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&RPSXWDWLRQDO &KHPLVWU\, ,QYLWHG / $ZDUG /HFWXUH &&-011

)OXFWXDWLRQV %H\RQG &KHPLFDO ,PDJLQDWLRQ LQ /LTXLG :DWHU

$. +DVVDQDOL1

17KH ,QWHUQDWLRQDO &HQWHU IRU 7KHRUHWLFDO 3K\VLFV (,&73), &RQGHQVHG 0DWWHU DQG 6WDWLVWLFDO 3K\VLFV
VHFWLRQ, 7ULHVWH, ,WDO\

:DWHU LV FRQVLGHUHG WKH VROYHQW IRU VXVWDLQLQJ OLIH DV ZH NQRZ LW RQ SODQHW (DUWK. 'HVSLWH ORQJ
VWXG\, YHU\ EDVLF QRWLRQV LQ SK\VLFDO FKHPLVWU\ VXFK DV K\GURSKRELFLW\, FRQWLQXH WR EH WKH VRXUFH
RI QXPHURXV RSHQ TXHVWLRQV. ,Q WKLV WDON, , ZLOO JLYH DQ RYHUYLHZ RI KRZ WKH XVH RI DWRPLVWLF
PRGHOLQJ ZLWK YDULRXV GHJUHHV RI FRPSOH[LW\ SURYLGHV D SRZHUIXO IUDPHZRUN WKDW DOORZV IRU
GHYHORSLQJ D GHWDLOHG PLFURVFRSLF XQGHUVWDQGLQJ RI WKH ZLGH YDULHW\ RI IOXFWXDWLRQV WKDW H[LVW LQ
OLTXLG ZDWHU. 7KHVH IOXFWXDWLRQV RFFXU RQ GLIIHUHQW OHQJWK DQG WLPHVFDOHV DQG LQYROYH WKH FRPSOH[
FRXSOLQJ RI GHQVLW\, WRSRORJ\ DQG GLHOHFWULFV. :LWKLQ WKLV FRQWH[W, , ZLOO GLVFXVV SUREOHPV UDQJLQJ
IURP WKH FRPSOH[ VKDSHV RI HPSW\ VSDFHV LQ OLTXLG ZDWHU DQG WKHLU UROH LQ VROYDWLRQ, WR KRZ RLO DQG
ZDWHU FDQ FRXQWHULQWXLWLYHO\ PL[ DQG ILQDOO\, ZK\ VRDS EXEEOHV PLJKW EH XVHG IRU DUWLILFLDO
SKRWRV\QWKHVLV, WR QDPH D IHZ. %XLOGLQJ D PLFURVFRSLF XQGHUVWDQGLQJ RI WKH FROOHFWLYH QDWXUH RI
WKH IOXFWXDWLRQV LQ WKHVH V\VWHPV UHTXLUHV XV WR PRYH EH\RQG RXU FKHPLFDO LPDJLQDWLRQ. ,Q WKLV
VSLULW, , ZLOO SUHVHQW KRZ GDWD-VFLHQFH DQG FKHPLFDO LQWXLWLRQ FDQ EH FRPELQHG WR SURYLGH D PRUH
QXDQFHG ZD\ WR VWXG\ WKH FKHPLFDO SK\VLFV RI DTXHRXV V\VWHPV.
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-013

(Q]HSWLRQDO: HQ]\PH RSWLPL]DWLRQ YLD  D JHQHUDWLYH ODQJXDJH PRGHOLQJ-EDVHG
HYROXWLRQDU\ DOJRULWKP

<. 1DQD 7HXNDP1,2, 0. 0DQLFD1, ). *ULVRQL2, 7. /DLQR1*

1,%0 5HVHDUFK (XURSH, =¾ULFK, 2(LQGKRYHQ 8QLYHUVLW\ RI 7HFKQRORJ\

(Q]\PHV DUH PROHFXODU PDFKLQHV RSWLPL]HG E\ QDWXUH WR DOORZ RWKHUZLVH LPSRVVLEOH FKHPLFDO
SURFHVVHV WR RFFXU. %HVLGHV WKH LQFUHDVHG UHDFWLRQ UDWHV, WKH\ SUHVHQW UHPDUNDEOH FKDUDFWHULVWLFV
WR HQDEOH PRUH VXVWDLQDEOH UHDFWLRQV: PLOG FRQGLWLRQV, OHVV WR[LF VROYHQWV, DQG UHGXFHG ZDVWH.
%LOOLRQ \HDUV RI HYROXWLRQ KDYH PDGH HQ]\PHV H[WUHPHO\ HIILFLHQW. +RZHYHU ZLGH DGRSWLRQ LQ
LQGXVWULDO SURFHVVHV UHTXLUHV IDVWHU GHVLJQ XVLQJ LQ-VLOLFR PHWKRGRORJLHV, D GDXQWLQJ WDVN IDU IURP
EHLQJ VROYHG. 7KH PDMRULW\ RI PHWKRGV RSHUDWH E\ LQWURGXFLQJ PXWDWLRQV LQ DQ H[LVWLQJ DPLQR DFLG
($$) VHTXHQFH XVLQJ D YDULHW\ RI DVVXPSWLRQV DQG VWUDWHJLHV WR LQWURGXFH YDULDQWV LQ WKH RULJLQDO
VHTXHQFH. 0RUH UHFHQWO\, PDFKLQH OHDUQLQJ DQG GHHS JHQHUDWLYH QHWZRUNV KDYH JDLQHG SRSXODULW\
LQ WKH ILHOG RI SURWHLQ HQJLQHHULQJ E\ OHYHUDJLQJ SULRU NQRZOHGJH RQ SURWHLQ ELQGHUV, WKHLU
SK\VLFRFKHPLFDO SURSHUWLHV, RU WKH 3' VWUXFWXUH. +HUH, ZH FDVW WKH SUREOHP RI HQ]\PH
RSWLPL]DWLRQ DV DQ HYROXWLRQDU\ DOJRULWKP ZKHUH PXWDWLRQV DUH PRGHOHG YLD JHQHUDWLYH ODQJXDJH
PRGHOLQJ. 5HO\LQJ RQ SUHWUDLQHG ODQJXDJH PRGHOV WUDLQHG RQ $$ VHTXHQFHV, ZH DSSO\ WUDQVIHU
OHDUQLQJ DQG WUDLQ D VFRULQJ PRGHO RQ D GDWDVHW RI ELRFDWDO\VHG FKHPLFDO UHDFWLRQV WKDW LV XVHG WR
GULYH WKH RSWLPL]DWLRQ SURFHVV. 2XU PHWKRGRORJ\ DOORZV GHVLJQLQJ HQ]\PHV ZLWK KLJKHU
ELRFDWDO\WLF DFWLYLW\, HPXODWLQJ WKH HYROXWLRQDU\ SURFHVV RFFXUULQJ LQ QDWXUH E\ VDPSOLQJ RSWLPDO
VHTXHQFHV PRGHOLQJ WKH XQGHUO\LQJ SURWHRPLF ODQJXDJH.
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-014

3UHGLFWLQJ FKHPLFDO WR[LFLW\ WKURXJK PDFKLQH OHDUQLQJ

&. 6FK¾U1, /. *DVVHU2, -. :X3, ). 3HUH]-&UX]2, .. 6FKLUPHU1*, 0. %DLW\--HVL3*

1'HSDUWPHQW RI (QYLURQPHQWDO 7R[LFRORJ\, (DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG
7HFKQRORJ\, 26ZLVV 'DWD 6FLHQFH &HQWHU, 3'HSDUWPHQW RI 6\VWHPV $QDO\VLV, ,QWHJUDWHG $VVHVVPHQW

DQG 0RGHOOLQJ, (DZDJ, 6ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\

7KH JOREDO ODQGVFDSH RI UHJLVWHUHG FKHPLFDOV RQ WKH PDUNHW LV JURZLQJ DW D IDVW SDFH. 0HDQZKLOH,
WKH UHJXODWLRQ RI FRPSRXQGV UHTXLUHV H[WHQVLYH DQLPDO WHVWLQJ WR HQVXUH WKHLU VDIHW\ IRU ERWK WKH
SXEOLF DQG WKH HQYLURQPHQW. %H\RQG LWV HWKLFDO LPSOLFDWLRQV, DQLPDO WHVWLQJ LV ODERU-, FRVW-, DQG
WLPH-LQWHQVLYH. +HUH, QHZ DSSURDFK PHWKRGV FDQ EH D UHPHG\ E\ UHGXFLQJ, LI QRW XOWLPDWHO\
UHSODFLQJ, FRQYHQWLRQDO DQLPDO WHVWV. $Q LQFUHDVH LQ FRPSXWDWLRQDO SRZHU DQG DFFHVVLELOLW\ RI
PDFKLQH OHDUQLQJ PHWKRGV HQDEOH WKH XVH RI LQ VLOLFR PHWKRGV IRU HFRWR[LFRORJLFDO TXHVWLRQV VXFK
DV WKH KD]DUG DVVHVVPHQW RI FKHPLFDOV. 2XU UHVHDUFK LV DLPHG DW DFFXUDWHO\ SUHGLFWLQJ WKH WR[LFLW\
RI FKHPLFDOV WR D ZLGH UDQJH RI WD[D EH\RQG PRGHO RUJDQLVPV DQG WR H[SORUH LWV SRWHQWLDO DQG
OLPLWDWLRQV. )RU WKLV, ZH DVVHPEOHG DQ H[WHQVLYH GDWDVHW RI HFRWR[LFLW\ GDWD DFURVV WKUHH WURSKLF
OHYHOV (ILVK, FUXVWDFHDQV, DQG DOJDH) ZLWK RYHU 1000 VSHFLHV. 7KLV FRUH GDWDVHW ZDV HQKDQFHG E\
DGGLQJ VSHFLHV-VSHFLILF DQG SK\ORJHQHWLF LQIRUPDWLRQ DQG E\ FRPSDULQJ VHYHUDO ZD\V WR UHSUHVHQW
FKHPLFDO VWUXFWXUH DQG SURSHUWLHV (PROHFXODU ILQJHUSULQWV, PRO2YHF). :H H[SORUH WKH LPSRUWDQFH RI
DGGLQJ FHUWDLQ IHDWXUH JURXSV DQG SXW WKHLU LQGLYLGXDO UHOHYDQFH LQ WKH FRQWH[W RI ELRORJ\ WR EHWWHU
XQGHUVWDQG WKH GULYHUV RI WR[LFLW\ DV ZHOO DV ZKDW SRWHQWLDO VXSSOHPHQWDU\ H[SHULPHQWV FRXOG KHOS
UHGXFH FRVW DQG KDUP.
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-015

7KH 6SHFWUXP RI $SSUR[LPDWHG +DPLOWRQLDQ 0DWULFHV 5HSUHVHQWDWLRQV (63$+0)

.. 5. %ULOLQJ1, <. &DOYLQR $ORQVR1, $. )DEUL]LR1,2, &. &RUPLQERHXI1,2*

1/DERUDWRU\ IRU &RPSXWDWLRQDO 0ROHFXODU 'HVLJQ, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ,
ÉFROH SRO\WHFKQLTXH I«G«UDOH GH /DXVDQQH, 1015 /DXVDQQH, 6ZLW]HUODQG, 21DWLRQDO &HQWHU IRU

&RPSXWDWLRQDO 'HVLJQ DQG 'LVFRYHU\ RI 1RYHO 0DWHULDOV (0$59(/), ÉFROH 3RO\WHFKQLTXH I«G«UDOH GH
/DXVDQQH, 1015 /DXVDQQH, 6ZLW]HUODQG

5HFHQWO\ ZH SURSRVHG D FODVV RI PROHFXODU UHSUHVHQWDWLRQV IRU PDFKLQH OHDUQLQJ (0/) — 6SHFWUXP
RI DSSUR[LPDWHG +DPLOWRQLDQ PDWULFHV (63$+0) >1@ EDVHG RQ OLJKWZHLJKW RQH-HOHFWURQ
+DPLOWRQLDQV, ZLGHO\ XVHG DV DQ 6&) LQLWLDO JXHVV LQ FRPSXWDWLRQDO FKHPLVWU\. 63$+0 QDWXUDOO\
FRQWDLQV WKH LQIRUPDWLRQ DERXW WKH QXFOHDU FKDUJHV DQG SRVLWLRQV DV ZHOO DV REH\V WKH V\PPHWULHV
UHTXLUHG IRU DQ HIIHFWLYH 0/ UHSUHVHQWDWLRQ.

7KH ILUVW YDULDQW LV D FRPSDFW JOREDO UHSUHVHQWDWLRQ FRQVLVWLQJ RI RFFXSLHG-RUELWDO HLJHQYDOXHV RI
WKH DSSUR[LPDWHG +DPLOWRQLDQ. 2ZLQJ WR D VHDPOHVV JHQHUDOL]DWLRQ WR RSHQ-VKHOO V\VWHPV, 63$+0
SHUIRUPV ZHOO RQ GDWDVHWV FKDUDFWHUL]HG E\ D ZLGH YDULDWLRQ RI FKDUJH DQG VSLQ, IRU ZKLFK WKH
WUDGLWLRQDO VWUXFWXUH-EDVHG UHSUHVHQWDWLRQV FRPPRQO\ IDLO.

8VLQJ RXU ILUVW HLJHQYDOXH-YDULDQW DV D VWDUWLQJ SRLQW, ZH WKHQ IRFXV RQ GHVLJQLQJ ORFDO DQG
WUDQVIHUDEOH UHSUHVHQWDWLRQV, WKURXJK H[SORLWLQJ WKH RFFXSLHG HLJHQYHFWRUV DQG DVVRFLDWHG GHQVLW\
PDWUL[. %ULGJLQJ WKH DGYDQWDJHV RI ERWK WKH 62$3 >2@ DQG 6/$70 >3@, ZH FRQVWUXFW VLPLODULW\
PHDVXUHV IURP GHQVLW\-EDVHG ILQJHUSULQWV H[SDQGHG LQWR DWRPV DQG ERQG FRQWULEXWLRQV. 7KH
DWRPLF (D) RU ERQG (E) GHQVLW\ RYHUODS NHUQHO LV GHILQHG DV D GRW SURGXFW RI SRZHU VSHFWUD, ZKLFK
WKHPVHOYHV DUH XVHG DV UHSUHVHQWDWLRQ YHFWRUV >63$+0(D) DQG 63$+0(E)@ RI DQ DWRPLF
HQYLURQPHQW.

3UHOLPLQDU\ UHVXOWV LQGLFDWH WKDW WKH 63$+0(D) LV DOUHDG\ FRPSHWLQJ ZLWK 6/$70 >3@ IRU SUHGLFWLQJ
DWRPLF SURSHUWLHV. &XUUHQW HIIRUWV DUH SODFHG LQWR OHYHUDJLQJ 63$+0(D,E) WR GHVFULEH FKDUJHG
VSHFLHV, RSHQ-VKHOO V\VWHPV DQG SURSHUWLHV GHULYHG IURP WKHP.

>1@ $OEHUWR )DEUL]LR, .VHQLD 5. %ULOLQJ, &OHPHQFH &RUPLQERHXI, 'LJLWDO 'LVFRYHU\, 2022, $GYDQFH
$UWLFOH (GRL:10.1039/'1''00050.).
>2@ $OEHUW 3. %DUWµN, 5LVL .RQGRU, *£ERU &V£Q\L, 3K\VLFDO 5HYLHZ %, 2013, 87, 184115.
>3@ %LQJ +XDQJ, 2. $QDWROH YRQ /LOLHQIHOG, 1DWXUH &KHPLVWU\, 2020, 12, 945–951.
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-016

3DWKILQGHU – $ 5RXWH 3ODQQHU IRU &KHPLFDO 5HDFWLRQ 1HWZRUNV

3. /. 7¾UWVFKHU1, 0. 5HLKHU1*

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

$XWRPDWHG UHDFWLRQ QHWZRUN H[SORUDWLRQ HQDEOHV WKH GLVFRYHU\ RI YDVW FKHPLFDO VSDFH>1, 2, 3@,
FRQVLVWLQJ RI PDQ\ FRPSRXQGV KLJKO\ LQWHUFRQQHFWHG YLD UHDFWLRQV. $V D FRQVHTXHQFH, WUDFNLQJ
ZKDW FRPSRXQGV DUH IRUPHG YLD ZKLFK UHDFWLRQ VHTXHQFH LV D QRQ-WULYLDO WDVN. :KLOH NLQHWLF
PRGHOLQJ SURYLGHV WKH FRQFHQWUDWLRQ RU SRSXODWLRQ GHYHORSPHQW RI D FRPSRXQG RYHU WLPH, D
VSHFLILF VHTXHQFH RI UHDFWLRQV UHVXOWLQJ, IRU LQVWDQFH, LQ WKH PRVW SUREDEOH SDWK WRZDUGV D
FRPSRXQG LV QRW GLUHFWO\ DFFHVVLEOH. )XUWKHUPRUH, LQ D ODUJH DQG GHQVH FKHPLFDO UHDFWLRQ QHWZRUN
FRQWDLQLQJ D ZLGH UDQJH RI UHDFWLRQ EDUULHUV, NLQHWLF PRGHOLQJ RQ WLPH VFDOHV RI LQWHUHVW PLJKW EH
WRR FRVWO\ IRU WKH HYDOXDWLRQ RI SRSXODWLRQV LQ D QHWZRUN.>4@
7KLV ZRUN DLPV WR UHSUHVHQW DQ\ FKHPLFDO UHDFWLRQ QHWZRUN DV D JUDSK DQG DQDO\]H WKLV JUDSK WR
ILQG SDWKV, PHDQLQJ VHTXHQFHV RI UHDFWLRQV, FRQQHFWLQJ DQ\ WZR FRPSRXQGV LQ WKH QHWZRUN. $Q
LGHQWLILHG SDWK VKRXOG SURYLGH LQIRUPDWLRQ RQ LWV IHDVLELOLW\ RI WKH UHDFWLRQV DORQJ WKH SDWK ZLWK
UHJDUG WR DYDLODELOLW\ RI UHDJHQWV DQG NLQHWLF EDUULHUV. 7KLV \LHOGV D UDQNLQJ RI DFFHVVLELOLW\ IRU DOO
FRPSRXQGV LQ WKH QHWZRUN ZKLFK FDQ EH HPSOR\HG WR JXLGH IXUWKHU H[SORUDWLRQV E\ IRFXVLQJ RQ
FRPSRXQGV ZLWK KLJK DFFHVVLELOLW\ DFFRUGLQJ WR 3DWKILQGHU. 6XFK D JXLGLQJ DSSURDFK WDPHV WKH
FRPELQDWRULDO H[SORVLRQ RI DQ H[SORUDWLRQ DQG JLYHV WKH H[SORUHU PRUH FRQWURO RYHU D UXQQLQJ
H[SORUDWLRQ. ,Q DGGLWLRQ, IRU HFRQRPLF NLQHWLF PRGHOLQJ, WKH QHWZRUN FDQ EH SUXQHG EDVHG RQ WKH
UDQNLQJ RI FRPSRXQGV, DJDLQ VWDUWLQJ E\ RQO\ LQFOXGLQJ FRPSRXQGV ZLWK KLJK DFFHVVLELOLW\.
:H HPSOR\ VXFK D JUDSK-EDVHG DSSURDFK WR EXLOG DQG DQDO\]H D FKHPLFDO UHDFWLRQ QHWZRUN RI WKH
GLVSURSRUWLRQDWLRQ RI LRGLQH ZLWK ZDWHU DQG LPSURYH H[SORUDWLRQV EDVHG RQ WKH UHVXOWV ZLWKLQ RXU
6&,1( IUDPHZRUN.>5@

)LJXUH 1: 6FKHPDWLF UHSUHVHQWDWLRQ RI D SDWK IURP FRPSRXQG $ WR FRPSRXQG + LQ DQ DUELWUDU\
FKHPLFDO UHDFWLRQ QHWZRUN.

>1@ *. 1. 6LPP, $. &. 9DXFKHU, 0. 5HLKHU, -. 3K\V. &KHP. $, 2019, 123 (2), 385–399.
>2@ -. 3. 8QVOHEHU, 0. 5HLKHU, $QQX. 5HY. 3K\V. &KHP., 2020, 71 (1), 121–142.
>3@ -. 3. 8QVOHEHU, 6. $. *ULPPHO, 0. 5HLKHU, DU;LY:2202.13011 >SK\VLFV.FKHP-SK@, 2022.
>4@ -. 3URSSH, 0. 5HLKHU, -. &KHP. 7KHRU\ &RPSXW., 2019, 15 (1), 357–370.
>5@ 6&,1( - 6RIWZDUH IRU &KHPLFDO ,QWHUDFWLRQ 1HWZRUNV. KWWSV://VFLQH.HWK].FK/ (DFFHVVHG )HEUXDU\
24, 2022).
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&RPSXWDWLRQDO &KHPLVWU\, ,QYLWHG / $ZDUG /HFWXUH &&-017

0HFKDQLVWLF LQYHVWLJDWLRQV DW WKH DOXPLQD/ZDWHU LQWHUIDFH

&. 0LFKHO1

1/DERUDWRLUH GH &KLPLH, (QV GH /\RQ, &156 805 5182, /\RQ 1, 69342 /\RQ, )UDQFH

͇-$O223 KDV UHPDUNDEOH SURSHUWLHV DV D VXSSRUW, EXW LW LV YHU\ VHQVLWLYH WR ZDWHU, HLWKHU DV D
OLTXLG>1@ RU HYHQ DV VWHDP>2@. 7KHVH VWUXFWXUDO FKDQJHV FDQ EH UHWDUGHG E\ WKH SUHVHQFH RI
SRO\ROV.>3@ 7KH PHFKDQLVP RI DFWLRQ RI WKHVH DGGLWLYHV LV EHOLHYHG WR OLH LQ WKHLU FKHPLVRUSWLRQ RQ
WKH VXUIDFH WKDW ZRXOG PDNH ͇-$O223 ZDWHU-UHVLVWDQW>3@. +RZHYHU, OLWWOH LV NQRZQ RQ ZKLFK H[SRVHG
IDFHW(V) DQG ZKDW VLWH(V) QHHG WR EH SDUWLFXODUO\ WDUJHWHG IRU SURWHFWLRQ. 7KH RSWLPL]DWLRQ RI WKH
VWUXFWXUH RI LQKLELWRUV LV WKHUHIRUH D FKDOOHQJLQJ WDVN VLQFH WKH H[DFW PHFKDQLVP RI WKH
GHFRPSRVLWLRQ RI ͇-$O223 LQ OLTXLG ZDWHU UHPDLQV XQNQRZQ. :H FRPELQH KHUH H[SHULPHQWV DQG
WKHRU\ WR SURYLGH WKH DWRPLVWLF PHFKDQLVP IRU WKH HDUO\-VWDJH GHFRPSRVLWLRQ RI ͇-$O223 LQ OLTXLG
ZDWHU,>4@ EXW DOVR IRU WKH DGVRUSWLRQ/GHVRUSWLRQ PHFKDQLVP RI (SRO\)-DOFRKROV DW WKH ͇-$O223 / ZDWHU
LQWHUIDFH.>5@
$OXPLQD VDPSOHV FRQWDLQLQJ SDUWLFOHV ZLWK GLIIHUHQW VKDSHV ZHUH H[SRVHG WR D K\GURWKHUPDO
WUHDWPHQW LQ SUHVHQFH RI YDULRXV FRQFHQWUDWLRQV RI SRO\RO (VRUELWRO DQG [\OLWRO, )LJXUH 1E DQG 1F).
:H GHWHUPLQHG WKH PLQLPXP VXUIDFH FRYHUDJH RI SRO\RO DW ZKLFK WKH GHFRPSRVLWLRQ RI DOXPLQD
JHWV LQKLELWHG, D TXDQWLW\ UHIHUUHG WR DV LQKLELWLQJ FRYHUDJH. 6LQFH WKLV LQKLELWLQJ FRYHUDJH VWURQJO\
FRUUHODWHV ZLWK WKH IUDFWLRQDO DUHD RI WKH (110) IDFHW RI WKH DOXPLQD VDPSOH DQG RQO\ ZLWK WKLV DUHD,
ZH FRQFOXGHG WKDW WKH GHFRPSRVLWLRQ LV LQLWLDWHG DW WKH (110) IDFHW ()LJXUH 1G). 7KHQ, SHUIRUPLQJ
DE LQLWLR PHWDG\QDPLFV VLPXODWLRQV XVLQJ FS2N, ZH SUREHG WKH UHDFWLYLW\ RI WKLV $O223(110)/ZDWHU
LQWHUIDFH DQG LGHQWLILHG VSHFLILF DOXPLQXP WHWUDKHGUDO FHQWHUV WKDW DUH SDUWLFXODUO\ UHDFWLYH ZLWK
ZDWHU. :H VKRZHG WKDW LQWHUIDFLDO ZDWHU PROHFXOHV DUH LQYROYHG LQ WKH PHFKDQLVP, ERWK DV
UHDFWDQWV IRU WKH K\GUDWLRQ RI DOXPLQXP DQG DV LQWHUPHGLDWHV IRU WKH SURWRQ UHVKXIIOLQJ UHTXLUHG
E\ WKH GHFRPSRVLWLRQ PHFKDQLVP. :H PDQDJHG WR GHWHUPLQH WKH EDUULHUV (DOO ORZHU WKDQ
80N-.PRO-1) IRU WKH 6 VXFFHVVLYH DGGLWLRQ/HOLPLQDWLRQ VWHSV LQ D VLQJOH VLPXODWLRQ DQG WKH UHVXOWLQJ
ILQDO VWUXFWXUH LV VKRZQ LQ )LJXUH 1H. )XUWKHUPRUH, WKH HIIHFW RI [\OLWRO ZDV UDWLRQDOL]HG: LWV
DGVRUSWLRQ ORFDOO\ UHQGHUHG WKH VXUIDFH PRUH K\GURSKRELF DQG SXVKHV ZDWHU PROHFXOHV DZD\ IURP
WKH $O VLWHV LGHQWLILHG DV ZDWHU-VHQVLWLYH.>4@ 7KHQ, ZH LQYHVWLJDWHG LQ GHWDLOV WKH
DGVRUSWLRQ/GHVRUSWLRQ PHFKDQLVP RI (SRO\)-DOFRKROV DW WKH ͇-$O223 / ZDWHU LQWHUIDFH DQG IRXQG WKDW
OLTXLG ZDWHU LQGXFHV D EDUULHU RI DW OHDVW 20N-.PRO-1 GXH WR WKH VXEVWLWXWLRQ RI FKHPLVRUEHG ZDWHU
DQG WKH VROYHQW UHRUJDQL]DWLRQ.>5@ %H\RQG LWV LPSDFW RQ WKH VWDELOLW\ RI WKLV LPSRUWDQW VXSSRUW, WKH
SUHVHQW DFKLHYHPHQW FRQVWLWXWHV DQ XQSUHFHGHQWHG PLOHVWRQH LQ WKH XQGHUVWDQGLQJ RI VROLG/OLTXLG
LQWHUIDFH WUDQVIRUPDWLRQ LQ WHUP RI PHWKRGRORJ\.

)LJXUH 1. D. 7\SLFDO ͇-$O223 SODWHOHW; ,QKLELWRUV: E. VRUELWRO F. [\OLWRO; G. &RUUHODWLRQ EHWZHHQ WKH
LQKLELWLQJ FRYHUDJH DQG WKH IUDFWLRQ RI H[SRVHG (110) ; H. 6LGH YLHZ RI WKH ODVW LQWHUPHGLDWH
REWDLQHG IURP WKH K\GUDWLRQ RI WHWUDKHGUDO $O͆ H[SRVHG RQ (110) GXULQJ DQ DE LQLWLR PHWDG\QDPLFV
RI WKH ͇-$O223(110)/ZDWHU LQWHUIDFH. 2 IURP ͇-$O223 LQ UHG, 2 IURP ZDWHU LQ EOXH, + LQ ZKLWH, $O LQ
\HOORZ.

>1@ 5DYHQHOOH, 5. 0., &RSHODQG, -. 5., .LP, :. -*., &ULWWHQGHQ, -. &. DQG 6LHYHUV, &. $&6 &DWDO. 1, 552
(2011). >1@ 6DNZD-1RYDN, 0. $. DQG -RQHV, &. :. $&6 $SSO. 0DWHU. ,QWHUIDFHV 6, 9245 (2014). >3@
5DYHQHOOH, 5. 0., &RSHODQG, -. 5., 9DQ 3HOW, $. +., &ULWWHQGHQ, -. &. DQG 6LHYHUV, &. &DWDO. 55, 162
(2012). >4@ 5«RFUHX[, 5., *LUHO, É., &ODEDXW, 3., 7XHO, $., %HVVRQ, 0., &KDXPRQQRW, $., &DELDF, $.,
6DXWHW, 3. DQG 0LFKHO, &. &RPP. 10, 3139 (2019). >5@ &ODEDXW, 3., 5H\, -., 5«RFUHX[, 5., 6WHLQPDQQ,
6. 1., DQG 0LFKHO, &., &KHP5;LY, 10.33774/FKHPU[LY-2021-Q77MQ ; (2021). >6@ 5«RFUHX[, 5., -LDQJ,
7., ,DQQX]]L, 0., 0LFKHO, &. DQG 6DXWHW, 3. $&6 $SS. 1DQR 0DW., 1, 191, (2018)
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&RPSXWDWLRQDO &KHPLVWU\, ,QYLWHG / $ZDUG /HFWXUH &&-021

'LJLWDO &KHPLVWU\ DW 6\QJHQWD: IURP DFDGHPLF ODEV WR LQGXVWULDO DSSOLFDWLRQV

$. 5. )LQNHOPDQQ1

16\QJHQWD &URS 3URWHFWLRQ, 6WHLQ, 6ZLW]HUODQG - DUQGW.ILQNHOPDQQ#V\QJHQWD.FRP

0RGHUQ DJURFKHPLFDOV PXVW VWULNH WKH ULJKW EDODQFH DFURVV D ODUJH SDQHO RI WDUJHW SURSHUWLHV IURP
ELRORJLFDO HIILFDF\, HQYLURQPHQWDO LPSDFW, UHVLVWDQFH PDQDJHPHQW, DQG FRVW RI JRRGV. 7KLV LV
DUJXDEO\ RQH RI WKH PRVW FRPSOH[ RSWLPL]DWLRQ WDVNV LQ WKH FKHPLFDO LQGXVWU\. 5HFHQW
EUHDNWKURXJKV LQ LQYHUVH GHVLJQ DQG JHQHUDWLYH FKHPLVWU\ HQDEOH WR UHWKLQN WKLV RSWLPL]DWLRQ
DSSURDFK.1,2 6XFFHVVIXO DGRSWLRQ RI LQYHUVH GHVLJQ DV UHVHDUFK VWUDWHJ\, UHTXLUHV KLJK TXDOLW\ GDWD
WR EXLOG DFFXUDWH PRGHOV IRU UHOHYDQW WDUJHW SURSHUWLHV. 0RVW LPSRUWDQWO\, FRPSRXQGV QHHG WR EH
GHVLJQHG WKDW FDQ EH UHDGLO\ V\QWKHVL]HG. 7R DGGUHVV WKHVH FKDOOHQJHV, 6\QJHQWD &URS 3URWHFWLRQ
5HVHDUFK &KHPLVWU\ KDV LQLWLDWHG DQ DPELWLRXV SURJUDP WR RYHUKDXO WKH ZKROH VRIWZDUH
LQIUDVWUXFWXUH WKDW VXSSRUWV FKHPLFDO V\QWKHVLV IURP LGHD WR SK\VLFDO VDPSOH.

,Q WKLV SUHVHQWDWLRQ ZH ZLOO GHVFULEH WKH PDLQ FRQFHSWV DQG SKLORVRSK\ WKDW ZHQW LQWR WKH GHVLJQ RI
WKH SODWIRUP DQG KRZ LW HQDEOHV WR LQWHJUDWH UHFHQW FXWWLQJ-HGJH WHFKQRORJ\ LQ D SURGXFWLRQ
HQYLURQPHQW WKDW ZLOO XOWLPDWHO\ VHUYH KXQGUHGV RI FKHPLVWV ZRUOGZLGH. :H ZLOO KLJKOLJKW WKH
XQGHUO\LQJ PRGHOLQJ RI FKHPLFDO LQIRUPDWLRQ DQG LQFRUSRUDWLRQ RI ODUJH-VFDOH UHDFWLRQ GDWD IRU
UHDFWLRQ SUHGLFWLRQ DQG PDSSLQJ RI V\QWKHVLV WDUJHWV DQG URXWHV DJDLQVW WKH QHWZRUN RI NQRZQ
RUJDQLF UHDFWLRQV. 6HYHUDO FKDOOHQJHV WKDW DUH VXEMHFW WR FXUUHQW UHVHDUFK ZLOO EH WRXFKHG.

>1@ 9DQKDHOHQ, 4.; /LQ, <.-&.; =KDYRURQNRY, $. 7KH $GYHQW RI *HQHUDWLYH &KHPLVWU\. $&6 0HG.
&KHP. /HWW. 2020, 11 (8), 1496–1505. KWWSV://GRL.RUJ/10.1021/DFVPHGFKHPOHWW.0F00088
>2@ 6DQFKH]-/HQJHOLQJ, %.; $VSXUX-*X]LN, $. ,QYHUVH 0ROHFXODU 'HVLJQ 8VLQJ 0DFKLQH /HDUQLQJ:
*HQHUDWLYH 0RGHOV IRU 0DWWHU (QJLQHHULQJ. 6FLHQFH (80). 2018, 361 (6400), 360–365.
KWWSV://GRL.RUJ/10.1126/VFLHQFH.DDW2663
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-023

(OHFWULF )LHOG *UDGLHQW FDOFXODWLRQ ZLWKLQ )UR]HQ-'HQVLW\ (PEHGGLQJ 7KHRU\

<. *LPEDO-=RIND1, 7. :HVRORZVNL1*

1'HSDUWPHQW RI 3K\VLFDO &KHPLVWU\, 8QLYHUVLW\ RI *HQHYD, 6ZLW]HUODQG

)UR]HQ-'HQVLW\ (PEHGGLQJ 7KHRU\>1@,>2@ ()'(7) SURYLGHV D V\VWHP-LQGHSHQGHQW IRUPDO IUDPHZRUN
IRU PXOWL-OHYHO FRPSXWDWLRQDO PHWKRGV DOORZLQJ WR GHVFULEH WKH HIIHFW RI D IUR]HQ HOHFWURQ GHQVLW\
RI WKH HQYLURQPHQW ρ%(U) RQ WKH FKURPRSKRUH. :LWKLQ WKLV IUDPHZRUN, LW LV SRVVLEOH WR WUHDW HLWKHU
H[SOLFLWO\ RU LPSOLFLWO\ WKH HIIHFW RI WKH HPEHGGLQJ VSHFLHV RQ WKH HOHFWURQ GLVWULEXWLRQ LQ WKH
HQYLURQPHQW LQ QXPHULFDO VLPXODWLRQV. ,Q WKH SUH-SRODUL]DWLRQ SURWRFRO>3@, WKH UHVSRQVH RI WKH
HQYLURQPHQW WR WKH HOHFWURQLF VWUXFWXUH RI WKH FKURPRSKRUH FDQ EH WDNHQ LQWR DFFRXQW LQ WKH
SURFHVV RI JHQHUDWLQJ ρ%(U). ,Q SUDFWLFH, GXH WR VRPH DSSUR[LPDWLRQV PDGH IRU WKH )'(7 SRWHQWLDO
UDQJLQJ IURP WKH DSSUR[LPDWH QDWXUH RI WKH ')7 (EL)IXQFWLRQDOV WR WKH QHJOHFW RI 3DXOL UHSXOVLRQ LQ
WKH SUHSRODULVDWLRQ SURFHGXUH, WKLV WUHDWPHQW LV QRW H[DFW.

7KH (OHFWULF )LHOG *UDGLHQW (()*) EHHLQJ D VHQVLWLYH SDUDPHWHU, LW KDV EHHQ VKRZQ WKDW WKH
FRPPRQO\ XVHG 6WHUQKHLPHU DSSUR[LPDWLRQ GRHV QRW KROG >4@,>5@,>6@. ,Q WKLV ZRUN, ZH XVHG WKH )'(7-
EDVHG ZLWK DQG ZLWKRXW SRODUL]DWLRQ PHWKRGV WR HYDOXDWH WKH ()* RI +-ERQGHG V\VWHPV DQG
FRRUGLQDWHG DONDOLQH PHWDOV>7@. 7KLV VWXG\ VKRZV WKDW )'(7 DOORZV IRU DQ DFFXUDWH GHVFULSWLRQ RI WKH
()*, GHPRQVWUDWLQJ WKH LPSRUWDQFH RI WKH FRQWULEXWLRQ RI WKH 3DXOL UHSXOVLRQ WHUP LQ WKH
HPEHGGLQJ SRWHQWLDO, ZKLFK LV PLVVLQJ LQ WKH FRPPRQO\ XVHG SRLQW-FKDUJH HPEHGGLQJ DSSURDFK.

>1@ 7RPDV] :HVRORZVNL, $ULHK :DUVKHO, -. 3K\V. &KHP., 1993, 97, 8050
>2@ 7RPDV] :HVRORZVNL, 3K\V. 5HY. $, 2008, 77, 012504
>3@ 1LFFRO´ 5LFDUGL, $OH[DQGHU =HFK, <DQQ *LPEDO-=RIND, 7RPDV] $. :HVRORZVNL, 3K\V. &KHP.
&KHP. 3K\V., 2018, 20, 26053-26062
>4@ .HVWXWLV $LGDV, +DQV $JUHQ, -DFRE .RQJVWHG, $DWWR /DDNVRQHQ, DQG )UDQFHVFD 0RFFL. 3K\V.
&KHP. &KHP. 3K\V., 15:162-1631, 2013.
>5@ $QWRLQH &DURI, 0DWKLHX 6DODQQH, 7KLEDXOW &KDUSHQWLHU, DQG %HQMDPLQ 5RWHQEHUJ. 7KH -RXUQDO RI
3K\VLFDO &KHPLVWU\ %, 118(46):13252-13257, 2014.
30,': 25340813.
>6@ <DQQ *LPEDO-=RIND, &KULVWRSKHU 5XPEOH, 7RPDV] :HVRORZVNL, 7R EH SXEOLVKHG
>7@ <DQQ *LPEDO-=RIND, 7RPDV] :HVRORZVNL, 7R EH SXEOLVKHG
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-024

5DQGRP SURMHFWLRQV LQ FRPSXWDWLRQDO TXDQWXP PHFKDQLFV

$. 6REF]\N1,2, 7. /DLQR1, 0. /XLVLHU2

1,%0 5HVHDUFK (XURSH, 2(7+ =¾ULFK

&RPSXWLQJ WKH HOHFWURQLF SURSHUWLHV RI VROLG-VWDWHV DW WKH TXDQWXP PHFKDQLFDO OHYHO FDQ EH WLPH-
FRQVXPLQJ, HVSHFLDOO\ IRU UHDOLVWLF V\VWHPV, H.J. VHPLFRQGXFWLQJ QDQRZLUHV RU YDQ GHU :DDOV
KHWHURVWUXFWXUHV, DV ODUJH PDWULFHV PXVW EH GLDJRQDOL]HG. 'LIIHUHQW QXPHULFDO PHWKRGV KDYH EHHQ
GHYHORSHG RYHU WKH SDVW GHFDGHV WR VSHHG XS VXFK FRPSXWDWLRQV. 5HFHQWO\, WHFKQLTXHV XVLQJ
UDQGRPL]DWLRQ KDYH EHHQ SURSRVHG WR DFKLHYH WKLV JRDO, W\SLFDOO\ E\ SURMHFWLQJ WKH PDWUL[ RI
LQWHUHVW RQ D UDQGRPO\ FKRVHQ ORZ-GLPHQVLRQDO VXEVSDFH. %\ GRLQJ VR, WKH SUREOHP VL]H LV UHGXFHG
DQG FRQVHTXHQWO\, WKH FRPSXWDWLRQDO RYHUKHDG DV ZHOO. ,Q WKLV SUHVHQWDWLRQ, ZH UHYLVLW VXFK
UDQGRPL]DWLRQ PHWKRGV DQG GLVFXVV WKHLU FRQYHUJHQFH DQG DSSUR[LPDWLRQ JXDUDQWHHV.
,PSURYHPHQWV UHO\LQJ RQ UHFHQW DGYDQFHV LQ WKH UDQGRP SURMHFWLRQV OLWHUDWXUH DUH DOVR VXJJHVWHG.
,Q DGGLWLRQ WR WKH WKHRUHWLFDO GLVFXVVLRQ, ZH SUHVHQW QXPHULFDO H[SHULPHQWV IRU D VR-FDOOHG
PHPULVWRU VWUXFWXUH ZKRVH FKDUJH GHQVLW\ LV DSSUR[LPDWHG ZLWK WKH SURSRVHG WHFKQLTXH. :H VKRZ
FRQYHUJHQFH DQG DSSUR[LPDWLRQ HUURUV DQG GLVFXVV WKH JHQHUDO DSSOLFDELOLW\ DQG OLPLWDWLRQV RI
UDQGRPL]DWLRQ PHWKRGV.
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-025

6HDUFK IRU ORQJ-ODVWLQJ HOHFWURQLF FRKHUHQFH XVLQJ RQ-WKH-IO\ DE LQLWLR VHPLFODVVLFDO
G\QDPLFV

$. 6FKHLGHJJHU1, -. 9DQ¯ÏHN1*, 1. *ROXEHY1*

1/DERUDWRU\ RI 7KHRUHWLFDO 3K\VLFDO &KHPLVWU\, ,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV

8VLQJ D FRPELQDWLRQ RI KLJK-OHYHO DE LQLWLR HOHFWURQLF VWUXFWXUH PHWKRGV ZLWK HIILFLHQW RQ-WKH-IO\
VHPLFODVVLFDO HYDOXDWLRQ RI QXFOHDU G\QDPLFV, ZH SHUIRUPHG D PDVVLYH VFDQ RI VPDOO SRO\DWRPLF
PROHFXOHV VHDUFKLQJ IRU D ORQJ-ODVWLQJ RVFLOODWRU\ G\QDPLFV RI WKH HOHFWURQ GHQVLW\ WULJJHUHG E\ WKH
RXWHU-YDOHQFH LRQL]DWLRQ. :H REVHUYHG WKDW LQ PRVW RI WKH VWXGLHG PROHFXOHV, HLWKHU WKH VXGGHQ
UHPRYDO RI DQ HOHFWURQ IURP WKH V\VWHP GRHV QRW OHDG WR WKH DSSHDUDQFH RI WKH HOHFWURQLF
FRKHUHQFH RU WKH FUHDWHG FRKHUHQFHV EHFRPH GDPSHG E\ WKH QXFOHDU UHDUUDQJHPHQW RQ D WLPH
VFDOH RI D IHZ IHPWRVHFRQGV. +RZHYHU, ZH UHSRUW VHYHUDO VR IDU XQH[SORUHG PROHFXOHV ZLWK WKH
HOHFWURQLF FRKHUHQFHV ODVWLQJ XS WR 10 IV, ZKLFK FDQ EH JRRG FDQGLGDWHV IRU H[SHULPHQWDO VWXGLHV.
,Q DGGLWLRQ, ZH SUHVHQW WKH IXOO-GLPHQVLRQDO VLPXODWLRQV RI WKH HOHFWURQLF FRKHUHQFHV FRXSOHG WR
QXFOHDU PRWLRQ LQ VHYHUDO PROHFXOHV ZKLFK ZHUH VWXGLHG SUHYLRXVO\ RQO\ LQ WKH IL[HG QXFOHL
DSSUR[LPDWLRQ.

),*. 1. ,RQL]DWLRQ VSHFWUXP DQG WKH FRXSOHG HOHFWURQ–QXFOHDU G\QDPLFV WULJJHUHG E\ WKH LRQL]DWLRQ
RXW RI WKH +202 RI WKH EXW-3-\QDO PROHFXOH. (D) 0ROHFXODU RUELWDOV LQYROYHG LQ WKH KROH-PL[LQJ. (E)
)LUVW IRXU FRPSXWHG FDWLRQLF VWDWHV. (F) 7LPH HYROXWLRQ RI WKH HOHFWURQLF FRKHUHQFH EHWZHHQ WKH
ILUVW DQG WKH WKLUG FDWLRQLF VWDWHV FUHDWHG DIWHU UHPRYDO RI WKH +202 HOHFWURQ. '\QDPLFV ZDV
SHUIRUPHG ZLWK WKH VHPLFODVVLFDO RQ-WKH-IO\ WKDZHG *DXVVLDQ DSSUR[LPDWLRQ. (G) 7LPH HYROXWLRQ RI
WKH KROH GHQVLW\ DORQJ WKH PROHFXODU D[LV. 7KH FKDUJH LQLWLDOO\ ORFDOL]HG LQ WKH +202 RUELWDO
PLJUDWHV EDFN DQG IRUWK EHWZHHQ WKH DON\QH DQG DOGHK\GH PRLHWLHV RI WKH PROHFXOH EHIRUH EHLQJ
WUDSSHG E\ WKH QXFOHDU PRWLRQ.
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-026

5HFHQW $GYDQFHV LQ WKH 'HYHORSPHQW RI $FFXUDWH )RUFHILHOGV IRU 0RGHOOLQJ 3KDVH
6WDELOLWLHV LQ +\EULG +DOLGH 3HURYVNLWHV

0. 'DQNO1, 8. 5¸WKOLVEHUJHU1*

1ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG (QJLQHHULQJ,
/DERUDWRU\ RI &RPSXWDWLRQDO &KHPLVWU\ DQG %LRFKHPLVWU\, /DXVDQQH, 6ZLW]HUODQG

2UJDQLF LQRUJDQLF K\EULG KDOLGH SHURYVNLWHV (36&V) KDYH HPHUJHG DV D SURPLVLQJ FODVV RI PDWHULDOV
IRU VRODU FHOOV. 7KDQNV WR WKHLU UHPDUNDEOH RSWLFDO SURSHUWLHV VXFK DV KLJK DEVRUSWLRQ FRHIILFLHQW,
WXQDEOH EDQGJDS, KLJK FKDUJH FDUULHU PRELOLW\ DQG ORZ H[FLWRQ ELQGLQJ HQHUJ\, 36&V IDFLOLWDWH KLJK
SRZHU FRQYHUVLRQ HIILFLHQFLHV (3&(). ,QGHHG, WKH 3&(V RI 36&V KDYH UDSLGO\ ULVHQ VLQFH 2009 IURP
3.8% WR D FHUWLILHG 25.6% >1@ LQ 2021. 1HYHUWKHOHVV, WKH 36&V KDYH QRW \HW FRQTXHUHG WKH PDUNHW
GXH WR WKHLU OLPLWHG ORQJ-WHUP VWDELOLW\ RI WKH SHURYVNLWH SKDVH. 6LPXODWLRQ DVVLVWHG PHWKRGV ZKLFK
FRXOG UHOLDEO\ SUHGLFW UHODWLYH ILQLWH WHPSHUDWXUH VWDELOLWLHV RI WKH FRPSHWLQJ SKDVHV (H.J. ͈-SKDVH),
DV ZHOO DV DOORZ WKH WUHDWPHQW RI VXIILFLHQWO\ ODUJH VDPSOHV (DQG WLPH VFDOHV) ZRXOG JLYH LPSRUWDQW
JXLGDQFH LQ WKH GHVLJQ RI ORQJ-WHUP VWDEOH SHURYVNLWH V\VWHPV IRU 36&V. :KLOH IXOO ILUVW-SULQFLSOH
PHWKRGV (H.J. GHQVLW\ IXQFWLRQDO WKHRU\) DUH OLPLWHG E\ WKH VLPXODWHG V\VWHP VL]H DQG IHDVLEOH
WLPHVFDOH, FODVVLFDO PROHFXODU G\QDPLFV VLPXODWLRQ RYHUFRPHV WKHVH OLPLWDWLRQV. 1RW VXUSULVLQJO\
FRQVLGHUDEOH UHVHDUFK HIIRUWV KDYH EHHQ GLUHFWHG DW WKH GHYHORSPHQW RI DFFXUDWH IRUFHILHOGV ())V)
IRU WKHVH V\VWHPV. 2QH RI WKH ILUVW ))V IRU SHURYVNLWHV ZDV GHYHORSHG E\ 0DWWRQL HW DO. >2,3@ IRU
PHWK\ODPPRQLXP-OHDG-LRGLGH (0$3E,3) DQG ODWHU DGDSWHG LQ GLIIHUHQW IODYRUV IRU GHVFULELQJ WKH
LQWHUDFWLRQ RI 0$3E,3 ZLWK ZDWHU >4@ DQG FDSWXULQJ 0$3E%U3 DV ZHOO DV PL[HG KDOLGH 0$3E,3-[%U[
FRPSRXQGV >5@. 5HFHQWO\, D SRODUL]DEOH )) KDV EHHQ LQWURGXFHG >6@ WKDW LV DEOH WR GHVFULEH WKH ͈-
SKDVH RI &V3E,3, KRZHYHU VWLOO QRW \HW LWV WUDQVLWLRQ WR WKH (SKRWRYROWDLFDOO\ DFWLYH) SHURYVNLWH
SKDVH. &OHDUO\, WKH VLPXOWDQHRXV GHVFULSWLRQ RI QRQ-SHURYVNLWH DQG SHURYVNLWH SKDVHV DORQJ ZLWK
WKHLU SKDVH WUDQVLWLRQ(V) LV VWLOO QRZDGD\V D FKDOOHQJH IRU ZKLFK KDUGO\ DQ\ ))V KDYH EHHQ
GHYHORSHG VR IDU. 7KLV WDON ZLOO SUHVHQW DQ RYHUYLHZ DQG UHFHQW DGYDQFHV RI WKH GHYHORSPHQWV RI
VXFK IRUFHILHOGV LQ WKDW ILHOG. 

>1@ -. -HRQJ, 0. .LP, -. 6HR, +. /X, 3. $KODZDW HW DO., 1DWXUH. 2021, 592, 7854, 381-385.
>2@ $. 0DWWRQL, $. )LOLSSHWWL, 0. ,. 6DED, 3. 'HOXJDV, 7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ &, 2015, 119,
17421-17428.
>3@ $. 0DWWRQL, $. )LOLSSHWWL, &. &DGGHR, -RXUQDO RI 3K\VLFV: &RQGHQVHG 0DWWHU, 2017, 29, 043001.
>4@ &. &DGGHR, 0. ,. 6DED, 6. 0HORQL, $. )LOLSSHWWL, $. 0DWWRQL, $&6 1DQR, 2017, 11, 9183-9190.
>5@ 7. +DWD, *. *LRUJL, .. <DPDVKLWD, &. &DGGHR, $. 0DWWRQL,7KH -RXUQDO RI 3K\VLFDO &KHPLVWU\ &,
2017, 121, 3724-3733.
>6@ 3. 9. *. 0. 5DWKQD\DNH, 6. %HUQDUGL, $. :LGPHU-&RRSHU, 7KH -RXUQDO RI &KHPLFDO 3K\VLFV, 2020,
152, 024117.
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&RPSXWDWLRQDO &KHPLVWU\, &RQWULEXWHG 7DON (15PLQ) &&-027

&RSSHU-%DVHG &DWDO\VWV IRU &2; +\GURJHQDWLRQ 7R 0HWKDQRO – 0HWDG\QDPLFV %ULGJHV
WKH 3UHVVXUH DQG 0DWHULDO *DS

$. 0¾OOHU1, -. /. $OINH1,3, $. &RPDV-9LYHV2,4, 2. 6DIRQRYD3, &. &RS«UHW1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK, 8093 =XULFK, 6ZLW]HUODQG, 2
,QVWLWXWH RI 0DWHULDOV &KHPLVWU\, 78 :LHQ, 1060 9LHQQD, $XVWULD, 33DXO 6FKHUUHU ,QVWLWXW, 5232
9LOOLJHQ, 6ZLW]HUODQG, 4'HSDUWDPHQW GH 4X¯PLFD, 8QLYHUVLWDW $XW´QRPD GH %DUFHORQD, 08193

&HUGDQ\ROD GHO 9DOOªV, &DWDORQLD, 6SDLQ

$PRQJ PXOWLSOH DOWHUQDWLYHV, &X KDV HPHUJHG DV WKH PRVW SURPLVLQJ FDQGLGDWH IRU WKH
K\GURJHQDWLRQ RI &2; (&22, &2, HWF.) WR PHWKDQRO, PDLQO\ GXH WR WKH DEVHQFH RI WKH 6DEDWLHU
UHDFWLRQ (WKHUPRG\QDPLFDOO\ IDYRXUHG RYHUUHGXFWLRQ WR PHWKDQH). %XW SXUH &X-FDWDO\VWV VKRZ ORZ
DFWLYLW\ DQG VHOHFWLYLW\, DQG WKLV FDQ RQO\ EH LPSURYHG E\ XVLQJ /HZLV DFLGLF VXSSRUWV ($O223, =U22),
RU E\ DGGLQJ SURPRWHUV VXFK DV *D RU =Q. (VSHFLDOO\ WKH ODWWHU DUH RI KLJK LQWHUHVW, VLQFH WKHVH
V\VWHPV FRQVLVWHQWO\ RXWSHUIRUP WKH FDWDO\VWV ZLWK DQ LUUHGXFLEOH VXSSRUW (KLJKHU DFWLYLW\ DQG
VHOHFWLYLW\). >1@ %XW XQGHUVWDQGLQJ WKH DFWLYH VWUXFWXUH RI WKHVH V\VWHPV SURYHG WR EH H[WUHPHO\
FKDOOHQJLQJ: 7KH JDV DWPRVSKHUH VWURQJO\ LQWHUDFWV ZLWK WKH FDWDO\VW VXUIDFH, IRUPLQJ D G\QDPLF
HTXLOLEULXP, ZKLFK LV LPSRVVLEOH WR XQGHUVWDQG XVLQJ FODVVLFDO FDOFXODWLRQV, RU VWDWH-RI-WKH-DUW LQ-
VLWX VSHFWURVFRS\. >2@ 7KLV UHTXLUHV XV WR ORRN EH\RQG VWDWLF FDOFXODWLRQV ZLWK VODE PRGHOV DQG
XQGHUVWDQG WKH G\QDPLFV RI WKH V\VWHP RQ D PLFURVFRSLF, IXQGDPHQWDO OHYHO. +HUHLQ, ZH XVHG DE
LQLWLR PROHFXODU G\QDPLFV ($,0') LQ FRPELQDWLRQ ZLWK 0HWDG\QDPLFV (07') >3@ WR H[SORUH
VWUXFWXUDOO\ GLVWULFW FRQILJXUDWLRQ RI &X*D QDQRSDUWLFOHV (13V) DQG HYDOXDWH WKHLU IUHH HQHUJ\. :LWK
WKLV DSSURDFK, ZH FRXOG UDWLRQDOLVH WKH VWUXFWXUH RI WKHVH 13V ZLWK GLIIHUHQW FRQFHQWUDWLRQV RI *D
(a10% WR a50 %), ERWK XQGHU R[LGLVLQJ FRQGLWLRQV (&22 K\GURJHQDWLRQ RU DLU) DQG UHGXFLQJ
FRQGLWLRQV (&2 K\GURJHQDWLRQ RU +2). )RU ORZ *D-ORDGLQJV LQ YDFXXP, *D-LVODQGV DUH IRUPHG RQ WKH
SDUWLFOH VXUIDFH, ZKLFK JURZ ZKHQ WKH *D-FRQWHQW LQFUHDVHV XQWLO D IXOO RYHUOD\HU LV REWDLQHG. ,I
WKHVH SDUWLFOH DUH H[SRVHG WR D PRUH R[LGLVLQJ DWPRVSKHUH, WKH *D-LVODQGV/RYHUOD\HUV DUH R[LGLVHG
WR D VXER[LGH, SDUWLDOO\ RU IXOO\ FRYHULQJ WKH &X 13V.

7KHVH ILQGLQJV DOORZHG XV WR UH-H[DPLQH SUHYLRXVO\ PHDVXUHG ;$6 GDWD RI &X*D 13V ZLWK GLIIHUHQW
ORDGLQJV RI *D, ZKLFK VKRZHG VRPH LUUHJXODULWLHV ZLWK UHJDUGV WR WKH (;$)6 FRRUGLQDWLRQ QXPEHU,
HVSHFLDOO\ ZKHQ FRQVLGHULQJ WKH REVHUYHG SDUWLFOH VL]H. 8VLQJ WKH GDWD REWDLQHG E\ 07', ZH FRXOG
FRQVWUXFW D QHZ PRGHO ZLWK D SDUWLDO FRUH-VKHOO VWUXFWXUH, ZKLFK QRW RQO\ UHVROYHV WKH FRQIOLFW IURP
WKH ;$6 GDWD, EXW DOVR UDWLRQDOLVHV ZK\ *D DFWV DV D SURPRWHU IRU ORZ FRQFHQWUDWLRQV ZKLOH
EHFRPLQJ D SRLVRQ DW KLJKHU FRQFHQWUDWLRQV. 7KLV VKRZV WKDW E\ FRPELQLQJ LQ-VLWX ;$6 DQG 07',
WKH OLPLWDWLRQ RI SXUH H[SHULPHQWDO VHWXSV DV ZHOO DV FODVVLFDO VODE FDOFXODWLRQV FDQ EH RYHUFRPH
DQG WKH FDWDO\WLF V\VWHPV FDQ EH XQGHUVWRRG RQ D PRUH IXQGDPHQWDO OHYHO.

>1@ (. /DP, HW DO., -. &DWDO., 2021, 394, 266-272.
>2@ $. 0¾OOHU, HW DO., VXEPLWWHG PDQXVFULSW, 2022.
>3@ $. %DUGXFFL, HW DO., :,5(V &RPSXW 0RO 6FL, 2011, 1, 826-843.
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6ROYDWLRQ )UHH (QHUJLHV LQ 6XEV\VWHP 'HQVLW\ )XQFWLRQDO 7KHRU\

0. %HQVEHUJ1, 3. /. 7¾UWVFKHU1, -. 3. 8QVOHEHU1, 0. 5HLKHU1*, -. 1HXJHEDXHU2*

1(7+ =¾ULFK, /DERUDWRULXP I¾U 3K\VLNDOLVFKH &KHPLH, 9ODGLPLU-3UHORJ-:HJ 2, 8093 =¾ULFK,
6ZLW]HUODQG, 27KHRUHWLVFKH 2UJDQLVFKH &KHPLH, 2UJDQLVFK-&KHPLVFKHV ,QVWLWXW, &HQWHU IRU

0XOWLVFDOH 7KHRU\ DQG &RPSXWDWLRQ, :HVWI¦OLVFKH :LOKHOPV-8QLYHUVLW¦W 0¾QVWHU, &RUUHQVVWUD¡H 36,
48149 0¾QVWHU, *HUPDQ\

7KH DFFXUDWH PRGHOLQJ RI VROYDWLRQ HIIHFWV RQ FKHPLFDO UHDFWLRQV LQ VROXWLRQ LV NH\ IRU UHOLDEOH
SUHGLFWLRQ RI UHDFWLRQ PHFKDQLVPV DQG PROHFXODU SURSHUWLHV LQ JHQHUDO. +RZHYHU, WKH VWHHS
LQFUHDVH LQ FRPSXWDWLRQDO FRVW ZLWK WKH QXPEHU RI PROHFXOHV LQ TXDQWXP FKHPLFDO FDOFXODWLRQV
OLPLWV WKH QXPEHU RI H[SOLFLW VROYHQW PROHFXOHV WKDW FDQ EH LQFOXGHG VLJQLILFDQWO\. ,Q WKLV ZRUN >1@,
ZH SURSRVH D PLFUR-VROYDWLRQ DQVDW] IRU WKH TXDQWXP PHFKDQLFDO GHVFULSWLRQ RI VROYHQW–VROYHQW
DQG VROYHQW-VROXWH LQWHUDFWLRQV EDVHG RQ VXEV\VWHP GHQVLW\ IXQFWLRQDO WKHRU\ (V')7) DQG WKH
FRQGXFWRU-OLNH SRODUL]DEOH FRQWLQXXP PRGHO.

&RQYHUJHQFH RI WKH VROYDWLRQ IUHH HQHUJ\ ZLWK WKH QXPEHU RI VROYHQW PROHFXOHV.

7KLV QHZ K\EULG PRGHO LV DEOH WR LQFOXGH PRUH WKDQ RQH KXQGUHG VROYHQW PROHFXOHV DW PRGHUDWH
FRPSXWDWLRQDO FRVW, LQFOXGLQJ WKH VDPSOLQJ RI WKH VROYHQW FRQILJXUDWLRQV. )XUWKHUPRUH, WKH V')7-
EDVHG GHVFULSWLRQ RI WKH VROYHQW-VROXWH LQWHUDFWLRQ QDWXUDOO\ GH-
FRPSRVHV WKH HOHFWURQLF VWUXFWXUH LQ WHUPV RI VROXWH DQG VROYHQW, ZKLFK ZH XVH WR GHFRPSRVH WKH
LQWHUDFWLRQ HQHUJ\ DQG GLUHFWO\ FDOFXODWH WKH IUHH HQHUJ\ RI VROYDWLRQ. :H GHPRQVWUDWH WKH
DFFXUDF\ RI RXU K\EULG PRGHO E\ LQYHVWLJDWLQJ WKH UHDFWLRQ HQHUJLHV
DQG EDUULHUV RI WKH 0HQVKXWNLQ UHDFWLRQ RI FKORURPHWKDQH ZLWK DPPRQLD DV ZHOO DV WKH
LQWUDPROHFXODU &ODLVHQ UHDUUDQJHPHQW RI S-WRO\O HWKHU DQG FRPSDUH GLIIHUHQW VDPSOLQJ DSSURDFKHV
IRU WKH VROYHQW FRQILJXUDWLRQV.

>1@ 0RULW] %HQVEHUJ, 3DXO /. 7¾UWVFKHU, -DQ 3. 8QVOHEHU, 0DUNXV 5HLKHU, -RKDQQHV 1HXJHEDXHU, -.
&KHP. 7KHRU\ &RPSXW., 2022 18, 723–740
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5HJUHVVLRQ 7UDQVIRUPHU: &RQFXUUHQW VHTXHQFH UHJUHVVLRQ DQG JHQHUDWLRQ IRU PROHFXODU
ODQJXDJH PRGHOLQJ

-. %RUQ1,2, 0. 0DQLFD1*

1,%0 5HVHDUFK (XURSH, 2(7+ =XULFK

'HVSLWH VLJQLILFDQW SURJUHVV RI JHQHUDWLYH PRGHOV LQ WKH QDWXUDO VFLHQFHV, WKHLU
FRQWUROODELOLW\ UHPDLQV D NH\ FKDOOHQJH. 2QH IXQGDPHQWDOO\ PLVVLQJ DVSHFW RI PROHFXODU RU SURWHLQ
JHQHUDWLYH PRGHOV LV DQ LQGXFWLYH ELDV WKDW FDQ UHIOHFW FRQWLQXRXV SURSHUWLHV RI LQWHUHVW. 7R WKDW
HQG, ZH SURSRVH WKH 5HJUHVVLRQ 7UDQVIRUPHU (57), D QRYHO PHWKRG
WKDW DEVWUDFWV UHJUHVVLRQ DV D FRQGLWLRQDO VHTXHQFH PRGHOLQJ SUREOHP. 7KXV, WKH 57 LQWURGXFHV D
QHZ SDUDGLJP RI PXOWLWDVN PDVNHG ODQJXDJH PRGHOV WKDW VHDPOHVVO\ EULGJH VHTXHQFH UHJUHVVLRQ
DQG FRQGLWLRQDO VHTXHQFH JHQHUDWLRQ WDVNV.

)LUVW, ZH WKRURXJKO\ GHPRQVWUDWH WKDW, GHVSLWH XVLQJ D QRPLQDO-VFDOH WUDLQLQJ REMHFWLYH, WKH
57 PDWFKHV RU VXUSDVVHV WKH SHUIRUPDQFH RI FRQYHQWLRQDO UHJUHVVLRQ PRGHOV LQ VPDOO PROHFXOH DV
ZHOO DV SURWHLQ SURSHUW\ SUHGLFWLRQ WDVN. &ULWLFDOO\, SULPLQJ WKH VDPH PRGHO ZLWK FRQWLQXRXV
SURSHUWLHV \LHOGV D KLJKO\ FRPSHWLWLYH FRQGLWLRQDO JHQHUDWLYH PRGHO WKDW RXWSHUIRUPV VSHFLDOL]HG
DSSURDFKHV LQ D VXEVWUXFWXUH-FRQVWUDLQHG, SURSHUW\-GULYHQ PROHFXOH JHQHUDWLRQ EHQFKPDUN E\ !
100%. 2XU GLFKRWRPRXV DSSURDFK LV IDFLOLWDWHG ZLWK D QRYHO, DOWHUQDWLQJ WUDLQLQJ VFKHPH WKDW LV
HYHQ VKRZQ WR EHQHILW WH[W JHQHUDWLRQ LQ QDWXUDO ODQJXDJH WDVNV.

,Q VXP, WKH 5HJUHVVLRQ 7UDQVIRUPHU LV WKH ILUVW UHSRUW RI D “VZLVV DUP\ NQLIH” PRGHO WKDW
FRQFXUUHQWO\ H[FHOV DW SUHGLFWLYH DQG JHQHUDWLYH WDVNV LQ ELRFKHPLVWU\. 7KLV ILQGV SDUWLFXODU
DSSOLFDWLRQ LQ SURSHUW\-GULYHQ, ORFDO H[SORUDWLRQ RI WKH FKHPLFDO RU SURWHLQ VSDFH.
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5DWLRQDOL]LQJ 6WHUHRVHOHFWLYH 0HPEUDQH 3HUPHDELOLW\ RI 0XWDQREDFWLQ ' DQG 6\QWKHWLF
$QDORJXHV ZLWK 0ROHFXODU '\QDPLF 6LPXODWLRQV

3. %UDQGO1, $. $OEHUWLQL1, 6. /LQNHU1, ). 3XOWDU1, 6. 5LQLNHU1*

1'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK, 9ODGLPLU-3UHORJ-:HJ 2, 8093
=¾ULFK, 6ZLW]HUODQG

0XWDQREDFWLQV DUH VHPLSHSWLGLF PDFURF\FOHV SURGXFHG E\ 6WUHSWRFRFFXV PXWDQV WKDW LPSDFW WKH
\HDVW-P\FHOLXP WUDQVLWLRQ RI &DQGLGD DOELFDQV. >1,2@ $PRQJ YDULRXV PXWDQREDFWLQ PHWDEROLWHV,
PXWDQREDFWLQ ' KDV WKH VWURQJHVW LQKLELWRU\ HIIHFW RQ &. DOELFDQV ELRILOP IRUPDWLRQ. >3@ :KLOH LWV
PHFKDQLVP RI DFWLRQ LV QRW \HW IXOO\ UHVROYHG, WKDW VDPH ZRUN VXJJHVWV WKDW WKH FRQIRUPDWLRQDO
HQVHPEOHV, ZKLFK DUH DFFHVVLEOH WR WKH FRPSRXQGV GHSHQGLQJ RQ WKHLU VSHFLILF VWHUHRFKHPLVWU\,
DUH GHFLVLYH IRU WKHLU DFWLYLW\.
7KLV ZRUN DLPV WR LQYHVWLJDWH FRQIRUPDWLRQDO FKDQJHV LQ 0XWDQREDFWLQ ', LWV VWHUHRLVRPHUV DQG
RWKHU V\QWKHWLF DQDORJXHV XSRQ LQWHUDFWLRQ ZLWK WKH IXQJDO FHOO PHPEUDQH. 3UHYLRXV ZRUNV KDYH
VXFFHVVIXOO\ OLQNHG LPSURYHG FHOO SHUPHDWLRQ, ZKLFK LV D SUHUHTXLVLWH IRU ELRDFWLYLW\, WR WKH
H[LVWHQFH RI FRQJUXHQW FRQIRUPDWLRQDO VWDWHV EHWZHHQ WKH PDFURF\FOHV’ FRQIRUPDWLRQDO HQVHPEOHV
LQ SRODU DQG DSRODU HQYLURQPHQWV. >4,5@ :H KHQFH H[SORUH WKH FRQIRUPDWLRQDO VSDFH RI WKHVH
PDFURF\FOHV LQ SRODU DQG DSRODU HQYLURQPHQWV, QDPHO\ ZDWHU DQG FKORURIRUP, ZLWK WKH KHOS RI
PROHFXODU G\QDPLF VLPXODWLRQV. 7R FDSWXUH GLIIHUHQFHV LQ WKH HQVHPEOH SRSXODWLRQV DQG NLQHWLFV
EHWZHHQ GLIIHUHQW VROYHQWV ZH SHUIRUP D WKRURXJK VWDWLVWLFDO DQDO\VLV EDVHG RQ D 0DUNRY-6WDWH-
0RGHOV IUDPHZRUN.
)XUWKHUPRUH, ZH FRQVWUXFW D PRGHO V\VWHP FRQVLVWLQJ RI WKH PDFURF\FOHV DW DQ +22/&+&O3
LQWHUIDFH WR HOXFLGDWH WKH FRQIRUPDWLRQDO PHFKDQLVP ZKLFK IDFLOLWDWH D PHPEUDQH FURVVLQJ.
5HIHUHQFH >6@ VKRZHG WKDW PRGHOLQJ WKH LQWHUDFWLRQV DW WKLV VLPSOHU SRODU/DSRODU LQWHUIDFH VHUYHV
DV D JRRG SUR[\ IRU VLPXODWLQJ WKH PRUH GHWDLOHG PRGHO XVLQJ D 323& OLSLG ELOD\HU. $V D QH[W VWHS
ZH EXLOG WKH ODWWHU PRUH DGYDQFHG PRGHO EDVHG RQ WKH VWUXFWXUDO SUHIHUHQFHV LGHQWLILHG DW WKH
+22/&+&O3 LQWHUIDFH. :LWK WKHVH FRPSXWDWLRQDO VHWXSV RI LQFUHDVLQJ VL]H DQG FRPSOH[LW\ ZH
UDWLRQDOL]H WKH VWHUHR-VHOHFWLYH SHUPHDELOLW\ DQG DFWLYLW\ REVHUYHG LQ WKH 0XWDQREDFWLQ '
DQDORJXHV.

>1@ &KHQJJDQJ :X, 5REHUW &LFKHZLF], <LKRQJ /L, -LQPDQ /LX, %UXFH 5RH, -RVHSK )HUUHWWL, -XVWLQ
0HUULWW, )HQJ[LD 4L, $SSOLHG DQG HQYLURQPHQWDO PLFURELRORJ\, 2010, 76, 5815–5826.
>2@ 3. 0DWWKHZ -R\QHU, -LQPDQ /LX, =KLMXQ =KDQJ, -XVWLQ 0HUULWW, )HQJ[LD 4L, 5REHUW +. &LFKHZLF],
2UJDQLF & ELRPROHFXODU FKHPLVWU\, 2010, 8, 5486–5489.
>3@ )HOL[ 3XOWDU, 0RULW] (. +DQVHQ, 6XVDQQH :ROIUXP, /HQQDUG %¸VHOW, 5LFDUGR )UµLV-0DUWLQV,
6XVDQQH %ORFK, $OEHUWR *. .UDYLQD, 'HUHQ 3HKOLYDQRJOX, &KULVWLQD 6FK¦IIHU, 6DORP« /HLEXQG*XW-
/DQGPDQQ, 6HUHLQD 5LQLNHU, (ULFN 0. &DUUHLUD, -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\, 2021,
143, 10389–10402.
>4@ -DJQD :LWHN, 6KX]KH:DQJ, %HQMDPLQ 6FKURHGHU, 5RELQ /LQJZRRG, $QGUHDV 'RXQDV, +DQV--¸UJ
5RWK, 0DULDQQH )RXFK«, 0DUNXV %ODWWHU, 2OLYHU /HPNH, %HWWLQD .HOOHU, 6HUHLQD 5LQLNHU, -RXUQDO
RI FKHPLFDO LQIRUPDWLRQ DQG PRGHOLQJ, 2019, 59, 294–308.
>5@ 6KX]KH :DQJ, *HUKDUG .¸QLJ, +DQV--¸UJ 5RWK, 0DULDQQH )RXFK«, 6WHSKDQH 5RGGH, 6HUHLQD
5LQLNHU, -RXUQDO RI PHGLFLQDO FKHPLVWU\, 2021, 64, 12761–12773.
>6@ 6WHSKDQLH 0. /LQNHU, &KULVWLDQ 6FKHOOKDDV, %HQMDPLQ 5LHV, +DQV--¸UJ 5RWK, 0DULDQQH )RXFK«,
6WHSKDQH 5RGGH, 6HUHLQD 5LQLNHU, 56& $GYDQFHV, 2022, 12, 5782–5796.
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0ROHFXODU )UDPHZRUN $QDO\VLV RI WKH 'UXJ-OLNH &KHPLFDO 6SDFH

<. %XHKOHU1, -. /. 5H\PRQG1*

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

$EVWUDFW: 0LOOLRQV RI RUJDQLF PROHFXOHV RI LQWHUHVW IRU GUXJ GLVFRYHU\ DUH DYDLODEOH LQ SXEOLF
GDWDEDVHV VSDQQLQJ IURP VPDOO IUDJPHQWV WR VFUHHQLQJ FRPSRXQGV DQG QDWXUDO SURGXFWV. ,Q 1996
%HPLV DQG 0XUFNR SURSRVHG WR FODVVLI\ GUXJ PROHFXOHV DFFRUGLQJ WR WKHLU PROHFXODU IUDPHZRUNV,1
ZKLFK DUH ZKDW UHPDLQV DIWHU LWHUDWLYHO\ UHPRYLQJ DOO WHUPLQDO DWRPV IURP D PROHFXOH DQG
FRQYHUWLQJ DOO DWRPV WR FDUERQ DQG DOO ERQGV WR VLQJOH ERQGV. +HUH ZH SUHVHQW D ODUJH VFDOH
FRPSDULVRQ RI WKH PROHFXODU IUDPHZRUNV RFFXUULQJ LQ PROHFXOHV IURP 3XE&KHP (101 PLOOLRQ
PROHFXOHV LQ WKH SXEOLF GRPDLQ, ZLWK KHDY\ DWRP FRXQW QRW JUHDWHU WKDQ 50),2 =,1& (886 PLOOLRQ
FRPPHUFLDOO\ DYDLODEOH VFUHHQLQJ FRPSRXQGV),3 &2&2187 (401,624 QDWXUDO SURGXFWV DQG QDWXUDO
SURGXFW-OLNH PROHFXOHV)4 DQG *'%13 (977 PLOOLRQ SRVVLEOH RUJDQLF PROHFXOHV XS WR 13 DWRPV).5 :H
LGHQWLI\ WKH PRVW IUHTXHQW PROHFXODU IUDPHZRUNV VKDUHG E\ DOO IRXU GDWDEDVHV, DV ZHOO DV
PROHFXODU IUDPHZRUNV XQLTXH WR HDFK RI WKH IRXU GDWDEDVHV ()LJXUH 1). 7KLV FRPSDUDWLYH DQDO\VLV
VKRZV WKDW D YHU\ YDVW FKHPLFDO VSDFH UHPDLQV HQWLUHO\ XQH[SORUHG HYHQ DW WKH OHYHO RI YHU\ VPDOO
RUJDQLF IUDJPHQWV VXFK DV WKRVH LQ *'%13.

.H\ZRUGV: 0ROHFXODU IUDPHZRUN; &KHPLFDO VSDFH; 6WUXFWXUDO GLYHUVLW\; 'UXJ GLVFRYHU\

>1@ *X\ :. %HPLV, 0DUN $. 0XUFNR, -. 0HG. &KHP., 1996, 39, 2887-2893. 
>2@ 6XQJKZDQ .LP, -LH &KHQ, 7LHMXQ &KHQJ, $VWD *LQGXO\WH, -LD +H, 6LTLDQ +H, 4LQJOLDQJ /L,
%HQMDPLQ $ 6KRHPDNHU, 3DXO $ 7KLHVVHQ, %R <X, /HRQLG =DVODYVN\, -LDQ =KDQJ, (YDQ ( %ROWRQ,
1XFOHLF $FLGV 5HVHDUFK, 2019, 47, '1102-'1109.
>3@ -RKQ -. ,UZLQ, .KDQK *. 7DQJ, -HQQLIHU <RXQJ, &KLQ]RULJ 'DQGDUFKXOXXQ, %HQMDPLQ 5. :RQJ,
0XQNK]XO .KXUHOEDDWDU, <XULL 6. 0RUR], -RKQ 0D\ILHOG, DQG 5RJHU $. 6D\OH, -. &KHP. ,QI. 0RGHO.,
2020, 60, 6065-6073.
>4@ 0DULD 6RURNLQD, 3HWHU 0HUVHEXUJHU, .RKXODQ 5DMDQ, 0HKPHW $]L] <LULN DQG &KULVWRSK 6WHLQEHFN,
-. &KHPLQI., 2021, 13, 2.
>5@ /RUHQ] &. %OXP, -HDQ-/RXLV 5H\PRQG, -. $P. &KHP. 6RF., 2009, 131, 8732-8733.
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(IILFLHQW OLQHDU-UHVSRQVH 7'')7 LPSOHPHQWDWLRQ IRU FRUH-OHYHO VSHFWURVFRS\ RI ODUJH
DQG SHULRGLF V\VWHPV

$. %XVV\1

18QLYHUVLW\ RI =XULFK

;-UD\ DEVRUSWLRQ VSHFWURVFRS\ (;$6) LV D SRSXODU WRRO WR SUREH WKH ORFDO JHRPHWULF DQG HOHFWURQLF
VWUXFWXUH RI PDWWHU. 7R FRPSOHPHQW PHDVXUHPHQWV, FDOFXODWLRQV EDVHG RQ H[FLWHG VWDWH PHWKRGV
VXFK DV WLPH-GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ (7'')7) DUH XVXDOO\ QHHGHG.

7KHUHIRUH, ZH UHFHQWO\ LPSOHPHQWHG D QHZ 7'')7 EDVHG ;$6 VLPXODWLRQ PHWKRG LQ WKH &32.
VRIWZDUH SDFNDJH. 7KH PHWKRG H[SORLWV WKH ORFDOL]HG QDWXUH RI FRUH HOHFWURQLF VWDWHV DQG *DXVVLDQ
EDVLV VHWV E\ XVLQJ D UHVWULFWHG UHVROXWLRQ RI WKH LGHQWLW\ (5,) VFKHPH, DOORZLQJ IRU HIILFLHQW
FDOFXODWLRQ RI ODUJH DQG SHULRGLF V\VWHPV.

;$6 7'')7 FRUUHFWO\ UHSURGXFHV WKH VSDFLQJ DQG UHODWLYH LQWHQVLWLHV RI H[SHULPHQWDO VSHFWUDO
IHDWXUHV, EXW DEVROXWH HQHUJLHV DUH RII. 7R PDWFK H[SHULPHQWV, WKH VSHFWUXP LV XVXDOO\ ULJLGO\
VKLIWHG, HLWKHU HPSLULFDOO\ RU EDVHG RQ VRPH VHSDUDWH ̩6&) FDOFXODWLRQ. :H WDFNOH WKLV SUREOHP
GLIIHUHQWO\ DQG SURSRVH DQ LQWHJUDWHG IXOO\ DE-LQLWLR *: FRUUHFWLRQ VFKHPH WKDW OHYHUDJHV WKH VDPH
HIILFLHQW 5, DSSURDFK DV WKH EDVH 7'')7 FDOFXODWLRQ.
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$FFHVVLQJ WKH FRPSOH[ IUHH HQHUJ\ ODQGVFDSH RI DQ\ (SKRWRVZLWFKDEOH) RUJDQRFDWDO\VWV
ZLWK D TXDQWXP FKHPLFDO DFFXUDF\

). &HOHUVH1, 5. )DEUHJDW1, 6. 9HOD1, 6. *DOODUDWL1, &. &RUPLQERHXI1,2*

1(3)/, /DERUDWRU\ RI &RPSXWDWLRQDO 0ROHFXODU 'HVLJQ, ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG
(QJLQHHULQJ, 21DWLRQDO &HQWHU RI &RPSHWHQFH LQ 5HVHDUFK-&DWDO\VLV (1&&5-FDWDO\VLV)

3KRWRVZLWFKDEOH RUJDQRFDWDO\VWV FRQVWLWXWH DQ DSSHDOLQJ DOWHUQDWLYH WR VWDQGDUG FDWDO\VWV, ZKLFK
DIIRUG HQKDQFHG FRQWURO RI WKH VSDWLDO RULHQWDWLRQ RI WKH UHDJHQWV WKURXJK WKH XVH RI D PROHFXODU
SKRWRVZLWFKLQJ XQLW. <HW, PDQ\ WHFKQLFDO DQG VFLHQWLILF TXHVWLRQV UHPDLQ WR HQVXUH WKDW WKH
GLIIHUHQW FRQILJXUDWLRQDO VWDWHV (21/2)), L.H., DFWLYH/LQDFWLYH) DUH LQGHHG FDSDEOH RI FRQWUROOLQJ
FDWDO\WLF DFWLYLW\ DQG VHOHFWLYLW\. 6RPH RI WKHVH FKDOOHQJHV DUH LGHDOO\ VXLWHG WR EH UHVROYHG LQ VLOLFR
XQGHU WKH FRQGLWLRQV WKDW QHZ TXDQWXP FKHPLVWU\ DSSURDFKHV DUH GHYHORSHG.

:LWKLQ WKLV FRQWH[W, RQH RI WKH PDLQ REMHFWLYHV UHTXLUHV WKH GHYHORSPHQW RI PHWKRGV WKDW SURPRWH
WKH WKRURXJK H[SORUDWLRQ RI WKH IUHH-HQHUJ\ ODQGVFDSHV RI DQ\ SKRWRVZLWFKDEOH V\VWHPV. :LWKLQ
WKLV ZRUN, ZH VSHFLILFDOO\ DGYDQFH VWDWH-RI-WKH-DUW DWRPLVWLF PDFKLQH OHDUQLQJ WHFKQLTXHV WR KDYH
DFFHVV WR WKH IUHH HQHUJ\ ODQGVFDSHV RI DQ\ IOX[LRQDO RUJDQLF PROHFXOHV DW D FRVW RUGHUV RI
PDJQLWXGH VPDOOHU WKDQ ZLWK WKH H[SOLFLW TXDQWXP FKHPLFDO FRPSXWDWLRQV. 3ODFLQJ HPSKDVLV RQ
WKH WUDQVIHUDELOLW\ RI WKH PRGHO, ZH DFKLHYH WKLV JRDO E\ ILUVW EXLOGLQJ DQ H[WHQVLYH GDWDEDVH
UHSUHVHQWDWLYH RI VWUXFWXUDOO\ DQG FKHPLFDOO\ GLYHUVH FKDUDFWHULVWLF RUJDQLF PRLHWLHV. :H WKHQ
VKRZ KRZ VXFK D GDWDVHW FDQ EH XVHG WR WUDLQ D VSDUVH ORFDO NHUQHO UHJUHVVLRQ (/.5) PRGHO >1@ WR
H[SORUH FRPSOH[ IUHH HQHUJ\ ODQGVFDSHV RI WKH FRQILJXUDWLRQDO VWDWHV RI SKRWRVZLWFKDEOH
RUJDQRFDWDO\VWV.

>1@ 5DLPRQ )DEUHJDW, $OEHUWR )DEUL]LR, (GJDU (QJHO, %HQMDPLQ 0H\HU, 9HURQLND -XUDVNRYD, 0LFKHOH
&HULRWWL, & &OHPHQFH &RUPLQERHXI, -RXUQDO RI &KHPLFDO 7KHRU\ DQG &RPSXWDWLRQ, 2022, 18(3),
1467-1479.
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3UHGLFWLQJ 0XOWLSOH /LJDQG %LQGLQJ $IILQLWLHV IURP 6LQJOH $OFKHPLFDO )UHH (QHUJ\
&DOFXODWLRQV

&. &KDPSLRQ1, 5. *DOO1, %. 5LHV1, 6. 5LHGHU1, (. 3. %DUURV1, 6. 5LQLNHU1*

1(7+ =XULFK, /DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, 9ODGLPLU 3UHORJ :HJ 2, 8093 =XULFK

&RPSXWDWLRQDO FKHPLVWU\ KDV EHFRPH DQ LPSRUWDQW WRRO LQ YLUWXDOO\ DOO VWDJHV RI WKH GUXJ
GLVFRYHU\ SURFHVV. 7KH SUHGLFWLRQ RI ELQGLQJ DIILQLWLHV LQ VLOLFR GXULQJ WKH OHDG RSWLPL]DWLRQ SKDVH
UHGXFHV FRVWV VLJQLILFDQWO\ DOORZLQJ WR IRFXV V\QWKHWLF HIIRUWV RQ WKH PRVW SURPLVLQJ FRPSRXQGV.
7KH URXWLQH FDOFXODWLRQ RI ULJRURXV SURWHLQ-OLJDQG ELQGLQJ DIILQLWLHV IURP PROHFXODU G\QDPLFV
(0') VLPXODWLRQV KDYH RQO\ EHFRPH IHDVLEOH LQ LQGXVWU\ LQ WKH ODVW IHZ \HDUV GXH WR WKHLU
FRPSDUDWLYHO\ KLJK FRPSXWDWLRQDO FRVWV. 6WDQGDUG DOFKHPLFDO IUHH-HQHUJ\ PHWKRGV UHTXLUH WKH
FDOFXODWLRQ RI (QHDUO\) DOO SDLUZLVH FRPELQDWLRQV RI OLJDQGV WR EH UDQNHG, UHVXOWLQJ LQ D
FRPELQDWRULDO SUREOHP ZKHQ WKH QXPEHU RI OLJDQGV LQFUHDVHV. 7R DGGUHVV WKLV LVVXH, RXU UHVHDUFK
JURXS LV GHYHORSLQJ D PHWKRG WHUPHG UHSOLFD-H[FKDQJH HQYHORSLQJ GLVWULEXWLRQ VDPSOLQJ (5(-('6)
>1–3@, ZKHUH DOO WUDQVIRUPDWLRQV DUH SHUIRUPHG IURP WKH VDPH VLPXODWLRQ, WKXV GHFUHDVLQJ WKH
FRVWV E\ DQ RUGHU RI PDJQLWXGH. 7KHVH FRVW UHGXFWLRQV ZLOO IDFLOLWDWH WKH LQFUHDVHG XSWDNH RI
ULJRURXV IUHH-HQHUJ\ FDOFXODWLRQV LQ LQGXVWU\, DQG FRQWULEXWH WR WKH GHYHORSPHQW RI QHZ VPDOO
RUJDQLF GUXJV. ,Q WKLV WDON, ZH SUHVHQW RXU UHFHQW ZRUN ZLWK 5(-('6, DSSO\LQJ WKH PHWKRG WR D
VHULHV RI NLQDVHV (1,., 3$., &+.1) DQG SUHGLFWLQJ ELQGLQJ IUHH HQHUJLHV ZLWK VLPLODU DFFXUDF\ DV
VWDWH-RI-WKH-DUW PHWKRG (WKHUPRG\QDPLF LQWHJUDWLRQ). :H DOVR GLVFXVV LPSURYHPHQWV PDGH WR RXU
PHWKRGRORJ\ DQG WKH IXOO\ DXWRPDWHG RSHQ-VRXUFH 3\WKRQ SLSHOLQH
(KWWSV://JLWKXE.FRP/ULQLNHUODE/UHHGV).

>1@ 'RPLQLN 6LGOHU, $UWKXU 6FKZDQLJHU, 6HUHLQD 5LQLNHU , -. &KHP. 3K\V., 2016, 145, 154114
>2@ 'RPLQLN 6LGOHU, 0LFKDHO &ULVW´IRO-&ORXJK, 6HUHLQD 5LQLNHU , -. &KHP. 3K\V. 2016, 145, 154114
>3@ %HQMDPLQ 5LHV, .DUO 1RUPDN, 5LFKDUG *UHJRU :HLVV, 6DORP« 5LHGHU, (P¯OLD 3«FRUD GH %DUURV,
&DQGLGH &KDPSLRQ, *HUKDUG .¸QLJ, 6HUHLQD 5LQLNHU , -. &KHP. 3K\V. 2016, 145, 154114
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3*7: $ PDFKLQH OHDUQLQJ PRGHO WR DFFHOHUDWH ,3 JHQHUDWLRQ LQ FKHPLVWU\

'. &KULVWRILGHOOLV1,2

1,%0 5HVHDUFK, 24XHHQ'V 8QLYHUVLW\ %HOIDVW

3DWHQWV DUH D YDOXDEOH VRXUFH RI NQRZOHGJH EXW GUDIWLQJ WKHP LV D WLPH-FRQVXPLQJ DQG H[SHQVLYH
WDVN. 0HWKRGV WKDW DVVLVW SDWHQW JHQHUDWLRQ FDQ SURYLGH D WZR-IROG LPSURYHPHQW DV WKH\ FDQ VSHHG
XS WKH JHQHUDWLRQ SURFHVV DQG VXJJHVW WR WKH LQYHQWRU LGHDV DQG FODLPV. +HUHLQ, LQIOXHQFHG E\
UHFHQW DGYDQFHV LQ ODQJXDJH PRGHOLQJ YLD PXOWLWDVN OHDUQLQJ DQG SURPSW HQJLQHHULQJ, ZH SUHVHQW
3DWHQW *HQHUDWLYH 7UDQVIRUPHU (3*7), D WUDQVIRUPHU-EDVHG ODQJXDJH PRGHO WUDLQHG WR IDFLOLWDWH
SDWHQW GUDIWLQJ. 6SHFLILFDOO\, WKH PRGHO VXSSRUWV WKUHH WDVNV: SDUW-RI-SDWHQW JHQHUDWLRQ, WH[W
LQILOOLQJ, DQG SDWHQW FRKHUHQFH HYDOXDWLRQ. 3*7 FRPSOHPHQWV LQYHQWRUV DQG DVVXUHV WKH IDVW DQG
VXFFHVVIXO WUDQVLWLRQ IURP WKHLU LQSXW WR D FRKHUHQW SDWHQW GLVFORVXUH WDNLQJ DGYDQWDJH RI LWV
PXOWLWDVNLQJ QDWXUH. )RFXVLQJ RQ WKH DSSOLFDWLRQV RI WKH PRGHO LQ WKH FKHPLVWU\ ILHOG, ZH H[DPLQH
LWV SHUIRUPDQFH WR JHQHUDWH FKHPLVWU\-UHODWHG SDWHQW WH[WV. :H DOVR H[DPLQH WR ZKDW H[WHQW WKH
PRGHO FDQ VXJJHVW LGHDV IRU WKH EURDGHU FKHPLVWU\ ILHOG LQ D ]HUR-VKRW VHWWLQJ.
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&KHPLFDO VKLIW-GHSHQGHQW LQWHUDFWLRQ PDSV LQ PROHFXODU VROLGV

0. &RUGRYD1,2, /. (PVOH\1,2*

1,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/),
/DXVDQQH, 6ZLW]HUODQG, 21DWLRQDO &HQWUH IRU &RPSXWDWLRQDO 'HVLJQ DQG 'LVFRYHU\ RI 1RYHO

0DWHULDOV 0$59(/, ÉFROH 3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), /DXVDQQH, 6ZLW]HUODQG

6ROLG-VWDWH 105, LQ FRPELQDWLRQ ZLWK FRPSXWDWLRQDO PHWKRGV VXFK DV GHQVLW\ IXQFWLRQDO WKHRU\
FKHPLFDO VKLIW FRPSXWDWLRQ DQG FU\VWDO VWUXFWXUH SUHGLFWLRQ (&63) SURFHGXUHV, KDV SURYHQ DEOH WR
GHWHUPLQH WKH FU\VWDO VWUXFWXUH RI RUJDQLF VROLGV. $ PDMRU ERWWOHQHFN RI 105 FU\VWDOORJUDSK\ LV WKH
JHQHUDWLRQ RI FDQGLGDWH VWUXFWXUHV WKURXJK &63, ZKLFK UHTXLUHV VXEVWDQWLDO FRPSXWDWLRQDO
UHVRXUFHV. ([SHULPHQWDOO\ GHWHUPLQHG LQWHUDWRPLF GLVWDQFH FRQVWUDLQWV DUH ZLGHO\ XVHG WR GULYH
VWUXFWXUH GHWHUPLQDWLRQ RI SURWHLQV E\ 105. +HUH, ZH DQDO\VH D GDWDEDVH RI FKHPLFDO VKLIWV
SUHGLFWHG E\ PDFKLQH OHDUQLQJ IRU RYHU 200,000 PROHFXODU FU\VWDOV LQ RUGHU WR LGHQWLI\
LQWHUPROHFXODU LQWHUDFWLRQV LQ FU\VWDOOLQH VROLGV GLUHFWO\ IURP WKH REVHUYHG FKHPLFDO VKLIWV DQG
DVVRFLDWHG DWRPLF VLWH LQ D PROHFXOH. 7KLV DQDO\VLV SURYLGHV WKUHH- GLPHQVLRQDO PDSV RI H[SHFWHG
DWRPLF GHQVLWLHV LQ WKH VROLG VWDWH DURXQG DQ\ FRQIRUPHU, HQDEOLQJ WKH FRQVWUXFWLRQ RI GLVWDQFH
FRQVWUDLQWV WKDW FRXOG DFFHOHUDWH VWUXFWXUH GHWHUPLQDWLRQ E\ VROLG-VWDWH 105.
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,PSOHPHQWDWLRQ RI 1XFOHDU 9HORFLW\ 3HUWXUEDWLRQ DQG 0DJQHWLF )LHOG 3HUWXUEDWLRQ
7KHRU\ LQ &32. DQG 7KHLU $SSOLFDWLRQ WR 9LEUDWLRQDO &LUFXODU 'LFKURLVP

(. 'LWOHU1

18QLYHUVLW\ RI =XULFK

:H SUHVHQW WKH LPSOHPHQWDWLRQ RI WKH QXFOHDU YHORFLW\ SHUWXUEDWLRQ WKHRU\ (1937) DQG WKH
PDJQHWLF ILHOG SHUWXUEDWLRQ WKHRU\ (0)37), XVLQJ YHORFLW\-GHSHQGHQW DWRPLF RUELWDOV DQG JDXJH-
LQFOXGLQJ DWRPLF RUELWDOV, UHVSHFWLYHO\ >1@. 7KH WKHRU\ ZDV LPSOHPHQWHG LQ WKH &32. FRGH SDFNDJH
>2@ ZKLFK LV EDVHG RQ D FRPELQDWLRQ RI *DXVVLDQ-W\SH EDVLV IXQFWLRQV DQG SODQH ZDYHV (*3:) IRU
WKH GHVFULSWLRQ RI WKH HOHFWURQ GHQVLW\ DQG DULVLQJ SRWHQWLDOV. 7KH SUHVHQFH RI QRQ-ORFDO SVHXGR-
SRWHQWLDOV KDV EHHQ FRQVLGHUHG, DV ZHOO DV FRQWULEXWLRQV DULVLQJ IURP WKH EDVLV IXQFWLRQV EHLQJ
FHQWHUHG RQ WKH DWRPV.

7KH DWRPLF SRODU WHQVRUV ($37V) DQG DWRPLF D[LDO WHQVRUV ($$7V) DUH FDOFXODWHG LQ WKH OHQJWK DQG
YHORFLW\ UHSUHVHQWDWLRQV E\ HPSOR\LQJ 'HQVLW\ )XQFWLRQDO 3HUWXUEDWLRQ 7KHRU\ (')37) >3@. ,Q WKH
FDVH RI WKH 193, WKH FRPSOHWH DGLDEDWLF IRUPDOLVP ZDV HPSOR\HG WR FDOFXODWH ,5 DEVRUSWLRQ DQG
9&' VSHFWUD. )RU WKH 0)3 LPSOHPHQWDWLRQ, JDXJH-LQFOXGLQJ DWRPLF RUELWDOV ZHUH XVHG.

7R RXU NQRZOHGJH, WKLV LV WKH ILUVW LPSOHPHQWDWLRQ RI WKH 1937 DQG 0)37 LQ WKH VDPH FRGH. ,W LV
DOVR WKH ILUVW LPSOHPHQWDWLRQ RI WKH 1937 XVLQJ YHORFLW\-LQFOXGLQJ DWRPLF RUELWDOV DQG WKH 0)37 LQ
WKH *3: DSSURDFK. :H GLVFXVV WKH EDVLV VHW FRQYHUJHQFH DQG FRPSDUH ERWK LPSOHPHQWDWLRQV. 

>1@ (. 'LWOHU, 7. =LPPHUPDQQ, &. .XPDU, 6. /XEHU, -. &KHP. 7KHRU\ &RPSXW. 2022, 18, 4, 2448–2461
>2@ -. 9DQGH9RQGHOH, 0. .UDFN, ). 0RKDPHG, 0. 3DUULQHOOR, 7. &KDVVDLQJ, -. +XWWHU, &RPSXWHU 3K\VLFV
&RPPXQLFDWLRQV, 2005, 167, 2, 103-128
>3@ (. 'LWOHU, &. .XPDU, 6. /XEHU, -. &KHP. 3K\V., 2021, 154, 10412
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2Q WKH TXDQWXP FKHPLFDO URRWV RI PROHFXODU VLPLODULW\ GHVFULSWRUV IRU PDFKLQH OHDUQLQJ

6. *XJOHU1, 0. 5HLKHU1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =XULFK, 9ODGLPLU-3UHORJ-:HJ 2, 8093 =XULFK, 6ZLW]HUODQG

0ROHFXODU VLPLODULW\ LV D NH\ FRQFHSW IRU XQGHUVWDQGLQJ DQG UDWLRQDOL]LQJ FKHPLVWU\.>1,2,3@ 7KH
LPSRUWDQFH RI GHVFULSWRUV WKDW PHDVXUH PROHFXODU VLPLODULW\ KDV VHHQ UHQHZHG LQWHUHVW LQ UHFHQW
DSSOLFDWLRQV RI PDFKLQH OHDUQLQJ DSSURDFKHV IRU WKH SUHGLFWLRQ RI PROHFXODU SURSHUWLHV, HVSHFLDOO\
RI HQHUJLHV. :KHUHDV WKHVH DSSURDFKHV W\SLFDOO\ DGGUHVV YDVW DQG KHWHURJHQHRXV UHJLRQV RI
FKHPLFDO VSDFH, WUXO\ VLPLODU PROHFXODU VWUXFWXUHV – VXFK DV WKRVH IRXQG LQ VHTXHQFHV RI UHODWHG
VWUXFWXUH SURGXFHG E\ PROHFXODU G\QDPLFV WUDMHFWRULHV, GXULQJ JHRPHWU\ RSWLPL]DWLRQV, DQG LQ
UHDFWLRQ QHWZRUNV RI HOHPHQWDU\ VWHSV – KDYH KDUGO\ EHHQ WKH WDUJHW RI PROHFXODU VLPLODULW\
DQDO\VHV. $FFRUGLQJO\, GHVFULSWRUV KDYH QRW EHHQ VFUXWLQL]HG DW WKLV YHU\ IXQGDPHQWDO OHYHO. :H
FORVH WKLV JDS E\ SURYLGLQJ D GHWDLOHG LQYHVWLJDWLRQ LQWR PROHFXODU VLPLODULW\ DW WKH OHYHO RI %RUQ-
2SSHQKHLPHU VXUIDFHV DQG FKHPLFDO UHDFWLRQ QHWZRUNV. :H VWDUW RXW IURP EDVLF TXDQWXP FKHPLFDO
H[SUHVVLRQV IRU WKH HOHFWURQLF HQHUJ\ LQ RUGHU WR REWDLQ VLPLODULW\ PHDVXUHV WKDW DUH FOHDUO\ UHODWHG
WR WKH SURSHU TXDQWXP FKHPLFDO EDVLV. :H VKRZ KRZ WKH WKHQ HPHUJLQJ IHDWXUHV FDQ EH UHODWHG WR
H[LVWLQJ VLPLODULW\ PHDVXUHV.

 

>1@ 0DUNXV 5HLKHU, ,VU. -. &KHP. 2021, 62, H202100101.
>2@ *UHJRU 1. 6LPP, 0DUNXV 5HLKHU, -. &KHP. 7KHRU\ &RPSXW. 2018, 14, 5238–5248.
>3@ 6WHIDQ *XJOHU, 0DUNXV 5HLKHU, 2Q WKH TXDQWXP FKHPLFDO URRWV RI PROHFXODU VLPLODULW\
GHVFULSWRUV IRU PDFKLQH OHDUQLQJ, VRRQ RQ DU;LY
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$XWRPDWLF SXUSRVH-GULYHQ EDVLV VHW WUXQFDWLRQ IRU WLPH-GHSHQGHQW +DUWUHH–)RFN DQG
WLPH-GHSHQGHQW GHQVLW\-IXQFWLRQDO WKHRU\

5. +DQ1, -. 0DWWLDW1, 6. /XEHU1*

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

5HDO-WLPH WLPH-GHSHQGHQW GHQVLW\-IXQFWLRQDO WKHRU\ (57-7'')7) DQG OLQHDU UHVSRQVH WLPH-
GHSHQGHQW GHQVLW\-IXQFWLRQDO WKHRU\ (/5-7'')7) DUH WZR LPSRUWDQW DSSURDFKHV, LQ WKH FRQWH[W RI
VLPXODWLQJ HOHFWURQLF VSHFWUD. )RU WKH VDNH RI FRPSXWDWLRQDO HIILFLHQF\, ZH SURSRVH D UREXVW
VFKHPH WR WUXQFDWH WKH DWRPLF RUELWDO ($2) EDVLV VHW EDVHG RQ WKH DQDO\VLV RI WKH WLPH HYROXWLRQ RI
WKH GHQVLW\ PDWUL[ LQ WKH $2 EDVLV GXULQJ WKH UHDO-WLPH SURSDJDWLRQ. 7KH WUXQFDWHG EDVHV DUH
WHVWHG IRU HOHFWURQLF DEVRUSWLRQ VSHFWUD DQG HOHFWURQLF FLUFXODU GLFKURLVP VSHFWUD ZLWK ERWK /5 DQG
57 DSSURDFKHV, DQG SURYLGH DQ DFFHOHUDWLRQ XS WR DQ RUGHU RI PDJQLWXGH ZKLOH WKH VKLIWV RI
H[FLWDWLRQ HQHUJLHV RI LQWHUHVW DUH JHQHUDOO\ ZLWKLQ 0.2 H9.

>1@ 5XRFKHQJ +DQ,  -RKDQQ 0DWWLDW, 6DQGUD /XEHU, LQ SUHSUDWLRQ.
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6FUXWLQL]LQJ 6HPL-HPSLULFDO 0HWKRGV IRU ([FLWHG (OHFWURQLF 6WDWHV

9. .ODVRYLWD1,2, 7. :H\PXWK1,2, 0. 5HLKHU1,2*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =XULFK, 21DWLRQDO &HQWUH RI &RPSHWHQFH LQ 5HVHDUFK
(1&&5) &DWDO\VLV, (7+ =XULFK, =XULFK, 6ZLW]HUODQG

6SHFWUDO VLJQDOV FDQ VHUYH DV GLDJQRVWLF SUREHV IRU LGHQWLI\LQJ DQG FKDUDFWHUL]LQJ PROHFXODU
VWUXFWXUHV. ,Q RXU JURXS, ZH KDYH LPSOHPHQWHG VHPLHPSLULFDO PHWKRGV, FDSDEOH RI FDOFXODWLQJ
LQIUDUHG (,5) DQG XOWUDYLROHW-YLVLEOH (89/9LV) VSHFWUD LQ DQ XOWUD-IDVW IDVKLRQ, LQWR RXU FRPSXWHU
SURJUDP, 6SDUURZ >1@. 7R SUREH WKH SHUIRUPDQFH RI WKHVH PHWKRGV, ZH FDOFXODWH 89/9LV VSHFWUD
ZLWK D VHULHV RI ILUVW-SULQFLSOHV UHIHUHQFH PHWKRGV, VXFK DV WLPH-GHSHQGHQW GHQVLW\ IXQFWLRQDO
WKHRU\ DQG DSSUR[LPDWH FRXSOHG FOXVWHU VLQJOHV DQG GRXEOHV, IRU D VHW RI WHVW V\VWHPV FRQVLVWLQJ RI
SRUSK\ULQ-W\SH VWUXFWXUHV. 7KHVH FDOFXODWLRQV VHUYH DV D EHQFKPDUN WR ZKLFK ZH FRPSDUH WKH
UHVXOWV REWDLQHG ZLWK VHPLHPSLULFDO PHWKRGV. 7KH ILUVW WHVW V\VWHP LV 7HWUDSKHQ\OSRUSK\ULQ (733).
7KH VHFRQG V\VWHP ZH LQYHVWLJDWH LV &REDOW-7HWUDSKHQ\OSRUSK\ULQ (&R733). ,Q D WKLUG WHVW V\VWHP,
ZH LQWURGXFH D OLJDQG, 1-1LWURVRGLPHWK\ODPLQH (1'0$), UHVXOWLQJ LQ &R733 + 1'0$. :H H[DPLQH
KRZ WKH 89/9LV VSHFWUD FDOFXODWHG ZLWK DE LQLWLR PHWKRGV FKDQJH DV ZH PRYH IURP RQH WHVW V\VWHP
WR WKH QH[W, DQG KRZ WKH SHUIRUPDQFH RI VHPLHPSLULFDO PHWKRGV ZLWK UHVSHFW WR FRPSXWDWLRQ WLPH
DQG DFFXUDF\ YDULHV DPRQJ WKHP.

>1@ )UDQFHVFR %RVLD, 7KRPDV :H\PXWK, 0DUNXV 5HLKHU, DU;LY:2204.07534 >SK\VLFV.FKHP-SK@.
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1DYL&DW: &RPSXWDWLRQDO 7RROV WR 1DYLJDWH 0ROHFXODU &DWDO\VW /DQGVFDSH

5. /DSOD]D1,2, 0. '. :RGULFK1,2, 6. 'DV1, 6. *DOODUDWL1, &. &RUPLQERHXI1,2*

1/DERUDWRU\ IRU &RPSXWDWLRQDO 0ROHFXODU 'HVLJQ (/&0'), ,QVWLWXWH RI &KHPLFDO 6FLHQFHV DQG
(QJLQHHULQJ, (FROH 3RO\WHFKQLTXH )HGHUDOH GH /DXVDQQH ((3)/), 1015 /DXVDQQH, 6ZLW]HUODQG, 2
1DWLRQDO &HQWHU IRU &RPSHWHQFH LQ 5HVHDUFK-&DWDO\VLV (1&&5-&DWDO\VLV), (FROH 3RO\WHFKQLTXH

)HGHUDOH GH /DXVDQQH ((3)/), 1015 /DXVDQQH, 6ZLW]HUODQG

:H LQWURGXFH WKH 1DYL&DW (1DYLJDWLQJ &DWDO\VLV) SODWIRUP, ZKLFK DVVHPEOHV LQWHURSHUDEOH
FRPSXWDWLRQDO WRROV WR DFFHOHUDWH FDWDO\VW GLVFRYHU\ DQG RSWLPL]DWLRQ.

1DYL&DW FXUUHQWO\ LQFOXGHV: YROFDQLF, DQ DXWRPDWHG JHQHUDWRU RI YROFDQR SORW DQG
DFWLYLW\/VHOHFWLYLW\ PDSV>1,2@; 1DYL&DW*$, D JHQHWLF DOJRULWKP-EDVHG FDWDO\VW RSWLPL]HU>3@; DQG
(36LP, ZKLFK PHDVXUHV VLPLODULW\ RI FRPSXWHG HQHUJ\ SURILOHV ZLWK UHVSHFW WR WKH LGHDO 6DEDWLHU
FDWDO\VW>4@. 7KHVH WRROV FDQ EH FRXSOHG WR FRQVWUXFW VRSKLVWLFDWHG SLSHOLQHV, LQWHJUDWHG ZLWK RWKHU
S\WKRQ FRGHV, RU XVHG VHSDUDWHO\ DV SRZHUIXO VWDQGDORQH SURJUDPV.

7KH YROFDQLF PRGXOH LV, IRU LQVWDQFH, DEOH WR JHQHUDWH WKHUPRG\QDPLF, NLQHWLF DQG WXUQ-RYHU
IUHTXHQF\ YROFDQR SORWV DQG DFWLYLW\ PDSV UHDGLO\ IURP D KDQGIXO RI FRPSXWHG ')7 HQHUJ\ SURILOHV.
YROFDQLF DXWRPDWLFDOO\ FRQVWUXFWV UREXVW OLQHDU VFDOLQJ UHODWLRQVKLSV, IURP ZKLFK WKH SHUIRUPDQFH
FDQ EH SUHGLFWHG DV D IXQFWLRQ RI VHOHFWHG GHVFULSWRU YDULDEOHV. 7KH JHQHUDWHG PDSV DOORZ WKH XVHU
WR UDWLRQDOL]H FDWDO\WLF SHUIRUPDQFH E\ KLJKOLJKWLQJ WKH OLPLWLQJ IDFWRUV LQ WKH FDWDO\WLF F\FOH, DV
ZHOO DV DVFHUWDLQLQJ JHQHUDO WUHQGV.

3URYLGLQJ D QDWXUDO DFFHVV WR WKH RSWLPXP UHJLRQ RI FDWDO\WLF DFWLYLW\, WKHVH PDSV FDQ DOVR EH XVHG
DV LQH[SHQVLYH ILWQHVV IXQFWLRQV WR GULYH FDWDO\VW RSWLPL]DWLRQ. 6XFK RSWLPL]DWLRQV FDQ EH GRQH E\
GLUHFWO\ LQWHUIDFLQJ YROFDQLF ZLWK 1DYL&DW*$.

2YHUDOO, WKH 1DYL&DW SODWIRUP DLPV DW HODERUDWLQJ RULJLQDO GDWD-GULYHQ WRROV DQG EURDGHQLQJ WKHLU
XVH LQ WKH ILHOG RI FRPSXWDWLRQDO KRPRJHQHRXV FDWDO\VLV.
 

  
>1@ 0. '. :RGULFK, HW DO. $FRXQWV RI &KHPLFDO 5HVHDUFK, 2021, 54, 5, 1107–1117
>2@ 5. /DSOD]D, HW DO. 1DWXUH 3URWRFROV, 2022, $FFHSWHG
>3@ 5. /DSOD]D, HW DO. &KHPLVWU\ - 0HWKRGV, 2022, $FFHSWHG
>4@ 0. '. :RGULFK, HW DO. &KHPLFDO 6FLHQFH, 2020, 11, 12070–12080
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4XDQWLI\LQJ 7XQQHOOLQJ LQ 0ROHFXOHV DQG &OXVWHUV ZLWK ,QVWDQWRQ 7KHRU\

*. /DXGH1, -. 2. 5LFKDUGVRQ1*

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

4XDQWXP WXQQHOOLQJ LV D SKHQRPHPRQ ZKLFK LV HYHU-SUHVHQW LQ D ODUJH QXPEHU RI PROHFXODU
V\VWHPV. ,W FDQ UHVXOW LQ ODUJHU-WKDQ-H[SHFWHG UHDFWLRQ UDWHV, DQG VSOLWWLQJ RI HQHUJ\ OHYHOV DQG
GHORFDOLVDWLRQ. +RZHYHU, XQIDYRXUDEOH VFDOLQJ RI FRPSXWDWLRQDO WLPHV ZLWK UHVSHFW WR V\VWHP VL]H
KDPSHU PDQ\ DWWHPSWV DW TXDQWLI\LQJ WXQQHOOLQJ HIIHFWV LQ PROHFXODU V\VWHPV. :LWK LQVWDQWRQ
WKHRU\, 1,2 RQH ZLOO RQO\ KDYH WR ORFDWH D GRPLQDQW WXQQHOOLQJ SDWKZD\ (FDOOHG WKH LQVWDQWRQ) WR
GHWHUPLQH UHDFWLRQ UDWHV DQG WXQQHOOLQJ VSOLWWLQJV. ,Q FRPELQDWLRQ ZLWK PDFKLQH-OHDUQLQJ
DSSURDFKHV 3,4 DQG D GLYLGH-DQG-FRQTXHU DOJRULWKP IRU HYDOXDWLQJ IOXFWXDWLRQV DORQJ WKH LQVWDQWRQ
SDWKZD\, 7 WKH DSSURDFK EHFRPHV OHVV FRPSXWDWLRQDOO\ GHPDQGLQJ DQG PRUH QXPHULFDOO\ VWDEOH.
:H KDYH QRZ H[WHQGHG LQVWDQWRQ WKHRU\ VXFK WKDW ZH DUH DEOH WR HYDOXDWH WXQQHOOLQJ VSOLWWLQJV LQ
DV\PPHWULF V\VWHPV,5,6 DQG RI YLEUDWLRQDOO\-H[FLWHG VWDWHV.8 :H KDYH DSSOLHG WKHVH QHZ H[WHQVLRQV
WR D VHW RI RQH- DQG WZR-GLPHQVLRQDO V\VWHPV, IRU ZKLFK RXU UHVXOWV FRPSDUH IDYRXUDEO\ ZLWK
QXPHULFDOO\-H[DFW TXDQWXP PHFKDQLFV. )LQDOO\, ZH DSSO\ RXU PHWKRG WR VRPH PXOWLGLPHQVLRQDO
V\VWHPV, QDPHO\, PDORQDOGHK\GH, DQG ͅ–IHQFKRO, DQ DV\PPHWULF ELRPROHFXOH.

>1@ -. 2. 5LFKDUGVRQ, “5LQJ-SRO\PHU LQVWDQWRQ WKHRU\”, ,QW. 5HY. 3K\V. &KHP. 2018, 37, 171-216.
>2@ -. 2. 5LFKDUGVRQ, “3HUVSHFWLYH: 5LQJ-SRO\PHU LQVWDQWRQ WKHRU\”, -. &KHP. 3K\V. 2018, 148,
200901.
>3@ *. /DXGH, '. &DOGHULQL, '. 3. 7HZ DQG -. 2. 5LFKDUGVRQ, “$E LQLWLR LQVWDQWRQ UDWH WKHRU\ PDGH
HIILFLHQW XVLQJ *DXVVLDQ SURFHVV UHJUHVVLRQ”, )DUDGD\ 'LVFXVV. 2018, 212, 237-258.
>4@ *. /DXGH, '. &DOGHULQL, 5. :HOVFK DQG -. 2. 5LFKDUGVRQ, “&DOFXODWLRQV RI TXDQWXP WXQQHOOLQJ
UDWHV IRU 0XRQLXP UHDFWLRQV ZLWK PHWKDQH, HWKDQH DQG SURSDQH”, 3K\V. &KHP. &KHP. 3K\V. 2020,
22, 16843.
>5@ (. -DKU*, *. /DXGH* DQG -. 2. 5LFKDUGVRQ, “,QVWDQWRQ WKHRU\ RI WXQQHOLQJ LQ PROHFXOHV ZLWK
DV\PPHWULF LVRWRSLF VXEVWLWXWLRQV”, -. &KHP. 3K\V. 2020, 153, 094101.
>6@ 0. )LHFKWHU*, *. /DXGH* DQG -. 2. 5LFKDUGVRQ, “3URMHFWHG IOX[ LQVWDQWRQ WKHRU\ IRU WXQQHOOLQJ
EHWZHHQ VOLJKWO\ DV\PPHWULF ZHOOV”, LQ SUHSDUDWLRQ.
>7@ 3. :LQWHU DQG -. 2. 5LFKDUGVRQ, “'LYLGH-DQG-FRQTXHU PHWKRG IRU LQVWDQWRQ UDWH WKHRU\”, -. &KHP.
7KHRU\ &RPSXW., 2019, 15, 2816-2825.
>8@ *. /DXGH DQG -. 2. 5LFKDUGVRQ, “7XQQHOOLQJ VSOLWWLQJV RI YLEUDWLRQDOO\-H[FLWHG VWDWHV IURP ULQJ-
SRO\PHU LQVWDQWRQ WKHRU\”, LQ SUHSDUDWLRQ.
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1RQDGLDEDWLF SURFHVVHV LQ FRQGHQVHG SKDVH V\VWHPV ZLWK ̩6&)

0. 0DOLģ1, (. 9DQGDHOH1, 6. /XEHU1*

1'HSDUWPHQW RI &KHPLVWU\, 8QLYHUVLW\ RI =XULFK, :LQWHUWKXUHUVWUDVVH 190, 8057 =¾ULFK, 6ZLW]HUODQG

7KH YDULDWLRQDO GHOWD VHOI-FRQVLVWHQW ILHOG (̩6&)) GHQVLW\ IXQFWLRQDO WKHRU\-EDVHG PHWKRG HQDEOHV
IXOO DWRPLVWLF VLPXODWLRQV RI QRQDGLDEDWLF SURFHVVHV LQ FRQGHQVHG SKDVH V\VWHPV E\ EDODQFLQJ
FRPSXWDWLRQDO FRVWV DQG DFFXUDF\ RI WKH GHVFULSWLRQ RI H[FLWHG HOHFWURQLF VWDWH SURSHUWLHV. :H ZLOO
GLVFXVV QRYHO $QV¦W]H LQ RUGHU WR LQFRUSRUDWH VSLQ-RUELW FRXSOLQJ DQG FHUWDLQ PXOWL-UHIHUHQFH
FKDUDFWHUV LQWR ̩6&) FDOFXODWLRQV. :H DSSOLHG RXU PHWKRGRORJ\ IRU WKH LQYHVWLJDWLRQ RI
QRQUDGLDWLYH GHDFWLYDWLRQ PHFKDQLVPV LQ D QXPEHU RI VROYDWHG V\VWHPV, HPSKDVL]LQJ WKH GHWDLOV
RI FKURPRSKRUH-HQYLURQPHQW LQWHUDFWLRQV DQG WKHLU LQIOXHQFH RQ SKRWRFKHPLFDO SURFHVVHV LQ
FRQGHQVHG SKDVH V\VWHPV.

>1@ 0RPLU 0DOLģ, 6DQGUD /XEHU, -RXUQDO RI &KHPLFDO 7KHRU\ DQG &RPSXWDWLRQ, 2020, 16,
4071-4086.
>2@ 0RPLU 0DOLģ, 6DQGUD /XEHU, -RXUQDO RI &KHPLFDO 7KHRU\ DQG &RPSXWDWLRQ, 2021, 17,
1653-1661.
>3@ (YD 9DQGDHOH, 0RPLU 0DOLģ, 6DQGUD /XEHU, 3K\VLFDO &KHPLVWU\ &KHPLFDO 3K\VLFV, 2022, 24,
5669-5679.
>4@ (YD 9DQGDHOH, 0RPLU 0DOLģ, 6DQGUD /XEHU, 7KH -RXUQDO RI &KHPLFDO 3K\VLFV, 2022, 156, 130901.
>5@ 0RPLU 0DOLģ, (YD 9DQGDHOH, 6DQGUD /XEHU, $FFHSWHG IRU SXEOLFDWLRQ LQ WKH -RXUQDO RI &KHPLFDO
7KHRU\ DQG &RPSXWDWLRQ.
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4XDQWXP (IIHFWV LQ 3KRWRVHQVLWL]DWLRQ: 3RVVLELOLW\ RI 7XQQHOLQJ"

0. $. 0DQDH1, -. 2. 5LFKDUGVRQ1*

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

3KRWRVHQVLWL]DWLRQ LV WKH LQGLUHFW HOHFWURQLF H[FLWDWLRQ RI D PROHFXOH ZLWK WKH KHOS RI D
SKRWRVHQVLWL]HU (36), DQG LV D ELPROHFXODU QRQUDGLDWLYH HQHUJ\ WUDQVIHU SURFHVV. ,W LV HPSOR\HG
ZKHQ GLUHFW SKRWR-H[FLWDWLRQ RI WKH WDUJHW PROHFXOH LV QRW IHDVLEOH. $ SURWRW\SLFDO H[DPSOH LV 22,
ZKHUH WKH GLUHFW SKRWR-H[FLWDWLRQ IURP LWV JURXQG WULSOHW VWDWH WR LWV H[FLWHG VLQJOHW VWDWH LV VSLQ
IRUELGGHQ, DQG LWV SKRWRVHQVLWL]DWLRQ FDQ EH UHSUHVHQWHG DV

336 + 322 → 136 + 122

3KRWRVHQVLWL]DWLRQ RI 22 LV ZLGHO\ PDGH XVH RI LQ RUJDQLF V\QWKHVLV, SKRWRYROWDLF FHOOV DQG LV D NH\
VWHS LQ SKRWRG\QDPLF WKHUDS\. :KLOH SKRWRVHQVLWL]DWLRQ KDV EHHQ ZLGHO\ VWXGLHG H[SHULPHQWDOO\,
WKH FRPSOHWH PHFKDQLVP RI SKRWRVHQVLWL]DWLRQ LV VWLOO XQNQRZQ. $ UHFHQW WKHRUHWLFDO VWXG\ >1@
DWWHPSWHG WR HOXFLGDWH LWV PHFKDQLVP E\ FDOFXODWLQJ UDWH FRQVWDQWV RI SKRWRVHQVLWL]DWLRQ RI
R[\JHQ E\ WKLRWK\PLQHV (2-WKLRWK\PLQH, 4-WKLRWK\PLQH DQG 2,4 GLWKLRWK\PLQH), ZKLFK DUH NQRZQ WR
EH H[FHOOHQW 36V. 7KH VWXG\ XVHG WZR PHWKRGV WR FDOFXODWH UDWH FRQVWDQWV, D FODVVLFDO DQG D
TXDQWXP PHWKRG, DQG IRXQG TXDQWXP HIIHFWV WR SOD\ D VLJQLILFDQW UROH LQ SKRWRVHQVLWL]DWLRQ, ZLWK
WKH FODVVLFDO PHWKRG XQGHUHVWLPDWLQJ UDWH FRQVWDQWV E\ VHYHUDO RUGHUV RI PDJQLWXGH. 7KLV VWXG\
PRWLYDWHG LQYHVWLJDWLQJ WKH UROH RI WXQQHOLQJ LQ SKRWRVHQVLWL]DWLRQ. &DOFXODWLRQV XVLQJ *ROGHQ UXOH
QRQ-DGLDEDWLF LQVWDQWRQ WKHRU\ KDYH IRXQG HYLGHQFH RI WXQQHOLQJ LQ WKH LQWHUV\VWHP FURVVLQJ
SDWKZD\V RI WKHVH 36V – WKH WKLRWK\PLQHV. )XUWKHU, WKH QXFOHDU PRGH WKDW LV UHVSRQVLEOH IRU
LQWHUV\VWHP FURVVLQJ LQ DQ LVRODWHG 36 LV WKH VDPH DORQJ ZKLFK SKRWRVHQVLWL]DWLRQ RFFXUV >1@. 7KHVH
UHVXOWV LQGLFDWH WKDW WXQQHOLQJ SOD\V D FUXFLDO UROH LQ HQHUJ\ WUDQVIHU IURP WKH 36 WR 22 DV ZHOO.

>1@ 0HJKQD $. 0DQDH, $QLUEDQ +D]UD, 3K\V. &KHP. &KHP. 3K\V., 2022, '2,: 10.1039/G2FS01337D
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')7-%DVHG 0HFKDQLVWLF ,QYHVWLJDWLRQ 2I =LQF(,,) &DWDO\]HG 2-$U\ODWLRQ 5HDFWLRQ

/. (. 0DWKHZV1, &. 5DMDODNVKPL1, 3. 6DQWKRVKNXPDU1, 9. ,. 7KRPDV1*

1'HSDUWPHQW RI &KHPLVWU\, &06 &ROOHJH .RWWD\DP ($XWRQRPRXV), .RWWD\DP, .HUDOD, 686001, ,QGLD

VW\OH "WH[W-DOLJQ: MXVWLI\;"!=LQF FDWDO\]HG FURVV-FRXSOLQJ UHDFWLRQV KDYH FDSWLYDWHG DWWHQWLRQ
WKHVH GD\V ZLWK UHJDUG WR WKH ORZ FRVW, PLOG UHDFWLRQ FRQGLWLRQV, DQG JRRG IXQFWLRQDO JURXS
WROHUDQFH, GHVSLWH WKH QRQ-UHGR[ FKDUDFWHU RI WKH =Q PHWDO 1,2 . $PRQJ WKH YDULDQWV LQ =Q
FDWDO\]HG FURVV-FRXSOLQJ UHDFWLRQV, 8OOPDQQ-W\SH 2-DU\ODWLRQ UHDFWLRQV KDYH JDUQHUHG DWWHQWLRQ
RZLQJ WR WKHLU LPSRUWDQFH LQ SUHSDULQJ GLDU\O HWKHUV 3. (VWHHPLQJ WKH QRWDEOH DGYDQFHPHQW LQ WKH
=Q FDWDO\]HG FURVV-FRXSOLQJ SURWRFROV, WKH PHFKDQLVWLF GHWDLOV RI WKH IRUPHU, KRZHYHU, UHPDLQ
VFDQW\. ,Q WKH SUHVHQW ZRUN, D GHWDLOHG FRPSXWDWLRQDO LQYHVWLJDWLRQ LQWR WKH PROHFXODU PHFKDQLVP
RI WKH =Q (,,) FDWDO\]HG &-2 FURVV-FRXSOLQJ RI SKHQROV ZLWK DFWLYDWHG LRGRDUHQHV LV FDUULHG RXW XVLQJ
WKH 'HQVLW\ )XQFWLRQDO 7KHRU\ PHWKRG HPSOR\LQJ %3/<3-'3 IXQFWLRQDO >3@ DXJPHQWHG ZLWK &3&0
VROYDWLRQ PRGHO XVLQJ DFHWRQLWULOH DV WKH VROYHQW. 7KH =Q DQG , DWRPV DUH GHVFULEHG XVLQJ
(/$1/2'=) IRU WKH LQQHU HOHFWURQV DQG LWV DVVRFLDWHG GRXEOH-͊ EDVLV VHW IRU WKH RXWHU HOHFWURQV. 7KH
&, +, 1, DQG 2 DWRPV ZHUH GHVFULEHG E\ D 6-31+*(G) EDVLV VHW. /-SUROLQH LV WKH DQFLOODU\ OLJDQG
XVHG LQ WKLV VWXG\. 7KH DFWLYH FDWDO\VW VSHFLHV LV IRXQG WR EH WULJRQDO, /-SUROLQH OLJDWHG =Q (,,)
SKHQR[LGH FRPSOH[. 7KH LQYHVWLJDWLRQ UHYHDOHG WKDW WKH JRYHUQLQJ PHFKDQLVP IRU WKLV 8OOPDQQ-
W\SH 2-DU\ODWLRQ UHDFWLRQ SURFHHGV WKURXJK D ͗ – ERQG PHWDWKHVLV PHFKDQLVP LQYROYLQJ WKH
FRQFHUWHG EUHDNLQJ RI WKH &VS2 – , ERQG DQG WKH IRUPDWLRQ RI WKH &VS2 – 2 ERQG SURFHHGLQJ
WKURXJK D IRXU-FHQWHUHG WUDQVLWLRQ VWDWH. )URQWLHU 0ROHFXODU 2UELWDO ()02) DQDO\VLV ZDV SHUIRUPHG
WR LQYHVWLJDWH WKH HIIHFW RI IXQFWLRQDO JURXSV DW WKH SDUD SRVLWLRQ RI WKH VXEVWUDWHV. 7KH
VXEVWLWXWLRQ E\ HOHFWURQ-ZLWKGUDZLQJ JURXSV ((:*) FRQVLGHUDEO\ GHFUHDVHV WKH HQHUJ\ RI )02V
LQYROYHG. 7KH SUHVHQFH RI (:* RQ DU\O LRGLGHV WHQG WR IDYRU WKH UHDFWLRQ E\ UHGXFLQJ WKH HQHUJ\ RI
LWV /802 OHDGLQJ WR D GHFUHDVHG +202-/802 JDS. 7KH PHFKDQLVWLF LQYHVWLJDWLRQ LQWR WKHVH QRQ-
UHGR[ WUDQVLWLRQ PHWDO-FDWDO\]HG FURVV-FRXSOLQJV FRXOG DLG LQ GHVLJQLQJ EHWWHU FURVV-FRXSOLQJ
UHDFWLRQ SURWRFROV.

 

 >1@ 6. (QWKDOHU, $&6 &DWDO., 2013, 3, 150–158.
 >2@ 6. 7DQJ, /. =HQJ, <. /LX DQG $. /HL, $QJHZ. &KHPLH, 2015, 127, 16076–16079.
 >3@ .. .. .ULVKQDQ, $. +DUU\ DQG 6. 0. 8MZDOGHY, 2018, 4, 3984–3988.
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6SHFWURVFRSLF VLPXODWLRQV ZLWK UHDO-WLPH 7'')7 - OLQHDU UHVSRQVH DQG JDXJH
GHSHQGHQFH

-. 0DWWLDW1, 6. /XEHU1*

18QLYHUVLW\ RI =XULFK

,Q WKLV FRQWULEXWLRQ WKH YHUVDWLOLW\ RI UHDO-WLPH WLPH-GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ (57-
7'')7) LV LOOXVWUDWHG E\ VKRZFDVLQJ LWV DELOLW\ WR VLPXODWH 89-9,6 DEVRUSWLRQ, HOHFWULF FLUFXODU
GLFKURLVP ((&'), (UHVRQDQFH) 5DPDQ DQG (UHVRQDQFH) 5DPDQ RSWLFDO DFWLYLW\ (52$) VSHFWUD, WKH
ODWWHU WZR ZLWKLQ WKH VKRUW WLPH DSSUR[LPDWLRQ.
)RU WKH IRUPXODWLRQ RI WKH VSHFWURVFRSLF UHVSRQVH WHQVRUV D XQLILHG IRUPDOLVP LQ WHUPV RI OLQHDU
UHSRQVH SURSDJDWRUV LV DSSOLHG, DOORZLQJ LQVLJKWV LQWR KRZ WKH SHUWXUEDWLRQ DQG UHVSRQVH
RSHUDWRUV DUH GLVWLQJXLVKDEOH LQ WKH UHDO-WLPH OLQHDU UHVSRQVH SURWRFRO.
6SHFLDO HPSKDVLV LV RQ WKH FKRLFHV RI JDXJH DQG WKH FRXSOLQJ RI WKH HOHFWUR-PDJQHWLF ILHOGV WR WKH
QRQ-ORFDO SDUW RI SVHXGR SRWHQWLDOV, D SURSHU KDQGOLQJ RI ZKLFK SURYHV WR EH YLWDO IRU DQ DGHTXDWH
GHVFULSWLRQ RI WKH FKLUDO VSHFWURVFRSLHV, (&' >1@ DQG 52$ >2@.
)RU 89-9,6 DEVRUSWLRQ DQG 5DPDQ VSHFWURVFRS\ UHVXOWV IRU QRQ-SHULRGLF >3@ DQG SHULRGLF >4@
VLPXODWLRQ FHOOV DUH SUHVHQWHG, GUDZLQJ RQ WKH YHORFLW\ JDXJH DQG WKH PRGHUQ WKHRU\ RI
SRODUL]DWLRQ.

>1@ 0DWWLDW, -., DQG /XEHU, 6., &KHP. 3K\V., 2019, 527, 110464.
>2@ 0DWWLDW, -., DQG /XEHU, 6., -. &KHP. 3K\V., 2019, 151, 234110.
>3@ 0DWWLDW, -., DQG /XEHU, 6., -. &KHP. 3K\V., 2018, 149, 174108.
>4@ 0DWWLDW, -., DQG /XEHU, 6., -. &KHP. 7KHRU\ &RPSXW., 2021, 17, 1, 344-356.
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7KH YDULDWLRQDO *DXVVLDQ DSSUR[LPDWLRQ FRPELQHG ZLWK KLJK-RUGHU JHRPHWULF
LQWHJUDWRUV ZLWK DSSOLFDWLRQV WR TXDQWXP WXQQHOLQJ DQG YLEURQLF VSHFWUD

5. 0RJKDGGDVL )HUHLGDQL1, -. 9DQLFHN1*

1/DERUDWRU\ RI 7KHRUHWLFDO 3K\VLFDO &KHPLVWU\, (3)/, /DXVDQQH, 6ZLW]HUODQG

$PRQJ WKH VLQJOH WUDMHFWRU\ *DXVVLDQ-EDVHG PHWKRGV IRU VROYLQJ WKH WLPH-GHSHQGHQW 6FKU¸GLQJHU
HTXDWLRQ, WKH YDULDWLRQDO *DXVVLDQ DSSUR[LPDWLRQ (9*$) >1,2@ LV WKH PRVW DFFXUDWH RQH. +RZHYHU,
WKH HTXDWLRQV RI PRWLRQ IRU WKH SDUDPHWHUV RI WKH *DXVVLDQ ZDYHSDFNHW UHTXLUH H[SHFWDWLRQ
YDOXHV RI WKH SRWHQWLDO DQG LWV ILUVW WZR GHULYDWLYHV, PDNLQJ WKH PHWKRG PXFK PRUH H[SHQVLYH WKDQ
RULJLQDO +HOOHU’V WKDZHG *DXVVLDQ DSSUR[LPDWLRQ (7*$) >3@, ZKLFK UHTXLUHV WKHVH SRWHQWLDO HQHUJ\
SURSHUWLHV RQO\ DW WKH FHQWHU RI WKH ZDYHSDFNHW. 7R LPSURYH WKH HIILFLHQF\ RI WKH 9*$, ZH GHVFULEH
JHRPHWULF LQWHJUDWRUV, ZKLFK FDQ DFKLHYH DQ DUELWUDU\ HYHQ RUGHU RI FRQYHUJHQFH LQ WKH WLPH VWHS
DQG DUH REWDLQHG E\ V\PPHWULFDOO\ FRPSRVLQJ WKH VHFRQG-RUGHU V\PSOHFWLF LQWHJUDWRU RI )DRX DQG
/XELFK >4@. :H GHPRQVWUDWH WKDW WKH KLJK-RUGHU LQWHJUDWRUV FDQ GUDVWLFDOO\ VSHHG XS FRQYHUJHQFH
FRPSDUHG WR WKH VHFRQG-RUGHU DOJRULWKP DQG, LQ FRQWUDVW WR WKH 5XQJH-.XWWD PHWKRG, DUH WLPH-
UHYHUVLEOH DQG FRQVHUYH WKH QRUP H[DFWO\. 7R DYRLG PDNLQJ IXUWKHU DSSUR[LPDWLRQV, ZH
GHPRQVWUDWH WKH SURSHUWLHV RI WKH 9*$ DQG RI WKH JHRPHWULF LQWHJUDWRUV RQ VHYHUDO V\VWHPV, LQ
ZKLFK WKH H[SHFWDWLRQ YDOXHV RI WKH SRWHQWLDO HQHUJ\ FDQ EH HYDOXDWHG DQDO\WLFDOO\. :H VKRZ WKDW
WKH 9*$, LQ FRQWUDVW WR WKH 7*$, FRQVHUYHV HQHUJ\ H[DFWO\ DQG WDNHV LQWR DFFRXQW WXQQHOLQJ DW
OHDVW TXDOLWDWLYHO\ (VHH ILJXUH) DQG, LQ FDOFXODWLRQ RI YLEURQLF VSHFWUD, LW DJUHHV EHWWHU WKDQ WKH 7*$
DQG JOREDO KDUPRQLF DSSUR[LPDWLRQ ZLWK EHQFKPDUN H[DFW TXDQWXP FDOFXODWLRQV. )LQDOO\, WR VKRZ
WKDW WKH PHWKRG LV QRW UHVWULFWHG WR ORZ-GLPHQVLRQDO V\VWHPV, ZH DOVR DSSOLHG LW WR D QRQVHSDUDEOH
WZHQW\-GLPHQVLRQDO PRGHO RI FRXSOHG 0RUVH RVFLOODWRUV.

>1@ (. +HOOHU, 7KH -RXUQDO RI &KHPLFDO 3K\VLFV, 1976, 64, 63-73.
>2@ 5. &RDOVRQ, 0. .DUSOXV, 7KH -RXUQDO RI &KHPLFDO 3K\VLFV, 1990, 93, 3919-3930.
>3@ (. +HOOHU, 7KH -RXUQDO RI &KHPLFDO 3K\VLFV, 1975, 62, 1544-1555.
>4@ (. )DRX, &. /XELFK, &RPSXW. 9LVXDO 6FL., 2006, 9, 45-55.
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6WUHDPOLQHG $XWRPDWLF $FWLYH 6SDFH &DOFXODWLRQV WKURXJK $XWR&$6

0. 0¸UFKHQ1, &. -. 6WHLQ2, 0. 5HLKHU1*

1(7+ =¾ULFK, /DERUDWRULXP I¾U 3K\VLNDOLVFKH &KHPLH, 9ODGLPLU-3UHORJ-:HJ 2, 8093 =XULFK,
6ZLW]HUODQG, 28QLYHUVLW¦W 'XLVEXUJ-(VVHQ, )DNXOW¦W I¾U 3K\VLN, /RWKDUVWUD¡H 1, 47057 'XLVEXUJ,

*HUPDQ\

:H SUHVHQW RXU QHZ 3\WKRQ EDVHG LPSOHPHQWDWLRQ RI WKH $XWR&$61,2,3,4 VRIWZDUH,
ZKLFK HQDEOHV EODFN-ER[ PXOWL-FRQILJXUDWLRQDO FDOFXODWLRQV. $ JUHDW SUREOHP LQ
PXOWL-FRQILJXUDWLRQDO TXDQWXP FKHPLVWU\ LV WKH FKRLFH RI WKH DFWLYH VSDFH IRU VWURQJO\
FRUUHODWHG V\VWHPV, VXFK DV RSHQ-VKHOO PHWDO FRPSOH[HV RU GLVVRFLDWLQJ PROHFXODU
V\VWHPV. $XWR&$6 WDFNOHV WKHVH SUREOHPV E\ H[SORLWLQJ TXDQWXP LQIRUPDWLRQ WKHRU\
DQG WKH 'HQVLW\ 0DWUL[ 5HQRUPDOL]DWLRQ *URXS PHWKRG SURYLGHG E\ WKH 4&0DTXLV5

SURJUDP SDFNDJH, UHVXOWLQJ LQ DQ DXWRPDWLF FKRLFH RI RUELWDOV IRU WKH DFWLYH VSDFH.
7KH UH-LPSOHPHQWDWLRQ DOORZV WR VWUHDPOLQH DFWLYH VSDFH FDOFXODWLRQV HLWKHU YLD GL-
UHFW XVH RI WKH 3\WKRQ SDFNDJH RU WKURXJK WKH FRPPDQG OLQH LQWHUIDFH. )XUWKHUPRUH,
WR UHFRYHU WKH G\QDPLF FRUUHODWLRQ, PHWKRGV OLNH 7DLORUHG &RXSOHG &OXVWHU6,7,8 FDQ
EH URXWLQHO\ DSSOLHG WR LPSURYH RQ WKH SULRU DFWLYH VSDFH FDOFXODWLRQV.

>1@ &. -. 6WHLQ DQG 0. 5HLKHU, -. &RPSXW. &KHP., 2019, 40, 2216-2226.
>2@ &. -. 6WHLQ DQG 0. 5HLKHU, -. &KHP. 7KHRU\ &RPSXW., 2016, 12, 1760-1771.
>3@ &. -. 6WHLQ, 9. YRQ %XUJ DQG 0. 5HLKHU, -. &KHP. 7KHRU\ &RPSXW., 2016,  12, 3764-3773.
>4@ &. -. 6WHLQ DQG 0. 5HLKHU, &KLPLD, 2017, 71, 170-176.
>5@ 6. .HOOHU, 0. 'ROIL, 0. 7UR\HU, DQG 0. 5HLKHU, -. &KHP. 3K\V., 2015,  143, 244118.
>6@ 7. .LQRVKLWD, 2. +LQR DQG 5. -. %DUWOHWW, -. &KHP. 3K\V., 2005, 123, 074106.
>7@ /. 9HLV HW DO., -. 3K\V. &KHP. /HWW., 2016, 7, 4072–4078.
>8@ 0. 0¸UFKHQ, /. )UHLWDJ DQG 0. 5HLKHU, -. &KHP. 3K\V., 2020, 153, 24413.
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%DFKHORU 6WXGHQWV' 8QGHUVWDQGLQJ RI %DVLF 4XDQWXP &KHPLFDO &RQFHSWV

&. +. 0¾OOHU1, 0. .DSXU2*, 0. 5HLKHU1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =XULFK, 23URIHVVRUVKLS RI /HDUQLQJ 6FLHQFHV DQG +LJKHU
(GXFDWLRQ, (7+ =XULFK

&KHPLFDO NQRZOHGJH KDV D XQLTXH VWUXFWXUH LQ WKH VHQVH WKDW HYHU\ LQIRUPDWLRQ VKRXOG EH
XQGHUVWRRG RQ PXOWLSOH OHYHOV ZKLFK PLJKW VHHP – WR WKH XQWUDLQHG H\H – LQGHSHQGHQW. ,Q RWKHU
ZRUGV, ZKDW ZH VHH LQ WKH IODVN EHIRUH XV PXVW EH XQGHUVWRRG RQ D VXE-PLFURVFRSLF, LQYLVLEOH OHYHO
WKDW DGGLWLRQDOO\ PXVW EH GHVFULEHG LQ WHUPV RI V\PEROLF, PDWKHPDWLFDO FKDUDFWHULVWLFV VXFK DV
HQHUJ\ >1@.

,Q WZR VWXGLHV ZLWK EDFKHORU FKHPLVWU\ VWXGHQWV, ZH KDYH H[SORUHG ZKDW WKHLU FRQFHSWLRQV RI
VHOHFWHG WDUJHW FRQFHSWV DUH DQG KRZ ZH FDQ VXSSRUW WKHLU OHDUQLQJ WKURXJK UHDO-WLPH LQWHUDFWLRQ
ZLWK TXDQWXP FKHPLFDO VLPXODWLRQV. 7KH OHDUQLQJ HQYLURQPHQW ZDV HPEHGGHG LQ WKH JUDSKLFDO
XVHU LQWHUIDFH 6&,1( +HURQ DQG DOORZHG WR LQWHUDFW ZLWK VHPL-HPSLULFDO FDOFXODWLRQV LQ UHDO-WLPH
HLWKHU ZLWK D FRPSXWHU PRXVH RU ZLWK D KDSWLF GHYLFH >2-6@. 

,Q WKH VWXGLHV, ZH IRFXVHG RQ WKH WDUJHW FRQFHSWV SRWHQWLDO HQHUJ\, DFWLYDWLRQ EDUULHU DQG KRZ
WKHVH FRQFHSWV DUH FRQQHFWHG. :KLOH WKH\ DUH LQWURGXFHG DV HDUO\ DV KLJK VFKRRO, WKH\ GR QRW
VHHP WR EH ZHOO XQGHUVWRRG. 7KH UHVXOWV LQGLFDWH WKDW WKHUH ZDV QR VLJQLILFDQW GHYHORSPHQW LQ WKH
FRQFHSWLRQV DURXQG WKHVH FRQFHSWV EHWZHHQ WKH VHFRQG DQG IRXUWK VHPHVWHU RI FKHPLVWU\
VWXGHQWV. ,I ZH FDQ DYRLG RU FRXQWHUDFW PLVFRQFHSWLRQV DW WKLV IXQGDPHQWDO OHYHO, ZH FDQ SUHSDUH
WKH VWXGHQWV EHWWHU IRU PRUH DGYDQFHG FRQFHSWV DQG HUJR IRU WKHLU SURIHVVLRQDO FDUHHU.

+HUH, ZH SUHVHQW WKH DQDO\VLV RI WKH OHDUQLQJ WUDMHFWRULHV LQ PRUH GHWDLO DQG H[SORUH, KRZ ZH PLJKW
EH DEOH WR VXSSRUW WKH VWXGHQWV’ OHDUQLQJ SURFHVV.

>1@ +. 7¾PD\, "5HFRQVLGHULQJ OHDUQLQJ GLIILFXOWLHV DQG PLVFRQFHSWLRQV LQ FKHPLVWU\: (PHUJHQFH LQ
FKHPLVWU\ DQG LWV LPSOLFDWLRQV IRU FKHPLFDO HGXFDWLRQ," &KHPLVWU\ (GXFDWLRQ 5HVHDUFK DQG
3UDFWLFH, 2016, 17(2), 229-245.
>2@ 0. 3. +DDJ DQG 0. 5HLKHU, "5HDO-WLPH TXDQWXP FKHPLVWU\," ,QWHUQDWLRQDO -RXUQDO RI 4XDQWXP
&KHPLVWU\, 2013, 113(1), 8-20.
>3@ $. &. 9DXFKHU, 0. 3. +DDJ DQG 0. 5HLKHU, "5HDO-WLPH IHHGEDFN IURP LWHUDWLYH HOHFWURQLF VWUXFWXUH
FDOFXODWLRQV," -RXUQDO RI &RPSXWDWLRQDO &KHPLVWU\, 2016, 37(9), 805 - 812.
>4@ 0. 3. +DDJ, $. &. 9DXFKHU, 0. %RVVRQ, 6. 5HGRQ DQG 0. 5HLKHU, ",QWHUDFWLYH &KHPLFDO 5HDFWLYLW\
([SORUDWLRQ," &KHP3K\V&KHP, 2014, 15, 3301-3319.
>5@ 0. 3. +DDJ DQG 0. 5HLKHU, "6WXG\LQJ FKHPLFDO UHDFWLYLW\ LQ D YLUWXDO HQYLURQPHQW," )DUDGD\
'LVFXVV., 2014, 169, 89-118.
>6@ 7. :H\PXWK DQG 0. 5HLKHU, ",PPHUVLYH ,QWHUDFWLYH 4XDQWXP 0HFKDQLFV IRU 7HDFKLQJ DQG
/HDUQLQJ &KHPLVWU\," &KLPLD, 2021, 75(1-2), 45-49.
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%D\HVLDQ 2SWLPLVDWLRQ-DFFHOHUDWHG $GGLWLYHV 6FUHHQLQJ DQG <LHOG ,PSURYHPHQWV LQ
&KHPLFDO 5HDFWLRQV

%. 5DQNRYLÉ1,4, 5. *ULIILWKV2,5, +. 0RVV3,2, 3. 6FKZDOOHU1,4*

1(3)/ 6%-,6,& /,$&, 28QLYHUVLW\ RI &DPEULGJH, 36HFRQGPLQG.DL, 41&&5 &DWDO\VLV, 5 0LOD - 4XHEHF $,
,QVWLWXWH

5HDFWLRQ DGGLWLYHV KDYH EHHQ VKRZQ WR EH NH\ WR DOWHULQJ WKH UHDFWLYLW\ DQG RXWFRPH RI FKHPLFDO
UHDFWLRQV >1,2@. $ UHFHQW VWXG\ >3@ UHSRUWHG WKH GLVFRYHU\ RI D SKWKDOLPLGH OLJDQG DGGLWLYH IRU 1L-
FDWDO\]HG SKRWRUHGR[ GHFDUER[\ODWLYH DU\ODWLRQV WKURXJK KLJK-WKURXJKSXW H[SHULPHQWDWLRQ
DGGLWLYHV VFUHHQLQJ, ZKLFK OHG WR D 5-IROG \LHOG LPSURYHPHQW E\ VWDELOLVLQJ R[LGDWLYH DGGLWLRQ
FRPSOH[HV DQG EUHDNLQJ XS GHDFWLYDWHG FDWDO\VW DJJUHJDWHV. $V VXFK ODUJH-VFDOH VFUHHQLQJV
UHPDLQ LQDFFHVVLEOH IRU PRVW UHVHDUFK JURXSV, ZH LQYHVWLJDWH KRZ VLPLODU GLVFRYHULHV DQG \LHOG
LPSURYHPHQWV FRXOG EH GRQH HIILFLHQWO\ ZLWK WKH ORZHVW QXPEHU RI H[SHULPHQWV SRVVLEOH. :H XVH D
%D\HVLDQ RSWLPLVDWLRQ DSSURDFK >4@ DQG H[SORUH GLIIHUHQW LQLWLDOLVDWLRQV, *DXVVLDQ SURFHVV NHUQHOV
>5@ DQG DFTXLVLWLRQ IXQFWLRQV. 7KH XQLTXH UHDFWLRQ VFUHHQLQJ VHWWLQJ ZLWK 720 DGGLWLYHV IRUFHV XV WR
JR EH\RQG VLPSOH RQH-KRW HQFRGLQJ RI WKH UHDFWLRQ FRPSRQHQWV. :H LQYHVWLJDWH GLYHUVH PROHFXODU
UHSUHVHQWDWLRQV DQG GHPRQVWUDWH FRQYLQFLQJ UHVXOWV ZKHQ FRPSDUHG WR WKH EDVHOLQHV. 2XU
DSSURDFK LV QRW OLPLWHG WR 1L-FDWDO\VHG UHDFWLRQV EXW FRXOG JHQHUDOO\ EH DSSOLHG. +HQFH, LW FRXOG
OHDG WR \LHOG LPSURYHPHQWV LQ GLYHUVH FURVV-FRXSOLQJ UHDFWLRQV DQG XQORFN DFFHVV WR QHZ FKHPLFDO
VSDFHV RI LQWHUHVW IRU WKH FKHPLFDO DQG SKDUPDFHXWLFDO LQGXVWULHV.

 

 

 

>1@ %HOORPR, $QD, HW DO. "$GGLWLYH HIIHFWV RQ SDOODGLXP-FDWDO\]HG GHSURWRQDWLYH-FURVV-FRXSOLQJ
SURFHVVHV ('&&3) RI VS 3 &–+ ERQGV LQ GLDU\OPHWKDQHV." &KHPLFDO 6FLHQFH 4.2 (2013): 849-857.
>2@ 9DQWRXURXW, -XOLHQ &., HW DO. "6SHFWURVFRSLF VWXGLHV RI WKH &KDQ–/DP DPLQDWLRQ: $ PHFKDQLVP-
LQVSLUHG VROXWLRQ WR ERURQLF HVWHU UHDFWLYLW\." -RXUQDO RI WKH $PHULFDQ &KHPLFDO 6RFLHW\ 139.13
(2017): 4769-4779.
>3@ 3ULHWR .XOOPHU, &HVDU 1., HW DO. "$FFHOHUDWLQJ UHDFWLRQ JHQHUDOLW\ DQG PHFKDQLVWLF LQVLJKW
WKURXJK DGGLWLYH PDSSLQJ." 6FLHQFH 376.6592 (2022): 532-539.
>4@ 6KLHOGV, %HQMDPLQ -., HW DO. "%D\HVLDQ UHDFWLRQ RSWLPL]DWLRQ DV D WRRO IRU FKHPLFDO V\QWKHVLV."
1DWXUH 590.7844 (2021): 89-96.
>5@ *$8&+(: $ *DXVVLDQ 3URFHVV /LEUDU\ IRU 0ROHFXOHV, 3URWHLQV DQG 5HDFWLRQV.
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$ 'HQVLW\ )XQFWLRQDO 7KHRU\ ,QYHVWLJDWLRQ RQ WKH 0HFKDQLVP RI /LJDQG-)UHH 0DQJDQHVH
&DWDO\]HG 8OOPDQQ 5HDFWLRQ

3. 6DQWKRVKNXPDU1, 5. 6XOD\1, 9. ,. 7KRPDV1*

1&06 &ROOHJH, .RWWD\DP, .HUDOD, ,QGLD

7UDQVLWLRQ PHWDO-FDWDO\]HG UHDFWLRQV LQ V\QWKHWLF RUJDQLF FKHPLVWU\ KDYH DWWUDFWHG PXFK DWWHQWLRQ
GXH WR WKH IRUPDWLRQ RI &-KHWHURDWRP ERQGV. 8OOPDQQ FRXSOLQJV KDYH ULVHQ LQ SURPLQHQFH LQ UHFHQW
GHFDGHV DV D UHVXOW RI WKHLU XVH LQ WKH V\QWKHVLV RI ELDU\O HWKHUV, ZKLFK KDYH EHHQ IRXQG LQ D ZLGH
UDQJH RI QDWXUDO SURGXFWV. 3DOODGLXP DQG RWKHU KHDY\ PHWDOV KDYH H[KLELWHG WKHLU H[FHSWLRQDO
DELOLW\ LQ YDULRXV GULYHV SRLQWHG WRZDUGV DPHQGHG FRXSOLQJ UHDFWLRQV. 5HJDUGOHVV, SDOODGLXP-
FDWDO\]HG 8OOPDQQ FRXSOLQJ KDV D IHZ LPSHGLPHQWV RZLQJ WR WKH H[SHQVLYH QDWXUH DQG WR[LFLW\
PDWWHUV. 0DQJDQHVH DV D FDWDO\VW KDV UDUHO\ EHHQ VWXGLHG LQ WKH 8OOPDQQ UHDFWLRQ. ,Q WKH SUHVHQW
VWXG\, ZH KDYH HOXFLGDWHG WKH PHFKDQLVP JRYHUQLQJ WKH OLJDQG-IUHH PDQJDQHVH-FDWDO\]HG
8OOPDQQ FRXSOLQJ UHDFWLRQ EHWZHHQ 4-LRGRQLWUREHQ]HQH DQG SKHQRO ZLWK WKH DLG RI WKH 'HQVLW\
)XQFWLRQDO 7KHRU\ (')7) PHWKRG. 7KH 2-DU\ODWLRQ LQ WKLV PDQJDQHVH FDWDO\]HG 8OOPDQQ UHDFWLRQ
RFFXUV YLD WKH VLJPD ERQG PHWDWKHVLV PHFKDQLVP. 2[LGDWLYH DGGLWLRQ- 5HGXFWLYH HOLPLQDWLRQ LV
XQVXLWDEOH LQ WKLV SURFHGXUH GXH WR LWV UHOXFWDQFH WR IDFLOLWDWH WKH R[LGDWLYH DGGLWLRQ RI DU\O KDOLGH
RQ WKH DFWLYH FDWDO\VW DQG WKH WUDQVLWLRQ IURP WKH VWDEOH +2 WR +4 R[LGDWLRQ VWDWH. 2WKHU UHDFWLRQ
SDWKZD\V VXFK DV VLQJOH HOHFWURQ WUDQVIHU DQG KDORJHQ DWRP WUDQVIHU PHFKDQLVPV SRVVHVV KLJK
DFWLYDWLRQ EDUULHUV PDNLQJ WKHP NLQHWLFDOO\ LQDSSURSULDWH. 7KH DFWLYDWLRQ EDUULHU REWDLQHG IRU WKH
VLJPD ERQG PHWDWKHVLV PHFKDQLVP LV FRQVLVWHQW ZLWK WKH H[SHULPHQWDO UHVXOWV. )XUWKHUPRUH, ZH
KDYH LQYHVWLJDWHG WKH HIIHFW RI WKH VXEVWLWXHQW RQ WKH DU\O KDOLGH UHYHDOLQJ WKDW WKH HOHFWURQ-
ZLWKGUDZLQJ QDWXUH RI WKH VXEVWLWXHQW DW WKH DU\O KDOLGH OHDGV WR D GHFUHDVH LQ WKH DFWLYDWLRQ
EDUULHU, ZKLFK LV LQ JRRG DJUHHPHQW ZLWK WKH H[SHULPHQWDO UHVXOWV DQG WKXV SURYLGHV DGGLWLRQDO
VXSSRUW IRU VXFK D VLJPD ERQG PHWDWKHVLV PHFKDQLVP.
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'HHS OHDUQLQJ DVVLVWHG 6X]XNL FURVV FRXSOLQJ FDWDO\VW GHVLJQ

2. 6FKLOWHU1,2, $. 9DXFKHU1, 7. /DLQR1*

1,%0 5HVHDUFK (XURSH, 2(3)/

7KH QHHG IRU PRUH HIILFLHQW DQG VXVWDLQDEOH FDWDO\VWV LV HYHU-JURZLQJ, DQG VR DUH WKH FRVWV
DVVRFLDWHG ZLWK H[SHULPHQWDOO\ VHDUFKLQJ WKH FKHPLFDO VSDFH WR ILQG D QHZ SURPLVLQJ FDWDO\VW.
&RPSXWDWLRQDO PHWKRGV, VXFK DV ')7, DOORZV IRU VFUHHQLQJ PROHFXOHV YLUWXDOO\ IRU WKHLU VXLWDELOLW\.
%. 0H\HU HW DO. VKRZHG WKDW WKH ELQGLQJ HQHUJ\ FDOFXODWLRQ EHWZHHQ D OLJDQG PROHFXOH DQG D PHWDO
FHQWHU FDQ EH XVHG DV DQ LQGLFDWRU IRU WHVWLQJ D OLJDQG VXLWDELOLW\ IRU WKH 6X]XNL FURVV-FRXSOLQJ
UHDFWLRQ >1@. :H SUHVHQW D VWDWH-RI-WKH-DUW GHHS OHDUQLQJ PRGHO DEOH WR SUHGLFW WKH ELQGLQJ HQHUJ\
VROHO\ IURP VWULQJ UHSUHVHQWDWLRQV RI FDWDO\VWV DQG WR JHQHUDWH QHZ SRWHQWLDO VXLWDEOH OLJDQG
FDQGLGDWHV, E\ VHOI-OHDUQLQJ PHDQLQJIXO IHDWXUHV RI WKHVH FDWDO\VWV.

,Q D ILUVW VWHS, LQVSLUHG E\ WKH ZRUN RI *RPH]-%RPEDUHOOL HW DO >2@, DQ 511-EDVHG 9DULDWLRQDO
$XWRHQFRGHU (9$() LV WUDLQHG, E\ WHDFKLQJ DQ HQFRGHU QHXUDO QHWZRUN WR FRPSUHVV WKH FDWDO\VW
UHSUHVHQWDWLRQ (60,/(6 RU 6(/),(6) LQWR D FRQWLQXRXV ODWHQW VSDFH ZKLOH D VHFRQG QHXUDO QHWZRUN,
WKH GHFRGHU, OHDUQV WR UHFRQVWUXFWV WKH RULJLQDO UHSUHVHQWDWLRQ IURP WKH ODWHQW VSDFH. $GGLWLRQDOO\,
D IHHG IRUZDUG QHXUDO QHWZRUN LV WUDLQHG WR SUHGLFW WKH DVVRFLDWHG ELQGLQJ HQHUJ\ IURP WKH ODWHQW
VSDFH, ZKLFK DFKLHYHV VLPLODU SUHGLFWLYH SHUIRUPDQFH UHJDUGLQJ WKH SUHGLFWHG HQHUJ\ (0$(  2.41
NFDO PRO-1) FRPSDUHG WR RULJLQDO DSSURDFK ZKLFK UHOLHV RQ WKH 3' JHRPHWU\ RI WKH FDWDO\VW. 7KLV
SUHGLFWLYH QHXUDO QHWZRUN DV ZHOO DV WKH FRPSUHVVLRQ E\ WKH HQFRGHU DQG UHFRQVWUXFWLRQ E\
GHFRGHU OHDGV WR D PHDQLQJIXO DQG RUJDQL]HG FRQGHQVHG UHSUHVHQWDWLRQ RI WKH LQSXWWHG PROHFXOHV
LQ WKH ORZHU-GLPHQVLRQDO ODWHQW VSDFH.  

7KH PDLQ DGYDQWDJH RI RXU DSSURDFK LV WKH IROORZLQJ: LQ DGGLWLRQ WR WKH SRVVLELOLW\ WR SUHGLFW WKH
ELQGLQJ HQHUJ\ IRU FDWDO\VWV DVVHPEOHG LQ D FRPELQDWRULDO IDVKLRQ, WKLV FRQWLQXRXV DQG ORZ-
GLPHQVLRQDO VHOI-OHDUQHG ODWHQW UHSUHVHQWDWLRQ FDQ EH VHDUFKHG E\ JUDGLHQW-EDVHG RSWLPL]DWLRQ WR
JHQHUDWH QHZ PROHFXOHV. $IWHU WKH RSWLPL]DWLRQ ILQGV D ODWHQW YHFWRU DVVRFLDWHG ZLWK SURPLVLQJ
ELQGLQJ HQHUJ\, RQH FDQ GHFRGH WKH ODWHQW VSDFH EDFN WR D PROHFXOH UHSUHVHQWDWLRQ XVLQJ WKH
WUDLQHG GHFRGHU. 2YHUDOO, WKLV DSSURDFK VKRZV D SURPLVLQJ QHZ ZD\ WR GHVLJQ QHZ FDWDO\VWV DQG
FDQ EH DGDSWHG WR GLIIHUHQW UHDFWLRQ FODVVHV.

>1@ %. 0H\HU, %. 6DZDWORQ, 6. +HLQHQ, $. /LOLHQIHOG, &. &RUPLQERHXI, &KHP. 6FL., 2018, 9,
7069-7077
>2@ 5. *RPʲH]-%RPEDUHOOL, -. :HL, '. 'XYHQDXG, -. /REDWR, %. /HQJHOLQJ, '. 6KHEHUOD, -. ,SDUUDJXLUUH,
7. +LU]HO, 5. $GDPV, $. $VSXUX-*X]LN, $&6 &HQW. 6FL., 2018, 4, 268–276
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1RYHO DSSURDFKHV IRU FKLUDO VSHFWURVFRS\ RI SHULRGLF V\VWHPV

/. 6FKUHGHU1, 6. /XEHU1*

18QLYHUVLW\ RI =XULFK, 'HSDUWPHQW RI &KHPLVWU\, :LQWHUWKXUHUVWUDVVH 190, 8057 =XULFK, 6ZLW]HUODQG

&RPSXWDWLRQDO VWXGLHV RI EXON PDWHULDOV DUH URXWLQHO\ GRQH E\ LPSRVLQJ SHULRGLF ERXQGDU\
FRQGLWLRQV (3%&) LQ WKH VLPXODWLRQV OHDGLQJ, KRZHYHU, WR DQ LOO-GHILQHG SRVLWLRQ RSHUDWRU. 7KLV SRVHV
FKDOOHQJHV WR WKH FDOFXODWLRQV, HVSHFLDOO\ IRU HOHFWULF FLUFXODU GLFKURLVP ((&') DQG 5DPDQ RSWLFDO
DFWLYLW\ (52$) VSHFWURVFRS\ ZKHUH PDJQHWLF GLSROH DQG HOHFWULF TXDGUXSROH FRQWULEXWLRQV DUH
UHTXLUHG. :H VKRZ KRZ PD[LPDOO\ ORFDOL]HG :DQQLHU IXQFWLRQV FDQ EH XVHG WR REWDLQ (&' DQG 52$
VSHFWUD IRU SHULRGLF V\VWHPV, FRQVLGHULQJ D FDUHIXO FKRLFH RI JDXJH, LQ WKLV ZD\ DOVR SURYLGLQJ D
YDOXDEOH ZD\ IRU DQDO\VLV RI WKRVH VSHFWUD. 
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([FLWHG-6WDWH 3URSHUWLHV IRU ([WHQGHG 6\VWHPV: (IILFLHQW +\EULG 'HQVLW\ )XQFWLRQDO
0HWKRGV

%. 6HUWFDQ1, $. +HKQ1, ). %HOOHIODPPH1, 6. &KXONRY2, 0. :DWNLQV2, -. +XWWHU1*

18QLYHUVLW\ RI =XULFK, 'HSDUWPHQW RI &KHPLVWU\, 28QLYHUVLW\ RI /LQFROQ, 6FKRRO RI 0DWKHPDWLFV DQG
3K\VLFV

7LPH-GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ KDV EHFRPH VWDWH-RI-WKH-DUW IRU GHVFULELQJ
SKRWRSK\VLFDO DQG SKRWRFKHPLFDO SURFHVVHV LQ H[WHQGHG PDWHULDOV GXH WR LWV DIIRUGDEOH FRVW >1,2@.
7KH LQFOXVLRQ RI H[DFW H[FKDQJH ZDV VKRZQ WR EH HVVHQWLDO IRU WKH FRUUHFW GHVFULSWLRQ RI WKH ORQJ-
UDQJH DV\PSWRWLFV RI HOHFWURQLF LQWHUDFWLRQV LQ RUGHU WR DFKLHYH DFFXUDWH GHVFULSWLRQV RI YDOHQFH,
5\GEHUJ DQG FKDUJH-WUDQVIHU H[FLWDWLRQV. :KLOH VHYHUDO DSSURDFKHV IRU DQ HIILFLHQW WUHDWPHQW RI
H[DFW H[FKDQJH KDYH EHHQ HVWDEOLVKHG IRU WKH JURXQG VWDWH, WKH LPSOHPHQWDWLRQV IRU H[FLWHG-VWDWH
((6) SURSHUWLHV DUH UDUH. )XUWKHUPRUH, WKH KLJK FRPSXWDWLRQDO FRVWV UHTXLUHG IRU (6 SURSHUWLHV LQ
FRPSDULVRQ WR JURXQG-VWDWH FRPSXWDWLRQV RIWHQ KLQGHU ODUJH-VFDOH DSSOLFDWLRQV RQ SHULRGLF
V\VWHPV ZLWK K\EULG IXQFWLRQDO DFFXUDF\ >3@.

,Q WKLV ZRUN >4@, ZH SURSRVH WZR DSSUR[LPDWH VFKHPHV IRU LPSURYLQJ FRPSXWDWLRQDO HIILFLHQF\ IRU
WKH WUHDWPHQW RI H[DFW H[FKDQJH. :LWKLQ WKH DX[LOLDU\ GHQVLW\ PDWUL[ PHWKRG ($'00), H[DFW
H[FKDQJH LV HVWLPDWHG XVLQJ D UHODWLYHO\ VPDOO DX[LOLDU\ EDVLV DQG WKH LQWURGXFHG EDVLV-VHW
LQFRPSOHWHQHVV HUURU LV FRPSHQVDWHG E\ DQ H[FKDQJH GHQVLW\ IXQFWLRQDO FRUUHFWLRQ WHUP, DQG
FRPSXWDWLRQDO HIILFLHQF\ DUH LPSURYHG E\ DW OHDVW RQH RUGHU RI PDJQLWXGH >5,6@. %HQFKPDUN UHVXOWV
IRU D WHVW VHW RI 35 PROHFXOHV GHPRQVWUDWH WKDW WKH PHDQ DEVROXWH HUURU LQWURGXFHG E\ $'00 LV
VPDOOHU WKDQ 0.3 SP IRU (6 ERQG OHQJWKV DQG 0.07 H9 IRU YHUWLFDO H[FLWDWLRQ, DGLDEDWLF H[FLWDWLRQ
DQG IOXRUHVFHQFH HQHUJLHV. &RPSXWDWLRQDO WLPLQJV IRU D VHULHV RI FRYDOHQW-RUJDQLF IUDPHZRUNV
WDNHQ IURP &XUDWHG &2)V GDWDEDVH >7,8@ GHPRQVWUDWH WKDW D VSHHG-XS RI DW OHDVW RQH RUGHU RI
PDJQLWXGH FDQ EH DFKLHYHG IRU (6 JHRPHWU\ RSWLPL]DWLRQV LQ FRPSDULVRQ WR FRQYHQWLRQDO K\EULG
IXQFWLRQDOV.

7KH VHFRQG PHWKRG LV WR XVH D VHPL-HPSLULFDO WLJKW-ELQGLQJ DSSUR[LPDWLRQ IRU ERWK &RXORPE DQG
H[FKDQJH FRQWULEXWLRQV WR WKH (6 NHUQHO. 7KLV VLPSOLILHG 7DPP-'DQFRII DSSUR[LPDWLRQ (V7'$)
DFKLHYHV DQ DFFXUDF\ FRPSDUDEOH WR DSSUR[LPDWHG K\EULG GHQVLW\ IXQFWLRQDO WKHRU\ ZKHQ UHIHUULQJ
WR KLJKO\ DFFXUDWH FRXSOHG-FOXVWHU UHIHUHQFH GDWD. :H ILQG WKDW (6 ERQG OHQJWKV GHYLDWH E\ 1.1 SP
RQ DYHUDJH DQG PHDQ DEVROXWH HUURUV LQ YHUWLFDO H[FLWDWLRQ, DGLDEDWLF H[FLWDWLRQ DQG IOXRUHVFHQFH
HQHUJLHV DUH VPDOOHU WKDQ 0.5 H9. ,Q FRPSDULVRQ WR $'00-DSSUR[LPDWHG K\EULG IXQFWLRQDO WKHRU\,
V7'$ DFFHOHUDWHV WKH FRPSXWDWLRQ RI EURDG-EDQG H[FLWDWLRQ VSHFWUD E\ RQH RUGHU RI PDJQLWXGH,
VXJJHVWLQJ LWV SRWHQWLDO XVH IRU ODUJH-VFDOH VFUHHQLQJ SXUSRVHV.

>1@ $QGUHDV 'UHXZ, 0DUWLQ +HDG-*RUGRQ, &KHPLFDO 5HYLHZV, 2005, 105, 4009-4037.
>2@ $GªOH '. /DXUHQW, 'HQLV -DFTXHPLQ, ,QWHUQDWLRQDO -RXUQDO RI 4XDQWXP &KHPLVWU\, 2013, 113,
2019-2039.
>3@ 0DUF GH :HUJLIRVVH, 6WHIDQ *ULPPH, -RXUQDO RI 3K\VLFDO &KHPLVWU\ $,  2021, 125, 3841-3851.
>4@ $QQD-6RSKLD +HKQ, %HOL] 6HUWFDQ, HW DO., &KHP5[LY 2022,
KWWSV://GRL.RUJ/10.26434/FKHPU[LY-2022-VZNZ9
>5@ 3DWULFN 0HUORW, 5µEHUW ,]V£N, HW DO., -RXUQDO RI &KHPLFDO 3K\VLFV, 2014, 141, 094104
>6@ 0DQXHO *XLGRQ, -¾UJ +XWWHU, HW DO., -RXUQDO RI &KHPLFDO 7KHRU\ DQG &RPSXWDWLRQ, 2010, 6,
2348-2364.
>7@ 'DQLHOH 2QJDUL, $OLDNVDQGU 9. <DNXWRYLFK HW DO., $&6 &HQWUDO 6FLHQFH, 2019, 5, 1663-1675.
>8@ 'DQLHOH 2QJDUL, /HRSROG 7DOLU], HW DO., $&6 &HQWUDO 6FLHQFH, 2020, 6, 1890-1900.
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'RXEOH-K\EULG GHQVLW\ IXQFWLRQDOV IRU WKH FRQGHQVHG SKDVH: *UDGLHQWV, VWUHVV WHQVRU,
DQG DX[LOLDU\-GHQVLW\ PDWUL[ PHWKRG DFFHOHUDWLRQ

). 6WHLQ1

18QLYHUVLW¦W =¾ULFK

'XH WR WKHLU LPSURYHG DFFXUDF\, GRXEOH-K\EULG GHQVLW\ IXQFWLRQDOV HPHUJHG DV DQ LPSRUWDQW
PHWKRG IRU PROHFXODU HOHFWURQLF-VWUXFWXUH FDOFXODWLRQV. 7KH KLJK FRPSXWDWLRQDO FRVWV RI GRXEOH-
K\EULG FDOFXODWLRQV LQ WKH FRQGHQVHG SKDVH DQG WKH ODFN RI HIILFLHQW JUDGLHQW LPSOHPHQWDWLRQV
WKHUHRI LQKLELW D ZLGH DSSOLFDELOLW\ IRU SHULRGLF V\VWHPV. :H SUHVHQW DQ LPSOHPHQWDWLRQ RI IRUFHV
DQG VWUHVV WHQVRUV IRU GRXEOH-K\EULG GHQVLW\ IXQFWLRQDOV ZLWKLQ WKH *DXVVLDQ DQG SODQH-ZDYHV
HOHFWURQLF VWUXFWXUH IUDPHZRUN. 7KH DX[LOLDU\ GHQVLW\ PDWUL[ PHWKRG LV XVHG WR UHGXFH WKH
RYHUKHDG RI WKH +DUWUHH–)RFN NHUQHO SURYLGLQJ DQ HIILFLHQW DQG DFFXUDWH PHWKRGRORJ\ WR WDFNOH
FRQGHQVHG SKDVH V\VWHPV. )LUVW DSSOLFDWLRQV WR ZDWHU V\VWHPV RI GLIIHUHQW GHQVLWLHV DQG PROHFXODU
FU\VWDOV VKRZ WKH HIILFLHQF\ RI WKH LPSOHPHQWDWLRQ DQG SDYH WKH ZD\ IRU DGYDQFHG VWXGLHV. )LQDOO\,
ZH SUHVHQW ODUJH EHQFKPDUN V\VWHPV WR GLVFXVV WKH SHUIRUPDQFH RI RXU LPSOHPHQWDWLRQ RQ
PRGHUQ ODUJH-VFDOH FRPSXWHUV.

>1@ )UHGHULFN 6WHLQ, -¾UJ +XWWHU, -. &KHP. 3K\V., 2022, 156, 074107.
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$XWRQRPRXV 5HDFWLRQ 1HWZRUN ([SORUDWLRQ LQ +RPRJHQHRXV DQG +HWHURJHQHRXV
&DWDO\VLV

0. 6WHLQHU1, 0. 5HLKHU1*

1/DERUDWRU\ RI 3K\VLFDO &KHPLVWU\, (7+ =XULFK, 9ODGLPLU-3UHORJ-:HJ 2, 8093 =XULFK, 6ZLW]HUODQG

$XWRQRPRXV FRPSXWDWLRQV WKDW UHO\ RQ DXWRPDWHG UHDFWLRQ QHWZRUN H[SORUDWLRQ DOJRULWKPV >1, 2@
IDFLOLWDWH V\VWHPDWLF PHFKDQLVP HOXFLGDWLRQV RI FDWDO\WLF UHDFWLRQV. 7KH\
DFFHVV VHYHUDO RUGHUV RI PDJQLWXGH PRUH VWUXFWXUHV WKDQ ZKDW ZRXOG EH SRVVLEOH E\ PDQXDO
LQVSHFWLRQ. 7KLV SURYLGHV D KLJK GHSWK LQ WHUPV RI UHOHYDQW VSHFLHV (LQFOXGLQJ FRQIRUPHU UHVROXWLRQ)
DQG FRPSHWLQJ HOHPHQWDU\ UHDFWLRQ VWHSV (LQFOXGLQJ VLGH, GHFRPSRVLWLRQ, DQG RWKHU GHDFWLYDWLRQ
UHDFWLRQV). 7KH KLJK GHJUHH RI DXWRQRP\ LQ DXWRPDWHG H[SORUDWLRQ IXUWKHU UHGXFHV WKH DPRXQW RI
PDQXDO KXPDQ ZRUN, SURFHVVLQJ HUURUV, DQG KXPDQ ELDV, ZKLFK DOORZV IRU D KLJK �GHOLW\ RI WKH
IRUPDOL]DWLRQ RI FDWDO\WLF SURFHVVHV DQG IRU VXUSULVLQJ LQ VLOLFR GLVFRYHULHV. +HQFH, DXWRPDWHG
H[SORUDWLRQV R HU NH\ DGYDQWDJHV IRU FDWDO\VLV UHVHDUFK. :H KDYH FDUULHG RXW DXWRPDWHG
H[SORUDWLRQV IRU ERWK KRPRJHQHRXV >3, 4@ DQG KHWHURJHQHRXV FDWDO\VLV >5@ DQG KDYH DQDO\]HG WKH
DVVRFLDWHG UHVRXUFH UHTXLUHPHQWV IRU VXFK FRPSXWDWLRQDO FDPSDLJQV >5@. +HUH, ZH SUHVHQW WKLV
ZRUN DQG RXWOLQH KRZ WKH FRVWV FDQ EH UHGXFHG E\ IDVW HOHFWURQLF VWUXFWXUH PHWKRGV ZLWK
XQFHUWDLQW\ TXDQWL�FDWLRQ DQG E\ DOORZLQJ WKH H[SORUDWLRQ WR EH VWHHUDEOH ZLWK UHVSHFW WR VSHFL�F
UHJLRQV RI DQ HPHUJLQJ QHWZRUN DQG ZLWK UHVSHFW WR WKH DGGLWLRQ RI QHZ UHDFWDQW VSHFLHV.

>1@ *UHJRU 1. 6LPP, $ODLQ &. 9DXFKHU, 0DUNXV 5HLKHU, -. 3K\V. &KHP. $, 2019, 123, 385-399.
>2@ -DQ 3. 8QVOHEHU, 0DUNXV 5HLKHU, $QQX. 5HY. 3K\V. &KHP., 2020, 71, 121-142.
>3@ 0DLNH %HUJHOHU, *UHJRU 1. 6LPP, -RQQ\ 3URSSH, 0DUNXV 5HLKHU, -. &KHP. 7KHRU\ &RPSXW., 2015,
11, 5712-5722.
>4@ 6WHSKDQLH $. *ULPPHO, 0DUNXV 5HLKHU, )DUDGD\ 'LVFXVV., 2019, 220, 443-463.
>5@ 0LJXHO 6WHLQHU, 0DUNXV 5HLKHU, 7RS. &DWDO., 2022, 65, 6-39.
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&RPSXWDWLRQDO 6WXG\ RQ 0XOWLFRSSHU 2[LGDVH-PHGLDWHG %LRWUDQVIRUPDWLRQV

9. -. 6WHLQHU1, +. 6DWRK1, -. +XWWHU1*, .. )HQQHU1,2, $. $WKDQDVDNRJORX2

18QLYHUVLW\ RI =XULFK, 8057 =XULFK, 26ZLVV )HGHUDO ,QVWLWXWH RI $TXDWLF 6FLHQFH DQG 7HFKQRORJ\
((DZDJ), 8600 '¾EHQGRUI

6XEVWDQFHV IRXQG LQ PXQLFLSDO ZDVWHZDWHU FDQ EH GHJUDGHG E\ YDULRXV HQ]\PHV GXULQJ DFWLYDWHG
VOXGJH WUHDWPHQW. 2QH FODVV RI VXFK HQ]\PHV DUH WKH ODFFDVHV. 7KH VXEVWUDWH UDQJH RI WKHVH
PXOWLFRSSHU HQ]\PHV FDQ EH LQFUHDVHG WKURXJK PHGLDWRUV VXFK DV 4-K\GUR[\EHQ]RWULD]ROH DQG
2,2’-D]LQR-ELV-3-HWK\OEHQ]WKLD]ROLQH-6-VXOSKRQLF DFLG.>1@

21 ZDVWHZDWHU-UHOHYDQW VXEVWDQFHV WKDW VKRZHG GLIIHUHQW GHJUHHV RI
WUDQVIRUPDWLRQ LQ VXFK ODFFDVH-PHGLDWRU V\VWHPV>1@ ZHUH H[DPLQHG RQ D WKHRUHWLFDO EDVLV WKURXJK
TXDQWXP FKHPLFDO FDOFXODWLRQV. 6HYHUDO SK\VLFR-FKHPLFDO LQGLFHV ZHUH DQDO\VHG DLPLQJ WR ILQG DQ
LQGH[ WKDW FRUUHODWHV VWURQJO\ ZLWK REVHUYHG UHDFWLYLWLHV, L.H., RQH WKDW ZRXOG EH GLVWLQFWO\ GLIIHUHQW
LQ YDOXH IRU WKH UHDFWLYH DQG QRQ-UHDFWLYH FRPSRXQGV. 6XFK DQ LQGH[
ZRXOG SRWHQWLDOO\ DOORZ SUHGLFWLQJ WKH UHDFWLYLW\ LQ ODFFDVH-PHGLDWRU V\VWHPV IRU VXEVWDQFHV \HW WR
EH H[DPLQHG. 7R WKLV HQG, D TXDOLWDWLYH DQDO\VLV RI LQGLYLGXDO LQGLFHV DV ZHOO DV LQGH[ FRPELQDWLRQV
ZDV FRQGXFWHG ZLWK UHJDUG WR VDLG UHDFWLYLW\. 7KH VHFRQG DVSLUDWLRQ ZDV WR ILQG LQGLFHV ZLWK OLWWOH
FRPSXWDWLRQDO WLPH.

7KH FRPELQDWLRQ RI WKH RQH HOHFWURQ R[LGDWLRQ SRWHQWLDO ZLWK ̩(+202-/802 ZDV IRXQG WR EH D JRRG
GHVFULSWRU DEOH WR GLVWLQJXLVK UHDFWLYH IURP QRQ-UHDFWLYH VXEVWDQFHV. $ PDFKLQH OHDUQLQJ PRGHO
FRQVWUXFWHG XVLQJ WKHVH GHVFULSWRUV ZLWK D VXSSRUW YHFWRU PDFKLQH (690) VKRZHG D JRRG
SHUIRUPDQFH IRU WKH FODVVLILFDWLRQ RI WKH PROHFXOHV LQWR UHDFWLYH DQG QRQ-UHDFWLYH JURXSV.
5HJDUGLQJ ORZ-FRVW FRPSXWDWLRQV, WKH DQDO\VLV LQGLFDWHG WKDW WKH HOHFWURQHJDWLYLW\, WKH LRQL]DWLRQ
SRWHQWLDO DQG WKH +202 HQHUJ\ FDQ EH UHSODFHPHQWV IRU WKH RQH HOHFWURQ R[LGDWLRQ SRWHQWLDO, DOO RI
ZKLFK UHTXLUH OHVV FRPSXWDWLRQDO WLPH.

>1@ $QDVWDVLD $WKDQDVDNRJORX, .DWKULQ )HQQHU, (QYLURQPHQWDO 6FLHQFH & 7HFKQRORJ\, 2022, 56,
313-324.
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&RPSXWDWLRQDO 'HVLJQ RI &DSSLQJ /LJDQGV IRU /HDG +DOLGH 3HURYVNLWH 1DQRFU\VWDOV

$. 6WHOPDNK1,2, 9. 0RUDG1,2, 0. 6Y\U\GHQNR1,2, /. )HOG1,2, 0. $HEOL1,2, $. %DXPNHWQHU3*, 0. 9.
.RYDOHQNR1,2*

1/DERUDWRU\ RI ,QRUJDQLF &KHPLVWU\, 'HSDUWPHQW RI &KHPLVWU\ DQG $SSOLHG %LRVFLHQFHV, (7+ =¾ULFK,
9ODGLPLU 3UHORJ :HJ 1, &+-8093 =¾ULFK, 6ZLW]HUODQG, 2/DERUDWRU\ IRU 7KLQ )LOPV DQG 3KRWRYROWDLFV,

(PSD – 6ZLVV )HGHUDO /DERUDWRULHV IRU 0DWHULDOV 6FLHQFH DQG 7HFKQRORJ\, ÜEHUODQGVWUDVVH 129,
&+-8600 '¾EHQGRUI, 6ZLW]HUODQG, 3,QVWLWXWH IRU &RQGHQVHG 0DWWHU 3K\VLFV, 1$6 RI 8NUDLQH, 1

6YLHQWVLWVN\, /YLY 79011, 8NUDLQH

9HUVDWLOH VXUIDFH IXQFWLRQDOL]DWLRQ RI KLJKO\ LRQLF VXUIDFHV, XELTXLWRXV DPRQJ LQRUJDQLF
QDQRPDWHULDOV, UHPDLQV D IRUPLGDEOH FKDOOHQJH LQ YLHZ RI LQKHUHQWO\ QRQ-FRYDOHQW VXUIDFH ERQGLQJ.
&ROORLGDO OHDG KDOLGH SHURYVNLWH QDQRFU\VWDOV (1&V), ZKLFK DUH RI LQWHUHVW IRU FODVVLFDO DQG TXDQWXP
OLJKW JHQHUDWLRQ,>1,2@ DUH RQH RI WKH H[DPSOHV. 'HVSLWH VRPH UHFHQW HPSLULFDO SURJUHVV LQ VXUIDFH
FKHPLVWU\ RI OHDG KDOLGH SHURYVNLWH 1&V, WKH JHQHUDO VWUDWHJ\ WRZDUGV WKHLU UREXVW VXUIDFH
IXQFWLRQDOL]DWLRQ VWLOO UHPDLQV D FKDOOHQJH.>3@ ,Q WKLV VWXG\ ZH SUHVHQW WKH ILUVW VWUXFWXUDO
LQYHVWLJDWLRQ RI SHURYVNLWH 1& VXUIDFHV FDSSHG ZLWK ]ZLWWHULRQLF SKRVSKROLSLG PROHFXOHV. ,Q OLQH
ZLWK PROHFXODU G\QDPLFV VLPXODWLRQV DQG VROLG-VWDWH 105, ]ZLWWHULRQLF SKRVSKROLSLG OLJDQGV ELQG WR
WKH VXUIDFH RI 1&V ZLWK ERWK KHDG-JURXSV E\ GLVSODFLQJ WKH QDWLYH LRQV RI WKH SHURYVNLWH. 7KH
OLJDQG KHDG-JURXS DIILQLW\ WR WKH VXUIDFH LV WKHUHIRUH SULPDULO\ JRYHUQHG E\ D JHRPHWULF ILWQHVV RI
LWV FDWLRQLF DQG DQLRQLF PRLHWLHV LQWR WKH FU\VWDO ODWWLFH. $V D UHVXOW, VWDEOH DQG FROORLGDOO\ UREXVW
QDQRFU\VWDOV RI LQKHUHQWO\ VRIW DQG FKHPLFDOO\ ODELOH OHDG KDOLGH SHURYVNLWHV – )$3E;3 DQG 0$3E;3
(; – %U, ,) – FDQ EH REWDLQHG ZLWK D ODWWLFH-PDWFKHG SKRVSKRHWKDQRODPLQH KHDG-JURXS. 6WDEOH
VXUIDFH SDVVLYDWLRQ HQDEOHV H[FHOOHQW RSWLFDO SHUIRUPDQFH RI WKH 1&V. $V DQ H[DPSOH,
DON\OSKRVSKROLSLG-FDSSHG )$3E%U3 1&V GLVSOD\ VWDEOH HPLVVLRQ ZLWK D QHDU-XQLW\
SKRWROXPLQHVFHQFH TXDQWXP \LHOG LQ D EURDG FRQFHQWUDWLRQ UDQJH, DV ZHOO DV LQ WKLFN ILOPV. /LJDQG
WDLO HQJLQHHULQJ, RQ WKH RWKHU KDQG, DOORZV GLYHUVH VXUIDFH IXQFWLRQDOL]DWLRQ RI WKH 1&V, EURDGHQLQJ
WKH VFRSH RI WKHLU SRWHQWLDO DSSOLFDWLRQV.

>1@ 0LQJPLQJ /LX, 4XQ :DQ, +XDPLDR :DQJ, )UDQFHVFR &DUXOOL, ;LDRFKXDQ 6XQ, :HLOLQ =KHQJ, /RQJ
.RQJ, 4L =KDQJ, &RQJ\DQJ =KDQJ, 4LQJJDQJ =KDQJ, 6HUJLR %URYHOOL, /LDQJ /L,1DWXUH 3KRWRQLFV,
2021, 15, 379-385.
>2@ *DEULHOH 5DLQ´, 0LFKDHO $. %HFNHU, 0DU\QD ,. %RGQDUFKXN, 5DLQHU ). 0DKUW, 0DNV\P 9.
.RYDOHQNR, 7KLOR 6W¸IHUOH, 1DWXUH, 2018, 563, 671-675.
>3@ 4XLQWHQ $. $NNHUPDQ, *DEULHOH 5DLQ´, 0DNV\P 9. .RYDOHQNR, /LEHUDWR 0DQQD, 1DWXUH 0DWHULDOV,
2018, 17, 394-405.
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$ JHQHUDOL]HG PDFKLQH OHDUQLQJ IUDPHZRUN WR SUHGLFW WKH VSDFH-WLPH \LHOG RI
WKHUPRFDWDO\WLF &22 K\GURJHQDWLRQ WR PHWKDQRO

0. 6XYDUQD1, 7. 3LQKHLUR $UD¼MR1, -. 3«UH]-5DP¯UH]1*

1(7+ =XULFK

7KHUPRFDWDO\WLF &22 K\GURJHQDWLRQ WR PHWKDQRO LV DQ DWWUDFWLYH GHFDUERQL]DWLRQ WHFKQRORJ\ WR
FRPEDW FOLPDWH FKDQJH ZKLOH SURGXFLQJ D YDOXDEOH SODWIRUP FKHPLFDO DQG HQHUJ\ FDUULHU.
+RZHYHU, SUHGLFWLQJ WKH SHUIRUPDQFH RI WKH GLYHUVH FDWDO\WLF V\VWHPV IRU WKLV SURFHVV UHPDLQV D
FKDOOHQJH, DV LW LV JRYHUQHG E\ VHYHUDO LQWULFDWH DQG QRQ-OLQHDU LQWHUDFWLRQV EHWZHHQ WKH FDWDO\VW
FRPSRVLWLRQ, LWV VWUXFWXUH DV ZHOO DV UHDFWLRQ PHFKDQLVP, SURSHUWLHV, FRQGLWLRQV, DQG NLQHWLFV.>1@

+HUHLQ, ZH SUHVHQW DQ H[SODLQDEOH PDFKLQH OHDUQLQJ (0/) IUDPHZRUN WR SUHGLFW FDWDO\VW
SHUIRUPDQFH, SXUHO\ IURP H[SHULPHQWDO GHVFULSWRUV.>2@ $ GDWDEDVH RI 1425 GDWDSRLQWV FRPSULVLQJ
RI &X-, 3G-, ,Q223-, DQG =Q2-=U22-EDVHG FDWDO\VWV LV FRPSLOHG IURP OLWHUDWXUH DQG VXEMHFWHG WR GDWD
PLQLQJ ()LJ. 1D). 7KH PHWKDQRO VSDFH-WLPH \LHOG (67<) LV WKHQ SUHGLFWHG EDVHG RQ D VHW RI 12
GHVFULSWRUV LQFOXGLQJ FDWDO\VW FRPSRVLWLRQV, V\QWKHVLV SURFHGXUH DQG UHDFWLRQ FRQGLWLRQV XVLQJ
DFFXUDWH HQVHPEOH-WUHH PRGHOV ()LJ. 1E). 7KH JUHDWHU VLJQLILFDQFH RI VSDFH YHORFLW\, SUHVVXUH,
DQG PHWDO FRQWHQW RQ WKH PRGHO SUHGLFWLRQ LV UHYHDOHG YLD FDXVDO DQDO\WLFV ()LJ. 1F), ZKLFK
DFFRXQWV IRU 60% RI WKH PRGHO YDULDQFH. (YHQWXDOO\ WKH LQVLJKWV RI WKH H[SODLQDEOH 0/ PRGHO DUH
H[SHULPHQWDOO\ YDOLGDWHG, ZLWK D URRW PHDQ VTXDUHG HUURU RI 0.11 J0H2+ K−1 JFDW

−1 EHWZHHQ WKH
H[SHULPHQWDO DQG PRGHO SUHGLFWHG PHWKDQRO 67< ()LJ. 1G). 7KH IUDPHZRUN LV SXUHO\ GDWD-GULYHQ
DQG FURVV-GHSOR\DEOH WR RWKHU FDWDO\WLF SURFHVVHV.

)LJ. 1D 'DWD PLQLQJ UHSUHVHQWLQJ VHOHFWLYLW\ WRZDUGV PHWKDQRO DV D IXQFWLRQ RI &22 FRQYHUVLRQ IRU DOO WKH
FDWDO\VWV FRPSLOHG IURP OLWHUDWXUH. E 0RGHO SUHGLFWLRQ E\ H[WUHPH JUDGLHQW ERRVW DOJRULWKP RQ WKH WUDLQLQJ
DQG WHVW VHW. F )HDWXUH LPSRUWDQFH DQDO\VLV UHSUHVHQWHG LQ WKH IRUP RI KRUL]RQWDO EDU SORWV. *+69 (JDV KRXUO\
VSDFH YHORFLW\, FP3 K−1 JFDW

−1), 3 (SUHVVXUH, 03D), 0 (PHWDO FRQWHQW, ZW.%), 7 (WHPSHUDWXUH, .), 351 (SURPRWHU
1, ZW.%), 6%(7 (FDWDO\VW VXUIDFH DUHD, P2 J−1), 6 (VXSSRUW, ZW.%), IHHG +2/&22 UDWLR (+2/&22, -), &7 (FDOFLQDWLRQ
WHPSHUDWXUH, .) DQG &' (FDOFLQDWLRQ WLPH, K). G ([SHULPHQWDO YDOLGDWLRQ RI WKH PRGHO EDVHG IRU WKH IRXU
GLIIHUHQW FDWDO\VW IDPLOLHV RQ 60 H[SHULPHQWDO UXQV

>1@ -. =KRQJ, ;. <DQJ, =. :X, %. /LDQJ, <. +XDQJ, 7. =KDQJ, &KHP. 6RF. 5HY. 2020, 49, 1385.
>2@ 0. 6XYDUQD, 7.3. $UD¼MR, -. 3«UH]-5DP¯UH], $SSO. &DWDO. % (QYLURQ. 2022, LQ SUHVV.
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7KH FKHPLVWU\ SXSSHWHHU: HQKDQFLQJ WKH GLYHUVLW\ RI VLQJOH-VWHS UHWURV\QWKHVLV

$. 7RQLDWR1, $. &. 9DXFKHU1, 3. 6FKZDOOHU2, 7. /DLQR1*

1,%0 5HVHDUFK (XURSH, 6¦XPHUVWUDVVH 4, 8803 5¾VFKOLNRQ, 6ZLW]HUODQG, 2(3)/, /DERUDWRU\ RI
$UWLILFLDO &KHPLFDO ,QWHOOLJHQFH, 57( &DQWRQDOH, 1015 /DXVDQQH, 6ZLW]HUODQG

5HWURV\QWKHVLV SODQQLQJ LV WKH WDVN RI UHFXUVLYHO\ LGHQWLI\LQJ UHDFWLRQV DEOH WR GHFRPSRVH D
FRPSOH[ PROHFXOH LQWR VLPSOHU, FRPPHUFLDO VWUXFWXUHV. ,Q RUGHU WR DFKLHYH WKH JRDO, PRVW PRGHUQ
$,-EDVHG DSSURDFKHV UHO\ RQ D 'HHS /HDUQLQJ VLQJOH-VWHS UHWURV\QWKHVLV PRGHO FRXSOHG ZLWK D
VHDUFK DOJRULWKP. 7KH FRPPRQ LVVXH LV WKDW, XVXDOO\, WKH SURSRVHG GLVFRQQHFWLRQ VWUDWHJLHV ODFN LQ
GLYHUVLW\. :KHQ WKH JRDO LV WR ILQG D VXLWDEOH VHW RI SUHFXUVRUV IRU D JLYHQ WDUJHW PROHFXOH, WKH
JHQHUDWHG SUHFXUVRUV W\SLFDOO\ IDOO LQ WKH VDPH FKHPLFDO PDFUR FODVV (H[. DOO SURWHFWLRQ,
GHSURWHFWLRQ RU VDPH &-& ERQG IRUPDWLRQ ZLWK D VOLJKWO\ GLIIHUHQW VHW RI UHDJHQWV) DQG WKH
DXWRPDWLF V\QWKHVLV SODQQLQJ WRROV PLJKW JHW VWXFN. 0RVW RI WKH H[LVWLQJ DSSURDFKHV GR QRW DOORZ D
PDFKLQH OHDUQLQJ PRGHO WR SURYLGH PXOWLSOH GLYHUVH DOWHUQDWLYHV WR H[SORUH DQG DUH IRFXVHG RQ WKH
WRS VLQJOH-VWHS SUHGLFWLRQV. 7UXWK LV, WKDW LQVWHDG WKHUH PLJKW EH PXOWLSOH ZD\V LQ ZKLFK D PROHFXOH
FDQ EH V\QWKHVL]HG. ,Q RXU DSSURDFK ZH KDYH GHYHORSHG D WH[W-EDVHG 7UDQVIRUPHU PRGHO (WKH
CC&KHPLVWU\ 3XSSHWHHU'') WR LQFUHDVH WKH GLYHUVLW\ RI WKH SUHGLFWLRQV, E\ FRQFDWHQDWLQJ D
FODVVLILFDWLRQ WRNHQ LQ IURQW RI WKH PROHFXOH 60,/(6. $W LQIHUHQFH, WKH XVH RI WKHVH WRNHQV DOORZV XV
WR VWHHU WKH PRGHO WRZDUGV GLIIHUHQW NLQGV RI GLVFRQQHFWLRQ VWUDWHJLHV. :H VKRZ ZLWK UHVXOWV RQ WKH
3LVWDFKLR GDWDVHW WKDW WKH GLYHUVLW\ RI WKH SUHGLFWLRQV FDQ LPSURYH FRQVLVWHQWO\.
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&KHPRWRQ: $XWRPDWHG ([SORUDWLRQ RI 5HDFWLRQ 1HWZRUNV

-. 3. 8QVOHEHU1, 6. $. *ULPPHO1, 0. 5HLKHU1*

1/DERUDWRULXP I¾U 3K\VLNDOLVFKH &KHPLH, (7+ =¾ULFK

,Q UHFHQW \HDUV, PXFK DOJRULWKP GHYHORSPHQW KDV EHHQ GHYRWHG WR WKH FRPSXWHU-EDVHG DXWRPDWHG
H[SORUDWLRQ RI FKHPLFDO UHDFWLRQ QHWZRUNV.>1@ ,Q SDUWV, WKLV KDV EHHQ GULYHQ E\ LWV UROH LQ WKH
DXWRPDWLRQ DQG DFFHOHUDWLRQ RI 'HVLJQ-0DNH-7HVW-$QDO\]H ('07$) F\FOHV IRU QHZ PDWHULDOV DQG
FKHPLFDO SURFHVVHV. $OO RI WKHVH UHDFWLRQ QHWZRUN EDVHG PHWKRGV DLP DW HVWDEOLVKLQJ D VXIILFLHQWO\
FRPSOHWH UHDFWLRQ QHWZRUN LQ RUGHU WR DOORZ IRU UHOLDEOH SUHGLFWLRQV, GHWDLOHG XQGHUVWDQGLQJ, DQG
HYHQWXDOO\, WKH GHVLJQ RI FKHPLFDO SURFHVVHV.

$ FRPSOHWH UHDFWLRQ QHWZRUN FRQVLVWV RI DOO WKHUPRG\QDPLFDOO\ DQG NLQHWLFDOO\ UHOHYDQW
LQWHUPHGLDWHV (XQGHU UHDFWLRQ FRQGLWLRQV) DQG DOO UHDFWLRQ SDWKV WKDW FRQQHFW WKHP. $OUHDG\ GXH WR
FRQIRUPDWLRQDO GLYHUVLW\, D UHDFWLRQ QHWZRUN JHQHUDWHG IRU UHODWLYHO\ VLPSOH FKHPLFDO SURFHVVHV
FDQ EH YDVW LI LW VKDOO EH FRPSOHWH. 7KLV SRVHV D VHW RI FKDOOHQJHV IRU PHWKRGRORJ\ DQG VRIWZDUH,
ZKLFK ZH KDYH DQDO\]HG DQG GLVFXVVHG UHFHQWO\.>2@ 

+HUH, ZH ZLOO SUHVHQW WKH FXUUHQW GHYHORSPHQWV RI RXU PHFKDQLVP H[SORUDWLRQ DXWRPDWRQ, FDOOHG
&KHPRWRQ>3@, LQ LWV ODWHVW UHOHDVH YHUVLRQ 2.0>4,5@ DQG EH\RQG.

1. *. 1. 6LPP, $. &. 9DXFKHU, DQG 0. 5HLKHU,  -. 3K\V. &KHP. $, 2018, 123, 385.
2. -. 3. 8QVOHEHU DQG 0. 5HLKHU, $QQX. 5HY. 3K\V. &KHP., 2020, 71, 121.
3. *. 1. 6LPP DQG 0. 5HLKHU, -. &KHP. 7KHRU\ &RPSXW., 2017, 13, 6108.
4. -. 3. 8QVOHEHU, 6. $. *ULPPHO DQG 0. 5HLKHU, DU;LY, 2022, '2,: 10.48550/DU;LY.2202.13011.
5. :HEVLWH: KWWSV://VFLQH.HWK].FK, 6RXUFH &RGH: KWWSV://JLWKXE.FRP/TFVFLQH.
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7KH 7UDQVIHUDELOLW\ /LPLWV RI 6WDWLF %HQFKPDUNV

7. :H\PXWK1, 0. 5HLKHU1*

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

$OO SUDFWLFDO TXDQWXP FKHPLFDO PHWKRGV LQWURGXFH FHUWDLQ DSSUR[LPDWLRQV, ZKLFK OHDG WR D
V\VWHPDWLF HUURU. )RU FRPSXWDWLRQDO FKHPLVWU\ DSSOLFDWLRQV, TXDQWLI\LQJ WKLV HUURU IRU WKH VSHFLILF
FDVH XQGHU FRQVLGHUDWLRQ LV YHU\ LPSRUWDQW. 7KH WUDGLWLRQDO ZD\ RI HVWDEOLVKLQJ WKH UHOLDELOLW\ RI D
PHWKRG LV ZKDW ZH FDOO "VWDWLF" EHQFKPDUNLQJ, L.H., RQH FRPSDUHV WKH UHVXOWV IRU D SUHGHILQHG,
IL[HG VHW RI PROHFXOHV WR VRPH UHIHUHQFH GDWD . +RZHYHU, DV ZH ZLOO VKRZ, WKH WUDQVIHUDELOLW\ DQG
UHOLDELOLW\ RI VXFK VWDWLF EHQFKPDUN UHVXOWV UHPDLQV DOZD\V TXHVWLRQDEOH WR D FHUWDLQ GHJUHH. :H
DGYRFDWH WR LQVWHDG DGRSW D "G\QDPLF", L.H., UROOLQJ DQG V\VWHP-IRFXVHG DSSURDFK IRU HIILFLHQWO\
TXDQWLI\LQJ TXDQWXP FKHPLFDO XQFHUWDLQWLHV.
 

>1@ 7KRPDV :H\PXWK, 0DUNXV 5HLKHU, DU;LY:2204.06659 >SK\VLFV.FRPS-SK@.
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&DSWXULQJ WXQQHOOLQJ DQG ZDYHSDFNHW VSOLWWLQJ HIIHFWV RQ HOHFWURQLF VSHFWUD ZLWK
+DJHGRUQ ZDYHSDFNHWV

=. =KDQJ1, -. 9DQ¯ÏHN1*

1/DERUDWRU\ RI 7KHRUHWLFDO 3K\VLFDO &KHPLVWU\, ,QVWLWXW GHV 6FLHQFHV HW ,QJ«QLHULH &KLPLTXHV, (FROH
3RO\WHFKQLTXH )«G«UDOH GH /DXVDQQH ((3)/), &+-1015 /DXVDQQH, 6ZLW]HUODQG

6HPLFODVVLFDO PHWKRGV VXFK DV WKH WKDZHG *DXVVLDQ DSSUR[LPDWLRQ (7*$) KDYH EHHQ XVHG WR
HIILFLHQWO\ VLPXODWH YLEUDWLRQDOO\ UHVROYHG HOHFWURQLF VSHFWURVFRS\ LQ RUGHU WR EHWWHU XQGHUVWDQG
H[SHULPHQWDO UHVXOWV DQG JXLGH IXUWKHU LQYHVWLJDWLRQV LQWR PROHFXODU SURFHVVHV. ,Q 7*$, D VLQJOH
*DXVVLDQ ZDYHSDFNHW (*:3) LV SURSDJDWHG XVLQJ FODVVLFDO-OLNH HTXDWLRQV XQGHU WKH ORFDO KDUPRQLF
DSSUR[LPDWLRQ (/+$), ZKLFK NHHSV WKH ZDYHSDFNHW LQ WKH *DXVVLDQ IRUP.

7R H[SORUH G\QDPLFV ZKHUH D VLQJOH *:3 GRHV QRW VXIILFH, ZH FDQ FRQVWUXFW D FODVV RI
VHPLFODVVLFDO ZDYHSDFNHWV LQWURGXFHG E\ +DJHGRUQ IURP D FRPSOHWH RUWKRQRUPDO EDVLV LQ WKH IRUP
RI SRO\QRPLDOV WLPHV D SDUWLFXODU *:3. 7KH WLPH HYROXWLRQ RI WKH *:3 SDUDPHWHUV DVVRFLDWHG ZLWK
VXFK ZDYHSDFNHWV UHWDLQV WKH VLPSOH SURSDJDWLRQ IRUP DV LQ 7*$, ZKLOH D YDULDWLRQDO PHWKRG LV
DSSOLHG WR WKH FRHIILFLHQWV RI EDVLV IXQFWLRQV WR DFFRXQW IRU HIIHFWV EH\RQG /+$. $V D UHVXOW, WKH
+DJHGRUQ ZDYHSDFNHWV (+:3) FDQ EH DSSOLHG WR PXFK KLJKHU-GLPHQVLRQDO V\VWHPV WKDQ JULG-
EDVHG TXDQWXP DSSURDFKHV.

2Q VHYHUDO H[DPSOHV RI GRXEOH-ZHOO DQG DQKDUPRQLF SRWHQWLDOV, ZH GHPRQVWUDWH WKH FRQYHUJHQFH
RI WKH +:3 DSSURDFK WR H[DFW TXDQWXP UHVXOWV ZLWK D VXIILFLHQW QXPEHU RI EDVLV IXQFWLRQV DQG LWV
DELOLW\ WR WUHDW VSHFWURVFRS\ SUREOHPV LQYROYLQJ TXDQWXP WXQQHOOLQJ DQG ZDYHSDFNHW VSOLWWLQJ (VHH
ILJXUH) WKDW FRPPRQO\ DULVH LQ FKHPLFDO G\QDPLFV EXW DUH EH\RQG WKH UHDFK RI D VLQJOH WKDZHG
*:3.

>1@ (. +HOOHU, -RXUQDO RI &KHPLFDO 3K\VLFV, 1975, 62, 1544-1555
>2@ 0. :HKUOH, 6. 2EHUOL, -. 9DQ¯ÏHN, -RXUQDO RI 3K\VLFDO &KHPLVWU\ $, 2015, 119, 5685-5690
>3@ *. +DJHGRUQ, $QQDOV RI 3K\VLFV, 1998, 269, 77-104
>4@ (. )DRX, 9. *UDGLQDUX, &. /XELFK, 6,$0 -RXUQDO RQ 6FLHQWLILF &RPSXWLQJ, 2009, 31, 3027-3041
>5@ 9. *UDGLQDUX, *. $. +DJHGRUQ, $. -R\H, -RXUQDO RI &KHPLFDO 3K\VLFV, 2010, 132, 184108
>6@ 7. %HJXģLÉ, 0. &RUGRYD, -. 9DQ¯ÏHN, -RXUQDO RI &KHPLFDO 3K\VLFV, 2019, 150, 154117
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*HQHUDOL]LQJ &ROOHFWLYH 9DULDEOHV XVLQJ 'HHS /HDUQLQJ IRU )UHH (QHUJ\ 6XUIDFH
&DOFXODWLRQ

5. .HWNDHZ1, ). &UHD]]R1, 6. /XEHU1*

18QLYHUVLW\ RI =XULFK

(QKDQFHG VDPSOLQJ VLPXODWLRQ WHFKQLTXHV KDYH EHHQ ZLGHO\ XVHG IRU D EURDG UDQJH RI FKHPLFDO
UHDFWLRQV DQG ELRORJLFDO V\VWHPV. 7KH DELOLW\ RI WKRVH WHFKQLTXHV VXFK DV PHWDG\QDPLFV HVVHQWLDOO\
GHSHQGV RQ WKH TXDOLW\ RI D VHW RI FKRVHQ DWRPLF FRRUGLQDWHV (FROOHFWLYH YDULDEOHV (&9V)) WKDW KDV
WR EH GHILQHG EHIRUH SHUIRUPLQJ WKH VLPXODWLRQV. ,Q WKLV ZRUN, ZH SUHVHQW DQ HIILFLHQW
'HHS $XWR(QFRGHU 1HXUDO 1HWZRUN ('$(11) DOJRULWKP IRU HIIRUWOHVVO\ FRPSXWLQJ JHQHUDO-SXUSRVH
&9V WKDW FDQ EH XVHG ZLWK HQKDQFHG VDPSOLQJ PHWKRGV WR UHFRQVWUXFW IUHH HQHUJ\ VXUIDFHV RI
FKHPLFDO UHDFWLRQV. &DUHIXOO\ PDQLIHVWHG E\ SULPLWLYH RUJDQLF UHDFWLRQV VXFK DV WKH 'LHOV-$OGHU
UHDFWLRQ, '$(11-JHQHUDWHG &9V DUH FDSDEOH RI LGHQWLI\LQJ WUDQVLWLRQV EHWZHHQ UDUH-HYHQW
PHWDVWDEOH VWDWHV. 7KH UHVXOWV VKRZ WKDW WKH DGRSWHG &9V JLYH DFFXUDWH FRPSXWHG IUHH HQHUJ\
WKDW LV LQ OLQH ZLWK WKRVH REWDLQHG E\ SUHYLRXVO\ GHYHORSHG &9V DQG H[SHULPHQWDO UHVXOWV. ,Q
DGGLWLRQ, WKH SURSRVHG PHWKRG LV LPSOHPHQWHG LQ 'HHS OHDUQLQJ IRU &ROOHFWLYH 9DULDEOHV ('HHS&9),
D FRPSXWHU FRGH WKDW SURYLGHV DQ HIILFLHQW DQG FXVWRPL]DEOH LPSOHPHQWDWLRQ RI WKH '$(11, ZKLFK
FDQ FRPPXQLFDWH ZLWK RWKHU PROHFXODU G\QDPLFV VRIWZDUH, QDPHO\ &32. DQG 3/80('.

>1@ :. &KHQ, $. 5. 7DQ, $. /. )HUJXVRQ. -. &KHP. 3K\V. 2018, 149, 072312
>2@ +. 6LGN\, :. &KHQ, $. /. )HUJXVRQ. 0RO. 3K\V. 2020, 118, 5, H1737742
>3@ 5. .HWNDHZ, ). &UHD]]R, 6. /XEHU. -. 3K\V. &KHP. /HWW. 2022, 13, 1797–1805
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2[\JHQ 6SLQ-FURVVRYHU 5HDFWLRQ ZLWK ,QVWDQWRQ 7KHRU\

,. 0. $QVDUL1, -. 5LFKDUGVRQ1*

1(7+ =XULFK, '-&+$%, 9ODGLPLU-3UHORJ-:HJ 1-5/10, 8093 =XULFK, 6ZLW]HUODQG

7KH ILUVW H[FLWHG VWDWH RI WKH R[\JHQ PROHFXOH LV D FKHPLFDOO\-UHDFWLYH VLQJOHW WKDW SOD\V D NH\ UROH
LQ YDULRXV SURFHVVHV RI ELRORJLFDO DQG FKHPLFDO VLJQLILFDQFH LQFOXGLQJ FHOOXODU GDPDJH,
FDQFHU WUHDWPHQW, SRO\PHU V\QWKHVLV DQG ZDWHU GLVLQIHFWLRQ. $V DQ H[FLWHG-VWDWH UHDFWLYH
LQWHUPHGLDWH, LWV UHDFWLYLW\ LV VLJQLILFDQWO\ DIIHFWHG E\ LWV OLIHWLPH, ZKLFK FDQ YDU\ EDVHG RQ WKH
VROYHQW HQYLURQPHQW DQG WHPSHUDWXUH. 7KH QRQ-UDGLDWLYH VSLQ-FURVVRYHU GHDFWLYDWLRQ RI 22 IURP
WKH VLQJOHW 1̩J WR WKH 3̷J

− JURXQG VWDWH LV WKHUHIRUH FUXFLDO WR XQGHUVWDQGLQJ, ERWK TXDOLWDWLYHO\ DQG
TXDQWLWDWLYHO\, LWV UHDFWLYLW\. 7KLV LV D UHDFWLRQ WKDW WDNHV SODFH LQ WKH 0DUFXV LQYHUWHG UHJLPH DQG
LV WKHUHIRUH PRUH OLNHO\ WR H[KLELW WXQQHOOLQJ, ZKLFK ZH WUHDW LQ DQ DE-LQLWLR PDQQHU XVLQJ JROGHQ-
UXOH LQVWDQWRQ WKHRU\. +RZHYHU, GXH WR WKH SUHVHQFH RI D VLQJXODULW\ LQ WKH IOX[-IOX[ FRUUHODWLRQ
IXQFWLRQ, LW FDQQRW EH GLUHFWO\ DSSOLHG WR WKLV V\VWHP. :H SUHVHQW D PRGLILHG YHUVLRQ RI JROGHQ-UXOH
LQVWDQWRQ WKHRU\ WKDW WDNHV LQWR DFFRXQW WKLV VLQJXODULW\ DQG XVH LW WR FDOFXODWH WKH UDWH RI WKH
GHDFWLYDWLRQ SURFHVV LQ ZDWHU, E\ FRQVLGHULQJ D 1:1 FRPSOH[. $GGLWLRQDO FDOFXODWLRQV RQ LVRWRSH-
VXEVWLWXWHG VSHFLHV UHYHDO LQVLJKWV LQWR WKH PHFKDQLVP RI GHDFWLYDWLRQ.
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The COMPAS Project – a COMputational Database of Polycyclic Aromatic Systems. Phase
1: cata-condensed Polybenzenoid Hydrocarbons

A. Wahab1, L. Pfuderer1, E. Paenurk1, R. Gershoni-Poranne1,2, P. Chen1*

1ETH Zurich, Department of Chemistry and Applied Biosciences, Vladimir-Prelog-Weg 1-5/10, 8093
Zürich, 2Schulich Faculty of Chemistry, Technion-Israel Insitute of Technology, Haifa 32000

Chemical databases are an essential tool for data-driven investigation of structure–property
relationships and for the design of novel functional compounds. Polycyclic aromatic systems are
one of most prevalent types of compounds in nature and are important in many fields in
chemistry. To the best of our knowledge, no well-curated and decently sized database of those
molecules exist to this day. For this purpose, we started the COMPAS project: a COMputational
database of Polycyclic Aromatic Systems. We present here1 the first phase of this project, where
we focused on cata-condensed polybenzenoid hydrocarbons (PBHs). Wedeveloped two data sets:
(1) COMPAS-1x containing ∼34k molecules with up to 11 rings, and (2) COMPAS-1D containing ∼9k
molecules with up to 10 rings. Both datasets contain the optimized ground-state structures and a
selection of molecular properties, calculated at the GFN2-xTB and the B3LYP-D3BJ/def2-SVP levels,
respectively. Herein, we describe the workflow of data generation and curation, and detail the
information available within the data sets. Using those data sets, we compare the two types of
computations as well as study the structure–property relationships of the calculated species. The
data and insights gained from them can drive rational design of novel functional polycyclic
aromatic molecules with applications in, e.g., organic electronics, and can provide a basis for
additional data-driven machine- and deep-learning studies in chemistry.

[1] Wahab, A.; Pfuderer, L.; Paenurk, E.; Gershoni-Poranne, R. The COMPAS Project: A
Computational Database of Polycyclic Aromatic Systems. Phase 1: Cata-Condensed Polybenzenoid
Hydrocarbons. J. Chem. Inf. Model. 2022. https://doi.org/10.1021/acs.jcim.2c00503.
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