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$QDO\WLFDO 6FLHQFHV, ,QYLWHG / $ZDUG /HFWXUH $6-011

5HOHYDQFH RI VROLG IRUPV DQG LWV LPSOLFDWLRQ RQ WKH SHUIRUPDQFH RI SKDUPDFHXWLFDO GUXJ
SURGXFWV

$. *UDQGHXU\1

1/HDGLQJ 6FLHQWLVW, 1RYDUWLV 3KDUPD $*, 7HFKQLFDO 5HVHDUFK DQG 'HYHORSHPHQW, &KHPLFDO DQG
3KDUPDFHXWLFDO 3URILOLQJ, %DVHO, 6ZLW]HUODQG - DUQDXG.JUDQGHXU\#QRYDUWLV.FRP

$SSURSULDWH VHOHFWLRQ RI WKH FU\VWDOOLQH IRUP RI DQ $FWLYH 3KDUPDFHXWLFDO ,QJUHGLHQW ($3,) LV D NH\
GHFLVLRQ LQ GHYHORSLQJ SDWLHQW-FHQWHUHG GUXJ SURGXFWV DV WKLV LQIOXHQFHV WKH VDIHW\, HIILFDF\ DQG
SHUIRUPDQFH RI WKH SKDUPDFHXWLFDO SURGXFW. 2Q WRS RI WKHVH FRQVLGHUDWLRQV, LW LV DLPHG DOVR WR
IDFLOLWDWH GHYHORSPHQW RI UREXVW GUXJ PDQXIDFWXULQJ SURFHVVHV ZKLOH JXDUDQW\LQJ DSSURSULDWH NH\
TXDOLW\ FULWHULRQ GXULQJ WKH VKHOI OLIH RI WKH GUXJ SURGXFW1. $GYDQFHG FKDUDFWHUL]DWLRQ WRROV DUH
QHHGHG WR DQDO\]H WKH FU\VWDOOLQH GUXJ VXEVWDQFH LQ IRUPXODWHG GUXJ SURGXFWV, HVSHFLDOO\ ZKHQ
PXOWLFRPSRQHQW V\VWHPV DQG ORZ FRQFHQWUDWLRQV DUH LQYROYHG. /DERUDWRU\ DQG V\QFKURWURQ-;-UD\
SRZGHU GLIIUDFWLRQ DUH VHHQ DV FRPSOHPHQWDU\ WHFKQLTXHV DPRQJ WKH WRROV WKDW LQYROYH GLIIHUHQW
YLEUDWLRQDO VSHFWURVFRSLF WHFKQLTXHV DQG LPDJLQJ WHFKQRORJLHV. 7KLV SUHVHQWDWLRQ ZLOO H[KLELW FDVH
VWXGLHV DLPLQJ WR LOOXVWUDWH DSSOLFDWLRQV RI UHFHQW GHYHORSPHQW RI WKHVH PHWKRGV DQG FRQWLQXRXV
LQQRYDWLRQV WKDW DUH GHSOR\HG WR DVVHVV DQG PLWLJDWH ULVNV ZKHQ XQSUHGLFWDEOH HYHQW RFFXUV.

>1@ 3.+. 6WDKO, %. 6XWWHU, $. *UDQGHXU\, 0. 0XW], ‘$OWHUQDWLYH VDOW IRUPV: 6DOWV’ LQ 3RO\PRUSKLVP LQ
WKH 3KDUPDFHXWLFDO ,QGXVWU\: 6ROLG )RUP DQG 'UXJ 'HYHORSPHQW, 2019, :LOH\-9&+ , 5. +LOILNHU, 0.
YRQ 5DXPHU ((GV.)

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-013

$SWDSDSHU – $Q DSWDPHU-EDVHG JODVV ILEHU SDSHU SODWIRUP IRU UDSLG XSFRQFHQWUDWLRQ
DQG GHWHFWLRQ RI VPDOO PROHFXOHV

6. 0DUW¯QH]--DUTX¯Q1, $. %HJOH\1, <. /DL1,2, *. %DUWRORPHR1, $. 3UXģND1, &. 5RWDFK1, 5. =HQREL1*

1(7+ =XULFK. 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV. 8093 =¾ULFK, 6ZLW]HUODQG., 2
'HSDUWPHQW RI &KHPLFDO (QJLQHHULQJ, 1DWLRQDO 8QLWHG 8QLYHUVLW\, 0LDROL 360302, 7DLZDQ.

:H FKDUDFWHUL]HG DQG WHVWHG D SDSHU-EDVHG SODWIRUP ("$SWDSDSHU") IRU WKH XSFRQFHQWUDWLRQ DQG
DQDO\VLV RI VPDOO PROHFXOHV IURP FRPSOH[ PDWUL[HV. $V D SURRI RI FRQFHSW, ZH XVHG WZR ZHOO-
FKDUDFWHUL]HG DSWDPHUV, TXLQLQH DQG VHURWRQLQ ELQGLQJ DSWDPHUV (4%$ DQG 6%$). :H XVHG VSHFLILF
DSWDPHU-IULHQGO\ FRQGLWLRQV WR HQVXUH WKH FRUUHFW IROGLQJ DQG ELQGLQJ RI ERWK DSWDPHUV. :H WKHQ
FKDUDFWHUL]HG WKH 4%$ DSWDSDSHU V\VWHP XVLQJ IOXRUHVFHQFH PLFURVFRS\. :H XVHG SDSHU VSUD\
LRQL]DWLRQ FRXSOHG ZLWK KLJK-UHVROXWLRQ PDVV VSHFWURPHWU\ (36-06) WR GHWHFW WKH WDUJHW PROHFXOHV.
$ ZDVKLQJ VWHS DIWHU WKH PROHFXOH'V ELQGLQJ ZDV LQFRUSRUDWHG WR ORZHU WKH OLPLWV RI GHWHFWLRQ (/2')
DQG UHGXFH PDWUL[ HIIHFWV.

/2'V ZHUH GHWHUPLQHG WR EH 81 SJ/P/IRU TXLQLQH 1.8 QJ/P IRU VHURWRQLQ, UHVSHFWLYHO\, IURP
GLIIHUHQW PDWULFHV. 5DQGRP DEVRUSWLRQ ZDV DQDO\WH-VSHFLILF DQG REVHUYHG IRU TXLQLQH EXW QRW
VHURWRQLQ. %DVHG RQ WKH UHVXOWV REWDLQHG, ZH DUH QRZ DGDSWLQJ WKH V\VWHP WR RWKHU DSWDPHUV RI
UHOHYDQFH LQ GLIIHUHQW DUHDV WKDW UHTXLUH WKH DQDO\VLV RI FRPSRXQGV SUHVHQW LQ ORZ FRQFHQWUDWLRQV,
VXFK DV HQYLURQPHQWDO PRQLWRULQJ RU IRRG VDIHW\. 7KH XVH RI JODVV PLFURILEHU SDSHU UHQGHUV WKLV
DSSURDFK ORZ FRVW, DQG WKH VDPSOLQJ FRQGLWLRQV DOORZ QRQ-H[SHULHQFHG SHUVRQV WR FROOHFW VDPSOHV
IURP UHPRWH DUHDV. ,Q SULQFLSOH, VHOHFWLYH ELQGLQJ DQG SDSHU VSUD\ LRQL]DWLRQ FDQ ODWHU EH DSSOLHG
WR PRUH SRUWDEOH WHFKQLTXHV VXFK DV PLQLDWXUH PDVV VSHFWURPHWHUV. 7KH VKHOI OLIH RI ERXQG
PROHFXOHV RQ WKH DSWDSDSHU ZDV LQYHVWLJDWHG IRU 4 GD\V ZLWK QR VDPSOH ORVV IRU TXLQLQH, SURYLQJ
WKDW WKH VDPSOHV FDQ EH VWRUHG DQG VHQW WR D IDFLOLW\ IRU 06 UHDGRXW >1@. +RZHYHU, HDFK DSWDPHU
PXVW EH WHVWHG VHSDUDWHO\ WR RSWLPL]H WKH VSHFLILF FRQGLWLRQV QHFHVVDU\ IRU WKH DSWDPHU WR IROG
SURSHUO\.

>1@ 6DQGUD 0DUWLʲQH]--DUTXLʲQ, $OLQD %HJOH\, <LQ-+XQJ /DL, *LRYDQQL /XFD %DUWRORPHR, $GDP 3UXVNʽD,
&KULVWLDQ 5RWDFK, DQG 5HQDWR =HQREL, $QDO\WLFDO &KHPLVWU\, 2022, 94, 5651−5657
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-014

7HPSHUDWXUH-&RQWUROOHG (OHFWURVSUD\: $ :LQGRZ LQWR 6ROXWLRQ 7KHUPRFKHPLVWU\ RI 1RQ-
&DQRQLFDO 1XFOHLF $FLG &RPSOH[HV

$. 3UXģND1, -. $. +DUULVRQ1, $. 0DUFKDQG1, $. *UDQ]KDQ2, 5. =HQREL1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK, 8093 =XULFK, 6ZLW]HUODQG, 2&156
8059187, ,QVHUP 81196, ,QVWLWXW &XULH, 3DULV 6DFOD\ 8QLYHUVLW\, 91405 2UVD\, )UDQFH

5HSHDWHG '1$ VHTXHQFHV DFFRXQW IRU PRUH WKDQ 50 % RI RXU JHQRPH. 7KHVH VHTXHQFHV FDQ IROG
LQWR QRQ-FDQRQLFDO '1$ VWUXFWXUHV SOD\LQJ HVVHQWLDO UROHV LQ FHOOXODU IXQFWLRQ. *XDQLQH-ULFK GLUHFW
UHSHDWV FDQ IRUP *-TXDGUXSOH[HV (*4V) DQG SDUWLDOO\ FRPSOHPHQWDU\ VWUDQGV FDQ IRUP EUDQFK-OLNH
VWUXFWXUHV, VXFK DV WKUHH-ZD\ MXQFWLRQV (7:-V). 0LVIROGLQJ RU SHUVLVWHQFH RI WKHVH VWUXFWXUHV FDQ
OHDG WR '1$ JHQRPLF LQVWDELOLW\ FDXVLQJ VHYHUH FHOOXODU GDPDJH, DSRSWRVLV, RU DEQRUPDO FHOO
JURZWK. 7R GHYHORS OLJDQGV WKDW VSHFLILFDOO\ WDUJHW WKHVH VWUXFWXUHV, GHWDLOHG LQIRUPDWLRQ DERXW
ELQGLQJ VLWHV, DIILQLW\, WKHUPRG\QDPLFV, DQG VWUXFWXUH DLG LQ GHYHORSLQJ WDUJHWHG JHQHWLF GLVHDVH
WKHUDSHXWLFV. 7KH FKDOOHQJHV XVLQJ FRQYHQWLRQDO PHWKRGV DULVH IURP WKH VWUXFWXUDO FRPSOH[LW\ DQG
YDULDELOLW\ RI WKHVH VWUXFWXUDO DVVHPEOLHV. 7KLV FDQ EH RYHUFRPH E\ WHPSHUDWXUH-FRQWUROOHG
QDQRHOHFWURVSUD\ LRQL]DWLRQ (7&-Q(6,), D PHWKRG WR VLPXOWDQHRXVO\ DQDO\]H LQGLYLGXDO IRUPV RI '1$
RU '1$-OLJDQG FRPSOH[HV DQG FKDUDFWHUL]H WKHLU WKHUPRG\QDPLFV.1 +HUH ZH LQWURGXFH D FXVWRP-
EXLOW 7&-Q(6, VRXUFH, ZKLFK LV GHVLJQHG VXFK DV WKH Q(6, HPLWWHU LV SODFHG EHWZHHQ WZR FRSSHU
EORFNV FRQWDLQLQJ D 3HOWLHU HOHPHQW, ZKLFK JXDUDQWHHV XQLIRUPO\ GLVWULEXWHG KHDW DQG DOORZV IRU
WHPSHUDWXUH JUDGLHQWV EHWZHHQ 13 – 90 r&.

06 WKHUPDO GHQDWXUDWLRQ H[SHULPHQWV ZHUH GHVLJQHG WR DFTXLUH PDVV VSHFWUD ZLWK LQFUHDVLQJ
VRXUFH WHPSHUDWXUH DQG WR REVHUYH XQIROGLQJ VWHSV RI LQGLYLGXDO LQWHUPHGLDWHV RI PXOWL-VWUDQGHG
ROLJRQXFOHRWLGH FRQVWUXFWV. :H REVHUYHG FKDQJHV LQ PHOWLQJ WHPSHUDWXUHV (7P) RI LQGLYLGXDO '1$
GRPDLQV GHSHQGLQJ RQ WKH W\SH RI GRPDLQ, WKH QXPEHU RI GRPDLQV, WKHLU SRVLWLRQ, WKH SUHVHQFH RI
OLJDQG, DQG PRUH. )ROORZLQJ D GHWDLOHG YDQ’W +RII DQDO\VLV, WKH FKDQJHV FDQ DOVR EH XVHG WR
FDOFXODWH WKHUPRG\QDPLF SDUDPHWHUV.

$ '1$ 7:- LV D FRPSOH[ FRPSULVLQJ WKUHH GRXEOH KHOLFHV, KDOI-FRPSOHPHQWDU\ WR HDFK RWKHU, ZKLFK
FRQYHUJH WRZDUG D FHQWUDO EUDQFKSRLQW (WKH SRWHQWLDO OLJDQG ELQGLQJ VLWH).2 7&Q(6, DQDO\VLV RI 7:-
FRQILUPHG DQ XQIROGLQJ SDWKZD\ ZLWK WKUHH GLIIHUHQW GXSOH[ LQWHUPHGLDWHV. 9DQ’W +RII DQDO\VHV RI
06 WKHUPDO GHQDWXUDWLRQ H[SHULPHQWV VKRZHG D VWDELOL]LQJ HIIHFW RI DGGLWLRQDO EDVH SDLULQJ LQ
RYHUKDQJV RI LQWHUPHGLDWHV. :H SURSRVH WKDW WKH FRPSHWLWLRQ EHWZHHQ WKH IRUPDWLRQ RI WKH GXSOH[
DQG WKH 7:- (UHSUHVHQWHG E\ ∆*r) GHSHQGV RQ WKH IRUPDWLRQ RI DGGLWLRQDO EDVH SDLUV EHWZHHQ
RYHUKDQJLQJ VWUDQGV. (IIHFWV RI WKH 7:--ELQGLQJ OLJDQGV RQ WKH XQIROGLQJ SDWKZD\ DQG
WKHUPRG\QDPLF VWDELOLW\ ZHUH DOVR LQYHVWLJDWHG. 7KHVH OLJDQGV ELQG VSHFLILFDOO\ WR WKH FDYLW\ LQ WKH
FHQWHU RI WKH EUDQFKSRLQW DQG JUHDWO\ DIIHFW WKH 7:- XQIROGLQJ WKHUPRG\QDPLFV.

,Q FRQFOXVLRQ, RXU 7&-Q(6, PHWKRGRORJ\ LV D SRZHUIXO WRRO IRU LGHQWLI\LQJ ELQGLQJ HYHQWV,
FKDUDFWHUL]LQJ WKHLU WKHUPRG\QDPLF DVSHFWV, DQG TXDQWLI\LQJ XQIROGLQJ LQWHUPHGLDWHV LQ WKH ZLGH
WHPSHUDWXUH UDQJH. 7KHUHIRUH, 7&-Q(6, LV D SURPLVLQJ PHWKRG WR ILOO XS WKH JDSV LQ WKH FXUUHQW
WKHUDSHXWLF GUXJ GHYHORSPHQW DQG EH D SRZHUIXO DOWHUQDWLYH WR FXUUHQW PHWKRGV.

 

>1@       $. 3UXģND, $. 0DUFKDQG, 5. =HQREL, $QJHZ. &KHPLH - ,QW. (G., 2021, 60, 15390–15398.
>2@ /. *X\RQ, 0. 3LUURWWD, .. 'XVNRYD, $. *UDQ]KDQ, 0. 3. 7HXODGH-)LFKRX, '. 0RQFKDXG, 1XFOHLF
$FLGV 5HV., 2018, 46, H16.
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-015

$GYDQFLQJ &\FOLF ,RQ 0RELOLW\ 0DVV 6SHFWURPHWU\ 0HWKRGV IRU 6WXG\LQJ %LRPROHFXOHV:
7RZDUGV WKH $QDO\VLV RI 0HJD 'DOWRQ 3URWHLQ $JJUHJDWHV

-. $. +DUULVRQ1, $. 3UXģND1, 5. =HQREL1*

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

0DVV VSHFWURPHWU\ (06) KDV GHYHORSHG LQWR D SRZHUIXO WRRO IRU LQYHVWLJDWLQJ WKH VWUXFWXUH RI
SURWHLQV. 7KH DGYHQW RI HOHFWURVSUD\ LRQL]DWLRQ 06 ((6,-06) PDGH LW SRVVLEOH WR WUDQVPLW ODUJH, QRQ-
FRYDOHQW FRPSOH[HV ZLWKRXW VLJQLILFDQWO\ GLVUXSWLQJ WKHLU VWUXFWXUH. :KHQ (6,-06 LV FRXSOHG ZLWK
LRQ PRELOLW\ VSHFWURPHWU\ (,06) LW EHFRPHV SRVVLEOH WR LQYHVWLJDWH WKH FRQIRUPDWLRQDO G\QDPLFV RI
D ELRPROHFXOH. )XUWKHUPRUH, D WHPSHUDWXUH-FRQWUROOHG (6,-06 (7&-(6,-06) VRXUFH FDQ EH XVHG WR
DOORZ IRU WKH FRQWLQXRXV PRQLWRULQJ RI WHPSHUDWXUH-LQGXFHG FKDQJHV LQ D ELRPROHFXOH, SURYLGLQJ
LQVLJKW LQWR LWV WKHUPRG\QDPLFV DQG DJJUHJDWLRQ SURSHUWLHV. )RU ODUJHU FRPSOH[HV, WKLV LQIRUPDWLRQ
FDQQRW EH UHDGLO\ REWDLQHG XVLQJ FRQYHQWLRQDO PHWKRGV, KLJKOLJKWLQJ WKH XVHIXOQHVV RI WKLV
DSSURDFK. +RZHYHU, WKLV DQDO\VLV UHTXLUHV FDUHIXO LQVWUXPHQW WXQLQJ WR HQVXUH WKDW D ELRPROHFXOH
LV WUDQVPLWWHG ZLWKRXW SHUWXUELQJ LWV JDV-SKDVH VWUXFWXUH. 7KH JRDO RI WKLV ZRUN ZDV WR SURYLGH D
IUDPHZRUN IRU WXQLQJ D F\FOLF ,06 PDVV VSHFWURPHWHU IRU WKH DQDO\VLV RI ELRPROHFXOHV DQG
GHPRQVWUDWH KRZ WKLV LQVWUXPHQW FDQ EH FRXSOHG ZLWK 7&-(6,-06 WR HOXFLGDWH WKH VWUXFWXUH RI
WHPSHUDWXUH-LQGXFHG P'D SURWHLQ DJJUHJDWHV.

 

7KH F\FOLF ,0 PDVV VSHFWURPHWHU XVHG LQ WKLV ZRUN KDV WKUHH SKDVHV GXULQJ VWDQGDUG ,06
H[SHULPHQWV: DQ ‘LQMHFW’ SKDVH, ZKHUH LRQV DUH PRYHG RQ WR WKH F\FOLF DUUD\ ORFDWHG LQ WKH F\FOLF
,06 FHOO, D ‘VHSDUDWH’ SKDVH, ZKHUH WKH LRQV D SXVKHG RII WKH DUUD\ IRU ,06 VHSDUDWLRQ, WKHQ ILQDOO\,
WKH ‘HMHFW DQG DFTXLUH’ SKDVH LQ ZKLFK LRQV SDVV DURXQG WKH F\FOLF ,06 FHOO, DQG DUH JXLGHG RXW RI
WKH V\VWHP E\ WKH F\FOLF DUUD\. 7KH WZR VHWWLQJV ZKLFK KDG WKH JUHDWHVW HIIHFW RQ LRQ WUDQVPLVVLRQ
ZHUH WKH DUUD\ RIIVHW DQG WKH VR-FDOOHG "UDFHWUDFN ELDV" GXULQJ WKH ‘VHSDUDWH’ SKDVH. :H IRXQG WKDW
VLPLODU YROWDJHV DUH UHTXLUHG IRU HIIHFWLYH LRQ WUDQVPLVVLRQ, RWKHUZLVH, LRQV JHW FDXJKW LQ WKH DUUD\,
DQG ZLOO QRW PRYH DURXQG WKH F\FOLF ,06 FHOO, ZKLFK LV HYLGHQW LQ WKH ,06 FKURPDWRJUDP DV D SHDN
ZLWK D GULIW WLPH VWDUWLQJ MXVW DIWHU WKH ‘VHSDUDWH’ SKDVH. 7KH GHJUHH RI WKHVH HIIHFWV ZDV
GHSHQGHQW RQ WKH PDVV RI WKH SURWHLQ EHLQJ DQDO\]HG. 2SWLPL]HG ,06 VHWWLQJV ZHUH WKHQ XVHG LQ
WKH 7&-(6,-06 DQDO\VLV RI -DFN EHDQ XUHDVH. 7KLV DQDO\VLV ZDV SHUIRUPHG WR LQYHVWLJDWH
WHPSHUDWXUH-LQGXFHG HIIHFWV RQ WKH VWUXFWXUH RI WKLV SURWHLQ. 3ULRU WR KHDWLQJ, WKH WZR KLJKHVW
ROLJRPHULF VWDWHV RI WKLV SURWHLQ ZHUH WKH KH[DPHU (a 550 N'D, QDWLYH) DQG D GRGHFDPHU (1.1 0'D,
QRQVSHFLILF). $Q LQFUHDVH LQ WHPSHUDWXUH OHG WR XUHDVH IRUPLQJ RFWDGHFDPHUV. 7KUHH GLVWLQFW JDV-
SKDVH FRQIRUPDWLRQV ZHUH REVHUYHG IRU WKH GRGHFDPHUV, WKH SUHYDOHQFH IRU WZR RI ZKLFK ZHUH
DIIHFWHG E\ WHPSHUDWXUH.
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-016

4XDQWLILFDWLRQ RI HQGRWR[LQV LQ EDFWHULDO ELRUHDFWRU VDPSOHV DQG FRUUHODWLRQ RI WKH
HQGRWR[LQ FRQWHQW WR RSWLFDO GHQVLW\ DQG GU\ FHOO ZHLJKW

$. +RIIPDQQ1, .. 3DFLRV1, 5. 0¾KOHPDQQ2, 5. 'DXPNH2,3, %. )UDQN2, ). .DOPDQ1*

18QLYHUVLW\ RI $SSOLHG 6FLHQFHV DQG $UWV :HVWHUQ 6ZLW]HUODQG 9DODLV, ,QVWLWXWH RI /LIH 7HFKQRORJ\,
6LRQ, 6ZLW]HUODQG , 2),/752; $*, 6W. *DOOHQ, 6ZLW]HUODQG , 33HQGR7(&+ / 0HWWOHU 7ROHGR *PE+,

8UGRUI, 6ZLW]HUODQG

7KH QRYHO FKHPLFDO .GR-'0%-/& HQGRWR[LQ ((7) DVVD\ >1@ DOORZV WKH DFFXUDWH DQG HFRQRPLF
GHWHUPLQDWLRQ RI WKH (7 FRQWHQW LQ VXSHUQDWDQWV RI *UDP-QHJDWLYH EDFWHULD ELRUHDFWRU VDPSOHV.

'XULQJ PLOG DFLGLF K\GURO\VLV, WKH (7 VSHFLILF VXJDU DFLG 3-GHR[\-'-PDQQR-RFW-2-XOVRQLF DFLG (.GR)
LV TXDQWLWDWLYHO\ UHOHDVHG. .GR LV UHDFWHG ZLWK 1,2-GLDPLQR-4,5-PHWK\OHQHGLR[\EHQ]HQH-2 +&O
('0%) WR REWDLQ WKH KLJKO\ IOXRUHVFHQW GHULYDWH .GR-'0%. ,W LV VHSDUDWHG IURP WKH UHDFWLRQ PL[WXUH
E\ 53-+3/& DQG GHWHFWHG E\ IOXRUHVFHQFH. 7KH .GR FRQWHQW LV FRQYHUWHG WR WKH (7 FRQWHQW RI WKH
VDPSOH.

7KH HYROXWLRQ RI WKH (7 FRQWHQW LQ GHSHQGHQFH RQ WKH FXOWLYDWLRQ WLPH LV VKRZQ IRU WZR EDWFK
FXOWLYDWLRQV RI (VFKHULFKLD FROL .12 DQG D IHG-EDWFK FXOWLYDWLRQ RI 3VHXGRPRQDV SXWLGD .72440. $
OLQHDU FRUUHODWLRQ EHWZHHQ WKH (7 FRQWHQW DQG WKH HDV\-WR-DFFHVV ELRUHDFWRU SDUDPHWHUV RSWLFDO
GHQVLW\ (2'600) DQG GU\ FHOO ZHLJKW (GFZ) LV SUHVHQWHG. ,W IROORZV WKDW 2'600 DQG GFZ PD\ VHUYH DV
OHDGLQJ LQGLFDWRUV IRU DQ HFRQRPLF UHDO-WLPH HVWLPDWLRQ RI WKH (7 FRQWHQW DW GLIIHUHQW FXOWLYDWLRQ
WLPH SRLQWV DQG FXOWLYDWLRQ FRQGLWLRQV, H.J., LQ SURGXFWLRQ ELRUHDFWRUV. 7KH 2'600 FDQ IXUWKHU EH
XVHG WR HVWDEOLVK VLPSOH VDPSOH GLOXWLRQ VFKHPHV IRU (7 TXDQWLILFDWLRQ LQ VDPSOHV RI XQNQRZQ (7
FRQWHQW, H.J., IRU WKH /LPXOXV $PRHERF\WH /\VDWH (/$/) RU WKH .GR-'0%-/& DVVD\. 7KH (7 FRQWHQW
PHDVXUHG ZLWK WKH .GR-'0%-/& DVVD\ >QJ / P/@ DQG WKH (7 DFWLYLW\ REWDLQHG E\ WKH FRPSHQGLDO
/$/ DVVD\ >HQGRWR[LQ XQLWV ((8) / P/@ VKRZHG D KLJK FRUUHODWLRQ IRU ERWK EDFWHULD ELRUHDFWRU
VDPSOHV. 

 

 

:RUNLQJ VFKHPH RI WKH .GR-'0%-/& DVVD\, HQGRWR[LQ PROHFXOH DGDSWHG IURP >2@

>1@ %ODQND %XFVHOOD, $QLND +RIIPDQQ, 0DWKLHX =ROOLQJHU HW DO., $QDO\WLFDO 0HWKRGV, 2020, 12(38),
4621-4634
>2@ 'DJPDU 3HWVFK, )ULHGULFK %LUJHU $QVSDFK, -RXUQDO RI %LRWHFKQRORJ\, 2000, 76, 79-119
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-017

&RPELQLQJ $FWLYLW\ 3URILOLQJ ZLWK $GYDQFHG $QQRWDWLRQ WR $FFHOHUDWH WKH 'LVFRYHU\ RI
1DWXUDO 3URGXFWV 7DUJHWLQJ 2QFRJHQLF 6LJQDOLQJ LQ 0HODQRPD

(. *DUR1, 7. +HOO1, $. 5XW]2,4, /. '¾UU1, 0. 'REU]\ĆVNL3, -. .. 5HLQKDUGW1, 2. 3HUW]3, 0. +DPEXUJHU1, -.
:ROIHQGHU2,4

1'LYLVLRQ RI 3KDUPDFHXWLFDO %LRORJ\, 8QLYHUVLW\ RI %DVHO, 26FKRRO RI 3KDUPDFHXWLFDO 6FLHQFHV,
8QLYHUVLW\ RI *HQHYD, 3,QVWLWXWH RI &HOO %LRORJ\, 8QLYHUVLW\ RI %HUQ, 4,QVWLWXWH RI 3KDUPDFHXWLFDO

6FLHQFHV RI :HVWHUQ 6ZLW]HUODQG, 8QLYHUVLW\ RI *HQHYD

+3/&-EDVHG DFWLYLW\ SURILOLQJ LV URXWLQHO\ XVHG LQ RXU ODE WR WUDFN DFWLYH FRPSRXQGV LQ SODQW
H[WUDFWV DQG ZDV DSSOLHG KHUH WR D SURMHFW DLPLQJ WR LGHQWLI\ QDWXUDO SURGXFWV (13V) LQKLELWLQJ
RQFRJHQLF VLJQDOLQJ LQ PHODQRPD >1@. $Q LQ-KRXVH OLEUDU\ RI 2’576 SODQW H[WUDFWV ZDV VFUHHQHG LQ
DQ LPDJH-EDVHG KLJK-FRQWHQW DVVD\. $ WRWDO RI 140 KLWV ZHUH IRXQG, DQG 44 RI WKHP ZHUH VHOHFWHG
IRU DFWLYLW\ SURILOLQJ. 7KH LQIRUPHG VHOHFWLRQ RI H[WUDFWV SULRU WR D SUHSDUDWLYH LVRODWLRQ RI DFWLYH
FRPSRXQGV LV NH\ WR VXFFHVV LQ 13-EDVHG GUXJ GLVFRYHU\, JLYHQ WKH ODUJH QXPEHU RI VDPSOHV WR
SURFHVV. /LQNLQJ KLJK-TXDOLW\ PHWDEROLWH DQQRWDWLRQV LQ FUXGH H[WUDFWV ZLWK DFWLYLW\ ZRXOG
VLJQLILFDQWO\ IDFLOLWDWH WKLV VHOHFWLRQ VWHS.

:H WKHUHIRUH FRPELQHG DGYDQFHG 8+3/&-+506/06 PHWDEROLWH SURILOLQJ ZLWK +3/&-EDVHG DFWLYLW\
SURILOLQJ WR OHYHUDJH WKH LQIRUPDWLRQ REWDLQHG IURP ERWK DSSURDFKHV. 7KLV VWUDWHJ\ ZDV
VXFFHVVIXOO\ DSSOLHG WR D VXEVHW RI WKH OLEUDU\, DW WKH OHYHO RI VXE-PLOOLJUDP DPRXQWV RI FUXGH
H[WUDFW. $GYDQFHG DQQRWDWLRQ DQG GDWD RUJDQLVDWLRQ DOORZHG WKH LGHQWLILFDWLRQ RI FRPSRXQGV WKDW
ZHUH OLNHO\ UHVSRQVLEOH IRU WKH DFWLYLW\ RI WKHVH H[WUDFWV. 7KH RYHUDOO ZRUNIORZ ZLOO EH SUHVHQWHG
DQG LOOXVWUDWHG ZLWK VHOHFWHG H[DPSOHV RI VWUXFWXUDOO\ GLYHUVH FRPSRXQGV.

 

>1@ /DUD '¾UU, 7DQMD +HOO, 0DFLHM 'REU]\ĆVNL, $OEHUWR 0DWHL, $QLND -RKQ, 1DWKDQMD $XJVEXUJHU,
*ORULD %UDGDQLQL, -DNRE . 5HLQKDUGW, )ORULDQ 5RVVEHUJ, 0LORV 'UREQMDNRYLF, 0DKDELU *XSWD, 0DWWKLDV
+DPEXUJHU, 2OLYLHU 3HUW], (OLDQH *DUR, -. 1DW. 3URG. 2022, 85, 1006-1017.
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$QDO\WLFDO 6FLHQFHV, ,QYLWHG / $ZDUG /HFWXUH $6-021

'RHV GLJLWDOL]DWLRQ LQ 5&' VORZ GRZQ LQQRYDWLRQ DQG WDNH DZD\ IOH[LELOLW\" :KDW LV WKH
ULVN RI LJQRULQJ WKH EHQHILWV RI GLJLWDOL]DWLRQ"

&. -DQVHQ1

10(77/(5 72/('2 *PE+, 6FKZHL] - FKULVWRSK.MDQVHQ#PW.FRP

7KH PRVW VFLHQWLILFDOO\ VRXQG UHJXODWLRQV IRU GLJLWDO UHFRUGV DUH PDGH IURP 3KDUPD
DXWKRULWLHV. +RZHYHU, WKH\ DOVR DUH WKH PRVW H[SHQVLYH DQG LQIOH[LEOH RQHV.

5HFHQW SDSHUV VXJJHVW WKDW VFLHQFH KDV SUREOHPV ZLWK UHSURGXFLELOLW\ PD\EH FDXVHG E\ SUHVVXUH
IRU SXEOLFDWLRQV. 7KH SUHVVXUH, IRU LQVWDQFH, PD\ OHDG WR VHOHFWHG UHVXOWV, VXSSRUWLQJ D FHUWDLQ
K\SRWKHVLV. 5HFRUGV JHW ORVW DQG LQYHVWLJDWLRQ LV GLIILFXOW. ,Q 2020 LW HYHQ KLW D QREOH SULFH ZLQQHU,
ZKR KDG WR UHFDOO D SDSHU.

6HOHFWLYH UHVXOWV LQ 3KDUPD UHJXODWLRQV DUH FDOOHG “WHVWLQJ LQWR FRPSOLDQFH”. ,I UHYHDOHG, LW ZLOO
KDYH GUDVWLF ILQDQFLDO DQG UHSXWDWLRQ FRQVHTXHQFHV IRU D SKDUPD FRPSDQ\.

5XOHV IRU GLJLWDOL]DWLRQ GR QRW KDYH WR EH UHLQYHQWHG IRU VFLHQFH, EXW VKRXOG OHDYH VRPH PRUH
IOH[LELOLW\, H.J. ZKHQ LW FRPHV WR YDOLGDWLRQ GRFXPHQWV.

)DFLOLWDWLRQ RI GLJLWDOL]DWLRQ LV LQ WKH IRFXV RI LQVWUXPHQW VXSSOLHUV WKURXJK WHFKQLFDO FRQWUROV WKDW
HQIRUFH FRPSOLDQFH DQG HQDEOH UHLQYHVWLJDWLRQ RI “VHQVDWLRQDO UHVXOWV” WR FRQILUP WKH\ ZHUH QRW
DFFLGHQWDO.

7KH GRZQVLGH RI GLJLWDOL]DWLRQ LV WKH LQWHJUDWLRQ FRVW DQG HIIRUW. 0LVVLQJ VWDQGDUGV LV RQO\ RQH
DVSHFW RI WKLV. 2XU VROXWLRQ LV FRPPHUFLDOO\ DYDLODEOH SODWIRUP VRIWZDUH, PDLQWDLQHG E\ WKH
VXSSOLHU. ,W FRQQHFWV D PXOWLWXGH RI LQVWUXPHQWV DQG GLIIHUHQW DSSOLFDWLRQV LQ D VLQJOH HIIRUW.
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-023

,QIOXHQFH RI &KORULQDWLQJ $JHQWV RQ WKH )RUPDWLRQ RI 6WDEOH %LRPDUNHUV LQ +DLU IRU WKH
5HWURVSHFWLYH 9HULILFDWLRQ RI ([SRVXUH

6. 9. 0DUW]1,3, 0. :LWWZHU1, &. 7DQ-/LQ2, 0. %UDFNPDQQ1, &. *. %RFKHW3*, &. &XUW\1*

16SLH] /DERUDWRU\, 2)XQFWLRQDO *HQRPLFV &HQWHU =XULFK, 38QLYHUVLW\ RI )ULERXUJ

$EVWUDFW: &KORULQH, DV D GXDO-XVH FKHPLFDO, LV DQ HVVHQWLDO LQGXVWULDO FKHPLFDO ZKLFK KDV EHHQ
XVHG DV D FKHPLFDO ZHDSRQ LQ WKH SDVW GXH WR LWV WR[LFLW\ DQG DYDLODELOLW\. 7KH UHWURVSHFWLYH
YHULILFDWLRQ RI FKORULQH LQWR[LFDWLRQ LV RIWHQ HVSHFLDOO\ FKDOOHQJLQJ DQG XQDPELJXRXV PDUNHUV DUH
VWLOO PLVVLQJ. ,Q WKLV VWXG\, WKH HIIHFWV RI GLIIHUHQW FKORULQDWLQJ DQG R[LGL]LQJ DJHQWV RQ KXPDQ KDLU
ZHUH LQYHVWLJDWHG. 6DPSOHV ZHUH H[SRVHG WR D YDULHW\ RI FKORULQDWLQJ FKHPLFDOV IRU D VKRUW WLPH
DQG WKHQ FRPSOHWHO\ K\GURO\]HG E\ D +%U VROXWLRQ WR EUHDN GRZQ LWV NHUDWLQ SURWHLQV LQWR LQGLYLGXDO
DPLQR DFLGV. $IWHU GHULYDWL]DWLRQ DQG WDUJHWHG /&-06 DQDO\VLV, 3-FKORURW\URVLQH DQG
3,5-GLFKORURW\URVLQH ZHUH XQDPELJXRXVO\ LGHQWLILHG IURP KXPDQ KDLU H[SRVHG WR FKORULQH,
K\SRFKORULWH DQG VXOIXU\O FKORULGH. 2XU UHVXOWV VKRZ ORQJ-WHUP VWDELOLW\ RI WKHVH PDUNHUV LQ WKH
ELRORJLFDO PDWUL[, DV WKH FKORURW\URVLQHV FDQ VWLOO EH IRXQG 10 PRQWKV SRVW-H[SRVXUH DW WKH VDPH
OHYHOV. )LQDOO\, DQ XQWDUJHWHG DQDO\VLV ZDV DEOH WR GLVFULPLQDWH EHWZHHQ VRPH RI WKH GLIIHUHQW
LQWR[LFDQWV.

>1@ -RQHV, 5.; :LOOV, %.; .DQJ, &., &KORULQH JDV: DQ HYROYLQJ KD]DUGRXV PDWHULDO WKUHDW DQG
XQFRQYHQWLRQDO ZHDSRQ. :HVW - (PHUJ 0HG, 2010, 11 (2), 151-6.
>2@ 6RFKDVNL, 0. $.; -DUDEHN, $. 0.; 0XUSK\, -.; $QGHUVHQ, 0. (., 3-FKORURW\URVLQH DQG
3,5-GLFKORURW\URVLQH DV ELRPDUNHUV RI UHVSLUDWRU\ WUDFW H[SRVXUH WR FKORULQH JDV. - $QDO
7R[LFRO, 2008, 32 (1), 99-105.
>3@ &URZ, %. 6.; 4XLQRQHV-*RQ]DOH], -.; 3DQWD]LGHV, %. *.; 3HUH], -. :.; :LQNHOMRKQ, :. 5.; *DUWRQ, -.
:.; 7KRPDV, -. '.; %ODNH, 7. $.; -RKQVRQ, 5. &., 6LPXOWDQHRXV 0HDVXUHPHQW RI 3-&KORURW\URVLQH DQG
3,5-'LFKORURW\URVLQH LQ :KROH %ORRG, 6HUXP DQG 3ODVPD E\ ,VRWRSH 'LOXWLRQ +3/&-06-06. - $QDO
7R[LFRO, 2016, 40 (4), 264-71.
>4@ 3DQWD]LGHV, %. *.; &URZ, %. 6.; 4XL³RQHV-*RQ]£OH], -.; 3HUH], -. :.; +DUYLOFKXFN, -. $.; :DOOHU\, -.
-.; +X, 7. &.; 7KRPDV, -. '.; -RKQVRQ, 5. &.; %ODNH, 7. $., 'HYHORSPHQW RI D FOLQLFDO DVVD\ WR PHDVXUH
FKORULQDWHG W\URVLQH LQ KDLU DQG WLVVXH VDPSOHV XVLQJ D PRXVH FKORULQH LQKDODWLRQ H[SRVXUH PRGHO.
$QDO\WLFDO DQG %LRDQDO\WLFDO &KHPLVWU\, 2021.
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-024

5DSLG 6SHFWURVFRSLF 'HWHFWLRQ RI 9RODWLOH 2UJDQLF &RPSRXQGV :LWK :LGHO\ (OHFWULFDOO\
7XQHDEOH 4XDQWXP-&DVFDGH /DVHUV

0. 6HODNRYLÉ1,2, 5. %UHFKE¾KOHU1, 3. 6FKHLGHJJHU1, +. /RRVHU1, $. .XSIHUVFKPLG1, %. 7X]VRQ1, /.
(PPHQHJJHU1*

1/DERUDWRU\ IRU $LU 3ROOXWLRQ / (QYLURQPHQWDO 7HFKQRORJ\, (PSD, 8HEHUODQGVWUDVVH 129, 8600
'¾EHQGRUI, 6ZLW]HUODQG, 2'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK, 8093

=XULFK, 6ZLW]HUODQG

)DVW, DFFXUDWH, DQG LQ-VLWX GHWHFWLRQ RI YRODWLOH RUJDQLF FRPSRXQGV (92&V) LV EHQHILFLDO IRU TXDOLW\
FRQWURO LQ PDQ\ LQGXVWULDO ILHOGV, HQYLURQPHQWDO PRQLWRULQJ, DQG PHGLFDO GLDJQRVWLFV. /DVHU-
DEVRUSWLRQ VSHFWURVFRS\ (/$6) KDV WKH SRWHQWLDO WR IXOILO WKHVH UHTXLUHPHQWV, HYHQ WKRXJK 92&V
H[KLELW EURDG DQG VSHFWUDOO\ RYHUODSSHG DEVRUSWLRQ VSHFWUD, KRZHYHU LW UHTXLUHV OLJKW VRXUFHV ZLWK
EURDG VSHFWUDO FRYHUDJH. ([WHQGHG-WXQLQJ TXDQWXP-FDVFDGH (4&-;7) ODVHUV >1@ DUH D SURPLVLQJ
FDQGLGDWH WKDW FDQ FRPELQH UDSLG, KLJK-UHVROXWLRQ VSHFWUDO VFDQQLQJ ZLWK EURDG FRYHUDJH.

,Q WKLV ZRUN, ZH SUHVHQW WKH GHYHORSPHQW DQG FKDUDFWHULVDWLRQ RI D FRPSDFW PLG-,5 VSHFWURPHWHU
IRU WKH KLJK-SUHFLVLRQ DQG VLPXOWDQHRXV PHDVXUHPHQW RI VPDOO 92&V. 7KH DQDO\VHU XVHV D 4&-;7
ODVHU ($OSHV /DVHUV) FRXSOHG WR D PXOWL-SDVV FHOO ZLWK 76 P RI RSWLFDO SDWK. %\ PHDQV RI WKH 9HUQLHU
HIIHFW, WKH ODVHU FDQ EH RSHUDWHG LQ VL[ GLIIHUHQW VSHFWUDO ZLQGRZV (HDFK a1.5 FP−1 ZLGH)
GLVWULEXWHG EHWZHHQ a1163 FP−1 DQG a1102 FP−1. $ FRPSOHWH VSHFWUXP LV PHDVXUHG HYHU\ 360
PV E\ UDSLG VZLWFKLQJ EHWZHHQ DQG WXQLQJ ZLWKLQ WKH VL[ ZLQGRZV.

92& PHDVXUHPHQWV ZHUH SHUIRUPHG LQ D IORZ-WKURXJK FRQILJXUDWLRQ DW ORZ SUHVVXUH (a50 PEDU) WR
PLQLPLVH WKH EURDGHQLQJ RI VSHFWUDO OLQHV. 7KH VSHFWUD ZHUH UHFRUGHG DW KLJK UHVROXWLRQ (<
10−4 FP−1), ZKLFK LV QRW DYDLODEOH LQ WKH OLWHUDWXUH IRU PRVW 92&V. 7KXV, ZH JHQHUDWHG RXU
UHIHUHQFH GDWDEDVH DQG GHYHORSHG D FRQFHQWUDWLRQ-UHWULHYDO DOJRULWKP.

2XU LQVWUXPHQW LV ZHOO-VXLWHG IRU WKH GHWHFWLRQ RI VPDOO R[\JHQ-FRQWDLQLQJ 92&V DW DPRXQW
IUDFWLRQV GRZQ WR WHQV RI SSE. :H KDYH DFKLHYHG D W\SLFDO SUHFLVLRQ RI a1 SSE IRU 25 V DYHUDJLQJ
WLPH, GHPRQVWUDWHG IRU PHWKDQRO DW DQ DPRXQW IUDFWLRQ RI 10 SSP, DQG D ODUJH OLQHDULW\ UDQJH RYHU
3 RUGHUV RI PDJQLWXGH. ([FHOOHQW VHOHFWLYLW\ RI WKH PHWKRG WKDW HQDEOHV PXOWL-FRPSRXQG
PHDVXUHPHQWV ZLWK D UHODWLYH H[SDQGHG XQFHUWDLQW\ RI <2% (N 2) ZDV DFKLHYHG WKDQNV WR WKH
EURDG PHDVXULQJ UDQJH, KLJK VSHFWUDO UHVROXWLRQ, DQG WKH XQLTXH VSHFWUDO ILQJHUSULQWV RI WKH
LQYHVWLJDWHG 92&V.

7KH V\VWHP LV FXUUHQWO\ EHLQJ IXUWKHU GHYHORSHG IRU EUHDWK DQDO\VLV LQ WKH IUDPHZRUN RI =XULFK
([KDORPLFV >2@.

>1@ <YHV %LGDX[, $OIUHGR %LVPXWR, &DPLOOH 7DUG\, 5RPDLQ 7HUD]]L, 7RELDV *UHVFK, 6W«SKDQH %ODVHU,
$QWRLQH 0XOOHU, -HURPH )DLVW, $SSOLHG 3K\VLFV /HWWHUV, 2015, 107, 221108.
>2@ KWWSV://ZZZ.H[KDORPLFV.FK/ ($FFHVVHG: 14.03.2022)
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-025

9LVXDOL]LQJ 6XUIDFH 3KDVH 6HSDUDWLRQ LQ 36-300$ 3RO\PHU %OHQGV DW WKH 1DQRVFDOH
XVLQJ 7LS-(QKDQFHG 5DPDQ 6SHFWURVFRS\

'. 0UÓHQRYLÉ1, '. $EERWW1, 9. 0RXJHO2, :. 6X3, 1. .XPDU2*, 5. =HQREL2*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK, &+-8093 =¾ULFK, 6ZLW]HUODQG, 2
'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK, &+-8093 =XULFK, 6ZLW]HUODQG, 3

6FKRRO RI 6FLHQFHV, +DQJ]KRX 'LDQ]L 8QLYHUVLW\, 310018 +DQJ]KRX, &KLQD

3RO\PHU EOHQG ILOPV KDYH D ZLGH UDQJH RI DSSOLFDWLRQV LQ GLVSOD\ GHYLFHV, VRODU FHOOV, KLJK-GHQVLW\
LQIRUPDWLRQ VWRUDJH PHGLD, FDWDO\VLV, DQG ELRWHFKQRORJ\.>1@ &RQWURO RI WKH SRO\PHU SKDVH
VHSDUDWLRQ LV FUXFLDO IRU D VXFFHVVIXO DSSOLFDWLRQ RI SRO\PHU EOHQGV LQ WKH DERYH-PHQWLRQHG
WHFKQRORJLHV. 9HUWLFDO DQG ODWHUDO SRO\PHU SKDVH VHSDUDWLRQ FDQ RFFXU DW WKH QDQRPHWHU OHQJWK-
VFDOH,>2@ DQG WKHUHIRUH, UHTXLUHV DQDO\WLFDO WRROV ZLWK XOWUDKLJK VHQVLWLYLW\ DQG VSDWLDO UHVROXWLRQ IRU
LWV DQDO\VLV.

,Q WKH ODVW WZR GHFDGHV, WLS-HQKDQFHG 5DPDQ VSHFWURVFRS\ (7(56) KDV HPHUJHG DV D ODEHO-IUHH
DQG QRQ-GHVWUXFWLYH QDQRDQDO\WLFDO WRRO. ,Q WKLV ZRUN, XVLQJ FRUUHODWLYH WRSRJUDSKLFDO, PROHFXODU,
DQG HOHPHQWDO LQIRUPDWLRQ, ZH GHPRQVWUDWH WKDW EHVLGHV WKH ODWHUDO SKDVH VHSDUDWLRQ,>3@ REVHUYHG
E\ $)0 DQG FRQIRFDO 5DPDQ VSHFWURVFRS\ ()LJXUHV 1D DQG 1E), D YHUWLFDO SKDVH VHSDUDWLRQ DOVR
WDNHV SODFH DW WKH WRS FD. 20 QP RI WKH SRO\VW\UHQH (36)-SRO\(PHWK\O PHWKDFU\ODWH) (300$) EOHQG
VXUIDFH. &RPSDULVRQ RI FRQIRFDO 5DPDQ DQG 7(56 LPDJLQJ ()LJXUHV 1E-1H) UHYHDOHG D XQLIRUP 36
OD\HU DW WKH EOHQG VXUIDFH. &RPSOHPHQWDU\ ;36 PHDVXUHPHQWV UHYHDO WKH SUHVHQFH RI 300$
ZLWKLQ WKH WRS 9.2 QP RI WKH VXUIDFH LPSO\LQJ WKDW FRQWLQXRXV 36 OD\HU LV SUHVHQW DW WKH VDPSOH VXE-
VXUIDFH.

:KLOVW $)0, ;36, DQG FRQIRFDO 5DPDQ VSHFWURVFRS\ KDYH EHHQ XVHG IRU FKDUDFWHUL]DWLRQ RI
SRO\PHU EOHQGV EHIRUH, WKLV LV WKH ILUVW WLPH WKDW D FOHDU YHUWLFDO SKDVH VHSDUDWLRQ ZLWKLQ 20 QP RI
WKH 36-300$ EOHQG VXUIDFH ZDV UHYHDOHG, GXH WR WKH 7(56 VXUIDFH VHQVLWLYLW\. 1RWDEO\, WKH IXOO
SLFWXUH LV UHYHDOHG RQO\ E\ FRUUHODWLQJ WKH FRPSOHPHQWDU\ VWUXFWXUDO, PROHFXODU, DQG HOHPHQWDO
LQIRUPDWLRQ. *LYHQ WKH GHPRQVWUDWHG XQLTXH DELOLW\ RI 7(56 WR SUREH VXUIDFH SKDVH VHSDUDWLRQ, ZH
HQYLVDJH WKDW LW FDQ EHFRPH DQ LPSRUWDQW FRPSOHPHQWDU\ DQDO\WLFDO WRRO IRU QDQRVFDOH SRO\PHU
FKDUDFWHUL]DWLRQ DQG FRQWULEXWH VLJQLILFDQWO\ WR WKH DGYDQFHPHQW RI SRO\PHU-EDVHG WHFKQRORJLHV.

>1@      ;. /L, -. *DR, /. ;XH, <. +DQ, $GYDQFHG )XQFWLRQDO 0DWHULDOV, 2010, 20, 259–265.
>2@      +. /L, -. -. &RRSHU-:KLWH, %LRPDWHULDOV 6FLHQFH, 2014, 2, 1693–1705.
>3@ 6. +DULUFKLDQ-6DHL, 0. &. 3. :DQJ, %. '. *DWHV, 0. *. 0RIILWW, /DQJPXLU, 2012, 28,
10838–10848.
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-026

3XUH ,VRWURSLF 3URWRQ 6ROLG 6WDWH 105

%. 6LP·HV GH $OPHLGD1, 3. 0RXW]RXUL1, '. 7RURGLL1, 0. &RUGRYD1, /. (PVOH\1*

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

,Q VROLG VWDWH 105, WKH OLQHZLGWKV RI WHQV RI NLORKHUW] REVHUYHG LQ 1+ VSHFWUD DUH PRVWO\ GXH WR WKH
FRQWULEXWLRQ RI KRPRQXFOHDU GLSRODU FRXSOLQJV. 0DJLF-DQJOH VSLQQLQJ (0$6) JUHDWO\ LPSURYHV
VSHFWUDO UHVROXWLRQ DQG DW WKH KLJKHVW UDWHV DYDLODEOH UDWHV WRGD\ (100-150 N+])>1@ OLQHZLGWKV FDQ EH
UHGXFHG WR KXQGUHGV RI +HUW]. 1HYHUWKHOHVV, WKH LQWHUDFWLRQV DUH QRW FRPSOHWHO\ UHPRYHG GXH WR
WKH LPSHUIHFW QDWXUH RI FRKHUHQW DYHUDJLQJ DQG WKH UHVLGXDO OLQHZLGWKV DUH VWLOO RUGHUV RI
PDJQLWXGH ODUJHU WKDQ WKRVH HQFRXQWHUHG LQ VROXWLRQ VWDWH 105. 

+HUH, ZH SURSRVH WKDW LQVWHDG RI RSWLPL]LQJ DQ DYHUDJLQJ VFKHPH, ZH FDQ SDUDPHWULFDOO\ PDS WKH
UHVLGXDO WHUPV GXH WR WKH LPSHUIHFW DYHUDJLQJ RI 0$6>2-3@ DQG UHPRYH WKHP LQ D N-VSDFH
UHSUHVHQWDWLRQ.>4@ 0RUH SUHFLVHO\, E\ DFTXLULQJ D VHULHV RI 0$6 VSHFWUD DW LQFUHDVLQJ UDWHV, WKH SXUH
LVRWURSLF SURWRQ (3,3) VLJQDO LV H[WUDFWHG LQ D SDUDPHWHU ILWWLQJ DSSURDFK.>4@ 7KLV PHWKRG KDV
EHHQ GHPRQVWUDWHG RQ HLJKW GLIIHUHQW RUJDQLF VROLGV, REWDLQLQJ LVRWURSLF
VSHFWUD VXEVWDQWLDOO\ QDUURZHU WKDQ WKH FRUUHVSRQGHQW IDVWHVW 0$6 VSHFWUD, ZLWK OLQHZLGWKV GRZQ
WR DV OLWWOH DV 48 +] ()LJXUH 1). &XUUHQWO\, RXU ZRUN LV IRFXVHG RQ WKH H[SORUDWLRQ RI WKH OLPLWDWLRQV
DQG ILGHOLW\ RI WKH DSSURDFK E\ H[WHQGLQJ LWV GRPDLQ RI DSSOLFDWLRQ WR PRUH FRPSOH[ VSHFWUD,
VWXG\LQJ WKH RULJLQ RI DUWHIDFWV LQ WKH VSHFWUD DQG WHVWLQJ QHZ DSSURDFKHV RI WKH GDWD SURFHVVLQJ.

)LJXUH 1. 7KH 100 N+] 0$6 VSHFWUXP (EOXH) DQG WKH SXUH LVRWURSLF SURWRQ (3,3) VSHFWUXP (UHG) RI
DPSLFLOOLQ.

>1@ 6XVDQQH 3HQ]HO, $QGUHV 2VV, 0DL-/LLV 2UJ, $JR 6DPRVRQ, $QMD %RFNPDQQ, 0DWWKLDV (UQVW, %HDW
+. 0HLHU,  -. %LRPRO. 105,  2019, 73, 19−29.
>2@ 0. 0DWWL 0DULFT, -RKQ 6. :DXJK, -. &KHP. 3K\V., 1979, 70 ,3300-3316.
>3@ %UXQR 6LP·HV GH $OPHLGD, 3LQHORSL 0RXW]RXUL, *DEULHOH 6WHYDQDWR, /\QGRQ (PVOH\, - &KHP
3K\V, 2021, 155, 8, 084201.
>4@ 3LQHORSL 0RXW]RXUL, %UXQR 6LP·HV GH $OPHLGD, 'DULD 7RURGLL, /\QGRQ (PVOH\, -. $P. &KHP.
6RF., 2021, 143, 28, 9834-9841.
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$QDO\WLFDO 6FLHQFHV, &RQWULEXWHG 7DON (15PLQ) $6-027

&RPSUHVVHG 6HQVLQJ IRU 5DSLG 6LJQDO 5HWULHYDO LQ ;-UD\ $EVRUSWLRQ 6SHFWURVFRS\

<. +HPDQL1,2, .. .RFK1,2, '. %OHLQHU1,2*

16ZLVV )HGHUDO ,QVWLWXWH RI 0DWHULDO 6FLHQFHV, 8EHUODQGVWUDVVH 129, 8600, 'XHEHQGRUI, 28QLYHUVLW\
RI =XULFK, :LQWHUWKXUHUVWUDVVH 90, 8057, =¾ULFK

;-UD\ $EVRUSWLRQ )LQH-6WUXFWXUH 6SHFWURVFRS\ (;$)6) ZKLFK LV D SRZHUIXO DQDO\WLFDO WHFKQLTXH, WKDW
ZRUNV ZLWK DOPRVW DQ\ VDPSOH PDWUL[, IRU REWDLQLQJ HOHPHQWDO DQG FKHPLFDO LQIRUPDWLRQ LQ PDQ\
ILHOGV VXFK DV ELRVFLHQFHV, PDWHULDO VFLHQFHV, FDWDO\VLV DQG SK\VLFDO FKHPLVWU\. ;$)6 XWLOL]HV D
ODUJH EDQGZLGWK UDGLDWLRQ WKDW LV VFDQQHG VHTXHQWLDOO\ WR FDSWXUH WKH HQWLUH VSHFWUXP. 7KH HQWLUH
VFDQQLQJ RI FHUWDLQ VDPSOHV FDQ WDNH UHODWLYHO\ ORQJ WLPHV. +LJK EULJKWQHVV, ZKLFK LV HVVHQWLDO IRU
HQRXJK VHQVLWLYLW\, FDQ EH GHVWUXFWLYH IRU FHUWDLQ VDPSOHV RYHU WLPH. $GGLWLRQDOO\, WLPH UHVROYHG
;$)6 QHHGV FRPSOH[ RSWLFDO VHWXSV DQG IDVW VLJQDO SURFHVVLQJ WHFKQLTXHV UHVXOWLQJ LQ D GDWD
GHOXJH. 7KHVH VRXUFH IHDWXUHV DUH REWDLQHG DW V\QFKURWURQ EHDPOLQHV. ,GHDOO\, RQH ZRXOG OLNH WR
KDYH D UDSLG DFTXLVLWLRQ RI WKH HQWLUH VSHFWUXP, L.H. IDVWHU WKDQ WKH FKHPLFDO UHDFWLRQ EHLQJ
VWXGLHG. )XUWKHUPRUH, WKH VRXUFH VKRXOG RSHUDWH DW EHORZ WKH VDPSOH GDPDJH IOX[, ZLWKRXW
VDFULILFLQJ LQIRUPDWLRQ DQG WKH UHTXLUHG UHVROXWLRQ. $GYDQWDJHRXVO\, WKLV PHWKRG VKRXOG EH
DYDLODEOH LQ HDFK ODERUDWRU\. 7KH DLP RI WKLV ZRUN LV WR WDFNOH WKLV FKDOOHQJH DQG HQDEOH ;$)6 RQ D
WDEOHWRS. 7R DFKLHYH WKH WDUJHW, ILUVW VWHS LV WKH GHYHORSPHQW RI D WDEOHWRS ;-UD\ ODVHU VRXUFH DQG
WKH VHFRQG VWHS LV WKH XWLOL]DWLRQ RI XQLTXH GDWD FROOHFWLRQ PHWKRGV WR FRPSHQVDWH IRU WKH
OLPLWDWLRQV RI WKH VRXUFH. $ FRPSDFW WHUDZDWW FKLUSHG SXOVH DPSOLILFDWLRQ ODVHU KDV EHHQ GHYHORSHG
IRU JHQHUDWLQJ ;-UD\V LQ WKH ODE, EDVHG RQ WKH SULQFLSOH RI /DVHU SURGXFHG SODVPD, ZKHUH D KLJK
HQHUJ\ ODVHU SXOVH LV LQFLGHQW RQ D VROLG WDUJHW WR DFKLHYH LRQL]DWLRQ LQ D 1H-OLNH RU 1L-OLNH VWDEOH
JURXQG FRQILJXUDWLRQ; HQDEOLQJ WKH HPLVVLRQ RI EULJKW ;-UD\V RQ D VFDOH RI QDQRVHFRQG WR
SLFRVHFRQG WLPH GXUDWLRQ. )RU E\SDVVLQJ WKH OLPLW RI VHTXHQWLDO VFDQQLQJ, D FRPSUHVVLYH GDWD
FROOHFWLRQ PHWKRG LV UHDOL]HG. &RPSUHVVHG 6HQVLQJ (&6) LV D ZHOO-NQRZQ LQ VLJQDO SURFHVVLQJ
WHFKQLTXH XVHG WR DFTXLUH DQG UHFRQVWUXFW XQGHU-VDPSOHG GDWD VHWV ZLWKRXW ORVLQJ DQ\ LPSRUWDQW
LQIRUPDWLRQ DERXW WKH VLJQDO. 7DNLQJ DGYDQWDJH RI WKH VSDUVLW\ RI WKH VSHFWUDO VLJQDO LQ D IL[HG
EDVLV DQG ZKHQ VDPSOHG UDQGRPO\, WKH ;$)6 GDWD DFTXLVLWLRQ FDQ EH G\QDPLF. $LGHG E\ FRQYH[
RSWLPL]DWLRQ VROYHUV, IDVWHU DQG UHOLDEOH GDWD DFTXLVLWLRQ LV SRVVLEOH ZLWK FRPSHWHQW GDWD
UHFRQVWUXFWLRQ. $ FDVH VWXG\ RI D &R )RLO LV SUHVHQWHG; VKRZLQJ SURRI RI FRQFHSW WKDW ;$)6 UDZ
GDWD FDQ EH XQGHU VDPSOHG, UHFRQVWUXFWHG DQG WUDQVODWHG ZHOO LQWR .-VSDFH DQG 5-VSDFH ZLWK DQ
HUURU RI OHVV WKDQ 1% DQG D FRPSUHVVLRQ IDFWRU RI PRUH WKDQ WZR. 5HOLDEOH GDWD DERXW WKH HGJHV,
R[LGDWLRQ VWDWHV, DWRPLF GLVWDQFHV, DQG VWUXFWXUH DUH H[WUDFWHG ZLWK SRVW-SURFHVVLQJ.
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,PSDFW RI $EODWLRQ &HOO 'HVLJQ LQ /$-,&3-06 RQ (OHPHQWDO )UDFWLRQDWLRQ

3. %HFNHU1, -. .RFK1, '. *¾QWKHU1*

1/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, (7+ =XULFK, &+-8093 =XULFK, 6ZLW]HUODQG

/DVHU DEODWLRQ LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ (/$-,&3-06) KDV EHHQ XVHG URXWLQHO\
LQ WKH SDVW IHZ GHFDGHV IRU WKH DQDO\VLV RI VDPSOHV LQ JHRORJ\, ELRORJ\, PDWHULDO VFLHQFHV,
IRUHQVLFV DQG PRUH. /DUJH YROXPH DEODWLRQ FHOOV DUH FRPPRQO\ XVHG IRU WKH SXUSRVHV RI LVRWRSH
DQG EXON DQDO\VLV. 7KH ODVHU JHQHUDWHG DHURVRO LV KLJKO\ GLVSHUVHG, UHVXOWLQJ LQ VWDEOH VLJQDOV
RSWLPDO IRU VHTXHQWLDO PDVV DQDO\VHUV. )RU SXUSRVHV WKDW UHTXLUH VSDWLDO LQIRUPDWLRQ, VXFK DV
LPDJLQJ DQG GHSWK SURILOLQJ, ORZ GLVSHUVLRQ ODVHU DEODWLRQ FHOOV KDYH EHHQ GHYHORSHG WR UHVROYH
LQGLYLGXDO ODVHU SXOVHV. +RZHYHU, GXH WR WKHLU IDVW DHURVRO ZDVKRXW QDWXUH, WKHVH DEODWLRQ FHOOV
QHFHVVLWDWH WKH XVH RI VLPXOWDQHRXV PDVV DQDO\VHUV, VXFK DV WLPH RI IOLJKW PDVV VSHFWURPHWHUV, LQ
RUGHU WR SHUIRUP DFFXUDWH PXOWL-HOHPHQWDO DQDO\VLV. 7KH PRVW FRPPRQ ZRUNLQJ SULQFLSOH PDNHV
XVH RI D WZR YROXPH DSSURDFK, ZKHUH VDPSOHV DUH SODFHG RQ D 3'-VWDJH ZLWKLQ D ODUJH YROXPH,
EHORZ D VPDOOHU YROXPH ZLWK D QDUURZ RSHQLQJ LQ-EHWZHHQ.>1,2@

7KLV ZRUN IRFXVHV RQ WKH GLIIHUHQFHV RI WKH DHURVRO WUDQVSRUW EHWZHHQ WKHVH WZR W\SHV RI DEODWLRQ
FHOOV. 7UDQVSRUW SKHQRPHQD RI WKH ODVHU JHQHUDWHG DHURVROV ZHUH LQYHVWLJDWHG EDVHG RQ WKHLU
SDUWLFOH VL]H GLVWULEXWLRQV, HOHPHQWDO IUDFWLRQDWLRQ DQG JDV IORZ VLPXODWLRQV. 7KH GLIIHUHQFHV
EHWZHHQ ORZ DQG KLJK GLVSHUVLRQ ZHUH LQYHVWLJDWHG, DV ZHOO DV WKH HIIHFW RI DHURVRO VPRRWKLQJ
DIWHU ORZ GLVSHUVLRQ DEODWLRQ. 7KH WKUHH VHWXSV ZHUH FRPSDUHG LQ UHJDUGV WR UHSURGXFLELOLW\ DQG
DFFXUDF\. 7KLV ZRUN FRQWH[WXDOL]HV WKH LPSRUWDQFH RI DEODWLRQ FHOO GHVLJQ WR UHGXFH PXOWLSOH
VRXUFHV RI HOHPHQWDO IUDFWLRQDWLRQ.

>1@ $. *XQGODFK-*UDKDP DQG '. *¾QWKHU, $QDO. %LRDQDO. &KHP., 2016, 408, 2687–2695.
>2@ 6. -. 0. 9DQ 0DOGHUHQ, -. 7. 9DQ (OWHUHQ DQG ). 9DQKDHFNH, -. $QDO. $W. 6SHFWURP., 2015, 30,
119–125.

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


$QDO\WLFDO 6FLHQFHV, 3RVWHU $6-102

+DUQHVVLQJ ORZ-WHPSHUDWXUH SODVPD FKHPLVWU\ WR GLVWLQJXLVK DON\ODWHG DURPDWLF
LVRPHUV ZLWK PDVV VSHFWURPHWU\

$. ,. %HJOH\1, 5. =HQREL1*

1'HSDUWPHQW &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV (7+ =XULFK

/RZ-WHPSHUDWXUH SODVPD VRXUFHV, IRU H[DPSOH, DWPRVSKHULF SUHVVXUH FKHPLFDO LRQL]DWLRQ ($3&,),
GLHOHFWULF EDUULHU GLVFKDUJH ('%'), RU GLUHFW DQDO\VLV LQ UHDO WLPH ('$57), DUH XVHG LQ PDVV
VSHFWURPHWU\ WR LRQL]H JDVHRXV VDPSOHV. 7KHVH VRXUFHV JHQHUDWH UHDFWLYH QHXWUDOV, H[FLWHG
VSHFLHV, DQG LRQV WKDW JHQHUDOO\ UHVXOW LQ WKH LQWDFW PROHFXODU DQDO\WH LRQ. +RZHYHU, YDULDWLRQ LQ
WKH RSHUDWLQJ FRQGLWLRQV FDQ OHDG WR FKHPLFDOO\ VXUSULVLQJ SURGXFWV, IRU H[DPSOH, ZH UHFHQWO\
UHSRUWHG WKDW H[FLWHG VWDWH 1 DWRPV UHDFW ZLWK DURPDWLF K\GURFDUERQV WR IRUP 1‑KHWHURF\FOHV DW
KLJK RSHUDWLQJ YROWDJH. +HUH, ZH XVH WKH YROWDJH-GHSHQGHQW FKDQJHV LQ SODVPD FKHPLVWU\ WR
GLIIHUHQWLDWH DON\ODWHG DURPDWLF K\GURFDUERQ LVRPHUV ZLWK YDU\LQJ DON\O FKDLQV (DW ORZ YROWDJH) DQG
WKH QXPEHU RI DON\O VXEVWLWXHQWV (DW KLJK YROWDJH).

:H LQIXVHG SXUH DON\ODWHG DURPDWLF K\GURFDUERQ LVRPHUV ZLWK WKH IRUPXODH &8+10 DQG &9+12
WKURXJK D QLWURJHQ GLHOHFWULF EDUULHU GLVFKDUJH LRQL]DWLRQ VRXUFH ('%',) FRXSOHG RQOLQH WR DQ
RUELWUDS PDVV VSHFWURPHWHU. :H GHWHUPLQHG WKH SURGXFWV RI WKH FRPSRXQGV DW ORZ (2.44 N9SS) RU
KLJK (3.44 N9SS) RSHUDWLQJ YROWDJH IURP WKHLU H[DFW PDVVHV DQG IUDJPHQWV SURGXFHG E\ FROOLVLRQ-
LQGXFHG GLVVRFLDWLRQ (&,'). 7KH SURGXFWV DQG PHFKDQLVPV ZHUH FRPSDUHG WR HOHFWURQ LPSDFW
LRQL]DWLRQ GDWDEDVH VSHFWUD.

$W ORZ YROWDJH, WKH SURGXFWV YDU\ GHSHQGLQJ RQ WKH EUDQFKLQJ RI WKH DON\O VXEVWLWXHQW. $W WKH VDPH
FRQFHQWUDWLRQ DQG SODVPD FRQGLWLRQV, GLPHWK\OEHQ]HQH &8+10 LVRPHUV IRUP WKH UDGLFDO FDWLRQ >0@•+

DQG ORVH D PHWK\O JURXS, ZKHUHDV HWK\OEHQ]HQH LV IXUWKHU IUDJPHQWHG. /LNHZLVH, DOO LVRPHUV RI
&9+12 IRUP WKH UDGLFDO FDWLRQ >0@•+, EXW SURS\OEHQ]HQH DOVR IRUPV >&7+7@•+, LVRSURS\OEHQ]HQH
>&8+11@•+, 1-HWK\O-4-PHWK\OEHQ]HQH >&9+112@•+, DQG WULPHWK\OEHQ]HQHV ORVH D PHWK\O JURXS. 7KHVH
UHDFWLRQ SURGXFWV DUH DWWULEXWHG WR UHDFWLRQV ZLWK LRQV (12

+, 13
+, 14

+, 12+) DQG DWRPLF R[\JHQ
2(33) IURP LPSXULWLHV LQ WKH SODVPD JDV. $W KLJK YROWDJH, DOO DON\ODWHG DURPDWLF K\GURFDUERQV IRUP
WZR LRQL]DWLRQ SURGXFWV: DQ 1-DGGLWLRQ SURGXFW >0+1@+ DQG DQ 1-UHSODFHPHQW SURGXFW >0-&+1@ •+,
ZKLFK DUH DWWULEXWHG WR HOHYDWHG FRQFHQWUDWLRQV RI QLWURJHQ LRQV DQG H[FLWHG VWDWH 1 DWRPV 1(23),
UHVSHFWLYHO\. 7KH EUDQFKLQJ UDWLR RI WKH DGGLWLRQ DQG UHSODFHPHQW SURGXFWV GHSHQG RQ ERWK WKH
FRQFHQWUDWLRQ DQG GHJUHH RI VXEVWLWXWLRQ RI WKH DURPDWLF K\GURFDUERQ. 7KH JUHDWHU WKH JDV-SKDVH
FRQFHQWUDWLRQ RI WKH DQDO\WH, WKH KLJKHU WKH UDWLR RI 1-UHSODFHPHQW WR -DGGLWLRQ SURGXFW. ,Q D
SUHOLPLQDU\ H[SHULPHQW, ZKHQ DGMXVWHG IRU FRQFHQWUDWLRQ, WKH KLJKHU WKH QXPEHU RI DON\O
VXEVWLWXHQWV (WROXHQH<[\OHQH<PHVLW\OHQH), WKH ORZHU WKH UDWLR RI WKH VXEVWLWXWLRQ WR UHSODFHPHQW
SURGXFW.
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3URELQJ WKH 6WDELOLW\ RI WKH ͆-+DLUSLQ 6WUXFWXUH RI *%13 LQ WKH *DV 3KDVH E\ &RXSOLQJ
0DVV 6SHFWURPHWU\ DQG )OXRUHVFHQFH 6SHFWURVFRS\

/. 5. %HQ]HQEHUJ1, $. 6. $OEWHULQL1, 5. :. 1, -. %. 0HWWHUQLFK1, 5. =HQREL1*

11'HSDUWPHQW &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV (7+ =¾ULFK, 8093 =XULFK, 6ZLW]HUODQG

0DVV VSHFWURPHWU\-UHODWHG LQQRYDWLRQV: 7KLV LV WKH ILUVW DSSOLFDWLRQ RI WP)5(7 LQ D PDVV
VSHFWURPHWHU WR SUREH ZKHWKHU ͆-VKHHW VWUXFWXUHV UHWDLQ WKHLU VROXWLRQ-SKDVH VWUXFWXUH LQ WKH JDV
SKDVH.

,QWURGXFWLRQ: :KHWKHU *%1S, D VPDOO SHSWLGH IRUPLQJ D ͆-KDLUSLQ, XQIROGV DIWHU GHVROYDWLRQ ZDV
WKH REMHFW RI SUHYLRXV UHVHDUFK DQG LV VWLOO GHEDWHG. 7KH VWDELOLW\ KDV QHYHU EHHQ WKRURXJKO\
LQYHVWLJDWHG E\ DSSURDFKHV WKDW FRPELQH PDVV VSHFWURPHWU\ ZLWK IOXRUHVFHQFH VSHFWURVFRS\-
EDVHG PHWKRGRORJLHV VXFK DV )5(7, EHFDXVH WKH FRPSDFW VWUXFWXUH RI ͆-VKHHWV IDOOV EHORZ WKH
ZRUNLQJ UDQJH RI )5(7. +RZHYHU, UHFHQWO\, WUDQVLWLRQ-PHWDO )5(7 (WP)5(7) LQ WKH JDV SKDVH ZDV
UHSRUWHG, ZKLFK SURYLGHV D ZRUNLQJ UDQJH VXLWDEOH IRU ͆-VKHHW VWUXFWXUHV. 7KXV, WKLV ZRUN UHSRUWV
RQ WKH XWLOL]DWLRQ RI WP)5(7 WR SUREH WKH VWDELOLW\ RI WKH *%1S ͆-KDLUSLQ VWUXFWXUH LQ WKH JDV SKDVH.

0HWKRGV: :LOG-W\SH *%1S ZDV PRGLILHG E\ DWWDFKLQJ D F\VWHLQH UHVLGXH WR WKH &-WHUPLQXV DQG D
KLVWLGLQH-JO\FLQH-KLVWLGLQH PRWLI WR WKH 1-WHUPLQDO VLGH. :KLOH WKH ILUVW SURYLGHV D ODEHOLQJ VLWH IRU D
GRQRU G\H, FDUER[\UKRGDPLQH 6* PDOHLPLGH, WKH ODWWHU QRQ-FRYDOHQWO\ ELQGV D FRSSHU LRQ (&X2+)
WKDW DFWV DV D IOXRUHVFHQFH TXHQFKHU. )OXRUHVFHQFH OLIHWLPH PHDVXUHPHQWV RI WKH ODEHOHG SHSWLGH
LQ WKH JDV SKDVH ZHUH SHUIRUPHG IRU HYHU\ PDMRU FKDUJH VWDWH (]  2+,3+, 4+) LQ 06/06 PRGH.
$IWHU DGGLQJ FRSSHU FKORULGH (&X&O2) WR WKH VDPSOH VROXWLRQ, VLPLODU OLIHWLPH PHDVXUHPHQWV ZHUH
FDUULHG RXW. $GGLWLRQDO LRQ PRELOLW\ VSHFWUD SURYLGHG FRPSOHPHQWDU\ H[SHULPHQWDO YDOXHV DQG
WRJHWKHU ZLWK WKH IOXRUHVFHQFH-EDVHG ILQGLQJV ZHUH FRPSDUHG WR PROHFXODU G\QDPLFV VLPXODWLRQV
WR REWDLQ IXUWKHU VWUXFWXUDO LQIRUPDWLRQ.

3UHOLPLQDU\ GDWD: /LIHWLPHV RI FDUER[\UKRGDPLQH 6* IRU HYHU\ PHDVXUHG FKDUJH VWDWH ZLWKRXW
WKH DGGLWLRQ RI FRSSHU FKORULGH GLG QRW GLIIHU VLJQLILFDQWO\ IURP HDFK RWKHU DQG PDWFKHG WKH
H[SHFWHG YDOXH RI W  6.8 QV. :KHQ FRSSHU LRQV (&X2+) ZHUH ERXQG WR WKH GL-KLVWLGLQH PRWLI, D
GHFUHDVH RI IOXRUHVFHQFH OLIHWLPH ZDV REVHUYHG UHJDUGOHVV RI WKH FKDUJH VWDWH, ZKLFK SURYHV WKH
RFFXUUHQFH RI WP)5(7. 7KH UHGXFWLRQ LQ IOXRUHVFHQFH OLIHWLPH GHFUHDVHG V\VWHPDWLFDOO\ IRU KLJKHU
FKDUJH VWDWHV. 7KLV LV OLNHO\ D UHVXOW RI &RXORPELF-GULYHQ XQIROGLQJ RI WKH ͆-KDLUSLQ, UHVXOWLQJ LQ
KLJKHU G\H-FRSSHU GLVWDQFHV. $ VWURQJHU TXHQFKLQJ HIIHFW IRU ORZHU FKDUJH VWDWHV (2+, 3+) FRXOG
EH LQWHUSUHWHG DV D UHWHQWLRQ RI WKH VROXWLRQ-SKDVH QDWLYH IROG RI WKH ͆-KDLUSLQ VWUXFWXUH RI *%1S
DIWHU GHVROYDWLRQ, GXH WR WKH FORVH SUR[LPLW\ RI FDUER[\UKRGDPLQH 6* DQG WKH FRSSHU LRQ. ,RQ
PRELOLW\ GDWD VXSSRUWHG WKH WUHQG REVHUYHG IRU VSHFWURVFRSLF H[SHULPHQWV E\ DOORFDWLQJ ORZHU
FROOLVLRQDO FURVV VHFWLRQV (&&6) IRU ORZHU FKDUJH VWDWHV. )LQDOO\, RQJRLQJ PROHFXODU G\QDPLFV
VLPXODWLRQV SURYLGH SUHGLFWHG JDV-SKDVH FDQGLGDWH VWUXFWXUHV RI *%1S WKDW PDWFK RXU
H[SHULPHQWDO ILQGLQJV, L.H. FRPSDUDEOH &&6 DQG G\H-TXHQFKHU GLVWDQFHV.
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,Q-&HOO 4XDQWLILFDWLRQ RI 'UXJV E\ 0DJLF-$QJOH 6SLQQLQJ '\QDPLF 1XFOHDU 3RODUL]DWLRQ
105

3. %HUUX\HU1, $. %HUWDUHOOR1, 0. $UWHOVPDLU2, &. (OPRUH3, 6. +H\GDUNKDQ-+DJYDOO4, 0. 6FKDGH5, (.
&KLDUSDULQ6, 6. 6FKDQW]5, /. (PVOH\1*

1(3)/, /DERUDWRLUH GH 5«VRQDQFH 0DJQ«WLTXH, 2$VWUD=HQHFD, (DUO\ &KHPLFDO 'HYHORSPHQW, 3
$VWUD=HQHFD, (DUO\ &KHPLFDO 'HYHORSPHQW,, 4$VWUD=HQHFD, %LRVFLHQFH, 5HVHDUFK DQG (DUO\

'HYHORSPHQW, 5$VWUD=HQHFD, 2UDO 3URGXFW 'HYHORSPHQW, 6$VWUD=HQHFD, 2QFRORJ\

,Q SKDUPDFRORJ\, WKH TXDQWLW\ RI GUXJ LQVLGH FHOOV LV NH\ WR XQGHUVWDQG WKH DFWLYLW\ RI WKH
PROHFXOHV. 7KH TXDQWLILFDWLRQ RI LQWUDFHOOXODU GUXJ FRQFHQWUDWLRQV ZRXOG SURYLGH D EHWWHU
XQGHUVWDQGLQJ RI WKH GUXJ IXQFWLRQ DQG HIILFDF\. 7KH PRVW DFFXUDWH TXDQWLILFDWLRQ PHWKRGV IRU
GUXJV LQ-FHOOV VKRXOG EH SHUIRUPHG ZLWKRXW PRGLILFDWLRQ RI HLWKHU WKH GUXJ RU WKH WDUJHW, DQG ZLWK
WKH FDSDELOLW\ WR GHWHFW ORZ DPRXQWV RI WKH PROHFXOH RI LQWHUHVW. +HUH, W\SLFDOO\, WKH UHOHYDQW UDQJH
RI GHWHFWLRQ VKRXOG EH LQ PDQ\ FDVHV LQ WKH μ0 WR Q0 (SPRO WR IPRO SHU PLOOLRQ FHOOV) UDQJH. 7KXV,
LW LV FXUUHQWO\ FKDOOHQJLQJ WR SURYLGH GLUHFW TXDQWLWDWLYH PHDVXUHPHQWV RI LQWUDFHOOXODU GUXJ
FRQFHQWUDWLRQV WKDW VLPXOWDQHRXVO\ VDWLVI\ WKHVH UHTXLUHPHQWV. +HUH, ZH VKRZ WKDW PDJLF-DQJOH
VSLQQLQJ G\QDPLF QXFOHDU SRODUL]DWLRQ (0$6 '13) FDQ VDWLVI\ DOO WKHVH UHTXLUHPHQWV. :H DSSO\ D
TXDQWLWDWLYH 151 0$6 '13 DSSURDFK FRPELQHG ZLWK 151 ODEHOLQJ LQ RUGHU WR TXDQWLI\ WKH
LQWUDFHOOXODU DPRXQW RI WKH GUXJ >151@&+,5-98014, DQ DFWLYDWRU RI WKH :LQJOHVV DQG ,QW-1 VLJQDOLQJ
SDWKZD\. :H GHWHUPLQH LQWUDFHOOXODU GUXJ DPRXQWV LQ WKH UDQJH RI WHQV WR KXQGUHGV RI SLFRPROHV
SHU PLOOLRQ FHOOV.1 7KLV LV, WR RXU NQRZOHGJH, WKH ILUVW WLPH WKDW 0$6 '13 KDV EHHQ XVHG WR
VXFFHVVIXOO\ HVWLPDWH LQWUDFHOOXODU GUXJ DPRXQWV. 7KH PHWKRG VKRXOG SDYH WKH ZD\ WR DFFHVV LQ-
FHOO SKDUPDFRNLQHWLFV GDWD.

1%HUWDUHOOR, $.; %HUUX\HU, 3.; $UWHOVPDLU, 0.; (OPRUH, &. 6.; +H\GDUNKDQ-+DJYDOO, 6.; 6FKDGH, 0.;
&KLDUSDULQ, (.; 6FKDQW], 6.; (PVOH\, /. ,Q-&HOO 4XDQWLILFDWLRQ RI 'UXJV E\ 0DJLF-$QJOH 6SLQQLQJ
'\QDPLF 1XFOHDU 3RODUL]DWLRQ 105. -. $P. &KHP. 6RF. 2022, 144, 6734–6741
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9LVXDOL]LQJ =HROLWH =60-5 &DWDO\VW 'HDFWLYDWLRQ DW WKH 0LFUR- DQG 1DQR-VFDOHV XVLQJ
&RQIRFDO DQG 7LS-HQKDQFHG )OXRUHVFHQFH 0LFURVFRSLHV

6. %LHQ]1, 1. .XPDU1, 5. =HQREL1*

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

=HROLWH +-=60-5 LV D ZLGHO\ XVHG VROLG FDWDO\VW LQ WKH FKHPLFDO LQGXVWU\ WR FRQYHUW PHWKDQRO LQWR
JDVROLQH DV ZHOO DV EDVH FKHPLFDOV, VXFK DV HWK\OHQH DQG SURS\OHQH, LQ WKH VR-FDOOHG PHWKDQRO-WR-
K\GURFDUERQV (07+) SURFHVV >1@. +RZHYHU, WKH GHDFWLYDWLRQ RI ]HROLWH +-=60-5 FDWDO\VWV YLD WKH
IRUPDWLRQ RI FRNH VSHFLHV GXULQJ 07+ LV QRW \HW ZHOO XQGHUVWRRG, SULPDULO\ GXH WR WKH ODFN RI
DQDO\WLFDO WHFKQLTXHV ZLWK VXIILFLHQW VSHFLILFLW\, VHQVLWLYLW\ RU VSDWLDO UHVROXWLRQ. +HUHLQ, ZH
GHPRQVWUDWH WKDW K\SHUVSHFWUDO FRQIRFDO IOXRUHVFHQFH LPDJLQJ LV DQ HIIHFWLYH WRRO WR LQYHVWLJDWH
IRUPDWLRQ RI FRNH VSHFLHV GXULQJ WKH 07+ SURFHVV. :H SHUIRUPHG FRQIRFDO IOXRUHVFHQFH
LQYHVWLJDWLRQ RI ]HROLWH =60-5 FU\VWDOV VXEMHFWHG WR 10 (10-=60-5) DQG 90 (90-=60-5) PLQ RI
UHDFWLRQ. 7KHVH PHDVXUHPHQWV UHYHDOHG D SUHIHUHQWLDO IRUPDWLRQ RI VPDOOHU FRNH VSHFLHV LQ WKH
FHQWUDO UHJLRQ RI WKH FU\VWDO, ZKHUHDV ODUJHU FRNH VSHFLHV SUHIHUHQWLDOO\ IRUPHG DW WKH HGJH DQG
WKH DSH[ UHJLRQV. $GGLWLRQDOO\, WKH 90-=60-5 FU\VWDOV ZHUH IRXQG WR SURGXFH PRUH JUDSKLWH-OLNH
VSHFLHV FRPSDUHG WR WKH 10-=60-5 FU\VWDOV. 7KLV FRUUHODWHV YHU\ ZHOO ZLWK WKH SUHYLRXV
REVHUYDWLRQV >2, 3@. )XUWKHUPRUH, QDQRVFDOH WLS-HQKDQFHG IOXRUHVFHQFH (7()/) LPDJLQJ VKRZHG D
KLJKHU DPRXQW RI FRNH IRUPDWLRQ DW FHUWDLQ WRSRJUDSKLF IHDWXUHV (VXFK DV WKH FU\VWDO VWHSV) RQ WKH
10-=60-5 DQG 90-=60-5 FU\VWDOV DV GHSLFWHG LQ WKH UHSUHVHQWDWLYH H[DPSOH, VKRZQ LQ )LJXUHV
1G-1I. 2XU VWXG\ GHPRQVWUDWHV WKDW K\SHUVSHFWUDO IOXRUHVFHQFH LPDJLQJ FRXOG EH D SRZHUIXO WRRO WR
LQYHVWLJDWH GHDFWLYDWLRQ RI FDWDO\WLF PDWHULDOV RI LQGXVWULDO LPSRUWDQFH, VXFK DV ]HROLWH FU\VWDOV DW
WKH PLFUR- DQG QDQR-VFDOHV.

)LJXUH 1. (D) 2SWLFDO LPDJH RI D ]HROLWH 10-=60-5 FU\VWDO RQ D 6L VXEVWUDWH. (E) $YHUDJH
IOXRUHVFHQFH VSHFWUXP RI D ]HROLWH 10-=60-5 FU\VWDO. (F) &RQIRFDO IOXRUHVFHQFH LPDJH RI WKH EOXH
PDUNHG VSHFWUDO UHJLRQ LQ (E) PHDVXUHG IURP WKH ]HROLWH FU\VWDO VKRZQ LQ (D). 6WHS VL]H: 600 QP.
6SHFWUXP DFTXLVLWLRQ WLPH: 1 V. $ ORZ 31/32 UDWLR LV REVHUYHG LQ WKH HGJH UHJLRQV LQGLFDWLQJ D
KLJKHU ()$/ FRPSDUHG WR WKH FHQWHU. (G) 2SWLFDO LPDJH RI D ]HROLWH 10-=60-5 FU\VWDO. (H) $)0
WRSRJUDSK\ LPDJH RI WKH PDUNHG DUHD LQ (G). (I) 7()/ LPDJH RI WKH DUHD VKRZQ LQ €. 6SHFWUXP
DFTXLVLWLRQ WLPH: 0.25 V. 6WHS VL]H: 25 QP.  

>1@ <DQJ 6. 0., :DQJ 6. ,., +XDQJ &. 6. 6WXG. 6XUI. 6FL. &DWDO., 1991, 61, 429–435
>2@ 0RUHV, HW DO., &KHP. (XU. -. 2008, 14 , 11320-11327
>3@ 1RUGYDQJ, HW DO., &KHP. (XU. -. 2015, 21, 17324-35.
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1RYHO $QDO\WLFDO 6WUDWHJLHV IRU WKH &KDUDFWHUL]DWLRQ RI 3HSWLGH &RPSOH[HV E\
7HPSHUDWXUH-&RQWUROOHG &\FOLF ,RQ 0RELOLW\ 0DVV 6SHFWURPHWU\

3. %LWWQHU1, 9. ,VODPL1, 7. )LDOD1, +. :HQQHPHUV1*, 5. =HQREL1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =XULFK, &+-8093 =XULFK, 6ZLW]HUODQG

2YHU WKH ODVW IHZ GHFDGHV, HOHFWURVSUD\ LRQL]DWLRQ PDVV VSHFWURPHWU\ ((6,-06) KDV HYROYHG LQWR D
JROG VWDQGDUG IRU WKH DQDO\VLV RI ELRPROHFXOHV LQ WKH SURFHVV RI GUXJ GLVFRYHU\ DQG GUXJ
GHYHORSPHQW. 'HVSLWH WKH DYDLODELOLW\ RI YHU\ KLJK-UHVROXWLRQ 06 LQVWUXPHQWV, WKH DQDO\VLV RI
LVRPHULF/LVREDULF FRPSRXQGV VXFK DV SHSWLGHV RU SHSWLGH FRPSOH[HV, JO\FRV\ODWHG SURWHLQV RU
PLFUR-KHWHURJHQHLWLHV LQ DQWLERG\ IRUPXODWLRQV UHPDLQV FKDOOHQJLQJ DQG WLPH-FRQVXPLQJ. :LWK WKH
UHFHQW GHYHORSPHQW RI KLJK-UHVROXWLRQ LRQ PRELOLW\ (,0) GHYLFHV, WKH H[SHULPHQWDO SRVVLELOLWLHV
KDYH EHHQ EURXJKW WR DQRWKHU OHYHO. +HUH ZH FRPELQH WKLV WHFKQRORJ\ ZLWK RXU KRPH-EXLOW
WHPSHUDWXUH-FRQWUROOHG QDQR-(6, (7&Q(6,) VRXUFH WR GHYHORS QRYHO DQDO\WLFDO VWUDWHJLHV IRU WKH
DERYH-PHQWLRQHG FKDOOHQJHV >1,2@. 7KH FRPELQDWLRQ RI RXU 7&Q(6, VRXUFH ZLWK D F\FOLF ,0-06
LQVWUXPHQW (F,0, :DWHUV) JLYHV XV XQLTXH DFFHVV WR WKHUPRG\QDPLF DQG NLQHWLF LQIRUPDWLRQ RI
FRPSOH[ PL[WXUHV, VXFK DV WKH FR-IRUPDWLRQ DQG VWDELOLW\ RI LVRPHULF/LVREDULF SHSWLGH FRPSOH[HV,
ZKLFK LV FXUUHQWO\ QRW SRVVLEOH E\ DQ\ RWKHU WHFKQLTXH. ,Q DQ LQLWLDO DSSURDFK, ZH XVHG RXU PHWKRG
IRU WKH ODEHO-IUHH DQDO\VLV RI LVRPHULF FROODJHQ PRGHO SHSWLGHV (&03V). 3UHOLPLQDU\ UHVXOWV VKRZ
WKDW F,0 DOORZV WKH VHSDUDWLRQ RI WKUHH LVRPHULF &03V ZLWK WKH VDPH LRQL]DWLRQ SURILOH, GLIIHULQJ
RQO\ LQ WKH SRVLWLRQ RI DQ DVSDUWLF DFLG ()LJ. 1). $SSO\LQJ PRUH SDVVHV LQ WKH F,0 LV H[SHFWHG WR JLYH
D FOHDU VHSDUDWLRQ RI WKHVH PRQRPHUV DQG DOORZ DQDO\VHV RI RWKHU IXQFWLRQDOL]HG LVRPHULF/LVREDULF
SHSWLGHV DW VDPH P/] UDQJHV. :H SODQ WR DSSO\ WKLV PHWKRG WR IXOO\ FKDUDFWHUL]H WKH VSHFLILFLW\ RI
KHWHURWULPHU IRUPDWLRQ LQ FRPSOH[ PL[WXUHV RI WKUHH RU HYHQ PRUH ODEHO-IUHH SHSWLGHV. 7KH
H[SDQVLRQ RI WKLV &03 WRROER[ DQG FKDUDFWHUL]DWLRQ E\ F,0-06 LV H[SHFWHG WR DIIRUG D PXFK GHHSHU
XQGHUVWDQGLQJ LQ WKH FRQWUROOHG IRUPDWLRQ RI FROODJHQ WULSOH KHOLFHV.

)LJXUH 1   

$) 0RGHOV RI WKUHH LVRPHULF FROODJHQ PRGHO SHSWLGHV (>32*@7 0:  2198.34 'D, SGE: 3%06) HDFK PRGLILHG ZLWK DQ (46)-DPLQRSUROLQH (EOXH) DQG DQ

DVSDUWLF DFLG (UHG) JURXS LQ GLIIHUHQW SRVLWLRQV. 7KH &⍺ WR &⍺ GLVWDQFHV RI ERWK DPLQR DFLGV DUH VKRZQ DERYH. %) 1DWLYH (6, PDVV VSHFWUXP RI D 1:1:1

PL[WXUH RI DOO WKUHH SHSWLGHV (50 w0 LQ 100 P0 DPPRQLXP DFHWDWH), UHFRUGHG LQ (6, QHJDWLYH PRGH. 7KH RYHUODSSLQJ SHDN GLVWULEXWLRQ RI WKH GRXEO\

FKDUJHG PRQRPHUV DW DURXQG 1098 P/] VKRZV DQ LGHQWLFDO SDWWHUQ DV HDFK LQGLYLGXDO PRQRPHU VSHFLHV.

&) &\OLF ,0-06 VHSDUDWLRQ SURILOH RI WKH 1098.5 P/] SUHFXUVRU DIWHU ILYH SDVVHV LQ WKH F,0 FHOO. $ *DXVVLDQ SHDN ILW FOHDUO\ LQGLFDWHV WKH WKUHH VSHFLHV

WKDW DOO RYHUODS LQ WKH VDPH P/] UDQJH.

>1@ 0DUWLQ .¸KOHU, $GULHQ 0DUFKDQG, 1LQD +HQW]HQ, $OLQD %HJOH\, -DVPLQ (JOL, +HOPD :HQQHPHUV,
5HQDWR =HQREL, &KHP. 6FL., 2019, 10, 9829-9835.
>2@ 1LQD +HQW]HQ, 9DOGULQ ,VODPL, 0DUWLQ .¸KOHU, 5HQDWR =HQREL, +HOPD :HQQHPHUV, -. $P. &KHP.
6RF., 2020, 142, 2208-2212.
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6ROYHQW YDSRU UHPRYDO IRU WKH GRZQZDUG-SRLQWLQJ ,&3-72)06 E\ XVLQJ FRPELQHG
GHVROYDWLRQ GHYLFHV

6. )D]]RODUL1, *. 1LX1, '. *¾QWKHU1*

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

3UHYLRXV GURSOHWV DQG VLQJOH FHOO VWXGLHV KDYH VKRZQ WKDW WKH FRQILJXUDWLRQ RI D YHUWLFDO GRZQZDUG-
SRLQWLQJ LQGXFWLYHO\ FRXSOHG SODVPD WLPH-RI-IOLJKW PDVV VSHFWURPHWU\ (SURWRW\SH ,&3-72)06)
HQVXUHV VDPSOH LQWURGXFWLRQ DW KLJK GLVSHQVLQJ UDWHV RI XS WR 1000 +] ZLWK D WUDQVIHU HIILFLHQF\ RI
100%. )XUWKHUPRUH, WKH VDPSOHV FDQ UHDFK WKH SODVPD LQGHSHQGHQW RI LWV PDVV, VL]H DQG VKDSH
GXH WR WKH JUDYLWDWLRQDO IRUFH. 0LFURGURSOHW JHQHUDWRU (0'*) DQG DXWRGURS SLSHWWH ZHUH XVHG IRU
WKH VDPSOH LQWURGXFWLRQ >1@>2@. %DVHG RQ SUHYLRXV UHVXOWV, WKH SURWRW\SH ,&3-72)06 LV D VXLWDEOH
FDQGLGDWH WR FRXSOH LW ZLWK D KLJK WKURXJKSXW (! 1000 FHOOV/V) LQVWUXPHQW VXFK DV WKH FHOO VRUWHU
IORZ F\WRPHWHU IRU VLQJOH-FHOO DQDO\VLV.

+RZHYHU, WKH IORZ F\WRPHWHU ()$&6$ULD ,,,X) JHQHUDWHV ODUJHU GURSOHWV FRPSDUHG WR WKH 0'*’V DQG
WKH DXWRGURS SLSHWWHV FRPPRQO\ XVHG LQ RXU JURXS. 7KLV LV TXLWH WURXEOHVRPH EHFDXVH WKH VROYHQW
YDSRU ZLOO GUDVWLFDOO\ FRRO GRZQ WKH SODVPD DQG WKXV, ORZHULQJ WKH LRQL]DWLRQ HIILFLHQF\.
$GGLWLRQDOO\, KLJK R[LGH IRUPDWLRQ LV DOVR H[SHFWHG. 7KHUHIRUH, GHVROYDWLRQ GHYLFHV DUH QHHGHG WR
SUHYHQW WKLV RXWFRPH. ,W KDV DOUHDG\ EHHQ GHPRQVWUDWHG WKDW HLWKHU D JDV H[FKDQJH- RU D KHOLXP
ILOOHG IDOOLQJ WXEH GHYLFH XSRQ KHDWLQJ FDQ UHPRYH WKH H[WUD VROYHQW YDSRU EHIRUHKDQG >1@>2@.

7KHUHIRUH, ZH KDYH UHFHQWO\ FRPELQHG WKHVH GHVROYDWLRQ GHYLFHV DQG FRXSOHG WKHP WR WKH
SURWRW\SH ,&3-72)06. 7KH VHWXS ZDV EXLOW VR WKDW WKH GURSOHWV DUH ILUVW LQWURGXFHG LQWR WKH WKH
IDOOLQJ WXEH GHYLFH DQG WKHQ WR WKH JDV H[FKDQJH GHYLFH. ,W LV H[SHFWHG WKDW WKH FRPELQHG
GHVROYDWLRQ GHYLFHV FDQ FRPSOHWHO\ GHVROYDWH GURSOHWV WKDW DUH JHQHUDWHG E\ WKH IORZ F\WRPHWHU
DW 1000 +] RU HYHQ KLJKHU GLVSHQVLQJ UDWHV. %HIRUH WKDW, WKH FXUUHQW JRDO LV WR LQWURGXFH
VXFFHVVIXOO\ WKH 93 wP GURSOHWV – JHQHUDWHG E\ D 70 wP DXWRGURS SLSHWWH – DW 1000 +] ZKLOH
NHHSLQJ WKH R[LGH UDWLR EHORZ 3%.

>1@ 7KRPDV 9RQGHUDFK, %RGR +DWWHQGRUI, 'HWOHI *¾QWKHU, $QDO\WLFDO &KHPLVWU\, 2021, 93,
1001-1008
>2@ 7KRPDV 9RQGHUDFK, 'HWOHI *¾QWKHU, -RXUQDO RI $QDO\WLFDO $WRPLF 6SHFWURPHWU\, 2021, 36,
2617-2630
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$ QHZ DSSURDFK IRU GHWHUPLQLQJ 51$ *-TXDGUXSOH[HV VWUXFWXUHV

&. )HUUHLUD 5RGULJXHV1, =. :DQJ1, 6. -XUW1, 6. -RKDQQVHQ1, 5. .. 6LJHO1*

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

*-TXDGUXSOH[HV DUH QRQ-FDQRQLFDO QXFOHLF DFLG VWUXFWXUHV IRUPHG LQ JXDQLQH-ULFK '1$ DQG 51$
VHTXHQFHV. 7\SLFDOO\, RQH *-TXDGUXSOH[ FRQVLVWV RI VHYHUDO VWDFNLQJ SODQHV HDFK FRPSULVHG RI IRXU
JXDQLQHV LQWHUDFWLQJ WKURXJK K\GURJHQ ERQGV >1@. 6LQFH WKHLU GLVFRYHU\, WKH IRFXV ZDV PDLQO\ RQ
'1$ *-TXDGUXSOH[HV. ,Q UHFHQW \HDUV, 51$ *-TXDGUXSOH[HV KDYH FRPH LQWR IRFXV EHFDXVH RI WKHLU
UHJXODWRU\ UROHV LQ WUDQVODWLRQDO UHJXODWLRQ, 3’– HQG SURFHVVLQJ, WUDQVFULSWLRQ WHUPLQDWLRQ, P51$
ORFDOL]DWLRQ, DQG DOWHUQDWLYH VSOLFLQJ. *-TXDGUXSOH[HV FDQ DGRSW GLIIHUHQW RYHUDOO WRSRORJLHV
HVVHQWLDO IRU WKH YDULRXV ELRORJLFDO IXQFWLRQV. :KLOH '1$ *-TXDGUXSOH[HV H[LVW LQ SDUDOOHO, DQWL-
SDUDOOHO, DQG K\EULG WRSRORJLHV, 51$ *-TXDGUXSOH[HV RQO\ DGRSW WKH SDUDOOHO FRQIRUPDWLRQ GXH WR
WKH &3’-HQGR SUHIHUHQFH RI WKH ULERVH VXJDU >2@. 1HYHUWKHOHVV, 51$ *-TXDGUXSOHV FDQ EH KLJKO\
G\QDPLF GXH WR WKH H[FKDQJH EHWZHHQ IRXU FRQVHFXWLYH JXDQLQHV DORQJ WKH EDFNERQH RU IURP WKH
LQVHUWLRQ RI JXDQLQHV IURP WKH ORRSV LQWR D *-WHWUDG. 7KHVH G\QDPLFV FDQ EH PLQLPL]HG E\ WKH
UHPRYDO RI DOO DGGLWLRQDO JXDQLQHV RXWVLGH RI WKH VWDFNLQJ SODQHV, ORFNLQJ WKH VWUXFWXUH WR RQH
VLQJOH FRQIRUPDWLRQ WKDW \LHOGV KLJKHU TXDOLW\ 105 VSHFWUD. (OXFLGDWLQJ WKH VWUXFWXUH LV RI WKH
XWPRVW LPSRUWDQFH IRU GHWHUPLQLQJ WKHLU ELRORJLFDO IXQFWLRQ, EXW XQWLO QRZ QR XQLPROHFXODU 51$ *-
TXDGUXSOH[ VWUXFWXUH KDV EHHQ GHWHUPLQHG.

7KH FXUUHQW PHWKRG WR HOXFLGDWH *-TXDGUXSOH[HV VWUXFWXUHV E\ 105 UHOLHV RQ VROLG-SKDVH
ROLJRQXFOHRWLGH V\QWKHVLV, DOORZLQJ IRU VLWH-VSHFLILF ODEHOOLQJ. +RZHYHU, WKLV DSSURDFK LV XQVXLWDEOH
IRU 51$ VHTXHQFHV GXH WR KLJK FRVWV DQG ORZ \LHOGV. ,QVWHDG, XQLIRUPO\ ODEHOOHG 51$ FRQVWUXFWV
FDQ EH SUHSDUHG LQ JRRG \LHOG DQG KLJK SXULW\ E\ LQ YLWUR WUDQVFULSWLRQ. +LWKHUWR, QR OLQHDU
DVVLJQPHQW VWUDWHJ\ LV DYDLODEOH IRU VROYLQJ XQLIRUPO\ ODEHOOHG *-TXDGUXSOH[ VWUXFWXUHV. 7KXV, ZH
GHVLJQHG D VWHS-E\-VWHS SURWRFRO XVLQJ D VHW RI 105 H[SHULPHQWV WKDW LQ SULQFLSOH FDQ EH DSSOLHG
WR DQ\ *-TXDGUXSOH[. 7KH DVVLJQPHQW VWDUWV IURP D VLQJOH JXDQLQH WR D ZKROH *-WHWUDG XS WR WKH
FRUUHFW DUUDQJHPHQW RI WKH LQGLYLGXDO SODQHV. ,Q WKLV DSSURDFK, D SDLU RI +11-&26< VSHFWUD LV WKH
IRFDO SRLQW, DOORZLQJ WKH XQDPELJXRXV DVVLJQPHQW WKURXJK WKH K\GURJHQ ERQGV. $SSO\LQJ WKLV QHZ
VWUDWHJ\, ZH KDYH VROYHG WKH ILUVW PRQRPROHFXODU 51$ *-TXDGUXSOH[ VWUXFWXUHV.

>1@ 0LFKDHO $GULDQ, %UDKL +HGGL, $QK 7X¤Q 3KDQ, 0HWKRGV, 2012, 57, 11-24
>2@ 3UDFKL $JDUZDOD, 6DW\DSUDNDVK 3DQGH\, 6RXYLN 0DLWL, 2UJDQLF & %LRPROHFXODU &KHPLVWU\, 2015,
13, 5570-5585
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'HYHORSPHQW RI D WDUJHWHG SURWHRPLFV PHWKRG WR PRQLWRU SKRVSKRU\ODWLRQ G\QDPLFV RI
PXOWLSOH SURWHLQV ZLWKLQ WKH P725 SDWKZD\ LQ ]HEUDILVK

1. +XZD1, 5. 6FK¸QHQEHUJHU1, .. *URK1*

1(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, 8600 '¾EHQGRUI, 6ZLW]HUODQG

7KH PHFKDQLVWLF WDUJHW RI UDSDP\FLQ (P725) LV D FUXFLDO VLJQDOOLQJ SDWKZD\ NQRZQ IRU LWV UROH LQ
WKH UHJXODWLRQ RI FHOO JURZWK DQG SUROLIHUDWLRQ >1@. 6LJQDO WUDQVGXFWLRQ ZLWKLQ WKH P725 SDWKZD\
RFFXUV WKURXJK SURWHLQ SKRVSKRU\ODWLRQ, ZKLFK KDV EHHQ WUDGLWLRQDOO\ VWXGLHG ZLWK DQWLERG\-EDVHG
PHWKRGV. 6LQFH DSSURSULDWH DQWLERGLHV DUH QRW DOZD\V DYDLODEOH IRU QRQ-PDPPDOLDQ SURWHLQV, ZH
DUH SURSRVLQJ DQ DOWHUQDWLYH DSSURDFK XVLQJ PDVV VSHFWURPHWU\-EDVHG WDUJHWHG SURWHRPLFV, ZKLFK
ZH GHYHORSHG IRU ]HEUDILVK ('DQLR UHULR), DQ LPSRUWDQW PRGHO RUJDQLVP LQ KXPDQ KHDOWK DQG
HQYLURQPHQWDO WR[LFRORJ\ ILHOGV. %DVHG RQ D OLWHUDWXUH UHYLHZ ZH VHOHFWHG 69 XQLTXH SHSWLGHV
UHSUHVHQWLQJ SKRVSKRU\ODWHG RU QRQ-SKRVSKRU\ODWHG SURWHLQ WDUJHWV DORQJ WKH P725 SDWKZD\. 7R
GHYHORS PXOWLSOH UHDFWLRQ PRQLWRULQJ (050) DVVD\V WR PRQLWRU WKHLU DEXQGDQFH DQG
SKRVSKRU\ODWLRQ FKDQJHV, ZH IROORZHG WKH ZRUNIORZ E\ 7LHUEDFK HW DO. >2@ ZLWK WKH DGGLWLRQ RI DQ
HQULFKPHQW VWHS IRU SKRVSKRSHSWLGHV. 7KLV VWHS LPSURYHG WKH GHWHFWLRQ VHQVLWLYLW\ IRU ORZ
DEXQGDQW SKRVSKRSHSWLGHV. &RPPHUFLDOO\ SURGXFHG V\QWKHWLF SHSWLGHV ZHUH XVHG IRU 050 DVVD\
RSWLPL]DWLRQ, L.H. WR GHWHUPLQH VSHFLILF UHWHQWLRQ WLPHV DQG WKH 2-3 VWURQJHVW WUDQVLWLRQV IRU WKH
WDUJHW SHSWLGHV. 7KH LQVWUXPHQW VHQVLWLYLW\ IRU WKH SHSWLGH WDUJHWV FRXOG EH LQFUHDVHG E\ XS WR 50%
WKURXJK FROOLVLRQ HQHUJ\ RSWLPL]DWLRQ. 7R HQVXUH UHOLDEOH TXDQWLILFDWLRQ IRU DOO WDUJHWHG SHSWLGHV,
ZH IXUWKHU WHVWHG WKH GHYHORSHG PHWKRG LQ UHJDUGV WR (1) LQWUD- DQG LQWHU-GD\ YDULDELOLW\, (2) HIIHFWV
RI WKH VDPSOH PDWUL[ EHIRUH DQG DIWHU HQULFKPHQW, DQG (3) UHVSRQVH OLQHDULW\ RI WKH WDUJHW
SHSWLGHV. 2QO\ SHSWLGHV ZLWK D OLQHDU UHVSRQVH DQG D SUHFLVLRQ RI EHORZ 20% &9 (FRHIILFLHQW RI
YDULDWLRQ) ZHUH FRQVLGHUHG IRU TXDQWLILFDWLRQ. 2XU DSSURDFK HQDEOHV D VLPXOWDQHRXV DVVHVVPHQW RI
SKRVSKRU\ODWLRQ FKDQJHV IRU PXOWLSOH SHSWLGH WDUJHWV DORQJ WKH P725 VLJQDOOLQJ SDWKZD\. ,Q WKH
IROORZLQJ VWHSV, ZH ZLOO XVH RXU PHWKRG LQ ]HEUDILVK 3$&2 FHOOV VDPSOHG DW GLIIHUHQW JURZWK VWDJHV,
L.H. WKH H[SRQHQWLDO DQG VWDWLRQDU\ SKDVHV, RU DIWHU H[SRVXUH WR SKDUPDFRORJLFDO PRGXODWRUV RI WKH
P725 SDWKZD\ DFWLYLW\, WR LQYHVWLJDWH P725-PHGLDWHG VLJQDOOLQJ DQG LWV UROH LQ JURZWK UHJXODWLRQ
LQ ILVK FHOOV.

>1@   6. %DWWDJOLRQL, '. %HQMDPLQ, 0. :¦OFKOL, 7. 0DLHU, & 0. 1. +DOO, &HOO, 2022
>2@ $. 7LHUEDFK, ..-. *URK, 5. 6FK¸QHQEHUJHU, .. 6FKLUPHU, 0.-. 6XWHU,7R[LFRORJLFDO 6FLHQFHV,
2018, 162(2), 702-712.
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5-EDVHG $XWRPDWLF 6SHFWUD (YDOXDWLRQ 5RXWLQH (5$6(5) IRU WKH VHOHFWLYH DQG UDSLG
DQDO\VLV RI FKORULQDWHG SDUDIILQV DQG ROHILQV

0. &. .QREORFK1,2, 2. 0HQGR 'LD]1,2, 8. 6WDOGHU2, ). 0DWKLV1,3, -. +XWWHU1,3, 6. .HUQ3, /. %LJOHU2, '.
%OHLQHU1,2, 1. 9. +HHE1*

16ZLVV )HGHUDO ,QVWLWXWH IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\ (PSD, 2'HSDUWPHQW RI &KHPLVWU\,
8QLYHUVLW\ RI =¾ULFK, 3=¾ULFK 8QLYHUVLW\ RI $SSOLHG 6FLHQFHV =+$:

7HFKQLFDO FKORULQDWHG SDUDIILQV (W&3V) DUH FXUUHQWO\ SURGXFHG LQ D ODUJH VFDOH RI 1 PLOOLRQ W/\ DQG
DUH XVHG LQ YDULRXV DSSOLFDWLRQV DV SODVWLFL]HUV DQG IODPH-UHWDUGDQWV LQ SODVWLF DQG DV PHWDOZRUNLQJ
IOXLGV >1@. W&3V DUH FRPSOH[ PL[WXUHV ZLWK PLOOLRQV RI FRQVWLWXWLRQDO LVRPHUV DQG VWHUHR-LVRPHUV RI
SRO\-FKORULQDWHG Q-DONDQHV ZLWK FDUERQ-FKDLQ OHQJWKV RI &10-&30 (&-KRPRORJXHV) DQG FKORULQDWLRQ
GHJUHHV RI &O3-&O20 (&O-KRPRORJXHV) >1@. 7KH DQDO\VLV RI &3V LV FKDOOHQJLQJ EHFDXVH RI PDVV
VSHFWURPHWULF LQWHUIHUHQFHV RI WKH QXPHURXV LVRPHUV, WKH DEVHQFH RI VXLWDEOH UHIHUHQFH PDWHULDOV
DQG WKH SUHVHQFH RI VLGH-SURGXFWV RU WUDQVIRUPDWLRQ SURGXFWV VXFK DV FKORULQDWHG ROHILQV (&2V) >2@.
%HFDXVH RI WKHLU WR[LFLW\ DQG HQYLURQPHQWDO ULVNV, WKH XVH RI VKRUW-FKDLQ &3V (&10-&13) KDV EHHQ
UHVWULFWHG VLQFH 2017 DQG 6&&3V DUH UHJXODWHG DV SHUVLVWHQW RUJDQLF SROOXWDQWV (323V) XQGHU WKH
6WRFNKROP &RQYHQWLRQ >3@. 7KLV IRUFHG D VKLIW WR WKH SURGXFWLRQ DQG XVDJH RI PHGLXP- (&14-&17),
ORQJ- (&18-&21), DQG YHU\ ORQJ- FKDLQ (&!21) &3V. 7KHUHIRUH, LW LV FUXFLDO WR GHYHORS DQDO\WLFDO
SURFHGXUHV WKDW DOORZ WR VWXG\ &3V DQG WKHLU WUDQVIRUPDWLRQ SURGXFWV IRU DOO FDUERQ- DQG FKORULQH-
KRPRORJXHV.

:H GHYHORSHG D OLTXLG-FKURPDWRJUDSK\ PHWKRG FRXSOHG WR DWPRVSKHULF SUHVVXUH FKHPLFDO
LRQLVDWLRQ DQG KLJK UHVROXWLRQ PDVV VSHFWURPHWHU (/&-$3&,-2UELWUDS-06) WR VWXG\ FRPSOH[
PL[WXUHV RI XS WR 1'320 KRPRORJXHV RI &3V DQG ROHILQLF WUDQVIRUPDWLRQ SURGXFWV. 6XFK VSHFWUD DUH
LQGHHG FRPSOH[, FRQWDLQLQJ XS WR 30'000 VLJQDOV. $Q 5-EDVHG $XWRPDWLF 6SHFWUD (YDOXDWLRQ
5RXWLQH (5$6(5) ZDV GHYHORSHG DQG XVHG WR UHDG-RXW GHILQHG &3 DQG &2 VLJQDOV RI VSHFLILF
KRPRORJXHV. 7KH SRWHQWLDO RI WKH PHWKRG ZDV HYDOXDWHG RQ SODVWLF PDWHULDOV ZH DUH H[SRVHG WR LQ
GDLO\ OLIH. :LWK 5$6(5, ZH REWDLQHG &- DQG &O-KRPRORJXH GLVWULEXWLRQV RI &3V DQG &2V IURP WKHVH
SODVWLF PDWHULDOV. 5$6(5 UHGXFHG WKH ZRUNORDG IRU WKH VSHFWUD HYDOXDWLRQ IURP ZHHNV WR KRXUV.
9LVXDO YDOLGDWLRQ RI PHDVXUHG DQG H[SHFWHG LVRWRSH FOXVWHUV DQG WKH UHFRQVWUXFWLRQ RI IXOO-VFDQ
PDVV VSHFWUD VKRZHG WKH SUHVHQFH RI KXQGUHGV RI &3- DQG &2-KRPRORJXHV. 0DVV VSHFWURPHWULF
DEXQGDQFHV ZHUH KLJKHVW IRU PHGLXP-FKDLQ &3V DQG &2V. &2-KRPRORJXHV ZHUH GHWHFWHG LQ
DEXQGDQFHV XS WR 40 % ZLWK UHVSHFW WR WKH FRUUHVSRQGLQJ &3-KRPRORJXHV.

7KH VRIW-LRQL]DWLRQ WHFKQLTXH DSSOLHG IDYRXUV WKH IRUPDWLRQ RI TXDVL-PROHFXODU FKORULGH-DGGXFW LRQV
ZLWKRXW D IRUPDWLRQ RI IUDJPHQWV. 7KH KLJK-PDVV UHVROXWLRQ DOORZHG WR GLVWLQJXLVK &3V DQG ROHILQLF
PDWHULDOV DQG 5$6(5 SURYLGHV WKH SRVVLELOLW\ WR HYDOXDWH FRPSOH[ VSHFWUD RI W&3-PL[WXUHV
FRQWDLQLQJ XS WR 30'000 LRQV. 7KLV FRPELQHG DSSURDFK FDQ QRZ EH DSSOLHG WR YDULRXV &3-FRQWDLQLQJ
PDWHULDOV RI GLIIHUHQW RULJLQ VXFK DV SODVWLF IURP FRQVXPHU SURGXFWV RU HQYLURQPHQWDO VDPSOHV.

>1@ :. 9HWWHU, -. 6SUHQJHO, .. .U¦WVFKPHU, &KHPRVSKHUH, 2022, 287, 132032
>2@ 0. .QREORFK, -. 6SUHQJHO, ). 0DWKLV, 5. +DDJ. 6. .HUQ, '. %OHLQHU, :. 9HWWHU, 1.+HHE,
&KHPRVSKHUH, 2022, 291, 132938
>3@ 81(3, 'HFLVLRQ 6&-8 / 11 (2017), 14

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


$QDO\WLFDO 6FLHQFHV, 3RVWHU $6-112

'HYHORSPHQW RI DQ $XWRPDWHG 7RWDO 1LWURVDPLQHV (7212) $QDO\]HU

0. /HH1, :. /HH2, <. /HH2, ). %UHLGHU3, 8. YRQ *XQWHQ1,4

16FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ ((1$&), (FROH 3RO\WHFKQLTXH )HʲGHʲUDOH
GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG, 26FKRRO RI (DUWK 6FLHQFHV DQG (QYLURQPHQWDO
(QJLQHHULQJ, *ZDQJMX ,QVWLWXWH RI 6FLHQFH DQG 7HFKQRORJ\ (*,67), *ZDQJMX 61005, 6RXWK .RUHD, 3

&HQWUDO (QYLURQPHQWDO /DERUDWRU\, 6FKRRO RI $UFKLWHFWXUH, &LYLO DQG (QYLURQPHQWDO (QJLQHHULQJ
((1$&), (FROH 3RO\WHFKQLTXH )HʲGHʲ UDOH GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG, 4

(DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\, &+-8600 'XʹEHQGRUI,
6ZLW]HUODQG

)RUPDWLRQ RI 1-QLWURVDPLQHV LQ ZDWHU DQG ZDVWHZDWHU WUHDWPHQW LV RI FRQFHUQ GXH WR WKHLU KLJK
FDUFLQRJHQLF SRWHQF\, H.J., 1-QLWURVRGLPHWK\ODPLQH (1'0$) LV HVWLPDWHG WR EH VHYHUDO KXQGUHG
WLPHV PRUH SRWHQW WKDQ WKH UHJXODWHG WULKDORPHWKDQHV LQ GULQNLQJ ZDWHU. 5DWKHU WKDQ D GLUHFW
UHOHDVH IURP VSHFLILF VRXUFHV, 1-QLWURVDPLQHV DUH NQRZQ WR EH PDLQO\ IRUPHG LQ VLWX GXULQJ
GLVLQIHFWLRQ SURFHVVHV VXFK DV FKORULQDWLRQ, R]RQDWLRQ, HWF. 7KH\ DUH FDWHJRUL]HG DV GLVLQIHFWLRQ
E\SURGXFWV ('%3V). ,Q SULQFLSOH, QLWURVDWLRQ FDQ WDNH SODFH ZLWK DQ\ QLWURJHQ-FRQWDLQLQJ RUJDQLF
SUHFXUVRU SUHVHQW LQ ZDWHU ZLWK D SRWHQWLDO IRUPDWLRQ RI D YDULHW\ RI 1-QLWURVDPLQHV. +RZHYHU,
UREXVW DQDO\WLFDO WRROV DYDLODEOH WR GDWH DUH VRPHZKDW OLPLWHG WR WKH FRPPRQO\ NQRZQ LQGLYLGXDO
1-QLWURVDPLQHV, H.J., 1'0$. ,Q 2017, %UHLGHU DQG YRQ *XQWHQ GHYHORSHG DQ DQDO\WLFDO SODWIRUP
ZKLFK, EDVHG RQ 89 SKRWRO\VLV DQG FKHPLOXPLQHVFHQFH, GHWHUPLQHV WKH WRWDO FRQWHQW RI 1
-QLWURVDPLQHV LQ ZDWHU VDPSOHV.1 7KLV V\VWHP KDG PDQ\ VKRUWFRPLQJV DQG WKHUHIRUH, WKH 7212
DQDO\]HU LV FXUUHQWO\ XSJUDGHG, DLPLQJ IRU D FRPSOHWH DXWRPDWLRQ RI WKH DQDO\WLFDO SURFHGXUH IURP
VDPSOLQJ WR GHWHFWLRQ LQFOXGLQJ GDWD DQDO\VLV ZLWKRXW KXPDQ LQWHUYHQWLRQ. $OO WKH KDUGZDUH
PRGXOHV VXFK DV DXWRVDPSOLQJ SODWIRUP, V\ULQJH SXPSV, YDOYHV, SKRWRUHDFWRU, HWF. ZHUH 3'-
GHVLJQHG, 3'-SULQWHG DQG DVVHPEOHG LQ-KRXVH. 2SHQ-VRXUFH PLFURFRQWUROOHUV (L.H., $UGXLQR) ZHUH
XVHG WR FRQWURO LQGLYLGXDO KDUGZDUH PRGXOHV ZLWK ILUPZDUHV ZULWWHQ LQ &++ DQG WKH XVHU LQWHUIDFH
ZULWWHQ LQ 3\WKRQ IRU VHULDO FRPPXQLFDWLRQ ZLWK PLFURFRQWUROOHUV.

>1@ )ORULDQ %UHLGHU, 8UV YRQ *XQWHQ, $QDO\WLFDO &KHPLVWU\, 2017, 89, 1574-1582.
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7LPH-UHVROYHG FRQWLQXRXV PHDVXUHPHQWV RI '1$ GLVSRVLWLRQ NLQHWLFV XVLQJ FKDUJHG
QDQRSDUWLFOHV DQFKRUHG RQ WKH LRQ-VHOHFWLYH PHPEUDQH RI DQ DSWDPHU-EDVHG HOHFWURGH

*. -. 0DWWRV1, (. %DNNHU1*

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

$Q DSWDVHQVRU EHORQJV WR D FODVV RI ELRVHQVRUV ZKHUH WKH UHFRJQLWLRQ SKDVH FRQVLVWV RI D '1$ RU
51$ DSWDPHU. 7KH DSWDPHU UHFRJQL]HV WKH PROHFXODU WDUJHW DJDLQVW ZKLFK LW ZDV SUHYLRXVO\ LQ YLWUR
VHOHFWHG. (OHFWURFKHPLFDO DSWDPHU-EDVHG VHQVRUV H[SORLW DQ HOHFWURGH-ERXQG, UHGR[-UHSRUWHU-
PRGLILHG DSWDPHU, DV WKH ELRORJLFDO UHFRJQLWLRQ HOHPHQW >1@. 7KH SUHVHQFH RI WKH VSHFLILF WDUJHW
LQGXFHV D FRQIRUPDWLRQDO FKDQJH LQ WKH DSWDPHU, ZKLFK LV HDVLO\ PHDVXUHG EDVHG RQ WKH
LQWHUDFWLRQ RI WKH HOHFWURFKHPLFDO SUREH ZLWK WKH HOHFWURGH VXUIDFH, DV VKRZQ LQ )LJXUH 1. )ROORZLQJ
WKH LQFRUSRUDWLRQ RI DQ HOHFWURFKHPLFDO UHSRUWHU, WKH VHQVLQJ PHFKDQLVP RI SUHYLRXV ZRUNV UHOLHV
RQ WKH UHGR[ SURSHUWLHV RI WKRVH VSHFLHV, LQFOXGLQJ IHUURFHQH DQG PHWK\OHQH EOXH, IRU H[DPSOH >2@.
,Q WKLV VWXG\, D UHGR[ UHSRUWHU LV UHSODFHG E\ D FKDUJHG QDQRSDUWLFOH, ZKLFK FDQ VWURQJO\ DIIHFW WKH
LRQ-H[FKDQJH SURFHVV RQ WKH VXUIDFH RI DQ LRQ-VHOHFWLYH PHPEUDQH (,60). 7KH VHQVLQJ SULQFLSOH LQ
WKLV FDVH, SXW IRUZDUG KHUH IRU WKH ILUVW WLPH, GRHV QRW GHSHQG RQ WKH UHGR[ SURFHVV RI
HOHFWURDFWLYH SUREHV.

7KLV LV DFFRPSOLVKHG E\ PRGLI\LQJ WKH VXUIDFH RI JROG QDQRSDUWLFOHV (100 QP GLDPHWHU) ZLWK
F\VWHDPLQH (F\VWHDPLQH K\GURFKORULGH) DQG DUJLQLQH (/-$UJLQLQH), E\ PHDQV RI D SHSWLGH
FRQMXJDWLRQ XVLQJ DQ ('&-PHGLDWHG FURVVOLQNLQJ SURWRFRO (('&:
1-(3-'LPHWK\ODPLQRSURS\O)-1′-HWK\OFDUERGLLPLGH K\GURFKORULGH) LQ SKRVSKDWH EXIIHU VDOLQH (3%6,
S+ 7.1). 7KH ILQDO SDUWLFOHV KDYH WKHLU VXUIDFH FRYHUHG ZLWK SRVLWLYHO\ FKDUJHG JURXSV WKDW FDQ EH
GHWHFWHG E\ D FDWLRQ UHVSRQVLYH 39&-EDVHG PHPEUDQH. 7R DWWDFK WKH DSWDPHU WR WKH HOHFWURGH
VXUIDFH, WKH 39& LV ILUVW PRGLILHG ZLWK VRGLXP D]LGH LQ EXON VROXWLRQ. 8VLQJ D &X-FDWDO\]HG D]LGH-
DON\QH F\FORDGGLWLRQ FOLFN FKHPLVWU\ SURWRFRO, WKH D]LGH-PRGLILHG 39& PHPEUDQH LV FRXSOHG ZLWK
DON\QH-3(*-1+6 ($ON\QH-3(*-1-K\GUR[\VXFFLQLPLG\O HVWHU) FURVV-OLQNLQJ UHDJHQW. 7KH 1+6 OLQNHU
FDQ EH XVHG WR DWWDFK WKH ELRUHFRJQLWLRQ HOHPHQWV, LQFOXGLQJ DSWDPHUV, WR WKH VHQVRU VXUIDFH E\
DQ HIILFLHQW FRQMXJDWLRQ WR SULPDU\ DPLQHV DW SK\VLRORJLF S+. 7KH DSWDPHU VHTXHQFH VKRXOG EH
PRGLILHG ZLWK D WKLRO JURXS DW LWV 5’ HQG, ZKLFK ZLOO ELQG WR WKH HOHFWURFKHPLFDO SUREH, ZKLOH WKH
DPLQH DW LWV 3’ HQG ZLOO EH DWWDFKHG WR 39&-3(* YLD 1+6 UHDFWLRQ. $V VKRZQ LQ WKH VFKHPH EHORZ,
WKH SUHVHQFH RI D VSHFLILF WDUJHW LQGXFHV D FRQIRUPDWLRQDO FKDQJH LQ WKH DSWDPHU. %\ DIIHFWLQJ WKH
LRQ-H[FKDQJH LQWHUDFWLRQ DW WKH PHPEUDQH LQWHUIDFH, WKLV SURGXFHV D PHDVXUDEOH HOHFWURFKHPLFDO
RXWSXW WKDW FDQ EH XVHG WR PHDVXUH PROHFXODU FRQFHQWUDWLRQV LQ UHDO-WLPH.

>1@ 1HW]DKXDOFµ\RWO $UUR\R-&XUU£V, 3KLOLSSH 'DXSKLQ-'XFKDUPH, *DEULHO 2UWHJD, .\OH /. 3ORHQVH,
7RG (. .LSSLQ, .HYLQ :. 3OD[FR, $&6 6HQVRUV,2018,3,360-366.
>2@ $QGUHD ,GLOL, -XOLDQ *HUVRQ, 7RG .LSSLQ, .HYLQ :. 3OD[FR, $QDO\WLFDO
&KHPLVWU\,2021,93,4023-4032.
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&DSDFLWLYH 5HDGRXW RI S+-6HQVLWLYH 0HPEUDQHV XVLQJ D 6\PPHWULF )ORZ &HOO WRZDUGV
(QYLURQPHQWDO $SSOLFDWLRQV

5. 1XVVEDXP1, 3. .UDLNDHZ1, 6. -HDQQHUHW1, 7. &KHUXELQL1, (. %DNNHU1*

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

&RQVWDQW SRWHQWLDO FRXORPHWU\ ZLWK LRQ-VHOHFWLYH HOHFWURGHV (,6(V) DOORZV IRU DQ LQFUHDVHG SUHFLVLRQ
FRPSDUHG WR GLUHFW SRWHQWLRPHWULF UHDGRXW. %REDFND DQG FRZRUNHUV LQWURGXFHG WKLV QRYHO
DSSURDFK XVLQJ DQ LRQ-WR-HOHFWURQ WUDQVGXFLQJ PDWHULDO DFWLQJ DV D FDSDFLWLYH OD\HU RQ VROLG-
FRQWDFW HOHFWURGHV >1@. $ FRQVWDQW SRWHQWLDO LV DSSOLHG EHWZHHQ WKH UHIHUHQFH HOHFWURGH DQG WKH
,6(. 7KXV, DQ\ YDULDWLRQ LQ LRQ DFWLYLW\, UHVXOWLQJ LQ D SRWHQWLDO FKDQJH DW WKH ,6(, PXVW EH
FRPSHQVDWHG E\ DQ RSSRVLWH SRWHQWLDO FKDQJH LQ WKH FDSDFLWLYH OD\HU. 7KLV SURFHVV JHQHUDWHV D
WUDQVLHQW FXUUHQW WKDW FDQ EH LQWHJUDWHG WR REWDLQ WKH FKDUJH, ZKLFK ZDV IRXQG WR EH SURSRUWLRQDO
WR WKH ORJDULWKPLF LRQ DFWLYLW\ >2@. 2XU JURXS IXUWKHU LPSURYHG WKLV PHWKRG E\ UHSODFLQJ WKH VROLG-
FRQWDFW PDWHULDO E\ DQ HOHFWURQLF FDSDFLWRU WR DYRLG XQLGHDO EHKDYLRU RI WKH FDSDFLWLYH OD\HU DQG E\
DGGLQJ DQ HOHFWURQLF FRQWURO WR DXWRPDWLFDOO\ VKRUW FLUFXLW WKH FDSDFLWRU. 7KH HOHFWURQLFV ZHUH WKHQ
PLQLDWXUL]HG DQG LQWHJUDWHG LQ D SRUWDEOH SRWHQWLRVWDW (3RWHQWLR&DS) ZLWK WKH DLP WR DFKLHYH LQ
VLWX PHDVXUHPHQWV.

(YHQ LI WKH SUHFLVLRQ RI FRQVWDQW SRWHQWLDO FRXORPHWU\ LV KLJK, WKH VWDELOLW\ RI WKH RSHQ-FLUFXLW
SRWHQWLDO (2&3) DW WKH PHPEUDQH UHPDLQV FUXFLDO WR REWDLQ D UHSURGXFLEOH FXUUHQW VLJQDO.
3RWHQWLRPHWULF PHDVXUHPHQWV ZLWK ,6(V DUH NQRZQ WR GULIW ZLWK WLPH DQG ZLWK WHPSHUDWXUH. 5XPSI
HW DO. GHVFULEHG D V\PPHWULFDO SRWHQWLRPHWULF FHOO ZKHUH WZR $J/$J&O HOHFWURGHV ZHUH LPPHUVHG
LQWR WZR FDPEHUV VHSDUDWHG E\ DQ LRQ-VHOHFWLYH PHPEUDQH >3@. 2QH RI WKH VROXWLRQV ZDV NHSW
FRQVWDQW DQG WKH FRUUHVSRQGLQJ HOHFWURGH DFWHG DV D UHIHUHQFH. 7KH V\PPHWU\ RI WKH VHWXS DOORZV
WR FRPSHQVDWH IRU WKH GULIW RI SRWHQWLDO RYHU WLPH RU UHVXOWLQJ IURP WHPSHUDWXUH FKDQJH DV LW
VLPLODUO\ DIIHFWV ERWK HOHFWURGHV.

7KLV ZRUN DLPV WR FRPELQH WKH SUHFLVLRQ RI FDSDFLWLYH UHDGRXW ZLWK WKH VWDELOLW\ RI V\PPHWULF
SRWHQWLRPHWULF FHOOV WR PHDVXUH S+ ZLWK XOWUD-KLJK SUHFLVLRQ. 7KH H[SHULPHQWDO VHWXS LV FRPSRVHG
RI D IORZ FHOO GLYLGHG LQWR WZR FRPSDUWPHQWV FRQQHFWHG ZLWK D S+-VHQVLWLYH PHPEUDQH. $
FRPPHUFLDOO\ DYDLODEOH $J/$J&O ZLUH LV FRQQHFWHG RQ HDFK VLGH RI WKH PHPEUDQH WR UHFRUG WKH
SRWHQWLDO. $ 3W ZLUH LV LQVHUWHG RQ RQH VLGH WR DFW DV D FRXQWHU HOHFWURGH IRU WKH FRQVWDQW SRWHQWLDO
FRXORPHWU\ PHDVXUHPHQW. 2QH FRPSDUWPHQW LV ILOOHG ZLWK UHIHUHQFH VROXWLRQ ZKLOH WKH RWKHU RQH
FDQ EH ILOOHG ZLWK D VDPSOH VROXWLRQ WR SHUIRUP D FRXORPHWU\ PHDVXUHPHQW RU WKH UHIHUHQFH
VROXWLRQ WR UHFRUG WKH 2&3. 7KLV ZLOO DOORZ IRU UHYHUVLEOH TXDQWLILFDWLRQ RI S+ E\ FRQVWDQW SRWHQWLDO
FRXORPHWU\ DQG PD\ VHUYH DV EDVLV IRU D IXWXUH HQYLURQPHQWDO SUREH.  

 
>1@ (OLVD +XSD, 8OULLND 9DQDPR, -RKDQ %REDFND, (OHFWURDQDO\VLV, 2015, 27 (3), 591–594.
>2@ =GHĊND -DURO¯PRY£, 7LQJWLQJ +DQ, 8OULLND 0DWWLQHQ, -RKDQ %REDFND, (ULF %DNNHU, $QDO\WLFDO
&KHPLVWU\, 2018, 90 (14), 8700–8707.
>3@ *XGUXQ 5XPSI, 8UVXOD 6SLFKLJHU-.HOOHU, +. %¾KOHU, :LOKHOP 6LPRQ, $QDO\WLFDO 6FLHQFHV, 1992, 8
(4), 553–559.
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([SORULQJ *DV-3KDVH 06 0HWKRGRORJLHV IRU 6WUXFWXUDO (OXFLGDWLRQ RI %UDQFKHG 1-*O\FDQ
,VRPHUV

,. 2JDQHV\DQ1

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

6WUXFWXUDO LVRPHUV RI 1-JO\FDQV WKDW DUH LGHQWLFDO LQ PDVV DQG DWRPLF FRPSRVLWLRQ SURYLGH D JUHDW
FKDOOHQJH WR FRQYHQWLRQDO PDVV VSHFWURPHWU\. 7KLV VWXG\ HPSOR\V DGGLWLRQDO GLPHQVLRQV RI
VWUXFWXUDO HOXFLGDWLRQ LQFOXGLQJ LRQ PRELOLW\ (,0) VSHFWURVFRS\ FRXSOHG WR K\GURJHQ/ GHXWHULXP
H[FKDQJH (+';), DQG HOHFWURQ FDSWXUH GLVVRFLDWLRQ ((&') WR FKDUDFWHUL]H WKUHH PDLQ $2 1-JO\FDQV
DQG WKHLU FRQIRUPHUV. $ VHULHV RI ,0-06 H[SHULPHQWV ZHUH DEOH WR VHSDUDWH WKH ORZ DEXQGDQFH 1-
JO\FDQV DQG WKHLU OLQNDJH-EDVHG LVRPHUV (ͅ1,3 DQG ͅ1,6 IRU $2*1). +';-,0-06 GDWD LQGLFDWHG WKH
SUHVHQFH RI PXOWLSOH JDV-SKDVH VWUXFWXUHV IRU HDFK 1-JO\FDQ LQFOXGLQJ WKH LVRPHUV RI $2*1.
,GHQWLILFDWLRQ RI $2*1 LVRPHUV E\ LWV FROOLVLRQ FURVV VHFWLRQ ZDV FRPSOLFDWHG GXH WR WKH SUHIHUHQWLDO
FROODSVH RI VXJDUV LQ WKH JDV SKDVH, EXW ZDV SRVVLEOH E\ IXUWKHU (&' IUDJPHQWDWLRQ. 7KH F,0-(&'
DSSURDFK ZDV FDSDEOH RI DVVLJQLQJ DQG LGHQWLI\LQJ HDFK LVRPHU WR LWV ,0 SHDN. 7ZR XQLTXH FURVV-
ULQJ IUDJPHQWV ZHUH LGHQWLILHG IRU HDFK LVRPHU: P/]  624.21 IRU ͅ1,6 DQG P/]  462.16 IRU ͅ1,3.
%DVHG RQ WKHVH NH\ IUDJPHQWV, WKH ILUVW ,0 SHDN, LQGLFDWLQJ D PRUH FRPSDFW FRQIRUPDWLRQ, ZDV
DVVLJQHG WR ͅ1,3 DQG WKH VHFRQG ,0 SHDN, D PRUH H[WHQGHG FRQIRUPHU, ZDV DVVLJQHG WR ͅ1,6.
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(IIHFW RI LQHUW HQYLURQPHQW RQ 7LS-(QKDQFHG 5DPDQ 6SHFWURVFRS\ RI ELRORJLFDO
PROHFXOHV

<. 3DQGH\1, 1. .XPDU1, 5. =HQREL1*

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

7LS-(QKDQFHG 5DPDQ 6SHFWURVFRS\ (7(56) KDV HPHUJHG DV D SURPLVLQJ WHFKQLTXH WR VWXG\ WZR
GLPHQVLRQDO PDWHULDOV (VXFK DV JUDSKHQH, WKLRO 6$0V, WUDQVLWLRQ PHWDO GLFKDOFRJHQLGHV, VXUIDFH
ERXQG FDWDO\VWV) >1@ DQG, ELRORJLFDO PROHFXOHV (VXFK DV SHSWLGHV, SURWHLQV, '1$, FHOOV, PRGHO FHOO
PHPEUDQHV, HWF).>2,3@ +RZHYHU, PRVW RI WKHVH ZRUNV DUH FDUULHG RXW LQ DQ DPELHQW HQYLURQPHQW.
3UHFLVH XQGHUVWDQGLQJ DQG FKDUDFWHUL]DWLRQ RI VXFK PDWHULDOV DUH XQGHUSLQQHG RQ WKH DFFXUDWH
LQWHUSUHWDWLRQ DQG RULJLQ RI 5DPDQ EDQGV, HVSHFLDOO\ LQ WKH ILQJHUSULQW UHJLRQ RI WKH 5DPDQ
VSHFWUXP.

,Q WKLV ZRUN ZH GLVFXVV WKH RULJLQ RI VSXULRXV VLJQDO GXH WR DGYHQWLWLRXV FDUERQ VSHFLHV >4@ DQG WKHLU
FRQWULEXWLRQ WR WKH 5DPDQ VSHFWUXP DQG 7(56 PDSSLQJ RI WKH DIRUHPHQWLRQHG V\VWHPV. :H VKRZ
WKDW GHSHQGLQJ RQ WKH W\SH RI WKH VDPSOH (SDFNHG VHOI-DVVHPEOHG PRQROD\HU YV. GURS-FDVW
VDPSOHV) WKH LQFLGHQFH RI FRQWDPLQDWLRQ VLJQDOV LQFUHDVHV VLJQLILFDQWO\. )XUWKHUPRUH, ZH DOVR
SURSRVH D VWUDWHJ\ RI SHUIRUPLQJ 7(56 LQ DQ LQHUW, QLWURJHQ ULFK (12) HQYLURQPHQW WR UHGXFH WKH
IUHTXHQF\ RI WKH FRQWDPLQDWLRQ VLJQDOV LQ VXFK VDPSOHV. %DVHG RQ WKH W\SH RI VDPSOH, WKH
UHGXFWLRQ LQ WKH FRQWDPLQDWLRQ VLJQDOV LQ DQ 12 ULFK HQYLURQPHQW FDQ YDU\ IURP 33-80% FRPSDUHG
WR PHDVXUHPHQW LQ DLU. 0RUHRYHU, ZH IRXQG HQKDQFHG WLS VWDELOLW\ LQ WKH LQHUW HQYLURQPHQW, KHOSLQJ
XV LQ SHUIRUPLQJ KLJK-UHVROXWLRQ VFDQV ZLWKRXW WKH ORVV RI SODVPRQLF HQKDQFHPHQW. /DVWO\, ZH DOVR
IRXQG OHVV YDULDWLRQ LQ WKH DPRXQW RI FRQWDPLQDWLRQ VLJQDOV IRU YDULRXV PHDVXUHPHQWV KLQWLQJ
WRZDUGV D PRUH FRQWURO RYHU WKH H[SHULPHQWDO FRQGLWLRQV DV ZHOO DV VDPSOH FRQWDPLQDWLRQ. :H
KRSH VXFK VWUDWHJLHV ZLOO KHOS PLWLJDWLQJ VDPSOH FRQWDPLQDWLRQ DQG DFFXUDWH LQWHUSUHWDWLRQ RI WKH
7(56 VSHFWUD RI YDULRXV VDPSOHV.

>1@ 1DUHVK .XPDU, HW DO. (3- 7HFKQLTXHV DQG ,QVWUXPHQWDWLRQ, 2015, 2, 9.
>2@ /LQ]KHQ *DR, HW DO. ,QWHUQDWLRQDO MRXUQDO RI PROHFXODU VFLHQFHV, 2018, 19, 1193.
>3@ 5HJLQD 7UHIIHU, HW DO. %LRFKHPLFDO 6RFLHW\ 7UDQVDFWLRQV, 2012, 40, 609-614.
>4@ 1LFKRODV 7XUHWWD HW. DO. $GYDQFHG 0DWHULDOV ,QWHUIDFHV, 2021, 8, 2100068.
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;89 'HVRUSWLRQ RI 3RO\PHU 0DWULFHV VWXGLHG ZLWK 72)-6,06 DQG ;36

'. 4X1,2, '. %OHLQHU1,3*, 0. :DQJ1,4, -. :DQJ1,4, &. 0DVXFFL1,3

1(PSD, 2'HS. RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, 3'HS. RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, 4(7+
=XULFK

'HVRUSWLRQ LV ZHOO HVWDEOLVKHG WR SHUIRUP D UDSLG DQG VSDWLDOO\ UHVROYHG PLFURDQDO\VLV. 7KH XVH RI
VKRUW ZDYHOHQJWK UDGLDWLRQ KDV EHHQ SURSRVHG WR HQKDQFH WKH DEVRUSWLRQ DQG WKXV HOLPLQDWH WKH
KHDW-DIIHFWHG ]RQH >1@. 6XE-GHVWUXFWLYH VDPSOLQJ ZLWK H[WUHPH XOWUDYLROHW UDGLDWLRQ (;89, ͏ 5-50
QP) KDV EHQHILWV LQ PLFURDQDO\VLV GXH WR LWV SKRWRFKHPLFDO LQWHUDFWLRQ ZLWKLQ DQ\ PDWUL[. ;89 FDQ
H[FLWH WKH HOHFWURQV DQG LRQL]H WKH VXUIDFH PROHFXOHV RU DWRPV HIILFLHQWO\. ,W LV LPSRUWDQW WR VWXG\
WKH LQWHUDFWLRQ EHWZHHQ ;89 SKRWRQV DQG PDWHULDOV DV ZHOO DV WKH SKRWR FKHPLFDO HIIHFWV RQ
YDULRXV PDWHULDO VXUIDFHV. 3RO\PHU PDWULFHV (300$ DQG 37)() ZHUH SULPDULO\ LUUDGLDWHG E\ D
SVHXGRVSDUN ;89 VRXUFH ZLWKRXW IRFXVLQJ, L.H. DW ORZ LUUDGLDQFH (200 w-/FP2). 7LPH-RI-IOLJKW
VHFRQGDU\ LRQ PDVV VSHFWURVFRS\ (7RI-6,06) ZDV XWLOL]HG WR REVHUYH WKH HIIHFWV RQ WKH LUUDGLDWHG
VXUIDFH. )UDJPHQWDWLRQ RI WKH PDLQ FKDLQ DQG WKH VLGH FKDLQ VFLVVLRQ ZDV REVHUYHG LQ ERWK
SRO\PHUV. 6XUIDFH R[LGDWLRQ DQG IOXRULQH GHSOHWLRQ RI 37)( ZDV SUHVHQWHG, ZKLFK ZDV DOVR YHULILHG
ZLWK ;-UD\ SKRWRHOHFWURQ VSHFWURVFRS\ (;36). ;36 UHVXOWV DOVR VKRZHG WKH FKDQJH RI WKH FKHPLFDO
FRPSRVLWLRQ EHWZHHQ WKH SULVWLQH DQG WKH ;89-H[SRVHG VDPSOHV. +RZHYHU, WKH FKHPLFDO
PRGLILFDWLRQ RI 300$ LV QHJOLJLEOH. $GGLWLRQDOO\, WKH ZHWWDELOLW\ RI ERWK SRO\PHU LQFUHDVHG DIWHU
(89 WUHDWPHQW, EHFDXVH WKHUH DUH PRUH 2 JHQHUDWHG DQG UHPDLQHG RQ WKH VXUIDFH. 6LQFH LW LV
SUREOHPDWLF WR PRGLI\ WKH YHU\ VWDEOH 37)(, WKH VXUIDFH PRGLILFDWLRQ RI 37)( ZLWK (89 SKRWRQ LV
H[WUHPHO\ LQWHUHVWLQJ, ZKLFK FDQ SURYLGH PXOWLSOH DSSOLFDWLRQV IRU 37)(. 7KLV VWXG\ SUHVHQWV D ZLGH
UDQJH RI SRVVLELOLWLHV IRU WKH IXUWKHU GHYHORSPHQW RI WKH VXUIDFH PRGLILFDWLRQ/PLFURDQDO\VLV E\ ;89
LUUDGLDWLRQ/DEODWLRQ.

.H\ZRUGV: ;89 DEODWLRQ, VXUIDFH PRGLILFDWLRQ, 72)-6,06

5HIHUHQFHV

>1@ '. %OHLQHU, /. -XKD, DQG '. 4X, “6RIW ;-UD\ ODVHU DEODWLRQ IRU QDQR-VFDOH FKHPLFDO PDSSLQJ
PLFURDQDO\VLV,” -. $QDO. $W. 6SHFWURP., YRO. 35, QR. 6, SS. 1051–1070, 2020.
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2EVHUYDWLRQ RI FDOFLXP FDUERQDWH SUHQXFOHDWLRQ VSHFLHV YLD GLVVROXWLRQ G\QDPLF
QXFOHDU SRODUL]DWLRQ.

<. 5DR1, 0. %DORGLV1, *. 6WHYDQDWR1, /. (PVOH\1*

1(3)/ /DXVDQQH, 6% ,6,& /50

&DOFLXP FDUERQDWH LV RQH RI WKH PRVW LPSRUWDQW LQRUJDQLF FRPSRXQGV WKDW H[LVW LQ WKLV ZRUOG. ,W
KDV QXPHURXV SRO\PRUSKV DQG LV XVXDOO\ IRUPHG IURP WKH UHDFWLRQ EHWZHHQ &D2+ DQG &23

2-.
+RZHYHU, WKH PHFKDQLVP RI WKLV WUDQVIRUPDWLRQ UHPDLQV HOXVLYH. 3UHFXUVRUV WKDW LQFOXGH
SUHQXFOHDWLRQ FOXVWHUV, OLTXLG-OLNH SUHFLSLWDWHV DQG DPRUSKRXV QXFOHL KDYH EHHQ SURSRVHG. %HFDXVH
WKH FDUERQ DWRP LQ WKHVH SURSRVHG SUHFXUVRUV KDV GLIIHUHQW FKHPLFDO HQYLURQPHQWV, 13& 105
ZRXOG EH D SRZHUIXO WRRO WR VWXG\ WKH QXFOHDWLRQ PHFKDQLVP RI &D&23. :KLOH SRZHUIXO, WKH
FRQYHQWLRQDO 105 PHWKRGV DUH OLPLWHG E\ WKHLU LQWULQVLFDOO\ ORZ VHQVLWLYLW\ DQG ZRXOG EH H[SHFWHG
WR VWUXJJOH ZLWK WKH GHWHUPLQDWLRQ RI VXFK VKRUW-OLYHG VSHFLHV LQ VPDOO FRQFHQWUDWLRQV. 5HFHQWO\,
WKH DGYDQFHV LQ GLVVROXWLRQ G\QDPLF QXFOHDU SRODUL]DWLRQ (G'13) KDYH PDGH LW SRVVLEOH WR REVHUYH
FKHPLFDO VSHFLHV ZLWK ORZ FRQFHQWUDWLRQV DQG VKRUW OLIHWLPHV.

+HUH ZH LQYHVWLJDWH WKH HDUO\-VWDJH QXFOHDWLRQ SURFHVV RI &D&23 YLD 13& 105 G'13. :KHQ &D2+

LRQV DUH FRPELQHG ZLWK &23
2- LRQV WKDW DUH SUHYLRXVO\ K\SHUSRODUL]HG DW OLTXLG-KHOLXP WHPSHUDWXUH,

ZH REVHUYH LQ VLWX D SUHYLRXVO\ XQVHHQ VLJQDO ZLWK GLVWLQFW FKHPLFDO VKLIW GLVWULEXWLRQ WKDW GHFD\V
DW D GLIIHUHQW UDWH WKDQ WKH IUHH FDUERQDWH ZKLFK ZH REVHUYH LQ RXU VSHFWUD WRR. $IWHU WKH UHDFWLRQ
LV GRQH, WKLV VLJQDO LV QR ORQJHU VHHQ LQ WKH WKHUPDO VSHFWUD. :H DVFULEH WKLV VLJQDO WR WKH SUH-
QXFOHDWLRQ FOXVWHUV RI FDOFLXP FDUERQDWH ZKLFK LV WKH ILUVW GLUHFW REVHUYDWLRQ RI FDOFLXP FDUERQDWH
SUH-QXFOHDWLRQ VSHFLHV XVLQJ 105.
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$ &RPSUHKHQVLYH 0HWKRG WR (OXFLGDWH 3\RYHUGLQHV 3URGXFHG E\ )OXRUHVFHQW
3VHXGRPRQDV VVS. E\ 8+3/&-+5-06/06

.. 5HKP1, 9. 9ROOHQZHLGHU2, 5. .¾PPHUOL2, /. %LJOHU1

18QLYHUVLW\ RI =XULFK, 'HSDUWPHQW RI &KHPLVWU\, :LQWHUWKXUHUVWUDVVH 190, 8057 =XULFK, &+,
.DUROLQH.5HKP#FKHP.X]K.FK, 28QLYHUVLW\ RI =XULFK. 'HSDUWPHQW RI 4XDQWLWDWLYH %LRPHGLFLQH,

:LQWHUWKXUHUVWUDVVH 190, 8057 =XULFK, &+

0LFURELDO VHFRQGDU\ PHWDEROLWHV UHSUHVHQW D ULFK VRXUFH IRU GUXJ GLVFRYHU\, SODQW SURWHFWLYH
DJHQWV DQG ELRWHFKQRORJLFDOO\ UHOHYDQW FRPSRXQGV. $PRQJ WKHP DUH LURQ-FKHODWLQJ PROHFXOHV
FDOOHG VLGHURSKRUHV WKDW SOD\ NH\ UROHV LQ EDFWHULDO FRPPXQLW\ DVVHPEO\. 6RPH VLGHURSKRUHV VXFK
DV FHUWDLQ S\RYHUGLQHV FDQ DFW DV SODQW SURWHFWLYH DJHQWV GXH WR WKHLU SDWKRJHQ FRQWURO SURSHUWLHV
>1@. 7KHVH ELRORJLFDOO\ DFWLYH S\RYHUGLQHV DUH FRPPRQO\ QRW LGHQWLILHG GXH WR WKHLU FRPSOH[
FKHPLFDO VWUXFWXUH DQG WKH ODFN RI VLPSOH DQG UDSLG DQDO\WLFDO SURFHGXUHV GHVSLWH JUHDW LQWHUHVW.
7KH\ DUH VROHO\ SURGXFHG E\ IOXRUHVFHQW 3VHXGRPRQDV PHPEHUV DQG FRQVLVW RI GLIIHUHQW SHSWLGH
FKDLQV VSHFLILF WR HDFK EDFWHULDO VSHFLHV RIWHQ LQFRUSRUDWLQJ XQXVXDO DPLQR DFLGV (VHH ILJXUH) >2@.

+HQFH, D JHQHUDOL]HG KLJK-WKURXJKSXW 8+3/&-06/06 SLSHOLQH ZDV GHYHORSHG IRU WKH VWUXFWXUDO
HOXFLGDWLRQ RI S\RYHUGLQHV XVLQJ D 4 ([DFWLYH 06. /LTXLG EDFWHULDO FXOWXUH VDPSOHV ZHUH SXULILHG E\
D VPDOO-VFDOH VROLG SKDVH H[WUDFWLRQ (63() DQG GLUHFWO\ VXEPLWWHG WR OLTXLG FKURPDWRJUDSK\. $OO LRQ
IUDJPHQWDWLRQ ($,)) JHQHUDWHG PDVV VSHFWUD FRQWDLQLQJ WKH FKDUDFWHULVWLF IUDJPHQWV RI WKH
ELRORJLFDO SUHFXUVRU RI S\RYHUGLQH, IHUULEDFWLQ, OHDGLQJ WR WKH UHYHODWLRQ RI WKH PDVV RI VHFUHWHG
S\RYHUGLQHV. 7DUJHWHG 06/06 H[SHULPHQWV DW PXOWLSOH FROOLVLRQ HQHUJLHV DFFRPSOLVKHG WKH IXOO
VWUXFWXUH HOXFLGDWLRQ RI WKH S\RYHUGLQH SHSWLGH FKDLQ. 7KH LQWHUSUHWDWLRQ RI 06/06 VSHFWUD ZDV
VLPSOLILHG XVLQJ D PDVV FDOFXODWRU DQG D IUDJPHQWDWLRQ SUHGLFWRU SURJUDPPHG LQ ([FHO. 7KH
PHWKRG UREXVWQHVV DQG DSSOLFDELOLW\ ZHUH GHPRQVWUDWHG E\ WKH DQDO\VLV RI 13 XQNQRZQ
S\RYHUGLQHV VHFUHWHG E\ VDPSOHG EDFWHULDO FXOWXUHV. $PRQJ WKHVH, 4 QRYHO S\RYHUGLQH SHSWLGH
FKDLQV ZHUH GLVFRYHUHG WKDW ZHUH QRW SUHYLRXVO\ UHSRUWHG LQ OLWHUDWXUH.

 

>1@ 6. *X, =. :HL, =. 6KDR, 93. )ULPDQ, .. &DR, 7. <DQJ, -. .UDPHU, ;. :DQJ, 0. /L, ;. 0HL, <. ;X, 4.
6KHQ, 5. .¾PPHUOL, $. -RXVVHW, 1DW 0LFURELRO. 2020, 5, 1002–1010.
>2@   .. 5HKP, 9. 9ROOHQZHLGHU, 5. .¾PPHUOL, /. %LJOHU, $QDO %LRDQDO &KHP 2022, 414, 2671–2685.
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3UHVVXUH GURSV VHW-XS: DQ HIILFLHQW ZD\ WR UDSLGO\ PHDVXUH WKH SUHVVXUH GURSV
FRQWULEXWLRQ RI QRYHO FDWDO\VWV.

$. 6DFFKHWWL1

1&DVDOH 6$

&$6$/( 6$ LV D JOREDO VXSSOLHU RI WHFKQRORJLHV DQG HQJLQHHULQJ VROXWLRQV IRU WKH SURGXFWLRQ RI
$PPRQLD, 8UHD, 0HWKDQRO, 1LWUDWHV, 3KRVSKDWHV, FRPSOH[ IHUWLOL]HUV, 6\QJDV DQG 0HODPLQH. )RU
PRVW RI WKHVH SURFHVVHV, HVSHFLDOO\ IRU $PPRQLD, 0HWKDQRO, 6\QJDV DQG GH-12[, WKH FDWDO\VW
FRYHUV D IXQGDPHQWDO UROH, DQG WKH RSWLPL]DWLRQ RI D WHFKQRORJ\ SDVVHV XQGRXEWHGO\ WKURXJK WKH
GHYHORSPHQW RI DQ RSWLPDO FDWDO\VW. ,W LV ZHOO NQRZQ WKDW, DSDUW WKH FKHPLFDO SURSULHWLHV, WKH
FDWDO\VW SHUIRUPDQFHV DUH VWURQJO\ DIIHFWHG E\ WKH VKDSH ZKLFK KDYH D GLUHFW LPSDFW RQ WKH
FDWDO\VW’V PHFKDQLFDO SURSULHWLHV DQG LWV EHKDYLRXU LQ WHUPV RI OLTXLG KROG XS, UHJLPH (GLIIXVLRQDO
DQG NLQHWLF UHJLPH) DQG SUHVVXUH GURSV. 7KHVH ODWWHU SUHVHQW D SLYRWDO SDUDPHWHU IRU WKH HQHUJ\
FRQVXPSWLRQ LQ D V\VWHP: WKH KLJKHU WKH SUHVVXUH GURS, WKH JUHDWHU WKH DPRXQW RI HQHUJ\
FRQVXPHG WR PDLQWDLQ WKH GHVLUHG SURFHVV IORZ. ,Q YLHZ RI LQGXVWULDO DSSOLFDWLRQV RI WKH GHYHORSHG
FDWDO\VW, LW LV WKHUHIRUH IXQGDPHQWDO WR DVVHVV WKH FDWDO\VW LPSDFW RQ WKH SUHVVXUH GURSV. 0DQ\
VWXGLHV DUH IRXQG LQ OLWHUDWXUH, KLJKOLJKWLQJ WKH LPSRUWDQFH DQG HIIHFW RI WKH FDWDO\VW VKDSH IRU
LQGXVWULDO SURFHVVHV, FRPELQLQJ H[SHULPHQWDO DQG VLPXODWLRQV DSSURDFKHV >1,2@. $V SLRQHHU RI
LQQRYDWLYH DQG IDVW VROXWLRQV, &$6$/( 6$ GHYHORSHG DQ DSSURDFK WKDW HQDEOH WKH GHYHORSPHQW RI
QHZ FDWDO\VW SURMHFWLQJ LW LQ DQ LQGXVWULDO V\VWHP. ,QGHHG, WKH FRPPRQ SDWK IRU WKH VHOHFWLRQ RI D
ZLQQLQJ FDWDO\VW LV FRPSRVHG RI GLIIHUHQW VWHSV: DIWHU VHOHFWLQJ WKH PRVW VXLWDEOH IRUPXODWLRQ LQ
WHUPV RI FKHPLFDO SURSULHWLHV, LW LV IXQGDPHQWDO WKH HYDOXDWLRQ RI IOXLG G\QDPLF EHKDYLRXU
DFFRUGLQJ WR WKH VKDSH SURSULHWLHV. %HVLGHV &)' VLPXODWLRQV, H[SHULPHQWDO HYLGHQFH RQ WKH
SUHVVXUH GURSV FRQWULEXWLRQ IURP WKH FDWDO\VW FDQ EH REVHUYHG, XVLQJ UHDO FDWDO\VW SHOOHWV RU 3'-
SULQWHG VKDSHV. 7KLV ODWWHU PHWKRG DOORZV WKH IDVW H[SORUDWLRQ RI LQQRYDWLYH DQG XQGLVFRYHUHG
VKDSHV, WKDW FDQ EH WHVWHG XQGHU LQGXVWULDO IORZ UHJLPH. 7KH WHVWV IXQFWLRQLQJ LV IXOO\ DXWRPDWL]HG
WKDQNV WR /DE9,(: FRPPXQLFDWLRQ, OLPLWLQJ PDQXDO RSHUDWLRQV. 0RUHRYHU, WKH PHDVXUH LV QRW RQO\
YHU\ IDVW (DERXW 20 PLQXWHV SHU PHDVXUH) EXW LV DOVR QRQ-GHVWUXFWLYH, WR PLQLPL]H FDWDO\VW ZDVWHV.
7KHUHIRUH, WKURXJK WKH UDSLG H[SHULPHQWDO UHVXOWV RIIHUHG E\ WKLV KRPH-PDGH DQG VLPSOH VHW-XS, LW
LV SRVVLEOH WR TXDQWLI\ WKH SUHVVXUH GURSV HQFRXQWHUHG ZLWK QHZ VROLG FDWDO\VWV. (YHQ PRUH, WKH
YDOLGDWLRQ RI WKH SHOOHWV IRUPHG ZLWK D 3' SULQWHU, RSHQ QHZ SRVVLELOLWLHV WR UDSLGO\ H[SORUH WKH
HIIHFW RI LQQRYDWLYH VKDSH RQ WKH SURFHVV HIILFLHQF\.

>1@ 0. $PEURVHWWL, 0. %UDFFRQL, &KHP. (QJ. -RXUQDO (2020),382, 122801
>2@ &KHP. (QJ. -RXUQDO, (2019), 373, 709-719
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3RUWDEOH DQG HIILFLHQW VXLWFDVH IRU ZDWHU PHDVXUHPHQWV LQ 6\QJDV DQG $PPRQLD 3ODQWV.

$. 6DFFKHWWL1

1&DVDOH 6$

&$6$/( 6$ LV D OHDGHU LQ GHYHORSLQJ QHZ WHFKQRORJLHV DQG HQJLQHHULQJ VROXWLRQV IRU WKH V\QWKHVLV
RI $PPRQLD, 6\QJDV, 8UHD, 0HWKDQRO, 1LWUDWHV, 0HODPLQH DQG DOO WKH IHUWLOL]HUV-FKDLQ SURGXFWV.
$SDUW WR WKH GHYHORSPHQW RI QHZ WHFKQRORJLHV DQG WKH UHYDPSLQJ RI SUH-H[LVWLQJ LQGXVWULDO SODQWV,
&$6$/( 6$ RIIHUV IDVW DQG HIIHFWLYH VROXWLRQV WKDW DOORZ WR PRQLWRU DQG DQDO\VH VWUHDP FRPLQJ
IURP LQGXVWULDO DSSOLFDWLRQV. )RU H[DPSOH, LQ WKH SODQW IRU DPPRQLD V\QWKHVLV, WKH DPRXQW RI
R[\JHQDWHG FRPSRXQGV SUHVHQW LQ WKH IUHVK PDNH-XS JDV LV D FULWLFDO SDUDPHWHU WR PRQLWRU.
,QGHHG, LW LV ZHOO NQRZQ WKDW WKH PRVW FRPPRQ DPPRQLD FDWDO\VW, WKH LURQ-EDVHG, LV GHHSO\
DIIHFWHG E\ WKH DPRXQW RI R[\JHQ SUHVHQW LQ WKH IHHG, OHDGLQJ WR UHGXFWLRQ RI WKH FDWDO\VW
SHUIRUPDQFHV ZLWK ILQDO GHDFWLYDWLRQ1,2. 7KLV LV WUDQVODWHG LQ QHJDWLYH HIIHFW LQ WHUPV RI DPPRQLD
SURGXFWLRQ DQG HDUOLHU FDWDO\VW UHSODFHPHQW. 7\SLFDO VRXUFHV RI R[\JHQ DUH +22, &2 DQG &22 WKDW
DUH LQHYLWDEOH UHVLGXHV FRPLQJ IURP WKH SUHYLRXV RSHUDWLRQV. :LWKLQ UHJDUGV RI LURQ-EDVHG FDWDO\VW,
WKH FRQWHQW WKDW VKRXOG QRW EH VXUSDVVHG RI 2[\JHQ LV 10 SSP, LQ RUGHU WR DYRLG XQZDQWHG
FRQVHTXHQFHV RQ WKH FDWDO\VW. 7KHUHIRUH, DQ DFFXUDWH PHDVXUHPHQW RI WKH +22 FRQFHQWUDWLRQ WKDW
LV IHG LQWR WKH UHDFWRU LV IXQGDPHQWDO WR DYRLG XQH[SHFWHG ORVV RI FDWDO\VW’V SHUIRUPDQFHV. 

7KXV, &$6$/( 6$ GHYHORSHG DQG PDQXIDFWXUHG D SRUWDEOH LQVWUXPHQW, DOORZLQJ ZDWHU
PHDVXUHPHQWV DQG TXDQWLILFDWLRQ LQ VLWX IURP WKH VWUHDPV RI $PPRQLD SODQW WKDW DOORZV SUHFLVH
GHWHUPLQDWLRQ RI R[\JHQ IORZLQJ WR FDWDO\WLF EHG. 7KLV V\VWHP DYRLG WKH QHHGV RI FXVWRPL]HG JDV
FKURPDWRJUDSKV DQG H[SHQVLYH LQVWUXPHQWV3. 7KH GHYLFH LV HTXLSSHG ZLWK D GHGLFDWHG OLQH IRU WKH
FROOHFWLRQ RI WKH VWUHDP ZLWK IROORZLQJ .DUO-)LVFKHU WLWUDWLRQ VHW-XS, DQG FDQ EH HDVLO\ PRYHG IURP
RQH SDUW RI WKH LQGXVWULDO IHHG WR DQRWKHU. 7KLV VROXWLRQ DOORZV WKH IDFLOH DQG UDSLG GHWHFWLRQ RI
ZDWHU DPRXQW LQ DPPRQLD VWUHDPV, ZKLFK FRYHU D SLYRWDO UROH LQ WHUPV RI HIILFLHQF\ IRU WKH
DPPRQLD FDWDO\VW.

 >1@ -. $P. &KHP. 6RF. 1926, 48, 11, 2814–2820
>2@ &DWDO\VLV 7RGD\, 387, (12-22), (2022).
>3@  KWWSV://ZZZ.FDVDOH.FK/WHFKQRORJLHV/ZDWHU-FRQWHQW-PHDVXUHPHQW-LQ-V\QJDV
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8UHD: IURP WKH ODERUDWRU\ WR WKH SODQW VFDOH WR VXVWDLQ WKH ZRUOG’V JURZWK.

$. 6DFFKHWWL1

1&DVDOH 6$

8UHD FRYHUV D IXQGDPHQWDO UROH LQ IHHGLQJ WKH ZRUOG: DPRQJ DOO VROLG IHUWLOL]HUV, LW FRQWDLQV WKH
KLJKHVW DPRXQW RI VROLG QLWURJHQ, PDNLQJ LW ODUJHO\ H[SORLWDEOH DV QLWURJHQ-UHOHDVH IHUWLOL]HU.
,QGHHG, XUHD SURGXFWLRQ UHDFKHV 181 PLOOLRQ W/\HDU1 LQ 2020 DQG LW LV IRUHFDVW WR LQFUHDVH XS WR
302 PLOOLRQ W/\HDU E\ 20302. ,Q WKH VRLO, XUHD, LV EURNHQ GRZQ LQWR DPPRQLXP, ZKLFK LV UDSLGO\
WDNHQ E\ WKH SODQWV DQG LV H[SORLWDEOH DV QXWULHQW E\ WKHVH ODWWHU. 0RUHRYHU, VRPH EDFWHULD SUHVHQW
LQ WKH WHUUDLQ DUH FDSDEOH WR R[LGL]H WKH DPPRQLXP LQWR QLWUDWH, WKDW DUH UDSLGO\ DEVRUEHG E\ WKH
SODQWV WR FRQWULEXWH WR WKHLU JURZWK. 7KH EDVLF SURFHVV (QDPHG %RVFK-0HLVHU) GDWHV EDFN WR 1922
DQG FRQVLVW RI WZR HTXLOLEULXP UHDFWLRQV. $PPRQLD DQG FDUERQ GLR[LGH UHDFWV DW KLJK WHPSHUDWXUH
WR SURGXFH DPPRQLXP FDUEDPDWH YLD DQ H[RWKHUPLF UHDFWLRQ. 7KLV ODWWHU FRQYHUWV LQWR XUHD DQG
ZDWHU, ZLWKLQ DQG HQGRWKHUPLF SURFHVV. 7KH XUHD V\QWKHVLV SODQW LV RIWHQ IRXQG DGMDFHQW WR WKH
DPPRQLD SURFHVV: WKLV DOORZV QRW RQO\ WR DYRLG 1+3 WUDQVSRUWDWLRQ EXW SHUPLW WKH H[SORLWDWLRQ RI WKH
&22 HPLWWHG DV E\SURGXFW LQ WKH DPPRQLD V\QWKHVLV SURFHVV GXH WR QDWXUDO JDV FRQVXPSWLRQ.

8UHD FRYHUV D IXQGDPHQWDO UROH LQ &$6$/( 6$ EXVLQHVV, ZKLFK LV GHHSO\ HQJDJHG LQ ILQGLQJ
LQQRYDWLYH DQG XQFRQYHQWLRQDO VROXWLRQV LQ DOO WKH QLWURJHQ-YDOXH FKDLQ SURFHVVHV, VWDUWLQJ IURP
DPPRQLD DQG HQGLQJ XS ZLWK XUHD, QLWULF DFLG, PHODPLQH DQG FRPSOH[ IHUWLOL]HUV. %HVLGHV
GHYHORSLQJ WDLORUHG VROXWLRQV IRU LQGXVWULDO SODQWV (H.J: DQ 8UHD 2Q-/LQH 5DPDQ $QDO\]HU ($8525$3)
IRU RSHUDQGR PHDVXUHV RI .3,V LQ 8UHD SODQWV), &$6$/( 6$ LV HQJDJHG DOVR LQ ODE-VFDOH
H[SHULPHQWV WR XQGHUVWDQG QHZ SRVVLEOH UHDFWLYH FRQGLWLRQV UHOHYDQW WR LPSURYH WKH GHVLJQ RI WKH
XUHD V\QWKHVLV UHDFWRUV.

7HVWV DUH H[HFXWHG LQ D ODE-VFDOH $//2<59 DXWRFODYH DQG, E\ FKDQJLQJ UHDFWLRQ SDUDPHWHUV (1/&
DQG +/&, 7HPSHUDWXUH DQG ,QHUW SUHVVXUH LQ WKH V\VWHP), LW LV SRVVLEOH WR VFUHHQ UDSLGO\ PDQ\
GLIIHUHQW FRQGLWLRQV WKDW KDYH D GLUHFW LPSDFW RQ 8UHD VHOHFWLYLW\. $IWHU SHUIRUPLQJ WKH UHDFWLRQ IRU
WKH GHVLUHG WLPH, WKH OLTXLG SKDVH LV DQDO\]HG YLD +3/& IRU XUHD TXDQWLILFDWLRQ, ZKLOH WKH DQDO\VLV
RQ JDV-SKDVH SUHVHQW LQ WKH V\VWHP DOORZV WKH GHWHUPLQDWLRQ RI 1+3, &22 DQG +22 %. :LWK WKLV
GRXEOH DQDO\VLV LW LV SRVVLEOH WR LQYHVWLJDWH LQ GHWDLO WKH OLTXLG-YDSRU HTXLOLEULXP WKDW RFFXU GXULQJ
WKH UHDFWLRQ DQG KRZ LW LV LQIOXHQFHG E\ WKH UHDFWLRQ SDUDPHWHUV.  

7R FRQFOXGH, 8UHD LV XQGRXEWHGO\ SURWDJRQLVW RI WKH SUHVHQW DQG WKH IXWXUH DJULFXOWXUDO DQG
IHUWLOL]HUV VFHQDULR. 'HVSLWH LWV V\QWKHVLV DW LQGXVWULDO OHYHO LV RQH FHQWXU\ ROG, PDQ\ LPSURYHPHQWV
FDQ EH GRQH. 7KH VROXWLRQV SURSRVHG E\ &$6$/( 6$ ($8525$ GHYLFH, VFUXEEHU XQLWV HWF) DUH DLPHG
WR RSWLPL]H WKH SURGXFWLYLW\ DQG PLQLPL]H WKH ZDVWHV LQ LQGXVWULDO SODQWV. 0RUHRYHU, DZDUH RI WKH
LPSRUWDQFH RI H[SORUDWLYH H[SHULPHQWV DW ODE VFDOH, &$6$/( 6$ FRPELQH WKH GHYHORSPHQW RI
LQQRYDWLYH LQGXVWULDO-VFDOH VROXWLRQV ZLWK ODERUDWRU\ H[SHULPHQWV WKDW RSHQ QHZ IURQWLHUV LQ WHUPV
RI DQDO\VLV WKDW ZRXOG QRW EH SRVVLEOH RQ D SODQW VLWH.

>1@ KWWSV://ZZZ.VWDWLVWD.FRP/VWDWLVWLFV/1287037/JOREDO-XUHD-SURGXFWLRQ-E\-UHJLRQ/.
>2@ KWWSV://ZZZ.VWDWLVWD.FRP/VWDWLVWLFV/1063689/JOREDO-XUHD-SURGXFWLRQ-FDSDFLW\/
>3@ KWWSV://ZZZ.FDVDOH.FK/WHFKQRORJLHV/DGYDQFHG-XUHD-RQ-OLQH-UDPDQ-DQDO\]HU

Powered by TCPDF (www.tcpdf.org)

https://www.statista.com/statistics/1287037/global-urea-production-by-region/
http://www.tcpdf.org


$QDO\WLFDO 6FLHQFHV, 3RVWHU $6-123

3KRWROXPLQHVFHQFH EULJKWHQLQJ RI VLQJOH-ZDOOHG FDUERQ QDQRWXEHV WKURXJK FRQMXJDWLRQ
ZLWK JUDSKHQH TXDQWXP GRWV

6. +. 6DMMDGL1, 6. :X1, 0. 5HJJHQWH1, 1. 6KDULI1, $. $. %RJKRVVLDQ1*

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

6SDQQLQJ WKH WLVVXH WUDQVSDUHQF\ ZLQGRZ, WKH QHDU-LQIUDUHG (1,5) 6:&17 SKRWROXPLQHVFHQFH (3/)
VLQJOH-ZDOOHG FDUERQ QDQRWXEHV (6:&17V) FDQ RSWLFDOO\ SHQHWUDWH ELRORJLFDO WLVVXH IRU GHHS-WLVVXH
LPDJLQJ DQG RSWLFDO VHQVLQJ. 6:&17V DUH RIWHQ IXQFWLRQDOL]HG ZLWK VLQJOH VWUDQGHG '1$ (VV'1$) WR
\LHOG VHQVRUV WKDW DUH ELRFRPSDWLEOH, UHVSRQVLYH, DQG VHOHFWLYH. +RZHYHU, WKH ORZ EULJKWQHVV RI
WKHVH VV'1$-ZUDSSHG VHQVRUV UHVWULFWV WKH GHSWK DW ZKLFK VXFK VHQVRUV FDQ EH LPSODQWHG LQ WKH
WLVVXH. ,Q WKLV ZRUN, ZH GHPRQVWUDWH WKH 3/ HQKDQFHPHQW RI VV'1$-ZUDSSHG 6:&17V WKURXJK WKH
LQFRUSRUDWLRQ RI ELRFRPSDWLEOH JUDSKHQH TXDQWXP GRWV (*4'V). 7ZR NLQGV RI *4'V, SULVWLQH
(3*4'V) DQG QLWURJHQ-GRSHG (1*4'V), ZHUH IDEULFDWHG DQG FKDUDFWHUL]HG. 7KHUPRG\QDPLFDOO\,
ERWK *4'V ZHUH VKRZQ WR VLJQLILFDQWO\ LQFUHDVH WKH IOXRUHVFHQFH HIILFLHQF\ RI VV'1$-6:&17V ZLWK
WKH VDPH GHJUHH RI 3/ HQKDQFHPHQW DIWHU 3 K. $ FRUUHODWLRQ EHWZHHQ WKH GLDPHWHU RI WKH 6:&17V
DQG WKH 3/ HQKDQFHPHQW IDFWRU ZDV DSSURYHG, WKH ODUJHU WKH 6:&17 GLDPHWHU, WKH KLJKHU WKH 3/
LQFUHDVH XSRQ DGGLWLRQ RI *4'V. )RU H[DPSOH, D 30-IROG HQKDQFHPHQW ZDV DFKLHYHG IRU (8,6)
FKLUDOLW\ ZKLOH LW ZDV RQO\ 2-IROG IRU WKH (6,5) FKLUDOLW\. 2XU H[SHULPHQWV VKRZHG WKDW WKH DGGLWLRQ RI
*4'V OHDGV WR DQ LQFUHDVH LQ WKH VXUIDFH FRYHUDJH RI 6:&17V VXVSHQGHG E\ VV'1$, OLPLWLQJ ZDWHU
PROHFXOHV DFFHVV WR WKH QDQRWXEH VXUIDFH DQG WKXV LQFUHDVLQJ WKH IOXRUHVFHQFH HIILFLHQF\.
.LQHWLFDOO\, 1*4'V EULJKWHQHG 6:&17V PXFK IDVWHU WKDQ 3*4'V. 7KH 3/ LQWHQVLW\ UHDFKHG D
SODWHDX LQ 2 PLQ IROORZLQJ DGGLWLRQ RI 1*4'V ZKLOH LW ZDV VWLOO LQFUHDVLQJ HYHQ DIWHU 1 K XSRQ
DGGLWLRQ RI 3*4'V. :H VKRZ WKDW 1*4'V FDQ DFW DV UHGXFLQJ DJHQW WR GHFUHDVH WKH GLVVROYHG
R[\JHQ, ZKLFK TXHQFK WKH 6:&17V 3/. 7KLV DGYDQFHPHQW SURYLGHV SURPLVLQJ WRROV IRU HQJLQHHULQJ
WKH EULJKWQHVV RI 1,5 VHQVRUV IRU ELRPHGLFDO DSSOLFDWLRQV VXFK DV VLQJOH-PROHFXOH LPDJLQJ RI
LQGLYLGXDO 6:&17V XVLQJ 1,5 FRQIRFDO PLFURVFRS\ DQG GHHS WLVVXH VHQVLQJ.
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6LPSOH PLFURSUHSDUDWLYH JHO HOHFWURSKRUHVLV WHFKQLTXH IRU SXULILFDWLRQ RI QDQRVFDOH
PDWHULDOV

6. +. 6DMMDGL1,2, 6. :X1, 9. =XENRYV1, (. .. *RKDUVKDGL2, +. $KPDG]DGHK2*, $. $. %RJKRVVLDQ1*

1ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), &+-1015, /DXVDQQH, 6ZLW]HUODQG, 2&KHPLVWU\
'HSDUWPHQW, )DFXOW\ RI 6FLHQFH, )HUGRZVL 8QLYHUVLW\ RI 0DVKKDG, 0DVKKDG 9177948974, ,UDQ

0DQ\ ELRFKHPLFDO, ELRPHGLFDO, DQG PDWHULDO DSSOLFDWLRQV KLQJH RQ WKH DELOLW\ WR HIIHFWLYHO\
VHSDUDWH DQG SXULI\ QDQRVFDOH PDWHULDOV. 7KRXJK WKLV QHHG LV ODUJHO\ DGGUHVVHG ZLWK ELRORJLFDO
PDFURPROHFXOHV XVLQJ D YDULHW\ RI FKURPDWRJUDSKLF DQG HOHFWURSKRUHWLF SXULILFDWLRQ WHFKQLTXHV,
VXFK WHFKQLTXHV DUH XVXDOO\ ODERULRXV, WLPH-FRQVXPLQJ, DQG RIWHQ UHTXLUH FRPSOH[ DQG FRVWO\
LQVWDOPHQWV WKDW DUH LQDFFHVVLEOH WR PRVW ODERUDWRULHV. 6\QWKHWLF QDQRSDUWLFOHV IDFH VLPLODU
SXULILFDWLRQ FKDOOHQJHV, RIWHQ UHO\LQJ RQ WHFKQLTXHV WKDW DUH PDWHULDO-VSHFLILF. ,Q WKLV ZRUN, ZH
LQWURGXFH D YHUVDWLOH PLFUR-SUHSDUDWLYH (03) PHWKRG EDVHG RQ SRO\DFU\ODPLGH JHO HOHFWURSKRUHVLV
(3$*() WR SXULI\ ELRORJLFDO VDPSOHV FRQWDLQLQJ SURWHLQV, QXFOHLF DFLGV, DQG FRPSOH[ ELRFRQMXJDWHV,
DV ZHOO DV V\QWKHWLF QDQRSDUWLFOHV EDVHG RQ JUDSKHQH TXDQWXP GRWV (*4'V). 8VLQJ D FRQYHQWLRQDO
YHUWLFDO VODE 3$*(, ZH GHPRQVWUDWH WKH H[WUDFWLRQ RI SXULILHG '1$, SURWHLQV, DQG '1$-SURWHLQ
ELRFRQMXJDWHV IURP WKHLU UHVSHFWLYH PL[WXUHV XVLQJ 03-3$*(. :H DSSO\ WKLV V\VWHP WR UHFRYHU '1$
IURP D ODGGHU PL[WXUH ZLWK \LHOGV RI XS WR 90%, FRPSDUHG WR WKH 58% \LHOG REWDLQHG XVLQJ
VSHFLDOL]HG FRPPHUFLDO GHYLFHV. :H DOVR GHPRQVWUDWH WKH SXULILFDWLRQ RI IROGHG HQKDQFHG \HOORZ
IOXRUHVFHQFH SURWHLQ ((<)3) IURP FUXGH FHOO H[WUDFW ZLWK 90% SXULW\, FRPSDUDEOH WR SXULWLHV
DFKLHYHG XVLQJ D WZR-VWHS VL]H H[FOXVLRQ DQG LPPRELOL]HG PHWDO-LRQ DIILQLW\ FKURPDWRJUDSK\
SXULILFDWLRQ SURFHGXUH.0RUHRYHU, ZH GHPRQVWUDWH WKH VXFFHVVIXO LVRODWLRQ RI DQ (<)3-'1$
ELRFRQMXJDWH WKDW RWKHUZLVH FRXOG QRW EH SURFHVVHG XVLQJ WKH WZR-VWHS FKURPDWRJUDSK\
SURFHGXUH. )LQDOO\, WKH WHFKQLTXH ZDV IXUWKHU H[WHQGHG WR GHPRQVWUDWH VL]H-GHSHQGHQW VHSDUDWLRQ
RI D FRPPHUFLDO PL[WXUH RI *4'V LQWR WKUHH GLIIHUHQW IUDFWLRQV ZLWK GLVWLQFW RSWLFDO SURSHUWLHV. 03-
3$*( WKXV RIIHUV D UDSLG DQG YHUVDWLOH PHDQV RI SXULI\LQJ ELRORJLFDO DQG V\QWKHWLF QDQRPDWHULDOV
ZLWKRXW WKH QHHG IRU VSHFLDOL]HG HTXLSPHQW.
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6HOI-UHIHUHQFLQJ 3XOVWURGH: )XUWKHU 2SWLPL]DWLRQ DQG 1HZ (OHFWURGH 'HVLJQV

$. 6SHFN1, (. =GUDFKHN1, . )RUUHVW1, '. 0LJOLRUHOOL2, 6. *HQHUHOOL2, (. %DNNHU1*

1'HSDUWPHQW RI ,QRUJDQLF DQG $QDO\WLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD, 4XDL (UQHVW-$QVHUPHW
30, 1221 *HQªYH, 6ZLW]HUODQG, 26ZLVV &HQWHU IRU (OHFWURQLFV DQG 0LFURWHFKQRORJ\, 5XH -DTXHW-'UR]

1, 2002 1HXFK¤WHO, 6ZLW]HUODQG

:LWK DQ HYHU-LQFUHDVLQJ ZRUOG SRSXODWLRQ DQG OLIH H[SHFWDQF\, SXEOLF KHDOWK RIWHQ UDQNV DV WKH
VHFRQG VHFWRU LQ WHUPV RI EXGJHWDU\ VSHQGLQJ ZRUOGZLGH. )LQGLQJ ZD\V WR UHGXFH WKH FRVWV,
ZKHWKHU LW LV LQ WKH SUHYHQWLYH FDUH RU WKHUDSHXWLF GRPDLQ, LV D FUXFLDO FRPSRQHQW RI GHYHORSLQJ D
VXVWDLQDEOH KHDOWK V\VWHP. $V D UHVXOW, 3RLQW-RI-&DUH 7HVWLQJV (32&7V) DQG ZHDUDEOH VHQVRUV KDYH
DWWUDFWHG D WUHPHQGRXV LQWHUHVW LQ WKH SDVW GHFDGHV. $V RSSRVHG WR WUDGLWLRQDO DQDO\VLV, ZKLFK DUH
FRVWO\ DQG WLPH-FRQVXPLQJ, 32&7V DQG ZHDUDEOH VHQVRUV SUHVHQW, DPRQJ RWKHUV, WKH IROORZLQJ
DGYDQWDJHV: WKH\ DUH FRVW-HIIHFWLYH DQG DOORZ UDSLG RU FRQWLQXRXV PHDVXUHPHQWV, ZKLFK OHDG WR
EHWWHU UHDFWLRQ WLPH DQG WKXV IHZHU FRVWO\ FRPSOLFDWLRQV >1@. (OHFWURFKHPLFDO VHQVRUV LQ WKDW
UHJDUGV UHSUHVHQW D JRRG H[DPSOH RI 32&7V.

7KH UHIHUHQFH HOHFWURGH LV DQ HVVHQWLDO FRPSRQHQW RI DQ HOHFWURFKHPLFDO V\VWHP, UHVXOWLQJ LQ D
KLJK UHVHDUFK DFWLYLW\ LQ WKDW GRPDLQ >2@. 7KH JROG VWDQGDUG UHPDLQV WKH $J/$J&O GRXEOH MXQFWLRQ
UHIHUHQFH HOHFWURGH. +RZHYHU, RZLQJ WR LWV HOHFWURO\WH-ILOOHG LQQHU FRPSDUWPHQW LWV GHVLJQ LV
FXPEHUVRPH DQG LPSUDFWLFDO IRU ZHDUDEOH VHQVRUV DSSOLFDWLRQV, ZKLFK UHTXLUH PLQLDWXUL]DWLRQ.
)URP WKDW SRLQW RI YLHZ, DOO-VROLG VWDWH UHIHUHQFH HOHFWURGHV SURYLGH D SURPLVLQJ DOWHUQDWLYH.

*DR HW DO. SURSRVHG D VROLG-VWDWH UHIHUHQFH HOHFWURGH ZKLFK UHOLHV RQ DQ $J/$J, HOHPHQW DQG DFWV
DV D SXOVWURGH WR VHOI-JHQHUDWH D UHIHUHQFH SRWHQWLDO >3@. 7KH SXOVWURGH SURWRFRO FRQVLVWV RI IRXU
GLVWLQFW VWHSV: 1) SRWHQWLRPHWULF PHDVXUHPHQW RI WKH LQLWLDO VWDWH RI WKH V\VWHP (2&3), 2) D
FDWKRGLF FXUUHQW SXOVH, OHDGLQJ WR WKH UHGXFWLRQ RI $J+ LQWR $J DQG WKH ORFDO UHOHDVH RI D FRQWUROOHG
DPRXQW RI LRGLGH, 3) PHDVXUHPHQW RI WKH (0) (UHIHUHQFH SXOVH) 4) DSSOLFDWLRQ RI WKH RULJLQDO 2&3
WR UHJHQHUDWH WKH V\VWHP LQWR LWV LQLWLDO VWDWH. 7KH SURWRFRO KDV SURYHQ LWV UHOLDELOLW\ LQ WHUPV RI
SUHFLVLRQ DQG VWDELOLW\ RYHU F\FOHV RQ D PDFUR-HOHFWURGH. 7KLV ZRUN LQYHVWLJDWHV WKH DSSOLFDWLRQ RI
WKH SXOVWURGH SURWRFRO WR GLIIHUHQW HOHFWURGH GHVLJQV VXFK DV D ILQH VLOYHU ZLUH DFWLQJ DV D PLFUR-
HOHFWURGH RU VFUHHQ-SULQWHG HOHFWURGHV SURYLGHG E\ WKH 6ZLVV &HQWHU IRU (OHFWURQLFV DQG
0LFURWHFKQRORJ\. $GGLWLRQDOO\, DQ DWWHPSW WR LPSURYH WKH UREXVWQHVV RI WKH GHVFULEHG V\VWHP
DJDLQVW VDPSOH FRQYHFWLRQ DQG VDPSOH GHQVLW\ IOXFWXDWLRQV ZDV PDGH E\ FRYHULQJ WKH HOHFWURGH
VXUIDFH ZLWK DQ DJDURVH JHO OD\HU.

>1@ $. /HZHQVWDP, (OHFWURDQDO\VLV, 2014, 26 (6), 1171–81.
>2@  +. -LQER, $. 6WHLQ DQG 3. %¾KOPDQQ, 7U$&, 2016, 76, 102–14.
>3@  :.*DR, (. =GUDFKHN, ;. ;LH, DQG (. %DNNHU, $QJHZ. &KHP., ,QW. (G.,  2020, 59 (6), 2294–98.
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6HOHFWLYH FRSSHU ELQGLQJ IRU DFFXUDWH GLVWDQFH GHWHUPLQDWLRQV E\ JDV-SKDVH WUDQVLWLRQ
PHWDO )5(7

'. 6YLQJRX1, -. %. 0HWWHUQLFK1, 5. =HQREL1*

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

7UDQVLWLRQ PHWDO )5(7 (WP)5(7) HPSOR\V D IOXRURSKRUH GRQRU DQG D WUDQVLWLRQ PHWDO FDWLRQ
DFFHSWRU SDLU IRU WKH GHWHUPLQDWLRQ RI VPDOO (10-40 Å) >1@ LQWHU FKURPRSKRUH GLVWDQFHV LQ
ELRPROHFXOHV. 7KLV DSSURDFK ZDV LQYHVWLJDWHG LQ ERWK VROXWLRQ >1@ DQG LQ WKH JDV SKDVH >2@, XWLOL]LQJ
D GRXEOH KLVWLGLQH PRWLI WR QRQ-FRYDOHQWO\ ELQG FRSSHU WR WKH SHSWLGHV. $OWKRXJK WKH KLVWLGLQH SDLU
HQDEOHV ELQGLQJ FORVH WR WKH SHSWLGH EDFNERQH, IDFLOLWDWLQJ WKH LQWHUSUHWDWLRQ RI LQWHU FKURPRSKRUH
GLVWDQFHV LQ WKHLU ELRORJLFDO FRQWH[W ZKLOH UHGXFLQJ ODERULRXV ODEHOOLQJ VWHSV, LW FDQ DOVR SUHVHQW
VRPH GUDZEDFNV. 7KH FORVH SUR[LPLW\ WR WKH SHSWLGH EDFNERQH LQ WKH JDV SKDVH FDQ OHDG WR
FRQILUPDWLRQDO UHDUUDQJHPHQWV RI WKH ELRPROHFXOH GXH WR WKH SUHVHQFH RI D KLJKO\ FKDUJHG
WUDQVLWLRQ PHWDO FDWLRQ LQ WKH DEVHQFH RI D VKLHOGLQJ VROYHQW. $GGLWLRQDOO\, VLPXODWLRQ UHVXOWV KDYH
LQGLFDWHG WKDW WKH FRSSHU LV OLNHO\ XOWLPDWHO\ ERXQG WR D VLQJOH KLVWLGLQH UHVLGXH LQ WKH JDV SKDVH. >2@

0RUHRYHU, VRPH DPLQR DFLG UHVLGXHV (L.H., DURPDWLF V\VWHPV) FRXOG SUHVHQW D VLPLODUO\ IDYRUDEOH
ELQGLQJ VLWH IRU FRSSHU LQ WKLV HQYLURQPHQW, WKXV UHQGHULQJ LWV ELQGLQJ QRQVHOHFWLYH. ,Q WKLV VWXG\,
DOWHUQDWLYH ELQGLQJ VLWHV DUH H[SORUHG HPSOR\LQJ D FKHODWLQJ OLQNHU (QLWULORWULDFHWLF DFLG) >1@, ZKLFK LV
FRYDOHQWO\ ERXQG WR WKH ELRPROHFXODU EDFNERQH. 7KLV DSSURDFK SURPLVHV VXSHULRU ELQGLQJ DIILQLWLHV,
UHVXOWLQJ LQ KLJKHU LRQL]DWLRQ HIILFLHQF\ DQG IOXRUHVFHQFH LQWHQVLWLHV, ZKLOH UHGXFLQJ UHGXQGDQW
LQWHUDFWLRQV. 7KHUHIRUH, WKH ELQGLQJ VLWH LV ZHOO GHILQHG, WKXV IDFLOLWDWLQJ WKH ELRORJLFDO
LQWHUSUHWDWLRQ RI GLVWDQFHV REWDLQHG IURP HQHUJ\ WUDQVIHU HIILFLHQFLHV.

>1@ -XVWLQ :. 7DUDVND, 0LFKDHO &. 3XOMXQJ, :LOOLDP 1. =DJRWWD, 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\
RI 6FLHQFHV RI WKH 8QLWHG 6WDWHV RI $PHULFD, 2009, 106, 16227–16232.
>2@ 3ULQFH 7LZDUL, 5L :X, -RQDV %. 0HWWHUQLFK, 5HQDWR =HQREL, -RXUQDO RI WKH $PHULFDQ
&KHPLFDO 6RFLHW\, 2021, 143, 11291–11295.
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6ROYDWRFKURPLF &R-H[WUDFWLRQ-EDVHG 2SWLFDO 1DQRVHQVRUV IRU 0RQLWRULQJ &DUERQDWH
6SHFLDWLRQ

1. <. 7LXIWLDNRY1, .. -. 5RELQVRQ1, (. %DNNHU1*

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

εDUERQDWH LV D KLJKO\ UHOHYDQW LRQ IRU HQYLURQPHQWDO DQDO\VLV. 7KH FKHPLFDO EDODQFH RI PDULQH
FDUERQDWH V\VWHPV JRYHUQV WKH IRUPDWLRQ RI ELRJHQLF FDOFLXP FDUERQDWH E\ YDULRXV FDOFLI\LQJ
RUJDQLVPV DQG, WKHUHIRUH, LQIOXHQFHV OLYLQJ FRQGLWLRQV RI PDQ\ PDULQH VSHFLHV VXFK DV FRUDOV DQG
SODQNWRQ. 7KLV EDODQFH LV FRQVWDQWO\ VKLIWHG E\ WKH RFHDQ XSWDNH RI DQWKURSRJHQLF &22, ZKLFK
PLJKW HYHQWXDOO\ OHDG WR XQGHUVDWXUDWLRQ RI VXESRODU VXUIDFH ZDWHUV DFFRPSDQLHG E\ GUDPDWLF
FKDQJHV LQ RFHDQ ELRWD >1@. 7R XQGHUVWDQG DQG VWXG\ WKHVH SURFHVVHV LW LV QHFHVVDU\ WR GHYHORS
WHFKQLTXHV IRU WKH LQ VLWX PDSSLQJ RI FDUERQDWH VSHFLHV FRQFHQWUDWLRQ LQ D VLPSOH DQG UREXVW
PDQQHU. 2SWLFDO VHQVRUV KDYH WKH SRWHQWLDO WR PHHW DOO WKHVH UHTXLUHPHQWV. 2SWLFDO VHQVLQJ RI
FDUERQDWH DQG FDUERQ GLR[LGH KDV DWWUDFWHG QRWDEOH DWWHQWLRQ, KRZHYHU, PRVW RI WKH DSSURDFKHV
IRFXV RQ WKH LPSOHPHQWDWLRQ RI PDFURVFRSLF VHQVRUV >2@, ZKLOH FDUERQDWH-VHOHFWLYH RSWRGH
QDQRVHQVRUV KDYH QRW EHHQ UHSRUWHG VR IDU.

7KLV FRQWULEXWLRQ ZLOO GHVFULEH RXU FXUUHQW SURJUHVV LQ WKH GHYHORSPHQW RI FDUERQDWH-VHOHFWLYH
QDQRHPXOVLRQV. 7KH URDGEORFNV LQ WUDQVLWLRQLQJ WKH FODVVLFDO FKURPRLRQRSKRUH-EDVHG DSSURDFK WR
WKH QDQRVFDOH, SRWHQWLDOO\ RULJLQDWLQJ IURP D KLJK VXUIDFH DIILQLW\ RI WKH LRQ-LRQRSKRUH FRPSOH[,
ZHUH RYHUFRPH ZLWK WKH LQWURGXFWLRQ RI QHZ VROYDWRFKURPLF VHQVRUV ZLWK D FR-H[WUDFWLRQ-EDVHG
UHVSRQVH PHFKDQLVP. &DUERQDWH H[WUDFWLRQ LQWR WKH VHQVRU SKDVH LV IDFLOLWDWHG E\ WKH DGGLWLRQ RI D
VHFRQG FDWLRQLF G\H LQWR WKH VROXWLRQ. 7KLV G\H LWVHOI DOVR DFWV DV DQ RSWLFDO UHSRUWHU DQG DOORZV IRU
D UDWLRPHWULF UHDGRXW ()LJ. 1$). 7KH UHVXOWLQJ VHQVRUV DUH UHYHUVLEOH DQG GHPRQVWUDWH JRRG
VHOHFWLYLW\ LQ WKH SUHVHQFH RI PDMRU LQWHUIHULQJ LRQV ()LJ. 1%) DQG DUH FRQILUPHG WR GLUHFWO\ PHDVXUH
FDUERQDWH VSHFLDWLRQ. :KLOH WKH DSSURDFK EHDUV WKH LQKHUHQW GUDZEDFN RI VRPH VDPSOH
PDQLSXODWLRQ, ZKLFK LV XQIDYRUDEOH IRU LQ VLWX DSSOLFDWLRQV, LW OD\V WKH IRXQGDWLRQ IRU IXUWKHU
GHYHORSPHQW RI D UREXVW FDUERQDWH-VHOHFWLYH QDQRVHQVRU.

)LJXUH 1. ($) )OXRUHVFHQFH HPLVVLRQ VSHFWUD RI VHQVLQJ SDUWLFOHV LQ SUHVHQFH RI ;3 LQ VROXWLRQ; (%)
6HQVRU FDOLEUDWLRQ FXUYHV LQ PL[HG VROXWLRQV, FRQWDLQLQJ IL[HG FRQFHQWUDWLRQ RI DQ LQWHUIHULQJ DQLRQ.

>1@ -DPHV &. 2UU HW DO., 1DWXUH, 2005, 437, 681-686.
>2@ ;LDRMLDQJ ;LH HW DO., $QDO. &KHP., 2012, 84, 3163-3169.
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1HZ PXOWLSOH QXFOHL DQG XOWUD-KLJK UHVROXWLRQ 6SLQVROYH EHQFKWRS 105V IRU 1- DQG 2'
105 DVVLVWHG VWUXFWXUH YHULILFDWLRQV

+. 7RGW1

10DJULWHN *PE+

7KH VHQVLWLYLW\ DQG UHVROXWLRQ RI %HQFKWRS 105 VSHFWURPHWHUV KDV EHHQ VWHDGLO\ LPSURYLQJ RYHU
WKH \HDUV DV PRUH DQG PRUH SRZHUIXO PDJQHWV DQG HOHFWURQLFV DUH PDGH DYDLODEOH. :LWK WKH
ODXQFKLQJ RI WKH 6SLQVROYH 90, 0DJULWHN KDV WDNHQ DQRWKHU VWHS WRZDUGV DFKLHYLQJ KLJKHU
UHVROXWLRQ DQG VHQVLWLYLW\ RQ WKH EHQFK. 7KHVH SRZHUIXO PDJQHWV DUH QRZ DYDLODEOH ZLWK DXWRPDWLF
PXOWLQXFOHDU SUREHV ZKLFK PDNHV LW SRVVLEOH WR PHDVXUH PXOWLSOH QXFOHL RQ WKH VDPH LQVWUXPHQW
(6SLQVROYH 0XOWL ;).

$V WKH SHUIRUPDQFH DQG FDSDELOLW\ RI EHQFKWRS 105 VSHFWURPHWHUV LQFUHDVH, VR GRHV WKH UDQJH RI
DSSOLFDWLRQV WKDW WKH LQVWUXPHQW FDQ DGGUHVV. ,Q WKLV SUHVHQWDWLRQ, WKH ODWHVW EHQFKWRS 105
DSSOLFDWLRQV ZLOO EH VKRZQ ZLWK H[WHQVLYH H[DPSOHV RI 105 GDWD (H.J. 1- DQG 2' 105 VWUXFWXUH
YHULILFDWLRQ RI %UXFLQH) KLJKOLJKWLQJ WKH HYHU-LQFUHDVLQJ SRWHQWLDO RI WKHVH V\VWHPV. 7KH 6SLQVROYH
90 KDV WKH KLJKHVW VHQVLWLYLW\ WKDW HQDEOHV DGYDQFHG H[SHULPHQWV, VXFK DV +64&-0(, WR EH
DFTXLUHG LQ MXVW 2 PLQXWHV. 0RGHUQ WHFKQLTXHV VXFK DV 186 DQG 12$+ FDQ PDNH H[SHULPHQWV
HYHQ TXLFNHU UHGXFLQJ WKH WLPH FKHPLVWV KDYH WR ZDLW IRU 105 UHVXOWV. 7KH YHUVDWLOLW\ RI WKH
6SLQVROYH 0XOWL ; SUREHV, ZKLFK FDQ DXWRPDWLFDOO\ VZLWFK EHWZHHQ VHYHUDO ;-QXFOHL OLNH 13&, 313,
7/L, 296L, (DPRQJ RWKHUV) HQDEOLQJ DGYDQFHG PXOWLQXFOHDU PHDVXUHPHQWV WR EH PDGH ZLWKRXW
RSHUDWRU LQWHUYHQWLRQ ZLOO EH VKRZQ IRU RQ- DQG RII-OLQH DQDO\VLV. 7KDQNV WR WKH ODUJH YHUVDWLOLW\ RI
WKH V\VWHPV, D ZLGH UDQJH RI DSSOLFDWLRQV H.J. RQ-OLQH PRQLWRULQJ RI FKHPLFDO UHDFWLRQV RU T105
VWXGLHV DUH SRVVLEOH >1,2@.

0RUHRYHU, ZH ZLOO VKRZ WKH VXSHULRU SHUIRUPDQFH RI WKH 8/75$ V\VWHPV LQ WHUPV RI WKHLU
UHVROXWLRQV DQG EHQHILWV IRU H.J. KLJKO\ HIIHFWLYH VROYHQW VXSSUHVVLRQ WHFKQLTXHV.

>1@ &DUDPHOOL, '., *UDQGD, -. 0., &DPEL«, '., 0HKU, 6. +. 0., +HQVRQ, $., &URQLQ, /., &KHP5[LY 2020.
>2@ 3HH], 1., 5LQHVFK, 7., .RO], -., ,PKRI, :., 0DJQ 5HVRQ &KHP 2021, 1.
KWWSV://GRL.RUJ/10.1002/PUF.5210
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5REXVWQHVV RI WKH SXUH LVRWURSLF SURWRQ VROLG VWDWH 105 PHWKRG

'. 7RURGLL1, 3. 0RXW]RXUL1, %. 6LP·HV GH $OPHLGD1, /. (PVOH\1*

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

3URWRQ-EDVHG VWUXFWXUH GHWHUPLQDWLRQ E\ VROLG-VWDWH 105 LV KLQGHUHG E\ WKH SRRU UHVROXWLRQ WKDW
RULJLQDWHV PDLQO\ IURP UHVLGXDO KRPRQXFOHDU GLSRODU FRXSOLQJV HYHQ DW WKH KLJKHVW 0$6 UDWHV
DFKLHYDEOH WRGD\. 2QH ZD\ RI HQKDQFLQJ WKH UHVROXWLRQ RI SURWRQ RQH-GLPHQVLRQDO VSHFWUD XS WR
SXUH LVRWURSLF VSHFWUD ZDV UHFHQWO\ SURSRVHG E\ 0RXW]RXUL HW DO. >1@. 6SHFWUD ZLWK XOWUD-KLJK
UHVROXWLRQ ZHUH DFKLHYHG IRU VL[ GLIIHUHQW FRPSRXQGV E\ SDUDPHWULFDOO\ ILWWLQJ VHWV RI 0$6 VSHFWUD
DFTXLUHG DW GLIIHUHQW 0$6 UDWHV (IURP 30 WR 100 N+]). 7KH SULQFLSOH EHKLQG WKLV DSSURDFK UHOLHV RQ
D N-VSDFH PDSSLQJ RI DQ\ HUURU UHVXOWLQJ IURP WKH LPSHUIHFW FRKHUHQW DYHUDJLQJ LQGXFHG E\ 0$6 LQ
VXFK D ZD\ WKDW LW FDQ EH UHPRYHG LQ D PXOWL-GLPHQVLRQDO JULG. +HUH, ZH DLP WR HYDOXDWH WKH
UREXVWQHVV RI WKLV PHWKRG.

 

0RUH VSHFLILFDOO\, ZH LQYHVWLJDWH WKH HIIHFWV RI: (L) WKH UDQJH RI 0$6 UDWHV DFTXLUHG, (LL) WKH VWDWLF %0

ILHOG, (LLL) WKH GLJLWDO UHVROXWLRQ RI WKH 0$6 VSHFWUD XVHG DQG (LY) H[SHULPHQWDO LPSHUIHFWLRQV VXFK
DV SKDVH DQG EDVHOLQH FRUUHFWLRQV RQ WKH UHVXOWLQJ SXUH LVRWURSLF SURWRQ VSHFWUD. :H DOVR
LQYHVWLJDWH WKH ILGHOLW\ RI WKH PHWKRG DQG H[FOXGH WKH SRVVLELOLW\ RI RYHUILWWLQJ E\: (L) VWXG\LQJ
LQKRPRJHQHRXVO\ EURDGHQHG VSHFWUD, ZKLFK D SULRUL FDQQRW EH QDUURZHG E\ PDJLF DQJOH VSLQQLQJ
DQG (LL) DSSO\LQJ LW WR IXOO\ GHXWHUDWHG KLVWLGLQH VDPSOHV LQ ZKLFK WKH UHVLGXDO GLSRODU FRXSOLQJ KDV
EHHQ UHGXFHG WR PLQLPXP, PDNLQJ WKH OLQHZLGWKV HVVHQWLDOO\ 0$6-LQGHSHQGHQW.

 

)LQDOO\, ZH LQVSHFW WKH RULJLQ RI DUWLIDFWV WKDW DUH FXUUHQWO\ VHHQ LQ SXUH LVRWURSLF 1+ VSHFWUD,
WUDFLQJ WKHP EDFN WR WKH ILWWLQJ RI WKH VSHFWUD LQ UHJLRQV, LPSRVHG E\ WKH FXUUHQW FRPSXWDWLRQDO
OLPLWDWLRQV, DQG WR WKH SUHVHQFH RI 0$6 OLQHVKDSHV ZLWK GLIIHUHQW FKDUDFWHULVWLFV WKDQ WKRVH
FXUUHQWO\ SUHGLFWHG E\ WKH PRGHO.

>1@ 3LQHORSL 0RXW]RXUL, %UXQR 6LP·HV GH $OPHLGD, 'DULD 7RURGLL DQG /\QGRQ (PVOH\, - $P &KHP
6RF, 2021, 143, 9834-9841.
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+\GURJHO PDWULFHV IRU QHDU-LQIUDUHG PRQLWRULQJ RI DVFRUELF DFLG UHOHDVH

+. :DQJ1, 6. ÇóNUóNFó2, ;. /LX3, $. $. %RJKRVVLDQ1*

1(FROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ,
&+-1015 /DXVDQQH, 6ZLW]HUODQG, 2.RQ\D )RRG DQG $JULFXOWXUH 8QLYHUVLW\, .RQ\D, 7XUNH\, 3+HQDQ

$JULFXOWXUDO 8QLYHUVLW\, =KHQJ]KRX, &KLQD

6LQJOH-ZDOOHG FDUERQ QDQRWXEHV (6:&17V) KDYH H[FHOOHQW RSWLFDO SURSHUWLHV IRU VHQVLQJ
DSSOLFDWLRQV. 2Q H[FLWDWLRQ, VHPLFRQGXFWLQJ 6:&17V HPLW IOXRUHVFHQFH WKDW YDULHV ZLWK WKH
FKLUDOLW\ DQG WKH HQYLURQPHQW RI WKH QDQRWXEH. %HFDXVH WKH QHDU-LQIUDUHG IOXRUHVFHQFH HPLVVLRQV
DUH PLQLPDOO\ DEVRUEHG E\ ELRORJLFDO WLVVXH DQG ELRIOXLGV, 6:&17V FDQ EH XVHG IRU GHHS-WLVVXH
LPDJLQJ DQG VHQVLQJ. 7KHVH DSSOLFDWLRQV, KRZHYHU, UHTXLUH 6:&17 LPPRELOL]DWLRQ DQG
HQFDSVXODWLRQ VWUDWHJLHV WKDW DUH VWDEOH DQG ELRFRPSDWLEOH.

+HUHLQ, ZH GHYHORS D K\GURJHO-HQFDSVXODWHG 6:&17 VHQVRU WR VWXG\ WKH UHOHDVH RI DVFRUELF DFLG, D
PRGHO DJHQW IRU GHOLYHU\ DSSOLFDWLRQV. :H H[DPLQH WKH UHVSRQVH RI 6:&17V ZUDSSHG LQ (*7)10,
(*7)20, (*7)40, (&&*)4, (&&*)8 DQG ($7)15 '1$ VHTXHQFHV WR DVFRUELF DFLG. 7KH VWURQJHVW UHVSRQVH
LV REVHUYHG IRU WKH (*7)10 VHTXHQFH, ZKLFK XQGHUZHQW D 2.5-IROG LQFUHDVH LQ LQWHQVLW\ RQ WKH
DGGLWLRQ RI 100 μ0 DVFRUELF DFLG. 7KH (*7)10-ZUDSSHG 6:&17 VHQVRUV DOVR VKRZ WKH JUHDWHVW
VHQVLWLYLW\ WR DVFRUELF DFLG FRQFHQWUDWLRQV RYHU WKH UDQJH RI 10 - 100 μ0. :H IXUWKHU FRPSDUHG WKH
SHUIRUPDQFH RI WKH (*7)10-ZUDSSHG 6:&17 VHQVRU LQ GLIIHUHQW K\GURJHOV, LQFOXGLQJ DOJLQDWH,
K\DOXURQLF DFLG, DQG DJDURVH PDWULFHV ORDGHG ZLWK DVFRUELF DFLG. 7KH DJDURVH JHOV VKRZ WKH PRVW
SURPLVLQJ SHUIRUPDQFH, XQGHUJRLQJ WKH ODUJHVW LQWHQVLW\ FKDQJH RQ WKH UHOHDVH RI 100 μ0 DVFRUELF
DFLG. 6FDQQLQJ HOHFWURQ PLFURVFRS\ (6(0) LPDJHV RI WKH DJDURVH K\GURJHO ORDGHG ZLWK DQG ZLWKRXW
WKH 6:&17V FRQILUP QR VLJQLILFDQW SHUWXUEDWLRQ RI WKLV PDWUL[ RQ 6:&17 HQFDSVXODWLRQ XQGHU WKH
WHVWHG FRQGLWLRQV. )LQDOO\, WKH HQFDSVXODWHG VHQVRU ZDV DSSOLHG WR PRQLWRU F\FOLF DVFRUELF DFLG
ORDGLQJ DQG UHOHDVH. :H GHPRQVWUDWH D UHYHUVLEOH IOXRUHVFHQFH UHVSRQVH RYHU 3 DGGLWLRQ-ZDVK
F\FOHV RI 100 μ0 RU 1P0 DVFRUELF DFLG. 7KHVH UHVXOWV KLJKOLJKW WKH SURPLVLQJ DSSOLFDWLRQ RI
6:&17 K\GURJHOV IRU WKH UHYHUVLEOH RSWLFDO PRQLWRULQJ RI ELRDFWLYH DJHQWV.
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&RPELQLQJ LRQ PRELOLW\ VSHFWURPHWU\ DQG IOXRUHVFHQFH VSHFWURVFRS\ IRU VWUXFWXUDO
FKDUDFWHUL]DWLRQ RI ELRPROHFXOHV LQ WKH JDV SKDVH

5. :X1, $. 6. $OEHUWLQL2, 5. =HQREL3*, 6. 5LQLNHU2*

1/2&, '&+$%, 2/$&, '&+$%, (7+ =XULFK, 3/2&, '&+$%, (7+ =XULFK

,QWURGXFWLRQ:

&RQIRUPDWLRQDO VWXGLHV RQ ELRPROHFXOHV LQ WKH JDV SKDVH EDVHG RQ ,RQ PRELOLW\ PDVV VSHFWURPHWU\
(,0-06) DQG )¸UVWHU UHVRQDQFH HQHUJ\ WUDQVIHU ()5(7) KDYH EHHQ RI LQFUHDVLQJ LQWHUHVW LQ UHFHQW
\HDUV.

0HWKRGV:

,Q WKLV VWXG\, ZH SURSRVH D SRZHUIXO QHZ VWUXFWXUDO FKDUDFWHUL]DWLRQ PHWKRG E\ FRPELQLQJ RI D
KRPH-EXLOW GLIIHUHQWLDO LRQ PRELOLW\ VSHFWURPHWU\ ('06) GHYLFH, WR ,0-06 (L.H., 7:,0 DQG F,0), DQG
JDV-SKDVH IOXRUHVFHQFH VSHFWURVFRS\ EDVHG RQ D PRGLILHG TXDGUXSROH LRQ WUDS (4,7) 06. 7KH '06
FDQ EH HDVLO\ PRYHG EHWZHHQ LQVWUXPHQWV, DOORZLQJ )5(7 PHDVXUHPHQWV, DV ZHOO DV GHWHUPLQDWLRQ
RI WKH GLIIHUHQWLDO PRELOLW\(̩.), DQG FROOLVLRQ FURVV VHFWLRQV (&&6). 0ROHFXODU G\QDPLFV (0')
VLPXODWLRQV ZHUH WKHQ FRQGXFWHG WR SURYLGH FRQIRUPDWLRQDO LQVLJKWV.

5HVXOWV:

7KH >0+3+@3+ LRQ RI D VLQJO\-ODEHOOHG SRO\DQDOLQH SHSWLGH (31-$WWR 532) VKRZHG WZR VHSDUDWHG
SHDNV LQ '06 ZLWK 0.3 PRO % LVRSURSDQRO DV JDV PRGLILHU LQ WKH EXIIHU JDV. 'RZQVWUHDP ,0-06
PHDVXUHPHQWV FRQILUPHG 3 DQG 4 FRQIRUPDWLRQV ZLWK GLIIHUHQW UDWLRV IRU HDFK '06 VHSDUDWHG
SHDNV. )XUWKHU, LVRPHULF GRXEO\-ODEHOOHG SRO\DQDOLQH SHSWLGHV (5+, 6+, DQG 7+ FKDUJH VWDWHV)
FRXOG DOVR EH VHSDUDWHG LQ '06 ZLWK 0.4 PRO % UDWLR DFHWRQLWULOH DV JDV PRGLILHU. )5(7
PHDVXUHPHQWV VKRZHG WKDW WKH FDOFXODWHG GRQRU-DFFHSWRU GLVWDQFHV (U'$) RI WKH >0+6+@6+ LRQV RI
31-FUK6J-46<7 DQG 32-FUK6J-46<7 DUH 77.4 s 1.0 Å, DQG 71.5 s 0.9 Å, UHVSHFWLYHO\. 7KH VWUXFWXUDO
LQIRUPDWLRQ VWRUHG LQ WKH GLIIHUHQWLDO PRELOLW\ (̩.) GXH WR LRQ-PRGLILHU FOXVWHUV ELQGLQJ (*LEEV IUHH
HQHUJ\, ̩*), VKDSH RU &&6, DQG U'$, FRXOG GHILQH VWUXFWXUDO FRQVWUDLQWV IRU 0' VLPXODWLRQV. 7KH
FRPELQDWLRQ RI WKHVH WKUHH FRPSOHPHQWDU\ WHFKQLTXHV SURPLVHV PRUH DFFXUDWH LQIRUPDWLRQ DQG
WKXV D EHWWHU SLFWXUH RQ JDV-SKDVH ELRPROHFXODU FRQIRUPDWLRQV WRJHWKHU ZLWK FRPSXWDWLRQDO
VWXGLHV.
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6HOI-SRZHUHG SRWHQWLRPHWULF-RSWLFDO WUDQVGXFWLRQ ZLWK FDSDFLWLYH HOHFWURQLF
FRPSRQHQWV

<. :X1, (. %DNNHU1*

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

6HOI-SRZHUHG VHQVRUV DUH DWWUDFWLYH EHFDXVH WKH\ DUH HQYLURQPHQWDOO\ IULHQGO\ DQG DOORZ IRU VHQVRU
PLQLDWXUL]DWLRQ. +RZHYHU, GHYHORSLQJ VHOI-SRZHUHG SRWHQWLRPHWULF VHQVRUV LV VWLOO TXLWH FKDOOHQJLQJ
EHFDXVH RQO\ OLPLWHG HQHUJ\ FDQ EH KDUYHVWHG E\ WKLV PHDVXUHPHQW SULQFLSOH. 7KXV, WKH VLJQDO
WUDQVIHU FDQQRW UHO\ RQ D FRQWLQXRXV HQHUJ\ VRXUFH.

5HVLVWLYH FRPSRQHQWV VXFK DV /('V FRQVXPH HQHUJ\ LQ WR SURYLGH DQ RSWLFDO VLJQDO DQG DUH SRRU
FDQGLGDWHV IRU VHOI-SRZHUHG WUDQVGXFWLRQ RI SRWHQWLRPHWULF VHQVRUV. &DSDFLWLYH HOHFWURQLF
FRPSRQHQWV VXFK DV OLTXLG FU\VWDO GLVSOD\V (/&'V) DQG H-SDSHU DUH FRQVLGHUHG HQHUJ\ VWRUDJH
HOHPHQWV, DQG ]HUR HQHUJ\ ZLOO EH FRQVXPHG LQ SULQFLSOH WR PDLQWDLQ D VLJQDO. 7KHLU DEVRUEDQFH
PD\ EH SUHFLVHO\ FRQWUROOHG E\ DQ DSSOLHG YROWDJH DSSOLHG, ZKLFK DUH DWWUDFWLYH SURSHUWLHV IRU D
SRWHQWLDO VLJQDO WUDQVGXFLQJ HOHPHQW.

:KLOH FKHPLFDO PDWHULDOV VXFK DV 3UXVVLDQ EOXH ILOPV KDYH EHHQ UHSRUWHG HDUOLHU WR YLVXDOL]H WKH
VLJQDO RI D SRWHQWLRPHWULF SUREH,1,2 WKLV FRQWULEXWLRQ ZLOO IRFXV RQ WKH XVH RI D OLTXLG FU\VWDO GLVSOD\
(/&') DQG H-SDSHU. 7KHVH PDWHULDOV H[KLELW OHVV HQHUJ\ FRQVXPSWLRQ, D IDVWHU UHVSRQVH WLPH DQG
ZLGHU G\QDPLF UDQJH IRU VHQVRU UHDGRXW.

/&'V DV VLJQDO WUDQVGXFHU DUH VKRZQ WR EH DWWUDFWLYH EHFDXVH WKHLU FDSDFLWDQFH LV DERXW 50S) SHU
SL[HO, DQG D QHJOLJLEO\ VPDOO FKDUJH (a0.5 Q)) LV QHHGHG WR GULYH LW. 7KLV DOORZV XV DFKLHYH WKH
GLUHFW HQHUJ\ WUDQVIHU IURP D S+ JODVV HOHFWURGHV WR DQ HOHFWURFKURPLF GLVSOD\ IRU WKH ILUVW WLPH.3
8QIRUWXQDWHO\, KRZHYHU, WKH QDWXUH RI WKH /&' FDQQRW WROHUDWH D FRQWLQXRXV '& YROWDJH, UHTXLULQJ
WKH LQWHUPLWWHQW UHJHQHUDWLRQ RI WKH SL[HO E\ DQ HOHFWURQLF VZLWFK. 7R LPSURYH WKH DSSURDFK IRU
SUDFWLFDO XVH, H-SDSHU LV H[SORUHG KHUH. &RPSDUHG WR DQ /&', H-SDSHU H[KLELWV QR WKUHVKROG YROWDJH
DQG PD\ EH GULYHQ E\ DQ '& YROWDJH WR DOORZ D FRQWLQXRXV RSWLFDO REVHUYDWLRQ RI WKH
SRWHQWLRPHWULF VLJQDO. 

 

 

>1@ -DQVRG, 6.; %DNNHU, (. 6HOI-3RZHUHG (OHFWURFKURPLF 5HDGRXW RI 3RWHQWLRPHWULF S+ (OHFWURGHV.
$QDO. &KHP. 2021, 93 (9), 4263-4269.
>2@ -DQVRG, 6.; &KHUXELQL, 7.; 6RGD, <.; %DNNHU, (. 2SWLFDO VHQVLQJ ZLWK D SRWHQWLRPHWULF VHQVLQJ
DUUD\ E\ 3UXVVLDQ EOXH ILOP LQWHJUDWHG FORVHG ELSRODU HOHFWURGHV. $QDO. &KHP. 2020, 92 (13),
9138-9145.
>3@ :X, <.; %DNNHU, (. 'LUHFW (QHUJ\ 7UDQVIHU IURP D S+ *ODVV (OHFWURGH WR D /LTXLG &U\VWDO 'LVSOD\.
$QDO. &KHP. 2022, DFFHSWHG.
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&DOLEUDWLRQ *DV *HQHUDWRU IRU 6HFRQGDU\ (OHFWURVSUD\ ,RQL]DWLRQ +LJK-5HVROXWLRQ 0DVV
6SHFWURPHWU\

&. :¾WKULFK1, =. )DQ1, *. 9HUJªUHV2, 5. =HQREL1*, 6. *LDQQRXNRV1*

1'-&+$%, (7+ =XULFK, 2)RRG 0LFURELDO 6\VWHPV 5HVHDUFK 'LYLVLRQ, $JURVFRSH

$V RQH LRQL]DWLRQ PHWKRG IRU JDVHRXV DQDO\WHV, VHFRQGDU\ HOHFWURVSUD\ LRQL]DWLRQ (6(6,) RIIHUV
KLJK VHQVLWLYLW\ GRZQ WR SDUWV SHU WULOOLRQ, VRIW LRQL]DWLRQ FRQGLWLRQV, DQG WKH FDSDELOLW\ WR LRQL]H
FRPSRXQGV RI YDULRXV SRODULWLHV LQ ERWK WKH SRVLWLYH DQG WKH QHJDWLYH LRQL]DWLRQ PRGH.>1@ 7KHVH
DGYDQWDJHV OHG WR WKH XVH RI WKLV LRQL]DWLRQ PHWKRG IRU RQOLQH EUHDWK DQDO\VLV LQ WKH FRQWH[W RI
FOLQLFDO UHVHDUFK, WKURXJK ZKLFK FDQGLGDWH ELRPDUNHUV ZHUH IRXQG IRU VHYHUDO GLVHDVHV XVLQJ 6(6,
FRXSOHG WR KLJK-UHVROXWLRQ PDVV VSHFWURPHWU\ (+506). )RU FOLQLFDO XVH RI WKHVH ELRPDUNHUV,
TXDQWLILFDWLRQ LV QHHGHG. :KHUHDV RWKHU JDV-SKDVH LRQL]DWLRQ PHWKRGV HQDEOH TXDQWLILFDWLRQ RI WKH
GHWHFWHG PHWDEROLWHV WKURXJK UHDFWLRQ UDWHV, WKLV LV QRW SRVVLEOH IRU 6(6,. 5DWKHU, D SUHFLVH GHOLYHU\
RI JDV VWDQGDUGV RI SRWHQWLDO ELRPDUNHUV DW ORZ FRQFHQWUDWLRQ LV QHHGHG IRU TXDQWLILFDWLRQ. )RU WKLV
SXUSRVH, D YDSRU JHQHUDWLRQ V\VWHP ZDV DGDSWHG WR EH LQWHUIDFHG ZLWK 6(6,6-+506.>2@ 7KLV V\VWHP
LV EDVHG RQ WKH FRQWUROOHG HYDSRUDWLRQ RI D OLTXLG DQDO\WH DQG LWV GLIIXVLRQ LQ D FDUULHU JDV VWUHDP.
,W LV FDSDEOH RI JHQHUDWLQJ JDV VWDQGDUGV DW YDULRXV FRQFHQWUDWLRQV GRZQ WR ORZ SDUWV-SHU-WULOOLRQ
FRQFHQWUDWLRQ OHYHOV ZLWK YDU\LQJ GHJUHHV RI UHODWLYH KXPLGLW\.

7R WHVW WKH FDSDELOLWLHV RI WKLV FDOLEUDWLRQ JDV JHQHUDWRU FRXSOHG WR 6(6,-+506, VHYHUDO TXHVWLRQV
KDG WR EH DQVZHUHG DQG FDOLEUDWLRQ FXUYHV RI VHOHFWHG FRPSRXQGV KDG WR EH REWDLQHG. 7KH ILUVW
ZDV WKH GHWHUPLQDWLRQ RI WKH OLPLWV RI GHWHFWLRQ DQG WKH OLPLWV RI TXDQWLILFDWLRQ IRU WDUJHW DQDO\WHV.
$GGLWLRQDOO\, WKH UHSHDWDELOLW\ DQG UREXVWQHVV ZHUH GHWHUPLQHG WKURXJK UHSHDWHG PHDVXUHPHQWV
DQG PHDVXUHPHQWV RQ GLIIHUHQW GD\V. 7KH ILUVW FODVV RI FRPSRXQGV IURP ZKLFK JDVHRXV VWDQGDUGV
ZHUH JHQHUDWHG ZDV VKRUW-FKDLQ IDWW\ DFLGV. 6&)$ SOD\ D FULWLFDO UROH LQ WKH LQWHUSOD\ EHWZHHQ JXW
PLFURELRWD DQG GLHW LQ PHWDEROLF KHDOWK>3@; WKHLU DSSHDUDQFH LQ EUHDWK LV DOVR OLQNHG WR JXW PLFURELDO
DFWLYLW\.>4@ 7KH ORZHVW FRQFHQWUDWLRQ TXDQWLILHG ZLWK WKHVH DFLGV ZDV LQ WKH ORZ SDUW-SHU-WULOOLRQ
UHJLRQ. 7KH LQIOXHQFH RI KXPLGLW\ RQ WKH GHWHFWLRQ RI WKHVH DFLGV ZDV DOVR LQYHVWLJDWHG.

>1@ 7. %UXGHUHU, 7. *DLVO, 0. 7. *DXJJ, 1. 1RZDN, %. 6WUHFNHQEDFK, 6. 0¾OOHU, $. 0RHOOHU, 0.
.RKOHU, 5. =HQREL, ‘2Q-/LQH $QDO\VLV RI ([KDOHG %UHDWK’, &KHP. 5HY. 2019, 119, 10803–10828.
>2@ 6. *LDQQRXNRV, $. 0DUVKDOO, 6. 7D\ORU, -. 6PLWK, ‘0ROHFXODU &RPPXQLFDWLRQ RYHU *DV 6WUHDP
&KDQQHOV XVLQJ 3RUWDEOH 0DVV 6SHFWURPHWU\’, -. $P. 6RF. 0DVV 6SHFWURP. 2017, 28, 2371–2383.
>3@ $. 1RJDO, $. 0. 9DOGHV, &. 0HQQL, ‘7KH UROH RI VKRUW-FKDLQ IDWW\ DFLGV LQ WKH LQWHUSOD\ EHWZHHQ
JXW PLFURELRWD DQG GLHW LQ FDUGLR-PHWDEROLF KHDOWK’, *XW 0LFUREHV 2021, 13, 1–24.
>4@ -. +. -. /HH, -. =KX, ‘$QDO\VHV RI VKRUW-FKDLQ IDWW\ DFLGV DQG H[KDOHG EUHDWK YRODWLOHV LQ GLHWDU\
LQWHUYHQWLRQ WULDOV IRU PHWDEROLF GLVHDVHV’, ([S. %LRO. 0HG. 2020, 246, 778–789.
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/DVHU DEODWLRQ PDVV VSHFWURPHWU\ IRU LPDJLQJ ZLWK LPSURYHG VHQVLWLYLW\ DQG
WKURXJKSXW

=. ;X1, '. *¾QWKHU1, %. +DWWHQGRUI1

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

/DVHU DEODWLRQ LQGXFWLYHO\ FRXSOHG SODVPD PDVV VSHFWURPHWU\ (/$,&306) KDV EHHQ ZLGHO\ XVHG LQ
HOHPHQW DQDO\VLV DQG ELRORJLFDO WLVVXH LPDJLQJ GXH WR LWV KLJK VHQVLWLYLW\ DQG HDVH RI RSHUDWLRQ1.
+RZHYHU VXEVWDQWLDO XVH RI DUJRQ JDV LQWURGXFHV DGGLWLRQDO FRVW DQG KLJK DUJRQ-EDVHG
LQWHUIHUHQFH SHDNV2, 3 ZKLFK KLQGHUV DQDO\VLV IRU VRPH HOHPHQWV. 7UDQVSRUW RI DHURVRO IURP DEODWLRQ
FKDPEHU WR ,&3 WRUFK ORZHUV DQDO\VLV VSHHG ZKLFK IXUWKHU OLPLWV WKH WKURXJKSXW RI LPDJLQJ. 7R
RYHUFRPH WKHVH DQG PHHW WKH JURZLQJ QHHG IRU FRPSOH[ ELRORJLFDO WLVVXH LPDJLQJ, D ODVHU DEODWLRQ
IXQQHO IRFXVHG WLPH RI IOLJKW V\VWHP ZDV GHYHORSHG DQG IXUWKHU PRGLILHG WR JDLQ EHWWHU
SHUIRUPDQFH4.

7KH V\VWHP FRQVLVWV RI D SRVLWLRQLQJ V\VWHP, D IHPWRVHFRQG ODVHU, D FXVWRP PDGH FRQYHUJHQW-
GLYHUJHQW QR]]OH DQG 5)-RQO\ IXQQHO IRU FROOLVLRQ FRROLQJ DQG IRFXVLQJ, LRQ RSWLFV IRU WUDQVPLVVLRQ RI
LRQV WR WKH WLPH-RI- IOLJKW ZKHUH DQDO\VLV LV DFKLHYHG. 7KH IHPWRVHFRQG ODVHU DOORZV IRU GLUHFWO\
GHVRUELQJ DQG LRQL]LQJ VDPSOH ZKLOH PLQLPL]LQJ KHDW-DIIHFWHG ]RQH FRPSDUHG ZLWK FRQYHQWLRQDO-
XVHG QDQRVHFRQG ODVHU4, WKXV SUHVHUYLQJ WKH VWUXFWXUH RI DGMDFHQW DUHD.

$ IUHTXHQF\ GRXEOHG IHPWRVHFRQG ODVHU ZLWK ͘ 250 IV, ͏  400 QP LV XVHG IRU GLUHFW VDPSOLQJ RI
DQDO\WH ZKLFK LV SODFHG RQ D 3' WUDQVODWLQJ VWDJH. ,RQV DUH IRUPHG XQGHU HOHYDWHG SUHVVXUH
FRQGLWLRQ ZLWK UHGXFHG NLQHWLF VSUHDG E\ FROOLVLRQDO FRROLQJ DQG IXUWKHU IRFXVHG LQ LRQ IXQQHO DQG
WUDQVSRUWHG WR LRQ RSWLFV DQG WLPH RI IOLJKW IRU DQDO\]LQJ.

,QLWLDO H[SHULPHQWV ZLWK WKH QHZ VHWXS ZHUH FDUULHG RXW WR GHWHUPLQH VXLWDEOH RSHUDWLQJ FRQGLWLRQV
ZLWK UHVSHFW WR JDV IORZ UDWHV, SUHVVXUH LQ WKH VDPSOH FKDPEHU. 3UHOLPLQDU\ LQYHVWLJDWLRQ DQG
FKDUDFWHUL]DWLRQ RI FRURQD GLVFKDUJH FRXSOHG WLPH RI IOLJKW V\VWHP ZHUH DOVR DFKLHYHG WR VKRZ
FRPSDWLELOLW\ RI WKLV FRQILJXUDWLRQ.

>1@ 'HWOHI *¾QWKHU, %RGR +DWWHQGRUI, 7U$& 7UHQGV LQ $QDO\WLFDO &KHPLVWU\, 2005, 24, 255-265.
>2@ $QGUHZ - 6FKZDUW], <DQ &KHXQJ, -RYDQ -HYWLF, 9HOLERU 3LNHOMD, $VKRN 0HQRQ, 6WHYHQ - 5D\ DQG
*DU\ 0 +LHIWMH, -RXUQDO RI $QDO\WLFDO $WRPLF 6SHFWURPHWU\, 2016, 31, 440-449.
>3@ 0DWWKLDV 6FKLOG, $OH[DQGHU *XQGODFK-*UDKDP, $VKRN 0HQRQ, -RYDQ -HYWLF, 9HOLERU 3LNHOMD, 0DUWLQ
7DQQHU, %RGR +DWWHQGRUI DQG 'HWOHI *¾QWKHU, $QDO\WLFDO &KHPLVWU\, 2018, 90, 13443-13450.
>4@ /RUHQ]R 4XHUFL, 9DUHQWVRY 9DUHQWVRY, 'HWOHI *¾QWKHU DQG %RGR +DWWHQGRUI, 6SHFWURFKLPLFD
$FWD 3DUW %: $WRPLF 6SHFWURVFRS\, 2018, 146, 57-68.
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