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���� � ,6&$6 � /HFWXUH

$XWRPDWLF *HQHUDWLRQ 2I $ &RPSXWDWLRQDO 0RGHO )RU 0RQRSRODU 6WLPXODWLRQ 2I
&RFKOHDU ,PSODQWV�

6FLHQFH� ,QIRUPDWLFV DQG (QJLQHHULQJ LQ +HDOWKFDUH � %LRPHGLFDO (QJLQHHULQJ � 0RGHOOLQJ� LPSODQWV 	
UDSLG SURWRW\SLQJ

1HUHD 0DQJDGR�� 0DULR &HUHVD�� 1LFRODV 'XFKDWHDX�� +HFWRU 'HMHD 9HODUGR�� +DQV 0DUWLQ .MHU��
5DVPXV 5� 3DXOVHQ�� 6HUJLR 9HUD�� 3DYHO 0LVWULN�� -DYLHU +HUUHUR�� 0LJXHO $QJHO *RQ]iOH] %DOOHVWHU�

�� 6LPELRV\V JURXS� '7,&� 8QLYHUVLWDW 3RPSHX )DEUD� %DUFHORQD� 6SDLQ
�� $VFOHSLRV 5HVHDUFK SURMHFW� ,15,$� 6RSKLD $QWLSROLV� )UDQFH
�� 'HQPDUN 7HFKQLFDO 8QLYHUVLW\� &RSHQKDJHQ� 'HQPDUN
�� $OPD 0HGLFDO 6\VWHPV� %DUFHORQD� 6SDLQ
�� 0HG�(/� ,QQVEUXFN� $XVWULD
�� ,&5($ � 6LPELRV\V JURXS� '7,&� 8QLYHUVLWDW 3RPSHX )DEUD� %DUFHORQD� 6SDLQ

NH\ZRUGV� &RFKOHDU ,PSODQW� )LQLWH (OHPHQW 0HVK� $XWRPDWLF *HQHUDWLRQ� )LQLWH (OHPHQW 0RGHO�
,PSODQW 2SWLPL]DWLRQ� 6XUJLFDO 3ODQQLQJ� 6LPXODWLRQ 3URWRFRO�

3XUSRVH� &RFKOHDU LPSODQWV KDYH WKH SRWHQWLDO WR VLJQLILFDQWO\ LPSURYH VHYHUH VHQVRULQHXUDO KHDULQJ ORVV>�@� +RZHYHU� WKH
RXWFRPH RI WKLV WHFKQLTXH LV KLJKO\ YDULDEOH DQG GHSHQGV RQ SDWLHQW�VSHFLILF IDFWRUV� :H SUHYLRXVO\ SURSRVHG D PHWKRG IRU
SDWLHQW�VSHFLILF HOHFWULFDO VLPXODWLRQ DIWHU &,� ZKLFK FDQ DVVLVW LQ VXUJLFDO SODQQLQJ RI WKH &, DQG GHWHUPLQDWLRQ RI WKH
HOHFWULFDO VWLPXODWLRQ SDWWHUQ >�@� +RZHYHU� WKH YLUWXDO LPSODQW SODFHPHQW DQG PHVK JHQHUDWLRQ ZHUH FDUULHG RXW PDQXDOO\ DQG
WKH SURFHVV ZDV QRW HDVLO\ DSSOLHG DXWRPDWLFDOO\ IRU IXUWKHU FRFKOHDU DQDWRPLHV� 0RUHRYHU� LQ RUGHU WR RSWLPL]H WKH LPSODQW
GHVLJQV� LW LV LPSRUWDQW WR GHYHORS D ZD\ WR VWLPXODWH WKH UHVXOWV RI WKH LPSODQWDWLRQ LQ D SRSXODWLRQ RI YLUWXDO SDWLHQWV�
,Q WKLV ZRUN ZH SURSRVH DQ DXWRPDWLF IUDPHZRUN IRU SDWLHQW�VSHFLILF HOHFWULFDO VLPXODWLRQ LQ &, VXUJHU\� 7R WKH EHVW RI RXU
NQRZOHGJH� WKLV LV WKH ILUVW PHWKRG SURSRVHG IRU SDWLHQW�VSHFLILF JHQHUDWLRQ RI KHDULQJ PRGHOV ZKLFK FRPELQHV
KLJK�UHVROXWLRQ LPDJLQJ WHFKQLTXHV� FOLQLFDO &7 GDWD DQG YLUWXDO HOHFWURGH LQVHUWLRQ� )XUWKHUPRUH� ZH VKRZ WKDW LW LV SRVVLEOH
WR XVH WKH FRPSXWDWLRQDO PRGHOV RI YLUWXDO SDWLHQWV WR VLPXODWH WKH UHVXOWV RI WKH HOHFWULFDO DFWLYDWLRQ RI WKH LPSODQW LQ WKH
FRFKOHD DQG VXUURXQGLQJ ERQH� 7KLV LV DQ LPSRUWDQW VWHS EHFDXVH LW DOORZV XV WR DGYDQFH WRZDUGV D FRPSOHWH VXUJLFDO SODQQLQJ
DQG LPSODQW RSWLPL]DWLRQ SURFHGXUH�

0HWKRGV� 7KH SURSRVHG IUDPHZRUN LV VKRZQ LQ )LJXUH �� 'HWDLOHG FRFKOHDU VXUIDFH PRGHOV ZHUH EXLOW IURP KLJK�UHVROXWLRQ
LPDJHV RI FDGDYHULF VDPSOHV RI WKH LQQHU HDU� XVLQJ D 6FDQFR ȝ&7 ��� V\VWHP �6FDQFR 0HGLFDO $*� 6ZLW]HUODQG� DQG
DGYDQFHG LPDJH SURFHVVLQJ WRROV >�@� $ VWDWLVWLFDO VKDSH PRGHO �660� RI WKH FRFKOHD ZDV FRQVWUXFWHG >���@� 7KH 660 LV DEOH
WR JHQHUDWH QHZ YLUWXDO FRFKOHDU VKDSHV E\ PHDQV RI VDPSOLQJ PHWKRGV� DQG D ILWWLQJ SURFHGXUH LV XVHG WR REWDLQ D
SDWLHQW�VSHFLILF VXUIDFH IURP FOLQLFDO &7 LPDJHV RI WKH SDWLHQW >�@�
,Q RUGHU WR VLPXODWH WKH HOHFWURGH LQVHUWLRQ� WKH FHQWUHOLQH RI WKH FRFKOHD LV FRPSXWHG� ZKLFK FRUUHVSRQGV WR WKH FHQWHU RI WKH
VFDOD W\PSDQL� 7KH HOHFWURGH DUUD\ JHRPHWU\ ZDV SURYLGHG E\ WKH PDQXIDFWXUHU 0HG�(/ EDVHG RQ WKH )OH[�� GHVLJQ ZLWK ��
FRQWDFWV� 7KH YLUWXDO HOHFWURGH LQVHUWLRQ DOJRULWKP UHRULHQWV WKH HOHFWURGH PHVK DORQJ WKH FRFKOHDU FHQWUHOLQH XVLQJ WKH SDUDOOHO
WUDQVSRUW IUDPH DSSURDFK >�@� 7KLV LV D IDVW DQG UREXVW DOJRULWKP ZKLFK DOORZV FRQWUROOLQJ PRVW RI WKH PRVW UHOHYDQW LQVHUWLRQ
SDUDPHWHUV� VXFK DV WKH SHUFHQWDJH RI LQVHUWLRQ�
2QFH WKH VXUIDFH PHVK RI WKH ZKROH KHDULQJ PRGHO LV FUHDWHG� LQFOXGLQJ WKH FRFKOHD� HOHFWURGH DQG VXUURXQGLQJ ERQH� ZH
SURFHHG ZLWK WKH YROXPHWULF PHVK JHQHUDWLRQ� 7KH PHVKLQJ IUDPHZRUN ZDV GHYHORSHG LQ 0DWODE DQG XVLQJ RSHQ�VRXUFH
WRROER[HV >�@� $OO LQGHSHQGHQW PHVKHV ZHUH PHUJHG DXWRPDWLFDOO\� HQVXULQJ WKH ODFN RI LQWHUVHFWLRQ� ,Q RUGHU WR HQVXUH WKH
FRQYHUJHQFH LQ WKH VXEVHTXHQW ILQLWH HOHPHQW HOHFWULFDO VLPXODWLRQV� WKH PHVK TXDOLW\ ZDV DVVHVVHG� 7KH TXDOLW\ ZDV
TXDQWLILHG E\ LWV DVSHFW UDWLR H[SUHVVLQJ WKH HOHPHQW TXDOLW\ ZLWKLQ D UDQJH IURP � WR �� PHDQLQJ QHDUO\ GHJHQHUDWHG HOHPHQWV
DQG SHUIHFW WHWUDKHGURQ HOHPHQW� UHVSHFWLYHO\�
1HUYH ILEUHV ZHUH DGGHG WR WKH PRGHO� WR EH DEOH WR FRXSOH HOHFWULFDO VWLPXODWLRQ DQG QHXUDO UHVSRQVH >�@� $Q DXWRPDWLF
PHWKRG ZDV GHYHORSHG IRU WKH JHQHUDWLRQ RI WKH QHUYH ILEUHV DORQJ WKH SDWLHQW�VSHFLILF FRFKOHD� ,W DOORZHG GHILQLQJ WKHLU
QXPEHU LQ D SDUDPHWULF IDVKLRQ� DQG XVLQJ DV LQLWLDO SRLQWV WKRVH FRQWDLQHG RQ WKH FRFKOHDU OLQH ORFDWHG RQ WKH EDVLODU
PHPEUDQH�
)RU WKH FRFKOHDU LPSODQW VLPXODWLRQ� ZH PRGHOHG D PRQRSRODU VWLPXODWLRQ SURWRFRO� ZKHUH HDFK HOHFWURGH LV DFWLYDWHG DQG
VWLPXODWHV ZLWK DQ LQWHQVLW\ RI �P$� DQG WKH VXUURXQGLQJ ERQH DFWV DV D UHIHUHQFH� 7KH SURWRFRO ZDV LPSOHPHQWHG LQ D
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WHPSODWH VLPXODWLRQ XVLQJ WKH TXDVL VWDWLF HOHFWULFDO UHJLPH RI WKH 0D[ZHOO HTXDWLRQV DV LPSOHPHQWHG LQ WKH (OPHU
PXOWLSK\VLFV VROYHU� 7KH ERXQGDU\ FRQGLWLRQV ZHUH GHILQHG RQO\ RQFH LQ WKH WHPSODWH RI WKH 660 DQG WKHQ SURSDJDWHG WR DOO
WKH LQVWDQFHV RI YLUWXDO SDWLHQWV FUHDWHG E\ VDPSOLQJ WKH 660� 7KLV HQDEOHV RXU DSSURDFK WR SRWHQWLDOO\ VFDOH WR WKRXVDQGV RI
SDWLHQWV EHFDXVH QR PDQXDO LQWHUYHQWLRQ LV UHTXLUHG� $OO VLPXODWLRQV UDQ XQWLO FRQYHUJHQFH LQ WKH FOXVWHU DW RXU ,QVWLWXWLRQ�

5HVXOWV� 7KH PHVKLQJ IUDPHZRUN �)LJ��� ZDV WHVWHG RQ � FRFKOHDU DQDWRPLHV LQVWDQWLDWHG IURP WKH 660� 7KH PHVKLQJ
SURFHVV WRRN DURXQG � PLQXWHV IRU HDFK PRGHO JHQHUDWLRQ� 0HVK TXDOLW\ ZDV YHU\ VLPLODU IRU DOO FDVHV� DURXQG �����������
IRU HDFK PHVK� ,Q 7DEOH � WKH GHJUHH RI FRQYHUJHQFH RI WKH � FRPSXWDWLRQDO PRGHOV FUHDWHG� VKRZLQJ WKDW DOO ZHUH HTXDOO\
VWDEOH� ,Q )LJXUH � ZH VKRZ WKH YROWDJH DQG YROXPH FXUUHQW ILHOG FDOFXODWHG DIWHU VLPXODWLRQ� 7KLV VXPPDUL]HV WKH HOHFWULFDO
DFWLYLW\ XQGHUJRLQJ LQ WKH FRFKOHD DV DQ HIIHFW RI WKH LPSODQW VWLPXODWLRQ� 7KH VHYHQ VLPXODWHG SDWLHQWV SUHVHQW GLIIHUHQFHV
ERWK LQ WKH VL]H RI WKH VFDODH DQG LQ WKH VSDFLQJ EHWZHHQ WKH WXUQV� 7KRVH GLIIHUHQFHV DUH FDXVHG E\ WKH VDPSOLQJ SURFHVV RI
WKH 660 WKDW HIIHFWLYHO\ FUHDWHV QHZ SDWLHQW JHRPHWULHV� +RZHYHU� WKH YDOXH RI WKH PD[LPXP SRWHQWLDO ILHOG VWD\V VLPLODU
EHWZHHQ WKH YDULRXV SDWLHQWV� HYHQ LI WKH DQDWRP\ FKDQJHV� 7KLV LV H[SHFWHG� EHFDXVH LW LV PDLQO\ WKH VKDSH RI WKH LQVHUWHG
HOHFWURGHV WKDW GHWHUPLQHV WKH SRWHQWLDO ILHOG DQG WKLV ZDV QRW FKDQJHG GXULQJ RXU H[SHULPHQWV� :H H[SHFW WR KDYH GHHS
FKDQJHV LQ WKH DFWLYDWLRQ SDWWHUQV RI WKH DXGLWRU\ QHUYHV IRU HDFK SDWLHQW LQVWHDG� EXW PRUH ZRUN LV QHHGHG WR YHULI\ WKLV
K\SRWKHVLV�

&RQFOXVLRQV� :H SUHVHQWHG DQ DXWRPDWLF SDWLHQW�VSHFLILF PHVK JHQHUDWLRQ DQG GHILQHG WKH PRQRSRODU FOLQLFDO VWLPXODWLRQ
SURWRFRO IRU FRFKOHDU LPSODQWV RQ D WHPSODWH PRGHO DQG WKHQ SURSDJDWHG LW WR VHYHQ FRPSXWDWLRQDO PRGHOV RI YLUWXDO SDWLHQWV�
6SHFLILFDOO\� WKLV SDWLHQW�VSHFLILF KHDULQJ PRGHO DOORZV WR SURYLGH D GHWDLOHG HYDOXDWLRQ RI WKH RXWFRPHV RI &,� WKXV PRYLQJ D
VWHS FORVHU WR LQ�VLOLFR WHVWLQJ RI WKH RXWFRPHV RI &, VXUJHU\�

$FNQRZOHGJHPHQW
7KLV UHVHDUFK ZDV SDUWLDOO\ IXQGHG E\ WKH (XURSHDQ 8QLRQ 6HYHQWK )UDPH 3URJUDPPH �)3������������� JUDQW DJUHHPHQW
������� +($5�(8 SURMHFW�

5HIHUHQFHV� >�@ 7 -U 5RODQG� ³&RFKOHDU LPSODQW HOHFWURGH LQVHUWLRQ�³ /DU\QJRO +HDG 1HFN 6XUJ � YRO� ��� SS� ������ �����
2SHU 7HFK 2WR�
>�@ 0 &HUHVD� 1 0DQJDGR� + 'HMHD� 1 &DUUDQ]D� 3 0LVWULN� +0 .MHU� 6 9HUD� 55 3DXOVHQ� DQG 0$ *RQ]DOH] %DOOHVWHU�
³3DWLHQW�VSHFLF VLPXODWLRQ RI LPSODQW SODFHPHQW DQG IXQFWLRQ IRU FRFKOHDU LPSODQWDWLRQ VXUJHU\ SODQQLQJ�´ LQ 3URF� 0,&&$,�
6SULQJHU /1&6 � YRO� ����� SS� ��±��� �����
>�@ +0 .MHU� 6 9HUD�) 3HUH]� 0$ *RQ]DOH]�%DOOHVWHU� 5 3DXOVHQ� ³6KDSH PRGHOOLQJ RI WKH LQQHU HDU IURP PLFUR�&7 GDWD�´ LQ
3URFHHGLQJV RI 6KDSH V\PSRVLXP RQ VWDWLVWLFDO VKDSH PRGHOV DQG DSSOLFDWLRQV� ����
>�@ 1 'XFKDWHDX� 1 0DQJDGR� 0 &HUHVD� 3 0LVWULN� 6 9HUD DQG 0$ *RQ]DOH] %DOOHVWHU� ³9LUWXDO &RFKOHDU (OHFWURGH
,QVHUWLRQ 9LD 3DUDOOHO 7UDQVSRUW )UDPH´ LQ 3URFHHGLQJV RI ,((( ,QWHUQDWLRQDO 6\PSRVLXP RQ %LRPHGLFDO ,PDJLQJ�����
>�@ 4 )DQJ DQG ' %RDV� �7HWUDKHGUDO PHVK JHQHUDWLRQ IURP YROXPHWULF ELQDU\ DQG JUD\�VFDOH LPDJHV�� 3URFHHGLQJV RI ,(((
,QWHUQDWLRQDO 6\PSRVLXP RQ %LRPHGLFDO ,PDJLQJ ����� SS� ���������� ���
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