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ZKHUH� W LV� WKH� �Q uu YHFWRU� RI� � WRUTXHV� RU� IRUFHVDSSOLHG�RQ� WKH� MRLQWV�� �� �� QQT0 uu���� LV� WKH�PDQLSXODWRU©VLQHUWLD� PDWUL[� WKDW� LV� V\PPHWULF� DQG� SRVLWLYH� GHILQLWH��� �� QQT�T& uu����� LV� WKH�PDWUL[� RI� FHQWULIXJDO� DQG�&RULROLVIRUFHV�� �� �� QTJ ���� LV� WKH�YHFWRU� RI� JUDYLWDWLRQDO� WRUTXHV
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RU� IRUFHV�� �� ��T�T LV� WKH� IULFWLRQ� IRUFH� YHFWRU�� PI LV� WKHYHFWRU� RI� IRUFHV� LQWHUDFWLQJ� ZLWK� WKH� HQYLURQPHQW� DQGQT ���� LV�WKH�MRLQWV�SRVLWLRQ�YHFWRU�)RU� DQ� DQDO\VLV� RI� WKH� LQWHUDFWLRQ� EHWZHHQPDQLSXODWRU�DQG�HQYLURQPHQW�DQG��VLQFH�WKLV�LQWHUDFWLRQLV� W\SLFDOO\� GHVFULEHG� LQ� WKH� RSHUDWLRQDO� VSDFH�� LW� LVFRQYHQLHQW�WR�UHIHU�WKH�FRQWURO�VFKHPHV�WR�VXFK�D�VSDFH�7KHQ�� WKH� G\QDPLF� PRGHO� RI� WKH� PDQLSXODWRU� LQ&DUWHVLDQ� FRRUGLQDWHV� �6FLDYLFFR� DQG� 6LFLOLDQR�� �����FDQ�EH�ZULWWHQ�DV�
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ZKHUH� DI LV� WKH� DFWXDWRU� IRUFH� GHILQHG� DW� WKH� HQGHIIHFWRU�� 
+ LV�WKH�LQHUWLD�PDWUL[�RI�WKH�PDQLSXODWRU�DQG[&
 � WKH� FHQWULIXJDO� DQG� &RULROLV� IRUFHV�� 4 LV� WKHIULFWLRQ� IRUFH� YHFWRU�� J
 WKH� JUDYLW\� IRUFH� YHFWRU�Q[ �� LV� WKH�SRVLWLRQ�YHFWRU� LQ�&DUWHVLDQ� FRRUGLQDWHVDQG� PI LV� WKH� LQWHUDFWLRQ� IRUFH� ZLWK� WKH� HQYLURQPHQW�7KLV�IRUFH��IRU�DQ�HODVWLF�HQYLURQPHQW��FDQ�EH�PRGHOOHGE\� �[�[.I HPP ��  ���
ZKHUH� P. LV� WKH� HQYLURQPHQW©V� HODVWLFLW\� PDWUL[� DQG
H[ LV� WKH�HQYLURQPHQW©V�SRVLWLRQ�YHFWRU�� �7KH�G\QDPLFPRGHO� RI� (TQ�� ���� LV� GHILQHG� RXWVLGH� WKH� VLQJXODUFRQILJXUDWLRQV�RI�WKH�URERW�%��&RQWURO�6WUDWHJ\$�VLPSOLILHG�VFKHPH�IRU� WKH�SURSRVHG�FRQWURO� LV�VKRZQLQ�)LJ����

)LJXUH���&RQWURO�6FKHPH7KH� FRQWURO� ODZ� LQYROYHV� WZR� IHHGEDFN� ORRSV�� 2QH� RIWKHP� LV� H[WHUQDO� DQG� JHQHUDWHV� D� PRGLILHG� PRWLRQUHIHUHQFH� E\� DGGLQJ� D� WHUP� REWDLQHG� DIWHU� ILOWHULQJ� WKHLQWHUDFWLRQ� IRUFH�E\� WKH� LQYHUVH�RI� WKH� WUDQVIHU� IXQFWLRQRI� WKH� GHVLUHG� LPSHGDQFH� �&DUHOOL� DQG� 3RVWLJR�� ������%HVLGHV��WKH�PRGLILHG�UHIHUHQFH�LV�REWDLQHG�IRU�ERWK�WKHYHORFLW\�DQG�WKH�DFFHOHUDWLRQ��7KHVH�PRGLILHG�UHIHUHQFHVDUH�DSSOLHG�WR�WKH�LQWHUQDO�ORRS�7KH� LQWHUQDO� ORRS� IROORZV� DQ� LQYHUVH� G\QDPLFV� 3'PRWLRQ�FRQWURO�ODZ�
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ZKHUH� [a LV� WKH� HUURU� YHFWRU� GHILQHG� DV�� [[[ R � a �DQG�� D[[[ GR � ��ZLWK� G[ WKH�GHVLUHG�WUDMHFWRU\�DQGWKH� UHIHUHQFH� DGMXVWPHQW� YHFWRU� D[ REWDLQHG� E\DSSO\LQJ�WKH�LPSHGDQFH�LQYHUVH�WR�WKH�LQWHUDFWLRQ�IRUFH�E\�PHDQV��RI�WKH�IROORZLQJ�ODZ�>> @@ �W�I.%S$S�W�[ PD �� ������  ���$���%���. DUH� WKH�PDWULFHV� IRU� WKH�GHVLUHG� LPSHGDQFH�S G�GW�1RWH� WKDW� LI� � PI �� L�H��� QR� FRQWDFW� ZLWK� WKHHQYLURQPHQW� LV� YHULILHG�� WKHQ� GR [[  �� WKXV� WKHPDQLSXODWRU�IROORZV�WKH�QRPLQDO�UHIHUHQFH�7KH� YHFWRU� D LQ� ���� LV� WKH� UHVXOWDQW� RI� DSURSRUWLRQDO�GHULYDWLYH�FRQWUROOHU�ZLWK�QRQ�OLQHDU�JDLQV�GHILQHG�E\� [a�[a�.[a�[a�[a�.[D SYR ����  ���� ���
ZKHUH� YS .�. DUH�SRVLWLYH�GHILQLWH�PDWULFHV�JLYHQ�E\�>> @@�� �����QLSLS .GLDJ�[a�. �    ���
ZLWK
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VXFK� D� ZD\� WKDW� ZKHQ� L[a LQFUHDVHV�� WKH� YDOXH� RI� DUHPDLQV�ERXQGHG��7KXV��WKH�PDQLSXODWRU�FDQ�IROORZ� WKHWUDMHFWRU\� ZLWKRXW� JRLQJ� EH\RQG� WKH� PD[LPXP� YDOXHVDOORZHG�IRU� WKH�DFWXDWRUV��SURYLGHG�WKH�URERW� LV�PRYLQJZLWKLQ� D� UHJLRQ� IDU� HQRXJK� IURP� VLQJXODULWLHV��7KHQ�� WRFRPSXWH� PD[LN LW� LV� QHFHVVDU\� WR� NQRZ� WKH� PD[LPXPDFFHOHUDWLRQ� PD[D DWWDLQDEOH�E\�WKH�URERW��RU�DW� OHDVW�DQHVWLPDWLRQ� RI� WKLV� YDOXH� IURP� VLPXODWLRQV�� 7KHQ�NQRZLQJ� PD[D DQG� DSSO\LQJ� OLPLWV� WR� (TQ�� ���� ZKHQ\�� ffooffoo LL [a[a � LW�IROORZV�WKDW� � �� �  ��� [DN�N PD[LL PD[PD[ �� ����
ZKHUH� R[�� GHSHQGV� RQ� WKH� IROORZHG� WUDMHFWRU\�� %\VROYLQJ�WKH�TXDGUDWLF�HTXDWLRQ��WKH�SRVLWLYH�YDOXH�RI�WKHURRW� LV�FKRVHQ��$IWHU� WKH�DERYH�PHQWLRQHG�GHILQLWLRQ�RIFRQVWDQWV� SLN �� ERWK� YS .�. DUH� SRVLWLYH� GHILQLWHPDWULFHV�5HPDUN��� LQ�(TQV������DQG�������WKH�WDQK QRQ�OLQHDUIXQFWLRQ�KDV�EHHQ�XVHG��GXH�WR� LWV�JRRG�SURSHUWLHV�VXFKDV� WR� EH� ERXQGHG� EHWZHHQ� �� DQG� ��� ZLWK� XQLW\� VORSHFORVH� WR� ��� FRQWLQXRXV� DQG� RGG�� 1RWH� WKDW� DQ\� RWKHUIXQFWLRQ� ZLWK� VLPLODU� SURSHUWLHV� FRXOG� EH� DOVR� XVHG� LQGHILQLQJ�WKH�YDULDEOH�FRQWUROOHU�JDLQV� �$�GHPRQVWUDWLRQ�EHORZ�ZLOO� VKRZ� WKDW� WKH�SURSRVHGFRQWUROOHU� LV� DV\PSWRWLFDOO\� VWDEOH�� 7KH� IROORZLQJOHPPD�ZLOO�EH�XVHG/HPPD� �� ,I� �o��I LV� DQ� LQFUHDVLQJ�� RGG�FRQWLQXRXV�IXQFWLRQ�WKHQ ������!!³³ [GX�X�I[ �� � ����

3URSRVLWLRQ��� /HW�WKH�G\QDPLF�PRGHO�RI�D�URERW�EHVWDWHG� E\�(TQV�� ���� DQG� �����ZKHUH� WKH� HOHPHQWV� RI� WKHJDLQ�PDWULFHV�RI�WKH�3'�FRQWUROOHU�DUH�GHILQHG�E\�(TQV����� DQG� ������ 7KHQ�� WKH� FORVHG�ORRS� V\VWHP� LVDV\PSWRWLFDOO\�VWDEOH��DQG�LW�LV�YHULILHG�WKDW�W�[[�W�OLP GW   ffoo ����
3URRI�� 7KH� FORVHG�ORRS� V\VWHP� REWDLQHG� E\FRPELQLQJ�WKH�URERW�PRGHO�����ZLWK� WKH�FRQWURO� ODZ����FDQ�EH�H[SUHVVHG�DV �  ���� [a�[a�.[a�[a�[a�.[a SY ���� ����

$�/\DSXQRY�FDQGLGDWH�IXQFWLRQ�LV�SURSRVHG�DV
PPP G��.[a[a[a9 S77 ³³��  ��� �� ����

ZLWK� D� SRVLWLYH� ILUVW� WHUP� UHSUHVHQWLQJ� WKH� QRUP� RI� WKHYHORFLW\�HUURU�YHFWRU��7KH�VHFRQG�WHUP�FDQ�EH�H[SUHVVHG
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DQG��EHDULQJ�LQ�PLQG�WKDW�WDQK LV�D�FRQWLQXRXV��RGG�DQGLQFUHDVLQJ� IXQFWLRQ�� E\�/HPPD��� LW� LV� YHULILHG� WKDW� WKHLQWHJUDO� ����� LV� SRVLWLYH�� 7KHQ�� IXQFWLRQ� 9 LV� SRVLWLYHGHILQLWH��$V�UHJDUGV�WKH�WLPH�GHULYDWLYH�9� ��LW�IROORZV�[a�[a�.[a[a[a9 S77 ����� ��  ����
7KHQ��E\�VXEVWLWXWLQJ�WKH�FORVHG�ORRS�HTXDWLRQ[a�[a�[a�.[a�9 Y7 ����   ����
DQG�� VLQFH� E\� GHILQLWLRQ� Y. LV� SRVLWLYH� GHILQLWH�� ZHFRQFOXGH�WKDW� 9�� LV�SRVLWLYH�VHPL�GHILQLWH��,W�VKRXOG�EHUHVRUWHG�� WKHQ�� WR� DSSO\� WKH�.UDVRYVNL�/DVDOOH� WKHRUHP�9LG\DVDJDU��������� � ,W� FDQ� EH� YHULILHG� WKDW�� ZLWKLQ� WKHVHW ^̂ `̀��     ¿¿¾¾½½¯̄®®­­   »»¼¼ºº««¬¬ªª  [a�[a�[a�9[a[a ����: ����
WKH� RULJLQ� LV� WKH� XQLTXH� LQYDULDQW� VHW�� 7KLV� FDQ� EHYHULILHG�E\�QRWLQJ� LQ� WKH�G\QDPLF�(TQ������� WKDW��ZKHQ�a  [� �� WKH� XQLTXH� VROXWLRQ� IRU� �a  [�� LV� �a  [ �7KHUHIRUH�� WKH� RULJLQ� RI� WKH� VSDFH� VWDWH� LVDV\PSWRWLFDOO\�VWDEOH��WKXV�YHULI\LQJ�(TQ�������5HPDUN� ���)RU� WKH� URERW� G\QDPLFV� PRGHO� DV� WKHRQH�GHVFULEHG� LQ�(TQ�� ����� WKH� DQDO\VLV� LV� YDOLG� RXWVLGHWKH� VLQJXODU� FRQILJXUDWLRQV� RI� WKH� URERW�� GXH� WR� ZHOONQRZQ�UHVWULFWLRQV�RI�LQYHUVH�NLQHPDWLFV�

,,,���6,08/$7,21�5(68/76$� PRGHO� RI� 380$� ���� URERW� ZLWK� ��GRI� �ZDLVW�VKRXOGHU� DQG� HOERZ�� �7URFK� DQG� 'HVR\HU�� ������ ZDVXVHG��)LJXUH���VKRZV�D�VFKHPH�RI�WKLV�URERW�7KH� SODQQHG� WDVN� LV� WR� SROLVK� D� SODQH� VXUIDFHSDUDOOHO� WR� WKH� [�\� SODQH� RI� WKH� UHIHUHQFH� EDVH� V\VWHP�IROORZLQJ� D� WUDMHFWRU\� GHILQHG� E\� 6DQWLEDxH]� HW� DO��������
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)LJXUH���5RERW�VFKHPH
ZLWK�LQLWLDO�SRVLWLRQ�DW��[��� �����\�  �����P��]� ����P�7KH�SURSRVHG�LQYHUVH�G\QDPLFV��QRQ�OLQHDU�JDLQ�3'FRQWUROOHU� ZDV� LPSOHPHQWHG�� DQG� WKH� UHVXOWV� REWDLQHGZHUH� FRQWUDVWHG� ZLWK� WKRVH� RI� DQ� LQYHUVH� G\QDPLFV�FRQVWDQW� JDLQV� 3'� FRQWUROOHU�� *DLQV� IRU� WKH� VHFRQGFRQWUROOHU� DUH� OLVWHG� LQ� 7DEOH� ��� )RU� WKH� YDULDEOH� JDLQFRQWUROOHU�� LW� ZDV� FKRVHQ� ��� SLN DQG��@��>���D PD[  �� 7KH�YDOXH� RI� PD[LN ZDV� FRPSXWHGZLWK�(TQ�������

7DEOH���'DWD�RI�WKH�&RQVWDQW�*DLQ�&RQWUROOHU
3�'�JDLQV ,PSHGDQFH> @���GLDJ�. S ������ �$   ��%   

SY .. � ��.   
7KH� SRVLWLRQ� HUURUV� REWDLQHG� ZLWK� ERWK� FRQWUROOHUVDUH�SUHVHQWHG� LQ�)LJV����DQG���� ,W� FDQ�EH�QRWHG� WKDW� WKHFRQVWDQW�JDLQ�3'�FRQWUROOHU�FDQ�QRW�IROORZ�WKH�WUDMHFWRU\ZLWK�]HUR�HUURU��,W�RVFLOODWHG�DERXW�D�FRQVWDQW�HUURU�]RQH�EHFDXVH�DQ�LQFUHDVH�LQ�WKH�JDLQV�VDWXUDWHV� WKH�DFWXDWRUV�DV� LQ� )LJ�� ��� 7KH� YDULDEOH�JDLQ� 3'� FRQWUROOHUDFFRPSOLVKHG� WKH� WUDMHFWRU\� ZLWKRXW� VDWXUDWLQJ� WKHDFWXDWRUV��DV�VKRZQ�LQ�)LJ�����$OVR��D�JRRG�SHUIRUPDQFHIRU�WKH�V\VWHP�LV�REWDLQHG��7KH�UHDVRQV�DUH�WKDW�WKH�JDLQVGHFUHDVH�ZKHQ�WKH�HUURU�LV�KLJK��DQG�WKH\�LQFUHDVH�ZKHQWKH�HUURU�WHQGV�WR�]HUR��VHH�)LJ������$FWXDWRU�VDWXUDWLRQ�LVWKXV�DYRLGHG��7KH�SUHVHQFH�RI�QRQ�PRGHOOHG�QRQ�OLQHDUG\QDPLFV� FDXVHV� WKDW� WKH� FRQVWDQW�JDLQ� SURSRUWLRQDOGHULYDWLYH� FRQWUROOHU� GRHV� QRW� UHDFK� WKH� GHVLUHGWUDMHFWRU\�� ZKHUHDV� WKH� SURSRVHG� FRQWUROOHU� GRHV� DWWDLQWKH�REMHFWLYH�ZLWK�D�KLJK�SHUIRUPDQFH��EHFDXVH�LW�DOORZVWR� LQFUHDVH� WKH� JDLQV� ZKHQ� WKH� HUURU� LV� VPDOO� ZLWKRXW

VDWXUDWLQJ�WKH�DFWXDWRUV��7KH�QRQ�PRGHOOHG�G\QDPLFV� LQWKLV� VLPXODWLRQ� FRUUHVSRQGV� WR� &RXORPE©V� IULFWLRQHIIHFWV�
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,9��&21&/86,2167KLV�ZRUN�KDV�SUHVHQWHG�D�FRQWURO�VWUDWHJ\�IRU�URERWPDQLSXODWRUV� WKDW� DOORZV� WR� LPSURYH� WKH� SHUIRUPDQFHDQG� WR� DYRLG� VDWXUDWLRQ� RI� WKH� FRQWURO� DFWLRQV�� 7KHFRQWURO� LV� FRPSRVHG� RI� DQ� LQYHUVH�G\QDPLFV� FRQWUROOHUZLWK�3'�JDLQV�WKDW�DUH�QRQ�OLQHDU�VWDWH�IXQFWLRQV��,W�KDVEHHQ� SURYHQ� WKDW� WKH� SURSRVHG� FRQWUROOHU� LVDV\PSWRWLFDOO\� VWDEOH�� 7KH� VLPXODWLRQ� UHVXOWV� VKRZ� DJRRG�EHKDYLRXU�RI�WKH�FRQWUROOHU��ZKLFK�KDV�UHDFKHG�WKHSURSRVHG� REMHFWLYHV�� ,W� VKRXOG� EH� REVHUYHG� WKDW�� HYHQWKRXJK� WKH� ZRUN� LV� UHIHUUHG� WR� URERW� PDQLSXODWRUV�� WKHSURSRVHG�FRQWUROOHU�FDQ�EH�DSSOLHG�WR�DQ\�VHFRQG�RUGHUQRQ�OLQHDU� V\VWHP� ZKLFK� DOORZV� IRU� IHHGEDFNOLQHDUL]DWLRQ�
$&.12:/('*(0(1767KH� DXWKRUV� DFNQRZOHGJH� &21,&(7�� $13&\7� DQG816-�IRU�SDUWLDOO\� IXQGLQJ� WKH�ZRUN��$OVR��%��0RUDOHV

DFNQRZOHGJHV� WKH�'HSDUWPHQW� RI�0DWKHPDWLFV�� 6FKRRORI� (QJLQHHULQJ�� ZKHUH� VKH� KROGV� D� SURIHVVRU� SRVLWLRQ�IRU� WKHLU� LQVWLWXWLRQDO� VXSSRUW� GXULQJ� KHU� ZRUN� DW,QVWLWXWR�GH�$XWRPiWLFD�LQ�SXUVXLQJ�WKH�0DVWHU�V�'HJUHHLQ�&RQWURO�6\VWHPV�(QJLQHHULQJ�
5()(5(1&(6$VWU|P� .�� -�DQG� 7�� +lJJOXQG�� ¦7KH� IXWXUH� RI� 3,'FRQWURO§�� &RQWURO� (QJLQHHULQJ� 3UDFWLFH�� ��� �����������������%HQQHWW� 6�� ¦7KH� SDVW� RI� 3,'� FRQWUROOHUV§�� $QQXDO5HYLHZV�LQ�&RQWURO�������������������&DUHOOL� 5�� DQG� -�� 3RVWLJR�� ¦$GDSWLYH� ,PSHGDQFH&RQWUROOHU� IRU� 5RERW� 0DQLSXODWRUV§�� -RXUQDO� RI(QJLQHHULQJ ,�5��RI�,UDQ� � ��	����������������&UDLJ�� -� ,QWURGXFWLRQ� WR� 5RERWLFV�� $GGLVRQ� :HVOH\�������.HOO\�5��DQG�5��&DUHOOL���¦$�FODVV�RI�QRQOLQHDU�3'�W\SHFRQWUROOHUV� IRU� URERW� PDQLSXODWRUV§�� -RXUQDO� RI5RERWLF�6\VWHP���� ��������������������.RGLWVFKHN�� '��� ¦1DWXUDO� PRWLRQ� IRU� URERWV� DUPV§�3URFHHGLQJV� RI� WKH� ����� ,(((� &RQIHUHQFH� RQ'HFLVLRQ�DQG�&RQWURO ���������������3DGHP��%��DQG�5��3DQMD��¦*OREDOO\�DV\PSWRWLFDOO\�VWDEOH3'�� FRQWUROOHU� IRU� URERW� PDQLSXODWRUV§� �� ,QW�� -�&RQWURO�������������������������6DQWLEDxH]�� 9��� 5�� .HOO\� DQG�0�� /ODPD�� ¦)X]]\� 3'�FRQWURO�IRU�URERW�PDQLSXODWRUV§��3URFHHGLQJV�RI�WKH����� ,(((� ,QWHUQDWLRQDO� &RQIHUHQFH� RQ� 5RERWLFDQG�$XWRPDWLRQ� �����������������6FLDYLFFR��/��DQG�%��6LFLOLDQR� 0RGHOOLQJ�DQG�&RQWURO�RI5RERW�0DQLSXODWRUV��6SULQJHU���������7DNHJDNL��0��DQG�6��$ULPRWR��¦$�QHZ�IHHGEDFN�PHWKRGIRU�G\QDPLF�FRQWURO�RI�PDQLSXODWRUV§��-��'\Q��6\V�0HDV�� &RQWURO� 7UDQVDFWLRQ�� $60( ���� ��������������7URFK�� .�� DQG� .�� 'HVR\HU�� ¦%HQFKPDUN� 3UREOHPV� IRU&RQWURO� 6\VWHP� 'HVLJQ§�� 5HSRUW� RI� WKH� ,)$&�7KHRU\�&RPPLWWHH��(GLWHG�E\�(�-��'DYLVRQ�� ������������9LG\DVDJDU�� 0��1RQOLQHDU� 6\VWHPV� $QDO\VLV�� 3UHQWLFH�+DOO�,QW����������:HQ�� -�� 7�� DQG� 6�� 0XUSK\�� ¦3,'� FRQWURO� IRU� URERWPDQLSXODWRUV§�� 5HQVVHODHU� 3RO\WHFKQLF� ,QVWLWXWH�&,566(���������:KLWFRPE�� /��� $�� 5L]]L� DQG� '�� .RGLWVFKHN�¦&RPSDUDWLYH� H[SHULPHQWV� ZLWK� D� QHZ� DGDSWLYHFRQWUROOHU� IRU� URERW� DUPV§�� ,(((� 7UDQVDFWLRQV� RQ5RERWLF�DQG�$XWRPDWLRQ �������������������
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