




?, GR QRW NQRZ ZKDW , PD\ DSSHDU WR WKH ZRUOG� EXW WR P\VHOI , VHHP WR KDYH EHHQ RQO\
OLNH D ER\ SOD\LQJ RQ WKH VHD�VKRUH� DQG GLYHUWLQJ P\VHOI LQ QRZ DQG WKHQ �QGLQJ D

VPRRWKHU SHEEOH RU D SUHWWLHU VKHOO WKDQ RUGLQDU\� ZKLOVW WKH JUHDW RFHDQ RI WUXWK OD\ DOO
XQGLVFRYHUHG EHIRUH PH��

� ,VDDF 1HZWRQ
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'HFODUDWLRQ
, KHUHE\ GHFODUH WKDW WKH HQWLUH ZRUN HPERGLHG LQ WKLV WKHVLV UHVXOWV IURP WKH LQYHVWLJD�
WLRQV FDUULHG RXW E\ PH LQ WKH 6FKRRO RI &RPSXWLQJ DQG (OHFWULFDO (QJLQHHULQJ�,QGLDQ ,QVWLWXWH RI 7HFKQRORJ\ 0DQGL� XQGHU 'U� 7XVKDU -DLQ·V VXSHUYLVLRQ�
,Q NHHSLQJ ZLWK WKH JHQHUDO SUDFWLFH� GXH DFNQRZOHGJHPHQWV KDYH EHHQ PDGH ZKHUHYHU
WKH ZRUN GHVFULEHG LV EDVHG RQ RWKHU LQYHVWLJDWRUV¶ �QGLQJ�

3ODFH� 0DQGL $EKLVKHN 'K\DQL
'DWH� ��WK )HEUXDU\ ����
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7KHVLV &HUWL�FDWH
7KLV LV WR FHUWLI\ WKDW WKH WKHVLV HQWLWOHG ?0LQLPDO�QRUP JOREDOO\ QRQ� RYHUVKRRW�LQJ� XQGHUVKRRWLQJ FRQWURO RI OLQHDU PXOWLYDULDEOH V\VWHPV�� VXEPLWWHG E\$EKLVKHN 'K\DQL� WR WKH ,QGLDQ ,QVWLWXWH RI 7HFKQRORJ\ 0DQGL IRU WKH DZDUG RI WKH
'HJUHH RI 0DVWHU RI 6FLHQFH �E\ UHVHDUFK� LV D ERQD�GH UHFRUG RI UHVHDUFK ZRUN FDUULHG
RXW E\ KLP XQGHU P\ VXSHUYLVLRQ� 7KH FRQWHQW RI WKLV WKHVLV� LQ IXOO RU LQ SDUWV� KDYH
QRW EHHQ VXEPLWWHG WR DQ\ RWKHU LQVWLWXWH RU XQLYHUVLW\ IRU WKH DZDUG RI DQ\ GHJUHH RU
GLSORPD�

3ODFH� 0DQGL 'U� 7XVKDU -DLQ
'DWH� ��WK )HEUXDU\ ���� �*XLGH�
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$FNQRZOHGJHPHQW
, H[SUHVV P\ VLQFHUHVW WKDQNV WR P\ DGYLVRU 'U� 7XVKDU -DLQ IRU KLV JXLGDQFH WKURXJK�
RXW P\ PDVWHU¶V GHJUHH DW ,,7 0DQGL� +H KDV DQ LQVSLULQJ RXWORRN RQ DSSURDFKLQJ
PDWKHPDWLFDO SUREOHPV� DQG , KRSH WR PDNH XVH RI WKH VNLOOV WKDW , KDYH OHDUQHG IURP
KLP LQ WKH IXWXUH� , IHHO OXFN\ WR UHFLHYH KLV DWWHQWLRQ DQG LQVLJKWV DW DQ HDUO\ VWDJH RI
P\ UHVHDUFK FDUHHU�

, ZRXOG DOVR OLNH WR WKDQN P\ SHHUV DW WKH 0RGHOOLQJ DQG ,QWHOOLJHQW &RQWURO �0,&�
JURXS� ZKR KDYH DOZD\V EHHQ D VRXUFH RI NQRZOHGJH DQG FRQVWDQW PRWLYDWLRQ WR WUHDG
WKH XQFKDUWHG WHUULWRULHV RI UHVHDUFK LQ FRQWURO WKHRU\� , ZRXOG HVSHFLDOO\ OLNH WR WKDQN
'U� $YLQDVK .XPDU� ZKRVH ORYH DQG H[FLWHPHQW IRU FRQWURO WKHRU\ LV KLJKO\ FRQWDJLRXV�
DQG KH ZDV YHU\ NLQG WR VKDUH LW ZLWK PH� 'U� 9\RPD DQG 'U� 0RQD KDYH EHHQ YHU\
IULHQGO\ DQG KHOSIXO DQG PDGH PH IHHO OLNH 0,& ZDV D JURXS RI IULHQGV ZKR ORYHG WKHLU
ZRUN DQG QRW VLPSO\ D UHVHDUFK JURXS� , DP DOVR JUDWHIXO WR P\ DFDGHPLF SURJUHVV
FRPPLWWHH PHPEHUV� 'U� 6UHHODNVKPL 0DQMXQDWK� 'U� $PLW .XPDU 6LQJKD DQG 'U�
$PLW 6KXNOD� IRU WKHLU YDOXDEOH VXJJHVWLRQV� , DP LQVSLUHG E\ 'U� 6UHHODNVKPL¶V WHDFKLQJ
VW\OH DQG VXSSRUWLYH QDWXUH DQG KRSH WR HPERG\ WKHVH WUDLWV LQ P\ DFDGHPLF MRXUQH\�
7KH VXSSRUW SURYLGHG E\ WKH VWD� PHPEHUV DW ,,7 0DQGL KDV DOVR KHOSHG PH FRPSOHWH
WKLV WKHVLV RQ WLPH�

/DVWO\� , H[SUHVV P\ XWPRVW JUDWLWXGH WR P\ IDPLO\� ZKR KDYH PDGH PH WKH SHUVRQ
WKDW , DP�

$EKLVKHN 'K\DQL
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$EVWUDFW
2QH RI WKH NH\ REMHFWLYHV WR FRQVLGHU ZKLOH GHVLJQLQJ FORVHG�ORRS FRQWURO V\VWHPV LV WKDW
WKH SODQW RXWSXW VKRXOG IROORZ WKH SUH�VSHFL�HG UHIHUHQFH VLJQDO RU WKH VHWSRLQW ZLWK�
RXW DQ\ RYHUVKRRWV RU XQGHUVKRRWV� $FFRUGLQJO\� WKH OLWHUDWXUH HQFRPSDVVLQJ WKH EURDG
DUHD RI FRQWURO WKHRU\ KDV H[WHQVLYHO\ DGGUHVVHG WKH WUDQVLHQW UHVSRQVH LPSURYHPHQW DQG
WUDFNLQJ FRQWURO SUREOHPV RI OLQHDU WLPH�LQYDULDQW �/7,� V\VWHPV� 6HYHUDO GHVLJQ WHFK�
QLTXHV H[LVW LQ WKH OLWHUDWXUH IRU WKH WUDQVLHQW UHVSRQVH VKDSLQJ RI VLQJOH�LQSXW�RXWSXW
�6,62� /7, V\VWHPV XWLOLVLQJ VWDWH�IHHGEDFN FRQWUROOHUV� :KLOH WKH VWDWH�IHHGEDFN FRQ�
WUROOHU GHVLJQ PHWKRGV IRU 6,62 V\VWHPV FDQ EH VXLWDEO\ XWLOLVHG IRU PXOWL�LQSXW�RXWSXW
�0,02� V\VWHPV WR QRQ�XQLTXHO\ SODFH WKH HLJHQYDOXHV DW WKH GHVLUHG ORFDWLRQV� HLJHQ�
YDOXH DVVLJQPHQW DORQH PD\ QRW DFKLHYH WKH GHVLUHG WUDQVLHQW SHUIRUPDQFH IRU 0,02
V\VWHPV GXH WR WKH FRXSOLQJ EHWZHHQ WKH LQSXW DQG RXWSXW YDULDEOHV�

)RU VHYHUDO ?SRVLWLRQLQJ� FRQWURO SUREOHPV VXFK DV WKH FRQWURO RI HOHYDWRUV� KDUG GLVN
UHDG�ZULWH KHDG FRQWURO� FRRUGLQDWLRQ RI PXOWLDJHQW V\VWHPV� HWF�� DFKLHYLQJ WKH QRQ �
RYHUVKRRWLQJ� XQGHUVKRRWLQJ �1286� WUDFNLQJ FRQWURO REMHFWLYHV LQ WKH RXWSXW UHVSRQVH
RI WKH FORVHG�ORRS V\VWHP DUH FUXFLDO� 7KHVH REMHFWLYHV VLPXOWDQHRXVO\ WDUJHW ERWK WKH
VWHDG\�VWDWH DQG WUDQVLHQW SHUIRUPDQFH VSHFL�FDWLRQV DQG DUH DFKLHYHG E\ DVVLJQLQJ WKH
FRPSOHWH HLJHQVWUXFWXUH �HLJHQYDOXHV DQG HLJHQYHFWRUV� RI WKH UHVXOWLQJ FORVHG�ORRS V\V�
WHP� 7KH ?JOREDOO\� 1286 �*1286� FRQWURO SUREOHP UHIHUV WR REWDLQLQJ WKH UHVSRQVH
IURP D VWDWH�IHHGEDFN FRQWURO V\VWHP WR D FRQVWDQW VWHS UHIHUHQFH VLJQDO VXFK WKDW WKH
UHVXOWLQJ V\VWHP \LHOGV D PRQRWRQLF UHVSRQVH� LQGHSHQGHQWO\ RI WKH LQLWLDO FRQGLWLRQV DQG
VWHS UHIHUHQFH PDJQLWXGHV� ,Q DGGLWLRQ� RQH RI WKH GHVLUHG SUHUHTXLVLWHV RI DQ LQGXVWULDO
SODQW LV WR KDYH D PLQLPXP RSHUDWLRQ DQG PDLQWHQDQFH FRVW� ZKLFK FDQ EH DFKLHYHG E\
LQVWDOOLQJ ORZ�FRVW DFWXDWRUV� 0DWKHPDWLFDOO\� WKLV WUDQVODWHV WR JXDUDQWHHLQJ WKH GH�
VLUHG FRQWURO SHUIRUPDQFH ZLWK WKH PLQLPDO FRQWURO H�RUWV� RU HTXLYDOHQWO\� V\QWKHVL]LQJ
WKH VWDWH�IHHGEDFN FRQWUROOHU RI WKH PLQLPDO )UREHQLXV QRUP� 7KH DERYH WZR FRQWURO
REMHFWLYHV� QDPHO\� *1286 WUDFNLQJ DQG PLQLPDO QRUP RI WKH VWDWH�IHHGEDFN JDLQ PD�
WUL[� DUH ZLGHO\ DGGUHVVHG LQ WKH OLWHUDWXUH� 6LQFH WKHVH FRQWURO REMHFWLYHV DUH FRQ�LFWLQJ
EHFDXVH WKH\ DUH LQYHUVHO\ SURSRUWLRQDO WR HDFK RWKHU� SDUWLFXODUO\ IRU WKH FDVH RI VFDODU
LQSXW /7, V\VWHPV� WKH\ KDYH EHHQ DGGUHVVHG VHSDUDWHO\ HYHQ IRU PXOWLSOH LQSXW /7,
V\VWHPV� 7KURXJK WKLV ZRUN� WKH RSHQ SUREOHP RI VLPXOWDQHRXVO\ DFKLHYLQJ WKHVH VHW RI
REMHFWLYHV IRU PXOWLYDULDEOH /7, V\VWHPV LV IRUPXODWHG DQG H[WHQVLYHO\ DGGUHVVHG�

)LUVWO\� QHZ UHVXOWV IRU WKH *1286 WUDFNLQJ FRQWURO SUREOHP IRU 0,02 /7, V\VWHPV
DUH SUHVHQWHG� LQFRUSRUDWLQJ WKH SUDFWLFDOO\ UHOHYDQW FRQWURO REMHFWLYH RI D PLQLPDO�QRUP
IHHGEDFN JDLQ PDWUL[� )XUWKHU� DQ DOJRULWKP LV SUHVHQWHG WR V\QWKHVLVH D PLQLPDO�
QRUP VWDWH�IHHGEDFN FRQWUROOHU VXFK WKDW WKH *1286 WUDFNLQJ FRQWURO REMHFWLYHV DUH
DFKLHYHG LQ DOO WKH RXWSXW UHVSRQVHV RI WKH FORVHG�ORRS V\VWHP ZLWK WKH GHVLUHG UDWH RI
FRQYHUJHQFH� 7KH NH\ LGHD EHKLQG WKLV DOJRULWKP LV WR XWLOLVH WKH DGGLWLRQDO GHJUHH RI
IUHHGRP RI PXOWLYDULDEOH V\VWHPV IRU SODFLQJ WKH HLJHQYDOXHV RI WKH FORVHG�ORRS V\VWHP
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ZLWKLQ D SUH�VSHFL�HG UHJLRQ LQ WKH FRPSOH[ SODQH� $Q XSSHU ERXQG RQ WKH ZRUVW�FDVH
FRQYHUJHQFH UDWH LQ DOO RXWSXW UHVSRQVHV IRU D SUH�VSHFL�HG GLVN UHJLRQ LV DOVR SURYLGHG�

6XEVHTXHQWO\� WKH SURSRVHG DOJRULWKP LV H[WHQGHG WR WKH FODVV RI GHFRXSOHG ODUJH�
VFDOH 0,02 /7, V\VWHPV� 7KHVH V\VWHPV IHDWXUH D KLJK�GLPHQVLRQDO SODQW PRGHO DQG
DUH FRPSRVHG RI D QXPEHU RI LQGHSHQGHQW VXEV\VWHPV� 0XOWL�DUHD SRZHU V\VWHPV�
JDV GLVWULEXWLRQ QHWZRUNV� DQG HFRORJLFDO V\VWHPV DUH DOO H[DPSOHV� )LQDOO\� WKLV ZRUN
GHPRQVWUDWHV VRPH QXPHULFDO DQG H[SHULPHQWDO UHVXOWV WR YDOLGDWH WKH H�HFWLYHQHVV RI
WKH SURSRVHG DOJRULWKPV�
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&RQWHQWV
� ,QWURGXFWLRQ �

��� /LWHUDWXUH UHYLHZ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 0RGHO 0DWFKLQJ � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� 'HFRXSOLQJ FRQWURO � � � � � � � � � � � � � � � � � � � � � � � � � �
����� &\FOLF PHWKRG � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
����� (LJHQVWUXFWXUH DVVLJQPHQW � � � � � � � � � � � � � � � � � � � � � �

��� 0RWLYDWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2EMHFWLYHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 6FRSH RI WKH WKHVLV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0DLQ FRQWULEXWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 2UJDQLVDWLRQ RI WKH WKHVLV � � � � � � � � � � � � � � � � � � � � � � � � � ��

� 3UHOLPLQDULHV ��
��� 1RWDWLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� /LQHDU 0DWUL[ ,QHTXDOLWLHV �/0,V� � � � � � � � � � � � � � � � � � � � � � ��

����� *HQHUDO IRUP � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� ([DPSOHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

��� *OREDO PRQRWRQLF WUDFNLQJ �*07� FRQWURO � � � � � � � � � � � � � � � � ��
����� ,QWURGXFWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
����� &RPSOH[ SODQH YLVXDOLVDWLRQ � � � � � � � � � � � � � � � � � � � � ��
����� $ JHRPHWULF DSSURDFK WR JOREDO PRQRWRQLFLW\ � � � � � � � � � � ��

��� 1XPHULFDO H[DPSOHV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
� 0LQLPDO�QRUP JOREDOO\ 1286 �01�*1286� FRQWUROOHU GHVLJQ ��

��� 3UREOHP IRUPXODWLRQ � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� 0LQLPDO�QRUP JOREDOO\ 1286 �01�*1286� FRQWUROOHU GHVLJQ � � � � � ��
��� 1XPHULFDO H[DPSOH� $'0,5( �LJKW FRQWURO V\VWHP � � � � � � � � � � � ��
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� 01�*1286 FRQWURO LQ D XQLRQ RI /0, UHJLRQV ��
��� 01�*1286 WUDFNLQJ FRQWURO RI ODUJH�VFDOH V\VWHPV � � � � � � � � � � � ��
��� 1XPHULFDO ([DPSOH � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

� ([SHULPHQWDO YDOLGDWLRQ� &DVFDGHG PXOWL�WDQN V\VWHP ��
��� 3ODQW GHVFULSWLRQ DQG QRQOLQHDU PRGHO � � � � � � � � � � � � � � � � � � ��
��� 6FHQDULR �� 0XOWL�LQSXW VLQJOH�RXWSXW �0,62� FDVH � � � � � � � � � � � � ��
��� 6FHQDULR �� 0XOWL�LQSXW PXOWL�RXWSXW �0,02� FDVH � � � � � � � � � � � ��

� &RQFOXVLRQV DQG IXWXUH UHVHDUFK ��
��� &RQFOXVLRQV � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
��� )XWXUH UHVHDUFK � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

$SSHQGLFHV ��
$ /0, 5HJLRQV ��

$�� &RPPRQO\ XVHG /0, UHJLRQV � � � � � � � � � � � � � � � � � � � � � � � � ��
$���� 2SHQ OHIW�KDOI SODQH �2/+3� � � � � � � � � � � � � � � � � � � � � ��
$���� 9HUWLFDO EDQG � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$���� &RQLF VHFWRU � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��
$���� 'LVN � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ��

% )ORZFKDUWV ��
& %LEOLRJUDSK\ ��

YLLL


