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:LOOLDP� %HDOH� RI� WKH� )UHH�3LVWRQ� 6WLUOLQJ� (QJLQH��)36(���8QOLNH�NLQHPDWLF�6WLUOLQJ�HQJLQHV��LQ�ZKLFK�WKH�SLVWRQV� �L�H��� D� SRZHU� SLVWRQ� DQG� D� GLVSODFHU�� DUH�FRQQHFWHG� WR� WKH� ORDG� E\� D� FUDQN� PHFKDQLVP�� )36(�UHFLSURFDWLQJ� HOHPHQWV� KDYH� QR� GLUHFW� OLQNDJH�� WKHLU�PRWLRQ� UHO\LQJ� RQO\� RQ� JDV� SUHVVXUH�� UHFLSURFDWLQJ�PDVVHV� DQG� VSULQJ� VWLIIQHVV� >�@�� �7KHVH� GHYLFHV� FDQ� EHKHUPHWLFDOO\� VHDOHG� DQG�SUHVVXULVHG�� SHUPLWWLQJ� WKH� XVH�RI� ZRUNLQJ� IOXLGV� VXFK� DV� K\GURJHQ� DQG� KHOLXP� WR�DFKLHYH�KLJKHU�VSHFLILF�SRZHU�RXWSXW�7KH� 6WLUOLQJ� HQJLQH� GHVFULEHG� LQ� WKLV� SDSHU� LQWURGXFHV�LQQRYDWLYH� FKDQJHV� WR� WKH� GHVLJQ� FRQFHSW� RULJLQDOO\�SURSRVHG� E\� &RRNH�<DUERURXJK� >���@� DW� +DUZHOO��NQRZQ� DV� WKH� 7KHUPR�0HFKDQLFDO� *HQHUDWRU� �70*����70*�XVHV�D�IOH[LEOH�PHWDO�GLDSKUDJP�DV�D�SRZHU�SLVWRQ�DQG� KHQFH� HOLPLQDWLQJ� VOLGLQJ� VHDOV� DQG� UXEELQJ�VXUIDFHV�� KRZHYHU�� PHWDO� IDWLJXH� UHVXOWLQJ� IURP� VWUHVV�DQG� VWUDLQ� RI� WKH� GLDSKUDJP� PDWHULDO� UHVWULFWHG� LWV�DPSOLWXGH�RI�GHIOHFWLRQ�WR�OHVV�WKDQ������RI�LWV�GLDPHWHU�DQG� KHQFH� PDNLQJ� LW� XQHFRQRPLFDO� IRU� IXUWKHU�GHYHORSPHQW�,Q� WKH� SUHVHQW� HQJLQH� GHVLJQ� WKH� GLDSKUDJP� SLVWRQ� LV�PDGH� IURP� UXEEHU�PDWHULDO� RI� VXLWDEOH� KDUGQHVV� JUDGH��WKDW�FRPELQHV�KLJK�UHVLOLHQFH��ODUJH�GHIOHFWLRQ��DQG�ORZ�PDWHULDO�K\VWHUHVLV�ORVV��+HQFH�E\�HOLPLQDWLQJ�GHIOHFWLRQ�UHVWULFWLRQ��SURVSHFW�RI�KLJKHU�VZHSW�YROXPH�DQG�SRZHU�RXWSXW� FDQ� EH� DFKLHYHG�� ,Q� DGGLWLRQ�� DFFXUDWH� WKHUPDO�PRGHOOLQJ� RI� WKH� HQJLQH� OHDG� WR� GHVLJQ� RI� HIIHFWLYH�H[WHUQDO� KHDW� H[FKDQJHUV� �L�H��� KHDWHU�� FRROHU�� DQG�UHJHQHUDWRU��ZLWK�ORZ�SUHVVXUH�GURS
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��(1*,1(�'(6,*1�$1'�/$<2877KH�GLDSKUDJP�6WLUOLQJ�HQJLQH�LV�PDGH�RI� WZR�ZRUNLQJ�VSDFH�YROXPHV� �L�H��� H[SDQVLRQ�DQG�FRPSUHVVLRQ� VSDFH��ZKLFK� DUH� PDLQWDLQHG� DW� WZR� WHPSHUDWXUH� OHYHOV� DQG�YDULHG� F\FOLFDOO\� RXW� RI� SKDVH� �VHH� )LJXUH� ����� � 7KHVH�VSDFHV� DUH� FRXSOHG� WKURXJK� WKUHH� KHDW� H[FKDQJHUV�QDPHO\� KHDWHU�� UHJHQHUDWRU� DQG� FRROHU�� � 7KH� KHDWHU� LV�PDGH�RI�SODLQ�VWDLQOHVV�VWHHO�WXEHV�DQG�LV�ORFDWHG�RQ�WKH�H[SDQVLRQ� VSDFH� VLGH�RI� WKH� UHJHQHUDWRU�� �6HQVLEOH�KHDW�HQHUJ\� UHOHDVHG� LQ� WKH� FRPEXVWLRQ� FKDPEHU� LV�WUDQVIHUUHG� WKRXJK� WKH�KHDWHU� WXEHV�ZDOO� WR� WKH�ZRUNLQJ�IOXLG�LQ�WKH�HQJLQH�DW�WHPSHUDWXUH�RI�����WR����R&���7KH�FRROHU� LV� PDGH� RI� FRSSHU WXEHV� DQG� ORFDWHG� RQ� WKH�FRPSUHVVLRQ� VSDFH� VLGH� RI� WKH� UHJHQHUDWRU� DQG� WKURXJK�ZKLFK�KHDW�LV�H[FKDQJHG�EHWZHHQ�WKH�ZRUNLQJ�IOXLG�DQG�WKH� KHDW� VLQN� DW� WHPSHUDWXUH� RI� ��� WR� ��R&�� � 7KH�UHJHQHUDWRU� LV�PDGH�RI� ILQH� VWDLQOHVV� VWHHO�PHVKHV� �����PHVK�LQ��DQG�SDFNHG�LQ�DQ�DQQXOXV�JDS�EXLOW�DURXQG�WKH�HQJLQH� F\OLQGHU�� � ,WV� PDLQ� IXQFWLRQ� LV� WR� WHPSRUDULO\�VWRUH�KHDW�HQHUJ\�FDUULHG�E\�WKH�ZRUNLQJ�IOXLG�DV�LW�IORZV�IURP�WKH�H[SDQVLRQ�VSDFH�WR�WKH�FRPSUHVVLRQ�VSDFH�DQG�UHOHDVH� LW� EDFN� WR� WKH� ZRUNLQJ� IOXLG� DV� LW� UHYHUVHVGLUHFWLRQ���7KH�UHJHQHUDWRU�DFFRXQWV�IRU�PRVW�RI�WKH�IORZ�IULFWLRQDO�ORVV�DQG�DOVR�DIIHFWV�VLJQLILFDQWO\�WHPSHUDWXUH�YDULDWLRQ� LQ� WKH� H[SDQVLRQ� DQG� FRPSUHVVLRQ� VSDFH� DQG�KHQFH�WKHUPDO�HIILFLHQF\�RI�WKH�HQJLQH�7KH�HQJLQH�DOVR�FRPSULVHV�WZR�PRYLQJ�FRPSRQHQWV��WKH�GLVSODFHU�SLVWRQ�DQG�WKH�IODW�UXEEHU�GLDSKUDJP�

)LJXUH���6FKHPDWLF�GLDJUDP�RI�WKH�HQJLQH�
����',63/$&(57KH� GLVSODFHU� SLVWRQ� LV� KRXVHG� LQ� WKH� HQJLQH� F\OLQGHU�EHWZHHQ�WKH�H[SDQVLRQ�VSDFH�DQG�WKH�FRPSUHVVLRQ�VSDFH�DQG�KHQFH�LV�H[SRVHG�WR�ODUJH�WHPSHUDWXUH�JUDGLHQW���7R�PLQLPLVH� KHDW� WUDQVIHU� E\� FRQGXFWLRQ� IURP� WKH�H[SDQVLRQ� VSDFH� WR� WKH� FRPSUHVVLRQ�� WKH� GLVSODFHU�ZDV�PDGH� IURP� D� VHDOHG� KROORZ� F\OLQGHU� XVLQJ� D�FRPELQDWLRQ� RI� DOXPLQLXP� DOOR\�� DW� WKH� FROG� HQG�� DQG�ORZ� WKHUPDO� FRQGXFWLYLW\�PDWHULDO� DW WKH� KRW� HQG�� �7KH�ORZ� WKHUPDO� FRQGXFWLYLW\� PDWHULDO� �FHUDPLFV�� IRUPV� D�KHDW� FRQGXFWLRQ� EDUULHU� RI� ORZ� WKHUPDO� FRQGXFWLYLW\��� ��:�P�.��DQG�VWDEOH�WKHUPDO�FKDUDFWHULVWLFV�DW�KLJK�WHPSHUDWXUH�����R&����,Q�DGGLWLRQ��WKH�GLVSODFHU�VWUXFWXUH�

QHHGV� WR� EH� RI� OLJKWZHLJKW� DQG� ULJLG� WR� ZLWKVWDQG�ZRUNLQJ�IOXLG�SUHVVXUH�IRUFH�
����',$3+5$*0�7KH�GLDSKUDJP�LV�PDGH�RI�D�IODW�UXEEHU�GLVN�FODPSHG�DW�LWV�FLUFXPIHUHQFH� WR� WKH� HQJLQH� F\OLQGHU� DQG� KDV� QR� GLUHFW�PHFKDQLFDO� OLQNDJH� WR� WKH�GLVSODFHU�� �7KH�SULPH�IXQFWLRQ�RI� WKH� GLDSKUDJP� LV� WR� FRQYHUW� ZRUNLQJ� IOXLG� SUHVVXUH�YDULDWLRQ� LQWR� PHFKDQLFDO� RVFLOODWLRQ�� � 7KH� GLDSKUDJP�RVFLOODWLRQ�LV�WKHQ�WUDQVPLWWHG�WKURXJK�D�UHFLSURFDWLQJ�VKDIW�WR� D� OLQHDU� HOHFWULF� JHQHUDWRU��ZKLFK� LQ� WXUQ� FRQYHUWV� WKLV�PHFKDQLFDO�RVFLOODWLRQ�LQWR�HOHFWULFDO�IRUP�7KH� GHVLJQ� RI� WKH� GLDSKUDJP� LQYROYHV� VHOHFWLRQ� RI� D�VXLWDEOH� UXEEHU�PDWHULDO�� FDOFXODWLRQ�RI� FULWLFDO� VWUHVV� DQG�VWUDLQ�IRUFHV��QDWXUDO�IUHTXHQF\�RI�RVFLOODWLRQ��DQG�HQHUJ\�ORVV�ZLWKLQ�WKH�PDWHULDO���,Q�WKLV�UHVHDUFK�ZRUN�WZR�UXEEHU�FRPSRXQG�PDWHULDO� ZHUH� H[DPLQHG� � 6LOLFRQ� UXEEHU� DQG�QDWXUDO� UXEEHU�� $OWKRXJK� VLOLFRQ� UXEEHU� KDV� VXSHULRU�FKDUDFWHULVWLFV� �L�H��� KLJKHU� RSHUDWLQJ� WHPSHUDWXUH� DQG�ORZHU�GDPSLQJ� ORVVHV���QDWXUDO� UXEEHU�ZDV�FKRVHQ� IRU� LWV�ORZ� FRVW�� $� YXOFDQLVHG� QDWXUDO� UXEEHU�PDWHULDO� RI� ������,5+'� ZDV�IRXQG�WR�EH�PRVW�VXLWDEOH�DV�LW�FRPELQHV�KLJK�UHVLOLHQFH� DQG� ORZHU� GDPSLQJ� ORVVHV�� � ,W� DOVR� KDV� VWDEOH�RSHUDWLQJ� FKDUDFWHULVWLFV� �L�H��� <RXQJ¶V� PRGXOXV� DQG�VWLIIQHVV�� RYHU� WHPSHUDWXUH� UDQJH� RI� �R&� WR� ��R&� DQG�IUHTXHQF\� EHORZ� ����� +]�� � ,Q� WKLV� GHVLJQ� <RXQJ
V�PRGXOXV� RI� WKH� VHOHFWHG� GLDSKUDJP� PDWHULDO� ZDV�DSSUR[LPDWHO\�HTXDOV�������� 1�P��7KH� DFWLRQ� RI� WKH� ZRUNLQJ� IOXLG� SUHVVXUH� XSRQ� WKH�GLDSKUDJP� VXUIDFH� DUHD� FDXVHV� WKH� GLDSKUDJP� WR� GHIOHFW�DQG� KHQFH� FKDQJH� RI� WKH� ZRUNLQJ� VSDFH� YROXPH�� � 7KH�UHODWLRQVKLS� EHWZHHQ� WKH� SUHVVXUH� GLIIHUHQFH� DFURVV� WKH�GLDSKUDJP� DQG� WKH� YROXPH� GLVSODFHG� FDQ� DSSUR[LPDWHO\�EH�JLYHQ�E\�>�@�
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2QH�RI�WKH�GHVLJQ�UHTXLUHPHQWV�ZDV�WR�DFKLHYH�D�ORQJ�OLIH�RSHUDWLRQ�DQG�KHQFH�WKH�GLDSKUDJP�VKRXOG�SHUIRUP�PRUH�RYHU� ���� F\FOHV� EHIRUH� DQ\� GHWHULRUDWLRQ� RI� LWV� VWUXFWXUH�RFFXUV�� $YDLODEOH� OLWHUDWXUH� RQ� IDWLJXH� OLIH� RI� UXEEHU�PDWHULDO� VKRZ� WKDW� XSRQ� UHGXFLQJ� WKH� G\QDPLF� VWUHVV�EHORZ� D� FHUWDLQ� YDOXH�� NQRZQ� DV� WKH� FULWLFDO� VWUHVV� OHYHO�DQG� ZKLFK� LV� ���[����1�PP�� WKH� SUREDELOLW\� RI� IDWLJXH�IDLOXUH�RI�WKH�PDWHULDO�WR�RFFXU�LV�YHU\�VPDOO��)RU�D�IODW�GLDSKUDJP�FODPSHG�DW�LWV�HGJH�DQG ZLWK�D�PDVV�DWWDFKHG�DW� LWV�FHQWUH�� WKH�QDWXUDO� IUHTXHQF\�RI�RVFLOODWLRQ�FDQ�EH�JLYHQ�DV�>�@���
USHII

S PP . �Z ���
,Q� SUDFWLFH� KRZHYHU� LW� ZDV� IRXQG� WKDW� WKH� RSHUDWLQJ�IUHTXHQF\�RI�WKH�GLDSKUDJP�LV�ORZHU�WKDQ�WKDW�SUHGLFWHG�E\�HTXDWLRQ� �� EHFDXVH� RI� WKH� HIIHFW� RI� WKH� VXUURXQGLQJ�ZRUNLQJ�IOXLG��LPSHUIHFW�HGJH�FODPSLQJ��DQG�ZULQNOLQJ�RI�WKH�GLDSKUDJP�)LQDOO\�� WKH�G\QDPLF�RVFLOODWLRQ�RI� WKH�GLDSKUDJP�FDXVHV�WKH� GLDSKUDJP� WR� KHDW� LQWHUQDOO\� EHFDXVH� RI� K\VWHUHVLV�
� ,QWHUQDWLRQDO�5XEEHU�+DUGQHVV�'HJUHH�
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ORVVHV� WKDW� DSSHDUV� DV�KHDW� LQ� WKH�EXON�RI WKH�GLDSKUDJP���%\� DVVXPLQJ� WKDW� WKH� RVFLOODWLRQ� DPSOLWXGH� RI� WKH�GLDSKUDJP�LV�VPDOO�FRPSDUHG�WR�LWV�WKLFNQHVV��WKH�DPRXQW�RI�KHDW�HQHUJ\�JHQHUDWHG�ZLWKLQ�WKH�PDWHULDO�SHU�F\FOH�FDQ�EH�JLYHQ�DV� ; : �SGLVV ZS] ���:KHUH� ] FDQ� EH� GHWHUPLQHG� XVLQJ� PHDQ� ORJDULWKPLF�GHFUHPHQW�PHWKRG�)URP�HTXDWLRQ��� LW� FDQ�EH� VHHQ� WKDW� WKH� KHDW� JHQHUDWHG�ZLWKLQ� WKH� GLDSKUDJP�PDWHULDO� LV� JUHDWO\� LQIOXHQFHG� E\�WKH� GLDSKUDJP� RVFLOODWLRQ� DPSOLWXGH�� 7KH� GLDSKUDJP�GLPHQVLRQV�ZHUH�FDOFXODWHG�E\�VROYLQJ�HTXDWLRQ������DQG���VLPXOWDQHRXVO\� VR� WKDW� RSWLPXP� SDUDPHWHUV� ZHUH�REWDLQHG�����32:(5�287387$�SUHOLPLQDU\�HVWLPDWH�RI�WKH�HQJLQH�VKDIW�SRZHU�FDQ�EH�FDOFXODWHG�IURP�:HVW¶V�HTXDWLRQ��JLYHQ�DV�>�@�
FH
FHVZUP 77 779IS: �� ����� ���

)RU� D� NQRZQ� VHW� RI� RSHUDWLQJ� SDUDPHWHUV� VXFK� DV�WHPSHUDWXUHV��PHDQ�SUHVVXUH��DQG�IUHTXHQF\��HTXDWLRQ���FDQ�EH�XVHG� WR� \LHOG�EURDG�HVWLPDWH�RI� WKH�HQJLQH� VL]H��7KLV� HTXDWLRQ� GRHV� QRW� KRZHYHU� TXDQWLI\� KHDW� ORVVHV�LQYROYHG�LQ�WKH�HQJLQH��L�H���KHDW�ORVV�GXH�WR�FRQGXFWLRQ��FRQYHFWLRQ��VKXWWOH��DQG�IULFWLRQ����7KHUHIRUH�D�FRPSXWHU�PRGHO� ZDV� GHYHORSHG� WR� RSWLPLVH� KHDW� WUDQVIHU�FRPSRQHQWV� �KHDWHU�� UHJHQHUDWRU�� DQG� FRROHU�� RI� WKH�HQJLQH� DQG� KHQFH� PLQLPLVH� HQHUJ\� ORVVHV� GXH� WR�ZRUNLQJ� IOXLG� SUHVVXUH� GURS��KHDW� FRQGXFWLRQ�� DQG�KHDW�FRQYHFWLRQ��� 287/,1(� 2)� 7+(50$/02'(//,1*7KHUPDO�PRGHOOLQJ� RI� WKH� HQJLQH� ZDV� FRQGXFWHG� XVLQJ�WKLUG� RUGHU� PDWKHPDWLFDO� DQDO\VLV� EDVHG� RQ� ILQLWH� FHOO�PHWKRG� >���@�� �7KH�PHWKRG� FRQVLVWV� LQ� VXEGLYLGLQJ� WKH�ZRUNLQJ�IOXLG�IORZ�SDVVDJHV��WKDW�LV�KHDW�H[FKDQJHUV�DQG�FRQQHFWLQJ�SRUWV��LQWR�VL[�KRPRJHQRXV�FRQWURO�YROXPHV��QDPHO\�H[SDQVLRQ�VSDFH��KHDWHU��FRROHU�DQG�FRPSUHVVLRQ�VSDFH�DQG� WZR�FRQWURO�YROXPHV� IRU� WKH� UHJHQHUDWRU�� � ,Q�WKLV�DQDO\VLV�LW�ZDV�DVVXPHG�WKDW�SHUIHFW�JDV�ODZ�DSSOLHV�LQ�HDFK�FRQWURO�YROXPH�DQG�WKH�IORZ�LV�RQH�GLPHQVLRQDO�WKURXJKRXW�WKH�HQJLQH��)LJXUH���VKRZV�KHDW�EDODQFH�RI�D�W\SLFDO�FRQWURO�YROXPH�FHOO��(DFK� FRQWURO� YROXPH� ZDV� GHILQHG� E\� D� VHW� RI�GLIIHUHQWLDO� HTXDWLRQ� RI� FRQVHUYDWLRQ� RI� HQHUJ\�� PDVV��DQG�PRPHQWXP��DV�IROORZV���x (QHUJ\�FRQVHUYDWLRQ� � � � MMMYLLLLSGLVVMM G:7PGWG&P7P7&4GWG4 � ��� �� �� ���x 0DVV�FRQVHUYDWLRQ¦  �
� RM PP ���

x 0DVV�FRQWLQXLW\�

��� LLM PPGWGP ���
x 0RPHQWXP�FRQVHUYDWLRQ

XXX'/ISS MMKMMMLL �� U � � ���

)LJXUH���7\SLFDO�FRQWURO�YROXPH�KHDW�EDODQFH
(TXDWLRQ� ����� ����� ���� DQG� ���� ZHUH� VHW� XS� IRU� HYHU\�FRQWURO�YROXPH�DQG� WKHQ�VROYHG�VLPXOWDQHRXVO\�XVLQJ�D�VHFRQG�RUGHU�5XQJH�.XWWD�PHWKRG���3ULRU�WR�UXQQLQJ�WKH�SURJUDP�WKH�PRWLRQ�RI� WKH�GLVSODFHU�DQG�GLDSKUDJP��DV�IXQFWLRQ� RI� WLPH�� RSHUDWLQJ� IUHTXHQF\�� ZRUNLQJ� IOXLG�PDVV��IOXLG�W\SH��DQG�WKH�JHRPHWU\�RI�WKH�V\VWHP�KDYH�WR�EH� VSHFLILHG�� � ,Q� WKH� DQDO\VLV� LW� ZDV� DVVXPHG� WKDW�H[SDQVLRQ� DQG� FRPSUHVVLRQ� FRQWURO� YROXPHV� YDU\�DGLDEDWLFDOO\� DQG� WKHLU� LQLWLDO� WHPSHUDWXUHV� DUH� QRW�NQRZQ� LQ� DGYDQFH� KHQFH� WKH� VLPXODWLRQ� PRGHO� LV� D�ERXQGDU\�YDOXH� SUREOHP�� +RZHYHU� GXH� WR� F\FOLFEHKDYLRXU� RI� WKH� ZRUNLQJ� IOXLG� LQ� WKH� HQJLQH�� LW� ZDV�VXJJHVWHG� E\� 8ULHOL� >�@� WKDW� LW� LV� VWLOO� SRVVLEOH� WR�IRUPXODWH� WKH� PRGHO� DV� DQ� LQLWLDO�YDOXH� SUREOHP� E\�DVVLJQLQJ� DQ� DSSURSULDWH� LQLWLDO� FRQGLWLRQV� DQG�LQWHJUDWLQJ�WKH�GLIIHUHQWLDO�HTXDWLRQV�XQWLO�D�VWHDG\�VWDWH�ZDV� UHDFKHG�� � $� FRQYHUJHQFH� DFFHOHUDWLRQ� WHFKQLTXH�ZDV�DSSOLHG�DW�WKH�HQG�RI�HDFK�F\FOH�WR�REWDLQ�WKH�VWHDG\�VWDWH� WHPSHUDWXUH� SURILOH� LQ� D� VKRUWHU� FRPSXWHU�SURFHVVLQJ� WLPH�� � 7LPH� GHSHQGHQW� SDUDPHWHUV� RI� WKH�HQJLQH� FRPSXWHG� RYHU� RQH� FRPSOHWH� F\FOH� XVLQJ� WKLV�PRGHO� DUH� ZRUNLQJ� IOXLG� WHPSHUDWXUH� YDULDWLRQ� LQ� WKH�HQJLQH�� SUHVVXUH� IOXFWXDWLRQ�� YROXPH� VZHSW� LQ� WKH�H[SDQVLRQ� DQG� FRPSUHVVLRQ� VSDFH�� DQG� 39� GLDJUDP� RI�WKH�HQJLQH��7KHVH�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH���������DQG�7DEOH���)LJXUH� �� VKRZV� WHPSHUDWXUH� YDULDWLRQ� LQ� HDFK�FRPSDUWPHQW�RI�WKH�HQJLQH�WKURXJK�RQH�FRPSOHWH�F\FOH��,W�FDQ�EH�VHHQ�WKDW�WKH�WHPSHUDWXUH�RI�WKH�ZRUNLQJ�IOXLG�LQ� ERWK� H[SDQVLRQ� DQG� FRPSUHVVLRQ� VSDFH� XQGHUJRHV� D�FRQVLGHUDEOH� YDULDWLRQ� GHVSLWH� D� FDUHIXO� SURFHVV� RI�UHJHQHUDWRU� GHVLJQ�� � )LJXUH� �� VKRZV� SUHVVXUH� YDULDWLRQ�LQ� WKH� H[SDQVLRQ� DQG� FRPSUHVVLRQ� VSDFH� RI� WKH� HQJLQH�DQG� WKH� WZR� SUHVVXUH� ZDYHIRUPV� DUH� QHDUO\� LQ� SKDVH��ZKLFK� XQGHUSLQV� ORZ� SUHVVXUH� ORVVHV� LQ� WKH� KHDW�H[FKDQJHUV�� )LJXUH� �� VKRZV� YROXPH� VZHSW� E\� WKH�GLVSODFHU� DQG� GLDSKUDJP� DQG� D� ��R SKDVH�VKLIW� ZDV�
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DVVXPHG��)LJXUH���VKRZ�D�SORW�RI�WKH�39�GLDJUDP�ZKLFK�HQFORVHG� DUHD� LV� D�PHDVXUH� RI� WKH� SRZHU� RXWSXW� RI� WKH�HQJLQH

)LJXUH���:RUNLQJ�IOXLG�WHPSHUDWXUH�YDULDWLRQ

)LJXUH����3UHVVXUH�9DULDWLRQ

)LJXUH����9ROXPH�YDULDWLRQ�R I�FRPSUHVVLRQ�DQG�H[SHQVLRQ�VSDFH

)LJXUH����3UHVVXUH�9ROXPH�GLDJUDPPH�RI�WKH�HQJLQH

��'<1$0,&�$1$/<6,6'\QDPLFDOO\� WKH� HQJLQH� FDQ� EH� UHSUHVHQWHG� E\� WKUHH�RVFLOODWLQJ�PDVVHV��L�H���GLVSODFHU��GLDSKUDJP�DQG�FDVLQJ�PDVV�� (DFK� RI� WKH� FRPSRQHQW� LV� VXEMHFW� WR D� GULYLQJ�SUHVVXUH� IRUFH�� DQ� LQHUWLD� IRUFH� DQG� D� GDPSLQJ� IRUFH��7KH� GLDSKUDJP� GULYLQJ� IRUFH� UHVXOWV� IURP� WKH� SUHVVXUH�GLIIHUHQFH� EHWZHHQ� WKH� HQJLQH� ZRUNLQJ� VSDFH� DQG�ERXQFH� VSDFH� �L�H��� WKH� VSDFH� WKDW� KRXVHV� WKH� HOHFWULF�JHQHUDWRU����7KH�GLVSODFHU�KRZHYHU LV�GULYHQ�E\�SUHVVXUH�GLIIHUHQFH� EHWZHHQ� WKH� FRPSUHVVLRQ� DQG� H[SDQVLRQ�VSDFH��7KH� IUHTXHQF\�RI� RSHUDWLRQ�RI� WKH� HQWLUH� V\VWHP�RSHUDWHV� QHDU� GLVSODFHU� QDWXUDO� IUHTXHQF\�� ZKLFK� LV�HTXDOV� WR��N�0� ò ��DQG�WKH�GLDSKUDJP�IUHTXHQF\�ZKLFK�LV�JLYHQ�E\�HTXDWLRQ��� ,Q�DGGLWLRQ�WKH�JDS�EHWZHHQ�WKH�F\OLQGHU� DQG� WKH� GLVSODFHU� ZDV� PDGH� YHU\� VPDOO������PP��DQG�WKH�ZRUNLQJ�IOXLG�SUHVHQW�LQ�WKH�JDS�DFWV�DV� DQ� HIIHFWLYH� JDV� EHDULQJ� DQG�KHQFH�SUHYHQWV� FRQWDFW�EHWZHHQ� WKH� PRYLQJ� VXUIDFHV� DQG� IXUWKHU� UHGXFHV�IULFWLRQ�ORVVHV�
��(;3(5,0(17$/�,19(67,*$7,21)LJXUH� �� VKRZV� D� SLFWXUH� RI� WKH� EXLOW� HQJLQH� WHVW� ULJ���7KH� V\VWHP� FRPSULVHV� WKH� HQJLQH� DQG� D� OLQHDU� HOHFWULF�JHQHUDWRU�DQG�DVVRFLDWHG�LQVWUXPHQWV���7KH�HQJLQH�KHDWHU�LV� ORFDWHG� LQVLGH� DQG� IRUPV� SDUW� RI� WKH� FRPEXVWLRQ�FKDPEHU� DQG� WDS� ZDWHU� ZDV� FLUFXODWHG� LQ� WKH� FRROHU�MDFNHW�RI�WKH�HQJLQH�WR�SURYLGH�FRROLQJ���7KH�WHVWV�ZHUH�SHUIRUPHG�DW�QHDU�DWPRVSKHULF�SUHVVXUH�DQG�DLU�XVHG�DV�WKH� ZRUNLQJ� IOXLG�� � ,QVWUXPHQWV� ZHUH� XVHG� WR� PHDVXUH�ZRUNLQJ�SUHVVXUH�YDULDWLRQV��FRPSUHVVLRQ�DQG�H[SDQVLRQ�VSDFH�WHPSHUDWXUHV��GLDSKUDJP�DQG�GLVSODFHU�DPSOLWXGHV�DQG� IUHTXHQF\�� � 7KH� HQJLQH� IXQFWLRQHG� IRU� RYHU� ����KRXUV� ZLWKRXW� DQ\� VLJQ� RI� GHWHULRUDWLRQ� WR� WKH� HQJLQH�FRPSRQHQWV�LQFOXGLQJ�WKH�GLDSKUDJP�

)LJXUH���5XEEHU�'LDSKUDJP�6WLUOLQJ�HQJLQH�WHVW�ULJ
7KH� SURWRW\SH� SURYHG� WR� EH� FDSDEOH� RI� VHOI�VWDUWLQJ�ZLWKRXW�WKH�DLG�RI�D�VWDUWHU�PRWRU�DQG�KHQFH�HOLPLQDWLQJ�FRPSOLFDWHG�FRQWURO�V\VWHP���,W�ZDV�DOVR�VKRZQ�WKDW�WKH�HQJLQH� LV� YHU\� TXLHW� LQ� RSHUDWLRQ� �EDUHO\� DXGLEOH� DW� D�GLVWDQFH� RI� �P�� DQG� FDSDEOH� RI� RSHUDWLQJ� DW� ORZ�WHPSHUDWXUH� ����R&��� � 7KURXJKRXW� WKH� WHVWV� WKH� HQJLQH�RSHUDWHG� DW� FRQVWDQW� IUHTXHQF\� RI� ���+]� DQG� GLVSODFHU�DQG� GLDSKUDJP� DPSOLWXGHV� RI� �� PP� DQG� �� PP�
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UHVSHFWLYHO\�� � +RZHYHU� LQHIILFLHQW� OLQHDU� HOHFWULF�JHQHUDWRU� XVHG� WR� FRQYHUW� VKDIW� SRZHU� WR HOHFWULFLW\�PHDQW� WKDW� LW� ZDV� YHU\� GLIILFXOW� WR� PHDVXUH� DFFXUDWHO\�WKH�SRZHU�RXWSXW�� �7DEOH��� VKRZV� WKH�HQJLQH�RSHUDWLQJ�SDUDPHWHUV�7DEOH����'HVLJQ�SDUDPHWHUV�RI�WKH�GLDSKUDJP�6WLUOLQJ�HQJLQH'LDSKUDJP�<RXQJ
V�PRGXOXV ����01�P�
'LDSKUDJP�PDWHULDO�3RLVVRQ
V�UDWLR ���'LDSKUDJP�GHQVLW\ �����NJ�P�
'LDSKUDJP�PD[LPXP�RSHUDWLQJ�WHPSHUDWXUH ����&
'LDSKUDJP�PD[LPXP�G\QDPLF�VWUHVV ����01�P�
&\OLQGHU�GLDPHWHU ����PP'LDSKUDJP�GLDPHWHU ����PP'LDSKUDJP�WKLFNQHVV ���PP0D[LPXP�GLDSKUDJP�DPSOLWXGH ���PP'LVSODFHU�OHQJWK ����PP'LVSODFHU�PDVV ����NJ$QQXODU�JDS�EHWZHHQ�GLVSODFHU�DQG�F\OLQGHU ����PP
6WLIIQHVV�RI�HDFK�VSULQJ�VXSSRUWLQJ�GLVSODFHU �����1�PP
0D[LPXP�GLVSODFHU�DPSOLWXGH ��PP5HJHQHUDWRU�RXWVLGH�GLDPHWHU ����PP5HJHQHUDWRU�KHLJKW ���PP5HJHQHUDWRU�PHVK�GLDPHWHU� �����PP3RURVLW\�RI�PHVK ���&RROHU�MDFNHW�KHLJKW� ����PP&RROHU�WXEHV�GLDPHWHU ����PP+HDWHU�WXEHV�GLDPHWHU ����PP
��&21&/86,216$� SURRI�RI�FRQFHSW� SURWRW\SH� 6WLUOLQJ� HQJLQH� LQWHQGHG�IRU�GRPHVWLF�FRPELQHG�KHDW�DQG�SRZHU�KDV�EHHQ GHVLJQ��EXLOW�DQG�WHVWHG���,W�KDV�EHHQ�GHPRQVWUDWHG�WKDW�E\�XVLQJ�UXEEHU� GLDSKUDJP� DV� SRZHU� SLVWRQ� WKH� HQJLQH�PHFKDQLFDO� DVVHPEO\� ZDV� PDGH� VLPSOH� DQG� HDV\� WR�PDQXIDFWXUH�� � 7KH� SURWRW\SH� VDWLVILHG� WKH� FRQGLWLRQ� RI�VHOI�VWDUWLQJ��TXLHW� LQ�RSHUDWLRQ�� ORZ�YLEUDWLRQ�� DQG� IXHO�IURP� ERWWOHG� JDV� RU�PDLQV� FDQ� EH� XVHG�� � 7KHUHIRUH� WKH�GHVLJQ�FDQ�EH�H[WHQGHG�WR�DFKLHYH�KLJK�SRZHU�RXWSXW�E\�SUHVVXULVLQJ�WKH�HQJLQH�WR�KLJKHU�SUHVVXUH��

5()(5(1&(6
�� 'HWWPHU�� 5��� +RPH� VWDWLRQ�� ,((� 5HYLHZ�� -DQXDU\�������SS�������� :DONHU��*���HW�DO�� �³7KH�6WLUOLQJ�DOWHUQDWLYH��SRZHU�V\VWHPV�� UHIULJHUDQWV�� DQG� +HDW� SXPSV´�� *RUGRQ�DQG�%UHDFK�VFLHQFH�3XEOLFDWLRQ��6ZLW]HUODQG�������� :DONHU��*��� ³� 6WLUOLQJ� HQJLQHV´�� � &ODUHQGRQ� 3UHVV��2[IRUG��������� &RRNH�<DUERURXJK�� (�+��� ³,PSURYHPHQWV� LQ� RU�UHODWLQJ� WR� UHVLOLHQW� FRXSOLQJ�GHYLFHV´��8�.��3DWHQW��������������� &RRNH�<DUERURXJK�� (�+��� ³'LDSKUDJP� 6WLUOLQJ�HQJLQH�� DFKLHYHPHQW� DQG� IXWXUH� SRWHQWLDO´���,0HFK(��������� /HLVVD�� $�:��� � ³9LEUDWLRQ� RI� SODWHV´�� � 1$6$� 63������:DVKLQJWRQ�'&��������� :HVW�� &�'��� � ³3ULQFLSOHV� DQG� $SSOLFDWLRQV� RI�6WLUOLQJ� HQJLQHV´�� � 9DQ� 1RVWUDQG� 5HLQKROG�� 1HZ�<RUN��������� 8ULHOL�� ,�� DQG� %HUFKRZLW]�� '�0��� ³� 6WLUOLQJ� &\FOH�$QDO\VLV´���$GDP�+LJOHU�/WG�%ULVWRO�������� 2UJDQ�� $�-��� ³7KHUPRG\QDPLF� GHVLJQ� RI� 6WLUOLQJ�F\FOH�PDFKLQHV´���,0HFK(�9RO������1R�&�������
120(1&/$785(&S ZRUNLQJ�IOXLG�VSHFLILF�KHDW�FDSDFLW\�DW�FRQVWDQW�SUHVVXUH �-�NJ�.�&Y ZRUNLQJ�IOXLG�VSHFLILF�KHDW�FDSDFLW\�DW�FRQVWDQW�YROXPH �-�NJ�.�'K K\GUDXOLF�GLDPHWHU �P�( <RXQJ¶V�PRGXOXV �1�P��IU HQJLQH�RSHUDWLQJ�IUHTXHQF\ �+]�I IULFWLRQ�IDFWRU ���. VSULQJ�VWLIIQHVV �1�P�P PDVV �NJ�3 SUHVVXUH �1�P��4 KHDW�HQHUJ\ �-�5 'LDSKUDJP�UDGLXV �P�W GLDSKUDJP�WKLFNQHVV �P�7 WHPSHUDWXUH �.�8 ZRUNLQJ�IOXLG�YHORFLW\ �P�V�9VZ VZHSW�YROXPH �P��: SRZHU�RXWSXW �:�; GLDSKUDJP�RVFLOODWLRQ�DPSOLWXGH �P�� GDPSLQJ�FRHIILFLHQW �1V�P��� 3RLVVRQ
V�UDWLR ���! GHQVLW\ �NJ�& DQJXODU�IUHTXHQF\ �UG�V�
6XEVFULSWVF��H FRPSUHVVLRQ�DQG�H[SDQVLRQ�VSDFH�UHVSHFWLYHO\�GLVV GLVVLSDWLRQ�M�L FRQWURO� YROXPH� DQG� FRQWURO� YROXPH� ERXQGDU\�LQWHUIDFH�UHVSHFWLYHO\�P��R PHDQ�DQG�WRWDO�YDOXH�UHVSHFWLYHO\�HII��S��U HIIHFWLYH�� GLDSKUDJP� DQG� UHFLSURFDWLQJ� PDVV�UHVSHFWLYHO\�
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