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3RO\PHUV, &ROORLGV & ,QWHUIDFHV, ,QYLWHG / $ZDUG /HFWXUH 3,-011

/HDN-WLJKW DQDVWRPRVLV K\GURJHO VHDODQWV XVLQJ PXWXDOO\ LQWHUSHQHWUDWLQJ QHWZRUNV

$. $QWKLV1,3, ;. +X2, 7. 0. 0DWWHU1, $. /. 1HXHU3, .. &. :HL3, $. $. 6FKOHJHO3, ). +. 6WDUVLFK1, ,. ..
+HUUPDQQ1,3*

1(7+ =XULFK, 2$GROSKH 0HUNOH ,QVWLWXWH ($0,), 8QLYHUVLW\ RI )ULERXUJ, 3(PSD '¾EHQGRUI

,QWHVWLQDO DQDVWRPRWLF OHDNLQJ LQYROYLQJ WKH UHOHDVH RI FKHPLFDOO\ DJJUHVVLYH, PLFURELDOO\ DFWLYH
IOXLGV LQWR WKH DEGRPHQ WKURXJK GHIHFWLYH VXWXUH RU VWDSOH VLWHV, UHPDLQV RQH RI WKH PRVW GUHDGHG
SRVWRSHUDWLYH FRPSOLFDWLRQV RI DEGRPLQDO VXUJHU\. 'HSHQGLQJ RQ WKH VLWH DQG WKH SDWLHQW
FRQGLWLRQ, LQFLGHQFH UDWHV RI XS WR 21% DQG PRUWDOLW\ DV KLJK DV 27% DUH UHSRUWHG. &XUUHQWO\
DYDLODEOH VXUJLFDO VHDODQWV RQO\ SRRUO\ DGGUHVV WKH LVVXH, ZLWK PRVW FRPPRQO\ XVHG ILEULQ-EDVHG
JOXHV IDLOLQJ GXH WR LQVXIILFLHQW DGKHVLRQ DQG FKHPLFDO LQVWDELOLW\.

,Q WKLV ZRUN, D OHDN-WLJKW, FKHPLFDOO\ KLJKO\ UHVLVWLYH DQG PXFRDGKHVLYH K\GURJHO VHDODQW, ZKLFK LV
JUDIWHG RQ WKH VXUIDFH RI WKH LQWHVWLQDO ZDOO YLD WKH XVH RI D PXWXDOO\ LQWHUSHQHWUDWLQJ QHWZRUN, LV
SUHVHQWHG. 7KLV ODWWHU WUDYHUVHV ERWK K\GURJHO DQG WLVVXH \LHOGLQJ WLVVXH FRPSDWLEOH, GHHS
DQFKRUDJH. ,Q FRQWUDVW WR FOLQLFDOO\ XVHG, ILEULQ-EDVHG VHDODQWV (VXFK DV 7DFKRVLO), WKH GHYHORSHG
SRO\(DFU\ODPLGH-PHWK\O DFU\ODWH-DFU\OLF DFLG) (3($$P-0$-$$)) DGKHVLYH SDWFK GRHV QRW GHJUDGH
DQG H[KLELWV KLJK SHUIRUPDQFH WLVVXH DGKHVLRQ XQGHU WKH KDUVKHVW GLJHVWLYH FRQGLWLRQV SUHVHQW LQ
WKH DEGRPLQDO FDYLW\. 7KH ELRFRPSDWLEOH K\GURJHO SDWFK HIIHFWLYHO\ VHDOV DQDVWRPRWLF OHDNV LQ
KXPDQ UHOHYDQW, H[ YLYR LQWHVWLQDO PRGHOV, JUHDWO\ VXUSDVVLQJ FRPPHUFLDO VHDODQWV (WLPH WR SDWFK-
IDLOXUH !24 KRXUV FRPSDUHG WR 5 PLQXWHV IRU FRPPRQO\ XVHG 7DFKRVLO). ,PSRUWDQWO\, WKH GHYHORSHG
DGKHVLYH SDWFK SDYHV WKH ZD\ IRU WKH DSSOLFDWLRQ RI ERWK PHFKDQLFDOO\ DQG FKHPLFDOO\ UREXVW
VHDODQWV VXLWDEOH IRU WKH WUHDWPHQW DQG SUHYHQWLRQ RI LQWHVWLQDO DQDVWRPRVLV OHDNV.

>1@ $QWKLV $, +X ;, 0DWWHU 07, 1HXHU $/, :HL .&, 6FKOHJHO $$, 6WDUVLFK )+/, +HUUPDQQ ,.,
$GYDQFHG )XQFWLRQDO 0DWHULDOV, 2021.

.H\ZRUGV: K\GURJHO, VXUJLFDO VHDODQW, OHDN-SUHYHQWLRQ, DEGRPLQDO VXUJHU\, VHSVLV
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3RO\PHUV, &ROORLGV & ,QWHUIDFHV, &RQWULEXWHG 7DON (15PLQ) 3,-013

5HF\FOLQJ RI ZDVWH SRO\SURS\OHQH LQWR KLJK-YDOXH OLTXLG K\GURFDUERQV

6. '. -D\GHY1, $. -. 0DUW¯Q 1, 0. 8VWHUL1, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK

7KH H[DFHUEDWLRQ RI SODVWLF SROOXWLRQ KDV HVFDODWHG WKH QHFHVVLW\ WR GHYLVH HIILFLHQW FKHPLFDO
YDORUL]DWLRQ URXWHV WR PHHW JOREDO UHF\FOLQJ JRDOV. &RQVWLWXWLQJ QHDUO\ 30% RI DOO SODVWLF ZDVWH,
SRO\SURS\OHQH (33) SRVHV D FKDOOHQJH WR FKHPLFDO SURFHVVLQJ GXH WR LWV EUDQFKHG VWUXFWXUH OHDGLQJ
WR JUHDWHU FKHPLFDO UHVLVWDQFH.>1, 2@ $PRQJ SURVSHFW FKHPLFDO URXWHV, K\GURJHQRO\VLV RI
SRO\SURS\OHQH RQ 5X-EDVHG V\VWHPV H[KLELWV SURPLVLQJ DFWLYLW\ EXW IDYRUV WKH IRUPDWLRQ RI
PHWKDQH RYHU KLJK-YDOXH OLTXLG SURGXFWV ()LJ. 1D).>3@ 8QDYDLODELOLW\ RI VXIILFLHQW GDWD RQ UHDFWLYLW\
WUHQGV KLQGHUV WKH UHDOL]DWLRQ RI WKH IXOO SRWHQWLDO RI VXFK FDWDO\VWV. 0RUH VSHFLILFDOO\, WKH H[FOXVLYH
DWWHQWLRQ SDLG WR WKH PHWDO SKDVH VR IDU OHDYHV EHKLQG WKH UROH RI WKH FDUULHU, ZKLFK FRXOG EH
FULWLFDO WR XQORFNLQJ HIIHFWLYH FDWDO\VW GHVLJQ. :H KDYH GHYHORSHG 5X-EDVHG FDWDO\VWV RQ YDULRXV
FDUULHUV XQYHLOLQJ WKH LQGLVSHQVDEOH UROH RI WKH ODWWHU LQ VWHHULQJ WKH FOHDYDJH DZD\ IURP
GHPHWK\ODWLRQ WRZDUGV EDFNERQH VFLVVLRQ ZKLFK KHOSV DFKLHYH XS WR 90% OLTXLG \LHOG ()LJ. 1E). :H
KDYH TXDQWLILHG WKH UHODWLYH RFFXUUHQFH RI WKH WZR PHFKDQLVPV E\ IRUPXODWLQJ WKH VFLVVLRQ
SUHIHUHQFH WKURXJK XVH RI SURGXFW FKDUDFWHUL]DWLRQ GDWD REWDLQHG XVLQJ DQ DFFHVVLEOH 1+-105
GDWD. 7LWDQLD (DQDWDVH), GLVSOD\HG XS WR 5 EDFNERQH VFLVVLRQV SHU GHPHWK\ODWLRQ HYHQW DV RSSRVHG
WR 3 ZLWK LWV UXWLOH SRO\PRUSK DQG RQO\ 2 IRU FHULD ()LJ. 1F). 7KLV KLJKOLJKWV WKDW XVLQJ FHULD DV
FDUULHU PDNHV WKH IRUPDWLRQ RI ORZ-YDOXH PHWKDQH WKULFH DV OLNHO\ DV ZKHQ XVLQJ WLWDQLD(DQDWDVH).
([SHULPHQWDO FRUUHODWLRQV SRLQW WR WKH GLVWLQFW K\GURFDUERQ DIILQLW\ RI WKH FDUULHUV DV D UHDVRQ IRU
WKLV SKHQRPHQRQ. 7KLV ZRUN SDYHV WKH SDWK WRZDUGV SUDFWLFDO 5X-EDVHG FDWDO\VWV DQG SURYLGHV
XQLYHUVDO WRROV IRU UDQNLQJ RI FDWDO\WLF V\VWHPV.

)LJ. 1D 7ZR PDLQ PHFKDQLVPV K\GURJHQRO\VLV RI 33. %DFNERQH VFLVVLRQ LV SUHIHUUHG DV LW IRUPV WKH
PRUH-YDOXDEOH OLTXLG SURGXFWV E <LHOGV IRU PHWKDQH, JDV, OLTXLG SURGXFWV, DQG VROLG UHVLGXH IRU
WHVWHG FDWDO\VWV. 7KH H[WHQW RI PHWKDQH IRUPDWLRQ YDULHV ZLGHO\ DFURVV V\VWHPV ZLWK GLIIHUHQW
FDUULHUV, KLJKOLJKWLQJ WKHLU LQIOXHQFH RQ K\GURJHQRO\VLV E\ 5X. $OO FDWDO\VWV ZHUH WHVWHG DW 7  
523 ., 3  20 EDU +2, W  1 K DQG FDWDO\VW/SODVWLF  5 ZW.%. F 6FLVVLRQ SUHIHUHQFH RI WKH WHVWHG
FDWDO\WLF V\VWHPV TXDQWLI\LQJ WKH UHODWLYH RFFXUUHQFH RI WKH WZR FOHDYDJH URXWHV IROORZHG IRU
K\GURJHQRO\VLV LQ HDFK V\VWHP.

>1@ $.-. 0DUW¯Q, &. 0RQGHOOL, 6.'. -D\GHY, -. 3«UH]-5DP¯UH],  &KHP 2021, 7, 1487.
>2@ 6.'. -D\GHY, $.-. 0DUW¯Q, -. 3«UH]-5DP¯UH],  &KHP6XV&KHP 2021, 14, 5179.
>3@ -. 5RUUHU, *.7. %HFNKDP, <. 5RP£Q-/HVKNRY, -$&6 $X 2021, 1, 8.
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3RO\PHUV, &ROORLGV & ,QWHUIDFHV, &RQWULEXWHG 7DON (15PLQ) 3,-014

&ROORLGDO V\QWKHVLV RI VL]H DQG FRPSRVLWLRQ FRQWUROOHG DOOR\ QDQRFU\VWDOV DV VHOHFWLYH
DON\QH VHPLK\GURJHQDWLRQ FDWDO\VWV

-. &ODU\VVH1, -. '. 6LOYD2, 6. =KDQJ2, 6. 'RFKHUW\2, 0. <DUHPD1, &. &RS«UHW2*, 9. :RRG1*

1(7+ =¾ULFK, ,QVWLWXWH IRU (OHFWURQLFV, 2(7+ =¾ULFK, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG
%LRVFLHQFHV

7KH VHOHFWLYH K\GURJHQDWLRQ RI DON\QHV WR DONHQHV LV DQ LPSRUWDQW WUDQVIRUPDWLRQ ZLWK DSSOLFDWLRQV
LQ ERWK WKH ILQH FKHPLFDO LQGXVWU\ (V\QWKHVLV RI YLWDPLQV DQG QDWXUDO SURGXFWV) DQG SRO\PHU
LQGXVWU\ (VHOHFWLYH UHPRYDO RI DFHW\OHQH), ZKHUH DOOR\V DUH RIWHQ HPSOR\HG DV KHWHURJHQHRXV
FDWDO\VWV. <HW, DGYDQFHV LQ FDWDO\VW IRUPXODWLRQV WKDW IHDWXUH KLJK DFWLYLW\, VHOHFWLYLW\, GXUDELOLW\
DQG EURDG IXQFWLRQDO JURXS WROHUDQFH DQG ZKHUH ERWK QREOH PHWDOV (H.J. 3G, 3W) DQG PHWDOV RI
HQYLURQPHQWDO FRQFHUQ (H.J. &G, 3E) DUH UHSODFHG E\ HDUWK DEXQGDQW DQG QRQ-WR[LF PHWDOV DUH
KLJKO\ GHVLUDEOH. +HUH, ZH SUHVHQW WKH V\QWKHVLV RI XQLIRUP 1L-DOOR\ QDQRFU\VWDOV (1&V), ZKLFK DUH
3-4 QP LQ VL]H DQG IHDWXUH QDUURZ VL]H GLVSHUVLRQV >1@. 7KH QDQRFU\VWDOV DUH V\QWKHVL]HG YLD DQ
DPDOJDPDWLRQ VHHGHG JURZWK SURFHGXUH >2@, D JHQHUDOL]HG FROORLGDO V\QWKHVLV PHWKRG GHYHORSHG
E\ XV IRU VL]H DQG FRPSRVLWLRQ FRQWUROOHG QDQRFU\VWDOV RI D ZLGH UDQJH RI DOOR\V. 7KH UHVXOWLQJ
FDWDO\VWV DUH SULVWLQH, FDSSHG ZLWK QRQ-SRLVRQLQJ ROH\ODPLQH OLJDQGV DQG ZRUN DV GLVSHUVLRQV
ZKLFK DUH DW WKH LQWHUIDFH RI KRPRJHQHRXV DQG KHWHURJHQHRXV FDWDO\VLV. :H ILQG WKDW 1L3=Q 1&V
DUH SDUWLFXODUO\ DFWLYH DQG VHOHFWLYH IRU WKH OLTXLG-SKDVH VHPL-K\GURJHQDWLRQ RI DON\QHV LQ EDWFK,
RSHUDWLQJ XQGHU PLOG UHDFWLRQ FRQGLWLRQV. )XUWKHUPRUH, 1L3=Q 1&V DUH WROHUDQW WR D ZLGH UDQJH RI
IXQFWLRQDO-JURXSV, DOORZLQJ WKH VHOHFWLYH FRQYHUVLRQ RI D EURDG VFRSH RI DON\QHV DV VWXGLHG ZLWK
KLJK-WKURXJKSXW H[SHULPHQWDWLRQ. ,Q DGGLWLRQ, ZH VKRZ WKDW WKH LQYHVWLJDWHG VXEVWUDWH VFRSH
FRYHUV WKH FKHPLFDO VSDFH RI FRPPHUFLDO DON\QHV WR D ODUJH H[WHQG, DV HYDOXDWHG ZLWK GDWD
VFLHQFH WHFKQLTXHV >1@.

)LJXUH 1. ,QYHVWLJDWLRQ RI 1L=Q 1DQRFU\VWDO &DWDO\]HG $ON\QH 6HPLK\GURJHQDWLRQ 'ULYHQ E\ 'DWD
6FLHQFH DQG +LJK-7KURXJKSXW ([SHULPHQWDWLRQ.

)LJXUH 2. 6L]H- DQG &RPSRVLWLRQ-&RQWUROOHG $OOR\ 1DQRFU\VWDOV YLD $PDOJDPDWLRQ 6HHGHG *URZWK.

>1@ -. &ODU\VVH*, -. '. -. 6LOYD*, 6. =KDQJ, 6. 'RFKHUW\, 0. <DUHPD, 9. :RRG, &. &RS«UHW, ,Q SURJUHVV…
>2@ -. &ODU\VVH*, $. 0RVHU, 2. <DUHPD, 9. :RRG, 0. <DUHPD, 6FLHQFH $GYDQFHV, 2021, 7 (31)
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3RO\PHUV, &ROORLGV & ,QWHUIDFHV, &RQWULEXWHG 7DON (15PLQ) 3,-015

,QFUHDVLQJ WKH FRYHUDJH RI SKRWRDFWLYH OLJDQGV RQ WKH VXUIDFH RI QDQRFU\VWDOV WKURXJK
D K\EULG PHWDO-R[LGH-OLJDQG VKHOO

3. %. *UHHQ1, 2. 6HJXUD /HFLQD1, 3. 3. $OEHUWLQL1, $. /RLXGLFH1, 5. %XRQVDQWL1*

1(3)/ 9DODLV

/LJDQG H[FKDQJHV RQ WKH VXUIDFH RI QDQRFU\VWDOV DUH XELTXLWRXVO\ HPSOR\HG IRU DSSOLFDWLRQV LQ
SKRWRFDWDO\VLV, RSWRHOHFWURQLFV DQG ELRORJLFDO LPDJLQJ >1@. 3DUWLFXODUO\ WKH SRVLWLRQLQJ RI
SRO\DURPDWLF K\GURFDUERQV (3$+) OLJDQGV RQ VHPLFRQGXFWRU QDQRFU\VWDOV (1&V) KDV EHHQ FUXFLDO LQ
KDUYHVWLQJ RU VHQVLWL]LQJ PROHFXODU H[FLWHG VWDWHV REWDLQHG IURP PXOWLH[FLWRQLF SURFHVVHV VXFK DV
VLQJOHW ILVVLRQ DQG WULSOHW IXVLRQ >3@.

7R PD[LPDOO\ EHQHILW IURP WKHVH SURFHVVHV WKH 3$+ GHQVLW\ RQ WKH VXUIDFH RI 1&V QHHGV WR EH
PD[LPL]HG. 7KLV LV W\SLFDOO\ DFKLHYHG WKURXJK D RQH-IRU-RQH H[FKDQJH GULYHQ E\ PDVV DFWLRQ
EHWZHHQ WKH 3$+ DQG QDWLYH OLJDQGV >3@. +RZHYHU, WKH VWHULF KLQGUDQFH DQG OLPLWHG VROXELOLW\ RI WKH
3$+-1& K\EULGV UHVWULFWV WKH DPRXQW RI 3$+ OLJDQGV WKDW FDQ EH SODFHG RQ 1& VXUIDFHV.

+HUH, ZH GHPRQVWUDWH KRZ WR E\SDVV WKLV LQKHUHQW OLPLW E\ JURZLQJ DQ DOXPLQD VKHOO E\ FROORLGDO
DWRPLF OD\HU GHSRVLWLRQ (F-$/') >4@. 7KLV LV DFKLHYHG E\ QRWLQJ WKDW WKH GHSRVLWLRQ RI DOXPLQD ORFNV
WKH QDWLYH OLJDQGV LQWR WKH VKHOO, DQG VXEVHTXHQWO\, QHZ OLJDQGV FDQ EH DGGHG DQG DUH REVHUYHG WR
VHOHFWLYHO\ ELQG WR QHZ H[SRVHG ELQGLQJ VLWHV RQ WKH DOXPLQD VKHOO ZLWKRXW GLVSODFLQJ QDWLYH
OLJDQGV >5@. 7KLV SURFHVV HIIHFWLYHO\ LQFUHDVHV WKH OLJDQGV GHQVLW\ DURXQG WKH VXUIDFH RI 1&V. :H
OHYHUDJH WKLV REVHUYDWLRQ E\ JURZLQJ DOXPLQD VKHOOV WKDW HPEHG D ODUJH QXPEHU RI 3$+ OLJDQGV
DOORZLQJ WR VLJQLILFDQWO\ LQFUHDVH WKH 3$+ GHQVLW\. 7KH IRUPDWLRQ RI WKLV PHWDO-R[LGH-OLJDQG VKHOO
SURPLVHV WR V\QHUJLVWLFDOO\ ERRVW PXOWLH[FLWRQLF SURFHVVHV ZKLOH HQGRZLQJ HQKDQFHG VWDELOLW\ WR
WKH 1& FRUH. 

>1@ :HLVV, (PLO\ $. "'HVLJQLQJ WKH VXUIDFHV RI VHPLFRQGXFWRU TXDQWXP GRWV IRU FROORLGDO
SKRWRFDWDO\VLV." $&6 (QHUJ\ /HWWHUV 2.5 (2017): 1005-1013.
>2@ ,PSHULDOH, &KULVWLDQ -., HW DO. "8OWUD-VPDOO 3E6 QDQRFU\VWDOV DV VHQVLWL]HUV IRU UHG-WR-EOXH WULSOHW-
IXVLRQ XSFRQYHUVLRQ." &KHPLFDO VFLHQFH 12.42 (2021): 14111-14120.
>3@ *UHHQ, 3KLOLSSH %., HW DO. "'LUHFWHG /LJDQG ([FKDQJH RQ WKH 6XUIDFH RI 3E6 1DQRFU\VWDOV:
,PSOLFDWLRQV IRU ,QFRKHUHQW 3KRWRQ &RQYHUVLRQ." $&6 $SSOLHG 1DQR 0DWHULDOV 4.6 (2021):
5655-5664.
>4@ /RLXGLFH, $QQD, HW DO. "8QLYHUVDO R[LGH VKHOO JURZWK HQDEOHV LQ VLWX VWUXFWXUDO VWXGLHV RI
SHURYVNLWH QDQRFU\VWDOV GXULQJ WKH DQLRQ H[FKDQJH UHDFWLRQ." -RXUQDO RI WKH $PHULFDQ &KHPLFDO
6RFLHW\ 141.20 (2019): 8254-8263.
>5@ /RLXGLFH, $QQD, HW DO. "/LJDQG /RFNLQJ RQ 4XDQWXP 'RW 6XUIDFHV YLD D 0LOG 5HDFWLYH 6XUIDFH
7UHDWPHQW." -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\ 143.33 (2021): 13418-13427.
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3RO\PHUV, &ROORLGV & ,QWHUIDFHV, &RQWULEXWHG 7DON (15PLQ) 3,-016

6HOI-DVVHPEO\ RI OHDG KDOLGH SHURYVNLWH QDQRFXEHV LQWR PXOWLFRPSRQHQW QDQRFU\VWDO
VXSHUODWWLFHV

,. &KHUQLXNK1,6, 7. 9. 6HNK1,6, *. 5DLQ´1,6, 7. 6W¸IHUOH2, 0. %XULDQ3, $. 7UDYHVVHW4, 5. (UQL5, 0. ,.
%RGQDUFKXN6,1, 0. 9. .RYDOHQNR1,6

1,QVWLWXWH RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK,
&+-8093 =¾ULFK, 6ZLW]HUODQG, 2,%0 5HVHDUFK (XURSH−=XULFK, &+-8803 5¾VFKOLNRQ, 6ZLW]HUODQG, 3

6ZLVV /LJKW 6RXUFH, 3DXO 6FKHUUHU ,QVWLWXWH, 5232 9LOOLJHQ 36,, 6ZLW]HUODQG, 4'HSDUWPHQW RI 3K\VLFV
DQG $VWURQRP\ DQG $PHV /DERUDWRU\, ,RZD 6WDWH 8QLYHUVLW\, $PHV, ,RZD 50011, 8QLWHG 6WDWHV, 5

(OHFWURQ 0LFURVFRS\ &HQWHU, (PSD−6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG
7HFKQRORJ\, &+-8600 '¾EHQGRUI, 6ZLW]HUODQG, 6/DERUDWRU\ IRU 7KLQ )LOPV DQG 3KRWRYROWDLFV,

(PSD−6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\, &+-8600 '¾EHQGRUI,
6ZLW]HUODQG

&ROORLGDO OHDG KDOLGH SHURYVNLWH QDQRFU\VWDOV (1&V) VHOI-DVVHPEOHG LQWR ORQJ-UDQJH RUGHUHG
VXSHUODWWLFHV (6/V) ZLWK VLPSOH FXELF SDFNLQJ RI SHURYVNLWH QDQRFXEHV KDYH EHHQ VKRZQ WR HPLW
VXSHUIOXRUHVFHQW OLJKW, ZKHUHLQ FRKHUHQW FRXSOLQJ DPRQJ VHYHUDO 1&V OHDGV WR FROOHFWLYH HPLVVLRQ,
UHVXOWLQJ LQ XOWUDIDVW EXUVWV RI SKRWRQV. &R-DVVHPEO\ RI SHURYVNLWH 1&V LQWR PXOWLFRPSRQHQW 6/V
ZLWK RWKHU EXLOGLQJ EORFNV PLJKW VHUYH DV D YHUVDWLOH SODWIRUP IRU FRQWUROOLQJ WKHLU FROOHFWLYH
SURSHUWLHV. :H VKRZ WKDW WKH XVH RI FXELF 1&V LQVWHDG RI VSKHULFDO RQHV FKDQJHV WKH DVVHPEO\
RXWFRPH. &V3E%U3 QDQRFXEHV FRPELQHG ZLWK VSKHULFDO )H324 RU 1D*G)4 1&V DQG WUXQFDWHG FXERLG
3E6 1&V IRUP ELQDU\ 6/V RI VL[ VWUXFWXUH W\SHV, QDPHO\, 1D&O-, $O%2-, &X$X- DV ZHOO DV XQFRPPRQ
WR DOO-VSKHUH DVVHPEOLHV QRYHO $%2-, TXDVL-WHUQDU\ $%23- DQG $%26-W\SHV. ,Q WKHVH VWUXFWXUHV, WKH
QDQRFXEHV UHWDLQ RULHQWDWLRQDO FRKHUHQFH. 7KH FR-DVVHPEO\ RI &V3E%U3 QDQRFXEHV ZLWK ODUJHU GLVN-
VKDSHG /D)3 1&V (1.6 QP LQ WKLFNQHVV) UHVXOWV LQ WKH IRUPDWLRQ RI VL[ FROXPQDU VWUXFWXUHV ZLWK $%,
$%2, $%4 DQG $%6 VWRLFKLRPHWU\. ,Q WKH V\VWHPV ZLWK FRPSDUDEOH GLPHQVLRQV RI QDQRFXEHV (8.6
QP) DQG QDQRGLVNV (6.5–12.5 QP), RWKHU, QRQ-FROXPQDU VWUXFWXUHV DUH REVHUYHG, VXFK DV 5H23-W\SH
6/, IHDWXULQJ LQWLPDWH LQWHUPL[LQJ DQG IDFH-WR-IDFH DOLJQPHQW RI GLVNV DQG FXEHV. :LWK ODUJH DQG
WKLFN 1D*G)4 QDQRGLVNV, DQ RUWKRUKRPELF 6/ UHVHPEOLQJ &D&2 VWUXFWXUH ZLWK FOXVWHUV RI &V3E%U3
1&V ZDV REWDLQHG. :H DOVR H[SORUH DQ RQ-OLTXLG DVVHPEO\ PHWKRG XVLQJ JO\FHU\O WULDFHWDWH DV D
VXESKDVH WKDW DOORZV REWDLQLQJ IUHH-IORDWLQJ 6/ ILOPV FRPSULVLQJ SHURYVNLWH QDQRFU\VWDOV.

>1@ ,KRU &KHUQLXNK, *DEULHOH 5DLQ´, 7KLOR 6W¸IHUOH, 0D[ %XULDQ, $OH[ 7UDYHVVHW, 'HQ\V 1DXPHQNR,
+HLQ] $PHQLWVFK, 5ROI (UQL, 5DLQHU ). 0DKUW, 0DU\QD ,. %RGQDUFKXN, 0DNV\P 9. .RYDOHQNR,1DWXUH
2021, 593, 535– 542.
>2@ ,KRU &KHUQLXNK, *DEULHOH 5DLQ´, 7DUDV 9. 6HNK, &KHQJOLDQ =KX, <HYKHQ 6K\QNDUHQNR, 5RKLW
$EUDKDP -RKQ, (WVXNL .REL\DPD, 5DLQHU ). 0DKUW, 7KLOR 6W¸IHUOH, 5ROI (UQL, 0DNV\P 9. .RYDOHQNR,
0DU\QD ,. %RGQDUFKXN, $&6 1DQR 2021, 15, 16488-16500.
>3@ ,KRU &KHUQLXNK, 7DUDV 9. 6HNK, *DEULHOH 5DLQ´, 2OLYLD -. $VKWRQ, 0D[ %XULDQ, $OH[ 7UDYHVVHW,
0RGHVWRV $WKDQDVLRX, $QGUHDV 0DQROL, 5RKLW $EUDKDP -RKQ, 0DULLD 6Y\U\GHQNR, 9LNWRULLD 0RUDG,
<HYKHQ 6K\QNDUHQNR, )HGHULFR 0RQWDQDUHOOD, 'HQ\V 1DXPHQNR, +HLQ] $PHQLWVFK, *ULJRULRV ,WVNRV,
5DLQHU ). 0DKUW, 7KLOR 6W¸IHUOH, 5ROI (UQL, 0DNV\P 9. .RYDOHQNR, 0DU\QD ,. %RGQDUFKXN, $&6 1DQR,
2022 GRL.RUJ/10.1021/DFVQDQR.1F10702
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2UGHU DQG GLVRUGHU LQ LQYHUVH 2SDOV

-. 6PDUW1, .. 'RUELF1, $. 3DULVRWWR2, 0. /DWWXDGD1

18QLYHUVLW\ RI )ULERXUJ, 2$GROI 0HUNHO ,QVWLWXWH - 8QLYHUVLW\ RI )ULERXUJ

,Q QDWXUH VRPH DQLPDOV PDNH XVH IRU VWUXFWXUDO FRORXUV, LQVWHDG RI SLJPHQW FRORXUV, WR LQWHUDFW RU
FDPRXIODJH ZLWK WKH HQYLURQPHQW DURXQG WKHP. 6WUXFWXUDO FRORXU FRPHV IURP WKH LQWHUDFWLRQ RI
OLJKW ZLWK WKH VWUXFWXUHV LQ D PDWHULDO DQG IRU WKLV UHDVRQ GRHV QRW IDGH OLNH QRUPDO SLJPHQWV GR.
,QVSLUHG E\ QDWXUH, WKHVH FRORXUV FDQ EH PLPLFNHG E\ DUUDQJLQJ PRQRGLVSHUVH FROORLGV LQ FU\VWDOV
E\ PDNLQJ XVH RI VHOI-DVVHPEO\. :KHQ WKH VL]H RI WKH FROORLGV DUH RQ WKH RUGHU RI YLVLEOH OLJKW
(400-700 QP) VWUXFWXUDO FRORXUV FDQ EH VHHQ.

&ROORLGDO FU\VWDOV FDQ EH XVHG DV WHPSODWHV WR FUHDWH LQYHUVH RSDO VWUXFWXUHV. 7KH DPRXQW RI RUGHU
DQG GLVRUGHU LQ WKH FU\VWDOOLQH VWUXFWXUH DOORZV VWUXFWXUDO FRORXUV WR KDYH GLIIHUHQW SURSHUWLHV. ,Q
KLJKO\ RUGHUHG SKRWRQLF FU\VWDOV WKH VWUXFWXUDO FRORXU VKRZV DQ DQJXODU GHSHQGHQFH, ZKHQ D ORZ
GHJUHH RI GLVRUGHU LV LQWURGXFHG WKH VWUXFWXUDO FRORXUV EHJLQ WR KDYH D PXFK ORZHU DQJOH
GHSHQGHQFH. +RZHYHU, RQFH WKH GLVRUGHU LQ WKH FU\VWDO EHFRPHV WRR ODUJH, WKH VWUXFWXUDO FRORXU LV
ORVW DQG WKH VXUIDFH DSSHDUV WR EH ZKLWH, DV WKH OLJKW LV VFDWWHUHG LQ DOO GLUHFWLRQV.

7KLV SURMHFW LV ORRNLQJ DW LQWURGXFLQJ GLVRUGHU LQWR VHOI-DVVHPEOHG FROORLGDO FU\VWDOV E\ PDNLQJ XVH
RI QRQ-VSKHULFDO GLPSOHG SDUWLFOHV DV WHPSODWHV. 7KH SDUWLFOHV ZLWK GLPSOHV LQWURGXFH D GLIIHUHQW
W\SH RI GLVRUGHU LQWR WKH V\VWHP, ZLWK WKH LGHD WKDW WKH RUGHU RI WKH GLVRUGHU FDQ EH FRQWUROOHG E\
WKH VL]H RI WKH GLPSOH LQ WKH SDUWLFOH LWVHOI. 'LIIHUHQW VHOI-DVVHPEO\ DSSURDFKHV DUH ORRNHG DW, WKLQ
ILOP HYDSRUDWLRQ GHSRVLWLRQ, JUDYLWDWLRQDO VHGLPHQWDWLRQ DV ZHOO DV FRQILQHG VHOI-DVVHPEO\ ZLWKLQ D
ZDWHU-LQ-RLO HPXOVLRQ. 7KH PHWKRGV QHHGHG WR FUHDWH LQYHUVH RSDOV DV ZHOO DV WKH YLDELOLW\ RI
LQYHUWLQJ WKHVH GLIIHUHQW VHOI-DVVHPEOHG VWUXFWXUHV DUH DOVR ORRNHG LQWR. 7KH ILQDO SDUWLFOH
DUUDQJHPHQWV ZLWKLQ WKH VHOI-DVVHPEOHG VWUXFWXUHV DQG WKH YLVLEOH OLJKW UHIOHFWLRQ VSHFWUD (LQ UHDO
DQG LQ UHFLSURFDO VSDFH) ZLOO EH XVHG WR FRPSDUH WKH PHWKRGV.

7KH V\QWKHVLV RI WKH GLPSOHG SDUWLFOHV UHVXOWV LQ GUDVWLF FKDQJHV RI WKH VXUIDFH SURSHUWLHV RI WKH
SDUWLFOHV, FKDQJLQJ IURP K\GURSKRELF SRO\PHULF SDUWLFOHV WR K\GURSKLOLF FDUERQ EDVHG SDUWLFOHV.
7KHVH FKDQJHV LPSDFW WKH VHOI-DVVHPEO\ EHKDYLRXU LQ WKH V\VWHP, DV WKH K\GURSKRELFLW\ RI WKH
SDUWLFOHV SOD\ D UROH LQ WKH ZD\ SDUWLFOHV VHOI-DVVHPEOH LQ HYDSRUDWLRQ GHSRVLWLRQ. 7KLV UHTXLUHG
PRGLILFDWLRQV WR WKH SDUWLFOH V\QWKHVLV DQG D SDUWLFOH VXUIDFH SUHSDUDWLRQ ZLWK WKH DVVLVWDQFH RI
VXUIDFWDQWV, WR HQDEOH WKH SDUWLFOHV WR EH VWDEOH HQRXJK WR IRUP RUGHUHG FU\VWDOOLQH DUUDQJHPHQWV.

3KLOOLSV, .., (QJODQG, *., 6XQQ\, 6., 6KLUPDQ, (., 6KLUPDQ, 7., 9RJHO, 1. DQG $L]HQEHUJ, -., 2016. $
FROORLGRVFRSH RI FROORLG-EDVHG SRURXV PDWHULDOV DQG WKHLU XVHV. &KHPLFDO 6RFLHW\ 5HYLHZV, 45(2),
SS.281-322.
/LX, '., 3HQJ, ;., :X, %., =KHQJ, ;., &KXRQJ, 77., /L, -., 6XQ, 6., DQG 6WXFN\, *'., 2015. 8QLIRUP
&RQFDYH 3RO\VW\UHQH-&DUERQ &RUH−6KHOO 1DQRVSKHUHV E\ D 6ZHOOLQJ ,QGXFHG %XFNOLQJ 3URFHVV. -.
$P. &KHP. 6RF., 137, SS.9772−9775.
/LX, 3., %DL, /., <DQJ, -., *X, +., =KRQJ, 4., ;LH, =. DQG *X, =., 2019. 6HOI-DVVHPEOHG FROORLGDO DUUD\V
IRU VWUXFWXUDO FRORU. 1DQRVFDOH $GYDQFHV, 1(5), SS.1672-1685.
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&UHDWLQJ FKHPLVWU\ IRU D VXVWDLQDEOH IXWXUH LQ D ZRUOG RI FKDQJH

2. (QJHU1

1%$6) 6FKZHL] $*, 6FRXWLQJ DQG ,QFXEDWLRQ, (03$ - 12 %XLOGLQJ, 8HEHUODQGVWU. 129, 8600
'¾EHQGRUI, 6ZLW]HUODQG - ROLYLHU.HQJHU#EDVI.FRP

$V D OHDGLQJ FKHPLFDO FRPSDQ\, %$6) FRPELQHV HFRQRPLF VXFFHVV ZLWK HQYLURQPHQWDO SURWHFWLRQ
DQG VRFLDO UHVSRQVLELOLW\. 7R DGGUHVV SUHVVLQJ JOREDO FKDOOHQJHV, ZH EHOLHYH FKHPLVWU\ ZLOO EH DQ
HQDEOHU, DQG FRQWLQXHG LQQRYDWLRQ QHFHVVDU\. ,Q WKLV SUHVHQWDWLRQ, , ZLOO GHVFULEH KRZ UHVHDUFK
WRSLFV DUH LGHQWLILHG RQ WKDW EDFNJURXQG DQG VKRZ H[DPSOHV KRZ WKH\ DUH DOLJQHG LQ DQ LQGXVWULDO
FRQWH[W EHWZHHQ VFLHQFH, EXVLQHVV DQG VXVWDLQDELOLW\.
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7UDQVIRUPHU-,QGXFHG 0HWDPRUSKRVLV RI 3RO\PHULF 1DQRSDUWLFOH 6KDSH DW 5RRP
7HPSHUDWXUH

.. 3DUNDW]LGLV1, $. $QDVWDVDNL1

1/DERUDWRU\ IRU 3RO\PHULF 0DWHULDOV, 'HSDUWPHQW RI 0DWHULDOV, (7+ =¾ULFK, 9ODGLPLU-3UHORJ-:HJ 5,
8093 =¾ULFK, 6ZLW]HUODQG

&RQWUROOHG SRO\PHUL]DWLRQV KDYH HQDEOHG WKH V\QWKHVLV RI D ZLGH UDQJH RI DPSKLSKLOLF EORFN
FRSRO\PHUV ZKLFK FDQ IRUP QDQRVWUXFWXUHG PDWHULDOV ZLWK GLIIHUHQW VKDSHV H[KLELWLQJ GLVWLQFW
SURSHUWLHV DQG SHUIRUPDQFH.1 'HVSLWH WKH LPSRUWDQFH RI VKDSH, FXUUHQW VWUDWHJLHV WKDW DOORZ IRU
WKH HIILFLHQW PRUSKRORJLFDO WUDQVIRUPDWLRQ DUH OLPLWHG LQ SRO\PHU VFRSH, RIWHQ DOWHU WKH FKHPLFDO
VWUXFWXUH, RSHUDWH DW KLJK WHPSHUDWXUHV, DQG FDQ EH IDLUO\ WHGLRXV DQG WLPH-FRQVXPLQJ. +HUHLQ ZH
SUHVHQW D UDSLG DQG YHUVDWLOH PRUSKRORJLFDO WUDQVIRUPDWLRQ VWUDWHJ\ ZKLFK RSHUDWHV DW DPELHQW
WHPSHUDWXUH DQG ZLWKRXW LPSDLULQJ WKH FKHPLFDO VWUXFWXUH RI WKH UHVXOWLQJ PRUSKRORJLHV. %\ VLPSO\
DGGLQJ D VPDOO DPRXQW RI D PROHFXODU WUDQVIRUPHU (L.H. VPDOO RUJDQLF PROHFXOH) LQ DQ DTXHRXV
VROXWLRQ RI SRO\PHULF QDQRSDUWLFOHV, D UDSLG HYROXWLRQ WR WKH QH[W KLJK-RUGHUHG PRUSKRORJ\ ZDV
REVHUYHG ZLWKLQ VHFRQGV, \LHOGLQJ D UDQJH RI QDQRSDUWLFOHV PRUSKRORJ\ IURP WKH VDPH VWDUWLQJ
PDWHULDO. 6LJQLILFDQWO\, WKLV DSSURDFK FDQ EH DSSOLHG WR QDQRSDUWLFOHV SURGXFHG E\ GLVSDUDWH EORFN
FRSRO\PHUV (L.H. ZLWK GLIIHUHQW FRUHV DQG FRURQDH) REWDLQHG E\ YDULRXV V\QWKHVLV WHFKQLTXHV,
LQFOXGLQJ HPXOVLRQ SRO\PHUL]DWLRQ, SRO\PHUL]DWLRQ-LQGXFHG VHOI-DVVHPEO\ DQG WUDGLWLRQDO VROXWLRQ
VHOI-DVVHPEO\.2,3

>1@ .. 3DUNDW]LGLV, +. 6. :DQJ, 1. 3. 7UXRQJ DQG $. $QDVWDVDNL, &KHP, 2020, 6, 1575–1588.
>2@ 0. 5ROODQG, 1. 3. 7UXRQJ, .. 3DUNDW]LGLV, (. +. 3LONLQJWRQ, $. /. 7RU]\QVNL, 5. :. 6W\OH, (. 5.
'XIUHVQH, DQG $WKLQD $QDVWDVDNL, -$&6 $X, 2021, 1, 11, 1975–1986.
>3@ .. 3DUNDW]LGLV, 1. 3. 7UXRQJ, 0. 5ROODQG, 9. /XW]-%XHQR, (. +. 3LONLQJWRQ, 5. 0H]]HQJD DQG $.
$QDVWDVDNL, $QJHZ. &KHP.,QW. (G., 2022, H202113424.
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0HFKDQLFDOO\ PRUSKLQJ SRO\PHU V\VWHPV

/. ). 0XII1, &. :HGHU1*

1$GROSKH 0HUNOH ,QVWLWXWH, 8QLYHUVLW\ RI )ULERXUJ, 6ZLW]HUODQG

)XQFWLRQDO PDWHULDOV HQDEOH RUJDQLVPV WR DFFRPSOLVK FRPSOH[ WDVNV LQ UHVSRQVH WR H[WHUQDO RU VHOI-
PRGXODWHG VWLPXOL ZLWK PDQ\ H[DPSOHV RI FRQWLQXLQJ IXQFWLRQ EH\RQG WKH RUJDQLVP’V OLIHWLPH. 7KH
UHVXUUHFWLQJ URVH RI -HULFKR ($QDVWDWLFD KLHURFKXQWLFD) DQG WKH VHHG GLVSHUVLRQ PHFKDQLVP RI
FRQLIHU FRQHV DUH WZR RI WKH PRVW ZHOO-NQRZQ LQVWDQFHV RI SRVW PRUWHP WLVVXH IXQFWLRQLQJ LQ
UHVSRQVH WR HQYLURQPHQWDO FKDQJHV. :KLOH YDULDWLRQV LQ UHODWLYH KXPLGLW\ DQG H[SRVXUH WR ZDWHU
DUH WZR RI WKH PRVW SUHYDOHQW VWLPXOL LQ QDWXUH, V\QWKHWLF IXQFWLRQDO SRO\PHUV IUHTXHQWO\ UHVSRQG
WR WHPSHUDWXUH FKDQJH, ZKLFK FDQ EH FRQWUROOHG WKURXJK LUUDGLDWLRQ ZLWK OLJKW, RVFLOODWLQJ PDJQHWLF
ILHOGV RU HOHFWULFDOO\ YLD -RXOH KHDWLQJ. 7KHVH PDWHULDOV DUH LPSRUWDQW FRPSRQHQWV RI VRIW DFWXDWRUV
XVHG LQ FRPSOH[ VRIW URERWLF V\VWHPV. )RU H[DPSOH, D WKHUPDOO\ FRQWUROOHG ELOD\HU EHQGLQJ DFWXDWRU
GHSHQGV RQ DQLVRWURSLF WKHUPDO H[SDQVLRQ RI WKH WZR MRLQHG OD\HUV, UHVXOWLQJ LQ D EHQGLQJ RU
IODWWHQLQJ PRWLRQ. 6HPLFU\VWDOOLQH SRO\PHUV VXFK DV SRO\HWK\OHQH H[KLELW FRQVLGHUDEOH WKHUPDO
H[SDQVLRQ DVVRFLDWHG ZLWK WKH PHOW WUDQVLWLRQ, ZKLFK KRZHYHU FDQQRW EH UHDGLO\ XVHG LQ ELOD\HU
EHQGLQJ DFWXDWRUV VLQFH PHOWLQJ ZRXOG FRPSURPLVH WKH GHYLFH’V PHFKDQLFDO LQWHJULW\. 7R DYRLG
WKLV, ZH GHYHORSHG VHJPHQWHG SRO\XUHWKDQHV ZLWK D FU\VWDOOLQH VRIW VHJPHQW DQG D SK\VLFDOO\
FURVV‑OLQNLQJ KDUG VHJPHQW WKDW SUHYHQWV IORZ EH\RQG WKH PHOW WUDQVLWLRQ RI WKH VRIW VHJPHQW.1,2

7KHVH SRO\PHUV HQDEOHG WKH GHYHORSPHQW RI HOHFWUR‑WKHUPDOO\ FRQWUROOHG ELOD\HU EHQGLQJ DFWXDWRUV
ZLWK D KLJK GHIOHFWLRQ DQG ORZ VZLWFKLQJ WHPSHUDWXUH (55r&). 7R GHPRQVWUDWH WKH PHULW RI WKHVH
GHYLFHV, ZH GHVLJQHG D FURVV‑VKDSHG URERW ZLWK IRXU LQGLYLGXDOO\ FRQWUROOHG OHJV FDSDEOH RI
SHUIRUPLQJ FRPSOH[ WDVNV VXFK DV ORFRPRWLRQ.

3KRWR RYHUOD\ RI D KLJK WKHUPDO H[SDQVLRQ SRO\XUHWKDQH DQG SRO\LPLGH ELOD\HU EHQGLQJ DFWXDWRU
ZLWK LQWHJUDWHG -RXOH KHDWHU LQ WKH IODW (21) DQG EHQW (2))) VWDWH (OHIW). ,PDJH RI D FURVV‑VKDSHG
VRIW URERW LQ WKH UHVWLQJ VWDWH (ULJKW).

>1@ /LYLXV ). 0XII, &KULVWRSK :HGHU, $GY. ,QWHOO. 6\VW. 2020, 2 (12), 2000177.
>2@ /LYLXV ). 0XII, &KULVWRSK :HGHU, PDQXVFULSW LQ SUHSDUDWLRQ.
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,QWHUIDFLDO UKHRORJ\ RI SDUWLFOHV ZLWK PDWFKLQJ FRQYH[ DQG FRQFDYH DVSHULWLHV

/. $. :RROOH\1, ). 0¾OOHU1, '. 5HQJJOL1, -. 9HUPDQW1*

1'HSDUWPHQW RI 0DWHULDOV, (7+ =XULFK, 9ODGLPLU-3UHORJ-:HJ 5, &+-8093 =XULFK, 6ZLW]HUODQG

6XUIDFH URXJKQHVV RI FROORLGV KLJKO\ LQIOXHQFHV WKHLU VHOI-DVVHPEO\ EHKDYLRXU, WKHUHIRUH GLFWDWLQJ
WKH PHFKDQLFDO SURSHUWLHV LQ VXFK V\VWHPV. +HUH, ZH UHSRUW WKH PDFURVFRSLF LQWHUIDFLDO UKHRORJ\ RI
PLFURSDUWLFOH QHWZRUNV LQ GLIIHUHQW UDWLRV RI WRSRORJLFDOO\ PDWFKLQJ FRQYH[ DQG FRQFDYH VXUIDFH
DVSHULWLHV PHDVXUHG ZLWK D GRXEOH ZDOO ULQJ (':5) LQWHUIDFLDO UKHRPHWHU. ,Q WKLV VHW-XS, D /DQJPXLU
WKURXJK ZLWK DQ DGDSWHG ':5 DWWDFKHG WR D VWUHVV-FRQWUROOHG UKHRPHWHU ZDV XVHG WR SUREH WKH
PHFKDQLFDO SURSHUWLHV. 7KH VXUIDFH FRYHUDJH DQG ORFDO HYHQWV DUH LQYHVWLJDWHG XVLQJ D OLJKW
PLFURVFRSH GXULQJ WKH H[SHULPHQWV.

)LJ. 1:6(0 LPDJHV 4N9, 30’000 [ PDJQLILFDWLRQ, VFDOH EDU FRUUHVSRQGV WR 2 wP, EHORZ LQWHUIDFLDO
UKHRORJ\ VHW-XS: /DQJPXLU WKURXJK ZLWK ':5 FRPELQHG ZLWK D IOXRUHVFHQFH PLFURVFRSH

7KH RUJDQR-VLOLFD SDUWLFOHV ZLWK FRQFDYH IHDWXUHV, DOVR NQRZQ DV JROI EDOO-OLNH SDUWLFOHV (*%3V) ZHUH
V\QWKHVL]HG IROORZLQJ DQ DSSURDFK IURP /LDQJ HW DO. >1@ 7KH SDUWLFOHV ZLWK D FRQYH[ IHDWXUHG ZHUH
V\QWKHVL]HG IROORZLQJ D QRYHO RQH-SRW V\QWKHVLV, EDVHG RQ D FR-FRQGHQVDWLRQ UHDFWLRQ RI WZR
RUJDQR-VLODQH SUHFXUVRUV. 7KHVH SDUWLFOHV FRQVLVW RI VPDOOHU FRURQD SDUWLFOHV FRQGHQVHG WR D ODUJHU
FRUH SDUWLFOH DQG FDQ EH UHIHUUHG WR DV UDVSEHUU\-OLNH SDUWLFOHV (5%3V) >2@. 7KHVH SDUWLFOHV ZHUH
VSUHDG DW D ZDWHU-DLU LQWHUIDFH LQ GLIIHUHQW UDWLRV DQG FRPSUHVVHG WR GLIIHUHQW VXUIDFH FRYHUDJH WR
PHDVXUH WKHLU LQWHUIDFLDO PHFKDQLFDO SURSHUWLHV. 3UHOLPLQDU\ UHVXOWV VKRZ D KLJKO\ HODVWLF DQG
VWURQJ LQWHUIDFH LQ WKH KLJK IUHTXHQF\ UHJLPH GXH WR LQWHUORFNLQJ EHWZHHQ SDUWLFOHV FRPSDUHG WR
VPRRWK SDUWLFOHV ZLWK VLPLOLDU VXUIDFH FKHPLVWU\.

)LJ. 2: 6SUHDGLQJ RI 3DUWLFOHV DW DQ $LU-:DWHU LQWHUIDFH, 40 [ PDJQLILFDWLRQ

>1@ 5XL[XH /LDQJ, 6RIW 0DWWHU, 2020, 16, 39. 
>2@ =DQLQL, 0., 0DUVFKHONH, &., $QDFKNRY, 6. HW DO.,  1DW &RPPXQ ,2017,8, 15701.
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/LSLGLF EDVHG-JHO ZLWK WXQDEOH UHOHDVH SURSHUWLHV DV D SODWIRUP IRU ORFDO GHOLYHU\ RI
ELRWKHUDSHXWLFV

6. $OHDQGUL1, 2. (O]HQDW\ 1, 3. /XFLDQL1

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

/LSLG PHVRSKDVHV DUH DEOH WR LQFRUSRUDWH DQG UHOHDVH D SOHWKRUD RI PROHFXOHV, VSDQQLQJ IURP
K\GURSKRELF GUXJV WR VPDOO K\GURSKLOLF SURWHLQV DQG WKHUHIRUH WKH\ KDYH EHHQ ZLGHO\ XVHG DV GUXJ
GHOLYHU\ V\VWHP. +RZHYHU, WKHLU ZDWHU FKDQQHOV RI 3–5 QP GR QRW DOORZ WKH UHOHDVH RI ODUJH
K\GURSKLOLF PROHFXOHV VXFK DV PRQRFORQDO DQWLERGLHV DQG WKHUDSHXWLF SURWHLQV. 7R RYHUFRPH WKLV
PDMRU JHRPHWULFDO FRQVWUDLQ, ZH GHVLJQHG D JHO E\ PL[LQJ PRQRDF\OJO\FHURO OLSLGV, JHQHUDOO\
UHFRJQL]HG DV VDIH IRU KXPDQ DQG/RU DQLPDO XVH E\ )'$, DQG SKRVSKROLSLGV, WR REWDLQ D PDWHULDO
ZLWK VZROOHQ ZDWHU FKDQQHOV VXLWDEOH WR KRVW DQG IXUWKHU UHOHDVH PDFURPROHFXOHV >1@. $SRIHUULWLQ, D
12 QP QDQRFDJH SURWHLQ ZLWK LQWULQVLF WXPRXU-WDUJHWLQJ SURSHUWLHV DEOH WR LQFRUSRUDWH VHYHUDO
PROHFXOHV, ZDV VHOHFWHG KHUH DV D K\GURSKLOLF PRGHO SURWHLQ WR EH HPEHGGHG LQ WKH ELRFRPSDWLEOH
JHO. :KHQ LPPHUVHG FRPSOHWHO\ LQ WKH UHOHDVH PHGLD, PHVRSKDVHV ZLWK D VZROOHQ ZDWHU FKDQQHO RI
22 QP, FRPSRVHG RI PRQRROHLQ DQG GRSHG ZLWK 5 PROH % RI '236 DQG 10 PROH % RI &KRO DOORZHG
XV WR DFKLHYH D SURWHLQ UHOHDVH RI 60 %, ZKLFK LV 120 WLPHV KLJKHU ZLWK UHVSHFW WR WKDW REWDLQHG E\
HPSOR\LQJ QRQ-VZROOHQ-/03V FRPSRVHG RQO\ E\ PRQRROHLQ. 6ZROOHQ OLSLGLF PHVRSKDVH DOORZ WR
DGPLQLVWHU ORFDOO\ ELRPDFURPROHFXOHV LQ WKRVH GLVHDVHV HDVLO\ UHDFKDEOH E\ D ORFDO DSSOLFDWLRQ
VXFK DV UHFWDO RU YDJLQDO FDQFHU, WKXV UHGXFLQJ WKH GUDZEDFNV DVVRFLDWHG ZLWK D SDUHQWHUDO
DGPLQLVWUDWLRQ. 7KH V\VWHP SURPSWV D UHOHDVH SURILOH VXLWDEOH IRU D PXFRVDO DSSOLFDWLRQ SDYLQJ WKH
ZD\ IRU D ORFDO DSSOLFDWLRQ RI RWKHU ELRPDFURPROHFXOHV LQFOXGLQJ PRQRFORQDO DQWLERGLHV.

>1@ 2XPDU (O]HQDW\, 3DROD /XFLDQL DQG 6LPRQH $OHDQGUL. -RXUQDO RI PDWHULDO FKHPLVWU\ %, 2022,
$GYDQFHG DUWLFOHV. 
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&OXVWHUV RI +DUG-6RIW $VVHPEO\ IRU %LR-$SSOLFDWLRQV

9. 0LKDOL1,2, 0. 6NRZLFNL1,2, &. *. 3DOLYDQ1,2*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI %DVHO, %35 1096, 0DWWHQVWUDVVH 24D, 4058 %DVHO,
6ZLW]HUODQG, 21&&5-0ROHFXODU 6\VWHPV (QJLQHHULQJ, %35 1095, 0DWWHQVWUDVVH 24D, 4058 %DVHO,

6ZLW]HUODQG.

7KH VHOI-RUJDQL]DWLRQ RI QDQR-REMHFWV LQWR FRPSOH[ DUFKLWHFWXUHV LV D PDMRU VWUDWHJ\ WR SURGXFH
QRYHO V\VWHPV ZLWK HPHUJLQJ SURSHUWLHV DQG IXQFWLRQDOLWLHV LQ ILHOGV VXFK DV FKHPLVWU\, HOHFWURQLFV
DQG WHFKQRORJ\>1–3@. 7KH '1$ K\EULGL]DWLRQ EHWZHHQ V\QWKHWLF DVVHPEOLHV (SRO\PHUVRPHV,
QDQRSDUWLFOHV, PLFHOOHV) UHSUHVHQWV DQ HVVHQWLDO VWHS LQ WKH GHYHORSPHQW RI LQWHUFRQQHFWLQJ
DUWLILFLDO RUJDQHOOHV EHFDXVH WKH\ WRSRORJLFDOO\ IDYRU FDVFDGH UHDFWLRQV EHWZHHQ GLIIHUHQW FDWDO\WLF
FRPSRXQGV HQFDSVXODWHG/HQWUDSSHG LQVLGH, DQG DUH FDSDEOH WR PLPLF FHOO VLJQDOLQJ RU
LQWHUDFWLRQV>4,5@.

,Q WKLV VWXG\, ZH LQYHVWLJDWH WKH VHOI-RUJDQL]DWLRQ RI FOXVWHUV EHWZHHQ “KDUG” -DQXV QDQRSDUWLFOHV
(-13V) DQG “VRIW” SRO\PHUVRPHV ZKLFK UHSUHVHQWV D QHZ DSSURDFK IRU GHYHORSLQJ D PXOWLIXQFWLRQDO
K\EULG V\VWHP IRU VSHFLILF ELR-DSSOLFDWLRQV. 7KHVH SRO\PHU-EDVHG -13V ZLWK DQLVRWURSLF FRPSRVLWLRQ
DQG RUWKRJRQDOO\ DGGUHVVDEOH IXQFWLRQDOLW\ SURYLGHDQ DV\PPHWULF SODWIRUP VXLWHG IRU GLUHFWLRQDO
LQWHUDFWLRQ>6,7@ ZLWK WKH VRIW SRO\PHUVRPHV. 7KH K\EULGL]DWLRQ RI FRPSOHPHQWDU\ VV'1$ VWUDQGV
DWWDFKHG WR HDFK FRPSRQHQWV OLQNV WKHP LQWR FOXVWHUV. 7KH SRO\PHUVRPHV DUH GHIRUPHG XSRQ
DGKHVLRQ WR WKH “KDUG” -13V VXUIDFH EXW PDLQWDLQ WKHLU LQWHJULW\, WKDQNV WR WKH LQKHUHQW PHFKDQLFDO
UREXVWQHVV RI WKH EORFN FRSRO\PHU PHPEUDQH. ,PSRUWDQWO\, WKH FRQWLQXHG LQWHJULW\ RI WKH YHVLFXODU
DUFKLWHFWXUH RI SRO\PHUVRPHV DIWHU DVVHPEO\ LQWR -13-SRO\PHUVRPH FOXVWHUV RIIHUV WKH SRVVLELOLW\
RI HQFDSVXODWLQJ YDULRXV NLQGV RI IXQFWLRQDO FDUJR. )LQDOO\, WKH ELRFRPSDWLELOLW\ RI WKH FOXVWHUV DQG
WKHLU LQWHUDFWLRQV ZLWK FHOO VXUIDFHV, PHGLDWHG E\ VFDYHQJHU UHFHSWRUV, ZDV LQYHVWLJDWHG.

>1@  &. *RQJ, 6. 6XQ, <. =KDQJ, /. 6XQ, =. 6X, $. :X, *. :HL, 1DQRVFDOH 2019, 11, 4147.
>2@  *. =KX, =. ;X, <. <DQJ, ;. 'DL, /.-7. <DQ, $&6 1DQR 2018, 12, 9467.
>3@  0. 5. -RQHV, 1. &. 6HHPDQ, &. $. 0LUNLQ, 6FLHQFH 2015.
>4@  $. %HOOXDWL, ,. &UDFLXQ, -. /LX, &. *. 3DOLYDQ, %LRPDFURPROHFXOHV 2018, 19, 4023.
>5@ -. /LX, 9. 3RVWXSDOHQNR, 6. /¸UFKHU, '. :X, 0. &KDPL, :. 0HLHU, &. *. 3DOLYDQ, 1DQR /HWW. 2016,
16, 7128.
>6@  &. .DQJ, $. +RQFLXF, $&6 1DQR 2018, 12, 3741.
>7@  9. 0LKDOL, $. +RQFLXF, $GY. 0DWHU. ,QWHUIDFHV 2022, 9, 2101713.
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3KRWR-FURVVOLQN ERWWOHEUXVK SRO\PHUV IRU YROWDJH-GULYHQ DUWLILFLDO PXVFOHV

<. $GHOL1,2, ). 2ZXVX1,2, ). $. 1¾HVFK1,2*, '. 0. 2SULV1*

1(PSD, /DERUDWRU\ )RU )XQFWLRQDO 3RO\PHUV, '¾EHQGRUI, 6ZLW]HUODQG, 2(3)/, ,QVWLWXWH 2I &KHPLFDO
6FLHQFHV $QG (QJLQHHULQJ, /DXVDQQH, 6ZLW]HUODQG

$SSOLFDWLRQV RI GLHOHFWULF HODVWRPHU DFWXDWRUV ('($) LQ LPSODQWDEOH VRIW URERWV QHHG VRIW
HODVWRPHUV WKDW DOORZ WKH PDQXIDFWXULQJ RI UHOLDEOH, GXUDEOH, DGDSWDEOH, DQG ORZ YROWDJH
UHVSRQVLYH DFWXDWRUV. +RZHYHU, FXUUHQWO\, '($V GR QRW PHHW WKH VDIHW\ VWDQGDUG GXH WR WKH KLJK
GULYLQJ YROWDJH. 5HGXFLQJ WKH WKLFNQHVV DQG HODVWLF PRGXOXV DOORZV IRU ORZHULQJ WKH GULYLQJ
YROWDJH. +RZHYHU, VRIW PDWHULDOV DUH SURQH WR HOHFWURPHFKDQLFDO LQVWDELOLW\ ((0,), ZKLFK FDXVHV
HOHFWULF EUHDNGRZQ. 7KH HODVWRPHUV PDGH E\ FURVV-OLQNLQJ ERWWOHEUXVK SRO\PHUV DUH RQH RI WKH
PRVW SURPLVLQJ DSSURDFKHV WR DFKLHYLQJ '($V WKDW VXSSUHVV (0,. 'LHOHFWULF PDWHULDOV SUHSDUHG E\
FKHPLFDOO\ FURVV-OLQNLQJ ERWWOHEUXVK SRO\PHUV XVLQJ IUHH-UDGLFDO 89-LQGXFHG SRO\PHUL]DWLRQ KDYH
EHHQ UHSRUWHG, EXW PROGV ZHUH UHTXLUHG WR SUHYHQW R[\JHQ LQKLELWLRQ OHDGLQJ WR UDWKHU WKLFN ILOPV.
7KHUHIRUH, WKH UHVSHFWLYH DFWXDWRUV DUH RSHUDEOH DW YROWDJHV DERYH 4000 9. +HUHLQ, GHVLJQHG
PRQRPHUV WKDW FDQ EH HIILFLHQWO\ SRO\PHUL]HG E\ ULQJ-RSHQLQJ PHWDWKHVLV SRO\PHUL]DWLRQ DQG
VXEVHTXHQWO\ FURVV-OLQNHG YLD D 89-LQGXFHG WKLRO-HQH FOLFN UHDFWLRQ ZHUH XVHG. 7KH GHYHORSHG
VWUDWHJ\ DOORZHG XV WR SURGXFH GHIHFW-IUHH WKLQ ILOPV FURVV-OLQNHG ZLWKLQ 5 PLQ. 7KH GLHOHFWULF ILOPV
JDYH XS WR 12% ODWHUDO DFWXDWLRQ DW 1000 9 DQG VXUYLYHG PRUH WKDQ 10'000 F\FOHV DW IUHTXHQFLHV
XS WR 10 +].
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6(/(&7,9( 5(029$/ 2) 72;,& 25*$1,& '<(6 86,1* 75Ѻ*(5 %$6(-&217$,1,1*
68/)21( &232/<0(56 0$'( )520 $ 0(7$/-)5(( 7+,2/-<1( &/,&. 5($&7,21

)2//2:(' %< 2;,'$7,21

%. $ODPHGGLQH1, 1. %DLJ1, 6. 6KHWW\1

1*XOI 8QLYHUVLW\ IRU 6FLHQFH DQG 7HFKQRORJ\, .XZDLW

7KUHH FRSRO\PHUV 7&31–3 EHDULQJ 7UѻJHU'V EDVH (7%) XQLWV LQWHUFDODWHG ZLWK YDULRXV WKLRHWKHU
JURXSV ZHUH V\QWKHVL]HG XVLQJ D FDWDO\VW-IUHH WKLRO-\QH FOLFN UHDFWLRQ. 7&31–3 GLVSOD\ H[FHOOHQW
VROXELOLW\ LQ FRPPRQ RUJDQLF VROYHQWV DOORZLQJ IRU WKHLU VWUXFWXUDO, DQG SKRWRSK\VLFDO
FKDUDFWHUL]DWLRQ. 7KH WKLRHWKHU JURXSV LQ 7&31–3 ZHUH VHOHFWLYHO\ R[LGL]HG LQWR WKHLU UHVSHFWLYH
VXOIRQH GHULYDWLYHV XQGHU PLOG R[LGDWLRQ UHDFWLRQ FRQGLWLRQV DIIRUGLQJ WKH SRVWPRGLILHG FRSRO\PHUV
7&34–6. ,QYHVWLJDWLRQ RI RUJDQLF G\H XSWDNH IURP ZDWHU E\ 7&31–6 SURYHG WKHLU HIILFLHQF\ DV
VHOHFWLYH DGVRUEHQWV UHPRYLQJ XS WR 100% RI WKH FDWLRQLF G\H PHWK\OHQH EOXH (0(%) ZKHQ
FRPSDUHG WR DQLRQLF G\HV, VXFK DV &RQJR UHG (&5), PHWK\O RUDQJH (02) DQG PHWK\O EOXH (0%). 7KH
VXOIRQH-FRQWDLQLQJ FRSRO\PHUV 7&34–6 GLVSOD\ VXSHULRU DQG IDVWHU 0(% UHPRYDO HIILFLHQFLHV ZLWK
UHVSHFW WR WKHLU FRUUHVSRQGLQJ V\QWKRQV 7&31–3.

>1@ %DLJ, 6. 6KHWW\, 0. 6. 0RXVWDID, 6. $O-0RXVDZL, %. $ODPHGGLQH. 56& $GYDQFHV 2021, 11,
21170-21178.
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6WLPXOL-UHVSRQVLYH, IXQFWLRQDO, SRURXV PHPEUDQHV IRU XOWUDIDVW DQG VZLWFKDEOH JDV
VHSDUDWLRQ DSSOLFDWLRQV

7. $VKLURY1

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI )ULERXUJ, &KHPLQ GX 0XVHH 9, 1700 )ULERXUJ 6ZLW]HUODQG

0HPEUDQHV DUH DQ LQWHJUDO SDUW RI WKH LQGXVWU\ GXH WR WKHLU PRGXODU GHVLJQ, FKHDS SURGXFWLRQ
FRVW, DQG HDV\ LQVWDOODWLRQ. +RZHYHU, PHPEUDQHV DUH VXEMHFWHG WR D SHUPHDELOLW\ (KRZ IDVW WKH
JDVHV SDVV WKURXJK WKH PHPEUDQH) DQG VHOHFWLYLW\ (KRZ SXUH LV WKH FRPSRQHQW JDV DIWHU WKH
PHPEUDQH) WUDGH-RII. 7R EUHDN WKLV WUDGH-RII WKH PHPEUDQH WKLFNQHVV QHHGV WR EH UHGXFHG EHORZ
WKH FULWLFDO YDOXH (PHDQ IUHH SDWK RI WKH JDV). ,Q WKDW UHJDUG, 2' PDWHULDOV VXFK DV JUDSKHQH DUH
FRQVLGHUHG DV D KRO\ JUDLO RI PHPEUDQHV GXH WR PLOOLRQ WLPHV KLJKHU SHUPHDELOLW\ UDWHV FRPSDUHG
WR FRQYHQWLRQDO PHPEUDQHV, KRZHYHU, WKH\ VXIIHU IURP ORZ JDV VHOHFWLYLW\. :KHUHDV GHFUHDVLQJ
WKH SRUH VL]H EHORZ 3 QP LV H[SHFWHG WR LQFUHDVH WKH JDV VHOHFWLYLW\ GXH WR PROHFXODU VLHYLQJ, LW LV
UDWKHU FKDOOHQJLQJ WR JHQHUDWH D ODUJH QXPEHU RI XQLIRUP VPDOO SRUHV RQ WKH JUDSKHQH VXUIDFH. :H
LQWURGXFHG WKH SRUH-QDUURZLQJ DSSURDFK YLD JROG GHSRVLWLRQ RQWR D SRURXV JUDSKHQH VXUIDFH WR
WXQH WKH SRUH VL]H DQG WKLFNQHVV RI WKH PHPEUDQH WR DFKLHYH D ODUJH QXPEHU RI VPDOO SRUHV.
7KURXJK WKH V\VWHPDWLF DSSURDFK, WKH LGHDO FRPELQDWLRQ LV GHWHUPLQHG DV D SRUH VL]H EHORZ 3 QP,
REWDLQHG DW WKH WKLFNQHVV RI 100 QP, WR DWWDLQ KLJK VHOHFWLYLW\ DQG KLJK SHUPHDQFH. 7KH UHVXOWLQJ
PHPEUDQH VKRZV D +2/&22 VHSDUDWLRQ IDFWRU RI 31.3 DW +2 SHUPHDQFH RI 2.23 × 105 *38 (1 *38  
3.35 × 10−10 PRO V−1 P−2 3D−1), ZKLFK LV WKH KLJKHVW YDOXH UHSRUWHG WR GDWH LQ WKH 105 *38
SHUPHDQFH UDQJH. 7KLV UHVXOW LV H[SODLQHG E\ FRPSDULQJ WKH SUHGLFWHG ELQGLQJ HQHUJLHV RI JDV
PROHFXOHV ZLWK WKH $X VXUIDFH, −5.3 YHUVXV −21 N- PRO−1 IRU +2 DQG &22, UHVSHFWLYHO\, LQFUHDVHG
VXUIDFH–JDV LQWHUDFWLRQV DQG PROHFXODU-VLHYLQJ HIIHFW ZLWK GHFUHDVLQJ SRUH VL]H.

$QRWKHU DSSURDFK LV WR SUHSDUH PHPEUDQHV SUHSDUHG RXW RI VWLPXOL-UHVSRQVLYH PDWHULDOV WKDW FDQ
DGDSW WR FKDQJLQJ VXUURXQGLQJ FRQGLWLRQV. ,Q WKDW GLUHFWLRQ, VZLWFKDEOH JDV VHSDUDWLRQ PHPEUDQHV
DUH TXLWH LQWULJXLQJ V\VWHPV IRU FRQWUROOLQJ WKH WUDQVSRUW SURSHUWLHV RI JDVHV. +RZHYHU, H[LVWLQJ
VWLPXOL-UHVSRQVLYH JDV VHSDUDWLRQ PHPEUDQHV HLWKHU VXIIHU IURP YHU\ VORZ UHVSRQVH WLPHV RU
UHTXLUH KLJK-HQHUJ\ LQSXW IRU D VZLWFKLQJ HYHQW WR RFFXU. $FFRUGLQJO\, KHUHLQ, ZH VKRZHG, IRU WKH
ILUVW WLPH, OLJKW-VZLWFKDEOH SRO\PHULF FDUERQ QLWULGH (S&1) JDV VHSDUDWLRQ PHPEUDQHV ZLWK DQ
XOWUDIDVW UHVSRQVH WLPH. 7KH PHPEUDQHV ZLWK YDULRXV WKLFNQHVVHV DQG SRURVLW\ ZHUH SUHSDUHG
WKURXJK LQ-VLWX IRUPDWLRQ DQG GHSRVLWLRQ RI S&1 RQWR D SRURXV VXSSRUW XVLQJ FKHPLFDO YDSRU
GHSRVLWLRQ E\ YDU\LQJ WKH DPRXQW RI PHODPLQH SUHFXUVRU. 2XU V\VWHPDWLF DQDO\VLV UHYHDOHG WKDW
WKH JDV WUDQVSRUW EHKDYLRU XSRQ OLJKW LUUDGLDWLRQ LV IXOO\ JRYHUQHG E\ WKH SRODUL]DELOLW\ RI WKH
SHUPHDWLQJ JDV DQG LWV LQWHUDFWLRQ ZLWK WKH FKDUJHG S&1 VXUIDFH, DQG FDQ EH HDVLO\ WXQHG HLWKHU
E\ FRQWUROOLQJ WKH SRZHU RI WKH OLJKW DQG/RU GXUDWLRQ RI WKH LUUDGLDWLRQ. :H DOVR GHPRQVWUDWHG WKDW
JDVHV ZLWK KLJKHU SRODUL]DELOLWLHV VXFK DV &22 FDQ EH VHSDUDWHG IURP JDVHV ZLWK ORZHU SRODUL]DELOLW\
OLNH +2 DQG +H HIIHFWLYHO\ ZLWK PRUH WKDQ 22% LQFUHDVH LQ WKH JDV/&22 VHOHFWLYLW\ XSRQ OLJKW
LUUDGLDWLRQ. 7KH PHPEUDQHV DOVR H[KLELWHG XOWUDIDVW UHVSRQVH WLPHV (<1 V) DQG FDQ EH WXUQHG “RQ”
DQG “RII” XVLQJ D VLQJOH OLJKW VRXUFH DW 550 QP.

>1@  7. $VKLURY, $. 2. <D]D\GLQ, $. &RVNXQ, $GYDQFHG 0DWHULDOV 2022, 34, 2106785.
>2@  .. ;LDR, /. &KHQ, /. -LDQJ, 0. $QWRQLHWWL, 1DQR (QHUJ\ 2020, 67, 104230.
>3@ .. ;LDR, %. 7X, /. &KHQ, 7. +HLO, /. :HQ, /. -LDQJ, 0. $QWRQLHWWL, $QJHZDQGWH &KHPLH
,QWHUQDWLRQDO (GLWLRQ 2019, 58, 12574.
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/LSLGLF PHVRSKDVHV IRU ORFDO GHOLYHU\ RI UDSDP\FLQ WR WUHDW LQIODPPDWLRQ

*. %RUGRQ1, 6. $OHDQGUL1, 0. &DURQH1, 3. /XFLDQL1*

18QLYHUVLW\ RI %HUQ

+\GUDWLRQ RI FHUWDLQ OLSLGV OHDGV LQWR IRUPDWLRQ RI OLSLGLF PHVRSKDVHV (/03V): ODPHOODU, KH[DJRQDO,
FXELF, DQG PLFHOODU FXELF SKDVHV.>1,2@ 7KH OLSRSKLOLF VHFWLRQV PDNH /03V DQ LGHDO PDWHULDO IRU ORFDO
FRQWUROOHG GHOLYHU\ RI K\GURSKRELF GUXJV. ,Q WKH SUHVHQW VWXG\ ZH HQFDSVXODWHG UDSDP\FLQ (5$3$)
LQ PRQRROHLQ (02), ZKLFK LV JHQHUDOO\ UHFRJQL]HG DV VDIH E\ WKH )'$>3@ DQG IRUPXODWHG DQ /03
VXEFXWDQHRXV LQMHFWLRQ. 5HFHQW UHVHDUFK E\ RXU JURXS VKRZHG 5$3$'V SRWHQWLDO IRU SURORQJHG
WUHDWPHQW RI ORFDOLVHG LQIODPPDWLRQ,>4@ EXW PDQ\ RI WKH IRUPXODWLRQV LQYROYH RUJDQLF VROYHQWV DQG
SRVH D ULVN RI WR[LFLW\. :H WHVWHG WKH GUXJ UHOHDVH DQG FKDUDFWHULVHG WKH V\VWHP ZLWK VPDOO DQJOH ;-
UD\ VFDWWHULQJ (6$;6) DQG UKHRPHWHU. 2XU UHVXOWV VKRZHG WKH UHOHDVH ODVWLQJ RYHU 30 GD\V, ZKLFK
ZRXOG VLJQLILFDQWO\ UHGXFH WKH DGPLQLVWUDWLRQ IUHTXHQF\. )XUWKHUPRUH, ZH GHPRQVWUDWHG
WKH V\VWHP'V DELOLW\ WR UHVSRQG WR WKH OLSDVH RYHUH[SUHVVLRQ - DQ LQIODPPDWRU\ FXH>5@ DQG UHOHDVH
WKH GUXJ RQ GHPDQG ()LJXUH 1). 6$;6 DQDO\VLV VKRZHG WKDW WKH LQMHFWLRQ SUHFXUVRU ZDV FRPSULVHG
RI D ODPHOODU PHVRSKDVH VWUXFWXUH, ZKLOH FRQWDFW ZLWK ZDWHU FDXVHG WKH FKDQJH WR D ELFRXQWLQXRXV
FXELF PHVRSKDVH.>1,2@ 5KHRORJLFDO DVVHVVPHQW FRUURERUDWHG WKH HDV\ LQMHFWDELOLW\ RI WKH SUHFXUVRU
DQG WKH KLJK HODVWLFLW\ RI WKH LQ VLWX IRUPHG FXELF JHO. 7KLV SKDVH WUDQVLWLRQ RFFXUUHG ZLWKLQ 1 K RI
/03 VXEPHUVLRQ LQWR H[FHVV ZDWHU, EXW WKLV ZDV QRW ILQDO, DV WKH SUHVHQFH RI OLSDVHV VKLIWHG WKH
PHVRSKDVH IXUWKHU WR DQ LQYHUWHG KH[DJRQDO VWUXFWXUH.

 5HIHUHQFHV:
>1@         2. (O]HQDW\, 3. /XFLDQL, 6. $OHDQGUL, -. 0DWHU. &KHP. % 2022, 10, 3876–3885.
>2@         6. $OHDQGUL, 5. 0H]]HQJD, 3K\V. 7RGD\ 2020, 73, 38.
>3@ )RRG DQG 'UXJ $GPLQLVWUDWLRQ, &RGH RI )HGHUDO 5HJXODWLRQV, 7LWOH 21, 9ROXPH 3;
21&)5184.1323, *O\FHU\O PRQRROHDWH, DFFHVVHG RQ 19WK -DQXDU\ 2022
>4@ '. 6XWWHU, '. 9. ']KRQRYD, -. &. 3URVW, &. %RYHW, <. %DQ], /. 5DKQIHOG, -. &. /HURX[, 5.
5LHEHQ, (. 9¸JHOLQ, -. $. 3ORFN, 3. /XFLDQL, $. 7DGGHR, -. 7. 6FKQLGHU, 6FL. 5HS. 2019, 9, 1–16.
>5@ 7. *DMDQD\DNH, 5. 2ODULX, ). 0. /HFOªUH, $. 'KD\DQL, =. <DQJ, $. .. %RQJRQL, <. %DQ], 0. $.
&RQVWDQWLQHVFX, -. 0. .DUS, 3. .. 9HPXOD, 5. 5LHEHQ, (. 9¸JHOLQ, 6FL. 7UDQVO. 0HG. 2014, 6,
249UD110-249UD110.
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$Q $SSURDFK WR 3KRWRUHGR[ &DWDO\VLV 8VLQJ /LJKW-+DUYHVWLQJ 6XSUDPROHFXODU 3RO\PHUV

5. %ULVVH1, 6. /DQJHQHJJHU1, 6. ;. /LX2, 5. +¦QHU1*

18QLYHUVLW\ RI %HUQ, 'HSDUWHPHQW I¾U &KHPLH, %LRFKHPLH XQG 3KDUPD]LH, 28QLYHUVLW\ RI %HUQ,
'HSDUWHPHQW I¾U &KHPLH, %LRFKHPLH XQG 3KDUPD]LH

2QH SURPLVLQJ DSSURDFK WR VWRUH WKH XELTXLWRXV HQHUJ\ RI WKH VXQ LV WR GULYH SKRWRSURGXFWLRQ RI
KLJK HQHUJ\ IXHOV RXW RI VLPSOH DQG DEXQGDQW PDWHULDOV, VXFK DV ZDWHU RU &22. ,Q QDWXUDO
SKRWRV\QWKHWLF V\VWHPV, WKLV SURFHVV LV GRQH YLD ODUJH VXSUDPROHFXODU DVVHPEOLHV RI FKORURSK\OO
PROHFXOHV WKDW IXQQHO H[FLWRQV WRZDUG D UHDFWLRQ FHQWHU ZKLFK LWVHOI LQLWLDWHV D UHGR[ FDVFDGH
WRZDUG WKH IXHO SURGXFWLRQ.>1@ 0LPLFNLQJ WKLV H[WUHPHO\ HIILFLHQW PDFKLQHU\ LV D TXHVW WKDW FKHPLVWV
KDYH EHHQ DGGUHVVLQJ RYHU WKH ODVW GHFDGHV. 2QH SRVVLEOH DSSURDFK LV PROHFXODU DQG DVVRFLDWHV,
LQ D VLQJOH VRODU IXHO GHYLFH, DQ DEVRUEHU (G\H, TXDQWXP GRWV …) ZLWK D IXHO SURGXFWLRQ FDWDO\VW. ,I
D KXJH DPRXQW RI ZRUN KDV EHHQ GHGLFDWHG WR KDYH PRUH HIILFLHQW FDWDO\VWV IRU WKLV WHFKQRORJ\,>2@

OLWWOH KDV EHHQ GRQH WR DGDSW WKH GHVLJQ RI WKH DEVRUEHU WR D UHDO DQWHQQD RI FKURPRSKRUHV. /LJKW
KDUYHVWLQJ 6XSUDPROHFXODU 3RO\PHUV (63V) FRXOG HQDEOH WR UHDFK WKDW JRDO DQG WKHLU LQWHJUDWLRQ
LQWR SKRWRUHGR[ VFKHPHV LV LQGHHG D UDWKHU XQH[SORUHG ILHOG RI UHVHDUFK.>3@ %XLOGLQJ RQ D VWURQJ
H[SHUWLVH LQ 63V FKHPLVWU\ DQG SKRWRSK\VLFV,>4@ RXU JURXS SURSRVHV WR DGGUHVV WKLV LVVXH. :H ZLOO
SUHVHQW ILUVW UHVXOWV UHJDUGLQJ SKRWRLQGXFHG HOHFWURQLF WUDQVIHUV EHWZHHQ 63V DQG VXLWDEOH UHGR[
DFWLYH FHQWHUV.

3KRWRLQGXFHG HOHFWURQLF WUDQVIHUV PHGLDWHG E\ OLJKW-KDUYHVWLQJ VXSUDPROHFXODU SRO\PHUV.

>1@ 3DWULFN -RUGDQ, 3HWUD )URPPH, +RUVW 7. :LWW, 2ODI .OXNDV, :ROIUDP 6DHQJHU, 1RUEHUW .UDX¡,
1DWXUH, 2001, 411, 909-917.
>2@ 0DUFRV *LO-6HSXOFUH, $QWRQL /OREHW, 1DW &DWDO, 2022, 5, 79-82.
>3@ 2OLYHU 'XPHOH, -LDKDR &KHQ, -DPHV. 9. 3DVVDUHOOL, 6DPXHO. ,. 6WXSS, $GYDQFHG 0DWHULDOV, 2020,
32, 1907247.
>4@ &KULVWLDQ :LQLJHU, 6KDRJXDQJ /L, *DQHVK 5. .XPDU, 6LPRQ /DQJHQHJJHU, 5REHUW +¦QHU,
$QJHZDQGWH &KHPLH ,QWHUQDWLRQDO (GLWLRQ, 2014, 53, 13609-13613.
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+\GURJHO-OLSRVRPH FRPSRVLWH IRU ORFDO WUHDWPHQW RI ILEURVLV

0. &DURQH1, 6. 7HZRUWH1, 6. $OHDQGUL1, *. %RUGRQ1, 3. /XFLDQL1*

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

)HZ WKHUDSHXWLF DSSURDFKHV DUH GHVLJQHG WR HIIHFWLYHO\ WUHDW ILEURWLF GLVHDVHV. 3LUIHQLGRQH (3)') LV
D VPDOO PROHFXOH GUXJ DSSURYHG IRU WKH WUHDWPHQW RI LGLRSDWKLF SXOPRQDU\ ILEURVLV DQG H[KLELWV
DQWL-ILEURWLF DQG DQWL-LQIODPPDWRU\ SURSHUWLHV LQ D YDULHW\ RI GLIIHUHQW RUJDQV. 1XPHURXV SUHFOLQLFDO
DQG FOLQLFDO VWXGLHV XVLQJ 3)' DUH EHLQJ FRQGXFWHG WR WUHDW ORFDO ILEURWLF GLVRUGHUV VXFK DV ILEURWLF
VFDUULQJ IROORZLQJ VSLQDO FRUG LQMXU\ >1@, LQWHVWLQDO ILEURVLV >2@, GLDEHWLF IRRW >3@, DQG ORFDOL]HG
VFOHURGHUPD >4@. +RZHYHU, 3)' LV RQO\ DYDLODEOH DV RUDO GRVDJH IRUP DQG – GXH WR WKH KLJK GRVDJH
QHHGHG WR DFKLHYH WKH WKHUDSHXWLF HIIHFW – LW PD\ EH DVVRFLDWHG ZLWK VLJQLILFDQW DGYHUVH UHDFWLRQV
LQFOXGLQJ JDVWURLQWHVWLQDO DQG QHXURORJLFDO FRPSOLFDWLRQV. 7R LPSURYH 3)'’V VDIHW\ SURILOH, ZH
GHYHORSHG D GUXJ GHOLYHU\ V\VWHP FRQVLVWLQJ RI OD\HU-E\-OD\HU 3)'-ORDGHG OLSRVRPHV (/E/-/,3)
HPEHGGHG LQWR D ]LQF DOJLQDWH K\GURJHO ()LJ. 1D). :H HQYLVLRQ WKH K\GURJHO IRU WKH WUHDWPHQW RI
HQGRPHWULRVLV RU LQWHVWLQDO ILEURVLV. $ GUXJ ORDGLQJ RI 85% LV REWDLQHG XVLQJ D SDVVLYH ORDGLQJ
PHWKRG WR HQFDSVXODWH 3)'. 7KH 150 QP VL]HG OLSRVRPHV DUH FRDWHG ZLWK XS WR 5 OD\HUV ()LJ.1E) RI
ELRSRO\PHUV – DOJLQDWH DQG FKLWRVDQ, DOWHUQDWLYHO\- WR JHQHUDWH /E/-/,3V ZKLOH DQ\ SXULILFDWLRQ VWHS
QHHGHG GXULQJ OD\HULQJ. 6XEVHTXHQWO\, /E/-/,3V DUH HPEHGGHG LQWR ]LQF DOJLQDWH K\GURJHO WR
SURYLGH DQ LQVWDQWO\ FURVVOLQNHG UHDG\-WR-XVH GUXJ GHOLYHU\ SODWIRUP. 7R PLPLF WKH YDJLQDO DQG
LQWHVWLQDO HQYLURQPHQW, WKH UHOHDVH SURILOH RI 3)' LV PRQLWRUHG DW ERWK S+ 4.5 DQG 7.4 ()LJ.1F). 7KH
UHVXOWV RI WKLV VWXG\ GHPRQVWUDWH RQH FDQ UHDFK KLJKO\ FRQFHQWUDWHG 3)'-OLSRVRPHV ZKLOH E\
DGMXVWLQJ WKH /E/ WKLFNQHVV D FRQWUROOHG DQG WXQDEOH UHOHDVH RI 3)' FDQ EH REWDLQHG. ,Q FRQFOXVLRQ,
RXU FRPSRVLWH /E/-/,3-K\GURJHO RIIHUV D KLJKO\ WXQDEOH 3)' UHOHDVH UDQJLQJ IURP K WR VHYHUDO GD\V
E\ VLPSO\ DGMXVWLQJ WKH /E/ WKLFNQHVV IRU ORFDO DQG VXVWDLQHG UHOHDVH RI WKH GUXJ GLUHFWO\ WR WKH
ILEURWLF VLWH. )XUWKHU VWXG\ ZLOO SURYH WKH DELOLW\ RI WKH V\VWHP WR ELRDGKHUH WR WKH ILEURWLF VLWH.

)LJXUH 1. D) 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH FRPSRVLWH K\GURJHO; E) &KDQJHV LQ ͊-SRWHQWLDO DW
HDFK ELRSRO\PHU GHSRVLWLRQ; F) LQ YLWUR UHOHDVH VWXGLHV RI /E/-/,3V K\GURJHOV DW S+ 7.4

5HIHUHQFHV:
>1@ %DRNXQ =KDQJ,  =KHQ\X 'LQJ, HW DO., 1DQRPHG. 1DQRWHFKQRO. %LRO. 0HG.,2021,37,102420.
>2@ 5HPR 0HLHU, &KULVWLDQ /XW], HW DO.,,QIODPP %RZHO 'LV,2016,22,569-82.
>3@ 0DUFHOD -DQND-=LUHV, 3DORPD $OPHGD-9DOGHV, HW DO.,- 'LDEHWHV 5HV.,2016,2016,7340641.
>4@ 0DUFR 5RGU¯JXH]-&DVWHOODQRV, $OEHUWR 7ODFXLOR-3DUUD, HW DO.,$UWKULWLV 5HV 7KHU.,2014,16,510.
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&KDUDFWHUL]DWLRQ RI D K\GURSKRELF 3('27 GHULYDWLYH XVLQJ H4&0

3. 'DPDOD1, (. %DNNHU1*

1'HSDUWPHQW RI ,QRUJDQLF DQG $QDO\WLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD

&RQGXFWLQJ SRO\PHUV KDYH EHHQ VWXGLHG ZLWK JUHDW LQWHUHVW RYHU WKH ODVW GHFDGHV, RZLQJ WR WKHLU
ZLGH DSSOLFDWLRQ UDQJH DQG XVH IRU WKH GHYHORSPHQW RI RUJDQLF SKRWRYROWDLFV DQG RUJDQLF OLJKW
HPLWWLQJ GLRGHV, DFWXDWRUV, VXSHUFDSDFLWRUV, DV ZHOO DV ELRPHGLFDO DQG HOHFWURFKURPLF GHYLFHV, WR
QDPH D IHZ. 6RPH RI WKH PRVW FRPPRQ FRQGXFWLQJ SRO\PHUV LQFOXGH SRO\(3-RFW\OWKLRSKHQH)
(327), SRO\S\UUROH (33\), SRO\(DQLOLQH) (3$1,) DQG SRO\(3,4-HWK\OHQHGLR[\WKLRSKHQH) (3('27).
$OWKRXJK WKH FKRLFH RI WKH SRO\PHU LV D FRPSURPLVH RI PDQ\ DVSHFWV, WKH XVH RI 3('27 FDQ EH
DGYDQWDJHRXV LQ PDQ\ DSSOLFDWLRQV RZLQJ WR LWV VXSHULRU PHFKDQLFDO, RSWLFDO, WKHUPDO DQG
HOHFWULFDO SURSHUWLHV >1@. 2QH RI WKH ZD\V RI 3('27 SUHSDUDWLRQ LV E\ HOHFWURFKHPLFDO
SRO\PHUL]DWLRQ IURP D VROXWLRQ RI WKH PRQRPHU DQG D VXSSRUWLQJ HOHFWURO\WH. 7KH UHVXOWLQJ SRO\PHU
LV SRVLWLYHO\ FKDUJHG DQG LQFRUSRUDWHV GRSLQJ LRQV IURP WKH HOHFWURO\WH, ZKLFK DFW DV FKDUJH
FRPSHQVDWRUV >2@. $V RI WRGD\, VHYHUDO VWXGLHV KDYH H[DPLQHG WKH LQIOXHQFH RI WKH VROYHQW DQG
VXSSRUWLQJ HOHFWURO\WH RQ WKH HOHFWURFKHPLFDO DQG PHFKDQLFDO SURSHUWLHV RI WKH UHVXOWLQJ 3('27
ILOPV >3-5@. +RZHYHU, VRPH RI LWV K\GURSKRELF GHULYDWLYHV, OLNH ('27-&14, KDYH QRW EHHQ VWXGLHG WR
VXFK DQ H[WHQW.

,Q WKH SUHVHQW VWXG\ ZH H[DPLQH KRZ WKH LQWULQVLF K\GURSKRELFLW\ RI WKLV PDWHULDO DQG WKH XVH RI
VXSSRUWLQJ HOHFWURO\WHV ZLWK GRSLQJ LRQV RI YDU\LQJ VL]H DQG OLSRSKLOLFLW\ FDQ LQIOXHQFH WKH
SK\VLFRFKHPLFDO SURSHUWLHV RI WKH UHVXOWLQJ ILOP. 8VLQJ H4&0, ZH PRQLWRU FKDQJHV RQ WKH SRO\PHU
VWUXFWXUH (PDVV JURZWK, YLVFRHODVWLFLW\) DQG HOHFWURFKHPLFDO EHKDYLRU (FDSDFLWDQFH, LRQ-H[FKDQJH
SURSHUWLHV), DQG H[DPLQH KRZ WKH VXUIDFH FKDUDFWHULVWLFV (H.J. ZHWWDELOLW\, URXJKQHVV) DUH
LQIOXHQFHG. 7KLV NQRZOHGJH LV YDOXDEOH IRU WKH GHYHORSPHQW RI QHZ PDWHULDOV DQG VHQVRUV ZLWK
WDLORUHG SURSHUWLHV, DQG UHILQHG FKDUJH- DQG LRQ-WUDQVIHU FDSDELOLWLHV WKDW FDQ ILQG D ZLGH UDQJH RI
XVH.

1. 6HWKXPDGKDYDQ, .. =XEHU, &. %DVVHOO, 3. 5. 7HDVGDOH, '. (YDQV, &RPPXQLFDWLRQV &KHPLVWU\
2020, 3, 1–9.

2. &DOEHUJ, ;. &KHQ, 2. ,QJDQDV, 6ROLG 6WDWH ,RQLFV 1996, 85, 73–78.
3. 9.-7. *UXLD, $. ,VSDV, ,. (ILPRY, $. %XQG, -RXUQDO RI 6ROLG 6WDWH (OHFWURFKHPLVWU\ 2020, 24,

3231–3244.
4. &\VHZVND (QHH :ĄRGDUF]\N), -. .DUF]HZVNL, 3. -DVLQVNL, (OHFWURFKLPLFD $FWD 2015, 176,

156–161.
5. 3RYHUHQRY, 0., /L, $. %LWOHU, 0. %HQGLNRY, &KHPLVWU\ RI 0DWHULDOV 2010, 22 (13), 4019–4025.
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$OO VROYHQW-IUHH V\QWKHVLV RI GLHOHFWULF HODVWRPHU WUDQVGXFHUV

3. 0. 'DQQHU1,2, '. 0. 2SULV1*

1(PSD, 6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\, )XQFWLRQDO 3RO\PHUV
/DERUDWRU\, 8HEHUODQGVWU. 129, &+-6800 '¾EHQGRUI, 6ZLW]HUODQG, 2(7+ =XULFK, 'HSDUWPHQW RI

0DWHULDOV, 9ODGLPLU-3UHORJ-:HJ 5, &+-8093 =XULFK, 6ZLW]HUODQG

'LHOHFWULF HODVWRPHU WUDQVGXFHUV ('(7) PDQXIDFWXULQJ UHTXLUHV FRQGXFWLYH DV ZHOO DV GLHOHFWULF
LQNV, ZKLFK DUH FR-SURFHVVHG E\ YDULRXV WHFKQLTXHV.>1,2@ (DFK SURFHVVLQJ WHFKQLTXH UHTXLUHV
VXLWDEOH YLVFRVLW\ RI WKH WZR LQNV, RIWHQ DFKLHYHG E\ GLOXWLQJ WKHP ZLWK D VROYHQW. (VSHFLDOO\, '(7
PDGH IURP FRPSRVLWHV UHTXLUH D VLJQLILFDQW DPRXQW RI VROYHQW. +HUH ZH LQWURGXFH WKH V\QWKHVLV RI
D FRQGXFWLYH, VRIW, VWUHWFKDEOH, DQG IOH[LEOH HOHFWURGH PDWHULDO XVLQJ DQLRQLF SRO\PHUL]DWLRQ RI
F\FORVLOR[DQH PRQRPHUV LQ WKH SUHVHQFH RI JUDSKHQH QDQRSODWHOHWV.>3@ 7KH V\QWKHVLV DSSURDFK
DOORZV WXQLQJ WKH YLVFRVLW\ RI WKH XQFXUHG PDWHULDO WR VXLW YDULRXV SURFHVVLQJ WHFKQLTXHV VXFK DV
VFUHHQ-SULQWLQJ, VSUD\-FRDWLQJ, VORW-GLH FRDWLQJ RU GLUHFW LQN ZULWLQJ. $GGLWLRQDOO\, LW FDQ EH
WUDQVIHUUHG WR WKH GLHOHFWULF FRPSRVLWH, PDNLQJ WKLV D YHUVDWLOH DSSURDFK. 6LQFH WKH FRPSRVLWHV DUH
V\QWKHVL]HG VROYHQW-IUHH, VWDFN '(7 FDQ EH HDVLO\ PDQXIDFWXUHG DQG SUREOHPV OLNH GHODPLQDWLRQ
DQG VZHOOLQJ RQ WKH XQGHUQHDWK OD\HUV DUH SUHYHQWHG. 7KH HQWLUH SURFHVV IURP V\QWKHVLV WR GHYLFH
PDQXIDFWXULQJ UHTXLUHV QR VROYHQW. 7KH GHYHORSHG '(7 DUH QRW RQO\ HIILFLHQWO\ PDQXIDFWXUHG EXW
DUH DOVR HQYLURQPHQWDOO\ IULHQGO\.

>1@ 5. 0D, 6.-<. &KRX, <. ;LH, 4. 3HL, &KHP. 6RF. 5HY. 2019, 48, 1741-1786.
>2@ 6. 5RVVHW, +. 5. 6KHD, $SSO. 3K\V. $ 2013, 110, 281-307.
>3@ 3.0. 'DQQHU, 0. ,DFRE, *. 6DVVR, ,. %XUGD, %. 5LHJHU, ). 1¾HVFK, '.0. 2SULV, 0DFURPRO. 5DSLG.
&RPPXQ. 2022, 43, 2100823.
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7KHUPR-UHVSRQVLYH VPDUW JDWLQJ ZRRG PHPEUDQHV

<. 'LQJ1, *. 3DQ]DUDVD1, 6. 6WXFNL1, 7. .HSOLQJHU1, ,. %XUJHUW1*

1:RRG 0DWHULDOV 6FLHQFH, ,QVWLWXWH IRU %XLOGLQJ 0DWHULDOV, (7+ =¾ULFK

6PDUW PHPEUDQHV WKDW FDQ RSHQ DQG/RU FORVH WKHLU SRUHV LQ D FRQWUROOHG PDQQHU E\ H[WHUQDO
VWLPXOL SRVVHVV SRWHQWLDO LQ YDULRXV DSSOLFDWLRQV VXFK DV ZDWHU IORZ PDQLSXODWLRQ, LQGRRU FOLPDWH
UHJXODWLRQ, DQG VHQVLQJ. 7KH GHVLJQ RI VPDUW JDWLQJ PHPEUDQHV ZLWK KLJK IOX[, LPPHGLDWH
UHVSRQVH, DQG PHFKDQLFDO UHVLVWDQFH LV VWLOO DQ RSHQ FKDOOHQJH, OLPLWLQJ WKHLU YHUVDWLOLW\ DQG
SUDFWLFDO DSSOLFDELOLW\. ,QVSLUHG E\ WKH FRQWUROOHG RSHQLQJ DQG FORVXUH RI SODQW VWRPDWD, ZH KDYH
GHYHORSHG KHUH D VPDUW JDWLQJ ZRRG PHPEUDQH, WDNLQJ DGYDQWDJH RI WKH XQLTXH ZRRG VFDIIROG
ZLWK LWV KLHUDUFKLFDO SRURXV VWUXFWXUH WR FDUU\ WKHUPR-UHVSRQVLYH K\GURJHO JDWHV.

:H KDYH HVWDEOLVKHG D IDFLOH VWUDWHJ\ IRU SUHSDULQJ D ZRRG-EDVHG VPDUW JDWLQJ PHPEUDQH. :LWK
ODVHU GULOOLQJ, ZRRG ILEHUV DQG YHVVHOV ZHUH FXW RSHQ DQG WKH WKUHH-GLPHQVLRQDO LQWHUFRQQHFWHG
ZRRG VFDIIROG ZLWK ZHOO-DOLJQHG RUGHU, XQLIRUP SRUH VL]H, DQG VXSHULRU PHFKDQLFDO VWUHQJWK ZDV
HPSOR\HG DV WKH IL[HG ERXQGDU\ RI WKH VPDUW JDWLQJ PHPEUDQH. $ WKHUPR-UHVSRQVLYH GRPDLQ ZDV
LQWURGXFHG LQWR WKH ZRRG VFDIIROG E\ LQ VLWX SRO\PHUL]DWLRQ RI 31,3$0 K\GURJHOV. +\GURJHOV
SUHSDUHG DERYH LWV /&67 VKRZHG D KHWHURJHQHRXV PLFURVWUXFWXUH ZLWK PLFUR-JHO FOXVWHUV, UHVXOWLQJ
LQ UHPDUNDEOH GHVZHOOLQJ UDWLR DQG UDSLG VZHOOLQJ. 0RUHRYHU, WKH PHWKDFU\ODWLRQ SUHWUHDWPHQW DQG
D VXLWDEOH PLFURVWUXFWXUH RI WKH ZRRG VFDIIROG SOD\HG DQ LPSRUWDQW UROH LQ SURPRWLQJ WKH JRRG
LQWHUIDFLDO VWUHQJWK EHWZHHQ WKH UHVSRQVLYH GRPDLQ DQG IL[HG ERXQGDU\ HQVXULQJ SURSHU SRUH
DFWXDWLRQ. 6LQFH WKH WKHUPR-UHVSRQVLYH EHKDYLRU RI 31,3$0 GHSHQGV RQ LWV K\GUDWLRQ VWDWH, LQ LWV
FXUUHQW FRQILJXUDWLRQ RXU VPDUW JDWLQJ ZRRG PHPEUDQH UHTXLUHV KLJK UHODWLYH KXPLGLW\ RU PRLVW
FRQGLWLRQV.

7KH ZRRG-EDVHG VPDUW JDWLQJ PHPEUDQHV H[KLELWHG UHYHUVLEOH DQG VWDEOH SRUH RSHQLQJ/FORVLQJ
XQGHU KHDWLQJ/FRROLQJ VWLPXOL. 7KH DFKLHYHG UDSLG UHVSRQVH DQG IHDVLELOLW\ RI VFDOH-XS RSHQ WKH
YHQXH IRU YDULRXV SUDFWLFDO DSSOLFDWLRQV. ,Q WKLV ZRUN, ZH GHPRQVWUDWHG WKHLU SRWHQWLDO IRU LQGRRU
OLJKW UHJXODWLRQ DQG DV ZDWHU IORZ PDQLSXODWRU >1@.

>1@ <RQJ 'LQJ, *XLGR 3DQ]DUDVD, 6DQGUR 6WXFNL, ,QJR %XUJHUW, DQG 7RELDV .HSOLQJHU, $&6
6XVWDLQDEOH &KHPLVWU\ & (QJLQHHULQJ 2022 10 (17), 5517-5525.
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$VVHPEO\ RI IXQFWLRQDOL]HG VXSUDPROHFXODU SRO\PHUV

(. (KUHW1, 6. 0. /DQJHQHJJHU1, 5. +¦QHU1*

18QLYHUVLW\ RI %HUQ

$ JURZLQJ LQWHUHVW IRU WXQDEOH QDQRVFDOH SRO\PHUV KDV EHHQ REVHUYHG LQ WKH SDVW GHFDGH. 7KH
PDLQ LQWHUHVWV DUH WKHLU DELOLW\ WR DFW DV OLJKW-KDUYHVWLQJ GHYLFHV DQG WKHLU QRQFODVVLFDO
RSWRHOHFWURQLF EHKDYLRU ZKLFK ILQG DSSOLFDWLRQ LQ D YDULHW\ RI ILHOGV. ,W ZDV SUHYLRXVO\ VKRZQ WKDW
SKRVSKRGLHVWHU GL-DON\Q\O-VXEVWLWXWHG S\UHQH WULPHUV>1,2@ DOORZHG WKH IRUPDWLRQ RI 2'
VXSUDPROHFXODU SRO\PHUV. ,Q WKLV ZRUN, ZH KDYH IXQFWLRQDOL]HG WKH LQLWLDO EXLOGLQJ EORFNV ZLWK D
F\FORRFW\QH, DOORZLQJ XV WR SHUIRUP SRVW-DVVHPEO\ PRGLILFDWLRQV ZLWK D]LGHV WKURXJK VWUDLQ
SURPRWHG D]LGH-DON\QH FOLFN FKHPLVWU\. 7KH DJJUHJDWLRQ SURFHVV RI WKH S\UHQH EXLOGLQJ EORFNV ZLOO
EH SUHVHQWHG WKURXJK VSHFWURVFRSLF PHDVXUHPHQWV.

)LJXUH 1: 6HOI-DVVHPEO\ SURFHVV RI F\FORRFW\QH PRGLILHG S\UHQH WULPHU.

>1@: 0. 9\ERUQ\L, $.9. 5XGQHY, 6.0. /DQJHQHJJHU, 7. :DQGORZVNL, *. &DO]DIHUUL, 5. +¦QHU, $QJHZ.
&KHP. ,QW. (G. 2013, 52, 11488–11493.
>2@: 0. 9\ERUQ\L, <. 9\ERUQD, 5. +¦QHU, &KHPLVWU\2SHQ 2017, 6, 488-491.
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&KDUDFWHULVDWLRQ RI 1HZ 6HOI-3ODVWLFLVHG 5HGR[ 3RO\PHU EDVHG RQ
3,4-(WK\OHQHGLR[\WKLRSKHQH

7. )RUUHVW1, (. %DNNHU1*

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

2YHU WKH ODVW IHZ \HDUV, FRQGXFWLYH SRO\PHUV KDYH JDLQHG VLJQLILFDQW LQWHUHVW GXH WR WKHLU XVH LQ
VXSHUFDSDFLWRUV, UHFKDUJHDEOH EDWWHULHV, ELRHOHFWURQLFV, VHQVRUV DQG DOVR SKRWRYROWDLF FHOOV. 7KLV
EUHDNWKURXJK ZDV PDLQO\ VXSSRUWHG E\ DQ LQFUHDVLQJ QXPEHU RI QHZ DYDLODEOH PDWHULDOV. 7KH PRVW
ZHOO-NQRZQ FRQGXFWLYH UHGR[ SRO\PHUV LQFOXGH SRO\(3-RFW\OWKLRSKHQH) (327), SRO\DQLOLQH (3$1,),
SRO\S\UUROH (33\) DQG SRO\(3,4-HWK\OHQHGLR[\WKLRSKHQH) (3('27), ZKLFK KDV EHHQ H[WHQVLYHO\
VWXGLHG GXH WR LWV YHUVDWLOLW\.

2ZLQJ WR D VLPSOH V\QWKHWLF SDWKZD\, D ZLGH YDULHW\ RI ('27 GHULYDWLYHV FDQ EH V\QWKHVLVHG DQG
KDYH EHHQ UHSRUWHG LQ ELRVHQVRUV, FRQGXFWLQJ K\GURJHOV DQG PDQ\ RWKHUV >1@. 2XU JURXS KDV
DOUHDG\ LQYHVWLJDWHG WKH XVH RI PRGLILHG ('27 PRQRPHUV LQWHQGHG DV WUDQVGXFHUV LQ LRQ-VHOHFWLYH
HOHFWURGHV. 7KH VLPSOH FRQVWUXFWLQJ EORF ZDV PRGLILHG ZLWK D ORQJ DON\QH FKDLQ WR HQKDQFH WKH
OLSRSKLOLFLW\ RI WKH UHVXOWLQJ SRO\PHU XSRQ HOHFWURSRO\PHULVDWLRQ >2@.

:H SUHVHQW KHUH WKH QRYHO V\QWKHVLV RI D 3,4-HWK\OHQHGLR[\WKLRSKHQH GHULYDWLYH ZLWK D WULD]ROH
DQDORJXH RI SKWKDODWH EDVHG RQ “FOLFN” FKHPLVWU\. ,W LV EHOLHYHG WKDW JUDIWLQJ D SODVWLFLVHU-OLNH
VLGHFKDLQ WR WKH LQLWLDO ('27 PROHFXOH ZLOO JHQHUDWH VPRRWKHU SRO\PHU ILOPV XSRQ
HOHFWURSRO\PHULVDWLRQ. :H HYDOXDWH WKH K\GURSKRELFLW\ RI GLIIHUHQW ('27 PRQRPHUV DQG DOVR
FRPSDUH WKHLU VWUXFWXUDO DQG HOHFWURFKHPLFDO SURSHUWLHV

)LJXUH 1: +XLVJHQ 1,3-GLSRODU F\FORDGGLWLRQ WR V\QWKHVLVH D 3,4-HWK\OHQHGLR[\WKLRSKHQH GHULYDWLYH
ZLWK D WULD]ROH DQDORJXH RI SKWKDODWH.

 

>1@ 'DQLHOH 0DQWLRQH, ,VDEHO 'HO $JXD, $QD 6DQFKH]-6DQFKH], 'DYLG 0HFHUUH\HV, 3RO\PHUV, 2017,
9, 354.
>2@ 7DUD )RUUHVW, (OHQD =GUDFKHN, (ULF %DNNHU, (OHFWURDQDO\VLV, 2020, 32, 799-804.
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'HYHORSPHQW DQG FKDUDFWHUL]DWLRQ RI D S+-UHVSRQVLYH OLSLG-EDVHG QXWULHQW GHOLYHU\
YHKLFOH

3. .DGDNLD1, 6. 6DOHQWLQLJ1*

18QLYHUVLW\ RI )ULERXUJ

)XQFWLRQDO FROORLGV KDYH JDLQHG PXFK DWWHQWLRQ DV DGYDQFHG QXWULHQW GHOLYHU\ V\VWHPV LQ WKH
UHFHQW \HDUV. 7KHLU UHVSRQVH WR H[WHUQDO IDFWRUV VXFK DV S+, WHPSHUDWXUH DQG LRQLF VWUHQJWK FDQ EH
XVHG WR WULJJHU QXWULHQW XSWDNH DQG UHOHDVH >1@. 2I SDUWLFXODU LQWHUHVW DUH OLSLG-EDVHG VHOI-
DVVHPEOHG VWUXFWXUHV. ,Q WKLV FRQWH[W, UKDPQROLSLGV (5/) DUH VXVWDLQDEOH QDWXUDO ELRVXUIDFWDQWV WKDW
DUH H[WUDFWHG IURP EDFWHULD >2@. +RZHYHU, WKHLU VHOI-DVVHPEO\ LQ ZDWHU, WKDW LV FUXFLDO IRU WKHLU
IXUWKHU GHVLJQ LQWR IXQFWLRQDO IRRG PDWHULDOV, KDV QRW EHHQ DQDO\]HG LQ GHWDLO \HW.

7KLV SUHVHQWDWLRQ GHPRQVWUDWHV WKH S+-GHSHQGHQW SKDVH EHKDYLRU RI 5/ LQ EXIIHU. ,W IXUWKHU
GLVFXVVHV WKH VHOI-DVVHPEO\ RI 5/ ZLWK WKH IRRG-JUDGH VXUIDFWDQW, JO\FHU\O PRQRROHDWH (*02) IRU
WKH GHVLJQ RI DGYDQFHG QXWULHQW GHOLYHU\ V\VWHPV. 6PDOO DQJOH ;-UD\ VFDWWHULQJ (6$;6), FU\RJHQLF
WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\ (&U\R-7(0) DQG G\QDPLF OLJKW VFDWWHULQJ ('/6) DUH XVHG LQ DQ
LQWHJUDWLYH DSSURDFK WR VWXG\ FROORLGDO VWUXFWXUHV DQG WKHLU FRPSRVLWLRQ- DQG S+ GHSHQGHQW
WUDQVIRUPDWLRQV LQ VROXWLRQ. 5/:*02 GLVSHUVLRQV ZHUH IRXQG WR IRUP FXERVRPHV DW S+ ≤ 5 WKDW
UHYHUVLEO\ WUDQVIRUPHG LQWR YHVLFOHV DW S+ ≥ 7 (*UDSKLFDO DEVWUDFW). 7KH IXUWKHU DSSOLFDWLRQ RI WKH
S+-WULJJHUHG FROORLGDO WUDQVIRUPDWLRQV IRU FRQWUROOHG UHOHDVH DSSOLFDWLRQ ZDV GHPRQVWUDWHG WKURXJK
WKH HQFDSVXODWLRQ DQG UHOHDVH RI D K\GURSKRELF G\H. 7KH UHVXOWV FDQ JXLGH WKH GHVLJQ RI QRYHO
QXWULHQW QDQRFDUULHUV WKDW UHVSRQG WR S+ YDULDWLRQV LQ WKH JDVWUR-LQWHVWLQDO WUDFW. 7KHVH VWUXFWXUHV
FDQ SURWHFW HQFDSVXODWHG GHJUDGDWLRQ-VHQVLWLYH QXWULHQWV RU GUXJV IURP GHJUDGDWLRQ LQ WKH KDUVK
HQYLURQPHQW RI WKH VWRPDFK, DQG UHOHDVH WKHP DW KLJKHU S+ LQ WKH VPDOO LQWHVWLQH IRU DEVRUSWLRQ
LQWR WKH FLUFXODWRU\ V\VWHP RI WKH ERG\.

5HIHUHQFHV:

1. 6WHIDQ 6DOHQWLQLJ, &XUUHQW 2SLQLRQ LQ &ROORLG & ,QWHUIDFH 6FLHQFH, 2019. 39: S. 190-201.
2. 0DULD $]HYHGR, )RRG &KHPLVWU\, 2021. 344: S. 128670.
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7RZDUGV 6HOI-5HJXODWLRQ LQ 3RO\PHULF 0LFURDFWXDWRUV

0. 0. /HUFK1,3, 6. /L2, %. 'HQJ3, -. 7. :DWHUV4, $. &. %DOD]V4, -. $L]HQEHUJ3,2*

16WUDWLQJK ,QVWLWXWH IRU &KHPLVWU\, 8QLYHUVLW\ RI *URQLQJHQ, *URQLQJHQ, 7KH 1HWKHUODQGV, 2
'HSDUWPHQW RI &KHPLVWU\ DQG &KHPLFDO %LRORJ\, +DUYDUG 8QLYHUVLW\, &DPEULGJH, 0$, 86$, 3-RKQ $
3DXOVRQ 6FKRRO IRU (QJLQHHULQJ DQG $SSOLHG 6FLHQFHV, +DUYDUG 8QLYHUVLW\, &DPEULGJH, 0$, 86$, 4

&KHPLFDO (QJLQHHULQJ 'HSDUWPHQW, 8QLYHUVLW\ RI 3LWWVEXUJK, 3LWWVEXUJK, 3$, 86$

5DWLRQDO GHVLJQ RI IHHGEDFN LQ SRO\PHULF PLFURDFWXDWRUV HQDEOHV FRPSOH[ EHDWLQJ PRWLRQV

7KH UDQJH RI PRWLRQ RI DSSHQGDJHV—IURP PDFURVFRSLF DUPV WR PLFURVFRSLF FLOLD—FULWLFDOO\
GHWHUPLQHV WKH W\SH RI DFKLHYDEOH WDVN. 3DUWLFXODUO\ DW WKH PLFURVFDOH, ZKHUH WUDGLWLRQDO KDUG,
HOHFWURQLF FRPSRQHQWV DUH GLIILFXOW WR DVVHPEOH DQG RSHUDWH, QHZ VWUDWHJLHV DUH QHHGHG WR HTXLS
VRIW PLFURURERWLF DUPV ZLWK PRWLRQDO FRPSOH[LW\. &RQWUROOHG VRSKLVWLFDWHG PRWLRQV LQ VRIW
PLFURDFWXDWRUV VR IDU KDYH EHHQ GHVLJQHG E\ LQFUHDVLQJ FRPSOH[LW\ RI WKH URERWLF DUPV
WKHPVHOYHV, EH LW WKURXJK XVH RI PXOWLSOH VWLPXOL, PXOWLPDWHULDO FRPSRVLWHV, RU LQWULFDWH PLFURVFDOH
DUFKLWHFWXUHV. ,Q FRQWUDVW, QDWXUHvV FRXQWHUSDUW—IODJHOOD DQG FLOLD—EHDW DQG VZLUO LQ LQWULFDWH
SDWWHUQV PDGH SRVVLEOH WKURXJK VHOI-UHJXODWLRQ DQG FKHPR-PHFKDQLFDO IHHGEDFN. +HUH ZH WDNH
LQVSLUDWLRQ IURP VXFK VHOI-UHJXODWLRQ DQG GHVLJQ FKHPR-PHFKDQLFDO IHHGEDFN IRU UDSLGO\ PROGDEOH,
OLJKW-UHVSRQVLYH SRO\PHULF PLFURDFWXDWRUV WR HQDEOH LQWULFDWH EHDWLQJ SDWWHUQV.>1@ 6SHFLILFDOO\, ZH
GHPRQVWUDWH KRZ V\PPHWU\, FKHPLVWU\, DQG PDWHULDO SURSHUWLHV FDQ EH WLHG WRJHWKHU WR IRUP D
VXUSULVLQJO\ YHUVDWLOH, EXW RSHUDWLRQDOO\ VLPSOH PLFURDFWXDWRU, ZKLFK FDQ HYHQ VKRZ FRPSOH[
PRWLRQDO SDWWHUQV LQ DUUD\V RI PLFURDFWXDWRUV. 7KH SUHVHQWHG ZRUN RIIHUV D ILUVW IRUD\ LQWR D YDVW
GHVLJQ VSDFH RI UREXVW XVHU-GHILQHG GHIRUPDWLRQV DQG ERGHV ZHOO IRU DGDSWDWLRQ LQ VRIW URERWLFV
DQG PLFURIOXLGLF GHYLFHV, ZKLOH DOVR UDLVLQJ IXQGDPHQWDO TXHVWLRQV DERXW KRZ IXQFWLRQDO
FRPSOH[LW\ PD\ EH HQJLQHHUHG LQWR V\QWKHWLF PDWHULDOV.

>1@ /L, 6.; /HUFK, 0.0.; :DWHUV, -.7.; HW DO., v6HOI-UHJXODWHG QRQ-UHFLSURFDO PRWLRQV LQ VLQJOH-
PDWHULDO PLFURVWUXFWXUHVv, 1DWXUH 2022, 605, 76-83
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$ PRGXODU VLOLFD FRUH-VKHOO V\QWKHVLV SDUWLFOH SODWIRUP: URXJK, VWLFN\ DQG \HW UHYHUVLEOH
FROORLGDO JHOV.

). -. 0¾OOHU1, /. ,VD1*, -. 9HUPDQW1*

1(7+ =¾ULFK, 0DWHULDOV

&ROORLGDO JHOV GHULYH SDUW RI WKHLU WHFKQRORJLFDO LQWHUHVW IURP WKH DELOLW\ WR XQGHUJR D VROLG-OLTXLG
WUDQVLWLRQ, DQG WKH PLFURVWUXFWXUDO FDXVHV XQGHUO\LQJ WKLV KDYH EHHQ LQWHQVLYHO\ UHVHDUFKHG XVLQJ
YDULRXV UKHRORJLFDO DQG VWUXFWXUDO FKDUDFWHUL]DWLRQ PHWKRGV LQ WKH SDVW. 7KH SURSHQVLW\ WR JHO RU
EUHDN XS GHSHQGV ERWK RQ WKH VXVSHQGLQJ PHGLD SURSHUWLHV DQG SULPDU\ SDUWLFOH IHDWXUHV VXFK DV
VKDSH, VL]H, VXUIDFH URXJKQHVV DQG VXUIDFH IXQFWLRQDOL]DWLRQ. ,Q WKH SUHVHQW ZRUN, ZH GHYHORSHG D
V\QWKHVLV DSSURDFK ZKHUH ZH FDQ LQGHSHQGHQWO\ WXQH WKHVH GLIIHUHQW SDUWLFOH IHDWXUHV, ZLWK
SDUWLFOH WRSRJUDSK\ DV DQ DGGLWLRQDO QRQ WULYLDO FRPSOH[LW\. 6LOLFD SDUWLFOHV DUH V\QWKHVL]HG XVLQJ D
VWDQGDUG 6W¸EHU PHWKRG, ZLWK DQ RSWLRQ WR DGG VXUIDFH URXJKQHVV E\ HOHFWURVWDWLF KHWHUR-
DJJUHJDWLRQ RI VPDOOHU SDUWLFOHV. 7R DUULYH DW D UHSURGXFLEOH DQG VFDODEOH IXQFWLRQDOL]DWLRQ, WKHVH
FRUHV DUH ILUVW IXQFWLRQDOL]HG ZLWK VHFRQGDU\-DPLQHV WKURXJK VLODQH FKHPLVWU\. 7KH FOLFN-OLNH
(DPLQH -\QH) FKHPLVWU\ HQDEOHV WKH JUDIWLQJ RI GLIIHUHQW NLQGV RI IXQFWLRQDO PROHFXOHV WR WKH
VXUIDFH RI WKH SDUWLFOHV, VXFK DV K\GURFDUERQV, SRO\PHUV RU IOXRURSKRUHV. 7KHVH IXQFWLRQDO
PROHFXOHV KDYH EHHQ PRGLILHG EHIRUHKDQG ZLWK DQ DON\QRDWH JURXS, XVLQJ WKH )LVFKHU
HVWHULILFDWLRQ SURFHVV RI DQ -2+ JURXS ZLWK SURSLROLF DFLG. 7KH DPRXQW RI JUDIWLQJ DJHQW WR WKH
SDUWLFOH VXUIDFH FDQ EH WXQHG E\ WKH UHDFWLRQ FRQGLWLRQV. 7KLV V\QWKHVLV DSSURDFK ZDV XVHG WR
IDEULFDWH ERWK VPRRWK DQG URXJK SDUWLFOHV, ZKHUH WKH WKHUPRUHYHUVLELOLW\ RI WKH VWHULF UHSXOVLRQ
FDQ EH XVHG WR EXLOG DJJUHJDWH QHWZRUNV WR LQYHVWLJDWH WKHLU LQIOXHQFH RQ WKH JHOV PHFKDQLFDO
SURSHUWLHV. 5KHRORJLFDO PHDVXUHPHQWV VKRZ KRZ VXUIDFH URXJKQHVV GHOD\V WKH VWUXFWXUDO \LHOGLQJ
GXH WR LQWHUORFNLQJ RI WKH SDUWLFOHV, LQ DGGLWLRQ WR LQIOXHQFLQJ WKH WKL[RWURS\ DV URXJKQHVV
FRXQWHUDFWV IORZ LQGXFHG FOXVWHU GHQVLILFDWLRQ.
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8QLRQ &DUELGH 3RO\PHUL]DWLRQ &DWDO\VWV: IURP 8QFRYHULQJ $FWLYH 6LWH 6WUXFWXUHV WR
'HVLJQLQJ 0ROHFXODUO\-'HILQHG $QDORJV

$. *. 1RELOH1, '. 7UXPPHU1, 3. 3D\DUG1, $. $VKXLHY1, <. .DNLXFKL1, '. .ORVH1, *. -HVFKNH1*, &.
&RS«UHW1*

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

7KH HWK\OHQH SRO\PHUL]DWLRQ 8QLRQ &DUELGH (8&) FDWDO\VW LV RQH RI WKH ILUVW FDWDO\VWV SUHSDUHG
WKURXJK VXUIDFH RUJDQRPHWDOOLF FKHPLVWU\ (620&) XVLQJ FKURPRFHQH GLVSHUVHG RQ VLOLFD. ,Q
FRQWUDVW WR WKH 3KLOOLSV FDWDO\VW, EDVHG RQ &U23/6L22, LW SURGXFHV SRO\PHUV ZLWK QDUURZ PROHFXODU
ZHLJKW GLVWULEXWLRQ DQG DOORZV IRU FKDLQ OHQJWK FRQWURO E\ FR-IHHGLQJ +2.>1-2@ 'HVSLWH WKH LPSRUWDQFH
DQG WKH XQLTXHQHVV RI WKLV FDWDO\VW, WKH LGHQWLILFDWLRQ RI VXUIDFH DQG DFWLYH VLWH VWUXFWXUHV, DV ZHOO
DV WKH LQLWLDWLRQ PHFKDQLVP IRU HWK\OHQH SRO\PHUL]DWLRQ DUH VWLOO XQGHU GHEDWH GXH WR WKH YDULHW\ RI
VXUIDFH VLWHV DQG WKH ORZ QXPEHU RI FDWDO\WLFDOO\ DFWLYH VLWHV (IHZ %).

%DVHG RQ D FRPELQDWLRQ RI ,5, (35 VSHFWURVFRSLHV, ODEHOLQJ H[SHULPHQWV, DQG PRGHOLQJ DW WKH ')7
OHYHO, ZH LGHQWLILHG PRQRPHULF VXUIDFH-VXSSRUWHG &U(,,,) K\GULGHV DV WKH DFWLYH VLWHV RI WKH 8&
FDWDO\VW.>3@ 7KHVH VLWHV LQLWLDWH SRO\PHUL]DWLRQ, \LHOGLQJ &U(,,,) DON\O VSHFLHV WKDW LQVHUW HWK\OHQH
PRQRPHUV WKURXJK D &RVVHH–$UOPDQ-W\SH PHFKDQLVP, DV HYLGHQFHG E\ ODEHOLQJ DQG VSHFWURVFRSLF
VWXGLHV. )XUWKHUPRUH, ZH GHVLJQHG D ZHOO-GHILQHG DQDORJ E\ JUDIWLQJ &S&U(&+(6L0H3)2)2 RQ SDUWLDOO\
GHK\GUR[\ODWHG VLOLFD WKDW VKRZV VLPLODU VSHFWURVFRSLF VLJQDWXUHV DQG VXSSRUWV WKH SUHVHQFH RI
VLPLODU DFWLYH VLWHV LQ WKH 8& FDWDO\VW, RSHQLQJ WKH ZD\ WR JHQHUDWH QHZ FODVVHV RI FDWDO\VWV.

>1@ 0F'DQLHO, 0. 3., &KDSWHU 3 - $ 5HYLHZ RI WKH 3KLOOLSV 6XSSRUWHG &KURPLXP &DWDO\VW DQG ,WV
&RPPHUFLDO 8VH IRU (WK\OHQH 3RO\PHUL]DWLRQ. ,Q $GYDQFHV LQ &DWDO\VLV, *DWHV, %. &.; .Q¸]LQJHU, +.,
(GV. $FDGHPLF 3UHVV: 2010; 9RO. 53, SS 123-606
>2@ 6DLORUV, +. 5., +RJDQ, -. 3.; -. 0DFURPROHF. 6FL.: 3DUW $ 1981, 1377-1402
>3@ 7UXPPHU ', 1RELOH $, 3D\DUG 3-$, $VKXLHY $, .DNLXFKL <, .ORVH ', HW DO. 8QLRQ &DUELGH (WK\OHQH
3RO\PHUL]DWLRQ &DWDO\VW: )URP 8QFRYHULQJ $FWLYH 6LWH 6WUXFWXUHV WR 'HVLJQLQJ 0ROHFXODUO\-'HILQHG
$QDORJV. &KHP5[LY. &DPEULGJH: &DPEULGJH 2SHQ (QJDJH; 2022; 7KLV FRQWHQW LV D SUHSULQW DQG
KDV QRW EHHQ SHHU-UHYLHZHG.
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,QWHUSHQHWUDWHG (ODVWRPHULF 1HWZRUNV FRQWDLQLQJ 6XSUDPROHFXODU 0RWLIV

,. 2QRUL1, -. $. %HUURFDO1*, &. :HGHU1*

1$GROSKH 0HUNOH ,QVWLWXWH, 8QLYHUVLW\ RI )ULERXUJ, &KHPLQ GHV 9HUGLHUV 4, 1700 )ULERXUJ,
6ZLW]HUODQG

,QWHUSHQHWUDWLQJ SRO\PHU QHWZRUNV (,31V) DUH FRPSRVHG E\ D FRPELQDWLRQ RI LQWHUODFHG SRO\PHU
QHWZRUNV WKDW GR QRW VKDUH DQ\ FKHPLFDO FRQQHFWLYLW\. 7KHVH PDWHULDOV KDYH UHFHLYHG JURZLQJ
DWWHQWLRQ E\ WKH VFLHQWLILF FRPPXQLW\, WKDQNV WR WKH ZLGH UDQJH RI DSSOLFDWLRQV DQG WKH UHPDUNDEOH
PHFKDQLFDO SURSHUWLHV, LQFOXGLQJ LQFUHDVHG WRXJKQHVV DQG VWLIIQHVV, DQG HQKDQFHG H[WHQVLELOLW\
DQG WHQVLOH VWUHQJWK.>1@>2@

,Q WKH ODVW \HDUV, GLIIHUHQW ,31V V\VWHPV FRQWDLQLQJ FRYDOHQW PRWLIV KDYH EHHQ LQYHVWLJDWHG, ZKLOH
YHU\ IHZ VWXGLHV KDYH FRYHUHG WKH VXSUDPROHFXODU FRXQWHUSDUWV. 1HYHUWKHOHVV, VXSUDPROHFXODU
PRWLIV VKRZ VRPH DGYDQWDJHV FRPSDUHG WR WUDGLWLRQDO V\VWHPV. 7KH UHVXOWLQJ LQWHUDFWLRQV
UHSUHVHQW D SRZHUIXO WRRO DQG WKHLU LQWURGXFWLRQ EHVWRZV SRO\PHU PDWHULDOV ZLWK VWLPXOL-UHVSRQVLYH
EHKDYLRXU, G\QDPLFLW\, WXQDELOLW\, DQG VHOI-DGMXVWLQJ DELOLWLHV.>3@ 0RUHRYHU, WKH UHYHUVLEOH QDWXUH RI
VXSUDPROHFXODU LQWHUDFWLRQV VKRXOG UHVXOW, LQ SULQFLSOH, LQ HDVLHU SURFHVVLQJ, UHF\FODELOLW\, DQG
XQLTXH SURSHUWLHV VXFK VKDSH PHPRU\ HIIHFW, DQG VHOI-KHDOLQJ EHKDYLRXU.>4@ $OO WKH GLVFXVVHG
UHDVRQV MXVWLI\ WKH LQWHUHVW DQG FXULRVLW\ WR FUHDWH ,31V IHDWXULQJ VXSUDPROHFXODU LQWHUDFWLRQV, ERWK
DV IXQGDPHQWDO UHVHDUFK TXHVWLRQ DQG IRU WKH FRQVWUXFWLRQ RI PDWHULDOV IRU WDLORUHG DSSOLFDWLRQV.
+HUH ZH UHSRUW WKH V\QWKHVLV RI GLIIHUHQW W\SHV RI SRO\PHU QHWZRUNV FRPSULVLQJ HLWKHU FRYDOHQW RU
VXSUDPROHFXODU FURVV-OLQNV ()LJ. 1). 7KH FRYDOHQW V\VWHP FRQVLVWV RI D SRO\ PHWK\O DFU\ODWH QHWZRUN
(30$) V\QWKHVL]HG E\ 89-LQLWLDWHG IUHH-UDGLFDO SRO\PHUL]DWLRQ (89 FXULQJ) RI 0$ LQ SUHVHQFH RI D
FRYDOHQW FURVVOLQNHU ()LJ. 1, UHG).>5@ 7KH VXSUDPROHFXODU SRO\PHU QHWZRUNV DUH EDVHG RQ SRO\ HWK\O
DFU\ODWH (3($), LQVWHDG. 7KHVH PDWHULDOV ZHUH SUHSDUHG E\ UHYHUVLEOH DGGLWLRQ−IUDJPHQWDWLRQ
FKDLQ-WUDQVIHU (5$)7) SRO\PHUL]DWLRQ, DQG IHDWXUH GLIIHUHQW FURVV-OLQN GHQVLWLHV. 7KH
VXSUDPROHFXODU FURVV-OLQNV DUH LQWURGXFHG WKURXJK HLWKHU WKH 2-XUHLGR-4>1+@S\ULPLGLQRQH (83\)
PRWLI ()LJ. 1, RUDQJH), ZKLFK LV FDSDEOH RI IRUPLQJ TXDGUXSOH +-ERQGV, RU WKH
2,6-ELV(1′-PHWK\OEHQ]LPLGD]RO\O)S\ULGLQH (0H%LS) WULGHQWDWH OLJDQG ()LJ. 1, EOXH), ZKLFK IRUPV
FRPSOH[HV ZLWK =Q2+ LRQV LQ D 2:1 VWRLFKLRPHWU\.>6@>7@>8@ 7KH WKHUPDO DQG PHFKDQLFDO SURSHUWLHV RI
WKH LQGLYLGXDO QHWZRUNV DQG WKHLU FRPELQDWLRQV ()LJ. 1, OHIW) KDYH EHHQ LQYHVWLJDWHG.

>1@ &RVWDQWLQR &UHWRQ HW DO., 6FLHQFH, 2014, 344. >2@ 0DWWKHZ %. %DNHU HW DO., -. 3RO\P. 6FL. 2021,
59, 2830–2841. >3@ %HUW :. 0HLMHU HW DO., ,VU. -. &KHP., 2020, 60, 33–47. >4@ &KULVWRSK :HGHU HW DO.,
0DFURPROHFXOHV, 2018, 51, 5867-5874. >5@ &KULVWRSK :HGHU HW DO., -. $P. &KHP. 6RF., 2021, 17,
18859-18863 >6@ $OLFH 0. 6DYDJH HW DO., 0DFURPROHFXOHV, 2018, 51, 5, 1636-1643. >7@ &KULVWRSK
:HGHU HW DO., 3RO\P. &KHP., 2020, 11, 586. >8@ 5DIIDHOOD 6XULDQR HW DO., 3RO\P. $GY. 7HFKQRO. 2018,
29, 2899–2908.
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,QVLJKWV LQWR (QJLQHHUHG 3URWHLQ &RQGHQVDWHV DQG WKHLU $SSOLFDWLRQV

). 6WRIIHO1, $. .¾IIQHU2, 8. &DSDVVR 3DOPLHUR2, /. )DOWRYD2, 3. $URVLR 2*

1(7+ =XULFK, ,QVWLWXWH IRU &KHPLFDO DQG %LRHQJLQHHULQJ, 2(7+ =XULFK

5HFHQW GLVFRYHULHV LQ ELRORJ\ KDYH VKHG OLJKW RQ D FODVV RI LQWULQVLFDOO\ GLVRUGHUHG SURWHLQV ZKLFK
FDQ VSRQWDQHRXVO\ XQGHUJR OLTXLG-OLTXLG SKDVH VHSDUDWLRQ WR IRUP PHPEUDQHOHVV RUJDQHOOHV. ,Q
YLYR WKH FRPSRVLWLRQ DQG HQYLURQPHQW RI WKHVH FRPSDUWPHQWV LV FDUHIXOO\ FRQWUROOHG LQ VSDFH DQG
WLPH, WKHUHIRUH DOORZLQJ WKHP WR IXOILOO VHYHUDO LPSRUWDQW IXQFWLRQV. ,QVSLUHG E\ WKHVH REVHUYDWLRQV,
KHUH ZH DWWHPSW WR PLPLF VXFK SURWHLQ-EDVHG FRQGHQVDWHV LQ YLWUR XVLQJ HQJLQHHUHG IXVLRQ
SURWHLQV ZLWK WKH DLP RI GHYHORSLQJ KLJK-SHUIRUPDQFH RSHQ PLFURUHDFWRUV, ZLWK SURPLVLQJ
DSSOLFDWLRQV LQ ELRFDWDO\VLV DQG ELRVHSDUDWLRQ.

$QGUHDV 0. .¾IIQHU, 0DUF 3URGDQ, 5HPR =XFFDULQL, 8PEHUWR &DSDVVR 3DOPLHUR, /HQND )DOWRYD,
3DROR $URVLR*, &KHP6\VWHPV&KHP, 2020, 2, H2000001
/HQND )DOWRYD, $QGUHDV 0. .¾IIQHU, 0DULD +RQGHOH, .DUVWHQ :HLV, 3DROR $URVLR*, $&6
1DQR, 2018, 12, 9991-9999
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6XSUDPROHFXODU 6HOI-$VVHPEO\ RI 3\UHQH-'1$ &RQMXJDWHV LQWR 9HVLFOHV

-. 7KLHGH1, 6. 0. /DQJHQHJJHU1, 5. +¦QHU1*

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

5HFHQWO\ WKH VXSUDPROHFXODU DVVHPEO\ RI '1$ FRQMXJDWHV KDV FDXJKW DWWHQWLRQ LQ VXSUDPROHFXODU
FKHPLVWU\. '1$ RIIHUV VRPH XQLTXH FKDUDFWHULVWLFV DOORZLQJ WKH GHVLJQ RI FRPSOH[ QDQRVWUXFWXUHV.
7KH '1$ IUDPHZRUN DOORZV WKH GHILQHG VSDWLDO DUUDQJHPHQW RI PRGLILFDWLRQV. ,Q SUHYLRXV ZRUN '1$
ZDV PRGLILHG ZLWK SKHQDQWKUHQH VWLFN\ HQGV IRUPLQJ YHVLFXODU VXSUDPROHFXODU DVVHPEOLHV ZLWK
OLJKW-KDUYHVWLQJ SURSHUWLHV.>1@ ,QWHUHVWLQJO\, (-WHWUDSKHQ\OHWK\OHQHV PRGLILFDWLRQV DW WKH 3’-HQGV RI
'1$ OHG WR DJJUHJDWLRQ-LQGXFHG HPLVVLRQ ($,() DFWLYH DVVHPEOLHV.>2@ ,Q WKLV ZRUN, ZH PRGLILHG D
'1$ VWUDQG DW WKH 3’- DQG 5’-HQG ZLWK 2,7-S\UHQH ()LJXUH 1$). $)0 PHDVXUHPHQWV RI WKH
2,7-S\UHQH-'1$ FRQMXJDWHV UHYHDOHG WKHLU VHOI-DVVHPEO\ LQWR YHVLFOHV ()LJXUH 1%). ,Q DGGLWLRQ WR
$)0 VWXGLHV, IOXRUHVFHQFH DQG 89-YLV VSHFWURVFRS\ PHDVXUHPHQWV ZLOO EH SUHVHQWHG DQG
GLVFXVVHG.

)LJXUH 1 ($) ,OOXVWUDWLRQ RI VLQJOH VWUDQGV IRUPLQJ D S\UHQH-PRGLILHG '1$ GXSOH[. (%) $)0 LPDJH RI
YHVLFXODU REMHFWV IRUPHG E\ VXSUDPROHFXODU VHOI-DVVHPEO\ RI DPSKLSKLOLF '1$.

>1@ &. '. %¸VFK, -. -HYULF, 1. %¾UNL, 0. 3UREVW, 6. 0. /DQJHQHJJHU, 5. +¦QHU,%LRFRQMXJDWH &KHP.,
2018, 29, 1505–1509.
>2@ 6. 5RWKHQE¾KOHU, ,. ,DFRYDFKH, 6. 0. /DQJHQHJJHU, %. =XEHU, 5. +¦QHU, 1DQRVFDOH, 2020, 41,
21118-21123.
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5HYHUVLQJ 5$)7 3RO\PHUL]DWLRQ: 1HDU-4XDQWLWDWLYH 'HSRO\PHUL]DWLRQ LQWR 0RQRPHU YLD
D &DWDO\VW-)UHH $SSURDFK

+. :DQJ1, 1. 3. 7UXRQJ1, =. 3HL2, 0. /. &RRWH2, $. $QDVWDVDNL1*

1/DERUDWRU\ RI 3RO\PHULF 0DWHULDOV, 'HSDUWPHQW RI 0DWHULDOV, (7+ =XULFK, =XULFK 8093, 6ZLW]HUODQG,
25HVHDUFK 6FKRRO RI &KHPLVWU\, $XVWUDOLDQ 1DWLRQDO 8QLYHUVLW\, &DQEHUUD 2601 $XVWUDOLDQ &DSLWDO

7HUULWRU\, $XVWUDOLD

7KH DELOLW\ WR UHYHUVH FRQWUROOHG UDGLFDO SRO\PHUL]DWLRQ DQG UHJHQHUDWH PRQRPHU ZRXOG EH KLJKO\
EHQHILFLDO IRU ERWK IXQGDPHQWDO UHVHDUFK DQG DSSOLFDWLRQV, \HW WKLV KDV UHPDLQHG YHU\ FKDOOHQJLQJ
WR DFKLHYH. +HUHLQ, ZH UHSRUW D QHDU-TXDQWLWDWLYH (XS WR 92%) DQG FDWDO\VW-IUHH GHSRO\PHUL]DWLRQ RI
YDULRXV OLQHDU, EXON\, FURVV-OLQNHG, DQG IXQFWLRQDO SRO\PHWKDFU\ODWHV PDGH E\ UHYHUVLEOH
DGGLWLRQ–IUDJPHQWDWLRQ FKDLQ-WUDQVIHU (5$)7) SRO\PHUL]DWLRQ.>1@ .H\ WR RXU DSSURDFK LV WR H[SORLW
WKH KLJK HQG-JURXS ILGHOLW\ RI 5$)7 SRO\PHUV WR JHQHUDWH FKDLQ-HQG UDGLFDOV DW 120 r&. 7KHVH
UDGLFDOV WULJJHU D UDSLG XQ]LSSLQJ RI ERWK FRQYHQWLRQDO (H.J., SRO\(PHWK\O PHWKDFU\ODWH)) DQG EXON\
(H.J., SRO\(ROLJR(HWK\OHQH JO\FRO) PHWK\O HWKHU PHWKDFU\ODWH)) SRO\PHUV. ,PSRUWDQWO\, WKH
GHSRO\PHUL]DWLRQ SURGXFW FDQ EH XWLOL]HG WR HLWKHU UHFRQVWUXFW WKH OLQHDU SRO\PHU RU FUHDWH DQ
HQWLUHO\ QHZ LQVROXEOH JHO WKDW FDQ DOVR EH VXEMHFWHG WR GHSRO\PHUL]DWLRQ. 7KLV ZRUN H[SDQGV WKH
SRWHQWLDO RI SRO\PHUV PDGH E\ FRQWUROOHG UDGLFDO SRO\PHUL]DWLRQ, SXVKHV WKH ERXQGDULHV RI
GHSRO\PHUL]DWLRQ, RIIHUV LQWULJXLQJ PHFKDQLVWLF DVSHFWV, DQG HQDEOHV QHZ DSSOLFDWLRQV.

 

 

>1@ +\XQ 6XN :DQJ, 1JKLD 3. 7UXRQJ, =KLSHQJ 3HL, 0LFKHOOH /. &RRWH, $WKLQD $QDVWDVDNL, -RXUQDO RI
WKH $PHULFDQ &KHPLFDO 6RFLHW\, 2022, 144, 4678-4684
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,Q VLWX &KDUDFWHUL]DWLRQ RI 9LUXVHV &ROORLGDO 6\VWHPV IRU 'HVLJQ RI $QWLYLUDO 6ROXWLRQV

6. :DWWV1,2, 6. 6DOHQWLQLJ1

1%LRFROORLG JURXS, &KHPLVWU\ GHSDUWPHQW, 8QLYHUVLW\ RI )ULERXUJ, 26DPXHO.ZDWWV#XQLIU.FK

9LUXVHV DUH D FODVV RI SDWKRJHQV WKDW KDYH D KLJK EXUGHQ RQ KXPDQLW\. :DWHUERUQH YLUXVHV, VXFK
DV URWDYLUXV DQG QRURYLUXV, KDYH WKHLU ELJJHVW WROO RQ \RXQJ LQIDQWV LQ GHYHORSLQJ FRXQWULHV.
:KHUHDV DLUERUQH OLSLG HQYHORSHG YLUXVHV, VXFK DV LQIOXHQ]D YLUXV DQG 6$56-&R92, KDYH ZRUOGZLGH
FRQVHTXHQFHV. 9LUXVHV DUH VHOI-DVVHPEOHG FROORLGDO SDUWLFOHV. 7R GHVLJQ DQWLYLUDO VROXWLRQV, WKH
LQWHUDFWLRQV DQG HIIHFW RQ WKHLU VHOI-DVVHPEOHG VWUXFWXUH QHHGV WR EH XQGHUVWRRG. %DFWHULRSKDJHV
4EHWD DQG 3KL6 ZHUH XVHG DV VXUURJDWHV UHVSHFWLYHO\ IRU QRQ-HQYHORSHG DQG HQYHORSHG YLUXVHV
SDWKRJHQV. 7KHLU LQWHUDFWLRQV DQG VWUXFWXUHV ZHUH FKDUDFWHUL]HG E\ VPDOO DQJOH ;-UD\ VFDWWHULQJ,
G\QDPLF OLJKW VFDWWHULQJ DQG FU\RJHQLF WUDQVPLVVLRQ HOHFWURQ PLFURVFRS\.

7KLV DOORZHG WR VKRZ, (L) WKH S+-GHSHQGHQW DGVRUSWLRQ RI YLUXVHV RQ FDWLRQLF PRGLILHG
QDQRFHOOXORVH DV ZHOO DV WKH YLUXVHV’ VWUXFWXUDO LQWHJULW\ XSRQ LQWHUDFWLQJ, VXEVHTXHQWO\ DOORZLQJ WR
GHVLJQ D UHJHQHUDEOH YLUXV DGVRUSWLRQ ILOWHU IRU ZDWHU SXULILFDWLRQ. >1@ (LL) 7KH PHFKDQLVP RI HWKDQRO
LQDFWLYDWLRQ RI HQYHORSHG YLUXVHV LV YLD WKH VHSDUDWLRQ RI WKH RXWHU OLSLG HQYHORS IURP WKH LQQHU
QXFOHRFDSVLG, KHQFH VHSDUDWLQJ WKH KRVW-FHOO UHFRJQLWLRQ IXQFWLRQ IURP WKH JHQHWLF PDWHULDO. >2@ ,Q
VLWX FKDUDFWHUL]DWLRQ RI WKH YLUXV FROORLGDO V\VWHPV DOORZV D ERWWRP-XS GHVLJQ RI HIIHFWLYH DQWLYLUDO
VROXWLRQV.

.H\ZRUGV: 9LUXV, 6$;6, GLVLQIHFWLRQ, ILOWUDWLRQ, HWKDQRO, QDQRFHOOXORVH

)LJXUH 1: *UDSKLFDO DEVWUDFW 

>1@ :DWWV, 6., .. 0DQLXUD-:HEHU, *. 6LTXHLUD DQG 6. 6DOHQWLQLJ, 6PDOO, 2021, 17, 2100307.
>2@ :DWWV, 6., 0. 5DPVWHGW, DQG 6. 6DOHQWLQLJ, 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ /HWWHUV, 2021, 12,
9557.
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1RYHO 3RO\SKRVSKD]HQHV IRU 'LHOHFWULF (ODVWRPHU $SSOLFDWLRQV

&. =H\WXQ .DUDPDQ1,2, ). 1¾HVFK1,2, '. 0. 2SULV1*

1(03$, 2(3)/

'LHOHFWULF HODVWRPHU DFWXDWRUV ('($V) XVH H[WHUQDO HOHFWULFLW\ WR WUDQVIRUP HOHFWURVWDWLF HQHUJ\ LQWR
PHFKDQLFDO HQHUJ\ E\ WKH GHIRUPDWLRQ RI D VRIW GLHOHFWULF HODVWRPHU. 7KH VLPSOHVW GHYLFH LV
FRQVWUXFWHG E\ SODFLQJ WZR HOHFWURGHV RQ D WKLQ, VRIW HODVWRPHU ILOP. :KHQ D YROWDJH LV DSSOLHG,
RQH RI WKH HOHFWURGHV LV FKDUJHG SRVLWLYHO\ ZKLOH WKH RWKHU LV QHJDWLYHO\ FKDUJHG. &ROXPELF
DWWUDFWLRQ RI WKHVH RSSRVLWH FKDUJHV DV ZHOO DV UHSXOVDWLRQ RI DOLNH FKDUJHV RQ WKH VDPH HOHFWURGH
OHDG WR WKH FRPSUHVVLRQ DQG ODWHUDO H[SDQVLRQ RI WKH GLHOHFWULF ILOP >1@. 7KLV PXVFOH-OLNH EHKDYLRU
RI WKH '($V KDV JDLQHG VLJQLILFDQW DWWUDFWLRQ DPRQJ ERWK DFDGHPLF DQG LQGXVWULDO FRPPXQLWLHV.
7KHUHIRUH, UHVHDUFK HIIRUWV WR HQKDQFH WKHVH GHYLFHV LQFUHDVHV GD\ E\ GD\. 7KH PDLQ FKDOOHQJH RI
'($V LV WR FRPELQH KLJK SHUPLWWLYLW\ DQG D UDWKHU ORZ <RXQJ'V PRGXOXV IRU D ODUJH UDQJH RI
WHPSHUDWXUHV. /RZHULQJ WKH WKLFNQHVV RI WKH GLHOHFWULF ILOP E\ XVLQJ DSSURSULDWH SURFHVVLQJ
PHWKRGV OHDGV WR VPDOOHU RSHUDWLQJ YROWDJHV. 7KH HODVWLF PRGXOXV FDQ EH WXQHG E\ WKH QDWXUH RI
WKH SRO\PHU EDFNERQH DQG LWV IXQFWLRQDOL]DWLRQ. ,W FDQ IXUWKHUPRUH EH DGMXVWHG E\ FRQWUROOLQJ WKH
QHWZRUN GHQVLW\. 'LHOHFWULF SHUPLWWLYLW\ FDQ EH WDLORUHG E\ LQWURGXFLQJ GLIIHUHQW SRODU JURXSV >2@

3RO\SKRVSKD]HQHV KDYH LQWHUHVWLQJ PHFKDQLFDO DQG GLHOHFWULF SURSHUWLHV, KRZHYHU, WKHLU SRWHQWLDO
KDV QHYHU EHHQ H[SORUHG LQ '($V. 3RO\SKRVSKD]HQHV DUH PDFURPROHFXOHV FRPSRVHG RI DQ
DOWHUQDWLQJ VLQJOH DQG GRXEOH ERQG EHWZHHQ SKRVSKRURXV DQG QLWURJHQ DWRPV, ERQGHG ZLWK WZR
RUJDQLF VLGH JURXSV.&RPSDUHG WR VLOLFRQHV, LWV SRO\PHU EDFNERQH VKRZV KLJKHU SRODUL]DELOLW\
OHDGLQJ WR DQ LQFUHDVHG SHUPLWWLYLW\. 6XEVWLWXWLRQ E\ DONR[\ XQLWV RI SRO\SKRVSKD]HQH EDFNERQH
SURYLGHV PDQ\ DGYDQWDJHV VXFK DV ORZ JODVV WUDQVLWLRQ WHPSHUDWXUH, KLJK HODVWLFLW\, DQG PRLVWXUH
VWDELOLW\ >3@. +HUHLQ, SRO\GLFKORURSKRVSKD]HQH LV V\QWKHVL]HG DQG PRGLILHG ZLWK GLIIHUHQW DONR[\
XQLWV. :LWK WKH KHOS RI D WKLROHQH UHDFWLRQ, WKH SRO\PHUV DUH FURVVOLQNHG LQWR D ILOP. 7KH SRO\PHUV
DUH FKDUDFWHUL]HG E\ 1+, 13&, DQG 313 105 VSHFWURVFRS\. 7KH GLHOHFWULF SHUPLWWLYLW\ DQG PHFKDQLFDO
SURSHUWLHV RI WKH FURVVOLQNHG ILOPV DUH DQDO\]HG.

>1@ )HGHULFR &DUSL, 'DQLOR 'H 5RVVL, 5R\ .RUQEOXK, 5RQDOG 3HOULQH, 3HWHU 6RPPHU-/DUVHQ (HGV.):
'LHOHFWULF HODVWRPHUV DV HOHFWURPHFKDQLFDO WUDQVGXFHUV: )XQGDPHQWDOV, PDWHULDOV, GHYLFHV, PRGHOV
DQG DSSOLFDWLRQV RI DQ HPHUJLQJ HOHFWURDFWLYH SRO\PHU WHFKQRORJ\. (OVHYLHU, 2[IRUG, 2008.
>2@ 'RULQD 0. 2SULV, $GYDQFHG 0DWHULDOV, 2018,  30(5), 1703678.
>3@ +DUU\ 5. $OOFRFN, 0DUN 6. &RQQROO\, -RKQ 7. 6LVNR,6DPDQ $O-6KDOL, 0DFURPROHFXOHV, 1988, 21,
323-334.
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