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*HQHWLF�$OJRULWKPV�5HVHDUFK�DQG�$SSOLFDWLRQV�*URXS��*$5$*H�
'HSW��RI�&RPSXWHU�6FLHQFH�DQG�(QJLQHHULQJ

0LFKLJDQ�6WDWH�8QLYHUVLW\
(DVW�/DQVLQJ��0,�������
KWWS���JDUDJH�FVH�PVX�HGX

$EVWUDFW
(YROXWLRQDU\� 3URJUDPPLQJ� �(3�� KDV
KLVWRULFDOO\�XVHG�D�QXPEHU�RI� DSSURDFKHV� IRU
VHOHFWLRQ� RI� WKH� PXWDWLRQ� VWHS� VL]H�� � &XUUHQW
(3� LPSOHPHQWDWLRQV� W\SLFDOO\� XVH� VHOI�
DGDSWLYH� PHWD�SDUDPHWHUV� IRU� PXWDWLRQ� VWHS
VL]H� VHOHFWLRQ�� �+RZHYHU�� RQH�RI� WKH�SRWHQWLDO
GUDZEDFNV� RI� WKLV� VFKHPH� LV� WKDW� LW� LV� QRW
GLUHFWO\� UHVSRQVLYH� WR� WKH� YDULDQFH� UHGXFWLRQ
FDXVHG� E\� VHOHFWLRQ�� � ,Q� WKLV� SDSHU�� ZH
LQYHVWLJDWH� DQ� DOWHUQDWH� PHWKRG� IRU� PXWDWLYH
VWHS� VL]H� VHOHFWLRQ� WKDW� UHDFWV� GLUHFWO\� WR� WKH
YDULDQFH�UHGXFLQJ�HIIHFWV�RI�VHOHFWLRQ�

�� ,QWURGXFWLRQ
(YROXWLRQDU\� 3URJUDPPLQJ� �(3��� ZKHQ
DSSOLHG� WR� WKH�GRPDLQ�RI� UHDO�YDOXHG� IXQFWLRQ
RSWLPL]DWLRQ� W\SLFDOO\� FUHDWHV� QHZ� SRWHQWLDO
VROXWLRQV� WKURXJK� VLPXOWDQHRXV� PXWDWLRQ� RI
WKH�SDUDPHWHUV�RI�DQ�LQGLYLGXDO�VROXWLRQ���7KLV
PXWDWLRQ� LV� RIWHQ� DSSOLHG� LQ� WKH� IRUP� RI
DGGLWLRQ� RI� D� VDPSOH� IURP� VRPH� ]HUR� PHDQ
SUREDELOLW\�GLVWULEXWLRQ� �W\SLFDOO\�*DXVVLDQ�RU
&DXFK\��ZLWK�D�YDULDQFH�RI�V�
(3� LPSOHPHQWHUV� KDYH� KLVWRULFDOO\� XVHG� D
QXPEHU� RI� WHFKQLTXHV� IRU� VHOHFWLRQ� RI� WKH

PXWDWLRQ� VWHS� VL]H��V��� IRU� D� JLYHQ� SDUDPHWHU�
(DUO\� (3� HIIRUWV� XVHG� WKH� HUURU� YDOXH� RI� D
JLYHQ� VROXWLRQ� WR� FDOFXODWH� V�� KRZHYHU�� WKLV
LPSOLHV�NQRZOHGJH�RI� WKH�RSWLPDO�YDOXH�RU� DW
OHDVW� WKH� WKHRUHWLFDO� OLPLW� IRU� D� JLYHQ
RSWLPL]DWLRQ�SUREOHP�
>6FKZHIHO� ��@� LQWURGXFHG� D� PHWKRG� RI� VHOI�
DGDSWDWLRQ�IRU�VHOHFWLRQ�RI�PXWDWLRQ�VWHS�VL]HV�
8QGHU� WKLV� WHFKQLTXH�� HDFK� VROXWLRQ� YHFWRU
HQFRGHV� ERWK� D� VHULHV� RI� VROXWLRQ� SDUDPHWHUV
DQG� D� VHULHV� RI� PHWD�SDUDPHWHUV� WKDW� VSHFLI\
WKH� VWHS� VL]HV�� � (DFK� PHWD�SDUDPHWHU� LV� DOVR
PXWDWHG�GXULQJ�WKH�PXWDWLRQ�SKDVH��DFFRUGLQJ
WR�WKH�H[SUHVVLRQ�
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0RUH� UHFHQW� DGDSWDWLRQV� RI� WKLV� PXWDWLRQ
VFKHPH� XVH� D� &DXFK\� GLVWULEXWLRQ� IRU
DOORFDWLRQ�RI�PXWDWLRQ�VDPSOHV�><DR���@���7KLV
VKLIW� KDV� WKH� RYHUDOO� HIIHFW� RI� ELDVLQJ� WKH
VHDUFK�SURFHVV�DZD\�IURP�ORFDO�VHDUFK�LQ�IDYRU
RI�LQFUHDVHG�JOREDO�VHDUFK�FKDUDFWHULVWLFV�



,Q�JHQHUDO��D�PXWDWLYH�RSHUDWRU�VKRXOG�DFKLHYH
D�EDODQFH�EHWZHHQ�ORFDOL]HG�VHDUFK�DQG�JOREDO
H[SORUDWRU\� VHDUFK�� � 7KH� PRUH� ELDVHG� WKH
RSHUDWRU� LV� WRZDUG� ORFDO� VHDUFK�� WKH� PRUH
OLNHO\� WKH� V\VWHP� LV� WR� EHFRPH� WUDSSHG� DW� D
ORFDO� PLQLPXP�� � 2Q� WKH� RWKHU� KDQG�� D� ODUJH
JOREDO� ELDV� WHQGV� WR� OHQJWKHQ� WKH� UHTXLUHG
VHDUFK� WLPH�� DQG� DW� ZRUVW� GHJHQHUDWHV� WR
UDQGRP�VHDUFK�

�� 9DULDQFH�5HFDSWXUH
7KH�PXWDWLRQ� VL]H�PXVW� UHPDLQ� ODUJH� HQRXJK
WR� FRXQWHUEDODQFH� WKH� YDULDQFH�UHGXFLQJ
HIIHFWV� RI� VHOHFWLRQ�� � ,I� WKH� DYHUDJH� PXWDWLRQ
VL]H� EHFRPHV� WRR� VPDOO�� LW� LV� SRVVLEOH� IRU� D
VLQJOH�LQGLYLGXDO�WR�TXLFNO\�GRPLQDWH�DQ�HQWLUH
SRSXODWLRQ�� � 7KH� UHVXOWLQJ� ¦SUHPDWXUH§
FRQYHUJHQFH�LV�RIWHQ�GLIILFXOW�WR�RYHUFRPH�
2QH�RI�WKH�SRWHQWLDO�GUDZEDFNV�RI�XVLQJ�D�VHOI�
DGDSWLYH� WHFKQLTXH� VXFK� DV� WKRVH� RIIHUHG� E\
>6FKZHIHO���@�DQG�><DR���@�LV�WKDW�WKHUH�LV�QR
GLUHFW� IHHGEDFN� EHWZHHQ� WKH� IRFXVLQJ� HIIHFWV
RI� VHOHFWLRQ� DQG� WKH� H[SDQGLQJ� HIIHFWV� RI
PXWDWLRQ�� �7KXV�� LW� LV� VWLOO� SRVVLEOH� WR� UHDFK� D
SRLQW� RI� SUHPDWXUH� FRQYHUJHQFH� ZKLOH� XVLQJ
WKHVH�DOJRULWKPV����+RZHYHU��LW�LV�WKHRUHWLFDOO\
SRVVLEOH�WR�HVFDSH�VXFK�D�VLWXDWLRQ�LQ�WKLV�FDVH
VLQFH� WKH� PXWDWLRQ� VWHS� VL]H� LV� QRW� GLUHFWO\
GHSHQGHQW�RQ�WKH�GLYHUVLW\�RI�WKH�SRSXODWLRQ��
2Q� D� SRSXODWLRQ� OHYHO�� LW� PD\� EH� SRVVLEOH� WR
GLUHFWO\� FRXQWHUEDODQFH� WKH� YDULDQFH�UHGXFLQJ
HIIHFWV�RI�VHOHFWLRQ�E\�FKRRVLQJ�DQ�DSSURSULDWH
PXWDWLRQ�VL]H�� �+RZHYHU��WKLV�LV�RQO\�SRVVLEOH
LI� WKH� HIIHFWV� RI� WKH�PXWDWLRQ� RSHUDWRU� RQ� WKH
SRSXODWLRQ� YDULDQFH� DUH� SUHGLFWDEOH� EDVHG
VROHO\�RQ�WKH�PXWDWLRQ�VL]H�
$V� DQ� H[DPSOH�� FRQVLGHU� D� SRSXODWLRQ� ZKLFK
FXUUHQWO\� KDV� D� FHUWDLQ� OHYHO� RI� YDULDQFH� IRU
RQH� VROXWLRQ� SDUDPHWHU� DFURVV� WKH� FXUUHQW
SRSXODWLRQ�� � $IWHU� WKH� VHOHFWLRQ� SURFHVV�� ZH
FDQ� PHDVXUH� WKH� YDULDQFH� IRU� WKDW� SDUDPHWHU
DFURVV� DOO� VXUYLYLQJ� VROXWLRQV�� � )XUWKHU�� VLQFH
ZH� FDQ� FDOFXODWH� KRZ�PXFK� YDULDQFH� D� JLYHQ

PXWDWLRQ� VL]H� DGGV� WR� WKH� SRSXODWLRQ��ZH� FDQ
UHYHUVH�WKH�FDOFXODWLRQ�DQG�VHOHFW�WKH�PXWDWLRQ
VL]H� ZKLFK� DOORZV� XV� WR� UHFDSWXUH� D� JLYHQ
SHUFHQWDJH� RI� WKH� YDULDQFH� ORVV� FDXVHG� E\
VHOHFWLRQ�� � 6XFK� DQ� DOJRULWKP� LV� ODEHOHG� D
YDULDQFH�UHFDSWXUH��95��DOJRULWKP���1RWH�WKDW
D� 95� DOJRULWKP� LV� VHOI�DGDSWLYH� DW� D� V\VWHP
OHYHO� ¤� WKDW� LV�� LW� DGDSWV� WR� FKDQJHV� LQ� WKH
RYHUDOO�V\VWHP�DV�PHDVXUHG�E\�FKDQJHV�WR� WKH
SRSXODWLRQ�
7KH� FUHDWLRQ�RI� D�95�PXWDWLRQ�RSHUDWRU� DGGV
DQ� DGGLWLRQDO� FRQWURO� SDUDPHWHU� WR� WKH� VHDUFK
V\VWHP�� QDPHO\� WKH� WDUJHWHG� SHUFHQWDJH� RI
UHFDSWXUH�� � 7KLV� SDUDPHWHU� DOORZV� DGGLWLRQDO
XVHU�FRQWURO� LQ� WKDW�G\QDPLF�DGMXVWPHQW�RI� LWV
YDOXH� PRGLILHV� WKH� JOREDO� YV�� ORFDO� VHDUFK
FKDUDFWHULVWLFV�RI�WKH�SUHVHQW�VHDUFK���,Q�IDFW��LW
PD\� EH� SRVVLEOH� WR� SODFH� DQ� DUWLILFLDO
¦DQQHDOLQJ� VFKHGXOH§� RQ� WKLV� SDUDPHWHU�
DOORZLQJ� WKH� VHDUFK� GHVLJQHU� WR� JXLGH� KRZ
UHVRXUFHV� VKRXOG� EH� DOORFDWHG� DV� WKH� VHDUFK
SURJUHVVHV�� � )XUWKHU�� LW� PD\� EH� DGYDQWDJHRXV
WR� F\FOH� WKURXJK� SKDVHV� RI� YDULDQFH� DGGLWLRQ
E\� WDUJHWLQJ� JUHDWHU� WKDQ� ����� YDULDQFH
UHFDSWXUH�� � �,Q� WKLV� VHQVH�� YDULDQFH� UHFDSWXUH
EHFRPHV� VRPHZKDW� RI� D�PLVQRPHU�� KRZHYHU�
�VXVWDLQHG� WDUJHWLQJ� RI� JUHDWHU� WKDQ� ����� RI
WKH� YDULDQFH� HYHQWXDOO\� OHDGV� WR� V\VWHP
GLYHUJHQFH�� RU� WKH� HTXLYDOHQW� RI� UDQGRP
VHDUFK��
2QH� SRVVLEOH� GLIILFXOW\� ZLWK� WKLV� DSSURDFK� LV
LWV� GHSHQGHQF\� RQ� WKH� LQLWLDO� YDULDQFH� RI� WKH
SRSXODWLRQ��ZKLFK�LQ�WXUQ�LV��GHSHQGHQW�RQ�WKH
VHOHFWHG� LQLWLDOL]LQJ� UDQJHV�� � 2QFH� WKH� LQLWLDO
YDULDQFH�KDV�EHHQ� VHOHFWHG�� LW�PD\� WDNH� VRPH
WLPH� IRU� WKH�95�DOJRULWKP� WR� DOORZ� VXIILFLHQW
YDULDQFH� ORVV� EHIRUH� WKH� V\VWHP� EHJLQV� WR
ORFDWH� XVHIXO� RU� §LQWHUHVWLQJ§� VHDUFK� DUHDV�
+RZHYHU��PRVW�HYROXWLRQDU\�VHDUFK�DOJRULWKPV
DUH� VRPHZKDW� GHSHQGHQW� RQ� SRSXODWLRQ
LQLWLDOL]DWLRQ�� WKRXJK� SHUKDSV� WR� D� OHVVHU
GHJUHH�� � )XUWKHU�� VXFK� GLIILFXOWLHV� PD\� EH
DOORZHG�IRU�E\�DGMXVWLQJ�WKH�UHFDSWXUH�WDUJHW�WR
D� ORZHU� YDOXH� IRU� WKH� LQLWLDO� SKDVH� RI� WKH
VHDUFK�� � 'HFLGLQJ� ZKHQ� WR� PDNH� VXFK



DGMXVWPHQWV� DQG� XQGHUVWDQGLQJ� WKHLU� JHQHUDO
QHW�HIIHFWV�DUH�WKH�WDUJHWV�RI�IXUWKHU�UHVHDUFK�

�� ([SHULPHQWDO�'HVLJQ
(PSLULFDO� WHVWLQJ�RI� WKH�95� DOJRULWKP�DOORZV
IRU�GLUHFW�FRPSDULVRQ�RI�WKH�UHODWLYH�PHULWV�RI
WKLV� DSSURDFK� WR� VWDQGDUG� (3� PXWDWLRQ�
+RZHYHU�� HPSLULFDO� WHVWV� SURGXFH� GLIILFXOWLHV
LQ� WKDW� WKH� UHVXOWV�� DUH� RIWHQ� GLIILFXOW� WR
LQWHUSUHW��DUH�VSHFLILF�WR�WKH�IXQFWLRQV�XVHG�IRU
WHVWLQJ�� DQG� UHO\� XSRQ� WKH� SUHFLVLRQ� RI� WKH
LPSOHPHQWDWLRQ�� � 1RQHWKHOHVV�� HPSLULFDO
WHVWLQJ� PD\� JLYH� XV� D� FRQFUHWH� ¦SURRI� RI
SULQFLSOH§� DV� WR� ZKHWKHU� WKH� 95� FRQFHSW� LV
ZRUWK\�RI�IXUWKHU�VWXG\�

���� 7HVWHG�$OJRULWKPV
7KUHH� V\VWHPV� DUH� WHVWHG�� 95� PXWDWLRQ�� 95
PXWDWLRQ� LQ� FRPELQDWLRQ� ZLWK� ORJQRUPDO
PXWDWLRQ�� DQG� D� VWDQGDUG�� VHOI�DGDSWLYH� (3�
7KH�(3�V\VWHP�XVLQJ�95�PXWDWLRQ��95(3��LV
LQ�DOO�ZD\V�LGHQWLFDO�WR�VWDQGDUG�(3�H[FHSW�IRU
WKH� PXWDWLRQ� RSHUDWRU�� � 0XWDWLRQ� YDOXHV� DUH
GUDZQ� IURP� D� *DXVVLDQ� GLVWULEXWLRQ�� � 7KH
PXWDWLRQ� VWHS� VL]H� IRU� D� JLYHQ� SDUDPHWHU� LV
VHOHFWHG�DV�IROORZV�

��� YL� LV� WKH�DYHUDJH�PHDVXUHG�YDULDQFH�RI
SDUDPHWHU� L� DFURVV� WKH� IXOO� SRSXODWLRQ
�ERWK�SDUHQWV�DQG�FKLOGUHQ�

��� ZL�LV�WKH�DYHUDJH�PHDVXUHG�YDULDQFH�RI
SDUDPHWHU�L�DFURVV�WKH�VHOHFWHG�SDUHQWV
IRU�WKH�IROORZLQJ�JHQHUDWLRQ

��� *LYHQ�D�UHFDSWXUH�WDUJHW�UDWLR�S��ZKHUH
S ���� HTXDOV� ����� UHFDSWXUH��
FDOFXODWH� WL� DV� F

VZYSW LLL 
�� � �
ZKHUH� V� LV� WKH� IXOO� SRSXODWLRQ� VL]H
�SDUHQWV� DQG� FKLOGUHQ��� DQG� F� LV� WKH
WRWDO� QXPEHU� RI� FKLOGUHQ� SURGXFHG
WKURXJK�95�PXWDWLRQ�

��� 6HOHFW�WKH�PXWDWLRQ�VL]H�DV�WKH�OHVVHU�RI
LW �RU���

1RWH� WKDW� LI� ZH� DVVXPH� WKH� YDOXHV� RI
SDUDPHWHU� L� DUH� QRUPDOO\� GLVWULEXWHG� LQ� WKH
FXUUHQW� SRSXODWLRQ�� WKH� UHVXOWLQJ� DYHUDJH
YDULDQFH� RI� WKH� QH[W� JHQHUDWLRQ� ZLOO
EH �� LLL ZYSZ �� ��ZKLFK�LV�WKH�GHVLUHG�UHVXOW�

,W� PD\� EH� XVHIXO� WR� XVH� WKH� 95� PXWDWLRQ
DOJRULWKP�LQ�FRPELQDWLRQ�ZLWK�RWKHU� IRUPV�RI
PXWDWLRQ�� VXFK� DV� VWDQGDUG� ORJQRUPDO� (3
PXWDWLRQ���,Q�RUGHU�WR�DFKLHYH�VXFK�D�PL[WXUH�
WKH� 95�/1� (3� V\VWHP� DSSOLHV� 95�PXWDWLRQ
WR�KDOI�RI� WKH�FKLOGUHQ�IRU�D�JLYHQ�SDUHQW��DQG
VWDQGDUG� ORJQRUPDO� PXWDWLRQ� WR� WKH� RWKHU
FKLOGUHQ�� � &KLOGUHQ� ZKLFK� DUH� SURGXFHG� YLD
95� PXWDWLRQ� GLUHFWO\� LQKHULW� WKH� ORJQRUPDO
PHWD�SDUDPHWHUV� IURP� WKHLU� SDUHQW�� � %RWK
SDUHQWV� DQG� FKLOGUHQ� SURGXFHG� YLD� ORJQRUPDO
PXWDWLRQ�DUH�XVHG�WR�FDOFXODWH�ZL�
7KH� WKLUG� V\VWHP� VHOHFWHG� IRU� WHVWLQJ� LV� D
VWDQGDUG�(3�XVLQJ�VHOI�DGDSWLYH�PXWDWLRQ�VL]H
VHOHFWLRQ�ZLWK� ORJQRUPDO�XSGDWHV� IRU� WKH�VHOI�
DGDSWLYH� SDUDPHWHU�� � 7KH� UHVXOWV� IURP� WKLV
V\VWHP� VKRXOG� KHOS� WR� SURYLGH� D� EDVHOLQH� IRU
FRPSDULVRQ�ZLWK�WKH�95�YDULDQWV�

���� 7HVW�)XQFWLRQV
:H� VHOHFWHG� D� QXPEHU� RI� ZHOO� UHJDUGHG
RSWLPL]DWLRQ� WHVW� IXQFWLRQV� IURP� WKH� OLWHUDWXUH
�H�J�� ><DQJ� ��@�� >6DYDUDQDQ� ��@�� >6DORPRQ
��@�� DV� ZHOO� DV� DQ� RULJLQDO� IXQFWLRQ� �6SKHUH�
+XOO�� LQWHQGHG� WR� EH� GLIILFXOW� IRU� DOJRULWKPV
ZKLFK� WHQG� WRZDUG� WKH� SRSXODWLRQ� PHDQ� RU
KDYH� GLIILFXOW\� IROORZLQJ� QRQ�OLQHDU� VXUIDFHV
�RULJLQDOO\� SUHVHQWHG� LQ� >3DWWRQ� ��@��� � $OO
IXQFWLRQV�ZHUH�UHGHILQHG�WR�EH�RULHQWHG�WRZDUG
PLQLPL]DWLRQ� DQG� WR� DOORZ� VFDOLQJ� WR� DQ\
QXPEHU� RI� GLPHQVLRQV�� � 7KH� GHWDLOV� RI� WKH
IXQFWLRQV�XVHG�IRU�WKLV�HYDOXDWLRQ�DUH�RXWOLQHG
LQ�7DEOH���



7DEOH�����7HVW�)XQFWLRQV�DQG�,QLWLDO�3DUDPHWHU�5DQJHV
)XQFWLRQ 1DPH ,QLWLDO�5DQJH
¦ �

L[ 6SKHUH �����d�[L�d����
¬ ¼¦ L[ 'HMRQJ�I� ������d�[L�d�������

� �¦
 

�Q

L
L 1[L

�

� ���
 'HMRQJ�I� �����d�[L�d�������

¦¦ ��¹̧
·

©̈
§ � ���� �� LLL W[QF[ ZKHUH

���  �¦ QFW L

6SKHUH�+XOO �����d�[L�d����

¦� LL [[ VLQ� 6FKZHIHO�� �����d�[L�d����

HHH LL [Q
[Q ��¦�¦� ¸̧¹

·
¨̈©
§ �

���� ��FRV���
��� �
S $FNOH\ ����d�[L�d���

������FRV������FRV������ �
�

�

�
�

� ���� �
�

 
�¦ L

Q

L
LLL [[[[ SS %RKDFKHYVN\ �������d�[L�d������

¦ �� ���FRV������ �
LL [[Q S 5DVWULJULQ �������d�[L�d������

@������
���>VLQ�� ����
�

�������
�

�

�

� ��� ��
�

 
¦ LLL
Q

L
L [[[[ 6FKDIIHU �����d�[L�d����

¦ ¦
  ¸̧¹

·
¨̈©
§Q

L

L

M
M[

� �

� 6FKZHIHO�� �����d�[L�d����

¦ � »¼
º«¬

ª ¸̧¹
·¨̈©

§�� L
[[ LL FRV�����

�
*ULHZDQJN �����d�[L�d����

@�����
���>
�

�
�

�
�¦�

 
� ���Q

L
LLL [[[ 5RVHQEURFN ����d�[L�d���

¦�
 

�
� ����

�
�

�
�

�
���
��FRV�
�
���FRV��

Q

L
LL

LL [[[[
SS

<LS�	�3DR

><LS���@ ����d�[L�d���

� �¦
 

�
��

�

�����
L

LWLH �ZKHUH

¸̧¹
·

¨̈©
§

¸̧¹
·¨̈©

§
¹̧
·

©̈
§�� ������ ���
�VLQ���

�VLQ���
�VLQ�� [L[[L[[L[LH SSS �

¸̧¹
·

¨̈©
§

¸̧¹
·

¨̈©
§

¹̧
·

©̈
§�� ������ ���
�VLQ���

�VLQ���
�VLQ�� FLFFLFFLFLW SSS �

����������������������� ������       FFFFFF

)0�0DWFKLQJ
>7VXWVXL���@ �����d�[L�d������
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7KHVH� WHVW� IXQFWLRQV�ZHUH�VHOHFWHG�EHFDXVH�RI
WKHLU�HDVH�RI�FRPSXWDWLRQ�DQG�ZLGHVSUHDG�XVH�
ZKLFK� VKRXOG� IDFLOLWDWH� HYDOXDWLRQ� RI� WKH
UHVXOWV� DQG� FRPSDULVRQ� WR� VLPLODU� ZRUN�
6HYHUDO� RI� WKHVH� IXQFWLRQV� DUH� KLJKO\� PXOWL�
PRGDO��DQG�PDQ\�DUH�NQRZQ�WR�EH�GLIILFXOW�IRU
RWKHU�VHDUFK�DOJRULWKPV��HVSHFLDOO\�XQGHU�KLJK
OHYHOV� RI� GLPHQVLRQDOLW\� �L�H�� LQ� D� EODFN� ER[
IRUP� ZKHUH� WKH� VHDUFK� DOJRULWKP� VKRXOG� QRW
QHFHVVDULO\� DVVXPH� LQGHSHQGHQFH� RI
GLPHQVLRQV��
,Q�RUGHU�WR�DYRLG�DQ\�ELDV�LQWURGXFHG�E\�D[LDO
V\PPHWU\�� DOO� WHVW� SUREOHPV� ZHUH� WUDQVODWHG
DZD\�IURP�WKH�RULJLQ�E\�D�IL[HG�DPRXQW�LQ�DOO
GLPHQVLRQV��H�J��D�VROXWLRQ�RI��������LV�PRYHG
WR� ��������� HWF��� � 1RWH� WKDW� WKH� JLYHQ
LQLWLDOL]DWLRQ� UDQJHV� DUH� LQ� WHUPV� RI� WKH
WUDQVODWHG�RULJLQ��QRW�WKH�RULJLQ�RI�WKH�RULJLQDO
IXQFWLRQ�

���� 7HVW�&RQGLWLRQV
2WKHU�WKDQ�WKH�PXWDWLRQ�DOJRULWKPV�HPSOR\HG�
DOO� SDUDPHWHUV� UHPDLQHG� FRQVWDQW� DFURVV� WKH
WKUHH� V\VWHPV�� � (DFK� SDUHQW� FRQWULEXWHG� �
FKLOGUHQ�WR�WKH�VHOHFWLRQ�SRRO�IRU�WKH�IROORZLQJ
JHQHUDWLRQ���6WDQGDUG�(3�WRXUQDPHQW�VHOHFWLRQ
ZLWK� D� WRXUQDPHQW� VL]H� RI� ��� ZDV� XVHG�� � $OO
PXWDWLRQV� ZHUH� EDVHG� RQ� D� *DXVVLDQ
GLVWULEXWLRQ�� DQG� DOO� XVHG� WKH� VDPH� DOJRULWKP
IRU� SURYLGLQJ� *DXVVLDQ� VDPSOHV�� � 3RSXODWLRQ
VL]HV� ZHUH� IL[HG� DW� ��� SDUHQW� VROXWLRQV
SURGXFLQJ� ���� ���� 
� ��� FKLOGUHQ� HDFK
JHQHUDWLRQ� IRU� D� WRWDO� RI� ���� SRWHQWLDO
VROXWLRQV� LQSXW� WR� HDFK� WRXUQDPHQW� VHOHFWLRQ�
$OO� WHVWV� ZHUH� FRQWLQXHG� IRU� D� WRWDO� RI� ����
JHQHUDWLRQV�� DQG� WKH� ILWQHVV� RI� WKH� EHVW
LQGLYLGXDO� LQ� HDFK� JHQHUDWLRQ� ZDV� UHFRUGHG�
)RU�DOO�95�PXWDWLRQV�� WKH� UHFDSWXUH� UDWLR�ZDV
IL[HG�DW������WKURXJKRXW�HDFK�WHVW�

�� 5HVXOWV
(DFK� V\VWHP� ZDV� DSSOLHG� WR� HDFK� RI� WKH� ��
GLIIHUHQW�WHVW�IXQFWLRQV�IRU�D�WRWDO�RI�����WLPHV�

7KH�ORJ���RI�WKH�DYHUDJH�EHVW�VROXWLRQ�YDOXH�LV
SORWWHG� DJDLQVW� QXPEHU� RI� HYDOXDWLRQV� IRU
VHOHFWHG�WHVW�SUREOHPV�LQ�)LJXUHV���WKURXJK���
$YHUDJH� ILQDO� EHVW� YDOXHV� DQG� WKH� VWDQGDUG
GHYLDWLRQ� RI� WKH� ILQDO� EHVW� YDOXHV�� DV� ZHOO� DV
WKH� EHVW� �PLQLPXP�� DQG� ZRUVW� �PD[LPXP�
ILQDO� EHVW� YDOXHV� IRU� DOO� WHVW� IXQFWLRQV� DQG
DOJRULWKPV�DUH�OLVWHG�LQ�7DEOHV������
:LOFR[RQ� UDQN�VXP� ��VDPSOH� ORFDWLRQ
VWDWLVWLFV� >0F&ODYH� ��@� ZHUH� FRPSXWHG
EHWZHHQ� WKH� 95(3� DQG� FODVVLF� /1�(3
DOJRULWKPV�� DQG� DOVR� EHWZHHQ� WKH� 95�/1�(3
DQG�FODVVLF�/1�(3�� �7KLV�VWDWLVWLF� LV�XVHIXO� LQ
WKDW�LW�FDQ�EH�XVHG�WR�FDOFXODWH�WKH�SUREDELOLW\
WKDW� WKH�VDPSOHV�DUH�GUDZQ� IURP�GLVWULEXWLRQV
ZLWK� VHSDUDWH� PHDQV� ZLWKRXW� PDNLQJ
DVVXPSWLRQV�DERXW�WKH�XQGHUO\LQJ�GLVWULEXWLRQV
�H[FHSW� WKDW� WKH\� EH� VRPHZKDW� VLPLODU��� � 7R
FDOFXODWH� WKH� UDQN�VXP�� WKH� FRQMRLQHG� OLVW� RI
ILQDO� EHVW� UHVXOWV� IRU� WZR� DOJRULWKPV� LV� VRUWHG
LQ� LQFUHDVLQJ� RUGHU�� � (DFK� LWHP� RQ� WKH� OLVW� LV
DVVLJQHG� WKH� YDOXH� RI� LWV� SRVLWLRQ� �WLHV� VKDUH
WKHLU� DVVLJQHG� YDOXHV� HTXDOO\��� � 7KHVH� YDOXHV
DUH� WDOOLHG� IRU� HDFK� DOJRULWKP�� � 7KH� UHVXOW� LV
WZR� UDQN�VXP� VFRUHV� ZKLFK� DGG� WR� �

��� �QQ �
ZKHUH�Q� LV� WKH�WRWDO�QXPEHU�RI�VDPSOHV�LQ� WKH
OLVW���$�]�VWDWLVWLF�PD\�WKHQ�EH�FDOFXODWHG�IURP
WKHVH�UDQN�VXPV�ZKLFK�PD\�EH�XVHG�WR�WHVW�WKH
K\SRWKHVLV� WKDW� WKH� WZR� GLVWULEXWLRQV� DUH
LQGHHG� GLVWLQFW�� � 7DEOHV� ��� DQG� ��� UHSRUW� WKH
UDQN�VXP� DQG� ]� VWDWLVWLF� IRU� WKH� 95(3� DQG
95�/1� (3�� ZKHQ� FRPSDUHG� WR� WKH� FODVVLF
/1�(3� IRU� HDFK� WHVW� SUREOHP�� � $OVR�� WKH
PLQLPXP�D� OHYHO� UHTXLUHG� IRU� DFFHSWDQFH� RI
WKH� K\SRWKHVLV� WKDW� WKH� GLVWULEXWLRQ� RI� WKH
JLYHQ�DOJRULWKP�LV�VKLIWHG�WR�WKH�OHIW�RI��L�H��LV
RQ�DYHUDJH�EHWWHU�WKDQ��WKH�/1�(3�LV�OLVWHG�
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Figure 1. : Griewangk function  (10 Dimensions)
(Population size 50)

10 1

10 2

10 3

10 4

10 5

10 6

10 7

Evaluations

L
o
g
 
A
v
e
.
 
B
e
s
t

0 50000 100000 150000 200000 250000 300000

VREP

VR−LN−EP

LN−EP

Figure 2. : Rosenbrock function  (10 Dimensions)
(Population size 50)
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Figure 3. : Ackley function  (10 Dimensions)
(Population size 50)
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Figure 4. : Schaffer function  (10 Dimensions)
(Population size 50)
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Figure 5. : Sphere hull function  (10 Dimensions)
(Population size 50)
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�� 'LVFXVVLRQ
,Q�ORRNLQJ�DW�WKH�GDWD�LQ�7DEOHV���WKURXJK����
ZH� QRWH� ILUVW� WKDW� WKH� 95(3� V\VWHP
FRQVLVWHQWO\� GLVSOD\V� WKH� ORZHVW� VWDQGDUG
GHYLDWLRQ� DPRQJ� ILQDO� EHVW� VROXWLRQ� YDOXHV�
8SRQ� LQLWLDO� UHYLHZ�� WKLV� UHVXOW� DSSHDUV
VRPHZKDW� XQUHPDUNDEOH�� JLYHQ� WKDW� WKH
YDULDQFH�RI�WKH�95(3�V\VWHP�LV�EHLQJ�VWULFWO\
VFKHGXOHG�� � +RZHYHU�� WKLV� LQFUHDVHG� VWDELOLW\
LPSOLHV� WKDW� WKH� RSHUDWLRQ� RI� VHOHFWLRQ� LQ
FRPELQDWLRQ� ZLWK� WKH� UHDFWLYH� PXWDWLRQ
RSHUDWRU�LQ�95(3�LV�H[WUHPHO\�FRQVLVWHQW�IRU�D
JLYHQ� ODQGVFDSH�� HYHQ� DFURVV� WKH
LQFRQVLVWHQFLHV�RI�SRSXODWLRQ�LQLWLDOL]DWLRQ�
7KH� DSSDUHQW� RYHUODSSLQJ� QDWXUH� RI� WKH
GLVWULEXWLRQV�RI�ILQDO�EHVW�VROXWLRQ�ILWQHVVHV�DV
LQGLFDWHG�E\� WKH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ
PHDVXUHPHQWV�RI� WKHVH� ILQDO� EHVW� VROXWLRQV� DV
ZHOO� DV� WKH� PLQLPXP� DQG� PD[LPXP� YDOXHV�
FDXVHV� GLIILFXOW\� LQ� UHDFKLQJ� DQ\� UHDVRQDEOH
FRQFOXVLRQV� DV� WR� WKH� UHODWLYH� XWLOLW\� RI� WKHVH
WZR� DSSURDFKHV� H[FHSW� WKDW� WKH\� DSSHDU
VRPHZKDW� HTXLSROOHQW�� � 7KLV� RYHUODS� RI
GLVWULEXWLRQV� DOVR� UHQGHUV� JUDSKLF� GLVSOD\V
VXFK�DV� WKRVH� LQ�)LJXUHV��� WKURXJK��� VXVSHFW�
VLQFH� WKH� DULWKPHWLF� PHDQ� PD\� HDVLO\� EH
VNHZHG� E\� D� IHZ� RXWOLHUV� ZKLFK� FRQYHUJHG
SUHPDWXUHO\���)RU�WKLV�UHDVRQ�ZH�KDYH�HOHFWHG
WR� XVH� WKH� :LOFR[RQ� UDQN�VXP� ��VDPSOHG
ORFDWLRQ�WHVW�WR�IXUWKHU�DQDO\]H�WKH�GDWD�
7KH�:LOFR[RQ�UDQN�VXP�VWDWLVWLFV�JLYH�D�PXFK
FOHDUHU�SLFWXUH�RI� WKH� UHODWLYH� VWUHQJWKV�RI� WKH
WKUHH� DOJRULWKPV�� � )RU� H[DPSOH�� FRQVLGHU� WKH
PHDQ� DQG� VWDQGDUG� GHYLDWLRQ� YDOXHV� IRU� WKH
ILQDO� EHVW� YDOXHV� IRU� WKH� 'HMRQJ� I�� IXQFWLRQ�
95(3�DSSHDUV�WR�KDYH�D�FOHDU�DGYDQWDJH�RYHU
FODVVLF�/1�(3��DQG�WKH�95�/1�V\VWHP�VHHPV
WR� KDYH� D� SRWHQWLDO� DGYDQWDJH� DV� ZHOO�
+RZHYHU�� XSRQ� LQVSHFWLQJ� WKH� PLQLPXP� DQG
PD[LPXP�YDOXHV�� WKLV� DGYDQWDJH� DSSHDUV� OHVV
FHUWDLQ� VLQFH� WKH� PLQLPXP� YDOXH� REWDLQHG
XVLQJ�/1�(3� LV� RQ� SDU�ZLWK� WKDW� REWDLQHG� E\
WKH� 95�/1� V\VWHP�� DQG� VHYHUDO� RUGHUV� RI

PDJQLWXGH� EHWWHU� WKDQ� WKDW� REWDLQHG� ZLWK
95(3�� � )LQDOO\�� LI� ZH� LQVSHFW� WKH�:LOFR[RQ
UDQN�VXP� FRPSDULVRQ� VWDWLVWLFV�� ZH� REVHUYH
WKDW� /1�(3� FRQVLVWHQWO\� RXWSHUIRUPHG� ERWK
FRPSHWLQJ� DOJRULWKPV� RQ� WKH� 'HMRQJ� I�
IXQFWLRQ�� � 7KXV�� ZKLOH� 95(3� VKRZV� D� ORZHU
PHDQ� GXH�� LQ� SDUW�� WR� LWV� UHGXFHG� VWDQGDUG
GHYLDWLRQ��/1�(3�FRQVLVWHQWO\�REWDLQHG�EHWWHU
UHVXOWV�� KRZHYHU�� EHLQJ� OHVV� FRQVLVWHQW�
RFFDVLRQDOO\� WKH� /1�(3� V\VWHP� REWDLQHG
UHVXOWV� VHYHUDO� RUGHUV� RI� PDJQLWXGH� ZRUVH
ZKLFK�VNHZHG�WKH�PHDQ�IRU�/1�(3�
,Q�YLHZ�RI�WKH�:LOFR[RQ�WHVW�GDWD�LQ�7DEOH����
95(3� FOHDUO\� RXWSHUIRUPHG� /1�(3� RQ� D
QXPEHU� RI� WHVW� IXQFWLRQV�� ZKLOH� WKH� 95�/1
V\VWHP� VKRZHG� RQO\� PDUJLQDO� LPSURYHPHQW
IRU� DOO� EXW� WKH� 'HMRQJ� I�� IXQFWLRQ�� � /1�(3
SHUIRUPHG� EHWWHU� WKDQ� 95(3� RQ� WKH� 6SKHUH
KXOO�� 'HMRQJ� I��� 6SKHUH�� DQG� 6FKZHIHO
IXQFWLRQV�
)LQDOO\�� ZH� QRWH� WKDW� E\� XVLQJ� RQO\� D� IL[HG
VFKHGXOH�IRU�WKH�UHFDSWXUH�WDUJHW�ZH�PD\�KDYH
XQGXO\� UHWDUGHG� WKH� SURJUHVV� DW� WKH� HQG� RI
95(3� VHDUFK� ZKHQ� ZH� ZRXOG� H[SHFW� WKH
SULPDU\� QHHG� WR� EH� IRU� ORFDO� KLOO�FOLPELQJ
EHKDYLRU�� � 6SHFLILFDOO\�� ZH� QRWH� WKDW� WKH
EHKDYLRU� RI� WKH� 95(3� DOJRULWKP� RQ� WKH
6FKDIIHU�� *ULHZDQJN�� $FNOH\�� 6SKHUH� +XOO�
DQG� 6FKZHIHO� �� IXQFWLRQV� GLG� QRW� VKRZ� DQ\
FOHDU�VLJQV�RI�KDYLQJ�UHDFKHG�FRQYHUJHQFH��DV
LV�HYLGHQFHG�E\�WKH�DYHUDJH�SHUIRUPDQFH���)RU
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3URJUDPPLQJ��0,7�3UHVV���SS����������

6DUDYDQDQ�� 1��� '�%�� )RJHO� DQG� .�0�� 1HOVRQ
�������� ¦$� &RPSDULVRQ� RI� 0HWKRGV� IRU
6HOI�$GDSWDWLRQ� LQ� (YROXWLRQDU\
$OJRULWKPV�§�%LR6\VWHPV������SS���������

6FKZDHIHO�� +��3��� �������� � 1XPHULFDO
2SWLPL]DWLRQ� RI� &RPSXWHU� 0RGHOV�� -RKQ
:LOH\��&KLFKHVWHU��8.�

7VXWVXL�� 6��� $�� *KRVK�� '�� &RUQH�� DQG� <�
)XMLPRWR����������¦$�5HDO�&RGHG�*HQHWLF
$OJRULWKP� ZLWK� DQ� ([SORUHU� DQG� DQ
([SORLWHU�3RSXODWLRQV�§�3URFHHGLQJV�RI�WKH
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