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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-012

'LVFRYHU\ DQG FKDUDFWHUL]DWLRQ RI $&7-284069, D GRXEOH SURGUXJ RI WKH 32<12 UHFHSWRU
DQWDJRQLVW VHODWRJUHO

(. &DURII1, ). +XEOHU1, &. *QHUUH1, $. 7UHLEHU1

1,GRUVLD 3KDUPDFHXWLFDOV /WG

$WKHURWKURPERWLF FRQGLWLRQV DUH FXUUHQWO\ PDQDJHG E\ SUHVFULELQJ DVSLULQ LQ FRPELQDWLRQ ZLWK
32<12 LQKLELWRUV. $SSURYHG RUDO 32<12 DQWDJRQLVWV LQFOXGH FORSLGRJUHO, SUDVXJUHO, DQG WLFDJUHORU.
:H KDYH SUHYLRXVO\ GLVFORVHG WKH GLVFRYHU\ RI VHODWRJUHO ($&7-246475$), D QHZ, SRWHQW, VHOHFWLYH
DQG UHYHUVLEOH 32<12 DQWDJRQLVW >1@. 6HODWRJUHO LV FXUUHQWO\ LQ FOLQLFDO GHYHORSPHQW IRU HDUO\
WUHDWPHQW RI VXVSHFWHG DFXWH P\RFDUGLDO LQIDUFWLRQ DQG LV IRUPXODWHG IRU VXEFXWDQHRXV
DGPLQLVWUDWLRQ >2@.

%DVHG RQ WKH VXSHULRU WKHUDSHXWLF ZLQGRZ RI VHODWRJUHO DV FRPSDUHG WR FORSLGRJUHO DQG WLFDJUHORU
LQ D UDW WKURPERVLV PRGHO >1,3@, RXU LQLWLDO JRDO ZDV WR GHYHORS D QHZ HIILFDFLRXV RUDO WUHDWPHQW
ZLWK OHVV EOHHGLQJ FRPSOLFDWLRQV WKDQ VWDQGDUG RI FDUH. 7R DGGUHVV WKH ORZ ELRDYDLODELOLW\ RI
VHODWRJUHO REVHUYHG DIWHU RUDO DGPLQLVWUDWLRQ GXULQJ SUHFOLQLFDO DQLPDO VWXGLHV, ZH HPEDUNHG LQ DQ
RSWLPL]DWLRQ SURJUDP WR GHVLJQ VHODWRJUHO SURGUXJV. +HUHLQ ZH UHSRUW WKH V\QWKHWLF HIIRUWV, WKH
FKDUDFWHUL]DWLRQ FDVFDGH, DQG WKH GDWD OHDGLQJ WR WKH LGHQWLILFDWLRQ RI WKH SURGUXJ $&7-284069.

>1@ &DURII, (.; +XEOHU, ).; 0H\HU, (.; 5HQQHEHUJ, '.; *QHUUH, &.; 7UHLEHU, $.; 5H\, 0.; +HVV, 3.;
6WHLQHU, %.; +LOSHUW, ..; 5LHGHUHU, 0. $. 4-((5)-2-^>6-((6)-3-0HWKR[\S\UUROLGLQ-1-\O)-2-SKHQ\OS\ULPLGLQ
H-4-FDUERQ\O@DPLQR`-3-SKRVSKRQRSURSLRQ\O)SLSHUD]LQH-1-FDUER[\OLF $FLG %XW\O (VWHU ($&7-246475)
DQG ,WV 3URGUXJ ($&7-281959), D QRYHO 32<12 UHFHSWRU DQWDJRQLVW ZLWK D ZLGHU WKHUDSHXWLF ZLQGRZ
LQ WKH UDW WKDQ FORSLGRJUHO.  0HG. &KHP. 2015, 58, 9133–9153.
>2@ D 6WRUH\, 5.).; *XUEHO, 3. $.; 7HQ %HUJ, -.; %HUQDXG, &.; 'DQJDV, *. '.; )UHQRX[, -. 0.; *RURJ, '.
$.; +PLVVL, $.; .XQDGLDQ, 9.; -DPHV, 6. ..; 7DQJXD\, -. ).; 7UDQ, +.; 7UHQN, '.; 8IHU, 0.; 9DQ GHU +DUVW,
3.; 9DQ'W +RI, $. :. -.; $QJLROLOOR, '. -. 3KDUPDFRG\QDPLFV, SKDUPDFRNLQHWLFV, DQG VDIHW\ RI VLQJOH-
GRVH VXEFXWDQHRXV DGPLQLVWUDWLRQ RI VHODWRJUHO, D QRYHO 32<12 UHFHSWRU DQWDJRQLVW, LQ SDWLHQWV
ZLWK FKURQLF FRURQDU\ V\QGURPHV.  +HDUW -. 2019, 10.1093/HXUKHDUWM/HK]807. E 1&704957719.
>3@ 5H\, 0.; .UDPEHUJ, 0.; +HVV, 3.; 0RUULVRQ, ..; (UQVW, 5.; +DDJ, ).; :HEHU, (.; &OR]HO, 0.;
%DXPDQQ, 0.; &DURII, (.; +XEOHU, ).; 5LHGHUHU, 0. $.; 6WHLQHU, %. 7KH UHYHUVLEOH 32<12 DQWDJRQLVW
$&7-246475 FDXVHV VLJQLILFDQWO\ OHVV EORRG ORVV WKDQ WLFDJUHORU DW HTXLYDOHQW DQWLWKURPERWLF
HIILFDF\ LQ UDW.  5HV. 3HU. 2017, 10.1002/SUS2.338.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-013

([SORULQJ %LF\FOLF 'LDPLQHV DV 'UXJ 6FDIIROGV

$. /. &DUUHO1, -. /. 5H\PRQG1*

18QLYHUVLW\ RI %HUQ, )UHLHVWUDVVH 3, 3012 %HUQ

'UXJ GLVFRYHU\ LV LQ FRQVWDQW QHHG RI QHZ PROHFXOHV WR GHYHORS GUXJV DGGUHVVLQJ XQPHW PHGLFDO
QHHGV. 7R DVVHVV WKH FKHPLFDO VSDFH DYDLODEOH IRU GUXJ GHVLJQ RXU JURXS GHYHORSHG WRROV WR
HQXPHUDWH, YLVXDOL]H DQG VHDUFK FKHPLFDO VSDFH. 7KH *HQHUDWHG 'DWD%DVHV (*'%V) OLVW ELOOLRQV RI
SRVVLEOH RUJDQLF VPDOO PROHFXOHV IROORZLQJ VLPSOH UXOHV RI FKHPLFDO VWDELOLW\ DQG V\QWKHWLF
DFFHVVLELOLW\. >1D-1G@

)ROORZLQJ WKH V\QWKHVLV RI WULTXLQD]LQH DV D QRYHO SLSHUD]LQH DQDORJ IRU GUXJ GHVLJQ IURP RXU *'%V,
ZH DVNHG WKH TXHVWLRQ ZKHWKHU HYHQ VLPSOHU GLDPLQH VFDIIROGV PLJKW VWLOO EH XQH[SORUHG. >2@
7KHUHIRUH, ZH HQXPHUDWHG DOO 1323 ELF\FOLF ULQJ V\VWHPV FRQWDLQLQJ RQO\ 5, 6 RU 7-PHPEHUHG ULQJV
DQG GHFRUDWHG WKHP ZLWK WZR QLWURJHQ DWRPV. 6XFK GLDPLQHV DUH LQWHUHVWLQJ DV GUXJ VFDIIROGV GXH
WR WKHLU IDYRUDEOH VROXELOLW\ DQG SKDUPDFRNLQHWLF SURILOH FRPSDUHG WR DURPDWLF VFDIIROGV, DV
UHFHQWO\ GHPRQVWUDWHG IRU WKH J-VHFUHWDVH PRGXODWRU 527185876. >3@ 7R RXU VXUSULVH, PRUH WKDQ
KDOI RI RXU *'% GLDPLQH FRUHV DUH QRW IRXQG DV PROHFXODU FRUHV ZKHQ FRQVLGHULQJ DQ\ SRVVLEOH
VXEVWLWXHQWV RQ WKH QLWURJHQ DWRPV LQ SXEOLF GDWDEDVHV.

+HUH ZH SUHVHQW WKH V\QWKHVLV RI IXVHG ELF\FOLF GLDPLQHV, DOO RI ZKLFK UHSUHVHQW \HW XQNQRZQ
VFDIIROGV. )XUWKHUPRUH, ZH KDYH XVHG RXU SRO\SKDUPDFRORJ\ EURZVHU 33%2 WR SUHGLFW SRVVLEOH
WDUJHWV IRU WKH *'%-LQVSLUHG ELF\FOLF GLDPLQHV DQG WKHLU 1-PRQREHQ]\ODWHG DQDORJV. >4@ $FWLYLW\
VFUHHQLQJ VKRZHG WKDW RQH RI WKH 1-EHQ]\ODWHG GLDPLQHV LV D PLFURPRODU LQKLELWRU RI
QHXURWUDQVPLWWHU WUDQVSRUWHUV. 7R SURJUHVV LQ WKH V\QWKHVLV, ZH KDYH LPSOHPHQWHG $,=\QWKILQGHU
DQG KDYH IRXQG WKDW DERXW KDOI RI WKH GLDPLQHV FDQ EH VROYHG E\ WKH WRRO. >5@ ,Q SDUWLFXODU,
$,=\QWKILQGHU SURSRVHG D UHWURV\QWKHVLV IRU WKH ELF\FOLF GLDPLQH GLVFXVVHG DERYH, IURP WKH VDPH
SUHFXUVRU EXW JLYLQJ DFFHVV WR WKH SUHYLRXVO\ XQH[SORUHG V\Q-GLDVWHUHRLVRPHU GXH WR LQYHUWHG
UHDFWLRQ VHTXHQFH DQG PLOGHU FRQGLWLRQV.

>1@ D) 7. )LQN, -.-/. 5H\PRQG, -. &KHP. ,QI. 0RGHO. 2007, 47, 342-353. E) /. &. %OXP, -.-/. 5H\PRQG,
-. $P. &KHP. 6RF. 2009, 131, 8732-8733. F) /. 5XGGLJNHLW, 5. YDQ 'HXUVHQ, /. &, %OXP, -.-/.
5H\PRQG, -. &KHP. ,QI. 0RGHO. 2012, 52, 2864-2875. G) 5. 9LVLQL, -. $U¼V-3RXV, 0. $ZDOH, -.-/.
5H\PRQG, -. &KHP. ,QI. 0RGHO. 2017, 57, 2707-2718.
>2@ .. 0HLHU, -. $U¼V-3RXV, -.-/. 5H\PRQG, $QJHZ. &KHP. ,QW. (G., 2021, 60, 2704-2077.
>3@ +. 5DWQL, $. $ONHU, %. %DUWHV, &. %LVVDQW], :. &KHQ, ,. *HUODFK, $. /LPEHUJ, 0. /X, :. 1HLGKDUW, 6.
3LFKHUHDX, 0. 5HXWOLQJHU, 5.-0. 5RGULJXH]-6DUPLHQWR, 5. -DNRE-5RHWQH, *. 6FKPLWW, (. =KDQJ, ..
%DXPDQQ $&6 0HG. &KHP. /HWW. 2020, 11 (6), 1257–1268.
>4@ 0. $ZDOH, -.-/. 5H\PRQG, -. &KHP. ,QI. 0RGHO., 2019, 59, 10-17.
>5@ 6. *HQKHGHQ, $. 7KDNNDU, 9. &KDGLPRY£, -.-/. 5H\PRQG, 2. (QJNYLVW, (. %MHUUXP -.
&KHPLQIRUPDWLFV, 2020, 12, 70.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-014

3(7 ,PDJLQJ RI &DQQDELQRLG 7\SH 2 5HFHSWRUV – 'LVFRYHU\ RI >18)@5R60$-18-G6

/. *REEL1

1). +RIIPDQQ-/D 5RFKH - OXFD.JREEL#URFKH.FRP

/XFD *REEL1, $KPHG +DLGHU2, -XOLDQ .UHW]1, &KULVWRSK 8OOPHU1, $QGUHDV %ULQN1, 0LFKDHO +RQHU1,
'LHWHU 0XUL1, $GULHQQH 0¾OOHU +HUGH2, )UDQFHVFR 6SLQHOOL2, +D]HP $KPHG2, .HQQHWK $W]1, &ODXGLD
.HOOHU2, 5RJHU 6FKLEOL2,3, /LQMLQJ 0X2,3, 8ZH *UHWKHU1, 6LPRQ 0. $PHWDPH\2

13KDUPD 5HVHDUFK DQG (DUO\ 'HYHORSPHQW, 5RFKH ,QQRYDWLRQ &HQWHU %DVHO, ). +RIIPDQQ-/D 5RFKH,
4070 %DVHO, 6ZLW]HUODQG; 2,QVWLWXWH RI 3KDUPDFHXWLFDO 6FLHQFHV, (7+ =XULFK, 9ODGLPLU-3UHORJ-:HJ
4, 8093 =XULFK, 6ZLW]HUODQG; 3'HSDUWPHQW RI 1XFOHDU 0HGLFLQH, 8QLYHUVLW\ +RVSLWDO =XULFK, 8091
=XULFK, 6ZLW]HUODQG

7KH FDQQDELQRLG W\SH 2 UHFHSWRU (&%2) LV D PHPEHU RI WKH *3&5 FHOO VXUIDFH UHFHSWRUV. &%2 KDV
EHHQ UHFRJQL]HG WR EH EURDGO\ LQYROYHG LQ QHXURLQIODPPDWRU\ SURFHVVHV, EXW QR VXLWDEOH
&%2-WDUJHWHG SUREH LV FXUUHQWO\ DYDLODEOH IRU FOLQLFDO XVH. ,Q D FROODERUDWLYH PHGLFLQDO FKHPLVWU\
SURJUDP EDVHG RQ D SDUWQHUVKLS EHWZHHQ DFDGHPLD DQG SKDUPD LQGXVWU\, ZH KDYH LGHQWLILHG WKH
S\ULGLQH-EDVHG &%2 3(7 UDGLROLJDQG >18)@1 ZLWK D ELQGLQJ DIILQLW\ (.L) RI 6 Q0 IRU &%2 DQG D
VHOHFWLYLW\ IDFWRU RI 696 RYHU WKH FDQQDELQRLG UHFHSWRU W\SH 1 (&%1) >1@. 'HVSLWH WKH SURPLVLQJ LQ
YLWUR SURSHUWLHV, >18)@1 H[KLELWHG RQO\ PRGHUDWH LQ YLYR VSHFLILFLW\ DQG D IDVW ZDVKRXW IURP UDW
VSOHHQ, DQ RUJDQ ULFK LQ &%2. ,Q DQ HIIRUW WR LPSURYH &%2 VSHFLILFLW\ DQG VHOHFWLYLW\ ZH V\QWKHVL]HG
15 GHULYDWLYHV RI >18)@1 DQG WHVWHG WKHP IRU WKHLU ELQGLQJ DIILQLWLHV WRZDUGV &%2 DQG &%1. $V D
UHVXOW IURP WKLV ZRUN, 5R60$-18 ZDV LGHQWLILHG DV D QRYHO WUDFHU FDQGLGDWH GLVSOD\LQJ DQ DIILQLW\ RI
0.7 Q0 (.L IRU &%2) DQG DQ H[TXLVLWH VHOHFWLYLW\ IDFWRU RI ! 12’000 RYHU &%1 >2@. >18)@5R60$-18 ZDV
V\QWKHVL]HG ZLWK DQ DYHUDJH UDGLRFKHPLFDO \LHOG RI 10.6 s 3.8% (Q  16) DQG H[FHOOHQW
UDGLRFKHPLFDO SXULW\ (! 99%). 0RODU DFWLYLWLHV UDQJHG IURP 52 - 65 *%T/wPRO. ([FHSWLRQDO &%2
VSHFLILFLWLHV ZHUH DFKLHYHG LQ &%2-SRVLWLYH UDW VSOHHQ E\ LQ YLWUR DXWRUDGLRJUDSK\ (71 s 2%) DQG H[
YLYR ELRGLVWULEXWLRQ (86 s 2%), ZKLFK DUH VXSHULRU WR DQ\ SUHYLRXVO\ UHSRUWHG &%2 3(7 UDGLROLJDQG.
7KH YHU\ KLJK VSHFLILFLW\ ZDV IXUWKHU GHPRQVWUDWHG LQ &%2 NQRFNRXW PRXVH VSOHHQ. 3(7
H[SHULPHQWV UHYHDOHG VSHFLILF DQG UHYHUVLEOH &%2 ELQGLQJ RI >18)@5R60$-18 LQ WKH &%2-SRVLWLYH UDW
VSOHHQ. 0HWDEROLWH VWXGLHV GHWHFWHG RQO\ LQWDFW >18)@5R60$-18 LQ WKH UDW EUDLQ, KRZHYHU, LQ YLYR
GHIOXRULQDWLRQ ZDV REVHUYHG DV HYLGHQFHG E\ VNXOO XSWDNH. 7KH GHIOXRULQDWLRQ ZDV HIIHFWLYHO\
SUHYHQWHG E\ UHSODFLQJ WKH K\GURJHQ DWRPV LQ WKH IOXRURSURS\O VLGH FKDLQ ZLWK GHXWHULXP DWRPV WR
DIIRUG >18)@5R60$-18-G6. 5R60$-18-G6 VKRZHG D .L YDOXH RI 0.8 Q0 IRU &%2 DQG ! 10 w0 IRU &%1.
2YHUDOO, WKHVH UHVXOWV VXJJHVW WKDW >18)@5R60$-18-G6 LV D SURPLVLQJ &%2 3(7 UDGLROLJDQG IRU FOLQLFDO
WUDQVODWLRQ.

>1@   $. +DLGHU HW DO., -. 0HG. &KHP, 2019, 62, 11165-11181.
>2@   $. +DLGHU HW DO., -. 0HG. &KHP, 2020, 63, 10287-10306.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-015

<$3-7($' SURWHLQ SURWHLQ LQWHUDFWLRQ LQKLELWRUV. 'LVFRYHU\ RI WKH ILUVW FODVV RI VPDOO
PROHFXOHV HIILFLHQWO\ GLVUXSWLQJ WKH LQWHUDFWLRQ E\ YLUWXDO VFUHHQLQJ DQG VWUXFWXUH-

EDVHG GHVLJQ

3. )XUHW1

11RYDUWLV ,QVWLWXWHV IRU %LR0HGLFDO 5HVHDUFK

7KH <$3-7($' SURWHLQ SURWHLQ LQWHUDFWLRQ LV D WKHUDSHXWLF WDUJHW RI FXUUHQW LQWHUHVW LQ RQFRORJ\ WR
WUHDW FDQFHUV DVVRFLDWHG ZLWK D G\VUHJXODWLRQ RI WKH +LSSR SDWKZD\. 7KH YHU\ H[WHQGHG VXUIDFH RI
LQWHUDFWLRQ RI WKH WZR SURWHLQV SUHVHQWV D IRUPLGDEOH FKDOOHQJH IRU D VPDOO PROHFXOH LQKLELWRU
DSSURDFK. 9LUWXDO VFUHHQLQJ DOORZHG XV WR LGHQWLI\ D ZHDNO\ DFWLYH KLW ELQGLQJ WR RQH RI WKH WZR
PDLQ VLWHV RI LQWHUDFWLRQ RI <$3 DW WKH VXUIDFH RI 7($'. %\ VWUXFWXUH-EDVHG GHVLJQ LW ZDV SRVVLEOH
WR LPSURYH WKH SRWHQF\ RI WKLV KLW E\ VHYHUDO RUGHUV RI PDJQLWXGH. 7KH PDLQ IHDWXUHV RI WKLV ZRUN
WKDW KDV OHG WR WKH LGHQWLILFDWLRQ RI WKH ILUVW UHSUHVHQWDWLYHV RI D QHZ FODVV RI FHOOXODUO\ DFWLYH <$3-
7($' LQWHUDFWLRQ LQKLELWRUV ZLOO EH SUHVHQWHG.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-016

%LRDFWLYH 3RO\PHUVRPHV 7DUJHWLQJ &DQFHU-$VVRFLDWHG )LEUREODVWV IRU $QWLFDQFHU
7KHUDS\

'. +¾UOLPDQQ1,3, 0. 6NRZLFNL1,3, 0. .\URSRXORX1,3, $. 6. *KHDWD2, :. 3. 0HLHU1,3, 6. *HUEHU-/HPDLUH2*,
&. *. 3DOLYDQ1,3*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, %35 1096, 0DWWHQVWUDVVH 24D, 4058 %DVHO,
6ZLW]HUODQG, 2 ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ, (3)/, %DWRFKLPH, 1015 /DXVDQQH,
6ZLW]HUODQG, 31&&5-0ROHFXODU 6\VWHPV (QJLQHHULQJ, %35 1095, 0DWWHQVWUDVVH 24D, 4058 %DVHO,

6ZLW]HUODQG

'HVSLWH FRQVWDQW GHYHORSPHQW RI DQWLFDQFHU WKHUDSLHV FDQFHU UHPDLQV D OHDGLQJ FDXVH RI
PRUWDOLW\. 0RGHUQ FKHPRWKHUDSLHV, DV D PDLQ WRRO LQ DQWLFDQFHU WUHDWPHQW, KDYH QXPHURXV VLGH
HIIHFWV GXH WR WKHLU ODFN RI VSHFLILFLW\ RU V\VWHPLF WR[LFLW\. ,QQRYDWLYH VROXWLRQV LQ WKH ILHOG RI
QDQRPHGLFLQH FDQ FRQWULEXWH WR WKH GHYHORSPHQW RI PRUH SUHFLVH DQG HIIHFWLYH WKHUDSHXWLFV.
5HFHQWO\, WKH ILEUREODVWLF HOHPHQW LQ WXPRU PLFURHQYLURQPHQWV HPHUJHG DV D YDOXDEOH WDUJHW IRU
WUHDWPHQW DQG GLDJQRVLV RI GLIIHUHQW W\SHV RI FDQFHU. +HUHLQ, ZH GHFRUDWHG SRO\PHUVRPHV ZLWK D
ELRDFWLYH OLJDQG WR WDUJHW ILEUREODVW DFWLYDWLRQ SURWHLQ D ()$3). %\ VKLHOGLQJ WKHLU FRQWHQW IURP WKHLU
VXUURXQGLQJ, SRO\PHUVRPHV IDYRU ORZHU LPPXQRJHQLFLW\ DQG SURORQJHG DFWLYLW\. 3RO\PHUVRPHV
ZHUH SUHSDUHG E\ WKH VHOI-DVVHPEO\ RI WKH DPSKLSKLOLF GLEORFN FRSRO\PHU
SRO\(GLPHWK\OVLOR[DQH)-EORFN-SRO\(2-PHWK\O-2- R[D]ROLQH)(3'06-E-302;$) IROORZHG E\ GHFRUDWLRQ
ZLWK D ELRDFWLYH OLJDQG. 7KH FHOOXODU XSWDNH RI GHFRUDWHG SRO\PHUVRPHV LQ FRQWUDVW WR XQPRGLILHG
SRO\PHUVRPHV VLJQLILFDQWO\ LQFUHDVHG LQ D )$3 SRVLWLYH KXPDQ DGHQRFDUFLQRPD FHOO OLQH ($549).
7KHVH SRO\PHUVRPHV GLVSOD\ WKH DELOLW\ WR HVFDSH HQGRVRPHV SURYLQJ WKHLU SRWHQWLDO DV DQ
HIILFLHQW GHOLYHU\ FDUULHU ()LJXUH 1). $GGLWLRQDOO\, WKH LQVHUWLRQ RI WKH KRQH\EHH YHQRP SHSWLGH
PHOLWWLQ LQWR WKH PHPEUDQH RIIHUV VWDEOH SRUHV WR DOORZ GLIIXVLRQ IRU D IXQFWLRQDO QDQRUHDFWRU. 6XFK
GHFRUDWHG QDQRUHDFWRUV PLJKW SURYH WKHLU SRWHQWLDO DV DQ HIILFLHQW GHOLYHU\ FDUULHU.

)LJXUH 1: (QGRVRPDO HVFDSH RI SRO\PHUVRPHV GHFRUDWHG ZLWK D ELRDFWLYH OLJDQG.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-017

&RPSDUDWLYH PHWDERORPLFV UHYHDOV WKH JHQH IXQFWLRQ RI NDW-1 LQ &. HOHJDQV

0. 6FKHLGW1, 6. %DQGL1, 6. YRQ 5HXVV1*

18QLYHUVLW\ RI 1HXFK¤WHO, ,QVWLWXWH RI &KHPLVWU\, /DERUDWRU\ RI %LRDQDO\WLFDO &KHPLVWU\, $YHQXH GHV
%HOOHYDX[ 51, 2000 1HXFK¤WHO

,Q WKH PRGHO RUJDQLVP &DHQRUKDEGLWLV HOHJDQV PXWDWLRQ RI WKH PLWRFKRQGULDO 3-NHWRDF\O-&R$
WKLRODVH (NDW-1) KDV EHHQ UHSRUWHG WR DIIHFW OLIHVSDQ >1@. $OWKRXJK NDW-1 KDV EHHQ DVVXPHG WR EH
LPSOLFDWHG LQ PLWRFKRQGULDO ͆-R[LGDWLRQ RI IDWW\ DFLGV, LWV SUHFLVH IXQFWLRQ KDV UHPDLQHG HQLJPDWLF.
&RPSDUDWLYH DQDO\VLV RI WKH &. HOHJDQV ZLOGW\SH (12) DQG NDW-1 PXWDQW H[RPHWDERORPHV UHYHDOHG
VRPH \HW XQLGHQWLILHG FRPSRXQGV (VHH )LJXUH 1).

)LJXUH 1: &RPSDUDWLYH PHWDERORPLFV RI H[RPHWDERORPHV RI D NDW-1 PXWDQW (DERYH) DQG D 12
FRQWURO (EHORZ). 7KH PDUNHUV LQGLFDWH VRPH RI WKH PHWDEROLF FKDQJHV IRXQG LQ +3/&-06 WUDFHV RI
WKH H[RPHWDERORPH.

/DUJH VFDOH FXOWLYDWLRQ, IROORZHG E\ IUDFWLRQDWLRQ, DQG 105 VSHFWURVFRS\ HQDEOHG WKH LGHQWLILFDWLRQ
RI VHYHUDO PRGXODU WLJO\O-JOXFRVLGHV. 7KHLU XSUHJXODWLRQ LQ NDW-1 VXJJHVWHG D SRWHQWLDO IXQFWLRQ LQ
EUDQFKHG FKDLQ DPLQR DFLG PHWDEROLVP. )HHGLQJ H[SHULPHQWV ZLWK WKH &. HOHJDQV NDW-1 PXWDQW
XVLQJ /->8-13&5@-YDOLQH, /- >8-13&6,141@-OHXFLQH, DQG /->8-13&6,141@-LVROHXFLQH HQULFKHG (. FROL ̩LOH
̩OHX ̩YDO KLJKOLJKWHG GLYHUVH PHWDEROLWHV GHULYHG IURP WKH FDWDEROLVP RI /-LVROHXFLQH WKDW DUH
VWURQJO\ XSUHJXODWHG LQ WKH NDW-1 PXWDQW. 7DNHQ WRJHWKHU, WKHVH UHVXOWV LQGLFDWH WKDW NDW-1
IXQFWLRQV DV D PLWRFKRQGULDO 2-PHWK\ODFHWRDFHW\O-&R$ WKLRODVH. &RQVHTXHQWO\, &. HOHJDQV NDW-1
PLJKW UHSUHVHQW D VXLWDEOH PRGHO V\VWHP WR VWXG\ PLWRFKRQGULDO DFHWRDFHW\O-&R$ WKLRODVH (72)
GHILFLHQF\, D UDUH GLVHDVH LQ KXPDQV >2@.

>1@ $OLQD %HUGLFKHYVN\, 6LPRQD 1HGHOFX, .RQVWDQWLQRV %RXOLDV, 1LFKRODV $. %LVKRS, /HRQDUG
*XDUHQWH, +. 5REHUW +RUYLW], 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV
RI $PHULFD, 2010, 107, 18927-18932.
>2@ (OVD\HG $EGHONUHHP, 5DMHVK .. +DULMDQ, 6HLML <DPDJXFKL, 5LNNHUW .. :LHUHQJD, 7RVKL\XNL )XNDR,
+XPDQ 0XWDWLRQ, 2019, 40, 1641-1663.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-021

&\FOLF 7HWUDSHSWLGHV: 1RYHO 5HPHG\ IRU /HDG 3RLVRQLQJ

7. $. 0RKDPPHG1, &. 0. 0HLHU1, /. 5XO¯ģHN2, 0. 6. 6KRVKDQ1*

18QLYHUVLW\ RI =XULFK, 'HSDUWPHQW RI &KHPLVWU\, :LQWHUWKXUHUVWUDVVH 190, 8057 =XULFK, 2&]HFK
$FDGHP\ RI 6FLHQFHV, ,QVWLWXWH RI 2UJDQLF &KHPLVWU\ DQG %LRFKHPLVWU\, )OHPLQJRYR QμPHʉVW¯ 2,

16610 3UDKD 6

/HDG (3E) LV WKH PRVW DEXQGDQW WR[LF PHWDO WKDW FDXVHV VLJQLILFDQW HFRORJLFDO DQG PHGLFLQDO LVVXHV.
7KH SULPDU\ DSSURDFK WR DGGUHVV 3E SRLVRQLQJ LV E\ FKHODWLRQ WKHUDS\, LQ ZKLFK D FKHODWLQJ DJHQW
WKDW FDQ FRRUGLQDWH DQG UHPRYH WKH SRLVRQRXV PHWDO LV DGPLQLVWHUHG. 7R GDWH, WKHUH LV QR LGHDO
FKHODWLQJ DJHQW IRU WUHDWLQJ 3E WR[LFLW\, DQG WKH DYDLODEOH FKHODWLQJ DJHQWV ODFN PHWDO VHOHFWLYLW\.
+HQFH, WKH\ DUH KLJKO\ WR[LF WKHPVHOYHV DQG VXEVHTXHQWO\ SURKLELWHG IURP WUHDWLQJ WKH PRVW
DIIHFWHG SRSXODWLRQ VHJPHQWV, LQFOXGLQJ FKLOGUHQ DQG SUHJQDQW ZRPHQ.>1@

1DWXUH KDUQHVVHG SHSWLGHV DQG SURWHLQV IRU KDQGOLQJ PHWDO SRLVRQLQJ.>2@ ,QVSLUHG E\ QDWXUDO
V\VWHPV, ZH GHVLJQHG DQG V\QWKHVL]HG D IDPLO\ RI F\FOLF WHWUDSHSWLGHV.>3@ :H H[DPLQHG WKHLU DELOLW\
WR UHFRYHU 3E-SRLVRQHG EDFWHULD DQG KXPDQ FHOOV, ZKHUH WZR FDQGLGDWHV VKRZHG D SURPLQHQW
SRWHQF\, RXWFRPSHWLQJ WKH FXUUHQW FOLQLFDO FKHODWLQJ DJHQWV. ,QYHVWLJDWLQJ WKH 3E-SHSWLGH FRPSOH[
RI WKH OHDG OLJDQG H[SHULPHQWDOO\ DQG FRPSXWDWLRQDOO\ GLVFORVHG LWV VXUSDVVLQJ PHWDO DIILQLW\ DQG
VHOHFWLYLW\. ,Q DGGLWLRQ, ZH FDUULHG RXW DQ LQ YLYR PLFH VWXG\, ZKLFK UHYHDOHG LWV RXWVWDQGLQJ
FKHODWLQJ DELOLW\ DQG SURPLVLQJ SRWHQWLDO WR EH D QRYHO DQWLGRWH IRU 3E SRLVRQLQJ.

>1@ 1LFKRODV 5HHV, 5LFKDUG )XOOHU, 81,&() DQG 3XUH (DUWK. 2020.
>2@ &KULVWRSKHU &REEHWW, 3HWHU *ROGVEURXJK, $QQX. 5HY. 3ODQW %LRO. 2002, 53, 159-182.
>3@ 7DJZD $. 0RKDPPHG, &KULVWRSK 0. 0HLHU, 7DGH£ģ .DOYRGD, 0DUWLQD .DOW, /XERP¯U 5XO¯ģHN,
0LFKDO 6. 6KRVKDQ, $QJHZ. &KHP. ,QW. (G. 2021, 60, 12381-12385.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-022

$ UDWLRQDO DQG V\VWHPDWLF DSSURDFK WR 3527$&V GHYHORSPHQW: LGHQWLILFDWLRQ RI
&%3/(3300 GHJUDGHUV

/. 3DODIHUUL1, ,. &KHQJ-6£QFKH]1, .. *RVVHO«1, &. 1HYDGR1*

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

352WHRO\VLV 7$UJHWLQJ &KLPHUDV (3527$&V) DUH ELIXQFWLRQDO PROHFXOHV WKDW VLPXOWDQHRXVO\ ELQG DQ
(3 OLJDVH DQG D SURWHLQ RI LQWHUHVW, LQGXFLQJ GHJUDGDWLRQ RI WKH ODWWHU YLD WKH XELTXLWLQ-SURWHDVRPH
V\VWHP. 'HVSLWH WKHLU RXWVWDQGLQJ SRWHQWLDO, WKH UDWLRQDO GHVLJQ RI 3527$&V UHPDLQV FKDOOHQJLQJ
DV VHYHUDO YDULDEOHV QHHG WR EH WXQHG LQ SDUDOOHO WR REWDLQ DFWLYH GHJUDGHUV, DQG WKHLU ODUJH VL]H
DQG QRYHO VWUXFWXUH DFWLYLW\ UHODWLRQVKLS (6$5) PHDQV WKDW PXFK RI WKH NQRZOHGJH VXUURXQGLQJ WKH
GHVLJQ RI VPDOO PROHFXOH GUXJV FDQQRW EH DSSOLHG. 7R WDFNOH WKLV SUREOHP, ZH V\VWHPDWLFDOO\
H[SORUHG 3527$& 6$5, OHDGLQJ WR WKH UDWLRQDO GHVLJQ RI GHJUDGHUV WDUJHWLQJ &5(%-ELQGLQJ SURWHLQ
(&%3) DQG (1$-DVVRFLDWHG SURWHLQ ((3300) - WZR KRPRORJXRXV UHJXODWRU\ SURWHLQV FUXFLDO IRU
HQKDQFHU PHGLDWHG WUDQVFULSWLRQ DQG LPSOLFDWHG LQ D ZLGH UDQJH RI KXPDQ GLVHDVHV. :H
HVWDEOLVKHG D QRYHO V\QWKHWLF URXWH WR LPSURYH WKH FKHPLFDO DFFHVLELOLW\ RI WKH &%3/(3300 OLJDQG,
DQG VHYHUDO FHOO-EDVHG DVVD\V LQFOXGLQJ WKH PHDVXUPHQW RI FHOOXODU WHUQDU\ FRPSOH[ IRUPDWLRQ IRU
WKH ILUVW WLPH IRU &HUHEORQ (&5%1) DQG &%3. 7KURXJK WKLV ZH GHPRQVWUDWH WKDW HQJDJHPHQW RI
&5%1, UDWKHU WKDQ 9+/ RU ,$3, DQG D VSHFLILF OLQNHU EHWZHHQ WKH (3 DQG &%3 ELQGHUV DUH HVVHQWLDO
IRU 3527$&-PHGLDWHG &%3 GHJUDGDWLRQ, DQG E\ GRLQJ VR, ZH EURDGHQ WKH WRROV DYDLODEOH WR
PRGXODWH &%3 DQG (3300. /HVVRQV OHDUQW IURP WKLV FDPSDLJQ, SDUWLFXODUO\ WKH LPSRUWDQFH RI FHOO-
EDVHG DVVD\V EH\RQG GHJUDGDWLRQ WR XQGHUVWDQG UHDVRQV IRU 3527$& LQDFWLYLW\, DUH ZLGHO\
DSSOLFDEOH WR RWKHU FKDOOHQJLQJ WDUJHWV DQG FDQ DVVLVW LQ JXLGLQJ WKH GHYHORSPHQW RI GHJUDGHUV
ZKLOVW PLQLPL]LQJ FRPSRXQG OLEUDULHV.

>1@ %HYHUOH\ 0. 'DQF\, 3KLOLS $. &ROH, &KHPLFDO 5HYLHZV, 2015, 115, 2419-2452
>2@ $VKWRQ &. /DL, &UDLJ 0. &UHZV, 1DWXUH 5HYLHZV 'UXJ 'LVFRYHU\, 2017, 16, 101-114
>3@ 7DNX :DWDQDEH HW DO., 6FLHQWLILF 5HSRUWV, 2017, 7, 46380.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-023

$FKLUDO 6XSHUFULWLFDO IOXLG &KURPDWRJUDSK\ (6)&) IRU WKH 3XULILFDWLRQ RI 3KDUPDFHXWLFDOV

-. 5HLOO\1

11RYDUWLV ,QVWLWXWH RI %LRPHGLFDO 5HVHDUFK

:LWK ODUJH TXDQWLWLHV RI VPDOO VFDOH (<1000PJ) FRPSRXQGV W\SLFDOO\ EHLQJ QHHGHG WR EH SXULILHG
DQG HYDOXDWHG IRU GLVFRYHU\ LQ-YLWUR DQG LQ-YLYR WHVWLQJ UHJLPHV, D FKURPDWRJUDSKLF SXULILFDWLRQ
WHFKQLTXH QHHGV WR EH HDVLO\ LQWHJUDWHG LQWR GLVFRYHU\ FKHPLVWU\ ODERUDWRULHV DQG KLJKO\
UHSURGXFLEOH. :LWKLQ 6HSDUDWLRQ 6FLHQFHV GHSDUWPHQWV LQ 3KDUPDFHXWLFDO ,QGXVWU\ WKHUH DUH D
UDQJH RI PHWKRGRORJLHV IRFXVHG RQ WKH DQDO\WLFDO VHSDUDWLRQ DQG SXULILFDWLRQ WR LVRODWH SXUH
SURGXFWV. $W 1RYDUWLV, WKH LQWHJUDWLRQ RI 6XSHUFULWLFDO IOXLG FKURPDWRJUDSK\ (6)&) IRU DFKLUDO
VHSDUDWLRQV KDV VHYHUDO DGYDQWDJHV, VXFK DV IDVWHU UXQ WLPHV, VKRUWHU HTXLOLEUDWLRQ WLPHV, UHGXFHG
VROYHQW FRQVXPSWLRQ, DQG LQ SUHSDUDWLYH DSSOLFDWLRQV, IDVW VROYHQW UHPRYDO. 6)& KDV UDSLGO\
EHFRPH D YHU\ DWWUDFWLYH DOWHUQDWLYH WR 1RUPDO 3KDVH DQG 5HYHUVH 3KDVH SXULILFDWLRQ IRU DFKLUDO
VDPSOHV DQG H[DPSOH VHSDUDWLRQV DUH GHPRQVWUDWHG
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, &RQWULEXWHG 7DON (15PLQ) 0&-024

6LQJOH-PROHFXOH SURILOLQJ RI 35&1 XELTXLWLQDWLRQ G\QDPLFV LQ GHILQHG FKURPDWLQ VWDWHV

$. 7HVOHQNR1, %. )LHU]1*

1/DERUDWRU\ RI %LRSK\VLFDO &KHPLVWU\ RI 0DFURPROHFXOHV (/&%0), ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH
/DXVDQQH ((3)/)

(DFK FHOO RI D HXNDU\RWLF RUJDQLVP FDUULHV XQLYHUVDO JHQHWLF LQIRUPDWLRQ GHVSLWH LWV IXQFWLRQDO
GLYHUVLW\. 7KH '1$ LV RUJDQL]HG DV FKURPDWLQ ILEHU, L.H. ORQJ DUUD\V RI QXFOHRVRPHV. &HOO-W\SH-
VSHFLILF JHQH H[SUHVVLRQ SDWWHUQV KDYH WR EH HVWDEOLVKHG WR GHYHORS D GLYHUVH VHW RI FHOO W\SHV LQ
PXOWLFHOOXODU RUJDQLVPV.

'\QDPLF UHJXODWLRQ RI WUDQVFULSWLRQ LV RUFKHVWUDWHG E\ D ODUJH FRKRUW RI HQ]\PHV, DPRQJ ZKLFK
FKURPDWLQ PRGLILHUV RU ’ZULWHUV’ LQVWDOO KLVWRQH SRVW-WUDQVODWLRQDO PRGLILFDWLRQV (370V) FRQWUROOLQJ
WKH UHFUXLWPHQW RI FKURPDWLQ ’UHDGHUV’. $ VSHFLILF VXEVHW RI FKURPDWLQ PRGLILHUV LQFOXGHV 3RO\FRPE
JURXS (3F*) SURWHLQV, ZKLFK GULYH WKH LQKHULWDQFH RI D UHSUHVVHG FKURPDWLQ VWDWH GXULQJ
GHYHORSPHQW DQG FHOO GLIIHUHQWLDWLRQ ZKLOH SUHYHQWLQJ DEQRUPDO RQFRJHQLF WUDQVIRUPDWLRQV.

3F* PHPEHUV 3RO\FRPE 5HSUHVVLYH &RPSOH[ (35&) 1 IXQFWLRQ DV +2$-VSHFLILF (3 OLJDVHV WKDW
HVWDEOLVK JHQH UHSUHVVLRQ. 9DULDQW 35&1 LV LQYROYHG LQ PRVW RI WKH XELTXLWLQ GHSRVLWLRQ LQ WKH
FRQWH[W RI UHSUHVVHG FKURPDWLQ, ZLWKRXW WKH UHTXLUHPHQW RI SULPDU\ LQVWDOODWLRQ RI DGGLWLRQDO 370V.
:H K\SRWKHVL]H WKDW FKURPDWLQ PRGLILFDWLRQ, L.H. XELTXLWLQDWLRQ, E\ 35&1 LV FRQWUROOHG E\ LWV
UHFUXLWPHQW G\QDPLFV RQ XQGHUO\LQJ FKURPDWLQ DQG LWV VXEXQLW FRPSRVLWLRQ.

+HUH, ZH SUHVHQW D VLQJOH-PROHFXOH PHWKRG, ZKLFK DOORZV XV WR GLUHFWO\ REVHUYH 35&1 ELQGLQJ
G\QDPLFV RQ LPPRELOL]HG FKURPDWLQ ILEHUV LQ UHDO-WLPH. &RQVHTXHQWO\, ZH LQWURGXFH XELTXLWLQ-
FRQMXJDWLQJ HQ]\PH (2 ZKLFK LV ORDGHG ZLWK IOXRUHVFHQWO\ ODEHOHG XELTXLWLQ. 7KH SUHORDGHG (2-8E
LV UHFRJQL]HG E\ 35&1 GULYLQJ +2$.119 XELTXLWLQDWLRQ. 7KLV DOORZV XV WR JDLQ D PHFKDQLVWLF YLHZ RI
‘UHDGLQJ’ DQG ‘ZULWLQJ’ E\ 35&1 LQ UHDO-WLPH DQG HOXFLGDWH LWV FRQWULEXWLRQ WR JHQH UHJXODWLRQ.
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6\QWKHVLV RI VKRUW SHSWLGHV LQ 384-ZHOO SODWHV IRU JHQHUDWLQJ ODUJH OLEUDULHV RI
PDFURF\FOLF FRPSRXQGV

0. 6FK¾WWHO1, (. :LOO1, &. +HLQLV1*

1ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/)

0DFURF\FOHV KDYH UDLVHG PXFK LQWHUHVW LQ WKH SKDUPDFHXWLFDO LQGXVWU\ GXH WR WKHLU DELOLW\ WR ELQG
FKDOOHQJLQJ WDUJHWV. +RZHYHU, WKH GHYHORSPHQW RI PDFURF\FOLF OLJDQGV WR QHZ GLVHDVH WDUJHWV LV
KLQGHUHG E\ WKH OLPLWHG DYDLODELOLW\ RI ODUJH, VWUXFWXUDOO\ GLYHUVH PDFURF\FOLF FRPSRXQG OLEUDULHV IRU
KLJK-WKURXJKSXW VFUHHQLQJ.

,Q RUGHU WR JHQHUDWH ODUJH OLEUDULHV RI PDFURF\FOHV, RXU ODERUDWRU\ KDV UHFHQWO\ LQWURGXFHG D QHZ
VWUDWHJ\ LQ ZKLFK "Q" VKRUW OLQHDU SHSWLGHV DUH FRPELQDWRULDOO\ F\FOL]HG ZLWK "P" GLIIHUHQW FKHPLFDO
OLQNHUV WR JHQHUDWH "P [ Q" GLIIHUHQW PDFURF\FOLF FRPSRXQGV.>1, 2@ $ ERWWOHQHFN LQ DSSO\LQJ WKH
HVWDEOLVKHG VWUDWHJ\ LV WKH V\QWKHVLV RI ODUJH QXPEHUV RI VKRUW SHSWLGHV. 7KH SHSWLGH V\QWKHVL]HU
WKDW ZH XVH – EHLQJ WKH RQH KDYLQJ WKH KLJKHVW WKURXJKSXW RQ WKH PDUNHW - FDQ SURGXFH 4 [ 96 LQ
IRXU PLFURWLWHU SODWHV, ZKLFK OLPLWV WKH V\QWKHVLV WR 384 SHSWLGHV SHU UXQ. 7KH V\QWKHVL]HU KROGV
UHDJHQW FRQWDLQHUV IRU D PD[LPXP RI 31 GLIIHUHQW DPLQR DFLGV, ZKLFK DOVR OLPLWV WKH FKHPLFDO DQG
VWUXFWXUDO GLYHUVLW\ RI SHSWLGHV WKDW FDQ EH SURGXFHG.

+HUHLQ, ZH KDYH GHYHORSHG KDUG- DQG VRIWZDUH WR XSJUDGH WKH PLFURWLWHU SODWH EDVHG VROLG-SKDVH
SHSWLGH V\QWKHVL]HU. 1RZ, WKH SHSWLGHV FDQ EH V\QWKHVL]HG LQ IRXU 384-ZHOO SODWHV, DOORZLQJ WKH
V\QWKHVLV RI 1,536 SHSWLGHV LQ RQH UXQ. 7KH QXPEHU RI SRVVLEOH EXLOGLQJV EORFNV ZDV LQFUHDVHG
IURP 31 WR 395 GHULYDWLYHV. 0RUHRYHU, ZH KDYH GHYHORSHG SUDFWLFDO WRROV IRU WKH UDSLG DQG UHOLDEOH
UHVLQ ORDGLQJ WR 384-ZHOO SODWHV. 7KH VKRUW SHSWLGHV V\QWKHVL]HG LQ WKH 4 [ 384-ZHOO SODWHV ZHUH RI
KLJK SXULW\. 

:LWK WKH QHZ SHSWLGH V\QWKHVLV FDSDFLW\, LW KDV EHFRPH SRVVLEOH WR V\QWKHVL]H ODUJH FRPELQDWRULDO
OLEUDULHV FRPSULVLQJ WHQ-WKRXVDQGV RI PDFURF\FOLF FRPSRXQGV. 7KH SHSWLGH V\QWKHVLV LQ 384-ZHOO
SODWHV PD\ EH DOVR DWWUDFWLYH IRU RWKHU DSSOLFDWLRQV EH\RQG PDFURF\FOH GUXJ GHYHORSPHQW, VXFK DV
IRU DQWLERG\ HSLWRSH VFDQQLQJ, HSLWRSH PLPHWLF GHYHORSPHQW, SHSWLGH OLJDQG GHYHORSPHQW, DQG
SHSWLGH-VXEVWUDWH VFUHHQLQJ.

 

>1@ 6DQJUDP 6. .DOH, 0. %HUJHURQ-%OHUN, <XWHQJ :X HW DO., 6FL. $GY. 2019; 5: HDDZ2851
>2@ 6HYDQ +DEHVKLDQ, *DQHVK $. 6DEOH, 0LVFKD 6FK¾WWHO HW DO., $&6 &KHP. %LRO. 2022, 17,
181−186.
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'LVFRYHU\ RI 5*6006, D 7HWKHUHG 0DFURF\FOLF 3HSWLGH 7DUJHWLQJ $FLQHWREDFWHU
EDXPDQQLL

3. 0DWWHL1

16PDOO 0ROHFXOH 5HVHDUFK, S5(' 7KHUDSHXWLF 0RGDOLWLHV, 5RFKH ,QQRYDWLRQ &HQWHU %DVHO, &+-4070
%DVHO - SDWUL]LR.PDWWHL#URFKH.FRP

,Q WKH OLJKW RI WKH UDSLGO\ ULVLQJ QXPEHU RI SHRSOH G\LQJ IURP EDFWHULDO LQIHFWLRQV DQG WKH ODFN RI
HIIHFWLYH DQWLELRWLFV, WKH $E[ 0&3 SURMHFW DGGUHVVHV WKH XUJHQW QHHG WR ILJKW PXOWL-GUXJ UHVLVWDQW
EDFWHULD.

7KH WHWKHUHG PDFURF\FOLF SHSWLGHV (0&3V) UHSUHVHQW D VWUXFWXUDOO\ GLVWLQFW FRPSRXQG FODVV RI
DQWLELRWLFV, ZKLFK SRVVHVVHV D GLIIHUHQWLDWHG PRGH RI DFWLRQ. 3KHQRW\SLF KLJK-WKURXJKSXW
VFUHHQLQJ RI D OLEUDU\ RI 0&3V LGHQWLILHG D KLW, ZKLFK ZDV VHOHFWLYHO\ WDUJHWLQJ $FLQHWREDFWHU
EDXPDQQLL. 0HGLFLQDO FKHPLVWU\ HIIRUWV UDSLGO\ UHVXOWHG LQ SRWHQW FRPSRXQGV, ZKLFK ZHUH DEOH WR
FXUH EDFWHULDO LQIHFWLRQV LQ PLFH, ZKHUH HVWDEOLVKHG DQWLELRWLFV IDLOHG.

+RZHYHU, WKHVH FRPSRXQGV VXIIHUHG IURP SRRU LQWUDYHQRXV WROHUDELOLW\ DQG PXOWL-RUJDQ WR[LFLW\ LQ
UDWV. 7KH OHDG RSWLPLVDWLRQ ZDV JXLGHG E\ FRQVLGHUDWLRQ RI WKH DQWLELRWLF GUXJ-OLNH VSDFH DQG
VXSSRUWHG E\ D FXVWRPLVHG SODVPD FRPSDWLELOLW\ DVVD\, SURGXFLQJ KLJKO\ HIILFDFLRXV FRPSRXQGV
ZLWK LPSURYHG LQWUDYHQRXV WROHUDELOLW\ DQG QR RUJDQ WR[LFLW\. 7KH GHYHORSPHQW FRPSRXQG 5*6006
LV FXUUHQWO\ LQ SKDVH 1 FOLQLFDO WULDOV, DQG LI DSSURYHG LW ZRXOG EHFRPH WKH ILUVW DQWLELRWLF RI D QHZ
FODVV LQ PRUH WKDQ 50 \HDUV WR EH XVHG DJDLQVW LQIHFWLRQV FDXVHG E\ JUDP-QHJDWLYH EDFWHULD.
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'HYHORSPHQW RI +/%-0532259: $ )LUVW-LQ-&ODVV &KHPLFDO 'HJUDGHU RI $XURUD .LQDVH $
DQG WKH 1-0\F 7UDQVFULSWLRQ )DFWRU

'. $. +DUNL1

18QLYHUVLW\ RI 0LQQHVRWD, 'HSDUWPHQW RI 0HGLFLQDO &KHPLVWU\, 0LQQHDSROLV, 01 55455 8QLWHG
6WDWHV

1-0\F LV D PDVWHU WUDQVFULSWLRQDO UHJXODWRU WKDW KDV EHHQ FDOOHG “XQGUXJJDEOH” GXH WR D ODFN RI
VPDOO PROHFXOH ELQGLQJ VLWHV. +RZHYHU, XQLTXH PROHFXODU YXOQHUDELOLWLHV KDYH EHHQ LGHQWLILHG WKDW
SURYLGH RSSRUWXQLWLHV IRU FKHPLFDO UHJXODWLRQ. )RU H[DPSOH, LQ QHXUREODVWRPD, 1-0\F LV ERXQG E\
$XURUD NLQDVH $ ($XURUD-$), ZKLFK VWDELOL]HV 1-0\F IURP SURWHRO\WLF GHJUDGDWLRQ. *HQHWLF
NQRFNGRZQ RI $XURUD-$ LQ QHXUREODVWRPD FRQIHUV WKH UDSLG SURWHRO\WLF GHJUDGDWLRQ RI 1-0\F E\ WKH
XELTXLWLQ SURWHRVRPH V\VWHP. &RQVHTXHQWO\, FKHPLFDO GHJUDGDWLRQ RI $XURUD-$ SURYLGHV DQ
RSSRUWXQLW\ WR DIIHFW 1-0\F OHYHOV IRU RQFRORJ\ DSSOLFDWLRQV. 2XU ODERUDWRU\ KDV VWUXFWXUDOO\
PRGLILHG WKH &'.4/6 LQKLELWRU, ULERFLEOLE, WR DIIRUG D KLJK DIILQLW\ $XURUD-$ OLJDQG (.G  0.89 Q0).
(ODERUDWLRQ RI RXU $XURUD-$ OLJDQG LQWR D 3URWHRO\WLF 7DUJHWLQJ &KLPHUD (3527$&) GHOLYHUHG WKH
QRYHO $XURUD-$ GHJUDGHU, +/%-0532259.>1@ ([WHQVLYH ELRFKHPLFDO, ELRSK\VLFDO, FHOOXODU, DQG LQ
YLYR VWXGLHV KDYH UHVXOWHG LQ WKH FKDUDFWHUL]DWLRQ RI +/%-0532259 DV D GHJUDGHU RI $XURUD-$ ('&50
 14.4 Q0 LQ 6.-1-%((2) QHXUREODVWRPD FHOOV) WKDW FRQFRPLWDQWO\ HOLFLWV WKH GHJUDGDWLRQ RI 1-0\F
('&50, DSS  179 Q0 LQ 6.-1-%((2) FHOOV). .LQRPH SURILOLQJ DQG WDQGHP PDVV WDJ SURWHRPLFV
UHYHDOHG WKDW +/%-0532259 LV KLJKO\ VSHFLILF DQG WKHUHE\ FRQIHUV D YDOXDEOH FKHPLFDO SUREH IRU
PHFKDQLVWLF ELRFKHPLFDO DQG FHOOXODU VWXGLHV. ,Q DGGLWLRQ, +/%-0532259 SRVVHVVHV UHDVRQDEOH
SKDUPDFRNLQHWLF SURSHUWLHV LQ PLFH (W1/2  14.5 K, &PD[  169 QJ/P/, $8&  1993 QJyK/P/, DQG
057  16.1 K) DQG HOLFLWV WXPRU UHGXFWLRQ LQ YLYR LQ D PXULQH [HQRJUDIW PRGHO. 7DNHQ WRJHWKHU,
+/%-0532259 LV D SURPLVLQJ OHDG FRPSRXQG WKDW LV EHLQJ IXUWKHU RSWLPL]HG LQ RXU ODERUDWRU\ IRU
SRWHQF\ DQG SK\VLRFKHPLFDO SURSHUWLHV ZLWK DQ H\H WRZDUGV IXWXUH FOLQLFDO GHYHORSPHQW. 7KLV
SUHVHQWDWLRQ ZLOO KLJKOLJKW RXU GHYHORSPHQW RI +/%-0532259 DQG UHODWHG DQDORJXHV.

>1@ 7DQJ -, 0RRUWK\ 5, 'HPLU Ö, %DNHU =', 1DXPDQQ -$, -RQHV .)0, *ULOOR 0-, +DHIQHU (6, 6KL .,
/HY\ 0-, $LKDUD +, +DUULV 56, $PDUR 5(, /HYLQVRQ 10, DQG +DUNL '$* 7DUJHWLQJ 1-0\F LQ
QHXUREODVWRPD ZLWK VHOHFWLYH $XURUD NLQDVH $ GHJUDGHUV. ELR5[LY:
KWWSV://GRL.RUJ/10.1101/2022.04.09.487756
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-101

6LWH-VSHFLILF ODEHOLQJ RI ODUJH 51$V IRU VLQJOH-PROHFXOH )5(7

(. $KXQED\1, 6. =HOJHU-3DXOXV1, 5. .. 6LJHO1*

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

&DWDO\VLV LQ ELRORJLFDO V\VWHPV PLJKW EH GRPLQDWHG WRGD\ E\ SURWHLQ HQ]\PHV, \HW LQ WKH HDUO\
ZRUOG, 51$ VHUYHG DV WKH SULQFLSDO ELRFDWDO\VW.1 5LER]\PHV, FDWDO\WLF 51$V, XQGHUJR GUDPDWLF
VWUXFWXUDO UHDUUDQJHPHQWV WR SHUIRP WKHLU ELRORJLFDO IXQFWLRQV. 6LQJOH-PROHFXOH )¸UVWHU UHVRQDQFH
HQHUJ\ WUDQVIHU (VP)5(7) LV DQ H[FHOOHQW PHWKRG WR VWXG\ 51$ FRQIRUPDWLRQDO G\QDPLFV.2 $
SUHUHTXLVLWH WR DQ\ VP)5(7 VWXG\ LV WKH VWUDWHJLF SRVLWLRQLQJ RI D IOXRURSKRUH SDLU RQ WKH PROHFXOH
RI LQWHUHVW. 6LWH-VSHFLILF ODEHOLQJ RI ODUJH 51$V LV SDUWLFXODUO\ FKDOOHQJLQJ, HVSHFLDOO\ ZKHQ WKH\ DUH
KLJKO\ VWUXFWXUHG DQG FDWDO\WLFDOO\ DFWLYH.3

:H SUHVHQW D IDVW, HIILFLHQW DQG FRYDOHQW 51$ ODEHOLQJ VWUDWHJ\ WKDW SUHVHUYHV WKH VWUXFWXUDO DQG
IXQFWLRQDO LQWHJULW\ RI WKH ELRPROHFXOH. 7KH 51$ WHUPLQL, WKH 5'-SKRVSKDWH DQG WKH 3'-ULERVH, DUH
FKHPLFDOO\ DFWLYDWHG IRU ELRFRQMXJDWLRQ ZLWK D )5(7 SDLU RI IOXRUHVFHQW G\HV. :H UHSODFHG WKH
SURSRVHG 5'-SKRVSKRUDPLGDWLRQ4 ZLWK DQ ('&-1+6 DFWLYDWLRQ VWHS WR DFKLHYH HIILFLHQW ODEHOLQJ DW
VKRUWHU WLPHV DQG ORZHU LQFXEDWLRQ WHPSHUDWXUHV, DV ZHOO DV S+ FRQWURO GXULQJ VXEVHTXHQW G\H
FRXSOLQJ.5

:H LOOXVWUDWH WKH VWUHQJWK RI WKH FKHPLFDO HQG-ODEHOLQJ RQ D KLJKO\ G\QDPLF DQG VWUXFWXUHG JURXS ,,
LQWURQ.5 7KH SUHYLRXV VWDWH-RI-WKH-DUW ODUJH ULER]\PH ODEHOLQJ PHWKRG ZDV K\EULGL]DWLRQ-EDVHG DQG
UHTXLUHG PRGLILFDWLRQV RQ WKH 51$ VWUXFWXUH.3 2XU FRYDOHQW DSSURDFK DOORZV WR WDFNOH WKH VWUXFWXUDO
FRPSOH[LW\ RI WKH IXOO-OHQJWK LQWURQ DQG SUREH LWV IROGLQJ DQG DXWRFDWDO\WLF VSOLFLQJ G\QDPLFV DW WKH
VLQJOH-PROHFXOH OHYHO YLD VP)5(7 IRU WKH ILUVW WLPH.

>1@ 0LULDP 6NLODQGDW, 6XVDQQ =HOJHU-3DXOXV, 5RODQG .. 2. 6LJHO, %UHQQHU'V (QF\FORSHGLD RI *HQHWLFV,
2017, 254-258.
>2@ 0DUN +HOP, $QGUHL <X .RELWVNL DQG *. 8OULFK 1LHQKDXV, %LRSK\VLFDO 5HYLHZV, 2009, 1:161.
>3@ *HUG +DQVSDFK, 6YHQ 7UXFNV DQG 0DUWLQ +HQJHVEDFK, 51$ %LRORJ\, 2019, 16:9, 1119-1132.
>4@ 3HWHU =KLIHQJ 4LQ DQG $QQD 0DULH 3\OH, 0HWKRGV, 1999, 18, 60-70.
>5@ (VUD $KXQED\, )DELR '. 6WHIIHQ, 6XVDQQ =HOJHU-3DXOXV, 5RODQG .. 2. 6LJHO, 0HWKRGV LQ 0ROHFXODU
%LRORJ\, '1$]\PHV, 2022, 2434.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-102

)URP PL[HG-FKLUDOLW\ WR PL[HG SHSWLGH-SHSWRLGV DQWLPLFURELDO SHSWLGHV WR FRQWURO
PXOWLGUXJ UHVLVWDQW *UDP-QHJDWLYH EDFWHULD

(. %RQYLQ1, -. 5H\PRQG1*

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

0HPEUDQH GLVUXSWLYH DQWLPLFURELDO SHSWLGHV ($03V) VXFK DV SRO\P\[LQ % RIIHU DQ RSSRUWXQLW\ WR
FRQWURO PXOWLGUXJ UHVLVWDQW (0'5) *UDP-QHJDWLYH EDFWHULD,1 ZKLFK DUH D OHDGLQJ FDXVH RI GHDWK LQ
KRVSLWDOV.2 5HFHQWO\ ZH GLVFRYHUHG WKDW LQYHUWLQJ WKH FKLUDOLW\ RI O\VLQH DPLQR DFLGV LQ DQ
11-UHVLGXHV ͅ-KHOLFDO $03 ZLWK VWURQJ DFWLYLW\ DJDLQVW WKHVH EDFWHULD SUHVHUYHG LWV ͅ-KHOLFDO IROGLQJ
DQG DFWLYLW\ ZKLOH DEROLVKLQJ LWV KHPRO\WLF SURSHUWLHV DQG VHUXP LQVWDELOLW\.3 ,QVSLUHG E\ VHYHUDO
UHSRUWV RI XVLQJ SHSWRLG EXLOGLQJ EORFNV WR WXQH $03 DFWLYLW\,4 ZH LQYHVWLJDWHG LI RXU $03 DFWLYLW\
PLJKW DOVR EH WROHUDQW WR SHSWRLG VXEVWLWXWLRQV. 2XU LQYHVWLJDWLRQV UHYHDOHG VHYHUDO SHSWLGH-
SHSWRLG K\EULGV ZLWK SUHVHUYHG ͅ-KHOLFDO IROGLQJ DQG DQWLEDFWHULDO DFWLYLW\, EXW LQFUHDVHG VHUXP
VWDELOLW\ DQG UHGXFHG KHPRO\VLV FRPSDUHG WR WKH SDUHQW DOO-/ $03 VHTXHQFH ()LJXUH).

>1@ 0RRNKHUMHH, 1. HW DO., 1DW. 5HY. 'UXJ 'LVFRY., 2020, 19, 311–332.
>2@ 0XUUD\, &. -. HW DO., 7KH /DQFHW, 2022, 399, 629-655.
>3@ %DHULVZ\O, 6. HW DO., 56& &KHP. %LRO., 2021, 2 1608–1617.
>4@ *RGEDOOH, 7. HW DO.,  &KHP %LRO 'UXJ 'HV., 2011, 77, 107-116.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-103

*HQRPH-ZLGH PDSSLQJ RI 26-PHWK\OJXDQLQH

-. %¾FKHO1, &. 0LQJDUG1, 3. 5HLQHUW1, 6. +XEHU1, 6. -. 6WXUOD1*

1(7+ =XULFK, /DERUDWRU\ RI 7R[LFRORJ\

7KH ZLGHO\ XVHG FKHPRWKHUDSHXWLF GUXJ WHPR]RORPLGH LQGXFHV '1$ DON\ODWLRQ VXFK DV 26

-PHWK\OJXDQLQH (26-0H*), D '1$ DGGXFW WKDW FDXVHV PLVPDWFKHV XSRQ UHSOLFDWLRQ OHDGLQJ WR
DSRSWRVLV E\ PLVPDWFK UHSDLU RYHUORDG. +RZHYHU, 26-0H* FDQ EH UHFRJQL]HG DQG GLUHFWO\ UHSDLUHG
E\ 26-PHWK\OJXDQLQH-'1$ PHWK\OWUDQVIHUDVH (0*07). 7XPRU FHOOV ZLWK KLJK 0*07 H[SUHVVLRQ
WHQG WR EH UHVLVWDQW WRZDUGV WHPR]RORPLGH. :KLOH LGHQWLI\LQJ JHQRPLF SDWWHUQV RI WHPR]RORPLGH-
LQGXFHG '1$ DON\ODWLRQ PD\ OHDG WR LPSURYHG SDWLHQW VWUDWLILFDWLRQ IRU WKHUDS\, WKHUH DUH QR
PHWKRGV HVWDEOLVKHG IRU VSHFLILFDOO\ PDSSLQJ WKH FKHPLFDOO\ PRGLILHG QXFOHLF DFLG 26-0H*
VWUXFWXUH DW VLQJOH QXFOHRWLGH UHVROXWLRQ. 7R DGGUHVV WKLV OLPLWDWLRQ, ZH GHYHORSHG D QHZ PHWKRG
IRU SUHFLVHO\ ORFDWLQJ 26-0H* LQ WKH ZKROH JHQRPH, EDVHG RQ LPPXQRDIILQLW\ HQULFKPHQW ZLWK DQ
DQWL-26-0H* DQWLERG\ DQG VXEVHTXHQW VWDOOLQJ RI D KLJK-ILGHOLW\ SRO\PHUDVH DW WKH PHWK\ODWHG VLWH.
*HQRPLF '1$ ZDV H[SRVHG WR WHPR]RORPLGH DQG 26-0H* ZDV PDSSHG UHYHDOLQJ IDYRUHG IRUPDWLRQ
RI GDPDJH LQ FHUWDLQ WULQXFOHRWLGH VHTXHQFH FRQWH[WV. 26-0H* ZDV SUHIHUHQWLDOO\ IRUPHG IROORZLQJ
SXULQHV ZKLOH UHGXFHG IRUPDWLRQ ZDV IRXQG DIWHU S\ULPLGLQHV. 0RUHRYHU, WKLV '1$ GDPDJH
VLJQDWXUH ZDV KLJKO\ VLPLODU WR D PXWDWLRQDO VLJQDWXUHV H[WUDFWHG IURP WXPRU JHQRPHV IURP
SDWLHQWV WUHDWHG ZLWK WHPR]RORPLGH. 7KHVH ILQGLQJV VXJJHVW WKDW PDSSLQJ 26-0H* DW VLQJOH-
QXFOHRWLGH UHVROXWLRQ SURYLGHV D EHWWHU LQVLJKW WR WHPR]RORPLGH-LQGXFHG '1$ GDPDJH LQ WKH
FRQWH[W RI GUXJ UHVLVWDQFH.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-104

2YHUFRPLQJ DJJUHJDWLRQ LQ WKH FKHPLFDO V\QWKHVLV RI F-0\F>86-143@

+. %¾UJLVVHU1, 5. /HVFXUH1, %. 7DP£V 1, (. 7. :LOOLDPV1, 1. +DUWUDPSI1*

1'HSDUWHPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =¾ULFK

&KHPLFDO SURWHLQ V\QWKHVLV HQDEOHG E\ VROLG-SKDVH SHSWLGH V\QWKHVLV (6336) FRXOG SURYLGH SHSWLGH
DQG SURWHLQ VDPSOHV ZLWK D YLUWXDOO\ XQOLPLWHG FKHPLFDO VSDFH (LQFOXGLQJ 370V) E\ JLYLQJ DFFHVV WR
QRQ-FDQRQLFDO DPLQR DFLGV DQG EDFNERQH PRGLILFDWLRQV. 0HUULILHOG’V 6336 PHWKRG KDV UHPDLQHG
WKH PRVW SRSXODU V\QWKHVLV PHWKRG IRU FKHPLFDO SURWHLQ V\QWKHVLV VLQFH LWV LQWURGXFWLRQ LQ WKH
60V.1 6LQFH WKHQ, GHFDGHV RI LPSURYHPHQW DQG RSWLPL]DWLRQ KDYH LQFUHDVHG WKH OHQJWK RI
V\QWKHVL]HG SHSWLGH FKDLQV RI XS WR 50 DPLQR DFLGV.2 2YHU WKLV OLPLW, 1DWLYH &KHPLFDO /LJDWLRQ
(1&/) KDV EHHQ GHYHORSHG WR MRLQ V\QWKHVL]HG IUDJPHQWV, XOWLPDWHO\ OHDGLQJ WR WKH SURGXFWLRQ RI
ODUJHU SURWHLQV.3 <HW, JHQHUDWLQJ VROXEOH IUDJPHQWV LQ JRRG \LHOG DQG SXULW\ LV FKDOOHQJLQJ DQG
UHTXLUHV H[WHQVLYH V\QWKHVLV HIIRUWV. 6HYHUDO VROXWLRQV KDYH EHHQ GHYHORSHG WR DGGUHVV WKH
VROXELOLW\ SUREOHP RI XQSURWHFWHG SHSWLGHV LQ DTXHRXV EXIIHUV, VXFK DV KLJKO\ FKDUJHG VROXELOLW\
WDJV. +RZHYHU, LGHQWLI\LQJ DQG VXSSUHVVLQJ DJJUHJDWLRQ RI WKH JURZLQJ SHSWLGH FKDLQ GXULQJ 6336
-RQH RI WKH PDLQ FRQWULEXWRUV WR GHFUHDVHG V\QWKHVLV RXWFRPH- LV VWLOO YHU\ FKDOOHQJLQJ. +-ERQG
IRUPDWLRQ EHWZHHQ WKH DPLGH EDFNERQH LV WKRXJKW WR EH D PDMRU FRQWULEXWRU RI DJJUHJDWLRQ, JLYLQJ
ULVH WR ͆-VKHHW IRUPDWLRQ.5 %DFNERQH PRGLILFDWLRQV FDQ EH LQWURGXFHG WR UHGXFH DJJUHJDWLRQ, EXW
VFUHHQLQJ IRU VXLWDEOH SRVLWLRQV LV WLPH FRQVXPLQJ. $ GHHSHU XQGHUVWDQGLQJ RI DJJUHJDWLRQ, DV ZHOO
DV D JHQHUDO VROXWLRQ WR LPSURYH DJJUHJDWLRQ DUH WKHUHIRUH XUJHQWO\ QHHGHG. :H XVH IORZ-EDVHG
SHSWLGH V\QWKHVLV WR LQYHVWLJDWH WKH VHTXHQFH GHSHQGHQFH RI DJJUHJDWLRQ XVLQJ LQ-OLQH 89-9LV
PRQLWRULQJ. 8SRQ DJJUHJDWLRQ, WKH )PRF JURXSV DUH OHVV DFFHVVLEOH IRU GHSURWHFWLRQ UHVXOWLQJ LQ D
EURDGHQLQJ RI WKH GHSURWHFWLRQ SHDN. $QDO\VLV RI QXPHURXV DJJUHJDWLQJ VHTXHQFHV KDV DOORZHG IRU
WKH GHYHORSPHQW RI D QHZ V\QWKHWLF VWUDWHJ\ WKDW ZDV DSSOLHG WR PXOWLSOH DJJUHJDWLQJ SHSWLGHV
VXFK DV */3-1 DQG EDUVWDU>75-90@ DQG ZDV VKRZQ WR LQFUHDVH QRW RQO\ WKH V\QWKHVLV EXW DOVR WKH
VROXELOLW\ RI WKH KHDYLO\ DJJUHJDWLQJ SHSWLGH IUDJPHQW F-0\F>86-143@. ,Q WKH IXWXUH, ZH DLP WR
GHPRQVWUDWH WKH DSSOLFDELOLW\ RI RXU VWUDWHJ\ WR DGGLWLRQDO SHSWLGHV DQG ZLOO IXUWKHU LQYHVWLJDWH
KRZ LW GLVUXSWV DJJUHJDWLRQ GXULQJ V\QWKHVLV, WR XOWLPDWHO\ LQFUHDVH RXU XQGHUVWDQGLQJ RQ
DJJUHJDWLRQ.

>1@       &HFLOLD $QGUHVHQ, 6DUD +HODQGHU, $OH[DQGHU /HPDN, &KULVWRSKH )DUªV, 9HURQLND &VL]PRN,
-RQDV &DUOVVRQ, /LQGD 3HQQ, -XOLH )RUPDQ-.D\, &KHU\O $UURZVPLWK, 3DWULN /XQGVWU¸P, 0DULD
6XQQHUKDJHQ, 1XFOHLF $FLGV 5HV. 2012, 40 (13), 6353–6366.
>2@       0LFKDHO 'XII\, -RKQ &URZQ, ,QW. -. &DQFHU 2021, 148 (1), 8–17. 
KWWSV://GRL.RUJ/10.1002/LMF.33197.
>3@       %UDG 7KRPSVRQ, $QQX. 5HY. 3K\VLRO. 1998, 60, 575–600.
>4@       &KL 'DQJ, &HOO 2012, 149 (1), 22–35.
>5@       5HQDWD &DOR-/DSLGR, &ULVWLQD 3HQDV, $GUL£Q -LP«QH]-%DOVD, (XJHQLR 9£]TXH], -RV«
0DVFDUH³DV, 2UJ. %LRPRO. &KHP. 2019, 17 (28), 6748–6752.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-105

$GYDQFHG 105 0HWKRGV (QDEOH WKH ,GHQWLILFDWLRQ DQG 6WUXFWXUH-$FWLYLW\ 5HODWLRQVKLS
RI .-5DV /LJDQGV

0. %¾WLNRIHU1, ). 7RUUHV1, *. 6WDGOHU1, +. .DGDYDWK1, -. 2UWV2*, 5. 5LHN1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =¾ULFK, 2'HSDUWPHQW RI 3KDUPDFHXWLFDO 6FLHQFHV,
8QLYHUVLW\ 9LHQQD

%HFDXVH RI LWV KLJK LQIRUPDWLRQ FRQWHQW, 1XFOHDU 0DJQHWLF 5HVRQDQFH (105) LV D SRZHUIXO
WHFKQLTXH IRU GUXJ GLVFRYHU\. +RZHYHU, 105 LV D YHU\ LQVHQVLWLYH PHWKRG, LW QHHGV H[SHQVLYH
LVRWRSH ODEHOOLQJ DQG LW LV FRPSOH[ WR DQDO\]H. 7KHUHIRUH, KLJK VDPSOH FRQFHQWUDWLRQV, ORQJ
PHDVXUHPHQWV, KLJK PDJQHWLF ILHOGV DQG ORQJ GDWD DQDO\VLV DUH UHTXLUHG. 

7KH UHFHQW SURJUHVV LQ WKH ILHOG PDGH DW WKH 5LHN JURXS DQG 2UWV JURXS, LQFOXGLQJ SKRWR-&KHPLFDO
,QGXFHG '\QDPLF 1XFOHDU 3RODUL]DWLRQ (&,'13)>1@ DQG 105 0ROHFXODU 5HSODFHPHQW
(1052)>2@ DGGUHVV WKH OLPLWDWLRQV RI 105-EDVHG GUXJ GLVFRYHU\. 8VLQJ SKRWR-&,'13, WKH 105
VLJQDO LV HQKDQFHG, ZKLFK UHGXFHV WKH DPRXQW RI VDPSOH DQG PHDVXUHPHQW WLPH. )XUWKHUPRUH,
1052 SURYLGHV WKH SRVVLELOLW\ WR FDOFXODWH SURWHLQ-OLJDQG FRPSOH[ VWUXFWXUHV ZLWKRXW FRPSOLFDWHG
DVVLJQPHQW.

+HUH ZH VKRZ, KRZ ZH XVHG WKHVH DGYDQFHG 105 WHFKQLTXHV WR GLVFRYHU PROHFXOHV ELQGLQJ WR WKH
RQFRJHQLF SURWHLQ .-5DV (*129). :H ILUVW SHUIRUPHG D VFUHHQLQJ XVLQJ WKH '6,-SRLVHG OLEUDU\ (900
IUDJPHQWV). :H IRXQG 130 KLWV, DPRQJ ZKLFK ZH KDYH YDOLGDWHG 60. 7KHLU DIILQLW\ FRQVWDQWV ZHUH
GHWHUPLQHG, DQG ELQGHUV LQ WKH ORZ P0 DIILQLW\ UDQJH KDYH EHHQ LGHQWLILHG. )LQDOO\, ZH FRXOG REWDLQ
ILYH VWUXFWXUHV RI .-5DV-IUDJPHQWV FRPSOH[HV, ZKLFK ZLOO DOORZ PHGLFLQDO FKHPLVWV WR UDWLRQDOO\
HYROYH WKHVH IUDJPHQWV LQWR SRWHQW .-5DV LQKLELWRUV.

7KLV ZRUN GHPRQVWUDWHV DV ZHOO, KRZ WKH UHFHQW VFLHQWLILF DGYDQFHV HPSRZHU 105-EDVHG GUXJ
GHVLJQ WR WDFNOH QHZ FKDOOHQJHV. 7KH LQWURGXFWLRQ RI SKRWR-&,'13 105 UHGXFHV WKH VFUHHQLQJ WLPH
E\ 100-IROG, DQG WKH VDPSOH DPRXQW E\ 20-IROG. :H DOVR VKRZFDVH WKDW SKRWR-&,'13 FDQ EH XVHG
IRU DIILQLW\ GHWHUPLQDWLRQ RI WKH KLWV. 2Q WKH RWKHU VLGH, ZH SUHVHQW QHZ 105 H[SHULPHQWV WKDW JHW
ULG RI WKH H[SHQVLYH LVRWRSLF ODEHOLQJ (13&, 151). 7KHVH H[SHULPHQWV SURYLGH WKH GDWD WR FDOFXODWH
FRPSOH[ VWUXFWXUHV ZLWK 1052, ZLWKLQ D ZHHN, ZKLOH VWDWH-RI-WKH-DUW VWUXFWXUH GHWHUPLQDWLRQ
UHTXLUHV H[SHQVLYH ODEHOHG VDPSOHV DQG WDNHV PRQWKV. 2XU JRDO LV WKDW 105 ZLOO EH WKH JROG
VWDQGDUG IRU HDUO\ GUXJ GLVFRYHU\ ZLWKLQ WKH QH[W \HDU.

>1@ 0RUR]RYD, 2. %. & ,YDQRY, .. /., &KHP3K\V&KHP 20, 197–215 (2019).
>2@ 0HUWHQV, 9. HW DO., - 0DJQ 5HVRQ 2SHQ 10–11, 100032 (2022).
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-106

)OXRUHVFHQW ODEHOLQJ RI FHOOXODU '1$ IRU DQ H[SORUDWLRQ RI LQ-VLWX FKURPDWLQ VWUXFWXUH

:. &DL1, 0. 0LYHOD]1, %. )LHU]1*

1ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), 6% ,6,& /&%0, 6WDWLRQ 6, &+-1015 /DXVDQQH,
6ZLW]HUODQG

7KH UHJXODWLRQ RI JHQH H[SUHVVLRQ FRQWUROV GLYHUVH ELRORJLFDO SURFHVVHV. 6SHFLILF JHQH UHJXODWLRQ
GHSHQGV RQ WKH WKUHH-GLPHQVLRQDO (3') IROGLQJ RI WKH JHQRPH, WKH HVWDEOLVKPHQW RI FORVH
HQKDQFHU FRQWDFWV, DQG D VSHFLILF VSDWLDO RUJDQL]DWLRQ RI WKH FKURPDWLQ ILEHU. +RZ WKHVH FRQWDFWV
EHWZHHQ GLIIHUHQW JHQH ORFL DUH PHGLDWHG LV VWLOO SRRUO\ XQGHUVWRRG RQ D PROHFXODU OHYHO. $OWKRXJK
FXUUHQW PHWKRGV EDVHG RQ IOXRUHVFHQFH LQ VLWX K\EULGL]DWLRQ (),6+) FDQ UHVROYH FKURPDWLQ VWUXFWXUH
DW WKH a 10 NLOREDVH (NE) VFDOH, LW UHTXLUHV '1$ GHQDWXUDWLRQ IRU SUREH K\EULGL]DWLRQ ZKLFK ZLOO OHDG
WR WKH GLVUXSWLRQ RI QXFOHRVRPH-OHYHO ILQH VWUXFWXUH. $QRWKHU FKRLFH LV WKH VWDLQLQJ RI FKURPDWLQ YLD
DQWLERGLHV RU G\HV, ZKLFK LV PLOGHU EXW ODFNV ORFXV-VSHFLILF. +HUH ZH SURSRVH D QHZ DSSURDFK WR
UHVROYH WKHVH LVVXHV. ,Q WKLV DSSURDFK, FKHPLFDO ELRORJ\ DQG VLQJOH-PROHFXOH LPDJLQJ DUH FRPELQHG
WR DFKLHYH WKH REVHUYDWLRQ RI ORFXV-VSHFLILF 3' IROGLQJ RI WKH JHQRPH LQ D OLYLQJ FHOO.

7KH DLP RI RXU LQYHVWLJDWLRQ LV WR LPSOHPHQW D QRYHO LPDJLQJ DSSURDFK WR UHYHDO FKURPDWLQ
VWUXFWXUH DW GHILQHG JHQRPLF ORFL E\ D FRPELQDWLRQ RI FKHPLFDO ELRORJ\ DQG VXSHU-UHVROXWLRQ
LPDJLQJ. +HUH, ZH DUH LQFRUSRUDWLQJ PRGLILHG QXFOHRVLGHV, LQFOXGLQJ HWK\Q\O-GHR[\XULGLQH ((G8)
DQG D]LGRPHWK\O-GHR[\XULGLQH ($PG8) LQWR D '1$ VHTXHQFH DW KLJK GHQVLW\>1@. :H WKHQ
IOXRUHVFHQWO\ ODEHO WKLV '1$ XVLQJ FRSSHU-FDWDO\]HG RU VWUDLQ-SURPRWHG FOLFN FKHPLVWU\. 7KLV
HQDEOHG VXSHU-UHVROXWLRQ LPDJLQJ ZLWK 3' VWRFKDVWLF RSWLFDO UHFRQVWUXFWLRQ PLFURVFRS\ (67250) RI
'1$ VWUDQGV LQ YLWUR. ,Q D VHFRQG VWHS, ZH WKHQ WUDQVIHFW (G8 RU $PG8-WDJJHG LQWR FHOOV DQG
LQWHJUDWH WKH ODEHOG '1$ VWUDQGV LQWR WKH QDWLYH FKURPDWLQ XVLQJ WKH SLJJ\%DF WUDQVSRVRQ
V\VWHP>2@. 7KHUH, WKH ODEHOHG '1$ ZLOO EH FKURPDWLQL]HG, IROORZHG E\ ODEHOLQJ DQG 3' VXSHU-
UHVROXWLRQ LPDJLQJ. 7RJHWKHU, WKLV V\VWHP ZLOO HQDEOH LPSRUWDQW LQVLJKWV LQWR WKH FRQIRUPDWLRQDO
HQVHPEOH RI D GHILQHG FKURPDWLQ ORFXV LQ FHOOV, DQG SURYLGHV D GHHSHU XQGHUVWDQGLQJ RI WKH
UHODWLRQVKLS EHWZHHQ JHQH DUFKLWHFWXUH DQG H[SUHVVLRQ UHJXODWLRQ.

>1@ $QQH %. 1HHI, 1DWKDQ :. /XHGWNH, &KHP%LR&KHP, 2014, 15, 789-793.
>2@ .RVXNH <XVD, /LTLQ =KRX, HW DO., 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG
6WDWHV RI $PHULFD, 2011, 108, 1531-6.
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6WHUHRUDQGRPL]HG $QWLPLFURELDO SHSWLGH GHQGULPHUV IURP &KHPLFDO 6SDFH DJDLQVW
PXOWLGUXJ-UHVLVWDQW EDFWHULD

;. &DL1, 0. 2UVL1, $. &DSHFFKL1, 6. -DYRU1, -. 5H\PRQG1*

1'HSDUWHPHQW I¾U &KHPLH, %LRFKHPLH XQG 3KDUPD]LH, 8QLYHUVLW\ RI %HUQ

1HDUHVW QHLJKERXUV (11) VHDUFKLQJ LQ YLUWXDO OLEUDULHV KDV EHHQ D XWLOLW\ WRRO IRU RSWLPL]LQJ
DQWLPLFURELDO SHSWLGH GHQGULPHUV ($03'V).1 $03'V DUH SURPLVLQJ FDQGLGDWHV DV DQWLEDFWHULDO
DJHQWV.2 2XU JURXS SUHYLRXVO\ GLVFRYHUHG WKDW VWHUHRUDQGRPL]HG $03'V KDG UHGXFHG KHPRO\VLV
ZKLOH SUHVHUYLQJ DQWLPLFURELDO DFWLYLWLHV.37LOO QRZ, 11 VHDUFKLQJ KDV QRW EHHQ DSSOLHG WR VHDUFK IRU
QHZ VWHUHRUDQGRPL]HG $03'V LQ FKHPLFDO VSDFH. 

+HUHLQ, ZH VHOHFWHG 63 VWHUHRUDQGRPL]HG DQDORJXHV RI $03' 725 DV QHDUHVW QHLJKERXU (11) LQ
FKHPLFDO VSDFH E\ VLPLODULW\ XVLQJ WKH 0;)3 ILQJHUSULQW. 6\QWKHVLV DQG WHVWLQJ RI 63
VWHUHRUDQGRPL]HG DQDORJXHV SRLQWHG WR D QHZ $03' ;*45. :H WKHQ IXUWKHU PRGLILHG WKLV
GHQGULPHU E\ UHPRYLQJ LWV 1-WHUPLQL WR IRUP ;*104 LQVSLUHG E\ RXU SUHYLRXV S+ GHSHQGHQW
VWXG\.4 %RWK ;*45 DQG ;*104 VKRZHG JRRG SRWHQF\ DJDLQVW D SDQHO RI *UDP-QHJDWLYH EDFWHULD,
WKH\ DOVR VKRZHG JRRG DFWLYLW\ DJDLQVW 056$ DW S+ 8.0. ,QWHUHVWLQJO\, WKH KRPRFKLUDO DOO /- DQG DOO
'- YHUVLRQV RI ERWK ;*45 DQG ;*104 DUH QRW DQWLEDFWHULDO EXW VWURQJO\ KHPRO\WLF, WKLV XQXVXDO
ILQGLQJ LQGLFDWHV WKDW VWHUHRUDQGRPL]DWLRQ QRW RQO\ FDQ UHGXFH KHPRO\VLV EXW DOVR FDQ FRQIHU
DQWLEDFWHULDO DFWLYLW\. 

>1@ &DSHFFKL, $.; 5H\PRQG, -.-/. 3HSWLGHV LQ &KHPLFDO 6SDFH. 0HG. 'UXJ 'LVFRY. 2021, 9,
100081. KWWSV://GRL.RUJ/10.1016/M.PHGLGG.2021.100081.
>2@ 0DJDQD, 0.; 3XVKSDQDWKDQ, 0.; 6DQWRV, $. /.; /HDQVH, /.; )HUQDQGH], 0.; ,RDQQLGLV, $.;
*LXOLDQRWWL, 0. $.; $SLGLDQDNLV, <.; %UDGIXWH, 6.; )HUJXVRQ, $. /.; &KHUNDVRY, $.; 6HOHHP, 0. 1.;
3LQLOOD, &.; GH OD )XHQWH-1XQH], &.; /D]DULGLV, 7.; 'DL, 7.; +RXJKWHQ, 5. $.; +DQFRFN, 5. (. :.; 7HJRV,
*. 3. 7KH 9DOXH RI $QWLPLFURELDO 3HSWLGHV LQ WKH $JH RI 5HVLVWDQFH. /DQFHW ,QIHFW. 'LV. 2020, 20 (9),
H216–H230. KWWSV://GRL.RUJ/10.1016/61473-3099(20)30327-3.
>3@ 6LULZDUGHQD, 7. 1.; *DQ, %.-+.; .¸KOHU, 7.; YDQ 'HOGHQ, &.; -DYRU, 6.; 5H\PRQG, -.-/.
6WHUHRUDQGRPL]DWLRQ DV D 0HWKRG WR 3UREH 3HSWLGH %LRDFWLYLW\. $&6 &HQW. 6FL. 2021, 7 (1),
126–134. KWWSV://GRL.RUJ/10.1021/DFVFHQWVFL.0F01135.
>4@ &DL, ;.; -DYRU, 6.; *DQ, %. +.; .¸KOHU, 7.; 5H\PRQG, -.-/. 7KH $QWLEDFWHULDO $FWLYLW\ RI 3HSWLGH
'HQGULPHUV DQG 3RO\P\[LQ % ,QFUHDVHV 6KDUSO\ DERYH 3+ 7.4. &KHP. &RPPXQ. 2021, 57 (46),
5654–5657. KWWSV://GRL.RUJ/10.1039/'1&&01838+.
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3URGXFWLRQ RI 6HPLV\QWKHWLF 7XEXOLQ ZLWK 'HILQDEOH 3RVW‐7UDQVODWLRQDO 0RGLILFDWLRQ

3. &KDQJ1, (. (EEHULQN1, 6. )HUQDQGHV2, &. $XPHLHU2, %. )LHU]1*

1/DERUDWRU\ RI %LRSK\VLFDO &KHPLVWU\ RI 0DFURPROHFXOHV, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG
(QJLQHHULQJ (,6,&), (ʲFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), 1015 /DXVDQQH, 6ZLW]HUODQG,

2'HSDUWPHQW RI %LRFKHPLVWU\, 8QLYHUVLW\ RI *HQHYD, 1211 *HQHYD, 6ZLW]HUODQG

0LFURWXEXOHV (07) DUH G\QDPLF SRO\PHUV WKDW DUH FULWLFDO IRU FHOO UHJXODWLRQ DQG RUJDQLVPDO
SURFHVVHV. 07V SRO\PHUL]H IURP D YDULHW\ RI WXEXOLQ LVRW\SHV DQG IXUWKHU FDUU\ SRVW‐WUDQVODWLRQDO
PRGLILFDWLRQ (370V), LQ SDUWLFXODU SRO\JO\F\ODWLRQ, SRO\‐JOXWDP\ODWLRQ (SRO\() RU GHW\URVLQDWLRQ (̩<)
LQ WKH &‐WHUPLQDO WDLOV. 7KH FRPELQDWLRQV RI LVRW\SHV DQG PRGLILFDWLRQV JHQHUDWH D “WXEXOLQ FRGH”1,
ZKLFK DFWV DV D ILQH UHJXODWRU RI 07 IXQFWLRQ, ZKHUHDV LWV G\VUHJXODWLRQ UHVXOWV LQ GHIHFWV LQ
GHYHORSPHQW, IHUWLOLW\ RU GLVHDVH. 'XH WR D ODFN RI PHWKRGV WR VWXG\ WXEXOLQ 370V, WKH PHFKDQLVPV
RI DFWLRQ RI PDQ\ 07 370V DUH VWLOO QRW ZHOO XQGHUVWRRG.

:H UHFHQWO\ GHYHORSHG D PHWKRGRORJ\ WR SURGXFH WXEXOLQV, ZKLFK FDUU\ GHILQHG 370V ZLWKLQ WKHLU
&‐WHUPLQDO WDLOV YLD SURWHLQ VSOLFLQJ2, FRQQHFWLQJ V\QWKHWLF SHSWLGHV WR UHFRPELQDQW WXEXOLQ
SURWHLQV. 7KLV DOORZHG XV WR H[SORUH WKH FURVVWDON EHWZHHQ SRO\( DQG ̩<. +RZHYHU, LQ WKLV VWXG\ ZH
LQVWDOOHG WKH SRO\( PRGLILFDWLRQ YLD D]LGH-DON\QH +XLVJHQ F\FORDGGLWLRQ (FOLFN-FKHPLVWU\3), UHVXOWLQJ
LQ D QRQ-QDWLYH DQDORJ. +HUH, , GHYHORS QRYHO V\QWKHWLF VWUDWHJLHV WR LQVWDOO QDWLYH SRO\( EUDQFKHV
RQ WXEXOLQ SHSWLGHV. 7KH LQVWDOODWLRQ VWUDWHJ\ LV GRQH E\ IUDJPHQW OLJDWLRQ RI D FDUER[\O-SURWHFWHG
SRO\( SHSWLGH DQG D IXOO\-SURWHFWHG WXEXOLQ WDLO IUDJPHQW. %\ XVLQJ XQFRPPRQ SURWHFWLRQ JURXSV,
VXFK DV F\DQRVXOIXU\OLGH (&6<), ZH FDQ VHOHFWLYHO\ GHSURWHFW DPLQR DFLGV DQG DOVR HQVXUH WKH
VROXELOLW\ RI KLJKO\ SURWHFWHG SHSWLGHV, ZKLFK DUH FULWLFDO IRU IXUWKHU IUDJPHQW OLJDWLRQ \LHOG. 7KLV
ZLOO DOORZ XV WR SURGXFH IXOO\ QDWLYH, PRGLILHG WXEXOLQV IRU D GHWDLOHG H[SORUDWLRQ RI WKH WXEXOLQ
FRGH.

>1@ *DGDGKDU, 6XGDUVKDQ, 6DWLVK %RGDNXQWOD, .DWKLUHVDQ 1DWDUDMDQ, &DUVWHQ -DQNH, -RXUQDO RI &HOO
6FLHQFH, 2017, 130, 1347–53.
>2@ .ROE, +DUWPXWK &., 0. *. )LQQ, .. %DUU\ 6KDUSOHVV,$QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ,
2001, 40, 2004–21.
>3@ 7KRPSVRQ, 5REHUW (., $GDP -. 6WHYHQV, 7RP 0XLU, 1DWXUH &KHPLVWU\, 2019, 11, 737–43.
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)OXRUHVFHQW //2V – 6KHGGLQJ OLJKW RQ 267 DQG $/* HQ]\PHV

0. GH &DSLWDQL1, -. 5H\PRQG1*

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

/LSLG /LQNHG 2OLJRVDFFKDULGHV (//2V) OLNH 1 DQG WKHLU UHODWHG FRPSRXQGV DUH LPSRUWDQW
LQWHUPHGLDWHV LQ WKH 1-*O\FRV\ODWLRQ SDWKZD\ LQ HXNDU\RWHV. 7KLV SDWKZD\ LV FKLHIO\ FRQGXFWHG E\
$/* DQG 267 HQ]\PHV LQ WKH HQGRSODVPDWLF UHWLFXOXP. ,Q UHFHQW \HDUV, RXU ODERUDWRU\ KDV
SURYLGHG QXPHURXV //2V, LQKLELWRUV DQG UHODWHG VXEVWUDWHV IRU LQ-YLWUR LQYHVWLJDWLRQV RI ERWK
FODVVHV RI HQ]\PHV. >1–4@

([WHQGLQJ RQ WKLV ZRUN, ZH GHYHORSHG D V\QWKHWLF DSSURDFK WR D IOXRUHVFHQW 'ROLFKRO-GHULYHG OLSLG
PHDQW WR VHUYH LQ V\QWKHWLF //2V. *LYHQ WKH LQWHQGHG UROH DV VXEVWUDWH IRU LQ YLWUR VWXGLHV, D
UHOLDEOH V\QWKHWLF DSSURDFK ZDV UHTXLUHG. ,Q DQWLFLSDWLRQ RI WKH XVXDOO\ ORZ \LHOGV LQ WKH
S\URSKRVSKDWH FRXSOLQJ MXVW SULRU WR ILQDO GHSURWHFWLRQ, WKH HDUO\ VWDJHV RI WKH V\QWKHVLV DOVR
ZRXOG QHHG WR EH SHUIRUPHG LQ PXOWLJUDP WR GHFDJUDP VFDOH. 5HWURV\QWKHWLF DQDO\VLV UHYHDOHG
OLSLG 2 DV NH\ LQWHUPHGLDWH, EHDULQJ WZR RUWKRJRQDOO\ SURWHFWHG HQG JURXSV. )URP WKHUH, D YDULHW\
RI GLIIHUHQW 1-OLQNHG IOXRURSKRUH DQG 2-OLQNHG SKRVSKDWH-FDUERK\GUDWH FRPELQDWLRQV DUH
DFFHVVLEOH.

6\QWKHWLF DFFHVV WR 2 ZDV HQYLVLRQHG WR EH SRVVLEOH WKURXJK HLWKHU RQH RI WZR PDMRU URXWHV ZKRVH
PDLQ GLIIHUHQFH OLHV LQ WKH RUGHU RI OLSLG HORQJDWLRQ DQG IXQFWLRQDOLVDWLRQ. 2SWLQJ IRU DQ HDUO\
HVWDEOLVKPHQW RI WKH 1 WHUPLQXV IROORZHG E\ OLSLG HORQJDWLRQ, D V\QWKHWLF URXWH ZDV GHYLVHG WR JLYH
DFFHVV WR 2 LQ D 13 VWHSV FRQYHUJHQW V\QWKHVLV VWDUWLQJ IURP QDWXUDOO\ RFFXUULQJ 6-&LWURQHOORO DQG
)DUQHVRO. 7KLV VHTXHQFH DOVR IHDWXUHG D KHDYLO\ PRGLILHG :LWWLJ-6FKORVVHU UHDFWLRQ >5@ DQG D
UHJLRVHOHFWLYH R[LGDWLRQ RI )DUQHVRO >6@ DV NH\ VWHSV LQ HVWDEOLVKLQJ IXQFWLRQDOLW\ DQG
VWHUHRFKHPLVWU\ RI WKH ILQDO SURGXFW.

)URP WKLV LQWHUPHGLDWH, 1-IXQFWLRQDOLVDWLRQ XVLQJ 'DQV\O FKORULGH DQG VXEVHTXHQW 2-
SKRVSKRU\ODWLRQ IXUQLVKHG WKH IOXRUHVFHQW OLSLG SKRVSKDWH 3 IURP ZKLFK WKH //2 DQDORJRXV WR 1
FRXOG EH REWDLQHG LQ WZR VWHSV WR HQG D 22 VWHS, 15 VWHS ORQJHVW OLQHDU VHTXHQFH V\QWKHVLV.

%XLOGLQJ RQ WKLV EDVLV, D ZLGH YDULHW\ RI FRPSRXQGV EHDULQJ PRGLILHG VXJDUV, SKRVSKRQDWH OLQNDJHV
RU GLIIHUHQW IOXRURSKRUHV KDYH EHHQ RU DUH FXUUHQWO\ EHLQJ SUHSDUHG WR VHUYH DV PROHFXODU SUREHV.

>1@   $. 6. 5DP¯UH] HW DO., *O\FRELRORJ\ 2017, 27, 726–733.
>2@   $. 6. 5DP¯UH] HW DO., *O\FRELRORJ\ 2017, 27, 525–535.
>3@   -. 6. %ORFK HW DO., 1DWXUH 2020, 579, 443–447.
>4@   -. 0. %RLOHYLQ, -. /. 5H\PRQG, 6\QWK. 2018, 50, 2631–2654.
>5@   0. 6FKORVVHU, '. &RIILQHW, 6\QWK. 1972, 1972, 575–576.
>6@   (. (. YDQ 7DPHOHQ, 7. -. &XUSKH\, 7HWUDKHGURQ /HWW. 1962, 3, 121–124.
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)UDPH 6KLIWV $IIHFW WKH 6WDELOLW\ RI &ROODJHQ 7ULSOH +HOLFHV

7. )LDOD1, (. 3. %DUURV2, 0. (EHUW1, (. 5XLMVHQDDUV2, 6. 5LQLNHU2, +. :HQQHPHUV1*

1/DERUDWRU\ RI 2UJDQLF &KHPLVWU\, (7+ =¾ULFK, '-&+$%, 9ODGLPLU-3UHORJ-:HJ 3, 8093 =¾ULFK,
6ZLW]HUODQG, 2/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =¾ULFK, '-&+$%, 9ODGLPLU-3UHORJ-:HJ 2, 8093

=¾ULFK, 6ZLW]HUODQG

&ROODJHQ PRGHO SHSWLGHV (&03V), FRPSRVHG RI SUROLQH–(45)K\GUR[\SUROLQH–JO\FLQH (32*) UHSHDW
XQLWV, KDYH EHHQ H[WHQVLYHO\ XVHG WR VWXG\ WKH VWUXFWXUH DQG VWDELOLW\ RI WULSOH-KHOLFDO FROODJHQ –
WKH GRPLQDQW VWUXFWXUDO SURWHLQ LQ PDPPDOV – DW WKH PROHFXODU OHYHO. 'HVSLWH WKH PRUH WKDQ
50-\HDU KLVWRU\ RI &03V DQG QXPHURXV VWXGLHV RQ WKH UHODWLRQVKLS EHWZHHQ WKH FRPSRVLWLRQ RI
VLQJOH-VWUDQGHG &03V DQG WKH WKHUPDO VWDELOLW\ RI WKH DVVHPEOHG WULSOH KHOLFHV, OLWWOH DWWHQWLRQ KDV
EHHQ SDLG WR WKH HIIHFWV DULVLQJ IURP WKHLU WHUPLQDO UHVLGXHV. +HUH, ZH VKRZ WKDW IUDPH-VKLIWHG
&03V, ZKLFK VKDUH 32* UHSHDW XQLWV EXW WHUPLQDWH ZLWK 3, 2, RU *, IRUP WULSOH KHOLFHV ZLWK YDVWO\
GLIIHUHQW WKHUPDO VWDELOLWLHV. $ PHOWLQJ WHPSHUDWXUH GLIIHUHQFH DV KLJK DV 16 r& ZDV IRXQG IRU WULSOH
KHOLFHV IURP 20-PHUV $F->2*3@62*-1+2 DQG $F->32*@632-1+2 DQG HYHQ WULSOH KHOLFHV RI WKH
FRQVWLWXWLRQDO LVRPHUV $F->32*@7-1+2 DQG $F->*32@7-1+2 PHOW 10 r& DSDUW. $ FRPELQDWLRQ RI
WKHUPDO GHQDWXUDWLRQ, &' DQG 105 VSHFWURVFRSLF VWXGLHV, DQG PROHFXODU G\QDPLFV VLPXODWLRQV
UHYHDOHG WKDW WKH VWDELOLW\ GLIIHUHQFHV RULJLQDWH IURP WKH SURSHQVLWLHV RI WKH SHSWLGH WHUPLQL WR
SUHRUJDQL]H LQWR D SRO\SUROLQH-,, KHOLFDO VWUXFWXUH. 2XU UHVXOWV DGYLVH WKDW FDUH QHHGV WR EH WDNHQ
ZKHQ GHVLJQLQJ SHSWLGH PLPLFV RI VWUXFWXUDO SURWHLQV DV VXEWOH FKDQJHV LQ WKH WHUPLQDO UHVLGXHV
FDQ KDYH XQH[SHFWHG FRQVHTXHQFHV RQ WKHLU SURSHUWLHV. 2XU ILQGLQJV DOVR SURYLGH D JHQHUDO DQG
VWUDLJKWIRUZDUG WRRO IRU WXQLQJ WKH VWDELOLW\ RI WULSOH KHOLFHV IRUPHG E\ &03V IRU DSSOLFDWLRQV LQ
V\QWKHWLF PDWHULDOV DQG ELRORJLFDO SUREHV.
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'HYHORSLQJ 0ROHFXODU 7RROV IRU WKH 6WXG\ DQG 'HWHFWLRQ RI &DOFLXP-6HQVLQJ 5HFHSWRU

-. )LVFKHU1,3, '. %DWRUD1, /. 'LFN1,3, 5. .DGHUOL2, -. *HUWVFK1,3, 0. /RFKQHU1,3*

1,QVWLWXWH RI %LRFKHPLVWU\ DQG 0ROHFXODU 0HGLFLQH, 8QLYHUVLW\ RI %HUQ, %¾KOVWUDVVH 28, 3012, %HUQ,
6ZLW]HUODQG, 2'HSDUWPHQW RI 9LVFHUDO 6XUJHU\ DQG 0HGLFLQH, ,QVHOVSLWDO, %HUQ 8QLYHUVLW\ +RVSLWDO,

)UHLEXUJVWUDVVH, 3010 %HUQ, 6ZLW]HUODQG, 36ZLVV 1DWLRQDO &HQWUH RI &RPSHWHQFH LQ 5HVHDUFK, 1&&5
7UDQV&XUH, %HUQ, 6ZLW]HUODQG

%DFNJURXQG: 7KH FDOFLXP-VHQVLQJ UHFHSWRU (&D65) LV D * SURWHLQ-FRXSOHG UHFHSWRU WKDW SOD\V D
FHQWUDO UROH LQ WKH UHJXODWLRQ RI FDOFLXP KRPHRVWDVLV LQ KXPDQV.>1@ ,W LV KLJKO\ H[SUHVVHG LQ
SDUDWK\URLG JODQGV, SDQFUHDWLF HQGRFULQH FHOOV DQG NLGQH\V. ,PSDLUHG H[SUHVVLRQ RU IXQFWLRQ RI
&D65 FDXVHV VHYHUDO GLVHDVHV DQG HQODUJHG SDUDWK\URLG JODQGV, LQ SDUWLFXODU, FDQ OHDG WR D
SDWKRORJLFDO VKLIW RI FDOFLXP KRPHRVWDVLV DQG QHFHVVLWDWH VXUJLFDO UHPRYDO LQ VRPH FDVHV.>2@ 7KXV,
WKH DFFXUDWH SUH- DQG LQWUDRSHUDWLYH ORFDOLVDWLRQ RI SDUDWK\URLG JODQGV LV HVVHQWLDO WR DYRLG
SHUVLVWHQW FRPSOLFDWLRQV WKDW FDQ VLJQLILFDQWO\ LPSDLU WKH SDWLHQW’V TXDOLW\ RI OLIH.>3@ 0ROHFXODU WRROV
FXUUHQWO\ XVHG LQ WKH FOLQLF DUH QRW VSHFLILF WR WKH SDUDWK\URLG JODQGV DQG IDOVH-SRVLWLYH DQG IDOVH-
QHJDWLYH UHDGRXWV DUH FRPPRQ. 6HYHUDO VPDOO FRPSRXQGV DQG SHSWLGHV KDYH EHHQ GHYHORSHG WR
WDUJHW DQG PRGXODWH &D65 DV DOORVWHULF OLJDQGV, VRPH RI ZKLFK DUH XVHG LQ WKH FOLQLF DV VR-FDOOHG
FDOFLPLPHWLF GUXJV WR LQFUHDVH &D65 DFWLYLW\ (H.J. FLQDFDOFHW, HYRFDOFHW DQG HWHOFDOFHWLGH).

$LP: 7R GHYHORS V\QWKHWLF PROHFXODU SUREHV IRU WKH VWXG\, PRGXODWLRQ DQG ORFDOLVDWLRQ RI WKH &D65
LQ FHOOV DQG WLVVXH.

0HWKRGV DQG 5HVXOWV: 7R WKLV HQG, ZH KDYH V\QWKHVLVHG GHULYDWLYHV DQG FRQMXJDWHV RI FDOFLO\WLFV
(L.H. QHJDWLYH DOORVWHULF &D65 PRGXODWRUV), VXFK DV $7)936 DQG $;7914, DQG RI HYRFDOFHW. ,Q WKLV
FRQWH[W, ZH SUHVHQW RXU ZRUN RQ WKH V\QWKHVLV RI WKHVH SUREHV DQG WKHLU SUHOLPLQDU\ ELRORJLFDO
DVVHVVPHQW.

>1@ ). 0. +DQQDQ, (. .DOOD\, :. &KDQJ, 0. /. %UDQGL, 5. 9. 7KDNNHU, 1DW. 5HY. (QGRFULQRO., 2019, 15,
33–51.
>2@  3. 5LVV, .. .DF]LUHN, *. +HLQ], &. %LHJOPD\HU, %. 1LHGHUOH, 6XUJHU\, 2007, 142, 398–404.
>3@ -. %DM, 5. 6LWDU], 0. ăRNDM, $. )RUPD, 0. &]HF]HOHZVNL, $. 0DDQL, *. *DUUXWL, 0ROHFXOHV 2020, 25,
1724.
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'HVLJQ DQG %LRORJLFDO HYDOXDWLRQ RI 'UXJ-/LNH ,QKLELWRUV 7DUJHWLQJ WKH $OORVWHULF 6LWH RI
WKH 6$56-&R9-2 0DLQ 3URWHDVH (Q]\PH

0. $. *KDWWDV1,2, /. $O]\RXG2, ). 0RKDPHG3, %. 5. $OL3, :. 5DEHK4, 1. $WDWUHK1,2

1&ROOHJH RI 3KDUPDF\, $O $LQ 8QLYHUVLW\, $EX 'KDEL, 8$(, 2$$8 +HDOWK DQG %LRPHGLFDO 5HVHDUFK
&HQWUH, $O $LQ 8QLYHUVLW\, $EX 'KDEL, 8$(, 3'HSDUWPHQW RI 3DWKRORJ\, &ROOHJH RI 0HGLFLQH DQG

+HDOWK 6FLHQFHV, 8QLWHG $UDE (PLUDWHV 8QLYHUVLW\, $O $LQ, 8$(, 41HZ <RUN 8QLYHUVLW\ $EX 'KDEL,
$EX 'KDEL, 8$(

:LWK PRUH WKDQ 240 PLOOLRQ FRQILUPHG FDVHV DQG QHDU WR 5 PLOOLRQ GHDWKV (DV SHU :+2 UHFRUGV),
WKH &29,'-19 SDQGHPLF LV IDU IURP RYHU DQG FRQWLQXHV WR LPSRVH FKDOOHQJHV WR DOPRVW HYHU\
DVSHFW RI RXU GDLO\ OLYHV. 9DFFLQHV VHHP WR WDFNOH VRPH RI WKHVH FKDOOHQJHV, QRQHWKHOHVV, WKH
FRQWLQXRXVO\-HYROYLQJ YDULDQWV LQIRUP XV DERXW WKH QHFHVVLW\ RI GHYHORSLQJ QHZ DQWLYLUDO DJHQWV
WKDW FDQ ZRUN LQ SDUDOOHO ZLWK YDFFLQHV WR SXW DQ HQG WR WKLV JOREDO FULVLV. :H ZLOO EH DSSURDFKLQJ
WKLV JRDO WKURXJK WDUJHWLQJ RQH RI WKH PRVW LPSRUWDQW HQ]\PHV LQ WKH 6$56-&29-2 OLIH F\FOH, WKH
PDLQ SURWHDVH HQ]\PH (0SUR) >1@. 7KHUH KDV EHHQ H[WHQVLYH UHVHDUFK ZRUOGZLGH IRU WKH
GHYHORSPHQW RI QHZ 0SUR LQKLELWRUV, PRVW RI ZKLFK WDUJHW WKH HQ]\PH FDWDO\WLF SRFNHW. +RZHYHU,
QRW PXFK ZRUN KDV EHHQ FRQGXFWHG RQ WKH 0SUR DOORVWHULF VLWH, ZKLFK ZH LQWHQG WR WDUJHW LQ WKLV
ZRUN, DV LW LV EHOLHYHG WR EH OHVV SURQH WR PXWDWLRQV DQG PRUH FRQVHUYHG DPRQJ YDULRXV
FRURQDYLUXVHV VWUDLQV. )RU WKH DIRUHPHQWLRQHG UHDVRQV, ZH DVVHVVHG DOO SRVVLEOH DOORVWHULF VLWHV RQ
0SUR GLPHU VWUXFWXUH >2@ DQG WKHQ ZH WDFNOHG WKH PRVW SURPLVLQJ VLWHV YLD FRPSXWHU DLGHG GUXJ
GHVLJQ E\ YLUWXDOO\ VFUHHQLQJ !3.7 PLOOLRQ OLJDQGV. ,QWHUHVWLQJO\, VHYHUDO VPDOO LQKLELWRUV KDYH EHHQ
LGHQWLILHG VR IDU DQG H[SHULPHQWDO ZRUN LV XQGHU GHYHORSPHQW WR GHWHUPLQH WKHLU LQKLELWLRQ DFWLYLW\.
8S WR RXU NQRZOHGJH, WKLV LV WKH ILUVW VWXG\ IRU DVVHVVLQJ DOORVWHULF VLWHV DQG WDUJHWLQJ WKHP ZLWK D
FRPSUHKHQVLYH FRPSXWHU-DLGHG GUXJ GHVLJQ DSSURDFK. 7KH ILQGLQJV IURP WKLV ZRUN FDQ KHOS LQ WKH
FXUUHQW EDWWOH DJDLQVW &29,'-19 DQG, SRWHQWLDOO\ DJDLQVW IXWXUH FRURQD YLUXVHV-UHODWHG GLVHDVHV.

>1@ -LQ, =.; 'X, ;.; ;X, <.; 'HQJ, <.; /LX, 0.; =KDR, <.; =KDQJ, %.; /L, ;.; =KDQJ, /.; 3HQJ, &., HW DO.
6WUXFWXUH RI 0(SUR) IURP 6$56-&R9-2 DQG GLVFRYHU\ RI LWV LQKLELWRUV. 1DWXUH 2020,
10.1038/V41586-020-2223-\, GRL:10.1038/V41586-020-2223-\.
>2@ /. $O]\RXG, 0.$. *KDWWDV, 1. $WDWUHK. $OORVWHULF %LQGLQJ 6LWHV RI WKH 6$56-&R9-2 0DLQ 3URWHDVH:
3RWHQWLDO 7DUJHWV IRU %URDG-6SHFWUXP $QWL-&RURQDYLUXV $JHQWV. 'UXJ 'HVLJQ, 'HYHORSPHQW DQG
7KHUDS\, 2022, ,Q SUHVV.
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/DQWKDQLGH-)XQFWLRQDOL]HG /LWKLXP 1LREDWH 1DQRSDUWLFOHV IRU 0XOWLPRGDO ,PDJLQJ

$. *KHDWD1, $. 6SDGD1, 6. 'XPRODUG1, 0. :LWWZHU1, 3. /OXVV¢2, /. %RQDFLQD2, $. &KDXYLQ3, 6. *HUEHU-
/HPDLUH1*

1,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ, 6&,-6%-6*, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH
/DXVDQQH, &+-1015 /DXVDQQH, 6ZLW]HUODQG, 2*$3-%LRSKRWRQLFV, 8QLYHUVLW\ RI *HQHYD, &+-1211

*HQHYD, 6ZLW]HUODQG, 3,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ, 6&,-6%-00, ÉFROH
3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, &+-1015 /DXVDQQH, 6ZLW]HUODQG

1DQRPDWHULDOV KDYH DWWUDFWHG KLJK LQWHUHVW LQ WKH ELRPHGLFDO ILHOG IRU WKHLU QXPHURXV IDYRUDEOH
SURSHUWLHV, LQFOXGLQJ WKHLU ODUJH VXUIDFH DUHD, WKHLU SRWHQWLDO IRU PXOWL-IXQFWLRQDOL]DWLRQ, DQG WKHLU
ORQJ EORRG FLUFXODWLRQ WLPH FRPSDUHG WR VPDOO PROHFXOHV. 1DQRVFDOH V\VWHPV LQWHJUDWLQJ PXOWLSOH
LPDJLQJ PRGDOLWLHV DOORZ IRU SUHFLVH GLDJQRVLV, ZKLFK FRXOG VHUYH LQ WKH ILHOG RI RQFRORJ\ WR GHWHFW
PDOLJQDQFLHV DW DQ HDUO\ VWDJH RI WKHLU GHYHORSPHQW DQG WKXV LQFUHDVH WKH VXFFHVV UDWH RI
WKHUDSHXWLF LQWHUYHQWLRQV. 7KH LQKHUHQW VKRUWFRPLQJV RI LQGLYLGXDO LPDJLQJ WHFKQLTXHV FDQ EH
RYHUFRPH E\ WKHLU V\QHUJLVWLF FRPELQDWLRQ ZLWKLQ D VLQJOH QDQRSDUWLFOH SODWIRUP, WKHUHE\ SURYLGLQJ
VLPXOWDQHRXVO\ KLJK VSDWLDO UHVROXWLRQ, SHQHWUDWLRQ GHSWK DQG VHQVLWLYLW\. +DUPRQLF QDQRSDUWLFOHV
(+13V), DUH PHWDO R[LGH QDQRPDWHULDOV FKDUDFWHUL]HG E\ D FU\VWDOOLQH VWUXFWXUH ODFNLQJ LQYHUVLRQ
V\PPHWU\ (H.J /L1E23, /12). 7KLV XQLTXH SURSHUW\ DOORZV WKHP WR H[KLELW D QRQ-OLQHDU RSWLFDO
UHVSRQVH E\ JHQHUDWLQJ VHFRQG- DQG WKLUG- KDUPRQLF VLJQDOV XSRQ ODVHU LUUDGLDWLRQ, ZLWK ORQJ-WHUP
SKRWRVWDELOLW\ DQG VSHFWUDO IOH[LELOLW\. 7KHVH PDWHULDOV KDYH WKXV HPHUJHG DV DWWUDFWLYH QRYHO
SUREHV IRU RSWLFDO ELRLPDJLQJ. $OWKRXJK DGYDQFHV LQ WKH ILHOG RI RSWLFDO LPDJLQJ DUH QRZ JLYLQJ
DFFHVV WR SHQHWUDWLRQ GHSWKV LQ WKH RUGHU RI WKH PLOOLPHWHU WKDQNV WR QHZ ODVHU VRXUFHV, WKLV
PRGDOLW\ LV VWLOO QRW DGDSWHG IRU ZKROH-ERG\ LPDJLQJ. 0DJQHWLF UHVRQDQFH LPDJLQJ (05,) DQG ;-UD\
FRPSXWHG WRPRJUDSK\ (&7) DUH PRUH DGDSWHG IRU WKH DFTXLVLWLRQ RI DQDWRPLFDO SLFWXUHV GXH WR
WKHLU KLJK WLVVXH SHQHWUDWLRQ FDSDFLW\. :H DLP DW IXQFWLRQDOL]LQJ /12 +13V ZLWK YDULRXV ODQWKDQLGH
FKHODWHV WR H[SORUH WKHLU PXOWLPRGDO FDSDELOLWLHV. /12 +13V DUH ILUVW FRDWHG LQ D VLOLFD VKHOO XVLQJ D
ZDWHU-LQ-RLO PLFURHPXOVLRQ DSSURDFK WR LPSURYH WKHLU ELRFRPSDWLELOLW\ DQG GLVSOD\ VXUIDFH UHDFWLYH
D]LGHV IRU SRVW-IXQFWLRQDOL]DWLRQ. 7KH ODQWKDQLGH FKHODWHV, GHVLJQHG ZLWK D F\FORRFW\QH PRLHW\, DUH
WKHQ JUDIWHG RQ WKH FRDWHG /12 +13V E\ VWUDLQ-SURPRWHG D]LGH-DON\QH F\FORDGGLWLRQ (63$$&).
7KURXJK WKH YDULDWLRQ RI WKH ODQWKDQLGH DWRP, GLIIHUHQW LPDJLQJ PRGDOLWLHV FDQ EH DFKLHYHG VXFK
DV 05, ZLWK JDGROLQLXP, &7 ZLWK \WWHUELXP, DQG YDULRXV OXPLQHVFHQFH ZDYHOHQJWKV ZLWK HXURSLXP
DQG WHUELXP. :H WKXV DLP DW SURGXFLQJ PXOWLPRGDO +13V ZLWK FRPSOHPHQWDU\ FDSDELOLWLHV IRU
FDQFHU GLDJQRVLV.
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5DSLG 6\QWKHVLV RI 7ULIXQFWLRQDOLVHG &KHPLFDO %LRORJ\ 3UREH IURP 8QSURWHFWHG /-
&\VWHLQH

3. *URVVHQEDFKHU1, 0. /RFKQHU1*

18QLYHUVLW\ RI %HUQ, ,QVWLWXWH RI %LRFKHPLVWU\ DQG 0ROHFXODU 0HGLFLQH, %¾KOVWUDVVH 28, 3012 %HUQ

2XWOLQH

%LRWLQ\ODWHG RU IOXRUHVFHQW SUREHV DUH ZLGHO\ XVHG LQ ELRFKHPLVWU\ ODEV. 7KH XVH RI ELRWLQ\ODWHG
SUREHV LQ FRPELQDWLRQ ZLWK LWV ELQGHU DYLGLQ RU VWUHSWDYLGLQ DOORZV IRU VHOHFWLYH SXOO-GRZQ RI WDUJHW
SURWHLQV IURP O\VDWHV RU RWKHU FRPSOH[ PL[WXUHV.1 2Q WKH RWKHU KDQG, IOXRUHVFHQW SUREHV DUH
XELTXLWRXVO\ XVHG WR ILQG DQG PRQLWRU WDUJHWV LQ HTXDOO\ FRPSOH[ PL[WXUHV.2 $ SRO\IXQFWLRQDO
FKHPLFDO ELRORJ\ SUREH WKDW FRPELQHV VHYHUDO XVHIXO SURSHUWLHV (H.J. ELRWLQ, IOXRURSKRUH DQG
ELRRUWKRJRQDO KDQGOH) FDQ EH D YHU\ SRZHUIXO UHVHDUFK WRRO LQ WDUJHW LGHQWLILFDWLRQ DQG SURWHRPLF
SURMHFWV. $PLQR DFLGV UHSUHVHQW FRQYHQLHQW VFDIIROGV IRU PXOWLIXQFWLRQDO SUREH GHYHORSPHQW EXW
OHQJWK\ V\QWKHVHV DQG SURWHFWLRQ/GHSURWHFWLRQ VWUDWHJLHV FDQ FRPSOLFDWH DFFHVV WR VXFK SUREHV.

+HUH, ZH SUHVHQW D VLPSOH ZD\ WR PRGLI\ XQSURWHFWHG /-&\VWHLQH ZLWK ELRWLQ, 6L-5KRGDPLQH, DQG D
FOLFNDEOH D]LGH OLQNHU LQ MXVW WKUHH VWHSV.

>1@ %HQMDPLQ - /HVOLH, 3DXO -. +HUJHQURWKHU, &KHP 6RF 5HY 2008, 37 (7), 1347-60.
>2@ (OOHQ 0. 6OHWWHQ, &DURO\Q 5. %HUWR]]L, $QJHZ &KHP ,QW (G (QJO, 2009, 48 (38), 6974-98.
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6WUXFWXUH-EDVHG PRGHOOLQJ RI +,)2ͅ ZDUKHDGV IRU 3527$& GHVLJQ

0. +«ULWLHU1,4, &. &HFFKLQL1,4, 9. 7UXVK2, ). /. *HUYDVLR3,4, ). 5DVWLQHMDG2, /. 6FDSR]]D1,4*

13KDUPDFHXWLFDO %LRFKHPLVWU\ *URXS, 6FKRRO RI 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI *HQHYD,
5XH 0LFKHO-6HUYH 1, 1206, *HQªYH, 27DUJHW 'LVFRYHU\ ,QVWLWXWH, 1XIILHOG 'HSDUWPHQW RI 0HGLFLQH,
8QLYHUVLW\ RI 2[IRUG, 2[IRUG, 8., 3%LRPROHFXODU DQG 3KDUPDFHXWLFDO 0RGHOOLQJ *URXS, 6FKRRO RI

3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI *HQHYD, 5XH 0LFKHO-6HUYHW 1, 1206, *HQªYH, 4,QVWLWXWH RI
3KDUPDFHXWLFDO 6FLHQFHV RI :HVWHUQ 6ZLW]HUODQG, 8QLYHUVLW\ RI *HQHYD

:H VWXGLHG KHUH WKH G\QDPLFV RI +,)2ͅ 3$6-% GRPDLQ, ZLWK WKH DLP RI GHVLJQLQJ DQG V\QWKHVL]LQJ
D 3URWHRO\VLV 7DUJHWLQJ &KLPHUD (3527$&) WR VHOHFWLYHO\ GHJUDGH +,)2ͅ, DQ XSVWUHDP SURWHLQ RI
WKH 9(*) SDWKZD\ LQYROYHG LQ FOHDU FHOO UHQDO FHOO FDUFLQRPD1, 2. 3527$&V FRQVLVW RI WKUHH SDUWV: DQ
(3 OLJDVH UHFUXLWHU, D VPDOO PROHFXOH WKDW ELQGV WR WKH WDUJHW DQG D OLQNHU.

,Q WKH KROR IRUP RI +,)2ͅ, WKH LQKLELWRU 372385 UHSODFHV ZDWHU LQ WKH EXULHG FDYLW\ ZLWK RQO\ PLQRU
UHVLGXH UHDUUDQJHPHQW FRPSDUHG WR WKH DSR VWUXFWXUH3. 7KLV VXJJHVWV WKDW +,)2ͅ 3$6-% GRPDLQ
FDQ EH IRXQG LQ D WUDQVLHQW RSHQ FRQIRUPDWLRQ. 7KH DEVHQFH RI RSHQ FKDQQHOV FKDOOHQJHG WKH
3527$& GHVLJQ DV ZH FRXOG QRW LQIHU WKH GLUHFWLRQ RI IXQFWLRQDOL]DWLRQ IURP WKH FU\VWDO VWUXFWXUH.

:H XVHG PROHFXODU G\QDPLFV WR XQGHUVWDQG KRZ, ZKHUH DQG ZLWK ZKLFK DPSOLWXGH +,)2ͅ PLJKW
RSHQ. 7KH GLIIHUHQW VLPXODWLRQV VKRZHG WKDW WKH RSHQLQJ RI WKH FDYLW\ VHHPV WR EH PRUH IDYRUDEOH
DW MXQFWLRQ RI $% ORRS, KHOL[ ( DQG ). :H WKHQ PRGHOOHG WKH PXWDQW +,)2ͅ0252$ WR FUHDWH D FKDQQHO
DW WKH VDLG MXQFWLRQ DQG WHVWHG GLIIHUHQW DQDORJV RI 372385 E\ GRFNLQJ. :H IRXQG WKDW PRGLILHG
372385 ZLWK DQ D]LGREXWDQH DW WKH VXOIRQ\O HQG (FDOOHG DQDORJ 3) UHWULHYHV WKH RULJLQDO ELQGLQJ
PRGH DQG UHDFKHV WKH VROYHQW. $IWHU V\QWKHVLV, ZH PHDVXUH WKH ELQGLQJ DIILQLW\. :KLOH WKH .G ZDV
VLPLODU, ZH QRWLFHG DQ LQFUHDVH RI HQWURS\ LQ WKH SURFHVV RI ELQGLQJ FRPSDUHG WR WKH RULJLQDO
LQKLELWRU. 7KLV HIIHFW PLJKW FRPH IURP WKH SDUWLDO FORVXUH RI +,)2ͅ DQG WKH ORVV RI D FU\VWDO ZDWHU
PROHFXOH LQ WKH SRFNHW. )XWXUH VLPXODWLRQV ZLOO KHOS XV LPSURYH WKH 3527$& GHVLJQ LQ D UDWLRQDO
PDQQHU DQG PLJKW SURYLGH D XVHIXO LQ VLOLFR SURWRFRO IRU VLPLODU FDVHV.

>1@ )ORULQGD 0HOHQGH]-5RGULJXH], 2OJD 5RFKH, 5LFDUGR 6DQFKH]-3ULHWR, -XOLDQ $UDJRQHV, )URQWLHUV LQ
2QFRORJ\, 2018, 8, 214.
>2@ (OL :DOODFH, -DPHV 5L]]L, *XDQJ]KRX +DQ, 3DXO :HKQ, =KDRGDQ &DR, ;LQOLQ 'X, HW DO, &DQFHU
5HVHDUFK, 2016, 76(18), 5491-500.
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$ /RFDOO\ $FWLYDWDEOH 6HQVRU IRU 5REXVW 4XDQWLILFDWLRQ RI 2UJDQHOODU *6+

6. +¾EQHU1,3, *. 4XDUJQDOL1, 6. 7KDOOPDLU2, 3. 5LYHUD-)XHQWHV1,3*

1,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ, (3) /DXVDQQH, 1015 /DXVDQQH, 6ZLW]HUODQG, 2
)UDQNIXUW ,QVWLWXWH IRU $GYDQFHG 6WXGLHV, 60438 )UDQNIXUW DP 0DLQ, *HUPDQ\, 3'HSDUWPHQW RI

&KHPLVWU\, 8QLYHUVLW\ RI =XULFK, 8057 =XULFK, 6ZLW]HUODQG

*OXWDWKLRQH (*6+) LV WKH PDLQ GHWHUPLQDQW RI LQWUDFHOOXODU UHGR[ SRWHQWLDO DQG SDUWLFLSDWHV LQ
PXOWLSOH FHOOXODU VLJQDOLQJ SDWKZD\V. $FKLHYLQJ D GHWDLOHG XQGHUVWDQGLQJ RI LQWUDFHOOXODU *6+
WUDIILFNLQJ DQG UHJXODWLRQ GHSHQGV RQ WKH GHYHORSPHQW RI WRROV WR PDS *6+ FRPSDUWPHQWDOL]DWLRQ
DQG LQWUD-RUJDQHOOH IOXFWXDWLRQV. 6HYHUDO VLJQLILFDQW DGYDQFHV KDYH EHHQ PDGH WRZDUG REVHUYLQJ
*6+ G\QDPLFV XVLQJ YDULRXV VHQVRUV IRU OLYH-FHOO LPDJLQJ. <HW, D JHQHUDO WRRO WR DVVHVV G\QDPLF
FKDQJHV LQ *6+ FRQFHQWUDWLRQ IHDWXULQJ IOH[LELOLW\ LQ WHUPV RI VXEFHOOXODU WDUJHWLQJ RU VSHFWUDO
UDQJH LV VWLOO ODFNLQJ. +HUH, ZH SURSRVH D 7DUJHWDEOH 5DWLRPHWULF 4XDQWLWDWLYH *6+ VHQVRU
(75D4-*)>1@ EDVHG RQ WKH SUHYLRXVO\ UHSRUWHG UHDFWLYLW\ RI FHUWDLQ VLOLFRQ UKRGDPLQHV (6L5V)
WRZDUGV *6+.>2@ :H LQVWDOOHG D QXFOHRSKLOLF JURXS RQ RXU UHSRUWHU IOXRURSKRUH ZKLFK OHDGV LQ WKH
XQERXQG VWDWH WR D VSLURF\FOLF, QRQ-IOXRUHVFHQW FRQIRUPDWLRQ. 2QO\ XSRQ ELQGLQJ WR WKH +DOR7DJ
(+7) SURWHLQ, WKH IOXRUHVFHQFH, DV ZHOO DV WKH *6+-UHVSRQVLYHQHVV, LV VZLWFKHG RQ (SDQHO D). 7KH
EDFNJURXQG LV GHFUHDVHG, DQG WKH G\H LV SUHYHQWHG IURP GUDJJLQJ *6+ ZKLOH WUDYHOLQJ WR LWV
WDUJHW. 7KH +7 FDQ EH IXVHG WR D IOXRUHVFHQW SURWHLQ ZKLFK IXQFWLRQV DV D UHIHUHQFH. 7KLV V\VWHP
DOORZV IRU D UREXVW UDWLRPHWULF UHDG-RXW, DQG WKH JHQHWLFDOO\ HQFRGHG SDUW RI WKH VHQVRU HQDEOHV
IOH[LELOLW\ LQ WHUPV RI WDUJHWLQJ DQG VSHFWUDO UDQJH. 7R FKDUDFWHUL]H RXU V\VWHP, ZH SHUIRUPHG LQ
YLWUR H[SHULPHQWV ZLWK SXULILHG SURWHLQ, ;-UD\ FU\VWDO VWUXFWXUH DQDO\VLV (SDQHO E), PROHFXODU
G\QDPLFV VLPXODWLRQV (SDQHO E), DQG OLYH-FHOO LPDJLQJ.
:H FRQILUPHG WKDW RXU VHQVRU UHOLDEO\ UHVSRQGV WR DUWLILFLDOO\ LQGXFHG FKDQJHV LQ *6+
FRQFHQWUDWLRQ LQ VHYHUDO VXEFHOOXODU FRPSDUWPHQWV (SDQHO F). )XUWKHUPRUH, ZH VWXGLHG *6+
UHJXODWLRQ GXULQJ WKH FHOO F\FOH E\ LPDJLQJ V\QFKURQL]HG FHOOV ZLWK RXU VHQVRU (SDQHO G). 2XU
UHVXOWV LQGLFDWH D VHSDUDWH QXFOHDU *6+ SRRO ZLWK DQ HVSHFLDOO\ KLJK FRQFHQWUDWLRQ ULJKW EHIRUH FHOO
GLYLVLRQ ZKLFK PDWFKHV SUHYLRXV UHSRUWV.>3@

D) :RUNLQJ SULQFLSOH RI 75D4-*. E) 6SLURF\FOLF VWUXFWXUH RI WKH 75D4-* OLJDQG, WKH FRUUHVSRQGLQJ
FU\VWDO VWUXFWXUHV ZLWK +7 LQ WKH VSLURF\FOLF IRUP DQG WKH RSHQ IRUP DV ZHOO DV D VQDSVKRW IURP D
PROHFXODU G\QDPLFV VLPXODWLRQ RI WKH 75D4-* *6+ DGGXFW. F) 5HVSRQVH RI 75D4-* WR PRGXODWLRQV
RI WKH *6+ FRQFHQWUDWLRQV LQ GLIIHUHQW RUJDQHOOHV. G) 0HDVXUHG *6+ FRQFHQWUDWLRQ LQ V\QFKURQL]HG
+H/D FHOOV LQ WKH FRXUVH RI WKH FHOO F\FOH.

>1@  6. +¾EQHU, *. 4XDUJQDOL, 6. 7KDOOPDLU, 3. 5LYHUD-)XHQWHV, ELR5[LY, 2022.04.01.486692 (2022).
>2@  .. 8PH]DZD, 0. <RVKLGD, 0. .DPL\D, 7. <DPDVRED, <. 8UDQR, 1DW. &KHP. 9, 279–286 (2017).
>3@ -. /. *DUF¯D-*LP«QH], -. 0DUNRYLF, ). 'DV¯, *. 4XHYDO, '. 6FKQDXEHOW, &. +. )R\HU, ). 9. 3DOODUGµ,
%LRFKLP. %LRSK\V. $FWD 1830, 3304–3316 (2013).
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1HZ )LGD[RPLFLQ $QWLELRWLFV: &RPELQLQJ 0HWDEROLF (QJLQHHULQJ DQG 6HPLV\QWKHVLV

(. -XQJ1, 0. +XQWHU2, -. &RVWDIUROD]3, <. 0DWWHQEHUJHU3, 6. 'LWWPDQQ4, '. 6FK¦IOH5, 7. *ULHVVHU5, 3.
6DQGHU5,6, 6. 6LHYHUV4, 3. 9LROOLHU3, 5. 0¾OOHU2*, .. *DGHPDQQ1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, =XULFK, 6ZLW]HUODQG, 2+,36, 'HSDUWPHQW RI
0LFURELDO 1DWXUDO 3URGXFWV, +HOPKROW] &HQWUH IRU ,QIHFWLRQ 5HVHDUFK DQG 'HSDUWPHQW RI

3KDUPDFHXWLFDO %LRWHFKQRORJ\, 6DDUODQG 8QLYHUVLW\, 6DDUEU¾FNHQ, *HUPDQ\, 3'HSDUWPHQW RI
0LFURELRORJ\ DQG 0ROHFXODU 0HGLFLQH, )DFXOW\ RI 0HGLFLQH, 8QLYHUVLW\ RI *HQHYD, *HQHYD,

6ZLW]HUODQG, 4'HSDUWPHQW RI 0LFURELDO 3K\VLRORJ\ DQG 0ROHFXODU %LRORJ\, ,QVWLWXWH RI 0LFURELRORJ\,
&HQWHU IRU )XQFWLRQDO *HQRPLFV RI 0LFUREHV, 8QLYHUVLW\ RI *UHLIVZDOG, *UHLIVZDOG, *HUPDQ\, 5

,QVWLWXWH RI 0HGLFDO 0LFURELRORJ\, 8QLYHUVLW\ RI =XULFK, =XULFK, 6ZLW]HUODQG, 61DWLRQDO &HQWHU IRU
0\FREDFWHULD, 8QLYHUVLW\ RI =XULFK, =XULFK, 6ZLW]HUODQG

)LGD[RPLFLQ (1, WLDFXPLFLQ %, OLSLDUP\FLQ $3)>1,2@ FRQVWLWXWHV D PDFURF\FOLF DQWLELRWLF ZKLFK
GHPRQVWUDWHV SRWHQW DFWLYLW\ DJDLQVW YDULRXV *UDP-SRVLWLYH EDFWHULD WKURXJK LQKLELWLRQ RI 51$-
SRO\PHUDVH (51$3).>3,4@ )LGD[RPLFLQ LV WKH VWDQGDUG RI FDUH WR WUHDW &ORVWULGLRLGHV GLIILFLOH LQIHFWLRQV
DQG LW DOVR IHDWXUHV LQ YLWUR DFWLYLW\ DJDLQVW UHVLVWDQW VWUDLQV RI 0\FREDFWHULXP WXEHUFXORVLV DQG
6WDSK\ORFRFFXV DXUHXV, \HW LWV XQIDYRXUDEOH 3./3' SURILOH SUHYHQWV LWV DSSOLFDWLRQ DV D V\VWHPLF
DQWLELRWLF.

6WUXFWXUDO HYROXWLRQ RI D SDUHQW QDWXUDO SURGXFW LV WKH SULPDU\ VRXUFH RI QHZ DQWLELRWLFV. (YHQ QRZ,
50 \HDUV DIWHU WKH GLVFRYHU\ RI 1, RQO\ D IHZ GHULYDWHV KDYH EHHQ GHVFULEHG WR GDWH. 2XU JRDO LV WKH
GHYHORSPHQW RI WKH QH[W JHQHUDWLRQ RI ILGD[RPLFLQ DQWLELRWLFV XQORFNLQJ QHZ WKHUDSHXWLF
DSSOLFDWLRQV.>5–7@ :H KDYH GHYHORSHG D SODWIRUP WKDW DOORZV IRU WKH VHOHFWLYH UHSODFHPHQW RI HDFK
RI WKH PRLHWLHV GHFRUDWLQJ WKH PDFURF\FOH. ,Q WKLV SUHVHQWDWLRQ, ZH ZLOO SUHVHQW RXU V\QWKHWLF
VWUDWHJ\, WKH FRPSXWDWLRQDOO\-JXLGHG GHVLJQ RI QHZ GHULYDWLYHV, DQG H[SORUH WKHLU ELRORJLFDO
DFWLYLWLHV DJDLQVW YDULRXV UHOHYDQW SDWKRJHQV.

>1@ $. 'RUVW, .. *DGHPDQQ, +HOY. &KLP. $FWD 2020, 103, H2000038.
>2@ $. 'RUVW, (. -XQJ, .. *DGHPDQQ, &+,0,$ 2020, 74, 270–273.
>3@ :. /LQ, .. 'DV, '. 'HJHQ, $. 0D]XPGHU, '. 'XFKL, '. :DQJ, <. :. (EULJKW, 5. <. (EULJKW, (.
6LQHYD, 0. *LJOLRWWL, $. 6ULYDVWDYD, 6. 0DQGDO, <. -LDQJ, <. /LX, 5. <LQ, =. =KDQJ, (. 7. (QJ, '. 7KRPDV,
6. 'RQDGLR, +. =KDQJ, &. =KDQJ, $. 1. .DSDQLGLV, 5. +. (EULJKW, 0RO. &HOO 2018, 70, 60-71.H15.
>4@ ;. &DR, +. %R\DFL, -. &KHQ, <. %DR, 5. /DQGLFN, (. $. &DPSEHOO, 1DWXUH 2022, 604, 541–545.
>5@ $. 'RUVW, 5. %HUJ, &. *. :. *HUW]HQ, '. 6FK¦IOH, .. =HUEH, 0. *ZHUGHU, 6. '. 6FKQHOO, 3. 6DQGHU,
+. *RKONH, .. *DGHPDQQ, $&6 0HG. &KHP. /HWW. 2020, 11, 2414–2420.
>6@ '. 'DLOOHU, $. 'RUVW, '. 6FK¦IOH, 3. 6DQGHU, .. *DGHPDQQ, &RPPXQ. &KHP. 2021, 4, 59.
>7@ $. 'RUVW, ,. 6. 6KFKHOLN, '. 6FK¦IOH, 3. 6DQGHU, .. *DGHPDQQ, +HOY. &KLP. $FWD 2020, 103,
H2000130.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-119

6WDSOHG-3HSWLGH 3527$&V E\ +\SHUYDOHQW ,RGLQH 6WDSOHV

<. .DPHL1,2, -. :DVHU1*, %. )LHU]2*

1/DERUDWRU\ RI &DWDO\VLV DQG 2UJDQLF 6\QWKHVLV, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ,
(FROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, 2/DERUDWRU\ RI %LRSK\VLFDO &KHPLVWU\ RI

0DFURPROHFXOHV, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ, (FROH 3RO\WHFKQLTXH )«G«UDOH GH
/DXVDQQH

3URWHLQ–SURWHLQ LQWHUDFWLRQV (33,V) DUH GHHPHG XQGUXJJDEOH GXH WR WKH ODFN RI ZHOO-GHILQHG ELQGLQJ
SRFNHWV RQ FRUUHVSRQGLQJ SURWHLQV. 3HSWLGHV FDQ WDUJHW XQGUXJJDEOH SURWHLQV E\ PLPLFNLQJ 33,V.
,QGHHG, GHYHORSPHQW RI SHSWLGH-EDVHG LQKLELWRUV RI 33,V LV RQH RI WKH PDMRU WRSLFV LQ FXUUHQW
PHGLFLQDO FKHPLVWU\. 3527$& (SURWHRO\VLV WDUJHWLQJ FKLPHUD) WHFKQRORJ\ LV DQ HPHUJLQJ PRGDOLW\
WR GHJUDGH SDWKRORJLFDO SURWHLQV.1 0RVW RI WKH 3527$&V DUH V\QWKHVL]HG E\ OLQNLQJ WZR VPDOO-
PROHFXOH OLJDQGV: D 32, (SURWHLQ RI LQWHUHVW) OLJDQG DQG DQ (3 OLJDQG. +RZHYHU, WKH GHYHORSPHQW RI
VPDOO-PROHFXOH OLJDQGV IRU XQGUXJJDEOH SURWHLQV LV LQ LWVHOI FKDOOHQJLQJ. 7KXV, WKH DYDLODELOLW\ RI 32,
OLJDQGV LV KDPSHULQJ WKH GHYHORSPHQW RI 3527$&V IRU XQGUXJJDEOH SURWHLQV.

:H GHYHORSHG (3 OLJDQG-ORDGHG K\SHUYDOHQW LRGLQH VWDSOHV EDVHG RQ RXU SUHYLRXV UHSRUW,2 ZKLFK
UHDGLO\ WUDQVIRUPHG SHSWLGHV LQWR VWDSOHG-SHSWLGH 3527$&V IRU GHJUDGDWLRQ RI XQGUXJJDEOH
SURWHLQV. 3HSWLGH VWDSOLQJ LV NQRZQ WR VWDELOL]H ͅ-KHOLFHV DQG LPSURYH LQDSSURSULDWH SURSHUWLHV IRU
LQ YLYR HIILFDF\ RI SHSWLGHV, QDPHO\ ORZ PHPEUDQH SHUPHDELOLW\ DQG ORZ SURWHRO\WLF VWDELOLW\.
7KHVH VWDSOHV PRGLI\ SHSWLGHV WR KDYH GHJUDGDWLRQ DFWLYLW\ DV ZHOO DV JRRG SK\VLFRFKHPLFDO
SURSHUWLHV WDUJHWLQJ LQWUDFHOOXODU HQYLURQPHQW DW WKH VDPH WLPH. 7KXV, WKLV WRRO ZRXOG SDYH WKH
ZD\ IRU UDSLG GUXJJLQJ RI FXUUHQWO\ XQWRXFKHG SURWHLQV, HYHQ LI VPDOO-PROHFXOH OLJDQGV DUH QRW
DYDLODEOH. :H ILUVW FKRVH WR WDUJHW WKH VWHURLG UHFHSWRU FRDFWLYDWRU-1 (65&-1) ZKLFK LQWHUDFWV ZLWK
WUDQVFULSWLRQ IDFWRUV, ZLWK D UHSRUWHG 65&-1 GHJUDGHU DV D EHQFKPDUN.3

>1@ .XVDO 7. *. 6DPDUDVLQJKH, &UDLJ 0. &UHZV, &HOO &KHP. %LRO. 2021, 28, 934-951.
>2@ -DYLHU &HEDOORV, (OLMD *ULQKDJHQD, *RQWUDQ 6DQJRXDUG, &KULVWLDQ +HLQLV, -HURPH :DVHU, $QJHZ.
&KHP. ,QW. (G. 2021, 60, 9022-9031.
>3@ <HRQJMX /HH, -LZRQ +HR, +RLELQ -HRQJ, .\XQJ 7DH +RQJ, 'R +RRQ .ZRQ, 0LQ +\HRQ 6KLQ, 0LVRRN
2K, *DQHVK $. 6DEOH, *-2QH $KQ, -XQ-6HRN /HH, +\XQ .\X 6RQJ, +\XQ-6XN /LP, $QJHZ. &KHP., ,QW.
(G. 2020, 59, 17548–17555.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-120

$U\OWHWUDOLQ OLJQDQV IURP +\SWLV EUDFKLDWD LQKLELWLQJ KXPDQ 7-FHOO SUROLIHUDWLRQ

0. .HOOHU1, 0. :LQNHU2, 1. 6SHULVHQ1, 0. *XSWD3, 0. +DPEXUJHU1, &. *U¾QGHPDQQ2*, 2. 3RWWHUDW1*

13KDUPDFHXWLFDO %LRORJ\, 'HSDUWPHQW RI 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI %DVHO,
.OLQJHOEHUJVWUDVVH 50, 4056 %DVHO, 6ZLW]HUODQG, 27UDQVODWLRQDO &RPSOHPHQWDU\ 0HGLFLQH,

'HSDUWPHQW RI 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI %DVHO, .OLQJHOEHUJVWUDVVH 80, 4056 %DVHO,
6ZLW]HUODQG, 3&HQWUR GH ,QYHVWLJDFLRQHV )DUPDFRJQRVWLFDV GH OD )ORUD 3DQDPHQD (&,)/253$1),
8QLYHUVLGDG GH 3DQDPD, $SDUWDGR 0824-00172, 3DQDPD &LW\, 3DQDPD, )DFXOWDG GH )DUPDFLD

(QKDQFHG SUROLIHUDWLRQ DQG DFWLYDWLRQ RI 7 O\PSKRF\WHV LV NQRZQ WR SOD\ D FUXFLDO UROH LQ WKH
SDWKRJHQHVLV RI DXWRLPPXQH GLVHDVHV DQG FKURQLF LQIODPPDWLRQ. &XUUHQW WUHDWPHQW RSWLRQV ZLWK
LPPXQRVXSSUHVVDQW GUXJV RIWHQ GR QRW SURYLGH ORQJ-ODVWLQJ UHOLHI RI V\PSWRPV DQG VKRZ D
JUDGXDO ORVV RI HIILFDF\ RYHU WLPH, RU WKH\ DUH DFFRPSDQLHG E\ XQZDQWHG VLGH HIIHFWV >1@.
7KHUHIRUH, QRYHO LPPXQRVXSSUHVVLYH OHDG FRPSRXQGV DUH QHHGHG.
)RU WKLV SXUSRVH, DQ LQ-KRXVH OLEUDU\ FRQVLVWLQJ RI 600 H[WUDFWV IURP 3DQDPDQLDQ SODQWV ZDV
VFUHHQHG IRU LQKLELWLRQ RI KXPDQ 7-FHOO SUROLIHUDWLRQ. $V RQH RI WKH KLWV, DQ HWK\O DFHWDWH H[WUDFW
IURP WKH DHULDO SDUWV RI +\SWLV EUDFKLDWD (/DPLDFHDH) H[KLELWHG VWURQJ LQKLELWRU\ HIIHFWV. $Q +3/&-
EDVHG DFWLYLW\ SURILOLQJ DSSURDFK UHVXOWHG LQ WKH WDUJHWHG LVRODWLRQ RI VHYHQ DU\OWHWUDOLQ OLJQDQV,
ILYH DU\OQDSKWKDOHQH OLJQDQV, WZR IODYRQRLGV, WKUHH WULWHUSHQHV, DQG FLQQDP\O FLQQDPDWH. 7KH
DU\OWHWUDOLQ OLJQDQV LQKLELWHG 7-FHOO SUROLIHUDWLRQ LQ D FRQFHQWUDWLRQ-GHSHQGHQW PDQQHU (,&50V RI 0.1
- 3 w0) ZLWKRXW VKRZLQJ DQ\ VLJQV RI F\WRWR[LFLW\ DW WKHVH FRQFHQWUDWLRQV. 1R UHOHYDQW LQKLELWLRQ
ZDV REVHUYHG IRU WKH DU\OQDSKWKDOHQH OLJQDQV, IODYRQRLGV, DQG WULWHUSHQHV. )XUWKHU LQYHVWLJDWLRQ
XVLQJ D FHOO F\FOH DUUHVW DVVD\ UHYHDOHG WKDW WKH DU\OWHWUDOLQ OLJQDQV SRWHQWO\ LQKLELWHG PLWRVLV
VLPLODU WR SRGRSK\OORWR[LQ. 7KLV VXJJHVWV DQ LQWHUDFWLRQ ZLWK PLFURWXEXOH IRUPDWLRQ YLD DQ
LQKLELWLRQ RI WXEXOLQ SRO\PHUL]DWLRQ

 

>1@ 0LFKDHO '. 5RVHQEOXP, .HOO\ $. 5HPHGLRV, $EGXO .. $EEDV, - &OLQ ,QYHVW, 2015; 125, 2228–2233.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-121

$ VKRUW PRWLI JRHV D ORQJ ZD\: +RZ PLQLPDO ULER]\PHV PDNH ODUJH SURWHLQV UHGXQGDQW

.. .LHQEHFN1, /. 0DOIHUWKHLQHU2, 6. =HOJHU-3DXOXV1, 6. -RKDQQVHQ1, &. YRQ 0HULQJ2*, 5. .. 6LJHO1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, =XULFK, 6ZLW]HUODQG, 2'HSDUWPHQW RI 0ROHFXODU /LIH
6FLHQFHV, 8QLYHUVLW\ RI =XULFK, =XULFK, 6ZLW]HUODQG

7KH KHSDWLWLV GHOWD YLUXV (+'9) ULER]\PH FDWDO\]HV VLWH-VSHFLILF VHOI-FOHDYDJH DQG ZDV ILUVW
GLVFRYHUHG LQ WKH VLQJOH-VWUDQGHG FLUFXODU 51$ YLUXV +'9 >1@. +'9-OLNH ULER]\PHV (GHOWD ULER]\PH;
'5=) VKDUH WKH FRQVHUYHG QHVWHG GRXEOH-SVHXGRNQRW VWUXFWXUH PRWLI DQG KDYH EHHQ IRXQG LQ DOO
GRPDLQV RI OLIH, LQFOXGLQJ KXPDQV. 7KURXJK D ELRLQIRUPDWLF VHDUFK XVLQJ DQ DGDSWHG PLQLPDO
DFWLYH '5= PRWLI >2@, ZH GLVFRYHUHG KXQGUHGV RI QRYHO PLQLPDO '5= VHTXHQFHV LQ EDFWHULRSKDJH
JHQRPHV DVVRFLDWHG ZLWK WKH KXPDQ PLFURELRPH. $ VXEFODVV RI WKHVH KLWV ZDV LGHQWLILHG WR RFFXU
LQ GLUHFW FRQMXQFWLRQ ZLWK YLUDO W51$ JHQHV ()LJXUH 1, ERWWRP OHIW). &RUUHFW W51$ SURFHVVLQJ LV
HVVHQWLDO IRU WKHLU IXQFWLRQ DQG FRQVHTXHQWO\ SURWHLQ ELRV\QWKHVLV. 7KLV LQFOXGHV WKH FOHDYDJH RI
3'-WUDLOHUV, ZKLFK LV NQRZQ WR EH FDWDO\]HG E\ ERWK HQGR- DQG H[RQXFOHDVH (ULER-)SURWHLQV ()LJXUH 1,
WRS OHIW). :LWK RXU GLVFRYHU\, ZH KDYH IRXQG DQ DGGLWLRQDO, VROHO\ 51$-EDVHG IDFWRU WKDW FDQ VLWH-
VSHFLILFDOO\ FOHDYH W51$ 3'-WUDLOHUV, WKXV PDNLQJ ODUJH SURWHLQ HQ]\PHV UHGXQGDQW IRU WKLV WDVN.
6WXGLHV RI WKHVH QRYHO W51$-DVVRFLDWHG ULER]\PHV ZLOO SURYLGH YDOXDEOH LQVLJKWV LQWR WKHLU IXQFWLRQ,
WKHUHE\ HOXFLGDWLQJ WKHLU ELRORJLFDO DQG FDWDO\WLF UROHV LQ YLYR, ZKLFK DUH VWLOO SRRUO\ XQGHUVWRRG.

)LJXUH 1: 3URFHVVLQJ RI W51$ 3'-WUDLOHUV LQ %DFWHULD, $UFKDHD DQG (XNDU\D FDQ EH SHUIRUPHG E\
VHYHUDO HQGR- DQG H[RQXFOHDVHV (WRS). $ QRYHO PHFKDQLVP ZDV GLVFRYHUHG LQ EDFWHULRSKDJHV,
ZKHUH WKH 3'-WUDLOHU IROGV LQWR D '5= PRWLI DQG VLWH-VSHFLILFDOO\ FOHDYHV WKH WUDLOHU ZLWKRXW DGGLWLRQDO
SURWHLQ IDFWRUV (ERWWRP).

>1@ /. 6KDUPHHQ, 0.<. .XR, *. 'LQWHU-*RWWOLHE, -. 7D\ORU, -RXUQDO RI YLURORJ\ 1988, 62, 2674.
>2@ 1.-. 5LFFLWHOOL, (. 'HOZDUW, $. /XSW£N, %LRFKHPLVWU\ 2014, 53, 1616.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-122

(QJLQHHULQJ QRQYLUDO SURWHLQ FDJHV IRU GHOLYHU\ DSSOLFDWLRQV

0. '. /HYDVVHXU1, '. +LOYHUW1*

1(7+ =¾ULFK

7KURXJKRXW KLVWRU\, KXPDQNLQG KDV GHYHORSHG D EURDG FROOHFWLRQ RI WKHUDSHXWLF DJHQWV WR WUHDW
GLVHDVHV. 7KHLU HIILFDF\ GHSHQGV RQ (L) WKH DELOLW\ WR HQJDJH D UHOHYDQW ELRORJLFDO WDUJHW, (LL)
VWDELOLW\ LQ SDWLHQWV, (LLL) SKDUPDFRNLQHWLF SURSHUWLHV, DQG (LY) IHZ RII-WDUJHW HIIHFWV. 0ROHFXODU
V\VWHPV WKDW SURWHFW, WUDQVSRUW, DQG GHOLYHU DFWLYH GUXJ PROHFXOHV LQ WDUJHWHG IDVKLRQ FDQ RSWLPL]H
WKHVH IDFWRUV. )RU H[DPSOH, WKH UHFHQW FOLQLFDO VXFFHVV RI QXFOHLF DFLG YDFFLQHV DJDLQVW 6$56-&R9-2
ZDV HQDEOHG E\ WKH GHYHORSPHQW RI YLUDO YHFWRUV DQG OLSLG QDQRSDUWLFOHV DV VSHFLDOL]HG GHOLYHU\
SODWIRUPV. +RZHYHU, JLYHQ WKH ODUJH QXPEHU RI VWLOO XQWUHDWHG GLVHDVHV DQG RQJRLQJ WKUHDWV IURP
FRXQWOHVV SDWKRJHQLF YLUXVHV DQG PLFURRUJDQLVPV, WKHUH LV D JUHDW QHHG IRU QHZ IOH[LEOH DQG
UREXVW GHOLYHU\ SODWIRUPV.

1RQYLUDO SURWHLQ FDJHV KDYH PDQ\ GHVLUDEOH FKDUDFWHULVWLFV IRU GHOLYHU\ DSSOLFDWLRQV. 7KH\ FRPH LQ
D UDQJH RI VFDIIROG VL]HV DQG V\PPHWULHV, DUH DPHQDEOH WR HQJLQHHULQJ RI WDUJHWLQJ DQG SDFNDJLQJ
SURSHUWLHV, FDQ EH SURGXFHG HDVLO\ DQG FKHDSO\, DQG RIWHQ H[KLELW KLJK SK\VLFDO VWDELOLW\, ZKLFK FDQ
H[SHGLWH JOREDO GLVWULEXWLRQ. ,Q WKLV ZRUN, ZH FKRVH VWUXFWXUDOO\ GLVWLQFW SURWHLQ FDJHV DV VWDUWLQJ
VFDIIROGV DQG UDWLRQDOO\ HQJLQHHUHG WKHLU SURSHUWLHV WR SURPRWH WKH GHOLYHU\ RI WKHUDSHXWLFDOO\
UHOHYDQW PROHFXOHV.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-123

'HWHUPLQLQJ WKH UHGR[ VWDWH RI WKH *ROJL DSSDUDWXV E\ XVLQJ JHQHWLFDOO\ HQFRGHG WRROV

&. 0LUµ-9LQ\DOV1,2, 6. +¾EQHU1, *. *UDPPELWWHU1, 3. 5LYHUD-)XHQWHV1*

1&KHPLVWU\ 'HSDUWPHQW, 8QLYHUVLW\ RI =¾ULFK, :LQWHUWKXUHUVWUDVVH 190, =¾ULFK, 6ZLW]HUODQG, 2
&DUOD.PLURYLQDOV#X]K.FK

5HGR[ KRPHRVWDVLV LV HVVHQWLDO IRU FHOO IXQFWLRQLQJ DQG LWV VWXG\ LQ D FRPSDUWPHQWDOL]HG PDQQHU LV
NH\ JLYHQ WKDW WKH UHGR[ SDLUV UDWLRV GLIIHU LQ HDFK RUJDQHOOH.1 7KH UHGR[ VWDWH RI DQ RUJDQHOOH FDQ
EH GHWHUPLQHG E\ TXDQWLI\LQJ WKH UHGR[ SRWHQWLDO ((K) DQG WKH FRQFHQWUDWLRQ RI D JLYHQ UHGR[ SDLU.
,Q RXU FDVH, ZH FKRVH WR VWXG\ JOXWDWKLRQH (*6+) DQG LWV R[LGL]HG FRXQWHUSDUW (*66*) JLYHQ WKHLU
UROH LQ EXIIHULQJ WKH UHGR[ VWDWH RI WKH FHOO.1 7KH *ROJL DSSDUDWXV (*$) LV D FHQWUDO RUJDQHOOH
UHVSRQVLEOH IRU SURWHLQ JO\FRV\ODWLRQ DQG SURWHLQ VRUWLQJ DQG LWV G\VIXQFWLRQ LV OLQNHG WR FDQFHU DQG
QHXURGHJHQHUDWLYH GLVHDVHV. ,W LV FRQVLGHUHG RQH RI WKH PRVW R[LGL]LQJ RUJDQHOOHV LQ WKH FHOO, \HW
WKHUH DUH QR UHSRUWV RI UHGR[ SRWHQWLDO QRU YDOXHV IRU DEVROXWH *6++*66+ FRQFHQWUDWLRQV LQ WKH
*ROJL.2

,Q WKLV ZRUN, ZH GHWHUPLQHG WKH UHGR[ VWDWH LQ WKH *ROJL E\ XVLQJ GLIIHUHQW DQG LQGHSHQGHQW
JHQHWLFDOO\ HQFRGHG WRROV. $ UHGR[-VHQVLWLYH JUHHQ-IOXRUHVFHQW SURWHLQ (UR*)31-L()3 DOORZHG XV WR
FDOFXODWH WKH (K(*6+)*$. 7RJHWKHU ZLWK D VLQJOH-F\VWHLQH JOXWDUHGR[LQ (V&*U[1S)4 ZH FDOFXODWHG WKH
WRWDO *6++*66* FRQFHQWUDWLRQ LQ WKH RUJDQHOOH (>*6@*$). )LQDOO\, XVLQJ D UHFHQWO\ SXEOLVKHG *6+
UDWLRPHWULF VHQVRU FDOOHG 75D4-*5, FRQVLVWLQJ RI D IXVLRQ SURWHLQ RI P*ROG DQG +DOR7DJ (+7)
FRQMXJDWHG WR D *6+-UHDFWLYH VLOLFRQ UKRGDPLQH (6L5), ZH ZHUH DEOH WR FDOFXODWH WKH DEVROXWH *6+
FRQFHQWUDWLRQ (>*6+@*$). 7KHVH UHVXOWV DOORZHG XV WR SUHVHQW IRU WKH ILUVW WLPH D TXDQWLWDWLYH UHGR[
SURILOH LQ WKH *ROJL DSSDUDWXV.

>1@ -RQHV, '. 3.; *R, <. 'LDEHWHV 2EHV 0HWDE. 2010, 12, 116–125.
>2@ +DWRUL, <., .XER, <.; 6DWR, <.; ,QRX\H, 6.; $NDJL, 5.; 6H\DPD, 7. $QWLR[LGDQWV, 2020, 9.
>3@ ØVWHUJDDUG, +.; +HQULNVHQ, $.; )OHPPLQJ, *. +.; :LQWKHU, -. 5. (0%2 -. 2001, 20, 5853–62. 
%LUN, -.; 0DULDQJHOD, 0.; $OOHU, ,.; +DQVHQ, +. *.; 2GHUPDWW, $.; 'LFN, 7. 3.; 0H\HU, $. -.; $SSHQ]HOOHU-
+HU]RJ, &. -. &HOO 6FL.2013, 126, 1604–1617
>4@ ,YHUVHQ, 5.; $QGHUVHQ, 3. $.; -HQVHQ, .. 6.; :LQWKHU, -. 5.; 6LJXUVNMROG, %. :. %LRFKHP. 2010, 49,
810–20
0RQWHUR, '.; 7DFKLEDQD, &.; 5DKU :LQWKHU, -.; $SSHQ]HOOHU-+HU]RJ, &. 5HGR[ %LRO. 2013, 1, 508–513.
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0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-124

3XULILFDWLRQ-IUHH V\QWKHVLV DQG VFUHHQLQJ RI WKRXVDQGV RI F\FOLF SHSWLGHV

$. /. 1LHOVHQ1, $. 6. =DUGD1, =. %RJQDU1, *. .. 0RWKXNXUL1, &. +HLQLV1*

1(FROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/)

0DFURF\FOLF SHSWLGHV SURYLGH DQ DWWUDFWLYH PRGDOLW\ IRU GUXJ GHYHORSPHQW GXH WR WKHLU DELOLW\ WR
ELQG IHDWXUH-OHVV SURWHLQ WDUJHWV, IRU ZKLFK VPDOO-PROHFXOH ELQGHUV DUH H[WUHPHO\ GLIILFXOW WR
REWDLQ. +RZHYHU, V\QWKHVLV RI ODUJH PDFURF\FOLF OLEUDULHV LV FXUUHQWO\ OLPLWHG E\ ORZ-\LHOGLQJ
F\FOL]DWLRQ UHDFWLRQV DQG WKH QHHG IRU FKURPDWRJUDSKLF SXULILFDWLRQ RI LQGLYLGXDO SHSWLGHV.
7KHUHIRUH, WKHUH LV DQ XQPHW QHHG IRU PHWKRGV WKDW SURYLGH HDVLHU DQG IDVWHU DFFHVV WR
PDFURF\FOH OLEUDULHV DSSOLFDEOH IRU KLJK-WKURXJKSXW VFUHHQLQJ FDPSDLJQV DJDLQVW FKDOOHQJLQJ
WDUJHWV. +HUHLQ ZH UHSRUW D PHWKRG WKDW DOORZV IRU WKH V\QWKHVLV RI WKRXVDQGV RI GLYHUVH
PDFURF\FOHV EDVHG RQ WKH F\FOL]DWLRQ RI GLWKLRO SHSWLGHV ZLWK ELV-HOHFWURSKLOLF OLQNHUV. 6\QWKHVLV LV
LQLWLDWHG E\ IXQFWLRQDOL]LQJ F\VWHDPLQH GHULYDWLYHV RQWR UHVLQ LPPRELOL]HG YLD D GLVXOILGH EULGJH.
)ROORZLQJ DXWRPDWHG 6336 LQ 4×96-ZHOO IRUPDW, VLGH-FKDLQ SURWHFWLQJ JURXSV DUH UHPRYHG ZLWK
7)$ PL[WXUH, ZKLFK OHDYHV RQO\ XQSURWHFWHG GLWKLRO-SHSWLGH OHIW RQ WKH UHVLQ. 6XEMHFWLRQ RI D
YRODWLOH UHGXFLQJ UHDJHQW OHDGV WR UHGXFWLYH UHOHDVH RI FUXGH GLWKLRO SHSWLGHV LQ H[FHOOHQW SXULW\,
ZKLFK DUH F\FOL]HG ZLWK D SOHWKRUD RI OLQNHUV LQ D IXOO\ DXWRPDWHG IDVKLRQ DSSO\LQJ DXWRPDWHG OLTXLG
KDQGOLQJ DQG DFRXVWLF GURSOHW HMHFWLRQ LQ 384- RU 1536-ZHOO SODWHV WR SURYLGH DFFHVV WR WKRXVDQGV
RI F\FOLF SHSWLGHV. 7KH VWUDWHJ\ ZDV XWLOL]HG WR FUHDWH D IRFXVHG OLEUDU\ RI 2,688 VWUXFWXUDOO\
GLYHUVH PDFURF\FOHV IRU ZKLFK RQH RI WKH PRVW SRWHQW WKURPELQ LQKLELWRUV UHSRUWHG WR GDWH ZDV
LGHQWLILHG. &RQFOXVLYHO\, WKH PHWKRG RYHUFRPHV D PDMRU ERWWOHQHFN LQ SURGXFLQJ PDFURF\FOLF
SHSWLGH OLEUDULHV, DV QR SXULILFDWLRQ VWHSV DUH UHTXLUHG IRU WKH V\QWKHVLV RI WKRXVDQGV RI SHSWLGH
PDFURF\FOHV WKDW FDQ EH GLUHFWO\ XVHG LQ VFUHHQLQJ FDPSDLJQV.
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6\QWKHVLV DQG ELRORJLFDO HYDOXDWLRQ RI VPDOO-PROHFXOH LQKLELWRUV RI 7XPRU 1HFURVLV
)DFWRU 5HFHSWRU 1 (71)51)

6. 3DQQLOXQJKL1,2, 6. 7DUG\1,2, $. *RXLOOHU1,2, 0. +«ULWLHU1,2, '. 3HMRVNL1,2, /. 6FDSR]]D1,2*

16FKRRO RI 3KDUPDFHXWLFDO 6FLHQFHV, 8QLYHUVLW\ RI *HQHYD, 6ZLW]HUODQG, 2,QVWLWXWH RI
3KDUPDFHXWLFDO 6FLHQFHV RI :HVWHUQ 6ZLW]HUODQG, 6ZLW]HUODQG

'HUHJXODWLRQ RI WKH 7XPRU 1HFURVLV )DFWRU (71)) SDWKZD\ LV UHVSRQVLEOH IRU WKH SDWKRORJLFDO RQVHW
RI YDULRXV DXWRLPPXQH GLVRUGHUV DQG WKH SHUSHWXDWLRQ RI FKURQLF LQIODPPDWLRQ WKDW DGYHUVHO\
DIIHFWV PRUH WKDQ 50 PLOOLRQ SHRSOH ZRUOGZLGH.>1@ 71)ͅ LQWHUDFWV ZLWK WZR GLVWLQFW WUDQV-
PHPEUDQH UHFHSWRUV: 71)51 DQG (71)52). :KHUHDV 71)51 VLJQDOLQJ LV SULQFLSDOO\ SUR-
LQIODPPDWRU\ DQG DSRSWRWLF, 71)52 PHGLDWHV WKH DQWL-LQIODPPDWRU\ UHVSRQVH DQG SURPRWHV FHOO
VXUYLYDO DQG WLVVXH UHJHQHUDWLRQ. 7KH FXUUHQW VWDQGDUG RI FDUH IRU D EURDG VSHFWUXP RI FKURQLF
LQIODPPDWRU\ FRQGLWLRQV FRQVLVWV RI XVLQJ 71) LQKLELWRUV WKDW GLUHFWO\ SUHYHQW 71)ͅ ELQGLQJ ZLWK
ERWK UHFHSWRUV. +RZHYHU, WRWDO 71) LQKLELWLRQ RIWHQ OHDGV WR VHYHUH VLGH HIIHFWV, PDLQO\ FDXVHG E\
WKH LPSDLUPHQW RI WKH 71)52-PHGLDWHG UHVSRQVH.>2@ ,QGHHG, DFKLHYLQJ WKH VHOHFWLYH LQKLELWLRQ RI
71)51 RYHU 71)52 ZRXOG DGGUHVV D FKDOOHQJLQJ, XQPHW PHGLFDO QHHG LQ WKH ILHOG RI DXWRLPPXQH
DQG DXWRLQIODPPDWRU\ GLVHDVHV.

%\ H[SORLWLQJ D VWUXFWXUDO GLIIHUHQFH EHWZHHQ 71)51 DQG LWV UHODWHG LVRIRUP, D OLEUDU\ RI VPDOO
RUJDQLF IUDJPHQWV ZDV VFUHHQHG XVLQJ WKH GLIIHUHQWLDO VFDQQLQJ IOXRULPHWU\ ('6)) DVVD\ DJDLQVW
WKH UHFHSWRU. )XUWKHU ELQGLQJ DIILQLW\ WHVWV, VXFK DV WKH QDQR'6) DVVD\ DQG WKH PLFURVFDOH
WKHUPRSKRUHVLV, ZHUH DOVR FRQGXFWHG LQ SDUDOOHO. 7KH RXWFRPH RI WKH VFUHHQLQJ SURFHVV ZDV WKH
LGHQWLILFDWLRQ RI RQH PROHFXOH SUHVHQWLQJ D GRVH-GHSHQGHQW GHVWDELOL]LQJ DFWLYLW\ LQ WKH w0 UDQJH
RI FRQFHQWUDWLRQV DJDLQVW WKH UHFHSWRU. %DVHG RQ WKLV SUHOLPLQDU\ SKDUPDFRSKRUH, ZH KDYH
V\QWKHVL]HG VHYHUDO VWUXFWXUDO DQDORJV WKDW ZH WHVWHG RQ +HOD FHOOV, XVLQJ WKH IORZ F\WRPHWU\ DVVD\
DV D UHDGRXW. 6L[ RI WKHVH PROHFXOHV FDXVHG WKH GRVH-GHSHQGHQW GLVDSSHDUDQFH RI 71)51 IURP WKH
FHOO VXUIDFH.

7R GHYHORS DQDORJV ZLWK KLJKHU DIILQLW\, ZH SHUIRUPHG DQ DFFXUDWH DQDO\VLV RI WKH FKHPLFDO VSDFH
DURXQG WKH UHJLRQ RI LQWHUHVW (5R,), DQG ZH LQYHVWLJDWHG WKH ELQGLQJ PRGH RI WKH SUHOLPLQDU\ KLW
PROHFXOHV. )ROORZLQJ GLJHVWLRQ RI VXEVWDQFH-ERXQG 71)51 ZLWK */8-& HQGRSURWHLQDVH, ZH
GHWHUPLQHG E\ /&-0606 DQDO\VLV WKDW RXU IUDJPHQWV DUH FRYDOHQW ELQGHUV RI VSHFLILF $$V LQ WKH
5R,. 7R LGHQWLI\ ZKLFK UHVLGXH LV UHVSRQVLEOH IRU ELQGLQJ, ZH FUHDWHG VHYHUDO 71)51 PXWDQWV LQ
ZKLFK GLIIHUHQW $$V ZHUH PXWDWHG VHSDUDWHO\. :H GHPRQVWUDWHG WKDW ZKLOH PXWDQWV UHWDLQHG WKHLU
DFWLYLW\ XSRQ VWLPXODWLRQ ZLWK WKH SK\VLRORJLFDO OLJDQG, FHOOV H[SUHVVLQJ D SDUWLFXODU 71)51
PXWDWLRQ ZHUH OHVV UHVSRQVLYH WR WKH VHOHFWHG PROHFXOHV FRPSDUHG WR FHOOV H[SUHVVLQJ :7 71)51
RU RWKHU 71)51 PXWDWHG IRUPV.

5HFHQWO\, ZH KDYH DVVHVVHG WKH LQKLELWRU\ EHKDYLRU RI RXU KLW PROHFXOHV ZLWK WKH /XPLW
,PPXQRDVVD\ &HOOXODU 6\VWHPV. 7KH UHVXOWV LQGLFDWH WKDW WKH GLVDSSHDUDQFH RI WKH UHFHSWRU IURP
WKH FHOO VXUIDFH DW LQFUHDVLQJ FRQFHQWUDWLRQ RI FRPSRXQGV LV FRQVLVWHQW ZLWK D GHFUHDVHG DFWLYDWLRQ
RI WKH 71)51-PHGLDWHG LQIODPPDWRU\ SDWKZD\.

>1@ $JJDUZDO %%, 1DW 5HY ,PPXQRO. 2003; 3(9):745-56.
>2@ )LVFKHU 5, .RQWHUPDQQ 5, 0DLHU 2, $QWLERGLHV, 2015;4(1):48-70.
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;-UD\ 6WUXFWXUHV RI 0L[HG-FKLUDOLW\ ͅ-+HOLFDO $QWLPLFURELDO 3HSWLGHV

+. 3HUVRQQH1, $. 6WRFNHU1, 6. -DYRU1, -. /. 5H\PRQG1*

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

3HSWLGH ͅ-KHOLFLW\ PRVWO\ GHSHQGV RQ LWV DPLQR DFLG VHTXHQFH DQG LV ULJKW RU OHIW-KDQGHG
GHSHQGLQJ RQ DPLQR DFLGV FKLUDOLW\ (UHVSHFWLYHO\ /- RU '-). +RZHYHU, PL[HG-FKLUDOLW\ VHTXHQFHV DUH
XVXDOO\ XQIROGHG. ,Q FDVH RI DQWLPLFURELDO SHSWLGHV ($03V), DQ DPSKLSKLOLF ͅ-KHOL[ LV JHQHUDOO\
UHTXLUHG WR EH DFWLYH DQG UHVHDUFK RQ PL[HG FKLUDOLW\ $03V LV SRRUO\ GRFXPHQWHG. :H UHFHQWO\
UHSRUWHG WKH ILUVW ;-UD\ FU\VWDO VWUXFWXUHV RI PL[HG FKLUDOLW\ VKRUW ELF\FOLF DQG OLQHDU $03V IRUPLQJ
ͅ-KHOLFHV DV FRPSOH[HV RI IXFRV\ODWHG DQDORJV ZLWK WKH EDFWHULDO OHFWLQ /HF% (VHH ILJXUH).1
)ROORZLQJ XS WKH VWXG\ RQ RXU PL[HG-FKLUDOLW\ SHSWLGH OQ69, ZH GLVFRYHUHG QHZ FKLUDOLW\ SDWWHUQV
DOVR SUHVHQWLQJ ͅ-KHOLFDO FRQIRUPDWLRQ ERWK LQ PHPEUDQH-OLNH HQYLURQPHQW DQG DV KHOL[ EXQGOH
GHWHUPLQHG E\ ;-UD\ FU\VWDOORJUDSK\ LQ DTXHRXV FRQGLWLRQ. &RPSDUHG WR WKHLU KRPRFKLUDO SDUHQW,
WKHVH PL[HG FKLUDOLW\ SHSWLGHV GLVSOD\ EHWWHU VWDELOLW\ LQ KXPDQ VHUXP, DV ZHOO DV, LQ VHOHFWHG
FDVHV, LPSURYHG DQWLPLFURELDO DFWLYLW\.

>1@ 6W«SKDQH %DHULVZ\O, +LSSRO\WH 3HUVRQQH, ,YDQ 'L %RQDYHQWXUD, 7KLOR .¸KOHU, &KULVWLDQ YDQ
'HOGHQ, $FKLP 6WRFNHU, 6DFKD -DYRU DQG -HDQ-/RXLV 5H\PRQG, 56& &KHP. %LRO., 2021, 2,
1608-1617
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3KRWRSKDUPDFRORJ\ DQG VPDUW ELRFRPSDWLEOH PDWHULDOV EDVHG RQ F\FOLF GLSHSWLGHV.

=. /. 3LDQRZVNL1,2, 6. .LUFKQHU2, $. /HLVWQHU2, 3. *¸GWHO2, $. 6HOLZMRUVWRZ2, 9. 6FK¦IHU2

1,QVWLWXWH RI %LRORJLFDO DQG &KHPLFDO 6\VWHPV-)06 .,7, 2,QVWLWXWH RI 2UJDQLF &KHPLVWU\ .,7

&\FOLF GLSHSWLGHV (&'3) DUH SRSXODU SKDUPDFRSKRUHV DQG LQWHUHVWLQJ ELRFRPSDWLEOH VWUXFWXUDO
PRWLIV WKDW VKDUH VWUXFWXUDO DQG UHFRJQLWLRQ IHDWXUHV ZLWK SHSWLGHV DQG SURWHLQV. *OLRWR[LQ RU
6SLURWU\SWRVWDWLQ DUH H[HPSODU\ &'3-EDVHG ELRDFWLYH FRPSRXQGV, ZKLOH WDGDODILO, UHWRVLEDQ DQG
SOLQDEXOLQ DUH &'3-EDVHG GUXJV. 0DQ\ RWKHU &'3V VHUYH H.J. DV VLJQDOLQJ PROHFXOHV RU LQ EDFWHULDO
TXRUXP VHQVLQJ.

:H KDYH DSSHQGHG &'3V ZLWK PROHFXODU SKRWRVZLWFKHV, ZKLFK UHVXOWHG LQ SKRWRVZLWFKDEOH
K\GURJHODWRUV. +HUH, ZH ZDQW WR UHSRUW RQ RXU ELRFRPSDWLEOH &'3-EDVHG VXSUDPROHFXODU K\GURJHOV
WKDW UHYHUVLEO\ GLVVLSDWH WR IOXLGV XSRQ LUUDGLDWLRQ ZLWK JUHHQ RU UHG OLJKW. 7KH\ FDQ EH XVHG IRU
OLJKW-WULJJHUHG GUXJ GHOLYHU\ V\VWHPV, ELRFRPSDWLEOH 3' SKRWRSULQWLQJ, RU DV VPDUW PHGLXP IRU
WXQDEOH JURZWK RI RUJDQRLGV.

,Q WKH FRXUVH RI RXU UHVHDUFK, ZH KDYH DOVR GLVFRYHUHG QRYHO ELRFRPSDWLEOH PROHFXODU
SKRWRVZLWFKHV, L.D. VZLWFKDEOH ZLWK WKH WKHUDSHXWLFDOO\ UHOHYDQW UHG OLJKW.

>1@ =. 3LDQRZVNL &KHP. (XU. -., 2019, 25, 5128-5144
>2@ =. 3LDQRZVNL, -. .DUFKHU, .. 6FKQHLGHU, &KHP. &RPPXQ. 2016, 52, 3143-3146.
>3@ =. 3LDQRZVNL, -. .DUFKHU, .. 6FKQHLGHU, SDWHQW '( 10 2015 014 834 $1
>4@ $.-/. /HLVWQHU, '.*. .LVWQHU, &. )HQJOHU, =. 3LDQRZVNL 56& $GY., 2022,12, 4771-4776
>5@ -. .DUFKHU, =. 3LDQRZVNL &KHP. (XU. -., 2018, 24, 11605-11610
>6@ -. .DUFKHU, 6. .LUFKQHU, $.-/. /HLVWQHU, &. +DOG, 3. *HQJ, 7. %DQWOH., 3. *¸GWHO, -. 3IHLIHU, =.
3LDQRZVNL 56& $GY., 2021, 11, 8546-8551
>7@ $.-/. /HLVWQHU, 6. .LUFKQHU, -. .DUFKHU, 7. %DQWOH, 0.5. 6FKXOWH, 3. *¸GWHO, &. )HQJOHU, =. 3LDQRZVNL
&KHP. (XU. -., 2021, 27(31), 8094-8099
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)OXRUHVFHQFH-JXLGHG 4XDQWLILFDWLRQ DQG 0DSSLQJ RI '1$ 'DPDJH LQ WKH +XPDQ *HQRPH

1. -. 3¾OOHQ1, 9. 7DNKDYHHY1, 1. .. 6LQJK1, $. 3RHWVFK2, +. *DKORQ1, 6. -. 6WXUOD1*

1(7+ =XULFK, 6FKPHO]EHUJVWUDVH 9, 8092 =XULFK, 6ZLW]HUODQG, 27HFKQLFDO 8QLYHUVW\ 'UHVGHQ -
&HQWHU RI %LRWHFKQRORJ\ - 7DW]EHUJ 47-49, 01307 'UHVGHQ, *HUPDQ\

&KHPLFDOO\ LQGXFHG '1$ GDPDJH FDQ DFFXPXODWH LQ WKH JHQRPH RU WUDQVIRUP LQWR PXWDWLRQV
FDXVLQJ FDQFHU RU DFFHOHUDWHG DJHLQJ. 0DMRU '1$ GDPDJH W\SHV DUH VLQJOH VWUDQG EUHDNV, DSXULQLF
VLWHV DQG R[LGDWLYHO\ PRGLILHG QXFOHREDVHV. 1HZ '1$ GDPDJH VHTXHQFLQJ PHWKRGV DUH UDSLGO\
HPHUJLQJ,>1@ EXW DFFXUDWH GDPDJH VHTXHQFLQJ LV LPSDLUHG E\ QDWXUDOO\ DEXQGDQW JHQHULF GDPDJH
VLWHV DQG DUWLIDFWV SURGXFHG GXULQJ VDPSOH SURFHVVLQJ DQG GHWHUPLQLQJ RYHUDOO GDPDJH OHYHOV LV
WHFKQLFDOO\ GLIILFXOW. 7KHUHIRUH, ZH GHYHORSHG D IOXRUHVFHQFH-EDVHG PHWKRG IRU UDSLG DQG FRVW-
HIIHFWLYH TXDQWLILFDWLRQ RI '1$ OHVLRQV LQ WKH KXPDQ JHQRPH. :H DFFXUDWHO\ GHWHFWHG 89- DQG
FKHPLFDOO\ LQGXFHG R[LGDWLYH OHVLRQV DQG DSXULQLF VLWHV LQ KXPDQ FHOOV DQG YHULILHG WKH UHVXOWV
XVLQJ PDVV VSHFWURPHWU\. :H REVHUYHG LQKHUHQW GLIIHUHQFHV LQ '1$ GDPDJH OHYHOV EHWZHHQ
KHDOWK\ DQG FDQFHU FHOOV. )XUWKHUPRUH, ZH DSSOLHG RXU PHWKRG WR GHVLJQ D ORZ-EDFNJURXQG
VHTXHQFLQJ SURWRFRO WR PDS R[LGDWLYH OHVLRQV DQG DSXULQLF VLWHV LQ WKH KXPDQ JHQRPH. 6LQJOH
QXFOHRWLGH UHVROXWLRQ DQG WKH DSSOLFDWLRQ RI PROHFXODU EDUFRGHV DOORZHG XV WR FKDUDFWHUL]H WKH
VHTXHQFH FRQWH[W RI GDPDJHG EDVHV DQG GDPDJH GLVWULEXWLRQ LQ JHQRPLF UHJLRQV RI IXQFWLRQDO
LPSRUWDQFH. :H IRXQG D GHSOHWLRQ RI GDPDJH LQ GHILQHG QXFOHREDVH VHTXHQFHV DQG
WUDQVFULSWLRQDOO\ DFWLYH UHJLRQV VXJJHVWLQJ HSLJHQHWLF IXQFWLRQV DQG DQ DFWLYH PHFKDQLVP
VDIHJXDUGLQJ WKHVH DUHDV. 7KH QHZ IOXRUHVFHQFH-EDVHG PHWKRG ZDV XVHG WR LPSURYH GDPDJH
VHTXHQFLQJ SURWRFROV DQG IXUWKHUPRUH HQDEOHV UDSLG TXDQWLILFDWLRQ RI D YDULHW\ RI FRPPRQ '1$
GDPDJH W\SHV. $FFXUDWH GDPDJH VHTXHQFLQJ DQG TXDQWLILFDWLRQ SDYHV WKH ZD\ IRU QRYHO GLDJQRVWLF
WRROV DQG DQ LQ-GHSWK XQGHUVWDQGLQJ RI WKH OLQN EHWZHHQ '1$ GDPDJH DQG GLVHDVH.

>1@ &«FLOH 0LQJDUG HW DO. &KHPLFDO 6RFLHW\ 5HYLHZV, 2020, 49 (20), 7354–7377.
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7KH VXOIRQDWHG 0RO\EGHQXP &RIDFWRU LQIOXHQFHV WKH 6WUXFWXUH RI WKH PRD$ ULERVZLWFK

0. 5HLFKHQEDFK1, ). $PDGHL1, 6. *DOOR1, 5. .. 6LJHO1*

18QLYHUVLW\ RI =XULFK

7KH PRO\EGHQXP FRIDFWRU (0RFR) LV D PHWDO FRPSOH[ FRPSRVHG RI D SWHULQ PRLHW\ DQG D
PRO\EGHQXP FRRUGLQDWHG YLD D GLWKLRO ERQG, ZKLFK LV KLJKO\ R[\JHQ VHQVLWLYH. 7KH HQ]\PH
;DQWKLQH 2[LGDVH DFFRPPRGDWHV D VXOIRQDWHG 0RFR PROHFXOH, ZKLFK LV OHVV R[\JHQ VHQVLWLYH DQG
RQO\ GLIIHUV IURP 0RFR ZLWK RQH VXOIXU FRRUGLQDWHG WR WKH PRO\EGHQXP LQVWHDG RI DQ R[\JHQ.

:H LVRODWHG VXOIRQDWHG 0RFR IURP ;DQWKLQH 2[LGDVH YLD KHDW WUHDWPHQW DQG VKRZHG ZLWK LQ-OLQH
SURELQJ WKDW XQGHU DQDHURELF FRQGLWLRQV VXOIRQDWHG 0RFR LQGXFHV D FKDQJH RQ WKH PRD$
ULERVZLWFK VWUXFWXUH. 7KH PRD$ ULERVZLWFK LV D KLJKO\ FRQVHUYHG VHTXHQFH RI QRQFRGLQJ P51$ WKDW
XSRQ ELQGLQJ RI D VSHFLILF FHOOXODU PHWDEROLWH, ZKLFK KDV EHHQ VXJJHVWHG WR EH 0RFR, FKDQJHV LWV
WHUWLDU\ VWUXFWXUH.>1@ 7KLV FKDQJH LQ VWUXFWXUH FRQWUROV WKH H[SUHVVLRQ RI GRZQVWUHDP JHQHV,
GLVSOD\LQJ DQ H[HPSODU\ UHSUHVHQWDWLRQ RI VWUXFWXUH PHHWV IXQFWLRQ.  

*LYHQ WKDW WKH LVRODWHG VXOIRQDWHG 0RFR FDQ RQO\ FDXVH D VWUXFWXUDO FKDQJH RI WKH ULERVZLWFK XQGHU
DQDHURELF FRQGLWLRQV VWURQJO\ VXJJHVWV WKDW LW LV LQGHHG WKH R[\JHQ VHQVLWLYH PROHFXOH LQGXFLQJ
WKH VWUXFWXUDO FKDQJH. ,Q HDUOLHU H[SHULPHQWV, ZH VKRZHG WKDW DOO VWDEOH ELRV\QWKHWLF SUHFXUVRUV RI
0RFR DV ZHOO DV V\QWKHWLF VWUXFWXUDO DQDORJV FRQWDLQLQJ D SWHULQ PRLHW\ VKRZHG QR LQIOXHQFH RQ WKH
PRD$ ULERVZLWFK VWUXFWXUH.>2@ 2XU UHVXOWV VWURQJO\ LQGLFDWH WKDW HYHQ WKRXJK WKH VXEVWLWXWLRQ RI D
R[\JHQ ZLWK D VXOIXU DW WKH FRRUGLQDWLRQ VSKHUH RI WKH PRO\EGHQXP GRHV QRW VHHP WR LQIOXHQFH WKH
UHFRJQLWLRQ E\ WKH ULERVZLWFK DW OHDVW RQH RI WKH DGGLWLRQDO IXQFWLRQDO PRLHWLHV RI 0RFR EHVLGHV WKH
SWHULQ, VXFK DV WKH FRPSOH[HG PRO\GHQXP DQG/RU WKH SKRVSKDWH JURXS, DUH QHFHVVDU\ IRU WKH
UHFRJQLWLRQ E\ WKH ULERVZLWFK. 

>1@ :HLQEHUJ =. HW DO., 1XFOHLF $FLGV 5HV., 2007, 35: 4809-4819 
>2@ )DELR $PDGHL, 0DULD 5HLFKHQEDFK, 6RILD *DOOR, 5RODQG 6LJHO, 7KH VWUXFWXUDO IHDWXUHV RI WKH
OLJDQG-IUHH PRD$ ULERVZLWFK DQG LWV LRQ-GHSHQGHQW IROGLQJ, ,Q SUHS. 
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1DQRSRUH GHWHFWLRQ RI FDUER[\PHWK\ODWHG '1$ EDVHV

(. 6. 6DQGHOO1

1'HSW. RI +HDOWK 6FLHQFH DQG 7HFKQRORJ\, (7+ =¾ULFK, 6FKPHO]EHUJVWUDVVH 9, 8092 =¾ULFK,
6ZLW]HUODQG

&DUER[\PHWK\O '1$ DGGXFWV DUH FKHPLFDO PRGLILFDWLRQV DVVRFLDWHG ZLWK KLJK UHG DQG SURFHVVHG
PHDW FRQVXPSWLRQ. >1@ 7KH\ FDQ LPSHGH '1$ UHSOLFDWLRQ PDFKLQHU\ DQG LQGXFH PXWDWLRQV
SRWHQWLDOO\ OHDGLQJ WR WKH GHYHORSPHQW RI FRORUHFWDO FDQFHU. 6WXGLHV LQ SRO\PHUDVH NQRFN-RXW FHOOV
LQGLFDWH WKDW FDUER[\PHWK\O '1$ DGGXFWV, VXFK DV 26-&0*, FDQ EH E\SDVVHG E\ KXPDQ '1$
SRO\PHUDVHV DQG LQGXFH PXWDWLRQV. >2, 3@ +RZHYHU, WKH UHSDLU DQG GLVWULEXWLRQ RI '1$
FDUER[\PHWK\ODWLRQ DQG KRZ LW DIIHFWV PXWDWLRQDO GLVWULEXWLRQ LQ WKH KXPDQ JHQRPH LV QRW ZHOO
FKDUDFWHUL]HG, LQ SDUW GXH WR D ODFN RI PHWKRGV IRU VLQJOH-EDVH UHVROXWLRQ GHWHFWLRQ RI
FDUER[\PHWK\O DGGXFWV. ,Q WKLV ZRUN, ZH GHYHORSHG D QDQRSRUH-EDVHG DSSURDFK IRU WKH GHWHFWLRQ
DQG TXDQWLILFDWLRQ RI WKH FDUER[\PHWK\O DGGXFW 26-&0*. :LWK QDQRSRUH VHTXHQFLQJ, QXFOHRWLGHV
FDQ EH LGHQWLILHG E\ PHDVXULQJ FXUUHQW FKDQJHV DV '1$ SDVVHV WKURXJK D QDQRSRUH. 7KXV, DQ\
VWUXFWXUDO PRGLILFDWLRQV WR '1$ FRXOG EH GHWHFWHG, PDNLQJ LW DQ LGHDO EXW XQGHUXWLOL]HG SODWIRUP IRU
GHWHFWLQJ '1$ OHVLRQV. :H V\QWKHVL]HG '1$ ROLJRQXFOHRWLGHV FRQWDLQLQJ D PHWK\ODWHG DQG
FDUER[\PHWK\ODWHG JXDQLQH DQG LQFRUSRUDWHG WKHP LQWR D SODVPLG. &KDUDFWHULVWLF VLJQDOV IRU
VSHFLILF PRGLILHG EDVHV ZHUH REVHUYHG ZLWK KLJK FRYHUDJH. $SSOLFDWLRQ RI WKLV DSSURDFK WR
ELRORJLFDO VDPSOHV LV H[SHFWHG WR OHDG WR EHWWHU FKDUDFWHUL]DWLRQ RI WKH FKHPLFDO DQG PROHFXODU
EDVLV RI FDUER[\PHWK\O '1$ DGGXFW PXWDJHQLFLW\ DQG HOXFLGDWLRQ RI KRZ WKH PHFKDQLVPV RI
DGGXFW IRUPDWLRQ DQG UHSDLU DIIHFW PXWDWLRQ GLVWULEXWLRQ.

1. 0LFKHOOH + /HZLQ, 1LQD %DLOH\; HW DO., &DQFHU 5HVHDUFK, 2006, 66(3): 1859-65
2. 0LFKDHO + 5DH], (PPD 6 6DQGHOO, HW DO., $&6 &KHPLFDO %LRORJ\, 2019, 14 (2), 214-222.
3. 3HQJFKHQJ :DQJ, -LDSHQJ /HQJ, HW DO., -RXUQDO RI %LRORJLFDO &KHPLVWU\, 2019, 294 (11),

3899-3908

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-131

7KLRODWLRQ DQG &DUER[\ODWLRQ RI *OXWDWKLRQH 6\QHUJLVWLFDOO\ (QKDQFH ,WV /HDG-
'HWR[LILFDWLRQ &DSDELOLWLHV

/. 6DXVHU1, 7. $. 0RKDPPHG1, /. 5XO¯ģHN2, 0. 6. 6KRVKDQ1*

18QLYHUVLW\ RI =XULFK, 'HSDUWPHQW RI &KHPLVWU\, :LQWHUWKXUHUVWUDVVH 190, 8057 =¾ULFK, 2&]HFK
$FDGHP\ RI 6FLHQFHV, ,QVWLWXWH RI 2UJDQLF &KHPLVWU\ DQG %LRFKHPLVWU\, )OHPLQJRYR Q£PÝVW¯ 2,

16610 3UDKD 6, &]HFK 5HSXEOLF

/HDG (3E) LV D XELTXLWRXV WR[LF PHWDO FDSDEOH RI KDUPLQJ YDULRXV RUJDQV.1 7KH FXUUHQW WUHDWPHQW
IRU 3E SRLVRQLQJ FRQVLVWV RI FKHODWLRQ WKHUDS\ WKDW HPSOR\V VPDOO PROHFXOHV, VXFK DV
HWK\OHQHGLDPLQHWHWUDDFHWLF DFLG (('7$) DQG GLPHUFDSWRVXFFLQLF DFLG ('06$). 'HSOHWLRQ RI
HVVHQWLDO PHWDO LRQV GXULQJ WUHDWPHQW, LQDELOLW\ WR DFFHVV LQWUDFHOOXODU 3E, DQG WR[LFLW\, UHSUHVHQW
WKH PDLQ FRQVWUDLQWV RI 3E-VSHFLILF FKHODWLRQ WKHUDS\.2 *OXWDWKLRQH (*6+) LV DQ DEXQGDQW QDWXUDO
WULSHSWLGH KDUERULQJ D GLYHUVH UDQJH RI IXQFWLRQV, DPRQJ WKHP LQWHUDFWLQJ ZLWK HVVHQWLDO DQG WR[LF
PHWDO LRQV. $OWKRXJK *6+ ZHDNO\ ELQGV 3E, LWV FDSDELOLW\ WR GHWR[LI\ WKH PHWDO LRQ LV ORZ. +HUH ZH
SUHVHQW WKUHH DQDORJXHV RI *6+,3 LQ ZKLFK HLWKHU WKH QDWLYH F\VWHLQH (&\V; &), ͇-JOXWDPLF DFLG
(͇*OX; ͇(), RU ERWK ZHUH UHSODFHG E\ WZR QRQ-FDQRQLFDO DPLQR DFLGV (QF$$V) WKDW DUH H[SHFWHG WR
LQGXFH 3E2+ FDSWXUH. 7ZR DQDORJXHV VKRZHG DQ HQKDQFHG DELOLW\ WR GHWR[LI\ 3E2+ LRQV LQ KXPDQ
FHOOV, VXUSDVVLQJ WKH FXUUHQW GUXJV. &RPSOH[ IRUPDWLRQV EHWZHHQ WKH DQDORJXHV DQG 3E2+ LRQV
ZHUH FKDUDFWHUL]HG XVLQJ YDULRXV H[SHULPHQWDO DQG FRPSXWDWLRQDO WRROV. 7KH VWXG\ VKHGV OLJKW RQ
WKHLU PRGH RI DFWLRQ LQ YLWUR, UHYHDOLQJ QRYHO FRRUGLQDWLRQV FRPSDUHG WR *6+, PHWDO VHOHFWLYLWLHV,
DQG HQKDQFHG ELQGLQJ DIILQLWLHV RI WKH DFWLYH DQDROJXHV.3

 

>1@ 3DXO %. 7FKRXQZRX, &OHPHQW *. <HGMRX, $QLWD .. 3DWOROOD, 'ZD\QH -. 6XWWRQ, 0ROHFXODU, &OLQLFDO
DQG (QYLURQPHQWDO 7R[LFRORJ\, 6SULQJHU /LQN, 2012, S. 133-164.
>2@ 6ZDUDQ -.6. )ORUD, 9LGKX 3DFKDXUL, ,QW. -. (QYLURQ. 5HV. 3XEOLF +HDOWK, 2010, 7, 2745-2788.
>3@ /XFD 6DXVHU, 7DJZD $. 0RKDPPHG, 7DGH£Vʽ .DOYRGD, 6KHQJ--DQ )HQJ, %HUQKDUG 6SLQJOHU,
/XERP¯U 5XO¯VʽHN, 0LFKDO 6. 6KRVKDQ, ,QRUJ. &KHP., 2021, 60, 18620-1862.
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+RPRORJRXV 1-DF\O HWKDQRODPLQHV IURP WKH &. HOHJDQV H[RPHWDERORPH

0. 6FKHLGW1, 6. %DQGL1, 6. YRQ 5HXVV1*

18QLYHUVLW\ RI 1HXFK¤WHO, ,QVWLWXWH RI &KHPLVWU\, /DERUDWRU\ RI %LRDQDO\WLFDO &KHPLVWU\, $YHQXH GHV
%HOOHYDX[ 51, 2000 1HXFK¤WHO

/LSRSKLOLF 1-DF\OHWKDQRODPLQHV (1$(V) FRQVWLWXWH FRQVHUYHG HQGRJHQRXV VLJQDOLQJ PROHFXOHV LQ
SODQWV, DQLPDOV, DQG PLFURRUJDQLVPV >1@. 7KH SRO\XQVDWXUDWHG DQDQGDPLGH (1$( 20:4) UHSUHVHQWV
DQ HQGRJHQRXV OLJDQG LQ FDQQDELQRLG VLJQDOLQJ, ZKHUHDV RWKHU 1$(V DFWLYDWH D YDULHW\ RI
DOWHUQDWLYH UHFHSWRUV >2,3@. ,Q WKH PRGHO RUJDQLVP &DHQRUKDEGLWLV HOHJDQV VRPH ORQJ FKDLQ 1$(V
KDYH SUHYLRXVO\ EHHQ LGHQWLILHG, ZKLFK DUH VWURQJO\ HQULFKHG LQ WKH HQGRPHWDERORPH >4@.

&KHPLFDO DQDO\VLV RI WKH &. HOHJDQV H[RPHWDERORPH UHYHDOHG D GLYHUVLW\ RI \HW XQLGHQWLILHG 1-DF\O
HWKDQRODPLQH GHULYDWLYHV. /DUJH VFDOH FXOWLYDWLRQ IROORZHG E\ IUDFWLRQDWLRQ DQG 105 VSHFWURVFRS\
IDFLOLWDWHG WKH LGHQWLILFDWLRQ RI 2-(͆-JOXFRV\O)-JO\FHU\O 1-DF\O SKRVSKRHWKDQRODPLQHV FDUU\LQJ 20:5,
18:5, 16:2, F\FOR-15:1, DQG 16:0B3-2+ 1-DF\O PRLHWLHV. 7DUJHWHG ''$-06/06 DQDO\VLV UHYHDOHG WKDW
WKHVH GRPLQDWLQJ FRPSRQHQWV DUH DFFRPSDQLHG E\ D GLYHUVLW\ RI KRPRORJRXV GHULYDWLYHV FDUU\LQJ
1-DF\O UHVLGXHV ZLWK 6 WR 20 FDUERQV. &RPSDUDWLYH DQDO\VLV RI HQGR- DQG H[RPHWDERORPH H[WUDFWV
UHYHDOHG WKDW 2-2-JOXFRV\ODWLRQ VWURQJO\ IDFLOLWDWHV WKH H[FUHWLRQ RI WKHVH PHWDEROLWHV, VXJJHVWLQJ
D SRWHQWLDO IXQFWLRQ LQ LQWHURUJDQLVPDO FRPPXQLFDWLRQ.

)LJXUH 1 : 6WUXFWXUH RI WKH 2-(͆-JO\FRV\O)-JO\FHU\O 1-DF\O SKRVSKRHWKDQRODPLQHV, 5 &5-&19.

>1@ (OLVRQ %. %ODQFDIORU, $UXQD .LODUX, -DQWDQD .HHUHHWDZHHS, %LEL 5DIHL]D .KDQ, /LRQHO )DXUH, .HQW
'. &KDSPDQ, 7KH 3ODQW -RXUQDO, 2014, 79, 568–583.
>2@ &KULVWLDQ &. )HOGHU, (LOHHQ 0. %ULOH\, -XOLXV $[HOURG, -DUHG 7. 6LPSVRQ, .HQ 0DFNLH, :LOOLDP $.
'HYDQH, 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD, 1993,
90, 7656-7660.
>3@ -HVVH /R 9HUPH, -LQ )X, *LXVHSSH $VWDULWD, *LRYDQQD /D 5DQD, 5REHUWR 5XVVR, $QWRQLR
&DOLJQDQR, 'DQLHOH 3LRPHOOL, 0ROHFXODU 3KDUPDFRORJ\, 2005, 1, 15-19.
>4@ 0DUNR /HKWRQHQ, .DMD 5HLVQHU, 6HSSR $XULROD, *DUU\ :RQJ, -DPHV &. &DOODZD\,
&KHPLVWU\&%LRGLYHUVLW\, 2008, 5, 2431-2441.
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7XUQ-RQ )OXRUHVFHQW 3HSWLGH &RQMXJDWHV IRU WKH 'HWHFWLRQ RI +XPDQ 0RQRDPLQH
2[LGDVH (Q]\PHV

$. 0. 6FKPLWW1, 0. 5. $URQRII1, 0. /L1, +. :HQQHPHUV1*

1/DERUDWRU\ RI 2UJDQLF &KHPLVWU\, (7+ =¾ULFK, 9ODGLPLU-3UHORJ :HJ 1-5/10, =¾ULFK, 8093,
6ZLW]HUODQG

0RQRDPLQH R[LGDVH (0$2) HQ]\PHV FDWDO\]H WKH GHDPLQDWLRQ RI ELRJHQLF DPLQHV LQFOXGLQJ
QHXURWUDQVPLWWHUV. 0$2V H[LVW DV WZR LVRIRUPV (0$2-$ DQG 0$2-%) WKDW DUH ORFDOL]HG LQ WKH RXWHU
PHPEUDQH RI PLWRFKRQGULD. 7KH\ GLIIHU LQ VXEVWUDWH DQG LQKLELWRU VSHFLILFLW\ DV ZHOO DV LQ WLVVXH
GLVWULEXWLRQ. 0$2-$ LV FORVHO\ OLQNHG WR SV\FKLDWULF GLVRUGHUV ZKHUHDV 0$2-% LV LQYROYHG LQ WKH
GHYHORSPHQW RI QHXURGHJHQHUDWLYH GLVHDVHV.>1@ 'XH WR WKHLU FUXFLDO UROH LQ PDLQWDLQLQJ WKH EDODQFH
RI DPLQHV, WRROV WR PRQLWRU WKH DFWLYLW\ RI WKHVH HQ]\PHV DUH LPSRUWDQW.>2@

2XU JURXS KDV UHFHQWO\ GHYHORSHG DQ HQ]\PH UHDFWLYH IOXRUHVFHQW VHQVRU WKDW GHWHFWV D UHODWHG
FODVV RI DPLQR R[LGDVHV, O\V\O R[LGDVHV (/2;V).>3@ +HUH, ZH LQWURGXFH WKH HQ]\PH UHDFWLYH
IOXRUHVFHQW SUREH DV D VHQVRU IRU WKH GHWHFWLRQ RI 0$2V. (Q]\PDWLF DVVD\ UHYHDOHG D SUHIHUHQFH RI
WKH VHQVRU IRU 0$2-% RYHU 0$2-$. &RQMXJDWLRQ RI WKH VHQVRU ZLWK SHSWLGHV WKDW VHOHFWLYHO\ ORFDOL]H
LQ PLWRFKRQGULD>4@, DOORZHG IRU WKH GHOLYHU\ RI WKH VHQVRU WR WKH ORFDWLRQ RI 0$2 DQG DFWLYLW\ VWXGLHV
LQ 0&)-7 FHOOV XVLQJ FRQIRFDO PLFURVFRS\ DQG IOXRUHVFHQFH-DFWLYDWHG FHOO VRUWLQJ ()$&6) DQDO\VLV.

>1@       
D) $QG\ :DL .DQ <HXQJ, 0D\D *. *HRUJLHYD, $WDQDV *. $WDQDVRY, 1LNROD\ 7. 7]YHWNRY, )URQW. 0RO.
1HXURVFL., 2019, 12, 1-12.
E) 0RXVVD %. +. <RXGLP, 'DOH (GPRQGVRQ, .HLWK ). 7LSWRQ, 1DW. 5HY. 1HXURVFL., 2006, 7, 295–309.
>2@ ;XHIHQJ /L, +XDWDQJ =KDQJ, <XVKHQJ ;LH,<L +X, +RQJ\DQ 6XQ, 4LQJ =KX, 2UJ. %LRPRO.
&KHP., 2014, 12, 2033–2036.
>3@ 0DWWKHZ 5. $URQRII, 3DXO +LHEHUW, 1LQD %. +HQW]HQ, 6DELQH :HUQHU,
+HOPD :HQQHPHUV, 1DW. &KHP. %LRO., 2021, 17, 865–871.
>4@ .ULVWLQ /. +RUWRQ, .HOO\ 0. 6WHZDUW, 6RQDOL %. )RQVHFD, 4LDQ *XR, 6KDQD 2. .HOOH\, &KHP
%LRO., 2008, 15, 375-82.
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%2',3<-%DVHG 3KRWRWKHUPDO $JHQWV IRU &DQFHU 7UHDWPHQW

/. 6FKQHLGHU1, 0. .DOW2, 6. .RFK1, 6. 6LWKDPSDUDQDWKDQ1, 9. 9LOOLJHU1, -. 0DWWLDW1, ). .UDGROIHU1, 6.
/XEHU1, 0. %RQPDULQ3, &. 0DDNH2,2, %. 6SLQJOHU1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, 2,QVWLWXWH RI $QDWRP\, 8QLYHUVLW\ RI =XULFK, 3=+$:
6FKRRO RI (QJLQHHULQJ

3KRWRG\QDPLF WKHUDS\ (3'7) KDV EHFRPH D ZLGHO\ XVHG WKHUDSHXWLF PHWKRG IRU WKH WUHDWPHQW RI D
YDULHW\ RI SUHPDOLJQDQW DQG PDOLJQDQW GLVHDVHV LQ WKH ODVW FRXSOH RI GHFDGHV. &RQYHQWLRQDOO\, 3'7
LQYROYHV WKH DSSOLFDWLRQ RI D SKRWRVHQVLWL]HU (36) WKDW LV DFWLYDWHG E\ OLJKW LQ WKH WLVVXH WR EH
WUHDWHG. 7KH PHFKDQLVP RI DFWLRQ (02$) FRQVLVWV RI WKH 36‐PHGLDWHG JHQHUDWLRQ RI UHDFWLYH
R[\JHQ VSHFLHV (526) IURP LWV ILUVW H[FLWHG WULSOHW VWDWH.>1@ 7KLV PHWKRG KDV PDQ\ SRWHQWLDO
DSSOLFDWLRQV GXH WR WKH DGYDQWDJHV LW SUHVHQWV DV D QRQ‐LQYDVLYH WKHUDS\. +RZHYHU, D PDMRU
GUDZEDFN RI WKLV 02$ LV WKDW VROLG WXPRXUV DUH LQYDULDEO\ OHVV ZHOO‐R[\JHQDWHG WKDQ QRQ-PDOLJQDQW
WLVVXH. $OWHUQDWLYH SKRWRWKHUDSHXWLF WUHDWPHQW PHWKRGV VXFK DV SKRWRWKHUPDO WKHUDS\ (377) KDYH
HPHUJHG, DSSO\LQJ IXQFWLRQDO ELRPHGLFDO DQG ELRDFWLYH QDQRPDWHULDOV DFWLYDWHG E\ OLJKW LQ WKH
QHDU‐LQIUDUHG (1,5) UDQJH WR HOLPLQDWH WXPRXU FHOOV YLD WKH JHQHUDWLRQ RI KHDW XSRQ LUUDGLDWLRQ.
'HVSLWH WKH DGYDQWDJHV RI 377, GUDZEDFNV FRQFHUQLQJ ELRFRPSDWLELOLW\, ELRGHJUDGDWLRQ, ORQJ‐WHUP
WR[LFLW\, DQG WKUHDWV RI WKHVH QDQRPDWHULDOV WR WKH HQYLURQPHQW UHPDLQ XQUHVROYHG.

1RYHO HDVLO\ DFFHVVLEOH %2',3<‐EDVHG DJHQWV IRU FDQFHU WUHDWPHQW DUH SUHVHQWHG. ,Q FRQWUDVW WR
HVWDEOLVKHG 3'7 DJHQWV, WKH %2',3<-EDVHG FRPSRXQGV VKRZ SKRWRWKHUPDO DFWLYLW\ DQG
F\WRWR[LFLW\ LV LQGHSHQGHQW RI 526. 7KH DJHQWV VKRZ KLJK WR[LFLW\ XSRQ OLJKW LUUDGLDWLRQ DQG ORZ
GDUN WR[LFLW\ LQ GLIIHUHQW FDQFHU FHOO OLQHV LQ 2' FXOWXUH DV ZHOO DV LQ 3' PXOWLFHOOXODU WXPRXU
VSKHURLGV (0&76V). 7KH UDWLR RI GDUN WR OLJKW WR[LFLW\ (SKRWRWR[LF LQGH[, 3,>2@) RI WKHVH DJHQWV
UHDFKHV YDOXHV H[FHHGLQJ 830ɻ000 DIWHU LUUDGLDWLRQ ZLWK HQHUJHWLFDOO\ ORZ GRVHV RI OLJKW DW 630 QP.
8QGHU K\SR[LF FRQGLWLRQV (0.2% 22), ZKLFK DUH NQRZQ WR OLPLW WKH HIILFLHQF\ RI FRQYHQWLRQDO 36V LQ
VROLG WXPRXUV, D VWULNLQJ SKRWRWR[LF LQGH[ RI 360ɻ000 ZDV REVHUYHG, LQGLFDWLQJ D SKRWRWKHUPDO
02$. %RWK SKRWRWR[LF YDOXHV DUH WKH KLJKHVW UHSRUWHG WR GDWH. 7KH R[\JHQ‐GHSHQGHQW 02$ RI
HVWDEOLVKHG 36V KDPSHUV HIIHFWLYH FOLQLFDO GHSOR\PHQW RI WKHVH DJHQWV. :H DQWLFLSDWH WKDW VPDOO
PROHFXOH DJHQWV ZLWK D SKRWRWKHUPDO 02$, VXFK DV %2',3<-EDVHG FRPSRXQGV, PD\ RYHUFRPH WKLV
EDUULHU DQG SURYLGH D QHZ DYHQXH WR FDQFHU WKHUDS\.

>1@ $QX 1DLN, 5LFFDUGR 5XEELDQL, *LOOHV *DVVHU, %HUQKDUG 6SLQJOHU, $QJHZ. &KHP. ,QW. (G., 2014,
126, 7058-7061.
>2@ /XNDV 6FKQHLGHU, 0DUWLQD .DOW, 0LFKHOH /DURFFD, 9LSLQ %DEX, %HUQKDUG 6SLQJOHU, ,QRUJ. &KHP.,
2021, 60, 9416-9426.
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,PSDFWV RI '1$ UHSDLU RQ DQWLFDQFHU GUXJV: V\QWKHVLV DQG DFWLYLW\ RI QRYHO DF\OIXOYHQH
DQDORJV ZLWK DURPDWLF JURXSV

/. 6ODSSHQGHO1, &. 0. $ORLVL1, 2. '. 6FK¦UHU2, 6. -. 6WXUOD1*

1(7+ =¾ULFK, 2,%6 &HQWHU IRU *HQRPLF ,QWHJULW\

'HVSLWH WKHLU ZLGH XVH LQ FDQFHU WKHUDS\, WKH HIILFDF\ DQG VDIHW\ RI '1$ DON\ODWLQJ DQWLFDQFHU
DJHQWV DUH KLQGHUHG E\ FHOOXODU PHFKDQLVPV RI '1$ GDPDJH UHSDLU. $F\OIXOYHQHV ($)V) DUH D FODVV
RI H[SHULPHQWDO DQWLFDQFHU DJHQWV WKDW DON\ODWH '1$ LQ WKH PLQRU JURRYH, JLYLQJ ULVH WR 13-DGHQLQH
DGGXFWV DV D EDVLV RI LQGXFLQJ F\WRWR[LFLW\ LQ FDQFHU FHOOV. +RZHYHU, E\ HIILFLHQWO\ VWDOOLQJ 51$
SRO\PHUDVH, $)-'1$ DGGXFWV DFWLYDWH WUDQVFULSWLRQ-FRXSOHG QXFOHRWLGH H[FLVLRQ UHSDLU (7&-1(5),
DQG UHPRYDO RI WKH $) DGGXFW E\ 7&-1(5 FDXVHV GUXJ UHVLVWDQFH. :H DLP WR H[SORLW WKH IDYRUDEOH
WKHUDSHXWLF SURSHUWLHV RI $)V EXW UHGXFH UHSDLU-DVVRFLDWHG UHVLVWDQFH E\ FUHDWLQJ FRPSRXQGV ZLWK
WKH SRWHQWLDO WR LQGXFH '1$-SURWHLQ ELQGLQJ LQWHUDFWLRQV WKDW SURPRWH FHOO GHDWK DOVR LQ UHSDLU-
SURILFLHQW FHOOV. 7KHUHIRUH, ZH GHVLJQHG QHZ $) DQDORJV WKDW OLQN YDULRXV DSRODU DQG DURPDWLF
JURXSV ZLWK WKH FRUH VHVTXLWHUSHQH VWUXFWXUH RI $)V FRPSULVHG RI D IXVHG >6,5@ ULQJ V\VWHP DQG
UHDFWLYH F\FORSURS\O JURXS. 7KHVH QRYHO VWUXFWXUHV ZHUH V\QWKHVL]HG LQ D RQH-VWHS UHDFWLRQ IURP
K\GUR[\PHWK\ODF\OIXOYHQH E\ QXFOHRSKLOLF DV ZHOO DV QXFOHRSKLOLF DURPDWLF VXEVWLWXWLRQ
FKHPLVWULHV. 7KH HIIHFWV RI WKH FRPSRXQGV ZHUH FKDUDFWHUL]HG LQ KXPDQ FDQFHU FHOO OLQHV WKDW ZHUH
HLWKHU SURILFLHQW RU GHILFLHQW LQ 1(5 IDFWRUV. 7KH QHZ DQDORJV ZHUH F\WRWR[LF WR KXPDQ FDQFHU FHOO
OLQHV UDQJLQJ IURP 0.02 – 100 w0 ,&50 YDOXHV, DQG UHSDLU-GHILFLHQW FHOOV ZHUH JHQHUDOO\ PRUH
VHQVLWLYH. 7KH UHVXOWV RI WKLV ZRUN LQGLFDWH WKDW FKHPLFDO PRGLILFDWLRQ RI $)V DW WKH DOO\OLF DOFRKRO
SRVLWLRQ SUHVHUYH WKH '1$-UHDFWLYH QDWXUH RI WKH FRPSRXQGV DQG VXJJHVWV WKDW VWURQJHU ELQGLQJ
PRLHWLHV WRZDUGV WKH 7&-1(5 UHSDLU SURWHLQV PD\ SURPRWH F\WRWR[LFLW\ LQ UHSDLU-SURILFLHQW FHOOV.
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6XUIDFH IXQFWLRQDOL]DWLRQ RI KDUPRQLF QDQRSDUWLFOHV ZLWK SURWHLQV IRU FDQFHU DFWLYH
WDUJHWLQJ

$. 6SDGD1, $. *KHDWD1, (. $QVDUW1, 0. :LWWZHU1, 6. *HUEHU-/HPDLUH1*

1,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ, 6&,-6%-6*, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH
/DXVDQQH, &+-1015 /DXVDQQH, 6ZLW]HUODQG

1RZDGD\V, FDQFHU LV D PDMRU KHDOWK EXUGHQ DQG KDV EHFRPH WKH VHFRQG OHDGLQJ FDXVH RI GHDWK LQ
LQGXVWULDOL]HG FRXQWULHV. &DQFHU PRUWDOLW\ FDQ EH UHGXFHG WKURXJK HDUO\ GHWHFWLRQ DQG DSSURSULDWH
VHOHFWLYH WUHDWPHQW. 5HVSHFWLYHO\, WUDGLWLRQDO LPDJLQJ WHFKQLTXHV DQG FDQFHU WUHDWPHQWV ODFN
VHQVLWLYLW\ IRU HDUO\ GHWHFWLRQ DQG VKRZ SRRU VSHFLILFLW\, FDXVLQJ DGYHUVH VLGH HIIHFWV.>1@

1DQRPHGLFLQH KDV HPHUJHG DV DQ RSWLPDO WRRO WR VXSSRUW HDUO\ GLDJQRVLV DQG WDUJHWHG WXPRU
WKHUDS\. 6WLPXOL-UHVSRQVLYH QDQRFDUULHUV DOORZ WKH VLPXOWDQHRXV LPDJLQJ, FRQWUROOHG UHOHDVH RI
SD\ORDGV DQG DFWLYH WDUJHWLQJ, IRU D WKHUDQRVWLF DSSURDFK.>2@

:H KHUHLQ SURSRVH QRYHO VWUDWHJLHV IRU WKH VXUIDFH IXQFWLRQDOL]DWLRQ RI KDUPRQLF QDQRSDUWLFOHV
(+13V, H.J. /L1E23, /12), NQRZQ IRU WKHLU HIILFLHQW QRQ-OLQHDU RSWLFDO UHVSRQVH E\ JHQHUDWLRQ RI
VHFRQG DQG WKLUG KDUPRQLF VLJQDOV XSRQ XOWUDIDVW ODVHU LUUDGLDWLRQ.>3@ 7KHVH 13V FDQ EH
IXQFWLRQDOL]HG ZLWK L) LPDJLQJ SUREHV IRU PXOWLPRGDO LPDJLQJ; LL) SKRWRFDJHG FDUJRV IRU FRQWUROOHG
GUXJ GHOLYHU\; DQG LLL) WDUJHWLQJ OLJDQGV IRU DFWLYH WDUJHWLQJ RI QHRSODVWLF FHOOV DQG WXPRU VLWHV. ,Q
WKLV SURMHFW, DQ LQRUJDQLF VLOLFD-EDVHG FRDWLQJ ZDV ILUVW DFKLHYHG RQ /12 13V WR LPSURYH WKHLU
ELRFRPSDWLELOLW\ DQG GHFRUDWH WKHLU VXUIDFH ZLWK UHDFWLYH FDUER[\O JURXSV. 7KHVH ZHUH SRVW-
IXQFWLRQDOL]HG WKURXJK DPLGH ERQG FRYDOHQW FRQMXJDWLRQ WR DYLGLQ DQG QHXWUDYLGLQ. 6HYHUDO
TXDQWLILFDWLRQ PHWKRGV, VXFK DV IOXRUHVFHQFH VSHFWURVFRS\ DQG %&$ DVVD\V, ZHUH LPSOHPHQWHG WR
TXDQWLI\ WKH DPRXQW RI JUDIWHG SURWHLQ DQG DVVHVV WKH UHVLGXDO DELOLW\ RI WKH SURWHLQ WR
VXEVHTXHQWO\ ELQG ELRWLQ\ODWHG OLJDQGV. )LQDOO\, ILUVW DWWHPSWV DW LPPRELOL]DWLRQ RI DQWL-(*)5
ELRWLQ\ODWHG DQWLERGLHV WR WKH VXUIDFH RI DYLGLQ-IXQFWLRQDOL]HG 13V DQG FKDUDFWHUL]DWLRQ RI WKH
UHVXOWLQJ FRQMXJDWHV DUH SUHVHQWHG.

7KH ORQJ-WHUP SHUVSHFWLYH RI WKLV SURMHFW LV WR XVH SURWHLQ-FRDWHG QDQRSDUWLFOHV DV WKHUDQRVWLF
QDQRSODWIRUPV, IRFXVLQJ RQ WKH DFWLYH WDUJHWLQJ IHDWXUH, WKURXJK WKH XVH RI PRQRFORQDO DQWLERGLHV.
6HYHUDO JUDIWLQJ VWUDWHJLHV, DSDUW IURP DYLGLQ-ELRWLQ ELRWHFKQRORJ\, ZLOO EH LQYHVWLJDWHG. 2YHUDOO,
WKHVH QDQRFDUULHUV, GHFRUDWHG ZLWK WDUJHWLQJ OLJDQGV, DQWL-FDQFHU GUXJV DQG LPDJLQJ SUREHV, ZLOO
SRWHQWLDOO\ FRPELQH HDUO\ GHWHFWLRQ DQG LQ YLYR FDQFHU WUHDWPHQW.

>1@ 6WHLFKHQ 6WHSKDQLH ', &DOGRUHUD-0RRUH 0DU\, 3HSSDV 1LFKRODV $, (XU. -. 3KDUP.
6FL., 2013, 48, 416–427.
>2@ *DYDV 6KUHHOD[PL, 4XD]L 6DPHHU, .DUSLĆVNL 7RPDV] 0, 1DQRVFDOH 5HV. /HWW., 2021, 16,
173.
>3@          %RQDFLQD /XLJL, 0RO. 3KDUPDFHXWLFV, 2013, 10, 783–792.
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)DFLOH 3UHSDUDWLRQ RI 8)0\ODWLRQ $FWLYLW\-%DVHG 3UREHV E\ &KHPRVHOHFWLYH ,QVWDOODWLRQ
RI (OHFWURSKLOHV DW WKH &-WHUPLQXV RI 5HFRPELQDQW 8)01

.. $. 7ROPDFKRYD1, -. )DUQXQJ1, -. /LDQJ2, -. (. &RUQ2*, -. :. %RGH1*

1/DERUDWRU\ IRU 2UJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK,
8093 =¾ULFK, 6ZLW]HUODQG, 2,QVWLWXWH RI 0ROHFXODU +HDOWK 6FLHQFHV, 'HSDUWPHQW RI %LRORJ\, (7+

=¾ULFK, 8093 =¾ULFK, 6ZLW]HUODQG

$EHUUDWLRQV LQ SURWHLQ PRGLILFDWLRQ ZLWK XELTXLWLQ-IROG PRGLILHU (8)01) DUH DVVRFLDWHG ZLWK D UDQJH
RI GLVHDVHV EXW WKH ELRORJLFDO IXQFWLRQ DQG UHJXODWLRQ RI WKLV SRVW-WUDQVODWLRQDO PRGLILFDWLRQ, NQRZQ
DV 8)0\ODWLRQ, UHPDLQV HQLJPDWLF. 7R SURYLGH DFWLYLW\-EDVHG SUREHV IRU 8)0\ODWLRQ, ZH KDYH
GHYHORSHG D QHZ PHWKRG IRU WKH LQVWDOODWLRQ RI HOHFWURSKLOLF ZDUKHDGV DW WKH &-WHUPLQXV RI
UHFRPELQDQW 8)01. 8)01 ZDV H[SUHVVHG DV DQ LQWHLQ IXVLRQ LQ (.FROL DQG D &-WHUPLQDO 8)01 DF\O
K\GUD]LGH ZDV UHDGLO\ SURGXFHG E\ LQWHLQ FOHDYDJH ZLWK K\GUD]LQH. /HYHUDJLQJ ORZHU S+, DW ZKLFK
QXFOHRSKLOLF VLGH FKDLQV RI WKH SURWHLQ UHPDLQ SURWRQDWHG, ZH KDYH FKHPRVHOHFWLYHO\ DF\ODWHG WKH
K\GUD]LGH &-WHUPLQXV ZLWK D YDULHW\ RI FDUER[\OLF DFLG DQK\GULGHV. 7KH SURWHLQ UHPLQHG IROGHG,
MXGJHG E\ WKH &' VSHFWURSKRWRPHWU\, DQG RQO\ UHTXLUHG JHO ILOWUDWLRQ IRU SXULILFDWLRQ. 7KH UHVXOWLQJ
8)01 DFWLYLW\-EDVHG SUREHV VKRZ D UDQJH RI WXQDEOH UHDFWLYLW\ DQG KLJK VHOHFWLYLW\ IRU SURWHLQV
LQYROYHG LQ 8)0\ODWLRQ SURFHVVHV; VWUXFWXUDOO\ UHODWHG (1V, (2V, DQG SURWHDVHV DVVRFLDWHG ZLWK 8E
RU RWKHU 8EOV ZHUH XQUHDFWLYH. 7KH 8)01 SUREHV ZHUH DFWLYH LQ ERWK FHOO O\VDWHV DQG LQ OLYLQJ FHOOV.
$ SUHYLRXVO\ LQDFFHVVLEOH DOSKD-FKORURDFHW\O SUREH ZDV UHPDUNDEO\ VHOHFWLYH IRU FRYDOHQW
PRGLILFDWLRQ RI WKH DFWLYH VLWH F\VWHLQH RI GH-8)0\ODVH 8)632 LQ FHOOXOR.
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7DUJHWLQJ 51$ *-TXDGUXSOH[ WR FRPEDW 6$56-&R9-2

+. :DQJ1

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

7KH RQJRLQJ SDQGHPLF RI FRURQDYLUXV GLVHDVH 2019 (&29,'-19), FDXVHG E\ WKH VHYHUH DFXWH
UHVSLUDWRU\ V\QGURPH FRURQDYLUXV 2 (6$56-&R9-2), SRVHV D VHYHUH WKUHDW WR KXPDQ KHDOWK JOREDOO\
ZLWK QHDUO\ KDOI-ELOOLRQ ODERUDWRU\-FRQILUPHG FDVHV, LQFOXGLQJ RYHU 6 PLOOLRQ JOREDO GHDWKV E\ WKH
HQG RI 0DUFK 20221. 8QGHUVWDQGLQJ WKH XQGHUO\LQJ PHFKDQLVPV RI LQIHFWLRQ DQG GHYHORSLQJ QRYHO
WKHUDSHXWLF VWUDWHJLHV DUH XUJHQWO\ QHHGHG IRU WKH SUHYHQWLRQ DQG WUHDWPHQW RI WKLV GLVHDVH. *-
TXDGUXSOH[HV (*4V) DUH LPSRUWDQW QRQFDQRQLFDO VHFRQGDU\ VWUXFWXUHV IRUPHG ZLWKLQ JXDQLQH-ULFK
VWUDQGV RI UHJXODWRU\ JHQRPLF UHJLRQV. 9LUDO *4V DUH QRUPDOO\ ORFDWHG LQ UHJXODWRU\ UHJLRQV RI WKH
JHQRPH DQG LPSOLFDWHG LQ WKH FRQWURO RI NH\ YLUDO SURFHVVHV2. 7KXV, WDUJHWLQJ *-TXDGUXSOH[
VHTXHQFHV LQ WKH YLUXV JHQRPH E\ *-TXDGUXSOH[ OLJDQGV FRXOG EH D QHZ DSSURDFK WR FRQTXHULQJ
YLUXV LQIHFWLRQ3.

,W KDV EHHQ UHSRUWHG WKDW WKHUH DUH FRQVHUYHG *-TXDGUXSOH[ VHTXHQFHV DPRQJ 6$56-&R9 DQG
6$56-&R9-24. ,Q RXU UHFHQW ZRUN, ZH HYLGHQFH WKDW WKHVH VHTXHQFHV FRXOG IRUP VWDEOH 51$ *4
VWUXFWXUH LQ YLWUR DQG LQ OLYH FHOOV E\ YDULRXV ELRFKHPLFDO FKDUDFWHUL]DWLRQV, LQFOXGLQJ &', 1+ 105,
DQG IOXRUHVFHQFH LPDJLQJ. :H DUH VROYLQJ WKH VROXWLRQ VWUXFWXUH RI 51$ *4 IURP 6$56-&R9-2 DQG
VFUHHQHG IRU OLJDQGV WKDW FDQ VWDELOL]H *4. )XUWKHU WHVWV RQ WKH DQWLYLUDO DFWLYLWLHV VKRZHG WKDW
WKHVH OLJDQGV DUH DEOH WR LQKLELW WKH JURZWK RI 6$56-&R9-2 ZLWK ,&50 YDOXHV UDQJLQJ IURP 2 WR 7 μ0
LQ GLIIHUHQW FHOO LQIHFWLRQ PRGHOV. 7KLV VWXG\ SURYLGHV D SURPLVLQJ DQWL-6$56-&R9-2 VWUDWHJ\ E\
WDUJHWLQJ *-TXDGUXSOH[HV.

)LJXUH 1. ($) 6$56-&R9-2 JHQRPH DQG QVS10 *4 VHTXHQFH. (%) &' VSHFWUD RI QVS10 *4 DQG QVS10
*4 PXWDQW 8$14$. (&) 1VS10 *4 PRGHO. (') *4 OLJDQGV VWDELOL]H QVS10 *4. ((, )) *4 OLJDQGV H[HUW
DQWL-YLUXV HIIHFW DJDLQVW 6$56-&R9-2 ZLWK ,&50 DW w0 OHYHO LQ GLIIHUHQW FHOO LQIHFWLRQ PRGHOV.

- )LQDQFLDO VXSSRUW IURP WKH 8QLYHUVLW\ RI =XULFK DQG WKH 6ZLVV 1DWLRQDO 6FLHQFH )RXQGDWLRQ (5.26)
LV JUDWHIXOO\ DFNQRZOHGJHG.

>1@ $UQDXG )RQWDQHW, %ULJLWWH $XWUDQ, %UXQR /LQD, 0DULH 3DXOH .LHQ\, 6DOLP 6 $EGRRO .DULP, 'HYL
6ULGKDU. 7KH /DQFHW, 2021, 397, 952-954.
>2@ (PDQXHOD 5XJJLHUR, 6DUD 1 5LFKWHU. 1XFOHLF $FLGV 5HV., 2018, 46, 3270-3283.
>3@ &KXDQTL =KDR, *HQJ 4LQ, -LQJVKHQJ 1LX, =KDR :DQJ, &KXQ\X :DQJ, -LQVRQJ 5HQ, ;LDRJDQJ 4X.
$QJHZ &KHP. ,QW. (G., 2021, 60 432-438.
>4@ 'DQ\DQJ -L, 0DULR -XKDV, &KL 0DQ 7VDQJ, &KXQ .LW .ZRN, <RQJVKX /L, <DQJ =KDQJ. %ULHI
%LRLQIRUP., 2020, 22, 1150-1160.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


0HGLFLQDO &KHPLVWU\ & &KHPLFDO %LRORJ\, 3RVWHU 0&-139

)ORZ FKHPLFDO V\QWKHVLV WR VWXG\ WKH UHJXODWRU\ UROH RI SRVW-WUDQVODWLRQDO PRGLILFDWLRQV
(370V) DQG 370-FURVVWDON RQ F-0\F

(. :LOOLDPV1, 0. 6FKXVWHU1, 2. =HUEH1, 1. +DUWUDPSI1

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =¾ULFK

7KH LQWULQVLFDOO\ GLVRUGHUHG SURWHLQ (,'3) F-0\F SOD\V D FUXFLDO UROH LQ D EURDG UDQJH RI FDQFHUV DQG
LV D KLJKO\ SURPLVLQJ WDUJHW IRU WKH GHYHORSPHQW RI DQWLFDQFHU WKHUDSHXWLFV. +RZHYHU, F-0\F KDV
HDUQHG WKH UHSXWDWLRQ RI EHLQJ “XQGUXJJDEOH”, GXH WR LWV ODFN RI GHILQHG ELQGLQJ SRFNHWV. $
SRWHQWLDO DYHQXH WR WDUJHW F-0\F LV WKURXJK PRGXODWLRQ RI LWV SURWHLQ-SURWHLQ LQWHUDFWLRQV (33,V).
7KHVH 33,V DUH RIWHQ GHSHQGHQW RQ SRVW-WUDQVODWLRQDO PRGLILFDWLRQV (370); RQO\ RFFXUULQJ ZKHQ
VSHFLILF 370V DUH IRXQG RQ F-0\F. 7KH WXPRXU-VXSSUHVVLQJ SURWHLQ %LQ1 (0\F ER[-GHSHQGHQW-
LQWHUDFWLQJ SURWHLQ 1) LV NQRZQ WR LQWHUDFW ZLWK F-0\F LQ D 370-GHSHQGHQW IDVKLRQ. 7R GDWH, WKLV
LQWHUDFWLRQ KDV SULPDULO\ EHHQ FKDUDFWHUL]HG XVLQJ VKRUW IUDJPHQWV (OHVV WKDQ 20 $$) RI WKH 0%,
(0\F KRPRORJ\ ER[ ,) RI F-0\F, \HW HYLGHQFH VXJJHVWV WKDW %LQ1 PD\ ELQG WR DGGLWLRQDO 0%V DQG
GRPDLQV RI F-0\F, ZKLFK FRQWDLQ PDQ\ RWKHU 370 KRW-VSRWV.
&XUUHQW PHWKRGV WR REWDLQ ORQJHU IUDJPHQWV RI F-0\F, DQG 370-YDULDQWV WKHUHRI, DUH OLPLWHG WR
UHFRPELQDQW H[SUHVVLRQ, WUDGLWLRQDO VROLG-SKDVH SHSWLGH V\QWKHVLV (6336), RU D FRPELQDWLRQ RI
FKHPLFDO DQG H[SUHVVHG SURWHLQ OLJDWLRQ VWUDWHJLHV. 7KHVH PHWKRGV DUH KHDYLO\ OLPLWHG E\ (D)
GLIILFXOW\ LQ LQVWDOOLQJ PXOWLSOH, VSHFLILF 370V UHFRPELQDQWO\, (E) WKH VKRUW KDOI-OLIH RI F-0\F LQ
ELRORJLFDO V\VWHPV GXH WR UDSLG SURWHRO\VLV, DQG (F) OLPLWDWLRQV RI WUDGLWLRQDO 6336 WR a50 $$
IUDJPHQWV. 5HFHQWO\, IORZ FKHPLVWU\ KDV EHHQ DSSOLHG LQ DXWRPDWHG 6336 IRU WKH UDSLG DQG OLQHDU
V\QWKHVLV RI KLJK-SXULW\ SURWHLQV XS WR 200 $$V LQ OHQJWK. 7KHUHIRUH, WR SUHSDUH D OLEUDU\ RI F-0\F
370-YDULDQWV FRPSULVLQJ PXOWLSOH 0%V DQG 370 KRW-VSRWV, QHZ WHFKQRORJ\ LV UHTXLUHG. 6XFK D
OLEUDU\ ZLOO HQDEOH WKH IXOO FKDUDFWHUL]DWLRQ RI WKH UHJXODWRU\ UROHV RI 370V RQ F-0\F, DQG WKH
GHFRQYROXWLRQ RI 370-FURVVWDON RQ WKLV ,'3.
+HUHLQ, ZH GHVFULEH WKH XVH RI $XWRPDWHG )ORZ 3URWHLQ 6\QWKHVLV ($)36) IRU WKH SUHSDUDWLRQ RI D
OLEUDU\ RI 370-YDULDQWV RI WKH F-0\F 1-WHUPLQXV (UHVLGXHV 1-84). (DFK F-0\F YDULDQW ZDV LVRODWHG LQ
KLJK \LHOG (XS WR 6% \LHOG RYHU a200 VWHSV) DQG SXULW\ (!95% E\ 8+3/&). 3URWHLQ 105 ZDV WKHQ
XVHG WR FKDUDFWHUL]H WKH ELQGLQJ LQWHUDFWLRQV RI HDFK V\QWKHWLF F-0\F YDULDQW ZLWK H[SUHVVHG 151-
ODEHOOHG %LQ1(6+3) SURWHLQ. &KHPLFDO VKLIW SHUWXUEDWLRQV (&63V) RI 151-%LQ1(6+3) ZHUH FRPSDUDEOH
EHWZHHQ VDPSOHV FRQWDLQLQJ F-0\F1-84 RU WKH S758 YDULDQW, LQGLFDWLQJ WKDW SKRVSKRU\ODWLRQ DW 758
LV WROHUDWHG LQ WKH F-0\F:%LQ1 FRPSOH[. ,Q FRQWUDVW, &63V RI 151-%LQ1(6+3) ZHUH PLQLPDO LQ WKH
SUHVHQFH RI F-0\F1-84(S662), LQGLFDWLQJ UHGXFHG ELQGLQJ. 
,Q FXUUHQW DQG IXWXUH ZRUN, ZH DUH VWXG\LQJ DGGLWLRQDO PRGLILFDWLRQ VLWHV DQG 370V VXFK DV
JO\FRV\ODWLRQ DQG DFHW\ODWLRQ RI F-0\F, LQFOXGLQJ 370-FURVVWDON, WR FRQWLQXH EXLOGLQJ RXU
XQGHUVWDQGLQJ RI F-0\F ELRORJ\ IRU DQWLFDQFHU WKHUDSLHV. 8OWLPDWHO\, ZH DLP WR GHYHORS WKLV IORZ-
EDVHG SODWIRUP WR VWXG\ WKH UROH RI 370V LQ WKH UHJXODWLRQ RI RWKHU WKHUDSHXWLFDOO\ UHOHYDQW
SURWHLQV.
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'LVFRYHU\ DQG FKDUDFWHUL]DWLRQ RI $&7-284069, D GRXEOH SURGUXJ RI WKH 32<12 UHFHSWRU
DQWDJRQLVW VHODWRJUHO

(. &DURII1, ). +XEOHU1, &. *QHUUH1, $. 7UHLEHU1

1,GRUVLD 3KDUPDFHXWLFDOV /WG

$WKHURWKURPERWLF FRQGLWLRQV DUH FXUUHQWO\ PDQDJHG E\ SUHVFULELQJ DVSLULQ LQ FRPELQDWLRQ ZLWK
32<12 LQKLELWRUV. $SSURYHG RUDO 32<12 DQWDJRQLVWV LQFOXGH FORSLGRJUHO, SUDVXJUHO, DQG WLFDJUHORU.
:H KDYH SUHYLRXVO\ GLVFORVHG WKH GLVFRYHU\ RI VHODWRJUHO ($&7-246475$), D QHZ, SRWHQW, VHOHFWLYH
DQG UHYHUVLEOH 32<12 DQWDJRQLVW >1@. 6HODWRJUHO LV FXUUHQWO\ LQ FOLQLFDO GHYHORSPHQW IRU HDUO\
WUHDWPHQW RI VXVSHFWHG DFXWH P\RFDUGLDO LQIDUFWLRQ DQG LV IRUPXODWHG IRU VXEFXWDQHRXV
DGPLQLVWUDWLRQ >2@.

%DVHG RQ WKH VXSHULRU WKHUDSHXWLF ZLQGRZ RI VHODWRJUHO DV FRPSDUHG WR FORSLGRJUHO DQG WLFDJUHORU
LQ D UDW WKURPERVLV PRGHO >1,3@, RXU LQLWLDO JRDO ZDV WR GHYHORS D QHZ HIILFDFLRXV RUDO WUHDWPHQW
ZLWK OHVV EOHHGLQJ FRPSOLFDWLRQV WKDQ VWDQGDUG RI FDUH. 7R DGGUHVV WKH ORZ ELRDYDLODELOLW\ RI
VHODWRJUHO REVHUYHG DIWHU RUDO DGPLQLVWUDWLRQ GXULQJ SUHFOLQLFDO DQLPDO VWXGLHV, ZH HPEDUNHG LQ DQ
RSWLPL]DWLRQ SURJUDP WR GHVLJQ VHODWRJUHO SURGUXJV. +HUHLQ ZH UHSRUW WKH V\QWKHWLF HIIRUWV, WKH
FKDUDFWHUL]DWLRQ FDVFDGH, DQG WKH GDWD OHDGLQJ WR WKH LGHQWLILFDWLRQ RI WKH SURGUXJ $&7-284069.

>1@ &DURII, (.; +XEOHU, ).; 0H\HU, (.; 5HQQHEHUJ, '.; *QHUUH, &.; 7UHLEHU, $.; 5H\, 0.; +HVV, 3.;
6WHLQHU, %.; +LOSHUW, ..; 5LHGHUHU, 0. $. 4-((5)-2-^>6-((6)-3-0HWKR[\S\UUROLGLQ-1-\O)-2-SKHQ\OS\ULPLGLQ
H-4-FDUERQ\O@DPLQR`-3-SKRVSKRQRSURSLRQ\O)SLSHUD]LQH-1-FDUER[\OLF $FLG %XW\O (VWHU ($&7-246475)
DQG ,WV 3URGUXJ ($&7-281959), D QRYHO 32<12 UHFHSWRU DQWDJRQLVW ZLWK D ZLGHU WKHUDSHXWLF ZLQGRZ
LQ WKH UDW WKDQ FORSLGRJUHO. 0HG. &KHP. 2015, 58, 9133–9153.
>2@ D 6WRUH\, 5.).; *XUEHO, 3. $.; 7HQ %HUJ, -.; %HUQDXG, &.; 'DQJDV, *. '.; )UHQRX[, -. 0.; *RURJ, '.
$.; +PLVVL, $.; .XQDGLDQ, 9.; -DPHV, 6. ..; 7DQJXD\, -. ).; 7UDQ, +.; 7UHQN, '.; 8IHU, 0.; 9DQ GHU +DUVW,
3.; 9DQ'W +RI, $. :. -.; $QJLROLOOR, '. -. 3KDUPDFRG\QDPLFV, SKDUPDFRNLQHWLFV, DQG VDIHW\ RI VLQJOH-
GRVH VXEFXWDQHRXV DGPLQLVWUDWLRQ RI VHODWRJUHO, D QRYHO 32<12 UHFHSWRU DQWDJRQLVW, LQ SDWLHQWV
ZLWK FKURQLF FRURQDU\ V\QGURPHV. +HDUW -. 2019, 10.1093/HXUKHDUWM/HK]807. E 1&704957719.
>3@ 5H\, 0.; .UDPEHUJ, 0.; +HVV, 3.; 0RUULVRQ, ..; (UQVW, 5.; +DDJ, ).; :HEHU, (.; &OR]HO, 0.;
%DXPDQQ, 0.; &DURII, (.; +XEOHU, ).; 5LHGHUHU, 0. $.; 6WHLQHU, %. 7KH UHYHUVLEOH 32<12 DQWDJRQLVW
$&7-246475 FDXVHV VLJQLILFDQWO\ OHVV EORRG ORVV WKDQ WLFDJUHORU DW HTXLYDOHQW DQWLWKURPERWLF
HIILFDF\ LQ UDW. 5HV. 3HU. 2017, 10.1002/SUS2.338.
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