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5HFHQWO\�� DQDO\VHV� RI� TXDQWXP� KHDW� HQJLQHV� KDYH�EHFRPH� RQH� RI� WKH� LQWHUHVWLQJ� UHVHDUFK� VXEMHFWV� IRU� WKH�SHRSOH� ZRUNLQJ� RQ� WKHUPRG\QDPLFV� DQG� VWDWLVWLFDO�SK\VLFV��0DQ\�ZRUNV�KDYH�EHHQ�PDGH�RQ�WKH�ILQLWH�WLPH�WKHUPRG\QDPLF� DQDO\VHV� RI� YDULRXV� TXDQWXP� KHDW�HQJLQHV� LQ� OLWHUDWXUH� >����@�� $OVR�� HTXLOLEULXP�WKHUPRG\QDPLF� DQDO\VHV� RI� VRPH�KHDW� HQJLQHV�ZRUNLQJ�ZLWK�LGHDO�%RVH�DQG�)HUPL�JDVHV�KDYH�EHHQ�ZRUNHG�>�����@� ,Q�WKHUPRG\QDPLF�DQDO\VHV�RI�LGHDO�JDV�F\FOHV��HIILFLHQF\� �H[FHSW� WKH� &DUQRW� HIILFLHQF\�� DQG� ZRUN�H[SUHVVLRQV�DUH�GHULYHG�E\�XVLQJ� WKH�FODVVLFDO� LGHDO�JDV�HTXDWLRQ� RI� VWDWH� RU� VRPH� RWKHU� HTXDWLRQV� EDVHG� RQ� LW��)URP�WKH�UHVXOWV�RI�WKHVH�DQDO\VHV��VRPH�JHQHUDOLVDWLRQV�DERXW�WKH�EHKDYLRXUV�RI�JDV�F\FOHV�DUH�REWDLQHG�>������@��$QDO\VHV RI� JDV� F\FOHV� ZRUNLQJ� ZLWK� LGHDO� %RVH� DQG�)HUPL� JDVHV� DOORZ� XV� WR� JHQHUDOLVH� WKH� WKHUPRG\QDPLF�PRGHOV�RI�JDV�F\FOHV�DQG�WR�LQYHVWLJDWH�KRZ�EHKDYLRXUV�RI� WKHVH�F\FOHV�DUH�HIIHFWHG�E\�WKH�TXDQWXP�GHJHQHUDF\�RI�ZRUNLQJ�IOXLG�,W�LV�ZHOO�NQRZQ�WKDW�DQ�LGHDO�JDV�GHYLDWHV�IURP�FODVVLFDO� LGHDO� JDV� EHKDYLRXU� XQGHU� VXIILFLHQWO\� ORZ�WHPSHUDWXUH� RU� KLJK�GHQVLW\� JDV� FRQGLWLRQV�� 7KLV�GHYLDWLRQ� UHVXOWV� SXUHO\� IURP� WKH� TXDQWXP� PHFKDQLFDO�GHJHQHUDF\� RI� JDV� SDUWLFOHV�� 7KHUHIRUH�� WKHVH� JDV�FRQGLWLRQV� DUH� FDOOHG� KHUH� 4XDQWXP 'HJHQHUDF\�&RQGLWLRQV��4'&���$OWKRXJK�WKH�JDV�LV�VWLOO�DQ�LGHDO�JDV��LW� REH\V�%RVH�(LQVWHLQ� RU�)HUPL�'LUDF� VWDWLVWLFV� LQVWHDG�RI� 0D[ZHOO�%ROW]PDQQ� VWDWLVWLFV�� ,Q� OLWHUDWXUH�� WKHVH�

W\SHV�RI�LGHDO�JDVHV�DUH�FDOOHG�LGHDO�TXDQWXP�JDVHV�>��@��8QGHU� 4'&�� WKH� FRUUHFWHG� HTXDWLRQ� RI� VWDWH� LV� YDOLG�LQVWHDG�RI� WKH� FODVVLFDO� LGHDO�JDV�HTXDWLRQ�RI� VWDWH��7KH�FRUUHFWHG� HTXDWLRQ� RI� VWDWH� FRQWDLQV� WKH� TXDQWXP�GHJHQHUDF\�RI�JDV�SDUWLFOHV�DQG�LW�LV�UHGXFHG�WR�FODVVLFDO�HTXDWLRQ�RI�VWDWH�DW�KLJK�WHPSHUDWXUH�RU�ORZ�GHQVLW\�JDV�FRQGLWLRQV� �&ODVVLFDO�*DV�&RQGLWLRQV�� &*&��� 7KXV�� WKH�FRUUHFWHG�HTXDWLRQ�RI�VWDWH�LV�D�PRUH�JHQHUDO�HTXDWLRQ�RI�VWDWH�ZKLFK�LV�YDOLG�XQGHU�ERWK�4'&�DQG�&*&�,Q� WKLV� ZRUN� DQ� RYHUYLHZ� RI� WKHUPRG\QDPLF�JDV�F\FOHV�ZRUNLQJ�DW�TXDQWXP�GHJHQHUDF\�FRQGLWLRQV�LVSUHVHQWHG�� 7KH� DQDO\VHV� RI� &DUQRW� DQG� (ULFVVRQ� SRZHU�F\FOHV� DQG� %UD\WRQ� UHIULJHUDWLRQ� F\FOH� ZRUNLQJ� ZLWK�LGHDO� %RVH� ��+H�� DQG� )HUPL� ��+H�� JDVHV� DUH� UHYLHZHG�EULHIO\�� %\� XVLQJ� WKH� FRUUHFWHG� HTXDWLRQ� RI� VWDWH��GHULYDWLRQ� RI� KHDW�� ZRUN� DQG� HQWURS\� H[FKDQJH�H[SUHVVLRQV� IRU� FRQVWDQW� WHPSHUDWXUH�� FRQVWDQW� YROXPH�DQG� FRQVWDQW� SUHVVXUH� SURFHVVHV� DUH� LQWURGXFHG�� 6RPH�UHPDUNDEOH�UHVXOWV�UHODWLQJ�WR�WKHUPRG\QDPLF�DQDO\VLV�RI�WKH�FRQVLGHUHG�F\FOHV�DUH�JLYHQ�
���%$6,&�&21&(376����'HULYDWLRQ�RI� WKH�&RUUHFWHG� ,GHDO�*DV (TXDWLRQ�RI�6WDWH�IRU�D�0RQDWRPLF�,GHDO�*DV�>�����@([SUHVVLRQV�IRU�QXPEHU�GHQVLW\�DQG�SUHVVXUH�RI�PRQDWRPLF�LGHDO� %RVH� DQG� )HUPL� JDVHV� DUH� REWDLQHG� DV� IROORZV� DIWHU�VRPH� PDWKHPDWLFDO� PDQLSXODWLRQV� RQ� WKHLU� JHQHUDO�GHVFULSWLRQV�>�����@� � � �> @7N/L7NQ EE PO H[S���� rr ���

mailto:sayginh@itu.edu.tr
mailto:sayginh@itu.edu.tr


+��6D\JÕQ��VD\JLQK#LWX�HGX�WU ���

� � � �> @7N/L7N3 EE PO H[S���� rr ���ZKHUH�NE LV�WKH�%ROW]PDQQ¶V�FRQVWDQW��7 LV�JDV�WHPSHUDWXUH��P LV�FKHPLFDO�SRWHQWLDO��/LL�[� LV�WKH�3RO\ORJDULWKP�IXQFWLRQ�GHILQHG�DV� ¦f  ��� O
]O] O[[/L >��@��DQG�O LV�GHILQHG�DV�� �� ��� K JPRSO  ���ZKHUH�J LV�WKH�QXPEHU�RI�SRVVLEOH�VSLQ�RULHQWDWLRQV�RI�D�JDV�SDUWLFOH��K LV�WKH�3ODQFN¶V�FRQVWDQW�DQG�PR LV�WKH�UHVW�PDVV�RI�JDV�SDUWLFOHV��,Q�HTXDWLRQV�����DQG������WKH�XSSHU�VLJQV� DUH� XVHG� IRU� %RVH� JDV� DQG� WKH� ORZHU� VLJQV� IRU�)HUPL� JDV��&RUUHFWHG� HTXDWLRQ�RI� VWDWH� IRU� DQ� LGHDO� JDV�FDQ�EH�ZULWWHQ�DV�IROORZV�E\�XVLQJ�HTXDWLRQV�����DQG����� �7N&)7QN3 EE �P ���ZKHUH� ��� 7N&) EP LV�FDOOHG�DV�WKH�FRUUHFWLRQ�IDFWRU�DQG�LW�LV�GHILQHG�IRU�D�)HUPL�JDV�DV�IROORZV� � � �> @� �> @7N/L 7N/L7N&) E
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)RU�D�%RVH�JDV��WKH�QXPEHU�GHQVLW\�RI�SDUWLFOHV�LQ�HTXDWLRQ����� VKRXOG� EH� HTXDO� WR� WKH� QXPEHU� GHQVLW\� RI� SDUWLFOHV�KDYLQJ�HQHUJ\�JUHDWHU�WKDQ�WKH�]HUR�WUDQVODWLRQDO�HQHUJ\�>�����@�� +HQFH�� WKH� %RVH�(LQVWHLQ� FRQGHQVDWLRQ� VKRXOG� EH�FRQVLGHUHG�ZKHQ�WKH�FRUUHFWLRQ�IDFWRU�LV�GHILQHG�IRU�D�%RVH�JDV��&RQVHTXHQWO\��WKH�FRUUHFWLRQ�IDFWRU�IRU�D�%RVH�JDV�FDQ�EH�H[SUHVVHG�DV��! R77 � � � �> @� �> @H[SH[S
��
�� 7N/L 7N/L7N&) E

EE% PPP  ��D�
�d R77 � � �������� ¸̧¹·¨̈©§ RE% 777N&) P ��E�

ZKHUH� 7R LV� WKH� %RVH�(LQVWHLQ� FRQGHQVDWLRQ� WHPSHUDWXUH��ZKLFK�LV�GHILQHG�LQ�WHUPV�RI�SUHVVXUH��3��DV� � ���� ����������� � ¹̧·©̈§ u OER N337 ��D�
DQG�LQ�WHUPV�RI�QXPEHU�GHQVLW\�DV� � ���� ������ ¹̧·©̈§ OER NQQ7 � ��E�

7KH� TXDQWLW\� RI� 7NEP LV� FDOFXODWHG� IURP�HTXDWLRQ� ���� LPSOLFLWO\�� DV� D� IXQFWLRQ� RI� �Q� 7�� RU� IURP�HTXDWLRQ� ���� DV� D� IXQFWLRQ�RI� �3� 7���7KHUHIRUH�� FRUUHFWLRQ�IDFWRU� FDQ� EH� GHWHUPLQHG� IRU� JLYHQ� �Q� 7�� RU� �3� 7��SDUDPHWHUV�,Q� WKH� FODVVLFDO� JDV� UHJLRQ�� LQ� ZKLFK� WKH� JDV�EHKDYHV�OLNH�D�0D[ZHOOLDQ�JDV��WKH�FRUUHFWLRQ�IDFWRUV�DUH�UHGXFHG�WR�XQLW\�VLQFH� 7NE���P ��2Q�WKH�RWKHU�KDQG��LQ�WKH� FDVH� RI� FRPSOHWHO\� GHJHQHUDWH� JDV� VWDWH�� WKH�FRUUHFWLRQ�IDFWRU�IRU�)HUPL�JDV�FDQ�EH�VLPSOLILHG�DV
)

)) 7777&) ��� �S�| ���
ZKHUH� )7 LV� WKH� )HUPL� WHPSHUDWXUH� >�����@� DQG� LW� FDQ� EH�UHDUUDQJHG�LQ�WHUPV�RI�3 DV�IROORZV

� � E) N337 ��������� ¸̧¹·¨̈©§ OS ��D�
DQG�LQ�WHUPV�RI�Q DV� � E) NQJQ7 ���������� ¸̧¹·¨̈©§ OS � ��E�
)RU�WKH�VDPH�FDVH��WKH�FRUUHFWLRQ�IDFWRU�IRU�%RVH�JDV�FDQ�DOVR�EH�VLPSOLILHG�DV� LQ�HTXDWLRQ���E���7KH�FRQGLWLRQ�IRU�FRPSOHWHO\� GHJHQHUDWH� JDV� VWDWH� LV� HQVXUHG� ZKHQ�� �377 )�� IRU� )HUPL� JDV� DQG� � �377 Rd IRU� %RVH� JDV��2Q�WKH�RWKHU�KDQG��WKH�FRQGLWLRQV�IRU�FODVVLFDO�JDV�EHKDYLRXU�FDQ� EH� H[SUHVVHG� DV� � �377 )!! IRU� )HUPL� JDV� DQG�� �377 R!! IRU�%RVH�JDV�)RU�D�FRQVWDQW�SUHVVXUH�YDOXH��YDULDWLRQV�RI�WKH�FRUUHFWLRQ� IDFWRUV� ZLWK� WKH� WHPSHUDWXUH� DUH� VKRZQ� LQ�)LJXUH���:KHQ� WKH� WHPSHUDWXUH� LV�KLJK�HQRXJK��ERWK�RI�WKH�FRUUHFWLRQ�IDFWRUV�JR�WR�WKH�XQLW\��,I�WKH�WHPSHUDWXUH�LV�ORZ�HQRXJK��WKH�FRUUHFWLRQ�IDFWRU�IRU�%RVH�JDV�KDV�WKH�YDOXHV� ORZHU� WKDQ� WKH�XQLW\�DQG�LW�UHDFKHV�WR�WKH�ORZHVW�YDOXH� ��������� ZKHQ� WKH� WHPSHUDWXUH� LV� HTXDO� WR� WKH�%RVH�(LQVWHLQ� FRQGHQVDWLRQ� WHPSHUDWXUH�� 7R�� 7R LV� WKH�ORZHVW� WHPSHUDWXUH� IRU� D� JLYHQ� SUHVVXUH�� $OWKRXJK� WKH�FKHPLFDO� SRWHQWLDO� RI� D� %RVH� JDV� LV� UHVWULFWHG� E\� ]HUR��WKHUH� LV� QR� UHVWULFWLRQ� IRU� WKH� FKHPLFDO� SRWHQWLDO� RI� D�)HUPL�JDV��7KHUHIRUH��WKH�FRUUHFWLRQ�IDFWRU�IRU�)HUPL�JDV�JRHV�WR�LQILQLW\�ZKHQ�WKH�WHPSHUDWXUH�JRHV�WR�]HUR�
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)LJXUH����9DULDWLRQ�RI�WKH�TXDQWLWLHV�RI� %&) DQG� )&)ZLWK�WHPSHUDWXUH�IRU�D�JLYHQ�SUHVVXUH�RI���� 3D�
,Q� )LJXUH� ��� GHSHQGHQFH� RI� WKH� FRUUHFWLRQ�IDFWRUV� RQ� WKH� SUHVVXUH� LV� JLYHQ� IRU� D� FRQVWDQW�WHPSHUDWXUH��)RU� D�%RVH�JDV�� WKHUH� LV� DQ� XSSHU� OLPLW�RI�WKH�SUHVVXUH�DQG�LW�LV�GHWHUPLQHG�IURP�HTXDWLRQ���D���)RU�WKH� SUHVVXUH� YDOXHV� KLJKHU� WKDQ� 3R�� WKH� FRQVWDQW�WHPSHUDWXUH� FRQGLWLRQ� LV� YLRODWHG� >��@�� )RU� )HUPL� JDV��WKHUH�LV�QR�VXFK�D�OLPLWDWLRQ�
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)LJXUH��� 9DULDWLRQ�RI�WKH�TXDQWLWLHV�RI� %&) DQG� )&)ZLWK�SUHVVXUH�IRU�D�JLYHQ�WHPSHUDWXUH�RI�������.�
����'HULYDWLRQ�RI�+HDW��:RUN�DQG�(QWURS\�([FKDQJH�([SUHVVLRQV� IRU� &RPPRQ� 5HYHUVLEOH� 3URFHVVHV� RI�&ORVHG�6\VWHPV�>��@%\� XVLQJ� WKH� FRUUHFWHG� HTXDWLRQ� RI� VWDWH�� HTXDWLRQ� �����KHDW�� ZRUN� DQG� HQWURS\� H[FKDQJH� H[SUHVVLRQV� IRU� D�PRQDWRPLF� LGHDO� JDV� FDQ� EH� GHULYHG� IRU� GLIIHUHQW�FRQGLWLRQV�DV�IROORZV�
L��&RQVWDQW�7HPSHUDWXUH�&RQGLWLRQ� � � �> @ � � »»¼º««¬ª �� ³ILLI7LI G33 73&)73&)73&)P574 ����� ���D�� � � �> @ � � »»¼º««¬ª �� ³ILLI7LI G99 79&)79&)79&)P574 ����� ���E�� � � � � � »»¼º««¬ª �� ³ILLI7LI G33 73&)73&)73&)P57: ���

���D�� �³ I
L

7LI G99 79&)P57: � ���E�
746 7LI7LI  ����

LL��&RQVWDQW�3UHVVXUH�&RQGLWLRQ� � � �> @LLII3LI 73&)773&)7P54 ���� � ����
3LI3LI 4: �� ����� � � � � � »»¼º««¬ª �� ³ILLI3LI G77 73&)73&)73&)P56 �����

����
LLL��&RQVWDQW�9ROXPH�&RQGLWLRQ� � � �> @LLII9LI 79&)779&)7P54 ���� � ����� � � � � � »»¼º««¬ª �� ³ILLI9LI G77 79&)79&)79&)P56 ����� ����
LY��&RQVWDQW�(QWURS\�&RQGLWLRQ6LQFH� WKH� UDWLR� 7P UHPDLQV� FRQVWDQW� GXULQJ� DQ�LVHQWURSLF� SURFHVV� >��@�� TXDQWXP� DQG� FODVVLFDO� LGHDO�JDVHV� KDYH� WKH� VDPH� LVHQWURSLF� UHODWLRQV�� 7KHUHIRUH��ZRUN�H[SUHVVLRQ�FDQ�EH�REWDLQHG�DV� �LIFRQVWLLII6LI 77N&)P5N 9393: �� �� �� � ����ZKHUH� �� N IRU�PRQDWRPLF�LGHDO�JDV�DQG�� � � �IILLFRQVW 79&)79&)&) ���   � � � �IILL 73&)73&) ��   ����
��� 620(� $33/,&$7,216� 21� *$6�&<&/(6� :25.,1*� $7� 48$1780�'(*(1(5$&<�&21',7,216����:RUN�$QDO\VLV�RI�&DUQRW�3RZHU�&\FOH�>��@&DUQRW� SRZHU� F\FOHV� ZRUNLQJ� ZLWK� %RVH�� )HUPL� DQG�FODVVLFDO�LGHDO�JDVHV�DUH�FDOOHG�%RVH��)HUPL�DQG�FODVVLFDO�&DUQRW� F\FOHV�� UHVSHFWLYHO\�� 6LQFH� &DUQRW� HIILFLHQF\�� &K �� LV� LQGHSHQGHQW IURP� JDV� SURSHUWLHV�� QHW� ZRUN�RXWSXWV� RI�%RVH� DQG� )HUPL�&DUQRW� F\FOHV� �:% DQG�:)��FDQ� EH� H[SUHVVHG� DV� %+&% 4: K DQG� )+&) 4: K ��7KHUHIRUH��WKH\�FDQ�EH�GHULYHG�E\�XVLQJ�HTXDWLRQ����E���%\�GLYLGLQJ�WKHVH�ZRUNV�WR�WKH�ZRUN�RI�FODVVLFDO�&DUQRW�F\FOH� �:&��� ZRUN� UDWLRV� DUH� GHILQHG� DV� &%%: ::5  DQG� &)): ::5  �� 7KH� IROORZLQJ� H[SUHVVLRQ� LV�REWDLQHG�IRU� %:5 DQG� ):5 �� � � �««¬
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9DULDWLRQV�RI� %:5 DQG� ):5 ZLWK�7+ DUH�VKRZQ�LQ�)LJXUH���� ,W� LV� VHHQ� WKDW� %:5 DQG� ):5 JR� WR� XQLW\� �DV� FDQ� EH�H[SHFWHG�� IRU� KLJK� YDOXHV� RI� 7+ VLQFH� WKH� TXDQWXP�GHJHQHUDF\�EHFRPHV�XQLPSRUWDQW�� ,Q� WKLV�FDVH��ZRUNLQJ�JDV� DOZD\V� VWD\V� D� FODVVLFDO� LGHDO� JDV� WKURXJKRXW� WKH�F\FOH�DQG�FRUUHFWLRQ� IDFWRUV� DUH�DSSUR[LPDWHO\�HTXDO� WR�XQLW\�� 7KXV�� QHW�ZRUN� RXWSXW� LV� DSSUR[LPDWHO\� HTXDO� WR�WKDW�RI�D�FODVVLFDO�&DUQRW�F\FOH�IRU�KLJK�YDOXHV�RI�7+��2Q�WKH�RWKHU�KDQG�� LW�FDQ�EH�VHHQ�WKDW� %:5 WDNHV�WKH�YDOXHV�JUHDWHU�WKDQ�XQLW\�IRU�VRPH�ORZHU�YDOXHV�RI�7+��ZKHUHDV�
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):5 DOZD\V� WDNHV� WKH� YDOXHV� ORZHU� WKDQ� XQLW\� IRU� DOO�YDOXHV�RI�7+�

� �� �� �� �� �� �� �� �� �� ���7+�.�
���
���
���
���
���
���
���
���

5 :% �7 +
��5 :) �7 +

�

5:% �7+���UY ��
5:% �7+���UY ��
5:) �7+���UY ��5:) �7+���UY ��

)LJXUH� ��� 9DULDWLRQV� RI� %:5 DQG ):5 YHUVXV� WR� 7+��)LJXUH� SDUDPHWHUV� %+Y �� )+Y DQG� W DUH� FKRVHQ� DV�������� %+Y P��NJ�� ������� )+Y P��NJ� DQG���� W �
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$V�VKRZQ�LQ�)LJXUH���� %:5 KDV�D�PD[LPXP�YDOXH�JUHDWHU�WKDQ� XQLW\� DQG� ORZHU� WKDQ� WKH� XSSHU� OLPLW� JLYHQ� E\�HTXDWLRQ������8QGHU� 4'&�� WKH� XVH� RI� %RVH� JDV� LV�DGYDQWDJHRXV� IRU� D� &DUQRW� SRZHU� F\FOH� ZKHQ� 7+ LV�DERYH� D� FULWLFDO� WHPSHUDWXUH� YDOXH�� ,W� LV� QRW�SRVVLEOH� WR�JLYH� DQ� DQDO\WLFDO� H[SUHVVLRQ� IRU� WKLV� FULWLFDO�WHPSHUDWXUH��+RZHYHU�� LW� FDQ�EH�QXPHULFDOO\�FDOFXODWHG�E\�HTXDOLVLQJ�HTXDWLRQ������ WR� WKH�XQLW\�DQG�VROYLQJ�7+YDOXH�IURP�WKLV�HTXDWLRQ�IRU�JLYHQ�W��UY DQG�Y+ YDOXHV��,Q�)LJXUH� ��� WKLV� FULWLFDO� WHPSHUDWXUH� LV����.� IRU�UY ��DQG���� .� IRU� UY ��� $W� WKH� WHPSHUDWXUHV� EHORZ� WKLV� FULWLFDO�WHPSHUDWXUH� YDOXH�� WKH� XVH� RI� %RVH� JDV� EHFRPHV�GLVDGYDQWDJHRXV�� 2Q� WKH� RWKHU� KDQG�� WKH� XVH� RI� )HUPL�JDV LV�DOZD\V�GLVDGYDQWDJHRXV�IRU�D�&DUQRW�SRZHU�F\FOH��)RU�&DUQRW� UHIULJHUDWLRQ� DQG�KHDW� SXPS�F\FOHV�� WKH� XVH�

RI� %RVH� JDV� VWLOO� LV� DGYDQWDJHRXV� VLQFH� LW� LQFUHDVHV� WKH�SXPSHG�KHDW�SHU�F\FOH�IRU� WKH�WHPSHUDWXUHV�KLJKHU�WKDQ�WKH�FULWLFDO� WHPSHUDWXUH��+RZHYHU�� WKH�XVH�RI�)HUPL�JDV�LV� VWLOO� GLVDGYDQWDJHRXV� IRU� WKHVH� F\FOHV� VLQFH� LW�GHFUHDVHV�WKH�SXPSHG�KHDW�SHU�F\FOH�
����(IILFLHQF\�$QDO\VLV�RI�(ULFVVRQ�3RZHU�&\FOH�>��@7KH� (ULFVVRQ� F\FOH� LQYROYHV� WZR� LVRWKHUPDO� DQG� WZR�LVREDULF� KHDW� H[FKDQJH� SURFHVVHV�� ,VRWKHUPDO� SURFHVVHV�FRQVLVW� RI� KHDW� DGGLWLRQ� �DW�7+�� DQG� KHDW� UHMHFWLRQ� �DW�7/��SURFHVVHV� EHWZHHQ� WKH� ZRUNLQJ� JDV� DQG� KHDW� UHVHUYRLUV��:KHUHDV�LVREDULF�KHDW�DGGLWLRQ��DW�3+��DQG�UHMHFWLRQ��DW�3/��SURFHVVHV�WDNH�SODFH�LQ�WKH�UHJHQHUDWRU�DQG�WKHUH�LV�QR�QHHG�H[WUD�KHDW�DGGLWLRQ�IURP�RU�UHMHFWLRQ�WR�D�KHDW�UHVHUYRLU�>�����@�� :KHQ� WKH� FRUUHFWLRQ� IDFWRUV� DUH� GLIIHUHQW� IURP� WKH�XQLW\��KRZHYHU��WKLV�LV�QRW�WUXH�DQG�WKH�H[WUD�KHDW�DGGLWLRQ�WR�RU� UHMHFWLRQ� IURP� WKH� UHJHQHUDWRU� EHFRPHV� QHFHVVDU\�� 7KH�DPRXQWV�RI�KHDWV� LQ�LVRWKHUPDO�SURFHVVHV�DUH�DOVR�FKDQJHG�LQ� WKLV� FDVH�� +HQFH�� WKH� HQHUJ\� EDODQFH� DQG� VR� WKH�HIILFLHQFLHV�RI�%RVH�(ULFVVRQ�DQG�)HUPL�(ULFVVRQ�F\FOHV�DUH�GLIIHUHQW�IURP�WKDW�RI�WKH�FODVVLFDO�(ULFVVRQ�F\FOH�)RU� D� %RVH� (ULFVVRQ F\FOH�� WKH� ORZHVW�WHPSHUDWXUH� RI� WKH� F\FOH� �7/�� LV� UHVWULFWHG�E\� WKH� KLJKHVW�SUHVVXUH�RI�WKH�F\FOH��3+���7KLV�UHVWULFWLRQ�UHVXOWV�IURP�WKH�%RVH�(LQVWHLQ� FRQGHQVDWLRQ� SKHQRPHQD� XQGHU� WKH�FRQVWDQW� SUHVVXUH� FRQGLWLRQ�� 7HPSHUDWXUH� RI� WKH� JDV� �7��VKRXOG� QRW� EH� ORZHU� WKDQ� WKH� FRQGHQVDWLRQ� WHPSHUDWXUH��7R��� VLQFH� WKLV� FDVH� FDXVHV� YLRODWLRQ� RI� WKH� FRQVWDQW�SUHVVXUH� FRQGLWLRQ�� 7KHUHIRUH� WKH� ORZHVW� YDOXH� RI� 7/ LV�HTXDO� WR� �� +R 37 DQG� LW� FDQ� EH� FDOFXODWHG� E\� PHDQV� RI�HTXDWLRQ���D��DV� ��� +0LQ/ 377  ��6LPLODUO\�� LW� LV�SRVVLEOH�WR�FDOFXODWH�WKH�KLJKHVW�YDOXH�RI�3+ IRU�D�JLYHQ�YDOXH�RI�7/�� 7KLV� SUHVVXUH� LV� WKH� %RVH�(LQVWHLQ� FRQGHQVDWLRQ�SUHVVXUH� �3R�� IRU� D� JLYHQ� WHPSHUDWXUH� DQG� LW� LV� HDVLO\�REWDLQHG�IURP�WKH�HTXDWLRQ���D��DV� � �/R0D[+ 733  �7KH�DPRXQWV�RI�WRWDO�KHDW�LQSXW�DQG�RXWSXW�RI�WKH�F\FOH�GHSHQG�RQ�WKH�HQHUJ\�EDODQFH�LQ�WKH�UHJHQHUDWRU��7KH�SURFHVVHV� LQ� WKH� UHJHQHUDWRU� DUH� LVREDULF� SURFHVVHV�� )RU�)HUPL�DQG�%RVH�PRQDWRPLF�LGHDO�JDVHV��WKH�VSHFLILF�KHDW�DW�FRQVWDQW�SUHVVXUH�FDQ�EH�ZULWWHQ�DV�IROORZV� � � �> @37&)7G7G537F MM3 ��[����  � ����
7KH� YDULDWLRQ� RI� � � 537F M3 � ZLWK� WKH� WHPSHUDWXUH� FDQ�EH� VHHQ� LQ� )LJXUH� �� IRU� GLIIHUHQW� SUHVVXUH� YDOXH�� )URP�WKH�ILJXUH��RQH�FDQ�ZULWWHQ�WKH�IROORZLQJV�� � � �/%3+%3 37F37F �� ! ����� � � �/)3+)3 37F37F �� � � ����%\�PHDQV�RI� WKH� HTXDWLRQV� �����DQG� ������ LW� FDQ�EH�HDVLO\�VHHQ� WKDW� %3%3 /+ 44 ! DQG� )3)3 /+ 44 � �� :KHQ� WKH�WHPSHUDWXUH� LV� KLJK� HQRXJK�� WKHVH� LQHTXDOLWLHV� EHFRPH� WKH�HTXDOLWLHV�VLQFH�WKH�FRUUHFWLRQ�IDFWRUV�JR�WR XQLW\��7KLV�UHVXOW�FDQ� EH� VHHQ� IURP� WKH� HTXDWLRQ� ������ ,Q� WKLV� FDVH�� KHDW�
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DGGLWLRQ�WR�RU�UHMHFWLRQ�IURP�WKH�UHJHQHUDWRU�LV�QRW�QHFHVVDU\�DQG�WKH�FODVVLFDO�(ULFVVRQ�F\FOH�LV�REWDLQHG�
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)LJXUH� ���9DULDWLRQ�RI� WKH� TXDQWLWLHV� RI� � � 573F%3 �DQG� � � 573F)3 � ZLWK� WHPSHUDWXUH� IRU� WZR� GLIIHUHQW�SUHVVXUHV������ DQG���� 3D��
,Q� D� %RVH� F\FOH�� KHDW� DGGLWLRQ� WR� WKH� UHJHQHUDWRU� LV�QHFHVVDU\� VLQFH� %3%3 /+ 44 ! �� 7KXV�� WKH� HIILFLHQF\� RI�%RVH�(ULFVVRQ F\FOH�FDQ�EH�H[SUHVVHG�E\�XVLQJ�HTXDWLRQV����D��DQG������DV
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,I� WKH� ZRUNLQJ� JDV� UHPDLQV� WKH� FODVVLFDO� JDV�WKURXJKRXW� WKH� F\FOH�� LW� FDQ� EH� HDVLO\� VHHQ� WKDW� DOO� WKH�FRUUHFWLRQ�IDFWRUV�JR�WR�XQLW\�DQG�WKH�HIILFLHQFLHV�GHILQHG�E\�HTXDWLRQV� ����� DQG� ����� JR� WR� &DUQRW� HIILFLHQF\� �DV�H[SHFWHG��9DULDWLRQV� RI� WKH� HIILFLHQFLHV� RI� %RVH�� )HUPL�DQG� WKH� FODVVLFDO� (ULFVVRQ� F\FOHV� ZLWK� WKH� WHPSHUDWXUH�UDWLR�� W�� DUH� FRPSDUDWLYHO\� VKRZQ� LQ� )LJXUH� �� IRU� WZR�GLIIHUHQW�SUHVVXUH�UDWLRV�� /+3 33U  ��
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)LJXUH� �� 9DULDWLRQ� RI� WKH� HIILFLHQFLHV� RI� %RVH�� )HUPL�DQG� WKH� FODVVLFDO� (ULFVVRQ� F\FOHV�ZLWK� WKH� WHPSHUDWXUHV�UDWLR�� W�� IRU� WZR� GLIIHUHQW� SUHVVXUH� UDWLRV�� 7KH� KLJKHVW�WHPSHUDWXUH� DQG� SUHVVXUH� RI� WKH� F\FOH� DUH� FKRVHQ� DV��� +7 .�DQG�3+ ��� 3D�UHVSHFWLYHO\�
,Q� WKLV� ILJXUH�� WKH�YDOXH�RI� +7 LV�FKRVHQ�DV����.�DQG�WGHSHQGV�RQ�7/ RQO\��6LPLODUO\��WKH�YDOXH�RI� +3 LV�FKRVHQ�DV� ���� 3D� DQG� GLIIHUHQW� YDOXHV� RI� US FRUUHVSRQG� WR�GLIIHUHQW� 3/ YDOXHV�� $W� WKH� FRQGLWLRQV� RI�� �+R/+ 3777 !!! IRU� %RVH� F\FOH� DQG�� �+)/+ 3777 !!! IRU� )HUPL� F\FOH�� ZRUNLQJ� JDV� LV�DOZD\V� LQ� WKH� FODVVLFDO� JDV� VWDWH� WKURXJKRXW� WKH� F\FOH��7KHUHIRUH� WKH� HIILFLHQFLHV� RI� %RVH�� )HUPL� DQG� WKH�FODVVLFDO� F\FOHV� DUH� DSSUR[LPDWHO\� WKH� VDPH��

&O%) KKK || �� VLQFH� WKH� FRUUHFWLRQ� IDFWRUV� DUH� YHU\�FORVH�WR�XQLW\��7KLV�VLWXDWLRQ�LV�VHHQ�LQ�)LJXUH���IRU�KLJK�YDOXHV�RI�W��$W�WKH�FRQGLWLRQV�RI� � �+R/+ 3777  !! IRU�%RVH� F\FOH� DQG� ^ � �+)+ 377 !! �� � � //) 737 !! `� IRU�)HUPL�F\FOH��ZRUNLQJ�JDV�LV�D�FODVVLFDO�JDV�QHDU�7+ ZKLOH�LW� LV� D� FRPSOHWHO\� GHJHQHUDWH� JDV� QHDU�7/�� ,Q� WKLV� FDVH��WKH�HIILFLHQF\�RI�)HUPL�F\FOH�JRHV�WR�LWV�PD[LPXP�YDOXH�DQG�LW�FDQ�EH�H[SUHVVHG�LQ�WKH�IROORZLQJ�VLPSOH�IRUP�E\�XVLQJ�HTXDWLRQV��������D��DQG������ � � � � �����
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$OWKRXJK�WKH�HIILFLHQF\�RI�WKH�FODVVLFDO�F\FOH�JRHV WR�XQLW\�ZKLOH�W JRHV�WR�]HUR��WKH�HIILFLHQF\�RI�)HUPL�F\FOH�JRHV�WR�LWV�XSSHU� OLPLW�� ZKLFK� LV� ORZHU� WKDQ� WKH� XQLW\�� (TXDWLRQ� �����GHVFULEHV� WKLV� XSSHU� OLPLW� DQG� LW� LV� VHHQ� LQ� )LJXUH� ��� )RU�%RVH�F\FOH��WKH�PLQLPXP�YDOXH�RI�W LV�UHVWULFWHG�E\�HTXDWLRQ���D� DV� ++0LQ 737 ��� W ��2Q�WKH�FRQWUDU\�RI�)HUPL�F\FOH��LQ� WKLV� OLPLW� FDVH�� WKH� HIILFLHQF\� H[SUHVVLRQ� RI�%RVH� F\FOH�FDQ� QRW� EH� H[SUHVVHG� LQ� D� PRUH� VLPSOH� IRUP� WKDQ� WKH�HTXDWLRQ� ������ $OWKRXJK� &OK FRQWLQXRXVO\� LQFUHDVHV� ZLWK�WKH�GHFUHDVLQJ�W YDOXH��LW�LV�VHHQ�WKDW�WKHUH�LV�D�PD[LPXP�IRU�
%K �� $OVR�� RUGHU� RI� WKH� HIILFLHQFLHV� LV� WKDW� %)&O KKK !!DQG�LW�LV�FRQVHUYHG�IRU�DOO�YDOXHV�RI�W�&RQVHTXHQWO\�� LW� FDQ� EH� VDLG� WKDW� LW� LV� QRW�DOZD\V D� JRRG� PHWKRG� WR� GHFUHDVH� WKH� ORZHVW�WHPSHUDWXUH� �7/�� RI� WKH� F\FOH� LQ� RUGHU� WR� LPSURYH� WKH�HIILFLHQF\�� 7KLV� PHWKRG� LV� XVHIXO� LI� WKH� VWDWH� RI� JDV� LV�VXIILFLHQWO\� IDU� IURP� WKH� GHJHQHUDF\� VWDWH�� 0RUHRYHU��%RVH�(LQVWHLQ� FRQGHQVDWLRQ� UHVWULFWV� WKH� ORZHVW�WHPSHUDWXUH� RI� D� %RVH� F\FOH� IRU� D� JLYHQ� YDOXH� RI� 3+��:KHUHDV� WKHUH� LV�QR�VXFK�D� OLPLWDWLRQ� LQ�D�)HUPL�F\FOH��$GGLWLRQDOO\�� WKHUH� LV� QR� DQ� RSWLPXP� YDOXH� IRU� WKH�ORZHVW� WHPSHUDWXUH� LQ� )HUPL� F\FOH�� +RZHYHU�� WKH�HIILFLHQF\�RI�D�)HUPL�F\FOH�JRHV� WR�D� ILQLWH�YDOXH�ORZHU�WKDQ�WKH�XQLW\�ZKHQ�W JRHV�WR�]HUR�
���� 5HIULJHUDWLRQ� /RDG� $QDO\VLV� RI� %UD\WRQ�5HIULJHUDWLRQ�&\FOH�>��@,W� FDQ� EH� HDVLO\� VKRZQ� WKDW� FRHIILFLHQW� RI� SHUIRUPDQFH��&23�� YDOXH� RI� %UD\WRQ� UHIULJHUDWLRQ� F\FOH� LV� QRW�HIIHFWHG�E\� WKH�TXDQWXP�GHJHQHUDF\�RI� UHIULJHUDQW��7KH�UHDVRQ�RI�WKLV�UHVXOW�LV�WKDW�WKH�FRUUHFWLRQ�IDFWRU�UHPDLQV�FRQVWDQW�GXULQJ�WKH�LVHQWURSLF�FKDQJH�RI�VWDWH�7KH�UHIULJHUDWLRQ�ORDG�UDWLR�FDQ�EH�GHILQHG�DV�IROORZV
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ZKHUH� &/4 LV�UHIULJHUDWLRQ�ORDG�RI� WKH�FODVVLFDO�%UD\WRQ�F\FOH�� %\� XVLQJ� HTXDWLRQ� ����� DQG� LVHQWURSLF� JDV�UHODWLRQV�DQG�FRQVLGHULQJ� WKDW� WKH�FRUUHFWLRQ�IDFWRUV�DUH�HTXDO� WR� XQLW\� IRU� FODVVLFDO� F\FOH�� HTXDWLRQ� ����� FDQ�EH�ZULWWHQ�DV � � � ���
��� ��

3
3//M++MM4 U U73&)73&)5 / W W�� � ����

,Q�)LJXUH ��� LW� LV� VKRZQ� WKDW�KRZ� %4/5 DQG� )4/5 GHSHQG�RQ�7/��)RU�KLJK�YDOXHV�RI�7/�� %4/5 DQG� )4/5 JR�WR�XQLW\��7KLV� LV� DQ� H[SHFWHG� EHKDYLRXU� VLQFH� WKH� UHIULJHUDQW�EHFRPHV�FODVVLFDO�LGHDO�JDV�DQG�FRUUHFWLRQ�IDFWRUV�JR�WR�XQLW\�IRU�KLJK�YDOXHV�RI�7/��,W�LV�VHHQ�WKDW� %4/5 LV�DOZD\V�JUHDWHU� WKDQ� XQLW\� ZKLOH� )4/5 LV� ORZHU� WKDQ� XQLW\��7KHUHIRUH�� UHIULJHUDWLRQ� ORDG� RI� %RVH� %UD\WRQ F\FOH� LV�JUHDWHU� WKDQ� RU� HTXDO� WR� WKDW� RI� WKH� &ODVVLFDO� %UD\WRQ�F\FOH� ZKLOH� WKHUH� LV� DQ� RSSRVLWH� VLWXDWLRQ� IRU� )HUPL�

%UD\WRQ� F\FOH�� )/&/%/ 444 tt �� $W� WKH� WHPSHUDWXUHV�ORZHU� WKDQ�7R�� YROXPH�GHSHQGHQFH�RI� WKH�SUHVVXUH�RI� D�%RVH� JDV� YDQLVKHV� DQG� LW�GHSHQGV�RQ�RQO\� WHPSHUDWXUH��7KLV�VLWXDWLRQ�FDQ�HDVLO\�EH�VHHQ�E\�XVLQJ�HTXDWLRQV���E��DQG���E�� LQ�HTXDWLRQ������$W� WKH�WHPSHUDWXUHV�EHORZ�7R��WKHUHIRUH�� FRQVWDQW� SUHVVXUH� FRQGLWLRQ� PHDQV� WKH�FRQVWDQW� WHPSHUDWXUH� FRQGLWLRQ�� )RU� WKLV� UHDVRQ�� LQ� D�%RVH %UD\WRQ� F\FOH�� WKH� PLQLPXP� YDOXH� RI� 7/ LV�UHVWULFWHG� E\� � �/R 37 �� ZKLFK� FDQ� EH� FDOFXODWHG� E\�HTXDWLRQ� ��E���7KLV� UHVWULFWLRQ� LV� DOVR� VHHQ� LQ�)LJXUH� ���2Q�WKH�RWKHU�KDQG��WKHUH�LV�QR�VXFK�D�UHVWULFWLRQ�LQ�FDVH�RI�)HUPL�JDV��6LQFH�3+ LV�WDNHQ�DV�D�FRQVWDQW��WKH�YDOXH�RI� 3/ DQG� WKXV� WKH� TXDQWXP� GHJHQHUDF\� GHFUHDVH� ZLWK�LQFUHDVLQJ�YDOXH�RI�U3��7KHUHIRUH�� WKH�FXUYHV�IRU� � 3UDUH� FORVHU� WR� XQLW\� LQ� FRPSDULVRQ� ZLWK� WKH� FXUYHV� IRU�� 3U �
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)LJXUH����9DULDWLRQV�RI� %4/5 DQG� )4/5 YHUVXV�WR�7/��7KH�YDOXHV� RI� 3+ DQG� W DUH� FKRVHQ� DV� 3D��� +3 DQG�W ���� $Q� LQFUHPHQW�GHFUHPHQW� LQ� WKH� YDOXH� RI�UHIULJHUDWLRQ� ORDG� SHU� F\FOH� FRUUHVSRQGV� WR� DQ�LQFUHPHQW�GHFUHPHQW� LQ� WKH� YDOXH� RI� ZRUN� LQSXW� SHU�F\FOH� VLQFH� &23� YDOXH� UHPDLQV� FRQVWDQW� IRU� D� JLYHQ� USYDOXH�� 7KXV�� LQ� D� %UD\WRQ� UHIULJHUDWLRQ� F\FOH� XVLQJ� D�%RVH� W\SH� UHIULJHUDQW��PRUH� KHDW� LV� DEVRUEHG� SHU� F\FOH�IURP� WKH� FROG� UHVHUYRLU� E\� FRQVXPLQJ� PRUH� ZRUN� SHU�F\FOH�� 2Q� WKH� RWKHU� KDQG�� LQ� D� %UD\WRQ� UHIULJHUDWLRQ�F\FOH� XVLQJ� D� )HUPL� W\SH� UHIULJHUDQW�� OHVV� KHDW� LV�DEVRUEHG� SHU� F\FOH� IURP� WKH� FROG� UHVHUYRLU� E\�FRQVXPLQJ� OHVV� ZRUN� SHU� F\FOH�� /LIHWLPH� RI� D�UHIULJHUDWRU� PDLQO\� GHSHQGV� RQ� WKH� PHFKDQLFDO� ZHDU��0HFKDQLFDO� ZHDU� LQFUHDVHV� ZLWK� LQFUHDVLQJ� QXPEHU� RI�F\FOH�� ,Q�D�UHDO�UHIULJHUDWRU��IXUWKHUPRUH�� ORVW�ZRUN�DOVR�LQFUHDVHV�DQG�&23�GHFUHDVHV�ZLWK�LQFUHDVLQJ�QXPEHU�RI�F\FOH� GXH� WR� WKH� ORVVHV� GHSHQGLQJ� RQ� WKH� IULFWLRQ��&RQVHTXHQWO\��LW�FDQ�EH�VDLG�WKDW�%RVH�W\SH�RI�LGHDO�JDV�LV� DOZD\V� DGYDQWDJHRXV� IRU� %UD\WRQ� UHIULJHUDWLRQ� F\FOH�VLQFH� WKH� VDPH� UHIULJHUDWLRQ� ORDG� LV� REWDLQHG� ZLWK� OHVV�
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QXPEHU� RI� F\FOH�� 2Q� WKH� FRQWUDU\�� )HUPL� W\SH� RI� LGHDO�JDV� LV� DOZD\V� GLVDGYDQWDJHRXV� EHFDXVH� LW� FDXVHV� DQ�LQFUHPHQW� LQ� WKH� QXPEHU� RI� F\FOH� IRU� D� JLYHQ�UHIULJHUDWLRQ� ORDG�� 7KHVH� UHVXOWV� PD\� EH� XVHG� LQ� WKH�FRQVWUXFWLRQ�RI�D�%UD\WRQ�UHIULJHUDWLRQ�F\FOH�ZRUNLQJ�DW�TXDQWXP�GHJHQHUDF\�FRQGLWLRQV�&21&/86,21,Q� VXPPDU\�� E\�XVLQJ� WKH� UHVXOWV� RI� SUHVHQW� DQDO\VLV� LQ�SUHFHGLQJ� VHFWLRQV� LW� LV� XQGHUVWRRG� WKDW� WKH� TXDQWXP�GHJHQHUDF\�RI�ZRUNLQJ�JDV�FDQ� OHDG�D�GHFUHPHQW�LQ�WKH�HIILFLHQF\� RI� JDV� F\FOHV�� +RZHYHU�� HIILFLHQF\� LV� QRW�HIIHFWHG�E\� WKH�TXDQWXP�GHJHQHUDF\�IRU� WKH�F\FOHV�ZLWK�IRXU�EUDQFKHV�� LI� WZR�RI�WKH�EUDQFKHV�DUH�LVHQWURSLF��2Q�WKH�RWKHU�KDQG��TXDQWXP�GHJHQHUDF\�RI�%RVH�JDV�FDXVHV�WR�LQFUHPHQW�LQ�WKH�QHW�ZRUN�RXWSXW�RU�UHIULJHUDWLRQ�ORDG�SHU�F\FOH�ZKLOH�TXDQWXP�GHJHQHUDF\�RI�)HUPL�JDV�FDXVHV�WR�D�GHFUHPHQW�LQ�WKHVH�TXDQWLWLHV�$&.12:/('*0(1767KLV� UHVHDUFK� ZDV� VXSSRUWHG� E\� 5HVHDUFK� )XQG� RI�,VWDQEXO�7HFKQLFDO�8QLYHUVLW\�XQGHU�FRQWUDFW�1R�������
5()(5(1&(6
>�@�.RVORII�5���$�TXDQWXP�PHFKDQLFDO�RSHQ�V\VWHP�DV�D�PRGHO�RI�D�KHDW�HQJLQH��-��&KHP��3K\V����� �����SS������������������>�@�*HYD�(��DQG�.RVORII�5���$�TXDQWXP�PHFKDQLFDO�KHDW�HQJLQH� RSHUDWLQJ� LQ� ILQLWH�WLPH�� $� PRGHO� FRQVLVWLQJ� RI�VSLQ����� V\VWHPV� DV� WKH�ZRUNLQJ� IOXLG�� -�� &KHP�� 3K\V����� �����SS������������������>�@� *HYD� (�� DQG� .RVORII� 5��� 2Q� WKH� FODVVLFDO� OLPLW� RI�TXDQWXP�WKHUPRG\QDPLFV�LQ�ILQLWH� WLPH��-��&KHP��3K\V����� �����SS�������������������>�@� *HYD� (�� DQG� .RVORII� 5��� 7KUHH� OHYHO� TXDQWXP�DPSOLILHU� DV� D� KHDW� HQJLQH�� $� VWXG\� LQ� ILQLWH�WLPH�WKHUPRG\QDPLFV�� 3K\V�� 5HY�� (�� ���� SS� �����������������>�@�)HOGPDQQ�7���*HYD�(���.RVORII�5�� DQG�6DODPRQ�3���+HDW� HQJLQHV� LQ� ILQLWH� WLPH� JRYHUQHG E\� PDVWHU�HTXDWLRQV��$P��-��3K\V����� �����SS�����������������>�@� *HYD� (�� DQG�.RVORII� 5��� 7KH� TXDQWXP� KHDW� HQJLQH�DQG� KHDW� SXPS�� $Q� UHYHUVLEOH� WKHUPRG\QDPLF� DQDO\VLV�RI� WKH� WKUHH�OHYHO� DPSOLILHU�� -�� &KHP�� 3K\V��� ����� SS�������������������>�@�:X�)���6XQ�)�� DQG�&KHQ�/���2SWLPXP�SHUIRUPDQFH�RI� D� VSLQ����� LUUHYHUVLEOH� TXDQWXP� &DUQRW� HQJLQH� ZLWK�WKH� SRZHU� LQ� FRRSHUDWLRQ� ZLWK� WKH� HQWURS\� SURGXFWLRQ�UDWH�� -��:XKDQ� ,QVWLWXWH�&KHP��7HFK����� �����SS��������LQ�&KLQHVH���������>�@� -LQ� ;��� :X� )��� 6XQ� )�� DQG� &KHQ� /��� )LQLWH� WLPH�WKHUPRG\QDPLF�SHUIRUPDQFH�ERXQG�RI�D�TXDQWXP�&DUQRW�HQJLQH� ZLWK� HFRORJLFDO� FULWHULD�� 3RZ�� 6\V�� (QJQJ��� �������SS��������LQ�&KLQHVH���������>�@� :X� )��� &KHQ� /��� 6XQ� )��� :X� &��� DQG� +XD� 3���2SWLPXP�SHUIRUPDQFH�SDUDPHWHUV�IRU�D�TXDQWXP�&DUQRW�

KHDW�SXPS�ZLWK�VSLQ�ò���(QHUJ\�&RQYHUV��0JPW�������SS�������������������>��@� :X� )��� &KHQ� /��� 6XQ� )�� DQG� :X� &��� )LQLWH�WLPH�H[HUJRHFRQRPLF� SHUIRUPDQFH� ERXQG� IRU� D� TXDQWXP�6WLUOLQJ�HQJLQH��,QW��-��(QJ��6FL�������SS�����������������>��@� -LQ� ;��� :X� )�� DQG� &KHQ /��� 2SWLPL]DWLRQ� RI�TXDQWXP� 6WLUOLQJ� UHIULJHUDWRUV� LQ� WKH� FODVVLFDO� OLPLW��&U\RJHQLFV�����SS��������LQ�&KLQHVH���������>��@� :X� )��� &KHQ� /��� DQG� 6XQ� )��� &RPSURPLVH�RSWLPL]DWLRQ� EHWZHHQ� FRROLQJ� ORDG� DQG� HQWURS\�JHQHUDWLRQ� UDWH� IRU� TXDQWXP� &DUQRW� UHIULJHUDWRUV��&U\RJHQLFV�����SS������LQ�&KLQHVH���������>��@�:X�)���&KHQ�/�� DQG�6XQ�)���2SWLPDO�SHUIRUPDQFH�RI�TXDQWXP�&DUQRW�UHIULJHUDWRUV��-��$SSO��6FL����� �����SS����������LQ�&KLQHVH���������>��@� :X� )��� &KHQ� /��� 6XQ� )��� :X� &�� DQG� =KX� <���3HUIRUPDQFH� DQG� RSWLPL]DWLRQ� FULWHULD� IRU� IRUZDUG� DQG�UHYHUVH� TXDQWXP� 6WLUOLQJ� F\FOHV�� (QHUJ\� &RQYHUV��0JPW�������SS�����������������>��@� ùLúPDQ� $�� DQG� 6D\JÕQ� +��� 2Q� WKH� SRZHU� F\FOHV�ZRUNLQJ� ZLWK� LGHDO� TXDQWXP� JDVHV�� ,�� 7KH� (ULFVVRQ�F\FOH��-��3K\V��'��$SSO��3K\V�������SS�����������������>��@�ùLúPDQ�$��DQG�6D\JÕQ�+���7KH�LPSURYHPHQW�HIIHFW�RI� TXDQWXP� GHJHQHUDF\� RQ� WKH� ZRUN� RI� &DUQRW� F\FOH��$SSO��(QHUJ\���� �����SS�����������������>��@� 6D\JÕQ� +�� DQG� ùLúPDQ�$��� 7KH� HIIHFW� RI� TXDQWXP�GHJHQHUDF\� RQ� WKH� QHW� ZRUN� RXWSXW� RI� DQ� LGHDO� JDV�6WLUOLQJ�SRZHU�F\FOH��-�$SSO��3K\V���VXEPLWWHG���������>��@�ùLúPDQ�$��DQG�6D\JÕQ�+���7KH�HIILFLHQF\�DQDO\VHV�RI� D� 6WLUOLQJ� SRZHU� F\FOH� DW� WKH� TXDQWXP� GHJHQHUDF\�FRQGLWLRQV��3K\V��6FU����� �����SS�����������������>��@� 6D\JÕQ� +��� 4XDQWXP� GHJHQHUDF\�� FODVVLFDO� DQG�ILQLWH�WLPH�WKHUPRG\QDPLFV��,��%DVLF�FRQFHSWV�DQG�VRPH�DSSOLFDWLRQV�RQ�HIILFLHQF\�DQDO\VHV��$GYDQFHV LQ�)LQLWH�7LPH� 7KHUPRG\QDPLFV� &RQIHUHQFH�� ������ -HUXVDOHP��������1RYHPEHU��������>��@� ùLúPDQ� $��� 4XDQWXP� GHJHQHUDF\�� FODVVLFDO� DQG�ILQLWH�WLPH� WKHUPRG\QDPLFV�� ,,�� 6RPH� DSSOLFDWLRQV� RQ�ZRUN� DQDO\VHV� DQG� RSWLPLVDWLRQV�� $GYDQFHV� LQ� )LQLWH�7LPH� 7KHUPRG\QDPLFV� &RQIHUHQFH�� -HUXVDOHP�� ������1RYHPEHU��������>��@� 6D\JÕQ� +�� DQG� ùLúPDQ� $��� %UD\WRQ� 5HIULJHUDWLRQ�&\FOHV� :RUNLQJ� $W� 4XDQWXP� 'HJHQHUDF\� &RQGLWLRQV��$SSO��(QHUJ\���� �����SS���������������>��@� dHQJHO� <�� $�� DQG�%ROHV�$�� %��� 7KHUPRG\QDPLFV��$Q� (QJLQHHULQJ� $SSURDFK�� 1HZ� <RUN�0F*UDZ�+LOO��FKDSWHU�����������>��@� :RRG� %�� '��� $SSOLFDWLRQV� RI� 7KHUPRG\QDPLFV��,OOLQRLV��:DYHODQG�3UHVV��,QF���FKDSWHU�������������>��@� *DUURG� &��� 6WDWLVWLFDO� 0HFKDQLFV� DQG�7KHUPRG\QDPLFV��1HZ�<RUN��2[IRUG�8QLYHUVLW\�3UHVV��FKDSWHU�������������>��@� /DQGDX� /�'�� DQG� /LIVKLW]� (�0��� 6WDWLVWLFDO� 3K\VLFV��/RQGRQ��3HUJDPRQ��FKDSWHU�����������>��@�0RUVH� 3�0��� 7KHUPDO� 3K\VLFV�� 1HZ�<RUN��:��$��%HQMDPLQ��,QF���FKDSWHU������������>��@�+XDQJ�.��� 6WDWLVWLFDO�0HFKDQLFV��1HZ�<RUN�� -RKQ�:LOH\	6RQV��FKDSWHU������������
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>��@� 3UXGQLNRY� $� 3� HW� DO��� ,QWHJUDOV� DQG� 6HULHV�� 1HZ�<RUN��*RUGRQ�DQG�%UHDFK��YRO����S��������������120(1&/$785(
%3F ��6SHFLILF�KHDW�FRQVWDQW�SUHVVXUH�RI�%RVH�JDV�)3F ��6SHFLILF�KHDW�FRQVWDQW�SUHVVXUH�RI�)HUPL�JDV�&) �� &RUUHFWLRQ� IDFWRU� IRU� FODVVLFDO� LGHDO� JDV����HTXDWLRQ�RI�VWDWH�&)% ��&RUUHFWLRQ�IDFWRU�IRU�LGHDO�%RVH�JDV�&)) ��&RUUHFWLRQ�IDFWRU�IRU�LGHDO�)HUPL�JDV�&23 � &RHIILFLHQW�RI�SHUIRUPDQFH�J �� 1XPEHU� RI� SRVVLEOH� VSLQ� RULHQWDWLRQV� RI� WKH���JDV�SDUWLFOH�K ��3ODQFN¶V�FRQVWDQW��-V��N ��6SHFLILF�KHDW�UDWLR�NE ��%ROW]PDQQ¶V�FRQVWDQW��-�.��/L ��7KH�3RO\ORJDULWKP�IXQFWLRQ�P ��*DV�PDVV��NJ��PR ��5HVW�PDVV�RI�WKH�JDV�SDUWLFOH��NJ��Q ��1XPEHU�GHQVLW\�RI�JDV�SDUWLFOHV��P����\ ��,QGLFHV�UHSUHVHQWLQJ�3��7�RU�9�3 ��3UHVVXUH��3D��3/ ��7KH�ORZHVW�SUHVVXUH��3D��3+ ��7KH�KLJKHVW�SUHVVXUH��3D��M/4 ��5HIULJHUDWLRQ�ORDG�RI�WKH�%UD\WRQ�F\FOH�ZRUNLQJ�MW\SH�JDV�&/4 ��5HIULJHUDWLRQ�ORDG RI�WKH�FODVVLFDO�%UD\WRQ�F\FOH�M3+4 ��+HDW�H[FKDQJH�IRU�M W\SH�JDV�DW�FRQVWDQW�3+�M3/4 ��+HDW�H[FKDQJH�IRU�M W\SH�JDV�DW�FRQVWDQW�3/�M7+4 ��+HDW�H[FKDQJH�IRU�M W\SH�JDV�DW�FRQVWDQW 7+�M7/4 ��+HDW�H[FKDQJH�IRU�M W\SH�JDV�DW�FRQVWDQW�7/�\LI4 �� +HDW� H[FKDQJH� XQGHU� FRQVWDQW� \ SURSHUW\�FRQGLWLRQ�US ��3UHVVXUH�UDWLR�GHILQHG�DV /+Y 33U  �

UY ��6SHFLILF�YROXPH� UDWLR�RI� WKH�F\FOH�GHILQHG�DV�
/+Y YYU  �5 ��*DV�FRQVWDQW��-�NJ�� .����%Z5 ��5DWLR�RI�ZRUN�RI�%RVH�&DUQRW�F\FOH�WR�WKDW�RI�FODVVLFDO�&DUQRW�F\FOH�)Z5 ��5DWLR�RI�ZRUN�RI�)HUPL�&DUQRW�F\FOH�WR�WKDW�RI�FODVVLFDO�&DUQRW�F\FOH�6 ��(QWURS\��-�.�\LI6 �� (QWURS\� H[FKDQJH� XQGHU� FRQVWDQW� \ SURSHUW\�FRQGLWLRQ�7) ��)HUPL�WHPSHUDWXUH��.��7+ ��7KH�KLJKHVW�WHPSHUDWXUH��.��7/ ��7KH�ORZHVW�WHPSHUDWXUH��.��7R ��%RVH�(LQVWHLQ�FRQGHQVDWLRQ WHPSHUDWXUH��.��Y ��6SHFLILF�YROXPH��P�� NJ��Y+ ��7KH�KLJKHVW�VSHFLILF�YROXPH��P�� NJ��Y/ ��7KH�ORZHVW�VSHFLILF�YROXPH��P�� NJ��:% ��&\FOH�ZRUN�RI�%RVH�&DUQRW�F\FOH��-��:& ��&\FOH�ZRUN�RI�FODVVLFDO�&DUQRW�F\FOH��-��:) ��&\FOH�ZRUN�RI�)HUPL�&DUQRW�F\FOH��-��\LI: �� :RUN� H[FKDQJH� XQGHU� FRQVWDQW� \ SURSHUW\�FRQGLWLRQ�KF ��&DUQRW�HIILFLHQF\�(ULFVVRQ%K �� (IILFLHQF\� RI� (ULFVVRQ� SRZHU� F\FOH� ZRUNLQJ���ZLWK�LGHDO�%RVH�JDV�(ULFVVRQ)K �� (IILFLHQF\� RI (ULFVVRQ� SRZHU� F\FOH� ZRUNLQJ���ZLWK�LGHDO�)HUPL�JDV�P ��&KHPLFDO�SRWHQWLDO�RI�D�JDV�SDUWLFOH��-��W ��7HPSHUDWXUH�UDWLR�GHILQHG�DV� +/ 77 W �

6XE�VXSHUVFULSW
I ��5HIHUV�WR�ILQDO�VWDWH�L ��5HIHUV�WR�LQLWLDO�VWDWH�M ��5HIHUV�WR�%RVH�RU�)HUPL�JDV�
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