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$�1HZ�0RGHO�IRU�3UHGLFWLRQ�RI�+HDW�(GG\�'LIIXVLYLW\ LQ�3LSH�([SDQVLRQ�7XUEXOHQW�)ORZV
$��5��0RKDPPDGL��*��+HLGDULQHMDG DQG�.��0D]DKHUL
'HSDUWPHQW�RI�0HFKDQLFDO�(QJLQHHULQJ��7DUELDW�0RGDUUHV�8QLYHUVLW\��7HKUDQ��,UDQ�

$EVWUDFW$� QHZ� PRGHO� WR� FDOFXODWH� KHDW� HGG\� GLIIXVLYLW\� LQ� VHSDUDWLQJ� DQG� UHDWWDFKLQJ� IORZV�EDVHG�RQ�PRGLILFDWLRQ�RI�FRQVWDQW�3UW LV�SURSRVHG� 7KLV�PRGLILFDWLRQ�LV�PDGH�XVLQJ�DQ�HPSLULFDO� FRUUHODWLRQ� EHWZHHQ� PD[LPXP� 1XVVHOW QXPEHU� DQG� HQWUDQFH� 5H\QROGV�QXPEHU��7KH�PRGHO�LQFOXGHV�ERWK�WKH�VLPSOLFLW\�RI�3UW ����DVVXPSWLRQ�DQG�WKH�DFFXUDF\�RI� WZR�HTXDWLRQ� KHDW�WUDQVIHU� PRGHOV�� )XUWKHUPRUH�� DQ� DSSURSULDWH� ORZ� 5H\QROGV�QXPEHU H�N PRGHO�LV�DGRSWHG�IRU�FDOFXODWLRQ�RI�HGG\�YLVFRVLW\� 7KH�PRGHO�LV�XVHG�IRU�SUHGLFWLRQ� RI� 1XVVHOW� QXPEHU� GLVWULEXWLRQ� DW� YDULRXV� UDQJHV� RI� 5H\QROGV� QXPEHU� DQG�H[SDQVLRQ�UDWLR��7KH�QXPHULFDO�UHVXOWV�DUH�FRPSDUHG�ZLWK�DYDLODEOH�H[SHULPHQWDO�GDWD�LQ�WKH�OLWHUDWXUH�DQG�KDYH�VKRZQ�JRRG�DJUHHPHQW��7KH�&38�WLPH�IRU�WKH�SUHVHQW�PRGHO�LV�DERXW�����OHVV�WKDQ�WKDW�RI�WZR�HTXDWLRQ�KHDW�WUDQVIHU�PRGHO�.H\ZRUGV� ([SDQVLRQ� )ORZ�� +HDW� (GG\� 'LIIXVLYLW\�� /RZ� 5H\QROGV� 1XPEHU H�N0RGHO��1XVVHOW�1XPEHU��7XUEXOHQW�3UDQGWO�1XPEHU


 � &RUUHVSRQGLQJ�DXWKRU��(PDLO� .LXPDUV#PRGDUHV�DF�LU

,QWURGXFWLRQ$Q� DFFXUDWH� SUHGLFWLRQ� RI� KHDW� WUDQVIHU�GRZQVWUHDP� RI� EDFNZDUG�IDFLQJ� VWHS� LV�LPSRUWDQW� LQ� PDQ\� HQJLQHHULQJ� DSSOLFDWLRQV�VXFK�DV�FRPEXVWRUV��QXFOHDU�UHDFWRUV�DQG�KHDW�H[FKDQJHUV�� 6HSDUDWLRQ� DQG� UHDWWDFKPHQW� LQ�VXGGHQ� H[SDQVLRQ� IORZV� QRW� RQO\� DIIHFW WKH�IORZ� ILHOG� VWUXFWXUH� EXW� DOVR� LQIOXHQFH� WKH�PHFKDQLVP� RI� KHDW� WUDQVIHU�� ,Q� SDUWLFXODU��DURXQG� WKH� UHDWWDFKPHQW� SRLQW�� KHDW� WUDQVIHU�LQFUHDVHV� VHYHUDO� WLPHV� ZLWK� UHVSHFW WR� WKH�IXOO\�GHYHORSHG�UHJLRQ�,Q� PRVW� RI� WKH� SUHYLRXV� VWXGLHV�� WKH� H�NPRGHO� KDV� EHHQ� XVHG� WR� SUHGLFW� VHSDUDWLQJ�DQG�UHDWWDFKLQJ�WXUEXOHQW�IORZV��$OWKRXJK�WKH�VWDQGDUG� H�N PRGHO� LV� TXLWH� XVHIXO� IRU�PDQ\� IORZV�� VRPH� PDMRU� SUREOHPV� VWLOO�

UHPDLQ�IRU�RWKHU�IORZV��)RU�H[DPSOH����7KH�VWDQGDUG� H�N PRGHO�XVXDOO\�JLYHV�������� XQGHU�SUHGLFWLRQ� RI� WKH� IORZ�UHDWWDFKPHQW� OHQJWK� GRZQVWUHDP� RI� D�EDFNZDUG�IDFLQJ� VWHS�� ZKLFK� LV� WKH�PRVW� IXQGDPHQWDO� TXDQWLW\� WR� EH�SUHGLFWHG� LQ� VHSDUDWLQJ� DQG� UHDWWDFKLQJ�IORZV�>�@���� 7KH� 1XVVHOW� QXPEHU� SUHGLFWHG� E\� WKH�VWDQGDUG� H�N PRGHO� LV� QRW� XVXDOO\� LQ�JRRG� DJUHHPHQW� ZLWK� WKH� H[SHULPHQWDO�GDWD�>�@��,Q� WKH� VWDQGDUG� H�N PRGHO�� ZDOO� IXQFWLRQV�DUH� HPSOR\HG�DV� WKH�ERXQGDU\�FRQGLWLRQV RQ�VROLG�ZDOOV��+RZHYHU��WKH�DSSOLFDWLRQ RI�ZDOO�IXQFWLRQV�IRU�WKH�UHFLUFXODWLRQ�UHJLRQV�LV�RSHQ�WR�TXHVWLRQ�
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/RZ�5H\QROGV�QXPEHU� H�N PRGHOV�� LQ�FRQWUDVW�WR� H�N PRGHO��DUH�DSSOLFDEOH�LQ�ORZ�5H\QROGV�QXPEHU� UHJLRQV��7KH\�GR�QRW�QHHG�ZDOO� IXQFWLRQ� LPSOHPHQWDWLRQ�� ,Q� UHFHQW�\HDUV�� E\�XVLQJ�GLUHFW�DQDO\WLFDO�VROXWLRQ�DQG�LQYRNLQJ� H[SHULPHQWDO� PHDVXUHPHQW�� VLJ�QLILFDQW� DGYDQFHV� KDYH� EHHQ� DFKLHYHG� LQ�WKHVH�PRGHOV��+VLHK��HW�DO��>�@�H[DPLQHG�QLQH�ORZ�5H\QROGV�QXPEHU� H�N PRGHOV� LQ� SLSH�IORZ�ZLWK VXGGHQ�H[SDQVLRQ��7KH\�IRXQG�WKDW�H[FHSW� IRU� PRGHOV� RI� $EH�� HW� DO�� �$.1�PRGHO�� >�@�� DQG�&KDQJ��HW�DO�� �&+&� PRGHO��>�@���QR�PRGHO�LV�DEOH�WR�FRUUHFWO\�SUHGLFW�WKH�ZDOO� KHDW� WUDQVIHU��7KLV� LV�GXH� WR� WKH� ODFN�RI�QHDU�ZDOO� OLPLWLQJ� EHKDYLRU� RU� H[LVWHQFH� RI�VLQJXODULW\� DW� UHDWWDFKPHQW� SRLQWV� LQ� WKRVH�PRGHOV�$OWKRXJK� $.1� DQG� &+&� PRGHOV� DUH� TXLWH�XVHIXO� IRU� WKH� SUHGLFWLRQ� RI� YHORFLW\� ILHOG��WKH\�RYHU�SUHGLFW�WKH�6WDQWRQ�QXPEHU�DV�KLJK�DV� ����� 7KLV� LV� GXH� WR� WKH� 3UW ����DVVXPSWLRQ�>�@��7XUEXOHQW�3UDQGWO�QXPEHU LQ�ERXQGDU\� OD\HU� KDV� D� YDOXH� DURXQG� ���� EXW�GXH�WR�WKH�GLVVLPLODULW\�EHWZHHQ�YHORFLW\�DQG�WHPSHUDWXUH� ILHOGV� LQ� URWDWLRQDO� DQG� UHDW�WDFKPHQW�UHJLRQV��WKLV DVVXPSWLRQ�LV�QRW�YDOLG�WKHUH�7KH� DFFXUDWH� SUHGLFWLRQ� RI� KHDW� WUDQVIHU� LQ� D�FRPSOH[�IORZ�QHHGV�DQ�DFFXUDWH�SUHGLFWLRQ�RI�3UW�� 5HFHQWO\�� UHVHDUFK� ZRUNV� DUH� FRQGXFWHG�WR�FDOFXODWH�WXUEXOHQW�KHDW�WUDQVPLVVLRQ�XVLQJ�WZR�HTXDWLRQ� PRGHOV� >���@�� 7KH� SUHGLFWLRQV�RI� 6WDQWRQ� QXPEHU� EHKLQG� D� VWHS� ZLWK� WKH�WZR�HTXDWLRQ�PRGHO�E\�$EH��HW�DO�� >�@�DUH� LQ�JRRG�DJUHHPHQW�ZLWK�H[SHULPHQWDO�GDWD��7KH�PDMRU�GLIILFXOWLHV� LQ� WKHVH�PRGHOV�DUH�UHODWHG�WR� WKHLU� FRPSXWDWLRQDO� FRPSOH[LW\� DQG� &38�WLPH�,Q� WKLV� VWXG\��D� QHZ�PRGHO� WR� FDOFXODWH� KHDW�HGG\�GLIIXVLYLW\�LQ�VHSDUDWLQJ�DQG�UHDWWDFKLQJ�IORZV�EDVHG�RQ�PRGLILFDWLRQ�RI�FRQVWDQW 3UW LV�SURSRVHG� 7KLV�PRGLILFDWLRQ�LV�PDGH�XVLQJ�DQ�HPSLULFDO� FRUUHODWLRQ� EHWZHHQ� PD[LPXP�1XVVHOW� QXPEHU� DQG� HQWUDQFH� 5H\QROGV�
���$EH��.RGRK�DQG�1DJDQR�� &KDQJ��+VLHK�DQG�&KHQ

QXPEHU�� 7KH� UHVXOWV� VKRZ� WKDW� WKH� SUHVHQW�PRGHO� LV� FDSDEOH� RI� SUHGLFWLQJ� WKH� KHDW�WUDQVIHU� LQ� SLSH� H[SDQVLRQ� WXUEXOHQW� IORZV�TXLWH� VXFFHVVIXOO\�� 7KH� 1XVVHOW� QXPEHU�GLVWULEXWLRQ� LV� DOPRVW� LQ� SHUIHFW� DJUHHPHQW�ZLWK� H[SHULPHQWV� DW� YDULRXV� UDQJHV� RI�5H\QROGV�QXPEHU�DQG�H[SDQVLRQ�UDWLR�
*RYHUQLQJ�(TXDWLRQV,Q� RUGHU� WR� VLPSOLI\� WKH� SUREOHP� DQG� WKXV�IDFLOLWDWLQJ� WKH� QXPHULFDO� VLPXODWLRQ� WKH�IROORZLQJ�DVVXPSWLRQV�ZHUH�PDGH�RQ�)DYUH�DYHUDJHG�1DYLHU�6WRNHV�HTXDWLRQV��� 7KH� IORZ� LV� VWHDG\�� LQFRPSUHVVLEOH�� DQG�D[LV\PPHWULF��� 7XUEXOHQW�IOX[�WHUPV�DUH�PRGHOHG�EDVHG�RQ�WKH�%RXVLQHVTXH�DSSUR[LPDWLRQ��� 5DGLDWLYH�KHDW�WUDQVSRUW�LV�QHJOHFWHG�8QGHU� WKH� DERYH�DVVXPSWLRQV�� WKH�JRYHUQLQJ�HTXDWLRQV�FDQ�EH�ZULWWHQ�DV�
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7KH�HGG\�YLVFRVLW\� WQ LV�UHODWHG�WR� N DQG� HWKURXJK�WKH�.ROPRJRURY�3UDQGWO�UHODWLRQ�DV�
HQ PP �NI&W  ���

([SHULPHQWDO� FRQVWDQWV� DQG�PRGHO� IXQFWLRQV�
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LQ� WXUEXOHQW� PRGHOV� DUH� VHOHFWHG� VXFK� DV� WR�PRGLI\� DV\PSWRWLF� EHKDYLRU� RI� YDULDEOHV� LQ�WKH�YLFLQLW\�RI�VROLG�ZDOO�DQG�DOVR�FRPSHQVDWH�WKH� ZHDNQHVV� RI� WKH� VWDQGDUG� H�N PRGHOV�IRU� ORZ� 5H\QROGV� QXPEHUV�� ,Q� WKH� SUHVHQW�ZRUN�� WKH�&+&�WXUEXOHQW�PRGHO� LV�HPSOR\HG�IRU�WKH�IORZ�ILHOG�>�@��,Q�7DEOH���FRQVWDQWV�RI�&+&� PRGHO� DUH� SUHVHQWHG�� 7KH� PRGHO�IXQFWLRQV�XVHG�LQ�&+&�PRGHO�DUH�DV�IROORZV�
��� �I  ���

@����>@�����> �� �5H[S���\�H[S�I W
 ���� > @ �5���\�H[S�I W
 ��� ����������� ���� P
,Q� WKHVH� IXQFWLRQV�� \
� DQG� 5W DUH�GLPHQVLRQOHVV� GLVWDQFH� IURP� WKH� ZDOO� DQG�ORFDO� WXUEXOHQW� 5H\QROGV� QXPEHU��UHVSHFWLYHO\��DQG�DUH�GHILQHG�DV�IROORZV�

Q \X\ N
  ���
QH�N5W  ���

ZKHUH� NX LV� D� YHORFLW\� VFDOH� IRU� WXUEXOHQW�IORZ�DQG�LV�GHILQHG�DV�IROORZV�
NXN  ���

WD �� WKH� KHDW� HGG\� GLIIXVLYLW\�� LV� XVXDOO\�PRGHOHG�XVLQJ�WKH�IROORZLQJ�UHODWLRQ�
WWW 3UQD  ���

7R� FDOFXODWH� WXUEXOHQW� 3UDQGWO� QXPEHU� �3UW���WXUEXOHQW� VKHDU� VWUHVV� �XY ��� WXUEXOHQW� KHDW�IOX[� � WY ��� YHORFLW\� JUDGLHQW�� DQG� WHPSHUDWXUH�JUDGLHQW� VKRXOG� EH� PHDVXUHG�� 'XH� WR� WKH�GLIILFXOWLHV� LQ� PHDVXULQJ� WKHVH TXDQWLWLHV��WKHUH�DUH�VFDWWHULQJV�LQ�WKH�H[SHULPHQWDO�GDWD�>��@�� ,Q� WKH� WZR�HTXDWLRQV� KHDW� PRGHO��

WXUEXOHQW� GLIIXVLRQ� FRHIILFLHQW� LV� FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ >�@�
� �
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,Q� WKLV� HTXDWLRQ�� \

 LV� WKH� GLPHQVLRQOHVV�GLVWDQFH�IURP�ZDOO�DQG�LV�GHILQHG�DV�

QH \X\ 

  ����
ZKHUH� HX LV�.ROPRJRURY�YHORFLW\�VFDOH�DQG�LV�GHILQHG�DV�� � ��QHH  X ����
(TXDWLRQV ���� DQG� ����� KDYH� WKH� VDPH� EDVLV�H[FHSW� WKDW� WKH�HIIHFWV�RI�ZDOO�DUH�DFFRXQWHG�IRU� LQ� HTXDWLRQ ����� E\� LQWURGXFLQJ� WKH�SDUDPHWHUV�\

�DQG� W5 ��)XUWKHUPRUH��LQVWHDG�RI� W3U DQ� H[SUHVVLRQ� LQ� WHUPV� RI� 5� LV� XVHG�� W3U5 �v ��� 7KH� DVVXPSWLRQ� RI� FRQVWDQW� 5�LQ� HTXDWLRQ ����� LV� HTXLYDOHQW� WR� WKH�DVVXPSWLRQ�RI�FRQVWDQW� W3U ��5�LV�WKH�UDWLR�RI�WLPH� VFDOH� LQ� WHPSHUDWXUH� GRPDLQ� WR� WKDW� RI�YHORFLW\�GRPDLQ�DQG�LV�GHILQHG�DV�

HHNN5 WW � ����
ZKHUH� WN LV� WKH� WHPSHUDWXUH� IOXFWXDWLRQ�YDULDQFH��DQG� WH LV�WKH�GLVVLSDWLRQ�UDWH�RI� WN �7KHUHIRUH�� WR� FDOFXODWH� 5�� WZR� WUDQVSRUW�HTXDWLRQV� WWN H� VKRXOG� EH� DGGHG� WR� H�NHTXDWLRQV�>�@��7KH�WZR�HTXDWLRQ�KHDW�WUDQVIHU�PRGHO� WWN H� FDQ� SUHGLFW� KHDW� WUDQVIHU� LQ�VHSDUDWLQJ� DQG� UHDWWDFKLQJ� IORZ� UHJLRQV�GRZQVWUHDP�RI�D�EDFNZDUG�IDFLQJ�VWHS��+RZ�
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HYHU�� WKLV� PRGHO� FDQ� QRW� EH� DSSOLHG�XQLYHUVDOO\�� )XUWKHUPRUH�� WKH� XVH� RI� H�NDQG� WWN H� JUHDWO\� LQFUHDVHV� WKH� FRPSXWD�WLRQDO�FRPSOH[LW\�DQG�WLPH�)LJXUH� �� VKRZV� WKDW� WKH� DVVXPSWLRQ� RI�3UW ���� RYHU�SUHGLFWV� 6WDQWRQ� QXPEHU��6W 1X�5H 3U���$OWKRXJK�WKH�UHVXOWV�EDVHG�RQ�3UW ����GR�QRW�FRLQFLGH�ZLWK�WKH�H[SHULPHQWDO�GDWD�� EXW� LW� IROORZV� DOPRVW� WKH� VDPH WUHQG��7KLV� PHDQV� WKDW� WKH� DVVXPSWLRQ� RI� FRQVWDQW�3UW LQ� WKH� ZKROH� IORZ� GRPDLQ� LV� DFFHSWDEOH��)XUWKHUPRUH��D�SURSHU�HVWLPDWH�RI�3UW RU�5�LQ�WKH� IORZ� EHKLQG� D� VWHS� GHFUHDVHV� WKH�GLVFUHSDQF\� EHWZHHQ� QXPHULFDO� DQG�H[SHULPHQWDO�1XVVHOW�QXPEHU�GLVWULEXWLRQV�7KH� H[SHULPHQWDO� PHDVXUHPHQWV� EHKLQG� D�VWHS� IRU� YDULRXV� 5H\QROGV� QXPEHUV� DQG�H[SDQVLRQ� UDWLRV� >�����@� VKRZ� WKDW� WKH�PD[LPXP� 1XVVHOW� QXPEHU� EHKLQG� D� VWHS� LV�RQO\� D� IXQFWLRQ� RI� LQOHW� 5H\QROGV� QXPEHU�
G5H ��7KH�EHVW�FXUYH�ILW�WR�H[SHULPHQWDO� GDWD�LV�H[SUHVVHG�DV�>������@�

���� GPD[ 5H�1X  ����
)LJXUH� � VKRZV� WKDW� WKH� YDULDWLRQ� RI� 5�FKDQJHV� WKH� PD[LPXP� 6WDQWRQ� QXPEHU�� �5�I1XPD[  ��� 7KHUHIRUH�� LW� VHHPV� WKDW�WKHUH� LV� D� UHODWLRQ� EHWZHHQ� 5� DQG G5H� ��5HI5 G ��� 2QH� PD\� VXJJHVW� D� UHODWLRQ�VLPLODU� WR� HTXDWLRQ ����� EXW� ZLWK� WZR� XQ�NQRZQ�FRQVWDQWV�

QG5HP5  ����
'HWHUPLQDWLRQ� RI� P� DQG� Q� UHTXLUHV� NQRZQ�YDOXHV�RI�5�IRU�WZR�GLIIHUHQW�YDOXHV�RI� G5H �
1XPHULFDO�0HWKRG�7KH QXPHULFDO� PHWKRG� XVHG� LQ� WKH� SUHVHQW�VWXG\� LV� EDVHG� RQ� WKH� 6,03/(� DOJRULWKP�>��@�� 7KH� FRQVHUYDWLRQ� HTXDWLRQV� DUH� GLV�FUHWL]HG� XVLQJ� WKH� ILQLWH� YROXPH� DSSURDFK�EDVHG� RQ� FROORFDWHG� JULGV� DQG� SRZHU�ODZ�VFKHPH��7KH�GLVFUHWL]HG�HTXDWLRQV�DUH�VROYHG�

LWHUDWLYHO\ XVLQJ� D� OLQH� E\� OLQH� VROXWLRQ�PHWKRG� LQ� FRQMXQFWLRQ� ZLWK� D� WULGLDJRQDO�PDWUL[� DOJRULWKP� >��@�� $� QRQ�XQLIRUP� JULG�DUUDQJHPHQW� LV� XVHG� LQ� WKH�SUHVHQW�FRPSXWD�WLRQV�� 7KH� JULG� LV� V\VWHPDWLFDOO\� UHILQHG� WR�ILQG� JULG�LQGHSHQGHQW� UHVXOWV�� 7KH� UHVXOWV�DSSHDU� WR� EH� JULG�LQGHSHQGHQW� ZLWK� D����u���� PHVK� FHOOV� LQ� WKH� D[LDO� DQG� UDGLDO�GLUHFWLRQV�� UHVSHFWLYHO\��'XH� WR� WKH� SUHVHQFH�RI� D� ODUJH� YHORFLW\� JUDGLHQW� DQG� WXUEXOHQW�NLQHWLF�HQHUJ\�LQ�WKH�YLFLQLW\�RI�WKH�ZDOO�� WKH�JULG�VKRXOG�EH�VXIILFLHQWO\�ILQH�WR�OHW�WKH�ILUVW�QRGH� WR� EH�ZLWKLQ� WKH� YLVFRXV� VXE� OD\HU� >�@��7KH�FULWHULRQ�IRU�FRQYHUJHQFH�LV
��

� ����
� ��LPD[
LLPD[ I II ����

ZKHUH� WKH� VXSHUVFULSW� L GHQRWHV� WKH� QXPEHU�RI�LWHUDWLRQV�DQG�WKH�VXEVFULSW�³PD[´�UHIHUV�WR�D� PD[LPXP� YDOXH� RYHU� WKH� HQWLUH� ILHOG� RI�LWHUDWLRQV�
5HVXOWV�DQG�'LVFXVVLRQV7R� VWXG\� WKH� DFFXUDF\� RI� WKH� GHYHORSHG�PRGHO�� H[SHULPHQWDO� PHDVXUHPHQWV� RI�%DXJKQ��HW�DO��>������@�DUH�XVHG��,Q�WKH�ZRUN�RI�%DXJKQ��HW�DO��QR�GDWD�ZHUH�JLYHQ� IRU� WKH�HQWUDQFH��+RZHYHU��WKH\�UHSRUWHG�WKDW�D�IXOO\�GHYHORSHG�SURILOH�RI�PHDQ�YHORFLW\�DQG�D�ORZ�OHYHO� WXUEXOHQFH� LQWHQVLW\� ZHUH� REVHUYHG� LQ�WKH� LQOHW� UHJLRQ� EHFDXVH� WKH� XSVWUHDP� WXEH�ZDV� VXIILFLHQWO\� ORQJ�� 7KHUHIRUH�� WKH� PHDQ�D[LDO�YHORFLW\�SURILOH�ZDV�DVVXPHG�XVLQJ� WKH�RQH�VHYHQWK�ODZ�DQG�WKH�PHDQ�UDGLDO�YHORFLW\�ZDV�DVVXPHG�WR�EH�]HUR��7KH�LQOHW�SURILOHV�IRU�N DQG� H ZHUH� JLYHQ� E\� WKH� IROORZLQJ�HPSLULFDO�HTXDWLRQV >�@�

����� LQLQ 8�N  ����
G��N& �LQLQ ���� ��PH  ����

ZKHUH�G�DQG� LQ8 DUH�GLDPHWHU�DQG�PHDQ�D[LDO�YHORFLW\� DW� WKH� LQOHW�� UHVSHFWLYHO\�� ,QOHW� DLU�
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WHPSHUDWXUH�ZDV�NHSW�FRQVWDQW�DW����� . �$W� WKH� H[LW� RI� WKH� IORZ� ILHOG�� WKHUH� DUH� QR�FRQFOXVLYH� ERXQGDU\� FRQGLWLRQV�� 7KH� RQO\�UHPHG\� LV� WR� DVVXPH� ]HUR� JUDGLHQWV� LQ� [�GLUHFWLRQV��,Q�RUGHU�WR�PLQLPL]H�WKH�HIIHFWV�RI�WKLV� DVVXPSWLRQ� RQ� WKH� UHVXOWV�� WKH� FRP�SXWDWLRQDO� GRPDLQ� GRZQVWUHDP� RI� WKH� VWHS�VKRXOG�EH�FRQVLGHUHG�ORQJ�HQRXJK��DOPRVW����WLPHV�WKH�VWHS�KHLJKW��'XH�WR�QR�VOLS�DQG�QR�SHUPHDELOLW\ ERXQGDU\�FRQGLWLRQV�RQ� WKH�ZDOO�� � 8 �� � 9 �� � N ��DQG� :UN �� ww QH >�@�� :DOO� WHPSHUDWXUH�GRZQVWUHDP� RI� WKH� VWHS�� LQ� WKH� H[SHULPHQWDO�VHWXS�� LV� NHSW� DW� ���� . �� $W� WKH V\PPHWU\�D[LV�� WKH� FRQGLWLRQ� RI� ]HUR� JUDGLHQW� LQ� U�GLUHFWLRQ�LV�PHW�H[FHSW�IRU�WKH�UDGLDO�YHORFLW\�FRPSRQHQW� ZKLFK�LV�QDWXUDOO\�]HUR�7KH�ILUVW�FRQGLWLRQ�WR�IL[�P�DQG�Q�LQ�HTXDWLRQ�����LV�WR�DVVXPH�5HG  ������ZLWK�G�' �����,Q� WXUEXOHQW�ERXQGDU\� OD\HU� ZKHUH�WKHUH�LV�D�VLPLODULW\� EHWZHHQ� YHORFLW\� DQG� WHPSHUDWXUH�ILHOGV��5�ZLOO�EH�KHOG�HTXDO�WR�����>�@��)RU�WKH�ILUVW�WU\��ZH�DVVXPH�5  ���� 7KH�YDULDWLRQ�RI�1XVVHOW� QXPEHU� LV� VKRZQ� LQ� )LJXUH� ��� WKH�FXUYH� RI� ZKLFK� LV� DERYH� WKH� H[SHULPHQWDO�GDWD��7KH�UHDVRQ IRU� WKLV�EHKDYLRU� LV� WKDW� WKH�PHDQ� YHORFLW\� JUDGLHQW�� \8 ww �� DOPRVW�YDQLVKHV� DW� UHDWWDFKPHQW� SRLQW��2Q� WKH�RWKHU�KDQG��WKH�PHDQ�WHPSHUDWXUH�JUDGLHQW�� \7 ww ��LV� VLPLODU� WR� WKDW� RI� D� IODW� SODWH�� $V� D�FRQVHTXHQFH��QR�VLPLODULW\�H[LVWV�EHWZHHQ�WKH�YHORFLW\� DQG� WKH� WHPSHUDWXUH� ILHOGV� LQ�EDFNZDUG�IDFLQJ�VWHS�IORZ��1HDU�WKH�ZDOO��5�FDQ�EH�H[SUHVVHG�DV�IROORZV�>�����@�
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7KHUHIRUH��ZH�H[SHFW�D�YDOXH�VPDOOHU�WKDQ�����IRU� 5� LQ� EDFNZDUG�IDFLQJ� VWHS� IORZ� %\�GHFUHDVLQJ� 5� WR� ���� DQG� UHSHDWLQJ� WKH�

FRPSXWDWLRQV�� WKH� WRSRORJ\� RI� WKH� FXUYH�� DV�VKRZQ LQ�)LJXUH���� UHPDLQV�DOPRVW� WKH�VDPH�EXW� LW�PRYHV�GRZQ� VOLJKWO\��$IWHU� VRPH� WULDO�DQG� HUURU�� WKH� UHVXOWV� ZLWK� 5  ����� DJUHH�ZLWK� WKH� H[SHULPHQWDO� GDWD�� 7KH� IXOO\�GHYHORSHG�1XVVHOW�QXPEHU� IG1X � LQVLGH� WKH�SLSH�� LV� FRPSXWHG� WKH� XVLQJ� 'LWWXV�%RHOWHU�H[SHULPHQWDO�UHODWLRQ�
�������� ��'IG 3U5H�1X  ����

7R� LQYHVWLJDWH� WKH� DFFXUDF\� RI� UHVXOWV�� WKH�YHORFLW\� DQG� WHPSHUDWXUH� SURILOHV� DUH�FRPSDUHG� ZLWK� WKH� H[SHULPHQWDO� GDWD� LQ�)LJXUHV���DQG����UHVSHFWLYHO\��7KH�UHVXOWV�DUH�VXIILFLHQWO\� DFFXUDWH�� $V� DGGUHVVHG� LQ�UHIHUHQFH� >�@�� WKH� GLIIHUHQFH� ZLWKLQ� WKH�UHFLUFXODWLRQ� UHJLRQ� LV� GXH� WR� PHDVXUHPHQW�HUURUV�� $IWHU� FKHFNLQJ� WKH� DFFXUDF\��FRPSXWDWLRQV� DUH� UHSHDWHG� IRU� 5HG  ������DQG�WKH�H[SDQVLRQ�UDWLR�HTXDO�WR������)RU�WKLV�FDVH�� WKH�EHVW�1XVVHOW�QXPEHU�GLVWULEXWLRQ� LV�REWDLQHG�ZLWK�5 ����� �)LJXUH�����6XPPLQJ�XS�WKH�WZR�VHWV�RI�FDOFXODWLRQV��WKH�YDOXHV�RI�P� DQG�Q� LQ� HTXDWLRQ ����� DUH�REWDLQHG� WR�EH������DQG��������UHVSHFWLYHO\�8VLQJ�HTXDWLRQ �����WR�HVWLPDWH�5��WKHUH�LV�QR�QHHG�WR�VROYH� WN DQG� WH HTXDWLRQV�DQ\�PRUH��+HQFH��WKH�FRPSXWDWLRQDO�WLPH�UHGXFHV�E\�XS�WR����SHUFHQW��7R�LQYHVWLJDWH�WKH�DFFXUDF\�DQG�WKH� YDOLGLW\� RI� WKH� SURSRVHG� PRGHO�� VHYHUDO�FRPSXWDWLRQV� DW� GLIIHUHQW� 5H\QROGV� QXPEHUV�DQG� H[SDQVLRQ� UDWLRV� DUH� SHUIRUPHG�� $V�VKRZQ� LQ� )LJXUH� ��� WKH� SUHVHQW� PRGHO� LV�VXIILFLHQWO\� DFFXUDWH� DW� YDULRXV� H[SDQVLRQ�UDWLRV�DQG�5H\QROGV�QXPEHUV�&RQFOXVLRQ$� QHZ� PRGHO� WR� FDOFXODWH KHDW� HGG\�GLIIXVLYLW\� LQ� VHSDUDWLQJ� DQG� UHDWWDFKLQJ�IORZV� EDVHG� RQ�PRGLILFDWLRQ� RI� FRQVWDQW� 3UWKDV� EHHQ� SURSRVHG� 7KLV� PRGLILFDWLRQ� LV�PDGH�XVLQJ�DQ�HPSLULFDO�FRUUHODWLRQ�EHWZHHQ�PD[LPXP� 1XVVHOW� QXPEHU� DQG� HQWUDQFH�5H\QROGV� QXPEHU�� 7KH� PRGHO� LQFOXGHV� ERWK�WKH�VLPSOLFLW\�RI�3UW  ����DVVXPSWLRQ�DQG�WKH�
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DFFXUDF\ RI� WZR�HTXDWLRQ� KHDW�WUDQVIHU� PR�GHOV�� )XUWKHUPRUH�� DQ� DSSURSULDWH� ORZ�5H�H�N PRGHO� KDV� EHHQ� DGRSWHG� IRU� WKH�FDOFXODWLRQ�RI�WKH�HGG\�YLVFRVLW\� 7KLV�PRGHO�ZDV�FDOLEUDWHG�XVLQJ�WKH�H[SHULPHQWDO�GDWD�RI�%DXJKQ��HW�DO��7KH�SHUIRUPDQFH�RI�WKLV�PRGHO�ZDV�WHVWHG�DW�YDULRXV�UDQJHV�RI�IORZ�5H\QROGV�QXPEHU� DQG� H[SDQVLRQ� UDWLR� LQ� D� SLSH�� 7KH�QXPHULFDO� UHVXOWV� KDYH� DOVR� EHHQ� FRPSDUHG�

ZLWK� WKH� DYDLODEOH� H[SHULPHQWDO� GDWD� LQ� WKH�OLWHUDWXUH� DQG D�JRRG�DJUHHPHQW� LV�REVHUYHG��7KH�FRPSOH[LW\�RI�WKH�SUHVHQW�PRGHO�LV�PXFK�OHVV� WKDQ� WKH� WZR�HTXDWLRQ� KHDW� WUDQVIHU�PRGHO��7KH�FRUUHVSRQGLQJ�&38�FRPSXWDWLRQ�WLPH� IRU� WKH� SUHVHQW� PRGHO� LV� DERXW� ���SHUFHQW� OHVV� WKDQ� WKH� WZR�HTXDWLRQ� KHDW�WUDQVIHU�PRGHO�
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)LJXUH����&RPSDULVRQ� RI� WKH�SUHGLFWHG�1XVVHOW� QXPEHU�GLVWULEXWLRQV�REWDLQHG� WKURXJK�GLIIHUHQW�5�YDOXHV�ZLWK� WKH�PHDVXUHPHQWV��5H'  ������DQG�G�'  ����

)LJXUH��� &RPSDULVRQ�RI�FRPSXWHG�YHORFLW\�SURILOHV�EHKLQG�VWHS�ZLWK�H[SHULPHQWDO PHDVXUHPHQWV��5H'  ������DQG�G�'  ����
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)LJXUH� �� &RPSDULVRQ� RI� WKH� SUHGLFWHG� 1XVVHOW� QXPEHU� GLVWULEXWLRQV� ZLWK� WKH� PHDVXUHPHQW� >��@� DW� GLIIHUHQW�H[SDQVLRQ�UDWLRV�DQG�5H\QROGV�QXPEHUV
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1RPHQFODWXUH&���&���&� YHORFLW\�ILHOG� WXUEXOHQW� PRGHO�FRQVWDQWV XN�X0X29Y;5[��U
\
\
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WXUEXOHQW�YHORFLW\�VFDOH.ROPRJRURY�YHORFLW\�VFDOH�IULFWLRQ�YHORFLW\�VFDOHPHDQ�YHORFLW\�LQ�U�GLUHFWLRQIOXFWXDWLRQ�RI�9UHDWWDFKPHQW�OHQJWKFR�RUGLQDWHV LQ�D[LDO�DQG�UDGLDO�GLUHFWLRQV�ZLWK�[ ��DW�VWHS�ORFDWLRQ&DUWHVLDQ�FRRUGLQDWH�QRUPDO�WR�VWUHDPZLVH�GLUHFWLRQ�ZLWK�\ ��DW�ZDOOGLPHQVLRQOHVV�GLVWDQFH�IURP�ZDOOHQVHPEOH�DYHUDJHG�YDOXHV
*UHHN�V\PEROV.��.W+-00W��W���H!-1N��10

PROHFXODU�DQG�HGG\�WKHUPDO�GLIIXVLYLWLHVWUDQVIHU�FRHIILFLHQW�RI�YDULDE OH�-GLVVLSDWLRQ�UDWH�RI�NGLVVLSDWLRQ�UDWH�RI�NWNLQHPDWLF�YLVFRVLW\HGG\�DQG�HIIHFWLYH�YLVFRVLW\GHQVLW\WUDQVSRUW�YDULDEOHFRQVWDQWV IRU�WXUEXOHQW�GLIIXVLRQ�N��0
6XEVFULSWV

'G¦����¦���¦�*KWNNW01X33U3UW55�5W5HG5H'6-6W7W8X

SLSH�GLDPHWHU�DW�RXWOHW�SLSH�GLDPHWHU�DW�LQOHW�WXUEXOHQW�PRGHO�IXQFWLRQVSURGXFWLRQ�WHUP�LQ�N�HTXDWLRQWRWDO�HQWKDOS\WXUEXOHQW�NLQHWLF�HQHUJ\WHPSHUDWXUH�YDULDQFHPROHFXODU�ZHLJKW1XVVHOW�QXPEHUPHDQ�SUHVVXUHPROHFXODU�3UDQGWO�QXPEHUWXUEXOHQW�3UDQGWO�QXPEHUWLPH�VFDOH�UDWLR� � � � �HH �� NN WWXQLYHUVDO�JDV�FRQVWDQWORFDO�WXUEXOHQW�5H\QROGV�QXPEHU5H\QROGV�QXPEHU�DW�LQOHW5H\QROGV�QXPEHU�DW�RXWOHWVRXUFH�WHUP�RI�YDULDEOH�-6WDQWRQ�QXPEHUPHDQ�WHPSHUDWXUHIOXFWXDWLRQ�WHPSHUDWXUHPHDQ�YHORFLW\�LQ�[�GLUHFWLRQIOXFWXDWLRQ�RI�8 LQ�L:W
LQOHWZDOOWXUEXOHQW�TXDQWLW\

5HIHUHQFHV��� 6�� 7KDQDJDP�� &�� *� 6SH]LDOH�� �7XUEXOHQW�IORZ� SDVW� D� EDFNZDUG�IDFLQJ� VWHS�� D� FULWLFDO�HYDOXDWLRQ� RI� WZR�HTXDWLRQ� PRGHOV��� $,$$�-RXUQDO�������������������������� &�� &�� &KLHQJ�� DQG� %�� (�� /DXQGHU���&DOFXODWLRQ� RI� WXUEXOHQW� KHDW� WUDQVIHU�GRZQVWUHDP�IURP�DQ�DEUXSW�SLSH�H[SDQVLRQ ���1XPHU��+HDW�7UDQVIHU ������������������� :�� '�� +VLHK�� .�� &�� &KDQJ�� �&DOFXODWLRQ� RI�ZDOO�KHDW�WUDQVIHU�LQ�SLSH�H[SDQVLRQ�WXUEXOHQW�IORZV��� ,QWHUQDWLRQDO� -RXUQDO� RI� +HDW� DQG�0DVV�7UDQVIHU �������������������������� .�� $EH�� 7�� .RQGRK�� <�� 1DJDQR�� �$� QHZ�WXUEXOHQFH PRGHO� IRU� SUHGLFWLQJ� IOXLG� IORZ�DQG� KHDW� WUDQVIHU� LQ� VHSDUDWLQJ� DQG�UHDWWDFKLQJ� IORZ�,�� )ORZ� ILHOG� FDOFXODWLRQV���,QWHUQDWLRQDO� -RXUQDO� RI� +HDW� DQG� 0DVV7UDQVIHU ���������������������

�� .�&�� &KDQJ�� :�� '�� +VLHK�� &�� 6�� &KHQ�� �$�PRGLILHG� ORZ�5H\QROGV�QXPEHU� WXUEXOHQFH�PRGHO� DSSOLFDEOH� WR� UHFLUFXODWLQJ� IORZ� LQ�SLSH�H[SDQVLRQ���$60(�-��)OXLGV�(QJQJ ����������������������� .�� $EH�� 7�� .RQGRK�� <�� 1DJDQR�� �$� QHZ�WXUEXOHQFH� PRGHO� IRU� SUHGLFWLQJ� IOXLG� IORZ�DQG� KHDW� WUDQVIHU� LQ� VHSDUDWLQJ� DQG�UHDWWDFKLQJ� IORZ�,,�� 7KHUPDO� ILHOG� FDOFXOD�WLRQV��� ,QWHUQDWLRQDO� -RXUQDO� RI� +HDW� DQG�0DVV�7UDQVIHU ������������������������� <��1DJDQR��&�$��.LP�� �7ZR�HTXDWLRQ�PRGHO�IRU� KHDW� WUDQVSRUW� LQ� ZDOO� WXUEXOHQW� VKHDU�IORZV���-��RI�+HDW�7UDQVIHU ���� ����������������� <��<RXVVHI��<��1DJDQR��0��7DJDZD���$�WZR�HTXDWLRQ� KHDW� WUDQVIHU� PRGHO� IRU� SUHGLFWLQJ�WXUEXOHQW� WKHUPDO� ILHOGV� XQGHU� DUELWUDU\�ZDOO�WKHUPDO�FRQGLWLRQV�� ,QWHUQDWLRQDO�-RXUQDO�RI�
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+HDW� DQG� 0DVV� 7UDQVIHU �� ����� ������������������� 6��7RULL�� �1XPHULFDO� VLPXODWLRQ�RI� WXUEXOHQW�MHW� GLIIXVLRQ� IODPHV� E\� PHDQV� RI� WZR�HTXDWLRQ� KHDW� WUDQVIHU� PRGHO ��� (QHUJ\�&RQYHUVLRQ�	�0DQDJHPHQW ������������������������� :�� 0�� .D\V�� �7XUEXOHQW� 3UDQGWO� QXPEHU�ZKHUH� DUH� ZH"� -�� RI� +HDW� 7UDQVIHU ���������������������� .��0��.UDOO��(��0��6SDUURZ�� �7XUEXOHQW�KHDW�WUDQVIHU� LQ� WKH� VHSDUDWHG�� UHDWWDFKHG� DQG�UHGHYHORSPHQW� UHJLRQ� RI� D� FLUFXODU� WXEH ��� -��RI�+HDW�7UDQVIHU ��������������������� -�� :�� %DXJKQ�� 0�� $�� +RIIPDQ�� %�� (��/DXQGHU�� 5�� .�� 7DNDKDVKL�� �/RFDO� KHDW�WUDQVIHU� GRZQVWUHDP�RI� DQ� DEUXSW� H[SDQVLRQ�LQ�D�FLUFXODU� FKDQQHO�ZLWK�FRQVWDQW�ZDOO�KHDW�IOX[��� $60(� -RXUQDO� RI� +HDW� 7UDQVIHU ���������������������� -�� :�� %DXJKQ�� 0�� $�� +RIIPDQ�� %�� (��/DXQGHU�� 'DHKHH� /HH�� �+HDW� WUDQVIHU�� WHP�SHUDWXUH� DQG� YHORFLW\� PHDVXUHPHQWV� GRZQ �VWUHDP� RI� DQ� DEUXSW� H[SDQVLRQ� LQ� D� FLUFXODU�WXEH� ZLWK� DW� D� XQLIRUP� ZDOO� WHPSHUDWXUH ���$60(� -RXUQDO� RI�+HDW�7UDQVIHU ���� ������������������ 6��9��3DWDQNDU��1XPHULFDO�+HDW�7UDQVIHU�DQG�)OXLG� )ORZ�� +HPLVSKHUH�� :DVKLQJWRQ� '&��������SS�������


