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7KLV�SDSHU�SUHVHQWV�D�EURDG�YLHZ�RI�WKH�
FRQVWUXFWDO
�SULQFLSOH�WKDW�DFFRXQWV�IRU�WKH�JHQHUDWLRQ�RI�VWUXFWXUH�DQG�SHUIRUPDQFH�LPSURYHPHQWV�LQ�SRZHU�DQG�UHIULJHUDWLRQ�V\VWHPV� 6XFK�V\VWHPV�RZH�WKHLU�WKHUPRG\QDPLF�LPSHUIHFWLRQ�WR�D�PXOWLWXGH�RI�LQWHUQDO�DQG�H[WHUQDO�IORZV��KHDW��IOXLG��HOHFWULFLW\��WKDW�PXVW�RYHUFRPH�UHVLVWDQFHV� 'HVLJQV�DUH�GHVWLQHG�WR� UHPDLQ� LPSHUIHFW�� EHFDXVH� UHVLVWDQFHV� DUH� UHIOHFWLRQV� RI� WKH� JOREDO� FRQVWUDLQWV� WKDW� DUH� LPSRVHG� �H�J��� ILQLWH� VL]H��ZHLJKW�� FRVW�� 5HVLVWDQFHV� FRPSHWH� DJDLQVW� HDFK�RWKHU� 7KH\�PXVW� EH� RSWLPL]HG� WRJHWKHU�� DQG�EDODQFHG�DJDLQVW� HDFK�RWKHU� ,Q�WKLV�ZD\�WKH�WKHUPRG\QDPLF�LPSHUIHFWLRQ��LUUHYHUVLELOLW\��LV�GLVWULEXWHG�LQ�QHDU�RSWLPDO�ZD\V��PRUH�XQLIRUPO\��WKURXJK� WKH� V\VWHP�� VXFK� WKDW� WKH� JOREDO� SHUIRUPDQFH� OHYHO� LV� PD[LPL]HG� 2SWLPDO� GLVWULEXWLRQ� PHDQV� VWUXFWXUH��FRQILJXUDWLRQ�� IORZ� WRSRORJ\�� DQG� GHVLJQ� 7KH� JHQHUDWLRQ� RI� VWUXFWXUH� LQ� WKH� SXUVXLW� RI� RSWLPDO� JOREDO� SHUIRUPDQFH�VXEMHFW� WR� JOREDO� FRQVWUDLQWV� LV� LOOXVWUDWHG� E\�PHDQV� RI� VHYHUDO� FODVV�ZLGH� H[DPSOHV� WKH� RSWLPDO�GLVWULEXWLRQ�RI�KHDW�H[FKDQJHU� LQYHQWRU\� LQ� D� SRZHU� SODQW�� WKH� RSWLPDO� GLVWULEXWLRQ� RI� LQWHUPHGLDWH� FRROLQJ� DORQJ� WKH� WKHUPDO� LQVXODWLRQ�VWUXFWXUH� RI� D� ORZ�WHPSHUDWXUH� UHIULJHUDWRU� RU� OLTXLILHU�� WKH� RSWLPDO� LQWHUPLWWHQW� �RQ�RII�� RSHUDWLRQ� RI� LFH�PDNLQJ�SURFHVVHV�� GHIURVWLQJ� UHIULJHUDWRUV� DQG� SRZHU� SODQWV� ZLWK� SHULRGLFDOO\� FOHDQHG� KHDW� H[FKDQJHUV�� DQG� WKH� RSWLPDO�FUXLVLQJ�VSHHG�IRU�SRZHUHG�IOLJKW��DLUSODQHV��ELUGV��LQVHFWV��.(<:25'6�� &RQVWUXFWDO��RSWLPL]DWLRQ��WRSRORJ\��GHVLJQ��JHRPHWULF�IRUP��UK\WKP��LQWHUPLWWHQW�RSHUDWLRQ��IOLJKW

���&216758&7$/�'(6,*1$1'�7+(25<�7KH�HQJLQHHULQJ�WKHUPRG\QDPLFV�OLWHUDWXUH�RI�WKH�ODVW�WZR�GHFDGHV�UHIOHFWV�WKH�LPSRUWDQW�FKDQJHV�WKDW�KDYH�WDNHQ�SODFH�LQ�PHWKRGRORJ\�LQ�WKH�ZDNH�RI�WKH�UHQHZHG�LQWHUHVW� WULJJHUHG� E\� WKH� HQHUJ\� FULVLV� 7KH�PHWKRGV� RI�H[HUJ\� DQDO\VLV�� HQWURS\ JHQHUDWLRQ� PLQLPL]DWLRQ��(*0�� DQG� WKHUPRHFRQRPLFV� DUH� WKH� PRVW� HVWDEOLVKHG�PDQLIHVWDWLRQV� RI� WKHVH� FKDQJHV� ,Q� WKLV� SDSHU� ,� UHYLHZ�DQ� HYHQ� PRUH� UHFHQW� GHYHORSPHQW� LQ� WKH� PHWKRG� RI�WKHUPRG\QDPLF� RSWLPL]DWLRQ�� QDPHO\�� WKH� FRQVWUXFWLRQ�RI� WKH� V\VWHP� WKH� JHQHUDWLRQ� RI� WKH� SK\VLFDO� VWUXFWXUH��WRSRORJ\��RI�WKH�HQJLQHHUHG�V\VWHP��DV�D�UHVXOW�RI�JOREDO�RSWLPL]DWLRQ�VXEMHFW�WR�ILQLWH�UHVRXUFHV�FRQVWUDLQWV�>�@�7KH�REMHFWLYH�RI�WKH�PHWKRG�RI�WKHUPRG\QDPLF�RSWLPL]DWLRQ� LV� WR� LGHQWLI\� WKH� ZD\V� �IHDWXUHV��SURFHGXUHV�� E\� ZKLFK� WKH� V\VWHP� IXOILOOV� LWV� IXQFWLRQV�ZKLOH� SHUIRUPLQJ� DW� WKH� KLJKHVW� WKHUPRG\QDPLF� OHYHO�SRVVLEOH� >����@� :H� VHHN� GHVLJQV� WKDW� RSHUDWH� OHDVW�LUUHYHUVLEO\� 'HVLJQV� DUH� GHVWLQHG� WR� UHPDLQ� LPSHUIHFW��EHFDXVH� ILQLWH�VL]H� FRQVWUDLQWV� VXFK� DV� VSHFLILHG� KHDW�WUDQVIHU� VXUIDFHV� ZLOO� DOZD\V� IRUFH� FXUUHQWV� �H�J��� KHDW��IOXLG�� WR� IORZ�DJDLQVW� UHVLVWDQFHV� 7KH�FKDOOHQJH� WKHQ� LV�WR�GR� WKH� 
EHVW�SRVVLEOH
�XQGHU� WKH�VSHFLILHG�FRQVWUDLQWV�7KLV� LV� DFFRPSOLVKHG� E\� VSUHDGLQJ� WKH� LPSHUIHFWLRQV�WKURXJK� WKH� V\VWHP� LQ�RSWLPDO�ZD\V� 2SWLPDO�VSUHDGLQJ�FRQVWLWXWHV� WKH� JHQHUDWLRQ� RI� SK\VLFDO� VWUXFWXUH²WKH�DFWXDO�EHLQJ�RI�WKH�HQJLQHHUHG�V\VWHP�2SWLPDO� GLVWULEXWLRQ� RI� LPSHUIHFWLRQ LV� WKH�SULQFLSOH� WKDW� JHQHUDWHV� WRSRORJ\� �FRQVWUXFWLRQ��FRQILJXUDWLRQ�� LQ� IORZ� V\VWHPV� ,W ZDV� VKRZQ� WKDW� WKLV�
FRQVWUXFWDO
�SULQFLSOH�>�@�JHQHUDWHV�PRUSKRORJ\�QRW�RQO\�LQ� HQJLQHHUHG� IORZ� V\VWHPV� EXW� DOVR� LQ� QDWXUDOO\�RFFXUULQJ�IORZ�V\VWHPV� 7KH�WKRXJKW�WKDW�WKH�FRQVWUXFWDO�SULQFLSOH� LV� D� ODZ� RI� SK\VLFV� WKDW� DFFRXQWV� IRU� WKH�

JHQHUDWLRQ� RI� IORZ VWUXFWXUH� HYHU\ZKHUH� LV� 
FRQVWUXFWDO�WKHRU\
����$//2&$7,21 2)�+($7�(;&+$1*(56:H� VWDUW� ZLWK� WKH� V\VWHP� WKDW� WULJJHUHG� WKH�LQGXVWULDO�UHYROXWLRQ�DQG�WKH�VFLHQFH�RI�WKHUPRG\QDPLFV�WKH� KHDW� HQJLQH� 7KH� V\VWHP� LV� FORVHG� DQG� RSHUDWHV�VWHDGLO\��RU�LQ�DQ�LQWHJUDO�QXPEHU�RI�F\FOHV��EHWZHHQ�WZR�IL[HG�WHPSHUDWXUHV��KLJK �7+� DQG ORZ �7/�� ,WV�SXUSRVH�LV� WR� FRQYHUW� WKH� VSHFLILHG� KHDW� LQSXW� �4+�� IL[HG�� LQWR�PHFKDQLFDO�SRZHU��:���)LJXUH��� 7KH�ODWHUDO�ERXQGDULHV�RI� WKH� V\VWHP� DUH� LQVXODWHG� SHUIHFWO\� VXFK� WKDW� KHDW� LV�IRUFHG� WR� IORZ� YHUWLFDOO\� %HWWHU� SHUIRUPDQFH� PHDQV�PRUH�:�IRU�WKH�VDPH�XQLW�RI�4+�

)LJXUH�� 0RGHO�RI�LUUHYHUVLEOH�SRZHU�SODQW�ZLWK�KRW�HQG�DQG�FROG�HQG�KHDW�H[FKDQJHUV�
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,UUHYHUVLEOH� RSHUDWLRQ� LV� D� FKDUDFWHULVWLF� RI� UHDO�SRZHU�SODQWV��DQG�D�UHIOHFWLRQ�RI�WKH�SK\VLFDO�FRQVWUDLQWV��H�J�� ILQLWH� VL]HV�� WKDW� GHVLJQV�PXVW� IDFH� &RQVHTXHQWO\��WKH� HQHUJ\� FRQYHUVLRQ� UDWLR�:�4+ LV� H[SHFWHGO\� ORZHU�WKDQ� WKH� &DUQRW� HIILFLHQF\�� :�4+ �� �� ± 7/�7+� $�VLPSOH�ZD\�WR�LOOXVWUDWH�WKH�RULJLQ�RI�WKH�LQHTXDOLW\�VLJQ�LV� WR� UHFRJQL]H� WKDW� WKH� KHDW� LQSXW�4+ DQG� WKH� UHMHFWHG�KHDW�4/ DUH� GULYHQ� LQ� WKH� LQGLFDWHG�GLUHFWLRQV� E\� ILQLWHWHPSHUDWXUH� GLIIHUHQFHV� >���@� 7KHVH� GLIIHUHQFHV� DUH�ORFDWHG� LQVLGH� WKH� SRZHU� SODQW�� DV� VKRZQ� RQ� WKH� ULJKW�VLGH�RI�)LJXUH��� 2QH�ZD\�WR�DFFRXQW�IRU�WKH�UHODWLRQVKLS�EHWZHHQ�KHDW� WUDQVIHU�UDWH�DQG�WHPSHUDWXUH�GLIIHUHQFH�LV�WR� DVVXPH� WKH� SURSRUWLRQDOLWLHV� 4+  � &+�7+ ± 7+&��DQG�4/  � &/�7/& ± 7/��� ZKHUH� WKH� FRQGXFWDQFHV� DUH�&+  ��8$�+ DQG�&/  ��8$�/��ZLWK�$�IRU�KHDW�WUDQVIHU�VXUIDFH��DQG�8�IRU�RYHUDOO�KHDW�WUDQVIHU�FRHIILFLHQW�EDVHG�DV� $� (DFK� WKHUPDO� FRQGXFWDQFH� LV� SURSRUWLRQDO� WR� WKH�VL]H� RI� WKH� KHDW� H[FKDQJHU� VXUIDFH� :KHQ�8+ DQG�8/DUH� RI� WKH� VDPH� RUGHU� RI�PDJQLWXGH�� LW�PDNHV� VHQVH� WR�UHJDUG� &+ DQG� &/ DV� SDUWQHUV� LQ� DQ� RYHUDOO� VL]H�FRQVWUDLQW�>�@&+ ��&/  �&� FRQVWDQW ���,W�LV�DVVXPHG�WKDW�WKH�UHVW�RI�WKH�SRZHU�SODQW²WKH�FRPSDUWPHQW� VKRZQ� EHWZHHQ� 7+& DQG� 7/& LQ� )LJXUH��²RSHUDWHV� UHYHUVLEO\� 7KLV� PHDQV� WKDW� WKH� UDWH� RI�HQWURS\� JHQHUDWLRQ� LQ� WKLV� FRPSDUWPHQW� LV� ]HUR�&RPELQLQJ� WKH� VHFRQG� ODZ� VWDWHPHQW� 4/�7/& ±4+�7+&  � �� ZLWK� WKH� ILUVW� ODZ� IRU� WKH� VDPH�FRPSDUWPHQW� �:� �4+ ± 4/���ZH� DUULYH� DW� WKH� HQHUJ\�FRQYHUVLRQ� UDWLR� RI� WKH� SRZHU� SODQW�� :�4+  � �� ±7/&�7+&� 7KLV� UDWLR� LV� VPDOOHU� WKDQ� LWV� &DUQRW� OLPLW��EHFDXVH�7+& ��7+ DQG�7/& !�7/� 7KH�:�4+ UDWLR�PD\�EH�UHZULWWHQ�WR�VKRZ�H[SOLFLWO\� WKH�HIIHFW�RI�GLVWULEXWLQJ�WKH�&�LQYHQWRU\�WR�WKH�WZR�KHDW�H[FKDQJHUV��
++/++ [� �[�&74�77�4: �»¼º«¬ª ¹̧·©̈§ ���� ���

,Q� WKLV� H[SUHVVLRQ� [�  � &+�&� LV� WKH� FRQGXFWDQFH�DOORFDWLRQ�IUDFWLRQ��VXFK�WKDW�&/�&� ���± [� ,W�LV�HYLGHQWWKDW�ZKHQ�&+ DQG�&/ YDU\�VXEMHFW�WR�WKH�VL]H�FRQVWUDLQW����� WKH� SRZHU� RXWSXW� DQG� FRQYHUVLRQ� UDWLR� DUH�PD[LPL]HG�ZKHQ�[� ������L�H��ZKHQ�&+  �&/�7R�WDNH�WKH�JLYHQ�KDUGZDUH��&���WR�FXW�LW�LQWR�WZR�SLHFHV� RI� VSHFLDO� VL]HV� �&+�� &/��� DQG� WR� LQVWDOO� WKHVH�SLHFHV� LQ� VSHFLDO� SODFHV� LQ� WKH� V\VWHP�PHDQV� WR� HQGRZ�WKH� V\VWHP� ZLWK� VWUXFWXUH� 7KH� PD[LPL]DWLRQ� RI� WKH�JOREDO� SHUIRUPDQFH� ���� SLQSRLQWHG� WKH� RSWLPDO�FRQILJXUDWLRQ��&+  �&/� *OREDO�RSWLPL]DWLRQ�VXEMHFW� WR�VL]H� FRQVWUDLQW� JHQHUDWHG� VWUXFWXUH� 7KH� HQJLQHHULQJ�OLWHUDWXUH�FRQWLQXHV�WR�VKRZ�WKDW�&+  �&/ KROGV�DW�OHDVW�DSSUR[LPDWHO\� IRU� LQFUHDVLQJO\� FRPSOH[� PRGHOV� RI�LUUHYHUVLEOH� SRZHU� SODQWV�� DQG� IRU� WKH� FRUUHVSRQGLQJ�FODVV� RI� PRGHOV� RI� LUUHYHUVLEOH� UHIULJHUDWLRQ� SODQWV� >�����@� +DQG� LQ� KDQG� ZLWK� WKH� EDODQFLQJ DQG�PLQLPL]DWLRQ� RI� UHVLVWDQFHV� WR� LQWHUQDO� IORZ�� FRPHV� WKH�UHTXLUHPHQW� WR� JXLGH� HDFK�FXUUHQW� DORQJ�D�FHUWDLQ�SDWK�,Q� D� SRZHU� SODQW� WKH� KHDW� LQSXW�PXVW�EH� IRUFHG� WR� IORZ�WKURXJK� WKH� PDFKLQH�� LQ� RUGHU� WR� GR� WKH� PRVW� ZRUN�

SRVVLEOH�� EHFDXVH� RWKHUZLVH� LW� ZRXOG� OHDN� GLUHFWO\� LQWR�WKH�DPELHQW��E\SDVVLQJ�WKH�PDFKLQH� 7KH�JXLGLQJ�RI�WKH�KHDW� FXUUHQW� LV� DFKLHYHG� WKURXJK� WKH� GLVWULEXWLRQ� RI�LQVXODWLRQ�� LQ� FRQILJXUDWLRQV� ZKHUH� WKH� LQVXODWHG�VXUIDFHV� DUH� QRQLVRWKHUPDO� 7KH� H[DPSOHV� VKRZQ� LQ�5HIV�� >��� ��@� LOOXVWUDWH� KRZ� D� ILQLWH� DPRXQW� RI�PDWHULDO�FDQ� EH� GLVWULEXWHG� RSWLPDOO\� �XQHYHQO\��� DQG� WKDW� WKH�PD[LPL]DWLRQ�RI�JOREDO�LQVXODWLRQ�HIIHFW�OHQGV�JHRPHWULF�IRUP�WR�WKH�GHVLJQ����6758&785(�,1�/2:�7(03(5$785(�0$&+,1(67KH� ILHOG� RI� UHIULJHUDWLRQ� HQJLQHHULQJ� LV� ULFK� LQH[DPSOHV� RI� VWUXFWXUHV� JHQHUDWHG� E\� WKH� SXUSRVH� DQG�FRQVWUDLQWV� SULQFLSOH� 7KH� SXUSRVH� RI� D� UHIULJHUDWLQJ�PDFKLQH� LV� WR� PDLQWDLQ� D� FROG� VSDFH� FROG� 7KH� VSDFH�FDQQRW� UHPDLQ� FROG� E\� LWVHOI� EHFDXVH� RI� WKH� OHDNDJH� RI�KHDW� IURP� WKH� DPELHQW� 1R� LQVXODWLRQ� LV SHUIHFW�)XUWKHUPRUH�� LQ�PRVW� DSSOLFDWLRQV� WKH� KHDW� OHDN� LV� RQO\�RQH� RI� WKH� KHDW� FXUUHQWV� WKDW� WKUHDWHQ� WKH� FROG� VSDFH�DGGLWLRQDO� H[DPSOHV� DUH� WKH� KHDW� FXUUHQWV� GXH� WR�HOHFWULFDO�UHVLVWDQFHV��IULFWLRQ�EHWZHHQ�PRYLQJ�SDUWV��DQG�WKH�PRYHPHQW�RI�ZDUP�PDWHULDOV�LQWR�WKH�FROG�VSDFH�DQG�FROG� PDWHULDOV� RXW� RI� WKH� FROG� VSDFH� �H�J��� GRPHVWLF�UHIULJHUDWRUV��KHOLXP�OLTXHILHUV��7KH�KHDW� FXUUHQWV� WKDW� UHDFK� WKH�FROG�VSDFH�PXVW�EH� �IRUFHG�� WR� IORZ� LQ� WKH� XQQDWXUDO� GLUHFWLRQ�� WRZDUG�URRP� WHPSHUDWXUH� 7KLV� UHTXLUHV� ZRUN�� RU� SRZHU�� 7KH�SXUSRVH�RI� WKH�PDFKLQH� LV�QRW�RQO\� WR�PDLQWDLQ� WKH� ORZ�WHPSHUDWXUH� RI� WKH� FROG� VSDFH�� EXW� WR� GR� VR ZLWK� OHDVW�SRZHU�H[SHQGLWXUH��7R�GR�VRPHWKLQJ� LV�QRW�HQRXJK��7R�GR� LW�EHWWHU�DQG�EHWWHU�� LQ�VSLWH�RI� WKH�FRQVWUDLQWV�� LV� WKH�UHDO�REMHFWLYH��WKH�GULYH�7KH�RULJLQ�RI�JHRPHWULF�VWUXFWXUH�LQ�WKH�REMHFWLYH�DQG�FRQVWUDLQWV�SULQFLSOH�FDQ�EH� LOOXVWUDWHG�RQ� WKH EDVLVRI� WKH VLPSOHVW SRVVLEOH PRGHO RI D UHIULJHUDWLQJ�PDFKLQH� >��� ��� ��@� 7KH� FROG�VSDFH� WHPSHUDWXUH� LV� 7/DQG� WKH� DPELHQW� WHPSHUDWXUH� LV� 7+�� 7KH� RQO\� KHDW�FXUUHQW�WKDW�UHDFKHV�WKH�FROG�VSDFH�LV�GXH�WR�WKH�OHDNDJH�WKURXJK� WKH� LQVXODWLRQ� RI� FURVV�VHFWLRQDO� DUHD� $��WKLFNQHVV�/�DQG�HIIHFWLYH�WKHUPDO�FRQGXFWLYLW\�N� 7KHVH�SDUDPHWHUV��7/��7+��$��/��N��DUH�IL[HG�DQG�SOD\�WKH�UROH�RI� FRQVWUDLQWV� LQ� WKH� GLVFXVVLRQ� WKDW� IROORZV� )RU�VLPSOLFLW\� ZH� DOVR� DVVXPH� WKDW� WKH� HIIHFWLYH� WKHUPDO�FRQGXFWLYLW\� LV� LQGHSHQGHQW� RI� WHPSHUDWXUH�� VR� WKDW� IRU�WKH�FRQILJXUDWLRQ�VKRZQ�LQ�WKH�XSSHU�SDUW�RI�)LJXUH���ZH�ZULWH�4�  ��N�$�/���7+ ± 7/�� ,Q�WKLV�FRQILJXUDWLRQ�WKH�FXUUHQW�4� LV�FRQVHUYHG�DV�LW�IORZV�IURP�7+ WR�7/��WKLV�FXUUHQW�PXVW�EH�UHPRYHG�DV�4� IURP�7/�:H� DVVXPH� WKDW� WKLV� WDVN� LV� DFFRPSOLVKHG� E\� D�UHYHUVLEOH� UHIULJHUDWLQJ� PDFKLQH�� ZKLFK� LQ� WKH� VWHDG\�VWDWH�UHTXLUHV�WKH�SRZHU�LQSXW
¹̧·©̈§ � �774: /+�� ����

7KH�GLUHFWLRQ�IRU� LPSURYHPHQWV�LV�LQGLFDWHG�E\�(T������7KH� SRZHU� UHTXLUHPHQW� :� LV� ODUJH� EHFDXVH� WKH�WHPSHUDWXUH� UDWLR� 7+�7/ LV� ODUJH� �7/ LV� VPDOO�� 7KH�PDFKLQH�ZLOO�XVH�OHVV�SRZHU�LI�LWV�FROG�HQG�LV�DWWDFKHG�WR�WKH�LQVXODWLRQ�DW�DQ�LQWHUPHGLDWH�WHPSHUDWXUH�7P��ZKLFK�LV�ODUJHU�WKDQ�7/� 7KLV�PHWKRG�LV�WULHG�LQ�WKH�ORZHU�SDUW�RI�)LJXUH��� 1RZ�WKH�LQVXODWLRQ�KDV�VWUXFWXUH� WZR�OD\HUV��
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HDFK�ZLWK�LWV�RZQ�FRQVWDQW�KHDW�FXUUHQW��4+ DQG�4/� 7KH�SRVLWLRQ� RI� WKH� FRROHG� SODQH� �7P�� LV� LQGLFDWHG� E\� WKHGLPHQVLRQOHVV� SDUDPHWHU� [�� ZKLFK� LV� GHILQHG� E\� WKH�WKLFNQHVV �[/� RI WKH OD\HU RI LQVXODWLRQ EHWZHHQ 7PDQG� 7/� %RWK� 7P DQG [ DUH� YDULDEOH� 7KH 7PUHIULJHUDWRU UHPRYHV WKH� KHDW� FXUUHQW� GLIIHUHQFH� 4+ ±4/��UHTXLULQJ�WKH�SRZHU�� � ¸̧¹·¨̈©§ ��� �7744: P+�+P ���
ZKHUH�4+  �N$�7+ ± 7P��>���� [�/@�DQG�4/  �N$�7P �7/���[/�� 7KHUH� LV� VWLOO� D� QHHG� IRU� UHIULJHUDWLRQ� DW� 7/��EHFDXVH�WKH�KHDW�FXUUHQW�4/ UHDFKHV�WKH�FROG�VSDFH� 7KH�SRZHU�UHTXLUHG�E\�WKH�7/ UHIULJHUDWRU�LV

¸̧¹·¨̈©§ � �774: /+// ���

)LJXUH� � ,QVXODWLRQ� ZLWK� FROG�HQG� FRROLQJ��WRS��� DQG� ZLWK� LQWHUPHGLDWH� DQG� FROG�HQG�FRROLQJ��ERWWRP��
,PSRUWDQW� LV� WKH� VXP� RI� WKH� WZR� SRZHU� UHTXLUHPHQWV��:P �� :/��� ZKLFK� FDQ� EH� H[SUHVVHG� LQ� D� IRUP� WKDW�VKRZV� WKH�HIIHFW�RI�YDU\LQJ�[�DQG�7P� ,W�FDQ�EH�VKRZQ�>�@� WKDW� E\ PLQLPL]LQJ� WKLV� H[SUHVVLRQ� ZH� DUULYH� DW�JHRPHWULF� VWUXFWXUH� �[RSW�� DQG� WKHUPDO� VWUXFWXUH��7P�RSW�� � � ���+/RSW�PRSW 777��[   ���7KH� JRRGQHVV� RI� WKLV� VWUXFWXUH� UHODWLYH� WR� WKH� UHIHUHQFH�GHVLJQ�VKRZQ�LQ�WKH�XSSHU�SDUW�RI )LJXUH���LV�PHDVXUHG�E\�WKH�UDWLR�� P: �� /: � PLQ � �: � ,W�LV�IRXQG�WKDW�WKLV�

UDWLR� GHFUHDVHV� ZKHQ� 7/ GHFUHDVHV� >�@� ,Q� FRQFOXVLRQ��WKH� VWUXFWXUH� UHYHDOHG� LQ� WKH� ORZHU� SDUW� RI )LJXUH� �� LV�HVSHFLDOO\�UHFRPPHQGHG�IRU�ORZ�WHPSHUDWXUH�V\VWHPV�7KH� LQWHUPHGLDWH�FRROLQJ�H[DPSOH� WKDW�ZH� MXVW�FRPSOHWHG�LV�WKH�VWDUW�RI�DQ�H[WHQVLYH�ERG\�RI�ZRUN�WKDW�KDV� JHQHUDWHG� FRPSOH[� VWUXFWXUHV� IRU� ORZ� WHPSHUDWXUH�UHIULJHUDWLQJ� PDFKLQHV� 7KH� LGHD� RI� FRROLQJ� WKH�LQVXODWLRQ� DW� DQ� LQWHUPHGLDWH� WHPSHUDWXUH� LQ� D� JLYHQ�LQWHUYDO� �7+ ± 7/ LQ� )LJXUH� ���� LV� YDOLG� IRU� DQ\� RWKHU�LQWHUYDO� ,PPHGLDWH�FDQGLGDWHV�DUH�WKH�VHFWLRQV�7+ ± 7PDQG� 7P ± 7/� $IWHU� WKLV� RSWLPL]DWLRQ�� WKH� /�WKLFN�LQVXODWLRQ� DFTXLUHV� D� PRUH� FRPSOH[� VWUXFWXUH� �IRXU�OD\HUV��� ZKLFK� LV� VXVWDLQHG� E\� LQWHUPHGLDWH� FRROLQJ�DSSOLHG� DW� WKUHH� ORFDWLRQV�� LQ� DGGLWLRQ� WR� WKH� 7/ HQG�7KLV�RSWLPL]DWLRQ�FDQ�EH�UHSHDWHG�VHYHUDO�WLPHV�XQWLO�WKH�LQWHUPHGLDWH� FRROLQJ� LV� GLVWULEXWHG� DOPRVW� FRQWLQXRXVO\�DORQJ�WKH�LQVXODWLRQ��IURP�7+ WR�7/� 7KH�RSWLPDO�GHVLJQ�IRU� WKLV� OLPLW� LV� ORFDWHG� EDVHG� RQ� YDULDWLRQDO� FDOFXOXV�VXEMHFW�WR�IL[HG�JHRPHWU\��$�/��>�����@� 7KH�FRQFOXVLRQ�LV� WKDW� WKH� RSWLPDO� KHDW� FXUUHQW� YDULHV� FRQWLQXRXVO\WKURXJK�WKH�LQVXODWLRQ��4RSW�7��6WUXFWXUH� LV� WKH� HQJLQHHU
V� ZD\� RI� LPSOHPHQWLQJ�WKLV�UHVXOW� 8QLIRUP�FRROLQJ�FDQ�EH�SURYLGHG�E\�D�VWUHDP�RI�FROG�JDV�IORZLQJ�IURP�7/ WR�7+ LQ�FRXQWHUIORZ�ZLWK�WKH�KHDW�OHDN� � �/+ 4�4 VKRZQ�LQ�)LJXUH��� 7KH�FDSDFLW\�UDWH� RI� WKLV� VWUHDP� KDV� D� VSHFLDO� YDOXH�� ZKLFK� LV�SLQSRLQWHG� E\�  G7�G4RSW � �RSWSFP� � 7KH� GHVLJQ� DQG�IDEULFDWLRQ� RI� WKH� KHDW� WUDQVIHU� VXUIDFH� EHWZHHQ� WKH�VWUHDP� DQG� WKH� LQVXODWLRQ� DUH� GLIILFXOW� :KHQ� WKH�LQVXODWLRQ� LV� D� VROLG� VWUXFWXUDO� PHPEHU�� EULQJLQJ� WKH�VWUHDP�LQ�FORVH� WKHUPDO�FRQWDFW�ZLWK� WKH�VROLG�PHDQV�WR�ZHDNHQ� WKH� VROLG� E\� PDFKLQLQJ� FKDQQHOV� LQ� LW� $Q�DOWHUQDWLYH� LV� WR� DSSUR[LPDWH� WKH� XQLIRUP� FRROLQJ�VFKHPH�E\�EXLOGLQJ�KHDW�H[FKDQJHUV�DW�D�IHZ�ORFDWLRQV�7KHUH�DUH�PDQ\�RWKHU�W\SHV�RI�LQVXODWLRQ�WKDW OHQG�WKHPVHOYHV� WR� WKH� LQWHUPHGLDWH� FRROLQJ� WHFKQLTXH� $�VWDFN� RI� FRQFHQWULF� UDGLDWLRQ� VKLHOGV� EXLOW� DURXQG� WKH�FROG� VSDFH� ZRUNV� LQ� WKH� VDPH� ZD\� DV� WKH� RQH�GLPHQVLRQDO� LQVXODWLRQ� �N�� $�� /�� GLVFXVVHG� XQWLO� QRZ�7KH�UROH�RI�$�LV�SOD\HG�E\�WKH�VKLHOG�VXUIDFH��WKH�FURVV�VHFWLRQ�RI�WKH�UDGLDWLRQ�KHDW�OHDN���WKH�UROH�RI�/�LV�SOD\HG�E\�WKH�QXPEHU�RI�VKLHOGV��DQG�WKH�HIIHFWLYH�N�GHSHQGV�RQ�WHPSHUDWXUH�EHFDXVH�LW�DFFRXQWV�IRU�WKH�WHPSHUDWXUHV�DQG�UDGLDWLYH� SURSHUWLHV� RI� PXWXDOO\� IDFLQJ� VXUIDFHV�(OHFWULFDO� FXUUHQW� OHDGV� DQG� SRZHU� FDEOHV�� ZKLFK� DUH�QHFHVVDU\� LQ� VXSHUFRQGXFWLQJ� V\VWHPV�� PXVW� DOVR� EH�FRROHG�FRQWLQXRXVO\�>����@�,W� LV� FRQYLQFLQJ� WKDW� DOO� WKHVH� VWUXFWXUHV� DUH�FRPPRQSODFH� LQ� FU\RJHQLF� HQJLQHHULQJ� SUDFWLFH�� DQG�WKDW WKH\ KDYH WKHLU RULJLQ LQ D VLQJOH SULQFLSOH� WKH� FRQ�VWUXFWDO� SULQFLSOH� RI� REMHFWLYH� DQG� FRQVWUDLQWV� 1RZ� D�XQLI\LQJ� YLHZ� DFFRXQWV� IRU� WKH� VHHPLQJO\� GLYHUVH� DQG�XQUHODWHG� VWUXFWXUHV� GHYHORSHG� LQGHSHQGHQWO\� E\�HQJLQHHUV� RYHU� PDQ\� GHFDGHV�� LQ� VHSDUDWH� VFKRROV��GHVLJQ�URRPV��FRXQWULHV�DQG�FRQWLQHQWV� ,I�ZH�ORRN�DW�DOO�WKHVH� IRUPV� VWULFWO\� IURP� WKH� SRLQW� RI� YLHZ� RI� WRGD\��DVVXPLQJ�QR�NQRZOHGJH�RI� WKHLU�KLVWRULFDO�GHYHORSPHQW�DQG� WKH�SULQFLSOH� WKDW�JHQHUDWHG� WKHP��ZH�DUH�VWUXFN�E\�WKHLU� FRPELQDWLRQ� RI� GLYHUVLW\�� VLPLODULWLHV� DQG�FRQWLQXLW\� �SHUVLVWHQFH�� VXUYLYDO�� :H� DUH� VWUXFN� LQ� WKH�VDPH�ZD\� DV� ZKHQ�ZH� DGPLUH� WKH�PDQ\� OLYLQJ� VSHFLHV�DQG�WKH�PDQ\�ULYHU�EDVLQV� (QJLQHHULQJ�GHVLJQ�RSHQV�RXU�
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H\HV�WR�WKH�SULQFLSOH�WKDW�JHQHUDWHV�GLYHUVLW\��VLPLODULWLHV�DQG� FRQWLQXLW\� WKURXJKRXW� QDWXUH²WKH� LQDQLPDWH�� WKH�DQLPDWH�DQG�WKH�HQJLQHHUHG�

)LJXUH� � &RXQWHUIORZ� KHDW� H[FKDQJHU��ZKHUH� WKH� HQKDQFHPHQW� RI� WKHUPDO� FRQWDFW�LQ� WKH� VWUHDP�WR�VWUHDP� GLUHFWLRQ� LV�HTXLYDOHQW�WR�LQFUHDVLQJ�WKH�LQVXODWLRQ�HIIHFW�LQ�WKH�HQG�WR�HQG�GLUHFWLRQ�
���&2817(5)/2:6(YHQ� PRUH� SUHYDOHQW� LQ� PDFKLQHV� LV� WKH�FRXQWHUIORZ�KHDW�H[FKDQJHU�FRROHG�DORQJ�LWV�OHQJWK� 7KH�FROG�VWUXFWXUH�RI�HYHU\�ORZ�WHPSHUDWXUH�UHIULJHUDWRU�DQG�OLTXHILHU� LV� GRPLQDWHG� E\� D� YHUWLFDO� FRXQWHUIORZ� KHDW�H[FKDQJHU�� ZKLFK� EULQJV� ZDUP� DQG� FRPSUHVVHG� JDV�GRZQ�WR�WKH�FROGHVW�VSDFH��DQG�UHWXUQV�ORZ�SUHVVXUH�JDV�XS�WR�URRP�WHPSHUDWXUH� 7KH�WZR�VWUHDPV�DUH�LQ�LQWLPDWH�WKHUPDO�FRQWDFW� WKH�GHVFHQGLQJ�VWUHDP�LV�FRROHG�E\�WKH�ULVLQJ�VWUHDP��)LJXUH���� 7KH�ODUJH�KHDW�WUDQVIHU�DUHD��$��EHWZHHQ�WKH�WZR�VWUHDPV�LV�UHVSRQVLEOH�IRU�WKH�VPDOO�EXW�ILQLWH� ORFDO� WHPSHUDWXUH� GLIIHUHQFH� ¨7� ,GHDO� JDV�EHKDYLRU�LV�DVVXPHG�RQ�ERWK�VLGHV�RI�WKH�KHDW�H[FKDQJHU�,QYRNLQJ�WKH�ILUVW� ODZ�IRU�RQH�RI� WKH�VWUHDPV��ZH�REWDLQ�7G$8G7FP S ' � � ,Q� WKLV� H[SUHVVLRQ� 8� LV� WKH� RYHUDOO�VWUHDP�WR�VWUHDP� KHDW� WUDQVIHU� FRHIILFLHQW� EDVHG� RQ� $�7KH�FRQVWUDLQW� LV� WKH�FRQWDFW�DUHD��ZKLFK�LV�REWDLQHG�E\�LQWHJUDWLQJ�WKH�SUHFHGLQJ�H[SUHVVLRQ�7KH�DUHD�VL]H�FRQVWUDLQW�FRQILUPV�WKH�NQRZQ�UXOH�WKDW� VPDOO� VWUHDP�WR�VWUHDP� WHPSHUDWXUH� GLIIHUHQFHV�UHTXLUH� D� ODUJH� FRQ� WDFW� DUHD� /HVV� NQRZQ� DERXW�FRXQWHUIORZV� LV� WKLV� H[FHOOHQW� VWUHDP�WR�VWUHDP� WKHUPDO�FRQWDFW� PHDQV� H[FHOOHQW� LQVXODWLRQ� LQ� WKH� HQG�WR�HQG�GLUHFWLRQ� 7KLV� DOWHUQDWLYH� YLHZ� KROGV� WKDW� WKH�FRXQWHUIORZ� LV� D� SDWK� IRU� QHW� HQHUJ\� WUDQVIHU� LQ� WKH�ORQJLWXGLQDO� GLUHFWLRQ�� L�H�� DQ� LQVXODWLRQ� V\VWHP� 7KH�HQHUJ\� WKDW� IORZV� LV� WKH� FRQYHFWLYH� KHDW� FXUUHQW� 4� LQ�GLFDWHG� E\� WKH� YHUWLFDO� DUURZV� LQ� )LJXUH� �� 7KH�

PDJQLWXGH�RI�4�LV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�HQWKDOS\�RI�WKH� GHVFHQGLQJ� VWUHDP� � �> @77FP S '�� WKDW� FURVVHV� WKH�SODQH� [�� DQG� WKH� HQWKDOS\� RI� WKH� DVFHQGLQJ� VWUHDP�� �7FP S� ��QDPHO\�� 7FP4 S' � � ,Q�D������SDSHU�>������@�,�VKRZHG� WKDW� WKH� ORQJLWXGLQDO� KHDW� FXUUHQW� HPHUJHV� LV� DTXDQWLW\� SURSRUWLRQDO� WR� WKH� ORQJLWXGLQDO� WHPSHUDWXUH�JUDGLHQW��ZKHUH� S� LV� WKH� FRQWDFW� DUHD� SHU� XQLW� OHQJWK�RI�VWUHDP�IORZ��S� �G$�G[�� � G[G78SFP4 �S� ���
7KH� SURSRUWLRQDOLW\� EHWZHHQ� WKH� FRQYHFWLYH� KHDW�FXUUHQW� DQG� WKH� ORQJLWXGLQDO� WHPSHUDWXUH� JUDGLHQW� LV�DQDORJRXV� WR� WKH� )RXULHU� ODZ� IRU� KHDW� FRQGXFWLRQ�&RQVHTXHQWO\�� HYHU\� VWUXFWXUDO� IHDWXUH� WKDW�ZDV� GHULYHG�IRU� WKH� XQLGLUHFWLRQDO� LQVXODWLRQ� H[KLELWHG� LQ� )LJXUH� ��DOVR� KROGV� IRU� WKH�FROXPQ� �FRQWURO�YROXPH�� WKDW�KRXVHV�WKH�FRXQWHUIORZ� 7KH�LQWHUPHGLDWH�FRROLQJ�HIIHFW�PXVW�EH�GLVWULEXWHG� XQLIRUPO\� DORQJ� /�� WKDW� LV�� DORQJ� WKH�WHPSHUDWXUH�VSDQ�7/ ± 7+� 7KLV�FDQ�EH�DFFRPSOLVKHG�E\�XVLQJ DQ�DGGLWLRQDO�VWUHDP�RI�FROG�JDV� � �HP� LV�SODFHG�LQ�FRXQWHUIORZ�ZLWK� WKH� FRQYHFWLYH� KHDW� FXUUHQW�4� ,W� FDQ�EH�PDGH�DYDLODEOH�E\�EOHHGLQJ�DQ�RSWLPDO�IUDFWLRQ�RI�WKH�ZDUP� KLJK�SUHVVXUH� VWUHDP� DQG� H[SDQGLQJ� LW� WKURXJK� D�ZRUN�SURGXFLQJ�GHYLFH��F\OLQGHU�DQG�SLVWRQ��RU�WXUELQH��7KH� DQDO\VLV� LV� SUHVHQWHG� LQ� GHWDLO� LQ� 5HIV�� >���� ��@��DOWKRXJK� LW� FDQ� EH� UHSURGXFHG� EDVHG� RQ� WKH� SUHFHGLQJ�UHODWLRQV� 7KH� RSWLPDO� IORZ� LPEDODQFH� LV�� �OQ8$�FPP�P SRSW�H ��  � +7 �� /7 ��7RJHWKHU�� WKH� WKUHH� VWUHDPV� FRQVWLWXWH� D�FRXQWHUIORZ� KHDW� H[FKDQJHU� ZLWK� VOLJKWO\� XQEDODQFHG�FDSDFLW\ UDWHV� ZKHUH WKH FROG VLGH � �HPP �� � LV� ODUJHU�WKDQ� WKH� ZDUP� VLGH� 7KH� RSWLPDO� LPEDODQFH� GHULYHG�DERYH� LV� UHIOHFWHG� LQ� D� WDSHULQJ� RI� WKH� WHPSHUDWXUH� JDS�EHWZHHQ� WKH� WZR� VWUHDPV�� VXFK� WKDW� WKH� VPDOOHU�WHPSHUDWXUH� GLIIHUHQFHV� DUH� QHDU� WKH� FROG� HQG� 7KLV�VPRRWK� WDSHU� FDQ�EH� SURGXFHG�ZKHQ� WKH� FROG� VWUHDP� LV�GHOLYHUHG� E\� D� VLQJOH� H[SDQGHU�� L�H���ZKHQ� WKH� SUHVVXUH�UDWLR� 3+�3/ LV� ODUJH� HQRXJK� VR� WKDW� WKH� H[SDQGHU�HPEUDFHV� WKH� HQWLUH� WHPS�HUDWXUH VFDOH RI WKH KHDWH[FKDQJHU� 7+ ± 7/� :KHQ�WKH�WHPSHUDWXUH�VSDQ�RI�RQH�H[SDQGHU� LV� WRR�VPDOO�UHODWLYH�WR�7+ ± 7/��WKH�WDSHULQJ�RI� WKH� ¨7� RU� PRUH� H[SDQGHUV� DORQJ� WKH� PDLQ� KHDW�H[FKDQJHU� 7KHUH�LV�DQ�DQDORJ\�EHWZHHQ�WKH�XVH�RI�D�IHZ�H[SDQGHUV� DQG� WKH� XVH� RI� D� IHZ� LQWHUPHGLDWH� FRROLQJ�VWDWLRQV� DORQJ� D� FRQ�GXFWLQJ� VXSSRUW� )XUWKHUPRUH�� WKH�SK\VLFDO�VWUXFWXUH�RI�RSWLPDOO\�GLVWULEXWHG�H[SDQGHUV�FDQ�EH� REVHUYHG� LQ� SUDFWLFDOO\� HYHU\� PDFKLQH� EXLOW� IRU�RSHUDWLRQ� DW� OLTXLG� QLWURJHQ� WHPSHUDWXUH� ���� .�� DQG�OLTXLG� KHOLXP� WHPSHUDWXUH� �����.�� 7KH\�ZHUH�QRW�EXLOW�EDVHG�RQ� WKH� WKHRU\� UHYLHZHG� LQ� WKLV� SDSHU� DQG� LQ�5HI��>�@� 7KH� WKHRU\� FDPH�PXFK� ODWHU� ([LVWLQJ� HQJLQHHULQJ�VWUXFWXUHV�� ZLWK� WKHLU� JUHDW� GLYHUVLW\� DQG� VWULNLQJ�VLPLODULWLHV��FDOO�IRU�D�XQLI\LQJ�IRUP�JHQHUDWLQJ�SULQFLSOH�DV�PXFK�DV�DOO�WKH�QDWXUDO�VWUXFWXUHV�1DWXUH� RIIHUV� PDQ\� H[DPSOHV� RI� VWUXFWXUHV� ZLWK�VWUHDPV�LQ�FRXQWHUIORZ� )RU�WKHVH��QDWXUDO�VFLHQWLVWV�KDYH�RIIHUHG� WKH� VDPH� SXUSRVH�EDVHG� H[SODQDWLRQ� DV� WKH�GHVLJQ� SULQFLSOH� IRU� HQJLQHHUHG� FRXQWHUIORZV� 1DWXUDO�VWUHDPV�DUH�RUJDQL]HG�LQ�FRXQWHUIORZ�LQ�RUGHU�WR�UHGXFH�WKH�FRQYHFWLYH�FXUUHQW��KHDW��RU�PDVV�VSHFLHV��WKDW�IORZV�
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ORQJLWXGLQDOO\� %HVW�NQRZQ�LV�WKH�H[DPSOH�RI�WKH�EORRG�FRXQWHUIORZ� LQ� WKH� ORQJ� OHJV� RI� ZDGLQJ� ELUGV�� DQG� LQ�ZKDOH� IOLSSHUV� >�����@� 7KH� ERG\� RI� WKH� ELUG� LV�ZDUP��DQG� WKH� IRRW� LV� FROG�� LQ� WKH� ZDWHU� :DUP� R[\JHQDWHG�EORRG�IORZV�GRZQZDUG�DQG�LV�FRROHG�LQ�FRXQWHUIORZ�E\�WKH�UHWXUQLQJ�YHQRXV�EORRG� ,Q�WKLV�ZD\�WKH�ORVV�RI�ERG\�KHDW�WKURXJK�WKH�IRRW�LV�PLQLPL]HG� 2WKHUZLVH��WKH�ERG\�H[WHQVLRQ��IRRW��ZRXOG�DFW�DV�DQ\�RWKHU�H[WHQGHG�VXUIDFH�DQG� PD[LPL]H� WKH� ORVV� RI� ERG\� KHDW� 1XPHURXV� RWKHU�FRXQWHUIORZV� SUHYHQW� WKH� H[FHVVLYH� ORVV� RI� ZDWHU� IURP�DQLPDOV�OLYLQJ�LQ�WKH�GHVHUW�>��@�,Q� ELRPHGLFDO� HQJLQHHULQJ�� WKH� ORQJLWXGLQDO�FRQYHFWLYH� KHDW� WUDQVIHU� H[SUHVVLRQ� ����� ZDV�UHGLVFRYHUHG� LQ� ����� E\�:HLQEDXP� DQG� -LML� >��@� 7KLV�HIIHFW�ZDV� LQFRUSRUDWHG� LQ� D� KHDW� WUDQVIHU�PRGHO� RI� WKH�YDVFXODUL]HG� WLVVXH�� WR� DFFRXQW� IRU� WKH� RFFXUUHQFH� RI�FRXQWHUFXUUHQW� SDLUV� RI� WKHUPDOO\� VLJQLILFDQW� EORRG�YHVVHOV� ,Q� WKLV� PRGHO� (T�� ����� PDNHV� DQ� DGGLWLRQDO��FRQYHFWLYH� FRQWULEXWLRQ� WR� WKH� HIIHFW� RI� FRQGXFWLRQ�WKURXJK�WKH�OLYLQJ�WLVVXH�,Q�D�SDSHU�WKDW�ZDV�MXVW�SXEOLVKHG�>��@��,�VKRZHG�WKDW�WZR�EDODQFHG�WUHH�VKDSHG�IORZV�LQ�IRXQWHUIORZ��RQH�ZDUPHU� WKDQ� WKH� RWKHU�� FRQVWLWXWH� D� VLQJOH� WUHH�VKDSHG�IORZ� RI� FRQYHFWLYH� FXUUHQWV� 7KH� WUHH� FRXQWHUIORZ�VWUXFWXUH�LV�FRPPRQ�LQ�WKH�YDVFXODUL]HG�WLVVXH�XQGHU�WKH�VNLQ� RI� D�ZDUP� EORRGHG� DQLPDO� 7KH� WRWDO� KHDW� FXUUHQW�FRQYHFWHG� �OHDNHG�� E\� WKH� GRXEOH� WUHH� LV� SURRUWLRQDO� WR�WKH� WRWDO� WUHH�YROXPH�UDLVHG�WR�WKH�SRZHU�ô� 7KLV� LV� WKH�ILUVW� SXUHO\� WKHRUHWLFDO� GHULYDWLRQ� RI� WKH� XQLYHUVDOO\�REVHUYHG� SURSRUWLRQDOLW\� EHWZHHQ� PHWDEROLF� UDWH� DQG�ERG\�PDVV�UDLVHG�WR�WKH�SRZHU�ô��LQ�DOO�DQLPDOV�$OO�WKHVH�QDWXUDO�FRXQWHUIORZV�DUH�VWUXFWXUHV�ZLWK�SXUSRVH� 7KH�JUHDW�JHRPHWULF�DQG�IXQFWLRQDO�VLPLODULWLHV�EHWZHHQ� WKH� QDWXUDOO\� RFFXUULQJ� VWUXFWXUHV� DQG� WKH�HQJLQHHUHG�RQHV�VWUHQJWKHQ�WKH�YLHZ�WKDW�WKH�FRQVWUXFWDO�SULQFLSOH�PDNHV�VHQVH�LQ�UDWLRQDOL]LQJ�WKH�RFFXUUHQFH�RI�VWUXFWXUH� LQ� HYHU\� FRPSDUWPHQW� RI� QDWXUH�� LQDQLPDWH�V\VWHPV��DQLPDWH�V\VWHPV��DQG�HQJLQHHUHG�V\VWHPV����32:(5('�)/,*+70RUH� HYLGHQFH� WKDW� ZKDW� JHQHUDWHV� IRUP� LQ�HQJLQHHULQJ� DOVR� JHQHUDWHV� IRUP� LQ� QDWXUH� FRPHV� IURP�WKH�VWXG\�RI�SRZHUHG�IOLJKW� $V�LQ�UHIULJHUDWLRQ�DQG�RWKHU�SRZHU�FRQVXPLQJ�V\VWHPV��RXU�WKHRUHWLFDO�VWDUWLQJ�SRLQW�LV� WKH�REMHFWLYH²WR�GR� WKH�PRVW�EDVHG�RQ�WKH�SRZHU�RU�IXHO�FRQVXPHG� 7KH�IO\LQJ�VWUXFWXUH�WKDW�LV�JHQHUDWHG�E\�WKLV� SULQFLSOH� KDV�PDQ\� IHDWXUHV� 0RUH� REYLRXV� DUH� WKH�VKDSHV� ERGLHV��ZLQJV�� IHDWKHUV� DQG� IODSV� 0RUH�KLGGHQ�DUH� WKH� LQWHUQDO�SDUWV�VXFK�DV� WKH�KROORZ�ERQHV�RI�ELUGV�DQG� WKH� DOXPLQXP� SDUWV� RI� PRVW� DLUSODQHV� (YHQ� PRUH�VXEWOH�LV�WKH�VSHHG�RI�WKH�IO\LQJ�ERG\��RQ�ZKLFK�ZH�IRFXV�LQ�WKLV�VHFWLRQ�7KH� PRVW� EDVLF� IHDWXUHV� DQG� QHHGV� RI� SRZHUHG�IOLJKW� DUH� UHWDLQHG� LQ� WKH�XSSHU�ULJKW�GHWDLO�RI�)LJXUH���7KH�IO\LQJ�ERG\�RI�PDVV�0�KDV�WKH�OLQHDU�GLPHQVLRQ�'��GHQVLW\� UE�� DQG� KRUL]RQWDO� VSHHG� 9� UHODWLYH� WR� WKH�VXUURXQGLQJ�DLU� 7KH�DLU�GHQVLW\�UD LV�PXFK�VPDOOHU�WKDQ�

UE� 7KLV� OHDGV� WR� WKH� JOREDO� UHTXLUHPHQW� WKDW� WKH� QHW�YHUWLFDO� ERG\� IRUFH�0J a�UE'�J�PXVW�EH� VXSSRUWHG�E\�RWKHU� IRUFHV� 7KH� JHQHUDWLRQ� RI� WKH� ODWWHU� LV� DFKLHYHG�WKURXJK�WKH�UHODWLYH�PRWLRQ�FDOOHG�IOLJKW�%\� DFFRXQWLQJ� IRU� WKH� FRQVHUYDWLRQ� RI�PDVV� DQG�PRPHQWXP�LQ�WKH�FRQWURO�YROXPH�RFFXSLHG�E\�WKH�IO\LQJ�ERG\�DQG�WKH�LPPHGLDWHO\�FORVH�IOXLG�UHJLRQV�DIIHFWHG�E\�UHODWLYH�PRWLRQ��LW�ZDV�VKRZQ�WKDW�WKH�SRZHU�UHTXLUHG�WR�LQFUHDVH� WKH� NLQHWLF� HQHUJ\� RI� WKH� DLU� VWUHDP�� IURP� WKH�LQOHW�WR�WKH�RXWOHW�� � � � ���RXW 99P���a: ��� ��LV
��DD

���E 9'9'Ja: U�UU� ���
7KLV� WZR�WHUP� H[SUHVVLRQ� VKRZV� WKH� SRZHU� WKDW� LV�UHTXLUHG�WR�PDLQWDLQ�WKH�ERG\�LQ�WKH�DLU��WKH�ILUVW�WHUP���DQG�WR�RYHUFRPH�WKH�GUDJ��WKH�VHFRQG�WHUP�� 7KH�SRZHU�IXQFWLRQ�����KDV�D�PLQLPXP�ZLWK�UHVSHFW�WR�9����

DE���RSW J'�a9 ¹̧·©̈§ UU� ���
$VWRQLVKLQJO\�JRRG�DJUHHPHQW�H[LVWV�EHWZHHQ�WKH�SULQFLSOH�JHQHUDWHG� IO\LQJ� VSHHG� IRUPXOD�DQG� WKH� IO\LQJ�VSHHGV� IRXQG� LQ� QDWXUH� DQG HQJLQHHULQJ� >������@� 6LQFH�WKH� ERG\� OHQJWK� VFDOH�'� LV� WKH� VDPH� DV� �0�UE������ WKH�RSWLPDO� VSHHG� RI� (T�� ���� LV� SURSRUWLRQDO WR WKH ERG\�PDVV�UDLVHG�WR�WKH�SRZHU�����

������D
������ERSW 0Ja9 UU ����

)LJXUH���VKRZV�WKDW�WKH�IO\LQJ�VSHHGV�RI�DOO�WKH�WKLQJV�ZH�NQRZ� DOLJQ� WKHPVHOYHV� RQ� D� SRZHU�ODZ� FXUYH� RI� WKH�SUHGLFWHG� W\SH� 7KH� GDWD� DUH� IURP� D� PRUH� H[WHQVLYH�FRPSLODWLRQ�� IURP�PDQ\� LQGHSHQGHQW� VRXUFHV� >��@� 7KH�DJUHHPHQW�EHWZHHQ�WKH�SUHGLFWHG�DQG�WKH�REVHUYHG�LV�QRW�RQO\�TXDOLWDWLYH�EXW�DOVR�TXDQWLWDWLYH� $OO�IO\LQJ�DQLPDOV�DQG� PDFKLQHV� DUH� UHSUHVHQWHG� E\� WKH� RUGHUV� RI�PDJQLWXGH� UE a� ��� NJ�P� DQG� UD a� �� NJ�P� �DLU� DW�DWPRVSKHULF� FRQGLWLRQV�� 7KH� 9RSW IRUPXOD� �����EHFRPHV��URXJKO\�� � V�PNJ�0��a9 ���RSW �����ZKLFK� KDV� EHHQ� GUDZQ� RQ� )LJXUH� �� :H� VHH� KRZ� WKH�PLQLPL]DWLRQ� RI� SRZHU� FRQVXPSWLRQ� RU� H[HUJ\�GHVWUXFWLRQ� XQLWHV� DOO� WKH� IO\LQJ� V\VWHPV�� WKH� DQLPDWH�ZLWK�WKH�HQJLQHHUHG�:KDW� ZH� DFFRPSOLVKHG� EDVHG� RQ� VLPSOH�WKHUPRG\QDPLF� RSWLPL]DWLRQ� LQ� WKLV� VHFWLRQ� LV� RQO\� D�VNHWFK��D�KLQW� 7KH�FRPSOHWH WKHUPRPHFKDQLFDO�DQDO\VLV�RI�WKH�IO\LQJ�ERG\��DQG�WKH�JHRPHWULF�RSWLPL]DWLRQ�RI�WKH�LQWHUQDO� DQG� H[WHUQDO� DUFKLWHFWXUH��ZLOO� HVWDEOLVK�H[DFWO\�ZKDW� IUDFWLRQ� RI� WKH� XVHG� IRRG� RU� IXHO� LV� QHHGHG� WR�SURGXFH�WKH�H[HUJ\� � �:� QHHGHG�WR�VXVWDLQ�WKH�IOLJKW�
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)LJXUH�� 6LPSOH�PRGHO�DQG�LQWHUDFWLRQV�RI�D�IO\LQJ�ERG\�DQG�WKH�FUXLVLQJ�VSHHGV�RI�LQVHFWV��ELUGV�DQG�DLUSODQHV�>�@ �
���5+<7+01DWXUH� LPSUHVVHV� XV� QRW� RQO\� ZLWK� VWUXFWXUH� LQ�VSDFH� EXW� DOVR� ZLWK� VWUXFWXUH� LQ� WLPH²UK\WKP�� RU�FKDUDFWHULVWLF� SHULRGLFLW\� 7KH� VDPH� KROGV� IRU� PDQ\�HQJLQHHULQJ� V\VWHPV� %HVW� NQRZQ� DPRQJ� WKH� QDWXUDO�IORZV� WKDW� H[KLELW� UK\WKP� DUH� WKH� EUHDWKLQJ� DQG� KHDUW�EHDWLQJ�RI� DOO� DQLPDOV� 7KHVH� LQWHUPLWWHQW� IORZV� DUH� WKH�EDVLV�IRU�VRPH�RI�WKH�PRVW�SX]]OLQJ�DOORPHWULF�ODZV��IRU�H[DPSOH�� WKH� REVHUYHG� SURSRUWLRQDOLW\� EHWZHHQ�IUHTXHQF\�DQG�DQLPDO�ERG\�PDVV�UDLVHG�WR�WKH�SRZHU�RI�DSSUR[LPDWHO\� ±����� $Q� HOHSKDQW� EUHDWKV� OHVV�IUHTXHQWO\� WKDQ� WKH� PRXVH�� DQG� WKH� KXPDQ� KHDUW� EHDWV�IDVWHU� WKDQ� WKH� KHDUW� RI� WKH� FRZ� 7KH� YROXPH� RI�WKHRUHWLFDO�PDWHULDO�SXEOLVKHG�RQ�SXOVDWLQJ�SK\VLRORJLFDO�SURFHVVHV� LV� VWDJJHULQJ� 7KH� SUHIHUUHG� DSSURDFK� KDV�EHHQ�WR�WDNH�SXOVDWLQJ�IORZV�DV�JLYHQ��L�H��QRW�WR�TXHVWLRQ�ZK\� QDWXUH� KDV� RSWHG� IRU� SHULRGLF� IORZ� DQG� QRW� IRU�VWHDG\� IORZ� :KDW� KDV� QRW� EHHQ� UDWLRQDOL]HG� XQWLO�UHFHQWO\� >�@� LV� WKH� H[LVWHQFH� RI� ILQHO\� WXQHG� SXOVDWLQJ�IORZV�LQ�QDWXUH�%UHDWKLQJ�DQG�KHDUW�EHDWLQJ�KDYH�D�ORW�LQ�FRPPRQ�ZLWK� HQJLQHHUHG� SURFHVVHV� WKDW� DUH� JRYHUQHG� E\� WLPH�GHSHQGHQW�WUDQVSRUW�E\�GLIIXVLRQ� :KHQ�ZH�PDQXIDFWXUH�LFH�E\�IUHH]LQJ�ZDWHU�RQ�D�FRROHG�VXUIDFH��WKH�UDWH�RI�LFH�IRUPDWLRQ� GHFUHDVHV� DV� WKH� LFH� OD\HU WKLFNHQV� 7R�PD[LPL]H� WKH� WLPH�DYHUDJHG� UDWH� RI� LFH� SURGXFWLRQ��ZH�PXVW� WHUPLQDWH� WKH� IUHH]LQJ� SURFHVV�� VFUDSH� WKH� VXUIDFH�FOHDQ�� DQG� VWDUW�RYHU� 7R� VKRZ� WKDW� DQ�RSWLPDO� IUHH]LQJ�WLPH�H[LVWV��LW�LV�D�JRRG�LGHD�WR�XVH�WKH�VLPSOHVW�IUHH]LQJ�PRGHO�SRVVLEOH� :H�DVVXPH�WKHUHIRUH�WKDW�WKH�LFH�OD\HU�LV�

VXIILFLHQWO\�WKLQ�UHODWLYH�WR�WKH�UDGLXV�RI�FXUYDWXUH�RI�WKH�ZDOO� VR� WKDW� WKH�ZDOO�PD\�EH� UHJDUGHG�DV�SODQH� �)LJXUH���� :DWHU� DW� WKH� IUHH]LQJ�SRLQW�7P LV�KHOG� LQ�D�FKDQQHO�WKH� ZDOO� RI� ZKLFK� LV� VXGGHQO\� FRROHG� WR� D� ORZHU�WHPSHUDWXUH�� 7Z�� VWDUWLQJ� ZLWK� WKH� WLPH� W�  � �� $Q� LFH�OD\HU� JURZV� RQ� WKH� FRROHG� ZDOO� XQWLO� WKH� WLPH� W�  � W���ZKHQ�WKH�FRROLQJ�LV�LQWHUUXSWHG��DQG�WKH�LFH�LV�UHPRYHG�7KH� WLPH� LQWHUYDO� UHTXLUHG� WR� UHPRYH� WKH� LFH�� W��� LV�DVVXPHG� FRQVWDQW� DQG� NQRZQ� 7KLV� IUHH]LQJ� DQG� LFH�UHPRYDO� F\FOH� RI� WRWDO� GXUDWLRQ� �W� �� W��� LV� UHSHDWHG�PDQ\�WLPHV�7KH� WKLFNQHVV� RI� WKH� LFH� OD\HU� DW� WKH� HQG� RI� WKH�IUHH]LQJ� LQWHUYDO� LV� ����� WE G ��ZKHUH� WKH� FRQVWDQW� E� LV�VKRUWKDQG� IRU� >�N�7P ± 7Z��U�KVI@���� 7KLV� VROXWLRQ� LV�H[DFW�ZKHQ�WKH�6WHIDQ�QXPEHU�F�7P ± 7Z��KVI LV�VPDOOHU�WKDQ��� 7KH�SURSHUWLHV�U��F�DQG�N�DUH�WKH�GHQVLW\��VSHFLILF�KHDW� DQG� WKHUPDO� FRQGXFWLYLW\� RI� LFH� 7KH� HYROXWLRQ� RI�WKH� LFH� WKLFNQHVV� G�W�� DQG� WKH� IUHH]LQJ�UHPRYDO�SURGXFWLRQ F\FOH� DUH� VKRZQ� TXDOLWDWLYHO\� LQ� )LJXUH� ��7KH� REMHFWLYH� LV� WR� PD[LPL]H� WKH� DPRXQW� RI� LFH�SURGXFHG�RYHU�WKH�HQWLUH�GXUDWLRQ�RI�RQH�F\FOH��QDPHO\�
�W EWW ��������� � �WW �G G ����

7KH�ORQH�GHJUHH�RI�IUHHGRP�LV�WKH�IUHH]LQJ�WLPH�W���RU�LWV�GLPHQVLRQOHVV�FRXQWHUSDUW�W  �W��W�� %\�VROYLQJ�GG�GW  � ZH ILQG WKDW WRSW  �� RU W��RSW  W�� 7KH� RSWL� PDO�IUHH]LQJ� WLPH� LQWHUYDO� RI� WKH� F\FOH� LV� DV� ORQJ�DV� WKH� LFH�
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UHPRYDO� LQWHUYDO� 7KLV�FRQFOXVLRQ�FKDQJHV�VRPHZKDW�DV�ZH� LQFOXGH� LQ� WKH�PRGHO�DGGLWLRQDO� IHDWXUHV�VXFK�DV� WKH�ZDOO� FXUYDWXUH� �H�J�� IUHH]LQJ� LQVLGH� D� WXEH��� WKH� ILQLWHKHDW� WUDQVIHU� FRHIILFLHQW� EHWZHHQ� WKH� FRRODQW� DQG� WKH�RXWHU�VXUIDFH�RI�WKH�ZDWHU�FRQWDLQHU��DQG�WKH�GHSHQGHQFH�EHWZHHQ�WKH�LFH�UHPRYDO� WLPH�DQG�WKH�ILQDO� WKLFNQHVV�RI�WKH�LFH�OD\HU�7KH� HVVHQWLDO� SRLQW� PDGH� E\� WKLV� VLPSOH�DQDO\VLV� LV� WKDW� DQ� RSWLPDO� WLPH� RI� KHDW� WUDQVIHU� H[LVWV��DQG�WKDW�DV�D�ILUVW�DSSUR[LPDWLRQ�WKDW�WLPH�LV�HTXDO�WR�WKH�WLPH�UHTXLUHG�WR�UHPRYH�WKH�LFH�OD\HU� )XUWKHUPRUH��WKLV�FRQFOXVLRQ� LV� IXQGDPHQWDO� DQ� RSWLPDO� IUHH]LQJ� WLPH�H[LVWV�LQ�DQ\�LQVWDOODWLRQ��RU�PRUH�UHDOLVWLF�PRGHO��IRU�LFH�PDNLQJ� EDVHG� RQ� IUHH]LQJ� DQG� FRQWDFW� PHOWLQJ� 7KLV�RSWLPL]DWLRQ� SULQFLSOH� LV� UHOHYDQW� WR� WKH� SURGXFWLRQ� E\�FRQWDFW� VROLGLILFDWLRQ� RI� RWKHU� VROLG� PDWHULDOV�� QRW� MXVW�LFH� 2SWLPL]HG� LQWHUPLWWHQW� RSHUDWLRQ� LV� D�FKDUDFWHULVWLF� RI� PDQ\� RWKHU� HQJLQHHUHG� V\VWHPV�� VRPH�YHU\�FRPSOLFDWHG� )URVW�DQG�LFH�JURZ�RQ�WKH�HYDSRUDWRU�VXUIDFH� RI� D� UHIULJHUDWRU� $Q� DXWRPDWLFDOO\� GHIURVWLQJ�UHIULJHUDWRU� LQWHUUXSWV� LWV� FRROLQJ� F\FOH� DQG� FOHDQV� WKH�HYDSRUDWRU�VXUIDFH E\�PHOWLQJ�WKH�LFH�>��@� 3RZHU�SODQWV�DUH� VKXW� GRZQ� SHULRGLFDOO\� VR� WKDW� WKH� OD\HUV� RI� GLUW��VFDOH��IRXOLQJ��DUH�VFUDSHG�RII�WKH�VXUIDFHV�RI�WKHLU�KHDW�H[FKDQJHUV� $GGLWLRQDO PDQLIHVWDWLRQV RI WKLV SULQFLSOH�DUH� IRXQG� LQ� WKH� RSWLPDO� RSHUDWLQJ� OLIHWLPH� RI� SRZHU�SODQWV� GULYHQ� E\� HQHUJ\� H[WUDFWHG� IURP� KRW�GU\�URFN�GHSRVLWV� >�@� 7KH� URFN� OD\HUV� FRRO� GRZQ� E\� WLPH�GHSHQGHQW� GLIIXVLRQ�� DV� WKH�ZRUNLQJ� IOXLG� RI� WKH� SRZHU�SODQW�LV�FLUFXODWHG�WKURXJK�PDQ�PDGH�ILVVXUHV� $OO�WKHVH�WHFKQLTXHV� DUH� PDGH� QHFHVVDU\� E\� WKH� SXUVXLW� RI�REMHFWLYHV� VXEMHFW� WR� FRQVWUDLQWV� WKH\� DOO� JHQHUDWH�VWUXFWXUH�LQ�WLPH�

)LJXUH�� 7KH�LQWHUPLWWHQW�SURGXFWLRQ�RI�LFH�WKH� IUHH]LQJ� WLPH� WW���� IROORZHG� E\� WKH� LFH�UHPRYDO�WLPH�WW������&21&/86,21��6758&785(�,6�7+(�5(68/7�2)�35,1&,3/(7KH� PDQ\� H[DPSOHV²HQWLUH� FODVVHV� RI�DSSOLFDWLRQV²UHYLHZHG� LQ� WKLV� SDSHU� DUH� XQLWHG� E\� WKH�FRQFOXVLRQ�WKDW�WKH�SXUVXLW�RI�REMHFWLYH�VXEMHFW�WR�ILQLWH�UHVRXUFHV�FRQVWUDLQWV�JHQHUDWHV� VWUXFWXUH� 2EMHFWLYH�DQG�FRQVWUDLQWV� HQGRZ� WKH� IORZ� V\VWHP� ZLWK� JHRPHWU\��DUFKLWHFWXUH��UK\WKP�,Q WKH HQJLQHHULQJ RI IORZ V\VWHPV WKH VHDUFKIRU� EHWWHU� JOREDO� SHUIRUPDQFH� VXEMHFW� WR� SUHVHQW�GD\�FRQVWUDLQWV� LV� NQRZQ� DV� WKHUPRG\QDPLF� RSWLPL]DWLRQ��

LUUHYHUVLELOLW\� PLQLPL]DWLRQ�� RU� HQWURS\� JHQHUDWLRQ�PLQLPL]DWLRQ� ,UUHYHUVLELOLW\� LV� FDXVHG� E\� FXUUHQWV� WKDW�IORZ� DJDLQVW� UHVLVWDQFHV� 7KHUH� DUH� PDQ\� UHVLVWDQFHV��W\SHV��VL]HV���DQG�WKH\�PXVW�EH�PLQLPL]HG�WRJHWKHU� 7KH�RSWLPDO� EDODQFLQJ� RI� WKH� UHJLRQV� ZLWK� GLIIHUHQW�UHVLVWDQFHV� �IORZ� UHJLPHV��PHDQV� WKDW� WKH�PDWHULDO� DQG�FKDQQHOV� PXVW� EH� GLVWULEXWHG� LQ� FHUWDLQ� ZD\V� %HWWHU�JOREDO�SHUIRUPDQFH�LV�DFKLHYHG�ZKHQ�WKH�GLVWULEXWLRQ�LV�UHODWLYHO\�XQLIRUP��WKLV��LQ�VSLWH�RI�WKH�JDSLQJ�GLIIHUHQFHV�EHWZHHQ�WKH�KLJK� DQG�WKH�ORZ�UHVLVWLYLW\�GRPDLQV�2SWLPDO� GLVWULEXWLRQ� RI� LPSHUIHFWLRQ LV� WKH�SULQFLSOH� WKDW�JHQHUDWHV�IRUP� 7KH�V\VWHP�LV�GHVWLQHG�WR�UHPDLQ� LPSHUIHFW� 7KH� V\VWHP� ZRUNV� EHVW� ZKHQ� LWV�LPSHUIHFWLRQ� �LWV� LQWHUQDO� IORZ� UHVLVWDQFHV�� LV� VSUHDG�DURXQG��VR�WKDW�PRUH�DQG�PRUH�RI�WKH�LQWHUQDO�SRLQWV�DUH�VWUHVVHG DV PXFK DV WKH FRQVWUXFWDO SULQFLSOH� GHPDQGV�REMHFWLYH� VHUYHG� EHWWHU�� ZKLOH� XQGHU� WKH� JULS� RI� JOREDO�DQG� ORFDO�FRQVWUDLQWV� 7KHUH� LV�D� WLPH�DUURZ�WR�DOO� WKHVH�IRUPV��DQG�LW�SRLQWV�WRZDUG�WKH�EHWWHU�7KH� PDQ\� DQG� GLYHUVH� PDQLIHVWDWLRQV� RI� WKH�FRQVWUXFWDO�SULQFLSOH�DUH�UHYLHZHG�LQ�D�QHZ�ERRN�>�@�
5()(5(1&(6
>�@ %HMDQ�� $��� 6KDSH� DQG� 6WUXFWXUH�� IURP�(QJLQHHULQJ� WR� 1DWXUH�� &DPEULGJH� 8QLYHUVLW\�3UHVV�� &DPEULGJH�� 8.�� ,6%1� �� ���� ������ ��������>�@ )HLGW�� 0��� 7KHUPRG\QDPLTXH� HW� 2SWLPLVDWLRQ�eQHUJHWLTXH� GHV� 6\VWqPHV� HW� 3URFHGpV��7HFKQLTXH� HW� 'RFXPHQWDWLRQ�� /DYRLVLHU�� 3DULV��,6%1�������������������>�@ 0RUDQ��0�� -���$YDLODELOLW\� $QDO\VLV� $�*XLGH� WR�(IILFLHQW� (QHUJ\� 8VH�� 3UHQWLFH�+DOO�� (QJOHZRRG�&OLIIV��,6%1����������������������>�@ %HMDQ�� $��� (QWURS\� *HQHUDWLRQ� 0LQLPL]DWLRQ��&5&� 3UHVV�� %RFD� 5DWRQ�� ,6%1� �� ����� ����� ��������>�@ )HLGW�� 0�� /��� 7KHUPRG\QDPLFV� DQG� WKH�RSWLPL]DWLRQ� RI� UHYHUVH� F\FOH� PDFKLQHV��7KHUPRG\QDPLF� 2SWLPL]DWLRQ� RI� &RPSOH[�(QHUJ\� 6\VWHPV��%HMDQ��$�� DQG�0DPXW��(��� HGV���'RUGUHFKW�� 7KH� 1HWKHUODQGV�� .OXZHU� $FDGHPLF�3XEOLVKHUV��SS�����������������>�@ .RWDV�� 7�� -��� 7KH� ([HUJ\� 0HWKRG� RI� 7KHUPDO�3ODQW� $QDO\VLV�� .ULHJHU�� 0HOERXUQH�� )ORULGD��������>�@ 0RUDQ��0�� -�� DQG�6KDSLUR��+��1���)XQGDPHQWDOV�RI� (QJLQHHULQJ� 7KHUPRG\QDPLFV�� �UG� HG��� 1HZ�<RUN��:LOH\��������>�@ 5DGFHQFR�� 9��� *HQHUDOL]HG� 7KHUPRG\QDPLFV��%XFKDUHVW��(GLWXUD�7HFKQLFD��������>�@ (YDQV�� 5�� %��� $� SURRI� WKDW� H[HUJ\� LV� WKH� RQO\�FRQVLVWHQW� PHDVXUH� RI� SRWHQWLDO� ZRUN� �IRU�FKHPLFDO� V\VWHPV��� 3K'� 7KHVLV�� 'DUWPRXWK�&ROOHJH��+DQRYHU��1HZ�+DPSVKLUH��������>��@ 5HLVWDG�� *�� 0��� $YDLODELOLW\� FRQFHSWV� DQG�DSSOLFDWLRQV�� 3K'� 7KHVLV�� 8QLYHUVLW\� RI�:LVFRQVLQ��0DGLVRQ��������>��@ 6FLXEED�� (��� 2SWLPLVDWLRQ� RI� WXUERPDFKLQHU\�FRPSRQHQWV� E\� FRQVWUDLQHG� PLQLPLVDWLRQ� RI� WKH�ORFDO� HQWURS\� SURGXFWLRQ� UDWH�� &KDSWHU� LQ� %HMDQ��
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$�� DQG� 0DPXW�� (�� HGV��� 7KHUPRG\QDPLF�2SWLPL]DWLRQ� RI� &RPSOH[� (QHUJ\� 6\VWHPV��'RUGUHFKW�� 7KH� 1HWKHUODQGV�� .OXZHU� $FDGHPLF�3XEOLVKHUV��������>��@ 6FLXEED�� (��� $OORFDWLRQ� RI� ILQLWH� HQHUJHWLF�UHVRXUFHV� YLD� DQ� H[HUJHWLF� FRVWLQJ� PHWKRG��&KDSWHU� LQ� %HMDQ�� $�� DQG� 0DPXW�� (��� HGV���7KHUPRG\QDPLF�2SWLPL]DWLRQ�RI�&RPSOH[�(QHUJ\�6\VWHPV�� 'RUGUHFKW�� 7KH� 1HWKHUODQGV�� .OXZHU�$FDGHPLF�3XEOLVKHUV��SS�����������������>��@ 6FLXEED�� (�� DQG�0HOOL��5���$UWLILFLDO� ,QWHOOLJHQFH�LQ� 7KHUPDO� 6\VWHPV� 'HVLJQ� &RQFHSWV� DQG�$SSOLFDWLRQV��1HZ�<RUN��1RYD�6FLHQFH��������>��@ %HQHOPLU�� (��� (YDQV��5��%�� DQG�9RQ�6SDNRYVN\��0�� 5��� +LJK� GHJUHH� GHFHQWUDOL]DWLRQ� IRU� WKH�RSWLPXP� WKHUPRHFRQRPLF� GHVLJQ� RI� D� FRPELQHG�F\FOH�� ,QW�� -�� (QHUJ\� (QYLURQPHQW� (FRQRPLFV��9RO�����SS�����������������>��@ %HQHOPLU��5���/DOOHPDQG��0���/DOOHPDQG��$��DQG�9RQ�6SDNRYVN\��0��5���([HUJHWLF� DQG� HFRQRPLF�RSWLPL]DWLRQ�RI�D�KHDW�SXPS�F\FOH��,QW��-��(QHUJ\�(QYLURQPHQW� (FRQRPLFV�� 9RO�� ��� SS�� ���������������>��@ 'H�9RV��$���(QGRUHYHUVLEOH� 7KHUPRG\QDPLFV� RI�6RODU� (QHUJ\� &RQYHUVLRQ�� 2[IRUG�� 8.�� 2[IRUG�8QLYHUVLW\�3UHVV��������>��@ 6KLQHU�� -�� 6��� HG��� (QWURS\� DQG� (QWURS\�*HQHUDWLRQ�� 'RUGUHFKW�� .OXZHU� $FDGHPLF�3XEOLVKHUV��������>��@ 7VDWVDURQLV�� *��� 'HVLJQ� RSWLPL]DWLRQ� XVLQJ�H[HUJRHFRQRPLFV�� &KDSWHU� LQ� %HMDQ�� $�� DQG�0DPXW��(���HGV���7KHUPRG\QDPLF�2SWLPL]DWLRQ�RI�&RPSOH[� (QHUJ\� 6\VWHPV�� 'RUGUHFKW�� 7KH�1HWKHUODQGV�� .OXZHU� $FDGHPLF� 3XEOLVKHUV�� SS�����������������>��@ 9DOHUR�� /��$���&RUUHDV�� /�� DQG� 6HUUD�/���2Q�OLQH�WKHUPRHFRQRPLF� GLDJQRVLV� RI� WKHUPDO� SRZHU�SODQWV��&KDSWHU�LQ�%HMDQ��$��DQG�0DPXW��(���HGV���7KHUPRG\QDPLF�2SWLPL]DWLRQ�RI�&RPSOH[�(QHUJ\6\VWHPV�� 'RUGUHFKW�� 7KH� 1HWKHUODQGV�� .OXZHU�$FDGHPLF�3XEOLVKHUV��SS�����������������>��@ 9RQ�6SDNRYVN\��0��5��DQG�)UDQJRSRXORV��&��$���7KH� HQYLURQRPLF� DQDO\VLV� DQG� RSWLPL]DWLRQ� RI� D�JDV� WXUELQH� F\FOH� ZLWK� FRJHQHUDWLRQ��7KHUPRG\QDPLFV� DQG� WKH� 'HVLJQ�� $QDO\VLV� DQG�,PSURYHPHQW� RI� (QHUJ\� 6\VWHPV�� 9RO�� $(6� ����$60(�1HZ�<RUN��������>��@ 2OVRPPHU�� %��� )DYUDW�� '�� DQG� 9RQ� 6SDNRYVN\��0�� 5��� $Q� DSSURDFK� IRU� WKH� WLPH�GHSHQGHQW�WKHUPRHFRQRPLF� PRGHOLQJ� DQG� RSWLPL]DWLRQ� RI�
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