

&RGLQJ E\ 7DJXFKL 0HWKRG
IRU (YROXWLRQDU\ $OJRULWKPV


$SSOLHG WR $HURG\QDPLF 2SWLPL]DWLRQ


$NLUD 2\DPD �� 6KLJHUX 2ED\DVKL �� .D]XKLUR 1DNDKDVKL �
DQG 1DRNL +LURVH �


$EVWUDFW� $ QHZ FRGLQJ WHFKQLTXH XVLQJ 7DJXFKL
PHWKRG LV SURSRVHG IRU (YROXWLRQDU\ $OJRULWKP �($�
DSSOLHG WR DQ DHURG\QDPLF RSWLPL]DWLRQ� 7DJXFKL
PHWKRG LV XVHG WR LQYHVWLJDWH LQWHUDFWLRQV RI GH�
VLJQ YDULDEOHV DQG WR GHWHUPLQH WKH DSSURSULDWH
FRGLQJ VWUXFWXUH IRU ($ LQ DGYDQFH� ($ FRXSOHG
ZLWK WKH QHZ FRGLQJ WHFKQLTXH LV WKHQ DSSOLHG WR
DHURG\QDPLF GHVLJQ RI D WUDQVRQLF ZLQJ� 7KUHH�
GLPHQVLRQDO 1DYLHU�6WRNHV FDOFXODWLRQ LV XVHG IRU
HVWLPDWLRQ RI ZLQJ SHUIRUPDQFH�


� ,1752'8&7,21


$Q DHURG\QDPLF VKDSH RSWLPL]DWLRQ SUREOHP LV D
W\SLFDO KDUG�WR�RSWLPL]H SUREOHP� %HFDXVH RI QRQ�
OLQHDULW\ RI WKH oRZ HTXDWLRQV� DHURG\QDPLF REMHF�
WLYH IXQFWLRQV DUH RIWHQ URXJK� GLVFRQWLQXRXV DQG
PXOWL�PRGDO� 7R nQG WKH JOREDO RSWLPXP IRU VXFK
FRPSOH[ IXQFWLRQV� D UREXVW RSWLPL]DWLRQ DOJRULWKP
LV UHTXLUHG�
$V D UREXVW RSWLPL]DWLRQ WRRO� ($ ZDV VXFFHVV�


IXOO\ DSSOLHG WR D VXEVRQLF ZLQJ RSWLPL]DWLRQ XVLQJ
WKUHH�GLPHQVLRQDO 1DYLHU�6WRNHV �1�6� FDOFXODWLRQV
LQ >�@� .H\ IHDWXUHV RI WKH PHWKRG DUH VLPSOLnFDWLRQ
RI DLUIRLO GHnQLWLRQ DFFRUGLQJ WR VXEVRQLF ZLQJ DHUR�
G\QDPLFV DQG SDUDOOHOL]DWLRQ RI 1�6 FDOFXODWLRQV RQ
1XPHULFDO :LQG 7XQQHO �1:7�� 1:7 LV D SDU�
DOOHO YHFWRU PDFKLQH RI SHDN SHUIRUPDQFH DW ���
*)/236 ZLWK ��� SURFHVVLQJ HOHPHQWV� �1:7 ZDV
XVHG E\ ZLQQHUV RI ,(((
V ���� 	 ���� *RUGRQ %HOO
3UL]H IRU SHUIRUPDQFH�� 7KH UHVXOWDQW GHVLJQ ZDV


� 'HSDUWPHQW RI $HURQDXWLFV DQG 6SDFH (QJLQHHULQJ�
7RKRNX 8QLYHVLW\� -DSDQ


� &RPSXWDWLRQDO 6FLHQFHV 'LYLVLRQ� 1DWLRQDO $HURVSDFH
/DERUDWRU\� -DSDQ


FRQVLVWHQW ZLWK WKH GHVLJQ SULQFLSOHV REWDLQHG IURP
H[LVWLQJ WKHRULHV DQG H[SHULPHQWV DQG WKHUHIRUH LQ�
GLFDWHG WKDW ($ KDG IRXQG WKH JOREDO RSWLPXP�


$Q H[WHQVLRQ WR D WUDQVRQLF ZLQJ RSWLPL]DWLRQ�
KRZHYHU� LV QRW VWUDLJKWIRUZDUG� 7R REWDLQ D JRRG
WUDQVRQLF DLUIRLO VKDSH VXFK DV VXSHUFULWLFDO DLUIRLOV�
DLUIRLO GHnQLWLRQ ZLWK D ODUJH GHJUHH RI IUHHGRP
LV QHFHVVDU\� 6XFK GHnQLWLRQ UHTXLUHV D ODUJH QXP�
EHU RI GHVLJQ YDULDEOHV DQG RIWHQ FRQWDLQV ?LQWHU�
DFWLRQV� RI GHVLJQ YDULDEOHV DV QRQOLQHDULWLHV LQ nW�
QHVV IXQFWLRQV� 7KHVH LQWHUDFWLRQV DUH RIWHQ UHIHUUHG
DV ?HSLVWDVLV�� FRUUHVSRQGLQJ WR WKH WHUP HSLVWD�
VLV LQ ELRORJ\� 6LQFH WKH RSWLPL]DWLRQ SURFHVV LQ
($ GHSHQGV RQ FRQVWUXFWLRQ RI VLPLODULW\ WHPSODWHV
�VFKHPDWD� RI GHVLJQ YDULDEOHV� ($ FDQQRW nQG FOXHV
WR WKH RSWLPXP LI HSLVWDVLV LV WRR ODUJH� L�H�� VPDOO�
VL]HG VFKHPDWD GR QRW H[LVW� $ GHJUHH RI HSLVWD�
VLV LV VWURQJO\ UHODWHG WR WKH SHUIRUPDQFH RI ($
WKURXJK VL]HV RI ?JRRG� VFKHPDWD� ,I HSLVLWDVLV RI
GHVLJQ YDULDEOHV FDQ EH LGHQWLnHG LQ DGYDQFH� WKH
VL]H RI VFKHPDWD PD\ EH UHGXFHG E\ SHUPXWLQJ GH�
VLJQ YDULDEOHV DFFRUGLQJO\� 7KHUHIRUH� HSLVWDVLV DQDO�
\VLV SURYLGHV LPSRUWDQW LQIRUPDWLRQ IRU FRGLQJ WHFK�
QLTXHV RI ($� +RZHYHU� DQ H[KDXVWLYH VHDUFK RI
HSLVWDVLV UHTXLUHV DV PDQ\ HYDOXDWLRQV DV WKRVH UH�
TXLUHG IRU ($ LWVHOI� 2EYLRXVO\� FRPSXWDWLRQDO HI�
IRUW IRU VXFK SUHSURFHVVLQJ LV SURKLELWLYH�


,Q WKH ODWH ����V *HQLFKL 7DJXFKL GLVSHUVHG D
VWDWLVWLFDO WRRO IRU TXDOLW\ LPSURYHPHQW L�H�� D IDF�
WRULDO GHVLJQ XVLQJ RUWKRJRQDO DUUD\V��2$�>�@ � ,W
KDV EHHQ GHYHORSHG WR JDLQ VXpFLHQW LQIRUPDWLRQ


� $OWKRXJK 2$ LV RULJLQDOO\ GLVFRYHUHG E\ 5�$� )LVKHU�
D IDFWRULDO GHVLJQ XVLQJ 2$ LV DOVR FDOOHG 7DJXFKL
PHWKRG VLQFH 7DJXFKL VLPSOLnHG WKH XVH RI 2$ E\ SUR�
YLGLQJ WDEXODWHG 2$ DQG FRUUHVSRQGLQJ OLQHDU JUDSKV�


Fo ���� $� 2\DPD� HW DO�
(&&20$6 ���
3XEOLVKHG LQ ���� E\ -RKQ :LOH\ 	 6RQV� /WG�







IURP D VWUXFWXUHG VHW RI FRKHUHQW WHVWV DW WKH OHDVW
H[SHQGLWXUH RI UHVRXUFHV� 7KLV WHFKQLTXH ZLOO EH DS�
SOLHG WR H[DPLQH WKH HSLVWDVLV RI GHVLJQ YDULDEOHV
KHUH�


,Q WKLV SDSHU� D WUHH VWUXFWXUH RI GHVLJQ YDULDEOHV
LQVSLUHG E\ WKH GDWD VWUXFWXUH RI *HQHWLF 3URJUDP�
PLQJ LV LQWURGXFHG DV D FRGLQJ VWUXFWXUH� 7KH FRG�
LQJ VWUXFWXUH LV GHWHUPLQHG E\ WKH HSLVWDVLV DQDO\VLV
XVLQJ 7DJXFKL PHWKRG LQ DGYDQFH� 7KHQ� WKH UHVXOW�
LQJ FRGLQJ VWUXFWXUH LV DSSOLHG WR DHURG\QDPLF GH�
VLJQ XVLQJ PXOWLREMHFWLYH ($>�@ FRXSOHG ZLWK )/2�
��>�@ WR H[DPLQH WKH QHZ FRGLQJ WHFKQLTXH� )LQDOO\
D WUDQVRQLF ZLQJ GHVLJQ XVLQJ WKUHH�GLPHQVLRQDO 1�
6 FDOFXODWLRQV ZLOO EH GHPRQVWUDWHG�


� $3352$&+


��� *(20(75<
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,Q WKLV VWXG\� DLUIRLO VHFWLRQV DUH JHQHUDWHG E\ WKH
H[WHQGHG -RXNRZVNL WUDQVIRUPDWLRQ>�@� ,W WUDQVIRUPV
D XQLW FLUFOH WR YDULRXV NLQGV RI DLUIRLOV LQ WKH FRP�
SOH[ QXPEHU SODQH E\ WZR FRQVHFXWLYH FRQIRUPDO
PDSSLQJV DV�


=�  UH
Lt� =F ���


=�  =� b q �=� b c� ���


=  =� � � =� ���


KHUH =F� =�� =�� = DQG qDUH FRPSOH[ QXPEHUV DQG


c� U� DQG tDUH UHDO QXPEHUV� ZKHUH U LV GHWHUPLQHG


VR WKDW =� SDVVHV WKH RULJLQ RI WKH FRRUGLQDWH D[HV�


7KLV WUDQVIRUPDWLRQ LV WKHUHIRUH GHnQHG E\ =F� q�
DQG c� 7KH SUHVHQW GHVLJQ YDULDEOHV DUH JLYHQ E\
nYH SDUDPHWHUV �[F� \F� [W� \W� c� ZKHUH D SRVLWLRQ
�[F� \F� FRUUHVSRQGV WR WKH FHQWHU RI WKH RULJLQDO
FLUFOH =�� WKH FRPSOH[ QXPEHU qFRUUHVSRQGV WR �[W�
\W� DQG c LV WKH SUHOLPLQDU\ PRYHPHQW LQ WKH UHDO
D[LV� ,W LV NQRZQ WKDW [F� [W� DQG c DUH UHODWHG WR
WKH DLUIRLO WKLFNQHVV ZKLOH \F DQG \W DUH UHODWHG WR
WKH DLUIRLO FDPEHU OLQH�


7KHQ� WKH ZLQJ JHRPHWU\ LV UHSUHVHQWHG E\ WKHVH
DLUIRLO SDUDPHWHUV DQG WZLVW DQJOHV GLVWULEXWHG LQ
WKH VSDQZLVH GLUHFWLRQ� 7KHVH SDUDPHWHUV DUH LQ�
WHUSRODWHG E\ VHFRQG�RUGHU %�6SOLQH FXUYHV� 7KH %�
6SOLQHV DUH GHnQHG E\ VHYHQ SRLQWV IRU WKH LQYLVFLG
FDVH DQG E\ nYH SRLQWV IRU WKH YLVFRXV FDVH� 3ODQ�
IRUP RI WKH ZLQJ LV WDNHQ IURP WKH 1$6$ (QHUJ\
(pFLHQW 7UDQVSRUW �((7� 3URJUDP>�@�


��� (9$/8$7,21
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,Q WKLV VWXG\� )/2��� DQG D 1�6 VROYHU DUH XVHG
WR HYDOXDWH DHURG\QDPLF SHUIRUPDQFH IRU LQYLVFLG
DQG YLVFRXV FDVHV� UHVSHFWLYHO\� )UHHVWUHDP 0DFK
QXPEHU LV ��� IRU ERWK FDVHV DQG 5H\QROGV QXPEHU
EDVHG RQ WKH URRW FKRUG LV VHW WR ��� IRU WKH YLVFLG
FDVH�


)/2��� LV DSSOLHG WR HSLVWDVLV DQDO\VLV XVLQJ 7DJXFKL
PHWKRG DV ZHOO DV WKH LQYLVFLG ZLQJ RSWLPL]DWLRQ� ,W
LV D WUDQVRQLF� FRQVHUYDWLYH� IXOO�SRWHQWLDO FRGH GH�
YHORSHG E\ -DPHVRQ DQG &DXJKH\� 7KH 1�6 VROYHU
XVHG KHUH LV EDVHG RQ D 79'�W\SH XSZLQG GLmHUHQFLQJ>�@�
WKH /8�6*6 VFKHPH>�@ DQG WKH PXOWLJULG PHWKRG>�@�
1�6 FRPSXWDWLRQV DUH GLVWULEXWHG WR �� SURFHVVLQJ
HOHPHQWV RI 1:7 VR WKDW WKH DHURG\QDPLF HYDOXD�
WLRQ SURFHVVHG LQ SDUDOOHO�


����� 6758&785$/ &21675$,17


$ VWUXFWXUDO FRQVWUDLQW LV LQWURGXFHG WR WKH YLV�
FRXV FDVH WR REWDLQ D UHDOLVWLF ZLQJ LQ WKH WUDQVRQLF
UHJLPH� )RU WKH EUHYLW\� WKH ZLQJ DQG LWV VSDQZLVH
OLIW GLVWULEXWLRQ DUH UHSODFHG E\ D FDQWLOHYHU DQG
FRQFHQWUDWHG ORDGV� UHVSHFWLYHO\� )URP WKH ORDGV�
WKH EHQGLQJ PRPHQW GLVWULEXWLRQ LV FDOFXODWHG� ZKLFK
JLYHV WKH VWUXFWXUDO VWUHVV RQ WKH ZLQJ� 7KHQ WKH
FRQVWUDLQW LV JLYHQ VR WKDW WKH ORFDO VWUHVV LV OHVV
WKDQ WKH XOWLPDWH VKHDU VWUHVV RI $OXPLQXP DOOR\
�VHH� IRU H[DPSOH� >��@��


��� (92/87,21$5<
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,Q ($� GHVLJQ YDULDEOHV RI HDFK FDQGLGDWH DUH HQ�
FRGHG LQWR nQLWH�OHQJWK VWULQJV MXVW DV WKH FKDUDF�
WHULVWLFV RI DQ LQGLYLGXDO DUH HQFRGHG LQ FKURPR�
VRPHV DV JHQHV� +HUH� UDQGRPO\ FUHDWHG GHVLJQ FDQ�
GLGDWHV PDNH XS WKH LQLWLDO SRSXODWLRQ WR EH RS�
WLPL]HG DFFRUGLQJ WR REMHFWLYH IXQFWLRQ YDOXH �nW�
QHVV� WKURXJK WKH VLPXODWHG HYROXWLRQ� (YROXWLRQ�
DU\ RSHUDWRUV IRU WKH HYROXWLRQ SURFHVV DUH HYDOXD�
WLRQ� VHOHFWLRQ� FURVVRYHU DQG PXWDWLRQ>��@ DV VKRZQ
LQ )LJ� �� 7KH HYROXWLRQDU\ GLUHFWLRQ RSHUDWRU>��@ LV
D VSHFLDO WHFKQLTXH WR LPSURYH ORFDO VHDUFK SHUIRU�
PDQFH RI ($� ,Q WKLV VWXG\� D SRSXODWLRQ VL]H RI ��
LV XVHG�
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,Q ($� VHOHFWLRQ LV D SURFHVV LQ ZKLFK LQGLYLGXDO
VWULQJV DUH FRSLHG LQ PDWLQJ SRRO DFFRUGLQJ WR WKHLU
nWQHVV� 7KH UDQNLQJ PHWKRG FRXSOHG ZLWK WKH 6WRFKDV�
WLF 8QLYHUVDO VDPSOLQJ �686�>��@ LV XVHG� 7KH EHVW
DQG WKH VHFRQG EHVW LQGLYLGXDOV LQ HDFK JHQHUDWLRQ
DUH FRSLHG WR WKH QHZ JHQHUDWLRQ DXWRPDWLFDOO\ DV
WKH HOLWLVW VWUDWHJ\�


7KH FURVVRYHU RSHUDWRU H[FKDQJHV FKURPRVRPHV
RI WKH VHOHFWHG SDUHQWV DW UDQGRP� +HUH� HDFK VSDQ�
ZLVH GLVWULEXWLRQ RI -RXNRZVNL WUDQVIRUPDWLRQ SD�
UDPHWHUV DQG WZLVW DQJOH LV HQFRGHG DV D FKURPR�
VRPH� 7KH VLPSOH RQH�SRLQW FURVVRYHU DQG WKH HYR�
OXWLRQDU\ GLUHFWLRQ RSHUDWRU DUH XVHG WR FUHDWH ���
DQG ��� RI FKLOG JHQHUDWLRQ� UHVSHFWLYHO\�


0XWDWLRQ LV D UDQGRP ZDON RI D VWULQJ WKDW ZLOO
RFFXU GXULQJ WKH FURVVRYHU SURFHVV DW D JLYHQ PXWD�
WLRQ UDWH� 7KLV RSHUDWRU NHHSV GLYHUVLW\ RI D SRSX�
ODWLRQ� +HUH� PXWDWLRQ WDNHV SODFH DW D SUREDELOLW\
RI ��� DQG WKHQ DGGV D UDQGRP GLVWXUEDQFH WR WKH
SDUDPHWHU LQ WKH DPRXQW XS WRp��� RI GHVLJQ
VSDFH�


����� (92/87,21$5< 23(5$7256


)25 08/7,2%-(&7,9( ($


%\ PDLQWDLQLQJ D SRSXODWLRQ RI VROXWLRQV� ($ FDQ
VHDUFK IRU PDQ\ 3DUHWR�RSWLPDO VROXWLRQV LQ SDUDO�
OHO� 7KLV FKDUDFWHULVWLF PDNHV ($ YHU\ DWWUDFWLYH IRU
VROYLQJ PXOWLREMHFWLYH �02� SUREOHPV� 7KH IROORZ�
LQJ WZR IHDWXUHV DUH GHVLUHG WR VROYH 02 SUREOHPV
VXFFHVVIXOO\� �� 7KH VROXWLRQV REWDLQHG DUH 3DUHWR�
RSWLPDO� �� 7KH\ DUH XQLIRUPO\ VDPSOHG IURP WKH
3DUHWR�RSWLPDO VHW� 7R DFKLHYH WKHVH ZLWK ($� WKH
UDQNLQJ VHOHFWLRQ PHWKRG DQG WKH nWQHVV VKDULQJ
WHFKQLTXH>��@ DUH XVHG� $V WKH HOLWLVP� WKH EHVW�1
VHOHFWLRQ>��@ LV LQFRUSRUDWHG� ZKHUH WKH EHVW 1 LQGL�
YLGXDOV DUH VHOHFWHG IRU WKH QH[W JHQHUDWLRQ DPRQJ
1 SDUHQWV DQG 1 FKLOGUHQ VR WKDW 3DUHWR VROXWLRQV
ZLOO EH NHSW RQFH WKH\ DUH IRUPHG� 6LQFH WKH VWURQJ
HOLWLVP LV XVHG� KLJK PXWDWLRQ UDWH RI ��� LV DSSOLHG
ZKLOH WKH DPRXQW RI GLVWXUEDQFHV LV UHGXFHG IURP
��� WR �� RI WKH GHVLJQ VSDFH DV WKH JHQHUDWLRQ
DGYDQFHV�


��� 7$*8&+, 0(7+2'


$ SDUDPHWULF VWXG\ LV RIWHQ FRQGXFWHG E\ YDU\LQJ
RQH SDUDPHWHU DW D WLPH RU E\ WULDO DQG HUURU IRU D


OLPLWHG QXPEHU RI SDUDPHWHUV� +RZHYHU� VXFK DS�
SURDFKHV RQO\ OHDG WR LQFRPSOHWH NQRZOHGJH IRU D
ODUJH GHVLJQ VSDFH� $Q H[KDXVWLYH VHDUFK� LQ FRQ�
WUDVW� UHTXLUHV XQDFFHSWDEO\ ODUJH QXPEHU RI H[SHU�
LPHQWV DQG WKXV WKH\ DUH QRW VXLWDEOH WR UHDO�ZRUOG
SUREOHPV� )RU LQVWDQFH� D FRPSOHWH VWXG\ RI D GH�
VLJQ VSDFH RI � SDUDPHWHUV ZLWK � OHYHOV UHTXLUHV
���� H[SHULPHQWV�


7DJXFKL PHWKRG LV DQ HpFLHQW DSSURDFK IRU SDUD�
PHWULF VWXGLHV RI ODUJH V\VWHPV� EDVHG RQ WKH VWD�
WLVWLFDO WKHRU\ IRU GHVLJQ RI H[SHULPHQWV� ,W UHGXFHV
WKH UHTXLUHG QXPEHU RI H[SHULPHQWV ZLWKRXW GHWH�
ULRUDWLQJ TXDOLW\ RI LQIRUPDWLRQ E\ DUUDQJLQJ WKH
H[SHULPHQWV DFFRUGLQJ WR WKH RUWKRJRQDO DUUD\�


7DJXFKL PHWKRG VWDUWV ZLWK VHOHFWLRQ RI IDFWRUV
DQG WKHLU OHYHOV� 7KH QXPEHU RI IDFWRUV DQG WKHLU
OHYHOV JLYH WKH WRWDO GHJUHH RI IUHHGRP RI H[SHUL�
PHQWV� ZKLFK GHWHUPLQHV WKH VL]H RI UHTXLUHG H[�
SHULPHQWV� 7KHQ WKH RUWKRJRQDO WDEOH LV VHOHFWHG
DFFRUGLQJ WR WKH VL]H RI WKH H[SHULPHQWV� 7KH VHW
RI H[SHULPHQWV LV SHUIRUPHG DFFRUGLQJ WR WKLV WD�
EOH VR WKDW DOO FRPELQDWLRQV RI WKH IDFWRUV EHFRPH
RUWKRJRQDO�


7KHQ� WKH HmHFWLYHQHVV RI IDFWRUV DQG WKHLU LQWHU�
DFWLRQV FDQ EH HVWLPDWHG VWDWLVWLFDOO\ E\ WKH YDOXHV
RI )� WKH YDULDQFH RI IDFWRUV DQG LQWHUDFWLRQV GL�
YLGHG E\ WKDW RI HUURU� ,I ) LV JUHDWHU WKDQ WKH FULW�
LFDO YDOXH� VD\� ��� WKH FRUUHVSRQGLQJ IDFWRU RU LQ�
WHUDFWLRQ LV FRQVLGHUHG HmHFWLYH� ,Q WKLV SDSHU� WKLV
PHWKRG LV DSSOLHG WR DQDO\]H WKH HSLVWDVLV RI WKH
-RXNRZVNL WUDQVIRUPDWLRQ SDUDPHWHUV�


� 5(68/76


��� &2',1* %< 7$*8&+,
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7DJXFKL PHWKRG LV HPSOR\HG WR HYDOXDWH HmHFWLYH�
QHVV RI VSDQZLVH YDULDWLRQ RI GHVLJQ YDULDEOHV RQ
DHURG\QDPLF SHUIRUPDQFH &/ DQG &' RI D ZLQJ�
2QO\ WR DFFRXQW IRU SRVLWLYH FKDQJHV LQ DHURG\�
QDPLF SHUIRUPDQFH �LQFUHDVH RI &/ DQG GHFUHDVH
RI &'�� IROORZLQJ WZR IXQFWLRQV DUH LQWURGXFHG�


I�  PD[�&/ b &/�� �� ���


I�  bPLQ�&' b &'�� �� ���


ZKHUH &/� DQG &'� DUH WKRVH RI D ZLQJ KDYLQJ D


FRQVWDQW DLUIRLO VHFWLRQ DORQJ WKH VSDQZLVH GLUHF�


WLRQ� 7KLV ZLQJ ZDV REWDLQHG E\ RSWLPL]LQJ &/
DQG &' ZLWKRXW VSDQZLVH YDULDWLRQ RI DLUIRLO VHF�


WLRQV XVLQJ )/2���� $LUIRLO GHVLJQ YDULDEOHV DQG D
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WZLVW DQJOH [F� \F� [W� \W� c� m� DUH FRQVLGHUHG DV


IDFWRUV� 7KUHH W\SHV RI VSDQZLVH YDULDWLRQV RI WKH


IDFWRUV DUH FRQVLGHUHG DV OHYHOV� QR YDULDWLRQ� OLQ�


HDU LQFUHDVH IURP URRW WR WLS� DQG YLFH YHUVD� 7KH


QXPEHU RI LQWHUDFWLRQV FRQVLGHUHG KHUH LV WHQ� L�H��


[F\F� [F[W� [F\W� [Fc� \F[W� \F\W� \Fc� [W\W� [Wc


DQG \Wc� $OWKRXJK WKH H[KDXVWLYH VHDUFK RI LQWHU�


DFWLRQV DPRQJ VL[ IDFWRUV UHTXLUHV ��� H[SHULPHQWV�


7DJXFKL PHWKRG UHTXLUHV RQO\ �� H[SHULPHQWV�


)LJXUH � VKRZV ) YDOXHV IRU WKH IDFWRUV DQG LQ�


WHUDFWLRQV� 7KH VROLG OLQH DQG WKH EURNHQ OLQH DUH


FULWLFDO ) YDOXHV ZLWK �� RU �� VWDWLVWLFDO ULVNV� UH�
VSHFWLYHO\� ) YDOXHV PRUH WKDQ WKHVH FULWLFDO YDOXHV
DUH MXGJHG HmHFWLYH� :KLOH HYHU\ IDFWRU LV HmHFWLYH
RQ ERWK I� DQG I�� LQWHUDFWLRQV RI [F[W DQG \F\W
DSSHDU HmHFWLYH� 7KLV UHVXOW LV FRQVLVWHQW ZLWK WKH
IDFW WKDW [F� [W� DQG c DUH UHODWHG WR WKH DLUIRLO
WKLFNQHVV ZKLOH \F DQG \W DUH UHODWHG WR WKH DLUIRLO
FDPEHU OLQH�


7KH HSLVWDVLV DQDO\VLV XVLQJ 7DJXFKL PHWKRG LQ�
GLFDWHV VWURQJ LQWHUDFWLRQV LQ �[F� [W� DQG �\F� \W��
7KHUHIRUH� D WUHH VWUXFWXUH RI GHVLJQ YDULDEOHV FDQ
EH FRQVWUXFWHG DV VKRZQ LQ )LJ� �� 7KLV ZLOO EH
EHWWHU WKDQ WKH VLPSOH�PLQGHG VHTXHQWLDO FRGLQJ
VKRZQ LQ )LJ� �� :KHQ WKH WUHH VWUXFWXUH FRGLQJ LV
XVHG� JRRG VFKHPDWD� �[F� [W� DQG �\F� \W� ZLOO EH
IRUPHG HDVLO\� 7KH GLmHUHQFH EHWZHHQ WKHVH FRGLQJ
WHFKQLTXHV DSSHDUV LQ FURVVRYHU�


��� 08/7,2%-(&7,9(


,19,6&,' 237,0,=$7,21


0XOWLREMHFWLYH DHURG\QDPLF GHVLJQ XVLQJ ($ LV nUVW


GHPRQVWUDWHG IRU WKH YDOLGLW\ RI WKH QHZ FRGLQJ


WHFKQLTXH� 7KH PDLQ PXOWLREMHFWLYH RSWLPL]DWLRQ LV


GHnQHG DV�


0D[LPL]H &/
0LQLPL]H &'
+HUH WKH VWUXFWXUDO FRQVWUDLQW LV LJQRUHG DQG WKH


RSWLPL]DWLRQ LV VWRSSHG DIWHU ��� JHQHUDWLRQV� )LJ�


XUH � VKRZV WKH 3DUHWR�RSWLPXPV LQGLFDWLQJ WKH


WUDGHRm EHWZHHQ PD[LPL]DWLRQ RI &/ DQG PLQL�


PL]DWLRQ RI &'� 6ROLG DQG KROORZ SRLQWV VKRZ WKH


UHVXOWLQJ 3DUHWR IURQWV REWDLQHG IURP WKH WUHH�VWUXFWXUH


DQG WKH VHTXHQWLDO FRGLQJ WHFKQLTXHV� UHVSHFWLYHO\�


7KLV nJXUH LQGLFDWHV WKDW WKH SUHVHQW ($ ZLWK WKH


WUHH�VWUXFWXUH FRGLQJ RXWSHUIRUPV WKH FRQYHQWLRQDO


($ ZLWK WKH VHTXHQWLDO FRGLQJ� $LUIRLO VHFWLRQV RI


WKH GHVLJQHG ZLQJV SLFNHG IURP WKH 3DUHWR IURQWV


ZKHUH &/  ��� DUH VKRZQ LQ )LJV� � DQG � IRU D


FRPSDULVRQ SXUSRVH� 7KH GHVLJQ REWDLQHG IURP WKH


QHZ FRGLQJ WHFKQLTXH KDV D ODUJH OHDGLQJ�HGJH UD�


GLXV� UHGXFHG FXUYDWXUH RYHU WKH PLGGOH UHJLRQ RI


WKH XSSHU VXUIDFH DQG VXEVWDQWLDO DIW FKDPEHU� 7KLV


LQGLFDWHV WKDW WKH QHZ FRGLQJ WHFKQLTXH KHOSV nQG�


LQJ VXSHUFULWLFDO DLUIRLOV VXLWDEOH WR WUDQVRQLF oRZV


ZKLOH WKH VHTXHQWLDO FRGLQJ IDLOV�


��� 6,1*/(�2%-(&7,9(
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7KH SUHVHQW ($ LV DSSOLHG WR D ZLQJ RSWLPL]DWLRQ
XVLQJ 1�6 FDOFXODWLRQV� (YDOXDWLRQV DUH SDUDOOHOL]HG
WR UHGXFH WKH FRPSXWDWLRQDO WLPH QHFHVVDU\ IRU HYDO�
XDWLRQV XVLQJ D 1�6 VROYHU� 7KH REMHFWLYH LV OLIW�WR�
GUDJ UDWLR WR EH PD[LPL]HG ZLWK D SHQDOW\ IRU WKH
VWUXFWXUDO FRQVWUDLQW� 7KLV SUREOHP LV WKH VDPH DV
>��@�


7KH FRQYHUJHQFH KLVWRU\ LV LOOXVWUDWHG LQ )LJ� ��
6LQFH WKH EHVW FDQGLGDWHV LQ HYHU\ JHQHUDWLRQ VDW�
LVI\ WKH VWUXFWXUDO FRQVWUDLQW� WKH PD[LPXP nWQHVV
YDOXH LV WKH VDPH DV WKH PD[LPXP OLIW�WR�GUDJ UD�
WLR� 7KH DYHUDJH nWQHVV GLG QRW FRQYHUJH WR WKH
PD[LPXP nWQHVV VLQFH VRPH GHVLJQ FDQGLGDWHV KDG
YHU\ ORZ nWQHVV GRH WR YLRODWLRQ RI WKH VWUXFWXUDO
FRQVWUDLQW� 7KH OLIW�WR�GUDJ UDWLR KDV LQFUHDFHG WR
����� ZKLOH WKH GHVLJQ REWDLQHG E\ VHTXHQWLRDO FRG�
LQJ KDG WKH OLIW�WR�GUDJ UDWLR RI ������


6SDQZLVH WKLFNQHVV DQG WZLVW DQJOH GLVWULEXWLRQV
RI WKH RSWLPL]HG ZLQJ DUH VKRZQ LQ )LJV� � DQG ���
UHVSHFWLYHO\� 7KH WKLFNQHVV GLVWULEXWLRQ VDWLVnHV WKH
VWUXFWXUDO FRQVWUDLQW�


)LJXUH �� VKRZV VXUIDFH SUHVVXUH FRQWRXUV RQ
XSSHU VXUIDFH RI WKH GHVLJQ� ($ KDV IRXQG D GH�
VLJQ WKDW KDV QR oRZ VHSDUDWLRQ DQG WKXV QR SUHV�
VXUH GUDJ� ,Q DGGLWLRQ� D ZHDN VKRFN ZDYH DSSHDUV
RQO\ DW WKH ��� VSDQZLVH VWDWLRQ ZKHUH WKH PD[L�
PXP WKLFNQHVV LV UHTXLUHG� 7KLV LQGLFDWHV WKHUH LV
D WUDGHRm EHWZHHQ WKH LQFUHDVH RI WKH VWUXFWXUDO
VWUHQJWK DQG WKH UHGXFWLRQ RI WKH ZDYH GUDJ� 7KH
UHVXOWLQJ ZLQJ LV D FRPSURPLVH IRU WKH JLYHQ FRQ�
VWUDLQW�


7KH UHVXOWLQJ ORDGLQJ GLVWULEXWLRQ VKRZQ LQ )LJ�
�� LV IDU IURP WKH SDUDEROD WKDW LV NQRZQ WR JLYH WKH
PLQLPXP LQGXFHG GUDJ ZKHQ WKH VWUXFWXUDO FRQ�
VWUDLQW LV FRQVLGHUHG>�@� 7KLV LQGLFDWHV WKH GHVLJQ
GRHV QRW DFKLHYH WKH PLQLPXP LQGXFHG GUDJ� +RZ�
HYHU� WR UHGXFH WKH LQGXFHG GUDJ IXUWKHU� WKH OLIW
DW WKH PLGVSDQ UHJLRQ KDV WR EH LQFUHDVHG� 7KLV
ZLOO UHVXOWLQJ D VWURQJHU VKRFN ZDYH DQG WKXV ODUJHU
ZDYH GUDJ� $JDLQ WKHUH LV D WUDGHRmEHWZHHQ UHGXF�
WLRQV RI WKH LQGXFHG GUDJ DQG ZDYH GUDJ DQG WKH
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SUHVHQW RSWLPL]HU KDV IRXQG D JRRG FRPSULPLVH�


� &21&/86,21


7DJXFKL PHWKRG KDV EHHQ XVHG WR DQDO\]H HSLVWDVLV


LQ WKH GHVLJQ YDULDEOHV RI D WUDQVRQLF ZLQJ VKDSH


GHVLJQ� 7KH FRGLQJ VWUXFWXUH IRU ($ LV PRGLnHG


DFFRUGLQJ WR WKH UHVXOWDQW HSLVWDVLV LQIRUPDWLRQ�


7R H[DPLQH WKH SHUIRUPDQFH RI WKH QHZ FRGLQJ


WHFKQLTXH� PXOWLREMHFWLYH RSWLPL]DWLRQV ZHUH nUVW


SHUIRUPHG E\ XVLQJ DQ LQYLVFLG oRZ FRGH� )/2�


��� 7KH SUHVHQW ($ ZLWK WKH QHZ FRGLQJ WHFKQLTXH


KDV IRXQG WKH VXSHUFULWLFDO ZLQJ ZKLOH WKH ($ ZLWK


WKH FRQYHQWLRQDO FRGLQJ KDV IDOOHQ LQWR D SUHPDWXUH


FRQYHUJHQFH� 7KHVH UHVXOWV LQGLFDWH WKH YDOLGLW\ RI


WKH SUHVHQW DSSURDFK�


1H[W� D VLQJOH�REMHFWLYH RSWLPL]DWLRQ XVLQJ ($


FRXSOHG ZLWK WKH WKUHH�GLPHQVLRQDO 1�6 VROYHU ZDV


GHPRQVWUDWHG� 7R RYHUFRPH HQRUPRXV FRPSXWDWLRQDO


WLPH QHFHVVDU\ IRU WKLV RSWLPL]DWLRQ� WKH 1�6 HYDOX�


DWLRQV ZHUH SURFHVVHG LQ SDUDOOHO RQ 1:7� 7KH GH�


VLJQ REWDLQHG E\ ($ ZLWK WKH QHZ FRGLQJ WHFKQLTXH


KDG KLJKHU OLIW�WR�GUDJ UDWLR WKDQ WKH GHVLJQ RE�


WDLQHG E\ ($ ZLWK WKH VHTXHQWLDO FRGLQJ� 7UDGHRmV


DUH IRXQG DPRQJ LQFUHDVH RI WKH VWUXFWXUDO VWUHQJWK�


UHGXFWLRQ RI WKH ZDYH GUDJ DQG UHGXFWLRQ RI WKH LQ�


GXFHG GUDJ� 7KH SUHVHQW ($ ZDV VXFFHHGHG LQ nQG�


LQJ D JRRG FRPSURPLVHG GHVLJQ WKDW KDYH D IXOO\


DWWDFKHG oRZ DQG D ZHDN VKRFN ZDYH RQO\ DW WKH


NLQN UHJLRQ ZKHUH WKH VWUXFWXUDO FRQVWUDLQW UHTXLUHV


WKH PD[LPXP WKLFNQHVV�


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


7KLV ZRUN ZDV SDUWO\ VXSSRUWHG E\ GH +DYLOODQG


,QF�� &DQDGD�


5()(5(1&(6


>�@ 6� 2ED\DVKL DQG $� 2\DPD� 7KUHH�'LPHQVLRQDO


$HURG\QDPLF 2SWLPL]DWLRQ ZLWK *HQHWLF $OJR�


ULWKP� �������� WKH 6HFRQG (&&20$6 &RQIHU�


HQFH RQ &RPSXWDWLRQDO )OXLG '\QDPLFV� 3DULV�


6HSWHPEHU� �����


>�@ &� -� 3KDGNH� 4XDOLW\ (QJLQHHULQJ 8VLQJ 5R�


EXVW 'HVLJQ� 3UHQWLFH +DOO� (QJOHZRRG &OLmV� 1�-��


�����


>�@ +� 7DPDNL� +� .LWD DQG 6� .RED\DVKL� 0XOWL�


REMHFWLYH RSWLPL]DWLRQ E\ JHQHWLF DOJRULWKPV� D UH�


YLHZ� �������� 3URFHHGLQJV RI ���� ,((( ,QWHUQD�


WLRQDO &RQIHUHQFH RQ (YROXWLRQDU\ &RPSXWDWLRQ�


�����


>�@ $� -DPHVRQ DQG '� $� &DXJKH\� $ )LQLWH 9RO�


XPH 0HWKRG IRU 7UDQVRQLF 3RWHQWLDO )ORZ &DOFX�


ODWLRQV� $,$$ 3DSHU ������� �����


>�@ 5� 7� -RQHV� :LQJ 7KHRU\� 3ULQFHWRQ 8QLYHUVLW\


3UHVV� �����


>�@ 3� )� -DFREV� ([SHULPHQWDO 7ULP 'UDJ 9DOXHV DQG


)ORZ�)LHOG 0HDVXUHPHQWV RU D :LGH�%RG\ 7UDQV�


SRUW 0RGHO ZLWK &RQYHQWLRQDO DQG 6XSHUFULWLFDO


:LQJV� 1$6$ 73 ����� �����


>�@ 6� 2ED\DVKL DQG <� :DGD� 3UDFWLFDO )RUPXODWLRQ


RI D 3RVLWLYHO\ &RQVHUYDWLYH 6FKHPH� ����������


9RO� ��� $,$$ -RXUQDO� �����


>�@ 6� <RRQ� $� -DPHVRQ DQG '� .ZDN� (mHFW RI $UWL�


nFLDO 'LmXVLRQ 6FKHPH RQ 0XOWLJULG &RQYHUJHQFH�


$,$$ 3DSHU �������� �����


>�@ $� -DPHVRQ� 6ROXWLRQ RI WKH (XOHU (TXDWLRQV IRU


7ZR�'LPHQVLRQDO 7UDQVRQLF )ORZ E\ D 0XOWLJULG


0HWKRG� $SSOLHG 0DWKHPDWLFV DQG &RPSXWDWLRQ�


�������� 9RO� ��� 1RYHPEHU� �����


>��@ -� &DVH� $� +� &KLOYHU DQG &� 7� )� 5RVV� 6WUHQJWK


RI 0DWHULDOV 	 6WUXFWXUHV ZLWK DQ ,QWURGXFWLRQ WR


)LQLWH (OHPHQW 0HWKRGV� (GZDUG $UQROG� /RQGRQ�


�UG HGQ�� �����


>��@ '� 4XDJOLDUHOOD� -� 3HULDX]� &� 3RORQL DQG *� :LQ�


WHU �(GV���*HQHWLF $OJRULWKPV LQ (QJLQHUULQJ DQG


&RPSXWHU 6FLHQFH� -RKQ :LOH\ DQG 6RQV� &KLFK�


HVWHU� 'HFHPEHU� �����


>��@ -� (� %DNHU� 5HGXFLQJ %LDV DQG ,QHpFLHQF\ LQ WKH


6HFWLRQ $OJRULWKP� 3URFHHGLQJV RI �QG ,QWHUQD�


WLRQDO &RQIHUHQFH RQ *HQHWLF $OJRULWKP� 0RUJDQ


.DXIPDQQ 3XEOLVKHUV� ,QF�� 6DQ 0DWHR� �����


>��@ .� <DPDPRWR DQG 2� ,QRXH� $SSOLFDWLRQV RI *H�


QHWLF $OJRULWKP WR $HURG\QDPLF 6KDSH 2SWLPL]D�


WLRQ� $,$$ 3DSHU �������� �����


>��@ &� 0� )RQVHFD DQG 3� -� )OHPLQJ� *HQHWLF $OJR�


ULWKPV IRU PXOWLREMHFWLYH RSWLPL]DWLRQ� IRUPXOD�


WLRQ� GLVFXVVLRQ DQG JHQHUDOL]DWLRQ� �������� 3UR�


FHHGLQJV RI WKH �WK ,QWHUQDWLRQDO &RQIHUHQFH RQ


*HQHWLF $OJRULWKPV� 0RUJDQ .DXIPDQQ 3XEOLVK�


HUV� ,QF�� 6DQ 0DWHR� �����


>��@ 6� 7VXWVXL DQG <� )XMLPRWR� )RUNLQJ *HQHWLF $OJR�


ULWKPV ZLWK EORFNLQJ DQG VKULQNLQJ PRGHV �I*$��


�������� 3URFHHGLQJV RI WKH �WK ,QWHUQDWLRQDO &RQ�


IHUHQFH RQ *HQHWLF $OJRULWKPV� 0RUJDQ .DXI�


PDQQ 3XEOLVKHUV� ,QF�� 6DQ 0DWHR� �����


>��@ $� 2\DPD� 6� 2ED\DVKL� .� 1DNDKDVKL DQG 7�


1DNDPXUD� 7UDQVRQLF :LQJ 2SWLPL]DWLRQ 8VLQJ


*HQHWLF $OJRULWKP� $,$$ 3DSHU �������� �����


&RGLQJ E\ 7DJXFKL 0HWKRG � $� 2\DPD� HW DO�







Figure 1. Flowchart of Evolutionary Algorithm


Figure 2. Effectiveness of factors and their interactions


Figure 3. Tree structure of design variables


Figure 4. Sequential structure of design variables
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Figure 5. Pareto optimum of a wing optimization
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Figure 6. Wing shape optimized by sequential coding
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Figure 7. Wing shape optimized by tree structure coding
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Figure 8. Optimization history
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Figure 9. Spanwise thickness distribution
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Figure 10. Spanwise twist angle distribution


Figure 11. Pressure contours on the upper surface of the


                   wing
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Figure 12. Spanwise load distribution
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