
��

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ9RO�����1R�����6SULQJ���������,$&K(

&RPSDULVRQ�%HWZHHQ�7ZR�9HUVLRQV�RI�WKH�6$)7�(26�LQ�WKH�6WXG\�RI�397�DQG�9/(�3KDVH�%HKDYLRU�RI�3XUH�3RO\PHU�0HOWV�DQG%LQDU\�3RO\PHU�6ROXWLRQV
9��$VDGL�0DOHNVKDK���9��7DJKLNKDQL��� $��5DPD]DQL�6�$� DQG�0��=DULQHMDG��'HSDUWPHQW�RI�&KHPLFDO�DQG�3HWUROHXP�(QJLQHHULQJ��6KDULI�8QLYHUVLW\�RI�7HFKQRORJ\��7HKUDQ��,UDQ��'HSDUWPHQW�RI�6FLHQFH�DQG�7HFKQRORJ\��WKH�%ULWLVK�&RXQFLO��7HKUDQ��,UDQ�

$EVWUDFW,Q� WKLV� ZRUN�� WKH� UHFHQWO\� SURSRVHG� 6$)7�EDVHG� (TXDWLRQ� RI� 6WDWH� �(26��� WKH� *9�66$)7�(26��ZDV�XVHG�WR�VWXG\�WKH�SKDVH�EHKDYLRU�RI�DVVRFLDWLQJ�DQG�QRQ�DVVRFLDWLQJ�SXUH� SRO\PHU� PHOWV� DV� ZHOO� DV� SRO\PHU�VROYHQW� PL[WXUHV� DW� YDULRXV� FRQGLWLRQV�� 7KH�UHJUHVVHG� YDOXHV� RI� WKH� SDUDPHWHUV� IRU� WKH� *9�66$)7� HTXDWLRQ� RI� VWDWH� IRU� D� ZLGH�VSHFWUXP�RI�SXUH�KRPRSRO\PHU�PHOWV�ZHUH�REWDLQHG�XVLQJ�WKH�FRUUHVSRQGLQJ�3UHVVXUH�9ROXPH� 7HPSHUDWXUH��397��H[SHULPHQWDO�GDWD�DYDLODEOH�LQ�WKH�OLWHUDWXUH��,Q�FDVH�RI�WKH�QRQ�DVVRFLDWLQJ� SRO\PHUV� WKH� *9�66$)7�(26� KDV� WKUHH� DGMXVWDEOH� SDUDPHWHUV�ZKLOH�WKH�QXPEHU�RI�SDUDPHWHUV�LV�LQFUHDVHG�WR�ILYH�IRU�DVVRFLDWLQJ�SRO\PHUV��7KH�SDUDPHWHUV�ZHUH� PHWLFXORXVO\� WXQHG� IRU� VHJPHQW� QXPEHU�� VHJPHQW� PRODU� YROXPH�� DQG� VHJPHQW�VHJPHQW� LQWHUDFWLRQ�HQHUJ\��DQG�WKHLU�YDOXHV� IRU� WKH�V\VWHPV�VWXGLHG�LQ� WKLV�ZRUN�ZHUH�DOVR� UHSRUWHG�� 7KH� UHVXOWV� REWDLQHG� IURP� WKH� *9�66$)7� (26� ZHUH� XQHTXLYRFDOO\�FRPSDUHG� ZLWK� WKRVH� RI� WKH� 6LPSOLILHG� YHUVLRQ� RI� WKH� 6$)7� �66$)7�� (26� IRU� ERWK�DVVRFLDWLQJ� DQG� QRQ�DVVRFLDWLQJ� SXUH� SRO\PHU� PHOWV� DV� ZHOO� DV� SRO\PHU�VROYHQW�PL[WXUHV�� 7KH� UHVXOWV� VKRZHG� WKDW� WKH� *9�66$)7� (26� FDQ� DFFXUDWHO\� FRUUHODWH� WKH�H[SHULPHQWDO�GDWD�IRU�OLTXLG�GHQVLW\�RI�SXUH�SRO\PHU�PHOWV�DW�ZLGH�WHPSHUDWXUH�UDQJHV��,Q� FDVH� RI� SRO\PHU�VROYHQW� PL[WXUHV�� LQIHULRU� UHVXOWV� REWDLQHG� E\� HPSOR\LQJ� WKH� *9�66$)7� (26� WR� WKH� 9/(� H[SHULPHQWDO� GDWD�� 7KH� UHVXOWV� DOVR� VKRZHG� WKDW� ZKLOH�FRQVLGHULQJ� WKH� VSHFLILF� VLWH�VLWH� LQWHUDFWLRQV� IRU� WKH� DVVRFLDWLQJ� SRO\PHUV� PDNHV� WKH�6$)7� EDVHG� HTXDWLRQV� RI� VWDWH� PRUH� FRPSOLFDWHG�� WKH� ILQDO� UHVXOWV� FDQQRW� EH� PXFK�DIIHFWHG� E\� VXFK� FRPSOH[LW\�� 7KHUHIRUH� WKLV� NLQG� RI� PROHFXODU� LQWHUDFWLRQ� FRXOG� EH�QHJOHFWHG�WR�D�JRRG�DSSUR[LPDWLRQ��,W�ZRXOG�EH�ZRUWK�QRWLQJ�WKDW�LQ�RUGHU�WR�GR�D�IDLU�FRPSDULVRQ� EHWZHHQ� WKH� UHVXOWV� REWDLQHG� IURP� WKH� *9�66$)7�(26�ZLWK� WKRVH� RI� WKH�66$)7�(26�� WKH� VDPH VHWV�RI�H[SHULPHQWDO�GDWD�DQG�WKH�VDPH�RSWLPL]DWLRQ�SURFHGXUH�ZHUH�XVHG�IRU�ERWK�HTXDWLRQV�RI�VWDWH�WR�UHQGHU�WKHLU�UHJUHVVHG�SDUDPHWHUV�
.H\ZRUGV� 6$)7��HTXDWLRQ�RI�VWDWH��SRO\PHU�VROXWLRQ��*9�66$)7

 � &RUUHVSRQGLQJ�DXWKRU� (�PDLO��WDJKLNKDQL#VKDULI�HGX

,QWURGXFWLRQ.QRZOHGJH� RI� SKDVH� EHKDYLRU� LQ� SRO\PHU�VROXWLRQV� LV� FUXFLDO� WR� WKH� SRO\PHU� LQGXVWU\��(TXDWLRQV� RI� VWDWH� SOD\� DQ� LPSRUWDQW� UROH� LQ�
SUHGLFWLQJ� WKH� SKDVH� EHKDYLRU� RI� SRO\PHU�VROXWLRQV� DQG� KHQFH� LQ� GHVLJQ� DQG�RSWLPL]D�WLRQ� RI� SRO\PHU� SURFHVVHV�� 1XPHURXV� DW�WHPSWV� KDYH� EHHQ� PDGH� WR� GHYHORS� DQG�
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DVVRFFKDLQGLVSKVUHV DDDDD ��� ���
7KH� WHUPV� LQWURGXFHG� LQ�HTXDWLRQ� ���� IRU� WKH�VLPSOLILHG� YHUVLRQ� RI� WKH� 6$)7� �66$)7��>��@� DUH� EULHIO\� H[SUHVVHG� DFFRUGLQJ� WR� WKH�IROORZLQJ�HTXDWLRQV�
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ZKHUH� � LV� WKH� UHGXFHG� GHQVLW\� DQG� FDQ� EH�ZULWWHQ�DV�
� PG1 �$9USK ���

,Q� HTXDWLRQ� ����� U�� G�� DQG� 1$9 DUH� PRODU�
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ZKHUH� JKV �G�� LV� WKH� UDGLDO� GLVWULEXWLRQ�
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NLM� LQ� HTXDWLRQ� ����� LV� WKH� ELQDU\� LQWHUDFWLRQ�SDUDPHWHU� IRU� HQHUJ\� SDUDPHWHU� RI� VTXDUH�ZHOO� SRWHQWLDO�� ,Q� WKH� VDPH� ZD\�� WKH� ELQDU\�SDUDPHWHU�� OLM�� FDQ� EH� LQWURGXFHG� LQWR� WKH�VHJPHQW�QXPEHU�DV�IROORZV�
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,W� VKRXOG� EH� VWDWHG� WKDW� NLM� DQG OLM DUH� WZR�DGMXVWDEOH�SDUDPHWHUV�DQG�FDQ�EH�REWDLQHG�E\�ILWWLQJ� WKH� 6$)7�EDVHG� HTXDWLRQV� RI� VWDWH� WR�WKH�9DSRU�/LTXLG�(TXLOLEULXP��9/(��GDWD�IRU�WKH� SRO\PHU� VROXWLRQV�� $OVR�� WKH� FKDLQ� DQG�DVVRFLDWLRQ� SDUWV� RI� WKH� UHVLGXDO� +HOPKROW]�IUHH� HQHUJ\� IRU� WKH� PL[WXUH� RI� KDUG� VSKHUHV�FDQ�EH�ZULWWHQ�DV�
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ZKHUH� JLLKV�GLL�� LV� WKH� 5')� DW� FRQWDFW� YDOXH�EHWZHHQ� WZR� OLNH� VHJPHQWV� DQG� LV� JLYHQ��EDVHG�RQ�WKH�IROORZLQJ�H[SUHVVLRQ�
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7KH� DVVRFLDWLRQ� WHUP� SURSRVHG� E\�&KDSPDQ�HW�DO��>�@�LV�SUHVHQWHG�DV�IROORZV�
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ZKHUH� ;$L LV� D� PROH� IUDFWLRQ� RI� HDFK�DVVRFLDWLRQ� VLWH� RQ� PROHFXOH� L� ZKLFK� LV� QRW�ERQGHG�DQG�UHQGHUHG�DV�IROORZV�
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,Q� HTXDWLRQ� ������ û$L%M LV� WKH� DVVRFLDWLRQ�VWUHQJWK�EHWZHHQ�WZR�VLWHV�RI�$�DQG�%�DQG�LV�JLYHQ�DV�
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,W� VKRXOG� EH� HPSKDVL]HG� WKDW� WKH� QXPEHU� RI�DVVRFLDWLRQ� VLWHV� VKRXOG� EH� VSHFLILHG� IRU�DVVRFLDWLQJ�SRO\PHUV��,Q�IDFW��WZR�DVVRFLDWLQJ�VLWHV� DUH� DVVLJQHG� RQ� HDFK� 3(*� PROHFXOH�ZKHQ� LW� LV� FRQVLGHUHG� DV� D� VHOI�DVVRFLDWLQJ�SRO\PHU�� 3(*� PROHFXOH� FDQ� IRUP� VHOI�DVVRFLDWLRQ� QRW� RQO\� WKURXJK� K\GUR[\� JURXS�EXW� DOVR� WKURXJK� R[\JHQ� DWRPV� LQ� WKH�
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SRO\PHU� EDFNERQH�� +RZHYHU�� LW� LV� DVVXPHG�WKDW� RQO\� WKH� K\GUR[\� HQG�JURXS� LV�FRQVLGHUHG�DV�DQ�DVVRFLDWLQJ�IDFWRU�RQ�D�3(*�PROHFXOH� >��@�� 5HFHQWO\�� DQRWKHU� YHUVLRQ� RI�WKH� 6$)7�EDVHG� HTXDWLRQ� RI� VWDWH�� WKH� *9�66$)7�� KDV� EHHQ� SURSRVHG� E\� $VDGL� HW� DO�>��@��,Q�WKH�*9�66$)7�HTXDWLRQ�RI�VWDWH��WKH�KDUG� VSKHUH� FRPSUHVVLELOLW\� IDFWRU� FDQ� EH�H[SUHVVHG�DFFRUGLQJ�WR�WKH�IROORZLQJ�UHODWLRQ�>��@�
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ZKHUH�� DQG�2 DUH� WKH�QRUPDOL]HG�DQG�FORVH�SDFNHG�UHGXFHG�GHQVLWLHV�UHVSHFWLYHO\�7KH� KDUG� VSKHUH� +HOPKROW]� IUHH� HQHUJ\�FRUUHVSRQGLQJ� WR� ]KV FDQ� EH� REWDLQHG� XVLQJ�WKH�IROORZLQJ�UHODWLRQ�
KKK UUU ³³ KU G��]G��]57D �

KV
�

KVKV ����
7KHUHIRUH��XVLQJ� WKH�*9�66$)7�HTXDWLRQ�RI�VWDWH�� WKH�KDUG� VSKHUH�+HOPKROW]� IUHH�HQHUJ\�IRU�PL[WXUHV�FDQ�EH�ZULWWHQ�DV�IROORZV >��@�
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ZKHUH�<� DQG <�� DUH�GLPHQVLRQOHVV�YROXPH�LQGHSHQGHQW� JURXSV� JLYHQ� E\� WKH� IROORZLQJ�UHODWLRQV�
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,Q� WKH� DERYH� HTXDWLRQV�� �L LV� WKH� QRUPDOL]HG�IRUP�RI��L��DQG�SUHVHQWHG�DV�
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DQG� � .�� DQG� .� DUH� JLYHQ� E\� WKH� IROORZLQJ�UHODWLRQV�
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$V� H[SODLQHG� EHIRUH�� ERWK� 66$)7� DQG WKH�*9�66$)7�KDYH�WKUHH�DGMXVWDEOH�SDUDPHWHUV��L�H��P��Y��� DQG�X��� IRU� QRQ�DVVRFLDWLQJ� IOXLGV�
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DQG� WZR� DGGLWLRQDO� SDUDPHWHUV�� N$%� DQG� 0$%IRU� DVVRFLDWLQJ� IOXLGV�� 7KHVH� SDUDPHWHUV� FDQ�EH� REWDLQHG� E\� ILWWLQJ� WKH� 6$)7�EDVHG�HTXDWLRQV� RI� VWDWH� WR� WKH� 397� H[SHULPHQWDO�GDWD� RI� SXUH� SRO\PHU� PHOWV� VWXGLHG� LQ� WKLVZRUN��,Q�RUGHU�WR�ILQG�WKH�UHJUHVVHG�YDOXHV�IRU�WKH�SDUDPHWHUV�RI� WKH�6$)7�EDVHG�HTXDWLRQV�RI�VWDWH��WKH�IROORZLQJ�REMHFWLYH�IXQFWLRQ�ZDV�XVHG�>��@�
��H[S��FDO �33��)�2 � ����

ZKHUH� VXSHUVFULSWV� FDO DQG� H[S� UHVSHFWLYHO\�VWDQG� IRU� WKH� FDOFXODWHG� DQG� H[SHULPHQWDO�YDSRU� SUHVVXUH� IRU� WKH� SRO\PHU� V\VWHPV�VWXGLHG� LQ� WKLV�ZRUN�� ,W� LV�ZRUWK�PHQWLRQLQJ�WKDW�WKH�VDPH�H[SHULPHQWDO�GDWD�DQG�WKH�VDPH�PLQLPL]DWLRQ� SURFHGXUH� ZHUH� XVHG� IRU� ERWK�HTXDWLRQV�RI�VWDWH�VWXGLHG�LQ�WKLV�ZRUN,W� VKRXOG� EH� SRLQWHG� RXW� WKDW� LQ� D� SRO\PHU�VROXWLRQ� VLQFH� WKH� PROHFXODU� ZHLJKW� RI� WKH�SRO\PHU� LV� RIWHQ� QRW� NQRZQ� DFFXUDWHO\� LW� LV�GLIILFXOW� WR� GHWHUPLQH� WKH� SRO\PHU� PROH�IUDFWLRQ�� 7KXV�� DQ� DSSURSULDWH� FRQFHQWUDWLRQ�XQLW�VXFK�DV�YROXPH�IUDFWLRQ��ZHLJKW�IUDFWLRQ�RU�VHJPHQW�IUDFWLRQ�LV�FRPPRQO\�UHSRUWHG�DV�H[SHULPHQWDO� HTXLOLEULXP� GDWD� IRU� SRO\PHU�VROXWLRQV�>��@��,Q�WKLV�VWXG\�LQ�RUGHU�WR�REWDLQ�WKH� YDOXHV� IRU� WKH� SDUDPHWHUV� RI� WKH� 6$)7�EDVHG� HTXDWLRQV� RI� VWDWH� WKH� PROH� IUDFWLRQ�FRQFHQWUDWLRQ� VFDOH� IRU� ERWK� SRO\PHU� DQG�VROYHQW� ZHUH� XVHG�� 7R� FRQYHUW� WKH� SRO\PHU�ZHLJKW� IUDFWLRQ� VFDOH� WR� WKDW� RI� WKH� PROH�IUDFWLRQ� VFDOH�� WKH� IROORZLQJ� UHODWLRQ� FDQ� EH�XVHG�
�Z0Z00� Z0[ �����

��� �� ����
ZKHUH�[�DQG�Z�DUH�PROH�DQG�ZHLJKW�IUDFWLRQV��UHVSHFWLYHO\� 0�LV�WKH�QXPEHU�DYHUDJH�RI�WKH�PROHFXODU� ZHLJKW� RI� SRO\PHU� LQ� D� SRO\PHU�

VROYHQW� V\VWHP� DQG� VXEVFULSWV� �� DQG� ��UHVSHFWLYHO\� VWDQG� IRU� VROYHQW� DQG� SRO\PHU�PROHFXOHV�LQ�D�SRO\PHU�± VROYHQW�PL[WXUH��,Q� RUGHU� WR� FRQYHUW� WKH� SRO\PHU� VHJPHQW�IUDFWLRQ� WR� WKDW� RI WKH� PROH� IUDFWLRQ�� WKH�IROORZLQJ�UHODWLRQ�FDQ�EH�XVHG�
�ZPZPP� ZP[ ��������

���� fff
f X�X�X X ����

ZKHUH�P�LV�WKH�VHJPHQW�QXPEHU�DQG� �� LV�WKH�FORVH�SDFNHG� PRODU� YROXPH� RI� HDFK�FRPSRQHQW� LQ� D� SRO\PHU�VROYHQW� PL[WXUH��*RLQJ�WKURXJK�HTXDWLRQ�������LW�FDQ�EH�IRXQG�RXW� WKDW� LQ� RUGHU� WR� FRQYHUW� WKH� SRO\PHU�VHJPHQW�IUDFWLRQ�WR�WKDW�RI�WKH�PROH�IUDFWLRQ��WKH� YDQ� GHU�:DDOV� YROXPHV� RI� KDUG� VSKHUHV�IRU� ERWK� VROYHQW� DQG� SRO\PHU�PROHFXOHV� DUH�UHTXLUHG�� 7KLV� SDUDPHWHU� FDQ� EH� REWDLQHG�XVLQJ� WKH� GDWD� UHSRUWHG� E\� %RQGL� >��@� RU�XVLQJ WKH� SDUDPHWHUV� REWDLQHG� IURP� WKH�6$)7�EDVHG� HTXDWLRQV� RI� VWDWH��7KH� YDQ�GHU�:DDOV� YROXPH� IRU� HDFK� FRPSRQHQW� LQ�VROXWLRQ� LV� WR� EH� FRQVLGHUHG� DV� P����7KHUHIRUH��ZLWKRXW�FRQVLGHULQJ�DQ\�DGGLWLRQDO�SDUDPHWHU�� WKH� VHJPHQW� IUDFWLRQ� LV�VWUDLJKWIRUZDUGO\� FRQYHUWHG� WR� D� ZHLJKW�IUDFWLRQ� XVLQJ� WKH� SDUDPHWHUV� REWDLQHG� IURP�HDFK�HTXDWLRQ�RI�VWDWH�
5HVXOWV�DQG�GLVFXVVLRQ7DEOHV� �� DQG� �� SUHVHQW� WKH� YDOXHV� RI� WKH�SDUDPHWHUV� IRU� WKH� 66$)7� DQG� *9�66$)7�HTXDWLRQV� RI� VWDWH� IRU� D� QXPEHU� RI� SXUH�SRO\PHU�PHOWV�XVLQJ�WKH�OHDVW�VTXDUH�ILW�RI�WKH�HTXDWLRQV�RI�VWDWH�WR�WKH�H[SHULPHQWDO�GDWD�RI�WKH�OLTXLG�GHQVLWLHV�DYDLODEOH�LQ�WKH�OLWHUDWXUH��,W� VKRXOG� EH� VWDWHG� WKDW� WR� REWDLQ� WKH� EHVW�YDOXHV� IRU� WKH� SDUDPHWHUV� RI� WKH� 66$)7� DV�ZHOO� DV� WKH� *9�66$)7� HTXDWLRQV� RI� VWDWH��HTXDWLRQ� ����� ZDV� JOREDOO\� PLQLPL]HG�� ,W�VKRXOG� DOVR� EH� QRWHG� WKDW� LQ� RUGHU� WR� GR� DQ�XQHTXLYRFDO�DQG�IDLU�FRPSDULVRQ�EHWZHHQ�WKH�UHVXOWV� REWDLQHG� IURP� WZR� 6$)7�EDVHG�
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HTXDWLRQV� RI� VWDWH�� WKH� VDPH� H[SHULPHQWDO�GDWD� DQG�PLQLPL]DWLRQ�SURFHGXUH�ZHUH�XVHG��$V�FDQ�EH�VHHQ�IURP�7DEOHV���DQG����IRU�QRQ�DVVRFLDWLQJ� SRO\PHU� PHOWV� WKH� YDOXHV� IRU�WKUHH�DGMXVWDEOH�SDUDPHWHUV�ZHUH�H[FOXVLYHO\�UHSRUWHG�� ZKLOH� LQ� FDVH� RI� DVVRFLDWLQJ� SXUH�

SRO\PHU� PHOWV�� L�H�� 3(*�� WKH� QXPEHU� RI�DGMXVWDEOH�SDUDPHWHUV�UHSRUWHG�ZDV�LQFUHDVHG�WR� ILYH�� $V� PHQWLRQHG� EHIRUH�� DVVRFLDWLRQ�HQHUJ\� DQG� DVVRFLDWLRQ� YROXPH� DUH� WZR�DGGLWLRQDO�SDUDPHWHUV�IRU�WKHVH�V\VWHPV�
7DEOH����7KH�UHJUHVVHG�YDOXHV�RI�WKH�VHJPHQW�SDUDPHWHUV�RI�WKH�66$)7�HTXDWLRQ�RI�VWDWH�REWDLQHG�IRU�D�QXPEHU�RI�SXUH�SRO\PHU�PHOWV�SRO\PHU P �� X��N N$% 0$%�N 0Q+'3( ��������� ����� ������ � � �����+0'6 ������ ����� ������ � � ���/'3( �������� ����� ������� � � �����3'06 ������� ����� ������ � � ���3'06 ������� ����� ������ � � ���3'06 ������� ����� ������ � � ����3'06 ������� ����� ������ � � ����3'06 ������� ����� ������ � � ����3'06 �������� ����� ������ � � ����3'06 �������� ����� ������ � � ����3'06 �������� ����� ������ � � �����36 ��������� ����� ������� � � �����37 �������� ����� ������ � � �����39$& ��������� ����� ������ � � �����

3,% ��������� ����� ������� � � ����������33* ������� ����� ������ � � ����300$ ��������� ����� ������� � � ������
39& ��������� ����� ������� � � ������
15 ��������� ����� ������ � � ������

1\ORQ� ��������� ����� ������� � � ������
3$5 ��������� ����� ������� � � ������3(* �������� ����� ������ � � ����3(*D �������� ����� ������ �������� ����� ����

D�� $VVRFLDWLRQ�LQWHUDFWLRQ�LV�FRQVLGHUHG�LQ�WKLV�FDVH�



&RPSDULVRQ�%HWZHHQ�7ZR�9HUVLRQV�RI�WKH�6$)7�(26�LQ�WKH�6WXG\�RI�397�DQG�9/(3KDVH�%HKDYLRU�RI�3XUH�3RO\PHU�0HOWV�DQG�%LQDU\�3RO\PHU�6ROXWLRQV
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7DEOH����7KH�UHJUHVVHG�YDOXHV�IRU�WKH�VHJPHQW�SDUDPHWHUV�RI�WKH�*9�66$)7�HTXDWLRQ�RI�VWDWH�REWDLQHG�IRU�D�QXPEHU�RI�SXUH�SRO\PHU�PHOWV�SRO\PHU P �� X��N N$% 0$%�N 0Q
+'3( ��������� ����� ������ � � �����
+0'6 ������ ����� ������ � � ���
/'3( �������� ����� ������� � � �����
3'06 ������� ����� ������ � � ���
3'06 ������� ����� ������ � � ���
3'06 ������� ����� ������ � � ����
3'06 ������� ����� ������ � � ����
3'06 ������� ����� ������ � � ����
3'06 �������� ����� ������ � � ����
3'06 �������� ����� ������ � � ����
3'06 �������� ����� ������ � � �����
36 ��������� ����� ������� � � �����
37 �������� ����� ������ � � �����

39$& ��������� ����� ������ � � �����
3,% ��������� ����� ������� � � ���������33* ������� ����� ������ � � ����

300$ ��������� ����� ������� � � ������
39& ��������� ����� ������� � � ������
15 ��������� ����� ������ � � ������

1\ORQ� ��������� ����� ������� � � ������
3$5 ��������� ��������� ������� � � ������
3(* �������� ����� ������ � � ����
3(*D �������� ����� ������ �������� ����� ����

D�� $VVRFLDWLRQ�LQWHUDFWLRQ�LV�FRQVLGHUHG�LQ�WKLV�FDVH�



$VDGL�0DOHNVKDK��7DJKLNKDQL��5DPD]DQL�6�$��=DULQHMDG

,UDQLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ��9RO�����1R��� ��

7DEOH���JLYHV� WKH� UHVXOWV�RI� WKH�6$)7�EDVHG�HTXDWLRQV� RI� VWDWH�� L�H��� WKH� *9�66$)7� DQG�WKH� 66$)7� (26� DORQJ� ZLWK� WKH� SHUFHQW� RI�$EVROXWH� $YHUDJH� 5HODWLYH� 'HYLDWLRQ��$$5'��� IURP� WKH� H[SHULPHQWDO� GDWD� RI�OLTXLG� GHQVLW\� RYHU� D� ZLGH� UDQJH� RI�

WHPSHUDWXUH� IRU� YDULRXV� SXUH� SRO\PHU�PHOWV��$V� VKRZQ� LQ� 7DEOH� ��� ERWK� WKH� *9�66$)7�DQG� WKH� 66$)7� HTXDWLRQV� RI� VWDWH� FDQ�DFFXUDWHO\�FRUUHODWH�WKH�H[SHULPHQWDO�GDWD�IRU�OLTXLG�GHQVLW\�RI�SXUH�SRO\PHU�PHOWV�
7DEOH����7KH�UHVXOWV� IRU�SRO\PHU�GHQVLW\�DORQJ�ZLWK� WKH�SHUFHQW�RI�$$5'�IURP�H[SHULPHQWDO�GDWD�REWDLQHG�XVLQJ�WKH�66$)7�DQG WKH�*9�66$)7�

D�� $VVRFLDWLRQ�LQWHUDFWLRQ�LV�FRQVLGHUHG�LQ�WKLV�FDVH� �� ¦ U U�U 1
�L L�H[S

�H[S�FDO �� ����1������$$5'
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)LJXUHV� �� DQG� �� VKRZ� WKH� YDULDWLRQ� RI� WKH�VHJPHQW� QXPEHU� RI� 3'06� YHUVXV� QXPEHU�DYHUDJH�PROHFXODU�ZHLJKW�RI�3'06�REWDLQHGIURP� WKH� 66$)7� DQG� WKH� *9�66$)7��UHVSHFWLYHO\��$V� FDQ� EH�REVHUYHG� IURP� WKHVH�ILJXUHV�� WKH�VHJPHQW�QXPEHU�RI� WKH�SRO\PHU��3'06��LV�OLQHDUO\�GHSHQGHQW�XSRQ�PROHFXODU�ZHLJKW�� 7KHUHIRUH�� WKH� VHJPHQW� QXPEHU� IRU�3'06�FDQ�EH�IRXQG�DW� WKH�KLJKHU�PROHFXODU�

ZHLJKW� 7KH� OLQHDU� UHODWLRQVKLS� EHWZHHQ�VHJPHQW� QXPEHU� DQG� PROHFXODU� ZHLJKW�REWDLQHG� IURP� WKH� 66$)7� HTXDWLRQ� RI� VWDWH�IRU�3'06�FDQ�EH�JLYHQ�E\�
P ������0Q������� ����

)LJXUH� ���9DULDWLRQ� RI� WKH� VHJPHQW� QXPEHU�ZLWK� QXPEHU� DYHUDJH�PROHFXODU�ZHLJKW� IRU� 3'06�REWDLQHG� IURP� WKH�66$)7�HTXDWLRQ�RI�VWDWH�

)LJXUH����9DULDWLRQ�RI�WKH�VHJPHQW�QXPEHU�ZLWK�QXPEHU�DYHUDJH�PROHFXODU�ZHLJKW�IRU�3'06�REWDLQHG�IURP�WKH�*9�66$)7�HTXDWLRQ�RI�VWDWH�
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ZKHUH� P� DQG� 0Q DUH� VHJPHQW� QXPEHU� DQG�QXPEHU� DYHUDJH� PROHFXODU� ZHLJKW�� UHV�SHFWLYHO\�� ,Q� FDVH� RI� WKH� *9�66$)7� WKH�OLQHDU�GHSHQGHQF\�RI�VHJPHQW�QXPEHU�RQ�WKH�QXPEHU� DYHUDJH� PROHFXODU� ZHLJKW� FDQ� EH�H[SUHVVHG� DFFRUGLQJ� WR� WKH� IROORZLQJ�UHODWLRQ��
P ������0Q������� ����

)LJXUHV� �� DQG� �� UHSUHVHQW� WKH� YDULDWLRQ� RI�VSHFLILF� YROXPH� RI� 3'06� ZLWK� 0Q �����YHUVXV� WHPSHUDWXUH� DW� GLIIHUHQW� SUHVVXUHV�REWDLQHG� XVLQJ� WKH� 66$)7� DQG� WKH� *9�66$)7� HTXDWLRQV� RI� VWDWH�� UHVSHFWLYHO\��*RLQJ� WKURXJK� WKHVH� WZR� ILJXUHV�� WKH� UHVXOWV�RI� ERWK� HTXDWLRQV� RI� VWDWH� DUH� LQ� JRRG�DJUHHPHQW� ZLWK� WKH� FRUUHVSRQGLQJ�H[SHULPHQWDO�GDWD�

)LJXUH����9DULDWLRQ�RI�WKH�VSHFLILF�YROXPH�RI�3'06��0Q ������YHUVXV�WHPSHUDWXUH�DW�GLIIHUHQW�SUHVVXUH�REWDLQHG�IURP�WKH�66$)7�HTXDWLRQ�RI�VWDWH

7DEOH���SUHVHQWV�WKH�UHVXOWV�RI�WKH�9/(�VWXG\�IRU� D� QXPEHU� RI� DVVRFLDWLQJ� DQG� QRQ�DVVRFLDWLQJ� SRO\PHU�VROYHQW�PL[WXUHV� RYHU� D�ZLGH� UDQJH� RI� WHPSHUDWXUH� DORQJ� ZLWK� WKH�SHUFHQW� RI� 5RRW� 0HDQ� 6TXDUH� 'HYLDWLRQ��506'���$V� FDQ� EH� VHHQ� IURP� 7DEOH� ��� WKH�ELQDU\� LQWHUDFWLRQ� SDUDPHWHU�� NLM�� LV� FRQ�VLGHUHG� WR� EH� WHPSHUDWXUH� GHSHQGHQW� LQ� WZR�

6$)7�EDVHG�HTXDWLRQV�RI�VWDWH�VWXGLHG�LQ�WKLV�ZRUN�7DEOH���VKRZV�WKH�OLQHDU�GHSHQGHQF\�EHWZHHQ�ELQDU\�LQWHUDFWLRQ�SDUDPHWHU�DQG�WHPSHUDWXUH�IRU� WZR� SRO\PHU�VROYHQW� PL[WXUHV� XQGHU�VWXG\�DV�
NLM $�%7 ����
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)LJXUH����9DULDWLRQ�RI� WKH�VSHFLILF�YROXPH�RI�3'06��0Q ������YHUVXV�WHPSHUDWXUH�DW�GLIIHUHQW�SUHVVXUH�REWDLQHG�IURP�WKH�*9�66$)7�HTXDWLRQ�RI�VWDWH�
6XFK� OLQHDU� UHODWLRQVKLS� EHWZHHQ� WKH� ELQDU\�LQWHUDFWLRQ� SDUDPHWHU� DQG� WHPSHUDWXUH�FDQQRW� EH� REVHUYHG� IRU� DOO� V\VWHPV��+RZHYHU�� DV� VHHQ� IRU� D� ODUJH� QXPEHU� RI�V\VWHPV�� WKH� ELQDU\� LQWHUDFWLRQ� SDUDPHWHUV�LQFUHDVH� ZLWK� WHPSHUDWXUH�� $OVR� WKH�WHPSHUDWXUH� GHSHQGHQW� ELQDU\� LQWHUDFWLRQ�SDUDPHWHU�GHFUHDVHV�DV�WKH�PROHFXODU�ZHLJKW�RI� WKH� SRO\PHU� LQFUHDVHV�� ,W� FDQ� DOVR� EH�REVHUYHG� WKDW� WKH� 66$)7� (26� FDQ� PRUH�DFFXUDWHO\� FRUUHODWH� WKH� YDSRU� SUHVVXUH� RI�VROYHQW� LQ� WKH� SRO\PHU�VROYHQW� PL[WXUHV�FRPSDULQJ� WR� WKRVH� REWDLQHG� IURP� WKH� *9�66$)7�HTXDWLRQ�RI�VWDWH�7DEOH���JLYHV�WKH�VHJPHQW�QXPEHU��VHJPHQW�PRODU�YROXPH��DQG WHPSHUDWXUH�LQGHSHQGHQW�GHSWK�RI� VTXDUH�ZHOO�SRWHQWLDO� IRU�D�QXPEHU�RI� VROYHQWV� LQ� WKH�SRO\PHU�VROYHQW�PL[WXUHV�VWXGLHG� XVLQJ� ERWK� WKH� 66$)7� DQG� *9�66$)7� HTXDWLRQV� RI� VWDWH� DW� WKH� VSHFLILHG�UDQJH�RI� WHPSHUDWXUHV�� ,W� VKRXOG�EH� VWUHVVHG�WKDW�WKH�SDUDPHWHUV�UHSRUWHG�LQ�7DEOH���ZHUH�GLUHFWO\� XVHG� LQ� WKH�9/(�VWXG\�RI�SRO\PHU�

VROYHQW�PL[WXUHV�)LJXUHV� �� DQG� �� VKRZ� WKH� YDULDWLRQ� RI� WKH�PROH�IUDFWLRQ�RI�3(*�PROHFXOHV�ERQGHG�DW�D�VSHFLILF�VLWH�LQWHUDFWLRQ�ZLWK�ZHLJKW�IUDFWLRQ�RI� SRO\PHU� DW� D� GLIIHUHQW� 3(*� QXPEHU�DYHUDJH�PROHFXODU�ZHLJKW�DQG�DW�WHPSHUDWXUH�RI� ������� .� XVLQJ� WKH� 66$)7� DQG� *9�66$)7� HTXDWLRQV� RI� VWDWH�� UHVSHFWLYHO\��)URP� ERWK� ILJXUHV� �� DQG� ��� LW� FDQ� EH�REVHUYHG� WKDW� DV� WKH� ZHLJKW� IUDFWLRQ� RI�SRO\PHU� LQ� WKH� SRO\PHU�VROYHQW� PL[WXUH�LQFUHDVHV�� WKH� PROH� IUDFWLRQ� RI� 3(*� PROH�FXOHV� ERQGHG� DW� VSHFLILF� LQWHUDFWLRQ� VLWHV�LQFUHDVHV�� &RQYHUVHO\�� LQFUHDVH� RI� SRO\PHU�PROHFXODU�ZHLJKW�UHVXOWV�LQ�D�GHFUHDVH�LQ�WKH�PROH� IUDFWLRQ� RI� 3(*�PROHFXOHV� ERQGHG� DW�VSHFLILF� LQWHUDFWLRQ� VLWHV�� ,W� VKRXOG� EH�SRLQWHG� RXW� WKDW� 3(*� RQO\� H[LVWV� LQ� WKH�OLTXLG� SKDVH� DQG� KHQFH� GRHV� QRW� VHOI�DVVRFLDWH�LQ�WKH�YDSRU�SKDVH�,Q� RUGHU� WR� VLJQLILFDQWO\� UHGXFH� WKH� HUURUV�SURGXFHG��LQ�DSSOLFDWLRQ��RI WKH�6$)7�EDVHG�HTXDWLRQV��RI��VWDWH��WR��WKH��SRO\PHU�� VROYHQW
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1 �3�3�������506' 1

�L ��FDOLH[S�L¦  

7DEOH��� 7KH�ELQDU\� LQWHUDFWLRQ�SDUDPHWHUV�DORQJ�ZLWK� WKH�SHUFHQW�RI�5RRW�0HDQ�6TXDUH�'HYLDWLRQ� �506'��IURP�H[SHULPHQWDO�GDWD�>��@�REWDLQHG�IURP�WKH�66$)7�DQG�WKH�*9�66$)7�HTXDWLRQV�RI�VWDWH�IRU�WKH�SRO\PHU�VROXWLRQV
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7DEOH����5HJUHVVHG�YDOXHV�IRU� WKH�SDUDPHWHUV�XVHG�LQ�HTXDWLRQ����� IRU� WKH�V\VWHPV�VWXGLHG�LQ�WKLV�ZRUN�DQG�REWDLQHG�IURP�ERWK�WKH�66$)7�DQG�WKH�*9�66$)7�HTXDWLRQV�RI�VWDWH��PRGHO V\VWHP $ %36�EHQ]HQH ������ �������66$)7 33*�F� ������ �������36�EHQ]HQH ������ �������*9�66$)7 33*�F� ������� �������

7DEOH��� 3DUDPHWHUV�RI� WKH�66$)7�DQG�WKH�*9�66$)7�HTXDWLRQV�RI�VWDWH�IRU�D�QXPEHU�RI�VROYHQWV�VWXGLHG� LQ�WKLV�ZRUN�>��@� 66$)7 *9�66$)7&RPS� P �� X��N P �� X��N 7U
KH[DQH ����� ������ ������� ����� ������ ������� �����������QRQDQH ����� ������ ������ ����� ������ ������ �����������EHQ]HQH ����� ������ ������� ����� ������ ������� �����������WROXHQH ����� ������ ������� ����� ������ ������� �����������

)LJXUH����3UHVVXUH�ZHLJKW�IUDFWLRQ�SKDVH�GLDJUDP�IRU�V\VWHP�RI�300$�WROXHQH�DW �������.�DQG�0Q �������
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)LJXUH����9DULDWLRQ�RI�PROH� IUDFWLRQ�RI�3(*�ERQGHG�DW�VLWH�$�ZLWK�ZHLJKW� IUDFWLRQ�RI�3(*�DW�GLIIHUHQW�PROHFXODU�ZHLJKWV�RI�3(*�DQG�DW��������.�LQ�3(*�WROXHQH�V\VWHP�XVLQJ�WKH�66$)7�HTXDWLRQ�RI�VWDWH�

)LJXUH����9DULDWLRQ�RI�PROH� IUDFWLRQ�RI�3(*�ERQGHG�DW�VLWH�$�ZLWK�ZHLJKW� IUDFWLRQ�RI�3(*�DW�GLIIHUHQW�PROHFXODU�ZHLJKWV�RI�3(*�DQG�DW��������.�LQ�3(*�WROXHQH�V\VWHP�XVLQJ�WKH�*9�66$)7�HTXDWLRQ�RI�VWDWH�
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PL[WXUHV�� RQH� PRUH� ELQDU\� LQWHUDFWLRQ�SDUDPHWHU�ZDV�DGGHG�WR� WKH�VHJPHQW�QXPEHU�RI� SRO\PHU� DQG� VROYHQW� PROHFXOHV�� 7KLV�SDUDPHWHU�� LQ� IDFW�� FRQVLGHUV� D� GHSHQGHQF\�IRU�KDUG�VSKHUH�VHJPHQW�QXPEHU�RQ�GLIIHUHQW�W\SHV�RI�PROHFXODU�LQWHUDFWLRQV�LQ�D�SRO\PHU�VROYHQW�PL[WXUH��7KH�UHVXOWV�DUH�SUHVHQWHG�LQ�7DEOH� �� IRU� D� QXPEHU� RI� SRO\PHU� VROYHQW�PL[WXUHV��$V�FDQ�EH�LQIHUUHG�IURP�7DEOH����E\�DGGLQJ� DQ� DGMXVWDEOH� ELQDU\� LQWHUDFWLRQ�SDUDPHWHU�� WKH� UHVXOWV� REWDLQHG� IURP� WZR�6$)7� EDVHG� HTXDWLRQV� RI� VWDWH� DUH� PXFK�PRUH�LPSURYHG��7DEOH� �� UHSUHVHQWV� WKH� UHVXOWV� RI� VDWXUDWLRQ�SUHVVXUH� IRU� WKH� V\VWHP� RI� 3(*�� ZLWK�GLIIHUHQW� PROHFXODU� ZHLJKW�� DQG� WROXHQH� DW�������� . REWDLQHG� IURP� WZR� 6$)7�EDVHG�HTXDWLRQV� RI� VWDWH� VWXGLHG� LQ� WKLV� ZRUN�� $�FDUHIXO� VWXG\� RI� 7DEOH� �� LQGLFDWHV� WKDW�

FRQVLGHULQJ� WKH� VSHFLILF� DVVRFLDWLRQ� VLWH�VLWH�LQWHUDFWLRQ� IRU� 3(*� PROHFXOH� DV� DQ� DV�VRFLDWLQJ� FRPSRXQG� FDQQRW� LPSURYH� WKH�UHVXOWV�WR D�ODUJH�H[WHQW��7KHUHIRUH��WKHVH�NLQG�RI� LQWHUDFWLRQV� FDQ� EH� LJQRUHG� UHPDUNDEO\��6XFK� DVVXPSWLRQ� GUDPDWLFDOO\� UHGXFHV� WKH�FRPSOH[LW\� RI� WKH�PRGHO�� ,W� LV�ZRUWK� VWDWLQJ�WKDW� WKH� SRO\PHU� PROHFXOHV� VWXGLHG� LQ� WKLV�ZRUN� ZHUH� FRQVLGHUHG� WR� EH� PRQRGLVSHUVH�DQG� WKH� HIIHFW� RI� SRO\GLVSHUVLW\� RQ� WKH�9/(�SKDVH� EHKDYLRU� RI� WKH� SRO\PHU�VROYHQW�PL[WXUHV�ZHUH�QHJOHFWHG��$V�D�PDWWHU�RI�IDFW��WKH� SRO\PHU� SRO\GLVSHUVLW\� FDQQRW� VLJQLI\�FDQWO\� DIIHFW� WKH� YDSRU�OLTXLG� HTXLOLEULXP� RI�SRO\PHU� VROXWLRQV�� +RZHYHU�� LQ� WKH� FDVH� RI�OLTXLG�OLTXLG� HTXLOLEULXP� IRU� SRO\PHU� VROX�WLRQV� WKH� SRO\GLVSHUVLW\� HIIHFW� LV� RI� FHQWUDO�LPSRUWDQFH�>��@�

7DEOH� ��� 7KH� ELQDU\� LQWHUDFWLRQ� SDUDPHWHUV� DORQJ� ZLWK� WKH� SHUFHQW� RI� 5RRW� 0HDQ� 6TXDUH�'HYLDWLRQ��506'��IURP�H[SHULPHQWDO�GDWD�>��@�REWDLQHG�IURP�WKH�66$)7�DQG�WKH�*9�66$)7�HTXDWLRQV�RI�VWDWH�IRU�WKH�SRO\PHU�VROXWLRQV�

�
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7DEOH����7KH HIIHFW�RI� WKH�DVVRFLDWLRQ� VLWH�VLWH� LQWHUDFWLRQ� IRU�3(*�PROHFXOH� RQ� WKH�YDSRU�SUHVVXUH�REWDLQHG�IURP�ERWK�WKH�66$)7�DQG�WKH�*9�66$)7�HTXDWLRQV�RI�VWDWH

&RQFOXVLRQ,Q�WKLV�ZRUN��WKH�*9�66$)7�(26�ZDV�XVHG�WR� VWXG\� WKH� SKDVH� EHKDYLRU� RI� DVVRFLDWLQJ�DQG�QRQ�DVVRFLDWLQJ�SXUH�SRO\PHU�DV�ZHOO�DV�SRO\PHU�VROYHQW� PL[WXUHV� DW� YDULRXV�FRQGLWLRQV�� 7KH� UHJUHVVHG� YDOXHV� RI� WKH�SDUDPHWHUV� IRU� WKH� 66$)7� DQG�*9�66$)7�HTXDWLRQV�RI�VWDWH�IRU�D�ODUJH�YDULHW\�RI�SXUH�KRPRSRO\PHU�PHOWV�ZHUH�REWDLQHG�XVLQJ�WKH�397�H[SHULPHQWDO� GDWD�� ,Q� WKH� FDVH�RI�QRQ�DVVRFLDWLQJ� SRO\PHUV� WKH� *9�66$)7� (26�KDV� WKUHH� DGMXVWDEOH� SDUDPHWHUV� ZKLOH� WKH�QXPEHU�RI�SDUDPHWHUV�LV�LQFUHDVHG�WR�ILYH�IRU�DVVRFLDWLQJ� SRO\PHUV�� 7KH� SDUDPHWHUV� ZHUH�DGMXVWHG�IRU�VHJPHQW�QXPEHU��VHJPHQW�PRODU�YROXPH�� DQG� VHJPHQW�VHJPHQW� LQWHUDFWLRQ�HQHUJ\�� 7KH� UHVXOWV� REWDLQHG� IURP� WKH� *9�66$)7�(26�ZHUH�IDYRUDEO\�FRPSDUHG�ZLWK�WKRVH� RI� WKH� 66$)7� (26� IRU� ERWK�DVVRFLDWLQJ� DQG� QRQ�DVVRFLDWLQJ� SXUH�SRO\PHU� PHOWV� DQG� SRO\PHU�VROYHQW�PL[WXUHV��,W�ZDV�VKRZQ�WKDW�WKH�*9�66$)7�(26� FDQ� DFFXUDWHO\� FRUUHODWH� WKH�H[SHULPHQWDO� GDWD� IRU� OLTXLG�GHQVLW\�RI�SXUH�SRO\PHU� PHOWV� DW� ZLGH� WHPSHUDWXUH� UDQJHV��,QIHULRU�UHVXOWV�ZHUH�REWDLQHG�XVLQJ�WKH�*9�66$)7�(26� WR� WKH�9/(�H[SHULPHQWDO� GDWD�RI� SRO\PHU�VROYHQW� PL[WXUHV�� ,W� ZDV� DOVR�VKRZQ� WKDW� ZKLOH� FRQVLGHULQJ� WKH� VSHFLILF�VLWH�VLWH� LQWHUDFWLRQV� IRU� WKH� DVVRFLDWLQJ�SRO\PHUV� PDNHV� WKH� 6$)7�EDVHG� HTXDWLRQV�

RI�VWDWH�PRUH�FRPSOLFDWHG��WKH�UHVXOWV�FDQQRW�EH�PXFK�LQIOXHQFHG�E\�VXFK�FRPSOH[LW\��7KH�UHVXOWV� VKRZHG� WKDW� WKH� *9�66$)7� (26�VLPLODU� WR� WKH� 66$)7� FDQ� EH� XVHG� WR� VWXG\�WKH� SKDVH� EHKDYLRU� RI� DVVRFLDWLQJ� DQG� QRQ�DVVRFLDWLQJ�PL[WXUHV��6LQFH�WKH�SHUIRUPDQFH�RI� WKH�*9�6$)7� LV� RQO\� DV�JRRG�DV� WKDW�RI�WKH� RULJLQDO� 66$)7�� WKH� DGGHG� YDOXH� IRU�SUDFWLFDO� DSSOLFDWLRQV� PD\� QRW� EH� VXIILFLHQW�WR� MXVWLI\� WKH� JUHDWHU� DOJHEUDLF� DQG�FRPSXWDWLRQDO�FRPSOH[LW\�
5HIHUHQFHV�� )ORU\�� 3�� -��� 2UZROO�� 5�� $��� 9ULM�� $���6WDWLVWLFDO� 7KHUPRG\QDPLFV� RI� &KDLQ0ROHFXOH�/LTX�LGV�� ,��$Q�(TXDWLRQ� RI�6WDWH�IRU� 1RUPDO� 3DUDIILQ� +\GURFDUERQV�� -�� $P��&KHP��6RF�������������������� 6DQFKH]��,��&���/DFRPEH��5��+���(OHPHQWDU\�0ROHFXODU� 7KHRU\� RI� &ODVVLFDO� )OXLGV �3XUH�)OXLGV��-��3K\V��&KHP� ������������������ %HUHW�� 6�� 3UDXVQLW]� -��0���3HUWXUEHG�+DUG�&KDLQ� 7KHRU\�� $Q� (TXDWLRQ� RI� 6WDWH� IRU�)OXLGV� &RQWDLQLQJ� 6PDOO� RU� /DUJH�0ROHFXOHV��$,&K(�-� ������������������ 'RQRKXH��0��'�� 3UDXVQLW]� -��0�� 3HUWXUEHG�+DUG�&KDLQ� 7KHRU\� IRU� )OXLG� 0L[WXUHV��7KHUPRG\QDPLF� 3URSHUWLHV� IRU�0L[WXUHV� LQ�1DWXUDO� *DV� DQG� 3HWUROHXP� 7HFKQRORJ\��$,&K(�-�����������������
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�� 0RUULV�� :�� 2��� 9LPDOFKDQG�� 3��� 'RQRKXH��0�� '��� 7KH� 3HUWXUEHG�6RIW�&KDLQ� 7KH�RU\��$Q� (TXDWLRQ� RI� 6WDWH� %DVHG� RQ� 7KH�/HQQDUG�-RQHV� 3RWHQWLDO�� )OXLG� 3KDVH�(TXLOLE� ������������������ 9LPDOFKDQG�� 3��� 'RQRKXH�� 0�� '��� 7KHU�PRG\QDPLFV� RI� 4XDGUXSRODU� 0ROHFXOHV��7KH� 3HUWXUEHG�$QLVRWURSLF� &KDLQ� 7KHRU\��,QG�� (QJ�� &KHP�� )XQGDPHQWDOV� ���� ������������� 9LPDOFKDQG�� 3��� &HOPLQV�� ,��� 'RQRKXH�� 0��'��� 9/(� &DOFXODWLRQV� IRU� 0L[WXUHV�&RQWDLQLQJ� 0XOWLSRODU� &RPSRXQGV� 8VLQJ�WKH� 3HUWXUEHG� $QLVRWURSLF� &KDLQ� 7KHRU\��$,&K(�-� ������������������ &KDSPDQ��:��*��� -DFNVRQ��*���*XEELQV��.��(��� 3KDVH� (TXLOLEULD� RI� $VVRFLDWLQJ� )OXLGV�&KDLQ� 0ROHFXOHV� ZLWK� 0XOWLSOH� %RQGLQJ�6LWHV��0RO��3K\V� ������������������ &KDSPDQ��:��*���*XEELQV��.��(��� -DFNVRQ��*��� 5DGRV]�� 0��� 6$)7� (TXDWLRQ� RI� 6WDWH�6ROXWLRQ� 0RGHO� IRU� $VVRFLDWLQJ� )OXLGV��)OXLG�3KDVH�(TXLOLE� ����������������� &KDSPDQ��:��*���*XEELQV��.��(��� -DFNVRQ��*���5DGRV]��0���1HZ�5HIHUHQFH�(TXDWLRQ�RI�6WDWH� IRU� $VVRFLDWLQJ� /LTXLGV�� ,QG�� (QJ��&KHP� 5HV��������������������� :HUWKHLP�� 0�� 6��� )OXLGV� ZLWK� +LJKO\� 'LU�HFWLRQDO� $WWUDFWLYH� )RUFHV�� ��� 6WDWLVWLFDO�7KHUPRG\QDPLFV�� -�� 6WDW�� 3K\V� ���� ������������� :HUWKHLP�� 0�� 6��� )OXLGV� ZLWK� +LJKO\�'LUHFWLRQDO� $WWUDFWLYH� )RUFHV�� ��� 7KHU�PRG\QDPLF� 3HUWXUEDWLRQ� 7KHRU\ DQG�,QWHJUDO� (TXDWLRQV�� -�� 6WDW�� 3K\V� ���� ������������� :HUWKHLP�� 0�� 6��� )OXLGV� ZLWK� +LJKO\�'LUHFWLRQDO� $WWUDFWLYH� )RUFHV�� ��� 0XOWLSOH�$WWUDFWLRQ� 6LWHV�� -�� 6WDW�� 3K\V� ���� �������������� :HUWKHLP�� 0�� 6��� )OXLGV� ZLWK� +LJKO\�'LUHFWLRQDO�$WWUDFWLYH�)RUFHV��-��6WDW��3K\V������������������� :HUWKHLP��0��6���)OXLGV�RI�'LPHUL]LQJ�+DUG�6SKHUHV�� DQG� )OXLG� 0L[WXUHV� RI� +DUG�6SKHUHV� DQG�'LVSKHUHV�� -��&KHP��3K\V� ����������������

��� :HUWKHLP�� 0�� 6��� 7KHUPRG\QDPLF� 3HUWXU�EDWLRQ� 7KHRU\� RI� 3RO\PHUL]DWLRQ�� -�� &KHP��3K\V� ������������������� &KHQ�� 6��-��� 5DGRV]�� 0��� 'HQVLW\�7XQHG�3RO\ROHILQ� 3KDVH� (TXLOLEULD�� ��� %LQDU\�6ROXWLRQV� RI� $OWHUQDWLQJ� 3RO\� �HWK\OHQH�SURS\OHQH�� LQ� 6XEFULWLFDO� DQG� 6XSHUFULWLFDO�3URS\OHQH����%XWHQH��DQG���+H[HQH��([SHUL�PHQWDO� DQG� )ORU\�3DWWHUVRQ�0RGHO��0DFUR�PROHFXOHV� ������������������� %RNLV�� &�� 3��� 2UEH\�� +��� &KHQ�� &��&���3URSHUO\� 0RGHO� 3RO\PHU� 3URFHVVHV��&KHP��(QJ��3URJ������������������� .LUE\�� &�� )��� 0F+XJK�� 0�� $��� 3KDVH�%HKDYLRU�RI�3RO\PHUV�LQ�6XSHUFULWLFDO�)OXLG�6ROYHQWV��&KHP��5HY� ������������������ /DPEHUW��6��0���6RQJ��<���3UDXVQLW]�� -��0����(TXDWLRQV�RI�6WDWH�IRU�3RO\PHU�6\VWHPV��LQ��6HQJHUV�� -�� 9��� .D\VHU�� 5�� )��� 3HWHUV�� &�-���:KLWH�-U��(GV����+�-���(TXDWLRQV�RI�6WDWH�IRU�)OXLGV� DQG� )OXLG� 0L[WXUHV� (OVHYLHU��$PVWHUGDP������������ -�� *URVV�� *�� 6DGRZVNL�� 3HUWXUEHG�&KDLQ�6$)7�� $Q� (TXDWLRQ� RI� 6WDWH� %DVHG� RQ� D�3HUWXUEDWLRQ� 7KHRU\� IRU� &KDLQ� 0ROHFXOHV��,QG��(QJ��&KHP��5HV�������������������� $�� *LOO�9LOOHJDV�� $�� *DOLQGR�� 3�-�� :KLWH�KHDG��6�-��0LOOV��*�� -DFNVRQ��$�1��%XUJHVV��6WDWLVWLFDO� $VVRFLDWLQJ� )OXLG� 7KHRU\� IRU�&KDLQ�0ROHFXOHV�ZLWK� $WWUDFWLYH�3RWHQWLDOV�RI� 9DULDEOH� 5DQJH�� -�� &KHP�� 3K\V� ���������������±�������� %ODV�� )�� -��� 9HJD�� /�� )��� 7KHUPRG\QDPLF�%HKDYLRU�RI�+RPRQXFOHDU�DQG�+HWURQXFOHDU�/HQQDUG�-RQHV� &KDLQV� ZLWK� $VVRFLDWLRQ�6LWHV� IURP� VLPXODWLRQ� DQG� 7KHRU\�� 0RO��3K\V� ������������������� .LVHOHY�� 6�%��� (O\�� -�)��� &URVVRYHU� 6$)7�(TXDWLRQ� RI� 6WDWH�� $SSOLFDWLRQ� IRU� 1RUPDO�$ONDQHV�� ,QG�� (QJ�� &KHP�� 5HV� ���� ��������������� .LVHOHY�� 6�%��� (O\�� -�� )��� 6LPSOLILHG�&URVVRYHU� 6$)7� (TXDWLRQ� RI� 6DWH�� )OXLG�3KDVH�(TXLOLE� ������������������ .LVHOHY�� 6�� %��� (O\�� -�� )��� $GLGKDUPD�� +���5DGRV]��0���$�&URVVRYHU�(TXDWLRQ�RI�6WDWH�IRU�$VVRFLDWLQJ�)OXLGV��)OXLG�3KDVH�(TXLOLE�
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������������������ .LVHOHY��6��%���(O\��-�)���$EGXODJDWRY��,�0���0DJJH�� -�:���&URVVRYHU�6$)7�(TXDWLRQ�RI�6WDWH� DQG� 7KHUPRG\QDPLF� 3URSHUWLHV� RI�3URSDQ���RO�� ,QW�� -�� 7KHUPRSK\V�� ���� ��������������� =KDQJ�� =��<��� <DQJ�� -��&��� /L�� <��*��� 7KH�8VH�RI�6WDWLVWLFDO�$VVRFLDWLQJ�)OXLG�7KHRU\�WR� ,PSURYH� 7KH� %$&.� (TXDWLRQ� RI� 6WDWH�)OXLG�3KDVH�(TXLOLE� ������������������� 1GLD\H�� 3�� 0��� 'DULYD�� &��� 9ODGLPLU�� -���2OLYHLUD�� )�:��� ,PSURYLQJ� 6$)7� (TXDWLRQ�RI� 6WDWH� %\� 8VLQJ� DQ� (IIHFWLYH� :&$�6HJPHQW� 'LDPHWHU�� )OXLG� 3KDVH� (TXLOLE�������������������� 0LQ� 6XQ� <HRP�� -DHHRQ� &KDQJ�� +ZD\RQJ�.LP�� (TXDWLRQ� RI� 6WDWH� %DVHG� RQ� 7KH�7KHUPRG\QDPLF� 3HUWXUEDWLRQ� 7KHRU\� RI�6XSHUFULWLFDO�3RO\PHUL]DWLRQ�IRU�$VVRFLDWLQJ�0ROHFXOHV� DQG� 3RO\PHUV� )OXLG� 3KDVH�(TXLOLE� ������������������� +X��=��4���<DQJ��-��&���/L��<��*���&URVVRYHU�6$)7�%$&.� (TXDWLRQ� RI� 6WDWH� IRU� 3XUH�&2� DQG�+�2��)OXLG�3KDVH�(TXLOLE� ������������������ 0DOHNVKDK�� 9�� $��� 7DJKLNKDQL�� 9���5DPD]DQL�6�$���$����*KRWEL��&���$SSOLFDWLRQ�RI�D�1HZ�6LPSOLILHG�6$)7�WR�9/(�6WXG\�RI�$VVRFLDWLQJ� DQG� 1RQ�$VVRFLDWLQJ� )OXLGV��)OXLG�3KDVH�(TXLOLE� ������������������� )X��<��+���6DQGOHU��6��,���$�6LPSOLILHG�6$)7�(TXDWLRQ� RI� 6WDWH� IRU� $VVRFLDWLQJ� &RP�SRXQGV�DQG�0L[WXUHV���,QG��(QJ��&KHP��5HV�������������������� +XDQJ��6��+���5DGRV]��0���(TXDWLRQ�RI�6WDWH�IRU� 6PDOO�� /DUJH�� 3RO\GLVSHUVH�� DQG� $V�VRFLDWLQJ� 0ROHFXOHV�� ,QG�� (QJ�� &KHP�� 5HV�������������������� +XDQJ��6���5DGRV]��0���(TXDWLRQ�RI�6WDWH�IRU�6PDOO�� /DUJH�� 3RO\GLVSHUVH�� DQG� $V�VRFLDWLQJ� 0ROHFXOHV�([WHQVLRQ� WR� )OXLG�0L[WXUHV�� ,QG�� (QJ�� &KHP�� 5HV� ���� ��������������� :LHVPHW�� 9��� :HLGQHU�� (��� %HKPH�� 6���6DGRZVNL�� *��� $UOW�� :��� 0HDVXUHPHQW� DQG�0R�GHOLQJ� RI� +LJK� 3UHVVXUH� 3KDVH�(TXLOLEULD� LQ� 7KH� 6\VWHPV� 3RO\HWK\�
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