


%D\HVLDQ VWDWLVWLFV LV RIWHQ XVHG LQ FRQMXQFWLRQ ZLWK
GHFLVLRQ PDNLQJ ZKHUH WKH REMHFWLYH LV WR PD[LPL]H
WKH H[SHFWHG XWLOLW\ RI D GHFLVLRQ �VHH� H�J�� %HUJHU�
����� RU GH *URRW� ������ 7KLV SDSHU UHIHUV WR WKH
PHDQ RI RXWSXW YDOXHV UDWKHU WKDQ H[SHFWHG XWLOLW\�
DV FXUUHQW ZRUN LQ VWRFKDVWLF VLPXODWLRQ DQDO\VLV JHQ�
HUDOO\ IRFXVHV RQ HVWLPDWLRQ RI PHDQV�

� /,7(5$785( 5(9,(:

7KHUH DUH WZR LPSRUWDQW GRPDLQV RI OLWHUDWXUH LQ
ZKLFK VLPXODWLRQ DQG %D\HVLDQ VWDWLVWLFV KDYH EHHQ
GLVFXVVHG WRJHWKHU� 7KH nUVW LV WKH DSSOLFDWLRQ RI
%D\HVLDQ DQG GHFLVLRQ�WKHRUHWLF WHFKQLTXHV WR VWDWLV�
WLFDO SUREOHPV LQ WKH nHOG RI VLPXODWLRQ� 7KH VHFRQG
LV WKH XVH RI VLPXODWLRQ DV D QXPHULFDO WRRO IRU DS�
SURDFKLQJ SUREOHPV LQ %D\HVLDQ LQIHUHQFH� 7KLV SD�
SHU LV SULPDULO\ FRQFHUQHG ZLWK GHYHORSPHQWV LQ WKH
nUVW GRPDLQ^%D\HVLDQ DSSURDFKHV WR VWDWLVWLFDO SURE�
OHPV LQYROYHG ZLWK DQDO\]LQJ VLPXODWLRQV� 0XFK RI
WKH DQDO\VLV WKDW WKLV HQWDLOV UHTXLUHV WHFKQLTXHV IURP
WKH VHFRQG GRPDLQ�

��� %D\HVLDQ 7HFKQLTXHV IRU 6LPXODWLRQ

$SSOLFDWLRQV RI %D\HVLDQ WHFKQLTXHV WR VLPXODWLRQ
SUREOHPV FDQ EH FODVVLnHG LQWR WZR UHODWHG VXEDUHDV�
WKH VLPXODWLRQ RI VWRFKDVWLF V\VWHPV DQG WKH VLPXOD�
WLRQ RI GHWHUPLQLVWLF� EXW XQNQRZQ V\VWHPV� )RU WKH
DQDO\VLV RI VWRFKDVWLF VLPXODWLRQV WKH OLWHUDWXUH LV QRW
H[WHQVLYH�

6WRFKDVWLF VLPXODWLRQV� $QGUHZV DQG 6FKULEHU
������ DSSHDU WR EH WKH nUVW WR GLVFXVV PRGHOLQJ VLP�
XODWLRQ RXWSXW ZLWK D %D\HVLDQ IRUPDOLVP� 7KH\ FRQ�
VWUXFW D SRLQW HVWLPDWRU DQG D %D\HVLDQ FRQnGHQFH
LQWHUYDO IRU WKH PHDQ RI EDWFK�UXQ VLPXODWLRQ RXW�
SXW� 6SHFLnF DVVXPSWLRQV LQFOXGH D *DXVVLDQ SULRU
IRU WKH PHDQ� DQG D VWDWLRQDU\ *DXVVLDQ SURFHVV ZLWK
DXWRFRUUHODWHG RXWSXW IURP EDWFK WR EDWFK� $Q�
GUHZV� %LUGVDOO� *HQWQHU� DQG 6SLYH\ ������ LQYHVWL�
JDWH %D\HVLDQ WHFKQLTXHV IRU YDOLGDWLRQ RI VLPXODWLRQ
RXWSXW�

*O\QQ ������ GHVFULEHV DQ DWWUDFWLYH� JHQHUDO
IUDPHZRUN IRU PRGHOLQJ D JHQHUDOL]HG VHPL�0DUNRY
SURFHVV �*603� ZKHQ WKH SDUDPHWHUV RI WKH LQSXW
GLVWULEXWLRQV DUH XQNQRZQ �H�J�� VHUYLFH WLPHV DUH H[�
SRQHQWLDO� ZLWK XQNQRZQ UDWH x�� +H QRWHV WKDW WKH
SUREDELOLW\ GLVWULEXWLRQ RI WKH RXWSXW GHSHQGV RQ WKH
SULRU GLVWULEXWLRQ RI WKH LQSXW SDUDPHWHUV� DQG FRP�
PHQWV RQ SRWHQWLDO UHVHDUFK GLUHFWLRQV�

1HOVRQ� 6FKPHLVHU� 7DDmH DQG :DQJ ������ HYDOX�
DWHG VHYHUDO WHFKQLTXHV IRU FRPELQLQJ D GHWHUPLQLVWLF

DSSUR[LPDWLRQ ZLWK D VWRFKDVWLF VLPXODWLRQ HVWLPD�
WRU� DPRQJ WKHP D %D\HVLDQ DQDO\VLV �*DXVVLDQ GLV�
WULEXWLRQ� IRU D SRLQW HVWLPDWRU�
:DQJ DQG 6FKPHLVHU ������ GHVFULEH WKH XVH RI

0RQWH &DUOR VLPXODWLRQ IRU D %D\HVLDQ DQDO\VLV�
$GGLWLRQDOO\� WKH\ IRUPXODWH D UHODWHG RSWLPL]DWLRQ
SUREOHP WR VHOHFW D SULRU GLVWULEXWLRQ VDWLVI\LQJ FHU�
WDLQ GHVLUDEOH SURSHUWLHV� ,Q WKLV UHVSHFW� WKH\ SHU�
IRUP D %D\HVLDQ UREXVWQHVV DQDO\VLV IRU DQDO\]LQJ
0RQWH &DUOR VLPXODWLRQ RXWSXW�
&KLFN ������ DGGUHVVHV WKH SUREOHP RI VHOHFWLQJ

DQ DSSURSULDWH LQSXW GLVWULEXWLRQ �H�J�� H[SRQHQWLDO�
JDPPD� XVLQJ %D\HVLDQ K\SRWKHVLV WHVWLQJ� DV ZHOO
DV WKH SUREOHP RI SDUDPHWHU XQFHUWDLQW\ IRU D JLYHQ
LQSXW GLVWULEXWLRQ� +H DOVR GHYHORSHG H[WHQVLRQV WR
/DWLQ K\SHUFXEH VDPSOLQJ WR SURYLGH YDULDQFH UHGXF�
WLRQ HYHQ ZKHQ WKH LQSXW GLVWULEXWLRQ �DQG WKHUHIRUH
WKH QXPEHU RI SDUDPHWHUV� LV XQNQRZQ�
$QGUDGuRWWLU DQG %LHU ������ GLVFXVV SRVVLEOH UROHV

RI %D\HVLDQ DQDO\VLV LQ PRGHO YDOLGDWLRQ� DQG RXWSXW
DQDO\VLV ZLWK ERWK QRUPDO DQG WUXQFDWHG QRUPDO GLV�
WULEXWLRQV� 7KH\ SUHVHQW UHVXOWV RQ LPSRUWDQFH VDP�
SOLQJ ZKHQ WKH SDUDPHWHUV RI LQSXW GLVWULEXWLRQV DUH
XQNQRZQ� $ MRLQW GLVWULEXWLRQ IRU WKH LQSXW DQG RXW�
SXW SDUDPHWHUV LV GLVFXVVHG� EXW D QXPEHU RI DQDO\W�
LFDO DQG SUDFWLFDO GLpFXOWLHV ZHUH GHVFULEHG�

'HWHUPLQLVWLF VLPXODWLRQV� $ GLmHUHQW DQJOH LV
WDNHQ IRU WKH SUREOHP RI DSSO\LQJ %D\HVLDQ WHFK�
QLTXHV WR GHWHUPLQLVWLF FRPSXWHU VLPXODWLRQV� 7KH
SUREOHP LV WKDW D FRPSXWHU DOJRULWKP FDOFXODWHV D
IXQFWLRQ RI FHUWDLQ LQSXWV DQG SURYLGHV D GHWHUPLQLV�
WLF RXWSXW� (DFK HYDOXDWLRQ RI WKH DOJRULWKP LV DV�
VXPHG WR EH FRPSXWDWLRQDOO\ H[SHQVLYH� %D\HVLDQ
WHFKQLTXHV DUH XVHG WR LQIHU WKH SDUDPHWHUV RI D SRVWX�
ODWHG IXQFWLRQDO IRUP IRU WKH DOJRULWKP
V RXWSXW� 7KH
GHVLJQ RI FRPSXWHU H[SHULPHQWV WR OHDUQ WKH VKDSH RI
WKH IXQFWLRQ LV D FHQWUDO IRFXV� .RHKOHU DQG 2ZHQ
������ SURYLGH D UHYLHZ RI WHFKQLTXHV LQ WKLV ZHOO�
H[SORUHG DUHD�
2QH IRUPXODWLRQ LV WKH .ULJLQJ PRGHO� ZKLFK DV�

VXPHV WKDW WKH XQNQRZQ UHDO�YDOXHG IXQFWLRQ LV
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M

�DQG WKHUH�
IRUH f� DW RWKHU YDOXHV RI WKH LQSXW [�

254 Chick



&XUULQ� 0LWFKHOO� 0RUULV� DQG <OYLVDNLU ������ SUR�
YLGH UHVXOWV IRU VHOHFWLQJ SRLQWV [

L

ZKLFK SURYLGH PD[�
LPDO LQIHUHQWLDO SRZHU IRU D VSHFLDO FDVH RI WKH .ULJ�
LQJ PRGHO� 0RUULV� 0LWFKHOO� DQG <OYLVDNLU ������ H[�
WHQG WKH IUDPHZRUN WR DFFRPRGDWH VLPXODWLRQ RXWSXW
ZKLFK UHWXUQV GHULYDWLYHV RI f DV ZHOO DV f IRU HDFK
IXQFWLRQ HYDOXDWLRQ�
2VLR DQG $PRQ ������ H[SDQG WKH SUREOHP WR SODQ

FRPSXWHU H[SHULPHQWV ZKHUH VHYHUDO IXQFWLRQV RI GLI�
IHULQJ OHYHOV RI DFFXUDF\ FRXOG EH SURJUDPPHG� WKH
PRUH VLPSOLVWLF PRGHOV EHLQJ TXLFNHU EXW OHVV DFFX�
UDWH� 7KH\ HYDOXDWH RUWKRJRQDO DUUD\V RI FRPSXWHU
H[SHULPHQWV� DQG VHOHFW WKH DUUD\ ZKLFK JLYHV WKH
PD[LPXP H[SHFWHG LQIRUPDWLRQ JDLQ� 7KH\ LWHUDWH
ZLWK PRUH UHnQHG FRPSXWHU PRGHOV DV QHFHVVDU\�
&KDORQHU DQG 9HUGLQHOOL ������ SURYLGH D WKRURXJK

RYHUYLHZ RI %D\HVLDQ H[SHULPHQWDO GHVLJQ LQ JHQHUDO�

��� 6LPXODWLRQ IRU %D\HVLDQ $QDO\VLV

%D\HVLDQ VWDWLVWLFV SUHVHQWV D QXPEHU RI FKDOOHQJHV
IRU QXPHULFDO DQDO\VLV� QRWDEO\ IRU SUHGLFWLYH LQIHU�
HQFH ZKHQ WKH GHQRPLQDWRU LQ (TXDWLRQ ��� LV QHHGHG�
$ UHFHQW VXUYH\ SDSHU �(YDQV DQG 6ZDUW]� ����� LQ�
GLFDWHV WKDW VLJQLnFDQW SURJUHVV KDV EHHQ PDGH XVLQJ
nYH JHQHUDO WHFKQLTXHV� DV\PSWRWLF PHWKRGV� LPSRU�
WDQFH VDPSOLQJ� DGDSWLYH LPSRUWDQFH VDPSOLQJ� PXO�
WLSOH TXDGUDWXUH� DQG 0DUNRY FKDLQ PHWKRGV� 6LPX�
ODWLRQ WHFKQLTXHV DUH WKHUHIRUH SOD\LQJ DQ LPSRUWDQW
UROH LQ PDNLQJ D %D\HVLDQ DQDO\VLV FRPSXWDWLRQDOO\
WUDFWDEOH �&KHQ DQG 6FKPHLVHU� ������
*LONV� 5LFKDUGVRQ� DQG 6SLHJHOKDOWHU ������

SURYLGH D FRPSUHKHQVLYH UHYLHZ RI PDQ\ RI
WKH WKHRUHWLFDO� SKLORVRSKLFDO DQG SUDFWLFDO LV�
VXHV UHODWHG WR 0DUNRY FKDLQ 0RQWH &DUOR
�0&0&� WHFKQLTXHV� 7KH 0&0& ::: VLWH
�KWWS���ZZZ�VWDWV�EULV�DF�XN�0&0&�� FRQWDLQV
D VLJQLnFDQW FROOHFWLRQ RI UHIHUHQFHV� 6SLHJHOKDOWHU
HW DO� ������ SURYLGH D SDFNDJH FDOOHG %8*6 WR
SHUIRUP %D\HVLDQ LQIHUHQFH YLD 0&0& PHWKRGV
�PDLOWR�EXJV#PUF�EVX�FDP�DF�XN�� 7KH VRIWZDUH
FDQ EH XVHG WR JHQHUDWH VDPSOHV IURP SRVWHULRU
GLVWULEXWLRQV WKDW DULVH LQ %D\HVLDQ DQDO\VLV�

� ,1387 ',675,%87,21 6(/(&7,21

%D\HVLDQ IRUPXODWLRQV IRU VWDWLVWLFDO GLVWULEXWLRQ VH�
OHFWLRQ KDYH EHHQ DSSOLHG WR D QXPEHU RI nHOGV
�'UDSHU� ����� 0DGLJDQ DQG <RUN� ����� .DVV DQG
5DIWHU\� ����� 5DIWHU\� ����� 9ROLQVN\ HW DO�� ������
$ FHQWUDO LGHD LV WKDW DOO XQFHUWDLQW\� LQFOXGLQJ GLVWUL�
EXWLRQ XQFHUWDLQW\� LV WR EH UHSUHVHQWHG E\ SUREDELO�
LW\ VWDWHPHQWV� 7KH IRUPXODWLRQ SUHVHQWHG E\ &KLFN
������ FDQ EH VXPPDUL]HG DV IROORZV�

6XSSRVH WKDW D VWDWLVWLFDO GLVWULEXWLRQ DQG SDUDP�
HWHU IRU D VHTXHQFH RI UDQGRP TXDQWLWLHV LV QHHGHG
IRU LQSXW WR D GLVFUHWH�HYHQW VLPXODWLRQ RI D G\QDPLF
V\VWHP� DQG VRPH KLVWRULFDO GDWD a\

Q

 �\�� � � � � \Q� LV
DYDLODEOH� 6XSSRVH WKDW WKH GDWD DUH EHOLHYHG WR EH
FRQGLWLRQDOO\ LQGHSHQGHQW� JLYHQ WKH VWDWLVWLFDO GLVWUL�
EXWLRQ DQG SDUDPHWHU�
6HW { �P� WR EH WKH SULRU EHOLHI WKDW GLVWULEXWLRQ P

LV WKH FRUUHFW GLVWULEXWLRQ� P  �� � � � �0 � �$ FRP�
PRQ� EXW QRW QHFHVVDU\� FKRLFH IRU { �P� LV � 0 �� 6HW
SeP MP �wP� WR EH WKH SULRU EHOLHI WKDW wP LV WKH WUXH
SDUDPHWHU� JLYHQ WKH DVVXPSWLRQ WKDWP LV WKH FRUUHFW
GLVWULEXWLRQ�
8QGHU WKHVH FRQGLWLRQV� LW LV SRVVLEOH WR GHWHUPLQH�
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(TXDWLRQ ��� GHVFULEHV WKH EHOLHI WKDW D VSHFLnHG
GLVWULEXWLRQ LV FRUUHFW� JLYHQ WKH GDWD� SULRU EHOLHIV
DERXW WKH FRUUHFW GLVWULEXWLRQ� DQG WKH DVVXPSWLRQ
WKDW WKH FRUUHFW GLVWULEXWLRQ LV WR EH IRXQG LQ WKH
RULJLQDO VHW RI 0 SURSRVHG GLVWULEXWLRQV� 6HYHUDO DS�
SUR[LPDWLRQ PHWKRGV H[LVW IRU WKH DERYH LQWHJUDO� 2I
SDUWLFXODU LQWHUHVW LV WKH /DSODFH DSSUR[LPDWLRQ�
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PLQXV WKH +HVVLDQ RI WKH ORJ�SRVWHULRU HYDOXDWHG DW
WKH 0$3 HVWLPDWH aw

P

JLYHQ P� DQG Q LV WKH QXPEHU
RI GDWD SRLQWV� &KLFN ������ SURYLGHV DQ H[DPSOH
ZKHUH WKH DSSUR[LPDWLRQ ZRUNHG ZHOO�
7KH ah

P

WHUP LV DQDORJRXV WR WKH LQIRUPDWLRQ PD�
WUL[ WHUP XVHG IRU SURYLGLQJ FRQnGHQFH LQWHUYDOV IRU
WKH 0/( RI IUHTXHQWLVW DSSURDFKHV �/HHPLV� ������
$ UHYLHZ RI ZRUN LQYHVWLJDWLQJ WKH SUREOHP RI DX�

WRPDWLFDOO\ VHOHFWLQJ DQ DSSURSULDWH SULRU LV JLYHQ E\
.DVV DQG :DVVHUPDQ ������� $ GLVFXVVLRQ RI WKH
UREXVWQHVV RI WKLV VHOHFWLRQ SURFHVV ZLWK UHVSHFW WR
SRRU FKRLFHV RI SULRU GLVWULEXWLRQV LV JLYHQ E\ %HUJHU
������� 7KH SUREOHP RI QRW LQFOXGLQJ WKH FRUUHFW GLV�
WULEXWLRQ LQ WKH RULJLQDO VHW RI GLVWULEXWLRQV LV GLV�
FXVVHG LQ 6HFWLRQ �� 7KH SUREDELOLVWLF LQWHUSUHWDWLRQ
RI GLVWULEXWLRQ FRUUHFWQHVV LV QRW ZLWKRXW LWV GHWUDF�
WRUV� 6HH IRU H[DPSOH (GZDUGV �������
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&RQVLGHU WKH SUREOHP RI DQDO\]LQJ WKH RXWSXW IURP
D VLQJOH VLPXODWHG V\VWHP �VHH &KLFN� ����� IRU DQ
H[WHQVLRQ WR PXOWLSOH V\VWHPV�� )RFXV KHUH LV RQ RXW�
SXW ZKLFK LV LQGHSHQGHQW IURP VLPXODWLRQ UHSOLFDWLRQ
WR UHSOLFDWLRQ �EDWFK PHDQ RXWSXW LV QRW FRQVLGHUHG��
&XULRXVO\� VLPXODWLRQ RXWSXW GDWD KDV WUDGLWLRQDOO\
EHHQ KDQGOHG TXLWH GLmHUHQWO\ WKDQ GDWD IRU VLPXOD�
WLRQ LQSXW GLVWULEXWLRQV� LQ WKDW PXFK IRFXV KDV EHHQ
RQ HVWLPDWLQJ PHDQV RI RXWSXW� UDWKHU WKDQ WKH DV�
VHVVLQJ WKH HQWLUH GLVWULEXWLRQ XVLQJ SDUDPHWHU HV�
WLPDWLRQ DQG JRRGQHVV�RI�nW WHFKQLTXHV� �$OWKRXJK
/DZ DQG .HOWRQ� ����� *O\QQ� ����� DPRQJ RWKHUV
GLVFXVV TXDQWLOHV RI VLPXODWLRQ RXWSXW��
7KH HQWLUH RXWSXW GLVWULEXWLRQ FDQ EH LPSRUWDQW

WR D GHFLVLRQ PDNHU �/DZ DQG .HOWRQ� ����� %DQNV
HW DO�� ������ )URP WKH GLVWULEXWLRQ� DQ\ TXDQWLW\
RI LQWHUHVW FDQ EH GHGXFHG� LQFOXGLQJ WKH PHDQ� YDUL�
DQFH� RWKHU PRPHQWV� TXDQWLOHV� DQG RWKHU IXQFWLRQDOV
RI WKH SUREDELOLW\ GLVWULEXWLRQ�
,Q JHQHUDO� WKH IRUP RI WKH GLVWULEXWLRQ IXQFWLRQ

DQG�RU WKH YDOXHV RI WKH VWDWLVWLFDO SDUDPHWHUV RI WKH
RXWSXW ZLOO EH XQNQRZQ WR WKH VLPXODWLRQ DQDO\VW�
2Q WKH RWKHU KDQG� WKHUH PD\ EH VRPH LQWXLWLRQ RU
IRUPDO DQDO\VLV LQGLFDWLQJ WKH IRUP RI WKH RXWSXW GLV�
WULEXWLRQ� $QDO\WLFDO PHWKRGV PD\ LQGLFDWH WKDW WKH
*DXVVLDQ RU JHRPHWULF RU VRPH RWKHU GLVWULEXWLRQ PD\
EH DSSURSULDWH� ZLWKRXW JLYLQJ SUHFLVH LQIRUPDWLRQ UH�
JDUGLQJ WKH SDUDPHWHUV� )RU H[DPSOH� WKH QXPEHU
LQ V\VWHP RI DQ 0�0�� LQ VWHDG\�VWDWH LV JHRPHWULF�
RU VRPH RWKHU TXDQWLW\ RI LQWHUHVW PD\ KDYH D IXQF�
WLRQDO FHQWUDO OLPLW WKHRUHP LQGLFDWLQJ LW ZLOO EH FORVH
WR *DXVVLDQ� ,W LV NQRZQ� KRZHYHU� WKDW WKH SDUDP�
HWHUV RI WKH RXWSXW GLVWULEXWLRQV DUH VRPH XQNQRZQ
IXQFWLRQ RI WKH LQSXW SDUDPHWHUV�
7KLV WKRXJKW SURFHVV LV GHSLFWHG LQ )LJXUH �� )RU

FODULW\ RI H[SRVLWLRQ� ZH VXPPDUL]H XQGHU WKH DV�
VXPSWLRQ WKDW 0  �� DQG GURS WKH VXEVFULSW P�
$ VXSHUVFULSW U LV XVHG WR HPSKDVL]H TXDQWLWLHV VSH�
FLnF WR UHSOLFDWLRQ U� DQG D VXEVFULSW L LQGLFDWHV WKH
L�WK FRRUGLQDWH RI D YHFWRU�

�� $ VWDWLVWLFDO SDUDPHWHU wU LV VHOHFWHG E\ WKH VLP�
XODWLRQ DQDO\VW �E\ VDPSOLQJ RU RWKHU FKRLFH� IRU
UHSOLFDWLRQ U�

�� 5DQGRP YDULDWHV [U
�
� [U
�
� � � � �VHUYLFH WLPHV� URXW�

LQJ GHFLVLRQV� � � � � DUH JHQHUDWHG IURP GLVWULEX�
WLRQV GHSHQGLQJ RQ wU�

�� $ UDQGRP RXWSXW RU LV JHQHUDWHG�

�� 7KH DQDO\VW DVVXPHV D SDUDPHWULF GLVWULEXWLRQ
I
2

U
Mt
U�RU� WR GHVFULEH WKH RXWSXW� ZKHUH WKH XQ�

NQRZQ tU PD\ GHSHQG RQ wU�

Realizations

of Random

Inputs Simulated

System

Realizations

of Random

Outputs

Output

Parameters,

Distributions

QL X1,X2,..., f(X|L=l) O1,O2,... , f(O|Q=q)

q = X(l;f)

Input

Parameters,

Distributions

)LJXUH �� $ )UDPHZRUN IRU $QDO\]LQJ 6WRFKDVWLF 6LP�
XODWLRQ ([SHULPHQWV �U LV IRU UHSOLFDWLRQ QXPEHU�

�� $Q XQNQRZQ GHWHUPLQLVWLF IXQFWLRQ f PDSV LQ�
SXW WR RXWSXW SDUDPHWHUV� tU  f�wU���� ZKHUH
�  ���� � � � �1 � DUH XQNQRZQ SDUDPHWHUV ZLWK
SULRU GLVWULEXWLRQ Sj ����

e�d�f�j� DQG 2 PD\ EH VFDODU RU YHFWRU YDOXHG�

([DPSOH �� &RQVLGHU WKH 0�0�� TXHXH� ZLWK LQSXW
SDUDPHWHU w  �w�� w��� VHWWLQJ WKH DUULYDO UDWH WR
EH w� DQG WKH VHUYLFH UDWH WR EH w�� 6XSSRVH WKDW WKH
QXPEHU 4 LQ WKH V\VWHP DW WLPH W LV GHVLUHG� $OWKRXJK
WKH GLVWULEXWLRQ RI 4 FDQ EH GHWHUPLQHG DQDO\WLFDOO\�
VXSSRVH ZH CJXHVV
 WKDW WKH RXWSXW 2

L

 4
L

FRPHV
IURP D VHULHV RI LQGHSHQGHQW VLPXODWLRQ UHSOLFDWLRQV
LV JHRPHWULF�t�� ZKHUH t LV SRVWXODWHG WR EH RI WKH IRUP
tU  f�wU���  �� � ��w

U

�
 wU
�
� ��w

U

�
 wU
�
�

2QH GHFLVLRQ WKHRUHWLF IRUPXODWLRQ RI WKH UHODWLRQ�
VKLSV EHWZHHQ VLPXODWLRQ LQSXWV DQG RXWSXWV LV VXP�
PDUL]HG LQ )LJXUH �� 7KH nJXUH LV GUDZQ DV D
%D\HVLDQ QHWZRUN� ZKHUH SUREDELOLVWLF GHSHQGHQFLHV
DUH UHSUHVHQWHG ZLWK DUFV �+RZDUG DQG 0DWKHVRQ�
������ 7KH nJXUH UHSUHVHQWV WKDW IRU UHSOLFDWLRQ U�
VLPXODWHG YDULDWHV ;U

L

GHSHQG RQ WKH LQSXW SDUDPH�
WHU e DQG XQLIRUP YDULDWHV 8U

M

IURP WKH VLPXODWRU� WKH
RXWSXW 2U FDQ EH GHVFULEHG LQ WHUPV RI SDUDPHWHUV RI
WKH RXWSXW GLVWULEXWLRQ d DQG WKH ;U

L

� DQG WKH RXW�
SXW SDUDPHWHUV GHSHQG RQ e DQG j� ,Q SUREDELOLW\
WHUPV� Se�j�d�8�;�2  SeS8SjS2Md�;SdMe�jS;Me�8
�VRPH VXEVFULSWV DUH RPLWWHG IRU FODULW\��
7KH UHODWLRQVKLS EHWZHHQ ;U

�
� � � � DQG 2U LV WRR

FRPSOH[ WR VWXG\ DQDO\WLFDOO\� 7KLV FRPSOH[LW\ LV RQH
UHDVRQ WKH V\VWHP LV VLPXODWHG LQ WKH nUVW SODFH�
)LJXUH � SUHVHQWV D VLPSOLnHG PRGHO REWDLQHG E\

FRQFHSWXDOO\ CLQWHJUDWLQJ RXW
 8 DQG ; � 7KH FRP�
SOH[LW\ RI UDQGRP QXPEHU JHQHUDWRUV DQG VLPXODWHG
YDULDWHV LV FDSWXUHG RQO\ LPSOLFLWO\� 7KLV VLPSOLnHG
PRGHO� ZKLFK UHSUHVHQWV Se�j�d�2  SeSjS2MdSdMe�j�
LV WKH EDVLV IRU WKH RXWSXW DQDO\VLV GLVFXVVHG LQ WKLV
SDSHU�
)URP )LJXUH �� SDLUV RI VLPXODWLRQ LQSXWV DQG RXW�

SXWV FDQ EH XVHG WR LQIHU WKH SDUDPHWHUV � RI WKH PDS�
SLQJ f� 6XSSRVH WKDW 5 UHSOLFDWLRQV DUH UXQ ZLWK RXW�
SXW aR  �R�� � � � � R5�� DQG GHQRWH E\ aw  �w

�� � � � � w5�
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)LJXUH �� $SSURDFK 2QH� &RPSUHKHQVLYH %HOLHI 1HW�
ZRUN

L

QF

O

Output

Parameters

Simulation

Output

Input

Parameters

r
r

r

Parameters of

Response Surface

)LJXUH �� $SSURDFK 7ZR� 6LPSOLnHG %HOLHI 1HWZRUN

WKH LQSXW SDUDPHWHUV XVHG GXULQJ WKRVH UHSOLFDWLRQV�
7KH SRVWHULRU GLVWULEXWLRQ IRU � LV WKHQ

SjM' ��� � Sj ���

5<
U �

I
2

U
M��

a

w

�RU� ���

ZKHUH '  �aR�aw� UHSUHVHQWV WKH LQIRUPDWLRQ OHDUQHG
IURP SUHYLRXV VLPXODWLRQ UHSOLFDWLRQV� DQG I

2

U
Mt
U �RU�

LV WKH SRVWXODWHG GLVWULEXWLRQ RI WKH RXWSXW RU� JLYHQ
WKH LQSXW wU� PDSSLQJ SDUDPHWHUV �� DQG tU  
f�wU����
7KH SRVWHULRU GLVWULEXWLRQ RQ � LQ (TXDWLRQ ��� LQ�

GXFHV D SRVWHULRU GLVWULEXWLRQ RQ WKH RXWSXW RI IXWXUH
UHSOLFDWLRQV� )XUWKHU� IRU HDFK n[HG w� WKH XQNQRZQ
H[SHFWHG YDOXH RI WKH RXWSXW x2�w�  (>2 M w� �@ LV
D UDQGRP YDULDEOH ZKRVH GLVWULEXWLRQ FDQ EH GHWHU�
PLQHG ZLWK (TXDWLRQ ����

S
2M' �w

�R�  

=
�

I
2Mt f� w�� ��R�SjM' ���

S x
2�w�M' �w

�xR�  

=
�M(>RMf� w���@ x R

SjM' ���

7KH GLVWULEXWLRQ RI x2�w� LV LPSRUWDQW DV LW FKDUDFWHU�
L]HV WKH V\VWHP XQFHUWDLQW\ UHJDUGLQJ WKH UHVSRQVH
VXUIDFH� DQG LV GLVWLQFW IURP V\VWHPLF XQFHUWDLQW\

DERXW LQSXW GLVWULEXWLRQV �Se �w�� DQG VWRFKDVWLF XQ�
FHUWDLQW\ RI WKH V\VWHP �S

2M' �w

�R���
7KLV FDQ EH WKRXJK RI DV D %D\HVLDQ YHUVLRQ RI

PHWDPRGHOLQJ �VHH� H�J�� /DZ DQG .HOWRQ� ������ 7KH
FXUUHQW DSSURDFK GLmHUV� KRZHYHU� DV LW LQIHUV D SURE�
DELOLW\ GLVWULEXWLRQ IRU WKH RXWSXW DV D IXQFWLRQ RI
LQSXWV� LQ DGGLWLRQ WR HVWLPDWLQJ WKH PHDQ RI WKH RXW�
SXW� $ GLVWULEXWLRQ RI SDUDPHWHUV UHVXOWV� UDWKHU WKDQ
D SRLQW HVWLPDWH RI PHDQV� 7KH PHDQ RI WKH RXW�
SXW FDQ WKHQ EH FDOFXODWHG LV DQ LQWHJUDWLRQ SUREOHP�
UDWKHU WKDQ D VLPXODWLRQ SUREOHP� RQFH WKH RXWSXW
GLVWULEXWLRQ DQG SDUDPHWHU t DUH NQRZQ�
7KH DSSURDFK LV VLPLODU WR WKH .ULJLQJ PRGHO LQ

WKDW WKHUH LV DVVXPHG WR EH D GHWHUPLQLVWLF� EXW XQ�
NQRZQ IXQFWLRQ� ZKLFK PDSV LQSXW SDUDPHWHUV WR RXW�
SXW SDUDPHWHUV� 7KH DSSURDFK LV GLmHUHQW IURP WKH
.ULJLQJ PRGHO LQ WKDW WKH RXWSXW RI WKH VLPXODWLRQ LV
VWRFKDVWLF� UDWKHU WKDQ GHWHUPLQLVWLF� DQG S

2M' �w

�R�
UHSUHVHQWV XQFHUWDLQW\ LQ WKH RXWSXW UDWKHU WKDQ D
*DXVVLDQ SURFHVV =�
7KH FXUUHQW SURSRVDO FDQ DOVR EH XVHG IRU GHWHU�

PLQLQJ ZKLFK RI VHYHUDO SURSRVHG IXQFWLRQV f
L

LV EHVW
VXSSRUWHG E\ WKH GDWD� 6HH /HGHUVQDLGHU ������ IRU
D GLVFXVVLRQ RI %D\HVLDQ UHVSRQVH VXUIDFH HVWLPDWLRQ�
DQG &KLFN ������ IRU D GLVFXVVLRQ RI %D\HVLDQ GLVWUL�
EXWLRQ VHOHFWLRQ�

� -2,17 ,1387�287387 02'(/

$ MRLQW SUREDELOLW\ GLVWULEXWLRQ IRU LQSXW DQG RXWSXW
SDUDPHWHUV �e�d� FDQ WKHQ EH ZULWWHQ

Se�dM' �w� t�  SeM' �w� SdMw� ' �t�

 Se

=
�

SdM��w� '
�t�SjMw� ' ���

ZKHUH Se�d  SeSdMw LV WKH SULRU GLVWULEXWLRQ�
7KH SRVWHULRU IRU w LV ZULWWHQ LQ WHUPV RI D QRQ�

XSGDWHG SULRU EHFDXVH XQGHU WKH DVVXPSWLRQV� QR LQ�
IRUPDWLRQ DERXW WKH LQSXW SDUDPHWHU w FDQ EH OHDUQHG
E\ REVHUYLQJ WKH VLPXODWLRQ RXWSXW IRU YDULRXV YDOXHV
RI w� 7KH VLPXODWLRQV JLYH LQIRUPDWLRQ DERXW KRZ
w DQG t DUH UHODWHG� QRW DERXW WKH YDOXH RI w PRVW
DSSURSULDWH IRU WKH UHDO V\VWHP�
$Q LQWHUHVWLQJ UHVHDUFK TXHVWLRQ LV KRZ RQH PLJKW

OHDUQ DERXW w� JLYHQ FHUWDLQ CUHDO�ZRUOG
 GDWD DERXW
RXWSXW DQG UHVSRQVH YDULDEOHV� DORQJ ZLWK VLPXODWLRQ
LQSXW DQG RXWSXW GDWD�

� 0,663(&,),(' ',675,%87,216

)RU ERWK LQSXW DQG RXWSXW GLVWULEXWLRQV� DQ DVVXPS�
WLRQ ZDV WKDW WKH VHW RI SURSRVHG GLVWULEXWLRQV LQ�
FOXGHG WKH FRUUHFW GLVWULEXWLRQ� :KDW LI WKLV LV QRW
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WKH FDVH" +RZ IDU Rm�EDVH FDQ WKH UHVXOWV EH" 7KLV
VHFWLRQ SDUWLDOO\ DGGUHVVHV WKHVH TXHVWLRQV�
6XSSRVH WKDW 2�� � � � DUH L�L�G� UDQGRP YDULDEOHV

ZLWK SUREDELOLW\ GLVWULEXWLRQ S�
2

�R�� EXW WKDW UDWKHU
WKDQ VHOHFWLQJ S�

2

�R�� WKH VLPXODWLRQ DQDO\VW FKRRVHV
D GLVWULEXWLRQ I

2Mt
�R� IURP WKH H[SRQHQWLDO IDPLO\� IRU

VRPH XQNQRZQ t� ZKHUH

I
2Mt
�R�  ) �R�*�t�H

3
6

V �
XV�R��V�t� ���

)RU H[DPSOH� WKH QRUPDO GLVWULEXWLRQ IDOOV LQWR WKLV
FDWHJRU\ EHFDXVH

I�R M x� }��  
Hb�Rbx�

�

 �}
�

S
�{}�

 
�S
�{

Hbx
�

 �}
�

}
Hb[

�

 �}
�

�[x }
�

VR WKDW 6  �� ) �R�  � 
S
�{� t  �x }�� � }���

*�t�  H[S
dbx� �}�e  } X��R�  R� X��R�  R��

���t�  x }�� DQG ���t�  � �}
��

7KH IROORZLQJ WKHRUHP LQGLFDWHV WKDW WKH 0/( DQG
0D[LPXP D SRVWHULRUL �0$3� HVWLPDWHV RI WKH SD�
UDPHWHU FRQYHUJH DV\PSWRWLFDOO\ WR YDOXHV FORVHO\ UH�
ODWHG WR WKH CWUXH
 H[SHFWDWLRQV RI IXQFWLRQV RI WKH
UDQGRP YDULDEOHV XQGHU JHQHUDO FRQGLWLRQV�

7KHRUHP �� /HW S�
2

�R� DQG I
2Mt
�R� EH DV DERYH� DQG

VXSSRVH WKDW (>MX
V

�R�M@ H[LVWV IRU V  �� � � � � 6� ZKHUH
WKH H[SHFWDWLRQV DUH ZLWK UHVSHFW WR S�

2

�R�� )XUWKHU
VXSSRVH WKDW te LV WKH XQLTXH PD[LPL]HU RI

*�t� H[S

�
6;

V �

(>X
V

�R�@�
V

�t�

�
� ���

7KHQ WKH 0/( At REWDLQHG IURP WKH PLVVSHFLnHG GLV�
WULEXWLRQ FRQYHUJHV DOPRVW VXUHO\ WR WKH YDOXH RI te�
)XUWKHU� WKH 0$3 FRQYHUJHV WR te DV ZHOO IRU FRQ�
MXJDWH SULRUV ZLWK QRQ�]HUR SUREDELOLW\ LQ D QHLJKERU�
KRRG DURXQG te�

3URRI� 6HW {��t�  .�*�t�
DH
3

6

V �
EV�V�t� WR EH D FRQ�

MXJDWH SULRU IRU t� 7KHQ LI a[
Q

 �[�� � � � � [Q�� WKH
SRVWHULRU LV

S �t M a[
Q

�  .�*�t�
D�QH

3
6

V �
�EV�WM�a[Q�� �V�t�� ���

ZKHUH WKH VXpFLHQW VWDWLVWLFV W
V

�a[
Q

�  
3

Q

M �
X
V

�[
M

��
%\ WKH 6//1� OLP

Q��
W
V

�a[
Q

� Q � (>X
V

�R�@ DOPRVW
VXUHO\� 7KHQ

G ORJ S�tMa[Q�

Q

Gt

Q��� G ORJ*�t�

Gt
�

6;
V �

(>X
M

�;�@
G�

M

�t�

Gt

���

DOPRVW VXUHO\� 8QGHU WKH DVVXPSWLRQV RI WKH WKHRUHP�
WKH PD[LPXP IRU ERWK (TXDWLRQ ��� DQG (TXDWLRQ ���
DUH ]HURV RI (TXDWLRQ ���� DQG WKH 0$3 FRQYHUJHV
DSSURSULDWHO\� 6HW D  E

V

 � IRU FRQYHUJHQFH RI WKH
0/(�

,Q SDUWLFXODU� WKH UHVXOW LV WUXH IRU WKH *DXVVLDQ
GLVWULEXWLRQ� $VVXPLQJ WKH RXWSXW LV *DXVVLDQ UHVXOWV
LQ DQ RXWSXW ZKLFK DV\PSWRWLFDOO\ PDWFKHV WKH PHDQ
DQG YDULDQFH RI WKH CWUXH
 GLVWULEXWLRQ�

0RUH SUHFLVHO\� DVVXPH WKH RXWSXW R
U

LV *DXVVLDQ
ZLWK XQNQRZQ PHDQ x DQG SUHFLVLRQ ~ � 8VH WKH
JDPPD�QRUPDO FRQMXJDWH SULRU� ZLWK ~ GLVWULEXWHG
*DPPD �m�� n��� DQG x JLYHQ ~ GLVWULEXWHG FRQGL�
WLRQDOO\ *DXVVLDQ� 1 �x�� Q�~ ��

7KHQ WKH SRVWHULRU GLVWULEXWLRQ S �x M '� RI WKH H[�
SHFWHG YDOXH RI WKH RXWSXW x KDV 6WXGHQW GLVWULEXWLRQ

S �x M '� z 6W

t
x
5

� �Q� �5��m� �
5

�
� n

5

� �m� �5

u

ZKHUH 6W �x� n� m� LV WKH XQLYDULDWH 6WXGHQW GLVWULEX�
WLRQ ZLWK m GHJUHHV RI IUHHGRP� PHDQ x� YDULDQFH
m �n�mb ���� DQG

x
5

 
Q�x� �5xR

Q� �5

n
5

 n� �
V

�
�

Q�5�x� b xR��
��Q� �5�

xR  

5N;
U �

R
U

 5

V  
5;
U �

�R
U

b xR���

7KH 6WXGHQW GLVWULEXWLRQ ZLWK VLPLODU SDUDPHWHUV
�6W �xR�5�5b �� V�5 b ��� LV XVHG WR FRQVWUXFW WKH
VWDQGDUG IUHTXHQWLVW FRQnGHQFH LQWHUYDO IRU WKH PHDQ�
7KH PHDQ DQG YDULDQFH IRU ERWK WKH %D\HVLDQ DQG
IUHTXHQWLVW 6WXGHQW GLVWULEXWLRQV DV\PSWRWLFDOO\ ORRN
OLNH xR DQG 5� V� UHVSHFWLYHO\� $OWKRXJK WKH LQWHU�
SUHWDWLRQ RI WKH %D\HVLDQ SRVWHULRU IRU WKH XQNQRZQ
PHDQ DQG WKH IUHTXHQWLVW FRQnGHQFH LQWHUYDO KDYH GLI�
IHUHQW LQWHUSUHWDWLRQV� WKH DERYH *DXVVLDQ DSSUR[L�
PDWLRQ OHDGV WR VLPLODU UHVXOWV IURP D SUDFWLFDO VWDQG�
SRLQW�

� &21&/86,216

7KLV SDSHU UHYLHZV WKH OLWHUDWXUH IRU %D\HVLDQ DS�
SURDFKHV WR VWDWLVWLFDO SUREOHPV LQ VWRFKDVWLF VLPX�
ODWLRQ� ,Q DGGLWLRQ� VRPH UHIHUHQFHV ZHUH SUHVHQWHG
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WR UHODWHG OLWHUDWXUH LQ WKH DUHDV RI %D\HVLDQ PHWKRG�
RORJ\ LQ GHWHUPLQLVWLF VLPXODWLRQ� DQG WKH DSSOLFD�
WLRQ RI VLPXODWLRQ WHFKQLTXHV WR LQWHJUDWLRQ SUREOHPV
ZKLFK DULVH LQ %D\HVLDQ DQDO\VLV�

7KLV SDSHU DOVR SUHVHQWHG D QHZ IRUPXODWLRQ IRU
PRGHOLQJ RXWSXW IURP VWRFKDVWLF VLPXODWLRQV� 7KH
ZRUN LV PRWLYDWHG E\ WZR LGHDV� 2QH� WKH HQWLUH GLVWUL�
EXWLRQ RI VLPXODWLRQ RXWSXW LV RIWHQ RI LQWHUHVW �UDWKHU
WKDQ MXVW PRPHQWV� DQG WZR� WKH SDUDPHWHUV RI WKH
RXWSXW GLVWULEXWLRQ DUH VRPH XQNQRZQ IXQFWLRQ RI WKH
LQSXW SDUDPHWHUV� 7KH DSSURDFK DGYRFDWHG KHUH LV
GLVWLQFW IURP� EXW UHODWHG WR� ERWK WKH PHWDPRGHOLQJ
DSSURDFK XVHG LQ VWRFKDVWLF VLPXODWLRQ DQDO\VLV� DQG
WKH .ULJLQJ PRGHO XVHG LQ GHWHUPLQLVWLF VLPXODWLRQ
DQDO\VLV�

7KH IUDPHZRUN PDNHV H[SOLFLW WKH GLmHUHQFHV EH�
WZHHQ VWRFKDVWLF XQFHUWDLQW\ �UDQGRPQHVV LQKHUHQW LQ
D V\VWHP� DQG WZR W\SHV RI V\VWHPLF XQFHUWDLQW\ �WKH
XQNQRZQ GLVWULEXWLRQV DQG SDUDPHWHUV RI WKH V\VWHP�
DQG WKH XQNQRZQ UHVSRQVH RI RXWSXWV ZLWK UHVSHFW WR
FKDQJHV LQ LQSXWV��

*LYHQ SDUWLFXODU DVVXPSWLRQV� WKH PHDQ RXWSXW FDQ
EH VKRZQ WR EH D UDQGRP YDULDEOH ZLWK 6WXGHQW GLV�
WULEXWLRQ�

$ QXPEHU RI UHVHDUFK GLUHFWLRQV UHPDLQ RSHQ WR
D %D\HVLDQ DQDO\VLV� 7KHVH LQFOXGH� DQDO\VLV RI LQ�
GHSHQGHQW RXWSXW IRU PXOWLSOH V\VWHPV� DQDO\VLV RI
EDWFK PHDQ RXWSXW� GHYHORSPHQW RI WRROV IRU HOLFLW�
LQJ UHDVRQDEOH SULRU GLVWULEXWLRQV� DQDO\VLV RI DSSUR[�
LPDWLRQ LVVXHV UHODWHG WR CVPDOO VDPSOHV
 YHUVXV CODUJH
VDPSOHV
� VHQVLWLYLW\ DQG UREXVWQHVV DQDO\VLV� WKHR�
UHWLFDO DQG LPSOHPHQWDWLRQ ZRUN RQ H[SHULPHQWDO GH�
VLJQ SUREOHPV IRU VLPXODWLRQ UHSOLFDWLRQ DQDO\VLV� DQG
HYDOXDWLRQ RI WKH LPSRUWDQFH RI FROOHFWLQJ PRUH GDWD
DERXW LQSXWV RU UXQQLQJ PRUH UHSOLFDWLRQV WR EHWWHU
FKDUDFWHUL]H WKH RXWSXW�

$&.12:/('*0(176

7KDQNV DUH GXH WR 6KDQH +HQGHUVRQ DQG 6WHSKHQ 3RO�
ORFN� ZKR PDGH YDOXDEOH FRPPHQWV GXULQJ WKH ZULWLQJ
RI WKLV SDSHU�

5()(5(1&(6

$QGUDGuRWWLU� 6�� DQG 9� 0� %LHU� ����� $SSO\�
LQJ %D\HVLDQ LGHDV LQ VLPXODWLRQ� 'HSDUWPHQW RI
,QGXVWULDO (QJLQHHULQJ� 8QLYHUVLW\ RI :LVFRQVLQ�
0DGLVRQ� 7HFKQLFDO 5HSRUW �����

$QGUHZV� 5� :�� :� &� %LUGVDOO� )� -� *HQWQHU� DQG
:� $� 6SLYH\� ����� 9DOLGDWLRQ RI PLFURHFRQRPLF
VLPXODWLRQ� $ FRPSDULVRQ RI VDPSOLQJ WKHRU\ DQG
%D\HVLDQ PHWKRGV� ,Q 3URFHHGLQJV RI WKH :LQWHU

6LPXODWLRQ &RQIHUHQFH� HG� -� 5� :LOVRQ� -� 2� +HQ�
ULNVHQ� DQG 6� '� 5REHUWV� ���^���� ,QVWLWXWH RI
(OHFWULFDO DQG (OHFWURQLFV (QJLQHHUV� ,QF�

$QGUHZV� 5� :�� DQG 7� -� 6FKULEHU� ����� $ %D\HVLDQ
EDWFK PHDQV PHWKRGRORJ\ IRU DQDO\VLV RI VLPXOD�
WLRQ RXWSXW� ,Q 3URFHHGLQJV RI WKH :LQWHU 6LPXOD�
WLRQ &RQIHUHQFH� HG� 6� 5REHUWV� -� %DQNV� DQG %�
6FKPHLVHU� ��^��� ,QVWLWXWH RI (OHFWULFDO DQG (OHF�
WURQLFV (QJLQHHUV� ,QF�

%DQNV� -�� -� 6� &DUVRQ� ,,� DQG %� /� 1HOVRQ� �����
'LVFUHWH�HYHQW V\VWHP VLPXODWLRQ� �QG HG� 8SSHU
6DGGOH 5LYHU� 1-� 86$� 3UHQWLFH�+DOO� ,QF�

%HUJHU� -� 2� ����� 6WDWLVWLFDO GHFLVLRQ WKHRU\ DQG
%D\HVLDQ DQDO\VLV� �QG HG� 1HZ <RUN� 6SULQJHU�
9HUODJ�

%HUJHU� -� 2� ����� $Q RYHUYLHZ RI UREXVW %D\HVLDQ
DQDO\VLV� 7(67 ���^����

&KDORQHU� .�� DQG ,� 9HUGLQHOOL� ����� %D\HVLDQ H[�
SHULPHQWDO GHVLJQ� $ UHYLHZ� 6WDWLVWLFDO 6FLHQFH
���������^����

&KHQ� 0��+�� DQG %� 6FKPHLVHU� ����� 3HUIRUPDQFH RI
WKH *LEEV� KLW�DQG�UXQ� DQG 0HWURSROLV VDPSOHUV�
-RXUQDO RI &RPSXWDWLRQDO DQG *UDSKLFDO 6WDWLVWLFV
�����^����

&KLFN� 6� (� ����� ,QSXW GLVWULEXWLRQ VHOHFWLRQ DQG
YDULDQFH UHGXFWLRQ IRU GLVFUHWH�HYHQW G\QDPLF VLP�
XODWLRQ� $ %D\HVLDQ SHUVSHFWLYH� 'HSDUWPHQW RI
,QGXVWULDO DQG 2SHUDWLRQV (QJLQHHULQJ� 8QLYHUVLW\
RI 0LFKLJDQ� $QQ $UERU� 75������

&KLFN� 6� (� ����� 6HOHFWLQJ WKH EHVW V\VWHP� $
GHFLVLRQ�WKHRUHWLF DSSURDFK� ,Q 3URFHHGLQJV RI WKH
:LQWHU 6LPXODWLRQ &RQIHUHQFH� HG� 6� $QGUDGuRWWLU�
.� -� +HDO\� '� +� :LWKHUV� DQG %� /� 1HOVRQ� ,Q�
VWLWXWH RI (OHFWULFDO DQG (OHFWURQLFV (QJLQHHUV� ,QF�

&XUULQ� &�� 7� 0LWFKHOO� 0� 0RUULV� DQG '� <OYLVDNLU�
����� %D\HVLDQ SUHGLFWLRQ RI GHWHUPLQLVWLF IXQF�
WLRQV� ZLWK DSSOLFDWLRQV WR WKH GHVLJQ DQG DQDO\VLV
RI FRPSXWHU H[SHULPHQWV� -RXUQDO RI WKH $PHULFDQ
6WDWLVWLFDO $VVRFLDWLRQ ������^����

GH *URRW� 0� +� ����� 2SWLPDO VWDWLVWLFDO GHFLVLRQV�
1HZ <RUN� 0F*UDZ�+LOO� ,QF�

'UDSHU� '� ����� $VVHVVPHQW DQG SURSRJDWLRQ RI
PRGHO XQFHUWDLQW\ �ZLWK GLVFXVVLRQ�� -RXUQDO RI
WKH 5R\DO 6WDWLVWLFDO 6RFLHW\� 6HULHV % ��������^���

(GZDUGV� $� :� )� ����� /LNHOLKRRG� &DPEULGJH�
&DPEULGJH 8QLYHUVLW\ 3UHVV�

(YDQV� 0� DQG 7� 6ZDUW]� ����� 0HWKRGV IRU DSSUR[L�
PDWLQJ LQWHJUDOV LQ VWDWLVWLFV ZLWK VSHFLDO HPSKDVLV
RQ %D\HVLDQ LQWHJUDWLRQ SUREOHPV� 6WDWLVWLFDO 6FL�
HQFH ���������^����

*LONV� :� 5�� 6� 5LFKDUGVRQ� DQG '� -� 6SLHJHOKDO�
WHU� ����� 0DUNRY FKDLQ PRQWH FDUOR LQ SUDFWLFH�
/RQGRQ� &KDSPDQ DQG +DOO�

*O\QQ� 3� ����� 3UREOHPV LQ %D\HVLDQ DQDO\VLV RI
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