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$%675$&7
7KH� SHUIRUPDQFH� RI� D� GLIIXVLRQ� DEVRUSWLRQ� UHIULJHUDWLRQ� V\VWHP� LV� GHSHQGLQJ� RQ� WKH� YDULRXV� V\VWHP� FRPSRQHQWV��ZKLFK�DUH� LQWHUFRQQHFWHG�E\� D� IHZ�FLUFXODWLRQ� ORRSV��7KH�PRWLYH� IRUFHV�RI� WKHVH�FLUFXODWLRQV�DUH�SURYLGHG�E\� WKH�GLIIHUHQFHV�RI�GHQVLW\�RI�WKH�ZRUNLQJ�IOXLGV�LQIOXHQFHG�E\�WKH�JUDYLWDWLRQ�IRUFH�DQG�WKH�KHDW�VXSSOLHV�WR�WKH�ZRUNLQJ�IOXLGV�DW�WKH�EXEEOH�SXPS��,W�LV�ZHOO�NQRZQ�WKDW�WKH�FULWLFDO�FRPSRQHQW�RI�WKH�DEVRUSWLRQ�GLIIXVLRQ�XQLW�LV�WKH�EXEEOH�SXPS��7KH� IORZ�UDWHV�DQG� WKHUPRSK\VLFDO� FKDUDFWHULVWLFV�RI� WKH�ZRUNLQJ� IOXLGV�DUH�PDLQO\� LQIOXHQFLQJ� WKH�EXEEOH�SXPS�SHUIRUPDQFH�,Q�WKH�SUHVHQW�VWXG\��WKH�SHUIRUPDQFH�RI�D�EXEEOH�SXPS�ZLWK�RUJDQLF�ZRUNLQJ�IOXLGV�ZDV�FDUULHG�RXW�H[SHULPHQWDOO\��$�FRQWLQXRXV�DEVRUSWLRQ�GLIIXVLRQ�XQLW�ZDV�EXLOW�WR�LQYHVWLJDWH�WKH�LQIOXHQFH�RI�WKH�EXEEOH�SXPS�SDUDPHWHUV�RQ�LWV�SHUIRUPDQFH�
.(<:25'6%XEEOH�SXPS��2UJDQLF�IOXLGV��$EVRUSWLRQ��'LIIXVLRQ�5HIULJHUDWLRQ��)ORZ�SDWWHUQ
���,QWURGXFWLRQ
$� FRQYHQWLRQDO� YDSRU� DEVRUSWLRQ� F\FOH� LV� UXQQLQJ�SULPDULO\ RQ� KHDW� HQHUJ\�� EXW� UHTXLUHV� PHFKDQLFDO�HQHUJ\� WR�FLUFXODWH� WKH�DEVRUEHQW�VROXWLRQ�IURP�WKH� ORZ�SUHVVXUH� DEVRUEHU� WR� WKH� KLJK� SUHVVXUH� JHQHUDWRU�� ,W� LV�NQRZQ� WKDW� D� EXEEOH� SXPS� FDQ� UHSODFH� WKH� VROXWLRQ�SXPS�IRU�VPDOO�FDSDFLWLHV�DQG�WKH�F\FOH�GULYHQ�RQO\�E\�KHDW� LV� WKH�GLIIXVLRQ�DEVRUSWLRQ�UHIULJHUDWLRQ�F\FOH��7KH�V\VWHP�KDV�WKH�IROORZLQJ�DGYDQWDJHV�LQ�FRPSDULVRQ�ZLWK�WKH�FRQYHQWLRQDO�DEVRUSWLRQ�F\FOH>�@��������6LOHQW�RSHUDWLRQ����1R�PRYLQJ�SDUWV��QR�IDQV�RU�SXPSV��WKH�F\FOH�LV���YHU\�UHOLDEOH�����3RUWDELOLW\��WKH�XQLW�FDQ�XWLOL]H�DQ\�ORZ�SRWHQWLDO�KHDW�VRXUFH�OLNH�D�JDV�EXUQHU��VWHDP��ZDVWH�KHDW�HWF«��DQG�FDQ�RSHUDWH�DQ\ZKHUH��HYHQ�LQ�FRXQWULHV�ZLWKRXW�HOHFWULF�XWLOLW\�LQIUDVWUXFWXUH���
7R� XVH� WKH� EXEEOH� SXPS� DV� D� FLUFXODWLRQ� GHYLFH�� WKH�F\FOH� LV� RSHUDWHG� DW� D� VLQJOH� SUHVVXUH>�@�� 7KH� PRVW�IDPLOLDU� VLQJOH� SUHVVXUH� UHIULJHUDWLRQ� F\FOH� LV� WKH�DPPRQLD�ZDWHU�K\GURJHQ� F\FOH� SDWHQWHG�E\�3ODWHQ� DQG�0XQWHUV�>�@�LQ�������,Q�WKH�IROORZLQJ�VHFWLRQV�WKH�PRVW�FRPPRQ� DEVRUSWLRQ� GLIIXVLRQ� UHIULJHUDWLRQ� V\VWHPV�ZKLFK� LQFRUSRUDWH� EXEEOH� SXPSV� DV� WKH� FLUFXODWLRQ�GHYLFH�DUH�SUHVHQWHG���

����$PPRQLD�ZDWHU�K\GURJHQ�F\FOH)LJXUH� �� SUHVHQWV� D� VFKHPDWLF� LOOXVWUDWLRQ� RI� DQ�DPPRQLD�ZDWHU�K\GURJHQ� F\FOH� 6LQJOH� SUHVVXUH�UHIULJHUDWLRQ� F\FOHV� DFKLHYH� FRROLQJ� E\� ORZHULQJ� WKH�SDUWLDO� SUHVVXUH� RI� WKH� UHIULJHUDQW� �DPPRQLD�� LQ� WKH�HYDSRUDWRU� �)LJXUH� �� DOORZLQJ� LW� WR� HYDSRUDWH� DQG�H[WUDFW� KHDW� IURP� WKH� HQYLURQPHQW�� 7KH� DPPRQLD� LV�GULYHQ� IURP� LWV� PL[WXUH� ZLWK� ZDWHU� LQ� WKH� JHQHUDWRU� E\�KHDW� VXSSO\��6RPH�RI� WKLV� KHDW�GULYHV� WKH�EXEEOH�SXPS��ZKHUH� YDSRUL]HG� DPPRQLD� LV� XVHG� WR� OLIW� VOXJV� RI� SRRU�PL[WXUH��ORZ�LQ�UHIULJHUDQW��XS�WKH�YHUWLFDO�WXEH�DQG�EDFN�LQWR�WKH�DEVRUEHU��7KH�QHDUO\�SXUH�DPPRQLD�YDSRU�HQWHUV�WKH� FRQGHQVHU�� ,Q� WKH� FRQGHQVHU�� WKH� DPPRQLD� YDSRU� LV�FRQGHQVHG�DW� LWV�VDWXUDWLRQ� WHPSHUDWXUH�DFFRUGLQJ� WR� WKH�V\VWHP¶V� WRWDO� SUHVVXUH�� ,Q� WKH� HYDSRUDWRU� WKH� OLTXLG�DPPRQLD� GLIIXVHV� WKURXJK� JDVHRXV� K\GURJHQ�� ZKLFK�ORZHUV� WKH� SDUWLDO� SUHVVXUH� RI� WKH� VDWXUDWHG� DPPRQLD�OLTXLG�� 7KLV� UHGXFWLRQ� LQ� WKH� SDUWLDO� SUHVVXUH� DOORZV� WKH�DPPRQLD�WR�EH�HYDSRUDWHG�DW�ORZ�WHPSHUDWXUH�DFFRUGLQJ�WR� LWV� SDUWLDO� SUHVVXUH� LQ� WKH� HYDSRUDWRU�� 7KLV� HIIHFW�HOLPLQDWHV�WKH�QHHG�RI�DQ�H[SDQVLRQ�YDOYH�DQG�WKH�XVH�RI�D�PHFKDQLFDO� SXPS��7KH� FRRO�HYDSRUDWHG� DPPRQLD� DQG�K\GURJHQ�YDSRUV�IORZ�LQWR�WKH�DEVRUEHU��ZKHUH� WKH�SRRU�VROXWLRQ�FRPLQJ�IURP�WKH�JHQHUDWRU��YLD�WKH�VROXWLRQ�KHDW�H[FKDQJHU��DEVRUEV�WKH�DPPRQLD�YDSRU�IURP�WKH�JDVHRXV�PL[WXUH�� 7KH� OLJKW� K\GURJHQ� IORZV� EDFN� WR� WKH�HYDSRUDWRU�� )LQDOO\�� WKH� OLTXLG� DPPRQLD�ZDWHU� PL[WXUH�IORZV� EDFN� WR� WKH� JHQHUDWRU� �YLD� WKH� VROXWLRQ� KHDW�H[FKDQJHU��7KH�&23� RI� D� GLIIXVLRQ� DEVRUSWLRQ� UHIULJHUDWRU� LV� YHU\�ORZ� �DURXQG� ��������� GXH� WR� WKUHH� PDLQ� UHDVRQV�� )LUVW��
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WKH�F\FOH�RSHUDWHV�DW�HYDSRUDWRU�WHPSHUDWXUH�EHORZ���&�DQG�XWLOL]HV�KHDW�VRXUFHV�EHORZ�����&��6HFRQG��WKH�LQHUW�JDV� DW� WKH� HYDSRUDWRU� LV� FRROHG� E\� WKH� HYDSRUDWLRQ�SURFHVV�DQG�UHTXLUHV�VRPH�RI�LWV�FRROLQJ�FDSDFLW\��7KLUG��WKH� UHFWLILHU� LV� H[SRVHG� DQG� ORRVHV� KHDW� WR� WKH�VXUURXQGLQJ��$� VWXG\� E\� &KHQ� HW� DO� ������� >�@� GHDOW� ZLWK� WKH�LPSURYHPHQW� RI� &23� DQG� FDPH� ZLWK� D� QHZ�FRQILJXUDWLRQ�RI�D�JHQHUDWRU�XQLW�WKDW�XWLOL]HG�WKH�KHDW�RI�WKH�DPPRQLD�YDSRU�OHDYLQJ�WKH�EXEEOH�SXPS�WR�SUHKHDW�WKH� ULFK� VROXWLRQ� WKDW� HQWHUV� WKH� JHQHUDWRU�� ,Q� WKH� ROG�EXEEOH� SXPS� FRQILJXUDWLRQ� �)LJXUH� ��� WKH� KHDWHU� GRHV�QRW� KHDW� WKH� ULFK� VROXWLRQ� GLUHFWO\�� 7KH� KHDWHU� VXSSOLHV�KHDW� WKURXJK� WKH� ZDOO� RI� WKH� RXWHU� WXEH� WR� WKH� SRRU�VROXWLRQ�DQG�WKH�SRRU�VROXWLRQ�KHDWV�WKH�WXEH�ZDOO�RI�WKH�LQQHU� WXEH� �WKH�EXEEOH�SXPS� WXEH���7KLV�PHFKDQLVP�RI�KHDW� WUDQVIHU� LV� QRW� HIIHFWLYH� DQG� HFRQRPLF�� 7KH�SURSRVHG�QHZ�FRQILJXUDWLRQ�RI�&KHQ�HW�DO��������>�@�IRU�WKH� JHQHUDWRU� EXEEOH� SXPS� FRQILJXUDWLRQ� LV� VKRZQ� LQ��)LJXUH���� �+RW�DPPRQLD�YDSRU� IURP� WKH�EXEEOH�SXPS�IORZV� LQWR� WKH� F\OLQGULFDO� VKHOO�� ,W� SUHKHDWV� WKH� VWURQJ�VROXWLRQ� IORZLQJ� IURP� WKH� DEVRUEHU� WR� WKH� JHQHUDWRU� LQ�WKH�RXWHU�WXEH�RI�WKH�VSLUDO�KHDW�H[FKDQJHU��,Q�WKH�LQQHU�WXEH��WKH�KRW�ZHDN�VROXWLRQ�IORZV�IURP�WKH�JHQHUDWRU��%\�UHSODFLQJ� WKH� ROG� JHQHUDWRU� XQLW� ZLWK� WKH� PRGLILHG�JHQHUDWRU�XQLW�&KHQ�HW�DO��������>�@�UHSRUWHG�WKDW�D�JDLQ�RI� ���� LQ� WKH� &23� ZDV� DFKLHYHG�� 7KH� SRZHU� LQSXW�UDQJH�GXULQJ�WKH�WHVW�RQ�WKH�PRGLILHG�JHQHUDWRU�XQLW�ZDV�������:�DQG�WKH�&23�ZDV������

)LJXUH� �� � 6FKHPDWLF� LOXVWUDWLRQ� RI� DQ�DEVRUSWLRQ�GLIIXVLRQ�UHJULJHUDWRU�>�@

)LJXUH���� 7KH�VWDQGDUW�FRQILJXUDWLRQ RI�EXEEOH�SXPS

)LJXUH��� � 7KH�QHZ�FRQILJXUDWLRQ�JHQHUDWRU�ZLWK�KHDW�H[FKDQJHU
����/LWKLXP�%URPLGH�F\FOH$QRWKHU� F\FOH� WKDW� UHTXLUHV� D� EXEEOH� SXPS� LV� WKH� WZR�IOXLG�:DWHU� � /LWKLXP�%URPLGH�F\FOH��,Q�WKLV�F\FOH�� WKH�K\GURVWDWLF SULQFLSOH� LV� XVHG� WR� PDLQWDLQ� WKH� SUHVVXUH�GLIIHUHQFH� WKDW� DOORZV� WKH� H[SDQVLRQ� RI� WKH� UHIULJHUDQW��ZDWHU�� WURXJK� WKH� H[SDQVLRQ� YDOYH�� 6FKHPDWLF�LOOXVWUDWLRQ� RI� WKH� OLWKLXP�EURPLGH� F\FOH� LV� VKRZQ� LQ��)LJXUH�����

)LJXUH���� /LWKLXPH�EURPLGH�F\FOH�>�@
([WHQVLYH� UHVHDUFK� RQ� WKH� �SXPSOHVV� OLWKLXP�EURPLGH�F\FOH�ZDV�FDUULHG�RXW�E\�3IDII�HW�DO�>�@�DQG�6DUDYDQDQ�	�0DL\D� >�@�� 7KH� ZHDN� VROXWLRQ� �ZHDN� LQ� /L%U�� IORZV�IURP�WKH�DEVRUEHU�GXH�WR�JUDYLW\�WURXJK�WKH�VROXWLRQ�KHDW�H[FKDQJHU� WR� WKH� EXEEOH� SXPS��+HDW� LV� VXSSOLHG� WR� WKH�VROXWLRQ� JHQHUDWLQJ� ZDWHU� YDSRU� DQG� VWURQJ� VROXWLRQ��VWURQJ� LQ� /L%U��� 7KH� ERLOLQJ� SURFHVV� FUHDWHV� ZDWHU�EXEEOHV� WKDW� DUH� MRLQLQJ� DQG� IRUPLQJ� D� ELJJHU� EXEEOH��7KH� ULVLQJ� ELJ� EXEEOH� IRUPV� SOXJV� WKDW� RFFXSLHV� WKH�ZKROH�FURVV�VHFWLRQ�RI�WKH�WXEH �DW�VPDOO�WXEH�GLDPHWHU��DQG� OLIWV�D� VOXJ�RI�VROXWLRQ� WR� WKH�JHQHUDWRU� �ERLOHU���$W�WKH� JHQHUDWRU� �ERLOHU�� WKH� VROXWLRQ� ZDV� IXUWKHU� KHDWHG��)URP� WKH� JHQHUDWRU� �ERLOHU�� WKH� VWURQJ� VROXWLRQ� IORZV�EDFN�WR�WKH�DEVRUEHU�WURXJK�WKH�KHDW�H[FKDQJHU�DQG�WKH�JHQHUDWHG�ZDWHU�YDSRU�ULVHV�WR�WKH�FRQGHQVHU�ZKHUH�LW�LV�OLTXHILHG�� 7KH� FRQGHQVHG� ZDWHU� IORZV� WURXJK� WKH�H[SDQVLRQ� GHYLFH� WR� WKH� HYDSRUDWRU�� $IWHU� WKH�
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HYDSRUDWRU�� WKH� ZDWHU� YDSRU� IORZV� LQWR� WKH� DEVRUEHU�ZKHUH� LW� LV� DEVRUEHG� E\� WKH� VWURQJ� VROXWLRQ�� 7KH� ZHDN�VROXWLRQ�IORZV�WURXJK�WKH�KHDW�H[FKDQJHU�DQG�JDLQV�KHDW�IURP� WKH� VWURQJ� VROXWLRQ� FRPLQJ� IURP� WKH� JHQHUDWRU��ERLOHU��� 7KLV� F\FOH� LV� OLPLWHG� WR� YHU\� ORZ� ZRUNLQJ�SUHVVXUH��YDFXXP��UHTXLUHG�IRU�WKH�HYDSRUDWLRQ�SURFHVV��7KLV� F\FOH� LV� DOVR� OLPLWHG� WR� DQ�HYDSRUDWRU� WHPSHUDWXUH�DERYH���&�EHFDXVH�WKH�UHIULJHUDQW�LQ�WKLV�F\FOH�LV�ZDWHU��7KH�DGYDQWDJH�RI� WKLV� F\FOH� LV� WKDW� LW� DOORZV�XWLOL]DWLRQ�RI�ORZ�SRWHQWLDO�KHDW�VRXUFHV��DERXW����&���
����7KH�(LQVWHLQ�UHIULJHUDWLRQ�F\FOH$OEHUW� (LQVWHLQ� RIIHUHG� DQRWKHU� VLQJOH� SUHVVXUHUHIULJHUDWLRQ� F\FOH� >�@�>�@�>�@��ZKLFK� XWLOL]HV� WKH� DELOLW\�RI� ZDWHU� WR� DEVRUE� DPPRQLD� LQ� D� GLIIHUHQW� ZD\�� 7KH�(LQVWHLQ� F\FOH� LV� LOOXVWUDWHG� LQ� �)LJXUH� ���� ,Q� WKH�HYDSRUDWRU� WKH� SDUWLDO� SUHVVXUH� RI� EXWDQH� LV� UHGXFHG�E\�DPPRQLD� YDSRU� IORZLQJ� IURP� WKH� JHQHUDWRU�� 7KH�UHGXFWLRQ� LQ� WKH� SDUWLDO� SUHVVXUH� FDXVHV� HYDSRUDWLRQ� RI�WKH� EXWDQH� WR� LWV� VDWXUDWLRQ� WHPSHUDWXUH� DW� LWV� SDUWLDO�SUHVVXUH��7KH�HYDSRUDWLRQ�SURFHVV FUHDWHV�D�UHIULJHUDWLRQ�HIIHFW�� ZKLFK� FRROV� WKH� DPPRQLD� DQG� WKH� VXUURXQGLQJ��7KH� DPPRQLD�EXWDQH� PL[WXUH� WKHQ� IORZV� WKURXJK� WKH�SUHFRROHU�WR�WKH�DEVRUEHU?FRQGHQVHU��SRRU�VROXWLRQ�IORZV�IURP�WKH�JHQHUDWRU� �ERLOHU�� WR� WKH�DEVRUEHU�DQG�DEVRUEV�WKH�DPPRQLD�IURP�WKH�JDVHRXV�PL[WXUH��7KH�DEVRUSWLRQ�RI�WKH�DPPRQLD�IURP�WKH�JDVHRXV�PL[WXUH�LQFUHDVHV�WKH�SDUWLDO� SUHVVXUH� RI� WKH� EXWDQH� DOORZLQJ� WKH� EXWDQH� WR�FRQGHQVH��7KH�EXWDQH�DQG�WKH�DPPRQLD�VHSDUDWH�GXH�WR�UHVSHFWLYH� GHQVLW\� GLIIHUHQFHV� DQG� WKH� IDFW� WKDW�DPPRQLD�ZDWHU� DQG�EXWDQH�DUH� LPPLVFLEOH�ZLWK�EXWDQH�DW� WKH� DEVRUEHU� WHPSHUDWXUH� DQG� SUHVVXUH�� 7KH� OLTXLG�EXWDQH�LV�OLJKWHU�WKDQ�WKH�DPPRQLD�ZDWHU�VROXWLRQ�WKXV�LW�IORDWV�RQ� WRS�ZKLOH� WKH�DPPRQLD�ZDWHU�VROXWLRQ� OLHV�RQ�WKH� ERWWRP� RI� WKH� DEVRUEHU�� 7KH� EXWDQH� IORZV� WR� WKH�HYDSRUDWRU�DQG�WKH�DPPRQLD�ZDWHU�VROXWLRQ�IORZV�GRZQ�WURXJK�WKH�VROXWLRQ�KHDW�H[FKDQJHU�WR�WKH�JHQHUDWRU�'HODQR� >��@� DQG� 6FKHDIHU� >��@� FDUULHG� RXW� H[WHQVLYH�UHVHDUFK�RQ�(LQVWHLQ�F\FOH�DQG�RIIHUHG�D�PRGHO�EDVHG�RQ�PDVV�DQG�PRPHQWXP�EDODQFH�HTXDWLRQV�DQG�FRUUHODWLRQV�IRU� IORZ� SDWWHUQV� IRU� WKH� EXEEOH� SXPS�� %DVHG� RQ� WKH�DQDO\WLFDO�UHVXOWV�VRPH�FRQFOXVLRQV�UHJDUGLQJ�WKH�EXEEOH�SXPS� ZHUH� PDGH�� � LQFUHDVH� LQ� VXEPHUJHQFH� UDWLR� ZLOO�LQFUHDVH� WKH� IORZ� UDWH� �VXEPHUJHQFH� UDWLR� LV� WKH� UDWLRV�EHWZHHQ� WKH� OHQJWKV� RI� WKH� EXEEOH� SXPS� WXEH� DQG� WKH�LQLWLDO�OHYHO�RI�IOXLG�LQ�WKH�WXEH�EHIRUH�KHDWLQJ���,QFUHDVH�LQ�KHDW�LQSXW�LQFUHDVHV�WKH�IORZ�UDWH�DQG�WKH�OLTXLG�YDSRU�UDWLR� LQFUHDVHV� ZLWK� LQFUHDVH� RI� WKH� GLDPHWHU� RI� WKH�EXEEOH�SXPSV�WXEH�'HODQR� LQYHVWLJDWHG� WKH� SHUIRUPDQFH� RI� WKH� EXEEOH�SXPS�ZLWK�ZDWHU� DV�ZRUNLQJ� IOXLG��+H�XVHG�D� VWDLQOHVV�VWHHO� WXEH� ZLWK� LQQHU� GLDPHWHU� RI� ����� PP� DQG� ZLWK�OHQJWK�RI�������P�7R�FUHDWH�WKH�VDWXUDWLRQ�FRQGLWLRQV�DW�WKH�HQWUDQFH�WR�WKH�EXEEOH� SXPS� D� ODUJH� UHVHUYRLU� RI� ERLOLQJ� ZDWHU� ZDV�XVHG�� 7KH� KHDWHU� ZDV� FODPSHG� WR� WKH� WXEH� ZDOO� DQG� D�GLPPHU� VZLWFK� FRQWUROOHG� WKH� SRZHU� LQSXW� WR� WKH� WXEH��7KH� IORZ� LQ� WKH� EXEEOH� SXPS� WXEH�ZDV� DVVXPHG� WR� EH�VOXJ� IORZ� >��@� EXW� QR� RQH� RIIHUHG� D�ZD\� WR� YHULI\� WKLV�DVVXPSWLRQ�� ,W� VKRXOG� EH� QRWHG� WKDW� WKH� IOXLG� LQ� WKH�EXEEOH� SXPS� WKDW� ZDV� XVHG� IRU� WKHVH� H[SHULPHQWV� ZDV�ZDWHU� DQG� QRW� DPPRQLD�ZDWHU� VROXWLRQ� OLNH� LQ� KLV�SURWRW\SH� V\VWHP��:KHQ� XVLQJ� VROXWLRQ� DV� WKH�ZRUNLQJ�

IOXLG�LQ�WKH�EXEEOH�SXPS�PDVV�WUDQVIHU�GXH�WR�DEVRUSWLRQ�LV�RFFXUULQJ��ZKLOH�IORZLQJ�XS�WKH�EXEEOH�SXPS�WXEH�WKH�PL[WXUH� FRROV� DQG� WKHUHIRUH� LQFUHDVHV� WKH� DEVRUSWLRQ�DELOLW\�RI�WKH�VROXWLRQ�
([DPLQLQJ�WKH�DERYH�SUHVHQWHG�F\FOHV�ZH�FDQ�SRLQW�RXW�WKDW�WKH�DPPRQLD�ZDWHU�K\GURJHQ�F\FOH�DQG�WKH�(LQVWHLQ�F\FOH� UHTXLUHV� KLJK� JHQHUDWRU� WHPSHUDWXUH� EXW� LW� FDQ�ZRUN�EHORZ���&�DQG�WKH�OLWKLXP�EURPLGH�F\FOH�GRHV�QRW�UHTXLUH� KLJK� JHQHUDWRU� WHPSHUDWXUH� EXW� FDQQRW� RSHUDWH�EHORZ���&����7KH�SUHVHQW�VWXG\
,Q� RUGHU� WR� XWLOL]H� ORZ� WHPSHUDWXUH� KHDW� VRXUFH� �EHORZ�����&�� WR� GULYH� GLIIXVLRQ� DEVRUSWLRQ� XQLWV� DQG� WR� JDLQ�WKH�DELOLW\�WR�RSHUDWH�DW�WHPSHUDWXUH�EHORZ���&�UHVHDUFK�ZDV�FDUULHG�RXW�RQ�XWLOL]LQJ�RUJDQLF�ZRUNLQJ� IOXLGV��$W�SUHVHQW�� ZH� XVH� WKH� UHIULJHUDQW�PRQRFKORURGLIOXRURPHWDQH�� 5����� ZLWK� RUJDQLF�DEVRUEHQWV��7KH� ILUVW� VWHS� ZDV� WR� EXLOG� D� FRQWLQXRXV� H[SHULPHQWDO�V\VWHP� IRU� LQYHVWLJDWLQJ� WKH� LQIOXHQFH� RI� WKH� EXEEOH�SXPS�SDUDPHWHUV��VXFK�DV�GLDPHWHU��OHQJWK��KHDW�VRXUFH��HWF��� RQ� LWV� SHUIRUPDQFH�� 6FKHPDWLF� LOOXVWUDWLRQ� RI� WKH�H[SHULPHQWDO�V\VWHP�LV�VKRZQ�LQ�)LJXUH���

)LJXUH���� (LQVWHLQ�UHIULJHUDWLRQ�F\FOH�>��@
����([SHULPHQWDO�VHW�XS�7KH�H[SHULPHQWDO�V\VWHP�ZDV�EXLOW�LQ�D�ZD\�WKDW�DOORZV�FKDQJHV� LQ� JHRPHWU\� RI� WKH� V\VWHP� �ORFDWLRQ� RI� XQLWV��ZLWK� PLQLPDO� ORVVHV� RI� ZRUNLQJ� IOXLGV�� 7KH� EXEEOH�SXPS�WXEH�LV�PDGH�RI�JODVV�WR�DOORZ�REVHUYDWLRQ�RI�WKH�IORZ�SDWWHUQ�DQG�WR�GHWHUPLQH�WKH�IORZ�UHJLPH��%HQGLQJ�ò���FRSSHU�WXEH�LQWR�D�VSLUDO�PDGH�KHDW�H[FKDQJHUV��7KH�VHSDUDWLQJ� YHVVHO� KDV� D� ODUJH� VLJKW� JODVV� WKDW� DOORZV�REVHUYDWLRQ� RI� WKH� VHSDUDWLRQ� SURFHVV�� 7HPSHUDWXUH� LV�

mailto:avi@bgumail.bgu.ac.il


$��/HY\� DYL#EJXPDLO�EJX�DF�LO ��

PHDVXUHG�E\�7�W\SH�WKHUPRFRXSOHV�DW�GLIIHUHQW�SRLQWV�RI�WKH� V\VWHP�� 7ZR� SUHVVXUH� WUDQVPLWWHUV� PHDVXUH� WKH�DEVROXWH�SUHVVXUH�DQG� WKH�SUHVVXUH�GLIIHUHQFH�DORQJ� WKH�EXEEOH�SXPS�7ZR�HOHFWURQLF�IORZ�PHWHUV�PHDVXUH�WKH�IORZ�UDWH�RI�WKH�ULFK� DQG� WKH� SRRU� VROXWLRQ�� $� GDWD� ORJJHU� FRQQHFWV� DOO�WKH�SUREHV� WR�D�FRPSXWHU��$OO�GDWD� LV�VKRZQ�RQ� OLQH�RQ�WKH�PRQLWRU�DQG�VDYHG�WR�WKH�FRPSXWHUV�KDUG�GULYH��7KH�KHDW� LV� VXSSOLHG� E\� WKUHH� HOHFWULFDO� KHDWHUV� �HDFK���ZDWW?���Y��� � $� YDULDEOH� WUDQVIRUPHU� FRQWUROV� WKH�KHDWHUV�SRZHU�VXSSO\�PDQXDOO\�IURP���WR�����ZDWW���7KH�V\VWHP�ZDV�FKDUJHG�ZLWK�DQ�RUJDQLF�VROYHQW�'0$&��'LPHWK\ODFHWDPLGH�� DQG� 5���� WR� FUHDWH� WKH QHFHVVDU\�ZHLJKW� IUDFWLRQ�� 7KH� V\VWHPV� YROXPH� LV� DERXW� �� OLWHUV��)URP�WKH�JHRPHWU\�RI�WKH�V\VWHP�WKH�YROXPH�RI�WKH�ULFK�DQG� WKH� SRRU� VROXWLRQ� ZHUH� HVWLPDWHG�� .QRZLQJ� WKH�SURSHUWLHV�RI�WKH�IOXLGV��WKH�ZHLJKW�RI�WKH�VROYHQW�DQG�WKH�UHIULJHUDQW� ZHUH� HVWLPDWHG� WR� EH� ���JU� DQG� ���JU�UHVSHFWLYHO\�� 7KH� ZRUNLQJ� IOXLGV� ZHUH� FKDUJHG� DIWHU�DSSO\LQJ�YDFXXP�WR�WKH�V\VWHP��7KH�H[SHULPHQWDO�V\VWHP�LV�QRW�D�FRPSOHWH�UHIULJHUDWLRQ�F\FOH� GXH� WR� ODFN� RI� DQ� HYDSRUDWRU� LQ� WKH� F\FOH�� 7KLV�V\VWHP�ZDV�EXLOW�RQO\�WR�LQYHVWLJDWH�WKH�EXEEOH�SXPS�LQ�D�FRQWLQXRXV�SURFHVV��
����6\VWHP�RSHUDWLRQ$V�FDQ�EH�VHHQ� LQ�)LJXUH���� ULFK�VROXWLRQ�FRPLQJ� IURP�WKH� UHVHUYRLU� WR� WKH�JHQHUDWRU�XQLW�JDLQV�KHDW� DQG� VWDUWV�WKH�ERLOLQJ�IORZ�SURFHVV��7KH�GHVRUSWLRQ�SURFHVV�DW� WKH�JHQHUDWRU�FUHDWHV�VPDOO�YDSRU�EXEEOHV�ZKLFK�PHUJH�LQWR�ODUJHU� EXEEOHV�� 7KH� ULVLQJ� EXEEOHV� IRUP� SOXJV� WKDW�RFFXS\�WKH�ZKROH�FURVV�VHFWLRQ�RI�WKH�JODVV�WXEH�DQG�DUH�OLIWLQJ� VOXJV� RI� SRRU� VROXWLRQ� WR� WKH� VHSDUDWLQJ� YHVVHO��)URP�WKH�VHSDUDWLQJ�YHVVHO��WKH�JDVHRXV�SKDVH�IORZV�XS�WR�WKH JDV�KHDW�H[FKDQJHU�DQG�WKH�SRRU�VROXWLRQ�IORZV�WR�WKH�VROXWLRQ�KHDW�H[FKDQJHU��'XH�WR�WKH�ODUJH�GLIIHUHQFH�RI� WKH� QRUPDO� ERLOLQJ� WHPSHUDWXUH� EHWZHHQ� WKH�DEVRUEHQW�DQG� WKH� UHIULJHUDQW�� WKH�SUHVHQWV�RI�DEVRUEHQW�YDSRU� LQ� WKH� JDV� SKDVH� PD\� EH� QHJOHFWHG�� 7KH� FRROHG��QRW�FRQGHQVHG��UHIULJHUDQW�YDSRU�DQG�WKH�SRRU�VROXWLRQ�HQWHU� WKH� DEVRUEHU� DQG� WKH� DEVRUSWLRQ� SURFHVV� WDNHV�SODFH�� 7KH� ULFK� VROXWLRQ� IURP� WKH� DEVRUEHU� IORZV� EDFN�LQWR�WKH�UHVHUYRLU�3RZHU� LV� VXSSOLHG� WR� WKUHH� ��:� HOHFWULF� KHDWHUV� E\� D�YDULDEOH� WUDQVIRUPHU� �����9�� )RU� D� TXLFN� VWDUW� RI� WKH�V\VWHP�� PD[LPXP� SRZHU� LV� VXSSOLHG� WR� WKH� KHDWHUV��%HFDXVH� WKH� IOXLG� DW� WKH� RXWOHW� RI� WKH� UHVHUYRLU� LV�VDWXUDWHG�RU�VXEFRROHG��WKH�KHDW�VXSSOLHG�LV�ILUVW�XVHG�WR�EULQJ� WKH� VROXWLRQ� WR� HTXLOLEULXP� DQG� WKHQ� WR� EHJLQ�IRUPDWLRQ�RI� EXEEOHV��7KH� IORZ�SDWWHUQ� RI� WKH�ZRUNLQJ�IOXLGV�DW� WKH�EXEEOH�SXPS� LV� VKRZQ� LQ�)LJXUH�������$W�WKH�EHJLQQLQJ��VPDOO�EXEEOHV�DUH�IRUPHG��)LJXUH�����7KH�EXEEOHV� ULVH� LQ� WKH� WXEH� DQG� DUH� DEVRUEHG� EDFN� WR� WKH�VROXWLRQ�� 1R� SXPSLQJ� DFWLRQ� RFFXUV�� $V� WKH� KHDWLQJ�SURFHVV� FRQWLQXHV� WKH� EXEEOHV� DUH� EHFRPLQJ� ODUJHU���)LJXUH����DQG�ILQDOO\�WKH\�PHUJH�DQG�IRUP�EXOOHW�VKDSH�EXEEOHV��VOXJV���)LJXUH�������DW�WKH�ERWWRP�RI�WKH�WXEH��VWLOO�QR�SXPSLQJ�DFWLRQ�RFFXUV��3XPSLQJ�DFWLRQ�RFFXUV��RQO\� ZKHQ� DW� WKH� ERWWRP� RI� WKH� EXEEOH� SXPS� WXEH�WXUEXOHQFH� RFFXUV� DQG� FKXUQ� IORZ� LV� REVHUYHG� �)LJXUH�

����� 7KH� XSSHU� SDUW� RI� WKH� EXEEOH� SXPS� LV� D� VWDLQOHVV�VWHHO� WXEH� DQG� WKH� FKDQJHV� RI� IORZ� UHJLPH� FDQQRW� EH�REVHUYHG��$W�WKH�VHSDUDWLRQ�YHVVHO��WKH�VHSDUDWLRQ�RI�WKH�WZR�SKDVH�IORZ�IURP�WKH�EXEEOH�SXPS�FDQ�EH�REVHUYHG��7KH� VROXWLRQ� FRPLQJ� RXW� IURP� WKH� XSSHU� HQG� RI� WKH�EXEEOH�SXPSV�WXEH�LQ�D�SXOVLQJ�PDQQHU�GHSHQGV�RQ�WKH�IORZ�UHJLPH�DQG�WKH�KHDW�IOX[�VXSSOLHG�WR�WKH�JHQHUDWRU��6LQFH� WKH� RXWOHW� IORZ� IURP� WKH� EXEEOH� SXPS� LV� QRW�FRQWLQXRXV� LW�FRXOG�EH�DVVXPHG�WKDW�WKH�IORZ�UHJLPH�LQ�WKH�XSSHU�SDUW�RI�WKH�EXEEOH�SXPS�LV�D�VOXJ�IORZ���VOXJV�RI� OLTXLG� VHSDUDWHG� E\� ODUJH� JDV� EXEEOHV��� )LJXUHV� ���SUHVHQW�WKH�RXWOHW�IORZ�SDWWHUQ�RI�WKH�ZHDN�VROXWLRQ�IURP�WKH�EXEEOH�SXPS�DW�YDULRXV�WLPH�LQWHUYDOV� VWDUWLQJ�IURP�WKH� ILUVW� SXPSLQJ� DFWLRQ� �)LJXUH� ��D� WR� WKH� IXOO�VWDELOL]HG�IORZ�SDWWHUQ��)LJXUH���G��$Q� DWWHPSW�ZDV�PDGH� WR� REVHUYH� WKH� IORZ� WKURXJK� WKH�VWDLQOHVV� VWHHO� WXEH� ZDOO� XVLQJ� D� WKHUPDO� FDPHUD� EXW� LW�ZDV� QRW� VXFFHVVIXO� ± WKH� WXEH� ZDOO� LV� WR� WKLFN� DQG� LW�³VPHDUV´�WKH�LVRWKHUPV�

)LJ� ± �� 6FKHPDWLF� LOOXVWUDWLRQ� RI� WKH�H[SHULPHQWDO�V\VWHP

mailto:avi@bgumail.bgu.ac.il
mailto:avi@bgumail.bgu.ac.il


$��/HY\� DYL#EJXPDLO�EJX�DF�LO ��

)LJ�� � )LJ�� ��� )LJ�� ��� )LJ�� ���� )LJ�� ���%XEEOH�IORZ� )RUPDWLRQ�RI 6OXJ�	 6OXJ�IORZ� &KXUQ�IORZELJ�EXEEOHV EXEEO\�IORZ

)LJ�� ��D� )LJ�� ��E

)LJ�� ��F )LJ�� ��G
)LJXUH�����2XWOHW�IORZ�SDWWHUQ�RI�WKH�ZHDN�VROXWLRQ�IURP�WKH�EXEEOH�SXPS�DW�YDULRXV�WLPH�LQWHUYDOV��VWDUWLQJ�IURP�WKH�ILUVW�SXPSLQJ�DFWLRQ�� D� WR�WKH�IXOO�VWDELOL]HG�IORZ�SDWWHUQ�� G��
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���&RQFOXVLRQV�DQG�GLVFXVVLRQ
6RPH�SULPDULO\� WHVWV�ZHUH�PDGH� WR�KHOS�XV� WR�H[DPLQH�WKH� V\VWHP�� 7KH� ILUVW� WHVW� ZDV� WR� WU\� GLIIHUHQW� SRZHU�OHYHOV� DQG� WR� REVHUYH� WKH� FKDQJHV� LQ� WKH� IORZ� UHJLPH��:KHQ�WKH�SRZHU�VXSSO\�GHFUHDVHG�IURP����:�GRZQ�WR�D�YDOXH�RI�DERXW����:�WKH�IORZ�UHJLPH�GLG�QRW�FKDQJH�EXW� WKH� SXPSLQJ� DFWLRQ� ZDV� GHFUHDVHG�� ,W� FRXOG� EH�GHWHUPLQHG� YLVXDOO\� E\� ORRNLQJ� LQWR� WKH� VHSDUDWLQJ�YHVVHO�� :KHQ� WKH� SRZHU� VXSSO\� GURSSHG� XQGHU� ���:�WKH�SXPSLQJ�DFWLRQ�ZDV�VWRSSHG��7KH�IORZ�UHJLPH�DW�WKH�ERWWRP�RI�WKH�EXEEOH�SXPS�WXEH�EHFRPHV�VOXJ�IORZ�WKDW�FRXOG� QRW� OLIW� WKH� VROXWLRQ� DOO� WKH� ZD\� XS� WR� WKH�VHSDUDWLQJ� YHVVHO�� $� FRQILUPDWLRQ� WR� WKLV� IDFW� ZDV�UHFHLYHG� E\� D� WKHUPDO� FDPHUD� WKDW� VKRZV� GLIIHUHQW�WHPSHUDWXUHV�RI�WKH�VWDLQOHVV�VWHHO�WXEH��7KH�WHPSHUDWXUH�GLIIHUHQFH�ZDV�EHFDXVH�QR�VROXWLRQ�FRXOG� UHDFK� WKH� WRS�RI�WKH�EXEEOH�SXPS�7KH� WKHUPDO� FDPHUD� FRXOG� QRW� VKRZ� WKH� IORZ� UHJLPH�TXDQWLWDWLYHO\� EXW� ZH� FRXOG� REVHUYH� WKH� FKDQJH� LQ�WHPSHUDWXUH�RI�WKH�EXEEOH�SXPSV�WXEH�ZDOO�ZLWK�WKH�ULVH�RI�WKH�OLTXLG�OHYHO�LQ�WKH�EXEEOH�SXPS�
����)XUWKHU�UHVHDUFK
,Q� WKH� IXWXUH�� VWXG\� WKH� LQIOXHQFH� RI� WKH� EXEEOH� SXPS�SDUDPHWHUV��VXFK�DV�GLDPHWHU��OHQJWK��KHDW�VRXUFHV��HWF���RQ� WKH� EXEEOH� SXPS� SHUIRUPDQFH� ZLOO� EH� LQYHVWLJDWHG�H[SHULPHQWDOO\�$�PDWKHPDWLFDO�PRGHO�ZLOO�EH�GHYHORSHG�IRU�WKH�EXEEOH�SXPS�SHUIRUPDQFH�EDVHG�RQ�IORZ�SDWWHUQ�FRUUHODWLRQV��([SHULPHQWV�ZLWK�YDULRXV�RUJDQLF�IOXLGV�ZLOO�EH�FDUULHG�RXW�WR�GHWHUPLQH�ZKLFK�IOXLG�LV�WKH�PRVW�VXLWDEOH�IRU�ORZ�WHPSHUDWXUH�UHIULJHUDWLRQ�DQG�QXPHULF�VLPXODWLRQ�ZLOO�EH�SUHIRUPHG�5()(5(1&(6�
�� +HUROG�.�(���:DQJ�/��������3HUIRUPDQFH�PRGHOLQJ�RI� VHYHUDO� $EVRUSWLRQ� KHDW� SXPS� F\FOHV��SURFHHGLQJV� RI� WKH� )ORUHQFH� :RUOG� (QHUJ\�5HVHDUFK�6\PSRVLXP��������SS�������

�� 0DL\D�� 0�3�� ������ 7ULSOH� IOXLG� YDSRU� DEVRUSWLRQ�UHIULJHUDWRU�� LQYHVWLJDWLRQ� RI� WKH� VROXWLRQ� FLUFXLW����WK� ,QWHUQDWLRQDO� &RQJUHVV� RI� 5HIULJHUDWLRQ��,,5�,,)��6\GQH\�������0DL\D���� 3ODWHQ��%�&�9���0XQWHUV��&�*��� ������5HIULJHUDWRU��8�6��3DWHQW��������������� &KHQ�-���.LP�.�-���+HUROG�.�(��������3HUIRUPDQFH�HQKDQFHPHQW�RI�D�GLIIXVLRQ�DEVRUSWLRQ�UHIULJHUDWRU��,QW��-��5HIURJHUDWLRQ��9RO�����QR����SS����������� 3IDII�� 0�� 6DUDYDQDQ�� 5�� 0DL\D�� 0�3�� 6ULQLYDVD�0XUW\��6��������6WXG\�RQ�EXEEOH�SXPS�IRU�D�ZDWHU�OLWKLXP�EURPLGH� YDSRU� DEVRUSWLRQ� UHIULJHUDWRU�� ,QW��-��5HIULJHUDWLRQ��YRO�����QR����SS����������� 6DUDYDQDQ�� 5�� 0DL\D�� 0�3��� ������ 6WXGLHV� RQ�EXEEOH� SXPS� RSHUDWHG� WZR�IOXLG� YDSRU� DEVRUSWLRQ�UHIULJHUDWRU�� ��WK ,QWHUQDWLRQDO� &RQJUHVV� RI�5HIULJHUDWLRQ��,,5�,,)��6\GQH\�������� (LQVWHLQ� $��� 6]LODUG� /��� �������5HIULJHUDWLRQ���$SSO�� ��� 'HF�� ������ 3ULRULW\��*HUPDQ\�� ��� 'HF�� ������ 3DW� �� 1R�� �����������8QLWHG�6WDWHV��� 6KHOWRQ� 6�9��� 'HODQR� $��� 6FKDHIHU� /�$�� ������6HFRQG� ODZ� DQDO\VLV� RI� WKH� (LQVWHLQ� F\FOH��3URFHHGLQJV� RI� WKH� 5HQHZDEOH� DQG� $GYDQFHG�(QHUJ\�6\VWHPV�IRU�WKH���VW��&HQWXU\��$SULO��������������/DKDLQD��0DXL��+DZDLL�� 6KHOWRQ� 6�9��� 'HODQR� $��� 6FKDHIHU� /�$�� ������'HVLJQ�DQDO\VLV�RI�WKH�(LQVWHLQ�F\FOH���3URFHHGLQJV�RI� WKH� 5HQHZDEOH� DQG� $GYDQFHG� (QHUJ\� 6\VWHPV�IRU� WKH���VW� �&HQWXU\��$SULO��������������/DKDLQD��0DXL��+DZDLL��� 'HODQR�� $�� ������ 'HVLJQ� DQDO\VLV� RI� WKH� (LQVWHLQ�5HIULJHUDWLQJ�&\FOH��3K�'��7KHVLV��*HRUJLD�,QVWLWXWH�RI�7HFKQRORJ\��$WODQWD��*HRUJLD��� 6FKHDIHU� /�$�� ������ 6LQJOH� 3UHVVXUH� $EVRUSWLRQ�+HDW� 3XPS� $QDO\VLV�� 3K�'�� 7KHVLV�� *HRUJLD�,QVWLWXWH�RI�7HFKQRORJ\��$WODQWD��*HRUJLD��� 7DLWHO� <��� 6DULFD� &��� %ULOO� -�3��� ������ 6OXJ� IORZ�PRGHOLQJ� IRU� GRZQZDUG� LQFOLQHG� SLSH� IORZ��WKHRUHWLFDO� FRQVLGHUDWLRQV�� ,QW�� -�� RI� 0XOWLSKDVH�)ORZ��YRO�����SS���������

(78'(�'(6�3(5)250$1&(6�'(6�3203(6�$�%8//(6�3285�/(6�6<67(0(6�'(� 5()5,*(5$7,21� $� $%62537,21� 3$5� ',))86,21� $9(&� )/8,'(6� '(�75$9$,/�25*$1,48(6
5(680(
/HV�SHUIRUPDQFHV�G¶XQ�V\VWqPH�GH�UpIULJpUDWLRQ�j�DEVRUSWLRQ�SDU�GLIIXVLRQ�GpSHQGHQW�GHV�GLIIpUHQWV�FRPSRVDQWV�GX�V\VWqPH�OHVTXHOV�VRQW� LQWHUFRQQHFWHV�SDU�GHV�FLUFXLWV�GH�FLUFXODWLRQ�UHVWUHLQWV�� �/HV� IRUFHV�PRWULFHV�GH�FHV�FLUFXODWLRQV�VRQW�HQJHQGUpHV�SDU�OHV�GLIIpUHQFHV�GH�GHQVLWp�GHV�IOXLGHV�GH�WUDYDLO�LQIOXHQFHV�SDU�OD�JUDYLWDWLRQ�HW�OHV�DSSRUWV�GH�FKDOHXU�DX[�IOXLGHV�GH�WUDYDLO�D�OD�SRPSH�D�EXOOHV��,O�HVW�ELHQ�FRQQX�TXH�OH�FRPSRVDQW�FULWLTXH�G¶XQH�XQLWp�G¶DEVRUSWLRQ�SDU�GLIIXVLRQ�HVW�OD�SRPSH�D�EXOOHV���/HV�GpELWV�HW�OHV�FDUDFWpULVWLTXHV�WKHUPRSK\VLTXHV�GHV�IOXLGHV�GH�WUDYDLO�VRQW�SULQFLSDOHPHQW�LQIOXHQFHV�SDU�OD�SHUIRUPDQFH�GH�OD�SRPSH�D�EXOOHV�'DQV�FHWWH�SUpVHQWH�pWXGH��OHV�SHUIRUPDQFHV�GH�OD�SRPSH�D�EXOOHV�DYHF�GHV�IOXLGHV�GH�WUDYDLO�RUJDQLTXHV�RQW�pWp�REWHQXHV�H[SpULPHQWDOHPHQW��8QH�XQLWp�G¶DEVRUSWLRQ�SDU�GLIIXVLRQ�FRQWLQXH�j�pWp�FRQVWUXLWH�SRXU�H[DPLQHU�O¶LQIOXHQFH�GHV�SDUDPqWUHV�GH�OD�SRPSH�D�EXOOHV�VXU�VHV�SHUIRUPDQFHV��
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