
 

Swiss Chemical Society 
Haus der Akademien 
Postfach 
3001 Bern 
Switzerland 
info@scg.ch 
www.scg.ch 

  
 
 
CHIMIA 2020, Volume 74 
ISSN 0009-4293 
www. chimia.ch 
Supplementa to Issue 7-8/2020 
 
 
 
 
 
 
 
 
SCS Fall Meeting 2020 (online conference) 
Lecture, Short Talk and Poster Abstracts 
 

Session of Computational 
Chemistry 
 
 
August 25, 2020 
University of Bern (online conference) 
http://scg.ch/fallmeeting/2020 

 
 



&RPSXWDWLRQDO�&KHPLVWU\��,QYLWHG�/HFWXUH &&����

/HDUQLQJ�KRZ�WR�GR�FKHPLFDO�UHDFWLRQV�IURP�GDWD

$��&��9DXFKHU���$��&DUGLQDOH���-��*HOX\NHQV���9��+��1DLU���2��6FKLOWHU���3��6FKZDOOHU���$��/RJDOOR���)�
=LSROL���7��/DLQR�


�,%0�5HVHDUFK�(XURSH��6¦XPHUVWUDVVH���������5¾VFKOLNRQ��6ZLW]HUODQG

7KH V\QWKHVLV RI QRYHO FRPSRXQGV LV D FRPSOH[ WDVN UHTXLULQJ �� DQ DGHTXDWH UHWURV\QWKHWLF
DQDO\VLV� �� WKH IRUPXODWLRQ RI DGHTXDWH UHDFWLRQ FRQGLWLRQV IRU HDFK UHDFWLRQ VWHS� DQG �� WKH
DFWXDO V\QWKHVLV LQ WKH ODERUDWRU\� 7KH NQRZOHGJH DQG H[SHULHQFH PDWXUHG E\ FKHPLVWV LQ GHFDGHV
RI�SUDFWLFH�DUH�NH\�FRPSRQHQWV�WR�FKDUDFWHUL]H�D�VXFFHVVIXO�GHVLJQ�DFURVV�VWHSV�����WR�����
:LWK PRUH WKDQ WZR KXQGUHG \HDUV RI UHSRUWHG H[SHULPHQWV LQ WKH FKHPLFDO OLWHUDWXUH� DV ZHOO DV
UHFHQW DGYDQFHV LQ DXWRPDWLRQ DQG PDFKLQH OHDUQLQJ� GDWD�GULYHQ DSSURDFKHV SURYLGH PXOWLSOH
RSSRUWXQLWLHV WR DVVLVW FKHPLVWV DQG DFFHOHUDWH WKH PDWHULDO GHVLJQ SURFHVV� ,Q UHFHQW \HDUV�
GLIIHUHQW JURXSV ZRUOGZLGH UHSRUWHG VHYHUDO DOJRULWKPV WR VXSSRUW FKHPLVWV LQ WKH UHWURV\QWKHWLF
SUREOHP >���@� 6XFK FRPSXWDWLRQDO DSSURDFKHV DUH KLJKO\ XVHIXO WR DVVLVW FKHPLVWV LQ WKH
LGHQWLILFDWLRQ RI RSWLPDO V\QWKHWLF SDWKZD\V RI WDUJHW PROHFXOHV VWDUWLQJ IURP VXLWDEOH EXLOGLQJ
EORFNV� ,Q SDUWLFXODU� WKH DSSURDFKHV UHO\LQJ RQ PDFKLQH�OHDUQLQJ GR QRW UHTXLUH WKH PDQXDO
HQFRGLQJ RI UHDFWLRQ UXOHV DQG DUH DEOH WR OHDUQ GLUHFWO\ IURP FRUSXVHV RI UHDFWLRQ GDWD� 7KH
DOJRULWKPV IRU UHWURV\QWKHVLV� KRZHYHU� SURYLGH RQO\ D GHVLJQ RI WKH V\QWKHVLV RI JLYHQ WDUJHWV�
ZLWKRXW�VSHFLI\LQJ�WKH�GHWDLOV�RI�WKH�UHDFWLRQ�VWHSV�WR�LPSOHPHQW�WKDW�VSHFLILF�WUDQVIRUPDWLRQ�
+HUH� ZH SUHVHQW D PDFKLQH�OHDUQLQJ PRGHO WR SUHGLFW WKH VHTXHQFH RI RSHUDWLRQV WR SHUIRUP DQ\
UHDFWLRQ VWHS LQ WKH ODERUDWRU\� 7R WUDLQ WKLV PRGHO� ZH XVHG D GDWDVHW FRQWDLQLQJ H[DPSOHV RI
UHDFWLRQ HTXDWLRQV DQG DVVRFLDWHG ODERUDWRU\ RSHUDWLRQV� SURFHVVHG IURP UHSRUWHG H[SHULPHQWDO
SURFHGXUHV LQ SDWHQWV� 7R WKLV DLP� ZH GHVLJQHG D VHSDUDWH PDFKLQH�OHDUQLQJ PRGHO WUDLQHG WR
H[WUDFW VHTXHQFHV RI RSHUDWLRQV IURP H[SHULPHQWDO SURFHGXUHV LQ SDWHQWV >�@ DQG WR FRQYHUW WKHP
WR D VHTXHQFH RI VWUXFWXUHG� FRPSXWHU�IULHQGO\ RSHUDWLRQV� :H XVHG WKLV GDWDVHW WR GHVLJQ DQ
DUFKLWHFWXUH�WR�SUHGLFW�WKH�H[DFW�VHTXHQFH�RI�ODERUDWRU\�RSHUDWLRQV�JLYHQ�D�UHDFWLRQ�WDUJHW�
)LQDOO\� ZH SUHVHQW KRZ WKH PRGHOV IRU WKH UHWURV\QWKHWLF DQDO\VLV DQG IRU WKH SUHGLFWLRQ RI
ODERUDWRU\ RSHUDWLRQV FDQ EH FRXSOHG WR FRPPHUFLDO FKHPLFDO URERWV WR SURYLGH D SODWIRUP DEOH WR
DXWRQRPRXVO\�V\QWKHVL]H�PROHFXOHV�

>�@ /DZ� -�� =VROGRV� =�� 6LPRQ� $�� 5HLG� '�� /LX� <�� .KHZ� 6� <�� -RKQVRQ� $� 3�� 0DMRU� 6�� :DGH� 5�
$���$QGR��+��<���-��&KHP��,QI��0RGHO���������������૱����
>�@�6HJOHU��0��+��6���3UHXVV��0���:DOOHU��0��3���1DWXUH���������������૱����
>�@ 6FKZDOOHU� 3�� 3HWUDJOLD� 5�� =XOOR� 9�� 1DLU� 9� +�� +DHXVHOPDQQ� 5� $�� 3LVRQL� 5�� %HNDV� &��
,XOLDQR��$���/DLQR��7���&KHP��6FL����������������૱�����
>�@�9DXFKHU��$��&���=LSROL��)���*HOX\NHQV��-���1DLU��9��+���6FKZDOOHU��3���/DLQR��7���XQGHU�UHYLHZ�������
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

6HOI�3DUDPHWUL]LQJ�6\VWHP�)RFXVHG�$WRPLVWLF�0RGHOV

&��%UXQNHQ�����0��5HLKHU�


�(7+�=¾ULFK��/DERUDWRU\�IRU�3K\VLFDO�&KHPLVWU\��9ODGLPLU�3UHORJ�:HJ���������=XULFK���
FKULVWRSK�EUXQNHQ#SK\V�FKHP�HWK]�FK

&RPSXWDWLRQDO VWXGLHV RI FKHPLFDO UHDFWLRQV LQ FRPSOH[ HQYLURQPHQWV VXFK DV SURWHLQV RU PHWDO�
RUJDQLF IUDPHZRUNV UHTXLUH DFFXUDWH DQG DW WKH VDPH WLPH HIILFLHQW DWRPLVWLF PRGHOV DSSOLFDEOH WR
WKH QDQRPHWHU VFDOH� )RU DUELWUDU\ V\VWHP FODVVHV� DQ DFFXUDWH SDUDPHWUL]DWLRQ RI WKH DWRPLVWLF
HQWLWLHV ZLOO QRW EH DYDLODEOH� EXW GHPDQGV D IDVW DXWRPDWHG V\VWHP�IRFXVHG SDUDPHWUL]DWLRQ
SURFHGXUH WR EH TXLFNO\ DSSOLFDEOH� UHOLDEOH� IOH[LEOH� DQG UHSURGXFLEOH� :H GHYHORS DQG FRPELQH
>�@ DQ DXWRPDWLFDOO\ SDUDPHWUL]DEOH TXDQWXP FKHPLFDOO\ GHULYHG PROHFXODU PHFKDQLFV PRGHO ZLWK
PDFKLQH�OHDUQHG FRUUHFWLRQV XQGHU XQFHUWDLQW\ TXDQWLILFDWLRQ� 2XU DSSURDFK ILUVW JHQHUDWHV DQ
DFFXUDWH� SK\VLFDOO\ PRWLYDWHG PRGHO IURP D PLQLPXP HQHUJ\ VWUXFWXUH DQG LWV FRUUHVSRQGLQJ
+HVVLDQ PDWUL[ E\ D SDUWLDO +HVVLDQ ILWWLQJ SURFHGXUH >�@ RI WKH IRUFH FRQVWDQWV� 7KLV PRGHO FDQ EH
DSSOLHG WR JHQHUDWH D ODUJH QXPEHU RI FRQILJXUDWLRQV �H�J�� YLD PROHFXODU G\QDPLFV� IRU ZKLFK
DGGLWLRQDO UHIHUHQFH GDWD FDQ EH FDOFXODWHG RQ WKH IO\� $ ̩�PDFKLQH OHDUQLQJ PRGHO LV WUDLQHG RQ
WKHVH GDWD WR SURYLGH D FRUUHFWLRQ WR HQHUJLHV DQG IRUFHV LQFOXGLQJ XQFHUWDLQW\ HVWLPDWHV� 7KH
SDUDPHWUL]DWLRQ RI ODUJH V\VWHPV LV HQDEOHG E\ DQ DXWRQRPRXV IUDJPHQWDWLRQ DSSURDFK� ZKLFK LV
GHPRQVWUDWHG DW WKH H[DPSOH RI WKH FRSSHU�FRQWDLQLQJ SURWHLQ SODVWRF\DQLQ� 2XU DSSURDFK PD\
DOVR EH HPSOR\HG IRU WKH JHQHUDWLRQ RI V\VWHP�IRFXVHG HOHFWURVWDWLF PROHFXODU PHFKDQLFV
HPEHGGLQJ HQYLURQPHQWV LQ D TXDQWXP�PHFKDQLFDO�PROHFXODU�PHFKDQLFDO K\EULG PRGHO IRU
DUELWUDU\�DWRPLVWLF�VWUXFWXUHV�DW�WKH�QDQRVFDOH�

>�@�%UXQNHQ��&���5HLKHU��0���-��&KHP��7KHRU\�&RPSXW����������������������
>�@�:DQJ��5���2]KJLEHVRY��0���+LUDR��+���-��&RPSXW��&KHP����������������������
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

=RRPLQJ�LQ�RQ�WKH�2�2�%RQG�)RUPDWLRQ�૱�1RYHO�,QVLJKWV�IURP�DE�LQLWLR�0ROHFXODU
'\QDPLFV�ZLWK�(QKDQFHG�6DPSOLQJ�7HFKQLTXHV

0��6FKLOOLQJ���5��$��&XQKD���6��/XEHU�


�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\

7KH SURFHVV RI VSOLWWLQJ ZDWHU LQWR PROHFXODU K\GURJHQ DQG R[\JHQ LV DPRQJ WKH PRVW SURPLVLQJ
DSSURDFKHV LQ WKH ILHOG RI UHQHZDEOH HQHUJ\ VRXUFHV� ,Q RUGHU WR PDNH WKLV UHDFWLRQ HFRQRPLFDOO\
YLDEOH� LQ�GHSWK XQGHUVWDQGLQJ RI WKH FUXFLDO 2�2 ERQG IRUPDWLRQ LV KLJKO\ GHVLUDEOH� ,Q WKH SDVW ZH
KDYH VWXGLHG D IDPLO\ RI 5X�EDVHG ZDWHU R[LGDWLRQ FDWDO\VWV �:2&V� EHDULQJ D 3\� OLJDQG E\
PHDQV RI JHRPHWU\ RSWLPL]DWLRQ EDVHG VLPXODWLRQ SURWRFROV HPSOR\LQJ GHQVLW\ IXQFWLRQDO WKHRU\
�')7��>���@ ,Q RXU FXUUHQW VWXGLHV ZH JR EH\RQG WKH VWDWLF GHVFULSWLRQ RI WKH UHDFWLYH LQWHUPHGLDWHV
E\ XWLOL]LQJ IRUHIURQW HQKDQFHG VDPSOLQJ WHFKQLTXHV VXFK DV WKH %OXHPRRQ HQVHPEOH DQG
PHWDG\QDPLFV�WRJHWKHU�ZLWK�KLJK�SHUIRUPDQFH�')7�EDVHG�PROHFXODU�G\QDPLFV�VLPXODWLRQV�

,Q GRLQJ VR� ZH FDQ PRUH DFFXUDWHO\ GHVFULEH VROXWH�VROYHQW LQWHUDFWLRQV DV ZHOO DV WKH G\QDPLFV RI
WKH V\VWHP DW DPELHQW WHPSHUDWXUH� 7KLV DOORZV XV WR JHW GHWDLOHG LQVLJKWV LQWR WKH SURFHVV RI WKH
R[\JHQ�R[\JHQ ERQG IRUPDWLRQ HYHQW� WKH DVVRFLDWHG UHDFWLRQ QHWZRUN� DQG WKH IOH[LELOLW\ RI WKH
SURGXFW VWDWH� 0RUHRYHU� ZH GHPRQVWUDWH KRZ FUXFLDO WKH FKRLFH RI DQ DSSURSULDWH FROOHFWLYH
YDULDEOH�LV�LQ�RUGHU�WR�FDSWXUH�WKH�UHOHYDQW�IHDWXUHV�RI�WKH�VWXGLHG�UHDFWLRQ�>�@

/DWHO\� ZH KDYH DSSOLHG WKH GHYHORSHG VLPXODWLRQ SURWRFRO WR LQYHVWLJDWH WKH LQIOXHQFH RI WKH EDVH�
VWUHQJWK RQWR WKH 2�2 ERQG IRUPDWLRQ HYHQW� 7R WKLV H[WHQW ZH VWXG\ D PRGLILHG YHUVLRQ RI WKH 3\�
OLJDQG WKDW ZDV SURSRVHG HDUOLHU LQ DQ LQ VLOLFR GHVLJQ VWXG\� WKH JRDO RI ZKLFK ZDV WR LPSURYH WKH
FDWDO\WLF SHUIRUPDQFH RI WKRVH 5X�EDVHG :2&V�>�@ ,Q VKRUW� ZH ILQG WKDW LQFUHDVLQJ WKH EDVLFLW\ RI
WKH LQWUDPROHFXODU EDVH IDFLOLWDWHV D ZDWHU QXFOHRSKLOLF DWWDFN PHFKDQLVP E\ DOWHULQJ WKH VROYDWLRQ
VKHOO RI WKH FDWDO\VWV� 7KLV FOHDUO\ VKRZV KRZ LPSRUWDQW DQ DGHTXDWH GHVFULSWLRQ RI HQYLURQPHQWDO
HIIHFWV�DQG�VROXWH�VROYHQW�LQWHUDFWLRQV�LV�>�@

>�@�*LO�6HSXOFUH�HW�DO���&KHP6XV&KHP����������������
>�@�6FKLOOLQJ��%¸KOHU�DQG�/XEHU��'DOWRQ�7UDQV������������������
>�@�6FKLOOLQJ��&XQKD�DQG�/XEHU��-&7&���������������������
>�@�6FKLOOLQJ��&XQKD�DQG�/XEHU��$&6�&DWDO�������LQ�UHYLVLRQ�
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

8VLQJ�8OWUDIDVW�6SHFWURVFRS\�DQG�&RPSXWHU�6LPXODWLRQV�WR�5H�H[DPLQH�2XU�3LFWXUH�RI
3KRWRLQGXFHG�(OHFWURQ�7UDQVIHU

&��5XPEOH���(��9DXWKH\�


�8QLYHUVLW\�RI�*HQHYD��'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\

6SHFWURVFRSLF H[SHULPHQWV� ERWK WLPH�UHVROYHG DQG VWHDG\�VWDWH� KDYH SURYLGHG XV H[TXLVLWH
LQVLJKW LQWR WKH G\QDPLFV RI SKRWRLQGXFHG FKDUJH WUDQVIHU SURFHVVHV� ,QWHUSUHWDWLRQ RI WKHVH
H[SHULPHQWV KDV EHHQ DLGHG E\ 0DUFXV WKHRU\ DQG LWV QXPHURXV GHULYDWLYHV� D OLQHDU�UHVSRQVH
WKHRU\ EDVHG SULPDULO\ RQ D SLFWXUH RI VSKHULFDO UHDFWDQWV LPPHUVHG LQ D FRQWLQXXP VROYHQW�
$OWKRXJK WKLV PRGHO KDV IRXQG PXFK SUDFWLFDO VXFFHVV� LW FRPSOHWHO\ LJQRUHV WKH PROHFXODU QDWXUH
RI WKH V\VWHP� DQG PDQ\ RI WKH SDUDPHWHUV XQGHUO\LQJ WKH WKHRU\ DUH QRW GLUHFWO\ DFFHVVLEOH E\
H[SHULPHQW� :H PXVW WKHUHIRUH FRPELQH GHWDLOHG FRPSXWHU VLPXODWLRQV ZLWK LQVLJKW IURP
H[SHULPHQWV LQ RUGHU WR DQVZHU WKH IXQGDPHQWDO TXHVWLRQ� KRZ JRRG DUH WKH SUHGLFWLRQV RI
WUDGLWLRQDO VSKHUH�FRQWLQXXP PRGHOV ZKHQ WKH PROHFXODULW\ RI WKH V\VWHP LV DFFRXQWHG IRU" 7R
DGGUHVV WKLV� ZH ZLOO SUHVHQW WKH UHVXOWV RI FRPELQHG H[SHULPHQWDO DQG FRPSXWDWLRQ VWXGLHV RI
HOHFWURQ GRQRU DQG DFFHSWRU V\VWHPV DQG ZLOO GHPRQVWUDWH WKH VKRUWFRPLQJV RI WUDGLWLRQDO
VSKHUH�FRQWLQXXP�PRGHOV�ZKHQ�WKH�PROHFXODULW\�RI�WKH�V\VWHP�LV�DFFRXQWHG�IRU�GLUHFWO\�

7KH ILUVW V\VWHP ZH ZLOO H[DPLQH DUH HOHFWURQ GRQRU�DFFHSWRU FRPSOH[HV �('$&V�� GRQRU�DFFHSWRU
SDLUV ZKRVH HOHFWURQLF VWUXFWXUH DOORZV IRU GLUHFW H[FLWDWLRQ IURP WKH QHXWUDO WR LRQ SDLU VWDWHV�
$OWKRXJK WKH WKHUPRG\QDPLFV DQG FKDUJH UHFRPELQDWLRQ NLQHWLFV RI ('$&V KDYH EHHQ WKH VXEMHFW
RI LQWHQVH VWXG\� WKH VWUXFWXUDO G\QDPLFV RI WKH ('$&V DQG WKHLU UHODWLRQ WR FKDUJH UHFRPELQDWLRQ
DUH VWLOO SRRUO\ XQGHUVWRRG� 8VLQJ D XQLTXH FRPELQDWLRQ RI XOWUDIDVW VSHFWURVFRS\ DQG PL[HG
TXDQWXP�FODVVLFDO VLPXODWLRQV� ZH ILQG WKDW QHLWKHU WKH JURXQG QRU H[FLWHG VWDWH RI ('$&V FDQ EH
GHVFULEHG XVLQJ D VLQJOH� ZHOO�GHILQHG� VWUXFWXUH� DQG WKDW UHDUUDQJHPHQW IURP SUHGRPLQDWHO\ IDFH�
WR�IDFH ͔ VWDFNV WR HGJH�WR�IDFH 7�VKDSHG VWUXFWXUHV GRPLQDWH WKH H[FLWHG VWDWH VWUXFWXUDO
G\QDPLFV�>�@ *LYHQ WKH VHQVLWLYLW\ RI FKDUJH�WUDQVIHU SURFHVVHV WR GRQRU�DFFHSWRU RULHQWDWLRQ�
IXWXUH WKHRUHWLFDO GHVFULSWLRQV RI ('$& UHFRPELQDWLRQ G\QDPLFV PXVW WDNH LQWR DFFRXQW WKH
PROHFXODULW\�DQG�VWUXFWXUDO�HYROXWLRQ�RI�WKH�H[FLWHG�VWDWH�LQ�RUGHU�WR�SURSHUO\�PRGHO�WKH�UHDFWLRQ�

$GGLWLRQDOO\� ZH ZLOO XVH FODVVLFDO PROHFXODU G\QDPLFV VLPXODWLRQV WR H[SORUH HOHFWURQ
GRQRU�DFFHSWRU V\VWHPV LQ ZD\V WKDW DUH LPSRVVLEOH ZLWK H[SHULPHQWDO WHFKQLTXHV DORQH� :H DUH
DEOH WR GHPRQVWUDWH ZLWK XPEUHOOD VDPSOLQJ PROHFXODU G\QDPLFV VLPXODWLRQV WKDW WKH KDUG�VSKHUH
PRGHO DQG FRQWLQXXP HOHFWURVWDWLFV DUH SRRU GHVFULSWRUV RI WKH UHDFWDQW DQG SURGXFW SRWHQWLDOV RI
PHDQ IRUFH� IXQFWLRQV WKDW GHVFULEH WKH VSDWLDO GLVWULEXWLRQ RI GRQRU�DFFHSWRU SDLUV DQG IDFWRU LQWR
SUHGLFWLRQV IRU WKH UHDFWLRQ GULYLQJ IRUFH XVLQJ WKH :HOOHU HTXDWLRQ� :H ZLOO DOVR VKRZ WKDW
VLPXODWHG VROYHQW UHRUJDQL]DWLRQ HQHUJLHV GHYLDWH VWURQJO\ IURP WKH SUHGLFWLRQV RI FRQWLQXXP
HOHFWURVWDWLFV� DQG WKDW WKH OLQHDU�UHVSRQVH DSSUR[LPDWLRQ FDQ EUHDN GRZQ LQ ZHDNO\ SRODU
VROYHQWV� 7KH UHVXOWV RI RXU H[SHULPHQWV DQG VLPXODWLRQV GHPRQVWUDWH WKDW WKH UHDO G\QDPLFV
XQGHUO\LQJ SKRWRLQGXFHG HOHFWURQ WUDQVIHU DUH VLJQLILFDQWO\ PRUH FRPSOH[ WKDQ WUDGLWLRQDO WKHRULHV
ZRXOG�SUHGLFW�

>�@�5XPEOH��&��$���9DXWKH\��(��3K\V��&KHP��&KHP��3K\V������������������૱�����
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2Q�WKH�IO\�DE�LQLWLR�VHPLFODVVLFDO�HYDOXDWLRQ�RI�YLEURQLF�VSHFWUD�DW�ILQLWH�WHPSHUDWXUH

7��%HJXģLÉ���-��9DQ¯ÏHN�


�/DERUDWRU\�RI�7KHRUHWLFDO�3K\VLFDO�&KHPLVWU\��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ�
(3)/

7R FRPSXWH DQG DQDO\]H YLEUDWLRQDOO\ UHVROYHG HOHFWURQLF VSHFWUD DW ]HUR WHPSHUDWXUH� ZH KDYH
UHFHQWO\ LPSOHPHQWHG WKH RQ�WKH�IO\ DE LQLWLR H[WHQGHG WKDZHG *DXVVLDQ DSSUR[LPDWLRQ >�@� ZKLFK
DFFRXQWV IRU DQKDUPRQLFLW\� PRGH�PRGH FRXSOLQJ� DQG +HU]EHUJ�7HOOHU HIIHFWV� +HUH� ZH JHQHUDOL]H
WKLV PHWKRG LQ RUGHU WR HYDOXDWH VSHFWUD DW QRQ�]HUR WHPSHUDWXUH >�@� ,Q OLQH ZLWK WKHUPR�ILHOG
G\QDPLFV >�� �@� ZH WUDQVIRUP WKH YRQ 1HXPDQQ HYROXWLRQ RI WKH GHQVLW\ PDWUL[ WR WKH 6FKU¸GLQJHU
HYROXWLRQ RI D ZDYHIXQFWLRQ LQ DQ DXJPHQWHG VSDFH ZLWK WZLFH DV PDQ\ GHJUHHV RI IUHHGRP� 'XH
WR HIILFLHQF\ RI WKH H[WHQGHG WKDZHG *DXVVLDQ DSSUR[LPDWLRQ� WKLV LQFUHDVH LQ WKH QXPEHU RI
FRRUGLQDWHV UHVXOWV LQ QHDUO\ QR DGGLWLRQDO FRPSXWDWLRQDO FRVW� 0RUH VSHFLILFDOO\� FRPSDUHG WR WKH
RULJLQDO� ]HUR�WHPSHUDWXUH DSSURDFK� WKH ILQLWH�WHPSHUDWXUH PHWKRG UHTXLUHV QR DGGLWLRQDO DE LQLWLR
HOHFWURQLF VWUXFWXUH FDOFXODWLRQV� $W WKH VDPH WLPH� WKH QHZ DSSURDFK DOORZV IRU D FOHDU GLVWLQFWLRQ
DPRQJ ILQLWH�WHPSHUDWXUH� DQKDUPRQLFLW\� DQG +HU]EHUJ�7HOOHU HIIHFWV RQ VSHFWUD� :H VKRZ� RQ D
PRGHO 0RUVH V\VWHP� WKH DGYDQWDJHV RI WKH ILQLWH�WHPSHUDWXUH WKDZHG *DXVVLDQ DSSUR[LPDWLRQ
RYHU WKH FRPPRQO\ XVHG JOREDO KDUPRQLF PHWKRGV DQG DSSO\ LW WR HYDOXDWH WKH V\PPHWU\�
IRUELGGHQ DEVRUSWLRQ VSHFWUXP RI EHQ]HQH �VHH JUDSKLF�� ZKHUH DOO RI WKH DIRUHPHQWLRQHG HIIHFWV
FRQWULEXWH�

�

�

>�@�$XU«OLHQ�3DWR]��7RPLVODY�%HJXģLÉ��-Lě¯�9DQ¯ÏHN��-RXUQDO�RI�3K\VLFDO�&KHPLVWU\�/HWWHUV����������
����������
>�@�7RPLVODY�%HJXģLÉ��-Lě¯�9DQ¯ÏHN��6XEPLWWHG��DYDLODEOH�DW�DU;LY������������>SK\VLFV�FKHP�SK@��
>�@�0DVXR�6X]XNL��-RXUQDO�RI�WKH�3K\VLFDO�6RFLHW\�RI�-DSDQ�����������������
>�@�5DIIDHOH�%RUUHOOL��0D[LP�)��*HOLQ��6FLHQWLILF�5HSRUWV���������������
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,RQL]DWLRQ�RI�:DWHU�DV�DQ�(IIHFW�RI�4XDQWXP�'HORFDOL]DWLRQ�DW�$TXHRXV�(OHFWURGH
,QWHUIDFHV

-��/DQ���9��9��5\ENLQ���0��,DQQX]]L�

�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\

7KH HQKDQFHG SUREDELOLW\ RI ZDWHU GLVVRFLDWLRQ DW WKH DTXHRXV HOHFWURGH LQWHUIDFHV LV SUHGLFWHG E\
SDWK�LQWHJUDO DE LQLWLR PROHFXODU G\QDPLFV� 7KH LRQL]DWLRQ SURFHVV LV REVHUYHG DW WKH DTXHRXV
SODWLQXP LQWHUIDFH ZKHQ QXFOHDU TXDQWXP HIIHFWV DUH LQWURGXFHG LQ WKH VWDWLVWLFDO VDPSOLQJ� ZKLOH
PLQRU HIIHFWV KDYH EHHQ REVHUYHG DW WKH JROG LQWHUIDFH� :H FKDUDFWHUL]H WKH GLVVRFLDWLRQ
PHFKDQLVP RI WKH IRUPHG ZDWHU LRQV� ,Q VSLWH RI WKH IDFW WKDW WKH FRQFHQWUDWLRQ DQG OLIHWLPH RI WKH
LRQV PLJKW EH FKDOOHQJLQJ WR EH H[SHULPHQWDOO\ GHWHFWDEOH� WKH\ PD\ VHUYH DV D JXLGH WR IXWXUH
H[SHULPHQWV� 2XU REVHUYDWLRQ PLJKW KDYH D VLJQLILFDQW LPSDFW RQ WKH XQGHUVWDQGLQJ RI
HOHFWURFKHPLFDO�SURFHVVHV�RFFXUULQJ�DW�WKH�PHWDO�HOHFWURGH�VXUIDFH�

>�@�/DQ�-��5\ENLQ�9�9��,DQQX]]L�0��,��-��3K\V��&KHP��/HWW�������������������૱����
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&RPSXWDWLRQDO�&KHPLVWU\��6SRQVRU�/HFWXUH &&����

(QDEOLQJ�'UXJ�'LVFRYHU\�ZLWK�DQ�,QWHJUDWHG�&RPSXWDWLRQDO�$SSURDFK��$�&DVH�6WXG\�LQ
6FKU¸GLQJHU૷V�0ROHFXODU�'HVLJQ�3ODWIRUP

7��.QHKDQV�

�6FKU¸GLQJHU�*PE+��7KLHUVFKVWUD¡H�����������0¾QFKHQ��*HUPDQ\

,Q VWUXFWXUH�EDVHG VPDOO PROHFXOH GUXJ GLVFRYHU\ D FHQWUDO FKDOOHQJH� RQFH D SURWHLQ WDUJHW KDV
EHHQ GHWHUPLQHG� LV WR GHVLJQ FRPSRXQGV WKDW ELQG WR WKH WDUJHW ZLWK VXIILFLHQW SRWHQF\ DQG
VSHFLILFLW\� )XUWKHUPRUH� PROHFXOHV QHHG WR H[KLELW WKH ULJKW SK\VLFR�FKHPLFDO DQG $'0(7 SURSHUW\
SURILOH WR EHFRPH D GUXJ FDQGLGDWH� &RPSXWDWLRQDO FKHPLVWU\ PHWKRGV KDYH DOZD\V EHHQ DQ
LPSRUWDQW FRPSRQHQW LQ WKLV GLIILFXOW HQGHDYRU DQG WKHLU FRQWULEXWLRQ KDV LQFUHDVHG GUDPDWLFDOO\
RYHU�WKH�ODVW�\HDUV�

7KH 6FKU¸GLQJHU GUXJ GLVFRYHU\ SODWIRUP LQWHJUDWHV VROXWLRQV IRU SUHGLFWLYH PRGHOLQJ� PDFKLQH
OHDUQLQJ� GDWD DQDO\WLFV� DQG FROODERUDWLRQ WR HQDEOH PRUH UDSLG GLVFRYHU\ RI VXFK PXOWL�SDUDPHWHU
RSWLPDO QRYHO FKHPLFDO PDWWHU� 0XOWLSOH H[DPSOHV RI HQWHUSULVH�ZLGH GHSOR\PHQW RI WKHVH
WHFKQRORJLHV KDYH EHHQ GHPRQVWUDWHG WR LQFUHDVH WKH SUREDELOLW\ RI VXFFHVV DQG VKRUWHQ WKH
OHQJWK�RI�WLPH�UHTXLUHG�IRU�SUHFOLQLFDO�GUXJ�GLVFRYHU\�

,Q WKLV SUHVHQWDWLRQ� ZH ZLOO H[DPLQH D FDVH VWXG\ KLJKOLJKWLQJ WKH GLIIHUHQW ZD\V WKH 6FKU¸GLQJHU
7HFKQRORJ\ 3ODWIRUP PD\ EH XWLOL]HG LQ D GLVFRYHU\ SURMHFW� :H ZLOO IROORZ WKH GHYHORSPHQW RI D
SUHYLRXVO\ GHVFULEHG $&& LQKLELWRU DQG VKRZ KRZ SUHGLFWLYH PHWKRGV FDQ KHOS LQ WDUJHWHG ZDWHU
GLVSODFHPHQW LQ ELQGLQJ VLWHV WR GULYH SRWHQF\� HQXPHUDWH FRPSRXQG DQDORJXHV WR RSWLPL]H
SK\VLFR�FKHPLFDO�SURSHUWLHV�RU�DGGUHVV�FKHPLFDO�VWDELOLW\�LVVXHV�

31$6�0DUFK�������������������(�����(����
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

.LQHWLF�UHZHLJKWLQJ�PDGH�HDV\�૱�$Q�LQWHJUDWRU�LQGHSHQGHQW�G\QDPLF�UHZHLJKWLQJ
DOJRULWKP�IRU�ELDVHG�VLPXODWLRQV

6��0��/LQNHU���5��*��:HLVV���6��5LQLNHU�


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

.LQHWLFV RI PROHFXODU V\VWHPV RFFXU RIWHQ RQ PLFURVHFRQG RU KLJKHU WLPHVFDOHV� 7KXV� LQYHVWLJDWLRQ
DQG VXIILFLHQW VDPSOLQJ RI VXFK V\VWHPV ZLWK FRPSXWHU VLPXODWLRQV OLNH PROHFXODU G\QDPLFV �0'�
LV FKDOOHQJLQJ� ([WHUQDO ELDVLQJ SRWHQWLDOV FDQ DFFHOHUDWH VXFK VORZ NLQHWLFV� EXW DW WKH H[SHQVH RI
DOWHULQJ WKH NLQHWLF DQG WKHUPRG\QDPLF SURSHUWLHV RI WKH V\VWHP� 2QO\ UHFHQWO\� G\QDPLF
UHZHLJKWLQJ DOJRULWKPV KDYH EHHQ SURSRVHG WR UHFRYHU WKH XQELDVHG NLQHWLFV �DQG SRSXODWLRQV�
IURP ELDVHG V\VWHPV >���@� +RZHYHU� HVSHFLDOO\ WKH KLJKO\ DFFXUDWH SDWK UHZHLJKWLQJ DOJRULWKPV
VXIIHU IURP YDULRXV LPSOHPHQWDWLRQ SUREOHPV� L�H�� WKH UHZHLJKWLQJ KDV WR EH SHUIRUPHG RQ�WKH�IO\�
LV�LQWHJUDWRU�GHSHQGHQW��DQG�RQO\�DSSOLFDEOH�WR�VWRFKDVWLF�G\QDPLFV��6'��

:H LQWURGXFH D QHZ� XVHU�IULHQGO\ SDWK UHZHLJKWLQJ DOJRULWKP WKDW FDQ EH XVHG ZLWK DQ\ QXPHULFDO
VFKHPH� +HQFH� RXU DSSURDFK H[WHQGV WKH VFRSH RI SDWK UHZHLJKWLQJ PHWKRGV WR GHWHUPLQLVWLF 0'
DQG LV LQGHSHQGHQW RI WKH LQWHJUDWRU XVHG� $GGLWLRQDOO\� WKH QHZ IRUPXODWLRQ OHDGV WR DQ LQFUHDVHG
SDUDPHWHU VWDELOLW\� 2XU SDWK UHZHLJKWLQJ DOJRULWKP EULQJV XV WKXV FORVHU WR WKH JRDO RI DQ HDVLO\
DSSOLFDEOH DQG UREXVW UHZHLJKWLQJ VFKHPH� ZKLFK ZLOO EH FUXFLDO WR VWXG\ DQG XQGHUVWDQG WKH
G\QDPLFV�RI�LQFUHDVLQJO\�FRPSOH[�V\VWHPV�

>�@ +DR :X� )DELDQ 3DXO� &KULVWRSK :HKPH\HU DQG )UDQN 1R«� 3URF� 1DWO� $FDG� 6FL�
8�6�$�����������������������
>�@ /XNDV 6� 6WHO]O� $GDP .HOOV� (GLQD 5RVWD� DQG *HUKDUG +XPPHU� -� &KHP� 7KHRU\
&RPSXW�����������������૱����
>�@�/XFD�'RQDWL�DQG�%HWWLQD�.HOOHU��-��&KHP��3K\V��������������������
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

$WRPLVWLF�VLPXODWLRQV�RI�FDWDO\WLF�FRQILQHG�HQYLURQPHQWV�IURP�VXSUDPROHFXODU�V\VWHPV
WR�ELRPDVV�FRQYHUVLRQ�

*��3LFFLQL�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�$SSOLHG�%LRVFLHQFHV��(7+�=XULFK��F�R�86,�&DPSXV��9LD�*LXVHSSH
%XIIL�����&+������/XJDQR��6ZLW]HUODQG

,Q UHFHQW \HDUV� QHZ PDWHULDOV DQG SURFHVVHV RSHQHG WKH ZD\ WR QRYHO FDWDO\WLF SDWKZD\V� 7KH
PDLQ IHDWXUH RI WKHVH V\VWHPV LV WKH VLPXOWDQHRXV SUHVHQFH RI D OLTXLG VXEVWUDWH�VROYHQW VROXWLRQ
FRQILQHG LQ QDQRVL]HG FDWDO\WLF HQYLURQPHQWV� 7KHVH SURFHVVHV DUH KLJKO\ UHOHYDQW EHFDXVH WKH\
FDQ SRWHQWLDOO\ UHYROXWLRQL]H LQGXVWULDO SURGXFWLRQ IRU D PRUH VXVWDLQDEOH FKHPLFDO LQGXVWU\�
UDQJLQJ IURP ILQH FKHPLVWU\>�@ XS WR ELRPDVV FRQYHUVLRQ>�@�(QKDQFHG VDPSOLQJ PROHFXODU
G\QDPLFV VLPXODWLRQV ZLWK UHDOLVWLF PRGHOV RI FRQGHQVHG SKDVH V\VWHPV DUH LQ DEOH WR GHVFULEH
DFFXUDWHO\�WKH�EHKDYLRU�RI�FRPSOH[�FDWDO\WLF�LQWHUIDFHV�DQG�UHDFWLRQV�

+HUH� ZH UHSRUW WKH VWXG\ RI WZR W\SHV RI FDWDO\VLV FKDUDFWHUL]HG E\ ZHOO�GHILQHG FDYLWLHV KRVWLQJ D
OLPLWHG QXPEHU RI VROYHQW DQG VXEVWUDWH PROHFXOHV� �� RUJDQLF UHDFWLRQV LQ KH[DPHULF FDOL[DUHQH
QDQRFDSVXOHV�DQG�PROHFXODU�WZHH]HUV�DQG����OLTXLG�SKDVH�ELRPDVV�FRQYHUVLRQ�RYHU�]HROLWHV�

)RU WKH ILUVW SURMHFW ZH FKDUDFWHUL]HG WKH DFLG�EDVH SURSHUWLHV RI DQ KH[DPHULF UHVFRUFLQDUHQH
FDSVXOH FDWDO\]LQJ WHUSHQH F\FOL]DWLRQ>�@� DQG VWXGLHG WKH FRQIRUPDWLRQDO FKDQJHV LQ WKH ELQGLQJ
PRGH RI DQ DON\ODPPRQLXP FDWLRQ ZLWKLQ D JO\FRXULO EDVHG PROHFXODU WZHH]HUV>�@ OHDGLQJ WR KLJKO\
VSHFLILF FDWDO\WLF DFWLYLW\� :KHUHDV� IRU WKH VHFRQG SURMHFW ZH DLPHG DW XQGHUVWDQGLQJ WKH SURFHVV
RI HWKDQRO GHK\GUDWLRQ LQ WKH DFLGLF ]HROLWHV FKDED]LWH� )RU ERWK UHVHDUFK WRSLFV� PHWDG\QDPLFV
VLPXODWLRQV KDYH EHHQ XVHG LQ FRPELQDWLRQ ZLWK UHFHQWO\ GHYHORSHG PHWKRGV IRU VWXG\LQJ
DFWLYDWHG SURFHVVHV UHOHYDQW WR FDWDO\VLV>���@� 7KLV DOORZHG XV WR XQGHUVWDQG WKH FRPSOH[
G\QDPLFV RI GLIIHUHQW FDWDO\WLF UHDFWLRQV DQG VKHG OLJKW RQ WKH DWRPLVWLF EHKDYLRU RI WKHVH FRPSOH[
PROHFXODU�V\VWHPV�

>�@�-��0HHXZLVVHQ��-��1��+��5HHN��1DW��&KHP��������������૱����
>�@ 7� (QQDHUW� -� 9DQ $HOVW� -� 'LMNPDQV� 5� 'H &OHUFT� :� 6FKXW\VHU� 0� 'XVVHOLHU� '� 9HUERHNHQG�
%��)��6HOV��&KHP��6RF��5HY���������������૱����
>�@�6��0HUJHW��/��&DWWL��*��3LFFLQL��.��7LHIHQEDFKHU��-��$P��&KHP��6RF�������������������������
>�@ 0� .QH]HYLF� 0� +HLOPDQQ� *� 3LFFLQL� 7LHIHQEDFKHU .� $QJHZ� &KHP� ,QW� (G� ���� $FFHSWHG
DUWLFOH�
>�@�'��0HQGHOV��*��3LFFLQL��0��3DUULQHOOR��-��3K\V��&KHP��/HWW��������������������૱������
>�@�(��*ULIRQL��*��3LFFLQL��0��3DUULQHOOR��3URF��1DWO��$F��6FL����������������������૱�����
>�@�*��3LFFLQL��0��3DUULQHOOR��-��3K\V��&KHP��/HWW���������������������૱�����
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

6LPXODWLQJ�WKH�*KRVW��4XDQWXP�'\QDPLFV�RI�6ROYDWHG�(OHFWURQ

9��9��5\ENLQ�

�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\

7KH QDWXUH RI EXON K\GUDWHG HOHFWURQ KDV EHHQ D FKDOOHQJH IRU ERWK H[SHULPHQW DQG WKHRU\ GXH WR
LWV VKRUW OLIH WLPH DQG KLJK UHDFWLYLW\� DQG WKH QHHG IRU D KLJK�OHYHO RI HOHFWURQLF VWUXFWXUH WKHRU\ WR
DFKLHYH SUHGLFWLYH DFFXUDF\� 7KH ODFN RI D FODVVLFDO DWRPLVWLF VWUXFWXUDO IRUPXOD PDNHV LW
H[FHHGLQJO\ GLIILFXOW WR PRGHO WKH VROYDWHG HOHFWURQ XVLQJ FRQYHQWLRQDO HPSLULFDO IRUFH ILHOGV�
ZKLFK GHVFULEH WKH V\VWHP LQ WHUPV RI LQWHUDFWLRQV EHWZHHQ SRLQW SDUWLFOHV DVVRFLDWHG ZLWK DWRPLF
QXFOHL�

+HUH ZH RYHUFRPH WKLV SUREOHP XVLQJ D PDFKLQH�OHDUQLQJ PRGHO� WKDW LV VXIILFLHQWO\ IOH[LEOH WR
GHVFULEH WKH HIIHFW RI WKH H[FHVV HOHFWURQ RQ WKH VWUXFWXUH RI WKH VXUURXQGLQJ ZDWHU� ZLWKRXW
LQFOXGLQJ WKH HOHFWURQ LQ WKH PRGHO H[SOLFLWO\� 7KH UHVXOWLQJ SRWHQWLDO LV QRW RQO\DEOH WR UHSURGXFH
WKH VWDEOH FDYLW\ VWUXFWXUH� EXW DOVR UHFRYHUV WKH FRUUHFW OR�FDOL]DWLRQ G\QDPLFV VWDUWLQJ IURP QHDW
ZDWHU� 7KH PDFKLQH�OHDUQLQJ PRGHO DFKLHYHV WKH DFFXUDF\ RI WKH VWDWH�RI�WKH�DUW FRUUHODWHG ZDYH
IXQFWLRQ PHWKRG �VHFRQG�RUGHU 0ºOOHU�3OHVVHW SHUWXUEDWLRQ WKHRU\� LW LV WUDLQHG RQ� ,W LV VXIILFLHQWO\
LQH[SHQVLYH WR DIIRUG D IXOO TXDQWXP VWDWLVWLFDODQG G\QDPLFDO GHVFULSWLRQ� DQG DOORZV XV WR DFKLHYH
D KLJKO\ DFFXUDWH GHWHUPLQDWLRQ RI WKH VWUXFWXUH� GLIIXVLRQ PHFKDQLVPV DQG YLEUDWLRQDO
VSHFWURVFRS\RI�WKH�VROYDWHG�HOHFWURQ�

)LJXUH� D� 7LPH HYROXWLRQ RI WKH JDS RI WKH H[FHVV HOHFWURQ� 7KH UHSUHVHQWDWLYH HYROXWLRQ FXUYHV
DUH PDUNHG LQ UHG �RQO\ LQYROYHG ZLWK VLQJOH�FDYLW\� DQG EOXH �DOVR LQYROYHG WZLQ�FDYLW\�� �E� %DQG
JDSV� J\UDWLRQ UDGLL RI WKH VSLQ GHQVLW\ GLVWULEXWLRQ ZLWK GLIIHUHQW VROYDWHG HOHFWURQ FRRUGLQDWLRQ� DV
REWDLQHG IURP WKH TXDQWXP VLPXODWLRQV� �F� GLVWULEXWLRQ DV REWDLQHG IURP FODVVLFDO VLPXODWLRQV� 7KH
FRRUGLQDWLRQ QXPEHU RI VROYDWHG HOHFWURQ ZLWK UHVSHFW WR K\GURJHQ DUH PDUNHG LQ UHG �� + DWRPV��
RUDQJH �� + DWRPV�� \HOORZ �� + DWRPV� DQG JUHHQ �� + DWRPV�� 6XESORWV �G�H�I�� 6SLQ GHQVLWLHV RI
WKH VROYDWHG HOHFWURQ IURP TXDQWXP G\QDPLFV VKRZLQJ �G� WKH GHORFDOL]HG HOHFWURQ �H� WKH SUH�
VROYDWHG HOHFWURQ �I� D WZLQ�FDYLW\ �J� D VLQJOH FDYLW\� �K�L� 5')V RI K\GURJHQ �K� DQG R[\JHQ �H�
DWRPV ZUW WR FHQWHU RI WKH VROYDWHG HOHFWURQ IURP FODVVLFDO �UHG� DQG TXDQWXP �EOXH� PROHFXODU
G\QDPLFV�
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

'HVLJQLQJ�6LQJOHW�)LVVLRQ�&DQGLGDWHV�IURP�'RQRU�$FFHSWRU�&RSRO\PHUV

7��%ODVNRYLWV���0��)XPDQDO���6��9HOD���&��&RUPLQERHXI�


�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��,6,&��6%��(3)/

6LQJOHW ILVVLRQ �6)� KDV VKRZQ JUHDW SRWHQWLDO WR LPSURYH WKH SRZHU FRQYHUVLRQ HIILFLHQF\ LQ
SKRWRYROWDLF GHYLFHV E\ PHDQV RI SURPRWLQJ VLQJOHW�WULSOHW H[FLWRQ VSOLWWLQJ XSRQ WKH DEVRUSWLRQ RI
OLJKW�>�@ 7UDGLWLRQDOO\� 6) LV WDUJHWHG DV DQ LQWHUPROHFXODU SURFHVV� KRZHYHU LWV GHSHQGHQFH RQ
FU\VWDO SDFNLQJ PDNHV PROHFXODU GHVLJQ GLIILFXOW� ,Q FRQWUDVW� LQWUDPROHFXODU 6) �L6)� HQDEOHV WKH
H[SORUDWLRQ RI WXQDEOH EL�FKURPRSKRULF V\VWHPV IROORZLQJ ZHOO�GHILQHG VWUXFWXUH�SURSHUW\
UHODWLRQVKLSV� +RZHYHU� WKH QXPEHU RI UHSRUWHG PDWHULDOV WKDW XQGHUJR ERWK LQWHU� DQG
LQWUDPROHFXODU VLQJOHW ILVVLRQ UHPDLQV UHPDUNDEO\ QDUURZ� DQG FOHDU WUHQGV SRLQWLQJ WRZDUGV QHZ
PDWHULDOV KDYH QRW \HW EHHQ HVWDEOLVKHG� ,Q WKLV FRQWH[W� WKH EXLOGLQJ�EORFN DSSURDFK WR FRQMXJDWHG
GRQRU�DFFHSWRU SRO\PHU V\QWKHVLV SURYLGHV IHUWLOH JURXQG WR IRUPXODWH VLPSOH DQG UREXVW UXOHV IRU
WKH GHVLJQ RI FDQGLGDWHV ZKLFK UHVSRQG WR 6) UHTXLUHPHQWV� QDPHO\ DSSURSULDWH HQHUJLHV DQG
HOHFWURQLF FRXSOLQJ�>���@ ,Q WKLV ZRUN� ZH IRFXV RXU DQDO\VLV RQ WKH (�6��೪�(�7�� WKHUPRG\QDPLF
FRQGLWLRQ� WKH DSSURSULDWH FKDUJH WUDQVIHU �&7� FKDUDFWHU RI WKH 6� VWDWH DQG WKH JHRPHWULF
VHSDUDWLRQ RI WKH ORFDO 7� VWDWHV LQ WKH PDWHULDO�>�@ 7KHVH SDUDPHWHUV� FRPSXWHG XVLQJ WLPH�
GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\� DUH LQLWLDOO\ DSSOLHG WR D VPDOO� FKHPLFDOO\ GLYHUVH� FXUDWHG
OLEUDU\ RI WUXQFDWHG GLPHUV RI V\QWKHWLFDOO\ IHDVLEOH GRQRU�DFFHSWRU FRSRO\PHUV� 7KH HIILFLHQF\ RI
WKH SURWRFRO LV YDOLGDWHG E\ WKH FRUUHFW LGHQWLILFDWLRQ RI VRPH RI WKH IHZ PDWHULDOV WKDW KDYH
SUHYLRXVO\ H[KLELWHG 6) EHKDYLRXU H[SHULPHQWDOO\� )XUWKHUPRUH� ZH GHPRQVWUDWH WKDW WKH &7
FKDUDFWHU RI WKH H[FLWHG VWDWH FDQ EH PDSSHG WR WKH IURQWLHU PROHFXODU RUELWDO HQHUJLHV RI WKH
FRQVWLWXHQW PRQRPHUV� WKXV SURYLGLQJ D FRVW�HIIHFWLYH LQLWLDO VWHS IRU DQ DFFHOHUDWHG VFUHHQLQJ RI
SURPLVLQJ L6) GRQRU�DFFHSWRU SDLUV� 7KLV FRPSXWDWLRQDOO\ FKHDS DQG VFDODEOH IUDPHZRUN KDV EHHQ
DSSOLHG WR D GDWDEDVH FRQVWUXFWHG RI ���� XQH[SORUHG� WKRXJK V\QWKHWLFDOO\ DFFHVVLEOH� GRQRU�
DFFHSWRU FRPSRXQGV�>�@ %\ PHDQV RI KLJK�WKURXJKSXW VFUHHQLQJ� RXU DSSURDFK LGHQWLILHV QRYHO
FRSRO\PHUV�SRWHQWLDOO\�FDSDEOH�RI�L6)��WKHUHE\�HQULFKLQJ�WKH�SDOHWWH�RI�VLQJOHW�ILVVLRQ�PDWHULDOV�

>�@�0LOOLFHQW�%��6PLWK��-RVHI�0LFKO��&KHP��5HY������������������������
>�@�'DYLG�&DVDQRYD��&KHP��5HY������������������������
>�@ (ULF %XVE\� -LDQORQJ ;LD� 4LQ :X� -RQDWKDQ =� /RZ� 5XL 6RQJ� -RKQ 5� 0LOOHU� ;LDR\DQJ =KX� /XLV
0��&DPSRV��0DWWKHZ�<��6IHLU��1DW��0DWHU���������������������
>�@ -� 7HUHQFH %ODVNRYLWV� 0DULD )XPDQDO� 6HUJL 9HOD� &O«PHQFH &RUPLQERHXI� ����� '2,�
���������FKHPU[LY����������Y�
>�@ -� 7HUHQFH %ODVNRYLWV� 0DULD )XPDQDO� 6HUJL 9HOD� &O«PHQFH &RUPLQERHXI� 0DQXVFULSW LQ
SUHSDUDWLRQ�
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

6SLQ�JDS�OHDUQLQJ�RI�FDUEHQHV�ZLWK�VWURQJO\�FRUUHODWHG�HOHFWURQV

0��6FKZLON���'��1��7DKFKLHYD���2��$��YRQ�/LOLHQIHOG�


�,QVWLWXWH�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO��.OLQJHOEHUJVWUDVVH�����&+������%DVHO

0DFKLQH OHDUQLQJ �0/� RI ODUJH FKHPLFDO VSDFHV RI PROHFXOHV ZLWK VWURQJO\ FRUUHODWHG HOHFWURQV LV D
PRVWO\ XQH[SORUHG WDVN� :H SUHVHQW PXOWL�OHYHO 0/ DSSURDFKHV IRU WKH 40VSLQ FDUEHQH GDWD VHW >�@
ZLWK DFFXUDWH OHDUQLQJ RI VSLQ JDSV LQ IUHH FDUEHQHV DW VPDOO FRPSXWDWLRQDO FRVW >�@� HQDEOLQJ
DFFXUDWH 0/ SUHGLFWLRQV IRU KXQGUHGV RI WKRXVDQGV RI FDUEHQH FDQGLGDWHV LQ FKHPLFDO VSDFH� 2XU
UHFHQWO\ SXEOLVKHG 40VSLQ GDWD VHW RI a��N FDUEHQH VWUXFWXUHV ZLWK VLQJOHW�WULSOHW JDSV FRPSXWHG
DW 05&, OHYHO RI WKHRU\ DQG YHULILHG FDUEHQH HOHFWURQLF VWUXFWXUH DOVR JLYHV QHZ IXQGDPHQWDO
LQVLJKWV LQWR JHQHUDO FDUEHQH FKHPLVWU\ >�@ WKDW DUH WLJKWO\ OLQNHG WR WKH SRWHQWLDO SUHVHQFH RI
VWURQJ HOHFWURQ FRUUHODWLRQ� )LQDOO\� LW LV VKRZQ KRZ RUELWDO HQWDQJOHPHQW� RUELWDO HQHUJLHV�
&RXORPE� DQG H[FKDQJH LQWHUDFWLRQV RI WKH FDUEHQH RSHQ VKHOO RUELWDOV FDQ EH DFFXUDWHO\ OHDUQHG
WKURXJK�FKHPLFDO�VSDFH�>�@�DQG�KRZ�WKLV�FRQVWLWXWHV�D�QHZ�DSSURDFK�WR�PXOWL�VWDWH�0/�

>�@ 0D[ 6FKZLON
� 'LDQD 1� 7DKFKLHYD
� 2� $QDWROH YRQ /LOLHQIHOG� /DUJH \HW ERXQGHG� VSLQ JDS
UDQJHV�LQ�FDUEHQHV�������DU;LY�����������
>�@ 'LDQD 1� 7DKFKLHYD
� 0D[ 6FKZLON
� 2� $QDWROH YRQ /LOLHQIHOG� 6SLQ JDS OHDUQLQJ RI FDUEHQHV
ZLWK�VWURQJO\�FRUUHODWHG�HOHFWURQV�������LQ�SUHSDUDWLRQ

HTXDO�FRQWULEXWLRQV
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4XDQWXP�'\QDPLFV�ZLWK�WKH�7LPH�'HSHQGHQW�'HQVLW\�0DWUL[�5HQRUPDOL]DWLRQ�*URXS

$��%DLDUGL���0��5HLKHU�

�(7+�=¾ULFK

1RZDGD\V� XOWUDIDVW VSHFWURVFRSLHV HQDEOH RQH WR SUREH WKH G\QDPLFV XQGHU QRQ�HTXOLEULXP
FRQGLWLRQV RI D PROHFXOH RQ WKH QDWXUDO WLPH VFDOHV RI ERWK LWV HOHFWURQLF DQG QXFOHDU PRWLRQV� $E�
LQLWLR TXDQWXP VLPXODWLRQV DUH RIWHQ WKH NH\ WR WUDQVODWH WKH H[SHULPHQWDO RXWFRPHV LQWR
VWUXFWXUDO�DQG�HOHFWURQLF�PROHFXODU�SURSHUWLHV�>���@�
,Q WKLV FRQWULEXWLRQ� ZH VKRZ KRZ WKH 'HQVLW\ 0DWUL[ 5HQRUPDOL]DWLRQ *URXS �'05*� DOJRULWKP >�@
FDQ EH DSSOLHG WR PROHFXODU TXDQWXP G\QDPLFV� :H HQFRGH WKH ZDYH IXQFWLRQ DV D PDWUL[ SURGXFW
VWDWH DQG REWDLQ WKH HTXDWLRQV RI PRWLRQ E\ DSSO\LQJ WKH 'LUDF�)UHQNHO YDULDWLRQDO SULQFLSOH� :H
DSSO\ WKH UHVXOWLQJ DOJRULWKP� NQRZQ DV WDQJHQW VSDFH�EDVHG WLPH�GHSHQGHQW '05* �7'�'05*�
>�@� WR ERWK HOHFWURQLF >�@ DQG YLEUDWLRQDO >���@ +DPLOWRQLDQV DQG VLPXODWH WKH QXFOHDU DQG
HOHFWURQLF G\QDPLFV� SRVVLEO\ FRXSOHG WRJHWKHU� RI PROHFXOHV ZLWK VHYHUDO GR]HQV RI GHJUHHV RI
IUHHGRP >�@� :H IXUWKHU LPSURYH 7'�'05* IRU ORQJ�WLPH SURSDJDWLRQV E\ FRXSOLQJ LW ZLWK GLIIHUHQW
VLQJOH�SDUWLFOH RSWLPL]DWLRQ VFKHPHV DQG ZLWK HIILFLHQW LQWHJUDWLRQ DOJRULWKPV� :H DOVR H[WHQG LW WR
LPDJLQDU\�WLPH SURSDJDWLRQV WR GHULYH DQ DOWHUQDWLYH RSWLPL]DWLRQ DOJRULWKP WR VWDQGDUG '05* >�@�
:KHQ IHDVLEOH� ZH DVVHVV WKH DFFXUDF\ RI WKH VLPXODWLRQV E\ FRPSDULVRQ ZLWK VWDWH�RI�WKH�DUW
&RQILJXUDWLRQ�,QWHUDFWLRQ�UHVXOWV�

>�@�0H\HU�+��'���:,5(6�&RPS��0RO�6FL����������������
>�@�6DWR�7���,VKLNDZD�.��/���3K\V��5HY��$��������������������
>�@�%DLDUGL�$���5HLKHU�0���-��&KHP��3K\V���������������������
>�@�+DHJHPDQ�-���/XELFK�&���2VHOHGHWV�,���9DQGHUH\FNHQ�)���3K\V��5HY��%���������������
>�@�.HOOHU�6���'ROIL�0���7UR\HU�0���5HLKHU�0���-��&KHP��3K\V���������������������
>�@�%DLDUGL�$���6WHLQ�&�-���%DURQH�9���5HLKHU�0���-��&KHP��7KHRU\�&RPSXW������������������
>�@�%DLDUGL�$���6WHLQ�&�-���%DURQH�9���5HLKHU�0���-��&KHP��3K\V���������������������
>�@�%DLDUGL�$���5HLKHU�0���-��&KHP��7KHRU\�&RPSXW������������������
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5HDO�7LPH�6SHFWURVFRS\�IRU�DQ�,QWHUDFWLYH�4XDQWXP�&KHPLVWU\�)UDPHZRUN

)��%RVLD���7��:H\PXWK���6��3RORQLXV���0��5HLKHU�


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

$ IUDPHZRUN IRU LQWHUDFWLYH TXDQWXP FKHPLVWU\ HVWDEOLVKHG LQ RXU JURXS DOORZV IRU WKH LQWHUDFWLYH
H[SORUDWLRQ RI FKHPLFDO UHDFWLYLW\ DORQJ SRWHQWLDO HQHUJ\ VXUIDFHV�>���@ ,Q RUGHU WR IDFLOLWDWH WKH
HIILFLHQW VSHFWURVFRSLF LGHQWLILFDWLRQ RI FRPSRXQGV� DQ H[WHQVLRQ RI WKLV IUDPHZRUN KDV EHHQ
GHYHORSHG�>�@ :H SUHVHQW D UHDO�WLPH VSHFWURVFRS\ WRRO WKDW SURYLGHV LQIUDUHG DQG XOWUDYLROHW�
YLVLEOH VSHFWURVFRSLF LQIRUPDWLRQ GXULQJ WKH LQWHUDFWLYH H[SORUDWLRQ� &KDUDFWHULVWLF VSHFWUDO VLJQDOV
PD\ VHUYH DV GLDJQRVWLF SUREHV WKDW GR QRW UHTXLUH XOWLPDWH DFFXUDF\ ZLWK UHVSHFW WR SHDN SRVLWLRQ
DQG LQWHQVLW\� 6XFK GLDJQRVWLF EDQGV IURP WKH LQWHUDFWLYH VSHFWURVFRS\ VRIWZDUH FDQ SURYLGH
YDOXDEOH KLQWV RQ VWUXFWXUHV ZLWK FKDUDFWHULVWLF VSHFWURVFRSLF SURSHUWLHV� 6LQFH YHU\ DFFXUDWH DE
LQLWLR HOHFWURQLF VWUXFWXUH PHWKRGV DUH WRR LQHIILFLHQW WR EH DSSOLHG LQ DQ LQWHUDFWLYH IUDPHZRUN� ZH
UHO\ RQ RXU RSHQ�VRXUFH LQ�KRXVH VHPLHPSLULFDO TXDQWXP FKHPLVWU\ SURJUDP� 6SDUURZ�>���@ 7KLV
DOORZV IRU IDVW HYDOXDWLRQ RI WKH VSHFWURVFRSLF SURSHUWLHV RI LQWHUHVW ZLWK HLWKHU 1''2 RU ')7%
VHPLHPSLULFDO PRGHOV WKDW PD\ EH ODWHU UHILQHG ZLWK PRUH DFFXUDWH PHWKRGV LI GHHPHG QHFHVVDU\�
7KH DSSUR[LPDWLRQV LQYRNHG WR LPSURYH WKH DFFXUDF\ YV� FRPSXWDWLRQDO FRVW WUDGH�RII RI WKH UHDO�
WLPH�VSHFWURVFRS\�WRRO�DUH�SUHVHQWHG�DQG�FULWLFDOO\�UHYLHZHG�

>�@ 0� 3� +DDJ� $� &� 9DXFKHU� 0� %RVVRQ� 6� 5HGRQ� 0� 5HLKHU� &KHP3K\V&KHP� ����� ���
����������
>�@�$��&��9DXFKHU��0��5HLKHU���-��&KHP��,QI��0RGHO�����������������������
>�@�)��%RVLD��7��:H\PXWK��6��3RORQLXV��0��5HLKHU��������LQ�SUHSDUDWLRQ�
>�@�7��+XVFK��$��&��9DXFKHU��0��5HLKHU��,QW��-��4XDQWXP�&KHP��������������H������
>�@�)��%RVLD��7��+XVFK��$��&��9DXFKHU��0��5HLKHU���=HQRGR����������������]HQRGR���������
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$�WLPH�UHYHUVLEOH�LQWHJUDWRU�IRU�WKH�WLPH�GHSHQGHQW�6FKU¸GLQJHU�HTXDWLRQ�RQ�DQ
DGDSWLYH�JULG

6��&KRL���-��9DQ¯ÏHN�


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

2QH RI WKH PRVW DFFXUDWH PHWKRGV IRU VROYLQJ WKH WLPH�GHSHQGHQW 6FKU¸GLQJHU HTXDWLRQ XVHV D
FRPELQDWLRQ RI WKH G\QDPLF )RXULHU PHWKRG ZLWK WKH VSOLW�RSHUDWRU DOJRULWKP RQ D WHQVRU�SURGXFW
JULG� 7R UHGXFH WKH QXPEHU RI UHTXLUHG JULG SRLQWV� ZH OHW WKH JULG PRYH WRJHWKHU ZLWK WKH
ZDYHSDFNHW EXW ILQG WKDW WKH QD±YH DOJRULWKP EDVHG RQ DQ DOWHUQDWH HYROXWLRQ RI WKH ZDYHIXQFWLRQ
DQG JULG GHVWUR\V WKH WLPH UHYHUVLELOLW\ RI WKH H[DFW HYROXWLRQ� <HW� ZH VKRZ WKDW WKH WLPH
UHYHUVLELOLW\ LV UHFRYHUHG LI WKH ZDYHIXQFWLRQ DQG JULG DUH HYROYHG VLPXOWDQHRXVO\ GXULQJ HDFK
NLQHWLF RU SRWHQWLDO VWHS� WKLV LV DFKLHYHG E\ XVLQJ WKH (KUHQIHVW WKHRUHP WRJHWKHU ZLWK WKH
VSOLWWLQJ PHWKRG� 7KH SURSRVHG DOJRULWKP LV FRQGLWLRQDOO\ VWDEOH� V\PPHWULF� DQG WLPH�UHYHUVLEOH
DQG FRQVHUYHV WKH QRUP RI WKH ZDYHIXQFWLRQ� 7KH SUHVHUYDWLRQ RI WKHVH JHRPHWULF SURSHUWLHV LV
VKRZQ DQDO\WLFDOO\ DQG GHPRQVWUDWHG QXPHULFDOO\ RQ D WKUHH�GLPHQVLRQDO KDUPRQLF PRGHO DQG
FROOLQHDU PRGHO RI +H૱+� VFDWWHULQJ� :H DOVR VKRZ WKDW WKH SURSRVHG DOJRULWKP FDQ EH
V\PPHWULFDOO\ FRPSRVHG WR REWDLQ WLPH�UHYHUVLEOH LQWHJUDWRUV RI DQ DUELWUDU\ HYHQ RUGHU� :H
REVHUYHG �� ����IROG VSHHGXS E\ XVLQJ WKH WHQWK�RUGHU LQVWHDG RI WKH VHFRQG�RUGHU PHWKRG WR
REWDLQ D VROXWLRQ ZLWK D WLPH GLVFUHWL]DWLRQ HUURU EHORZ ��ಗ�� 0RUHRYHU� XVLQJ WKH DGDSWLYH JULG
LQVWHDG RI WKH IL[HG JULG UHVXOWHG LQ D ���IROG UHGXFWLRQ LQ WKH UHTXLUHG QXPEHU RI JULG SRLQWV LQ WKH
KDUPRQLF V\VWHP DQG PDGH LW SRVVLEOH WR VLPXODWH WKH +H૱+� VFDWWHULQJ IRU VL[ WLPHV ORQJHU ZKLOH
PDLQWDLQLQJ UHDVRQDEOH DFFXUDF\� $SSOLFDELOLW\ RI WKH DOJRULWKP WR KLJK�GLPHQVLRQDO TXDQWXP
G\QDPLFV�LV�GHPRQVWUDWHG�XVLQJ�WKH�VWURQJO\�DQKDUPRQLF�HLJKW�GLPHQVLRQDO�+«QRQ૱+HLOHV�PRGHO�

>�@�6HRQJKRRQ�&KRL��-Lě¯�9DQ¯ÏHN��-��&KHP��3K\V���������������������
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7KH�5ROH�RI�6XEVWUDWH�%LQGLQJ�LQ�WKH�2��$FWLYDWLRQ�3DWKZD\�RI�1DSKWKDOHQH
����'LR[\JHQDVH

.��6��&VL]L�����/��(FNHUW���&��%UXQNHQ���0��5HLKHU�
��7��%��+RIVWHWWHU�


�(7+�=¾ULFK��/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\����(DZDJ��6ZLVV�)HGHUDO�,QVWLWXWH�RI�$TXDWLF�6FLHQFH

0RQRQXFOHDU QRQ�KHPH LURQ HQ]\PHV FRQVWLWXWH D ODUJH VXSHUIDPLO\ RI ELRFDWDO\VWV XELTXLWXRXV LQ
QDWXUH� >�@ 7KH VFRSH RI FDWDO\]HG UHDFWLRQV LV EURDG� \HW LQ PDQ\ FDVHV WKH\ LQYROYH R[\JHQDWLRQV
ZLWK PROHFXODU 2� YLD WUDQVLWLRQ�PHWDO R[\JHQ LQWHUPHGLDWHV� 1DSKWKDOHQH ����GLR[\JHQDVH �1'2�
LV D UHSUHVHQWDWLYH WKDW FDUULHV RXW FLV�GLK\GUR[\ODWLRQ RI QDSKWKDOHQH� ,W ZDV REVHUYHG
H[SHULPHQWDOO\ WKDW ELQGLQJ RI 2� WR WKH PHWDO FHQWHU LV JDWHG E\ WKH SUHVHQFH RI QDSKWKDOHQH LQ
WKH DFWLYH VLWH DQG UHGXFWLRQ RI WKH 5LHVNH FRIDFWRU LQ WKH SUR[LPDWH HQ]\PH VXEXQLW� WULJJHULQJ D
FKDQJH LQ WKH FRRUGLQDWLRQ HQYLURQPHQW RI WKH PHWDO FHQWHU� >�� �@ 7KH SUHVHQFH RI QDSKWKDOHQH LQ
WKH DFWLYH VLWH ZLWKRXW ELQGLQJ WR WKH FDWDO\WLF LURQ LV SODXVLEOH ELRORJLFDOO\ WR DYRLG XQSURGXFWLYH
2� DFWLYDWLRQ� :KHUHDV WKH DFWXDO FDWDO\WLF GLK\GUR[\ODWLRQ VWHS LV ZHOO XQGHUVWRRG >�@� WKH
PHFKDQLVP�WKDW�LQLWLDWHV�GLR[\JHQ�DFWLYDWLRQ�UHPDLQV�HOXVLYH�

:H SUHVHQW D FRPELQHG ')7 DQG &$66&)�&$637� VWXG\ WR HOXFLGDWH WKH PHFKDQLVP WKDW JDWHV
WKH 2� DFWLYDWLRQ SURFHVV� ([WHQVLYH ')7 VWXGLHV RI UHDFWLRQ HQHUJLHV DQG EDUULHUV DOORZ IRU D
IHDVLEOH EURDG VDPSOLQJ RI WKH UHDFWLRQ QHWZRUN DQG WKHRUHWLFDO YDOLGDWLRQ RI H[SHULPHQWDO
REVHUYDWLRQV� >�@ $V WKH VSLQ�VWDWH SUREOHP LV DQ LQKHUHQW SKHQRPHQRQ LQ WUDQVLWLRQ PHWDO
FKHPLVWU\ DQG ')7 GRHV QRW V\VWHPDWLFDOO\ SUHGLFW VSLQ�VWDWH HQHUJHWLFV� DFFXUDWH DE�LQLWLR
UHIHUHQFH GDWD DUH JHQHUDWHG IURP &&6' DQG &$66&)�&$637� FDOFXODWLRQV� ZKHUH WKH DFWLYH�VSDFH
VHOHFWLRQ IROORZV DQ DXWRPDWHG SURWRFRO GHYHORSHG ZLWKLQ RXU JURXS� >�@ 3RVVLEOH 0XOWL�VWDWH�
UHDFWLYLW\ LQYROYLQJ WKH FKDQJH RI VSLQ VWDWH GXULQJ WKH FRXUVH RI UHDFWLRQ LV LQYHVWLJDWHG ZLWK
SDUWLFXODU IRFXV RQ WKH JHQHUDWLRQ RI UDGLFDO LQWHUPHGLDWHV RQ WKH VXEVWUDWH WKDW FRXOG UHDFW LQ D
VSLQ�DOORZHG�SURFHVV�ZLWK�WULSOHW�GLR[\JHQ��

>�@�(��,��6RORPRQ��6��*RXGDU]L��.��'��6XWKHUOLQ��%LRFKHPLVWU\�������������������૱�����
>�@ 7� &� <DQJ� 0� '� :ROIH� 0� %� 1HLEHUJDOO� <� 0HNPRXFKH� -� '� /LSVFRPE� %� 0� +RIIPDQ� -�
$P�&KHP��6RF�������������������૱�����
>�@�0��'��:ROIH��-��9��3DUDOHV��'��7��*LEVRQ��-��'��/LSVFRPE��-��%LRO��&KHP��������������������૱�����
>�@�$��%DVVDQ��0��5��%ORPEHUJ��3��(��6LHJEDKQ��-��%LRO��,QRUJ��&KHP�����������������૱����
>�@�0��5HLKHU��&KLPLD�����������������૱����
>�@�&��-��6WHLQ��0��5HLKHU��-��&KHP��7KHRU\�&RPSXW�������������������૱�����
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$GYDQFHG�'DWD�'ULYHQ�0DQXIDFWXULQJ�XVLQJ�$XWRHQFRGHUV

7��*DXGLQ�����2��6FKLOWHU���)��=LSROL���7��/DLQR�

�,%0�5HVHDUFK�(XURSH���,%0�5HVHDUFK�(XURSH��6¦XPHUVWUDVVH���������5¾VFKOL���8QLYHUVLW\�RI
7RURQWR

,Q WKLV ZRUN ZH SUHVHQW D GDWD�GULYHQ DSSURDFK WR WKH GHVLJQ DQG IDEULFDWLRQ RI QRYHO PDWHULDOV YLD
HQFRGHU�GHFRGHU EDVHG PRGHOV� ZKLFK RIIHU D SURPLVLQJ DSSURDFK WR FRPSUHVV WKH GDWD LQWR D
UHGXFHG ODWHQW VSDFH WR LPSURYH WKH PDWHULDO GHVLJQ WDVN� )RU LQVWDQFH� D IRUPXODWLRQ RI DQ DOOR\ RU
SRO\PHULF PDWHULDO ZLWK D VSHFLILF FRPSRVLWLRQ FDQ XQGHUJR YDULRXV SURFHVVHV� DQG RQH VLQJOH
SURFHVV FDQ EH DSSOLHG WR YDULRXV IRUPXODWLRQ FRPSRVLWLRQV� +HUH� ZH XVHG DXWRHQFRGHUV WR
JHQHUDWH FRQWLQXRXV UHSUHVHQWDWLRQV RI WKH LQGHSHQGHQW SDUDPHWHUV LQ D UHGXFHG VSDFH� ZKLFK LV
FDOOHG ODWHQW VSDFH >�@� :H XVHG DQ DXWRHQFRGHU IRU WKH FRPSRVLWLRQ RI WKH IRUPXODWLRQ DQG
DQRWKHU RQH WR HQFRGH WKH VHTXHQFH RI SURFHVVLQJ VWHSV� )URP WKHVH DXWRHQFRGHUV ZH
FRQVWUXFWHG D ODWHQW UHSUHVHQWDWLRQ IURP ZKLFK ZH FDQ SUHGLFW YDULRXV SURSHUWLHV �LQ WKH FDVH RI DQ
DOOR\� LW FRXOG EH VRPH PHFKDQLFDO SURSHUWLHV DQG IRU SRO\PHULF PDWHULDOV� LW FRXOG EH SK\VLFR�
FKHPLFDO RQHV� XVLQJ DQ H[WUD QHXUDO QHWZRUN� ,W LV LQVSLUHG E\ WKH ZRUN RI *RPHV�%RPEDUHOOL HW DO�
>�@ LQ WKH GRPDLQ RI PROHFXODU VWUXFWXUH SUHGLFWLRQ� ZH RSWHG IRU WKH FRQVWUXFWLRQ RI ODWHQW VSDFHV�
HQDEOLQJ WKH XVH RI *DXVVLDQ SURFHVVHV WR LGHQWLI\ SRLQWV WKDW KDYH FHUWDLQ GHVLUHG SURSHUWLHV�
7KHVH SRLQWV DUH WKHQ GHFRGHG EDFN WR WKH LQSXW SDUDPHWHU VSDFH� 7KLV DSSURDFK H[SORLWV WKDW
ODWHQW VSDFH KDV IHZHU GLPHQVLRQV WKDQ WKH SDUDPHWHU VSDFH� PDNLQJ LW HDVLHU WR VHDUFK� ,W FRXOG
DOVR OHDG WR VROXWLRQV WKDW ZHUH SRWHQWLDOO\ QRW REVHUYHG LQ WKH GDWDVHW \HW� 0RUHRYHU� KDYLQJ WKLV
IOH[LEOH IUDPHZRUN ZLWK GLIIHUHQW DXWRHQFRGHUV DOVR DOORZV WR FRQGLWLRQ WKH VHDUFK RQ D SDUW RI WKH
SDUDPHWHUV� )RU LQVWDQFH� ZH FDQ ORRN IRU D VSHFLILF SURFHVV \LHOGLQJ WKH KLJKHVW WHQVLOH VWUHQJWK
JLYHQ DQ DOOR\ FRPSRVLWLRQ� 7KH EHQHILW RI WKH SUHVHQWHG IUDPHZRUN LV LWV JHQHUDO DSSOLFDELOLW\ WR D
YDULHW\�RI�PDWHULDO�GHVLJQ�SUREOHPV�



>�@ '� 3� .LQJPD DQG 0� :HOOLQJ� $XWR�HQFRGLQJ 9DULDWLRQDO %D\HV� ,&5/ �����
KWWSV���DU[LY�RUJ�DEV����������
>�@ 5� *µPH]�%RPEDUHOOL� -� 1� :HL� '� 'XYHQDXG� -� 0� +HUQ£QGH]�/REDWR� %� 6£QFKH]�/HQJHOLQJ� '�
6KHEHUOD� -� $JXLOHUD�,SDUUDJXLUUH� 7� '� +LU]HO� 5� 3� $GDPV DQG $� $VSXUX�*X]LN� $&6 &HQWUDO
6FLHQFH��������������૱����
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(OHFWULF�)LHOG�*UDGLHQW�FDOFXODWLRQ�ZLWKLQ�)UR]HQ�'HQVLW\�(PEHGGLQJ�7KHRU\

<��*LPEDO�=RIND���0��)X���1��5LFDUGL���&��(��*RQ]DOH]���7��$��:HVRORZVNL�


�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD

)UR]HQ�'HQVLW\ (PEHGGLQJ 7KHRU\>�@�>�@ �)'(7� SURYLGHV D V\VWHP�LQGHSHQGHQW IRUPDO IUDPHZRUN
IRU PXOWL�OHYHO FRPSXWDWLRQDO PHWKRGV ZKLFK GHVFULEH WKH HIIHFW RI D IUR]HQ HOHFWURQ GHQVLW\ RI WKH
HQYLURQPHQW 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 VWDWH VSHFLILF SUH�SRODUL]DWLRQ SURWRFRO>�@� WKH UHVSRQVH RI WKH
HQYLURQPHQW WR WKH FKDQJH RI WKH HOHFWURQLF VWUXFWXUH RI WKH FKURPRSKRUH FDQ EH WDNHQ LQWR
DFFRXQW LQ WKH SURFHVV RI JHQHUDWLQJ � ,Q SUDFWLFH� GXH WR VRPH DSSUR[LPDWLRQV PDGH IRU WKH )'(7
SRWHQWLDO��QXPEHU�RI�SUH�SRODUL]DWLRQ�F\FOHV�DQG�WKH�FKRLFH�RI���WKLV�WUHDWPHQW�LV�QRW�H[DFW�

7KH JRDO LV WR GHPRQVWUDWH WKH SRWHQWLDO RI )'(7 IRU (OHFWULF )LHOG *UDGLHQW �()*� FDOFXODWLRQ
FRPSDUH WR FRPPRQO\ XVHG DSSUR[LPDWLRQV � DQG LQ SDUWLFXODU WKH VWDWH VSHFLILF SUH�SRODUL]DWLRQ
ZLWK�(63�GHULYHG�SRLQW�FKDUJHV>�@��&KHO3*>�@�

�

>�@�7RPDV]�:HVRORZVNL��$ULHK�:DUVKHO��-��3K\V��&KHP�����������������
>�@�7RPDV]�:HVRORZVNL��3K\V��5HY��$������������������
>�@ 1LFFRO´ 5LFDUGL� $OH[DQGHU =HFK� <DQQ *LPEDO�=RIND� 7RPDV] $� :HVRORZVNL� 3K\V� &KHP�
&KHP��3K\V������������������������
>�@�&��0��%UHQHPDQ�DQG�.��%��:LEHUJ��-��&RPSXW��&KHP���������9RO������1R������������
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2Q�WKH�IO\�DE�LQLWLR�VHPLFODVVLFDO�HYDOXDWLRQ�RI�HOHFWURQLF�FRKHUHQFHV�LQ�SRO\DWRPLF
PROHFXOHV�UHYHDOV�D�VLPSOH�PHFKDQLVP�RI�GHFRKHUHQFH

1��*ROXEHY���7��%HJXģLÉ���-��9DQ¯ÏHN�

�/DERUDWRU\�RI�7KHRUHWLFDO�3K\VLFDO�&KHPLVWU\��(3)/

,UUDGLDWLRQ RI D PROHFXODU V\VWHP E\ DQ LQWHQVH ODVHU ILHOG FDQ WULJJHU G\QDPLFV RI ERWK HOHFWURQLF
DQG QXFOHDU VXEV\VWHPV� 7KH OLJKWHU HOHFWURQV XVXDOO\ PRYH RQ PXFK IDVWHU� DWWRVHFRQG WLPH VFDOH
EXW WKH VORZ QXFOHDU UHDUUDQJHPHQW GDPSV XOWUDIDVW HOHFWURQLF RVFLOODWLRQV� OHDGLQJ WR WKH
GHFRKHUHQFH RI WKH HOHFWURQLF G\QDPLFV ZLWKLQ D IHZ IHPWRVHFRQGV� :H VKRZ WKDW D VLPSOH� VLQJOH�
WUDMHFWRU\ VHPLFODVVLFDO VFKHPH FDQ HYDOXDWH WKH HOHFWURQLF FRKHUHQFH WLPH LQ SRO\DWRPLF
PROHFXOHV DFFXUDWHO\ E\ GHPRQVWUDWLQJ DQ H[FHOOHQW DJUHHPHQW ZLWK IXOO�GLPHQVLRQDO TXDQWXP
FDOFXODWLRQV� ,Q FRQWUDVW WR QXPHULFDO TXDQWXP PHWKRGV� WKH VHPLFODVVLFDO RQH UHYHDOV WKH SK\VLFDO
PHFKDQLVP RI GHFRKHUHQFH EH\RQG WKH JHQHUDO EODPH RQ QXFOHDU PRWLRQ� ,Q WKH SURSLROLF DFLG� WKH
UDWH RI GHFRKHUHQFH DQG WKH ODUJH GHYLDWLRQ IURP WKH VWDWLF IUHTXHQF\ RI HOHFWURQLF RVFLOODWLRQV DUH
TXDQWLWDWLYHO\ GHVFULEHG ZLWK MXVW WZR VHPLFODVVLFDO SDUDPHWHUV���WKH SKDVH VSDFH GLVWDQFH DQG
VLJQHG DUHD EHWZHHQ WKH WUDMHFWRULHV PRYLQJ RQ WZR HOHFWURQLF VXUIDFHV� %HFDXVH LW HYDOXDWHV WKH
HOHFWURQLF VWUXFWXUH RQ WKH IO\� WKH VHPLFODVVLFDO WHFKQLTXH DYRLGV WKH �FXUVH RI GLPHQVLRQDOLW\�
DQG�VKRXOG�EH�XVHIXO�IRU�SUHVHOHFWLQJ�PROHFXOHV�IRU�H[SHULPHQWDO�VWXGLHV�
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,GHQWLI\LQJ�DQG�'HVLJQLQJ�/LJDQG�)LHOGV�E\�&RPSXWDWLRQDO�$OFKHP\

&��*RUGRQ���&��&RS«UHW�

�(7+�=¾ULFK

7KH LGHQWLILFDWLRQ RI OLJDQG ILHOGV WKDW HQDEOH FKHPLFDO UHDFWLYLW\ LV DW WKH FRUH RI KRPRJHQHRXV
FDWDO\VLV� 7RGD\� WKLV SURFHVV PDLQO\ UHOLHV RQ D ZHDOWK RI HPSLULFDO NQRZOHGJH� JDLQHG E\
RUJDQRPHWDOOLF FKHPLVWV RYHU WKH ODVW GHFDGHV� LQ FRPELQDWLRQ ZLWK H[SHULPHQWDO VFUHHQLQJ� ,Q WKLV
ZRUN� ZH SUHVHQW DQ DOWHUQDWLYH DSSURDFK DQG WRRO IRU WKH UDSLG LGHQWLILFDWLRQ RI OLJDQG ILHOGV WKDW
HQDEOH FKHPLFDO SURFHVVHV� 7KH DSSURDFK UHOLHV RQ WKH XVH RI JHQHULF� DOFKHPLFDO OLJDQGV� WKH
SURSHUWLHV RI ZKLFK DUH PRGLILHG E\ D FRPSXWDWLRQDO PRGLILFDWLRQ RI WKHLU QXFOHDU FKDUJH�>���@ 7KHVH
DOFKHPLFDO OLJDQGV FDQ HPXODWH D EURDG UDQJH RI OLJDQG VWUHQJWKV DQG FDQ EH EDFN�WUDQVIRUPHG
LQWR FKHPLFDOO\ DFFHVVLEOH OLJDQGV� 7KXV� WKLV DSSURDFK DOORZV XV WR UHGXFH WKH FKHPLFDO VSDFH RI
SRVVLEOH OLJDQGV WR RQO\ D IHZ SDUDPHWHUV �L�H� WKH QXFOHDU FKDUJHV RI WKH DOFKHPLFDO OLJDQGV�� 7KLV
WRRO FDQ LGHQWLI\ JXLGHOLQHV IRU FDWDO\VW GHVLJQ� E\ SURYLGLQJ UDQJHV RI OLJDQGV DQG OLJDQG�ILHOGV
WKDW \LHOG WKH WDUJHWHG FKHPLFDO SURSHUWLHV� $V D SURRI RI SULQFLSOH� , ZLOO LOOXVWUDWH WKLV DSSURDFK
ZLWK�WKH�LQYHVWLJDWLRQ�RI�ROHILQ�PHWDWKHVLV�FDWDO\VWV�

�

�

>�@�(��%��:LOVRQ��-��&KHP��3K\V�����������������
>�@�2��$��YRQ�/LOLHQIHOG��-��&KHP��3K\V��������������������
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$XWRPDWHG�&KHPLFDO�5HDFWLRQ�6SDFH�([SORUDWLRQ�RI�D�3URWRQ�5HGXFWLRQ�0HFKDQLVP

6��$��*ULPPHO���0��5HLKHU�


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

)RU DQ LQ�GHSWK XQGHUVWDQGLQJ RI D FKHPLFDO V\VWHP� DOO UHOHYDQW LQWHUPHGLDWHV DV ZHOO DV WKH
HOHPHQWDU\ UHDFWLRQV FRQQHFWLQJ WKHP PXVW EH NQRZQ� +RZHYHU� GXH WR WKH LPPHQVH FRPSOH[LW\
UHVXOWLQJ IURP� H�J�� WKH SUHVHQFH RI VLGH UHDFWLRQV DQG FRQIRUPDWLRQDO IUHHGRP� PDQXDO
LQYHVWLJDWLRQV RI UHDFWLRQ QHWZRUNV E\ PHDQV RI TXDQWXP�FKHPLFDO PHWKRGV DUH RIWHQ XQIHDVLEOH
DQG HUURU�SURQH� 7KHUHIRUH� D YDULHW\ RI GL IIHUHQW DSSURDFKHV IRU WKH DXWRPDWHG H[SORUDWLRQ RI
FKHPLFDO�UHDFWLRQ�QHWZRUNV�KDYH�EHHQ�SURSRVHG�LQ�WKH�ODVW�GHFDGH����
,Q WKLV HQGHDYRU� ZH SUHVHQW RXU VRIWZDUH &KHPRWRQ� WKDW DOORZV IRU WKH DXWRPDWHG H[SORUDWLRQ RI
UHDFWLRQ QHWZRUNV EDVHG RQ �ILUVW�SULQFLSOHV KHXULVWLFV�� 7KH DSSOLFDWLRQ RI FRQFHSWXDO HOHFWURQLF
VWUXFWXUH WKHRU\ HQDEOHV XV WR HVWDEOLVK DOJRULWKPV WKDW DUH DJQRVWLF UHJDUGLQJ WKH W\SH RI
PROHFXOHV XQGHU FRQVLGHUDWLRQ� $V DQ H[DPSOH� ZH GLVFXVV WKH SRVVLELOLW\ RI H[SORLWLQJ WKH
PROHFXODU HOHFWURVWDWLF SRWHQWLDO IRU SUHGLFWLQJ SURWRQDWLRQ VLWHV WKDW ZH DSSOLHG WR WKH H[SORUDWLRQ
RI�WKH�PHFKDQLVP�RI�SURWRQ�UHGXFWLRQ�FDWDO\]HG�E\�D�K\GURJHQDVH�PRGHO�FRPSOH[��

>�@�*UHJRU�1��6LPP��$ODLQ�&��9DXFKHU��0DUNXV�5HLKHU��-��3K\V��&KHP��$���������������������
>�@�-DQ�3��8QVOHEHU��0DUNXV�5HLKHU��$QQX��5HY��3K\V��&KHP���������������������
>�@�*UHJRU�1��6LPP��0DUNXV�5HLKHU��-��&KHP��7KHRU\�&RPSXW�����������������������
>�@ 0DLNH %HUJHOHU� *UHJRU 1� 6LPP� -RQQ\ 3URSSH� 0DUNXV 5HLKHU� -� &KHP� 7KHRU\ &RPSXW�� �����
��������������
>�@�6WHSKDQLH�$��*ULPPHO��0DUNXV�5HLKHU��)DUDGD\�'LVFXVV����������������������
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&RPSOHWH�DFWLYH�VSDFH�DQDO\VLV�RI�D�UHDFWLRQ�SDWKZD\��LQYHVWLJDWLRQ�RI�WKH�R[\JHQ�
R[\JHQ�ERQG�IRUPDWLRQ>�@

5��+DQ���6��/XEHU�


�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\

:DWHU QXFOHRSKLOLF DWWDFN LV DQ LPSRUWDQW VWHS LQ ZDWHU R[LGDWLRQ UHDFWLRQV� ZKLFK KDYH EHHQ
ZLGHO\ VWXGLHG XVLQJ GHQVLW\ IXQFWLRQDO WKHRU\ �')7�� 1HYHUWKHOHVV� D VLQJOH GHWHUPLQDQW ')7
SLFWXUH PD\ EH LQVXIILFLHQW IRU D GHHSHU LQVLJKW LQWR WKH SURFHVV� LQ SDUWLFXODU GXULQJ WKH R[\JHQ�
R[\JHQ ERQG IRUPDWLRQ� ,Q WKLV ZRUN� ZH XVH FRPSOHWH DFWLYH VSDFH VHOI�FRQVLVWHQW ILHOG �&$66&)�
FDOFXODWLRQV DQG GHVFULEH DQ DSSURDFK IRU D FRPSOHWH DFWLYH VSDFH DQDO\VLV DORQJ D UHDFWLRQ
SDWKZD\� 7KLV LV DSSOLHG WR WKH ZDWHU QXFOHRSKLOLF DWWDFN DW D 5X�EDVHG FDWDO\VW� ZKLFK KDV
VXFFHVVIXOO\ EHHQ XVHG IRU HIILFLHQW ZDWHU R[LGDWLRQ>�@ DQG LQ VLOLFR GHVLJQ RI QHZ ZDWHU R[LGDWLRQ
FDWDO\VWV�UHFHQWO\>�@�

)LJXUH �� 5HDFWLRQ SDWKZD\ RI ZDWHU QXFOHRSKLOLF DWWDFN DW D 5X�EDVHG FDWDO\VW �OHIW� DQG VKRUW�
FXW�VFKHPH�RI�IRXU�PDMRU�FRQILJXUDWLRQ�VWDWH�IXQFWLRQV�IURP�WKH�&$66&)�FDOFXODWLRQV��ULJKW��

>�@�5��+DQ�DQG�6��/XEHU��-��&RPSXW��&KHP��������������
>�@�0��*LO�6HSXOFUH��HW�DO���&KHP6XV&KHP���������������������
>�@�0��6FKLOOLQJ��0��%¸KOHU��6��/XEHU��'DOWRQ�7UDQV������������������
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([FLWHG�VWDWH�SURSHUWLHV�IRU�VHPL�HPSLULFDO�WLJKW�ELQGLQJ

$��+HKQ���)��%HOOHIODPPH���-��+XWWHU�


�8QLYHUVLW¦W�=¾ULFK

8QGHUVWDQGLQJ SURSHUWLHV RI HOHFWURQLF H[FLWHG VWDWHV LV IXQGDPHQWDO IRU GHVFULELQJ YDULRXV NLQGV
RI VSHFWURVFRS\ DQG IRU PRGHOLQJ SKRWRFKHPLFDO SKHQRPHQD� 7KH WKHUHIRUH UHTXLUHG DQDO\WLFDO
H[FLWHG�VWDWH JUDGLHQWV KDYH EHHQ UHSRUWHG IRU WLPH�GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ IRU
*DXVVLDQ DQG SODQH ZDYH EDVLV VHWV DQG KDYH EHFRPH D VWDQGDUG WRRO LQ TXDQWXP FKHPLVWU\
SURJUDP SDFNDJHV >���@� %DVHG RQ WKHVH GHYHORSPHQWV� EXW DLPLQJ QRZ IRU D KLJKO\ HIILFLHQW VHPL�
HPSLULFDO DSSURDFK VXLWDEOH IRU H[FLWHG�VWDWH G\QDPLFV DQG ODUJH�VFDOH DSSOLFDWLRQV RQ FRQILQHG
PDWHULDOV� ZH SUHVHQW H[FLWHG�VWDWH JUDGLHQWV IRU WKH VLPSOLILHG 7DPP�'DQFRII DSSUR[LPDWLRQ
�V7'$� >�@ DV LPSOHPHQWHG LQ WKH PL[HG *DXVVLDQ DQG SODQH ZDYHV IUDPHZRUN RI WKH &3�.
SURJUDP SDFNDJH >�@� )RU HOHFWURQLF VSHFWUD� V7'$ ZDV DOUHDG\ SURYHQ WR EH D SRZHUIXO DOWHUQDWLYH
WR FRQYHQWLRQDO K\EULG GHQVLW\ IXQFWLRQDOV� HQDEOLQJ WR WUHDW ODUJHU V\VWHP VL]HV RI WKRXVDQGV RI
DWRPV ZKLOH VWLOO \LHOGLQJ UHDVRQDEOH DFFXUDF\ ZLWK GHYLDWLRQV LQ WKH UDQJH RI ��� H9� :H RXWOLQH
WKH LPSOHPHQWDWLRQ VWUDWHJ\ IRU FRUUHVSRQGLQJ H[FLWHG�VWDWH SURSHUWLHV DQG VKRZ ILUVW EHQFKPDUN
UHVXOWV�LQ�FRPSDULVRQ�WR�VWDQGDUG�WLPH�GHSHQGHQW�GHQVLW\�IXQFWLRQDO�WKHRU\�DSSURDFKHV�

>�@�)��)XUFKH��5��$KOULFKV��-RXUQDO�RI�&KHPLFDO�3K\VLFV�����������������������
>�@�-��+XWWHU��-RXUQDO�RI�&KHPLFDO�3K\VLFV�����������������������
>�@�6��*ULPPH��-RXUQDO�RI�&KHPLFDO�3K\VLFV�����������������������
>�@�7KH�&3�.�GHYHORSHUV�JURXS��&3�.�LV�IUHHO\�DYDLODEOH�IURP�KWWS���ZZZ�FS�N�RUJ��
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4XDQWXP�WXQQHOOLQJ�LQ�HOHFWURQ�WUDQVIHU�UHDFWLRQV

(��5��+HOOHU���-��2��5LFKDUGVRQ�


�/DE��IRU�3K\VLFDO�&KHPLVW\��(7+�=¾ULFK

(OHFWURQ WUDQVIHU UDWHV EHWZHHQ ZHDNO\ FRXSOHG VWDWHV DUH SUHGRPLQDQWO\ FDOFXODWHG XVLQJ 0DUFXV
WKHRU\� 'XH WR LWV LQKHUHQW FODVVLFDO FKDUDFWHU� KRZHYHU� H[SHULPHQWDO UHDFWLRQ UDWHV FDQ GHYLDWH
IURP WKH 0DUFXV UHVXOW E\ VHYHUDO RUGHUV RI PDJQLWXGH GXH WR WKH LQIOXHQFH RI TXDQWXP WXQQHOOLQJ
DQG ]HUR�SRLQW HQHUJ\� 7KHVH HIIHFWV SURYH WR EH RI SDUWLFXODU LPSRUWDQFH LQ WKH VR FDOOHG
ૺLQYHUWHGૻ UHJLPH� ZKHUH UHDFWLRQ UDWHV EHFRPH VPDOOHU ZLWK LQFUHDVLQJ WKHUPRG\QDPLF GULYLQJ
IRUFH�
,Q SULQFLSOH WKH FRUUHFW TXDQWXP PHFKDQLFDO UDWH FDQ EH REWDLQHG E\ DSSO\LQJ )HUPL૷V JROGHQ UXOH�
7KLV� LQ WXUQ� UHTXLUHV NQRZOHGJH RI WKH QXFOHDU ZDYHIXQFWLRQV RI WKH WZR UHDFWLYH ZHOOV� ZKLFK DUH
QRW DFFHVVLEOH IRU DOO EXW YHU\ VPDOO V\VWHPV� 6HPLFODVVLFDO LQVWDQWRQ WKHRU\ LV DEOH WR FDSWXUH
QXFOHDU TXDQWXP HIIHFWV LQ D QXPHULFDOO\ HIILFLHQW ZD\ DOORZLQJ DSSOLFDWLRQ WR FRPSOH[�
DQKDUPRQLF V\VWHPV� 5HFHQWO\ WKLV PHWKRG KDV EHHQ H[WHQGHG WR GHVFULEH WKH LQYHUWHG UHJLPH E\
ORFDWLQJ DQ RSWLPDO WXQQHOOLQJ SDWKZD\ IRUPHG E\ WZR WUDMHFWRULHV� RQH RI ZKLFK WUDYHOV LQ QHJDWLYH
LPDJLQDU\�WLPH�JLYLQJ�D�SLFWXUH�UHPLQLVFHQW�RI�WKH�VFDWWHULQJ�RI�SDUWLFOHV�DQG�DQWLSDUWLFOHV�>�@�
)XUWKHUPRUH� WKH WKHRU\ ZDV DPHQGHG WR LPSOLFLWO\ DFFRXQW IRU WKH HIIHFW RI D TXDQWXP RU FODVVLFDO
VROYHQW EDWK >�@� 7KH PHWKRG WKXV HQDEOHV WR FDSWXUH QXFOHDU WXQQHOOLQJ HIIHFWV LQ HYHQ ODUJHU
PXOWLVFDOH�W\SH SUREOHPV QRW RQO\ LQ HOHFWURQ�WUDQVIHU UHDFWLRQV EXW DOVR LQ OLJKW�PDWWHU
LQWHUDFWLRQV��HOHFWURFKHPLVWU\�DQG�RWKHU�ILHOGV�

)LJXUH �� 5HDFWDQW SRWHQWLDO �EOXH VROLG OLQHV� DQG SURGXFW SRWHQWLDO �RUDQJH VROLG OLQHV� RI D
V\VWHP RI WZR LQWHUDFWLQJ 0RUVH RVFLOODWRUV� 7KH WUDMHFWRULHV IRUPLQJ WKH LQVWDQWRQ DUH VKRZQ DW
GLVFUHWH WLPH VWHSV E\ EOXH �UHDFWDQW� DQG UHG �SURGXFW� GRWV DQG WKHLU HQHUJLHV� (� DQG (�� DUH
GHSLFWHG E\ WKH EOXH DQG UHG GDVKHG OLQHV� 'XH WR WKH FRXSOLQJ RI WKLV V\VWHP WR DQ H[WHUQDO EDWK�
WKHVH HQHUJLHV DUH VHSDUDWHG E\ WKH HQHUJ\ JDS ̩(� 7KH LQVHW VKRZV WKH LQVWDQWRQ IRU WKH VDPH
V\VWHP�EXW�ZLWKRXW�WKH�SUHVHQFH�RI�D�EDWK��ZKHUH�̩(� ���

>�@�(��5��+HOOHU��-��2��5LFKDUGVRQ��7KH�-RXUQDO�RI�&KHPLFDO�3K\VLFV��������������������
>�@�(��5��+HOOHU��-��2��5LFKDUGVRQ��DU[LY�>SK\VLFV�FKHP�SK@�������������������
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4XDQWXP�7XQQHOOLQJ�LQ�,VRWRSLFDOO\�6XEVWLWXWHG�6\VWHPV�ZLWK�0DFKLQH�/HDUQLQJ�DQG�$E
,QLWLR�,QVWDQWRQ�7KHRU\

*��/DXGH���(��0��-DKU���-��2��5LFKDUGVRQ�


�/DE��IRU�3K\VLFDO�&KHPLVW\��(7+�=¾ULFK

,QVWDQWRQ WKHRU\ LV D VHPLFODVVLFDO DSSUR[LPDWLRQ WR WKH SDWK�LQWHJUDO IRUPXODWLRQ RI TXDQWXP
PHFKDQLFV� 7KLV WKHRU\ DOORZV IRU D GHVFULSWLRQ RI TXDQWXP WXQQHOOLQJ LQ WHUPV RI GRPLQDQW
WXQQHOOLQJ SDWKZD\V� %\ DSSO\LQJ WKLV WKHRU\ DQG FRPELQLQJ LW ZLWK D ULQJ�SRO\PHU GLVFUHWLVDWLRQ RI
WKH DIRUHPHQWLRQHG SDWKZD\V� ZH REWDLQ D FRPSXWDWLRQDOO\ HIILFLHQW PHWKRG RI FRPSXWLQJ UHDFWLRQ
UDWHV DQG WXQQHOOLQJ VSOLWWLQJV LQ PROHFXODU V\VWHPV >�� �@� +RZHYHU� RQH LV VWLOO SUHYHQWHG IURP
VWXG\LQJ V\VWHPV ZLWK D ODUJH QXPEHU RI GHJUHHV RI IUHHGRP GXH WR SURKLELWLYH FRPSXWDWLRQDO
FRVWV� :H KDYH WKXV FRPELQHG LQVWDQWRQ WKHRU\ ZLWK D PDFKLQH�OHDUQLQJ PHWKRG� *DXVVLDQ
3URFHVV 5HJUHVVLRQ �*35� WR UHVROYH WKLV� 7KLV DOORZV XV WR OLPLW WKH DPRXQW RI DE LQLWLR HOHFWURQLF
VWUXFWXUH FDOFXODWLRQV UHTXLUHG E\ XVLQJ D VPDOO VXEVHW RI GDWD WR DFFXUDWHO\ SUHGLFW WKH 3(6
DURXQG WKH GRPLQDQW WXQQHOOLQJ SDWKZD\� 7KLV KDV EHHQ VXFFHVVIXOO\ DSSOLHG WR FRPSXWH UDWHV IRU
+ � &+� DQG + � &�+� >�@� :H KDYH WKHQ DSSOLHG LW FRPSXWH WKH NLQHWLF LVRWRSH HIIHFW LQ WKH
UHDFWLRQV RI 0XRQLXP �͐�H� � DQG + ZLWK &+�� &�+� DQG &�+� >�@� DQG GHPRQVWUDWH RXU ILQGLQJV
KHUH�

:H QH[W FRQVLGHU TXDQWXP WXQQHOOLQJ HIIHFWV LQ DV\PPHWULF GRXEOH�ZHOO V\VWHPV� ZKHUHLQ WKH ORFDO
PLQLPD LQ WKH WZR ZHOOV KDYH WKH VDPH HQHUJ\� EXW WKH ZLGWKV GLIIHU VOLJKWO\� :H KDYH VXFFHVVIXOO\
GHULYHG D VHPLFODVVLFDO LQVWDQWRQ IRUPXODWLRQ IRU WKH WXQQHOOLQJ VSOLWWLQJ LQ VXFK V\VWHPV� 7KH QHZ
DSSURDFK ZDV EHQFKPDUNHG XVLQJ D VHW RI RQH� DQG WZR�GLPHQVLRQDO PRGHOV� IRU ZKLFK WKH UHVXOWV
FRPSDUH IDYRXUDEO\ ZLWK QXPHULFDOO\ H[DFW TXDQWXP PHFKDQLFV� :H QRZ DSSO\ WKLV QHZ
IRUPXODWLRQ WR FRPSXWH WXQQHOOLQJ VSOLWWLQJV LQ YDULRXV LVRWRSLFDOO\�VXEVWLWXWHG YHUVLRQV RI WKH
SURWRQ�WUDQVIHU�LQ�PDORQDOGHK\GH�LQ�IXOO�GLPHQVLRQDOLW\�>�@�

>�@�-HUHP\�2��5LFKDUGVRQ��,QWHUQDWLRQDO�5HYLHZV�LQ�3K\VLFDO�&KHPLVWU\��������������������
>�@�-HUHP\�2��5LFKDUGVRQ��7KH�-RXUQDO�RI�&KHPLFDO�3K\VLFV��������������������
>�@ *DEULHO /DXGH� 'DQLOR &DOGHULQL� 'DYLG 3� 7HZ DQG -HUHP\ 2� 5LFKDUGVRQ� )DUDGD\
'LVFXVVLRQV���������������������
>�@ *DEULHO /DXGH� 'DQLOR &DOGHULQL� 5DOSK :HOVFK DQG -HUHP\ 2� 5LFKDUGVRQ� 3K\VLFDO &KHPLVWU\
&KHPLFDO�3K\VLFV��VXEPLWWHG��
>�@�(OHQD�0��-DKU��*DEULHO�/DXGH�DQG�-HUHP\�2��5LFKDUGVRQ��LQ�SUHSDUDWLRQ�
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

6SLQ�PDSSLQJ�DSSURDFK�WR�QRQDGLDEDWLF�PROHFXODU�G\QDPLFV

-��(��5XQHVRQ���-��2��5LFKDUGVRQ�


�/DERUDWRU\�IRU�3K\VLFDO�&KHPLVW\��(7+�=XULFK

0DQ\ LPSRUWDQW FKHPLFDO UHDFWLRQV DUH QRQDGLDEDWLF� PHDQLQJ WKDW WKH\ LQYROYH WUDQVLWLRQV
EHWZHHQ GLIIHUHQW HOHFWURQLF VWDWHV� 7\SLFDO H[DPSOHV LQFOXGH OLJKW�LQGXFHG UHDFWLRQV IRXQG LQ
ELRORJLFDO SURFHVVHV VXFK DV SKRWRV\QWKHVLV� YLVLRQ� DQG '1$ UHSDLU� DV ZHOO DV OLJKW�KDUYHVWLQJ
FRPSRXQGV UHOHYDQW IRU IXWXUH HQHUJ\ WHFKQRORJ\� 1RQDGLDEDWLF SURFHVVHV DUH SDUWLFXODUO\
FKDOOHQJLQJ WR FRPSXWDWLRQDO FKHPLVWV� EHFDXVH WKH FRXSOLQJ EHWZHHQ WKH QXFOHDU DQG HOHFWURQLF
PRWLRQ�SUHYHQWV�XV�IURP�XVLQJ�WKH�IDPRXV�%RUQ��2SSHQKHLPHU�DSSUR[LPDWLRQ�

,W LV WKHUHIRUH QHFHVVDU\ WR GHYHORS QHZ DSSUR[LPDWLRQV LQ RUGHU WR VLPXODWH UHDOLVWLF ODUJH�VFDOH
QRQDGLDEDWLF SURFHVVHV� $ FRPPRQ VWDUWLQJ SRLQW LV WR GLYLGH WKH V\VWHP LQWR D VXEV\VWHP WKDW LV
WUHDWHG ZLWK TXDQWXP G\QDPLFV DQG DQ HQYLURQPHQW WKDW LV WUHDWHG ZLWK FODVVLFDO G\QDPLFV� 7KHUH
LV KRZHYHU QR XQLTXH ZD\ WR WUHDW WKH FRXSOLQJ EHWZHHQ WKH WZR SDUWV� DQG GLIIHUHQW DSSURDFKHV
PD\�OHDG�WR�YDULRXV�OHYHOV�RI�DFFXUDF\�

:H KDYH UHVHQWO\ GHYHORSHG D PHWKRG WKDW FDQ UREXVWO\ GHVFULEH WKH QRQDGLDEDWLF G\QDPLFV RI
JHQHUDO PXOWL�OHYHO V\VWHPV LQ FRPSOH[ FRQGHQVHG�SKDVH HQYLURQPHQWV >�@� )RU WZR�OHYHO V\VWHPV�
WKH PHWKRG FDQ EH WKRXJKW RI DV D PDSSLQJ WR D VSLQ LQ D PDJQHWLF ILHOG� DQG IRU KLJKHU�OHYHO
V\VWHPV ZH XVH LWV JURXS�WKHRUHWLFDO JHQHUDOL]DWLRQ >�@� 7KLV OHDGV WR D VHW RI FODVVLFDO HTXDWLRQV RI
PRWLRQ WKDW DUH DEOH WR GHVFULEH FRPSOH[ TXDQWXP SUREOHPV� $V DQ H[DPSOH� ZH KDYH VLPXODWHG
HOHFWURQ WUDQVIHU LQ SKRWRV\QWKHWLF JUHHQ VXOSKXU EDFWHULD ZLWK VWDWH�RI�WKH�DUW DFFXUDF\ �VHH
ILJXUH�� ,W RXWSHUIRUPV FRQYHQWLRQDO (KUHQIHVW FDOFXODWLRQV� VFDOHV OLQHDUO\ ZLWK V\VWHP VL]H� DQG
RSHQV WKH SDWK WRZDUGV QRQDGLDEDWLF H[WHQVLRQV RI SDWK�LQWHJUDO�EDVHG PHWKRGV WKDW LQFOXGH
QXFOHDU ]HUR�SRLQW HQHUJ\� ZKLFK FRXOG PDNH LW D SRZHUIXO WRRO IRU FRPSXWLQJ UDWHV LQ JHQHUDO
QRQDGLDEDWLF�UHDFWLRQV�

)LJXUH� (OHFWURQ SRSXODWLRQ G\QDPLFV LQ D VHYHQ�VWDWH PRGHO RI WKH )HQQD��0DWWKHZV��2OVHQ
FRPSOH[� ZKHUH VROLG OLQHV LQGLFDWH WKH H[DFW EHQFKPDUN� 2XU VSLQ�PDSSLQJ G\QDPLFV �ULJKW�
RXWSHUIRUPV�FRQYHQWLRQDO�(KUHQIHVW�G\QDPLFV��OHIW��IRU�WKH�VDPH�FRPSXWDWLRQDO�HIIRUW�

>�@�-RKDQ�(��5XQHVRQ�DQG�-HUHP\�2��5LFKDUGVRQ��-��&KHP��3K\V���������������������
>�@�-RKDQ�(��5XQHVRQ�DQG�-HUHP\�2��5LFKDUGVRQ��-��&KHP��3K\V���������������������
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

1RQDGLDEDWLF�HIIHFWV�LQ�HOHFWURQLF�VSHFWURVFRS\��D�QRYHO�TXDQWXP�FODVVLFDO�DSSURDFK

-��5��0DQQRXFK���-��2��5LFKDUGVRQ�


�/DE��IRU�3K\VLFDO�&KHPLVW\��(7+�=XULFK

6SHFWURVFRS\ RIIHUV D SRZHUIXO WRRO IRU LQYHVWLJDWLQJ WKH PLFURVFRSLF G\QDPLFV DQG VWUXFWXUH RI
PDQ\ V\VWHPV� 7KH GLYHUVLW\ RI DYDLODEOH PHWKRGV PHDQV WKDW D ZLGH UDQJH RI G\QDPLFDO
SURFHVVHV FDQ QRZ EH SUREHG E\ WKHVH WHFKQLTXHV� +RZHYHU VXFK TXDQWLWLHV DUH RIWHQ FKDOOHQJLQJ
WR REWDLQ WKHRUHWLFDOO\ IRU FRPSOH[ FRQGHQVHG SKDVH V\VWHPV� DV WKH\ XVXDOO\ UHTXLUH WKH
FRPSXWDWLRQ RI WKH IXOO TXDQWXP G\QDPLFV RI V\VWHPV FRQWDLQLQJ D ODUJH QXPEHU RI GHJUHHV RI
IUHHGRP�

3UHYLRXVO\� VHPLFODVVLFDO DSSUR[LPDWLRQV KDYH EHHQ VXFFHVVIXOO\ HPSOR\HG WR FDOFXODWH WKH
XQGHUO\LQJ RSWLFDO UHVSRQVH IXQFWLRQV IRU ERWK OLQHDU DQG QRQOLQHDU VSHFWURVFRS\� E\ GHVFULELQJ WKH
G\QDPLFV RI QXFOHL RQ VLQJOH DGLDEDWLF VXUIDFHV XVLQJ HQVHPEOHV RI FODVVLFDO WUDMHFWRULHV>�@�
+RZHYHU VXFK DSSUR[LPDWLRQV DUH PXFK KDUGHU WR DSSO\ WR PRUH FRPSOLFDWHG V\VWHPV WKDW FRQWDLQ
FRQLFDO LQWHUVHFWLRQV RU DYRLGHG FURVVLQJV ZLWKLQ WKH H[FLWHG HOHFWURQLF VWDWH PDQLIROG� WKHVH
FURVVLQJV IDFLOLWDWH XOWUD�IDVW SRSXODWLRQ WUDQVIHU GXULQJ WKH H[FLWHG VWDWH G\QDPLFV DQG PHDQ WKDW
QRQDGLDEDWLF�FRXSOLQJV�FDQ�QRW�EH�QHJOHFWHG�

7R HYDOXDWH G\QDPLFDO TXDQWLWLHV LQ QRQDGLDEDWLF V\VWHPV� VLPLODU VHPLFODVVLFDO DSSUR[LPDWLRQV IRU
WKH IXOO HOHFWURQ�QXFOHDU G\QDPLFV FDQ EH GHULYHG ZLWK WKH XVH RI PDSSLQJ YDULDEOHV>���@� :LWKLQ
WKHVH DSSURDFKHV WKH HOHFWURQLF VXEV\VWHP LV PDSSHG H[DFWO\ RQWR D ILFWLWLRXV V\VWHP� ZKLFK KDV
D ZHOO GHILQHG FODVVLFDO OLPLW� 7KH G\QDPLFV DVVRFLDWHG ZLWK WKH PDSSHG V\VWHP LV WKHQ GHVFULEHG
E\ DQ HQVHPEOH RI FODVVLFDO WUDMHFWRULHV� 6XFK DSSURDFKHV KDYH DOUHDG\ EHHQ VXFFHVVIXOO\ XVHG WR
FDOFXODWH RWKHU WLPH�GHSHQGHQW FRUUHODWLRQ IXQFWLRQV DVVRFLDWHG ZLWK FRXSOHG HOHFWRQ�QXFOHDU
V\VWHPV>���@� ,Q SDUWLFXODU� ZH KDYH UHFHQWO\ GHYHORSHG D QHZ FODVVLFDO�WUDMHFWRU\ PDSSLQJ�EDVHG
WHFKQLTXH��FDOOHG�VSLQ�3/'0��ZKLFK�VHHPV�LGHDOO\�VXLWHG�WR�REWDLQLQJ�RSWLFDO�UHVSRQVH�IXQFWLRQV�

,Q WKLV SRVWHU� ZH ZLOO VKRZ KRZ VSLQ�3/'0 FDQ EH DSSOLHG WR DFFXUDWHO\ DQG HIILFLHQWO\ FRPSXWH
OLQHDU DEVRUSWLRQ VSHFWUD RI QRQDGLDEDWLF FRQGHQVHG SKDVH V\VWHPV� VXFK DV S\UD]LQH DQG WKH
)HQQD�0DWWKHZV�2OVHQ FRPSOH[� :H ZLOO DOVR EULHIO\ RXWOLQH DQG GLVFXVV KRZ RXU IRUPDOLVP FDQ EH
HDVLO\�H[WHQGHG�WR�WUHDW�PRUH�FRPSOH[�QRQOLQHDU�VSHFWUD��VXFK�DV��'�HOHFWURQLF�VSHFWURVFRS\�

>�@�3��/��0F5REELH��(��*HYD��-��3K\V��&KHP��$������������������૱������
>�@�*��6WRFN��0��7KRVV��3K\V��5HY��/HWW����������������૱����
>�@�+��'��0H\HU��:��+��0LOOHU��-��&KHP��3K\V�����������������૱�����
>�@�0��$��&��6DOOHU��$��.HOO\��-��2��5LFKDUGVRQ��-��&KHP��3K\V���������������������
>�@�-��(��5XQHVRQ��-��2��5LFKDUGVRQ��-��&KHP��3K\V��������������������
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

([WHQGLQJ�VSHFWURVFRSLF�DSSOLFDWLRQV�RI�UHDO�WLPH�SURSDJDWLRQ

-��0DWWLDW���6��/XEHU�


�8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\���8QLYHUVLW\�RI�=XULFK��'HSDUWPHQW�RI�&KHPLVWU\

,Q WKLV FRQWULEXWLRQ VLPXODWLRQV RI YDULRXV VSHFWURVFRSLF VLJQDWXUHV LQ WKH WLPH GRPDLQ XVLQJ UHDO
WLPH WLPH GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ �57�7'')7� ZLOO EH SUHVHQWHG� 57�7'')7 DOORZV WR
GLUHFWO\ VLPXODWH WKH RSWLFDO UHVSRQVH RI D PROHFXODU V\VWHP ZLWK UHJDUG WR DQ HOHFWUR PDJQHWLF
SXOVH� 7KH ILHOG LV WUHDWHG H[SOLFLWO\ DQG QRQ�SHUWXUEDWLYHO\ DV RSSRVHG WR VWDQGDUG HQHUJ\ GRPDLQ
DSSURDFKHV�ZKLFK�UHO\�RQ�SHUWXUEDWLRQ�WKHRU\�

7KH IDYRUDEOH VFDOLQJ RI 57�7'')7 FRPSDUHG WR SHUWXUEDWLYH DSSURDFKHV DQG WKH IDFW WKDW WKH
ZKROH IUHTXHQF\ GHSHQGHQW UHVSRQVH IXQFWLRQV DUH REWDLQHG LQ RQH JR� PDNHV LW D SURPLVLQJ
FDQGLGDWH�IRU�HYHU\�GD\�VSHFWURVFRSLF�DSSOLFDWLRQV�IRU�ODUJH�V\VWHPV�

,Q SDUWLFXODU UHFHQW SURJUHVV IRU WKH FDOFXODWLRQ RI 89�9,6 DEVRUSWLRQ >�@� HOHFWULF FLUFXODU GLFKURLVP
�(&'��>�@���UHVRQDQFH��5DPDQ�>�@�DQG�5DPDQ�RSWLFDO�DFWLYLW\��52$��VSHFWUD�>�@�ZLOO�EH�SUHVHQWHG�

(PSKDVLV ZLOO EH RQ D RULJLQ LQGHSHQGHQW GHVFULSWLRQ RI OLQHDU UHVSRQVH SURSHUWLHV� ZKLFK LV YLWDO
IRU�WKH�SUHGLFWLRQ�RI�(&'�DQG�52$�VSHFWUD�

,Q DGGLWLRQ D QRYHO PHWKRG IRU WKH FDOFXODWLRQ RI �5HVRQDQFH� 5DPDQ VSHFWUD IRU FRQGHQVHG SKDVH
V\VWHPV�ZLOO�EH�SUHVHQWHG�

>�@�-��0DWWLDW��6��/XEHU��-��&KHP��3K\V��������������������
>�@�-��0DWWLDW��6��/XEHU��&KHP��3K\V��������������������
>�@�-��0DWWLDW��6��/XEHU��-��&KHP��3K\V��������������������
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

5HOLDELOLW\�RI�7DLORUHG�&RXSOHG�&OXVWHU�LQ�'LIIHUHQW�&RUUHODWLRQ�5HJLPHV

0��0¸UFKHQ���/��)UHLWDJ���0��5HLKHU�


�(7+�=¾ULFK��/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\���8QLYHUVLW\�RI�9LHQQD��,QVWLWXWH�IRU�7KHRUHWLFDO
&KHPLVWU\

7KH GHVFULSWLRQ RI VWURQJO\ FRUUHODWHG HOHFWURQV ZLWKLQ WKH FRXSOHG FOXVWHU IUDPHZRUN LV VWLOO DQ
XQVROYHG SUREOHP LQ WKH WKHRUHWLFDO FKHPLVWU\ FRPPXQLW\� 7KH WDLORUHG FRXSOHG FOXVWHU �7&&�
PHWKRG� RULJLQDOO\ LQWURGXFHG E\ .LQRVKLWD HW DO� >�@ LV D YHU\ SURPLVLQJ DQVDW]� DV LW NHHSV WKH
VLPSOLFLW\ RI D VLQJOH�UHIHUHQFH FRXSOHG FOXVWHU PHWKRG� ZKLOH LQFRUSRUDWLQJ WKH PXOWL�UHIHUHQFH
ZDYHIXQFWLRQ WKURXJK DPSOLWXGHV REWDLQHG IURP D SUHYLRXV DFWLYH VSDFH FDOFXODWLRQ� :H SUHVHQW
DQ LQYHVWLJDWLRQ RI WKH 7&& ZDYHIXQFWLRQ EDVHG RQ PRGHO V\VWHPV >���@ LQWURGXFHG E\ -DQNRZVNL
HW DO� >�@� 6LQFH WKHVH V\VWHPV UHO\ RQ DQ DFFXUDWH GHVFULSWLRQ IRU ERWK VWDWLF DQG G\QDPLF
FRUUHODWLRQ� WKH\ SURYLGH DGHTXDWH WHVW FDVHV IRU PXOWL�UHIHUHQFH FRXSOHG FOXVWHU PHWKRGV� :H
LQYHVWLJDWHG WKH UHOLDELOLW\ RI WKH 7&& PHWKRG ZLWK UHVSHFW WR WKH EHVW DYDLODEOH ZDYHIXQFWLRQ
SURYLGHG E\ WKH IXOO FRQILJXUDWLRQ LQWHUDFWLRQ PHWKRG� ,Q DGGLWLRQ WR WKH HQHUJ\ HUURU DQG 7� DQG
'� GLDJQRVWLFV >���@� ZH XVHG WKH RYHUODS RI WKH 7&& DQG IXOO FRQILJXUDWLRQ LQWHUDFWLRQ
ZDYHIXQFWLRQ DV D TXDOLW\ PHDVXUH IRU WKH ZDYHIXQFWLRQ� %DVHG RQ WKLV� ZH FULWLFDOO\ UHYLHZHG DOO
DGYDQWDJHV�DQG�GUDZEDFNV�RI�WKH�7&&�PHWKRG�

>�@�7��.LQRVKLWD��2��+LQR��5��-��%DUWOHWW��-��&KHP��3K\V���������������������
>�@�.��-DQNRZVNL��-��3DOGXV��,QW��-��4XDQWXP�&KHP�����������������૱�����
>�@�.��-DQNRZVNL��/��0HLVVQHU��-��:DVLOHZVNL��,QW��-��4XDQWXP�&KHP����������������૱����
>�@�0��0¸UFKHQ��/��)UHLWDJ��0��5HLKHU��������LQ�SUHSDUDWLRQ�
>�@�7��-��/HH��-��(��5LFH��*��(��6FXVHULD��+��)��6FKDHIHU��7KHRU��&KLP��$FWD��������������૱���
>�@�7��-��/HH��3��5��7D\ORU��,QW��-��4XDQWXP�&KHP����������������૱����
>�@�&��/��-DQVVHQ��,��0��1LHOVHQ��&KHP��3K\V��/HWW�����������������૱�����

�
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

)UR]HQ�'HQVLW\�(PEHGGLQJ�7KHRU\�H[SORLWLQJ�H[SHULPHQW�GHULYHG�GHQVLWLHV�IRU�WKH
HQYLURQPHQW�

1��5LFDUGL���0��(UQVW���7��$��:HVRORZVNL�
��3��0DFFKL�


�'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW\�RI�*HQHYD���'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\�
8QLYHUVLW\�RI�%HUQ���'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��*HQHYD���'HSDUWPHQW�RI�3K\VLFDO

&KHPLVWU\��0LODQR

)UR]HQ 'HQVLW\ (PEHGGLQJ 7KHRU\� LV D WKHRUHWLFDO IUDPHZRUN IRU PXOWLVFDOH FDOFXODWLRQV ZKLFK
DOORZV WR DFFRXQW IRU WKH HIIHFW RI DQ HQYLURQPHQW RQ D V\VWHP RI LQWHUHVW� 7KH HQYLURQPHQW LV
GHVFULEHG RQO\ E\ LWV HOHFWURQ GHQVLW\ DQG WKH SRVLWLRQ RI WKH QXFOHL� DQG WKH LQWHUDFWLRQ ZLWK WKH
V\VWHP RI LQWHUHVWHG LV PRGHOOHG E\ PHDQV RI RUELWDO�IUHH GHQVLW\ IXQFWLRQDOV� 7KH TXDQWXP
PHFKDQLFDO WUHDWPHQW RI WKH LQWHUDFWLRQ DFFRXQWV IRU QRQ�HOHFWURVWDWLF FRPSRQHQWV RI WKH
LQWHUDFWLRQ� PLWLJDWLQJ LVVXHV VXFK DV HOHFWURQ VSLOO RXW� LQ WXUQ DOORZLQJ IRU ODUJHU DQG KHQFH PRUH
DFFXUDWH EDVLV VHWV WKDQ FRQYHQWLRQDO HOHFWURVWDWLF HPEHGGLQJ� 7KH IDFW WKDW WKH HQYLURQPHQW LV
PRGHOOHG YLD LWV GHQVLW\ DOORZV IRU VHYHUDO� RSWLRQV WR REWDLQ LW� HDFK SUHVHQWLQJ LWV SRVLWLYHV DQG
QHJDWLYHV� DQG FRQVHTXHQWO\ D GRPDLQ RI DSSOLFDELOLW\� 7KHVH PDLQO\ GLIIHU LQ WKH EDVLV VHW
H[SDQVLRQ DQG LQ WKH PRGHOOLQJ RI PXWXDO SRODULVDWLRQ � 7ZR SHFXOLDU RSWLRQV VWLFN RXW RI WKLV VHW RI
YDULDQWV� WLPH�DYHUDJHG GHQVLWLHV DQG H[SHULPHQWDO GHQVLWLHV� 7KH IRUPHU FRQVLVWV LQ WKH SRVVLELOLW\
RI DYHUDJLQJ WKH GHQVLW\ RI WKH HQYLURQPHQW RYHU D SHULRG RI WLPH DQG SHUIRUP D VLQJOH HPEHGGLQJ
FDOFXODWLRQ LQVWHDG RI D ODUJH VHW� ZKLOH WKH ODWWHU UHIHUV WR WKH SRVVLELOLW\ RI XVLQJ GHQVLWLHV
REWDLQHG IURP ;�UD\ GLIIUDFWLRQ� 'HQVLWLHV IURP ;�UD\ GLIIUDFWLRQ DUH URXWLQHO\ XVHG WR GHGXFH WKH
SRVLWLRQ RI WKH QXFOHL� 2EWDLQLQJ ZDYHIXQFWLRQV� DOEHLW DSSHDOLQJ� SUHVHQWV VHYHUDO REVWDFOHV� 2QH
YDOLG DSSURDFK LV WKH VR FDOOHG ;�UD\ UHVWUDLQHG +DUWUHH )RFN� ZKHUH D OLQHDU FRPELQDWLRQ RI WKH
HQHUJ\ RI WKH 6ODWHU GHWHUPLQDQW DQG RI D SDUDPHWHU IRU WKH DJUHHPHQW ZLWK WKH H[SHULPHQWDO
GDWD LV PLQLPLVHG� 7KH FRQWULEXWLRQ RI WKH ODWWHU FDQ EH VORZO\ LQFUHDVHG� VORZO\ WXUQLQJ RQ WKH
SHUWXUEDWLRQ GXH WR FU\VWDO ILHOG DQG HOHFWURQ FRUUHODWLRQ� 7KLV LV SRVVLEOH XS WR D FHUWDLQ H[WHQW�
ZKLFK�GHSHQGV�RQ�WKH�TXDOLW\�RI�WKH�FU\VWDOORJUDSKLF�GDWD�

:H VKRZ WKDW IRU HLJKW +�ERQGHG FRPSOH[HV FRQVLVWLQJ RI D VPDOO FKURPRSKRUH �DFUROHLQ� DFU\OLF
DFLG� RU DFHWRQH� FRRUGLQDWHG E\ D JO\F\OJO\FLQH PROHFXOH� ;�UD\ UHVWUDLQHG GHQVLWLHV FDQ EH
VXFFHVVIXOO\ XVHG DV HQYLURQPHQW GHQVLWLHV LQ )UR]HQ 'HQVLW\ (PEHGGLQJ 7KHRU\ FDOFXODWLRQV� :H
FDOFXODWHG YHUWLFDO H[FLWDWLRQ HQHUJLHV DQG FRPSDUHG WKHP WR VXSHUPROHFXODU FDOFXODWLRQV�
6SHFLILFDOO\� ZH VKRZ WKDW WKH FKDQJH LV JUDGXDO DQG VPRRWK ZLWK WKH LQFUHDVH RI ZHLJKW IRU WKH
H[SHULPHQWDO LQIRUPDWLRQ� DQG WKDW WKH UDQJH VSXQ E\ WKH H[SHULPHQW�GHULYHG GHQVLWLHV LV VLPLODU
WR�WKDW�RI�FRPPRQ�TXDQWXP�PHFKDQLFDO�PHWKRGV��+)��&&6'��03���3%(���

'LUHFW FRPSDULVRQ RI H[SHULPHQW�GHULYHG WR FRQYHQWLRQDO SRVW +DUWUHH�)RFN GHQVLWLHV VKRZV VRPH
VLPLODU IHDWXUHV EXW DOVR VSHFLILF IHDWXUHV� ZKLFK FDQ EH DWWULEXWHG WR WKH FU\VWDO ILHOG HIIHFWV�$
VLPLODU EHKDYLRXU LV IRXQG LQ WKH GHQVLWLHV DQG SURSHUWLHV IURP HPEHGGLQJ FDOFXODWLRQV� ZKLFK
VKRZV WKDW QRW RQO\ HPEHGGLQJ LQ DQ H[SHULPHQW�GHULYHG GHQVLW\ LV QXPHULFDOO\ VRXQG� EXW LQGHHG
FDSWXUHV�VRPH�SK\VLFDO�HIIHFW�

7KLV SDYHV WKH ZD\ IRU HPEHGGLQJ FDOFXODWLRQV RI FKURPRSKRUHV HPEHGGHG LQ FU\VWDOV� ZKHUH
VHYHUDO�FKDOOHQJHV�IRU�SURGXFLQJ�HQYLURQPHQW�GHQVLWLHV�DULVH�

>�@�7RPDV]�$GDP�:HVRORZVNL��3K\VLFDO�5HYLHZ�$�����������������૱���
>�@ 1LFFRO´ 5LFDUGL� $OH[DQGHU =HFK� <DQQ *LPEDO�=RIND� 7RPDV] $GDP :HVRORZVNL� 3K\VLFDO
&KHPLVWU\�&KHPLFDO�3K\VLFV
>�@ 3LHUR 0DFFKL� -HDQ�0LFKHO *LOOHW� )UDQFLV 7DXOHOOH� -DYLHU &DPSR� 1LFRODV &ODLVHU� &ODXGH
/HFRPWH��,8&U-��������������૱�����
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

7RZDUGV�6SDWLDOO\�6HQVLWLYH�,QIUDUHG�3UREHV

6��0��6DOHKL�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�%DVHO

)LQGLQJ WKH UHODWLRQVKLS EHWZHHQ ORFDO VWUXFWXUH DQG G\QDPLFV IURP ,5 VSHFWURVFRS\ LV D
FKDOOHQJLQJ VXEMHFW DQG PROHFXODU G\QDPLFV VLPXODWLRQV KDYH EHFRPH D SRZHUIXO WRRO WR VWXG\ WKH
VWUXFWXUH� G\QDPLFV� DQG IXQFWLRQ RI FRPSOH[ V\VWHPV DW DWRPLF GHWDLO� 7R DFKLHYH WKLV� WZR
GLIIHUHQW SUREHV ZHUH FKRVHQ WR VWXG\ WKH ORFDO G\QDPLFV� $]LGH SUREH �1�B�A��� >�@ DQG $PLGH�,
SUREH �&2� >���@� 7KH 1�B�A�� DV\PPHWULF VWUHWFK LV ZHOO VHSDUDWHG IURP PRVW RUJDQLF
FKURPRSKRUHV�SURWHLQ EDQGV DQG WKH &2 SUREH LV QDWLYH WR DOO SURWHLQV� VHQVLWLYH DQG QRW VWURQJO\
LQIOXHQFHG E\ VLGH FKDLQV�>�@ )LUVW� YLEUDWLRQDO VSHFWURVFRS\ RI 1�B�A�� ZLOO EH GLVFXVVHG LQ WKH JDV
SKDVH DQG VROYHQW ZLWK LWV DSSOLFDWLRQ LQ $]LGR�KRPRDODQLQH �$+$� >�@ DQG SURWHLQ �$]LGR�
/\VR]\PH� ZKLFK GHPRQVWUDWH VLWH�VHOHFWLYH G\QDPLFV� 6HFRQG� WKH DPLGH�, YLEUDWLRQ IRU
PRQRPHULF DQG GLPHULF :LOG W\SH �:7� DQG PXWDQW �%��* DQG %��$� RI LQVXOLQ LV VWXGLHG XVLQJ
YDOLGDWHG HQHUJ\ IXQFWLRQV IRU WKH &2 SUREH ZLWK WKH DLP WR TXDQWLI\ WKH GLIIHUHQFHV LQ WKH
VSHFWURVFRS\�DQG�G\QDPLFV�RI�PRQRPHULF�ZLWK�GLPHULF�DQG�:7�ZLWK�PXWDQW�LQVXOLQ�

>�@�6DOHKL�HW�DO��-��3K\V��&KHP��%���������������������
>�@�'KD\DODQ�HW�DO��&KHP%LR&KHP��������������ಗ����
>�@�5DJKXQDWKDQ�HW�DO��-��3K\V��&KHP��%����������������ಗ����
>�@�*DQLP�HW�DO��$��$FF��&KHP��5HV���������������૱����
>�@�=DQRELQL�HW�DO��-��3K\V��&KHP��%�����������������������
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

0ROHFXODU�G\QDPLFV�VLPXODWLRQV�WR�XQGHUVWDQG�FRQIRUPDWLRQDO�EHKDYLRU�RI�F\FOLF
SHSWLGHV�DW�SRODU�DSRODU�LQWHUIDFHV

&��6FKHOOKDDV���6��0��/LQNHU���6��5LQLNHU�


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

:H XVH PROHFXODU G\QDPLFV VLPXODWLRQV DQG 0DUNRY VWDWH PRGHOLQJ RI F\FOLF SHSWLGHV LQ RUGHU WR
UDWLRQDOL]H WKH RULJLQ RI WKHLU PHPEUDQH SHUPHDELOLW\� 3UHYLRXV ZRUN KDV VKRZQ WKDW DQ LPSRUWDQW
GHWHUPLQDQW IRU WKLV SHUPHDELOLW\ LV D SHSWLGH૷V FRQIRUPDWLRQDO EHKDYLRXU LQ WKH ZDWHU SKDVH >�@� ,Q
WKLV VWXG\� ZH IRFXV RQ WKH FRQIRUPDWLRQDO EHKDYLRXU RI F\FOLF SHSWLGHV DW WKH SRODU�DSRODU
LQWHUIDFH RI ZDWHU DQG FKORURIRUP WKDW PLPLFV WKH FHOO PHPEUDQH� 2XU ILQGLQJV VXSSRUW WKH
K\SRWKHVLV WKDW RQO\ SHSWLGHV LQ WKH VR�FDOOHG ૶FORVHG૷ FRQIRUPDWLRQ� ZKHUH SRODU JURXSV DUH
VKLHOGHG IURP WKH HQYLURQPHQW� DUH DEOH WR SHUPHDWH WKURXJK WKH DSRODU UHJLRQ RI D PHPEUDQH�
0RUHRYHU� WKH SRODU�DSRODU LQWHUIDFH FDWDO\VHV WKH LQWHUFRQYHUVLRQ IURP DQ RSHQ WR WKH FORVHG
FRQIRUPDWLRQ� D NH\ HYHQW IRU SHUPHDWLRQ� %DVHG RQ RXU VLPXODWLRQV� ZH VKRZ KRZ VSHFLILF DPLQR
DFLGV DQG GLIIHUHQW ORFDO HQYLURQPHQWV LQIOXHQFH WKLV FORVLQJ HYHQW� 7KHVH ILQGLQJV PD\ EH KHOSIXO
LQ�WKH�GHVLJQ�RI�IXWXUH�JHQHUDWLRQV�RI�PHPEUDQH�SHUPHDEOH�F\FOLF�SHSWLGHV�

>�@�&HOLQH�$GHVVL��&ODXGLR�6RWR��&XUUHQW�PHGLFLQDO�FKHPLVWU\���������������������
>�@�$QGUHZ�7��%RFNXV��HW�DO��-RXUQDO�RI�PHGLFLQDO�FKHPLVWU\�������������������������
>�@�:LWHN��-DJQD��HW�DO��-RXUQDO�RI�FKHPLFDO�LQIRUPDWLRQ�DQG�PRGHOLQJ����������������������
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&KHPLFDO�5HDFWLRQ�*UDPPDU�DV�6HHQ�E\�1HXUDO�1HWZRUNV��8QVXSHUYLVHG�$WWHQWLRQ�
JXLGHG�$WRP�0DSSLQJ

3��6FKZDOOHU�����%��+RRYHU���-��/��5H\PRQG���+��6WUREHOW���7��/DLQR�


�,%0�5HVHDUFK�(XURSH��6¦XPHUVWUDVVH���������5¾VFKOL���,%0�5HVHDUFK�૱�&DPEULGJH���0,7�,%0�/DE�
8QLWHG�6WDWHV���'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ

.QRZLQJ KRZ DWRPV UHDUUDQJH GXULQJ D FKHPLFDO WUDQVIRUPDWLRQ LV IXQGDPHQWDO WR QXPHURXV
DSSOLFDWLRQV DLPLQJ WR DFFHOHUDWH RUJDQLF V\QWKHVLV DQG PROHFXODU GLVFRYHU\� 7KLV ODEHOOLQJ LV
NQRZQ DV DWRP�PDSSLQJ DQG LV DQ 13�KDUG SUREOHP� &XUUHQW VROXWLRQV XVH D FRPELQDWLRQ RI JUDSK�
WKHRUHWLFDO DSSURDFKHV� KHXULVWLFV� DQG UXOH�EDVHG V\VWHPV� 8QIRUWXQDWHO\� WKH H[LVWLQJ PDSSLQJV
DQG DOJRULWKPV DUH RIWHQ SURQH WR HUURUV DQG TXDOLW\ LVVXHV� ZKLFK OLPLW WKH HIIHFWLYHQHVV RI
VXSHUYLVHG DSSURDFKHV� 6HOI�VXSHUYLVHG QHXUDO QHWZRUNV FDOOHG 7UDQVIRUPHUV� RQ WKH RWKHU KDQG�
KDYH UHFHQWO\ VKRZQ WUHPHQGRXV SRWHQWLDO ZKHQ DSSOLHG WR WH[WXDO UHSUHVHQWDWLRQV RI GLIIHUHQW
GRPDLQ�VSHFLILF GDWD� VXFK DV FKHPLFDO UHDFWLRQV� +HUH ZH GHPRQVWUDWH WKDW DWWHQWLRQ ZHLJKWV
OHDUQHG E\ D 7UDQVIRUPHU� ZLWKRXW VXSHUYLVLRQ RU KXPDQ ODEHOOLQJ� HQFRGH DWRP UHDUUDQJHPHQW
LQIRUPDWLRQ EHWZHHQ SURGXFWV DQG UHDFWDQWV� :H EXLOG D FKHPLFDOO\ DJQRVWLF DWWHQWLRQ�JXLGHG
UHDFWLRQ PDSSHU WKDW VKRZV D UHPDUNDEOH SHUIRUPDQFH LQ WHUPV RI DFFXUDF\ DQG VSHHG� HYHQ IRU
VWURQJO\ LPEDODQFHG UHDFWLRQV� 2XU ZRUN VXJJHVWV WKDW XQDQQRWDWHG FROOHFWLRQV RI FKHPLFDO
UHDFWLRQV FRQWDLQ DOO WKH UHOHYDQW LQIRUPDWLRQ WR FRQVWUXFW FRKHUHQW VHWV RI UHDFWLRQ UXOHV� 7KLV
ILQGLQJ SURYLGHV WKH PLVVLQJ OLQN EHWZHHQ GDWD�GULYHQ DQG UXOH�EDVHG DSSURDFKHV DQG ZLOO
VWLPXODWH�PDFKLQH�DVVLVWHG�GLVFRYHU\�LQ�WKH�FKHPLFDO�GRPDLQ�

'HPR��KWWS���U[QPDSSHU�DL

&RGH��KWWSV���JLWKXE�FRP�U[Q�FKHPLVWU\�U[QPDSSHU

5HIHUHQFH�����������FKHPU[LY���������
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

%HQFKPDUNLQJ�7LJKW�%LQGLQJ�3UHGLFWLRQV�IRU�0HWDO�2UJDQLF�)UDPHZRUNV

%��6HUWFDQ���$��+HKQ���-��+XWWHU�


�8QLYHUVLW¦W�=¾ULFK

0HWDO�RUJDQLF IUDPHZRUNV �02)V� DUH PHWDO FOXVWHUV OLQNHG ZLWK RUJDQLF OLJDQGV IRUPLQJ SRURXV
DQG VWDEOH QHWZRUNV� 0RGLILFDWLRQ RI WKH EXLOGLQJ EORFNV HQDEOHV PRGXODU GHVLJQ DQG FRQWUROODEOH
V\QWKHVLV RI PLOOLRQV RI PDWHULDOV ZLWK GLIIHUHQW FKHPLFDO FRPSRVLWLRQ DQG IXQFWLRQDOLWLHV� TXDOLI\LQJ
02)V DV FRPSHWLWLYH DOWHUQDWLYHV WR WUDGLWLRQDO SRURXV PDWHULDOV OLNH ]HROLWHV RU FRYDOHQW�RUJDQLF
QHWZRUNV >�@� 'XH WR WKLV YHUVDWLOLW\� KLJK�WKURXJKSXW VFUHHQLQJ LV DQ HIILFLHQW DQG QHFHVVDU\ WRRO WR
LGHQWLI\ WKH PRVW VXLWDEOH FDQGLGDWHV IURP WKH WKRXVDQGV RI K\SRWKHWLFDO RU H[SHULPHQWDO
VWUXFWXUHV VWRUHG LQ GDWDEDVHV� :H XVHG WKH VHPL�HPSLULFDO WLJKW ELQGLQJ PHWKRG *)1�[7% >�@�
ZKLFK ZDV UHFHQWO\ LPSOHPHQWHG LQ &3�. >�@� WR VFUHHQ D WHVW VHW RI �� GLYHUVH 02)V >�@ DQG WKH
&R5(�02)�GDWDEDVH�>�@��SUHVHQWLQJ�EHQFKPDUN�UHVXOWV�LQ�FRPSDULVRQ�WR�GHQVLW\�IXQFWLRQDO�WKHRU\�

>�@�2��)DUKD��-��7��+XSS��$FF��&KHP��5HV������������������
>�@�6��*ULPPH��&��%DQQZDUWK��3��6KXVKNRY��-��&KHP��7KHRU\�&RPSXW���������������
>�@�7��'��.¾KQH��HW�DO���DU;LY������������>SK\VLFV�FKHP�SK@�SUHSULQW
>�@�'��1D]DULDQ��3��*DQHVK��'��6��6KROO��-��0DWHU��&KHP��$�����������������
>�@�'��1D]DULDQ��-��&DPS��<��*��&KXQJ��5��4��6QXUU��'��6��6KROO��&KHP��0DWHU������������������
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

7KH�HIIHFWV�RI�YDQ�GHU�:DDOV�GLVSHUVLRQ�FRUUHFWLRQV�RQ�WKH�VWXG\�RI�FDUERQ�QLWULGHV
PHPEUDQHV�SHUIRUPDQFH

0��7RKLGL�9DKGDW�����'��&DPSL���1��0DU]DUL�
��.��9��$JUDZDO�


�/DERUDWRU\�RI�$GYDQFHG�6HSDUDWLRQV��/$6����7KHRU\�DQG�6LPXODWLRQ�RI�0DWHULDOV��7+(26�

6LPSOLFLW\ DQG HQHUJ\ HIILFLHQF\ DUH WZR PDLQ UHDVRQV WKDW KDYH DWWUDFWHG D ORW RI DWWHQWLRQ WRZDUG
PHPEUDQH�EDVHG VHSDUDWLRQV� HVSHFLDOO\ XVLQJ QDQRSRURXV WZR�GLPHQVLRQDO PDWHULDOV� *UDSKLWLF
FDUERQ QLWULGHV IUDPHZRUNV DUH KLJKO\ SURPLVLQJ IRU PROHFXODU VLHYLQJ EHFDXVH WKH\ DUH VWDEOH LQ D
ZLGH UDQJH RI RSHUDWLQJ FRQGLWLRQV� 7KH WZR PRVW VWXGLHG IUDPHZRUNV LQ WKH IDPLO\ RI FDUERQ
QLWULGHV DUH &�1 DQG SRO\�WULD]LQH LPLGH� �37,�� 7KH\ KDYH EHHQ DOUHDG\ V\QWKHVL]HG� DQG UHFHQWO\
H[IROLDWHG�WR�DWRP�WKLFN�VLQJOH�OD\HU�LQ�RXU�DQG�RWKHU�ODERUDWRULHV�>�@>�@�

7KH SRWHQWLDO HQHUJ\ VXUIDFHV RI GLIIHUHQW JDVHV RQ D &�1 DQG 37, PRQROD\HU KDYH EHHQ
LQYHVWLJDWHG ZLWK YDQ GHU :DDOV�FRUUHFWHG GHQVLW\ IXQFWLRQDO WKHRU\ �')7�� :H QRWLFHG WKDW
GLIIHUHQW DGVRUSWLRQ EHKDYLRXU IRU JDVHV DUH RXWOLQHG LQ OLWHUDWXUH� 6R LQ WKLV VWXG\� ZH H[SORUH WKH
HIIHFWV RI XVLQJ GLIIHUHQW YDQ GHU :DDOV DSSUR[LPDWLRQV RQ WKH VWXG\ RI PHPEUDQH SHUIRUPDQFH RI
&�1 DQG 37,� 'XH WR ODUJH GLVFUHSDQF\ DPRQJ GLIIHUHQW YDQ GHU :DDOV GLVSHUVLRQV� ZH EHQFKPDUN
RXU FDOFXODWLRQV EDVHG RQ PRUH DGYDQFHG WKHRU\ WHFKQLTXH� ZKLFK LV WKH H[DFW H[FKDQJH
FRUUHODWLRQ LQ FRQMXJDWLRQ ZLWK UDQGRP SKDVH DSSUR[LPDWLRQ �53$�� 7KH ZD\ WKDW FRPSXWDWLRQDO
VWXG\ RI PDWHULDOV IRU PHPEUDQH DSSOLFDWLRQ FRXOG KHOS WKH FRPPXQLW\ LV WR DGGUHVV ZKHWKHU D VHW
RI PDWHULDOV LV SURPLVLQJ IRU D SDUWLFXODU VHSDUDWLRQ RU QRW� ,Q WKLV ZD\ WKH FRPPXQLW\ FDQ IRFXV RQ
SRWHQWLDOO\ LQWHUHVWLQJ PDWHULDOV LQ WKH ZD\ RI UHDOL]LQJ KLJK SHUIRUPDQFH PHPEUDQHV� +HUH� ZH
VKRZ�PRUH�HPSKDVLV�RQ�WKH�DFFXUDF\�RI�FDSWXULQJ�YDQ�GHU�:DDOV�LQWHUDFWLRQV�LV�FUXFLDO�

>�@�%��9��/RWVFK��-$&6��������SS���૱���
>�@�/��)��9LOODORERV��6FL��$GY������������HDD\�����
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&RPSXWDWLRQDO�&KHPLVWU\��9LUWXDO�3RVWHU &&����

8QDVVLVWHG�1RLVH�5HGXFWLRQ�RI�&KHPLFDO�5HDFWLRQV�'DWD�6HWV

$��7RQLDWR���3��6FKZDOOHU�����$��&DUGLQDOH�����-��*HOX\NHQV���7��/DLQR�


�,%0�5HVHDUFK�(XURSH��6¦XPHUVWUDVVH���������5¾VFKOLNRQ��6ZLW]HUODQG���'HSDUWPHQW�RI�&KHPLVWU\�
8QLYHUVLW\�RI�%HUQ��%HUQ��6ZLW]HUODQG���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�3LVD��3LVD��,WDO\

([LVWLQJ GHHS OHDUQLQJ PRGHOV DSSOLHG WR UHDFWLRQ SUHGLFWLRQ LQ RUJDQLF FKHPLVWU\ DUH DEOH WR UHDFK
H[WUHPHO\ KLJK OHYHOV RI DFFXUDF\ �! ��� IRU 1/3� EDVHG RQHV >�@�� :LWK QR FKHPLFDO NQRZOHGJH
HPEHGGHG WKDQ WKH LQIRUPDWLRQ OHDUQW IURP UHDFWLRQ GDWD� WKH TXDOLW\ RI WKH GDWD VHWV SOD\V D
FUXFLDO UROH LQ WKH SHUIRUPDQFH RI WKH SUHGLFWLRQ PRGHOV� :KLOH KXPDQ FXUDWLRQ LV SURKLELWLYHO\
H[SHQVLYH� WKH QHHG IRU XQDLGHG DSSURDFKHV WR UHPRYH FKHPLFDOO\ LQFRUUHFW HQWULHV IURP H[LVWLQJ
GDWD VHWV LV HVVHQWLDO WR LPSURYH WKH SHUIRUPDQFH RI DUWLILFLDO LQWHOOLJHQFH PRGHOV LQ V\QWKHWLF
FKHPLVWU\ WDVNV� ,QVSLUHG E\ D SUHYLRXV ZRUN RQ FODVVLILFDWLRQ WDVNV >�@� ZH SURSRVH D PDFKLQH
OHDUQLQJ�EDVHG� XQDVVLVWHG DSSURDFK WR UHPRYH FKHPLFDOO\ ZURQJ HQWULHV �QRLVH� IURP FKHPLFDO
UHDFWLRQ FROOHFWLRQV� 5HVXOWV VKRZ WKDW PRGHOV WUDLQHG RQ FOHDQHG DQG EDODQFHG GDWD VHWV LPSURYH
WKH TXDOLW\ RI WKH SUHGLFWLRQV ZLWKRXW D GHFUHDVH LQ SHUIRUPDQFH� )RU WKH UHWURV\QWKHWLF PRGHOV WKH
URXQG�WULS DFFXUDF\ LV HQKDQFHG E\ ��� DQG WKH YDOXH RI WKH FXPXODWLYH -HQVHQ 6KDQQRQ PHWULF LV
ORZHUHG GRZQ WR ��� RI LWV RULJLQDO YDOXH� ZKLOH PDLQWDLQLQJ KLJK YDOXHV RI FRYHUDJH ����� DQG
FRQVWDQW�FODVV�GLYHUVLW\�������DW�LQIHUHQFH�

>�@ 3KLOLSSH 6FKZDOOHU �7HRGRUR /DLQR� 7K«RSKLOH *DXGLQ� 3HWHU %ROJDU� &KULVWRSKHU $�
+XQWHU��&RVWDV�%HNDV��DQG�$OSKD�$��/HH
��$&6�&HQWUDO�6FLHQFH���������������૱�����
>�@ 0DUL\D 7RQHYD� $OHVVDQGUR 6RUGRQL� 5HPL 7DFKHW GHV &RPEHV� $GDP 7ULVFKOHU � <RVKXD %HQJLR�
*HRIIUH\�-��*RUGRQ��DU;LY�H�SULQWV�������DU;LY�����������
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1RQDGLDEDWLF�,QVWDQWRQ�5DWH�7KHRU\�૱�4XDQWXP�7XQQHOOLQJ�EH\RQG�WKH�%RUQ�
2SSHQKHLPHU�$SSUR[LPDWLRQ

5��$��=DURWLDGLV���-��2��5LFKDUGVRQ�


�/DE��IRU�3K\VLFDO�&KHPLVW\��(7+�=¾ULFK

7KH DFFXUDWH SUHGLFWLRQ RI �TXDQWXP� UDWHV DQG UDWH PHFKDQLVPV LV NH\ WR DGYDQFH RXU
XQGHUVWDQGLQJ RI FKHPLFDO UHDFWLRQV LQ D YDULHW\ RI GLVFLSOLQHV� UDQJLQJ IURP DVWURSK\VLFV WR
ELRORJ\� ,Q PDQ\ FDVHV WKH %RUQ�2SSHQKHLPHU DSSUR[LPDWLRQ LV D YDOLG FKRLFH DQG PROHFXODU
UHDFWLRQV�DUH�ZHOO�GHVFULEHG�RQ�D�VLQJOH�HOHFWURQLF�VXUIDFH�
6HPLFODVVLFDO LQVWDQWRQ WKHRU\� ZKLFK LV FRPPRQO\ XVHG WR DFFXUDWHO\ SUHGLFW UDWHV ZLWKLQ WKH %RUQ�
2SSHQKHLPHU DSSUR[LPDWLRQ� LV EDVHG RQ ORFDWLQJ WKH RSWLPDO WXQQHOOLQJ SDWKZD\ �WKH LQVWDQWRQ�
RQ WKH DGLDEDWLF VXUIDFH XVLQJ WKH VWDWLRQDU\�DFWLRQ SULQFLSOH� DQG FDQ WKHUHIRUH SUHGLFW WKH
WXQQHOOLQJ�UDWH�DV�ZHOO�DV�LWV�PHFKDQLVP�

,Q WKH QRQDGLDEDWLF OLPLW� ZKHUH WKH %RUQ�2SSHQKHLPHU DSSUR[LPDWLRQ EUHDNV GRZQ� *ROGHQ�5XOH
,QVWDQWRQ �*5,� WKHRU\ LV WKH PHWKRG RI FKRLFH� ,Q *5,�WKHRU\� WKH LQVWDQWRQ LV RSWLPLVHG RQ WKH WZR
ZHDNO\�FRXSOHG GLDEDWLF VWDWHV� $ SULRUL KRZHYHU� WKH GLVWLQFWLRQ LQWR DGLDEDWLF DQG QRQDGLDEDWLF
UHJLPHV L�H� VWURQJ RU ZHDN FRXSOLQJ RI WKH WZR GLDEDWLF VWDWHV LV RQO\ YDOLG LQ OLPLWLQJ FDVHV� DQG LQ
JHQHUDO D PRUH XQLYHUVDO UDWH WKHRU\ ZRXOG EH GHVLUDEOH� 7RZDUGV WKLV DLP� ZH GHYHORSHG WKH
1RQDGLDEDWLF�5LQJ�3RO\PHU�,QVWDQWRQ��1�53,��WKHRU\�
1�53, WKHRU\ EULGJHV WKH JDS EHWZHHQ WKH DGLDEDWLF DQG QRQDGLDEDWLF OLPLW E\ FRQVWUXFWLQJ WKH
HIIHFWLYH HOHFWURQLF VXUIDFH RQ ZKLFK WR RSWLPLVH WKH WXQQHOOLQJ SDWK IURP WKH WZR FRXSOHG GLDEDWLF
VWDWHV� ,W LV WKHUHIRUH HQVXUHG WKDW WKH LQVWDQWRQ SDWK FDQQRW EH GRPLQDWHG E\ WKH RSWLPDO SDWK
UHVLGLQJ HQWLUHO\ RQ HLWKHU GLDEDWLF VXUIDFH� 153,�WKHRU\ KHQFH RYHUFRPHV SLWIDOOV RI RWKHU TXDQWXP
LQVWDQWRQ�WKHRULHV�WKDW�DLP�IRU�DSSOLFDELOLW\�WR�DUELWUDU\�FRXSOLQJ�VWUHQJWKV�

,Q RUGHU WR GHPRQVWUDWH WKH SUHGLFWLYH SRZHU RI RXU QHZO\ GHYHORSHG 1�53, WKHRU\� ZH LQYHVWLJDWH
WKH OLQHDU FURVVLQJ PRGHO� ZKLFK LV WKH PRVW IXQGDPHQWDO QRQDGLDEDWLF FXUYH�FURVVLQJ V\VWHP� :H
VKRZ WKDW 1�53, WKHRU\ VXFFHVVIXOO\ SUHGLFWV WKH UDWH IRU WKLV V\VWHP LQ ERWK WKH DGLDEDWLF DQG WKH
QRQDGLDEDWLF�OLPLW�DQG�FUXFLDOO\�DOVR�IRU�LQWHUPHGLDWH�FRXSOLQJ�VWUHQJWKV�
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