
���������
	�������
��������	�������������������� �!��#"$��%&	��'�(�)�*�+	�����,�+���.-�����	������
/�0*!�1 24353624798$:9; 85< "*�=0>	�?@24A62B; 1 ?"@C$0D%�E>F'1 2B<$G*"*/�0D%�2BHI2B1 ; 1 8 <�2436J�	K0>��8 :924F@L M�N ��J5?B0 O

P -��'�Q���K"SR�24F)T>E>; 86352�U$V9V*U  

 

�
08/7,�',6&,3/,1$5<�'(6,*1�237,0,=$7,21�
 

*HRUJH�6��'XOLNUDYLFK�
Multidiscipl. Analysis, Inverse Design & 
Optimization 
Department of Mechanical & Aerospace Engineering 
UTA Box 19018, University of Texas at Arlington 
Arlington, Texas 76019, U.S.A. 
Email: gsd@mae.uta.edu  

%ULDQ�+��'HQQLV�
Department of Quantum Engineering and 
Systems Science, University of Tokyo 
7-3-1 Hongo, Bunko-ku  
Tokyo 113-8656, Japan 
Email: dennis@garlic.q.t.u-
tokyo.ac.jp  

7KRPDV�-��0DUWLQ�
Turbine Module Center 
Pratt & Whitney Aircraft Company 
400 Main St., MS 169-20 

East Hartford, CT 06108, U.S.A.  

Email: martintj@pweh.com 

,JRU�1��(JRURY�
IOSO Technology Center 
Technopulsar Company 
Milashenkova 10-201 
Moscow 127322, Russia  
Email: optim@orc.ru  

 
 
$EVWUDFW��+\EULG�� VHPL�VWRFKDVWLF�� DQG� VWRFKDVWLF� RSWLPL]HUV� DUH� EHFRPLQJ�
SRSXODU� VLQFH� WKH\� FDQ� KDQGOH� VHYHUDO� REMHFWLYHV� VLPXOWDQHRXVO\�� WKH\� FDQ�
HQIRUFH� VHYHUDO� HTXDOLW\� FRQVWUDLQWV�� DYRLG� ORFDO�PLQLPD��DQG�KDQGOH�D� ODUJH�
QXPEHU�RI�GHVLJQ�YDULDEOHV���([DPSOHV�RI�GHVLJQ�RSWLPL]DWLRQ�RI�D�PXOWLVWDJH�
D[LDO�JDV�WXUELQH��VWHDG\�DQG�XQVWHDG\�IORZ�OLQHDU�DLUIRLO�FDVFDGHV��D�PDJQHWR�
K\GURG\QDPLF� GLIIXVHU�� DQG� D� IUHH]LQJ�SURWRFRO� IRU�RUJDQ�SUHVHUYDWLRQ�� DUH�
VNHWFKHG�WR�LOOXVWUDWH�WKH�PXOWL�GLVFLSOLQDU\�DSSOLFDELOLW\�RI�WKHVH�DOJRULWKPV��
�
.H\�ZRUGV��PXOWL�GLVFLSOLQDU\�GHVLJQ�RSWLPL]DWLRQ��JHQHWLF�DOJRULWKPV��K\EULG�
RSWLPL]HUV��VHPL�VWRFKDVWLF�RSWLPL]HUV��PXOWL�REMHFWLYH�RSWLPL]DWLRQ��
�

�� ,1752'8&7,21��

'HVLJQ�RSWLPL]DWLRQ�KDV�WKH�REMHFWLYH�WR�GHWHUPLQH�SURSHU�YDOXHV�IRU�D�ODUJH�
QXPEHU�RI�GHVLJQ�YDULDEOHV� WKDW� HLWKHU�PLQLPL]H�RU�PD[LPL]H�RQH�RU�PDQ\�
JOREDO� REMHFWLYHV� ZKLOH� VDWLVI\LQJ� D� QXPEHU� RI� XVHU� VSHFLILHG� HTXDOLW\� DQG�
LQHTXDOLW\�FRQVWUDLQWV���,Q�WUDQVSRUW�SURFHVVHV��WKH�PDLQ�GHVLJQ�REMHFWLYH�VKRXOG�
EH�WKH�PLQLPL]DWLRQ�RI�HQWURS\�JHQHUDWLRQ�FDXVHG�E\�YLVFRXV�GLVVLSDWLRQ��KHDW�
WUDQVIHU�� LQWHUQDO� KHDW� VRXUFHV�� FKHPLFDO� UHDFWLRQV�� DQG� HOHFWUR�PDJQHWR�
K\GURG\QDPLF�HIIHFWV���(QWURS\�JHQHUDWLRQ�PLQLPL]DWLRQ�FDQ�WKHQ�EH�DFKLHYHG�
E\�WKH�SURSHU�YDULDWLRQ�RI�WKH�GRPDLQ�VL]H�DQG�VKDSH��PRYLQJ�PHGLD�SURSHUWLHV�
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Multidisciplinary design optimization 

DQG�RU� ERXQGDU\� DQG� LQLWLDO� FRQGLWLRQV�� � *UDGLHQW�EDVHG� RSWLPL]DWLRQ�
DOJRULWKPV�DUH�NQRZQ�IRU�WKHLU�LQDELOLW\�WR�FRSH�ZLWK�PXOWLSOH�PLQLPD�DQG�IRU�
WKHLU� LQHIILFLHQF\� ZKHQ� GHDOLQJ� ZLWK� D� ODUJH� QXPEHU� RI� GHVLJQ� YDULDEOHV % ���
*HQHWLF�DOJRULWKPV�DUH�NQRZQ�IRU�WKHLU� LQHIILFLHQF\�HVSHFLDOO\�ZKHQ�GHDOLQJ�
ZLWK�D�UHODWLYHO\�VPDOO�QXPEHU�RI�GHVLJQ�YDULDEOHV���$�ORJLFDO�UHPHG\�LV�D�K\EULG�
FRQVWUDLQHG�RSWLPL]DWLRQ�SDFNDJH�ZLWK�DXWRPDWLF�VZLWFKLQJ�DPRQJ�GLIIHUHQW�
JUDGLHQW�EDVHG�DQG�VHPL�VWRFKDVWLF�RSWLPL]DWLRQ�DOJRULWKPV & ��
�

��� 08/7,�',6&,3/,1$5<� (;$03/(6� 2)� '(6,*1�
237,0,=$7,21�

�

���� 2SWLPL]DWLRQ�RI�D�PXOWL�VWDJH�D[LDO�IORZ�JDV�WXUELQH�

$Q�H[DPSOH�RI�HQWURS\�PLQLPL]DWLRQ��HIILFLHQF\�PD[LPL]DWLRQ��RSWLPL]HV�KXE�
DQG�VKURXG�JHRPHWU\�DQG�LQOHW�DQG�H[LW�IORZ�ILHOGV�IRU�HDFK�EODGH�URZ�RI�D�
PXOWL�VWDJH�D[LDO�IORZ�JDV�WXUELQH�E\�XWLOL]LQJ�D�IDVW�FRPSUHVVLEOH�VWHDG\�VWDWH�
LQYLVFLG�D[L�V\PPHWULF��WKURXJK�IORZ��FRGH�ZLWK�KLJK�ILGHOLW\�ORVV�DQG�PL[LQJ�
PRGHOV�WKDW�DFFRXQW�IRU�WXUEXOHQFH��IORZ�VHSDUDWLRQ��HWF� ' ���7KH�RSWLPL]DWLRQ�
ZDV�SHUIRUPHG�XVLQJ�D�K\EULG�FRQVWUDLQHG�RSWLPL]HU�WKDW�SHUIRUPV�DXWRPDWLF�
VZLWFKLQJ� DPRQJ� JHQHWLF�� VLPXODWHG� DQQHDOLQJ�� PRGLILHG� VLPSOH[� PHWKRG��
VHTXHQWLDO�TXDGUDWLF��DQG�'DYLGRQ�)OHWFKHU�5HHYHV�JUDGLHQW�VHDUFK�DOJRULWKPV& ��
7KH�FRPSDULVRQ�RI�FRPSXWHG�SHUIRUPDQFH�RI�LQLWLDO�DQG�RSWLPL]HG�GHVLJQV�
VKRZV�VLJQLILFDQW�LPSURYHPHQW�LQ�WKH�RSWLPL]HG�WZR�VWDJH�WXUELQH�HIILFLHQF\�
RYHU�WKH�HQWLUH�UDQJH�RI�RSHUDWLQJ�FRQGLWLRQV��)LJ�������7KLV�HQWLUH�RSWLPL]DWLRQ�
SURFHVV�FRQVXPHG�OHVV�WKDQ�WZR�KRXUV�RQ�D����0+]�SURFHVVRU����
�

�

� �
�
)LJXUH�����(QWURS\�ILHOGV�DQG�WRWDO�HIILFLHQFLHV�EHIRUH�DQG�DIWHU�RSWLPL]DWLRQ�RI�KXE�DQG�VKURXG�VKDSHV�XVLQJ�

D�K\EULG�RSWLPL]HU ( �IRU�D�WZR�VWDJH�D[LDO�JDV�WXUELQH ) ��
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���� 6LQJOH�REMHFWLYH� FRQVWUDLQHG� RSWLPL]DWLRQ� RI� FDVFDGH� RI�
DLUIRLO�VKDSHV�

7KH�VLQJOH�REMHFWLYH�ZDV�WR�PLQLPL]H�WKH�WRWDO�SUHVVXUH�ORVV�DFURVV�DQ�H[LVWLQJ�
WZR�GLPHQVLRQDO�FDVFDGH�RI�JDV�WXUELQH�DLUIRLOV�KDYLQJ�VXSHUVRQLF�H[LW�IORZ���$�
FRQVWUDLQHG�PLFUR�JHQHWLF�RSWLPL]HU�ZDV�XVHG�IRU�PLQLPL]DWLRQ�RI�WKLV�VLQJOH�
REMHFWLYH� IXQFWLRQ

�

�� � 7KH� IROORZLQJ� HTXDOLW\� FRQVWUDLQWV�ZHUH� VSHFLILHG� DQG�
LWHUDWLYHO\�HQIRUFHG��DHURG\QDPLF�OLIW�IRUFH��PDVV�IORZ�UDWH��H[LW�IORZ�DQJOH��DQG�
DLUIRLO�FURVV�VHFWLRQ�DUHD���,Q�DGGLWLRQ��D[LDO�FKRUG�DQG�JDS�WR�D[LDO�FKRUG�UDWLR�
ZHUH� NHSW� IL[HG�� ZKLOH� HQIRUFLQJ� DQ� LQHTXDOLW\� FRQVWUDLQW� ZKHUH� WKH� DLUIRLO�
WKLFNQHVV� ZDV� JUHDWHU� WKDQ� RU� HTXDO� WR� WKH� VSHFLILHG� PLQLPXP� DOORZDEOH�
WKLFNQHVV�GLVWULEXWLRQ�� �)RU�WKH�DQDO\VLV�RI�WKH�SHUIRUPDQFH�RI�LQWHUPHGLDWH�
FDVFDGH� VKDSHV�� DQ�XQVWUXFWXUHG�JULG�FRPSUHVVLEOH�1DYLHU�6WRNHV� IORZ�ILHOG�

DQDO\VLV�FRGH�ZLWK�D�N�ε�WXUEXOHQFH�PRGHO�ZDV�XVHG���7KH�DLUIRLO�JHRPHWU\�ZDV�
SDUDPHWHUL]HG�XVLQJ�QLQH�FRQLF�VHFWLRQ�SDUDPHWHUV�WKDW�JXDUDQWHH�UHDOLVWLF�DLUIRLO�
VKDSHV�ZLWKRXW�D�SRVVLELOLW\�RI�RYHUODS�RI�WKH�XSSHU�DQG�ORZHU�VXUIDFH�RI�WKH�
DLUIRLO�� �(LJKW�%�VSOLQH�FRQWURO�SRLQWV�ZHUH�VXSHULPSRVHG�� WKXV�NHHSLQJ�WKH�
QXPEHU�RI�JHRPHWULF�GHVLJQ�YDULDEOHV�WR�D�PLQLPXP�ZKLOH�DFKLHYLQJ�D�KLJK�
GHJUHH� RI� JHRPHWULF� IOH[LELOLW\� DQG� UREXVWQHVV�� � 7KH� VHTXHQWLDO� TXDGUDWLF�
SURJUDPPLQJ�ZDV�XVHG�IRU�HQIRUFHPHQW�RI�WKH�FRPSXWDWLRQDOO\�LQH[SHQVLYH�
HTXDOLW\�FRQVWUDLQWV�OLNH�WKH�VSHFLILHG�DLUIRLO�FURVV�VHFWLRQ�DUHD��)LJ������
�

  
)LJXUH����&RQYHUJHQFH�KLVWRU\�RI�WRWDO�SUHVVXUH�ORVV�IRU�EHVW�GHVLJQV�DQG�YLRODWLRQV�RI�FRQVWUDLQWV�ZKHQ�XVLQJ�
SHQDOW\�IXQFWLRQ�ZLWK�643��PLQLPXP�WKLFNQHVV�GLVWULEXWLRQ�FRQVWUDLQW��DQG�QLQH�FRQLF�VHFWLRQV�ZLWK�HLJKW�

SRLQW�%�VSOLQH�JHRPHWU\�SHUWXUEDWLRQ
�

�
 

 

���� 5RWRU�FDVFDGH�RSWLPL]DWLRQ�ZLWK�XQVWHDG\�SDVVLQJ�ZDNHV�

$Q�D[LDO�WXUELQH�URWRU�FDVFDGH�VKDSH�RSWLPL]DWLRQ�ZLWK�XQVWHDG\�SDVVLQJ�ZDNHV�
ZDV�SHUIRUPHG�WR�REWDLQ�LPSURYHG�DHURG\QDPLF�SHUIRUPDQFH�XVLQJ�DQ�XQVWHDG\�
1DYLHU�6WRNHV�IORZ�ILHOG�DQDO\VLV�FRGH

�

���7KH�REMHFWLYH�IXQFWLRQ�ZDV�GHILQHG�
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HLWKHU�DV�PLQLPL]DWLRQ�RI�WRWDO�SUHVVXUH�ORVV�RU�DV�PD[LPL]DWLRQ�RI�OLIW��ZKLOH�WKH�
PDVV�IORZ�UDWH�ZDV�IL[HG�GXULQJ�WKH�RSWLPL]DWLRQ���7KH�GHVLJQ�YDULDEOHV�ZHUH�
JHRPHWULF�SDUDPHWHUV�FKDUDFWHUL]LQJ�DLUIRLO�OHDGLQJ�HGJH��FDPEHU��VWDJJHU�DQJOH��
DQG� LQWHU�URZ� D[LDO� VSDFLQJ� �)LJ�� �D��� � 3HQDOW\� WHUPV� ZHUH� LQWURGXFHG� IRU�
FRPELQLQJ�WKH�FRQVWUDLQWV�ZLWK�WKH�REMHFWLYH�IXQFWLRQ���$�JHQHWLF�DOJRULWKP�
ZLWK� D� SRSXODWLRQ� RI� ��� GHVLJQV� ZDV� XVHG� DV� WKH� RSWLPL]HU�� �'XULQJ� HDFK�
RSWLPL]DWLRQ� LWHUDWLRQ�� WKH� REMHFWLYH� IXQFWLRQV� RI� WKH� ��� QHZ� SRSXODWLRQ�
PHPEHUV�ZHUH�FRPSXWHG�VLPXOWDQHRXVO\�E\�XVLQJ�D����SURFHVVRU�GLVWULEXWHG�
PHPRU\�SDUDOOHO�FRPSXWHU���7KH�RSWLPL]DWLRQ�UHVXOWV�LQGLFDWHG�WKDW�RQO\�PLQRU�
LPSURYHPHQWV�ZHUH� SRVVLEOH� LQ� WKH� XQVWHDG\� URWRU�VWDWRU� DHURG\QDPLFV�E\�
YDU\LQJ�WKHVH�JHRPHWULF�SDUDPHWHUV��)LJ���E���
�

� �
)LJXUH�����2ULJLQDO�')9/5�DQG�RSWLPL]HG % �')9/5�URWRU�OLQHDU�FDVFDGH�DLUIRLO�VKDSHV��D��DQG�WLPH�

YDULDWLRQ�RI�OLIW�DQG�WRWDO�SUHVVXUH�ORVV�IRU�WKHVH�WZR�FDVFDGHV��E���

�

���� 0XOWL�REMHFWLYH�DHURG\QDPLF�VKDSH�RSWLPL]DWLRQ�

,Q�PXOWL�REMHFWLYH�RSWLPL]DWLRQ�ZH�VWULYH�WR�ILQG�D�JURXS�RI�QRW�GRPLQDWHG�
VROXWLRQV��ZKLFK�LV�NQRZQ�DV�WKH�3DUHWR�RSWLPDO�VHW��RU�3DUHWR�IURQW���7KHVH�DUH�
WKH�IHDVLEOH�VROXWLRQV�IRXQG�GXULQJ�WKH�RSWLPL]DWLRQ�WKDW�FDQQRW�EH�LPSURYHG�
IRU�DQ\�RQH�REMHFWLYH�ZLWKRXW�GHJUDGLQJ�DQRWKHU�REMHFWLYH���7KH�PXOWL�REMHFWLYH�
FRQVWUDLQHG�RSWLPL]DWLRQ�DOJRULWKP�WKDW�ZH�XVHG�ZDV�D�PRGLILHG�YHUVLRQ�RI�DQ�
LQGLUHFW�PHWKRG�RI�RSWLPL]DWLRQ�EDVHG�XSRQ�VHOI�RUJDQL]DWLRQ� �,262� & �DQG�
HYROXWLRQDU\�VLPXODWLRQ�SULQFLSOHV���(DFK�LWHUDWLRQ�RI�,262�FRQVLVWV�RI�WZR�
VWHSV�� � 7KH� ILUVW� VWHS� LV� WKH� FUHDWLRQ� RI� DQ� DSSUR[LPDWLRQ� RI� WKH� REMHFWLYH�
IXQFWLRQV���,Q�WKLV�VWHS��WKH�LQLWLDO�DSSUR[LPDWLRQ�IXQFWLRQ�LV�FRQVWUXFWHG�IURP�D�
VHW�RI�VLPSOH�DSSUR[LPDWLRQ�IXQFWLRQV�UHVXOWLQJ�LQ�D�ILQDO�UHVSRQVH�IXQFWLRQ�WKDW�
LV� D� PXOWL�OHYHO� JUDSK�� � 7KH� VHFRQG� VWHS� LV� WKH� RSWLPL]DWLRQ� RI� WKLV�
DSSUR[LPDWLRQ� IXQFWLRQ�� � 7KH� GLVWLQFWLYH� IHDWXUH� RI� WKLV� DSSURDFK� LV� DQ�
H[WUHPHO\� ORZ�QXPEHU�RI� WULDO�SRLQWV� WR�EXLOG� WKH� LQLWLDO�DSSUR[LPDWLRQ�� �$�
FRQVWUDLQHG�PXOWL�REMHFWLYH�VKDSH�RSWLPL]DWLRQ�ZDV�SHUIRUPHG�XVLQJ�,262�RQ�
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D� OLQHDU� FDVFDGH� RI� JDV� WXUELQH� DLUIRLOV�� � 7KH� REMHFWLYHV� ZHUH� WKHQ� WR�
VLPXOWDQHRXVO\�PLQLPL]H�WKH�WRWDO�SUHVVXUH�ORVV��PD[LPL]H�WRWDO�DHURG\QDPLF�
ORDGLQJ��DQG�PLQLPL]H�WKH�QXPEHU�RI�DLUIRLOV�LQ�WKH�ILQLWH�FDVFDGH�URZ

�

���7KH�
HTXDOLW\�FRQVWUDLQWV�ZHUH��IL[HG�PDVV�IORZ�UDWH��D[LDO�FKRUG��LQOHW�DQG�H[LW�IORZ�
DQJOHV�� DQG� EODGH� FURVV�VHFWLRQ� DUHD�� � 7KH� LQHTXDOLW\� FRQVWUDLQWV� ZHUH� WKH�
PLQLPXP� DOORZDEOH� DLUIRLO� WKLFNQHVV� GLVWULEXWLRQ�� PLQLPXP� DOORZDEOH�
DHURG\QDPLF� OLIW�IRUFH��DQG�D�PLQLPXP�DOORZDEOH�WUDLOLQJ�HGJH�UDGLXV���7KLV�
PHDQV�WKDW�WKH�HQWLUH�DLUIRLO�FDVFDGH�VKDSH�ZDV�RSWLPL]HG�LQFOXGLQJ�LWV�VWDJJHU�
DQJOH�� WKLFNQHVV�� FXUYDWXUH�� DQG� VROLGLW\� UHVXOWLQJ� LQ� ��� GHVLJQ� YDULDEOHV�� ��
QRQOLQHDU�FRQVWUDLQWV��DQG���REMHFWLYHV���7KH�SHUIRUPDQFHV�RI�WKH�LQWHUPHGLDWH�
DLUIRLO� FDVFDGH� VKDSHV� ZHUH� DQDO\]HG� ZLWK� DQ� XQVWUXFWXUHG� JULG� EDVHG�

FRPSUHVVLEOH� 1DYLHU�6WRNHV� IORZ�ILHOG� DQDO\VLV� FRGH� ZLWK� D� N�ε� WXUEXOHQFH�
PRGHO���$OWKRXJK�WKH�9.,�DLUIRLO�ZDV�GHVLJQHG�E\�H[SHULHQFHG�DHURG\QDPLFLVWV�
XVLQJ�VRSKLVWLFDWHG�LQYHUVH�VKDSH�GHVLJQ�VRIWZDUH��WKH�RSWLPL]HU�IRXQG�DQ�HQWLUH�
IDPLO\�RI�IHDVLEOH�VROXWLRQV�WKDW�ZHUH�EHWWHU�WKDQ�WKH�LQYHUVHO\�GHVLJQHG�9.,�
DLUIRLO�FDVFDGH�IRU�DOO�WKUHH�REMHFWLYHV��)LJ�������
�

� �
)LJXUH����&RPSDULVRQV�RI�WRWDO�ORDGLQJ�SURGXFHG��WRWDO�SUHVVXUH�ORVV�JHQHUDWHG��DQG�QXPEHU�RI�DLUIRLOV�IRU�

RSWLPL]HG�ILQLWH�OHQJWK�FDVFDGHV�DQG�WKH�RULJLQDO�9.,�DLUIRLO�FDVFDGH
�

��

�

���� 0XOWL�GLVFLSOLQDU\� GHVLJQ� RSWLPL]DWLRQ� DSSOLHG� WR� PDJQHWR�
K\GURG\QDPLFV�

0RVW�UHDOLVWLF�GHVLJQ�SUREOHPV�LQYROYH�QRW�RQO\�DHURG\QDPLFV��EXW�DOVR�RWKHU�
LQWHUDFWLQJ� GLVFLSOLQHV�� � 2QH� VXFK� PXOWL�GLVFLSOLQDU\� GHVLJQ� RSWLPL]DWLRQ�
H[DPSOH�LQYROYHV�PDJQHWR�K\GURG\QDPLFV

�

���:KHQ�D�YLVFRXV�OLTXLG�IORZV�IURP�
D� QDUURZ� SDVVDJH� LQWR� D� VXGGHQO\�ZLGHU� SDVVDJH�� WKHUH� DUH� VLJQLILFDQW� IORZ�
VHSDUDWLRQ�]RQHV��)LJ���D����2QH�SRVVLELOLW\�WR�UHGXFH�WKH�IORZ�VHSDUDWLRQ�ZRXOG�
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EH�WR�SHUIRUP�D�VWUDLJKWIRUZDUG�ZDOO�VKDSH�RSWLPL]DWLRQ���%XW��LI�WKH�VKDSH�RI�
WKH�SDVVDJH�ZDOOV�LV�QRW�WR�EH�DOWHUHG�IRU�ZKDWHYHU�UHDVRQ��LW�LV�VWLOO�SRVVLEOH�WR�
DIIHFW� WKH� IORZ�ILHOG�SDWWHUQ� LI� WKH� IOXLG� LV� HOHFWULFDOO\� FRQGXFWLQJ�� ,W� LV�ZHOO�
NQRZQ�WKDW�HOHFWULFDOO\�FRQGXFWLQJ�IOXLGV�UHVSRQG�WR�H[WHUQDOO\�DSSOLHG�PDJQHWLF�
RU� HOHFWULF� ILHOGV�� � ,Q� WKLV� VLWXDWLRQ�� WKH� REMHFWLYH� LV� WR� ILQG� WKH� SURSHU�
GLVWULEXWLRQ�DQG�RULHQWDWLRQ�RI�WKH�H[WHUQDOO\�DSSOLHG�PDJQHWLF�ILHOG�DORQJ�WKH�
SDVVDJH�ZDOOV�VR�WKDW�WKH�IOXLG�IORZ�VHSDUDWLRQ�LV�PLQLPL]HG����
8VLQJ�D�WZR�GLPHQVLRQDO�PDJQHWR�K\GURG\QDPLFV�DQDO\VLV�FRGH�EDVHG�RQ�WKH�
OHDVW�VTXDUHV�ILQLWH�HOHPHQW�PHWKRG�DQG�D�SDUDOOHO�PLFUR�JHQHWLF�RSWLPL]HU��LW�
ZDV� UHFHQWO\� VKRZQ

�

� WKDW� VXFK� RSWLPL]HG� PDJQHWLF� ILHOGV� FDQ� EH� XVHG� WR�
VLJQLILFDQWO\� UHGXFH� IORZ�ILHOG� VHSDUDWLRQ� �)LJ�� �E�� DQG� LQFUHDVH� WKH� VWDWLF�
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FRPSXWHG�DW�HYHU\�SRLQW�RI�WKH�RUJDQ�XVLQJ�D�WKUHH�GLPHQVLRQDO�OLQHDU�WKHUPR�
HODVWLFLW\� ILQLWH�HOHPHQW�PHWKRG�DQDO\VLV�FRGH�VXEMHFW�WR� LQLWLDOO\�JXHVVHG����
SDUDPHWHUV� GHVFULELQJ� WHPSHUDWXUH� GLVWULEXWLRQ� RQ� WKH� VSKHULFDO� IUHH]LQJ�
FRQWDLQHU�VXUIDFH���)URP�WKLV��WKH�DFWXDO�ORFDO�WHPSHUDWXUH�JUDGLHQWV�DQG�WKH�
UHVXOWLQJ�WKHUPDO�VWUHVVHV�ZHUH�GHWHUPLQHG�DW�HDFK�SRLQW�LQ�WKH�RUJDQ����
$�QRQOLQHDU�FRQVWUDLQHG�PD[LPL]DWLRQ�PHWKRG�EDVHG�RQ�D�JHQHWLF�DOJRULWKP
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ZDV�XVHG�DIWHU�HDFK�VSHFLILHG�WLPH�LQWHUYDO�WR�RSWLPL]H�WKH����SDUDPHWHUV�DW�
HDFK�RI�WKH�FRQWURO�SRLQWV�RQ�WKH�VSKHULFDO�FRQWDLQHU�VXUIDFH���7KXV��VXFK�WLPH�
HYROXWLRQ�RI�WHPSHUDWXUH�GLVWULEXWLRQ�RQ�WKH�IUHH]LQJ�FRQWDLQHU�VXUIDFH�ZDV�
GHWHUPLQHG�WKDW�LW�PD[LPL]HV�WKH�ORFDO�FRROLQJ�UDWHV�LQ�WKH�RUJDQ�ZKLOH�NHHSLQJ�
WKH� ORFDO� WKHUPDO� VWUHVVHV� LQ� WKH� RUJDQ� EHORZ� WKH� XVHU� VSHFLILHG�PD[LPXP�
DOORZDEOH�YDOXHV���7KH�UHVXOWLQJ�WKHUPDO�VWUHVVHV�DUH�QRQ�XQLIRUP�EHFDXVH�RI�
GLIIHUHQW�SK\VLFDO�SURSHUWLHV�RI�WKH�RUJDQ·V�WLVVXHV��)LJ���D����
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�
0XOWL�GLVFLSOLQDU\�GHVLJQ�PHWKRGRORJLHV % �

�DUH�H[SHULHQFLQJ�D�JHQHUDO�WUHQG�DZD\�
IURP� LQYHUVH�GHVLJQ�DQG�JUDGLHQW�EDVHG�RSWLPL]DWLRQ�PHWKRGV�DQG�WRZDUGV�
PXOWL�REMHFWLYH��PXOWL�GLVFLSOLQDU\��VHPL�VWRFKDVWLF�DQG�VWRFKDVWLF�FRQVWUDLQHG�
RSWLPL]DWLRQ���7KLV�WUHQG�LV�IDFLOLWDWHG�E\�WKH�DYDLODELOLW\�RI�LQH[SHQVLYH�SDUDOOHO�
FRPSXWHUV�EDVHG�RQ�FRPPRGLW\�3&�FRPSRQHQWV���0XOWLGLVFLSOLQDU\�GHVLJQ�DQG�
RSWLPL]DWLRQ� WHFKQRORJ\� ZLOO� OLNHO\� UHVXOW� LQ� D� GHFUHDVHG� QHHG� IRU� KLJKO\�
HGXFDWHG��H[SHULHQFHG��DQG�H[SHQVLYH�GHVLJQHUV��
�
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