LEOH PDQQHU
ZRXOG SURYLGH QXPHURXV RSSRUWXQLWLHV LQ WKH VXVWDLQDEOH SURGXFWLRQ RI IXHOV DQG KLJK-YDOXH
FKHPLFDOV; KRZHYHU, D FRPPHUFLDO SURFHVV KDV \HW WR HPHUJH GXH WR QXPHURXV FKDOOHQJHV >1-3@.
'HVSLWH WKH KLJK YROXPH RI UHVHDUFK RQ WKLV UHDFWLRQ, WKH ELJ SLFWXUH IRU WKHUPRFDWDO\WLF V\VWHPV
UHPDLQV ODUJHO\ WKH VDPH; PRVW V\VWHPV DUH VHYHUHO\ OLPLWHG E\ WKH VHOHFWLYLW\-FRQYHUVLRQ OLPLW,
LQGHSHQGHQW RI WKH FDWDO\VW HPSOR\HG, WKDW UHVWULFWV WKH DFKLHYDEOH \LHOG WR DQ LPSUDFWLFDO OLPLW.
7KH ILUVW SDUW RI WKLV WDON FULWLFDOO\ H[DPLQHV UHFHQW GHYHORSPHQWV LQ PHWKDQH SDUWLDO R[LGDWLRQ DV
WKH\ UHODWH WR SURJUHVVLQJ VWUDWHJLHV IRU KLJK-\LHOG SURFHVVHV. )URP WKLV DQDO\VLV, ZH KLJKOLJKW WKH
SURPLVLQJ HPHUJHQW VWUDWHJLHV DQG PRWLYDWH PRUH GLUHFWHG VFLHQFH UHTXLUHG WR EULGJH H[LVWLQJ
JDSV EHWZHHQ WKH YDVW VFLHQWLILF NQRZOHGJH LQ PHWKDQH DFWLYDWLRQ DQG WKH WHFKQRORJLFDO
QHFHVVLWLHV RI YLDEOH 0W0 SURFHVVHV.

,Q WKH IROORZLQJ SDUW RI WKH WDON, ZH GHVFULEH UHFHQW DGYDQFHV IURP WKH JURXS LQ WKH FRQYHUVLRQ RI
PHWKDQH WR DQ R[LGDWLRQ-UHVLVWDQW PHWK\O HVWHU, RQH RI WKH PRVW SURPLVLQJ URXWHV IRU KLJK-\LHOG
PHWKDQH FRQYHUVLRQ >2, 4, 5@. :H LQWURGXFH PXOWLSOH VROXWLRQV WKDW WDUJHW WKH NH\ VKRUWFRPLQJV RI
WKH FRQYHQWLRQDO FKHPLVWU\, QDPHO\ LWV UHOLDQFH RQ H[WUHPHO\ DJJUHVVLYH DFLG VROYHQWV,
HFRQRPLFDOO\ LPSUDFWLFDO R[LGDQWV, DQG KRPRJHQHRXV FDWDO\VWV, DOO RI ZKLFK SRVH LVVXHV IRU
FDWDO\VW/SURGXFW UHFRYHU\ DQG EDVLF SURFHVV HFRQRPLFV >6@. :H GHPRQVWUDWH DQ DSSURDFK WKDW
XVHV D VROLG FDWDO\VW, DLU DV DQ R[LGDQW VRXUFH, DQG D GLOXWHG DFLG VROYHQW (< 15 ZW%). :H
VXFFHVVIXOO\ GHYHORSHG PDQJDQHVH DQG FREDOW-EDVHG KHWHURJHQHRXV FDWDO\VWV ZLWK FRPSHWLWLYH
SHUIRUPDQFH RQ WKH EDVLV RI WXUQRYHUV DQG SURGXFWLRQ UDWHV LQ FRPSDULVRQ WR SUHYLRXVO\-UHSRUWHG
KRPRJHQHRXVO\-FDWDO\]HG V\VWHPV WKDW HPSOR\ VWURQJHU R[LGDQWV DQG KLJKHU PHWKDQH SDUWLDO
SUHVVXUHV. 7KH LPSURYHG SHUIRUPDQFH RI WKH VXSSRUWHG WUDQVLWLRQ PHWDO FDWDO\VWV FRPELQHG ZLWK
WKH DGYDQWDJHV LQ FDWDO\VW/SURGXFW UHFRYHU\ VLJQLI\ D SURPLVLQJ DGYDQFHPHQW LQ GLUHFW PHWKDQH
SDUWLDO R[LGDWLRQ WHFKQRORJLHV. 7KH FRQFOXVLRQ RI WKH WDON XQGHUVFRUHV LPSDFWIXO GLUHFWLRQV IRU
IXUWKHU GHYHORSLQJ KLJK-\LHOG PHWKDQH FRQYHUVLRQ SURFHVVHV.

>1@ 0. $KOTXLVW, 5. 1LHOVHQ, 5. 3HULDQD, :. *RGGDUG, -. $P. &KHP. 6RF., 2009, 131, 47,
17110-17115.
>2@ 0. 5DYL, 0. 5DQRFFKLDUL, -. $. YDQ %RNKRYHQ, $QJHZ. &KHP. ,QW. (G., 2017, 56, 52,
16464-16483.
>3@    $. /DWLPHU, $. .DNHNKDQL, $. .XONDUQL, -. 1ºUVNRY, $&6 &DWDO., 2018, 8, 8, 6894-6907.
>4@ 5. 3HULDQD, '. 7DXEH, 6. *DPEOH, +. 7DXEH, 7. 6DWRK, +. )XMLL, 6FLHQFH, 1998, 280, 5363,
560-564.
>5@    0. 0XHKOKRIHU, 7. 6WUDVVQHU, :. +HUPDQQ, $QJHZ. &KHP. ,QW. (G., 2002, 41, 10, 1745.
>6@    $. %ODQNHQVKLS, 0. 5DYL, -. $. YDQ %RNKRYHQ, &KLPLD, 2021, 75, 305-310.
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,GHQWLILFDWLRQ DQG &KDUDFWHUL]DWLRQ RI $FWLYH 6LWHV LQ &RSSHU ([FKDQJHG 0RUGHQLWH LQ
'LUHFW 0HWKDQH WR 0HWKDQRO 2[LGDWLRQ

$. %UHQLJ1,3, -. :. )LVFKHU2, '. .ORVH2, -. $. YDQ %RNKRYHQ1,3, *. -HVFKNH2, 9. /. 6XVKNHYLFK1

1/DERUDWRU\ IRU &DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\, 3DXO 6FKHUUHU ,QVWLWXWH, )RUVFKXQJVVWUDVVH
111, 5232 9LOOLJHQ, 6ZLW]HUODQG, 2/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =XULFK, 9ODGLPLU-3UHORJ-

:HJ 2, 8093 =XULFK, 6ZLW]HUODQG, 3,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =XULFK, 9ODGLPLU-
3UHORJ-:HJ 1, 8093 =XULFK, 6ZLW]HUODQG

7KH LQFUHDVLQJ DPRXQW RI QDWXUDO JDV (FRQWDLQLQJ PHWKDQH DV D SULPDU\ FRPSRQHQW) IURP UHPRWH
VRXUFHV KDV DQLPDWHG UHVHDUFK HIIRUWV WR LGHQWLI\ FRVW-HIIHFWLYH PHWKRGV WR FRQYHUW PHWKDQH LQ
VPDOO TXDQWLWLHV LQWR KLJK-YDOXH SURGXFWV.1,2 2QH SDUWLFXODU DSSURDFK, ZKLFK KDV JDLQHG D ORW RI
DWWHQWLRQ, LV WKH GLUHFW, ORZ-WHPSHUDWXUH R[LGDWLRQ RI PHWKDQH LQWR PHWKDQRO XVLQJ FRSSHU-
H[FKDQJHG ]HROLWHV.3 $OWKRXJK WKLV SURFHVV FRQVWLWXWHV DQ H[FHOOHQW RSSRUWXQLW\ WR WUDQVIRUP
PHWKDQH LQWR IXHOV DQG FRPPRGLW\ FKHPLFDOV LQ D VXVWDLQDEOH PDQQHU, QR FRPPHUFLDO
LPSOHPHQWDWLRQ KDV EHHQ UHDOL]HG VR IDU.4,5 2QH IXQGDPHQWDO REVWDFOH LV WKH ODFN RI NQRZOHGJH
DERXW WKH LGHQWLW\ DQG VWUXFWXUH RI WKH FRSSHU DFWLYH VLWHV LQ WKRVH PDWHULDOV DV ZHOO DV WKHLU UHGR[
SURSHUWLHV DQG VLWH-VSHFLILF NLQHWLF SURSHUWLHV. 7KLV LV IXUWKHU FRPSOLFDWHG E\ WKH IDFW WKDW YDULRXV
DFWLYH FRSSHU-R[R VSHFLHV PD\ EH SUHVHQW LQ D G\QDPLF FR-H[LVWHQFH.6

,Q WKH SUHVHQW FRQWULEXWLRQ, WKH FRSSHU VSHFLDWLRQ LQ FRSSHU-H[FKDQJHG PRUGHQLWH VDPSOHV ZLWK
GLIIHUHQW FRSSHU ORDGLQJV ZDV LQYHVWLJDWHG E\ D FRPELQHG VSHFWURVFRSLF DQG WLPH-UHVROYHG
DSSURDFK. 7KH JHQHUDO UHDFWLYLW\ RI VSHFLILF VLWHV WRZDUGV PHWKDQH DV ZHOO DV WKHLU UHGR[
SURSHUWLHV ZHUH HYDOXDWHG E\ WUDFLQJ FKDUDFWHULVWLF VSHFWURVFRSLF FKDQJHV XSRQ UHDFWLRQ ZLWK
PHWKDQH. 'LPHULF >&X22@2+ DV ZHOO DV PRQRPHULF >&X2+@+ VSHFLHV ZHUH LGHQWLILHG DV DFWLYH VLWHV.
,Q DGGLWLRQ, GLUHFW HYLGHQFH IRU WKH SDUWLFLSDWLRQ RI EDUH &X2+ LRQV DGMDFHQW WR >&X2+@+ VLWHV LQ
PHWKDQH R[LGDWLRQ ZDV GHOLYHUHG. ,Q FRQWUDVW WR GLPHULF FRSSHU-R[R VLWHV, PHWKDQH R[LGDWLRQ ZDV
IRXQG WR SURFHHG LQ D PRUH VHOHFWLYH PDQQHU RQ PRQRPHULF FRSSHU VSHFLHV. )XUWKHUPRUH, LQVLJKW
LQWR WKH NLQHWLF SURSHUWLHV RI FHUWDLQ FRSSHU DFWLYH FHQWHUV ZDV REWDLQHG RQ WKH EDVLV RI
DGYDQFHG RSHUDQGR VSHFWURVFRS\ PHWKRGV. ,Q FRPSDULVRQ WR PRQRPHULF FRSSHU VLWHV, GLPHULF
>&X22@2+ FHQWHUV ZHUH FKDUDFWHUL]HG E\ D WZR-IROG KLJKHU DSSDUHQW DFWLYDWLRQ HQHUJ\ DQG DQ
DSSUR[LPDWHO\ VHYHQ-IROG IDVWHU UHDFWLRQ UDWH.

>1@ 9LWDO\ /. 6XVKNHYLFK, 'HQQLV 3DODJLQ, 0DUFR 5DQRFFKLDUL, -HURHQ $. YDQ %RNKRYHQ,6FLHQFH,
2017, 356, 523-527.
>2@ $P\ -. .QRUSS, 0DUN $. 1HZWRQ, 6WHIDQLH &. 0. 0L]XQR, -LH =KX, +LZRWH 0HEUDWH, $QD %.
3LQDU, -HURHQ $. YDQ %RNKRYHQ, &KHP. &RPPXQ., 2019, 55, 11794-11797.
>3@ 0DULMNH +. *URRWKDHUW, 3LHWHU -. 6PHHWV, %HUW ). 6HOV, 3LHUUH $. -DFREV, 5REHUW $. 6FKRRQKH\GW, -.
$P. &KHP. 6FR., 2005, 127, 1394-1395.
>4@ 'HQQLV 3DODJLQ, 9LWDO\ /. 6XVKNHYLFK, -HURHQ $. YDQ %RNKRYHQ, $&6 &DWDO., 2019, 9,
10365-10374.
>5@ -HDQ-3DXO /DQJH, 9LWDO\ /. 6XVKNHYLFK, $P\ -. .QRUSS, -HURHQ $. YDQ %RNKRYHQ, ,QG. (QJ.
&KHP. 5HV., 2019, 58, 8674-8680.
>6@ 0DUN $. 1HZWRQ, $P\ -. .QRUSS, 9LWDO\ /. 6XVKNHYLFK, 'HQQLV 3DODJLQ, -HURHQ $. YDQ %RNKRYHQ,
&KHP. 6RF. 5HY., 2020, 49, 1449-1486.
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(OHFWURFKHPLFDO 5XWKHQLXP-&DWDO\VHG &–+ $FWLYDWLRQ LQ :DWHU 7KURXJK
+HWHURJHQL]DWLRQ RI D 0ROHFXODU &DWDO\VW

-. %¾KOHU1, -. =XUIO¾K1, 6. 6LRO2, 2. %ODFTXH1, /. 6«YHU\1, 6. '. 7LOOH\1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, :LQWHUWKXUHUVWUDVVH 190, 8057 =XULFK,
6ZLW]HUODQG, 2(PSD – 6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\,

ÜEHUODQGVWUDVVH 129, 8600 '¾EHQGRUI, 6ZLW]HUODQG

7KH FDWDO\WLF R[LGDWLYH DFWLYDWLRQ RI &–+ ERQGV LQ RUJDQLF VXEVWUDWHV UHPDLQV D KRW WRSLF LQ
V\QWKHWLF FKHPLVWU\.>1@ &ODVVLFDOO\, WUDQVLWLRQ PHWDO FDWDO\VLV HIIHFWV WKHVH WUDQVIRUPDWLRQV
HIILFLHQWO\ DQG ZLWK KLJK VHOHFWLYLW\.>2@ +HUH, WKH FRPELQHG DGYDQWDJHV RI PROHFXODU WUDQVLWLRQ
PHWDO DQG KHWHURJHQHRXV FDWDO\VLV DUH GHPRQVWUDWHG E\ LPPRELOLVDWLRQ RI D UXWKHQLXP-EDVHG
HOHFWURFDWDO\VW >5X(WS\)(SLF-323+2)(&O)@ (ZKHUH WS\ LV 2,2′:6′,2′′-WHUS\ULGLQH, SLF-323+2 LV
4-SKRVSKRQRS\ULG-2-\OFDUER[\OLF DFLG) RQ D PHWDO-R[LGH VXUIDFH.>3@ 2[LGDWLRQ RI WROXHQH ZLWK WKH
FDWDO\VW LQ DTXHRXV PHGLD XVLQJ FHULF DPPRQLXP QLWUDWH DV WHUPLQDO R[LGDQW UHVXOWHG LQ D UDSLG
GHDFWLYDWLRQ RI WKH FDWDO\VW. (OHFWURFKHPLFDO UHJHQHUDWLRQ RI WKH FDWDO\VW FLUFXPYHQWHG VRPH RI
WKH LVVXHV REVHUYHG LQ VROXWLRQ UHVXOWLQJ LQ DQ LPSURYHG FDWDO\WLF DFWLYLW\, ZKLFK ZDV IXUWKHU
HQKDQFHG E\ LPPRELOLVDWLRQ RI WKH FDWDO\VW RQ D RQ D PHVRSRURXV LQGLXP WLQ R[LGH HOHFWURGH
VXUIDFH WKURXJK WKH SKRVSKRQDWH DQFKRULQJ JURXS. 8VLQJ WKH KHWHURJHQHRXV FDWDO\VW V\VWHP, WKH
R[LGDWLRQ RI D YDULHW\ RI RUJDQLF VXEVWUDWHV ZLWK YDU\LQJ ERQG GLVVRFLDWLRQ HQHUJLHV (76–95 NFDO
PRO−1) ZDV GHPRQVWUDWHG ZLWK WXUQRYHU QXPEHUV RI XS WR 346.

>1@ 3DUWKDVDUDWK\ *DQGHHSDQ, 7KRPDV 0¾OOHU, 'DQLHO =HOO, *LDQSLHUR &HUD, 6YHQMD :DUUDW], /XW]
$FNHUPDQQ, &KHPLFDO 5HYLHZV, 2019, 119, 2192–2452.
>2@ $KPHW *XQD\, .ODXV +. 7KHRSROG, &KHPLFDO 5HYLHZV, 2010, 110, 1060–1081.
>3@ -DQ %¾KOHU, -RQDV =XUIO¾K, 6HEDVWLDQ 6LRO, 2OLYLHU %ODFTXH, /DXUHQW 6«YHU\, 6. 'DYLG 7LOOH\,
&DWDO\VLV 6FLHQFH & 7HFKQRORJ\, 2020, 12, 1512–1519.
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2SHUDQGR LQVLJKW RI SRO\FU\VWDOOLQH QLFNHO LQ HWK\OHQH WR V\QJDV VHOI-VXVWDLQHG
RVFLOODWRU\ FRQYHUVLRQ

&. &ROEHD1,2, 0. 3ORGLQHF2, /. $UWLJOLD3, -. $. YDQ %RNKRYHQ1,3*, 0. :LOOLQJHU2*

1,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+
=XULFK, 8093, =¾ULFK, 6ZLW]HUODQG, 26FLHQWLILF &HQWHU IRU 2SWLFDO DQG (OHFWURQ 0LFURVFRS\, 6FRSH0
(7+ =¾ULFK, 8093, =¾ULFK, 6ZLW]HUODQG, 3/DERUDWRU\ IRU &DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\, 3DXO

6FKHUUHU ,QVWLWXWH, 5232, 9LOOLJHQ, 6ZLW]HUODQG

$V VFLHQWLVWV, ZH KDYH WKH UHVSRQVLELOLW\ WR SDYH WKH ZD\ WRZDUG GHYHORSLQJ D VXVWDLQDEOH
HFRQRP\ WKDW LV EDVHG RQ UHQHZDEOH QDWXUDO UHVRXUFHV DQG WR PLWLJDWH WKH HPLVVLRQ RI JUHHQKRXVH
JDVHV. 7KH FDWDO\WLF SURFHVV RI ODUJH-VFDOH FRQYHUVLRQ RI VKRUW-FKDLQ K\GURFDUERQV WR V\QJDV (&2
DQG +2) LV FULWLFDO IRU PRGHUQ VRFLHW\ DQG KDV WKH SRWHQWLDO WR VLJQLILFDQWO\ LQIOXHQFH WKH IXWXUH
HQHUJ\ HFRQRP\. %UHDNWKURXJK UHVHDUFK RQ IXQGDPHQWDO FDWDO\WLF SURFHVVHV LV GLIILFXOW WR FRQGXFW
VLQFH KHWHURJHQHRXV FDWDO\WLF UHDFWLRQV DUH KLJKO\ QRQ-OLQHDU, PXOWLOHYHO FKHPLFDO SURFHVVHV WKDW
RSHUDWH IDU IURP WKHUPRG\QDPLF HTXLOLEULXP DQG DUH IXUWKHU FRPSOLFDWHG E\ FRPSHWLQJ QRQ-
FDWDO\]HG JDV-SKDVH UHDFWLRQV. 7KH GLVFRYHU\ RI VHOI-VXVWDLQHG RVFLOODWLQJ UHDFWLRQV LQ WKH HDUO\
1970V UHYHDOHG RQH RI WKH PRVW LQWULJXLQJ EUDQFKHV RI FDWDO\VLV, ZKLFK KDV EHHQ REVHUYHG LQ RYHU
60 V\VWHPV >1@. 1RQ-QREOH PHWDOV DUH NQRZQ IRU WKHLU FDWDO\WLF DFWLYLW\ LQ VKRUW-FKDLQ K\GURFDUERQ
SDUWLDO R[LGDWLRQ DQG, XQGHU FHUWDLQ FRQGLWLRQV, FDQ H[KLELW VHOI-VXVWDLQLQJ RVFLOODWLRQV. ,Q RUGHU WR
VKHG VRPH OLJKW RQ WKH FRXSOHG HIIHFW RI GLIIHUHQW VSHFLHV LQ WKH JDV-SKDVH, WKH FKHPLFDO VWDWH RI
WKH FDWDO\VW DQG UHVXOWLQJ FDWDO\WLF DFWLYLW\ XQGHU UHOHYDQW UHDFWLRQ FRQGLWLRQV, ZH SHUIRUPHG D
FRUUHODWLYH LQ-VLWX VWXG\ EDVHG RQ WKH FRPELQDWLRQ RI RSHUDQGR PLFURVFRS\ DQG ;36 VSHFWURVFRS\.
7KH REMHFWLYH LV WR REWDLQ PHFKDQLVWLF LQVLJKWV LQWR WKH UROH RI VXUIDFH VSHFLHV SUHVHQW LQ WKH
FDWDO\WLF SURFHVV RI SDUWLDO R[LGDWLRQ RI HWK\OHQH WR V\QJDV RQ D PRGHO SRO\FU\VWDOOLQH QLFNHO IRLO.
7KH FRXSOHG DQG G\QDPLF LQWHUSOD\ EHWZHHQ WKH JDVHRXV HQYLURQPHQW DQG WKH VXUIDFH FKHPLVWU\
VWURQJO\ GHSHQGV RQ WKH UHDFWLRQ FRQGLWLRQV. 8VLQJ D FRPELQDWLRQ RI RSHUDQGR VFDQQLQJ HOHFWURQ
PLFURVFRS\ (26(0) IRU UHDO-WLPH REVHUYDWLRQ RI VWUXFWXUDO G\QDPLFV DQG DPELHQW SUHVVXUH [-UD\
SKRWRHOHFWURQ VSHFWURVFRS\ ($3;36) >2@ ZH DUH DEOH WR FRUUHODWH WKH VWDWH RI WKH FDWDO\VW ZLWK LWV
DFWLYLW\. $OWKRXJK FKDOOHQJLQJ WR VWXG\, WKH VHOI-VXVWDLQHG RVFLOODWLQJ UHDFWLRQ PRGH HQDEOHV
GHWDLOHG DQDO\VLV RI WKH VXFFHVVLYH HOHPHQWDU\ VWHSV RI WKH FDWDO\WLF DFW. 7KH REWDLQHG LQVLJKWV DUH
HQYLVLRQHG WR H[SDQG WKH UHVHDUFK RI VHOI-UHJHQHUDWLQJ RSHUDWLRQ RI UHDO-ZRUOG FDWDO\VWV. 2XU
XQLTXH LQ-VLWX 6(0 VHWXS DOORZV XV WR YLVXDOO\ REVHUYH WKH VWDWH RI WKH DFWLYH FDWDO\VW XQGHU
UHDFWLRQ FRQGLWLRQV LQ UHDO-WLPH, DW KLJK VSDWLDO UHVROXWLRQ XVLQJ D FRPELQDWLRQ RI GHGLFDWHG
VHFRQGDU\ HOHFWURQ, KLJK-WHPSHUDWXUH 3' EDFNVFDWWHU- DQG DQ HOHFWURQ-EHDP DEVRUEHG FXUUHQW
GHWHFWRUV. 7KLV HQDEOHV VXUIDFH-VHQVLWLYH LPDJLQJ DQG UHDO-WLPH REVHUYDWLRQ RI FROOHFWLYH QRQ-
HTXLOLEULXP G\QDPLFV XQGHU FRQWUROOHG DWPRVSKHUH DW SUHVVXUHV EHWZHHQ 10-6 WR 10+3 3D DQG
WHPSHUDWXUHV RI XS WR 1250R&. %\ PDLQWDLQLQJ D FRQVWDQW JDV FRPSRVLWLRQ LQ LVRWKHUPDO FRQGLWLRQV,
D V\QFKURQL]HG VHOI-VXVWDLQHG RVFLOODWLRQ PRGH ZDV LGHQWLILHG, LQ ZKLFK WKH UHDFWLRQCV SURGXFW
GLVWULEXWLRQ ZDV REVHUYHG WR UHIOHFW WKH FDWDO\VW PRUSKRORJ\ DQG FKHPLFDO VWDWH. :H KDYH
GLVFHUQHG WKH DFWLYH VSHFLHV WKDW JHQHUDWH SURWHFWLYH VXUIDFH LQWHUPHGLDWHV LQ QRQ-VWRLFKLRPHWULF
HQYLURQPHQWV. :H ZHUH DEOH WR WUDFH WKH RVFLOODWRU\ EHKDYLRU GRZQ WR FRPSHWLQJ VSHFLHV WKDW
FRQWURO WKH FDWDO\VW DFWLYLW\. 7KH FRPELQDWLRQ RI VSDWLDOO\ UHVROYHG UHDO-WLPH LPDJLQJ >3, 4@ ZLWK
LQWHJUDO VXUIDFH-VHQVLWLYH VSHFWURVFRS\ HQDEOHV WKH FKHPLFDO LGHQWLILFDWLRQ RI VXUIDFH VSHFLHV DQG
VLPXOWDQHRXV YLVXDOL]DWLRQ RI WKHLU HYROXWLRQ DV D IXQFWLRQ RI UHDFWLRQ FRQGLWLRQV. :H ZHUH DEOH WR
SURYLGH LQVLJKW LQWR VWUXFWXUH VHQVLWLYLW\ DQG FRXSOLQJ SKHQRPHQD EHWZHHQ UHDFWLYH JDV-SKDVH DQG
FDWDO\VW VWDWH WKDW DUH UHODWHG WR WKH HPHUJHQFH RI FDWDO\WLF DFWLYLW\ LQ D V\QFKURQL]HG VHOI-
VXVWDLQHG RVFLOODWRU\ PRGH. 7KH KHUH GHVFULEHG VWUXFWXUH-DFWLYLW\ FRUUHODWLRQV DUH QRW DFFHVVLEOH
WKURXJK LQWHJUDO FKDUDFWHUL]DWLRQ WHFKQLTXHV RU E\ VWXG\LQJ RI VWHDG\-VWDWHV DORQH, KLJKOLJKWLQJ WKH
LPSRUWDQFH RI UHDO-WLPH, ODWHUDOO\ UHVROYHG GLUHFW REVHUYDWLRQ RI DFWLYH FDWDO\VW.

 

 

>1@ ,PELKO, 5RQDOG, DQG *HUKDUG (UWO. "2VFLOODWRU\ NLQHWLFV LQ KHWHURJHQHRXV FDWDO\VLV." &KHPLFDO
5HYLHZV 95.3 (1995): 697-733.
>2@ /L, ;LDQVKHQJ, HW DO. "5ROH RI :DWHU RQ WKH 6WUXFWXUH RI 3DOODGLXP IRU &RPSOHWH 2[LGDWLRQ RI

0HWKDQH." $&6 &DWDO\VLV 10.10 (2020): 5783-5792
>3@ 'DQLODWRV,*HUDVLPRV '. "(QYLURQPHQWDO VFDQQLQJ HOHFWURQ PLFURVFRS\ DQG

PLFURDQDO\VLV." 0LFURFKLPLFD $FWD 114.1 (1994): 143-155.
>4@ 6DQGRYDO-'LD], /XLV, HW DO. "9LVXDOL]LQJ WKH LPSRUWDQFH RI R[LGH-PHWDO SKDVH WUDQVLWLRQV LQ WKH

SURGXFWLRQ RI V\QWKHVLV JDV RYHU 1L FDWDO\VWV." -RXUQDO RI (QHUJ\ &KHPLVWU\ (2020).
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%LPHWDOOLF *ROG-=LQF &DWDO\VWV IRU WKH +\GURJHQDWLRQ RI &22 WR 0HWKDQRO

6. 5. 'RFKHUW\1, 2. 9. 6DIRQRYD2, &. &RS«UHW1*

1'-&+$%, (7+ =¾ULFK, 23DXO 6FKHUUHU ,QVWLWXWH, &+-5232 9LOOLJHQ

,Q FRPELQDWLRQ ZLWK WKH JHQHUDWLRQ RI K\GURJHQ IURP UHQHZDEOH UHVRXUFHV, WKH WKHUPRFKHPLFDO
K\GURJHQDWLRQ RI &22 WR PHWKDQRO LV DQ DSSHDOLQJ UHDFWLRQ IRU WKH PLWLJDWLRQ RI DQWKURSRJHQLF
HPLVVLRQV, UHSUHVHQWLQJ D VWUDWHJ\ IRU WKH UH-LQWHJUDWLRQ RI &22 DV SDUW RI D FORVHG-FDUERQ IXHO
F\FOH.1,2 +RZHYHU, WKH GHYHORSPHQW RI DFWLYH, VHOHFWLYH DQG VWDEOH FDWDO\VWV IRU WKLV WUDQVIRUPDWLRQ
UHPDLQV FKDOOHQJLQJ. )RU WKH PRVW SDUW, LPSURYHPHQWV DUH PDGH RQ DQ HPSLULFDO EDVLV, WKURXJK
PRGLILFDWLRQ RI PHWDO, VXSSRUW, SURPRWHUV DQG DGGLWLYHV, ZKLFK KDYH EHHQ VKRZQ WR KDYH D
SURIRXQG LQIOXHQFH RQ WKH REVHUYHG UHDFWLYLW\ DQG, FRQVHTXHQWO\, VHOHFWLYLW\ IRU WKH GHVLUHG
SURGXFW. ,Q VSLWH RI LQWHQVLYH VWXG\ RI WKH DIRUHPHQWLRQHG VXSSRUW DQG SURPRWHU HIIHFWV,
XQGHUVWDQGLQJ RI WKH SUHFLVH IXQFWLRQ RI WKH DGGHG FRPSRQHQWV UHPDLQV HOXVLYH.3 2QH H[DPSOH
ZKHUH WKH FKRLFH RI VXSSRUW/GRSDQW LV SDUWLFXODUO\ SURQRXQFHG LV WKH FDVH RI $X-EDVHG &22
K\GURJHQDWLRQ FDWDO\VWV, ZKHUH VHOHFWLYLW\ IRU PHWKDQRO FDQ EH PRGXODWHG WKURXJK MXGLFLRXV
VHOHFWLRQ RI VXSSRUW.4

7R FRQIURQW WKLV REVHUYDWLRQ, DQG IXUWKHU H[SORUH WKH UROH RI R[LGH VXSSRUW LQ GULYLQJ VHOHFWLYLW\ IRU
WKH $X-FDWDO\VHG FRQYHUVLRQ RI &22 WR PHWKDQRO, D VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ (620&)
DSSURDFK ZDV HPSOR\HG WR JHQHUDWH VXSSRUWHG $X-EDVHG QDQRSDUWLFOHV RQ D =Q-GRSHG VLOLFD
VXSSRUW DV D ZHOO-GHILQHG PDWHULDO DPHQDEOH WR VSHFWURVFRSLF VWXG\. (YDOXDWLRQ RI WKLV PDWHULDO
XQGHU UHDFWLRQ FRQGLWLRQV GHPRQVWUDWHV WKDW DGGLWLRQ RI =Q UHVXOWV LQ DQ HQKDQFHG PHWKDQRO
IRUPDWLRQ UDWH (1.16 PPRO0H2+ PRO$X

-1 V-1) DQG PHWKDQRO VHOHFWLYLW\ (64%) (YV. 0.63 PPRO0H2+
PRO$X

-1 V-1 DQG 51% IRU $X/6L22). 6WXG\ RI WKH FDWDO\VW E\ LQ VLWX ;-UD\ $EVRUSWLRQ 6SHFWURVFRS\
(;$6) UHYHDOV WKH SUHVHQFH RI DQ DOOR\HG SKDVH WKDW LV IRUPHG GXULQJ K\GURJHQ WUHDWPHQW, DQ
REVHUYDWLRQ WKDW LV FRQVLVWHQW ZLWK LQVLJKWV IURP +$$')-67(0 DQG GLIIUDFWLRQ H[SHULPHQWV.
&ROOHFWLYHO\ WKHVH REVHUYDWLRQV LOOXVWUDWH WKH LPSRUWDQFH RI DOOR\ IRUPDWLRQ LQ $X-=Q FDWDO\VWV IRU
&22 K\GURJHQDWLRQ, HQDEOLQJ LQVLJKWV LQWR UHODWHG $X/=Q2 &22 K\GURJHQDWLRQ FDWDO\VWV, DV ZHOO DV
RWKHU DOOR\-FRQWDLQLQJ FDWDO\VWV XVHG LQ &22 K\GURJHQDWLRQ.

>1@ 2ODK, *. $. $QJHZ. &KHP. ,QW. (G. 2013, 52, 104–107.
>2@ ÁOYDUH], $.; %DQVRGH, $.; 8UDNDZD, $.; %DY\NLQD, $. 9; :H]HQGRQN, 7. $.; 0DNNHH, 0.; *DVFRQ, -.;
.DSWHLMQ, ). &KHP. 5HY. 2017, 117, 9804–9838.
>3@ 'RFKHUW\, 6. 5.; &RS«UHW, &. -. $P. &KHP. 6RF. 2021, 143, 6767–6780.
>4@ 6DNXUDL, +.; 7VXERWD, 6.; +DUXWD, 0. $SSO. &DWDO. $ *HQ. 1993, 102, 125–136.
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3URGXFWLRQ RI -HW-)XHO-5DQJH 2OHILQV YLD &DWDO\WLF &RQYHUVLRQ RI 3HQWHQH DQG +H[HQH
RYHU 0HVRSRURXV $O-6%$-15 &DWDO\VW

). 'XEUD\1, 9. 3DXQRYLÉ2, 0. 5DQRFFKLDUL1, -. YDQ %RNKRYHQ1,2*

1/DERUDWRU\ IRU &DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\ (/6.), 3DXO 6FKHUUHU ,QVWLWXW (36,), 5232
9LOOLJHQ 36,, 6ZLW]HUODQG, 2,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =XULFK, 9ODGLPLU-3UHORJ-

:HJ 1, 8093 =XULFK, 6ZLW]HUODQG

7KH ROLJRPHUL]DWLRQ RI ELRPDVV-EDVHG ROHILQV RIIHUV SRWHQWLDO IRU WKH V\QWKHVLV RI VXVWDLQDEOH MHW-
IXHOV FRPSULVHG RI &10-&18 K\GURFDUERQV WKDW DUH FRPSDWLEOH ZLWK FXUUHQW LQIUDVWUXFWXUHV. +RZHYHU,
WKH FRQWURO RI WKH ROLJRPHUL]DWLRQ SURGXFW GLVWULEXWLRQ UHPDLQV D FKDOOHQJH. ,Q WKLV FRQWULEXWLRQ, WKH
LQIOXHQFH RI SURFHVV SDUDPHWHUV FRPSULVLQJ WHPSHUDWXUH, SUHVVXUH, FRQWDFW WLPH, DQG IHHG
FRPSRVLWLRQ RQ WKH FDWDO\WLF FRQYHUVLRQ RI D PL[WXUH RI SHQWHQH DQG KH[HQH RYHU PHVRSRURXV $O-
6%$-15 FDWDO\VW LQ FRQWLQXRXV RSHUDWLRQV LV WKRURXJKO\ LQYHVWLJDWHG. .LQHWLF HYDOXDWLRQ UHVXOWHG LQ
WKH REVHUYDWLRQ WKDW SHQWHQH LV PRUH UHDFWLYH WKDQ KH[HQH, ZKLOH VHOHFWLYLW\ WR MHW-IXHO UDQJH
SURGXFWV H[FHHGLQJ 98% ZDV DFKLHYHG DW ORZ-WR-PRGHUDWH FRQYHUVLRQ (<50%). ,QFUHDVLQJ WKH
FRQYHUVLRQ WR FD. 90% UHVXOWHG LQ D GHFUHDVHG VHOHFWLYLW\ WRZDUGV MHW-IXHO UDQJH SURGXFWV RI FD.
75%. 1RWDEO\, WKH SURGXFW GLVWULEXWLRQ RI WKH ROLJRPHUL]DWLRQ UHDFWLRQ LV PRVWO\ LQGHSHQGHQW RI WKH
SURFHVV FRQGLWLRQV XQGHU VWXG\, LPSOLFDWLQJ WKDW DGMXVWLQJ WKH FRQYHUVLRQ OHYHO LV WKH SULPDU\ ZD\
WR WXQH ROLJRPHUL]DWLRQ VHOHFWLYLW\ RYHU WKH $O-6%$-15 FDWDO\VW. 7KLV XQGHUVWDQGLQJ RI WKH
ROLJRPHUL]DWLRQ SURFHVV LGHQWLILHV WKH GLUHFWLRQ RI UHVHDUFK GHYRWHG WR ROLJRPHUL]DWLRQ RI FRPSOH[
ROHILQ PL[WXUHV PLPLFNLQJ WKH SURFHVV VWUHDP RI ELRPDVV-EDVHG ROHILQV SURGXFWLRQ XQLWV, ZLWK WKH
JRDO WR DFKLHYH DQG RSWLPL]H WKH “ELRPDVV WR MHW-IXHO” WUDQVIRUPDWLRQ.
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$XWRPDWHG LPDJH DQDO\VLV IRU VLQJOH-DWRP GHWHFWLRQ LQ FDWDO\WLF PDWHULDOV E\
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\

'. )DXVW $NO1, 6. 0LWFKHOO1, 6. 0. &ROOLQV2, '. *DUFLD-*DVXOOD3, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK, 28QLYHUVLW\ RI /HHGV, 3%DUFHORQD 6XSHUFRPSXWLQJ &HQWHU

7KH YLVXDOL]DWLRQ RI DWRPLFDOO\ LVRODWHG PHWDO VSHFLHV LQ VROLG FDWDO\WLF PDWHULDOV, HQDEOHG WKURXJK
LPPHQVH DGYDQFHV LQ (VFDQQLQJ) WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ ((0) WHFKQRORJ\, KDV XVKHUHG
WKH DGYHQW RI VLQJOH-DWRP KHWHURJHQHRXV FDWDO\VWV (6$&V).>1@ :KLOH (0 LPDJHV \LHOG ULFK
LQIRUPDWLRQ WKDW LV NH\ WR FRQILUP WKH HOXVLYH VLQJOH-DWRP VSHFLDWLRQ, LPDJH DQDO\VLV LV VXEMHFW WR
PLVLQWHUSUHWDWLRQ, ODFNV VDPSOH-ZLGH UHSUHVHQWDWLYLW\, DQG LV ZRUN-LQWHQVLYH ZKHQ SHUIRUPHG
PDQXDOO\. +HUHLQ, ZH WDLORU DQ RII-WKH-VKHOI LPDJH UHFRJQLWLRQ DOJRULWKP EDVHG RQ FRQYROXWLRQDO
QHXUDO QHWZRUNV (&11) WR LGHQWLI\ VLQJOH SODWLQXP DWRPV LQ D QRQ-PRGHO DFHW\OHQH
K\GURFKORULQDWLRQ FDWDO\VW.>2@ 7KH IUDPHZRUN ZDV WUDLQHG RQ D VXEVHW RI PDQXDOO\ ODEHOHG LPDJHV
DFTXLUHG XQGHU UHDOLVWLF DQG KHQFH LPSHUIHFW FRQGLWLRQV. :KHQ SURSHUO\ SDUDPHWUL]HG, WKH DWRP
GHWHFWLRQ DFFXUDF\ RI WKH &11 PRGHO ()1-VFRUH RI 0.8) VXSHUVHGHG VLPSOH LPDJH ILOWHUV RU D
FRPSXWHU YLVLRQ PRGHO, GHWHFWLQJ XS WR 20’000 DWRPLF SRVLWLRQV. )RU WKH ILUVW WLPH, D VDPSOH-
DYHUDJHG GLVWULEXWLRQ RI DWRPLF GHQVLWLHV, ZKLFK DJUHHG ZHOO ZLWK RWKHU WHFKQLTXHV, FRXOG EH
REWDLQHG IURP VWDWLVWLFDO DQDO\VLV RI HOHFWURQ PLFURVFRS\ LPDJHV. :KHQ VXIILFLHQW ODEHOHG LPDJHV
ZHUH SURYLGHG, WKH WHFKQLTXH FRXOG EH UHDGLO\ WUDQVIHUUHG WR ORZHU FRQWUDVW LPDJHV RI RWKHU VLQJOH-
DWRP FDWDO\VWV (LURQ RQ JUDSKLWLF FDUERQ QLWULGH, )H1/*&1). 7KLV ZRUN VHWV WKH EDVLV IRU WKH
DXWRPDWHG PDWHULDO DQDO\VLV UHTXLUHG IRU GDWD-GULYHQ GLVFRYHU\ RI QHZ FDWDO\WLF PDWHULDOV.

)LJ. 1D ,OOXVWUDWLRQ RI WKH VLQJOH-DWRP GHWHFWLRQ ZRUNIORZ FRPSULVLQJ RI VFDQQLQJ WUDQVPLVVLRQ
HOHFWURQ PLFURVFRS\, &11-GULYHQ LPDJH DQDO\VLV, DQG VWDWLVWLFDO GDWD HYDOXDWLRQ. E $WRPLF IHDWXUH
LGHQWLILFDWLRQ LV HQKDQFHG WKURXJK WKH &11 FRPSDUHG WR FRQYHQWLRQDO LPDJH ILOWHUV. F 0RGHO
SHUIRUPDQFH H[SUHVVHG DV WKH )1-VFRUH FDQ EH FDUHIXOO\ RSWLPL]HG WKURXJK WKH GHWHFWLRQ
WKUHVKROG. G 6DPSOH ZLGH PHWULFV VXFK DV QHDUHVW-QHLJKERU GLVWDQFH (11') DJUHH ZHOO ZLWK
H[SHFWHG GLVWULEXWLRQV.

>1@ 6... .DLVHU, =. &KHQ, '. )DXVW $NO, 6. 0LWFKHOO, -. 3«UH]-5DP¯UH], &KHP. 5HY. 2020, 120, 11703.
>2@ 6. 0LWFKHOO, ). 3DU«V, '. )DXVW $NO, 6.0. &ROOLQV, '.0. .HSWDSWVRJORX, 4.0. 5DPDVVH, '. *DUFLD-
*DVXOOD, -. 3«UH]-5DP¯UH], 1. /µSH], -. $P. &KHP. 6RF. 2022, 144, 8018.
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5HGXFLQJ 122 DQG 12[ HPLVVLRQV LQ 1LWULF DFLG SODQW ZLWK LQGXVWULDO )H-]HROLWH FDWDO\VWV

$. *DUEXMR1, 5. /DQ]D2, (. 5RKDUW3, $. /DKRXJXH3, 3. %LDVL1

1&DVDOH 6$, /XJDQR, 6ZLW]HUODQG, 29HUGDQW, 6WRFNKROP, 6ZHGHQ, 3$OV\V, 3ORHPHXU, )UDQFH

1LWULF DFLG LV RQH RI WKH PRVW SURGXFHG FRPPRGLWLHV ZRUOGZLGH. ,W LV PDLQO\ XVHG DV DQ HVVHQWLDO
FKHPLFDO IRU WKH V\QWKHVLV RI IHUWLOL]HUV DQG LQ 2013 WKH SURGXFWLRQ UHDFKHG 78 PLOOLRQ WRQV >1@. ,Q
UHFHQW \HDUV, WKH KLJKHU DZDUHQHVV LQ WKH JUHHQKRXVH HIIHFW DQG LQ WKH HQYLURQPHQWDO SROOXWLRQ,
KDYH KLJKOLJKWHG WKH LPSRUWDQFH RI D QHZ GHYHORSPHQW LQ WKH QLWULF DFLG WDLO JDV WUHDWPHQW,
HVSHFLDOO\ FRQFHUQLQJ WKH 122 DQG 12[ VSHFLHV. 9DULRXV PHWDO R[LGH DQG ]HROLWH FDWDO\VWV KDYH
EHHQ GHYHORSHG IRU 122 DQG 12[ DEHWPHQW, HDFK RQH ZLWK EHQHILWV DQG GUDZEDFNV. 7KH VWDWH-RI-
WKH-DUW PDWHULDOV DUH EDVHG RQ )H-]HROLWHV ZKLFK ERWK VKRZ 12[ DQG 122 DEDWHPHQW ZLWK WKH VDPH
FDWDO\VW. 1XPHURXV )H ]HROLWHV KDYH EHHQ H[SORUHG, VXFK DV )HUULHULWH ()(5), =605 DQG %($ >2@. ,Q
WKLV SDSHU, WKH FRPSDULVRQ RI IUHVK DQG ODERUDWRU\ DJHG )H-)(5 DQG )H-=605 LQGXVWULDO FDWDO\VWV,
KDV EHHQ FDUULHG RXW. )H-)(5 FDWDO\VW LV D SURSULHWDU\ FDWDO\VW RI &$6$/( 6$ DQG $/6<6 DQG LV XVHG
LQ QLWULF DFLG SODQWV >3@. 7KH UHVXOWV IURP ILHOG DQG ODERUDWRU\ VKRZHG WKDW )H-)(5 ZLOO DOORZ
FXVWRPHUV WR EHQHILW IURP D KLJKHU FDWDO\WLF DFWLYLW\ DQG JUHDWHU VWDELOLW\ FRPSDUHG WR WKH FXUUHQW
FRPPHUFLDO VROXWLRQ ZLWK )H-=605. 7KH H[WUXGHG FDWDO\VWV WHVWHG ZHUH SUHSDUHG DW LQGXVWULDO
VFDOH, IURP SURFHVV SURGXFWLRQ WR TXDQWLW\ VFDOH, E\ $/6<6. 7KH FDWDO\WLF WHVWV ZHUH FDUULHG RXW LQ
DQ ,QFRQHO UHDFWRU XQGHU LQGXVWULDO QLWULF DFLG SODQW FRQGLWLRQV. 7KH IHHG FRPSRVLWLRQV DUH UHSRUWHG
LQ ILJXUH 1 FDSWLRQ. 7KH *+69 XVHG ZDV 25,000 K-1. 9HU\ KLJK VSDFH YHORFLW\ ZDV FKRVHQ ZLWK WKH
SXUSRVH WR KLJKOLJKW WKH GLIIHUHQFHV LQ FDWDO\WLF DFWLYLW\ DPRQJ WKH FDWDO\VWV WHVWHG. 7KH
K\GURWKHUPDO DJLQJ WUHDWPHQW ZDV SHUIRUPHG IRU 150 K DW DPELHQW SUHVVXUH DW WZR WHPSHUDWXUHV
(600 DQG 700r&) ZLWK D IHHG RI 12% RI 22 DQG 6% RI +22 ZLWK D *+69 RI 5000 K-1.

7ZR UHSUHVHQWDWLYH LQGXVWULDO FDWDO\VWV ZHUH LQYHVWLJDWHG LQ UHOHYDQW LQGXVWULDO FRQGLWLRQV EHIRUH
DQG DIWHU VLPXODWHG DJLQJ WUHDWPHQWV. 5HVXOWV VKRZHG WKDW )H-)(5 LV WKH PRVW VWDEOH FDWDO\VW DQG
KLJK SHUIRUPDQFH WKDW FDQ EH XVHG IRU WDLO JDV WUHDWPHQW LQ QLWULF DFLG SODQWV. 0RUHRYHU, )H-)(5 LV
H[WUHPHO\ VHOHFWLYH LQ 12 HYHQ DIWHU VHYHUH DJLQJ WUHDWPHQWV. 7KH )H-)(5 FDWDO\VW IRU 'H122 DQG
'H12[ DSSOLFDWLRQV KDV VXSHULRU SHUIRUPDQFHV FRPSDUHG WR WKH )H-=605.

)LJXUH 1. 'H122 FRQGLWLRQ: 12 70 SSP, 122 30 SSP, 122 900 SSP, 22 3.0%, +22 0.3% DQG 12
EDODQFH. )H-)(5 (EOXH EDUV), )H-=605 (JUHHQ EDUV)

>1@ $. *UDQGH HW DO., ,QG. (QJ. &KHP. 5HV., 2018, YRO. 57, QR. 31, 10180–10186 .
>2@ 6NDOVND, -. 6. 0LOOHU, DQG 6. /HGDNRZLF], 6FL.7RWDO (QYLURQ., 2010, YRO. 408, QR. 19, SS.
3976–3989.
>3@ +DPRQ, '. /H *XHUQ, 2. /H /DPHU, DQG /. 1DYDVFXHV, (31918016%1, 2006.
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6\VWHPDWLF LQYHVWLJDWLRQ RI WKH LQWHUDFWLRQ EHWZHHQ VHOHFWHG OLQHDU ROHILQV DQG =Q-
02)-74

3. *¦XPDQQ1, 3. $. 5]HSND1, 7. )RYDQQD2, '. )HUULH2, -. $. YDQ %RNKRYHQ1,3, 0. 5DQRFFKLDUL1*

1/DERUDWRU\ IRU &DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\, 36, 9LOOLJHQ, 2%LRHQHUJ\ DQG &DWDO\VLV
/DERUDWRU\, 36, 9LOOLJHQ, 3,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =XULFK

+\GURIRUP\ODWLRQ LV DQ LQGXVWULDOO\ LPSRUWDQW, KRPRJHQHRXVO\ FDWDO\]HG UHDFWLRQ. 2OHILQV UHDFW
ZLWK D 1:1 PL[WXUH RI +2 DQG &2, SURPRWHG E\ FREDOW RU UKRGLXP FDWDO\VWV, WR IRUP EUDQFKHG DQG
OLQHDU DOGHK\GHV >1@. 0HWDO-RUJDQLF IUDPHZRUNV DUH D FODVV RI KLJKO\ SRURXV, FU\VWDOOLQH PDWHULDOV
DVVHPEOHG IURP PHWDO-FRQWDLQLQJ QRGHV DQG RUJDQLF OLQNHUV. 7KHLU FKHPLFDO DQG VWUXFWXUDO
IOH[LELOLW\ HQDEOH WKHLU XVH LQ D SOHWKRUD RI DSSOLFDWLRQV >2@. 7KH DGGLWLRQ RI =Q-02)-74 WR WKH FREDOW-
FDWDO\]HG UHDFWLRQ HQKDQFHV WKH VHOHFWLYLW\ WR 90 % LQ IDYRU RI WKH EUDQFKHG LVRPHUV. :H VKRZHG
E\ VLPXODWLRQV WKDW WKLV HIIHFW LV FDXVHG SDUWLDOO\ E\ WKH 14% KLJKHU GHQVLW\ RI 1-KH[HQH ZLWKLQ WKH
FKDQQHOV RI =Q-02)-74 FRPSDUHG WR LWV OLTXLG GHQVLW\ >3@. ,Q RUGHU WR VXSSRUW WKLV ILQGLQJ DQG WR
JDLQ D EHWWHU XQGHUVWDQGLQJ RI WKH LQWHUDFWLRQ EHWZHHQ ROHILQV DQG =Q-02)-74, ZH LQYHVWLJDWHG WKH
V\VWHP XVLQJ PXOWLSOH WHFKQLTXHV DPRQJ RWKHUV DWWHQXDWHG WRWDO UHIOHFWLRQ LQIUDUHG VSHFWURVFRS\
($75-,5), QHXWURQ SRZGHU GLIIUDFWLRQ (13') DQG WHPSHUDWXUH-SURJUDPPHG GHVRUSWLRQ (73'). :H
XVHG SURSHQH DQG 1-KH[HQH DV DGVRUEDWHV WR LQYHVWLJDWH WKH LQIOXHQFH RI WKH DOLSKDWLF SDUW RI WKH
PROHFXOHV. :KLOH $75-,5 UHYHDOV WKH SDUW RI WKH IUDPHZRUN LQWHUDFWLQJ ZLWK WKH DGVRUEDWHV DQG
73' WKH QXPEHU RI GLIIHUHQW DGVRUSWLRQ VLWHV, WKHLU RFFXSDWLRQ, FRPELQHG ZLWK WKH SRUH YROXPH,
DOORZV WKH FDOFXODWLRQ RI WKH GHQVLW\ ZLWKLQ WKH SRUHV. ,Q WKH FDVH RI SURSHQH, WKLV YDOXH LV
SHFXOLDUO\ KLJK. )XUWKHUPRUH, WKH 13' GDWD VKRZ GLIIHUHQW DGVRUSWLRQ PRGHV GHSHQGLQJ RQ WKH
ROHILQ FKDLQ OHQJWK.

7KLV VWXG\ LPSURYHV RXU XQGHUVWDQGLQJ RI WKH DGVRUEDWH-02) LQWHUDFWLRQ DQG SURYLGHV QHZ
LQVLJKWV LQ WKH DGVRUSWLRQ SURSHUWLHV RI =Q-02)-74.

>1@ 5. )UDQNH, &KHP. 5HY., 2012, 112, 5675. >2@ +. )XUXNDZD, 6FLHQFH, 2013, 341, 1230444. >3@ *.
%DXHU, 1DW. &RPPXQ. 2020, 11, 1059.
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3URPRWHG KLJKHU DOFRKROV V\QWKHVLV IURP V\QJDV E\ LQYHUVH &X&R#=U22 FDWDO\VWV

<. *H1, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK

+LJKHU DOFRKROV (+$) KDYH D ODUJH HFRQRPLF YDOXH DQG DUH LPSRUWDQW FRPSRXQGV LQ WKH FKHPLFDO,
SKDUPDFHXWLFDO DQG HQHUJ\ VHFWRUV. &XUUHQWO\, WKH\ DUH PDLQO\ SURGXFHG E\ VXJDU IHUPHQWDWLRQ
(HWKDQRO DQG LVREXWDQRO), K\GURIRUP\ODWLRQ RI OLJKW DONHQHV (SURSDQRO) RU K\GUDWLRQ RI SHWUROHXP-
GHULYHG DONHQHV (KHDYLHU DOFRKROV), EXW WKHLU GLUHFW V\QWKHVLV IURP V\QJDV ZRXOG FRPSULVH D PRUH
HQYLURQPHQWDOO\ IULHQGO\, YHUVDWLOH DQG HFRQRPLFDO DOWHUQDWLYH.>1@ $ ZLGH YDULHW\ RI KHWHURJHQHRXV
FDWDO\VWV KDYH EHHQ HYDOXDWHG LQ WKH GLUHFW FRQYHUVLRQ RI V\QJDV LQWR +$, ZLWK PRGLILHG )LVFKHU-
7URSVFK V\QWKHVLV V\VWHPV OLNH &X&R EDVHG FDWDO\VWV VKRZLQJ WKH KLJKHVW \LHOG RI +$. +HUHLQ, ZH
UHSRUW LQYHUVH =U22 PRGLILHG &X&R DV D SURPLVLQJ FDWDO\VW IRU GLUHFW FRQYHUVLRQ RI V\QJDV LQWR +$.
8QGHU WKH RSWLPL]HG FRQGLWLRQV, WKH LQYHUVH &X&R#=U22 FDWDO\VWV VKRZ a3 WLPHV KLJKHU DFWLYLW\
(67<) WKDQ WKH FRQYHQWLRQDO &X&R FDWDO\VWV ()LJ. 1D-E) SUHSDUHG E\ R[DODWH-JHO FRSUHFLSLWDWLRQ
PHWKRG,>2@ ZLWK WKH KLJKHVW +$ VHOHFWLYLW\ RI a22% LQ DOO SURGXFWV. 7KH SURPRWLRQ HIIHFW RI =U22
PLJKW EH DWWULEXWHG WR WKH WKH HQKDQFHG DELOLW\ RI +2 VSOLWWLQJ DQG VSLOORYHU, ZKLFK ZDV SURYHG E\
WKH WHPSHUDWXUH-SURJUDPPHG UHGXFWLRQ (735) RI FRUUHVSRQGLQJ R[LGH SUHFXUVRUV E\ +2
()LJ. 1F-G). 7KHVH ILQGLQJV SURYLGH D QHZ LQVLJKW LQWR WKH GHVLJQ RI HIILFLHQW FDWDO\VLV V\VWHPV IRU
GLUHFW +$ V\QWKHVLV IURP V\QJDV.

)LJ. 1D &DWDO\WLF SHUIRUPDQFH RI &X&R FDWDO\VWV ZLWK GLIIHUHQW &X/&R PRODU UDWLR (543 ., 5 03D,
PRODU +2/&2  2, :+69  12000). E &DWDO\WLF SHUIRUPDQFH RI &X1&R4#=U22 FDWDO\VWV ZLWK
GLIIHUHQW ZHLJKW SHUFHQWDJH RI =U22 (543 ., 5 03D, PRODU +2/&2  2, :+69  24000). F ;5'
SDWWHUQV DQG G +2-735 FXUYHV RI &X1&R4#=U22 R[LGH SUHFXUVRUV ZLWK GLIIHUHQW ZHLJKW SHUFHQWDJH
RI =U22. $OO FDWDO\VWV ZHUH SUHSDUHG E\ R[DODWH-JHO FRSUHFLSLWDWLRQ PHWKRG.

>1@ +.7. /XN, &. 0RQGHOOL, 6. 0LWFKHOO, 6. 6LRO, -.$. 6WHZDUW, '. &XUXOOD )HUUH, -. 3«UH]-5DP¯UH], &KHP.
6RF. 5HY. 2017, 46, 1358.
>2@ <. ;LDQJ, 5. %DUERVD, 1. .UXVH, $&6 &DWDO. 2014, 4, 2792.
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8QYHLOLQJ HYROXWLRQ RI DFWLYH R[\JHQ VSHFLHV LQ HWK\OHQH HSR[LGDWLRQ RYHU VLOYHU IRLO E\
DPELHQW SUHVVXUH ;-UD\ SKRWRHOHFWURQ VSHFWURVFRS\

0. *XR1,2, -. $. %RNKRYHQ1,2*, /. $UWLJOLD1*

13DXO 6FKHUUHU ,QVWLWXWH, &+-5232 9LOOLJHQ, 6ZLW]HUODQG, 2,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ,
(7+ =XULFK, &+-8093 =XULFK, 6ZLW]HUODQG

(WK\OHQH HSR[LGDWLRQ ((32) LV RQH RI WKH PRVW LPSRUWDQW LQGXVWULDO FDWDO\WLF UHDFWLRQV DQG VLOYHU-
EDVHG FDWDO\VWV KDYH RXWVWDQGLQJ DFWLYLWLHV DQG VHOHFWLYLWLHV LQ WKLV UHDFWLRQ. 6LOYHU-EDVHG PRGHO
FDWDO\VWV (IRLOV, SRZGHU, VLQJOH FU\VWDOV) KDYH EHHQ H[WHQVLYHO\ XVHG WR LQYHVWLJDWH WKH
IXQGDPHQWDO VWHSV RI (32. ,W KDV EHHQ ZLGHO\ SURYHQ WKDW VXUIDFH R[\JHQ VSHFLHV SDUWLFLSDWH LQ WKH
FDWDO\WLF F\FOH DQG WKHLU SURSHUW\ LV D NH\ IDFWRU LQ WKH VHOHFWLYLW\ RI (32. +RZHYHU, WKH LQIOXHQFH RI
UHDFWLRQ FRQGLWLRQV RQ WKH GLVWULEXWLRQ RI R[\JHQ VSHFLHV LV VWLOO XQNQRZQ. ,Q WKH FXUUHQW ZRUN,
VLOYHU IRLO ZDV FKDUDFWHUL]HG V\VWHPDWLFDOO\ DV WKH VWDUWLQJ VWHS RI D SURMHFW DLPLQJ DW WKH
LQYHVWLJDWLRQ RI LQGXVWULDO FDWDO\VWV. $PELHQW SUHVVXUH ;-UD\ SKRWRHOHFWURQ VSHFWURVFRS\ ZDV XVHG
WR LQYHVWLJDWH WKH HIIHFWV RI WHPSHUDWXUH DQG JDV HQYLURQPHQW XQGHU ERWK VWHDG\ VWDWH DQG
WUDQVLHQW FRQGLWLRQ H[SHULPHQWV. 7KUHH W\SHV RI R[\JHQ VSHFLHV FRUUHODWHG WR GLIIHUHQW VWUXFWXUH RI
$J2[ ZHUH XQYHLOHG RQ $J IRLO. $OO RI WKHP ZHUH SURYHG WR EH KLJKO\ VHQVLWLYH WR WHPSHUDWXUH DQG
UDWLR RI UHDJHQW, DQG SDUWLFLSDWH WKH UHDFWLRQ ZLWK HWK\OHQH. 7KH NH\ UROH RI VXEVXUIDFH R[\JHQ
VSHFLHV ZDV UHYHDOHG RYHU VLOYHU IRLO GXULQJ WKH (32 SURFHVV.

>1@  3X, 7. &., HW DO., $&6 &DWDO\VLV, 2019, 9, 10727-10750.
>2@  -RQHV, 7. (., HW DO., $&6 &DWDO\VLV, 2018, 8, 3844-3852.
>3@  &DUERQLR, (. $., HW DO., &KHPLFDO 6FLHQFH, 2018, 9, 990-998.
>4@  5RFKD, 7. &. 5., HW DO., -RXUQDO RI &DWDO\VLV, 2014, 312, 12-16.
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519 VV105 6WXG\ IRU 6XUIDFH 6LWH RI 9DQDGLXP-EDVHG 2OHILQ 3RO\PHUL]DWLRQ &DWDO\VW
6XSSRUWHG RQ 0J&O2

<. .DNLXFKL1, 6. 6DELVFK1, $. <DNLPRY1, &. &RS«UHW1*

1(7+ =¾ULFK, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, 9ODGLPLU-3UHORJ-:HJ 1-5/10 8093
=¾ULFK

0J&O2-VXSSRUWHG YDQDGLXP-EDVHG FDWDO\VWV (90&) GLVSOD\ KLJK FDWDO\WLF DFWLYLW\ WRZDUG ROHILQ
SRO\PHUL]DWLRQ, ZLWK FRPSOHPHQWDU\ IHDWXUHV ZLWK UHVSHFW WR WKH FODVVLFDO 7L-EDVHG FDWDO\VW.1
+RZHYHU, WKH VXUIDFH VWUXFWXUH RI 90& UHPDLQV SRRUO\ XQGHUVWRRG.2 :H KHUHLQ H[SORUHG WKH
VXUIDFH VWUXFWXUH RI 92&O3-EDVHG 90& E\ H[SORLWLQJ 519 VV105, V\VWHPDWLFDOO\ WXQLQJ WKH OLJDQG
W\SH RI 9 SUHFXUVRUV. 6ROLG-VWDWH :8567-4&30* 519^1+` 105 VXFFHVVIXOO\ FDSWXUHG WKH VXUIDFH
YDQDGLXP VLWH ZLWK GLIIHUHQWLDWLQJ LWV OLJDQG HQYLURQPHQW, ZKLFK ZDV IXUWKHU OLQNHG ZLWK LWV
FDWDO\WLF DFWLYLW\ HPSKDVL]LQJ WKH FUXFLDO UROH RI &O-ULFK HQYLURQPHQW DURXQG YDQDGLXP FHQWHU RQ
FDWDO\VLV. %3O\S/'HI27=93 OHYHO FDOFXODWLRQV, ZKLFK ZHUH SUHOLPLQDOLO\ YDOLGDWHG E\ D OLEUDU\ RI
YDQDGLXP PROHFXODU FRPSRXQGV, HQDEOH WR UHVROYH WKH VWUXFWXUH RI WKH VXUIDFH VSHFLHV DV VKRZQ
E\ WKH JRRG ILW ZLWK WKH H[SHULPHQWDO VSHFWUXP. +HUHLQ WKH WKXV-REWDLQHG UHVXOWV GUDZ SDUDOOHO ZLWK
WKH REVHUYDWLRQ LQ 7L-EDVHG FDWDO\VWV, ZKLFK VXJJHVWV WKH SRWHQWLDO RI WKLV PHWKRGRORJ\ DV D
HYDOXDWLRQ WRRO IRU 0J&O2-VXSSRUWHG FDWDO\VWV.

>1@ (D) .U\VW\QD &]DMD, 0DU]HQD %LDWHN, 0DFURPRO. 5DSLG &RPPXQ. 1996, 17,253-260. (E) 7DWLDQD
%. 0LNHQDV, 9ODGLPLU $. =DNKDURY, /\XGPLOD *. (FKHYVND\D, 0LFKDLO $. 0DWVNR,
0DFURPRO.&KHP.3K\V. 2001, 202, 475-481.
>2@ 2. %. /DSLQD, 0. $. 0DWV'NR, 7. %. 0LNHQDV, 9. $. =DNKDURY, (. $. 3DXNVKWLV, '. ). .KDELEXOLQ, $. 3.
6REROHY, .LQHWLFV DQG &DWDO\VLV, 2001, 42, 553–560.
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&RRSHUDWLYH 3<( &RPSOH[HV DQG WKHLU $SSOLFDWLRQ LQ )RUPLF $FLG 'HK\GURJHQDWLRQ

3. .Q¸UU1, 0. $OEUHFKW1*

18QLYHUVLW\ RI %HUQ, 'HSDUWPHQW RI &KHPLVWU\, %LRFKHPLVWU\ DQG 3KDUPDFHXWLFDO 6FLHQFHV,
)UHLHVWUDVVH 3, 3012 %HUQ

7KH JOREDO WUDQVLWLRQ WRZDUGV JUHHQ HQHUJ\ VRXUFHV UHTXLUHV VWRUDJH RI LQWHUPLWWHQWO\ SURGXFHG
HQHUJ\. )RUPLF DFLG ()$) LV D SURPLVLQJ FDUULHU IRU WKLV SXUSRVH DQG DOORZV HDV\ DQG VDIH VWRUDJH RI
HOHFWURO\WLFDOO\ SURGXFHG GLK\GURJHQ. )$ GHK\GURJHQDWLRQ KDV WKHUHIRUH EHHQ RI JURZLQJ LQWHUHVW
DQG D YDULHW\ RI KRPRJHQHRXV FRPSOH[HV KDV EHHQ UHSRUWHG DV KLJKO\ DFWLYH FDWDO\VWV IRU WKLV
UHDFWLRQ.>1@ 0RVW V\VWHPV VR IDU UHO\ KRZHYHU RQ DLU-VHQVLWLYH SKRVSKRURXV-EDVHG OLJDQGV DQG WKHLU
UHSODFHPHQW ZRXOG EH RI KLJK LQWHUHVW.>2@ ,Q WKLV FRQWH[W 3\ULG\OLGHQHDPLQHV (3<(V), D FODVV RI
HOHFWURQLFDOO\ IOH[LEOH OLJDQGV, NQRZQ IRU WKHLU DELOLW\ WR VWDELOL]H D EURDG YDULHW\ RI WUDQVLWLRQ
PHWDOV LQ ZLGH UDQJH RI R[LGDWLRQ VWDWHV, PLJKW EH ZHOO VXLWHG FDQGLGDWHV IRU HQKDQFLQJ
GHK\GURJHQDWLRQ FDWDO\VWV ()LJXUH 1).>3@

)LJXUH 1 (OHFWURQLF IOH[LELOLW\ RI 3<(V

+HUH ZH SUHVHQW D VHULHV RI DLU-VWDEOH UXWKHQLXP FRPSOH[HV IHDWXULQJ QRYHO WULGHQWDWH 1,1,1 OLJDQG
VFDIIROGV WKDW FRPELQH D FRRSHUDWLYH VLWH ZLWK WKH HOHFWURQLF IOH[LELOLW\ RI 3<(V. :H ZLOO
GHPRQVWUDWH UHYHUVLEOH SURWRQDWLRQ EHKDYLRXU RI WKH FHQWUDO QLWURJHQ PRLHW\ ()LJXUH 2) DQG
UDWLRQDOL]H WKH HIIHFW RI GLIIHUHQW NH\ SDUDPHWHUV RI OLJDQG GHVLJQ VXFK DV OLJDQG GRQRU SURSHUWLHV,
FRRSHUDWLYLW\,  DQG WKH UROH RI DQFLOODU\ OLJDQGV, HQ URXWH WR GHYHORSLQJ RQH RI WKH PRVW DFWLYH
FRPSOH[HV UHSRUWHG VR IDU LQ )$ GHK\GURJHQDWLRQ.

)LJXUH 2. 5HYHUVLEOH SURWRQDWLRQ EHKDYLRXU RI 111 UXWKHQLXP FRPSOH[HV (OHIW) DQG
GHK\GURJHQDWLRQ RI IRUPLF DFLG (ULJKW)
>1@ %. /RJHV, $. %RGGLHQ, +. -XQJH, 0. %HOOHU, $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ 2008, 47,
3962
>2@ 6. .DU, 0. 5DXFK, *. /HLWXV, <. %HQ-'DYLG, '. 0LOVWHLQ, 1DWXUH &DWDO\VLV 2021, 4, 193
>3@ .. ). 'RQQHOO\, &. 6HJDUUD, /.-;. 6KDR, 5. 6XHQ, +. 0¾OOHU-%XQ], 0. $OEUHFKW, 
2UJDQRPHWDOOLFV, 2015, 34, 4076
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$FWLYDWLRQ RI DWRPLFDOO\-GLVSHUVHG SODWLQXP LQ 3W/&H22 IRU WKH :DWHU-*DV 6KLIW UHDFWLRQ

;. /L1,2, -. $. YDQ %RNKRYHQ1,2, /. $UWLJOLD2

1,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =XULFK, &+-8093 =XULFK, 6ZLW]HUODQG, 23DXO
6FKHUUHU ,QVWLWXWH, &+-5232 9LOOLJHQ, 6ZLW]HUODQG

2[LGH-VXSSRUWHG QREOH PHWDO FDWDO\VWV KDYH EHHQ H[WHQVLYHO\ VWXGLHG IRU GHFDGHV IRU WKH ZDWHU-
JDV VKLIW (:*6) UHDFWLRQ. 'LVFXVVLRQV UHPDLQ DERXW WKH QDWXUH DQG UHDFWLYLW\ RI WKH DFWLYH VSHFLHV,
ZKHWKHU WKH\ DUH DWRPLFDOO\ GLVSHUVHG RU QDQRSDUWLFOHV. ,Q VLWX FKDUDFWHUL]DWLRQ WHFKQLTXHV, VXFK
DV DPELHQW SUHVVXUH SKRWRHOHFWURQ VSHFWURVFRS\ ($3-;36), DUH H[FHOOHQWO\ VXLWDEOH IRU REVHUYLQJ
WKH FKDQJHV LQ FDWDO\VW VWUXFWXUH GXULQJ DFWLYDWLRQ DQG UHDFWLRQ. 7KH FKDOOHQJH LV KRZ WR FRXSOH
WKH FDWDO\VW VWUXFWXUH DQG SHUIRUPDQFH XQGHU UHOHYDQW FRQGLWLRQV LQ WKH SUHVHQFH RI WKH SUHVVXUH
JDS. +HUH ZH VKRZ WKH FKDUDFWHUL]DWLRQ RI DWRPLFDOO\ GLVSHUVHG 3W/&H22 FDWDO\VW E\ LQ VLWX ;36
XQGHU :*6 RSHUDWLQJ FRQGLWLRQV. 1RWDEO\, ZH FDUULHG RXW H[-VLWX DFWLYLW\ WHVW LQ D IORZ UHDFWRU
PDNLQJ XVH RI D GLOXWHG UHDFWLRQ IHHG WR PDWFK WKH SDUWLDO SUHVVXUHV RI UHDFWDQWV XVHG GXULQJ ;36
PHDVXUHPHQW. 7KH FDWDO\VW SHUIRUPDQFH XQGHU VXFK FRQGLWLRQV LV FRQVLVWHQW ZLWK WKDW LQ DQ $3-;36
FKDPEHU DW PEDU OHYHO SUHVVXUH, ZKLFK DOORZV XV WR FKDUDFWHUL]H DQG FRPSDUH WKH DFWLYLW\ DQG
DFWLYH VLWHV XQGHU UHOHYDQW ZRUNLQJ FRQGLWLRQV. $WRPLFDOO\ GLVSHUVHG 3W(,,) DWRPV H[KLELW QR :*6
DFWLYLW\. 7KH RQVHW RI DFWLYLW\ LV SDUDOOHOHG E\ VLQWHULQJ LQWR 3W(0) FOXVWHUV. 2QFH SODWLQXP FOXVWHUV
DUH IRUPHG, WKH\ QR ORQJHU UH-R[LGLVH EDFN WR 3W(,,), ZKLFK DOORZV WKH FDWDO\VW WR UHPDLQ DFWLYH. 7KLV
ZRUN KLJKOLJKWV WKH VWUXFWXUH–DFWLYLW\ UHODWLRQVKLS LQ VXSSRUWHG PHWDO FDWDO\VWV DQG SURSRVHV D
VXLWDEOH DSSURDFK WR FRUUHODWH LQ VLWX ;36 DQG DFWLYLW\ WHVW XQGHU UHOHYDQW FRQGLWLRQV.

 

 

 

5HIHUHQFHV

>1@   =KDQJ, ;LDR, HW DO. 1DWXUH 589.7842 (2021): 396-401.
>2@ )X, 4L, +RZDUG 6DOWVEXUJ, DQG 0DULD )O\W]DQL-6WHSKDQRSRXORV. 6FLHQFH 301.5635 (2003):
935-938.
>3@   <DQJ, 0LQJ, HW DO. 6FLHQFH 346.6216 (2014): 1498-1501.
>4@   'LQJ, .XQOXQ, HW DO. 6FLHQFH 350.6257 (2015): 189-192.
>5@ *¦Q]OHU, $QGUHDV 0., HW DO. $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ 56.42 (2017):
13078-13082.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&DWDO\VLV 6FLHQFHV & (QJLQHHULQJ, 3RVWHU &(-118

7KH K\GURFDUERQ SRRO QDWXUH LQ WKH PHWKDQRO-WR-ROHILQV SURFHVV: DQ RSHUDQGR )7-,5
VSHFWURVFRS\ VWXG\

/. 0DJJLXOOL1,2, '. )HUUL1*, -. $. YDQ %RNKRYHQ1,2*

13DXO 6FKHUUHU ,QVWLWXW (36,), 9LOOLJHQ, 6ZLW]HUODQG, 2(7+ =¾ULFK, =¾ULFK, 6ZLW]HUODQG

6XVWDLQDELOLW\ DQG DWWHQWLRQ WR WKH HFRV\VWHPV DUH WKH GULYHUV RI WRGD\’V FKHPLFDO LQGXVWU\.
0HWKDQRO LV D SURPLVLQJ GLUHFW OLQN EHWZHHQ VXVWDLQDEOH IHHGVWRFN, DV &22, DQG FRPPRGLW\
FKHPLFDOV DQG IXHOV. ,Q WKH VSHFLILF FDVH RI WKH DLUFUDIW VHFWRU, VXVWDLQDEOH IXHOV DUH KLJKO\ VRXJKW
DIWHU DQG D SURPLVLQJ SURGXFWLRQ SDWKZD\ FRYHUV WKH PHWKDQRO-WR-ROHILQV (072) SURFHVV DV
LQWHUPHGLDWH VWHS. ,Q WKLV ZRUN, =60-5 (0),), 66=-13 (&+$) DQG )(5 ]HROLWHV DUH WHVWHG DV FDWDO\VWV
LQ WKH 072 SURFHVV XVLQJ RSHUDQGR GLIIXVH UHIOHFWDQFH ,5 VSHFWURVFRS\. 7UDQVLHQW H[SHULPHQWV
HQDEOH WKH REVHUYDWLRQ RI PHWKDQRO-IUHH VSHFWUD RI WKH K\GURFDUERQ SRRO EXLOW XS E\ DOWHUQDWLQJ
WKH GRVDJH DQG WKH UHPRYDO RI PHWKDQRO ZKLOH SURGXFWV TXDQWLILFDWLRQ LV FDUULHG RXW WKURXJK JDV
FKURPDWRJUDSK\. )(5 WRSRORJ\ OLPLWV WKH IRUPDWLRQ RI EXON\ XQVDWXUDWHG VSHFLHV DQG IDYRUV DQ
DOLSKDWLF SRRO DORQJ ZLWK WKH SURGXFWLRQ RI KLJKHU ROHILQV (&4+). &RQYHUVHO\, =60-5, ZLWK D WKUHH
GLPHQVLRQDO 10-PHPEHUHG ULQJ FKDQQHOV V\VWHP, DQG 66=-13, IHDWXULQJ VPDOO 8-PHPEHUHG ULQJ
SRUHV DQG ODUJH FDJHV, IRVWHU DURPDWLFV DQG XQVDWXUDWHG F\FOLF K\GURFDUERQV IRUPDWLRQ ZKLOH
\LHOGLQJ HWK\OHQH DQG SURS\OHQH RWKHU WKDQ &4 – &7 IUDFWLRQV. 7KH SUHVHQWHG PHWKRG DSSOLHG WR WKH
072 SURFHVV SURYLGHV D GHVLUDEOH SHUVSHFWLYH RQ WKH HYROXWLRQ RI K\GURFDUERQ VSHFLHV UHVLGLQJ LQ
]HROLWH PLFURSRUHV DQG WKRVH SURGXFHG GXULQJ WKH ILUVW VWDJH RI WKH UHDFWLRQ DQG LPSRUWDQWO\ LW
FODULILHV GLIIHUHQFHV LQ WHUPV RI DFWLYH VLWHV QDWXUH DQG VHOHFWLYLW\ ZKHQ HPSOR\LQJ YDULRXV ]HROLWH
WRSRORJLHV.
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3RODUL]HG QLFNHO HQDEOHV ORQJ-FKDLQ SURGXFWV LQ &22 HOHFWURUHGXFWLRQ

$. -. 0DUW¯Q 1, <. =KRX2, ). 'DWWLOD3, 6. ;L4, 1. /RSH]3, -. 3«UH]-5DP¯UH]1*, %. <HR2*

1(7+ =XULFK, 21DWLRQDO 8QLYHUVLW\ RI 6LQJDSRUH, 3,QVWLWXWH RI &KHPLFDO 5HVHDUFK RI &DWDORQLD, 4
,QVWLWXWH RI &KHPLFDO DQG (QJLQHHULQJ 6FLHQFHV, $*67$5

7KH HOHFWURUHGXFWLRQ RI &22 LQ FRPELQDWLRQ ZLWK UHQHZDEOH HOHFWULFLW\ FDQ EH XVHG WR VXVWDLQDEO\
JHQHUDWH PXOWLFDUERQ SURGXFWV. 7R GDWH, RQO\ FRSSHU-EDVHG PDWHULDOV FDQ HIIHFWLYHO\ SURPRWH
FDUERQ-FDUERQ FRXSOLQJ JLYLQJ ULVH PDLQO\ WR &2-&3 SURGXFWV, GHVSLWH YDVW HIIRUWV GHYRWHG WR H[WHQG
WKH VFRSH RI SURGXFWV UHSRUWHG E\ +RUL HW DO. RQ WKLV PHWDO IRXU GHFDGHV DJR.>1@ +HUHLQ, ZH GLVFORVH
WKDW HOHFWURFDWDO\VWV GHULYHG IURP R[\JHQDWHG QLFNHO FRPSRXQGV FDQ JHQHUDWH OLQHDU DQG
EUDQFKHG &3-&6 K\GURFDUERQV ZLWK VXVWDLQHG )DUDGDLF HIILFLHQFLHV XS WR 6.5%, LQ FRQWUDVW ZLWK WKH
SUDFWLFDOO\-LQDFWLYH PHWDOOLF QLFNHO.>2@ (OHFWURFKHPLFDO &2 VWULSSLQJ, RSHUDQGR ;-UD\ DEVRUSWLRQ
VSHFWURVFRS\, DQG GHQVLW\ IXQFWLRQDO WKHRU\ (')7) SLQSRLQW WKH SUHVHQFH RI VWDEOH, SRODUL]HG 1LG+

DFWLYH VLWHV, ZKLFK ELQG &2 PRGHUDWHO\, DVVRFLDWHG ZLWK 1L-2 ERQGV. 7KH UHGXFWLRQ RI VHOHFWHG &1
PROHFXOHV DQG ')7 VLPXODWLRQV VXJJHVW WKDW WKH 1LG+ VLWHV SURPRWH DQ LQVHUWLRQ PHFKDQLVP
UHPLQLVFHQW RI )LVFKHU-7URSVFK V\QWKHVLV: &22+ + &+[ FRXSOLQJ IROORZHG E\ VXFFHVVLYH &+[
LQVHUWLRQV. 2XU UHVXOWV GLVFORVH DWRP SRODUL]DWLRQ DV WKH NH\ WR SUHYHQW QLFNHO IURP &2 SRLVRQLQJ,
H[WHQGLQJ WKH VFRSH RI WKH &22 HOHFWURUHGXFWLRQ WRZDUGV V\QWKHWLF IXHOV.

)LJ. 1 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH PDLQ FDWDO\WLF IHDWXUHV DVVRFLDWHG WR FRSSHU-EDVHG
V\VWHPV (OHIW), PHWDOOLF QLFNHO (FHQWHU) DQG QLFNHO VXUIDFHV FRQWDLQLQJ SRODUL]HG VLWHV (ULJKW). ,W LV
JHQHUDOO\ DJUHHG WKDW FRSSHU V\VWHPV IDYRU &-& FRXSOLQJ EHFDXVH RI WKH PLOG &2 DGVRUSWLRQ
HQDEOLQJ GLPHUL]DWLRQ DV WKH NH\ VWHS WRZDUGV HWK\OHQH DQG &2 DQG &3 R[\JHQDWHV. 0HWDOOLF QLFNHO
LV NQRZQ WR VXIIHU IURP &2 SRLVRQLQJ DQG WKXV H[KLELWV SRRU FDWDO\WLF SHUIRUPDQFH WRZDUGV FDUERQ
SURGXFWV. 3RODUL]DWLRQ RI QLFNHO DWRPV PDNHV WKHP DGVRUE &2 PLOGO\ DQG SURPRWH DQ LQVHUWLRQ
PHFKDQLVP OHDGLQJ WR ORQJ-FKDLQ K\GURFDUERQV.

>1@ <. +RUL, $. 0XUDWD, 5. 7DNDKDVKL., -. &KHP. 6RF. )DUDGD\ 7UDQV. 1989, 85, 2309.
>2@ <. =KRX, $. -. 0DUW¯Q, ). 'DWWLOD, 6. ;L, 1. /µSH], -. 3«UH] 5DP¯UH], %. 6. <HR, 1DW.&DWDO. 2022, LQ
SUHVV.
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7KH FKDOOHQJLQJ LQWHUSOD\ RI FDWDO\VW, VRUEHQW, DQG UHDFWRU LQ WKH VRUSWLRQ-HQKDQFHG
PHWKDQRO V\QWKHVLV IURP &22

(. 0RLROL1,2

1+LWDFKL =RVHQ ,QRYD, 23DXO 6FKHUUHU ,QVWLWXWH

7KH GHYHORSPHQW RI D PHWKDQRO V\QWKHVLV SURFHVV IURP &22 EULQJV VLJQLILFDQW QHZ FKDOOHQJHV
FRPSDUHG WR WKH VWDQGDUG SURFHVV IURP V\QJDV. :DWHU LV FR-SURGXFHG LQ WKH V\QWKHVLV, UHVXOWLQJ LQ
D PRUH VWULQJHQW WKHUPRG\QDPLF OLPLWDWLRQ (ORZ &22 FRQYHUVLRQ) DQG LQ D ORZHU DFWLYLW\ RI WKH
FDWDO\VW (GXH WR FRPSHWLWLYH DGVRUSWLRQ). 7KH VFLHQWLILF OLWHUDWXUH VKRZV VHYHUDO H[DPSOHV RI QHZ
FDWDO\WLF PDWHULDOV, ZKLFK FDQ LPSURYH WKH FRXUVH RI WKH UHDFWLRQ >1@. +RZHYHU, DQ DFWLYH FDWDO\VW
LV QRW WKH RQO\ UHTXLUHPHQW WR PDNH WKH &22 WR PHWKDQRO SURFHVV D YDOLG DOWHUQDWLYH WR WKH FXUUHQW
V\QWKHVLV URXWH. 7R RYHUFRPH WKH WKHUPRG\QDPLF OLPLWDWLRQ DQG LQFUHDVH WKH FRQYHUVLRQ SHU SDVV,
WKH XVH RI D VRUSWLRQ-HQKDQFHG UHDFWRU LV DQ LQWHUHVWLQJ RSWLRQ. +RZHYHU, WKH LQWHUSOD\ RI WKH
FDWDO\VW DQG WKH VRUEHQW LV QRW WULYLDO, DQG LW LV VWURQJO\ DIIHFWHG E\ WKH SURSHUWLHV RI WKH UHDFWRU. ,Q
WKLV SUHVHQWDWLRQ ZH VKRZ WKDW WKH XVH RI VRUSWLRQ-HQKDQFHG IL[HG-EHG UHDFWRUV IRU PHWKDQRO
V\QWKHVLV DUH DIIHFWHG E\ VLJQLILFDQW KHDW WUDQVIHU OLPLWDWLRQV, ZKLFK WHQG WR GHDFWLYDWH WKH
UHDFWLRQ, GXH WR RSHUDWLRQ DW WRR KLJK WHPSHUDWXUH (ILJXUH 1D). 7KH FRQYHUVLRQ HQKDQFHPHQW
JHQHUDWHV DQ H[FHVVLYH DPRXQW RI KHDW, ZKLFK FDQQRW EH HIIHFWLYHO\ UHPRYHG. :H REVHUYHG WKDW
WKLV SKHQRPHQRQ FDQ EH VLJQLILFDQWO\ UHGXFHG E\ XVLQJ D IOXLGL]HG EHG UHDFWRU, ZKHUH WKH UHDFWLRQ
KHDW LV HIIHFWLYHO\ GLVWULEXWHG RYHU WKH UHDFWRU. ,Q WKLV FDVH, WKH PHWKDQRO \LHOG FDQ EH VLJQLILFDQWO\
LQFUHDVHG. $ IXUWKHU LPSURYHPHQW FDQ EH DFKLHYHG E\ FRPELQLQJ WKH IHDWXUHV RI D IOXLGL]HG EHG
DQG DQ HQWUDLQHG EHG UHDFWRU (ILJXUH 1E). 7KLV PHDQV WKDW WKH FDWDO\VW UHPDLQV LQ WKH UHDFWRU,
ZKLOH WKH VRUEHQW LV HQWUDLQHG WKURXJK WKH UHDFWRU DQG UHFLUFXODWHG DIWHU UHJHQHUDWLRQ. ,Q WKLV
UHDFWRU, LW LV SRVVLEOH WR DFKLHYH D FRQWLQXRXV PHWKDQRO SURGXFWLRQ, ZKLOH HVWDEOLVKLQJ DQ
DSSURSULDWH WHPSHUDWXUH SURILOH WR PD[LPL]H WKH UHDFWLRQ \LHOG.

)LJXUH 1 WKH PHWKDQRO \LHOG ZKLFK FDQ EH DFKLHYHG LQ: D) WKH IL[HG EHG UHDFWRU; E) WKH HQWUDLQHG
IORZ UHDFWRU (UDWLR VRUEHQW: FDWDO\VW   1:1, &22:+2 DW LQOHW   1:3, 3 30 EDU).

>1@   =KRQJ HW DO, &KHP. 6RF. 5HY., 2020, 49 (5), 1385-1413.
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'URSOHW-EDVHG PLFURIOXLGLF SODWIRUP IRU XQGHUVWDQGLQJ PHWDO VWDELOL]DWLRQ LQ WKH GHVLJQ
RI VLQJOH-DWRP KHWHURJHQHRXV FDWDO\VWV

7. 0RUDJXHV1, 6. 0LWFKHOO1, '. )DXVW $NO1, -. 3«UH]-5DP¯UH]1*, $. GH0HOOR1*

1(7+ =¾ULFK, ,QVWLWXWH RI &KHPLFDO DQG %LRHQJLQHHULQJ, 9ODGLPLU-3UHORJ-:HJ 1-5/10, =¾ULFK 8093,
6ZLW]HUODQG

2QH RI WKH NH\ FKDOOHQJHV LQ VLQJOH-DWRP FDWDO\VW V\QWKHVLV LV WKH FRQWUROOHG IRUPDWLRQ RI
DWRPLFDOO\ LVRODWHG PHWDO VSHFLHV.>1@ 'HVSLWH WKH P\ULDG RI H[SHULPHQWDO DSSURDFKHV, RQO\ UHFHQWO\
WKH IRFXV KDV VKLIWHG WRZDUGV PHFKDQLVWLF LQVLJKWV. ,QGHHG, WKH XQGHUVWDQGLQJ RI VLQJOH-DWRP
FDWDO\VWV IDEULFDWLRQ WKURXJK SRVW-V\QWKHWLF PHWKRGV LV OLPLWHG, DQG WKH ODFN RI NQRZOHGJH RI WKH
PHWDO XSWDNH FDSDELOLWLHV RI WKH FDUULHUV PDQGDWHV WLPH-FRQVXPLQJ SDUDPHWHU RSWLPL]DWLRQ. 7KLV
VWXG\ GHYHORSV D KLJK-WKURXJKSXW PLFURIOXLGLF WHFKQRORJ\ WR XQGHUVWDQG PHWDO VSHFLHV' XSWDNH DQG
UHVXOWLQJ QXFOHDULW\ ZLWK GLIIHUHQW PHWDO SUHFXUVRU-FDUULHU FRPELQDWLRQV YLD ZHW LPSUHJQDWLRQ, WKH
PRVW UHDGLO\ VFDODEOH DQG YHUVDWLOH DSSURDFK IRU PHWDO LQWURGXFWLRQ. 7KH PLFURUHDFWRU HQYLURQPHQW
FUHDWHG E\ D IDVW-PL[LQJ GURSOHW-PLFURIOXLGLF UHDFWRU ()LJ. 1E) SHUPLWV SUHFLVH FRQWURO RI WKH KRVW
PDWHULDO DQG PHWDO SUHFXUVRU FRQFHQWUDWLRQV, PL[LQJ, DQG UHVLGHQFH WLPHV, ZKLFK HQDEOHV
FRUUHODWLRQ RI WKH PHWDO XSWDNH DQG UHVXOWLQJ VSHFLDWLRQ ZLWK WKH V\QWKHVLV FRQGLWLRQV. $V D
SURWRW\SLFDO FDVH VWXG\, WKH 3G/&314 V\VWHP, ZHOO-GHVFULEHG DQG KLJKO\ UHOHYDQW LQ DON\QH VHPL-
K\GURJHQDWLRQ, LV LQYHVWLJDWHG.>2@ 7KH 3G XSWDNH RQ RSWLPL]HG-VL]H FDUERQ QLWULGH SDUWLFOHV ()LJ.
1D) EHIRUH QDQRSDUWLFOH IRUPDWLRQ LV UHSHDWDEO\ GHWHUPLQHG WR EH DURXQG 0.32 3G DWRP QP-2 ()LJ.
1F, )LJ. 1G). :H H[SHFW WKLV ZRUN WR OHDG WKH ZD\ WRZDUGV KLJK-WKURXJKSXW PLFURIOXLGLF SODWIRUPV
IRU HQKDQFLQJ VLQJOH-DWRP FDWDO\VW GLVFRYHU\ DQG FKDUDFWHUL]DWLRQ WKURXJK UDSLG VFUHHQLQJ RI
H[SHULPHQWDO FRQGLWLRQV.

)LJ. 1D 2SWLPL]HG VL]H GLVWULEXWLRQV IRU WKH SDUWLFOHV XVHG LQ WKH PLFURIOXLGLF UHDFWRU. :DWHU-LQ-RLO
GURSOHWV IRUP LQGLYLGXDO UHDFWLRQ YHVVHOV LQ ZKLFK PDVV WUDQVIHU DQG FRQWDFW WLPH EHWZHHQ VSHFLHV
LV KLJKO\ FRQWUROODEOH, ZLWK UDSLG DQG HIILFLHQW PL[LQJ. E 3RO\(GLPHWK\OVLOR[DQH) PLFURIOXLGLF UHDFWRU.
F 3G XSWDNH GHWHUPLQHG ZLWK YDU\LQJ 3G/&314 UDWLR ZLWK DQ LQ-FKLS UHVLGHQFH WLPH RI 9 V. G $&-
67(0 VKRZLQJ VLQJOH 3G DWRPLF FHQWHUV (FLUFOHG) IRU 3G/&314  1:100, FRUUHVSRQGLQJ WR D GHQVLW\ RI
0.32 DWRPV QP-2.

>1@ 5XL[XDQ 4LQ, 3HQJ[LQ /LX, *DQJ )X, 1DQIHQJ =KHQJ, 6PDOO 0HWKRGV 2018, 2, 1700286.
>2@ =XSHQJ &KHQ, 6KDURQ 0LWFKHOO, )UDQN .UXPHLFK, 5RODQG +DXHUW, 6HUJLL <DNXQLQ, 0DNV\P
.RYDOHQNR, -DYLHU 3«UH]-5DP¯UH], $&6 6XVWDLQDEOH &KHP. (QJ. 2019, 7, 5223-5230.
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$ ORZ 6L/$O UDWLR LQ IDXMDVLWHV FRQWUROV WKH VHOHFWLYLW\ LQ WKH FDWDO\WLF IDVW S\URO\VLV RI
JXDLDFRO

=. 3DQ1,2, $. 3XHQWH-8UELQD2, $. %¸GL1, -. YDQ %RNKRYHQ2,1, 3. +HPEHUJHU1*

136,, 2(7+ =XULFK

/LJQLQ FDQ EH FRQYHUWHG LQWR ILQH FKHPLFDOV DQG IXHOV YLD FDWDO\WLF S\URO\VLV.1,2 'XH WR WKH SRRU
VHOHFWLYLW\ WRZDUGV WDUJHWHG SURGXFWV, LW EHFRPHV VLJQLILFDQW WR XQGHUVWDQG WKH UHDFWLRQ
PHFKDQLVP WR DFWLYHO\ WDNH FRQWURO RYHU WKH VHOHFWLYLW\.3,4 %HVLGHV XQGHUVWDQGLQJ WKH
GHFRPSRVLWLRQ PHFKDQLVP RI OLJQLQ LQ FKHPLVWU\, WKH UHDFWLRQ PHFKDQLVP RQ WKH FDWDO\VW’V VXUIDFH
LV HTXDOO\ LPSRUWDQW. =HROLWHV DUH FRPPRQ FDWDO\VWV LQ OLJQLQ FDWDO\WLF S\URO\VLV, ZKLFK QRW RQO\
ORZHU WKH UHDFWLRQ WHPSHUDWXUH EXW FDQ DOVR VWDELOL]H WKH UHDFWLRQ LQWHUPHGLDWHV.5 =HROLWHV KDYH
VHYHUDO XQLTXH IHDWXUHV, VXFK DV %UºQVWHG DFLG VLWHV, SURYLGLQJ WKH FDWDO\WLFDOO\ DFWLYH SURWRQV,
SOD\LQJ DQ LPSRUWDQW UROH LQ WKH UHDFWLRQ, DQG SRUH FKDQQHOV.
,Q WKLV ZRUN, JXDLDFRO DV D OLJQLQ PRGHO FRPSRXQG ZDV FDWDO\WLFDOO\ S\URO\]HG RYHU +-)$8 FDWDO\VWV
ZLWK GLIIHUHQW 6L/$O UDWLR. ([SHULPHQWV ZHUH FDUULHG RXW LQ D TXDUW] WXEH UHDFWRU VHWXS FRXSOHG ZLWK
SKRWRHOHFWURQ SKRWRLRQ FRLQFLGHQFH (3(3,&2) WHFKQLTXHV WR GHWHFW UHDFWLYH LQWHUPHGLDWHV DQG
VWDEOHV SURGXFWV. 7KH DLP RI WKLV ZRUN LV WR GLVHQWDQJOH WKH UROH RI %UºQVWHG DFLG VLWHV, ZKLFK DUH
FRQWUROOHG E\ WKH 6L/$O UDWLR, DW RSHUDQGR FRQGLWLRQV. :H IRXQG WKDW D ORZ 6L/$O UDWLR SURPRWHV WKH
GHPHWK\ODWLRQ RI JXDLDFRO WR FDWHFKRO, E\ H[SHULPHQWDO GHWHFWLRQ RI PHWK\O UDGLFDOV DQG PHWKDQH,
XWLOL]LQJ SKRWRLRQ PDVV-VHOHFWHG WKUHVKROG SKRWRHOHFWURQ VSHFWURVFRS\. %\ FRPSDULQJ
LQWHUPHGLDWHV TXDQWLWDWLYHO\, ZH IRXQG WKDW WKH ORZ 6L/$O UDWLR HQDEOHV KLJK VHOHFWLYLW\ WRZDUGV
SKHQRO SRVVLEOH E\ TXDQWLWDWLYHO\ VXSSUHVVLQJ WKH FDWHFKRO GHK\GUDWLRQ WR WKH KLJKO\ UHDFWLYH
IXOYHQRQH NHWHQH, ZKLFK PDNHV WKLV UHDFWLRQ XQFRQWUROODEOH RWKHUZLVH.

>1@ $KPHG ,. 2VPDQ, 1HKD 0HKWD, $KPHG 0. (OJDUDK\, $PHU $O‑+LQDL, $OD’D +. $O‑0XKWDVHE DQG
'DYLG :. 5RRQH\, (QYLURQPHQWDO &KHPLVWU\ /HWWHUV, 2021, 19, 4075-4118.
>2@ :. 6FKXW\VHU, 7. 5HQGHUV, G. %. 6. 9DQ, 6. ). .RHOHZLMQ, *. 7. %HFNKDP, DQG %. ). 6HOV, &KHPLFDO
6RFLHW\ 5HYLHZV, 2018, 47, 852-908.
>3@ =H\RX 3DQ, $OOHQ 3XHQWH-8UELQD, $QGUDV %RGL, -HRUHQ $. YDQ %RNKRYHQ DQG 3DWULFN +HPEHUJHU,
&KHPLFDO 6FLHQFH, 2021, 12, 3161
>4@ 3DWULFN +HPEHUJHU, 9LFWRULD %.). &XVWRGLV, $QGUDV %RGL, 7KRPDV *HUEHU, DQG -HRUHQ $. YDQ
%RNKRYHQ, 1DWXUH &RPPXQLFDWLRQV, 2017, 8: 15946.
>5@ 5. .XPDU, 9. 6WUH]RYD, +. :HOGHNLGDQ, -. +H, 6. 6LQJK, 7. .DQ, %. 'DVWMHUGL, 5HQHZDEOH DQG
6XVWDLQDEOH (QHUJ\ 5HYLHZV 123 (2020) 109763.
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$VVHVVLQJ PHWDO SURPRWLRQ LQ ,Q223-FDWDO\]HG &22 K\GURJHQDWLRQ XVLQJ IODPH VSUD\
S\URO\VLV DV D VWDQGDUGL]HG V\QWKHVLV SODWIRUP

7. 3LQKHLUR $UD¼MR1, -. 0RUDOHV-9LGDO2, 7. =RX1, 5. *DUF¯D-0XHODV2, 3. 2. :LOOL1, .. 0. (QJHO1, 2. 9.
6DIRQRYD3, '. )DXVW $NO1, 5. 1. *UDVV1, &. 0RQGHOOL1, 1. /µSH]2*, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK, 2,QVWLWXWH RI &KHPLFDO 5HVHDUFK RI &DWDORQLD, 33DXO 6FKHUUHU ,QVWLWXWH

$ SOHWKRUD RI WUDQVLWLRQ PHWDOV KDYH EHHQ HPSOR\HG WR ERRVW WKH DFWLYLW\ RI LQGLXP R[LGH (,Q223) LQ
&22 K\GURJHQDWLRQ WR PHWKDQRO E\ LPSURYLQJ LWV DELOLW\ WR DFWLYDWH +2. +RZHYHU, WKH ODFN RI
V\VWHPDWLF FDWDO\VW SUHSDUDWLRQ DQG HYDOXDWLRQ SUHFOXGHV D GLUHFW FRPSDULVRQ RI VSHFLDWLRQ DQG
SURPRWLRQDO HIIHFWV DPRQJ PHWDO-SURPRWHG ,Q223 FDWDO\VWV, ZKLFK LV FUXFLDO WR GHVLJQ DQ RSWLPDO
V\VWHP.>1@ +HUHLQ, ZH DSSO\ IODPH VSUD\ S\URO\VLV ()63) DV D VWDQGDUGL]HG V\QWKHVLV PHWKRG WR
LQWURGXFH QLQH PHWDO SURPRWHUV (0  0.5 ZW.%) WR ,Q223. 0HWKDQRO SURGXFWLYLW\ JHQHUDOO\ LQFUHDVHG
RQ 0‑,Q223 ZLWK VHOHFWLYLW\ IROORZLQJ 3G a 3W ! 5K a 5X a ,U ! 1L a &R ! $J a ,Q223 ! $X ()LJ. 1).
,Q-GHSWK FKDUDFWHUL]DWLRQ, NLQHWLF DQDO\VHV, DQG WKHRUHWLFDO FDOFXODWLRQV UHYHDO D UDQJH RI PHWDO-
GHSHQGHQW VSHFLDWLRQ ZKLFK GLFWDWH FDWDO\VW DUFKLWHFWXUH DQG GHJUHH RI SURPRWLRQ ()LJ. 1).
$WRPLFDOO\-GLVSHUVHG SURPRWHUV (3G, 3W, 5K, 5X, DQG ,U) JUDQW WKH KLJKHVW LPSURYHPHQW LQ
SHUIRUPDQFH, SDUWLFXODUO\ 3G DQG 3W, RZLQJ WR WKH FUHDWLRQ RI ,Q30 DQG ,Q202 HQVHPEOHV, ZKLFK
VWURQJO\ IDFLOLWDWH KRPRO\WLF +2 VSOLWWLQJ DQG LQFUHDVH WKH DYDLODELOLW\ RI K\GULGHV, ZKLFK LQ WXUQ
SDUWLFLSDWH LQ &-+ K\GURJHQDWLRQV. ,Q FRQWUDVW, PHWDOV LQ FOXVWHUHG (1L DQG &R) DQG QDQRSDUWLFOH ($J
DQG $X) IRUPV GLVSOD\ PRGHUDWH DQG QR SURPRWLRQ, UHVSHFWLYHO\, DV WKH VXUIDFH SRSXODWLRQ RI WKH
DFWLYH HQVHPEOHV GLPLQLVKHV. 7KLV VWXG\ SURYLGHV DQ DWRPLF-OHYHO XQGHUVWDQGLQJ RI
,Q223 SURPRWLRQ EDVHG RQ D XQLILHG SURWRFRO, DQG KLJKOLJKWV WKH SRWHQWLDO RI )63 WR HQJLQHHU
FRPSOH[ FDWDO\WLF V\VWHPV DSSOLFDEOH LQ GLYHUVH HQHUJ\ FRQYHUVLRQV.

)LJ. 1 0HWKDQRO VSDFH-WLPH \LHOG (67<, FRORUHG EDUV) DQG VHOHFWLYLW\ (60H2+, EHLJH EDUV) GXULQJ
&22 K\GURJHQDWLRQ RYHU XQGRSHG ,Q223 DQG 0-,Q223 FDWDO\VWV (0.5 ZW.% RI PHWDO) SUHSDUHG E\ )63. 7KH
PHWKDQRO 67< ZDV DVVHVVHG DW *+69  24,000 FP3 K−1 JFDW−1, ZKLOH 60H2+ DW FRQVWDQW &22 FRQYHUVLRQ (FD. 3%)
DQG YDULDEOH *+69. $YHUDJHG YDOXHV PHDVXUHG RYHU 24 K RQ VWUHDP DUH SUHVHQWHG ZLWK WKHLU FRUUHVSRQGLQJ
HUURU EDUV. 5HDFWLRQ FRQGLWLRQV: 7  553 ., 3  5 03D, DQG +2/&22  4. 7KH UHSUHVHQWDWLYH ('; PDSV
RI 0-,Q223 FDWDO\VWV ZHUH FROOHFWHG DIWHU DFWLYDWLRQ LQ &22 K\GURJHQDWLRQ IRU 2 K XQGHU WKH VDPH FRQGLWLRQV DV
WKH FDWDO\WLF WHVWV. 6FDOH EDUV DUH HTXLYDOHQW WR 10 QP.

>1@ 7. 3LQKHLUR $UD¼MR, -. 0RUDOHV‐9LGDO, 7. =RX, 5. *DUF¯D‐0XHODV, 3.2. :LOOL, ..0. (QJHO, 2. 9. 6DIRQRYD, '. )DXVW $NO, ).
.UXPHLFK, 5.1. *UDVV, &. 0RQGHOOL, 1. /µSH], -. 3«UH]‐5DP¯UH], $GY. (QHUJ\ 0DWHU. 2022,12, 2103707.
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.LQHWLF PRGHO RI DPPRQLD V\QWKHVLV XQGHU LQGXVWULDO RSHUDWLQJ FRQGLWLRQV

&. 3L]]ROLWWR1, 0. *XLRWWR1, $. %LDVLQ1, 3. %LDVL1

1&DVDOH 6$, /XJDQR, 6ZLW]HUODQG

&DWDO\WLF DPPRQLD V\QWKHVLV IURP +2 DQG 12 VWLOO UHSUHVHQWV RQH RI WKH PRVW LPSRUWDQW LQGXVWULDO
UHDFWLRQ. 'HVSLWH WKH +DEHU-%RVFK SURFHVV LV PRUH WKDQ 100 \HDUV ROG >1@, WKH UHDFWLRQ RI DPPRQLD
V\QWKHVLV FRQWLQXHV WR EH RQH RI WKH PRVW VWXGLHG. 7KH SUHVHQW ZRUN IRFXVHV RQ WKH LQYHVWLJDWLRQ
RI LURQ-EDVHG DPPRQLD FDWDO\VWV DFWLYLW\ XQGHU GLIIHUHQW RSHUDWLQJ FRQGLWLRQV, LQ RUGHU WR FDSWXUH
DQG FRPSDUH WKHLU SHUIRUPDQFH ZLWK ERWK D FOHDQ DQG SRLVRQHG IHHG (L.H. R[\JHQDWHV FRPSRXQGV).
$V UHSRUWHG E\ *UDPDWLFD DQG 3HULQLFRQH >2@, WKH SULPDU\ UHTXLUHPHQW LQ NLQHWLF PHDVXUHPHQWV LV
WKH FROOHFWLRQ RI H[SHULPHQWDO GDWD XQGHU FRQGLWLRQV WKDW DUH IUHH RI DQ\ GHYLDWLQJ HIIHFWV, VXFK DV
IORZ PDOGLVWULEXWLRQ, PDVV DQG KHDW WUDQVIHU SKHQRPHQD DQG SRLVRQLQJ. +RZHYHU, WKH LQWULQVLF UDWH
FRQVWDQWV GHWHUPLQHG LQ WKH ODERUDWRU\ PXVW EH FRPELQHG ZLWK DSSURSULDWH FRUUHFWLYH IDFWRUV IRU
SURSHU VFDOH-XS, GHVLJQ, DQG VLPXODWLRQ RI DQ\ LQGXVWULDO FRQYHUWHU. )RU WKLV UHDVRQ, LQ WKH SUHVHQW
ZRUN ZH SURSRVH DQ DOWHUQDWLYH VWUDWHJ\ WR VWXG\ NLQHWLFV LQ GLIIHUHQW UHDFWLRQ FRQGLWLRQV. 7KH JRDO
RI WKH ZRUN LV WR FROOHFW H[SHULPHQWDO GDWD XVHIXO IRU WKH GHYHORSPHQW RI D QHZ NLQHWLF PRGHO RI
1+3 IRUPDWLRQ, ZLWK D PRUH DFFXUDWH IXQFWLRQ RI WKH UHDFWLRQ UDWH GHSHQGLQJ RQ WKH WHPSHUDWXUH,
DPPRQLD DQG DWRPLF R[\JHQ FRQWHQWV LQ WKH LQOHW JDV IHHG. 7KH ILUVW H[SHULPHQWDO FDPSDLJQ KDV
EHHQ FDUULHG RXW RQ D SDFNHG EHG RI LURQ SRZGHU FDWDO\VW GLOXWHG ZLWK 6L22. 7KH JRDO RI WKHVH
H[SHULPHQWV LV WR PHDVXUH WKH SHUIRUPDQFH RI WKH FDWDO\VW PLQLPL]LQJ PDVV WUDQVIHU OLPLWDWLRQV
DQG KRWVSRWV LQVLGH WKH FDWDO\VW EHG. /RRNLQJ DW WKH GDWD UHSRUWHG LQ )LJXUH, DW ORZ VSDFH
YHORFLWLHV, WKH DPPRQLD IRUPDWLRQ LV KLJKHU DV HTXLOLEULXP LV QRW UHDFKHG. 0RUHRYHU, WKH
WHPSHUDWXUH LQVLGH WKH FDWDO\VW EHG KDV EHHQ DFFXUDWHO\ PHDVXUHG E\ PHDQV RI D PXOWLSRLQW
WKHUPRFRXSOH WR NQRZ WKH DFWXDO WHPSHUDWXUH DORQJ WKH D[LDO GLUHFWLRQ RI WKH FDWDO\VW EHG. 7KH
GDWD JHQHUDWHG E\ WKLV H[SHULPHQWDO FDPSDLJQ KDV EHHQ XVHG WR UHILQH WKH NLQHWLF PRGHO, )LJXUH E.
$IWHU WKH VXFFHVVIXO PRGHO RI WKH NLQHWLFV LQ FOHDQ IHHG, HTXDO H[SHULPHQWDO FDPSDLJQV KDYH EHHQ
FRQGXFWHG IHHGLQJ 1+3 LQ WKH IHHG DQG LQ SUHVHQFH RI R[\JHQDWHV. 7KHVH GDWD SURYLGH LPSRUWDQW
LQIRUPDWLRQ RQ WKH HIIHFW RI FDWDO\VW SRLVRQLQJ LQ WKH HDUO\ H[SRVXUHV, LWV HIIHFW RYHUWLPH DQG WKH
GHDFWLYDWLRQ RYHUWLPH GXH WR WKHUPDO DJLQJ RI WKH FDWDO\VW.

7KH DSSURDFK GHYHORSHG LQ WKLV VWXG\ KDV FRQVLGHUDEOH LQGXVWULDO LPSRUWDQFH EHFDXVH LW KDV
DOORZHG WR UHILQH WKH NLQHWLF PRGHO IRU LURQ-EDVHG FDWDO\VWV VXLWDEOH IRU 1+3 V\QWKHVLV LQ UHOHYDQW
LQGXVWULDO FRQGLWLRQV VXFK DV ZLGH UDQJH RI WHPSHUDWXUH (270-510r&), SUHVVXUH (100-150 EDU) DQG
VSDFH YHORFLW\ (10’000-120’000 K-1). 0RUHRYHU, LW DOORZV WR GLVFULPLQDWH WKH HIIHFW RQ WKH UHDFWLRQ
UDWHV RI 1+3 DQG DWRPLF R[\JHQ FRQWHQWV LQ WKH LQOHW JDV IHHG. 7KH GHYHORSPHQW RI D PHDQLQJIXO
NLQHWLF PRGHO ZLOO VXSSRUW WKH LPSURYHPHQW RI WKH LQGXVWULDO RSHUDWLQJ FRQGLWLRQV, DOORZLQJ WR
LGHQWLI\ SRLVRQLQJ SUREOHPV LQ UHDO VFDOH SODQWV DQG VXSSRUWLQJ WKH GHILQLWLRQ RI FRUUHFWLYH DFWLRQV
LQ D GXH WLPH WR SUHVHUYH WKH FDWDO\VW DQG WKH SURGXFWLRQ RI DPPRQLD.

>1@ /. +XD]KDQJ, &KHP. ,QGXVWU\ 3UHVV, 2013
>2@ *UDPDWLFD * DQG 3HUQLFRQH 1., &DWDO\WLF $PPRQLD 6\QWKHVLV, 19
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6WXG\ RI UHDFWLYLW\ RI 1+3 V\QWKHVLV YLD PROHFXODU PRGHOOLQJ

&. 3L]]ROLWWR1, '. 3ROLQR2, /. %RQDWL3, 3. %LDVL1, 5. (FNHUW4, 6. 5HLWPHLHU4, 5. 6FKO¸JO5, 0. 3DUULQHOOR3

1&DVDOH 6$, /XJDQR, 6ZLW]HUODQG, 2'HSW. RI ,QQRYDWLYH 7HFKQRORJLHV, 6836,, /XJDQR-9LJDQHOOR,
(6ZLW]HUODQG), 3$WRPLVWLF 6LPXODWLRQV, ,,7, *HQRYD, (,WDO\), 4&ODULDQW 3URGXNWH ('HXWVFKODQG) *PE+,
%UXFNP¾KO, (*HUPDQ\), 5'HSW. RI ,QRUJDQLF &KHPLVWU\, )ULW]-+DEHU ,QVW. RI WKH 0D[-3ODQFN-6RFLHW\,

%HUOLQ, (*HUPDQ\)

$PPRQLD (1+3) LV SURGXFHG PRVWO\ YLD +DEHU-%RVFK SURFHVV. 7KH UHDFWLRQ LV FRQGXFWHG LQ WKH
SUHVHQFH RI LURQ-EDVHG FDWDO\VWV ZRUNLQJ LQ WKH UDQJH RI 650-750r.. 'HVSLWH WKH UHDFWLRQ KDYLQJ
EHHQ VWXGLHG IRU 100 \HDUV, XQGHUVWDQGLQJ DW WKH DWRPLVWLF OHYHO RI WKH SK\VLFDO DQG FKHPLFDO
SURFHVVHV UHVSRQVLEOH IRU WKH FDWDO\VW DFWLYLW\ LV VWLOO WR EH GLVFRYHUHG. 7KLV PD\ SURYLGH LPSRUWDQW
LQIRUPDWLRQ WR LPSURYH WKH HIILFLHQF\ RI WKH SURFHVV DQG UHGXFH LWV HQYLURQPHQWDO LPSDFW.  

2QH DVSHFW WKDW QHHGV WR EH FODULILHG LV WKH DFWLYH FDWDO\VW VXUIDFH PRUSKRORJ\. 9DULRXV VWXGLHV
>1–4@ KDYH EHHQ GHGLFDWHG WR LQYHVWLJDWLQJ WKH )H VXUIDFH SURSHUWLHV, PDLQO\ DQDO\]LQJ DQG
FRUUHODWLQJ H[SRVHG VXUIDFH RULHQWDWLRQV DQG FDWDO\WLF DFWLYLW\. ,Q WKHVH VWXGLHV, WKH VXUIDFH LV
DOZD\V FRQVLGHUHG DV D ULJLG, FU\VWDO-OLNH VWUXFWXUH. $W 650-750 ., KRZHYHU, HQWURS\ PD\ DIIHFW WKH
VXUIDFH G\QDPLFV, EUHDNLQJ WKH SLFWXUH RI DQ RUGHUHG )H FU\VWDO VXUIDFH DOVR DW VKRUW-UDQJH
GLVWDQFHV.

7KLV ZRUN DLPV WR VWXG\ WKH SURSHUWLHV RI D (111) )H VXUIDFH DW W\SLFDO SURFHVV FRQGLWLRQV ZLWK
PROHFXODU PRGHOOLQJ. $ IXUWKHU DLP LV WR VWXG\ WKH GLVVRFLDWLRQ RI D 12 PROHFXOH RYHU WKH VXUIDFH. ,Q
RUGHU WR REWDLQ DQ DFFXUDWH GHVFULSWLRQ RI WKH )H VXUIDFH G\QDPLFV ZH FRQVWUXFWHG DQ DE LQLWLR
TXDOLW\ SRWHQWLDO ZLWK PDFKLQH OHDUQLQJ WHFKQLTXHV.>5@ $OVR, DE LQLWLR PHWDG\QDPLFV ZDV XVHG WR
LQYHVWLJDWH 12 GLVVRFLDWLRQ DW 700r..

:LWK WKHVH VLPXODWLRQV WKH HIIHFW RI WKH VXUIDFH G\QDPLFV RQ WKH UHDFWLYH VWHSV DQG WKH VWUXFWXUDO
DQG HOHFWURQLF FRQWULEXWLRQV WR WKH FDWDO\VW DFWLYLW\ KDYH EHHQ XQGHUVWRRG.

7KH (111) VXUIDFH LV FRQVLGHUHG WKH PRVW DFWLYH, KRZHYHU RXU VLPXODWLRQV UHYHDOHG WKDW DW 700r. LW
LV QRW VWDEOH EXW EHFRPHV G\QDPLFDOO\ URXJK, H[SRVLQJ DOVR RWKHU IDFHWV VXFK DV WKH (211) DQG
(110) (VHH )LJ 1.D). 2XU PHWDG\QDPLFV VLPXODWLRQV FRQILUPHG WKDW LQ WKHVH FRQGLWLRQV 12
GLVVRFLDWLRQ SURFHHGV DV UHSRUWHG LQ WKH OLWHUDWXUH>4@. ,QWHUHVWLQJO\, ZH REVHUYHG WKDW WKH VXUIDFH
G\QDPLFV PDNHV WKH KLJK-FRRUGLQDWHG )H DWRPV (&7 VLWHV) OHVV HDVLO\ DFFHVVLEOH, WKXV GHFUHDVLQJ
WKH UHDO UHDFWLYLW\ RI WKH (111) VXUIDFH.

>1@ %R]VR, )., (UWO, *., *UXQ]H, 0., :HLVV, 0., -. &DWDO., 1977.
>2@ %R]VR, )., (UWO, *., :HLVV, 0., -. &DWDO., 1977.
>3@ 6RPRUMDL, *.$., 0DWHUHU, 1., 7RS. &DWDO., 1994.
>4@ 0RUWHQVHQ, -.-., +DQVHQ, /.%., +DPPHU, %., 1ºUVNRY, -..., -. &DWDO, 1999.
>5@ %HKOHU, -., 3DUULQHOOR, 0., 3K\V. 5HY. /HWW. 2007.
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3G VLQJOH-DWRP KHWHURJHQHRXV FDWDO\VW RQ QLWURJHQ GRSHG FDUERQ IRU VXVWDLQDEOH
6RQRJDVKLUD FURVV-FRXSOLQJ

'. 3RLHU1,4, '. ). $NO2, 6. &. '’$QJHOR2, 6. 0LWFKHOO3, *. *XLOO«Q-*RV£OEH]2, -. 3«UH]-5DP¯UH]2*, 5.
0DUWL4*

1(7+ =XULFK , 2(7+ =XULFK, 3(7+=, 4+(6-62

$PRQJ WKH WUDQVLWLRQ-PHWDO FDWDO\]HG FURVV-FRXSOLQJ UHDFWLRQV, WKH 6RQRJDVKLUD-+DJLKDUD UHDFWLRQ
SUHVHQWV D FRUQHUVWRQH LQ WRGD\’V V\QWKHWLF FKHPLVWV WRROER[ WR DFFHVV FRPSOH[ DU\ODON\QHV DQG
HQ\QHV.>1@ $WWHPSWV WR UHSODFH KRPRJHQHRXV SDOODGLXP FDWDO\VWV ZLWK VROLG-VXSSRUWHG, PRVWO\
QDQRSDUWLFOH-EDVHG FRXQWHUSDUWV KDYH IDLOHG WR FRPSHQVDWH IRU LQIHULRU DFWLYLW\ RU VHYHUH PHWDO
OHDFKLQJ. 6LQJOH-DWRP KHWHURJHQHRXV FDWDO\VWV (6$+&) DUH SURPLVLQJ DSSURDFK WR PD[LPL]H WKH
FRQWURO RYHU WKH SDOODGLXP VLWH, ZKLOH GLVSOD\LQJ IDYRUDEOH PHWDO-HIILFLHQF\ DQG IDFLOH
UHFRYHUDELOLW\.>2@ +HUHLQ, ZH UHSRUW 3G VLQJOH-DWRPV VXSSRUWHG RQ QLWURJHQ GRSHG FDUERQ ()LJ. 1D)
DV D VXVWDLQDEOH FDWDO\VW IRU WKH 6RQRJDVKLUD FURVV-FRXSOLQJ. $GYDQFHG FKDUDFWHUL]DWLRQ
WHFKQLTXHV DUH XVHG WR UHODWH VWUXFWXUH SURSHUWLHV ZLWK FDWDO\VW DFWLYLW\ DQG VWDELOLW\. $OWKRXJK,
ORZHU DFWLYLW\ ZDV REVHUYHG FRPSDUHG WR KRPRJHQHRXV EHQFKPDUNV ()LJ. 1E) WKH 6$& VWDQGV RXW
ZLWK LWV VWDEOH SHUIRUPDQFH. $ PRUH KROLVWLF DQG SURFHVV-FHQWHUHG DVVHVVPHQW RI WKH LQYHVWLJDWHG
FDWDO\VWV LV REWDLQHG WKURXJK OLIH F\FOH DQDO\VLV (/&$), XQYHLOLQJ WKH VXVWDLQDELOLW\ RI
KHWHURJHQHRXVO\ FDWDO\]HG 6RQRJDVKLUD FRXSOLQJ.

)LJ. 1 D) 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH VXUIDFH RI WKH 3G/1& FDWDO\VW (0.5ZW% 3G ORDGLQJ). E)
&DWDO\WLF SHUIRUPDQFH RI VHOHFWHG EHQFKPDUN FDWDO\VWV DQG 3G/1&.

>1@ 5. &KLQFKLOOD, &. 1£MHUD, &KHP. 5HY. 2007, 107, 874–922.
>2@ =. &KHQ, (. 9RURE\HYD, 6. 0LWFKHOO, (. )DNR, 0. $. 2UWX³R, 1. /µSH], 6. 0. &ROOLQV, 3. $. 0LGJOH\,
6. 5LFKDUG, *. 9LO«, -. 3«UH]-5DP¯UH], 1DW. 1DQRWHFKQRO. 2018, 13, 702–707.
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7RZDUGV SDUDOOHO WHVWLQJ RI &22 HOHFWURUHGXFWLRQ WR ORQJ-FKDLQ SURGXFWV

3. 3UHLNVFKDV1, $. -. 0DUW¯Q1, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK

7KH HOHFWURFKHPLFDO FRQYHUVLRQ RI &22 LQWR IXHOV DQG YDOXDEOH FKHPLFDOV LV DWWUDFWLQJ JURZLQJ
LQWHUHVW GXH WR LQFUHDVLQJ FOLPDWH DQG FDUERQ PDQDJHPHQW FRQFHUQV. &XUUHQW UHVHDUFK PDLQO\
IRFXVHV RQ FRSSHU-EDVHG FDWDO\VWV VKRZLQJ WKH SURSHQVLW\ RI &–& FRXSOLQJ DQG WKXV IRUPLQJ
PXOWLFDUERQ SURGXFWV, PDLQO\ HWK\OHQH, HWKDQRO, DQG Q-SURSDQRO.>1@ 7KH GLVWLQFW UHDFWLRQ
PHFKDQLVP RQ FDWDO\VWV IURP LQRUJDQLF 1L R[\JHQDWHV (,12; H.J., SKRVSKDWH, FDUERQDWH, ERUDWH)
JLYHV ULVH WR YDULRXV JDVHRXV DQG OLTXLG SURGXFWV, LQFOXGLQJ OLQHDU DQG EUDQFKHG K\GURFDUERQV XS
WR &6.>2@ *RLQJ EH\RQG WKH IRUPDWLRQ RI &2–&3 SURGXFWV E\ XVLQJ WKHVH ,12-GHULYHG FDWDO\VWV DGGV
DQRWKHU GHJUHH RI FRPSOH[LW\ DQG SURYLGHV QHZ FKDOOHQJHV LQ WHUPV RI GHYLFH HQJLQHHULQJ, SURGXFW
TXDQWLILFDWLRQ, DQG XSVFDOLQJ. +HUHLQ, ZH SURYLGH UHILQHG SURWRFROV WR DFFHVV WKLV FRPSOH[ SURGXFW
PL[WXUH RI ORQJ-FKDLQ K\GURFDUERQV DQG R[\JHQDWHV DW WKH ODE VFDOH XVLQJ D JDV GLIIXVLRQ
HOHFWURGH (*'()-EDVHG VHWXS FRPELQHG ZLWK RQOLQH *& DQG 1+-105 VSHFWURVFRS\ ZLWK DQ DGDSWHG
:$7(5*$7( VXSSUHVVLRQ PHWKRG. :KHUHDV WKLV VHW RI SURWRFROV ILQDOO\ DOORZV D UHOLDEOH SURGXFW
TXDQWLILFDWLRQ DQG D ILUVW H[SORUDWLRQ RI 1L-EDVHG PDWHULDOV IRU &3+ SURGXFW IRUPDWLRQ, ODUJH
SHUIRUPDQFH GDWD VHWV FRPELQHG ZLWK DGYDQFHG GDWD VFLHQFH PHWKRGV ZLOO EH UHTXLUHG WR GHFLSKHU
WKH HQWLUH FRPSOH[LW\ RI ,12-GHULYHG V\VWHPV. ,Q WKLV PDQQHU, D QRYHO 4-SDUDOOHO &22 HOHFWURO\]HU
VHWXS LV SUHVHQWHG, HQDEOLQJ WKH FROOHFWLRQ RI ODUJH GDWD VHWV XQGHU KLJKO\ UHSURGXFLEOH FRQGLWLRQV
DQG LQ DQ DXWRPDWHG IDVKLRQ. :H IRUHVHH WKDW WKLV LQWHJUDWHG DSSURDFK ZLOO IRVWHU WKH H[SORUDWLRQ
RI 1L-EDVHG PDWHULDOV WRZDUG DQ DSSOLFDWLRQ LQ WKH VXVWDLQDEOH SURGXFWLRQ RI V\QWKHWLF IXHOV.

)LJ. 1 6FKHPDWLF LOOXVWUDWLRQ RI D QRYHO 4-SDUDOOHO HOHFWURO\]HU VHWXS IRU &22 UHGXFWLRQ. $ XQLILHG
FRQWURO V\VWHP DOORZV WKH LQGHSHQGHQW FRQWURO RI LQOHW JDV IORZV, WHPSHUDWXUHV, DQG
HOHFWURFKHPLFDO SDUDPHWHUV. 7KH IRXU *'(-EDVHG FHOOV FDQ EH LQGLYLGXDOO\ RSHUDWHG ZLWK SXUH
JDVHV, JDV PL[WXUHV, DQG FR-IHG LPSXULWLHV (H.J., 12[, 62[, +26). $OO RXWOHW PDVV IORZV DUH
FRQVWDQWO\ PRQLWRUHG, DOORZLQJ DQ DFFXUDWH FDOFXODWLRQ RI WKH FDUERQ EDODQFH. $ URERWLF V\VWHP IRU
OLTXLG VDPSOLQJ FRPELQHG ZLWK DQ DXWRPDWHG FXUDWLRQ RI RQOLQH *&, 105, DQG HOHFWURFKHPLFDO GDWD
ZLOO HQVXUH WKH DSSOLFDWLRQ RI DGYDQFHG GDWD VFLHQFH PHWKRGV.

>1@ 6. 1LWRSL, (. %HUWKHXVVHQ, 6. %. 6FRWW, ;. /LX, $. .. (QJVWIHOG, 6. +RUFK, %. 6HJHU, ,. (. /.
6WHSKHQV, .. &KDQ, &. +DKQ, -. .. 1ºUVNRY, 7. ). -DUDPLOOR, ,. &KRUNHQGRUII, &KHP. 5HY. 2019, 119,
7610.
>2@ <. =KRX, $. -. 0DUW¯Q, ). 'DWWLOD, 6. ;L, 1. /µSH], -. 3«UH] 5DP¯UH], %. 6. <HR, 1DW.&DWDO. 2022, LQ
SUHVV.
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,QVLJKWV  LQWR WKH 0ROHFXODU 0HFKDQLVP RI &REDOW(,,) &DWDO\]HG &-2 FURVV-&RXSOLQJ
5HDFWLRQ: $ ')7 VWXG\

&. 5$-$/$.6+0,1, $. 5$'+$.5,6+1$11, 9. ,. 7+20$61*

1'HSDUWPHQW RI &KHPLVWU\, &06 &ROOHJH .RWWD\DP

2-DU\ODWLRQ UHDFWLRQV UHSUHVHQW D V\QWKHWLFDOO\ LPSRUWDQW FODVV RI UHDFWLRQV WKDW DUH ZLGHO\
HPSOR\HG IRU WKH SUHSDUDWLRQ RI GLDU\O HWKHUV >1@. &REDOW FDWDO\]HG FURVV-FRXSOLQJ UHDFWLRQV DUH
JDLQLQJ LPSRUWDQFH RZLQJ WR WKH ORZ FRVW, PLOG UHDFWLRQ FRQGLWLRQV, DQG KLJK FKHPRVHOHFWLYLW\
>2,3@. ,Q WKH SUHVHQW ZRUN, D GHWDLOHG FRPSXWDWLRQDO LQYHVWLJDWLRQ LQWR WKH PHFKDQLVP RI WKH &R(,,)
FDWDO\]HG &-2 FURVV-FRXSOLQJ RI SKHQROV ZLWK DU\O LRGLGHV, LV FDUULHG RXW IRU WKH ILUVW -WLPH, XVLQJ
'HQVLW\ )XQFWLRQDO 7KHRU\ HPSOR\LQJ %3/<3-'3 IXQFWLRQDO >3@ DXJPHQWHG ZLWK &3&0 VROYDWLRQ
PRGHO XVLQJ DFHWRQLWULOH DV WKH VROYHQW. 7KH &R DQG , DWRPV DUH GHVFULEHG XVLQJ (/$1/2'=) IRU WKH
LQQHU HOHFWURQV DQG LWV DVVRFLDWHG GRXEOH-͊ EDVLV VHW IRU WKH RXWHU HOHFWURQV. 7KH &, +, 1, 2, DQG &O
DWRPV ZHUH GHVFULEHG E\ D 6-31+*(G) EDVLV VHW. /-YDOLQH LV WKH DQFLOODU\ OLJDQG XVHG LQ WKLV VWXG\.
7KH DFWLYH FDWDO\VW VSHFLHV LV WHWUDKHGUDO, /-YDOLQH OLJDWHG FREDOW (,,) SKHQR[LGH FRPSOH[. 7KH
LQYHVWLJDWHG 2-DU\ODWLRQ UHDFWLRQ SURFHHGV WKURXJK D ͗ – ERQG PHWDWKHVLV PHFKDQLVP LQYROYLQJ
WKH FRQFHUWHG EUHDNLQJ RI WKH &VS2 – , ERQG DQG WKH IRUPDWLRQ RI WKH &VS2 – 2 ERQG SURFHHGLQJ
WKURXJK D IRXU-FHQWHUHG WUDQVLWLRQ VWDWH. )URQWLHU 0ROHFXODU 2UELWDO ()02) DQDO\VLV ZDV SHUIRUPHG
WR LQYHVWLJDWH WKH HIIHFW RI IXQFWLRQDO JURXSV DW WKH SDUD SRVLWLRQ RI WKH VXEVWUDWHV. 7KH
VXEVWLWXWLRQ E\ HOHFWURQ-ZLWKGUDZLQJ JURXSV ((:*) FRQVLGHUDEO\ GHFUHDVHV WKH HQHUJ\ RI )02’V
LQYROYHG. 7KH SUHVHQFH RI (:* RQ DU\O LRGLGHV WHQGV WR IDYRU WKH UHDFWLRQ E\ UHGXFLQJ WKH HQHUJ\
RI LWV /802. +RZHYHU, IRU WKH SKHQROLF VXEVWUDWHV, D GHFUHDVH LQ WKH HQHUJ\ RI WKH +202 E\ WKH
HOHFWURQ-ZLWKGUDZLQJ JURXSV OHDGV WR DQ LQFUHDVHG +202-/802 JDS >5@.

>1@ &KHQ, 7. HW DO. 'LDU\O (WKHU: $ 3ULYLOHJHG 6FDIIROG IRU 'UXJ DQG $JURFKHPLFDO 'LVFRYHU\. -. $JULF.
)RRG &KHP. 68, 9839–9877 (2020)
>2@ .. $KPDG, &. &KDQJ, -. /L, 0HFKDQLVWLF LQYHVWLJDWLRQV RI &R(,,)-&DWDO\]HG &-1 FRXSOLQJ UHDFWLRQV,
-RXUQDO RI 2UJDQRPHWDOOLF &KHPLVWU\. (2018).
>3@ 6.0. 8MZDOGHY, 6. 6DUDQ\D, 1. $QQ, +. *RSLQDWKDQ, 1RYHO FREDOW ‑ YDOLQH FDWDO\]HG 2 ‑ DU\ODWLRQ
RI SKHQROV ZLWK HOHFWURQ GHILFLHQW DU\O LRGLGHV, 0RQDWVKHIWH )¾U &KHPLH - &KHPLFDO 0RQWKO\. 150
(2019) 339–346.
>4@ 6. *ULPPH, -. $QWRQ\, 6. (KUOLFK, +. .ULHJ, $ FRQVLVWHQW DQG DFFXUDWH DE LQLWLR SDUDPHWUL]DWLRQ RI
GHQVLW\ IXQFWLRQDO GLVSHUVLRQ FRUUHFWLRQ (')7-') IRU WKH 94 HOHPHQWV +-3X, -RXUQDO RI &KHPLFDO
3K\VLFV. 132 (2010)
>5@ 5DMDODNVKPL, $. 5DGKDNULVKQDQ, 0. 8. 6DQNXYLUXWKL\LO, *. $QLONXPDU DQG 9. ,. 7KRPDV, -.
2UJDQRPHW. &KHP., 2022, 972, 122385.
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/RFDWLQJ DOXPLQXP LQ ]HROLWH IUDPHZRUNV E\ H[SORLWLQJ DQRPDORXV ;-UD\ SRZGHU
GLIIUDFWLRQ DW WKH $O DEVRUSWLRQ HGJH

3. 5]HSND1,2, $. %. 3LQDU1, $. -. .QRUSS2, /. %. 0F&XVNHU3, &. %DHUORFKHU3, 7. +XWKZHONHU4, -. $. YDQ
%RNKRYHQ1,2*

1/DERUDWRU\ IRU &DWDO\VLV DQG 6XVWDLQDEOH &KHPLVWU\, 36,; 5232 9LOOLJHQ, 6ZLW]HUODQG, 2,QVWLWXWH IRU
&KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =XULFK; 8093 =XULFK, 6ZLW]HUODQG, 3'HSDUWPHQW RI 0DWHULDOV,

(7+ =XULFK; 8093 =XULFK, 6ZLW]HUODQG, 46ZLVV /LJKW 6RXUFH, 36,; 5232 9LOOLJHQ, 6ZLW]HUODQG

7KH DOXPLQXP LQ D ]HROLWH IUDPHZRUN LQWURGXFHV D QHJDWLYH FKDUJH EDODQFHG E\ WKH H[WUD-
IUDPHZRUN FDWLRQ (WKH DFWLYH VLWH). ,I WKH H[WUD-IUDPHZRUN FDWLRQ LV D SURWRQ, WKH ]HROLWH EHFRPHV D
VROLG DFLG DFWLYH LQ %UºQVWHG-DFLG FDWDO\]HG UHDFWLRQV. 8QIRUWXQDWHO\, D SURWRQ LV WRR OLJKW WR EH
REVHUYHG E\ ;-UD\ GLIIUDFWLRQ GLUHFWO\. &RQVHTXHQWO\, RQO\ E\ ORFDWLQJ DOXPLQXP LQ D ]HROLWH
VWUXFWXUH WKH GHWHUPLQDWLRQ RI DFFHVVLELOLW\ DQG JHRPHWU\ RI WKH DFWLYH VLWHV LV HQDEOHG.

7KH QXPEHU RI GLIIHUHQW WHFKQLTXHV ZDV SXW WKURXJK WKLV SUREOHP, KRZHYHU WKH\ EURXJKW RQO\
SDUWLDO LQIRUPDWLRQ WKDW GLG QRW DOORZ RQ LGHQWLILFDWLRQ ZKLFK 7 VLWHV LQ D ]HROLWH IUDPHZRUN
VWUXFWXUH DUH RFFXSLHG E\ DOXPLQXP. 0RVW ]HROLWHV EHDU ORZ DOXPLQXP FRQWHQW (W\SLFDO ]HROLWH
FDWDO\VWV KDYH 6L:$O UDWLRV ODUJHU WKDQ 5) DQG WKH VFDWWHULQJ SRZHU RI WKLV HOHPHQW GRHV QRW GLIIHU
PXFK IURP VLOLFRQ.

:H KDYH UHFHQWO\ GHYHORSHG D PHWKRG WKDW H[SORLWV WKH DQRPDORXV VFDWWHULQJ RI $O ;-UD\
DEVRUSWLRQ HGJH >1@. $W ;-UD\ HQHUJ\ IDU IURP WKH HGJH, WKH ;-UD\ DWRPLF VFDWWHULQJ IDFWRU LV
SULPDULO\ D IXQFWLRQ RI WKH QXPEHU RI HOHFWURQV LQ WKH HOHPHQW (H.J. 14 IRU 6L DQG 13 IRU $O), EXW DV
WKH HQHUJ\ DSSURDFKHV DQ HOHPHQW'V HGJH, WKH DQRPDORXV FRQWULEXWLRQV WR WKH VFDWWHULQJ IDFWRU RI
WKDW HOHPHQW EHFRPH VLJQLILFDQW ZKLFK FKDQJHV GUDPDWLFDOO\. $W WKH $O DEVRUSWLRQ HGJH (1.56 NH9),
WKH VFDWWHUHG VLJQDO IRU DOXPLQXP GHFUHDVHV ZKLOH WKDW IRU VLOLFRQ UHPDLQV XQFKDQJHG ()LJXUH 1).
7KLV GLIIHUHQFH DIIHFWV WKH LQWHQVLWLHV RI WKH %UDJJ UHIOHFWLRQV DQG DOORZV WKH DOXPLQXP SRVLWLRQV LQ
WKH VWUXFWXUH WR EH IRXQG.

7ZR )(5-W\SH ]HROLWHV ZLWK LGHQWLFDO FRPSRVLWLRQV (_+2.2_ >6L33.8$O2.2272@), EXW GLIIHUHQW FDWDO\WLF
DFWLYLWLHV, ZHUH LQYHVWLJDWHG. 7KH\ ZHUH V\QWKHVL]HG XQGHU FRQGLWLRQV WKDW DLPHG WR DOWHUQDWH WKH
$O GLVWULEXWLRQ. 7KH PDWHULDOV DSSHDUHG WR EH LGHDO FDQGLGDWHV WR WHVW WKH YLDELOLW\ RI WKH PHWKRG LWV
OLPLWV RI GHWHFWLRQ (6L:$O UDWLRV FD. 15). 2QH VDPSOH ZDV PRUH DFWLYH DQG VHOHFWLYH LQ WKH
LVRPHUL]DWLRQ RI Q-EXWHQH WR L-EXWHQH WKDQ WKH RWKHU, EXW LW DOVR GHDFWLYDWHG IDVWHU >2@. 7KH
DOXPLQXP FDQ EH ORFDWHG DW WKH IRXU GLIIHUHQW 7 VLWHV LQ )(5-W\SH VWUXFWXUH. 2QH VDPSOH H[KLELWHG
DQ HYHQ GLVWULEXWLRQ, ZKLOH WKH RWKHU VKRZHG D FOHDU FRQFHQWUDWHG DOXPLQXP RQ WKH 71 DQG 73
VLWHV. 0RUH DOXPLQXP ORFDWHG LQ WKH 72 VLWH OHDG WR WKH KLJKHU DFWLYLW\ DQG IDVWHU GHDFWLYDWLRQ RI
WKH ILUVW VDPSOH.

7KH $;3' PHWKRG FDQ EH DSSOLHG WR ]HROLWHV ZLWK 6L:$O UDWLRV DV KLJK DV 15 WR DFKLHYH D
TXDQWLWDWLYH DQG XQDPELJXRXV SLFWXUH RI WKH FDWDO\WLFDOO\ DFWLYH VLWHV. 7KLV PHWKRG LV D PDMRU
DGYDQFH LQ RXU IXQGDPHQWDO XQGHUVWDQGLQJ RI WKH UHODWLRQVKLS EHWZHHQ ]HROLWH VWUXFWXUH DQG
FDWDO\WLF DFWLYLW\. :H EHOLHYH WKDW $;3' DW WKH $O ;-UD\ DEVRUSWLRQ HGJH FRXOG EHFRPH WKH
WHFKQLTXH RI FKRLFH IRU ]HROLWH VFLHQWLVWV LQWHUHVWHG LQ SLQSRLQWLQJ WKH DFWLYH FDWDO\WLF VLWHV LQ WKHLU
PDWHULDOV.

>1@ $. %. 3LQDU, 3. 5]HSND, $. -. .QRUSS, /. %. 0F&XVNHU, &. %DHUORFKHU, 7. +XWKZHONHU, -. $. YDQ
%RNKRYHQ, -. $P. &KHP. 6RF 143, 17926–17930 (2021)
>2@ &. 0£UTXH]-$OYDUH], $. %. 3LQDU, 5. *DUF¯D, 0. *UDQGH-&DVDV, -. 3«UH]-3DULHQWH, 7RS. &DWDO., 52,
1281–1291 (2009).
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7LQ GHQGULWH HOHFWURFDWDO\VW IRU &22 UHGXFWLRQ WR IRUPDWH RYHU D EURDG SRWHQWLDO ZLQGRZ
LQ D K\EULG IORZ FHOO

$. 6LQJK-0RUJDQ1, 9. 0RXJHO1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, /DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, (7+ =¾ULFK,
9ODGLPLU 3UHORJ :HJ 1-5, 8093 =¾ULFK, 6ZLW]HUODQG

,W LV RI WKH XWPRVW LPSRUWDQFH WKDW DQWKURSRJHQLF &22 HPLVVLRQV DUH UHGXFHG LQ RUGHU WR GHFHOHUDWH
FOLPDWH FKDQJH DQG LWV KDUPIXO HIIHFWV. 8VLQJ &22 DV D FKHPLFDO IHHGVWRFN LV D SURPLVLQJ VROXWLRQ
WKDW FRXOG VLPXOWDQHRXVO\ SURGXFH YDOXDEOH FKHPLFDOV DQG IXHOV ZLWKRXW IRVVLO RU ELRPDVV
UHVRXUFHV. )RUPLF DFLG KDV WKH KLJKHVW PDUNHW YDOXH RI W\SLFDO &22 UHGXFWLRQ SURGXFWV, KRZHYHU,
WKHUH UHPDLQV D QHHG IRU IRUPDWH-VHOHFWLYH FDWDO\VWV WR EH RSWLPLVHG LQ KLJK-SHUIRUPDQFH
HOHFWURO\VHUV. 0RVW VWXGLHV HPSOR\ +-FHOOV, ZKLFK DUH OLPLWHG E\ &22 PDVV WUDQVSRUW GXH WR WKH ORZ
VROXELOLW\ RI &22 LQ DTXHRXV HOHFWURO\WHV. 7KLV LPSRVHV D WKHRUHWLFDO PD[LPXP RQ SHUIRUPDQFH.
+HUHLQ ZH UHSRUW WKH XVH RI D "K\EULG" IORZ-FHOO ZLWK DQ LQWHUPHGLDU\ GHVLJQ EHWZHHQ WKH
WUDGLWLRQDO +-FHOO DQG IORZ-FHOO, DOORZLQJ HDVLHU WUDQVLWLRQ DQG VFDOH-XS. $ WLQ GHQGULWH FDWDO\VW ZDV
LPPRELOLVHG RQWR D JDV-GLIIXVLRQ HOHFWURGH DQG VKRZHG KLJK VHOHFWLYLW\ IRU IRUPDWH (! 80%) RYHU
DQ H[FHSWLRQDOO\ EURDG SRWHQWLDO UDQJH.
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0HFKDQLVWLF ,QYHVWLJDWLRQV RI WKH ,URQ–&DWDO\]HG 6\QWKHVLV RI 3\UUROLGLQHV E\
,QWUDPROHFXODU &–+ $PLQDWLRQ

:. 6WURHN1, 0. $OEUHFKW1*

1'HSDUWPHQW RI &KHPLVWU\, %LRFKHPLVWU\ DQG 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI %HUQ

7KH IRUPDWLRQ RI 1-KHWHURF\FOHV LV RI SDUDPRXQW LPSRUWDQFH IRU V\QWKHVLV RI SKDUPDFHXWLFDOV,
DJURFKHPLFDOV DQG QDWXUDO SURGXFWV.>1@ 'XH WR LWV DWRP-HFRQRP\, GLUHFW &–+ DPLQDWLRQ LV D YHU\
DWWUDFWLYH PHWKRG WR V\QWKHVL]H WKLV FODVV RI FRPSRXQGV. (VSHFLDOO\ ZKHQ XVLQJ D]LGHV DV QLWUHQH
SUHFXUVRUV, 12 LV SURGXFHG DV WKH RQO\ VLGH SURGXFW. 2QO\ YHU\ IHZ FRPSOH[HV DUH NQRZQ WR
FDWDO\]H WKLV WUDQVIRUPDWLRQ,>2@ DQG PXFK HIIRUW KDV EHHQ PDGH WR LPSURYH WKHLU WXUQRYHU QXPEHUV
(721V). 5HFHQWO\, ZH UHSRUWHG DQ LURQ FRPSOH[ WKDW UHDFKHV 7600 721V LQ WKLV WUDQVIRUPDWLRQ, DQ
RUGHU RI PDJQLWXGH KLJKHU WKDQ DQ\ SUHYLRXVO\ UHSRUWHG V\VWHP.>3@ :KLOH LPSURYHPHQWV LQ DFWLYLW\
KDYH EHHQ DFFRPSOLVKHG LQ UHFHQW \HDUV, HOXFLGDWLRQ RI WKH PHFKDQLVP KDV EHHQ GLIILFXOW,
HVSHFLDOO\ IRU LURQ FRPSOH[HV.

,Q WKLV FRQWULEXWLRQ ZH ZLOO GLVFXVV WKH DELOLW\ RI )H(+0'6)2, ZKLFK LV V\QWKHVL]HG LQ RQO\ RQH VLQJOH
VWHS, WR FDWDO\]H WKH IRUPDWLRQ RI S\UUROLGLQHV IURP DON\OD]LGHV. 0RUHRYHU, PHFKDQLVWLF
LQYHVWLJDWLRQV XVLQJ D FRPELQDWLRQ RI V\QWKHWLF (VWRLFKLRPHWULF H[SHULPHQWV, NLQHWLFV),
VSHFWURVFRSLF (105, )7,5, ;5') DQG FRPSXWDWLRQ PHWKRGV (')7, 1(9372-&$66&)) DOORZV QRZ D
GHWDLOHG PHFKDQLVP WR EH SRVWXODWHG, LQFOXGLQJ RII-F\FOH LQWHUPHGLDWHV DQG PDLQ GHFRPSRVLWLRQ
SDWKZD\V. 7KHVH LQVLJKWV DUH XVHIXO IRU IXUWKHU LPSURYLQJ WKH FDWDO\WLF DFWLYLW\ DQG IRU GHVLJQLQJ
QHZ FDWDO\WLF V\VWHPV.

>1@ 5. +LOL DQG $. .. <XGLQ, 1DW. &KHP. %LRO., 2006, 2, 284–287.
>2@ <. 3DUN, <. .LP DQG 6. &KDQJ, &KHP. 5HY., 2017, 117, 9247–9301.
>3@ :. 6WURHN, 0. .HLOZHUWK, '. 0. 3LYLGRUL, .. 0H\HU DQG 0. $OEUHFKW, -. $P. &KHP. 6RF., 2021, 143,
20157–20165.
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&HULD-VXSSRUWHG JROG QDQRSDUWLFOHV DV D VXSHULRU FDWDO\VW IRU QLWURXV R[LGH SURGXFWLRQ
YLD DPPRQLD R[LGDWLRQ

,. 6XULQ1, =. 7DQJ1, $. 5DVPXVVHQ1, ). .UXPHLFK1, (. 9. .RQGUDWHQNR2, 9. $. .RQGUDWHQNR2, -. 3«UH]-
5DP¯UH]1*

1(7+ =XULFK, 2/HLEQL]-,QVWLWXW I¾U .DWDO\VH

'LUHFW R[LGDWLRQ RI 1+3 LQWR 122 FRPSULVHV DQ HIIHFWLYH DSSURDFK WRZDUGV WKH DIIRUGDEOH
PDQXIDFWXUH RI WKLV YHUVDWLOH DQG KLJKO\ VHOHFWLYH R[LGDQW, RIIHULQJ D XQLTXH VROXWLRQ WR D
ORQJ‑VWDQGLQJ FKDOOHQJH RI VHOHFWLYH FRQYHUVLRQ RI K\GURFDUERQV LQWR YDOXH‑DGGHG R[\JHQDWHV.
+RZHYHU, WKH ODFN RI D VXLWDEOH FDWDO\VW SUHFOXGHV LWV LQGXVWULDO LPSOHPHQWDWLRQ. ,QVWHDG, 122 LV
SURGXFHG YLD WKHUPDO GHFRPSRVLWLRQ RI 1+4123, UHQGHULQJ LW WRR H[SHQVLYH DQG OLPLWLQJ LWV
SURVSHFWLYH XVHV.>1@ +HUHLQ, ZH UHSRUW &H22-VXSSRUWHG $X QDQRSDUWLFOHV ()LJ. 1D, 2–3 QP) DV D
KLJKO\ VHOHFWLYH FDWDO\VW IRU ORZ-WHPSHUDWXUH 1+3 R[LGDWLRQ WR 122, H[KLELWLQJ WZR RUGHUV RI
PDJQLWXGH KLJKHU VSDFH–WLPH \LHOG WKDQ WKH VWDWH-RI-WKH-DUW 0Q‑%L/$O223 DQG UHPDUNDEOH VWDELOLW\
RYHU 70 K RQ VWUHDP ()LJ. 1E,F). 7KH UHDFWLRQ LV UHYHDOHG WR SURFHHG YLD D 0DUV‑YDQ .UHYHOHQ
PHFKDQLVP ()LJ. 1G), ZLWK WKH GHQVLW\ RI LQWHUIDFLDO $X͈+ VSHFLHV DQG WKH R[\JHQ VWRUDJH FDSDFLW\
RI &H22 LGHQWLILHG DV WKH NH\ SHUIRUPDQFH GHVFULSWRUV ()LJ. 1H,I). 7KH ODWWHU FRXOG EH IXUWKHU
HQKDQFHG E\ FREDOW GRSLQJ, LPSURYLQJ WKH FDWDO\WLF DFWLYLW\ DQG VHWWLQJ D QHZ EHQFKPDUN IRU 122
SURGXFWLYLW\ ()LJ. 1E).>2@ 7KHVH ILQGLQJV HVWDEOLVK 1+3 R[LGDWLRQ DV D YLDEOH WHFKQRORJ\ IRU 122
PDQXIDFWXUH DQG IDFLOLWDWH LWV EURDGHU XWLOL]DWLRQ LQ VHOHFWLYH R[LGDWLRQV.

)LJXUH 1D 0LFURJUDSK RI $X/&H22. E &DWDO\WLF SHUIRUPDQFH RI VHOHFWHG 1+3 R[LGDWLRQ FDWDO\VWV. F
6WDELOLW\ WHVW RI $X/&H22 DQG EHQFKPDUN 0Q−%L/$O223. G 7UDQVLHQW UHVSRQVH XSRQ SXOVLQJ RI

1:1:1 1+3:1822:$U PL[WXUH RYHU $X/&H22 DW 573 .. H 2[\JHQ VWRUDJH FDSDFLW\ (26&) DQG I $X͈+

FRQWHQW DV SHUIRUPDQFH GHVFULSWRUV RI $X/&H22 LQ 1+3 R[LGDWLRQ WR 122. 6DPSOH FRGH: 0/VXSSRUW.

>1@ 9.1. 3DUPRQ, *.,. 3DQRY, $. 8ULDUWH, $.6. 1RVNRY, &DWDO. 7RGD\ 2005, 100, 115.
>2@ =. 7DQJ, ,. 6XULQ, $. 5DVPXVVHQ, ). .UXPHLFK, (. 9. .RQGUDWHQNR, 9. $. .RQGUDWHQNR, -. 3«UH]-
5DP¯UH], $QJHZ. &KHP. ,QW. (G. 2022, 61, H202200772.
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6LQWHU UHVLVWDQW QLFNHO FDWDO\VW IRU OLJQLQ K\GURJHQRO\VLV DFKLHYHG E\ OLTXLG SKDVH
DWRPLF OD\HU GHSRVLWLRQ RI DOXPLQD

). 7DOHENHLNKDK1, 6. 6XQ1, :. /DQ1, -. /XWHUEDFKHU1*

1/DERUDWRU\ RI 6XVWDLQDEOH DQG &DWDO\WLF 3URFHVVLQJ, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH

/LJQLQ K\GURJHQRO\VLV LV DQ LPSRUWDQW VWHS LQ VXVWDLQDEOH SURGXFWLRQ RI DURPDWLF FKHPLFDOV DQG
IXHOV IURP OLJQRFHOOXORVLF ELRPDVV. ,QH[SHQVLYH FDWDO\VWV FRQWDLQLQJ QLFNHO KDYH OHG WR KLJK \LHOGV
EXW WHQG WR UDSLGO\ GHDFWLYDWH GXH WR QDQRSDUWLFOH VLQWHULQJ DQG FDUERQDFHRXV GHSRVLW IRUPDWLRQ.
:KLOH FRQGHQVDWLRQ FDQ EH UHPRYHG E\ UHJHQHUDWLRQ PHWKRGV, VLQWHULQJ LV DQ LUUHYHUVLEOH
VWUXFWXUDO FKDQJH RI WKH FDWDO\VW. +HUH, ZH XVHG D VLPSOH, UHFHQWO\-GHYHORSHG PHWKRG FDOOHG
VWRLFKLRPHWULFDOO\ OLTXLG SKDVH DWRPLF OD\HU GHSRVLWLRQ ($/') WR GHSRVLW DOXPLQD OD\HU RQ D 1L/&
FDWDO\VW WR SURWHFW QLFNHO QDQR SDUWLFOHV IURP VLQWHULQJ. :LWK ERWK K\GURJHQ FKHPLVRUSWLRQ WHVWV
DQG PLFURVFRSLF LPDJHV, ZH SURYHG WKDW WKLV OD\HU FDQ SUHYHQW VLQWHULQJ GXULQJ UHGXFWLRQ XS WR
600r&. %HVLGHV JDV SKDVH WHVWV, WKLV FDWDO\VW ZDV HYDOXDWHG IRU K\GURJHQRO\VLV RI SURSLRQDOGHK\GH
H[WUDFWHG OLJQLQ LQ EDWFK DQG FRQWLQXRXV PRGH. ,Q EDWFK PRGH, 250r& DQG FD 80 EDU, WKH FDWDO\VW
RYHUFRDWHG ZLWK DOXPLQD PDLQWDLQHG KLJK PRQRPHU \LHOGV ZLWK ORZ VLQWHULQJ RYHU 4 F\FOHV RI UHXVH
ZKLOH WKH \LHOG IRU WKH FDWDO\VW ZLWKRXW DOXPLQD UHGXFHG WR KDOI DQG VHYHUH VLQWHULQJ RFFXUUHG. ,Q D
FRQWLQXRXV IORZ UHDFWRU DW 200r& DQG 60 EDU, GHDFWLYDWLRQ UDWHV ZHUH WKUHH WLPHV ORZHU IRU WKH
FDWDO\VW ZLWK DQ DOXPLQD RYHUFRDW YV. WKH XQFRDWHG FDWDO\VW. 0HDQZKLOH, PLFURVFRSLF LPDJHV
FRQILUPHG WKDW WKH DOXPLQD OD\HU ODUJHO\ SUHVHUYHG WKH VL]H RI QLFNHO SDUWLFOHV DIWHU 10 GD\V RI
RSHUDWLRQ. 2XU UHVXOWV GHPRQVWUDWH DOXPLQD GHSRVLWLRQ SUHYHQWV VLQWHULQJ GXULQJ OLJQLQ
K\GURJHQRO\VLV OHDGLQJ WR ORZHU GHDFWLYDWLRQ UDWHV, ZKLFK FRXOG IDFLOLWDWH WKH GHYHORSPHQW RI
FRQWLQXRXV OLJQLQ XSJUDGLQJ.
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(IIHFW RI SDUWLFOH VL]H LQ GLEURPRPHWKDQH K\GURGHEURPLQDWLRQ RYHU 6L22‑VXSSRUWHG 3G
QDQRSDUWLFOHV

0. 9DQQL1, 9. *LXOLPRQGL1, ). .UXPHLFK1, 6. 0LWFKHOO1, -. 3«UH] 5DP¯UH]1*

1(7+ =XULFK

%URPLQH‑PHGLDWHG IXQFWLRQDOL]DWLRQ RI PHWKDQH LV D SURPLVLQJ URXWH IRU QDWXUDO JDV XSJUDGLQJ LQWR
IXHOV, ZLWK &+3%U DV WKH NH\ SODWIRUP WRZDUG KLJKHU K\GURFDUERQV.>1@ +RZHYHU, GLUHFW EURPLQDWLRQ
RI PHWKDQH \LHOGV ODUJH TXDQWLWLHV RI GLEURPRPHWKDQH ('%0) DV D E\SURGXFW, KLQGHULQJ WKH
LPSOHPHQWDWLRQ RI WKLV WHFKQRORJ\. $ SRVVLEOH VROXWLRQ WR WKLV LV WKH YDORUL]DWLRQ RI '%0.
1HYHUWKHOHVV, (L) GLUHFW FRQYHUVLRQ RI '%0 LQWR OLJKW ROHILQV DQG (LL) FDWDO\VW VWDELOLW\ UHPDLQ PDMRU
KXUGOHV. ,Q D IRUPHU VWXG\,>2@ WKH DELOLW\ RI 6L22‑VXSSRUWHG 3G QDQRSDUWLFOHV (13V) WR SURPRWH WKH
K\GURJHQDWLYH ROLJRPHUL]DWLRQ RI '%0 LQWR K\GURFDUERQ PL[WXUHV YLD IRUPDWLRQ RI D 3G FDUELGH
SKDVH ZDV GHPRQVWUDWHG. +HUHLQ, ZH H[SORUH WKH FDWDO\WLF SURSHUWLHV RI WKLV QRYHO FODVV RI
FDWDO\VWV IRU '%0 K\GURGHEURPLQDWLRQ. 7R WKLV HQG, WKH LQIOXHQFH RI WKH 3G 13V VL]H LQ WKH IUHVK
FDWDO\VWV LV LQYHVWLJDWHG ()LJ. 1D, E). 7KRXJK WKH IRUPDWLRQ RI &−& FRXSOLQJ SURGXFWV LV DIIHFWHG
RQO\ WR D OHVVHU H[WHQW, WKH GHJUHH RI XQVDWXUDWLRQ RI WKH ODWWHU LQFUHDVHV ZLWK SDUWLFOH VL]H
()LJ. 1F), EHLQJ QHJOLJLEOH LQ 13V RI DSSUR[LPDWHO\ 1 QP. 7KLV HIIHFW LV DVFULEHG WR D VWURQJHU
DGVRUSWLRQ RI DONHQH LQWHUPHGLDWHV RQ WKH VXUIDFH RI VPDOOHU 13V, OLNHO\ ULFKHU LQ HOHFWURQ‑SRRU 3G
DWRPV IDYRULQJ IXOO K\GURJHQDWLRQ. )XUWKHUPRUH, WKH FDWDO\VWV UHPDLQ VWDEOH RYHU 10 K RQ VWUHDP,
H[KLELWLQJ XQDOWHUHG SURGXFW VHOHFWLYLW\ ()LJ. 1G). 7KHVH ILQGLQJV KLJKOLJKW WKH SRWHQWLDO RI 3G
FDWDO\VWV IRU '%0 YDORUL]DWLRQ.

)LJ. 1D (OHFWURQ PLFURJUDSKV RI 6L22‑VXSSRUWHG 3G 13V. 6DPSOH FRGH: 3G/6L22‑DYHUDJH SDUWLFOH
VL]H. E &RUUHVSRQGLQJ ;‑UD\ GLIIUDFWLRQ SDWWHUQV RI WKH IUHVK DQG XVHG (-X ODEHOOHG) FDWDO\VWV,
VKRZLQJ WKH IRUPDWLRQ RI D 3G FDUELGH SKDVH. F 6L]H‑GHSHQGHQW VHOHFWLYLW\ SDWWHUQV. G 5HODWLYH UDWH
RI '%0 K\GURGHEURPLQDWLRQ (WRS) DQG FRUUHVSRQGLQJ SURGXFW VHOHFWLYLW\ (ERWWRP) DV D IXQFWLRQ RI
WLPH RQ VWUHDP.

>1@ (.:. 0F)DUODQG, 6FLHQFH, 2012, 338, 340‑342.
>2@ .. 'LQJ, $.5. 'HUN, $. =KDQJ, =. +X, 3. 6WRLPHQRY, *.'. 6WXFN\, +. 0HWLX, (.:. 0F)DUODQG, $&6
&DWDO., 2012, 2, 479‑486.
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8QUDYHOOLQJ WKH HIIHFW RI ELPHWDOOLF FR-FDWDO\VW DQG UHDFWLRQ FRQGLWLRQV RQ WKH
SKRWRFDWDO\WLF FRQYHUVLRQ RI PHWKDQH WR R[\JHQDWHV RYHU 7L22

$. :DFK1, '. :LHU]ELFNL1, 0. 1DFKWHJDDO1

13DXO 6FKHUUHU ,QVWLWXW, &+-5232 9LOOLJHQ, 6ZLW]HUODQG

7KH GLUHFW R[LGDWLRQ RI PHWKDQH LQWR PRUH HQHUJ\-GHQVH OLTXLG GHULYDWLYHV, VXFK DV PHWKDQRO, LV D
SURPLVLQJ URXWH WR UHDOL]H D VXVWDLQDEOH FKHPLFDO LQGXVWU\. +RZHYHU, WKH SURFHVV LV YHU\
GHPDQGLQJ, DV WKH KLJK &–+ ERQG VWUHQJWK RI PHWKDQH UHTXLUHV KDUVK FRQGLWLRQV (KLJK
WHPSHUDWXUH DQG SUHVVXUH WR EH DFWLYDWHG. 3KRWRFDWDO\VLV KDYH HPHUJHG DV D SURPLVLQJ
DOWHUQDWLYH WR WUDGLWLRQDO XVHG WKHUPRFDWDO\VLV. 8SRQ SKRWR-H[FLWDWLRQ, YHU\ HQHUJHWLF FKDUJH
FDUULHUV DUH JHQHUDWHG WKDW DFWLYDWH PHWKDQH DQG VXEVWDQWLDOO\ UHGXFH WKH DFWLYDWLRQ HQHUJ\,
DOORZLQJ WR GULYH FKHPLFDO SURFHVV XQGHU PLOG FRQGLWLRQV >1@. 7\SLFDO R[LGH VHPLFRQGXFWRUV (7L22,
=Q2, :23) ORDGHG ZLWK DFWLYH FR-FDWDO\VWV, VXFK DV PHWDOV (3W, 3G, $X, $J) DQG PHWDO R[LGHV ()H2[,
&R2[) KDYH GHPRQVWUDWHG JRRG SKRWRFDWDO\WLF DFWLYLW\ LQ WKH VHOHFWLYH R[LGDWLRQ RI PHWKDQH >2@.
1HYHUWKHOHVV, OLWWOH LV NQRZQ DERXW WKH PHFKDQLVP EHKLQG WKH SKRWRFDWDO\WLF FRQYHUVLRQ RI
PHWKDQH DQG WKH UROH RI UHDFWLRQ FRQGLWLRQV DQG WKH UROH RI WKH PHWDO FR-FDWDO\VW.

+HUH, ZH SUHVHQW WKH VHOHFWLYH SKRWRFDWDO\WLF R[LGDWLRQ RI PHWKDQH WR R[\JHQDWHV RYHU D
SKRWRFDWDO\WLF V\VWHP FRPSRVHG RI 7L22 DV VHPLFRQGXFWRU DQG PHWDOOLF RU ELPHWDOOLF QDQRSDUWLFOHV
DV FR-FDWDO\VWV ($X, 3G DQG $X-3G). 7KH SKRWRFDWDO\WLF V\VWHPV ZHUH V\QWKHVL]HG YLD D VLPSOH VRO-
LPPRELOL]DWLRQ PHWKRG. 7KH SKRWRFDWDO\WLF FRQYHUVLRQ RI PHWKDQH ZDV FDUULHG RXW LQ D FXVWRP-
PDGH IORZ-WKURXJK UHDFWRU FHOO XVLQJ PROHFXODU R[\JHQ RU +222 DV DQ R[LGDQW XQGHU VSHFLILF OLJKW
LUUDGLDWLRQ. $ ZLGH UDQJH RI RSHUDWLQJ FRQGLWLRQV (FR-FDWDO\VW ORDGLQJ, WHPSHUDWXUH, R[LGDQW
FRQFHQWUDWLRQ, UHVLGHQFH WLPH) DQG SKRWR-WULJJHUV (YLVLEOH RU XOWUDYLROHW OLJKW LUUDGLDWLRQ DQG GDUN
H[SHULPHQWV) ZHUH XVHG WR HYDOXDWH WKH LQIOXHQFH RI WKHVH SDUDPHWHUV RQ WKH SKRWRFDWDO\WLF
DFWLYLW\ DQG VHOHFWLYLW\. $GGLWLRQDOO\, LQ VLWX TXLFN-VFDQQLQJ ;$6 VWXGLHV DW WKH $X /3-HGJH DQG 3G .-
HGJH FRPELQHG ZLWK UHDFWDQW FXW-RII RU DGGLWLRQ RU OLJKW RQ/OLJKW RII H[SHULPHQWV DOORZHG WR REWDLQ
D FRPSOHWH SLFWXUH RI WKH VWUXFWXUH DFWLYLW\/VHOHFWLYLW\ UHODWLRQVKLSV.

>1@ ;L\L /L, &KDR :DQJ, -XQZDQJ 7DQJ, 1DWXUH 5HYLHZV 0DWHULDOV, 2022, '2,
10.1038/V41578-022-00422-3
>2@ <XGRQJ 7LDQ, /LQJ\X 3LDR, ;LDRER &KHQ, *UHHQ &KHPLVWU\, 2021, 23, 3526
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(OHFWURFDWDO\WLF JHQHUDWLRQ RI PHWDO K\GULGHV SURPRWHG E\ FRQFHUWHG SURWRQ HOHFWURQ
WUDQVIHU PHGLDWRUV

$. /. :DONHU1, 9. 0RXJHO1*

1(7+ =¾ULFK, 'HSDUWHPHQW &KHPLH XQG $QJHZDQGWH %LRZLVVHQVFKDIWHQ, 9ODGLPLU-3UHORJ-:HJ
1-5/10, 8093 =¾ULFK, 6FKZHL]

7UDQVLWLRQ PHWDO K\GULGHV (0-+) KDYH EHHQ LGHQWLILHG DV NH\ LQWHUPHGLDWHV LQ D YDULHW\ RI FDWDO\WLF
WUDQVIRUPDWLRQV UDQJLQJ IURP WKH FRQYHUVLRQ RI HQHUJ\ LQ ELRORJLFDO V\VWHPV WR LQGXVWULDO
SURFHVVHV. $V VXFK, 0-+ DUH LQYROYHG LQ WKH HOHFWURFKHPLFDO RU WKHUPRFKHPLFDO UHGXFWLRQ RI &22 WR
IRUPLF DFLG>1@, WKH UHYHUVLEOH LQWHUFRQYHUVLRQ RI ++/+2>2@ DQG LQ D ZLGH QXPEHU RI K\GURJHQDWLRQ
UHDFWLRQV. ,Q WKLV FRQWH[W, WKH IDFLOH JHQHUDWLRQ RI 0-+ VSHFLHV SUHVHQWV RQH RI WKH PDLQ OLPLWDWLRQV
IRU WKH FDWDO\WLF WUDQVIRUPDWLRQ RI VPDOO PROHFXOHV E\ XWLOL]LQJ UHQHZDEOH HQHUJ\. 3DUWLFXODUO\, LQ
WKH UHGXFWLRQ RI &22 WR IRUPLF DFLG RQH RI WKH PDLQ DFWLYDWLRQ SDWKZD\V LQYROYHV WKH UHDFWLYLW\ RI
&22 ZLWK 0-+ ERQGV.>1@ &XUUHQW FODVVLFDO VWUDWHJLHV IRU HOHFWURFKHPLFDO 0-+ IRUPDWLRQ QHFHVVLWDWH
WKH LQLWLDO UHGXFWLRQ RI D PHWDO FHQWHU IROORZHG E\ WKH VHTXHQWLDO WUDQVIHU RI D SURWRQ DQG DQ
HOHFWURQ LQ HLWKHU D SURWRQ WUDQVIHU-HOHFWURQ WUDQVIHU (37-(7) RU DQ (7-37 PHFKDQLVP. 7KLV VWHSZLVH
SURFHVV RIWHQ UHTXLUHV FRQVLGHUDEO\ KLJK FDWKRGLF SRWHQWLDOV WR SURPRWH WKH UHDFWLRQ DQG WKH XVH
RI D VWURQJ DFLG DV SURWRQ VRXUFH. $OWHUQDWLYHO\, JHQHUDWLRQ RI 0-+ VSHFLHV PD\ RFFXU LQ D VLQJOH
NLQHWLF VWHS, EDVHG RQ WKH KRPRO\WLF FRXSOLQJ RI D VLQJO\ UHGXFHG PHWDO FHQWHU ZLWK D K\GURJHQ
DWRP (FRQFRPLWDQW SURWRQ DQG HOHFWURQ WUDQVIHU) LQ D VR FDOOHG FRQFHUWHG SURWRQ-HOHFWURQ WUDQVIHU
(&3(7) PHFKDQLVP ()LJXUH 1D, ERWWRP).
:H KDYH UHFHQWO\ LGHQWLILHG D QRYHO VWUDWHJ\ IRU WKH HOHFWURFDWDO\WLF JHQHUDWLRQ RI 0-+ VSHFLHV YLD
D SURWRQ FRXSOHG HOHFWURQ WUDQVIHU PHFKDQLVP XWLOL]LQJ &3(7 PHGLDWRUV WR SURPRWH WKH IRUPDWLRQ
RI D PDQJDQHVH K\GULGH VSHFLHV.>3@ 8WLOL]LQJ WKLV DSSURDFK, ZH DUH H[SORULQJ WKH H[WHQVLRQ RI WKLV
FRQFHSW WR D YDULHW\ RI WUDQVLWLRQ PHWDO EDVHG FDWDO\VWV WR DFTXLUH D IXQGDPHQWDO XQGHUVWDQGLQJ RI
WKH WKHUPRG\QDPLF ERXQGDU\ FRQGLWLRQV DQG WKH NLQHWLF OLPLWDWLRQV ZKLFK JRYHUQ HOHFWURFDWDO\WLF
0-+ JHQHUDWLRQ. 7KH HOHFWURFKHPLFDO &22 UHGXFWLRQ UHDFWLRQ (&2255) ZDV LQYHVWLJDWHG WR
XQGHUVWDQG WKH SURGXFW VHOHFWLYLW\ DQG GHYHORS D PHFKDQLVWLF XQGHUVWDQGLQJ RI WKH UHDFWLRQ.

 

>1@ 5. )UDQFNH, %. 6FKLOOH, 0. 5RHPHOW, &KHP. 5HY., 2018, 118, 4631-4701.
>2@ 5. 0. %XOORFN, 0. /. +HOP, $&&. &KHP. 5HV., 2015, 48, 2017-2026.
>3@ 6. 'H\., ). 0DVHUR, (. %UDFN, 0. )RQWHFDYH, 9. 0RXJHO, 1DWXUH, 2022, XQGHU SUHVV.
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3G/=60-5 PDWHULDOV IRU FRQWLQXRXV OLTXLG SKDVH FDWDO\]HG PHWKDQH R[LGDWLRQ WR
R[\JHQDWHV

'. :LHU]ELFNL1, $. :DFK1, '. )HUUL1, 0. 1DFKWHJDDO1

13DXO 6FKHUUHU ,QVWLWXWH, &+-5232 9LOOLJHQ, 6ZLW]HUODQG

7KH GLUHFW R[LGDWLRQ RI HDUWK-DEXQGDQW PHWKDQH LQWR OLTXLG GHULYDWLYHV, VXFK DV PHWKDQRO, KDV
WULJJHUHG VLJQLILFDQW UHVHDUFK LQWHUHVW RYHU WKH \HDUV EHFDXVH RI ERWK HQYLURQPHQWDO DQG HFRQRPLF
LPSOLFDWLRQV. ,Q SDUWLFXODU, GXH WR LWV PROHFXODU VWUXFWXUH, PHWKDQRO LV YHU\ UHDFWLYH DQG WKXV PRUH
XVHIXO DV D FKHPLFDO EXLOGLQJ EORFN IRU WKH SURGXFWLRQ RI IXHOV DQG KLJK YDOXH-DGGHG FKHPLFDOV >1@.
5HFHQWO\, D QXPEHU RI ORZ WHPSHUDWXUH DSSURDFKHV KDYH EHHQ H[SORUHG IRU WKH FRQYHUVLRQ RI
PHWKDQH, HDFK ZLWK VRPH GLVDGYDQWDJHV DQG OLPLWDWLRQV, LQFOXGLQJ ORZ UHDFWLRQ UDWHV, WKH QHHG IRU
DQ DGGLWLRQDO DFWLYDWLRQ VWHS DQG HQYLURQPHQWDO FRQFHUQV. 7KH ORZ WHPSHUDWXUH R[LGDWLRQ RI
PHWKDQH RYHU PHWDO-FRQWDLQLQJ ()H RU &X) ]HROLWHV ZLWK 22, +22 RU 122 DV JDVHRXV R[LGDQWV DOORZV
WR DYRLG RYHUR[LGDWLRQ RI PHWKDQH >2@. +RZHYHU, DIWHU IRUPDWLRQ RI XQLTXHO\ DQFKRUHG R[\JHQ
VSHFLHV XVLQJ R[LGDQWV WKH\ DUH UDSLGO\ FRQVXPHG E\ &+4 DQG UHTXLUH D UHJHQHUDWLRQ VWHS DW KLJK
WHPSHUDWXUH. 7KXV, WKH WUDQVIRUPDWLRQ RI &+4 WR PHWKDQRO E\ R[LGH VSHFLHV LV UDWKHU DQ R[LGDWLRQ
UHDFWLRQ LQVWHDG RI FRQWLQXRXV FDWDO\WLF SURFHVV. ,Q FRQWUDVW WR VROLG-JDV UHDFWLRQV, WKH FRQYHUVLRQ
RI &+4 WR &+32+, RU HYHQ IRUPLF DFLG, GR QRW UHTXLUH D UHJHQHUDWLRQ VWHS. 7KH PDLQ FKDOOHQJH LV
VWLOO WKH DFWLYLW\ DQG VHOHFWLYLW\ WRZDUGV PHWKDQRO, ZKLFK LV EHORZ WKH UHTXLUHPHQWV IRU LQGXVWULDO
SURGXFWLRQ. ,Q RUGHU WR DGGUHVV WKRVH FKDOOHQJHV D FDWDO\WLF V\VWHP ZLWK KLJK DFWLYLW\ DQG
VHOHFWLYLW\ WRZDUGV PHWKDQRO RU HYHQ HWKDQRO DV ZHOO DV IXQGDPHQWDO XQGHUVWDQGLQJ RI WKH UHDFWLRQ
PHFKDQLVP LV QHFHVVDU\.

7KH DLP RI WKLV VWXG\ ZDV WR GHWHUPLQH WKH LQIOXHQFH RI UHDFWLRQ FRQGLWLRQV (IORZ UDWH,
FRQFHQWUDWLRQ RI R[LGDQW (+222) DQG WHPSHUDWXUH) RQ WKH SHUIRUPDQFH RI 3G/=60-5 FDWDO\VWV LQ WKH
OLTXLG SKDVH R[LGDWLRQ RI PHWKDQH WR PHWKDQRO. 7KH IORZ UDWH ZDV YDULHG IURP 0.1-1.0 PO/PLQ, WKH
+222 FRQFHQWUDWLRQ IURP 1-10 PPRO DQG WKH WHPSHUDWXUH IURP 50-90℃. $OO FDWDO\WLF WHVWV ZHUH
SHUIRUPHG DW D SUHVVXUH RI 34 EDU. 7KH FDWDO\VWV ZHUH V\QWKHVL]HG E\ ERWK LRQ-H[FKDQJH DQG
LPSUHJQDWLRQ PHWKRGV WR FRPSDUH WKH 3G GLVSHUVLRQ DQG ZHUH FKDUDFWHUL]HG XVLQJ ;5', HOHPHQWDO
DQDO\VLV, ORZ WHPSHUDWXUH 12 VRUSWLRQ, 7(0 DQG ;$6. 7KH REWDLQHG UHVXOWV ZLOO DOORZ XV WR RSWLPL]H
WKH SURFHVV SDUDPHWHUV DQG FDWDO\VWV V\QWKHVLV HQKDQFLQJ WKH VHOHFWLYLW\ DQG VWDELOLW\ RI WKH
VWXGLHG PDWHULDOV WRZDUGV PHWKDQRO, HWKDQRO DQG RWKHU R[\JHQDWHV.

>1@ 0. 5DYL, HW DO., 1DWXUH &DWDO\VLV 2019, 2, 485.
>2@ 1. $JDUZDO, HW DO., 6FLHQFH 2017, 358, 223.
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$ %LRLQVSLUHG 0R-EDVHG (OHFWURFDWDO\VW IRU HIILFLHQW HOHFWURFKHPLFDO QLWUDWH UHGXFWLRQ WR
DPPRQLD

<. ;X1, '. $EERWW1, 9. 0RXJHO1

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK, =¾ULFK, 6ZLW]HUODQG

(OHFWURFDWDO\WLF QLWUDWH UHGXFWLRQ (1755) LV D SURPLVLQJ WHFKQRORJ\ IRU DPPRQLD V\QWKHVLV DQG
QLWUDWH UHPRYDO IURP JURXQGZDWHU WR HOLPLQDWH WKH QHJDWLYH LQIOXHQFH RQ KXPDQ.1-3 +RZHYHU, WKH
GHYHORSPHQW RI VXFK D SURFHVV KDV EHHQ UHWDUGHG E\ WKH ODFN RI HIILFLHQW HOHFWURFDWDO\VWV IRU
KLJKO\ VHOHFWLYH QLWUDWH HOHFWURUHGXFWLRQ LQWR YDOXH-DGGHG DPPRQLD.4-7 ,QVSLUHG E\ WKH 0R-EDVHG
DFWLYH VLWH RI WKH QLWUDWH UHGXFWDVH HQV\PHV, ZH KDYH IDEULFDWHG QDQRVWUXFWXUHG 0R-EDVHG
HOHFWURFDWDO\VWV, YLD D IDFLOH WZR-VWHS HOHFWURGHSRVLWLRQ VWUDWHJ\. 7KLV PDWHULDO H[KLELWV D
UHPDUNDEOH 1755 DFWLYLW\ WRZDUG VHOHFWLYH QLWUDWH UHGXFWLRQ WR DPPRQLD, ZLWKIDUDGDLF HIILFLHQF\
H[FHHGLQJ 98%, DV ZHOO DV H[HSWLRQDO VWDELOLW\, GHPRQVWUDWLQJ VWDEOH RSHUDWLRQ DW KLJK FXUUHQW
GHQVLW\ IRU RYHU 110 K. 7KH KLJK VHOHFWLYLW\ DQG VWDELOLW\ RI WKH PDWHULDO HQDEOHG WKH GLUHFW QLWUDWH
UHGXFWLRQ LQ WDS ZDWHU. 7KH SUHSDUDWLRQ RI WKLV PDWHULDO DQG LWV FDWDO\WLF SURSHUWLHV ZLOO EH
SUHVHQWHG KHUH.

)LJXUH (D) 7KH )DUDGDLF HIILFLHQFLHV DQG (E) 1+3 \LHOG UDWH IRU 1+3 RQ 0R-EDVHG HOHFWURFDWDO\VW DW
GLIIHUHQW HOHFWURGH SRWHQWLDOV. (F) &RPSDULVRQ RI WKH )( DQG \LHOG UDWH IRU 1+3 WRZDUG 1755 RYHU
0R-EDVHG FDWDO\VW ZLWK RWKHU ZHOO-GHYHORSHG HOHFWURFDWDO\VWV XQGHU QHDU-DPELHQW FRQGLWLRQV.

1. 'XFD, 0. & .RSHU, 0.7. 3RZHULQJ GHQLWULILFDWLRQ: WKH SHUVSHFWLYHV RI HOHFWURFDWDO\WLF QLWUDWH
UHGXFWLRQ. (QHUJ\ & (QYLURQPHQWDO 6FLHQFH 5, 9726-9742 (2012).

2. /L, -. HW DO. (IILFLHQW DPPRQLD HOHFWURV\QWKHVLV IURP QLWUDWH RQ VWUDLQHG UXWKHQLXP
QDQRFOXVWHUV. -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\ 142, 7036-7046 (2020).

3. /L, 3., -LQ, =., )DQJ, =. & <X, *. $ VLQJOH-VLWH LURQ FDWDO\VW ZLWK SUHRFFXSLHG DFWLYH FHQWHUV
WKDW DFKLHYHV VHOHFWLYH DPPRQLD HOHFWURV\QWKHVLV IURP QLWUDWH. (QHUJ\ & (QYLURQPHQWDO
6FLHQFH 14, 3522-3531 (2021).

4. :DQJ, <. HW DO. (QKDQFHG QLWUDWH-WR-DPPRQLD DFWLYLW\ RQ FRSSHU–QLFNHO DOOR\V YLD WXQLQJ RI
LQWHUPHGLDWH DGVRUSWLRQ. -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\ 142, 5702-5708 (2020).

5. *XR, <. HW DO. 3G 'RSLQJ-ZHDNHQHG ,QWHUPHGLDWH DGVRUSWLRQ WR 3URPRWH (OHFWURFDWDO\WLF
1LWUDWH 5HGXFWLRQ RQ 7L22 1DQRDUUD\V IRU $PPRQLD 3URGXFWLRQ DQG (QHUJ\ 6XSSO\ ZLWK =LQF-
1LWUDWH %DWWHULHV. (QHUJ\ & (QYLURQPHQWDO 6FLHQFH (2021).

6. 0F(QDQH\, -.0. HW DO. (OHFWURO\WH HQJLQHHULQJ IRU HIILFLHQW HOHFWURFKHPLFDO QLWUDWH UHGXFWLRQ
WR DPPRQLD RQ D WLWDQLXP HOHFWURGH. $&6 6XVWDLQDEOH &KHPLVWU\ & (QJLQHHULQJ 8,
2672-2681 (2020).

7. /L, <. HW DO. (Q]\PH PLPHWLF DFWLYH LQWHUPHGLDWHV IRU QLWUDWH UHGXFWLRQ LQ QHXWUDO DTXHRXV
PHGLD. $QJHZDQGWH &KHPLH 132, 9831-9837 (2020).
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%RRVWLQJ WKH IRUPDWLRQ RI HWKDQRO IURP &22 K\GURJHQDWLRQ RYHU 5K-EDVHG FDWDO\VWV
JHQHUDWHG YLD 620&

:. =KRX1, &. &RS«UHW1*

1(7+ =¾ULFK, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, 9ODGLPLU-3UHORJ-:HJ 1-5 / 10 8093
=¾ULFK, 6FKZHL]

7KH FRQWLQXRXV LQFUHDVH LQ WKH FRQFHQWUDWLRQ RI DWPRVSKHULF &22 KDV VWDUWHG WR UDLVH VHULRXV
FRQFHUQV ZLWK PDMRU LPSDFW IRU WKH HQYLURQPHQW OLNH WKH JUHHQKRXVH HIIHFW DQG RFHDQ
DFLGLILFDWLRQ. &22 K\GURJHQDWLRQ E\ XVLQJ UHQHZDEOH +2 LV YLHZHG DV D KLJKO\ SURPLVLQJ URXWH WR
PLWLJDWH WKH &22 HPLVVLRQ. (WKDQRO LV FRQVLGHUHG DV DQ LGHDO IXHO DGGLWLYH, SURPLVLQJ K\GURJHQ
FDUULHU, DQG YHUVDWLOH EXLOGLQJ-EORFN FKHPLFDO.1 7KHUHIRUH, VHOHFWLYH SURGXFWLRQ RI HWKDQRO IURP &22
K\GURJHQDWLRQ LV KLJKO\ DSSHDOLQJ EXW FKDOOHQJLQJ GXH WR WKH KLJK NLQHWLF EDUULHU RI &-2 ERQG
VFLVVLRQ DQG &-& FRXSOLQJ.2 $PRQJ WKH UHSRUWHG FDWDO\VW V\VWHPV LQFOXGLQJ 5K-, &X-, &R-, DQG 0R-
EDVHG FDWDO\VWV HPSOR\HG IRU &22 K\GURJHQDWLRQ, 5K-EDVHG FDWDO\VWV SUHVHQW WKH SURPLVLQJ
VHOHFWLYLW\ WRZDUGV HWKDQRO.3 1RUPDOO\, SURPRWHUV OLNH DONDOL PHWDOV DQG WUDQVLWLRQ PHWDOV DUH
QHHGHG WR VKLIW WKH SURGXFW WR HWKDQRO RYHU 5K-EDVHG FDWDO\VWV. +RZHYHU, PROHFXODU-OHYHO
XQGHUVWDQGLQJ WKH UROH RI SURPRWHUV LV PLVVLQJ. ,Q DGGLWLRQ, WKH UHDFWLRQ PHFKDQLVP LV VWLOO PRVWO\
XQNQRZQ GXH WR WKH LOO-GHILQHG VWUXFWXUH RI FODVVLF 5K-EDVHG FDWDO\VWV.

+HUHLQ, ZH DGRSWHG WKH VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ (620&) DSSURDFK WR GHVLJQ WKH ZHOO-
GHILQHG PRGHO 5K-EDVHG FDWDO\VWV PRGLILHG E\ GLIIHUHQW SURPRWHUV (=Q, 0Q, DQG )H) ()LJ. 1D). 7KLV
PRGHO FDWDO\VW DPHQDEOH WR VSHFWURVFRSLF VWXG\ DOORZV XV WR FODULI\ WKH UROH RI SURPRWHUV DW
PROHFXODU OHYHO. (YDOXDWLRQ RI WKHVH PRGHO FDWDO\VWV LQGLFDWHV WKDW 5K)H#6L22 VKRZV WKH KLJKHVW
IRUPDWLRQ UDWH RI HWKDQRO DPRQJ GLIIHUHQW SURPRWHG FDWDO\VWV ()LJ. 1E). %\ IXUWKHU RSWLPL]LQJ WKH
UDWLR RI 5K/)H, WKH IRUPDWLRQ UDWH RI HWKDQRO FDQ UHDFK XS WR 0.15 J J5K

-1 K-1, ZKLFK LV WKUHH WLPHV
WKDW RI WKH FODVVLF 5K)H/6L22 FDWDO\VW. 6WXG\ RI LQ VLWX ;-UD\ $GVRUSWLRQ 6SHFWURVFRS\ (;$6) VXJJHVW
WKDW WKH LVRODWHG )H2+ VWURQJO\ LQWHUDFW ZLWK 5K QDQRSDUWLFOHV WR IRUP WKH LQWHUIDFH DV WKH DFWLYH
VLWHV IRU HWKDQRO V\QWKHVLV. 7KLV HVWDEOLVKHG VWUXFWXUH-DFWLYLW\ UHODWLRQVKLS ZRXOG KHOS XV WR
UDWLRQDOO\ GHVLJQ WKH FODVVLF FDWDO\VWV IRU HWKDQRO V\QWKHVLV IURP &22 K\GURJHQDWLRQ DV ZHOO DV
V\QJDV FRQYHUVLRQ.

)LJ. 1. D) 6FKHPH IRU 620& DSSURDFK WR JHQHUDWH WKH ZHOO-GHILQHG PRGHO FDWDO\VW; E) FDWDO\WLF
SHUIRUPDQFH RYHU GLIIHUHQW FDWDO\VW.

>1@ $OH[DQGHU $. )DUUHOO, 5LFKDUG -. 3OHYLQ, %ULDQ 7. 7XUQHU, $QGUHZ '. -RQHV, 0LFKDHO 2'+DUH, 'DQLHO
0. .DPPHQ, 6FLHQFH, 2006, 311, 506-508.
>2@ :HL =KRX, .DQJ &KHQJ, -LQFDQ .DQJ, &KHQJ =KRX, 9LMD\DQDQG 6XEUDPDQLDQ, 4LQJKRQJ =KDQJ,
<H :DQJ, &KHPLFDO 6RFLHW\ 5HYLHZV, 2019, 48, 3193–3228.
>3@ 'L ;X, <DQTLX :DQJ, 0LQJ\XH 'LQJ, ;LQOLQ +RQJ, *XROLDQJ /LX, 6KLN &KL (GPDQ
7VDQJ, &KHP, 2020, 7, 849–881.
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620&-'HULYHG &REDOW 1DQRSDUWLFOHV DV 0RGHO IRU &RQYHQWLRQDO +HWHURJHQHRXV &DWDO\VWV
LQ &2[ +\GURJHQDWLRQ

;. =KRX1, *. 3ULFH2, &. &RS«UHW1*, *. 6XQOH\2*

1(7+ =XULFK, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, 2%3 S.O.F., $SSOLHG 6FLHQFHV, %3
,QQRYDWLRQ & (QJLQHHULQJ

&REDOW LV FRPPRQO\ XVHG LQ KHWHURJHQHRXV FDWDO\VLV. 7\SLFDOO\, FREDOW-EDVHG FDWDO\VWV DUH PDGH
IURP WKH FREDOW QLWUDWH ZKLFK DUH GHSRVLWHG RQ YDULRXV R[LGH VXSSRUWV, FDOFLQHG WR WKH UHVSHFWLYH
&R R[LGHV DQG HYHQWXDOO\ WUHDWHG XQGHU +2 WR \LHOG VXSSRUWHG &R QDQRSDUWLFOHV. 7KH V\QWKHVLV RI
FREDOW PHWDO SDUWLFOHV ZLWK KLJK GLVSHUVLRQ DQG QDUURZ VL]H GLVWULEXWLRQ UHPDLQV FKDOOHQJLQJ GXH WR
D PXOWLWXGH RI IDFWRUV. 6WURQJ VXSSRUW LQWHUDFWLRQ W\SLFDOO\ OHDGV WR WKH XVH RI KLJKHU UHGXFWLRQ
WHPSHUDWXUHV WKDW LQ WXUQ IDFLOLWDWH QDQRSDUWLFOH JURZWK, ZKLOH ZHDNO\ LQWHUDFWLQJ VXSSRUWV DUH
XVXDOO\ QRW DEOH WR VWDELOL]H YHU\ VPDOO QDQRSDUWLFOHV. >1@ $GGLWLRQDOO\, FRQYHQWLRQDO KHWHURJHQHRXV
FDWDO\VWV RIWHQ \LHOG LOO-GHILQHG V\VWHPV ZKHUH SDUW RI WKH &R FDQ EH LQWHJUDWHG LQWR WKH VXSSRUW, LQ
SDUW, GXH WR WKH V\QWKHWLF SURWRFRO XVHG, KHQFH WKH\ DUH LQKHUHQWO\ GLIILFXOW WR VWXG\.

,Q RUGHU WR V\QWKHVL]H VPDOO DQG QDUURZO\ GLVWULEXWHG VXSSRUWHG &R QDQRSDUWLFOHV, ZH WXUQHG WR
VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ (620&) ZKLFK KDV EHHQ VKRZQ WR EH D XQLTXH WRRO WR JHQHUDWH
LVRODWHG PHWDO VLWHV EXW DOVR IRU JHQHUDWLRQ RI KLJKO\ GLVSHUVH PHWDO QDQRSDUWLFOHV ZLWK FRQWUROOHG
LQWHUIDFHV DQG FRPSRVLWLRQ. >2@ 7KLV DSSURDFK KDV EHHQ VKRZQ WR EH SDUWLFXODUO\ VXLWHG WR
XQGHUVWDQG WKH PROHFXODU RULJLQ RI WKH HIIHFWV UHODWHG WR GRSDQWV, OLJDQGV, DQG VXSSRUWV, DQG
SURPLVLQJ WR SURYLGH JXLGLQJ SULQFLSOHV IRU WKH UDWLRQDO GHVLJQ RI FREDOW-EDVHG FDWDO\VWV. +HUH, ZH
UHSRUW WKDW 620& HQDEOHV WR JHQHUDWH VXSSRUWHG &R (0) QDQRSDUWLFOHV ZLWK DQ DYHUDJH SDUWLFOH VL]H
RI 1.5 QP ZLWK KRPRJHQHRXV VL]H GLVWULEXWLRQ E\ VHOHFWLQJ DSSURSULDWH PROHFXODU SUHFXUVRUV. 7KH
PDWHULDOV DUH IRXQG WR EH DFWLYH LQ K\GURJHQDWLRQ UHDFWLRQV DQG FDQ EH WDLORUHG WR SRWHQWLDOO\ DFW
DV PRGHOV WR VWXG\ WKH LQIOXHQFH RI VSHFLILF FDWDO\VW VWUXFWXUDO IHDWXUHV ()LJXUH 1) RQ FDWDO\WLF
DFWLYLW\.

>1@ D) (. ,JOHVLD, $SSO. &DW. $. 1997, 161, 59-78. E) *. -DFREV HW DO., $SSO .&DW. $. 2002, 233,
263-281. F) &. /LX HW DO., )XHO 2016, 180, 777-784.
>2@ D) &. &RS«UHW, $FF. &KHP. 5HV. 2019, 52, 1697-1708. E) 6.5. 'RFKHUW\, &. &RS«UHW, -. $P.
&KHP. 6RF. 2021, 143, 18, 6767–6780
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5HYLVLWLQJ 6WUXFWXUH-3HUIRUPDQFH 5HODWLRQVKLSV RI 1L-*D/6L22 &DWDO\VWV IRU WKH
+\GURJHQDWLRQ RI &22 WR 0HWKDQRO

1. .. =LPPHUOL1, 3. 0. $EGDOD1*, &. 5. 0¾OOHU1*

1/DERUDWRU\ RI (QHUJ\ 6FLHQFH DQG (QJLQHHULQJ, (7+ =¾ULFK, =¾ULFK 8092

7KURXJK WKH FDWDO\WLF K\GURJHQDWLRQ RI &22 WR PHWKDQRO (0H2+) D JUHHQKRXVH JDV LV FRQYHUWHG
LQWR D YDOXDEOH SURGXFW WKDW FDQ EH XVHG DV D IXHO RU D SODWIRUP FKHPLFDO.>1@ 8VLQJ GHQVLW\-
IXQFWLRQDO WKHRU\ FDOFXODWLRQV, 1L-*D LQWHUPHWDOOLF SKDVHV KDYH EHHQ LGHQWLILHG DV SURPLVLQJ
FDWDO\VWV IRU WKH K\GURJHQDWLRQ RI &22 WR 0H2+. 6SHFLILFDOO\, D KLJK FDWDO\WLF DFWLYLW\ ZDV SUHGLFWHG
IRU LQWHUPHWDOOLF ͈-1L5*D3 DQG ͅ’-1L3*D VXUIDFHV.>2@ <HW, H[SHULPHQWDOO\ ͅ’-1L3*D ZDV IRXQG WR EH
LQDFWLYH DQG KHQFH WKH VWUXFWXUH – SHUIRUPDQFH UHODWLRQVKLS LQ WKLV V\VWHP UHPDLQ GHEDWHG.>3,4@
+HUH, ZH LQYHVWLJDWH D VHULHV RI 1L-*D/6L22 FDWDO\VWV ZLWK YDU\LQJ 1L:*D UDWLRV E\ RSHUDQGR ;-UD\
DEVRUSWLRQ VSHFWURVFRS\ (;$6) DQG SDLU GLVWULEXWLRQ IXQFWLRQ (3')) DQDO\VLV RI WRWDO VFDWWHULQJ GDWD
ZKLFK DOORZHG XV WR FRUUHODWH WKH VWUXFWXUH (HOHFWURQLF DQG JHRPHWULF) WR WKH SHUIRUPDQFH RI WKHVH
FDWDO\VWV.

6L22 VXSSRUWHG 1L[*D(100-[) FDWDO\VWV ZHUH SUHSDUHG E\ WKH FR-GHSRVLWLRQ RI 1L DQG *D QLWUDWHV RQWR
FROORLGDO 6L22 XQGHU K\GURWKHUPDO FRQGLWLRQV,>5@ IROORZHG E\ +2 WUHDWPHQW (700 r&, 1 EDU). 2XU
FDWDO\WLF WHVWV VKRZHG D VWURQJ GHSHQGHQFH RI WKH 0H2+ \LHOG DQG VHOHFWLYLW\ RQ WKH 1L:*D UDWLR
()LJ. 1D). 7KH KLJKHVW 0H2+ \LHOGV ZHUH REVHUYHG IRU 1L62*D38 DQG 1L72*D28 (0.81 DQG 0.79
PPRO0H2+PRO1L-1V-1) ZKHUHE\ WKH 0H2+ VHOHFWLYLW\ GHFUHDVHG LQ WKH RUGHU 1L72*D28 (71%)!1L62*D38
(54 %)!1L91*D09 (9 %). 7KLV WUHQG ZDV UHSURGXFHG GXULQJ RSHUDQGR ;-UD\-EDVHG H[SHULPHQWV.
)XUWKHUPRUH, WKH VXSSUHVVLRQ RI &+4 IRUPDWLRQ ZDV REVHUYHG HYHQ IRU UHODWLYHO\ ORZ *D FRQWHQWV
(1L91*D09). 'LIIHUHQFH 3') (G-3')) DQDO\VLV LGHQWLILHG WKH QDQRFU\VWDOOLQH (FD. 6 QP) SKDVHV RI
1L62*D38, 1L72*D28 DQG 1L91*D09 XQGHU UHDFWLRQ FRQGLWLRQV DV, UHVSHFWLYHO\, ͈-1L5*D3, ͅ’-1L3*D DQG D
1L-ULFK (1L, *D) GLVRUGHUHG DOOR\ ()LJ. 1E). ;-UD\ DEVRUSWLRQ QHDU HGJH VWUXFWXUH (;$1(6) UHYHDOHG
WKDW WKH HOHFWURQLF VWUXFWXUH RI 1L DQG *D LQ 1L62*D38 DQG 1L72*D28 GLIIHUV IURP WKDW RI WKH
PRQRPHWDOOLF UHIHUHQFH, L.H. WKHUH LV DQ HOHFWURQ WUDQVIHU IURP *D 4S WR 1L 3G, UHVXOWLQJ LQ 1L͈- DQG
*D͈+ ()LJ. 1F-G). 1L LQ 1L91*D09 LV SUHGRPLQDQWO\ SUHVHQW LQ WKH IRUP RI 1L0, L.H., WKHUH LV QR (RU RQO\
YHU\ OLWWOH) HOHFWURQLF PRGLILFDWLRQ LQ WKLV V\VWHP. ,Q 1L62*D38, 4-FRRUGLQDWHG *D3+ VSHFLHV ZHUH DOVR
GHWHFWHG, SUHVXPDEO\ SUHVHQW DV LVRODWHG VLWHV RU VPDOO FOXVWHUV GLVSHUVHG LQ/RQ WKH 6L22 VXSSRUW.
,Q FRQFOXVLRQ, XVLQJ ;$6 DQG ;-UD\ WRWDO VFDWWHULQJ ZH IRXQG WKDW FDWDO\VWV FRQWDLQLQJ HLWKHU
͈-1L5*D3 DQG *D3+ VSHFLHV RU ͅ’-1L3*D H[KLELWHG VXSHULRU FDWDO\WLF SHUIRUPDQFH LQ WKH
K\GURJHQDWLRQ RI &22 WR 0H2+ ZKHQ FRPSDUHG WR FDWDO\VWV FRQWDLQLQJ D UDQGRP DOOR\ RU
PRQRPHWDOOLF 1L. :H GHPRQVWUDWH WKDW D KLJK 0H2+ VHOHFWLYLW\ DQG 0H2+ \LHOGV DUH QRW OLPLWHG WR
WKH ͈-1L5*D3 LQWHUPHWDOOLF SKDVH. ,Q IDFW, DOOR\LQJ 1L ZLWK *D IRUPLQJ DQ ͅ’-1L3*D SKDVH FDQ \LHOG
KLJKO\ DFWLYH DQG VHOHFWLYH FDWDO\VWV. 7KH VWURQJ PRGLILFDWLRQ RI WKH HOHFWURQLF VWUXFWXUH RI 1L DQG
*D LQ ͅ’-1L3*D DQG ͈-1L5*D3 EDVHG FDWDO\VWV PD\ SOD\ D FULWLFDO UROH IRU REWDLQLQJ KLJK UDWHV RI
0H2+ IRUPDWLRQ DQG VHOHFWLYLWLHV.

>1@ -. =KRQJ, ;. <DQJ HW DO., &KHP. 6RF. 5HY., 2020, 49, 1385-1413. >2@ ). 6WXGW, ,. 6KDUDIXWGLQRY HW
DO., 1DW. &KHP., 2014, 6, 320-324. >3@ $. *DOOR, -. /. 6QLGHU HW DO., $SSO. &DWDO. %, 2020, 267,
118369. >4@ /. ). 5DVWHLUR, 0. $./.6. 5RVVL HW DO., &DWDO. 7RGD\, 2021, 261-271. >5@ =. %LDQ, 6. .DZL,
-. &22 8WLO., 2017, 18, 345-352.
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+LJKO\ VHOHFWLYH DQG VWDEOH =Q=U2[ FDWDO\VWV SUHSDUHG E\ IODPH VSUD\ S\URO\VLV IRU &22
K\GURJHQDWLRQ WR PHWKDQRO

7. =RX1, 7. 3LQKHLUR $UD¼MR1, -. 0RUDOHV-9LGDO2, 6. 9HUVWUDHWHQ1, 3. 2. :LOOL1, 0. $JUDFKHY1, *.
-HVFKNH1, 1. /µSH]2*, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK, 2,QVWLWXWH RI &KHPLFDO 5HVHDUFK RI &DWDORQLD

0L[HG PHWDO R[LGHV DUH D SURPLVLQJ FODVV RI FDWDO\VWV IRU WKH K\GURJHQDWLRQ RI FDUERQ GLR[LGH WR
PHWKDQRO GXH WR WKHLU FRQWUROOHG YDFDQF\ FKHPLVWU\ DQG &22 DFWLYDWLRQ DELOLW\. :KLOH ]LQF R[LGH-
]LUFRQLD (=Q=U2[) VROLG VROXWLRQV KDYH EHHQ UHSRUWHG WR EH VWDEOH DQG VHOHFWLYH WR PHWKDQRO
IRUPDWLRQ XVLQJ SXUH &22 DQG K\EULG &2-&22 IHHGV,>1,2@ WKH QDWXUH RI WKH DFWLYH VLWHV LV OHVV ZHOO-
NQRZQ, ZLWK WKH UHTXLUHG PXOWL-VWHS V\QWKHVLV SURFHGXUHV DOVR FRPSOLFDWLQJ LWV RSWLPDO GHVLJQ.
+HUHLQ, IODPH VSUD\ S\URO\VLV ()63) ZDV HPSOR\HG DV D RQH-VWHS PHWKRG WR V\VWHPDWLFDOO\
LQYHVWLJDWH WKH =Q=U2[ FDWDO\VW IDPLO\ ZKLOH PDLQWDLQLQJ XQLIRUP V\QWKHVLV FRQGLWLRQV ()LJ. 1D).>3@
&DWDO\VWV SUHSDUHG E\ )63 VKRZHG DQ LQFUHDVLQJ WUHQG LQ PHWKDQRO VSDFH-WLPH \LHOG (67<) ZLWK =Q
FRQWHQW XS WR 5 PRO%, RXWSHUIRUPLQJ FRXQWHUSDUWV SUHSDUHG E\ FR-SUHFLSLWDWLRQ ZKLFK IROORZ D
GLIIHUHQW YROFDQR WUHQG ()LJ. 1E). ,Q-GHSWK FKDUDFWHUL]DWLRQ UHYHDOV KLJKO\ GLVSHUVHG =Q VSHFLHV
LQWHUDFWLQJ ZLWK GLIIHUHQW =U22 SRO\PRUSKV LQ )63 FDWDO\VWV GHSHQGLQJ RQ =Q FRQWHQW, DQG VXUIDFH
UHVWUXFWXULQJ ()LJ. 1F). &RPSXWDWLRQDO PRGHOOLQJ IXUWKHU KLJKOLJKWV WKH LPSRUWDQW UROH RI &22
DGVRUSWLRQ RYHU WKH =Q2[-=U2[ LQWHUIDFH LQ LWV VHOHFWLYH DFWLYDWLRQ, DQG WKH SRVLWLYH HIIHFW RI =Q RQ
R[\JHQ YDFDQF\ IRUPDWLRQ LQ =U2[. 7KLV VWXG\ RIIHUV QHZ LQVLJKWV LQ XQGHUVWDQGLQJ WKH DFWLYH
QDQRVWUXFWXUH RI =Q=U2[ V\VWHPV, VKRZLQJ WKDW D EXON VROLG VROXWLRQ LV QRW QHFHVVDU\ WR FRQYHUW
&22 WR PHWKDQRO.

)LJ. 1D 6FKHPDWLF RI WKH )63 V\QWKHVLV SURFHGXUH IRU =Q=U2[ FDWDO\VWV DQG WKH UHVXOWDQW =U22 SRO\PRUSKV. E
0HWKDQRO 67< RYHU =Q=U2[ FDWDO\VWV SUHSDUHG E\ )63 DQG FR-SUHFLSLWDWLRQ ZLWK YDU\LQJ =Q FRQWHQW. F ;-UD\
GLIIUDFWRJUDPV DQG 5DPDQ VSHFWUD RI FDWDO\VWV FRQWDLQLQJ 5 DQG 13 PRO% RI =Q SUHSDUHG E\ )63, GHQRWHG DV
5=Q=U2[ DQG 13=Q=U2[, UHVSHFWLYHO\. G (QHUJ\ GLVSHUVLYH ;-UD\ PDSV RI XVHG FDWDO\VWV. 5HDFWLRQ FRQGLWLRQV:
593 ., 5 03D, +2/&2[   4, &2/&2[   0–0.5, WLPH RQ VWUHDP   24 K, *+69   24 000 FP3

673 K−1 JFDW−1.
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