
,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��7UDQVDFWLRQ�%��(QJLQHHULQJ��9RO������1R��%���SS���������3ULQWHG�LQ�7KH�,VODPLF�5HSXEOLF�RI�,UDQ�������� 6KLUD]�8QLYHUVLW\� �
³5HVHDUFK�1RWH´��9(57(; %$6(�816758&785('�),1,7(�92/80(�62/87,21�2)�'(37+�
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6��5��6$%%$*+�<$=',�$1'�0��=281(0$7�.(50$1,��'HSW��RI�&LYLO�(QJLQHHULQJ��.�1�7RRVL�8QLYHUVLW\�RI�7HFKQRORJ\��7HKUDQ��,��5��RI�,UDQ��(PDLO��6<D]GL#NQWX�DF�LU�
�$EVWUDFW±� ,Q� WKH�SUHVHQW�SDSHU�� VLPXODWLRQV�RI� WLGDO� FXUUHQWV� LQ� WKH�3HUVLDQ�*XOI� XVLQJ�GHSWK� DYHUDJH� IORZ�

VROYHU� YHUVLRQ� RI� 1$6,5� �1XPHULFDO� $QDO\]HU� IRU� 6FLHQWLILF� DQG� ,QGXVWULDO� 5HTXLUHPHQWV�� VRIWZDUH� DUH�
YHULILHG��7KH�K\GURG\QDPLF�HTXDWLRQV�XWLOL]HG�LQ�WKLV�ZRUN�FRQVLVW�RI�GHSWK�LQWHJUDWHG�HTXDWLRQV�RI�FRQWLQXLW\�
DQG�PRWLRQ�LQ�WZR�GLPHQVLRQDO�KRUL]RQWDO�SODQHV��6:(���7KH�HIIHFWV�RI�UDLQIDOO�HYDSRUDWLRQ�DUH�FRQVLGHUHG�LQ�
WKH�FRQWLQXLW\�HTXDWLRQ�DQG�WKH�HIIHFWV�RI�EHG�VORSH�DQG�IULFWLRQ��DV�ZHOO�DV�WKH�&RULROLV�HIIHFWV�DUH�FRQVLGHUHG�
LQ� WZR� HTXDWLRQV� RI� PRWLRQ�� 7KH� YHUWH[� EDVH� ILQLWH� YROXPH� PHWKRG� LV� DSSOLHG� IRU� VROYLQJ� WKH� JRYHUQLQJ�
HTXDWLRQV� RQ� WULDQJXODU� XQVWUXFWXUHG� PHVKHV�� 'XH� WR� WKH� FRPSOH[LW\� RI� WKH� FRDVWDO� ERXQGDULHV� DQG� WKH�
H[LVWHQFH�RI�LUUHJXODUO\�VKDSHG�LVODQGV��WXUEXOHQW�IORZ�FLUFXODWLRQV�PD\�SOD\�DQ�HIIHFWLYH�UROH�LQ�WKH�IRUPDWLRQ�
RI�IORZ�ILHOG�SDUDPHWHUV��7KHUHIRUH��WKH�HIIHFW�RI�WXUEXOHQW�PRGHOOLQJ�RQ�WKH�DFFXUDF\�RI�WKH�GHSWK�DYHUDJHG�
FLUFXODWLQJ�IORZ�VLPXODWLRQ�LV�LQYHVWLJDWHG���7KH�SHUIRUPDQFH�RI�WKH�FRPSXWHU�PRGHO�WR�VLPXODWH�WLGDO�IORZ�LQ�
WKH� 3HUVLDQ� *XOI� GRPDLQ� LV� H[DPLQHG� E\� LPSRVLQJ� WLGDO� IOXFWXDWLRQV� WR� WKH� PDLQ� IORZ� ERXQGDU\� GXULQJ� D�
OLPLWHG�SHULRG�RI�WLPH��,Q�DGGLWLRQ��LQ�RUGHU�WR�LOOXVWUDWH�WKH�FRPSXWHG�WLGDO�IORZ�FKDUDFWHULVWLFV�LQ�WKH�3HUVLDQ�
*XOI��DQ�6� WLGDO�FRQVWLWXHQWV�FKDUW�LV�SUHVHQWHG���.H\ZRUGV±�7LGDO�FLUFXODWLQJ�IORZ��3HUVLDQ�*XOI��XQVWUXFWXUHG�JULG��ILQLWH�YROXPHV�PHWKRG���

���,1752'8&7,21��
7KH� DYDLODELOLW\� RI� KLJK� SHUIRUPDQFH� FRPSXWHUV� DQG� WKH� GHYHORSPHQW� RI� HIILFLHQW� QXPHULFDO�PRGHOOLQJ�
WHFKQLTXHV�KDYH�OHG�WR�WKH�GHYHORSPHQW�RI�SRZHUIXO�&RPSXWDWLRQDO�)OXLG�'\QDPLFV��&)'��PRGHOV�IRU�WKH�
VROXWLRQ�RI�IOXLG�IORZ�FDVHV�>�@��0RUHRYHU�� WKH�FRPSXWHU�VLPXODWLRQ�RI�FRPSOLFDWHG�PDULQH�HQYLURQPHQW�
SUREOHPV� KDV� EHFRPH� RQH� RI� WKH� LQWHUHVWLQJ� DUHDV� RI� UHVHDUFK� ZRUNV� E\� GHYHORSPHQW� RI� HIILFLHQW� DQG�
DFFXUDWH�QXPHULFDO�PHWKRGV�VXLWDEOH�IRU�WKH�FRPSOH[�IORZ�GRPDLQ���

7KUHH�GLPHQVLRQDO� IORZ� VROYHUV� DUH� DFFXUDWH�� EXW� FRPSXWDWLRQDOO\� H[SHQVLYH� GXH� WR� WKH� UHTXLUHG�
QXPEHU�RI�HOHPHQWV�DQG�QXPHULFDO�WHFKQLTXHV�IRU�PRGHOOLQJ�WLPH�GHSHQGHQW�ZDWHU�IORZ�SUREOHPV��7ZR�
GLPHQVLRQDO�GHSWK�DYHUDJH�PRGHOV�DUH�ZHOO�HVWDEOLVKHG�PRGHOV�ZKHUH�WKH�YHUWLFDO�YHORFLW\�FRPSRQHQWV�DUH�
QRW�VLJQLILFDQW�LQ�FRPSDULVRQ�ZLWK�WKH�KRUL]RQWDO�FRPSRQHQWV�>���@��+HQFH��LW�VHHPV�WKDW�VXFK�FRQGLWLRQV�
PDWFK�PRVW�DUHDV�RI�WKH�3HUVLDQ�*XOI�UHJLRQ��ZLWK������NP�OHQJWK������NP�PD[LPXP�ZLGWK�DQG�OHVV�WKDQ�
����NP�PD[LPXP�GHSWK���7KHUHIRUH��WZR�GLPHQVLRQDO�WLGDO�FXUUHQWV�PD\�EH�PRGHOOHG�E\�D�GHSWK�DYHUDJHG�
K\GURG\QDPLF�PRGHO��

6HYHUDO�QXPHULFDO�ZRUNHUV�WULHG�WR�PRGHO�WKH�K\GURG\QDPLF�EHKDYLRXU�RI�WKH�3HUVLDQ�*XOI��6RPH�RI�
WKH� QXPHULFDO� PRGHOV� RI� WKH� 3HUVLDQ� *XOI� UHSRUWHG� LQ� WKH� OLWHUDWXUH� KDYH� XVHG� WZR�GLPHQVLRQDO� GHSWK�
DYHUDJHG�K\GURG\QDPLF�HTXDWLRQV�LQ�D�&DUWHVLDQ�FRRUGLQDWHV�V\VWHP�>����@��,Q�RUGHU�WR�JHW�PRUH�DFFXUDWH�
UHVXOWV�� LQ�VRPH�PRGHOOLQJ�HIIRUWV�� WKH�WZR�GLPHQVLRQDO�GHSWK�DYHUDJHG�HTXDWLRQV�DUH�WUDQVIRUPHG�LQWR�D�
VSKHULFDO�FRRUGLQDWHV�V\VWHP�>����@���
5HFHLYHG�E\�WKH�HGLWRUV�6HSWHPEHU����������$FFHSWHG�0D\�����������
&RUUHVSRQGLQJ�DXWKRU�
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���
$ QXPHULFDO� PRGHO� LV� QRW� DEOH� WR� VLPXODWH� WKH� UHDO� ZRUOG� IORZ� SDWWHUQ� XQOHVV� WKH� JHRPHWULFDO�

FKDUDFWHULVWLFV� RI� WKH� IORZ� GRPDLQ� �L�H�� WKH� LUUHJXODULWLHV� RI� FRDVWV� DQG� LVODQGV�� DUH� SURSHUO\� PRGHOOHG��
7KXV��WKH�QXPHULFDO�IORZ�VROYHU�VKRXOG�KDQGOH�WKH�JHRPHWULFDO�FRPSOH[LWLHV�RI�WKH�EHG�DQG�ERXQGDULHV���

,Q�RUGHU� WR�RYHUFRPH� WKH�SUREOHP��DQ�DWWHPSW�KDV�PDGH�WR�VROYH� WKH�GHSWK�DYHUDJHG�K\GURG\QDPLF�
HTXDWLRQV�RQ�XQVWUXFWXUHG�ILQLWH�YROXPHV��7KH�IORZ�VROYHU�LV�WHVWHG�IRU�VLPXODWLRQ�RI�FLUFXODWLQJ�IORZV�LQ�
GHHS�ZDWHUV��DQG�WKHQ�LW�LV�DSSOLHG�WR�PRGHO�WLGDO�FXUUHQWV�LQ�WKH�3HUVLDQ�*XOI��
�

�� +<'52'<1$0,&�(48$7,216���
7KH�FRQYHFWLRQ�GLIIXVLRQ�HTXDWLRQ��ZKLFK�LV� IRUPHG�E\�ERWK� WUDQVSRUW�DQG�GLIIXVLRQ�WHUPV�� LV�DSSOLHG� WR�
PRGHO�WKH�WUDQVLHQW�GHSWK�DYHUDJH�FXUUHQWV��7KH�GHSWK�DYHUDJHG�HTXDWLRQV��6KDOORZ�:DWHU�(TXDWLRQV��DUH�
FKRVHQ�DV�WKH�JRYHUQLQJ�HTXDWLRQ�RI�WKH�IORZ�LQ�WKH�3HUVLDQ�*XOI���7KH�JRYHUQLQJ�HTXDWLRQV�DUH�ZULWWHQ�LQ�
YHFWRU�IRUP�DV�IROORZV��
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:KHUH��: UHSUHVHQWV� WKH�FRQVHUYHG�YDULDEOHV�XVLQJ�K IORZ�GHSWK��X� DQG�Y WKH�KRUL]RQWDO�FRPSRQHQWV�RI�
YHORFLW\�� F* DQG� F) DUH�YHFWRUV�RI�FRQYHFWLYH�IOX[HV�ZKLOH�� G* DQG G) DUH�YHFWRUV�RI�GLIIXVLYH�IOX[HV�RI�
: LQ�[ DQG�\ GLUHFWLRQV��UHVSHFWLYHO\��7KH�YHFWRU�6�FRQWDLQV� WKH�VRXUFH�DQG�VLQN�WHUPV�RI� WKH�JRYHUQLQJ�
HTXDWLRQV�>�@���

8VLQJ�WKH�DERYH�HTXDWLRQV��WKH�FXUUHQWV�LQ�WKH�3HUVLDQ�*XOI�DUH�FRPSXWHG�FRQVLGHULQJ� ]T WKH�UDLQIDOO�
HYDSRUDWLRQ�IURP�WKH�XQLW�DUHD�RI�WKH�ZDWHU�VXUIDFH��VXUIDFH�DQG�EHG�VORSHV� E]K � K � JOREDO�EHG�IULFWLRQ�
VWUHVVHV� 8X& IZE[ UW  DQG� 8Y& IZE\ UW  � ����� �KJQ& I  XVLQJ� Q PDQQLQJ� FRHIILFLHQW��� JOREDO� ZLQG�
VWUHVVHV�RQ�ZDWHU�VXUIDFH�

PZLQGZ[ZDLUZ[ 9X& ��UW  DQG� PZLQGZ\ZDLUZ\ 9Y& ��UW  �ZLWK�� ������ Z& � &RULROLV�
IRUFHV� IZ 6LQIF  �XVLQJ�Z HDUWK�DQJXODU�YHORFLW\�DQG�I WKH�JHRJUDSKLFDO�ODWLWXGH�RI�WKH�SRLQW�����

,Q�WKH�SUHVHQW�ZRUN��WZR�DOJHEUDLF�W\SHV�RI�WXUEXOHQW�PRGHOV�DUH�H[DPLQHG�IRU�FRPSXWDWLRQ�RI�HGG\�
YLVFRVLW\�SDUDPHWHU� WKQ � )LUVW��WKH�ZLGHO\�XVHG�GHSWK�DYHUDJHG�SDUDEROLF�PRGHO�KDV�EHHQ�XWLOLVHG��LQ�ZKLFK�
WKH�HGG\�YLVFRVLW\�SDUDPHWHU�LV�FRPSXWHG�XVLQJ�WKH�IROORZLQJ�DOJHEUDLF�IRUPXODWLRQ����

SWK K8& Q ����
�
:KHUH� WKH� HPSLULFDO� FRHIILFLHQW�&S ZDV� WDNHQ� DV� ���� >��@�� ,Q� WKH� DERYH� IRUPXODWLRQ� WKH� EHG� IULFWLRQ�
YHORFLW\�LV�GHILQHG�DV�� ����� �@�> YX&8 I � �7KH�RWKHU�DSSOLHG�WXUEXOHQW�PRGHO�LV�UHFRJQLVHG�DV�D�NLQG�RI�
6XE�*ULG�6FDOH� WXUEXOHQW�PRGHO��QDPHO\�WKH�6*6�PRGHO�>������@��,Q�WKH�6*6�PRGHO��WKH�HGG\�YLVFRVLW\�
SDUDPHWHU�FDQ�EH�FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ��
�

[\[\
��

VWK 66& 'Q  ����
�
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2FWREHU���������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

���
:KHUH�&�LV�D�FRQVWDQW�DQG�WDNHQ�WR�EH�����WR������ � UHSUHVHQWV�WKH�JULG�VL]H�ZKLFK�FDQ�EH�FRQVLJQHG�E\�WKH�
DUHD�RI� WKH�FDOFXODWHG�FHOO� LQ�XQVWUXFWXUHG�JULGV��7KH�6LM� LV�WKH�WHQVRU�IRUP�DQG�FDQ�EH�FDOFXODWHG�E\�WKH�
IROORZLQJ�HTXDWLRQ�>������@���
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7KURXJK�DSSOLFDWLRQ�RI�WKH�ILQLWH�YROXPH�PHWKRG��WKH�JRYHUQLQJ�HTXDWLRQ�LV�FRQYHUWHG�LQWR�GLVFUHWH�IRUP�
E\�LQWHJUDWLQJ�RYHU�D�FRQWURO�YROXPH: �
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w 6GG�*\)[�G�*\)[�:GW
GGFF ����

�%\�DSSOLFDWLRQ�RI�WKH�*DXVV�'LYHUJHQFH�WKHRUHP��WKH�YROXPH�LQWHJUDO�RI�FRQYHFWLYH�DQG�GLIIXVLYH�IOX[HV�DUH�FRQYHUWHG�WR�ERXQGDU\�LQWHJUDOV�DV��
³³³³
:

**:
:�� ��:w

w 6G�G[*G\)��G[*G\)�:GW
GGFF ����

�
:KHUH�:R� � UHSUHVHQWV� FRQVHUYHG� YDULDEOHV� DW� WKH� FHQWUH� RI� FRQWURO� YROXPH�:R� ,Q� WKH� RYHU�ODSSLQJ�

YHUWH[�EDVH�ILQLWH�YROXPH�PHWKRG�D�FRQWURO�YROXPH�LV�IRUPHG�E\�JDWKHULQJ�FHOOV�VKDULQJ�D�QRGDO�SRLQW���
,Q�WKH�DERYH�IRUPXODWLRQ� F) DQG� F* DUH�WKH�PHDQ�YDOXHV�RI�FRQYHFWLYH�IOX[HV�RQ�WKH�FRQWURO�YROXPH�

ERXQGDU\� VLGHV�� 7KH� SDUDPHWHUV� G)a DQG� G*a DUH� GLIIXVLYH� IOX[HV� ZKLFK� LQFOXGH� JUDGLHQWV� RI� YHORFLW\�
FRPSRQHQWV�� ,Q� WKH�FXUUHQW� UHVHDUFK�� WKH�*DOHUNLQ�ILQLWH�YROXPH�PHWKRG�ZDV�FKRVHQ�IRU�FRPSXWLQJ� G)a
DQG� G*a � 7KH�*DOHUNLQ� ILQLWH�YROXPH�PHWKRG� LV� IRUPXODWHG�E\�PXOWLSO\LQJ� WKH� OLQHDU� VKDSH� IXQFWLRQ�RI�
WULDQJXODU�HOHPHQWV�WR�WKH�ZHDN�IRUP�RI�WKH�JRYHUQLQJ�HTXDWLRQV�DQG�LQWHJUDWLQJ�RYHU�D�YHUWH[�EDVH�FRQWURO�
YROXPH�:R�

&RQVLGHULQJ�DOO�WKH�WULDQJXODU�FHOOV�DV�RQH�: FRQWURO�YROXPH��(T������FDQ�EH�UHZULWWHQ�DV���
¦¦
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+HUH�� NO'& UHSUHVHQWV�WKH�QRUPDO�HGJH�OHQJWK�RI�WKH�IDFH�RI�HDFK�WULDQJOH�RSSRVLWH�RI�L QRGH�RQ�HGJH�N DQG�
$ LV�WKH�DUHD�RI�D�VHFRQGDU\�FRQWURO�YROXPH�LQ�ZKLFK�WKH�GLIIXVLYH�IOX[HV�DUH�FRPSXWHG�DW�LWV�FHQWUH���
�

�� %281'$5<�&21',7,216��
7ZR� W\SHV� RI� IORZ� ERXQGDU\� DQG� ZDOO� ERXQGDU\� FRQGLWLRQV� DUH� DSSOLHG� LQ� WKLV� ZRUN�� $V� IRU� IORZ�
ERXQGDULHV��WKH�WLGDO�IORZ�ERXQGDU\�FRQGLWLRQ�LV�FRQVLGHUHG�E\�LPSRVLQJ�ZDWHU�VXUIDFH�OHYHO�IOXFWXDWLRQV��
)RU�WKH�3HUVLDQ�*XOI��WKH�IOXFWXDWLRQV�RI�ZDWHU�VXUIDFH�HOHYDWLRQ�DW�'LGDPDU�,VODQG��QHDU�+RUPRX]�6WUDLW��
FDQ�EH�REWDLQHG�E\�DSSOLFDWLRQ�RI�WKH�FDOLEUDWHG�FRQVWDQWV�RI�WKH�KDUPRQLF�DQDO\VLV�IRU�DQ\�DUELWUDU\�SHULRG�
RI�WLPH��$GPLUDOW\�7LGH�7DEOHV�>��@���0RUHRYHU��WKH�$UYDQG�ULYHU�LQIORZ�LV�LPSRVHG�ZKHQHYHU�WKH�LQVLGH�
GRPDLQ� ZDWHU� VXUIDFH� OHYHO� LV� OHVV� WKDQ� WKH� ZDWHU� OHYHO� DW� WKH� IORZ� ERXQGDU\� �5HSRUW� RQ� 5DLQIDOO� DQG�
VXUIDFH�FXUUHQWV�LQ�,UDQ�>��@���

2Q� EHKDOI� RI�ZDOO� ERXQGDULHV�� DOWKRXJK� VPDOO�ZDWHU� GHSWKV� LQ� FRDVWDO� ]RQHV� ULVH� WR� WKH� JOREDO� EHG�
VKHDU�VWUHVVHV�DQG�UHGXFH�WKH�FRPSXWHG�YHORFLWLHV��WDQJHQWLDO�YHORFLW\�UHGXFWLRQ�FRHIILFLHQW�PD\�EH�XVHG�WR�
PRGHO�WKH�HIIHFW�RI�WKHVH�ERXQGDULHV��$�QR�VOLS�ERXQGDU\�FRQGLWLRQ�PXVW�EH�LPSOHPHQWHG�ZKHUH�WKH�ZDOO�
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���
ERXQGDU\� IULFWLRQ� KDV� D� FRQVLGHUDEOH� HIIHFW� RQ� WKH� IORZ� UHJLPH�� $W� WKHVH� ERXQGDULHV� DOO� YHORFLW\�
FRPSRQHQWV�DUH�VHW�WR�]HUR��
�

�� 9(5,),&$7,21�7(676��
7KH�K\GURG\QDPLF�PRGHO�LV�H[DPLQHG�IRU�FLUFXODWLQJ�VKDOORZ��IULFWLRQ�GRPLQDWHG��DQG�GHHS��IULFWLRQOHVV��
IORZV� LQ� WZR� FKDQQHOV� ZLWK� VXGGHQ� H[SDQVLRQ�� 7KH� DFFXUDF\� RI� WKH� UHVXOWV� LV� DVVHVVHG� E\� FRPSDULVRQ�
EHWZHHQ�WKH�QXPHULFDO�UHVXOWV�DQG�WKH�UHSRUWHG�PHDVXUHPHQWV�LQ�WKH�OLWHUDWXUH���

7KH�ILUVW�FKDQQHO�ZLWK�VXGGHQ�H[SDQVLRQ�LQ�LWV�ULJKW�ZDOO�LV�D�ZHOO�NQRZQ�IULFWLRQOHVV�WHVW�FDVH��,Q�WKLV�
FDVH�� WKH� EHG� IULFWLRQ� HIIHFW� LV� QHJOLJLEOH�� 7KH� FKDQQHO�ZLGWK� LV��P� EHIRUH� DQG��P DIWHU� WKH� H[SDQVLRQ�
VHFWLRQ��%HIRUH�WKH�H[SDQVLRQ�SDUW�RI�WKH�FKDQQHO�WKH�PHDQ�YHORFLW\�LV����P�V�DQG�WKH�IORZ�GHSWK��P >��@���

7KH� VHFRQG� WHVW� FDVH� LV� D� EHG� IULFWLRQ� GRPLQDWHG� IORZ� LQ� D� FKDQQHO� ZLWK� VXGGHQ� H[SDQVLRQ�� 7KH�
FKDQQHO�ZLGWK�LV������P�EHIRUH�DQG�����P DIWHU�WKH�H[SDQVLRQ�VHFWLRQ��%HIRUH�WKH�H[SDQVLRQ�SDUW�RI�WKH�
FKDQQHO�WKH�PHDQ�YHORFLW\�LV������P�V�DQG�WKH�IORZ�GHSWK�������P�>��@��$�GLVFUHWL]HG�GRPDLQ�DQG�VDPSOH�
RI�IORZ�SDWWHUQV�LQ�WHUPV�RI�VWUHDPOLQHV�IRU�WZR�FDVHV�DUH�VKRZQ�LQ�)LJV����DQG�����
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)LJ�����/HIW��7KH�GLVFUHWL]HG�GRPDLQ�RI�WKH�IULFWLRQOHVV�FKDQQHO�H[SDQVLRQ���5LJKW��6WUHDP�OLQHV�DQG�UHFLUFXODWLRQ�UHJLRQ��
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)LJ�����/HIW��7KH�GLVFUHWL]HG�GRPDLQ�RI�WKH�VLGH�ZDOO�H[SDQVLRQ�IULFWLRQ�GRPLQDWHG��FKDQQHO��5LJKW��6WUHDP�OLQHV�DQG�UHFLUFXODWLRQ�UHJLRQ��
7KH�FRPSXWHG�UHVXOWV�RI�UHFLUFXODWLRQ�OHQJWK�DIWHU�WKH�VXGGHQ�H[SDQVLRQ�RI�WKH�DERYH�PHQWLRQHG�WHVW�FDVHV�
IRU�YDULRXV�EHG�IULFWLRQ�DQG�WXUEXOHQW�PRGHOOLQJ�FRQGLWLRQV�DUH�WDEXODWHG�LQ�7DEOH����� 7DEOH����&RPSDULVRQ�RI�FRPSXWHG�UHFLUFXODWLRQ�OHQJWK�XVLQJ�GHSWK�DYHUDJHG�DOJHEUDLF��� HGG\�YLVFRVLW\�WXUEXOHQW�PRGHOV�ZLWK�PHDVXUHG�GDWD�IRU�WZR�WHVW�FDVHV�� )ULFWLRQOHVV��FDVH� )ULFWLRQ�GRPLQDWHG��FDVH�

PHDVXUHPHQW� (UURU�� PHDVXUHPHQW� (UURU��
([SHULPHQWDO�PHDVXUHPHQW� �����P�� ���� �����P�� ����
1R�WXUEXOHQW�PRGHO�� �WKQ  � �����P�� ��� �����P�� ����
3DUDEROLF�PRGHO� K8& SWK  Q � �����P�� ��� �����P�� ���
6*6�PRGHO�

[\[\
��

VWK 66& 'Q  � �����P�� ��� �����P�� ����

,Q� WKH�IULFWLRQOHVV�IORZ�WHVW�FDVH��]HUR�YDOXH� LV�FRQVLGHUHG�IRU� WKH�URXJKQHVV�FRHIILFLHQW��&I���7KHUHDIWHU��
XVLQJ� D� GHSWK�DYHUDJHG� SDUDEROLF� PRGHO� ZKLFK� XVHV� ����� �@�> YX&8 I � GRHV� QRW� SOD\� DQ\� UROH� LQ�
IRUPDWLRQ�RI�WKH�IORZ�FLUFXODWLRQ��$OWKRXJK�WKH�6*6�PRGHO�UHVXOW�VKRZV�EHWWHU�DJUHHPHQW�WR�H[SHULPHQWDO�
PHDVXUHPHQW�� WKHUH� LV� QR� FRQVLGHUDEOH� GLIIHUHQFH� EHWZHHQ� WKH� WKUHH� FRQGLWLRQV� RI� ]HUR�� GHSWK�DYHUDJHG�
SDUDEROLF�DQG�6*6�HGG\�YLVFRVLW\�WXUEXOHQW�PRGHOV�IRU�WKH�FDVH�RI�QHJOLJLEOH�EHG�IULFWLRQ���
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���
,Q�WKH�IULFWLRQ�GRPLQDWHG�WHVW�FDVH��WKH�EHVW�UHFLUFXODWLRQ�OHQJWK�DIWHU�WKH�FKDQQHO�H[SDQVLRQ�LV�REWDLQHG�E\�
DSSOLFDWLRQ� RI� WKH� GHSWK�DYHUDJHG� SDUDEROLF� PRGHO�� 'XH� WR� OLJKW� FRPSXWDWLRQDO� ZRUN� ORDG� DQG� WKH�
DFFHSWDEOH� SHUIRUPDQFHV�� SDUWLFXODUO\� IRU� WKH� VKDOORZ� ZDWHU� WXUEXOHQW� IORZV� LQ� WKH� UHJLRQV� ZLWK�
FRQVLGHUDEOH�EHG�IULFWLRQ��WKH�GHSWK�DYHUDJHG�SDUDEROLF�PRGHO�ZDV�VHOHFWHG�DV�D�IDYRXULWH�WXUEXOHQW�PRGHO�
IRU�WKH�FRPSXWDWLRQ�RI�WLGDO�FLUFXODWLRQV�LQ�WKH�3HUVLDQ�*XOI��

�
�� 3(56,$1�*8/)�)/2:�6,08/$7,21��

+HUH��WKH�QXPHULFDO�VLPXODWLRQ�RI�FXUUHQWV�LQ�WKH�3HUVLDQ�*XOI�LV�SUHVHQWHG�DIWHU�HYDOXDWLRQ�RI�WKH�DFFXUDF\�
RI�WKH�GHYHORSHG�K\GURG\QDPLF�PRGHO���

+RUL]RQWDO� JHRPHWU\� RI� WKH� SUREOHP� LV� PRGHOOHG� E\� GHILQLWLRQ� RI� ����� ERXQGDU\� FXUYHV� ZKLFK�
UHSUHVHQW� FRDVWDO� ERXQGDULHV� DQG� HLJKW� PDMRU� LVODQGV�� 7KHQ�� WKH� IORZ� GRPDLQ� LV� GLVFUHWL]HG� XVLQJ�
XQVWUXFWXUHG� PHVK� JHQHUDWHG� E\� WKH� 'HOXDQH\� 7ULDQJXODWLRQ� 7HFKQLTXH� >��@�� 7KH� 3HUVLDQ� *XOI� PHVK��
ZKLFK�FRQWDLQV������QRGHV��������HOHPHQWV��DQG�������HGJHV��)LJ������LV�UHILQHG�DW�IORZ�ERXQGDULHV�DQG�
FORVH�WR�WKH�LVODQGV�XVLQJ�SRLQW�DQG�OLQH�VRXUFHV�IRU�PHVK�VSDFLQJ���
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)LJ�����/HIW��ERXQGDU\�FRQGLWLRQV�IRU�SUHVHQW�QXPHULFDO�PRGHOOLQJ�RI�WKH�3HUVLDQ�*XOI��5LJKW��� �'�%RWWRP�VXUIDFH�IRUPHG�E\�WULDQJXODU�PHVK��GLPHQVLRQV�LQ�NLORPHWUHV���
7KH� GHVFULEHG� K\GURG\QDPLF� PRGHO� LV� XVHG� WR� FRPSXWH� IORZ� SDWWHUQV� LQ� WKH� 3HUVLDQ�*XOI� GXH� WR� WLGDO�
IOXFWXDWLRQV�DW�WKH�HDVW�ERXQGDU\��ULYHU�LQIORZ�DW�WKH�ZHVW�FRDVW��HYDSRUDWLRQV�IURP�ZDWHU�VXUIDFH��&RULOLRV�
HIIHFW��IULFWLRQ�DQG�LUUHJXODULWLHV�RI�FRDVWV�DQG�EHG��XVLQJ�XQVWUXFWXUHG�WKUHH�GLPHQVLRQDO�VXUIDFH�PHVK���,Q�
RUGHU� WR� YHULI\� WKH� TXDOLW\� RI� WKH� UHVXOWV�� WKH� WLGDO� IOXFWXDWLRQV� DW� 'LGDPDU� LVODQG�� REWDLQHG� IURP� WKH�
$GPLUDOW\�7LGH�7DEOH�IRU�WKH�SHULRG�RI����GD\V�IURP�'HFHPEHU������DUH�LPSRVHG�DW�WKH�+RUPRX]�6WUDLW�
�WKH�HDVW�HQG�RI�WKH�IORZ�GRPDLQ���7KH�LQIORZ�IURP�WKH�$UYDQG�5LYHU��ORFDWHG�DW�WKH�ERUGHU�OLQH�EHWZHHQ�
,5$1� DQG� ,5$4�� LV� LPSRVHG� DW� WKH� HQG� WKH� HVWXDU\� ORFDWHG� DW� WKH� QRUWK� ZHVW� RI� WKH� IORZ� GRPDLQ��
&RQVLGHULQJ�WKH�HYDSRUDWLRQV�IURP�WKH�ZDWHU�VXUIDFH�DQG�&RULROLV�HIIHFWV��WKH�IORZ�SDWWHUQV�DUH�IRUPHG�GXH�
WR�WKH�FRDVWV�DQG�EHG�JHRPHWU\�DQG�URXJKQHVV��7\SLFDO�UHVXOWV�RI�VXUIDFH�ZDWHU�HOHYDWLRQ�DQG�VWUHDPOLQHV�
LQ� DQ� DUELWUDU\� WLPH� DUH� GHSLFWHG� LQ� )LJ�� ��� $OVR�� WKH� ZDWHU� VXUIDFH� HOHYDWLRQ� FRPSXWHG� E\� WKH�
K\GURG\QDPLF�PRGHO�LV�FRPSDUHG�ZLWK�WKH�SUHGLFWLRQV�RI�WKH�$GPLUDOW\�7LGH�7DEOH�DW�WKH�SRUW�RI�%XVKHKU�
�)LJ�����
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)LJ�����6DPSOH�FRPSXWHG�FRORXU�FRGHG�PDSV�RI�ZDWHU�VXUIDFH�HOHYDWLRQ��� �5LJKW��DQG�VWUHDP�WUDFHV��/HIW��LQ�DQ�DUELWUDU\�WLPH��
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7LGH�3UHGLFWLRQ 1XPHULFDO�0RGHO

%XVKHKU�3RUW

)LJ�����&RPSDULVRQ�RI�FRPSXWHG�ZDWHU�VXUIDFH�OHYHO�IOXFWXDWLRQV�ZLWK�$GPLUDOW\�7LGH��7DEOH�SUHGLFWLRQ�DW�%XVKHKU�SRUW��9HULILFDWLRQ�SRLQW�RI�WKH�PRGHO���
,Q� RUGHU� WR� PDNH� D� JOREDO� YHULILFDWLRQ� RQ� WLGDO� UHVXOWV�� 6� WLGDO� FRQVWLWXHQWV� ZHUH� SURGXFHG� IURP� WKH�
FRPSXWHG�UHVXOWV�RI�WKH�SUHVHQW�PRGHO��6� UHSUHVHQWV�SULQFLSDO�VRODU�VHPLGLXUQDO�ZLWK�D�SHULRG�RI������KU�
>��@���)DVW�)RXULHU�7UDQVIRUP��))7��>��@�LV�XWLOL]HG�IRU�SURGXFLQJ�WKH�IROORZLQJ�SORWV��)LJ���������

)LJ�����$PSOLWXGH��P� DQG�SKDVH��GHJ� PDSV�RI�6� WLGDO�FRQVWLWXHQW�LQ�WKH�3HUVLDQ�*XOI��
�� &21&/86,21��

7KH�GHSWK�DYHUDJHG�IORZ�VROYHU�PRGXOH�LV�VXFFHVVIXOO\�XWLOL]HG�WR�VLPXODWH�WKH�WLGDO�FXUUHQWV�LQ�WKH�3HUVLDQ�
*XOI�� 7KH� FRPSXWHG� WZR� GLPHQVLRQDO� FLUFXODWLRQV� E\� WZR� W\SHV� RI� DOJHEUDLF� WXUEXOHQW� PRGHOV� �GHSWK�
DYHUDJHG�SDUDEROLF�PRGHO�DQG�6*6�PRGHO��DV�ZHOO�DV�QRQ�WXUEXOHQW�IORZ�ZHUH�FRPSDUHG�ZLWK�WKH�UHSRUWHG�
PHDVXUHPHQWV� RI� WZR� WHVW� FDVHV�� 7KH� 6*6� PRGHO� SURGXFHG� JRRG� UHVXOWV� IRU� WKH� IORZ� UHJLRQV� ZLWK�
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���
QHJOLJLEOH�EHG�IULFWLRQ�HIIHFWV��EXW�LW�IDLOHG�WR�SURGXFH�DFFXUDWH�UHVXOWV�LQ�WKH�UHJLRQV�ZKHUH�EHG�IULFWLRQ�LV�
SURQRXQFHG��+HQFH��WKH�DSSOLFDWLRQ�RI�WKH�GHSWK�DYHUDJHG�SDUDEROLF�WXUEXOHQW�PRGHO�LV�FRQVLGHUHG�IRU�WKH�
WLGDO�IORZ�PRGHOOLQJ�RI�WKH�3HUVLDQ�*XOI��GXH�WR�WKH�H[LVWHQFH�RI�VKDOORZ�ZDWHU�UHJLRQV�ZLWK�FRQVLGHUDEOH�
EHG�IULFWLRQ��&RQVLGHULQJ�WLGDO�IOXFWXDWLRQV�DW�WKH�+RUPRX]�6WUDLW�IORZ�ERXQGDU\��LQIORZ�IURP�WKH�$UYDQG�
ULYHU�� HYDSRUDWLRQV� DQG�&RULROLV� HIIHFWV�� WKUHH�GLPHQVLRQDO� ERWWRP� VXUIDFH� JHRPHWU\�� FRDVWDO� DQG� LVODQG�
ERXQGDULHV�DQG�EHG�URXJKQHVV��WKH�WLGDO�IORZ�SDWWHUQV�LQ�WKH�3HUVLDQ�*XOI�DUH�VXFFHVVIXOO\�PRGHOOHG���
�

5()(5(1&(6��
��� .DULPLDQ��6��0��+���$PROL��$��	�0D]DKHUL��.����������&RQWURO�YROXPH�ILQLWH�HOHPHQW�PHWKRG�IRU�WKH�VROXWLRQ�RI�

�G�HXOHU�HTXDWLRQV�RQ�XQVWUXFWXUHG�PRYLQJ�JULGV�� ,UDQLDQ�-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\��7UDQVDFWLRQ�%�
9RO������1R��%���SS�����������

��� 7DOHEEH\GRNKWL�� 1�� 	�*KRWE��0�� 5�� �������� )LQLWH� HOHPHQW� PRGHOLQJ� RI� IORZV� LQ� RSHQ� FKDQQHOV� WUDQVLWLRQV��
,UDQLDQ�-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\� 7UDQVDFWLRQ�%� 9RO������1R��%���SS�����������

��� 6DEEDJK�<D]GL�� 6�� 5�� 	� 0RKDPPDG� =DGHK� 4RPL�� 0�� �������� )LQLWH� YROXPH� VROXWLRQ� RI� WZR�GLPHQVLRQDO�
FRQYHFWLRQ� GRPLQDWHG� VXE�FULWLFDO� IORZ� XVLQJ� XQVWUXFWXUHG� WULDQJXODU� PHVKHV�� ,QWHUQDWLRQDO� -RXUQDO� RI� &LYLO�
(QJLQHHULQJ� 9RO�����1R�����SS����������

��� 6DEEDJK�<D]GL�� 6�� 5�� 	� =RXQHPDW�.HUPDQL�� 0�� �������� 1XPHULFDO� LQYHVWLJDWLRQ� RI� LVODQG� HIIHFWV� RQ� GHSWK�
DYHUDJHG� IOXFWXDWLQJ� IORZ� LQ� WKH�3HUVLDQ�*XOI�� ,QWHUQDWLRQDO� -RXUQDO� RI�(QJLQHDULQJ�� 7UDQVDFWLRQV�$��%DVLFV�
9RO������1R�����SS�����������

��� 9RQ�7UHSND��/�� �������� ,QYHVWLJDWLRQ�RI� WKH� WLGHV� LQ� WKH�3HUVLDQ�*XOI�E\�PHDQV�RI�D�K\GURG\QDPLF�QXPHULFDO�
PRGHO�� LQ�3URFHHGLQJ�RI� 6\PSRVLXP�RQ�0DWKHPDWLFDO�+\GURORJLFDO� ,QYHVWLJDWLRQV� RI�3K\VLFDO�3URFHVV� LQ� WKH�
6HD��,QVW� )XU�0HHU��'HU�8QLY��+DPEXUJ��9RO������SS���������

��� &KX��:��6���%DNHU��%��/��	�$NEDU��$��0����������0RGHOOLQJ�WLGDO�WUDQVSRUW�LQ�$UDELDQ�*XOI��-RXUQDO�RI�:DWHU�
:D\��3RUW��&RDVWDO�DQG�2FHDQ�(QJLQHHULQJ� 9RO�������SS�����������

��� +XQWHU��-��5����������7LGDO�DQG�VWUDWLILFDWLRQ�PL[LQJ�PRGHOV�RI�.XZDLW�ZDWHUV��.XZDLW�%XOOHWLQ�RI�0DULQ�6FLHQFH�
9RO�����SS���������

��� 1DMDIL��+��6���1R\H��%��-��	�7HXEQHU��0��'����������6SKHULFDO�FRRUGLQDWH�QXPHULFDO�PRGHO�RI�WKH�3HUVLDQ�*XOI��
&RPSXWDWLRQDO�7HFKQLTXHV�DQG�$SSOLFDWLRQV��&7$&�����:RUOG�6FLHQWLILF��

��� 9UHXJGHQKLO��&��%����������1XPHULFDO�PHWKRGV�IRU�VKDOORZ�ZDWHU�IORZ� .OXZHU�$FDGHPLF�3XEOLVKHU��
���� 5RGL�� :�� �������� 7XUEXOHQFH� PRGHOV� DQG� WKHLU� DSSOLFDWLRQV� LQ� K\GUDXOLFV� �UG� (GLWLRQ�� ,$+5� 0RQRJUDSK��

%DONHPD��5RWWHUGDP��1HWKHUODQGV��
���� *DOOHUDQR��)��	�1DSROL��(�� ��������%DODQFH�HTXDWLRQ�RI� WKH�JHQHUDOLVHG�VXE�JULG�VFDOH� �6*6�� WXUEXOHQW�NLQHWLF�

HQHUJ\�LQ�D�QHZ�WHQVRULDO�G\QDPLF�PL[HG�6*6�PRGHO��&RQWLQXXP�0HFKDQLFV�7KHUPRG\QDPLFV� 9RO������SS����±
����

���� 6PDJRULQVN\�� -�� �������� *HQHUDO� FLUFXODWLRQ� H[SHULPHQWV� ZLWK� WKH� SULPLWLYH� HTXDWLRQV�� 3DUW� ,�� 7KH� EDVLF�
H[SHULPHQW��0RQWKO\�:HDWKHU�5HYLHZ� 9RO������SS����������

���� /L�� &�� :�� 	� :DQJ�� -�� +�� �������� /DUJH� HGG\� VLPXODWLRQ� RI� IUHH� VXUIDFH� VKDOORZ�ZDWHU� IORZ�� ,QWHUQDWLRQDO�
-RXUQDO�IRU�1XPHULFDO�0HWKRGV�LQ�)OXLGV� 9RO�����SS����±����

���� 0XUDNDPL�� 6�� �������� &RPSDULVRQ� RI� YDULRXV� WXUEXOHQFH� PRGHOV� DSSOLHG� WR� D� EOXII� ERG\�� -RXUQDO� RI� ZLQG�
(QJLQHHULQJ�DQG�,QGXVWULDO�$HURG\QDPLFV� 9RO����	����SS���������

���� $GPLUDOW\�7LGH�7DEOHV����������%ULWLVK�$GPLUDOW\��
���� 5HSRUW� RQ� 5DLQIDOO� DQG� 6XUIDFH� &XUUHQWV� LQ� ,UDQ�� ��������:DWHU� 5HVRXUFH�0DQDJHPHQW� 2UJDQL]DWLRQ� RI� ,UDQ�

�)DUVL���
���� 'HQKDP��0��.��	�3DWULFN��0��$����������/DPLQDU�IORZ�RYHU�D�GRZQVWUHDP�IDFLQJ�VWHS�LQ�D�WZR�GLPHQVLRQDO�IORZ�

FKDQQHO��7UDQV��,QVW� &KHPLFDO�(QJLQHHUV� 9RO������SS�����������
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���
���� %DEDUXLV��6���*DQRXOLV��-��	�&KX��9��+����������([SHULPHQWDO�LQYHVWLJDWLRQ�RI�VKDOORZ�UHFDOFXODWLQJ�IORZV��-��RI�

+\G��'LY��$6&(� 9RO�������SS�����������
���� :HDWKHULOO��1��3����������$�UHYLHZ�RI�PHVK�JHQHUDWLRQ��6SHFLDO�/HFWXUH��$GYDQFHV�LQ�)LQLWH�(OHPHQW�7HFKQRORJ\�

&LYLO�&RPS�SUHVV��(GLQEURXJK��SS��������
���� 6KXUPDQ��3����������0DQXDO�RI�KDUPRQLF�DQG�DQDO\VLV�DQG�SUHGLFWLRQ�RI�WLGHV��5HSULQWHG��
���� 3DZORZLF]D��5���%HDUGVOH\E��%��	�/HQW]E��6����������&ODVVLFDO�WLGDO�KDUPRQLF�DQDO\VLV�LQFOXGLQJ�HUURU�HVWLPDWHV�

LQ�0$7/$%��&RPSXWHUV�DQG�*HRVFLHQFHV� 9RO������SS������������
�


