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$�ILQLWH�HOHPHQW�EDVHG�PRGHOLQJ�WHFKQLTXH�LV�SUHVHQWHG�IRU�

D� VPDUW� ILQ� �IODW� SODWH� ZLWK� VXUIDFH� ERQGHG� SLH]RHOHFWULF�
DFWXDWRUV��� %\� XVLQJ�$16<6¸�Y������ VRIWZDUH�� WKLV� VWXG\� ILUVW�
JLYHV�WKH�HIIHFWV�RI�WKH�SLH]RHOHFWULF�SDWFKHV�RQ�WKH�UHVSRQVH�RI�
WKH� VPDUW� ILQ�� WKHQ� DOVR�H[SODLQV� WKH� LQIOXHQFH�RI�DFWXDWRU�VL]H��
SODFHPHQW� DQG� GHWHUPLQHV� WKH� RSWLPXP� VHQVRU� ORFDWLRQV�� 7KH�
VPDUW� ILQ� LV� WKHQ� XVHG� LQ� WKH� GHWHUPLQDWLRQ� RI� DQ� LGHQWLILHG�
PRGHO� IURP� H[SHULPHQWDO� GDWD�� %DVHG� RQ� WKLV� PRGHO� DQ� +��
FRQWUROOHU�LV�GHVLJQHG�WR�VXSSUHVV�LQ�YDFXR�YLEUDWLRQV�GXH�WR�WKH�
ILUVW� WZR� PRGHV� RI� WKH� VPDUW� ILQ�� 7KH� HIIHFWLYHQHVV� RI� WKH�
WHFKQLTXH�LQ�WKH�PRGHOLQJ�RI�XQFHUWDLQWLHV�LV�DOVR�VKRZQ��,W�KDV�
EHHQ� VKRZQ� WKDW� WKH� FRQWUROOHU� JXDUDQWLHV� WKH� UREXVW�
SHUIRUPDQFH�RI�WKH�V\VWHP�LQ�WKH�SUHVHQFH�RI�XQFHUWDLQWLHV��

�
�
�

120(1&/$785(�
__��__�������,QILQLW\�QRUP�RI�D�VLJQDO�RU�V\VWHP�

�0�s ���0D[LPXP�VLQJXODU�YDOXH�RI�PDWUL[�0�
3�����������1RPLQDO�SODQW�PRGHO�
.�����������&RQWUROOHU�
D�����������1RUP�ERXQGHG�XQFHUWDLQW\�EORFN��
)O�����������/RZHU�OLQHDU�IUDFWLRQDO�WUDQVIRUPDWLRQ�IRUP��
������������6WUXFWXUHG�VLQJXODU�YDOXHV�IRU�D�V\VWHP��
�
2WKHU�SDUDPHWHUV�DUH�FOHDUO\�GHILQHG�ZKHUHYHU�DSSOLFDEOH��
�
�
�
�
�
�
�



� �� &RS\ULJKW��������E\�$60(�

���,1752'8&7,21�
5HFHQW�GHYHORSPHQWV�LQ�WKH�ILHOG�RI�SLH]RHOHFWULF�PDWHULDOV�

KDYH�HQFRXUDJHG�PDQ\�UHVHDUFKHUV�WR�ZRUN�LQ�WKH�ILHOG�RI�VPDUW�
VWUXFWXUHV��$� VPDUW� VWUXFWXUH� FDQ� EH� GHILQHG� DV� WKH� RQH� ZKLFK�
FDQ� VHQVH� WKH� H[WHUQDO� GLVWXUEDQFH� DQG� UHVSRQG� WR� WKDW� ZLWK�
DFWLYH�FRQWURO�LQ�UHDO�WLPH�WR�PDLQWDLQ�WKH�PLVVLRQ�UHTXLUHPHQWV��
7KHVH�VWUXFWXUHV�FRQVLVW�RI�KLJKO\�GLVWULEXWHG�DFWLYH�GHYLFHV�DQG�
SURFHVVRU� QHWZRUNV�� 7KH� DFWLYH� GHYLFHV� DUH� SULPDULO\� VHQVRUV�
DQG�DFWXDWRUV�HLWKHU�HPEHGGHG�RU�DWWDFKHG�WR�DQ�H[LVWLQJ�SDVVLYH�
VWUXFWXUH��
�������7KH� UHVHDUFK� RQ� WKH� DSSOLFDWLRQ� RI� WKH� VPDUW� VWUXFWXUHV� LQ�
DFWLYH� YLEUDWLRQ� FRQWURO� ZDV� LQLWLDWHG� E\� %DLOH\� �%DLOH\� DQG�
+XEEDUW� �� �������8WLOL]DWLRQ�RI� GLVFUHWH�SLH]RHOHFWULF� DFWXDWRUV�
KDV� EHHQ� VKRZQ� WR� EH� D� YLDEOH� FRQFHSW� IRU� YLEUDWLRQ�
VXSSUHVVLRQ��&UDZOH\��&UDZOH\�DQG�GH�/XLV��������SURSRVHG�DQ�
DQDO\WLFDO� VROXWLRQ� IRU� D� VWDWLF� FDVH� LQFOXGLQJ� YDULRXV� DFWXDWRU�
JHRPHWULHV�� 7KH\� VWDWHG� WKDW� GLVFUHWH� SLH]RHOHFWULF� DFWXDWRUV�
FRXOG�EH�FRQVLGHUHG�LQ�YLEUDWLRQ�VXSSUHVVLRQ�RI�VRPH�PRGHV�RI�
YLEUDWLRQ� RI� IOH[LEOH� VWUXFWXUHV�� .DOD\FÕR÷OX� �.DOD\FÕR÷OX� DQG�
0LVUD�� ������ GHYHORSHG� D� G\QDPLF� PRGHOLQJ� WHFKQLTXH� IRU�
YLEUDWLRQ�VXSSUHVVLRQ�RI�SODWH�VWUXFWXUHV�E\�XVLQJ�3=7�SDWFKHV��
7KH� WHFKQLTXH� GHYHORSHG� LQFRUSRUDWHV� JHRPHWULFDO� DQG�
PHFKDQLFDO� SURSHUWLHV� RI� WKH� DFWXDWRU� ZLWK� WKH� VWUXFWXUHV� RQ�
ZKLFK�WKH\�DUH�PRXQWHG��

7KH� DSSOLFDWLRQ�RI� WKH� ILQLWH� HOHPHQW�PRGHOLQJ� WHFKQLTXHV�
LQ� WKH� VPDUW� PDWHULDOV� WHFKQRORJLHV� LV� LQ� FRQWLQXRXV� JURZWK�
GXULQJ�WKH�ODVW�GHFDGH��+HQFH�LW�JDLQV�D�FHUWDLQ�HYROXWLRQ�VR�WKDW�
VRPH� SLH]RHOHFWULF� HOHPHQWV� KDYH� EHFRPH� DYDLODEOH� LQ�
FRPPHUFLDO�ILQLWH�HOHPHQW�FRGHV�OLNH�$16<6Æ��

7KH�ILQLWH�HOHPHQW�PHWKRG�ZDV�VKRZQ�WR�EH�D�YHU\�HIIHFWLYH�
WRRO�IRU�WKH�DQDO\VLV�RI�WKH�VPDUW�VWUXFWXUHV�E\�:DQJ��:DQJ�DQG�
-HQ���������8QOLNH� WKH�DQDO\WLFDO�WHFKQLTXHV�� WKH�PHWKRG�RIIHUV�
IXOO\�FRXSOHG�WKHUPR�PHFKDQLFDO�HOHFWULFDO�DQDO\VLV�RI�WKH�VPDUW�
VWUXFWXUHV��7KLV�DOORZV�WKH�SUHGLFWLRQ�RI�WKH�UHFLSURFDO�UHODWLRQV�
EHWZHHQ� WKH� VHQVRUV� DQG� DFWXDWRUV�� 7KLV� DOORZDQFH� PDNHV� WKH�
GHYHORSPHQW� RI� WKH� FORVHG� ORRS� FRQWUROOHU� IRU� DFWLYH� YLEUDWLRQ�
FRQWURO� SRVVLEOH�� �3UDVDG� HW�� DO��� ������� 8VLQJ� WKH� WLPH�GHOD\�
WHFKQLTXHV� GHYHORSHG� E\� .DOD\FÕR÷OX� �.DOD\FÕR÷OX� HW�� DO���
������� WKH� HIIHFWLYHQHVV� RI� WKH� VPDUW� PDWHULDOV� RQ� WKH� DFWLYH�
FRQWURO� RI� VSDFH� VWUXFWXUHV� DUH� VKRZQ�� ,Q� RQH� RI� WKH� UHFHQW�
VWXGLHV� 6XOHPDQ� �6XOHPDQ� DQG� &RVWD�� ������ SURSRVHG� WKH�
HIIHFWLYHQHVV� RI� WKH� SLH]RFHUDPLF� VHQVRU� DQG� DFWXDWRUV� RQ� WKH�
VXSSUHVVLRQ�RI�YLEUDWLRQV�RQ� DQ�H[SHULPHQWDO�ZLQJ�GXH� WR�JXVW�
ORDGLQJ��

<DPDQ��<DPDQ�HW��DO���������ZRUNHG�RQ�WKH�ILQLWH�HOHPHQW�
EDVHG�PRGHOLQJ� WHFKQLTXH� IRU� WKH� GHWHUPLQDWLRQ� RI� WKH� V\VWHP�
PRGHO� RI� WKH� VPDUW� EHDP��%DVHG� RQ� WKLV�PRGHO�� WKH\�GHVLJQHG�
DQ�+��FRQWUROOHU�ZKLFK�HIIHFWLYHO\�VXSSUHVVHV�WKH�YLEUDWLRQV�RI�
WKH� VPDUW� EHDP� GXH� WR� LWV� ILUVW� WZR�PRGHV�� ,Q� WKHLU� ZRUN�� WKH�
VXLWDELOLW\� RI� WKH� +�� GHVLJQ� WHFKQLTXH� LQ� WKH� PRGHOLQJ� RI�
XQFHUWDLQWLHV� DQG� WKH� HYDOXDWLRQ� RI� WKH� UREXVW� SHUIRUPDQFH� RI�
WKH�V\VWHP�ZHUH�DOVR�GHPRQVWUDWHG��

$W� WKH�LQLWLDO�VWDJHV�RI�WKH�GHVLJQ�WKH�ILQLWH�HOHPHQW�PRGHO�
LV� VXIILFLHQW�� 7KH� ILQLWH� HOHPHQW� PRGHOLQJ� DOORZV� WKH�

GHWHUPLQDWLRQ� RI� WKH� RSWLPDO� DFWXDWRU� DQG� VHQVRU� SODFHPHQW��
DFWXDWRU�VL]H�DQG�SRZHU�UHTXLUHPHQWV��*HQHUDOO\��ILQLWH�HOHPHQW�
PHWKRG� DFFXUDWHO\� SUHGLFWV� WKH� QDWXUDO� IUHTXHQFLHV� DQG� PRGH�
VKDSHV�RI�WKH�VWUXFWXUH��6LQFH�WKH�WHFKQLTXH�PDNHV�QR�GDPSLQJ�
SUHGLFWLRQV�� LW� GHWHUPLQHV� WUDQVIHU� IXQFWLRQV� UHODWLQJ� WKH� LQSXWV�
DQG�WKH�RXWSXWV�RI�WKH�V\VWHPV�QRW�YHU\�DFFXUDWHO\���

%HFDXVH� RI� WKH� GLIILFXOWLHV� LQ� WKH� GHYHORSPHQW� RI� DQ�
DFFXUDWH� ILQLWH� HOHPHQW� PRGHO� RI� WKH� VPDUW� VWUXFWXUH�� WKH�
WHFKQLTXH� LV� FRQVLGHUHG� DW� WKH� GHVLJQ� VWDJH� LQVWHDG�� KHQFH� DQ�
H[SHULPHQWDOO\� LGHQWLILHG� PRGHO� LV� XVHG� IRU� WKH� FRQWUROOHU�
GHVLJQ��

7KLV� VWXG\� SUHVHQWV� WKH� DFWLYH� YLEUDWLRQ� FRQWURO� WHFKQLTXH�
DSSOLHG� WR�D� VPDUW� ILQ��ZKLFK� LV�FRPSRVHG�RI�DQ�DOXPLQXP�IODW�
SODWH�PRGHOHG� LQ�FDQWLOHYHU� FRQILJXUDWLRQ�DQG�ZLWK�DFWLYH�3=7�
SDWFKHV�� 8VLQJ� H[SHULPHQWDOO\� LGHQWLILHG� PRGHO�� DQ� +��
FRQWUROOHU�WKDW�HIIHFWLYHO\�VXSSUHVVHV�YLEUDWLRQV�RI�WKH�VPDUW�ILQ�
GXH�WR�LWV�ILUVW� WZR�PRGHV�LV�GHVLJQHG��7KH�HIIHFWLYHQHVV�RI�WKH�
WHFKQLTXH�LQ�WKH�PRGHOLQJ�RI�WKH�XQFHUWDLQWLHV�LV�DOVR�SUHVHQWHG��

�
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� ,Q� WKH� WKHRUHWLFDO� DQDO\VLV�� ILQLWH� HOHPHQW� FRGH� $16<6¸�
�Y����� ZDV� XVHG�� 'XULQJ� WKH� GHYHORSPHQW� RI� WKH� VPDUW� ILQ�� D�
PRGHO�KDYLQJ�SDUDPHWULF�GHVLJQ�FDSDELOLW\�LV�FUHDWHG��

7KH�RQO\�VXLWDEOH�HOHPHQW�KDYLQJ�SLH]RHOHFWULF�FDSDFLW\� LQ�
WKUHH� GLPHQVLRQDO� FRXSOHG� ILHOG� SUREOHPV� LV� WKH� VROLG� W\SH�
HOHPHQW� �62/,'���� 6LPLODU� WR� RWKHU� VWUXFWXUDO� VROLG� HOHPHQWV�
WKH� HOHPHQW� KDV� WKUHH� GLVSODFHPHQW� GHJUHHV� RI� IUHHGRPV� SHU�
QRGH��,Q�DGGLWLRQ�WR�WKHVH�GHJUHHV�RI�IUHHGRPV��WKH�HOHPHQW�KDV�
DOVR� SRWHQWLDO� GHJUHHV� RI� IUHHGRPV�� 3LH]RFHUDPLF� DFWXDWRUV�
LQKHUHQWO\�H[KLELW�DQLVRWURS\�DQG�\LHOG�WKUHH�GLPHQVLRQDO�VSDWLDO�
YDULDWLRQ�LQ�WKHLU�UHVSRQVH�WR�SLH]RHOHFWULF�DFWXDWLRQ��7KHUHIRUH��
WKH� PRGHOV� GHYHORSHG� IRU� WKH� SDVVLYH� SRUWLRQ� VKRXOG� LQFOXGH�
FRQVLVWHQW� GHJUHHV� RI� IUHHGRPV� ZLWK� WKH� DFWXDWRU� GHJUHHV� RI�
IUHHGRP�DW�WKH�ORFDWLRQV�ZKHUH�WKHVH�HOHPHQWV�LQWHUIDFH��
� 7KHRUHWLFDOO\�� WKH� SODWH� HOHPHQWV� �VKHOO� RU� VROLG�� FDQ� EH�
XVHG� LQ� WKH� PRGHOLQJ� RI� WKH� SDVVLYH� SRUWLRQ� RI� WKH� VPDUW�
VWUXFWXUH��:KLOH� WKH� VKHOO� HOHPHQWV� FDQ� EH� XVHG� LQ� DFFRUGDQFH�
ZLWK�WKH�WKLQ�SODWH�WKHRU\��WKH�VROLG�HOHPHQWV�ZRUN�ZLWK�WKH�WKUHH�
GLPHQVLRQDO�HODVWLFLW\�WKHRULHV��

7KHUHIRUH�� WKH� XWLOL]DWLRQ� RI� VROLG� W\SH� HOHPHQWV� LQ� WKH�
PRGHOLQJ� RI� WKH� SDVVLYH� SRUWLRQ� DOORZV� WKH� FDOFXODWLRQ� RI� WKH�
HIIHFWV� RI� WKH�QRUPDO� VWUHVVHV� DQG� WKH� WUDQVYHUVH� VKHDU� VWUHVVHV�
ZKLFK� PD\� EH� GHYHORSHG� LQ� WKH� SDVVLYH� SRUWLRQ� RI� WKH� VPDUW�
VWUXFWXUHV��

$OWKRXJK�VROLG�DQG�VKHOO�HOHPHQWV�SRVVHVV�GLIIHUHQW�GHJUHHV�
RI� IUHHGRPV�� WKHVH� HOHPHQWV� FDQ� EH� XVHG� LQ� WKH� VDPH� PRGHO��
7KLV� FDQ� EH� DFKLHYHG� WKURXJK� WKH� DSSOLFDWLRQ� RI� DSSURSULDWH�
FRXSOLQJ� VWUDWHJLHV� EHWZHHQ� WKH� QRGHV� RI� FRQFHUQ�� 7KLV�
JXDUDQWLHV� WKH� WUDQVIHU� RI� WKH� QRGDO� IRUFHV� FRUUHVSRQGLQJ� WR�
QRGDO� GLVSODFHPHQWV� DW� WKH� ORFDWLRQV� ZKHUH� VROLG� DQG� VKHOO�
HOHPHQWV� LQWHUIDFHV�� ,Q� WKLV� FDVH� KRZHYHU�� WKH� QRGDO� IRUFHV�
FRUUHVSRQGLQJ� WR� QRGDO� URWDWLRQV� GR� QRW� WUDQVIHU� �$16<6��
��������
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<DPDQ��<DPDQ�HW��DO���������LQYHVWLJDWHG�WKH�LQIOXHQFHV�RI�
WKH� HOHPHQW� W\SH� VHOHFWLRQ� RQ� WKH� UHVSRQVH� RI� WKH� VPDUW�
VWUXFWXUHV�� ,Q� WKLV� ZRUN�� LW� LV� VKRZQ� WKDW� WKH� XVH� RI� VKHOO�
HOHPHQWV� LQ� WKH� PRGHOLQJ� RI� WKH� SDVVLYH� SRUWLRQ� OHDGV� WR� WKH�
LQDFFXUDWH� FDOFXODWLRQ� RI� WKH� JOREDO� VWLIIQHVV� PDWUL[�� 7KH�
PRGHOLQJ�RI�WKH�SDVVLYH�SRUWLRQ�XVLQJ�FRQVLVWHQW�VROLG�HOHPHQWV�
ZLWK� WKH� DFWXDWRU� HOHPHQWV� KRZHYHU�� LV� GHWHUPLQHG� WR� \LHOG�
DFFXUDWH�UHVXOWV��

,Q� WKLV� ZRUN�� VROLG� HOHPHQWV� �62/,'��� DUH� XVHG� IRU� WKH�
PRGHOLQJ� RI� WKH� DFWLYH� SRUWLRQ� �SLH]RHOHFWULF� DFWXDWRUV�� DQG�
FRPSDWLEOH� VROLG�HOHPHQWV� �62/,'����DUH�XVHG� IRU� WKH�SDVVLYH�
SRUWLRQ��DOXPLQXP�SODWH����

�
(IIHFWV�RI�$FWXDWRU�SODFHPHQW�

7KH� LQIOXHQFH� RI� SODFHPHQW� RI� �������������� PP��
%0���� W\SH�DFWXDWRUV�RQ� WKH� DOXPLQXP�ILQ� LV�FRQVLGHUHG��7KH�
DQLVRWURSLF� PDWHULDO�� SLH]RHOHFWULF� DQG� GLHOHFWULF� SURSHUWLHV� RI�
%0���� W\SH� DFWXDWRUV� DUH� SUHVFULEHG� E\� WKH� PDQXIDFWXUHU��
6HQVRU� 7HFKQRORJ\� /WG� �6HQVRU� 7HFKQRORJ\� /WG��� ������� %\�
XVLQJ�WKH�PRGDO�DQDO\VLV�UHVXOWV��WKH�DFWXDWRUV�DUH�SODFHG�RQ�WKH�
DOXPLQXP�ILQ��,Q�WKLV�ZRUN��WKH�LGHQWLFDOO\�SRODUL]HG�SDWFKHV�DUH�
DVVXPHG� WR� EH� ERQGHG� V\PPHWULFDOO\� RQ� ERWK� WRS� DQG� ERWWRP�
VXUIDFH� RI� WKH� ILQ�� 7KH� ILQLWH� HOHPHQW�PRGHO� GHYHORSHG� LQ� WKH�
VWXG\�LV�VKRZQ�LQ�)LJXUH����

)LJXUH� �� JLYHV� WKH� WKHRUHWLFDO� VWDWLF� UHVSRQVH�RI� WKH� VPDUW�
ILQ� WR� YDULRXV� SLH]RHOHFWULF� DFWXDWLRQ� YDOXHV�� 7KH� ILUVW� WZR�
WKHRUHWLFDOO\� GHWHUPLQHG� QDWXUDO� IUHTXHQFLHV� DQG� PRGH� VKDSHV�
DUH�VKRZQ�LQ�)LJXUH���

�,Q� RUGHU� WR� GHWHUPLQH� WKH� LQIOXHQFHV� RI� WKH� DFWXDWRU�
SODFHPHQW� RQ� WKH� UHVSRQVH�� WZR� FDVHV� DUH� FRQVLGHUHG��$W� HDFK�
RQH��E\�NHHSLQJ�WKH�GLVWDQFHV�EHWZHHQ�WKH�SLH]RHOHFWULF�SDWFKHV�
IL[HG��WKH�[�DQG�\�SRVLWLRQV�RI�DOO�DFWXDWRUV�DUH�YDULHG�IURP�WKHLU�
RULJLQDO� FRQILJXUDWLRQ� JLYHQ� LQ� )LJXUH� �� LQ� [� DQG� \� GLUHFWLRQV�
UHVSHFWLYHO\�� 7KH� UHVXOWV� LQ� WHUPV� RI� WKH� ULJKW� WLS� FRUQHU�
GLVSODFHPHQWV�DUH�JLYHQ�LQ�)LJXUH����

,W� LV�HYLGHQW� IURP�WKH�ILJXUH�WKDW�DV�WKH�SDWFKHV�DUH�PRYHG�
DZD\� IURP� WKH� URRW� �\ ��� DORQJ� \� GLUHFWLRQ� RQ� WKH� ILQ� WKH�
UHVSRQVH�UHGXFHV�IRU�ERWK�EHQGLQJ�DQG�WZLVWLQJ�DFWXDWLRQ��7KLV�
LV� GXH� WR� WKH� KLJKHU� VWUDLQ� GHYHORSHG� QHDU� WKH� URRW�� )RU� WKLV�
UHDVRQ�� WKH� SDWFKHV� VKRXOG� EH� SODFHG� RQ� WKH� ILQ� DV� FORVH� DV�
SRVVLEOH� WR� WKH� URRW�� )XUWKHUPRUH�� DV� WKH� SDWFKHV� DUH� PRYHG�
DZD\�IURP�WKH�OHDGLQJ�HGJH��[ ���WKH�EHQGLQJ�UHVSRQVH�UHPDLQV�
OHVV� HIIHFWHG� DQG� WKH� WZLVWLQJ� UHVSRQVH� UHGXFHV� GXH� WR� WKH�
UHGXFWLRQ�RI�WKH�WZLVWLQJ�DUP�ZKLFK�LV�WKH�PD[LPXP�[�GLVWDQFH�
EHWZHHQ�WKH�DFWXDWRUV��,Q�RUGHU�WR�LPSURYH�WKH�WZLVWLQJ�UHVSRQVH�
WKLV�GLVWDQFH�VKRXOG�EH�PD[LPL]HG���

�
)LJXUH����7KH�ILQLWH�HOHPHQW�PRGHO�GHYHORSHG�LQ�WKH�VWXG\�
��D��7RS�YLHZ�
��E��6LGH�YLHZ�
�

�
)LJXUH� ��� 7KH� WKHRUHWLFDO� UHVSRQVH� RI� WKH� VPDUW� ILQ� WR� YDULRXV�
SLH]RHOHFWULF�DFWXDWLRQ�YDOXHV�
��D��%HQGLQJ�E\����9�
��E��7ZLVWLQJ�E\�����9�DQG�±���9�
�

�
)LJXUH����7KH�ILUVW�WZR�WKHRUHWLFDO�PRGH�VKDSHV�RI�WKH�VPDUW�ILQ�
��D��7KH�ILUVW�PRGH��I� �������+]��
��E��7KH�VHFRQG�PRGH��I� �������+]��
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�
)LJXUH� ��� 7KH� LQIOXHQFHV� RI� WKH� DFWXDWRU� SODFHPHQW� RQ� WKH�
UHVSRQVH����WKH�LQFUHDVH�LQ�WKH�[�RU�\�ORFDWLRQV��
��D��%HQGLQJ��E\����9��
��E��7ZLVWLQJ��E\�����9�DQG�����9��
�

7KH� LQIOXHQFHV� RI� WKH� DFWXDWRU� SODFHPHQW� RQ� WKH� ILUVW� WZR�
QDWXUDO�IUHTXHQFLHV�RI�WKH�VPDUW�ILQ�DUH�DOVR�LQYHVWLJDWHG�DQG�WKH�
UHVXOWV� DUH� VKRZQ� LQ�)LJXUH���D� DQG�)LJXUH���E�� ,W� FDQ�EH� VHHQ�
IURP� WKHVH� ILJXUHV� WKDW�� ZKLOH� WKH� [� YDULDWLRQV� RI� WKH� DFWXDWRU�
SRVLWLRQV�GR�QRW�DSSUHFLDEO\�DIIHFW�WKH�ILUVW�QDWXUDO�IUHTXHQF\��LW�
LQFUHDVHV� WKH�VHFRQG�QDWXUDO� IUHTXHQF\��7KH�\�YDULDWLRQV�LQ�WKH�
DFWXDWRU� SRVLWLRQV� KRZHYHU�� UHGXFH� ERWK� ILUVW� DQG� WKH� VHFRQG�
QDWXUDO�IUHTXHQFLHV��
�

�
)LJXUH����7KH� LQIOXHQFHV�RI� WKH�DFWXDWRU�SODFHPHQW�RQ� WKH�ILUVW�
WZR� WKHRUHWLFDO� QDWXUDO� IUHTXHQFLHV�RI� WKH� VPDUW� EHDP�LQFUHDVH�
LQ�WKH�[�DQG�\�ORFDWLRQV��
��D��)LUVW�QDWXUDO�IUHTXHQF\�
��E��6HFRQG�QDWXUDO�IUHTXHQF\�

7KH�LQIOXHQFHV�RI�WKH�$FWXDWRU�6L]H�RQ�WKH�5HVSRQVH�
'HSHQGLQJ� RQ� WKH� PLVVLRQ� UHTXLUHPHQWV�� WKH� VL]H� RI� WKH�

SLH]RHOHFWULF� DFWXDWRUV� FDQ� EH� DOWHUHG�� 7KH� HIIHFWV� RI� WKH�
LQFUHDVH� LQ� WKH�VL]H�RI� WKH�DFWXDWRU�RQ�WKH�UHVSRQVH�LQ� WHUPV�RI�
WKH�FKDQJH�LQ�WKH�FRYHUDJH�UDWLR�DUH�LQYHVWLJDWHG��7KH�FRYHUDJH�
UDWLR�LV�GHILQHG�DV�WKH�UDWLR�RI�WKH�DUHD�RI�WKH�ILQ�FRYHUHG�E\�WKH�
SLH]RHOHFWULF� DFWXDWRUV��8VLQJ� WKH�RULJLQDO� FRQILJXUDWLRQ� RI� WKH�
VPDUW� SODWH�� WKH� FRYHUDJH� UDWLR� LV� LQFUHDVHG� DQG� WKH� UHVXOWV� IRU�
WKH� SLH]RHOHFWULF� DFWXDWLRQ� RI� ���9� DUH� VKRZQ� LQ� )LJXUH� ���
$OWKRXJK�WKH�LQFUHDVH�LQ�WKH�OHQJWK�RI�WKH�DFWXDWRUV�PDNHV�VPDUW�
ILQ� VWLIIHU�� LW� DOVR� LQFUHDVHV� WKH� HQHUJ\� WUDQVPLWWHG� WR� WKH�VPDUW�
ILQ�JLYLQJ� D� ULVH� WR� WKH� UHVSRQVH� IRU� WKH� VSHFLILHG�SLH]RHOHFWULF�
DFWXDWLRQ�YDOXH���
�

�
)LJXUH� ��� 7KH� FRPSDULVRQ� RI� WKH� HIIHFWV� RI� WKH� DFWXDWRU� VL]H�
YDULDWLRQ� RQ� WKH� UHVSRQVH� RI� WKH� VPDUW� ILQ� �ULJKW� WLS� FRUQHU�
UHVSRQVH�DW����9��
�
7KH�0D[LPXP�$GPLVVLEOH�3LH]RHOHFWULF�$FWXDWLRQ��

%HFDXVH�SLH]RHOHFWULF�PDWHULDOV�KDYH�WHQVLOH�VWUHQJWKV�LQ�WKH�
RUGHU� RI� ���03D�� WKH\� DUH� EULWWOH�� 7KHUHIRUH�� WKH� VWUHVV� LQ� WKH�
DFWXDWRUV� FDQ� EH� FULWLFDO� LQ� DGYHUVH� DSSOLFDWLRQV�� ,Q� RUGHU� WR�
GHWHUPLQH� WKH� PD[LPXP� SLH]RHOHFWULF� DFWXDWLRQ� YDOXH�� 9RQ�
0LVHV� VWUHVVHV�GHYHORSHG� LQ� WKH�DFWXDWRUV� IRU�YDULRXV�DFWXDWLRQ�
YDOXHV�VKRXOG�EH�LQYHVWLJDWHG�SULRU�WR�RSHUDWLRQ��)RU�WKLV�UHDVRQ��
9RQ�0LVHV� VWUHVVHV�IRU�YDULRXV�DFWXDWLRQ� W\SH�DQG�YROWDJHV�DUH�
FDOFXODWHG�DQG�UHVXOWV�DUH�VKRZQ�LQ�)LJXUH����6LQFH��9RQ�0LVHV�
VWUHVVHV� DUH� LQ� WKH� RUGHU� RI� ��� 03D� IRU� QRUPDO� RSHUDWLQJ�
FRQGLWLRQV� ��������9��� WKH� SLH]RHOHFWULF� DFWXDWRUV� DUH� QRW�
H[SHFWHG�WR�IDLO���
�

�
)LJXUH� ��� 7KH� HIIHFW� RI� WKH� SLH]RHOHFWULF� DFWXDWLRQ� YROWDJH�
YDULDWLRQ� RQ� WKH� 9RQ� 0LVHV� VWUHVVHV� GHYHORSHG� ZLWKLQ� WKH�
SLH]RHOHFWULF�DFWXDWRUV��
�
�
�
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7KH�,QIOXHQFH�RI�WKH�7UDQVYHUVH�DQG�1RUPDO�6WUHVVHV�
7KH�PRGHOLQJ� RI� WKH� SDVVLYH� SRUWLRQ� E\� XVLQJ� FRPSDWLEOH�

VROLG� HOHPHQWV� QRW� RQO\� JXDUDQWLHV� WKH� SURSHU� WUDQVIHU� RI� WKH�
QRGDO� IRUFHV� JHQHUDWHG� E\� WKH� DFWLYH� HOHPHQWV� RQ� WKH� SDVVLYH�
HOHPHQWV� DW� WKH� LQWHUIDFH� ZKHUH� WKHVH� HOHPHQWV�PHHW�� EXW� DOVR�
DOORZV� WKH� FRPSXWDWLRQ� RI� WKH� WUDQVYHUVH� VKHDU� DQG� QRUPDO�
VWUHVVHV�GHYHORSHG�RQ�WKH�SDVVLYH�SRUWLRQ�RI�WKH�VPDUW�ILQ�GXH�WR�
WKH�SLH]RHOHFWULF�DFWXDWLRQ��
�� ,Q� RUGHU� WR� LQYHVWLJDWH� WKH� LPSRUWDQFH� RI� WKHVH� VWUHVVHV��
XVLQJ� WKH�RULJLQDO�FRQILJXUDWLRQ�RI� WKH�VPDUW�ILQ�� WKH�PD[LPXP�
VWUHVVHV�GHYHORSHG�RQ�WKH�SDVVLYH�SRUWLRQ�RI�WKH�VPDUW�ILQ�E\�WKH�
SLH]RHOHFWULF� DFWXDWLRQ� LQ� EHQGLQJ� RU� WZLVWLQJ� DUH� FDOFXODWHG��
)LJXUHV���DQG���JLYH�WKH�YDULDWLRQ�RI�WKH�VWUHVV�FRPSRQHQWV�DV�D�
IXQFWLRQ�RI�WKH�SLH]RHOHFWULF�DFWXDWLRQ�YROWDJH��)RU�WKH�WZLVWLQJ�
DFWXDWLRQ�� VKHDU� VWUHVV� LQ� \]� SODQH� LV� WKH� PD[LPXP� VKHDULQJ�
VWUHVV�FRPSRQHQW� LQ� WZLVWLQJ��7KHUHIRUH�� WKH�H[FOXVLRQ�RI� WKHVH�
VWUHVVHV�� KHQFH� XVLQJ� VKHOO� HOHPHQWV�� PD\� OHDG� WR� LQDFFXUDWH�
UHVXOWV�

�
)LJXUH����7KH�FRPSDULVRQ�RI�WKH�HIIHFWV�RI�WKH�YROWDJH�YDULDWLRQ�
RQ� WKH�PD[LPXP� VWUHVVHV� GHYHORSHG� RQ� WKH� SDVVLYH� SRUWLRQ� RI�
WKH� VPDUW� ILQ�GXH� WR� WKH� SLH]RHOHFWULF� DFWXDWLRQ� LQ�EHQGLQJ�V[[��
V\\�� V]]� DUH� WKH� �PD[LPXP�QRUPDO� VWUHVV� FRPSRQHQW� DORQJ�[�� \�
DQG� ]� GLUHFWLRQV� UHVSHFWLYHO\� V[\�� V\]�� V[]� DUH� WKH� PD[LPXP�
VKHDULQJ�VWUHVV�FRPSRQHQW�RQ�[\��\]�DQG�[]�SODQHV�UHVSHFWLYHO\��

��D��7KH�QRUPDO�VWUHVVHV�
��E��7KH�VKHDULQJ�VWUHVVHV�
�
�
�
�
�
�

�
)LJXUH����7KH�FRPSDULVRQ�RI�WKH�HIIHFWV�RI�WKH�YROWDJH�YDULDWLRQ�
RQ� WKH�PD[LPXP� VWUHVVHV� GHYHORSHG� RQ� WKH� SDVVLYH� SRUWLRQ� RI�
WKH� VPDUW� ILQ� GXH� WR� WKH� SLH]RHOHFWULF� DFWXDWLRQ� LQ� WZLVWLQJ�
�/HJHQG�)LJXUH����

���D��7KH�QRUPDO�VWUHVVHV�
���E��7KH�VKHDULQJ�VWUHVVHV�
�

�3ODFHPHQW�RI�6WUDLQ�*DJHV�
)LQLWH�HOHPHQW�PHWKRG�DOORZV�WKH�GHWHUPLQDWLRQ�RI�WKH�PRVW�

VXLWDEOH� ORFDWLRQV� RI� WKH� VHQVRUV� IRU� DFWLYH� YLEUDWLRQ� FRQWURO��
7KHVH� ORFDWLRQV� FDQ� EH� GHWHUPLQHG� E\� WKH� XWLOL]DWLRQ� RI�PRGH�
VKDSHV�RI�WKH�VPDUW�VWUXFWXUH��,Q�WKLV�ZRUN��E\�XVLQJ�WKH�PRGDO�
DQDO\VLV�UHVXOWV�RI�WKH�VPDUW�ILQ�� WKUHH�ORFDWLRQV�DUH�GHWHUPLQHG�
IRU� WKH� VWUDLQ� JDJH� VHQVRUV� WR� VHQVH�YLEUDWLRQV�RI� WKH� VPDUW� ILQ�
GXH� WR� LWV� ILUVW� WZR�PRGHV��7KH�RSWLPXP�ORFDWLRQV� VR�REWDLQHG�
DQG� WKH� FRQILJXUDWLRQ� RI� WKH� VWUDLQ�JDJHV� DQG� WKH� SLH]RHOHFWULF�
VHQVRUV�RQ�WKH�VPDUW�ILQ�DUH�VKRZQ�LQ�)LJXUH�����,Q�WKLV�PRGHO��
ZKLOH�WKH�VWUDLQ�JDJH�DW�ORFDWLRQ�����LV�XVHG�IRU�WKH�PHDVXUHPHQW�
RI� VWUDLQ� LQ�[�GLUHFWLRQ�� ORFDWLRQV� ����DQG�����DUH�FRQVLGHUHG� LQ�
WKH�PHDVXUHPHQW�RI�WKH�VWUDLQ�LQ�\�GLUHFWLRQ��

�
)LJXUH� ���� 7KH� SODFHPHQW� DQG� WKH� FRQILJXUDWLRQ� RI� WKH� VWUDLQ�
JDJHV�DQG�SLH]RHOHFWULF�SDWFKHV�RQ�WKH�VPDUW�ILQ��
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,Q�RUGHU�WR�LQYHVWLJDWH�WKH�HIIHFWLYHQHVV�RI�WKH�SLH]RHOHFWULF�
DFWXDWRUV�DQG� WKH�VWUDLQ�JDJH�VHQVRUV�� WKH�VWDWLF�UHVSRQVH�RI�WKH�
VPDUW�ILQ�WR�WKH�SLH]RHOHFWULF�DFWXDWLRQ�LV�FRQVLGHUHG��8VLQJ�WKH�
LQLWLDO� VL]H� DQG� FRQILJXUDWLRQV� RI� WKH� DFWXDWRU� SDWFKHV�� WKH�
LQIOXHQFHV�RI�WKH�SLH]RHOHFWULF�DFWXDWLRQ�YROWDJH�YDULDWLRQ�RQ�WKH�
UHVSRQVHV� DW� WKH� WKUHH� VHQVRU� ORFDWLRQV� DUH� FDOFXODWHG� IRU� ERWK�
EHQGLQJ� DQG� WZLVWLQJ� SLH]RHOHFWULF� DFWXDWLRQ�� )LJXUH� ��� JLYHV�
WKH� UHVXOWV� LQ� WHUPV� RI� WKH� PDJQLWXGH� RI� WKH� VWUDLQ� DW� WKH�
PHDVXUHPHQW� ORFDWLRQV�� ,W� FDQ� EH� VHHQ� IURP� WKHVH� ILJXUHV� WKDW�
IRU� � � EHQGLQJ� DQG� WZLVWLQJ� DFWXDWLRQ� WKH� KLJKHVW� UHVSRQVH� LV�
FDOFXODWHG�DW�ORFDWLRQ������

�6LQFH� WKH� WKHRUHWLFDO� PRGHO� LV� LQ� WKH� OLQHDU� UDQJH� RI� WKH�
SLH]RHOHFWULFLW\� DQG� WKH� HIIHFWV� RI� WKH� ODUJH� GHIOHFWLRQV� DUH�
FRQVLGHUHG� WR� EH� QHJOLJLEOH�� WKH� UHVSRQVH� RI� WKH� VPDUW� ILQ� LV�
IRXQG�WR�YDU\�OLQHDUO\�ZLWK�WKH�DFWXDWLRQ�YROWDJH��

�
)LJXUH�����7KH�FRPSDULVRQ�RI�WKH�YDULDWLRQ�RI�WKH�SLH]RHOHFWULF�
DFWXDWLRQ� RQ� WKH� UHVSRQVH� RI� WKH� VPDUW� ILQ� �ORFDWLRQ� ����e[�
ORFDWLRQV�����DQG������e\��
���D��%HQGLQJ�E\����9�
���E��7ZLVWLQJ�����9�DQG�±���9�
�
7KH�7HVW�$UWLFOH�

%\�XVLQJ� WKH�UHVXOWV�REWDLQHG�IURP�WKH� WKHRUHWLFDO�DQDO\VLV�
IRU�WKH�VPDUW�ILQ��WKH�WHVW�DUWLFOH�ZDV�SURGXFHG���

7KH� WHVW� DUWLFOH� ZDV� SURGXFHG� DQG� WHVWHG� DW� 6HQVRU�
7HFKQRORJ\�/LPLWHG�RI�&DQDGD��7KH�VPDUW�ILQ�PRGHO�FRQVLVWV�RI�
������������ PP�� V\PPHWULFDOO\� SODFHG� %0���� W\SH�
SLH]RHOHFWULF� DFWXDWRUV�� ,W� IXUWKHU� FRQWDLQV� �� V\PPHWULFDOO\�
SODFHG�6*���/<���W\SH�VWUDLQ�JDJHV��2PHJD�(QJLQHHULQJ�&7��
WR� VHQVH� WKH� EHQGLQJ� DQG� WRUVLRQDO� YLEUDWLRQV�� $Q� DGGLWLRQDO�
V\PPHWULFDOO\�SODFHG�%0����W\SH�SLH]RHOHFWULF�VHQVRUV�DUH�DOVR�
XVHG��7KH�WHVW�DUWLFOH�LV�VKRZQ�LQ�)LJXUH�����

,Q�WKH�FXUUHQW�VWXG\��DV�D�UHVXOW�RI�WKH�DQDO\VLV�H[SODLQHG�LQ�
6HFWLRQ����RQO\�VWUDLQ�JDJH�VHQVRUV�ODEHOHG�����DQG�����DUH�XVHG�
LQ� WKH� H[WUDFWLRQ� RI� WKH� H[SHULPHQWDO� WUDQVIHU� IXQFWLRQV��
)XUWKHUPRUH�� GXULQJ� WKH� H[SHULPHQWV� EHQGLQJ� DFWXDWLRQ� LV�
DSSOLHG�WR�RQH�IDFH�RI�WKH�VPDUW�ILQ��

�

�
)LJXUH�����7KH�WHVW�DUWLFOH�XVHG�LQ�WKH�VWXG\�
�

7DEOH���JLYHV� WKH�FRPSDULVRQ�RI� WKH�XQGDPSHG� WKHRUHWLFDO�
�)(0�� DQG� WKH� H[SHULPHQWDO� UHVRQDQFH� IUHTXHQFLHV� WRJHWKHU�
ZLWK� WKH�PRGDO� GDPSLQJ� UDWLRV� �zU�� DW� WKH� ILUVW� WKUHH�PRGHV�RI�
WKH�VPDUW�ILQ��

�7KH� GLVFUHSDQFLHV� LQ� WKH� UHVRQDQFH� IUHTXHQFLHV� FDQ� EH�
DWWULEXWHG� WR� WKH� XQPRGHOOHG� FDEOH� ZHLJKWV� DQG� WKH� DFWXDO�
GDPSLQJ�SUHVHQW�LQ�WKH�VPDUW�ILQ�

�
)UHTXHQFLHV��+]�� )(0� ([SHULPHQWDO� zU�

I�� ������� ������ ������H���

I�� ������� ������ �����H���

I�� ������� ������ ������H���

7DEOH� ��� 7KH� FRPSDULVRQ� RI� WKH� WKHRUHWLFDO� DQG�
H[SHULPHQWDO�UHVRQDQFH�IUHTXHQFLHV�RI�WKH�VPDUW�ILQ�
�
���6<67(0�,'(17,),&$7,21�

$Q� DFFXUDWH� PRGHO� RI� WKH� LQSXW�RXWSXW� EHKDYLRU� RI� WKH�
V\VWHP�LV�UHTXLUHG�IRU�FRQWUROOHU�GHVLJQ��2QH�ZD\�WR�DFKLHYH�WKLV�
LV� WKH� XWLOL]DWLRQ� RI� WKH� ILQLWH� HOHPHQW� PRGHOLQJ� WHFKQLTXH��
+RZHYHU�� GXH� WR� WKH� GLIILFXOWLHV� LQ� WKH� GHWHUPLQDWLRQ� RI� DQ�
DFFXUDWH� ILQLWH� HOHPHQW� PRGHO� IRU� WKH� VPDUW� ILQ�� WHFKQLTXH� LV�
FRQVLGHUHG� WR� EH� OHVV� HIIHFWLYH� FRPSDUHG� WR� WKH� V\VWHP�
LGHQWLILFDWLRQ�WHFKQLTXH���'RVFK��/HR�DQG�,QPDQQ���������,Q�WKH�
V\VWHP� LGHQWLILFDWLRQ� WHFKQLTXH�� WKH� PRVW� FRQYHQLHQW� V\VWHP�
PRGHO� WR�EH�XVHG� LQ� WKH� FRQWUROOHU�GHVLJQ� LV�REWDLQHG�E\�XVLQJ�
WKH� FXUYH� ILWWLQJ� D� WUDQVIHU� IXQFWLRQ� PRGHO� WR� HDFK� VLQJOH�
LQSXW�VLQJOH�RXWSXW� �6,62�� H[SHULPHQWDO� IUHTXHQF\� UHVSRQVH�
IXQFWLRQV��7KHVH�WUDQVIHU�IXQFWLRQV�DUH�WKHQ�FRPELQHG�WR�IRUP�D�
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PXOWLYDULDEOH� UHSUHVHQWDWLRQ� RI� WKH� VWUXFWXUH�� �1DOEDQWR÷OX��
������� 7KH� DSSOLFDWLRQ� RI� WKLV� WHFKQLTXH� UHVXOWV� LQ� �WK� RUGHU�
WUDQVIHU� IXQFWLRQV� IURP� WKH� DFWXDWRUV� WR� HDFK� VHQVRU�� 7KH�
FRPSDULVRQV� RI� WKHVH� PRGHOV� ZLWK� WKH� H[SHULPHQWDO� WUDQVIHU�
IXQFWLRQV�DUH�VKRZQ�LQ�)LJXUHV�������

�
)LJXUH� ����7KH� FRPSDULVRQ� RI� WKH� H[SHULPHQWDO� DQG� LGHQWLILHG�
PRGHOV�IRU�WKH�VWUDLQ�JDJH�VHQVRU�SDLUV�DW�ORFDWLRQ���
�

�
)LJXUH� ����7KH� FRPSDULVRQ� RI� WKH� H[SHULPHQWDO� DQG� LGHQWLILHG�
PRGHOV�IRU�WKH�VWUDLQ�JDJH�VHQVRU�SDLUV�DW�ORFDWLRQ���
�

���+
�
�&21752//(5�'(6,*1�

�%DVHG� RQ� WKH� PRGHO� REWDLQHG� LQ� 6HFWLRQ� ��� DQ� +��
FRQWUROOHU� LV� GHVLJQHG� IRU� WKH� VPDUW� ILQ�� 7KH� JRDO� RI� WKH�
FRQWUROOHU�LV�WR�DWWHQXDWH�WKH�YLEUDWLRQV�RI�WKH�ILQ�DW�LWV�ILUVW�WZR�
QDWXUDO� IUHTXHQFLHV��LQ�WKH�UDQJH�IURP�]HUR�WR����+]��DQG�JDLQ�
VWDELOL]H�WKH�XQPRGHOHG�KLJK�IUHTXHQF\�PRGHV��

,Q� +�� FRQWURO� GHVLJQ� IUDPHZRUN�� WKH� REMHFWLYH� LV� WR�
PLQLPL]H� WKH�+��QRUP�RI� WKH�ZHLJKWHG� WUDQVIHU� IXQFWLRQV� IURP�
WKH�LQSXW�GLVWXUEDQFH�VLJQDOV�WR�WKH�RXWSXW�HUURU�VLJQDOV���'R\OH�
HW��DO���������DQG��=KRX�HW��DO����������7KH�XQFHUWDLQWLHV�LQ�WKH�

SODQW� PRGHO� FDQ� EH� SXW� LQ� VXFK� D� IRUP� WKDW� VRPH� RI� WKH�
GLVWXUEDQFHV� DQG� HUURU� VLJQDOV� FRUUHVSRQG� WR� WKH� FKDQQHOV�
WKURXJK� ZKLFK� WKH� QRPLQDO� PRGHO� LQWHUDFWV� ZLWK� D� QRUP�
ERXQGHG�XQFHUWDLQW\�EORFN�D��7KLV�JHQHUDWHV�WKH�VHW�RI�SODQWV�LQ�
ZKLFK� WKH� WUXH� SODQW� LV� DVVXPHG� WR� H[LVW�� 7KLV� IUDPHZRUN� LV�
UHSUHVHQWHG�LQ�)LJXUH������

�
)LJXUH�����7KH�PRGHOLQJ�RI�XQFHUWDLQWLHV�
�

+HUH�� 3� LV� WKH� QRPLQDO� SODQW� PRGHO� ZLWK� DSSURSULDWH�
ZHLJKWV� WR� UHIOHFW� WKH� GHVLJQ� JRDOV��.� LV� WKH� FRQWUROOHU� WR� EH�
GHVLJQHG��DQG�D� LV� WKH�QRUP�ERXQGHG�XQFHUWDLQW\�EORFN��Y� LV�D�
YHFWRU� RI� H[RJHQRXV� LQSXWV� VXFK� DV� UHIHUHQFH� FRPPDQGV��
GLVWXUEDQFHV�DQG�QRLVH��H�LV�D�YHFWRU�RI��HUURU�VLJQDOV�WR�EH�NHSW�
VPDOO��\�LV�D�YHFWRU�RI�VHQVRU�PHDVXUHPHQWV�DQG�X�LV�D�YHFWRU�RI�
FRQWURO�VLJQDOV��Z�DQG�]�DUH�WKH�GLVWXUEDQFH�DQG�HUURU�FKDQQHOV�
FRUUHVSRQGLQJ�WR�WKH�XQFHUWDLQW\�EORFN�D�UHVSHFWLYHO\��

)RU�WKH�GHVLJQ�SXUSRVHV�� WKH�D�EORFN�LV�HOLPLQDWHG�DQG�WKH�
LQSXW�RXWSXW�PDS� IURP� >Z� Y@7� WR� >]� H@7� � LV� H[SUHVVHG� LQ� ORZHU�
OLQHDU�IUDFWLRQDO�WUDQVIRUPDWLRQ�IRUP�)O��3��.���DV�
�
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$VVXPLQJ� WKDW� SODQW� 3� LV� SDUWLWLRQHG� DFFRUGLQJ� WR� WKH�
GLPHQVLRQV�RI� WKH�FRQWURO��PHDVXUHPHQW�� GLVWXUEDQFH� DQG�HUURU�
VLJQDOV��DV�
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�
7KH� REMHFWLYH� LV� WR� ILQG� D� VWDELOL]LQJ� FRQWUROOHU� .� WKDW�

PLQLPL]HV�WKH���QRUP�RI�__�)O��3��.��__���)RU�DQ�XQFHUWDLQW\�EORFN�
VDWLVI\LQJ� � __�D� __������ WKH�FORVHG� ORRS�V\VWHP� LQ�)LJXUH����KDV�
UREXVW�SHUIRUPDQFH�LI�__�)O��3��.��__������LV�DFKLHYHG���=KRX�DQG�
'R\OH���������

7KLV� UHVXOW�� KRZHYHU�� LV� FRQVHUYDWLYH� EHFDXVH� LW� DVVXPHV�
WKDW� WKH� GHOWD� EORFN� LV� D� IXOO�EORFN�ZLWK�QR�VWUXFWXUH� WR� LW��7KH�
XQFHUWDLQWLHV�LQ�D�UHDOLVWLF�SUREOHP�DUH�GXH�WR�WKH�FRPSRQHQWV�RI�
D� V\VWHP�� DQG� UHSUHVHQWDWLRQ� RI� VXFK� XQFHUWDLQWLHV� UHVXOWV� LQ� D�
EORFN� GLDJRQDO� D�� $� OHVV� FRQVHUYDWLYH� UREXVWQHVV� WHVW� IRU� WKH�
FORVHG� ORRS� V\VWHP� LV� JLYHQ� E\� H[DPLQLQJ� WKH� VWUXFWXUHG�
VLQJXODU�YDOXHV�� ��RI��� ���0� �)O��3��.���)RU�D�JLYHQ�V\VWHP�0�
DQG� DQ� XQFHUWDLQW\� VWUXFWXUH�� VWUXFWXUHG� VLQJXODU� YDOXH� � LV�
GHILQHG� E\� 'R\OH� DQG� =KRX� �'R\OH� DQG� =KRX�� ������� DQG� m�
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$QDO\VLV� DQG� 6\QWKHVLV� WRROER[� RI� WKH� FRPPHUFLDO� SURJUDP�
0DWODEÆ�Y�������������
�

{ }��0,GHW��
���PLQ
�

=D-DµDDs
=m

D
� � � � ����

ZKHUH�D��LV�WKH�VHW�RI�EORFN�GLDJRQDO�PDWULFHV�
,I�QR�DµD�PDNHV��,�0D��VLQJXODU�WKHQ�mD�0� ��

)RU�DQ�DSSURSULDWHO\�ZHLJKWHG�FRQWURO�GHVLJQ�IRUPXODWLRQ��D�
�YDOXH�RI� OHVV�WKDQ�RQH�DFURVV�DOO�IUHTXHQFLHV�LQGLFDWHV� UREXVW�
SHUIRUPDQFH��

7KH� +�� FRQWUROOHU� V\QWKHVLV� DQG� �DQDO\VLV� WHFKQLTXHV�
GHVFULEHG�DERYH�DUH�DSSOLHG�WR�WKH�VPDUW�ILQ���

,Q�+�� FRQWUROOHU� GHVLJQ� IRU� WKH� VPDUW� ILQ�� WKH�SHUIRUPDQFH�
REMHFWLYH� LV� WR� PLQLPL]H� WKH� PD[LPXP� IUHTXHQF\� UHVSRQVH� RI�
WKH� � ILUVW� WZR� PRGHV� RI� WKH� VPDUW� ILQ� DW� WKH� VHQVRU� ORFDWLRQV��
)LJXUH� ��� VKRZV� WKH� IRUPXODWLRQ� RI� WKH� FORVHG� ORRS� FRQWURO� LQ�
+��IUDPHZRUN��
�

�
)LJXUH� ���� 7KH� EORFN� GLDJUDP� IRUPXODWLRQ� RI� WKH� FRQWURO�
SUREOHP�
�

,Q� )LJXUH�����6<6ILQ� GHILQHV� WKH�QRPLQDO� VPDUW� ILQ�PRGHO��
:SHU�UHSUHVHQWV�D�SHUIRUPDQFH�ZHLJKW�RQ�WKH�VWUDLQ�JDJH�VHQVRUV�
WR� DFKLHYH� WKH� SHUIRUPDQFH� � REMHFWLYH�� )RU� ERWK� VWUDLQ� JDJH�
RXWSXW� FKDQQHOV�� PDJQLWXGH� RI� WKH�:SHU� ZHLJKWV� DUH� VKRZQ� LQ�
)LJXUH�����7KHVH�ZHLJKWV�DUH�VHOHFWHG�WR�DFKLHYH�DWWHQXDWLRQ�LQ�
WKH�SHDN�IUHTXHQF\�UHVSRQVH�RI�WKH�FORVHG�ORRS�V\VWHP��

�
)LJXUH�����7KH�FRPSDULVRQ�RI�WKH�SHUIRUPDQFH�ZHLJKW�:SHU�DQG�
WKH�H[SHULPHQWDO�WUDQVIHU�IXQFWLRQ�DW�WKH�VWUDLQ�JDJH�ORFDWLRQV�
���D��/RFDWLRQ�����
���E��/RFDWLRQ�����
�

$Q� DGGLWLYH� XQFHUWDLQW\� LV� LQFOXGHG� LQ� WKH� SUREOHP�
IRUPXODWLRQ� WR� DFFRXQW� IRU� WKH� XQPRGHOHG� KLJK� IUHTXHQF\�
PRGHV� DQG� PRGHOLQJ� HUURUV� LQVLGH� WKH� FRQWUROOHU� EDQGZLGWK��
7KLV� ZHLJKW� LV� VHOHFWHG� WR� KDYH� D� PDJQLWXGH� JUHDWHU� WKDQ� WKH�
VWUXFWXUDO�PRGHV� DERYH� ���� UDG�VHF�� � ,I� UREXVW� VWDELOLW\� RI� WKH�
FORVHG�ORRS� V\VWHP� LV� DFKLHYHG� IRU� WKLV� DGGLWLYH� XQFHUWDLQW\�
PRGHO��WKH�IOH[LEOH�PRGHV�RI�WKH�VWUXFWXUH�ZLOO�EH�JDLQ�VWDELOL]HG�
DERYH� ���� UDG�VHF�� )LJXUH� ��� VKRZV� WKH� PDJQLWXGH� RI� :DGG�
YHUVXV� WKH� VLQJXODU�YDOXH�SORW�RI� WKH� WUDQVIHU� IXQFWLRQ�IURP�WKH�
SLH]RHOHFWULF�DFWXDWRUV�WR�ERWK�VWUDLQ�JDJH�VHQVRUV��

�
)LJXUH�����7KH�FRPSDULVRQ�RI�WKH�DGGLWLYH�ZHLJKW�:DGG�DQG�WKH�
H[SHULPHQWDO�WUDQVIHU�IXQFWLRQ�DW�WKH�ORFDWLRQ������
�

7R�OLPLW�WKH�DFWXDWRU�FRPPDQG�VLJQDO�LQ�WKH�FRQWURO�GHVLJQ�
SURFHVV�WR�����YROWV�:DFW� LQ�)LJXUH���� LV�FKRVHQ�DV��������7KH�
ZHLJKWV� RQ� WKH� GLVWXUEDQFH� LQSXW��:GLVW� LV� WDNHQ� WR� EH� ��� 7KLV�
LQGLFDWHV� WKDW� WKH� LQSXW� GLVWXUEDQFH� LV� H[SHFWHG� WR� EH� RQ� WKH�
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VDPH� RUGHU� RI� PDJQLWXGH� DV� WKH� FRQWUROOHU� VLJQDOV�� 7KH� VWUDLQ�
JDJH� VLJQDOV� KDYH� D� VLJQDO� WR� QRLVH� UDWLR� RI� ���� RQ� ERWK�
FKDQQHOV�� WKHUHIRUH�� :QRLVH� LQ� )LJXUH� ��� LV� WDNHQ� DV� D� ����
GLDJRQDO�PDWUL[�ZLWK������DV�WKH�GLDJRQDO�HOHPHQWV��$���WK�RUGHU�
FRQWUROOHU� LV� REWDLQHG� E\� DSSO\LQJ� WKH� VWDQGDUG� VROXWLRQ�
WHFKQLTXHV� WR� WKH� V\VWHP� IRUPXODWHG� LQ� )LJXUH� ���� 7KLV�
FRQWUROOHU� LV� WHVWHG� RQ� D� ��WK� RUGHU� PRGHO� RI� WKH� VPDUW� ILQ�
REWDLQHG� IURP� WKH� H[SHULPHQWDO� GDWD� E\� XVLQJ� V\VWHP�
LGHQWLILFDWLRQ� DV�H[SODLQHG� LQ�6HFWLRQ����2SHQ�DQG�FORVHG� ORRS�
IUHTXHQF\� UHVSRQVHV� IRU�ERWK�FKDQQHOV� DUH� VKRZQ� LQ�)LJXUH����
DQG�)LJXUH�����7KH� ��DQDO\VLV�UHVXOWV�DUH�JLYHQ�LQ�)LJXUH����

�
)LJXUH� ���� 7KH� FRPSDULVRQ� RI� WKH� RSHQ� DQG� FORVHG� ORRS�
UHVSRQVHV�RI�WKH�VPDUW�ILQ�IRU�WKH�VWUDLQ�JDJHV�DW�ORFDWLRQ�����
�

�
)LJXUH� ���� 7KH� FRPSDULVRQ� RI� WKH� RSHQ� DQG� FORVHG� ORRS�
UHVSRQVHV� RI� WKH� VPDUW� ILQ� VWUDLQ� JDJHV� IRU� WKH� VWUDLQ� JDJHV� DW�
ORFDWLRQ�����

�
)LJXUH� ���� 6WUXFWXUDO� VLQJXODU� YDOXH� �m�� RI� WKH� FORVHG� ORRS�
V\VWHP��
�

,Q�)LJXUH�����D�SHDN�YDOXH�RI� �DSSUR[LPDWHO\�HTXDO�WR�RQH�
LQGLFDWHV� WKDW� WKH� GHVLUHG� UREXVW� SHUIRUPDQFH� REMHFWLYHV� DUH�
DFKLHYHG�� )UHTXHQF\� UHVSRQVH� RI� WKH� FRQWUROOHU� LV� JLYHQ� LQ�
)LJXUH�����

�
)LJXUH�����7KH�IUHTXHQF\�UHVSRQVHV�RI�WKH�FRQWUROOHU�
�
�������m� KDV� D� SHDN� YDOXH� RI� DSSUR[LPDWHO\� RQH�� 7KLV� LQGLFDWHV�
WKDW� WKH� UREXVW� SHUIRUPDQFH� UHTXLUHPHQWV� DUH� VDWLVILHG� IRU� WKH�
FORVHG�ORRS�V\VWHP��
�������7KH�DWWHQXDWLRQ�OHYHOV��RSHQ�ORRS�FORVHG�ORRS�SHDN�YDOXHV��
RI� WKH� ILUVW�� VHFRQG� DQG� WKLUG� PRGHV� IRU� WKH� ILUVW� DQG� VHFRQG�
FKDQQHOV�DUH��������������DQG���������������UHVSHFWLYHO\��
�
�
�
�
�
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���&21&/86,216�
$� VWXG\� ZDV� SUHVHQWHG� IRU� DFWLYH� YLEUDWLRQ� FRQWURO� RI� D�

VPDUW� ILQ��%DVHG�RQ� WKH�ILQLWH�HOHPHQW�PRGHOLQJ� WHFKQLTXH�� WKH�
VWXG\� DGGUHVVHG� LVVXHV� LQ� WKH�GHWHUPLQDWLRQ�RI� WKH� LQIOXHQFH�RI�
WKH�SODFHPHQW�DQG�VL]H�RI�WKH�SLH]RFHUDPLF�DFWXDWRUV��7KLV�OHDGV�
WR� WKH� GHWHUPLQDWLRQ� RI� WKH� PRVW� VXLWDEOH� ORFDWLRQV� IRU� WKH�
SLH]RHOHFWULF�DFWXDWRUV�DQG�WKH�VWUDLQ�JDJHV���

%HFDXVH� RI� WKH� GLIILFXOWLHV� LQ� WKH� GHYHORSPHQW� RI� DQ�
DFFXUDWH� ILQLWH� HOHPHQW� PRGHO� RI� WKH� VPDUW� ILQ�� DQ�
H[SHULPHQWDOO\�LGHQWLILHG�PRGHO�RI�WKH�VPDUW�ILQ�ZDV�XWLOL]HG�LQ�
WKH� GHVLJQ� RI� +�� FRQWUROOHU� ZKLFK� VXSSUHVVHV� LQ�YDFXR�
YLEUDWLRQV� RI� WKH� VPDUW� ILQ� GXH� WR� LWV� ILUVW� WZR� PRGHV�� 7KH�
HIIHFWLYHQHVV�RI� WKH� WHFKQLTXH� LQ� WKH�PRGHOLQJ�RI�XQFHUWDLQWLHV�
ZDV�DOVR�VKRZQ��,W�ZDV�VKRZQ�WKDW�WKH�FRQWUROOHU�JXDUDQWLHV�WKH�
UREXVW� SHUIRUPDQFH� RI� WKH� V\VWHP� LQ� WKH� SUHVHQFH� RI�
XQFHUWDLQWLHV��

�

���$&.12:/('*0(176�
7KLV�ZRUN�ZDV� VXSSRUWHG�E\�1$72�572�$SSOLHG�9HKLFOH�

7HFKQRORJ\� 3DQHO� WKURXJK� WKH� SURMHFW� 7����� ¶$SSOLFDWLRQ� RI�
6PDUW� 0DWHULDOV� LQ� WKH� 9LEUDWLRQ� &RQWURO� RI� $HURQDXWLFDO�
6WUXFWXUHV¶�� 7KH� DXWKRUV� JUDWHIXOO\� DFNQRZOHGJH� WKH� VXSSRUW�
JLYHQ��

���5()(5(1&(6�
%DLOH\��7��+XEEDUW��-��(��������³'LVWULEXWHG�3LH]RHOHFWULF�

3RO\PHU� $FWLYH� 9LEUDWLRQ� &RQWURO� RI� D� &DQWLOHYHU� %HDP�´�
-RXUQDO�RI�*XLGDQFH��&RQWURO�DQG�'\QDPLFV��9RO����1R�����SS�
���������

(��)��&UDZOH\��-��/RXLV��³8VH�RI�3LH]RHOHFWULF�$FWXDWRUV�DV�
(OHPHQWV� RI� ,QWHOOLJHQW� 6WUXFWXUHV�´� $,$$� -RXUQDO�� 2FWREHU�
������

6�� .DOD\FÕR÷OX� DQG�$��0LVUD� ³$SSUR[LPDWH� 6ROXWLRQV� IRU�
9LEUDWLRQV� RI� 'HSOR\LQJ� $SSHQGDJHV�´� -RXUQDO� RI� *XLGDQFH�
&RQWURO�DQG�'\QDPLFV��$,$$��������������
�� 6��.DOD\FÕR÷OX��0��0��*LUD\� DQG�+��$VPHU�� ³7LPH�'HOD\�
&RQWURO� RI� 6SDFH� 6WUXFWXUHV� 8VLQJ� (PEHGGHG� 3LH]RHOHFWULF�
$FWXDWRUV� DQG� )LEHU� RSWLF� 6HQVRUV�´� 63,(¶V� �WK� $QQXDO�
6\PSRVLXP�RQ�6PDUW�6WUXFWXUHV�DQG�0DWHULDOV��0DUFK������

$��6XOHPDQ��$��3��&RVWD��&��&UDZIRUG��5��6HGDJKDWL��³:LQG�
7XQQHO� $HURHODVWLF� 5HVSRQVH� RI� 3LH]RHOHFWULF� DQG� $LOHURQ�
&RQWUROOHG� ��'�:LQJ�´� &DQ6PDUW� :RUNVKRS� 6PDUW� 0DWHULDOV�
DQG�6WUXFWXUHV�3URFHHGLQJV��6HS��������

:DQJ� DQG� &�� .�� -HQ�� ³'HVLJQ� DQG� )DEULFDWLRQ� RI�
&RPSRVLWHV� IRU� 6WDWLF� 6KDSH� &RQWURO�´� )LQDO� 5HSRUW�� 15&�
&15&�������

6��(��3UDVDG��-�%��:DOODFH��%��(��3HWLW��+��:DQJ�&��.��-HQ��
.DOD\FLRJOX��0��*LUD\� ³'HYHORSPHQW�RI�&RPSRVLWH�6WUXFWXUHV�
IRU� 6WDWLF� 6KDSH� &RQWURO�´� 63,(�� )DU� (DVW� DQG� 3DFLILF� 5LP�
6\PSRVLXP� RQ� 6PDUW� 0DWHULDOV�� 6WUXFWXUHV� DQG� 0(06��
�%DQJRU��,QGLD��

$16<6¸� 8VHU¶V� 0DQXDO� �YHUVLRQ� ������ $16<6� ,QF��
6RXWKSRLQWH������7HFKQRORJ\�'ULYH�&DQRQVEXUJ��3$��������

<�� <DPDQ�� 7�� dDOÕúNDQ�� 9�� 1DOEDQWR÷OX�� '�� :DHFKWHU�� (��
3UDVDG�� ³$FWLYH�9LEUDWLRQ�&RQWURO� RI�D�6PDUW�%HDP�´�&DQDGD�
86� &DQ6PDUW� :RUNVKRS� 6PDUW� 0DWHULDOV� DQG� 6WUXFWXUHV�
SURFHHGLQJV��RFW�������0RQWUHDO�4XHEHF�&DQDGD�
6HQVRU�7HFKQRORJ\�/WG��3URGXFW�'DWD�6KHHWV�������

9�� 1DOEDQWR÷OX�� 3K�'�� 7KHVLV�� 8QLYHUVLW\� RI� 0LQQHVRWD��
������ ³5REXVW� &RQWURO� DQG� 6\VWHP� ,GHQWLILFDWLRQ� IRU� IOH[LEOH�
VWUXFWXUHV´�
�� -��'RVFK��-�� ,QPDQQ��³0RGHOLQJ�DQG�&RQWURO� IRU�9LEUDWLRQ�
6XSSUHVVLRQ� RI� D� )OH[LEOH� $FWLYH� 6WUXFWXUH�´� -RXUQDO� RI�
*XLGDQFH��&RQWURO�DQG�'\QDPLFV���9RO�����$SULO�����´�

-�� 'R\OH� �� %�� )UDQFLV� DQG� $�� 7DQHQEDXP�� ³)HHGEDFN�
&RQWURO�7KHRU\�´�0DF�0LOODQ�SXEOLVKLQJ��1HZ�<RUN�������

.�� =KRX�� -�&�� 'R\OH�� .�� *ORYH� ³5REXVW� DQG� 2SWLPDO�
&RQWURO�´�3UHQWLFH�+DOO��1HZ�-HUVH\�������

*��%DODV��-��'R\OH��.��*ORYHU��$��3DFNDUG��0DWODE¸�Y������
m�7RROER[�8VHUV¶V�0DQXDO�
�

�


