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7KH�SUHVHQW�SDSHU�RIIHUV�D�QXPHULFDO�PRGHO�ZKLFK�FDQ�EH�DSSOLHG�IRU�WKH�VLPXODWLRQ�RI�ZDYH�

KHLJKW� GLVWULEXWLRQ� RQ� D� ��'� KRUL]RQWDO� VRIW� PXG� OD\HU�� 7KH� PRGHO� LV� EDVHG� RQ� PLOG� VORSH�
HTXDWLRQV� DQG� LW� LQFOXGHV� FRPELQHG�ZDYH� UHIUDFWLRQ�� GLIIUDFWLRQ�� UHIOHFWLRQ� DQG� EUHDNLQJ��7KH�
KLJK� HQHUJ\� GLVVLSDWLRQ� RI�ZDYH� KHLJKW� GXH� WR� WKH� SUHVHQFH� RI� IOXLG�PXG� OD\HU� KDV� DOVR� EHHQ�
VLPXODWHG��:DYH� KHLJKW� DWWHQXDWLRQ� LV� FDOFXODWHG� IURP� D� PXOWL�OD\HUHG� ZDYH�PXG� LQWHUDFWLRQ�
PRGHO� FRQVLGHULQJ� WKH� YHUWLFDO� GLVWULEXWLRQ� RI� ZDWHU� FRQWHQW� UDWLR� LQ� IOXLG� PXG� OD\HU�� 7KH�
FRQVWLWXWLYH�HTXDWLRQV�RI�YLVFR�HODVWLF�SODVWLF�PRGHO�DUH�DVVXPHG�IRU�WKH�UKHRORJLFDO�EHKDYLRU�RI�
IOXLG�PXG��$Q�DUWLILFLDO�QHXUDO�QHWZRUN�LV�XVHG�DV�D�SDUW�RI�ZDYH�DWWHQXDWLRQ�FDOFXODWLRQ�WR�VSHHG�
XS�WKH�FRPSXWDWLRQ��$SSO\LQJ�WKH�PRGHO�LQ�WKH�(DVW�%D\��/RXLVLDQD�DW�WKH�PRXWK�RI�0LVVLVVLSSL�
5LYHU�VKRZV�D�UHDVRQDEOH�DJUHHPHQW�ZLWK�WKH�ZDYH�KHLJKW�PHDVXUHPHQWV�
.H\ZRUGV� )OXLG� PXG�� 9LVFR�HODVWLF�SODVWLF� PRGHO�� :DYH� DWWHQXDWLRQ�� :DYHBPXG�
LQWHUDFWLRQ��$UWLILFLDO�QHXUDO�QHWZRUN

,QWURGXFWLRQ
,W� LV� ZHOO� NQRZQ� WKDW� ZDWHU� VXUIDFH�

ZDYHV�DQG�PXGG\�EHGV� LQWHUDFW� WR� H[HUW�
LQIOXHQFH�RQ�HDFK�RWKHU��:KLOH�WKH�ZDYH�
GDPSLQJ�UDWH�LV�REVHUYHG�E\�WKH�SUHVHQFH�
RI� ERWWRP� PXG�� WKH� PXG� LV� WUDQVSRUWHG
E\�WKH�LQWHU�VXUIDFH�ZDYH�LQGXFHG�E\�WKH�
VXUIDFH� ZDYHV�� %RWK� HIIHFWV� DUH� RI�
SUDFWLFDO�LPSRUWDQFH��DQG�WKH�SUREOHP�RI�
LQWHUDFWLRQ� EHWZHHQ� ZDWHU� ZDYHV� DQG�
ERWWRP� PXG� KDV� ORQJ� EHHQ� GUDZLQJ�
DWWHQWLRQ�

'XULQJ�WKH�SDVW�GHFDGHV��D�QXPEHU�RI�
VWXGLHV�KDYH�EHHQ�FRQGXFWHG�RQ�GLIIHUHQW�
DVSHFWV� RI� ZDYH�PXG� LQWHUDFWLRQ�
LQFOXGLQJ� WZR� PRVW� LPSRUWDQW�
SKHQRPHQD�� L�H�� ZDYH� DWWHQXDWLRQ� DQG�
PXG� PDVV� WUDQVSRUW� >���@�� +RZHYHU��
DOPRVW� DOO� RI� WKHVH� VWXGLHV� KDYH� EHHQ�
FRQGXFWHG� RQ� KRUL]RQWDO� EHGV� XQGHU�
ODERUDWRU\� FRQGLWLRQV�� 7KHUH� KDYH� DOVR�
EHHQ�IHZ�HIIRUWV�WR�FRQVLGHU�WKH�HIIHFW�RI�
ERWWRP� VORSH� RQ� ZDYH� WUDQVIRUPDWLRQ�

DQG�PXG�PDVV� WUDQVSRUW� >�@�� ,Q� RUGHU� WR�
DSSURDFK� WKH� UHDO� ILHOG� SUREOHPV��ZKHUH�
WKH�FKDQJHV�RI�FURVV�VKRUH�SURILOHV�DORQJ�
WKH� VKRUHOLQH� FDQ� QRW� EH� LJQRUHG�� WKH�
LQIOXHQFH� RI� ERWWRP� FRQILJXUDWLRQ� RQ�
ZDYH�KHLJKW� WUDQVIRUPDWLRQ� LQ� D�JHQHUDO�
WKUHH�GLPHQVLRQDO� EDWK\PHWU\� VKRXOG�
DOVR�EH�H[DPLQHG��

+HUH� D� K\GURG\QDPLF� PRGHO� LV�
SUHVHQWHG�FRQVLGHULQJ�WKH�YDULRXV�HIIHFWV�
RI� VKRDOLQJ�� ZDYH� EUHDNLQJ� DQG� HQHUJ\�
DEVRUSWLRQ� RI� VRIW� PXG EHG� RQ� ZDYH�
KHLJKW� WUDQVIRUPDWLRQ�� 6LPXODWLQJ� WKH�
KLJK� HQHUJ\� GLVVLSDWLRQ� RI� IOXLG� PXG�
OD\HUV�� WKH�SURSRVHG�ZDYH�PRGHO�FDQ�EH�
DSSOLHG�RQ�UHDO�ILHOG�FRQGLWLRQV�

1XPHULFDO�0RGHO
5KHRORJLFDO�0RGHO�RI�0XG

6XLWDEOH� UKHRORJLFDO� PRGHO� RI� PXG�
VKRXOG�EH�DGRSWHG LQ�RUGHU�WR�LQYHVWLJDWH�
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ZDYH�PXG� LQWHUDFWLRQ�� 0XG� LQ� JHQHUDO�
FDQ�UDQJH�IURP�EHLQJ�D�KLJKO\�ULJLG�DQG�
ZHDNO\�YLVFRXV�PDWHULDO� WR� RQH� WKDW� FDQ�
EH� DSSUR[LPDWHG� DV� D� SXUHO\� YLVFRXV�
IOXLG��GHSHQGLQJ�RQ�WKH�SURSHUWLHV�RI�WKH�
FRQVWLWXHQW� VHGLPHQW� DQG� WKH� DPELHQW
IOXLG�� &RQVLGHULQJ� WKH� FRPSOH[LW\� RI�
UKHRORJLFDO� EHKDYLRU�� WKH� YLVFR�HODVWLF�
SODVWLF� PRGHO� KDV� EHHQ� DGRSWHG� LQ� WKH�
SUHVHQW� VWXG\� WR� GHYHORS� D� SUHGLFWLYH�
EHKDYLRU� PRGHO� IRU� ZDYH�PXG�
LQWHUDFWLRQ� >�@�� 7KH� FRQVWLWXWLYH�
HTXDWLRQV�DUH�H[SUHVVHG�DV�
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WHQVRU�� LMH� LV� WKH�GHYLDWRU�SDUW� RI� � VWUDLQ�
UDWH� WHQVRU�� * LV� WKH� VKHDU� PRGXOXV� RI�
HODVWLFLW\�� �� LV� WKH� YLVFRVLW\� RI� PXG� LQ�
WKH� YLVFRHODVWLF� VWDWH����� LV� WKH� YLVFRVLW\�
RI� PXG� LQ� WKH� YLVFRSODVWLF� VWDWH�� 2\ LV�
\LHOG� VWUHVV��& LV� WKH� DQJXODU� IUHTXHQF\�
RI�ZDYH�DQG�� __ H3 LV��H[SUHVVHG�DV�
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ZKHUHX DQGZ DUH� YHORFLW\� FRPSRQHQWV�
LQ [ DQG� ] GLUHFWLRQ�� UHVSHFWLYHO\�� 7KH�
UKHRORJLFDO� YLVFRHODVWLF� SDUDPHWHUV� RI�
PXG�� L�H�� VKHDU� PRGXOXV� DQG� YLVFRVLW\��
DUH� FDOFXODWHG� IURP� WKH� HPSLULFDO�
HTXDWLRQV�RIIHUHG�E\�6KLED\DPD�DQG�$Q�
>�@�

7: u �u� �������������
�

���P ���
������������������������ORJ �� ::* �� u��u� 

������������ORJ� �:7 �u��u ���

ZKHUH�7 LV�WKH�ZDYH�SHULRG�DQG�: LV�WKH�
ZDWHU� FRQWHQW� RI� IOXLG� PXG� ����� 7KH�
YLVFRSODVWLF� SDUDPHWHUV� �� DQG 2\ DUH�
HYDOXDWHG� IURP� WKH� ODERUDWRU\�
H[SHULPHQWV�RI�7VXUX\D�HW�DO� >�@�

:DYH�0XG�,QWHUDFWLRQ�0RGHO
)ROORZLQJ�7VXUX\D�HW�DO��>�@��WKH�IOXLG�

V\VWHP�LV�GLYLGHG�LQWR�1�OD\HUV�LQ�ZKLFK�
WKH� ZDWHU� OD\HU� LV� UHSUHVHQWHG� E\� 1 ���
)LJ�� �� VKRZV� WKH� VNHWFK� RI� WKH� PXOWL�
OD\HUHG�PRGHO��

)LJ���� 'HILQLWLRQ�VNHWFK�RI�PXOWL�OD\HUHG�
PRGHO

7KH� OLQHDUL]HG� 1DYLHU�6WRNHV�
HTXDWLRQV�� QHJOHFWLQJ� WKH� FRQYHFWLYH�
DFFHOHUDWLRQV�� DQG� WKH� FRQWLQXLW\�
HTXDWLRQ� IRU� DQ� LQFRPSUHVVLYH� IOXLG� FDQ�
EH�H[SUHVVHG�DV
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ZKHUH� [� DQG� ]� DUH� WKH� KRUL]RQWDO� DQG�
YHUWLFDO� FRRUGLQDWHV�� � WKH� VXEVFULSWV� M
LQGLFDWH�WKH�OD\HUV��DQG�WKH�SDUDPHWHUV�W��
U��QH DQG�S UHSUHVHQW� WKH� WLPH��GHQVLW\���
NLQHPDWLF�YLVFRVLW\�RI�PXG�DQG��G\QDPLF�
SUHVVXUH��UHVSHFWLYHO\��
7KH� VHSDUDEOH�� SHULRGLF� VROXWLRQV� IRU�
MXÖ � MZÖ DQG� MSÖ DUH�DVVXPHG�DV
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ZKHUH� N LV� WKH� XQNQRZQ� FRPSOH[�ZDYH�
QXPEHU��QDPHO\
N �NU��L NL���� ���
'LVSODFHPHQWV� RI� ZDWHU� VXUIDFH� DQG�
LQWHUIDFHV�� KM�� DUH� UHSUHVHQWHG� DV� WKH�
IROORZLQJ�HTXDWLRQ�

�@�H[S> WN[LD MM VK � ����

ZKHUH� DM LV� WKH� DPSOLWXGH� RI� WKH�
GLVSODFHPHQW� RI� WKH� MWK OD\HU� DQG WKH�
ZDWHU�VXUIDFH�LV�H[SUHVVHG�DV�K��
6XEVWLWXWLQJ�WKH�UHDO�DQG�LPDJLQDU\�SDUWV�
RI� ZDYH� QXPEHU� LQWR� (T�� ������ WKH�
H[SUHVVLRQ�RI�ZDWHUVXUIDFHDQG�LQWHUIDFLDO
GLVSODFHPHQWV�FDQ EH�REWDLQHG�DV
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7KHUHIRUH�� WKH� UHDO� SDUW� RI� WKH� ZDYH�
QXPEHU�� NU�� JLYHV� WKH� ZDYH� OHQJWK�

UN/ ��S DQG� LWV� LPDJLQDU\� SDUW� NL��
SUHVHQWV� WKH� ZDYH� DWWHQXDWLRQ� UDWH��
DVVXPLQJ� WKH� H[SRQHQWLDO� ZDYH� KHLJKW�
GHFD\��
6XEVWLWXWLQJ�(TV�����D��DQG����E��LQWR�WKH�
FRQWLQXLW\�(T������UHVXOWV WR�
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ZKHUH� WKH� SULPH� UHSUHVHQWV� WKH�
GLIIHUHQWLDO� ZLWK� UHVSHFW� WR� ]��
,QWURGXFWLRQ� RI� (T�� ����� LQWR� (T�� ���D��
\LHOGV�DQ�H[SUHVVLRQ�IRU�SM
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ZKHUH� GQ LV� WKH� WKLFNQHVV� RI QWK OD\HU��
7KH�FRPSOH[�FRQVWDQWV�$M� %M� &M��'M��DQG�
WKH� XQNQRZQ� YDULDEOHV� N� DQG DM DUH�
GHWHUPLQHG� IURP� WKH� ERXQGDU\�
FRQGLWLRQV�
x%RXQGDU\�&RQGLWLRQV

�1 ERXQGDU\� FRQGLWLRQV� DUH� UHTXLUHG�
IRU� D� YLVFRXV� IOXLG� PRGHO� RI� 1 OD\HUV��
7KH�XQNQRZQ�FRQVWDQWV�DQG�YDULDEOHV�DUH�
GHWHUPLQHG� IURP� WKH� ERXQGDU\�
FRQGLWLRQV� DW� WKH� ZDWHU� VXUIDFH�� WKH�
LQWHUIDFHV� DQG� WKH� ULJLG� ERWWRP� DV�
IROORZV
D��$W�WKH�ZDWHU�VXUIDFH��] K��

7KH� NLQHPDWLF� ERXQGDU\� FRQGLWLRQ��
UHTXLULQJ� WKH� VXUIDFH� SDUWLFOHV� WR� IROORZ�
WKH� VXUIDFH�� DQG� WKH� LPSRVLWLRQ� RI� ]HUR�
QRUPDO� DQG� WDQJHQWLDO� VWUHVVHV� FDQ� EH�
ZULWWHQ�DV
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HODVWLF�SODVWLF�PRGHO��WKH�REMHFWLYH�� __ H3
RI� WKH� UHSUHVHQWDWLYH� YLVFRVLW\�� VHH� (T��
���E��� FDQ� EH� DSSUR[LPDWHG� E\� D�
YLVFRHODVWLF� ILHOG� XVLQJ� DQ� LWHUDWLYH�
PHWKRG��7KH�UHDO�SDUWV�RI�(TV�����D��DQG�
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DQG� ZM�� UHVSHFWLYHO\�� 7DNLQJ� WKH� SDUWLDO�
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ZLWK�UHVSHFW�WR�[ DQG�]
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x$� UHVXOW� RI�ZDYH�PXG� LQWHUDFWLRQ�
PRGHO

:DYH� DWWHQXDWLRQ� UDWH� LV� WDNHQ� DV� DQ�
H[DPSOH� RI� FDOFXODWHG� UHVXOWV� RI� WKH�
ZDYH�PXG� LQWHUDFWLRQ� PRGHO� )LJ�� ��
VKRZV� WKH� FKDQJHV� RI� ZDYH� DWWHQXDWLRQ�
UDWH� ZLWK� UHVSHFW� WR� ZDWHU� GHSWK� IRU� DQ�
���� FP�PXG� VDPSOH� ZLWK� ZDWHU� FRQWHQW�
RI������>�@��7KH�ZDYH�KHLJKW�DQG�ZDYH�
SHULRG� RI� ����� FP� DQG� �� V� DUH� DGRSWHG��
UHVSHFWLYHO\�� $V� REVHUYHG�� ZDYH�
DWWHQXDWLRQ� UDWH�GHFUHDVHV� UDSLGO\�DV� WKH�
ZDWHU� GHSWK� LQFUHDVHV�� 7KLV� UHYHDOV� WKH�
QHFHVVLW\� RI� XVLQJ� ORFDO� YDOXHV� RI�ZDYH�
DWWHQXDWLRQ� UDWHV� DW� WKH� FRPSXWDWLRQDO�
JULG� SRLQWV� GHSHQGLQJ� RQ� WKH�
FRUUHVSRQGLQJ�ZDWHU�GHSWKV���

)LJ���� &RUUHODWLRQ�EHWZHHQ�ZDYH�DWWHQXDWLRQ�
UDWH�ZLWK�ZDWHU�GHSWK

$11��$UWLILFLDO�1HXUDO�1HWZRUN�
7KH� FDOFXODWLRQV� RI�ZDYH� DWWHQXDWLRQ�

UDWHV� LQ� PXOWL�OD\HUHG� PRGHO� WDNH�
FRQVLGHUDEOH� WLPH� DV� WKH� QXPEHU� RI�
QRGHV� LQFUHDVHV��+HUH�$11� LV�SURSRVHG�
WR� VSHHG� XS� WKH� FDOFXODWLRQ�� � ,W� LV� D�
VXEVWLWXWH� IRU� WKH� PXOWL�OD\HUHG� ZDYH�
PXG� LQWHUDFWLRQ� PRGHO� ZKHQ� IXOO\�
WUDLQHG�ZLWK�WKH�LQSXW�DQG�GHVLUHG�YDOXHV�
FDOFXODWHG�LQ�WKH�PRGHO�

$�QHXUDO�QHWZRUN�LV�D�PDFKLQH�WKDW�LV�
GHVLJQHG�WR�PRGHO� WKH�ZD\�LQ�ZKLFK�WKH�
EUDLQ� SHUIRUPV� D� SDUWLFXODU� WDVN� RU�
IXQFWLRQ� RI� LQWHUHVW�� WKH� QHWZRUN� LV�
XVXDOO\�LPSOHPHQWHG�E\�XVLQJ�HOHFWURQLF�
FRPSRQHQWV� RU� LV� VLPXODWHG� LQ� VRIWZDUH�
RQ� D� GLJLWDO� FRPSXWHU�� 3DUWLFXODUO\�� D�
QHXUDO� QHWZRUN� LV� D� PDVVLYHO\� SDUDOOHO�
GLVWULEXWHG�SURFHVVRU�PDGH�XS�RI�VLPSOH�
SURFHVVLQJ�XQLWV�FDOOHG��QHXURQV���ZKLFK�
KDV� D� QDWXUDO� WHQGHQF\� IRU� VWRULQJ�
H[SHULHQWLDO� NQRZOHGJH� DQG� PDNLQJ� LW�
DYDLODEOH� IRU� XVH�� ,W� UHVHPEOHV� WKH� EUDLQ�
LQ� WZR� UHVSHFWV�� ILUVW�� .QRZOHGJH� LV�
DFTXLUHG� E\� WKH� QHWZRUN� IURP� LWV�
HQYLURQPHQW� WKURXJK�D� OHDUQLQJ�SURFHVV��
6HFRQG�� LQWHUQHXURQ� FRQQHFWLRQ�
VWUHQJWKV�� NQRZQ� DV� V\QDSWLF� ZHLJKWV��
DUH� XVHG� WR� VWRUH� WKH� DFTXLUHG�
NQRZOHGJH�

$�SRSXODU�SDUDGLJP�RI�OHDUQLQJ�FDOOHG�
OHDUQLQJ� ZLWK� D� WHDFKHU� RU� VXSHUYLVHG�
OHDUQLQJ� LQYROYHV� PRGLILFDWLRQ� RI� WKH�
V\QDSWLF�ZHLJKWV�RI�D�QHXUDO�QHWZRUN�E\�
DSSO\LQJ� D VHW� RI� ODEHOHG� WUDLQLQJ�
VDPSOHV�RU�WDVN�H[DPSOHV��(DFK�H[DPSOH�
FRQVLVWV� RI� D� XQLTXH� LQSXW� VLJQDO� DQG� D�
FRUUHVSRQGLQJ� GHVLUHG� UHVSRQVH�� 7KH�
QHWZRUN� LV� SUHVHQWHG� ZLWK� DQ� H[DPSOH�
SLFNHG� DW� UDQGRP� IURP� WKH� VHW�� DQG� WKH�
V\QDSWLF�ZHLJKWV��IUHH�SDUDPHWHUV��RI�WKH�
QHWZRUN� DUH� PRGLILHG� WR� PLQLPL]H� WKH�
GLIIHUHQFH� EHWZHHQ� WKH� GHVLUHG� UHVSRQVH�
DQG� WKH� DFWXDO� UHVSRQVH� RI� WKH� QHWZRUN�
SURGXFHG� E\� WKH� LQSXW� VLJQDO� LQ�
DFFRUGDQFH� ZLWK� DQ� DSSURSULDWH�
VWDWLVWLFDO�FULWHULRQ�>�@�
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5HFHQWO\�� $11� KDV� EHHQ� XVHG� LQ� D�
QXPEHU� RI� FRDVWDO� HQJLQHHULQJ�
DSSOLFDWLRQV�� GXH� WR� WKHLU� DELOLW\� WR�
DSSUR[LPDWH� WKH� QRQOLQHDU� EHKDYLRU�
ZLWKRXW� SULRU� NQRZOHGJH� RI� WKH�
LQWHUUHODWLRQV�DPRQJ�WKH�HOHPHQWV�ZLWKLQ�
D� V\VWHP�� $11V� FDQ� EH� GHVLJQHG� LQ�
YDULRXV� WRSRORJLHV�� GHSHQGLQJ� RQ� KRZ�
WKH� QHXURQV� DUH� VWUXFWXUHG� DQG� WKH�
OHDUQLQJ�DOJRULWKPV��RU�UXOH�XVHG��,Q�WKLV�
VWXG\�D�IHHG�IRUZDUG�$11�ZLWK�VLJPRLG�
DQG� OLQHDU� WUDQVIHU� IXQFWLRQV� LQ� KLGGHQ�
DQG� RXWSXW� OD\HU� DUH� GHYHORSHG�� 7KLV�
$11� LV� WUDLQHG� XVLQJ� WKH� ZDYH�PXG�
LQWHUDFWLRQ�VXEURXWLQH�DW�WKH�EHJLQQLQJ�RI�
WKH� ZDYH� WUDQVIRUPDWLRQ� FDOFXODWLRQ� IRU�
SRVVLEOH� UDQJHV� RI� WKH� ZDYH� KHLJKWV��
ZDWHU� GHSWKV� DQG� GLIIHUHQW� PXG�
WKLFNQHVV�7KH� 7RSRORJ\� RI� WKH� $11� LV�
VKRZQ�LQ�)LJ�����

)LJ���� $11�WRSRORJ\�XVHG�LQ�WKLV�VWXG\

7KH� LQSXW� OD\HU� FRQVLVWV� RI� ZDYH�
KHLJKWV�� ZDWHU� GHSWKV� DQG� PXG�
WKLFNQHVVHV� ZKLFK� FRYHU� WKH� SRVVLEOH�
UDQJH�RI�YDULDWLRQV�RI�D�VSHFLILF�SUREOHP��
7KH� GHVLUHG� YDOXHV� DUH� WKH� ZDYH�
DWWHQXDWLRQ�UDWHV�WKDW�DUH�FDOFXODWHG�IURP�
WKH� PXOWL�OD\HUHG� ZDYH�PXG� LQWHUDFWLRQ�
PRGHO�� $� FRPSXWHU� SURJUDP� LV�
GHYHORSHG�IRU�EDFN�SURSDJDWLRQ�OHDUQLQJ�
VFKHPH�� LQ�ZKLFK� QRW� RQO\� WKH� V\QRSWLF�
ZHLJKWV� DQG� ELDVHV�� EXW� DOVR� 8QLSRODU�
6LJPRLG� WUDQVIHU� )XQFWLRQV� �86)��
SDUDPHWHUV�� D[H
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D LV� 86)� 3DUDPHWHU��� DUH� WUDLQHG�

WKURXJK� JUDGLHQW� GHVFHQGHQW� DOJRULWKP��
7UDLQLQJ� 86)� SDUDPHWHU� LPSURYH�
FRQYHUJHQFH� UDWH�� ,Q� DGGLWLRQ�� WKH� EDWFK�
OHDUQLQJ� SURFHVV� LV� XVHG� IRU� WUDQVIHU�
IXQFWLRQV�SDUDPHWHUV�DQG�QRUPDO�WUDLQLQJ�
IRU�ELDVHV�DQG�V\QRSWLF�ZHLJKWV��
7KH� OHDUQLQJ� SURFHVV� LV� VXPPDUL]HG� DV�
EHORZ�>��@��

)LJ� �� VKRZV� WKH� LQSXW� RI� D� VDPSOH�
QHXURQ� LQ� D� �N����WK� OD\HU� RI� D� QHWZRUN�
DQG�LWV�RXWSXW�DQG�LQSXWV�IURP�QHXURQV�LQ�
SUHYLRXV�OD\HU��

)LJ���� 6DPSOH�QHXURQ�LQ�D�QHWZRUN�>��@
7KH�FRVW�IXQFWLRQ J- LV�H[SUHVVHG�DV
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ZKHUH� [4 DQG� \4 DUH�IORZ�UDWHV�DQG� [ LV�
ZDWHU� VXUIDFH� HOHYDWLRQ�� ,Q� WKHVH�
HTXDWLRQV�� F LV�ZDYH�FHOHULW\�DQG�Q FJ�F���
'I LV� WKH� WRWDO� GLVVLSDWLRQ� FRHIILFLHQW�

ZKLFK� LQFOXGHV� HQHUJ\� ORVV� FDXVHG� E\�
ZDYH�PXG� LQWHUDFWLRQ� � '0I �� EHIRUH�
EUHDNLQJ� OLQH� DQG� ERWK� ZDYH� EUHDNLQJ�
DQG� ZDYH�PXG� LQWHUDFWLRQ� LQ� WKH� VXUI�
]RQH�� '0'%' III � ��

x%UHDNLQJ�'LVVLSDWLRQ
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ZKHUH� 'D DQG� J cDUH�VHW� WR�����DQG�������
UHVSHFWLYHO\� DQG� EWDQ LV� WKH� DYHUDJH�
ERWWRP� VORSH� 7KH� EUHDNLQJ� SRLQW� LV�
GHWHUPLQHG� XVLQJ� WKH� EUHDNHU� LQGH[�� L�H��
WKH� UDWLR� RI� WKH� ZDYH� KHLJKW� WR� ZDWHU�
GHSWK� ��� %% +K � DV�D�SUHGHILQHG�YDOXH���
x0XG�'LVVLSDWLRQ

7KHRUHWLFDO� DQG� ODERUDWRU\�
LQYHVWLJDWLRQV� LQGLFDWHG� WKDW� WKH�
DWWHQXDWLRQ� RI� ZDYH� KHLJKW� RQ� D�
KRUL]RQWDO� EHG� FDQ� EH� DSSUR[LPDWHG� E\�
DQ�H[SRQHQWLDO�IXQFWLRQ�>�����@
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[NLH+[+ � ��� �����
ZKHUH�+� LV� WKH� LQFLGHQW�ZDYH�KHLJKW� DW�
[ ��� DQG� NL LV� WKH� ZDYH� DWWHQXDWLRQ�
FRHIILFLHQW�� 7KH� DWWHQXDWLRQ� HIIHFW� RI�
PXG�LV�UHODWHG�WR� '0I DV�EHORZ
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7KH� JRYHUQLQJ� HTXDWLRQV� ����D�� WR�

����F�� DUH� GLVFUHWL]HG� IROORZLQJ�
+RULNDZD�>��@��,W�LV�DVVXPHG�WKDW�WKH� [ �
D[LV� LV� GLUHFWHG� IURP� RIIVKRUH� WRZDUGV�
VKRUH��ZLWK�WKH� \ � D[LV�SHUSHQGLFXODU�WR�
LW�� L�H�� DORQJ� WKH� WUHQG� RI� WKH� VKRUHOLQH���
7KH�VWXG\�DUHD�LV�GLYLGHG�LQWR�JULG�FHOOV��
HDFK�KDYLQJ�D� VSDFLQJ�RI�¨V� LQ�ERWK� WKH�
[� DQG� \�GLUHFWLRQV�� DQG� WKH� WLPH�
LQFUHPHQW�LV�GHQRWHG�E\�¨W��$V�VKRZQ�LQ�
)LJ�� ��� D� VWDJJHUHG� PHVK� VFKHPH� LV�
HPSOR\HG�� LQ� ZKLFK� WKH� IROORZLQJ�
QRWDWLRQ�LV�XVHG�
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(TV������D��WR�����F���ZKLFK�LQFOXGH�D�
QRQOLQHDU� GLVVLSDWLRQ� WHUP� ZLWK� UHVSHFW�
WR�WKH�IORZ�UDWH��VKRXOG�EH�VROYHG�IRU�WKH�
FRPSXWDWLRQ� RI� ZDYHV� ZLWK� WKH�
GLVVLSDWLRQ�HIIHFWV�RI�PXG�DQG�EUHDNLQJ��
6LQFH� LW� FDQQRW� EH� GLVFUHWL]HG� LQWR� DQ�
H[SOLFLW� IRUP�� WKH� FDOFXODWLRQ� RYHU�
VHYHUDO� F\FOHV� RI� WKH� ZDYH� SHULRG� LV�
UHTXLUHG� WR� UHDFK� WKH� ILQDO� VWHDG\� VWDWH�
VROXWLRQ�IRU�WKH�ZKROH�DUHD��&RPSXWDWLRQ�
FDQ�EH�PDGH�E\�ILQLWH�GLIIHUHQFH�PHWKRG�
XVLQJ� ZDYH� KHLJKW� YDOXHV� RI� WKH�
SUHFHGLQJ� ZDYH� FDOFXODWLRQ� LQ�
GLVVLSDWLRQ�WHUP��
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,Q� RUGHU� WR� LQFOXGH� WKH� EUHDNLQJ�
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7KH�JULG�VSDFLQJ��¨V��VKRXOG�EH�VPDOO�DV�
FRPSDUHG� WR� WKH�ZDYHOHQJWK� LQ� RUGHU� WR�
REWDLQ�DQ�DFFXUDWH�VROXWLRQ��+RZHYHU�� LI�
WKH� JULG� VSDFLQJ� LV� GHWHUPLQHG� IURP� WKH�
ZDYHOHQJWK� QHDU� WKH� VKRUHOLQH�� LW�
EHFRPHV�WRR�VPDOO�WR�EH�SUDFWLFDO�IRU�WKH�
ZKROH� VWXG\� DUHD�� 7KHUHIRUH�� WKH� JULG
OHQJWK�LV�W\SLFDOO\�VHW� WR�EH������WR������
RI� WKH� ZDYHOHQJWK� DURXQG� D�
UHSUHVHQWDWLYH�EUHDNLQJ�SRLQW�
7KH�WLPH�LQFUHPHQW��¨W��PXVW�VDWLVI\�WKH�
IROORZLQJ�VWDELOLW\�FRQGLWLRQ�
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ZKHUH� PD[F LV� WKH�PD[LPXP�YDOXH�RI� WKH�
SKDVH�YHORFLW\�LQ�WKH�VWXG\�DUHD�
x%RXQGDU\�&RQGLWLRQV
D��,QWHUQDO�%RXQGDULHV�ZLWK�$UELWUDU\�
5HIOHFWLYLW\

6XSSRVH� SDUWLDO� VWDQGLQJ�ZDYHV� H[LVW�
LQ� IURQW� RI� D� UHIOHFWLYH� ERXQGDU\� DORQJ�

�[[  �� RQ� ZKLFK� WKH� UHIOHFWLRQ�
FRHIILFLHQW� LV� 5N �� DQG� OHW� QD EH� WKH�
GLUHFWLRQ� DQJOH� RI� WKH� LQFLGHQW� ZDYH�
FRPSRQHQW�� DV� VKRZQ� LQ�)LJ�����7KH� [ �
FRPSRQHQW� RI� WKH� IORZ� UDWH� DW� D� FHUWDLQ�
WLPH�� W �� DW� SRLQW� ��� �� \[ RQ� WKH�
ERXQGDU\� DQG� DW� DQRWKHU� SRLQW�

��� �� \V[ '� LV� JLYHQ� DV� WKH� VXP� RI� WKH�
IORZ� UDWHV� RI� WKH� LQFLGHQW� DQG� UHIOHFWHG�
ZDYHV�� [,4 DQG� [54 ��E\
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([SUHVVLQJ� [,4 DQG� [54 DV� JLYHQ� E\�
VPDOO�DPSOLWXGH� ZDYH� WKHRU\�� DQG�
DVVXPLQJ�D�ORFDOO\�FRQVWDQW�ZDWHU�GHSWK�
WKH� IROORZLQJ� UHODWLRQ�� YDOLG� IRU� FDVHV�
H[FHSW� ������ ��   5[ N\[4 �� LV�
REWDLQHG�
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7KLV�UHODWLRQ�PHDQV�WKDW�WKH�IORZ�UDWH�DW�
SRLQW� ��� �� \[ RQ�WKH�ERXQGDU\�DW� WLPH�W
LV� JLYHQ� E\�PXOWLSO\LQJ� WKH� IORZ� UDWH� DW�
WKH� LQQHU� SRLQW� ��� �� \V[ '� DW� WLPH�

W�W E\�FRHIILFLHQW $ �

)LJ���� %RXQGDU\�ZLWK�DUELWUDU\�UHIOHFWLYLW\

)RU�D�ERXQGDU\�SDUDOOHO�WR�WKH� [ �D[LV��
WKH� \ �FRPSRQHQW� RI� WKH� IORZ� UDWH� LV�
VLPLODUO\�JLYHQ�E\
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E��1RQUHIOHFWLYH�9LUWXDO�%RXQGDULHV
6LGH� ERXQGDULHV� RI� WKH� FRPSXWDWLRQ�

DUHD� DUH� JHQHUDOO\� YLUWXDO� RSHQ�
ERXQGDULHV� HVWDEOLVKHG� IRU� SHUIRUPLQJ�
WKH� QXPHULFDO� DQDO\VLV�� 7KH� SUHVHQFH� RI�
VXFK�YLUWXDO�ERXQGDULHV�VKRXOG�QRW�DIIHFW�
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WKH� VROXWLRQ� LQ� WKH� VWXG\� DUHD�� )RU� WKLV��
WKH�VLGH�RU�ODWHUDO�ERXQGDULHV�DUH�WUHDWHG�
DV�KDYLQJ�QR�UHIOHFWLRQ� ���  5N ��VR�WKDW�
ZDYHV� SDVV� IUHHO\� WKURXJK� WKHP��
1DPHO\�� LI� DQ�RSHQ�ERXQGDU\� LV�SDUDOOHO�
WR�WKH�[�D[LV��WKHQ
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ZKHUHDV�IRU�D�ERXQGDU\�SDUDOOHO�WR�WKH�\�
D[LV�
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F��2IIVKRUH�2SHQ�%RXQGDU\
,QFLGHQW�ZDYH�FRQGLWLRQV�DUH�W\SLFDOO\�

JLYHQ� RQ� WKH� RIIVKRUH� ERXQGDU\� WR�
LQLWLDWH� WKH� FDOFXODWLRQ�� ,W� LV� LQFRUUHFW� WR�
VSHFLI\� WKH� IORZ� UDWHV� WKHUH� DV� HTXDO� WR�
WKRVH� RI� RQO\� WKH� LQFLGHQW� ZDYHV��
EHFDXVH� LQ� JHQHUDO� WKHUH� H[LVW� QRW� RQO\�
LQFLGHQW� ZDYHV� EXW� DOVR� RXWJRLQJ� ZDYH�
FRPSRQHQWV� DFURVV� WKH� RIIVKRUH�
ERXQGDU\� GXH� WR� WKH� UHIOHFWLRQ� IURP�
VWUXFWXUHV� DQG� WKH� VKRUHOLQH�� 6XFK�
RXWJRLQJ� ZDYHV� VKRXOG� EH� IUHHO\�
WUDQVPLWWHG�WKURXJK�WKH�ERXQGDU\�

7KH� VLWXDWLRQ� RI� LQFLGHQW�ZDYHV�ZLWK�
DQ� DPSOLWXGH�� ,D �� DQG� D� GLUHFWLRQDO�
DQJOH�� ,D ��WRJHWKHU�ZLWK�RXWJRLQJ�ZDYHV�
DV� VKRZQ� LQ� )LJ�� �� LV� FRQVLGHUHG��
$SSO\LQJ� D� SURFHGXUH� VLPLODU� WR� WKDW�
DGRSWHG� IRU� D� QRQUHIOHFWLYH� YLUWXDO�
ERXQGDU\�� WKH� IORZ� UDWHV� RQ� DQ� RIIVKRUH�
RSHQ�ERXQGDU\�LV�VHW�DV

� ,,, DD FRVVLQ�FRV��� ��� N[FD\[4W
[

FV
\V[4WN\

Q

W
[5

DW
VD W

FRV�
����VLQ ���

' 
'��� �

,

ZKHUH

`VLQFRV��VLQ^FRV
������

��

����
WN\V[NFD

\V[4\V[4 W
[

W
[5

VDDD ��'�
�'� '�

,,,,

)LJ���� 2IIVKRUH�RSHQ�ERXQGDU\

3URFHGXUH�RI�&DOFXODWLRQ
)LJ�� �� VKRZV� WKH� IORZ� FKDUW� RI� WKH�

VLPXODWLRQ� SURFHGXUH�� 7KH� LQSXW� GDWD�
FRQVLVWV� RI� WKH� QHFHVVDU\� LQIRUPDWLRQ�
LQFOXGLQJ�RIIVKRUH�ZDYH�KHLJKW�DQG�ZDYH�
SHULRG�� ERWWRP� WRSRJUDSK\� DQG� IOXLG�
PXG�FKDUDFWHULVWLFV�

$W� ILUVW��ZDYH�PXG� LQWHUDFWLRQ�PRGHO�
LV� XWLOL]HG� IRU� FDOFXODWLQJ� ZDYH�
DWWHQXDWLRQ� UDWH NL IRU� WKH� UDQJHV� RI� WKH�
ZDYH�KHLJKWV��IOXLG�PXG�WKLFNQHVVHV�DQG�
ZDWHU�GHSWKV�WKDW�PD\�EH�DSSOLHG��7KHVH�
YDOXHV� DUH� WKHQ� XVHG� IRU� WUDLQLQJ� $11��
&RQVLGHULQJ� WKDW�NL VKRXOG EH�FDOFXODWHG�
DW� HDFK� JULG� SRLQW�� WKH� UHSHWLWLYH�
FRPSXWDWLRQV� RI� ZDYH�PXG� LQWHUDFWLRQ�
PRGHO�WDNHV�D�FRQVLGHUDEOH�SRUWLRQ�RI�WKH�
WRWDO� FRQVXPLQJ� WLPH� LI� WKH� QXPEHU� RI�
JULG� SRLQWV� LQFUHDVH�� 7KLV� KLJKO\� WLPH�
FRQVXPLQJ� FDOFXODWLRQ� RI� ZDYH�
DWWHQXDWLRQ� UDWH� LV� FRQVLGHUDEO\�
GHFUHDVHG�E\�XVLQJ�$11�
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)LJ���� )ORZ�FKDUW�RI�WKH�VLPXODWLRQ�SURFHGXUH

:DYH�PRGHO�LV�XVHG�WR�FRPSXWH�ZDYH�
KHLJKW� WUDQVIRUPDWLRQ� DW� WKH� QH[W� VWHS��
:DYH� DWWHQXDWLRQ� UDWH� RQ� HDFK� JULG�
ORFDWLRQ� LV� SUHGLFWHG� E\�$11� UHJDUGLQJ�
WKH�ZDYH�KHLJKW��IOXLG�PXG�WKLFNQHVV�DQG�
ZDWHU� GHSWK� DW� WKH� VSHFLILF� QRGH�� 7KH�
FRUUHVSRQGLQJ� ZDYH� HQHUJ\� GLVVLSDWLRQ�
UDWH�LV�XVHG�WR�FDOFXODWH�WKH�ZDYH�KHLJKW�
DW� WKH� QH[W� JULG� SRLQW�� ,QVLGH� WKH� VXUI�
]RQH��WKH�HQHUJ\�GLVVLSDWLRQ�RI�IOXLG�PXG�
OD\HU� LV� FRPELQHG� ZLWK� WKH� RQH� GXH� WR�
ZDYH�EUHDNLQJ��
0RGHO�SHUIRUPDQFH�

,Q�WKLV�VHFWLRQ��WKH�DSSOLFDELOLW\�RI�WKH�
K\GURG\QDPLF�PRGHO� ZLOO� EH� H[DPLQHG��
7ZR� H[DPSOHV� RI� QXPHULFDO�
FRPSXWDWLRQV� DUH� SUHVHQWHG�� 7KH� ILUVW�
RQH� LV� D� FRPSDULVRQ� RI� WKH� GHYHORSHG�
ZDYH� PRGHO�� EDVHG� RQ� WKH� WLPH�
GHSHQGHQW�PLOG�VORSH�HTXDWLRQV��ZLWK�WKH�
3DUDEROLF� 0LOG� 6ORS� �306�� 0RGXOH� RI�

0,.(�����7KH�DLP�RI�WKLV�FRPSDULVRQ�LV�
WR� FKHFN� WKH� RYHUDOO� EHKDYLRU� RI� WKH�
QXPHULFDO� PRGHO�� DVVXULQJ� WKH�
FRUUHFWQHVV� RI� FDOFXODWLRQV�� 1R� HQHUJ\�
GLVVLSDWLRQ�RI�ERWWRP�OD\HU�LV�LQFOXGHG�LQ�
WKH�QXPHULFDO� VLPXODWLRQV�DVVXPLQJ� WKDW�
WKH�ZDYH�LV�SURSDJDWLQJ�RQ�D�IL[HG�EHG�

7KH� VHFRQG� H[DPSOH� VKRZV� D�
FRPSDULVRQ� RI� ZDYH� KHLJKW� GLVWULEXWLRQ�
RQ�D�JHQHUDO�EDWK\PHWU\�ZKHUH�WKH�IOXLG�
PXG�OD\HU�H[LVWV��
&RPSDULVRQ� ZLWK� 306� PRGXOH�
RI�0,.(���

7KH� PRGHO� LV� DSSOLHG� IRU� WKH� (DVW�
%D\�� /RXLVLDQD� ZLWK� WKH� DVVXPSWLRQ� RI�
IL[HG�EHG�LQ�RUGHU�WR�FRPSDUH�WKH�PRGHO�
UHVXOW�ZLWK� WKH�UHVXOW�RI�306�PRGXOH�RI�
0,.(� ���� 7KH� EDWK\PHWU\� LV� VKRZQ� LQ�
)LJ����

)LJ����VKRZV�WKH�FRPSDULVRQ�RI�ZDYH�
KHLJKW� UHVXOWV��$OO� WKH�ERXQGDULHV�RI� WKH�
PRGHO��H[FHSW�OHIW�ERXQGDU\�ZKLFK�LV�DQ�
RIIVKRUH� RSHQ� ERXQGDU\�� DUH�
QRQUHIOHFWLYH� 9LUWXDO� %RXQGDULHV��
,QFLGHQW�� ZDYH��LV���D� UHJXODU��RQH��ZLWK�
����� �P�� LQ� KHLJKW� SHUSHQGLFXODU� WR� OHIW�
ERUGHU�� �$� UHDVRQDEOH�DJUHHPHQW�FDQ�EH�
REVHUYHG� EHWZHHQ� WKH� WZR� VLPXODWLRQV��
7KH� VOLJKW� GLIIHUHQFH� LV� SUREDEO\�GXH� WR�
WKH� GLIIHUHQFHV� LQ� IRUPXODWLRQ� DQG�
LPSRVLQJ�ERXQGDU\�FRQGLWLRQV�

)LJ���� %DWK\PHWU\�DQG�WKH�ZDYH�
PHDVXUHPHQW�VWDWLRQV

67$57

,QSXW�EDWK\PHWU\��LQFLGHQW�ZDYH�KHLJKW�
DQG�SHULRG��IOXLG�PXG�FKDUDFWHULVWLFV�DQG�

ERXQGDU\�FRQGLWLRQV

7UDLQLQJ�$11�IRU�SRVVLEOH�UDQJH�RI�LQSXW�
GDWD�XVLQJ�ZDYH�PXG�LQWHUDFWLRQ�PRGHO�

:DYH�WUDQVIRUPDWLRQ�PRGHO�ZLWKRXW�
GLVVLSDWLRQ

&DOFXODWLQJ�ZDYH�DWWHQXDWLRQ�UDWH�XVLQJ�
$11�

(1'

:DYH�WUDQVIRUPDWLRQ�PRGHO�ZLWK�
GLVVLSDWLRQ

&RQYHUJHG"
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�

)LJ���� &RPSDULVRQ�RI�WKH�ZDYH�KHLJKW�
WUDQVIRUPDWLRQV�RQ�D�IL[HG�EHG��D��0,.(�����

E��3UHVHQW�PRGHO

&RPSDULVRQ�ZLWK�ILHOG�GDWD
7KH� PRGHO� LV� DSSOLHG� IRU� WKH� (DVW�

%D\�� /RXLVLDQD� ZLWK� UHFHQWO\� GHSRVLWHG�
PDWHULDO� IURP� 0LVVLVVLSSL� 5LYHU� >��@��
7KLV� GHSRVLWLRQ� LV� YHU\� VRIW� ZLWK� VKHDU�
VWUHQJWK� UDQJHV� IURP� �����.3D� QHDU� WKH�
ZDWHU�VHGLPHQW� LQWHUIDFH WR� ����� .3D�
WKUHH� PHWHUV� LQWR� WKH� VHGLPHQW�� 7KH�
ERWWRP�FRQWRXUV�DUH�VKRZQ�LQ�)LJ�����7KH�
ZDYH� SHULRG� ZDV� ����� V� DQG� WKH�
PHDVXUHG�ZDYH�KHLJKWV�ZHUH������P�DW %
DQG�������P�DW�$��7KH�ZDYH�KHLJKW�DW�%
LV� VHW� WR�EH������P�DQG� WKH�ZDYH�KHLJKW�
WUDQVIRUPDWLRQV� DUH� FDOFXODWHG�� 7KH�
UHVXOWHG� ZDYH� KHLJKWV� DUH� GHSLFWHG� LQ�
)LJ������

� ��� ��� ��� ��� ��� ��� ��� ���

)LJ����� :DYH�KHLJKW�FRQWRXUV�RQ����FP�WKLFN�
IOXLG�PXG�OD\HU

7DEOH� �� VKRZV� WKH� FDOFXODWHG� UHVXOWV� DW�
VWDWLRQ� $ DVVXPLQJ� GLIIHUHQW� YDOXHV� RI�
WKLFNQHVVHV� RI� IOXLG� PXG� OD\HU�� 7KH�
PHDVXUHG�GDWD�DW�VWDWLRQ�$��L�H�������FP��
LV�LQ�DJUHHPHQW�ZLWK�WKH�IOXLG�PXG�GHSWK�
RI�DERXW��������FP���$OWKRXJK�WKH�DFWXDO�
GLVWULEXWLRQ� RI� IOXLG� PXG� LQ� WKH� DUHD� LV�
QRW�NQRZQ��WKLV�DYHUDJH�WKLFNQHVV�LV�ZHOO�
EHWZHHQ�WKH�XVXDO�GHSWKV�RI�IOXLG�PXG�LQ�
/RXLVLDQD� FRDVW�� L�H�� ������� FP�� DV�
UHSRUWHG�E\�:HOOV�>��@�

7DEOH��� 0XG�OD\HU�WKLFNQHVV�DQG�UHODWLYH�
ZDYH�KHLJKW

&RQFOXVLRQ
7KH� ZDYH� DWWHQXDWLRQ� RQ� IOXLG� PXG�

ZDV� VXFFHVVIXOO\� VLPXODWHG� DV� D� SDUW� RI�
GLVVLSDWLRQ� WHUP� LQ�PLOG� VORSH�HTXDWLRQV�
FRQVLGHULQJ� PXOWL�OD\HU� YLVFR�HODVWLF�
SODVWLF� PRGHO�� 7KH� WZR� GLPHQVLRQDO�
QXPHULFDO� PRGHO� LQFOXGHV� FRPELQHG�
ZDYH� UHIUDFWLRQ�� GLIIUDFWLRQ�� UHIOHFWLRQ��
EUHDNLQJ� DQG� ZDYH� DWWHQXDWLRQ� GXH� WR�
ZDYH�PXG� LQWHUDFWLRQ�� 0RGHO�
SHUIRUPDQFH� ZDV� WHVWHG� ZLWK� DYDLODEOH�
PHDVXUHPHQW�GDWD�VKRZLQJ�D� UHDVRQDEOH�
DJUHHPHQW� ZLWK� ILHOG� PHDVXUHPHQWV��
+RZHYHU�� PRUH� GDWD� LV� QHFHVVDU\� WR�
HYDOXDWH� WKH� DFFXUDF\� RI� WKH� QXPHULFDO�
VLPXODWLRQ��

)OXLG�PXG�OD\HU�WKLFNQHVV��FP� ��� �� ��
:DYH�KHLJKW�DW�VWDWLRQ�$ �FP� �� �� ��
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5HIHUHQFHV
�� 6DNDNL\DPD�� 7�� DQG� � %LMNHU�� (�� :��
��������³0DVV�WUDQVSRUW�YHORFLW\�LQ�PXG�
GXH� WR� SURJUHVVLYH� ZDYHV´� �� 5HSRUW� RI�
&RDVWDO� (QJLQHHULQJ� *URXS�� &RDVWDO�
(QJLQHHULQJ� 'LYLVLRQ�� 'HOIW� 8QLYHUVLW\�
RI�7HFKQRORJ\�
�� 5RVV��0��$��DQG�0HKWD��$��-� ��������
³)OXLGL]DWLRQ� RI� VRIW� HVWXDULQH� PXG� E\�
ZDYHV� ´�� ,Q� 7KH�0LFURVWUXFWXUH� RI� )LQH�
*UDLQHG�6HGLPHQWV��)URP�0XG�WR�6KDOH��
5��+��%HQQHWW�HG���6SULQJHU�9HUODJ��1HZ�
<RUN��SS����������
�� 6KLED\DPD��7��DQG�$Q��1��1����������
³$�YLVFR�HODVWLF�SODVWLF�PRGHO�IRU�ZDYH�
PXG�LQWHUDFWLRQ´��&RDVWDO�(QJLQHHULQJ�LQ�
-DSDQ��9RO������1R�����SS��������
�� 6KLED\DPD��7���$RNL��7���DQG�6DWR��6��
��������³0XG�PDVV�WUDQVSRUW�UDWH�GXH�WR�
ZDYHV´�� D� YLVFRHODVWLF� PRGHO�� ������
,$+5��SS��%����%����
�� 6ROWDQSRXU�� 0��� 6KLED\DPD�� 7�� DQG�
1RPD�� 7�� �������� ³&URVV�VKRUH� PXG�
WUDQVSRUW�DQG�EHDFK�GHIRUPDWLRQ�PRGHO´��
&RDVWDO� (QJLQHHULQJ� -RXUQDO�� 9RO�� ����
1R�����SS����������
�� 7VXUX\D�� +��� 1DNDQR�� 6�� DQG�
7DNDKDPD�� -�� �������� ³,QWHUDFWLRQ�
EHWZHHQ� VXUIDFH� ZDYHV� DQG� � D� PXOWL�
OD\HUHG�PXG�EHG´��5HS�3RUW�DQG�+DUERU�
5HV�� ,QVW���0LQLVWU\�RI�7UDQVSRUW�� -DSDQ��
9RO������1R�����SS����������
�� 6ROWDQSRXU�� 0�� �������� ³7ZR�
GLPHQVLRQDO� PRGHOLQJ� RI� PXG� SURILOH�
SURFHVVHV´��3K'�'LVVHUWDWLRQ�
<RNRKDPD�1DWLRQDO�8QLYHUVLW\������S�
�� 6KLEDLDPD�� DQG� 7�� 6ROWDQSRXU�� 0��
��������³7ZR�GLPHQVLRQDO�RI�PXG�EHDFK�
WUDQVIRUPDWLRQ� LQ� VXUI]RQH� E\� XVLQJ�
YLVFR�HODVWR�SODVWLF�PRGHO�RI�PXG´�3URF��
RI� &RDVWDO� (QJLQHHULQJ�� -6&(�� 9RO�� ����
SS�����������LQ�-DSDQHVH��

�� +D\NLQ�� 6�� �������� ³1HXUDO� QHWZRUN��
$� &RPSUHVVLYH� )RXQGDWLRQ´� 3UHQWLFH�
+DOO��1-�
��� 7HVKQHODE� 0�� � DQG� :DWDQDEH�� .��
�������� ³,QWHOOLJHQW� &RQWURO� %DVHG� RQ�
)OH[LEOH� 1HXUDO� 1HWZRUNV´� .OXZHU�
$FDGHPLF�3XEOLFDWLRQ�
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��� :DWDQDEH�� $��� DQG� 0DUX\DPD�� .���
�������� ³1XPHULFDO� PRGHOLQJ� RI�
QHDUVKRUH� ZDYH� ILHOG� XQGHU� FRPELQHG�
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&RDVWDO� (QJLQHHULQJ� LQ� -DSDQ�� 9RO�� ���
SS���������
��� .HXOHJDQ�� *�� +�� �������� ³:DYH�
PRWLRQ�´� (QJLQHHULQJ� +\GUDXOLFV�� -RKQ�
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QRQ�ULJLG�� LPSHUPHDEOH�ERWWRP�RQ�SODQH�
VXUIDFH�ZDYHV�LQ�VKDOORZ�ZDWHU�´�-RXUQDO�
0DULQH�5HVHDUFK���������SS��������
��� ,ZDVDNL�� 7��� DQG� 6DWR�� 0�� ��������
³'LVVLSDWLRQ� RI� ZDYH� HQHUJ\� GXH� WR�
RSSRVLQJ� FXUUHQW´� 3URF�� ��WK� &RDVWDO�
(QJ��&RQI��$6&(��SS����������
��� +RULNDZD� .�� �������� ³1HDUVKRUH�
G\QDPLFV� DQG� FRDVWDO� SURFHVVHV�´�
8QLYHUVLW\�RI�7RN\R�3UHVV�
��� 7XEPDQ��0�:��� DQG� -��1��� 6XKD\GD�
�������� ³:DYH� DFWLRQ� DQG� ERWWRP�
PRYHPHQWV�LQ�ILQH�VHGLPHQWV´��3URF�����
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��� :HOOV�� -�� 7�� �������� ³'\QDPLFV� RI�
FRDVWDO� IOXLG� PXGV� LQ� ORZ��� PRGHUDWH���
DQG�KLJK�WLGH�UDQJH�HQYLURQPHQWV´��&DQ��
-RXUQDO� )LVKHULHV� DQG� $TXDWLF� 6FL���
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