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3K\VLFDO &KHPLVWU\, ,QYLWHG / $ZDUG /HFWXUH 3&-011

89 SKRWRHOHFWURQ VSHFWURVFRS\ RI DTXHRXV VROXWLRQV

+. +. )LHOGLQJ1

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ &ROOHJH /RQGRQ, 20 *RUGRQ 6WUHHW, /RQGRQ :&1+ 0$-, 8...;
K.K.ILHOGLQJ#XFO.DF.XN

8OWUDYLROHW (89) SKRWRHOHFWURQ VSHFWURVFRS\ SURYLGHV D GLUHFW ZD\ RI PHDVXULQJ YDOHQFH HOHFWURQLF
VWUXFWXUH; KRZHYHU, LWV DSSOLFDWLRQ WR DTXHRXV VROXWLRQV KDV EHHQ KDPSHUHG E\ D ODFN RI
TXDQWLWDWLYH XQGHUVWDQGLQJ RI KRZ LQHODVWLF VFDWWHULQJ RI ORZ HQHUJ\ HOHFWURQV (< 6 H9) LQ OLTXLG
ZDWHU GLVWRUWV WKH PHDVXUHG HOHFWURQ NLQHWLF HQHUJ\ GLVWULEXWLRQV. :H KDYH GHYHORSHG D PHWKRG
IRU UHWULHYLQJ WUXH 89 SKRWRHOHFWURQ VSHFWUD RI DTXHRXV VROXWLRQV >1@. ,Q WKLV WDON, , ZLOO GLVFXVV RXU
PHWKRG DQG KRZ ZH KDYH DSSOLHG LW WR UHWULHYH LQIRUPDWLRQ DERXW WKH HOHFWURQLF VWUXFWXUH DQG
SKRWRR[LGDWLRQ G\QDPLFV RI DTXHRXV VROXWLRQV RI ELRORJLFDOO\ UHOHYDQW RUJDQLF PROHFXOHV >1,2@.

>1@   0. 6. 6FKRO], :. *. )RUWXQH, 2. 7DX DQG +. +. )LHOGLQJ, XQGHU UHYLHZ, 2022.
>2@ 2. 7DX, $. +HQOH\, $. 1. %RLFKHQNR, 1. 1. .OHVKFKLQD, 5. 5LOH\, %. :DQJ, '. :LQQLQJ, 5.
/HZLQ, -..0. :DUG, ,. 3. 3DUNLQ, +. &. +DLOHV, $. 9. %RFKHQNRYD, DQG +. +. )LHOGLQJ,1DWXUH &RPPXQ.
2022 13, 507.
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-013

&RQIRUPDWLRQDOO\-VHOHFWHG LRQV IRU UHDFWLRQV ZLWK FRQIRUPDWLRQDOO\-VHOHFWHG PROHFXOHV

-. 7RVFDQR1, /. ;X1, 6. :LOOLWVFK1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, .OLQJHOEHUJVWUDVVH 80, 4056 %DVHO, 6ZLW]HUODQG

VW\OH "WH[W-DOLJQ: MXVWLI\;"!7KH GLIIHUHQW HIIHFWLYH GLSROH PRPHQW RI FRQIRUPDWLRQDO LVRPHUV DOORZV
IRU WKHLU VSDWLDO VHSDUDWLRQ E\ PHDQV RI HOHFWURVWDWLF GHIOHFWLRQ, HQDEOLQJ WKHLU LQGLYLGXDO UHDFWLYLW\
WR EH LQYHVWLJDWHG >1@. 5HFHQWO\, WKH FRQIRUPHU-VSHFLILF SRODU F\FORDGGLWLRQ RI GLEURPREXWDGLHQH
('%%) ZLWK WUDSSHG SURSHQH LRQV KDV VKRZQ WKDW ERWK JDXFKH DQG V-WUDQV '%% FRQIRUPHUV GLVSOD\
FDSWXUH-OLPLWHG UHDFWLRQ UDWHV >2@. 7KH UHDFWLRQ ZDV IRXQG WR RFFXU WKURXJK ERWK D FRQFHUWHG DQG D
VWHSZLVH UHDFWLRQ PHFKDQLVP, GHVSLWH WKH VSDWLDO UHDUUDQJHPHQW RI DWRPV QHFHVVDU\ LQ V-WUDQV
'%% IRU WKH ODWWHU WR WDNH SODFH. 7KHVH UHVXOWV ZHUH REWDLQHG E\ VHOHFWLYHO\ DLPLQJ WKH PROHFXODU
EHDP FRQWDLQLQJ HLWKHU RQH RI WKH WZR FRQIRUPHUV DW D VWDWLF WDUJHW RI SURSHQH LRQV HPEHGGHG
ZLWKLQ D ODVHU-FRROHG &RXORPE FU\VWDO RI FDOFLXP LRQV. ,Q RUGHU WR JDLQ IXUWKHU FRQWURO RYHU WKH
UHDFWLRQ SDUWQHUV, ZH QRZ ZLVK WR DOVR VHOHFW WKH FRQIRUPDWLRQDO LVRPHU RI WKH LRQLF UHDFWDQW.
+HUH, ZH GLVFXVV WKH JHQHUDWLRQ RI FRQIRUPDWLRQDOO\-VHOHFWHG LRQLF WDUJHWV RI 3-DPLQRVW\UHQH WR
HQDEOH WKH VWXG\ RI IXOO\-FRQIRUPDWLRQDOO\-VHOHFWHG LRQ–PROHFXOH UHDFWLRQV. )ROORZLQJ WKH GHWDLOHG
VWXG\ RI WKH LVRPHU-VHOHFWLYH LRQLVDWLRQ RI WKH WZR GLIIHUHQW 3-DPLQRVW\UHQH FRQIRUPHUV, ZH DLP WR
LQGLYLGXDOO\ ORDG WKHP LQWR D &RXORPE FU\VWDO WR GHWHUPLQH WKHLU VWDELOLW\ WR VXFK HQYLURQPHQW.  

 

>1@ <.-3. &KDQJ, .. 'ĄXJRĄÛFNL, -. .¾SSHU, '. 5¸VFK, '. :LOG DQG 6. :LOOLWVFK, 6FLHQFH, 2013, 342, 98.
>2@ $. .LODM, -. :DQJ, 3. 6WUDĊ£N, 0. 6FKZLON, 8. 5LYHUR, /. ;X, 2. $. YRQ /LOLHQIHOG, -. .¾SSHU DQG 6.
:LOOLWVFK, 1DW. &RPPXQ., 2021, 12, 6047. 
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-014

/RZ-IUHTXHQF\ DQKDUPRQLF FRXSOLQJV LQ EURPRIRUP UHYHDOHG IURP 2' 5DPDQ-7+]
VSHFWURVFRS\: )URP WKH OLTXLG WR WKH FU\VWDOOLQH SKDVH

6. -. 0RXVDYL1, $. %HUJHU1, $. 6KDOLW1, 3. +DPP 1*

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

+\EULG WZR-GLPHQVLRQDO (2') 5DPDQ-7+] VSHFWURVFRS\ LV D QRYHO VSHFWURVFRSLF WHFKQLTXH WR VWXG\
FRXSOLQJ EHWZHHQ ORZ-IUHTXHQF\ PROHFXODU PRWLRQV LQ WKH 7+] IUHTXHQF\ UHJLRQ (0.1-10 7+]) >1@.
5HFHQWO\, ZH GHPRQVWUDWHG WKDW WKLV WHFKQLTXH FDQ EH XVHG WR REVHUYH YLEUDWLRQDO FRXSOLQJV
EHWZHHQ VKDUS LQWUDPROHFXODU DQG EURDG LQWHUPROHFXODU YLEUDWLRQDO PRGHV LQ OLTXLG &+%U3 DQG
ELQDU\ &+%U3-0H2+ PL[WXUH >2, 3@. ,Q WKLV ZRUN >4@, 2' 5DPDQ-7+] VSHFWURVFRS\ LV XVHG WR VWXG\
WKH FU\VWDOOLQH ͆-SKDVH RI &+%U3, H[SDQGLQJ WKH DSSOLFDELOLW\ RI WKLV WHFKQLTXH WR VROLG VDPSOHV DW
FU\RJHQLF WHPSHUDWXUHV. 0RUHRYHU, WKLV VWXG\ HOXFLGDWHV WKH PHFKDQLVP UHVSRQVLEOH IRU WKH
REVHUYHG FURVV SHDN IHDWXUHV E\ SURYLGLQJ QHZ H[SHULPHQWDO HYLGHQFH IRU DQKDUPRQLF FRXSOLQJV
EHWZHHQ LQWUD-/LQWHUPROHFXODU YLEUDWLRQDO PRGHV. )LQDOO\, VLJQLILFDQW FKDQJH LQ WKH VSHFWUDO VKDSH
RI WKH FURVV SHDNV XSRQ WKH SKDVH WUDQVLWLRQ IURP OLTXLG &+%U3 WR ͆-&+%U3, LQ DJUHHPHQW ZLWK WKH
FRUUHVSRQGLQJ 7+] DEVRUSWLRQ VSHFWUD, VWURQJO\ VXSSRUWV RXU LQWHUSUHWDWLRQ, DQG H[FOXGHV WKH
SRVVLELOLW\ RI LQVWDQWDQHRXV LQWHUDFWLRQV RI 7+] ILHOG ZLWK LQWUDPROHFXODU PRGHV.

>1@ -DQQH 6DYRODLQHQ, 6DLPD $KPHG, DQG 3HWHU +DPP, 3URF. 1DWO. $FDG. 6FL., 2013, 110,
20402-20407.
>2@ *XVWDYR &LDUGL, $ULDQ %HUJHU, 3HWHU +DPP, DQG $QGUH\ 6KDOLW, -. 3K\V. &KHP. /HWW., 2019, 10,
4463-4468.
>3@ $QGUH\ 6KDOLW, 6H\\HG -DEEDU 0RXVDYL, DQG 3HWHU +DPP, -. 3K\V. &KHP. %, 2021, 125, 581-586.
>4@ 6H\\HG -DEEDU 0RXVDYL, $ULDQ %HUJHU, 3HWHU +DPP, DQG $QGUH\ 6KDOLW, -. &KHP. 3K\V., 2022,
156, 174501.
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-015

&KLUDO FRQWURO RI VSLQ-FURVVRYHU G\QDPLFV LQ )H(,,) FRPSOH[HV

0. 2SSHUPDQQ1, ). =LQQD2,3, -. /DFRXU3, 0. &KHUJXL1

1/DERUDWRU\ RI 8OWUDIDVW 6SHFWURVFRS\ (/68) DQG /DXVDQQH &HQWUH IRU 8OWUDIDVW 6FLHQFH (/$&86),
ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, 1015 /DXVDQQH, 6ZLW]HUODQG, 2'LSDUWLPHQWR GL &KLPLFD
H &KLPLFD ,QGXVWULDOH, 8QLYHUVLW¢ GL 3LVD, 9LD *LXVHSSH 0RUX]]L 13, 56124 3LVD, ,WDO\ , 3'«SDUWHPHQW
GH FKLPLH RUJDQLTXH, 8QLYHUVLW« GH *HQªYH, 4XDL (UQHVW $QVHUPHW 30, 1211 *HQªYH 4, 6ZLW]HUODQG

,URQ(,,)-EDVHG VSLQ-FURVVRYHU (6&2) FRPSOH[HV KROG WUHPHQGRXV SURPLVH DV PXOWLIXQFWLRQDO
VZLWFKHV LQ PROHFXODU GHYLFHV GXH WR D ORZ-VSLQ (/6) WR KLJK-VSLQ (+6) VWDWH WUDQVLWLRQ WKDW FDQ EH
WULJJHUHG E\ OLJKW, SUHVVXUH DQG WHPSHUDWXUH >1@. +RZHYHU, ZKLOVW XOWUDIDVW VSHFWURVFRS\ VWXGLHV
KDYH DFKLHYHG D GHWDLOHG XQGHUVWDQGLQJ RI WKH SKRWRLQGXFHG IRUZDUG-6&2 WR WKH +6 VWDWH, WKH
EDFNZDUG-6&2 PHFKDQLVP KDV UHPDLQHG XQUHVROYHG – GHVSLWH LWV FUXFLDO UROH LQ JRYHUQLQJ WKH
WHFKQRORJLFDOO\ UHOHYDQW OLIHWLPH RI WKH +6 VWDWH. 7KURXJK XOWUDIDVW FLUFXODU GLFKURLVP H[SHULPHQWV
RQ D SURWRW\SLFDO FKLUDO )H,, FRPSOH[, ZH QRZ VKRZ WKDW WKH EDFNZDUG-6&2 LV JRYHUQHG E\ D
V\PPHWU\-EUHDNLQJ WRUVLRQDO WZLVW LQ DGGLWLRQ WR WKH ZHOO-NQRZQ V\PPHWULF VWUHWFK PRGH RI WKH
PHWDO-OLJDQG ERQGV >2@.

7R WKLV HQG, ZH FKDUDFWHUL]H WKH EDFN-6&2 G\QDPLFV RI WKH WULV-FKHODWH
)H,,(4,4’-GLPHWK\O-2,2’-ELS\ULGLQH)3 LQ VROXWLRQ, DVVRFLDWHG IRU VWHUHRFRQWURO ZLWK HQDQWLRSXUH ∆- RU ̰-
75,63+$7 DQLRQV >3@. &RPELQLQJ XOWUDIDVW FLUFXODU GLFKURLVP >4@ ZLWK WUDQVLHQW DEVRUSWLRQ DQG
DQLVRWURS\ PHDVXUHPHQWV, ZH ILQG WKDW WKH +6 VWDWH GHFD\ LV DFFRPSDQLHG E\ XOWUDIDVW FKDQJHV RI
LWV RSWLFDO DFWLYLW\, UHIOHFWLQJ WKH FRXSOLQJ WR DQ DV\PPHWULF WRUVLRQDO WZLVWLQJ PRGH NQRZQ DV WKH
5D\-'XWW WZLVW. 4XLWH UHPDUNDEO\, WKH GLDVWHUHRVHOHFWLYH LRQ-SDLULQJ VXSSUHVVHV WKH YLEUDWLRQDO
SRSXODWLRQ RI WKH QHZO\ LGHQWLILHG UHDFWLRQ FRRUGLQDWH, WKHUHE\ WUDSSLQJ WKH +6 VWDWH LQ WKH
SRWHQWLDO RI WKH 5D\-'XWW WZLVW DQG DFKLHYLQJ D IRXU-IROG H[WHQVLRQ RI WKH +6 VWDWH’V OLIHWLPH.

0RUH JHQHUDOO\, RXU UHVXOWV ILQDOO\ SURYLGH D FRPSOHWH UHDFWLRQ PHFKDQLVP IRU WKH )H,, EDFNZDUG-
6&2, ZKLFK PRWLYDWHV WKH V\QWKHWLF FRQWURO RI WKH LQYROYHG WRUVLRQDO PRGHV DV D FRPSOHPHQWDU\
URXWH WR PDQLSXODWH WKH 6&2 G\QDPLFV RI )H,, FRPSOH[HV.

>1@ *. 0ROQ£U, 6. 5DW, /. 6DOPRQ, :. 1LFROD]]L, $. %RXVVHNVRX, $GY. 0DWHU. 2018, 30, 1703862
>2@ 0. 2SSHUPDQQ, ). =LQQD, -. /DFRXU, 0. &KHUJXL, 1DW. &KHP. (LQ SUHVV), '2,:
10.1038/V41557-022-00933-0
>3@ -. /DFRXU, -. -. -RGU\, &. *LQJOLQJHU, 6. 7RUFKH-+DOGLPDQQ, $QJHZ. &KHP. ,QW. (G. 1998, 37, 2379
>4@ 0. 2SSHUPDQQ, %. %DXHU, 7. &. 5RVVL, ). =LQQD, -. +HOELQJ, -. /DFRXU, 0. &KHUJXL, 2SWLFD 2019, 6,
56
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-016

6RXUFH VXSSUHVVLRQ DQG VSLQ G\QDPLFV LQ K\SHUSRODUL]HG OLTXLG VWDWH 105 VSHFWURVFRS\
E\ RSWLFDOO\ SRODUL]HG FU\VWDOV

). 'H %LDVL1, 3. 0RXW]RXUL1, $. -. 3DUNHU2, -. :. %ODQFKDUG2, 7. 5. (LFKKRUQ2, ,. 6FKZDUW]2, /. (PVOH\1*

1,QVWLWXW GHV 6FLHQFHV HW ,QJHʲQLHULH &KLPLTXHV, (FROH 3RO\WHFKQLTXH )HʲGHʲUDOH GH /DXVDQQH ((3)/),
&+-1015 /DXVDQQH, 6ZLW]HUODQG, 219LVLRQ ,PDJLQJ 7HFKQRORJLHV *PE+, 89081 8OP, *HUPDQ\

1XFOHDU PDJQHWLF UHVRQDQFH VSHFWURVFRS\ LV XQGRXEWHGO\ RQH RI WKH PRVW YHUVDWLOH WHFKQLTXHV WR
LQYHVWLJDWH PDWWHU DW WKH DWRPLF VFDOH. 1RQHWKHOHVV, ORZ VHQVLWLYLW\ DOZD\V OLPLWHG WKH DSSOLFDWLRQ
RI PDJQHWLF UHVRQDQFH H[SHULPHQWV WR YHU\ GLOXWHG VDPSOHV. 7R FLUFXPYHQW WKLV LVVXH, VRPH RI XV
UHFHQWO\ UHSRUWHG WKH GLVVROXWLRQ RI RSWLFDOO\ SRODUL]HG QDSKWKDOHQH FU\VWDOV GRSHG ZLWK SHQWDFHQH
IRU WKH K\SHUSRODUL]DWLRQ RI VPDOO PROHFXOHV LQ OLTXLGV DW ORZ ILHOG.>1@ 7KLV LQQRYDWLYH PHWKRG
H[SORLWV WKH LQWHUPROHFXODU QXFOHDU 2YHUKDXVHU HIIHFW (12() WR WUDQVIHU PDJQHWL]DWLRQ IURP WKH
H[WUHPHO\ SRODUL]HG QDSKWKDOHQH SURWRQV WR WKH RWKHU VSHFLHV LQ VROXWLRQ, HQKDQFLQJ WKHLU VLJQDO E\
XS WR WKUHH RUGHUV RI PDJQLWXGH. ,QGHHG, GHVSLWH WKH YHU\ ORZ HIILFLHQF\ RI LQWHUPROHFXODU FURVV
UHOD[DWLRQ, WKH VWDUWLQJ SRODUL]DWLRQ RI WKH QDSKWKDOHQH SURWRQV LV VR KLJK WKDW D FRQVLGHUDEOH
DPRXQW RI PDJQHWL]DWLRQ LV H[FKDQJHG GXULQJ WKH SURFHVV. 0RUH UHFHQW H[SHULPHQWV FRQILUP WKDW
LW LV SRVVLEOH WR REWDLQ VLJQLILFDQW HQKDQFHPHQWV DOVR DW KLJKHU ILHOGV. $OWKRXJK WKH XVH RI RSWLFDOO\
SRODUL]HG QDSKWKDOHQH SURYLGHV D FRPSOHWHO\ QHZ DQG JHQHUDO ZD\ IRU K\SHUSRODUL]DWLRQ LQ RUJDQLF
VROYHQWV, LW DOVR SRVHV VRPH SUDFWLFDO FKDOOHQJHV, HVSHFLDOO\ EHFDXVH RI LWV KXJH UHVLGXDO
PDJQHWL]DWLRQ WKDW FDXVHV GHWULPHQWDO HIIHFWV VXFK DV UDGLDWLRQ GDPSLQJ DQG UHFHLYHU VDWXUDWLRQ.
1RW RQO\, EHFDXVH RI WKH VL]H GHSHQGHQFH RI ORQJLWXGLQDO UHOD[DWLRQ DW KLJK ILHOGV, VWUDWHJLHV IRU
HIILFLHQW SRODUL]DWLRQ RI PHGLXP DQG ODUJH PROHFXOHV LQ WKH 71 PLQLPXP UDQJH PXVW EH XVHG.

+HUH ZH GHPRQVWUDWH WKDW FRQYHQWLRQDO VLJQDO VXSSUHVVLRQ VHTXHQFHV FDQ EH VXFFHVVIXOO\
LPSOHPHQWHG WR RYHUFRPH ERWK UDGLDWLRQ GDPSLQJ DQG UHFHLYHU VDWXUDWLRQ. :H DOVR VKRZ WKDW
SRODUL]DWLRQ RI ODUJH V\VWHPV DW KLJK ILHOG FDQ EH SHUIRUPHG E\ WXQLQJ WKH H[SHULPHQW RU E\
H[SORLWLQJ DGGLWLRQDO LQWHUDFWLRQV EHWZHHQ WKH VRXUFH DQG WKH WDUJHW VSHFLHV.

>1@ (LFKKRUQ, HW DO., -. $P. &KHP. 6RF., 2022, 144, 2511–2519
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-017

3DUDPDJQHWLF 3URSHUWLHV RI 1HXWUDO 6RGLXP 'RSHG 6ROYHQW &OXVWHUV

'. %RUJHDXG1, -. 9. %DUQHV1, (. 6LPPHQ1, +. <DQJ1, %. /. <RGHU1, 5. 6LJQRUHOO1*

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

6LQFH WKH GLVFRYHU\ RI FRQFHQWUDWLRQ-GHSHQGHQW FRORUV RI DONDOL PHWDO-DPPRQLD VROXWLRQV LQ WKH
HDUO\ 19WK FHQWXU\ >1@, H[FHVV HOHFWURQV LQ DONDOL PHWDO VROXWLRQV KDYH EHHQ IRXQG WR EH LPSRUWDQW
LQ GLIIHUHQW DUHDV. 7KH\ DUH XELTXLWRXV LQ OLTXLG-SKDVH FKHPLVWU\ >2@ DQG SOD\ DQ HVVHQWLDO UROH LQ
FKHPLFDO UHDFWLRQV >3@, DQG ELRORJ\ >4@. ([WHQVLYH H[SHULPHQWDO DQG WKHRUHWLFDO ZRUN KDV EHHQ
GRQH RQ VROYDWHG HOHFWURQV LQ DONDOL PHWDO VROXWLRQV >2@. +RZHYHU, WKH XQGHUO\LQJ FRUUHODWLRQ HIIHFWV
RI WKH VROYDWHG HOHFWURQV DUH VWLOO QRW ZHOO XQGHUVWRRG. :KLOH PDJQHWLF PHDVXUHPHQWV KDYH SUREHG
VXFK HIIHFWV RQ DONDOL PHWDO VROXWLRQV >5@,>6@, WKH GLDPDJQHWLF DQG SDUDPDJQHWLF VSHFLHV KDYH QRW
\HW EHHQ LGHQWLILHG LQ VXFK EXON SKDVH H[SHULPHQWV >2@.

:H SUHVHQW D VWXG\ RI WKH PDJQHWLF SURSHUWLHV RI VRGLXP-GRSHG DPPRQLD, ZDWHU, GLPHWK\O HWKHU,
DQG PHWKDQRO FOXVWHUV (1D(6ROY)Q, Q 1-4) >7@. 8VLQJ D SXOVHG 6WHUQ-*HUODFK GHIOHFWRU, ZH PHDVXUH
WKH PDJQHWLF GHIOHFWLRQ RI D QHXWUDO FOXVWHU EHDP. 7KH H[SHULPHQWDO GHIOHFWLRQ LV FRPSDUHG ZLWK
PROHFXODU G\QDPLFV VLPXODWLRQV EDVHG RQ WKH =HHPDQ LQWHUDFWLRQ RI D IUHH VSLQ ½ V\VWHP.

7KH FRPSDULVRQ UHYHDOV XQSHUWXUEHG PDJQHWLF SURSHUWLHV RI D VSLQ ½ V\VWHP IRU WKH VPDOOHVW
FOXVWHUV 1D1+3 DQG 1D+22. /DUJHU FOXVWHUV 1D(1+3)Q (Q 2-4), 1D(+22)Q (Q 2-4), 1D('0()Q (Q 1-3)
DQG 1D(0H2+)Q (Q 1-4), E\ FRQWUDVW VKRZ UHGXFHG GHIOHFWLRQ FRPSDUHG ZLWK D VSLQ ½ V\VWHP.
7KHVH GHYLDWLRQV IURP D VSLQ ½ EHKDYLRU DUH DWWULEXWHG WR LQWUDFOXVWHU VSLQ-UHOD[DWLRQ HIIHFWV
-RFFXUULQJ RQ WLPH VFDOHV VLPLODU WR RU IDVWHU WKDQ WKH H[SHULPHQW. 7KH GHWHUPLQDWLRQ RI VSLQ
UHOD[DWLRQ WLPHV IRU WKHVH V\VWHPV DOORZV XV WR LGHQWLI\ H[SHULPHQWDO WUHQGV UHJDUGLQJ WKHLU
PDJQHWLF EHKDYLRU. 7KH REVHUYHG WUHQGV DUH GLVFXVVHG LQ WHUPV RI VSLQ DQG URWDWLRQDO DQJXODU
PRPHQWXP LQWHUDFWLRQV RI WKHUPDOO\ DFFHVVLEOH URYLEUDWLRQDO HLJHQVWDWHV.

>1@ :. :H\O, $QQ. 3K\V., 1864, 199, 355.
>2@ (. =XUHN, 3. 3. (GZDUGV DQG 5. +RIIPDQQ, $QJHZ. &KHP., ,QW. (G., 2009, 48, 8198.
>3@ %UXFH &. *DUUHWW, HW DO., &KHP. 5HY., 2005, 105, 355.
>4@ (ODKH $OL]DGHK, 7KRPDV 0. 2UODQGR, DQG /HµQ 6DQFKH, $QQX. 5HY. 3K\V. &KHP., 2015, 66, 379.
>5@ 1. :. 7D\ORU DQG *. 1. /HZLV, 31$6, 1925, 11, 456.
>6@ 6. )UHHG DQG 1. 6XJDUPDQ, HW DO., -. &KHP. 3K\V., 1943, 11, 354.
>7@ -. 9. %DUQHV, HW DO., 3K\V. &KHP. &KHP. 3K\V., 2021, 23, 846.
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3K\VLFDO &KHPLVWU\, ,QYLWHG / $ZDUG /HFWXUH 3&-021

&OLPHZRUNV – IURP (7+ VWDUW XS WR WKH ZRUOG’V OHDGLQJ GLUHFW DLU FDSWXUH FRPSDQ\

&. *URSS1,2, 1. &DVDV1, $. 9DUJDV1

1&OLPHZRUNV, %LUFKVWUDVVH 155, 8050 =XULFK, 6ZLW]HUODQG, 2&RUQHOLXV.JURSS#FOLPHZRUNV.FRP

VW\OH "IRQW-ZHLJKW: 400;"!5HPRYLQJ FDUERQ GLR[LGH IURP WKH DWPRVSKHUH—OHJDF\ HPLVVLRQV DQG
IXWXUH XQDYRLGDEOH HPLVVLRQV—KDV E\ QRZ EHFRPH D PXVW WR PHHW FOLPDWH JRDOV, DV SRLQWHG RXW
E\ WKH ODWHVW ,3&& UHSRUWV,>1@ DQG LV VHW WR EHFRPH FRPPRQ SUDFWLFH ZLWKLQ WKH QH[W GHFDGHV.

&OLPHZRUNV ZDV IRXQGHG LQ 2009 E\ WZR 3K' VWXGHQWV IURP (7+ DQG KDV VLQFH JURZQ WR EH WKH
OHDGHU LQ WHFKQRORJLFDO FDUERQ UHPRYDO WKURXJK GLUHFW DLU FDSWXUH ('$&). 0XFK RI &OLPHZRUNV’
IRFXV KDV EHHQ RQ EXLOGLQJ SODQWV DQG DGYDQFLQJ HQJLQHHULQJ DQG VRUEHQW WHFKQRORJLHV. +HUH, ZH
SUHVHQW &OLPHZRUNV’ V\QHUJLHV EHWZHHQ HQJLQHHULQJ, PDWHULDOV VFLHQFH DQG FKHPLVWU\ WR DGYDQFH
&22 FDSWXUH IURP DLU DQG LWV VDIH VWRUDJH. 7KLV HIIRUW LV EXLOW RQ D SODWIRUP IRU PDWHULDO
GHYHORSPHQW ZLWK PDQ\ RI WKH WRROV WKDW PRGHUQ FKHPLVWU\ FDQ SURYLGH XV.

>1@ KWWSV://ZZZ.LSFF.FK/UHSRUWV/; DFFHVVHG RQ $XJXVW 05 2022
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-023

6ROLG-6WDWH 6\QWKHVLV RI F\FOR /HX-/HX: 7KH UROH RI 3DFNLQJ

$. ). 3HUH] 0HOORU1, ;. :DQJ1, '. 5RVD *DVWDOGR1, &. %HVQDUG 2, 1. *LDPERQL1, -. %UD]DUG1, 7.
$GDFKL1, 7. %XHUJL1*

1'HSDUWPHQW RI 3K\VLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD, 6ZLW]HUODQG, 2/DERUDWRU\ RI
FU\VWDOORJUDSK\, 8QLYHUVLW\ RI *HQHYD, 6ZLW]HUODQG

2OLJRSHSWLGHV DUH ZHOO NQRZQ IRU WKHLU VHOI-DVVHPEOLQJ DELOLW\ DQG DSSOLFDWLRQ LQ WKH QDQRPDWHULDOV
LQGXVWU\ >1@. 7KH YDULHW\ RI VHOI-DVVHPEOHG QDQRVWUXFWXUHV RSHQV XS D ZLGH UDQJH RI DSSOLFDWLRQV LQ
ELRVHQVRUV, RUJDQLF VHPLFRQGXFWRUV, DQG GUXJ GHOLYHU\ >2-4@. 7KHLU VXSUDPROHFXODU VWUXFWXUH DQG
FKLUDOLW\ GHSHQG RQ PRQRPHUV' DEVROXWH FRQILJXUDWLRQ ($&) >5@. ,W KDV EHHQ VKRZQ WKDW VRPH
ROLJRSHSWLGHV XQGHUJR F\FOL]DWLRQ XQGHU KHDW WUHDWPHQW >6@. 7KH OLQHDU GLSHSWLGH (/)/HX-(/)/HX LV
RQH VXFK H[DPSOH >7@.

,Q WKLV WDON, , ZLOO SUHVHQW D FRPSUHKHQVLYH VSHFWURVFRSLF FKDUDFWHUL]DWLRQ RI WKH F\FOR /HX-/HX
VROLG-VWDWH V\QWKHVLV, VHH )LJXUH. ,W ZLOO EH GLYLGHG LQWR WKUHH SDUWV. )LUVW, , ZLOO GLVFXVV WKH UROH RI
SDFNLQJ LQ WKH V\QWKHVLV XVLQJ WUDQVLHQW DEVRUSWLRQ ,5 VSHFWURVFRS\ RQ WKH WLPH VFDOH RI VHFRQGV.
7KH VHFRQG SDUW ZLOO EH GHYRWHG WR LQYHVWLJDWLQJ PRUSKRORJLFDO FKDQJHV XVLQJ RSWLFDO DQG 5DPDQ
PLFURVFRS\. )LQDOO\, , ZLOO FRQFOXGH E\ HYDOXDWLQJ WKH FRQVHUYDWLRQ RI WKH DEVROXWH FRQILJXUDWLRQ RI
WKH UHVLGXHV XVLQJ YLEUDWLRQDO FLUFXODU GLFKURLVP DQG QXFOHDU PDJQHWLF UHVRQDQFH.

 

 

>1@ 0DQFKLQHHOOD 6, HW DO. &KHPSOXVFKHP (2017): 88-106. >2@ -RRQ 6HRN /HH, HW DO. $QJHZDQGWH
&KHPLH ,QW (G. (2011): 1196-1199. >3@ 5RQGHV ). 6LOYD, HW DO. /DQJPXLU (2013): 10205-10212. >4@ 6.
.RJLNRVNL, HW DO. 3K\V &KHP &KHP 3K\V (2016): 3223-3233. >5@ *¸UELW], HW DO. &KHP. (XU. -. (2001):
5153-5159. >6@ =LJDQVKLQ, 0.$, HW DO. - 7KHUP $QDO &DORULP (2016). >7@ 0DUDW $. =LJDQVKLQ, HW DO. -.
3K\V. &KHP. % (2017).
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-024

7KH WUDYHOV RI K\GURJHQ RYHU WKH FDWDO\VW VXUIDFH

$. %HFN1, /. $UWLJOLD2, $. .OHLEHUW2, +. )UH\1, -. $. YDQ %RNKRYHQ1,2*

1(7+ =¾ULFK, 23DXO 6FKHUUHU ,QVWLWXWH

+\GURJHQ VSLOORYHU LV WKH VXUIDFH PLJUDWLRQ RI DFWLYDWHG K\GURJHQ DWRPV IURP D PHWDO FDWDO\VW
SDUWLFOH, RQ ZKLFK PROHFXODU K\GURJHQ GLVVRFLDWHV, RQWR WKH FDWDO\VW VXSSRUW. ,W LV RI KLJK
LPSRUWDQFH IRU KHWHURJHQHRXV FDWDO\VLV, K\GURJHQ VWRUDJH PDWHULDOV, DQG IXHO FHOO WHFKQRORJ\. ,WV
RFFXUUHQFH RQ PHWDO R[LGH VXUIDFHV LV HVWDEOLVKHG >1@, \HW TXHVWLRQV UHPDLQ DERXW KRZ IDU IURP
WKH PHWDO FHQWHU VSLOORYHU LV UHDFKLQJ. $FKLHYLQJ VSDWLDO XQGHUVWDQGLQJ RI WKLV SURFHVV UHPDLQV D
FKDOOHQJLQJ TXHVW VLQFH WKH UHOHYDQW PDWHULDOV DUH XVXDOO\ FRPSOH[ QDQRPDWHULDOV. :H FKRVH WKH
DSSURDFK WR WUDQVODWH WKH FRPSOH[ VWUXFWXUH RI PHWDO R[LGH FDWDO\VWV LQWR SODQDU PRGHO
UHSUHVHQWDWLRQV >2@. 7KLV DSSURDFK DOORZV WKH XVH RI VXUIDFH VHQVLWLYH WHFKQLTXHV WKDW RWKHUZLVH
ZRXOG QRW SURYLGH VXIILFLHQW VSDWLDO LQIRUPDWLRQ.

%\ HPSOR\LQJ ;-UD\ SKRWRHOHFWURQ HPLVVLRQ VSHFWURVFRS\ (;36) DQG PLFURVFRS\ (;3((0), ERWK
PHWKRGV ZKLFK DUH KLJKO\ VHQVLWLYH WR WKH FKHPLFDO VWDWH RI WKH VXUIDFH, ZH ZHUH DEOH WR JDWKHU
GLUHFW HYLGHQFH WKDW VSLOORYHU LV RFFXUULQJ RYHU VHYHUDO PLFURQV DFURVV WKH R[LGH VXUIDFH >3@. ,Q WKLV
VKRUW FRPPXQLFDWLRQ, WKH SURSDJDWLRQ RI K\GURJHQ DFURVV WKH PHWDO R[LGH RULJLQDWLQJ IURP
GHSRVLWHG SODWLQXP ZLOO EH SUHVHQWHG LQ D WLPH UHVROYHG PRYLH ZLWK VSDWLDO UHVROXWLRQ RI WKH
FKHPLFDO VWDWHV RI WKH R[LGH VXUIDFH.

7KHVH ILQGLQJV DQG WKH GHULYHG XQGHUVWDQGLQJ DW ZKLFK WHPSHUDWXUHV K\GURJHQ VSLOORYHU LQ
DIIHFWLQJ WKH VXUIDFH ZLOO KHOS WR LPSURYH DQG H[SORLW WKH SURFHVV RI K\GURJHQ VSLOORYHU IRU
DSSOLFDWLRQ.

>1@ 3ULQV 5. &KHP. 5HY., 2012, 112(5), 2714-2738
>2@ .DULP :., 6SUHDILFR &., .OHLEHUW $., *REUHFKW -., 9DQGHYRQGHOH -, (NLQFL <., YDQ %RNKRYHQ -.
$., 1DWXUH, 2017, 541(7635), 68-71.
>3@ %HFN $., )UH\ +., .OHLEHUW $., YDQ %RNKRYHQ -. $. LQ SUHSDUDWLRQ
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-025

)ODVK KHDWLQJ ZDWHU WKURXJK QR PDQ'V ODQG — 6WUXFWXUDO HYROXWLRQ DQG FU\VWDOOL]DWLRQ
NLQHWLFV

&. 5. .U¾JHU1, *. %RQJLRYDQQL1, 1. -. 0RZU\ 1, 0. 'UDEEHOV1, 8. -. /RUHQ]1*

1/DERUDWRU\ RI 0ROHFXODU 1DQRG\QDPLFV, (3)/, /DXVDQQH, 6ZLW]HUODQG

:H SUHVHQW D QHZ H[SHULPHQWDO VFKHPH WR VWXG\ WKH WKHUPRG\QDPLF DQG NLQHWLF SURSHUWLHV RI
ZDWHU LQ LWV VXSHUFRROHG UHJLPH, QLFNQDPHG "QR PDQ’V ODQG". 7KH H[SHULPHQWDO DSSURDFK LV
LOOXVWUDWHG LQ SDQHO D EHORZ. )LUVW, D WKLQ OD\HU RI YDSRXU GHSRVLWHG DPRUSKRXV LFH LV JURZQ RQ D
JUDSKHQH VXEVWUDWH EHIRUH EHLQJ IODVK KHDWHG ZLWK D ODVHU. 7KH VLPXODWHG WHPSHUDWXUH HYROXWLRQ LV
GHSLFWHG LQ SDQHO E. $IWHU DQ LQLWLDO VWHHS ULVH, WKH WHPSHUDWXUH EHJLQV WR OHYHO RII EHWZHHQ 5-10 wV
DQG WKH VDPSOH OLTXLILHV DW 25 wV. 7KH VWUXFWXUDO HYROXWLRQ RI ZDWHU LV PHDVXUHG GXULQJ WKLV SURFHVV
E\ UHFRUGLQJ GLIIUDFWLRQ SDWWHUQ ZLWK KLJK-EULJKWQHVV HOHFWURQ SXOVHV RI 2wV GXUDWLRQ.>1@ )LQDOO\, WKH
ODVHU SXOVH LV WXUQHG RII DIWHU 30 wV ZKLFK UHVXOWV LQ UDSLG FRROLQJ (107 ./V) DQG UHYLWULILFDWLRQ RI WKH
VDPSOH WR IRUP K\SHUTXHQFKHG JODVV\ ZDWHU (+*:).>2@ 7KH VDPSOH LV WKHQ IODVK KHDWHG D VHFRQG
WLPH WR FRPSDUH WKH VWUXFWXUDO HYROXWLRQ RI $6: DQG +*:.

3DQHOV F-J VKRZ WKH WLPH-UHVROYHG GLIIUDFWLRQ SDWWHUQ RI $6: (EODFN) DQG +*: (EOXH) GXULQJ IODVK
PHOWLQJ DW WKH LPSRUWDQW WLPH VWHSV. ,QWHUHVWLQJO\, ERWK LFHV FU\VWDOOL]H EHIRUH PHOWLQJ, HYHQ
WKRXJK WKH\ UHYLWULI\ DIWHU WKH HQG RI WKH ODVHU SXOVH WR IRUP +*:, VXJJHVWLQJ WKDW WKH FULWLFDO
KHDWLQJ UDWH WR RXWUXQ FU\VWDOOL]DWLRQ LV VLJQLILFDQWO\ KLJKHU WKDQ WKH UHVSHFWLYH FRROLQJ UDWH GXULQJ
K\SHUTXHQFKLQJ. 0RUHRYHU, ZH ILQG D GLIIHUHQW VWUXFWXUDO HYROXWLRQ RI WKH WZR LFHV LQ QR PDQ’V ODQG
DV ZHOO DV LQ WKHLU FU\VWDOOL]DWLRQ NLQHWLFV. 2XU GDWD VKRZV, WKDW +*: FU\VWDOOL]HV DERXW 1.5 wV
HDUOLHU WKDQ $6:.

2XU H[SHULPHQWV VKHG OLJKW LQWR WKH FRPSOH[ G\QDPLF EHKDYLRU RI ZDWHU LQ QR PDQ'V ODQG DQG
SURPLVH WR KHOS EHWWHU XQGHUVWDQG WKH P\VWHULHV RI WKLV OLTXLG ZH DOO GHSHQG RQ.

>1@        3. .. 2OVKLQ, *. %RQJLRYDQQL, 0. 'UDEEHOV, 8. -. /RUHQ], 1DQR /HWW. 2020, 21, 612-618.
>2@ -. 0. 9RVV, 2. ). +DUGHU, 3. .. 2OVKLQ, 0. 'UDEEHOV, 8. -. /RUHQ], &KHP. 3K\V. /HWW. 2021,
778, 138812.
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-026

(35 LQYHVWLJDWLRQ RI PHWDO R[LGH FDWDO\VWV: IHUURPDJQHWLF EHKDYLRXU LQGXFHG E\ R[\JHQ
YDFDQFLHV

0. $JUDFKHY1, 7. 3LQKHLUR $UD¼MR2, &. 0RQGHOOL2, 7. =RX2, .. 0. (QJHO2, 5. 1. *UDVV2, :. -. 6WDUN2, 2.
9. 6DIRQRYD3, 6. 0LWFKHOO2, -. 3«UH]-5DP¯UH]2*, *. -HVFKNH1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK,
9ODGLPLU-3UHORJ-:HJ 2, 8093 =XULFK, 6ZLW]HUODQG, 2,QVWLWXWH RI &KHPLFDO DQG %LRHQJLQHHULQJ,
'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK, 9ODGLPLU-3UHORJ-:HJ 1, 8093

=XULFK, 6ZLW]HUODQG, 33DXO 6FKHUUHU ,QVWLWXWH, )RUVFKXQJVVWUDVVH 111, 5232 9LOOLJHQ, 6ZLW]HUODQG

3XUH DQG GRSHG PHWDO R[LGHV DUH ZLGHO\ XVHG IRU PDQ\ FDWDO\WLF DSSOLFDWLRQV. 7KLV ZRUN PDLQO\
IRFXVHV RQ ,Q223-EDVHG FDWDO\VWV IRU &22 FRQYHUVLRQ WR PHWKDQRO WKURXJK K\GURJHQDWLRQ. 7KH
FDWDO\WLF DFWLYLW\ RI WKHVH PDWHULDOV LV WKRXJKW WR EH UHODWHG WR WKH SUHVHQFH RI R[\JHQ YDFDQFLHV,
ZKLFK DFW DV FDWDO\WLF FHQWHUV. &RPELQLQJ ,Q223 ZLWK =U22 VXSSRUW DQG GRSLQJ LW ZLWK 3G SURYLGHV
LQFUHDVHG VWDELOLW\ DJDLQVW VLQWHULQJ DQG +2 VSOLWWLQJ DELOLW\, UHVSHFWLYHO\.>1-2@ 0RUHRYHU, =U22 DQG
3G LRQV FRXOG DOVR EH LQYROYHG LQ YDFDQFLHV FUHDWLRQ DQG DQQLKLODWLRQ DQG FRXOG WKXV EH FUXFLDO IRU
WKH FDWDO\WLF PHFKDQLVP.

,W LV ZLGHO\ NQRZQ WKDW R[\JHQ YDFDQFLHV FDQ WUDS XQSDLUHG HOHFWURQV, WKXV EHFRPLQJ
SDUDPDJQHWLF, DQG FDQ WKHUHIRUH EH VWXGLHG E\ (35. ,VRODWHG SDUDPDJQHWLF YDFDQFLHV (DOVR FDOOHG
FRORU FHQWHUV) JLYH ULVH WR VKDUS, XVXDOO\ DOPRVW LVRWURSLF VLJQDOV ZLWK J IDFWRUV QHDU WR JH.>3@
+RZHYHU, DV ZH VKRZ KHUH, ZKHQ WKH GHQVLW\ RI YDFDQFLHV LV YHU\ KLJK, XQH[SHFWHG EURDG VLJQDOV
DSSHDU, ZLWK IHDWXUHV FKDUDFWHULVWLF RI IHUURPDJQHWLF V\VWHPV. 7KHVH VLJQDOV FDQ EH DWWULEXWHG WR
H[FKDQJH-FRXSOHG PDJQHWLF SRODURQV. 7KH GHWDLOHG (35 LQYHVWLJDWLRQ RI WKHVH VLJQDOV SURYLGHV
LPSRUWDQW LQIRUPDWLRQ DERXW WKH VWUXFWXUH DQG WKH G\QDPLFV RI GLIIHUHQW NLQG RI YDFDQFLHV.
0RUHRYHU, D TXDQWLWDWLYH DSSURDFK WR IHUURPDJQHWLF VLJQDOV DQG (35-GHWHFWHG K\VWHUHVLV
SKHQRPHQD LV SURSRVHG.

7KH LPSRUWDQFH RI WKHVH ILQGLQJV LV UHODWHG QRW RQO\ WR PHWDO R[LGH FDWDO\VLV, EXW DOVR WR WKH
IXQGDPHQWDO XQGHUVWDQGLQJ RI WKH PDJQHWLF SURSHUWLHV RI PHWDO R[LGHV DQG SURYLGH D PHWKRGRORJ\
WR SURGXFH URRP WHPSHUDWXUH IHUURPDJQHWV LQ D FRQWUROOHG IDVKLRQ.

 

 

>1@ 0DWWKLDV 6. )UHL, &HFLOLD 0RQGHOOL, 5RGULJR *DUF¯D-0XHODV, .ODUD 6. .OH\, %HJR³D 3X«UWRODV, 1¼
/µSH], 2OJD 9. 6DIRQRYD, -RVHSK $. 6WHZDUW, 'DQLHO &XUXOOD )HUU«, -DYLHU 3«UH]-5DP¯UH], 1DW.
&RPPXQ. 2019, 10, 3377.
>2@ 0DWWKLDV 6. )UHL, &HFLOLD 0RQGHOOL, $OHVVLD &HVDULQL, )UDQN .UXPHLFK, 5RODQG +DXHUW, -RVHSK $.
6WHZDUW, 'DQLHO &XUXOOD )HUU«, -DYLHU 3«UH]-5DP¯UH], $&6 &DWDO. 2020, 10, 2, 1133-1145.
>3@ &KHQJVKHQJ <DQJ, &KXQOHL 3HL, 5DQ /XR, 6LKDQJ /LX, <DQDQ :DQJ, =KRQJ\DQ :DQJ, =KL--LDQ
=KDR, -LQORQJ *RQJ -. $P. &KHP. 6RF. 2020, 142, 46, 19523-19531.
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3K\VLFDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) 3&-027

 $W WKH &XWWLQJ (GJH – 105 6WXGLHV 5HYHDO 'LVWLQFW 5HDFWLYLWLHV RI 6SHFLILF (GJH 6LWHV
RQ 1HHGOH-6KDSHG ͇-$O223 1DQRFU\VWDOV 7RZDUG 3W(,,) 3UHFXUVRUV

/. $. 9¸ONHU1, -. 0H\HW1, /. 5RFKOLW]1, &. &RS«UHW 1*

1(7+ =¾ULFK

'HVSLWH EHLQJ D FUXFLDO FRPSRQHQW RI PDQ\ UHOHYDQW FDWDO\WLF V\VWHPV VXFK DV 3W/$O223, WKH
VXUIDFH IHDWXUHV RI ͇-$O223 UHPDLQ SRRUO\ XQGHUVWRRG WR GDWH. 2QO\ YHU\ UHFHQWO\, WKH SRWHQWLDO UROH
RI KLJKO\ UHDFWLYH HGJH VLWHV ZDV LQWURGXFHG WR WKH UHVHDUFK FRPPXQLW\. 7KRVH HGJH VLWHV DUH
SURSRVHG WR EH FRQWDLQHG ZLWKLQ WKH KLJK-ILHOG VLJQDO (DSSUR[. 0 SSP) RI WKH 1+ 105 VSHFWUXP RI ͇-
$O223. >1@ %\ FRPELQLQJ WKH GHYHORSPHQW RI ZHOO-GHILQHG, QHHGOH-VKDSHG ͇-$O223 QDQR-FU\VWDOV
KDYLQJ D KLJK UHODWLYH IUDFWLRQ RI HGJH VLWHV ZLWK VWDWH-RI WKH DUW 2' DQG SVHXGR-3' VROLG-VWDWH
105 VSHFWURVFRS\, ZH KDYH EHHQ FDSDEOH WR JR EH\RQG ZKDW KDV EHHQ SUHYLRXVO\ UHSRUWHG DQG
UHVROYHG WZR GLVWLQFW K\GUR[\O VLWHV LQ WKH KLJK-ILHOG 1+-105 VLJQDO RI RXU ͇-$O223 PDWHULDO. >2@

+HUH, ZH FDSLWDOL]H RQ WKHVH ILQGLQJV DQG FRPSDUH WKH 105 VLJQDWXUHV RI RXU ͇-$O223PDWHULDO
EHIRUH DQG DIWHU JUDIWLQJ RI >3W(&2')0H2@. 6XUSULVLQJO\, WKH UHVROYHG K\GUR[\O VLWHV SRVVHVV
GLIIHUHQW UHDFWLYLWLHV WRZDUG WKLV PROHFXODU SODWLQXP-SUHFXUVRU DV UHYHDOHG E\ VLQJOH-TXDQWXP-
GRXEOH-TXDQWXP 1+-1+ DQG UHFRXSOLQJ-WLPH HQFRGHG ^27$O`-1+ '-+04& 105 VSHFWURVFRS\. 7KH
KHUHLQ SUHVHQWHG DQDO\VLV GRHV QRW RQO\ SURYLGH D FRPSOHPHQWDU\ WRRO WR 1953W-105 VSHFWURVFRS\
IRU WKH DQDO\VLV RI WKH VXUIDFH-RUJDQRPHWDOOLF FKHPLVWU\ RI SODWLQXP RQ DOXPLQD PDWHULDOV, LW PLJKW
DOVR HQDEOH WKH WDLORUHG GHVLJQ RI ͇-$O223 QDQRFU\VWDOV ZKLFK DUH LGHDO VXSSRUWV IRU WKH V\QWKHVLV RI
PRQR-GLVSHUVHG 3W QDQRSDUWLFOHV.

>1@ %DWLVWD $.7.).; :LVVHU '.; 3LJHRQ 7.; *DMDQ '.; 'LHKO ).; 5LYDOODQ 0.; &DWLWD /.; *D\ $.-6.; /HVDJH
$.; &KL]DOOHW &.; 5D\EDXG, 3. -. &DWDO. 2019, 378, 140-143.
>2@ 9¸ONHU, /. $; 0H\HW, -.; %HUNVRQ =.-.; 5RFKOLW], /.; YDQ %RNKRYHQ, -. $.; &RS«UHW, &. -. 3K\V. &KHP.
&. 2022, 126, 14, 6351-6360.  
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3K\VLFDO &KHPLVWU\, 3RVWHU 3&-101

6\QWKHVLV DQG VWUXFWXUDO GHWHUPLQDWLRQ E\ ;-UD\ FU\VWDOORJUDSK\ RI PHWDO QDQRFOXVWHUV

.. $KPHG (WKPDQH1, $. 5RVVSHLQWQHU1, (. %RUGLJQRQ1, 7. %¾UJL1*, &. %HVQDUG2*

18QLYHUVLW\ RI *HQHYD, 'HSDUWPHQW RI 3K\VLFDO &KHPLVWU\, 4XDL (UQHVW-$QVHUPHW 30, 1205 *HQªYH,
28QLYHUVLW\ RI *HQHYD, /DERUDWRU\ RI &U\VWDOORJUDSK\, 4XDL (UQHVW-$QVHUPHW 24, 1205 *HQªYH

1REOH PHWDO QDQRFOXVWHUV DUH D VSHFLDO FODVV RI QDQRPDWHULDOV ZLWK VL]HV YDU\LQJ EHWZHHQ 1 DQG 3
QP ZKLFK H[KLELW YHU\ SHFXOLDU PROHFXOH-OLNH SURSHUWLHV. 7KHVH SURSHUWLHV PDNH WKHP SURPLVLQJ
FDQGLGDWHV IRU YDULRXV DSSOLFDWLRQV LQFOXGLQJ LQ FDWDO\VLV, ELRLPDJLQJ RU VHQVLQJ. >1@

7KHVH QDQRFOXVWHUV DUH DWRPLFDOO\ SUHFLVH ZLWK D QXPEHU RI PHWDOOLF DWRPV UDQJLQJ IURP DURXQG
10 WR D IHZ KXQGUHGV DQG DUH SURWHFWHG E\ D VKHOO RI RUJDQLF OLJDQGV. >1@

'HWHUPLQLQJ WKH H[DFW VWUXFWXUH RI WKHVH FRPSRXQGV LV HVVHQWLDO WR D JRRG XQGHUVWDQGLQJ RI WKHLU
SURSHUWLHV DQG VXFK VWUXFWXUH GHWHUPLQDWLRQ FDQ EH DFKLHYHG E\ ;-5D\ FU\VWDOORJUDSK\.

7R LQYHVWLJDWH WKH VWUXFWXUH-VL]H UHODWLRQVKLS DQG WKH HYROXWLRQ RI WKH VWUXFWXUH ZLWK WKH VL]H RI
QDQRPDWHULDOV, QHZ QDQRFOXVWHUV ZHUH V\QWKHVL]HG DQG FU\VWDOOLVHG. $ GHWDLOHG DQDO\VLV RI WKHLU
VWUXFWXUHV ZDV FRQGXFWHG DIWHU ;-UD\ GLIIUDFWLRQ DQG VRPH VSHFWURVFRSLF SURSHUWLHV ZHUH
PHDVXUHG. 7KH QHZ FOXVWHUV DUH FKLUDO. ,QWHUHVWLQJO\, WKH FKLUDOLW\ RI WKH $J21$X8 DOOR\ FOXVWHU DULVHV
IURP WKH KHOLFDO DUUDQJHPHQW RI WKH JROG DWRPV.

>1@ 0HQJ =KRX, &KHQMLH =HQJ, <X[LDQJ &KHQ, 6KXR =KDR, 0DWWKHZ <.6IHLU, 0DQ]KRX =KX, 5RQJFKDR
-LQ, 1DWXUH &RPPXQLFDWLRQV, 2016, 7, 13240
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3K\VLFDO &KHPLVWU\, 3RVWHU 3&-102

8QUDYHOOLQJ WKH 0DVV 7UDQVSRUW RI :DWHU DW 2UJDQLF $HURVRO ,QWHUIDFHV

0. $]L]EDLJ 0RKDMHU1

1(7+ =¾ULFK

,QWHUIDFLDO PDVV WUDQVSRUW SOD\V D FUXFLDO UROH LQ GHILQLQJ JURZWK UDWHV RI DHURVRO SDUWLFOHV DQG
GURSOHWV. $ EHWWHU XQGHUVWDQGLQJ RI WKH XQGHUO\LQJ NLQHWLFV LV LPSRUWDQW IRU WKH GHOLYHU\ RI
SKDUPDFHXWLFDO DHURVROV WR KXPDQ DLUZD\V, LQGXVWULDO SURFHVVHV VXFK DV LQNMHW SULQWLQJ RU VSUD\
GU\LQJ, DQG FORXG IRUPDWLRQ LQ WKH DWPRVSKHUH. ,QWHUIDFLDO PDVV WUDQVSRUW LV GHWHUPLQHG E\ WKH
PDVV DFFRPPRGDWLRQ FRHIILFLHQW, ZKLFK GHVFULEHV HYDSRUDWLRQ DQG FRQGHQVDWLRQ NLQHWLFV DW WKH
OLTXLG-YDSRXU LQWHUIDFH LQ WHUPV RI D SUREDELOLW\. 'HVSLWH WKH ZLGHVSUHDG UHOHYDQFH RI WKH
DFFRPPRGDWLRQ FRHIILFLHQW, LWV YDOXH LV VWLOO XQNQRZQ IRU PDQ\ LPSRUWDQW V\VWHPV.

7R DGGUHVV WKLV LVVXH, ZH HPSOR\ 3KRWRWKHUPDO 6LQJOH-3DUWLFOH 6SHFWURVFRS\ (3636) WR LQYHVWLJDWH
WKH ZDWHU DFFRPPRGDWLRQ RQ VLQJOH RSWLFDOO\-WUDSSHG ZDWHU-PLVFLEOH RUJDQLF DHURVRO SDUWLFOHV.
3636 FRPELQHV SKRWRDFRXVWLF VSHFWURVFRS\ DQG PRGXODWHG 0LH VFDWWHULQJ, DQG DOORZV WKH VDPSOHV
WR EH SUREHG XQGHU DPELHQW FRQGLWLRQV DQG FORVH WR WKHUPDO HTXLOLEULXP >1@ >2@. &RPELQDWLRQ ZLWK
D PRGHO IRU KHDW DQG PDVV WUDQVIHU DOORZV XV WR UHWULHYH YDOXHV IRU WKH ZDWHU PDVV DFFRPPRGDWLRQ
FRHIILFLHQW RQ ZDWHU-PLVFLEOH RUJDQLFV DW GLIIHUHQW SDUWLFOH WHPSHUDWXUHV DQG UHODWLYH KXPLGLWLHV >1@
>3@. )XUWKHUPRUH, WKH FDSDELOLW\ RI 3636 WR SUREH VDPSOHV ZLWK KLJK ZDWHU FRQWHQW HQDEOHG XV WR
FRQILUP WKH ORZHU OLPLW IRU WKH PDVV DFFRPPRGDWLRQ RI ZDWHU RQ OLTXLG ZDWHU RI 0.3 XQGHU DPELHQW
FRQGLWLRQV >4@.

>1@       6. 5R\, 0. (. 'LYHN\, 5. 6LJQRUHOO, -. 3K\V. &KHP. & 2020, 124, 2481–2489.
>2@ 0. (. 'LYHN\, 6. 5R\, -. :. &UHPHU, *. 'DYLG, 5. 6LJQRUHOO, 3K\V. &KHP. &KHP. 3K\V. 2019,
21, 4721-4731.
>3@       ). *UDEHU, '-&+$%, (7+ =¾ULFK, 0DVWHU 7KHVLV, 2022, WR EH VXEPLWWHG.
>4@       0. (. 'LYHN\, 0. *OHLFKZHLW, 6. 5R\, 5. 6LJQRUHOO, -. 3K\V. &KHP. $ 2021, 125, 3528-3548.
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3K\VLFDO &KHPLVWU\, 3RVWHU 3&-103

&ROG LRQ-PROHFXOH UHDFWLRQV EHWZHHQ +H+ DQG VPDOO PROHFXOHV ZLWK D TXDGUXSROH
PRPHQW

). %. 9. 0DUWLQV1, ). YDQ 6ZDDLM1, 9. =KHO\D]NRYD1, ). 0HUNW1*

1(7+ =¾ULFK, /DERUDWRU\ RI 3K\VLFDO &KHPLVWU\

([RWKHUPLF, EDUULHU-IUHH LRQ-PROHFXOH UHDFWLRQV SURFHHG ZLWK KLJK UDWH FRHIILFLHQWV HYHQ DW YHU\
ORZ WHPSHUDWXUHV. 7KHVH UHDFWLRQV DUH W\SLFDOO\ GHVFULEHG XVLQJ WKH /DQJHYLQ PRGHO, ZKLFK
SUHGLFWV WKH UDWH FRHIILFLHQW WR EH LQGHSHQGHQW RI WKH WHPSHUDWXUH RU WKH FROOLVLRQ HQHUJ\ ((FROO). $W
QHDU-]HUR FROOLVLRQ HQHUJLHV, KRZHYHU, D VWURQJ (FROO GHSHQGHQFH RI WKH FDSWXUH UDWH FRHIILFLHQWV
FDQ DULVH EHFDXVH RI WKH LQWHUDFWLRQ EHWZHHQ WKH FKDUJH RI WKH LRQ DQG WKH HOHFWULF GLSROH RU
TXDGUXSROH PRPHQWV RI WKH QHXWUDO PROHFXOH. 7R UHDFK VXFK ORZ FROOLVLRQ HQHUJLHV, ZH XVH D
PHUJHG-EHDP DSSURDFK DQG VWXG\ LRQ-PROHFXOH UHDFWLRQV ZLWKLQ WKH RUELW RI D KLJKO\ H[FLWHG
5\GEHUJ HOHFWURQ, ZKLFK SUHYHQWV WKH KHDWLQJ XS RI WKH LRQV E\ VWUD\ HOHFWULF ILHOGV ZLWKRXW
LQIOXHQFLQJ WKH UHDFWLRQ.

,Q SUHYLRXV VWXGLHV RI UHDFWLRQV EHWZHHQ +H+ DQG HLWKHU OLQHDU RU V\PPHWULF WRS PROHFXOHV, ZH
IRXQG WKDW IRU SRODU UHDFWDQWV, VXFK DV 1+3, D SURQRXQFHG LQFUHDVH LQ WKH UDWH FRHIILFLHQW LV
REVHUYHG ZLWK GHFUHDVLQJ (FROO >1,2@, ZKHUHDV IRU 12, ZKLFK KDV QR GLSROH PRPHQW EXW D QHJDWLYH
TXDGUXSROH PRPHQW, WKH UHDFWLRQ \LHOG GHFUHDVHV ZLWK GHFUHDVLQJ (FROO >3@. ,Q WKLV FRQWULEXWLRQ, ZH
ZLOO SUHVHQW WKH UHVXOWV RI UHFHQW LQYHVWLJDWLRQV DW ORZ (FROO RI WKH UHDFWLRQV RI +H+ ZLWK PROHFXOHV
WKDW KDYH D TXDGUXSROH PRPHQW, ZLWK SDUWLFXODU HPSKDVLV RQ WKH +H+ + &2 >4@ DQG WKH +H+ + &2+4
UHDFWLRQ V\VWHPV. ,Q WKH IRUPHU FDVH, ZH H[DPLQH LQ GHWDLO WKH UROH RI WKH FKDUJH-GLSROH DQG
FKDUJH-TXDGUXSROH LQWHUDFWLRQV. 7KH GLSROH PRPHQW RI &2 LV VPDOO, DQG LW LV QRW REYLRXV WR SUHGLFW
ZKHWKHU WKH (FROO EHKDYLRU RI WKH UDWH FRHIILFLHQWV LV GRPLQDWHG E\ WKH FKDUJH-GLSROH RU WKH FKDUJH-
TXDGUXSROH LQWHUDFWLRQ. ,Q WKH ODWWHU FDVH, ZH H[DPLQH IRU WKH ILUVW WLPH DQ LRQ-PROHFXOH UHDFWLRQ
LQYROYLQJ D QRQSRODU DV\PPHWULF PROHFXOH ZLWK D ODUJH TXDGUXSROH PRPHQW.

 

>1@ 9. =KHO\D]NRYD, ). %. 9. 0DUWLQV, -. $. $JQHU, +. 6FKPXW], ). 0HUNW, 3K\V. 5HY. /HWW., 2020, 125,
263401.
>2@ 9. =KHO\D]NRYD, ). %. 9. 0DUWLQV, -. $. $JQHU, +. 6FKPXW], ). 0HUNW,3K\V. &KHP. &KHP. 3K\V.,
2021, 23, 21606.
>3@ 9. =KHO\D]NRYD, ). %. 9. 0DUWLQV, 0. ĿHģNR, ). 0HUNW, 3K\V. &KHP. &KHP. 3K\V., 2022, 24, 2843.
>4@ ). %. 9. 0DUWLQV, 9. =KHO\D]NRYD, &K. 6HLOHU, ). 0HUNW, 1HZ -. 3K\V., 2021, 23, 095011.
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3K\VLFDO &KHPLVWU\, 3RVWHU 3&-105

1DQRVFDOH $QDO\VLV RI 2Q-6XUIDFH &RRUGLQDWLRQ 6\VWHPV 8VLQJ 7LS-(QKDQFHG 5DPDQ
6SHFWURVFRS\

=. &DL1, /. =KHQJ1, <. =KDQJ2, 5. =HQREL1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK, 2+HIHL 1DWLRQDO /DERUDWRU\ IRU
3K\VLFDO 6FLHQFHV DW WKH 0LFURVFDOH DQG 6\QHUJHWLF ,QQRYDWLRQ &HQWHU RI 4XDQWXP ,QIRUPDWLRQ DQG

4XDQWXP 3K\VLFV, 8QLYHUVLW\ RI 6FLHQFH DQG 7HFKQRORJ\ RI &KLQD

0HWDO−RUJDQLF FRRUGLQDWLRQ VWUXFWXUHV DW LQWHUIDFHV SOD\ DQ HVVHQWLDO UROH LQ PDQ\ ELRORJLFDO DQG
FKHPLFDO V\VWHPV.>1-4@ 8QGHUVWDQGLQJ WKH PROHFXODU VSHFLILFLW\, RULHQWDWLRQ, DQG VSDWLDO
GLVWULEXWLRQ RI WKH FRRUGLQDWLRQ FRPSOH[HV DW WKH QDQRPHWHU VFDOH LV RI JUHDW LPSRUWDQFH IRU
HIIHFWLYH PROHFXODU HQJLQHHULQJ RI QDQRVWUXFWXUHV DQG IDEULFDWLRQ RI IXQFWLRQDO GHYLFHV ZLWK
FRQWUROODEOH SURSHUWLHV. +RZHYHU, IXQGDPHQWDO SURSHUWLHV RI VXFK FRRUGLQDWLRQ V\VWHPV DUH VWLOO
UDUHO\ VWXGLHG GLUHFWO\.

7KLV SUHVHQWDWLRQ ZLOO IRFXV RQ WKH DSSOLFDWLRQ RI WLS-HQKDQFHG 5DPDQ VSHFWURVFRS\ (7(56) DV D
VSHFWURVFRSLF DSSURDFK WR LQYHVWLJDWH RQ-VXUIDFH FRRUGLQDWLRQ VSHFLHV RQ WKH VFDOH RI D VLQJOH
PROHFXOH XQGHU DPELHQW FRQGLWLRQV, LOOXVWUDWHG LQ )LJXUH 1.>5@ &RRUGLQDWLRQ VSHFLHV DQFKRUHG RQ
JROG VXUIDFHV PRGLILHG ZLWK S\ULGLQH WKLRO VHOI-DVVHPEOHG PRQROD\HUV FDQ EH VSHFWURVFRSLFDOO\
GLVWLQJXLVKHG DQG PDSSHG ZLWK FD. 2 QP UHVROXWLRQ. ,Q DGGLWLRQ, LQ FRPELQDWLRQ ZLWK GHQVLW\
IXQFWLRQDO WKHRU\ VLPXODWLRQV, WKH DGVRUSWLRQ FRQILJXUDWLRQ DQG PROHFXODU RULHQWDWLRQ RI WKH
FRRUGLQDWLRQ FRPSOH[HV DUH DOVR UHYHDOHG XVLQJ 7(56 LPDJLQJ. )RU LQVWDQFH, WKH WLOW DQJOHV RI WKH
FRRUGLQDWLRQ FRPSOH[HV, DFFRUGLQJ WR WKH 5DPDQ VSHFWUD LQ )LJXUH 1E FRUUHVSRQG WR FD. 90r, 60r,
45r.

)LJXUH 1. D) 6FKHPH RI 670-7(56 SURELQJ RQ-VXUIDFH FRRUGLQDWLRQ V\VWHP. E) 7\SLFDO 7(5 VSHFWUD
RI FRRUGLQDWLRQ FRPSOH[HV ZLWK GLIIHUHQW WLOW DQJOHV RQ D $X(111) VXUIDFH. F – G) 7(56 SHDN
LQWHQVLW\ PDSV (840 FP-1) VKRZLQJ WKH RULHQWDWLRQV RI WKH FRRUGLQDWLRQ VSHFLHV DUH PRUH
KRPRJHQHRXV LQ WKH LPPHUVLRQ VDPSOH. 

>1@ 0LQMX .LP, 0LURVODZ '\JDV, <DURVODY ,. 6REROHY, :LNWRU %HNHU, 4LDQJ =KXDQJ, 7RPDV] .OXF]QLN,
*XLOOHUPR $KXPDGD, -XDQ &DUORV $KXPDGD, %DUWRV] $. *U]\ERZVNL, -. $P. &KHP. 6RF., 2021, 143,
1807-1815.
>2@ 1LNROD\ .RUQLHQNR, <LQJER =KDR, &KULVWRSKHU 6. .OH\, &KHQKXL =KX, 'RK\XQJ .LP, 6RQJ /LQ,
&KULVWRSKHU -. &KDQJ, 2PDU 0. <DJKL, 3HLGRQJ <DQJ, -. $P. &KHP. 6RF., 2015, 137, 14129-14135.
>3@ 0DUN .XLO, 7KHUHVD 6ROWQHU, 3LHW :. 1. 0. YDQ /HHXZHQ, -RRVW 1. +. 5HHN,-. $P. &KHP. 6RF.,
2006, 128, 11344-11345.
>4@ 0HOLVVD /. 0HUODX, 0DULD GHO 3LODU 0HMLD, 6RQ%LQK 7. 1JX\HQ, -RVHSK 7. +XSS, $QJHZ. &KHP. ,QW.
(G., 2001, 40, 4239-4242.
>5@ =KHQ-)HQJ &DL, /L-4LQJ =KHQJ, <DR =KDQJ, 5HQDWR =HQREL, -. $P. &KHP. 6RF., 2021, 143,
12380-12386.
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3K\VLFDO &KHPLVWU\, 3RVWHU 3&-106

+LJK-UHVROXWLRQ VSHFWURVFRS\ RI PHWDVWDEOH KHOLXP DWRPV XVLQJ EHDP-PDQLSXODWLRQ
PHWKRGV

*. &ODXVHQ1, /. *DEULHO1, -. $. $JQHU1, +. 6FKPXW]1, ). 0HUNW1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =XULFK

7KH PHWDVWDEOH +H ((1V)1(2V)1) DWRP LQ LWV VLQJOHW (16) RU WULSOHW (36) VWDWHV LV DQ LGHDO V\VWHP WR
SHUIRUP WHVWV RI DE-LQLWLR FDOFXODWLRQV RI WZR-HOHFWURQ V\VWHPV WKDW LQFOXGH TXDQWXP-
HOHFWURG\QDPLFV. 7KH UHFHQW GHWHUPLQDWLRQ RI WKH LRQL]DWLRQ HQHUJ\ RI WKH PHWDVWDEOH 2 16 VWDWH RI
4+H >1@ FRQILUPHG D GLVFUHSDQF\ EHWZHHQ WKH ODWHVW WKHRUHWLFDO YDOXHV RI WKH /DPE VKLIWV LQ ORZ
O\LQJ HOHFWURQLF VWDWHV RI WULSOHW KHOLXP >2@ DQG WKH PHDVXUHG 3 3' ← 2 36 >3@ DQG 3 3' ← 2 33 >4@
WUDQVLWLRQ IUHTXHQFLHV. 7R ILQG WKH UHDVRQV EHKLQG WKHVH GLVFUHSDQFLHV, LW LV QHFHVVDU\ WR FDUU\ RXW
QHZ GHWHUPLQDWLRQ RI WKH LRQL]DWLRQ HQHUJLHV RI WKH ORZ-O\LQJ WULSHW VWDWHV RI KHOLXP, ERWK
H[SHULPHQWDOO\ DQG WKHRUHWLFDOO\.

&XUUHQWO\, ZH IRFXV RQ WKH GHYHORSPHQW RI D QHZ DWRPLF-EHDP PDQLSXODWLRQ PHWKRG IRU WKH 2 36
VWDWH RI +H, ZLWK WKH DLP RI GHWHUPLQLQJ LWV LRQL]DWLRQ HQHUJ\ ZLWK XQSUHFHGHQWHG DFFXUDF\. 7KH
LQWHUDFWLRQ RI WKH WULSOHW VWDWH (ZKLFK KDV D QRQ]HUR WRWDO HOHFWURQLF VSLQ) ZLWK PDJQHWLF ILHOGV LV
H[SORLWHG WR VORZ GRZQ VXSHUVRQLF EHDPV RI 2 36 +H WR ORZ YHORFLWLHV XVLQJ WKH WHFKQLTXH RI
PXOWLVWDJH =HHPDQ GHFHOHUDWLRQ. ,Q DGGLWLRQ, WKH FORVHG-F\FOH 2V 36 - 2S 33 WUDQVLWLRQ LV XVHG WR
WUDQVYHUVDOO\ FRRO WKH EHDP. 

:H SUHVHQW PHDVXUHPHQWV DQG VLPXODWLRQV RI WKH YHORFLW\ GLVWULEXWLRQ RI WKH +H DWRPV LQ WKH 2 36
VWDWH DIWHU =HHPDQ GHFHOHUDWLRQ DQG WUDQVYHUVH ODVHU FRROLQJ. 7KLV FRPELQDWLRQ VWURQJO\ UHGXFHV
'RSSOHU DQG WUDQVLW-WLPH EURDGHQLQJ DQG HQDEOHV WKH PHDVXUHPHQW RI WUDQVLWLRQV IURP WKH 2 36
VWDWH WR QS 5\GEHUJ VWDWHV ZLWK OLQHZLGWKV RI DERXW 1 0+]. ([WUDSRODWLRQ RI WKH QS VHULHV \LHOGV WKH
LRQL]DWLRQ HQHUJ\ ZLWK VXE-0+] DFFXUDF\.

 

 

>1@ *. &ODXVHQ, 3. -DQVHQ, 6. 6FKHLGHJJHU, -. $. $JQHU, DQG ). 6FKPXW], +.DQG 0HUNW, 3K\V. 5HY.
/HWW. 2021, 127, 093001.
>2@ 9. 3DWNµģ, 9. $. <HURNKLQ, DQG .. 3DFKXFNL, 3K\V. 5HY. $, 2021, 103, 042809.
>3@ &. 'RUUHU, ). 1H], %. GH %HDXYRLU, /. -XOLHQ, DQG ). %LUDEHQ, 3K\V. 5HY. /HWW., 1997 78, 3658.
>4@ 3.-/. /XR, -.-/. 3HQJ, -. +X, <. )HQJ, /.-%. :DQJ, DQG -.-7. 6K\, 3K\V. 5HY. $, 2016, 94, 062507.
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3K\VLFDO &KHPLVWU\, 3RVWHU 3&-107

(QKDQFHG VWDELOLW\ DQG VROXELOLW\ RI SKRWRDFLGV LQ ELQDU\ VROYHQW PL[WXUHV

$. GH 9ULHV1, 0. 5HLWHU1, .. *RORYL]QLQD2, 0. 6DODQQH2, 0. 5. /XNDWVND\D1*

1(7+ =XULFK, (OHFWURFKHPLFDO (QHUJ\ 6\VWHPV /DERUDWRU\, 23K\VLFRFKLPLH GHV ÉOHFWURO\WHV HW
1DQRV\VWªPHV LQWHUIDFLDX[

0HWDVWDEOH SKRWRDFLGV DUH D XQLTXH FODVV RI RUJDQLF PROHFXOHV WKDW FDQ UHYHUVLEO\ ORZHU S+ RI WKH
VROXWLRQ XQGHU 89-YLVLEOH OLJKW. 0HURF\DQLQH-W\SH SKRWRDFLGV FDQ GHFUHDVH WKH S+ E\ XS WR 3.5
XQLWV LQ OHVV WKDQ 30 VHFRQGV (S+-MXPS), DQG WKHQ UHYHUVH WR WKH RULJLQDO S+ LQ GDUNQHVV ZLWKLQ 15
PLQXWHV WKURXJK WKHUPDO UHOD[DWLRQ >1, 2@. 7KH QRQ-LQYDVLYH QDWXUH RI WKHVH OLJKW VZLWFKDEOH SURWRQ
HPLWWHUV UHQGHUV KLJKO\ UHOHYDQW DSSOLFDWLRQV LQ IXQFWLRQDOL]HG VXUIDFHV, VXFK DV PHPEUDQHV >3@
DQG VHQVRUV >4@, RU S+-GULYHQ UHDFWLRQV VXFK DV K\GURJHO IRUPDWLRQ >5@ RU &22 DEVRUSWLRQ/UHOHDVH
>6@. 'HVSLWH WKH S.D WXQDELOLW\ ZLWK VXEVWLWXHQWV PRGLILFDWLRQV >7@, PHURF\DQLQH-W\SH SKRWRDFLGV
DUH JHQHUDOO\ OLPLWHG E\ WKHLU ORZ FKHPLFDO VWDELOLW\ GXH WR K\GURO\VLV (KDOI-OLIH LV 16 KRXUV) DQG ORZ
VROXELOLW\ LQ ZDWHU (0.19 P0) >3@. ,Q DSURWLF RUJDQLF VROYHQWV VXFK DV GLPHWK\O VXOIR[LGH ('062),
SKRWRDFLGV GLVSOD\ KLJKHU FKHPLFDO VWDELOLW\ DQG VROXELOLW\ >1@, KRZHYHU S+-MXPS LQ VXFK VROYHQWV LV
QRW UHYHUVLEOH.

+HUHLQ ZH SURSRVH WKH XVH RI WKH ZDWHU-'062 VROYHQW PL[WXUHV LQ FRPELQDWLRQ RI SKRWRDFLGV WR
DFKLHYH WKH ‘EHVW RI ERWK ZRUOGV’: KLJK UHYHUVLELOLW\ RI S+-MXPS DV ZHOO DV KLJK FKHPLFDO VWDELOLW\
DQG VROXELOLW\. %\ FRPELQLQJ S+-MXPS, VROXELOLW\ DQG VWDELOLW\ VWXGLHV, ZH GHPRQVWUDWH WKDW
VROXELOLW\ FDQ EH HQKDQFHG E\ 2 RUGHUV RI PDJQLWXGH, DQG KDOI-OLIH LQFUHDVHG E\ 1 RUGHU RI
PDJQLWXGH LQ '062-ZDWHU PL[WXUHV. 89-9LV DEVRUSWLRQ, 105, 6$;6 DQG 0'6 ZHUH XVHG WR UHYHDO
WKH UROH RI +-ERQGLQJ QHWZRUNV DQG PRGLILHG VROYHQW VWUXFWXUH WR HQDEOH WKLV HQKDQFHPHQW.
%HVLGHV RSWLPL]LQJ IRU VSHFLILF SURSHUWLHV, ELQDU\ VROYHQW PL[WXUHV SURYLGH DQ DGGLWLRQDO GHJUHH RI
IUHHGRP WR WXQH SKRWRDFLG SURSHUWLHV VXFK DV S.D DQG UHOD[DWLRQ NLQHWLFV WKDW FDQ DOVR EH DSSOLHG
WR RWKHU W\SHV RI SKRWRDFLGV.

>1@ &HVDUH %HUWRQ, 'DQLHO 0DULD %XVLHOOR, 6WHIDQR =DPXQHU, (XUR 6RODUL, 5RVDULR 6FRSHOOLWL,
)DU]DQHK )DGDHL-7LUDQL, .D\ 6HYHULQ &ULVWLDQ 3H]]DWR, &KHPLFDO 6FLHQFH., 2020, 11, 8457-8468.
>2@ -RQDWKRQ %HYHV, /DXUD :LPEHUJHU, -RDNLP $QGU«DVVRQ, &KHPU[LY, 2022.
>3@ :LOOLDP :KLWH, &KULVWRSKHU '. 6DQERUQ, 'DYLG 0. )DELDQ, 6KDQH $UGR, -RXOH 2.1, 2018, 94-109.
>4@ 7KDDHU .KDOLO, $UZD $OKDUEL, &OD\WRQ %DXP, <L /LDR, 0DFURPROHFXODU 5DSLG
&RPPXQLFDWLRQV, 2018, 39, 1800319.
>5@ $PRV 0HHNV, 0LFKDHO 0. /HUFK, 7KRPDV %. +. 6FKURHGHU, $QNLWD 6KDVWUL, -RDQQD $L]HQEHUJ,
-RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\, 2021, 219-227.
>6@ 5REHUW %HQQHWW, 6DUDK &OLIIRUG , .HQULFN $QGHUVRQ , *UDHPH 3X[W\, (QHUJ\ 3URFHGLD, 2017, 114,
1-6.
>7@ 1DZRGL $EH\UDWKQD,<L /LDR, -RXUQDO RI 3K\VLFDO 2UJDQLF &KHPLVWU\, 2017, 30.8: H3664.
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3K\VLFDO &KHPLVWU\, 3RVWHU 3&-108

=HUR-TXDQWXP-GHIHFW PHWKRG XVLQJ WKH 6WDUN HIIHFW LQ 5\GEHUJ VWDWHV RI SDUD-+2

,. 'RUDQ1, 1. +¸OVFK1, ). 0HUNW1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =¾ULFK, 6ZLW]HUODQG

 

0ROHFXODU K\GURJHQ LV WKH VLPSOHVW PROHFXODU IRXU-ERG\ V\VWHP, DQG LWV LRQL]DWLRQ HQHUJ\ LV DQ
LPSRUWDQW EHQFKPDUN TXDQWLW\ IRU WKH FDOFXODWLRQ RI TXDQWXP-HOHFWURG\QDPLFV FRUUHFWLRQV >1@. 7KH
ERWWOHQHFN LQ WKH H[SHULPHQWDO GHWHUPLQDWLRQ RI WKH LRQL]DWLRQ HQHUJ\ XVLQJ KLJK-Q 5\GEHUJ VWDWHV
LV WKH H[WUDSRODWLRQ RI WKH 5\GEHUJ VHULHV WR WKHLU OLPLW. &XUUHQWO\, WKLV H[WUDSRODWLRQ LV SHUIRUPHG
XVLQJ PXOWLFKDQQHO TXDQWXP GHIHFW WKHRU\ (04'7), ZLWK D SUHFLVLRQ OLPLWHG WR DERXW 500 N+] >2@. 

,Q RUGHU WR RYHUFRPH WKLV OLPLWDWLRQ, ZH SURSRVH DQ DOWHUQDWLYH PHWKRG EDVHG RQ WKH 6WDUN HIIHFW.
%\ DSSO\LQJ UHODWLYHO\ ZHDN (EHORZ 300 P9/FP) VWDWLF HOHFWULF ILHOGV, 5\GEHUJ VWDWHV RI GLIIHUHQW
YDOXHV RI O DUH PL[HG, SURYLGLQJ DFFHVV WR WKH KLJKHVW-O VWDWHV ZKLFK KDYH YDQLVKLQJ TXDQWXP
GHIHFWV. 7KHVH KLJK-O VWDWHV IRUP D QHDUO\ GHJHQHUDWH OLQHDU 6WDUN PDQLIROG, WR ZKLFK WUDQVLWLRQV
FDQ EH GULYHQ E\ QHDU LQIUDUHG UDGLDWLRQ ()LJ. 1). %\ H[WUDSRODWLQJ WR ]HUR ILHOG, WKH ]HUR-TXDQWXP-
GHIHFW SRVLWLRQV (-5+2/Q2 UHODWLYH WR WKH LRQL]DWLRQ WKUHVKROG) DUH REWDLQHG DQG XVHG LQVWHDG RI
04'7 WR GHWHUPLQH WKH LRQL]DWLRQ HQHUJ\. :H VKRZ WKDW WKLV PHWKRG OHDGV WR DQ RQH-RUGHU-RI-
PDJQLWXGH LPSURYHPHQW LQ WKH DFFXUDF\ RI WKH GHWHUPLQDWLRQ RI LRQL]DWLRQ HQHUJ\ RI SDUD-+2.

7KH SURSRVHG VFKHPH FDQ EH H[WHQGHG WR H[FLWHG URYLEUDWLRQDO VWDWHV RI PROHFXODU K\GURJHQ, DQG
WKHUHIRUH HQDEOHV H[SHULPHQWDO GHWHUPLQDWLRQ RI URYLEUDWLRQDO LQWHUYDOV ZLWK XQSUHFHGHQWHG
DFFXUDF\. $V LOOXVWUDWLRQ, ZH UHSRUW RQ WKH GHWHUPLQDWLRQ RI WKH IXQGDPHQWDO YLEUDWLRQDO LQWHUYDO RI
+2+ DW VXE-0+] DFFXUDF\.

 

)LJ. 1: 0HDVXUHG VSHFWUXP WR WKH 6WDUN PDQLIROG (Q  48, Y+ 0) IURP WKH LQLWLDO *. 1∑J+ (Y+  0,
1+  2) VWDWH (UHG) DQG VLPXODWLRQ XVLQJ WUDQVLWLRQ IUHTXHQFLHV FDOFXODWHG LQ D PDWUL[-
GLDJRQDOLVDWLRQ DSSURDFK DQG LQWHQVLWLHV PRGHOOHG DV WKH VTXDUH RI WKH I FKDUDFWHU (EODFN). 7KH
IUHTXHQF\ VFDOH LV UHIHUHQFHG WR DQ DUELWUDU\ YDOXH.

>1@ 0DULXV] 3XFKDOVNL, -DFHN .RPDVD, 3DZHĄ &]DFKRURZVNL, DQG .U]\V]WRI 3DFKXFNL, 3K\VLFDO 5HYLHZ
/HWWHUV, 2019, 122, 103003
>2@ 0D[LPLOLDQ %H\HU, 1LFRODV +¸OVFK, -R­O +XVVHOV, &.-). &KHQJ, (GFHO -. 6DOXPELGHV, .MHOG 6. (.
(LNHPD, :LP 8EDFKV, &KULVWLDQ -XQJHQ, DQG )U«G«ULF 0HUNW, 3K\VLFDO 5HYLHZ /HWWHUV, 2019, 123,
163002
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3URELQJ 3KRWRFDWDO\WLF 5HDFWLRQV DW WKH 6LQJOH-SDUWLFOH DQG 6LQJOH-SKRWRQ /HYHO

/. *. )HOG1,2, *. 5DLQ´1,2, <. 6DKLQ1,2, '. 'LULQ1,2, 0. 9. .RYDOHQNR1,2*

1,QVWLWXWH RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK,
=¾ULFK, 8093 6ZLW]HUODQG, 2/DERUDWRU\ IRU 7KLQ )LOPV DQG 3KRWRYROWDLFV, (PSD – 6ZLVV )HGHUDO

/DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\, '¾EHQGRUI, 8600 6ZLW]HUODQG

&ROORLGDO TXDQWXP GRWV (4'V) DUH FRPSHOOLQJ SKRWRFDWDO\VWV IRU RUJDQLF UHDFWLRQV RZLQJ WR WKHLU
WXQHDEOH HQHUJ\ OHYHOV, ODUJH DEVRUSWLRQ FURVV-VHFWLRQV, DQG WKH DEVHQFH RI WKH 0DUFXV LQYHUWHG
UHJLPH GXH WR $XJHU‑DVVLVWHG FKDUJH WUDQVIHUV (&7) >1@. 7KH SUHVHQFH RI &7 HYHQWV DOWHUV WKH
OLIHWLPH DQG WKH LQWHQVLW\ RI WKH 4' IOXRUHVFHQFH DQG FDQ WKXV EH WUDFNHG E\ SKRWROXPLQHVFHQFH
(3/) VSHFWURVFRS\. )RU SKRWRFDWDO\WLF UHDFWLRQV GULYHQ E\ HPLVVLYH 4'V, VLQJOH-SDUWLFOH
VSHFWURVFRS\ LV SDUWLFXODUO\ LQVLJKWIXO EHFDXVH UHDFWLRQV RI FROORLGV DUH LQKHUHQWO\ LQKRPRJHQHRXV
DQG &7 HYHQWV DUH UDUH XQGHU FRPPRQ UHDFWLRQ FRQGLWLRQV. 8QOLNH HQVHPEOH 3/ VWXGLHV, VLQJOH-
SDUWLFOH VSHFWURVFRS\ FDQ DFFHVV WLPHVFDOHV UDQJLQJ IURP QDQRVHFRQGV WR VHFRQGV. 7KHUHIRUH,
SKRWRSK\VLFV RI VLQJOH &7 HYHQWV, GLIIXVLRQ RI UHDFWDQWV DQG FDWDO\VW DJHLQJ FDQ EH FDSWXUHG LQ D
VLQJOH H[SHULPHQW ZLWK QDQRPHWUH UHVROXWLRQ, ZKLOVW UHVROYLQJ LQKRPRJHQHLWLHV DQG UDUH HYHQWV.
+HUH, ZH SUHVHQW RXU ZRUN RQ OHDG KDOLGH SHURYVNLWH ($3E;3, $ )$/&V, ; &O/%U/,) 4'V E\ PHDQV RI
VLQJOH-SDUWLFOH VSHFWURVFRS\. 2ZLQJ WR WKH EURDG WLPHVFDOHV FRYHUHG E\ VLQJOH-SDUWLFOH
VSHFWURVFRS\ DQG WKH 4' DFWLQJ ERWK DV SKRWRFDWDO\VW DQG VHQVRU, ZH JDLQ QHZ LQVLJKWV LQWR WKH
G\QDPLFV ZKLFK FRXOG GULYH IXUWKHU GHVLJQ LPSURYHPHQWV IRU 4'-GULYHQ SKRWRFDWDO\WLF UHDFWLRQV.

>1@ +DLPLQJ =KX, <H <DQJ, .DLIHQJ :X, 7LDQTXDQ /LDQ, $QQXDO 5HYLHZ RI 3K\VLFDO &KHPLVWU\, 2016,
67, 259–281.
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3RODULWRQLF FKHPLVWU\ ZLWK LQVWDQWRQ WKHRU\

0. 5. )LHFKWHU1, -. 2. 5LFKDUGVRQ1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =¾ULFK, 8093 =¾ULFK, 6ZLW]HUODQG

7KH ILHOG RI SRODULWRQLF FKHPLVWU\, IRFXVHG RQ WKH LQWHUDFWLRQ RI PROHFXOHV ZLWK WKH TXDQWL]HG OLJKW
ILHOG RI D FDYLW\, KDV JDLQHG D ORW RI DWWHQWLRQ UHFHQWO\. 3DUWLFXODUO\ LQWHUHVWLQJ LV WKH REVHUYHG
HQKDQFHPHQW RU VXSSUHVVLRQ RI FKHPLFDO UHDFWLRQ UDWHV XSRQ WXQLQJ WKH FDYLW\ WR YLEUDWLRQDO
UHVRQDQFH ZLWK WKH PROHFXOH, HYHQ LI WKH FDYLW\ FRQWDLQV QR SKRWRQV; WKH PHFKDQLVP RI WKLV LV
FXUUHQWO\ VWLOO QRW IXOO\ XQGHUVWRRG.

6R IDU, VWXGLHV KDYH HLWKHU IRFXVHG RQ VWURQJO\ VLPSOLILHG PRGHOV, ZKLFK FDQ EH WUHDWHG IXOO\
TXDQWXP-PHFKDQLFDOO\ EXW PD\ QRW EH UHSUHVHQWDWLYH IRU WKH UHDO ZRUOG; RU WUHDWHG WKH IXOO
PROHFXOH DQG FDYLW\ V\VWHP, EXW DVVXPHG WKH QXFOHDU DQG OLJKW GHJUHHV RI IUHHGRP WR EHKDYH
FODVVLFDOO\, DQG WKHUHIRUH PLVVHG LPSRUWDQW TXDQWXP HIIHFWV VXFK DV WXQQHOOLQJ DQG ]HUR-SRLQW
HQHUJ\ IOXFWXDWLRQV.

7KH PLGGOH ZD\ EHWZHHQ WKHVH WZR DSSURDFKHV LV SURYLGHG E\ LQVWDQWRQ UDWH WKHRU\, ZKLFK LV DQ
DSSUR[LPDWLRQ WR SDWK-LQWHJUDO TXDQWXP PHFKDQLFV; LW VLQJOHV RXW RQH OHDVW-DFWLRQ SDWK DQG WDNHV
LQWR DFFRXQW VRPH RI WKH IOXFWXDWLRQV DURXQG LW YLD D SUHIDFWRU. ,W FDSWXUHV WXQQHOOLQJ DQG ]HUR-
SRLQW HQHUJ\-UHODWHG HIIHFWV DQG VLQFH LW LV H[DFW IRU DQ KDUPRQLF RVFLOODWRU, LW VKRXOG GHVFULEH WKH
OLJKW PRGH(V) YHU\ DFFXUDWHO\. 0RUHRYHU, XQOLNH TXDQWXP PHFKDQLFV, WKH H[SHQVH RI DQ LQVWDQWRQ
FDOFXODWLRQ GRHV QRW VFDOH H[SRQHQWLDOO\ ZLWK V\VWHP VL]H, PDNLQJ LW FRPSXWDWLRQDOO\ WUDFWDEOH
HYHQ IRU ODUJH PROHFXOHV. $GGLWLRQDOO\, WKH LQVWDQWRQ SDWK LV WKH PRVW SUREDEOH WXQQHOOLQJ SDWK,
WKHUHIRUH LW JLYHV XV VRPH LQVLJKW LQWR WKH PHFKDQLVP RI WKH UHDFWLRQ.

,Q WKLV SRVWHU SUHVHQWDWLRQ, , ZLOO RXWOLQH KRZ ZH SODQ WR XVH LQVWDQWRQ WKHRU\ WR FDOFXODWH FDYLW\-
PRGLILHG UDWHV DQG ZKDW ZH KRSH WR OHDUQ IURP LW, DQG VKRZ VRPH SUHOLPLQDU\ UHVXOWV.
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3KRVSKDWH LRQ WULJJHUHG PRGLILFDWLRQV RI RLO/ZDWHU LQWHUIDFHV

0. )ULJHULR1, 6. 6DOHQWLQLJ1

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI )ULERXUJ, &KHPLQ 'X 0XV«H 9, 1700 )ULERXUJ, 6ZLW]HUODQG

2LO/ZDWHU LQWHUIDFHV DUH UHJLRQV RI H[FHVV IUHH HQHUJ\ XELTXLWRXV LQ FROORLGV. 7KH HQHUJ\ UHTXLUHG
IRU HPXOVLILFDWLRQ RI RLO LQ ZDWHU LV SURSRUWLRQDO WR WKH LQWHUIDFLDO WHQVLRQ. &HUWDLQ LRQV ZHUH IRXQG
WR UHGXFH WKH VXUIDFH WHQVLRQ LQ D VXUIDFWDQW-IUHH ZD\ >1@. 7KLV FDQ KHOS WR UHGXFH WKH FRQVXPSWLRQ
RI VXUIDFWDQWV ZKLOH HQVXULQJ WKH GHFUHDVH LQ VXUIDFH WHQVLRQ DQG FRVWV DVVRFLDWHG WR WKH
HPXOVLILFDWLRQ SURFHVV IURP D SUDFWLFDO SRLQW RI YLHZ. +RZHYHU, WKH UROH RI LRQV DQG WKH
HQKDQFHPHQW LQ LQWHUIDFLDO IHDWXUHV LV VWLOO PDWWHU RI GHEDWH DV WKHUH DUH PDQ\ IDFWRUV, VXFK DV WKH
SRODUL]DELOLW\ >2@ WKDW FRPH LQWR SOD\. +HUH ZH VKRZ WKDW SKRVSKDWH EXIIHU, D FRPPRQO\ XVHG
EXIIHU V\VWHP LQ PDQ\ VWXGLHV, FDQ VLJQLILFDQWO\ DOWHU WKH OLSLG-ZDWHU XQGHU FHUWDLQ S+ FRQGLWLRQV.
6SLQQLQJ GURS WHQVLRPHWU\ GHPRQVWUDWHG WKH S+-WULJJHUHG UHGXFWLRQ RI WKH LQWHUIDFLDO WHQVLRQ
EHWZHHQ RLO DQG ZDWHU LQ SUHVHQFH RI SKRVSKDWH EXIIHU. 0RQRK\GURJHQ SKRVSKDWH (0+3) HYHQ
DSSHDUHG WR FU\VWDOOLVH DW WKH ZDWHU-WULROHLQ LQWHUIDFH ()LJXUH 1), LQ FRQWUDVW WR D SOHWKRUD RI RWKHU
LRQV WKDW ZHUH VWXGLHG. (OOLSVRPHWU\ DQG %UHZVWHU DQJOH PLFURVFRS\ VKRZHG WKH 0+3 WULJJHUHG
IRUPDWLRQ RI OD\HUV DW WKH LQWHUIDFH, ZLWK D UHIUDFWLYH LQGH[ WKDW LV FRPSDUDEOH WR VXSHUVDWXUDWLRQ
FRQGLWLRQV RI WKH 0+3. 0RUHRYHU, VWDELOL]HU-IUHH *02 FXERVRPHV DUH XVHG DV D SODWIRUP WR DQDO\VH
WKH LQWHJUDWLRQV RI WKH LRQV LQWR OLSLG-ZDWHU LQWHUIDFHV. 6PDOO DQJOH ;-UD\ VFDWWHULQJ VKRZHG WKHLU
VWUXFWXUDO WUDQVIRUPDWLRQ IURP GRXEOH GLDPRQG 3Q3P-W\SH FXELF SKDVH LQ ZDWHU >3@ WR SULPLWLYH
,P3P-W\SH XSRQ DGGLWLRQ RI 0+3. &RPSOHPHQWDU\ WHFKQLTXHV VXFK DV PROHFXODU G\QDPLFV DQG
LQWHUIDFLDO WHQVLRQ PHDVXUHPHQWV DOO SRLQW LQ WKH VDPH GLUHFWLRQ. 2XU UHVXOWV SDYH WKH ZD\ IRU D
PRUH V\VWHPDWLF VWXG\ RQ WKH LQWHUIDFLDO UROH RI LRQV LQ SURFHVVHV RI ELRORJLFDO UHOHYDQFH >4@ VXFK
DV FDOFLXP UHPRYDO RI ORQJ FKDLQ IDWW\ DFLGV IURP RLO/ZDWHU LQWHUIDFH LQ OLSLG GLJHVWLRQ.

)LJXUH 1. 6NHWFK GLDJUDP IRU VXSHUVDWXUDWLRQ FRQGLWLRQV HVWDEOLVKHG XSRQ 0+3 DGVRUSWLRQ DW WKH
LQWHUIDFH DQG IROORZLQJ FU\VWDOOL]DWLRQ.

>1@ %DGL]DG 0RKDPPDG +DVDQ HW DO., -RXUQDO RI &ROORLG DQG ,QWHUIDFH 6FLHQFH, 2020, 575, 337-346.
>2@ &KDQJ 7VXQ-0HL, /LHP ;. 'DQJ, &KHPLFDO 5HYLHZV, 2006, 4, 1305-1322.
>3@ =DEDUD 0DKVD HW DO., $GYDQFHG )XQFWLRQDO 0DWHULDOV, 2019, 35, 1904007.
>4@ 6DOHQWLQLJ 6WHIDQ HW DO., 6RIW 0DWWHU, 2011, 2, 650-661.
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)HPWRVHFRQG EURDGEDQG VSHFWURVFRSLF VWXG\ RI SODQDUL]DWLRQ G\QDPLFV RI 9,10
-ELV(SKHQ\OHWK\Q\O)DQWKUDFHQH

,. )XUHUDM1, '. 6. %XGNLQD1, (. 9DXWKH\1*

18QLYHUVLW\ RI *HQHYD

0RVW DU\OHWK\Q\O-EDVHG FKURPRSKRUHV DUH FKDUDFWHULVHG E\ D QRQ-PLUURU LPDJH UHODWLRQVKLS RI
WKHLU HOHFWURQLF DEVRUSWLRQ DQG HPLVVLRQ VSHFWUD. 7KHLU EURDG DEVRUSWLRQ VSHFWUXP UHVXOWV IURP
WRUVLRQDO GLVRUGHU LQ WKH HOHFWURQLF JURXQG VWDWH, ZKHUHDV WKHLU VWUXFWXUHG HPLVVLRQ VSHFWUXP
DULVHV IURP D SODQDU DQG UHODWLYHO\ ULJLG H[FLWHG VWDWH1. 7KHUHIRUH, VLJQLILFDQW VWUXFWXUDO UHOD[DWLRQ
LQYROYLQJ SODQDULVDWLRQ WDNHV SODFH XSRQ SKRWRH[FLWDWLRQ RI WKHVH PROHFXOHV.

7R EHWWHU XQGHUVWDQG WKLV SURFHVV, ZH DUH LQYHVWLJDWLQJ WKH SODQDULVDWLRQ G\QDPLFV RI 9,10-
ELV(SKHQ\OHWK\Q\O) DQWKUDFHQH, D KLJKO\ HPLVVLYH DURPDWLF K\GURFDUERQ, ZHOO-NQRZQ IRU LWV
DSSOLFDWLRQV LQ RSWLFV DQG HOHFWURQLFV2,3. )RU WKLV, ZH XVH IHPWRVHFRQG EURDGEDQG IOXRUHVFHQFH XS-
FRQYHUVLRQ VSHFWURVFRS\ ZLWK VXE 100 IV UHVROXWLRQ DQG WXQDEOH H[FLWDWLRQ, DV ZHOO DV IHPWRVHFRQG
WLPH UHVROYHG DEVRUSWLRQ VSHFWURVFRS\. 7KHVH PHWKRGV DOORZ IRU D SKRWRVHOHFWLRQ RI PROHFXOHV
ZLWK GLIIHUHQW JURXQG-VWDWH JHRPHWULHV. 0HDVXUHPHQWV DUH SHUIRUPHG LQ VROYHQWV RI YDU\LQJ
YLVFRVLW\ WR EHWWHU XQGHUVWDQG WKH HIIHFW RI IULFWLRQ DQG WR GLVWLQJXLVK WKH UHOD[DWLRQ RI KLJK-
IUHTXHQF\ PRGHV IURP WKDW RI ORZ-IUHTXHQF\ PRGH DVVRFLDWHG ZLWK ODUJH-DPSOLWXGH PRWLRQ. 7'-
')7 FDOFXODWLRQV DQG ORZ-WHPSHUDWXUH VWDWLRQDU\ PHDVXUHPHQWV LQ WKH ULJLG HQYLURQPHQW RI
SRO\PHU ILOPV VXSSRUW WKH LQWHUSUHWDWLRQ RI WKH WLPH UHVROYHG GDWD.

 

>1@ 0LNKDLO ,. 6OXFK, *RGW, $GHOKHLG *RGW, 8ZH +. ). %XQ], 0DUN $. %HUJ. -. $P. &KHP. 6RF. 2001,
123 (26), 6447–6448. 
>2@ 0DUFLD /HYLWXV, 0LJXHO $. *DUFLD-*DULED\. -. 3K\V. &KHP. $ 2000, 104 (38), 8632–8637. 
>3@ <RXQ -XH %DH, *\HRQJZRQ .DQJ, &KULVWRV '. 0DOOLDNDV, -RUGDQ 1. 1HOVRQ, -LDZDQJ =KRX, 5\DQ 0.
<RXQJ, <L-/LQ :X, 5LFKDUG 3. 9DQ 'X\QH, *HRUJH &. 6FKDW], 0LFKHDO 5. :DVLHOHZVNL. -. $P. &KHP.
6RF. 2018, 140 (45), 15140–15144. 
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)DEULFDWLRQ RI QDQR-PDVNHG WHVW VDPSOHV IRU FKHPLFDO HWFKLQJ UHOHYDQW WR PLFURFKLS
IDEULFDWLRQ: $Q HOHFWURQ EHDP OLWKRJUDSK\ DSSURDFK

/. *DOYH]-9D]TXH]1, 3. 0RUHQR *DUFLD1, 0. *DOYH] 9D]TXH]1, 3. %URHNPDQQ1*

18QLYHUVLW\ RI %HUQ

&RQWUROOHG UHPRYDO RI PHWDO VXUIDFHV WKURXJK DGGLWLYH DVVLVWHG FKHPLFDO HWFKLQJ LV D KLJKO\
UHOHYDQW SURFHVV IRU VXUIDFH ILQLVKLQJ LQ PLFURFKLS PDQXIDFWXULQJ. >1@ +HUHLQ, ZH LQWURGXFH D QRYHO
DQG FRPSOHPHQWDU\ 6(0-$)0-,&3-06 DSSURDFK WKDW SURYLGHV LQVLJKWV LQWR FKDUDFWHULVWLF IHDWXUHV
RI PHWDO FRUURVLRQ SKHQRPHQD (URXJKQHVV, WH[WXUH, HURVLRQ UDWH, DQG KRPRJHQHLW\).

%\ PHDQV RI D VLPSOLILHG HOHFWURQ EHDP OLWKRJUDSK\ SURFHGXUH, >2@ ZH PDQXIDFWXUH PLFURDUUD\V
(QDQRPDVNV) RI SDVVLYDWHG UHJLRQV UHVLVWDQW WR FRUURVLRQ RQ WKH VXUIDFH RI PHWDOOLF PRGHO V\VWHPV.
7KHVH QDQRPDVNV DUH WKLQ, WUDQVSDUHQW, DQG SUDFWLFDOO\ QRQ-LQYDVLYH. 8SRQ FKHPLFDO HWFKLQJ RI
WKHVH VXUIDFHV, RQO\ WKH QRQ-PDVNHG VDPSOH UHJLRQV DUH HURGHG. 7KLV SURFHGXUH OHDYHV LQWDFW
VDPSOH ORFDWLRQV SURWUXGLQJ RXW RI WKH QHZ, SDUWLDOO\ HURGHG VDPSOH VXUIDFH ()LJXUH 1). (DFK RI
WKHVH “RULJLQDO” VDPSOH UHJLRQV LV WKHQ FKDUDFWHUL]HG DQG FRPSDUHG ZLWK WKH HURGHG ORFDWLRQV.
7KLV HQDEOHV D FORVHU DQG YLVXDO LQVSHFWLRQ DW WKH QDWXUH RI WKH FRUURVLRQ SKHQRPHQD. 9DOLGDWLRQ RI
WKH PHWKRG ZDV GHPRQVWUDWHG WKURXJK FKHPLFDO HWFKLQJ H[SHULPHQWV RQ FKHPLFDOO\ HWFKHG 0R
DQG : VDPSOHV XQGHU KDUVK DQG PLOG HURVLRQ FRQGLWLRQV.

$GGLWLRQDOO\, WKH PHWKRG FDQ DOVR EH DSSOLHG WR VWXGLHV RQ PHWDO FRUURVLRQ LQKLELWLRQ. :H
GHPRQVWUDWH WKLV ODWWHU LVVXH WKURXJK WKH SUHYHQWLRQ RI HOHFWURFKHPLFDO R[LGDWLRQ RQ &X DQG &R
PRGHO V\VWHPV.

,PSRUWDQWO\, RXU DSSURDFK UHTXLUHV HTXLSPHQW XVXDOO\ DYDLODEOH LQ DQ\ UHVHDUFK LQVWLWXWLRQ DQG FDQ
EH DSSOLHG WR PDQ\ H[SHULPHQWDO SODWIRUPV (VWHHO, &X, )H, 0R, :, HWF.). $GGLWLRQDOO\, WKH PHWKRG
FDQ DOVR EH DSSOLHG WR VWXGLHV RQ PHWDO FRUURVLRQ LQKLELWLRQ.

)LJXUH 1. D) ([SRVXUH RI VSHFLILF UHJLRQV WR WKH HOHFWURQ EHDP (JUD\ DUHDV) SURPRWHV VXUIDFH
SDVVLYDWLRQ DQG DV UHVXOW, D QDQRPDVNV DUUD\ LV IDEULFDWHG. 7KH EOXH DUHD UHSUHVHQWV WKH DUHD WKDW
ZDV QRW H[SRVHG WR WKH HOHFWURQ EHDP. E) 1DQRPDVNHG VDPSOHV VXEMHFWHG WR FKHPLFDO HWFKLQJ. F)
8SRQ FKHPLFDO HWFKLQJ, RQO\ WKH QRQ-PDVNHG VDPSOH UHJLRQV DUH HURGHG ZKHUHDV WKH PDVNHG
DUHDV UHPDLQ LQWDFW.

>1@ -.& /RYH, ..( 3DXO, *.0 :KLWHVLGHV, $GYDQFHG 0DWHULDOV 2001, 13 (8), 604-607.
>2@ %HLEHL /XR, <XQVKHQJ )DQJ, -LD /L, =KHQ +XDQJ, %LQ +X, -XQ =KRX, $&6 $SSOLHG 0DWHULDOV &
,QWHUIDFHV 2019, 11 (13), 12195-12201.
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(OHFWURO\WH HQJLQHHULQJ IRU =Q-LRQ EDWWHULHV: &RQFHQWUDWLRQ-GHSHQGHQW =Q2+

FRRUGLQDWLRQ VWUXFWXUH DQG LWV LPSOLFDWLRQ RQ =Q PHWDO DQRGH UHYHUVLELOLW\

'. *RPH] 9D]TXH]1, -. <RR1, 2. %RURGLQ2, 7. 3. 3ROODUG2, -. 0DUV3, +. 6WHLQU¾FN4, 6. (. %RQH5, 0.
/XNDWVND\D1*

1(7+ =¾ULFK, 286 $UP\ 5HVHDUFK /DERUDWRU\, 3&8 %RXOGHU, 43DGHUERUQ 8QLYHUVLW\, 56/$& 1DWLRQDO
$FFHOHUDWRU /DERUDWRU\

$TXHRXV VHFRQGDU\ ]LQF LRQ EDWWHULHV (=,%V) DUH SURPLVLQJ V\VWHPV IRU JULG VWRUDJH EHFDXVH RI
WKHLU KLJK HQHUJ\ GHQVLW\, ORZ FRVW, DQG ORZ VDIHW\ FRQFHUQ. +RZHYHU, =,%V KDYH PDMRU OLPLWDWLRQV
DW WKHLU =Q PHWDO DQRGH EHFDXVH LW VXIIHUV IURP ERWK, VLGH UHDFWLRQ RI ZDWHU VSOLWWLQJ DQG GHQGULWH
IRUPDWLRQ ZKLFK DIIHFW WKHLU FRXORPELF HIILFLHQF\ (&() DQG ORQJ-WHUP VWDELOLW\, UHVSHFWLYHO\. 5HFHQW
DSSURDFKHV LQ HOHFWURO\WH HQJLQHHULQJ KDYH VKRZQ SURPLVLQJ LPSURYHPHQWV LQ WKH F\FOLF
UHYHUVLELOLW\ RI =Q PHWDO DQRGHV, LQFOXGLQJ ZDWHU-LQ-VDOW (:,6) HOHFWURO\WHV. :KLOH :,6 HOHFWURO\WHV
HIIHFWLYHO\ LQFUHDVH &( RI =Q PHWDO DQRGH WKURXJK XQLTXH VROYDWLRQ VWUXFWXUH DQG VXSSUHVVHG
ZDWHU VSOLWWLQJ, LWV KLJK VDOW XVDJH, DQG LQFUHDVHG HOHFWURO\WH YLVFRVLW\ SXW RWKHU OLPLWDWLRQV RQ
DGYDQFHG =,% V\VWHPV. 7R LPSOHPHQW EHQHILFLDO HIIHFWV IURP :,6 LQWR UHDOLVWLF =,% V\VWHPV,
DGGLWLRQDO IXQGDPHQWDO XQGHUVWDQGLQJ LV UHTXLUHG RI WKH FRUUHODWLRQ EHWZHHQ HOHFWURO\WH
FRQFHQWUDWLRQ, =Q2+ FRRUGLQDWLRQ HQYLURQPHQW, HOHFWURO\WH VWUXFWXUH, DQG UHVXOWDQW =Q
SODWLQJ/VWULSSLQJ HIILFLHQF\, ZKLFK KDV QRW EHHQ SURSHUO\ DGGUHVVHG LQ WKH ILHOG. +HUHLQ, ZH
LQYHVWLJDWH WKH HOHFWURFKHPLFDO SURSHUWLHV RI =Q SODWLQJ/VWULSSLQJ DV D IXQFWLRQ RI HOHFWURO\WH
FRQFHQWUDWLRQ DQG VWUXFWXUH XVLQJ D PL[HG FDWLRQ =Q2+-.+ DFHWDWH (2$F) HOHFWURO\WH:
=Q0.2.0.82$F1.2yQ+22 ZKHUH “Q” ZDV YDULDWHG IURP 1.5 WR 50. 8SRQ LQFUHDVH LQ FRQFHQWUDWLRQ ZH
REVHUYHG D FKDQJH LQ WKH =Q2+ FRRUGLQDWLRQ HQYLURQPHQW DQG EXON HOHFWURO\WH SURSHUWLHV (H.J.
WKHUPDO, FRQGXFWLYLW\ DQG YLVFRVLW\). :H LGHQWLI\ RSWLPDO HOHFWURO\WH FRPSRVLWLRQ DW Q 10. ,Q WKLV
VDOW-VROYDWH HOHFWURO\WH VWDWH ZH EHQHILW IURP ERWK :,6-OLNH =Q2+ FRRUGLQDWLRQ HQYLURQPHQW DQG
KLJK FRQGXFWLYLW\ DQG HQDEOH KLJK &( !99% GXULQJ =Q SODWLQJ/VWULSSLQJ.
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4XDQWLI\LQJ /RQGRQ 'LVSHUVLRQ ,QWHUDFWLRQV LQ 2QLXP ,RQV

9. *RUEDFKHY1, $. 6DYR\1, /. )ULWVFKH1, 3. &KHQ1*

1(7+ =¾ULFK, 9ODGLPLU-3UHORJ-:HJ 2, 8093 =¾ULFK, 6ZLW]HUODQG

7KH TXDQWLWDWLYH HYDOXDWLRQ RI QRQ-FRYDOHQW LQWHUDFWLRQV LQ PHGLXP WR ODUJH RUJDQLF PROHFXOHV KDV
UHPDLQHG GLIILFXOW GHVSLWH EHFRPLQJ LQFUHDVLQJO\ FLWHG DV D GHVLJQ SULQFLSOH LQ WKH FRQVWUXFWLRQ RI
FDWDO\VWV DQG PDWHULDOV.1,2 'HVSLWH HQFRXUDJLQJO\ DFFXUDWH FDOFXODWLRQV IRU VPDOO PROHFXOHV,
H[SHULPHQWDO EHQFKPDUNV IRU ODUJH PROHFXOHV LQ WKH JDV SKDVH UHPDLQ VFDUFH. 7KHUH LV HYLGHQFH
WKDW DFFXUDWH UHVXOWV IRU VPDOO PROHFXOHV PD\ QRW H[WUDSRODWH UHOLDEO\ WR ODUJH PROHFXOHV GXH WR
LQDGHTXDWH WUHDWPHQW RI WKH /RQGRQ GLVSHUVLRQ LQWHUDFWLRQV.3 7KH SUHVHQW SURSRVDO LQWURGXFHV D
QHZ H[SHULPHQWDO SUREH RI QRQ-FRYDOHQW LQWHUDFWLRQV DV ZHOO DV SURYLGHV D QHZ EHQFKPDUN DJDLQVW
GLIIHUHQW FRPSXWDWLRQDO DQG H[SHULPHQWDO PHWKRGV.

7KH LQYHVWLJDWHG VHW RI FRPSRXQGV FRQVLVWV RI D UDQJH RI VPDOO WR ODUJH SURWRQ-ERXQG S\ULGLQH
GLPHUV DQG SURWRQDWHG ELS\ULGLQHV. 7KHVH V\VWHPV ZHUH H[SHULPHQWDOO\ VWXGLHG LQ VROLG-VWDWH E\
VLQJOH-FU\VWDO ;-UD\ GLIIUDFWLRQ, LQ FRQGHQVHG SKDVH E\ 97-105, DQG LQ WKH JDV SKDVH E\ &,93-
VSHFWURVFRS\. :H DOVR SHUIRUPHG GHQVLW\ IXQFWLRQDO WKHRU\ FDOFXODWLRQV, LQFOXGLQJ DQ H[WHQVLYH
VHDUFK DQG DQDO\VLV RI DFFHVVLEOH FRQIRUPDWLRQV DV ZHOO DV %20'-VLPXODWLRQV WKDW WUHDW VXFK
PRELOH V\VWHPV' G\QDPLF EHKDYLRU.

:H REVHUYHG D FRUUHODWLRQ EHWZHHQ FDOFXODWHG DQG H[SHULPHQWDO 1-+ VWUHWFKLQJ IUHTXHQF\, 1-+-1
ERQG DQJOH, DQG 1+ FKHPLFDO VKLIW. 7KLV ZRXOG LQGLFDWH WKDW ,5 DQG 105 FDQ EH XVHG WR DVVHVV WKH
EHQGLQJ RI WKH K\GURJHQ ERQG LQ VXFK V\VWHPV.

7KH RQLXP FDWLRQV FDQ DGRSW YDULRXV FRQIRUPDWLRQV, ZKRVH HQHUJLHV PDS LQWHUDFWLRQ SRWHQWLDOV.
6XEVWLWXHQWV RQ WKHLU SURWRQ-ERXQG GLPHUV LQWHUDFW QRQ-FRYDOHQWO\ WKURXJK GLVSHUVLRQ IRUFHV. 7KH
SURWRQ-ERXQG GLPHU DFWV OLNH D PROHFXODU EDODQFH ZKHUH WKH QRQ-FRYDOHQW LQWHUDFWLRQ LV VHW DJDLQVW
WKH EHQGLQJ SRWHQWLDO LQ DQ LRQLF K\GURJHQ ERQG. ,Q WKH FDVH RI DV\PPHWULF S\ULGLQH GLPHUV, WKH
QRQ-FRYDOHQW LQWHUDFWLRQV EHWZHHQ VXEVWLWXHQWV FDQ EHQG WKH 1-+-1 ERQG, DV VKRZQ E\ ;-UD\
GLIIUDFWLRQ DQDO\VLV. 7KH EHQGLQJ RI WKH LQWHUPROHFXODU K\GURJHQ ERQG OHDGV WR D VLJQLILFDQW VKLIW LQ
WKH ,5 IUHTXHQF\, ZKLFK DOORZV XV WR TXDQWLI\ /RQGRQ GLVSHUVLRQ IRUFHV.

>1@ -. 3. :DJQHU, 3. 5. 6FKUHLQHU, $QJHZ. &KHP. ,QW. (G., 2015, 54, 12274–12296.
>2@ 9. *RUEDFKHY, $. 7V\EL]RYD, /. 0LORJO\DGRYD, 3. &KHQ, -. $P. &KHP. 6RF., 2022, 144, 20,
9007–9022.
>3@ 5. 3ROOLFH, 0. %RW, ,. -. .RE\OLDQVNLL, ,. 6KHQGHURYLFK, 3. &KHQ, -. $P. &KHP. 6RF., 2017, 139, 37,
13126–13140.
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(QHUJ\-GHSHQGHQFH RI UHDFWLRQV RI '2
+ + 1+3 DQG '2

+ + &+3)

5. +DKQ1, -. $JQHU1, +. 6FKPXW]1, ). 0HUNW1*

1(7+ =¾ULFK, /DERUDWRU\ RI 3K\VLFDO &KHPLVWU\

)DVW, H[RWKHUPLF DQG EDUULHUOHVV LRQ-PROHFXOH UHDFWLRQV GULYH ULFK FKHPLVWU\ LQ WKH FROG (a10-150
.) DQG WHQXRXV (SDUWLFOH QXPEHU GHQVLWLHV RI OHVV WKDQ 106 FP-3) HQYLURQPHQW RI WKH LQWHUVWHOODU
PHGLXP >1,2@. ,RQ-PROHFXOH UHDFWLRQV LQYROYLQJ +2

+ LQ SDUWLFXODU SOD\ D FUXFLDO UROH LQ WKH FKHPLVWU\
RI LQWHUVWHOODU FORXGV, LQLWLDWLQJ FRPSOH[ UHDFWLRQ FKDLQV ZKLFK OHDG WR WKH V\QWKHVLV RI DOO
K\GURFDUERQV. 3UHFLVH NQRZOHGJH RI WKH UHDFWLRQ UDWH FRHIILFLHQWV, SURGXFW EUDQFKLQJ UDWLRV DQG
NLQHWLF-HQHUJ\ GLVWULEXWLRQV RI WKH SURGXFWV DUH WKXV LPSRUWDQW IRU DVWURFKHPLFDO NLQHWLF PRGHOV.
7KHVH FDQ DOVR EH XVHG WR WHVW WKHRUHWLFDO SUHGLFWLRQV DERXW WKH UHDFWLRQ UDWHV, DQG WKH SURGXFW
EUDQFKLQJ UDWLRV DQG NLQHWLF-HQHUJ\ GLVWULEXWLRQV >1@. 7KH LRQ-PROHFXOH FDSWXUH UDWHV DUH ZHOO
GHVFULEHG E\ WKH VHPL-FODVVLFDO /DQJHYLQ WKHRU\ DW KLJK WR PRGHUDWH HQHUJ\, EXW GHYLDWLRQV DW ORZ
HQHUJLHV DUH SUHGLFWHG, DQG H[SHULPHQWDOO\ REVHUYHG >2,3,4@.

/RZ-HQHUJ\ FROOLVLRQV RI PROHFXOHV ZLWK LRQV DUH GLIILFXOW WR VWXG\ GLUHFWO\ EHFDXVH VWUD\ ILHOGV KHDW
WKH LRQV XS. 7KLV GLIILFXOW\ LV FLUFXPYHQWHG E\ UHSODFLQJ WKH +2

+ (RU '2
+) LRQV E\ QHXWUDO +2 ('2)

PROHFXOHV LQ KLJKO\ H[FLWHG 5\GEHUJ VWDWHV. 7KH 5\GEHUJ HOHFWURQ, YHU\ IDU IURP WKH FRUH DQG
ORRVHO\ ERXQG, VKLHOGV WKH LRQ FRUH IURP H[WHUQDO ILHOGV ZKLOH KDYLQJ QHJOLJLEOH LPSDFW RQ LWV
UHDFWLRQV ZLWK QHXWUDO PROHFXOHV ORFDWHG ZLWKLQ WKH 5\GEHUJ-HOHFWURQ RUELW. 7R UHDFK ORZ FROOLVLRQ
HQHUJLHV, YHORFLW\-WXQDEOH VXSHUVRQLF EHDPV RI WKH UHDFWDQWV DUH PHUJHG.
7KH 5\GEHUJ VWDWHV DUH SURGXFHG LQ RQH RI WKH WZR EHDPV E\ SKRWRH[FLWDWLRQ LQ WKH SUHVHQFH RI DQ
HOHFWULF ILHOG DQG VXEVHTXHQWO\ GHIOHFWHG XVLQJ D FXUYHG FKLS-EDVHG VXUIDFH-HOHFWURGH GHIOHFWRU.
7KLV GHIOHFWRU FDQ DOVR EH XVHG WR VHW WKH YHORFLW\ RI WKH 5\GEHUJ VSHFLHV (Y5\G). %\ WXQLQJ Y5\G
UHODWLYH WR WKH YHORFLW\ RI WKH JURXQG-VWDWH PROHFXOHV (Y*6), ZH FDQ WXQH WKH FROOLVLRQ HQHUJ\ LQ D
ODUJH UDQJH (EHWZHHQ a N% × 150 P. DQG a N% × 70 .). 7KH UHDFWLRQ SURGXFW LRQV DUH FROOHFWHG LQ D
WLPH-RI-IOLJKW (72)) PDVV VSHFWURPHWHU DQG WKH UHDFWLRQ UDWHV DQG EUDQFKLQJ UDWLRV PRQLWRUHG IRU D
UDQJH RI FROOLVLRQ HQHUJLHV. 7KH XVH RI VKRUW-SXOVH YDOYHV (SXOVH GXUDWLRQ a 20 wV) IRU WKH SXOVHG
VXSHUVRQLF EHDPV HQVXUHV H[FHOOHQW YHORFLW\ GLVSHUVLRQ DW WKH UHDFWLRQ-REVHUYDWLRQ YROXPH.

:H UHSRUW RQ H[SHULPHQWDO VWXGLHV RI ORZ-HQHUJ\ LRQ-PROHFXOH UHDFWLRQV EHWZHHQ '2
+ DQG 1+3 DV

ZHOO DV '2
+ DQG &+3). ,Q WKHVH EDUULHU-IUHH H[RWKHUPLF UHDFWLRQ V\VWHPV, ZH REVHUYH GLIIHUHQW

SURGXFW FKDQQHOV DQG D VWURQJ HQHUJ\ GHSHQGHQFH RI WKH UHDFWLRQ UDWHV RQ WKH FROOLVLRQ HQHUJ\.

>1@ .. +¸YHOHU , -. 'HLJOPD\U, -. $. $JQHU, +. 6FKPXW], DQG ). 0HUNW,3K\V. &KHP. &KHP. 3K\V.,
2021, 23, 2676
>2@ .. +¸YHOHU, -. 'HLJOPD\U DQG ). 0HUNW, 0ROHFXODU 3K\VLFV, 2021, 119:17-18
>3@ ). 0HUNW,  .. +¸YHOHU , -. 'HLJOPD\U., - 3K\V. &KHP. /HWW., 2022, 13, 3, 864–871.
>4@ .. +¸YHOHU , -. 'HLJOPD\U, -. $. $JQHU, 5. +DKQ, 9. =KHO\D]NRYD  DQG ). 0HUNW, LQ SUHVV.
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0HWKRGRORJLFDO DQG ,QVWUXPHQWDO 'HYHORSPHQWV LQ ,PSURYLQJ WKH 5HVROXWLRQ /LPLW RI
3),-=(.( 3KRWRHOHFWURQ 6SHFWURVFRS\

+. +HUEXUJHU1, 9. :LUWK1, 8. +ROOHQVWHLQ1, ). 0HUNW1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK,
8093 =XULFK

7KH VSHFWUDO UHVROXWLRQ LQ SXOVHG-ILHOG-LRQL]DWLRQ ]HUR-NLQHWLF-HQHUJ\ (3),-=(.() SKRWRHOHFWURQ
VSHFWURVFRS\ LV UHODWHG WR WKH VWDWH VHOHFWLYLW\ LQ WKH LRQL]DWLRQ SURFHVV RI WKH 5\GEHUJ VWDWHV. 7KH
VHOHFWLYLW\ LV GHWHUPLQHG E\ WKH DSSOLHG HOHFWULF-ILHOG SXOVH VHTXHQFH. +ROOHQVWHLQ HW DO. >1@ XVHG
GLVFUHWH HOHFWULF-ILHOG SXOVHV ZLWK LQFUHDVLQJ ILHOG VWUHQJWK LQ FRPELQDWLRQ ZLWK D SUHFHGLQJ ILHOG
SXOVH RI RSSRVLWH SRODULW\. %\ XVLQJ VXFK ILHOG SXOVH VHTXHQFHV ZLWK WKH VPDOOHVW SRVVLEOH ILHOG VWHS
VL]H (L.H., DSSUR[LPDWHO\ 9 P9/FP), D VSHFWUDO UHVROXWLRQ RI 0.06 FP-1 FRXOG EH DFKLHYHG. 7R
LPSURYH WKH UHVROXWLRQ IXUWKHU, +DUSHU HW DO. >2@ UHFHQWO\ VXJJHVWHG UHSODFLQJ WKH VHTXHQFH RI ILHOG
VWHSV E\ D OLQHDUO\ LQFUHDVLQJ ILHOG, DV XVHG HDUOLHU E\ 5HLVHU HW DO. >3@, LQ FRPELQDWLRQ ZLWK D
SUHSXOVH RI RSSRVLWH SRODULW\ DQG REWDLQHG SURPLVLQJ UHVXOWV RQ WKH 3),-=(.( SKRWRHOHFWURQ
VSHFWUXP RI 12 DQG &22. 8VLQJ D KRPH-EXLOW QDUURZ-EDQGZLGWK ORQJ-SXOVH ODVHU V\VWHP (SXOVH
OHQJWKV XS WR 50 QV) LQ FRPELQDWLRQ ZLWK D SXOVHG ILHOG UDPS >2, 3@, ZH H[SORUH WKH UHVROXWLRQ OLPLW
RI WKLV DSSURDFK. 7R DYRLG RYHUODS RI VSHFWUDO OLQHV, ZH FKRVH DWRPLF V\VWHPV, $U DQG .U, DV WHVW
V\VWHPV DQG UHFRUGHG 3),-=(.( SKRWRHOHFWURQ VSHFWUD RI WUDQVLWLRQV IURP WKH PHWDVWDEOH VWDWHV
(QS)5((Q+1)V)>3/2@2 (332) DQG (QS)5((Q+1)V')>1/2@2 (330) RI WKH QHXWUDO UDUH-JDV DWRP WR WKH
(QS)5 231/2, 3/2 VWDWHV RI WKH FRUUHVSRQGLQJ LRQ, ZLWK Q 3, 4 IRU $U DQG .U, UHVSHFWLYHO\. 7KLV V\VWHP
DOVR RIIHUV WKH DGYDQWDJH RI SUHFLVHO\ NQRZQ LRQL]DWLRQ HQHUJLHV >4@ ZLWK ZKLFK WKH LRQL]DWLRQ
HQHUJLHV GHWHUPLQHG ZLWK WKH QHZ PHWKRG FDQ EH FRPSDUHG.

>1@ 8. +ROOHQVWHLQ, 5. 6HLOHU, +. 6FKPXW], 0. $QGULVW, DQG ). 0HUNW, -. &KHP. 3K\V. 115, 5461--5469
(2001).
>2@ 2. -. +DUSHU, 1. /. &KHQ, 6. %R\«-3«URQQH, DQG %. *DQV, 3K\V. &KHP. &KHP. 3K\V. 24,
2777-2784 (2022).
>3@ *. 5HLVHU, :. +DEHQLFKW, .. 0¾OOHU-'HWKOHIV, DQG (. :. 6FKODJ, &KHP. 3K\V. /HWW. 152, 119–123
(1988).
>4@ 9. /. 6XNKRUXNRY, ,. '. 3HWURY, 0. 6FK¦IHU, ). 0HUNW, 0.-:. 5XI, DQG +. +RWRS, -. 3K\V. %: $W. 0RO.
2SW. 3K\V. 45, 092001 (2012) DQG UHIHUHQFHV WKHUHLQ.
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3RO\PHU *89V IRU +LJK-7KURXJKSXW 6FUHHQLQJ

/. +HXEHUJHU1, &. *. 3DOLYDQ1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO

%LRORJLFDO V\VWHPV XVH FRPSDUWPHQWDOL]DWLRQ VWUDWHJLHV WR JHQHUDWH PLFURHQYLURQPHQWV ZLWK
FRQWUROOHG ELRFKHPLFDO FRPSRVLWLRQV. 7KHVH HQYLURQPHQWV VHUYH DV D SURWHFWLYH PHWKRG IURP
XQGHVLUHG LQIOXHQFHV IURP RXWVLGH RI WKH FRPSDUWPHQW DQG WR NHHS GLIIXVLQJ HOHPHQWV LQ
SUR[LPLW\.>1@ *LDQW XQLODPHOODU YHVLFOHV (*89V) DUH PLFURPHWHU-VL]HG YHVLFOHV XVHG WR PLPLF
ELRORJLFDO FRPSDUWPHQWV WKDW FDQ EH PDGH IURP SRO\PHUV. $PSKLSKLOLF EORFN FRSRO\PHUV FDQ EH
V\QWKHVL]HG ZLWK D ZLGH UDQJH RI FRPSRVLWLRQV, EORFN UDWLRV, DQG IXQFWLRQDOL]DWLRQ DQG VHUYH DV
H[FHOOHQW DOWHUQDWLYHV WR OLSLGV IRU YHVLFOH IRUPDWLRQ. 'RXEOH-HPXOVLRQ PLFURIOXLGLFV HQDEOHV
SURGXFWLRQ RI PRQRGLVSHUVH *89V ZLWK FRQWUROODEOH FDUJR, SRO\PHU PHPEUDQH VWUXFWXUH, DQG
PHPEUDQH IXQFWLRQDOL]DWLRQ DW KLJK WKURXJKSXW >2@. %\ DGMXVWLQJ WKH LQQHU FRPSRVLWLRQ, HQ]\PDWLF
FDVFDGHV, VPDOOHU YHVLFOHV, RUJDQHOOHV DQG HQWLUH OLYLQJ RUJDQLVPV FDQ EH HQFDSVXODWHG ZLWKLQ
*89V.

,Q WKH ZRUN SUHVHQWHG, *89V SURGXFHG XVLQJ 3'06-E-302;$ EORFN FRSRO\PHUV. %\ LQVHUWLQJ RXWHU
PHPEUDQH SRULQ ) (2PS)) RU WKH SRUH-IRUPLQJ SHSWLGH PHOLWWLQ LQWR WKH V\QWKHWLF PHPEUDQH,
*89V FDQ EH VHOHFWLYHO\ SHUPHDELOL]HG. 7KLV HQDEOHV WKHLU XVH DV FDWDO\WLF PLFURFRPSDUWPHQWV RU
FHOOXODU PRGHOV. 7KLV DSSURDFK VKRZV WKH YHUVDWLOLW\ RI GRXEOH-HPXOVLRQ WHPSODWHG SRO\PHU *89V
IRU VWXG\LQJ FRPSDUWPHQWDOL]HG ELRORJLFDO V\VWHPV, GHHSHQLQJ LQVLJKWV LQWR IXQGDPHQWDO ELRORJLFDO
SURFHVVHV. 7KDQNV WR WKHLU VL]H EHLQJ FRPSDUDEOH WR FHOOV, *89V FDQ EH VFUHHQHG XVLQJ IORZ
F\WRPHWU\. 8VLQJ WKHVH WHFKQLTXHV, WHQV RI WKRXVDQGV RI *89V FDQ EH DQDO\]HG, PDNLQJ WKHP D
FRQYHQLHQW DOWHUQDWLYH WR ZDWHU/RLO/ZDWHU GRXEOH HPXOVLRQV.

>1@ 5RRGEHHQ, 5.; 9DQ +HVW, -. &. 0. 6\QWKHWLF &HOOV DQG 2UJDQHOOHV: &RPSDUWPHQWDOL]DWLRQ
6WUDWHJLHV. %LR(VVD\V2009, 31 (12), 1299–1308.
>2@ GRV 6DQWRV, (. &.; %HOOXDWL, $.; 1HFXOD, '.; 6FKHUUHU, '.; 0H\HU, &. (.; :HKU, 5. 3.; /¸UWVFKHU,
(.; 3DOLYDQ, &. *.; 0HLHU, :. &RPELQDWRULDO 6WUDWHJ\ IRU 6WXG\LQJ %LRFKHPLFDO 3DWKZD\V LQ 'RXEOH
(PXOVLRQ 7HPSODWHG &HOO‐6L]HG &RPSDUWPHQWV. $GY. 0DWHU. 2020, 32 (48), 2004804.
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,'7%7 SRO\PHUV VWXGLHG ZLWK LQ-VLWX WLPH-UHVROYHG VSHFWUR-HOHFWURFKHPLVWU\

,. +RO]HU1, 3. &DYDVVLQ1, 1. %DQHUML1

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %HUQ

,Q WKH ODVW GHFDGHV, WKH ILHOG RI RUJDQLF ELRHOHFWURQLF JUHZ WUHPHQGRXVO\, PDLQO\ EHFDXVH WKH\
FRPELQH DGYDQWDJHRXV SURSHUWLHV VXFK DV WKHLU VRIW DQG IOH[LEOH QDWXUH, YHUVDWLOH SURFHVVLQJ DQG
V\QWKHWLF WXQDELOLW\. $OORZLQJ IRU D ZLGH UDQJH RI DSSOLFDWLRQV DW WKH LQWHUIDFH RI ELRORJ\ DQG
HOHFWURQLFV, HQFRPSDVVLQJ ZHDUDEOH WR LPSODQWDEOH GHYLFHV, ZKLFK H.J., FDQ ZRUN DV VHQVLWLYH
ELRPHGLFDO VHQVRUV DQG FLUFXLW HOHPHQWV.>1,2@ ,Q WKH ODVW GHFDGH, WKH UHVHDUFK RQ ELRHOHFWURQLFV ZDV
PDLQO\ IRFXVHG RQ GHYLFH IDEULFDWLRQ DQG RQ WKH GLIIHUHQW PDWHULDO RSWLRQV. 7KHUHIRUH, WKHUH LV VWLOO
D ODFN RI LQ-GHSWK XQGHUVWDQGLQJ RQ WKH IXQGDPHQWDO HIIHFWV RFFXUULQJ GXULQJ WKH RSHUDWLRQ RI
ELRHOHFWURQLF GHYLFHV.>3@ $ VHPLFRQGXFWLQJ PDWHULDO ZKLFK UHFHQWO\ VSDUNHG ODUJH LQWHUHVW GXH WR LWV
KLJK PRELOLW\ RI XS WR 1 FP29-1V-1 LQ RUJDQLF ILHOG HIIHFW WUDQVLVWRUV (2)(7) LV ,'7%7, D GRQRU-
DFFHSWRU FRSRO\PHU ZLWK D SODQDU DQG QHDU-WRUVLRQ-IUHH EDFNERQH DOORZLQJ IRU VXFK KLJK FKDUJH
FDUULHU PRELOLW\.>4@ )RXU ,'7%7 SRO\PHUV, GLIIHULQJ LQ WKHLU DPRXQW RI DON\O YHUVXV JO\FRO VLGH FKDLQV
ZHUH FKRVHQ WR FRQWURO WKH ORFDO PRUSKRORJ\, FRQIRUPDWLRQ DQ LRQ-DIILQLW\ RI ,'7%7. :LWK LQ-VLWX
WLPH-UHVROYHG 9LV-1,5 VSHFWUR-HOHFWURFKHPLVWU\ ZH FRXOG DVVLJQ GLIIHUHQW EDQGV LQ WKH DEVRUSWLRQ
VSHFWUXP WR WKH GLIIHUHQW NLQGV RI VSHFLHV SUHVHQW GXULQJ WKH GRSLQJ SURFHVV (QHXWUDO VHJPHQWV,
SRODURQV, ELSRODURQV). $GGLWLRQDOO\, E\ XVH RI 0XOWLYDULDWH &XUYH 5HVROXWLRQ (0&5) DQDO\VLV, WKH
HYROXWLRQ RI WKH VSHFLHV DV D IXQFWLRQ RI WLPH FRXOG EH GHWHUPLQHG DQG DQ RYHUYLHZ RI WKH ,'7%7
UHGR[ NLQHWLFV ZDV HVWDEOLVKHG.

>1@ -RQDWKDQ 5LYQD\, 5µLV¯Q 0. 2ZHQV, *HRUJH *. 0DOOLDUDV, &KHPLVWU\ RI 0DWHULDOV, 2014, 26,
679-685.
>2@ 'DYLG 1LOVVRQ, 1DWKDQLHO 5RELQVRQ, 0DJQXV %HUJJUHQ, 5REHUW )RUFKKHLPHU, $GY. 0DWHU., 2005,
17 (3), 353-358.
>3@ -DH\XE &KXQJ, $GLWL .KRW, %UHWW 0. 6DYRLH, %U\DQ :. %RXGRXULV, $&6 0DFUR /HWWHUV, 2020, 9 (5),
646-655.
>4@ ;LQUDQ =KDQJ, +XJR %URQVWHLQ, $XNH -. .URQHPHLMHU, -HUHP\ 6PLWK, <RXQJMX .LP, 5. -RVHSK
.OLQH, /HH -. 5LFKWHU, 7KRPDV '. $QWKRSRXORV, +HQQLQJ 6LUULQJKDXV, .LJRRN 6RQJ, 0DUWLQ +HHQH\,
:HLPLQ =KDQJ, ,DLQ 0F&XOORFK, 'HDQ 0. 'H/RQJFKDPS, 1DWXUH &RPPXQLFDWLRQV, 2013, 4, 2238.
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'13-HQKDQFHG 105 RI 3DVVLYDWLQJ $JHQWV RQ +\EULG 3HURYVNLWH 7KLQ )LOPV

0. $. +RSH1, $. 0LVKUD1, /. (PVOH\1*

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

+\EULG RUJDQLF–LQRUJDQLF SHURYVNLWHV VKRZ JUHDW SURPLVH DV PDWHULDOV IRU VRODU FHOOV. :KLOH D ODFN
RI ORQJ-WHUP VWDELOLW\ FXUUHQWO\ OLPLWV WKHLU DSSOLFDWLRQ, WKLV FDQ EH JUHDWO\ LPSURYHG E\ WKH XVH RI
VXUIDFH DQG EXON PRGXODWRUV. 1HYHUWKHOHVV, WR RSWLPLVH WKH VWDELOLW\ DQG HIILFLHQF\ RI SHURYVNLWH
VRODU FHOOV, D JUHDWHU XQGHUVWDQGLQJ LV UHTXLUHG RI KRZ WKHVH VSHFLHV LQWHUDFW ZLWK WKH SHURYVNLWH
DQG PRGLI\ WKH RSWRHOHFWURQLF SURSHUWLHV. 105 KDV EHHQ DQ LGHDO DSSURDFK WR DQVZHU WKHVH NLQGV
RI SUREOHPV IRU EXON VDPSOHV, EXW LWV DSSOLFDWLRQ WR SHURYVNLWH WKLQ-ILOPV LV OLPLWHG E\ WKH H[WUHPHO\
ORZ VDPSOH PDVVHV, ZKLFK LV FRPSRXQGHG E\ WKH W\SLFDOO\ ORZ FRQFHQWUDWLRQV RI WKH PRGXODWRUV.
'\QDPLF QXFOHDU SRODUL]DWLRQ ('13) LV HPHUJLQJ DV DQ HIIHFWLYH PHWKRG WR HQKDQFH 105
VHQVLWLYLW\, EXW WKH SHUIRUPDQFH ZKHQ DSSOLHG WR K\EULG SHURYVNLWHV KDV EHHQ UDWKHU SRRU WR-GDWH.
+HUH, ZH GHWHUPLQHG WKH IDFWRUV WKDW OLPLW WKH HIILFLHQF\ RI '13 105 RQ SHURYVNLWH VDPSOHV E\
V\VWHPDWLFDOO\ VWXG\LQJ OD\HUHG K\EULG SHURYVNLWH DQDORJXHV. :H LGHQWLI\ WKDW WKH IDVW-UHOD[LQJ
G\QDPLF FDWLRQ LV WKH PDMRU FXOSULW IRU WKH SRRU SHUIRUPDQFH, ZKLFK ZH VKRZ FDQ EH PLWLJDWHG E\
GHXWHUDWLRQ. &RQVHTXHQWO\, ZH GHPRQVWUDWH 1+ '13 HQKDQFHPHQWV XS WR D IDFWRU RI 100, ZKLFK
FDQ WKHQ EH KDUQHVVHG WR HQKDQFH VLJQDOV IURP GRSDQWV RU DGGLWLYHV SUHVHQW LQ YHU\ ORZ
FRQFHQWUDWLRQV. 1RWDEO\, E\ FRPELQLQJ WKLV PHWKRGRORJ\ ZLWK FXWWLQJ-HGJH '13 KDUGZDUH, ZH ZHUH
DEOH WR UHFRUG WKH 105 VSHFWUXP RI D 20 QP SDVVLYDWLQJ OD\HU RQ D VLQJOH SHURYVNLWH WKLQ-ILOP DQG
GHWHUPLQH LWV VWUXFWXUH. 7KLV SXVKHV WKH IURQWLHUV RI 105 IRU K\EULG SHURYVNLWHV, HQDEOLQJ WKH
FKDUDFWHUL]DWLRQ RI VXUIDFH DQG EXON PRGXODWRUV LQ WHFKQRORJLFDOO\ UHOHYDQW WKLQ-ILOP VDPSOHV.
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/DVHU &RROLQJ RI ,RQV LQ 6WURQJO\ ,QKRPRJHQHRXV 0DJQHWLF )LHOGV

5. .DUO1, <. <LQ1, 6. :LOOLWVFK1*

18QLYHUVLW\ RI %DVHO, 'HSDUWPHQW RI &KHPLVWU\, .OLQJHOEHUJVWUDVVH 80, 4056 %DVHO

7KH FDSDELOLW\ WR FRRO DQG WUDQVODWLRQDOO\ FRQWURO LRQV, DWRPV DQG PROHFXOHV KDV UHFHQWO\ HQDEOHG
FROOLVLRQ H[SHULPHQWV DQG VWXGLHV RI FKHPLFDO UHDFWLRQV DW WHPSHUDWXUHV RI D IHZ PLOOLNHOYLQ >1@.
,QWHUHVWLQJ TXDQWXP SKHQRPHQD RFFXU DW VXFK WHPSHUDWXUHV DQG LQWHUPROHFXODU LQWHUDFWLRQV DV
ZHOO DV UHDFWLRQ PHFKDQLVPV FDQ EH VWXGLHG ZLWK KLJK SUHFLVLRQ >2@. $W WKH IURQWLHU RI FROG FROOLVLRQ
H[SHULPHQWV DUH K\EULG WUDSV LQ ZKLFK FKDUJHG DQG QHXWUDO VSHFLHV DUH WUDSSHG VLPXOWDQHRXVO\ >3@.
,Q RXU H[SHULPHQW, ZH FRPELQH D 5) WUDS IRU LRQV ZLWK D TXDGUXSROH PDJQHWLF WUDS IRU QHXWUDO
PROHFXOHV. ,Q WKH 5) WUDS, PROHFXODU LRQV DUH V\PSDWKHWLFDOO\ FRROHG E\ D &RXORPE FU\VWDO RI ODVHU-
FRROHG FDOFLXP LRQV. $IWHU RYHUODSSLQJ WKH 5) WUDS ZLWK WKH PDJQHWLF WUDS, WKH FDOFLXP LRQV
H[SHULHQFH GLIIHUHQW =HHPDQ VKLIWV GXH WR WKH LQKRPRJHQHRXV %-ILHOG GHSHQGLQJ RQ WKHLU
LQVWDQWDQHRXV SRVLWLRQ LQ WKH WUDS. 7KLV SRVHV FKDOOHQJHV IRU WKHLU HIILFLHQW ODVHU FRROLQJ.

7R XQGHUVWDQG WKH LQWHUQDO DQG H[WHUQDO G\QDPLFV RI ODVHU-FRROHG LRQV LQ LQKRPRJHQHRXV %-ILHOGV,
PROHFXODU-G\QDPLFV VLPXODWLRQV ZHUH FRQGXFWHG RQ WKH EDVLV RI 8-OHYHO UDWH HTXDWLRQV. 7KH
VLPXODWLRQV UHYHDO WKH SUHVHQFH RI GDUN VWDWHV DQG WKH RFFXUUHQFH RI GDUN UHVRQDQFHV DQG
KLJKOLJKW WKH LQWHUSOD\ EHWZHHQ =HHPDQ DQG 'RSSOHU VKLIW IRU RSWLPDO FRROLQJ FRQGLWLRQV. %DVHG RQ
WKH VLPXODWLRQV, RSWLPLVHG FRROLQJ VFKHPHV IRU WKH WUDSSHG LRQV ZHUH GHVLJQHG LQVSLUHG E\
PDJQHWR-RSWLFDO WUDSV.

 
>1@ 6. :LOOLWVFK, LQ $G. &KHP. 3K\V., (GV. 6. 5LFH, $. 'LQQHU, :LOH\ ,QWHUVFLHQFH, 2017, 162,
307-340. 
>2@ $. '¸UIOHU, HO DO., 1DW. &RPPXQ., 2019, 10, 5429. 
>3@ 3. (EHUOH, HW DO., -. 3K\V. &RQI. 6HU., 2015, 635 012012.
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4&/ 'XDO-&RPE 6SHFWURPHWHU 0HDVXUHPHQWV RI FROG &+&O2) DQG &)4

.. .HSSOHU1, -. $. $JQHU1, 6. $OEHUW1, 3. $OOPHQGLQJHU2, 8. +ROOHQVWHLQ1, $. +XJL2, 3. -RX\2, 0.
0DQJROG2, ). 0HUNW1, 0. 4XDFN1*

1(7+ =¾ULFK, 3K\VLFDO &KHPLVWU\, 9ODGLPLU-3UHORJ-:HJ 2, 8093 =¾ULFK, 6ZLW]HUODQG, 2,5 6ZHHS $*,
/DXELVU¾WLVWUDVVH 44, 8712 6W¦ID, 6ZLW]HUODQG

7KH ,5 VSHFWUD RI WKH HQYLURQPHQWDOO\ UHOHYDQW PROHFXOHV &)4 DQG &+&O2) KDYH EHHQ PHDVXUHG LQ
SXOVHG, VNLPPHG VXSHUVRQLF EHDPV XVLQJ TXDQWXP FDVFDGH ODVHU (4&/) GXDO FRPE VSHFWURVFRS\
>1@. 7KH ORZ URWDWLRQDO WHPSHUDWXUH RI WKH EHDPV DQG WKH QDUURZ H[SDQVLRQ FRQH DIWHU WKH
VNLPPHU KDYH PDGH LW SRVVLEOH WR UHFRUG WKH VSHFWUD RI WKH ͑7 &+-EHQGLQJ IXQGDPHQWDO RI &+&O2)
DQG WKH ͑3 &)-VWUHWFKLQJ IXQGDPHQWDO RI &)4 ZLWK KLJK UHVROXWLRQ DQG VHQVLWLYLW\ LQ WKH PLG-,5
UDQJH IURP 1200 FP−1 WR 1290 FP−1. 7KH QDUURZHVW OLQHV KDYH D IXOO ZLGWK DW KDOI PD[LPXP RI 18
0+] (0.0006 FP−1), DQG WKH REVHUYHG OLQH ZLGWK LV OLNHO\ GRPLQDWHG E\ 'RSSOHU EURDGHQLQJ LQ WKH
VNLPPHG PROHFXODU EHDP. 7KH ZDYHQXPEHU FDOLEUDWLRQ ZDV SHUIRUPHG XVLQJ OLQH SRVLWLRQV LQ WKH
͑1 IXQGDPHQWDO RI 122 UHFHQWO\ PHDVXUHG E\ +M¦OW«Q HW DO. >2@. 7KH UHVXOWV RI D QHZ, GHWDLOHG
H[DPLQDWLRQ RI WKH URYLEUDWLRQDO WUDQVLWLRQV LQ WKH &+&O2) ͑7 EDQG DQG WKH ͑3 IXQGDPHQWDO RI
&)4 DUH FRPSDUHG ZLWK SUHYLRXV UHVXOWV REWDLQHG XVLQJ KLJK UHVROXWLRQ )7,5 VSHFWURVFRS\ >3, 4, 5@
DQG GLRGH ODVHU VSHFWURVFRS\ RI VHHGHG FZ DQG SXOVHG VXSHUVRQLF MHWV >6, 7@. 7KH UHVXOWV
GHPRQVWUDWH WKH SRWHQWLDO RI 4&/ GXDO-FRPE VSHFWURVFRS\ IRU EURDGEDQG DFTXLVLWLRQ RI PLG-
LQIUDUHG VSHFWUD DW KLJK VHQVLWLYLW\ DQG KLJK VSHFWUDO DQG WHPSRUDO UHVROXWLRQ.

>1@ -. $. $JQHU, 6. $OEHUW, 3. $OOPHQGLQJHU, 8. +ROOHQVWHLQ, $. +XJL, 3. -RX\, .. .HSSOHU, 0. 0DQJROG,
). 0HUNW, 0. 4XDFN (LQ SUHSDUDWLRQ 2022).
>2@ $. +M¦OW«Q, 0. *HUPDQQ, .. .U]HPSHN, $. +XG]LNRZVNL, $. *ĄXV]HN, '. 7RPDV]HZVND, *. 6RERĆ,
$. )ROW\QRZLF], -4657, 2021, 271, 107734. 
>3@ 0. 6QHOV DQG 0. 4XDFN, -. &KHP. 3K\V., 1991, 95, 6355.
>4@ 6. $OEHUW, 6. %DXHUHFNHU, 0. 4XDFN, $. 6WHLQOLQ, 0RO. 3K\V., 2007, 105, 541.
>5@ 6. $OEHUW, .. .. $OEHUW, 0. 4XDFN, -. 0RO. 6WUXFW., 2004, 695−696, 385. 
>6@ 0. &DYLH]HO, 9. +RUN£-=HOHQNRY£, *. 6H\IDQJ, 0. 4XDFN (LQ SUHSDUDWLRQ 2022).
>7@ 0. 6QHOV, 9. +RUN£-=HOHQNRY£, +. +ROOHQVWHLQ, 0. 4XDFN, ‘+LJK-UHVROXWLRQ )7,5 DQG GLRGH ODVHU
VSHFWURVFRS\ RI VXSHUVRQLF MHWV,’ LQ +DQGERRN RI +LJK-UHVROXWLRQ 6SHFWURVFRS\, (GV.; 0. 4XDFN DQG
). 0HUNW, 9RO. 2, SS. 1022−1067, :LOH\, &KLFKHVWHU, 2011.
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,QYHUWLQJ JOXFXURQLGDWLRQ RI K\PHFURPRQH LQ VLWX E\ FDWDO\WLF QDQRFRPSDUWPHQWV

0. .RUSLGRX1, 9. 0DIIHLV1,2, ,. 'LQX1,2, &. 6FKRHQHQEHUJHU1,2, :. 3. 0HLHU1,2*, &. *. 3DOLYDQ1,2*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, 0DWWHQVWUDVVH 24D, %35 1096, %DVHO, 6ZLW]HUODQG, 2
1&&5-0ROHFXODU 6\VWHPV (QJLQHHULQJ, 0DWWHQVWUDVVH 24D, %35 1095, %DVHO, 6ZLW]HUODQG

*OXFXURQLGDWLRQ, RQH RI WKH PDLQ SURFHVVHV RI PHWDEROLVP LV WKH FRQMXJDWLRQ RI HQGRJHQRXV RU
H[RJHQRXV PROHFXOHV ZLWK JOXFXURQLF DFLG. 7KH FRQMXJDWLRQ ZLWK JOXFXURQLF DFLG OHDGV WR WKH
IRUPDWLRQ RI ZDWHU-VROXEOH GHULYDWLYHV ZKLFK FDQ WKHQ EH H[FUHWHG DQG HOLPLQDWHG IURP WKH ERG\
(1). ,Q WKH FDVH RI WKHUDSHXWLF FRPSRXQGV, ZKHQ WKLV SURFHVV WDNHV SODFH UDSLGO\, WKHLU KDOI-OLYHV
EHFRPH VKRUWHU DQG WKHLU WKHUDSHXWLF HIIHFWV ZHDU RII TXLFNO\. 2Q WKH RWKHU KDQG, DGPLQLVWUDWLRQ RI
KLJKHU GRVHV RI WKHUDSHXWLF FRPSRXQGV WR RYHUFRPH WKLV OLPLWDWLRQ UHVXOW LQ KDUPIXO HIIHFWV VXFK
DV GUXJ DEXVH RU HYHQ DGGLFWLRQ (2). 1RWDEO\, LQYHUWLQJ FRPSRXQG JOXFXURQLGDWLRQ FDQ EH DFKLHYHG
E\ ͆-JOXFXURQLGDVH (*86), WKH HQ]\PH UHVSRQVLEOH IRU JOXFXURQLGH PRLHW\ FOHDYDJH. ,Q RXU VWXG\,
FDWDO\WLF QDQRFRPSDUWPHQWV (&1&V) PDGH RI 302;$10-E-3'0625 EORFN FRSRO\PHU FDQ
HQFDSVXODWH ͆-JOXFXURQLGDVH, ZKLOH WKH SRO\PHU PHPEUDQH LV SHUPHDELOL]HG ZLWK PHOLWWLQ (PHO), D
SRUH-IRUPLQJ SHSWLGH (3). &1&V KDYH VKRZQ WR EH EHQHILFLDO LQ VKLHOGLQJ WKH HQFDSVXODWHG HQ]\PHV
IURP WKHLU VXUURXQGLQJV, SURORQJLQJ WKHLU DFWLYLW\ DQG UHGXFLQJ LPPXQRJHQLFLW\ (4). 2XU UHVXOWV
VKRZHG WKDW ZKHQ WKH JOXFXURQLGH FRQMXJDWH RI K\PHFURPRQH (4-08*) LV JLYHQ, *86-PHO&1&V
VXFFHVVIXOO\ SURGXFHG K\PHFURPRQH ERWK LQ SKRVSKDWH EXIIHUHG VROXWLRQ DQG FHOO FXOWXUH PHGLXP.
)XUWKHUPRUH, *86-PHO&1&V ZHUH QRQ-F\WRWR[LF ZKHQ LQFXEDWHG ZLWK +HS*2 FHOOV DQG ZHUH DEOH WR
SURGXFH WKH GUXJ LQ VLWX RYHU 24 KRXUV. 2XU GDWD VXJJHVWV WKDW VXFK FDWDO\WLF QDQRV\VWHP WKDW FDQ
ORFDOO\ UHYHUW D GUXJ PHWDEROLWH LQWR LWV DFWLYH IRUP, KDV D SRWHQWLDO WR SURGXFH SKDUPDFRORJLFDOO\
DFWLYH FRPSRXQGV ORFDOO\ DQG RQ GHPDQG.

 

(1) /. $. 6WDQOH\, LQ 3KDUPDFRJQRV\: )XQGDPHQWDOV, $SSOLFDWLRQV DQG 6WUDWHJ\, HGV. 6. %DGDO DQG 5.
'HOJRGD, $FDGHPLF 3UHVV, 1VW HGQ., 2017, SS. 527–545.
(2) %. 6SURXOH, %. %UDQGV, 6. /L DQG /. &DW]-%LUR, &DQDGLDQ )DPLO\ 3K\VLFLDQ, 2009, 55, 68–69.
(3) 0. .RUSLGRX, 9. 0DIIHLV, ,$. 'LQX, &$. 6FKRHQHQEHUJHU, :. 3. 0HLHU DQG &. *. 3DOLYDQ, -RXUQDO
0DWHULDOV &KHPLVWU\ %, 2022, 10, 3916-3926.
(4) ). %LDODV, '. 5HLFKLQJHU DQG &. ). %HFNHU, (Q]\PH DQG 0LFURELDO 7HFKQRORJ\, 2021, 150, 109864
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+LJK-UHVROXWLRQ VSHFWURVFRS\ RI WKH JURXQG VWDWH RI 0J.U+ DQG LWV ORZ-O\LQJ
HOHFWURQLFDOO\ H[FLWHG VWDWHV

&. .UHLV1, 0. +ROGHQHU1, 0. *«Q«YULH]2, ). 0HUNW1*

1(7+ =¾ULFK, /DERUDWRULXP I¾U 3K\VLNDOLVFKH &KHPLH, 28QLYHUVLW« &DWKROLTXH GH /RXYDLQ, ,QVWLWXWH RI
&RQGHQVHG 0DWWHU DQG 1DQRVFLHQFHV,

'LDWRPLF PROHFXOHV 5J0 FRQVLVWLQJ RI D UDUH-JDV DWRP 5J DQG DQ DONDOLQH-HDUWK-PHWDO DWRP 0 DQG
WKHLU VLQJO\ DQG GRXEO\-FKDUJHG FDWLRQV 5J0+ DQG 5J02+ KDYH XQXVXDO FKHPLFDO SURSHUWLHV WKDW
DUH UHODWHG WR WKH ORZ ILUVW DQG VHFRQG LRQL]DWLRQ HQHUJLHV RI 0 DQG WKH KLJK LRQL]DWLRQ HQHUJ\ RI
5J. ,Q WKH FDVH RI 0J$U, WKH VHFRQG LRQL]DWLRQ HQHUJ\ RI 0J LV ORZHU WKDQ WKH ILUVW LRQL]DWLRQ HQHUJ\
RI $U. &RQVHTXHQWO\, 0J$U2+ LV WKHUPRG\QDPLFDOO\ VWDEOH DQG 5\GEHUJ VHULHV RI 0J$U+ FDQ EH
REVHUYHG WKDW FRQYHUJH RQ WKH ;2+ 1̷2+ JURXQG VWDWH RI 0J$U2+ >1@. :H ZDQW WR H[WHQG WKLV VWXG\
WR 0J.U, ZKHUH WKH VHFRQG LRQL]DWLRQ HQHUJ\ RI 0J LV KLJKHU WKDQ WKH ILUVW LRQL]DWLRQ HQHUJ\ RI .U,
DQG WKHUHIRUH 0J.U2+ LV SUHGLFWHG WR EH PHWDVWDEOH.
,Q WKLV FRQWULEXWLRQ, ZH SUHVHQW WKH UHVXOWV RI VSHFWURVFRSLF LQYHVWLJDWLRQV RI 0J.U+ LQ LWV JURXQG
DQG ORZ-O\LQJ HOHFWURQLFDOO\ H[FLWHG VWDWHV WKDW FRPSOHPHQW HDUOLHU VWXGLHV RI WKLV FDWLRQ >2,3@.

3XOVHG-ILHOG-LRQL]DWLRQ ]HUR-NLQHWLF-HQHUJ\ (3),-=(.() SKRWRHOHFWURQ VSHFWUD RI WKH ; 2̷+ JURXQG
VWDWH RI 0J.U+ ZHUH UHFRUGHG IROORZLQJ VLQJOH-SKRWRQ H[FLWDWLRQ IURP WKH D 3̵0 PHWDVWDEOH VWDWH
RI 0J.U. 9LEUDWLRQDO FKDQQHO LQWHUDFWLRQV HQDEOHG WKH REVHUYDWLRQ RI WKH ORZHVW YLEUDWLRQDO OHYHOV RI
0J.U+ DQG WKH GHWHUPLQDWLRQ RI DQ DFFXUDWH YDOXH RI WKH DGLDEDWLF LRQL]DWLRQ HQHUJ\ RI PHWDVWDEOH
0J.U (38183 s 2 FP-1). 8VLQJ LVRODWHG-FRUH PXOWLSKRWRQ 5\GEHUJ GLVVRFLDWLRQ (,&05')
VSHFWURVFRS\ >4@, VSHFWUD RI VHYHUDO ORZ-O\LQJ HOHFWURQLFDOO\ H[FLWHG VWDWHV RI 0J.U+ ZHUH REVHUYHG
WKDW DUH DVVRFLDWHG ZLWK WKH .U + 0J+ (QO) GLVVRFLDWLRQ OLPLWV ZLWK Q 3,4 DQG O V, S DQG G. 7KHVH
VWDWHV PD\ EH UHJDUGHG DV WKH ORZHVW PHPEHUV RI 5\GEHUJ VHULHV FRQYHUJLQJ RQ WKH JURXQG VWDWH
RI 0J.U2+. 7KHVH VWXGLHV UHSUHVHQW ILUVW VWHSV WRZDUGV VWXG\LQJ WKH GRXEO\ FKDUJHG FDWLRQ 0J.U2+.

>1@ '. :HKUOL, 0. *«Q«YULH], ). 0HUNW, 3K\VLFDO &KHPLVWU\ &KHPLFDO 3K\VLFV, 2021, 23, 10978, DQG
UHIHUHQFHV WKHUHLQ
>2@ -. *. .DXS DQG :. +. %UHFNHQULGJH, -RXUQDO RI &KHPLFDO 3K\VLFV, 1997, 107, 2180.
>3@ -. 6. 3LOJULP, &. 6. <HK, .. 5. %HUU\, 0. $. 'XQFDQ, -RXUQDO RI &KHPLFDO 3K\VLFV, 1994, 100, 7945.
>4@ 0. *«Q«YULH], '. :HKUOL, ). 0HUNW, 0ROHFXODU 3K\VLFV, 2019, 118, 11.
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&RPELQHG HOHFWURFKHPLFDO DQG WKHUPRFKHPLFDO DSSURDFK WR GHWHUPLQH WKH IXQGDPHQWDO
UHDFWLRQ SURFHVVHV RI WKH &22 UHGXFWLRQ UHDFWLRQ

3. 0. /HLGLQJHU1, 7. -. 6FKPLGW1, -. $. YDQ %RNKRYHQ1,2, -. +HUUDQ]1*, /. $UWLJOLD1*

13DXO 6FKHUUHU ,QVWLWXW, )RUVFKXQJVVWUDVVH 111, &+-5232 9LOOLJHQ 36,, 6ZLW]HUODQG, 2,QVWLWXWH RI
&KHPLFDO DQG %LRHQJLQHHULQJ, (7+ =XULFK, =XULFK, 6ZLW]HUODQG

7KH YDORUL]DWLRQ RI FDUERQ GLR[LGH LV RQH RI WKH PDLQ UHVHDUFK WRSLFV LQ WKH FXUUHQW WLPH, VLQFH LW LV
KLJKO\ UHOHYDQW IRU WKH GHYHORSPHQW RI VXVWDLQDEOH HQHUJ\ F\FOHV ZLWKLQ WKH VFRSH RI QHW-]HUR
&22-HPLVVLRQV IRU WKH IXWXUH. 7KH UHDFWLRQ RI &22 RQ VLOYHU FDWDO\VWV FDQ WDNH SODFH HLWKHU
HOHFWURFKHPLFDOO\ (WR FDUERQ PRQR[LGH) RU WKHUPRFKHPLFDOO\ (WR PHWKDQRO), DQG LW LV
IXQGDPHQWDOO\ LQWHUHVWLQJ WR GHWHUPLQH WKH VLPLODULWLHV DQG GLIIHUHQFHV EHWZHHQ WKH PROHFXODU
DFWLYDWLRQ SURFHVVHV DQG LQWHUPHGLDWHV GHILQLQJ WKH SURGXFW VHOHFWLYLW\ LQ HDFK RI WKHVH UHDFWLRQ
HQYLURQPHQWV. 7KH DLP RI WKH SUHVHQW VWXG\ LV WR LGHQWLI\ WKH VXUIDFH UHDFWLRQ SURFHVVHV DQG DFWLYH
VLWHV GHWHUPLQLQJ WKH SURGXFW FRPSRVLWLRQ, WXUQ RYHU IUHTXHQF\ DQG GHDFWLYDWLRQ SDWKZD\V RI WKH
&22 UHGXFWLRQ UHDFWLRQ XVLQJ VLOYHU-EDVHG FDWDO\VWV. 7KLV LV DFKLHYHG E\ XVLQJ DPELHQW SUHVVXUH ;-
UD\ SKRWRHOHFWURQ VSHFWURVFRS\ ($3;36) RQ GLIIHUHQW FDWDO\VWV IURP D PRGHO-FDWDO\WLF V\VWHP (L.H.
SRO\FU\VWDOOLQH VLOYHU) WRZDUGV LQGXVWULDOO\ DSSOLFDEOH VXSSRUWHG VXEVWUDWHV. 7R DWWDLQ WKH EHVW
SRVVLEOH FRUUHODWLRQ EHWZHHQ H[SHULPHQWDO UHVXOWV DQG SURFHVVHV XQGHU LQGXVWULDOO\ UHOHYDQW
FRQGLWLRQV, H[SHULPHQWV DUH SHUIRUPHG XVLQJ VROLG-JDV DQG VROLG-OLTXLG LQWHUIDFH VHWXSV FRPELQHG
ZLWK H[ VLWX UHDFWRU/HOHFWURFKHPLFDO FHOO VWXGLHV.
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,QYHVWLJDWLRQV RQ WKH FKHPLFDO EHKDYLRU RI FHVLXP DQG LRGLQH LQ OHDG-ELVPXWK OLTXLG
PHWDO VROXWLRQ

/. /LX1, . =LYDQRYLF1,2, (. .DUOVVRQ1, '. +HUUPDQQ1, $. 9¸JHOH1, -. 1HXKDXVHQD1

13DXO 6FKHUUHU ,QVWLWXW, 2(7+ =XULFK

/HDG-ELVPXWK HXWHFWLF (/%() LV D HXWHFWLF DOOR\ FRPSRVHG RI 44.5 DW% 3E DQG 55.5 DW% %L. ,W LV RI
SDUWLFXODU LQWHUHVW DV D SRVVLEOH FRRODQW IRU WKH *HQHUDWLRQ ,9 QXFOHDU UHDFWRUV DQG DFFHOHUDWRU-
GULYHQ V\VWHPV ($'6) JLYHQ LWV JRRG WKHUPRSK\VLFDO SURSHUWLHV (ORZ PHOWLQJ SRLQW, ORZ YDSRU
SUHVVXUH, DQG JRRG WKHUPDO FRQGXFWLYLW\) DQG LQHUWQHVV WRZDUGV UHDFWLRQV ZLWK ZDWHU DQG DLU.
+RZHYHU, WKH EHKDYLRU RI UDGLRQXFOLGHV SUHVHQW LQ WKH FRRODQW, RULJLQDWLQJ IURP WKH DFWLYDWLRQ RI
WKH OLTXLG PHWDO LWVHOI DQG WKH SRWHQWLDO FRQWDPLQDWLRQ ZLWK ILVVLRQ SURGXFWV, DUH QRW ZHOO
XQGHUVWRRG. ,Q SDUWLFXODU, WKH UHOHDVH RI UDGLRQXFOLGHV IURP /%( LV D NH\ LVVXH IRU LWV VDIH
DSSOLFDWLRQ DQG D VLJQLILFDQW FKDOOHQJH IRU WKH OLFHQVLQJ RI /%(-FRROHG UHDFWRUV. ,Q WKH IUDPHZRUN RI
WKH “+RUL]RQ 2020” 3$6&$/ SURMHFW, ZH DUH LQWHUHVWHG LQ WKH UDGLRLVRWRSHV RI &V DQG ,, ZKLFK DUH
DPRQJ WKH PRVW SUREOHPDWLF ILVVLRQ SURGXFWV. &RPSDUHG WR WKH VLQJOH HOHPHQWV GLVVROYHG LQ /%(,
PRGHOLQJ RI WKH FKHPLFDO HTXLOLEULXP RI WKH /%(/2/&V/, V\VWHP KDV LQGLFDWHG WKDW &V DQG , PD\
VKRZ LQFUHDVHG HYDSRUDWLRQ IURP /%( DWWULEXWHG WR WKH IRUPDWLRQ RI &V,. 7KLV WKHUPRG\QDPLF
SUHGLFWLRQ QHHGV WR EH H[SHULPHQWDOO\ YHULILHG VLQFH LW LV QRW HYLGHQW WKDW WKH FKHPLFDO HTXLOLEULXP
UHTXLUHG WR IRUP &V, ZLOO EH HVWDEOLVKHG TXLFNO\.

7R DGGUHVV WKLV TXHVWLRQ, RQ RQH VLGH, WKH VROXELOLW\ RI WKH &V, VDOW LQ /%( LV GHWHUPLQHG WR JHW D
GHHSHU LQVLJKW LQWR WKH TXDWHUQDU\ V\VWHP. 2Q WKH RWKHU VLGH, WKH VSHFLHV HYDSRUDWHG IURP ,-
FRQWDLQLQJ /%( VDPSOHV, &V-FRQWDLQLQJ /%( VDPSOHV DQG &V-,-FRQWDLQLQJ /%( VDPSOHV DUH
LQYHVWLJDWHG WKURXJK WKHUPRVXEOLPDWRJUDSK\ H[SHULPHQWV WR YHULI\ WKH IRUPDWLRQ RI &V, LQ /%(.
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6XSHU-5HVROXWLRQ 0LFURVFRS\ ZLWK 0HFKDQRVHQVLWLYH 0HPEUDQH 7HQVLRQ 3UREHV

-. 0DLOODUG1,3, (. 'UDE1, -. *DUFLD-&DOYR1, 1. 6DNDL2, 6. 0DWLOH2, $. )¾UVWHQEHUJ1,3*

18QLYHUVLW\ RI *HQHYD, 'HSDUWPHQW RI 3K\VLFDO &KHPLVWU\, 2'HSDUWPHQW RI 2UJDQLF &KHPLVWU\, 3
'HSDUWPHQW RI ,QRUJDQLF DQG $QDO\WLFDO &KHPLVWU\

7KH PHFKDQLFDO SURSHUWLHV RI FHOOV DUH FUXFLDO SDUDPHWHUV WKDW UHJXODWH NH\ IXQFWLRQV DQG
WKHUHIRUH, G\VUHJXODWLRQ LQ VHQVLQJ WKHLU HQYLURQPHQW KDYH LPSOLFDWLRQV LQ YDULRXV GLVHDVHV.
$OWKRXJK LW LV JHQHUDOO\ DFFHSWHG WKDW PHPEUDQH WHQVLRQ XQGHUOLH PDQ\ GLIIHUHQW FHOOXODU
SURFHVVHV VXFK DV FHOO DGKHVLRQ, HQGRF\WRVLV, H[RF\WRVLV, SKDJRF\WRVLV, LQWUDFHOOXODU PHPEUDQH
WUDIILFNLQJ DQG FHOO GLYLVLRQ, PHDVXULQJ LQ YLYR IRUFHV OLNH WHQVLRQ UHPDLQV WHFKQLFDOO\ FKDOOHQJLQJ.
1HZO\ GHVLJQHG ROLJRWKLRSKHQHV IOXRUHVFHQW SUREHV GLVSOD\LQJ JURXQG-VWDWH SODQDUL]DWLRQ DW URRP
WHPSHUDWXUH KDYH OHG WR WKH GHYHORSPHQW RI SXVK-SXOO SUREHV DV PHFKDQRVHQVLWLYH PROHFXOHV,
FDOOHG “IOLSSHUV”1,2. 7KHVH SUREHV LQVHUW HDVLO\ LQWR OLSLG PHPEUDQHV, ZKHUH WKH\ GLVSOD\ UHG-VKLIWHG
DEVRUSWLRQ DQG D PXFK VWURQJHU IOXRUHVFHQFH HPLVVLRQ LQ WKH OLTXLG RUGHUHG (/R) OLSLG SKDVH WKDQ LQ
WKH OLTXLG GLVRUGHUHG (/G) SKDVH GXH WR WKH IRUFHV LPSRVLQJ D SODQDUL]DWLRQ RI WKH FKURPRSKRUH
DOUHDG\ LQ LWV JURXQG VWDWH. ,Q WKLV FRQWULEXWLRQ, ZH HYDOXDWH GLIIHUHQW IOLSSHU GHULYDWLYHV IRU VLQJOH-
PROHFXOH ORFDOL]DWLRQ PLFURVFRS\ LPDJLQJ DQG UHSRUW LPDJLQJ EHORZ WKH GLIIUDFWLRQ OLPLW ZLWK
VHYHUDO PHFKDQRVHQVLWLYH SUREHV XVLQJ WKH 3$,17 PHWKRG (3RLQW $FFXPXODWLRQ IRU ,PDJLQJ LQ
1DQRVFDOH 7RPRJUDSK\)3,4. 7KLV ZRUN SDYHV WKH ZD\ WR WKH LPDJLQJ RI ORFDO IRUFHV ZLWK QDQRPHWULF
SUHFLVLRQ LQ FHOO ELRORJ\.
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&DWLRQ '\QDPLFV LQ +\EULG 3HURYVNLWHV IURP 6ROLG-VWDWH 105 6SHFWURVFRS\

$. 0LVKUD1, 0. $. +RSH1, 0. &RUGRYD1, /. (PVOH\1*

1/DERUDWRU\ RI 0DJQHWLF 5HVRQDQFH, ,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHUH &KHPLTXHV, ÉFROH
3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG

7KH G\QDPLF UHVSRQVH RI WKH LRQLF ODWWLFH DIIHFWV NH\ HOHFWURQLF SURSHUWLHV VXFK DV FKDUJH-FDUULHU
PRELOLWLHV DQG H[FLWRQ ELQGLQJ HQHUJLHV LQ K\EULG SHURYVNLWHV. 7KLV G\QDPLF UHVSRQVH KDV EHHQ
H[SHULPHQWDOO\ VKRZQ WR DIIHFW WKH UHRULHQWDWLRQ RI WKH FDWLRQ LQ WKH FXERFWDKHGUDO FDYLW\. 6ROLG
VWDWH 105 KDV EHHQ XVHG ZLGHO\ ZLWKLQ WKH SHURYVNLWH FRPPXQLW\ WR VWXG\ FDWLRQ LQFRUSRUDWLRQ,
SKDVH VHJUHJDWLRQ, KDOLGH PL[LQJ, GLVRUGHU, DQG G\QDPLFV. +HUHLQ, ZH VKRZ KRZ TXDGUXSRODU VROLG-
VWDWH 105 UHOD[RPHWU\ XQGHU PDJLF-DQJOH VSLQQLQJ FDQ EH XVHG WR XQLTXHO\ GHWHUPLQH FDWLRQ
G\QDPLFV LQ K\EULG SHURYVNLWHV. 7KH H[SHULPHQWDO GDWD FDQ EH ILWWHG E\ FRQVLGHULQJ D URWDWLRQDO
GLIIXVLRQ PRGHO. 7KLV DOORZV WKH DFWLYDWLRQ HQHUJLHV ((D) DQG WKH FRUUHODWLRQ WLPHV (͘F) IRU PRWLRQ
DERXW HDFK SULQFLSDO D[HV RI WKH FDWLRQ WR EH GLVHQWDQJOHG. :H XVH WKLV PRGHO WR FKDUDFWHUL]H
FDWLRQ G\QDPLFV LQ FXUUHQW VWDWH-RI-WKH-DUW PXOWL-FDWLRQ SHURYVNLWHV VXFK DV *8$[0$1-[3E,3,
0$[)$1-[3E,3, &V[)$1-[3E,3 DQG, &V[)$\0$1-[-\3E,3. 6XUSULVLQJO\, ZH ILQG WKDW WKH )$ (IRUPDPLGLQLXP)
G\QDPLFV LV LQYDULDQW WR WKH FRPSRVLWLRQ, ZKHUHDV 0$ (PHWK\ODPPRQLXP) G\QDPLFV FKDQJHV
VLJQLILFDQWO\. 2YHUDOO, WKLV PHWKRGRORJ\ SURYLGHV D FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH FDWLRQ
G\QDPLFV LQ K\EULG SHURYVNLWHV.
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6WXG\LQJ URWDWLRQDO-VWDWH DQG FRQIRUPDWLRQDO HIIHFWV LQ FKHPL-LRQLVDWLRQ UHDFWLRQV

$. 0LVKUD1, /. 3ORHQHV1, 3. 6WUDĊ£N1, 6. .. .LP2*, 6. :LOOLWVFK1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, .OLQJHOEHUJVWUDVVH 80, 4056 %DVHO, 6ZLW]HUODQG, 2
'HSDUWPHQW RI &KHPLVWU\, .$,67, 'DHMHRQ 34141, 5HSXEOLF RI .RUHD

&RQIRUPHUV DUH WKH GRPLQDQW LVRPHUV RI FRPSOH[ PROHFXOHV. 7KH FRQIRUPDWLRQ RI D PROHFXOH FDQ
KDYH SURQRXQFHG HIIHFWV RQ LWV FKHPLFDO UHDFWLYLW\. +RZHYHU, EHFDXVH WKH\ RIWHQ LQWHUFRQYHUW LQWR
RQH DQRWKHU XQGHU DPELHQW FRQGLWLRQV, LQGLYLGXDO PROHFXODU FRQIRUPDWLRQV DUH GLIILFXOW WR LVRODWH.
&RQVHTXHQWO\, RQO\ VSDUVH H[SHULPHQWDO GDWD H[LVWV RQ WKH FKHPLFDO SURSHUWLHV RI GLVWLQFW
FRQIRUPHUV >1@. 2YHU WKH SDVW \HDUV, ZH KDYH GHYHORSHG H[SHULPHQWDO PHWKRGV WR VWXG\
FRQIRUPDWLRQDO HIIHFWV LQ LRQ-PROHFXOH UHDFWLRQV XQGHU VLQJOH-FROOLVLRQ FRQGLWLRQV >2,3@. ([WHQGLQJ
RXU PHWKRGRORJ\ WR QHXWUDO UHDFWLRQV, ZH KDYH UHFHQWO\ EXLOW D QHZ FURVVHG-PROHFXODU-EHDP
VHWXS. 7KLV VHWXS LV HTXLSSHG ZLWK DQ HOHFWURVWDWLF GHIOHFWRU ZKLFK HQDEOHV WKH VSDWLDO VHSDUDWLRQ
RI GLIIHUHQW FRQIRUPHUV RU LQGLYLGXDO URWDWLRQDO VWDWHV RI PROHFXOHV EDVHG RQ WKHLU HIIHFWLYH GLSROH
PRPHQWV. 7KH SURGXFWV RI FKHPLFDO UHDFWLRQV RI WKH VHSDUDWHG FRQIRUPHUV DUH PRQLWRUHG E\ WLPH-
RI-IOLJKW PDVV VSHFWURPHWU\ (72)-06) DQG YHORFLW\ PDSSHG LRQ LPDJLQJ (90,) >4@.

$V WKH ILUVW DSSOLFDWLRQ RI WKLV QHZ PHWKRG, URWDWLRQDO-VWDWH DQG FRQIRUPDWLRQDOO\ VSHFLILF FKHPL-
LRQLVDWLRQ UHDFWLRQV RI FDUERQ\O VXOILGH (2&6) DQG K\GURTXLQRQH ZLWK PHWDVWDEOH QHRQ DWRPV ZHUH
LQYHVWLJDWHG. 3URQRXQFHG VWDWH- DQG FRQIRUPDWLRQ-VSHFLILF HIIHFWV RQ WKH SURGXFW EUDQFKLQJ UDWLRV
RI ERWK UHDFWLRQV ZHUH REVHUYHG. 2XU UHVXOW VXJJHVWV WKDW 2&6 PROHFXOHV LQ WKH URWDWLRQDO JURXQG
VWDWH M  0 DUH D IDFWRU RI 2.5 PRUH UHDFWLYH IRU GLVVRFLDWLYH LRQLVDWLRQ WKDQ 3HQQLQJ LRQLVDWLRQ
FRPSDUHG WR WKH M  1 VWDWH >4,5@. 6LPLODUO\, FLV-K\GURTXLQRQH VKRZV D VWURQJHU SURSHQVLW\ IRU
GLVVRFLDWLYH LRQL]DWLRQ LQ FRPSDULVRQ WR 3HQQLQJ LRQLVDWLRQ WKDQ WUDQV-K\GURTXLQRQH. 0RQWH-&DUOR
WUDMHFWRU\ VLPXODWLRQV VKRZHG WKDW WKH IRUPDWLRQ RI WKH 3HQQLQJ LRQLVHG SURGXFW GHSHQGV RQ WKH
LQLWLDO FRQIRUPDWLRQDO DQG URWDWLRQDO VWDWH RI K\GURTXLQRQH ZKHUHDV WKH IRUPDWLRQ RI WKH
GLVVRFLDWLYH LRQLVHG SURGXFW LV LQGHSHQGHQW RI WKH LQLWLDO FRQIRUPDWLRQDO DQG URWDWLRQDO VWDWH. 7KH
GLVHQWDQJOHPHQW RI FRQIRUPDWLRQDO DQG URWDWLRQDO-VWDWH HIIHFWV FDQ EH GLIILFXOW WR DQDO\VH GXH WR
WKH LQYROYHPHQW RI VHYHUDO URWDWLRQDO VWDWHV >5@. +RZHYHU, FKRRVLQJ FRQIRUPHUV WKDW FDQ EH
FKHPLFDOO\ VHSDUDWHG DQG KDYH KLJK LQWHUFRQYHUVLRQ EDUULHUV FRXOG GLVHQWDQJOH WKH FRQIRUPDWLRQDO
DQG URWDWLRQDO VWDWH GHSHQGHQFLHV. 7KHUHIRUH, ZH FKRVH WR VWXG\ WKH FKHPL-LRQLVDWLRQ UHDFWLRQ RI
1,2-GLEURPRHWK\OHQH ('%(), WKH FRQIRUPHUV RI ZKLFK FDQ EH FKHPLFDOO\ VHSDUDWHG. 0RUHRYHU, LQ D
FROODERUDWLRQ ZLWK WKH .RUHDQ $GYDQFHG ,QVWLWXWH RI 6FLHQFH DQG 7HFKQRORJ\ (.$,67), ZH DUH DOVR
FXUUHQWO\ XQGHUWDNLQJ D FRPSDUDWLYH VWXG\ RI WKH SKRWRFKHPLVWU\, SKRWRLRQLVDWLRQ DQG FKHPL-
LRQLVDWLRQ RI LQGLYLGXDO VWHUHRLVRPHUV XVLQJ 1,2-GLEURPRHWK\OHQH ('%() DV D SURWRW\SLFDO V\VWHP.
7KHVH LQYHVWLJDWLRQV DLP DW JDLQLQJ D FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH UROH RI PROHFXODU
FRQIRUPDWLRQV LQ XQLPROHFXODU DQG ELPROHFXODU UHDFWLYLW\.

>1@ 6. :LOOLWVFK, $GY. &KHP. 3K\V., 2017, 162, 307
>2@ <.-3. &KDQJ, .. 'OXJROHFNL, -. .¾SSHU, '. 5¸VFK, '. :LOG, 6. :LOOLWVFK, 6FLHQFH, 2013, 342, 98
>3@ $. .LODM, -. :DQJ, 3. 6WUDĊ£N, 0. 6FKZLON, 8. 5LYHUR, /. ;X, 2. $ Y. /LOLHQIHOG, -. .¾SSHU, 6.
:LOOLWVFK, 1DW. &RPPXQ., 2021, 12, 6047
>4@ /. 3ORHQHV, 3. 6WUDĊ£N, +. *DR, -. .¾SSHU DQG 6. :LOOLWVFK, 0RO. 3K\V., 2021, 119, 1965234
>5@ /. 3ORHQHV, 3. 6WUDĊ£N, 6. :LOOLWVFK, LQ SUHS., 2022
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/HDGHG EURQ]H IRDPV: D QRYHO KLJK VXUIDFH DUHD HOHFWURFDWDO\VW PDWHULDO IRU FDWKRGLF
HOHFWURV\QWKHVLV

3. 0RUHQR-*DUF¯D1, 7. 3UHQ]HO2, 0. *£OYH]-9£]TXH]1, /. *£OYH]-9£]TXH]1, 6. 5. :DOGYRJHO, 2, 3.
%URHNPDQQ1*

18QLYHUVLW\ RI %HUQ, 2-RKDQQHV *XWHQEHUJ 8QLYHUVLW\ 0DLQ]

7\SLFDO KHDY\ PHWDOV XVHG DV FDWKRGH PDWHULDOV IRU HOHFWUR-RUJDQLF UHGXFWLRQ UHDFWLRQV DUH OHDG,
PHUFXU\, DQG FDGPLXP, DV WKH\ H[KLELW D ODUJH RYHU-SRWHQWLDO IRU WKH K\GURJHQ HYROXWLRQ UHDFWLRQ
(+(5).>1@ +RZHYHU, DOO WKUHH PHWDOV DUH SURQH WR FDWKRGLF FRUURVLRQ IRUPLQJ KLJKO\ WR[LF
RUJDQRPHWDOOLF FRPSRXQGV, ZKLFK PLJKW FRQWDPLQDWH WKH SURGXFW. ,Q SUHYLRXV ZRUN ZH KDYH
VKRZQ WKDW OHDGHG EURQ]H, ZKLFK LV DQ HDVLO\ DYDLODEOH DQG LQH[SHQVLYH IODW FDWKRGH PDWHULDO,
FRPELQHV DQ H[FHOOHQW SHUIRUPDQFH LQ HOHFWURV\QWKHVLV ZLWK D VLJQLILFDQWO\ LQFUHDVHG PHFKDQLFDO
DQG FKHPLFDO VWDELOLW\.>2@ ,Q WKLV ZRUN ZH UHSRUW RQ WKH GHYHORSPHQW DQG HOHFWURFDWDO\WLF
SHUIRUPDQFH RI D QRYHO OHDGHG EURQ]H IRDP-W\SH FDWKRGH PDWHULDO WKDW NHHSV WKH FDWDO\WLF
SURSHUWLHV RI IODW OHDGHG EURQ]H VDPSOHV DQG H[KLELWV XOWUD ODUJH VSHFLILF DUHD IRU HIILFLHQW
HOHFWURRUJDQLF WUDQVIRUPDWLRQV. ,WV PDQXIDFWXUH LV EDVHG RQ WKH G\QDPLF K\GURJHQ EXEEOH
WHPSODWH ('+%7) PHWKRG,>3,4@ DQ HIILFLHQW DQG LQH[SHQVLYH VWUDWHJ\ WR SUHSDUH IXQFWLRQDO SRURXV
PDWHULDOV WKDW FRQVLVWV RI WKH VXSHUSRVLWLRQ RI PHWDO GHSRVLWLRQ DQG K\GURJHQ HYROXWLRQ DW WKH
VXUIDFH RI WKH VXSSRUW PDWHULDO. :H H[HPSODULO\ GHPRQVWUDWH WKH LPSURYHG FDWDO\WLF SHUIRUPDQFH
RI WKHVH OHDGHG EURQ]H IRDPV E\ PHDQV RI D GLUHFW, KDORJHQ-IUHH V\QWKHVLV RI QLWULOHV IURP R[LPHV
ZLWK \LHOGV XS WR 84%. 7KHVH FDWKRGH PDWHULDOV NHHS SURPLVH DV DQ H[FHOOHQW DQG LPSURYHG
DOWHUQDWLYH WR VXEVWLWXWH KHDY\ PHWDO FDWKRGHV XVHG IRU HOHFWURV\QWKHVLV RI ILQH FKHPLFDOV,
SKDUPDFHXWLFDO DFWLYH DJHQWV, DQG ODWH-VWDJH IXQFWLRQDOL]DWLRQ.

>1@ &KULVWRSK *¾W], 9DOHQWLQH *ULPDXGR, 0LFKDHO +ROWNDPS, 0DULXV +DUWPHU, -DQLQD :HUUD, /LVD
)UHQVHPHLHU, $QWRQ .HKO, 8ZH .DUVW, 3HWHU %URHNPDQQ, 6LHJIULHG 5. :DOGYRJHO, &KHP(OHFWURFKHP
2018, 5, 247-252
>2@ &KULVWRSK *¾W], 0D[LPLOLDQ 6HOW, 0DUNXV %¦Q]LJHU, &KULVWRSK %XFKHU, &KULVWLQD 5©PHOW, 1DGLQH
+HFNHQ, )DEULFH *DOORX, 7RP£V 5. *DOY¥R, 6LHJIULHG 5. :DOGYRJHO, &KHP. (XU. -. 2015, 21,
13878-13882
>3@ 3DYHO 0RUHQR-*DUF¯D, 1LFRODV 6FKOHJHO, $OEHUWR =DQHWWL, $OHQD &HGH³R /µSH], 0DU¯D GH -HV¼V
*£OYH]-9£]TXH], $EKLMLW 'XWWD, 0RWLDU 5DKDPDQ, 3HWHU %URHNPDQQ, $&6 $SSO. 0DWHU.
,QWHUIDFHV 2018, 10, 37, 31355-31365
>4@ %ODNH -. 3ORZPDQ, /DWKH $. -RQHV, 6XUHVK .. %KDUJDYD, &KHP. &RPP. 2015, 51, (21), 4331-4346
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7KH 6WUXFWXUH RI :DWHU LQ 1R 0DQ'V /DQG

1. 0RZU\1, &. .U¾JHU1, 0. 'UDEEHOV1*, 8. -. /RUHQ]1*

1/DERUDWRU\ RI 0ROHFXODU 1DQRG\QDPLFV, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, 1015
/DXVDQQH, 6ZLW]HUODQG

:DWHU LV WKH PRVW UHVHDUFKHG OLTXLG LQ KLVWRU\ \HW VWLOO SHUSOH[LQJ VFLHQWLVWV ZLWK LWV DEQRUPDO
EHKDYLRU, JLYLQJ ZDWHU WKH QLFNQDPH – “WKH PRVW DQRPDORXV OLTXLG.”1 )RU H[DPSOH, WKH GHQVLW\ RI
ZDWHU LQFUHDVHV DV LW LV FRROHG, UHDFKLQJ D PD[LPXP DW 4 ʜ& (277 .), WKH FRPSUHVVLELOLW\ RI ZDWHU
VHHV D PLQLPXP DW 46 ʜ& (319 .)2 DQG WKH VSHFLILF KHDW ULVHV VKDUSO\ DV ZDWHU LV VXSHUFRROHG.3
7KHVH EHKDYLRUV UDLVH WKH TXHVWLRQ WKDW VFLHQWLVWV KDYH EHHQ WU\LQJ WR DQVZHU IRU GHFDGHV: ZK\
GRHV ZDWHU H[KLELW VXFK DQRPDORXV EHKDYLRU WKH FROGHU LW JHWV" 7KH DQVZHU, DW OHDVW LQ SDUW, OLHV
ZLWKLQ WKH VXSHUFRROHG UHJLPH. 5HVHDUFKHUV EHOLHYH WKLV LV EHFDXVH ZDWHU H[LVWV LQ D VR FDOOHG ‘WZR-
VWDWH OLTXLG,’ ZKHUH ERWK D KLJK-GHQVLW\ OLTXLG DQG ORZ-GHQVLW\ OLTXLG ZDWHU FRH[LVW WRJHWKHU LQ D
PHWDVWDEOH VWDWH, JLYLQJ ZDWHU DEQRUPDO EHKDYLRU DV LW JHWV FROGHU.4 ,Q WKH WHPSHUDWXUH UDQJH
EHWZHHQ 235 . DQG 150 ., VXSHUFRROHG ZDWHU FDQ FU\VWDOL]H DV IDVW DV VHYHUDO PLFURVHFRQGV, DQG
WKHUHIRUH QRW DFFHVVLEOH H[SHULPHQWDOO\ E\ WUDGLWLRQDO DSSURDFKHV, JLYLQJ WKLV WHPSHUDWXUH UDQJH
WKH QDPH ‘QR PDQ’V ODQG.’

 

:H KDYH GHYHORSHG D WHFKQLTXH WR SUREH WKH VWUXFWXUH RI ZDWHU DW WKHVH WHPSHUDWXUHV, XVLQJ D
PRGLILHG WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH WKDW SURYLGHV KLJK WHPSRUDO DQG VSDWLDO UHVROXWLRQ. 7R
SHUIRUP WKHVH H[SHULPHQWV, D VPDOO JROG PHVK VDPSOH JULG ZLWK JUDSKHQH SODFHG RQ WRS LV FRROHG
GRZQ WR 100 . DQG ZDWHU LV FRQGHQVHG RQWR LW DQG UDSLGO\ FRROHG WR EHFRPH DPRUSKRXV VROLG
ZDWHU. %\ KHDWLQJ WKLV VDPSOH ZLWK D ODVHU SXOVH WR GLIIHUHQW WHPSHUDWXUHV, ZH FDQ DFTXLUH
GLIIUDFWLRQ SDWWHUQV E\ PHDQV RI DQ HOHFWURQ SXOVH, ZKLFK FDQ SURYLGH GHWDLOHG LQIRUPDWLRQ RQ WKH
VWUXFWXUH RI ZDWHU DW D VSHFLILF WHPSHUDWXUH. 7KH DWWDFKHG WZR SDQHO ILJXUH VKRZV WKH RQH-
GLPHQVLRQDO GLIIUDFWLRQ SDWWHUQV DW GLIIHUHQW ODVHU SRZHUV ()LJXUH 1D) DV ZHOO DV WKH SHDN SRVLWLRQ
FKDQJH DV D IXQFWLRQ RI ODVHU SRZHU ()LJXUH 1E). %\ DQDO\]LQJ WKH FKDQJH LQ SHDN SRVLWLRQ,
H[SHULPHQWDO GDWD FDQ EHJLQ WR H[SRVH WKH VWUXFWXUDO FKDQJHV RI ZDWHU LQ QR PDQ’V ODQG.

>1@ 3HWWHUVVRQ, /. *. 0., +HQFKPDQ, 5. +. & 1LOVVRQ, $. :DWHU—7KH 0RVW $QRPDORXV /LTXLG. &KHP.
5HY. 116, 7459–7462 (2016).
>2@ .XPDU, 3., +DQ, 6. & 6WDQOH\, +. (. $QRPDOLHV RI ZDWHU DQG K\GURJHQ ERQG G\QDPLFV LQ
K\GURSKRELF QDQRFRQILQHPHQW. -. 3K\V.: &RQGHQV. 0DWWHU 21, 504108 (2009).
>3@ 0DUX\DPD, 6. 7KHUPDO 3URSHUWLHV RI 6XSHUFRROHG :DWHU &RQILQHG ZLWKLQ 6LOLFD *HO 3RUHV. LQ $,3
&RQIHUHQFH 3URFHHGLQJV YRO. 708 675–676 ($,3, 2004).
>4@ *DOOR, 3. HW DO. :DWHU: $ 7DOH RI 7ZR /LTXLGV. &KHP. 5HY. 116, 7463–7500 (2016).
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9LEUDWLRQDO 6SHFWURVFRS\ RI 1HZ 0ROHFXODU 3UREHV IRU ,QWHUIDFLDO 6HQVLQJ

0. 3DUUD1, %. 'HUHND1*

18QLYHUVLW\ RI =XULFK, 'HSDUWPHQW RI &KHPLVWU\

6XUIDFH SK\VLFDO DQG FKHPLFDO SURFHVVHV SOD\ D VLJQLILFDQW UROH LQ WKH SHUIRUPDQFH RI PDQ\ HQHUJ\
FRQYHUVLRQ WHFKQRORJLHV VXFK DV EDWWHULHV DQG SKRWRYROWDLF FHOOV, DV ZHOO DV FDWDO\VLV IRU ZDWHU
VSOLWWLQJ DQG &22 UHGXFWLRQ. &KDUDFWHULVDWLRQ RI PLFURVFRSLF SURFHVVHV, PROHFXODU PRWLRQV DQG
IOXFWXDWLRQV DW VROLG-OLTXLG LQWHUIDFHV LV D FKDOOHQJLQJ WDVN, SDUWO\ GXH WR WKH OLPLWHG QXPEHU RI
PHWKRGV FDSDEOH RI WUDFNLQJ VWUXFWXUDO G\QDPLFV DQG WKH KLJK FRPSOH[LW\ RI WKH LQWHUIDFLDO UHJLRQ.
)RU H[DPSOH, WKH EHVW GHVFULSWLRQV RI WKH HOHFWULF GRXEOH OD\HU IRUPHG DW VROLG-OLTXLG LQWHUIDFHV DUH
PHUHO\ VWDWLF, DQG UHDO-WLPH H[SHULPHQWDO HYLGHQFH RI VROXWH G\QDPLFV DQG LWV LQWHUSOD\ ZLWK WKH
LPPHGLDWH VXUURXQGLQJ HQYLURQPHQW LV QHHGHG. 5HFHQW UDSLG SURJUHVV LQ XOWUDIDVW VSHFWURVFRS\ LV
FKDQJLQJ WKLV, ZLWK WKH GHYHORSPHQW RI WHFKQLTXHV FDSDEOH RI VWXG\LQJ XOWUDIDVW G\QDPLFV DW WKH
LQWHUIDFH ZLWK D KLJK GHJUHH RI VXUIDFH VHQVLWLYLW\ >1@. ,Q SDUWLFXODU, WLPH-UHVROYHG LQIUDUHG (,5)
VSHFWURVFRS\ LV D SRZHUIXO WRRO WKDW FRPELQHV ERWK VWUXFWXUDO VHQVLWLYLW\ DQG WLPH UHVROXWLRQ WR
YLVXDOLVH WKH G\QDPLFV RI PROHFXODU LQWHUDFWLRQV LQ UHDO WLPH. :LWK WKH LPSOHPHQWDWLRQ RI WKLV
WHFKQLTXH IRU LQWHUIDFLDO DQDO\VLV, WHWKHULQJ RI DSSURSULDWH PROHFXODU SUREHV ZLWK DGHTXDWH
YLEUDWLRQDO PDUNHUV FRXOG DOORZ WKH FKDUDFWHULVDWLRQ RI PROHFXODU HQYLURQPHQWV DW YDULRXV OHQJWKV
IURP WKH VXUIDFH. :H DUH GHYHORSLQJ DQ DSSURDFK RI PXOWLSOH[HG YLEUDWLRQDO SUREHV FRPELQLQJ
VHYHUDO FKDUDFWHULVWLF PDUNHUV SODFHG DW GLIIHUHQW SRVLWLRQV DQG ZLWK GLIIHUHQW RULHQWDWLRQV LQ D
PROHFXOH. :H SODQ WR WHWKHU WKHVH SUREHV WR FRQGXFWLQJ ILOPV YLD GLIIHUHQW DSSURDFKHV GHSHQGLQJ
RQ WKH VSHFLILF VXUIDFH FKHPLVWU\. 6HQVLWLYLW\ RI WKHVH PDNHUV WRZDUGV VSHFLILF DQG QRQ-VSHFLILF
LQWHUDFWLRQV LV D KLJKO\ GHVLUDEOH IHDWXUH ZKHQ SURELQJ LQWHUIDFHV. $V D ILUVW VWHS, VWHDG\-VWDWH )7,5
VSHFWUD ZHUH PHDVXUHG IRU HVWHUV RI SURSLROLF DFLG LQ D VHOHFWLRQ RI VROYHQWV ZLWK YDU\LQJ
SDUDPHWHUV. 6SHFLILF ORFDO YLEUDWLRQDO PRGHV (&≡&, & 2 DQG &–+ VWUHWFKHV, VHH )LJXUH) ZHUH
FKRVHQ DV VXLWDEOH FDQGLGDWHV IRU ,5 SUREHV. 6ROYHQW-LQGXFHG YDULDWLRQV RI YLEUDWLRQDO IUHTXHQFLHV
()LJ. 2) GXH WR WKH HOHFWULF ILHOG DQG +-ERQGLQJ LQWHUDFWLRQV H[HUWHG E\ WKH VROYHQW ZHUH
GLVHQWDQJOHG E\ FRUUHODWLQJ WKH IUHTXHQFLHV FRUUHVSRQGLQJ WR HDFK YLEUDWLRQDO PRGH ZLWK WKH
.DPOHW-7DIW SDUDPHWHUV (DFFRXQWLQJ IRU WKH VROYHQW DELOLW\ WR GRQDWH (ͅ) RU DFFHSW (͆) +-ERQGV) DQG
WKH VROYHQW’V 2QVDJHU IXQFWLRQ (LQFRUSRUDWLQJ WKH HIIHFW RI QRQ-VSHFLILF LQWHUDFWLRQV UHVXOWLQJ IURP
WKH YLEUDWLRQDO 6WDUN HIIHFW (96() >2,3@). 7KHVH UHVXOWV REWDLQHG LQ OLTXLG VROXWLRQ SDYH WKH ZD\
WRZDUG WKH FKDUDFWHULVDWLRQ RI WKH PROHFXODU YLEUDWLRQDO PRGHV LQWHUDFWLQJ ZLWK WKHLU HQYLURQPHQW
DQG VHUYH DV D UHIHUHQFH IRU WKH IXWXUH TXDQWLILFDWLRQ RI WKH LQWHUIDFLDO SURSHUWLHV.

)7,5 VSHFWUD VKRZLQJ WKH &≡& VWUHWFKLQJ EDQG RI PHWK\O SURSLRODWH LQ IRXU GLIIHUHQW VROYHQWV.
,QVHW: (VWHU RI SURSLROLF DFLG VKRZLQJ WKH YLEUDWLRQDO PDUNHUV RI LQWHUHVW KLJKOLJKWHG LQ UHG (&-+),
EOXH (&≡&) DQG JUHHQ (& 2).

>1@ -DQ 3KLOLS .UDDFN, 3HWHU +DPP, &KHPLFDO 5HYLHZV, 2017, 117, 10623–10664.
>2@ 6WHSKHQ )ULHG, 6WHYHQ %R[HU, $FFRXQWV RI &KHPLFDO 5HVHDUFK, 2015, 48, 998–1006.
>3@ 1LFKRODV /HYLQVRQ, 6WHSKHQ )ULHG, 6WHYHQ %R[HU, -RXUQDO RI 3K\VLFDO &KHPLVWU\ %, 2012, 116,
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3UHGLFWLRQ RI P\FRWR[LQ UHVSRQVH RI '1$-ZUDSSHG QDQRWXEH VHQVRU ZLWK PDFKLQH
OHDUQLQJ

<. 5DEEDQL1,2, 6. %HKMDWL1, %. /DPEHUW1, 6. 6DMMDGL1, 0. 6KDULDW\-1LDVVDU2, $. $. %RJKRVVLDQ1*

1,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ (,6,&), (FROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH
((3)/), 1015-/DXVDQQH, 6ZLW]HUODQG, 27UDQVSRUW 3KHQRPHQD & 1DQRWHFKQRORJ\ (7317) /DE., 6FKRRO

RI &KHPLFDO (QJLQHHULQJ, &ROOHJH RI (QJLQHHULQJ, 8QLYHUVLW\ RI 7HKUDQ, 7HKUDQ, 111554563, ,UDQ

'1$-ZUDSSHG VLQJOH-ZDOOHG FDUERQ QDQRWXEHV (6:&17V) KDYH GHPRQVWUDWHG JUHDW YHUVDWLOLW\ LQ
WKHLU XVH DV RSWLFDO VHQVRUV. 6:&17V HPLW D QHDU-LQIUDUHG IOXRUHVFHQFH WKDW LV UHVSRQVLYH WR HYHQ
WKH VOLJKWHVW FKDQJHV LQ WKH QDQRWXEH HQYLURQPHQW, HQDEOLQJ VHQVRUV WKDW FDQ UHVSRQG WR VLQJOH-
PROHFXOH IOXFWXDWLRQV ZLWKLQ WKH YLFLQLW\ RI WKHLU VXUIDFHV. 7KH IOXRUHVFHQFH UHVSRQVH DQG VXUIDFH
LQWHUDFWLRQV RI WKHVH VHQVRUV DUH GHWHUPLQHG E\ WKH '1$ ZUDSSLQJ VHTXHQFH. +RZHYHU, WKH ODFN RI
LQIRUPDWLRQ RQ WKH UHODWLRQVKLS EHWZHHQ WKH '1$ VHTXHQFH DQG LWV HIIHFW RQ WKH 6:&17
IOXRUHVFHQFH UHPDLQV D ERWWOHQHFN IRU GHVLJQLQJ VHTXHQFHV WKDW DUH VSHFLILF WR DQDO\WHV RI LQWHUHVW.
:H KDYH UHFHQWO\ GHPRQVWUDWHG WKH XVH RI GLUHFWHG HYROXWLRQ WR FRQWURO WKH IOXRUHVFHQFH UHVSRQVH
RI 6:&17V WKURXJK '1$ GHVLJQ. ,WHUDWLYH F\FOHV RI '1$ PXWDWLRQ, VFUHHQLQJ, DQG VHOHFWLRQ DOORZHG
XV WR HYROYH VHTXHQFHV WKDW \LHOG '1$-ZUDSSHG 6:&17 VHQVRUV ZLWK D GHVLUHG IOXRUHVFHQFH
UHVSRQVH WR P\FRWR[LQV.

,Q WKLV ZRUN, ZH DSSO\ WKH VFUHHQLQJ UHVXOWV RI WKH '1$ OLEUDULHV XVHG LQ WKLV DSSURDFK WR WUDLQ
PDFKLQH OHDUQLQJ (0/) DOJRULWKPV. $UWLILFLDO QHXUDO QHWZRUN ($11) DQG VXSSRUW YHFWRU PDFKLQH
(690) PHWKRGV ZHUH XVHG WR SUHGLFW WKH UHVSRQVH RI VV'1$-6:&17 VHQVRUV WR WKH P\FRWR[LQ. 7KH
UHOLDELOLW\ RI WKH PRGHO ZDV IXUWKHU DVVHVVHG WKURXJK FURVV-YDOLGDWLRQ. 7KH 690 PRGHO ZLWK FURVV-
YDOLGDWLRQ ZDV DEOH WR DFFXUDWHO\ FODVVLI\ WKH YDULRXV '1$ VHTXHQFHV DV \LHOGLQJ HLWKHU D KLJK RU
ORZ IOXRUHVFHQFH UHVSRQVH ZLWK 81% DFFXUDF\. 7KH PRGHO ZDV IXUWKHU WHVWHG RQ DOWHUQDWLYH '1$
VHTXHQFHV RXWVLGH WKH LQLWLDO WUDLQLQJ GDWDVHW, ZKLFK ZDV DEOH WR DFFXUDWHO\ FODVVLI\ WKH GDWD ZLWK
95% DFFXUDF\. 7KH DSSOLFDWLRQ RI 0/ DOJRULWKPV WR GLUHFWHG HYROXWLRQ OLEUDULHV RI '1$ WKXV DOORZV
RQH WR DFFXUDWHO\ PDS WKH SHUIRUPDQFHV RI WKHVH VHQVRUV ZLWKLQ D SDUWLFXODU VHTXHQFH VSDFH. 7KH
FRPSXWDWLRQDO VXFFHVV RI WKLV PDSSLQJ SURYLGHV D IUDPHZRUN IRU UHSODFLQJ FXUUHQW HPSLULFDO
DSSURDFKHV ZLWK WKH UDWLRQDO GHVLJQ RI '1$ VHTXHQFHV IRU 6:&17 VHQVLQJ.

.H\ZRUGV: VV'1$-6:&17, 0\FRWR[LQ, 'LUHFWHG (YROXWLRQ 0HWKRG, 0DFKLQH OHDUQLQJ
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3UHFLVLRQ VSHFWURVFRS\ DQG FRKHUHQW PDQLSXODWLRQ RI VLQJOH WUDSSHG PROHFXODU 12
+ LRQV

0. ). 5RJXVNL1, $. 6KO\NRY1, 0. 6LQKDO1, 5. .DUO1, 3. 3DOLZDO1, 6. :LOOLWVFK1*

18QLYHUVLW\ RI %DVHO, 'HSDUWPHQW RI &KHPLVWU\, .OLQJHOEHUJVWUDVVH 80, 4056 %DVHO, 6ZLW]HUODQG

0DQLSXODWLRQ RI VLQJOH WUDSSHG PROHFXOHV RQ WKH TXDQWXP OHYHO KDV JDLQHG QRWDEOH LQWHUHVW LQ
UHFHQW \HDUV. 7KHLU FRPSOH[ HQHUJ\-OHYHO VWUXFWXUH ZLWK URWDWLRQDO DQG YLEUDWLRQDO GHJUHHV RI
IUHHGRP SURYLGHV D SOHWKRUD RI WUDQVLWLRQV ZLWK YDULRXV SURSHUWLHV EXW DOVR SUHVHQWV FKDOOHQJHV
WRZDUGV PROHFXODU VWDWH LQLWLDOLVDWLRQ, PDQLSXODWLRQ DQG UHDGRXW. %XLOGLQJ RQ WKH PHWKRGV NQRZQ
IRU WUDSSHG DWRPLF VSHFLHV, ZH IROORZ D TXDQWXP-ORJLF SURWRFRO WKDW XVHV D VLQJOH FR-WUDSSHG
DWRPLF LRQ DV D SUREH IRU WKH PROHFXODU VWDWH. :H GHPRQVWUDWHG D TXDQWXP QRQ-GHPROLWLRQ VWDWH
GHWHFWLRQ RQ 12

+ ZLWK ILGHOLWLHV H[FHHGLQJ 99% ZLWKRXW GHVWUR\LQJ WKH VWDWH LWVHOI.>1@ &XUUHQWO\, ZH
DUH LPSOHPHQWLQJ SUHFLVLRQ-VSHFWURVFRSLF PHDVXUHPHQWV RQ D QDUURZ LQIUDUHG TXDGUXSROH
WUDQVLWLRQ UHIHUHQFHG WR WKH 6ZLVV SULPDU\ IUHTXHQF\ VWDQGDUG DW 0(7$6 LQ %HUQH YLD DQ RSWLFDO
ILEUH OLQN. )XWXUH ZRUN ZLOO LQYROYH FRKHUHQW PDQLSXODWLRQ RI WKH PROHFXODU ORQJ-OLYHG K\SHUILQH-
=HHPDQ WUDQVLWLRQV. 7KH SUHVHQWHG PHWKRGV SDYH D ZD\ IRU WKH LPSOHPHQWDWLRQ RI PROHFXODU
TXELWV ZLWK H[FHOOHQW FRKHUHQFH SURSHUWLHV, IRU HVWDEOLVKLQJ QHZ IUHTXHQF\ VWDQGDUGV LQ WKH PLG-,5
UHJLPH, IRU LQYHVWLJDWLQJ VWDWH-WR-VWDWH G\QDPLFV RI FKHPLFDO UHDFWLRQV, DQG IRU H[SORULQJ EH\RQG-
VWDQGDUG-PRGHO SK\VLFV E\ WUDFNLQJ D SRVVLEOH WHPSRUDO YDULDWLRQ RI IXQGDPHQWDO FRQVWDQWV.

>1@ 0XGLW 6LQKDO, =LY 0HLU, .DYHK 1DMDILDQ, *UHJRU +HJL DQG 6WHIDQ :LOOLWVFK, 6FLHQFH, 2020, 367,
1213–8.
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2'5DPDQ-7+] VSHFWURVFRS\ ZLWK VLQJOH-VKRW 7+] GHWHFWLRQ

6. 6KXNOD1, 0. 'XFKL1, $. 6KDOLW1, 3. +DPP1*

18QLYHUVLW\ RI =¾ULFK, :LQWHUWKXUHUVWUDVVH 190, 8057, =¾ULFK, 6ZLW]HUODQG

+\EULG WZR-GLPHQVLRQDO (2') 5DPDQ-7+] VSHFWURVFRS\ LV D QRYHO VSHFWURVFRSLF WHFKQLTXH WR VWXG\
FRXSOLQJ EHWZHHQ ORZ-IUHTXHQF\ PROHFXODU PRWLRQV LQ OLTXLG VDPSOHV LQ WKH 7+] IUHTXHQF\ UHJLRQ
(0.1-10 7+]) >1@. 2IWHQ LQ WKHVH OLTXLGV WKH VLJQDO WR QRLVH UDWLR LV TXLWH VPDOO OHDGLQJ WR ORQJ GDWD
DFTXLVLWLRQ WLPHV (RI WKH RUGHU RI GD\V) >2@. ,Q WKLV ZRUN ZH SUHVHQW WKH GHYHORSPHQW RI D PXOWL-
FKDQQHO (VLQJOH VKRW) 7+] GHWHFWLRQ VFKHPH XVLQJ FURVVHG HFKHORQV ()LJ. 1D) ZKLFK EULQJV WKH GDWD
DFTXLVLWLRQ IURP GD\V WR KRXUV. :H FKDUDFWHUL]H WKH VHWXS XVLQJ 2' UHVSRQVH RQ OLTXLG &+%U3 ;
ZKLFK KDV D FRXSOLQJ VLJQDO EHWZHHQ LWV LQWUDPROHFXODU YLEUDWLRQDO PRGHV DQG LQWHUPROHFXODU
OLEUDWLRQDO PRGHV >2@. :H GHPRQVWUDWH D VSHHG-XS IDFWRU RI 34 WLPHV LQ GDWD DFTXLVLWLRQ DV
FRPSDUHG WR FRQYHQWLRQDO VWHS VFDQQLQJ PHWKRG >3@.

)LJXUH 1(D) VKRZV WZR VHWV RI FURVVHG HFKHORQV RI LQFUHDVLQJ WKLFNQHVVHV JHQHUDWLQJ EHDPOHWV
(SL[HOV) ZKLFK DUH GHOD\HG E\ 44 IV ZLWK UHVSHFW WR HDFK RWKHU. 7KLV JLYHV D WLPH ZLQGRZ RI 1.4 SV.
)LJXUH 1(E) VKRZV PXOWL-FKDQQHO GHWHFWHG VLQJOH VKRW 7+] SXOVH LQ FRPSDULVRQ ZLWK VWHS VFDQQHG
7+] SXOVH RQ D VLQJOH SL[HO. 2' 5DPDQ 7+] UHVSRQVH RI OLTXLG &+%U3 LV VKRZQ LQ )LJXUH 1(F).
9LEUDWLRQDO G\QDPLFV H[WHQGLQJ DORQJ WKH 5DPDQ D[LV EH\RQG SXOVH RYHUODS DW 0. )RXULHU
WUDQVIRUPLQJ WKHVH G\QDPLFV UHYHDOV D IUHTXHQF\ RI 6.7 7+] VKRZQ LQ )LJXUH 1(G). %\ FRPSDULQJ
WKH GDWD TXDOLW\ (6LJQDO WR QRLVH UDWLR) RI WKH VLQJOH VKRW PHWKRG ZLWK WKH VWHS VFDQ PHWKRG (GDWD
WDNHQ IRU 2 KRXUV), ZH VHH DQ HQKDQFHPHQW IDFWRU RI 5.8 LQ 6LJQDO WR 1RLVH, WUDQVODWLQJ WR VSHHG XS
IDFWRU RI 34 LQ GDWD DFTXLVLWLRQ WLPHV >3@.

>1@ 6DYRODLQHQ, -. HW DO., 3URF. 1DWO. $FDG. 6FL. 8. 6. $. 2013, 110, 20402−20407.
>2@ &LDUGL, *. HW DO., -. 3K\V. &KHP. /HWW. 2019, 10, 4463-4468.
>3@ 'XFKL, 0DUWD, HW DO., -. &KHP. 3K\VLFV 2021, 155.17: 174201.
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3KRWRLQGXFHG (OHFWURQ 7UDQVIHU LQ D 3RUSK\ULQ-)XOOHUHQH '\DG DW D /LTXLG ,QWHUIDFH

-. VLVVDRXL1, $. (ILPRY2, 7. .XPSXODLQHQ3, (. 9DXWKH\1*

1'HSDUWPHQW RI 3K\VLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD, 30 4XDL (UQHVW-$QVHUPHW, *HQHYD,
6ZLW]HUODQG, 2)DFXOW\ RI (QJLQHHULQJ DQG 1DWXUDO 6FLHQFHV, 7DPSHUH 8QLYHUVLW\, .RUNHDNRXOXQNDWX

8, 7DPSHUH, )LQODQG, 3'HSDUWPHQW RI &KHPLVWU\/1DQRVFLHQFH &HQWHU, 8QLYHUVLW\ RI -\Y¦VN\O¦,
6XUYRQWLH 9 &, -\Y¦VN\O¦, )LQODQG

2UJDQLF 3KRWRYROWDLFV (239V) KDYH JDLQHG LQFUHDVLQJ DWWHQWLRQ GXULQJ WKH SDVW GHFDGHV DV DQ
DOWHUQDWLYH HQHUJ\ VRXUFH. 7KHVH GHYLFHV UHO\ RQ DEVRUSWLRQ RI SKRWRQV E\ VPDOO RUJDQLF PROHFXOHV
IROORZHG E\ FKDUJH WUDQVIHU DW WKH LQWHUIDFH LQ WKH GRQRU DQG DFFHSWRU PDWHULDOV. 7KHUHIRUH,
XQGHUVWDQGLQJ WKH FKDUJH-VHSDUDWLRQ SURFHVV DW LQWHUIDFH RI WZR PDWHULDOV ZLWK GLIIHUHQW GLHOHFWULF
SURSHUWLHV LV RI SDUDPRXQW LPSRUWDQFH IRU WKH IXWXUH GHYHORSPHQW RI VXSHULRU GHYLFHV.

:H DSSURDFK WKLV SUREOHP XVLQJ WKH H[FLWHG-VWDWH SURSHUWLHV RI DQ DPSKLSKLOLF SRUSK\ULQ-IXOOHUHQH
G\DG DQG RI LWV SRUSK\ULQ DQDORJXH DGVRUEHG DW ZDWHU/GRGHFDQH LQWHUIDFH XVLQJ VHFRQG KDUPRQLF
JHQHUDWLRQ (6+*). 7KH 3RODUL]HG 6+* H[SHULPHQWV FRQILUP WKH UHVXOWV RI 0' VLPXODWLRQV. 7KH
LQWHUIDFLDO RULHQWDWLRQ RI WKH SRUSK\ULQ VXEXQLW LV GLIIHUHQW IRU WKH G\DG DQG WKH SRUSK\ULQ
DQDORJXH. 7LPH-UHVROYHG 6+* PHDVXUHPHQWV UHYHDO D FRQFHQWUDWLRQ GHSHQGHQFH RI WKH H[FLWHG
VWDWH G\QDPLFV RI ERWK FRPSRXQGV XSRQ 4-EDQG H[FLWDWLRQ LPSO\LQJ WKH RFFXUUHQFH RI
LQWHUPROHFXODU TXHQFKLQJ SURFHVVHV. $ VLJQLILFDQWO\ VORZHU JURXQG-VWDWH UHFRYHU\ RI WKH G\DG
FRPSDUHG WR WKH SRUSK\ULQ DQDORJXH LV REVHUYHG, LQ DJUHHPHQW ZLWK WKH SRSXODWLRQ RI D ORQJHU-
OLYHG VWDWH, PRVW SUREDEO\ D FKDUJH VHSDUDWHG VWDWH.
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$ FU\RJHQLF K\EULG WUDS IRU FROG LRQ-PROHFXOH UHDFWLRQV

3. 9DKUDPLDQ1, &. 9RQ 3ODQWD1, '. +DDV1, &. 0DQJHQJ1, 5. .DUO1, '. =KDQJ2, 7. .LHUVSHO1, <. <LQJ1, 6.
:LOOLWVFK1*

18QLYHUVLW\ RI %DVHO, 2,QVWLWXWH RI $WRPLF DQG 0ROHFXODU 3K\VLFV, -LOLQ 8QLYHUVLW\, &KDQJFKXQ, &KLQD

$W FROG (a P.) WUDQVODWLRQDO WHPSHUDWXUHV, WKH SK\VLFV RI LRQ-PROHFXOH FKHPLFDO UHDFWLRQV LV D
YDVWO\ XQFKDUWHG WHUULWRU\.
7KHLU PDQLSXODWLRQ DQG FRQWURO KDV PDGH UDSLG SURJUHVV LQ WKH SDVW \HDUV >1@, ERWK IRU QHXWUDO >2@
DQG FKDUJHG >3@ PROHFXOHV, UHDFKLQJ HYHQ WKH FRKHUHQW FRQWURO RQ WKH LQWHUQDO VWDWH DW WKH VLQJOH
SDUWLFOH OHYHO >4@.

7KH JRDO RI RXU H[SHULPHQW LV WR VWXG\ WKH FKHPLVWU\ RI FROG, UHDFWLYH FROOLVLRQV EHWZHHQ
VLPXOWDQHRXVO\ WUDSSHG QHXWUDO SRODU PROHFXOHV (H.J. 2+) DQG PROHFXODU RU DWRPLF LRQV (H.J. &D+
DQG 12+).
(PSOR\LQJ VWDWH-RI-WKH-DUW WHFKQLTXHV, ZH DLP DW RYHUODSSLQJ SK\VLFDOO\ WKH WZR WUDSSHG VSHFLHV,
ZKLOH UHWDLQLQJ FRQWURO RYHU WKH LQWHUQDO VWDWH RI WKH LRQ DQG REVHUYLQJ VWDWH-GHSHQGHQW UHDFWLRQ
UDWHV LQ WKH PLOOLNHOYLQ WHPSHUDWXUH UDQJH.

$V LQLWLDO VWHS ZH ZLOO VWXG\ FROOLVLRQV EHWZHHQ DWRPLF LRQV DQG SRODU PROHFXOHV.
,Q D ODWHU VWDJH, PROHFXODU LRQV ZRXOG EH FRROHG DQG FRKHUHQWO\ PDQLSXODWHG E\ PHDQV RI DX[LOLDU\
&D+ LRQV DQG TXDQWXP--QRQ GHPROLWLRQ PHDVXUHPHQW WHFKQLTXHV, DV UHFHQWO\ GHPRQVWUDWHG >4@.

,Q P\ SRVWHU , ZLOO LQWURGXFH WKH H[SHULPHQW  GHYHORSHG LQ WKH SUHYLRXV \HDUV.
7KH KHDUW RI WKH VHWXS LV D FU\RJHQLF K\EULG WUDS FRQVLVWLQJ RI D OLQHDU 5) LRQ WUDS DQG D VWDWLF
PDJQHWLF WUDS IRU QHXWUDO PROHFXOHV, ZKHUH ORQJ-WHUP WUDSSLQJ RI 6WDUN GHFHOHUDWHG SDUDPDJQHWLF
UDGLFDOV KDV DOUHDG\ EHHQ GHPRQVWUDWHG >2@.

0RUHRYHU , ZLOO UHSRUW RQ WKH UHFHQW LPSOHPHQWDWLRQ RI DQ DGYDQFHG VZLWFKLQJ VFKHPH RI WKH 6WDUN
GHFHOHUDWRU, ILUVW GHYHORSHG LQ >5@, WKDW LQFUHDVHV WKH QXPEHU RI PROHFXOHV WUDSSHG E\ D IDFWRU RI
7, JUHDWO\ HQKDQFLQJ WKH QXPEHU RI FROOLVLRQV H[SHFWHG WR EH REVHUYHG DQG WKH VWDWLVWLF RI WKH
H[SHULPHQW RYHUDOO.

>1@ 'XOLHX, 2OLYLHU, HW DO. "3K\VLFV DQG FKHPLVWU\ RI FROG PROHFXOHV." 3K\VLFDO &KHPLVWU\ &KHPLFDO
3K\VLFV 13.42 (2011): 18703-18704.
>2@ +DDV, 'RPLQLN, HW DO. "/RQJ-WHUP WUDSSLQJ RI 6WDUN-GHFHOHUDWHG PROHFXOHV." &RPPXQLFDWLRQV
3K\VLFV 2.1 (2019): 1-7.
>3@  :LOOLWVFK, 6WHIDQ. "&KHPLVWU\ ZLWK FRQWUROOHG LRQV." $GY. &KHP. 3K\V 162 (2017): 307-340.
>4@ 6LQKDO, 0XGLW, HW DO. "4XDQWXP-QRQ GHPROLWLRQ VWDWH GHWHFWLRQ DQG VSHFWURVFRS\ RI VLQJOH
WUDSSHG PROHFXOHV." 6FLHQFH 367.6483 (2020): 1213-1218.
>5@ 5HHQV, 'DYLG, HW DO."%H\RQG WKH OLPLWV RI FRQYHQWLRQDO 6WDUN GHFHOHUDWLRQ." 3K\VLFDO 5HYLHZ
5HVHDUFK 2.3 (2020): 033095.
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%LPROHFXODU 3KRWRLQGXFHG (OHFWURQ 7UDQVIHU LQ 1RQ-3RODU VROYHQWV

3. 9HUPD1, (. 9DXWKH\1*

1'HSDUWPHQW RI 3K\VLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD, 30 4XDL (UQHVW $QVHUPHW, &+-1211
*HQHYD 4, 6ZLW]HUODQG

%LPROHFXODU SKRWRLQGXFHG HOHFWURQ WUDQVIHU ((7) LQ QRQ-SRODU VROYHQWV LV VWLOO SRRUO\ XQGHUVWRRG. 7R
JHW D GHHSHU LQVLJKW LQWR WKH UHOHYDQW UHDFWLRQ FRRUGLQDWH, WKH HIIHFW RI PROHFXODU LQWHUDFWLRQV
EHWZHHQ GRQRU DQG DFFHSWRU DQG WKH QDWXUH RI WKH TXHQFKLQJ SURGXFW, ZH DUH DSSO\LQJ D YDULHW\ RI
XOWUDIDVW VSHFWURVFRSLF WHFKQLTXHV.

,Q PDQ\ FDVHV, WKH HOHFWURQLF DEVRUSWLRQ VSHFWUXP RI WKH FKURPRSKRUH H[KLELWV VLJQLILFDQW
EURDGHQLQJ DQG UHG VKLIW XSRQ DGGLWLRQ RI TXHQFKHU, VXJJHVWLQJ WKH SUHVHQFH RI KLJKO\ FRXSOHG
UHDFWDQWV SDLUV.>1, 2@ 2QH FDQ WKXV DQWLFLSDWH WKDW WKH UHG-HGJH DEVRUSWLRQ LV GXH WR FKURPRSKRUHV
ZLWK RQH RU VHYHUDO TXHQFKHU PROHFXOHV. &RQVHTXHQWO\, GLIIHUHQW GLVWULEXWLRQV RI UHDFWDQW SDLUV FDQ
EH SKRWR-VHOHFWHG E\ WXQLQJ WKH H[FLWDWLRQ ZDYHOHQJWK. (VHH ILJXUH)

 

:H ZLOO SUHVHQW RXU LQYHVWLJDWLRQ RQ WKH G\QDPLFV DQG WKH QDWXUH RI WKH (7 TXHQFKLQJ SURGXFW LQ
QRQ-SRODU VROYHQWV ZLWK GRQRU-DFFHSWRU SDLUV H[SHULHQFLQJ GLIIHUHQW LQWHUDFWLRQV, QDPHO\ GLVSHUVLRQ
DQG GLSROH-GLSROH LQWHUDFWLRQV. )RU WKLV ZH DSSOLHG EURDGEDQG IOXRUHVFHQFH XS-FRQYHUVLRQ DQG
WUDQVLHQW DEVRUSWLRQ (7$) VSHFWURVFRS\ ZLWK VXE 100 IV UHVROXWLRQ XVLQJ WXQDEOH H[FLWDWLRQ
ZDYHOHQJWK. :H ZLOO VKRZ WKDW VLJQLILFDQWO\ GLIIHUHQW (7 G\QDPLFV DUH REVHUYHG GHSHQGLQJ RQ WKH
H[FLWDWLRQ ZDYHOHQJWK.

>1@ &KULVWRSK 1DQ©R], &KULVWRSKHU 5XPEOH, $UQXOI 5RVVSHLQWQHU DQG (ULF 9DXWKH\, -RXUQDO RI
&KHPLFDO 3K\VLFV, 2020, 152, 244501.
>2@ 5RPDLQ /HWUXQ DQG (ULF 9DXWKH\, 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ /HWWHUV, 2014, 5 (10),
1685-1690.
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)HPWRVHFRQG ODVHU-LQGXFHG IUDJPHQWDWLRQ PHFKDQLVP RI JROG QDQRSDUWLFOHV LQ ZDWHU

&. <DQ1, *. %RQJLRYDQQL1, 3. .. 2OVKLQ1, -. 0. 9RVV 1, 0. 'UDEEHOV 1, 8. -. /RUHQ]1*

1/DERUDWRU\ RI 0ROHFXODU 1DQRG\QDPLFV, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, 1015
/DXVDQQH, 6ZLW]HUODQG

/DVHU LUUDGLDWLRQ RI SODVPRQLF QDQRSDUWLFOHV LQ ZDWHU JLYHV ULVH WR D UDQJH RI SKHQRPHQD WKDW
LQFOXGHV SDUWLFOH UHVKDSLQJ DQG IUDJPHQWDWLRQ. 'HVSLWH PDQ\ H[SHULPHQWDO DQG WKHRUHWLFDO VWXGLHV,
WKHUH LV VWLOO D GHEDWH DERXW WKH IXQGDPHQWDO PHFKDQLVPV LQYROYHG GXULQJ XOWUDIDVW ODVHU-LQGXFHG
IUDJPHQWDWLRQ RI SODVPRQLF QDQRSDUWLFOHV LQ OLTXLG. +HUH, ZH XVH LQ VLWX HOHFWURQ PLFURVFRS\ WR
REVHUYH WKH IUDJPHQWDWLRQ RI JROG QDQRSDUWLFOHV LQ ZDWHU XQGHU IHPWRVHFRQG ODVHU
LUUDGLDWLRQ, ZKLFK UHYHDOV WKDW WKH SURFHVV RFFXUV WKURXJK WKH HPLVVLRQ RI LQGLYLGXDO
SURJHQ\ SDUWLFOHV. 7KLV REVHUYDWLRQ LV FRQVLVWHQW ZLWK D PHFKDQLVP WKDW LQYROYHV &RXORPE ILVVLRQ
RI DQ LRQL]HG DQG PHOWHG SDUWLFOH. 3URORQJHG ODVHU LUUDGLDWLRQ JLYHV ULVH WR D YDULHW\ RI
VHFRQGDU\ SKHQRPHQD VXFK DV VROXWLRQ-PHGLDWHG HWFKLQJ DQG JURZWK SURFHVVHV. 7KLV ZRUN
SURYLGHV YDOXDEOH LQVLJKW LQWR WKH FRPSOH[LW\ RI WKH LQWHUDFWLRQ RI QDQRSDUWLFOHV ZLWK ODVHU UDGLDWLRQ
DQG KLJKOLJKWV WKH LPSRUWDQFH RI LQ VLWX REVHUYDWLRQV WR GLVHQWDQJOH WKH PHFKDQLVPV RI UHODWHG
SKHQRPHQD.
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$ JHQHUDOLVHG-GLYLGLQJ-VXUIDFH GLDEDWLF LQVWDQWRQ UDWH WKHRU\

5. $. =DURWLDGLV1, -. 2. 5LFKDUGVRQ1*

1(7+ =XULFK, /DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV

7KH DFFXUDWH SUHGLFWLRQ RI (TXDQWXP) UDWHV DQG UDWH PHFKDQLVPV LV NH\ WR DGYDQFH RXU
XQGHUVWDQGLQJ RI FKHPLFDO UHDFWLRQV LQ D YDULHW\ RI GLVFLSOLQHV, UDQJLQJ IURP DVWURSK\VLFV WR
SKRWRV\QWKHVLV.

)RU PDQ\ FKHPLFDOO\-UHOHYDQW UHDFWLRQV, LW LV ZHOO-NQRZQ WKDW HLWKHU WKH %RUQ-2SSHQKHLPHU
DSSUR[LPDWLRQ LV D YDOLG FKRLFH RU WKDW WKH UHDFWLRQ WDNHV SODFH LQ WKH QRQDGLDEDWLF UHJLPH. ,Q
HLWKHU RI WKHVH OLPLWV ZHOO-HVWDEOLVKHG LQVWDQWRQ UDWH WKHRULHV H[LVW. >1, 2@

$ SULRUL KRZHYHU, WKH GLVWLQFWLRQ LQWR DGLDEDWLF DQG QRQDGLDEDWLF UHJLPHV LV QRW VWUDLJKWIRUZDUG RU
FDQQRW EH PDGH VWULFWO\. +HUH D XQLYHUVDO UDWH WKHRU\ LV GHVLUDEOH. 0DQ\ VXFK DWWHPSWV KDYH EHHQ
PDGH, D SURPLQHQW RQH EHLQJ PHDQ-ILHOG ULQJ-SRO\PHU LQVWDQWRQ (PI-USL) WKHRU\. :H VKRZ WKH
SLWIDOOV RI WKLV DSSURDFK, QDPHO\ WKDW LW GRHV QRW UHFRYHU WKH JROGHQ-UXOH EHKDYLRXU LQ WKH
QRQDGLDEDWLF OLPLW DQG WKDW WKH LQVWDQWRQ FROODSVHV SUHPDWXUHO\ (VHH ILJXUH). :H LQWURGXFH RXU QHZ
LQVWDQWRQ UDWH WKHRU\, ZKLFK LV GHYHORSHG WR GHVFULEH WKH GLIIHUHQW FRQWULEXWLRQV WR WKH JHQHUDOLVHG
IOX[-IOX[ FRUUHODWLRQ IXQFWLRQ XVLQJ VHSDUDWH LQVWDQWRQV. 

2XU QHZ, JHQHUDO LQVWDQWRQ UDWH WKHRU\ LV GHULYHG IURP WKH IOX[-IOX[ FRUUHODWLRQ IXQFWLRQ DQG
LQVSLUHG E\ D JHQHUDOLVDWLRQ RI WKH IOX[-RSHUDWRU DV LQWURGXFHG LQ >3@, LW FDQ WKHUHIRUH JR EH\RQG
WKH WKHRULHV GHVLJQHG IRU HLWKHU OLPLWV ZKLOH VWLOO FRUUHFWO\ UHFRYHULQJ WKHP LI DSSURSULDWH.

>1@ 5LFKDUGVRQ, -. 2., ,QW. 5HY. 3K\V. &KHP., 2018, 37:2, 171-216
>2@ 5LFKDUGVRQ, -. 2., %DXHU, 5., 7KRVV, 0., -. &KHP. 3K\V., 2015, 143, 134115
>3@ /DZUHQFH, -. (., 0DQRORSRXORV '. (., -. &KHP. 3K\V., 2020, 152, 204117
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,RQ-PROHFXOH UHDFWLRQV QHDU 0 .: WKH HIIHFW RI WKH XQSDLUHG HOHFWURQ LQ 12 RQ WKH +H+ +
12 UHDFWLRQ UDWH FRHIILFLHQWV

9. =KHO\D]NRYD1, ). %. 0DUWLQV1, 6. 6FKLOOLQJ 1, ). 0HUNW1*

1(7+ =XULFK

:H SUHVHQW H[SHULPHQWDO UHVXOWV DQG FDOFXODWLRQV RI WKH FDSWXUH UDWH FRHIILFLHQW EDVHG RQ WKH
DGLDEDWLF-FKDQQHO PRGHO >1-2@ IRU WKH +H+ + 12 UHDFWLRQ DW FROOLVLRQ HQHUJLHV EHWZHHQ 0 DQG a
N%y10 .. 7R DYRLG KHDWLQJ E\ VWUD\ HOHFWULF ILHOGV, WKH +H+ LRQ LV UHSODFHG E\ D +H DWRP LQ D 5\GEHUJ
VWDWH >+H(Q)@. :H HPSOR\ D PHUJHG-EHDP VHW-XS, LQ ZKLFK D 50-HOHFWURGH FXUYHG 5\GEHUJ-6WDUN
GHIOHFWRU DQG GHFHOHUDWRU LV XVHG WR PHUJH WKH 5\GEHUJ KHOLXP DWRPV ZLWK D VXSHUVRQLF EHDP
FRQWDLQLQJ WKH 12 PROHFXOHV >2@. 7KH UHDFWLRQ SURGXFW LRQV DUH FROOHFWHG LQ D WLPH-RI-IOLJKW PDVV
VSHFWURPHWHU IRU D UDQJH RI FROOLVLRQ HQHUJLHV ((FROO) YDULHG E\ FKDQJLQJ WKH YHORFLW\ RI WKH +H(Q)
DWRPV ZLWK WKH GHIOHFWRU.

$OWKRXJK 12 KDV RQO\ D VPDOO GLSROH PRPHQW (wH  0.159 '), ZH REVHUYH D VWURQJ HQKDQFHPHQW RI
WKH WRWDO UHDFWLRQ \LHOG EHORZ aN%y1 ., ZLWK WKH WRWDO FDSWXUH UDWH FRHIILFLHQW UHDFKLQJ D YDOXH RI
a3N/ (N/ LV WKH /DQJHYLQ UDWH FRQVWDQW) DW WKH ORZHVW HQHUJLHV DFFHVVLEOH (aN%y100 P.). 2XU UHVXOWV
DUH ZHOO GHVFULEHG E\ FDOFXODWLRQV EDVHG RQ WKH DGLDEDWLF-FKDQQHO PRGHO >1-2@. 12 KDV DQ
HOHFWURQLF FRQILJXUDWLRQ RI (͗2V)2(͗*2V)2(π2S[,\)4 (͗2S])2(π*2S[,\)1, ZLWK D VLQJOH XQSDLUHG HOHFWURQ LQ D π
RUELWDO. 7KH HOHFWURQLF JURXQG VWDWH RI 12 KDV ; 2̵1/2 FKDUDFWHU, DQG WKH SURMHFWLRQ RI WKH RUELWDO
DQJXODU PRPHQWXP RQ WKH LQWHUQXFOHU D[LV LV ̰  s1. 7KH WZR SRVVLEOH YDOXHV RI ̰ OHDG WR WZR
VWDWHV RI RSSRVLWH SDULW\ (D ̰-GRXEOHW), WKH GHJHQHUDF\ RI ZKLFK LV OLIWHG E\ LQWHUDFWLRQV ZLWK KLJKHU-
O\LQJ HOHFWURQLF VWDWHV >3@. 7KH REVHUYHG HQKDQFHPHQW RI WKH UHDFWLRQ UDWH FRHIILFLHQW LV DWWULEXWHG
WR WKH UHSXOVLRQ EHWZHHQ WKH RSSRVLWH-SDULW\ FRPSRQHQWV RI HDFK URWDWLRQDO VWDWH LQ 12 LQ WKH
HOHFWULF ILHOG RI WKH LRQ, ZKLFK OHDGV WR VWDWHV H[SHULHQFLQJ D VWURQJ OLQHDU DQG QHJDWLYH 6WDUN VKLIW.

7R HPSKDVLVH WKLV HIIHFW, ZH DOVR SUHVHQW UHVXOWV RQ WKH +H+ + &2 UHDFWLRQ. &DUERQ PRQR[LGH KDV
D VLPLODU GLSROH PRPHQW WR QLWULF R[LGH (wH 0.112 '), EXW D ; 1̷+ JURXQG HOHFWURQLF VWDWH DQG WKXV
QR ̰-GRXEOLQJ. 7KH WRWDO SURGXFW LRQ \LHOG RI WKH +H+ + &2 UHDFWLRQ H[KLELWV D GHFUHDVH ZLWK
GHFUHDVLQJ (FROO DWWULEXWHG WR WKH QHJDWLYH TXDGUXSROH PRPHQW RI &2 (4]]   -2.839 'Å).    

 

>1@ -. 7URH -. &KHP. 3K\V. 105, 6249 (1996).
>2@ '. &. &ODU\, $QQ. 5HY. 3K\V. &KHP. 41, 61 (1990).
>3@ *. +HU]EHUJ. 0ROHFXODU 6SHFWUD DQG 0ROHFXODU 6WUXFWXUH: ,. 6SHFWUD RI 'LDWRPLF 0ROHFXOHV. '.
9DQ 1RVWUDQG &RPSDQ\, 2QG HGLWLRQ, 1963.
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3HUIRUPDQFH RI FKHPRUHVLVWLYH QDQRVHQVRUV LQ WKH GHWHFWLRQ RI JDV-SKDVH LPSXULWLHV
DIWHU LUUDGLDWLRQ ZLWK JDPPD-UD\V DQG DOSKD SDUWLFOHV.

*. =RQWD1, 0. $VWROIL1, 6. *KHUDUGL2, &. 0DODJ»1, 0. .DVSU]DN3, 3. 6WHLQHJJHU4,5, 1. 0. &KLHUD4*

1'HSDUWPHQW RI 3K\VLFV DQG (DUWK 6FLHQFH, 8QLYHUVLW\ RI )HUUDUD, ,WDO\, 26&(17 6.U.O., ,WDO\, 3
'HSDUWPHQW RI 5DGLDWLRQ 6DIHW\ DQG 6HFXULW\, 3DXO 6FKHUUHU ,QVWLWXWH, 6ZLW]HUODQG, 4/DERUDWRU\ RI

5DGLRFKHPLVWU\, 3DXO 6FKHUUHU ,QVWLWXWH, 6ZLW]HUODQG, 5'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG
%LRVFLHQFHV, (7+ =¾ULFK, 6ZLW]HUODQG

,Q WKH SDVW \HDUV, FKHPRUHVLVWLYH JDV VHQVRUV EDVHG RQ K\EULG PHWDO-R[LGHV QDQRFRPSRVLWHV KDYH
UHFHLYHG LQFUHDVLQJ DWWHQWLRQ GXH WR WKHLU IDVW DQG KLJK VHQVLWLYLW\ WR VSHFLILF YRODWLOH FRPSRXQGV,
ORZ SURGXFWLRQ FRVW, VPDOO GLPHQVLRQV, DQG VLPSOH LQWHJUDWLRQ WR SUH-H[LVWHQW DQDO\WLFDO V\VWHPV.
5HFHQWO\, DQ DUUD\ RI FKHPRUHVLVWLYH JDV VHQVRUV, EDVHG RQ VFUHHQ-SULQWHG PHWDO R[LGH
VHPLFRQGXFWLQJ ILOPV, KDV EHHQ GHYHORSHG DW WKH 8QLYHUVLW\ RI )HUUDUD (,WDO\), DQG XVHG DV D QRQ-
LQYDVLYH SUHYHQWLYH VFUHHQLQJ WHFKQLTXH IRU FRORUHFWDO FDQFHU >1, 2@. 7KLV DUUD\ RI VHQVRUV VKRZHG
D GHWHFWLRQ VHQVLWLYLW\ DW WKH SSE OHYHO IRU YRODWLOH RUJDQLF FRPSRXQGV RI RQFRORJLFDO LQWHUHVW >3@. ,Q
SDUWLFXODU, WKH QDQRVWUXFWXUHG VHPLFRQGXFWRU VHQVRUV 6725 (EDVHG RQ D PL[WXUH RI 6Q22, 7L22, DQG
$X QDQRSDUWLFOHV) DQG 671 (PDGH RI D PL[ RI 6Q22, 7L22, DQG 1E27L27) VKRZHG WKH EHVW VHQVLQJ
UHVSRQVH, L.H., WKH KLJKHVW VHQVLWLYLW\ GHWHFWLRQ FRXSOHG WR D KLJK VSHFLILFLW\ ZKHQ DSSOLHG WR
YDULRXV JDV PL[WXUHV >4@. 7KH QHHG RI PRQLWRULQJ WKH FRPSRVLWLRQ RI JDV PL[WXUHV LV RI XWPRVW
LPSRUWDQFH LQ UDGLRFKHPLFDO H[SHULPHQWV ZLWK WUDQVDFWLQLGHV DQG WKHLU OLJKWHU KRPRORJXHV. $W WKH
VLQJOH-DWRP OHYHO FRQGLWLRQV, UHVLGXDO LPSXULWLHV (H.J., +22, 22, &2, HWF.) LQ WKH JDV FDUULHU FDQ OHDG
WR WKH V\QWKHVLV RI XQGHVLUHG FRPSRXQGV, ZLWK D FRQVHTXHQW GHFUHDVH RI WKH H[SHFWHG JDV-
FKURPDWRJUDSKLF \LHOGV. ,Q RUGHU WR JDLQ NQRZOHGJH RQ WKH LQIOXHQFH RI JDV LPSXULWLHV RQ WKH
FKHPLVWU\ RI WUDQVDFWLQLGHV, WKH FKURPDWRJUDSKLF JDV-ORRS V\VWHP 75$&< (7UDFH-*DV 5HDFWLRQ
$QDO\]HU IRU &KHPLVWU\) KDV EHHQ GHYHORSHG DW 3DXO 6FKHUUHU ,QVWLWXWH, 6ZLW]HUODQG >5@. 2QH RI WKH
JUHDW DGYDQWDJHV RI 75$&< LV LWV FRQWDLQHG GLPHQVLRQ, ZKLFK DOORZV LWV WUDQVSRUW DQG XVH DW
ZRUOGZLGH KHDY\-LRQ DFFHOHUDWRU EHDPOLQHV. $W SUHVHQW, WKH 75$&< GHYLFH LV FRXSOHG WR D PDVV-
VSHFWURPHWHU IRU WKH PRQLWRULQJ RI WKH JDV-FRPSRVLWLRQ. +RZHYHU, WKH HPSOR\PHQW RI D PDVV-
VSHFWURPHWHU VKRZV VHYHUDO GLVDGYDQWDJHV, VXFK DV LPSUDFWLFDO WUDQVSRUW, KLJK PDLQWHQDQFH FRVWV,
DQG LQDELOLW\ WR LGHQWLI\ SRO\DWRPLF RU PROHFXODU LQWHUIHUHQFHV KDYLQJ WKH VDPH FKDUJH-WR-PDVV
UDWLR. 7KHUHIRUH, DOWHUQDWLYH PDVV-GHWHFWLRQ WHFKQLTXHV DUH KLJKO\ GHVLUHG.

,Q WKH SURMHFW KHUHLQ SUHVHQWHG, ZH DVVHVVHG WKH SHUIRUPDQFH RI WKH 6725 DQG 671 FKHPRVHQVRUV
LQ WKH GHWHFWLRQ +22 LPSXULWLHV LQ WKH 75$&< JDV-ORRS V\VWHP, ZLWK WKH REMHFWLYH RI HPSOR\LQJ
WKHVH VHQVRUV DV DQ HIILFLHQW DQG FKHDSHU DOWHUQDWLYH WR RQ-OLQH PDVV-VSHFWURPHWHU GHYLFHV. 6LQFH
WKH VHQVRUV DUH GHVWLQHG IRU XVH LQ D UDGLRDFWLYH HQYLURQPHQW, ZH WHVWHG WKH GHWHFWLRQ VHQVLWLYLW\
RI WKH 6725 DQG 671 QDQRVWUXFWXUHG VHPLFRQGXFWRUV WRZDUGV +22 DQG &2 EHIRUH DQG DIWHU
LUUDGLDWLRQ ZLWK DOSKD SDUWLFOHV DQG JDPPD-UD\V. 7KH LUUDGLDWHG VDPSOHV ZHUH FKDUDFWHUL]HG E\
VFDQQLQJ HOHFWURQ PLFURVFRS\ WR HYDOXDWH WKH HIIHFW RI LUUDGLDWLRQ RQ WKHLU PRUSKRORJ\ DQG
PLFURVWUXFWXUH. 3UHOLPLQDU\ UHVXOWV VKRZHG D IDVW DQG HIILFLHQW UHVSRQVH RI WKH VHQVRUV LQ WKHLU
QRYHO XVH. 7KH SHUIRUPDQFH RI WKH 6725 DQG 671 VHQVRUV EHIRUH DQG DIWHU LUUDGLDWLRQ ZLOO EH
GLVFXVVHG.

 

>1@ 0DODJ», &., )DEEUL, %., *KHUDUGL, 6., HW DO. 6HQVRUV, 2014, 14, 18982-18992. >2@ $QDQLD, *.,
)DEEUL, %., *DLDUGR, $., HW DO. 3URFHGLD HQJLQHHULQJ, 2016, 168, 113-116. >3@ =RQWD, *., $QDQLD, *.,
)DEEUL, %., HW DO. 6HQVRUV DQG $FWXDWRUV %: &KHPLFDO, 2015, 218, 289-295. >4@ $VWROIL, 0., 5LVSROL, *.,
$QDQLD, *., HW DO. 0ROHFXOHV, 2021, 26, 466. >5@ ,RQHVFX, 3., 6DWR, 7..., 6WHLQHJJHU, 3., HW DO.
/DERUDWRU\ RI 5DGLRFKHPLVWU\, 2020, 184, S.5.
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6LQJOH PROHFXODU LQVLJKWV LQWR UHFHSWRU ELQGLQJ HQHUJHWLFV RI 6$56-&R92-YDULDQWV

$. 5D\1,3, 0. .RHKOHU1, 5. 0RUHLUD2, %. -XQLNX1, $. 3RPD2*, '. $OVWHHQV1*

11DQRELRSK\VLFV ODE, 8QLYHUVLW« FDWKROLTXH GH /RXYDLQ, %HOJLXP 1348, 2/RG] 8QLYHUVLW\ RI
7HFKQRORJ\, /RG], 3RODQG 90-924, 3$QNLWD.UD\#XFORXYDLQ.EH

7KH HPHUJHQFH DQG VSUHDG RI D QRYHO FRURQDYLUXV (&R9) WKDW LV D FDXVDWLYH DJHQW IRU VHYHUH DFXWH
UHVSLUDWRU\ V\QGURPH (6$56) KDV LPSDFWHG JOREDO KHDOWK DQG HFRQRP\ WUHPHQGRXVO\. ,W KDV
JDUQHUHG FRQVLGHUDEOH DWWHQWLRQ EHFDXVH RI LWV DELOLW\ WR HYDGH WKH KRVW LPPXQH VXUYHLOODQFH DQG
UHWDLQ LWV LQIHFWLYLW\ ZKLOH XQGHUJRLQJ PXWDJHQHVLV DW DQ DODUPLQJ UDWH . 7KH YLUXV LQIHFWV E\
DWWDFKLQJ LWV KRPRWULPHULF VSLNH JO\FRSURWHLQ (FRQVLVWLQJ RI 61 DQG 62 VXEXQLWV) WR WKH DQJLRWHQVLQ
FRQYHUWLQJ HQ]\PH 2 ($&(2) UHFHSWRU PROHFXOHV SUHVHQW LQ KXPDQ UHVSLUDWRU\ HSLWKHOLDO FHOOV. $IWHU
D SHULRG RI HYROXWLRQDU\ VWDVLV, WKHUH KDV EHHQ DQ HPHUJHQFH RI GLIIHUHQW PXWDQWV RI 6$56-&R9-2
ZLWK YDU\LQJ GHJUHHV RI WUDQVPLVVLELOLW\ DQG DQWLJHQLFLW\ LQ WKH ODWH 2020V. 0XWDWLRQV LQ JHQHWLF
PDWHULDO RI &R9-2 KDYH OHG WR WKH GHYHORSPHQW RI YDULDQWV ZLWK XQXVXDO HSLGHPLRORJLFDO
FKDUDFWHULVWLFV DQG VRPH RI WKHVH PXWDQWV DUH UHFRJQL]HG DV ‘YDULDQWV RI FRQFHUQ’ (92&V) E\ WKH
:RUOG +HDOWK 2UJDQL]DWLRQ (:+2 ). 0XWDQWV GHWHFWHG LQ WKH 8QLWHG .LQJGRP (%.1.1.7, $OSKD),
5HSXEOLF RI 6RXWK $IULFD (%.1.351, %HWD), -DSDQ-%UD]LO (%.1.1.248 , *DPPD), DQG ,QGLD (%.1.617,
'HOWD) DUH H[SHFWHG WR GLVSOD\ DOWHUHG DIILQLW\ WRZDUGV WKH $&(2 UHFHSWRUV, WKHUHE\ DIIHFWLQJ LWV
VHYHULW\ LQ D SRSXODWLRQ. 6LQFH JHQRPLF PXWDWLRQV FRQIHU XQXVXDO ELRSK\VLFDO SURSHUWLHV WR WKH
QDWLYH YLUXV ZKLFK FDQ PDQLIHVW LQ UHVLVWDQFH WRZDUGV YDFFLQHV RU DOWHUHG UHVLVWDQFH WR
UHFRPELQDQW QHXWUDOL]LQJ DQWLERGLHV, D GHILQLWLYH XQGHUVWDQGLQJ RI WKH ELQGLQJ LQWHUDFWLRQ LV RI
SLYRWDO LPSRUWDQFH LQ WKH GHYHORSPHQW RI YDFFLQHV DJDLQVW WKH 6$56-&R9-2 PXWDQWV. :H KDYH
UHSRUWHG WKH XVH RI DWRPLF IRUFH PLFURVFRS\ ($)0) WR PDS WKH LQWHUDFWLRQ IRUFHV EHWZHHQ WKH $)0
WLSV IXQFWLRQDOL]HG ZLWK WKH 6-JO\FRSURWHLQ RI 5%' DQG WKH $&(2 UHFHSWRUV RQ PRGHO VXUIDFHV . %\
VLQJOH-PROHFXOH IRUFH VSHFWURVFRS\ (60)6), ZH KDYH VKRZQ WKDW WKHUH LV D KLJK DIILQLW\ (a 120 Q0)
JXLGHG E\ VSHFLILF PXOWLYDOHQW LQWHUDFWLRQV DW WKH 5%'/$&(2 LQWHUIDFH . %\ OHYHUDJLQJ WKH SRZHU RI
IRUFH-GLVWDQFH ()') FXUYH-EDVHG $)0 DQG VWHHUHG 0' FDOFXODWLRQV, ZH KDYH GHULYHG WKH NLQHWLF DQG
WKHUPRG\QDPLF SDUDPHWHUV EHWZHHQ WKH $&(2 UHFHSWRUV RQ PRGHO VXUIDFH ZLWK 5%' RI IRXU
GLIIHUHQW 6$56-&R9-2 PXWDQWV (DOSKD, EHWD, JDPPD, DQG GHOWD UHVSHFWLYHO\) WR VKHG D OLJKW RQ WKH
PROHFXODU EDVLV RI LQFUHDVHG WUDQVPLVVLELOLW\ DQG SDWKRJHQLFLW\.

)LJXUH 1. (D) 6FKHPDWLF RI D 6$56-&R9-2 YLUXV SDUWLFOH H[SUHVVLQJ VSLNH JO\FRSURWHLQ. (E) 6-
JO\FRSURWHLQ FRPSULVLQJ RI 61 DQG 62 VXEXQLWV. (F) 3' UHQGHULQJ RI D YLUDO SDUWLFOH VKRZLQJ WKH
GLIIHUHQW 9R&V ZLWK NH\ VSLNH PXWDWLRQV. (G) 6FKHPDWLF RI SURELQJ 5%' PXWDQW ELQGLQJ WR $&(2
UHFHSWRUV E\ $)0. (H) 5HSUHVHQWDWLYH $)0 IRUFH-WLPH FXUYHV IURP ZKLFK ORDGLQJ UDWH (/5) FDQ EH
GHWHUPLQHG (/5 ̩)/ ̩W) (XSSHU FXUYH). (I) &DUWRRQ IRU WKH LQWHUDFWLRQ EHWZHHQ 5%'-$&(2 IRU 0'
VLPXODWLRQ.

>1@ .RHKOHU 0HODQLH, 5D\ $QNLWD, 3RPD $GROIR, $OVWHHQV 'DYLG, 1DWXUH &RPP, 2021, 12:6977
>2@ 6LPSVRQ -RVKXD, 5D\ $QNLWD, $OVWHHQV 'DYLG, &KHP &RPP, 2022, 58,5088.
>3@ <DQJ -LQVXQJ, 3HWLWMHDQ 6LPRQ, $OVWHHQV 'DYLG, 1DWXUH &RPP, 2020, 11:4541
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8QUDYHOLQJ WKH 3KRWRLQGXFHG 6\PPHWU\-%UHDNLQJ &KDUJH 6HSDUDWLRQ (6%-&6) SURFHVV LQ
D 3',-EDVHG &DJH

(. 6XFUH-5RVDOHV1, (. 9DXWKH\1*

18QLYHUVLW\ RI *HQHYD, 3K\VLFDO &KHPLVWU\ 'HSDUWPHQW - 6FLHQFHV ,,, 30, 4XDL (UQHVW $QVHUPHW,
1211 *HQHYD 4
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