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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, ,QYLWHG / $ZDUG /HFWXUH ,&-011

8VLQJ 3UR[LPDO &DWLRQV WR ,QVWDOO ,QWHUQDO (OHFWULF )LHOGV LQ 7UDQVLWLRQ 0HWDO

-. <. <DQJ1,2, 1. /HRQDUG1, 7. &KDQWDURMVLUL1

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI &DOLIRUQLD, ,UYLQH, &$, 86$, 2-.\DQJ#XFL.HGX

1RQ-UHGR[ DFWLYH /HZLV DFLGLF PHWDO FDWLRQV SOD\ D NH\ UROH LQ D GLYHUVH VHW RI ELRORJLFDO DQG
V\QWKHWLF WUDQVLWLRQ PHWDO FRPSOH[HV WKDW PHGLDWH UHGR[ DFWLYLW\. 2QH RI WKHLU SURSRVHG UROHV LQ
SURPRWLQJ UHDFWLYLW\ LV E\ WXQLQJ WKH UHGR[ SRWHQWLDO RI WKH UHDFWLRQ VLWH. :H LQYHVWLJDWHG ZKHWKHU
QRQ-UHGR[ DFWLYH FDWLRQV HQJHQGHU WKLV FKDQJH WKURXJK DQ LQGXFWLYH HIIHFW, ZKLFK ZRXOG FKDQJH
WKH HOHFWURQLF VWUXFWXUH RI WKH UHGR[ DFWLYH FDWLRQ, RU WKURXJK DQ HOHFWURVWDWLF HIIHFW, ZKLFK ZRXOG
XQLIRUPO\ VKLIW WKH PROHFXODU RUELWDOV RQ WKH UHGR[ DFWLYH PHWDO GXH WR WKH HOHFWULF ILHOG SRWHQWLDO RI
WKH SUR[LPDO FDWLRQ. 2XU VWXG\, ZKLFK XWLOL]HG D 6FKLII EDVH OLJDQG ZLWK DQ DSSHQGHG FURZQ-OLNH
IXQFWLRQDOLW\ WKDW LQFRUSRUDWHV D YDULHW\ RI DONDOL DQG DONDOLQH HDUWK PHWDOV, LQGLFDWHV DQ
HOHFWURVWDWLF HIIHFW LV OLNHO\ GRPLQDQW. 7KH HIIHFW RI WKH HOHFWULF ILHOG RQ UHDFWLYLW\ DQG
WKHUPRFKHPLFDO SURSHUWLHV ZLOO EH GLVFXVVHG.

>1@ /HRQDUG, 1.; &KDQWDURMVLUL, 7.; =LOOHU, -.; <DQJ, -. <.*, -. $P. &KHP. 6RF., 2022, 144(4), 1503-1508
>2@ .DQJ, ..; )XOOHU ,,,, -.; 5HDWK, $. +.; =LOOHU, -. :.; $OH[DQGURYD, $. 1.*; <DQJ, -. <.*, &KHP.
6FL. 2019, 10, 10135 – 10142
>3@ &KDQWDURMVLUL, 7.; 5HDWK, $. +.; <DQJ, -. <.* $QJHZ. &KHP. ,QW. (G., 2018, 57, 14037-14042
>4@ &KDQWDURMVLUL, 7.; =LOOHU, -. :.; <DQJ, -. <.* &KHP. 6FL., 2018, 9, 2567 – 2574
>5@ 5HDWK, $. -.; =LOOHU, -. :.; 7VD\, &.; 5\DQ, $. -.; <DQJ, -. <.* ,QRUJ. &KHP. 2017, 56(6), 3713-3718
>6@ /HRQDUG, 1. *.;† 'KDRXL, 5.;† &KDQWDURMVLUL, 7.; <DQJ, -.<.*, $&6 &DWDO\VLV, 2021, 11,
10923-10932
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-013

([SORLWLQJ &REDOW(,,) $PLGH &RPSOH[HV LQ 'HSURWRQDWLYH 0HWDODWLRQ RI )OXRURDURPDWLF
0ROHFXOHV

$. /RJDOOR1, (. +HYLD2*

18QLYHUVLW\ RI %HUQ , 28QLYHUVLW\ RI %HUQ

 

)OXRURDURPDWLF FRPSRXQGV DUH LQFUHDVLQJO\ KHDYLO\ HPSOR\HG DV VFDIIROGV LQ DJURFKHPLFDOV DQG
DFWLYH SKDUPDFHXWLFDO LQJUHGLHQWV.>1@ 2QH RI WKH PRVW SRZHUIXO PHWKRGV IRU WKH LQFRUSRUDWLRQ RI
WKHVH PROHFXOHV LQ PRUH FRPSOH[ PROHFXODU VFDIIROGV LV GHSURWRQDWLYH PHWDODWLRQ. 7\SLFDOO\ WKHVH
UHDFWLRQV KDYH EHHQ WKH H[FOXVLYH GRPDLQ RI JURXS 1 DQG JURXS 2 RUJDQRPHWDOOLFV.>2@ 2Q WKH RWKHU
KDQG, HDUWK-DEXQGDQW WUDQVLWLRQ PHWDOV VXFK DV FREDOW KDYH VKRZQ H[FHOOHQW SRWHQWLDO WR
VHOHFWLYHO\ IXQFWLRQDOL]H WKHVH PROHFXOHV YLD &-+ DQG &-) ERQG DFWLYDWLRQ.>3@

%UHDNLQJ QHZ JURXQG LQ WKLV ILHOG, LQ WKLV FRQWULEXWLRQ, ZH SUHVHQW WKH V\QWKHVLV DQG WKH UHDFWLYLW\
SRWHQWLDO RI D QHZ &R(,,) DPLGH FRPSOH[. :KLOH GHSURWRQDWLRQ RI IOXRURDUHQHV XVLQJ FRQYHQWLRQDO
OLWKLXP EDVHV FDQ EH FKDOOHQJLQJ GXH WR WKH H[FHSWLRQDOO\ IUDJLOLW\ RI JHQHUDWHG
LQWHUPHGLDWHV,>4@ WKH FREDOWDWLRQ RI D UDQJH RI GLIIHUHQW IOXRURDUHQHV SURFHHGV UHJLRVHOHFWLYHO\
HQDEOLQJ WKH LVRODWLRQ RI &R-+ H[FKDQJH SURGXFWV ZKLOH RSHUDWLQJ DW URRP WHPSHUDWXUH.

&RPELQLQJ WKH LVRODWLRQ RI NH\ PHWDODWHG LQWHUPHGLDWHV ZLWK WKHRUHWLFDO FDOFXODWLRQV, WKLV ZRUN
H[SORLWV WKH SRWHQWLDO RI D QHZ &R(,,) EDVH LQ D ILHOG ZLGHO\ GRPLQDWHG E\ PDLQ JURXS HOHPHQW
FRPSOH[HV, RSHQLQJ XS IRU SRVVLEOH IXWXUH GHYHORSPHQW RI QHZ FKHPLFDO WUDQVIRUPDWLRQV LQ WKLV
DUHD RI UHVHDUFK.

 

 

 

>1@ $KUHQV, -. .RKOPDQQ, 0. $KUHQV, 7. %UDXQ, &KHP. 5HY. 2015, 115, 931
>2@ '. 5REHUWVRQ, 0. 8]HODF, 5. (. 0XOYH\, &KHP. 5HY. 2019, 119, 8332
>3@ D) -. 9. 2EOLJDFLRQ, 0. -. %H]GHN, 3. -. &KLULN, $P. &KHP. 6RF. 2017, 139, 2825; E) 7. 5. 'XJDQ, ;.
6XQ, (. 9. 5\EDN-$NLPRYD, 2. 2ODWXQML-2MR, 7. 5. &XQGDUL, 3. /. +ROODQG, -. $P. &KHP.
6RF. 2011, 133, 12418; F) 2. (LVHQVWHLQ, -. 0LODQL, 5. 1. 3HUXW], &KHP. 5HY. 2017, 117,8710
>4@ 6FKORVVHU, /. *XLR, ). /HURX[, -. $P. &KHP. 6RF. 2001, 123, 3822
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-014

6\QWKHVLV, 6WUXFWXUH, 5HDFWLYLW\ DQG &DWDO\WLF $FWLYLW\ RI 2FWDKHGUDO +HWHUROHSWLF ͆-
'LNHWRQDWH &RPSOH[HV RI 0RO\EGHQXP>1@

). 0DVHUR1, 9. 0RXJHO1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK, 9ODGLPLU–3UHORJ :HJ 1–5, 8093
=XULFK

:H SUHVHQW KHUH WKH LVRODWLRQ, FKDUDFWHUL]DWLRQ DQG FDWDO\WLF DFWLYLWLHV IRU &-& DQG &-1 ERQG
FRXSOLQJ RI D QHZ IDPLO\ RI RFWDKHGUDO 0R(,9) FRPSRXQGV. ,Q RSSRVLWLRQ WR WKH ZHOO-GHYHORSHG π-
DOO\O PHWDO FRPSOH[-EDVHG FRXSOLQJ UHDFWLRQV FDWDO\]HG E\ SUHFLRXV PHWDOV VXFK DV LULGLXP DQG
SDOODGLXP,>2,3@ PRO\EGHQXP KDV IRXQG PXFK IHZHU DSSOLFDWLRQV.>4,5@ 7KLV VWDQGV LQ FRQWUDVW WR LWV
HDUWK DEXQGDQF\, ULFK UHGR[-FKHPLVWU\, DQG FDSDELOLW\ WR HDVLO\ XQGHUJR PHWDO-FDUERQ ERQG
IRUPDWLRQ DQG FOHDYDJH, UHQGHULQJ PRO\EGHQXP DQ DWWUDFWLYH FKRLFH IRU WKH GHYHORSPHQW RI QHZ
PHWDO-EDVHG FDWDO\VWV IRU D YDULHW\ RI GLIIHUHQW RUJDQLF WUDQVIRUPDWLRQV.

:H KDYH RSWLPL]HG WKH SUHSDUDWLRQ DQG IXOO\ DQDO\]HG D VHULHV RI 0R(,9) ELV-͆-GLNHWRQDWH
FRPSOH[HV.>6,7@ 'HWDLOHG VROLG- DQG VROXWLRQ VWDWH VWXGLHV JDYH XQSUHFHGHQWHG LQVLJKWV LQWR WKH
JHRPHWU\ DQG FRRUGLQDWLRQ FKHPLVWU\ RI WKHVH FRPSRXQGV, H.J. GLVSOD\LQJ VROYHQW GHSHQGHQW
G\QDPLF HTXLOLEULD LQYROYLQJ FLV- DQG WUDQV-LVRPHUV LQ VROXWLRQ.

5HDFWLYLW\ DQG FDWDO\WLF DFWLYLW\ RI WKH FRPSOH[HV ZHUH IXUWKHU H[SORUHG, SURYLGLQJ RQH RI WKH PRVW
DFWLYH DQG VWDEOH HDUWK DEXQGDQW PHWDO-EDVHG PROHFXODU FDWDO\VW IRU WKH VXEVWLWXWLRQ RI DOO\OLF
DOFRKROV E\ HOHFWURQ-ULFK FDUERQ-FHQWHUHG QXFOHRSKLOHV (H.J. SKHQROV). 5HDFWLYLW\ VWXGLHV LQYROYLQJ
WKH LVRODWLRQ RI D FDWDO\WLFDOO\ DFWLYH LQWHUPHGLDWH SURYLGHG LQVLJKWV LQWR WKH SUHVHQW PHFKDQLVWLF
SDWKZD\.

 

>1@ ). 0DVHUR, 9. 0RXJHO, PDQXVFULSW LQ SUHSDUDWLRQ.
>2@ 4. &KHQJ, +. 7X, &. =KHQJ, -. 4X, *. +HOPFKHQ, 6.-/. <RX, &KHP. 5HY. 2019, 119, 1855.
>3@ %. 6XQGDUDUDMX, 0. $FKDUG, &. %UXQHDX, &KHP. 6RF. 5HY. 2012, 41, 4467.
>4@ $. 9. 0DONRY, 3. 6SRRU, 9. 9LQDGHU, 3. .RÏRYVN¿, -. 2UJ. &KHP. 1999, 64, 5308.
>5@ 0. 6DOPDQ, <. ;X, 6. .KDQ, -. =KDQJ, $. .KDQ, &KHP. 6FL. 2020, 11, 5481.
>6@ *. 'R\OH, ,QRUJ. &KHP. 1971, 10, 2348.
>7@ GHQ %. $. 9DQ, .. 0XUUD\, %. :HVW, $XVW. -. &KHP. 1972, 25, 705.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-015

&DWLRQ DVVLVWHG ELQGLQJ DQG FOHDYDJH RI GLQLWURJHQ E\ XUDQLXP FRPSOH[HV

1. -RUL1, 5. 6FRSHOOLWL1, ,. =ʷLYNRYLÉ2, 7. 5DMHVKNXPDU3, $. 6LHQNLHZLF]2,4, /. 0DURQ3, 0. 0D]]DQWL1*

1,QVLWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, (3)/, 2/DERUDWRU\ IRU 4XDQWXP 0DJQHWLVP,
,QVWLWXWH RI 3K\VLFV, (3)/, 3/DERUDWRLUH GH 3K\VLTXH HW &KLPLH GHV 1DQR-REMHWV, ,QVWLWXW 1DWLRQDO

GHV 6FLHQFHV $SSOLTX«HV, 7RXORXVH, 4$'6UHVRQDQFHV 6¢UO

'LQLWURJHQ (12) LV D FKHDS DQG ZLGHO\ DYDLODEOH PROHFXOH, KRZHYHU, LWV ORZ UHDFWLYLW\ FRPSOLFDWHV
LWV XVH IRU WKH V\QWKHVLV RI KLJK-DGGHG IHHGVWRFNV. 1RWDEO\, WKH LQGXVWULDO +DEHU-%RVFK SURFHVV
XVHV 12 WR V\QWKHVL]H DPPRQLD (1+3), EXW UHTXLUHV KDUVK WHPSHUDWXUHV DQG SUHVVXUHV. %HIRUH WKH
FXUUHQW )H-EDVHG FDWDO\VW ZDV LPSOHPHQWHG, XUDQLXP PDWHULDOV ZHUH UHSRUWHG WR EH KLJKO\
HIIHFWLYH LQ WKH WUDQVIRUPDWLRQ RI 12 LQWR 1+3. 1HYHUWKHOHVV, WKH 12FKHPLVWU\ RI XUDQLXP UHPDLQV
XQGHUGHYHORSHG, ZLWK RQO\ D IHZ H[DPSOHV RI PROHFXODU XUDQLXP FRPSOH[HV WKDW DUH FDSDEOH RI
FOHDYLQJ 12 WR QLWULGHVXSRQ DGGLWLRQ RI H[WHUQDO UHGXFLQJ DJHQW,>1-3@ ZKHUH XUDQLXP QLWULGHV DUH
FRQVLGHUHG LPSRUWDQW LQUWHUPHGLDWHV WKH +DEHU %RVFK SURFHVV. 5HFHQWO\, RXU JURXS UHSRUWHG WZR
ELPHWDOOLF XUDQLXP(,,,) V\VWHPV WKDW ZHUH DEOH WR SHUIRUP WKH IRXU-HOHFWURQ UHGXFWLRQ RI 12.>4,5@

0RUHRYHU, ZH IRXQG WKDW WKH 12 ERXQG LQ WKH EULGJLQJ R[LGH V\VWHP FRXOG EH IXQFWLRQDOL]HG E\
DGGLWLRQ RI &2 WR \LHOG D F\DQDPLGR FRPSOH[, EXW WKH DGGLWLRQ RI DFLG RU +2 UHVXOWHG RQO\ LQ WKH
UHOHDVH RI 12.>5@

+HUH, ZH ZLOO SUHVHQW D VHULHV RI DONDOL ERXQG-R[R-EULGJHG GLXUDQLXP(,,,) FRPSOH[HV WKDW SURYLGH D
XQLTXH H[DPSOH RI GHFUHDVLQJ 12 ELQGLQJ DIILQLW\ ZLWK LQFUHDVLQJ FDWLRQ VL]H. :H ZLOO VKRZ
VSHFWURVFRSLF, HOHFWURFKHPLFDO, DQG FRPSXWDWLRQDO GDWD, VXJJHVWLQJ WKDW WKH GHFUHDVHG UHDFWLYLW\
LV GXH WR VWHULFV UDWKHU WKDQ HOHFWURQLF HIIHFWV. :H DOVR VKRZ WKDW ZHDN 12 ELQGLQJ LQ DPELHQW
FRQGLWLRQV GRHV QRW SUHYHQW DONDOL DVVLVWHG 12 FOHDYDJH WR QLWULGH. )XUWKHUPRUH, ZH ZLOO SUHVHQW WKH
ILUVW H[DPSOH RI &V-DVVLVWHG GLQLWURJHQ FOHDYDJH E\ D PHWDO FRPSOH[.

>1@ ,. .RURENRY, 6. *DPEDURWWD DQG *. 3. $. <DS, $QJHZ. &KHP. ,QW. (G. (QJO., 2002, 41, 3433-3436
>2@ ;. 4. ;LQ, ,. 'RXDLU, <. =KDR, 6. :DQJ, /. 0DURQ DQG &. 4. =KX, -. $P. &KHP. 6RF., 2020, 142,
15004-15011
>3@ 1. -RUL, /. %DUOX]]L, ,. 'RXDLU, /. 0DURQ, ). )DGDHL-7LUDQL, ,. =ʷLYNRYLÉ DQG 0. 0D]]DQWL, -. $P.
&KHP. 6RF., 2021, 143, 11225-11234
>4@ 0. )DOFRQH, /. &KDWHODLQ, 5. 6FRSHOOLWL, ,. =ʷLYNRYLÉ DQG 0. 0D]]DQWL, 1DWXUH, 2017, 547, 332–335
>5@ 0. )DOFRQH, /. %DUOX]]L, -. $QGUH], ). )DGDHL-7LUDQL, ,. =ʷLYNRYLÉ, $. )DEUL]LR, &. &RUPLQERHXI, ..
6HYHULQ DQG 0. 0D]]DQWL, 1DWXUH &KHP. 2019, 11, 154–160.
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(5H)LQYHVWLJDWLQJ WHUQDU\ UDUH-HDUWK ͆-GLNHWRQDWHV FRPSOH[HV: PDNLQJ QHZ LQVLJKWV RXW
RI ROG RQHV

$. %HQFKRKUD1, /. *X«Q«H2, &. %HUQDUG2, &. 3LJXHW1*

1'HSDUWPHQW RI ,QRUJDQLF DQG $QDO\WLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD, &+-1211 *HQHYD 4, 2
/DERUDWRU\ RI &U\VWDOORJUDSK\, 8QLYHUVLW\ RI *HQHYD, &+-1211 *HQHYD 4

͆-GLNHWRQDWHV EDVHG UDUH-HDUWK FRRUGLQDWLRQ FRPSOH[HV KDYH HQMR\HG DQ H[SDQGLQJ SRSXODULW\
HYHU VLQFH WKHLU GLVFRYHU\ DW WKH HQG RI 19WK FHQWXU\, ZKLFK VSDQV PXOWLSOH DSSOLHG UHVHDUFK ILHOGV.
7KHLU PXOWL-IDFHWHG FKHPLFDO DQG SK\VLFDO SURSHUWLHV KDYH EHHQ VXFFHVVLYHO\ KDUQHVVHG IRU OLTXLG
H[WUDFWLRQ>1@, ELRDQDO\WLFDO LPDJLQJ>2@ DV ZHOO DV LQ OLJKW HPLWWLQJ GHYLFHV>3@. <HW, WKH IDVW-SDFHG
GHYHORSPHQW RI UDUH-HDUWK ͆-GLNHWRQDWHV KDYH DW WLPHV EHHQ DW WKH H[SHQVH RI LQ-GHSWK VROXWLRQV
VWXGLHV, XQGHUPLQLQJ WKH WUXVWZRUWKLQHVV RI V\QWKHWLF SURFHGXUHV DV RFFDVLRQDOO\ SRLQWHG RXW DW LQ
OLWHUDWXUH>4@. :LWKLQ WKLV FRQWH[W, RXU JURXS GHGLFDWHG HIIRUWV WR GHVFULEH WKH WKHUPRG\QDPLF
IHDWXUHV RI WKH DVVRFLDWLRQ RI >/Q(KIDF)3(GLJO\PH)@ SUHFXUVRUV ZLWK GLIIHUHQW (VLQJOH RU PXOWL-VLWHV) 1-
KHWHURF\FOLF WULGHQWDWH UHFHSWRUV, LQ VROXWLRQ>5@. 7KH VWXG\ ZDV VXEVHTXHQWO\ H[WHQGHG WR D QHZ
VHULHV RI >/Q(͆-GLNHWRQDWHV)3;@ EXLOGLQJ-EORFNV (ZKHUH ; LV D JO\PH), EDVHG RQ ͆-GLNHWRQDWHV
OLJDQGV GLVSOD\LQJ QXDQFHG RU FRQWUDVWHG HOHFWURQLF HIIHFWV. $ ILUVW SDUW RI WKH GLVFXVVLRQ ZLOO
DGGUHVV WKH SUHSDUDWLRQ RI WKHVH QHZ >/Q(͆-GLNHWRQDWHV)3;@ SUHFXUVRUV, EHIRUH DVVHVVLQJ WKHLU
VWUXFWXUDO, WKHUPRG\QDPLF DQG OXPLQHVFHQW SURSHUWLHV. 7KHQ, WKH SURSHQVLW\ RI WKHVH SUHFXUVRUV WR
IRUP VWDEOH WHUQDU\ FRPSOH[HV ZLWK D 1-KHWHURF\FOLF WULGHQWDWH OLJDQG ZLOO EH FRQVLGHUHG.

)LJXUH 1. &U\VWDOORJUDSKLF VWUXFWXUHV RI VHOHFWHG >/Q(͆-GLNHWRQDWHV)3GLJO\PH@ FRQWDLQHUV.

>1@ 6. 8PHWDQL, <. .DZDVH, +. 7DNDKDUD, 4.7.+. /H, 0. 0DWVXL, -RXUQDO RI &KHPLFDO 6RFLHW\,
&KHPLFDO &RPPXQLFDWLRQV, 1993,78.
>2@ (.0. 6XUHQGHU, 6. &RPE\, 6. 0DUW\Q, %. &DYDQDJK, 7. &OLYH /HH, '.). %URXJKDP, 7.
*XQQODXJVVRQ, &KHPLFDO &RPPXQLFDWLRQV, 2016, 52,1085–10861.
>3@ $. GH %HWWHQFRXUW-'LDV, 'DOWRQ 7UDQVDFWLRQV, 2007, 0, 2229–2241.
>4@ $) .. %LQQHPDQV, +DQGERRN RQ WKH 3KRWRSK\VLFV DQG &KHPLVWU\ RI 5DUH (DUWKV, (OVHYLHU,
$PVWHUGDP, 2005, 35, &KDSWHU 225. %) $.6. &KDXYLQ, ). *XP\, ,. 0DWVXED\DVKL, <. +DVHJDZD, -.&
%XQ]OL, (XURSHDQ -RXUQDO RI ,QRUJDQLF &KHPLVWU\, 2006, 473-480.
>5@ $) .. %DXGHW, 9. .DOH, 0. 0LU]DNKDQL, /. %DEHO, 6. 1DVHUL, &. %HVQDUG, +. 1R]DU\, &. 3LJXHW,
,QRUJDQLF &KHPLVWU\, 2020, 59, 62-75. %) /. %DEHO, .. %DXGHW, 7. 1. <. +RDQJ, +. 1R]DU\, &. 3LJXHW,
&KHPLVWU\  $ (XURSHDQ -RXUQDO, 2018, 24, 5423-5443.
>6@ :.- (YDQV, '.* *LDULNRV, 0.$. -RKQVWRQ, 0.$. *UHFL, -.:. =LOOHU, 2002. -RXUQD RI WKH &KHPLFDO
 6RFLHW\. 'DOWRQ 7UDQVDFWLRQV, 2002, 520-526.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-017

6\QWKHVLV DQG &KDUDFWHUL]DWLRQ RI DQ $UWLILFLDO ,URQ-6XOIXU 0HWDOORHQ]\PH

9. :DVHU1, 0. 0XNKHUMHH1, 1. 9. ,JDUHWD1, 7. 5. :DUG1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, 0DWWHQVWUDVVH 24D, 4058 %DVHO, 6ZLW]HUODQG

7KH VWXG\ RI V\QWKHWLF LURQ-VXOIXU FOXVWHUV KDV DOORZHG HOXFLGDWLRQ RI WKH PROHFXODU EDVLV RI WKH
DFWLYH VLWHV RI LURQ-VXOIXU SURWHLQV. $SDUW IURP WKHLU QXPHURXV ELRORJLFDO DFWLYLWLHV, )H6-FOXVWHUV
KDYH EHHQ XWLOL]HG RXWVLGH RI WKHLU ELRORJLFDO VFDIIROG LQ DQ H[SDQGLQJ QXPEHU RI DUHDV VXFK DV
ELRPLPHWLF PDWHULDOV, UHGR[ PHGLDWRUV DQG FDWDO\VLV. +RZHYHU, DOO RI WKRVH DFWLYH-VLWH DQDORJV
VXIIHU IURP SRRU VROXELOLW\ DQG OLPLWHG VWDELOLW\ LQ SURWLF PHGLD. ,Q RUGHU WR EULGJH WKHVH V\QWKHWLF
DQG ELRORJLFDO V\VWHPV, ZH VHW RXW WR V\QWKHVL]H DQ DUWLILFLDO LURQ-VXOIXU PHWDOORHQ]\PH E\ ELRWLQ-
VWUHSWDYLGLQ WHFKQRORJ\. :H KDYH V\QWKHVL]HG D ELV‑ELRWLQ\ODWHG‑>)H464@ FOXVWHU
(%LRW2‑)H464 KHUHDIWHU), ZKLFK LV, WR WKH EHVW RI RXU NQRZOHGJH, WKH ILUVW V\QWKHWLF LURQ-VXOIXU
FOXVWHU WKDW LV VWDEOH LQ DTXHRXV VROXWLRQV. )ROORZLQJ WKH V\QWKHVLV RI WKH DELRWLF FRIDFWRU%LRW2
-)H464, LW ZDV DQFKRUHG ZLWKLQ KRPRWHWUDPHULF VWUHSWDYLGLQ (6DY) WR DIIRUG WKH DUWLILFLDO
PHWDOORHQ]\PH %LRW2-)H464 y 6DY, 6FKHPH. +DYLQJ WKHVH WZR V\VWHPV DW KDQG DOORZHG XV WR
VFUXWLQL]H WKH HIIHFW RI WKH VHFRQG FRRUGLQDWLRQ VSKHUH EHWZHHQ WKH FRIDFWRU DQG WKH KRVW SURWHLQ.
7KH LQIOXHQFH RI PXWDWLRQV LQ WKH ELQGLQJ SRFNHW RQ WKH UHGR[ SURSHUWLHV RI WKH FOXVWHU ZDV
H[DPLQHG E\ F\FOLF YROWDPPHWU\. )XUWKHU, ZH HYDOXDWHG WKH FDWDO\WLF SHUIRUPDQFH RI%LRW2‑)H46
4 DQG %LRW2‑)H464 y 6DY IRU &22-UHGXFWLRQ WR DIIRUG DONDQHV DQG IRXQG WKH SURWHLQ HQYLURQPHQW WR
VWURQJO\ DIIHFW WKH UHDFWLYLW\ RI WKH FOXVWHU.

6FKHPH: &ORVH-XS YLHZ RI WKH GRFNHG PRGHO %LRW2-)H464 y 6DY :7, FORVH O\LQJ UHVLGXHV DUH
KLJKOLJKWHG DV VWLFN (IOHVK FRORXU).
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, ,QYLWHG / $ZDUG /HFWXUH ,&-021

7RZDUG &22-UHGXFHG %LQGHUV: /LPHVWRQH &DOFLQHG &OD\ &HPHQWV ZLWK ,PSURYHG
:RUNDELOLW\

3. -XLOODQG1,2, (. *DOOXFFL1, -. &KDSHODW1, /. )UXQ]1

16LND 7HFKQRORJ\ $*, 7XHIIHQZLHV 16, 8048 =XULFK, 6ZLW]HUODQG, 2-XLOODQG.SDWULFN#FK.VLND.FRP

/LPHVWRQH FDOFLQHG FOD\ FHPHQW (/&3) LV RQH RI WKH PRVW SURPLVLQJ ZD\V WR IXUWKHU UHGXFH WKH
FOLQNHU IDFWRU DV LW SURYLGHV VDWLVI\LQJ PHFKDQLFDO DQG GXUDELOLW\ SURSHUWLHV FRPSDUHG WR RWKHU
(EOHQGHG) FHPHQWV. &OD\V DUH DV ZHOO DEXQGDQW, ZLGHO\ DYDLODEOH, DQG GRQ’W UHVXOW LQ &22 HPLVVLRQV
GXULQJ WKHLU DFWLYDWLRQ SURFHVV EHVLGHV WKH HQHUJ\ UHTXLUHG WR FDOFLQH DQG PLOO WKHP. 0RUHRYHU,
FHPHQW FRPSRVHG ZLWK VXFK PDWHULDOV GRHVQ’W UHTXLUH KLJK JUDGH FOD\ PDWHULDO DQG FDQ WKHUHIRUH
WROHUDWH UDWKHU KLJK DPRXQWV RI LPSXULWLHV.

2Q WKH RWKHU KDQG, VXFK PDWHULDOV XVXDOO\ FRPH ZLWK YHU\ KLJK VSHFLILF VXUIDFH DUHD UHVXOWLQJ LQ
FKDOOHQJLQJ UKHRORJLFDO SURSHUWLHV.

2QH RI WKH JRDOV RI WKLV ZRUN ZDV WR VWXG\ DQG XQGHUVWDQG WKH UHDVRQV IRU WKH SURQRXQFHG LVVXH RI
ORVV RI ZRUNDELOLW\ REVHUYHG LQ WKH FDVH RI /&3 W\SH RI ELQGHUV. ,W KDV EHHQ IRXQG WKDW WKH LQWULQVLF
UHDFWLYLW\ RI WKH FDOFLQHG FOD\V OHDGV WR WKH IRUPDWLRQ RI HDUO\ DOXPLQDWH K\GUDWHV, PRVW
SUHVXPDEO\ HWWULQJLWH, DQG DSSHDUV WR EH D PDMRU IDFWRU IRU WKH ORVV RI ZRUNDELOLW\.

$W FOLQNHU UHSODFHPHQW OHYHOV XS WR 30%, WUDGLWLRQDO VXSHUSODVWLFL]HUV DUH VXIILFLHQW WR H[WHQG WKH
VOXPS OLIH. +RZHYHU, WKHVH VXSHUSODVWLFL]HUV SURYH PXFK OHVV HIIHFWLYH IRU UHSODFHPHQW OHYHOV
UHDFKLQJ 50% DQG DERYH, ZKHUH WKH ORVV RI ZRUNDELOLW\ LV SDUWLFXODUO\ GLVWLQFW.

1RQHWKHOHVV ZH IRXQG VRPH FDUERK\GUDWH GHULYDWLYHV EHLQJ DEOH WR FRQWURO WKH IRUPDWLRQ UDWH RI
WKHVH HDUO\ K\GUDWHV, UHVXOWLQJ LQ H[WHQGHG ZRUNDELOLW\ ZLWKRXW GUDPDWLFDOO\ DIIHFWLQJ WKH VWUHQJWK
GHYHORSPHQW. 6XFK DSSURDFKHV ZRXOG HQDEOH WKH EURDGHU XVH RI VXFK QRYHO ELQGHUV DQG KHOS
GHFDUERQL]H WKH FRQVWUXFWLRQ VHFWRU.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-023

$QWLFDQFHU UKHQLXP GL- DQG WULFDUERQ\O FRPSOH[HV DQG V\QWKHVLV RI QHZ ͅ-GLLPLQH
UKHQLXP GLFDUERQ\O FRPSOH[HV

.. 6FKLQGOHU2, -. 'HODVRLH2, -. 5RVVLHU2, $. &URFKHW2, $. 3DYLF3, ). =REL1*

18QLYHUVLW\ RI )ULERXUJ, 'HSDUWPHQW RI &KHPLVWU\, &K. GX PXV«H 9, 1700 )ULERXUJ, 28QLYHUVLW\ RI
)ULERXUJ, 38QLYHUVLW\ RI %HOJUDGH

,Q RXU HIIRUW WR GLVFRYHU QRYHO VHOHFWLYH DQG QRQ-WR[LF DJHQWV HIIHFWLYH DJDLQVW &5&, ZH
V\QWKHVL]HG D VHULHV RI UKHQLXP(,) WULFDUERQ\O-EDVHG FRPSOH[HV ZLWK LQFUHDVHG OLSRSKLOLFLW\. 7ZR RI
WKHVH QRYHO FRPSRXQGV ZHUH GLVFRYHUHG WR SRVVHVV UHPDUNDEOH DQWLFDQFHU, DQWL-DQJLRJHQLF DQG
DQWLPHWDVWDWLF DFWLYLW\ LQ YLYR (]HEUDILVK-KXPDQ +&7-116 [HQRJUDIW PRGHO), EHLQJ HIIHFWLYH DW YHU\
ORZ GRVHV (1-3 μ0). $W GRVHV DV KLJK DV 250 μ0 WKH FRPSOH[HV GLG QRW SURYRNH WR[LFLW\ LVVXHV
HQFRXQWHUHG LQ FOLQLFDO DQWLFDQFHU GUXJV (FDUGLR-, KHSDWR-, DQG P\HORWR[LFLW\). ,Q YLYR DVVD\V
VKRZHG WKDW WKH WZR FRPSRXQGV H[FHHG WKH DQWL-WXPRU DQG DQWL-DQJLRJHQLF DFWLYLW\ RI FOLQLFDO
GUXJV FLVSODWLQ DQG VXQLWLQLE PDODWH, DQG GLVSOD\ D ODUJH WKHUDSHXWLF ZLQGRZ.>1@

,Q DQRWKHU VWXG\, ZH UHSRUWHG D UKHQLXP(,,) GLFDUERQ\O FRPSOH[, ZKLFK GLVSOD\HG EHWWHU
F\WRWR[LFLW\ DJDLQVW 0&)-7 EUHDVW FDQFHU FHOOV WKDQ FLVSODWLQ.>2@ :H LQYHVWLJDWHG ODWHU QHZ
V\QWKHWLF URXWHV WR DHURELFDOO\ VWDEOH DQG VXEVWLWXWLRQDOO\ ODELOH ͅ-GLLPLQH UKHQLXP(,) GLFDUERQ\O
FRPSOH[HV. 7KH PROHFXOHV ZHUH SUHSDUHG LQ KLJK \LHOG IURP WKH FLV–FLV–WUDQV->5H(&2)2(W%X2
ES\)%U2@− DQLRQ ( ZKHUH W%X2ES\ LV 4,4′-GL-WHUW-EXW\O-2,2′-ELS\ULGLQH), ZKLFK FRXOG EH LVRODWHG IURP
WKH RQH HOHFWURQ UHGXFWLRQ RI WKH FRUUHVSRQGLQJ 17-HOHFWURQ FRPSOH[. /LJDQG VXEVWLWXWLRQ RI 5H(,)
FRPSOH[HV SURFHHGHG YLD SHQWDFRRUGLQDWH LQWHUPHGLDWHV FDSDEOH RI %HUU\ SVHXGRURWDWLRQ. ,Q
DGGLWLRQ WR WKH FLV–FLV–WUDQV-FRPSOH[HV, FLV–FLV–FLV- (DOO FLV) LVRPHUV ZHUH DOVR IRUPHG.
>5H(&2)2(W%X2ES\)%U(/)@ FRPSOH[HV PD\ EH FRQVLGHUHG DV V\QWKRQV IRU WKH SUHSDUDWLRQ RI D YDULHW\
RI QHZ VWDEOH GLDPDJQHWLF GLFDUERQ\O UKHQLXP FLV->5H(&2)2@+ FRPSOH[HV, RIIHULQJ D FRQYHQLHQW
HQWU\ LQ WKH FKHPLVWU\ RI WKH FRUH.>3@

>1@ -RDFKLP 'HODVRLH, $OHNVDQGDU 3DYLF, 1R«PLH 9RXWLHU, 6DQGUD 9RMQRYLF, $XU«OLHQ &URFKHW,
-DVPLQD 1LNRGLQRYLF-5XQLF, )DELR =REL, (XU. -. 0HG. &KHP., 2020, 204, 112583.
>2@ -HUHPLH 5RVVLHU, 'DQLHO +DXVHU, (PPDQXHO .RWWHODW, %DUEDUD 5RWKHQ-5XWLVKDXVHU, )DELR =REL,
'DOWRQ 7UDQV., 2017, 7, 2159.
>3@ .HYLQ 6FKLQGOHU, $XU«OLHQ &URFKHW, )DELR =REL, 56& $GY., 2021, 13, 7511.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-024

>99P7F(͋6-SKDUP)2@+ V\QWKHVLV ZLWK GLUHFW ODEHOOLQJ RI SKDUPDFHXWLFDOV LQ ZDWHU

). %DWWLVWLQ1, 4. 1DGHHP1, 2. %ODFTXH1, 5. $OEHUWR1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, :LQWHUWKXUHUVWU. 190, 8057 =XULFK, 6ZLW]HUODQG

6DQGZLFK FRPSOH[HV ZLWK XQFKDQJHG SKDUPDFHXWLFDOV DUH XQSUHFHGHQWHG LQ ELRRUJDQRPHWDOOLF RU
UDGLRSKDUPDFHXWLFDO FKHPLVWU\. :H UHFHQWO\ SUHSDUHG D ODUJHU VHULHV RI KRPR- DQG KHWHUR
VDQGZLFKHV ZLWK 7F ZLWK GLUHFW ODEHOLQJ RI DUHQH LQ ZDWHU.1

:H ZLOO QRZ SUHVHQW WKH GLUHFW ODEHOOLQJ RI SKDUPDFHXWLFDOV ZLWK 99P7F WKURXJK ͋6-FRRUGLQDWLRQ WR
SKHQ\O ULQJV DQG WKH FRQILUPDWLRQ RI WKH VWUXFWXUHV ZLWK WKH UKHQLXP KRPRORJXHV.2
3KDUPDFHXWLFDOV ZLWK DQ DUHQH DQG VLPSOH RUJDQLF IXQFWLRQV ZHUH ILUVW FKRVHQ VXFK DV FDUED]ROH
DQG LQGROH (XQLW SUHVHQWV LQ VRPH DQWLFDQFHU GUXJV)3, 4, 4-PHWKR[\SKHQRO (GUXJ XVHG LQ VNLQ
GHSLJPHQWDWLRQ), OLGRFDLQH (ORFDO DQHVWKHWLF), EXW DOVR PRUH FRPSOH[HV GUXJV OLNH OHQDOLGRPLGH
(DQWLFDQFHU), HUORWLQLE DQG JHILWLQLE (W\URVLQH NLQDVH LQKLELWRU). ()LJXUH).

)LJXUH. *HQHUDO VFKHPH RI WKH UHDFWLRQ WRZDUGV >99P7F (͋6-SKDUP)2@+.

6HOHFWHG FRPSOH[HV GLVSOD\ SODQDU FKLUDOLW\ VLQFH WKH WZR SODQHV IRUPHG E\ WKH OLJDQGV DUH QRW
HTXDO; D IHDWXUH WKDW LV YHU\ UDUH IRU UKHQLXP RU WHFKQHWLXP LI HYHU, EXW FRPPRQ IRU IHUURFHQH RU
5X-VDQGZLFK FRPSOH[HV.1,5-7.

7KH GLUHFW ODEHOOLQJ RI SKDUPDFHXWLFDOV ZLWK 99P7F WKURXJK ͋6-FRRUGLQDWLRQ WR SKHQ\O ULQJV DQG WKH
FRQILUPDWLRQ RI WKH VWUXFWXUHV ZLWK WKH UKHQLXP KRPRORJXHV RSHQV D SDWK LQWR D ZLGH YDULHW\ RI
QRYHO UDGLRSKDUPDFHXWLFDOV DQG PROHFXODU WKHUDQRVWLFV.

5HIHUHQFHV:
>1@ 4DLVDU 1DGHHP, *LXVHSSH 0HROD, +HQULN %UDEDQG, 5RELQ %ROOLJHU, 2OLYLHU %ODFTXH, 'DQLHO
+HUQDQGH] 9DOGHV, 5RJHU $OEHUWR, $QJHZ. &KHP. ,QW. (G. 2020, 59, 1197–1200.
>2@ 4DLVDU 1DGHHP, )HGHULFD %DWWLVWLQ, 2OLYLHU %ODFTXH, 5RJHU $OEHUWR, &KHP. (XU. -. 2022, 28,
H20210356.
>3@ 6DPDU ,VVD, $QWKRQ\ 3UDQGLQD, 1LFRODV %HGHO, 3§O 5RQJYHG, 6D±G <RXV, 0DUF /H %RUJQH, =RXKDLU
%RXD]L]E, -. (Q]\PH ,QKLE. 0HG. &KHP. 2019, 34, 1321–1346.
>4@ -\RWKL 'KXJXUX, 5DFKLG 6NRXWD, 0ROHFXOHV 2020, 25(7), 1615.
>5@ 5RVV $. $UWKXUV, &KULVWRSKHU &. 3ULRU, 'DYLG /. +XJKHV, 9DVLO\ 6. 2JDQHV\DQ, &KULVWRSKHU -.
5LFKDUGV, 2UJDQRPHWDOOLFV 2018, 37, 4204–4212.
>6@ :HL-3LQJ 'HQJ, ;XH-/RQJ +RX, /L-;LQ 'DL, <L-+XD <XD :HL ;LD, &KHP. &RPPXQ. 2000, 285.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-025

0HWDO $PLGLQDWH 3UHFXUVRUV IRU (DV\ $FFHVV WR 6XSSRUWHG 1DQRSDUWLFOHV

&. (KLQJHU1, &. &RS«UHW1*

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

Y FODVV ":RUG6HFWLRQ1"! 
3ODWLQXP JURXS PHWDOV (3*0) DUH RI FHQWUDO LPSRUWDQFH LQ D YDULHW\ RI LQGXVWULDOO\ UHOHYDQW
SURFHVVHV.>1@ ,Q PRVW FDVHV, WKH DFWLYH SKDVH LV WKH PHWDOOLF VWDWH, IRU LQVWDQFH LQ WKH IRUP RI
FROORLGDO QDQRSDUWLFOHV, VXSSRUWHG QDQRSDUWLFOHV RU WKLQ ILOPV RQ D VXUIDFH.>2@,Q RUGHU WR HVWDEOLVK
PHDQLQJIXO VWUXFWXUH DFWLYLW\ UHODWLRQVKLSV, D ODUJH UHVHDUFK HIIRUW KDV FRQFHQWUDWHG RYHU WKH \HDUV
RQ WKH GHYHORSPHQW RI WDLORUHG RUJDQRPHWDOOLF RU PHWDORUJDQLF SUHFXUVRUV, WKDW FDQ EH XVHG IRU
SUHFLVH PDWHULDO V\QWKHVLV, VXFK DV $WRPLF /D\HU 'HSRVLWLRQ ($/') RU 6XUIDFH RUJDQRPHWDOOLF
FKHPLVWU\ (620&).>3,4@ %RWK RI WKHVH PHWKRGV UHTXLUH SUHFXUVRUV WKDW DUH VWDEOH GXULQJ VWRUDJH, \HW
UHDFWLYH WRZDUGV D VSHFLILF VXUIDFH IXQFWLRQDOLW\ LQ D VHOHFWLYH ZD\, OHDYLQJ QR E\SURGXFW XSRQ
WKHUPDO/JDV WUHDWPHQW. 7KH FRPELQDWLRQ RI WKHVH UHTXLUHPHQWV LV FKDOOHQJLQJ WR EH PHW E\ RQH
VLQJOH SUHFXUVRU IDPLO\, HVSHFLDOO\ IRU ODWH 4G DQG 5G WUDQVLWLRQ PHWDOV.>5@

:H KDYH H[SORUHG WKH XVH RI DPLGLQDWH OLJDQGV IRU 620&, ZKLFK DUH D SRSXODU FODVV RI OLJDQGV LQ
$/' DSSOLFDWLRQV. ,Q WKLV ZRUN, D VFDODEOH V\QWKHVLV URXWH IRU D VHULHV RI DPLGLQDWH-EDVHG
RUJDQRPHWDOOLF SUHFXUVRUV EDVHG RQ SODWLQXP JURXS PHWDOV (5K, ,U, 3G, 3W) DV ZHOO DV 1L ZDV
GHYHORSHG ($).  7KHVH SUHFXUVRUV UHDGLO\ UHDFW ZLWK R[LGH VXSSRUWV VXFK 6L22 LQ D ZHOO-GHILQHG ZD\
(%), DV FRQILUPHG E\ WKH V\QWKHVLV RI D PROHFXODU DQDORJXH RI WKH VXUIDFH VSHFLHV (&). 8SRQ
WUHDWPHQW ZLWK K\GURJHQ, WKH\ DUH FRQYHUWHG LQWR VXSSRUWHG VPDOO DQG QDUURZO\ GLVWULEXWHG
QDQRSDUWLFOHV LQ D WUDFHOHVV IDVKLRQ, DV FRQILUPHG E\ ,5, 735–7&' DQG 7(0 WHFKQLTXHV (').

 

>1@ $. (. +XJKHV, 1. +DTXH, 6. $. 1RUWKH\, 6. *LGGH\, 5HVRXUFHV 2021, 10, 93.
>2@ /. /LX, $. &RUPD, &KHP. 5HY. 2018, 118, 4981–5079.
>3@ &. &RS«UHW, $FF. &KHP. 5HV. 2019, 52, 1697–1708.
>4@ '. -. +DJHQ, 0. (. 3HPEOH, 0. .DUSSLQHQ, $SSO. 3K\V. 5HY. 2019, 6, 041309.
>5@ &. &RS«UHW, $. &RPDV-9LYHV, 0. 3. &RQOH\, '. 3. (VWHV, $. )HGRURY, 9. 0RXJHO, +. 1DJDH, ).
1¼³H]-=DUXU, 3. $. =KL]KNR, &KHP. 5HY. 2016, 116, 323–421.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-026

0ROHFXODU FRQWUROODEOH FXEDQH R[R FOXVWHU FDWDO\VWV DQG WKHLU G\QDPLF UROH RQ
SKRWRDQRGHV IRU ZDWHU R[LGDWLRQ

6. /L1, :. 0DUNV1, +. &KHQ1, *. 5. 3DW]NH1*

18QLYHUVLW\ RI =XULFK

 

3KRWRFDWDO\WLF ZDWHU VSOLWWLQJ E\ FXERLGDO ^&D0Q425` FHQWHU LV RQH RI QDWXUH’V PRVW IDVFLQDWLQJ
DQG LPSRUWDQW UHDFWLRQV.>1@ .QRZOHGJH WUDQVIHU IURP WKH NH\ IHDWXUHV RI WKH ^&D0Q425` FHQWHU WR
RWKHU R[R FXEDQH-W\SH ZDWHU R[LGDWLRQ FDWDO\VWV KDV DWWUDFWHG HQRUPRXV DWWHQWLRQ GXH WR LWV
DELOLW\ IRU GLUHFW VRODU HQHUJ\-WR-IXHO FRQYHUVLRQ. ,QVSLUHG E\ WKLV FRQFHSW, ZH VXFFHVVIXOO\
GHYHORSHG PROHFXODU ^&R424` FXEDQH-W\SH FDWDO\VWV WKURXJK ERWK OLJDQG HQJLQHHULQJ DQG PL[HG
PHWDO FHQWHUV.>2,3@ 7R SUHGLFWLYHO\ DFFHVV WKLV KLJKO\ DFWLYH PRWLI, ZH DFKLHYHG DQ XQSUHFHGHQWHG
OHYHO RI V\QWKHWLF FRQWURO IRU WKH VHOI-DVVHPEO\ RI ^&R424`.>4@ 7\SLFDO V\VWHPV LQYROYLQJ &R(2$F)2
SUHFXUVRU DQG GS\^2+`2 OLJDQG ZHUH RSHUDWHG ZLWK V\VWHPDWLFDOO\ YDULHG LQRUJDQLF FRXQWHUDQLRQ
W\SHV DQG FRQFHQWUDWLRQV. $IWHU LQWURGXFLQJ D WRROER[ RI VWUDLJKWIRUZDUG LQRUJDQLF FRXQWHUDQLRQV,
WKH VHOI-DVVHPEO\ SURFHVVHV RI R[R FOXVWHUV UHYHDOHG D VXUSULVLQJO\ VWURQJ VWUXFWXUH-GLUHFWLQJ
HIIHFW RI LQRUJDQLF FRXQWHUDQLRQV LQ VROXWLRQ. 7KH W\SH RI ^&R424` FXEDQH H[KLELWHG D FOHDU
VHOHFWLYLW\ ZLWK UHVSHFW WR WKH FRXQWHUDQLRQV XVHG GXULQJ WKH DVVHPEO\ SURFHVV. 7KHUHIRUH, ZH
RSHQHG XS D VWUDWHJ\ WR PROHFXODU FRQWUROODEOH ^&R424` FXEDQH V\QWKHVLV IRU ZDWHU R[LGDWLRQ. 7KH
FRPELQDWLRQ RI H[SHULPHQWDO VFUHHQLQJ DQG FRPSOHPHQWHG ')7 FDOFXODWLRQV ZHUH HIILFLHQW XVHG WR
WUDFN WKHLU SDWKZD\V. 7KHVH UHVXOWV DUH H[SHFWHG WR SURYLGH LQVLJKW LQWR WKH ZLGHO\ XQNQRZQ
DVVHPEO\ PHFKDQLVPV RI RUJDQLFDOO\ OLJDWHG R[R FOXVWHUV.

7KH G\QDPLF UROH RI ^&R424` FXEDQHV RQ SKRWRDQRGHV IRU ZDWHU R[LGDWLRQ ZDV LQYHVWLJDWHG E\
ORDGLQJ PROHFXODU (&R424-GSN) RQ KHPDWLWH SKRWRDQRGH VXUIDFHV.>5@ 6XSSRUWHG E\ ERWK
SKRWRHOHFWURFKHPLFDO DQDO\VHV DQG UHODWHG UDWH ODZ DQDO\VHV, ZH UHYHDOHG WKDW WKH UROH RI WKH
^&R424` FXEDQH FRFDWDO\VWV DOWHUQDWHG IURP SUHGRPLQDWH KROH UHVHUYRLUV WR FDWDO\WLF FHQWHUV ZLWK
WKH DSSOLHG SRWHQWLDO. /LNHZLVH, VHYHUDO RWKHU ^&R424`-W\SH PROHFXOHV IRU KHWHURJHQHRXV
FRFDWDO\VWV ZHUH REVHUYHG WR GLVSOD\ VLPLODU SURSHUWLHV. 2YHUDOO, RXU ZRUNV SURYLGH D FRQWUROODEOH
DQG SUHGLFWLYH DFFHVV WR KLJKO\ SHUIRUPLQJ R[R FOXVWHU FDWDO\VWV YLD OLJDQG HQJLQHHULQJ DQG
FRXQWHUDQLRQ VHOHFWLRQ, DQG IXUWKHU UHYHDO WKH G\QDPLF UROH RI ^&R424` FXEDQHV RQ SKRWRDQRGHV
IRU ZDWHU VSOLWWLQJ.

>1@ $VWULG 2OD\D, -XOLHWD 6. 5LYD, 'RPLQLND %DVWHU, :DQGHUVRQ 2. 6LOYD, )UDQ©RLV 3LFKDUG, +XEHUW +.
*LUDXOW, -$&6 $X. 2021, 1, 2294.   
>2@ )DELR (YDQJHOLVWL, 5RELQ *XʹWWLQJHU, 5HQHʲ0RUHʲ, 6DQGUD /XEHU, *UHWD 5. 3DW]NH, -. $P. &KHP. 6RF.
2013, 135, 18734.
>3@ )DQJ\XDQ 6RQJ, 5HQHʲ0RUHʲ, 0DXUR 6FKLOOLQJ, *ULJRU\ 6PROHQWVHY, 1LFROR $]]DUROL, 7KRPDV )R[,
6DQGUD /XEHU, *UHWD 5. 3DW]NH, -. $P. &KHP 6RF. 2017, 139, 14198.
>4@ )DQJ\XDQ 6RQJ, .DUUDU $O-$PHHG, 0DXUR 6FKLOOLQJ, 7KRPDV )R[, 6DQGUD /XEHU, *UHWD 5.
3DW]NH, -. $P. &KHP 6RF. 2019, 141, 8846.
>5@ -LQJJXR /L, :HQFKDR :DQ, &DUORV $. 7ULDQD, =E\QHN 1RYRWQ\, -XʹUJ 2VWHUZDOGHU, 5ROI (UQL, *UHWD
5. 3DW]NH, -. $P. &KHP 6RF. 2019, 141, 12839.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) ,&-027

͆-; YV. ͆-+ (OLPLQDWLRQ. 6HOHFWLRQ 5XOHV IRU &KHPRVHOHFWLYLW\ (QDEOHG E\ 0HFKDQLVWLF
6WXGLHV‡

0. %RJGRV1, 2. 6WHSDQRYLÉ1, $. %LVPXWR1, 0. /XUDVFKL1, %. 0RUDQGL1*

1'-&+$%, (7+ =¾ULFK, 9ODGLPLU-3UHORJ-:HJ 1-5/10, =¾ULFK, 6ZLW]HUODQG

$V WUDQVLWLRQ PHWDO FKHPLVWU\ DGYDQFHV, FDWDO\WLF UHDFWLRQV ZLOO WDFNOH PRUH GLIILFXOW
WUDQVIRUPDWLRQV. 5HDFWLRQV LQYROYLQJ DON\O-WUDQVLWLRQ-PHWDO VSHFLHV DUH SDUWLFXODUO\ FKDOOHQJLQJ,
JLYHQ WKH KLJK UHDFWLYLW\ RI WKHVH VSHFLHV.1 0DQ\ H[LVWLQJ UHDFWLRQV HPSOR\ VXFK LQWHUPHGLDWHV H.J.
DONHQH K\GURIXQFWLRQDOLVDWLRQV, 0L]RURNL–+HFN FURVV-FRXSOLQJ, DON\O &–+ DFWLYDWLRQ, DONHQH
SRO\PHULVDWLRQ DQG &(VS3)- &(VS3) FRXSOLQJ.2 )RU WKHVH FRPSRXQGV, ͆-HOLPLQDWLRQ - RI HLWKHU D
K\GULGH (͆-̬) RU D KHWHURDWRP (͆-̻) - LV WKH PRVW FRPPRQ UHDFWLRQ SDWKZD\. 7KHVH SDWKZD\V FDQ
HLWKHU OHDG WR WKH GHVLUHG UHDFWLRQ FI. 0L]RURNL–+HFN, RU WKH\ FDQ KLQGHU UHDFWLRQ SURJUHVV FI.
HWK\OHQH/YLQ\O KDOLGH FR-SRO\PHULVDWLRQV.3 'HVSLWH WKH LPSRUWDQFH RI WKHVH HOLPLQDWLRQ SURFHVVHV,
OLWWOH PHFKDQLVWLF XQGHUVWDQGLQJ H[LVWV ZLWK UHVSHFW WR WKH IDFWRUV WKDW FRQWURO WKH FRPSHWLWLRQ
EHWZHHQ WKHP.4

:H GHVFULEH D V\VWHPDWLF PHFKDQLVWLF LQYHVWLJDWLRQ RI WKH FRPSHWLWLRQ EHWZHHQ ͆-̬ DQG ͆-̻ XVLQJ
DON\OSDOODGLXP FRPSOH[HV DV D PRGHO V\VWHP. 7KH GHULYDWLRQ RI VHOHFWLRQ UXOHV IRU DFKLHYLQJ
VHOHFWLYLW\ WRZDUGV HLWKHU HOLPLQDWLRQ, DV ZHOO DV WKH GHYHORSPHQW D SUHGLFWLYH PHFKDQLVWLF
PDWKHPDWLFDO PRGHO LV SUHVHQWHG. )LQDOO\, ZH RXWOLQH KRZ WKH LGHDV GHULYHG IURP WKLV UHVHDUFK
FRXOG DSSO\ PRUH JHQHUDOO\ WR VWXG\LQJ FRPSHWLQJ UHDFWLRQV DQG H[WHQGLQJ WKLV ZRUN WR RWKHU
PHWDOV.

‡3UHSULQW: 10.26434/FKHPU[LY-2022-50IG0, $FFHSWHG: 1DWXUH 6\QWKHVLV, 0D\ 2022

>1@ $. 5XGROSK, 0. /DXWHQV, $QJHZDQGWH &KHPLH - ,QWHUQDWLRQDO (GLWLRQ, 2009, 48, 2656–2670.   
>2@ +DUWZLJ, -. ). 2UJDQRWUDQVLWLRQ 0HWDO &KHPLVWU\: )URP %RQGLQJ WR &DWDO\VLV, 2010.      
>3@ 6. :DGD, 5. ). -RUGDQ, $QJHZDQGWH &KHPLH - ,QWHUQDWLRQDO (GLWLRQ, 2017, 56, 1820–1824.      
>4@ =. =KDQJ, , ;. /X, =. ;X, 4. =KDQJ, ;. +DQ, 2UJDQRPHWDOOLFV, 2001, 20, 3724–3728.
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:DWFKLQJ 7HUQDU\ 2[LGHV ZLWK 'XDO (\HV: DQ LQ-VLWX 7ZR-&RORXU ;(6 6WXGLHV RI 3KRWR-
(OHFWURFDWDO\WLF :DWHU 2[LGDWLRQ 0HFKDQLVPV LQ )HUULF 3VHXGREURRNLWH (5H27LR5)

3KRWRDQRGHV

'. $GL\HUL 6DVHHQGUDQ1, 6. 3HUHGNRY2, &. 7ULDQD1, '. $EERWW3, 9. 0RXJHO3, *. 5. 3DW]NH1*, 6.
'H%HHU2*

1'HSDUWPHQW RI &KHPLVWU\, :LQWHUWKXUHUVWUDVVH 190, 8QLYHUVLW\ RI =XULFK, 8057 =¾ULFK, 2
'HSDUWPHQW RI ,QRUJDQLF 6SHFWURVFRS\, 0D[ 3ODQFN ,QVWLWXWH IRU &KHPLFDO (QHUJ\ &RQYHUVLRQ,

0¾OKHLP DQ GHU 5XKU, *HUPDQ\, 3'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV,
9ODGLPLU-3UHORJ-:HJ 1-5/10 8093 =¾ULFK

7KH GHVLJQ RI KLJKO\ HIILFLHQW, UREXVW, DQG JUHHQ ZDWHU R[LGL]LQJ FDWDO\VWV LV RQH RI WKH PRVW FULWLFDO
FKDOOHQJHV LQ VXVWDLQDEOH HQHUJ\ UHVHDUFK. 'XH WR WKH JOREDO FOLPDWH FKDQJH FULVLV DQG HQHUJ\
GHPDQG, VRODU DVVLVWHG SKRWR-HOHFWURFDWDO\WLF (3(&) ZDWHU VSOLWWLQJ KDV HPHUJHG DV D SURPLVLQJ
DSSURDFK WRZDUGV SURGXFLQJ FOHDQ FKHPLFDO IXHOV DQG VWRUDEOH HQHUJ\ UHVRXUFHV.>1@ $Q LGHDO SKRWR-
HOHFWURGH PDWHULDO VKRXOG HQFRPSDVV D VXLWDEOH HQHUJ\ EDQGJDS IRU HIILFLHQW VXQOLJKW DEVRUSWLRQ,
JRRG HOHFWULFDO FRQGXFWLYLW\, FKHPLFDO VWDELOLW\, DQG QRQ-WR[LFLW\.>2@ $PRQJ WKH LQYHVWLJDWHG
SKRWRDQRGH PDWHULDOV, ͅ-)H223 KDG JDLQHG FRQVLGHUDEOH LQWHUHVW LQ WKH ILHOG GXH WR LWV VXLWDEOH
EDQGJDS (1.9-2.2 H9) DQG HDUWK DEXQGDQFH.>2@ %XW WKH ZDWHU R[LGDWLRQ HIILFLHQF\ RI ͅ-)H223 LV
OLPLWHG GXH WR ORZ FDUULHU FRQFHQWUDWLRQ DQG VORZ LQWHUIDFLDO KROH WUDQVIHU. 'RSLQJ ͅ-)H223 ZLWK
WHWUDYDOHQW GRSDQWV VXFK DV 7L4+, =U4+ KDG EHHQ IRXQG WR LQFUHDVH LWV FDUULHU FRQGXFWLYLW\, WKHUHE\
LPSURYLQJ WKH 3(& SHUIRUPDQFH.>2@ ,Q WKLV UHJDUG, WHUQDU\ R[LGH PDWHULDOV KDYH HPHUJHG DV
SRWHQWLDO FDQGLGDWHV IRU SKRWRDQRGH PDWHULDOV, DV WKH\ SURYLGH GLYHUVH VWUDWHJLHV IRU WXQLQJ WKH
FRPSRVLWLRQ DQG HOHFWURQLF VWUXFWXUH RI SKRWRDQRGH PDWHULDOV FRPSDUHG WR WKHLU ELQDU\
FRXQWHUSDUWV.>3@ $PRQJ WKHVH, WKH IHUULF SVHXGREURRNLWH: )H27L25 KDV UHFHLYHG VLJQLILFDQW DWWHQWLRQ
RZLQJ WR LWV KLJK WKHUPRG\QDPLF SKDVH VWDELOLW\, DTXHRXV VWDELOLW\ LQ D ZLGH S+ UDQJH, DQG VXLWDEOH
EDQGJDS (1.9- 2.1 H9) IRU HIILFLHQW VRODU OLJKW DEVRUSWLRQ.>4@ +HUHLQ ZH UHSRUW )H27L25 LQYHUVH RSDOV
SKRWRDQRGHV ZLWK WKLV ZKLFK KDV VKRZQ LPSURYHG SHUIRUPDQFH DQG SKRWRFXUUHQW GHQVLW\ RI 0.3
P$/FP2 XQGHU VRODU OLJKW LUUDGLDWLRQ. :H GHPRQVWUDWH WKH XVH RI WZR-FRORXU ;-UD\ (PLVVLRQ
6SHFWURVFRS\ (;(6) LQ LGHQWLI\LQJ WKH FDWDO\WLF LQWHUPHGLDWHV DQG SURWRQDWLRQ HYHQWV/VSHFLHV
LQYROYHG LQ VRODU ZDWHU R[LGDWLRQ FDWDO\]HG E\ )H27L25 SKRWRDQRGHV YLD )H-7L WZR-FRORXU 9W&-;(6
H[SHULPHQWV XQGHU RSHUDWLRQDO 3(& FRQGLWLRQV. ;(6 EHLQJ KLJKO\ VHQVLWLYH WR PHWDO-OLJDQG DWRP
FRRUGLQDWLRQ DQG SURWRQDWLRQ VWDWHV, WKLV LQ-VLWX WZR-FRORXU VWXG\ RIIHUV DQ H[FHOOHQW RSSRUWXQLW\ WR
VLPXOWDQHRXVO\ PRQLWRU WKH KLJK YDOHQW FDWDO\WLF 7L/)H-2[R VSHFLHV, )H VSLQ VWDWHV, DQG G\QDPLF
EHKDYLRXU RI ORFDO FRRUGLQDWLRQ DW )H/7L VLWHV JHQHUDWHG XQGHU UHDO-WLPH 3(& FRQGLWLRQV. ,Q-VLWX ;(6
VWXGLHV LQGLFDWHG WKDW WKH 7L VLWHV DFWV DV R[R-FRRUGLQDWLRQ VLWH ZKHUHDV WKH )H VLWH EHKDYHV DV D
UHGR[ UHJXODWRU. )XUWKHU SRVW-FDWDO\WLF ;$6 DQG ;36 LQYHVWLJDWLRQV DOVR FRQILUPHG WKH FKDQJH LQ
ORFDO FRRUGLQDWLRQ DW WKH 7L FHQWHU, FRQILUPLQJ LWV DFWLYH UROH LQ GULYLQJ WKH 2-2 ERQG IRUPDWLRQ.

>1@ 5. )HUQ£QGH]-&OLPHQW, 6XVWDLQ. (QHUJ\ )XHOV 2020, 4, 5916–5926.
>2@ *XUXGD\DO,  -. 3K\V. '. $SSO. 3K\V. 2018, 51, 1361-6463.
>3@ '. .. /HH,  &KHP. 6RF. 5HY. 2019, 48, 2126–2157.
>4@ 0. 2VDGD,  $&6 $SSO. (QHUJ\ 0DWHU. 2021, 4, 2098–2106.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, 3RVWHU ,&-102

'HYHORSLQJ WKH ELRORJLFDO SRWHQWLDO RI RUJDQRPHWDOOLF FDJHV

6. 3. $OOHV1, %. 7KHUULHQ1*

18QLYHUVLW\ RI 1HXFK¤WHO

5XWKHQLXP-EDVHG PHWDOOD-DVVHPEOLHV KDYH EHHQ IRXQG WR SRVVHVV YHU\ SURPLVLQJ IHDWXUHV IRU
ELRORJLFDO DQG PHGLFLQDO DSSOLFDWLRQV. $PRQJ WKHVH, ZDWHU VROXELOLW\, JRRG DQWLFDQFHU DFWLYLW\ DQG
HYHQ WKH VWURQJ LQWHUDFWLRQ ZLWK '1$ DUH HVSHFLDOO\ UHOHYDQW.1 7RJHWKHU ZLWK WKHVH SURSHUWLHV,
PHWDOOD-DVVHPEOLHV RIIHU WKH SRVVLELOLW\ RI HQFDSVXODWLRQ RI LQWHUHVWLQJ JXHVW PROHFXOHV. ,Q WKLV
SURMHFW, V\QWKHVLV DQG FKDUDFWHUL]DWLRQ RI KLJK PROHFXODU ZHLJKW PHWDOOD-DVVHPEOLHV LV SHUIRUPHG,
DLPLQJ WR H[SORLW WKH EHQHILWV RI WKH (QKDQFHG 3HUPHDELOLW\ DQG 5HWHQWLRQ HIIHFW ((35 HIIHFW), E\
ZKLFK ODUJH DQG KHDY\ PROHFXODU VWUXFWXUHV DUH GLUHFWHG LQ D VHOHFWLYH PDQQHU WR FDQFHURXV
WLVVXHV.2

7R REWDLQ KLJK PROHFXODU ZHLJKW PHWDOOD-DVVHPEOLHV, GLIIHUHQW VWUDWHJLHV DUH H[SORLWHG VXFK DV
IXQFWLRQDOL]DWLRQ ZLWK KLJK PROHFXODU ZHLJKW DSSHQGDJHV RI D JXHVW PROHFXOH DQG WKH SUHFXUVRU
SDQHOV, RU WKH XVH RI D FRPPRQ FRUH WKDW FRQQHFWV VHYHUDO PHWDOOD-DVVHPEOLHV LQ D VLQJOH ELJJHU
V\VWHP. 3\UHQH KDV EHHQ VKRZQ WR EH D YHU\ JRRG JXHVW IRU KH[DQXFOHDU (DUHQH)UXWKHQLXP PHWDOOD-
SULVPDWLF FDJHV2, DQG LW RIIHUV WKH SRVVLELOLW\ WR EH IXQFWLRQDOL]HG ZLWK RQH, WZR RU HYHQ IRXU DUPV
FRQWDLQLQJ KLJK PROHFXODU ZHLJKW IXQFWLRQDO JURXSV.

)XQFWLRQDOL]DWLRQ RI WKHVH PHWDOOD-DVVHPEOLHV RIIHUV DVZHOO WKH SRVVLELOLW\ RI JLYLQJ HQKDQFHG
SURSHUWLHV WR WKH PHWDOOD-DVVHPEO\, VXFK DV WDUJHWLQJ, LPDJLQJ, RU WKH H[SORLWDWLRQ RI
SKRWRG\QDPLF WKHUDS\ XVLQJ SKRWRVHQVLWL]HUV. ,Q WKLV FRQWH[W, D QHZ VHW RI PHWDOOD-DVVHPEOLHV
FRQWDLQLQJ ELRWLQ\ODWHG SDQHOV (WDUJHWHG GHOLYHU\3) DQG S\UHQ\O JXHVWV FRQWDLQLQJ SKRWRVHQVLWL]HUV
(SKRWRG\QDPLF WKHUDS\) DUH REWDLQHG (ILJXUH 1).

>1@ $. 3LWR-%DUU\, 2. =DYD, 3. -. '\VRQ, 5. 'HVFKHQDX[, %. 7KHUULHQ, ,QRUJ. &KHP. 2012, 51,
7119-7124.
>2@ $. 3LWR-%DUU\, 1. 3. (. %DUU\, 2. =DYD, 5. 'HVFKHQDX[, 3. -. '\VRQ, %. 7KHUULHQ, &KHP. (X.U
-. 2011, 17, 1966-1971.
>3@ :. ;. 5HQ, -. +DQ, 6. 8KP, <. -. -DQJ, &. .DQJ, -. .LP, -. 6. .LP, &KHP. &RPPXQ. 2015, 51,
10403.
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5HGR[ &KHPLVWU\ RI &RUULQ-%DVHG )430 0LPLFV

6. $PLQL1, &. %UHQLJ1, ). +. =HOGHU1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, :LQWHUWKXUHUVWUDVVH 190, &+-8057 =XULFK,
6ZLW]HUODQG

,Q QDWXUH DUH HQFRXQWHUHG LPSRUWDQW PHWDO SRUSK\ULQRLG FRIDFWRUV VXFK DV KHPH, FKORURSK\OO,
YLWDPLQ %12 DQG FRIDFWRU )430 ZLWK HVVHQWLDO ELRORJLFDO IXQFWLRQV. 7KH\ FRQVLVW RI UHODWHG, EXW
VWUXFWXUDOO\ GLIIHUHQW WHWUDGHQWDWH OLJDQGV DQG PHWDO LRQV (L.H. )H, 0J, &R DQG 1L).1, 2 %DVHG RQ WKH
SDUWLFXODU FRPELQDWLRQ, WKH\ SOD\ GLIIHUHQW UROHV LQ QDWXUH UDQJLQJ IURP UHYHUVLEOH GLR[\JHQ ELQGLQJ
WR &-+ DFWLYDWLRQ FKHPLVWULHV.

5HFHQWO\ ZH GHVFULEHG WKH V\QWKHVLV, VWUXFWXUH-SURSHUW\ DQG VWUXFWXUH-UHDFWLYLW\ UHODWLRQVKLSV RI
VHPL-DUWLILFLDO QLFNHO-FRQWDLQLQJ FRUULQ GHULYDWLYHV ()LJXUH PLGGOH).3, 4 ,Q RXU HIIRUWV WR FRQWURO PHWDO
YV. OLJDQG FHQWHUHG UHGR[ FKHPLVWU\ LQ WKLV QHZ FODVV RI SURSK\ULQRLGV, ZH UHSRUW RQ WKH V\QWKHVLV
DQG UHGXFWLRQ FKHPLVWU\ RI QHZ PHWDOOR-FRUULQRLGV.

>1@ .. 3URLQVLDV, 0. *LHG\N, '. *U\NR, &KHP. 6RF. 5HY. 2013, 42, 6605–6619.
>2@ .. /. %URZQ, &KHP. 5HY. 2005, 105, 2075–2149.
>3@ &. %UHQLJ, /. 3ULHWR, 5. 2HWWHUOL, ). =HOGHU, $QJHZ. &KHPLH - ,QW. (G. 2018, 57, 16308–16312.
>4@ &. %UHQLJ, /. 0RVEHUJHU, 2. %ODFTXH, 5. .LVVQHU, ). =HOGHU, &KHP. &RPPXQ. 2021, 57,
7260–7263.
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6HULHV RI ORZ-YDOHQW XUDQLXP-EDVHG FRRUGLQDWLRQ SRO\PHUV EDVHG RQ WULWRSLF FDUER[\OLF
DFLGV

$. $QGUHLFKHQNR1, $. :LOODXHU1, $. &KDXYLQ1*, ). )DGDHL-7LUDQL 1, 5. 6FRSHOOLWL 1, 0. 0D]]DQWL1*

1,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/)

$OWKRXJK D YDVW PDMRULW\ RI FRRUGLQDWLRQ SRO\PHUV DUH EDVHG RQ WUDQVLWLRQ PHWDOV, WKH PRWLYDWLRQ
LQ REWDLQLQJ 02)V ZLWK PRUH FRPSOH[ VWUXFWXUDO PRWLIV SURPSWHG DQ LQYHVWLJDWLRQ RQ WKH XVH RI I-
HOHPHQWV. +RZHYHU, IUDPHZRUNV EXLOG RQ I-HOHPHQWV DQG HVSHFLDOO\ EDVHG RQ 5I-HOHPHQWV DUH
FRQVLGHUDEO\ OHVV VWXGLHG WKDQ G-PHWDOV EDVHG 02)V. )RU XUDQLXP, WKH PRVW DEXQGDQW DQG
HQYLURQPHQWDOO\ VLJQLILFDQW RI 5I-HOHPHQWV, R[LGDWLRQ VWDWHV YDU\ IURP +2 WR +6. 7KH FKHPLVWU\ RI
XUDQLXP-EDVHG FRRUGLQDWLRQ SRO\PHUV FRQWDLQLQJ XUDQLXP(9,) LRQV LV FRPSDUDWLYHO\
GHYHORSHG.>1@ 7KH PRVW FRPPRQ IRUP RI WKH PHWDO QRGHV LQ WKHVH 8(9,) IUDPHZRUNV LV WKH XUDQ\O
LRQ (822)2+. 7KLV PDNHV LW GLIILFXOW WR IRUP 3' IUDPHZRUNV GXH WR WKH SRVLWLRQLQJ RI R[R DWRPV LQ
WKH D[LDO SODQH RI WKH LRQ, ZKLFK OHDGV WR D SUHYDOHQFH RI 1' RU 2' FRRUGLQDWLRQ SRO\PHUV.>2@ ,Q
FRQWUDVW WR IUDPHZRUNV FRQWDLQLQJ WKH 8(9,) LRQ, ORZHU-YDOHQW 8 02)V DUH OHVV VWXGLHG. +RZHYHU,
VRPH H[DPSOHV RI XUDQLXP-EDVHG RUJDQLF FRRUGLQDWLRQ SRO\PHUV LQ ORZHU R[LGDWLRQ VWDWHV DUH
NQRZQ. ,Q SDUWLFXODU, WKH +4 R[LGDWLRQ VWDWH KDV DOVR EHHQ VWXGLHG RYHU WKH \HDUV.>3@ :KLOH VHYHUDO
FDUER[\ODWHV ZHUH HPSOR\HG DV OLJDQGV LQ LQYHVWLJDWLRQ RI WKH IUDPHZRUNV’ IRUPDWLRQ, VWLOO, WKH
PDMRULW\ RI WKH XVHG FDUER[\ODWH OLJDQGV DUH GLWRSLF.>4@ +RZHYHU, WKH XVH RI FDUER[\ODWHV ZLWK D
KLJKHU QXPEHU RI FDUER[\OLF JURXSV FDQ OHDG WR WKH IRUPDWLRQ RI PRUH RSHQ SRO\PHULF VWUXFWXUHV
H[KLELWLQJ VWUXFWXUHV ZLWK KLJKHU VXUIDFH DUHD, LQFUHDVHG SRUHV’ VL]H, DQG FRXOG OHDG WR DQ
XQSUHFHGHQWHG FRRUGLQDWLRQ HQYLURQPHQW RI WKH PHWDO QRGHV.

+HUH ZH ZLOO GHVFULEH WKH LVRODWLRQ DQG FKDUDFWHUL]DWLRQ RI WKH 2' DQG 3' 8(,9) FRRUGLQDWLRQ
SRO\PHUV EDVHG RQ D VHULHV RI WULWRSLF FDUER[\OLF DFLGV. 7KH LQIOXHQFH RI WKH UHDFWLRQ’V SDUDPHWHUV
DQG FRQGLWLRQV VXFK DV WHPSHUDWXUH, VROYHQW, S+, PRGXODWLRQ, RQ WKH SURGXFWV ZLOO EH VKRZQ.
6WUXFWXUDO GLIIHUHQFHV RI WKH 8(,9) FRRUGLQDWLRQ SRO\PHUV ZLOO EH GHVFULEHG DQG WKHLU H[SHFWHG
SURSHUWLHV ZLOO EH GLVFXVVHG.

>1@ .DL /Y, 6HEDVWLDQ )LFKWHU, 0HL *X, -XOLDQH 0¦U], DQG 0RULW] 6FKPLGW, &RRUGLQDWLRQ &KHPLVWU\
5HYLHZV, 2021, 446, 214011.
>2@ &KULVWRSKH 9RONULQJHU, 1DWDFKD +HQU\, 6W«SKDQH *UDQGMHDQ DQG 7KLHUU\ /RLVHDX, -RXUQDO RI WKH
$PHULFDQ &KHPLFDO 6RFLHW\, 2012, 134, 1275–1283.
>3@ 7KLHUU\ /RLVHDX, ,RQXW 0LKDOFHD, 1DWDFKD +HQU\ DQG &KULVWRSKH 9RONULQJHU, &RRUGLQDWLRQ
&KHPLVWU\ 5HYLHZV, 2014, 266–267, 69–109.
>4@ 'RPLQLN +DOWHU, 5\DQ .OHLQ, 0LFKDHO %RUHHQ, %HQMDPLQ 7UXPS, &UDLJ %URZQ, DQG -HIIUH\ /RQJ,
&KHPLFDO 6FLHQFH, 2020, 11, 6709–6716.
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&RQWUROOHG 0RGLILFDWLRQ RI &REDOW 3KRVSKLGH &DWDO\VWV E\ 6XOIXU

1. $. $UQRVWL1, 9. :\VV1, 0. ). 'HOOH\1*

18QLYHUVLW\ RI %DVHO, 6W. -RKDQQV-5LQJ 19, 4056 %DVHO

7UDQVLWLRQ PHWDO SKRVSKLGHV KDYH VKRZQ H[FHOOHQW FDWDO\WLF SURSHUWLHV IRU WKH FDWDO\VLV RI ZDWHU
VSOLWWLQJ DQG K\GURGHVXOIXUL]DWLRQ ZLWK VLPLODU FDWDO\WLF DFWLYLW\ DV WKH WUDGLWLRQDO QREOH PHWDO
FDWDO\VWV.1-2 ,Q ERWK FXUUHQW FDWDO\WLF DSSOLFDWLRQV RI WKH SKRVSKLGH PDWHULDOV DQ HQKDQFHG FDWDO\WLF
DFWLYLW\ ZDV REVHUYHG ZKHQ D ELW RI VXOIXU LV LQFRUSRUDWHG LQ WKH PDWHULDO.3-4 +RZHYHU, FXUUHQW
SUHSDUDWLRQ PHWKRGV RI VXOIXU-PRGLILHG SKRVSKLGHV ODFN FRQWURO RYHU WKH GLVWULEXWLRQ RI VXOIXU LQ
WKH PDWHULDO. 7KLV KDPSHUV RXU XQGHUVWDQGLQJ RI KRZ VXOIXU HQKDQFHV FDWDO\VLV E\ SKRVSKLGHV DQG
WKHUHE\ SUHFOXGHV WKH UDWLRQDO GHVLJQ RI PRGLILHG WUDQVLWLRQ PHWDO SKRVSKLGHV IRU DFWXDO
LPSOHPHQWDWLRQ LQ LQGXVWULDO SURFHVVHV.

:H GHYHORSHG D FRQWUROOHG PHWKRG WR PRGLI\ WUDQVLWLRQ PHWDO SKRVSKLGHV ZLWK VXOIXU XVLQJ D
PROHFXODU DSSURDFK. 8VH RI PROHFXODU 6-WUDQVIHU UHDJHQWV RI YDULHG VWUHQJWK HQDEOHV XV WR FRQWURO
WKH DPRXQW RI VXOIXU WUDQVIHUUHG DQG WUDFN WKH PRGLILFDWLRQ UHDFWLRQ E\ 105 VSHFWURVFRS\. :H
VKRZ WKDW WKHUH LV D GLVWULEXWLRQ RI GLIIHUHQW VXOIXU VLWHV SRVVLEOH DW WKH SKRVSKLGH VXUIDFH DQG KRZ
WKLV VXOIXU VLWH GLVWULEXWLRQ LQIOXHQFHV FDWDO\VLV.

>1@ <DQPHL 6KL, %LQ =KDQJ, &KHPLFDO 6RFLHW\ 5HYLHZV, 2016, 45, 1529-1541.
>2@ 6. 7HG 2\DPD, 7UDYLV *RWW, +DL\DQ =KDR, <RQJ-.XO /HH, &DWDO\VLV 7RGD\, 2009, 143, 94-107.
>3@ -DNRE .LEVJDDUG, 7KRPDV ). -DUDPLOOR, $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ, 2014, 53,
14433-14437.
>4@ 0LTXHO &DE£Q-$FHYHGR, 0LFKDHO /. 6WRQH, -. 5. 6FKPLGW, -RVHSK *. 7KRPDV, 4L 'LQJ, +XQJ-&KLK
&KDQJ, 0HQJ-/LX 7VDL, -U-+DX +H, 6RQJ -LQ, 1DWXUH 0DWHULDOV, 2015, 14, 1245-1251.
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4XDQWXP FU\VWDOORJUDSKLF HYDOXDWLRQ RI 6-& DQG 3-& ERQGV LQ VXOIXU DQG SKRVSKRUXV
\OLGHV

<. %DOPRKDPPDGL1, 6. *UDERZVN\1*, /. 0DODVSLQD1

11'HSDUWPHQW RI &KHPLVWU\, %LRFKHPLVWU\ DQG 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI %HUQ,
6ZLW]HUODQG

$Q \OLGH FRPSRXQG LV D QHXWUDO PROHFXOH FRQWDLQLQJ D IRUPDO GRXEOH ERQG IRU ZKLFK DFWXDOO\ WKH
FKDUJH-VHSDUDWHG UHVRQDQFH IRUP KDV D KLJK VWDELOL]LQJ FRQWULEXWLRQ (VHH )LJXUH 1D). 7KH QHJDWLYH
FKDUJH LV XVXDOO\ ORFDWHG DW D FDUERQ DWRP FRQQHFWHG WR D KHWHURDWRP ZLWK D IRUPDO SRVLWLYH
FKDUJH (XVXDOO\ QLWURJHQ, SKRVSKRUXV RU VXOIXU). 7KLV FKDUJH GLVWULEXWLRQ KDV GLUHFW FRQVHTXHQFHV
RQ WKH UHDFWLYLW\ RI \OLGHV OHDGLQJ WR D ORW RI DSSOLFDWLRQV LQ RUJDQLF V\QWKHVLV DV UHDJHQWV RU
UHDFWLYH LQWHUPHGLDWHV. 3KRVSKRUXV \OLGHV RU SKRVSKRQLXP \OLGHV KDYH EHHQ ZLGHO\ XVHG LQ
RUJDQRPHWDOOLF DQG RUJDQLF V\QWKHVLV, PRVW IDPRXVO\ DV :LWWLJ UHDJHQWV LQ WKH :LWWLJ UHDFWLRQ.>1@

6XOIXU \OLGHV (VXOIRQLXP \OLGHV DQG VXOIR[RQLXP \OLGHV) DUH DOVR HPSOR\HG LQ RUJDQLF V\QWKHVLV, H.J.
LQ WKH -RKQVRQ–&RUH\–&KD\NRYVN\ UHDFWLRQ.>2@

)RU WKRVH UHDVRQV, \OLGHV DUH WH[WERRN H[DPSOHV IRU WKH LQWHUSOD\ EHWZHHQ /HZLV UHVRQDQFH IRUPV
DQG PROHFXODU UHDFWLYLW\/ IXQFWLRQ. +HQFH, D IXOO FRPSOHPHQWDU\ ERQGLQJ DQDO\VLV>3@ UHYHDOLQJ WKH
QDWXUH DQG FKDUDFWHU RI WKH 3-& DQG 6-& ERQGV LQ \OLGHV LQ GHWDLO LV RI SUDFWLFDO LPSRUWDQFHV DQG
ZLOO DOVR FODULI\ FRQFHSWV VXFK DV K\SHUYDOHQF\ RI 3 DQG 6 DWRPV DV ZHOO DV WKH LQWHUSOD\ EHWZHHQ
FRYDOHQF\ DQG LRQLFLW\ RI KHWHURDWRP ERQGV. 7R WKH EHVW RI RXU NQRZOHGJH, WKHUH DUH IRXU
H[SHULPHQWDO FKDUJH GHQVLW\ VWXGLHV DERXW WKHVH ERQGV XVLQJ PXOWLSROH UHILQHPHQW>4@ >5@, DQG
WKHUH LV QR +LUVKIHOG DWRP UHILQHPHQW (+$5) DQG ;-UD\ ZDYHIXQFWLRQ (;&:) ILWWLQJ VWXG\ DERXW
WKHVH ERQGV. ,Q WKLV VWXG\, RXU DLP LV WR SHUIRUP IXOO ;-UD\ ZDYHIXQFWLRQ UHILQHPHQWV (+$5 + ;&:
ILWWLQJ)>6@ SOXV FRPSOHPHQWDU\ ERQGLQJ DQDO\VHV WR HYDOXDWH WKH &-6 DQG &-3 ERQGV LQ WZR \OLGH
FRPSRXQGV PHDVXUHG DW 100. ZLWK $J .ͅ UDGLDWLRQ WR KLJK UHVROXWLRQ ()LJXUH 1E).

>1@ -RKQVRQ $: (1993) <OLGHV DQG LPLQHV RI SKRVSKRUXV. :LOH\, 1HZ <RUN
>2@ :HEHU / (1983) $QJHZ. &KHP ,QW (G (QJO 22:516–528
>3@ *UDERZVN\, 6LPRQ, HG. &RPSOHPHQWDU\ %RQGLQJ $QDO\VLV. :DOWHU GH *UX\WHU *PE+ & &R .*,
2021.
>4@ 'HXHUOHLQ, 6WHSKDQ, HW DO. 2UJDQRPHWDOOLFV 2008, 27, 10, 2306–2315
>5@ $KPHG, 0DTVRRG, HW DO. -. 3K\V. &KHP. $ 2013, 117, 51, 14267–14275
>6@ :RLĆVND, 0DJGDOHQD, HW DO. &KHP3K\V&KHP 18.23 (2017): 3334-3351.
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6WUXFWXUH DQG FKDUDFWHULVDWLRQ RI D VHULHV RI ELS\ULPLGLQH-EULGJHG GLXUDQLXP FRPSOH[HV

0. %DWRY1, '. .. 0RGGHU1, 7. 5DMHVKNXPDU2, $. 6LHQNLHZLF] 3,4, ,. =ʷLYNRYLÉ3, 5. 6FRSHOOLWL1, /. 0DURQ2,
0. 0D]]DQWL1*

1,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/),
2/DERUDWRLUH GH 3K\VLTXH HW &KLPLH GHV 1DQR-REMHWV, ,QVWLWXW 1DWLRQDO GHV 6FLHQFHV $SSOLTX«HV,
7RXORXVH, )UDQFH, 3/DERUDWRU\ IRU 4XDQWXP 0DJQHWLVP, ,QVWLWXWH RI 3K\VLFV, (FROH 3RO\WHFKQLTXH

)«G«UDOH GH /DXVDQQH ((3)/) , 4$'6UHVRQDQFHV 6¢UO, 3U«YHUHQJHV, 6ZLW]HUODQG

6LQJOH-PROHFXOH PDJQHWV (600V) SRVVHVV D ZLGH UDQJH RI SHUVSHFWLYH DSSOLFDWLRQV LQ DUHDV VXFK
DV GDWD VWRUDJH, TXDQWXP FRPSXWLQJ DQG VSLQWURQLFV. 5HFHQWO\, WKH LQWHUHVW LQ WKLV ILHOG KDV
SURPSWHG LQ-GHSWK DQDO\VLV RI VWUXFWXUDO FRUUHODWLRQV DQG SK\VLFDO SKHQRPHQD, VXFK DV PDJQHWLF
FRXSOLQJ, FRQWULEXWLQJ WR D KLJK-SHUIRUPDQFH 600. ,W ZDV VKRZQ WKDW E\ EULGJLQJ WZR ODQWKDQLGH
LRQV ZLWK D UHGR[-DFWLYH OLJDQG 2,2’-ELS\ULPLGLQH EHDULQJ GLIIHUHQW VXEVWLWXHQWV LW LV SRVVLEOH WR
PRGXODWH WKH GHJUHH RI H[FKDQJH FRXSOLQJ, DFFHVVLQJ ODUJHU 600 EHQFKPDUN YDOXHV VXFK DV
UHOD[DWLRQ EDUULHU 8HII

>1@. :KLOH UDGLFDO-EULGJHG ODQWKDQLGH VSHFLHV DQG WKHLU PDJQHWLF SURSHUWLHV
DUH UHDVRQDEO\ ZHOO-VWXGLHG, WKH DUHD RI UDGLFDO-FRQWDLQLQJ XUDQLXP 600V UHPDLQV XQH[SORUHG,
GHVSLWH LWV JUHDW SRWHQWLDO LQWHUHVW. )RU H[DPSOH, LQWURGXFLQJ WKH D]REHQ]HQH UDGLFDO LQWR D 8(,9)
V\VWHP KDV DOORZHG WKH HQKDQFHG VORZ PDJQHWLF UHOD[DWLRQ WR EH REVHUYHG>2@. ,Q JHQHUDO, IHZ
H[DPSOHV RI XUDQLXP 600V FRQWDLQLQJ UDGLFDOV DUH NQRZQ DQG QR UDGLFDO-EULGJHG XUDQLXP VSHFLHV
IHDWXULQJ VWURQJ PDJQHWLF FRPPXQLFDWLRQ KDYH EHHQ UHSRUWHG WKXV IDU.

+HUH, D VHULHV RI KH[DPHWK\OGLVLOD]DQH-VXSSRUWHG ELS\ULPLGLQH-EULGJHG ELPHWDOOLF XUDQLXP
FRPSOH[HV LV SUHVHQWHG. 7KH V\VWHP LV KLJKO\ UHG-R[ DFWLYH, DOORZLQJ WR LVRODWH IRXU VWDEOH UHGR[
VWDWHV, LQFOXGLQJ D UDGLFDO-EULGJHG 8(,9)/8(,9) DQG D PL[HG-YDOHQW 8(,,,)/8(,9) FRPSOH[HV. ;-UD\
FU\VWDOORJUDSK\, '& VXVFHSWLELOLW\ GDWD, ')7 FDOFXODWLRQV DQG ;-EDQG (35 VSHFWUD DOO VXSSRUW WKHLU
UHVSHFWLYH R[LGDWLRQ VWDWH DVVLJQPHQWV, DQG F\FOLF YROWDPPHWU\ VKRZV FRPSOHWH UHG-R[
UHYHUVLELOLW\ DQG SRWHQWLDO PDJQHWLF FRPPXQLFDWLRQ EHWZHHQ WKH WZR XUDQLXP LRQV. 7KH
VXVFHSWLELOLW\ GDWD VKRZV QR GLUHFW LQGLFDWLRQ RI PDJQHWLF FRXSOLQJ LQ DQ\ RI WKH FRPSOH[HV, DQG LQ
WKH FDVH RI D 8(,9)/8(,9) UDGLFDO FRPSRXQG WKLV FDQ SRWHQWLDOO\ EH DWWULEXWHG WR IDVW IOLSSLQJ RI WKH
UDGLFDO VSLQ, DV HYLGHQFHG E\ ')7-SUREHG HOHFWURQLF VWDWH GHJHQHUDF\; QHYHUWKHOHVV, WKH
FRPSOH[HV GLG VKRZ IUHTXHQF\-LQGXFHG UHVSRQVHV LQ DOWHUQDWLQJ FXUUHQW ($&) PDJQHWRPHWU\.

>1@ &. $. *RXOG, (. 0., 9HDFKHVODY 9LHUX, /. (. 'DUDJR, .. &KDNDUDZHW, 0. ,. *RQ]DOH], 6. 'HPLU, DQG
-. 5. /RQJ, -. $P. &KHP. 6RF. 2020, 142, 50, 21197–21209
>2@ 0. $. $QWXQHV, -. 7. &RXWLQKR, ,. &. 6DQWRV, -.0DU©DOR, 0. $OPHLGD, -. -. %DOGRY¯, /. &. -. 3HUHLUD, $.
*DLWD-$UL³R, (. &RURQDGR &KHP. (XU. -. 2015, 21,17817–17826
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6HOHFWLYH 2OHILQ 7UDQVIHU +\GURJHQDWLRQ RI 8QVDWXUDWHG &DUERQ\OV ZLWK (W2+ XVLQJ D
3<$-EDVHG 5XWKHQLXP (,,) &RPSOH[

$. %HDXILOV1, 0. $OEUHFKW1*

1'HSDUWHPHQW I¾U &KHPLH, %LRFKHPLH XQG 3KDUPD]LH – 8QLYHUVLW¦W %HUQ, )UHLHVWUDVVH 3, 3012 %HUQ,
6ZLW]HUODQG

3\ULG\OLGHQHDPLGHV (3<$V) DUH DQ LQQRYDWLYH FODVV RI HOHFWURQLFDOO\ IOH[LEOH 1-GRQRU OLJDQGV DQG
KDYH EHHQ VXFFHVVIXOO\ XVHG IRU FDWDO\VLV, VXFK DV WUDQVIHU K\GURJHQDWLRQ RI NHWRQHV RU ZDWHU
R[LGDWLRQ.1,2 :KLOH WKH FDWDO\WLF WUDQVIHU K\GURJHQDWLRQ RI NHWRQHV KDV EHHQ ZLGHO\ VWXGLHG GXULQJ
WKH ODVW \HDUV, WKH VHOHFWLYH K\GURJHQDWLRQ RI ROHILQV FRQMXJDWHG WR DQ HOHFWURQ-ZLWKGUDZLQJ JURXS
VXFK DV FDUERQ\O, HVWHU RU DPLGH VWLOO UHPDLQV D FKDOOHQJLQJ UHDFWLRQ.3 +HUH, ZH ZLOO SUHVHQW D
5-FRRUGLQDWHG XQVDWXUDWHG UXWKHQLXP (,,) FRPSOH[ FRQWDLQLQJ D 3<$ XQLW DQG LWV DSSOLFDWLRQ LQ
VHOHFWLYH ROHILQ WUDQVIHU K\GURJHQDWLRQ RI XQVDWXUDWHG FDUERQ\OV XVLQJ HWKDQRO DV VROYHQW DQG
K\GURJHQ VRXUFH ()LJXUH 1). 

)LJXUH 1. 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH XQVDWXUDWHG UXWKHQLXP (,,) FRPSOH[ (D), DQG LWV
DSSOLFDWLRQ LQ ROHILQ WUDQVIHU K\GURJHQDWLRQ RI XQVDWXUDWHG FRPSRXQGV (E).

>1@ 0LTXHO 1DYDUUR, 0R /L, +HOJH 0¾OOHU-%XQ], 6WHIDQ %HUQKDUG, 0DUWLQ $OEUHFKW, &KHP. (XU. -.,
2016, 22, 6740 –6745.
>2@ 3KLOLSS 0HOOH, <DQLVKD 0DQRKDUDQ, 0DUWLQ $OEUHFKW, ,QRUJ. &KHP. 2018, 57, 11761–11774.
>3@ 'RQJ :DQJ, 'LGLHU $VWUXF, &KHP. 5HY. 2015, 13, 6621–6686.
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997F-313 3LQFHU &RPSOH[HV LQWHUDFWLQJ ZLWK 6PDOO 0ROHFXOHV

0. /. %HVPHU1, +. %UDEDQG1, 5. $OEHUWR1*

18QLYHUVLW\ RI =XULFK, 'HSDUWPHQW RI &KHPLVWU\, :LQWHUWKXUHUVWUDVVH 190, 8057 =¾ULFK

,Q WKH SDVW \HDUV, WKH DFWLYDWLRQ RI VPDOO PROHFXOHV (60$) ZLWK WUDQVLWLRQ PHWDO FDWDO\VWV KDV
JDWKHUHG LQFUHDVHG DWWHQWLRQ. 7KH LQWURGXFWLRQ RI QRQ-IRVVLO IXHO EDVHG IHHGVWRFNV LQWR LQGXVWULDO
SURFHVVHV LV RQH VWHS LQ WKLV GLUHFWLRQ EXW UHTXLUHV DFWLYDWLRQ RI VPDOO PROHFXOHV VXFK DV +2, 12 RU
&22. 7DLORU-PDGH WUDQVLWLRQ PHWDO FRPSOH[HV DUH WKH XQGHUO\LQJ EDVH. 3LQFHU-W\SH OLJDQGV DUH RQH
FODVV RI YHUVDWLOH FR-OLJDQGV ZKLFK VWDELOL]H PHULGLRQDO FRRUGLQDWLRQ JHRPHWU\. 5HVSHFWLYH
FRPSOH[HV KDYH JHQHUDWHG H[FLWLQJ UHVXOWV VXFK DV WKH IL[DWLRQ RI 12 WR SURGXFH 1+3 ZLWK D 0R-
SLQFHU FDWDO\VW.>1@ 5HFHQWO\, ZH UHSRUWHG WKH V\QWKHVLV RI WKH ILUVW PHU-7F,,,-313 SLQFHU FRPSOH[
>7F3\U313W%X&O3@ IURP WKH UHDGLO\ DFFHVVLEOH SUHFXUVRU >7F(33K3)2&O30H&1@. >7F3\U313W%X&O3@
FRRUGLQDWHV 12 XSRQ UHGXFWLRQ WR 7F, (6FKHPH 1).>2@

7KH WZR HOHFWURQ UHGXFWLRQ RI >7F3\U313W%X&O3@ ZLWK >&R(&S*)2@ XQGHU 12 OHDGV WR WKH IRUPDWLRQ RI D
UHDFWLYH, HOHFWURQ-GHILFLHQW LQWHUPHGLDWH. ,W FRRUGLQDWHV 12 WR IRUP WKH GLQXFOHDU FRPSOH[
>(7F3\U313W%X&O(12))2(μ-12)@. 7KLV XQSUHFHGHQWHG H[DPSOH RI D 7F FRPSOH[ FRRUGLQDWLQJ PXOWLSOH 12
OLJDQGV UHSUHVHQWV WKH ILUVW PHU-SLQFHU-W\SH FRPSOH[ ZLWK WHFKQHWLXP. 7KH ILQGLQJV VSDUNHG WKH
PRWLYDWLRQ WR LQYHVWLJDWH WKH LQWHUDFWLRQ RI RWKHU VPDOO PROHFXOHV ZLWK WKH UHSRUWHG 7F-313
IUDPHZRUNV. $FFRUGLQJO\, &2 DQG +2 KDYH EHHQ FRRUGLQDWHG WR RU DFWLYDWHG E\ WKLV PRLHW\.
5HFHQWO\, ZH H[WHQGHG UHDFWLYLW\ VFKHPHV E\ H[SORUDWLRQ RI D PHWDO-OLJDQG FRRSHUDWLYLW\ (0/&)
SDWKZD\. 7KH QDWXUH RI WKLV SURMHFW LV IXQGDPHQWDO DQG DLPV DW SURYLGLQJ LQVLJKWV WKDW HQDEOH
V\VWHPDWLF XQGHUVWDQGLQJ RI SHULRGLF WUHQGV, PDLQO\ LQ WKH 0Q WULDG.

>1@ $UDVKLED, .., 0L\DNH, <., 1LVKLED\DVKL, <., 1DWXUH &KHPLVWU\, 2011, 3, 120-125.
>2@ %HVPHU, 0. /., %UDEDQG, +., 6FKQHLGHU, 6., 6SLQJOHU, %., $OEHUWR, 5., ,QRUJDQLF &KHPLVWU\, 2021,
60, 9, 6696-6701.
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(QYLURQPHQWDO 3ROOXWDQW *DV 6HQVLQJ ,QVSLUHG E\ 3RO\R[RPHWDODWH-0HGLDWHG $HURELF
2[LGDWLRQ &DWDO\VLV

0. -. %H]GHN1, 7. 0. 6ZDJHU2

1(7+ =XULFK, 20,7

&KHPLUHVLVWLYH VHQVRUV WKDW UHVSRQG WR FKDQJHV LQ ORFDO FKHPLFDO HQYLURQPHQW E\ FKDQJLQJ
HOHFWULFDO UHVLVWDQFH DUH ORZ-FRVW DQG GLVWULEXWDEOH DOWHUQDWLYHV WR H[SHQVLYH DQG VWDWLRQDU\
ODERUDWRU\-EDVHG DQDO\WLFDO LQVWUXPHQWDWLRQ. 6LQJOH-ZDOOHG FDUERQ QDQRWXEHV (6:&17V) DUH D
SDUWLFXODUO\ DWWUDFWLYH FKHPLUHVLVWRU SODWIRUP RZLQJ WR LQH[SHQVLYH IDEULFDWLRQ, URRP-WHPSHUDWXUH
RSHUDWLRQ, DV ZHOO DV XOWUD-ORZ SRZHU UHTXLUHPHQWV.1,2 $OWKRXJK WKH FRQGXFWDQFH SURSHUWLHV RI
6:&17V DUH H[TXLVLWHO\ VHQVLWLYH WR FKHPLFDO LQWHUDFWLRQV ZLWK WKH QDQRWXEH VXUIDFH, WKH 6:&17 π-
VLGHZDOOV LQWHUDFW LQGLVFULPLQDWHO\ ZLWK D ZLGH UDQJH RI DQDO\WHV. 7KH XWLOLW\ RI XQIXQFWLRQDOL]HG
6:&17V LQ VHQVLQJ LV WKXV OLPLWHG, QHFHVVLWDWLQJ WKH LQFRUSRUDWLRQ RI “VHOHFWRU” HOHPHQWV WKDW FDQ
WUDQVGXFH D FKHPLFDO LQWHUDFWLRQ LQWR D PHDVXUDEOH FKDQJH LQ WKH FRQGFWDQFH SURSHUWLHV RI WKH
6:&17V. 7KLV SUHVHQWDWLRQ ZLOO GHWDLO HIIRUWV WR K\EULGL]H 6:&17V ZLWK PROHFXODU VHOHFWRUV WKDW
HQJDJH HQYLURQPHQWDO SROOXWDQWV VXFK DV PHWKDQH (&+4) DQG K\GURJHQ VXOILGH (+26) LQ FDWDO\WLF
DHURELF R[LGDWLRQ XQGHU DPELHQW FRQGLWLRQV.3 :H VKRZ WKDW 6:&17-SRO\(4-YLQ\OS\ULGLQH)
FRPSRVLWHV FRQWDLQLQJ PROHFXODU ELS\ULPLGLQH SODWLQXP SRO\R[RPHWDODWH SUHFDWDO\VWV
(6:&17-3493-3W-320) XQGHUJR UHGR[ F\FOLQJ GXULQJ DQDO\WH R[LGDWLRQ, WKHUHE\ PRGXODWLQJ
6:&17 GRSLQJ DQG WULJJHULQJ FKHPLUHVLVWLYH UHVSRQVH. )XUWKHU, ZH GHPRQVWUDWH WKDW WXQLQJ RI WKH
FRQVWLWXHQW 320 FRPSRVLWLRQ +(3+Q)>39Q0R(12-Q)240@ (Q  1 – 4) LV DQ HIIHFWLYH VWUDWHJ\ IRU
PRGXODWLQJ WKH R[LGDWLYH UHDFWLYLW\ RI WKH VHOHFWRU, WKHUHE\ HQKDQFLQJ LWV VHQVLQJ SHUIRUPDQFH.
7KH UHVXOWLQJ FKHPLUHVLVWRUV H[KLELW VHOHFWLYLW\ IRU WKH WDUJHW DQDO\WHV RYHU YRODWLOH RUJDQLF
FRPSRXQGV DV ZHOO RYHU JDV LQWHUIHUDQWV VXFK DV FDUERQ GLR[LGH, FDUERQ PRQR[LGH DQG K\GURJHQ.
,Q DGGLWLRQ, WKH GHYLFHV DUH IXQFWLRQDO LQ DLU ZLWK JRRG VWDELOLW\ ZLWK UHVSHFW WR ERWK KXPLGLW\ DQG
WLPH. 2XU UHVXOWV GHPRQVWUDWH WKDW FRQFHSWV LQ PROHFXODU R[LGDWLRQ FDWDO\VLV FDQ EH OHYHUDJHG WR
GHYHORS ORZ-SRZHU, ORZ-FRVW DQG SRWHQWLDOO\ GLVWULEXWHG VHQVRUV IRU VHOHFWLYH JDV GHWHFWLRQ. ,Q
FORVLQJ, IXWXUH HIIRUWV RI WKH QHZO\ HVWDEOLVKHG %H]GHN 5HVHDUFK *URXS ZLOO EH KLJKOLJKWHG LQ WKH
DUHD RI HQYLURQPHQWDO SROOXWDQW VHQVLQJ.

>1@         .DXIIPDQ, '. 5.; 6WDU, $. $QJHZ. &KHP. ,QW. (G. 2008, 47, 6550–6570.
>2@ 6FKURHGHU, 9.; 6DYDJDWUXS, 6.; +H, 0.; /LQ, 6.; 6ZDJHU, 7. 0. &KHP. 5HY. 2019, 119,
599–663.
>3@ (D) %H]GHN, 0. -.; /XR, 6.-;. /.; .X, .. +.; 6ZDJHU, 7. 0. 3URF. 1DWO. $FDG. 6FL. 8.6.$. 2021,
118, H2022515118; (E) %H]GHN, 0. -.; /XR, 6.-;. /.; /LX, 5. <.; +H, 4.; 6ZDJHU, 7. 0. $&6 &HQW.
6FL. 2021, 7, 1572–1580.
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6WURQJO\ FRQILQHG &V3E%U3 SHURYVNLWH TXDQWXP GRWV DV TXDQWXP HPLWWHUV DQG EXLOGLQJ
EORFNV IRU KLJKO\ RUGHUHG UKRPELF VXSHUODWWLFHV

6. &. %RHKPH1,6, 0. ,. %RGQDUFKXN1,6, 0. %XULDQ2, ). %HUWRORWWL3, ,. &KHUQLXNK1,6, 1. 0DVFLRFFKL3, 6. '.
6WUDQNV4,7, *. 5DLQ´1,6, $. *XDJOLDUGL5, 0. 9. .RYDOHQNR1,6*

1(7+ =¾ULFK, ,QVWLWXWH RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV,
8093 =¾ULFK, 6ZLW]HUODQG, 23DXO 6FKHUUHU ,QVWLWXWH, 6ZLVV /LJKW 6RXUFH, 5232 9LOOLJHQ, 6ZLW]HUODQG, 3
'HSDUWPHQW RI 6FLHQFH DQG +LJK 7HFKQRORJ\ DQG 7R.6FD./DE., 8QLYHUVLW\ RI ,QVXEULD, YLD 9DOOHJJLR

11, 22100 &RPR, ,WDO\, 4&DYHQGLVK /DERUDWRU\, 8QLYHUVLW\ RI &DPEULGJH, -- 7KRPVRQ $YHQXH,
&DPEULGJH &%3 0+(, 8.., 5,VWLWXWR GL &ULVWDOORJUDILD DQG 7R.6FD./DE, &RQVLJOLR 1D]LRQDOH GHOOH

5LFHUFKH, YLD 9DOOHJJLR 11, 22100 &RPR, ,WDO\, 6(PSD, 6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV
6FLHQFH DQG 7HFKQRORJ\, /DERUDWRU\ IRU 7KLQ )LOPV DQG 3KRWRYROWDLFV, 8600 '¾EHQGRUI,

6ZLW]HUODQG, 7'HSDUWPHQW RI &KHPLFDO (QJLQHHULQJ & %LRWHFKQRORJ\, 8QLYHUVLW\ RI &DPEULGJH,
3KLOLSSD )DZFHWW 'ULYH, &DPEULGJH &%3 0$6, 8..

7KH VXFFHVV RI WKH FROORLGDO VHPLFRQGXFWRU TXDQWXP GRW (4') ILHOG LV URRWHG LQ WKH SUHFLVH
V\QWKHWLF FRQWURO RI 4' VL]H, VKDSH, DQG FRPSRVLWLRQ, HQDEOLQJ HOHFWURQLFDOO\ ZHOO-GHILQHG
IXQFWLRQDO QDQRPDWHULDOV WKDW IRVWHU IXQGDPHQWDO VFLHQFH DQG GULYH GLYHUVH ILHOGV RI DSSOLFDWLRQV.
:KLOH WKH H[SORLWDWLRQ RI WKH VWURQJ FRQILQHPHQW UHJLPH KDV EHHQ GULYLQJ FRPPHUFLDO DQG
VFLHQWLILF LQWHUHVW LQ ,Q3 RU &G6H 4'V, D WKRURXJK H[SORUDWLRQ RI VXFK D UHJLPH KDV VWLOO QRW EHHQ
DFKLHYHG IRU OHDG-KDOLGH SHURYVNLWH 4'V. +HUH, ZH RYHUFRPH SUHYLRXV FKDOOHQJHV RI LQVXIILFLHQW
FKHPLFDO VWDELOLW\ DQG PRQRGLVSHUVLW\ RI VPDOO SHURYVNLWH 4'V YLD D SRVW-V\QWKHWLF WUHDWPHQW
HPSOR\LQJ GLGRGHF\OGLPHWK\ODPRQLXP EURPLGH OLJDQGV. 7KH DFKLHYHG KLJK PRQRGLVSHUVLW\ LQ ERWK
VL]H DQG VKDSH HQDEOHV XV WR SUHSDUH VHOI-DVVHPEOHG 4' VXSHUODWWLFHV RI H[FHSWLRQDO ORQJ-UDQJH
RUGHU DQG XQLIRUP WKLFNQHVV, ZLWK DQ XQXVXDO UKRPELF SDFNLQJ, DQG ZLWK QDUURZ-EDQG F\DQ
HPLVVLRQ. 7KHLU HQKDQFHG FKHPLFDO VWDELOLW\ DOORZV XV WR H[SORUH VWURQJO\ FRQILQHG SHURYVNLWH 4'V
DW WKH VLQJOH-SDUWLFOH/VLQJOH-SKRWRQ OHYHO.
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6\QWKHVLV, 6WUXFWXUH DQG %RQGLQJ RI $ONDOL-0HWDO 1LFNHODWHV

$. 0. %RU\V1, (. +HYLD1*

1'HSDUWPHQW I¾U &KHPLH, %LRFKHPLH XQG 3KDUPD]LH, 8QLYHUVLW¦W %HUQ

+HWHURELPHWDOOLF QLFNHODWHV GHULYHG IURP 1L(0)-ROHILQ FRPSOH[HV DQG SRODU RUJDQRPHWDOOLFV ZHUH
ZLGHO\ VWXGLHG GXULQJ WKH VSDZQ RI ORZ-YDOHQW RUJDQRQLFNHO FKHPLVWU\ EXW KDYH UHPDLQHG ODUJHO\
GRUPDQW LQ PRGHUQ OLWHUDWXUH.1 5HFHQWO\, ZH KDYH GHPRQVWUDWHG WKDW KHWHURELPHWDOOLF QLFNHODWHV
DUH NH\ LQWHUPHGLDWHV LQ WKH QLFNHO-FDWDO\VHG FURVV-FRXSOLQJ RI DU\O HWKHUV XQGHU PLOG FRQGLWLRQV,2
SURPSWLQJ XV WR IXUWKHU H[SORUH WKLV VWUXFWXUDOO\ GLYHUVH FODVV RI FRPSRXQG.

,Q WKLV SUHVHQWDWLRQ, ZH ZLOO XQYHLO WKH V\QWKHVLV, VWUXFWXUHV DQG ERQGLQJ RI D IDPLO\ RI SRO\QXFOHDU
DONDOL-PHWDO QLFNHODWH FOXVWHUV WKDW FDQ EH UHDGLO\ DFFHVVHG IURP 1L(&2')2 DQG VLPSOH
RUJDQROLWKLXP UHDJHQWV. 7KLV LQFOXGHV DQ H[RWLF RFWDQXFOHDU FRPSOH[ ZKLFK FRQWDLQV D EULGJLQJ
&6+4-OLJDQG DQG H[KLELWV XQLTXH VWUXFWXUDO DQG ERQGLQJ IHDWXUHV WKDW KDYH EHHQ LQYHVWLJDWHG E\
FRPSXWDWLRQDO VWXGLHV DQG VROXWLRQ-VWDWH 105 VWXGLHV.3 5HODWHG GLQLFNHO-DON\QH FRPSOH[HV FDQ EH
SUHSDUHG LQ D VLPLODU IDVKLRQ DQG DUH FRPSHWHQW FDWDO\VWV IRU WKH F\FORWULPHULVDWLRQ RI DON\QHV.4

>1@ -RQDV, .; .U¾JHU, &. $QJHZ. &KHP. ,QW. (G. (QJO., 1980, 19, 520-537.
>2@ %RU\V, $. 0; +HYLD, (.  $QJHZ. &KHP. ,QW. (G., 2021, 60, 24659-24667.
>3@ 6RPHUYLOOH, 5. -; %RU\V, $. 0; 3HUH]--LPHQH], 0; 1RYD, $; %DOFHOOV, '; 0DODVSLQD, /; *UDERZVN\, 6;
&DUPRQD, (; +HYLD, (; &DPSRV, -.  &KHP. 6FL., 2022, 13, 5268-5276.
>4@ %RU\V, $. 0; +HYLD, (. 8QSXEOLVKHG.
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$Q 2UWKRJRQDO /DEHOLQJ 6WUDWHJ\ WR $FFHOHUDWH %LRFRQMXJDWLRQ RI >99P7F@-%XLOGLQJ
%ORFNV

+. %UDEDQG1, 0. 6FKQLHUOH2, 0. 5LQJHQEHUJ2, 5. $OEHUWR1*

18QLYHUVLW\ RI =XULFK, 28QLYHUVLW\ RI 6WXWWJDUW

)DVW DQG HIILFLHQW ELRFRQMXJDWLRQ RI WHFKQHWLXP DQG UKHQLXP VWLOO UHSUHVHQWV D FKDOOHQJH IRU UDGLR
SUREH V\QWKHVLV. &OLFN FKHPLVWU\ KDG DQ HQRUPRXV LPSDFW RQ WKLV ILHOG DQG OHDG WR IDVFLQDWLQJ QHZ
ODEHOLQJ WHFKQLTXHV VXFK DV WKH FOLFN WR FKHODWH DSSURDFK.1 +RZHYHU, LQ FOLQLFDO VHWWLQJV FXSSHU
IUHH UHDFWLRQV DUH SUHIHUUHG. 7KH LQYHUVH HOHFWURQ GHPDQG 'LHOV-$OGHU UHDFWLRQ (L(''$) RI
1,2,4,5-WHWUD]LQHV ZLWK GLHQRSKLOHV LV DQ DWWUDFWLYH QHZ DSSURDFK IRU WKH V\QWKHVLV RI
ELRFRQMXJDWHV.2 6FKQLHUOH HW DO. VKRZHG WKDW WKH FRRUGLQDWLRQ RI 3-(2-S\ULG\O)-1,2,4,5-WHWUD]LQ (7]3\)
WR WKH ^5H(&2)3`+ FRUH ERRVWV UDWH DQG UHJLRVHOHFWLYLW\ RI WKH L(''$.3 %DVHG RQ WKHVH UHVXOWV
FRPSOH[HV RI WKH W\SH >0;(&2)3(7]3\)@ (0  99P7F, ;  +22; 0  5H, ;  %U) ZLOO HQDEOH D YHU\
IDVW ELRFRQMXJDWLRQ RI ^0(&2)3`+ IUDJPHQWV (0  99P7F, 5H), ZKLFK KDYH D VPDOO VWHULF IRRW SULQW
DQG PXOWLSOH RSSRUWXQLWLHV IRU ILQH WXQLQJ. :H SUHVHQW WKH V\QWKHVLV DQG FKDUDFWHUL]DWLRQ RI QRYHO
997F-WULFDERQ\O FRPSOH[HV FRQWDLQLQJ WKH 1,2,4,5-WHWUD]LQH PRWLI DQG WKHLU UHDFWLYLWLHV ZLWK
QRUERUQHQH DQG WUDQV-F\FORRFWHQH.

>1@ 7./. 0LQGW, +. 6WUXWKHUV. /. %UDQV, 7. $QJXHORY, &. 6FKZHLQVEHUJ, 9. 0DHV, '. 7RXUZ«, 5.
6FKLEOL, -. $P. &KHP. 6RF. 2006, 128, 15096. +. 6WUXWKHUV, %. 6SLQJOHU, 7./. 0LQGW, 5. 6FKLEOL,
&KHPLVWU\. (XU. -. 2008, 14, 6173. 7./. 0LQGW, +. 6WUXWKHUV, %. 6SLQJOHU, /. %UDQV, '. 7RXUZ«, (.
*DUFLD-*DUD\RD, 5. 6FKLEOL, &KHP0HG&KHP. 2010, 5, 2026.
>2@ $.-&. .QDOO, &. 6OXJRYF, &KHP. 6RF. 5HY., 2013,42, 5131.
>3@ 0. 6FKQLHUOH, 6. %OLFNOH, 9. )LOLSSRX, 0.5. 5LQJHQEHUJ, &KHP. &RPPXQ., 2020,56, 12033.
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,QYHVWLJDWLRQ RI 'LIIHUHQW 'HSRVLWLRQ 7HFKQLTXHV RI +ROPLXP 6RXUFHV IRU WKH
0HDVXUHPHQW WKH (OHFWURQ 1HXWULQR 0DVV

1. &HUERQL1,2, *. /. GH %RGLQ GH *DOHPEHUW2, 3. -. 6WHLQHJJHU1,2, (. $. 0DXJHUL2*

1/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK,
=XULFK, 6ZLW]HUODQG, 2/DERUDWRU\ RI 5DGLRFKHPLVWU\, 1XFOHDU (QHUJ\ DQG 6DIHW\ 'LYLVLRQ, 3DXO

6FKHUUHU ,QVWLWXW, 9LOOLJHQ 36,, 6ZLW]HUODQG

7KH UDGLRLVRWRSH 163+R GHFD\V E\ HOHFWURQ FDSWXUH ZLWK D ORZ WUDQVLWLRQ HQHUJ\, ZKLFK PDNHV LW D
SURPLVLQJ FDQGLGDWH IRU WKH GLUHFW PHDVXUHPHQW RI WKH HOHFWURQ QHXWULQR PDVV. 7KH +2/0(6
SURMHFW DLPV DW VXFK D QHXWULQR PDVV GHWHUPLQDWLRQ E\ PHDQV RI FDORULPHWULF GHFD\ PHDVXUHPHQWV
RI LPSODQWHG 163+R ZLWK D VXE-H9 VHQVLWLYLW\ >1@. 7KH QHHGHG 163+R-LPSODQWHG PLFURFDORULPHWHUV DUH
SUHSDUHG E\ $U-VSXWWHULQJ IURP D +R VSXWWHU WDUJHW (DV FDWKRGH) LQ D 3HQQLQJ LRQ VRXUFH IROORZHG
E\ PDVV VHSDUDWLRQ DQG LPSODQWDWLRQ RI 163+R LQ DQ DUUD\ RI 1024 FDORULPHWULF SL[HOV >2@. 7KH
PHWKRG IRU WKH SURGXFWLRQ RI WKH QHHGHG 163+R VRXUFH LV RI YLWDO LPSRUWDQFH DQG LW KDV WR PHHW
WKUHH UHTXLUHPHQWV: XQLIRUP VXUIDFH GLVWULEXWLRQ, FKHPLFDO KRPRJHQHLW\, DQG KLJK \LHOGV.

,Q WKLV ZRUN, GLIIHUHQW WHFKQLTXHV IRU WKH SUHSDUDWLRQ RI DGHTXDWH +R VSXWWHU WDUJHWV ZHUH XVHG.
7KH PRUSKRORJ\ RI WKH REWDLQHG VRXUFHV ZDV FKDUDFWHUL]HG E\ DXWRUDGLRJUDSK\ DQG VFDQQLQJ
HOHFWURQ PLFURVFRS\, ZKLOH WKH FKHPLFDO FRPSRVLWLRQ RI WKH GHSRVLWHG +R ZDV LQYHVWLJDWHG E\
HQHUJ\ GLVSHUVLYH ;-UD\ VSHFWURVFRS\.

>1@ 5. *. +DPLVK 5REHUWVRQ, 3K\VLFDO 5HYLHZ &, 2015, 91, 035504
>2@ %UDGOH\ $OSHUW HW DO., 7KH (XURSHDQ 3K\VLFDO -RXUQDO &, 2015, 75, 1-11
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(OHFWULF )LHOG (IIHFWV RQ WKH 6XUIDFH &KHPLVWU\ RI ,QRUJDQLF 0DWHULDOV

7. &. &KDQJ &KLHQ 1, 0. ). 'HOOH\1*

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

)RU WKH GHYHORSPHQW RI VXVWDLQDEOH HQHUJ\ FRQYHUVLRQ WHFKQRORJLHV ZH QHHG HDUWK-DEXQGDQW
DOWHUQDWLYHV WR WKH W\SLFDO QREOH PHWDO HOHFWURFDWDO\VWV DQG FRQWURO RYHU WKH UHDFWLYLW\ DW WKHLU
VXUIDFHV. ,Q HOHFWURFDWDO\VLV, HOHFWULF ILHOGV DW WKH PHWDO HOHFWURGH VXUIDFH KDYH EHHQ VXJJHVWHG WR
EH D NH\ IDFWRU LQIOXHQFLQJ WKH VXUIDFH UHDFWLYLW\ DQG VHOHFWLYLW\.1-3 )RU LQVWDQFH, VRPH RI XV KDYH
UHFHQWO\ VKRZQ WKDW LQWHUIDFLDO HOHFWULF ILHOGV FDQ GUDPDWLFDOO\ FKDQJH WKH VXUIDFH DFLGLW\ RI
RUJDQLFDOO\ PRGLILHG JROG OD\HUV.4 5DWKHU WKDQ WKH DSSOLHG SRWHQWLDO, LW LV WKH HOHFWULF ILHOG DQG
SRWHQWLDO H[SHULHQFHG DW WKH VXUIDFH WKDW LV PRUH UHOHYDQW WR WKH VXUIDFH FKHPLVWU\. 7KHVH HOHFWULF
ILHOG HIIHFWV DUH VLJQLILFDQWO\ LQIOXHQFHG E\ LQWHUIDFLDO LQWHUDFWLRQV.5 +HQFH, HOHFWULF ILHOG HIIHFWV DQG
LQWHUIDFLDO LQWHUDFWLRQV KDYH WR EH XQGHUVWRRG QRW RQO\ IRU WKH FRQYHQWLRQDO PHWDO HOHFWURGHV EXW
DOVR IRU DOWHUQDWLYH HDUWK-DEXQGDQW PDWHULDOV LQ RUGHU WR FRQWURO FDWDO\VLV.

+HUH, ZH GHVFULEH DQ LQIUDUHG VSHFWUR-HOHFWURFKHPLFDO DSSURDFK WR PHDVXUH HOHFWULF ILHOGV DW WKH
VXUIDFH RI D FREDOW VXOILGH ILOP. :H XVH WKH VR-FDOOHG 9LEUDWLRQDO 6WDUN (IIHFW WKDW FRQQHFWV
YLEUDWLRQDO VKLIWV WR HOHFWULF ILHOGV DQG LQWURGXFH GLUHFW 6WDUN UHSRUWHUV RI HOHFWULF ILHOG WR WKH
VXUIDFH E\ FKHPLFDO PRGLILFDWLRQ RI WKH VXOILGH VXUIDFH. )XUWKHUPRUH, ZH VKRZ KRZ LQWHUIDFLDO
LQWHUDFWLRQV YDU\ DV D IXQFWLRQ RI HOHFWULF ILHOG. 7KLV VWXG\ SURYLGHV ILUVW FOXHV RQ HOHFWULF ILHOG
HIIHFWV DW WKH VXUIDFH RI LQRUJDQLF PHWDO VXOILGH PDWHULDOV DQG WKHLU SRWHQWLDO UHOHYDQFH IRU WKH
FDWDO\VLV E\ LQRUJDQLF PDWHULDOV.

>1@ /HDQQH '. &KHQ, 0DNRWR 8UXVKLKDUD, .DUHQ &KDQ, -HQV .. 1ºUVNRY, $&6 &DWDO\VLV, 2016, 6,
7133−7139.
>2@ $NLUD 0XUDWD, <RVKLR +RUL, %XOOHWLQ RI WKH &KHPLFDO 6RFLHW\ RI -DSDQ, 1991, 64, 123−127.
>3@ -RDTXLQ 5HVDVFR, /HDQQH '. &KHQ, (]UD &ODUN, &KDUOLH 7VDL, &KULVWRSKHU +DKQ, 7KRPDV ).
-DUDPLOOR, .DUHQ &KDQ, $OH[LV 7. %HOO, -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\, 2017, 139,
11277−11287.
>4@ 0XULHOOH ). 'HOOH\, (YD 0. 1LFKROV, -DPHV 0. 0D\HU, -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\,
2021, 143, 10778−10792.
>5@ 0XULHOOH ). 'HOOH\, (YD 0. 1LFKROV, -DPHV 0. 0D\HU, -RXUQDO RI 3K\VLFDO &KHPLVWU\ &, 2022, 126,
8477–8488. 
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6WUXFWXUH-IXQFWLRQ FRUUHODWLRQV LQ D QHZ IDPLO\ RI KRPROHSWLF WULV-GLGHQWDWH &U(,,,)
FRPSOH[HV.

-. &KRQJ1, $. %HQFKRKUD1, &. 0. &UX]2, &. %HVQDUG3, /. *XHQ«H3, &. 3LJXHW1*

1'HSDUWHPHQW RI ,QRUJDQLF DQG $QDO\WLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD, &+-1211 *HQHYD 4, 2
'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, :LQWHUWKXUHUVWUDVVH 190, &+-8057 =XULFK, 3

/DERUDWRU\ RI &U\VWDOORJUDSK\, 8QLYHUVLW\ RI *HQHYD, &+-1211 *HQHYD 4

2YHU WKH SDVW GHFDGH, WKH TXHVW IRU HDUWK-DEXQGDQW SKRVSKRUHVFHQW HPLWWHUV KDV UHQHZHG LQWHUHVW
IRU &U(,,,) FRRUGLQDWLRQ FKHPLVWU\. 7KH ORQJ HPLVVLRQ OLIHWLPHV RI WKH VSLQ-IRUELGGHQ WUDQVLWLRQV RI
&U(,,,) FRPSOH[HV LQ WKH QHDU-LQIUDUHG UHJLRQ DSSHDU YDOXDEOH LQ GLYHUVH DSSOLFDWLRQV VXFK DV LQ
RSWLFDO GHYLFHV, FDWDO\VLV RU HYHQ ELRLPDJLQJ >1@. <HW, WKHVH HPLVVLRQ OLIHWLPHV VHHP WR VKRZ VRPH
VHQVLWLYLW\ WR WKH GHYLDWLRQ RI WKH FRPSOH[ FRRUGLQDWLRQ VSKHUH IURP WKH LGHDO RFWDKHGUDO JHRPHWU\
>2, 3@. ,Q WKLV FRQWH[W, ZH KDYH LQYHVWLJDWHG QHZ KRPROHSWLF WULV-GLGHQWDWH &U(,,,) FRPSOH[HV ZLWK
LPLGD]ROH-EDVHG OLJDQGV, SUHVHQWLQJ HLWKHU D 5-PHPEHUHG RU D 6-PHPEHUHG FKHODWH ULQJ ()LJXUH
1). :H VXFFHVVLYHO\ H[DPLQHG WKH VWUXFWXUDO SURSHUWLHV RI WKHVH FRPSOH[HV DORQJ ZLWK WKHLU
SKRWRSK\VLFDO IHDWXUHV (H.J. HPLVVLRQ OLIHWLPHV, TXDQWXP \LHOGV, DQG 5DFDK SDUDPHWHUV). 7KH
EHQHILW RI 6-PHPEHUHG FKHODWH ULQJ RYHU WKH 5-PHPEHUHG FKHODWH ULQJV LV GLVFXVVHG LQ UHJDUG WR
GLIIHUHQW DUFKHW\SDO &U(,,,) FRPSOH[HV, VXFK DV >&U(SKHQ)3@3+ DQG >&U(ES\)3@3+, SUHYLRXVO\ UHSRUWHG
LQ OLWHUDWXUH >4@. )LQDOO\, WKLV VWXG\ RI PRGHO FRPSRXQGV ZLOO SURYLGH LQIRUPDWLRQ LQ VXSSRUW RI D
IXUWKHU GHVLJQ RI (G-I) PXOWLFRPSRQHQW DVVHPEOLHV IRU DGGUHVVLQJ OLJKW XSFRQYHUVLRQ FKDOOHQJH DW
WKH PROHFXODU VFDOH. 

)LJXUH 1: &U\VWDOORJUDSKLF VWUXFWXUHV RI KRPROHSWLF WULV-GLGHQWDWH &U(,,,) FRPSOH[HV.

>1@ /. $. %¾OGW, 6. :HQJHU, &KHP. 6FL., 2017, 8 (11), 7359–7367.
>2@ 6. 2WWR, 0. 'RUQ, &. )¸UVWHU, 0. %DXHU, 0. 6HLW], .. +HLQ]H, &RRUG. &KHP. 5HY., 2018, 359,
102–111.
>3@ -. 5. -LP«QH], %. 'RLVWDX, 0. 3RQFHW, &. 3LJXHW, &RRUG. &KHP. 5HY., 2021, 434, 213750.
>4@ 1. 6HUSRQH, 0. $. -DPLHVRQ, 0. 6. +HQU\, 0. =. +RIIPDQ, ). %ROOHWWD, 0. 0DHVWUL, -. $P. &KHP.
6RF., 1979, 101 (11), 2907–2916.
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'LLPLQH 5H(,) WULFDUERQ\O FRPSOH[HV: WRZDUG QRYHO KLJKO\ SRWHQW DQG QRQ-WR[LF
DQWLPLFURELDO DJHQWV

<. &RUWDW1, 6. 1DVLUL 6RYDUL1, 1. 5DGDNRYLF2, ). =REL1*, $. 3DYLF2*

18QLYHUVLW\ RI )ULERXUJ, GHSDUWPHQW RI FKHPLVWU\ &KHPLQ GX 0XV«H 9, )ULERXUJ, 28QLYHUVLW\ RI
%HOJUDGH, /DERUDWRU\ IRU 0LFURELDO 0ROHFXODU *HQHWLFV DQG (FRORJ\, 9RMYRGH 6WHSH 444D, %HOJUDGH

7KH FXUUHQW LQFUHDVH RI DQWLPLFURELDO UHVLVWDQFH ($05) SRVHV D VHULRXV QHHG IRU QHZ FODVVHV RI
WKHUDSHXWLF FRPSRXQGV. )RU WKLV SXUSRVH, RXU JURXS KDV EHHQ LQWHUHVWHG LQ RUJDQRPHWDOOLF
DQWLPLFURELDO DJHQWV DQG PRUH SUHFLVHO\ LQ UKHQLXP(,) WULFDUERQ\O (57&) PROHFXOHV, ZKLFK KDYH
EHHQ NQRZQ IRU SRVVHVVLQJ SURPLVLQJ WKHUDSHXWLF SURSHUWLHV DJDLQVW D YDULHW\ RI EDFWHULD DQG
IXQJL.1,2 2XU ZRUN IHDWXUHV WKH V\QWKHVLV RI YDULRXV 57& FRPSOH[HV EHDULQJ D GLLPLQH PRLHW\ DV
ELGHQWDWH OLJDQG DQG D S\ULGLQH RU LPLGD]ROH GHULYDWLYH DV PRQRGHQWDWH OLJDQG. 7KH ELRORJLFDO
DFWLYLW\ RI WKHVH FRPSRXQGV LV WHVWHG DJDLQVW VHYHUDO VWUDLQV RI EDFWHULDO DQG IXQJDO SDWKRJHQV.3,4

7KH DOUHDG\ REWDLQHG UHVXOWV VXJJHVW JUHDW SRWHQWLDO, DV VRPH 57& VSHFLHV H[KLELW H[FHOOHQW
DFWLYLW\ DJDLQVW PHWKLFLOOLQ-UHVLVWDQW 6WDSK\ORFRFFXV DXUHXV (056$), &DQGLGD DOELFDQV RU
056$-&. DOELFDQV FR-LQIHFWLRQ ZLWK D PLQLPXP LQKLELWRU\ FRQFHQWUDWLRQ (0,&) LQ WKH QDQRPRODU
UDQJH. )XUWKHUPRUH, LQ YLYR WHVWV XVLQJ ]HEUDILVK DV PRGHO RUJDQLVP VKRZ QR WR[LFLW\ WRZDUG WKH
HPEU\RV, LQFUHDVLQJ WKH LQIHFWHG ILVK UDWH VXUYLYDO XS WR 100 %.

>1@ 0. 3DWUD, 0. :HQ]HO, 3. 3URFKQRZ, 9. 3LHUUR], *. *DVVHU, -. (. %DQGRZ, 1. 0HW]OHU-1ROWH &KHP.
6FL., 2015, 6, 214-224.
>2@ '. 6LHJPXQG, 1. /RUHQ], <. *RWKH, &. 6SLHV, %. *HLVVOHU, 3. 3URFKQRZ, 3. 1XHUQEHUJHU, -. (.
%DQGRZ, 1. 0HW]OHU-1ROWH 'DOWRQ 7UDQV., 2017, 46, 15269-15279.
>3@ 6. 1DVLUL 6RYDUL, 6. 9RMQRYLF, 6. 6. %RJRMHYLF, $. &URFKHW, $. 3DYLF, -. 1LNRGLQRYLF-5XQLF, ). =REL
(XU. -. 0HG. &KHP., 2020, 205, 112533-112548.
>4@ 6. 1DVLUL 6RYDUL, 1. 5DGDNRYLF, 3. 5RFK, $. &URFKHW, $. 3DYLF, ). =REL (XU. -. 0HG. &KHP., 2021,
226, 113858-113870.
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'LR[\JHQ $FWLYDWLRQ LQ 5LHVNH 'LR[\JHQDVHV: $ 0RGHO 6WXG\ 7RZDUGV $XWRPDWHG
40/00 3URWRFROV

.. 6. &VL]L1,2, &. %UXQNHQ1, /. (FNHUW1, 0. 5HLKHU1*, 7. %. +RIVWHWWHU2*

1(7+ =XULFK, /DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, 9ODGLPLU-3UHORJ-:HJ 2, &+-8093 =XULFK, 2(DZDJ,
6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, ÜEHUODQGVWU. 133, &+-8600 '¾EHQGRUI

4XDQWXP PHFKDQLFV/PROHFXODU PHFKDQLFV (40/00) K\EULG PHWKRGV DOORZ RQH WR DGGUHVV FKHPLFDO
SKHQRPHQD LQ FRPSOH[ PROHFXODU HQYLURQPHQWV. 6XFK K\EULG PRGHOV DUH WHGLRXV WR FRQVWUXFW DQG
UHTXLUH VSHFLILF NQRZOHGJH RQ WKH FRQVLGHUHG SUREOHP, ZKLFK LV ZK\ LW KDV EHHQ GLIILFXOW WR SURYLGH
DXWRPDWHG SURFHGXUHV RI FRQWUROODEOH DFFXUDF\, PDNLQJ VXFK W\SH RI PRGHOOLQJ IDU IURP EHLQJ RI D
EODFN-ER[ W\SH.

+HUH, ZH SUHVHQW DQ DXWRPDWHG 40/00 PRGHO FRQVWUXFWLRQ SURWRFRO RQ WKH EDVLV RI IXOO\
DXWRPDWHG VWUXFWXUH SUHSDUDWLRQ, PRGHO SDUDPHWUL]DWLRQ (6)$0>1@) DQG 40 UHJLRQ VHOHFWLRQ
(40/6)$0>2@) GHYHORSHG DV 6:226( PRGXOH ZLWKLQ RXW 6&,1( VRIWZDUH IUDPHZRUN.>3@

:H DSSO\ WKLV SURWRFRO WR 40/00-EDVHG HYDOXDWLRQ RI R[\JHQDWLRQV UHDFWLRQV FDWDO\]HG E\ 5LHVNH
GLR[\JHQDVHV (5'2), ZKLFK DUH WKH SULPDU\ HQ]\PHV UHVSRQVLEOH IRU WKH K\GUR[\ODWLRQ RI DURPDWLF
K\GURFDUERQV.>4@ ,Q FRQWUDVW WR RWKHU PRQRQXFOHDU QRQ-KHPH LURQ R[\JHQDVHV, VXEVWUDWHV RI 5'2V
DUH KHOG LQ VXEVWUDWH SRFNHWV LQ SUR[LPLW\ RI WKH DFWLYH VLWH EXW ODFN GLUHFW LQWHUDFWLRQ ZLWK WKH QRQ-
KHPH LURQ FHQWHU.>5@ 'HVSLWH WKLV DSSDUHQWO\ PLVVLQJ LQWHUDFWLRQ, LW ZDV REVHUYHG H[SHULPHQWDOO\
WKDW FRRUGLQDWLRQ RI 22 WR WKH PHWDO FHQWHU LV JDWHG E\ WKH SUHVHQFH RI WKH DSSDUHQWO\ XQUHDFWLYH
VXEVWUDWH. 7KLV WLJKW FRQWURO RYHU 22 UHDFWLYLW\ DSSHDUV ELRORJLFDOO\ SODXVLEOH WR DYRLG
XQSURGXFWLYH 22 DFWLYDWLRQ, \HW WKH UROH RI WKH VXEVWUDWH LQ WKH IRUPDWLRQ RI UHDFWLYH LURQ-R[\JHQ
VSHFLHV LV QRW XQGHUVWRRG.

:H UHFHQWO\ GLVFXVVHG DOO VWHSV OHDGLQJ WR VXEVWUDWH-PRGXODWHG GLR[\JHQ DFWLYDWLRQ LQ D SXUHO\
TXDQWXP FKHPLFDO VWXG\ FRPELQLQJ ERWK 'HQVLW\ )XQFWLRQDO 7KHRU\ DQG ILUVW-SULQFLSOH UHIHUHQFH
FDOFXODWLRQV.>6@ :H ILQG WKDW ELQGLQJ RI GLR[\JHQ WR D PRQRQXFOHDU QRQ-KHPH LURQ FHQWHU UHTXLUHV
SULRU UHGXFWLRQ RI WKH DFWLYH VLWH WKURXJK HOHFWURQ WUDQVIHU IURP WKH QHDUE\ 5LHVNH FOXVWHU. :H
XWLOL]H RXU ILQGLQJV WR UHSURGXFH FULWLFDO UHDFWLRQ VWHSV LQ WKH DFWLYH VLWH RQ WKH 40/00 VFDOH DQG,
E\ WKDW, YDOLGDWH RXU 40/00 PRGHOOLQJ SURWRFRO.

>1@ &. %UXQNHQ, 0. 5HLKHU, -. &KHP. 7KHRU\ &RPSXW. 2020, 16(3), 1646–1665.
>2@ &. %UXQNHQ, 0. 5HLKHU, -. &KHP. 7KHRU\ &RPSXW. 2021, 17(6), 3797–3813.
>3@ 6&,1( - 6RIWZDUH IRU &KHPLFDO ,QWHUDFWLRQ 1HWZRUNV. KWWS://VFLQH.HWK].FK/ (DFFHVVHG -XQH 04,
2022).
>4@ 6. *. 3DWL, &. (. %RSS, +.-3. (. .RKOHU, 7. %. +RIVWHWWHU, $&6 &DWDO. 2022, 12(11), 6444–6456.
>5@ $. .DUOVVRQ, -. 9. 3DUDOHV, 5. (. 3DUDOHV, '. 7. *LEVRQ, +. (NOXQG, 6. 5DPDVZDP\, 6FLHQFH. 2003,
299(5609), 1039–1042.
>6@ ..-6. &VL]L, /. (FNHUW, &. %UXQNHQ, 7. %. +RIVWHWWHU, 0. 5HLKHU, &KHP. (XU. -. 2022, 28(16),
H202103937.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, 3RVWHU ,&-119

7XQLQJ VSLQ-FURVVRYHU WUDQVLWLRQ WHPSHUDWXUHV LQ QRQ-V\PPHWULFDO KRPROHSWLF
PHULGLRQDO/IDFLDO >)H(GLGHQWDWH)3@2+ FRPSOH[HV

1. 'HRUXNKNDU1, /. *X«Q«H2, &. 3LJXHW1*

18QLYHUVLW\ RI *HQHYD, 'HSDUWPHQW RI ,QRUJDQLF DQG $QDO\WLFDO &KHPLVWU\, 28QLYHUVLW\ RI *HQHYD,
/DERUDWRU\ RI ;-5D\ &U\VWDOORJUDSK\

,Q DQ HIIRUW WR GHYHORS WULV-GLLPLQH )H,, FRPSOH[HV GLVSOD\LQJ VSLQ FURVVRYHU SURSHUWLHV LQ VROXWLRQ
DW URRP WHPSHUDWXUH, VHYHUDO XQV\PPHWULFDO GLGHQWDWH XQLWV ZHUH LQYHVWLJDWHG (OLJDQGV /1-/4). %\
FKDQJLQJ WKH QXPEHU RI QLWURJHQ DWRPV RU WKHLU SRVLWLRQ ZLWKLQ WKH 6-PHPEHUHG 1-KHWHURF\FOLF
ULQJ, WKH VSLQ WUDQVLWLRQ FDQ EH ILQHO\ WXQHG. 7KH FRQVWUXFWLRQ RI OLJDQGV /3 DQG /4 FRQWDLQLQJ
S\ULPLGLQH ULQJV ERXQG DW SRVLWLRQV 2 RU 4 WR 1-PHWK\O-EHQ]LPLGD]ROH XQLWV LV D SUHUHTXLVLWH IRU WKH
WKHUPRG\QDPLF SURJUDPPLQJ RI >)H(/[)3@2+ FRPSOH[HV, WKH WUDQVLWLRQ WHPSHUDWXUHV (71/2) RI ZKLFK
DUH ORZHU WKDQ WKRVH IRXQG LQ WKH FRPSOH[HV >)H(/1)3@2+ (71/2  309(6) .) DQG >)H(/2)3@2+
(71/2  349(5) .)>1@. 7KH >)H(/3)3@2+ XQLW, FRQVLGHUHG DV LWV PL[WXUH RI PHU/IDF LVRPHUV, H[KLELWV VSLQ
FURVVRYHU LQ VROXWLRQ ZLWK 71/2  273(3) ., ZKLFK PDNHV WKLV FRPSOH[ VXLWDEOH IRU WKH SRWHQWLDO
PRGXODWLRQ RI ODQWKDQLGH-EDVHG OXPLQHVFHQFH LQ SRO\PHWDOOLF KHOLFDWHV. )XUWKHUPRUH, WKH H[SOLFLW
DQDO\VLV RI WKH LVRPHULF HTXLOLEULXP LQYROYLQJ WKH PHU DQG IDF LVRPHUV RI >)H(/3)3@2+ RIIHUV DQ
XQSUHFHGHQWHG RSSRUWXQLW\ IRU DVVLJQLQJ VSHFLILF WKHUPRG\QDPLF VSLQ-FURVVRYHU SDUDPHWHUV WR
HDFK LVRPHU>2@. 'XH WR WKH WKHUPRG\QDPLF WUDQV HIIHFW (WUDQV LQIOXHQFH) WKH HQWKDOSLF GULYLQJ
IRUFHV IDYRXU WKH ORZ-VSLQ LVRPHU IRU WKH IDFLDO LVRPHU, D WUHQG UHLQIRUFHG E\ HQWURSLF FRQVLGHUDWLRQ
EDVHG RQ VROYDWLRQ HIIHFWV. ,Q RWKHU ZRUGV, VSLQ FURVVRYHU RFFXUV V\VWHPDWLFDOO\ DW ORZHU
WHPSHUDWXUH IRU WKH PHULGLRQDO LVRPHU.

,Q WKH VROLG-VWDWH, WKHVH LVRPHUV FRXOG EH FU\VWDOOLVHG VHSDUDWHO\. &OHDUHG RI VROYDWLRQ HIIHFWV, EXW
VXEPLWWHG WR VWURQJ LQWHUPROHFXODU SDFNLQJ HIIHFWV, IDF->)H(/3)3@2+ XQGHUJRHV DQ DEUXSW WUDQVLWLRQ
(71/2  207(16) .), ZKLOH PHU->)H(/3)3@2+ VKRZV D WZR-VWHS WUDQVLWLRQ (71/2  178(4) . DQG 251(12)
.) ZLWK DFFRPSDQ\LQJ SKDVH-WUDQVLWLRQV FKDUDFWHUL]HG E\ ;5'-DQDO\VLV, LQGLFDWLQJ D SHFXOLDU
SURFHVV H[SODLQLQJ WKH VWHSZLVH WUDQVLWLRQ. 7KLV SUHVHQWDWLRQ DLPV WR KLJKOLJKW WKH QXDQFHG
PRGLILFDWLRQ RI FRPSOH[ SURSHUWLHV, ZKLFK UHVXOWV IURP WKH DSSDUHQWO\ QHJOLJLEOH IOLSSLQJ RI D
GLGHQWDWH OLJDQG LQ JRLQJ IURP IDFLDO WR PHULGLRQDO )H,, VSLQ-FURVVRYHU FRPSOH[HV.

>1@ 7. /DWKLRQ, /. *X«Q«H, &. %HVQDUG, $. %RXVVHNVRX DQG &. 3LJXHW, &KHP. (XU. -., 2018, 24,
16873–16888.
>2@         1. 'HRUXNKNDU, &. %HVQDUG, /. *X«Q«H DQG &. 3LJXHW, 'DOWRQ 7UDQV., 2021, 50, 1206–1223.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, 3RVWHU ,&-120

5HGHVLJQLQJ QDQRFU\VWDO V\QWKHVLV - &ULWLFDOO\ HYDOXDWLQJ WKH XVH RI VROYHQWV DQG
OLJDQGV

(. 'KDHQH1,4, .. 0. -HQVHQ2, 3. ). 6PHW3, .. 'H %X\VVHU1, ,. 9DQ 'ULHVVFKH1, -. 'H 5RR4*

1'HSDUWPHQW RI &KHPLVWU\, *KHQW 8QLYHUVLW\, %HOJLXP, 2'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI
&RSHQKDJHQ, 'HQPDUN, 3'HSDUWPHQW RI 6ROLG 6WDWH 6FLHQFHV, *KHQW 8QLYHUVLW\, %HOJLXP, 4

'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, 6ZLW]HUODQG

,Q HYHU\ FROORLGDO QDQRFU\VWDO V\QWKHVLV OLJDQGV DQG VROYHQW SOD\ D FUXFLDO UROH. )RU WKH IRUPHU, RQO\
D KDQGIXO PROHFXOHV DUH FXUUHQWO\ XVHG, RI ZKLFK ROHLF DFLG EHLQJ WKH PRVW W\SLFDO H[DPSOH. +HUH
ZH VKRZ WKDW PRQRDON\O SKRVSKLQLF DFLGV DUH DQRWKHU OLJDQG FODVV. )RU WKH ODWWHU, 1-RFWDGHFHQH
(2'() LV D ZLGHO\ XVHG VROYHQW IRU KLJK WHPSHUDWXUH QDQRFU\VWDO V\QWKHVLV (120 –320 r&), EXW LW LV
QRW LQQRFHQW.

)LUVW, ZH SXW IRUZDUG PRQRDON\O SKRVSKLQLF DFLGV DV DQ DOWHUQDWLYH OLJDQG FODVV, VLPLODU WR
FDUER[\OLF DFLGV DQG SKRVSKRQLF DFLGV ()LJXUH $). $IWHU SUHVHQWLQJ WKH OLJDQG V\QWKHVLV IRU VHYHUDO
VHOHFWHG VXEVWUDWHV, ZH SURFHHG WR VKRZ WKH LQWHUPHGLDWH UHDFWLYLW\ RI WKH SKRVSKLQLF DFLGV LQ
&G6H TXDQWXP GRW V\QWKHVHV. 7KH QDQRFU\VWDOV V\QWKHVL]HG ZLWK SKRVSKLQLF DFLGV DUH DOVR HDVLHU
WR SXULI\ VLQFH WKHUH LV QR JHO IRUPDWLRQ. 9HU\ VPDOO (2–3 QP) &G6H TXDQWXP GRWV ZLWK ORZ
SRO\GLVSHUVLW\ DQG KLJK SKRWROXPLQHVFHQFH TXDQWXP \LHOGV FDQ EH HDVLO\ DFFHVVHG ZLWK SKRVSKLQLF
DFLG OLJDQGV. &G6H DQG &G6 QDQRURGV ZHUH DOVR V\QWKHVL]HG XVLQJ SKRVSKLQLF DFLGV, ZKHUHE\ WKH
URGV VKRZHG KLJK SXULW\ DQ G XQLIRUPLW\. ,Q DGGLWLRQ, JLYHQ WKHLU LQWHUPHGLDWH DFLGLW\, SKRVSKLQLF
DFLGV (S.D ≈ 3.08) ELQG WR WKH VXUIDFH ZLWK DQ DIILQLW\ EHWZHHQ FDUER[\OLF DQG SKRVSKRQLF DFLGV.
8VLQJ VROXWLRQ 105, ZH TXDQWLI\ WKH ;-IRU-; OLJDQG H[FKDQJH DQG FRQFOXGH WKDW WKH PRQRDON\O
SKRVSKLQLF DFLGV TXDQWLWDWLYHO\ GLVSODFH FDUER[\ODWH OLJDQGV DQG DUH LQ HTXLOLEULXP ZLWK
SKRVSKRQDWHV (DOWKRXJK SKRVSKRQDWH ELQGLQJ LV IDYRUHG).

6HFRQG, ZH VKRZ WKDW 2'( SRO\PHUL]HV DW WHPSHUDWXUHV UHOHYDQW IRU QDQRFU\VWDO V\QWKHVLV ()LJXUH
%). 8VLQJ 105 VSHFWURVFRS\, ZH GHWHFW LWV SUHVHQFH LQ ILYH GLIIHUHQW QDQRFU\VWDO V\QWKHVHV:
=Q6:0Q/=Q6, &X,Q62, &G6, 7L22, DQG )H324. 7KH UHVXOWLQJ SRO\(2'() KDV D FRPSDUDEOH VROXELOLW\ DQG
VL]H WR QDQRFU\VWDOV VWDELOL]HG E\ K\GURSKRELF OLJDQGV, WKXV KDPSHULQJ W\SLFDO SXULILFDWLRQ
SURFHGXUHV. 7R DYRLG IRUPDWLRQ RI SRO\(2'(), ZH UHSODFHG 1-RFWDGHFHQH ZLWK VDWXUDWHG, DOLSKDWLF
VROYHQWV. $OWHUQDWLYHO\, WKH QDWLYH OLJDQGV DUH H[FKDQJHG IRU SRODU OLJDQGV, OHDGLQJ WR VLJQLILFDQW
VROXELOLW\ GLIIHUHQFHV EHWZHHQ QDQRFU\VWDOV DQG SRO\(2'(), WKHUHIRUH DOORZLQJ LVRODWLRQ RI SXUH
QDQRFU\VWDOV, IUHH IURP SRO\PHU LPSXULWLHV.

,Q FRQFOXVLRQ, E\ LQWURGXFLQJ D WKLUG DQG LQWHUPHGLDWH FODVV RI VXUIDFWDQWV, ZH HQKDQFH WKH
YHUVDWLOLW\ RI VXUIDFWDQW-DVVLVWHG V\QWKHVHV DQG SRVW-V\QWKHWLF VWDELOL]DWLRQ. ,Q DGGLWLRQ, WKH LQHUWLD
RI VROYHQWV VKRXOG QRW EH WDNHQ IRU JUDQWHG. 6LGH UHDFWLRQV FDQ VHULRXVO\ FRPSURPLVH WKH SXULW\ RI
WKH QDQRFU\VWDO SURGXFW, ZLWK FRQVHTXHQFHV IRU HQVXLQJ DSSOLFDWLRQV.

>1@ (YHUW 'KDHQH, 5RKDQ 3DNUDWDWK, 2OLYLD $DOOLQJ-)UHGHULNVHQ, .LUVWHQ 0. Ø. -HQVHQ, 3KLOLSSH ).
6PHW, .ODDUWMH 'H %X\VVHU, -RQDWKDQ 'H 5RR, $&6 1DQR, 2022, 16, 7361-7372. >2@ (YHUW 'KDHQH,
-RQDV %LOOHW, (OOLH %HQQHWW, ,VDEHO 9DQ 'ULHVVFKH, -RQDWKDQ 'H 5RR, 1DQR /HWWHUV, 2019, 19,
7411-7417.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, 3RVWHU ,&-121

'HYHORSPHQW RI DQ HOHFWURFKHPLFDO VWUDWHJ\ IRU URXWLQH VHSDUDWLRQV RI UDGLRQXFOLGHV

3. 'XWKHLO1,3, '. +HUUPDQQ2, 3. 6WHLQHJJHU2,3*, 0. +HXOH1*

1'HSDUWPHQW RI 5DGLDWLRQ 6DIHW\ DQG 6HFXULW\, 3DXO 6FKHUUHU ,QVWLWXW, 2/DERUDWRU\ RI
5DGLRFKHPLVWU\, 3DXO 6FKHUUHU ,QVWLWXW, 3/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI

&KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK

5DGLRQXFOLGH-VSHFLILF UDGLRDFWLYLW\ PHDVXUHPHQWV DUH QHFHVVDU\ LQ RUGHU WR JLYH DQ DFFXUDWH
HYDOXDWLRQ IRU WKH GHFRPPLVVLRQLQJ RI QXFOHDU IDFLOLWLHV, UDGLRDFWLYH ZDVWH PDQDJHPHQW RU
FRQWDPLQDWLRQ PRQLWRULQJ. 0HDVXUHPHQWV DUH FRPPRQO\ FDUULHG RXW ZLWK OLTXLG VFLQWLOODWLRQ
FRXQWLQJ, ͅ-, ͇-, DQG PDVV-VSHFWURPHWU\. +RZHYHU, DOO WKHVH DQDO\VLV WHFKQLTXHV XVXDOO\ UHTXLUH D
WKRURXJK FKHPLFDO SUHWUHDWPHQW, WDUJHWLQJ WKH UHPRYDO RI LQWHUIHULQJ UDGLRQXFOLGHV. &RPPRQ
VWUDWHJLHV IRU URXWLQH DQDO\WLFDO VHSDUDWLRQV RI UDGLRQXFOLGHV DUH EDVHG RQ LRQ-H[FKDQJH RU
H[WUDFWLRQ FKURPDWRJUDSK\, DV ZHOO DV SUHFLSLWDWLRQ/FR-SUHFLSLWDWLRQ PHWKRGV. 7KH REMHFWLYH RI WKH
KHUHLQ SUHVHQWHG SURMHFW LV WR H[SORUH D VR IDU OHVV FRPPRQO\ XVHG VHSDUDWLRQ URXWH, ZKLFK LV
EDVHG RQ VHOHFWLYH HOHFWURGHSRVLWLRQ. :H UHSRUW RQ SURPLVLQJ UHVXOWV REWDLQHG E\ FRQWUROOHG-
SRWHQWLDO HOHFWURO\VLV IRU WKH VHSDUDWLRQ RI UDGLRQXFOLGHV LQ VLPSOH PL[WXUHV (H.J., 60&R DQG 137&V)
XVLQJ DQ RUGLQDU\ XQGLYLGHG FHOO. ,Q DGGLWLRQ, DQ HOHFWURFKHPLFDO IORZ-FHOO KDV EHHQ GHVLJQHG DQG
WHVWHG LQ RUGHU WR UHDFK IDVWHU HOHFWURO\WLF VHSDUDWLRQV. 6XFK DQ HOHFWURFKHPLFDO DSSURDFK LV
H[SHFWHG WR OHDG WR IDVW URXWLQH UDGLRDQDO\WLFDO PHWKRGV, ZKLFK ZLOO EH XVHG IRU WKH DQDO\VLV RI
UDGLRQXFOLGH PL[WXUHV RI LQFUHDVLQJ FRPSOH[LW\. 7KXV, WKH KHUHLQ SUHVHQWHG UHVXOWV PD\ SDYH WKH
ZD\ WR D YLDEOH DOWHUQDWLYH IRU WUDGLWLRQDO VHSDUDWLRQ WHFKQLTXHV.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, 3RVWHU ,&-122

5HYHUVLEOH IDF-PHU ,VRPHUL]DWLRQ RI /XPLQHVFHQW ,U(,,,) &RPSOH[HV

$. <. *LWOLQD1, .. 6HYHULQ2*

1,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, (FROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/),
$Y. ).-$. )RUHO 2, 1015 /DXVDQQH, 6ZLW]HUODQG, 2,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, (FROH

3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/); $Y. ).-$. )RUHO 2, 1015 /DXVDQQH, 6ZLW]HUODQG

,ULGLXP(,,,) FRPSOH[HV DUH RI HYHUODVWLQJ LQWHUHVW GXH WR WKHLU XQLTXH FKHPLFDO DQG SKRWRSK\VLFDO
SURSHUWLHV LQFOXGLQJ UHPDUNDEOH FKHPLFDO DQG WKHUPDO VWDELOLW\, UHYHUVLEOH UHGR[ WUDQVIRUPDWLRQV,
KLJK OXPLQHVFHQFH TXDQWXP \LHOGV, DQG HDVLO\ WXQDEOH HPLVVLRQ FRORU DQG OLIHWLPH. 7KHVH IHDWXUHV
KDYH DOORZHG WKHVH FRPSOH[HV WR EH ZLGHO\ XVHG LQ RSWRHOHFWURQLFV, SKRWRQLFV, SKRWRUHGR[
FDWDO\VLV, R[\JHQ DQG VHQVLQJ HWF.1

6WUXFWXUDOO\, OXPLQHVFHQW ,U(&A1)3 FRPSOH[HV (&A1  F\FORPHWDODWHG DU\OS\ULG\O OLJDQG) H[LVW DV
WZR VWDEOH JHRPHWULFDO LVRPHUV ZLWK GLVWLQFW SKRWRSK\VLFDO SURSHUWLHV: IDFLDO (IDF) DQG PHULGLRQDO
(PHU).2 7KH PHU LVRPHU WHQGV WR EH WKHUPRG\QDPLFDOO\ OHVV VWDEOH WKDQ WKH IDF LVRPHU. 9DU\LQJ WKH
UHDFWLRQ FRQGLWLRQV, WKH PHU LVRPHU FDQ EH REWDLQHG LQ D NLQHWLFDOO\ FRQWUROOHG UHDFWLRQ DQG
WUDQVIRUPHG WR WKH IDF IRUP DW HOHYDWHG WHPSHUDWXUHV RU XQGHU OLJKW LUUDGLDWLRQ.3 7KH RSSRVLWH
IDF→PHU LVRPHUL]DWLRQ KDV QRW EHHQ UHSRUWHG VR IDU.

+HUHLQ ZH GHPRQVWUDWH WKDW IDF-,U(&A1)3 FRPSOH[HV FDQ EH FRQYHUWHG LQWR WKHLU PHU LVRPHUV E\ D
VXFFHVVLYH UHDFWLRQ ZLWK DFLG DQG WKHQ EDVH DV VKRZQ EHORZ.

7KLV FKHPLFDOO\ LQGXFHG IDF→PHU LVRPHUL]DWLRQ LV IDVW, FOHDQ, TXDQWLWDWLYH, WROHUDQW WR GLIIHUHQW
VXEVWLWXHQWV, VWHUHRVHOHFWLYH, DQG LW FDQ EH UHYHUVHG E\ OLJKW LUUDGLDWLRQ.

7KH FOHDQOLQHVV DQG UHYHUVLELOLW\ RI WKH QHZ IDF→PHU LVRPHUL]DWLRQ SURYLGH WKH SRVVLELOLW\ WR XVH
OXPLQHVFHQW ,U(&A1)3 FRPSOH[HV DV VXEVWUDWHV IRU UHZULWDEOH GDWD VWRUDJH GHYLFHV RU DV D EDVLV IRU
PROHFXODU PDFKLQHV. $QRWKHU DSSOLFDWLRQ GLUHFWLRQ RI WKLV LVRPHUL]DWLRQ LV WKH V\QWKHWLF
DFFHVVLELOLW\ RI PHU LVRPHUV, ZKLFK DUH GLIILFXOW WR SUHSDUH XVLQJ SXEOLVKHG SURFHGXUHV.

7KH DXWKRUV JUHDWO\ DSSUHFLDWH D ILQDQFLDO VXSSRUW IURP 6ZLVV 1DWLRQDO 6FLHQFH )RXQGDWLRQ (616))
DQG (3)/ DV ZHOO DV IDFLOLW\/HTXLSPHQW DYDLODEOH ZLWKLQ (3)/.

>1@ (OL =\VPDQ-&ROPDQ, ,ULGLXP(,,,) LQ 2SWRHOHFWURQLF DQG 3KRWRQLFV $SSOLFDWLRQ, -RKQ :LOH\ & 6RQV,
&KLFKHVWHU, :HVW 6XVVH[, 2017.
>2@ $UQROG %. 7DPD\R, %HUW '. $OOH\QH, 3HWHU ,. 'MXURYLFK, -. $P. &KHP. 6RF., 2003, 125, 7377.
>3@ $LGDQ 5. 0F'RQDOG, 0DUWLQ /XW], /DUV 6. YRQ &KU]DQRZVNL, ,QRUJ. &KHP., 2008, 47, 6681.
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,QRUJDQLF & &RRUGLQDWLRQ &KHPLVWU\, 3RVWHU ,&-123

109$J 105 &KHPLFDO 6KLIW: $ 'HVFULSWRU RI %UºQVWHG $FLGLW\ IURP 0ROHFXODU $J-1+&-
&RPSOH[HV

&. +DQVHQ1, 6. 5. 'RFKHUW\1, :. &DR1, $. <DNLPRY1, &. &RS«UHW1*

1(7+-=¾ULFK

)RU JURXS 11 PHWDOV (&X, $J, $X) LQ WKH 1+ R[LGDWLRQ VWDWH, LW KDV EHHQ VXJJHVWHG WKDW WKH
PROHFXODU IUDJPHQW >/0+@ FDQ EH FRQVLGHUHG LVROREDO WR D SURWRQ (++), GXH WR WKH FORVHG-VKHOO
QDWXUH RI WKH G10 HOHFWURQ FRQILJXUDWLRQ.>1@, >2@ 2Q WKLV EDVLV, ZH LQYHVWLJDWHG 109$J FKHPLFDO VKLIW RI
>/$J+@ DV D GHVFULSWRU IRU WKH S.D RI %UºQVWHG DFLG VLWHV.

%\ H[SORLWLQJ WKH PRGXODULW\ RI 1-+HWHURF\FOLF FDUEHQH (1+&) FRPSOH[HV RI $J(,) (JHQHUDO VWUXFWXUH
(1+&)$J;), ZH GHPRQVWUDWH WKDW WKH 109$J FKHPLFDO VKLIW RI D VHULHV RI PRQRPHULF VLOYHU 1+&
FRPSOH[HV ((1+&)$J;) FRUUHODWHV (OLQHDUO\) ZLWK WKH S.D RI WKH FRQMXJDWH DFLG RI WKH DQLRQLF OLJDQG
(;-). 7KH UHODWLRQVKLS EHWZHHQ LVRWURSLF FKHPLFDO VKLIW KDV EHHQ H[WHQGHG DFURVV D EURDG UDQJH RI
OLJDQGV (KDOLGHV, DONR[LGHV, DPLGHV, DU\O, DON\O HWF.), DQG SURYLGHV D EURDG-UDQJLQJ VWUDWHJ\ IRU WKH
HVWLPDWLRQ RI S.D RI D UDQJH RI %UºQVWHG DFLGV. $QDO\VLV RI VROXWLRQ 105, VROLG-VWDWH 105 DQG
FDOFXODWLRQV RI FKHPLFDO VKLIW WHQVRUV LOOXVWUDWH FOHDU WUHQGV EHWZHHQ ERWK H[SHULPHQWDO DQG
FDOFXODWHG SDUDPHWHUV ZLWK S.D RI WKH FRUUHVSRQGLQJ %UºQVWHG DFLG. )XUWKHUPRUH, WKH EURDG UDQJH
RI 109$J FKHPLFDO VKLIWV REWDLQHG (FD. 300 SSP) SURYLGHV D EDVLV WR HYDOXDWH WKH DFLGLW\ RI YDULRXV
FRPSRXQGV; D SDWK WKDW ZH DUH FXUUHQWO\ IXUWKHU H[SORULQJ, DQG WKDW ZH KRSH WR H[WHQG WR WKH
VXUIDFH FKHPLVWU\ RI KHWHURJHQHRXV FDWDO\VWV.

>1@ +RIIPDQQ, 5., $QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ 1982, 21 (10), 711-724.
>2@ (YDQV, '. *.; 0LQJRV, '. 0. 3., -RXUQDO RI 2UJDQRPHWDOOLF &KHPLVWU\ 1982, 232 (2), 171-191.
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/DQWKDQLGH ,VRWRSHV LQ 8UDQLXP 3URGXFWV

0. +RIVWHWWHU1,2, 6. 5¸OOLQ2, -. &RUFKR $OYDUDGR2, 3. 6WHLQHJJHU1,3*

1/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, 9ODGLPLU-
3UHORJ-:HJ 1-5/10, 8093 =¾ULFK, 2/DERU 6SLH], $XVWUDVVH, 3700 6SLH], 33DXO 6FKHUUHU ,QVWLWXW,

)RUVFKXQJVVWUDVVH 111, 5232 9LOOLJHQ 36,

7KH HQULFKPHQW RI XUDQLXP IRU FLYLO DQG PLOLWDU\ SXUSRVHV KDV OHG WR WKH DFFXPXODWLRQ RI XUDQLXP
E\-SURGXFWV ZLWK UHGXFHG DEXQGDQFH RI 2358, ZKLFK LV NQRZQ DV GHSOHWHG XUDQLXP ('8). 'XH WR LWV
KLJK GHQVLW\ (≈18 J/FP3), '8 KDV IRXQG LWV EURDG DSSOLFDWLRQ LQ WKH IDEULFDWLRQ RI FRXQWHU EDODQFHV
IRU DLUSODQHV, DUPRUHG YHKLFOHV DQG DUPRU-SLHUFLQJ DPPXQLWLRQ >1,2@. 0HDQZKLOH, WKH FRQWHQW RI
FKHPLFDOO\ VLPLODU EHKDYLQJ UDUH HDUWK HOHPHQWV (5((V) FDQ EH XVHG WR PDWFK WKH JHRORFDWLRQ RI D
VRXUFH RI XUDQLXP RUH. )XUWKHU SURFHVVLQJ URXWHV DQG HVSHFLDOO\ DFWLYDWLRQ SURGXFWV, DV GHULYHG
IURP SOXWRQLXP SURGXFWLRQ, FDQ JLYH KLQWV RQ FRUUHVSRQGLQJ SURFHVV URXWHV >3-5@. ,Q UHFHQW
SXEOLFDWLRQV RI QXFOHDU IRUHQVLFV, LPSXULWLHV DW FRQFHQWUDWLRQ OHYHOV RI VHYHUDO SHUFHQW ZHUH
SUHGRPLQDQWO\ LQYHVWLJDWHG E\ HQHUJ\-GLVSHUVLYH ;-UD\ VSHFWURVFRS\ ((';) >1@. 8QIRUWXQDWHO\, WKH
FRQFHQWUDWLRQ RI 5((V LQ '8 OD\V EHORZ WKH GHWHFWLRQ OLPLW RI (';, WKXV GHPDQGLQJ IRU DOWHUQDWLYH
PHWKRGV RI DQDO\VLV, VXFK DV LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ (,&3-06).

5HFHQWO\, 5RDFK HW DO. >6@ GHYHORSHG SURPLVLQJ PHWKRGV WR TXDQWLWDWLYHO\ VHSDUDWH &H, 3U, 1G, 6P,
(X, DQG *G XVLQJ LRQ FKURPDWRJUDSK\, FRXSOHG WR ,&3-06 IRU XOWUD-WUDFH QXFOHDU IRUHQVLF
DSSOLFDWLRQV. 2XU RZQ SUHOLPLQDU\ UHVXOWV UHYHDOHG SURPLVLQJ FKHPLFDO \LHOGV IRU WKH VHSDUDWLRQ RI
WKH SUREOHPDWLF FRQWDPLQDQW &H, WRJHWKHU ZLWK WKH WUDQVXUDQLXP HOHPHQWV $P DQG &P, IURP RWKHU
5((V. :LWK WKLV LQ KDQG, ZH DLP DW LQYHVWLJDWLRQV VLPLODU WR ZRUNV DV SXEOLVKHG E\ 9DUJD >7@ DQG
FROOHDJXHV. 7KH\ VWXGLHG 5(( SDWWHUQV LQ XUDQLXP RUHV DQG WKH LQIOXHQFHV IURP PLOOLQJ DQG SUH-
FRQFHQWUDWLRQ RI XUDQLXP RQ 5(( SDWWHUQV. )LQDOO\, WKH DFTXLUHG GDWD ZLOO EH XVHG WR HVWDEOLVK D
OLEUDU\ RI SRWHQWLDO XUDQLXP VRXUFHV DQG SURFHVVLQJ URXWHV. 7KLV OLEUDU\ LQ FRQQHFWLRQ ZLWK D
WKRURXJK XQGHUVWDQGLQJ RI WKH LQYROYHG SURFHVVLQJ URXWHV ZLOO KHOS WR ILQG VRXUFH DQG SURFHVV-
VSHFLILF SDWWHUQV DV ZHOO DV LW ZLOO KHOS WR VWXG\ VWDWLVWLFDOO\ VLJQLILFDQW GLIIHUHQFHV. )XUWKHUPRUH, ZH
ZLOO WU\ WR XQGHUVWDQG WKH LQIOXHQFHV RQ SDWWHUQV GHULYHG IURP PL[LQJ GLIIHUHQW XUDQLXP VRXUFHV
DQG SURFHVVLQJ URXWHV GXULQJ PDQXIDFWXULQJ. 7KLV ZLOO SDYH WKH ZD\ IRU QXFOHDU IRUHQVLF VWXGLHV RI
XQNQRZQ VDPSOHV.

>1@ $. %OHLVH, 3. 5. 'DQHVL, :. %XUNDUW, -RXUQDO RI (QYLURQPHQWDO 5DGLRDFWLYLW\, 2003, 64, 93–112.
>2@ $. ). +ROOHPDQ, (. :LEHUJ, 1. :LEHUJ, /HKUEXFK GHU $QRUJDQLVFKHQ &KHPLH, 102QG HG.; :DOWHU
GH *UX\WHU: 2007.
>3@ 6. 6LQGHUQ, 3K\VLFDO 6FLHQFHV 5HYLHZV 2017, 2, 20160066.
>4@ 9. %DODUDP, :. 5DKDPDQ, 3. 5R\, *HRV\VWHPV DQG *HRHQYLURQPHQW, 2022, 1, 100019.
>5@ 2IILFH RI $LU DQG 5DGLDWLRQ, 8QLWHG 6WDWHV (QYLURQPHQWDO 3URWHFWLRQ $JHQF\, 'HSOHWHG 8UDQLXP
7HFKQLFDO %ULHI ((3$ 402-5-06-011) 2006.
>6@ %. '. 5RDFK, &. 5. +H[HO, -. 0. *XDTXLQWR, 7HFKQLFDO 5HSRUW: 251//70-2017/694, 2017.
>7@ =. 9DUJD, 0. :DOOHQLXV, .. 0D\HU, 5DGLRFKLPLFD $FWD, 2010, 98, 771–778.
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5HDFWLYLW\ RI 0XOWLPHWDOOLF 7KRULXP 1LWULGHV *HQHUDWHG E\ 5HGXFWLRQ RI 7KRULXP $]LGHV

). &. +VXHK1, /. %DUOX]]L1, 0. .HHQHU1, 7. 5DMHVKNXPDU2, 5. 6FRSHOOLWL1, /. 0DURQ2*, 0. 0D]]DQWL1*

1,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/),
/DXVDQQH, 6ZLW]HUODQG, 2/DERUDWRLUH GH 3K\VLTXH HW &KLPLH GHV 1DQR-REMHWV, ,QVWLWXW 1DWLRQDO GHV

6FLHQFHV $SSOLTX«HV, 7RXORXVH, )UDQFH

7KRULXP QLWULGHV DUH OLNHO\ LQWHUPHGLDWHV LQ WKH UHSRUWHG FOHDYDJH DQG IXQFWLRQDOL]DWLRQ RI
GLQLWURJHQ E\ PROHFXODU WKRULXP FRPSOH[HV DQG DUH DWWUDFWLYH FRPSRXQGV IRU WKH VWXG\ RI PXOWLSOH
ERQG IRUPDWLRQ LQ I-HOHPHQW FKHPLVWU\, EXW RQO\ RQH H[DPSOH RI WKRULXP QLWULGH LVRODEOH IURP
VROXWLRQ ZDV UHSRUWHG.>1@ +HUH, ZH VKRZ WKDW VWDEOH PXOWLPHWDOOLF D]LGH/QLWULGH WKRULXP FRPSOH[HV
FDQ EH JHQHUDWHG E\ UHGXFWLRQ RI WKRULXP D]LGH SUHFXUVRUV, D URXWH WKDW KDV IDLOHG VR IDU WR
SURGXFH 7K QLWULGHV.>2@>3@ 

+HUH, ZH LQYHVWLJDWHG WKH UHGXFWLRQ RI D]LGH SUHFXUVRUV ZLWK H[FHVV .&8 DQG &V&8, DOORZLQJ WKH
LVRODWLRQ RI ELV-D]LGH, PRQRQLWULGH, ZLWK GLIIHUHQW FRXQWHULRQV.>4@ %RWK FRPSOH[HV ZHUH
FKDUDFWHUL]HG E\ ;-UD\ FU\VWDOORJUDSK\, 105 VSHFWURVFRS\ DQG GHQVLW\ IXQFWLRQDO WKHRU\
FDOFXODWLRQV. ,Q WKH VROLG-VWDWHV VWUXFWXUH, WKH\ ERWK GLVSOD\ D GLQXFOHDU 7K(,9) FRPSOH[, IHDWXULQJ D
EULGJLQJ QLWULGH DQG WZR D]LGH OLJDQGV, EXW LQ WKH SUHVHQFH RI WZR GLIIHUHQW FRXQWHULRQV JLYHV ULVH
WR SDUDPRXQW VWUXFWXUDO GLIIHUHQFHV LQ WKH WZR FRPSOH[HV. :H DOVR LQYHVWLJDWHG WKH UHDFWLYLW\
WRZDUG &2. %RWK FRPSOH[HV UHDFWHG ZLWK H[FHVV 13&2, \LHOGLQJ 13&1- LQ 30% DQG 22%, DIWHU
K\GURO\VLV ZLWK '22 (S'  13). )XUWKHUPRUH, UHPRYDO RI WKH DONDOL LRQV PLJKW IDYRU WKH ORVV RI WKH
D]LGH OLJDQGV, DIIHFWLQJ WKH UHDFWLYLW\ RI FRPSOH[ WRZDUG &2. 7KH \LHOG RI 13&1- LQFUHDVHG
WR 70% DIWHU K\GURO\VLV. ,Q FRQFOXVLRQ, ZH KDYH V\QWKHVL]HG WKH ILUVW PXOWLPHWDOOLF 7K2.3 DQG
7K2&V3 D]LGR/QLWULGR FRPSOH[HV, ZKLFK DUH WKH VHFRQG H[DPSOHV RI LVRODEOH PROHFXODU WKRULXP
QLWULGHV DQG VWXGLHG WKH UHDFWLYLW\ WRZDUG &2.   

>1@ 6. /. 6WDXQ, '. &. 6HUJHQWX, *. :X, -. $XWVFKEDFK, 7. :. +D\WRQ, &KHP. 6FL. 2019, 10,
6431-6436.
>2@ -. =. 'X, '. 0. .LQJ, /. &KDWHODLQ, (. /X, ). 7XQD, (. -. /. 0F,QQHV, $. -. :RROHV, /. 0DURQ, 6. 7.
/LGGOH, &KHP. 6FL. 2019, 10, 3738-3745
>3@ -. =. 'X, &. $OYDUH]-/DPVIXV, (. 3. :LOGPDQ, $. -. :RROHV, /. 0DURQ, 6. 7. /LGGOH, 1DW.
&RPPXQ. 2019, 10, 4203
>4@ ). &. +VXHK, /. %DUOX]]L, 0. .HHQHU, 7. 5DMHVKNXPDU, /. 0DURQ, 5. 6FRSHOOLWL, 0. 0D]]DQWL, -. $P.
&KHP. 6RF. 2022, 144, 3222-3232
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3RWDVVLXP $ONR[LGH 0HGLDWHG =LQFDWLRQV RI $URPDWLF 6XEVWUDWHV

1. 5. -XGJH1, (. +HYLD1*

18QLYHUVLW\ RI %HUQ

7KH XQLTXH DFWLYDWLQJ HIIHFWV RI DONDOL-PHWDO DONR[LGHV ZKHQ DGGHG WR RWKHU V-EORFN
RUJDQRPHWDOOLFV LV D ZHOO-HVWDEOLVKHG SKHQRPHQRQ LQ SRODU RUJDQRPHWDOOLF FKHPLVWU\.>1@ 7\SLILHG E\
WKH /,&-.25 (/RFKPDQQ-6FKORVVHU) VXSHUEDVH, FRPELQLQJ SRWDVVLXP WHUW-EXWR[LGH ZLWK Q-
EXW\OOLWKLXP JUHDWO\ HQKDQFHV WKH PHWDODWLRQ FDSDELOLWLHV RI WKLV PL[WXUH ZKHQ FRPSDUHG WR WKRVH
RI WKHLU PRQRPHWDOOLF FRXQWHUSDUWV.>2,3@ ([WHQGLQJ WKHVH UHDFWLYLW\ HQKDQFHPHQW HIIHFWV EH\RQG
JURXS 1 RUJDQRPHWDOOLFV, RXU JURXS KDV UHFHQWO\ GHPRQVWUDWHG WKH DELOLW\ RI DONDOL-PHWDO DONR[LGHV
WR DFWLYDWH GLDON\ PDJQHVLXP RU ]LQF UHDJHQWV WRZDUGV PHWDO KDORJHQ H[FKDQJH UHDFWLRQV RI
EURPR DQG LRGRDUHQHV. 0HFKDQLVWLF VWXGLHV LQGLFDWH WKDW WKHVH VSHFLDO EHKDYLRUV FDQ EH DWWULEXWHG
WR WKH IRUPDWLRQ RI PRUH UHDFWLYH PL[HG-PHWDO PL[HG-DJJUHJDWH FRPSOH[HV. >4–6@

%XLOGLQJ RQ WKLV ZRUN, WKLV FRQWULEXWLRQ VKRZFDVHV UHFHQW DGYDQFHV RQ WKH GHYHORSPHQW RI D QHZ
ELPHWDOOLF EDVH ZKLFK DOORZV IRU WKH GLUHFW ]LQFDWLRQ RI D EURDG UDQJH RI DURPDWLF VXEVWUDWHV. %\
FRPELQLQJ WKH =Q DPLGH =Q(703)2 (703  2,2,6,6-7HWUDPHWK\OSLSHULGLGH) ZLWK WZR HTXLYDOHQWV RI
.2W%X HIIHFWLYH ]LQFDWLRQ RI VHQVLWLYH VXEVWUDWHV VXFK DV 1,3,5-WULIOXRUREHQ]HQH FDQ EH DFKLHYHG
ZKLOH RSHUDWLQJ DW URRP WHPSHUDWXUH (VHH )LJXUH). 7UDSSLQJ RI NH\ UHDFWLRQ LQWHUPHGLDWHV DQG
105 PRQLWRULQJ RI WKH UHDFWLRQV KDYH XQFRYHUHG WKH FORVH LQWHUSOD\ EHWZHHQ WKH GLIIHUHQW
FRPSRQHQWV RI WKLV ELPHWDOOLF PL[WXUH WR IDFLOLWDWH WKH VXFFHVV RI WKH =Q-+ H[FKDQJH UHDFWLRQ DQG
WKH VWDELOLW\ RI WKH PHWDODWHG LQWHUPHGLDWHV.

>1@       /. -. %ROH, (. +HYLD, 1DW. 6\QWK. 2022, 1, 195–202.
>2@       0. 6FKORVVHU, -. 2UJDQRPHW. &KHP. 1967, 8, 9–16.
>3@       0. 6FKORVVHU, $QJHZ. &KHP. ,QW. (G. 2005, 44, 376–393.
>4@ 0. %DONHQKRKO, '. 6. =LHJOHU, $. 'HVDLQWMHDQ, /. -. %ROH, $. 5. .HQQHG\, (. +HYLD, 3. .QRFKHO,
$QJHZ. &KHP. ,QW. (G. 2019, 58, 12898–12902.
>5@       /. -. %ROH, 1. 5. -XGJH, (. +HYLD, $QJHZ. &KHP. ,QW. (G. 2021, 60, 7626–7631.
>6@       1. 5. -XGJH, /. -. %ROH, (. +HYLD, &KHP. (XU. -. 2022, ('2,: 10.1002/FKHP.202104164).
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)URP 0DFURF\FOHV LQWR $VVHPEOHG &KDLQ-PDLOV!

$. .DLVV1, $. +LQDXW2, $. &URFKHW1, (. 0H\HU2, .. 0. )URPP1*

18QLYHUVLW\ RI )ULERXUJ, 'HSDUWPHQW RI &KHPLVWU\, &KHPLQ GX 0XV«H 9, &+-1700 )ULERXUJ,
6ZLW]HUODQG, 28QLYHUVLW\ RI %DVHO, 'HSDUWPHQW RI 3K\VLFV, .OLQJHOEHUJVWUDVVH 82, &+-4056 %DVHO,

6ZLW]HUODQG

.QRWV DQG OLQNV, EHLQJ SDUW RI WKH PHFKDQLFDOO\ LQWHUORFNHG PROHFXODU DUFKLWHFWXUHV, DUH UHODWHG WR
WKUHH-GLPHQVLRQDO VSDFH. 1HYHUWKHOHVV, OLQNV DUH OHVV VWXGLHG DQG DUH QRW DV ZHOO FODVVLILHG DV
NQRWV >1@. 1DWXUH VKRZV H[DPSOHV RI VWURQJ UHODWLRQV EHWZHHQ WRSRORJ\ DQG IXQFWLRQ >2,3@; IRU
LQVWDQFH, FRPSOH[ WRSRORJLFDO VWUXFWXUHV VXFK DV WKRVH SUHVHQW LQ WKH FKDLQ-PDLO OLNH ERQH DUPRXU
O\LQJ XQGHU D .RPRGR GUDJRQ’V VNLQ DUH H[WUHPHO\ UREXVW >4@, DV LV WKH QRQ-FRYDOHQW LQWHUODFHG
SURWHLQ VWUXFWXUH IRUPLQJ WKH FDSVLG RI WKH YLUXV +.97 >5@.

7R DFKLHYH FKDLQ-PDLO W\SH VWUXFWXUHV, PDFURF\FOHV QHHG WR LQWHUOLQN ZLWK HDFK RWKHU. 6XFK
FRPSOH[ WRSRORJLHV RI OLQNV FDQ EH DQDO\]HG IRU H[DPSOH E\ ORRNLQJ DW WKHLU WZR-GLPHQVLRQDO
DVVHPEOLHV DW WKH DWRPLF OHYHO. 7KLV LV DFKLHYHG E\ DSSO\LQJ LPDJLQJ WHFKQLTXHV, VXFK DV $)0 DQG
670.

1HZ V\QWKRQV OLNH D QHZ IDPLO\ RI PDFURF\FOHV ZLWK DOWHUQDWLQJ DURPDWLF DQG SRO\HWKHU FKDLQV,
KDYH EHHQ V\QWKHVL]HG DQG FKDUDFWHUL]HG ZLWK WKH DLP RI REWDLQLQJ D FRQWUROOHG FRPSOH[ FKDLQ-
PDLO VWUXFWXUH (VFKHPH 1). 6XFK IOH[LEOH DQG UREXVW PDFURF\FOLF VWUXFWXUHV DUH IRUPHG E\
DOWHUQDWLQJ WKH PHFKDQLFDO DQG SK\VLFDO SURSHUWLHV UHVXOWLQJ IURP WKH GLIIHUHQW EXLOGLQJ EORFNV.
7KHLU RSWLPDO SDFNLQJ DUUDQJHPHQW RQ DWRPLFDOO\ IODW 2' VWUXFWXUHV KDYH EHHQ LQYHVWLJDWHG DQG
FRPSDUHG ZLWK WKH 3' VWUXFWXUHV REWDLQHG IURP VLQJOH FU\VWDO DQDO\VHV RI WKH PDFURF\FOHV DQG
LWV/WKHLU VROYDWHV.

>1@ 1LOV $. %DDV, 1DGULDQ &. 6HHPDQ, $QGUHZ 6WDFH\, -RXUQDO RI 0DWKHPDWLFDO &KHPLVWU\, 2015,
53(1), 183-199.
>2@ 1DGULDQ &. 6HHPDQ, -RXUQDO RI 7KHRUHWLFDO %LRORJ\, 1982, 99, 237-247.
>3@ &KULVWRSKHU 6. :RRG, 7DQ\D .. 5RQVRQ, $QD 0. %HOHQJXHU, -XOLDQ -. +ROVWHLQ, -RQDWKDQ 5.
1LWVFKNH, 1DWXUH &KHPLVWU\, 2015, 7, 354-358.
>4@ -HVVLFD $. 0DLVDQR, 7UDYLV -. /DGXF, &KULVWRSKHU -. %HOO, 'LDQH %DUEHU, $QDWRPLFDO 5HFRUG, 2019,
302, 1675-1680.
>5@ 5REHUW /. 'XGD, &HOO, 1998, 94, 55-60.
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,VRF\DQLGHV DQG WKHLU 6WURQJ $IILQLW\ WR *ROG

&. .UHVV1, 0. 0D\RU1,2*

18QLYHUVLW\ RI %DVHO, 'HSDUWPHQW RI &KHPLVWU\, 6W. -RKDQQV 5LQJ 19, 4056 %DVHO, 6ZLW]HUODQG, 2
,QVWLWXWH IRU 1DQRWHFKQRORJ\ (,17), .DUOVUXKH ,QVWLWXWH RI 7HFKQRORJ\ (.,7), 3. 2. %R[ 3640, 76021
.DUOVUXKH, *HUPDQ\. /HKQ ,QVWLWXWH RI )XQFWLRQDO 0DWHULDOV (/,)0), 6FKRRO RI &KHPLVWU\, 6XQ <DW-

6HQ

7KH LVRF\DQLGH LV D YHUVDWLOH IXQFWLRQDO JURXS ZKLFK LV ZLGHO\ HPSOR\HG LQ WKH ILHOG RI RUJDQLF DQG
FRPELQDWRULDO FKHPLVWU\ LQFOXGLQJ FDWDO\VLV, SKRWRFKHPLVWU\ DQG WUDQVLWLRQ PHWDO FKHPLVWU\. 7KH
LVRF\DQLGH LV IXUWKHUPRUH JHWWLQJ LQFUHDVLQJ DWWHQWLRQ LQ WKH ILHOG RI PHGLFLQDO FKHPLVWU\ DV ZHOO DV
PROHFXODU HOHFWURQLFV.>1@

7KH XQLTXH VWUXFWXUDO SURSHUW\ RI WKLV IXQFWLRQDO JURXS LV JLYHQ E\ WKH ORQH SDLU RQ WKH FDUERQ
DWRP, ZKLFK DOORZV WR FRRUGLQDWH LQ D OLQHDU IDVKLRQ YLD ͗-ERQG GRQDWLRQ WR PHWDOV. %DVHG RQ WKHVH
FKDUDFWHULVWLFV WKH LVRF\DQLGH VHHPV WR KDYH D SDUWLFXODU KLJK DIILQLW\ WR FRSSHU, VLOYHU DQG JROG,
ZKLOH LQFUHDVLQJ LQ WKH OLVWHG RUGHU.>2@

7R LQYHVWLJDWH WKH DIILQLW\ RI WKH LVRF\DQLGH WR WKH GLIIHUHQW PHWDOV ZH GHVLJQHG DQG V\QWKHVL]HG D
PDFURF\FOLF ELGHQWDWH GLLVRF\DQLGH OLJDQG. 7KH GLVWDQFH EHWZHHQ WKH LVRF\DQLGHV ZDV RSWLPL]HG
IRU WKH FRPSOH[DWLRQ ZLWK JROG, ZKLOH D FRPSURPLVH ZDV IRXQG ZLWK EXWDGL\QHV DV VSDFLQJ XQLWV.
&RPSOH[DWLRQ ZLWK FRSSHU, VLOYHU DQG JROG ZDV SHUIRUPHG DQG DQDO\]HG YLD 105 DQG ,5
H[SHULPHQWV. 2I SDUWLFXODU LQWHUHVW ZDV WKH DIILQLW\ RI WKH LVRF\DQLGH WRZDUGV JROG(,). )RU WKLV
SXUSRVH, 89-YLV WLWUDWLRQ H[SHULPHQWV ZHUH FDUULHG RXW. 7KHVH VKRZHG, WKDW WKH .D YDOXH ZDV WRR
KLJK WR EH GHWHUPLQHG (!1020).>3@

 

 

0DFURF\FOLF ELGHQWDWH OLJDQG IRU WKH FRPSOH[DWLRQ ZLWK FRSSHU, VLOYHU DQG JROG.

>1@ $OEHUWR 0DVVDURWWL, )UDQFHVFD %UXQHOOL, 6LOYLR $SULOH, 0DULDWHUHVD *LXVWLQLDQR, *LDQ &HVDUH 7URQ, 
&KHPLFDO 5HYLHZV, 2021, 121, 17, 10742-10788.
>2@ /RPEHUWR 0DODWHVWD, 3URJUHVV LQ ,QRUJDQLF &KHPLVWU\, 1959, 1, 283-379.
>3@   &KDUORWWH .UHVV, 0DUFHO 0D\RU, PDQXVFULSW LQ SUHSDUDWLRQ.
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3KRWRLQGXFHG (OHFWURQ-7UDQVIHU 7KURXJK WKH 0HFKDQLFDO %RQG LQ D 6XSUDPROHFXODU
'\DG

6. .XQGX1, &. %. /DUVHQ1*

1'HSDUWPHQW RI ,QRUJDQLF, $QDO\WLFDO DQG $SSOLHG &KHPLVWU\, 30 4XDL (UQHVW-$QVHUPHW, 8QLYHUVLW\
RI *HQHYD, 1211 *HQHYD 4, 6ZLW]HUODQG

3KRWRLQGXFHG (OHFWURQ WUDQVIHU (3(7) KDV EHHQ ZLGHO\ H[SORUHG LQ FRYDOHQWO\ FRQQHFWHG PROHFXODU
PRWLIV, PRVWO\ IRFXVLQJ RQ KRZ YDULRXV EULGJLQJ PRWLIV IDFLOLWDWH 3(7.1 $OWKRXJK UHVHDUFK KDV
SUHGRPLQDQWO\ IRFXVHG RQ 3(7 WKURXJK FRYDOHQW EULGJHV, DQ HPHUJLQJ ILHOG LV WKURXJK-VSDFH 3(7.2
:LWKLQ WKLV IUDPHZRUN, PHFKDQLFDOO\-LQWHUORFNHG PROHFXOHV VXFK DV FDWHQDQHV DQG URWD[DQHV
UHSUHVHQW D SDUWLFXODUO\ LQWHUHVWLQJ VFDIIROG IRU 3(7, GXH WR WKHLU XQLTXH WKUHH-GLPHQVLRQDO WRSRORJ\
DQG G\QDPLF QDWXUH.3

 

'HVSLWH LQWHUHVW LQ 3(7 LQ URWD[DQHV GDWLQJ EDFN WR 6DXYDJH’V RULJLQDO ZRUN LQ WKH ILHOG,4
IXQGDPHQWDO LQVLJKW LQWR 3(7 LQ PHFKDQLFDOO\-LQWHUORFNHG V\VWHPV UHPDLQV XQGHUGHYHORSHG. 7R
DGGUHVV WKLV, KHUHLQ LV SUHVHQWHG D V\VWHPDWLF VSHFWURVFRSLF LQYHVWLJDWLRQ RQ 3(7 WKURXJK WKH
PHFKDQLFDO ERQG, XVLQJ D VXSUDPROHFXODU G\DG FRPSULVHG RI D >5X(ES\)3@2+ SKRWRVHQVLWL]HU DQG D
WULDU\ODPLQH (7$$) GRQRU, VLWXDWHG RQ GLIIHUHQW FRPSRQHQWV RI D >2@URWD[DQH.

>1@ %R $OELQVVRQ, -HUNHU 0§UWHQVVRQ, -. 3KRWRFKHP. 3KRWRELRO. & 3KRWRFKHP. 5HY., 2008, 9,
138-155.
>2@ %. 0. *UDII, '. 1. /DPRQW, 0. ). /. 3DUNHU, %. 3. %ORRP, &. (. 6FKDIPHLVWHU, '. +. :DOGHFN, -.
3K\V. &KHP. $, 2016, 120 (30), 6004–6013.
>3@ $WXOD 6. '. 6DQGDQD\DND, +LVDKLUR 6DVDEH, 7RVKLND]X 7DNDWD, 2VDPX ,WR, -. 3KRWRFKHP.
3KRWRELRO. & 3KRWRFKHP. 5HY., 2010, 11, 73-92.
>4@ -HDQ-&ODXGH &KDPEURQ, 6\OYLH &KDUGRQ-1REODW, $QWKRQ\ +DUULPDQ, 9DO«ULH +HLW], -HDQ-3LHUUH
6DXYDJH, 3XUH $SSO. &KHP., 1993, 65 (11), 2343–2349.
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%LIXQFWLRQDOLVHG 9LWDPLQ %12 'HULYDWLYHV IRU 0HGLFLQDO $SSOLFDWLRQV

3. '. 0HVWL]R1, &. %UHQLJ1, ). =HOGHU1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, :LQWHUWKXUHUVWUDVVH 190, &+-8057 =XULFK,
6ZLW]HUODQG

$QWLPHWDEROLWHV DQG DQWLYLWDPLQV DUH PROHFXOHV WKDW GLPLQLVK RU DEROLVK WKH VSHFLILF PHWDEROLF
IXQFWLRQV RI YLWDPLQV.>1@ ,Q WKH FDVH RI YLWDPLQ %12, GHVLJQLQJ DQ DQWLPHWDEROLWH WKDW LQKLELWV
%12-GHSHQGHQW PHWDEROLVP E\ FRPSHWLWLYH ELQGLQJ LV D FKDOOHQJLQJ WDVN.>2@ ,Q WKH =HOGHU JURXS, ZH
KDYH VHW RXW WR H[SORUH QRYHO URXWHV WRZDUGV ELIXQFWLRQDOLVHG %12 DQWLPHWDEROLWHV E\ FRPELQLQJ
FKHPLFDO PRGLILFDWLRQV RI WKH FRUULQ VFDIIROG DQG WKH XSSHU (͆-) D[LDO OLJDQG WR GHVLJQ WKH PRVW
SRZHUIXO DQWLYLWDPLQV DJDLQVW VSHFLILF ELRORJLFDO WDUJHWV, QDPHO\ EDFWHULD DQG FDQFHU FHOOV.>2,3@

,Q WKH SRVWHU, ZH SUHVHQW D VXEVWDQFH OLEUDU\ RI ELIXQFWLRQDOLVHG FREDODPLQ GHULYDWLYHV DV
SURPLVLQJ QHZ DQWLEDFWHULDO DJHQWV.>4@ ,W LV GHPRQVWUDWHG WKDW WKH XSSHU (͆-) D[LDO RUJDQRPHWDOOLF
OLJDQG FRQWUROV WKH DQWLPHWDEROLF HIIHFW. 6RPH RI WKH GHULYDWLYHV GR QRW RQO\ UHSUHVHQW SRZHUIXO
“DQWLYLWDPLQV %12”, EXW DOVR DOORZ IRU IXUWKHU IXQFWLRQDOL]DWLRQ. :LWK VXFK WRROV LQ KDQG, IXUWKHU
SURJUHVV LQ YLWDPLQ %12 FKHPLVWU\ WR XWLOL]H %12 GHULYDWLYHV DV DQWLELRWLF DQG DQWLSUROLIHUDWLYH DJHQWV
LQ UHDO-OLYH DSSOLFDWLRQV EHFRPHV IRUHVHHDEOH.

>1@ -. &. 6RPRJ\L DQG .. 7UDXWQHU LQ 9LWDPLQH, 9RO. 3, 7KLHPH, 6WXWWJDUW, 1974, SS. 10–138.
>2@ ). =HOGHU, 0. 6RQQD\ DQG /. 3ULHWR, &KHPELRFKHP, 2015, 16, 1264–1278.
>3@ %. .U¦XWOHU, (XU. -. &KHP., 2015, 21, 11280–11287.
>4@ &. %UHQLJ, 3. '. 0HVWL]R, ). =HOGHU, VXEPLWWHG.
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7KH GHYHORSPHQW RI QHZ OXPLQHVFHQW 02)V IRU PROHFXODU GHWHFWLRQ.

). 2VZDOG1, $. .DVWUDWL1, -. +DQNDFKH1, .. 0. )URPP1*

18QLYHUVLW\ RI )ULERXUJ, 'HSDUWHPHQW RI &KHPLVWU\, 9 FKHPLQ GX 0XV«H, 1700 )ULERXUJ, 6ZLW]HUODQG

0HWDO-RUJDQLF IUDPHZRUNV (02)V) DUH D IDVFLQDWLQJ FODVV RI K\EULG RUJDQLF-LQRUJDQLF SRURXV
FU\VWDOOLQH QDQRPDWHULDOV EXLOW IURP PHWDO-LRQV DQG RUJDQLF EULGJLQJ OLJDQGV >1@. $PRQJ WKH
DSSOLFDWLRQV RI 02)V LQ GLIIHUHQW SURPLQHQW ILHOGV >2@, WKH VHQVLQJ DQG GHWHFWLQJ RI VSHFLILF WDUJHW
FRPSRQHQWV, LQFOXGLQJ WR[LF DQG DURPDWLF FRPSRXQGV, YRODWLOH RUJDQLF FRPSRXQGV (92&),
SHVWLFLGHV DQG H[SORVLYHV, KDYH DWWUDFWHG RXU DWWHQWLRQ. ,Q RXU JURXS, H[WHQVLYH UHVHDUFK RYHU WKH
SDVW IHZ \HDUV KDV IRFXVHG RQ WKH GHVLJQ, V\QWKHVLV, DQG LQYHVWLJDWLRQ RI D QHZ FODVV RI
DQWKUDFHQH-EDVHG 02)V. 0RGLILFDWLRQ RI GLIIHUHQW SDUDPHWHUV RI WKHVH FRPSRXQGV UHYHDOHG WKHP
WR YHU\ SURPLVLQJ FDQGLGDWHV IRU WKH PROHFXODU GHWHFWLRQ RI DQDO\WHV GXH WR FKDQJHV LQ WKHLU
RSWLFDO SURSHUWLHV WKURXJK KRVW-JXHVW LQWHUDFWLRQV.

>1@ +RQJB&DL =KRX, 2PDU <DJKL, &KHPLFDO 5HYLHZV, 2012, 112, 2, 673-674.
>2@ 5\DQ .XSSOHU, +RQJB&DL =KRX, &RRUGLQDWLRQ &KHPLVWU\ 5HYLHZV, 2009, 253, 23, 3042-3066.
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$QWL-&DQFHU $FWLYLW\ RI 3RO\R[RPHWDODWHV DQG WKHLU 1DQRFRPSRVLWHV

-. 3DUULV1, *. :LSU¦FKWLJHU1, 5. +RRVKPDQGDEEDVL2, *. 3DW]NH1*, &. 0DDNH2*

18QLYHUVLW\ RI =¾ULFK, 'HSDUWPHQW RI &KHPLVWU\, 28QLYHUVLW\ RI =¾ULFK, ,QVWLWXWH RI $QDWRP\

7KH PHGLFLQDO DSSOLFDWLRQV RI SRO\R[RPHWDODWHV (320V) KDYH ORQJ EHHQ LQYHVWLJDWHG. 0RUH UHFHQWO\
RUJDQLF PRGLILFDWLRQ DQG HQFDSVXODWLRQ RI 320V KDYH EHHQ IRXQG WR HQKDQFH WKH 320V’ DFWLYLW\
DQG VHOHFWLYLW\ WRZDUGV PDOLJQDQW RU LQIHFWHG/IRUHLJQ FHOOV. ,Q WKLV ZRUN, ZH LQYHVWLJDWH WKH
DQWLFDQFHU DFWLYLW\ RI SRO\R[RWXQJVWDWHV, ZLWK WKH DLP RI GHWHUPLQLQJ ZKLFK IHDWXUHV RI WKH 320
DUH ELRORJLFDOO\ DFWLYH DQG WKH WDUJHWV RI WKHVH IHDWXUHV, VR WKDW WKH 320’V VWUXFWXUH FDQ EH
PRGLILHG V\VWHPDWLFDOO\ WR RSWLPL]H WKH WUHDWPHQW. )RU WKLV, ZH XVH WKH DQWL-YLUDO 320
>&R4(+22)2(3:9234)2@10− DV D PRGHO.

0RUHRYHU, ZH HQFDSVXODWH WKH 320 ZLWK D ELRFRPSDWLEOH SRO\PHU, FDUER[\PHWK\O FKLWRVDQ (&0&).
7KURXJK LRQRWURSLF JHODWLRQ, ZH FDQ IRUP QDQRSDUWLFOHV UDQJLQJ IURP 100 WR 200 QP LQ GLDPHWHU.
7KH SRO\PHU KDV EHHQ FKRVHQ DV LW LV PLQLPDOO\ F\WRWR[LF DQG, LQ VRPH LQVWDQFHV, FDQ HQKDQFH WKH
FHOOXODU XSWDNH RI GUXJV ZKHQ LW LV HPSOR\HG DV D GUXJ FDUULHU. :H DLP WR XQGHUVWDQG KRZ WKH
SRO\R[RPHWDODWH LQWHUDFWV ZLWK WKH SRO\PHU DQG WR XQFRYHU KRZ WKH HQWUDSPHQW LQ &0& PRGLILHV
WKH 320V ELRDFWLYLW\.
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7KH FKHPLVWU\ RI &X31 DQG &X33G1 QDQRFU\VWDOV

0. 3DUYL]LDQ1, $. 'XU¢Q %DOVD1, 5. 3RNUDWDWK1, &. .DOKD2, 6. /HH3, '. 9DQ GHQ (\QGHQ1, 0. ,E£³H]3, $.
5HJRXW]2, -. 'H 5RR1*

18QLYHUVLW\ RI %DVHO, 28QLYHUVLW\ &ROOHJH /RQGRQ, 3,67 $XVWULD

&X31 DQG &X33G1 QDQRFU\VWDOV DUH DWWUDFWLYH PDWHULDOV ZLWK QXPHURXV DSSOLFDWLRQV UDQJLQJ IURP
RSWRHOHFWURQLFV WR FDWDO\VLV. +RZHYHU, WKHLU FKHPLFDO IRUPDWLRQ PHFKDQLVP DQG VXUIDFH FKHPLVWU\
DUH XQNQRZQ RU FRQWHVWHG. ,Q WKLV ZRUN, ZH ILUVW RSWLPL]H WKH V\QWKHVLV DQG SXULILFDWLRQ WR \LHOG
SKDVH SXUH, FROORLGDO VWDEOH &X31 DQG &X33G1 QDQRFXEHV. 6HFRQG, ZH HOXFLGDWH WKH SUHFXUVRU
FRQYHUVLRQ PHFKDQLVP WKDW OHDGV WR WKH IRUPDWLRQ RI &X31 IURP FRSSHU(,,) QLWUDWH DQG ROH\ODPLQH.
:H ILQG WKDW ROH\ODPLQH LV ERWK WKH UHGXFWDQW DQG QLWURJHQ VRXUFH. 2OH\ODPLQH LV R[LGL]HG WR D
SULPDU\ DOGLPLQH DQG WKH ODWWHU UHDFWV IXUWKHU ZLWK ROH\ODPLQH WR D VHFRQGDU\ DOGLPLQH, HOLPLQDWLQJ
DPPRQLD. $PPRQLD UHDFWV ZLWK &X(,) WR IRUP &X31. 7KLUG, ZH LQYHVWLJDWHG WKH VXUIDFH FKHPLVWU\ RI
WKH QDQRFU\VWDOV XVLQJ VROXWLRQ 105 VSHFWURVFRS\ DQG ;-UD\ SKRWRHOHFWURQ VSHFWURVFRS\ (;36). :H
ILQG D PL[HG OLJDQG VKHOO RI DOLSKDWLF DPLQHV DQG FDUER[\ODWHV. 7KH FDUER[\ODWH LV SURGXFHG LQ VLWX
GXULQJ WKH V\QWKHVLV. :KLOH WKH FDUER[\ODWHV DSSHDU WLJKWO\ ERXQG, WKH DPLQHV DUH HDVLO\ GHVRUEHG
IURP WKH VXUIDFH. )LQDOO\, ZH DQDO\]H WKH RSWRHOHFWURQLF SURSHUWLHV E\ 89-9LV DQG ;36. 'RSLQJ ZLWK
SDOODGLXP GHFUHDVHV WKH EDQGJDS DQG WKH PDWHULDO EHFRPHV VHPL-PHWDOOLF. 7KHVH UHVXOWV EULQJ
LQVLJKW LQWR WKH FKHPLVWU\ RI PHWDO QLWULGHV DQG ZLOO KHOS WKH GHYHORSPHQW RI RWKHU PHWDO QLWULGH
QDQRFU\VWDOV.

0. 3DUYL]LDQ, $. 'XUDQ %DOVD, 5. 3RNUDWDWK, &. .DOKD, 6. /HH, '. 9DQ GHQ (\QGHQ, 0. ,EDQH], $.
5HJRXW], -. 'H 5RR, &KHP5[LY, 2022.
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0HFKDQLVWLF LQVLJKWV LQWR PXOWL-SKRWRQ GULYHQ SKRWRFDWDO\VLV DQG LWV DSSOLFDWLRQ IRU
FKDOOHQJLQJ UHGR[ FDWDO\VLV

%. 3IXQG1, '. 6FKDDG1, 2. 6. :HQJHU1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, 6W. -RKDQQV-5LQJ 19, 4056 %DVHO, 6ZLW]HUODQG

3KRWRUHGR[ FDWDO\VLV KDV OHG WR VLJQLILFDQW SURJUHVV LQ RUJDQLF V\QWKHVLV E\ XVLQJ YLVLEOH OLJKW IRU
WKH PLOG DFWLYDWLRQ RI VPDOO PROHFXOHV EXW KDV DQ LQWULQVLF HQHUJHWLF OLPLWDWLRQ RI 3.1 H9,
FRUUHVSRQGLQJ WR WKH HQHUJ\ RI EOXH SKRWRQV. $V D UHVXOW, FKDOOHQJLQJ FKHPLFDO WUDQVIRUPDWLRQV
FDQQRW EH LQLWLDWHG ZLWK D VLQJOH YLVLEOH SKRWRQ DQG ELSKRWRQLF H[FLWDWLRQ LV QHHGHG, ZKHUHE\ WKH
HQHUJ\ RI WZR SKRWRQV LV FRPELQHG WR RYHUFRPH WKH LQWULQVLF OLPLWDWLRQ.>1, 2@ +RZHYHU, HOXFLGDWLRQV
RI VXFK PXOWL-SKRWRQ PHFKDQLVPV LQ FRPSOH[ SKRWRFDWDO\WLF V\VWHPV DUH UDUH EXW HVVHQWLDO IRU WKH
GHYHORSPHQW RI WKH JURZLQJ ILHOG RI ELSKRWRQLF FDWDO\VLV.>2-4@ +HUH ZH UHSRUW D ELSKRWRQLF
PHFKDQLVP, PLPLFNLQJ WKH SKRWRV\VWHP , DQG ,,, ZKHUH WZR GLIIHUHQW OLJKW-DEVRUEHUV DUH FRPELQHG
OHDGLQJ WR DQ H[WUHPHO\ VWURQJ UHGXFWDQW, \HW XVLQJ RQO\ YLVLEOH SKRWRQV, DEOH WR GHKDORJHQDWH DQG
GHWRV\ODWH FKDOOHQJLQJ VXEVWUDWHV LQ WKH SUHVHQFH RI VXLWDEOH HOHFWURQ GRQRUV. 7KH LQYHVWLJDWHG
PHFKDQLVP LQYROYHV DQ HOHFWURQ WUDQVIHU ZKHUH DQ LULGLXP(,,,) VHQVLWL]HU DEVRUEV WKH ILUVW SKRWRQ
DQG WUDQVIHUV RQH HOHFWURQ WR D WHUSKHQ\O-EDVHG UHGR[ FDWDO\VW IRUPLQJ DQ HQHUJ\-ULFK UDGLFDO
DQLRQ WKDW FDQ EH H[FLWHG ZLWK D VHFRQG SKRWRQ IRUPLQJ D YHU\ UHDFWLYH VSHFLHV. 8VLQJ WLPH-
UHVROYHG VSHFWURVFRS\ ZH ZHUH DEOH WR LQYHVWLJDWH HDFK VWHS RI WKH SURSRVHG PHFKDQLVP LQFOXGLQJ
WZR-SXOVH H[SHULPHQWV, ZKHUH WKH GHSOHWLRQ RI WKH WHUSKHQ\O-EDVHG UDGLFDO DQLRQ FRXOG EH
REVHUYHG XSRQ WKH VHFRQG ODVHU SXOVH.

>1@ ,QGUDMLW *KRVK, 7DPDO *KRVK, -DYLHU ,. %DUGDJL, %XUNKDUG .¸QLJ, 6FLHQFH, 2014, 346, 725-728.
>2@ %M¸UQ 3IXQG, 'HERUD 0. 6WHIIHQ, 0LUMDP 5. 6FKUHLHU, 0DULD-6RSKLH %HUWUDPV, &KHQ <H, .DUO
%¸UMHVVRQ, 2OLYHU 6. :HQJHU, &KULVWRSK .HU]LJ, -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\, 2020,
142, 23, 10468–10476.
>3@ 0DULDQQD 0DUFKLQL, *LDFRPR %HUJDPLQL, 3LHU *. &R]]L, 3DROD &HURQL, 9LQFHQ]R %DO]DQL,
$QJHZDQGWH &KHPLH, 2017, 56, 12820-12821.
>4@ 0D[ 6. &ROHV, *LQD 4XDFK, -RQDWKRQ (. %HYHV, (YDQ *. 0RRUH, $QJHZDQGWH &KHPLH, 2020, 59,
9522-9526.
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0HFKDQLVWLF ,QVLJKW LQWR WKH 3UHFXUVRU &KHPLVWU\ RI =U22 DQG +I22 1DQRFU\VWDOV;
WRZDUGV 6L]H-7XQDEOH 6\QWKHVHV

5. 3RNUDWDWK1, '. 9DQ GHQ (\QGHQ1, 6. 5. &RRSHU2, -. .. 0DWKLHVHQ2, 9. :DVHU1, 0. 'HYHUHX[1, 6.
%LOOLQJH3,4, 0. 0HXZO\1, .. -HQVHQ2, -. 'H 5RR1

18QLYHUVLW\ RI %DVHO, 28QLYHUVLW\ RI &RSHQKDJHQ, 3&ROXPELD 8QLYHUVLW\, 4%URRNKDYHQ 1DWLRQDO
/DERUDWRU\

2QH FDQ QRZDGD\V UHDGLO\ JHQHUDWH PRQRGLVSHUVH FROORLGDO QDQRFU\VWDOV, EXW D UHWURV\QWKHWLF
DQDO\VLV LV VWLOO QRW SRVVLEOH VLQFH WKH XQGHUO\LQJ FKHPLVWU\ LV RIWHQ SRRUO\ XQGHUVWRRG. +HUH, ZH
SURYLGH LQVLJKW LQWR WKH UHDFWLRQ PHFKDQLVP RI FROORLGDO ]LUFRQLD DQG KDIQLD QDQRFU\VWDOV
V\QWKHVL]HG IURP PHWDO FKORULGH DQG PHWDO LVRSURSR[LGH. :H LGHQWLI\ WKH DFWLYH SUHFXUVRU VSHFLHV
LQ WKH UHDFWLRQ PL[WXUH WKURXJK D FRPELQDWLRQ RI QXFOHDU PDJQHWLF UHVRQDQFH VSHFWURVFRS\ (105),
GHQVLW\ IXQFWLRQDO WKHRU\ (')7) FDOFXODWLRQV, DQG SDLU GLVWULEXWLRQ IXQFWLRQ (3')) DQDO\VLV. :H JDLQ
LQVLJKW LQWR WKH LQWHUDFWLRQ RI WKH VXUIDFWDQW, WUL-Q-RFW\OSKRVSKLQH R[LGH (7232), DQG WKH GLIIHUHQW
SUHFXUVRUV. ,QWHUHVWLQJO\, ZH LGHQWLI\ D SHFXOLDU ;-W\SH OLJDQG UHGLVWULEXWLRQ PHFKDQLVP WKDW FDQ EH
VWHHUHG E\ WKH UHODWLYH DPRXQW RI /HZLV EDVH (/-W\SH). :H IXUWKHU PRQLWRU KRZ WKH UHDFWLRQ
PL[WXUH GHFRPSRVHV XVLQJ VROXWLRQ 105 DQG JDV FKURPDWRJUDSK\, DQG ZH ILQG WKDW =U&O4 LV
IRUPHG DV D E\-SURGXFW RI WKH UHDFWLRQ, OLPLWLQJ WKH UHDFWLRQ \LHOG. 7KH UHDFWLRQ SURFHHGV YLD WZR
FRPSHWLQJ PHFKDQLVPV: (1 HOLPLQDWLRQ (GRPLQDWLQJ) DQG 611 VXEVWLWXWLRQ (PLQRU). 8VLQJ WKLV QHZ
PHFKDQLVWLF LQVLJKW, ZH DGDSWHG WKH V\QWKHVLV WR RSWLPL]H WKH \LHOG DQG JDLQ FRQWURO RYHU
QDQRFU\VWDO VL]H. 7KHVH LQVLJKWV ZLOO DOORZ WKH UDWLRQDO GHVLJQ DQG V\QWKHVLV RI FRPSOH[ R[LGH
QDQRFU\VWDOV.
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1RYHO 5H (,) WULFDUERQ\O FRPSOH[HV RI WKLD]ROKLGUD]LQ\OLGHQH-FKURPDQ-2,4-GLRQHV

). 5DKPDQL1, $. &URFKHW1, ). =REL1*

18QLYHUVLW\ RI )ULERXUJ

5KHQLXP FRPSOH[HV, PRVWO\ H[SORUHG IRU WKHLU DQWL-WXPRU SURSHUWLHV, ZHUH UHFHQWO\ VKRZQ WR
SRVVHVV SURPLVLQJ DQWLEDFWHULDO SURSHUWLHV. $ QHZ VWUDWHJ\ IRU GHVLJQLQJ PHWDO FRPSOH[HV HQWDLOV
XVLQJ OLJDQGV WKDW DOUHDG\ KDYH ELRORJLFDO DFWLYLWLHV. ,Q PHGLFLQDO FKHPLVWU\, VHYHUDO GHULYDWLYHV RI
WKH FRXPDULQ FRUH KDYH DOUHDG\ VKRZQ D ZLGH VSHFWUXP RI SK\VLRORJLFDO DQG SKDUPDFRORJLFDO
DFWLYLWLHV. %DVHG RQ WKDW, D SUHYLRXV VWXG\ LQ RXU JURXS HYDOXDWHG D VHULHV RI DU\OFRXPDULQ RI IDF
->5H(,)(&2)3@ FRPSOH[HV IRU WKHLU DQWLPLFURELDO DFWLYLWLHV.>1@ 6RPH RI WKHVH VSHFLHV VKRZHG
UHPDUNDEOH DQWLPLFURELDO DFWLYLW\ DJDLQVW PHWKLFLOOLQ-UHVLVWDQW 6. DXUHXV (056$) ZLWK 0,& YDOXHV LQ
YLYR DV ORZ DV 350 QJ/P/ ()LJ 1, OHIW). 7KLV HQFRXUDJHG XV WR H[SORUH WKH V\QWKHVLV RI QHZ
FRPSOH[HV RI FRXPDULQ. ,Q SDUWLFXODU, GHULYDWLYHV RI WKLD]ROKLGUD]LQ\OLGHQH-FKURPDQ-2,4-GLRQHV DQG
WKHLU FRUUHVSRQGLQJ ELGHQWDWH DQG PRQRGHQWDWH IDF->5H(,)(&2)3@ FRPSOH[HV ZHUH SUHSDUHG ()LJ 1,
ULJKW).

 

)LJ.1 /HIW. (IIHFW RI DU\OFRXPDULQ IDF->5H(,)(&2)3@ FRPSOH[HV LQ HIILFLHQWO\ UHVFXLQJ ]HEUDILVK
HPEU\RV RI WKH OHWKDO 056$-LQIHFWLRQ. 5LJKW. 1HZ ELGHQWDWH DQG PRQRGHQWDWH IDF->5H(,)(&2)3@
WKLD]ROKLGUD]LQ\OLGHQH-FKURPDQ-2,4-GLRQH VSHFLHV SUHSDUHG LQ WKLV VWXG\.

>1@ 6DUD 1DVLUL 6RYDUL, 6DQGUD 9RMQRYLF, 6DQMD 6NDUR %RJRMHYLF, $XUHOLHQ &URFKHW, $OHNVDQGDU 3DYLF,
-DVPLQD 1LNRGLQRYLF-5XQLF, )DELR =REL, (XURSHDQ -RXUQDO RI 0HGLFLQDO &KHPLVWU\, 2020, 205,
112533-112548.
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(OHFWURQLFDOO\ IOH[LEOH S\ULG\O-S\ULG\OLGHQH DPLGH OLJDQGV IRU SDOODGLXP-FDWDO\]HG ͅ-
DU\ODWLRQ RI NHWRQHV

(. 5HXVVHU1, 0. $OEUHFKW1*

1'HSDUWHPHQW I¾U &KHPLH, %LRFKHPLH & 3KDUPD]LH - 8QLYHUVLW¦W %HUQ, )UHLHVWUDVVH 3, 3012 %HUQ

(OHFWURQLFDOO\ IOH[LEOH OLJDQGV VXFK DV S\ULG\OLGHQHDPLGHV (3<$V, VHH )LJXUH 1) FDQ YDU\ WKHLU
GHJUHH RI GRQRU DELOLW\ DQG PD\ VWDELOL]H VHYHUDO LQWHUPHGLDWHV RI WKH FDWDO\WLF F\FOH.>1@ 7KLV OLJDQG
IOH[LELOLW\ LV D KLJKO\ GHVLUDEOH IHDWXUH LQ D SURFHVV VXFK DV FURVV-FRXSOLQJ ZKHUH GLIIHUHQW R[LGDWLRQ
VWDWHV DUH LQYROYHG GXULQJ WKH FDWDO\WLF F\FOH>2@. ,Q WKHLU ]ZLWWHULRQLF IRUP, WKHVH OLJDQGV H[KLELW
VWURQJ GRQDWLQJ SURSHUWLHV WKDW IDFLOLWDWHV R[LGDWLYH DGGLWLRQV RQ WKH FRRUGLQDWHG PHWDO FHQWHU.
)XUWKHUPRUH, WKHLU HDVH RI SURGXFWLRQ, ORZ-FRVW V\QWKHVLV DQG KLJK WXQDELOLW\ PDNH WKHP HIILFLHQW
DOWHUQDWLYHV WR FDUEHQHV DQG SKRVSKLQHV. +HUH ZH LQWURGXFH GLIIHUHQW S\ULG\O-3<$ OLJDQGV
FRRUGLQDWHG WR SDOODGLXP(,,), ZKLFK DIIRUG, KLJKO\ DFWLYH DQG UREXVW NHWRQH DOSKD-DU\ODWLRQ
FDWDO\VWV. 7KH KHUHLQ UHSRUWHG 721V DUH XQSUHFHGHQWHG IRU 1-EDVHG OLJDQG IRU VXFK D
WUDQVIRUPDWLRQ>3@.

>1@ 0. 1DYDUUR, /. 0R, +. 0¾OOHU‐%XQ], 6. %HUQKDUG, 0. $OEUHFKW. &KHPLVWU\ $ (XURSHDQ -RXUQDO,
2016, 22(20), 6740-6745.
>2@ 3. '. :. %R\G, /. -. :ULJKW, 0. 1. =DIDU, ,QRUJDQLF &KHPLVWU\, 2011, 50, 10522-10524.
>3@ 3. 1RY£N, 5. 0DUWLQ, &XUUHQW 2UJDQLF &KHPLVWU\, 2011, 15, 3233-3262.
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'HPRQVWUDWLQJ DQG XQUDYHOLQJ D FRQWUROOHG QDQRPHWHU-VFDOH H[SDQVLRQ RI WKH YDFDQF\
GHIHFWV LQ JUDSKHQH E\ &22

0. 5H]DHL1, /. ). 9LOODORERV1, .. 9. $JUDZDO1*

1/DERUDWRU\ RI $GYDQFHG 6HSDUDWLRQV (/$6), ,6,&, 6%, (3)/

$ FRQWUROOHG PDQLSXODWLRQ RI JUDSKHQH HGJHV DQG YDFDQFLHV LV GHVLUHG PROHFXODU VHSDUDWLRQ,
VHQVLQJ DQG HOHFWURQLFV DSSOLFDWLRQV. 8QIRUWXQDWHO\, DYDLODEOH HWFKLQJ PHWKRGV DOZD\V OHDG WR
YDFDQF\ QXFOHDWLRQ PDNLQJ LW FKDOOHQJLQJ WR FRQWURO HWFKLQJ >1@. +HUHLQ, ZH UHSRUW &22-OHG
FRQWUROOHG HWFKLQJ GRZQ WR 2 – 3 Å SHU PLQXWH ZKLOH FRPSOHWHO\ DYRLGLQJ YDFDQF\ QXFOHDWLRQ. 7KLV
PDNHV &22 D XQLTXH HWFKDQW IRU GHFRXSOLQJ SRUH QXFOHDWLRQ DQG H[SDQVLRQ. 7KH WKHRUHWLFDO
OLWHUDWXUH SUHGLFWV WKDW &22 VKRXOG QRW QXFOHDWH SRUHV LQ JUDSKHQH EHFDXVH RI DQ H[WUHPHO\ KLJK
HQHUJ\ EDUULHU IRU LWV FKHPLVRUSWLRQ RQ WKH EDVDO SODQH RI JUDSKHQH >2@. 7KLV V\VWHPDWLF SRUH
H[SDQVLRQ VWXG\, WUDFNLQJ WKH GHQVLW\ RI H[SDQGHG SRUHV DV D IXQFWLRQ RI HWFKLQJ FRQGLWLRQ, QRW
RQO\ FRQILUPV WKH WKHRUHWLFDO SUHGLFWLRQ EXW DOVR UHYHDOV WKDW RQO\ YDFDQF\ GHIHFWV ODUJHU WKDQ 0.30
QP FDQ EH H[SDQGHG E\ &22 >3@. 6R IDU, WKH HQHUJHWLFV IRU &22 OHG HWFKLQJ RI JUDSKHQH HGJHV ZHUH
RQO\ VWXGLHG E\ FRPSXWDWLRQDO FDOFXODWLRQV DQG QR H[SHULPHQWDO GDWD ZDV DYDLODEOH. 7KLV VWXG\, IRU
WKH ILUVW WLPH, YDOLGDWHV WKDW &22 H[SDQGV JUDSKHQH HGJHV ZLWK DQ HQHUJ\ EDUULHU LV 2.7 H9, FORVH
WR WKDW SUHGLFWHG IRU WKH GLVVRFLDWLYH FKHPLVRUSWLRQ RI &22 RQ WKH ]LJ]DJ HGJHV. 

:H GHPRQVWUDWH WKH SUHVHQFH RI DQ DGGLWLRQDO FRQILJXUDWLRQDO HQHUJ\ EDUULHU IRU QDQRPHWHU-VL]HG
YDFDQFLHV UHVXOWLQJ LQ D VLJQLILFDQWO\ VORZHU UDWH RI H[SDQVLRQ. )LQDOO\, &22 HWFKLQJ LV DSSOLHG WR
PDS WKH ORFDWLRQ RI WKH LQWULQVLF YDFDQFLHV LQ WKH SRO\FU\VWDOOLQH JUDSKHQH ILOP ZKHUH ZH VKRZ WKDW
WKH LQWULQVLF YDFDQF\ GHIHFWV PDQLIHVW PDLQO\ DV JUDLQ ERXQGDU\ GHIHFWV ZKHUH LQWUDJUDLQ GHIHFWV
IURP R[LGDWLYH HWFKLQJ FRQVWLWXWH D PLQRU SRSXODWLRQ. 7KHVH UHVXOWV SUHVHQW D QRYHO WRRO IRU WKH
PDQLSXODWLRQ RI YDFDQF\ GHIHFWV LQ JUDSKHQH ZLWK DQ DGGHG DGYDQWDJH RI KLJKO\ FRQWUROOHG VL]H
PDQLSXODWLRQ GHFRXSOLQJ SRUH QXFOHDWLRQ IURP SRUH H[SDQVLRQ. 7KLV ZLOO LQVSLUH DQG DLG IXWXUH
VWXGLHV DLPLQJ WR WXQH WKH 36' LQ JUDSKHQH IRU PROHFXODU VHSDUDWLRQ DQG VHQVLQJ VWXGLHV. ,W ZLOO
DOVR DLG HIIRUWV WR PDQLSXODWH WKH ZLGWK RI JUDSKHQH QDQRULEERQV WR FRQWURO WKHLU HOHFWURQLF
SURSHUWLHV. )LQDOO\, &22 HWFKLQJ ZLOO DOVR ILQG DSSOLFDWLRQ LQ WKH PDSSLQJ RI WKH LQWULQVLF YDFDQF\
GHIHFW ZLWK UHVSHFW WR JUDLQ ERXQGDULHV, D PHWKRG ZKLFK FDQ EH H[WUHPHO\ XVHIXO IRU UHVHDUFKHUV
ORRNLQJ WR FRQWURO RU PDQLSXODWH WKH LQWULQVLF GHIHFWV.

>1@ 6. /L, 0.7. 9DKGDW, 6. +XDQJ, ..-. +VX, 0. 5H]DHL, 1. 0DU]DUL, ..9. $JUDZDO, -$&6 $X, 2022,
2, 723-730
>2@ './. %LHGHUPDQ, $.-. 0LOHV, ).-. 9DVWROD, 3./. :DONHU, &DUERQ, 1976, 14, 351-356
>3@ 0. 5H]DHL, /.). 9LOODORERV, ..-. +VX, ..9. $JUDZDO, $QJHZ. &KHP. ,QW. (G., 2022, 61, H202200321
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1RYHO PDQJDQHVH FRPSOH[HV ZLWK SKHQRODWH-VXEVWLWXWHG 1+& OLJDQGV: FDWDO\WLF
DSSOLFDWLRQ LQ WKH R[LGDWLRQ RI RUJDQLF FRPSRXQGV

*. 5LJRQL1, 3. 1\OXQG1, 0. $OEUHFKW1*

1'HSDUWPHQW RI &KHPLVWU\, %LRFKHPLVWU\ DQG 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI %HUQ,
&+-3012 %HUQ, 6ZLW]HUODQG

2[LGDWLRQ FKHPLVWU\ NHHSV SOD\LQJ D FULWLFDO UROH LQ RUJDQLF V\QWKHVLV IRU WKH SURGXFWLRQ RI
SKDUPDFHXWLFDOV DQG YDOXH-DGGHG SURGXFWV, VXFK DV IUDJUDQFHV. &DWDO\WLF DSSURDFKHV DUH PRUH
DWWUDFWLYH WKDQ VWRLFKLRPHWULF SURFHVVHV ZLWK KD]DUGRXV LQRUJDQLF R[LGDQWV, DV ZHOO DV WKH
UHSODFHPHQW RI QREOH PHWDOV FXUUHQWO\ HPSOR\HG LQ LQGXVWU\ ZLWK HDUWK DEXQGDQW PHWDOV VXFK DV
0Q ZRXOG EH VLJQLILFDQWO\ FRQYHQLHQW.

2XU JURXS UHFHQWO\ V\QWKHVL]HG D QHZ FODVV RI 1,2,3-WULD]RO\OLGHQH OLJDQGV EHDULQJ SKHQRODWH
PRLHWLHV DQG WKHLU FRUUHVSRQGLQJ 1L DQG )H FRPSOH[HV ZHUH IRXQG SURPLVLQJ IRU VHYHUDO FDWDO\WLF
DSSOLFDWLRQV.1,2 :H GHFLGHG WR HYDOXDWH WKH DFWLYLW\ RI WKH 0Q DQDORJXHV LQ WKH R[LGDWLRQ RI
VHOHFWHG VXEVWUDWHV, ZKLFK FRXOG EHQHILW IURP WKH HOHFWURQLF IOH[LELOLW\ RI WKH PHVRLRQLF FDUEHQH
IUDJPHQW.3 ,Q WKLV ZRUN, ZH VKRZ WKDW D KLJK-YDOHQW 0Q/1+& V\VWHP HIILFLHQWO\ FDWDO\VHV WKH
R[LGDWLRQ RI VHFRQGDU\ DOFRKROV DQG ZLOO GLVFXVV WKH HIIHFWV RI VWUXFWXUDO DQG HOHFWURQLF OLJDQG
YDULDWLRQV.

>1@ %HUWLQL, 6.; 5DKDPDQ, 0.; 'XWWD, $.; 6FKROOKDPPHU, 3.; 5XGQHY, $. 9.; *ORDJXHQ, ).;
%URHNPDQQ, 3.; $OEUHFKW, 0. *UHHQ &KHP. 2021, 23, 3365–3373.
>2@ 6WURHN, :.; .HLOZHUWK, 0.; 3LYLGRUL, '. 0.; 0H\HU, ..; $OEUHFKW, 0. -. $P. &KHP. 6RF. 2021,
143, 20157–20165.
>3@ 3LQWR, 0. ).; 2OLYDUHV, 0.; 9LYDQFRV, Á.; *XLVDGR-%DUULRV, *.; $OEUHFKW, 0.; 5R\R, %. &DWDO.
6FL. 7HFKQRO. 2019, 9, 2421–2425.
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0DWXUDUEHLW: 7RZDUGV D FRSSHU-$]RSKOR[LQH LQRUJDQLF FRPSOH[ IRU WKH VHOHFWLYH QDNHG-
H\H GHWHFWLRQ RI S\URSKRVSKDWH LQ ZDWHU

7. 5RVVHO3,2, $. %LHUL2

18QLYHUVLW\ RI 1HXFK¤WHO, ,QVWLWXWH RI FKHPLVWU\, $YHQXH GH %HOOHYDX[ 51, 2000 1HXFK¤WHO,
6ZLW]HUODQG(&+), 2*\PQDVH IUDQ©DLV GH %LHQQH, 3U« -HDQ-0HXQLHU 1, 2740 0RXWLHU, 6ZLW]HUODQG(&+),

38QLYHUVLW\ RI 1HXFK¤WHO, $YHQXH GH %HOOHYDX[ 51, 2000 1HXFK¤WHO, 6ZLW]HUODQG(&+)

)RU WKH SXUSRVH RI D KLJK VFKRRO WKHVLV, ZH LQYHVWLJDWH ZLWK D VWXGHQW WKH SRVVLELOLW\ RI GHWHFWLQJ
S\URSKRVSKDWH ZLWK DQ LQGLFDWRU GLVSODFHPHQW DVVD\ XVLQJ D FRSSHU-EDVHG LQRUJDQLF FRPSOH[. 2XU
UHVXOWV LQGLFDWH WKDW UHDO UHVHDUFK ZLWK VRFLDOO\ UHOHYDQW UHVXOWV FDQ EH FRQGXFWHG DW KLJK VFKRRO
XVLQJ YHU\ PRGHVW UHVRXUFHV. >1@

>1@ $ULD %LHUL, 7KLEDXG 5RVVHO, &KLPLD, 2022, 76, 368.
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,QLWLDWLRQ RI 0HWK\OWULR[RUKHQLXP E\ &–+ $FWLYDWLRQ LQ +RPRJHQHRXV 2OHILQ 0HWDWKHVLV
&DWDO\VWV

<. 6W¸IHUOH1, 3. &KHQ1*

1(7+ =¾ULFK

2OHILQ PHWDWKHVLV FDQ EH SHUIRUPHG LQ KRPRJHQHRXV RU KHWHURJHQHRXV IDVKLRQ, PRVWO\ HPSOR\LQJ
5X, 0R, :, RU 5H FDWDO\VWV. )RU WKH ODWWHU, PHWK\OWULR[RUKHQLXP (072) VXSSRUWHG RQ DOXPLQD LV D
IDLUO\ ZHOO VWXGLHG V\VWHP >1@. 7KH LQLWLDWLRQ RI 072/$O223 WR IRUP WKH PHWDWKHVLV DFWLYH DON\OLGHQH LV
SURSRVHG WR SURFHHG YLD &–+ DFWLYDWLRQ RI WKH 072 PHWK\O JURXS. 7KLV FDQ WDNH SODFH HLWKHU DW D
EDVLF VLWH RQ WKH VXSSRUW >1-3@ RU E\ WDXWRPHUL]DWLRQ RI WKH VXUIDFH-FRRUGLQDWHG 072 >4@. 0HFKDQLVWLF
VWXGLHV RI KHWHURJHQHRXV FDWDO\WLF UHDFWLRQV DUH RIWHQ LPSDLUHG E\ WKH IDFW WKDW WKH VXUIDFH
VSHFLHV DUH LOO-GHILQHG, DQG WKXV KDUG WR LQYHVWLJDWH. :H WKHUHIRUH VRXJKW WR GHVLJQ KRPRJHQHRXV
PRGHO V\VWHPV, ZKLFK HQDEOH XV WR VWXG\ WKH &–+ DFWLYDWLRQ RI 072 XQGHU PHWDWKHVLV FRQGLWLRQV.

:H ORRNHG DW WZR PRGHO FDWDO\VWV: ,) D WUL-FRPSRQHQW FDWDO\VW FRQVLVWLQJ RI D IUXVWUDWHG /HZLV SDLU
()/3) / 072; DQG ,,) D WULPHWDOOLF PHWK\O DOXPLQXP SKHQR[LGH FRPSOH[ / 072. 7KH ILUVW RQH LV
LQVSLUHG E\ VPDOO PROHFXOH DFWLYDWLRQ FKHPLVWU\ ZLWK )/3V, ZKLOH WKH VHFRQG RQH LV VXSSRVHG WR
PLPLF DQ DOXPLQD VXUIDFH RQ D PROHFXODU OHYHO. 105 VWXGLHV XVLQJ LVRWRSLFDOO\ ODEHOHG 072 JDYH
LQVLJKW LQWR WKH DFWLYDWLRQ RI WKH 072 PHWK\O JURXS E\ GHSURWRQDWLRQ. 7UDFNLQJ FDWDO\VW
GHFRPSRVLWLRQ DQG PHWDWKHVLV LQLWLDWLRQ SURGXFWV DOORZHG IRU LQGLUHFW HYLGHQFH RQ WKH LQLWLDO DFWLYH
VSHFLHV. 7KHVH H[SHULPHQWV VXJJHVW WKDW WKH LQLWLDOO\ IRUPHG DON\OLGHQH LV LQGHHG D UKHQLXP
PHWK\OLGHQH, ZKLFK RULJLQDWHV IURP WKH 072 PHWK\O JURXS. ,Q DGGLWLRQ, WKH LQWHUFRQQHFWLRQ RI
WKHVH FRQVHFXWLYH VWHSV LV FRUURERUDWHG E\ NLQHWLF VWXGLHV. 7KH SUHVHQW VWXG\ ZLWK WKH WZR
KRPRJHQHRXV FDWDO\VWV FRPSOHPHQWV WKH ZRUN LQ WKH KHWHURJHQHRXV ILHOG FRQVLVWHQWO\.

>1@          &KULVWRSKH &RS«UHW, 3DYHO =KL]KNR HW DO., &KHP. 6FL., 2021, 12, 3092-3115.
>2@          $ODLQ 6DODPHK, &KULVWRSKH &RS«UHW HW DO., $QJHZ. &KHP. ,QW. (G., 2007, 46, 3870-3873.
>3@          0D[HQFH 9DOOD, 3KLOLSSH 6DXWHW HW DO., -. $P. &KHP. 6RF., 2016, 138, 6774-6785.
>4@          )DQ =KDQJ, 6XVDQQDK 6FRWW HW DO., -. $P. &KHP. 6RF., 2018, 140, 13854-13868.
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7UDQVDFWLQLGH FKHPLVWU\ LQ WKH VXE-VHFRQG UHJLPH XVLQJ YDFXXP DGVRUSWLRQ
FKURPDWRJUDSK\

*. 7LHEHO1,2, 5. 'UHVVOHU1, 5. (LFKOHU1,3, 3. 6WHLQHJJHU1,2

1/DERUDWRU\ RI 5DGLRFKHPLVWU\, 1XFOHDU (QHUJ\ DQG 6DIHW\ 'LYLVLRQ, 3DXO 6FKHUUHU ,QVWLWXWH, 2
/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK,

3'HSDUWPHQW RI &KHPLVWU\, %LRFKHPLVWU\ DQG 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI %HUQ
7KH FKHPLFDO FKDUDFWHUL]DWLRQ RI VXSHUKHDY\ HOHPHQWV (6+(V, =≥104) GHPDQGV IRU IDVW WHFKQLTXHV
DQG LV FRQGXFWHG DW WKH RQH-DWRP-DW-D-WLPH OHYHO. 7KH VWDWH-RI-WKH-DUW DSSURDFK XVHG IRU VXFK
VWXGLHV LV JDV DGVRUSWLRQ FKURPDWRJUDSK\, ZKLFK UHDFKHV LWV OLPLW ZLWK UDGLRQXFOLGHV IHDWXULQJ KDOI-
OLYHV RI !1 V >1@. 7KXV, UDGLRLVRWRSHV RI KHDYLHVW HOHPHQWV EH\RQG IOHURYLXP ()O, = 114) FDQQRW EH
DGGUHVVHG ZLWK WKH FXUUHQWO\ DYDLODEOH DSSURDFK. +RZHYHU, D VXLWDEOH DOWHUQDWLYH LV YDFXXP
DGVRUSWLRQ FKURPDWRJUDSK\, ZKLFK PD\ DOORZ IRU WKH FKDUDFWHUL]DWLRQ RI 6+(V ZLWK UDGLRLVRWRSHV
KDYLQJ KDOI-OLYHV LQ WKH PLOOLVHFRQG UHJLPH >2@.

+HUH, ZH SUHVHQW WKH GHVLJQV RI D YDFXXP DGVRUSWLRQ FKURPDWRJUDSK\ H[SHULPHQW, ZKLFK VHW RXW
WR SURRI WKH H[SHFWHG VKRUW SURFHVVLQJ WLPHV. 7ZR VXEVWDQWLDOO\ GLIIHUHQW GHVLJQV ZHUH FRPSDUHG
XVLQJ 0RQWH &DUOR VLPXODWLRQV. %DVHG RQ WKHVH VLPXODWLRQV, D ILQDO GHVLJQ KDV EHHQ FKRVHQ IRU D
SODQQHG H[SHULPHQW DW WKH &\FORWURQ ,QVWLWXWH RI 7H[DV  $ & 0 8QLYHUVLW\.

>1@ $. 7¾UOHU, 5. (LFKOHU, $. <DNXVKHY, 1XFO. 3K\V. $, 2015, 944, 640-689.
>2@ 3. 6WHLQHJJHU HW DO., -. 3K\V. &KHP. &, 2016, 120, 7122-7132.
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=LUFRQLXP DQG KDIQLXP PHWDO R[R FOXVWHUV DV VPDOOHVW FRQFHLYDEOH QDQRFU\VWDOV; IURP
V\QWKHVLV WR DSSOLFDWLRQ

'. '. 9DQ GHQ (\QGHQ1,2

18QLYHUVLW\ %DVHO, 28QLYHUVLW\ *KHQW

*URXS 4 PHWDO R[R FOXVWHUV >=U624(2+)4(5&22)12@ DUH DQ LQWHUHVWLQJ W\SH RI PDWHULDO ZLWK
DSSOLFDWLRQV LQ 3'-SULQWLQJ, 02)’V DQG FDWDO\VLV.>1-3@ 7KH\ H[LVW DV D GLPHU RU D PRQRPHU,
GHSHQGLQJ RQ WKH OLJDQG XVHG GXULQJ V\QWKHVLV. 7KHVH V\VWHPV DUH RIWHQ UHJDUGHG DV WKH VPDOOHVW
FRQFHLYDEOH QDQRFU\VWDOV VLQFH WKH\ FRQVLVW RI DQ LQRUJDQLF FRUH FDSSHG ZLWK RUJDQLF OLJDQGV,
VLPLODU WR QDQRFU\VWDOV.

'HVSLWH WKH YDVW DPRXQW RI DSSOLFDWLRQV WKHUH LV QR FRQVLVWHQF\ WKURXJKRXW WKH DYDLODEOH
V\QWKHVLV. 2Q WRS RI WKLV, FRPSOHWH FKDUDFWHUL]DWLRQV DUH ODFNLQJ LQ OLWHUDWXUH. ,Q WKH SDVW, FU\VWDO
GLIIUDFWLRQ ZDV WKH PDLQ FKDUDFWHUL]DWLRQ WHFKQLTXH WR REWDLQ VWUXFWXUDO LQIRUPDWLRQ. +RZHYHU,
FU\VWDOOL]LQJ WKHVH FRPSRXQGV EHFRPHV PRUH DQG PRUH FKDOOHQJLQJ (LI QRW LPSRVVLEOH) ZKHQ
ORQJHU OLJDQGV DUH XVHG. 0DNLQJ LW LPSRVVLEOH WR VWXG\ WKH VWUXFWXUH ZLWK FU\VWDO GLIIUDFWLRQ
WHFKQLTXHV.

,Q RUGHU WR RYHUFRPH WKLV SUREOHP 3DLU 'LVWULEXWLRQ )XQFWLRQ (3')) ZDV XVHG. 6LQFH LW DOORZV IRU
PHDVXULQJ OLTXLG IDWW\ DFLG FDSSHG FOXVWHUV DQG VWLOO REWDLQ VWUXFWXUDO GDWD. 7KH RUJDQLF OLJDQG VKHOO
RQ WKH RWKHU KDQG LV SUREHG YLD 105, 7*$ DQG ,5.

%\ LPSURYLQJ WKH V\QWKHVLV DQG SXULILFDWLRQ RI WKHVH FOXVWHUV ZH GHYHORSHG DQ H[WHQGHG OLEUDU\ RI
SRVVLEOH OLJDQGV ZKLFK DOORZV IRU VROXELOLW\ RI WKHVH FOXVWHU LQ D ODUJH UDQJH RI VROYHQWV ZLWK
GLIIHUHQW SRODULWLHV. %\ XVLQJ RXU FKDUDFWHUL]DWLRQ WRROER[, ZH IRXQG WKDW WKH GLPHUL]DWLRQ GHSHQGV
RQ WKH VWHULF KLQGUDQFH RI WKH OLJDQGV LWVHOI DQG WKDW K\GURJHQ ERQGHG OLJDQGV DUH LQKHUHQW WR WKH
V\VWHP RQ WRS RI WKH FRRUGLQDWHG OLJDQGV. 2XU UHVXOWV ZHUH IRXQG WR EH DSSOLFDEOH IRU KDIQLXP DV
ZHOO. /DVWO\, WKHVH FOXVWHUV VKRZHG LPSURYHG FDWDO\WLF DFWLYLW\ FRPSDUHG WR QDQRFU\VWDOV ZKLFK FDQ
EH XVHG DV HVWHULILFDLWRQ FDWDO\VWV.>4@

)LJXUH 1. *HQHUDO VFKHPH VKRZLQJ WKH FRQWURO RYHU PRQRPHULF YHUVXV GLPHULF FOXVWHUV E\
FKDQJLQJ WKH OLJDQG UHDFWLQJ ZLWK WKH 0(25)4 SUHFXUVRU. 9LD OLJDQG H[FKDQJH WKHVH 2 GLIIHUHQW
FOXVWHU VSHFLHV FDQ EH FRQYHUWHG LQWR RQH DQRWKHU.

>1@ =KDQJ, <.; GH $]DPEXMD, ).; 3DUDF-9RJW, 7. 1., &DWDO. 6FL. 7HFKQRO., 2022.
>2@ +XDQJ, -.-<.; ;X, +.; 3HUHW], (.; :X, '.-<.; 2EHU, &. ..; +DQUDWK, 7.; &KHP. 0DWHU., 2019, 31,
10017. 
>3@ 5DSH\NR, $.; 5RGHQDV, 0.; /ODEU«V L ;DPHQD, ). ;., $GY. 6XVWDLQ. 6\VW., 2022, 2100451.
>4@ 'H 5RR, -.; 9DQ 'ULHVVFKH, ,.;  0DUWLQV, -. &.; +HQV, =., 1DW. 0DWHU. 2016, 15 (5), 517-521.
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+LJK 7HPSHUDWXUH 6WXGLHV ZLWK 4+-6L& ͅ-'HWHFWRUV IRU )XWXUH 6XSHUKHDY\ (OHPHQW
([SHULPHQWV

-. :LOVRQ1,4, 0. &DPDUGD2, 0. &DUXOOD3, *. 7LHEHO1,4, 5. 'UHVVOHU1, 3. 6WHLQHJJHU1,4*

1/DERUDWRU\ RI 5DGLRFKHPLVWU\, 3DXO 6FKHUUHU ,QVWLWXW, 9LOOLJHQ-36,, 6ZLW]HUODQG, 26HQ6L& *PE+,
9LOOLJHQ-36,, 6ZLW]HUODQG, 3/DERUDWRU\ IRU ;-UD\ 1DQRVFLHQFH DQG 7HFKQRORJLHV, 3DXO 6FKHUUHU
,QVWLWXW, 9LOOLJHQ-36,, 6ZLW]HUODQG, 4/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\

DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK, =¾ULFK, 6ZLW]HUODQG

7KH VWDWH-RI-WKH-DUW WHFKQLTXH IRU FKHPLFDOO\ FODVVLI\LQJ VXSHUKHDY\ HOHPHQWV (6+(V, = 104) LV JDV
SKDVH WKHUPRFKURPDWRJUDSK\. 8VLQJ WKLV DSSURDFK, WKH GHSRVLWLRQ WHPSHUDWXUH RI WKH 6+( XQGHU
LQYHVWLJDWLRQ ZLWKLQ WKH FKURPDWRJUDSK\ FKDQQHO UHODWHV WR WKH HOHPHQW’V DGVRUSWLRQ HQWKDOS\ ZLWK
WKH FKRVHQ VWDWLRQDU\ VXUIDFH. 7R DFFRPPRGDWH IRU VKRUW KDOI-OLYHV DQG ORZ SURGXFWLRQ UDWHV, WKH
FKURPDWRJUDSK\ FKDQQHO FRQVLVWV RI DQ DUUD\ RI GHWHFWRUV, ZKRVH VXUIDFH DFWV DV WKH VWDWLRQDU\
SKDVH. 7KLV PHWKRG KDV ZRUNHG ZHOO IRU WKH FKDUDFWHUL]DWLRQV RI HOHPHQWDO FRSHUQLFLXP (&Q,
=  112) >1@, HOHPHQWDO IOHURYLXP ()O, =  114) >2@, DQG 6J(&2)6 (VHDERUJLXP, =  106) >3@, ZKHUH
VXE]HUR WHPSHUDWXUHV DUH QHHGHG IRU WKH DGVRUSWLRQ RI WKH FKHPLFDO VSHFLHV LQVLGH WKH GHWHFWRU
DUUD\. $ WKHUPRFKURPDWRJUDSK\ VHWXS FXUUHQWO\ DW 3DXO 6FKHUUHU ,QVWLWXW, WKH &U\R-2Q/LQH
'HWHFWLRQ V\VWHP (&2/'), XWLOL]HV DQ DUUD\ RI 6L-EDVHG ͅ-GHWHFWRUV VXEMHFWHG WR D QHJDWLYH
WHPSHUDWXUH JUDGLHQW IURP URRP WHPSHUDWXUH WR DSSUR[LPDWHO\ -180 R&. )RU FRPSDUDEO\ OHVV
YRODWLOH FRPSRXQGV DQG HOHPHQWV, H.J., 1K DQG 1K2+ (QLKRQLXP, =  113) >4@, WHPSHUDWXUHV
DERYH WKH ZRUNLQJ UDQJH RI 6L-EDVHG GHWHFWRUV DUH UHTXLUHG. 7KH 4+-6L& VHPLFRQGXFWRU SUHVHQWV
DQ DIIRUGDEOH DQG H[SDQGDEOH DOWHUQDWLYH ͅ-GHWHFWRU RSWLRQ. 7KH ODUJHU EDQG JDS (L.H., 3.23 H9 IRU
6L& YV. 1.14 H9 IRU 6L) PDNHV 4+-6L& D VXLWDEOH FDQGLGDWH IRU KLJK WHPSHUDWXUH ͅ-VSHFWURVFRS\.
3UHVHQWHG KHUH DUH WKH UHVXOWV RI KLJK WHPSHUDWXUH WHVWV XS WR 700 R& LQ SUHSDUDWLRQ IRU IXWXUH 6+(
FKHPLVWU\ H[SHULPHQWV.

 

>1@ (LFKOHU, 5. HW DO., 1DWXUH, 2007, 447, 72-75.
>2@ <DNXVKHY, $. HW DO., ,QRUJ. &KHP., 2014, 53, 1624-1629.
>3@ (YHQ, -. HW DO., 6FLHQFH, 2014, 345, 1491-1493.
>4@ 3HUVKLQD, 9. HW DO., ,QRUJ. &KHP., 2021, 60, 9796-9804.
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(YDSRUDWLRQ RI SRORQLXP IURP KHDY\-OLTXLG-PHWDO-FRROHG UHDFWRUV

,. =LYDGLQRYLF1,2, /. /X2, 3. -. 6WHLQHJJHU1,2, -. 1HXKDXVHQ2*

1/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK,
=¾ULFK, 6ZLW]HUODQG, 2/DERUDWRU\ RI 5DGLRFKHPLVWU\, 1XFOHDU (QHUJ\ DQG 6DIHW\ 'LYLVLRQ, 3DXO

6FKHUUHU ,QVWLWXWH, 9LOOLJHQ 36,, 6ZLW]HUODQG

7KH XVH RI OLTXLG PHWDOV DV D FRRODQW LV D SRWHQWLDO GHYHORSPHQW SDWK IRU JHQHUDWLRQ ,9 QXFOHDU
SRZHU UHDFWRUV. 7KLV W\SH RI UHDFWRU LV SULPDULO\ LQWHQGHG IRU WKH XVH DV D VR-FDOOHG EUHHGHU UHDFWRU
RU IRU WKH WUDQVPXWDWLRQ RI QXFOHDU ZDVWH, WKXV FORVLQJ WKH QXFOHDU IXHO F\FOH. 7KH GLVWULEXWLRQ DQG
EHKDYLRU RI UDGLRQXFOLGHV SURGXFHG GXULQJ RSHUDWLRQ DUH RI WKH XWPRVW LPSRUWDQFH IRU HYDOXDWLQJ
WKH VDIHW\ RI VXFK V\VWHPV. ,Q RUGHU WR PDNH DFFXUDWH SUHGLFWLRQV, WKH UHOHDVH RI UDGLRQXFOLGHV
IURP WKH FRRODQW PXVW EH ZHOO XQGHUVWRRG, SDUWLFXODUO\ IRU SRWHQWLDO DFFLGHQW VFHQDULRV.

:LWKLQ WKH +25,=212020 SURMHFW 3$75,&,$, SUHYLRXV UHVHDUFK RQ WKH YRODWLOL]DWLRQ RI UDGLRQXFOLGHV
IURP OLTXLG OHDG-ELVPXWK HXWHFWLF (/%(), WKDW LV SHUWLQHQW IRU WKH VDIHW\ RI IXWXUH DFFHOHUDWRU-GULYHQ
V\VWHPV, LV FRQWLQXHG. 3UHYLRXV LQYHVWLJDWLRQV RQ SRORQLXP, WKH PRVW UDGLRWR[LF HOHPHQW SURGXFHG
LQ WKH UHDFWRU, IRFXVHG SUHGRPLQDQWO\ RQ LWV YRODWLOL]DWLRQ EHKDYLRU IURP SXUH /%(. )RU WKH
H[SHULPHQWV FDUULHG RXW LQ WKH IUDPHZRUN RI 3$75,&,$, LW LV LQWHQGHG WR XVH /%( IURP WKH 0(*$3,(
WDUJHW WR LQYHVWLJDWH WKH HIIHFW RI VSDOODWLRQ SURGXFWV RQ WKH YRODWLOLW\ RI SRORQLXP. 7KH XQLTXH
IHDWXUH RI WKLV VDPSOH PDWHULDO OLHV LQ WKH IDFW WKDW LW FRQWDLQV D VLPLODU FKHPLFDO FRPSRVLWLRQ DQG
UDGLRQXFOLGH LQYHQWRU\ DV IRXQG LQ WKH VSDOODWLRQ ]RQH RI DQ DFWXDO DFFHOHUDWRU-GULYHQ QXFOHDU
UHDFWRU, ZKLFK HQFRPSDVVHV PRVW HOHPHQWV RI WKH SHULRGLF WDEOH. ,W FDQ WKHUHIRUH EH XVHG DV D
VXUURJDWH WR VWXG\ WKH FRPSOH[ FKHPLFDO V\VWHP RI D KHDY\-OLTXLG-PHWDO-FRROHG UHDFWRU. +HUH, ZH
GHVFULEH WKH ODWHVW UHVXOWV UHJDUGLQJ WKH YRODWLOL]DWLRQ VWXGLHV RI SRORQLXP IURP 0(*$3,(,
HPSOR\LQJ WKH WUDQVSLUDWLRQ PHWKRG.
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'LQXFOHDU XUDQLXP QLWULGH FRPSOH[HV IRU VPDOO PROHFXOH WUDQVIRUPDWLRQV

0. .HHQHU1, 0. 0D]]DQWL1

1,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, (3)/ /DXVDQQH

8UDQLXP QLWULGHV (81[) ZHUH LGHQWLILHG DOPRVW 100 \HDUV DJR DV DFWLYH FDWDO\VWV LQ WKH LQGXVWULDO
+DEHU-%RVFK SURFHVV IRU WKH FRQYHUVLRQ RI GLQLWURJHQ (12) WR DPPRQLD (1+3).1 7KLV KDV VLQFH
JHQHUDWHG VLJQLILFDQW LQWHUHVW LQ WKH GLQLWURJHQ FKHPLVWU\ RI XUDQLXP, UHFHQWO\ OHDGLQJ WR WKH
GLVFRYHU\ RI FRPSOH[HV FDSDEOH RI VWRLFKLRPHWULFDOO\ FRQYHUWLQJ 12 WR 1+3,2-5 DQG HYHQ WKH
FDWDO\WLF FRQYHUVLRQ RI 12 WR DPLQH,3 KRZHYHU, WKHVH W\SHV RI WUDQVIRUPDWLRQV VWLOO UHPDLQ UHODWLYHO\
HOXVLYH. +HUHLQ, ZH SUHVHQW RXU ZRUN WRZDUG XQGHUVWDQGLQJ WKH UHTXLUHPHQWV QHFHVVDU\ WR
XQGHUJR WKH 6H- UHGXFWLRQ DQG IXQFWLRQDOL]DWLRQ RI 12 WR 1+3 XWLOL]LQJ ZHOO-GHILQHG GLXUDQLXP
FRPSOH[HV. )LUVW, ZH KLJKOLJKW RXU ZRUN IRU WKH FRPSDUDWLYH VWXGLHV IRU WKH UHDFWLRQV RI DFLG (++)
DQG 1+3 ZLWK XUDQLXP QLWULGHV FRQWDLQLQJ GLIIHUHQW W\SHV RI DQFLOODU\ OLJDQGV, XOWLPDWHO\ OHDGLQJ WR
FRQWUDVW GLIIHUHQFHV LQ UHDFWLYLW\.6 7KLV ZRUN DOORZHG XV WR KDUQHVV VLJQLILFDQW LQIRUPDWLRQ IRU WKH
GHVLJQ RI GLXUDQLXP FRPSOH[HV DFWLYH LQ WKH ++/H- PHGLDWHG FDWDO\WLF WUDQVIRUPDWLRQ RI 12 WR 1+3,
DV WKH FRQYHUVLRQ RI XUDQLXP QLWULGHV WR 1+3 LV DQ HVVHQWLDO VWHS LQ GLQLWURJHQ IL[DWLRQ. :H ZLOO DOVR
SUHVHQW RXU ZRUN LQ SURELQJ DQFLOODU\ OLJDQG HIIHFWV WRZDUG 12 ELQGLQJ, E\ XWLOL]LQJ D VHULHV RI
KHWHUROHSWLF GLXUDQLXP QLWULGH FRPSOH[HV FRQWDLQLQJ GLIIHUHQW FRPELQDWLRQV RI 26L(2W%X)3 DQG
1(6L0H3)2 OLJDQGV.7 ,Q WKLV ZRUN, ZH IRXQG E\ FKDQJLQJ WKH QXPEHU DQG W\SH RI DQFLOODU\ OLJDQGV
OHDGV WR FRQWUDVW GLIIHUHQFHV LQ UHDFWLYLW\, LQ ZKLFK RQH FRPSOH[ LV FDSDEOH RI 12ELQGLQJ DQG
FOHDYDJH, ZLWK VXEVHTXHQW IXQFWLRQDOL]DWLRQ WR 1+3.

>1@   +DEHU, ). $QJHZ. &KHP. 1914, 27, 473−477.
>2@   )DOFRQH, 0.; 0D]]DQWL, 0. 1DWXUH. 2017, 547, 332–335.
>3@ $UQROG, 3. /.; 2FKLDL, 7.; /DP, ). <. 7.; .HOO\, 5. 3.; 6H\PRXU, 0. /.; 0DURQ, /. 1DW. &KHP. 2020,
12, 654−659.
>4@ ;LQ, ;. 4.; 'RXDLU, ,.; =KDR, <.; :DQJ, 6.; 0DURQ, /.; =KX, &. 4. -. $P. &KHP. 6RF. 2020, 142,
15004− 15011.
>5@ -RUL, 1.; %DUOX]]L, /.; 'RXDLU, ,.; 0DURQ, /.; )DGDHL-7LUDQL, ).; =ʷLYNRYLÉ, ,.; 0D]]DQWL, 0. -. $P.
&KHP. 6RF. 2021, 143, 11225−11234.
>6@   .HHQHU, 0.; 6FRSHOOLWL, 5.; 0D]]DQWL, 0. &KHP. 6FL. 2021, 21, 12610–12618.
>7@ .HHQHU, 0.; )DGDHL-7LUDQL, ).; 6FRSHOOLWL, 5.; =ʷLYNRYLÉ, ,.; 0D]]DQWL, 0. &KHP. 6FL. 2022.
$FFHSWHG.
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