
6WXG\�9DSRXU�&RPSUHVVLRQ�5HIULJHUDWLRQ�DQG�&RPSDUH�WKH�3HUIRUPDQFH�RI�:RUNLQJ�5HIULJHUDQWV
0��1DJKDVK]DGHJDQ� DQG�0��1LNLDQ�
'HSDUWPHQW�RI�WKH�0HFKDQLFDO�(QJLQHHULQJ8QLYHUVLW\�RI�*XLODQ��5DVKW��,UDQ�3�2�%R[������(�0DLO��QDJKDVK�#�NDGRXV�JX�DF�LU7HO�)D[��������������������

$EVWUDFW3DUW�ORDG�DQG�G\QDPLF�SHUIRUPDQFH�ZHUH�VWXGLHG�LQ�WKLV�UHVHDUFK���7KH�DLP�RI�WKH�SDUW �ORDG�DQDO\VLV�LV�WR�HVWLPDWH�WKH�SHUIRUPDQFH�RI�D�UHIULJHUDWRU�WR�YDULDWLRQV�LQ�RSHUDWLQJ�FRQGLWLRQV� UHVXOWLQJ� IURP� HLWKHU� FKDQJHV� LQ� F RQGHQVHU� VLQN� WHPSHUDWXUH�� HYDSRUDWRU�VRXUFH� WHPSHUDWXUH�� FRRODQW� RU� FKLOOHG� IOXLG� IORZV� RU� FRPSUHVVRU� VSHHG�� ZKHUH�G\QDPLF� VWXG\� LQYROYHG� GHYHORSLQJ� HTXDWLRQV� ZKLFK� SUHGLFW� WKH� PRYHPHQW� RI�UHIULJHUDQW� LQWR� D� V\VWHP� DQG� WKH� FKDQJH� RI� VWDWH� RI� UHIULJHUDQW� L Q� WKH� V\VWHP�FRPSRQHQWV�RYHU�WLPH�� � �7KH�ZD\�FKRVHQ�KDV�EHHQ�WKH�GHYHORSPHQW�RI�D�PDWKHPDWLFDO�PRGHO�RI�WKH�FRPSRQHQWV�RI�D�UHIULJHUDWLRQ�V\VWHP�VXLWDEOH�WR�SUHGLFW�WKH�EHKDYLRXU�RI�WKH� UHOHYDQW� SURFHVV�� � 6LPXODWLRQ� PRGHOV� ZHUH� XVHG� WR� FRPSDUH� WKH� SHUIRUPD QFH� RI�ZRUNLQJ�UHIULJHUDQWV�5����5���D��5���D��5 ����DQG�5����F���
.H\�ZRUGV��5HIULJHUDWLRQ��UHIULJHUDQW��G\QDPLF�
,QWURGXFWLRQ7KH� FODVVLFDO� DSSURDFK� WR� WKH� PDWKHPDWLFDO�DQDO\VLV�RI�D�UHIULJHUDWLRQ�V\VWHP�GHVFULEHV�WKH�SK\VLFDO� HYHQWV� WDNLQJ� SODFH� ZLWK� HTXDWLRQV�GHULYHG� E\� DSSO\LQJ� D� VWHDG\� IORZ� EDODQFH� WR�HDFK�VHFWLRQ�LQ�WXUQ���7KHVH�VWHDG\�VWDWH�YDOXHV�DUH� XVHG� WR� GHWHUPLQH� WKH� VL]H� DQG� WKHUPDO�FDSDFLWLHV� RI� FRPSRQHQWV��ZKLFK�PDNH�XS� WKH�V\VWHP�EXW�HTXLSPHQW�WKDW�RSHUDWHV�HIILFLHQWO\�XQGHU�GHVLJQ�FRQGLWLRQV�PD\�SHUIRUP�SRRUO\�DW�RII�GHVLJQ�FRQGLWLRQV���7KH� JRDO� RI� FXUUHQW� UHVHDUFK� ILUVW� LV� WR� VWXG\�WKH�SDUW�ORDG�EHKDYLRXU�RI�YDSRXU�FRPSUHVVLRQ�UHIULJHUDWLRQ� V\VWHPV� XVLQJ� WKH�178�H PHWKRG� DQG� :LOVRQ� SORW� DQG�IROORZLQJ� VWXG\� G\QDPLF� EHKDYLRXU� RI� WKH�V\VWHP�
3DUW�/RDG�6WXG\178�H PHWKRG�LV�WKH�PRVW�SUDFWLFDO�PHWKRG�
��$VV��3URI����0��6F��6WXGHQW

WR�XVH�WR�SUHGLFW�WKH�SHUIRUPDQFH�RI�WKH�YDSRXUFRPSUHVVLRQ� UHIULJHUDWLRQ� V\VWHPV�XQGHU� SDUW �ORDG�FRQGLWLRQV���:LOVRQ��������GHYLVHG�D�PHWKRG� WR� GHWHUPLQH� LQGLYLGXDO� UHVLVWDQFH�IURP� DQ� RYHUDOO� UHVLVWDQFH�� 7KH� KHDW� WUDQVIHU�FRHIILFLHQW�IRU�WKH�FRRODQW�VLGH�LV�D�IXQFWLRQ�RI�WKH� 5H\QROGV� DQG� 3UDQGWO� QXPEHUV�� :LOVRQ�SURSRVHG� D� SORW� RI� 8$� EDVHG� RQ� PDVV� IORZ�UDWH� 5+P&8$ Q � �� �� � ����
:KHUH��

PRR $N [$5+ � D �
RD LV� UHIULJHUDQW� VLGH�KHDW� WUDQVIHU�FRHIILFLHQW�DQG� & LV� D� FRQVWDQW� DYDLODEOH� IURP� WKH�PDQXIDFWXUHUV���� Q IRU� ZDWHU� RU� HWK\OHQH� JO\FRO� IORZLQJ�WKURXJK�VKHOO�>�@�
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��� Q IRU� ZDWHU� RU� HWK\OHQH� JO\FRO� IORZLQJ�LQVLGH�WXEHV�IRU�WXUEXOHQW�IORZ�>�@
0HWKRG�RI�6ROXWLRQ,W� ZDV� DVVXPHG� WKDW� WKH� RYHUDOO� KHDW� WUDQVIHU�FRHIILFLHQW� DW� WKH� GHVLJQ�SRLQW� G8$ �� KDV�DOUHDG\� EHHQ� FDOFXODWHG� IURP� ILUVW� SULQFLSOHV��GHVLJQ�FRQGLWLRQV��DQG�ZLOO�EH�JLYHQ�DV�LQSXW�GDWD�IRU�SDUW�ORDG�SHUIRUPDQFH���2QFH� WKH� FRRODQW� KHDW� WUDQVIHU� FRHIILFLHQW�� LV�REWDLQHG�� WKH� VXP� RI� WKH� UHIULJHUDQW� DQG�ZDOO�UHVLVWDQFH� G5+�� �� DW� WKH� GHVLJQ� SRLQW� FDQ� EH�GHWHUPLQHG�� � G5+�� LV� DVVXPHG� WR� UHPDLQ�FRQVWDQW�WKURXJKRXW�DQG�LV�XVHG�DV�LQSXW�RI�WKH�SURJUDP���7KH�KHDW�WUDQVIHU�FRHIILFLHQW�IRU�WKH�FRRODQW�VLGH� LV� D� IXQFWLRQ� RI� WKH� 5H\QROGV� DQG�3UDQGWO�QXPEHUV��,I�WKH�FRRODQW�WHPSHUDWXUH�FKDQJH�LV�UHODWLYHO\�VPDOO�WKURXJKRXW��WKHQ�WKH� SURSHUWLHV� RI� WKH� FRRODQW� FDQ� EH�DVVXPHG� WR� UHPDLQ�FRQVWDQW�� DQG� WKHUHIRUH�WKH� KHDW� WUDQVIHU� FRHIILFLHQW� FDQ� EH�VLPSOLILHG�WRD L UQ& & � � � ���
:KHUH�&� LV�D�FRQVWDQW�LQGHSHQGHQW�7KH�RYHUDOO�UHVLVWDQFH�DW�SDUW�ORDG�FDQ�WKHQ�EH�FDOFXODWHG�IURP� 5+&&8$ QU � �� �� � �������������������������������������
7KH�LGHD�FDQ�EH�IROORZHG�XVLQJ�WKH�FRRODQW�PDVV�IORZ�UDWH�LQVWHDG�RI�LWV�PHDQ�YHORFLW\��P $&U U �����������������������������������������������������7KH�RYHUDOO�UHVLVWDQFH�DW�SDUW�ORDG�FDQ�WKHQ�EH�FDOFXODWHG�IURP

GQRIIRII 5+P&8$ � �� ��� � � � ������������������������������������������������������������������������������
�PRII  &RRODQW�PDVV�IORZ�UDWH�DW�SDUW�ORDG�%HDQV� ������� XVHG� WKH� IROORZLQJ� UHODWLRQVKLS�IRU�RYHUDOO�UHVLVWDQFH�RI�WKH�KHDW�H[FKDQJHU�IRU�WKH� SDUW�ORDG� SHUIRUPDQFH� RI� DLU�WR� DLU�UHIULJHUDWLRQ�V\VWHPV�

��������� FG
RIIGRII PP8$8$ �� ���

&RPSXWHU�0RGHO7KH� VLPXODWLRQ� LV� LQLWLDWHG� E\� DVVXPLQJ� D�VWDUWLQJ�YDOXH�IRU�HYDSRUDWLRQ�WHPSHUD WXUH��DQG�FRQGHQVLQJ� WHPSHUDWXUH�� �7KH�SURJUDP�EHJLQV�E\�GHWHUPLQLQJ� � �8$H RII DQG� � �8$F RII IRU�WKH�HYDSRUDWRU� DQG� FRQGHQVHU�� � *LYHQ� WKH� LQSXW�YDOXHV� WR� VSHFLI\� WKH� UHIULJHUDWLRQ� V\VWHP�� WKH�RSHUDWLQJ�FRQGLWLRQV�UHSUHVHQWLQJ�WKH�SDUW �ORDG�VLWXDWLRQ� DUH� QXPHULFDOO\� VHDUFKHG� IRU�� � 7R�DFFRPSOLVK� WKLV�� WKH� FRPSXWHU� SURJUDP� ORJLF�KDV� WR� VDWLVI\� WKH� HQHUJ\� EDODQFH� EHWZHHQ�UHIULJHUDQW� DQG� FRRODQW�� � 7KH�PRGHO� KDV� EHHQ�DSSOLHG�WR�SUHGLFW�WKH�SHUIRUPDQFH�RI�ZRUNLQJ�UHIULJHUDQWV� 5���� 5���D�� 5��� 5���F� DQG�5���D� LQ� D� ZDWHU�WR�ZDWHU� UHIULJHUDWLRQ�V\VWHP�� � ,W� LV� QHFHVVDU\� WR� VHOHFW� GHVLJQ �SRLQW�FRQGLWLRQV��SULRU�WR�FDUU\LQJ�RXW�WKH�VLPXODWLRQ�PRGHO���'HVLJQ�WHPSHUDWXUHV�IRU�WKH�FRQGHQVHU�DQG�HYDSRUDWRU�ZHUH�VHOHFWHG�DV���q&�DQG���q&�UHVSHFWLYHO\���)LJXUH� �� SURYLGHV� D� FRPSDULVRQ� RI� FRROLQJ�FDSDFLW\� IRU� WKRVH�ZRUNLQJ� UHIULJHUDQWV�RYHU�D�UDQJH� RI� FRPSUHVVRU� VSHHG�� 7KH� FRROLQJ�FDSDFLW\� RI� DOO� ZRUNLQJ� UHIULJHUDQWV� LQFUHDVHG�DV�WKH�FRPSUHVVRU�VSHHG�LQFUHDVHG���,QFUHDVLQJ�FRPSUHVVRU� VSHHG� GHFUHDVHV� WKH� HYDSRUDWRU�SUHVVXUH�� UHVXOWLQJ� LQ� D� GHFUHDVH� LQ� WKH�UHIULJHUDWLRQ� HIIHFW� DQG� FRQVHTXHQWO\� FRROLQJ�FDSDFLW\�� � 2Q� WKH� RWKHU� KDQG�� DQ� LQFUHDVH� LQ�UHIULJHUDQW� PDVV� > @��� � YROQYP KU FRPSHQVDWHV� IRU� WKH� GHFUHDVH� LQ� WKH�UHIULJHUDWLRQ�HIIHFW��UHVXOWLQJ�DQ�LQFUHDV H�LQ�WKH�FRROLQJ�FDSDFLW\���7KH�FRROLQJ�FDSDFLW\�RI�5���DQG� 5���F� GRXEOHG� DV� WKH� FRPSUHVVRU�LQFUHDVHG� IURP� ���� USP� WR� ����� USP�� � 7KH�FRROLQJ�FDSDFLW\�RI�5���D��5���D�DQG�5���DUH�VLPLODU� DW� ORZHU� FRPSUHVVRU� VSHHGV�� ZKLOVW�5��� VKRZV� KLJKHU� FRROLQJ� FDSDFLW\� FRPSDUHG�ZLWK� WKDW� RI� 5���D� DQG� 5���$� DW� KLJKHU�FRPSUHVVRU�VSHHGV�)LJXUHV� �� FRPSDUH� WKH� FRHIILFLHQW� RI�SHUIRUPDQFH� DJDLQVW� FRQGHQVHU� ZDWHU� LQOHW�WHPSHUDWXUH�� � 7KH� JUDSKV� VKRZ� WKDW� UHGXFLQJ�FRQGHQVHU� ZDWHU� LQOHW� WHPSHUDWXUH� LQFUHDVHV�WKH�&23�RI�WKH�UHIULJHUDWLRQ�V\VWHP���5HGXFLQJ�WKH�FRQGHQVHU�ZDWHU� LQOHW� WHPSHUDWXUH�UHGXFHV�WKH�SUHVVXUH�GLIIHUHQWLDO�DFURVV�WKH�FRPSUHVVRU��UHVXOWLQJ� LQ� D� GHFUHDVH� LQ� WKH� FRPSUHVVRU�SRZHU�� � 2Q� WKH� RWKHU� KDQG� D� GHFUHDVH� LQ� WKH�
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FRQGHQVLQJ� WHPSHUDWXUH� LV� DVVRFLDWHG�ZLWK� DQ�LQFUHDVH� LQ� WKH� HYDSRUDWRU� UHIULJHUDWLRQ� HIIHFW�DQG� FRQVHTXHQWO\� HYDSRUDWRU� FRROLQJ� FDSDFLW\�DQG�&23��

)LJ���&RROLQJ�FDSDFLW\�DJDLQVW�FRPSUHVVRU�VSHHG

)LJ����&23�DJDLQVW�FRQGHQVHU�ZDWHU�LQOHW�WHPSHUDWXUH
$SSOLFDWLRQ����'\QDPLF�6WXG\
(YDSRUDWRU�PRGHO�7KH� HYDSRUDWRU�ZDV� GLYLGHG� LQWR� WZR� UHJLRQV��HYDSRUDWLRQ� UHJLRQ� DQG� VXSHUKHDWLQJ�� 7KH�DSSURDFK� WR� DQDO\VLV� LV� EDVHG� RQ� WKH� OXPS�PRGHO�IRU�WZR�UHJLRQV��7KH�WHPSHUDWXUH�LQ�WKH�HYDSRUDWLRQ� UHJLRQ� LV� DVVXPHG� HTXDO� IRU� WKH�YDSRXU� DQG� OLTXLG� DQG� WKXV� WKH� KHDW� W UDQVIHU�EHWZHHQ�WKH�YDSRXU�DQG�OLTXLG�LV�QHJOHFWHG��
(YDSRUDWLRQ�UHJLRQ7KH� HYDSRUDWLRQ� UHJLRQ� LV� FRQVLGHUHG� DV� RQH�OXPSHG� PRGHO� IRU� FRRODQW�� WXEHV� DQG�UHIULJHUDQW��KDYLQJ�YDULDEOH�HYDSRUDWLRQ�OHQJWK�

DQG� FRQVLVWLQJ� RI� WKUHH� ]RQHV�� WKH� UHIULJHUDQW��WKH�FRRODQW�DQG�WKH�WXEH�5HIULJHUDQW�0RGHO�7KH�HQHUJ\�EDODQFH�HTXDWLRQ�IRU�UHIULJHUDQW�LQ�WKH�HYDSRUDWLRQ�UHJLRQ�FDQ�EH�ZULWWHQ�GGW 0 K 0 K P K P K $ 7 7YH YH OH OH Y HL FRP YH UH HH SH H� � � � � ��  � � �D ���
7XEH�PRGHO�%\�DSSO\LQJ�WKH�ODZ�RI�FRQVHUYDWLRQ�RI�HQHUJ\�WR�WKH�WXEH�ZDOO�WKH�IROORZLQJ�HTXDWLRQ�FDQ�EH�ZULWWHQ� ���� SHFHDRHFHSHSHSHS 77$WG7GF0 � D

�� HSHHHUH 77$ ��D ���
&RRODQW�PRGHO�)URP�WKH�ODZ�RI�FRQVHUYDWLRQ�RI�HQHUJ\�

W
HFHRFHLFHDSFHFHDFHDSFHD //77FPWGG7F0 ������ � �

�� SHFHDRHFH 77$ ��D ���
&RQWLQXLW\�HTXDWLRQ�7KH� FRQWLQXLW\� HTXDWLRQ� IRU� WKH� HYDSRUDWLRQ�UHJLRQ�FDQ�EH�SUHVHQWHG�LQ�D�FRPELQHG�IRUP�RI�YDSRXU�DQG�OLTXLG�DV�IROORZV�GGW 0 0 P PYH OH Y FRP� � � ��  � ��������������������������0DVV�RI�YDSRXU�UHIULJHUDQW�DFFXPXODWHG�LQ�WKH�HYDSRUDWLRQ�UHJLRQ� 0YH ��LV�JLYHQ�E\�0 $ /YH YIH H Y H D U0DVV� RI� OLTXLG� UHIULJHUDQW� DFFXPXODWHG� LQ� WKH�HYDSRUDWLRQ�UHJLRQ� 0OH ��LV�JLYHQ�E\�0 $ /OH YIH H O H �� �� D U
:KHUH� $ Q GH H L S ��+XJKPDUN� >�@� SURSRVHG� � DQ� � HTXDWLRQ� � WKDW�GHVFULEHV� � WKH� �PHDQ� � � YRLG� � � IUDFWLRQ� LQ� � WKH�HYDSRUDWRU� DV� D� IXQFWLRQ�RI� UHIULJHUDWLRQ�PDVV�IORZ� UDWH�� HYDSRUDWLRQ� WHPSHUDWXUH� DQG� LQOHW�TXDOLW\��
0HWKRG�RI�6ROXWLRQ�6XEVWLWXWLQJ� IRU� 0YH DQG� 0OH LQWR�(TXDWLRQ������JLYHV�
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����� HOHYIHHYHYIH /$/$WGG UDUD ��
FRPY PP �� � ����6XEVWLWXWLQJ�IRU�D Y IH �� 0YH DQG 0OH DQG�XVLQJ�WKH�IROORZLQJ�UHODWLRQV�GGW GG7 G7GWY Y
H

HU U 
DQG��������������������������������������GGW GG7 G7GWO O

H
HU U 

3DUWLDO�HTXDWLRQV�ZLOO�EH�FRQYHUWHG�WR�RUGLQDU\�GLIIHUHQWLDO�HTXDWLRQV�7R�NHHS� WKH�QXPHULFDO�VROXWLRQ�VLPSOH�IRU�WKH�G\QDPLF� SDUW�� D� VLQJOH� VWHS� PHWKRG�� ³(XOHU¶V�PHWKRG´�� KDV� EHHQ� XVHG� IRU� VROYLQJ� WKH�GLIIHUHQWLDO� HTXDWLRQV�� ,W� XVHV� D� WUXQFDWHG�7D\ORU�VHULHV�H[SDQVLRQ�DQG�PD\�EH�H[SUHVVHG�DV�IROORZV�I I GIGW GWI GW W W� ��  � �������������������������������������������������������������������������������������������������7KH�JOREDO�HUURU�RI�WKH�SUHGLFWHG�VROXWLRQ�LV�RI�WKH� RUGHU� RI� WKH� WLPH� VWHS�� ' W �� +HQFH�� WR�DFKLHYH� UHDVRQDEOH� DFFXUDF\� XVLQJ� (XOHU¶V�PHWKRG�� LW� LV� QHFHVVDU\� WKDW� WKH� WLPH� VWHS� LV�PDGH�VXIILFLHQWO\�VPDOO��
(YDSRUDWRU�6XSHUKHDW�5HJLRQ�0RGHO7KH�VXSHUKHDW�UHJLRQ�FRQQHFWV�WKH�HYDSRUDWLRQ�UHJLRQ�WR�D�VLQJOH�SLSH�LQ�ZKLFK�WKH�IHHOHU�EXOE�LV�DWWDFKHG��7KH�OHQJWK�RI�WKH�VXSHUKHDW�UHJLRQ�PD\�EH�DSSUR[LPDWHG�E\�/ / /V W H �/LNH� WKH� HYDSRUDWLRQ� UHJLRQ�� WKH� HYDSRUDWRU�VXSHUKHDW� UHJLRQ� LV� FRQVLGHUHG� DV�RQH� O XPSHG�PRGHO� FRQVLVWLQJ� RI� WKUHH� ]RQHV�� WKH�UHIULJHUDQW�� WKH� FRRODQW� DQG� WXEH� ZDOO�$VVXPLQJ� WKH� VXSHUKHDWHG� UHIULJHUDQW� LV�LQFRPSUHVVLEOH�PDNHV� WKH� FRQWLQXLW\� HTXDWLRQ�WULYLDO�� WKHUHIRUH� RQO\� WKH� HQHUJ\� HTXDWLRQ� LV�XVHG�
5HIULJHUDQW�PRGHO�(QHUJ\� EDODQFH� HTXDWLRQ� IRU� VXSHUKHDWHG�YDSRXU�UHIULJHUDQW� �� VSHVVHVHVVVHVH 77/$WG7GF0 � D

�� HKVVFRP 77FP �� � ������������������������������

:KHUH� 0 Q G /VH V H L V U S DQG$ Q G /H V H L V S7XEH�PRGHO�(QHUJ\�EDODQFH�HTXDWLRQ�IRU�WKH�WXEH�ZDOOV� ���� SHVFHDVRHFHSHVSHSHVSSHV 77GQWG7G$F � SDU �� VSHVLHV 77GQ �� SD ����
&RRODQW�PRGHO�(QHUJ\�EDODQFH�HTXDWLRQ�IRU�WKH�FRRODQW� ������ FHVRFHLW

FHFHDVSFHDVFHDFHDVSFHDV 77/ PFWG7G$F � �U �� SHVFHDVRFH 77GQ �� SD ����
6LPLODU�VROXWLRQ�DV�WKH�HYDSRUDWLRQ�UHJLRQ�XVHG�KHUH�� � 7KH�(XOHU¶V�PHWKRG� DJDLQ�ZDV� XVHG� WR�VROYH� WKHVH� HTXDWLRQV� IRU� G7GWV �� G7GWSV DQG�G7GWFHDV �
&RQGHQVHU7KH� VDPH� JHQHUDO� DVVXPSWLRQV� PDGH� IRU� WKH�HYDSRUDWRU� PRGHO� ZHUH� DOVR� DSSOLHG� WR� WKH�FRQGHQVHU�� � 7KH� DSSURDFK� WDNHQ� LQ�PRGHOOLQJ�WKH� FRQGHQVHU� LV� WR� FRQVLGHU� LW� DV�RQH� OXPSHG�UHJLRQ��FRQGHQVDWLRQ�UHJLRQ����7KH�WLPH�VWHS�RI�WKH� G\QDPLF� PRGHO� RI� WKH� FRQGHQVHU� LV�DVVXPHG�WR�EH�WKH�VDPH�DV�WKH�WLPH�VWHS�RI�WKH�HYDSRUDWRU��WR�DYRLG�SUREOHPV�ZKHQ�FRPELQLQJ�WKH�PRGHOV�6LQFH� WKH� SUHVVXUH� GURS� RI� WKH� UHIULJHUDQW� LQ�WKH� FRQGHQVHU� VKHOO� ZDV� LJQRUHG�� RQO\� WKH�FRQWLQXLW\� DQG� HQHUJ\� HTXDWLRQV� VKRXOG� EH�IRXQG� DV� EDVLF� HTXDWLRQV� WR� PRGHO� WKH�FRQGHQVHU�
7KHUPRVWDWLF�H[SDQVLRQ�YDOYH7KH�PDVV� IORZ�UDWH� WKURXJK�WKH�H[SDQVLRQ�YDOYH� LV� DVVXPHG� WR� EH� GHSHQG� RQ� WKH�RULILFH� WKURDW� DUHD�� FRQGHQVLQJ� SUHVVXUH�DQG�HYDSRUDWRU�SUHVVXUH�>�@��� � �P & $ 3 3O G Y O F H �U �������������������������������������������������������������������������������$Y LV� D� OLQHDU� IXQFWLRQ� RI� WKH� GHJUHH� RI�VXSHUKHDWLQJ�� 7KH� YDOYH� DUHD� FDQ� EH�DSSUR[LPDWHG�E\�
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$ 7 7 66+06+ $Y VK H W � � ������������7KXV� WKH� PDVV� IORZ� UDWH� WKURXJK� WKH�H[SDQVLRQ�YDOYH�LV�
� � �P & '6+ 66+06+ $ 3 3Y G W O F H �§©̈ ·¹̧ �U ��������������������������������������������������������
%XOE�PRGHO7KH� PRGHO� KHUH� LV� D� VLPSOLILHG� YHUVLRQ� RI�<DVXGD� HW� DO�� >�@�� ZKHUH� IHHOHU� EXOE� ZDV�GHVFULEHG� E\� WKUHH� OXPSHG� G\QDPLF� PRGHOV�PDNLQJ� XVH� RI� VHSDUDWH� FRQWURO� YROXPHV��UHIULJHUDQW�OLQH��EXOE�ZDOO�DQG�EXOE�FRQWHQWV���
&RPSUHVVRU�0RGHO7KH� FRPSUHVVRU� FDQ� EH� GHVFULEHG� E\� D� TXDVL �VWDWLF� HTXDWLRQ� EHFDXVH� LWV� WLPH� FRQVWDQWV� DUH�IRXQG�WR�EH�YHU\�VKRUW�FRPSDUHG�ZLWK�WKRVH�RI�WKH�HYDSRUDWRU�DQG�FRQGHQVHU���7KH�PDVV�IORZ�WKURXJK�WKH�FRPSUHVVRU�FDQ�EH�FDOFXODWHG�E\� 19P YROU KU � ������������������������ZKHUH� WKH� YROXPHWULF� HIILFLHQF\� RI� WKH�FRPSUHVVRU� YROK LV� FDOFXODWHG� E\��
K YRO F

H
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7KH� FRPSRQHQW� PRGHOV� DUH� FRPELQHG� WR�FRQILJXUH�D�G\QDPLF�VLPXODWLRQ�PRGHO� IRU� WKH�HQWLUH� UHIULJHUDWLRQ� V\VWHP�� �7KH� VSHFLILFDWLRQ�DQG� RSHUDWLQJ� FRQGLWLRQV� RI� DOO� FRPSRQHQWV�DQG� LQLWLDO� YDOXHV� IRU� DOO� WKH� LQGHSHQGHQW�YDULDEOHV� DUH� JLYHQ� DV� LQSXW� YDOXHV� LQ� WKH�VLPXODWLRQ�SURJUDP���2QFH�WKH�LQWHJUDWLRQ�WLPH�VWHS� DQG� PD[LPXP� RSHUDWLRQ� WLPH� DUH�GHWHUPLQHG��D�VHULHV�RI�VXEURXWLQHV�DUH�XVHG�WR�FDOFXODWH� WKH�PDVV� DQG� HQHUJ\� WUDQVIHU� LQ� WKH�FRQGHQVHU�� HYDSRUDWRU�� FRPSUHVVRU� DQG�H[SDQVLRQ� YDOYH�� � ,Q� HDFK� LWHUDWLRQ� WKH� ORFDO�SURSHUWLHV� RI� WKH� UHIULJHUDQW� LQ� WKH� V\VWHP�DUH�GHWHUPLQHG�� � 7KLV� LV� UHSHDWHG� IRU� HDFK� WLPH�VWHS�XQWLO�WKH�HQG�RI�WKH�WUDQVLHQW�VLPXODWLRQ�LV�UHDFKHG���
5HVXOWV�DQG�'LVFXVVLRQV7KH� PRGHO� ZDV� HPSOR\HG� WR� SUHGLFW� DQG�FRPSDUH� WKH� G\QDPLF� EHKDYLRXU� RI� WKH�ZRUNLQJ� UHIULJHUDQWV� 5���� 5���D�� 5����5���D��DQG�5���F���

)LJXUH��� WKURXJK���LV�VDPSOHV�RI� WKH�WUDQVLHQW�EHKDYLRXU� �VWDUW�XS��� � 7KHVH� ILJXUHV� VKRZ� WKH�YDULDWLRQ� RI� V\VWHP� SUHVVXUH� DQG� WHPSHUDWXUH���1XPHULFDO� UHVXOWV� GHSLFWHG� LQ� WKHVH� ILJXUHV�LQGLFDWH�WKDW�WKH�V\VWHP�VWDELOLVHG�DIWHU�SHULRGV�RI�����VHFRQGV�IURP�VWDUW�XS���$W�WLPH�HTXDO�WR�]HUR��HYDSRUDWLQJ�DQG�FRQGHQVLQJ�WHPSHUDWXUHV�DUH�HTXDO���,PPHGLDWHO\�DIWHU�WKH�FRPSUHVVRU�LV�VWDUWHG�� WKH� FRQGHQVLQJ� SUHVVXUHV� DQG�WHPSHUDWXUHV� ULVH� UDSLGO\� DQG� WKHQ� JUDGXDOO\�DSSURDFK� WKHLU� VWHDG\� VWDWH� YDOXH�� � 7KH�HYDSRUDWLQJ� SUHVVXUHV� DQG� WHPSHUDWXUHV� GURS�UDSLGO\� DW� ILUVW� DQG� WKHQ�JUDGXDOO\� DSSURDFK� D�VWHDG\� VWDWH� YDOXH�� � 7KH� VXGGHQ� GURS� LQ�HYDSRUDWLQJ�SUHVVXUH�DQG�IRO ORZLQJ�WKDW�LQ�WKH�HYDSRUDWRU� WHPSHUDWXUH� FDXVHV� WKH� UHIULJHUDQW�LQ� WKH� HYDSRUDWRU� WR� YDSRULVH� UDSLGO\�� � 7KH�HYDSRUDWRU� SUHVVXUH� DQG� WHPSHUDWXUH� LQFUHDVH�DIWHU� DERXW� ��� VHFRQGV�� � 7KDW� UHSUHVHQWV� WKH�LQVWDQW� ZKHQ� WKH� IHHOHU� EXOE� SUHVVXUH� DW� WKH�RXWOHW�RI�WKH�HYDSRUDWRU�UHDFKHV�D�SRLQW�ZKHUH�LW� IRUFHV� WKH� H[SDQVLRQ� YDOYH� WR� RSHQ�� WKXV�LQFUHDVLQJ� WKH� HYDSRUDWLQJ� SUHVVXUH� DQG�WHPSHUDWXUH� WR� VWHDG\� YDOXHV�� � $IWHU� WKH� ILUVW�WLPH� VWHS�� WKH� FRPSUHVVRU� GHOLYHUV� UHIULJHUDQW�WR� WKH� FRQGHQVHU� DJDLQVW� D� UDSLGO\� LQFUHDVL QJ�SUHVVXUH� GLIIHUHQWLDO�� � $V� WKH� HYDSRUDWRU�SUHVVXUH� GHFUHDVHV� WKH� GHQVLW\� RI� WKH�UHIULJHUDQW� HQWHULQJ� WKH� FRPSUHVVRU�GHFUHDVHV���2Q� WKH�RWKHU�KDQG�DV� WKH�FRPSUHVVRU�SUHVVXUH�UDWLR�LQFUHDVHV�WKH�YROXPHWULF�HIILFLHQF\�RI�WKH�FRPSUHVVRU�GHFUHDVHV���

)LJXUH���9DULDWLRQ�RI�FRQGHQVHU�SUHVVXUH
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&RQFOXVLRQV7KH�JRDO�RI�WKH�SUHVHQW�ZRUN�ZDV�WR�GHYHORS�D�PDWKHPDWLFDO� PRGHO� IRU� VLPXODWLQJ� WKH� SDUW �ORDG� DQG� VWDUWLQJ�XS� WUDQVLHQW� EHKDYLRXU� RI� D�ZDWHU�WR�ZDWHU YDSRXU� FRPSUHVVLRQ�UHIULJHUDWLRQ�V\VWHP���7KH�PRGHO� ZDV� GHULYHG� ZLWK� DQ� HPSKDVLV� RQ�WKH� HYDSRUDWRU� DQG� H[SDQVLRQ� YDOYH� ZKHUH�D 178�H PRGHO� XVHG� IRU� SDUW �ORDG� VWXG\��UHSHDWHG�IRU�HDFK�WLPH�VWHS�XQWLO�WKH�HQG�RI�WKH�WUDQVLHQW�VLPXODWLRQ�ZDV�UHDFKHG�7KH�PRGHO�ZDV�XVHG�WR�VWXG\�DQG�FRPSDUH�WKH�EHKDYLRXU�RI�ZRUNLQJ� UHIULJHUDQWV�RI�5���DQG�5��� ZLWK� WKHLU� VXEVWLWXWHV� 5���D�� 5����D� �D�UHIULJHUDQW� EOHQG� RI� 5���D�5����5���D�� �������������FRPSRVLWLRQ�E\�PDVV��DQG�5���F��D�]HRWURSLF�PL[WXUH�RI�5���D��5����DQG�5���LQ�D� ������������ FRPSRVLWLRQ� E\�PDVV�� � LQ� D�ZDWHU�WR�ZDWHU� UHIULJHUDWLRQ� V\VWHP��� � $�FRPSDUDWLYH� VWXG\�KDV�EHHQ�PDGH� WR� FRPSDUH�WKH�SHUIRUPDQFH�RI��5���D�ZDV�VKRZQ�WR�KDYH�DQ� H[FHOOHQW� SHUIRUPDQFH� FRPSDUHG� ZLWK� WKDW�RI� 5���� ,W� UHVXOWV� DOVR� VKRZHG� WKDW�� 5����D��KDYH� VDWLVIDFWRU\� SHUIRUPDQFH� FRPSDUHG� ZLWK�WKDW� RI5��� DQG� 5���D� DQG� WKH� EHKDYLRXU� RI��5���F�ZDV�VKRZQ�WR�EH�FRPSDUDEOH��ZLWK�WKDW�RI�5���
5HIHUHQFHV���%HDQV��:LOOLDP�(��³&RPSXWHU�SURJUDP�IRU�UHIULJHUDWLRQ� F\FOH� DQDO\VLV´� $(6�92/�����+7'�92/������ 7KHUPRG\QDPLFV� DQG�

GHVLJQ��$QDO\VLV�� DQG� ,PSURYHPHQW�RI�(QHUJ\�6\VWHPV��$60(���������� +XJKPDUN�� *�� $��� ³+ROG� XS� LQ� JDV�OLTXLG�IORZ´���������� 6WRHFNHU�� :�� )�� � ³5HIULJHUDWLRQ� DQG� $LU�&RQGLWLRQLQJ´�� 0F*UDZ�+LOO�� 1HZ� <RUN����������:LOH�� '�� '��� � ³([SDQVLRQ� YDOYH� FDSDFLW\´�5HIULJHUDWLQJ�(QJLQHHULQJ´��SS���������������:LOVRQ��(��(�³$�EDVLV�IRU�UDWLRQDO�GHVLJQ�RI�KHDW� H[FKDQJHU� DSSDUDWXV´ 7UDQV�� $P�� 6RF��0HFK��(QJ�������SS����������������� <DVXGD�� +��� 0DFKLHOVHQ�� &�� +�� 0��� DQG�7RXEHU��6��³6LPXODWLRQ�RI�WUDQVLHQW�EHKDYLRXU�RI� D� FRPSUHVVLRQ�H[SDQVLRQ� V\VWHP´3URFHHGLQJ�,,5��&RPP��%���&���'���6RILD��SS�����������������
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