
1LQWK�,QWHUQDWLRQDO�7RSLFDO�0HHWLQJ�RQ�1XFOHDU�5HDFWRU�7KHUPDO�+\GUDXOLFV��185(7+���
6DQ�)UDQFLVFR���&DOLIRUQLD���2FWREHU�������������

'\QDPLF�EHKDYLRU�RI�WKH�PHOW�SRRO�DW
VHYHUH�DFFLGHQW�FRQGLWLRQV

$QGUHM�+RUYDW�DQG�,YR�.OMHQDN
5HDFWRU�(QJLQHHULQJ�'LYLVLRQ

�-RåHI�6WHIDQ��,QVWLWXWH
/MXEOMDQD��6ORYHQLD

DQGUHM�KRUYDW#LMV�VL��LYR�NOMHQDN#LMV�VL

-XUH�0DUQ
)DFXOW\�RI�0HFKDQLFDO�(QJLQHHULQJ

8QLYHUVLW\�RI�0DULERU
0DULERU��6ORYHQLD

MXUH�PDUQ#XQL�PE�VL

.(<:25'6

VHYHUH�DFFLGHQW��FRUH�PHOWLQJ��ORZHU�SOHQXP��KHDW�WUDQVIHU��QDWXUDO�FRQYHFWLRQ

$%675$&7

3UHGLFWLRQ� RI� WKHUPDO� ORDGV� RQ� ORZHU� SOHQXP� ZDOOV� DIWHU� FRUH� PHOWLQJ� DQG
UHORFDWLRQ� GXULQJ� VHYHUH� DFFLGHQW� FRQGLWLRQV� UHTXLUHV� NQRZOHGJH� DERXW� WKH� FRUH� PHOW
EHKDYLRU��HVSHFLDOO\�WKH�FLUFXODWLRQ�SDWWHUQ��7R�DQDO\]H�WKH�KHDW�WUDQVIHU�G\QDPLFV�RQ�WKH
ORZHU�SOHQXP�ZDOOV��WZR�GLPHQVLRQDO�QXPHULFDO�VLPXODWLRQV�RI�D�IOXLG�IORZ�ZLWK�LQWHUQDO
KHDW�JHQHUDWLRQ�ZHUH�SHUIRUPHG�IRU�5D\OHLJK�QXPEHUV��������������������������DQG������DW
3UDQGWO� QXPEHU� ����� )RU� VXEJULG� PRWLRQ� PRGHOLQJ�� WKH� /DUJH� (GG\� 6LPXODWLRQ� �/(6�
6PDJRULQVN\� PRGHO� ZDV� LPSOHPHQWHG�� 7LPH� DQG� ERXQGDU\�DYHUDJHG� 1XVVHOW� QXPEHUV
ZHUH�FDOFXODWHG��5HVXOWV�VKRZ�WKDW�GLIIHUHQFHV�EHWZHHQ�PLQLPXP��DYHUDJH�DQG�PD[LPXP
1XVVHOW�QXPEHU�LQFUHDVH�LQ�H[SRQHQWLDO�PDQQHU�ZKHQ� WKH�5D\OHLJK�QXPEHU� LV� LQFUHDVHG
EH\RQG������3UREDELOLW\�GHQVLWLHV�RI�1XVVHOW�QXPEHU�ZHUH�DOVR�FDOFXODWHG�WR�UHDOLVWLFDOO\
DVVHVV�XQVWHDG\�WKHUPDO�ORDGV��7KH�FDOFXODWHG�SUREDELOLW\�GHQVLW\� IXQFWLRQV� LQGLFDWH� WKDW
WLPH�DYHUDJH�1XVVHOW� QXPEHUV� XVXDOO\� GR� QRW� FRLQFLGH�ZLWK�PRVW� SUREDEOH� YDOXHV�� 7KH
VWXG\�DOVR�GLVFORVHV�WKH�DSSHDUDQFH�RI�PXOWLSOH�1XVVHOW�QXPEHU�SUREDELOLW\�SHDNV�

�����,1752'8&7,21

,QDGHTXDWH�RU�SURORQJHG�DEVHQFH�RI�QXFOHDU� UHDFWRU�FRUH�FRROLQJ�PD\�FDXVH�FRUH
PHOWLQJ�WR�RFFXU��7KH�UHDFWRU�FRUH�PHOW�UHORFDWHV��IORZLQJ�GRZQZDUG�WRZDUGV�WKH�UHDFWRU
SUHVVXUH�YHVVHO� ORZHU� SOHQXP�ZKHUH� LW� DFFXPXODWHV�� ,Q� WKH� SDVW� IHZ�\HDUV�� WKH� LVVXH� RI
ORZHU� SOHQXP� FRRODELOLW\� GXULQJ� WKH� GHVFULEHG� VHYHUH� DFFLGHQW� VFHQDULR� KDV� UHFHLYHG
PXFK�DWWHQWLRQ��$FFRUGLQJ�WR�WKH�VWDWH�RI�WKH�DUW�NQRZOHGJH�DERXW�WKLV�LVVXH��WKH�UHDFWRU



���

YHVVHO�LQWHJULW\�ZRXOG�EH�PDLQWDLQHG��+RZHYHU��WKLV�KDV�QRW�\HW�EHHQ�SURYHQ�ZLWK�HLWKHU�D
IXOO�VFDOH�H[SHULPHQW�RU�DQ�DGHTXDWH�QXPHULFDO�VLPXODWLRQ�

3UHGLFWLRQ�RI�WKHUPDO�ORDGV�RQ�ORZHU�SOHQXP�ZDOOV�UHTXLUHV�NQRZOHGJH�DERXW�WKH
IOXLG�EHKDYLRU��HVSHFLDOO\�DERXW�WKH�FLUFXODWLRQ�SDWWHUQ��ZKLFK�LV��GXH�WR�KLJK�WHPSHUDWXUH
JUDGLHQWV��PDLQO\� JRYHUQHG� E\� EXR\DQF\� IRUFHV� LQ� WKH�PHOW� SRRO�� )RU� WKHVH� UHDVRQV� WKH
SUHVHQW�ZRUN�LV�IRFXVHG�RQ��QDWXUDO�FRQYHFWLRQ�LQ�WKH�FRUH�PHOW�

3UHYLRXV�H[SHULPHQWDO�DQG�QXPHULFDO�ZRUNV�IURP�YDULRXV�DXWKRUV�RIWHQ�SUHVHQWHG
RQO\� WKH� PHDQ� YDOXHV� RI� 1XVVHOW� QXPEHU� DW� WKH� ORZHU� SOHQXP� ERXQGDULHV� ZLWKRXW
GHVFULELQJ� WKH� XQFHUWDLQWLHV� RI� REWDLQHG� UHVXOWV�� 6XFK� LQIRUPDWLRQ� DERXW� WKHUPDO� ORDG
FRXOG�EH�PLVOHDGLQJ��1DPHO\��DW�KLJKHU�5D\OHLJK�QXPEHUV��5D!������WKH�IOXLG�FLUFXODWLRQ
SDWWHUQV�EHFRPH�XQVWHDG\��ZKLFK�OHDGV�ILUVW�WR�ORFDO�DQG�WKHQ�WR�JOREDO�WXUEXOHQW�PRWLRQ�
VR�WKDW�PHDQ�YDOXHV�RI�1XVVHOW�QXPEHU�GR�QRW�FRLQFLGH�ZLWK�PRVW�SUREDEOH�YDOXHV��7KLV
VXJJHVWV�WKDW�VLQJOH�YDOXH�FDOFXODWLRQV�RI�KHDW�WUDQVIHU�YDOXHV�LQ�WKH�ORZHU�SOHQXP�VKRXOG
EH� VXSSOHPHQWHG�ZLWK� SUREDELOLW\� GLVWULEXWLRQV� RU� DW� OHDVW�ZLWK� H[WUHPH� �PLQLPXP� DQG
PD[LPXP��YDOXHV�

���0$7+(0$7,&$/�02'(/

����7UDQVSRUW�HTXDWLRQV

7KH� EDVLF� DVVXPSWLRQ� LQ� WKH� SUHVHQW� ZRUN� ZDV� WR� FRQVLGHU� WKH� PHOW� DV� DQ
LQFRPSUHVVLEOH� IOXLG�ZLWK� LQWHUQDO�KHDW� JHQHUDWLRQ�� )ROORZLQJ� WKLV� DVVXPSWLRQ�� WKH�PHOW
EHKDYLRU�ZDV�GHVFULEHG�ZLWK�PDVV��PRPHQWXP�DQG�HQHUJ\�HTXDWLRQV�

������������������������������������������� �����=¢Ì Y
r

��� ���

����������������������
( ) J7�SYY

W
Y rrr
r

Db-¢Ì+Ì
r

-=�¢Ì+
�
� �

�����
�
�

��� ���

��������������������������
( ) �������

�
� �

r
+Ì

r
l

=¢Ì+
�
�

SS F
,

7
F

7Y
W
7 r

��

���

7R� UHGXFH� WKH� QXPEHU� RI� IUHH� SDUDPHWHUV� LQ� WKH� FDOFXODWLRQV� DQG� WR� VLPSOLI\� WKH
FRPSDULVRQ� RI� UHVXOWV�� (TV�� ����� ���� DQG� ����ZHUH� WUDQVIRUPHG� LQWR� GLPHQVLRQOHVV� IRUP
XVLQJ�%RXVVLQHVT
�V�DSSUR[LPDWLRQ�WR�LQFOXGH�EXR\DQF\�IRUFHV�
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$�FRPSOHWH�GHVFULSWLRQ�RI�GLPHQVLRQOHVV�YDULDEOHV�PD\�EH�IRXQG�LQ�+RUYDW��������
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����7XUEXOHQFH�PRGHOLQJ

$W�KLJK�5D\OHLJK�QXPEHUV��5D!�����DW�ZKLFK�VLPXODWLRQV�ZHUH�SHUIRUPHG�� WLPH�
DSHULRGLF�EHKDYLRU�RFFXUV��:KHQ�WKH�5D\OHLJK�QXPEHU�LV�IXUWKHU�LQFUHDVHG��5D!�����ORFDO
WXUEXOHQW�PRWLRQ�DSSHDU��UHGXFLQJ�WKH�ORFDO�VFDOH�RI�IOXLG�PRWLRQ�

7R� SURSHUO\� WDNH� LQWR� DFFRXQW� WKH� VXEJULG� PRWLRQ� RI� WKH� IOXLG�� WKH� /DUJH�(GG\
6LPXODWLRQ��/(6��6PDJRULQVN\�PRGHO�ZDV�LPSOHPHQWHG��ZLWK�D�PRGLILFDWLRQ�WR�FDSWXUH
DOVR� WKH� EXR\DQF\� IRUFHV� GXH� WR� WHPSHUDWXUH� JUDGLHQWV� �DV� SUHVHQWHG� E\� (LGVRQ�� ������
$IWHU�DSSO\LQJ� WKH�/DUJH�(GG\�6LPXODWLRQ�FRQFHSW�RI� VSDWLDO� ILOWHULQJ��(TV�� ����� ���� DQG
����DUH�ZULWWHQ�DV�
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ZKHUH� WKH� RYHUEDU� LQGLFDWHV� ILOWHUHG� YDOXHV�� 7KH� QRQ�OLQHDU� FRQYHFWLRQ� WHUP� RI� VXEJULG
YHORFLWLHV�LQ�WKH�PRPHQWXP�HTXDWLRQ�DFWV�DV�D�VWUHVV�WHUP�ZLWK�DUWLILFLDO�VXEJULG�YLVFRVLW\�
ZKLFK�LV�GHILQHG�DFFRUGLQJ�WR�(LGVRQ��������DV�
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7KH� ILUVW� WHUP� LQ� (T�� ����� UHSUHVHQWV� VWUHVV� IRUFHV� ZKLOH� WKH� VHFRQG� WHUP� UHSUHVHQWV
EXR\DQF\��6LPLODUO\��WKH�QRQ�OLQHDU�FRQYHFWLRQ�WHUP�RI�VXEJULG�YHORFLWLHV�DQG�WHPSHUDWXUH
LQ� WKH� HQHUJ\� HTXDWLRQ� FDQ� EH� UHSODFHG� ZLWK� GLIIXVLYH� IOX[� XVLQJ� WKH� VXEJULG� WKHUPDO
GLIIXVLW\�GHILQHG�DV�D�OLQHDU�IXQFWLRQ�RI�VXEJULG�YLVFRVLW\�
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����������������������� VJG
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7KH�SUHVHQWHG�6PDJRULQVN\�PRGHO� LV� WRR�GLVVLSDWLYH� LQ� WKH�YLFLQLW\�RI� WKH�ZDOOV�
7R�UHGXFH�WKH�QHDU�ZDOO�GLVVLSDWLRQ��WKH�VXEJULG�YLVFRVLW\�ZDV�PXOWLSOLHG�E\�WKH�YDQ�'ULHVW
GXPSLQJ�IXQFWLRQV��3DWDQNDU�DQG�6SDOGLQJ��������

����*HRPHWULFDO�FRQVLGHUDWLRQV

$OWKRXJK� H[SHULPHQWDO� DQG� QXPHULFDO� UHVXOWV� IRU� VHPL�FLUFXODU� DQG� HOOLSWLFDO
FDYLWLHV� DUH� DOUHDG\� DYDLODEOH� �7KHRIDQRXV� HW� DO��� ������� D� VTXDUH� FDYLW\� ZDV� XVHG� WR
VLPSOLI\�FDOFXODWLRQV�DW�KLJK�5D\OHLJK�QXPEHUV��7KH�FRPSDULVRQ�RI�H[SHULPHQWDO�UHVXOWV
IURP�QDWXUDO�FRQYHFWLRQ�FDVHV�LQ�UHFWDQJXODU�DQG�VSKHULFDO�FDYLWLHV�UHYHDOV�WKH�VLPLODULW\
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RI� KHDW� WUDQVIHU� SURFHVVHV� LQ� ERWK� JHRPHWULHV�� 0RUHRYHU�� LW� LV� VDIH� WR� DVVXPH� WKDW� WKH
PD[LPXP� 1XVVHOW� QXPEHU� LV� VLPLODU� IRU� UHFWDQJXODU� DQG� VSKHULFDO� FDYLWLHV� RI� VLPLODU
GLPHQVLRQV��7KH�PD[LPXP�1XVVHOW�QXPEHU�RFFXUV� LQ� WKH�XSSHU� FRUQHUV�RI� WKH� FDYLWLHV�
/DUJHU� GLVFUHSDQFLHV� EHWZHHQ� KHDW� WUDQVIHU� LQ� UHFWDQJXODU� DQG� VSKHULFDO� FDYLWLHV� RFFXU
RQO\�LQ�WKH�ORZHU�SDUWV��$VILD�DQG�'KLU��������1RXUJDOLHY�HW�DO���������

([SHULPHQWDO�DQG�QXPHULFDO�UHVXOWV�SUHVHQWHG�E\�'LQK�DQG�1RXUJDOLHY��������DQG
1RXUJDOLHY� HW� DO�� ������� VXJJHVW� WKDW� WKH� IOXLG� SDWWHUQ� LV� EDVLFDOO\� WZR�GLPHQVLRQDO�� $
WZR�GLPHQVLRQDO� PRGHO� VKRXOG� WKXV� EH� DGHTXDWH� IRU� WKH� VLPXODWLRQ� RI� FRQVLGHUHG
SKHQRPHQD�

����,QLWLDO�DQG�ERXQGDU\�FRQGLWLRQV

$W� WKH�VLPXODWLRQ�EHJLQQLQJ�� WKH� IOXLG�ZDV�FRQVLGHUHG�DW� UHVW�ZLWK�DQ� LVRWKHUPDO
WHPSHUDWXUH�ILHOG�

)RU�WKH�PRPHQWXP�HTXDWLRQ��QR�VOLS�ERXQGDU\�FRQGLWLRQV�DW�DOO�ERXQGDULHV�RI�WKH
UHFWDQJXODU�FDYLW\�ZHUH�SUHVFULEHG��7R�UHSUHVHQW�WKH�VROLGLILFDWLRQ�DQG�PHOWLQJ�SURFHVVHV
DW�WKH�ZDOOV�RI�WKH�ORZHU�SOHQXP��LVRWKHUPDO�ERXQGDU\�FRQGLWLRQV�DW�DOO�ERXQGDULHV�ZHUH
SUHVFULEHG�IRU�WKH�HQHUJ\�HTXDWLRQ�

���180(5,&$/�0(7+2'6

����1XPHULFDO�PHVK

7KH�WUDQVSRUW�(TV�����������DQG�����ZHUH�GLVFUHWL]HG�DFFRUGLQJ� WR�D� ILQLWH�YROXPH
PHWKRG�XVLQJ� ����[� ���� QXPHULFDO� FHOOV��$� VWDJJHUHG� DUUDQJHPHQW� IRU� JULG� SRLQWV�ZDV
DSSOLHG�

7KH� KLJK� 5D\OHLJK� QXPEHUV� DQG� PRGHVW� QXPEHU� RI� JULG� SRLQWV� XVHG� LQ� WKH
SUHVHQWHG� FDOFXODWLRQV� UHTXLUHG� ORFDO�PHVK� UHILQHPHQW��7KLV�ZDV� QHFHVVDU\� IRU� DFFXUDWH
VLPXODWLRQ�RI�WKH�YLVFRXV�VXEOD\HU�EHKDYLRU�DW� WKH�ERXQGDULHV�RI� WKH�VLPXODWLRQ�GRPDLQ�
,Q�WKH�[�GLUHFWLRQ��WKH�QXPHULFDO�PHVK�ZDV�UHILQHG��DFFRUGLQJ�WR�(T�������
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ZKHUHDV�LQ�WKH�\�GLUHFWLRQ��LW�ZDV�UHILQHG�DFFRUGLQJ�WR�(T�������
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ZKHUH�WKH�SDUDPHWHU�j��ZDV�VHW�HTXDO�WR�����

����'LVFUHWLVDWLRQ�WHFKQLTXHV

6SDWLDO�GLVFUHWLVDWLRQ�RI�WUDQVSRUW�(TV�����������DQG�����IROORZHG�WKH�ZD\�RI�FHQWUDO�
V\PPHWULF�GLVFUHWLVDWLRQ�RQ�D�VWDJJHUHG�JULG��+DUORZ�DQG�:HOVK��������
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7LPH� LQWHJUDWLRQ�ZDV� LQGHSHQGHQW� IURP� VSDWLDO� GLVFUHWL]DWLRQ�� )RU� WKH� HQHUJ\� (T�
�����WKH�VHFRQG�RUGHU�DFFXUDWH�H[SOLFLW�$GDPV�%DVKIRUWK�VFKHPH�ZDV�LPSOHPHQWHG�
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,Q�WKH�FDVH�RI�WKH�PRPHQWXP�(T�������D�FRPELQDWLRQ�RI�WKH�$GDPV�%DVKIRUWK�VFKHPH�DQG
WKH�SURMHFWLRQ�PHWKRG�ZDV�XVHG�

7KH�SDUDEROLF�SUHVVXUH�HTXDWLRQ��ZKLFK�DULVHV�IURP�FRPELQLQJ�(TV������DQG�����WR
VDWLVI\�WKH�PDVV�FRQVHUYDWLRQ�SULQFLSOH��ZDV�VROYHG�ZLWK�WKH�&RQMXJDWH�*UDGLHQW�PHWKRG
�)HU]LJHU�DQG�3HULü��������

����6WDELOLW\

� 7LPH� VWHS� VWDELOLW\� UHVWULFWLRQV� IRU� WLPH� LQWHJUDWLRQ� ZHUH� WDNHQ� IURP� H[SOLFLW
FHQWUDO� V\PPHWULF� VFKHPH� IRU� FRQYHFWLRQ�GLIIXVLRQ� HTXDWLRQ�� 7KH� GLIIXVLRQ� VWDELOLW\
FRQGLWLRQ�LPSOHPHQWHG�LQ�WKH�QXPHULFDO�VFKHPH�LV�IRUPXODWHG�DV�
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DQG�WKH�FRPELQHG�FRQYHFWLRQ�GLIIXVLRQ�VWDELOLW\�FRQGLWLRQ�DV�
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7KH� ODUJHVW� WLPH�VWHS�ZKLFK�VDWLVILHG�ERWK�FRQGLWLRQV�� ����� DQG� ������ZDV�XVHG� IRU� WLPH
PDUFKLQJ�

���5(68/76

6LPXODWLRQV�ZHUH� SHUIRUPHG� IRU� 5D\OHLJK� QXPEHUV� ����� ����� ����� ����� ����� DQG
������ $Q� H[WUDSRODWLRQ� ZLWK� D� �UG�RUGHU� SRO\QRPLDO� ZDV� XVHG� WR� REWDLQ� WLPH�DYHUDJHG
1XVVHOW� QXPEHUV� IRU� 5D\OHLJK� QXPEHU� ������ ZKLFK� FRUUHVSRQGV� WR� UHDOLVWLF� DFFLGHQW
FRQGLWLRQV�� 7KH� 3UDQGWO� QXPEHU� ZDV� ���� LQ� DOO� FDVHV�� )LJXUH�� �� SUHVHQWV� D� VDPSOH� RI
FDOFXODWHG�XQVWHDG\�IORZ�ILHOG��5D �����
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)LJ����������$Q�H[DPSOH�RI�LQVWDQWDQHRXV�IORZ�ILHOG�DW�5D ����

������7LPH�DQG�ORFDO�DYHUDJHG�1XVVHOW�QXPEHUV

)LUVW�� WLPH� DQG� ERXQGDU\�DYHUDJHG� 1XVVHOW� QXPEHUV� ZHUH� FDOFXODWHG�� 5D\OHLJK�
1XVVHOW� QXPEHU� GHSHQGHQFLHV� DUH� SUHVHQWHG� LQ� ORJ���ORJ��� GLDJUDPV�� 0LQLPXP� DQG
PD[LPXP� 1XVVHOW� QXPEHUV� DUH� SORWWHG� DORQJ� ZLWK� WKH� DYHUDJHG� 1XVVHOW� QXPEHU�
&DOFXODWHG�5D\OHLJK�1XVVHOW�QXPEHU�GHSHQGHQFLHV�DUH�DOVR�FRPSDUHG�ZLWK�H[SHULPHQWDO
UHVXOWV�RI�RWKHU� DXWKRUV��2Q�)LJV�� �����.	*� LQGLFDWHV� UHVXOWV� RI�.XODFNL� DQG�*ROGVWHLQ
��������ZKDUHDV�6	5�LQGLFDWHV�UHVXOWV�RI�6WHLQEHUQHU�DQG�5HLQHNH��������

2Q�)LJ�����WKH�5D\OHLJK�1XVVHOW�QXPEHU�GHSHQGHQFLHV�IRU�WKH�ERWWRP�ERXQGDU\�DUH
SUHVHQWHG��&DOFXODWHG�YDOXHV�RI�1XVVHOW� QXPEHU� DJUHH�ZHOO�ZLWK� H[SHULPHQWDO� UHVXOWV� DW
ORZHU� 5D\OHLJK� QXPEHUV�� 'LIIHUHQFHV� LQFUHDVH� ZKHQ� WKH� 5D\OHLJK� QXPEHU� H[FHHGV� WKH
YDOXH� ������ 6LPLODU� RYHUHVWLPDWHG� UHVXOWV� FDQ� DOVR� EH� REVHUYHG� LQ� WKH� ZRUN� RI� RWKHU
DXWKRUV��H�J��1RXUJDOLHY�HW�DO���������ZKLFK�FRQGXFWHG�QXPHULFDO�VLPXODWLRQV�RI�QDWXUDO
FRQYHFWLRQ�LQ�D�PHOW�SRRO�
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.	*

)LJ����������5D\OHLJK�QXPEHU�YV��1XVVHOW�QXPEHU�IRU�WKH�ERWWRP�ERXQGDU\�

:KHQ�WKH�DYHUDJH�1XVVHOW�QXPEHUV�DUH�FRPSDUHG�ZLWK�PLQLPXP�DQG�PD[LPXP�1XVVHOW
QXPEHUV� UHDFKHG�� REVHUYDEOH� GLIIHUHQFHV� ILUVW� RFFXU� DW� 5D\OHLJK� QXPEHU� ����� $W� WKLV
SRLQW�� D� VWHDG\�VWDWH� IOXLG� FLUFXODWLRQ� FDQQRW� EH� UHDFKHG�� 7KH� V\VWHP� H[SHULHQFHV� D



���

ELIXUFDWLRQ�EHKDYLRU�RI�KHDW� WUDQVIHU�YDULDEOHV��)LJXUH��� VKRZV� WKDW�GLIIHUHQFHV�EHWZHHQ
PLQLPXP�� DYHUDJH� DQG�PD[LPXP�1XVVHOW� QXPEHUV� DUH� VOLJKWO\� LQFUHDVLQJ� LQ� WKH� ORJ���
ORJ���GLDJUDP�ZLWK�LQFUHDVLQJ�5D\OHLJK�QXPEHU��$OWKRXJK�WKLV� WUHQG� LV�YHU\�VORZ�LQ� WKH
ORJ���ORJ���GLDJUDP��LW�PHDQV�WKDW�GLIIHUHQFHV�LQFUHDVH�LQ�H[SRQHQWLDO�PDQQHU�LQ�WKH�OLQHDU
5D\OHLJK�1XVVHOW�QXPEHU�GLDJUDP�
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)LJ����������5D\OHLJK�QXPEHU�YV��1XVVHOW�QXPEHU�IRU�WKH�VLGH�ERXQGDU\�

2Q� )LJ�� ��� WKH� 5D\OHLJK�1XVVHOW� QXPEHU� GHSHQGHQFLHV� IRU� WKH� VLGH� ZDOOV� DUH
SUHVHQWHG�� 7KH� FDOFXODWHG� UHVXOWV� VKRZ� JRRG� DJUHHPHQW� ZLWK� H[SHULPHQWDO� UHVXOWV� RI
6WHLQEHUQHU�	�5HLQHNH��������IRU�D�UHFWDQJXODU�FDYLW\�

$JDLQ��ZH� FDQQRW� FRQILUP� WKH� OLQHDU� GHSHQGHQFH� EHWZHHQ�5D\OHLJK� DQG�1XVVHOW
QXPEHUV�LQ�WKH�ORJ���ORJ���GLDJUDP��7KH�GLIIHUHQFHV�RFFXU�ILUVW�DW�5D\OHLJK�QXPEHU���

��
ZKHUH�D�VWHDG\�VWDWH�FDQQRW�EH�HVWDEOLVKHG��%HWZHHQ�5D\OHLJK�QXPEHUV�����DQG������ WKH
VORZHU� LQFUHDVH� LQ�1XVVHOW� QXPEHUV� FRLQFLGHV�ZLWK� WKH� IORZ� WUDQVLWLRQ� IURP� ODPLQDU� WR
WXUEXOHQW� UHJLPH�� $ERYH� 5D\OHLJK� QXPEHU� ����� WKH� 5D\OHLJK�1XVVHOW� QXPEHU
GHSHQGHQFHV�DUH�EDVLFDOO\�OLQHDU�LQ�WKH�ORJ���ORJ���GLDJUDP�
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.	*

)LJ����������5D\OHLJK�QXPEHU�YV��1XVVHOW�QXPEHU�IRU�WKH�XSSHU�ERXQGDU\�



���

2Q� )LJ�� ��� WKH� 5D\OHLJK�1XVVHOW� QXPEHU� GHSHQGHQFLHV� IRU� WKH� XSSHU� ZDOO� DUH
SUHVHQWHG�� 7KH� 1XVVHOW� QXPEHUV� WKHUH� DUH� KLJKHU� WKDQ� RQ� WKH� ERWWRP� ERXQGDU\� DQG
FRPSDUDEOH� WR� WKRVH� RQ� WKH� VLGH� ERXQGDULHV�� 7KH� FDOFXODWHG� UHVXOWV� VKRZ� DJDLQ� JRRG
DJUHHPHQW�ZLWK�H[SHULPHQWDO�UHVXOWV�RI�6WHLQEHUQHU�	�5HLQHNH��������DQG�DUH�ORZHU�WKDW
WKRVH�REWDLQHG�E\�.XODFNL�	�*ROGVWHLQ��������IRU�D�IOXLG�OD\HU�

7KH� GLIIHUHQFHV� EHWZHHQ� PLQLPXP�� DYHUDJH� DQG� PD[LPXP� 1XVVHOW� QXPEHUV
DSSHDU� ILUVW� DW� 5D\OHLJK� QXPEHU� ���� RQ� WKH� ERWWRP� DQG� VLGH� ZDOOV�� 7KH� WUDQVLWLRQ� WR
WXUEXOHQFH�LV�QRW�DV�GLVWLQFWLYH�DV�RQ�WKH�VLGH�ZDOOV�GXH�WR�WKH�QDWXUH�RI�5D\OHLJK�7D\ORU
LQVWDELOLWLHV�DW�WKH�XSSHU�ERXQGDU\��7KHVH�LQVWDELOLWLHV��ZKLFK�SURGXFH�³MHWV´�RI�FROG�IOXLG
IURP� WKH� XSSHU� ERXQGDU\� WRZDUGV� WKH� FHQWHU� RI� WKH� VLPXODWLRQ� GRPDLQ� DQG� DSSHDU
LPPHGLDWHO\�DIWHU�5D\OHLJK�QXPEHU�H[FHHGV������FDXVH�UDQGRP�OLNH�EHKDYLRU�RI�WKH�IOXLG
IORZ�DW�WKH�XSSHU�ERXQGDU\��7KH�KLJKHU�WKH�5D\OHLJK�QXPEHUV��WKH�VWURQJHU�DUH�WKH�MHWV�RI
FROG� IOXLG��7KH�GHVFULEHG� UDQGRP�OLNH�EHKDYLRU�RI� WKH� IOXLG� IORZ�DW� WKH�XSSHU�ERXQGDU\
DOVR�FDXVHV�D�ZLGHU�UDQJH�EHWZHHQ�PLQLPXP�DQG�PD[LPXP�1XVVHOW�QXPEHUV�WKDQ�RQ�WKH
ERWWRP�DQG�VLGH�ZDOOV�

����7LPH�DYHUDJHG�1XVVHOW�QXPEHU�GLVWULEXWLRQV

$ORQJ� ZLWK� WKH� GLIIHUHQFHV� EHWZHHQ� PLQLPXP�� DYHUDJH� DQG� PD[LPXP� 1XVVHOW
QXPEHUV�� WKH� SUREDELOLW\� GHQVLWLHV� RI� 1XVVHOW� QXPEHUV� DUH� DOVR� LPSRUWDQW�� 1DPHO\�� WR
UHDOLVWLFDOO\� GHWHUPLQH� WKH� WKUHDW� WR� ORZHU� SOHQXP� LQWHJULW\�� WKH� SUREDELOLW\� RI� WKHUPDO
ORDGV� KDV� WR� EH� NQRZQ�� )URP� WKLV� SRLQW� RQ�� WKH� SUHVHQW� SDSHU� GHVFULEHV� DQ� DWWHPSW� WR
UHDOLVWLFDOO\� DVVHVV� WLPH�GHSHQGHQW� YDOXHV� RI� KHDW� WUDQVIHU� RQ� WKH� ERXQGDULHV�� 7KH
SUHVHQWHG�YDOXHV�RI�1XVVHOW�QXPEHU��)LJV��������VKRZ�WKH�FRPSOH[LW\�RI�ERXQGDU\�OD\HU
EHKDYLRU�DW�KLJK�5D\OHLJK�QXPEHUV�
� $W� 5D\OHLJK� QXPEHUV� ���� DQG� ���� WKH� IOXLG� FLUFXODWLRQ� LV� VWDEOH�� IRUPLQJ� WZR
FRXQWHU�URWDWLQJ�YRUWLFHV��7KH�1XVVHOW�QXPEHU�LV�ORZ�DW�WKH�ERWWRP��)LJ�����DQG�LQFUHDVHV
WRZDUGV� WKH� XSSHU� ERXQGDU\� RI� WKH� VLPXODWLRQ� GRPDLQ� �)LJ�� ���� $� ORFDO� PD[LPXP� LV
UHDFKHG�LQ�WKH�XSSHU�FRUQHU�RQ�WKH�VLGHZDOOV��6LPLODU�YDOXHV�RI�1XVVHOW�QXPEHU�PD\�DOVR
EH�REVHUYHG�RQ�SDUWV�RI�WKH�XSSHU�ERXQGDU\��)LJ�����

)LJ�����1XVVHOW�QXPEHU�DW�WKH�ERWWRP
������������ERXQGDU\��5D� ������3U� ����

�)LJ�����1XVVHOW�QXPEHU�DW�WKH�VLGH
�������������ERXQGDU\��5D� ������3U� ����

$W� 5D\OHLJK� QXPEHU� ����� 5D\OHLJK�7D\ORU� LQVWDELOLWLHV�� ZKLFK� DUH� WKH� UHVXOW� RI
LQWHQVLYH�FRROLQJ�RI�WKH�IOXLG�DW�WKH�WRS��FDXVH�D�MHW�RI�FROG�IOXLG�IURP�WKH�XSSHU�ERXQGDU\



���

WRZDUGV� WKH�FHQWHU�RI� WKH�VLPXODWLRQ�GRPDLQ� WR�DSSHDU��7KH� MHW�SURGXFHV� WZR�DGGLWLRQDO
DQG�VWDEOH�YRUWLFHV��7KH�FRQVHTXHQFHV�RI�WKH�GHVFULEHG�SURFHVV�DSSHDU�RQ�)LJ����DV�D�GHHS
YDOOH\�LQ�WKH�1XVVHOW�QXPEHU�FXUYH�

$�VLPLODU�SURFHVV�RFFXUV�DOVR�LQ�WKH�ORZHU�FRUQHUV�RI�WKH�VLPXODWLRQ�GRPDLQ�ZKHUH
LW�FDXVHV�ORFDO�LQFUHDVHV�LQ�1XVVHOW�QXPEHU��)LJ������7KH�SKHQRPHQRQ�LV�QRW�OLPLWHG�RQO\
WR� WKH� UHFWDQJXODU� JHRPHWU\� EXW� FDQ� EH� DOVR� REVHUYHG� LQ� KHPLVSKHULFDO� DQG� HOOLSWLFDO
JHRPHWULHV�DV�SUHVHQWHG�E\�1RXUJDOLHY�HW�DO���������

��)LJ������1XVVHOW�QXPEHU�DW�WKH�XSSHU
��������������ERXQGDU\��5D� ������3U� ����

$W�5D\OHLJK�QXPEHU������ WKH� IOXLG�FLUFXODWLRQ�GRHV�QRW� UHDFK�D�VWHDG\�VWDWH�DIWHU
WKH� LQLWLDO� WKHUPDO� WUDQVLHQW�� 7KLV� UHVXOWV� LQ� WLPH�GHSHQGHQFH� RI� WKH� 1XVVHOW� QXPEHU�
ZKHUH� WKH� PLQLPXP�� DYHUDJH� DQG� PD[LPXP� 1XVVHOW� QXPEHU� FDQ� EH� GLVWLQJXLVKHG� DV
VKRZQ�RQ�)LJV��������DQG�����7KH�GLIIHUHQFHV�EHWZHHQ�PLQLPXP��DYHUDJH�DQG�PD[LPXP
ORFDO� 1XVVHOW� QXPEHUV� DUH� ODUJHU� RQ� WKH� VLGH� DQG� XSSHU� ERXQGDULHV� ZKHUH� WKH� 1XVVHOW
QXPEHUV�DUH�DOVR�KLJKHU�WKDQ�RQ�WKH�ERWWRP�ERXQGDU\�

7KH� WZR� SHDNV� RQ� WKH� ERWWRP� 1XVVHOW� QXPEHU� FXUYH� �)LJ�� ��� VKRZ� WKDW� WKH
DGGLWLRQDO� YRUWLFHV� FDXVHG� E\� GRZQZDUG� IORZ� DW� WKH� VLGH� ZDOOV� DUH� VWURQJHU� WKDQ� DW
5D\OHLJK�QXPEHU������7KH�ODUJH�1XVVHOW�QXPEHU�GLIIHUHQFHV�RQ�)LJ�����DOVR�LQGLFDWHV�WKH
DSSHDUDQFH� RI�.HOYLQ�+HOPKRO]� LQVWDELOLWLHV� EHWZHHQ� XSZDUG� IORZ� SRZHUHG� E\� LQWHUQDO
KHDW�JHQHUDWLRQ�DQG�GRZQZDUG�IORZ�DW�FROG�VLGH�ZDOOV��2Q�WKH�XSSHU�ERXQGDU\��)LJ�����
WKH�1XVVHOW�QXPEHU�LQFOLQDWLRQ�UHYHDOV�D�VWDEOH�MHW�RI�FROG�IOXLG�WRZDUGV�WKH�FHQWHU�RI�WKH
VLPXODWLRQ�GRPDLQ��ZKLFK�GRHV�QRW�FKDQJH�LWV�SRVLWLRQ�QRU�VWUHQJWK�LQ�WLPH��2Q�ERWK�VLGHV
WKH� ODUJH� GLIIHUHQFHV� EHWZHHQ�PLQLPXP�� DYHUDJH� DQG�PD[LPXP�1XVVHOW� QXPEHU� VKRZ
DGGLWLRQDO�ORFDWLRQV�RI�WKH�5D\OHLJK�7D\ORU�LQVWDELOLWLHV�ZKLFK�UHVXOW�LQ�WKH�DSSHDUDQFH�RI
WLPH�GHSHQGHQW�MHWV�



����

)LJ������1XVVHOW�QXPEHU�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� ������3U� ����

)LJ������3UREDELOLW\�GHQVLW\�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� ������3U� ����

)LJ��������1XVVHOW�QXPEHU�DW�WKH�VLGH
�������������ERXQGDU\��5D� ������3U� ����

)LJ�������3UREDELOLW\�GHQVLW\�DW�WKH�VLGH
�������������ERXQGDU\��5D� ������3U� ����

)LJ�������1XVVHOW�QXPEHU�DW�WKH�XSSHU
��������������ERXQGDU\��5D� ������3U� ����

)LJ�������3UREDELOLW\�GHQVLW\�DW�WKH�XSSHU
���������������ERXQGDU\��5D� ������3U� ����



����

2Q� )LJV�� ��� ��� DQG� ��� WKH� FRQWRXUV� RI� 1XVVHOW� QXPEHU� SUREDELOLW\� GHQVLWLHV
�REVHUYHG�IURP��DERYH���DW�5D\OHLJK�QXPEHU�����DQG�3UDQGWO�QXPEHU�����DUH�SUHVHQWHG�
7KH� GLDJUDPV
� DEVFLVVD� UHSUHVHQWV� WKH� FRRUGLQDWH� RQ� WKH� ERXQGDU\�ZKHUHDV� WKH� RUGLQDWH
UHSUHVHQWV�WKH�1XVVHOW�QXPEHU�GLIIHUHQFH��

DYHU
Q 1X1XG -=�1X� ����

��7R� REWDLQ� SUREDELOLW\� GHQVLW\� IXQFWLRQV�� DSSUR[LPDWHO\� ����� FDOFXODWHG� ORFDO
1XVVHOW�QXPEHUV�ZHUH�GLVWULEXWHG�LQ����FODVVHV�EHWZHHQ�WKH�PLQLPXP�DQG�WKH�PD[LPXP
1XVVHOW� QXPEHU�� 7KH� QXPEHU� RI� VDPSOHV� LQ� HDFK� FODVV� ZDV� WKDQ� GLYLGHG� E\� WKH� WRWDO
QXPEHU�RI�VDPSOHV�

7KH� SUREDELOLW\� GHQVLWLHV� RI� ORFDO� 1XVVHOW� QXPEHU� VLJQLILFDQWO\� GLIIHU� IURP� WKH
*DXVV� IXQFWLRQ�� 7KH� FRQWRXUV� RQ� )LJV�� ��� ��� DQG� ��� UHYHDO� WKDW� WKH� DYHUDJH� 1XVVHOW
QXPEHU�XVXDOO\�GRHV�QRW�FRLQFLGH�ZLWK�WKH�PRVW�SUREDEOH�YDOXH��)LJXUH���VKRZV�WKDW�WKH
SUREDELOLW\� GHQVLW\� IXQFWLRQ� RI� WKH� 1XVVHOW� QXPEHU� IRU� WKH� ERWWRP� ERXQGDU\� LV� YHU\
QDUURZ�ZLWK� ORFDO�SHDNV��ZKLFK�DOWHUQDWH�DURXQG� WKH�DYHUDJH�1XVVHOW�QXPEHU�YDOXH��2Q
WKH�VLGH�ERXQGDULHV��)LJ������WKH�IXQFWLRQ�LV�ZLGHU�ZLWK�FRPSDFWO\�DUUDQJHG�GHQVLW\�SHDNV
DURXQG� DYHUDJH� 1XVVHOW� YDOXHV�� )LJXUH� ���� ZKHUH� WKH� SUREDELOLW\� GHQVLW\� IXQFWLRQ� IRU
XSSHU�ZDOO�LV�SUHVHQWHG��UHYHDOV�WKDW�WKHUH�LV�DOVR�D�SRVVLELOLW\�RI�WZR�SUREDELOLW\�SHDNV�IRU
WKH�1XVVHOW�QXPEHU�GLVWULEXWLRQ��7KLV�W\SLFDOO\�LQGLFDWHV�D�ELIXUFDWLRQ�EHKDYLRU�ZKHUH�WZR
IORZ�SDWWHUQV�DUH�HTXDOO\�SRVVLEOH��DOWHUQDWLQJ�WKURXJK�WLPH�IURP�RQH�WR�DQRWKHU�

2Q�)LJV�� ���� ��� DQG� ��� WKH� ORFDO�1XVVHOW� QXPEHUV� IRU� WKH� ERWWRP� ERXQGDU\� DUH
SUHVHQWHG�WR�VKRZ�KHDW�WUDQVIHU�G\QDPLFV�ZKHQ�WKH�5D\OHLJK�QXPEHU�LV�LQFUHDVHG��:KHQ
WKH� 5D\OHLJK� QXPEHU� H[FHHGV� ����� WKH� ORFDO� 1XVVHOW� QXPEHU� GLVWULEXWLRQV� RQ� WKH
ERXQGDULHV� EHFRPH� DV\PPHWULF� GXH� WR� WLPH�GHSHQGHQW� YRUWLFHV� ZKLFK� DSSHDU� DW� WKH
ERXQGDULHV�

2Q�)LJ�����WZR�DGGLWLRQDO�SHDNV�RQ�PD[LPXP�1XVVHOW�QXPEHU�FXUYH�DUH�SUHVHQW
ZKLFK�DUH�QRW�HYLGHQW�RQ�)LJ�����7KLV�LV�WKH�UHVXOW�RI�WZR�DGGLWLRQDO�YRUWLFHV��ZKLFK�DSSHDU
UDUHO\�DQG�ZLWKRXW�FKDQJLQJ�WKH�DYHUDJH�RI�1XVVHOW�QXPEHU��:KHQ�WKH�5D\OHLJK�QXPEHU
LV� IXUWKHU� LQFUHDVHG� WR� ����� �)LJ�� ���� WKH� DSSHDUDQFH� RI� WKH� YRUWLFHV� RQ� WKH� ERWWRP
ERXQGDU\�LV�QRW�OLPLWHG�WR�WKH�ORZHU�FRUQHUV�RI�WKH�VLPXODWLRQ�GRPDLQ��7KH�ZKROH�ERWWRP
ERXQGDU\� LV� H[SRVHG� WR� WKH� PL[LQJ� RI� FROG� GRZQZDUG� IORZ� DQG� KRW� EXR\DQF\� IORZ�
$OWKRXJK� WKH� IOXLG� VWUXFWXUHV� DSSHDU� DV� DOPRVW� VWRFKDVWLF�� WKH� JHQHUDO� VKDSH� RI� DYHUDJH
1XVVHOW�QXPEHU�FXUYH��ZKLFK�ZDV�ILUVW�REVHUYHG�DW�ORZHU�5D\OHLJK�QXPEHUV��LV�SUHVHUYHG�
2Q�)LJ�����WKH�ORFDO�1XVVHOW�QXPEHUV�RQ�WKH�ERWWRP�ERXQGDU\�DW�5D\OHLJK�QXPEHU�����

DUH� SUHVHQWHG�� 7KH� 1XVVHOW� QXPEHU� GLVWULEXWLRQV� H[KLELW� WKH� VWRFKDVWLF� EHKDYLRU� RI� WKH
IOXLG� IORZ�� /RFDO� SHDNV� LQ� 1XVVHOW� QXPEHU� IXQFWLRQ� LQGLFDWH� PRGHVW� VL]H� RI� IOXLG
VWUXFWXUHV��ZKLFK�LV�FKDUDFWHULVWLF�IRU�WXUEXOHQW�IORZ�UHJLPH��7KH�ZHDN�VLPLODULW\�EHWZHHQ
PLQLPXP�� DYHUDJH� DQG� PD[LPXP� 1XVVHOW� QXPEHU� IXQFWLRQV� DOVR� FRQILUPV� WKH� WLPH�
GHSHQGHQFH� RI� IOXLG� VWUXFWXUHV� DQG� WKH� XQVWHDGLQHVV� RI� WKH� KHDW� WUDQVIHU� RQ� WKH� ERWWRP
ERXQGDU\�



����

)LJ������1XVVHOW�QXPEHU�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� ������3U� ����

)LJ�����3UREDELOLW\�GHQVLW\�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� ������3U� ����

)LJ������1XVVHOW�QXPEHU�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� �������3U� ����

)LJ������3UREDELOLW\�GHQVLW\�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� �������3U� ����

)LJ������1XVVHOW�QXPEHU�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� �������3U� ����

)LJ�����3UREDELOLW\�GHQVLW\�DW�WKH�ERWWRP
�������������ERXQGDU\��5D� �������3U� ����



����

7KH�SUREDELOLW\�GHQVLWLHV�RI�ORFDO�1XVVHOW�QXPEHU�GLIIHU�IURP�WKH�*DXVV�IXQFWLRQ
DQG� DOVR� IURP� WKH� SUREDELOLW\� GHQVLWLHV� DW� ORZHU�5D\OHLJK� QXPEHUV��2Q� WKH� ERWWRP� DQG
XSSHU� ERXQGDULHV� WKH� V\PPHWU\� LV� QR� ORQJHU� SUHVHUYHG� �)LJ�� �����$V� LW� LV� HYLGHQW� IURP
)LJV���������DQG����� WKH�GLIIHUHQFHV�EHWZHHQ�PLQLPXP�DQG�PD[LPXP�1XVVHOW�QXPEHUV
LQFUHDVH�� :LWK� LQFUHDVLQJ� 5D\OHLJK� QXPEHU� WKH� SUREDELOLW\� GHQVLW\� IXQFWLRQV� DUH� DOVR
EHFRPLQJ�PRUH�IODW��7KLV�LV�WKH�UHVXOW�RI�VWRFKDVWLF�IOXLG�PRWLRQ�ZKHUH�WKH�SUREDELOLW\�RI
YRUWH[�DSSHDUDQFH�LV�VLPLODU�DW�GLIIHUHQW�ORFDWLRQV�

$OWKRXJK�WKH�SUREDELOLW\�GHQVLWLHV�RI�ORFDO�1XVVHOW�QXPEHU�DUH�PRUH�IODW�DV�LQ�WKH
FDVH� RI� 5D\OHLJK� QXPEHU� ����� WKH� PXOWLSOH� SHDNV� RI� SUREDELOLW\� GHQVLW\� IXQFWLRQV� DUH
KLJKHU�DQG�PRUH�FRPSDFWO\�RUJDQL]HG�DURXQG�DYHUDJH�1XVVHOW�QXPEHU��)LJV�����DQG�����
7KH� UHDVRQ� IRU� VXFK� TXDOLWDWLYH� FKDQJHV� LQ� SUREDELOLW\� GHQVLW\� IXQFWLRQV� LV� LQ� WKH
IXQGDPHQWDO�GLIIHUHQFHV�EHWZHHQ�ELIXUFDWLRQDO�IORZ��)LJV��������DQG�WXUEXOHQW�IORZ��)LJV�
��������

6LPLODU�REVHUYDWLRQV�FRXOG�DOVR�EH�PDGH�IRU�WKH�VLGH�DQG�XSSHU�ERXQGDULHV�RI�WKH
VLPXODWLRQ�GRPDLQ�

���&21&/86,216

7ZR�GLPHQVLRQDO� QXPHULFDO� VLPXODWLRQV� RI� D� IOXLG� IORZ� ZLWK� LQWHUQDO� KHDW
JHQHUDWLRQ�LQ�D�UHFWDQJXODU�FDYLW\�DW�5D\OHLJK�QXPEHUV�IURP�����WR�����ZHUH�SHUIRUPHG�WR
LQYHVWLJDWH�KHDW� WUDQVIHU�G\QDPLFV�LQ�WKH�UHDFWRU�SUHVVXUH�YHVVHO� ORZHU�SOHQXP�DW�VHYHUH
DFFLGHQW� FRQGLWLRQV�� 7R� FDSWXUH� WKH� IOXLG� VXEJULG� PRWLRQ�� WKH� /DUJH�(GG\� 6LPXODWLRQ
�/(6��6PDJRULQVN\�PRGHO�ZDV�DSSOLHG�

7KH� ILUVW� SXUSRVH� RI� WKH� QXPHULFDO� H[SHULPHQWV� ZDV� WR� H[DPLQH� WKH� 1XVVHOW
QXPEHU� EHKDYLRU� RQ� WKH� ERXQGDULHV� RI� WKH� VLPXODWLRQ� GRPDLQ� DW� GLIIHUHQW� 5D\OHLJK
QXPEHUV��/RFDO�DQG�WLPH�DYHUDJHG�1XVVHOW�QXPEHUV�ZHUH�FDOFXODWHG�DQG�FRPSDUHG�ZLWK
H[SHULPHQWDO�UHVXOWV�RI�RWKHU�DXWKRUV��VKRZLQJ��VDWLVIDFWRU\�DJUHHPHQW��7KHVH�VLPXODWLRQ
UHVXOWV�ZHUH� WKHQ� H[WUDSRODWHG� WR�5D\OHLJK� QXPEHU� ������ZKLFK� FRUUHVSRQGV� WR� UHDOLVWLF
DFFLGHQW�FRQGLWLRQV�

'\QDPLFV� RI� 1XVVHOW� QXPEHU� ZHUH� DOVR� DQDO\]HG�� 7KH� UHVXOWV� UHYHDO� WKDW
GLIIHUHQFHV� EHWZHHQ� PLQLPXP�� DYHUDJH� DQG� PD[LPXP� 1XVVHOW� QXPEHUV� RYHU� WKH
ERXQGDULHV� RI� WKH� VLPXODWLRQ� GRPDLQ� LQFUHDVH� ZLWK� LQFUHDVLQJ� 5D\OHLJK� QXPEHU�� 7KH
FDOFXODWHG� 1XVVHOW� QXPEHU� SUREDELOLW\� GHQVLW\� IXQFWLRQV� LQGLFDWH� WKDW� WLPH�DYHUDJHG
1XVVHOW� QXPEHUV� XVXDOO\� GR� QRW� FRLQFLGH� ZLWK� PRVW� SUREDEOH� YDOXHV�� 7KH� VWXG\� DOVR
GLVFORVHV� WKH� DSSHDUDQFH� RI� PXOWLSOH� 1XVVHOW� QXPEHU� SUREDELOLW\� SHDNV�� 7KHUHIRUH�� WKH
UHVXOWV�RI�WKLV�ZRUN�VXJJHVW�WKDW�WKH�XVXDOO\�SUHVHQWHG�DYHUDJH�YDOXHV�RI�1XVVHOW�QXPEHU
VKRXOG�EH�VXSSOHPHQWHG�ZLWK�SUREDELOLW\�GHQVLW\�IXQFWLRQV�WR�UHDOLVWLFDOO\�DVVHVV�WKHUPDO
ORDGV�RQ�WKH�ORZHU�SOHQXP�ZDOOV�
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&V 6PDJRULQVN\�FRQVWDQW
FS VSHFLILF�KHDW
J JUDYLW\
, YROXPHWULF�KHDW�JHQHUDWLRQ
/ OHQJWK�RI�VLPXODWLRQ�GRPDLQ
1X 1XVVHOW�QXPEHU�� ���� DYHUZL 77/[7 -��
S�� SUHVVXUH
3U 3UDQGWO�QXPEHU� un

5D� 5D\OHLJK�QXPEHU�� ���� � nlub,/J
r

5+6 ULJKW�KDQG�VLGH�RI�FRQYHFWLRQ�GLIIXVLRQ�HTXDWLRQ
6 GHIRUPDWLRQ�YHORFLW\�WHQVRU�� ������ [Y\Y6 \[LM ��+��=

7 WHPSHUDWXUH
W WLPH
Y YHORFLW\
b WHPSHUDWXUH�GLODWDWLRQ
l WKHUPDO�FRQGXFWLYLW\
r PDVV�GHQVLW\
j PHVK�JHQHUDWLRQ�SDUDPHWHU
n�� NLQHPDWLF�YLVFRVLW\
u WKHUPDO�GLIIXVLYLW\
t VWUHVV�WHQVRU

6XEVFULSWV

DYHU DYHUDJH
L�M LQGLFHV
Q QXPEHU�RI�JULG�SRLQWV
VJG VXEJULG�RU�WXUEXOHQW�YDULDEOH
Z ZDOO
[ KRUL]RQWDO�GLUHFWLRQ
\ YHUWLFDO�GLUHFWLRQ

6XSHUVFULSW

Q QXPEHU�RI�LWHUDWLRQ
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$VILD�� )�-��� 'KLU�� 9�.��� ������ $Q� H[SHULPHQWDO� VWXG\� RI� QDWXUDO� FRQYHFWLRQ� LQ� D
YROXPHWULFDOO\�KHDWHG�VSKHULFDO�SRRO�ERXQGHG�RQ� WRS�ZLWK�D� ULJLG�ZDOO��1XFO��(QJ�
'HVLJQ������SS����������

'HFNHU��:�-���1XPHULFDO� VWXGLHV�RI�ELIXUFDWLRQV� DQG�FKDRV� LQ�QDWXUDO� FRQYHFWLRQ��3K�'�
7KHVLV��9LUJLQLD�8QLYHUVLW\�������

'LQK��7�1���1RXUJDOLHY��5�5���������7XUEXOHQFH�PRGHOLQJ�IRU�ODUJH�YROXPHWULFDOO\�KHDWHG
OLTXLG�SRROV��1XFO��(QJ��'HVLJQ�������SS����������

(LGVRQ�� 7�0��� ������ 1XPHULFDO� VLPXODWLRQ� RI� WKH� WXUEXOHQW� 5D\OHLJK�%HQDUG� SUREOHP
XVLQJ�VXEJULG�PRGHOOLQJ��-��)OXLG��0HFK��������SS����������

)HU]LJHU�� -�+��� 3HULü��0��� ������&RPSXWDWLRQDO�0HWKRGV� IRU� )OXLG�0HFKDQLFV�� 6SULQJHU
9HUODJ��%HUOLQ��SS����������

+DUORZ�� )�+��� :HOFK�� -�(��� ������ 1XPHULFDO� FDOFXODWLRQ� RI� WLPH�GHSHQGHQW� YLVFRXV
LQFRPSUHVVLEOH�IORZ�RI�IOXLG�ZLWK�IUHH�VXUIDFH��3K\V�RI�)OXLGV����SS������������

+LQGPDUVK��$�&���*UHVKR��3�0���*ULIILWKV��'�)���������7KH�VWDELOLW\�RI�H[SOLFLW�(XOHU�WLPH�
LQWHJUDWLRQ� IRU� FHUWDLQ� ILQLWH� GLIIHUHQFH� DSSUR[LPDWLRQV� RI� WKH� PXOWL�GLPHQVLRQDO
DGYHFWLRQ�GLIIXVLRQ�HTXDWLRQ���,QW��-��1XP��0HWK��)OXLGV����SS����������

+RUYDW�� $��� 0RGHOLQJ� RI� QDWXUDO� FRQYHFWLRQ� SKHQRPHQD� LQ� QXFOHDU� UHDFWRU� FRUH� PHOW�
0�6F��7KHVLV��)DFXOW\�RI�0DWKHPDWLFV�DQG�3K\VLFV��8QLYHUVLW\�RI�/MXEOMDQD�������
KWWS���ZZZ��LMV�VL�aDKRUYDW�

.XODFNL��)�$���*ROGVWHLQ��5�-���������7KHUPDO�FRQYHFWLRQ�LQ�D�KRUL]RQWDO�IOXLG�OD\HU�ZLWK
XQLIRUP�YROXPHWULF�HQHUJ\�VRXUFHV��-��)OXLG�0HFK������SS����������

1RXUJDOLHY��5�5���'LQK��7��1���6HKJDO��%�5���������(IIHFW�RI�IOXLG�3UDQGWO�QXPEHU�RQ�KHDW
WUDQVIHU�FKDUDFWHULVWLFV�LQ�LQWHUQDOO\�KHDWHG�OLTXLG�SRROV�ZLWK�5D\OHLJK�QXPEHU�XS�WR
������1XFO��(QJ��'HVLJQ�������SS����������

3DWDQNDU��6�9���6SDOGLQJ��'�%���������+HDW�DQG�0DVV�7UDQVIHU� LQ�%RXQGDU\�/D\HUV���QG
(GLWLRQ��,QWHUWH[W�%RRNV��/RQGRQ��S�����

6WHLQEHUQHU��8���5HLQHNH��+�+���������7XUEXOHQW�EXR\DQF\�FRQYHFWLRQ�KHDW� WUDQVIHU�ZLWK
LQWHUQDO� KHDW� VRXUFHV��3URFHHGLQJV� RI� �WK� ,QW�� +HDW� 7UDQVIHU� &RQIHUHQFH�� 9RO�� ,,�
7RURQWR��&DQDGD��SS����������

7KHRIDQRXV��7�*���/LX��&���$GGLWRQ��6���$QJHOLQL��6���.\PlOlLQHQ��2���6DOPDVVL��7��������
,Q�YHVVHO�FRRODELOLW\�DQG�UHWHQWLRQ�RI�D�FRUH�PHOW��1XFO��(QJ��'HVLJQ�������SS�������


