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'HSW��RI�&LYLO�(QJ���6KLUD]�8QLYHUVLW\��6KLUD]��,��5��RI�,UDQ�(PDLO��UDNKVKDQ#VKLUD]X�DF�LU�

�$EVWUDFW±� :DWHU� 'LVWULEXWLRQ� 1HWZRUNV� �:'1V�� DUH� DQ� HVVHQWLDO� LQIUDVWUXFWXUH� RI� HYHU\�
FLYLOL]DWLRQ��,Q�WKH�SDVW�GHFDGHV��WKHUH�KDV�EHHQ�D�ORW�RI�ZRUN�RQ�WKH�RSWLPL]DWLRQ�RI�:'1V��7KLV�
SDSHU�SUHVHQWV�D�K\EULG�16*$�,,�IRU�PXOWL�REMHFWLYH�RSWLPL]DWLRQ�RI�FRPELQDWRULDO�:'1�GHVLJQ��
XWLOL]LQJ� WKH�620�QHWZRUN� DV� D� WRRO� WR� ILQG� WKH� JHQRW\SLF� RU�SKHQRW\SLF� VLPLODULWLHV�� 620� LV� D�
YHUVDWLOH�XQVXSHUYLVHG�$UWLILFLDO�1HXUDO�1HWZRUN��$11��WKDW�FDQ�EH�XVHG�WR�H[WUDFW�WKH�VLPLODULWLHV�
DQG� ILQG� WKH� UHODWHG� YHFWRUV�ZLWK� WKH� XVH� RI� D� SURSHU� VLPLODULW\�PHDVXUH��7KH� SURSRVHG�PHWKRG��
620�16*$�,,�� GHULYHV� VXESRSXODWLRQV� RU� YLUWXDO� LVODQGV� IRU� LQEUHHGLQJ� VLPLODU� LQGLYLGXDOV� WR�
VSHHG�XS�WKH�FRQYHUJHQFH�SURFHVV�RI� WKH�RSWLPL]DWLRQ��7KH�FURVV�RYHU�RSHUDWLRQ�EHWZHHQ�VLPLODU�
LQGLYLGXDOV�RI�WKH�VXESRSXODWLRQV�DW�WKH�FRQVWUDLQW�GRPLQDWHG�UHJLRQ�RI�WKH�VROXWLRQ�VSDFH�VKRZHG�
D IDVWHU� FRQYHUJHQFH� DQG� D� ZLGHU� 3DUHWR� IURQW� IRU� WKH� WHVW� SUREOHPV� FRQVLGHUHG�� $Q� DGGHG�
DGYDQWDJH� RI� WKH� PHWKRG� LV� WKH� DSSOLFDWLRQ� RI� JHQRW\SLF� VRUWLQJ� RI� WKH� SRSXODWLRQ� E\� 620� IRU�
YLVXDO�UHSUHVHQWDWLRQ�RI�WKH�VWUXFWXUH�RI�WKH�3DUHWR�IURQW��7KH�UHVXOWHG�PDSV�VKRZHG�WKH�H[WHQW�RI�
YDULDWLRQ�RI� WKH�GHFLVLRQ�YDULDEOHV�DQG� WKHLU� UHODWLYH� LPSRUWDQFH��7KLV�PHWKRG�PD\�EH�XWLOL]HG� WR�
VSHHG�XS�RSWLPL]DWLRQ�RI�ODUJH�VFDOH�:'1V�DQG�DV�DQ�LPSRUWDQW�YLVXDO�DLG�IRU�GHFLVLRQ�PDNHUV�DQG�
GHVLJQHUV�RI�:'1V������������.H\ZRUGV±�0XOWL�REMHFWLYH�RSWLPL]DWLRQ��ZDWHU�GLVWULEXWLRQ�QHWZRUNV��VHOI�RUJDQL]LQJ�PDSV��YLVXDOL]DWLRQ���

���,1752'8&7,21��
:DWHU�'LVWULEXWLRQ�1HWZRUNV��:'1V��DUH�DQ�HVVHQWLDO�LQIUDVWUXFWXUH�RI�HYHU\�FLYLOL]DWLRQ��7KHUH�KDYH�EHHQ�
QXPHURXV�HIIRUWV�LQ�WKH�SDVW�IHZ�GHFDGHV�WR�PLQLPL]H�FRVWV�DVVRFLDWHG�ZLWK�WKH�RSHUDWLRQ�DQG�FRQVWUXFWLRQ�
RI�:'1V��OHDGLQJ�WR�PDQ\�VLQJOH�REMHFWLYH�RSWLPL]DWLRQ�DOJRULWKPV�>�@� 7KH�PRVW�ZLGHO\�XVHG�DOJRULWKPV�
KDYH� EHHQ� OLQHDU� SURJUDPPLQJ� >�@� HQXPHUDWLRQ� WHFKQLTXHV� >�@� QRQOLQHDU� SURJUDPPLQJ� >�@� JHQHWLF�
DOJRULWKP� >�@� VLPXODWHG� DQQHDOLQJ� >�@� VKXIIOHG� IURJ� OHDSLQJ� DOJRULWKP� >�@� DQG� DQW� FRORQ\�RSWLPL]DWLRQ�
DOJRULWKPV�>����@� 7KH�PHWKRG�XVHG�E\�WKHVH�DSSURDFKHV�LV�WR�WUDQVIRUP�WKH�FRQVWUDLQWV�DQG�REMHFWLYHV�LQWR�
RQH�REMHFWLYH�E\�DJJUHJDWLQJ�WKHP�ZLWK�SHQDOW\�IDFWRUV��$�GUDZEDFN�RI�WKLV�VLQJOH�REMHFWLYH�RSWLPL]DWLRQ�
LV�WKDW�WKH�FKRLFH�RI�SHQDOW\�IDFWRUV�PD\�DIIHFW�WKH�UHVXOWLQJ�RSWLPDO�VROXWLRQ�>��@�

5HFHQW� UHVHDUFKHV� GHDO� ZLWK� :'1� RSWLPL]DWLRQ� DV� D� PXOWL� REMHFWLYH� RSWLPL]DWLRQ�� RZLQJ� WR�
FRQVLGHUDWLRQ�RI�RWKHU�REMHFWLYHV�VXFK�DV�UHOLDELOLW\��TXDOLW\�RI�VHUYLFH��DQG�KHDG�GHILFLW�>��@� )URP�D�PRUH�
UHDOLVWLF�SRLQW�RI�YLHZ��PXOWL�REMHFWLYH�RSWLPL]DWLRQ�PHWKRGV�SURYLGH�WKH�WUDGHRIIV�EHWZHHQ�REMHFWLYHV�RI�
LQWHUHVW� >��@� )RU� H[DPSOH�� EHQHILW� DQG� TXDOLW\� RI� D�:'1� GHVLJQ�ZHUH� FRQVLGHUHG� DV� D�PXOWL�REMHFWLYH�
RSWLPL]DWLRQ�XVLQJ�D�IX]]\�DSSURDFK�>��@� 0LQLPL]DWLRQ�RI�FRVW�DQG�PD[LPL]DWLRQ�RI�D�VXUURJDWH�PHDVXUH�
RI�UHOLDELOLW\�ZHUH�FRQVLGHUHG�LQ�D�1RQ�GRPLQDWHG�6RUWLQJ�*HQHWLF�$OJRULWKP��16*$��WR�ILQG�WKH�WUDGHRIIV�
EHWZHHQ� UHOLDELOLW\� DQG� FRVW� IRU� EHQFKPDUN� SUREOHPV� LQ� :'1V� >��@� /DFN� RI� HOLWLFLVP�� QHHG� IRU�
VSHFLILFDWLRQ� RI� D� VKDULQJ� SDUDPHWHU�� DQG� FRPSXWDWLRQDO� FRPSOH[LW\� RI�16*$�ZHUH� DOOHYLDWHG�ZLWK� WKH�

5HFHLYHG�E\�WKH�HGLWRUV�$SULO�����������$FFHSWHG�-XO\�����������


&RUUHVSRQGLQJ�DXWKRU�
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���
LQWURGXFWLRQ�RI�16*$�,,�E\�'HE�HW�DO� >��@� 16*$�,,�ZDV�XVHG�WR�ILQG�WKH�WUDGHRIIV�EHWZHHQ�KHDG�GHILFLW�
DQG� FRVW� LQ� WKH� +DQRL� EHQFK� PDUN� SUREOHP� >��@� $� VHDUFK� VSDFH� UHGXFWLRQ� KDV� EHHQ� SURSRVHG� IRU� WKH�
HIILFLHQW� VHDUFK� RI� WKH� RSWLPXP� GHVLJQ� UHJDUGLQJ� RQO\� WKH� FRVW� RI� WKH� QHWZRUN� >��@�� 7KH� SUREOHP� RI�
GHSOR\LQJ� VHQVRUV� LQ� D� ODUJH� ZDWHU� GLVWULEXWLRQ� QHWZRUN� ZDV� DOVR� FRQVLGHUHG�� LQ� RUGHU� WR� GHWHFW� WKH�
PDOLFLRXV� LQWURGXFWLRQ�RI�FRQWDPLQDQWV� >��@��$�VHW�RI� UHDOLVWLF�REMHFWLYH� IXQFWLRQV�� VXFK�DV� UHGXFWLRQ�RI�
GHWHFWLRQ� WLPH� DQG� WKH� SRSXODWLRQ� SURWHFWHG� IURP� FRQVXPLQJ� FRQWDPLQDWHG� ZDWHU�� ZDV� XVHG� LQ� WKHLU�
DSSURDFK��:LWK� WKH� LQFUHDVLQJ�QHHG�IRU�RSWLPDO�RSHUDWLRQ�RI�:'1V��6KDPLU�DQG�6DORPRQV�GHYHORSHG�D�
PHWKRG�IRU�QHDU�RSWLPDO�UHDO�WLPH�RQ�OLQH�RSHUDWLRQ�RI�DQ�XUEDQ�ZDWHU�GLVWULEXWLRQ�V\VWHP�ZLWK�WKH�XVH�RI�
UHGXFHG� PRGHOV� >��@�� 7KH\� VKRZHG� WKDW� WKH� FXUUHQW� RSWLPL]DWLRQ� PHWKRGV� DUH� QRW� DGHTXDWH� IRU� WKH�
GHPDQGV�DQG�VKRXOG�EH�DXJPHQWHG��$QRWKHU�PXOWL�REMHFWLYH�DSSURDFK�ZDV� LQWURGXFHG�IRU� OHDN�GHWHFWLRQ�
DQG� UHKDELOLWDWLRQ� RI� :'1V� XVLQJ� 16*$�,,� >��@�� 7KHLU� UHVXOWV� GHPRQVWUDWHG� WKH� XVHIXOQHVV� RI� PXOWL�
REMHFWLYH�DSSURDFK�LQ�OHDNDJH�GHWHFWLRQ�DV�D�IXQFWLRQ�RI�SLSH�DJH�DQG�GLDPHWHU��*LXVWROLVL�HW�DO��GHVFULEHG�D�
SURFHGXUH�IRU�WKH�UREXVW�GHVLJQ�RI�ZDWHU�GLVWULEXWLRQ�QHWZRUNV�ZKLFK�LQFRUSRUDWHV�WKH�XQFHUWDLQW\�RI�QRGDO�
ZDWHU�GHPDQGV�DQG�SLSH� URXJKQHVV� LQ�D�PXOWL�REMHFWLYH�RSWLPL]DWLRQ�VFKHPH�DLPHG�DW�PLQLPL]LQJ�FRVWV�
DQG�PD[LPL]LQJ�K\GUDXOLF�UHOLDELOLW\�>��@��$FNQRZOHGJLQJ�WKH�QHHG�IRU�HIILFLHQW�RSWLPL]HUV��WKHLU�PHWKRG�
DLPHG� WR� UHGXFH� WKH� QXPEHU� RI� UXQV� E\� LQWURGXFLQJ� VHYHUDO� GHQVLW\� IXQFWLRQV�� DQG� ZDV� WHVWHG� IRU� UHDO�
:'1V�� 2SWLPDO� SUHVVXUH� PDQDJHPHQW� LQ� ZDWHU� GLVWULEXWLRQ� V\VWHPV� WKURXJK� WKH� LQWURGXFWLRQ� DQG�
UHJXODWLRQ� RI� SUHVVXUH� UHGXFLQJ� YDOYHV� ZHUH� VWXGLHG� E\� 1LFRORLQL� DQG� =RYDWWR� >��@�� 7KH\� DUJXHG� WKDW�
UHGXFWLRQ�LQ�SUHVVXUH�LV�DLPHG�DW�FRQWUROOLQJ�ZDWHU�OHDNDJHV�ZKLFK��EHLQJ�LQ�VRPH�FDVHV�D�KLJK�SURSRUWLRQ�
RI� WKH� WRWDO� YROXPH� VXSSOLHG�� DUH� QRZDGD\V� RQH� RI� WKH� PDMRU� FRQFHUQV� IRU� ZDWHU� XWLOLWLHV�� 7KH�
GHWHUPLQDWLRQ� RI� WKH� QXPEHU�� ORFDWLRQ�� DQG� VHWWLQJ� RI� VXFK� YDOYHV� ZDV� IRUPXODWHG� DV� D� WZR� FULWHULD�
RSWLPL]DWLRQ�SUREOHP�DQG�ZDV�VROYHG�ZLWK�PXOWL�REMHFWLYH�JHQHWLF�DOJRULWKPV���

$UWLILFLDO� 1HXUDO� 1HWZRUN� �$11�� KDV� EHHQ� XWLOL]HG� LQ� $11�EDVHG� PHWD�PRGHOV� WR� DGGUHVV� WKH�
FRPSXWDWLRQDO�FRPSOH[LW\�DQG�RSWLPL]DWLRQ�FRVW�RI�D�:'1�>��@� 7UDGLWLRQDOO\��*HQHWLF�$OJRULWKPV��*$V��
KDYH�EHHQ�XVHG�WR�ILQH�WXQH�WRSRORJ\�DQG�ZHLJKWV�IRU�WKH�$11�>��� ��@� 6HOI�2UJDQL]LQJ�0DS��620��LV�DQ�
XQVXSHUYLVHG� DQG� YHUVDWLOH� $11� ZKLFK� KDV� EHHQ� XWLOL]HG� LQ� PDQ\� DSSOLFDWLRQV� LQYROYLQJ� SDWWHUQ�
UHFRJQLWLRQ� DQG� FOXVWHULQJ� >���� ��@�� 620� QHWZRUNV� PD\� EH� FRPELQHG� ZLWK� *$� WR� HQKDQFH� D� VLQJOH�
REMHFWLYH�RSWLPL]DWLRQ�SURFHVV� LQ�D� UHDO�ZRUOG�RSWLPL]DWLRQ�SUREOHP�>��@��+RZHYHU�� WKH�SUREOHP� LV� WKDW�
JOREDO�VWRFKDVWLF�VHDUFK�PHWKRGV�VXFK�DV�*$V�UHTXLUH�PDQ\�LWHUDWLRQV�WR�EH�SHUIRUPHG�LQ�RUGHU�WR�DFKLHYH�
D VDWLVIDFWRU\� VROXWLRQ�� DQG� HDFK� LWHUDWLRQ�PD\� LQYROYH� UXQQLQJ� FRPSXWDWLRQDOO\� H[SHQVLYH� VLPXODWLRQV��
5HFHQWO\��WKLV�SUREOHP�KDV�EHHQ�FRPSRXQGHG�E\�WKH�HYLGHQW�QHHG�WR�HPEUDFH�PRUH�WKDQ�D�VLQJOH�PHDVXUH�
RI�SHUIRUPDQFH�LQWR�WKH�GHVLJQ�SURFHVV��VLQFH�E\�QDWXUH�PXOWL�REMHFWLYH�RSWLPL]DWLRQ�PHWKRGV�UHTXLUH�HYHQ�
PRUH�LWHUDWLRQV�>��@�

7KLV� SDSHU� SUHVHQWV� D� K\EULG� 16*$�,,� IRU� PXOWL�REMHFWLYH� RSWLPL]DWLRQ� RI�:'1V�� XWLOL]LQJ� 620�
QHWZRUN�DV�D�WRRO�WR�ILQG�WKH�JHQRW\SLF�RU�SKHQRW\SLF�VLPLODULWLHV�DW�WKH�H[SORLWDWLRQ�SKDVH�RI�WKH�*HQHWLF�
$OJRULWKP��7KH�SURSRVHG�PHWKRG� IRUPV�YLUWXDO� LVODQGV�RU� VXESRSXODWLRQV� WKDW�HYROYH�ZLWKLQ� WKHPVHOYHV�
IRU� D� VSHFLILHG� QXPEHU� RI� JHQHUDWLRQV� WR� VSHHG� XS� WKH� FRQYHUJHQFH� SURFHVV� RI� WKH� RSWLPL]DWLRQ�� 7KH�
PHWKRG�LV�FRXSOHG�ZLWK�(3$1(7�>��@�DV�WKH�QHWZRUN�VROYHU�IRU�WKH�DQDO\VLV�RI�WZR�H[DPSOH�QHWZRUNV�DQG�
WKH�UHVXOWV�DUH�FRPSDUHG�ZLWK�16*$�,,��
�

�� 08/7,�2%-(&7,9(�237,0,=$7,21��
2SWLPL]DWLRQ�LV�D�SURFHVV�RI�ILQGLQJ�D�VROXWLRQ�RU�D�VHW�RI�VROXWLRQV�IRU�D�SUREOHP�IURP�SRWHQWLDO�RU�IHDVLEOH�
VROXWLRQV� WKDW� VXLW� D� JLYHQ� FULWHULD�� :KHQ� WKHUH� LV� RQO\� RQH� REMHFWLYH�� WKH� SUHIHUHQFH� VWUXFWXUH� RYHU�
VROXWLRQV�LV�ZHOO�GHILQHG��,W�LV�WKH�VLPSOH�UDQNLQJ�RI�WKH�REMHFWLYH�YDOXHV�DQG�VHOHFWLQJ�WKH�VROXWLRQ�ZLWK�WKH�
H[WUHPH�YDOXH��7KHUHIRUH��LQ�D�VLQJOH�REMHFWLYH�SUREOHP��WKHUH�LV�RQO\�RQH�RSWLPXP�VROXWLRQ�ZKLFK�PD\�EH�
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���
LGHQWLILHG�ZLWK�FHUWDLQW\�>��@� +RZHYHU��LQ�PRVW�UHDOLVWLF�HQJLQHHULQJ�GHVLJQ�SUREOHPV��WKHUH�LV�PRUH�WKDQ�
RQH�REMHFWLYH� WR� EH� FRQVLGHUHG��7KH�REMHFWLYHV� DUH� RIWHQ�FRQIOLFWLQJ�� VXFK� WKDW� LPSURYLQJ�RQH�REMHFWLYH�
PD\� GHWHULRUDWH� WKH� RWKHU� RQH�V��� 7KHUHIRUH�� LQ� D� PXOWL�REMHFWLYH� RSWLPL]DWLRQ�� WKHUH� LV� PRUH� WKDQ� RQH�
VROXWLRQ�DYDLODEOH�DQG�VHYHUDO�PHWKRGV�OLNH�1RQ�'RPLQDWHG�6RUWLQJ�*HQHWLF�$OJRULWKP��16*$���ZHLJKWHG�
PLQ�PD[�� 9HFWRU� (YDOXDWHG� *HQHWLF� $OJRULWKP� �9(*$��� /H[LFRJUDSKLFDO� RUGHULQJ�� DQG� ZHLJKWHG� VXP�
KDYH�EHHQ�SUHVHQWHG�WR�ILQG�WKH�VROXWLRQ�VSDFH�>������@��16*$�,,�>��@� ZKLFK�LV�EDVHG�RQ�WKH�FRQFHSW�RI�
GRPLQDQFH�LQ�RUGHU�WR�SURGXFH�WKH�3DUHWR�IURQW�RI�WKH�REMHFWLYHV��KDV�EHHQ�HYDOXDWHG�DV�RQH�RI�WKH�PRVW�
VXFFHVVIXO�PHWKRGV�IRU�ZDWHU�GLVWULEXWLRQ�QHWZRUN�RSWLPL]DWLRQV�>��@�

%\� GHILQLWLRQ�� LQ� D� PLQLPL]DWLRQ� SUREOHP� ZLWK�0 REMHFWLYHV�� D� IHDVLEOH� VROXWLRQ� [���� �GRPLQDWHV�
DQRWKHU�IHDVLEOH�VROXWLRQ�[�����VWDWHG�DV�[����d [������LI��ERWK�RI�WKH�IROORZLQJ�FRQGLWLRQV�DUH�WUXH�>��@�

��� 7KH�VROXWLRQ�[����LV�QR�ZRUVH�WKDQ�[����LQ�DOO�REMHFWLYHV��L�H���IM �[���� d IM �[���� IRU�DOO�M  ������������0�
REMHFWLYHV���

� ����� ������������ [I[I0M[[ MM d���d ��� ����
���� 7KH�GHVLJQ�[����LV�VWULFWO\�EHWWHU�WKDQ�[����LQ�DW�OHDVW�RQH�REMHFWLYH���RU�IM �[���� ��IM �[���� IRU�DW�OHDVW�RQH��M� �����������0�REMHFWLYHV���

����� ������������ [I[I0M[[ MM %% ��� ����
�
,Q� JHQHUDO�� LQ� D�PXOWL�REMHFWLYH� SUREOHP� VROXWLRQV�$ DQG�% PD\� KDYH� WKH� IROORZLQJ� WKUHH� SRVVLEOH�

UHODWLRQV�ZLWK�HDFK�RWKHU�>��@�
$ GRPLQDWHV�%
% GRPLQDWHV�$
1HLWKHU�$ QRU�% GRPLQDWH�RQH�DQRWKHU��

,I�WZR�VROXWLRQV�DUH�FRPSDUHG��WKHQ�WKH�VROXWLRQV�DUH�QRQ�GRPLQDWHG�ZLWK�UHVSHFW�WR�HDFK�RWKHU�LI�QHLWKHU�
RQH�GRPLQDWHV�WKH�RWKHU��

$ VROXWLRQ�[�L��� 6 �ZKHUH�6� LV� WKH�VHW�RI�DOO� IHDVLEOH�VROXWLRQV�� LV�QRQ�GRPLQDWHG� �RU�D�PHPEHU�RI�
3DUHWR�IURQW��ZLWK�UHVSHFW�WR�D�VHW�4 � 6� LI�WKHUH�LV�QR��[�M��� 4��VR�WKDW� [�M����[�L��

6XFK�VROXWLRQV�LQ�WKH�REMHFWLYH��RU�SKHQRW\SLF��VSDFH�DUH�FDOOHG�QRQ�GRPLQDWHG�VROXWLRQV�>��@�
'RPLQDWHG� DQG� 1RQ�GRPLQDWHG� VROXWLRQV� IRU� D� K\SRWKHWLFDO� PLQLPL]DWLRQ� SUREOHP� ZLWK� WZR�

FRQIOLFWLQJ�REMHFWLYHV�DUH�JUDSKLFDOO\�GHSLFWHG�RQ�)LJXUH����$V�VKRZQ��WKH�LGHDO�SRLQW�IRU�WKH�FRQIOLFWLQJ�
REMHFWLYHV�LV�FRQVLGHUHG��XQDFKLHYDEOH���$�VHDUFK�IRU�3DUHWR�IURQW��KRZHYHU��VKRXOG�VDWLVI\�WZR�LPSRUWDQW�
SURSHUWLHV�� GLYHUVLW\� DQG� FRQYHUJHQFH��$� GLYHUVH� VROXWLRQ� KDV� WKH� ODUJHVW� VSUHDG� WR� FRYHU� WKH� FRPSOHWH�
UDQJH�RI�REMHFWLYHV�DQG�DW�WKH�VDPH�WLPH��LW�VKRXOG�KDYH�ZHOO�VSDFHG�VROXWLRQV��&RQYHUJHQFH�RI�WKH�VHDUFK��
RQ�WKH�RWKHU�KDQG��LV�D�SUDFWLFDO�JXDUDQWHH�RI�DFKLHYLQJ�WKH�3DUHWR�IURQW����

)LJ�����3DUHWR�IURQW�IRU�PLQLPL]DWLRQ�RI�WZR�REMHFWLYHV�
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$ SUREOHP� WKDW� DOO� VWRFKDVWLF� VHDUFK� PHWKRGV� �VXFK� DV� 16*$�,,�� IDFH� LV� WKDW� WKH\� UHO\� RQ� WKHLU� ODUJH�
SRSXODWLRQ�VL]HV�DQG�D�ODUJH�JHQHUDWLRQ�QXPEHU��ZKLFK�FDQ�SURYH�WR�EH�LQHIIHFWLYH�IRU�UHDO�ZRUOG�VLWXDWLRQV�
ZKHUH� REMHFWLYH� IXQFWLRQ� HYDOXDWLRQV� DUH� WLPH� FRQVXPLQJ� DQG� FRPSXWDWLRQDOO\� LQWHQVLYH�� )RU� WKHVH�
SUREOHPV��LQFUHDVLQJ�WKH�HIILFLHQF\�RI�VHDUFK�DQG�UHGXFWLRQ�RI�LWHUDWLRQV�IRU�REMHFWLYH�IXQFWLRQ�HYDOXDWLRQV�
FDQ�SURYH�WR�EH�YHU\�HIILFLHQW��,Q�UHFHQW�\HDUV�WKHUH�KDYH�EHHQ�UHVHDUFKHV�WR�DGGUHVV�WKH�HIILFLHQF\�RI�WKH�
RSWLPL]DWLRQ�IRU�FRPSXWDWLRQDOO\�LQWHQVLYH�SUREOHPV�>������@���
�

�� 6(/)�25*$1,=,1*�0$36��
6HOI�2UJDQL]LQJ�0DS��620��ZDV�RULJLQDOO\�GHYHORSHG�E\�.RKRQHQ�LV�DV�DQ�$11�LQ�RUGHU�WR�VWXG\�WKH�VHOI�
RUJDQL]DWLRQ�SURFHVVHV� LQ� WKH�EUDLQ� >��@�� ,W� LV�DQ�XQVXSHUYLVHG�$11��ZKLFK�FRQVLVWV�RI� DQ� LQSXW�DQG�DQ�
RXWSXW�OD\HU��)LJXUH���VKRZV�WKH�WRSRORJ\�RI�D�620��7KH�LQSXW�YHFWRUV�DUH�SUHVHQWHG�WR�620�LWHUDWLYHO\��
620�H[WUDFWV�WKHLU�GLVWLQJXLVKDEOH�IHDWXUHV�DQG�DGMXVWV�WKH�ZHLJKWV�RI�WKH�QHWZRUN�WR�UHFRJQL]H�WKH�VDPH�
IHDWXUHV�LQ�IXWXUH��,Q�RWKHU�ZRUGV��620�DWWHPSWV�WR�PDS�LQSXW�SDWWHUQV�WR�QRGHV�VXFK�WKDW�WKH�QHDUQHVV�RU�
QHLJKERUKRRG� UHODWLRQV� EHWZHHQ� WKH� SRSXODWLRQ�PHPEHUV� �WRSRORJ\�� DUH� SUHVHUYHG�� 6LPLODU� SDWWHUQV� DUH�
WKHQ�PDSSHG�WR�QHDUE\�QHXURQV�>��@��7KH�XQLTXH�IHDWXUH�RI�D�620�QHWZRUN�LV�LWV�FDSDELOLW\�WR�FODVVLI\�WKH�
LQSXWV� DFFRUGLQJ� WR� WKHLU� VLPLODULW\�� ZLWKRXW� DQ\� LQIRUPDWLRQ� UHJDUGLQJ� WKH� JURXSLQJ� RU� QXPEHU� RI�
SDUWLWLRQLQJ��
7KH�OHDUQLQJ�SURFHVV�LQ�D�620�FDQ�EH�VXPPDUL]HG�DV�>��@���

���$VVLJQ�UDQGRP�YDOXHV�WR�WKH�QHWZRUN�ZHLJKWV��ZLM�
���3UHVHQW�DQ�LQSXW�SDWWHUQ�RU�YHFWRU��[��WR�WKH�QHWZRUN��
���&DOFXODWH� WKH�GLVWDQFH�EHWZHHQ�SDWWHUQ�[ DQG�HDFK�ZHLJKW�YHFWRU�ZM� DQG�LGHQWLI\� WKH�ZLQQLQJ�

YHFWRU��RU�� G  �PLQ�__�[�± ZM __�� M ������«�Q� �����
:KHUH�__�B�__�LV�WKH�(XFOLGHDQ�QRUP�DQG�ZM LV�WKH�ZHLJKW�YHFWRU�RI�HDFK�QHXURQ��

� ���$GMXVW�DOO�ZHLJKWV�LQ�WKH�QHLJKERUKRRG�RI�WKH�ZLQQLQJ�QHXURQ��E\��� ZLM�W���� �ZLM�W��K�W�N�M�W�^[L ± ZLM�W�`� �����
:KHUH�K�W� LV�WKH�OHDUQLQJ�UDWH�DW�HSRFK�W� DQG�N�M�W��LV�D�VXLWDEOH�QHLJKERUKRRG�IXQFWLRQ��

���5HSHDW�VWHSV�����WR�����XQWLO�D�FRQYHUJHQFH�FULWHULRQ�LV�VDWLVILHG���

)LJ�����6FKHPDWLF�UHSUHVHQWDWLRQ�RI�DQ�620�>��@
620�PD\�EH�YLHZHG�DV�D�WHFKQLTXH�WKDW�FOXVWHUV�LQSXW�GDWD�WR�VLPLODU�LQGLYLGXDOV�ZKLFK��LQ�WXUQ��PD\�EH�
XWLOL]HG� WR� FUHDWH� YLUWXDO� LVODQGV� IURP� D� ODUJH� SRSXODWLRQ� VL]H� LQ� WKH� H[SORLWDWLRQ� SKDVH� RI� DQ�16*$�,,�
DSSURDFK�� 7KH� FOXVWHULQJ� WHFKQLTXH� DQG� HYROXWLRQ� RI� VLPLODU� LQGLYLGXDOV� DUH� XWLOL]HG� LQ� WKH� SURSRVHG�
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���
PHWKRG�WR�VSHHG�XS�FRQYHUJHQFH�DQG�LQFUHDVH�WKH�SHUIRUPDQFH�RI�PXOWL�REMHFWLYH�RSWLPL]DWLRQ�YLD�16*$�
,,���
�

�� 7+(�352326('�+<%5,'�620�16*$�,,��
,Q� WKH�H[SORLWDWLRQ�SKDVH�RI�*$��FRPELQDWLRQ�RI�H[WUHPHO\�GLIIHUHQW� LQGLYLGXDOV� LV�QRW�OLNHO\� WR�SURGXFH�
VXSHULRU� RIIVSULQJ�� 7KH� FRPSHWLWLRQ� WR� H[FHO� DW� WKH� JLYHQ� UHJLRQ� RU� QHLJKERUKRRG� RI� WKH� 3DUHWR� IURQW�
UHTXLUHV� VSHFLDOL]HG� JHQHV�� 7KH� FURVVRYHU� EHWZHHQ� GUDVWLFDOO\� GLIIHUHQW� LQGLYLGXDOV�� HVSHFLDOO\� DW� ODWHU�
JHQHUDWLRQV�� LV� OLNHO\� WR� SURGXFH� XQILW� RU� HYHQ� XQIHDVLEOH� LQGLYLGXDOV� RU� VR�FDOOHG� OHWKDO� RIIVSULQJ��
7KHUHIRUH��620�LV�DSSOLHG�WR�LGHQWLI\�VLPLODULWLHV��HLWKHU�JHQRW\SLF�RI�SKHQRW\SLF��DQG�XVH�LQEUHHGLQJ�WR�
VSHHG�XS�FRQYHUJHQFH�WR�WKH�3DUHWR�IURQW��7KH�SURSRVHG�PHWKRG�KDV�WZR�GLVWLQFW�SKDVHV��7KH�H[SORUDWLRQ�
SKDVH�ZKLFK�KDV�WKH�XVXDO�VHOHFWLRQ��FURVV�RYHU��DQG�PXWDWLRQ�RSHUDWRUV�DV�16*$�,,��DQG�DQ�H[SORLWDWLRQ�
SKDVH� ZKLFK� XWLOL]HV� 620� WR� ILQG� VLPLODU� LQGLYLGXDOV� DQG� IRUP� YLUWXDO� LVODQGV� RU� VXESRSXODWLRQV�� 7KH�
SURFHVV�RI�PDNLQJ� WKHVH�VXESRSXODWLRQV�PD\�EH�GRQH�E\�XVLQJ�HLWKHU� WKH� VLPLODULW\� LQ�SDUDPHWHU� VSDFH��
DOVR� NQRZQ� DV� WKH� JHQRW\SH� VSDFH�� RU� E\� WKH� XVH� RI� REMHFWLYH� VSDFH� DOVR� NQRZQ� DV� SKHQRW\SH� VSDFH��
3KHQRW\SLF�IHDWXUHV�DUH�FDXVHG�E\�YDULDWLRQ�LQ�WKH�JHQRW\SH�VSDFH��7KH�YDULDEOH�RU�JHQRW\SH�VSDFH�XVXDOO\�
FRQVLVWV� RI� QXPHURXV� YDULDEOHV�ZLWK� GLIIHUHQW� VWUXFWXUHV� VXFK� WKDW� XQGHUVWDQGLQJ� JHQRW\SLF� IHDWXUHV� YLD�
IRUPDWLRQ�RI�VXESRSXODWLRQV�ZRXOG�SURGXFH�YHU\�XVHIXO�LQIRUPDWLRQ�DERXW�WKH�UROH�RI�YDULDEOHV��

7KH�VHFRQG�SKDVH�DSSOLHV�D�ORFDOL]HG�HYROXWLRQ�RU�LQEUHHGLQJ�RI�WKH�VXESRSXODWLRQV��7KHVH�LVODQGV�DUH�
KDQGOHG� VHSDUDWHO\� DQG� IRU� D� SUH�VSHFLILHG� QXPEHU� RI� JHQHUDWLRQV� �LQEUHHGLQJ� SHULRG��� DQG� WKH� LVODQGV�
HYROYH� RQ� WKHLU� RZQ�� 7KH� VXESRSXODWLRQV� DUH�PHUJHG� LQWR� RQH� SRSXODWLRQ� DQG� WKH� UHVXOWLQJ� SRSXODWLRQ�
HYROYHV� IRU� RQH� JHQHUDWLRQ�� 0HUJLQJ� VXESRSXODWLRQV� LQ� UHJXODU� LQWHUYDOV� SURYLGHV� DQ� RSSRUWXQLW\� IRU�
JHQHWLFDOO\�GLIIHUHQW�RIIVSULQJV� WR�GLIIXVH�RU�PLJUDWH� WR� WKHLU�PRUH� UHODWHG�VXESRSXODWLRQV� DW� VXEVHTXHQW�
JHQHUDWLRQV�DQG�SURYLGHV�DQ�RYHUDOO�GLYHUVLW\�HQIRUFHPHQW�PHFKDQLVP�IRU�WKH�SRSXODWLRQ��7KH�PHWKRG�FDQ�
UHGXFH� WKH� SURGXFWLRQ� RI� OHWKDO� RIIHULQJ�� EHFDXVH� WKH� JHQHWLF� YDULHW\� LQVLGH� LVODQGV� LV� QRW� ODUJH�� 7KH�
RIIVSULQJ�KDYH�PRUH�UHVHPEODQFH�WR�WKHLU�SDUHQWV�WKURXJK�ORFDO�VHOHFWLRQ���

7KH�VWHSZLVH�DOJRULWKP�RI�WKH�PHWKRG�LV�JLYHQ�EHORZ��� ��� ,QLWLDOL]H�PDS� VL]H�� PDS� W\SH� �JHQRW\SLF� RU� SKHQRW\SLF�� DQG� FKURPRVRPHV� �SRSXODWLRQ�� DQG�
HYDOXDWH�REMHFWLYH�IXQFWLRQV��

���(YROYH�WKH�SRSXODWLRQ�IRU�D�JLYHQ�QXPEHU�RI�JHQHUDWLRQV��([SORUDWLRQ�3KDVH���
�FKURPRVRPHV�Å 16*$�,,��FKURPRVRPHV��JHQHUDWLRQV��

���0DNH�D�JHQRW\SLF�RU�SKHQRW\SLF�620�RI�WKH�SRSXODWLRQ��
� V0DS�Å &UHDWH6200DS��FKURPRVRPH��0DS6L]H��
�� 'LYLGH�WKH�SRSXODWLRQ�LQWR�1 YLUWXDO�LVODQGV�RU�VXESRSXODWLRQV�DFFRUGLQJ�WR�WKH�UHVXOWHG�620��
� 63FKURPRVPHV��N��Å 'LYLGH3RSXODWLRQ��V0DS��FKURPRVRPH��N �����«1�VXESRSXODWLRQ��
���(YROYH�HDFK�LVODQG�VHSDUDWHO\�IRU�LQEUHHGLQJ�JHQHUDWLRQV��
� 63FKURPRVPHV��N��Å 16*$�,,��63FKURPRVRPHV��N�� ,QEUHHGLQJ*HQHUDWLRQV��
�� 0HUJH�LVODQGV�DQG�HYROYH�WKH�ZKROH�SRSXODWLRQ�IRU�RQH�JHQHUDWLRQ�
� FKURPRVRPHV�Å FKURPRVRPH�� 63FKURPRVPHV��M���M ������«1�
�� (YROYH�WKH�FKURPRVRPHV�IRU�RQH�JHQHUDWLRQ��
� FKURPRVRPHV�Å 16*$�,,��FKURPRVRPHV��JHQHUDWLRQV� ����
�� ,I�WKH�VWRSSLQJ�FULWHULRQ�LV�QRW�PHW��JR�WR�VWHS����RWKHUZLVH�VWRS���

$FFRUGLQJ� WR� WKLV�DOJRULWKP�� WKH�XSGDWHG�FKURPRVRPHV� LQ�HDFK�LWHUDWLRQ�HYHQWXDOO\�FRQYHUJH� WR� WKH�
3DUHWR� IURQW�� 7KLV� PHWKRG� KDV� WKH� DGYDQWDJH� RI� H[SOLFLW� SDUDOOHOLVP�� WKHUHIRUH�� HYHU\� LVODQG� FRXOG� EH�
HYROYHG� VHSDUDWHO\�ZLWK�D�SDUDOOHO�SURFHVVRU�RU�ZLWK�D� VHULDO� LPSOHPHQWDWLRQ��7KH�SUHIHUUHG� WRSRORJ\�RI�
620�LV�WKH�KH[DJRQDO�ODWWLFH��ZKLFK�KDV�WKH�JUHDWHVW�QXPEHU�RI�QHLJKERUV�IRU�D�JLYHQ�QHXURQ�LQ�620���
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���
)URP�D�JHQHUDO�SHUVSHFWLYH�� WKH�SURSRVHG�PHWKRG�DLPV�DW� LQFUHDVLQJ� WKH�HIILFLHQF\�RI� ODUJH�:'1V�

RSWLPL]DWLRQ�WKURXJK�D�UHGXFWLRQ�RI�IXQFWLRQ�HYDOXDWLRQV�DQG�D�ORFDOL]HG�VHDUFK�RI�WKH�3DUHWR�IURQWV��,Q�WKLV�
SDSHU�� WKH�SURSRVHG�PHWKRG�DQG�RULJLQDO�16*$�,,�DUH�DSSOLHG� WR� WZR�VLPSOH�FRPELQDWRULDO�SUREOHPV�RI�
:'1� GHVLJQ� RSWLPL]DWLRQ� DQG� WKH� UHVXOWV� DUH� FRPSDUHG�� 6LQFH�16*$�,,� RSWLPL]DWLRQ� SUREOHPV�ZRXOG�
LQYROYH�H[WHQGHG�SHULRG�VLPXODWLRQV�DQG�HYDOXDWLRQ�RI�HDFK�QHWZRUN�ZLWK�UHVSHFW�WR�PDQ\�REMHFWLYHV��RQH�
PD\�H[SHFW�WKDW�WKH�SURSRVHG�PHWKRG�ZRXOG�FRQYHUJH�IDVWHU��D�IDFWRU�WKDW�ZRXOG�EH�YHU\�KHOSIXO��VSHFLDOO\�
LQ�UHDO�ZRUOG��ODUJH�:'1V��RSWLPL]DWLRQ�SUREOHPV��,W�VKRXOG�EH�QRWHG�WKDW�WKH�DSSURDFK�LV�GLIIHUHQW�IURP�
WKDW�RI�9LOOPDQQ�HW�DO� >��@�LQ�WKH�VHQVH�WKDW�WKHLU�PHWKRG�XWLOL]HG�620�IRU�D�VLQJOH�REMHFWLYH�RSWLPL]DWLRQ��
ZKLOH�WKH�SUHVHQW�DSSURDFK�XWLOL]HV�620�WR�ILQG�VXESRSXODWLRQV�LQ�PXOWL�REMHFWLYH�RSWLPL]DWLRQV�LQ�RUGHU�
WR�FRQYHUJH�IDVWHU�WR�WKH�3DUHWR�IURQW��7KH�PHWKRG�KDV�DQ�LQEUHHGLQJ�JHQHUDWLRQ�DIWHU�HDFK�VXESRSXODWLRQ�LV�
HYROYHG�VHSDUDWHO\��DV�D�FRQWUROOLQJ�VWHS�IRU�WKH�RYHUDOO�VSUHDG�FKHFN�DQG�VXLWDEOH�VSDFLQJ�RI�WKH�VROXWLRQV��
)XUWKHU��WKH�XVH�RI�JHQRW\SLF�VRUWLQJ�DQG�YLVXDOL]DWLRQ�LV�D�QRYHO�DSSURDFK�IRU�XQGHUVWDQGLQJ�WKH�EHKDYLRU�
RI�PDQ\�VLPLODU�VROXWLRQV�ZLWK�WKH�VWXG\�RI�UHSUHVHQWDWLYH�RI�WKH�FRUUHVSRQGLQJ�VXESRSXODWLRQ���

,Q�RUGHU�WR�FRPSDUH�WKH�SHUIRUPDQFH�RI�PXOWL�REMHFWLYH�PHWKRGV��WKH�*HQHUDWLRQDO�'LVWDQFH��*'��LV�
XVHG�>��@��*'�LV�D PHDVXUH�RI�KRZ�IDU�WKH�HOHPHQWV�LQ�WKH�VHW�RI�QRQ�GRPLQDWHG�YHFWRUV�DUH�IURP�WKRVH�LQ�
WKH�3DUHWR�RSWLPDO�VHW�DQG�LV�GHILQHG�DV���
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:KHUH�Q LV� WKH�QXPEHU�RI�YHFWRUV� LQ� WKH�VHW�RI�QRQ�GRPLQDWHG�VROXWLRQV� IRXQG�VR� IDU��DQG�GL LV� WKH�(XFOLGHDQ� GLVWDQFH� �PHDVXUHG� LQ� REMHFWLYH� VSDFH�� EHWZHHQ� HDFK� YHFWRU� DQG� WKH� QHDUHVW� PHPEHU� RI� WKH�

3DUHWR�RSWLPDO�VHW��7KHUHIRUH��D�YDOXH�RI�*'� ���LQGLFDWHV�WKDW�DOO�JHQHUDWHG�HOHPHQWV�DUH�LQ�WKH�3DUHWR�
RSWLPDO�VHW��DQG�DQ\�RWKHU�YDOXH�LQGLFDWHV�KRZ�IDU�REWDLQHG�VROXWLRQV�DUH�IURP�WKH�JOREDO�3DUHWR�IURQW�RI�
WKH�SUREOHP��

� �� :$7(5�',675,%87,21�1(7:25.�237,0,=$7,21��
:'1�RSWLPL]DWLRQ� LV� D� QRQOLQHDU� DQG� FRPSOH[�PXOWL�REMHFWLYH� RSWLPL]DWLRQ�ZLWK� IHDVLELOLW\� FRQVWUDLQWV�
LQYROYLQJ�D�QXPEHU�RI�HQJLQHHULQJ�LVVXHV��VXFK�DV�PXOWLSOH��RSHUDWLQJ�FRQGLWLRQV��RIWHQ�XQGHU�XQFHUWDLQW\���
UHOLDELOLW\�� UHGXQGDQF\�� UHVLOLHQFH�� DQG� WLPH� VFKHGXOLQJ� RI� LQYHVWPHQWV�� WKXV� UHTXLULQJ� D�PXOWL�REMHFWLYH�
RSWLPL]DWLRQ�DSSURDFK�>��@�
D��:'1�PRGHOLQJ�DQG�VLPXODWLRQ��

0DWKHPDWLFDO�PRGHO�RI�D�:'1�FRQVLVWV�RI�HTXDWLRQV�RI�KHDG�ORVV�RU�HQHUJ\�FRQVHUYDWLRQ��DQG�IORZ�
FRQWLQXLW\�RU�FRQVHUYDWLRQ�RI�PDVV��$VVXPLQJ�D�QHWZRUN�RI�QQ�QXPEHU�RI�QRGHV�DQG�QI�QXPEHU�RI�IL[HG�
JUDGH�QRGHV��WDQNV�DQG�UHVHUYRLUV���IORZ�KHDG�ORVV�UHODWLRQ�EHWZHHQ�DQ\�QRGH�L DQG�M FRQQHFWHG�E\�D�SLSH�
PD\�EH�ZULWWHQ�DV�>��@�

+L � +M�� �KLM�� ��U4LM
Q � P4LM

� �����
:KHUH�+ LV�QRGDO�KHDG��K LV�KHDG�ORVV��U LV�UHVLVWDQFH�FRHIILFLHQW��4 LV�IORZ�UDWH��Q LV�IORZ�H[SRQHQW�

DQG�P LV�PLQRU�ORVV�FRHIILFLHQW��7KH�VHFRQG�VHW�RI�HTXDWLRQV��IORZ�FRQWLQXLW\�DW�DQ\�QRGH�L� WKDW�KDV�WR�EH�
VDWLVILHG�PD\�EH�H[SUHVVHG�DV�>��@�

6 4LM�±�'L  ������IRU� L� ���«�QQ� � � � ����������
:KHUH�'L LV�IORZ�GHPDQG�DW�QRGH�L DQG�WKH�VXPPDWLRQ�RI�LQIORZ�WR�QRGH�L� 6 4LM� LV�RYHU�M QXPEHU�RI�

QRGHV�WKDW�DUH�FRQQHFWHG�WR�QRGH�L E\�D�SLSH��7KH�PHWKRG�SURSRVHG�E\�7RGLQL�DQG�3LODWL��������KDV�EHHQ�
XVHG�LQ�(3$1(7�WR�VROYH�WKH�DERYH�HTXDWLRQV�DQG�REWDLQ�D�VWDWLF�VROXWLRQ�IRU�WKH�QHWZRUN�>��@�
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)HEUXDU\������������������������������������������������,-67��7UDQVDFWLRQV�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��9ROXPH�����1XPEHU�&��

���
E��)HDVLELOLW\�FRQVWUDLQW����

8VXDOO\��:'1�VROXWLRQV�DUH�FRQVLGHUHG�IHDVLEOH�LI�WKH\�VDWLVI\�D�PLQLPXP�UHTXLUHG�KHDG��+O� DW�HYHU\�
QRGH��7KLV�PLQLPXP�KHDG�UHTXLUHPHQW�LV�HVVHQWLDO�WR�WKH�DFFXUDF\�RI�WKH�SUHVVXUH�GHSHQGHQW�DQDO\VLV�RI�
WKH�:'1�>��@� 8WLOL]DWLRQ�RI�WKH�SUHVVXUH�GHSHQGHQW�DQDO\VLV�LV�QRW�QHHGHG�KHUH�GXH�WR�WKH�DSSOLFDWLRQ�RI�
WKH�IHDVLELOLW\�FRQVWUDLQW�>��@���)URP�D�GHJUHH�RI�FRQVWUDLQW�YLRODWLRQ�SHUVSHFWLYH��VROXWLRQV�PD\�EH�UDQNHG�
ZLWK�UHVSHFW�WR�HDFK�RWKHU��7KH�FRQVWUDLQW�YLRODWLRQ�IRU�DQ\�VROXWLRQ�FDQ�EH�FDOFXODWHG�XVLQJ�D�IDLOXUH�LQGH[�
DV�>������@���
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M DQG��HM  4M �+O � +M� RWKHUZLVH��$�VROXWLRQ�LV�FRQVLGHUHG�IHDVLEOH�ZKHQ�,I  ��DQG�LQIHDVLEOH�RWKHUZLVH��
,Q� WKLV� VWXG\�� D�PHWKRG� LV� XVHG� WR� FRPSDUH� VROXWLRQV�ZLWK� GLIIHUHQW� ,I YDOXHV� WKDW� GRHV� QRW� UHTXLUH�SHQDOW\� FRHIILFLHQWV�� 7KH� PHWKRG� ZDV� ILUVW� LQWURGXFHG� E\� 'HE� DQG� $JUDZDO� � >��@�� $FFRUGLQJ� WR� WKLV�

PHWKRG��D�VROXWLRQ�[�L��LV�FRQVWUDLQW�GRPLQDWLQJ�DQRWKHU�VROXWLRQ�[�M�� LI�DQ\�RI�WKH�IROORZLQJ�LV�WUXH��
���6ROXWLRQ�[�L��LV�IHDVLEOH�DQG�VROXWLRQ�[�M��LV�LQIHDVLEOH��
���6ROXWLRQV�[�L��DQG�[�M��DUH�ERWK�LQIHDVLEOH��EXW�[�L��KDV�D�VPDOOHU�,I YDOXH��RU�����6ROXWLRQV�[�L��DQG�[�M��DUH�ERWK�IHDVLEOH�DQG�VROXWLRQ�L GRPLQDWHV�VROXWLRQ�M�

7KLV�PHWKRG�KDV� WKH�DGYDQWDJH�RI�EHLQJ� LQFRUSRUDEOH� LQWR�D�QRQ�GRPLQDWLRQ�UDQNLQJ� IRU�DQ\�QXPEHU�RI�
FRQVWUDLQWV��ZKLOH�QRW�UHTXLULQJ�DQ\�SHQDOW\�IXQFWLRQ������F��&RVW�REMHFWLYH��

,Q� UHDO�ZRUOG� VLWXDWLRQV�� WKH� FRVW�RI�FRQVWUXFWLQJ�D�QHZ�:'1�PD\�EH�HVWLPDWHG��ZLWK� D� UHDVRQDEOH�
DFFXUDF\��E\�FRQVLGHULQJ�SHUWLQHQW�SDUDPHWHUV�OLNH�PDWHULDO�DQG�ODERU�FRVWV��HDUWK�ZRUN��HTXLSPHQW��HQHUJ\�
FRQVXPSWLRQ�� PDLQWHQDQFH�� DQG� RWKHU� SUDFWLFDO� FRQVLGHUDWLRQV�� +RZHYHU�� IRU� VLPSOLFLW\�� WKH� FRVW� RI�
FRQVWUXFWLQJ�D�QHZ�:'1�LQ�EHQFKPDUN�SUREOHPV�LV�XVXDOO\�JLYHQ�E\�VLPSOH�HTXDWLRQV�RU�WDEOHV�WKDW�UHODWH�
FRVW�WR�SLSH�GLDPHWHUV�DQG�OHQJWK�RQO\�>�����@�����G��5HOLDELOLW\�REMHFWLYH��/RZ� TXDOLW\� RU� ODFN� RI� VHUYLFH� LQ� D� :'1� ZRXOG� FDXVH� XQSOHDVDQW� GDPDJHV� WR� FRQVXPHUV� DQG�
SURYLGHUV� DOLNH�� 7KHUHIRUH�� UHOLDELOLW\� RI� D� QHWZRUN� KDV� EHFRPH� D�PDMRU� FRQFHUQ� LQ� UHFHQW� RSWLPL]DWLRQ�
SUREOHPV� DQG� QHJOHFWLQJ� LWV� LPSRUWDQFH� KDV� EHHQ� D�PDMRU� UHDVRQ� IRU� WKH� OLPLWHG� DFFHSWDQFH� RI� VLQJOH�
REMHFWLYH� RSWLPL]DWLRQ� PHWKRGV� ZKHUHE\� WKH� FRVW� RI� D�:'1� LV� PLQLPL]HG� >��@� 5HOLDELOLW\� LV� XVXDOO\�
GHILQHG�DV�WKH�SUREDELOLW\�WKDW�D�V\VWHP�ZLOO�SHUIRUP�LWV�PLVVLRQ�ZLWKLQ�VSHFLILHG�OLPLWV�IRU�D�JLYHQ�SHULRG�
RI�WLPH�LQ�D�VSHFLILHG�HQYLURQPHQW��)RU�D�ODUJH�V\VWHP�ZLWK�PDQ\�LQWHUDFWLYH�VXEV\VWHPV��VXFK�DV�D�ZDWHU�
GLVWULEXWLRQ�V\VWHP���LW�LV�H[WUHPHO\�GLIILFXOW�WR�FRPSXWH�WKH�PDWKHPDWLFDO�UHOLDELOLW\�DQDO\WLFDOO\��$FFXUDWH�
FDOFXODWLRQ� RI� D� PDWKHPDWLFDO� UHOLDELOLW\� UHTXLUHV� NQRZOHGJH� RI� WKH� SUHFLVH� UHOLDELOLW\� RI� WKH� EDVLF�
VXEV\VWHPV�RU�FRPSRQHQWV�DQG�WKH�LPSDFW�RQ�DFFRPSOLVKLQJ�WKH�PLVVLRQ�FDXVHG�E\�WKH�VHW�RI�DOO�SRVVLEOH�
VXEV\VWHP��FRPSRQHQW�� IDLOXUHV� >�@� 5HVHDUFKHUV�KDYH�VXJJHVWHG�DQG�XVHG�VXUURJDWH�RU� LQGLUHFW�PHWKRGV�
�LQGLFHV��WR�UHSUHVHQW�WKH�UHOLDELOLW\�RI�:'1V������ 0LQLPXP�VXUSOXV�KHDG�LQGH[��,P���7KH�VXUSOXV�KHDG�DW�D�QRGH�LV�HTXDO�WR�WKH�GLIIHUHQFH�EHWZHHQ�WKH�KHDG�+ DW�ZKLFK�WKH�GHPDQG�4 LV�VXSSOLHG��DQG�WKH�PLQLPXP�UHTXLUHG�KHDG�RU�GHVLJQ�KHDG�+O DW�WKDW�QRGH��
7KLV�VXUSOXV�KHDG�LQGLFDWHV� WKH�DYDLODEOH�HQHUJ\�IRU�GLVVLSDWLRQ�GXULQJ�IDLOXUH�FRQGLWLRQV��7KH�PLQLPXP�
VXUSOXV�KHDG�LQGH[�,P LV�GHILQHG�DV���
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,P  PLQ^�+M � +M

O ` IRU�M� ���������QQ�� � �����������������
,W�LV�EHOLHYHG�WKDW�PD[LPL]DWLRQ�RI�WKH�DYDLODEOH�VXUSOXV�KHDG�DW�WKH�PRVW�GHSUHVVHG�QRGH�LPSURYHV�WKH�

UHOLDELOLW\�RI�D�QHWZRUN�>������@����
�� 7RWDO�VXUSOXV�KHDG�LQGH[��,W���$QRWKHU�LQGH[�WKDW�FDQ�EH�XVHG�WR�UHIOHFW�WKH�UHOLDELOLW\�RI�D�QHWZRUN�LV�
WKH�VXPPDWLRQ�RI�VXUSOXV�KHDG�DW�HDFK�QRGH��,Q�D�PDWKHPDWLFDO�IRUP��WKH�WRWDO�VXUSOXV�KHDG�LQGH[��,W� PD\�
EH�H[SUHVVHG�DV��� ,W  6 ^ +M � +M

O ` IRU� M ��������QQ� �����
0D[LPL]DWLRQ� RI� ,W LPSURYHV� WKH� V\VWHP� UHOLDELOLW\� RU� FDSDELOLW\� RI� WKH� QHWZRUN� WR� DGMXVW� XQGHU�

VWUHVVHG�FRQGLWLRQV�>������@�
���5HVLOLHQFH� LQGH[� �,U���$ PRUH� SUDFWLFDO� UHOLDELOLW\� LQGH[� RIWHQ� XVHG� E\� UHVHDUFKHUV� >���� ���� ��@ ZDV�
SURSRVHG�E\�7RGLQL� >��@�� ,W� LV�EDVHG�RQ� WKH�FRQFHSW� WKDW� WKH�SRZHU� LQSXW� LQWR�D�QHWZRUN� LV�HTXDO� WR� WKH�
SRZHU�ORVW�LQWHUQDOO\��WR�RYHUFRPH�WKH�IULFWLRQ��SOXV�WKH�DYDLODEOH�SRZHU�DW�GHPDQG�SRLQWV��� 3LQS 3LQW���3RXW� ������7KH�WRWDO�LQSXW�SRZHU�LQWR�D�QHWZRUN�LQFOXGLQJ�SRZHU�VXSSOLHG�E\�SXPSV�LV�JLYHQ�E\�� 3LQS� J 6�4N+N � 6 3L����� � � � ��������������������������������:KHUH�4N DQG�+N DUH�GLVFKDUJH�DQG�KHDG�FRUUHVSRQGLQJ�WR�HDFK�UHVHUYRLU�QRGH�N� 3L LV�SRZHU�VXSSOLHG�E\�SXPS�L� VXPPHG�RYHU�DOO�SXPSV��7RWDO�RXWSXW�SRZHU�RU�FRQVXPHG�SRZHU�LQ�WKH�QHWZRUN�LV�JLYHQ�E\��� 3RXW J 6�4M+M ������:KHUH�4M LV�GHPDQG�DW�QRGH�M� DQG�+M LV�KHDG�DW�ZKLFK�4M LV�VXSSOLHG���7KH�UHVLOLHQFH�LQGH[�RI�D�QHWZRUN�LV�WKHQ�GHILQHG�DV���
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:KHUH�QQ�LV�QXPEHU�RI�QRGHV��QI�LV�QXPEHU�RI�UHVHUYRLUV��DQG�QSX�LV�QXPEHU�RI�SXPSV�LQ�WKH�QHWZRUN�>����
��@�

,Q�D�PXOWL�REMHFWLYH�:'1�RSWLPL]DWLRQ�SUREOHP��QHWZRUNV�DUH�VRXJKW�WKDW�VDWLVI\�WKH�DIRUHPHQWLRQHG�
IHDVLELOLW\�FRQVWUDLQW�DQG�DUH�QRQ�GRPLQDWHG��3DUHWR�IURQW��ZLWK�UHVSHFW�WR�FRVW�DQG�UHOLDELOLW\�REMHFWLYHV��
,Q� RUGHU� WR� SURYH� WKH� HIIHFWLYHQHVV� RI� WKH� SURSRVHG� RSWLPL]DWLRQ� PHWKRG�� WZR� W\SLFDO� :'1� H[DPSOH�
SUREOHPV�DQG�WKH�ZLGHO\�XVHG�FRVW�HTXDWLRQV�DQG�UHVLOLHQFH�LQGH[��DV�D�UHOLDELOLW\�PHDVXUH��DUH�FRQVLGHUHG�
LQ�WKLV�VWXG\��
�

�� (;$03/(�352%/(06��
D��([DPSOH����7KH�WZR�ORRSHG�QHWZRUN���
7KH�ILUVW�H[DPSOH�SUREOHP�VROYHG�LV�WKH�SUREOHP�SUHVHQWHG�RULJLQDOO\�E\�$OSHURYLWV�DQG�6KDPLU�>�@��ZKRVH�
OD\RXW��QRGDO�GHPDQGV��DQG�SLSH�OHQJWKV�DUH�VKRZQ�LQ�)LJ�����7KH�QHWZRUN�FRQVLVWV�RI�HLJKW������P ORQJ�
SLSHV�� D� +D]HQ�:LOOLDPV�& YDOXH� RI� ����� VHYHQ� QRGHV�� DQG� D� VLQJOH� UHVHUYRLU�� 7KH�PLQLPXP� SUHVVXUH�
UHTXLUHPHQW�DW�HYHU\�QRGH�LV����P� $YDLODEOH�SLSH�GLDPHWHUV�DQG�WKHLU�FRVWV�DUH�VKRZQ�LQ�7DEOH�����
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���

)LJ�����7KH�WZR�ORRSHG�QHWZRUN�WRSRORJ\�>��@�� 7DEOH����$YDLODEOH�SLSH�GLDPHWHUV�DQG�WKHLU�FRVWV���
3LSH�GLDPHWHU�LQ�� � �� �� �� �� �� ��� ��� ��� ��� ��� ��� ��� ���
3LSH�GLDPHWHU�PP�� ����� ����� ����� ������ ������ ������ ���� ������ ������ ������ ������ ���� ������ ������

&RVW�SHU�XQLW�OHQJWK����� � �� �� ��� ��� ��� ��� ��� ��� ��� ���� ���� ���� ����

)LJ�����3DUHWR�IURQW�SORW�IRU�620�16*$�,,�DQG�16*$�,,�IRU�WKH�WZR�ORRSHG�H[DPSOH��
7KH� VROXWLRQ� VSDFH� RI� WZR� ORRSHG� QHWZRUN� LV� UHODWLYHO\� VPDOO� DQG� RSWLPL]DWLRQ� LV� QRW� SDUWLFXODUO\�

FKDOOHQJLQJ��+RZHYHU��DV�LW�FDQ�EH�VHHQ�IURP�WKH�3DUHWR�IURQW�SORW��)LJ������WKH�UDQJH�RI�WKH�3DUHWR�IURQW�
GLVFRYHUHG�E\� WKH� SURSRVHG�620�16*$�,,� LV� ODUJHU��3DUWLFXODUO\�� WKH�3DUHWR� IURQW� LV�PRUH� GLYHUVH� DQG�
LQFOXGHV�PRUH�VROXWLRQV�DW�WKH�ORZHU�FRVW�QHWZRUNV��,W�ZDV�FRQFOXGHG�WKDW�620�16*$�,,�KDV�EHHQ�PRUH�
VXFFHVVIXO�LQ�ILQGLQJ�D�GLYHUVH�UDQJH�IRU�WKH�3DUHWR�IURQW��)RU�WKLV�RSWLPL]DWLRQ��D�620�RI�GLIIHUHQW�PDS�
VL]HV�ZLWK�SKHQRW\SLF�DQG�JHQRW\SLF�LQEUHHGLQJ�ZDV�XVHG��(YHU\�LVODQG�ZDV�HYROYHG�IRU�WKUHH�LQEUHHGLQJ�
JHQHUDWLRQV�DQG�WKH�RYHUDOO�JHQHUDWLRQV�IRU�ERWK�PHWKRGV�ZHUH������

*HQHUDWLRQDO�'LVWDQFH��VKRZQ�LQ�7DEOH������LV�FDOFXODWHG�XVLQJ�WKH�GLVWDQFH�RI�LQGLYLGXDO�3DUHWR�IURQW�
PHPEHUV� RI� HDFK� PHWKRG� ZLWK� WKH� 3DUHWR� IURQW� RI� DOO� PHWKRGV� WRJHWKHU�� 7KH� REMHFWLYH� YDOXHV� DUH�
QRUPDOL]HG�ZLWK�WKH�PD[LPXP�DQG�PLQLPXP�YDOXHV�IURP�WKH�HQVHPEOH�RI�DOO�PHWKRGV��$V�UHIOHFWHG�LQ�WKH�
VPDOOHU�*'�YDOXH��WKH�SKHQRW\SLF�PHWKRG�LV�PRUH�VXFFHVVIXO�LQ�ILQGLQJ�D�EHWWHU�3DUHWR�IURQW�ZLWK�UHVSHFW�
WR�WKH�JHQRW\SLF�PHWKRG��,Q�JHQHUDO��D�ODUJHU�PDS�VL]H�SURGXFHG�EHWWHU�UHVXOWV�LQ�ERWK�WKH�JHQRW\SLF�DQG�
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���
SKHQRW\SLF�DSSURDFKHV��KRZHYHU��WKH�PDS�VL]H�LQ�WKLV�H[DPSOH�ZDV�NHSW�LQ�D�UHDVRQDEOH�UDQJH�RI��[��DQG�
�[���&RPSDULVRQ�RI�*'�UHVXOWV�IRU�WKHVH�RSWLPXP�PDS�VL]HV�LQ�7DEOH���VKRZV�D�VPDOOHU�*'��L�H��D�EHWWHU�
SHUIRUPDQFH��IRU�WKH�ODUJHU�PDS�VL]H��

7DEOH�����1RUPDOL]HG�*HQHUDWLRQDO�'LVWDQFH��*'��IRU�WKH�WZR�ORRSHG�QHWZRUN��
*HQRW\SLF�620� 3KHQRW\SLF�620�

620�16*$�PDS�VL]H��[�� ����� �����
620�16*$�PDS�VL]H��[�� ����� �����
16*$�,,� ����� �����

E��([DPSOH����+DQRL�:'1��
+DQRL� ZDWHU� GLVWULEXWLRQ� QHWZRUN� KDV� ��� QRGHV� DQG� ��� SLSHV� RUJDQL]HG� LQ� �� ORRSV� >��@�� ,Q� WKLV�

EHQFKPDUN�SUREOHP�WKHUH�LV�RQO\�D�VLQJOH�IL[HG�KHDG�VRXUFH�DW�HOHYDWLRQ�����P DQG�QR�SXPSLQJ�IDFLOLWLHV�
DUH�FRQVLGHUHG��0LQLPXP�KHDG�UHTXLUHPHQW�DW�DOO�QRGHV�LV�IL[HG�DW����P DQG�FRPPHUFLDOO\�DYDLODEOH�SLSH�
GLDPHWHUV�DUH���������������������DQG����LQFKHV�>��@� &RQVWUXFWLRQ�FRVW�IRU�D�QHZ�QHWZRUN�LV�DVVXPHG�WR�EH�
D QRQ�OLQHDU�IXQFWLRQ�RI�SLSH�GLDPHWHU�DQG�OHQJWK���� &LM� �����'LM

�����/LM� ������:KHUH�& LV�FRVW�LQ�GROODUV��' LV�GLDPHWHU�LQ�LQFKHV��DQG�/ LV�OHQJWK�RI�SLSH�LQ�PHWHUV��$�VFKHPDWLF�YLHZ�RI�+DQRL�:'1�LV� VKRZQ� LQ�)LJ����� ,Q� WKLV� H[DPSOH���� LQEUHHGLQJ�JHQHUDWLRQV� IRU�620�16*$�,,� DQG�����JHQHUDWLRQV�IRU�ERWK�PHWKRGV�ZHUH�XVHG���

)LJ�����+DQRL�:'1�OD\RXW�>��@
)LJXUHV���DQG���VKRZ�WKH�3DUHWR�IURQW�GLVFRYHU\�E\�JHQRW\SLF�DQG�SKHQRW\SLF�DSSURDFKHV��UHVSHFWLYHO\��$V�
VKRZQ� RQ� WKH� ILJXUHV�� ERWK� DSSURDFKHV� KDYH� UHVXOWHG� LQ� YHU\� VLPLODU� VDWLVIDFWRU\� UHVLOLHQFH� LQGH[HV� IRU�
UHDVRQDEOH�FRVWV�DW�DOO�PDS�VL]HV��+RZHYHU��WKH�WZR�DSSURDFKHV�KDG�GLIIHUHQW�*'V��

*'� ZDV� FDOFXODWHG� XVLQJ� WKH� VDPH� PHWKRG� RI� QRUPDOL]DWLRQ� RI� YDOXHV� ZLWK� WKH� PD[LPXP� DQG�
PLQLPXP� RI� DOO� PHWKRGV� WRJHWKHU� �7DEOH� ���� $V� LQ� WKH� SUHYLRXV� H[DPSOH�� WKH� SKHQRW\SLF� DSSURDFK�
SHUIRUPHG� EHWWHU� WKDQ� WKH� JHQRW\SLF� DSSURDFK� DQG� VWDQGDUG�16*$�,,� LQ� DOO�PDS� VL]HV� DV� HYLGHQFHG� E\�
VPDOOHU� *'� YDOXHV� LQ� 7DEOH� ��� $OWKRXJK� LQ� WKLV� H[DPSOH� LQFUHDVLQJ� WKH�PDS� VL]H� GHFUHDVHG� WKH� 620�
FOXVWHULQJ�HUURU�� LW�GLG�QRW�VKRZ�D�FRQVLVWHQW�HIIHFW� LQ�PLQLPL]LQJ�*'��)XUWKHU� LQFUHDVH�RI� WKH�PDS�VL]H�
�EH\RQG��[���GLG�QRW�LPSURYH�620�FOXVWHULQJ�SHUIRUPDQFH�DV�PRUH�FHOOV�UHPDLQHG�HPSW\��,Q�JHQHUDO��WKH�
HQKDQFHG�SHUIRUPDQFH�RI�RSWLPL]DWLRQ�LQ�620�16*$�,,� LV�PDLQO\�GXH� WR� WKH�FOXVWHULQJ�HIIHFW�RI�620�
DSSOLHG�WR�WKH�SRSXODWLRQ��
�
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���

)LJ�����3DUHWR�IURQW�SORW�IRU�JHQRW\SLF�620�16*$�,,�DQG�16*$�,,�IRU�+DQRL�:'1�

)LJ�����3DUHWR�IURQW�SORW�IRU�SKHQRW\SLF�620�16*$�,,�DQG�16*$�,,�IRU�+DQRL�:'1��
7DEOH����1RUPDOL]HG�*HQHUDWLRQDO�'LVWDQFH�IRU�+DQRL�:'1��

*HQRW\SLF�620� 3KHQRW\SLF�620�
620�16*$�PDS�VL]H��[�� ����� �����
620�16*$�PDS�VL]H��[�� ����� �����
620�16*$�PDS�VL]H��[�� ����� �����
620�16*$�PDS�VL]H��[�� ����� �����
16*$�,,� ����� �����

)LJXUH���VKRZV�WZR�YLVXDO�UHSUHVHQWDWLRQV�RI�WKH�HQWLUH�SRSXODWLRQ��7KH�XQVRUWHG�JHQHWLF�VWUXFWXUH�RI�
WKH� SRSXODWLRQ� IURP� 16*$�,,� LV� VKRZQ� RQ� WKH� OHIW� KDQG� VLGH� RI� WKH� ILJXUH� DQG� WKH� JHQRW\SLF� VRUWHG�
SRSXODWLRQ�VKRZQ�RQ�WKH�ULJKW�KDQG�VLGH��$V�FOHDUO\�GHSLFWHG�RQ�WKLV�ILJXUH��WKH�XQVRUWHG�SRSXODWLRQ�LV�QRW�
FRKHUHQW��QRU�GRHV�LW�KDYH�DQ\�VWUXFWXUH�RU�SDWWHUQ��2Q�WKH�FRQWUDU\��WKH�VRUWHG�SRSXODWLRQ�LV�PXFK�EHWWHU�
VWUXFWXUHG�DQG�VLPLODU�LQGLYLGXDOV�DUH�UHFRJQL]DEOH�LQ�WKH�IRXU�JURXSV�RI�VXESRSXODWLRQV���

7KH� VWUXFWXUHV� RI� VXESRSXODWLRQV� DUH� GHSLFWHG� LQ� )LJ�� ��� ,Q� WKLV� ILJXUH�� DOO� ���� VROXWLRQV� LQ� WKH�
3DUHWR� IURQW� DUH� FDWHJRUL]HG� LQ� �� VLPLODU� VXESRSXODWLRQV� ZLWK� ���� ���� ���� DQG� ��� VROXWLRQV� LQ� HDFK�
VXESRSXODWLRQ�� UHVSHFWLYHO\��7KH� FRORU� FRGLQJ� FRUUHVSRQGV� WR� WKH�SLSH� VL]HV� �PP� WKDW� DUH� DOORFDWHG� IRU�
HYHU\�OLQN��RXW�RI������)RU�H[DPSOH��VRPH�OLJKWHU�FRORUHG�SLSHV��SLSHV���WR����GR�QRW�FKDQJH�FRORU�LQ�DOO�
3DUHWR� IURQW� VROXWLRQV��ZKLFK� UHIOHFWV� WKHLU� LPSRUWDQFH� LQ� WKH� QHWZRUN��$� IHDVLEOH� 3DUHWR� IURQW� QHWZRUN�
UHTXLUHV�KLJK�GLDPHWHUV�IRU�VXFK�SLSHV��DQG�KHQFH��D�OLPLWHG�SUHVVXUH�GURS�WKHUH��,Q�RWKHU�ZRUGV��SUHVVXUH�
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���
GURS�LQ�VXFK�SLSHV�KDV�D�VLJQLILFDQW�LPSRUWDQFH�WR�WKH�SUHVVXUH�GLVWULEXWLRQ�LQ�WKH�HQWLUH�QHWZRUN��2Q�WKH�
RWKHU�KDQG��WKHUH�DUH�SLSHV��SLSHV����WR�����WKDW�WDNH�XS�GLIIHUHQW�FRORUV�LQ�GLIIHUHQW�3DUHWR�IURQW�VROXWLRQV��
3UHVVXUH�GURS�LQ�VXFK�SLSHV�LV�QRW�FUXFLDO�WR�WKH�IHDVLELOLW\�RI�WKH�QHWZRUN���

)LJ�����8QVRUWHG��OHIW��DQG�JHQRW\SLF�VRUWHG��ULJKW��FRORU�FRGHG�SRSXODWLRQ�RI�+DQRL��H[DPSOH�SUREOHP��SLSH�GLDPHWHUV�LQ�PP�

)LJ�����&RORU�FRGHG�JHQRW\SLF�GLYHUVLW\�RI�3DUHWR�IURQW�IRU�+DQRL�:'1��SLSH�GLDPHWHUV�LQ�PP�
���&21&/86,21��

$ K\EULG� PHWKRG�� 620�16*$�,,�� ZDV� SUHVHQWHG� IRU� PXOWL�REMHFWLYH� RSWLPL]DWLRQ� RI� FRPELQDWRULDO�
:'1V��,Q�WKLV�PHWKRG��620�ZDV�LQFRUSRUDWHG�LQWR�16*$�,,�DQG�DSSOLHG�WR�WZR�:'1�H[DPSOH�SUREOHPV��
620� VXFFHVVIXOO\� GLVFRYHUHG� VLPLODU� LQGLYLGXDOV� LQ� WKH� SRSXODWLRQ� DQG� IRUPHG� YLUWXDO� LVODQGV� RU�
VXESRSXODWLRQV��7KH�FURVVRYHU�RSHUDWLRQ�ZLWKLQ�VXESRSXODWLRQV�DW�WKH�FRQVWUDLQW�GRPLQDWHG�UHJLRQ�RI�WKH�
VROXWLRQ� VSDFH� UHVXOWHG� LQ� D� IDVWHU� FRQYHUJHQFH� �LQ�+DQRL�:'1�� DQG� D�ZLGHU� 3DUHWR� IURQW� �LQ� WKH� WZR�
ORRSHG�:'1���2QH�ZRXOG�H[SHFW�WKH�PHWKRG�WR�EH�PRUH�FRPSXWDWLRQDOO\�HIIHFWLYH�WKDQ�VWDQGDUG�16*$�
,,� IRU� UHDOLVWLF� RSWLPL]DWLRQ� SUREOHPV�� ZKHUH� WKH� FRPSXWDWLRQV� DUH� PRUH� LQWHQVH� WKDQ� VLPSOH� H[DPSOH�
SUREOHPV��)URP�D� IXQGDPHQWDO�SHUVSHFWLYH��620�LQFRUSRUDWLRQ�SXVKHG�WKH�PHWKRG�FORVHU� WR� WKH�QDWXUDO�
HYROXWLRQ�DV�FURVVRYHU�SUHGRPLQDQWO\�KDSSHQV�ZLWKLQ�VLPLODU�LQGLYLGXDOV�RU�QLFKHV�LQ�WKH�QDWXUH��$Q�DGGHG�
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)HEUXDU\������������������������������������������������,-67��7UDQVDFWLRQV�RI�&LYLO�DQG�(QYLURQPHQWDO�(QJLQHHULQJ��9ROXPH�����1XPEHU�&��

���
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