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6XPPDU\��7KH�SDSHU�LV�GHYRWHG�WR�WKH�GHYHORSPHQW�DQG�WKHRUHWLFDO�MXVWLILFDWLRQ�RI�DQ�DQLVRWURS\�FUHHS�GDPDJH�PDWHULDO�PRGHO��)RU�WKH�GHVFULSWLRQ�RI�LQLWLDO�DQLVRWURS\�DQG�GDPDJH�LQGXFHG�DQLVRWURS\�WKH�VHFRQG�RUGHU�GDPDJH�WHQVRU�KDV�EHHQ�XVHG��7KH�QXPHULFDO�PHWKRG� RI� DQLVRWURS\� FUHHS� GDPDJH� OLIHWLPH� SUHGLFWLRQ� LQ� WKLQ�ZDOOHG� HOHPHQWV� RI� VWUXFWXUHV� ZDV� HODERUDWHG� RQ� WKH� EDVLV� RI� WKH�SURSRVHG�PRGHO�DQG�)(�VFKHPH��7KH�UHVXOWV�RI�DQLVRWURS\�FUHHS�GDPDJH�DQDO\VLV�LQ�PRGHOV�RI�SODWHV�ZHUH�GLVFXVVHG�
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,Q�WKH�SUHVHQWHG�ZRUN�IRU�WKH�GHYHORSPHQW�RI�FUHHS�GDPDJH�PRGHOV�XVLQJ�SKHQRPHQRORJLFDO�DSSURDFK�WKH�FRQFHSW�RI�WKH�FRQWLQXXP�PHFKDQLFV�KDV�EHHQ�XVHG��)RU�D�PDWKHPDWLFDO�GHVFULSWLRQ�RI�WKLV�SUREOHP�WKH�WKUHH�JURXSV�RI�HTXDWLRQV�ZHUH�DFFHSWHG��,W�LV�WKH�EDODQFH�HTXDWLRQV��WKH�WKHUPRG\QDPLF�ODZV�DQG�WKH�FRQVWLWXWLYH�HTXDWLRQV��7KH�XQNQRZQ�IXQFWLRQV�LQ�WKHP�DUH�WKH�GLVSODFHPHQW�YHFWRU�RI�D�SDUWLFOH�X DQG�KHU�YHORFLW\�YHFWRU��PDVV�GHQVLW\�U�[�W���WKH�&DXFK\�VWUHVV�WHQVRU�1 ��WKH�VWUDLQ�WHQVRU� 0 DQG�WKH�GHIRUPDWLRQ�UDWH�WHQVRU��7R�VLPSOLI\�D�VPDOO�GHIRUPDWLRQ DUH�DFFHSWHG��)RU�JHQHUDO�VWUDLQ�WHQ�VRU�DW�D�FUHHS�WKH�DVVXPSWLRQ�RI�DGGLWLYH�QDWXUH RI�UHYHUVLEOH�HODVWLF�H��UHVSRQGHG�+RRN¶V�ODZ DQG�LUUHYHUVLEOH�FUHHS�FVWUDLQ�WHQVRUV�ZDV�DGRSWHG�� FH0 � �� 1(H �� � ��ZKHUH� �( LV�WKH�IRXUWK�RUGHU�HODVWLFLW\�WHQVRU�&UHHS� LV�DQ� LUUHYHUVLEOH� WKHUPRG\QDPLFDO�SURFHVV�DQG�ZKHQ� IRUPXODWLQJ� WKH�FUHHS� ODZV�LW� LV�QHFHVVDU\� WR�PHHW� WKH�UH�TXLUHPHQW� RI� WKHUPRG\QDPLFDOO\� GLVVLSDWLYH� V\VWHPV� H[SUHVVHG� E\�&ODXVLXV±'XKHP¶V LQHTXDOLW\�� 7KHQ� WKH� DGGLWLRQDO�XQNQRZQ�IXQFWLRQV�DUH�DSSHDULQJ�WKH�LQWHUQDO�HQHUJ\��WKH�KHDW�IORZ�YHFWRU�T��WKH�WHPSHUDWXUH�7 DQG�WKH�HQWURS\�V��5HODWLRQV�EHWZHHQ�WKH�LQGHSHQGHQW�YDULDEOHV�RI�PHGLXP�PDWKHPDWLFDOO\�DUH�UHSUHVHQWHG�E\�FRQVWLWXWLYH�HTXDWLRQV��7KH�FUHHS�PRGHO ZDV�GHWHUPLQHG�E\�IROORZLQJ�VWDWH�YDULDEOHV DUH�WKH�GHIRUPDWLRQ�JUDGLHQW�RU�WKH�HODVWLF�VWUDLQ�H��WKH�WHP�SHUDWXUH�7 DQG LWV�JUDGLHQW�DQG�LQWHUQDO�YDULDEOHV DVVRFLDWHG�ZLWK�GLVVLSDWLYH�PHFKDQLVP��,Q�WKLV�FDVH�LPSO\LQJ�WKDW�GDP�DJH� HYROXWLRQ� LV� SUHGRPLQDQW�GLVVLSDWLYH�PHFKDQLVP��)RU� WKH�GHVFULSWLRQ�RI�GDPDJH�LQGXFHG�DQLVRWURS\�LQ� WKH�FRQVH�TXHQFH�RI�FUHHS�D�VHFRQG�RUGHU�GDPDJH�WHQVRU�G KDV�EHHQ�DVVXPHG�LQ�IRUP SURSRVHG�E\�0XUDNDPL�2KQR�>�@�$FFRUGLQJ�WKH�DVVXPSWLRQV�FRQFHUQLQJ�WKH�FRQVWLWXWLYH�HTXDWLRQ�WKH�UDWH�+HOPKROW]¶�IUHH�HQHUJ\�\ LV�JLYHQ�E\GGHH ���� ��w\w�w\w���w\w \ 77 ��FRQVHTXHQWO\�WKH�&ODXVLXV�'XKHP�LQHTXDOLW\�EHFRPHV�
�� t��������w\wU�¹̧·©̈§ w\w�U���¹̧·©̈§ w\wU� TF1GGHH1 77GWGGWG77V� �6LQFH�IRU�DQ�LVRWKHUPDO�SURFHVV�&ODXVLXV�'XKHP¶V�LQHTXDOLW\�FDQ�EH�ZULWWHQ�DV�WKH�GLVVLSDWLRQ�LQHTXDOLW\��7KH�DGGLWLYH�GHFRPSRVLWLRQ�RI�WZR�GLVVLSDWLRQ�PHFKDQLVPV�IURP�FUHHS�GHIRUPDWLRQ FDXVHG�E\�WKH�FKDQJH�RI�WKH�GLVORFDWLRQ�VWUXFWXUH�DQG�GDPDJH GXH�WR�QXFOHDWLRQ�DQG�JURZWK�RI�WKH�PLFURVFRSLF�FDYLWLHV�KDYH�EHHQ�DVVXPHG�� �t����� ) G5F1 ��� �t�� F1 ��' �� �t�� : G5 �� ��ZKHUH� G5 \cU � LV�WKH�WKHUPRG\QDPLF�IRUFH�DVVRFLDWHG�ZLWK�LQWHUQDO�YDULDEOH�G�,Q�RUGHU�WR�HQVXULQJ�LQHTXDOLWLHV�WKH�H[LVWHQFH�RI�D�VFDODU�SVHXGR�GLVVLSDWLRQ�SRWHQWLDO��D�FRQYH[�IXQFWLRQ�RI�WKHUPRG\�QDPLF�IRUFHV� 1 DQG�5��XVLQJ�VWDWH�YDULDEOHV�H��F DQG�G DV�SDUDPHWHUV�KDV�EHHQ�E\�SRVWXODWHG��,Q�WKLV�FDVH�WKH�WKHUPRG\�QDPLF�SRWHQWLDO�ZDV�UHSUHVHQWHG�E\�WZR�GLIIHUHQW�SRVLWLYH�FRQYH[�IXQFWLRQV�� � � � � � ��7)�7)�7��) GF G5G1GF51 ��� � �$UJXPHQWV�RI�LQWURGXFHG�SRWHQWLDOV�1 ��5 �G�YDULDEOH��IRUP�SRWHQWLDOV�DV�LQYDULDQWV��ZKLFK�IRU�DQLVRWURSLF�ERGLHV�ZLOO�EH�PL[HG�LQYDULDQWV�RI�WKHVH�WHQVRUV�DQG�PDWHULDO�V\PPHWU\�WHQVRUV��WKH�NLQG�RI�DQLVRWURS\�� � � ��� HF �7) V G1 �� �� V�V VH �� 1�� V D� �� 1E1 ���� V ��� �� � � ��� HG 5�7)  G5 �� �� 555H � �� 5�� J�5 DQG� 5K5 ���� ���5 �$SSO\LQJ�D�JHQHUDO� QRUPDOLW\� UXOH� WR�FRQFUHWL]HG�SRWHQWLDOV��ZH�KDYH�REWDLQHG� WHQVRU�OLQHDU�HTXDWLRQV�RI�VWDWH� IRU� LQL�WLDOO\�DQLVRWURSLF�PDWHULDOV�FRPSOHWHO\�VDWLVI\LQJ�WKHUPRG\QDPLFDO�UHTXLUHPHQWV

¹̧·©̈§ V���V �� 1F EDH
'�� DQG� ¹̧·©̈§ ���: �� 55H 5G KJ��

)RU� WKH� FRPELQDWLRQ� RI� VWUDLQV� DQG� WKH�GDPDJH� WHQVRULDO�PRGHO� DQ� DSSURSULDWH HTXLYDOHQFH VWUHVV ZDV� GHILQHG�E\� WKH�TXDQWLWDWLYH�GDPDJH�PHDVXUH�DV�WKH�UDWLR�RI�VSHFLILF�HQHUJ\�RI�GLVVLSDWLRQ�RI�GDPDJH�: WR�LWV�GDPDJH�OLPLWLQJ�YDOXH
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ZKHUH�:
 � LV�WKH�FRQVWDQW�TXDQWLW\�IRU�WKH�PDWHULDO�DW�WKH�JLYHQ�WHPSHUDWXUH�7KHQ��WKH�WHQVRU�5 LV�FRXSOHG�ZLWK�VWUHVV�WHQVRU�E\�WKH�UHODWLRQVKLS�� ��� Z� 15 DQG�IRU�GDPDJH�WHQVRU�ZH�KDYH�D�NL�QHWLF�HTXDWLRQ�ILWWLQJ�WKH�WHQVRU�PRGHO�RI��/HPDLWUH�� &KDERFKH��������>�@�
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7KH� IXQFWLRQV� �' � �: 
:: Z �� LQ� FRQVWLWXWLYH� HTXDWLRQV�PXVW� EH� LGHQWLILHG� IURP� XQLD[LDO� FUHHS� WHVWV��7KH�JRRG� DS�SUR[LPDWLRQ� RI� H[SHULPHQWDO� GDWD� IRU�PHWDO�PDWHULDOV� LV� JLYHQ� E\� IROORZV�IXQFWLRQV� � �1H' V a� �� � � � �/.H Z�V : �a
� �ZKHUH� � �Z�V V �a HH �� � �Z�V V �a 
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)RU�WKH�SUDFWLFDO�XVLQJ�RI�WKH�DQLVRWURSLF�FUHHS�PRGHO�LW�LV�QHFHVVDU\�WR�GHILQH�FRQVWDQWV�.��1 DQG�/ DQG�PDWHULDO�WHQVRUV�IURP�H[SHULPHQWDO�UHVHDUFKHV��7DNLQJ�LQWR�DFFRXQW�WKH�DVVXPSWLRQ�RI�SURSHUWLHV�RI�VRPH�PDWHULDO�V\PPHWU\��ZH�FDQ�UH�GXFH�QXPEHU�RI�WKH�FRQVWDQWV��)XUWKHU��WUDQVYHUVDOO\�LVRWURSLFPDWHULDOV�ZHUH VWXGLHG�7KH�YHULILFDWLRQ RI�WKH�SURSRVHG�FUHHS�GDPDJH�LQGXFHG�DQLVRWURS\�PRGHO�RQ�WKH�EDVH�RI�FRPSDULVRQ�ZLWK�H[SHULPHQWV�UHVXOWV�IRU�WKUHH�W\SHV�RI�FRQVWUXFWLYH�PDWHULDOV��FRPSRVLWH�DOOR\�&R�&U�& >�@� DOXPLQLXP DOOR\�'���$7 DQG�WLWDQLXP�DO�OR\�%7��� >�@�ZDV�SHUIRUPHG��7KH�FDOFXODWHG�DQG�H[SHULPHQWDO�GDWD�TXLWH�DFFXUDWHO\�FRUUHVSRQG�WR�HDFK�RWKHU�

180(5,&$/�02'(//,1*2)�7+,1:$//('�6758&785(6
)RU�PDQ\�HQJLQHHULQJ�VWUXFWXUHV�RSHUDWLQJ�DW�HOHYDWHG�WHPSHUDWXUHV�DQG�XQGHU�LQWHQVLYH�ORDGLQJ�WKH�FUHHS�DQDO\VLV�FDQ�EH�SHUIRUPHG�XVLQJ�HQJLQHHULQJ�PRGHOV�RI�WKLQ�SODWHV�DQG�VKDOORZ�VKHOOV��7KH�PDWKHPDWLFDO�VWDWHPHQW�RI�WKH�FUHHS�GDP�DJH�SUREOHP�IRU�WKLQ�SODWHV�DQG�VKDOORZ�VKHOOV�ZDV�GRQH�RQ�WKH�EDVLV�RI�WKH�JHQHUDO�WKHRU\�RI�WKH�WKUHH�GLPHQVLRQDO�LQL�WLDO�ERXQGDU\�FUHHS�SUREOHP�ZLWK�VRPH�DVVXPSWLRQV�FRQFHUQLQJ�RI�WKLQ�VKHOOV�WKHRU\��7KH�FRQVWLWXWLYH�HTXDWLRQV�RI�SUR�SRVHG� HDUO\� DQLVRWURSLF� �WUDQVYHUVDOO\�LVRWURSLF�� FUHHS�GDPDJH�PRGHO� IRU� D� FDVH� RI�PXOWLD[LDO� VWUHVV� VWDWH��ZKLFK� WDNH�SODFH�LQ�VKDOORZ�VKHOOV�DQG�SODWHV��ZHUH�JHQHUDOL]HG�)RU� VROYLQJ� WKH� FUHHS� GDPDJH� SUREOHP�RI� VKDOORZ� VKHOOV WKH� YDULDWLRQDO� DSSURDFK ZDV� XVHG��$VVXPLQJ� WKDW� D� FUHHS�VWUDLQV�DUH�NQRZQ�DW�HDFK�WLPH�VWHS�ZDV�IRUPXODWHG�D�YDULDWLRQDO�IXQFWLRQDO�JLYHQ�RQ�GLVSODFHPHQWV�� � ³³³³ GF�GH�G�GFF�GHH 6 LM&LM6

PLM&LM66 LMNOLMNOPLMPLMLMNO G60G61G6ZSG6GE- �
7KH�XQGHUOLQH� WHUPV� DUH� GHILQHG� E\� LUUHYHUVLEOH� FUHHS� VWUDLQV��7KH� VROXWLRQV� DW� WKH� IL[HG� WLPH�PRPHQW� FRUUHVSRQG� WR�YDULDWLRQDO�HTXDWLRQ�RI�WKH�/DJUDQJH�W\SH�IRU�WKLV�IXQFWLRQDO��ZKLFK�LQFOXGHV�DGGLWLRQDO�ZRUN�RI�SVHXGR�IRUFHV��7KH�VROX�WLRQ RI�OLQHDU�ERXQGDU\�YDOXH�SUREOHP�DV�D�PLQLPXP�SRLQW�RI�WKH�YDULDWLRQDO�IXQFWLRQDO��GHILQHG�RQ NLQHPDWLFDOO\ VXLW�DEOH GLVSODFHPHQWV� ZDV SHUIRUPHG�E\�D� ILQLWH� HOHPHQW�PHWKRG DW� HDFK� WLPH�VWHS��)RU� WKH�PHVKLQJ�ZH�XVH� WKH���QRGH�SODWH�HOHPHQW�ZLWK����GHJUHHV�RI�IUHHGRP��,W�KDYH�WKH�VKDSH�IXQFWLRQV�DUH�OLQHDU�UHODWLYHO\�KRPRJHQHRXV�FRRUGLQDWHV�IRU�DSSUR[LPDWLRQ� WKH�PHPEUDQH�GLVSODFHPHQWV�DQG�FXELF�SRO\QRPLDOV�IRU�GHIOHFWLRQ�RI�D�VKHOO��7KLV�HOHPHQW�LV�EDVHG�RQ�WKH�.LUFKKRII�/RYH� W\SH� VKHOO� WKHRU\� DQG� FRQWDLQV� ���*DXVV� SRLQWV� LQ� WKH� SODQH� DQG��� LQWHJUDWLRQ� SRLQWV� WKURXJK� WKH�WKLFNQHVV� 7KH�FRQVWLWXWLYH�HTXDWLRQV�LQ�)(�GHILQLWLRQV DUH�LQWHJUDWHG�E\�WKH�SUHGLFWRU�FRUUHFWRU�LWHUDWLRQ�VFKHPH�2Q� WKH� EDVLV� RI� WKH� SURSRVHG� QXPHULFDO� PHWKRG� WKH� UHVHDUFKHV� RI� WKH� LQLWLDO� DQG� GDPDJH�LQGXFHG� DQLVRWURS\� RI� WKLQ�SODWHV�XQGHU�FUHHS�FRQGLWLRQV�ZHUH�SHUIRUPHG��$W�ILUVW�WKH�LQIOXHQFH�RI�SUHOLPLQDU\�FUHHS RQ�FKDQJH�RI�SULPDU\�SURSHU�WLHV�RI�WKH�PDWHULDO�ZDV�VWXGLHG��7KH�WKHRUHWLFDO�UHVXOWV�DUH�FRPSDUHG�ZLWK�H[SHULPHQWDO�GDWD�REWDLQHG�E\�-�%HWWHQ�HW�DO��>�@��7KH�DJUHHPHQW�RI�WKH�FDOFXODWHG�DQG�H[SHULPHQWDO�GDWD�LV�TXLWH�VDWLVIDFWRU\�)XUWKHU�WKH�LQIOXHQFH�RI�GDPDJH�LQGXFH�DQLVRWURS\�LQ�SODWHV�ZLWK�KROH IRU�D�WHQVLRQ�DQG�EHQGLQJ�ORDGLQJ�LQ�D�SODLQ�RI�WKH�SODWHV�XQGHU�FUHHS�FRQGLWLRQV�ZHUH�FRQVLGHUHG��:LWK�WKH�SXUSRVH�RI�WKH�SURRI�RI�H[LVWHQFH�IRU� LQQDWH�DQLVRWURS\�RI�WKH�PDWHULDOV�RI�GHSHQGHQFH�RI�VWUHVVHV�UHGLVWULEXWLRQ�FKDUDFWHU�DQG�WLPH�RI�LQLWLDO�UXSWXUH�IURP�D�GHJUHH�WKHP�LQQDWH�DQLVRW�URS\�WKH�QXPHULFDO�VLPXODWLRQ�IRU�SODWHV�ZLWK�D�KROH�IRU�WKUHH�PDWHULDOV�W\SHV�DUH�SHUIRUPHG��*HQHUDOO\�GXULQJ�WKH�DQLVRW�URS\�FUHHS�ERWK�PLQLPDO�DQG�PD[LPDO�WKH�WLPH�LQLWLDWLRQ UXSWXUH�FDQ�EH�GHPRQVWUDWHG�

&21&/86,216
7KH�GHYHORSPHQW�DQG� WKHRUHWLFDOO\� WR� MXVWLI\�FRQVWLWXWLYH�HTXDWLRQV�RI�DQLVRWURSLF� �WKH�FDVH�RI� WUDQVYHUVDOO\�LVRWURSLF��FUHHS�GDPDJH�PRGHO�ZLWK�DQ�LQLWLDO�DQLVRWURS\�KDYH�EHHQ�SHUIRUPHG��7KH�WUDQVIRUPDWLRQ�RI� WKH�PDWHULDO�PRGHO�RQ�WKH�FDVH�RI�PXOWLD[LDO�VWUHVV�VWDWH�WDNLQJ�SODFH�LQ�WKLQ�ZDOOHG�VWUXFWXUHV�ZLWK WKH�XVLQJ�JHRPHWULFDOO\�QRQ�OLQHDU�WKHRU\ RI�WKLQ�VKHOOV�KDV�EHHQ�PDGH��7KH�PHWKRG�RQ�WKH�EDVLV�)(�VFKHPH�DQG�RI�WKH�PRGLILHG�/DJUDQJH¶V�YDULDWLRQDO�SULQFLSDO�IRU�DQL�VRWURSLF�FUHHS�GDPDJH�VLPXODWLRQ LQ�WKLQ�ZDOOHG�VWUXFWXUHV�KDV�EHHQ�HODERUDWHG�
5HIHUHQFHV
>�@ 0XUDNDPL�6��1RWLRQ�RI�FRQWLQXXP�GDPDJH�PHFKDQLFV�DQG� LWV�DSSOLFDWLRQ�WR�DQLVRWURSLF�FUHHS�GDPDJH�WKHRU\�� � $60(�-��(QJQJ��0DW��7HFK�������������������>�@ /HPDLWUH�-���&DERFKH�-�/��0HFKDQLFV�RI�6ROLG�0DWHULDOV��± &DPEULGJH��&DPEULGJH�8QLYHUVLW\�3UHVV�������>�@ -RQVRQ�$�)��&UHHS�FKDUDFWHUL]DWLRQ�RI�HXWHFWLF�FRPSRVLWHV�� &ROORT��,QWHUQ��GX�&156 ���������������������>�@ .RQNLQ�9�1���0RUDFKNRYVN\ 2�.��&UHHS�DQG�ORQJ�VWUHQJWK�RI�OLJKW�DOOR\V�ZLWK�DQLVRWURS\�SURSHUWLHV�� 3UREO��3URFKQ�������������������5XVVLDQ�>�@ %HWWHQ�-��5HSUHVHQWDWLRQ�RI�&RQVWLWXWLYH�(TXDWLRQV�LQ�&UHHS�0HFKDQLFV�RI�,VRWURSLF�DQG�$QLVRWURSLF�PDWHULDOV�� �%HUOLQ��6SULQJHU�9HUODJ�������
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