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)DFXOW\ RI $SSOLHG &KHPLVWU\� &KRQQDP 1DWLRQDO 8QLYHUVLW\� ��� <RQJERQJ� .ZDQJMX �������� .RUHD

&OHDQ 7HFKQRORJ\ &HQWHU� .,67� 3�2� %2; ���� &KHRQJU\DQJ� 6HRXO �������� .RUHD

�5HFHLYHG �� )HEUXDU\ ���� � DFFHSWHG � -XO\ �����

$EVWUDFW−7KH SRVVLELOLW\ RI DSSO\LQJ 60% FKURPDWRJUDSK\ IRU WKH VHSDUDWLRQ RI ����'01 DQG ����'01 ZDV LQ�

YHVWLJDWHG E\ QXPHULFDO VLPXODWLRQ EDVHG RQ WKH VLQJOH FROXPQ FKURPDWRJUDSK\ H[SHULPHQWDO GDWD� ,W ZDV IRXQG WKDW

����'01 FRXOG EH VHSDUDWHG IURP ����'01 LQ WKH 2'6�PRGLILHG VLOLFD JHO E\ XVLQJ PHWKDQRO DQG ZDWHU DV WKH PRELOH

SKDVH� $ V\VWHPDWLF PHWKRG RI REWDLQLQJ PRGHO SDUDPHWHUV IRU WKH 60% VLPXODWLRQ IURP VLQJOH FROXPQ FKURPDWRJ�

UDSK\ H[SHULPHQWV ZDV SUHVHQWHG� 7KH DGVRUSWLRQ LVRWKHUPV RI ����'01 DQG ����'01 ZHUH REWDLQHG E\ WKH SXOVH

PHWKRG� 7KH PDVV WUDQVIHU NLQHWLFV ZDV YHU\ IDVW� LQGLFDWLQJ WKDW WKH PRELOH SKDVH DQG WKH VWDWLRQDU\ SKDVH DUH YHU\

FORVH WR HTXLOLEULXP IRU ERWK ����'01 DQG ����'01� 60% VLPXODWLRQ ZDV SHUIRUPHG E\ XVLQJ WKH PRGHO SDUDPHWHUV�

3XUH ����'01 DQG ����'01 FDQ EH REWDLQHG E\ VHOHFWLQJ VXLWDEOH RSHUDWLQJ FRQGLWLRQV� LQGLFDWLQJ WKDW 60%

FKURPDWRJUDSK\ FDQ EH HPSOR\HG WR VHSDUDWH ����'01 DQG ����'01� 7KH LQIOXHQFH RI RSHUDWLQJ SDUDPHWHUV �IHHG

IORZ UDWHV� UDIILQDWH IORZ UDWH� DQG VZLWFK WLPH� ZDV DOVR LQYHVWLJDWHG WR UHFRPPHQG WKH RSWLPXP RSHUDWLQJ FRQGLWLRQV�

.H\ ZRUGV� 60%� &KURPDWRJUDSK\� 'LPHWK\OQDSKWKDOHQH� 6HSDUDWLRQ
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����'LPHWK\OQDSKWKDOHQH �'01� LV RI JUHDW SUDFWLFDO LQWHUHVW DV

D IHHG VWRFN IRU WKH KLJK SHUIRUPDQFH SRO\HVWHU� SRO\HWK\OHQHQDSK�

WKDODWH �3(1�� ZKLFK SURYLGHV VXSHULRU VWUHQJWK DQG KHDW UHVLVWDQFH

FRPSDUHG WR SRO\HWK\OHQH WHUHSKWKDODWH �3(7� LQ DSSOLFDWLRQV VXFK

DV ILOP� FRQWDLQHUV� PROG SDUWV� HWF� >&KHP 6\VWHPV� ����@� 6RXUFHV

RI '01V DUH WKH DON\ODWLRQ RI QDSKWKDOHQHZLWK PHWKDQRO� WKH WUDQV�

DON\ODWLRQ RI SRO\PHWK\ODURPDWLFV� RU WKH DURPDWLF SHWUROHXP IUDF�

WLRQ >+DJHQ DQG +XQJ� ����� 2ODK DQG 2ODK� ����@� %XW LW LV YHU\

GLIILFXOW WR UHFRYHU SXUH ����'01 IURP '01 LVRPHUV� HVSHFLDOO\

WR VHSDUDWH ����'01 IURP ����'01� GXH WR WKHLU VLPLODU SK\VLFDO

SURSHUWLHV >5RWD HW DO�� ����@� )RU WKH VHSDUDWLRQ RI ����'01 H[�

WUDFWLRQ RU VHOHFWLYH FU\VWDOOL]DWLRQ� ZKLFK DUH QRW HIIHFWLYH LQ WKH

VHSDUDWLRQ EHWZHHQ ����'01 DQG ����'01� KDV EHHQ XVHG� 7KHUH�

IRUH� LW LV QHFHVVDU\ WR GHYHORS DQ HIIHFWLYH DQG HFRQRPLFDO VHSDUD�

WLRQ PHWKRG IRU WKH VHSDUDWLRQ EHWZHHQ ����'01 DQG ����'01�

60% �VLPXODWHGPRYLQJ EHG� FKURPDWRJUDSK\ KDV EHHQ DWWUDFWLQJ

FRQVLGHUDEOH DWWHQWLRQ LQ WKH ODVW IHZ \HDUV IRU WKH SUHSDUDWLYH DQG

SURGXFWLRQ VFDOH VHSDUDWLRQ RI ILQH FKHPLFDOV� HVSHFLDOO\ HQDQWL�

RPHUV >:X HW DO�� ����� 3HGHIHUUL HW DO�� ����@� ,Q WKH 60%FKURPD�

WRJUDSK\� WKH FRXQWHUFXUUHQW IORZ LV VLPXODWHG E\ UHSHDWHGO\ VZLWFK�

LQJ WKH SRUWV RI WKH LQOHW �IHHG� VROYHQW� DQG RXWOHW �H[WUDFW� UDIIL�

QDWH� VWUHDPV RQH FROXPQ LQ WKH GLUHFWLRQ RI WKH OLTXLG IORZ� &RQWLQ�

XRXV RSHUDWLRQ LQ 60% FKURPDWRJUDSK\ HOLPLQDWHV GUDZEDFNV RI

EDWFK FKURPDWRJUDSK\� GLOXWLRQ RI FRPSRQHQWV DQG ORZ DGVRUEHQW

HIILFLHQF\� ,W DOORZV WKH VHSDUDWLRQ RI FRPSRQHQWV ZLWK VHSDUDWLRQ

IDFWRUV QHDU XQLW\� SURYLGLQJ KLJK UHVROXWLRQ� \LHOG� DQG SXULW\ >5XWK�

YHQ DQG &KLQJ� ����� =KRQJ DQG *XLRFKRQ� ����@�

60% FKURPDWRJUDSK\ FDQ EH D SURPLVLQJ DOWHUQDWLYH VHSDUDWLRQ

WHFKQLTXH IRU WKH HFRQRPLFDO VHSDUDWLRQ RI SXUH ����'01 DQG ����

'01� ZKRVH VHSDUDWLRQ LV QHDUO\ LPSRVVLEOH DQG XQHFRQRPLFDO LQ

RWKHU VHSDUDWLRQ WHFKQLTXHV �H�J�� GLVWLOODWLRQ DQG FU\VWDOOL]DWLRQ�

GXH WR WKHLU YHU\ FORVH SK\VLFDO SURSHUWLHV� +RZHYHU� WKH RSHUDWLQJ

FRQGLWLRQV RI 60% FKURPDWRJUDSK\ FDQQRW EH REWDLQHG VLPSO\ EXW

FDQ EH REWDLQHG E\ ULJRURXV H[SHULPHQWV DQG�RU VLPXODWLRQV� 7KHUH�

IRUH� D V\VWHPDWLF 60% VLPXODWLRQ PHWKRG ZRXOG EH D JUHDW KHOS

WR JXLGH VHOHFWLQJ WKH RSWLPXP RSHUDWLQJ FRQGLWLRQV IRU WKH VHSDUD�

WLRQ EHWZHHQ ����'01 DQG ����'01 LQ 60% FKURPDWRJUDSK\ DS�

SOLFDWLRQ�

,Q WKLV VWXG\ WKH SRVVLELOLW\ RI DSSO\LQJ 60% FKURPDWRJUDSK\

IRU WKH VHSDUDWLRQ RI ����'01DQG ����'01ZDV LQYHVWLJDWHG� 7KH

60% RSHUDWLQJ FRQGLWLRQV IRU ����'01 FRPSOHWH VHSDUDWLRQ� DORQJ

ZLWK WKH LQIOXHQFHV RI RSHUDWLRQ SDUDPHWHUV RQ WKH ����'01 VHSD�

UDWLRQ �SXULW\� \LHOG� DQG UHFRYHU\�� ZHUH LQYHVWLJDWHG LQ 2'6 �RFWD�

GHF\OVLO\O� PRGLILHG VLOLFD JHO� 6\VWHPDWLF PHWKRGV IRU PRGHO SDUD�

PHWHU HVWLPDWLRQ RI 60% FKURPDWRJUDSK\ IURP WKH VLQJOH FROXPQ

FKURPDWRJUDSK\ GDWD ZHUH SUHVHQWHG DQG WKH LQIOXHQFH RI RSHUDW�

LQJ SDUDPHWHUV �IHHG IORZ UDWH� UDIILQDWH IORZ UDWH� VZLWFK WLPH� HWF�

ZDV LQYHVWLJDWHG E\ WKH QXPHULFDO VLPXODWLRQ RI 60% FKURPDWRJ�

UDSK\�
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3UHOLPLQDU\ +3/& H[SHULPHQWV ZHUH SHUIRUPHG WR ILQG WKH PRVW

VXLWDEOH VWDWLRQDU\ SKDVH DQG PRELOH SKDVH FRPSRVLWLRQ IRU ����

'01 VHSDUDWLRQ� 6WDWLRQDU\ SKDVHV VXFK DV 2'6 PRGLILHG VLOLFD

JHO DQG β�F\FORGH[WULQ PRGLILHG VLOLFD JHO ZHUH LQYHVWLJDWHG� ����
'01 ZDV QRW VHSDUDWHG IURP ����'01 LQ WKH VWDWLRQDU\ SKDVH RI

β�F\FORGH[WULQ PRGLILHG VLOLFD JHO� DOWKRXJK LW KDG EHHQ UHSRUWHG
WKDW ����'01 FRXOG EH VHSDUDWHG IURP LWV LVRPHU E\ WKH IRUPDWLRQ

RI LQFOXVLRQ FRPSOH[ EHWZHHQ ����'01 DQG β�F\FORGH[WULQ >6\ELO�
VND HW DO�� ����@� ,W VHHPV WKDW ����'01 DQG ����'01 KDYH VLP�



��� <� '� .LP HW DO�

1RYHPEHU� ����

LODU DIILQLW\ IRU WKH IRUPDWLRQ RI LQFOXVLRQ FRPSOH[HV� 8VLQJ 2'6�

PRGLILHG VLOLFD JHO DV WKH VWDWLRQDU\ SKDVH� LW ZDV IRXQG WKDW ����

'01 FRXOG EH VHSDUDWHG IURP ����'01� DQG VHYHUDO H[SHULPHQWV

ZHUH SHUIRUPHG WR ILQG WKH EHVW VXLWDEOHPRELOH SKDVH FRPSRVLWLRQV�

7KH +3/& FRQVLVWHG RI VWDQGDUG FRPSRQHQWV� KLJK SUHVVXUH GH�

OLYHU\ SXPS �<RXQJOLQ� .RUHD� IORZ UDQJH ����PO�PLQ�� VL[�SRUW

VDPSOH LQMHFWLRQ YDOYH ZLWK �µO VDPSOLQJ ORRS �5KHRG\QH�� FRO�
XPQ� DQG FRQWLQXRXV IORZ 89 GHWHFWRU �9DULDQ� PRGHO ������ 7KH

GHWHFWRU VLJQDO ZDV WUDQVPLWWHG LQWR D 3& IRU IXUWKHU GDWD SURFHVVLQJ�

+3/& FROXPQ �VWDLQOHVV VWHHO� ���î���PP ,'� ZDV VOXUU\ SDFNHG

ZLWK -¶VSKHUH 2'6�+�� �<0&� PHDQ GLDPHWHU �µP�� 7KH FRO�
XPQ SRURVLW\� ε ������� ZDV GHWHUPLQHG E\ LQMHFWLQJ XUDFLO DV DQ
LQHUW VXEVWDQFH� 5HDJHQW JUDGH ����'01 DQG ����'01 �:DNR�

ZHUH XVHG� 7KH PRELOH SKDVHV HPSOR\HG �PHWKDQRO� DFHWRQLWULOH�

HWKDQRO� ZHUH RI FKURPDWRJUDSKLF JUDGH DQG ZDWHU ZDV GLVWLOOHG

DQG GHLRQL]HG� +3/& H[SHULPHQWV ZHUH FDUULHG RXW DW �� R&�

5(68/76 $1' ',6&866,21

��&KURPDWRJUDSKLF 6HSDUDWLRQ %HWZHHQ ����'01 DQG ����

'01

$PRQJ WKH HPSOR\HG PRELOH SKDVHV� FRPELQDWLRQV RI PHWKDQRO

DQG ZDWHU VKRZHG WKH PRVW GHVLUDEOH VHSDUDWLRQ EHWZHHQ ����'01

DQG ����'01� 7KH UHWHQWLRQ WLPH PHDVXUHPHQWV ZHUH FDUULHG RXW

E\ XVLQJ VHYHUDO PRELOH SKDVH FRPSRVLWLRQV RI ZDWHU DQG PHWKD�

QRO LQ 2'6�PRGLILHG VLOLFD JHO� 7KH UHWHQWLRQ IDFWRUV DV D IXQFWLRQ

RI ZDWHU FRQWHQW LQ PRELOH SKDVH DUH SUHVHQWHG LQ )LJ� �� 5HWHQWLRQ

IDFWRUV LQFUHDVH ZLWK ZDWHU FRQWHQW LQ WKH PRELOH SKDVH� 7KH VHSDUD�

WLRQ VHOHFWLYLW\ �UHWHQWLRQ IDFWRU GLIIHUHQFH EHWZHHQ ����'01 DQG

����'01� LQFUHDVHV UDSLGO\ WR ��� RI ZDWHU FRQWHQW DQG WKHQ VORZ�

O\ ZLWK ZDWHU FRQWHQW� +RZHYHU� WKH LQFUHDVH LQ ZDWHU FRQWHQW KDV

VRPH KDUPIXO HIIHFWV RQ WKH FKURPDWRJUDSK\ RSHUDWLRQ� )LUVW� YLV�

FRVLW\ RI WKH PRELOH SKDVH LQFUHDVHV GUDVWLFDOO\ ZLWK WKH LQFUHDVH LQ

ZDWHU FRQWHQW GXH WR WKH LQFUHDVLQJ LQWHUPROHFXODU K\GURJHQ ERQG�

LQJ EHWZHHQ ZDWHU DQG PHWKDQRO >*XLFKRQ HW DO�� ����@� LQFUHDVLQJ

WKH RSHUDWLQJ SUHVVXUH RI WKH FROXPQ DV VKRZQ LQ )LJ� �� $OVR� WKH

VROXELOLW\ RI '01V LQ WKH PRELOH SKDVH GHFUHDVHV ZLWK ZDWHU FRQ�

WHQW� OLPLWLQJ WKH FDSDFLW\ RI FKURPDWRJUDSK\� &RQVLGHULQJ VHSDUD�

WLRQ VHOHFWLYLW\� RSHUDWLQJ SUHVVXUH� DQG '01 VROXELOLW\� LW VHHPV

UHDVRQDEOH WR XVH ZDWHU FRQWHQW RI ��� LQ WKH PRELOH SKDVH�

7KH HIIHFW RI PRELOH SKDVH IORZ UDWH RQ WKH UHWHQWLRQ IDFWRUV ZDV

LQYHVWLJDWHG DQG LV VXPPDUL]HG LQ 7DEOH �� ,W VHHPV WKDW D PRELOH

SKDVH IORZ UDWH RI �PO�PLQ ZDV VXLWDEOH IRU WKH VHSDUDWLRQ� 7KH HI�

IHFW RI WHPSHUDWXUH RQ UHWHQWLRQ IDFWRUV ZDV DOVR LQYHVWLJDWHG DQG

SUHVHQWHG LQ 7DEOH �� ,W ZDV REVHUYHG WKDW UHWHQWLRQ IDFWRUV GHFUHDVH

ZLWK WKH LQFUHDVH LQ WHPSHUDWXUH� 7KH VHSDUDWLRQ VHOHFWLYLW\ DOVR GH�

FUHDVHV ZLWK WHPSHUDWXUH LQFUHDVHV DQG QR VHSDUDWLRQ EHWZHHQ ����

'01 DQG ����'01 ZDV REVHUYHG DERYH �� R&�

�� $GVRUSWLRQ ,VRWKHUPV RI ����'01 DQG ����'01

$GVRUSWLRQ LVRWKHUPV RI ����'01 DQG ����'01ZHUH REWDLQHG

E\ WKH SXOVH PHWKRG >&KRL HW DO�� ����� *XLFKRQ HW DO�� ����� 5RZ

DQG /DULQ� ����@� $ VWHDG\ VWUHDP RI D VROXWLRQ RI ����'01 �RU ����

'01� LQ WKH PRELOH SKDVH ���� ZDWHU LQ PHWKDQRO� ZDV SXPSHG

WKURXJK WKH 2'6�PRGLILHG VLOLFD JHO FROXPQ XQWLO HTXLOLEULXP ZDV

UHDFKHG� L�H�� XQWLO WKH EUHDNWKURXJK RI WKH FRQVWDQW FRQFHQWUDWLRQ

SODWHDX KDG EHHQ UHDFKHG� 7KHQ D �µO SXOVH RI KLJKHU FRQFHQWUDWLRQ
VDPSOH RI ����'01 �RU ����'01� ZDV LQMHFWHG DQG WKH UHWHQWLRQ

WLPH ZDV PHDVXUHG� 5HSHDWLQJ WKH H[SHULPHQWV PDQ\ WLPHV ZKLOH

LQFUHDVLQJ WKH FRQFHQWUDWLRQ RI ����'01 �RU ����'01� LQ WKH PR�

ELOH SKDVH�ZH REWDLQHGGDWD RI UHWHQWLRQ WLPH DV D IXQFWLRQ RI WKH FRQ�

FHQWUDWLRQ RI ����'01 �RU ����'01� LQ WKH PRELOH SKDVH �)LJ� ���

7KH UHWHQWLRQ WLPH RI WKH SXOVH LV UHODWHG WR WKH HTXLOLEULXP LVR�

WKHUP WKURXJK WKH IROORZLQJ HTXDWLRQ�

���

ZKHUH W5�&� LV WKH UHWHQWLRQ WLPH� & LV WKH VROXWH FRQFHQWUDWLRQ LQ

WKHPRELOH SKDVH� T LV WKH VROXWH FRQFHQWUDWLRQ LQ WKH VWDWLRQDU\ SKDVH�

WR LV WKH PRELOH SKDVH KROG XS WLPH� DQG GT�G& LV WKH VORSH RI WKH

LVRWKHUP� (T� ��� JLYHV WKH SXOVH UHWHQWLRQ WLPH� DQG SHUPLWV WKH GH�
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)LJ� �� ,QIOXHQFH RI ZDWHU FRQWHQW LQ WKHPRELOH SKDVH RQ WKH UHWHQ�

WLRQ IDFWRUV RI ����'01 DQG ����'01 DQG WKH RSHUDWLQJ
SUHVVXUH�

7DEOH �� 7KH LQIOXHQFH RIPRELOH SKDVH IORZ UDWHV RQ WKH ���� DQG
����'01 UHWHQWLRQ IDFWRUV >PRELOH SKDVH� PHWKDQRO DQG

ZDWHU ��� � ���@

0RELOH SKDVH

IORZ UDWH �PO�PLQ�

5HWHQWLRQ IDFWRU 5HWHQWLRQ IDFWRU

GLIIHUHQFH����'01 ����'01

���

���

���

���

���

�����

�����

�����

�����

�����

�����

�����

�����

�����

�����

����

����

����

����

����

7DEOH �� 7KH LQIOXHQFH RI FROXPQ WHPSHUDWXUH RQ WKH ���� DQG ����

'01 UHWHQWLRQ IDFWRUV >PRELOH SKDVH� PHWKDQRO DQG
ZDWHU ��� � ���� PRELOH SKDVH IORZ UDWH� � PO�PLQ@
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'01 6HSDUDWLRQ 8VLQJ 60% &KURPDWRJUDSK\ ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

ULYDWLRQ RI WKH VORSH RI WKH LVRWKHUP DW WKH SODWHDX FRQFHQWUDWLRQ�

7KH /DQJPXLU LVRWKHUP ZDV GHWHUPLQHG E\ UHSHDWLQJ WKH SURFH�

GXUH D QXPEHU RI WLPHV ZKLOH SURJUHVVLYHO\ LQFUHDVLQJ WKH FRQFHQ�

WUDWLRQ RI ���� RU ����'01� DV GHVFULEHG SUHYLRXVO\� DQG E\ QX�

PHULFDO LQWHJUDWLRQ RI WKH SORW RI GT�G& YV� & REWDLQHG�

7KH DGVRUSWLRQ LVRWKHUPV RI ����'01 DQG ����'01 ZHUH RE�

WDLQHG E\ XVLQJ (T� ��� DQG WKH GDWD LQ )LJ� �� )LJ� � UHSUHVHQWV ����

'01 DQG ����'01 LVRWKHUPV DW WKH WHPSHUDWXUH RI �� R&� %RWK

LVRWKHUPV DUH OLQHDU� \LHOGLQJ D FRQVWDQW VHSDUDWLRQ IDFWRU RI �����

7KH /DQJPXLU W\SH LVRWKHUP HTXDWLRQ ZDV IRXQG WR ILW ERWK ����

'01 DQG ����'01 LVRWKHUPV� 7KH UHVXOWLQJ DGVRUSWLRQ LVRWKHUP

RI ����'01 LV

���

DQG WKDW RI ����'01 LV

� ���

ZKHUH WKH VXEVFULSW LQGLFDWHV HDFK FRPSRQHQW DQG WKH GLPHQVLRQ

RI T DQG & LV J�PO�

7KH ELQDU\ /DQJPXLU LVRWKHUPV FDQ EH HDVLO\ H[WHQGHG WR WKH

FRPSHWLWLYH /DQJPXLU LVRWKHUPV GXH WR WKH EDVLF /DQJPXLU LVR�

WKHUP DVVXPSWLRQ WKDW WKHUH LV QR LQWHUDFWLRQ EHWZHHQ PROHFXOHV

RQ GLIIHUHQW VLWHV >*XLFKRQ HW DO�� ����@� 7KH ELQDU\ V\VWHP DGVRUS�

WLRQ LVRWKHUPV RI ����'01 DQG ����'01 ZHUH REWDLQHG E\ H[�

WHQGLQJ WKH VLQJOH FRPSRQHQW /DQJPXLU LVRWKHUPV RI ����'01 DQG

����'01 WR WKH FRPSHWLWLYH /DQJPXLU LVRWKHUPPRGHO� 7KH DGVRUS�

WLRQ LVRWKHUP RI ����'01 LQ ELQDU\ V\VWHP LV

���

DQG WKDW RI ����'01 LV

� ���

�� 3DUDPHWHU (VWLPDWLRQ IRU 60% &KURPDWRJUDSK\

$ GLIIHUHQWLDO PDVV EDODQFH IRU FRPSRQHQW L LQ WKH EXON PRELOH

SKDVH DURXQG D WLQ\ FRQWURO YROXPH RI WKH FROXPQ� QHJOHFWLQJ UDGLDO

GLVSHUVLRQ� JLYHV

���

ZKHUH X LV WKH PRELOH SKDVH YHORFLW\ DQG 'D[ LV WKH D[LDO GLVSHUVLRQ

FRHIILFLHQW� ,I WKH RYHUDOO PDVV WUDQVIHU UHVLVWDQFH LV DVVXPHG WR EH

GRPLQDQW LQ WKH OLTXLG ILOP DURXQG WKH SDUWLFOH� DQRWKHU PDVV EDO�

DQFH LQ WKH SDUWLFXODWH SKDVH JLYHV

���

ZKHUH

� ���

$V VKRZQ LQ (TV� �������� VRPH PRGHO SDUDPHWHUV DUH QHHGHG WR

VROYH WKH 60% FKURPDWRJUDSK\ HTXDWLRQV� 7KH SDUDPHWHUV DUH WKH

SRURVLW\ ε� WKH D[LDO GLVSHUVLRQ FRHIILFLHQW 'D[� DGVRUSWLRQ LVRWKHUPV�

DQG WKH HIIHFWLYH PDVV WUDQVIHU FRHIILFLHQWV NHII�L�

7KH SRURVLW\ RI WKH FROXPQ ZDV GHWHUPLQHG E\ WKH LQMHFWLRQ RI

DQ LQHUW VXEVWDQFH �L�H�� XUDFLO�� 7KH D[LDO GLVSHUVLRQ FRHIILFLHQW FDQ

EH HVWLPDWHG IURP WKH IROORZLQJ UHODWLRQ RI WKH KHLJKW HTXLYDOHQW WR

D WKHRUHWLFDO SODWH �+(73� LI QR DGVRUSWLRQ LV WDNLQJ SODFH�

���

7KH +(73 RI WKH 2'6 FROXPQ ZDV IRXQG WR EH ����î��−� FP� 7KH

HVWLPDWHG D[LDO GLVSHUVLRQ FRHIILFLHQW IRU WKH FROXPQ LV �����î��−�

FP��VHF ZKHQ WKH PRELOH SKDVH IORZ UDWH LV � PO�PLQ�

6LQFH WKH DGVRUSWLRQ LVRWKHUPV ZHUH HVWLPDWHG E\ XVLQJ WKH SXOVH

PHWKRG DQG WKH SXOVH PHWKRG GRHV QRW XVH WKH HOXWLRQ SURILOHV IRU

RWKHU HVWLPDWLRQV� WKH HOXWLRQ SURILOHV FRQWDLQ LQIRUPDWLRQ DERXW WKH

LVRWKHUP� D[LDO GLVSHUVLRQ� DQG PDVV WUDQVIHU UHVLVWDQFH� $V ORQJ DV

WKH D[LDO GLVSHUVLRQ FRHIILFLHQW DQG DGVRUSWLRQ LVRWKHUPV DUH HVWL�
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)LJ� �� ,QIOXHQFH RI '01 �����'01 RU ����'01� FRQFHQWUDWLRQ
LQ WKH PRELOH SKDVH RQ WKH '01 �����'01 RU ����'01�

UHVSHFWLYHO\� UHWHQWLRQ WLPH �PRELOH SKDVH� PHWKDQRO DQG
ZDWHU ��� � ���� PRELOH SKDVH IORZ UDWH� � PO�PLQ��

)LJ� �� (TXLOLEULXP DGVRUSWLRQ LVRWKHUPV RI ����'01 DQG ����

'01 DW �� R&�
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PDWHG DV GHVFULEHG DERYH� WKH RYHUDOOPDVV WUDQVIHU FRHIILFLHQWV FRXOG

EH HVWLPDWHG E\ ILWWLQJ VLPXODWHG VLQJOH FROXPQ PRGHO >XVLQJ (TV�

�������@ WR H[SHULPHQWDO HOXWLRQ SURILOHV RI ����'01 DQG ����'01�

7KH HVWLPDWHG RYHUDOO PDVV WUDQVIHU FRHIILFLHQWV RI ����'01 DQG

����'01 ZHUH �� V−� DQG �� V−�� UHVSHFWLYHO\�

,I WKH PDVV WUDQVIHU NLQHWLFV EHWZHHQ DQG DFURVV WKH PRELOH SKDVH

DQG VWDWLRQDU\ SKDVH LQ WKH FROXPQ LV YHU\ IDVW �NHII!�� V
−��� WKHVH

SKDVHV DUH YHU\ FORVH WR HTXLOLEULXP >*XLFKRQ HW DO�� ����@� 7KHUH�

IRUH� LW FDQ EH DVVXPHG WKDW WKH PDVV WUDQVIHU NLQHWLFV LV YHU\ IDVW

DQG WKH WZR SKDVHV DUH LQ HTXLOLEULXP IRU ����'01 DQG ����'01�

7KHQ� WKH IROORZLQJ HTXLOLEULXP UHODWLRQ FDQ EH XVHG LQVWHDG RI (TV�

��� DQG ����

����

6LQFH WKHUH LV QR QHHG WR HVWLPDWH WKH RYHUDOO PDVV WUDQVIHU FRHIIL�

FLHQW IURP WKH HOXWLRQ SURILOHV� WKH D[LDO GLVSHUVLRQ FRHIILFLHQW LV UH�

HVWLPDWHG E\ ILWWLQJ VLPXODWHG VLQJOH FROXPQ PRGHO WR WKH HOXWLRQ

SURILOHV RI ����'01DQG ����'01� 7KH ILWWLQJ UHVXOW JLYHV WKH D[LDO

GLVSHUVLRQ FRHIILFLHQW RI ����î��−� FP��VHF� ZKLFK LV DOPRVW VDPH

DV WKDW HVWLPDWHG IURP WKH +(73�

7KH VLPXODWHG HOXWLRQ SURILOH RI WKH ����'01DQG ����'01PL[�

WXUH REWDLQHG E\ XVLQJ WKH PRGHO SDUDPHWHUV LV SUHVHQWHG LQ )LJ� �

WRJHWKHU ZLWK WKH H[SHULPHQWDO HOXWLRQ SURILOH IRU FRPSDULVRQ� 7KH

H[SHULPHQWDO HOXWLRQ SURILOH ZDV REWDLQHG E\ LQMHFWLQJ �µO VDPSOH

RI � � � PL[WXUH RI ����'01 DQG ����'01� 7KH FRQFHQWUDWLRQ RI

����'01 DQG ����'01 LQ VDPSOH LV ��� J�O LQ WKH VROXWLRQ RI PHWK�

DQRO�ZDWHU ��� � ��� IRU HDFK FRPSRQHQW� 7KH VLPXODWHG VLQJOH FRO�

XPQ PRGHO FDQ SUHGLFW ZHOO WKH H[SHULPHQWDO HOXWLRQ SURILOH� LQ�

GLFDWLQJ WKH DSSURSULDWHQHVV RI WKH HVWLPDWHG PRGHO SDUDPHWHUV DQG

WKH ELQDU\ V\VWHP DGVRUSWLRQ LVRWKHUPV�

�� 60% &KURPDWRJUDSK\ 6LPXODWLRQ

,Q 60% FKURPDWRJUDSK\� WKH FROXPQ LV GLYLGHG LQWR D QXPEHU

RI HOHPHQW FROXPQV� DQG FRXQWHUFXUUHQW FRQWDFW LV DFKLHYHG E\ DG�

YDQFLQJ WKH VROYHQW� H[WUDFW� IHHG� DQG UDIILQDWH SRUWV VLPXOWDQHRXVO\

DW IL[HG VZLWFK WLPH LQWHUYDOV LQ WKH GLUHFWLRQ RI WKH PRELOH SKDVH

IORZ >%HVWH HW DO�� ����@� +HUH ZH FRQVLGHU D W\SLFDO HLJKW�HOHPHQW

FROXPQ V\VWHP ZLWK WZR HOHPHQW FROXPQV LQ HDFK ]RQH �)LJ� ���

7KH GLIIHUHQWLDO PDVV EDODQFH LQ ]RQH M �M ,� ,,� ,,,� ,9� IRU FRPSR�

QHQW L �L �� �� LV

����

DQG WKH HTXLOLEULXP PRGHO RI (T� ���� ZDV XVHG VLQFH WKH '01

PDVV WUDQVIHU NLQHWLFV LV YHU\ IDVW �NHII!��V
−��� 7KH FRPSHWLWLYH /DQJ�

PXLU LVRWKHUPV RI ����'01 DQG ����'01 >(TV� ��� DQG ���@ ZHUH

XVHG WR DFFRXQW IRU WKH HTXLOLEULXP EHWZHHQ WKH PRELOH DQG VWD�

WLRQDU\ SKDVHV�

7KH LQLWLDO DQG ERXQGDU\ FRQGLWLRQV RI 60% FKURPDWRJUDSK\

DUH

���D�

���E�

� ���F�

)RU QXPHULFDO VLPXODWLRQ WKH SDUWLDO GLIIHUHQWLDO HTXDWLRQV RI WKH

60%PRGHO ZHUH FRQYHUWHG LQWR D VHW RI RUGLQDU\ GLIIHUHQWLDO HTXD�

WLRQV �2'(� E\ WKH PHWKRG RI OLQHV� 7KH 2'( VHW ZDV WKHQ VROYHG

ZLWK LQLWLDO DQG ERXQGDU\ FRQGLWLRQV E\ WKH DGDSWLYH VWHS VL]H5XQJH�

.XWWD WHFKQLTXH >3UHVV HW DO�� ����@� 7KH HUURU WROHUDQFH RI WKH 2'(

VROYHU LQ WKH )2575$1 FRGH ZDV ��−��

7KH LQWHUQDO GLDPHWHU �'� DQG OHQJWK RI DQ HOHPHQW FROXPQ �/�

ZHUH FKRVHQ DV ��� FP DQG �� FP� UHVSHFWLYHO\� 2WKHU PRGHO SDUD�

PHWHUV ZHUH WKRVH HVWLPDWHG DERYH �L�H�� ε ������� 'D[ ����î��
−�

FP��VHF�� 7KH IHHG FRQFHQWUDWLRQ ZDV ��� J�O IRU HDFK FRPSRQHQW�

$ VLPXODWLRQ UHVXOW VKRZLQJ FRPSOHWH VHSDUDWLRQ EHWZHHQ ����'01

DQG ����'01 LV SUHVHQWHG LQ )LJ� �� ZKLFK VKRZV D[LDO FRQFHQWUD�
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)LJ� �� ([SHULPHQWDO DQG VLPXODWHG HOXWLRQ SURILOH RI ����'01DQG
����'01 �PRELOH SKDVH�PHWKDQRO DQGZDWHU ��� � ���� PR�

ELOH SKDVH IORZ UDWH� �PO�PLQ� LQMHFWLRQ VDPSOH� � � � PL[�
WXUH RI ����'01 DQG ����'01� LQMHFWLRQ YROXPH� � µO��

)LJ� �� 6FKHPDWLF GLDJUDP RI HLJKW�HOHPHQW FROXPQ 60% FKURPD�

WRJUDSK\�



'01 6HSDUDWLRQ 8VLQJ 60% &KURPDWRJUDSK\ ���

.RUHDQ -� &KHP� (QJ��9RO� ��� 1R� ��

WLRQ SURILOHV RI ����'01 DQG ����'01� 7KH H[WUDFW LV SXUH ����

'01 DQG WKH UDIILQDWH LV SXUH ����'01�

$ VWDUWLQJ VHW RI RSHUDWLQJ SDUDPHWHUV �L�H�� IHHG� H[WUDFW� UDIIL�

QDWH� VROYHQW� LQWHUQDO UHF\FOH IORZ UDWHV� DQG VZLWFK WLPH� ZDV HVWL�

PDWHG E\ WKH WULDQJOH PHWKRG >0D]]RWL HW DO�� ����@� 7KH FRQGLWLRQV

RI D FRPSOHWH VHSDUDWLRQ EHWZHHQ ����'01 DQG ����'01 ZHUH

LQYHVWLJDWHG E\ FDUU\LQJ RXW VLPXODWLRQV XQGHU YDULRXV VHWV RI RS�

HUDWLQJ SDUDPHWHUV� 7R GHVFULEH WKH FRQGLWLRQV RI D FRPSOHWH VHSD�

UDWLRQ� WKH SDUDPHWHU RI PM� ZKLFK LV GLUHFWO\ UHODWHG ZLWK WKH 60%

RSHUDWLQJ YDULDEOHV >PRELOH SKDVH IORZ UDWH DQG VZLWFK WLPH �WVZ�@

LQ WKH IRXU ]RQHV RI WKH 60% FKURPDWRJUDSK\� ZDV GHILQHG DV

� ����

,Q WKH IRXU�]RQH 60%FKURPDWRJUDSK\�PM RI ]RQH ,, DQG ,,, SOD\V

WKH LPSRUWDQW UROH LQ WKH VHSDUDWLRQ SHUIRUPDQFH >0D]]RWWL HW DO��

����@� 7KH P��P� SORW ZDV REWDLQHG NHHSLQJ WKH UHF\FOH IORZ UDWH

�L�H�� WKH LQOHW PRELOH SKDVH IORZ UDWH LQWR WKH ILUVW HOHPHQW FROXPQ

LQ VHFWLRQ ,9� DQG WKH VZLWFK WLPH FRQVWDQW� 7KH WRWDO LQOHW DQG RXW�

OHW IORZ UDWHV ZHUH NHSW FRQVWDQW IRU WKH VLPXODWLRQ DV ��� PO�

PLQ� DQG WKH VZLWFK WLPH ZDV VHW DV ��� VHF� 7KH UHF\FOH IORZ UDWH

ZDV �� PO�PLQ�

)LJ� � VKRZV WKHP��P� SORWZKHUH VL[ UHJLRQV DUH GHILQHG� D UHJLRQ

RI FRPSOHWH VHSDUDWLRQ� WZR UHJLRQV ZKHUH RQO\ RQH RXWOHW VWUHDP

LV SXUH� DQG WKUHH UHJLRQV ZKHUH WKHUH LV QR VHSDUDWLRQ� 7KH GRWWHG

WULDQJOH LQ )LJ� � UHSUHVHQWV WKH ERXQGDU\ RI WKH FRPSOHWH VHSDUD�

WLRQ UHJLRQ SUHGLFWHG E\ WKH WULDQJOH PHWKRG EDVHG RQ WKH OLQHDU LVR�

WKHUP� ,W LV QRWDEOH WKDW WKH VLPXODWHG FRPSOHWH VHSDUDWLRQ UHJLRQ LV

PXFK VPDOOHU DQG FXUYHG WKDQ WKDW SUHGLFWHG E\ WKH WULDQJOHPHWKRG�

7KH VKULQNDJH RI WKH FRPSOHWH VHSDUDWLRQ UHJLRQ DULVHV IURP WKH

QRQOLQHDULW\ RI DQ 60% V\VWHP VXFK DV QRQOLQHDU DGVRUSWLRQ LVR�

WKHUPV �/DQJPXLU LVRWKHUPV�� D[LDO GLVSHUVLRQ HIIHFW� DQG KLJK IHHG

FRQFHQWUDWLRQ� 7KH VL]H RI WKH FRPSOHWH VHSDUDWLRQ UHJLRQ ZRXOG

LQFUHDVH ZLWK WKH GHFUHDVH LQ WKH IHHG FRQFHQWUDWLRQV DQG HYHQWX�

DOO\ LQFUHDVH WR WKH GRWWHG WULDQJOH DW YHU\ ORZ IHHG FRQFHQWUDWLRQV�

7KH VSHFLILF PRELOH SKDVH FRQVXPSWLRQ DQG SURGXFWLYLW\ SHU XQLW

PDVV RI VWDWLRQDU\ SKDVH LPSURYH ZKLOH PRYLQJ DZD\ IURP WKH GL�

DJRQDO LQ WKHP��P� SORW� DQG WKH RSWLPXP YDOXHZLOO EH RQ WKH YHUWH[

RI WKH FRPSOHWH VHSDUDWLRQ UHJLRQ� +RZHYHU� 60% RSHUDWLRQ ZLWK

WKH RSHUDWLQJ SDUDPHWHUV DW WKH YHUWH[ LV XQVWDEOH VLQFH WKH YHUWH[

LV WKH ERXQGDU\ RI IRXU UHJLRQV RI VHSDUDWLRQ� (YHQ VPDOO GLVWXU�

EDQFHV GXULQJ RSHUDWLRQ ZRXOG OHDG WR GHYLDWLRQ IURP WKH FRPSOHWH

VHSDUDWLRQ UHJLRQ� 7KHUHIRUH� WKH RSWLPXP RSHUDWLQJ FRQGLWLRQV ZLOO

EH WKH SRLQWV MXVW EHORZ WKH YHUWH[�

7KH HIIHFWV RI IHHG DQG UDIILQDWH IORZ UDWHV �RU VZLWFK WLPH� RQ

WKH60%SHUIRUPDQFHZHUH LQYHVWLJDWHG�7KH OLQH D�E LQ )LJ� � VKRZV

WKH HIIHFW RI LQFUHDVHV LQ IHHG IORZ UDWH� VKRZLQJ WKDW LQFUHDVLQJ

IHHG IORZ UDWH PDNHV WKH RSHUDWLQJ FRQGLWLRQV FURVV SXUH H[WUDFW�

VWDUWLQJ IURP FRPSOHWH VHSDUDWLRQ UHJLRQ DQG HQGLQJ XS LQ QR VHS�

DUDWLRQ UHJLRQ� 7KH OLQH F�G LQ )LJ� � LQGLFDWHV WKH HIIHFW RI LQFUHDVHV

LQ UDIILQDWH IORZ UDWH �RU VZLWFK WLPH�� VKRZLQJ WKDW LQFUHDVLQJ UDI�

ILQDWH IORZ UDWH �RU VZLWFK WLPH�PDNHV WKH RSHUDWLRQ FRQGLWLRQV FURVV

WKH FRPSOHWH VHSDUDWLRQ UHJLRQ� VWDUWLQJ IURP SXUH UDIILQDWH DQG HQG�

LQJ XS LQ SXUH H[WUDFW� 7KLV LQIRUPDWLRQ FDQ EH XVHG WR SODQ WKH H[�

SHULPHQWDO LQYHVWLJDWLRQ WR ILQG WKH RSWLPXP RSHUDWLQJ FRQGLWLRQV�

&21&/86,216

����'01 LV RI JUHDW SUDFWLFDO LQWHUHVW DV D IHHGVWRFN IRU WKH KLJK

SHUIRUPDQFH SRO\HVWHU� 3(1� +RZHYHU� LW LV YHU\ GLIILFXOW WR VHSD�

UDWH ����'01 DQG ����'01 GXH WR WKHLU YHU\ FORVH SK\VLFDO SUR�

SHUWLHV� ,Q WKLV VWXG\� WKH SRVVLELOLW\ RI DSSO\LQJ 60% FKURPDWRJ�

UDSK\� D FRQWLQXRXV FKURPDWRJUDSK\� IRU WKH VHSDUDWLRQ EHWZHHQ ����

'01 DQG ����'01 ZDV LQYHVWLJDWHG E\ QXPHULFDO VLPXODWLRQ RI

60% FKURPDWRJUDSK\ DQG VLQJOH FROXPQ FKURPDWRJUDSK\ H[SHUL�

PHQWV� )RU WKLV SXUSRVH� D V\VWHPDWLF PHWKRG RI REWDLQLQJ PRGHO

SDUDPHWHUV IRU 60% VLPXODWLRQ IURP VLQJOH FKURPDWRJUDSK\ H[SHU�

LPHQWV ZDV SUHVHQWHG�

,W ZDV IRXQG WKDW ����'01 FRXOG EH VHSDUDWHG IURP ����'01

LQ WKH 2'6�PRGLILHG VLOLFD JHO E\ XVLQJ PHWKDQRO�ZDWHU DV WKH PR�

ELOH SKDVH� DQG WKH VXLWDEOHPRELOH SKDVH FRPSRVLWLRQZRXOG EH ���

ZDWHU LQ PHWKDQRO� 7KH DGVRUSWLRQ LVRWKHUPV RI ����'01 DQG ����

'01ZHUH REWDLQHG E\ WKH SXOVH PHWKRG� 0RGHO SDUDPHWHUV ZHUH

HVWLPDWHG IURP WKH HOXWLRQ SURILOHV E\ ILWWLQJ D VLPXODWHG VLQJOH FRO�

XPQPRGHO� 7KH VLQJOH FROXPQ VLPXODWLRQ XVLQJ WKH HVWLPDWHGPRG�

PM = ε
�−ε( )
��������������

XM
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)LJ� �� $[LDO FRQFHQWUDWLRQ SURILOHV RI ����'01 DQG ����'01 LQ

60% FKURPDWRJUDSK\�

)LJ� �� 5HJLRQV RI WKH �P�� P�� SODQH ZLWK GLIIHUHQW VHSDUDWLRQ UH�
JLPHV� 'RWWHG ERXQGDULHV LGHQWLI\ WKH VTXDUH WULDQJOH IRU D

OLQHDU V\VWHP�
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HO SDUDPHWHUV FDQ SUHGLFW VXFFHVVIXOO\ WKH H[SHULPHQWDO HOXWLRQ SUR�

ILOHV RI ����'01 DQG ����'01 LQ WKH 2'6 FROXPQ� LQGLFDWLQJ WKH

DSSURSULDWHQHVV RI WKH HVWLPDWHG PRGHO SDUDPHWHUV�

60% VLPXODWLRQ ZDV SHUIRUPHG E\ XVLQJ WKH HVWLPDWHG PRGHO

SDUDPHWHUV� ,W ZDV IRXQG WKDW SXUH ����'01 DQG ����'01 FRXOG

EH REWDLQHG E\ VHOHFWLQJ VXLWDEOH RSHUDWLQJ FRQGLWLRQV� VXJJHVWLQJ

WKDW 60% FKURPDWRJUDSK\ FDQ EH HPSOR\HG WR VHSDUDWH ����'01

DQG ����'01� 7KH LQIOXHQFH RI RSHUDWLQJ SDUDPHWHUV �IHHG IORZ

UDWHV� UDIILQDWH IORZ UDWH� DQG VZLWFK WLPH� ZDV DOVR LQYHVWLJDWHG WR

VXJJHVW WKH RSWLPXP RSHUDWLQJ FRQGLWLRQV�

7KH V\VWHPDWLF PRGHO SDUDPHWHU HVWLPDWLRQ DQG 60% VLPXOD�

WLRQ PHWKRG ZRXOG EH D JUHDW KHOS WR JXLGH WKH VHOHFWLRQ RI RSHUDW�

LQJ FRQGLWLRQV LQ H[SHULPHQWDO RU LQGXVWULDO 60% FKURPDWRJUDSK\

IRU WKH VHSDUDWLRQ EHWZHHQ ����'01 DQG ����'01� VLQFH WKH VH�

OHFWLRQ RI WKH RSWLPXP RSHUDWLQJ FRQGLWLRQ LV YHU\ GLIILFXOW DQG WLPH

FRQVXPLQJ�

$&.12:/('*(0(17

7KLV VWXG\ ZDV ILQDQFLDOO\ VXSSRUWHG E\ &KRQQDP1DWLRQDO8QLY�

HUVLW\ LQ WKH \HDU RI ���� DQG SDUWO\ VXSSRUWHG E\ 0267�

120(1&/$785(

& � VROXWH FRQFHQWUDWLRQ LQ WKH PRELOH SKDVH >J�PO@

&V � VROXWH FRQFHQWUDWLRQ LQ WKH VWDWLRQDU\ SKDVH >J�PO@

'D[ � D[LDO GLVSHUVLRQ FRHIILFLHQW >FP��V@

NHII � PDVV WUDQVIHU FRHIILFLHQW >��V@

/ � FROXPQ OHQJWK >FP@

1 � FROXPQ SODWH QXPEHU

T � VROXWH FRQFHQWUDWLRQ LQ WKH VWDWLRQDU\ SKDVH >J�FP@

X � PRELOH SKDVH YHORFLW\ >FP�V@

WR � PRELOH SKDVH KROG XS WLPH >V@

W5 � UHVLGHQFH WLPH >V@

WVZ � FROXPQ VZLWFKLQJ WLPH >V@

] � D[LDO SRVLWLRQ DV PHDVXUHG IURP WKH LQOHW >FP@

*UHHN /HWWHUV

ε � FROXPQ SRURVLW\

σ � VWDQGDUG GHYLDWLRQ

6XEVFULSWV

��� � ����'01

��� � ����'01

L � FRPSRQHQW

M � VHSDUDWLRQ ]RQH

5()(5(1&(6

%HVWH� $�� /LVVR� 0�� :R]Q\� *� DQG $UOW� :�� ³2SWLPL]DWLRQ RI 6LPX�

ODWHG0RYLQJ %HG 3ODQWV ZLWK /RZ (IILFLHQW 6WDWLRQDU\ 3KDVHV� 6H�

SDUDWLRQRI)UXFWRVH DQG*OXFRVH�́ -�&KURPWRJU�$����� ��� �������

&KHP6\VWHPV� ³����1DSKWKDOHQH 'LFDUER[\OLF $FLG 3UHFXUVRUV�́ &KHP

6\VWHP ,QF�� 1HZ <RUN �������

&KRL� <� 6�� /HH� -�:�� .RR� <�0�� 5RZ� .�+� DQG &KRL� '�.�� ³6LQ�

JOH DQG &RPSHWLWLYH ,VRWKHUPV RI 3KHQRO DQG R�&UHVRO E\ 3XOVHG�

,QSXW 0HWKRG�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

&KXQ�0� 6�� 3DUN�2�2� DQG.LP� -� .�� ³)ORZDQG'\QDPLF%HKDYLRU

RI 'LOXWH 3RO\PHU 6ROXWLRQV LQ +\GURG\QDPLF &KURPDWRJUDSK\�́

.RUHDQ -� &KHP� (QJ�� �� ��� �������

*XLFKRQ� *�� 6KLUD]L� 6�*� DQG.DWWL� $�0�� ³)XQGDPHQWDOV RI 3UHSDU�

DWLYH DQG 1RQOLQHDU &KURPDWRJUDSK\�́ $FDGHPLF 3UHVV� %RVWRQ

�������

+DJHQ� *� 3� DQG +XQJ� '� 7�� 8�.� 3DWHQW ��������� �������

-DQVRQ� -� &�� ³2SWLPL]DWLRQ RI /DUJH�6FDOH &KURPDWRJUDSK\ RI 3UR�

WHLQV�́ .RUHDQ -� &KHP� (QJ�� ��� ��� �������

0D]]RWWL�0�� 6WRUWL�*� DQG0RUELGHOOL�0�� ³2SWLPDO2SHUDWLRQRI6LP�

XODWHG 0RYLQJ %HG 8QLWV IRU 1RQOLQHDU &KURPDWRJUDSKLF 6HSDUD�

WLRQV�́ -� &KURPDWRJU� $� ���� � �������

2ODK�*�$� DQG2ODK� -�$�� ³$URPDWLF 6XEVWLWXWLRQ�́ -�$P�&KHP� 6RF��

��� ���� �������

3HGHIHUUL� 0�� =HQRQL� *�� 0D]]RWWL� 0� DQG 0RUELGHOOL� 0�� ³([SHUL�

PHQWDO $QDO\VLV RI D &KLUDO 6HSDUDWLRQ WKURXJK 6LPXODWHG 0RYLQJ

%HG &KURPDWRJUDSK\�́ &KHP� (QJ� 6FL�� ��� ���� �������

3UHVV� :� +�� 7HXNROVN\� 6� $�� 9HWWHUOLQJ�:� 7� DQG )ODQQHU\� %� 3��

³1XPHULFDO 5HFLSHV�́ &DPEULGJH 3UHVV� &DPEULGJH �������

5RWD� 5�� 0RUELGHOOL� 0�� 5RPEL� (�� 0RQDFL� 5�� )HULQR� ,� DQG 6ROLQD�

9�� ³$GVRUSWLRQ (TXLOLEULD RI 'HPHWK\OQDSKWKDOHQH ,VRPHUV�́ ,QG�

(QJ� &KHP� 5HV�� ��� ��� �������

5RZ� .�+� DQG /DULQ� $�9�� ³$ &KURPDWRJUDSKLF 7KHRU\ %DVHG RQ

WKH&RQFHSW RI D �/D\HU RI(TXLOLEULXP$GVRUSWLRQ�́ .RUHDQ-�&KHP�

(QJ�� ��� ��� �������

5XWKYHQ�'�0�DQG&KLQJ�&�%�� ³&RXQWHU&XUUHQW DQG6LPXODWHG&RXQ�

WHU &XUUHQW $GVRUSWLRQ 6HSDUDWLRQ 3URFHVVHV�́ &KHP� (QJ� 6FL�� ���

���� �������

6\ELOVND� '�� $V]WHPERUVND�0�� %LHOHMHZVND� $�� .RZDOF]\N� -�� 'RG�

]LXN� +�� 'XV]F]\N� .�� /DPSDUF]\N� +� DQG =DU]\NFNL� 3�� ³&KUR�

PDWRJUDSKLF 6WXGLHV RQ WKH ,QFOXVLRQ RI ,VRPHULF 'LPHWK\OQDSK�

WKDOHQH E\ β� DQG γ�&\FORGH[WULQ�́ &KURPDWRJUDSKLD� ��� ���

�������

:X� '� -�� 0D� =� DQG :DQJ� 1�+� /�� ³2SWLPL]DWLRQ RI 7KURXJKSXW

DQG 'HVRUEHQW &RQVXPSWLRQ LQ 6LPXODWHG 0RYLQJ %HG &KURPD�

WRJUDSK\ IRU 3DFOLWD[HO 3XULILFDWLRQ�́ -� &KURPDWRJU� $� ���� ��

�������

=KRQJ� *� DQG *XLRFKRQ� *�� ³6LPXODWHG 0RYLQJ %HG &KURPDWRJUD�

SK\� &RPSDULVRQ EHWZHHQ WKH %HKDYLRUV XQGHU /LQHDU DQG1RQOLQ�

HDU &RQGLWLRQV�́ &KHP� (QJ� 6FL�� ��� ���� �������


