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$EVWUDFW� ,Q WKLV ZRUN� WKHUPRK\GUDXOLF EHKDYLRXU RI 3:5� GXULQJ UHDFWLYLW\ LQVHU�

WLRQ DQG SDUWLDO ORVV�RI�oRZ� LV VLPXODWHG E\ XVLQJ D VLPSOLnHG PDWKHPDWLFDO PRGHO

RI UHDFWRU FRUH DQG SULPDU\ FRRODQW� $Q LPSURYHG OXPSHG SDUDPHWHU IRUPXODWLRQ IRU

WUDQVLHQW KHDW FRQGXFWLRQ LQ IXHO URG LV XVHG IRU FRUH KHDW WUDQVIHU PRGHOOLQJ� 7UDQVLHQW

WHPSHUDWXUH UHVSRQVH RI IXHO� FODGGLQJ DQG FRRODQW LV DQDO\VHG�

.H\ZRUGV 5HDFWRU WKHUPRK\GUDXOLFV� 7UDQVLHQW KHDW FRQGXFWLRQ� /XPSHG SDUDPHWHU

DQDO\VLV� 3RLQW NLQHWLFV� 5HDFWRU QHXWURQLFV�

�� ,QWURGXFWLRQ

$FFXUDWH SUHGLFWLRQ RI UHDFWRU FRUH EHKDYLRXU GXULQJ WUDQVLHQWV DQG DFFLGHQWV LV RI

PDMRU FRQFHUQ IRU VDIH RSHUDWLRQ RI QXFOHDU SRZHU SODQWV RI 3UHVVXUL]HG :DWHU 5HDFWRU

�3:5�� &RPSXWHU SURJUDPV VXFK DV &2%5$ DUH DYDLODEOH IRU DQDO\VLV RI WUDQVLHQW

FRUH EHKDYLRXU� 1HYHUWKHOHVV� VLPSOLnHG DSSURDFKHV KDYH EHHQ SDUDOOHOHG ODUJH V\VWHP

FRGHV WR SURYLGH XQGHUVWDQGLQJ RI WKH SK\VLFDO SKHQRPHQD DQG WR VKRZ FRQVLVWHQF\ ZLWK

WKH ODUJH FRGH DQDO\VLV� ,Q VLPSOLnHG FRUH WKHUPRK\GUDXOLF DQDO\VLV OXPSHG SDUDPHWHU

PRGHO KDV EHHQ XVHG ZLGHO\ WR REWDLQ WUDQVLHQW WHPSHUDWXUH EHKDYLRXU LQ IXHO DQG

FODGGLQJ �/HY\� ������ 5HFHQWO\� 5HJLV HW DO� ������ KDYH SURSRVHG DQ LPSURYHG OXPSHG

SDUDPHWHU IRUPXODWLRQ IRU WUDQVLHQW KHDW FRQGXFWLRQ LQ QXFOHDU IXHO URGV WKDW JLYHV PRUH

DFFXUDWH UHVXOWV WKDQ FODVVLFDO OXPSHG SDUDPHWHU IRUPXODWLRQ� 6X DQG &RWWD ������

KDYH GHYHORSHG D KLJKHU RUGHU OXPSHG SDUDPHWHU IRUPXODWLRQ WKDW LPSURYHV IXUWKHU WKH

DFFXUDF\ RI SUHGLFWHG WUDQVLHQW WHPSHUDWXUH KLVWRU\�

,Q WKLV SDSHU� ZH SUHVHQW D PDWKHPDWLFDO PRGHO WR VLPXODWH WUDQVLHQW QHXWURQLF DQG

WKHUPRK\GUDXOLF EHKDYLRXU RI WKH 3:5 FRUH DQG WKH SULPDU\ FRRODQW RI D QXFOHDU SRZHU

SODQW�



7KH SRLQW NLQHWLFV HTXDWLRQV DUH XVHG WR PRGHO WKH FRUH QHXWURQLFV� DQG WKH LP�

SURYHG OXPSHG SDUDPHWHU IRUPXODWLRQ SURSRVHG E\ 5HJLV HW DO� ������ DQG 6X DQG

&RWWD ������ LV XVHG WR PRGHO WKH IXHO G\QDPLFV�

�� 7KH 0DWKHPDWLFDO 0RGHO

7KH PDWKHPDWLFDO PRGHO LV FRPSRVHG E\ WKH FRUH QHXWURQLFV ZKLFK JLYHV WKH SRZHU

HYROXWLRQ 3 �W� DV D IXQFWLRQ RI WKH UHDFWLYLW\ |�W�� WKH IXHO G\QDPLFV ZKLFK JLYHV WKH

WUDQVLHQW WHPSHUDWXUH EHKDYLRXU RI IXHO DQG FODGGLQJ� 7I �W� DQG 7F�W�� DQG WKH KHDW

EDODQFH RI SULPDU\ FRRODQW WKDW JLYHV WKH EXON FRRODQW WHPSHUDWXUH 7P�W��

��� 5HDFWRU &RUH 1HXWURQLFV

7KH FRUH QHXWURQLFV LV GHVFULEHG E\ WKH SRLQW NLQHWLFV HTXDWLRQV ZLWK VL[ GHOD\HG

QHXWURQ SUHFXUVRU JURXSV� 7KH UHDFWLYLW\ LQ WKH SRLQW NLQHWLFV HTXDWLRQ GHSHQGV XSRQ

WKH VSDWLDOO\ DYHUDJHG� WLPH�GHSHQGHQW IXHO DQG FRRODQW WHPSHUDWXUHV� KHQFH� LW FRX�

SOHV WKH FRUH QHXWURQLFV ZLWK WKH WKHUPDO�K\GUDXOLFV� 7KH SRLQW NLQHWLFV HTXDWLRQV DUH

ZULWWHQ DV
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ZKHUH 3 LV WKH WRWDO UHDFWRU SRZHU� &P WKH SRZHU HTXLYDOHQW RI WKH PWK GHOD\HG QHXWURQ
SUHFXUVRU JURXS� | WKH WRWDO UHDFWLYLW\� nP WKH IUDFWLRQ RI GHOD\HG QHXWURQV LQ WKH PWK
JURXS� e WKH QHXWURQ JHQHUDWLRQ WLPH� wP WKH GHFD\ FRQVWDQW RI WKHPWK GHOD\HG QHXWURQ
JURXS� 7KH UHDFWLYLW\ LV WKH VXP RI DQ H[WHUQDOO\ LQVHUWHG UHDFWLYLW\ |H[W�W� DQG WKH
IHHGEDFN UHDFWLYLWLHV�

|�W�  |H[W�W� � m) �7) �p7) �W� � m%p7%�W��

7KH p7) DQG p7% DUH GHYLDWLRQV RI WKH DYHUDJH IXHO WHPSHUDWXUH� 7) �W�� DQG EXON
FRRODQW WHPSHUDWXUH� 7%�W�� IURP WKHLU HTXLOLEULXP YDOXHV 7)� DQG 7%�� UHVSHFWLYHO\�
7KH IXHO WHPSHUDWXUH RI UHDFWLYLW\ m) LV JLYHQ E\
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ZKHUH o LV D FRQVWDQW WKDW GHSHQGV RQO\ RQ IXHO FRPSRVLWLRQ DQG JHRPHWU\� 7KH FRRODQW
WHPSHUDWXUH FRHpFLHQW LV QHDUO\ D FRQVWDQW RYHU D IDLUO\ ZLGH UDQJH RI RSHUDWLQJ FRQGL�
WLRQV DQG LV DVVXPHG FRQVWDQW LQ WKLV ZRUN�

��� )XHO '\QDPLFV

7KH KHDW FRQGXFWLRQ HTXDWLRQ IRU WKH IXHO DQG FODGGLQJ DW FRUH DYHUDJHG FRQGLWLRQ
FDQ EH ZULWWHQ DV

|IFI
#7I

#W
 
�

U

#

#U
�NIU

#7I

#U
� � T����W�� � � U � UIR� ���

|FFF
#7F

#W
 
�

U

#

#U
�NFU

#7F

#U
�� UFL � U � UFR� ���



ZLWK DSSURSULDWH ERXQGDU\ DQG LQLWLDO FRQGLWLRQV� ZKHUH T����W�  3 �W� 9I DQG 9I LV WKH
IXHO YROXPH� $ OXPSHG SDUDPHWHU IRUPXODWLRQ LV GHYHORSHG E\ 5HJLV HW DO� ������� LQ
GLPHQVLRQOHVV IRUP�
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7KH VXUIDFH WHPSHUDWXUHV tI �UIR� ~�� tF�UFL� ~ � DQG tF��� ~ � DUH UHODWHG WR WKH DYHUDJH
WHPSHUDWXUHV tI�DY�~ � DQG tF�DY�~ � WKURXJK H[SUHVVLRQV SURYLGHG E\ 5HJLV HW DO� ������
RU E\ 6X DQG &RWWD �������

��� 3ULPDU\ &RRODQW 7HPSHUDWXUH

7KH SULPDU\ FRRODQW HQHUJ\ HTXDWLRQ FDQ EH ZULWWHQ DV

0FFS
G7P�W�

GW
 K6F�7F�UFR� W�b 7P�W��b � BPFS�7P�W�b 7P��� ���

ZKHUH 7P�W� LV WKH DYHUDJH FRRODQW WHPSHUDWXUH LQ WKH FRUH� 7P� WKH LQOHW FRRODQW WHP�
SHUDWXUH� 7F�UFR� W� WKH WHPSHUDWXUH DW H[WHUQDO VXUIDFH RI FODGGLQJ� 0F WKH WRWDO PDVV
RI SULPDU\ FRRODQW� FS WKH VSHFLnF KHDW RI WKH FRRODQW� K WKH KHDW WUDQVIHU FRHpFLHQW�
DQG 6F WKH WRWDO KHDW WUDQVIHU DUHD�

�� 1XPHULFDO 5HVXOWV DQG 'LVFXVVLRQ

7KH (TV� ��������� IRUP D VHW RI WHQ FRXSOHG RUGLQDU\ GLmHUHQWLDO HTXDWLRQV� :LWK
VSHFLnHG LQLWLDO HTXLOLEULXP VWDWH� WKH RUGLQDU\ GLmHUHQWLDO HTXDWLRQV DUH VROYHG QXPHU�
LFDOO\ DV DQ LQLWLDO YDOXH SUREOHP E\ XVLQJ DQ DOJRULWKP IRU VWLm V\VWHPV �3UHVV HW DO��
������ ,Q WKLV ZRUN� ZH LPSOHPHQW WKH KLJKHU RUGHU LPSURYHG OXPSHG SDUDPHWHU IRU�
PXODWLRQ ZKLFK XVHV WZR�VLGH FRUUHFWHG WUDSH]RLG UXOH �+���� IRU DYHUDJH IXHO DQG FODG



)LJXUH � � 7UDQVLHQW EHKDYLRXU RI SRZHU IRU VWHS LQVHUWLRQ RI UHDFWLYLW\�

)LJXUH � � 7UDQVLHQW EHKDYLRXU RI DYHUDJH IXHO WHPSHUDWXUH
IRU VWHS LQVHUWLRQ RI UHDFWLYLW\�



)LJXUH � � 7UDQVLHQW EHKDYLRXU RI DYHUDJH FODG WHPSHUDWXUH
IRU VWHS LQVHUWLRQ RI UHDFWLYLW\�

)LJXUH � � 7UDQVLHQW EHKDYLRXU RI DYHUDJH FRRODQW WHPSHUDWXUH
IRU VWHS LQVHUWLRQ RI UHDFWLYLW\�



)LJXUH � � 7UDQVLHQW EHKDYLRXU RI SRZHU IRU SDUWLDO ORVV RI oRZ�

)LJXUH � � 7UDQVLHQW EHKDYLRXU RI DYHUDJH IXHO WHPSHUDWXUH
IRU SDUWLDO ORVV RI oRZ�



)LJXUH � � 7UDQVLHQW EHKDYLRXU RI DYHUDJH FODG WHPSHUDWXUH
IRU SDUWLDO ORVV RI oRZ�

)LJXUH � � 7UDQVLHQW EHKDYLRXU RI DYHUDJH FRRODQW WHPSHUDWXUH
IRU SDUWLDO ORVV RI oRZ�



WHPSHUDWXUH LQWHJUDOV DQG SODLQ WUDSH]RLG UXOH �+���� IRU KHDW oX[ LQWHJUDOV �6X DQG
&RWWD� ������ )RU FRPSDULVRQ SXUSRVH� ZH DOVR LPSOHPHQW D FODVVLFDO OXPSHG IRUPXOD�
WLRQ IRU IXHO G\QDPLFV DV WKDW GHVFULEHG LQ /HY\ �������

,Q )LJXUHV � WR � ZH VKRZ QXPHULFDO UHVXOWV RI D VLPXODWLRQ IRU D VWHS LQVHUWLRQ RI
UHDFWLYLW\ RI ��� GROODUV� 7UDQVLHQW EHKDYLRXUV RI SRZHU� IXHO WHPSHUDWXUH� FODG WHP�
SHUDWXUH DQG DYHUDJH FRRODQW WHPSHUDWXUHV VLPXODWHG E\ ERWK PHWKRGV DUH JLYHQ� ,Q
)LJXUH �� ZH QRWLFH WKDW WKH PRGHO ZLWK FODVVLFDO IRUPXODWLRQ IRU IXHO G\QDPLFV SUH�
GLFWV D ODUJHU SRZHU RYHUVKRRW WKDQ SUHGLFWHG E\ WKH LPSURYHG OXPSHG IRUPXODWLRQ�
6LPLODUO\� WKH FODVVLFDO IRUPXODWLRQ JLYHV D KLJKHU IXHO WHPSHUDWXUH WKDQ WKDW JLYHQ E\
WKH LPSURYHG IRUPXODWLRQ DV VKRZQ LQ )LJXUH �� 6X DQG &RWWD ������ KDYH VKRZQ E\
FRPSDULVRQ ZLWK PRUH DFFXUDWH VROXWLRQ REWDLQHG E\ nQLWH GLmHUHQFH PHWKRG WKDW WKH
LPSURYHG IRUPXODWLRQ JLYHV PRUH DFFXUDWH IXHO WHPSHUDWXUH WKDQ WKH FODVVLFDO OXPSHG
IRUPXODWLRQ DV WKDW GHVFULEHG LQ /HY\ ������� 2Q WKH RWKHU KDQG� WKH LPSURYHG OXPSHG
PRGHO SUHGLFWV D KLJKHU DYHUDJH FODG WHPSHUDWXUH WKDW WKH FODVVLFDO IRUPXODWLRQ DV FDQ
EH VHHQ LQ )LJXUH �� $OWKRXJK DIWHU D SHULRG RI �� VHFRQGV ERWK IRUPXODWLRQ SUHGLFW WKH
VDPH DV\PSWRWLF YDOXH IRU DYHUDJH FRRODQW WHPSHUDWXUH� WKH FRRODQW WHPSHUDWXUH ULVLQJ
UDWH SUHGLFWHG E\ WKH LPSURYHG IRUPXODWLRQ LV VORZHU DV VKRZQ LQ )LJXUH ��

7UDQVLHQWV LQGXFHG E\ D SDUWLDO ORVV RI RQH�IRXUWK oRZ UDWH DUH VLPXODWHG ZLWK
WKH QXPHULFDO UHVXOWV VKRZQ LQ )LJXUHV � WR �� 7KH LPSURYHG IRUPXODWLRQ SUHGLFWV D
ODUJH SRZHU GURS WKDQ WKH FODVVLFDO IRUPXODWLRQ DV VHHQ LQ )LJXUH �� :KLOH WKH FODVVLFDO
IRUPXODWLRQ JLYHV D QHDUO\ FRQVWDQW IXHO WHPSHUDWXUH� WKH LPSURYHG IRUPXODWLRQ SUHGLFWV
D VOLJKW ULVH LQ IXHO WHPSHUDWXUH WKDW ZLOO LQGXFH D QHJDWLYH UHDFWLYLW\ WR UHGXFH WKH
SRZHU OHYHO� 7KH LPSURYHG DQG FODVVLFDO IRUPXODWLRQV SUHGLFW TXLWH GLmHUHQW EHKDYLRXUV
IRU WKH FODG DQG FRRODQW WHPSHUDWXUHV� 7KH FODG DQG FRRODQW WHPSHUDWXUHV DSSURDFK
VWHDG\ VWDWH TXLWH UDSLGO\ DV SUHGLFWHG E\ WKH FODVVLFDO IRUPXODWLRQ� ZKLOH WKH LPSURYHG
IRUPXODWLRQ JLYHV VWHDGLO\ ULVLQJ FODG DQG FRRODQW WHPSHUDWXUHV DV VKRZQ LQ )LJXUHV �
DQG ��

�� &RQFOXVLRQ

,Q WKLV ZRUN� ZH VLPXODWH WKH QRQOLQHDU G\QDPLFV RI D SUHVVXUL]HG ZDWHU UHDFWRU FRUH
E\ XVLQJ DQ LPSURYHG OXPSHG SDUDPHWHU IRUPXODWLRQ IRU WKH IXHO G\QDPLFV SURSRVHG
UHFHQWO\ E\ 6X DQG &RWWD ������� 7KH PRGHO ZLWK LPSURYHG OXPSHG IRUPXODWLRQ SUHGLFWV
TXLWH GLmHUHQW WUDQVLHQW EHKDYLRXUV IRU D SDUWLDO ORVV RI oRZ HYHQW� :KLOH WKH SURSRVHG
PRGHO SUHGLFWV UHDVRQDEO\ ZHOO WKH PDLQ SK\VLFDO SKHQRPHQD RI WKH VLPXODWHG HYHQWV� LWV
DFFXUDF\ QHHGV WR EH DVVHVVHG WKURXJK FRPSDULVRQ ZLWK PRUH DFFXUDWH FRPSXWDWLRQDO
FRGHV�

$FNQRZOHGJHPHQWV

7KH DXWKRUV DUH JUDWHIXO WR &13T IRU WKH nQDQFLDO DLG GXULQJ WKH UHDOL]DWLRQ RI WKLV
ZRUN�



5()(5(1&(6

&RWWD� 5� 0� DQG 0LNKDLORY� 0� '�� ����� +HDW &RQGXFWLRQ_ /XPSHG DQDO\VLV� ,QWHJUDO
WUDQVIRUP� 6\PEROLF FRPSXWDWLRQ� -RKQ :LOH\ 	 6RQV� &KLFKHVWHU�

/HY\� 6�� ����� 7ZR�3KDVH )ORZ LQ &RPSOH[ 6\VWHPV� -RKQ :LOH\ 	 6RQV� 1HZ <RUN�

2QHJD� 5� -� DQG .DUFKHU� .� (�� ����� 1RQOLQHDU G\QDPLFV RI D SUHVVXUL]HG ZDWHU
UHDFWRU FRUH� 1XFO� 6FL� (QJ�� YRO� ��� SS� ���^����

3UHVV� :� +�� 7HXNROVN\� 6� $�� 9HWWHUOLQJ� :� 7�� DQG )ODQQHU\� %� 3�� ����� 1XPHULFDO
5HFLSHV LQ )RUWUDQ� �QG HG� &DPEULGJH 8QLYHUVLW\ 3UHVV�

5HJLV� &� 5�� &RWWD� 5� 0�� DQG 6X� -�� ����� ,PSURYHG OXPSHG DQDO\VLV RI WUDQVLHQW
KHDW FRQGXFWLRQ LQ D QXFOHDU IXHO URG� ,QW� &RPP� +HDW 0DVV 7UDQVIHU� YRO� ��� SS�
���^����

6X� -� DQG &RWWD� 5� 0�� ����� +LJKHU RUGHU OXPSHG DQDO\VLV RI WUDQVLHQW KHDW WUDQVIHU
LQ D QXFOHDU IXHO URG� $QDLV GR (1&,7 �����

7RGUHDV� 1� (� DQG .D]LPL� 0� 6�� ����� 1XFOHDU 6\VWHPV ,,� +HPLVSKHUH 3XEOLVKLQJ�
1HZ <RUN�

7RQJ� /� 6� DQG :HLVPDQ� -�� ����� 7KHUPDO $QDO\VLV RI 3UHVVXUL]HG :DWHU 5HDFWRUV�
�QG HG�� $PHULFDQ 1XFOHDU 6RFLHW\� /D*UDQJH 3DUN� ,/�


