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$EVWUDFW�� 7KLV� SDSHU� IRFXVHV� RQ� WKH� GHVLJQ� RI� DXWRQRPRXV� DQG� FROODERUDWLYH� FRQWURO�
VWUDWHJLHV�WR�JRYHUQ�WKH�UHODWLYH�GLVWDQFHV�DPRQJ�PXOWLSOH�VSDFHFUDIW�LQ�IRUPDWLRQ�ZLWK�QR�
JURXQG�LQWHUYHQWLRQ��$�FRRUGLQDWH�ORDG�VKDULQJ�FRQWURO�VWUXFWXUH�IRU�IRUPDWLRQ�IO\LQJ�DQG�
D� PHWKRGRORJ\� WR� FRQWURO� WKHLU� G\QDPLF� PRGHOV� ZLWK� VORZ� WLPH�YDU\LQJ� DQG� XQFHUWDLQ�
SDUDPHWHUV�DUH� WKH�PDLQ�REMHFWLYHV�RI� WKLV�ZRUN��7KH�PHWKRG�LV�DSSOLHG�WR�D�GHHS�VSDFH�
IRUPDWLRQ� H[DPSOH��ZKHUH� WKH� XQFHUWDLQW\� LQ� VSDFHFUDIW� IXHO�PDVVHV� LV� DOVR� FRQVLGHUHG��
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)RUPDWLRQ� )O\LQJ� �))�� RI�PXOWLSOH� VSDFHFUDIW� SRVHV�
VLJQLILFDQW�UHVHDUFK�LVVXHV�IRU�IXWXUH�1$6$�DQG�(6$�
PLVVLRQV��'XH�WR�OLPLWDWLRQV�RI�ODXQFK�YHKLFOH�IDLULQJ�
VL]HV�DQG�RI�WKH�DELOLW\�WR�SKDVH�RSWLFDO�HOHPHQWV�RYHU�
ORQJ� GLVWDQFHV� RQ� IOH[LEOH� VWUXFWXUHV�� VHSDUDWHG�
VSDFHFUDIW�IRUPDWLRQ�IO\LQJ�LV�WKH�RQO\�YLDEOH�PHDQV�
WR� HQDEOH� LPDJLQJ� DW� PLFUR�DUF�VHFRQG� UHVROXWLRQ��
6HYHUDO�1$6$�DQG�(6$�PLVVLRQV��ZLWK�KLJK�SULRULW\�
VFLHQFH� REMHFWLYHV� WKDW� H[SORLW� IRUPDWLRQ� IO\LQJ�
WHFKQRORJ\� LQ� WKH� QH[W� WZR� GHFDGHV� LQFOXGH�
7HUUHVWULDO� 3ODQHW� )LQGHU�� 6WHOODU� DQG� 3ODQHW� ,PDJHU�
DQG�/LIH�)LQGHU�PLVVLRQV��
�
6SDFHFUDIW� LQ� )RUPDWLRQ� LV� PDLQO\� D� ORDG�VKDULQJ�
FRQWURO� SUREOHP� ZKHQ� WKH� VSDFHFUDIW� WU\�
FROODERUDWLYHO\� WR� FRQWURO� WKH� UHODWLYH� GLVWDQFHV� DQG�
DQJOHV� DPRQJ� WKHP��7\SLFDOO\�))�DSSURDFKHV�DYRLG�
WKH� ORDG�VKDULQJ� SUREOHP� E\� PRYLQJ� RQO\� RQH�
VSDFHFUDIW� DW� D� WLPH� �H�J�� OHDGHU�IROORZHU�� F\FOLF�
DUFKLWHFWXUHV�� HWF���� 0RYLQJ� DOO� WKH� VDWHOOLWHV� DW� WKH�
VDPH� WLPH� KDV� DGGLWLRQDO� FKDOOHQJHV� DV� LQWHUDFWLYH�
ORRSV� DQG� VWDELOLW\� SUREOHPV�� ,Q� IDFW� QRQ�
FROODERUDWLYH�FRQWUROOHUV�DW�HYHU\�VSDFHFUDIW�FDQ�RQO\�

EH� DSSOLHG� ZLWK� UHGXFHG� EDQGZLGWK� REMHFWLYHV� WR�
SUHVHUYH�VWDELOLW\��
�
7KLV� SDSHU� GHDOV� ZLWK� WKH� SUREOHP� RI� FRQWURO� RI�
PXOWLSOH�FROODERUDWLYH�VSDFHFUDIW�LQ�D�IRUPDWLRQ��ZLWK�
QR� JURXQG� LQWHUYHQWLRQ�� 7KH� SDSHU� IRFXVHV� RQ� WKH�
WKHRU\� QHHGHG� WR� GHVLJQ� DXWRQRPRXV� DQG�
FROODERUDWLYH�FRQWURO�VWUDWHJLHV�WR�JRYHUQ�WKH�UHODWLYH�
GLVWDQFHV�DPRQJ�VDWHOOLWHV��VKDULQJ�WKH�ORDG�DFFRUGLQJ�
WR�IUHTXHQF\�VSHFLILFDWLRQV��7KH�SUREOHP�LV�VROYHG�E\�
FRPELQLQJ� /RDG�6KDULQJ� FRQWURO� WKHRULHV� �/6�� DQG�
WKH�4XDQWLWDWLYH�)HHGEDFN�7KHRU\��4)7���ERWK�LQ�WKH�
IUHTXHQF\�GRPDLQ�DSSURDFK��
�
$� FRRUGLQDWH� ORDG�VKDULQJ� FRQWURO� VWUXFWXUH� IRU�
VSDFHFUDIW� LQ� IRUPDWLRQ� DQG� D� PHWKRGRORJ\� WR� GHDO�
ZLWK� WKHLU� G\QDPLF� PRGHOV� ZLWK� VORZ� WLPH�YDU\LQJ�
DQG� XQFHUWDLQ� SDUDPHWHUV� DUH� WKH� PDLQ� REMHFWLYHV�
FRYHUHG�IRU�WKLV�ZRUN���
�
7KH� SDSHU� DOVR� DSSOLHV� WKH� PHWKRGRORJ\� WR� D� ��
GHJUHHV�RI�IUHHGRP� �'2)�� GHHS� VSDFH� SUREOHP��
ZKHUH� XQFHUWDLQW\� LQ� VSDFHFUDIW� IXHO� PDVVHV� LV� DOVR�
FRQVLGHUHG��
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7KH� PRGHO� RI� ))� VSDFHFUDIW� LQ� GHHS� VSDFH� LV�
SUHVHQWHG� LQ� 6HFWLRQ� ��� 6HFWLRQ� �� SURYLGHV� DQ�
H[DPSOH� WR�VKRZ�WKH� OLPLWDWLRQ�RI�QRQ�FROODERUDWLYH�
FRQWURO� LQ� ))�� 6HFWLRQV� �� DQG� �� LQWURGXFH� D�
FRRUGLQDWH� ORDG�VKDULQJ� FRQWURO� VWUXFWXUH� IRU�
VSDFHFUDIW� LQ� IRUPDWLRQ�� LWV� PDLQ� HTXDWLRQV� DQG� WKH�
UHODWHG�FRQWUROOHU¶V�V\QWKHVLV�PHWKRGRORJ\��6HFWLRQ���
DSSOLHV� WKH�PHWKRGRORJ\� WR� D� GHHS� VSDFH� IRUPDWLRQ�
H[DPSOH��6HFWLRQ���VXPPDUL]HV�WKH�FRQFOXVLRQV��
�
�

����02'(/�2)�))�63$&(&5$)7�
�
7KH� QRQ�OLQHDU� HTXDWLRQV� RI� PRWLRQ� RI� D� IRUPDWLRQ�
FRQVLVWLQJ� RI� Q� VSDFHFUDIW� �V�F�� ZHUH� GHULYHG� YLD�
/DJUDQJH¶V�HTXDWLRQV�E\�3ORHQ�HW�DO���������)RU�ORZ�
(DUWK� .HSOHULDQ� RUELW�� ZLWK� D� VORZ� YDULDWLRQ� RI� WKH�
RUELW�UDGLXV�RI�WKH�FHQWHU�RI�PDVV�RI�WKH�IRUPDWLRQ�5��
�ZKLFK� PHDQV� �� �� ≈≈ 5�5 ��� ��� WKH� UHODWLYH�
HTXDWLRQV� RI� PRWLRQ� RI� D� VSDFHFUDIW� M� UHODWLYH� WR� D�
VSDFHFUDIW�L�DUH��VHH�)LJ������
�
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ZKHUH� PL� DQG� PM� DUH� WKH� PDVV� RI� WKH� L� DQG� M� V�F�
UHVSHFWLYHO\�� ���� � 5µω = �� µ�  � ������� ���� .P��V��
GHQRWHV� WKH� JUDYLWDWLRQDO� SDUDPHWHU� RI� WKH�(DUWK��5��
DQG�ω��DUH�VORZ�WLPH�YDU\LQJ�IXQFWLRQV��DQG�
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)LJ�����6SDFHFUDIW�))��2UELWDO�JHRPHWU\��
�
*URXSLQJ� WKH� YDULDEOHV�� WKH� UHODWLYH� GLVWDQFHV�
EHWZHHQ�WZR�VSDFHFUDIW�DUH��
�
G[ML� �[M���[L������G\ML� �\M���\L������G]ML� �]M���]L����

DQG�WKH�FRQWURO�VLJQDOV�DUH��
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7KH� RULJLQ� RI� WKH� ORDG�VKDULQJ� SUREOHP� LQ� WKH�
IRUPDWLRQ� DUH� WKH� YDULDEOHV�8[ML��8\ML� DQG�8]ML��ZKHUH�
HYHU\�RQH�KDV�WZR�FRPSRQHQWV��4M�DQG�4L��RQH�IURP�
HDFK� VSDFHFUDIW�� $SSO\LQJ� WKH� /DSODFH� 7UDQVIRUP��
HTXDWLRQV�����WR�����DUH�ZULWWHQ�DV��
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ZKLFK�LV�D��[��0,02�V\VWHP��D[HV�;�DQG�<��SOXV�D�
6,62�V\VWHP��D[LV�=��±/RZ�(DUWK�2UELW���,I�5��WHQGV�
WR�LQILQLW\��L�H��GHHS�VSDFH�FDVH��WKHQ� ��

� 5
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ω = WHQGV�
WR�]HUR��DQG�(T������EHFRPHV��
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ZKLFK�SUHVHQWV�D�WKUHH�LQGHSHQGHQW�6,62�V\VWHPV��
�
�
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�
&RQWURO�RI�VSDFHFUDIW�LQ�D�IRUPDWLRQ�LV�PDLQO\�D�ORDG�
VKDULQJ�FRQWURO�SUREOHP��ZKHUH� WKH� UHODWLYH�GLVWDQFH�
>G[ML�� G\ML�� G]ML@� EHWZHHQ� WZR� VSDFHFUDIW� �M�L�� LV�
FRQWUROOHG�E\�PRYLQJ�ERWK�VDWHOOLWHV�DW�WKH�VDPH�WLPH�
>�4[M��4\M��4]M����4[L��4\L��4]L�@��7KLV�VHFWLRQ�LQWURGXFHV�
DQ�H[DPSOH�RI� WZR�VDWHOOLWHV� LQ�GHHS�VSDFH��,W�VKRZV�
KRZ� WZR� QRQ�FROODERUDWLYH� FRQWURO� V\VWHPV�� RQH� DW�
HDFK� VSDFHFUDIW�� GR� QRW� ZRUN� SURSHUO\� ZKHQ�
FRQWUROOLQJ� WKH� UHODWLYH� GLVWDQFH� EHWZHHQ� WKHP�� 7KH�
H[DPSOH� FRPSDUHV� WKH� FDVH� RI� RQO\� RQH� VSDFHFUDIW�
FRQWUROOLQJ�WKH�UHODWLYH�GLVWDQFH��ZLWK�WKH�FDVH�RI�WZR�
VSDFHFUDIW�FRQWUROOLQJ�LW�DW�WKH�VDPH�WLPH��
�
/HW� XV� FRQVLGHU� WZR� VSDFHFUDIW�� L� DQG� M�� IO\LQJ� LQ�
IRUPDWLRQ� LQ� GHHS� VSDFH�� /HW� XV� DOVR� FRQVLGHU� WKH�
SODQW� PRGHOV� ZLWK� XQFHUWDLQW\� GXH� WR� IXHO�
FRQVXPSWLRQ��VR�WKDW��
�
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ZKHUH�WKH���'2)�V\VWHP�LV�UHSUHVHQWHG�E\�HTXDWLRQ�
����� DQG� WKH� FRQWURO� GLDJUDP� RI� HYHU\� D[LV� LV�
UHSUHVHQWHG�E\�)LJ�����

�
)LJ�� ��� 7ZR� 6SDFHFUDIW�� 1RQ� FROODERUDWLYH� FRQWURO�

GLDJUDP�IRU�HYHU\�D[LV��
�
7KH� FRPSHQVDWRUV� �ORRS� FRPSHQVDWRU� *P� DQG�
SUHILOWHU�)P��RI�HYHU\�VSDFHFUDIW�DUH�GHVLJQHG�VR�WKDW��
�
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)LJ�����2QH�FRPSHQVDWRU��*PM�21��*PL�2))��

D��GML��VROLG�OLQH���GUHIML��GDVKHG�OLQH���E��4M�
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)LJ�����7ZR�FRPSHQVDWRUV��*PM�21��*PL�21��

D��GML��VROLG�OLQH���GUHIML��GDVKHG�OLQH���E��4M�DQG�4L�
�
)LJ�� �� VKRZV� WKDW� LI� WKHUH� LV� RQO\� RQH� VSDFHFUDIW�
FRQWUROOLQJ�WKH�GLVWDQFH�ZLWK�(TV������DQG������ZKLOH�
WKH�VHFRQG�RQH� LV�2II�� WKHQ� WKH�V\VWHP�LV�VWDEOH�DQG�
ZRUNV� ZHOO�� +RZHYHU�� ZKHQ� WKH� V\VWHP� WULHV� WR�
FRQWURO� WKH� GLVWDQFH� PRYLQJ� ERWK� VSDFHFUDIW� DW� WKH�
VDPH� WLPH� ZLWK� WKH� VDPH� FRPSHQVDWRUV�� WKHQ� WKH�

UHVXOW� LV� XQGDPSHG�� DQG� DOPRVW� XQVWDEOH� �)LJ�� ����
1RWH� WKDW� LQ�ERWK�FDVHV� WKH�EDQGZLGWK�VSHFLILFDWLRQV�
DUH�QRW�YHU\�WLJKW��
�
%HFDXVH� RI� WKDW�� DQG� WR� UHDFK� PRUH� GHPDQGLQJ�
FRQWURO� VSHFLILFDWLRQV�� D� FRRUGLQDWHG� ORDG� VKDULQJ�
FRQWURO�VWUXFWXUH�IRU�)RUPDWLRQ�)O\LQJ�LV�QHHGHG��,W�LV�
LQWURGXFHG�LQ�QH[W�VHFWLRQ��
�
�
����/2$'�6+$5,1*�&21752/�6758&785(��

�
0DQ\� SK\VLFDO� DQG� HQJLQHHULQJ� V\VWHPV� VKDUH� WKH�
EXUGHQ� RI� FRQWUROOLQJ� VRPH� VLJQDOV� �SODQW� RXWSXWV��
EHWZHHQ�WZR�RU�PRUH�DFWXDWRUV��7KLV�LV�WKH�FDVH�RI�WKH�
HOHFWULFDO�QHWZRUN��ZKHUH�WKH�IUHTXHQF\�����RU����+]��
LV� FRQWUROOHG� E\� PDQ\� GLIIHUHQW� SRZHU� VWDWLRQV�
GLVWULEXWHG�DFURVV�WKH�JHRJUDSK\��,W�LV�DOVR�WKH�FDVH�RI�
WKH� PDFUR�HFRQRPLF� V\VWHP�� ZKHUH� PDQ\� GLIIHUHQW�
LQSXWV� FDQ� FKDQJH� WKH� VWRFN�SULFHV�� LQIODWLRQ�� UDWHV��
HWF�� ,W� LV� GHILQLWHO\� WKH� FDVH� RI� WKH� IRUPDWLRQ�IO\LQJ�
SUREOHP��ZKHUH� VHYHUDO� VSDFHFUDIW� WU\� WR� FRQWURO� WKH�
UHODWLYH�GLVWDQFHV�DPRQJ�WKHP�DW�WKH�VDPH�WLPH��
�
,Q�WKHVH�WKUHH�FDVHV��DQG�DOVR�LQ�PDQ\�RWKHU�V\VWHPV��
VRPH� VSHFLDO� FRQWURO� PHDVXUHV� PXVW� EH� DGRSWHG� WR�
VKDUH� WKH� ORDG� DPRQJ� GLIIHUHQW� DFWXDWRUV�� $Q�
H[FHOOHQW�DQDO\VLV�RI�WKDW�SUREOHP�FDQ�EH�IRXQG�LQ�WKH�
ERRN� /RDG� 6KDULQJ� &RQWURO�� ZULWWHQ� E\� (LWHOEHUJ�
���������
�
�
������,QGHSHQGHQW�/RDG�6KDULQJ�&RQWURO�
�
$Q� LQGHSHQGHQW� LPSOHPHQWDWLRQ� RI� WKH� ORDG�VKDULQJ�
FRQWURO� SUREOHP� LV� WKH� VLPSOHU� RSWLRQ�� EXW� LQ� PDQ\�
FDVHV� QRW� WKH� EHVW� VROXWLRQ�� )LJ�� �� VKRZV� D� W\SLFDO�
LQGHSHQGHQW� ORDG� VKDULQJ� FRQWURO� VWUXFWXUH�� ZLWK� D�
FRPPRQ�SODQW�$��D�FRPPRQ� ORDG�'�DQG�RXWSXW�\��Q�
LQGLYLGXDO� SODQW� LQSXWV� XL�� SODQW� UHIHUHQFHV� UL� DQG�
QRLVH�PHDVXUHPHQWV�QL��

�
)LJ�����,QGHSHQGHQW�ORDG�VKDULQJ�FRQWURO�VWUXFWXUH�

�
$V� VKRZQ� LQ� (LWHOEHUJ� ERRN�� VXFK� DQ� LQGHSHQGHQW�
VWUXFWXUH� SUHVHQWV� VLJQLILFDQW� FRQWURO� SUREOHPV��
EHFDXVH� WKH� SDLU�ZLVH� GLVFUHSDQFLHV� EHWZHHQ�
IHHGEDFN� VLJQDOV� HUURUV� �1L� ±� 1M�� DQG� PLVPDWFKHV�
EHWZHHQ� WKH� ILOWHUHG� UHIHUHQFHV� ��)L�*L�� 5L� �� �)M�*M��
5M��� � %RWK� DUH� DPSOLILHG� E\� WKH� VXSSO\� GLVWULEXWLRQ�
FURVV�VHQVLWLYLW\� IXQFWLRQ� 6LM�  � /L� /M� �� �3F� ���/����
ZKHUH�/� �/����/��«��DQG�/L� �$�3L�*L��DQG�ILQDOO\�
DIIHFW�WKH�EHKDYLRU�RI�WKH�SODQW�RXWSXW�\��
�
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������&RRUGLQDWHG�/RDG�6KDULQJ�&RQWURO��
�
7R� DYRLG� WKH� SUREOHPV� SUHVHQWHG� LQ� VHFWLRQV� �� DQG�
����� DQ� DOWHUQDWLYH� VWUXFWXUH� IRU� FRRUGLQDWHG� ORDG�
VKDULQJ� FRQWURO� LQ� IRUPDWLRQ� IO\LQJ� LV� SUHVHQWHG� LQ�
)LJ�� ��� 7KH� VWUXFWXUH� LV� EDVHG� RQ� D� SUHYLRXV� ZRUN�
LQWURGXFHG�E\�6KLQVNH\���������PRGLILHG�WR�WDNH�LQWR�
DFFRXQW� WKH� VSHFLDO� FKDUDFWHULVWLF� RI� WKH� )RUPDWLRQ�
)O\LQJ�PRGHO�>(TV������DQG����@��

�
)LJ�����&RRUGLQDWH�ORDG�VKDULQJ�FRQWURO�VWUXFWXUH�RI�

7ZR�6�&�IRU�HYHU\�D[LV��ZKHUH��*L������3L������
�
7KH� SURSRVHG� FRQWURO� GLDJUDP� DYRLGV� WKH� SDLU�ZLVH�
GLVFUHSDQFLHV�SUREOHPV� WKDW�SUHVHQW� WKH� LQGHSHQGHQW�
ORDG�VKDULQJ� FRQWURO� VWUXFWXUHV� �)LJV�� �� DQG� ���� ,Q�
DGGLWLRQ�LW�FDQ�GHDO�ZLWK�PRGHO�XQFHUWDLQW\�DQG�GRHV�
QRW� LQWURGXFH� 5+3� ]HURV�� DV� WKH� RULJLQDO� 6KLQNH\�
VWUXFWXUH� GRHV�� ZKHQ� LW� LV� DSSOLHG� WR� WKH� )RUPDWLRQ�
)O\LQJ� SUREOHP�� 7KH� PDLQ� HTXDWLRQV� RI� WKH� EORFN�
GLDJUDP�DUH���
�
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5HPDUN�
�
7KH� UHODWLYH� GLVWDQFH� >G[ML�� G\ML�� G]ML@� EHWZHHQ� HYHU\�
WZR�VSDFHFUDIW��M�L��LV�FRQWUROOHG�WUDFNLQJ�D�UHIHUHQFH�
>GUHI[ML��GUHI\ML��GUHI]ML@��DQG�PRYLQJ�WKH�WZR�VDWHOOLWHV�
DW�WKH�VDPH�WLPH�>�4[M�4\M�4]M����4[L�4\L�4]L�@��)LJ�������
�
7KH� H[WHQVLRQ� WR� PXOWLSOH� VSDFHFUDIW� QHHGV� D�
KLHUDUFKLFDO� VWUXFWXUH�� ZKHUH� D� ILUVW� OHYHO� FDOFXODWHV�
WKH� WUDMHFWRU\� LQ� WHUPV�RI� UHODWLYH�GLVWDQFHV�EHWZHHQ�
WZR� VSDFHFUDIW� DW� D� WLPH�� 7KHVH� YDOXHV� DUH� WKH� VHW�
SRLQWV� IRU� WKH� VHFRQG� OHYHO� �)LJ�� ���� )URP� WKHP��
HYHU\�SDLU�RI�VDWHOOLWHV��L��M��DSSOLHV�WKH�VLJQDOV�>�4[L��
4\L��4]L����4[M��4\M��4]M�@�UHVSHFWLYHO\���
�
�

����&203(16$725�6<17+(6,6�
�
7KH�PHWKRGRORJ\�WR�GHVLJQ�WKH�FRPSHQVDWRUV�RI� WKH�
SURSRVHG�VWUXFWXUH�KDV� WKUHH�VWHSV�� VWDUWLQJ�IURP�WKH�
LQQHU�FRPSHQVDWRUV�WR�WKH�RXWHU�RQHV���
�
)LUVW�WKH�LQQHU�FRPSHQVDWRUV�*M�V��DQG�*L�V���KDYH�WR�
EH� GHILQHG�� 7KHLU� REMHFWLYH� LV� WR� VKDUH� WKH� ORDG� LQ�
WHUPV�RI�IUHTXHQF\��7KH�SURSRVHG�VWUXFWXUH�JLYHV�WKH�
IUHHGRP� WR� GHILQH� WKH� IUHTXHQF\� UHVSRQVH� WKDW� WKH�
GHVLJQHU�ZDQWV�IRU�HYHU\�FKDQQHO��L�DQG�M���UHJDUGLQJ�
WR� IXHO� FRQVXPSWLRQ�� WLPH� UHTXLUHPHQWV� RU� RWKHU�

SROLWLFV��)RU�LQVWDQFH��LI�WKH�V\VWHP�KDV�WZR�VDWHOOLWHV�
ZLWK� GLIIHUHQW�PDVVHV�� LW� LV� SRVVLEOH� WR� DVVLJQ� WR� WKH�
ELJJHVW�RQH�DQ�DFWLYH�UHVSRQVH�DW�ORZ�IUHTXHQF\�DQG�
DQ� DWWHQXDWHG� UHVSRQVH� DW� KLJK� IUHTXHQF\��6LPLODUO\��
IRU� WKH� VPDOOHVW� RQH�� LW� LV� SRVVLEOH� WR� DVVLJQ� DQ�
DWWHQXDWHG� UHVSRQVH� DW� ORZ� IUHTXHQF\� DQG� DQ� DFWLYH�
UHVSRQVH� DW� KLJK� IUHTXHQF\�� 7KXV� WKH� FRQWURO�
VWUXFWXUH�LV�YHU\�JHQHUDO�DQG�DOORZV�GHILQLQJ�WKH�ORDG�
VKDULQJ� VWUDWHJ\� LQ� PDQ\� ZD\V�� DFFRUGLQJ� WR� WKH�
UHTXLUHPHQWV� RI� WKH� IRUPDWLRQ��0RUHRYHU�� LW� LV� DOVR�
SRVVLEOH� WR� GHILQH� GLIIHUHQW� IUHTXHQF\� UHVSRQVHV� IRU�
HYHU\�D[LV��;�<�=��DQG�FKDQQHO�LI�LW�LV�QHFHVVDU\��
�
7KH� VHFRQG� VWHS� LV� WKH� GHVLJQ� RI� WKH� *I�V��
FRPSHQVDWRU��7KH�PDLQ�REMHFWLYH�RI�WKLV�FRPSHQVDWRU�
LV�WR�NHHS�WKH�VXP�RI�WKH�WZR�FKDQQHOV��4L�V����4M�V���
HTXDO� WR� WKH� GHPDQG�4�V�� RI� WKH� RXWHU� FRPSHQVDWRU�
*P�V���,W�LV�DOVR�SRVVLEOH�WR�GHILQH�GLIIHUHQW�G\QDPLFV�
IRU� HYHU\� D[LV� �;�<�=�� LI� LW� LV� QHFHVVDU\�� 7KH�
4XDQWLWDWLYH� )HHGEDFN� 7KHRU\� �4)7�� LV� DSSOLHG� LQ�
WKLV� ZRUN� WR� GHVLJQ� WKH� *I�V�� FRPSHQVDWRU�� 7KH�
LQWHJUDO� SDUW� RI� WKH� FRPSHQVDWRUV� KDV� WR� UHFHLYH� DQ�
VSHFLDO� WUHDWPHQW�� 7R� DYRLG� WKH� FKDQQHOV� ILJKWLQJ�
DJDLQVW� HDFK� RWKHU�� LI� WKH� V\VWHP� QHHGV� DQ� LQQHU�
FRPSHQVDWRU�ZLWK�DQ�LQWHJUDO�SDUW��WKHQ�LW�LV�QHFHVVDU\�
WR�LPSOHPHQW�LW�LQ�RQO\�RQH�FKDQQHO��*M�V��RU�*L�V���RU�
EHWWHU�RQO\�LQ�WKH�LQQHU�FRPSHQVDWRU�*I�V���
�
7KH� WKLUG� DQG� ODVW� VWHS� LV� WKH� GHVLJQ� RI� WKH� RXWHU�
FRPSHQVDWRUV� *P�V�� DQG� )P�V��� 7KH� REMHFWLYH� IRU�
WKHVH� FRPSHQVDWRUV� LV� WR� JRYHUQ� WKH� GLVWDQFH� >G[ML��
G\ML��G]ML@�EHWZHHQ�HYHU\�WZR�VSDFHFUDIW��M�L��DFFRUGLQJ�
WR� VRPH� SUHYLRXV� SHUIRUPDQFH� VSHFLILFDWLRQV�
�WUDFNLQJ��GLVWXUEDQFH�UHMHFWLRQ��VWDELOLW\��HWF����
�
7KH� GHVLJQ� RI� WKH� *P�V�� DQG� )P�V�� FRPSHQVDWRUV�
GHSHQGV� RQ� WKH� IRUPDWLRQ�IO\LQJ� VFHQDULR�� ,I� WKH�
IRUPDWLRQ�LV�LQ�GHHS�VSDFH��WKHQ�HTXDWLRQ�����JRYHUQV�
WKH� G\QDPLFV� DQG� WKHUH� LV� DQ� LQGHSHQGHQW� 6,62�
SUREOHP� IRU� HYHU\� D[LV�� 4)7� LV� DSSOLHG� WR� GHVLJQ�
*P�V��DQG�)P�V����
�
�

����6�&�)250$7,21�,1�'((3�63$&(�
�
/HW�XV�FRQVLGHU�DJDLQ�WKH�WZR�VSDFHFUDIW�SUHVHQWHG�LQ�
6HFWLRQ� �� >(TV�� ���� DQG� ���@�� EXW� QRZ� IO\LQJ� LQ�
IRUPDWLRQ�LQ�GHHS�VSDFH�(T��������
�
������*M��*L�&RPSHQVDWRUV�
�
)LUVW��WKH�LQQHU�FRPSHQVDWRUV��*M�V��DQG�*L�V���KDYH�WR�
EH�GHILQHG��7KH�REMHFWLYH�LV�WR�VKDUH�WKH�ORDG�LQ�WHUPV�
RI�IUHTXHQF\��+HUH�WZR�WUDQVIHU�IXQFWLRQV�DUH�FKRVHQ�
VR� WKDW� WKH� ELJJHVW� VSDFHFUDIW� 3M� VKRZV� DQ� DFWLYH�
UHVSRQVH�DW�ORZ�IUHTXHQF\�DQG�DQ�DWWHQXDWHG�UHVSRQVH�
DW� KLJK� IUHTXHQF\�� DQG� WKH� VPDOOHVW� RQH� 3L� DQ�
DWWHQXDWHG� UHVSRQVH� DW� ORZ� IUHTXHQF\� DQG� DQ� DFWLYH�
UHVSRQVH�DW�KLJK�IUHTXHQF\��VHH�)LJ�������
�
7KH�VHOHFWHG�*M�V��DQG�*L�V��FRPSHQVDWRUV�DUH��
�
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%RGH��/RDG�6KDULQJ��&KDQQHO�M�&KDQQHO�L�

)UHTXHQF\���UDG�VHF� �
)LJ������>*M�V��3M�V�@�DQG�>*L�V��3L�V�@�WUDQVIHU�

IXQFWLRQV��ZLWK�IXHO�PDVV�XQFHUWDLQW\��
�
������*I�&RPSHQVDWRU�
�
7KH� VHFRQG� VWHS� LV� WKH� GHVLJQ� RI� WKH� *I�V��
FRPSHQVDWRU��,WV�PDLQ�REMHFWLYH�LV�WR�NHHS�WKH�VXP�RI�
WKH� WZR� FKDQQHOV��4L�V�� ��4M�V��� HTXDO� WR� WKH� RXWSXW�
4�V��RI�WKH�RXWHU�FRPSHQVDWRU�*P�V���
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)LJ������/RRS�6KDSLQJ�RI�*I��*M���*L���
�
7KH� WUDQVIHU� IXQFWLRQ� EHWZHHQ� 4� DQG� [�� LV� 3/��
DFFRUGLQJ�WR�(T��������7KH�SODQW�WR�EH�FRQWUROOHG�E\�
*I�LV��*M���*L���7KH�FRPSOH[LW\�RI�WKH�GHVLJQ�RI�*I�V��
LV� FRQGLWLRQHG� E\� WKH� FRPSHQVDWRUV� *M� DQG� *L��
VHOHFWHG� SUHYLRXVO\�� ,Q� WKLV� SDSHU�*I�V�� LV� GHVLJQHG�
XVLQJ�VWDQGDUG�4)7��(T���������7KH�ORRS�VKDSLQJ�RI�
*I� �*M� ��*L��RQ� WKH�1LFKROV�&KDUW� �1&�� LV� VKRZQ� LQ�
)LJ�����







 +







 +

=

����
�����
VV

V�
�V�* I � � � �����

�
������*P��)P�&RPSHQVDWRUV�
�
7KH�WKLUG�DQG�ODVW�VWHS�RI�WKH�PHWKRG�LV�WKH�GHVLJQ�RI�
WKH� RXWHU� FRPSHQVDWRUV� *P�V�� DQG� )P�V��� 7KHLU�

REMHFWLYH� LV� WR� JRYHUQ� WKH� GLVWDQFH� G� EHWZHHQ� WKH�
VSDFHFUDIW� DFFRUGLQJ� WR� VRPH� SUHYLRXV� SHUIRUPDQFH�
VSHFLILFDWLRQV�� ,Q� WKLV� H[DPSOH� WKH� VHOHFWHG�
VSHFLILFDWLRQV�DUH��
�
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ZKLFK�LQYROYHV�D�SKDVH�PDUJLQ�RI�DW�OHDVW�����
DQG�D�JDLQ�PDUJLQ�RI�DW�OHDVW�����������G%���

�
LL�� 'LVWXUEDQFH�UHMHFWLRQ����
�

( )









+

ω
ω









+

ω
ω









+

ω
ω

ωω
≤

+ ���

���
�

�

��

�
�

MM

MM
$3* /P

��

ZKHUH�ω�� ����UDG�VHF��DQG�IRU�
ω >����������������������������������������������@UDG�V��
�
LLL�� 7UDFNLQJ�VSHFLILFDWLRQV���
�

����� ωω 8/ 5
/P

/P5 7$3*
$3*7 ≤

+
≤ ���

�
ZKHUH��

( )

��

�

�������
QQ

Q

5 MM

DMD7 8 ωωωζω

ωω

ω
++

+








= �









+








+








+

=
���

���

��� σ
ω

σ
ω

σ
ω

ω MMM7 �5 �

�
DQG�ZKHUH��
ωQ� �����D� ������σ�� ���ωQ�� σ�� �����ωQ���σ�� �ωQ���IRU�
ω >����������������������������������������������@UDG�V��

���� ���� ���� ���� ���� ���� ��� ��� �����

���

�

��

���

���

���

2SHQ�/RRS�3KDVH��GHJ�

2S
HQ

�/R
RS

�*
DLQ

��G
%�

���G%���G%���G%�����G%������G% ���G%
����G%����G%����G%�����G%�����G%
�����G%
�����G%
�����G%

������G%

��
)LJ������/RRS�6KDSLQJ�RI�*P�3/�$�
�
8VLQJ�VWDQGDUG�4)7��WKH�*P�V��FRPSHQVDWRU�DQG�WKH�
SUHILOWHU�)P�V�� �(TV�� ����������� DUH� GHVLJQHG�� )LJ�� ��
VKRZV�WKH�4)7�ORRS�VKDSLQJ�RQ�WKH�1&��
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������6LPXODWLRQ�5HVXOWV�
�
7KLV� VHFWLRQ� DSSOLHV� WKH� SUHYLRXV� GHVLJQ� WR� FRQWURO�
WKH� �� '2)� GLVWDQFH� EHWZHHQ� WZR� VSDFHFUDIW� LQ�
IRUPDWLRQ� LQ� GHHS� VSDFH��PRYLQJ� ERWK� VSDFHFUDIW� DW�
WKH� VDPH� WLPH�� 7KUHH� XQLW� VWHS� LQSXWV� DW� WKH�
UHIHUHQFHV�RI�WKH�WKUHH�FKDQQHOV��;��<��=��DUH�DSSOLHG�
DW� GLIIHUHQW� WLPHV�� W�  � ��� W�  � ��� DQG� W�  � ��� VHF�
UHVSHFWLYHO\��)LJ�� ��� VKRZV� D� JRRG� WUDFNLQJ� FRQWURO�
ZLWK�PRUH�GHPDQGLQJ� VSHFLILFDWLRQV� WKDQ� LQ�FDVH�RI�
)LJV��������
�
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�)LJ������7UDFNLQJ�LQ�FKDQQHOV�;��<�DQG�=��DQG��'�
�
2QFH� WKH� �� '2)� UHIHUHQFH� LV� UHDFKHG�� D� VLQXVRLGDO�
GLVWXUEDQFH� RI� XQLW� DPSOLWXGH� DQG� I�  � ��� UDG�VHF� LV�
DSSOLHG�WR�D[LV�;�IURP�W� ����VHF�WR�W� ����VHF��)LJ��
��� VKRZV� KRZ� WKH� VSDFHFUDIW� L� �WKH� IDVWHVW� RQH��
FDUULHV� ZLWK� PRVW� RI� WKH� ORDG�� DQG� WKH� VSDFHFUDIW� M�
�WKH�VORZHVW�RQH��GRHV�QRW�FDUU\�ZLWK�ORDG���
�
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)LJ������/RDG�VKDULQJ��4[L��GDVKHG���4[M��VROLG���
�
6LPLODUO\��D�VLQXVRLGDO�GLVWXUEDQFH�RI�XQLW�DPSOLWXGH�
DQG�I� ������UDG�VHF�LV�DSSOLHG�WR�D[LV�<�IURP�W� ����
VHF�WR�W� �����VHF��)LJ�����VKRZV�KRZ�WKH�VSDFHFUDIW�M�
�WKH� VORZHVW�RQH��FDUULHV�ZLWK�PRVW�RI� WKH� ORDG��DQG�

WKH�VSDFHFUDIW�L��WKH�IDVWHVW�RQH��GRHV�QRW��%RWK�DJUHH�
ZLWK�WKH�GHVLJQ��
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)LJ������/RDG�VKDULQJ��4\L��GDVKHG���4\M��VROLG��
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����&21&/86,216�
�
7KLV� SDSHU� LQWURGXFHG� WKH� GHVLJQ� RI� DQ� DXWRQRPRXV�
DQG� FROODERUDWLYH� FRQWURO� VWUDWHJ\� WR� JRYHUQ� WKH�
UHODWLYH� GLVWDQFHV� DPRQJ� VSDFHFUDIW� LQ� IRUPDWLRQ��$�
FRRUGLQDWH� ORDG�VKDULQJ� FRQWURO� VWUXFWXUH� IRU�
IRUPDWLRQ� IO\LQJ� WKDW� VKDUHV� WKH� ORDG� EHWZHHQ�
VSDFHFUDIW�DFFRUGLQJ� WR� IUHTXHQF\�VSHFLILFDWLRQV�DQG�
D� PHWKRGRORJ\� WR� FRQWURO� WKHLU� XQFHUWDLQ� G\QDPLF�
PRGHOV�ZHUH�SUHVHQWHG��7KH�PHWKRG�ZDV�DSSOLHG�WR�D�
GHHS� VSDFH� IRUPDWLRQ� H[DPSOH� ZLWK� IXHO� PDVVHV�
XQFHUWDLQW\���
�
�

$&.12:/('*(0(17�
�
$XWKRUV� JUDWHIXOO\� DSSUHFLDWH� WKH� VXSSRUW� JLYHQ� E\�
WKH� 6SDQLVK� *RYHUQPHQW� �³0LQLVWHULR� GH�
(GXFDFLRQ´�� XQGHU� JUDQW� ³3URJUDPD� 1DFLRQDO�
0RYLOLGDG� 3URI�� H� ,QYHVW�´�� 35����������� 7KLV�
UHVHDUFK� ZDV� SHUIRUPHG� DW� WKH� -HW� 3URSXOVLRQ�
/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��XQGHU�
D� FRQWUDFW�ZLWK� WKH�1DWLRQDO�$HURQDXWLFV� DQG�6SDFH�
$GPLQLVWUDWLRQ��
�
�

5()(5(1&(6�
�
(LWHOEHUJ�� (�� /RDG� 6KDULQJ� &RQWURO�� 12<� 3XEO��

'XUEDQ��6RXWK�$IULFD��������
*DUFLD�6DQ]�� 0�� DQG� +DGDHJK�� )<�� &RRUGLQDWHG�

4XDQWLWDWLYH� )HHGEDFN� 7KHRU\� �4)7�� EDVHG�
&RQWURO� RI� )RUPDWLRQ� )O\LQJ� 6SDFHFUDIW�� -3/�
'��������$XJXVW�������

+RURZLW]�,0��6XUYH\�RI�TXDQWLWDWLYH�IHHGEDFN�WKHRU\��
,QW��-��&RQWURO����������������������

+RXSLV�&+���5DVPXVVHQ�6-��DQG�*DUFLD�6DQ]�0��
4XDQWLWDWLYH�)HHGEDFN�7KHRU\�)XQGDPHQWDOV�
DQG�$SSOLFDWLRQV���QG�HGLWLRQ��0DUFHO�'HNNHU��
1HZ�<RUN��������

3ORHQ�� 6�5��� '�3�� 6FKDUI�� )�<�� +DGDHJK� DQG� $�%��
$FLNPHVH�� '\QDPLFV� RI� (DUWK� 2UELWLQJ�
)RUPDWLRQV�� $,$$� *XLGDQFH� 1DYLJDWLRQ� DQG�
&RQWURO�&RQI���5,��������

6KLQVNH\��)*��3URFHVV�&RQWURO�6\QWKHVLV���UG�HGLWLRQ��
0F*UDZ�+LOO��������

�


