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�
�$EVWUDFW� �� ,Q� WKLV� SDSHU� ZH� SUHVHQW� WKH� FRQWURO� RI� DQ�
LQGXFWLRQ� PDFKLQH� DOLPHQWHG� E\� D� 3:0� WKUHH�SKDVH�LQYHUWHU�XVLQJ�D�FRQWUROOHU�ZLWK�3,'�VWUXFWXUH�DGDSWHG�E\�D IX]]\�LQIHUHQFH�V\VWHP��DGDSWLYH�)/&�3,���+RZHYHU�WKH�PDMRU�GLVDGYDQWDJH�RI� WKH�IX]]\� ORJLF�FRQWURO�LV�WKH�ODFN�RI� GHVLJQ� WHFKQLTXHV�� IRU� WKLV� SXUSRVH� ZH� SURSRVH� DQ�RSWLPL]DWLRQ� WHFKQLTXH� RI� WKH� IX]]\�DGDSWHU� SDUDPHWHUV��DGDSWLYH�)/&�3,�*$���7KLV� WHFKQLTXH�KDYH�SUHVHQWHG�D�JRRG� SHUIRUPDQFHV� FRPSDUHG� WR� WKH� FRQWUROOHU� ZKLFK�KDYH�SDUDPHWHUV�FKRVHQ�E\�WKH�KXPDQ�RSHUDWRU��DGDSWLYH�)/&�3,���
.H\�ZRUGV�±� IX]]\� ORJLF��JHQHWLF�DOJRULWKP��3,'�FRQWUROOHU��DGDSWDWLRQ��RSWLPL]DWLRQ��YHFWRU�FRQWURO��

,��,1752'8&7,21�
1RZDGD\V�� OLNH� D� FRQVHTXHQFH�RI� WKH� LPSRUWDQW�SURJUHVV� LQ�WKH�SRZHU�HOHFWURQLFV�DQG�RI�PLFUR�FRPSXWLQJ��WKH�FRQWURO�RI�WKH� $&� HOHFWULF�PDFKLQHV� NQRZQ� D� FRQVLGHUDEOH� ULVH� DQG� D�SRVVLELOLW\� RI� WKH� UHDO� WLPH� � LPSODQWDWLRQ� DSSOLFDWLRQV�� 7KH�,QGXFWLRQ� PDFKLQH� �,0�� NQRZQ� E\� LWV� UREXVWQHVV�� FRVW��UHOLDELOLW\�DQG�HIIHFWLYHQHVV�LV�WKH�VXEMHFW�RI�VHYHUDO�UHVHDUFK���+RZHYHU��LW�LV�WUDGLWLRQDOO\��IRU�D�ORQJ�WLPH��XVHG�LQ�LQGXVWULDO�DSSOLFDWLRQV� WKDW� GR� QRW� UHTXLUH� KLJK� SHUIRUPDQFHV�� WKLV�EHFDXVH� RI� LWV� KLJK� QRQ�OLQHDULW\� DQG� WKH� SUHVHQFH� RI� WKH�FRXSOLQJ�EHWZHHQ� WKH� VWDWRU� VWDWHV� DQG� WKH� URWRU� VWDWHV�� �2Q�WKH�RWKHU�KDQG��WKH�GLUHFW�FXUUHQW��'�&��PDFKLQH�ZDV�ODUJHO\�XVHG� LQ� WKH� ILHOG� RI� WKH� YDULDEOH� VSHHG� DSSOLFDWLRQV�� ZKHUH�WRUTXH� DQG� DUH� QDWXUDOO\� GHFRXSOHG� DQG� FDQ� EH� FRQWUROOHG�LQGHSHQGHQWO\� E\� WKH� WRUTXH�SURGXFLQJ� FXUUHQW� DQG� WKH� IOX[�SURGXFLQJ� FXUUHQW�� � 6LQFH� %ODVKNH� DQG� +DVVH� >���@� KDYH�GHYHORSHG� WKH� QHZ� WHFKQLTXH� NQRZQ� DV� YHFWRU� FRQWURO�� WKH�XVH� RI� WKH� LQGXFWLRQ� PDFKLQH� EHFRPHV� PRUH� DQG�PRUH�LQFUHDVLQJO\�� IUHTXHQW�� 7KLV� FRQWURO� FDQ� SURYLGH� WKH�VDPH�SHUIRUPDQFH�DV�DFKLHYHG�IURP�D�VHSDUDWHO\�H[FLWHG�'&�PDFKLQH��7KH�FRQWUROOHUV�PRVW�RIWHQ�XVHG�LQ�WKH�LQGXVWULDO�DSSOLFDWLRQV�DUH� WKH� 3,'�W\SH� FRQWUROOHUV� EHFDXVH� RI� WKHLU� VLPSOH�VWUXFWXUHV� DQG� JRRG� SHUIRUPDQFHV� LQ� D� ZLGH� UDQJH� RI�RSHUDWLQJ�FRQGLWLRQV�>�@��,Q�WKH�OLWHUDWXUH��WKH�3,'�FRQWUROOHUV�FDQ�EH�GLYLGHG�LQWR�WZR�SDUWV��,Q� WKH� ILUVW� SDUW�� WKH� FRQWUROOHU� SDUDPHWHUV� DUH� IL[HG� GXULQJ�FRQWURO� RSHUDWLRQ�� 7KHVH� SDUDPHWHUV� DUH� VHOHFWHG� LQ� DQ�RSWLPDO�ZD\�E\�NQRZQ�PHWKRGV�VXFK�DV�WKH�SROHV�LPSRVLWLRQ��=HLJOHU� DQG�1LFKROV���� HWF�� �7KH�3,'�FRQWUROOHUV�RI� WKLV� SDUW�DUH� VLPSOH�EXW� WKH\�KDYH�D�GLVDGYDQWDJH� WKDW� WKH\�DUH�OLQHDU�DQG� FDQQRW� FRQWURO� V\VWHPV� ZLWK� FKDQJLQJ� SDUDPHWHUV� DQG�

KDYH�D�KLJK�QRQ�OLQHDULW\�>�@���,Q�WKH�VHFRQG�SDUW��WKH�FRQWUROOHUV�KDYH�DQ�LGHQWLFDO�VWUXFWXUH�WR� 3,'� FRQWUROOHUV� EXW� WKHLU� SDUDPHWHUV� DUH� DGDSWHG� RQ�OLQH�SDUDPHWHUV�HVWLPDWLRQ�RI� WKH�SURFHVV�� �7KHVH�FRQWUROOHUV�DUH�NQRZQ�DV�DGDSWLYH�3,'�FRQWUROOHUV��,Q� FRQWURO� E\� IX]]\� ORJLF�� WKH� OLQJXLVWLF� GHVFULSWLRQ� RI� WKH�H[SHUWLVH�KXPDQ� LV�SUHVHQWHG� LQ� WKH� IRUPV�RI� IX]]\�UXOHV�RU�UHODWLRQV�IRU�FRQWUROOLQJ�WKH�V\VWHP���7KH�FRQWUROOHUV�EDVHG�RQ�IX]]\� ORJLF� �)/&�� FDQ� EH� FRQVLGHUHG� QRQ�OLQHDU� 3,'�ZKHUH�WKHLU� SDUDPHWHUV� DUH� GHWHUPLQHG� RQ�OLQH� EDVHG� RQ� WKH� HUURU�DQG�LWV�GHULYDWLYH��&RQWUROOHUV�)/&�QHHG�PXFK�LQIRUPDWLRQ�WR�FRPSHQVDWH� IRU� QRQ�OLQHDULW\�ZKHQ� WKH�RSHUDWLRQ�FRQGLWLRQV�FKDQJH� >� �� @�� �0RUHRYHU�� LI� WKH�QXPEHU�RI� WKH� LQSXWV�RI� WKH�)/&�LQFUHDVHV�WKH�GLPHQVLRQ�RI�WKH�UXOHV�EDVH�LQFUHDVHV��7R�RYHUFRPH�WKH�GLVDGYDQWDJHV�RI�3,'�FRQWUROOHUV�DQG�)/&��ZH� SURSRVH� LQ� WKLV� SDSHU� D� FRPELQDWLRQ� EHWZHHQ� WKH� WZR�W\SHV� RI� FRQWUROOHUV�� 3,'� SDUDPHWHUV� FRQWUROOHU� FDQ� EH�DGMXVWHG� E\� DQ� DGDSWLYH� PHFKDQLVP� EDVHG� RQ� D� IX]]\�LQIHUHQFH� �DGDSWLYH� )/&�3,�� IRU� WKH� VSHHG� FRQWURO� RI� D� ,0�DOLPHQWHG�E\�DQ�3:0�LQYHUWHU��+RZHYHU��WKH�PDMRU�GUDZEDFN�RI�IX]]\�FRQWURO�LV�WKH�ODFN�RI�GHVLJQ� WHFKQLTXHV>�@�� 0RVW� RI� WKH� IX]]\� UXOHV� DUH� KXPDQ�NQRZOHGJH�RULHQWHG�DQG�KHQFH�UXOHV�ZLOO�GHYLDWH�IURP�SHUVRQ�WR�SHUVRQ�LQ�VSLWH�RI�WKH�VDPH�SHUIRUPDQFH�RI�WKH�V\VWHP��7KH�VHOHFWLRQ�RI� VXLWDEOH� IX]]\� UXOHV��PHPEHUVKLS�IXQFWLRQV�DQG�WKHLU� GHILQLWLRQV� DORQJ� WKH� XQLYHUVH� RI� GLVFRXUVH� DOZD\V�LQYROYH�D�SDLQVWDNLQJ�WULDO�DQG�HUURU�SURFHVV��*D�PRVW�NQRZQ�DQG� LV� PRVW� ODUJHO\� HPSOR\HG� LQ� WKH� WHFKQLTXH� RI� JOREDO�UHVHDUFK� ZLWK� D� FDSDFLW\� WR� H[SORUH� DQG� H[SORLW� D� JLYHQ�RSHUDWLRQ� VSDFH� XVLQJ� WKH� PHDVXUHPHQW� RI� WKH� DYDLODEOH�SHUIRUPDQFH�>����@��5HFHQWO\�RI�PDQ\�DSSOLFDWLRQV�FRPELQLQJ�WKH�IX]]\�FRQFHSWV�DQG�*D�DSSHDUHG��SDUWLFXODUO\��WKH�XVH�RI�*D� IRU� WKH� IX]]\� ORJLF� V\VWHPV� FRQWURO� GHVLJQ�� 7KHVH�DSSURDFKHV� WKXV�DSSURDFKHV�DUH�FDOOHG�JHQHWLF�IX]]\�V\VWHP�,Q� WKLV� ZD\�� ZH� SURSRVH� D� WHFKQLTXH� WR� RSWLPL]H� WKH�SDUDPHWHUV�RI� IX]]\�DGDSWHU�RI�FRQWUROOHU�3,�� � WKH�FRQWUROOHU�UHVXOWLQJ� IURP� WKLV� FRPELQDWLRQ� LV� NQRZQ� RQ� WKH� QDPH���DGDSWLYH�)/&�3,�*$�LQ�RUGHU�WR�DSSO\�LW�WR�WKH�VSHHG�FRQWURO�RI�WKH�LQGXFWLRQ�PDFKLQH��
,,��,1'8&7,21�0$&+,1(�02'(/�

)LJ�� �� EHOORZ� JLYHV� WKUHH� GLIIHUHQW� UHIHUHQFH� IUDPHV�� VWDWRU�
UHIHUHQFH� IUDPH� �D E� ��� URWRU� UHIHUHQFH� IUDPH� �'�4� DQG�
DUELWUDU\�UHIHUHQFH�IUDPH��G�T����
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)LJ�����EORF�GLDJUDP�RI�,)2&�IRU�DQ�LQGXFWLRQ�PRWRU��

7KH� LQGXFWLRQ� PRWRU� PDWKHPDWLFDO� PRGHO�� LQ� VSDFH� YHFWRU�QRWDWLRQ� >�����@�� HVWDEOLVKHG� LQ� G�T� FR�RUGLQDWH� V\VWHP�
URWDWLQJ�DW�VSHHG� HZ LV�JLYHQ�E\�WKH�IROORZLQJ�HTXDWLRQV��
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)LJ������0HPEHUVKLS�IXQFWLRQV� *

s
n �HW� *

ln �

,,,���7+(�63(('�&21752/�2)�7+(�,0�%<�$1�$'$37,9(�&21752//(5�)/&�3,�
7R�RYHUFRPH�WKH�GLVDGYDQWDJHV�RI�3,'�FRQWUROOHUV�DQG�)/&��ZH� SURSRVH� LQ� WKLV� SDSHU� D� FRPELQDWLRQ� EHWZHHQ� WKH� WZR�W\SHV� RI� FRQWUROOHUV�� 3,'� SDUDPHWHUV� FRQWUROOHU� FDQ� EH�DGMXVWHG� E\� DQ� DGDSWLYH� PHFKDQLVP� EDVHG� RQ� D� IX]]\�LQIHUHQFH� �DGDSWLYH� )/&�3,��� ,Q� ZKDW� IROORZV�ZH� VKRZ� WKH�PHWKRG� RI� FRPELQDWLRQ� EHWZHHQ� WKHVH� WZR� W\SHV� RI�FRQWUROOHUV��
$��*DLQ�$GMXVWPHQW�E\�IX]]\�ORJLF�
7KH�DGMXVWPHQW�RI�WKH�JDLQV�LV�D�WHFKQLTXH�ZKLFK�DFWV�RQ�WKH�
SDUDPHWHUV� RI� 3,� FRQWUROOHU� � SN � LN � WR� WXQH� WKHP� GXULQJ�
FRQWURO� RI� WKH� V\VWHP�� �7KLV�PDNHV�3,�FRQWUROOHU� DGDSWHG� WR�WKH�QRQOLQHDU�V\VWHPV�>��@���7KH�GLDJUDP�RI�WKLV�WHFKQLTXH�LV�LOOXVWUDWHG� LQ� ILJ�� ��� � 7KH� IX]]\� DGDSWHU� DGMXVW� WKH� 3,�SDUDPHWHUV� DQG�JHQHUDWHV� QHZ�SDUDPHWHUV� WR�KLP�� VR� WKDW� LW�DGDSWV�WR�DOO�WKH�RSHUDWLQJ�FRQGLWLRQV�EDVHG�RQ�WKH�HUURU�DQG�LWV�GHULYDWLYH���

%��'HVFULSWLRQ�RI�WKH�IX]]\�DGDSWHU�
7KH� SDUDPHWHUV� RI� 3,� FRQWUROOHU� XVHG� LQ� WKH� GLUHFW� FKDLQ�

SN DQG� SN DUH� QRUPDOL]HG� LQWR� WKH� UDQJH� >���@�� E\� XVLQJ� WKH�
IROORZLQJ�OLQHDU�WUDQVIRUPDWLRQV�>��@��� �� �plqpd{

plq*

ss

ss
s nn

nnn �
� �����

� �� �plqpd{

plq*

ll
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l nn

nnn �� �����
7KH� LQSXW� RI� WKH� IX]]\� DGDSWHU� DUH�� � 7KH� HUURU� H � WKH�
GHULYDWLYH�RI�HUURU� H' WKH�RXWSXWV�DUH���WKH�QRUPDOL]HG�YDOXH�
RI� WKH�SURSRUWLRQDO�DFWLRQ� � 
SN � DQG�WKH�QRUPDOL]HG�YDOXH�RI�
WKH� LQWHJUDO� DFWLRQ� � 
LN ��� � 7KH� IX]]\� VXEVHWV� RI� WKH� LQSXW�
YDULDEOHV� DUH� GHILQHG� DV� IROORZV�� �1%�� �1HJDWLYH�%LJ��10���1HJDWLYH� 0HGLXP�� 16�� � 1HJDWLYH� 6PDOO�� =(�� � =HUR�� 36���3RVLWLYH� 6PDOO�� 30�� � 3RVLWLYH�0HGLXP�� 3%�� � 3RVLWLYH� %LJ���7KH� IX]]\� VXEVHWV� RI� WKH� RXWSXW� YDULDEOHV� DUH�� � %�� %LJ�� 6���6PDOO��7KH� PHPEHUVKLS� IXQFWLRQV� IRU� WKH� LQSXWV� H DQG� H' DUH�GHILQHG� LQ� WKH� UDQJH� >����@� �)LJ� ���� DQG� IRU� WKH� RXWSXWV� DUH�GHILQHG�LQ�WKH�LQWHUYDO�>���@��)LJ�������

7KH�UXOH�EDVH�IRU�FRPSXWLQJ� 
SN DQG� 
LN DUH�VKRZQ�LQ�WDEOHV�,�
DQG�,,�UHVSHFWLYHO\��
2QFH� WKH� YDOXHV� RI� 
SN DQG� 
LN DUH� REWDLQHG�� WKH� QHZ�
SDUDPHWHUV� RI� � 3,� FRQWUROOHU� LV� FDOFXODWHG� E\� WKH� IROORZLQJ�HTXDWLRQV��� � �

plq

*

plqpd{
1

sssss
nnnnn �� ������ � plq

*
plqpd{ 1 lllll nnnnn �� �����

�
7DEOH�,���IX]]\�UXOHV�EDVH�IRU�FRPSXWLQJ� *

sn �
H

h'
*1� 01� 31� =(� 33� 03� *3�

*1� *� *� *� *� *� *� *�
01� 3� *� *� *� *� *� 3�
31� 3� 3� *� *� *� 3� 3�
=(� 3� 3� S� *� S� 3� 3�
33� 3� 3� *� *� *� 3� 3�
03� 3� *� *� *� *� *� 3�
*3� *� *� *� *� *� *� *�

7DEOHDX��,,���IX]]\�UXOHV�EDVH�IRU�FRPSXWLQJ�� *
ln �

H
h' *1� 01� 31� =(� 33� 03� *3�
*1� *� *� *� *� *� *� *�
01� *� *� 3� 3� 3� *� *�
31� *� *� *� 3� *� *� *�
=(� *� *� *� 3� *� *� *�
33� *� *� *� 3� *� *� *�
03� *� *� 3� 3� 3� *� *�
*3� *� *� *� *� *� *� *�

)LJ���VKRZV�WKH�EORFN�GLDJUDP�RI�WKH�LQGLUHFW�ILHOG�RULHQWHG�FRQWURO�E\�DQ�DGDSWLYH�FRQWUROOHU�)/&�3,���
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)LJ������6LPXODWHG�UHVXOWV�RI�DGDSWLYH�)/&�3,�FRQWUROOHU��RI�,0

&���5HVXOWV�RI�VLPXODWLRQ�
7R�SURYH�WKH�HIILFLHQF\�RI�WKH�SURSRVHG�PHWKRG��ZH�DSSO\�WKH�GHVLJQHG�FRQWUROOHU�WR�WKH�FRQWURO�RI�WKH�LQGXFWLRQ�PRWRU��7KH�LQGXFWLRQ�PRWRU�LV�D�WKUHH�SKDVH��<�FRQQHFWHG��IRXU�SROH������N:�� ����PLQ��� �������9�� ��+]�� 7KH� FRQILJXUDWLRQ� RI� WKH�RYHUDOO�FRQWURO�V\VWHP�LV�VKRZQ�LQ�ILJ�����,W�PDLQO\�FRQVLVWV�RI�DQ� LQGXFWLRQ� PRWRU�� D� UDPS� FRPSDULVRQ� FXUUHQW�FRQWUROOHG�SXOVH�ZLGWK�PRGXODWHG��3:0��LQYHUWHU��D�VOLS�DQJXODU�VSHHG�HVWLPDWRU�� DQ� LQYHUVH� SDUN�� DQ�RXWHU� VSHHG� IHHGEDFN� FRQWURO�ORRS�DQG�D�IX]]\�VOLGLQJ�PRGH�VSHHG�FRQWUROOHU�RSWLPL]HG�E\�JHQHWLF� DOJRULWKP�� 7KH� PDFKLQH� SDUDPHWHUV� DUH� JLYHQ� LQ�DSSHQGL[��)LJ�� �� VKRZV� WKH� GLVWXUEDQFH� UHMHFWLRQ� RI� DGDSWLYH� )/&�3,�FRQWUROOHU� ZKHQ� WKH� PDFKLQH� LV� RSHUDWHG� DW� ���� >UDG�VHF@�XQGHU� QR� ORDG� DQG� D� ORDG� GLVWXUEDQFH� WRUTXH� ���� 1�P�� LV�VXGGHQO\�DSSOLHG�DW��VHF��IROORZHG�E\�D�FRQVLJQ�LQYHUVLRQ�������UDG�VHF��DW��VHF��7KH�DGDSWLYH�FRQWUROOHU�UHMHFWV�WKH�ORDG�GLVWXUEDQFH�UDSLGO\�ZLWK�D�QHJOLJLEOH�VWHDG\�VWDWH�HUURU��)LJ����VKRZV�WKH�SDUDPHWHUV�YDULDWLRQV�RI�3,�FRQWUROOHU�GXULQJ�FRQWURO�RSHUDWLRQ���

,9�63(('�&21752/�2)�,0�:,7+�$1�$'$37,9(�5(*8/$7(85�)/&�3,�237,0,=(6�%<�$*�
$���*HQHWLF�$OJRULWKPV�
*$�>��@�DUH� VHDUFK�DOJRULWKPV� WKDW�XVH�RSHUDWLRQV� IRXQG� LQ�QDWXUDO� JHQHWLF� WR� JXLGH� WKURXJK� D� VHDUFK� VSDFH�� *$� XVH� D�GLUHFW� DQDORJ\�RI�EHKDYLRU��7KH\�ZRUN�ZLWK�D�SRSXODWLRQ�RI�FKURPRVRPHV��HDFK�RQH�UHSUHVHQWLQJ�D�SRVVLEOH�VROXWLRQ�WR�D�JLYHQ� SUREOHP�� (DFK� FKURPRVRPH� KDV� DVVLJQHG� D� ILWQHVV�VFRUH� DFFRUGLQJ� WR� KRZ� JRRG� VROXWLRQ� WR� WKH� SUREOHP� LW� LV��*$� DUH� WKHRUHWLFDOO\� DQG� HPSLULFDOO\� SURYHQ� WR� SURYLGH�UREXVW�VHDUFK� LQ�FRPSOH[�VSDFHV��JLYLQJ�D�YDOLG�DSSURDFK�WR�SUREOHP�UHTXLULQJ�HIILFLHQW�DQG�HIIHFWLYH�VHDUFKLQJ�>����@��$Q\� *$� VWDUWV� ZLWK� D� SRSXODWLRQ� RI� UDQGRPO\� JHQHUDWHG�VROXWLRQV�� FKURPRVRPHV�� DQG� DGYDQFHV� WRZDUG� EHWWHU�VROXWLRQV� E\� DSSO\LQJ� JHQHWLF� RSHUDWRUV�� PRGHOHG� RQ� WKH�JHQHWLF�SURFHVVHV�RFFXUULQJ�LQ�QDWXUH��,Q�WKHVH�DOJRULWKPV�ZH�PDLQWDLQ�D�SRSXODWLRQ�RI�VROXWLRQV�IRU�D�JLYHQ�SUREOHP��WKLV�SRSXODWLRQ� XQGHUJRHV� HYROXWLRQ� LQ� D� IRUP� RI� QDWXUDO�VHOHFWLRQ�� ,Q� HDFK� JHQHUDWLRQ�� UHODWLYHO\� JRRG� VROXWLRQV�UHSURGXFH� WR� JLYH� RIIVSULQJ� WKDW� UHSODFH� WKH� UHODWLYHO\� EDG�VROXWLRQV�ZKLFK�GLH��$Q�HYDOXDWLRQ�RU�ILWQHVV�IXQFWLRQ�SOD\V�WKH�UROH�RI�WKH�HQYLURQPHQW�WR�GLVWLQJXLVK�EHWZHHQ�JRRG�DQG�EDG� VROXWLRQV�� 7KH� SURFHVV� RI� JRLQJ� IURP� WKH� FXUUHQW�SRSXODWLRQ�WR�WKH�QH[W�SRSXODWLRQ�FRQVWLWXWHV�LQ�WKH�H[HFXWLRQ�RI�*$��$OWKRXJK�WKHUH�DUH�PDQ\�SRVVLEOH�YDULDQWV�RI�VLPSOH�*$��WKH�IXQGDPHQWDO�XQGHUO\LQJ�PHFKDQLVP�RSHUDWHV�RQ�D�SRSXODWLRQ�RI�FKURPRVRPHV�DQG�FRQVLVWV�RI�WKUHH�RSHUDWLRQV��(YDOXDWLRQ�RI�LQGLYLGXDO�ILWQHVV��)RUPDWLRQ�RI�JHQH�SRRO��LQWHUPHGLDWH�SRSXODWLRQ���5HFRPELQDWLRQ�DQG�PXWDWLRQ���7KH� QH[W� SURFHGXUH� VKRZV� WKH� VWUXFWXUH� RI� D� VLPSOH� *$�>������@��6WUXFWXUH�RI�VWDQGDUG�JHQHWLF�DOJRULWKP�%HJLQ������ W� ���� ,QLWLDOL]H�3RSXODWLRQ�W��� (YDOXDWH�ILWQHVV�3RSXODWLRQ�W��� :KLOH��*HQHUDWLRQV���7RWDO�1XPEHU��GR�� %HJLQ������ 6HOHFW�3RSXODWLRQ�W����RXW�RI�3RSXODWLRQ�W��� $SSO\�&URVVRYHU�RQ�3RSXODWLRQ�W����� $SSO\�0XWDWLRQ�RQ�3RSXODWLRQ�W����
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(YROXWLRQ�
RSHUDWRUV�

3RSXODWLRQ�RI�NQRZOHGJH�%DVHV�

.QRZ��
%DVH�

.QRZ�
%DVH�

.QRZQ
%DVH�

.QRZOHGJH�
%DVH�

)X]]LILFDWLRQ�
,QIHUHQFH�
(QJLQH� 'HIX]]LILFDWLRQ�

2XWSXW�
6FDOLQJ�

&RQWUROOHG�
6\VWHP�

(YDOXDWLRQ�
6\VWHP�

,QSXW�
6FDOLQJ�

)X]]\�&RQWUROOHU��
.%�XQGHU�
HYDOXDWLRQ��

3HUIRUPDQFH�
LQGH[�

)&�2XWSXWV�

6\VWHP�2XWSXWV�

)&�LQSXWV�

6\VWHP�VWDWXV�
DQG�RXWSXWV�

6\VWHP�VWDWXV�
DQG�RXWSXWV�)LJ������(YROXWLRQDU\�OHDUQLQJ�RI�DQ�)/&�

� (YDOXDWH�ILWQHVV�3RSXODWLRQ�W����� W� �W������ (QG�����(QG�����$ ILWQHVV� IXQFWLRQ�PXVW� EH� GHYLVHG� IRU� HDFK� SUREOHP� WR� EH�VROYHG�� *LYHQ� D� SDUWLFXODU� FKURPRVRPH�� D� VROXWLRQ�� WKH�ILWQHVV� IXQFWLRQ� UHWXUQV� D� VLQJOH�QXPHULFDO� ILWQHVV��ZKLFK� LV�VXSSRVHG�WR�EH�SURSRUWLRQDO�WR�WKH�XWLOLW\�RU�DGDSWDWLRQ�RI�WKH�LQGLYLGXDO�ZKLFK�WKDW�FKURPRVRPH�UHSUHVHQWV��7KHUH� DUH� D� QXPEHU� RI� ZD\V� RI� PDNLQJ� WKLV� VHOHFWLRQ��:H�PLJKW�YLHZ�WKH�SRSXODWLRQ�DV�PDSSLQJ�RQWR�D�URXOHWWH�ZKHHO��ZKHUH� HDFK� FKURPRVRPH� LV� UHSUHVHQWHG� E\� D� VSDFH� WKDW�SURSRUWLRQDOO\� FRUUHVSRQGV� WR� LWV� ILWQHVV�� %\� UHSHDWHGO\�VSLQQLQJ� WKH�URXOHWWH�ZKHHO�� FKURPRVRPHV�DUH�FKRVHQ�XVLQJ�VWRFKDVWLF�VDPSOLQJ�ZLWK�UHSODFHPHQW�WR�ILOO�WKH�LQWHUPHGLDWH�SRSXODWLRQ�� 7KH� VHOHFWLRQ� SURFHGXUH� SURSRVHG� LQ� >��@�� DQG�FDOOHG� VWRFKDVWLF� XQLYHUVDO� VDPSOLQJ� LV� RQH� RI� WKH� PRVW�HIILFLHQW��ZKHUH� WKH�QXPEHU� RI� RIIVSULQJ�RI�DQ\�VWUXFWXUH� LV�ERXQG� E\� WKH� IORRU� DQG� FHLOLQJ� RI� WKH� H[SHFWHG� QXPEHU� RI�RIIVSULQJ��$IWHU� VHOHFWLRQ� KDV�EHHQ� FDUULHG�RXW� WKH� FRQVWUXFWLRQ� RI� WKH�LQWHUPHGLDWH� SRSXODWLRQ� LV� FRPSOHWH�� WKHQ� WKH� JHQHWLF�RSHUDWRUV�� FURVVRYHU� DQG� PXWDWLRQ�� FDQ� RFFXU�� $� FURVVRYHU�RSHUDWRU� FRPELQHV� WKH� IHDWXUHV� RI� WZR� SDUHQW� VWUXFWXUHV� WR�IRUP�WZR�VLPLODU�RIIVSULQJ��,W�LV�DSSOLHG�ZLWK�D�SUREDELOLW\�RI�SHUIRUPDQFH�� WKH� FURVVRYHU� SUREDELOLW\� �3F��� $� PXWDWLRQ�RSHUDWRU� DUELWUDU\� DOWHUV� RQH� RU� PRUH� FRPSRQHQWV� RI� D�VHOHFWHG�VWUXFWXUH�VR�DV�WR�LQFUHDVH�WKH�VWUXFWXUDO�YDULDELOLW\�RI�WKH�SRSXODWLRQ��(DFK�SRVLWLRQ�RI�HDFK�VROXWLRQ�YHFWRU� LQ� WKH�SRSXODWLRQ� XQGHUJRHV� D� UDQGRP� FKDQJH� DFFRUGLQJ� WR� D�SUREDELOLW\� GHILQHG� E\� D� PXWDWLRQ� UDWH�� WKH� PXWDWLRQ�SUREDELOLW\��3P���
%��'HVLJQ�RI�IX]]\�JHQHWLF�V\VWHP�
'LIIHUHQW� DSSURDFKHV� KDYH� EHHQ� SURSRVHG� WR� DXWRPDWH� WKH�GHVLJQ� RI� IX]]\� V\VWHPV� >�����@��0DQ\� RI� WKHVH� DSSURDFKHV�WDNH� WKH�JHQHWLF�DOJRULWKP�DV�D�EDVH�RI�WKH�OHDUQLQJ�SURFHVV��$ *$� ZDV� XVHG� WR� RSWLPL]H� WKH� IX]]\� ORJLF� LQSXW�PHPEHUVKLS� IXQFWLRQV�� WKH� IX]]\� UXOHV�� WKH� RXWSXW�PHPEHUVKLS�IXQFWLRQV�DQG�XQLYHUVH�RI�GLVFRXUVH�>����@��%����0HPEHUVKLS�SDUDPHWHUV�RSWLPL]DWLRQ�*$�DUH�DSSOLHG� WR�PRGLI\� WKH�PHPEHUVKLS�IXQFWLRQV��:KHQ�PRGLI\LQJ� WKH� PHPEHUVKLS� IXQFWLRQV�� WKHVH� IXQFWLRQV� DUH�SDUDPHWHUL]HG�ZLWK�RQH�WR�IRXU�FRHIILFLHQWV��ILJ������DQG�HDFK�RI� WKHVH� FRHIILFLHQWV� ZLOO� FRQVWLWXWH� D� JHQH� RI� WKH�FKURPRVRPH�IRU�WKH�*$���

%����)X]]\�UXOH�EDVH�RSWLPL]DWLRQ��
'LIIHUHQW�PHWKRGV� DUH�GHILQHG� WR�DSSO\�*$�WR� WKH�UXOH�EDVH�RSWLPL]DWLRQ��GHSHQGLQJ�RQ� LWV� UHSUHVHQWDWLRQ��)RU�H[DPSOH��

*$�DUH�XVHG�WR�PRGLI\�WKH�GHFLVLRQ�WDEOH�RI�DQ�)/&��ZKLFK�LV�DSSOLHG� WR� FRQWURO� D� V\VWHP�ZLWK� WZR� LQSXW� �WULDO�DQG�HUURU��DQG�RQH�LQSXW��FRPPDQG�DFWLRQ��YDULDEOHV��$�FKURPRVRPH�LV�IRUPHG� IURP� WKH� GHFLVLRQ� WDEOH� E\� JRLQJ� URZ�ZLVH� DQG�FRGLQJ� HDFK� RXWSXW� IX]]\� VHW� DV� DQ� LQWHJHU� LQ� ��� ��«�� Q�ZKHUH�Q LV� WKH�QXPEHU�RI�PHPEHUVKLS�IXQFWLRQV�GHILQHG�IRU�WKH�RXWSXW�YDULDEOH�RI�WKH�)/&��9DOXH���LQGLFDWHV�WKDW�WKHUH�LV�QR�RXWSXW��DQG�YDOXH�N LQGLFDWHV�WKDW�WKH�RXWSXW�IX]]\�VHW�KDV�WKH�N�WK�PHPEHUVKLS��%����$OJRULWKP�RI�RSWLPL]DWLRQ�E\�$*�RI�WKH�IX]]\�DGDSWHU�7KH� DSSOLFDWLRQ� RI� WKH� *$� LQ� WKH� RSWLPL]DWLRQ� RI� WKH� )/�FRQWUROOHUV�FDQ�EH�UHIRUPXODWHG�DV�IROORZV����� 6WDUW� ZLWK� DQ� LQLWLDO� SRSXODWLRQ� RI� VROXWLRQV� WKDW�FRQVWLWXWHV�WKH�ILUVW�JHQHUDWLRQ��3�������� HYDOXDWH�3����D�� 7DNH� HDFK� FKURPRVRPH� �.%�� IURP� WKH� SRSXODWLRQ�DQG�LQWURGXFH�LW�LQWR�WKH�)/&��E�� $SSO\� WKH� )/&� WR� WKH� FRQWUROOHG� V\VWHP� IRU� DQ�DGHTXDWH�HYDOXDWLRQ�SHULRG��F�� (YDOXDWH� WKH� EHKDYLRU� RI� WKH� FRQWUROOHG� V\VWHP� E\�SURGXFLQJ�D�SHUIRUPDQFH�LQGH[�WR�WKH�.%����� :KLOH�WKH�WHUPLQDWLRQ�FRQGLWLRQ�LV�QRW�PHW��GR�D�� FUHDWH� D� QHZ� JHQHUDWLRQ� �3�W����� E\� DSSO\LQJ� WKH�HYROXWLRQ� RSHUDWRUV� �VHOHFWLRQ�� FURVVRYHU� DQG�PXWDWLRQ��WR�WKH�LQGLYLGXDOV�LQ�3�W��E�� (YDOXDWH�3�W����F�� W  �W������ (QG���7KH�PHFKDQLVP�RI�WKH�RSWLPL]DWLRQ�FDQ�EH�UHSUHVHQWHG�LQ�ILJ�������

:H�SURSRVH�D�JHQHWLF�OHDUQLQJ�PHWKRG�IRU�WKH�'DWD�%DVH��'%�� RI�0DPGDQL� IX]]\� UXOH� EDVH� V\VWHP� WKDW� DOORZV�XV� WR�GHILQH��x 7KH�QXPEHUV�RI�ODEHOV�IRU�HDFK�OLQJXLVWLF�YDULDEOH��x 7KH�XQLYHUVH�RI�GLVFRXUVH��x 7KH�IRUP�RI�HDFK�IX]]\�PHPEHUVKLS�IXQFWLRQ��7KH� IX]]\� DGDSWHU� FRQVLVWV� RI� WZR� LQSXWV� �HUURU� DQG� LWV�GHULYDWLYH��DQG�WZR�RXWSXWV��D DQG� E ���ZKHUH�HDFK�LQSXW�KDV�
VHYHQ�PHPEHUVKLS�IXQFWLRQV�� �7KHVH�VXEVHWV�DUH�ODEHOOHG�E\�OLQJXLVWLF� WHUPV� VXFK� DV�� �=HUR� �=���1HJDWLYH� �1����� HWF��:H�

)LJ�����6RPH�SDUDPHWHUL]HG�PHPEHUVKLS�IXQFWLRQV�
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)LJ�������0HPEHUVKLS�
IXQFWLRQ�RI�D �

)LJ�������0HPEHUVKLS�
IXQFWLRQ�RI� E �

XVH�*$� WR� VHDUFK� WKH� DSSURSULDWH� SDUDPHWHUV�YDOXHV�� DQG� WR�PRGLI\� WKH� GHFLVLRQV� WDEOH� RI� WKH� )/&� >����@�� ZKHUH� WKH�FKURPRVRPH� LV� IRUPHG� IURP� WKH�GHFLVLRQ� WDEOH�DQG� WR�FRGH�HDFK�PHPEHUVKLS�IXQFWLRQ�E\�D�LQWHJHU�QXPEHU�IURP���WR����QXPEHU� �� LQGLFDWHV� WKH� QXPEHU� RI� PHPEHUVKLS� IXQFWLRQ�GHILQHG� IRU� WKH� WZR� RXWSXWV� >��@�� � 6R�� ZH� FDQ� SUHVHQW� WKH�HTXLYDOHQW�FRGH�E\���6PDOO��6������%LJ��%������DQG�1R�RXWSXW������ ,Q�*$��ZH�RQO\�QHHG�WR�VHOHFW�VRPH�VXLWDEOH�SDUDPHWHUV��VXFK�DV�JHQHUDWLRQV��SRSXODWLRQ�VL]H��FURVVRYHU�UDWH��PXWDWLRQ�UDWH�� DQG� FRGLQJ� OHQJWK� RI� FKURPRVRPH� >��� ��@�� WKHQ� WKH�VHDUFKLQJ�DOJRULWKP�ZLOO�VHDUFK�RXW�D�SDUDPHWHU�VHW�WR�VDWLVI\�WKH�GHVLJQHU
V�VSHFLILFDWLRQ�RU�WKH�V\VWHP�UHTXLUHPHQW��,Q�WKLV�SDSHU�� *$� ZLOO� EH� LQFOXGHG� LQ� WKH� GHVLJQ� RI� VOLGLQJ� PRGH�IX]]\�FRQWUROOHU��7KH�SDUDPHWHUV�IRU�WKH�*$�VLPXODWLRQ�DUH�VHW�DV�IROORZV������,QLWLDO�SRSXODWLRQ�VL]H����������0D[LPXP�QXPEHU�RI�JHQHUDWLRQ�����������&URVVRYHU��8QLIRUP�FURVVRYHU�ZLWK�SUREDELOLW\����������0XWDWLRQ�SUREDELOLW\��������,Q� WKLV� SDSHU�� WKH� SHUIRUPDQFH� LV� PHDVXUHG� XVLQJ� WKH�IROORZLQJ�FULWHULD������0LQLPXP�LQWHJUDO�RI�VTXDUHG�ZKLFK�LV�JLYHQ�DV�IROORZV��
� ��� 
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)LJ�����VKRZV�WKH�WXQLQJ�VFKHPH�RI�3,�FRQWUROOHU�DGDSWHG�E\�D IX]]\�V\VWHP�ZKHUH� WKHLU�SDUDPHWHUV�DUH�RSWLPL]HG�E\�WKH�JHQHWLF�DOJRULWKP���

%����5HVXOWV�RI�RSWLPL]DWLRQ�
7KH� UHVXOWV� REWDLQHG� IRU� WKH�SDUDPHWHUV� RSWLPL]DWLRQ� RI� WKH�PHPEHUVKLS�IXQFWLRQV�DUH�UHSUHVHQWHG�LQ�ILJ�����WR�ILJ�������

7KH�UHVXOWLQJ�UXOH�EDVHV�IURP�WKH�RSWLPL]DWLRQ�SURFHGXUH�DUH�VKRZQ�LQ�WDEOH�,,,�DQG�,9���,Q�WKH�WDEOHV�IRU�H[DPSOH��WKH�ILUVW�UXOH�IRU�WKH�RXWSXW�D DQG� E LV��
,I� H LV�$���$QG� H' LV�$���6R�D LV��%���DQG� E LV�%���
7DEOH�,,,���UXOH�EDVHV�RI�WKH�RXWSXW�D �

h'
h $�� $�� $�� $�� $�� $�� $��

$�� � �� �� �� �� �� ��
$�� � �� �� �� �� �� ��
$��� �� �� �� �� �� �� ��
$�� � �� �� �� �� �� ��
$��� �� �� �� �� �� �� ��
$�� � �� �� �� �� �� ��
$��� �� �� �� �� �� �� ��
7DEOH�,9���UXOH�EDVHV�RI�WKH�RXWSXW� E

h'
h $��� $��� $��� $��� $��� $��� $���
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