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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

''7���'UXJ�'LVFRYHU\�7RRO��D�IDVW�DQG�LQWXLWLYH�JUDSKLFV�XVHU�LQWHUIDFH�IRU�'RFNLQJ�DQG
0ROHFXODU�'\QDPLFV�DQDO\VLV

6��$XUHOL���9��/LPRQJHOOL�

�)DFXOW\�RI�%LRPHGLFDO�6FLHQFHV��8QLYHUVLW¢�GHOOD�6YL]]HUD�LWDOLDQD

&RPSXWHU�DLGHG GUXJ GHVLJQ SOD\V WRGD\ D FHQWUDO UROH LQ WKH LGHQWLILFDWLRQ RI QHZ GUXJ FDQGLGDWHV
ERWK LQ WKH LQGXVWU\ DQG LQ WKH DFDGHPLD� $PRQJ WKH PRVW VXFFHVVIXO DSSURDFKHV LV GRFNLQJ�EDVHG
YLUWXDO VFUHHQLQJ �96�� ZKLFK LV XVHG WR SUHGLFW WKH LQWHUDFWLRQ EHWZHHQ D OLJDQG� W\SLFDOO\ VPDOO
PROHFXOHV� DQG LWV SURWHLQ RU QXFOHLF DFLG WDUJHW �KHUHDIWHU SURWHLQ IRU WKH VDNH RI VLPSOLFLW\�� 7KH
UHVXOWLQJ FRPSOH[HV DUH HYDOXDWHG DQG UDQNHG DFFRUGLQJ WR D VFRULQJ IXQFWLRQ� ZKLFK HVWLPDWHV
WKH VWUHQJWK RI WKH ELQGLQJ LQWHUDFWLRQ� +RZHYHU� WKH DSSUR[LPDWLRQ RI WKH GRFNLQJ VDPSOLQJ
SURGXFHV PDQ\ IDOVH SRVLWLYHV� WKHQ PROHFXODU G\QDPLFV FDOFXODWLRQV �0'� DUH RIWHQ SHUIRUPHG D
SRVWHULRUL WR YDOLGDWH WKH GRFNLQJ SRVHV� 'HVSLWH WKH QXPHURXV VRIWZDUH DYDLODEOH IRU WKH DQDO\VLV
RI WKH 96 DQG 0' UHVXOWV� QRQH RI WKHP FDQ PDQDJH VLPXOWDQHRXVO\ WKH PDQ\ FRPSOH[HV FRPLQJ
IURP GRFNLQJ DQG WKH FRUUHVSRQGLQJ 0' WUDMHFWRULHV� $V D UHVXOW� WKH DQDO\VLV RI 96 DQG 0' FDQ EH
WLPH�FRQVXPLQJ�DQG�XVHU�FKDOOHQJLQJ��GHOD\LQJ�WKH�GUXJ�GHVLJQ�SURFHVV�

7KH�'UXJ�'LVFRYHU\�7RRO��''7��ZDV�GHVLJQHG�WR�RYHUFRPH�VXFK�OLPLWDWLRQV�SURYLGLQJ�D�IDVW�DQG
DXWRPDWHG�DQDO\VLV�SODWIRUP�IRU�96�DQG�0'�FDOFXODWLRQV��''7�KDV�D�JUDSKLFV�XVHU�LQWHUIDFH��*8,�
LPSOHPHQWHG�LQ�WKH�9LVXDO�0ROHFXODU�'\QDPLFV��90'��VRIWZDUH�DQG�DOORZV�DQDO\VLQJ�D�ODUJH
QXPEHU�RI�OLJDQG�SURWHLQ�FRPSOH[HV�REWDLQHG�IURP�$XWR'RFN���$'���GRFNLQJ�FDOFXODWLRQV�DQG�0'
VLPXODWLRQV��7KH�EHVW�FRPSOH[HV�FDQ�EH�VHOHFWHG�DQG�VDYHG�XVLQJ�D�QXPEHU�RI�ILOWHUV�EDVHG�RQ
FKLPLFR�SK\VLFDO�SURSHUWLHV�RI�WKH�V\VWHP�VXFK�DV�WKH�QXPEHU�RI�OLJDQG�SURWHLQ�FRQWDFWV�
ORFDOLVDWLRQ�RI�WKH�OLJDQG�LQ�WKH�ELQGLQJ�VLWH�DQG�FOXVWHULQJ�RI�WKH�OLJDQG�ELQGLQJ�FRQIRUPDWLRQV�
)LQDOO\��ZH�SUDFWLFDOO\�GHPRQVWUDWH�KRZ�WR�XVH�''7�LQ�D�GUXJ�GHVLJQ�FDPSDLJQ�
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

6LQJOH�+HVVLDQ�WKDZHG�*DXVVLDQ�DSSUR[LPDWLRQ��7KH�PLVVLQJ�UXQJ�RQ�WKH�ODGGHU

7��%HJXVLF���0��&RUGRYD���-��9DQLFHN�

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

7R DOOHYLDWH WKH FRPSXWDWLRQDO FRVW DVVRFLDWHG ZLWK RQ�WKH�IO\ DE LQLWLR VHPLFODVVLFDO FDOFXODWLRQV RI
PROHFXODU VSHFWUD� ZH SURSRVH WKH VLQJOH�+HVVLDQ WKDZHG *DXVVLDQ DSSUR[LPDWLRQ >�@� LQ ZKLFK
WKH +HVVLDQ RI WKH SRWHQWLDO HQHUJ\ DW DOO SRLQWV DORQJ DQ DQKDUPRQLF FODVVLFDO WUDMHFWRU\ LV
DSSUR[LPDWHG E\ D FRQVWDQW PDWUL[� 7KH VSHFWUD REWDLQHG ZLWK WKLV DSSUR[LPDWLRQ DUH FRPSDUHG
ZLWK WKH H[DFW TXDQWXP VSHFWUD RI D RQH�GLPHQVLRQDO 0RUVH SRWHQWLDO DQG ZLWK WKH H[SHULPHQWDO
VSHFWUD RI DPPRQLD DQG TXLQTXHWKLRSKHQH� ,Q DOO FDVHV� WKH VLQJOH�+HVVLDQ YHUVLRQ SHUIRUPV
DOPRVW DV ZHOO DV WKH PXFK PRUH H[SHQVLYH RQ�WKH�IO\ DE LQLWLR WKDZHG *DXVVLDQ DSSUR[LPDWLRQ >��
�� �@ DQG VLJQLILFDQWO\ EHWWHU WKDQ WKH JOREDO KDUPRQLF VFKHPHV� 5HPDUNDEO\� XQOLNH WKH WKDZHG
*DXVVLDQ DSSUR[LPDWLRQ� WKH SURSRVHG PHWKRG FRQVHUYHV HQHUJ\ H[DFWO\� GHVSLWH WKH WLPH
GHSHQGHQFH RI WKH FRUUHVSRQGLQJ HIIHFWLYH +DPLOWRQLDQ� DQG� LQ DGGLWLRQ� FDQ EH PDSSHG WR D
KLJKHU�GLPHQVLRQDO WLPH�LQGHSHQGHQW FODVVLFDO +DPLOWRQLDQ V\VWHP� :H DOVR SURYLGH D GHWDLOHG
FRPSDULVRQ ZLWK VHYHUDO UHODWHG DSSUR[LPDWLRQV >�� �@ XVHG IRU DFFHOHUDWLQJ SUHIDFWRU FDOFXODWLRQV
LQ�VHPLFODVVLFDO�VLPXODWLRQV�

)LJXUH��+LHUDUFK\�RI�VHYHUDO�VHPLFODVVLFDO�ZDYHSDFNHW�PHWKRGV�IRU�VLPXODWLQJ�YLEUDWLRQDOO\
UHVROYHG�HOHFWURQLF�VSHFWUD�

>�@�7��%HJXģLÉ��0��&RUGRYD��DQG�-��9DQ¯ÏHN��-��&KHP��3K\V���������������������
>�@�(��-��+HOOHU��-��&KHP��3K\V����������������������
>�@�0��:HKUOH��0��ĢXOF��DQG�-��9DQ¯ÏHN��-��&KHP��3K\V���������������������
>�@�0��:HKUOH��6��2EHUOL��DQG�-��9DQ¯ÏHN��-��3K\V��&KHP��$�������������������
>�@�5��*HODEHUW�HW�DO���-��3K\V��&KHP��$�������������������
>�@�*��'L�/LEHUWR��0��&HRWWR��-��&KHP��3K\V���������������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

5HDO�7LPH�6SHFWURVFRS\�LQ�DQ�,QWHUDFWLYH�4XDQWXP�&KHPLVWU\�)UDPHZRUN

)��%RVLD���7��:H\PXWK���$��&��9DXFKHU���0��5HLKHU�

�(7+�=XULFK��/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� 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\� 0ROHFXODU SURSHUWLHV RI LQWHUHVW DUH� IRU LQVWDQFH� WKH GLSROH PRPHQW DQG LWV GHULYDWLYH
�LQIUDUHG VSHFWURVFRS\� RU WKH ILUVW URRWV RI D OLQHDU UHVSRQVH WLPH GHSHQGHQW SUREOHP �XOWUDYLROHW�
YLVLEOH VSHFWURVFRS\�� &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�

>�@ 0� 3� +DDJ� $� &� 9DXFKHU� 0� %RVVRQ� 6� 5HGRQ� 0� 5HLKHU� &KHP3K\V&KHP� ����� ���
����������
>�@�$��&��9DXFKHU��0��5HLKHU��-��&KHP��,QI��0RGHO�����������������������
>�@�)��%RVLD��$��&��9DXFKHU��7��:H\PXWK��0��5HLKHU��LQ�SUHSDUDWLRQ�
>�@�7��+XVFK��$��&��9DXFKHU��0��5HLKHU��,QW��-��4XDQWXP�&KHP��������������H������
>�@�VFLQH�HWK]�FK

Powered by TCPDF (www.tcpdf.org)

https://scine.ethz.ch/download/
http://www.tcpdf.org


&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

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

&��%UXQNHQ���0��5HLKHU�

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

5HOHYDQW FKHPLFDO SURFHVVHV WDNH SODFH LQ D YDVW YDULHW\ RI FRPSOH[ HQYLURQPHQWV� ,Q RUGHU WR
VWXG\ FKHPLFDO UHDFWLRQV LQ SURWHLQV� QDQRVWUXFWXUHV RU RQ VXUIDFHV� VRSKLVWLFDWHG DQG DW WKH VDPH
WLPH HIILFLHQW PHWKRGV WR PRGHO QDQRVFDOH VWUXFWXUHV KDYH WR EH GHYHORSHG� :H FRPELQH >�@ WKH
LGHDV RI DQ DXWRPDWLFDOO\ SDUDPHWUL]DEOH TXDQWXP�FKHPLFDOO\ GHULYHG PROHFXODU PHFKDQLFV PRGHO
>�� �@ ZLWK PDFKLQH�OHDUQHG FRUUHFWLRQV XQGHU XQFHUWDLQW\ TXDQWLILFDWLRQ� )RU D ORQJ WLPH� FODVVLFDO
IRUFH ILHOGV KDYH EHHQ HPSOR\HG WR REWDLQ HQHUJLHV DQG IRUFHV IRU ODUJH V\VWHPV� EXW UHFHQWO\�
0DFKLQH /HDUQLQJ DSSURDFKHV >�� �@ KDYH LQFUHDVLQJO\ JDLQHG DWWHQWLRQ� 2XU DSSURDFK 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 IRU ZKLFK DGGLWLRQDO UHIHUHQFH GDWD FDQ EH
HYDOXDWHG RQ WKH IO\� $ ಋ�0DFKLQH /HDUQLQJ PRGHO LV WUDLQHG RQ WKHVH GDWD WR SURYLGH D FRUUHFWLRQ
WR HQHUJLHV DQG IRUFHV LQFOXGLQJ XQFHUWDLQW\ HVWLPDWHV� 'XULQJ WKH SURFHGXUH� WKH IOH[LELOLW\ RI WKH
0DFKLQH /HDUQLQJ PRGHO LV WDLORUHG WR WKH DPRXQW RI DYDLODEOH WUDLQLQJ GDWD� 2XU DSSURDFK >�@ ZLOO
EH D VWDUWLQJ SRLQW IRU WKH JHQHUDWLRQ RI V\VWHP�IRFXVHG HOHFWURVWDWLF PROHFXODU PHFKDQLFV
HPEHGGLQJ�HQYLURQPHQWV�IRU�DQ\�DWRPLVWLF�VWUXFWXUH�DW�WKH�QDQRVFDOH�

>�@�&��%UXQNHQ��0��5HLKHU��WR�EH�VXEPLWWHG�
>�@�6��*ULPPH��-��&KHP��7KHRU\�&RPSXW����������������������
>�@ /� 9DQGX\IKX\V� 6� 9DQGHQEUDQGH� 7� 9HUVWUDHOHQ� 5� 6FKPLG� 0� :DURTXLHU� 9� 9DQ 6SH\EURHFN�
-��&RPSXW��&KHP����������������������
>�@�-��%HKOHU��0��3DUULQHOOR��3K\V��5HY��/HWW�������������������
>�@�-��%HKOHU��-��&KHP��3K\V������������������������
>�@�5��:DQJ��0��2]KJLEHVRY��+��+LUDR��-��&RPSXW��&KHP��������������������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

,PSOHPHQWDWLRQ�RI�OLQHDU�UHVSRQVH�7'')7�IRU�;�5D\�DEVRUSWLRQ�VSHFWURVFRS\�LQ�&3�.

$��%XVV\���0��,DQQX]]L���-��+XWWHU�

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

$ QHZ PRGXOH IRU ;�5D\ DEVRUSWLRQ VSHFWURVFRS\ �;$6� EDVHG RQ OLQHDU UHVSRQVH WLPH�GHSHQGHQW
GHQVLW\ IXQFWLRQDO WKHRU\ �/5�7'')7� KDV UHFHQWO\ EHHQ LPSOHPHQWHG LQ WKH TXDQWXP FKHPLVWU\
DQG VROLG VWDWH SK\VLFV VRIWZDUH SDFNDJH &3�.� ,W VSHFLILFDOO\ WDUJHWV H[FLWDWLRQV IURP D JLYHQ VHW
RI FRUH RUELWDOV� ZKLFK DOORZV IRU VROYLQJ D IHZ GHFRXSOHG SUREOHPV RI UHGXFHG GLPHQVLRQV LQVWHDG
RI WKH XVXDO UHDOO\ ODUJH /5�7'')7 RQH� )XUWKHUPRUH� WKH VSDWLDOO\ ORFDOL]HG QDWXUH RI FRUH RUELWDOV
LV H[SORLWHG LQ D UHVROXWLRQ RI WKH LGHQWLW\ �5,� VFKHPH ZKLFK UHGXFHV WKH FRPSXWDWLRQDO FRVW RI WKH
PDQ\ IRXU HOHFWURQ LQWHJUDOV W\SLFDOO\ QHHGHG LQ /5�7'')7� 7KLV DOORZV IRU VLPXODWLRQ RI ODUJH
PROHFXOHV�DQG�FRQGHQVHG�SKDVH�V\VWHPV�DOLNH�
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

(IILFLHQW�JHRPHWULF�LQWHJUDWRUV�IRU�QRQDGLDEDWLF�TXDQWXP�G\QDPLFV�LQ�WKH�DGLDEDWLF
UHSUHVHQWDWLRQ

6��&KRL���-��9DQLFHN�

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

*HRPHWULF LQWHJUDWRUV >�@ RI WKH 6FKU¸GLQJHU HTXDWLRQ FRQVHUYH H[DFWO\ PDQ\ LQYDULDQWV RI WKH
H[DFW VROXWLRQ� $PRQJ WKHVH LQWHJUDWRUV� WKH VSOLW�RSHUDWRU DOJRULWKP LV H[SOLFLW DQG HDV\ WR
LPSOHPHQW� EXW� XQIRUWXQDWHO\� LV UHVWULFWHG WR V\VWHPV ZKRVH +DPLOWRQLDQ LV VHSDUDEOH LQWR D
NLQHWLF DQG SRWHQWLDO WHUPV� +HUH� ZH GHVFULEH VHYHUDO LPSOLFLW JHRPHWULF LQWHJUDWRUV DSSOLFDEOH WR
ERWK VHSDUDEOH DQG QRQ�VHSDUDEOH +DPLOWRQLDQV� DQG� LQ SDUWLFXODU� WR WKH QRQDGLDEDWLF PROHFXODU
+DPLOWRQLDQ LQ WKH DGLDEDWLF UHSUHVHQWDWLRQ >�@� 7KHVH LQWHJUDWRUV FRPELQH WKH G\QDPLF )RXULHU
PHWKRG ZLWK WKH UHFXUVLYH V\PPHWULF FRPSRVLWLRQ >���@ RI WKH WUDSH]RLGDO UXOH RU LPSOLFLW PLGSRLQW
PHWKRG� ZKLFK UHVXOWV LQ DQ DUELWUDU\ RUGHU RI DFFXUDF\ LQ WKH WLPH VWHS� 0RUHRYHU� WKHVH
LQWHJUDWRUV DUH H[DFWO\ XQLWDU\� V\PSOHFWLF� V\PPHWULF� WLPH�UHYHUVLEOH� DQG VWDEOH� DQG� LQ FRQWUDVW
WR WKH VSOLW�RSHUDWRU DOJRULWKP� FRQVHUYH HQHUJ\ H[DFWO\� UHJDUGOHVV RI WKH DFFXUDF\ RI WKH
VROXWLRQ� 7KH RUGHU RI FRQYHUJHQFH DQG FRQVHUYDWLRQ RI JHRPHWULF SURSHUWLHV DUH SURYHQ
DQDO\WLFDOO\ DQG GHPRQVWUDWHG QXPHULFDOO\ RQ D WZR�VXUIDFH 1D, PRGHO LQ WKH DGLDEDWLF
UHSUHVHQWDWLRQ� $OWKRXJK HDFK VWHS RI WKH KLJKHU RUGHU LQWHJUDWRUV LV PRUH FRVWO\� WKHVH DOJRULWKPV
EHFRPH WKH PRVW HIILFLHQW RQHV LI KLJKHU DFFXUDF\ LV GHVLUHG� D WKRXVDQG�IROG VSHHGXS FRPSDUHG
WR WKH VHFRQG�RUGHU WUDSH]RLGDO UXOH �WKH &UDQN�1LFROVRQ PHWKRG� ZDV REVHUYHG IRU ZDYHIXQFWLRQ
FRQYHUJHQFH HUURU RI ������ ,Q D FRPSDQLRQ SDSHU >�@� ZH GLVFXVV DQDORJRXV� DUELWUDU\�RUGHU
FRPSRVLWLRQV RI WKH VSOLW�RSHUDWRU DOJRULWKP DQG DSSO\ ERWK W\SHV RI JHRPHWULF LQWHJUDWRUV WR D
KLJKHU�GLPHQVLRQDO�V\VWHP�LQ�WKH�GLDEDWLF�UHSUHVHQWDWLRQ�

>�@ (� +DLUHU� &� /XELFK� DQG *� :DQQHU� *HRPHWULF 1XPHULFDO ,QWHJUDWLRQ� 6WUXFWXUH�3UHVHUYLQJ
$OJRULWKPV�IRU�2UGLQDU\�'LIIHUHQWLDO�(TXDWLRQV��6SULQJHU�%HUOLQ�+HLGHOEHUJ�1HZ�<RUN��������
>�@�6��&KRL�DQG�-��9DQ¯ÏHN��-��&KHP��3K\V��,Q�SUHVV��KWWSV���DU[LY�RUJ�DEV�������������������
>�@�0��6X]XNL��3K\V��/HWW��$�����������������
>�@�+��<RVKLGD��3K\V��/HWW��$�����������������
>�@ -� 5RXOHW� 6� &KRL� DQG -� 9DQ¯ÏHN� -� &KHP� 3K\V� ,Q
SUHVV��KWWSV���DU[LY�RUJ�DEV�������������������

�
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

$Q�DWRPLVWLF�YLHZ�RYHU�0J���LQGXFHG�NLQHWLF�KHWHURJHQHLW\�LQ�WKH�JURXS�,,�LQWURQ�H[RQ
UHFRJQLWLRQ�VLWH

5��$��&XQKD���5��.��6LJHO�

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

7KH GULYLQJ IDFWRUV RI QXFOHLF DFLGV IROGLQJ DUH WKH VWDELOLW\ RI EDVH�EDVH DQG FDWLRQ�PHGLDWHG
HOHFWURVWDWLF LQWHUDFWLRQV� ,Q SDUWLFXODU� 0J�� LRQV VWURQJO\ ELQG WR 51$ PROHFXOHV SURPRWLQJ WKH
IRUPDWLRQ RI WHUWLDU\ FRQWDFWV DQG HYHQ VSHFLILF IXQFWLRQDO PRWLIV� $V DQ H[DPSOH� D UHFXUULQJ
WHUWLDU\ FRQWDFW RI WKH JURXS ,, LQWURQ IDPLO\ WKH �ଐ�H[RQ૱LQWURQ ELQGLQJ VLWH LQWHUDFWLRQ
�(%6���G�,%6��� FDQ RQO\ EH VWDEO\ IRUPHG XSRQ DGGLWLRQ RI 0J�� LRQ RU XQGHU YHU\ KLJK
FRQFHQWUDWLRQ RI PRQRYDOHQW FDWLRQV RI WKH 51$ FRJQDWH RQO\� $OWKRXJK QRW LQ WKH VDPH ZD\� EXW
WKH HIIHFW LV REVHUYHG IRU ERWK 51$�51$ DQG 51$�'1$ SDLUV� )5(7 DQG 105 VWXGLHV VXJJHVW WKDW
FDWLRQV LQWHUIHUH QRW RQO\ ZLWK WKH VWDELOLW\ RI WKH (%6���G�,%6� LQWHUDFWLRQ EXW DOVR ZLWK WKH
NLQHWLFV E\ LQGXFLQJ KHWHURJHQHLW\� ,Q RWKHU WHUPV� WKHUH LV D PXOWL�VWDWH IROGLQJ UHJXODWHG E\
0J�� VSHFLILF ELQGLQJ VLWH RFFXSDQF\ >���@� ,Q WKLV ZRUN ZH XWLOL]H PROHFXODU G\QDPLFV VLPXODWLRQV
SRZHUHG E\ D FRPELQDWLRQ RI PDQ\ VWDWH�RI�WKH�DUW HQKDQFHG VDPSOLQJ WHFKQLTXHV WR FKDUDFWHUL]H
WKH VWUXFWXUDO DQG WKHUPRG\QDPLFV HIIHFWV RI 0J�� DQG .� ELQGLQJ RQ WKH KRPR DQG KHWHURGXSOH[
ELQGLQJ PRWLIV� 7KLV VLPXODWLRQ DOORZV IRU WKH GHWHUPLQDWLRQ RI UHODWLYH ELQGLQJ DIILQLWLHV RI GLYDOHQW
PHWDO LRQV VXFK DV 0J�� DQG WKH HIIHFWV RI LRQ FRPSHWLWLRQ� 7KH KLJKHVW DIILQLW\ ELQGLQJ VLWHV
LGHQWLILHG LQ WKH VLPXODWLRQV FRUURERUDWH ZLWK WKH SURSRVHG E\ 105 H[SHULPHQWV� 3UHOLPLQDU\
UHVXOWV LQGLFDWH WKDW WKHUH DUH VSHFLILF LRQ�LQGXFHG FRQIRUPDWLRQDO FKDQJHV LQ WKH EDFNERQH RI WKH
51$�51$ SDLU WKDW IXUWKHU VWDELOL]H WKH WHUWLDU\ FRQWDFW IRUPDWLRQ ZKLOH WKH VDPH GRHVQ
W KDSSHQ
IRU LWV 51$�'1$ FRXQWHUSDUW� 7KH FRPELQDWLRQ RI VLPXODWLRQV DQG H[SHULPHQWV SURYLGH D PXOWL�
ODWHUDO GHVFULSWLRQ LQ DQ DWRPLVWLF OHYHO RI WKH �ଐ�H[RQ૱LQWURQ ELQGLQJ UDQJLQJ IURP LWV
WKHUPRG\QDPLFV�WR�WKH�NLQHWLFV�LQFOXGLQJ�QRQ�WULYLDO�HIIHFWV�DULVLQJ�IURP�51$�LRQV�ELQGLQJ��

>�@�.RZHUNR�HW�DO��31$6��������
>�@�.UXVFKHO�HW�DO��51$�������
>�@�%¸UQHU�HW�DO��&RRUG��&KHP��5HY��������
>�@�%¸UQHU�HW�DO��VXEPLWWHG���������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

$QDO\WLFDO�LPSOHPHQWDWLRQ�RI�DWRPLF�SRODU�WHQVRUV�LQ�&3�.

(��'LWOHU���6��/XEHU�

�8QLYHUVLW\�RI�=XULFK

&XUUHQW LPSOHPHQWDWLRQV WR UHWULHYH YLEUDWLRQDO DEVRUSWLRQ VSHFWUD RI PROHFXODU V\VWHPV UHO\
PRVWO\ RQ WKH GRXEOH KDUPRQLF DSSUR[LPDWLRQ� ,Q WKLV VFKHPH D VSHFWUXP LV FDOFXODWHG E\ FDUU\LQJ
RXW D QXPHULFDO GLIIHUHQWLDWLRQ RI WKH V\VWHPV HOHFWURQLF HQHUJ\ DQG HOHFWULF GLSROH PRPHQW ZLWK
UHVSHFW WR QXFOHDU FRRUGLQDWHV� 7KH ODWWHU LV FDOOHG DWRPLF SRODU WHQVRU� 7KLV DSSUR[LPDWLYH URXWLQH
UHOLHV RQ WKH DSSURSLDWH FKRLFH RI WKH GLVSODFHPHQW OHQJWK LQ RUGHU WR DFKLHYH D JRRG WUDGH�RII
EHWZHHQ�ILQLWH�SUHFLVLRQ�HUURU�DQG�IRUPXOD�HUURU�

,QVWHDG RI UHO\LQJ RQ WKH QXPHULFDO GHULYDWLYHV RI WKH HOHFWULF GLSROH PRPHQW� WKH DWRPLF SRODU
WHQVRUV 3͏͆ͅ FDQ EH HYDOXDWHG DQDO\WLFDOO\ E\ PHDQV RI GHQVLW\ IXQFWLRQDO SHUWXUEDWLRQ WKHRU\� ,Q
WKH FDVH RI WKH *DXVVLDQ DQG SODQH ZDYH PHWKRG DV LPSOHPHQWHG LQ WKH &3�. SDFNDJH� WHUPV
RULJLQDWLQJ IURP WKH EDVLV VHWV EHLQJ FHQWHUHG DW WKH QXFOHDU SRVLWLRQV DV ZHOO DV FRQWULEXWLRQV
IURP QRQ�ORFDO SVHXGRSRWHQWLDOV KDYH WR EH FRQVLGHUHG LQ WKH GHULYDWLRQ DPRQJ RWKHUV� :H SUHVHQW
WKHLU�LPSOHPHQWDWLRQ�DQG�ILUVW�DSSOLFDWLRQV�WKHUHRI�

>�@ -RRVW 9DQGH9RQGHOH� 0DWWKLDV .UDFN� )DZ]L 0RKDPHG� 0LFKHOH 3DUULQHOOR� 7KRPDV &KDVVDLQJ�
-¾UJ�+XWWHU��&RPSXWHU�3K\VLFV�&RPPXQLFDWLRQV��������������������
>�@ (� %ULJKW :LOVRQ� -U�� -� &� 'HFLXV� 3� &� &URVV� 0ROHFXODU 9LEUDWLRQV� 7KH 7KHRU\ RI ,QIUDUHG DQG
5DPDQ�9LEUDWLRQDO�6SHFWUD��0F*UDZ�+LOO��1HZ�<RUN�������
>�@�6DQGUD�/XEHU��+DELOLWDWLRQ�WKHVLV�������8QLYHUVLW\�RI�=¾ULFK
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

&<3�'��VHOHFWLYLW\�UHYLVHG��GHFLSKHULQJ�UHDFWLRQ�GHWHUPLQDQWV�E\�ZHOO�WHPSHUHG
PHWDG\QDPLFV�VLPXODWLRQV�DQG�40�00�FDOFXODWLRQV�RI�YDULDQWV�ZLWK�GLYHUVH�HQ]\PDWLF

DFWLYLW\�

&��*��'RQ���0��6PLHģNR�

�0ROHFXODU�0RGHOLQJ��'HSW��3KDUPDFHXWLFDO�6FLHQFHV��8QLYHUVLW\�RI�%DVHO

&\WRFKURPH �&<3� 3��� PRQRR[\JHQDVHV DUH WKLRODWH�OLJDWHG KHPH HQ]\PHV WKDW KDYH D FUXFLDO
IXQFWLRQ LQ WKH GHWR[LILFDWLRQ RI [HQRELRWLFV LQ RXU ERG\� &DWDO\WLF UHDFWLRQV� LQFOXGLQJ DOLSKDWLF DQG
DURPDWLF K\GUR[\ODWLRQV� HSR[LGDWLRQ� DQG KHWHURDWRP R[LGDWLRQV� LQFUHDVH WKH VROXELOLW\ RI
SRWHQWLDOO\ KDUPIXO FRPSRXQGV� WKHUHE\ IDFLOLWDWLQJ WKHLU FOHDUDQFH DQG OLPLWLQJ WR[LFLW\� $URXQG
��� RI WKH DYDLODEOH GUXJV UHO\ RQ WKLV R[LGDWLRQ PHFKDQLVP WR UHDFK ELRDFWLYDWLRQ >�@�
&RPSXWDWLRQDO WHFKQLTXHV WKDW SURYLGH LQIRUPDWLRQ UHJDUGLQJ WKH SUHGRPLQDQW VLWH�V� RI
PHWDEROLVP� PRGH RI ELQGLQJ� RU DOVR ELQGLQJ DIILQLWLHV FDQ EH RI KLJK YDOXH WR LPSURYH WKH OHDG
FRPSRXQG DQG DYRLG DQ\ XQZDQWHG &<3�PHGLDWHG DGYHUVH UHDFWLRQV >�@� +RZHYHU� WKH FRPSOHWH
IUDPHZRUN LQ ZKLFK &<3V RSHUDWH LV FRPSOH[� 7KH EHWWHU ZH XQGHUVWDQG WKH IRUFHV WKDW GLFWDWH WKH
FDWDO\WLF UHDFWLRQ DQG WKHLU ZHLJKW LQ WKH RYHUDOO EDODQFH� WKH PRUH DFFXUDWH DQG UHOLDEOH ZH FDQ
GHYHORS�&<3�UHODWHG�PRGHOLQJ�WHFKQLTXHV�

,Q WKLV ZRUN� ZH KDYH LQYHVWLJDWHG �L� WKH LQWHUSOD\ EHWZHHQ ELQGLQJ SRFNHW HQYLURQPHQW DQG
ELQGLQJ PRGH �VKDSH FRPSOHPHQWDULW\� E\ SHUIRUPLQJ ZHOO�WHPSHUHG PHWDG\QDPLFV VLPXODWLRQ
�:7�07'� WR REWDLQ WKH IUHH HQHUJ\ SURILOHV RI D ZHOO FKDUDFWHUL]HG DQG FODVVLFDO &<3�'� VXEVWUDWH
ZLWKLQ QRUPDO �ZLOG�W\SH�� LQFUHDVHG� DQG GLPLQLVKHG�WR�QRQ IXQFWLRQDO DFWLYH &<3�'� HQ]\PH� 7KH
DOWHUHG DFWLYLW\ YDULDQWV KDYH ERWK WZR PXWDWLRQV LQ FORVH YLFLQLW\ RI WKH KHPH ZKLFK ZLOO KDYH DQ
LPSDFW RQ WKH VWHULF�HOHFWURQLF FRPSRQHQW RI WKH FDWDO\VLV� ,Q D VHFRQG VWHS� ZH ZDQWHG WR DGGUHVV
�LL� WKH HOHFWURQLF FRPSOHPHQWDULW\ RI WKH VXEVWUDWH DQG WKH ELQGLQJ SRFNHW� )RU HDFK PHWDEROLF KRW
VSRW RQ WKH VXEVWUDWH� ZH GHGXFHG IURP WKH FRUUHVSRQGLQJ :7�07' HQHUJ\ SURILOH WKH ELQGLQJ
PRGH WKDW ZDV FORVHVW WR WKH SUHIHUUHG WUDQVLWLRQ VWDWH JHRPHWU\ WR GHWHUPLQH WKH FRUUHVSRQGLQJ
DFWLYDWLRQ�EDUULHU�E\�SHUIRUPLQJ�40�00�FDOFXODWLRQV�

�

>�@ )� 3HWHU *XHQJHULFK� 0LFKDHO 5� :DWHUPDQ� 0DUWLQ (JOL� 7UHQGV LQ 3KDUPDFRORJLFDO
6FLHQFHV��������������������
>�@�&��'RQ��0��6PLHģNR��:,5(V�&RPSXW�0RO�6FL�����������H�����
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

(YROYLQJ�D�SURWHLQ�VFDIIROG�WRZDUGV�FDWDO\]LQJ�WHWUD]RO�IRUPDWLRQ�XVLQJ�40�00�VLPXODWL
RQV�DQG�HYROXWLRQDU\�FRPSXWDWLRQ

6��/��'¾UU���1��-��%URZQLQJ���3��'LDPDQWLV���8��5¸WKOLVEHUJHU�

�/DERUDWRU\�RI�&RPSXWDWLRQDO�%LRFKHPLVWU\�DQG�&KHPLVWU\��/&%&���6%�,6,&��(3)/��/DXVDQQH

&RPSXWDWLRQDO HQ]\PH GHVLJQ KDV JDUQHUHG ZLGHVSUHDG DWWHQWLRQ LQ UHFHQW \HDUV WR JHQHUDWH
JUHHQHU� FKHDSHU DQG PRUH SURILFLHQW ELRFDWDO\VWV IRU QHZ�WR�QDWXUH UHDFWLRQV RU QDWXUDO UHDFWLRQV
XQGHU QRQ�QDWXUDO FRQGLWLRQV� ,Q WKLV ZRUN� ZH GHVFULEH D FRPELQHG DSSURDFK RI FODVVLFDO DQG ILUVW
SULQFLSOHV PROHFXODU G\QDPLFV VLPXODWLRQV FRPELQHG ZLWK D PXOWL�REMHFWLYH JHQHWLF
DOJRULWKP �*$� RSWLPL]DWLRQ WR GHVLJQ D WKHUPRVWDEOH PHWDOORHQ]\PH WKDW LV DEOH WR FDWDO\]H WKH
IRUPDWLRQ RI WHWUD]ROHV� $V D PRGHO UHDFWLRQ ZH XVH WKH IRUPDWLRQ RI D WHWUD]ROH IURP DFHWRQLWULOH
DQG�LQRUJDQLF�D]LGH�XVLQJ�]LQF���

$V D VFDIIROG ZH XVH D WKHUPRVWDEOH YDULDQW RI WKH �� UHVLGXH SURWHLQ *%� ZLWK ]LQF ELQGLQJ VLWH
>�@� )URP FODVVLFDO PROHFXODU G\QDPLFV� PHWDG\QDPLFV DV ZHOO DV 00�3%6$ FDOFXODWLRQV� LW LV
HYLGHQW WKDW WKLV VFDIIROG FDQ RQO\ ELQG WKH DFHWRQLWULOH OLJDQG DQG KDV QR DIILQLW\ IRU WKH D]LGH�
WKXV�WKH�FDWDO\WLF�UDWH�OLNHO\�LV�ORZ���

:H KDYH GHWHUPLQHG WKH IUHH HQHUJ\ EDUULHU RI WKH UHDFWLRQ LQ DQ XQPRGLILHG YHUVLRQ RI WKH
VFDIIROG XVLQJ 40�00 EOXH PRRQ W\SH VLPXODWLRQV� ZKLFK LV �� NFDO PRO�� DW DPELHQW WHPSHUDWXUH
�H[S� ���� NFDO PRO�� DW ��� . IRU WKH =Q%U� FDWDO\]HG UHDFWLRQ�� 6XEVHTXHQWO\� ZH KDYH SHUIRUPHG
D PXOWL�REMHFWLYH JHQHWLF DOJRULWKP RSWLPL]DWLRQ XVLQJ WKH (92/9( WRROER[ WR RSWLPL]H ERWK WKH
ELQGLQJ DIILQLW\ RI WKH D]LGH OLJDQG DV ZHOO DV WKH WKHUPRVWDELOLW\ RI WKH HQ]\PH� :H
KDYH DOUHDG\ LQYHVWLJDWHG WKH wV G\QDPLFV RI WKLV *$�RSWLPL]HG SURWHLQ� DQG REVHUYHG WKDW WKH
UHWHQWLRQ RI WKH D]LGH LQ WKH FDWDO\WLF VLWH LV PXFK LPSURYHG GXH WR EHWWHU ELQGLQJ DIILQLW\� )XUWKHU
ZRUN ZLOO WHVW WKH LQIOXHQFH RI WKH PXWDWLRQV WKDW ZHUH PDGH RQ WKH IUHH HQHUJ\ EDUULHU RI WKH
UHDFWLRQ XVLQJ 40�00 EOXH PRRQ W\SH VLPXODWLRQV WR GHWHUPLQH LI WKH *$ RSWLPL]DWLRQ
SURGXFHG�D�PRUH�SURILFLHQW�HQ]\PH���

7KLV ZRUN FRXOG RSHQ XS WKH SRVVLELOLW\ WR SHUIRUP LQ VLWX FOLFN FKHPLVWU\ DV D YLDEOH
HQYLURQPHQWDOO\ IULHQGO\ DQG SRWHQWLDOO\ UHJLR� DQG VWHUHRVHOHFWLYH DOWHUQDWLYH WR SURGXFH WHWUD]ROH
GHULYDWLYHV�E\�H[SORLWLQJ�WKH�SRZHU�RI�ELRFDWDO\VLV�DQG�FRPSXWDWLRQDO�GHVLJQ��

>�@ %R]NXUW� (�� 3HUH]� 0� $� 6�� +RYLXV� 5�� %URZQLQJ� 1� -�� 5RWKOLVEHUJHU� 8�-� $P� &KHP� 6RF�
��������������������૱�����



&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

0DFKLQH�/HDUQLQJ�$SSURDFK�ZLWK�0ROHFXODU�'\QDPLFV�)LQJHUSULQWV�WR�3UHGLFW�3�
*O\FRSURWHLQ�6XEVWUDWHV�DQG�0XOWLGUXJ�5HVLVWDQFH

&��(VSRVLWR���8��(��/DQJH���$��6WHIDQ���)��2HOOLHQ���6��5LQLNHU�

�/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��(7+�=XULFK���1HXURVFLHQFH�'LVFRYHU\��0HGLFLQDO�&KHPLVWU\�
$EE9LH�'HXWVFKODQG�*PE+�	�&R�.*���,QIRUPDWLRQ�5HVHDUFK��$EE9LH�'HXWVFKODQG�*PE+�	�&R�.*

3�JO\FRSURWHLQ �3�JS� LV D PHPEUDQH WUDQVSRUWHU� UHVSRQVLEOH IRU WKH H[WUXVLRQ IURP WKH FHOO RI D
ZLGH YDULHW\ RI PROHFXOHV� VXFK DV PHWDEROLWHV� QXWULHQWV� DQG F\WRWR[LF DQG [HQRELRWLF
FRPSRXQGV� LQFOXGLQJ GUXJ PROHFXOHV >�@� $V WKH 3�JS PHGLDWHG GUXJ HIIOX[ OLPLWV WKH
ELRDYDLODELOLW\ RI GUXJV LQ FDQFHU FHOOV� FRQWULEXWLQJ WR PXOWLGUXJ UHVLVWDQFH� WKH LGHQWLILFDWLRQ RI
SRWHQWLDO�3�JS�VXEVWUDWHV�LQ�WKH�HDUO\�VWDJHV�RI�GUXJ�GLVFRYHU\�SURMHFWV�LV�KLJKO\�GHVLUDEOH�

,Q WKLV VWXG\� ZH FRPELQH PROHFXODU G\QDPLFV �0'� VLPXODWLRQV ZLWK PDFKLQH OHDUQLQJ �0/� WR
FODVVLI\ VPDOO PROHFXOHV LQ 3�JS VXEVWUDWHV DQG QRQ�VXEVWUDWHV� 7KH LQIRUPDWLRQ IURP WKH 0'
VLPXODWLRQV DUH HQFRGHG LQ VR�FDOOHG 0' ILQJHUSULQWV �0')3�� D FRQFHSW SUHYLRXVO\ XVHG WR SUHGLFW
SK\VLFRFKHPLFDO SURSHUWLHV >�@� 7KH ZRUNIORZ FRQVLVWV RI WKUHH PDLQ VWHSV� )LUVW� IRU HYHU\ VPDOO
PROHFXOH LQ WKH WUDLQLQJ DQG WHVW VHWV 0' VLPXODWLRQV DUH SHUIRUPHG ERWK LQ ZDWHU DQG LQ D 323&
ELOD\HU� 6HFRQG� WKH 0')3 LV FRQVWUXFWHG XVLQJ D FRPELQDWLRQ RI VLPSOH FRXQWV EDVHG RQ WKH
WRSRORJLFDO VWUXFWXUH RI WKH PROHFXOHV DQG GLVWULEXWLRQV RI SURSHUWLHV GHULYHG IURP WKH 0'
VLPXODWLRQV� )LQDOO\� WKH 0')3V DUH XVHG WR WUDLQ GLIIHUHQW 0/ DOJRULWKPV� VXFK DV IRU H[DPSOH
JUDGLHQW�WUHH�ERRVWLQJ�DQG�QHXUDO�QHWZRUNV�

>�@�+��:��YDQ�9HHQ�HW�DO���$GY��([S��0HG��%LRO�����������������
>�@�6��5LQLNHU��-��&KHP��,QI��0RGHO����������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

$E�LQLWLR�IUHH�HQHUJ\�FRPSXWDWLRQV�ZLWK�PDFKLQH�OHDUQLQJ�SRWHQWLDOV�DQG�HQKDQFHG
VDPSOLQJ

5��)DEUHJDW���$��)DEUL]LR���%��0H\HU���&��&RUPLQERHXI�

�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��/&0'�

0DFKLQH OHDUQLQJ WHFKQLTXHV DUH LQFUHDVLQJO\ XVHG WR JHQHUDWH IDVW DQG DFFXUDWH SUHGLFWRUV RI
PROHFXODU HOHFWURQLF SURSHUWLHV� E\SDVVLQJ H[SHQVLYH ILUVW SULQFLSOH TXDQWXP FKHPLFDO
FRPSXWDWLRQV >�@ DQG H[SDQGLQJ WKH VFRSH RI ZKDW LV IHDVLEOH WR SHUIRUP� )RU LQVWDQFH� WKH\ FDQ
EH XVHG WR DFFHVV ORQJHU WLPHVFDOHV LQ PROHFXODU VLPXODWLRQV� ZKLFK LV FUXFLDO WR REWDLQ VWDWLVWLFDOO\
FRQYHUJHG WKHUPRG\QDPLFDO SURSHUWLHV RI PROHFXODU V\VWHPV VXFK DV UHODWLYH IUHH HQHUJLHV
EHWZHHQ PXOWLSOH FRQIRUPHUV� 7KLV LV SDUWLFXODUO\ LPSRUWDQW IRU IOH[LEOH V\VWHPV� ZKRVH VWDELOLW\ LV
GHWHUPLQHG E\ D VXEWOH LQWHUSOD\ EHWZHHQ YDULDWLRQV LQ WKH XQGHUO\LQJ SRWHQWLDO HQHUJ\ DQG
FRQIRUPDWLRQDO HQWURS\� :KLOH VLJQLILFDQW VWHSV KDYH EHHQ PDGH DGGUHVVLQJ WKLV PDWWHU>�@� WKH
LPSUDFWLFDOLW\ RI REWDLQLQJ ERWK FRQYHUJHG VWDWLVWLFDO VDPSOLQJ DQG DFFXUDWH HQHUJHWLFV KDV
WUDGLWLRQDOO\ KLQGHUHG WKH DELOLW\ RI GHVFULELQJ WKH FKHPLVWU\ RI IOH[LEOH PROHFXOHV� +HUH� ZH
FRPELQH D PDFKLQH OHDUQLQJ SRWHQWLDO HQHUJ\ IXQFWLRQ ZLWK DQ HQKDQFHG VDPSOLQJ VFKHPH ZKLFK
DOORZV XV WR SHUIRUP FKHDS DQG DFFXUDWH IUHH HQHUJ\ FRPSXWDWLRQV� 7KH PDFKLQH OHDUQLQJ
SRWHQWLDO LV WUDLQHG WR SUHGLFW '/312�&&6'�7��&%6 TXDOLW\ HOHFWURQLF HQHUJLHV >�@ DQG ZH FRPELQH
LW ZLWK DQ HQKDQFHG VDPSOLQJ VFKHPH WKDW XVHV ERWK +DPLOWRQLDQ DQG UHVHUYRLU UHSOLFD H[FKDQJH
�+UHV�5(�� 7KH GHYHORSHG DOJRULWKP GUDPDWLFDOO\ VSHHGV XS IUHH HQHUJ\ FRPSXWDWLRQV DW D WDUJHW
OHYHO RI WKHRU\ E\ UHXVLQJ FDQRQLFDO VDPSOLQJ JHQHUDWHG XQGHU D GLIIHUHQW +DPLOWRQLDQ� :H KDYH
LPSOHPHQWHG +UHV�5( LQ D S\WKRQ SDFNDJH WKDW ZH QDPH 02GXODU 5HSOLFD ([FKDQJH 6,0XODWRU
�0R5(6LP�� ZKLFK DOORZV WR GHVLJQ UHSOLFD H[FKDQJH VLPXODWLRQV ZLWK D ODUJH GHJUHH RI IUHHGRP�
DQG ZKLFK LV DYDLODEOH RQ GHPDQG �LW ZLOO VRRQ EH SRVWHG RQOLQH�� :H XVH WKLV VFKHPH WR DFFHVV WKH
DE LQWLR IUHH HQHUJ\ ODQGVFDSHV RI WZR SURWRW\SLFDO V\VWHPV ZLWK FRPSOH[ FRQIRUPDWLRQDO VSDFHV
�D EULGJHG DV\PPHWULFDOO\ SRODUL]HG GLWKLDF\FORSKDQH� LQFRUSRUDWLQJ D WKLHQR>����E@WKLRSKHQH ���
DWRPV�� DQG WKH FLQFKRQD DONDORLG� D ZLGHO\ XVHG RUJDQRFDWDO\VW ��� DWRPV��� ERWK LQ JDV SKDVH
DQG LQ VROXWLRQ �LPSOLFLW VROYHQW�� ,Q WKLV ZD\� ZH GHPRQVWUDWH WKH DSSOLFDELOLW\ RI WKH LPSOHPHQWHG
VFKHPH WR DFFHVV WKH IUHH HQHUJ\ ODQGVFDSHV RI DQ\ PLGGOH VL]HG PROHFXOH ZLWK DQ DFFXUDF\ WKDW
ZRXOG�EH�XQDWWDLQDEOH�RWKHUZLVH�

>�@�)��$��)DEHU��$��2��YRQ�/LOLHQIHOG�HW�DO���-��&KHP��7K��&RP������������������
>�@ 5� 3HWUDJOLD� $� 1LFROD� 0� '� :RGULFK� 0� &HULRWWL� &� &RUPLQERHXI� -� &RPSXW� &KHP� ����� ���
��૱���
>�@ 5� 5DPDNULVKQDQ� 3� 2� 'UDO� 0� 5XSS� 2� $� YRQ /LOLHQIHOG� -� &KHP� 7KHRU\ &RPSXW� ����� ���



&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

:KHUH�DUH�RXU�HUURUV�LQ�)UR]HQ�'HQVLW\�(PEHGGLQJ�7KHRU\�FRPLQJ�IURP"

0��)X���&��(��*RQ]£OH]�(VSLQR]D���$��=HFK���1��5LFDUGL���<��*LPEDO�=RIND���7��:HVRORZVNL�

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

:H SUHVHQW )UR]HQ�'HQVLW\ (PEHGGLQJ 7KHRU\ �)'(7�>���@� D IRUPDO IUDPHZRUN LQ ZKLFK WKH ZKROH
V\VWHP LV GHVFULEHG E\ PHDQV RI WZR LQGHSHQGHQW TXDQWLWLHV� D� WKH HPEHGGHG ZDYHIXQFWLRQ ̼$� E�
WKH GHQVLW\ ͕% DVVRFLDWHG ZLWK WKH HQYLURQPHQW� 7KH NH\ DVSHFW LQ )'(7 LV KRZ WKH HPEHGGLQJ
SRWHQWLDO LV FRQVWUXFWHG� )RU HPEHGGLQJ V\VWHP $� +$HPE +$�YHPE� ,W VKRXOG EH PHQWLRQHG WKDW RXU
HPEHGGLQJ SRWHQWLDO FRPSULVHV ERWK WKH HOHFWURVWDWLF DQG QRQHOHFWURVWDWLF ')7�EDVHG SDUW�
*HQHUDOO\� WKH HUURUV LQ RXU HPEHGGLQJ PHWKRGV LV UHODWLYHO\ VPDOO� +RZHYHU� IRU FHUWDLQ V\VWHPV�
WKH HUURU FDQQRW EH QHJOHFWHG� (UURU FRPSHQVDWLRQ DQG WKH ODFN RI DQ LPPHGLDWH GHFRPSRVLWLRQ
LQWR SK\VLFDOO\ LQWHUSUHWDEOH HQHUJ\ FRPSRQHQWV PDNH LW FRQVLGHUDEO\ GLIILFXOW WR DVFULEH WKH HUURU
WR�D�VSHFLILF�SKHQRPHQRQ�

:H KDYH UHFHQWO\ GHYHORSHG DQ H[WHQVLRQ RI OLQHDULVHG�)'(7 IRU QRQ�YDULDWLRQDO PHWKRGV>�@� SDUWLFXODUO\
03�� :H DQDO\VH RXU HPEHGGHG 03� LQWHUDFWLRQ HQHUJLHV YLD FRPSDULVRQ ZLWK WKH VXSHUPROHFXODU PHWKRG
DQG ZLWK 6$37�>�@ �V\PPHWU\ DGDSWHG SHUWXUEDWLRQ WKHRU\�� 6LQFH 6$37� GHFRPSRVHV WKH LQWHUDFWLRQ
HQHUJ\ LQWR IRXU SK\VLFDOO\ LQWHUSUHWDEOH FRPSRQHQWV �GLVSHUVLRQ� LQGXFWLRQ� HOHFWURVWDWLF DQG H[FKDQJH��
ZH ZHUH DEOH WR FRPSDUH HOHFWURVWDWLF DQG LQGXFWLYH FRQWULEXWLRQV LQ RXU HPEHGGLQJ SURWRFRO DQG LQ
6$37�� 7KLV DOORZV XV WR DWWULEXWH WKH RYHUDOO HUURU WR RQH VSHFLILF SKHQRPHQRQ DQG LW DOVR JLYHV XV LQVLJKW
DERXW�WKH�YDOLGLW\�RI�RXU�HPEHGGLQJ�SRWHQWLDO

�

>�@�7��:HVRORZVNL��$��:DUVKHO��-��3K\V��&KHP�����������������
>�@�7��:HVRORZVNL��3K\V��5HY��$������������������
>�@�$��=HDK��7��:HVRORZVNL��DQG�$��'UHXZ��-�&KHP�3K\V���������������������
>�@�%��-H]LRUVNL��5��0RV]\QVNL��DQG�.��6]DOHZLF]��&KHP��5HY�������������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

&RPSXWDWLRQDO�6FUHHQLQJ�RI�0HWDO�2UJDQLF�)UDPHZRUNV�IRU�$SSOLFDWLRQV�LQ
3KRWRFDWDO\VLV

0��)XPDQDO���*��&DSDQR���.��0��-DEORQND���$��2UWHJD�*XHUUHUR���6��%DUWKHO���%��6PLW���,��7DYHUQHOOL�

�/DERUDWRU\�RI�0ROHFXODU�6LPXODWLRQ��,QVWLWXW�GHV�6FLHQFHV�HW�,QJ«QLHULH�&KLPLTXHV��9DODLV��(FROH
3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/���5XH�GH�O,QGXVWULH�����&+�������6LRQ��6ZLWHUODQG���,%0

5HVHDUFK�=XULFK��6¦XPHUVWUDVVH���������5¾VFKOLNRQ��6ZLW]HUODQG

$PRQJ SRURXV PDWHULDOV� PHWDO�RUJDQLF IUDPHZRUNV �02)V� KDYH EHHQ VKRZQ WR EH SURPLVLQJ GXH
WR WKHLU VWUXFWXUDO WXQDELOLW\� DGMXVWDEOH WRSRORJ\ DQG FKHPLFDO IXQFWLRQDOLW\�>���@ 7KRVH
FKDUDFWHULVWLFV KDYH EHHQ H[SORLWHG UHFHQWO\ LQ WKH GHYHORSPHQW RI HIILFLHQW SKRWRFDWDO\VWV LQ
RUGHU WR DGGUHVV VRODU�GULYHQ FKHPLFDO UHDFWLRQV VXFK DV K\GURJHQ �+�� HYROXWLRQ DQG &2�
UHGXFWLRQ�>���@ %HFDXVH RI WKH PRGXODU QDWXUH RI 02)V� DQ DOPRVW XQOLPLWHG QXPEHU RI VWUXFWXUHV
FDQ EH K\SRWKHWLFDOO\ DQWLFLSDWHG� ZKLFK PDNHV WKH WUDGLWLRQDO WULDO DQG HUURU VWUDWHJ\ XQIHDVLEOH�
,Q WKLV ZRUN� ZH SURSRVH D V\VWHPDWLF VFKHPH WR HYDOXDWH SURSHUW\�GHVFULSWRUV RI 02)V GLUHFWO\
UHODWHG ZLWK WKHLU SRWHQWLDO SHUIRUPDQFH DV SKRWRFDWDO\VWV� 7KRVH GHVFULSWRUV DVVHVV �L� WKH 89�
YLVLEOH DEVRUSWLRQ FDSDELOLW\� �LL� WKH UHGR[ DQG 02)�FR�FDWDO\VW V\QHUJ\� �LLL� WKH HOHFWURQ�KROH
UHFRPELQDWLRQ OLIHWLPH DQG �LY� WKH SKRWRFRQGXFWLYLW\� 7KLV SURFHGXUH LV HQYLVLRQHG WR EH DSSOLHG LQ
D KLJK�WKURXJKSXW PDQQHU WR ODUJH 02)V GDWDEDVHV XVLQJ FRVW�HIILFLHQW PHWKRGV SUHYLRXVO\ WHVWHG
DQG�RSWLPL]HG�LQ�UHGXFHG�WHVW�VHWV�WR�UHSURGXFH�YDOXHV�EDVHG�RQ�KLJKO\�DFFXUDWH�PHWKRGV�

>�@�+RQJ�&DL�=KRX��-HIIUH\�5��/RQJ��2PDU�0��<DJKL��&KHPLFDO�5HYLHZV���������������������
>�@ $OH[DQGHU 6FKRHGHO� 0LDQ /L� 'DQ /L� 0LFKDHO 2.HHIIH� 2PDU 0� <DJKL�&KHPLFDO 5HYLHZV�
�����������������������
>�@�%DUGL\D�9DOL]DGHK��7X�1��1JX\HQ��.\ULDNRV�&��6W\OLDQRX��3RO\KHGURQ������������������
>�@ 6WDYURXOD .DPSRXUL� 7X 1� 1JX\HQ� &KULVWRSKHU 3� ,UHODQG� %DUGL\D 9DOL]DGHK� )DWPDK 0LVK
(EUDKLP� *ORULD &DSDQR� 'DQLHOH 2QJDUL� $PEHU 0DFH� 1HVWRU *XLMDUUR� .HYLQ 6LYXOD� $QGU]HM
6LHQNLHZLF]� /£V]Oµ )RUUµ� %HUHQG 6PLW� .\ULDNRV &� 6W\OLDQRX� -RXUQDO RI 0DWHULDOV &KHPLVWU\ $�
�������������������
>�@ 6WDYURXOD .DPSRXUL� 7X 1� 1JX\HQ� 0DULDQD 6SRGDU\N� 5REHUW *� 3DOJUDYH� $QGUHDV =XʹWWHO�
%HUHQG�6PLW��DQG�.\ULDNRV�&��6W\OLDQRX��$GYDQFHG�)XQFWLRQDO�0DWHULDOV����������������
>�@ $PDUDMRWKL 'KDNVKLQDPRRUWK\� =KDRKXL /L� +HUPHQHJLOGR *DUFLD� &KHPLFDO 6RFLHW\ 5HYLHZV�
��������������������
>�@ /L\RQJ &KHQ� <DQ[LQ :DQJ� )HQJ\DQJ <X� ;LDRVKXDQJ 6KHQ� &KXQ\LQJ 'XDQ� -RXUQDO RI
0DWHULDOV�&KHPLVWU\�$�����������������������
>�@ 0DULD $� 6\]JDQWVHYD� &KULVWRSKHU 3DWULFN ,UHODQG� )DWPDK 0LVK (EUDKLP� %HUHQG 6PLW� 2OJD $�
6\]JDQWVHYD��-RXUQDO�RI�WKH�$PHULFDQ�&KHPLFDO�6RFLHW\������������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

�6WDWH�VSHFLILF�HQYLURQPHQW�SUH�SRODULVDWLRQ�RI�HQYLURQPHQW�ZLWK�SRLQW�FKDUJHV�ZLWKLQ
)UR]HQ�'HQVLW\�(PEHGGLQJ�7KHRU\

<��*LPEDO�=RIND���1��5LFDUGL���$��=HFK���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 ͕%�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 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 ͕%�U�� ,Q SUDFWLFH� GXH WR VRPH DSSUR[LPDWLRQV
PDGH IRU WKH )'(7 SRWHQWLDO� QXPEHU RI SUH�SRODUL]DWLRQ F\FOHV DQG WKH FKRLFH RI ͕%�U�� WKLV
WUHDWPHQW�LV�QRW�H[DFW�

7KH JRDO LV WR VHH KRZ ZHOO WKH HIIHFW RI SRODULVDWLRQ LV DFFRXQWHG IRU LQ WKH IUDPHZRUN RI )'(7�
$'&>�@ LQ � ZD\V RI WDNLQJ LQWR DFFRXQW WKH HQYLURQPHQW UHVSRQVH � 7KH VWDWH VSHFLILF SUH�
SRODUL]DWLRQ ZLWK (63�GHULYHG SRLQW FKDUJHV>�@ �&KHO3*>�@� DQG )UHH]H�DQG�7KDZ �HDFK IUDJPHQW
HQWHUV DOWHUQDWLYHO\ DV ͕��U� RU DV ͕��U� XQWLO �͕��U��͕��U�� VHOI�FRQVLVWHQF\ LV UHDFKHG� SURFHGXUHV DUH
FRPSDUHG ZLWK VXSHUPROHFXODU FDOFXODWLRQ ZLWK WKH $OJHEUDLF 'LDJUDPPDWLF &RQVWUXFWLRQ VFKHPH
�$'&�>�@�IRU�UHSUHVHQWDWLYHV�FDVHV�RI�HPEHGGHG�FKURPRSKRUHV�

>�@�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������������������������
>�@ 6WHIDQ 3UDJHU� $OH[DQGHU =HFK� )UDQFHVFR $TXLODQWH� $QGUHDV 'UHXZ� 7RPDV] :HVRORZVNL� -�
&KHP��3K\V�������������������
>�@ 1LFFRO´ 5LFDUGL� $OH[DQGHU =HFK� <DQQ *LPEDO�=RIND� 7RPDV] $� :HVRORZVNL�
3K\V�&KHP�&KHP�3K\V������������������
>�@�&��0��%UHQHPDQ�DQG�.��%��:LEHUJ��-��&RPSXW��&KHP���������9RO������1R������������
>�@�-RFKHQ�6FKLUPHU��3K\V��5HY��$����������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

2Q�WKH�DFFXUDF\�DQG�HIILFLHQF\�RI�VPRRWK�&RXORPE�SRWHQWLDOV

&��(��*RQ]£OH]�(VSLQR]D�����3��:��$\HUV���7��9HUVWUDHOHQ���$��6DYLQ�

�'HSDUWPHQW�RI�&KHPLVWU\��0F0DVWHU�8QLYHUVLW\���&00�*KHQW�8QLYHUVLW\���/DERUDWRLUH�GH�&KLPLH
7K«RULTXH��6RUERQQH�8QLYHUVLW«�DQG�&156���'HSDUWPHQW�RI�3K\VLFDO�&KHPLVWU\��8QLYHUVLW«�GH

*HQªYH

7KH FRUUHFW GHVFULSWLRQ RI WKH FRUUHODWLRQ FXVS UHSUHVHQWV D PDMRU FKDOOHQJH LQ HOHFWURQLF VWUXFWXUH
FDOFXODWLRQV� ,Q SDUWLFXODU� IRU RUELWDO�EDVHG PHWKRGV RQH UHTXLUHV D ODUJH QXPEHU RI EDVLV
IXQFWLRQV ZLWK KLJK DQJXODU PRPHQWXP WR REWDLQ DFFXUDWH UHVXOWV� 2QH ZD\ WR GHDO ZLWK WKLV
SUREOHP LV WKH XVH RI VPRRWK� QRQ�VLQJXODU� SRWHQWLDOV� FRQVWUXFWHG VR WKDW WKH HOHFWURQ
FRDOHVFHQFH DW U � LV ILQLWH� ,W KDV EHHQ VKRZQ WKDW WKH HPSOR\PHQW RI VPRRWK SRWHQWLDOV SHUPLWV
WKH�XVH�RI�VPDOOHU�EDVLV�VHWV�ZLWK�IHZHU�SRODUL]DWLRQ�IXQFWLRQV�>�������@�
,Q WKLV ZRUN ZH H[SORUH ZKHWKHU RQH FDQ FRQVWUXFW PRGHOV ZLWK VPRRWK SRWHQWLDOV� EXW ZLWKRXW
FRPSURPLVLQJ DFFXUDF\� )LUVW� ZH SUHVHQW GLIIHUHQW VWUDWHJLHV WR REWDLQ SRWHQWLDOV RI WKH HUIJDX
IRUP >�@� :H WKHQ FRQVLGHU FRUUHFWLQJ WKH HUIJDX PRGHO LQ WZR ZD\V� ZLWK VKRUW�UDQJH SRWHQWLDOV
DQG D ILUVW�RUGHU SHUWXUEDWLRQ WKHRU\� )LQDOO\� WKH HIIHFW RI WKH PRGHO SRWHQWLDOV RQ WKH
FRQILJXUDWLRQ�LQWHUDFWLRQ��&,��ZDYHIXQFWLRQ�H[SDQVLRQ�LV�DQDO\]HG�

>�@�+��)��.LQJ��7KHRU��&KLP��$FWD���������������������
>�@�+��/OR\G�:LOOLDPV��5��-��1HHGV��DQG�*��-��&RQGXLW��3K\VLFDO�5HYLHZ�%�������������������
>�@ (� *LQHU��� %� 3UDGLQHV� $� )HUW� 5� $VVDUDI� $� 6DYLQ� -� 7RXORXVH� -� &KHP� 3K\V�� ����� ����
�������
>�@ &� (� *RQ]DOH]�(VSLQR]D� 3� :� $\HUV� -� .DUZRZVNL� $� 6DYLQ� 7KHRU� &KHP� $FF�� �����
��������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

*DXVVLDQ�3URFHVV�%DVHG�5HILQHPHQW�DQG�$VVHVVPHQW�RI�'LVSHUVLRQ�&RUUHFWLRQV

6��*XJOHU���-��3URSSH�����0��5HLKHU�

�(7+�=XULFK��/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\���8QLYHUVLW\�RI�7RURQWR��'HSDUWPHQWV�RI�&KHPLVWU\
DQG�&RPSXWHU�6FLHQFH

:H DSSO\ *DXVVLDQ SURFHVV �*3� UHJUHVVLRQ WR FRUUHFW IRU V\VWHPDWLF HUURUV� LQ QRQFRYDOHQW
LQWHUDFWLRQ HQHUJLHV GHULYHG IURP ILUVW SULQFLSOHV� &RPSDUHG WR RWKHU HVWDEOLVKHG PDFKLQH OHDUQLQJ
PHWKRGV� *3 UHJUHVVLRQ GRHV QRW RQO\ SURYLGH SUHGLFWLRQV�FRUUHFWLRQV EXW DOVR HVWLPDWHV WKH
DVVRFLDWHG XQFHUWDLQW\� ZKLFK FDQ EH XVHG WR GHFLGH ZKHWKHU D FRUUHFWLRQ IRU D QHZ
�VXSUD�PROHFXODU VWUXFWXUH LV UHOLDEOH RU QRW�� %\ DQDORJ\ ZLWK WKH SRSXODU FODVV RI VHPLFODVVLFDO
GLVSHUVLRQ FRUUHFWLRQ PRGHOV���� RXU *3 PRGHO� LV WUDLQHG RQ GLIIHUHQFHV EHWZHHQ DSSUR[LPDWH DQG
UHIHUHQFH LQWHUDFWLRQ HQHUJLHV� KHUH� REWDLQHG IURP 3%(�'��%-��PD�GHI��4=933 DQG '/312�
&&6'�7��&%6 FDOFXODWLRQV� UHVSHFWLYHO\� :H JHQHUDWHG D GDWD VHW FRQWDLQLQJ LQWHUDFWLRQ HQHUJLHV
IRU ���� PROHFXODU GLPHUV� ZKLFK UHVHPEOH WKRVH V\VWHPV FRQWDLQHG LQ WKH 6�� GDWDEDVH� 2XU
V\VWHPV GR QRW RQO\ UHSUHVHQW HTXLOLEULXP VWUXFWXUHV� EXW DOVR GLPHUV DW VKRUWHU DQG ORQJHU
GLVWDQFHV� DQG GLIIHUHQW RULHQWDWLRQV DQG FRQIRUPDWLRQV� :H VKRZ WKDW WKH *3 FRUUHFWLRQ DIWHU
WUDLQLQJ RQ IHDWXUH૱HQHUJ\ SDLUV RI DERXW ��� GLPHUV UHVXOWV LQ DQ XS�WR����IROG LPSURYHPHQW RYHU
RXU 3%(�'��%-� LQWHUDFWLRQ HQHUJLHV IRU WKH UHPDLQLQJ GLPHUV� :H DOVR ILQG WKDW RXU *3�FRUUHFWHG
LQWHUDFWLRQ HQHUJLHV DUH LQVHQVLWLYH WRZDUG WKH DFWXDO SDUDPHWUL]DWLRQ RI WKH '��%-� PRGHO� ZKLFK
LV LQ FOHDU FRQWUDVW WR ')7�'��%-��FRUUHFWHG LQWHUDFWLRQ HQHUJLHV� :LWK D VDPSOLQJ PHWKRG EDVHG RQ
GLVWDQFHV LQ NHUQHO VSDFH WKH SURJUDP DGYLVHV WKH XVHU IRU ZKLFK VWUXFWXUHV D UHIHUHQFH
FDOFXODWLRQ VKRXOG EH PDGH GXH WR WKH RYHUDOO XQFHUWDLQW\ EHLQJ DERYH D XVHU�GHILQHG WKUHVKROG�
7KLV TXDOLW\ DVVHVVPHQW� ZKLFK HVWDEOLVKHG GLVSHUVLRQ FRUUHFWLRQ PRGHOV ODFN� UHQGHUV RXU *3
DSSURDFK�VXLWDEOH�IRU�DQ�RQ�WKH�IO\�LPSURYHPHQW�RI�LQWHUDFWLRQ�HQHUJLHV�

>�@�-RQQ\�3URSSH��0DUNXV�5HLKHU��-��&KHP��7KHRU\�&RPSXW����������������૱�����
>�@�*UHJRU�1��6LPP��0DUNXV�5HLKHU��-��&KHP��7KHRU\�&RPSXW����������������૱�����
>�@�6WHIDQ�*ULPPH��6WHSKDQ�(KUOLFK��/DUV�*RHULJN��-��&RPSXW��&KHP����������������૱�����
>�@ 7KRPDV :H\PXWK� -RQQ\ 3URSSH� 0DUNXV 5HLKHU� -� &KHP� 7KHRU\ &RPSXW� ����� ���
����૱�����
>�@�6WHIDQ�*XJOHU��-RQQ\�3URSSH��0DUNXV�5HLKHU��WR�EH�VXEPLWWHG��DOVR�RQ�DU;LY�
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$�PXOWLFRQILJXUDWLRQDO�DQDO\VLV�RI�ZDWHU�R[LGDWLRQ�FDWDO\VLV

5��+DQ���6��/XEHU�

�8QLYHUVLW\�RI�=XULFK

,Q FKHPLFDO UHDFWLRQV� FRUUHODWLRQ HIIHFWV ZKLFK FDQ KDUGO\ EH UHSUHVHQWHG E\ D VLQJOH GHWHUPLQDQW
PHWKRG �DV H�J� GHQVLW\ IXQFWLRQDO WKHRU\� PD\ SOD\ DQ LPSRUWDQW UROH� &RPSOHWH $FWLYH 6SDFH 6HOI�
&RQVLVWHQW )LHOG �&$66&)� DV D PXOWLFRQILJXUDWLRQDO DSSURDFK KDV EHHQ ZLGHO\�DGRSWHG LQ WKH
DQDO\VLV RI VXFK FRPSOH[ FRUUHODWHG ZDYHIXQFWLRQV� 1HYHUWKHOHVV� LW LV GLIILFXOW WR VHOHFW D
�FRQVLVWHQW� DFWLYH VSDFH DORQJ WKH UHDFWLRQ SDWKZD\ FRQVLGHULQJ FKDQJHV RI WKH QXFOHDU
JHRPHWU\� ,Q WKLV ZRUN� ZH SUHVHQW D VLPSOH V\VWHPDWLF DSSURDFK IRU WKH VHOHFWLRQ RI DFWLYH
RUELWDOV DQG WKH DQDO\VLV RI WKHLU FRUUHODWLRQ EHKDYLRU GXULQJ WKH ZDWHU R[LGDWLRQ UHDFWLRQ RI D 5X�
EDVHG FDWDO\VW� ZKLFK KDV UHFHQWO\ VXFFHVVIXOO\ EHHQ XVHG IRU HIILFLHQW ZDWHU R[LGDWLRQ DQG LQ VLOLFR
GHVLJQ�RI�QHZ�FDWDO\VWV�

>�@�0��6FKLOOLQJ��0��%¸KOHU��6��/XEHU��'DOWRQ�7UDQV�������������������
>�@�0��*LO૮6HSXOFUH��HW�DO���&KHP6XV&KHP����������������������
>�@�5��+DQ��6��/XEHU��LQ�SUHSDUDWLRQ�
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'RPDLQ�ZDOO�GHIHFW�LQWHUDFWLRQ�LQ�%D7L2��E\�GHQVLW\�IXQFWLRQDO�WKHRU\�

3��+D]DULND���8��$VFKDXHU�

�'HSDUWHPHQW�I¾U�&KHPLH�XQG�%LRFKHPLH��8QLYHUVLW¦W�%HUQ

6RPH SHURYVNLWHV R[LGHV DUH SDUW RI WKH FODVV RI IHUURHOHFWULFV ZKLFK FRQWDLQV LQWHUIDFHV VHSDUDWLQJ
UHJLRQV RI GLIIHUHQW SRODUL]DWLRQ NQRZQ DV GRPDLQ ZDOOV� +RZHYHU� YHU\ OLWWOH LV NQRZQ DERXW WKH
LQWHUDFWLRQ RI GHIHFWV ZLWK GRPDLQ ZDOOV DQG WKH UHVXOWLQJ SURSHUWLHV RI WKH PDWHULDO� :H XVH
GHQVLW\ IXQFWLRQDO WKHRU\ ILUVW SULQFLSOHV FDOFXODWLRQV WR VWXG\ FKDUJHG DQG QHXWUDO ���r GRPDLQ
ZDOOV LQ %D7L2� DQG FDOFXODWH WKH IRUPDWLRQ HQHUJ\ RI WKH DSLFDO DQG HTXDWRULDO YDFDQFLHV DW ERWK
KHDG�KHDG DQG WDLO�WDLO ZDOOV� 2XU UHVXOWV VKRZ WKDW HQHUJLHV DUH ORZHU DW WDLO�WDLO WKDQ KHDG�KHDG
GRPDLQ ZDOOV� 0RUHRYHU� ZH IRXQG ORZHU IRUPDWLRQ HQHUJLHV RI HTXDWRULDO R[\JHQ YDFDQFLHV WKDQ
DSLFDO R[\JHQ YDFDQFLHV� 7KLV VWXG\ IRUPV WKH IRXQGDWLRQ WR XQGHUVWDQG WKH LQWHUSOD\ RI R[\JHQ
YDFDQFLHV DQG GRPDLQ ZDOOV LQ WKH IHUURHOHFWULF R[LGHV DQG WR SUHGLFW WKH SURSHUWLHV RI GHIHFWLYH
PDWHULDOV� 7KHVH UHVXOWV FDQ EH UDWLRQDOL]HG E\ WKH HOHFWULF ILHOG DQG WKH ERQGLQJ HQYLURQPHQW RI
R[\JHQ�LRQV�LQ�WKH�GRPDLQ�VWUXFWXUH�UHVSHFWLYHO\�

�
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(IIHFW�RI�GLVSHUVLRQ�FRUUHFWLRQV�RQ�DE�LQLWLR�IUHH�HQHUJ\�ODQGVFDSH�E\�PDFKLQH�OHDUQLQJ

7��-DIIUHORW�,QL]DQ���5��)DEUHJDW���$��)DEUL]LR���9��-XU£VNRY£���&��&RUPLQERHXI�

�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��/&0'�

$WRP SDLUZLVH GLVSHUVLRQ�FRUUHFWLRQ VFKHPHV DUH H[WHQVLYHO\ XVHG WR FRUUHFW WKH PLVVLQJ
DWWUDFWLYH WHUP LQ VWDQGDUG GHQVLW\ IXQFWLRQDO DSSUR[LPDWLRQV�>�@ 7KHVH VFKHPHV DUH JHQHUDOO\
WUDLQHG RQ D VHW RI VWUXFWXUHV QHDU HTXLOLEULXP REWDLQHG IURP VWDWLF TXDQWXP FKHPLFDO
FRPSXWDWLRQV� ,Q IDFW� WKHLU VXLWDELOLW\ IRU GHVFULELQJ IUHH HQHUJ\ ODQGVFDSHV H[WUDFWHG IURP ILQLWH
WHPSHUDWXUH VLPXODWLRQV LV PXFK OHVV H[SORUHG� $FFHOHUDWHG VDPSOLQJ WHFKQLTXHV FRPELQHG ZLWK
DE�LQLWLR SRWHQWLDOV JLYH LQ SULQFLSOH DFFHVV WR IUHH HQHUJ\ ODQGVFDSHV� +RZHYHU� WKH FRPSXWDWLRQDO
FRVW RI TXDQWXP FKHPLVWU\ LV QRW FRPSDWLEOH ZLWK DFKLHYLQJ D FRQYHUJHG VWDWLVWLFDO VDPSOLQJ�>�@
0DFKLQH OHDUQLQJ �0/� SRWHQWLDOV >�@ DUH VHHQ DV D SURPLVLQJ DOWHUQDWLYH WR EHDW WKH TXDQWXP
FKHPLVWU\ FRVW ZLWKRXW VFDULI\LQJ WKH VDPSOLQJ DFFXUDF\� ,Q WKLV ZRUN� ZH FRXSOHG PDFKLQH
OHDUQLQJ FRUUHFWHG ')7% SRWHQWLDOV ZLWK +DPLOWRQLDQ UHSOLFD H[FKDQJH PROHFXODU G\QDPLFV WR
LQYHVWLJDWH WKH SHUIRUPDQFH RI GLVSHUVLRQ FRUUHFWLRQ VFKHPHV DFURVV WKH IUHH HQHUJ\ ODQGVFDSHV�
,QVWHDG RI OHDUQLQJ WKH IRUFHV� ZH GHULYH WKH 0/ NHUQHO LQ RUGHU WR FRUUHFW WKH ')7% IRUFHV DFURVV
WKH G\QDPLF VLPXODWLRQ� ,Q SDUWLFXODU� ZH IRFXV RQ IOX[LRQDO RUJDQLF PROHFXOHV �H�J� LQFOXGLQJ D
SKRWR�VZLWFKDEOH FDWDO\VW DQG D PROHFXODU WZHH]HUV� IHDWXULQJ VXEWOH QRQ�FRYDOHQW LQWHUDFWLRQV�
7KH XVH RI ̩0/ >�@ LQFUHDVHV WKH DFKLHYDEOH VLPXODWLRQ WLPH E\ VHYHUDO RUGHU RI PDJQLWXGH� ZKLOH
SUHVHUYLQJ WKH GHVLUHG TXDQWXP FKHPLFDO DFFXUDF\� 7KLV ZRUN GHPRQVWUDWHV WKDW WKH VKDSH RI WKH
IUHH HQHUJ\ ODQGVFDSH DQG WKH GHSWK RI LWV PLQLPD KHDYLO\ GHSHQG RQ WKH GLVSHUVLRQ�FRUUHFWLRQV
DQG KLJKOLJKWV WKH LPSRUWDQFH H[SORULQJ WKH HQWLUH IUHH HQHUJ\ ODQGVFDSHV RI IOH[LEOH PHGLXP VL]H
RUJDQLF�PROHFXOHV�

>�@ 6WHIDQ *ULPPH� $QGUHDV +DQVHQ� -DQ *HULW %UDQGHQEXUJ DQG &KULVWRSK %DQQZDUWK� &KHPLFDO
5HYLHZV����������������������
>�@ 5LFDUGR 3HWUDJOLD� $GULHQ 1LFRODL� 0DWWKHZ '� :RGULFK� 0LFKHOH &HULRWWL DQG &OHPHQFH
&RUPLQERHXI��-RXUQDO�RI�&RPSXWDWLRQDO�&KHPLVWU\�����������������
>�@�-RUJ�%HKOHU��7KH�-RXUQDO�RI�&KHPLFDO�3K\VLFV�������������������
>�@ 5DJKXQDWKDQ 5DPDNULVKQDQ� 3DYOR 2� 'UDO� 0DWWKLDV 5XSS DQG 2� $QDWROH 9RQ /LOLHQIHOG�
-RXUQDO�RI�&KHPLFDO�7KHRU\�DQG�&RPSXWDWLRQ������������������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

([SORLWLQJ�DUWLILFLDO�QHXUDO�QHWZRUNV�LQ�VLPXODWLRQ�RI�FRPSOH[�LRQLF�FKHPLFDO
HQYLURQPHQW

9��-XU£VNRY£���.��5RVVL���/��*DUHO���5��:LVFKHUW���&��&RUPLQERHXI���0��&HULRWWL�

�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��,6,&��(3)/��/DXVDQQH��6ZLW]HUODQG���/DERUDWRU\�RI
&RPSXWDWLRQDO�6FLHQFH�DQG�0RGHOLQJ��,0;��(3)/��/DXVDQQH��6ZLW]HUODQG���$URPD�3HUIRUPDQFH
/DERUDWRU\��6ROYD\��5,&�/\RQ��)UDQFH���(FFR�(IILFLHQW�3URGXFWV�DQG�3URFHVVHV�/DERUDWRU\��6ROYD\�

5,&�6KDQJKDL��&KLQD

$E LQLWLR PROHFXODU G\QDPLFV RI WKH FRQGHQVHG SKDVH V\VWHPV FRQWDLQLQJ FKDUJHG VSHFLHV
UHSUHVHQW FKDOOHQJLQJ SUREOHP IRU FRPSXWDWLRQDO FKHPLVWU\� ,W UHTXLUHV DQ DFFXUDWH GHVFULSWLRQ RI
FRPSOH[ FKHPLFDO HQYLURQPHQW LQFOXGLQJ YDULRXV VWUXFWXUDO SDWWHUQV� QRQ�FRYDOHQW LQWHUDFWLRQV DQG
FKDUJH WUDQVIHU SURFHVVHV� 7KH VLPXODWLRQV RI FKHPLFDO UHDFWLRQV LQ WKH FRQGHQVHG SKDVH DUH HYHQ
PRUH SUREOHPDWLF� 7KH UHOLDEOH GHVFULSWLRQ RI DOO WKHVH SKHQRPHQD UHOLHV RQ WKH KLJK�OHYHO
FRPSXWDWLRQDO PHWKRGV H�J� K\EULG ')7 DQG SRVW�+) PHWKRGV� +RZHYHU� WKH FRQYHUJHG VWDWLVWLFDO
VDPSOLQJ RI WKH SRWHQWLDO HQHUJ\ VXUIDFH �3(6� RI V\VWHPV ZLWK VXFK ODUJH QXPEHU RI GHJUHHV RI
IUHHGRP LV KDUGO\ DFKLHYDEOH� ,Q UHFHQW \HDUV� WKH SRWHQWLDOV EDVHG RQ PDFKLQH OHDUQLQJ DQG
DUWLILFLDO QHXUDO QHWZRUNV ZHUH DSSOLHG LQ YDULRXV VLPXODWLRQV RI EXON PDWHULDOV� VXUIDFH DGVRUSWLRQ�
JDV SKDVH UHDFWLRQV RU DTXHRXV VROXWLRQV�>�@ 7KHVH PHWKRGV DUH SURPLVLQJ LQ WKH UHSURGXFWLRQ DQG
SUHGLFWLRQ RI KLJK GLPHQVLRQDO 3(6 GXH WKHLU DFFXUDF\ GHULYHG IURP WKH UHIHUHQFH PHWKRG DQG
FRPSXWDWLRQDO FRVW FRPSDUDEOH WR FODVVLFDO IRUFH ILHOG VLPXODWLRQV�>�@ 2QH RI WKH ERWWOHQHFNV LQ WKH
DSSOLFDWLRQ RI QHXUDO QHWZRUN SRWHQWLDOV LV WR HVWDEOLVK WKH RSWLPDO WUDLQLQJ VHW WR FKDUDFWHUL]H WKH
V\VWHP DQG FRPSXWH UHIHUHQFH HQHUJLHV DQG IRUFHV�>�@ ,Q WKH SUHVHQWHG ZRUN� ZH DSSO\ DUWLILFLDO
QHXUDO QHWZRUN SRWHQWLDOV EDVHG RQ 3%( DQG 3%(� WR PRGHO D FDWDO\WLF SURFHVV LQ FRQGHQVHG
SKDVH� :H IRFXV RQ WKH GHVFULSWLRQ RI VXEWOH LRQ�VROYHQW LQWHUDFWLRQV DQG WKHUPDO IOXFWXDWLRQV
FRQVLGHULQJ YDULRXV FRPSRVLWLRQV RI WKH V\VWHP� :H XWLOL]H GLIIHUHQW VLPXODWLRQ WHFKQLTXHV WR
REWDLQ VXLWDEOH WUDLQLQJ VHW IRU UHSURGXFWLRQ RI DE LQLWLR 3(6 DQG UHOLDEOH LQWHUSRODWLRQ HQDEOLQJ
VWDEOH VLPXODWLRQ RQ WKH ORQJHU WLPH VFDOH� 7KH VLPXODWLRQ SURWRFRO GLVFXVVHG LQ WKLV ZRUN FDQ EH
IXUWKHU DSSOLHG WR GHVFULEH WKH WKHUPRG\QDPLF DQG VWUXFWXUDO SURSHUWLHV RI FRQGHQVHG SKDVH
V\VWHPV�DQG�FKHPLFDO�UHDFWLRQV�LQ�D�FRPSOH[�HQYLURQPHQW�

>�@�-��%HKOHU��$QJHZ��&KHP��,QW��(G�������������������૱�������
>�@�-��%HKOHU��0��3DUULQHOOR��3K\V��&KHP��/HWW��������������������
>�@ *� ,PEDO]DQR� $� $QHOOL� '� *LRIU«� 6� .OHHV� -� %HKOHU� 0� &HULRWWL� -� &KHP� 3K\V�� ����� ����
�������
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(YDOXDWLQJ�)RUFH�)LHOGV�8VLQJ�&URVV�6ROYDWLRQ�)UHH�(QHUJLHV

6��.DVKHI�2O�*KHWD���3��+��+¾QHQEHUJHU�

�/DERUDWRULXP�I¾U�3K\VLNDOLVFKH�&KHPLH��(7+�=XULFK

3XUH�OLTXLG SURSHUWLHV �H�J� GHQVLW\ DQG KHDW RI YDSRUL]DWLRQ� DUH RQH RI WKH PDLQ WDUJHWV RI IRUFH�
ILHOG FDOLEUDWLRQ� +RZHYHU� IRU PDQ\ DSSOLFDWLRQV� LW LV DOVR LPSRUWDQW WR HQVXUH WKDW WKH FURVV�
LQWHUDFWLRQV EHWZHHQ PROHFXOHV FDOLEUDWHG EDVHG RQ D OLTXLG $ �$�$ LQWHUDFWLRQV� DQG D OLTXLG % �%�%
LQWHUDFWLRQV� DUH DOVR ZHOO�EDODQFHG �$�% LQWHUDFWLRQV�� 7KLV FDQ EH LQYHVWLJDWHG E\ DQDO\]LQJ WKH
SURSHUWLHV RI OLTXLG PL[WXUHV RU� DV LQ WKLV SURMHFW� WKH FURVV�VROYDWLRQ IUHH�HQHUJLHV RI $ LQ % DQG
RI % LQ $� :H KDYH FRPSDUHG � IRUFH ILHOGV� QDPHO\ *52026�����+��� *52026���$�� $0%(5�
*$))� &+$500�&*HQ))� 23/6�$$ DQG 23/6�$$�����&0�$��/%&&�� XVLQJ WKH H[SHULPHQWDO FURVV�
VROYDWLRQ IUHH HQHUJLHV RI �� RUJDQLF FRPSRXQGV� (DFK FRPSRXQG LV FRQVLGHUHG ERWK DV VROXWH DQG
DV�VROYHQW��IRUPLQJ�D���[���PDWUL[�RI�����FURVV�VROYDWLRQ�HQHUJLHV�
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$�QHXUDO�QHWZRUN�EDVHG�UHSUHVHQWDWLRQ�RI�VWDWH�WR�VWDWH�FURVV�VHFWLRQV�IRU�DWRP�GLDWRP
FROOLVLRQV

'��.RQHU���2��7��8QNH���.��%RH���5��-��%HPLVK���0��0HXZO\�

�'HSDUWHPHQW�&KHPLH��8QLYHUVLW¦W�%DVHO���%RVWRQ�&ROOHJH��,QVWLWXWH�IRU�6FLHQWLILF�5HVHDUFK���$LU
)RUFH�5HVHDUFK�/DERUDWRU\��86$

+LJK�WHPSHUDWXUH� UHDFWLYH JDV IORZ LV LQKHUHQWO\ QRQ�HTXLOLEULXP LQ WHUPV RI HQHUJ\ DQG VWDWH
SRSXODWLRQ GLVWULEXWLRQV� 0RGHOLQJ VXFK FRQGLWLRQV LV FKDOOHQJLQJ HYHQ IRU WKH VPDOOHVW PROHFXODU
V\VWHPV GXH WR WKH H[WUHPHO\ ODUJH QXPEHU RI DFFHVVLEOH VWDWHV DQG WUDQVLWLRQV EHWZHHQ WKHP�
+HUH� QHXUDO QHWZRUNV �11V� WUDLQHG RQ H[SOLFLWO\ VLPXODWHG GDWD DUH FRQVWUXFWHG DQG VKRZQ WR
SURYLGH TXDQWLWDWLYHO\ UHDOLVWLF GHVFULSWLRQV ZKLFK FDQ EH XVHG LQ PHVRVFDOH VLPXODWLRQ DSSURDFKHV
WR PRGHO JDV IORZ DW WKH K\SHUVRQLF UHJLPH� $V DQ H[DPSOH� WKH VWDWH�WR�VWDWH FURVV VHFWLRQV IRU
WKH 1��6��12��̵� గ 2��3��1��;�̷J�� DUH FRPSXWHG IURP TXDVLFODVVLFDO WUDMHFWRU\ �4&7�
VLPXODWLRQV� %\ WUDLQLQJ 11V RQ D VSDUVHO\ VDPSOHG QRLV\ VHW RI VWDWH�WR�VWDWH FURVV VHFWLRQV LW LV
GHPRQVWUDWHG WKDW LQGHSHQGHQWO\ JHQHUDWHG UHIHUHQFH GDWD LV SUHGLFWHG ZLWK KLJK DFFXUDF\� 6WDWH�
VSHFLILF DQG WRWDO UHDFWLRQ UDWHV DV D IXQFWLRQ RI WHPSHUDWXUH IURP WKH 11 DUH LQ TXDQWLWDWLYH
DJUHHPHQW ZLWK H[SOLFLW 4&7 VLPXODWLRQV DQG FRQILUP HDUOLHU VLPXODWLRQV DQG WKH ILQDO VWDWH
GLVWULEXWLRQV RI WKH YLEUDWLRQDO DQG URWDWLRQDO HQHUJLHV DJUHH DV ZHOO� 7KXV� 11V WUDLQHG RQ SK\VLFDO
UHIHUHQFH GDWD FDQ SURYLGH D YLDEOH DOWHUQDWLYH WR FRPSXWDWLRQDOO\ GHPDQGLQJ H[SOLFLW HYDOXDWLRQ
RI WKH PLFURVFRSLF LQIRUPDWLRQ DW UXQ WLPH� 7KLV ZLOO FRQVLGHUDEO\ DGYDQFH WKH DELOLW\ WR UHDOLVWLFDOO\
PRGHO�QRQ�HTXLOLEULXP�HQVHPEOHV�IRU�QHWZRUN�EDVHG�VLPXODWLRQV�

7RS� �' VXUIDFH DQG FRQWRXU FRORU PDS RI 4&7 FDOFXODWHG DQG 11 SUHGLFWHG VWDWH�WR�VWDWH FURVV
VHFWLRQV IRU 1 � 12�Y �� M ��� గ 2 � 1��Y
�M
� DW (W  ��� H9� %RWWRP� 7RWDO UDWH FRHIILFLHQWV
FDOFXODWHG IURP 4&7 DQG SUHGLFWHG E\ WKH 11 PRGHOV IRU WKH 1 � 12 గ 2 � 1� UHDFWLRQ EHWZHHQ
�����DQG�������.�

>�@ 'HEDVLVK .RQHU� 2OLYHU 7� 8QNH� .\OH %RH� 5D\PRQG -� %HPLVK� 0DUNXV 0HXZO\�-� &KHP� 3K\V�
������DFFHSWHG
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$OWHUQDWLYHV�WR�FRQYHQWLRQDO�LQWHUPHGLDWH�VWDWHV�LQ�IUHH�HQHUJ\�VLPXODWLRQV

*��.¸QLJ���6��5LQLNHU�

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

)UHH HQHUJ\ FDOFXODWLRQV UHTXLUH VXIILFLHQW SKDVH VSDFH RYHUODS EHWZHHQ WKH HQG VWDWHV LQ RUGHU WR
FRQYHUJH� 6R IDU� WKLV LV DFKLHYHG E\ GLYLGLQJ WKH IUHH HQHUJ\ FDOFXODWLRQ LQWR PXOWLSOH VXEVWHSV E\
LQWURGXFLQJ LQWHUPHGLDWH VWDWHV DORQJ D XVHU�GHILQHG UHDFWLRQ FRRUGLQDWH� 7KH SRWHQWLDO HQHUJ\
IXQFWLRQ RI VXFK VWDWHV LV XVXDOO\ JHQHUDWHG E\ OLQHDUO\ PL[LQJ WKH SRWHQWLDO HQHUJLHV RI WKH HQG
VWDWHV� RU XVLQJ VRIW�FRUH SRWHQWLDOV� 0XOWLSOH LPSURYHPHQWV KDYH EHHQ SURSRVHG IRU WKLV VFKHPH�
EXW D SDUWLFXODUO\ SURPLVLQJ DSSURDFK LV WKH XVH RI VSHFLDOL]HG EULGJLQJ HQVHPEOHV� VXFK DV
(QYHORSLQJ 'LVWULEXWLRQ 6DPSOLQJ� 7KLV UHPRYHV WKH QHHG IRU FRQYHQWLRQDO LQWHUPHGLDWH VWDWHV
�DQG DVVRFLDWHG SUREOHPV VXFK DV WKH YDQ GHU :DDOV HQGSRLQW SUREOHP� E\ VLPXODWLQJ D VLQJOH
UHIHUHQFH VWDWH WKDW LV DEOH WR VDPSOH WKH UHOHYDQW FRQILJXUDWLRQV RI DOO LQYROYHG HQG VWDWHV DW WKH
VDPH WLPH� ,QVWHDG RI LQYHVWLQJ FRPSXWHU WLPH WR FUHDWH SKDVH�VSDFH RYHUODS� WUDQVLWLRQV EHWZHHQ
FRQIRUPDWLRQV FDQ WKHQ EH HQKDQFHG E\ FRXSOLQJ UHIHUHQFH VWDWHV ZLWK GLIIHUHQW GHJUHHV RI
VPRRWKLQJ RI HQHUJ\ EDUULHUV LQ D UHSOLFD H[FKDQJH VFKHPH� 7KH FKRLFH RI VPRRWKHG UHIHUHQFH
VWDWHV IRU UHSOLFD H[FKDQJH FDQ EH SHUIRUPHG LQ D KLJKO\ DXWRPDWL]HG IDVKLRQ� :H ZLOO LOOXVWUDWH
WKLV ZLWK VHYHUDO H[DPSOHV� VWDUWLQJ IURP VLPSOH PRGHO V\VWHPV DQG SURFHHGLQJ WR ELRPHGLFDO
DSSOLFDWLRQV�
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6ROYHQW�VFDOLQJ�LQ�0'�VLPXODWLRQV

$��.XELQFRY£���3��+��+¾QHQEHUJHU�

�(7+�=¾ULFK

$GDSWLYH UHVROXWLRQ VFKHPHV LQ 0ROHFXODU '\QDPLFV �0'� VLPXODWLRQV DLP DW HOLPLQDWLQJ WKH
LQWHUIDFH EHWZHHQ FRDUVH�JUDLQHG �&*� DQG ILQH�JUDLQHG �)*� VXEV\VWHPV� E\ PDNLQJ WKH SDUWLFOH
UHVROXWLRQ GHSHQG RQ D FRQWLQXRXV VZLWFKLQJ YDULDEOH V� +RZHYHU� WKH FRPPRQ VFKHPHV KDYH WZR
GUDZEDFNV LQ FRPPRQ� ��� DQ LQKHUHQW ORZHU OLPLW RQ WKH UHVROXWLRQ RI RQH EHDG LQ WHUPV RI
LQGLYLGXDO PROHFXOHV DQG ��� WKH QHHG IRU D �ILWWHG� &* SRWHQWLDO DV DQ LQSXW� ,Q WKLV ZRUN� D QHZ
FODVVLFDO DGDSWLYH UHVROXWLRQ PHWKRG LV EHLQJ GHYHORSHG� ZKLFK LV IRUPDOO\ UHODWHG WR WKH FODVV RI
HQHUJ\ LQWHUSRODWLRQ VFKHPHV� %XW LQVWHDG RI DFKLHYLQJ D GLIIHUHQFH LQ UHVROXWLRQ YLD LQWHUSRODWLQJ
GLIIHUHQW SRWHQWLDOV� WKH UHVROXWLRQ RQO\ DIIHFWV WKH VROYHQW GLPHQVLRQV �VFDOLQJ� DQG PROHFXODU
LQWHUDFWLRQ SDUDPHWHUV� ZKLOH DSSO\LQJ WKH VDPH JHQHULF VROYHQW SRWHQWLDO WR WKH ZKROH V\VWHP� 6R
IDU� WKH VFKHPH KDV EHHQ VXFFHVVIXOO\ DSSOLHG WR D OLTXLG RI GLDWRPLF GLSROHV� DQG LWV H[WHQVLRQ WR
ZDWHU�LV�HQYLVLRQHG�DV�D�IXWXUH�JRDO�
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6HOI�LRQL]DWLRQ�RI�ZDWHU�DW�DTXHRXV�SODWLQXP�LQWHUIDFH

-��/DQ���-��+XWWHU���0��,DQQX]]L�

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

7KH GLVVRFLDWLRQ RI ZDWHU LQWR K\GURQLXP DQG K\GUR[LGH LRQV IROORZLQJ WKHLU UHFRPELQDWLRQ LV RQH
RI WKH PRVW IXQGDPHQWDO SURFHVVHV� 7KH LRQL]DWLRQ RI ZDWHU DW PHWDO VXUIDFHV XQGHU WKH DPELHQW
FRQGLWLRQ LV RI LPPHQVH LPSRUWDQFH WR XQGHUVWDQG HOHFWURFKHPLFDO SRVVHVV� 7KH K\GURQLXP DQG
K\GUR[LGH VSHFLHV KDV EHHQ GHWHFWHG DW ZDWHU�SODWLQXP LQWHUIDFH EDVHG RQ RXU TXDQWXP
VLPXODWLRQV� :H HOXFLGDWH WKH PHFKDQLVP WKDW KRZ K\GURQLXP DQG K\GUR[LGH LRQV DUH IRUPHG DQG
UHFRPELQHG DW ZDWHU�SODWLQXP LQWHUIDFH ZLWK SDWK LQWHJUDO DE�LQLWLR PROHFXODU G\QDPLFV
VLPXODWLRQV DQG LW HPHUJHV DV TXLWH GLIIHUHQW IURP WKH FODVVLFDO DE�LQLWLR PROHFXODU G\QDPLFV DQG
FRQYHQWLRQDO�YLHZ�RI�ZDWHU�SODWLQXP�LQWHUIDFHV�
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&KDUJH�7UDQVSRUW�%HKDYLRUV�RI�2OLJRDFHQH��DQG�)XVHG�7KLRSKHQH��%DVHG�$PRUSKRXV
+ROH�7UDQVSRUW�0DWHULDOV

.��/LQ���&��&RUPLQERHXI�

�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ�
(FROH�SRO\WHFKQLTXH�I«G«UDOH�GH�/DXVDQQH��(3)/���&+������/DXVDQQH��6ZLW]HUODQG�

$PRUSKRXV RUJDQLF KROH WUDQVSRUW PDWHULDOV �+70V� KDYH EHHQ ZLGHO\ XVHG LQ YDULRXV
RSWRHOHFWURQLF DSSOLFDWLRQV� VXFK DV SHURYVNLWH VRODU FHOOV �36&V� DQG RUJDQLF OLJKW�HPLWWLQJ GLRGHV�
GXH WR WKHLU VROXWLRQ�SURFHVVDELOLW\ DQG ILOP�KRPRJHQHLW\�>�@ 5HFHQWO\� VHDUFKLQJ IRU LGHDO +70V
LQFRUSRUDWHG LQWR SHURYVNLWH VRODU FHOOV WR HQKDQFH WKHLU SRZHU FRQYHUVLRQ HIILFLHQF\ DQG VWDELOLW\
KDV DWWUDFWHG PXFK DWWHQWLRQ�>�@ ,W LV ZHOO NQRZQ WKDW SURPLVLQJ +70V VKRXOG SRVVHVV D VXLWDEOH
LRQL]DWLRQ SRWHQWLDO �,3� WR HQODUJH WKH RSHQ�FLUFXLW YROWDJH �9RF� DQG KLJK KROH PRELOLW\ WR WUDQVSRUW
KROHV HIILFLHQWO\ IURP WKH SHURYVNLWH�+70 LQWHUIDFH WR WKH HOHFWURGH >�@� ,Q FRQWUDVW WR WKHVH ZHOO�
NQRZQ GHVLJQ SULQFLSOHV� D FRPSUHKHQVLYH XQGHUVWDQGLQJ RI WKH VWUXFWXUH�SURSHUW\ UHODWLRQVKLS
UHPDLQV ODFNLQJ� ZKLFK KDPSHUV WKH GLVFRYHU\ SDFH RI QHZ +70V� $V D UHVXOW� LQYHVWLJDWLQJ WKH
QRQ�WULYLDO VWUXFWXUH�SURSHUW\ UHODWLRQ ZLWK WKH DLG RI FRPSXWHU VLPXODWLRQV LV EHQHILFLDO� +HUH� ZH
LQYHVWLJDWH WZR VHULHV RI ૺOLQHDUૻ +70V DGRSWLQJ DQ DUP�FRUH�DUP GHVLJQ� ZKLFK FRQVLVW RI
ROLJRDFHQH RU IXVHG�WKLRSKHQH FRUH DQG ���
�GLPHWK\OWULSKHQ\ODPLQH DUPV� 2XU UHVXOWV VKRZ WKDW
LQFUHDVLQJ WKH QXPEHU RI XQLWV RI ROLJRDFHQH RU IXVHG WKLRSKHQH� IURP PRQRPHU WR SHQWDPHU�
UHGXFHV UHRUJDQL]DWLRQ HQHUJ\ DQG HQHUJHWLF GLVRUGHU� <HW� LW DOVR LQFUHDVHV WKH FHQWHU�RI�PDVV
GLVWDQFH EHWZHHQ PROHFXOHV� OHDGLQJ WR VPDOOHU HOHFWURQLF FRXSOLQJV� 7KHVH WZR FRQIOLFWLQJ HIIHFWV
RQ KROH PRELOLW\ XSRQ LQFUHDVLQJ WKH IXVHG FRUHV OHQJWK LQGLFDWH WKDW RSWLPL]LQJ WKH KROH PRELOLW\
FDQ EH IXOILOOHG WKURXJK ILQH�WXQLQJ WKH QXPEHU RI XQLWV� )XUWKHUPRUH� +70V ZLWK ROLJRDFHQH FRUHV
H[KLELW PXFK VPDOOHU UHRUJDQL]DWLRQ HQHUJ\ DV FRPSDUHG WR WKHLU IXVHG�WKLRSKHQH DQDORJXHV�
UHVXOWLQJ LQ EHWWHU KROH PRELOLW\� 2XU UHVXOWV SDYH WKH ZD\ IRU IXWXUH GHVLJQ RI SURPLVLQJ +70V
WKURXJK RSWLPL]DWLRQ RI WKH IXVHG DURPDWLF FRUH� ,Q DGGLWLRQ� RXU FRPSXWDWLRQDO SURWRFROV DQG RXU
DQDO\VLV ZLOO EH XVHIXO IRU IXWXUH LQYHVWLJDWLRQV RI VWUXFWXUH૱PRELOLW\ UHODWLRQVKLSV RI DPRUSKRXV
RUJDQLF�VHPLFRQGXFWRUV�

>�@ &� +� 7HK� 5� 'DLN� (� /� /LP� &� &� <DS� 0� $� ,EUDKLP� 1� $� /XGLQ� .� 6RSLDQD DQG 0� $� 0�
7HULG��-��0DWHU��&KHP��$�����������������������
>�@ (� -� -XDUH]�3HUH]� 0� :X͆OHU� )� )DEUHJDW�6DQWLDJR� .� /DNXV�:ROOQ\� (� 0DQNHO� 7� 0D\HU� :�
-DHJHUPDQQ�DQG�,��0RUD�6HUR��-��3K\V��&KHP��/HWW�������������������
>�@ .��+� /LQ� $� 3UOM� /� <DR� 1� 'ULJR� +��+� &KR� 0� .� 1D]HHUXGGLQ � .� 6LYXOD � DQG &� &RUPLQERHXI�
'2,����������DFV�FKHPPDWHU��E������
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(QKDQFHG�VDPSOLQJ�DQG�UHZHLJKWLQJ�PHWKRGV�WR�XQGHUVWDQG�UDUH�HYHQW�NLQHWLFV�RI
F\FOLF�SHSWLGHV

6��0��/LQNHU���-��:LWHN���6��:DQJ���6��5LQLNHU�

�&RPSXWDWLRQDO�&KHPLVWU\��/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\��(7+�=XULFK���&KHPLFDO�DQG
%LRPROHFXODU�(QJLQHHULQJ�DQG�%LRHQJLQHHULQJ�DQG�7KHRU\��8&�%HUNHOH\

5DUH HYHQW NLQHWLFV GRPLQDWH WKH PRGH RI DFWLRQ RI ELRORJLFDO V\VWHPV� )RU LQVWDQFH� WKH
GLVVRFLDWLRQ RI D OLJDQG IURP LWV ELQGLQJ SRFNHW LV D UDUH HYHQW� WKXV WKH PDMRULW\ RI FRPSXWHU
VLPXODWLRQV ZRXOG EH WUDSSHG LQ WKH ERXQG VWDWH ZLWKRXW REVHUYLQJ WKH UDUH XQELQGLQJ SURFHVV >�@�
7KHUHIRUH� VR FDOOHG HQKDQFHG�VDPSOLQJ VLPXODWLRQV DUH QHHGHG WKDW DFFHOHUDWH WKH UHOHYDQW
WUDQVLWLRQV� 7KLV FRPHV DW WKH FRVW RI ORVLQJ WKH XQGHUOLQJ NLQHWLFV� 6XEVHTXHQW UHZHLJKWLQJ RI WKH
HQKDQFHG�VDPSOLQJ VLPXODWLRQV LV WKHUHIRUH FUXFLDO WR REWDLQ WKH WUXH NLQHWLFV� ZKLFK KDV QRW EHHQ
SRVVLEOH ZLWK VWDQGDUG WHFKQLTXHV� 2QO\ UHFHQWO\� VXFK UHZHLJKWLQJ DOJRULWKPV KDYH EHHQ
SURSRVHG�>���@�

:H XVH HQKDQFHG VDPSOLQJ DQG UHZHLJKWLQJ PHWKRGV WR DQDO\]H WKH FRQIRUPDWLRQDO G\QDPLFV RI
F\FOLF SHSWLGHV� &\FOLF SHSWLGHV FDQ ELQG WR ODUJH DQG IODW ELQGLQJ VLWHV ZLWK KLJK DIILQLW\ DQG DUH
WKHUHIRUH SURPLVLQJ WKHUDSHXWLF FDQGLGDWHV IRU GLIILFXOW� L�H� XQGUXJJDEOH� WDUJHWV >�@� :H VWXG\ WKH
VORZ LQWHUFRQYHUVLRQ NLQHWLFV RI F\FOLF SHSWLGHV� ZKLFK LV FUXFLDO IRU WKHLU SDVVLYH PHPEUDQH
SHUPHDELOLW\� DQG LQYHVWLJDWH RSWLPDO FRPELQDWLRQV RI PHWKRGV WR REWDLQ FRQYHUJHG NLQHWLF
PRGHOV� 7R YDOLGDWH WKH DFFXUDF\ DQG VSHHG RI WKH PHWKRGV� ZH XVH XQELDVHG VLPXODWLRQV RI F\FOLF
GHFDSHSWLGHV WKDW VXIILFLHQWO\ VDPSOH EHWZHHQ DOO PHWDVWDEOH FRQIRUPDWLRQV >�@� 7KH DQDO\VLV RI
WKH FRQIRUPDWLRQDO G\QDPLFV RI F\FOLF SHSWLGHV ZLOO DOORZ XV WR UDWLRQDOL]H WKH RULJLQ RI WKHLU
SHUPHDELOLW\ DQG OHDG WR PRUH JHQHUDO LQVLJKWV DQG SULQFLSOHV IRU WKH GHVLJQ RI SHUPHDEOH F\FOLF
SHSWLGHV�

>�@�)DELDQ�3DXO�HW�DO���1DW��&RPPXQ���������������������
>�@�/XNDV�6WHO]O�HW�DO���-&7&����������������૱����
>�@�+DR�:X��HW�DO����31$6�����������������������
>�@�/XFD�'RQDWL�HW�DO����-��&KHP��3K\V��������������
>�@�$QGUHZ�+RSNLQV�HW�DO���1DW��5HY��'UXJ�'LVFRY���������������૱���
>�@�-DJQD�:LWHN�HW�DO����-��&KHP��,QI��0RGHO���������������૱���
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6LPXODWLQJ�,RQ�'LIIXVLRQ�LQ�6ROLG�6WDWH�(OHFWURO\WHV�XVLQJ�'HHS�1HXUDO�1HWZRUN
3RWHQWLDOV

$��0DUFRORQJR���)��=LSROL���7��%LQQLQJHU���7��/DLQR�

�,%0�5HVHDUFK�૱�=XULFK

1RYHO VROLG�VWDWH HOHFWURO\WH �66(� PDWHULDOV ZLWK LPSURYHG LRQ FRQGXFWLYLW\ DQG VWDELOLW\ SURSHUWLHV
DUH UHTXLUHG IRU DOO�VROLG�VWDWH EDWWHULHV WR XQIROG WKHLU IXOO SRWHQWLDO DQG EHFRPH FRPSHWLWLYH ZLWK
VWDQGDUG FRPPHUFLDO /L�LRQ EDWWHULHV� +LJK�SHUIRUPDQFH FRPSXWHU VLPXODWLRQV RI WKH LRQ GLIIXVLRQ
LQ WKH EXON RI 66( PDWHULDOV DUH DW WKH FRUH RI 66( VFUHHQLQJ DOJRULWKPV WKDW VXSSRUW H[SHULPHQWDO
ZRUN�YLD�LGHQWLILFDWLRQ�RI�SURPLVLQJ�FDQGLGDWHV�

7UDGLWLRQDOO\� FRPSXWDWLRQDO LRQ GLIIXVLRQ VWXGLHV XWLOL]H FODVVLFDO PROHFXODU G\QDPLFV �0'�
VLPXODWLRQV ZLWK IRUFH ILHOG SDUDPHWHUV WKDW DUH ILWWHG WR DE LQLWLR IRUFHV FRPSXWHG DW WKH GHQVLW\
IXQFWLRQDO WKHRU\ �')7� OHYHO� ,Q UHFHQW \HDUV� GHHS QHXUDO QHWZRUN �'11� SRWHQWLDOV KDYH EHHQ
SURSRVHG�WR�EH�XVHG�LQ�JHQHUDO�0'�VFKHPHV�UDWKHU�WKDQ�FODVVLFDO�DQDO\WLFDO�IRUFH�ILHOGV�

,Q WKLV ZRUN� ZH FDUHIXOO\ FRPSDUH WKH SHUIRUPDQFH RI WKH YHU\ UHFHQWO\ SXEOLVKHG 'HH30' '11
IUDPHZRUN >�@ IRU WKH VWXG\ RI LRQ GLIIXVLRQ LQ 66( PDWHULDOV DJDLQVW 0' VLPXODWLRQV EDVHG RQ VWDWH�
RI�WKH�DUW FODVVLFDO SRODUL]DEOH IRUFH ILHOGV� (PSKDVLV LV ODLG RQ WKH VFKHPH WR JHQHUDWH VXLWDEOH
WUDLQLQJ GDWD VHWV IRU WKH ILWWLQJ RI WKH '11 SRWHQWLDO� :H GLVFXVV UHVXOWV RI WKLV FRPSDULVRQ IRU D
QXPEHU�RI�WKH�PRVW�UHOHYDQW�/L�LRQ�66(�PDWHULDOV�

>�@ /� =KDQJ� -� +DQ� +� :DQJ� :� $� 6DLGL� 5� &DU� DQG :� (� (QG�WR�HQG 6\PPHWU\ 3UHVHUYLQJ ,QWHU�
DWRPLF�3RWHQWLDO�(QHUJ\�0RGHO�IRU�)LQLWH�DQG�([WHQGHG�6\VWHPV��DU;LY�����������Y���������
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6SHFWURVFRS\�ZLWK�57�7'')7

-��0DWWLDW���6��/XEHU�

�8QLYHUVLW\�RI�=XULFK

7LPH GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ �7'')7� LV WKH ZRUN KRUVH RI WKHRUHWLFDO VSHFWURVFRS\
GXH WR LWV UHDVRQDEOH FRPSURPLVH EHWZHHQ DFFXUDF\ DQG FRPSXWDWLRQDO FRVW� &RPSOHPHQWDU\ WR
OLQHDU UHVSRQVH 7'')7 �/5�7'')7�� OLNH 6WHUQKHLPHU
V RU &DVLGD
V DSSURDFK� D GLUHFW QXPHULFDO
LQWHJUDWLRQ RI WKH WLPH GHSHQGHQW .RKQ�6KDP HTXDWLRQV LV DOVR YLDEOH IRU WKH FDOFXODWLRQ RI
VSHFWURVFRSLF SURSHUWLHV� 'LVWLQFW IHDWXUHV RI WKH UHDO WLPH 7'')7 �57�7'')7� DSSURDFK DUH DQ
DGYDQWDJHRXV VFDOLQJ IRU ODUJHU PROHFXOHV� UHVSRQVH EH\RQG WKH VWDQGDUG OLQHDU UHVSRQVH DQG WKH
FRPSOHWH�VSHFWUDO�UDQJH�IURP�MXVW�RQH�VLPXODWLRQ�UXQ�

6LQFH WKH HOHFWURQLF UHVSRQVH RI WKH V\VWHP WR D SHUWXUEDWLRQ LV WUDFNHG LQ UHDO WLPH� D UDQJH RI
OLQHDU UHVSRQVH IXQFWLRQV FDQ EH FDOFXODWHG VWUDLJKWIRUZDUGO\� JLYLQJ DFFHVV WR SXUHO\ HOHFWURQLF
UHVSRQVHV� VXFK DV 89�9,6 DQG ;UD\ DEVRUSWLRQ VSHFWUD� DV ZHOO DV HOHFWUR�PDJQHWLF UHVSRQVHV�
VXFK DV HOHFWURQLF FLUFXODU GLFKURLVP �(&'� VSHFWUD >�@� 7KHVH DSSOLFDWLRQV RI 57�7'')7 DUH
GLVFXVVHG ZLWK UHVSHFW WR JDXJH LQYDULDQFH DQG RULJLQ GHSHQGHQFH DOVR LQ WKH SUHVHQFH RI QRQ�
ORFDO SRWHQWLDOV >�@� 0RUHRYHU 57�7'')7 KDV EHHQ EH H[WHQGHG WR WKH FDOFXODWLRQ RI 5DPDQ VSHFWUD
LQ D VKRUW WLPH DSSUR[LPDWLRQ� XVLQJ D 3ODF]HN W\SH H[SDQVLRQ RI WKH HOHFWULF�GLSROH HOHFWULF�GLSROH
SRODUL]DELOLW\ >�@� 7KLV DSSURDFK DOORZV WKH VLPXODWLRQ RI IXOO H[FLWDWLRQ SURILOHV >�@� LQFOXGLQJ QRQ�
UHVRQDQFH�DV�ZHOO�DV�UHVRQDQFH�5DPDQ�VSHFWUD�

>�@�.��<DEDQD��)��%HUWVFK��3K\V��5HY��$���������������������
>�@�-��0DWWLDW��6��/XEHU��XSFRPLQJ
>�@�0��7KRPDV��)��/DWRUUH��3��0DUTXHWDQG��-��&KHP��3K\V��������������������
>�@�-��0DWWLDW��6��/XEHU��-��&KHP��3K\V��������������������
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1RQ�FRYDOHQW�TXDQWXP�PDFKLQH�OHDUQLQJ�FRUUHFWLRQV�WR�GHQVLW\�IXQFWLRQDOV

3��'��0H]HL���2��$��YRQ�/LOLHQIHOG�

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

:H SUHVHQW QRQ�FRYDOHQW TXDQWXP PDFKLQH OHDUQLQJ FRUUHFWLRQV �1&,� WR VL[ SK\VLFDOO\ PRWLYDWHG
GHQVLW\ IXQFWLRQDOV ZLWK V\VWHPDWLF HUURUV� :H GHPRQVWUDWH WKDW WKH PLVVLQJ PDVVLYHO\ QRQ�ORFDO
DQG QRQ�DGGLWLYH SK\VLFDO HIIHFWV FDQ EH UHFRYHUHG E\ WKH TXDQWXP PDFKLQH OHDUQLQJ PRGHOV� 7KH
PRGHOV VHDPOHVVO\ DFFRXQW IRU YDULRXV W\SHV RI QRQ�FRYDOHQW LQWHUDFWLRQV� DQG HQDEOH DFFXUDWH
SUHGLFWLRQV RI GLVVRFLDWLRQ FXUYHV� 7KH FRUUHFWLRQ LPSURYHV WKH GHVFULSWLRQ RI PROHFXODU WZR� DQG
WKUHH�ERG\ LQWHUDFWLRQV FUXFLDO LQ ODUJH ZDWHU FOXVWHUV� DQG SURYLGHV D UHDVRQDEOH DWRPLF�UHVROXWLRQ
SLFWXUH DERXW WKH LQWHUDFWLRQ HQHUJ\ HUURUV RI DSSUR[LPDWH GHQVLW\ IXQFWLRQDOV WKDW FDQ EH D XVHIXO
LQIRUPDWLRQ LQ WKH GHYHORSPHQW RI PRUH DFFXUDWH GHQVLW\ IXQFWLRQDOV� :H VKRZ WKDW JLYHQ
VXIILFLHQW WUDLQLQJ LQVWDQFHV WKH FRUUHFWLRQ LV PRUH IOH[LEOH WKDQ VWDQGDUG PROHFXODU PHFKDQLFDO
GLVSHUVLRQ FRUUHFWLRQV� DQG WKXV LW FDQ EH DSSOLHG IRU FDVHV ZKHUH PDQ\ GLVSHUVLRQ FRUUHFWHG
GHQVLW\�IXQFWLRQDOV�IDLO��VXFK�DV�K\GURJHQ�ERQGLQJ�

KWWSV���DU[LY�RUJ�DEV�����������
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&RQFXUUHQW�2SWLPLVDWLRQ�RI�2UJDQLF�'RQRU�$FFHSWRU�3DLUV�WKURXJK�0DFKLQH�/HDUQLQJ

'��3DGXOD���

�/DERUDWRU\�IRU�)XQFWLRQDO�3RO\PHUV��6ZLVV�)HGHUDO�/DERUDWRULHV�IRU�0DWHULDOV�6FLHQFH�DQG
5HVHDUFK��(PSD���'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�/LYHUSRRO

,Q WKH WULDO�DQG�HUURU H[SHULPHQWDO H[SORUDWLRQ RI PDWHULDOV WR EH XVHG DV 'RQRUV RU $FFHSWRUV LQ
2UJDQLF 3KRWRYROWDLFV� WKH FKHPLFDO VSDFH LV QRW H[SORUHG XQLIRUPO\� L�H� SDSHUV XVXDOO\ UHSRUW
YDULDELOLW\ HLWKHU LQ WKH 'RQRU RU LQ WKH $FFHSWRU RQO\� 7KH TXHVWLRQ WKDW DULVHV LV ZKHWKHU WKLV
RSWLPLVDWLRQ FDQ RFFXU VHSDUDWHO\� L�H� ZKDW LV WKH HIILFLHQF\ RI GRQRU�DFFHSWRU SDLUV QRW
H[SHULPHQWDOO\ LQYHVWLJDWHG" 7KLV SUREOHP FDQ EH IRUPXODWHG DV D PDWUL[ FRPSOHWLRQ SUREOHP� LQ
DQDORJ\ WR XVHU UHFRPPHQGDWLRQV RQ SRSXODU VHUYLFHV VXFK DV VRFLDO QHWZRUNV� <RX7XEH DQG
1HWIOL[�

:H�IDFH�WKH�PDWUL[�FRPSOHWLRQ�SUREOHP�XVLQJ�0DFKLQH�/HDUQLQJ�WR�SUHGLFW�WKH�HIILFLHQF\�RI�RUJDQLF
VRODU�FHOOV�EDVHG�RQ�HOHFWURQLF�DQG�VWUXFWXUDO�SURSHUWLHV�RI�ERWK�FRPSRQHQWV��VWDUWLQJ�IURP
H[SHULPHQWDO�GDWD�ZH�UHFHQWO\�JDWKHUHG�IURP�WKH�OLWHUDWXUH�DQG�H[WHQGLQJ�PRGHOV�ZH�UHFHQWO\
GHYHORSHG��:H�REWDLQ�H[FHOOHQW�FRUUHODWLRQV�WR�H[SHULPHQWDO�GDWD��ZLWK�WKH�DGYDQWDJH�WR�HQDEOH
SUHGLFWLRQV�EDVHG�RQ�ERWK�FRPSRQHQWV�RI�D�FHOO��ZKLOH�DOO�RWKHU�FRQWULEXWLRQV�LQ�WKH�ILHOG�DUH�OLPLWHG
WR�WKH�DQDO\VLV�D�VLQJOH�FRPSRQHQW��:H�YDOLGDWH�RXU�PRGHOV�RQ�D�VPDOO�VHW�RI�KLJK�HIILFLHQF\�SDLUV
UHFHQWO\�DSSHDUHG�LQ�WKH�OLWHUDWXUH�DQG�QRW�LQFOXGHG�LQ�RXU�GDWD�VHW��SUHGLFWLQJ�WKHP�DV
H[FHSWLRQDOO\�HIILFLHQW��:H�ILQDOO\�XVH�WKH�WUDLQHG�PRGHOV�WR�ILOO�LQ�WKH�PLVVLQJ�HQWULHV�LQ�WKH�PDWUL[
RI�GRQRU�DFFHSWRU�FRPELQDWLRQV��RXU�SUHGLFWLRQV�UHIOHFW�VRPH�UHVXOWV�UHFHQWO\�UHSRUWHG�LQ�WKH
OLWHUDWXUH��DQG�ZH�SURSRVH�QHZ�GRQRU�DFFHSWRU�FRPELQDWLRQV�WR�EH�H[SHULPHQWDOO\�WHVWHG�

,Q�JHQHUDO�WHUPV��WKH�DSSURDFK�SUHVHQWHG�LQ�RXU�ZRUN�LV�RI�ZLGH�LQWHUHVW�IRU�WKH�VFLHQWLILF�DQG
FKHPLVWU\�FRPPXQLW\��EHFDXVH�LW�LV�DSSOLFDEOH�WR�PDQ\�PXOWL�FRPSRQHQW�RSWLPLVDWLRQ�SUREOHPV�
DQG�VKRZV�KRZ�WR�XVH�VWDWLVWLFDO�DQG�0DFKLQH�/HDUQLQJ�PHWKRGV�WR�WHVW�K\SRWKHVHV�UHOHYDQW�IRU
H[SHULPHQWDO�UHVHDUFK�
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(IILFLHQW�JHRPHWULF�LQWHJUDWRUV�IRU�QRQDGLDEDWLF�TXDQWXP�G\QDPLFV��,,��7KH�GLDEDWLF
UHSUHVHQWDWLRQ

-��5RXOHW���6��&KRL���-��9DQLFHN�

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

7KH ILUVW� DQG VHFRQG�RUGHU VSOLW�RSHUDWRU DOJRULWKPV DUH ZLGHO\ XVHG LQWHJUDWRUV IRU VROYLQJ WKH
WLPH�GHSHQGHQW 6FKU¸GLQJHU HTXDWLRQ� 7KHVH WZR LQWHJUDWRUV SUHVHUYH VRPH LPSRUWDQW JHRPHWULF
SURSHUWLHV RI WKH H[DFW HYROXWLRQ RSHUDWRU� ERWK DUH XQLWDU\ DQG V\PSOHFWLF ZKLOH RQO\ WKH VHFRQG�
RUGHU VSOLW�RSHUDWRU DOJRULWKP LV WLPH�UHYHUVLEOH >�@� +LJKHU�RUGHU VSOLW�RSHUDWRU EDVHG LQWHJUDWRUV
DUH QRW FRPPRQO\ XVHG EHFDXVH WKH\ DUH WKRXJKW WR EH LQHIILFLHQW GXH WR WKH ODUJH QXPEHU RI
)RXULHU WUDQVIRUPV WKH\ UHTXLUH� 7KH DLP RI WKLV VWXG\ >�@ LV WR VKRZ WKDW KLJKHU�RUGHU LQWHJUDWRUV
EDVHG RQ WKH VSOLW�RSHUDWRU DOJRULWKP FDQ EH PXFK PRUH HIILFLHQW �E\ RUGHUV RI PDJQLWXGH� LI
KLJKHU�DFFXUDF\�LV�GHVLUHG�

)RU�WKLV��WKH�ILUVW��DQG�VHFRQG�RUGHU�VSOLW�RSHUDWRU�DOJRULWKPV�ZHUH�LPSOHPHQWHG��,Q�DGGLWLRQ��ZH
DOVR�LPSOHPHQWHG�VHYHUDO�KLJKHU�RUGHU�LQWHJUDWRUV�E\�FRPSRVLQJ�WKH�VHFRQG�RUGHU�VSOLW�RSHUDWRU
DOJRULWKP�ZLWK�GLIIHUHQW�FRPSRVLWLRQ�VFKHPHV�>���@��7R�WHVW�WKH�GLIIHUHQW�LQWHJUDWRUV��ZH�SHUIRUPHG
D�FRQYHUJHQFH�DQDO\VLV�E\�FRPSXWLQJ�WKH�SKRWRGLVVRFLDWLRQ�RI�1D,�RQ�D�WZR�VWDWH�RQH�GLPHQVLRQDO
>�@��7KH�HIIHFW�RI�GLPHQVLRQDOLW\�RQ�WKH�HIILFLHQF\�DQG�DFFXUDF\�RI�WKH�LQWHJUDWRUV�ZDV�DOVR
H[SORUHG�XVLQJ�D�WKUHH�VWDWH�WKUHH�GLPHQVLRQDO�PRGHO�RI�S\UD]LQH�>�@��

)URP WKH UHVXOWV� ZH REVHUYH WKDW WKH KLJKHU�RUGHU LQWHJUDWRUV FRQYHUJH IDVWHU� LQ WKH WLPH VWHS�
DQG DUH DOVR PRUH HIILFLHQW WKDQ WKH ILUVW� DQG VHFRQG�RUGHU LQWHJUDWRUV LQ ERWK RQH� DQG PXOWL�
GLPHQVLRQDO V\VWHPV� :H DOVR FRQILUP WKDW� DV ORQJ WKH\ DUH REWDLQHG XVLQJ V\PPHWULF
FRPSRVLWLRQ PHWKRGV� WKH KLJKHU�RUGHU LQWHJUDWRUV SUHVHUYH DOO WKH JHRPHWULF SURSHUWLHV RI WKH
VHFRQG�RUGHU�VSOLW�RSHUDWRU�DOJRULWKP�

>�@ (� +DLUHU� &� /XELFK� DQG *� :DQQHU� *HRPHWULF 1XPHULFDO ,QWHJUDWLRQ� 6WUXFWXUH�3UHVHUYLQJ
$OJRULWKPV�IRU�2UGLQDU\�'LIIHUHQWLDO�(TXDWLRQV��6SULQJHU�%HUOLQ�+HLGHOEHUJ�1HZ�<RUN��������
>�@�-��5RXOHW��6��&KRL��DQG�-��9DQ¯ÏHN��KWWSV���DU[LY�RUJ�DEV�������������DFFHSWHG�
>�@�+��<RVKLGD��3K\V��/HWW��$�����������������
>�@�:��.DKDQ�DQG�5��&��/L��0DWK��&RPSXW������������������
>�@�0��6X]XNL��3K\V��/HWW��$�����������������
>�@�0��6RIURQLRX�DQG�*��6SDOHWWD��-��RI�2SWLPL]DWLRQ�0HWKRGV�DQG�6RIWZDUH����������������
>�@�9��(QJHO�DQG�+��0HWLX��-��&KHP��3K\V������������������
>�@�*��6WRFN��&��:R\ZRG��DQG�:��'RPFNH��-��&KHP��3K\V������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

6WUXFWXUDO�'\QDPLFV�RI�DQ�([FLWHG�'RQRU�$FFHSWRU�&RPSOH[��8OWUDIDVW�3RODUL]HG�,QIUDUHG
6SHFWURVFRS\�DQG�0L[HG�4XDQWXP�&ODVVLFDO�6LPXODWLRQV

&��5XPEOH���(��9DXWKH\�

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

,Q VROXWLRQ� SDUWLFXODU FRPELQDWLRQV RI GRQRU DQG DFFHSWRU PROHFXOHV FDQ IRUP JURXQG�VWDWH SDLUV
WKDW H[KLELW D QHZ� UHG�VKLIWHG� HOHFWURQLF DEVRUSWLRQ EDQG QRW SUHVHQW LQ WKH LQGLYLGXDO GRQRU RU
DFFHSWRU VSHFWUD� 7KLV QHZ DEVRUSWLRQ LV WHUPHG D FKDUJH�WUDQVIHU �&7� EDQG DQG FRUUHVSRQGV WR
H[FLWDWLRQ IURP WKH +202 RI WKH GRQRU WR WKH /802 RI WKH DFFHSWRU� HIIHFWLQJ QHDUO\
LQVWDQWDQHRXV WUDQVIHU RI RQH HOHFWURQ IURP GRQRU WR DFFHSWRU� &KDUJH�UHFRPELQDWLRQ �&5� WKHQ
RFFXUV LQ FRQFHUW ZLWK VROYHQW DQG YLEUDWLRQDO UHOD[DWLRQ DQG VWUXFWXUDO G\DPLFV RI WKH LRQ SDLU �,3��
'XH WR WKH ODUJH GLVWULEXWLRQ RI JURXQG�VWDWH FRPSOH[ VWUXFWXUHV� WKH H[FLWHG VWDWH RI WKH V\VWHP LV
D FRPSRVLWH RI PDQ\ GLIIHUHQW VSHFLHV� $OWKRXJK WKH WKHUPRG\QDPLFV DQG &5 SURFHVVHV RI VXFK
FRPSOH[HV KDYH EHHQ WKH VXEMHFW RI LQWHQVH VWXG\� WKH VWUXFWXUDO G\QDPLFV RI WKH SDLUV DQG WKHLU
UHODWLRQ�WR�&5�DUH�VWLOO�SRRUO\�XQGHUVWRRG�

:H ZLOO SUHVHQW UHVXOWV RI XOWUDIDVW YLVLEOH �YLV7$� DQG LQIUDUHG �75,5� WUDQVLHQW DEVRUSWLRQ
H[SHULPHQWV RQ WKH EHQ]HQH�WHWUDF\DQRHWK\OHQH �%]�7&1(� SDLU LQ DGGLWLRQ WR D PL[HG
TXDQWXP�FODVVLFDO FRPSXWDWLRQDO VWXG\ RI WKH V\VWHP� 3RSXODWLRQ G\QDPLFV IURP WKH YLV7$ DQG
75,5 H[SHULPHQWV UHYHDO FRPSOH[ VXE��� SV G\QDPLFV IROORZHG E\ &5 RQ D ����� SV WLPHVFDOH�
3RODUL]HG 75,5 DQLVRWURS\ PHDVXUHPHQWV UHYHDO ULFK VWUXFWXUDO G\QDPLFV LQYROYLQJ ODUJH�VFDOH
UHRUJDQL]DWLRQ RI %]�7&1( UDGLFDO LRQ SDLUV IROORZLQJ H[FLWDWLRQ� $ GHWDLOHG FRPSXWDWLRQDO VWXG\ RI
WKH V\VWHP FRPELQLQJ TXDQWXP FKHPLFDO FDOFXODWLRQV DQG FODVVLFDO PROHFXODU G\QDPLFV
VLPXODWLRQV ZDV DEOH WR UHSURGXFH WKH H[SHULPHQWDO HOHFWURQLF DEVRUSWLRQ OLQHVKDSH DQG 75,5
DQLVRWURS\ G\QDPLFV� DOORZLQJ IRU D PRUH GHWDLOHG LQWHUSUHWDWLRQ RI WKH VWUXFWXUDO G\QDPLFV� :H
ILQG WKDW QHLWKHU WKH JURXQG QRU H[FLWHG VWDWH RI WKH %]�7&1( SDLU FDQ EH GHVFULEHG XVLQJ D VLQJOH
ZHOO�GHILQHG VWUXFWXUH� DQG WKDW WKH ,3V FRQYHUW IURP SUHGRPLQDWHO\ IDFH�WR�IDFH ͔ VWDFNV WR HGJH�
WR�IDFH 7�VKDSHG VWUXFWXUHV� *LYHQ WKH VHQVLWLYLW\ RI FKDUJH�WUDQVIHU SURFHVVHV WR GRQRU�DFFHSWRU
RULHQWDWLRQ� WKHRUHWLFDO GHVFULSWLRQV RI WKH UHFRPELQDWLRQ G\QDPLFV PXVW WDNH LQWR DFFRXQW WKH
VWUXFWXUDO�GLYHUVLW\�DQG�HYROXWLRQ�RI�WKH�H[FLWHG�VWDWH�
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9LEUDWLRQDO�6SHFWURVFRS\�RI�1���LQ�WKH�*DV�DQG�&RQGHQVHG�3KDVH�

6��0��6DOHKL���'��.RQHU���0��0HXZO\�

�'HSDUWHPHQW�&KHPLH��8QLYHUVLW¦W�%DVHO

$]LGR�GHULYDWL]HG DPLQR DFLGV DUH SRWHQWLDOO\ XVHIXO� SRVLWLRQDOO\ UHVROYHG VSHFWURVFRSLF SUREHV IRU
VWXG\LQJ WKH VWUXFWXUDO G\QDPLFV RI SURWHLQV DQG ��!PDFURPROHFXOHV LQ VROXWLRQ� 7R WKLV HQG D
FRPSXWDWLRQDO PRGHO IRU WKH YLEUDWLRQDO PRGHV RI 1�� EDVHG RQ DFFXUDWH HOHFWURQLF VWUXFWXUH
FDOFXODWLRQV DQG D UHSURGXFLQJ NHUQHO +LOEHUW VSDFH UHSUHVHQWDWLRQ� RI WKH SRWHQWLDO HQHUJ\ VXUIDFH
IRU WKH LQWHUQDO GHJUHHV RI IUHHGRP LV GHYHORSHG� )XOO\ GLPHQVLRQDO TXDQWXP ERXQG VWDWH
FDOFXODWLRQV� ILQG WKH DQWLV\PPHWULF VWUHWFK YLEUDWLRQ DW ���� FP�� FRPSDUHG ZLWK ���� FP�� IURP
H[SHULPHQW�� 7KLV PRGH VKLIWV E\ �� FP�� �IURP WKH IUHTXHQF\ GLVWULEXWLRQ� DQG �� FP�� �IURP WKH
,5�OLQHVKDSH� WR WKH EOXH� UHVSHFWLYHO\� FRPSDUHG ZLWK �� FP�� IURP H[SHULPHQW IRU 1�� LQ ZDWHU��
7KH GHFD\ WLPH RI WKH IUHTXHQF\ IOXFWXDWLRQ FRUUHODWLRQ IXQFWLRQ LV ��� SV� LQ JRRG DJUHHPHQW ZLWK
H[SHULPHQW ���� WR ��� SV�� DQG WKH IXOO ZLGWK DW KDOI PD[LPXP RI WKH DV\PPHWULF VWUHWFK LQ
VROXWLRQ LV ���� FP�� FRPSDUHG ZLWK ���� FP��IURP H[SHULPHQW� $ FRPSXWDWLRQDOO\ PRUH HIILFLHQW
DQDO\VLV EDVHG RQ LQVWDQWDQHRXV QRUPDO PRGHV LV VKRZQ WR SURYLGH FRPSDUDEOH� DOEHLW VRPHZKDW
OHVV TXDQWLWDWLYH UHVXOWV FRPSDUHG WR VROYLQJ WKH ��GLPHQVLRQDO 6FKURGLQJHU HTXDWLRQ IRU WKH
IXQGDPHQWDO�YLEUDWLRQV�

>�@�2OLYHU�8QNH��HW�DO���-��&KHP��,QI��0RGHO�����������������������
>�@�-RQDWKDQ�7HQQ\VRQ���HW�DO��&RPS��3K\V��&RPP��������������������
>�@�0DUN�3RODN��HW�DO���MDFV�������������������������
>�@�+LURDNL�0DHNDZD��HW�DO���3K\V��&KHP��&KHP��3K\V����������������������
>�@�3HWHU�+DPP��HW�DO��3K\V��5HY��/HWW�����������������������
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0HFKDQLVWLF�2ULJLQ�RI�WKH�'LYHUJLQJ�6HOHFWLYLW\�3DWWHUQV�LQ�&DWDO\]HG�(WKDQH�DQG�(WKHQH
2[\FKORULQDWLRQ

0��6FKDUIH���*��=LFKLWWHOOD���9��$��.RQGUDWHQNR���(��.RQGUDWHQNR���1��/µSH]���-��3«UH]�5DP¯UH]�

�(7+�=XULFK��6ZLW]HUODQG���/HLEQL]�,QVWLWXW�I¾U�.DWDO\VH��*HUPDQ\���,&,4��6SDLQ

,Q WKH FRQWH[W RI YLQ\O FKORULGH �9&0� SURGXFWLRQ� D PRUH VXVWDLQDEOH R[\FKORULQDWLRQ FDWDO\VW WKDW
DOORZV GLUHFW 9&0 IRUPDWLRQ IURP JDV�GHULYHG HWKDQH LQVWHDG RI H[SHQVLYH RLO�GHULYHG HWKHQH LV
LQWHQVLYHO\ VRXJKW DIWHU� +RZHYHU� WKH FDWDO\VWV WKDW HQDEOH KLJK 9&0 \LHOGV LQ HWKHQH
R[\FKORULQDWLRQ PRVWO\ IRUP HWKHQH ZKHQ HWKDQH LV HPSOR\HG DV WKH IHHG XQGHU HTXLYDOHQW
FRQGLWLRQV���� +HUH� ZH FRPELQH VWHDG\�VWDWH FDWDO\WLF WHVWV RI HWKDQH DQG HWKHQH R[\FKORULQDWLRQ�
DV ZHOO DV R[\FKORULQDWLRQ RI D PL[WXUH RI ERWK K\GURFDUERQV� WHPSRUDO DQDO\VLV RI SURGXFWV�
GHQVLW\ IXQFWLRQDO WKHRU\� DQG NLQHWLF PRGHOLQJ RQ DQ LURQ SKRVSKDWH FDWDO\VW WR LGHQWLI\ WKH RULJLQ
RI 9&0 LQKLELWLRQ LQ HWKDQH R[\FKORULQDWLRQ� :H UHYHDO WKH FRPSOHWH UHDFWLRQ QHWZRUN DQG� LQ
SDUWLFXODU� WKH VHTXHQWLDO QDWXUH RI HWKDQH WR HWKHQH WUDQVIRUPDWLRQ� ZKLFK ZRXOG GLUHFWO\ IRUP
9&0 LQ D VHSDUDWH VWHS� <HW� ZKHQ HWKDQH LV SUHVHQW LQ WKH UHDFWLRQ PL[WXUH� HWKHQH
R[\FKORULQDWLRQ LV LQKLELWHG GXH WR FRPSHWLWLRQ EHWZHHQ WKH DONDQH DQG WKH DONHQH IRU WKH VDPH
DFWLYH VLWHV RQ WKH VXUIDFH �)LJXUH �D�� 7KLV OHDGV WR WKH ORFDO GHSOHWLRQ RI DFWLYH VLWHV IRU HWKHQH
DFWLYDWLRQ DQG WKXV HWKHQH GHVRUSWLRQ LQVWHDG RI WUDQVIRUPDWLRQ WR 9&0� 7KHVH REVHUYDWLRQV DUH
H[WHQGHG WR RWKHU R[\FKORULQDWLRQ FDWDO\VWV� VXFK DV HXURSLXP DQG ODQWKDQXP R[\FKORULGHV�
FHULXP R[LGH� DQG D UHIHUHQFH FRSSHU�EDVHG V\VWHP� H[KLELWLQJ WKH VDPH WUHQG RI 9&0
VXSSUHVVLRQ �)LJXUH �E� GXH WR WKH UHDFWLRQ HQHUJLHV RI K\GURFDUERQ DFWLYDWLRQ �)LJXUH �F�� 7KLV
LV�D�PDMRU�KXUGOH�LQ�WKH�WUDQVLWLRQ�WR�HWKDQH�DV�D�IHHGVWRFN�IRU�YLQ\O�FKORULGH�SURGXFWLRQ�

)LJXUH � D� 7\SLFDO GLYHUJLQJ SURGXFW GLVWULEXWLRQ RI HWKDQH DQG HWKHQH R[\FKORULQDWLRQ DQG WKH
UHVSRQVLEOH VWHSV LQ HWKDQH �OHIW� DQG HWKHQH �ULJKW� DFWLYDWLRQ� E� 6XSSUHVVLRQ RI 9&0 IRUPDWLRQ LQ
HWKHQH R[\FKORULQDWLRQ XSRQ LQWURGXFWLRQ RI HWKDQH WR WKH IHHG� F� 5HDFWLRQ HQHUJLHV RI HWKDQH
YHUVXV�HWKHQH�DFWLYDWLRQ�RYHU�R[\FKORULQDWLRQ�FDWDO\VWV�

>�@ 0� 6FKDUIH� 3� $� /LUD�3DUDGD� $� 3� $PUXWH� 6� 0LWFKHOO� -� 3«UH]�5DP¯UH]� -� &DWDO�� ����� ����
����
>�@ *� =LFKLWWHOOD� 1� $HOOHQ� 9� 3DXQRYLÉ� $� 3� $PUXWH� -� 3«UH]�5DP¯UH]�$QJHZ� &KHP� ,QW� (G��
����������������
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0RGHOLQJ�$UWLILFLDO�:DWHU�2[LGDWLRQ�૱�,QVLJKWV�LQWR�5HDFWLRQ�0HFKDQLVP�DQG�&DWDO\VW
'HVLJQ

0��6FKLOOLQJ���6��/XEHU�

�8QLYHUVLW\�RI�=XULFK

%XUQLQJ IRVVLO IXHOV KDV SRWHQWLDOO\ FRQWULEXWHG VLJQLILFDQWO\ WRZDUGV PDQ PDGH FOLPDWH FKDQJH ૱
UHYHUWLQJ RU DW OHDVW OLPLWLQJ LWV HIIHFWV LV DPRQJ WKH ELJJHVW FKDOOHQJHV RI WKH ��WK FHQWXU\� 7KH
GHYHORSPHQW RI UHQHZDEOH HQHUJ\ VRXUFHV VXFK DV VRODU OLJKW GULYHQ ZDWHU VSOLWWLQJ� D SURFHVV
LQVSLUHG E\ QDWXUHV SKRWRV\QWKHVLV� SURPLVHV WR EH D YDOXDEOH VRXUFH RI UHQHZDEOH HQHUJ\� :KLOH
WKHUH KDV EHHQ FRQVLGHUDEOH VXFFHVV LQ GHYHORSLQJ FDWDO\VWV WR IDFLOLWDWH WKLV SURFHVV� VR IDU WKHUH
LV QR FRPPHUFLDO YLDEOH VHWXS DYDLODEOH� ,Q RUGHU WR IXUWKHU LPSURYH H[LVWLQJ FDWDO\VWV� DV ZHOO DV WR
GHVLJQ�QRYHO�FDWDO\VWV��DQ�LQ�GHSWK�XQGHUVWDQGLQJ�RI�WKH�XQGHUO\LQJ�UHDFWLRQ�QHWZRUN�LV�QHFHVVDU\�

5HFHQWO\ ZH SURSRVHG D YLDEOH UHDFWLRQ PHFKDQLVP IRU D PRQRQXFOHDU 5X�EDVHG ZDWHU R[LGDWLRQ
FDWDO\VW� $ NH\ IHDWXUH RI WKH ODWWHU LV WKH QRQ�FRRUGLQDWLQJ FRYDOHQWO\ OLQNHG S\ULGLQH ZKLFK ZDV
IRXQG WR EH LQ DQ RSWLPDO SRVLWLRQ WR IDFLOLWDWH WKH R[\JHQ�R[\JHQ ERQG IRUPDWLRQ E\ LQWHUDFWLQJ
ZLWK WKH DSSURDFKLQJ QXFOHRSKLOH� 2XU WKHRUHWLFDO VWXG\ IXUWKHU VKRZHG WKDW E\ WXQLQJ WKH EDVLFLW\
RI WKH S\ULGLQH WKH EDUULHU IRU WKH 2�2 ERQG IRUPDWLRQ FRXOG EH VLJQLILFDQWO\ ORZHUHG� 0RUHRYHU�
OLJDQG�GHVLJQ�ZDV�FDUULHG�RXW�LQ�VLOLFR�IRU�WKH�GHYHORSPHQW�RI�PRUH�DFWLYH�FDWDO\VWV�

,Q WKH FXUUHQW VWXG\� ZH XVH IRUHIURQW DE LQLWLR PROHFXODU G\QDPLFV VLPXODWLRQV IRU D VRSKLVWLFDWHG
LQFOXVLRQ RI VROYHQW HIIHFWV� ,Q RUGHU WR JHW DQ DFFXUDWH SLFWXUH RI WKH IUHH HQHUJ\ VXUIDFH� ZH DSSO\
HQKDQFHG VDPSOLQJ PHWKRGV VXFK DV %OXHPRRQ DQG 0HWDG\QDPLFV ૱ WKRVH DOORZ XV WR FKDUDFWHUL]H
WKH UHDFWLYH VSHFLHV XQGHU DPELHQW FRQGLWLRQV� 7KHUHE\ ZH DUH QRW OLPLWHG WR WKH DFWLYH VLWH RI WKH
FDWDO\VW� EXW ZH DUH DEOH WR JHW D FRPSOHWH SLFWXUH LQFOXGLQJ WKH G\QDPLFV RI WKH K\GURJHQ
ERQGLQJ QHWZRUN� $V D SDUW RI WKLV VWXG\ ZH DOVR HYDOXDWHG WKH DSSOLFDELOLW\ RI ZHOO NQRZQ
SURWRFROV EDVHG RQ WKH %OXHPRRQ HQVHPEOH WR SUHGLFW WKH S.D YDOXH RI WKH OLJDQG RI VDLG WUDQVLWLRQ
PHWDO�EDVHG�ZDWHU�R[LGDWLRQ�FDWDO\VW�

>�@�0��6FKLOOLQJ��6��/XEHU��)URQW��&KHP���������������
>�@�0��6FKLOOLQJ��0��%¸KOHU��6��/XEHU��'DOWRQ�7UDQV������������������
>�@�0��6FKLOOLQJ��6��/XEHU��LQ�SUHSDUDWLRQ��
>�@�&3�.��2SHQ�6RXUFH�0ROHFXODU�'\QDPLFV��&3�.�'HYHORSHUV�*URXS��ZZZ�FS�N�RUJ�
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(IILFLHQW�DQG�$FFXUDWH�6DPSOLQJ�RI�5HDFWLYH�(YHQWV

*��3LFFLQL�����0��3DUULQHOOR���

�(7+�=XULFK��/DERUDWRU\�RI�3K\VLFDO�&KHPLVWU\�������=¾ULFK���86,�&DPSXV��9LD�*LXVHSSH�%XIIL����
�����/XJDQR

0ROHFXODU G\QDPLFV LV D SRZHUIXO WRRO WR VWXG\ WKH HYROXWLRQ RI FRPSOH[ FKHPLFDO UHDFWLRQV�
+RZHYHU� UHDFWDQWV DQG SURGXFWV VWDWHV DUH RIWHQ VHSDUDWHG E\ YHU\ ODUJH DFWLYDWLRQ HQHUJ\
EDUULHUV� 'XH WR WKH SUHVHQFH RI WKHVH HQHUJHWLF ERWWOHQHFNV� WKH W\SLFDO WLPH VFDOHV RI D FKHPLFDO
WUDQVLWLRQ FDQQRW EH UHDFKHG LQ D VWDQGDUG VLPXODWLRQ� 7KHVH OLPLWDWLRQV FDQ EH RYHUFRPH E\
DSSO\LQJ D ELDV SRWHQWLDO WR WKH XQGHUO\LQJ SRWHQWLDO HQHUJ\ VXUIDFH� WKXV HQKDQFLQJ WKH
IOXFWXDWLRQV EHWZHHQ UHDFWDQWV DQG SURGXFW VWDWHV� $ YHU\ SRSXODU DQG ZLGHO\ XVHG PHWKRG WR
DFKLHYH WKLV JRDO LV 0HWDG\QDPLFV>�@� $W WKH FRUH RI D 0HWDG\QDPLFV VLPXODWLRQ OLHV WKH FKRLFH RI
WKH�FROOHFWLYH�YDULDEOHV�GHVFULELQJ�WKH�HVVHQWLDO�WKHUPRG\QDPLFV�RI�WKH�SURFHVV�

5HFHQWO\ ZH KDYH LQWURGXFHG D QHZ PHWKRG QDPHG +DUPRQLF /LQHDU 'LVFULPLQDQW $QDO\VLV
�+/'$�>���@ DOORZLQJ WR H[WUDFW HIILFLHQW \HW SK\VLFDOO\ PHDQLQJIXO FROOHFWLYH YDULDEOHV IURP WKH
ORFDO HTXLOLEULXP IOXFWXDWLRQV ZLWKLQ WKH IUHH HQHUJ\ EDVLQV� 7KLV DOORZV H[WUDFWLQJ HVVHQWLDO
LQIRUPDWLRQ ZLWKRXW KDYLQJ DQ\ VSHFLILF NQRZOHGJH RQ WKH UHDFWLRQ PHFKDQLVP DQG DW WKH VDPH
WLPH RSHUDWLQJ D GUDVWLF GLPHQVLRQDOLW\ UHGXFWLRQ RI WKH FROOHFWLYH YDULDEOHV� 0DQ\ LQWHUHVWLQJ
FKHPLFDO UHDFWLRQV KDYH EHHQ VWXGLHG XVLQJ WKLV PHWKRG� IURP IXQGDPHQWDO RUJDQLF FKHPLVWU\
WH[WERRN�UHDFWLRQV�WR�FRPSOH[�FDWDO\WLF�SURFHVVHV�VXFK�DV�UHDFWLRQV�LQ�HQ]\PH�SRFNHWV�

$OWKRXJK HQKDQFHG VDPSOLQJ PHWKRGV DOORZ UHDFKLQJ ORQJ WLPH VFDOHV WKH FRQYHUJHQFH RI WKH IUHH
HQHUJ\ VXUIDFHV DVVRFLDWHG WR WKH SURFHVV RI LQWHUHVW RIWHQ UHTXLUHV VDPSOLQJ RI PLOOLRQV RI
GLIIHUHQW FRQILJXUDWLRQV� 7KLV OLPLWV WKH DIIRUGDEOH DFFXUDF\ RI WKH PHWKRG XVHG WR GHVFULEH WKH
SRWHQWLDO HQHUJ\ DQG IRUFHV DQG UHVWULFWV WKH DSSOLFDELOLW\ RI KLJK OHYHO DE LQLWLR PHWKRGV WR YHU\
IHZ H[DPSOHV� 'XH WR WKLV IDFW WKH FRQFOXVLRQV GHULYHG IURP WKHVH NLQG RI VLPXODWLRQV FDQ RQO\ EH
TXDOLWDWLYH� 7R RYHUFRPH WKLV SUREOHP ZH LQWURGXFH D QHZ PHWKRG FRPELQLQJ 0HWDG\QDPLFV DQG
)UHH (QHUJ\ 3HUWXUEDWLRQ �)(3�>�@� 7KLV QHZ DSSURDFK WR HQKDQFHG VDPSOLQJ DOORZV WKH
SHUWXUEDWLYH HVWLPDWLRQ RI DFFXUDWH DE LQLWLR IUHH HQHUJ\ VXUIDFHV VWDUWLQJ IURP D WUDMHFWRU\
REWDLQHG XVLQJ D ORZHU OHYHO RI WKHRU\ ZLWK D FRPSXWDWLRQDO FRVW RI VHYHUDO RUGHUV RI PDJQLWXGH
OHVV�WKDQ�WUDGLWLRQDO�DSSURDFKHV�

>�@�$�/DLR��0�3DUULQHOOR��31$6����������������������
>�@�'�0HQGHOV��*0�3LFFLQL��0�3DUULQHOOR��-�3K\V��&KHP��/HWW�������������������
>�@�*0�3LFFLQL��'�0HQGHOV��0�3DUULQHOOR��-��&KHP��7KHRU\�DQG�&RPSXW��������������������
>�@�*0�3LFFLQL��0�3DUULQHOOR��VXEPLWWHG
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+LJKO\�HIILFLHQW�.U�;H�VHSDUDWLRQ�IURP�SRO\�WULD]LQH�LPLGH��QDQRSRUHV�

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

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

7KH QREOH JDVHV� NU\SWRQ DQG [HQRQ� KDYH VHYHUDO FUXFLDO DSSOLFDWLRQV LQFOXGLQJ LQ LOOXPLQDWLRQ�
ODVHUV� LQVXODWLRQ� DQDO\WLFDO FKHPLVWU\� HWF� &XUUHQWO\� NU\SWRQ DQG [HQRQ DUH VHSDUDWHG E\
FU\RJHQLF GLVWLOODWLRQ� ZKLFK LV KLJKO\ HQHUJ\ LQWHQVLYH� DQG WKH HQHUJ\�HIILFLHQW VHSDUDWLRQ URXWH LV
GHVLUHG� >�@� ,Q WKLV FRQWH[W� VL]H�VLHYLQJ EDVHG VHSDUDWLRQ RI .U DQG ;H DFURVV D QDQRSRURXV ILOP�
EDVHG RQ WKH GLIIHUHQFH LQ WKHLU VL]H DQG YDQ GHU :DDOV LQWHUDFWLRQV� LV KLJKO\ DWWUDFWLYH� 7ZR�
GLPHQVLRQDO QDQRSRURXV PDWHULDO� WKDW FDQ EH V\QWKHVL]HG UHDGLO\� IRU .U�;H VHSDUDWLRQ LV
HVSHFLDOO\ DSSHDOLQJ EHFDXVH RQH FDQ DFKLHYH D KLJK .U FURVVRYHU UDWHV DFURVV WKH QDQRSRUHV�
3RO\�WULD]LQH LPLGH� RU 37,� RQH RI WKH PRVW FU\VWDOOLQH OD\HUHG J�&�1�� KDV EHHQ UHFHQWO\ H[IROLDWHG
WR DWRP�WKLFN VLQJOH�OD\HU LQ RXU DQG RWKHU ODERUDWRULHV >�@>�@� DQG DSSHDUV WR EH VXLWDEOH IRU .U�;H
VHSDUDWLRQ DWWULEXWLQJ WR WKH WULDQJXODU QDQRSRUHV IRUPHG E\ LPLGH EULGJHG WULD]LQH ULQJV �)LJXUH
�D��

)LJXUH �� D� 7KH VWUXFWXUH RI 37, ODWWLFH� E�.U PROHFXOH DW WKH FHQWHU RI 37, SRUH
PHPEUDQH�3RWHQWLDO HQHUJ\ VXUIDFH IRU F� .U� G� ;H RQ D 37, PRQROD\HU XVLQJ GLIIHUHQW YDQ GHU
:DDOV�DSSUR[LPDWLRQ�

,Q WKLV VWXG\� WKH SRWHQWLDO HQHUJ\ VXUIDFHV RI .U DQG ;H RQ D 37, PRQROD\HU KDYH EHHQ
LQYHVWLJDWHG ZLWK GHQVLW\ IXQFWLRQDO WKHRU\ �')7� ZLWK GLIIHUHQW YDQ GHU :DDOV DSSUR[LPDWLRQV� 'XH
WR WKH ODUJH GLIIHUHQFH DPRQJ WKHP� PRUH DGYDQFHG WHFKQLTXH� UDQGRP SKDVH DSSUR[LPDWLRQ
�53$�� ZDV XVHG WR YDOLGDWH WKH SRWHQWLDO HQHUJ\ SURILOHV� ')7 FDOFXODWLRQV RQ 37, PRQROD\HU
H[KLELW GLIIHUHQW HQHUJ\ EDUULHUV IRU .U DQG ;H� ZKLFK UHVXOWV LQ DQ H[WUHPHO\ LQWHUHVWLQJ VHOHFWLYLW\
IRU .U�;H VHSDUDWLRQ� &ODVVLFDO PROHFXODU G\QDPLFV �0'� VLPXODWLRQV SURYHG WKDW 37, PRQROD\HU
\LHOGV D KLJK .U SHUPHDQFH �SUHVVXUH QRUPDOL]HG IOX[�� 6XFK D SURPLVLQJ PHPEUDQH FRXOG KDYH
XELTXLWRXV�LPSDFWV�RQ�HQHUJ\�VDYLQJ�IRU�VHSDUDWLRQ�RI�WKLV�FKDOOHQJLQJ�DQG�LPSRUWDQW�JDV�PL[WXUH�

>�@ /� &KHQ HW DO�� 1DW� 0DWHU�� ����� YRO� ��� QR� ��� SS� ���૱���� >�@ %� 9 /RWVFK� -$&6� ����� SS�
�૱������>�@�6��<��&KRQJ�HW�DO���-�0DWHU�&KHP�$��������YRO�����QR�����SS������૱�����
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

0DFKLQH�OHDUQLQJ�RI�DFFXUDWH�VSLQ�VSOLWWLQJV�LQ�D�ODUJH�FDUEHQH�FKHPLFDO�VSDFH

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

�8QLYHUVLW\�RI�%DVHO

$FFXUDWH VLQJOHW DQG WULSOHW JURXQG VWDWH FDOFXODWLRQV RI D PDFKLQH�JHQHUDWHG FDUEHQH
FKHPLFDO VSDFH ZLWK !�N PROHFXOHV DUH SUHVHQWHG� 6SLQ VSOLWWLQJV DUH FRPSXWHG DW KLJK�RUGHU
PXOWL�UHIHUHQFH OHYHO RI WKHRU\ �05&,6'�4� IRU WKLV V\VWHPDWLFDOO\ FRQVWUXFWHG FKHPLFDO VSDFH� :H
VKRZ WKDW ZLWK NHUQHO ULGJH UHJUHVVLRQ�EDVHG TXDQWXP PDFKLQH OHDUQLQJ �40/��� XVLQJ WKH
D6/$70� UHSUHVHQWDWLRQ� WKH RXW�RI�VDPSOH HUURU RI WKH SUHGLFWHG VLQJOHW�WULSOHW VSOLWWLQJV FDQ EH
V\VWHPDWLFDOO\ FRQWUROOHG� 7KH SHUIRUPDQFH RI GLIIHUHQW IUHTXHQWO\ XVHG ')7 PHWKRGV LQ WKH
FRQWH[W RI GLUDGLFDO DQG VWURQJO\ FRUUHODWHG V\VWHPV �%�/<3� 7366� EURNHQ�V\PPHWU\ %�/<3� ILQLWH�
WHPSHUDWXUH 7366� LV LQYHVWLJDWHG� 6RPHZKDW VXUSULVLQJO\� LW LV IRXQG WKDW EURNHQ�V\PPHWU\ %�/<3
DQG ILQLWH�WHPSHUDWXUH 7366 SHUIRUP FRPSDUDEOH WR WKH VHPL�HPSLULFDO &$6&,�30� PHWKRG DQG
PXFK ZRUVH WKDQ FRQYHQWLRQDO %�/<3� )XUWKHUPRUH� WKH SHUIRUPDQFH RI WKHVH PHWKRGV EDVHOLQHV
IRU SUHGLFWLQJ 05&,6'�4 VSLQ VSOLWWLQJV ZLWK ಋ�PDFKLQH OHDUQLQJ �ಋ0/�� LV LQYHVWLJDWHG DQG XVHG WR
TXDQWLI\ D IRUP RI XQV\VWHPDWLF HUURU RYHU FKHPLFDO VSDFH� ,Q WKLV FRQWH[W� ZH VKRZ KRZ ಋ0/
ZLWK D VWDWH�DYHUDJHG�&$66&)��H��R� EDVHOLQH HQDEOHV WKH FKHPLFDOO\ DFFXUDWH SUHGLFWLRQ RI
05&,6'�4 VSLQ VSOLWWLQJV ZLWK RQO\ D IHZ KXQGUHG WUDLQLQJ PROHFXOHV� )LQDOO\� WKH GDWD VHW JLYHV
LQVLJKW LQWR QHZ FDUEHQH FKHPLVWU\ RI PRVWO\ XQNQRZQ VWUXFWXUHV ZLWK VLQJOHW�WULSOHW VSLQ JDSV
UDQJLQJ�IURP������NFDO�PRO�WR�����NFDO�PRO�

>�@ &KULVWHQVHQ$�6�� )DEHU )�$�� +XDQJ %�� %UDWKROP /�$�� 7NDWFKHQNR $�� 0XOOHU .�5�� YRQ /LOLHQIHOG
2�$�� ૻ40/� $ 3\WKRQ 7RRONLW IRU 4XDQWXP 0DFKLQH /HDUQLQJૻ KWWSV���JLWKXE�FRP�TPOFRGH�TPO�
�����
>�@�+XDQJ�%���YRQ�/LOLHQIHOG�2�$���SUHSULQW�������
>�@ 5DPDNULVKQDQ� 5�� 'UDO 3�2�� 5XSS� 0�� YRQ /LOLHQIHOG 2�$�� -RXUQDO RI &KHPLFDO 7KHRU\ DQG
&RPSXWDWLRQ������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

2Q�ZDWHU�VOLS�FRQILQHG�EHWZHHQ�WZR�GLPHQVLRQDO�PDWHULDOV�IURP�DE�LQLWLR�PROHFXODU
G\QDPLFV�

*��7RFFL���/��-RO\���0��%LOLFKHQNR���-��+XWWHU���0��,DQQX]]L�

�'HSDUWPHQW�RI�&KHPLVWU\��8QLYHUVLW\�RI�=XULFK����8QLYHUVLW«�/\RQ����,QVWLWXW�/XPLªUH�0DWLªUH

:DWHU VOLS XQGHU FRQILQHPHQW KDV UHFHLYHG LQFUHDVHG DWWHQWLRQ LQ WKH UHFHQW \HDUV� GULYHQ E\ WKH
LQWHUHVW WR GHYHORS HIILFLHQW GHVDOLQDWLRQ PHPEUDQHV� DV ZHOO DV QDQRVFDOH RVPRWLF SRZHU
JHQHUDWRUV >���@� 7KH HOHFWURQLF DQG FKHPLFDO QDWXUH RI PDWHULDOV KDV EHHQ VXJJHVWHG WR EH KLJKO\
UHOHYDQW WR VOLS >���@� ,Q WKLV ZRUN� ZH SUHVHQW UHVXOWV RQ WKH VWUXFWXUH DQG FROOHFWLYH G\QDPLFV RI
OLTXLG ZDWHU FRQILQHG EHWZHHQ JUDSKHQH� K%1� DQG 0R6� VKHHWV IURP DE LQLWLR PROHFXODU G\QDPLFV
VLPXODWLRQV� :H ILQG WKDW WKH IULFWLRQ FRHIILFLHQW FKDQJHV GUDPDWLFDOO\ EHWZHHQ WKH WKUHH PDWHULDOV�
GXH WR WKHLU VWULNLQJO\ GLIIHUHQW XQGHUO\LQJ HQHUJ\ ODQGVFDSH� :H DOVR UHSRUW RQ DQ LQWULJXLQJ
PHFKDQLVP GULYLQJ VOLS XQGHU FRQILQHPHQW� ZKHUH VWURQJHU FRQILQHPHQW UHJLPHV JLYH ULVH WR DQ
HQKDQFHG�VOLS��GXH�WR�D�UHGXFHG�IULFWLRQ�UHOD[DWLRQ�WLPH�

>�@�6LULD�$��%RFTXHW�0/��%RFTXHW�/����1DWXUH�5HYLHZV�&KHPLVWU\���������������
>�@ $EUDKDP -� 9DVX .6� :LOOLDPV &'� *RSLQDGKDQ .� 6X <� HW DO� � 1DWXUH 1DQRWHFKQRORJ\ ��� ���
�������
>�@�7RFFL�*��-RO\�/��0LFKDHOLGHV�$���1DQR�/HWWHUV�����������������
>�@�6HFFKL�(��0DUEDFK�6��1LJXHV�$��6WHLQ�'��6LULD�$��%RFTXHW�/���1DWXUH�����������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

7KH�(IIHFWV�RI�6�1LWURV\ODWLRQ�RQ�WKH�&RQIRUPDWLRQDO�'\QDPLFV�RI�0\RJORELQ

+��7��7XUDQ���0��0HXZO\�

�'HSDUWHPHQW�&KHPLH��8QLYHUVLW¦W�%DVHO

6�1LWURV\ODWLRQ LV D D W\SH RI SRVW�WUDQVODWLRQDO PRGLILFDWLRQ WKDW RFFXUV LQ D YDULHW\ RI SURWHLQV E\
WKH FRYDOHQW DWWDFKPHQW RI QLWURJHQ PRQR[LGH �12� JURXS WR WKH WKLRO VLGH FKDLQ RI D F\VWHLQH RU WR
WUDQVLWLRQ PHWDO FHQWHU RI EURDG VSHFWUXP RI SURWHLQV� )XUWKHU� LW LV NQRZQ WKDW 6�QLWURV\ODWLRQ
GLUHFWO\ LPSDFW WKH UHJXODWLRQ RI QXPHURXV VLJQDO WUDQVGXFWLRQ SDWKZD\V LQ FHOOXODU V\VWHPV� >�@
+RZHYHU� HIIHFWV RI WKH PRGLILFDWLRQ WR WKH FRQIRUPDWLRQDO G\QDPLFV LQ SURWHLQ VWUXFWXUH� WKH
UHDFWLRQ PHFKDQLVP WKDW SURGXFH 6�QLWURVRWKLRO RQ WKH F\VWHLQH UHVLGXH DQG NLQHWLF UDWHV ZLWK
UHVSHFWHG�WR�LQWHUPHGLDWH�VWDWHV�\HW�WR�EH�IXOO\�XQGHUVWRRG�

+HUHLQ� WKH PDLQ DLP RI WKH VWXG\ LV XQGHUVWDQGLQJ WKH HIIHFWV RI 6�1LWURV\ODWLRQ RI &\V��� WR
FRQIRUPDWLRQDO EHKDYLRU RI P\RJORELQ� 7KHUHIRUH� WZR GLIIHUHQW FRPSOH[HV EDVHG RQ ZLOG�W\SH
P\RJORELQ �3'% HQWU\ �150� >�@ DQG 6�1LWURV\ODWHG 0\RJORELQ EHHQ SUHSDUHG� ERWK V\VWHPV KDYH
EHHQ VROYDWHG LQ ZDWHU ZLWK D EXIIHU UHJLRQ RI �� � WR HGJHV RI FXELF ER[ ZKLFK KDV GLPHQVLRQV RI
��� [ ��� [ ���� ,PSRUWDQW ERQGV �6�1� 1 2� DQG WRUVLRQ DQJOH �&�6�1 2� KDYH EHHQ
SDUDPHWUL]HG E\ WKH PHDQV RI GHQVLW\ IXQFWLRQDO WKHRU\ DW %�/<3�DXJ�FF�S9'= OHYHO� 0ROHFXODU
G\QDPLF VLPXODWLRQV FDUULHG RXW ZLWK &+$500 >�@ VRIWZDUH SDFNDJH YLD XWLOL]DWLRQ RI &+$500��
IRUFH�ILHOG��>�@

$OVR� LQ WKH DSSOLFDWLRQ VLWH� 6�QLWURVRWKLRO FDQ EH XVHG DV D SUREH LQ VSHFWURVFRS\� 6LQFH� 1 2
ERQG YLEUDWHV RXW RI SURWHLQ DEVRUSWLRQ EDQG� SUREH FDQ SURYLGH VWUXFWXUDO ILQJHUSULQW E\ ZKLFK
WDUJHW SURWHLQ FDQ EH LGHQWLILHG� ,Q WKLV VWXG\� 6�1LWURV\ODWHG P\RJORELQ DQG &\V�12 OLJDQG KDYH
EHHQ VLPXODWHG ZLWK FRQYHQWLRQDO 0' DV ZHOO DV IOXFWXDWHG SRLQW FKDUJH PRGHO �)3&� DQG
GLVWULEXWHG FKDUJH PRGHO �'&0�� 1RUPDO PRGH DQDO\VLV KDYH EHHQ SHUIRUPHG ZLWK DE LQLWLR
PHWKRGV� ,5 DQG 3RZHU VSHFWUD RI WKH SURWHLQ KDYH EHHQ FDOFXODWHG ZLWK FRQYHQWLRQDO 0' DQG
PXOWLSROH�H[SDQVLRQV�

>�@�'RXJODV�7��+HVV�HW�DO���1DW��5HY��0RO��&HOO�%LRO�������������������
>�@�(ULF�5��6FKUHLWHU�HW�DO���-��%LRO��&KHP������������������������
>�@�%HUQDUG�5��%URRNV�HW�DO���-��&RPSXW��&KHP������������������
>�@�-LQJ�+XDQJ��$OH[DQGHU�'��0DF.HUHOO�-U���-��&RPSXW��&KHP���������������������
>�@�0LNH�'HYHUHX[�HW�DO���-��&KHP��7KHRU\�&RPSXW����������������������
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([SORULQJ�WKH�&RQQHFWLRQV�%HWZHHQ�4XDQWXP�DQG�6HPLFODVVLFDO�,QVWDQWRQ�5HDFWLRQ
5DWH�7KHRULHV

&��/��9DLOODQW���-��2��5LFKDUGVRQ���-��9DQLFHN�

�(3)/�/DERUDWRLUH�GH�3K\VLTXH�&KLPLTXH�7K«RULTXH����(7+�=XULFK�/DE��I¾U�3K\VLNDOLVFKH�&KHPLH

:H SUHVHQW D GHULYDWLRQ RI WKH TXDQWXP DQG VHPLFODVVLFDO LQVWDQWRQ H[SUHVVLRQV IRU WKH FDOFXODWLRQ
RI UHDFWLRQ UDWHV� 6WDUWLQJ IURP WKH H[DFW H[SUHVVLRQ IRU WKH UHDFWLRQ UDWH LQ WHUPV RI WKH IOX[�IOX[
WLPH FRUUHODWLRQ IXQFWLRQ� ZH XVH WKH VWHHSHVW�GHVFHQW DSSUR[LPDWLRQ WR REWDLQ WKH TXDQWXP
LQVWDQWRQ H[SUHVVLRQ� FRPSOHWH ZLWK WKH SUHVFULSWLRQ IRU ILQGLQJ WKH RSWLPDO GLYLGLQJ VXUIDFHV�
)URP WKH UHVXOWLQJ TXDQWXP LQVWDQWRQ H[SUHVVLRQ� ZH VKRZ WKDW PDNLQJ D VWDQGDUG VHPLFODVVLFDO
DSSUR[LPDWLRQ UHVXOWV LQ WKH ZHOO�NQRZQ VHPLFODVVLFDO LQVWDQWRQ H[SUHVVLRQ� 7KH IXOO GHULYDWLRQ
DOORZV XV WR H[DPLQH WKH OLQNV EHWZHHQ WKH WZR PHWKRGV� DV ZHOO DV GHYHORS DQ XQGHUVWDQGLQJ RI
WKH EUHDNGRZQ REVHUYHG LQ WKH TXDQWXP LQVWDQWRQ UDWH IRU KLJKO\ DV\PPHWULF EDUULHUV LQ WHUPV RI
VHPLFODVVLFDO�SDWKV�
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([SORULQJ�WKH�&KHPLFDO�6SDFH�LQ�WKH�VHDUFK�IRU�LPSURYHG�$]RKHWHURDUHQH�EDVHG
SKRWRVZLWFKHV

6��9HOD���&��.U¾JHU���&��&RUPLQERHXI�

�,QVWLWXWH�RI�&KHPLFDO�6FLHQFHV�DQG�(QJLQHHULQJ���FROH�3RO\WHFKQLTXH�)«G«UDOH�GH�/DXVDQQH��(3)/��
/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��&+������/DXVDQQH��6ZLW]HUODQG

$]RKHWHURDUHQHV KDYH UHFHQWO\ HPHUJHG DV DQ LQWHUHVWLQJ DOWHUQDWLYH WR D]REHQ]HQH LQ WKH TXHVW
IRU EHWWHU PROHFXODU SKRWRVZLWFKHV� >���@ %RWK IDPLOLHV GLVSOD\ VLPLODU SKRWRFKHPLFDO SURSHUWLHV�
WKH\ XQGHUJR D UHYHUVLEOH SKRWR�LVRPHUL]DWLRQ EHWZHHQ WKH (� DQG =�LVRPHUV DIWHU LUUDGLDWLRQ RI
HLWKHU WKH Q͔ �6��WR�6�� RU WKH ͔͔ �6��WR�6�� EDQGV� 7KH JUHDWHVW DGYDQWDJH RI D]RKHWHURDUHQHV LV
WKHLU VWUXFWXUDO GLYHUVLW\� ZKLFK LPSOLHV D ODUJHU SRWHQWLDO WRZDUGV H[SORLWLQJ FKHPLFDO
IXQFWLRQDOL]DWLRQ WR WXQH WKH Q͔ DQG ͔͔ EDQGV DQG RWKHU UHOHYDQW SURSHUWLHV VXFK DV WKH WKHUPDO
VWDELOLW\ RU WKH KDOI�OLIH WLPHV� $W WKLV VWDJH� KRZHYHU� WKH H[SORUDWLRQ RI D]RKHWHURDUHQH
GHULYDWLYHV�LV�VWLOO�UDWKHU�OLPLWHG��DQG�WKH�SRWHQWLDO�RI�VXFK�WXQLQJ�LV�XQFOHDU�

:LWK WKH DLP DW LPSURYLQJ WKLV VLWXDWLRQ� ZH SUHVHQW D FRPSXWDWLRQDO VFUHHQLQJ RI D]RKHWHURDUHQHV
GHULYDWLYHV� ,W LQFOXGHV WKH DQDO\VLV RI WKH SKRWRFKHPLFDO SURSHUWLHV RI WKH (� DQG =�LVRPHUV RI ���
FRPSRXQGV� UHSUHVHQWLQJ �� GLIIHUHQW VXEVWLWXWLRQ SDWWHUQV IRU HLJKW GLIIHUHQW KHWHURDUHQH IDPLOLHV
EDVHG RQ S\UD]ROH� S\UUROH DQG LPLGD]ROH� 7KH HIIHFW RI IXQFWLRQDOL]DWLRQ RQ WKH HQHUJ\� LQWHQVLW\
DQG FKDUDFWHU RI WKH Q͔ DQG ͔͔ EDQGV LV GLVFXVVHG� $Q DSSUR[LPDWLRQ WR WKH WKHUPDO VWDELOLW\ DQG
WKH KDOI�OLIH WLPHV LV DOVR JLYHQ� EDVHG RQ WKH LVRPHUV UHODWLYH HQHUJ\ GLIIHUHQFH� DQG WKH VWUHQJWK
RI WKH D]R 1 1 ERQG� %H\RQG WKH LQ�GHSWK DQDO\VLV RI WKH UHOHYDQW WUDQVLWLRQV� RXU VFUHHQLQJ
FOHDUO\ LGHQWLILHV WKH PDLQ FKDUDFWHULVWLFV RI HDFK RI WKH D]RKHWHURDUHQH IDPLOLHV� DQG WKH EHVW
VXEVWLWXWLRQ�SDWWHUQV�LQ�RUGHU�WR�GHVLJQ�EHWWHU�SKRWRVZLWFKHV�

>�@ -RDTX¯Q &DOER� &ODLUH (� :HVWRQ� $QGUHZ -� 3� :KLWH� +HQU\ 6� 5]HSD� -XOLD &RQWUHUDV�*DUF¯D�
0DWWKHZ�-��)XFKWHU��-��$P��&KHP��6RF�����������������������
>�@ 6WHIDQR &UHVSL� 1DGMD $� 6LPHWK� %XUNKDUG .¸QLJ� 1DWXUH 5HYLHZV &KHPLVWU\� ����� ��
��������
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(OHFWURQ�FRUUHODWLRQ�HIIHFWV�DQG�TXDQWXP�HQWDQJOHPHQW�PHDVXUHV�IURP�PXOWL�
FRQILJXUDWLRQDO�ZDYH�IXQFWLRQV

9��YRQ�%XUJ���-��+��$QGHUVHQ���0��5HLKHU�

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

7KH DFFXUDF\ RI D TXDQWXP FKHPLFDO FDOFXODWLRQ UHOLHV RQ WKH FRUUHFW GHVFULSWLRQ RI HOHFWURQ
FRUUHODWLRQ� ZKLFK LV WUDGLWLRQDOO\ GLYLGHG LQWR VWDWLF DQG G\QDPLF FRQWULEXWLRQV� 6LQJOH�UHIHUHQFH
PHWKRGV VXFK DV 'HQVLW\ )XQFWLRQDO 7KHRU\ RU &RXSOHG &OXVWHU FDQ UHOLDEO\ DFFRXQW IRU G\QDPLF
FRUUHODWLRQ EXW WKH SUHVHQFH RI VWDWLF FRUUHODWLRQ QHFHVVLWDWHV D PXOWL�UHIHUHQFH GHVFULSWLRQ DV
SURYLGHG E\ WKH &RPSOHWH $FWLYH 6SDFH 6HOI�&RQVLVWHQW )LHOG >�@ RU WKH 'HQVLW\ 0DWUL[
5HQRUPDOL]DWLRQ *URXS >�@ PHWKRGV� 7R DVVHVV WKH UHOLDELOLW\ RI D FHUWDLQ PHWKRG IRU D JLYHQ
V\VWHP� LW LV WKHUHIRUH FUXFLDO WR KDYH DQ HVWLPDWH RI WKH GHJUHH RI VWDWLF FRUUHODWLRQ SUHVHQW� :H
KDYH VXJJHVWHG WR DVVHVV WKH PXOWL�FRQILJXUDWLRQDO FKDUDFWHU YLD HQWDQJOHPHQW PHDVXUHV VXFK DV
WKH VLQJOH�RUELWDO HQWURS\ VL��� >���@ IURP D PXOWL�FRQILJXUDWLRQDO ZDYH IXQFWLRQ DQG SURSRVHG WKH
=V��� GLDJQRVWLF >�@ ZKLFK FRQGHQVHV WKLV LQIRUPDWLRQ LQWR D VLQJOH YDOXH� +HUH� ZH HYDOXDWH =V��� IRU
D UDQJH RI V\VWHPV LQFOXGLQJ WUDQVLWLRQ VWDWHV RI WUDQVLWLRQ PHWDO FDWDO\]HG UHDFWLRQV DQG GLVFXVV
LWV UHOLDELOLW\ DV D PXOWL�FRQILJXUDWLRQDO GLDJQRVWLF DV ZHOO DV LWV WUDQVIHUDELOLW\ EHWZHHQ GLIIHUHQW
V\VWHPV� 7R LQGLFDWH WKH SUHVHQFH RI VWDWLF FRUUHODWLRQ� VWURQJO\ FRUUHODWHG RUELWDOV KDYH WR EH
LGHQWLILHG IURP ZKLFK =V��� LV WR EH HYDOXDWHG� DQG ZH ILQG WKDW WKLV LGHQWLILFDWLRQ LV FUXFLDO IRU WKH
VXFFHVV RI WKH GLDJQRVWLF� <HW LW LV GLIILFXOW WR SLQSRLQW GXH WR WKH DPELJXLW\ XQGHUO\LQJ WKH
VHSDUDWLRQ RI HOHFWURQ FRUUHODWLRQ LQWR VWDWLF DQG G\QDPLF� :H DGGUHVV SRVVLEOH H[WHQVLRQV WR RXU
SUHYLRXVO\�SURSRVHG�GHILQLWLRQ�RI�=V�����WKDW�DFFRXQW�IRU�WKLV�GLIILFXOW\�

>�@�%M¸UQ�2��5RRV��3HWHU�5��7D\ORU��3HU�(��0��6LHJEDKQ��&KHP��3K\V���������������������
>�@�6WHYHQ�5��:KLWH��3K\V��5HY��/HWW�����������������������
>�@�&KULVWRSKHU�-��6WHLQ��0DUNXV�5HLKHU��&KLPLD���������������������
>�@ .DWKDULQD %RJXVODZVNL� 3DZHO 7HFPHU� �UV /HJH]D� 0DUNXV 5HLKHU� -� 3K\V� &KHP� /HWW�� �����
�������������
>�@�&KULVWRSKHU�-��6WHLQ��0DUNXV�5HLKHU��-��&KHP��7KHRU\�&RPSXW������������������������
>�@ &KULVWRSKHU -� 6WHLQ� 9HUD YRQ %XUJ� 0DUNXV 5HLKHU� -� &KHP� 7KHRU\ &RPSXW�� ����� ���
����������
>�@�&KULVWRSKHU�-��6WHLQ��0DUNXV�5HLKHU��0RO��3K\V������������������������
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

$XWRPDWHG�)RUFH�)LHOG�5HILQHPHQW�)URP�([SHULPHQWDO�'DWD�IRU�&RPSRXQG�)DPLOLHV�
$XWRPDWHG�6HWXS�RI�0ROHFXODU�7RSRORJLHV

6��5��:DOWKDUG���0��3HUHLUD�2OLYHLUD���3��+��+¾QHQEHUJHU�

�(7+�=¾ULFK

0ROHFXODU G\QDPLFV �0'� VLPXODWLRQV DUH FHQWUDO WR WKH ILHOGV RI FRPSXWDWLRQDO ELRORJ\� FKHPLVWU\�
DQG SK\VLFV� DV WKH\ IRUP D SRZHUIXO WRRO IRU PRGHOLQJ PROHFXODU V\VWHPV DQG LQYHVWLJDWLQJ WKHLU
SURSHUWLHV� ,Q RUGHU WR DFKLHYH DFFXUDWH UHVXOWV IRU WKHVH SURSHUWLHV� WKH TXDOLW\ RI WKH XQGHUO\LQJ
IRUFH�ILHOG SDUDPHWHUV LV HVVHQWLDO� 2ZLQJ WR FRPSXWDWLRQDO DQG PHWKRGRORJLFDO DGYDQFHV LQ WKH
ILHOG RYHU WKH SDVW IHZ GHFDGHV� WKH ODVW IHZ \HDUV KDYH ZLWQHVVHG D PDVVLYH H[SORUDWLYH HIIRUW
WRZDUGV WKH DXWRPDWLRQ RI WKHVH VLPXODWLRQV DQG� LQ SDUWLFXODU� RI WKH IRUFH�ILHOG GHYHORSPHQW
SURFHGXUHV� $Q HPSLULFDO SDUDPHWUL]DWLRQ SURFHGXUH DFKLHYHV WKH RSWLPL]DWLRQ RI WKH IRUFH�ILHOG E\
V\VWHPDWLFDOO\ DGDSWLQJ LWV SDUDPHWHUV DQG FRPSDULQJ WKH FRUUHVSRQGLQJ VLPXODWLRQ UHVXOWV WR
H[SHULPHQWDO GDWD� 7KH &RPEL)) SURMHFW� GHYHORSHG LQ WKH &606 JURXS DW (7+ =XULFK� DLPV DW
WDNLQJ D PDMRU VWHS IRUZDUG LQ WKH DUHD� ,WV JRDO LV WKH GHVLJQ� LPSOHPHQWDWLRQ DQG DSSOLFDWLRQ RI
DQ LQWHJUDWHG VFKHPH IRU WKH DXWRPDWHG UHILQHPHQW RI IRUFH�ILHOG SDUDPHWHUV DJDLQVW
H[SHULPHQWDO FRQGHQVHG�SKDVH �SUHGRPLQDQWO\ WKHUPRG\QDPLF� GDWD� FRQVLGHULQJ HQWLUH FODVVHV RI
RUJDQLF�PROHFXOHV�FRQVWUXFWHG�XVLQJ�D�IUDJPHQW�OLEUDU\�YLD�FRPELQDWRULDO�LVRPHU�HQXPHUDWLRQ�

,Q RUGHU WR UXQ WKH 0' VLPXODWLRQV QHFHVVDU\ IRU IRUFH�ILHOG SDUDPHWUL]DWLRQ ZLWK VRIWZDUH
SDFNDJHV VXFK DV *52026� WKH GHVLUHG PROHFXOHV QHHGV WR EH VSHFLILHG LQ D WRSRORJ\ ILOH ZKLFK
FRQWDLQV LQIRUPDWLRQ RQ WKH DWRPV� DV ZHOO DV WKH QRQERQGHG DQG WKH FRYDOHQW LQWHUDFWLRQ
SDUDPHWHUV RI WKH PROHFXOHV� 7KH HVVHQWLDO WDVN RI VHWWLQJ XS VXFK WRSRORJLHV LV RIWHQ WHGLRXV DQG
UHSHWLWLYH ZKHQ GRQH PDQXDOO\� 7KH ILUVW DLP RI WKH &RPEL)) VFKHPH LV WR DXWRPDWL]H WKLV VWHS RI
IRUFH�ILHOG SDUDPHWUL]DWLRQ� 7R WKLV HQG� WZR SLHFHV RI VRIWZDUH KDYH EHHQ ZULWWHQ � DQ LVRPHU
HQXPHUDWRU DQG D WRSRORJ\ EXLOGHU� :KHQ XVHG LQ FRPELQDWLRQ� WKHVH WZR SLHFHV RI VRIWZDUH DUH
DEOH WR FUHDWH WKH PROHFXODU WRSRORJLHV RI DOO SRVVLEOH FRQVWLWXWLRQDO DQG VWHUHRLVRPHUV RI D JLYHQ
FODVV� RU IDPLO\� RI VPDOO RUJDQLF PROHFXOHV� VSHFLILHG E\ SURSHUWLHV VXFK DV PROHFXODU IRUPXODV�
QXPEHU RI F\FOHV RU PXOWLSOH ERQGV� RFFXUUHQFH RI VXEVWUXFWXUHV HWF� LQ D IRUPDW WKDW FDQ EH XVHG
E\ 0' VLPXODWLRQ HQJLQHV� $GGLWLRQDOO\� HDFK PROHFXOH LQ WKH IDPLO\ LV GHVFULEHG E\ D XQLTXH
LGHQWLILHU� D FDQRQLFDO 60,/(6 VWULQJ� LQ RUGHU WR JDWKHU WKH H[SHULPHQWDO GDWD QHFHVVDU\ IRU WKH
VXEVHTXHQW��DXWRPDWHG��IRUFH�ILHOG�SDUDPHWUL]DWLRQ�

�
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&RPSXWDWLRQDO�&KHPLVWU\��3RVWHU &&����

(UURU�3URSDJDWLRQ�E\�,QFUHPHQWV

7��:H\PXWK���0��5HLKHU�

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

)RU PDQ\ SUDFWLFDO DSSOLFDWLRQV� LW LV LPSRUWDQW WR NQRZ KRZ ODUJH WKH HUURU RI D JLYHQ TXDQWXP
FKHPLFDO PHWKRG LV >�@� 8QIRUWXQDWHO\� D VLPSOH FRPSDULVRQ WR D UHIHUHQFH FDOFXODWLRQ RI KLJK
UHOLDELOLW\ LV RIWHQ QRW SRVVLEOH� HVSHFLDOO\ IRU ODUJH PROHFXOHV� :H SURSRVH DQ DSSURDFK WR WDFNOH
WKLV SUREOHP EDVHG RQ D PDQ\�ERG\ H[SDQVLRQ XWLOL]LQJ WKH %HWKH૱*ROGVWRQH HTXDWLRQ >�@� 0DQ\
SRSXODU DSSURDFKHV LQ TXDQWXP FKHPLVWU\ DUH EDVHG RQ WKLV LGHD� IRU H[DPSOH� WKH PHWKRG RI
LQFUHPHQWV >�@� WKH NHUQHO HQHUJ\ PHWKRG >�@� PDQ\�ERG\ H[SDQGHG IXOO FRQILJXUDWLRQ LQWHUDFWLRQ
>�@��DQG�WKH�IUDJPHQW�PROHFXODU�RUELWDO�PHWKRG�>�@�

,Q RXU VSHFLILF FDVH� ZH GR QRW UHO\ RQ D SDUWLWLRQLQJ RI WKH RUELWDO VSDFH �DV LV GRQH� H�J�� LQ WKH
PHWKRG RI LQFUHPHQWV� EXW LQVWHDG GLUHFWO\ IUDJPHQW WKH PROHFXODU VWUXFWXUH� 7KHQ� IRU HDFK RI
WKHVH IUDJPHQWV� D UHOLDEOH EXW FRPSXWDWLRQDOO\ GHPDQGLQJ UHIHUHQFH FDOFXODWLRQ LV FDUULHG RXW
�RXU DSSURDFK LV JHQHUDO HQRXJK WR DOORZ DQ\ TXDQWXP FKHPLFDO FDOFXODWLRQ�� 7R EH IOH[LEOH
UHJDUGLQJ WKH FKRLFH RI IUDJPHQWDWLRQ� LW LV RIWHQ QHFHVVDU\ WR VHSDUDWH VWURQJO\ LQWHUDFWLQJ SDUWV
�H�J�� FXWWLQJ WKURXJK D FRYDOHQW ERQG�� :H UHO\ RQ WKH HPEHGGLQJ DSSURDFK SURSRVHG E\ 0DQE\�
0LOOHU� DQG FRZRUNHUV >�@ WR WDNH VXFK SDUWV LQWR DFFRXQW E\ D FRPSXWDWLRQDOO\ OHVV H[SHQVLYH
PHWKRG��VHH�DOVR�5HI��>�@��

:H ILQG WKDW RXU PDQ\�ERG\ H[SDQVLRQ LV TXLFNO\ FRQYHUJLQJ IRU WKH FDVHV VWXGLHG� LQ IDFW� LW LV
RIWHQ VXIILFLHQW WR WUXQFDWH LW DW WKLUG RUGHU� 7KHUHIRUH� WKLV PHWKRG SURYLGHV D YLDEOH ZD\ WR
UHOLDEO\�SURSDJDWH�HUURUV�FDOFXODWHG�RQ�VPDOOHU�IUDJPHQWV�WR�ODUJHU�PROHFXOHV�>�@�

>�@�*��1��6LPP��-��3URSSH��DQG�0��5HLKHU��&KLPLD����������������
>�@�5��.��1HVEHW��$GY��&KHP��3K\V���������������
>�@�+��6WROO��3K\V��5HY��%�����������������
>�@�/��+XDQJ��/��0DVVD��DQG�-��.DUOH��,QW��-��4XDQWXP�&KHP������������������
>�@�-��-��(ULNVHQ��DQG�-��*DXVV��-��&KHP��7KHRU\�&RPSXW������������������
>�@�'��*��)HGRURY��DQG�.��.LWDXUD��-��3K\V��&KHP��$������������������
>�@ )� 5� 0DQE\� 0� 6WHOOD� -� '� *RRGSDVWHU� DQG 7� )� 0LOOHU� ,,,� -� &KHP� 7KHRU\ &RPSXW�� ����� ��
�����
>�@�$��+��0¾KOEDFK��DQG�0��5HLKHU��-��&KHP��3K\V���������������������
>�@�7��:H\PXWK��DQG�0��5HLKHU��LQ�SUHSDUDWLRQ�
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&RPSXWDWLRQDO�&KHPLVWU\��,QYLWHG�OHFWXUH &&����

,Q�6LOLFR�3KRWRFKHPLVWU\�XVLQJ�$E�,QLWLR�1RQDGLDEDWLF�0ROHFXODU�'\QDPLFV

%��)��&XUFKRG�

�'HSDUWPHQW�RI�&KHPLVWU\��'XUKDP�8QLYHUVLW\��'XUKDP�'+���/(��8QLWHG�.LQJGRP��
EDVLOH�I�FXUFKRG#GXUKDP�DF�XN

:KDW KDSSHQV WR D PROHFXOH RQFH LW KDV DEVRUEHG 89 RU YLVLEOH OLJKW" +RZ GRHV WKH PROHFXOH
UHOHDVH RU FRQYHUW WKH H[WUD�HQHUJ\ LW MXVW UHFHLYHG" $QVZHULQJ WKHVH TXHVWLRQV FOHDUO\ JRHV
EH\RQG D SXUH WKHRUHWLFDO FXULRVLW\� DV SKRWRFKHPLFDO DQG SKRWRSK\VLFDO SURFHVVHV DUH FHQWUDO IRU
QXPHURXV GRPDLQV OLNH HQHUJ\ FRQYHUVLRQ DQG VWRUDJH� UDGLDWLRQ GDPDJHV LQ '1$� RU DWPRVSKHULF
FKHPLVWU\� WR QDPH D IHZ� $E LQLWLR PXOWLSOH VSDZQLQJ �$,06� LV D WKHRUHWLFDO WRRO WKDW DLPV DW DQ
DFFXUDWH \HW HIILFLHQW LQ VLOLFR GHVFULSWLRQ RI SKRWRFKHPLFDO DQG SKRWRSK\VLFDO SURFHVVHV LQ
PROHFXOHV� $,06 GHVFULEHV WKH H[FLWHG�VWDWH G\QDPLFV RI QXFOHDU ZDYHSDFNHWV XVLQJ DGDSWLYH
OLQHDU�FRPELQDWLRQV�RI�WUDYHOLQJ�IUR]HQ�*DXVVLDQV�>�@�

,Q WKLV WDON� , LQWHQG WR VXUYH\ VRPH UHFHQW GHYHORSPHQWV DQG DSSOLFDWLRQV RI WKH $,06 WHFKQLTXH� $
VLJQLILFDQW IHDWXUH RI WKH $,06 IUDPHZRUN ૱ EHVLGHV LWV FRQWUROOHG DSSUR[LPDWLRQV >���@ ૱ LV LWV
DGDSWDELOLW\� ZKLFK SHUPLWV WKH DGGLWLRQ RI FULWLFDO SK\VLFDO SURFHVVHV IRU D UHDOLVWLF VLPXODWLRQ RI
SKRWRFKHPLFDO SURFHVVHV� )RU H[DPSOH� ZH UHFHQWO\ LQFOXGHG VSLQ�RUELW FRXSOLQJ LQ $,06 >�@ DQG
WKH HIIHFW RI DQ H[WHUQDO HOHFWULF ILHOG >�@� OHDGLQJ WR WZR QHZ VFKHPHV FDOOHG *HQHUDOL]HG $,06
�*$,06� DQG H;WHUQDO )LHOG $,06 �;)$,06�� :H DOVR SURSRVHG D VLPSOH \HW UDWLRQDO DSSUR[LPDWLRQ
WR $,06 WHUPHG 6WRFKDVWLF�6HOHFWLRQ $,06 �66$,06�� ZKLFK DOORZV GHFUHDVLQJ WKH FRPSXWDWLRQDO
FRVW�RI�DQ�$,06�G\QDPLFV�VXEVWDQWLDOO\�>�@�

$OVR� ZH DOVR LQWHUIDFHG $,06 ZLWK WKH *38�EDVHG HOHFWURQLF VWUXFWXUH FRGH 7HUD&KHP WR VWXG\ WKH
H[FLWHG�VWDWH G\QDPLFV RI ODUJH PROHFXODU V\VWHPV� &RPELQLQJ WKH DFFXUDF\ RI $,06 ZLWK WKH
HIILFLHQF\ RI *38�DFFHOHUDWHG HOHFWURQLF VWUXFWXUH FDOFXODWLRQV �/5�7'')7 RU 6$�&$66&)� DOORZV
LQGHHG IRU D VLJQLILFDQW VWHS IRUZDUG LQ WKH VLPXODWLRQ RI QRQDGLDEDWLF HYHQWV� DV LW SXVKHV WKH
ERXQGDULHV RI WKH ZHOO�NQRZQ FRPSURPLVH EHWZHHQ HIILFLHQF\ DQG DFFXUDF\ LPSRVHG E\ WKH
FRPSXWDWLRQDO FRVW RI VXFK G\QDPLFV� 7KDQNV WR WKLV QHZ LQWHUIDFH� ZH FRXOG LQYHVWLJDWH WKH
QRQDGLDEDWLF G\QDPLFV RI GLIIHUHQW PHGLXP�VL]H RUJDQLF PROHFXOHV LPSRUWDQW LQ ELRORJLFDO
FKHPLVWU\��RUJDQLF�HOHFWURQLFV��DQG�DWPRVSKHULF�FKHPLVWU\�>���@�

>�@�%��)��(��&XUFKRG�DQG�7��-��0DUW¯QH]��&KHP��5HY������������������
>�@�%��0LJQROHW�DQG�%��)��(��&XUFKRG��-��&KHP��3K\V��������������������
>�@�%��0LJQROHW�DQG�%��)��(��&XUFKRG��-��3K\V��&KHP�$������������������
>�@ %� )� (� &XUFKRG� &� 5DXHU� 3� 0DUTXHWDQG� /� *RQ]£OH]� DQG 7� -� 0DUW¯QH]� -� &KHP�
3K\V��������������������
>�@�%��0LJQROHW��%��)��(��&XUFKRG��DQG�7��-��0DUW¯QH]��-��3K\V��&KHP��������������������
>�@�%��)��(��&XUFKRG��:��-��*ORYHU��DQG�7��-��0DUW¯QH]��LQ�SUHSDUDWLRQ������
>�@�-��:��6Q\GHU�-U���%��)��(��&XUFKRG��DQG�7��-��0DUW¯QH]��-��3K\V��&KHP��/HWW����������������
>�@�%��0LJQROHW��%��)��(��&XUFKRG��DQG�7��-��0DUW¯QH]��$QJHZ��&KHP��,QW��(G������������������
>�@�%��)��(��&XUFKRG��$��6LVWR��DQG�7��-��0DUW¯QH]��-��3K\V��&KHP��$����������������
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

$Q�DSSURDFK�IRU�FDOFXODWLQJ�WKH�ORJDULWKPLF�GHULYDWLYH�RI�WKH�WLPH�GHSHQGHQW
ZDYHIXQFWLRQ

1��*ROXEHY�

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

&RPSXWDWLRQDO WUHDWPHQW RI TXDQWXP G\QDPLFV LQ PROHFXOHV LV RIWHQ EDVHG� LQ RQH IRUP RU
DQRWKHU� RQ WKH VROXWLRQ RI WKH WLPH�GHSHQGHQW 6FKURGLQJHU HTXDWLRQ� 'XH WR H[WUHPH FRPSOH[LW\
RI WKLV SUREOHP� D ORW RI HIIRUWV ZHUH GLUHFWHG RQ WKH GHYHORSPHQW RI HIILFLHQW DSSURDFKHV ZKLFK
DOORZ WR WDFNOH G\QDPLFV LQ UHDOLVWLF V\VWHPV� 2QH RI WKH PRVW SURPLVLQJ UHFHQW LGHDV LV WR XVH D
VSHFLILF DQVDW] IRU WKH IXOO PROHFXODU ZDYHIXQFWLRQ ZKLFK LV NQRZQ DV WKH H[DFW IDFWRUL]DWLRQ
DSSURDFK >���@� :LWKLQ WKLV IRUPDOLVP WKH FRUUHODWHG PRWLRQ RI QXFOHL DQG HOHFWURQV LQ D V\VWHP LV
UHSUHVHQWHG E\ WKH WZR FRXSOHG HTXDWLRQV FRQWDLQLQJ WHUPV UHVSRQVLEOH IRU WKH HOHFWURQ�QXFOHDU
FRXSOLQJV� 'HVSLWH WKH EULJKW SURPLVH RI WKH H[DFW IDFWRUL]DWLRQ� WKH DSSHDULQJ HTXDWLRQV RI PRWLRQ
DUH H[WUHPHO\ FRPSOLFDWHG WR VROYH >�@� 1DPHO\� RQH RI WKH NH\ FRPSOH[LWLHV LV WKH QHFHVVLW\ WR
FDOFXODWH WKH ORJDULWKPLF GHULYDWLYH RI WKH WLPH�GHSHQGHQW QXFOHDU ZDYH SDFNHW� $OWKRXJK DW ILUVW
JODQFH WKH ORJDULWKPLF GHULYDWLYH VHHPV WR EH D VWUDLJKWIRUZDUG TXDQWLW\ WR FDOFXODWH� LW EHFRPHV
FOHDU XSRQ FORVHU LQVSHFWLRQ WKDW LWV GLUHFW QXPHULFDO HYDOXDWLRQ LV LOO�GHILQHG� +HUH ZH SUHVHQW D
QHZ DSSURDFK IRU WKH H[SOLFLW SURSDJDWLRQ RI WKH ORJDULWKPLF GHULYDWLYH LQ WLPH� 7KH GHYHORSHG
PHWKRGRORJ\ FRPELQHV 6FKURGLQJHU SLFWXUH ZLWK GH %URJOLH�%RKP IRUPXODWLRQ RI WKH TXDQWXP
WKHRU\� ,Q SDUWLFXODU� ZH VKRZ KRZ WKH SRODU UHSUHVHQWDWLRQ RI WKH ZDYHIXQFWLRQ FDQ EH XVHG WR
SURSDJDWH WKH ORJDULWKPLF GHULYDWLYH XWLOL]LQJ WKH WRSRORJLFDO SKDVH RI WKH ZDYHIXQFWLRQ� $OWKRXJK
WKH GHYHORSHG DSSURDFK ZHUH LQLWLDOO\ GHVLJQHG WR FDOFXODWH WKH ORJDULWKPLF GHULYDWLYH� LW WXUQHG
RXW WR EH DQ LQWHUHVWLQJ WRRO WR H[SORUH FRQQHFWLRQV EHWZHHQ 6FKURGLQJHU DQG %RKPLDQ PHFKDQLFV�
:H KRSH WKDW RXU VWXG\ ZLOO VWLPXODWH IXUWKHU WKHRUHWLFDO UHVHDUFK DLPLQJ DW GHYHORSLQJ
FRPSXWDWLRQDO�DSSURDFKHV�EDVHG�RQ�WKH�IDFWRUL]HG�IRUP�RI�WKH�PROHFXODU�ZDYHIXQFWLRQ�

>�@�/��6��&HGHUEDXP��-��&KHP��3K\V���YRO�������QR������S����������0DU�������
>�@�$��$EHGL��1��7��0DLWUD��DQG�(��.��8��*URVV��3K\V��5HY��/HWW���YRO�������QR������6HS�������
>�@�$��$EHGL��1��7��0DLWUD��DQG�(��.��8��*URVV��-��&KHP��3K\V���YRO�������QR��������$�����'HF�������
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&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

1RQDGLDEDWLF�PROHFXODU�G\QDPLFV�VLPXODWLRQV

-��(��5XQHVRQ���-��2��5LFKDUGVRQ�

��(7+�=XULFK��/DE��I¾U�3K\VLNDOLVFKH�&KHPLH

$ ORQJ�VWDQGLQJ JRDO LQ FRPSXWDWLRQDO FKHPLVWU\ LV WR FRPELQH WKH TXDQWXP GHVFULSWLRQ RI
QRQDGLDEDWLF SURFHVVHV ZLWK WKH VLPSOH FODVVLFDO WUDMHFWRULHV LQ PROHFXODU G\QDPLFV �0'�� ,Q
FODVVLFDO 0' RQH FDOFXODWHV PROHFXODU SURSHUWLHV YLD DQ DYHUDJH RYHU PDQ\ SDUWLFOHV WKDW IROORZ
1HZWRQLDQ PHFKDQLFV RQ D SRWHQWLDO HQHUJ\ VXUIDFH� ZKLFK HPHUJHV IURP WKH IDPRXV %RUQ�
2SSHQKHLPHU DSSUR[LPDWLRQ� 7KLV DSSUR[LPDWLRQ LV KRZHYHU QR ORQJHU YDOLG IRU QRQDGLDEDWLF
SURFHVVHV� VXFK DV LQWHUDFWLRQ ZLWK OLJKW� LQWHUQDO FRQYHUVLRQ DQG XOWUDIDVW HOHFWURQ WUDQVIHU� 7R
GHVFULEH WKHVH SKHQRPHQD RQH KDV WR LQFOXGH PXOWLSOH SRWHQWLDO HQHUJ\ VXUIDFHV� ZKLFK UDLVHV WKH
TXHVWLRQ� LV LW SRVVLEOH WR FRPELQH FODVVLFDO 0' WUDMHFWRULHV ZLWK QRQDGLDEDWLF G\QDPLFV RQ PXOWLSOH
VXUIDFHV�LQ�D�ULJRURXV�ZD\"

,Q P\ WDON , ZLOO VKRZ D VLPSOH ZD\ WR DFKLHYH WKLV IRU D WZR�VXUIDFH SUREOHP� ZLWKRXW LQYRNLQJ WKH
VXUIDFH�KRSSLQJ DQVDW]� 7KH NH\ LGHD LV WR DVVLJQ DQ DGGLWLRQDO SDLU RI YDULDEOHV WR HDFK WUDMHFWRU\
WR GHVFULEH WKH HOHFWURQLF VWDWHV� LQ DGGLWLRQ WR WKH QXFOHDU FRRUGLQDWHV DQG PRPHQWD� 7KHVH
YDULDEOHV DUH HQFRGHG DV WKH RULHQWDWLRQ RI D XQLW YHFWRU RQ D VSKHUH� ZKHUH WKH QRUWK SROH
UHSUHVHQWV WKH JURXQG VWDWH� WKH VRXWK SROH UHSUHVHQWV WKH H[FLWHG VWDWH� DQG RWKHU SRLQWV RQ WKH
VSKHUH UHSUHVHQW JHQHUDO VXSHUSRVLWLRQV RI ERWK VXUIDFHV� :H KDYH VKRZHG>�@ KRZ WR GHULYH D
PL[HG TXDQWXP�FODVVLFDO PHWKRG LQ WKLV ZD\� ZKLFK VKDUHV WKH VDPH HTXDWLRQV RI PRWLRQ DV LQ
(KUHQIHVW G\QDPLFV� EXW GLIIHUV LQ DQ LPSRUWDQW ZD\ LQ KRZ LQLWLDO GLVWULEXWLRQV DQG REVHUYDEOHV DUH
GHILQHG�

, ZLOO VKRZ EHQFKPDUN UHVXOWV IRU WKH DSSURDFK DSSOLHG WR SRSXODWLRQ WUDQVIHU LQ YDULRXV PRGHO
V\VWHPV� 7KH ILJXUH VKRZV DQ H[DPSOH RI WKH SRSXODWLRQ GLIIHUHQFH EHWZHHQ WZR HOHFWURQLF VWDWHV
IRU D FRQGHQVHG�SKDVH V\VWHP WKDW LV LQLWLDOO\ LQ LWV H[FLWHG VWDWH� (KUHQIHVW G\QDPLFV SUHGLFWV
FRPSOHWHO\ ZURQJ ILQDO VWDWH SRSXODWLRQV� ZKHUHDV RXU PHWKRG LV LQ DOPRVW SHUIHFW DJUHHPHQW ZLWK
WKH�H[DFW�UHVXOW�

>�@�-��(��5XQHVRQ�DQG�-��2��5LFKDUGVRQ��DU;LY������������>SK\VLFV�FKHP�SK@��������
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6HOI�FRQVLVWHQW�')7�8�9�VWXG\�RI�R[\JHQ�YDFDQFLHV�LQ�6U7L2�

&��5LFFD���,��7LPURY���0��&RFRFFLRQL���1��0DU]DUL���8��$VFKDXHU�

�'HSDUWPHQW�RI�&KHPLVWU\�DQG�%LRFKHPLVWU\��8QLYHUVLW\�RI�%HUQ���,QVWLWXWH�RI�0DWHULDOV�6FLHQFH�	
(QJLQHHULQJ��(3)/�/DXVDQQH

1HXWUDO R[\JHQ YDFDQFLHV DUH NQRZQ WR GHWHUPLQH WKH SK\VLFDO SURSHUWLHV DQG LQ SDUWLFXODU WKH
FRQGXFWLYLW\ RI 6U7L2� �672�� 'HVSLWH D JUHDW GHDO RI HIIRUW� WKH QDWXUH RI WKHVH GHIHFWV LQ 672 LV
VWLOO ZLGHO\ GHEDWHG� DQG UHVXOWV DUH FRQWUDGLFWRU\� HVSHFLDOO\ LQ UHJDUGV WR WKH QDWXUH RI WKH
DVVRFLDWHG HOHFWURQLF VWDWHV� 7KLV DPELJXLW\ KDV RIWHQ EHHQ UHODWHG WR 672V SHFXOLDU HOHFWURQLF
SURSHUWLHV� 672 LV D G� WUDQVLWLRQ PHWDO R[LGH ZLWK D PL[WXUH RI LRQLF DQG FRYDOHQW LQWHUDFWLRQV�
OHDGLQJ WR D FRPSHWLWLRQ EHWZHHQ WUDSSLQJ HOHFWURQV DVVRFLDWHG ZLWK WKH GHIHFW LQ WKH YDFDQF\ RU
WR ORFDOL]H WKHP RQ 7L��G RUELWDOV� 7KLV SDUWLFXODU VLWXDWLRQ PD\ QRW EH SURSHUO\ GHVFULEHG E\
VWDQGDUG GHQVLW\ IXQFWLRQDO WKHRU\ �')7� DSSURDFKHV RU HYHQ E\ +XEEDUG FRUUHFWHG ')7�8� ERWK
SURYLGLQJ ODUJHO\ XQGHUHVWLPDWHG EDQGJDSV DQG LQDFFXUDWH FU\VWDO ILHOG VSOLWWLQJ FRPSDUHG WR
H[SHULPHQWV� +HUH� ZH DSSO\� IRU WKH ILUVW WLPH� D QRYHO ')7�8�9 PHWKRG LQ ZKLFK WKH +XEEDUG 8
DQG 9 SDUDPHWHUV DUH FRPSXWHG VHOI�FRQVLVWHQWO\ WR R[\JHQ GHILFLHQW 672� 7KLV H[WHQGHG +XEEDUG
PRGHO FRPELQHV WKH FRQYHQWLRQDO RQ�VLWH &RXORPE LQWHUDFWLRQ IRU G HOHFWURQV RQ 7L VLWHV �8�
WRJHWKHU ZLWK LQWHU�VLWH HOHFWURQLF LQWHUDFWLRQV EHWZHHQ 7L�G DQG 2�S VWDWHV �9�� &RPSDUHG WR
')7�8� WKLV DSSURDFK LQFUHDVHV WKH SUHGLFWLYH DFFXUDF\ IRU ZHDNO\ FRUUHODWHG WUDQVLWLRQ PHWDO
R[LGHV DQG V\VWHPV ZKHUH K\EULGL]DWLRQ SOD\V D PDMRU UROH� DV LV WKH FDVH LQ 672� 5HVXOWV VKRZ
WKDW VHOI�FRQVLVWHQW ')7�8�9 LV DEOH WR SURYLGH D SLFWXUH RI 92 GHIHFWV LQ 672 VLPLODU WR WKH RQH
JLYHQ�E\�K\EULG�')7�IXQFWLRQDOV�EXW�DW�D�PXFK�ORZHU�FRPSXWDWLRQDO�FRVW�

�
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&DOFXODWLQJ�HOHFWURQLF�H[FLWDWLRQ�VSHFWUD�IRU�ODUJH�VFDOH�DSSOLFDWLRQV

$��+HKQ���%��6HUWFDQ���-��+XWWHU�

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

7LPH GHSHQGHQW GHQVLW\ IXQFWLRQDO WKHRU\ �7'')7� KDV SURYHQ WR EH D SRZHUIXO VWDQGDUG DSSURDFK
HQDEOLQJ WKH FDOFXODWLRQ RI H[FLWDWLRQ HQHUJLHV DQG H[FLWHG VWDWH SURSHUWLHV IRU PHGLXP�VL]HG
V\VWHPV RI DERXW ��� DWRPV� /DUJH�VFDOH DSSOLFDWLRQV DLPLQJ IRU EURDG�EDQG HOHFWURQLF VSHFWUD RI
V\VWHPV LQ WKH VL]H UDQJH RI VHYHUDO KXQGUHGV RI DWRPV DUH KRZHYHU QRW URXWLQHO\ IHDVLEOH ZLWKLQ
VWDQGDUG 7'')7� ,Q ����� *ULPPH WKHUHIRUH SURSRVHG D VLPSOLILHG 7DPP�'DQFRII �V7'$� GHQVLW\
IXQFWLRQDO DSSURDFK DSSUR[LPDWLQJ WZR�HOHFWURQ UHSXOVLRQ LQWHJUDOV XVLQJ /¸ZGLQ PRQRSROHV DQG D
VHPL�HPSLULFDO &RXORPE RSHUDWRU >�@� 7KH V7'$ DQVDW] ZDV DVVHVVHG IRU D YDULHW\ RI WHVW VHWV
SURYLQJ WKDW DFFXUDF\ ORVV IRU H[FLWDWLRQ HQHUJLHV LQ FRPSDULVRQ WR VWDQGDUG 7'')7 LV
QHJOLJLEOH ZKLOH FRPSXWDWLRQDO VDYLQJV DUH LQFUHDVHG E\ WZR RUGHUV RI PDJQLWXGH >���@� %DVHG RQ
WKH RULJLQDO LPSOHPHQWDWLRQ E\ *ULPPH� ZH SUHVHQW DQ V7'$ LPSOHPHQWDWLRQ LQ WKH *DXVVLDQ DQG
SODQH ZDYHV �*3:� IUDPHZRUN RI WKH &3�. SURJUDP SDFNDJH >�@� EURDGHQLQJ WKH DSSOLFDWLRQ UDQJH
IURP PROHFXOHV WR SHULRGLF V\VWHPV� :H VKRZ EHQFKPDUN UHVXOWV FRPSDULQJ WR VWDQGDUG 7'')7
DQG�WKH�RULJLQDO�V7'$�LPSOHPHQWDWLRQ�

>�@�6WHIDQ�*ULPPH��-��&KHP��3K\V���������������������
>�@�-DNRE�6HLEHUW��&KULVWRSK�%DQQZDUWK��6WHIDQ�*ULPPH��-��$P��&KHP��6RF��������������������
>�@�6WHIDQ�*ULPPH��&KULVWRSK�%DQQZDUWK��-��&KHP��3K\V���������������������
>�@�7KH�&3�.�GHYHORSHUV�JURXS��&3�.�LV�IUHHO\�DYDLODEOH�IURP�KWWS���ZZZ�FS�N�RUJ��
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7KH�UHODWLRQVKLS�EHWZHHQ�SK\VLFDO�FRQGLWLRQV�IRU�͕%��DQG�WKH�HUURU�ZLWKLQ�)UR]HQ
'HQVLW\�(PEHGGLQJ�7KHRU\�

1��5LFDUGL���$��=HFK���<��*LPEDO�=RIND���7��:HVRORZVNL�

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

)UR]HQ 'HQVLW\ (PEHGGLQJ 7KHRU\ �)'(7�>�@�>�@ LV D PXOWL�OHYHO PHWKRG ZKLFK GHVFULEHV WKH HIIHFW RI
D IUR]HQ HOHFWURQ GHQVLW\ RI WKH HQYLURQPHQW� ͕% �U�� RQ WKH ZDYHIXQFWLRQ RI WKH V\VWHP RI LQWHUHVW
�̼$���PDLQWDLQLQJ�D�TXDQWXP�PHFKDQLFDO��GHVFULSWLRQ�IRU�WKH�ZKROH�VXSHUPROHFXODU�V\VWHP�
)'(7 H[KLELWV ODUJH IOH[LELOLW\� DQ\ FKRLFH RI PHWKRGV IRU WKH VXEV\VWHPV $ DQG % LV SRVVLEOH�
LQFOXGLQJ IRU LQVWDQFH WKH JHQHUDWLRQ RI ͕%�U� DV D VXSHUSRVLWLRQ RI GHQVLWLHV RU WLPH�DYHUDJLQJ>�@�
$GGLWLRQDOO\� WKH PXOWL�OHYHO DSSURDFK RI WKLV IRUPDOLVP FDQ EH IXUWKHU H[WHQGHG E\ FRPELQDWLRQ
ZLWK�RWKHU�HQYLURQPHQW�PRGHOV��H�J��3&0��00��
7KUHH�IDFWRUV�GHWHUPLQH�WKH�DFFXUDF\�RI�)'(7�EDVHG�HPEHGGHG�ZDYHIXQFWLRQV>�@�>�@�
�WKH�EDVLV�VHW�H[SDQVLRQ�ZKLFK�PD\�H[FHVVLYHO\�ORFDOLVH�WKH�ZDYHIXQFWLRQ
�WKH�DSSUR[LPDWH�QDWXUH�RI�WKH�')7�IXQFWLRQDOV�XVHG�IRU�H[FKDQJH�FRUUHODWLRQ�DQG
NLQHWLF�FRPSRQHQW�RI�WKH�LQWHUDFWLRQ
�YLRODWLRQV�RI�WKH�FRQGLWLRQ�͕%IUR]HQ��U��೩�͕,727��U�
,Q SDUWLFXODU� WKH ODWHVW UHODWHV WR FKHPLFDO SKHQRPHQD VXFK DV SRODULVDWLRQ DQG HQYLURQPHQW
UHVSRQVH� ,Q RUGHU WR LQYHVWLJDWH WKH LQIOXHQFH RI VXFK SKHQRPHQD RQ WKH TXDOLW\ RI WKH )'(7
UHVXOWV� ZH VHOHFWHG HPEHGGLQJ SURWRFROV ZKLFK GLIIHU LQ WKH ZD\ ͕%�U� LV JHQHUDWHG� UHVXOWLQJ LQ
GLIIHUHQW PDQQHUV RI DFFRXQWLQJ IRU SRODULVDWLRQ HIIHFWV� 7KHQ HUURUV LQ PHDVXUHG TXDQWLWLHV KDYH
EHHQ FRPSDUHG WR SDUDPHWHUV REWDLQHG IURP WKH GLUHFW DQDO\VLV RI WKH YLRODWLRQV RI WKH ODVW
FRQGLWLRQ�

:LWK WKLV� ZH DLP DW XQGHUVWDQGLQJ WKH VRXUFHV RI HUURU LQ GLIIHUHQW W\SH RI LQWHUDFWLRQV� DQG WR
JXLGH�WKH�VHOHFWLRQ�RI�DQ�DSSURSULDWH�SURWRFRO�IRU�WKH�V\VWHP�DW�KDQG�

>�@�7RPDV]�:HVRORZVNL��$ULHK�:DUVKHO��-��3K\V��&KHP������������������
>�@�7RPDV]�:HVRORZVNL��3K\V��5HY��$�������������������
>�@ $QGUH\ /DNWLRQRY� (PLOLH &KHPLQHDX�&KDOD\H� 7RPDV] :HVRORZVNL� 3K\V� &KHP� &KHP� 3K\V��
���������������૱������
>�@ $OH[DQGHU =HFK� 1LFFRO´ 5LFDUGL� 6WHIDQ 3UDJHU� $QGUHDV 'UHXZ� 7RPDV] :HVRORZVNL� -� &KHP�
7KHRU\�&RPSXW�����������������૱�����
>�@ 1LFFRO´ 5LFDUGL� $OH[DQGHU =HFK� <DQQ *LPEDO�=RIND�7RPDV] :HVRORZVNL� 3K\V� &KHP� &KHP�
3K\V������������������૱������
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0ROHFXODU�PRGHOOLQJ�LQ�FURS�SURWHFWLRQ��FXUUHQW�WHFKQRORJLHV�DQG�DSSOLFDWLRQV

6��5HQGLQH�

�6\QJHQWD�&URS�3URWHFWLRQ

&RPSXWDWLRQDO FKHPLVWU\ LV D ZHOO�HVWDEOLVKHG GLVFLSOLQH LQ WKH SKDUPDFHXWLFDO LQGXVWU\ DQG LQ
UHFHQW \HDUV LWV EHHQ JURZLQJ IDVW LQ WKH FURS SURWHFWLRQ ILHOG WRR� $ QXPEHU RI GLYHUVH PROHFXODU
PRGHOOLQJ WHFKQLTXHV� UDQJLQJ IURP TXDQWXP PHFKDQLFV FDOFXODWLRQV WR PROHFXODU G\QDPLFV
VLPXODWLRQV� FDQ EH HIIHFWLYHO\ DSSOLHG WR PDQ\ DVSHFWV RI DJURFKHPLFDO UHVHDUFK DQG FRQWULEXWH
WR WKH HOXFLGDWLRQ RI PRGHV RI DFWLRQ DQG WKH GHVLJQ DQG RSWLPL]DWLRQ RI QRYHO DFWLYH LQJUHGLHQWV�
ZKLOH DGGUHVVLQJ UHVLVWDQFH DQG VHOHFWLYLW\ LVVXHV� 7KLV WDON ZLOO GLVFXVV� WKURXJK D VHOHFWLRQ RI
FDVH VWXGLHV� WKH FRQWULEXWLRQ DQG LPSDFW RI PROHFXODU PRGHOOLQJ LQ GLIIHUHQW ILHOGV RI
DJURFKHPLVWU\��DLPLQJ�DW�WKH�GHYHORSPHQW�RI�VHOHFWLYH��VDIH�DQG�UHVLVWDQFH�EUHDNLQJ�SURGXFWV�
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8VLQJ�5(�('6�WR�FDOFXODWH�UHODWLYH�ELQGLQJ�IUHH�HQHUJLHV�IRU�OLJDQG�VFDIIROG�KRSSLQJ

%��6FKURHGHU���'��6LGOHU���6��5LQLNHU�

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

&DOFXODWLQJ WKH UHODWLYH ELQGLQJ IUHH HQHUJLHV RI D VHW RI OLJDQGV WR D SDUWLFXODU SURWHLQ LV D NH\
DSSOLFDWLRQ RI FRPSXWDWLRQDO FKHPLVWU\� IDFLOLWDWLQJ WKH GHVLJQ RI QHZ GUXJ FDQGLGDWHV� RU
H[SODLQLQJ H[SHULPHQWDO UHVXOWV� :H KDYH GHYHORSHG WKH PROHFXODU�G\QDPLFV �0'� EDVHG IUHH
HQHUJ\ PHWKRG 5(�('6 >���@� ZKLFK LV D FRPELQDWLRQ RI +DPLOWRQLDQ 5HSOLFD ([FKDQJH �5(� >�@ DQG
(QYHORSLQJ 'LVWULEXWLRQ 6DPSOLQJ �('6� >���@� 5( LV D VWDQGDUG DSSURDFK WR HQKDQFH VDPSOLQJ LQ
0' VLPXODWLRQV� $ PDMRU DGYDQWDJH RI ('6 RYHU RWKHU IUHH HQHUJ\ PHWKRGV LV WKH SRVVLELOLW\ WR
FDOFXODWH IUHH HQHUJ\ GLIIHUHQFHV EHWZHHQ PXOWLSOH HQG VWDWHV �H�J�� PXOWLSOH OLJDQGV� IURP D VLQJOH
VLPXODWLRQ >�@� 7KLV IHDWXUH LPSURYHV HIILFLHQF\ E\ XS WR DQ RUGHU RI PDJQLWXGH FRPSDUHG WR
SDLUZLVH PHWKRGV� 7R HQDEOH VDPSOLQJ RI DOO HQG VWDWHV LQ D VLPXODWLRQ� ('6 XVHV D UHIHUHQFH VWDWH
+DPLOWRQLDQ�

7KLV UHIHUHQFH VWDWH HQYHORSV DOO OLJDQGV LQ WKH V\VWHP DQG FDQ EH PRGLILHG E\ WZR SDUDPHWHUV IRU
RSWLPDO VDPSOLQJ� 7KH ILUVW SDUDPHWHU LV WKH VPRRWKLQJ SDUDPHWHU V� ZKLFK FDQ ORZHU WKH HQHUJ\
EDUULHUV EHWZHHQ WKH OLJDQGV VXFK WKDW WUDQVLWLRQV IURP RQH VWDWH WR DQRWKHU RFFXU� 7KH VHFRQG
SDUDPHWHU LV D YHFWRU FRQWDLQLQJ WKH VR�FDOOHG HQHUJ\ RIIVHWV� ZKLFK DUH XVHG WR DOLJQ WKH SRWHQWLDO�
HQHUJ\ ODQGVFDSHV RI DOO OLJDQGV� DQG� WKHUHIRUH� DOORZ HTXDO VDPSOLQJ RI DOO OLJDQGV� +RZHYHU� WKH
GHWHUPLQDWLRQ RI WKH RSWLPDO UHIHUHQFH�VWDWH SDUDPHWHUV LV FKDOOHQJLQJ DQG WLPH�FRQVXPLQJ IRU
PRUH WKDQ WZR HQG�VWDWHV� 7KLV LVVXH FDQ EH DGGUHVVHG ZLWK 5(�('6� ,Q 5(�('6� UHSOLFDV RI WKH
UHIHUHQFH VWDWH DUH VLPXODWHG ZLWK GLIIHUHQW VPRRWKQHVV SDUDPHWHUV� $W UHJXODU WLPH LQWHUYDOV�
H[FKDQJHV RI WKH FRQILJXUDWLRQV EHWZHHQ UHSOLFDV DUH DWWHPSWHG� ZKLFK HQDEOHV WUDQVLWLRQV
EHWZHHQ HQG VWDWHV� 7KLV VLPSOLILHV WKH FKRLFH RI WKH UHIHUHQFH VWDWH SDUDPHWHUV DQG DOORZV WKH
VLPXODWLRQ RI OLJDQGV ZLWK PRUH GLYHUVH VWUXFWXUHV FRPSDUHG WR FRQYHQWLRQDO IUHH HQHUJ\ PHWKRGV�
+HUH� ZH H[SORUH WKH SRVVLEOH VWUXFWXUDO GLYHUVLW\ RI OLJDQGV LQ UHODWLYH ELQGLQJ IUHH HQHUJ\
FDOFXODWLRQV�ZLWK�5(�('6�

>�@�'��6LGOHU��$��6FKZDQLQJHU�DQG�6��5LQLNHU��-��&KHP��3K\V������������������������
>�@�'��6LGOHU��0��&ULVW´IRO�&ORXJK��DQG�6��5LQLNHU��-��&KHP��7KHRU\�&RPSXW������������૱����������
>�@�<��6XJLWD�DQG�<��2NDPRWR��&KHP��3K\V��/HWW�����������૱���������
>�@�&��'��&KULVW�DQG�:��)��YDQ�*XQVWHUHQ��-��&KHP��3K\V������������������������
>�@�&��'��&KULVW�DQG�:��)��YDQ�*XQVWHUHQ��-��&KHP��3K\V�������������������



&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

0ROHFXODU�'\QDPLFV�VLPXODWLRQV�ZLWK�5.+6�EDVHG�SRWHQWLDOV

0��3H]]HOOD���0��0HXZO\�

�'HSDUWHPHQW�&KHPLH��8QLYHUVLW¦W�%DVHO

0ROHFXODU '\QDPLFV �0'� VLPXODWLRQV DUH D QHFHVVDU\ WRRO IRU LQWHUSUHWLQJ H[SHULPHQWDO UHVXOWV
DQG HQJLQHHULQJ QHZ PDWHULDOV ZLWK GHVLUHG SURSHUWLHV� &RPSURPLVHV EHWZHHQ WKH VL]H RI
VLPXODWLRQV DQG LWV DFFXUDF\ DUH XVXDOO\ QHFHVVDU\� &ODVVLFDO VLPXODWLRQV FDQ H[SORUH V\VWHPV RI
WKH VL]H RI PLOOLRQ RI DWRPV IRU PLFURVHFRQGV� EXW DUH XQDEOH WR GHVFULEH ERQG IRUPDWLRQ�FOHDYDJH
DQG WKH DFFXUDF\ LV LQWULQVLFDOO\ OLPLWHG E\ WKH IXQFWLRQDO IRUP RI WKH )RUFH )LHOG XVHG� 4XDQWXP
0HFKDQLFDO �40� VLPXODWLRQV FDQ EH H[WUHPHO\ DFFXUDWH� EXW WKH\ DUH WUHPHQGRXVO\ OLPLWHG LQ VL]H
DQG�WLPH�

,QWHUSRODWLRQ PHWKRGV RQ DE�LQLWLR GDWD� DV WKH RQHV EDVHG RQ 5HSURGXFLQJ .HUQHO +LOEHUW 6SDFH
�5.+6�>�@� FDQ EH LPSOHPHQWHG LQ FODVVLFDO 0' SDFNDJHV� $W D SULFH RI D VPDOO RYHUKHDG UHVSHFW WR
FODVVLFDO VLPXODWLRQV� WKH ZLVH FKRLFH RI NHUQHOV DUH DEOH WR UHSURGXFH TXDQWXP�PHFKDQLFDO UHVXOWV
IRU WKH LQWHUHVWHG SURSHUWLHV� 7KH RQH DQG WKUHH GLPHQVLRQDO PRGHOV� EDVHG RQ D SUHYLRXV ZRUN LQ
RXU�JURXS�>�@���DUH�UHVSHFWLYHO\�LQ�UHOHDVH�DQG�GHYHORSPHQW�LQ�&+$500�>�@�

7KH PRQR�GLPHQVLRQDO FDVH LV VXFFHVVIXOO\ XVHG IRU GHVFULELQJ �2 �! 2� UHFRPELQDWLRQ� RQ WRS DQG
LQVLGH RI D JUDLQ RI DPRUSKRXV VROLG ZDWHU DW �� . >�@� 7KH KLJK UDWH RI UHDFWLYH HYHQWV �a��� RYHU
���� VLPXODWLRQV RI ��� SV� FRQILUPV WKDW WKH R[\JHQ DWRPV KDYH VXIILFLHQW HQHUJ\ IRU RYHUFRPLQJ
WKH DYHUDJH HQFRXQWHUHG GLIIXVLRQDO EDUULHUV ���� NFDO�PRO RYHU D ��� NFDO�PRO WHPSHUDWXUH� >�@ �
7KH VFDUFH FRXSOLQJ EHWZHHQ 2� YLEUDWLRQ DQG WKH RWKHU PRGHV FDQ H[SODLQ WKH UHGXFHG QXPEHU RI
REVHUYDWLRQV RI 2� JDV LQ VSDFH� WKDW ZLOO EH WUDSSHG LQ WKH JUDLQ DQG SRVVLEO\ UHDFWV ZLWK RWKHU
LQFRPLQJ�VSHFLHV�

7KH LQFOXVLRQ RI PXOWLSOH 3RWHQWLDO (QHUJ\ 6XUIDFHV YLD GLIIHUHQW NHUQHOV DOORZV WKH VWXG\ DQG
LPSOHPHQWDWLRQ RI QRQ DGLDEDWLF HIIHFWV GXULQJ VLPXODWLRQV� 5HFRPELQDWLRQ RQ 2� LV SHUIRUPHG�
LQFOXGLQJ 6SLQ 2UELW &RXSOLQJ HIIHFWV EHWZHHQ WKH �̷J H[FLWHG VWDWH DQG �̷J JURXQG VWDWH�
3UHOLPLQDU\ UHVXOWV VKRZ WKDW WKH �̷J VWDWH LV WKH IDYRXULWH IRUPDWLRQ FKDQQHO ���� RI ����
UHDFWLYH�HYHQWV��

7KH WKUHH GLPHQVLRQDO FDVH LV WHVWHG IRU WKH &2 � 2 �! &2� IRUPDWLRQ LQ WKH VDPH HQYLURQPHQWDO
FRQGLWLRQV XVHG IRU 2�� &RPSDUHG WR WKH SUHYLRXV VLPXODWLRQV� D EHWWHU FRXSOLQJ EHWZHHQ WKH
PROHFXODU PRGHV DQG WKH ZDWHU LV REVHUYHG� WKDW KDV DV D FRQVHTXHQFH D PRUH HIILFLHQW UHOD[DWLRQ
PHFKDQLVP�DQG�KLJKHU�GLIIXVLYLW\�IRU�WKH�UHFRPELQHG�PROHFXOH�

7KLV VWXG\ VKRZV WKDW 5.+6 LV D SRZHUIXO WRRO WKDW DOORZV WKH LQFOXVLRQ RI UHDFWLYH HYHQWV DQG
HQKDQFH�WKH�DFFXUDF\�RI�FDOFXODWLRQV�XVLQJ�FODVVLFDO�0'�SDFNDJHV�

>�@ 7LPRWK\ +ROOHEHHN� 7DN�6DQ +R� +HUVFKHO 5DELW]� $QQXDO 5HYLHZ RI 3K\VLFDO &KHPLVWU\� �����
�������������
>�@ 2OLYHU 7� 8QNH� 0DUNXV 0HXZO\� -RXUQDO RI &KHPLFDO ,QIRUPDWLRQ DQG 0RGHOOLQJ� ����� ���
����������
>�@�%HUQDUG�%URRNV�HW�DO��-RXUQDO�RI�&RPSXWDWLRQDO�&KHPLVWU\����������������������
>�@�0DUFR�3H]]HOOD��0DUNXV�0HXZO\��3K\VLVLFDO�&KHPLVWU\�&KHPLFDO�3K\VLFV����������������������
>�@ 0DUFR 3H]]HOOD� 2OLYHU 7� 8QNH� 0DUNXV 0HXZO\� -RXUQDO RI 3K\VLFDO &KHPLVWU\ /HWWHUV� ����� ��
����������
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$XWRPDWHG�IRUFH�ILHOG�UHILQHPHQW�IRU�FRPSRXQG�IDPLOLHV

0��3HUHLUD�2OLYHLUD���3��+��+¾QHQEHUJHU�

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

1RZDGD\V� FODVVLFDO �IRUFH�ILHOG EDVHG� DWRPLVWLF VLPXODWLRQV RI FRQGHQVHG�SKDVH V\VWHPV SOD\ D
NH\ UROH LQ DOO DUHDV RI QDWXUDO VFLHQFHV� 2ZLQJ WR FRPSXWDWLRQDO DQG PHWKRGRORJLFDO DGYDQFHV LQ
WKH ILHOG RYHU WKH SDVW IHZ GHFDGHV� DQG WR D UHVXOWLQJ LQFUHDVH LQ WKH XVHIXOQHVV RI WKH VLPXODWLRQ
DSSURDFK LQ H�J� PDWHULDO DQG GUXJ GHVLJQ� WKH ODVW IHZ \HDUV KDYH ZLWQHVVHG D PDVVLYH
H[SORUDWLYH HIIRUW WRZDUGV WKH DXWRPDWLRQ RI WKHVH FDOFXODWLRQV DQG� LQ SDUWLFXODU� RI WKH IRUFH�ILHOG
GHYHORSPHQW SURFHGXUHV� ,Q WKLV FRQWH[W� RXU JRDO LV WKH GHVLJQ� LPSOHPHQWDWLRQ DQG DSSOLFDWLRQ RI
DQ LQWHJUDWHG VFKHPH IRU WKH DXWRPDWHG UHILQHPHQW RI IRUFH�ILHOG SDUDPHWHUV DJDLQVW
H[SHULPHQWDO FRQGHQVHG�SKDVH �SUHGRPLQDQWO\ WKHUPRG\QDPLF� GDWD� FRQVLGHULQJ HQWLUH FODVVHV RI
RUJDQLF PROHFXOHV FRQVWUXFWHG XVLQJ D IUDJPHQW OLEUDU\ YLD FRPELQDWRULDO LVRPHU HQXPHUDWLRQ� 7KH
PDLQ IHDWXUHV DQG REMHFWLYHV RI WKH SURSRVHG DSSURDFK FDQ EH VWDWHG DV IROORZV� �L� NHHS WKH IRUFH�
ILHOG GHVLJQ IRFXVHG RQ WKH FHQWUDO EXLOGLQJ EORFNV RI SK\VLFDO RUJDQLF FKHPLVWU\� WKH FKHPLFDO
IXQFWLRQDO JURXSV� �LL� WUHDW WKH IRUFH�ILHOG SDUDPHWHUV DV HPSLULFDO TXDQWLWLHV� WR EH RSWLPL]HG
SULPDULO\ DJDLQVW H[SHULPHQWDO GDWD UDWKHU WKDQ DJDLQVW WKH UHVXOWV RI TXDQWXP�PHFKDQLFDO
FDOFXODWLRQV� �LLL� HQDEOH D FRPSOHWH DXWRPDWLRQ RI WKH WRSRORJ\�FRQVWUXFWLRQ DQG SDUDPHWHU�
RSWLPL]DWLRQ SURFHGXUHV� �LY� FRQVWUXFW IRUFH ILHOGV ZLWK D EURDG �WKRXJK QRW H[KDXVWLYH� FRYHUDJH
RI WKH FKHPLFDO VSDFH� RSWLPL]HG DJDLQVW DQ H[WHQVLYH H[SHULPHQWDO GDWDVHW� �Y� HQDEOH WKH
FRPSDULVRQ RI GLIIHUHQW FKRLFHV LQ WKH IRUFH�ILHOG IXQFWLRQDO IRUP DW RSWLPDO SDUDPHWUL]DWLRQ OHYHO�
VR DV WR JXLGH WKH UHILQHPHQW RI WKLV IXQFWLRQDO IRUP WRZDUGV WKH PRVW UHOHYDQW LPSURYHPHQWV� �YL�
SURYLGH FKHPLFDO LQVLJKW LQWR WKH VSHFLILF SURSHUWLHV RI WKH FODVVHV RI RUJDQLF FRPSRXQGV
FRQVLGHUHG� $V D ILUVW DSSOLFDWLRQ� WKLV ZRUNIORZ LV LOOXVWUDWHG KHUH LQ WKH FRQWH[W RI WZR PROHFXOH
IDPLOLHV� VDWXUDWHG KDORDONDQHV DQG QRQ�K\GURJHQ�ERQGLQJ R[\JHQ�FRQWDLQLQJ FRPSRXQGV �HWKHUV�
HVWHUV� DOGHK\GHV DQG NHWRQHV� XS WR � FDUERQ DWRPV� &RQVLGHULQJ ��� DQG ��� PROHFXOHV�
UHVSHFWLYHO\� LQ WKH WZR IDPLOLHV� WKH IRUFH�ILHOG SDUDPHWHUV �EDVHG RQ WKH *52026 IRUFH�ILHOG
IXQFWLRQDO IRUP� DUH V\VWHPDWLFDOO\ RSWLPL]HG DJDLQVW D WRWDO ��� DQG ��� H[SHULPHQWDO YDOXHV�
UHVSHFWLYHO\� IRU WKH OLTXLG GHQVLW\ DQG YDSRUL]DWLRQ HQWKDOS\� $IWHU ����� UHILQHPHQW LWHUDWLRQV IRU
WKH QRQ�ERQGHG LQWHUDFWLRQ SDUDPHWHUV �DERXW � ZHHNV FDOFXODWLRQ WLPH XVLQJ ��� &38V�� WKH ILQDO
506'
V DJDLQVW H[SHULPHQW DUH ����� NJ�P� DQG ���� N-�PRO IRU WKH KDORDONDQHV� DQG ����� NJ�P�

DQG ���� N-�PRO IRU WKH R[\JHQDWHG FRPSRXQGV� )XUWKHU VHWV RI ��� DQG ��� PROHFXOHV ���� DQG
��� H[SHULPHQWDO GDWD SRLQWV� DUH XVHG IRU YDOLGDWLRQ� ZLWK RQO\ VOLJKWO\ ODUJHU 506'
V UHODWLYH WR
H[SHULPHQW�
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/HDUQLQJ��IURP��WKH�HOHFWURQ�GHQVLW\��IRFXV�RQ�QRQ�FRYDOHQW�LQWHUDFWLRQV�DQG
WUDQVIHUDELOLW\

$��)DEUL]LR���$��*ULVDIL���%��0H\HU���0��&HULRWWL���&��&RUPLQERHXI�

�/DERUDWRU\�IRU�&RPSXWDWLRQDO�0ROHFXODU�'HVLJQ��/&0'����/DERUDWRU\�RI�&RPSXWDWLRQDO�6FLHQFH
DQG�0RGHOLQJ��&2602�

,QWHUPROHFXODU LQWHUDFWLRQV DUH WKH FRUQHUVWRQH RI FKHPLVWU\ EH\RQG WKH VLQJOH LVRODWHG PROHFXOH�
7KHLU XQGLVSXWHG LPSRUWDQFH LV UHDGLO\ GHPRQVWUDWHG E\ WKH LQWHQVLYH UHVHDUFK HIIRUW VSHQW
DFKLHYLQJ HYHU PRUH DFFXUDWH TXDQWLILFDWLRQ RI WKHLU PDJQLWXGH DQG D FKHPLFDOO\ PRUH LQWXLWLYH
FKDUDFWHUL]DWLRQ RI WKHLU VSDWLDO EHKDYLRU� $PRQJ DOO WKH PROHFXODU SURSHUWLHV WKDW HQFRGH WKH
UHOHYDQW LQIRUPDWLRQ QHHGHG WR IXOO\ FKDUDFWHUL]H ERWK LQWUD� DQG LQWHUPROHFXODU LQWHUDFWLRQV� WKH
PROHFXODU FKDUJH GHQVLW\ RFFXSLHV D SUHIHUHQWLDO SODFH GXH WR LWV REVHUYDEOH QDWXUH DQG LWV
GHSHQGHQFH RQO\ RQ WKUHH VSDWLDO YDULDEOHV� :KLOH� ͕�U� FDQ EH DFFXUDWHO\ REWDLQHG VROYLQJ WKH
HOHFWURQLF VWUXFWXUH SUREOHP WKURXJK DE�LQLWLR FRPSXWDWLRQV� WKLV DSSURDFK FDQ EHFRPH UDSLGO\
GHPDQGLQJ LI WKH HOHFWURQ GHQVLW\ KDV WR EH HYDOXDWHG IRU WKRXVDQGV RI GLIIHUHQW PROHFXOHV RU IRU
WKH YHU\ ODUJH FKHPLFDO V\VWHPV� VXFK DV SHSWLGHV DQG SURWHLQV� 7R DGGUHVV WKLV SUREOHP� ZH
SUHVHQW D WUDQVIHUDEOH DQG VFDODEOH PDFKLQH�OHDUQLQJ PRGHO RI WKH HOHFWURQ GHQVLW\� DEOH WR SUHGLFW
WKH IXOO GHQVLW\ ILHOG GLUHFWO\ IURP WKH DWRPLF FRRUGLQDWHV�� $GGLWLRQDOO\� ZH VKRZ KRZ WKH
UHJUHVVLRQ PRGHO FDQ EH DSSOLHG WR DFFHVV WKH LQIRUPDWLRQ DERXW LQWHUPROHFXODU LQWHUDFWLRQV LQ D
FKHPLFDOO\ GLYHUVH HQVHPEOH RI PROHFXOHV GHULYHG IURP WKH %LR)UDJPHQW GDWDEDVH �%)'E���
)LQDOO\� ZH GHPRQVWUDWH WKH WUDQVIHUDELOLW\ RI WKH PRGHO WR QHZ FKHPLFDO VLWXDWLRQV� E\ SUHGLFWLQJ
DQG�DQDO\]LQJ�WKH�HOHFWURQ�GHQVLW\�ILHOG�RI�D�FRPSOH[�SRO\SHSWLGH�

>�@ *ULVDIL� $�� )DEUL]LR� $�� 0H\HU� %�� :LONLQV� '� 0�� &RUPLQERHXI� &�� &HULRWWL� 0�$&6 &HQW� 6FL�
�����������૱���
>�@ %XUQV� /� $�� )DYHU� -� &�� =KHQJ� =�� 0DUVKDOO� 0� 6�� 6PLWK� '� *� $�� 9DQRPPHVODHJKH� .��
0DF.HUHOO��$��'���0HU]��.��0���6KHUULOO��&��'��-��&KHP��3K\V�������������������������

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org


&RPSXWDWLRQDO�&KHPLVWU\��6KRUW�WDON &&����

$OFKHPLFDO�3HUWXUEDWLRQ�'HQVLW\�)XQFWLRQDO�7KHRU\��$3')7�

*��YRQ�5XGRUII���2��$��YRQ�/LOLHQIHOG�

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

:H LQWURGXFH DQ RUELWDO IUHH HOHFWURQ GHQVLW\ IXQFWLRQDO DSSUR[LPDWLRQ EDVHG RQ DOFKHPLFDO
SHUWXUEDWLRQ WKHRU\� *LYHQ FRQYHUJHQW SHUWXUEDWLRQV RI D VXLWDEOH UHIHUHQFH V\VWHP� WKH DFFXUDF\
RI SRSXODU VHOI�FRQVLVWHQW .RKQ�6KDP GHQVLW\ IXQFWLRQDO HVWLPDWHV RI SURSHUWLHV RI QHZ PROHFXOHV
FDQ�EH�V\VWHPDWLFDOO\�VXUSDVVHG���DW�QHJOLJLEOH�FRVW�

)RU H[DPSOH� XVLQJ WKH &&6' VROXWLRQ IRU 1�� $3')7 FDOFXODWHG SURSHUWLHV RI &2 DUH PRUH DFFXUDWH
WKDQ 3%( DOUHDG\ DW �VW RUGHU �HQHUJLHV DQG GLSROH PRPHQWV� DQG �QG RUGHU �TXDGUXSROH�PRPHQWV
DQG IRUFHV�� 7KH DVVRFLDWHG HQHUJ\ IXQFWLRQDO LV DQ DSSUR[LPDWLRQ WR WKH LQWHJUDWHG HQHUJ\
GHULYDWLYH� UHTXLULQJ RQO\ SHUWXUEHG UHIHUHQFH HOHFWURQ GHQVLWLHV� 1R VHOI�FRQVLVWHQW ILHOG HTXDWLRQV
DUH QHFHVVDU\ WR HVWLPDWH HQHUJLHV DQG HOHFWURQ GHQVLWLHV� ,QVWHDG� RXU DSSURDFK UHOLHV RQ WKH
HOHFWURQ GHQVLW\ UHVSRQVH Z�U�W QXFOHDU FKDUJHV DQG WUHDWV FKDQJHV RI QXFOHDU FKDUJHV DW DQ\ VLWHV
DV SHUWXUEDWLRQV WR WKH V\VWHP� :H VKRZ WKDW WKH UHVXOWLQJ H[SDQVLRQ LQ SHUWXUEDWLRQ RUGHUV
FRQYHUJHV TXLFNO\ E\ DQDO\WLFDO SURRI IRU WKH K\GURJHQLF DWRP DQG IRU DQ\ IUHH DWRP� 1XPHULFDO
FRQYHUJHQFH�LV�VKRZQ�IRU�DOFKHPLFDO�SHUWXUEDWLRQV�RI�+���1���DQG�EHQ]HQH�
$3')7 EDVHG HVWLPDWHV RI WKH HOHFWURQ GHQVLW\ RI D WDUJHW PROHFXOH DUH REWDLQHG IRU WKH VDPH
SHUWXUEDWLRQV�
(VWLPDWHG HOHFWURQLF JURXQG VWDWH SURSHUWLHV FRQVLGHUHG LQFOXGH FRYDOHQW ERQGLQJ SRWHQWLDOV�
DWRPLF�IRUFHV��DV�ZHOO�DV�GLSROH�DQG�TXDGUXSROH�PRPHQWV�
$3')7 LV ZLGHO\ DSSOLFDEOH WR DQ\ OHYHO RI WKHRU\ WKDW PDNHV HOHFWURQ GHQVLWLHV DYDLODEOH DQG
DOORZV WR DVVHVV D FRPELQDWRULDO QXPEHU RI PROHFXOHV ZLWK RQH IL[HG VHW RI FDOFXODWLRQV UDWKHU WKDQ
FDOFXODWLQJ�PROHFXOHV�RQH�E\�RQH�

,I WKH SHUWXUEDWLRQ VHULHV FRQYHUJHV DQG LI WKH UHIHUHQFH OHYHO RI WKHRU\ LV RI VXIILFLHQW TXDOLW\�
$3')7�UHSUHVHQWV�D�V\VWHPDWLFDOO\�LPSURYLQJ�')7�DSSUR[LPDWLRQ�RI�KLHUDUFKLHV�RI�DFFXUDF\�

*��)��YRQ�5XGRUII��2��$��YRQ�/LOLHQIHOG��������DU;LY�����������
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