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H�I�WKGH�RLWXDJQH�PQ�WKG�REDVHQW�HPHO�HOQWURO�FRLQDRU�IHVV�URFKH�SWR�WQDO��VLJWV�DWSXW�RX�WKDLFH�GHY���$OOHUWURQ&R
O�JQDU�VLHUUR

&RQWUROOHU

�LJ�)Q��Q�ZQ�LKRV�LV�UJHQKDF�H[HDWK�D�LQYLQJOHDDPHVWUI�DRUH�DWUDWXSHP�WHH�WKWUROFRQ�WR�GLUHHTXUH�UZDUKDUGZDURO�RQWH�KH�F7 ± ���
QV�UVLRQYH�FRWLYHSHF�UHVKHLUWK�W�ZLRQJH�DO�KHUWHGV�OLVHQWSRQFRPQJ�RZLIROOKH��RI�WLVWVRQVUH�FGZDKDUKLV�7

UHDWUDWXSH�WHHU�FHU��WHPVGXUDQ7 � RW � QW��UUXUUHF��
QWUUH��FXOOHU�WUR&RHU���SXWRP& Q � RW � QW���UUHXF��

HQWFXUUHU��HUWRQY& �WR� H��VXUSUHV��
HVXUSUHVH��YYDOURO�RQW& �WR� DWH�Z�UIOR��

)LJXUH��±��VKRZV�WKDW�D�WKHUPRFRXSOH�LV�XVHG�WR�PHDVXUH�WKH�WHPSHUDWXUH��WKH�VLJQDO�IURP�WKH�WKHUPRFRXSOH�LV�VHQW�WR�D�
W�RXWSH�R��7KSXWH�LQI�WKQ�RFWLR�IXQHDUD�OLQ�LV�LFK��ZP$����WR�RI��JH��UD�WKHW�LQXWSXW�RQW�RXWSXW�LQ�WKH�UDQJH�RI���WR����P$��ZKLFK�LV�D�OLQHDU�IXQFWLRQ�RI�WKH�LQSXW��7KH�RXWSXUUHD�FXHV�GXF�SURLFK�ZKFHU�VGXWUDQ I�
OHWUROFRQWHU�PSX�FR7KHDO��VLJQURU��HUH�DGXFSURW�WR�RLQHW�SKH�VWR�WUHG�SDPSDUHG�WR�WKH�VHW�SRLQW�WR�SURGXFH�DQFRW�LV�UH�LZKHOHU�WUROFRQWKH�HUV�HQWFHU�VGXWUDQWKH� U�

KH�P��ULWKOJRRO�DRQWUU�FSXWHRPKH�FK�W�ZLWQFHRUGDDFF�LQ�P$����WR�RI��JH��UD�WKHO�LQJQDXW�VLXWSQ�RWR�DURU�H�HUV�WKYHUWFRQ QJH�RI���WR����P$�LQ�DFFRUGDQFH�ZLWK�WKH�FRPSXWHU�FRQWURO�DOJRULWKP��7
RQO\�FRQWURO�DOJRULWKP�ZH�KDYH�FRQVLGHUHG�VR�IDU�KDV�EHHQ�SURSRUWLRQDO��/DWHU�LQ�WKLV�FKDSWHU��RWKHU�FRQWURO�DOJRULWKPV�ZLOO�

��R�����H�RDQKH�LQ�WSXWRXW�DQFHRGK�SKLFU��HUWHQYH�FV�WQWHHU�HUROORQWHU�SXWRKH�RI�SXWRXWKHG��ULEHVGHVFULEHG��7KH�RXWSXW�RI�WKH�FRPSXWHU�FRQWUROOHU�HQWHUV�WKH�FRQYHUWHU��ZKLFK�SURGXFHV�DQ�RXWSXW�LQ�WKH�UDQJH�RI���WEH�
URO�RQWKH�FRI�WRS�KH�WWR�WHQW��LV�VUWHUQYH�FR�WKHW�RIWSXH�RVXUSUHVDLU�WKH�O\��LQDOW��)QSXKH�LRI�WLRQ�QFWU�IXLQHD�D�O��DVSVLJ X H��YDOY

�DLU�WKHG�LV�DQQHDUV�OLYH�L�YDOWKHKDW�PH�WVVXH�D��:QJHUFKD�H[KHDWKH�WR�WDP�I�VWHZ�RIORWKH�VWV�DGMXFK�ZKL �WR� 7KHSH��Q�W\RSH
LJ����)Q�LRR�V�DOQW�LRQHPS�FRDFRU�HG�HH��������ZHO�SUQDH[WHUQDO�SRZHU������9��QHHGHG�IRU�HDFK�FRPSRQHQW�LV�DOVR�VKRZQ�LQ��)LJ���± ��XFHQVG�WUD�WK�IRUGHGQHH�LV�LFLWFWU�(O���(OHFWULFLW\�LV�QHHGHG�IRU�WKH�WUDQVGXFHU

FRPSXWHU�FRQWUROOHU��DQG�FRQYHUWHU��$�VRXUFH�RI����SVLJ�DLU�LV�DOVR�QHHGHG�IRU�WKH�FRQYHUWHU��

ͻ

�WKHZLWKWH��VWDHDGW�VWJ�DDWLRSHUEH��WR�FHVVSURWKH�GHU�QVL��FRWKHUDQRQH�WK�RW�ZLUDFLQWHQWV�RQHPSH�FR�WKZ�WKH�FRPSRQHQWV�LQWHUDFW�ZLWK�RQH�DQRWKHU��FRQVLGHU�WKH�SURFHVV�WR�EH�RSHUDWLQJ�DW�VWHDG\KRVHH�7R�
VHQW�HYLQZLQJOOR�IRH��WKVHVDFUH�GHHDP�VWUHVVFSUROG�RH�FI�WKRUH�DWXSHPSHU�WH�WKHW��,IRLQHW�SH�VKWR�WXDO��HTHWXUHUDSHPHW�WORXW

RFFXU��$IWHU�VRPH�GHOD\�WKH�WKHUPRFRXSOH�GHWHFWV�D�GHFUHDVH�LQ�WKH�RXWOHW�WHPSHUDWXUH�DQG�SURGXFHV�D�SURSRUWLRQDO�
W�RLSRLQVHW�KH�W�WR�WLYHHODUUH��DWXSHPSHU�WH�LQSGURKH�WFWV�HWHHU�OHU�GURORQFRQWKH�DV�WRQRRQ�V�VU��$ROOHQWURH�FR�WKDO�WLJQVKH�LQ��LQ�WQJHFKD

WKH�VHV�FDXWHU�QYHU�FR�WKHO�WRJQDQ�VLVH�LFUHDH�LQ7KRQ��DFWLQDO�UWLRRSR�SUJ�WUGLQFFRHV�DHDVQFUXW�LSXW�LQFUHDVHV�DFFRUGLQJ�WRRXWOHU�WUROFRQWKH�
VV�URFHRW�SH�KI�WKZ�R�IORDWHUJUHLW�D�GPWR�DGHU��ZLDOYHH�YQ�WKRSH�WR�DQGDVH�FUHR�LWHU�WYHUFRQWKH�RP�H�IUVXUSUHVSXW�RXW Q
HW�H�UG�WZDLW�WYH�PDQXUHHUDPSW�WWSH�RH�WHDLQFOO\WXYHLOO�UHDW�VI�KZ��IOVHFUHH�LQ�7K��7KH�LQFUHDVHG�IORZ�RI�KRW�VWUHDP�ZLOO�HYHQWXDOO\�LQFUHDVH�WKH�RXWSXW�WHPSHUDWXUH�DQG�PRYH�LW�WRZDUG�WKH�VDPVWUH

H�SRLQW��)URP�WKLV�TXDOLWDWLYH�GHVFULSWLRQ��ZH�VHH�WKDW�WKH�IORZ�RI�VLJQDOV�IURP�RQH�FRPSRQHQW�WR�WKH�QH[W�LV�VXFK�WKDW�WK�Z W�W�WKXF�LV�H[KH�WR�WHQWRRPH��RIURDOVLJRI�RZH�IW�W�WK�VHLRQULSHVH�WDWLXDOLV�T�WKURW��RL
��RLQWHW�SH�VG�WKZDUQ�WRWXUG�UHRXOU�VKQJHFKDW�H[KHDWKH��RI�WXUHHUDHPSHW�WRXWO

ͻ

�LJ��LQ�)ZQ�VKR�LV�WHP�V\VWUROFRQKLV�RU�WP��IJUDGLDLRQ�QWDWPHVWUXG�LQ�DQLQJ�SLS,'��3	OHQWLYDHTX$Q� ±��

VWHPRO�V\RQWU�RI�FUDP�GLDJDWLFFKHP���6UH���)LJX

WXU/HF QWLRHQWDXPQVWUQG�LRO�DQWUV�FRFHV3URH�4�



)RU�FRQYHQLHQFH�LQ�GHVFULELQJ�YDULRXV�FRQWURO�ODZV��RU�DOJRULWKPV��LQ�WKH�QH[W�SDUW�RI�WKLV�FKDSWHU��WKH�WUDQVGXFHU��
FRQWUROOHU��DQG�FRQYHUWHU�ZLOO�EH�OXPSHG�LQWR�RQH�EORFN��DV�VKRZQ�LQ��)LJ���±���

3URSRUWLRQDO�FRQWURO��7KH�VLPSOHVW�W\SH�RI�FRQWUROOHU�LV�WKH�SURSRUWLRQDO�FRQWUROOHU���2XU�JRDO�LV�WR�UHGXFH�WKH�HUURU�
EHWZHHQ�WKH�SURFHVV�RXWSXW�DQG�WKH�VHW�SRLQW��7KH�SURSRUWLRQDO�FRQWUROOHU��DV�ZH�ZLOO�VHH��FDQ�UHGXFH�WKH�HUURU��EXW�
FDQQRW�HOLPLQDWH�LW��,I�ZH�FDQ�DFFHSW�VRPH�UHVLGXDO�HUURU��SURSRUWLRQDO�FRQWURO�PD\�EH�WKH�SURSHU�FKRLFH�IRU�WKH�
VLWXDWLRQ��
7KH�SURSRUWLRQDO�FRQWUROOHU�KDV�RQO\�RQH�DGMXVWDEOH�SDUDPHWHU��WKH�FRQWUROOHU�JDLQ��7KH�SURSRUWLRQDO�FRQWUROOHU�
SURGXFHV�DQ�RXWSXW�VLJQDO��SUHVVXUH�LQ�WKH�FDVH�RI�D�SQHXPDWLF�FRQWUROOHU��FXUUHQW��RU�YROWDJH�IRU�DQ�HOHFWURQLF�
FRQWUROOHU��WKDW�LV�SURSRUWLRQDO�WR�WKH�HUURU��7ߝ�KLV�DFWLRQ�PD\�EH�H[SUHVVHG�DV

3URSRUWLRQDO�FRQWUROOHU��3�FRQWUROOHU���

�εܭ௖ߝ ൅ ௦݌

ZKHUH
S  �RXWSXW�VLJQDO�IURP�FRQWUROOHU��SVLJ�RU�P$�
.F �SURSRUWLRQDO�JDLQ��RU�VHQVLWLYLW\�
��PHDVXUHG�YDULDEOH���VHW�SRLQW�� HUURU ߝ
SV D�FRQVWDQW��WKH�VWHDG\�VWDWH�RXWSXW�IURP�WKH�FRQWUROOHU

,Q�D�FRQWUROOHU�KDYLQJ�DGMXVWDEOH�JDLQ��WKH�YDOXH�RI�WKH�JDLQ��.F FDQ�EH�YDULHG�E\�HQWHULQJ�LW�LQWR�WKH�FRQWUROOHU��
XVXDOO\�E\�PHDQV�RI�D�NH\SDG��RU�D�NQRE�RQ�ROGHU�HTXLSPHQW���
7KH�YDOXH�RI�SV LV�WKH�YDOXH�RI�WKH�RXWSXW�VLJQDO�ZKHQߝ� LV�]HUR��DQG�LQ�PRVW�FRQWUROOHUV�SV FDQ�EH�DGMXVWHG�WR�



REWDLQ�WKH�UHTXLUHG�RXWSXW�VLJQDO�ZKHQ�WKH�FRQWURO�V\VWHP�LV�DW�VWHDG\�VWDWH�DQGߝ�  ����
7R�REWDLQ�WKH�WUDQVIHU�IXQFWLRQ�RI�(T�����ZH�ILUVW�LQWURGXFH�WKH�GHYLDWLRQ�YDULDEOH

ܲ ൌ ݌ െ ௦݌

$W�WLPH�W� ����ZH�DVVXPH�WKH�HUURU�HV�WR�EH�]HUR��7KHQߝ� LV�DOUHDG\�D�GHYLDWLRQ�YDULDEOH��(��(TXDWLRQ���EHFRPHV

�Ǧ݌௦εܭ௖ܧሺݐሻ

�εܭ௖ܧሺݐሻ

%\�WDNLQJ�WKH�/DSODFH�WUDQVIRUP�IRU�WKH�DERYH�HTXDWLRQ��ZH�REWDLQ

�ȋ�Ȍεܭ௖ܧሺݏሻ

3URSRUWLRQDO FRQWUROOHU WUDQVIHU IXQFWLRQ ൌ ሻݏ௦ሺܩ ൌ
ܲሺݏሻ

ሻݏሺܧ
ൌ ௖ܭ

7KH�DFWXDO�EHKDYLRU�RI�D�SURSRUWLRQDO�FRQWUROOHU�LV�GHSLFWHG�LQ��)LJ���±���7KH�FRQWUROOHU�RXWSXW�ZLOO�VDWXUDWH�
�OHYHO�RXW��DW��SPD[  ����SVLJ�RU����P$�DW�WKH�XSSHU�HQG�DQG�DW�SPLQ  ���SVLJ�RU���P$�DW�WKH�ORZHU�HQG�RI�
WKH�RXWSXW��7KH�LGHDO�WUDQVIHU�IXQFWLRQ�(T������GRHV�QRW�SUHGLFW�WKLV�VDWXUDWLRQ�SKHQRPHQRQ��

ͻ

3URSRUWLRQDO�EDQG�LV�XVHG�LQ�VRPH�FRQWUROOHUV�LQVWHDG�RI�JDLQ��7KLV�WHQGV�WR�EH�VRPHZKDW�FRQIXVLQJ�EHFDXVH�JDLQ�W\SH�
FRQWURO�LV�UHIHUUHG�WR�DV�SURSRUWLRQDO�FRQWURO��3URSRUWLRQDO�EDQG�LV�WKH�DPRXQW�RI�FKDQJH�LQ�HUURU�WKDW�ZLOO�FDXVH�WKH�
RXWSXW�WR�JR�IURP�IXOO�RQ�WR�IXOO�RII��7KH�DPRXQW�RI�FKDQJH�LQ�HUURU�LV�FDOFXODWHG�ZDV�D�SHUFHQWDJH�RI�IXOO�VFDOH�HUURU��

3URSRUWLRQDO�EDQG��3�%���%DQG�ZLGWK

3URSRUWLRQDO�EDQG�3�%��EDQG�ZLGWK��LV�GHILQHG�DV�WKH�HUURU�ǻ(��H[SUHVVHG�DV�D�SHUFHQWDJH�RI�WKH�WRWDO�UDQJH�RI
PHDVXUHG�HUURU�ǻ(PD[��UHTXLUHG�WR�PRYH�WKH�ILQDO�FRQWURO�HOHPHQW�IURP�PLQLPXP�YDOXH�WR�PD[LPXP�YDOXH
ǻSPD[�



([DPSOH����$�SQHXPDWLF�SURSRUWLRQDO�FRQWUROOHU�LV�XVHG�LQ�WKH�SURFHVV�VKRZQ�LQ�WKH�EHORZ�ILJXUH�WR�FRQWURO�WKH�
FROG�VWUHDP�RXWOHW�WHPSHUDWXUH�ZLWKLQ�WKH�UDQJH�RI����WR������)��7KH�FRQWUROOHU�JDLQ�LV�DGMXVWHG�VR�WKDW�WKH�RXWSXW�
SUHVVXUH�JRHV�IURP���SVLJ��YDOYH�IXOO\�FORVHG��WR����SVLJ��YDOYH�IXOO\�RSHQ��DV�WKH�PHDVXUHG�WHPSHUDWXUH�JRHV�IURP�
���WR�����)�ZLWK�WKH�VHW�SRLQW�KHOG�FRQVWDQW��)LQG�WKH�FRQWUROOHU�JDLQ�.F�DQG�SURSRUWLRQDO�EDQG��3�%�



1RZ�DVVXPH�WKDW�WKH�JDLQ�RI�WKH�FRQWUROOHU�LV�FKDQJHG�WR�����SVL��)��)LQG�WKH�HUURU�LQ�WHPSHUDWXUH�WKDW�ZLOO�FDXVH�
WKH�FRQWURO�YDOYH�WR�JR�IURP�IXOO\�FORVHG�WR�IXOO\�RSHQ�

$W�WKLV�OHYHO�RI�JDLQ��WKH�YDOYH�ZLOO�EH�IXOO\�RSHQ�LI�WKH�HUURU�VLJQDO�UHDFKHV�����)��7KH�JDLQ��.F�KDV�WKH�XQLWV�RI�
SVL�SHU�XQLW�RI�PHDVXUHG�YDULDEOH��>5HJDUGLQJ�WKH�XQLWV�RQ�FRQWUROOHU�JDLQ��LI�WKH�DFWXDO�FRQWUROOHU�RI��)LJ���±��LV�
FRQVLGHUHG��ERWK�WKH�LQSXW�DQG�WKH�RXWSXW�XQLWV�DUH�LQ�PLOOLDPSHUHV��,Q�WKLV�FDVH�WKH�JDLQ�ZLOO�EH�GLPHQVLRQOHVV�
�L�H���P$�P$��@�

1RWH� WKH�ODUJHU�ZH�PDNH�WKH�SURSRUWLRQDOLW\�FRQVWDQW�
IRU�WKH�SURSRUWLRQDO�FRQWUROOHU��FDOOHG�WKH�FRQWUROOHU�
JDLQ���WKH�VPDOOHU�WKH�VWHDG\�VWDWH�HUURU�ZLOO�EHFRPH�

7KH�RIIVHW�LQ�SURSRUWLRQDO�FRQWUROOHU

,W�LV�LPSRVVLEOH�WR�FRPSOHWHO\�HOLPLQDWH�WKH�HUURU�WKURXJK�WKH�XVH�RI�D�SURSRUWLRQDO�FRQWUROOHU��)RU�H[DPSOH��LI�WKH�VHW�
SRLQW�LV����&�DQG�D�GLVWXUEDQFH�RFFXUV�WKDW�GURSV�WKH�WHPSHUDWXUH�WR����&��LI�ZH�XVH�RQO\�D�SURSRUWLRQDO�FRQWUROOHU��
WKHQ�ZH�ZLOO�QHYHU�EH�DEOH�WR�JHW�WKH�WDQN�WHPSHUDWXUH�WR��H[DFWO\����&��2QFH�WKH�V\WHP�VWDELOL]HV�DJDLQ��WKH�
WHPSHUDWXUH�ZLOO�QRW�EH�H[DFWO\����&��EXW�SHUKDSV����&�RU����&��7KHUH�ZLOO�DOZD\V�EH�VRPH�UHVLGXDO�VWHDG\�VWDWH�
HUURU��FDOOHG��RIIVHW���)RU�D�KRPH�ZDWHU�KHDWHU��WKLV�LV�SUREDEO\�JRRG�HQRXJK��WKH�H[DFW�WHPSHUDWXUH�LV�QRW�WKDW�
FULWLFDO��,Q�DQ�LQGXVWULDO�SURFHVV��WKLV�PD\�QRW�EH�DGHTXDWH��DQG�ZH�KDYH�WR�UHVRUW�WR�D�ELW�PRUH�FRPSOLFDWHG�
FRQWUROOHU�WR�GULYH�WKH�HUURU�WR�]HUR��

2IIVHW� ,W�LV�WKH�VWHDG\�VWDWH�YDOXH�RI�WKH�HUURU��,Q�RWKHU�ZRUG��WKH�RIIVHW�UHSUHVHQWV�WKH�GLIIHUHQFH�EHWZHHQ�WKH�QHZ�
VWHDG\�VWDWH�YDOXH�DQG�WKH�RULJLQDO�YDOXH��WKH�VHW�SRLQW�



([DPSOH��� )RU�WKH�EHORZ�VLJQDO�IORZ�EORFN�GLDJUDP�FORVHG�ORRS�V\VWHP��ILQG�WKH�IROORZLQJ�

)RU�D�XQLW�VWHS�FKDQJH�LQ�7L��ILQG�WKH�IROORZLQJ���
WLPH�FRQVWDQW��߬���D�
WKH�ILQDO�YDOXH�RI�UHVSRQVHE�
WKH�RIIVHW�F�



7L�6�

7R�6�

7P�6�

75�6�

7R�6�

VNHWFK�WKH�UHVSRQVHG�
5HSHDW�WKH�����ZKHQ�WKH�YDOXH�RI�.F ��DQG�.F ����
:KDW�LV�WKH�HIIHFW�RI�LQFUHDVLQJ�WKH�YDOXH�RI�FRQWUROOHU�JDLQ��.F��RQ�WLPH�FRQVWDQW�DQG�WKH�RIIVHW"��





7L�6�

7R�6�

7P�6�

75�6�

7R�6�





7L�6�

7R�6�

7P�6�

75�6�

7R�6�





$�VSHFLDO�FDVH�RI�SURSRUWLRQDO�FRQWURO�LV�RQ�RII�FRQWURO��,W�FRQVLGHUV�D�GLVFRQWLQXRXV�FRQWUROOHU���
,I�WKH�JDLQ�.F�LV�PDGH�YHU\�KLJK��WKH�YDOYH�ZLOO�PRYH�IURP�RQH�H[WUHPH�SRVLWLRQ�WR�DQRWKHU�LI�WKH�SURFHVV�GHYLDWHV�RQO\�
VOLJKWO\�IURP�WKH�VHW�SRLQW��7KLV�YHU\�VHQVLWLYH�DFWLRQ�LV�FDOOHG�WKH�RQ�RII�DFWLRQ�EHFDXVH�WKH�YDOYH�LV�HLWKHU�IXOO\�RSHQ��RQ��RU�
IXOO\�FORVHG��RII���L�H���WKH�YDOYH�DFWV�DV�D�VZLWFK��7KLV�LV�D�YHU\�VLPSOH�FRQWUROOHU�DQG�LV�H[HPSOLILHG�E\�WKH�WKHUPRVWDW�XVHG�LQ�D�
KRPH�KHDWLQJ�V\VWHP��UHIULJHUDWRU��,URQ�DQG�VR�RQ��

21�2))�&RQWUROOHU���

7KH�WKHUPRVWDW�RQ�WKH�ZDWHU�KHDWHU�LV�FDOOHG�DQ�
³RQ�RII�´�W\SH�RI�FRQWUROOHU��'HSHQGLQJ�RQ�WKH�YDOXH�
RI�WKH�HUURU�VLJQDO��WKH�RXWSXW�IURP�WKH�FRQWUROOHU�LV�
HLWKHU�³IXOO�RQ´�RU�³IXOO�RII�´�DQG�WKH�IXHO�YDOYH�LV�
IXOO\�RSHQ�RU�IXOO\�FORVHG��WKHUH�DUH�QR�LQWHUPHGLDWH�
YDOXHV�RI�WKH�RXWSXW��
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