
5KHRORJLFDO�%HKDYLRXU�DQG�0RGHO�RI�0HWDO�3RO\PHU�&HUDPLF�1DQR&RPSRVLWH
0DNVLP�.LUHLWVHX�'HSDUWPHQW�RI�0HFKDQLFV�DQG�7ULERORJ\,QVWLWXWH�RI�0HFKDQLFV�DQG�0DFKLQH�5HOLDELOLW\��,1'0$6+���1DWLRQDO�$FDGHP\�RI�6FLHQFHV�RI�%HODUXV/HVQRH����� ����0LQVN���������%HODUXV�H�PDLO��LQGPDVK#UDPEOHU�UX

$� SRVVLELOLW\� WR� GHYHORS� FRPSRVLWH� FRDWLQJV� EDVHG� RQ� R[LGH� DOXPLQXP�� DOXPLQXP� DQG� SRO\PHU� FRPSRQHQWV�KDYH� EHHQ� LQYHVWLJDWHG�� 7KH� FRPSRVLWH� ZDV� SURGXFHG� E\� LQWHJUDWLRQ� RI� PLFUR� DUF� R[LGL]LQJ�SURFHVV�HOHFWURSODWLQJ� DQG� WKHUPDO� IODPH� VSUD\LQJ�� $� QDWXUH� RI� PLFUR� DUF� R[LGL]LQJ� SURFHVVLQJ� RI� WKHUPDOO\�VSUD\HG� DOXPLQXP� LV� GLVFXVVHG�� 7R� XQGHUVWDQG�PHFKDQLFDO� EHKDYLRU� RI� WKH� FRPSRVLWH� WKH� UKHRORJLFDO�PRGHO�KDYH�EHHQ�GHYHORSHG�DGHTXDWH�PRGHO�GHVFULELQJ�VWUHVV�VWUDLQ�VWDWH�RI�WKH�QDQRFRPSRVLWH��7KH�FRPSRVLWH�FDQ�EH�SUHVHQWHG� DV� DQ� HODVWLF�WHQDFLRXV�SODVWLF� UKHRORJLFDO� PRGHO�� 7KH� UKHRORJLFDO� EHKDYLRU� RI� WKH� PRGHO� XQGHU�ORFDOL]HG�ORDGLQJ�DQG�GLIIHUHQW�LQLWLDO�VWUHVV�DQG�GHIRUPDWLRQ�VWDWHV�KDYH�EHHQ�VWXGLHG��)LQDO�DQDO\VLV�JLYHV�EHWWHU�XQGHUVWDQGLQJ� RI� QDQRFRPSRVLWH� IDLOXUH� DQG� GHJUDGDWLRQ�PHFKDQLFV�� $Q� RSWLPDO� UKHRORJLFDO�PRGHO� KDV� EHHQ�UHYHDOHG��7KH�UKHRORJLFDO�SURSHUWLHV�RI�WKH�QDQRFRPSRVLWH�KDYH�EHHQ�GLVFXVVHG��

)RU�PRUH�LQIRUPDWLRQ��FRQWDFW�'U��0DNVLP�9��.LUHLWVHX'HSDUWPHQW�RI�0HFKDQLFV�DQG�7ULERORJ\,QVWLWXWH�RI�0HFKDQLFV�DQG�0DFKLQH�5HOLDELOLW\��,1'0$6+�/HVQRH����� ����0LQVN���������%HODUXV�(PDLO��LQGPDVK#UDPEOHU�UX
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,QWURGXFWLRQ�$OPRVW�DOO�RI�WKH�FRPSDQLHV�FRQWLQXDOO\�VHHN�QHZ�ZD\V�WR� LPSURYH� WKHLU�RSHUDWLRQV�DQG�FXW� FRVWV��RQH�SURFHVV�WKDW� PDQXIDFWXUHUV� PLJKW� VFUXWLQL]H� LV� SURGXFW�FRPSRVLWH�DQG� OD\HU�E\�6KHOOH\����������$Q�DGYDQWDJH�WKDW�DOXPLQXP�KDV�RYHU�VWHHO�LV WKH�PDQXIDFWXULQJ�FRVW��)RU� PDQ\� FRPSDQLHV� WKLV� PHDQV� ORRNLQJ� IRU� EHWWHU�DOWHUQDWLYH� LQ� WHFKQRORJLHV� WKDW� DUH� XVHG� WR� FRDW�DOXPLQXP� VWUXFWXUHV� DQG� PDFKLQH� SDUWV� ZLWK� KDUG�DOXPLQD� OD\HU�DQG�DOXPLQD�EDVHG�FRPSRVLWHV�E\�3DWHO����������0DUNRY����������D�OD\HU WHFKQLTXH�WKDW�LV�XQGHU�HYHU�LQFUHDVLQJ� SUHVVXUH� IURP� DQ� HQYLURQPHQWDO�SURWHFWLRQ�VWDQGSRLQW�$OWKRXJK� HQYLURQPHQWDO� FRQFHUQV� DUH� YHU\�LPSRUWDQW�� WKH\� DUH� QRW� WKH� RQO\� UHDVRQ� WKDW�PDQXIDFWXUHUV�PLJKW�LQYHVWLJDWH�WKH�SURFHVV�DOWHUQDWLYHV�RU� SDUWLFXODU� GHYHORSPHQW� RI� DQ\� SURFHVV� DV� ZHOO��3URGXFW� GHVLJQHUV� PD\� GHFLGH� WR� HYDOXDWH� RWKHU� OD\HU�WHFKQLTXHV� EHFDXVH� WKH\� ZDQW� WR� H[WHQG� SURGXFW� OLIH�F\FOHV� RU� LPSURYH� XSRQ� VSHFLILF� OD\HU� FKDUDFWHULVWLFV��5HJDUGOHVV�RI�FRPSDQ\
V�UHDVRQ�IRU�FKHFNLQJ�RXW�PLFUR�DUF�R[LGL]LQJ�DOWHUQDWLYHV��VRPH�SURGXFHUV�ZLOO�QHHG�WR�LPSURYH�WKH�UHVXOWV�FRQVWDQWO\�
0DWHULDOV�DQG�7HFKQRORJLHV7KH�EDVH�PDWHULDO�RI�WKH�SODWH�VDPSOH�ZDV�VWHHO��3ULRU�WR�WKHUPDO� IODPH� VSUD\LQJ� RI� SRO\PHU� VXUIDFH� RI� EDVH�PHWDO�ZDV�SUHSDUHG�E\�JULQGLQJ�ZLWK�ZDWHU�MHW�FRQWDLQHG�6L&�� DOXPLQD� SDUWLFOHV�ZLWK� DYHUDJH� VL]H� RI� ��PP�� ,Q�UHVXOW�� SURILOH� RI� WKH� VXUIDFH� ZDV� DUUDQJHG� LQ� WKH�TXLQFXQ[� RUGHU� ZLWK� URXJKQHVV� RI� ���� �P�� $SSO\�WKHUPDOO\� VSUD\HG� ERQG� FRDWLQJ� WR� VXLW� WKH� DSSOLFDWLRQ�DQG� WR� IDFLOLWDWH� JRRG� FKHPLFDO� DQG� PHFKDQLFDO� ERQG�EHWZHHQ� FRDWLQJ� DQG� FRUH�� *ULW� EODVW� DQG� SUHKHDW�VXUIDFH�� $LU� FRQVXPSWLRQ� ZDV� ��������� Pñ�PLQ��'LVWDQFH�RI�VSUD\LQJ�LV���������PP��3RO\PHU�JUDQXODU�SRZGHU�ZDV�XVHG�WR�FRDW�VXUIDFH�ZLWK�SRO\DPLGH�OD\HU�RI������P�LQ�WKLFNQHVV�DQG���*3D�LQ�<RXQJ¶V�PRGXOXV��7KH� WKHRUHWLFDO� FDOFXODWLRQV� DQG� SUDFWLFDO� DSSURDFK�VKRZ� WKDW� DOXPLQXP� OD\HU� IRUPHG� E\� WKHUPDO� IODPH�VSUD\LQJ� GR� QRW� RYHUKHDW� SRO\PHU� OD\HU� EHFDXVH�WHPSHUDWXUH�RI�$O�SDUWLFOHV�GR�QRW�H[FHHG�����K��6RPH�RI�WHFKQRORJLHV�DSSOLHG�WR�SURGXFH�DOXPLQXP�VXFK� DV� 2VSUH\� WHFKQRORJ\� XVH� VSHFLDO� H[SHQVLYH�HTXLSPHQW��,Q�FRQWUDVW�WR�2VSUH\��+92)�VSUD\LQJ�LV�WR�EH�XVHG�DV�SURWRW\SH�WR�IRUP�DOXPLQXP�OD\HUV�ZLWK�YHU\�FORVH� GHVLUHG� SURSHUWLHV�� ,Q� WKLV� ZD\��SUHOLPLQDU\� WDVN�

ZDV�WR�FRPSDUH�<RXQJ¶V�PRGXOXV�RI�WKHUPDOO\�VSUD\HG�$O� OD\HU� DQG� WKH� VDPH� OD\HUV� SURGXFHG� E\� 2VSUH\�WHFKQRORJ\�DQG�RWKHU�SURFHVVHV��:LNWRUHNV�6�����������7R�IRUP�DOXPLQXP�OD\HU�ZDV�XVHG�ERWK�DOXPLQXP�FRUG�ZLWK�GLDPHWHU�RI���PP�RU�DOXPLQXP�SRZGHU ZLWK�JUDQXOHV� VL]H� RI� ������� �P� DQG� SXULW\� RI� ��������$OXPLQXP� WKLFNQHVV�ZDV� DERXW� ��PP��%XWDQH�ZDV� D�KHDWLQJ�JDV�RI�WKH�V\VWHP�WR�SURYLGH�WHPSHUDWXUH�DERXW������K IRU� PHOWLQJ� WKH� DOXPLQXP� SRZGHU�� 7KH�SDUDPHWHUV�SURYLGH�RSWLPDO�VHW�RI�PHFKDQLFDO�SURSHUWLHV�RI� DOXPLQXP� OD\HU� WKDW� DUH� SRURVLW\� RI� ������ LWV�<RXQJ¶V�PRGXOXV�RI�������*3D��7KHQ� $O� OD\HU� ZDV� WUDQVIRUPHG� LQWR� KDUG� R[LGH�DOXPLQXP�ZLWK�PLFUR�DUF�R[LGL]LQJ�SURFHVV��0LFUR�DUF�R[LGL]LQJ� KDYH� EHHQ� GRQH� E\� VSHFLDO� HTXLSPHQW�GHVFULEHG�E\�.LUHLWVHX��������DW�FXUUHQW�IUHTXHQF\�RI����+]�� YROWDJH� RI� ���� 9� DQG� FXUUHQW� GHQVLW\� RI� ������:�GP��� 7KH� HOHFWURO\WH� ZDV� EDVHG� RQ� GLVWLOOHG� ZDWHU�ZLWK� .2+� �1D2+�� RI� �� JU�O� DQG� RWKHU� DGGLWLYHV� WR�FRQWURO� S+�� WHPSHUDWXUH�� HOHFWULFDO� FRQGXFWLYLW\� HW� DO��7KH�FRDWLQJ�ZDV�IRUPHG�GXULQJ�VDPSOHV�������PLQ�
([SHULPHQWDO�WHFKQLTXH'HWDLOHG� VWXG\� RI� WKH� PLFURVWUXFWXUH� RI� WKH� VSHFLPHQ�ZDV� FDUULHG� RXW� E\� FRQYHQWLRQDO� 7(0� XVLQJ� VHOHFWHG�DUHD�GLIIUDFWLRQ��6$'���7KH�FKHPLFDO�FRPSRVLWLRQ�DQG�VWUXFWXUH� RI� WKH� SKDVHV� DQG� JUDLQ� ERXQGDULHV� ZHUH�DQDO\]HG�E\�DQDO\WLFDO�7(0�DQG�KLJK�UHVROXWLRQ�7(0��+LJK�UHVROXWLRQ� 7(0� ZDV� FRQGXFWHG� RQ� D� ���� N9�PLFURVFRSH��0RGHO�������-DSDQ��ZLWK�D�SRLQW�UHVROXWLRQ�RI�OHVV�WKDQ������QP��0LFURKDUGQHVV�ZDV�PHDVXUHG�ZLWK�9LFNHUV�LQGHQWDWLRQ��7KH� PHWDOORJUDSKLF� DQDO\VLV� RI� WKH� FURVV�VHFWLRQDO�PLFUR�VHFWLRQV�RI�WKH�FRDWHG�VDPSOHV�ZDV�PDGH�ZLWK�D�PLFURVFRSH��0LFURKDUGQHVV�ZDV�PHDVXUHG�ZLWK�9LFNHUV�LQGHQWDWLRQ� DW� ORDG� RQ� WKH� LQGHQWHU� RI� ����1� IRU� ��� V��7KHQ�D�GLDJRQDO�RI�LQGHQWDWLRQ�WUDFN�ZDV�PHDVXUHG�DQG�PLFURKDUGQHVV�RI�WKH�OD\HUV�ZDV�FDOFXODWHG��3RURVLW\�RI�WKH�R[LGH�KDUG�OD\HU�ZDV�PHDVXUHG�E\�WKH�OLQHDU�PHWKRG��PHWKRG� RI� VHFDQW� OLQH��� 7KH� V\VWHP� RI� WH[WXUH� LPDJH�DQDO\VLV� �/HLW]�7$6�� �*HUPDQ\�� DQG� RSWLFDO�PLFURVFRSH� ³2UWRSODQ´� ZDV� XVHG� WR� VWXG\� SRURVLW\� RI�WKH�R[LGH�FHUDPLF�OD\HUV�

5KHRORJLFDO�PRGHOLQJ�RI�QDQRFRPSRVLWH7R� LQYHVWLJDWH� PHFKDQLFDO� SURSHUWLHV� RI� D� FRPSRVLWH�V\VWHP� WKHUH� ZDV� VXJJHVWHG�PDQ\� UKHRORJLFDO� HODVWLF�
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WHQDFLRXV�SODVWLF�V\VWHPV�GHVFULEHG�E\�5XGQLWVNL�HW�DO�����������6KXOPDQ�HW� DO�� �������� ,]UDHOLDQ� HW� DO��� ��������5HLQHU�� ������� ������� +RZHYHU�� GHVSLWH� RI� VRPH�DGYDQWDJHV� WKH� NQRZQ� PRGHOV� ZDV� QRW� DSSOLHG� WR�GHYHORSHG� FRPSRVLWH� V\VWHPV� DQG� ZDV� QRW�H[SHULPHQWDOO\�FRQILUPHG�%DVHG�RQ�UHFHQW�UHVHDUFKHV�RI�PHFKDQLFDO�SURSHUWLHV�RI� DOXPLQD�EDVHG� FHUDPLFV� E\� .LUH\WVHY�� �����D�E���%DVHQXN� DQG� .LUHLWVHX�� �����D�F��� SRO\PHUV� E\�%H]XKRY����������*ROEHUJ����������*XO�� �������DQG� LWV�FRPSRVLWHV�LW�LV�SURSRVHG�UHTXLUHPHQWV�WR�D�UKHRORJLFDO�PRGHO�RI�GHYHORSHG�V\VWHPV��7KH� IROORZLQJ� UHTXLUHPHQWV� ZDV� IRXQG� WR� EH�HIIHFWLYHO\� XVHG� LQ� UKHRORJLFDO� PRGHO� GHVFULELQJ�EHKDYLRU�RI�WKH�V\VWHPV�x6LQFH� WKH� VWUXFWXUH� RI� WKH� V\VWHP� LQFOXGHV� KDUG�DOXPLQD� OD\HU� DQG� WKH� SODVWLFDOO\� GHIRUPHG� VXEVWUDWHV��WKH�LUUHYHUVLEOH�GHIRUPDWLRQV�KDYH�WR�EH�FRQVLGHUHG�DV�D�SODVWLF� LQ� QDWXUH�� 3ODVWLF� PDWHULDOV� GHIRUP� RQO\� DIWHU�ORDGLQJ�DW�XOWLPDWH�\LHOG�VWUHQJWK��x ,I�ORDG�DUH�VPDOOHU�WKHQ�\LHOG�VWUHQJWK��GHIRUPDWLRQ�LQFUHDVH� LQ� D� VWHS�E\�VWHS� PRGH� WR� D� ILQDO� YDOXH� DW�FRQVWDQW�ORDG�x3ODVWLF� GHIRUPDWLRQ� RI� WKH� V\VWHP� LV� VXPPDUL]HG�XQGHU�F\FOLF�ORDGLQJ�x)XQFWLRQ� RI� GHIRUPDWLRQ� YV�� WLPH� KDV� D� OLQHDU�VHJPHQW�LQ�RQH�RI�D�SORWWHG�UHJLRQ�DW�FRQVWDQW�ORDG�x7KH�UHWDUGDWLRQ�RI�GHIRUPDWLRQV��HODVWLF�UHWXUQ��FDQ�EH�REVHUYHG�GXULQJ�XQORDGLQJ�RI�WKH�V\VWHP�x6WUHVVHV�DUH�UHOD[HG�DW�FRQVWDQW�ORDGLQJ�UDWH�$ORQJ�ZLWK� DERYH� VWDWHG� FRQGLWLRQV�� RI� LQWHUHVW� LV� WKH�IROORZLQJ� PDWKHPDWLFDO� UHTXLUHPHQWV�� �D�� WKH�UKHRORJLFDO� HTXDWLRQV� KDYH� WR� EH� VROYHG� WR� WKH�DSSOLFDEOH� IRUP� �RUGHU� RI� D� UHTXLUHG� GLIIHUHQWLDO�HTXDWLRQ� RI� D� VWUHVV� DQG� D� GHIRUPDWLRQ� VKRXOG� QRW�H[FHHG� QXPEHUV� RI� SRVVLEOH� FRQGLWLRQV� RI� SK\VLFDO�OLPLWDWLRQV����E��WKH�HTXDWLRQV�DQG�IRUPXODWHG�SUREOHPV�KDYH� WR� EH� VROYHG� FRQFHUQLQJ� VWUHVV� RU� VWUDLQ� UDWHV��5DWLRQDO� FKRLFH�RI� DQ� DGHTXDWH�PRGHO�ZLOO� EH�GHILQHG�E\�FRPSDULVRQ�RI�FDOFXODWHG�DQG�H[SHULPHQWDO�UHVXOWV�,W� LV� H[SHFWHG� WKDW� ³FKURPH� FDUELGH� DOXPLQD� �DOXPLQXP� RU� LWV� DOOR\´� FRPSRVLWH� V\VWHP� FDQ� EH�SUHVHQWHG� E\� DQ� ³HODVWLF�WHQDFLRXV�SODVWLF´� UKHRORJLFDO�PRGHO��PRGHO����E\�6KXOPDQ HW�DO�����������6PROVNL�%��DQG�6KXOPDQ�=��� ��������7KH�PHFKDQLFDO�SURWRW\SH�RI�WKH�PRGHO�LV�VKRZQ�LQ�ILJ���D��7KH�³VWHHO�HODVWLF�YLVFRXV�SRO\PHU� OD\HUV� ± DOXPLQXP� ± R[LGH� DOXPLQXP� OD\HU´�

V\VWHP�FDQ�EH�SUHVHQWHG�E\�WKH�UKHRORJLFDO�PRGHO�IURP�WKH� WZR� HODVWLF� HOHPHQWV� DQG� WKH� WHQDFLRXV� HOHPHQW��PRGHO���VKRZQ�LQ�ILJ���E���7KH�SURWRW\SH�RI�WKH�PRGHO�LV�SDUDOOHO�FRQQHFWLRQ�RI� WKH�0D[ZHOOV¶�PRGHO�DQG�WKH�HODVWLF� HOHPHQW�� 7KH� VWUXFWXUDO� HTXDWLRQ� RI� WKH�VHTXHQWLDOO\�MRLQHG�PRGHOV�RI�WKH�V\VWHP�FDQ�EH�ZULWWHQ�LQ�WKH IRUP���+�__�1�__�6W�9��� �+�1�__�+���7KH�W\SH�RI�WKH�UKHRORJLFDO� HTXDWLRQ�XVXDOO\�GHSHQGV�RQ� D� OHYHO� DQG� D�IRUP�RI�VWUHVV�DSSOLHG�WR�WKH�PRGHOV��7KH�LQWHJUDO�GHIRUPDWLRQ�RI�WKH�VHTXHQWLDOO\�MRLQHG�PRGHOV�LV�FDOFXODWH�DV�IROORZV�
H  H� � H����������������������������������������

,I�WKH�ORDGHG�V\VWHP�KDV�WKH�VWUHVV�FRQGLWLRQ�1 ! 1���WKHQ�WKH�HTXDWLRQ�RI�WKH�FRPSRVLWH�V\VWHP��PRGHO���LQ�ILJ���D��FDQ�EH�ZULWWHQ�E\��
GWG( ����� HKHVV �� ����

ZKHUH�1h 1��DUH VWUHVVHV�DW�LQLWLDO�DQG�ILQDO�WLPH�RI�WKH�ORDGLQJ�VHTXHQWLDOO\��?��LV�WKH�PRGXOXV�RI�HODVWLFLW\�RI� WKH� OD\HU��� LV� WKH� FRHIILFLHQW� RI� YLVFRVLW\��0 LV� WKH�GHIRUPDWLRQ�
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)LJ�����5KHRORJLFDO�PRGHOV�RI�WKH�FRPSRVLWH�V\VWHPV
)RU�WKH�VHFRQG�SDUW�RI�WKH�V\VWHP��PRGHO����ILJ���E��LQFOXGLQJ�HODVWLF�YLVFRXV�SRO\PHU�OD\HUV��WKH�GLIIHUHQWLDO�HTXDWLRQ�LV�GHILQHG�E\�
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ZKHUH� ?��� ?� DUH� PRGXOXV� RI� HODVWLFLW\� RI� WKH�PDWHULDO��� LV FRHIILFLHQW�RI�YLVFRVLW\�
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7KH� UKHRORJLFDO� HTXDWLRQ� RI� WKH� FRQVHTXHQWO\�FRQQHFWHG�PRGHOV�DW� WKH� UDQGRP� ORDGLQJ�FRQGLWLRQV� LV�JLYHQ�E\�
HKHEKKHEK

VKVKVEKKVK
�
�������

��
�

�

��
��

�
���

�
�

��
��

�
��
�

((GWG((GWG
(((GWG((GWG(

�¸̧¹·¨̈©§ �� 
 ���¸̧¹·¨̈©§ ���

���
7KH� HTXDWLRQV� ������ GHVFULEH� UKHRORJLFDO� EHKDYLRU�RI�WKH�FRPSRVLWH�V\VWHPV�LQFOXGLQJ�KDUG DOXPLQD�EDVHG�OD\HUV�� DOXPLQXP� DQG� YLVFRXV�HODVWLF� SRO\PHU� OD\HUV��%HORZ�ZH�ZLOO�UHYLHZ�WKH�PDMRU�ORDGLQJ�FRQGLWLRQV���%\� DSSO\LQJ� WKH� UKHRORJLFDO� PRGHOV� WR� WKH�FRPSRVLWH� V\VWHPV� WKH� VWUHVV�GHIRUPDWLRQ�PRGH�RI� WKH�V\VWHP�PD\�EH�UHYHDOHG��5KHRORJLFDO�PRGHO�VKRXOG�EH�FRQILUPHG�E\�H[SHULPHQWDO�UHVXOWV��

0RGHOOLQJ�RI�LQGHQWDWLRQ�WHFKQLTXH/DZQ�� ��������������)UDQN�DQG�/DZQ�� ��������&ROOLQV���������� 3KDUU� HW� DO��� ������� GHVFULEHG� WKDW� WKH�GHIRUPDWLRQ�UDWH�DQG�WKH�ORDGLQJ�UDWH�RI�PDWHULDO�VXUIDFH�LV�WKH�IXQFWLRQ�RI�DQ�LQGHQWDWLRQ�WUDFN�GLDPHWHU��Z��DQG�D�GLDPHWHU� RI� LQGHQWHU� �'��� ,Q� WKH� SUHYLRXV� ZRUNV�.LUHLWVHX�� ������� UHYHDOHG� WKDW� KHUW]LDQ� LQGHQWDWLRQ�WHFKQLTXH�PD\�EH� HIIHFWLYHOO\�PRGLILHG�E\� UKHRORJLFDO�PRGHOV� WR� H[DPLQH� WKH� VWUHHH�GHIRUPDWLRQ� VWDWH� RI�FRPSRVLWHV� DQG� FRQVROLGDWHG� V\VWHPV�� +HUH� ZH� ZLOO�VWXG\�UKHRORJLFDO�EHKDYLRU�RI�WKH�WZR�SURSRVHG�PRGHOV���7KH� IXQFWLRQ� RI� VWUHVV�GHIRUPDWLRQ� PRGH� RI�VHTXHQWLDOO\� MRLQHG�PRGHOV� �ILJ����� LV� GHVFULEHG�E\� WKH�HTXDWLRQ� ������� 7R� SHUIRUP� VLPSOH� PDWKHPDWLFDO�WUDQVIRUPDWLRQ� DQG� DSSOLFDWLRQ� RI� WKH� HTXDWLRQ� LQ�H[SHULPHQWV�LW�LV�UHFRPPHQGHG�WR�XVH�VSHFLDO�VRIWZDUH�7KH� IXQFWLRQ� RI� VWUHVV�GHIRUPDWLRQ� PRGH� RI� WKH�FRPSRVLWH�V\VWHP�LQ�ILJ���D�LV�GHILQHG�E\�WKH�HTXDWLRQ������� DW� WKH� OLQHDU� FRUUHODWLRQ� RI� GHIRUPDWLRQ� UDWH� YV��ORDGLQJ�WLPH��7KH�IXQFWLRQ�RI�VWUHVV�GHIRUPDWLRQ�PRGH�RI�WKH�FRPSRVLWH�V\VWHP�LQ�ILJ���E�ZLOO�EH�H[SUHVVHG�E\�LQWHJUDWLQJ� WKH�HTXDWLRQ� ���� DW� WKH� OLQHDU�FRUUHODWLRQ�RI�GHIRUPDWLRQ� UDWH� YV�� ORDGLQJ� WLPH�� 7KH� FRQVWDQW�SDUDPHWHU�ZLOO�WKHQ�UHDG�DV�& ��LQ�WKH�HTXDWLRQ������WKDW�LV� WDNHQ� WR� WKH� FRQGLWLRQ� RI� 1����  � ��� ,Q� UHVXOW� WKH�IXQFWLRQ�RI�VWUHVV�GHIRUPDWLRQ�PRGH�RI�PRGHO��ILJ���E��LV�GHILQHG�E\�

� � � �> @ � � � �WW KKHKHHV �����
���

�
����� ��� WW HW(NHWNWW(W �� ����� � ���

2I� LQWHUHVW� LV� WKH� VXPPDUL]HG� GHIRUPDWLRQ� WKDW�HTXDOV� WR� WKH� VXP� RI� WKH� LQLWLDO� GHIRUPDWLRQ� RI� URXJK�VXUIDFH�OD\HU�DQG�WKH�GHIRUPDWLRQ�UHVXOWHG�E\�D�ORDGLQJ�7KH�DERYH�HTXDWLRQV�GHILQH�WKH�IXQFWLRQV�RI�VWUHVV�GHIRUPDWLRQ� PRGH� H[SUHVVLQJ� UKHRORJLFDO� EHKDYLRU� RI�WKH� FRPSRVLWH� V\VWHPV�� +RZHYHU� LWV� KDQG�PDGH�DSSOLFDWLRQ�FRXOG�EH�YHU\�FRPSOH[�SURFHGXUH�GXH� WR�D�QXPEHU�RI�PDWKHPDWLFDO� DQG DQDO\WLFDO� FDOFXODWLRQV� WR�EH�GRQH��8QGHU�VRPH�FRQGLWLRQV�RI� ORDGLQJ�VLPSOLILHG�UKHRORJLFDO�PRGHOV��ILJ����FDQ�SURYLGH�DGHTXDWH�UHVXOWV�WKDW� ZLOO� WKHQ� ZHOO� ILWWHG� WR� H[SHULPHQWDO� EDVH�� ,Q�SUHVHQW�ZRUN�WKH�HTXDWLRQV�������ZLOO�EH�WKHQ�XVHG�LQ�WKH�H[SHULPHQWV��7KH�IXQFWLRQ�RI�FRQWDFW�VWUHVV�UDWH�FDQ�EH�ZULWWHQ�DV��
� � � � � �»¼º«¬ª S�SV �� WG59WWW3 ��������������������

ZKHUH�5�LV�WKH�LQGHQWHU�UDGLXV��9�LV�WKH�YHORFLW\�RI�LQGHQWHU� ORDGLQJ�� W� LV� WKH� WLPH� RI� ORDGLQJ�� G�W�� LV� WKH�IXQFWLRQ�RI�LQGHQWDWLRQ�WUDFN�GHSWK�YV��DSSOLHG�ORDG��V�W��LV�WKH�IXQFWLRQ�RI��VWUHVV�UDWLQJ�DW�DSSOLHG�ORDG�7KH� WLPH� RI� VWUHVV� UHOD[DWLRQ� �2�� DQG� <RXQJ�PRGXOXV�?�� FDQ�EH�GHILQHG�E\�LQYHVWLJDWLQJ�D�UHDFWLRQ�RI�WKH�SRO\PHU�OD\HU�RQ�DSSOLHG�ORDG�DW�WKH�WLPH��W:����8QGHU� ORDGLQJ� D� VWUHVV� ZLOO� VWUDLQ� WKH� FRPSRVLWH�V\VWHPV��EXW�WKH�SRO\PHU�OD\HUV�ZLOO�GHIRUP�ILUVW��)URP�WKH�HTXDWLRQ�����LW�WDNHV�WKH�IRUP�DW�W:��
�� ������ ((WGWG �H V , o � ���

7KH�HTXDWLRQ�����GHILQHV�UHODWLRQ�EHWZHHQ�<RXQJ¶V�PRGXOXVHV�RI��WKH�PRGHO��ILJ���E���7KHQ�LW�ZLOO�PRGLILHG�WR�? ?���?���� &RQWDFW�<RXQJ�PRGXOXV� LV� FDOFXODWHG�E\��
��� �������� GGWG3 ((H S�H , o � ���
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7KH� <RXQJ� PRGXOXV� RI� WKH� FRPSRVLWH� V\VWHP� LV�H[SUHVVHG�E\�WKH�LQLWLDO�DQJOH�RI�SORWWHG�FXUYH�� �FRQWDFW�ORDG�YV��GHSWK�RI�LQGHQWDWLRQ�WUDFN��DV�LW�IROORZV�
'GN'99NGWG39GG3 ((G(( ������������ ��������� �S S�  D ���

5HVXOWV� RI� 3HOKLFD� HW� DO��� �������� 'RUQHU�� ��������%DVHQXN� HW� DO�� ������ D�� UHYHDOHG� WKDW� WKH� LQLWLDO� DQJOH�GHSHQGV� RQ� <RXQJ� PRGXOXV� RI� D� SRO\PHU� OD\HU� DQG�LQLWLDO� GLDPHWHU� RI� WKH� WUDFN� G�� UHVXOWHG� IURP� D�URXJKQHVV� RI� WKH� OD\HU� DQG� LW� ZDV� IRXQG� WKDW� IRU� WKH�YLVFRXV�HODVWLF�SRO\PHU� OD\HUV�RI� WKH�V\VWHP�WKH� LQLWLDO�DQJOH�LV�FDOFXODWHG�E\�
������ �  DJ GG3WJ ����

7KH�WJ� GHSHQGV�RQ�WKLFNQHVV�RI�WKH�SRO\PHU�OD\HUV��,Q�SUHVHQW�ZRUN�LW�ZDV�IRXQG�WKDW�WJ� ����IRU�WKH�V\VWHP�ZLWK�WKH�SRO\PHU�OD\HU RI�����PP��7KH�<RXQJ�PRGXOXV�?�� LV�GHILQHG�E\�
D ����� � �53(  ����

7KHUHIRUH�� EDVHG� RQ� H[SHULPHQWV� RQ� VWUHVV�UHOD[DWLRQ�E\� WKH�SRO\PHU� OD\HUV� LW�ZDV�FDOFXODWHG� WKDW�?��� ����F3D��JLYHQ�E\�5HLQHU�F����������YDOXH�RI���� � �� 03D�V�� DQG� WKHQ� LW� ZDV� IRXQG� ?�� �� F3Z�W  K��(�� ���V��7R� FRQILUP� WKH� SURSRVHG� UKHRORJLFDO� PRGHOV�+HUW]LDQ� VSKHULFDO� LQGHQWDWLRQV� ZHUH� GRQH� E\� WKH�LQGHQWDWLRQ� WHFKQLTXHV� DW� ILYH� SRLQWV� RQ� WKH� IROORZLQJ�VDPSOHV��6L]H�RI�WKH�VDPSOHV�ZDV���u��u��PP�FRDWHG�E\� ³VWHHO� EDVH� ± GDPSLQJ� YLVFRXV�HODVWLF� SRO\PHU� ±DOXPLQXP�DOOR\�± $O�2��OD\HU´�FRPSRVLWH�V\VWHP�7KH� LQGHQWDWLRQ� ZDV� GRQH� E\� WKH� VSKHULFDO� VWHHO�EDOOV�ZLWK� WKH�GLDPHWHUV�RI�������PP�DQG�������PP��)LYH� VHWV� RI� ORDG�XQORDG� GDWD� ZHUH� REWDLQHG� DW� HDFK�SRLQW�� ZLWK� WKH� PD[LPXP� ORDG� EHLQJ� LQFUHDVHG� IURP�3� ��1�WR�3� �����1��)RU�HDFK�LQGHQWDWLRQ��XQORDGLQJ�ZDV�FRQWLQXHG�WR�XS�WR����RI�WKH�PD[LPXP�ORDG��$IWHU�HDFK� LQGHQWDWLRQ�� WKH� FRQWDFW� UDGLXV� �D��ZDV�PHDVXUHG�IURP� WKH� UHVLGXDO�FRQWDFW� WUDFH�RQ� WKH� WRS� OD\HU��7KHQ��WKH� SORW� RI� LQGHQWDWLRQ� VWUHVV� �1�W��� YHUVXV� LQGHQWDWLRQ�

WUDFN�GHSWK��.��PP��ZDV�REWDLQHG�DQG�SORWWHG�DW�ILJ�����$FFRUGLQJ�WR�+HUW]�WKHRU\�WKHVH�WZR�SDUDPHWHUV�VKRXOG�VKRZ�D�OLQHDU�UHODWLRQVKLS�ZLWKLQ�WKH�]RQH�$�WUDQVLWLRQ�IURP�HODVWLF�WR�IXOO\�SODVWLF�GHIRUPDWLRQ�ZDV� REVHUYHG� LQ� WKH� ORDG� UDQJH� LQYHVWLJDWHG�� $� ILUVW�RUGHU� DSSUR[LPDWH� YDOXH� RI� WKH� UDGLXV� RI� WKH� FRQWDFW�FLUFOH�DW� HDFK�PD[LPXP�ORDG�ZDV�FDOFXODWHG��ZLWK� WKH�SODVWLF�GHSWK�GHWHUPLQHG�E\�GLIIHUHQWLDWLQJ�WKH�ILUVW�SDUW�RI� WKH� XQORDGLQJ� FXUYH�� $� SORW� RI� �3�� YV�� �.�� ZDV�SURGXFHG� IRU� DOO� ILYH�LQGHQWDWLRQ� VHWV�� 7KH� �SLOH� XS��FRUUHFWLRQ�SDUDPHWHU� �DFWXDO�FRQWDFW� UDGLXV��ZDV�IRXQG�WR� EH� GLVSURSRUWLRQDO� FKDQJHG� LQ� FRQWUDVW� WR� ORDG� UDWH��WKXV�LQGLFDWLQJ�GLIIHUHQW�W\SHV�RI�GHIRUPDWLRQ��)LJXUH ��VKRZV�LQGHQWDWLRQ�GHSWK�YV��ORDG�FXUYH��,W�ZDV� SORWWHG� DV� PHFKDQLFDO� UHVSRQVH� RI� WKH� V\VWHPV�XQGHU�+HUW]LDQ�LQGHQWDWLRQ�DW�FRQVWDQW�UDWH�ZLWK�VLQWHUHG�DOXPLQD�EDOO�RI���PP�GLDPHWHU��([SHULPHQWDO�GDWD�DUH�VKRZQ� E\� VROLG� OLQHV� �� DQG� �� DQG� DUH� FRPSDUHG�ZLWK�FDOFXODWHG�GDWD�LQ�GRWWHG�OLQH�LQ�ILJ�����
J��1

�
���
���
���
���
���

�����������������������������D���P)LJXUH����6WUHVV�GHIRUPDWLRQ�UDWLQJ�RI�WKH�UKHRORJLFDO�V\VWHPV
$W�XQORDGLQJ�WKH�V\VWHP�VKRZHG�WKH�UHWDUGDWLRQ�RI�GHIRUPDWLRQV� �HODVWLF� UHWXUQ�� EHFDXVH� RI� GDPSLQJ�YLVFRXV�HODVWLF�PDWHULDO��,W�FRXOG�EH�VKRZQ�LQ�D�ILJXUH�DV�D�GRZQIDOO�FXUYH��7KH�SORWWHG�UHODWLRQV�RI�H[SHULPHQWDO�GDWD�DQG�FDOFXODWHG�GDWD�ZLWK�WKH�HTXDWLRQV�����������DUH�VKRZQ�JRRG�DJUHHPHQW�RI�GHYHORSHG�UKHRORJLFDO�PRGHO�DQG�PHFKDQLFDO� EHKDYLRU� RI WKH� FRPSRVLWH�� 'HYLDWLRQ�IURP� WKLV� OLQH� LQGLFDWHV� WKH� RQVHW� RI� LUUHYHUVLEOH�GHIRUPDWLRQ��7KH�DERYH�VWDWHG�FRQGLWLRQV�DUH�IRXQG�WR�EH�XVHG�LQ�LQYHVWLJDWLRQV�RI�PHFKDQLFDO�DQG�UKHRORJLFDO�SURSHUWLHV� RI� ³DOXPLQD�DOXPLQXP� YLVFRXV�HODVWLF�PDWHULDO��SRO\PHU��± VWHHO´�FRPSRVLWH�V\VWHPV��,W�ZDV�UHYHDOHG�WKDW�H[SHULPHQWDO�UHVXOWV�RQ�VWUHVV�GHIRUPDWLRQ� WHVW�ZHOO� FRUUHODWH�ZLWK� FDOFXODWHG�GDWD�� ,W�ZDV�IRXQG�WKDW�HODVWLF�SRO\PHU�OD\HUV��WKH�WKLFNQHVV�RI�
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DERYH� �����P�� RI� WKH� V\VWHP� VKRZHG� HIIHFW� RI� VWUHVV�UHOD[DWLRQ�

)LJXUH�����,QGHQWDWLRQ�WUDFN�SURILOH
)LJXUH� �� VKRZV� LQGHQWDWLRQ� WUDFN� REWDLQHG� RQ� WKH�VXUIDFH�RI�WKH�WRS�$O�2��RI�WKH�FRPSRVLWH�V\VWHP��7KH�GLIIXVH� GDPDJH�� WKH� WUDGLWLRQDO� FRQH� DQG� ULQJ� FUDFNV��ILJ�� ��� KDYH� EHHQ� REVHUYHG� LQ� ERWK� V\VWHPV�� EXW� WKH�IUDFWXUH� IHDWXUHV� KDYH� GLIIHUHQW� LPSDFW� RQ� WKH� V\VWHP��7KH� VWUHVVHV� DUH� GLVWULEXWHG� WKURXJK� WRS� &U&� DQG�RU�DOXPLQD�OD\HUV��,W�ZDV�IRXQG�WKDW�VWUHVVHV�FRQFHQWUDWH�LQ�WKH�]RQHV�RI�SRUHV��LQWHUQDO�YRLGV�DQG�PLFUR�GHIHFWV��,Q�UHVXOW�� LW� FRXOG� LQLWLDWH� FUDFNV� DQG IUDFWXUH� RI� WKH�V\VWHPV�7KH� R[LGH� DOXPLQXP� OD\HU� LV� JHQHUDOO\�FKDUDFWHUL]HG� E\� QXPHURXV� PLFURIDLOXUHV� DQG�PLFURFUDFNLQJ� LQ� WKH� VWUXFWXUH��2Q� WKH�RWKHU�KDQG�� WKH�ERXQGDU\� OLQH� RI� WKH� LQGHQWDWLRQ� WUDFN� RQ� WKH� VXUIDFH�YLHZV�XQLIRUP�DQG�VPRRWK��2I� LQWHUHVW� LV� WKH� IDFW� WKDW�WKH�PLFURKDUGQHVV� QHDU� WKH� LQWHUIDFH� EHWZHHQ� DOXPLQD�DQG� &U&� OD\HU�� ZKLFK� ZDV� IRXQG� WR� EH� ����� *3D�� LV�KLJKHU�WKDQ�WKDW�RI�WKH�XQFRDWHG�RQH��DERXW����*3D��E\�0RWW���������%\� ORDGLQJ� WKH� VSHFLPHQ� LW� LV� IRXQG� WKDW� WHQVLOH�VWUHVV� UHVXOW� LQ� ORFDOL]HG� GHIRUPDWLRQ� WKDW� LV� JHQHUDOO\�WKH�HODVWLF�SODVWLF�LQ�QDWXUH��7KH�GHIRUPDWLRQ�LV�UHVXOWHG�IURP�WKH�UDGLDO�VSUHDGLQJ�RI�WKH�FRQWDFW�]RQH�XQGHU�WKH�LQGHQWHU�ZLWK� LQLWLDWLQJ�RI� WKH� ORFDO�FUDFNV� �ILJ������$Q�HIIHFW� RI� PDWHULDO� IORZ� UHVXOW� LQ� ERWK� VWUHVVHV�GLVWULEXWLRQ�DQG�UHVLGXDO�GHIRUPDWLRQ��6KHDU�VWUHVVHV�GHVFULEHG�E\�/DZQ�%����������DFW�LQ�WKH�WRS�FHUDPLF�OD\HUV�DW�GHSWK�RI�DERXW������P�WKDW�LV�DERXW�D�KDOI�RI�WKH�WKLFNQHVV�RI�WKH�OD\HUV��7KH�VWUHVVHV�

UHVXOW� LQ� FUDFN� LQLWLDWLRQ� DQG� LWV� SURSDJDWLRQ� LQ� WKH�OD\HUV�� 7KH� IRUP� DQG� WKH� GHSWK� RI� PD[LPXP� VWUHVV�GLVWULEXWLRQ� UHYHDOHG� WKDW� RYHUDOO� ORDG� UDWLQJ� RI� WKH�V\VWHP� XQGHU� ORFDOL]HG� LQGHQWDWLRQ� GRHV� QRW� GHSHQG�VWURQJO\� RQ� KDUGQHVV� RI� EDVH� VXEVWUDWH�� +RZHYHU� LW�FRXOG�EH�VWUHVVHG�XQGHU�KLJK�VWUHVVHV�WRR�UDSLGO\��7KH�XOWLPDWH�FRQWDFW�VWUHVV�IRU�WKH�FRPSRVLWH�V\VWHP�ZLWK� SRO\PHU� OD\HUV� ZDV� DERXW� ���� *3D�� ,Q� IDFW��SRO\PHU� OD\HUV� VLJQLILFDQWO\� GHFUHDVH� VWUHQJWK� DQG�VWLIIQHVV�RI�WKH�V\VWHPV��
&RQFOXVLRQ7KH�ZRUN�UHYHDOHG�UKHRORJLFDO�EHKDYLRU�DQG�IDWLJXH�RI�DGYDQFHG� FRPSRVLWH� V\VWHPV� OLNH� ©VWHHO� ± SRO\PHU� ±DOXPLQXP� � DOXPLQDª��5KHRORJLFDO�PRGHOV� KDYH� EHHQ�SURSRVHG�ZLWK�VHYHUDO�UHTXLUHPHQWV�WR�PRGHOLQJ�RI�WKH�V\VWHPV�� 7KH� PRGHOV� EHHQ� FRQILUPHG� E\� LQ�VLWX�H[SHULPHQWV� XVLQJ� +HUW]LDQ� WKHRU\� IRU� VSKHULFDO�LQGHQWDWLRQ�� $SSO\LQJ� WKH� UKHRORJLFDO� PRGHOV� LQ�DQDO\VLV� RI� UKHRORJLFDO� EHKDYLRU� RI� WKH� FRPSRVLWH�V\VWHPV�LW�LV�SRVVLEOH�WR�LQYHVWLJDWH�FRUUHODWLRQ�EHWZHHQ�UKHRORJLFDO� SURSHUWLHV� �SODVWLFLW\�� HODVWLFLW\� DQG�WHQDFLRXV��� PLFURVWUXFWXUH� DQG� FRPSRVLWLRQ� RI� WKH�V\VWHPV��5KHRORJLFDO�PRGHOV�JLYH� UHOLDEOH� H[SODQDWLRQRI� FRQWDFW� PHFKDQLFV� DQG� UKHRORJLFDO� EHKDYLRU� RI� WKH�V\VWHPV� DW� ORDGLQJ� XS� WR� ����1�� ,W� FRXOG� EH� XVHG� IRU�DQDO\VLV�RI�LWV�VWUHQJWK�DQG�ORDG�UDWLQJ�FKDUDFWHULVWLFV��,W�ZDV�GLVFRYHUHG�WKDW�WKH�XOWLPDWH�FRQWDFW�VWUHVV�RI�WKH� V\VWHP� LQFOXGHG� HODVWLF�YLVFRXV� SRO\PHU� OD\HUV�GHSUHFLDWH�WKH�XOWLPDWH�VWUHVV�WR�DV�ORZ�DV�����*3D��,Q�IXWXUH�LW�LV�H[SHFWHG�WKDW�XSFRPLQJ�LQYHVWLJDWLRQV�RQ� WKLV� UHVHDUFK� ZLOO� FRQFHQWUDWH� RQ� VPDUW�QDQRVWUXFWXUHG�FRPSRVLWHV�EDVHG�RQ�DOXPLQD�FHUDPLFV�DQG� QHZ� FRPSRVLWHV� VWUHQJWKHQ� E\� XOWUD KDUG�QDQRSDUWLFOHV�VXFK�DV�GLDPRQGV���
5HIHUHQFHV�� $Q� /�� �������� )UDFWXUH� DQG� &RQWDFW� 'DPDJH�%HKDYLRU� RI� 6RPH� $OXPLQD�%DVHG� &HUDPLF�&RPSRVLWHV�� 3K�'�� 'LVVHUWDWLRQ�� � /HKLJK� 8QLYHUVLW\��%HWKOHKHP��3$��� $QGULHYVN\� 5�� DQG� ,�� 6SLYDN� �������� 6WUHQJWK� RI�5HIUDFWRU\� &RPSRXQGV� DQG� 0DWHULDOV�� � 0HWDOOXUJLD��0RVFRZ��� $VKE\� 0�� DQG� 6�� +DOODP�� �������� 7KH� )DLOXUH� RI�%ULWWOH� 6ROLGV� &RQWDLQLQJ� 6PDOO� &UDFNV� XQGHU�
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&RPSUHVVLYH�6WUHVV�6WDWHV��± $FWD�0HWDO/��YRO�����>�@��SS����������� %DVHQXN� 9��� .LUH\WVHY� 0�� DQG� )HGDUDYLFKXV� $�������D��� $SSOLFDWLRQ� RI� UKHRORJLFDO� PRGHOV� WR�FRPSRVLWH� VOLGLQJ� EHDULQJV� EDVHG� RQ� SRO\PHU�PHWDO�FHUDPLFV� FRPSRVLWLRQ�� � 3URF�� RI� WKH� 6\PSRVLXP� RI�0DWHULDO	&RQVWUXFWLRQ� )DLOXUH�� �����0D\� �����$XJXVWRY��3RODQG��S������� %DVHQXN�9���.LUH\WVHY�0�������E���)DLOXUH�PRGHO�RI�WKH�FRPSRVLWH�OD\HUV�EDVHG�RQ�R[LGH�FHUDPLFV��� 3URF��RI�6\PSRVLXP� RI�0DWHULDO�	&RQVWUXFWLRQ� )DLOXUH�� ������0D\����$XJXVWRY��3RODQG��S������� %DVHQXN�9���.LUH\WVHY�0�������F���6WXG\�RI�IDLOXUH�SURFHVV�RI�R[LGH�FHUDPLFV�OD\HUV��� 3URF��RI�6\PSRVLXPRI�0DWHULDO�DQG�&RQVWUXFWLRQ�)DLOXUH��������0D\������$XJXVWRY��3RODQG��S������ %H]XKRY� 1�3�� �������� )XQGDPHQWDOV� RI� HODVWLFLW\��SODVWLFLW\�DQG�IORZ�WKHRULHV���FRVFRZ��9LVKD\D�VKNROD���� &DL�+���0��$��6��.DOFHII��DQG�%��5��/DZQ�� ��������'HIRUPDWLRQ� DQG� )UDFWXUH� RI� 0LFD�&RQWDLQLQJ� *ODVV�&HUDPLFV� LQ�+HUW]LDQ�&RQWDFW�� � -��0DWHU��5HV��� YRO�� ��>�@��3S������������ &KR� 6��� +�� 0RRQ�� %�� -�� +RFNH\��DQG� 6�� 0�� +VX���������� 7KH� 7UDQVLWLRQ� IURP�0LOG� WR� 6HYHUH�:HDU� LQ�$OXPLQD� 'XULQJ� 6OLGLQJ�� � $FWD� 0HWDO�� 9RO�� ���� 3S������������� 'RUQHU� )��� 1L[� :�'� �������� 0HWKRG� IRU�LQWHUSUHWLQJ� GDWD� IURP� GHSWK� VHQVLQJ� LQWHQWDWLRQ�LQVWUXPHQWV��� -��0DW��5HV��9RO�����3S������������� )UDQN�&��DQG�%��5��/DZQ���������2Q�WKH�7KHRU\�RI�+HUW]LDQ� )UDFWXUH�� � 3URF��5�� 6DF��/RQGRQ��$����� 3S������������� *ROEHUJ '�,�� �������� 0HFKDQLFDO� EHKDYLRU� RI�SRO\PHUV��FRVFRZ��&KHPLVWU\������ *XLEHUWHDX� 6�)���1�� 3�� 3DGOXUH�� DQG� %�� 5�� /DZQ��������� (IIHFW� RI� *UDLQ� 6L]H� RQ� +HUW]LDQ� &RQWDFW� LQ�$OXPLQD��� -��$P��&HUDP��6RF���YRO�����3S�������������� *XO� 9�(�� �������� 6WUXFWXUH� DQG� VWUHQJWK� RI�SRO\PHUV��FRVFRZ���1DXND����� +LRNL��$��,WRK��6��1DGD��+��'RL��-��.DWDPRWR��DQG�2��.DPRJRLWR���������� 1XFO��,QVWUXP��0HWKRGV�3K\V��5HV���YRO������S��������� +XEHU� 0�7�� �������� =XU� 7KHRULH� 'HU� %HUXKUXQJ�)HVWHU�(ODVWLFKHU�.RUSHU�� $QQ��3KYV���/HLS]LJ���YRO�����>��@��3S������������ ,]UDHOLDQ� $�0�� HW� DO�� ��������0HFKDQLFDO� WHVWV� RI�UHVLQ��HERQLWH�DQG�SODVWLFV��0RVFRZ�

��� .LUH\WVHY�0���%DVHQXN�9�������D���,QYHVWLJDWLRQ�RI�WULERORJLFDO�SURSHUWLHV�RI�WKH�&U&�$O�2��$O��� 3URF��RI��QG� ,QW�� V\PSRVLXP� RQ� PRGHOLQJ� WKH� SHUIRUPDQFH� RI�HQJLQHHULQJ� VWUXFWXUDO�PDWHULDOV� �03(60� � ,,��� 706�������1RY���,QGLDQDSROLV��86$��3S������������ .LUH\WVHY�0���%DVHQXN�9�� �����E���6WXG\�RI� ORDG�UDWLQJ�RI�WKH�&U&�$O�2��$O�FRPSRVLWH�OD\HU��� 3URF��RI��QG� ,QW�� V\PSRVLXP� RQ� PRGHOLQJ� WKH� SHUIRUPDQFH� RI�HQJLQHHULQJ� VWUXFWXUDO� PDWHULDOV� �03(60� � ,,�� 706�������1RY���,QGLDQDSROLV��86$��3S������������ .LUH\WVHY� 0D[LP� 9�� �����F��� 0HFKDQLFDO�SURSHUWLHV� RI� FRPSRVLWH� OD\HUV� EDVHG� RQ� KDUG� DQRGLF�R[LGH�FHUDPLFV��� 3URF��RI�WKH�6(0�$QQXDO�&RQIHUHQFH�DQG�([SRVLWLRQ��%HVW�6WXGHQW�3DSHU�&RPSHWLWLRQ��-XQH������3RUWODQG��2UHJRQ��86$��3S��������� .LUHLWVHX� 0��� DQG� <HUDNKDYHWV� 6�� ��������&RPSRVLWH� %HDULQJ� %DVHG� RQ�0HWDO� � 3RO\PHU� � 6RIW�0HWDO� ± &HUDPLFV�� ± 3URF��RI� ,QWHUQDWLRQDO� FRQIHUHQFH�RQ�PHWDOOXUJLFDO�OD\HUV�DQG�WKLQ�ILOPV � ,&0&7)�������(G��'U��%�6DUWZHOO�� � 6DQ�'LHJR��&DOLIRUQLD��86$��3S������������� /DXJLHU�0��7����������+HUW]LDQ�)UDFWXUH�RI�6LQWHUHG�$OXPLQD��� -��0DWHU��6FLHQFHV��9RO������SS������������� /DZQ� %�� 5�� �������� +HUW]LDQ� )UDFWXUH� LQ� 6LQJOH�&U\VWDOV�ZLWK�WKH�'LDPRQG 6WUXFWXUH���� -��$SSO��3K\V���YRO������SS��������������� /DZQ� %�� 5�� �������� )UDFWXUH� RI� %ULWWOH� 6ROLGV�� �&DPEULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH��8�.���� /DZQ�%��5���3DGWXUH�1��3���&DL�+��DQG�*XLEHUWHDX�)�� �������� 0DNLQJ� &HUDPLFV� 'XFWLOH�� � 6FLHQFH�� YRO�������SS��������������� /DZQ�%��5�����������,QGHQWDWLRQ�RI�&HUDPLFV�ZLWK�6SKHUHV��$�&HQWXU\�$IWHU�+HUW]���� -��$P��&HUDP��6RF���YRO������� ���SS������������ 0DUNRY� *�$�� �������� 0LFUR� DUF� R[LGL]LQJ�� �9HVWQLN� RI� 0RVFRZ� 6W�� 8QLY���0DVKLQRVWURHQLH������3S������������ 0RWW� %�� :�� �������� 0LFUR� ,QGHQWDWLRQ� +DUGQHVV�7HVWLQJ��� %XWWHUZRUWK
V��/RQGRQ����� 3DGWXUH� 1�� 3�� DQG� %�� 5�� /DZQ� �������� &RQWDFW�)DWLJXH� RI� D� 6LOLFRQ� &DUELGH� ZLWK� D� +HWHURJHQHRXV�*UDLQ�6WUXFWXUH���� -��$P��&HUDP��6RF����YRO�����>�@��SS������������
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