
3,�&RQWUROOHU�7XQLQJ�YLD�0XOWLREMHFWLYH�2SWLPL]DWLRQ

,�.�.RRNRV
'HSDUWPHQW�RI�&KHPLFDO�(QJLQHHULQJ��&HQWUH�IRU�3URFHVV�6\VWHPV�(QJLQHHULQJ

,PSHULDO�&ROOHJH

6:���%<��/RQGRQ��8QLWHG�.LQJGRP

.�*�$UYDQLWLV


'HSDUWPHQW�RI�(OHFWULFDO�DQG�&RPSXWHU�(QJLQHHULQJ��'LYLVLRQ�RI�&RPSXWHU�6FLHQFH

1DWLRQDO�7HFKQLFDO�8QLYHUVLW\�RI�$WKHQV

=RJUDSKRX���������$WKHQV��*UHHFH

*�.DORJHURSRXORV
'HSDUWPHQW�RI�0DWKHPDWLFV��6HFWLRQ�RI�0DWKHPDWLFDO�$QDO\VLV

8QLYHUVLW\�RI�$WKHQV

3DQHSLVWLPLRSROLV��������$WKHQV��*UHHFH

$EVWUDFW�

7KLV�SDSHU�SUHVHQWV�D�QHZ�PHWKRG�IRU�WXQLQJ�3,�DQG�3,'�FRQWUROOHUV�IRU�PRGHOV�FRPPRQO\�XVHG�LQ

SURFHVV�FRQWURO��7KH�SURSRVHG�PHWKRG�LV�EDVHG�RQ�WKH�VDWLVIDFWLRQ�RI�PRUH�WKDQ�RQH�FRQWURO�GHVLJQ

REMHFWLYHV�� 7KH� GHVLJQ� REMHFWLYHV� DUH� WKH� VDWLVIDFWLRQ� RI� FHUWDLQ� SKDVH� DQG� JDLQ� PDUJLQ�� WKH

PD[LPL]DWLRQ�RI� WKH�UHVRQDQW� IUHTXHQF\�DQG� WKH�PLQLPL]DWLRQ�RI�D� ZHLJKWHG� LQWHJUDO�RI� VTXD�UHG

HUURU�� ,Q� VROYLQJ� WKH�PXOWLREMHFWLYH�RSWLPL]DWLRQ�SUREOHP�REWDLQHG��D� VLPSOLILHG�JRDO�DWWDLQ�PHQW

IRUPXODWLRQ� LV� SURSRVHG�� 7KH� XVHIXOQHVV� RI� WKH� SURSRVHG� PHWKRG� LV� GHPRQVWUDWHG� WKURXJK

VLPXODWLRQ�H[DPSOHV�DQG�D�FRPSDULVRQ�ZLWK�ZHOO�NQRZQ�WXQLQJ�IRUPXODV�LV�DOVR�SURYLGHG�

� ,QWURGXFWLRQ

$� JUHDW� QXPEHU� RI� 3,'� FRQWUROOHU� WXQLQJ� PHWKRGV� LV� QRZ� DYDLODEOH� WR� WKH� GHVLJQHU� RI� SURFHVV

FRQWURO� V\VWHPV��0RVW�RI� WKHP�DUH�EDVHG�RQ� WKH� VDWLVIDFWLRQ�RI� VLQJOH�GHVLJQ�REMHFWLYHV�� VXFK�DV� WKH

GHFD\�UDWLR��SKDVH�DQG�JDLQ�PDUJLQV��UHVRQDQW�SHDN�DQG�IUHTXHQF\��RYHUVKRRW�DQG�FHUWDLQ�HUURU�LQWHJUDO

FULWHULD��$VWURP�DQG�+DJJOXQG���������+RZHYHU��WKHVH�PHWKRGV�KDYH�VHYHUDO�VKRUWFRPLQJV�WKDW�VWHP

IURP�WKH�IDFW�WKDW�DOO�GHJUHHV�RI�IUHHGRP���QDPHO\�WKH�FRQWUROOHU�DGMXVWDEOH�SDUDPHWHUV��DUH�FRQVXPHG

LQ�RUGHU�WR�VDWLVI\�D�VLQJOH�REMHFWLYH�

,W�LV�QRZ�ZLGHO\�UHFRJQL]HG�WKDW�WKH�VROXWLRQV�RI�QXPHURXV�GHVLJQ�SUREOHPV��LQ�YDULRXV�EUDQFKHV�RI

HQJLQHHULQJ��DUH�LQFRPSOHWH�EHFDXVH�WKH\�IDLO�WR�WDNH�LQWR�DFFRXQW�DOO�WKH�LPSRUWDQW�FKDUDFWHULVWLFV�RI

WKH� SDUWLFXODU� SUREOHP� �%UD\WRQ� HW� DO��� ������� &RQWUROOHU� GHVLJQ� SUREOHPV� DUH� DPRQJ� WKHP�� 7KH

SUREOHP�WKDW� WKH�FRQWUROOHU�GHVLJQHU� IDFHV� LV� WKH�VLPXOWDQHRXV�VDWLVIDFWLRQ�RI�VHYHUDO�FULWHULD� WKDW�DUH

SRVHG�HLWKHU�RQ�WKH�WLPH�RU�RQ�WKH�IUHTXHQF\�GRPDLQ�

=DNLDQ�DQG�$O�1DLE��������ZHUH�WKH�ILUVW�WR�VXJJHVW�WKDW�FRQWURO�GHVLJQ�SUREOHPV�VKRXOG�EH�SRVHG

DV� WKH� VDWLVIDFWLRQ� RI�PRUH� WKDQ� RQH� GHVLJQ� REMHFWLYHV� ZKLOH� .UHLVVHOPHLHU� DQG� 6WHLQKDXVHU� ������

ZHUH�WKH�ILUVW�WR�WUDQVODWH�D�FRQWURO�GHVLJQ�SUREOHP�LQWR�D�VHW�RI�SHUIRUPDQFH�REMHFWLYHV�

+DUULV�DQG�0HOOLFKDPS��������SURSRVHG�D�PHWKRG�IRU�WXQLQJ�3,'�FRQWUROOHUV�EDVHG�RQ�D�FRPELQHG

��������������������������������������������������
��(PDLO��NDUYDQ#FRQWURO�HFH�QWXD�JU�

SHUIRUPDQFH�LQGH[��7KLV�SHUIRUPDQFH�LQGH[�LV�WKH�ZHLJKWHG�VXP�RI�FRPPRQ�FRQWUROOHU�GHVLJQ�REMHFWL�
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YHV�SRVHG�LQ�WKH�IUHTXHQF\�GRPDLQ��5HSHWLWLYH�VROXWLRQ�RI�FRPSOH[�QRQOLQHDU�HTXDWLRQ�LV�HVVHQWLDO�IRU

WKH�FDOFXODWLRQ�RI�SHUIRUPDQFH�LQGH[�IRU�JLYHQ�FRQWUROOHU�SDUDPHWHUV��$EEDV�DQG�6DZ\HU��������EDVHG

RQ�WKH�WHFKQLTXH�NQRZQ�DV�WKH�0�FRQVWUDLQW�PHWKRG�IRU�VROYLQJ�PXOWLREMHFWLYH�RSWLPL]DWLRQ�SUREOHPV�

SURSRVHG�D�QHZ�PHWKRG�IRU�WXQLQJ�FRQWUROOHUV�RI�JLYHQ�VWUXFWXUH���VXFK�DV�3,'�FRQWUROOHUV���7KH�GHVLJQ

REMHFWLYHV� � XVHG�ZHUH� SRVHG� LQ� WKH� WLPH� GRPDLQ� DQG� VLPXODWLRQ� RI� WKH� V\VWHPV� G\QDPLF� UHVSRQVH�

XQGHU�FORVHG�ORRS�FRQGLWLRQV��LV�XVHG�IRU�WKH�HYDOXDWLRQ�RI�HDFK�GHVLJQ�REMHFWLYH�

7KH�SXUSRVH�RI�WKLV�VWXG\�LV�WR�SURSRVH�D�QHZ�PHWKRGRORJ\�IRU�WXQLQJ�3,�DQG�3,'�FRQWUROOHUV�WKDW�LV

EDVHG�RQ�D�FRPSURPLVH�EHWZHHQ�FHUWDLQ�GHVLJQ�REMHFWLYHV�SRVHG�LQ�WKH�IUHTXHQF\�DV�ZHOO�DV�LQ�WKH�WLPH

GRPDLQ��7KH�VWXG\�LV�FRQFHQWUDWHG�RQ�PRGHOV�FRPPRQO\�XVHG�WR�GHVFULEH�FKHPLFDO�SURFHVVHV�VXFK�DV

ILUVW� RUGHU� SOXV� GHOD\� WLPH� DQG� LQWHJUDWRU� SOXV� GHOD\� WLPH� PRGHOV�� $SSUR[LPDWH� HTXDWLRQV� IRU� WKH

FDOFXODWLRQ�RI� WKH�GHVLJQ�REMHFWLYHV� DUH� VXPPDUL]HG� DQG� D� SURSHU� DQG� VLPSOLILHG� IRUPXODWLRQ� RI� WKH

JRDO�DWWDLQPHQW�PHWKRG�IRU�VROYLQJ�PXOWLREMHFWLYH�RSWLPL]DWLRQ�SUREOHPV�LV�SURSRVHG��,W�LV�VKRZQ�WKDW

XVLQJ� WKHVH� VLPSOLILFDWLRQV� WKH� FRPSXWDWLRQDO� HIIRUW� LV� JUHDWO\� UHGXFHG�� ,Q� RUGHU� WR� GHPRQVWUDWH� WKH

HIIHFWLYHQHVV� RI� WKH� SURSRVHG� PHWKRG� DQG� DOVR� WR� SURYLGH� D� FRPSDULVRQ� ZLWK� ZHOO� NQRZQ� WXQLQJ

IRUPXODV��WKUHH�VLPXODWLRQ�H[DPSOHV�DUH�JLYHQ��,Q�WKHVH�H[DPSOHV�WKH�VWHSV�RI�WKH�SURSRVHG�PHWKRG�DUH

IXUWKHU�FODULILHG�DQG�JHQHUDO�JXLGHOLQHV�IRU�WKH�DSSOLFDWLRQ�RI�WKH�PHWKRG�DUH�JLYHQ�

� 0XOWLREMHFWLYH�2SWLPL]DWLRQ�DQG�WKH�*RDO�$WWDLQPHQW�0HWKRG

,Q� ZKDW� IROORZV� D� EULHI� LQWURGXFWLRQ� RI� WKH� PXOWLREMHFWLYH� RSWLPL]DWLRQ� WKHRU\� LV� JLYHQ�� 7KH

LQWHUHVWHG� UHDGHU� LV� UHIHUHQFHG� WR� &ODUN� DQG�:HVWHUEHUJ�� �������� *UDXHU� HW� DO��� ������� DQG� 6WHXHU

�������IRU�D�GHWDLOHG�GLVFXVVLRQ�RI�WKH�VXEMHFW�

6XSSRVH�WKDW�WKH�FRQWUROOHU�SDUDPHWHUV�DUH�GHQRWHG�E\�WKH�YHFWRU�F �F������FQ�
7��F∈5

Q

���ZKHUH�5
Q

�LV

FDOOHG�WKH�LQSXW�VSDFH��,Q�WKH�FDVH�ZKHUH�ZH�KDYH�P�FRQWURO�GHVLJQ�REMHFWLYHV��WKH\�DUH�H[SUHVVHG�LQ

YHFWRU�IRUP�DV

( )f c c c( ) ( ) , , ( )= ∈f f Rm
T m

1 � ���

ZKHUH�5
P

�LV�FDOOHG�WKH�RXWSXW�VSDFH�DQG�I�F�� LV�D�SRLQW� LQ�WKH�RXWSXW�VSDFH��,W� LV�GHVLUHG�WR�PLQLPL]H

HDFK� IL�F��� L∈0 ^����� �� �� �� ��P`��EXW� � VRPH�RI� WKH� IL�ZLOO� FRQIOLFW�ZLWK� HDFK�RWKHU�� ,Q�RWKHU�ZRUGV�� D

FKDQJH�LQ�F��IURP�F
N

�WR�F
N

�∆F�LQFUHDVHV�VRPH�RI�WKH�IL�EXW�DW�WKH�VDPH�WLPH�GHFUHDVHV�VRPH�RWKHUV�
,Q� VHDUFKLQJ� IRU� WKH� EHVW� FRQWUROOHU� GHVLJQ�� LW� LV� GHVLUDEOH� WR�PRYH� LQ� GLUHFWLRQV�∆F�� LQ� WKH� LQSXW

VSDFH���WKDW�VDWLVI\�WKH�IROORZLQJ��LQ�WKH�RXWSXW�VSDFH�

∆ ∆f f fi i i= + − ≤ ∈( ) ( ) ,c c c 0   i M ���

L�H���WKH�YHFWRU�∆I�GHILQHG�RQ�WKH�RXWSXW�VSDFH��VKRXOG�KDYH�RQO\�QRQ�SRVLWLYH�FRPSRQHQWV��7KH�3DUHWR
FULWLFDO�SRLQW��LV�DQ\�SRLQW�LQ�WKH�LQSXW�VSDFH�ZKHUH�QR�∆F�H[LVWV�IRU�ZKLFK�HTXDWLRQ�����WR�KROG��7KH�VHW
RI� WKH�3DUHWR� FULWLFDO� SRLQWV� LV� FDOOHG� WKH�3DUHWR�RSWLPDO� VHW��7KH� LPDJH�RI� D�3DUHWR� FULWLFDO� SRLQW� LV

FDOOHG�D�QRQLQIHULRU�SRLQW�DQG�WKH�VHW�RI�DOO�QRQLQIHULRU�SRLQWV�LV�FDOOHG�WKH�QRQLQIHULRU�VROXWLRQ�VHW��7KH

VHW�RI�SRLQWV�T∈5
P

�VXFK�WKDW�WKHUH�H[LVWV�F∈�5
Q

�ZKHUH�T I�F��LV�FDOOHG�WKH�DWWDLQDEOH�VHW��GHQRWHG�E\�4�

L�H�

{ }Q R Rm n= ∈ ∃ ∈ =q c q f c  : ( ) ���

7KH� ERXQGDU\� RI� 4�� GHQRWHG� E\� ∂4�� LV� RI� JUHDW� LQWHUHVW� LQ� WKH� FRQWH[W� RI� PXOWLREMHFWLYH
RSWLPL]DWLRQ��7KH�GHILQLWLRQV�JLYHQ�DERYH�DUH�LOOXVWUDWHG�LQ�)LJXUH���IRU�WKH�FDVH�ZKHUH�WKHUH�DUH�RQO\

WZR�REMHFWLYHV��$Q\�SRLQW� LQ�WKH�LQWHULRU�RI� WKH�DWWDLQDEOH�VHW�KDV�D�QHLJKERU�IRU�ZKLFK�WKH�YDOXHV�RI

ERWK�I��DQG�I��DUH�UHGXFHG��3RLQWV�RQ�WKH�ERXQGDU\��EHWZHHQ�SRLQWV�$�DQG�%�GR�QRW�KDYH�WKLV�SURSHUW\�

$�PRYHPHQW�EHWZHHQ�WKH�SRLQWV�$�DQG�%�DQG�RQ�WKH�ERXQGDU\�UHTXLUHV�D�WUDGH�RII��GHFUHDVLQJ�WKH�RQH

REMHFWLYH�LQ�WKH�H[SHQVH�RI�LQFUHDVLQJ�WKH�RWKHU�

7KH�XWRSLD�SRLQW�LV�GHILQHG�DV�WKH�SRLQW�LQ�WKH�LQSXW�VSDFH�ZLWK�FRRUGLQDWHV�JLYHQ�E\�WKH�VROXWLRQ�RI

WKH�IROORZLQJ��VFDODU�RSWLPL]DWLRQ�SUREOHPV
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)LJXUH����*UDSKLFDO�UHSUHVHQWDWLRQ�RI�WKH�PDLQ�GHILQLWLRQV�LQ�023�

min   f  ,    i
c

i M∈ ���

6ROXWLRQ� RI� D�PXOWLREMHFWLYH� RSWLPL]DWLRQ� SUREOHPV� FDQ� EH� DFKLHYHG� LQ� WZR�ZD\V�� )LUVW�� ZH� FDQ

FRPELQH�DOO�REMHFWLYHV�LQWR�D�VLQJOH�RQH��D�ZHLJKWHG�VXP

F w fi i
i M

( ) ( )c c=
∈
∑ ���

ZKHUH�ZL>�� JLYHV� WKH� UHODWLYH� LPSRUWDQFH� RI�PLQLPL]LQJ� IL�F��� )XUWKHUPRUH�� HDFK�ZL�PXVW� WDNH� LQWR

DFFRXQW� WKH� UHODWLYH�PDJQLWXGHV� RU� VFDOHV� DVVRFLDWHG�ZLWK� IL�F���ZKLFK�PD\� EH� VSHFLILHG� LQ� GLIIHUHQW

XQLWV��7KLV� IRUPXODWLRQ�JLYHV� ULVH� WR� DQ� XQFRQVWUDLQHG�PLQLPL]DWLRQ� SUREOHP��$� VLPLODU� DSSURDFK� LV

EDVHG�RQ�WKH�VROXWLRQ�RI�WKH�IROORZLQJ�PLQLPD[�SUREOHP

{ }min max ( )
c

c
i

i iw f ���

ZKHUH�WKH�ZHLJKWV�DUH�FKRVHQ�DV�DERYH��6HFRQG��ZH�FDQ�JHQHUDWH�WKH�QRQLQIHULRU�VROXWLRQ�VHW�DQG�WKHQ

ILQG�WKH�EHVW�FRPSURPLVH�VROXWLRQ�E\�SODFLQJ�UHODWLYH�LPSRUWDQFH�RQ�WKH�GLIIHUHQW�REMHFWLYHV�

,Q� WKLV� ZRUN�� VROXWLRQ� RI� WKH� PXOWLREMHFWLYH� RSWLPL]DWLRQ� SUREOHP� LV� DFKLHYHG� XVLQJ� WKH� JRDO

DWWDLQPHQW�PHWKRG�� ,Q� WKLV�PHWKRG�� QRQLQIHULRU� VROXWLRQ� YHFWRUV� DUH� IRXQG� E\� VROYLQJ� WKH� IROORZLQJ

SUREOHP��*HPELFNL�DQG�+DLPHV�������
     min z

subject to

     f

 

i

z

i iw z f

,

( )

c

c − ≤ ∗

���

ZKHUH�ZL>��DUH�WKH�ZHLJKWLQJ�FRHIILFLHQWV�DQG�]�LV�DQ�XQUHVWULFWHG�VFDODU�YDULDEOH��7KH�YDOXHV�RI�IL�FDQ
EH�WKRXJKW�DV�WKH�GHVLUHG�OHYHOV�RI�WKH�SHUIRUPDQFH�LQGH[�IL�F���JRDOV���7KH�SURGXFW�]ZL�LV�WKH�GHJUHH�RI

XQGHU��RU�RYHUDWWDLQPHQW�RI�WKH�JRDO�IL�

,Q�WKH�IRUPXODWLRQ�JLYHQ�E\�HTXDWLRQ�����WKH�GHVLJQHU�H[SUHVVHV�KLV�LQWXLWLYH�NQRZOHGJH�RI�WKH�SUR�

EOHP�WKURXJK�WKH�VHOHFWLRQ�RI�WKH�ZHLJKWLQJ�FRHIILFLHQWV�ZL��+HXULVWLFV�DUH�XVXDOO\�XVHG�LQ�WKH�VHOHFWLRQ

RI�DSSURSULDWH�ZHLJKWV��+RZHYHU��DW�WKH�EHJLQQLQJ�RI�D�GHVLJQ��LW�LV�LPSRVVLEOH�WR�VSHFLI\��LQ�WKH�DG�KRF

A

B

f1

f2

f*
2

f
*
1

Attainable Set

Noninferior Solution Set

Utopia Point
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PDQQHU�GHVFULEHG�DERYH��WKH�UHODWLYH�LPSRUWDQFH�RI�HDFK�REMHFWLYH�IXQFWLRQ��+HQFH��WKH�GHVLJQ�SURFHVV

LV�EDVHG�RQ� WKH� DGDSWLYHO\� UHYLVHG� DVVHVVPHQW�RI� WKH� UHODWLYH� LPSRUWDQFH�RI� HDFK�RQH�RI� WKH�YDULRXV

REMHFWLYHV�DQG�LQWHUDFWLRQ�EHWZHHQ�WKH�GHVLJQHU�DQG�WKH�RSWLPL]DWLRQ�SURFHVV�LV�FRQVLGHUHG�HVVHQWLDO�

,Q� RUGHU� WR� DYRLG� WKHVH� SUREOHPV�� WKH� PHWKRG� RI� 1\H� DQG� 7LWV� ������� LV� XVHG� LQ� WKLV� VWXG\�

$FFRUGLQJ�WR�WKLV�PHWKRG�QRUPDOL]HG�REMHFWLYHV�DUH�GHILQHG�E\�WKH�WUDQVIRUPDWLRQ

~
( )

( )
f

f f

f f
i

i i
G

i
B

i
G

c
c

=
−

−
���

ZKHUH�IL
*

�DQG�IL
%

�DUH�WZR�FKRVHQ�OHYHOV�RI�VDWLVIDFWLRQ�IRU�WKH�L�REMHFWLYH�IXQFWLRQ�FDOOHG�WKH�JRRG�DQG

WKH�EDG�OHYHO��UHVSHFWLYHO\��7KH\�FRUUHVSRQG�WR�WKH�KLJKHU�DQG�ORZHU�DPRXQW�RI�GHVLJQHUV�VDWLVIDFWLRQ

DVVRFLDWHG� ZLWK� HDFK� IL�F��� 1\H� DQG� 7LWV� ������� XVHG� WKH� IROORZLQJ� UXOH� RI� XQLIRUP� VDWLVIDFWLRQ�

GLVVDWLVIDFWLRQ�IRU�FKRRVLQJ�WKH�JRRG�DQG�EDG�YDOXHV��DOO�REMHFWLYHV�VKRXOG�SURYLGH�WR�WKH�GHVLJQHU�WKH

VDPH�OHYHO�RI�VDWLVIDFWLRQ�RU�GLVVDWLVIDFWLRQ�ZKHQ�WKH\�DFKLHYH�WKHLU�JRRG�DQG�EDG�YDOXHV��UHVSHFWLYHO\�

7KXV��WKH�IROORZLQJ��PRGLILHG�JRDO�DWWDLQPHQW�IRUPXODWLRQ�LV�XVHG�LQ�WKLV�VWXG\

     min  z

subject to

     f

 

i

z

iw z

,

~
( )

c

c − ≤ 0

���

,Q� WKLV� IRUPXODWLRQ� WKH� ZRUVW� OHYHO� RI� GHVLJQHUV� GLVVDWLVIDFWLRQ�� RYHU� DOO� GHVLJQ� REMHFWLYHV�� LV

PLQLPL]HG� DQG� WKH� ZHLJKWLQJ� FRHIILFLHQWV� ZL� FDQ� QRZ� EH� VHW� HTXDO� WR� RQH�� VLQFH� WKH� OHYHOV� RI

VDWLVIDFWLRQ�GLVVDWLVIDFWLRQ� DUH� XQLIRUP�� +RZHYHU�� WKH� ZHLJKWLQJ� FRHIILFLHQWV� DUH� LQFOXGHG� LQ� WKH

SURSRVHG�IRUPXODWLRQ�LQ�RUGHU�WR�EH�DEOH�WR�HQVXUH�WKDW�KDUG�FRQVWUDLQWV��VXFK�DV�VWDELOLW\�UHTXLUHPHQWV�

QHYHU�EHFRPH�DFWLYH�

� 3URFHVV�DQG�&RQWUROOHU�0RGHO

0RVW�RI�WKH�FKHPLFDO�SURFHVVHV�H[KLELW�PRQRWRQH�RU�HVVHQWLDOO\�PRQRWRQH�VWHS�UHVSRQVH�DQG�FDQ�EH

GLYLGHG�LQWR� WZR�EURDG�FODVVHV��7KH�ILUVW�FODVV�FRUUHVSRQGV� WR�VHOI�UHJXODWLQJ�RU�VWDEOH�SURFHVVHV� WKDW

DUH�XVXDOO\�GHVFULEHG�E\�WKH�IROORZLQJ�ILUVW�RUGHU�SOXV�GHOD\�WLPH��)23'7��PRGHO

G s
K e

sP
P

ds

( ) =
+

−

τ 1
����

ZKHUH�.3�LV�WKH�SURFHVV�JDLQ��2�WKH�WLPH�FRQVWDQW�DQG�G�WKH�GHOD\�WLPH��7KH�VHFRQG�FODVV�FRUUHVSRQGV�WR

V\VWHPV� WKDW� VKRZ�QR�VHOI�UHJXODWLRQ� �XQVWDEOH� V\VWHPV�� WKDW�FDQ�EH�GHVFULEHG�E\� WKH� LQWHJUDWRU�SOXV

GHOD\�WLPH��,3'7��PRGHO

G s
K e

sP
P

ds

( ) =
−

����

7KH�,3'7�PRGHO�FDQ�EH�VHHQ�DV�D�OLPLW�RI�WKH�)23'7�PRGHO�ZLWK�ODUJH�YDOXHV�RI�WKH�WLPH�FRQVWDQW�

,Q� WKLV� VWXG\� LW� LV� DVVXPHG� WKDW� WKH� FRQWUROOHU� XVHG� LV� WKH� ZHOO� NQRZQ� DQG� H[WHQVLYHO\� XVHG� 3,

FRQWUROOHU�KDYLQJ�WKH�IROORZLQJ�PRGHO

G s K
sC C

I

( ) = +






1

1

τ
����

,Q� WXQLQJ� WKH� 3,� FRQWUROOHU� WKH� GHVLJQHU� WULHV� WR� VDWLVI\� VHYHUDO� REMHFWLYHV� FRQVLGHULQJ� WKH

SHUIRUPDQFH�DV�ZHOO�DV�WKH�UREXVWQHVV�RI�WKH�FORVHG�ORRS�V\VWHP��$�JUHDW�QXPEHU�RI�WXQLQJ�PHWKRGV�LV

QRZ�DYDLODEOH� IRU�DFKLHYLQJ�VLQJOH�REMHFWLYHV� VXFK�DV�GHFD\� UDWLR��SKDVH�DQG�JDLQ�PDUJLQV�� UHVRQDQW

SHDN�DQG�IUHTXHQF\��RYHUVKRRW�DQG�FHUWDLQ�HUURU�LQWHJUDO�FULWHULD��+RZHYHU��WKHVH�WXQLQJ�PHWKRGV�DUH

FULWLFL]HG� IRU� EHLQJ� FDVH� GHSHQGHQW�� 7KLV� PHDQV� WKDW� ZKHQ� WKH� VDPH� WXQLQJ� PHWKRG� LV� DSSOLHG� WR

PRGHOV�RI� WKH� VDPH�VWUXFWXUH��EXW�ZLWK�GLIIHUHQW�SDUDPHWHUV�� WKH� FORVHG� ORRS� UHVSRQVH�REWDLQHG�PD\

YDU\�FRQVLGHUDEO\�
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IRU� SURFHVVHV� WKDW� DUH� DGHTXDWHO\� GHVFULEHG� E\� )23'7� DQG� ,3'7� PRGHOV� DQG� FRQWUROOHG� XVLQJ� 3,

FRQWUROOHUV�

)23'7��+R�HW�DO���������KDYH�VKRZQ�WKDW�ZKHQ�D�3,�FRQWUROOHU�LV�XVHG�LQ�RUGHU�WR�FRQWURO�D�SURFHVV

WKDW�LV�GHVFULEHG�E\�)23'7�PRGHO��WKHQ��WKH�SKDVH�DQG�JDLQ�PDUJLQV�DFKLHYHG�FDQ�EH�DSSUR[LPDWHG�E\

WKH�IROORZLQJ�HTXDWLRQV

A
K Km

P C I

= + + −




















π θ θ
π

τ
τ4

1 1
4

1 ����

Φ m
P C I

P CK K
K K= + −







 −π π τ

τ
θ

2 4
1 ����

ZKHUH�� G�2��$P�LV�WKH�JDLQ�PDUJLQ�DQG�-P�LV�WKH�SKDVH�PDUJLQ��7KH�UHVRQDQW�SHDN��03��LV�GHILQHG�DV

M
G G

G GP
C P

C P

=
+

max
ω 1

����

DQG�WKH�IUHTXHQF\�DW�ZKLFK�WKLV�PD[LPXP�RFFXUV�LV�FDOOHG�UHVRQDQW�IUHTXHQF\��ωU����7KH�FORVHVW�SRLQW

WR� WKH� �������SRLQW�RQ�D�1\TXLVW�SORW�RFFXUV�DW� D� IUHTXHQF\�QHDU� WR� IUHTXHQF\�ω*� WKH�JDLQ�FURVVRYHU

IUHTXHQF\��GHILQHG�DV�WKH�VPDOOHVW�IUHTXHQF\�IRU�ZKLFK�WKH�IROORZLQJ�FRQGLWLRQ�KROGV

G j G jC G P G( ) ( )ω ω = 1 ����

2IWHQ�ω*�LV�D�JRRG�DSSUR[LPDWLRQ�WR�ωU��5RKUV�HW�DO����������DQG�FDQ�EH�FDOFXODWHG�E\�WKH�IROORZLQJ

DSSUR[LPDWLRQ��+R�HW�DO��������

( )( )
d G

M M

M

ω
π

=
+ −

−

Φ Α

Α
2

2

1

1
����

1LVKLNDZD�HW�DO�� �������KDYH� VKRZQ� WKDW� IRU� WKH�FDVH�RI�)23'7�PRGHOV�TXLWH� DFFHSWDEOH� FORVHG

ORRS�UHVSRQVH�LV�REWDLQHG�ZKHQ�WKH�3,�FRQWUROOHU�WXQLQJ�LV�EDVHG�RQ�WKH�PLQLPL]DWLRQ�RI�WKH�IROORZLQJ

ZHLJKWHG�LQWHJUDO�RI�VTXDUHG�HUURU��:,6(�

( )J e t e dtWISE
t( ) ( )λ λ=

∞

∫
2

0

����

ZKHUH� W� LV� WKH� WLPH� DQG� H�W�� WKH� HUURU� �GHYLDWLRQ�� EHWZHHQ� WKH� GHVLUHG� DQG� WKH� UHDO� UHVSRQVH� RI� WKH

SURFHVV��7KH�SDUDPHWHU���LV�FKRVHQ�WR�VDWLVI\
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FKRVHQ� WR� FRUUHVSRQG� WR� WKH� FRRUGLQDWHV� RI� WKH�XWRSLD� SRLQW��7KH�EDG� OHYHOV� DUH� FKRVHQ� WR� UHSUHVHQW

XQLIRUP�OHYHOV�RI�GLVVDWLVIDFWLRQ�
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KDYH�EHHQ�SURSRVHG��WKH�UHDGHU�FDQ�FRQVXOW�WKH�UHIHUHQFHV�JLYHQ�DERYH��

,Q� RUGHU� WR� DSSO\� WKH� SURSRVHG�PHWKRG�� WKH� JRRG� YDOXHV� RI� WKH� FRQWUROOHU� GHVLJQ� REMHFWLYHV� DUH
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VLPSOLILHG� H[SUHVVLRQV� JLYHQ� LQ� WKH� SUHYLRXV� VHFWLRQ�� ,Q� WKLV� ZD\�� WKH� XWRSLD� SRLQW� LV� LPPHGLDWHO\

IRXQG�� 7KHQ�� WKH� EDG� YDOXHV�� L�H�� YDOXHV� WKDW� SURYLGH� XQLIRUP� OHYHOV� RI� GLVVDWLVIDFWLRQ� IRU� HDFK

REMHFWLYH��KDYH�WR�EH�VSHFLILHG��7R�WKLV�HQG��H[WHQVLYH�VLPXODWLRQV�ZHUH�SHUIRUPHG�LQ�RUGHU�WR�H[DPLQH

WKH�DVVRFLDWHG�OHYHOV�RI�GLVVDWLVIDFWLRQ�DV�ZH�PRYH�DZD\�IURP�WKH�RSWLPDO�RU�JRRG�YDOXHV��,W�ZDV�IRXQG

WKDW� D� SKDVH� PDUJLQ� VSHFLILFDWLRQ� RI� ��°�� � D� JDLQ� PDUJLQ� VSHFLILFDWLRQ� RI� ����� D� Gω*� SURGXFW

VSHFLILFDWLRQ� RI� ��� UDG� DQG� D� ���� LQFUHDVH� RI� WKH�:,6(� SHUIRUPDQFH� LQGH[� FRUUHVSRQG� WR� URXJKO\

XQLIRUP�GLVVDWLVIDFWLRQ�OHYHOV�

)LQDOO\�� WKH� PRGLILHG� �ZLWK� DOO� ZHLJKWLQJ� FRHIILFLHQWV� HTXDO� WR� RQH�� JRDO� DWWDLQPHQW� SUREOHP� LV
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&RQWURO�RI�V\VWHPV�ZLWK�ODUJH�GHOD\�WLPH�LV�QRWRULRXVO\�GLIILFXOW��$VWURP�DQG�+DJJOXQG���������7KH

WUDQVIHU�IXQFWLRQ�JLYHQ�E\

G s
e

s s
( )

( ) ( )
=

+ +

−3s

21 2 1
����

KDV�EHHQ�VWXGLHG�E\�<XZDQD�DQG�6HERUJ���������-XWDQ�DQG�5RGULJXH]���������&KHQ���������/HH�HW�DO�

������� DQG� .ULVKQDVZDP\� DQG� 3DQJDODK� ������� DV� D� VHYHUH� WHVW� RI� WKHLU� WXQLQJ� DQG� LGHQWLILFDWLRQ

PHWKRGV� GXH� WR� WKH� ODUJH� GHOD\� WLPH� LQYROYHG��8VLQJ� SURFHVV� UHDFWLRQ� FXUYH� DQDO\VLV� WKH� IROORZLQJ

DSSUR[LPDWH�PRGHO�LV�REWDLQHG

G s
e

s
( )

.

.5s

=
+

−4

2 92 1
����

7KH�PRGLILHG�JRDO�DWWDLQPHQW�SUREOHP�LV�VROYHG�XVLQJ�WKH�VDPH�JRRG�DQG�EDG�YDOXHV�DV�LQ�([DPSOH

���7KH�FRQWUROOHU�SDUDPHWHUV�REWDLQHG�DUH�.& ������DQG�2, �������)RU�FRPSDULVRQ��WKH�UHILQHG�=LHJOHU�

1LFKROV� WXQLQJ� IRUPXOD�SURSRVHG�E\�$VWURP�HW� DO�� ������� DQG�$VWURP�DQG�+DJJOXQG� ������� LV� DOVR

DSSOLHG��,Q�)LJXUHV���D��DQG���E��WKH�FORVHG�ORRS�UHVSRQVHV�DUH�VKRZQ��7KH�VXSHULRULW\�RI�WKH�SURSRVHG

PHWKRG�RYHU�WKH�PHWKRG�RI�$VWURP�HW�DO��LV�FOHDUO\�GHSLFWHG��7KH�UHDGHU�LV�DOVR�HQFRXUDJHG�WR�FRPSDUH

WKH�UHVSRQVHV�JLYHQ�LQ�)LJXUH���ZLWK�WKH�RQHV�JLYHQ�LQ�WKH�UHIHUHQFHV�DERYH�
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����([DPSOH����,QWHJUDWRU�SOXV�GHOD\�WLPH�SURFHVV

,QWHJUDWRU�SOXV�GHDG�WLPH��,3'7��PRGHO�ZDV�IRXQG�WR�EH�D�VXLWDEOH�PRGHO�IRU�D�QXPEHU�RI�FKHPLFDO

SURFHVVHV�� &KLHQ� DQG� )UXHKDXI� �������� 7\UHXV� DQG� /X\EHQ� �������� )ULPDQ� DQG�:DOOHU� ������� DQG

/X\EHQ� ������� VXJJHVWHG� WKDW� XVLQJ� WKH� ,3'7� PRGHO� IRU� IHHGEDFN� FRQWUROOHU� WXQLQJ� KDV� VHYHUDO

DGYDQWDJHV�� )RU� 6,62� V\VWHPV� WKDW� FRQWDLQ� WZR� SDUDPHWHUV�� RQO\� RQH� H[SHULPHQW� LV� QHHGHG� IRU� WKH

HVWLPDWLRQ�RI�WKHVH�SDUDPHWHUV��)RU�0,02�V\VWHPV�WKH�SDUDPHWHUV�RI�WKH�RII�GLDJRQDO�HOHPHQWV�RI�WKH

WUDQVIHU�IXQFWLRQ�PDWUL[�FDQ�DOVR�EH�HVWLPDWHG�GXULQJ�WKH�UHOD\�H[SHULPHQW�

7KH� SURFHVV� VWXGLHG� E\� &KLHQ� DQG� )UHXKDXI� ������� DQG� ODWHU� E\� 7\UHXV� DQG� /X\EHQ� ������� LV

FRQVLGHUHG��3DUDPHWHU�YDOXHV�DUH�.3 ������PLQ�DQG�G ����PLQ��7KH�JRRG�DQG�EDG�YDOXHV�XVHG�LQ�WKH

PRGLILHG�� JRDO� DWWDLQPHQW� IRUPXODWLRQ� DUH� WKH� VDPH� DV� LQ� WKH� SUHYLRXV� H[DPSOHV�� 7KH� UHVXOWLQJ

FRQWUROOHU�SDUDPHWHUV�DUH�.& �������DQG�2, �����DQG�FRUUHVSRQG�WR�. �����DQG�� �������7KHVH�YDOXHV

RI�WKH�DGMXVWDEOH�SDUDPHWHUV�.�DQG����DUH�DOVR�YDOLG�ZLWK�DQ\�,3'7�SURFHVV�PRGHO��LUUHVSHFWLYHO\�RI�WKH

SDUWLFXODU�QXPHULFDO�YDOXHV�RI�WKH�PRGHO�SDUDPHWHUV�

,Q�)LJXUHV���D�DQG���E��WKH�FORVHG�ORRS�UHVSRQVH�WR�D�VHW�SRLQW�VWHS�FKDQJH�LV�VKRZQ������HUURU�LQ

WKH�HVWLPDWLRQ�RI�WKH�WLPH�GHOD\�LV�DVVXPHG�LQ�WKLV�VLPXODWLRQ��,W�LV�REVHUYHG�WKDW�WKH�SURSRVHG�PHWKRG
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REMHFWLYHV�SRVHG�HLWKHU� LQ� WLPH�RU� IUHTXHQF\�GRPDLQ��7KH�SUREOHP�LV� IRUPXODWHG�DV�D�PXOWLREMHFWLYH

RSWLPL]DWLRQ�SUREOHP�DQG�LV�VROYHG�XVLQJ�D�PRGLILHG�JRDO�DWWDLQPHQW�WHFKQLTXH��7KH�SURSRVHG�PHWKRG
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SOXV� GHOD\� WLPH�PRGHOV�� )XUWKHUPRUH�� WKH�PHWKRG� LV� VKRZQ� WR� JLYH� DFFHSWDEOH� WXQLQJV� HYHQ� LQ� WKH

H[WUHPH� FDVHV� ZKHUH� WKH� GHOD\� WLPH� LV� WKH� GRPLQDQW� IHDWXUH� RI� WKH� V\VWHP� XQGHU� VWXG\�� 7KXV�� WKH

SURSRVHG�PHWKRG�LV�DSSOLFDEOH�LQ�D�ZLGH�UDQJH�RI�FRQWUROOHU�GHVLJQ�SUREOHPV�FRPPRQO\�HQFRXQWHUHG

LQ�SURFHVV�FRQWURO�JLYLQJ�VDWLVIDFWRU\�UHVXOWV�
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)LJXUH���E��,QSXW�YDULDWLRQ�IRU�([DPSOH���

� 1RPHQFODWXUH

F� �YHFWRU�RI�WKH�GHVLJQ�SDUDPHWHUV

'�V�� �GHQRPLQDWRU�SRO\QRPLDO�RI�WKH�/DSODFH�WUDQVIRUP�RI�WKH�ZHLJKWHG�HUURU

G� �GHOD\�WLPH��PLQ�

H�W�� �GHYLDWLRQ�EHWZHHQ�WKH�GHVLUHG�DQG�DFWXDO�RXWSXW�RI�WKH�V\VWHP

IL� �,�GHVLJQ�REMHFWLYH

I
*� �JRRG�OHYHO�RI�GHVLJQ�REMHFWLYHV

I
%� �EDG�OHYHO�RI�GHVLJQ�REMHFWLYH

*&� �WUDQVIHU�IXQFWLRQ�RI�WKH�FRQWUROOHU

*3� �WUDQVIHU�IXQFWLRQ�RI�WKH�SURFHVV

+Q� �+XUZLW]�GHWHUPLQDQW

-� �SHUIRUPDQFH�LQGH[

.&� �FRQWUROOHU�JDLQ������

.3� �SURFHVV�JDLQ����PLQ�

.X� �FULWLFDO�JDLQ������

/� �/DSODFH�WUDQVIRUPDWLRQ�RSHUDWRU
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03� �PD[LPXP�RI�WKH�FRPSOHPHQWDU\�VHQVLWLYLW\�IXQFWLRQ

1�V�� �QXPHUDWRU�SRO\QRPLDO�RI�WKH�/DSODFH�WUDQVIRUP�RI�WKH�HUURU

3X� �XOWLPDWH�SHULRG

4� �DWWDLQDEOH�VHW��GHILQHG�LQ�HTXDWLRQ����

V� �/DSODFH�WUDQVIRUP�YDULDEOH

W� �WLPH��PLQ�

ZL� �ZHLJKWLQJ�FRHIILFLHQW

]� �XQUHVWULFWHG�YDULDEOH�XVHG�LQ�WKH�JRDO�DWWDLQPHQW�IRUPXODWLRQ

ù�� �JDLQ�PDUJLQ

.� �DGMXVWDEOH�SDUDPHWHU�JLYHQ�LQ�HTXDWLRQ�����

�� ��DGMXVWDEOH�SDUDPHWHU�JLYHQ�LQ�HTXDWLRQ�����

�� �DGMXVWDEOH�SDUDPHWHU�JLYHQ�LQ�HTXDWLRQ�����

�� �GLPHQVLRQOHVV�UDWLR

�� �WLPH�ZHLJKW

2,� �UHVHW�WLPH��PLQ�

2&/� ��FORVHG�ORRS�WLPH�FRQVWDQW��PLQ�

-�� �SKDVH�PDUJLQ��UDG�

&� �IUHTXHQF\��UDG�PLQ�

&*� �JDLQ�FURVVRYHU�IUHTXHQF\��UDG�PLQ�

&U� �UHVRQDQW��UDG�PLQ�

&X� �XOWLPDWH�IUHTXHQF\��UDG�PLQ�

5HIHUHQFHV

$EEDV��$��� DQG�3�(�6DZ\HU� ��������$�PXOWLREMHFWLYH�GHVLJQ�DOJRULWKP��$SSOLFDWLRQ� WR� WKH�GHVLJQ�RI

6,62�FRQWURO�V\VWHPV��&RPSXWHUV�DQG�&KHPLFDO�(QJLQHHULQJ��������������

$VWURP��.�-���DQG�7�+DJJOXQG���������3,'�&RQWUROOHUV��7KHRU\��'HVLJQ�DQG�7XQLQJ��,QVWUXPHQWDWLRQ

6RFLHW\�RI�$PHULFD�

$VWURP�� .�-��� &�&�+DQJ�� 3�3HUVVRQ�� DQG� :�.� +R�� �������� 7RZDUGV� LQWHOOLJHQW� 3,'� FRQWURO��

$XWRPDWLFD����������

%UD\WRQ�� 5�.��� *�'�+DFKWHO�� DQG� $�/�6DQJLRYDQQL�9LQFHQWHOOL� �������� $� VXUYH\� RI� RSWLPL]DWLRQ

WHFKQLTXHV�IRU�LQWHJUDWHG�FLUFXLW�GHVLJQ��3URFHHGLQJV�RI�WKH�,(((����������������

&KHQ��&�/����������$�VLPSOH�PHWKRG�IRU�RQ�OLQH�LGHQWLILFDWLRQ�DQG�FRQWUROOHU�WXQLQJ��$,&K(�-RXUQDO�

��������������

&KLHQ�� ,�/��� DQG� 3�6�)UXHKDXI�� �������� &RQVLGHU� ,0&� WXQLQJ� WR� LPSURYH� SHUIRUPDQFH�� &KHPLFDO

(QJLQHHULQJ�3URJUHVV������������

&ODUN�� 3�$�� DQG�:�$�:HVWHUEHUJ� �������� 2SWLPL]DWLRQ� IRU� GHVLJQ� SUREOHPV� KDYLQJ� PRUH� WKDQ� RQH

REMHFWLYH��&RPSXWHUV�DQG�&KHPLFDO�(QJLQHHULQJ�������������

(GJDU�� 7�)��� 5�+HHE�� DQG� -�2�+RXJHQ� �������� &RPSXWHU�DLGHG� SURFHVV� FRQWURO� V\VWHP� GHVLJQ� XVLQJ

LQWHUDFWLYH�JUDSKLFV��&RPSXWHUV�DQG�&KHPLFDO�(QJLQHHULQJ���������

(GJDU�� 7�)��� DQG� -�2�+RXJHQ� �������� 2WKHU� V\QWKHVLV� PHWKRGV�� )HHGEDFN� FRQWUROOHU� GHVLJQ��$,&K(

0RGXODU�,QVWUXFWLRQV��$PHULFDQ�,QVWLWXGH�RI�&KHPLFDO�(QJLQHHUV��1HZ�<RUN�

)ULPDQ�� 0��� DQG� .�9�:DOOHU� �������� $XWRWXQLQJ� RI� PXOWLORRS� FRQWURO� V\VWHPV�� ,QGXVWULDO� DQG

(QJLQHHULQJ�&KHPLFDO�5HVHDUFK����������������

*HPELFNL�� )�:��� DQG� <�<�+DLPHV� �������� $SSURDFK� WR� SHUIRUPDQFH� DQG� VHQVLWLYLW\� PXOWLREMHFWLYH

RSWLPL]DWLRQ��7KH�JRDO� DWWDLQPHQW�PHWKRG�� ,(((�7UDQVDFWLRQV�RQ�$XWRPDWLF�&RQWURO��$&����

��������

*UDXHU��0���$�/HZDQGRZVNL��DQG�7�:LHU]ELFNL���������$�PXOWLSOH�REMHFWLYH�GHFLVLRQ�DQDO\VLV�DSSOLHG

WR�&KHPLFDO�(QJLQHHULQJ��&RPSXWHUV�DQG��&KHPLFDO�(QJLQHHULQJ�������������

+DUULV�� 6�/��� DQG� '�$�0HOOLFKDPS� �������� &RQWUROOHU� WXQLQJ� XVLQJ� RSWLPL]DWLRQ� WR� PHHW� PXOWLSOH

FORVHG�ORRS�FULWHULD��$,&K(�-RXUQDO���������������
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+R��:�.��&�&�+DQJ��DQG�/�6�&DR���������7XQLQJ�RI�3,'�FRQWUROOHUV�EDVHG�RQ�JDLQ�DQG�SKDVH�PDUJLQ

VSHFLILFDWLRQV��$XWRPDWLFD��������������

-XWDQ�� $��� DQG� (�6�5RGULJXH]� �������� ([WHQVLRQ� RI� D� QHZ� PHWKRG� IRU� RQ�OLQH� FRQWUROOHU� WXQLQJ�

&DQDGLDQ�-RXUQDO�RI�&KHPLFDO�(QJLQHHULQJ����������

.RRNRV�� ,�.��� $�,�/\JHURV�� DQG� .�*�$UYDQLWLV� �������� 2Q� OLQH� 3� DQG� 3,� FRQWUROOHUV� WXQLQJ� IRU

LQWHJUDWRU�GHDG�WLPH�SURFHVVHV��(XURSHDQ�-RXUQDO�RI�&RQWURO��DFFHSWHG�IRU�SXEOLFDWLRQ�

.UHLVVHOPHLHU�� *��� DQG� 5�6WHLQKDXVHU� �������� 6\VWHPDWLF� FRQWURO� GHVLJQ� E\� RSWLPL]LQJ� D� YHFWRU

SHUIRUPDQFH�LQGH[��3URFHHGLQJV�RI�WKH�,)$&�6\PSRVLXP�RQ�&RPSXWHU�$LGHG�'HVLJQ�RI�&RQWURO

6\VWHPV��=XULFK�������������

.ULVKQDVZDP\��3�5���DQG�*�3�5DQJDODK���������&ORVHG�ORRS�LGHQWLILFDWLRQ�RI�VHFRQG�RUGHU�GHDG�WLPH

SURFHVV�PRGHOV��7UDQVDFWLRQV�RI�WKH�,QVWLWXWH�RI�&KHPLFDO�(QJLQHHUV������������

.XR��%�&���������$XWRPDWLF�&RQWURO�6\VWHPV���WK�(G���3UHQWLFH�+DOO��,QF���(QJOHZRRG�&OLIIV��1�-�

/HH��-���:�&KR��DQG�7�)�(GJDU���������$Q�LPSURYHG�WHFKQLTXH�IRU�3,'�FRQWUROOHU�WXQLQJ�IURP�FORVHG�

ORRS�WHVW��$,&K(�-RXUQDO����������������

/X\EHQ�� :�/�� �������� 7XQLQJ� SURSRUWLRQDO� LQWHJUDO� GHULYDWLYH� FRQWUROOHUV� IRU� LQWHJUDWRU�GHDGWLPH

SURFHVVHV��,QGXVWULDO�DQG�(QJLQHHULQJ�&KHPLFDO�5HVHDUFK����������������

1HZWRQ��*�&��/�$�*RXOG��DQG�-�)�.DLVHU� ��������$QDO\WLFDO�'HVLJQ�RI�/LQHDU�&RQWUROV�� -�:LOH\�DQG

6RQV��1HZ�<RUN�

1LVKLNDZD��<���1�6DQQRPL\D��7�2KWD��DQG�+�7DQDND���������$�PHWKRG�IRU�DXWR�WXQLQJ�RI�3,'�FRQWURO

SDUDPHWHUV��$XWRPDWLFD��������������

1\H�� :�7��� DQG� $�/�7LWV� �������� $Q� DSSOLFDWLRQ�RULHQWHG�� RSWLPL]DWLRQ�EDVHG� PHWKRGRORJ\� IRU

LQWHUDFWLYH�GHVLJQ�RI�HQJLQHHULQJ�V\VWHPV��,QWHUQDWLRQDO�-RXUQDO�RI�&RQWURO����������������

5RKUV��&�(���-�/�0HOVD��DQG�'�*�6FKXOW]���������/LQHDU�&RQWURO�6\VWHPV��0F*UDZ�+LOO��,QWHUQDWLRQDO

(GLWLRQV�

6HERUJ��'�(���7�)�(GJDU�� DQG�'�$�0HOOLFKDPS� ��������3URFHVV�'\QDPLFV�DQG�&RQWURO��-��:LOOH\�	

6RQV�

6WHXHU��5�(�� ��������0XOWLSOH�&ULWHULD�2SWLPL]DWLRQ��7KHRU\��&RPSXWDWLRQ�DQG�$SSOLFDWLRQ��1�<��� -�

:LOH\�	�6RQV�

7\UHXV�� %�'��� DQG� :�/�/X\EHQ� �������� 7XQLQJ� 3,� FRQWUROOHUV� IRU� LQWHJUDWRU�GHDGWLPH� SURFHVVHV�

,QGXVWULDO�DQG�(QJLQHHULQJ�&KHPLFDO�5HVHDUFK����������������

<XZDQD��0���DQG�'�(�6HERUJ���������$�QHZ�PHWKRG�IRU�RQ�OLQH�FRQWUROOHU�WXQLQJ��$,&K(�-RXUQDO�����

��������

=DNLDQ�� 9��� DQG� 8�$O�1DLE� �������� 'HVLJQ� RI� G\QDPLFDO� DQG� FRQWURO� V\VWHPV� E\� WKH� PHWKRG� RI

LQHTXDOLWLHV��3URFHHGLQJV��RI�WKH�,QVWLWXWH�RI�(OHFWULFDO�(QJLQHHUV�����������������
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