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$EVWUDFW�� 7KH� IROORZLQJ� � SDSHU� SUHVHQWV� DSSURDFKHV� WR� WKH� GHVLJQ� RI� WKUHH� IX]]\� ORJLF� FRQWUROOHU� �)/&�
VWUXFWXUHV� EDVHG� RQ� D� SURSRUWLRQDO�LQWHJUDO�GHULYDWLYH� �3,'�� FRQWURO� ODZ�� %\� FRPELQLQJ� RI� DQ� LQFUHPHQWDO
IX]]\�3,�VWUXFWXUH�DQG�D�IX]]\�3'�VWUXFWXUH��D�IX]]\�3,'�FRQWURO�VWUDWHJ\�FDQ�EH�LPSOHPHQWHG�IURP�WZR�LQSXW
YDULDEOHV��7KH�VHFRQG�LQ�WKH�SDSHU�SUHVHQWHG�VWUXFWXUH�LV�EDVHG�RQ�VLPSOLILFDWLRQ�RI�WKH�LQFUHPHQWDO�IX]]\�3,
VWUXFWXUH��7KH�WKLUG�VWUXFWXUH�KDV�SURSRUWLRQDO��LQWHJUDO�DQG�GHULYDWLYH�VHSDUDWH�SDUWV�ZLWK�VHSDUDWH�UXOH�EDVHV�
$OO� WKUHH� VWUXFWXUHV�DUH� LPSOHPHQWHG�DV� UHDO�WLPH�FRQWUROOHUV� DQG� DVVHVVHG�RQ� D� VLPSOH�PDJQHWLF� VXVSHQVLRQ
V\VWHP�

.H\�:RUGV��)X]]\�ORJLF�FRQWURO��IX]]\�3,'�FRQWURO��UHDO�WLPH�FRQWURO��PDJQHWLF�VXVSHQVLRQ�V\VWHP

����,QWURGXFWLRQ
)X]]\� FRQWURO� WHFKQLTXH� KDV� EHHQ� ZLGHO\� XVHG� LQ
LQGXVWULDO�SURFHVVHV��SDUWLFXODUO\�LQ�VLWXDWLRQV�ZKHUH
FRQYHQWLRQDO� FRQWURO�GHVLJQ� WHFKQLTXHV� DUH� GLIILFXOW
WR� DSSO\�� 7KH� PDLQ� DGYDQWDJH� RI� WKH� IX]]\� ORJLF
FRQWUROOHU� �)/&�� LV� WKDW� LW� FDQ� EH� DSSOLHG� WR� SODQWV
WKDW� DUH�GLIILFXOW� WR�REWDLQ� WKH�PDWKHPDWLFDO�PRGHO�
DQG�WKH�FRQWUROOHU�FDQ�EH�GHVLJQHG�WR�DSSO\�KHXULVWLF
UXOHV� WKDW� UHIOHFW�H[SHULHQFHV�RI� WKH�KXPDQ�H[SHUWV�
5HFHQWO\�� IX]]\�ORJLF� DQG� FRQYHQWLRQDO� FRQWURO
GHVLJQ� PHWKRGV� DUH� FRPELQHG� WR� GHVLJQ
SURSRUWLRQDO�LQWHJUDO�GHULYDWLYH� IX]]\� ORJLF
FRQWUROOHU��3,'�)/&���VXFK�DV�>�@��>�@��>�@��>�@�
7KLV�SDSHU�SUHVHQWV�WKH�VWUXFWXUH�DQG�DGYDQWDJHV�RI
WKH� GHFRPSRVHG� 3,'�)/&� DV� DQ� DOWHUQDWLYH� WR� WKH
IX]]\� ORJLF� �� 3,'� FRPSOHWH� GHVLJQ�� ZKLFK� UHTXLUH
WKUHH�LQSXWV�� WKDW�ZLOO�VXEVWDQWLDOO\�H[SDQG�WKH�UXOH�
EDVH� DQG� PDNH� WKH� GHVLJQ� PRUH� GLIILFXOW\�� 7KH
GHFRPSRVHG� 3,'�)/&�� DV� ZH� SURSRVHG� LQ� >�@�� LV
EDVHG� RQ� WKH� IX]]\� LQIHUHQFH� EUHDN�XS�PHWKRG� DQG
WKH� VLPSOLILFDWLRQ� RI� WKH� GHFRPSRVHG� LQIHUHQFH�� ,Q
>�@� WKH� VLPSOH� GHFRPSRVHG� 3,'�)/&� KDV� EHHQ
FRPSDUHG� ZLWK� GLVFUHWH� 3,'� FRQWUROOHU�� 7KH� PDLQ
TXHVWLRQ� LV�� LI� WKH� VLPSOLILFDWLRQ� RI� WKH� 3,'�)/&
VWUXFWXUH�GR�DV�D�JRRG�MRE�DV�WKH�QRQ�VLPSOLILHG�3,'�
)/&� IRUP�� ,Q� WKLV� SDSHU�� WKH� VLPSOH� GHFRPSRVHG
3,'�)/&�LV� WHVWHG�DQG�FRPSDUHG�ZLWK�WZR�W\SHV�RI
WKH� 3,'�)/&V�� $OO� 3,'�)/&V� DUH� UHDOLVHG� E\� WKH
VDPH�KDUGZDUH� DQG� VRIWZDUH� WRROV� DQG�DSSOLHG� WR� D
VLPSOH� PDJQHWLF� VXVSHQVLRQ� V\VWHP�� ([SHULPHQWDO
UHVXOWV� IRU� VHWSRLQW� FKDQJHV�� ORDG� GLVWXUEDQFHV�

UREXVWQHVV� DQG� SHUIRUPDQFH� DQDO\VLV� RI� GLIIHUHQW
FRQILJXUDWLRQV�DUH�SUHVHQWHG�
,Q� WKH�QH[W�VHFWLRQ�WKH�VWUXFWXUH�RI� WKH�GHFRPSRVHG
3,'�)/&� LV� SUHVHQWHG�� ,Q� VHFWLRQ� �� WKH� IX]]\� 3,� �
IX]]\�3'�FRQWURO�VWUXFWXUH�DQG�WKH�IX]]\�3'���IX]]\
,� FRQWURO� VWUXFWXUH�� DV� DOWHUQDWLYH� WR� GHFRPSRVHG
3,'�)/&�� DUH� VKRZQ�� ,Q� VHFWLRQ� �� PDJQHWLF
VXVSHQVLRQ� V\VWHP� DV� DQ� H[SHULPHQWDO� SURFHVV�� LV
GHVFULEHG�DQG�FRQWURO�H[SHULPHQWV�DQG�SHUIRUPDQFH
FRPSDULVRQV� DUH� HYDOXDWHG�� )LQDOO\� VRPH
FRQFOXVLRQV�DUH�JLYHQ�LQ�WKH�ODVW�VHFWLRQ�

����'HFRPSRVHG�3,'�)/&
7KH� EDVLF� LGHD� RI� WKH� GLVFUHWH� 3,'�FRQWUROOHU� LV� WR
FKRRVH� WKH� FRQWURO� ODZ� E\� FRQVLGHULQJ� HUURU� H�N��
FKDQJH�RI�HUURU� GH�N�� � �H�N�� �� H�N�����7� DQG� WKH
QXPHULFDOO\� DSSUR[LPDWHG� LQWHJUDO� RI� HUURU
LH�N�� LH�N����7H�N�����7KH�3,'�FRQWURO�ODZ�LV
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ZKHUH�.3�LV�D�SURSRUWLRQDO�FRQVWDQW��.'� �7'�7�LV�D
GLIIHUHQWLDO� FRQVWDQW� DQG� .,�  � 7�7,� LV� DQ� LQWHJUDO
FRQVWDQW��)RU�D�OLQHDU�SURFHVV�WKH�FRQWURO�SDUDPHWHUV
.3��.'�DQG�.,�DUH�GHVLJQHG� LQ� VXFK�D�ZD\� WKDW� WKH
FORVHG�ORRS� FRQWURO� LV� VWDEOH�� ,Q� WKH� FDVH� RI� QRQ�
OLQHDU�SURFHVVHV�ZKLFK�FDQ�EH� OLQHDULVHG�DURXQG� WKH
RSHUDWLQJ� SRLQW�� FRQYHQWLRQDO� 3,'�FRQWUROOHUV� DOVR
ZRUN�VXFFHVVIXOO\��+RZHYHU��WKH�3,'�FRQWUROOHU�ZLWK



FRQVWDQW� SDUDPHWHUV� LQ� WKH� ZKROH� ZRUNLQJ� DUHD� LV
UREXVW� EXW� QRW� RSWLPDO�� ,Q� WKLV� FDVH�� WXQLQJ� RI� WKH
3,'�SDUDPHWHUV�LV�SHUIRUPHG�
7KH� RXWSXW� RI� WKH� JHQHUDO� IX]]\� FRQWUROOHU�X�N7�� LV
JLYHQ�E\
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ZKHUH� 1�Â�� LV� D� QRQ�OLQHDU� IXQFWLRQ� GHWHUPLQHG� E\
IX]]\�SDUDPHWHUV�
,Q� WKH� FDVH�ZKHQ�ZH� DVVXPH� WKH� VWUXFWXUH�RI� IX]]\
3,'�FRQWUROOHU�ZLWK�WKUHH�LQSXW�YDULDEOHV��HUURU�H�N��
FKDQJH�RI�HUURU�GH�N��DQG�LQWHJUDO�RI�HUURU�LH�N���DQG
RQH�RXWSXW�YDULDEOH�ZLWK�P�EDVH�IX]]\�VHWV�RQ�HDFK
IX]]\�YDULDEOH��ZH�JHW�RQH�UXOH�EDVH�ZLWK�PD[LPXP
P��UXOHV��7KH�FRQWURO�DOJRULWKP�RI�WKH�JHQHUDO�IX]]\
3,'�FRQWUROOHU�LV�JLYHQ�E\
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ZKHUH� IX]]�Â�� LV� WKH� IX]]LILFDWLRQ� RSHUDWRU��GHIX]]�Â�
LV� WKH�GHIX]]LILFDWLRQ�RSHUDWRU�� �� LV� WKH�FRPSRVLWLRQ
RSHUDWRU� RI� IX]]\� UHODWLRQV� DQG� 5� LV� WKH� IX]]\
UHODWLRQ�RI�WKH�IX]]\�FRQWUROOHU�UXOH�EDVH��%HFDXVH�RI
WKH�PXOWLGLPHQVLRQDOLW\�RI� WKH� IX]]\� UHODWLRQ�5�� WKH
FRPSRVLWLRQ� UXOH� RI� LQIHUHQFH� ���� LV� GLIILFXOW� WR
SHUIRUP�� 7R� RYHUFRPH� WKLV� GLIILFXOW\� DQG� WR
PLQLPL]H� WKH� QXPEHU� RI� UXOHV� WKH� VLPSOLILFDWLRQ� RI
WKH�IX]]\�3,'�VWUXFWXUH�LV�SURSRVHG�LQ�>�@��7KH�EDVLF
LGHD� LV� WR� GHFRPSRVH� RI� PXOWLYDULDEOH� FRQWURO� UXOH
EDVH�LQWR�WKUHH�VHWV�RI�RQH�GLPHQVLRQDO�UXOH�EDVHV�IRU
HDFK� LQSXW�� 7KH� RXWSXW� RI� WKH� GHFRPSRVHG� IX]]\
FRQWUROOHU�X�N7��LV�JLYHQ�E\
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ZKHUH� 5(�� 5'(� DQG� 5,(� DUH� IX]]\� UHODWLRQV� RI
VHSDUDWH� UXOH�EDVHV� DQG� � LV� WKH� IX]]\� LQWHUVHFWLRQ
RSHUDWRU��7KH�PDLQ�DGYDQWDJH�RI�WKH�GHFRPSRVLWLRQ
DQG�VLPSOLILFDWLRQ�LV�UHGXFWLRQ�RI�OLQJXLVWLF�UXOHV��,Q
WKH� FDVH� ZKHQ� ZH� DVVXPH� WKH� VWUXFWXUH� RI
GHFRPSRVHG� IX]]\� 3,'� FRQWUROOHU� ZLWK� WKUHH� LQSXW
YDULDEOHV�DQG�RQH�RXWSXW�YDULDEOH�ZLWK�P�EDVH�IX]]\
VHWV�RQ�HDFK�IX]]\�YDULDEOH��ZH�JHW�WKUHH�UXOH�EDVHV
ZLWK�PD[LPXP�P�UXOHV�LQ�HDFK�UXOH�EDVH�
7R�VLPSOLI\�WKH�UHDOLVDWLRQ�RI�WKH�GHFRPSRVHG�IX]]\
FRQWUROOHU� ���� D� GHFRPSRVLWLRQ� RI� HQWLUH� IX]]\
V\VWHP� LQFOXVLYHO\� WKH� GHIIX]LILFDWLRQ� SURFHGXUH� LV
SURSRVHG��$Q�LQFUHPHQWDO�IRUP�RI�WKH�LQWHJUDO�SDUW�LV
UHDOLVHG�� 2XWSXWV� RI� VHSDUDWH� SDUWV� RI� WKH
GHFRPSRVHG�3,'�)/&�DUH�JLYHQ�E\
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DQG� WKH� IX]]\� LQWHUVHFWLRQ� RSHUDWRU� LV� VXEVWLWXWHG
ZLWK�VXP�RI�GHIX]]LILHG�RXWSXWV��7KH�QHZ�RXWSXW�RI
WKH�IX]]\�FRQWUROOHU�X�N7��LV�JLYHQ�E\
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DQG�WKH�VWUXFWXUH�LV�VKRZQ�LQ�)LJXUH���

.H���.GH���.X3���.X'�DQG�.X,��DUH�VFDOLQJ�IDFWRUV�

)X]]\�,

)X]]\�'

)X]]\�3

)X]]\�,

)LJ�����7KH�VWUXFWXUH�RI�WKH�GHFRPSRVHG�3,'�)/&�UHDOLVHG�ZLWK�HTXDWLRQ�����



�� $OWHUQDWLYH� 3,'� )X]]\� &RQWUROOHU
6WUXFWXUHV
7KH�XVXDO�)/&�VWUXFWXUH�LV� WKH�3'�)/&�RU�3,�)/&�
7KH� 3,�OLNH� )/&� DGGV� GDPSLQJ� WR� D� V\VWHP� DQG
UHGXFHV� VWHDG\�VWDWH� HUURU�� EXW� \LHOGV� SHQDOL]HG� ULVH
WLPH� DQG� VHWWOLQJ� WLPH�� 7KH� 3'�OLNH� )/&� DGGV
GDPSLQJ�DQG� UHOLDEO\�SUHGLFWV� ODUJH�RYHUVKRRWV�� EXW
GRHV�QRW�LPSURYH�WKH�VWHDG\�VWDWH�UHVSRQVH��,Q�RUGHU
WR�PHHW�WKH�GHVLJQ�FULWHULD�RI�]HUR�VWHDG\�VWDWH�HUURU�
RYHUVKRRW�DQG�ULVH�WLPH��3,'�FRQWURO�VKRXOG�EH�XVHG�
,Q�VRPH�SUHYLRXV�OLWHUDWXUH�>�@��>�@�K\EULG�IX]]\�3,'
FRQWUROOHUV�KDYH�EHHQ�SURSRVHG�

��� 3'�)X]]\���,�)X]]\�&RQWUROOHU
7KH�3'�,�)/&�ZDV�SURSRVHG�E\�1J�DQG�/L�>��@��7KH
FRQWURO�ODZ�RI�WKH�3'�,���)/&�LV�FRQVWUXFWHG�E\�VXP
RI�WKH�IX]]\�3'�DFWLRQ�DQG�WKH�IX]]\�LQWHJUDO�DFWLRQ�
7KH� VWUXFWXUH� RI� WKH� VLPSOH� FRQWURO� V\VWHP� ZLWK
3'�,�)/&�LV�VKRZQ�LQ�ILJXUH���
7KH� FKDUDFWHULVWLF� RI� WKH� 3'�,� ±� )/&� LV� D
FRPELQDWLRQ�RI�D� WZR�GLPHQVLRQDO� UXOH�EDVH� IRU� WKH
3'�FRQWURO�DQG�DQ�RQH�GLPHQVLRQDO�UXOH�EDVH�IRU�WKH
LQFUHPHQWDO�LQWHJUDO�FRQWURO�

��� 3'�)X]]\��3,�)X]]\�&RQWUROOHU
7KH�3'�3,�)/&�LV�SUHVHQWHG�E\�.ZRN�>�@�DQG�LW� LV
FRQVLVW�RI�D�3'�)/&�LQ�SDUDOOHO�ZLWK�D�3,�)/&��7KH
EDVLF� FRQWURO� GLDJUDP� LV� VKRZQ� LQ� )LJXUH� ��� 7KH
FKDUDFWHULVWLF�RI�WKH�3'�3,�±�)/&�LV�D�FRPELQDWLRQ
RI� D� WZR�GLPHQVLRQDO� UXOH� EDVH� IRU� WKH� 3'� FRQWURO
DQG�D�WZR�GLPHQVLRQDO�UXOH�EDVH�IRU�WKH�3,�FRQWURO�

����5HDO�7LPH�([SHULPHQWV
7KH�UHDO�WLPH�DSSOLFDWLRQ�RI�WKH�IX]]\�FRQWURO�IRU�WKH
VLPSOH�PDJQHWLF� VXVSHQVLRQ� V\VWHP� �VWHHO� EDOO� LQ� D
PDJQHWLF�ILHOG��LV�UHDOLVHG��7KH�PDJQHWLF�VXVSHQVLRQ
V\VWHP� LQFOXGLQJ� DQ� HOHFWURPDJQHW�� D� FXUUHQW
DPSOLILHU�� DQG� D� RSWLFDO� SRVLWLRQ� PHDVXUHPHQW
V\VWHP� LV� LQKHUHQWO\� QRQOLQHDU� DQG� XQVWDEOH�� 2XU
IX]]\� ORJLF� FRQWUROOHU� EDVHG� RQ� WKH� SHUVRQDO
FRPSXWHU� �3&�� LV� H[WHQGHG� E\� WKH� 20521� )%�
��$7� IX]]\� ERDUG� �ZLWK� WKH� IX]]\� SURFHVVRU� )3
������� $Q� HLJKW� FKDQQHOV� DQDORJ� WR� GLJLWDO� �$�'�
FRQYHUWHU�DQG� WZR�FKDQQHOV�GLJLWDO� WR� DQDORJ� �'�$�
FRQYHUWHU� ZLWK� ��� ELW� UHVROXWLRQ� LV� UHDOLVHG� RQ� WKH
SOXJ�LQ� 3&� ERDUG�� 7KH� ILUVW� FDQQHO� RI� WKH� $�'
FRQYHUWHU� LV� XVHG� WR� PHDVXUH� LQSXW� RI� WKH� FRQWURO

)X]]\�3'

3URFHVV

)X]]\�,

)LJ�����&RQWURO�V\VWHP�ZLWK�3'�,�±�)/&

)X]]\�3' 3URFHVV

)X]]\�3,

)LJ�����&RQWURO�V\VWHP�ZLWK�3'�3,�)/&



V\VWHP��QDPHO\��EDOO�SRVLWLRQ�ZKLFK�LV�RXWSXW�RI�WKH
RSWLFDO� SRVLWLRQ� PHDVXUHPHQW� V\VWHP�� 7KH� IX]]\
FRQWUROOHU� VRIWZDUH� ZDV� LPSOHPHQWHG� LQ� $16,�&�
7KH� UHDO�WLPH� VDPSOLQJ� IUHTXHQF\� RI� �� N+]� ZDV
DWWDLQHG��7KH�UHDOLVDWLRQ�RI�WKH�PRGHO�LV�SUHVHQWHG�RQ
)LJXUH���

)LJXUH����7KH�UHDOLVDWLRQ�RI�WKH�PRGHO�

7KH� EDVLF� SULQFLSOH� RI� RXU� HOHFWURPDJQHWLF
VXVSHQVLRQ� V\VWHP� ZLWK� PDWKHPDWLFDO� PRGHO� DQG
QRPLQDO�SDUDPHWHUV�DUH�GHVFULEHG�LQ�>�@�
$OO� IX]]\� LQSXWV� DUH� GLYLGHG� LQWR� WKUHH� EDVH
PHPEHUVKLS� IXQFWLRQV�� QHJDWLYH� �1��� ]HUR� �=�� DQG
SRVLWLYH� �3��� 7UDSH]RLG� DQG� WULDQJXODU� PHPEHUVKLS
IXQFWLRQV�ZLWK�����RYHUODS�DUH�DSSOLHG� WR�WKH�HUURU
IX]]\�LQSXW�(�DQG�WKH�GHULYDWLYH�RI�HUURU�IX]]\�LQSXW
'(�RI�WKH�IX]]\�FRQWUROOHU�
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)LJ�����,QSXW�PHPEHUVKLS�IXQFWLRQV

7KH� RXWSXW� RI� WKH� FRQWUROOHU� LV� WKH� RXWSXW� YROWDJH
�UDQJHV� RI� �� WR� ��9�� IURP� WKH� '�$� FRQYHUWHU�
6LQJOHWRQ� PHPEHUVKLSV� IXQFWLRQV� DUH� DSSOLHG� WR
IX]]\� RXWSXWV�� 6LQJOHWRQ� RXWSXW� PHPEHUVKLS
IXQFWLRQV�DUH�VKRZQ�RQ�ILJXUH��
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)LJ�����2XWSXW�PHPEHUVKLS�IXQFWLRQV

7KH� LQIHUHQFH� LV� SHUIRUPHG� XVLQJ� WKH� PLQLPXP
RSHUDWRU� DQG� WKH� FRPSRVLWLRQ� LV� GRQH� XVLQJ� WKH
PD[LPXP�RSHUDWRU� �0DPGDQL� W\SH�RI� WKH� LQIHUHQFH
HQJLQH��� 7KH� FHQWUH� RI� *UDYLW\� GHIX]]LILFDWLRQ
PHWKRG�LV�LPSOHPHQWHG�
7KH� NQRZOHGJH� EDVH� RI� WKH� GHFRPSRVHG� 3,'�)/&
UHDOLVHG� ZLWK� HTXDWLRQ� ���� LV� FRPSRVHG� E\� WKUHH
LQIHUHQFH�UXOH�EDVHV�� WKH�SURSRUWLRQDO� UXOH�EDVH�� WKH
GLIIHUHQWLDO� UXOH� EDVH� DQG� WKH� LQWHJUDO� UXOH� EDVH�
7KUHH�UXOHV�RI�WKH�UXOH�EDVH�IRU�WKH�SURSRUWLRQDO�SDUW
RI�WKH�IX]]\�FRQWUROOHU�DUH�GHVFULEHG�LQ�WDEOH���

7DEOH����7KH�UXOH�EDVH�RI�WKH�SURSRUWLRQDO�SDUW�RI�WKH
IX]]\�3,'�FRQWUROOHU�
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7KH� GLIIHUHQWLDO� SDUW� DQG� WKH� LQWHJUDO� SDUW� RI� WKH
IX]]\� ORJLF� FRQWUROOHU� DUH� UHDOLVHG� ZLWK� WKH� VDPH
W\SH� RI� RQH�WHUP� UXOHV�� +RZHYHU�� WKH� NQRZOHGJH
EDVH�RI� WKH�GHFRPSRVHG� IX]]\� FRQWUROOHU� LV� GHILQHG
E\�QLQH�UXOHV�
7KH� NQRZOHGJH� EDVH� RI� WKH� 3'�,� )/&� VKRZQ� RQ
ILJXUH� �� LV� FRPSRVHG� E\� WZR� LQIHUHQFH� UXOH� EDVHV�
WKH� WZR�GLPHQVLRQDO� SURSRUWLRQDO�GLIIHUHQWLDO� UXOH
EDVH�DQG� WKH�RQH�GLPHQVLRQDO� LQWHJUDO� UXOH� EDVH�� ,Q
WKLV�FDVH�� WKH�FRQWUROOHUV�NQRZOHGJH�EDVH�LV�GHILQHG
E\�WZHOYH�UXOHV������������1LQH�WZR�WHUP�UXOHV�RI�WKH
WZR�GLPHQVLRQDO�UXOH�EDVH�DUH�GHVFULEHG�LQ�WDEOH���

7DEOH����7KH�WZR�GLPHQVLRQDO�UXOH�EDVH
(
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$FFRUGLQJ�WR�WKH�VWUXFWXUH�SUHVHQWHG�RQ�ILJXUH����WKH
NQRZOHGJH� EDVH� RI� WKH� 3'�3,�)/&� FRQVLVW� RI� WZR
WZR�GLPHQVLRQDO� LQIHUHQFH� UXOH� EDVHV�� WKH
SURSRUWLRQDO�GLIIHUHQWLDO� UXOH� EDVH� DQG� WKH
SURSRUWLRQDO�LQWHJUDO�UXOH�EDVH�
,Q� WKH� FDVH�� WKH� 3'� UXOH� EDVH� DQG� WKH� 3,� UXOH� EDVH
FRQWDLQ� GLIIHUHQW� UXOHV�� WKH� FRQWUROOHU� NQRZOHGJH
EDVH� LV� GHILQHG� E\� HLJKWHHQ� UXOHV� ���� �� ����
2EYLRXVO\�� VR� ORQJ� DV� ZH� WDNH� WKH� XQLILHG
TXDQWL]DWLRQ� PHWKRG� DQG� WKH� DSSURSULDWH� VFDOLQJ
IDFWRUV��ERWK�3,�DQG�3'�FRQWURO�UXOHV�FDQ�EH�UHDOLVHG
WKURXJK� XQLILHG� IX]]\� FRQWURO� UXOH� EDVH�� ,W� PHDQV
WKDW�D�NQRZOHGJH�EDVH�FDQ�EH�LPSOHPHQWHG�E\�XVLQJ
RQH�UXOH�EDVH�ZLWK�QLQH� WZR�GLPHQVLRQDO� UXOHV��7KH
DGYDQWDJH� RI� WKLV� DSSURDFK� LV� LQ� VLPSOLI\LQJ� WKH
FRQWURO� UXOH� EDVH� VLJQLILFDQWO\�� 2Q� WKH� RWKHU� KDQG�
WKH� GLVDGYDQWDJH� RI� WKLV� DSSURDFK� LV� WKDW� WKH



FRQWUROOHU� SDUDPHWHUV� DUH� FRXSOHG� ZLWK� HDFK� RWKHU
DQG�KDYH�WR�EH�UHJXODWHG�LQ�FRPELQDWLRQ�
7KH�UHDO�WLPH� LPSOHPHQWDWLRQ�RI�WKH�FRQWURO� IRU� WKH
PDJQHWLF� VXVSHQVLRQ� V\VWHP� DOORZHG� WR� SHUIRUP
VHYHUDO� LQWHUHVWLQJ� H[SHULPHQWV� ZKHUH� WKH� IX]]\
FRQWUROOHU�SURYHG�WR�EH�YHU\�HIILFLHQW��7ZR�W\SHV�RI
UHDO� WLPH�H[SHULPHQWV�KDYH�EHHQ�GRQH��H[SHULPHQWV
IRU� VHW�SRLQW� FKDQJHV� DQG� H[SHULPHQW� IRU� ORDG
GLVWXUEDQFHV�

��� &RPSDULVRQ�RI�7LPH�5HVSRQVHV�8QGHU
6WHS�6HW�3RLQW�&KDQJHV

,Q� RUGHU� WR� FRPSDUH� WKH� HIIHFWLYHQHVV� RI� DOO� WKUHH
IX]]\�3,'�FRQWUROOHUV�ZH�WHVW�WLPH�UHVSRQVHV�IRU�WKH
FRQWURO� DW� WKH� VDPH� VHW�SRLQW� FKDQJHV�� 7KH

RSWLPLVDWLRQ�RI�VFDOLQJ�IDFWRUV�IRU�WKH�VHW�SRLQW�K ��
PP�ZDV�GRQH�
)LJXUH��� VKRZV�D�FRPSDULVRQ�RI� WKH� VWHS� UHVSRQVHV
RI�DOO�WKUHH�IX]]\�3,'�VWUXFWXUHV� LQ�WZR�UHJLRQV����
DQG� �� PP��� ZKHUH� SURFHVV� G\QDPLF� SHUIRUPDQFHV
DUH�GLIIHUHQW��([SHULPHQW�FRQWDLQV�VHW�SRLQW�FKDQJHV
LQ� SRVLWLYH� ������� PP�� DQG� QHJDWLYH� �������
GLUHFWLRQ��%RWK�FXUYHV��VLJQHG�ZLWK�QR����LQ�)LJXUH��
UHSUHVHQWV�VWHS�UHVSRQVHV�RI�WKH�PDJQHWLF�VXVSHQVLRQ
V\VWHP� \LHOGHG� E\� WKH� GHFRPSRVHG� 3,'�)/&�� ,W� LV
HYLGHQW�WKDW�WKH�RYHUVKRRW�LV�ELJ�DQG�WKH�VHWWOLQJ�WLPH
LV�ORQJ�DW�VHW�SRLQW�FKDQJHV�LQ�DOO�UHJLRQV��,Q�RUGHU�WR
UHGXFHV� RYHUVKRRW� DQG� VHWWOLQJ� WLPH��ZH� KDYH� EHHQ
XVHG� 3'�,� ±� )/&�� &XUYHV�� VLJQHG� ZLWK� QR�� �� LQ
)LJXUH���VKRZV�WKDW�VWHS�UHVSRQVHV�DUH�QRW�REYLRXVO\
LPSURYHG�� 2Q� WKH� RWKHU� KDQG�� WKH� 3'�3,� ±� )/&
\LHOGV�VWHS�UHVSRQVHV�ZLWK�D�VPDOO�RYHUVKRW�DQG�VKRUW
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VHWWOLQJ�WLPH�DV�LV�VKRZQ�ZLWK�FXUYHV�QR����LQ�)LJXUH
��

��� &RPSDULVRQ� RI� 7LPH� 5HVSRQVHV� 8QGHU
/RDG�'LVWXUEDQFHV

)LJXUH� ��� UHVSHFWLYHO\�� VKRZ� WKH� UHVSRQVHV� RI� DOO
WKUHH� IX]]\� 3,'� FRQWUROOHU� VWUXFWXUHV� GXH� WR� ORDG
GLVWXUEDQFHV� DSSOLHG� DW� W ���� V� DQG� W ���� V�� $V� D
UHVXOW�� 3'�3,� ±� )/&� VKRZV� WKH� EHVW� UHJXODWLRQ
DJDLQVW� VWHS� ORDG� YDULDWLRQV�� 7KH� 3'�,� ±� )/&� DQG
WKH� GHFRPSRVHG� 3,'� ±� )/&� DUH� OHVV� HIILFLHQW� �WKH
RYHUVKRRW�LV�ELJJHU�DQG�WKH�VHWWOLQJ�WLPH�LV�ORQJHU��

����&RQFOXVLRQ
7KUHH� 3,'� ±� )/&� VWUXFWXUHV� KDYH� EHHQ� FRPSDUHG
DQG� WHVWHG� DV� D� UHDO�WLPH� FRQWUROOHU� IRU� D� PDJQHWLF
VXVSHQVLRQ� V\VWHP�� 7KH� PRGHO� RI� WKH� PDJQHWLF
VXVSHQVLRQ� V\VWHP� KDV� EHHQ� UHDOLVHG� E\� WKH� VLPSOH
HOHFWURPDJQHW�DQG�WKH�VWHHO�EDOO�
7KH�3'�,���)/&�LV�ZLGHQLQJ�RI�WKH�XVXDO�3'���)/&
VWUXFWXUH�� 7KH� IX]]\� LQWHJUDO� SDUW� LV� VHW� DVLGH� WR
LPSURYH� WKH� VWHDG\�VWDWH� UHVSRQVH�� %\� LQWURGXFLQJ
WKH� FRPELQDWLRQ� RI� 3'� IX]]\� FRQWUROOHU� DQG� 3,
LQFUHPHQWDO� IX]]\� FRQWUROOHU�� WKH�3,'� IX]]\� FRQWURO
FDQ� EH� LPSOHPHQWHG� ZLWK� WZR� VHSDUDWHG� WZR�WHUP
FRQWURO� UXOH� EDVHV�� 7KH� PDLQ� DGYDQWDJH� RI
GHFRPSRVHG� 3,'� �� )/&� LV� LWV� VLPSOLFLW\� DQG
UHGXFWLRQ� RI� OLQJXLVWLF� UXOHV�� ,W� LV� HYLGHQW� IURP� WHVW
UHVXOWV�WKDW�SHUIRUPDQFHV�RI�DOO�WKUHH�3,'�FRQWUROOHUV
DUH�DEOH�WR�VWDELOLVH�WKH�PDJQHWLF�VXVSHQVLRQ�V\VWHP�
$�VWHS�UHVSRQVH�RI� WKH�3'�3,� ��)/&� LV� VXSHULRU� WR
VWHS�UHVSRQVHV�RI�3'�,�±�)/&�DQG�GHFRPSRVHG�3,'
�� )/&�� 7KLV� LV� GXH� WR� WKH� VLPSOLILFDWLRQ� RI� WKH
PXOWLYDULDEOH� VWUXFWXUH�RI�GHFRPSRVHG�3,'� DQG� WKH
ODFN� RI� D� JRRG� PDSSLQJ� SURSHUW\� RI� WKH
PXOWLYDULDEOH� NQRZOHGJH� EDVH�� $� ORVV� RI� DFFXUDF\
PXVW�EH�DFFHSWHG��,W�VKRXOG�EH�PHQWLRQHG�WKDW�UHVXOWV
RI�WKH�VLPSOH�IX]]\�FRQWUROOHU�KDYH�EHHQ�REWDLQHG�E\
WKH�EDVLF�VKDSH�RI�PHPEHUVKLS�IXQFWLRQV��,W�FRXOG�EH
H[SHFWHG� WKDW� ILQH� WXQLQJ� RI� PHPEHUVKLS� IXQFWLRQV
ZLOO�UHVXOW�LQ�EHWWHU�SHUIRUPDQFH��VPDOOHU�RYHUVKRRW��
)XUWKHU� UHVHDUFK� ZLOO� EH� GLUHFWHG� WR� WKH� FRQWURO� RI
WKHRUHWLF� DVSHFWV� RI�GHFRPSRVHG� IX]]\� 3,'� FRQWURO
LQ� YDJXH� HQYLURQPHQWV� OLNH� VWDELOLW\� DQDO\VLV� RU
UREXVWQHVV�

5HIHUHQFHV�
>�@� 5��.��0XGL�� 1�� 5�� 3DO�� $� 5REXVW� 6HOI�7XQLQJ

6FKHPH�IRU�3,��DQG�3'�7\SH�)X]]\�&RQWUROOHUV�
,(((� 7UDQV�� )X]]\� 6\VW��� 9RO�� ��� 1R�� ��� �����
SS�������

>�@�0�� &KHQ��'�$�� /LQNHQV��$� K\EULG� QHXUR�IX]]\
3,'�FRQWUROOHU��)X]]\�6HWV�DQG�6\VWHPV��9RO�����
������SS��������

>�@�&��7��&KDR��&��&�� 7HQJ��$� 3'�OLNH� VHOI�WXQLQJ
IX]]\� FRQWUROOHU� ZLWKRXW� VWHDG\�VWDWH� HUURU�
)X]]\�6HWV�DQG�6\VWHPV��9RO������������SS������
����

>�@�/��6��&RHOKR��$��$��5��&RHOKR��$Q�H[SHULPHQWDO
DQG�FRPSDUDWLYH�6WXG\�RI� IX]]\�3,'�FRQWUROOHU
VWUXFWXUHV�� ,Q�� 5�� 5R\�� 7�� )XUXKDVKL� DQG� 3�.�
&KDZGKU\� �(GV��� $GYDQFHV� LQ� 6RIW� &RPSXWLQJ
(QJLQHHULQJ� 'HVLJQ� DQG� 0DQXIDFWXULQJ�
6SULQJHU±9HUODJ� /RQGRQ� /LPLWHG�� ������ SS�
��������

>�@�0��*RORE��'HFRPSRVLWLRQ�RI�D� IX]]\�FRQWUROOHU
EDVHG�RQ� WKH� LQIHUHQFH�EUHDN�XS�PHWKRG�� ,Q��5�
5R\�� 7�� )XUXKDVKL� DQG� 3�.�� &KDZGKU\� �(GV��
$GYDQFHV� LQ� 6RIW� &RPSXWLQJ� (QJLQHHULQJ
'HVLJQ� DQG� 0DQXIDFWXULQJ�� 6SULQJHU±9HUODJ
/RQGRQ�/LPLWHG��������SS����������

>�@� 0�� *RORE�� %�� 7RYRUQLN�� �� $� UHDO�WLPH� IX]]\
FRQWUROOHU�EDVHG�RQ� LQIHUHQFH�EUHDN�XS�PHWKRG�
3URFHHGLQJV� RI� WKH� �WK� (XURSHDQ� &RQJUHVV� RQ
,QWHOOLJHQW� 7HFKQLTXHV� DQG� 6RIW� &RPSXWLQJ�
$DFKHQ��*HUPDQ\��6HSWHPEHU�������������9RO�
���SS����������

>�@�<�� /L��.��&��1J��5HGXFHG� UXOH�EDVH� DQG� GLUHFW
LPSOHPHQWDWLRQ� RI� IX]]\� ORJLF� FRQWURO�� ��WK

,)$&� :RUOG� &RQJUHVV�� 6DQ� )UDQFLVFR�� &$�
86$��SS�������

>�@� '�� 3�� .ZRN�� 3�� 7DQ�� &�� .�� /L�� 3�� :DQJ�
/LQJXLVWLF� 3,'� FRQWUROOHUV�� ��WK� ,)$&� :RUOG
&RQJUHVV�� 7DOOLQQ�� (VWRQLD�� 8665�� 9RO� ��� SS�
��������

>�@�0�� *RORE�� %�� 7RYRUQLN�� �� )X]]\� %DOO� 3RVLWLRQ
&RQWURO� LQ� WKH� 0DJQHWLF� )LHOG�� 3URF�� RI� WKH
:RUOG�0XOWLFRQIHUHQFH�RQ�6\VWHPV��&\EHUQHWLFV
DQG�,QIRUPDWLFV��2UODQGR��)/��86$��9RO��������
���������


