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$EVWUDFW
7KHUH�DUH�PDQ\�PHWKRGV�WR�UHGXFH�FRPSXWDWLRQDO�HIIRUW�ZKHQ�XVLQJ�*HQHWLF�3URJUDPPLQJ�WR�VROYH�SUREOHPV�
7KH�$XWRPDWLF�'HILQHG�)XQFWLRQ��$')��LV�D�ZHOO�NQRZQ�PHWKRG��,Q�$')��DQ�LQGLYLGXDO�LV�FRPSRVHG�RI�D�PDLQ
URXWLQH�DQG�VXEURXWLQHV���7KH�QXPEHU�RI�VXEURXWLQHV�LV�GHWHUPLQHG�EHIRUH�WKH�UXQ�� �7KH�HIILFLHQF\�GHSHQGV�RQ
FKRRVLQJ�D� VXLWDEOH�QXPEHU�RI� VXEURXWLQH� IRU� WKH�SUREOHP�� �7KLV�ZRUN�SURSRVHG�DQ� H[WHQVLRQ�RI�$')�� FDOOHG
$');��ZKHUH�WKH�QXPEHU�RI�VXEURXWLQHV�LV�GHWHUPLQHG�DV�D�UDQJH�� �$');�LV�HDVLHU� WR�XVH�� �7KH�UHVXOW�RI� WKH
H[SHULPHQW�VKRZV�WKDW�$');�UHGXFHV�WKH�FRPSXWDWLRQDO�HIIRUW�DQG�FRPSDUHV�IDYRXUDEO\�ZLWK�$')�

����,QWURGXFWLRQ
*HQHWLF�3URJUDPPLQJ��*3��LV�D�WHFKQLTXH�IRU�PDFKLQH�OHDUQLQJ�ZKLFK�LV�GHYHORSHG�IURP�*HQHWLF�$OJRULWKP�>�@�
,W�LV�LQVSLUHG�E\�QDWXUDO�VHOHFWLRQ�DQG�JHQHWLF�RSHUDWLRQV�LQ�ELRORJ\����*3�WHFKQLTXH�LV�VXLWDEOH�IRU�VROYLQJ�D�ZLGH
YDULHW\�RI�SUREOHPV�EXW� WKH� UHTXLUHPHQW�RI�FRPSXWDWLRQDO�HIIRUW� LV� KLJK�� �7KHUH�DUH�PDQ\�ZRUNV�ZKLFK� WU\� WR
LQFUHDVH�WKH�HIILFLHQF\�RI�*3�

0RGXOH�DFTXLVLWLRQ��0$��>�@�DQG�$XWRPDWLFDOO\�'HILQHG�)XQFWLRQ��$')��>�@�DUH�WZR�ZHOO�NQRZQ�WHFKQLTXHV�WR
LQFUHDVH�WKH�HIILFLHQF\�RI�*3���0$�XVHV�WKH�FRQFHSW�RI�PRGXODU�SURJUDPV��DQ�LQGLYLGXDO�FDQ�UHIHU�WR�VXEURXWLQHV
LQ�WKH�OLEUDU\�ZKLFK�DUH�DFTXLUHG�IURP�SDUWV�RI�UDQGRPO\�VHOHFWHG�LQGLYLGXDOV���$�VXEURXWLQH�ZLOO�UHPDLQ�LQ�WKH
OLEUDU\�XQWLO� WKHUH� LV�QR� LQGLYLGXDO�FDOO� LW�� �7KH�FKDQFH�RI�EHLQJ�FDOOHG� LV� LQFUHDVHG�DFFRUGLQJ� WR� LWV�XVHIXOQHVV
PHDVXUHG�E\�LWV�ILWQHVV�YDOXH�

$Q� LQGLYLGXDO� LQ�$')�KDV� D� VWUXFWXUH� WKDW� FRPSRVHG� RI� D�PDLQ� URXWLQH� DQG� VXEURXWLQHV�� � ,Q� FRQWUDVW� WR�0$�
VXEURXWLQHV�LQ�$')�ZLOO�QR�EH�VKDUHG�DPRQJVW�LQGLYLGXDOV���,Q�RUGHU�WR�XVH�$')��VRPH�SDUDPHWHUV�KDYH�WR�EH
GHWHUPLQHG���WKH�QXPEHU�RI�VXEURXWLQHV�DQG�WKH�QXPEHU�RI�DUJXPHQWV�RI�HDFK�VXEURXWLQH���:KHQ�WKHUH�DUH��PRUH
WKDQ�RQH�VXEURXWLQH�� WKH�KLHUDUFK\�RI�VXEURXWLQH�FDOOV�KDV� WR�EH�HVWDEOLVKHG�� �&KRRVLQJ� WKHVH�SDUDPHWHUV� LV�DQ
LPSRUWDQW�SDUW�RI�$')�WHFKQLTXH���,W�GHSHQGV�RQ�WKH�SUREOHP�EHLQJ�VROYHG���7KH�LQFRUUHFW�FKRLFH�RI�SDUDPHWHUV
ZLOO�GHFUHDVH�WKH�HIILFLHQF\�RI�*3�

7KLV�ZRUN�GHVFULEHV� DQ� H[WHQVLRQ�RI�$')� WHFKQLTXH�� FDOOHG�$');�� �7KH� DLP� LV� WR� LPSURYH� WKH� IOH[LELOLW\� LQ
FKRRVLQJ�WKH�QXPEHU�RI�VXEURXWLQHV�ZKLOH�UHWDLQV�WKH�JRRG�HIILFLHQF\�RI�$')���7KH�QH[W�VHFWLRQ�H[SODLQV�DQG
GHILQHV� WKH�FRPSXWDWLRQ�HIIRUW�� �7KH�VHFWLRQ���GHWDLOV� WKH�$');�WHFKQLTXH�DQG� WKH�VHFWLRQ���GHVFULEHV�D�FDVH
VWXG\�RI�XVLQJ�$');�WR�VROYH�WKH�SUREOHP�RI�FRQWUROOLQJ�D�URERW�DUP�� � ,Q� WKH�VHFWLRQ���� WKH�SURFHVV�RI�*3�WR
VROYH� WKLV� SUREOHP� LV� H[SODLQHG�� 7KH� VHFWLRQ� �� GLVFXVVHV� WKH� UHVXOW� RI� WKH� H[SHULPHQW�� WKH� UHODWHG� ZRUN� LV
SUHVHQWHG�LQ�WKH�VHFWLRQ���DQG�WKH�UHVXOWDQW�FRQFOXVLRQ��LV�JLYHQ�LQ�WKH�VHFWLRQ���

����&RPSXWDWLRQDO�(IIRUW
7KH�PHDVXUHPHQW�RI�HIILFLHQF\�RI�*3�SURFHVV� LV�GRQH�XVLQJ�VWDWLVWLFDO�DSSURDFK�EHFDXVH�*3�SURFHVV�HPSOR\V
UDQGRPL]DWLRQ�� �7KH�UHVXOW�RI�WKH�H[SHULPHQW�YDULHV�IURP�RQH�UXQ� WR�DQRWKHU�UXQ�� �7KH�FRPSXWDWLRQDO�HIIRUW� LV
FDOFXODWHG�IURP�WKH�GDWD�JDWKHUHG�IURP�PDQ\�UXQV���&RPSXWDWLRQDO�HIIRUW�LV�GHILQHG�DV�WKH�PLQLPXP�QXPEHU�RI
LQGLYLGXDO�WKDW�PXVW�EH�SURFHVVHG�WR�JHW�WKH�DQVZHU���7KH�GHILQLWLRQ�RI�FRPSXWDWLRQDO�HIIRUW�LV�SURSRVHG�E\�.R]D
>�@�

/HW�3�0�L�]��EH�WKH�SUREDELOLW\�RI�ILQGLQJ�WKH�DQVZHU�ZLWKLQ�WKH�JHQHUDWLRQ�L��0�LV�WKH�QXPEHU�RI�LQGLYLGXDO�LQ�WKH
SRSXODWLRQ���3�FDQ�EH�REVHUYHG�E\�UHSHDWLQJ�WKH�H[SHULPHQW�PDQ\�WLPHV���5�0�L�]��EH�WKH�QXPEHU�RI�UXQ�UHTXLUHG
WR�ILQG�DQ�DQVZHU�LQ�WKH�JHQHUDWLRQ�L�ZLWK�WKH�FRQILGHQFH�]���5�0�L�]�� �FHLOLQJ��ORJ���]���ORJ����3�0�L�]�������7KH
PLQLPXP�QXPEHU�RI�LQGLYLGXDO�WKDW�PXVW�EH�SURFHVVHG�WR�ILQG�DQ�DQVZHU�ZLWK�WKH�FRQILGHQFH�]�LV�,�0�L�]�� �0�u
L�u�5�0�L�]����7KH�PLQLPXP�YDOXH�RI�,�0�L�]��LV�GHILQHG�DV�WKH�FRPSXWDWLRQ�HIIRUW���7KH�FRQILGHQFH�]�LQ�WKLV�ZRUN
LV������



����([WHQVLRQ�RI�$XWRPDWLF�'HILQHG�)XQFWLRQ
,Q� XVLQJ� $')�� WKH� QXPEHU� RI� VXEURXWLQHV� � LV� LPSRUWDQW�� � 7KH� NQRZOHGJH� DERXW� WKH� SUREOHP� LV� UHTXLUHG� WR
GHWHUPLQH� WKH�VXLWDEOH�QXPEHU�RI� VXEURXWLQHV� WR� VROYH� WKDW�SUREOHP�HIILFLHQWO\�� �$Q�H[WHQVLRQ�RI�$')��FDOOHG
$');�LV�SURSRVHG�DV�IROORZV��

����'HWHUPLQH�WKH�QXPEHU�RI�VXEURXWLQHV�DV�D�UDQJH
7KLV�DOORZV� WKH� IOH[LELOLW\� LQ�GHWHUPLQLQJ�RI� WKH�QXPEHU�RI� VXEURXWLQHV�� � ,QLWLDO� SRSXODWLRQ� LV� FUHDWHG�ZLWK� DQ
LQGLYLGXDO�WKDW�KDV�D�QXPEHU�RI�VXEURXWLQH�ZLWKLQ�WKH�GHWHUPLQHG�UDQJH���7KLV�UHVXOWV�LQ�D�SRSXODWLRQ�WKDW�HDFK
LQGLYLGXDO� KDV� D� GLIIHUHQW� QXPEHU� RI� VXEURXWLQHV�� 7KH� VXFFHVVIXO� LQGLYLGXDO� ZLOO� EH� SURSDJDWHG� WR� WKH� QH[W
JHQHUDWLRQ���7KHUHIRUH�D�VXLWDEOH�QXPEHU�RI�VXEURXWLQHV�ZLOO�EH�DXWRPDWLFDOO\�HPHUJHG�

���$OORZ�WKH�FURVVRYHU�RSHUDWLRQ�EHWZHHQ�GLIIHUHQW�VXEURXWLQHV
7KH�FURVVRYHU�RSHUDWLRQ�LQ�$')�LV�EHWZHHQ�WKH�VDPH�NLQG�RI�VXEURXWLQH��L�H��WKH�$')�ZLWK�WKH�VDPH�QXPEHULQJ�
%HFDXVH�LQ�$');�HDFK�LQGLYLGXDO�KDV�GLIIHUHQW�QXPEHU�RI�VXEURXWLQHV�WKHUHIRUH�LW�PXVW�EH�SRVVLEOH�IRU�GLIIHUHQW
VXEURXWLQHV�WR�FURVVRYHU���7KLV�LQFUHDVHV�WKH�SRVVLELOLW\�RI�FRPELQLQJ�WKH�JRRG�VXEURXWLQHV�WRJHWKHU���7KHUH�DUH
SUREOHPV� ZKHQ� DOORZLQJ� FURVVLQJRYHU� RI� GLIIHUHQW� VXEURXWLQHV�� � 2QH� LV� WKDW� RI� UHIHUHQFLQJ� WR� WKH� QRQ�H[LVW
VXEURXWLQH���$QRWKHU�LV�LQ�EUHDNLQJ�WKH�KLHUDUFK\�UXOH���7KHVH�SUREOHPV�DUH�VROYHG�E\�LQWHUSUHWLQJ�VXFK�HUURQHRXV
FDOOV�DV�QR�RSHUDWLRQ��123��

����&DVH�VWXG\���&RQWUROOLQJ�D�PDQLSXODWRU
7KH�SUREOHP�RI�FRQWUROOLQJ�D�PDQLSXODWRU� WR� UHDFK�D� WDUJHW� LV� WDNHQ� IURP�>���@�� �*3� LV�XVHG� WR�JHQHUDWH� URERW
SURJUDPV�WR�FRQWURO�D�URERW�PDQLSXODWRU�WR�UHDFK�D�WDUJHW�ZKLOH�DYRLGLQJ�REVWDFOHV���,Q�WKLV�SDSHU�ZH�XVH�WR�WHUP
�LQGLYLGXDO��WR�PHDQ��URERW�SURJUDP��IRU�WKLV�SUREOHP�

7KH�URERW�V\VWHP�FRPSRVHG�RI�D���'2)�PDQLSXODWRU�DQG�D�YLVLRQ�V\VWHP�PRXQWHG�DERYH�DQG�RYHUORRNLQJ�WKH
ZKROH�ZRUN�VSDFH���7KH�YLVLRQ�V\VWHP�PRQLWRUV�WKH�SRVLWLRQV�RI�YDULRXV�REMHFWV���WKH�PDQLSXODWRU��WKH�REVWDFOHV
DQG�WKH�WDUJHW���'DWD�IURP�WKH�UHDO�ZRUOG�LV�VDPSOLQJ�DQG�XVHV�LQ�WKH�VLPXODWHG�ZRUOG�LQ�ZKLFK�*3�LV�RSHUDWHG�
*3�JHQHUDWHV�URERW�SURJUDPV�WKDW�FDQ�FRQWURO�WKH�PDQLSXODWRU���7KH�PDQLSXODWRU�LV�D���OLQNV�SODQDU�DUP�PRYLQJ
RQ�D�SODQH���0RYHPHQW�RI�HDFK�MRLQW�LV�OLPLWHG�

7KH�HQYLURQPHQW�IRU�WKH�H[SHULPHQW�LV�VKRZQ�LQ�WKH�ILJXUH�EHORZ�����VROLG�EORFNV�LV�REVWDFOHV�DQG�D�FURVV�LV�WKH
WDUJHW�

����� �����
D��HQYLURQPHQW������������������������E��HQYLURQPHQW������������������������F��HQYLURQPHQW��

)LJXUH����7KUHH�HQYLURQPHQWV�XVHG�LQ�WKH�H[SHULPHQW

����*HQHWLF�3URJUDPPLQJ�3URFHVV

�����3DUDPHWHUV�LQ�$')�DQG�$');
�� WKH� QXPEHU� RI� DUJXPHQWV� �� ,W� � LV� VHW� RI� ]HUR� WR� UHGXFH� WKH� QXPEHU� RI� H[SHULPHQW�� � ,I� ZH� FRQVLGHU� HDFK
LQVWDQWLDWLRQ� RI� DUJXPHQWV� LQ� D� VXEURXWLQH� DV� D� GLIIHUHQW� VXEURXWLQH�� ZH� FDQ� UHDVRQ� WKDW� VXEURXWLQHV� ZLWK� QR
DUJXPHQW�DUH�VLPLODU�WR�GLIIHUHQW�VXEURXWLQHV�ZLWK�LQVWDQWLDWLRQ�RI�DUJXPHQWV�
���WKH�QXPEHU�RI�VXEURXWLQHV����,W�LV�YDULHG�IURP������IRU�$')�DQG�IRU�$');�WKH�UDQJH�LV�YDULHG�IURP�����WR���
���VXEURXWLQHV�
�� WKH� UHIHUHQFH� EHWZHHQ� VXEURXWLQHV� �� � +LHUDUFKLFDO� UXOH� LV� LPSOHPHQWHG�� � 7KH� PDLQ� URXWLQH� FDQ� FDOO� DQ\
VXEURXWLQH���7KH�KLJKHU�QXPEHU�VXEURXWLQH�FDQ�FDOO�WKH�ORZHU�QXPEHU�VXEURXWLQH�



�����5RERW�SURJUDP�VWUXFWXUH
(DFK�SURJUDP�LV�FRPSRVHG�RI�PDLQ�URXWLQH�DQG�VXEURXWLQHV���,W�KDV�D�WUHH�VWUXFWXUH�FRPSRVHG�RI�V\PEROV�IURP
WKH�IXQFWLRQ�VHW�DQG�WKH�WHUPLQDO�VHW�

IXQFWLRQ�VHW� �^�,)�$1'��,)�25��,)�127�`
WHUPLQDO�VHW� �^�V���V���H���H���Z���Z���+,7"��6(("��,1&"��'(&"��287"��DGI����DGI���`

7KH� IXQFWLRQ�V�� �VKRXOGHU��GULYHV� WKH�VKRXOGHU�PRWRU�FORFNZLVH���VWHS� ���GHJUHHV��DQG�V��GULYHV� WKH� VKRXOGHU
PRWRU� DQWLFORFNZLVH� �� VWHS��7KH� VLPLODU�PHDQLQJ� DSSOLHV� IRU� H��� H�� �HOERZ�� DQG�Z���Z�� �ZULVW���$OO� RI� WKHVH
IXQFWLRQV�DOZD\V�UHWXUQ� WUXH�� �7KH�IXQFWLRQ�+,7"�FKHFNV�ZKHWKHU�HDFK� OLQN�RI� WKH�URERW�DUP�KLWV� WKH�REVWDFOH�
7KH�IXQFWLRQ�6(("�FKHFNV�ZKHWKHU�WKH�SDWK�IURP�WKH�ILQJHUWLS�WR�WKH�JRDO�KDV�DQ\��REVWDFOH��7KH�IXQFWLRQ�,1&"
FKHFNV�ZKHWKHU� WKH�GLVWDQFH�EHWZHHQ� WKH� ILQJHUWLS� DQG� WKH� JRDO� LV� LQFUHDVLQJ��7KH� IXQFWLRQ�'(&"� FKHFNV� WKH
RSSRVLWH��7KH�IXQFWLRQ�287"�FKHFNV�LI�HDFK�MRLQW�RI�WKH�URERW�DUP�PRYHV�RXW�RI�ERXQG���7KH�ERXQG�LV�GHILQHG�WR
SUHYHQW� WKH� DUP� IURP� JRLQJ� RXW� RI� WKH� YLHZ� RI� WKH� FDPHUD�� � 7KH� IXQFWLRQ� ,)�$1'� LV� D� IRXU�DUJXPHQW
FRPSDUDWLYH�EUDQFKLQJ�RSHUDWRU�WKDW�H[HFXWHV�LWV�WKLUG�DUJXPHQW�LI�LWV�ILUVW�DUJXPHQW�DQG�LWV�VHFRQG�DUJXPHQW�DUH
WUXH��RU�RWKHUZLVH��H[HFXWHV�WKH�IRXUWK�DUJXPHQW��7KH�IXQFWLRQ�,)�25�LV�D�IRXU�DUJXPHQW�RSHUDWRU�WKDW�H[HFXWHV
LWV�WKLUG�DUJXPHQW�LI�LWV�ILUVW�DUJXPHQW�RU�LWV�VHFRQG�DUJXPHQW�LV�WUXH��RU�RWKHUZLVH��H[HFXWHV�WKH�IRXUWK�DUJXPHQW�
7KH�IXQFWLRQ�,)�127�LV�D�WKUHH�DUJXPHQW�RSHUDWRU�WKDW�H[HFXWHV�LWV�VHFRQG�DUJXPHQW�LI�WKH�QHJDWLRQ�RI�LWV�ILUVW
DUJXPHQW�LV�WUXH��RU�RWKHUZLVH��H[HFXWHV�WKH�WKLUG�DUJXPHQW���7KH�IXQFWLRQ�DGI����DGI���LV�WKH�FDOO�WR�VXEURXWLQHV�
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)LJXUH����([DPSOHV�RI�URERW�SURJUDPV

�����*HQHWLF�RSHUDWLRQV
:H�XVH�IRXU�JHQHWLF�RSHUDWLRQV���UHSURGXFWLRQ��FURVVRYHU�DQG�WZR�NLQGV�RI�PXWDWLRQ����$GGLWLRQ�LV�WKH�PXWDWLRQ
E\�DWWDFKLQJ�D�QHZO\�JHQHUDWHG�WUHH�RI�KHLJKW���DW�WKH�URRW�RI�D�WUHH����([WHQVLRQ�LV�VLPLODU�EXW�DWWDFKHG�DW�WKH�OHDI
QRGH��ILJ�����
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�����)LWQHVV�HYDOXDWLRQ
7KH�ILWQHVV�RI�LQGLYLGXDO�SURJUDP�LV�HYDOXDWHG�ZLWK�WKH�IROORZLQJ�IXQFWLRQ��

�������u��ILQDO'LVWDQFH���LQLWLDO'LVWDQFH��������u��ILQDO'LVWDQFH���VXP'LVWDQFH
�������u��QRW6HH��������u��GLH

ZKHUH�LQLWLDO'LVWDQFH�LV�WKH�LQLWLDO�GLVWDQFH�IURP�WKH�ILQJHUWLS�WR�WKH�WDUJHW��ILQDO'LVWDQFH�LV�WKH�GLVWDQFH�IURP�WKH
ILQJHUWLS� WR� WKH� WDUJHW� DIWHU� WKH�SURJUDP�H[HFXWLRQ� LV� WHUPLQDWHG�� VXP'LVWDQFH� LV� WKH� WRWDO� RI�GLVWDQFH� WKDW� WKH
ILQJHUWLS�WUDYHOOHG��QRW6HH�LV�D�%RROHDQ�YDULDEOH�WKDW�LQGLFDWH�WKH�SDWK�IURP�WKH�ILQJHUWLS�WR�WKH�WDUJHW�LV�EORFNHG
E\� DQ� REVWDFOH�� DQG� GLH� LV� D� %RROHDQ� YDULDEOH� WKDW� LQGLFDWH� WKH� GHDG� FRQGLWLRQ�� � )RU� D� IXOO� DFFRXQW� RI� WKH
H[SHULPHQWDO�VHWXS�SOHDVH�UHIHU�WR�WKH�RULJLQDO�SDSHUV�>����@�

7KLV�IXQFWLRQ�LQGLFDWHV�WKDW�WKH�EHWWHU�SURJUDP�KDV�D�KLJKHU�ILWQHVV�YDOXH�E\�JHWWLQJ�FORVHU� WR� WKH� WDUJHW��XVLQJ
VKRUWHU�SDWK�DQG�DW�WKH�HQG�RI�WKH�UXQ�WKH�WLS�RI�WKH�PDQLSXODWRU�UHDFKHV�DQ�RSHQLQJ�

����3DUDPHWHUV�RI�*3�UXQ
3DUDPHWHUV�DUH�VKRZQ�LQ�WKH�WDEOH���

7DEOH����3DUDPHWHUV�RI�WKH�*3�UXQ

SRSXODWLRQ ����SURJUDPV
LQLWLDO�VL]H�RI�DQ�LQGLYLGXDO ���V\PEROV
PD[LPXP�JHQHUDWLRQ ��
QXPEHU�RI�UHSHDWHG�UXQ �����UXQV
UHSURGXFWLRQ�UDWH ����
FURVVRYHU�UDWH ����
DGGLWLRQ�UDWH ����
H[WHQVLRQ�UDWH ����

����5HVXOWV
:H�FRPSDUH�WKH�FRPSXWDWLRQDO�HIIRUW�EHWZHHQ�WKH�UXQ�ZLWKRXW�$')��ZLWK�$')�DQG�ZLWK�$');���7KH�UHVXOWV�RI
WKUHH�H[SHULPHQWV�DUH�VKRZQ�LQ�WKH�WDEOH���DQG�ILJXUH���� � �7KH�EHVW� UHVXOW� IURP�$')�KDV� ORZHU�FRPSXWDWLRQDO
HIIRUW� WKDQ�ZLWKRXW�$')� LQ� WKH� HQYLURQPHQW� �� DQG� �� DQG� KDV� VLJQLILFDQWO\� ORZHU� FRPSXWDWLRQDO� HIIRUW� LQ� WKH
HQYLURQPHQW����ZKLFK�LV�WKH�PRVW�GLIILFXOW�SUREOHP����7KLV�VKRZV�WKDW�$')�FDQ�LQFUHDVH�WKH�HIILFLHQF\�RI�*3�IRU
WKH� URERW� SUREOHPV�� � 7KH�PRUH� GLIILFXOW� SUREOHP� VKRZV� WKH� KLJKHU� EHQHILW�� � 7KH� QXPEHU� RI� VXEURXWLQHV� KDV
LPSDFW� RQ� WKH� HIILFLHQF\�� � 7KH� VXLWDEOH� QXPEHU� IRU� WKLV� SUREOHP� LV� ���� VXEURXWLQHV�� � :KHQ� WKH� QXPEHU� RI
VXEURXWLQHV� LV� LQFUHDVH� EH\RQG� �� WKH� HIILFLHQF\� LV� GHFOLQHG�� � 7KH� ZRUVW� FDVH� LV� WKH� PD[LPXP� QXPEHU� RI
VXEURXWLQHV������LQ�ZKLFK�WKH�FRPSXWDWLRQDO�HIIRUW�LV�PXFK�KLJKHU�WKDQ�WKH�UXQ�ZLWKRXW�$')�

,Q�FRPSDULQJ�$');�WR�$')���WKH�EHVW�UHVXOW�RI�$');�IRU�HDFK�HQYLURQPHQW�KDV�VOLJKWO\�KLJKHU�FRPSXWDWLRQDO
HIIRUW�WKDQ�WKH�EHVW�UHVXOW�RI�$')���%XW�LQ�WKH�ZRUVW�FDVH��$');�KDV�D�PXFK�EHWWHU�EHKDYLRXU�WKDQ�$')�ZKHQ
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7KH�PHWKRG� RI� $');� SURSRVHG� KHUH� LV� VLPLODU� WR� DQRWKHU� H[WHQVLRQ� RI� $')�� FDOOHG� $')� ZLWK� HYROXWLRQ� RI
DUFKLWHFWXUH� �($')�� E\� .R]D� >�@�� � � ,Q� ($')� WKH� QXPEHU� RI� VXEURXWLQHV� DQG� WKH� QXPEHU� RI� DUJXPHQWV� LV
UDQGRPO\� FKRVHQ� IRU� HDFK� LQGLYLGXDO�� � 7KH� FURVVRYHU� LQ� ($')� XVHV� �SRLQW� W\SLQJ�� WR� VROYH� WKH� SUREOHP� RI
FURVVLQJ� EHWZHHQ� GLIIHUHQW� VXEURXWLQHV� ZKHUHDV� $');� KDV� QR� VXFK� UHVWULFWLRQ�� � 3RLQW� W\SLQJ� SUHVHUYHV� WKH
VWUXFWXUH� RI� VXEURXWLQHV� DQG� UHVWULFWV� KLHUDUFK\� RI� VXEURXWLQH� FDOOV�� � � $');� LV� GLIIHUHQW� IURP� ($')� LQ� WKH
FURVVRYHU�RSHUDWLRQ�ZKHUH�$');�DOORZV�DQ\�VXEURXWLQH�WR�FURVV�ZLWK�DQ\�VXEURXWLQH�ZLWKRXW�UHVWULFWLRQ�� �:H
KDYH�FRPSDUHG�($')�ZLWK�$');�IRU�WKH�URERW�SUREOHP���7KH�UHVXOW�LV�VKRZQ�LQ�ILJ������2XU�FRQFOXVLRQ�LV�WKDW
$');�DQG�($')�KDYH�VLPLODU�HIILFLHQF\�

���&RQFOXVLRQ
7KLV�SDSHU�GHVFULEHV�$');�ZKLFK�LV�DQ�H[WHQVLRQ�RI�$')�ZLWK�WZR�LPSURYHPHQWV���WKH�QXPEHU�RI�VXEURXWLQHV
LV�GHWHUPLQHG�DV�D�UDQJH�DQG�DOORZV�FURVVRYHU�EHWZHHQ�GLIIHUHQW�VXEURXWLQHV�� �7KH�UHVXOW�RI�H[SHULPHQW� VKRZV
WKDW� $');� UHGXFHV� FRPSXWDWLRQDO� HIIRUW� VLJQLILFDQWO\� FRPSDUHG� WR� D� PHWKRG� ZLWKRXW� $')�� � $');� KDV� DQ
DGYDQWDJH� RYHU� $')� WKDW� WKH� H[DFW� QXPEHU� RI� VXEURXWLQHV�� ZKLFK� DIIHFWV� WKH� FRPSXWDWLRQDO� HIIRUW�� LV� QRW
UHTXLUHG�D�SULRUL�� �)RU� WKH�SUREOHP�ZKLFK� WKH�VXLWDEOH�QXPEHU�RI�VXEURXWLQHV� LQ�QRW�NQRZQ��$');�LV�D�JRRG
FKRLFH�IRU�UHGXFLQJ�FRPSXWDWLRQDO�HIIRUW�

5HIHUHQFHV
>�@� +ROODQG�� -���$GDSWDWLRQ� LQ�1DWXUDO�DQG�$UWLILFLDO�6\VWHP��$QQ�$UERU��0LFKLJDQ� ��8QLYHUVLW\�RI�0LFKLJDQ

3UHVV�������
>�@� $QJHOLQH��3����*HQHWLF�3URJUDPPLQJ�DQG�(PHUJHQW�,QWHOOLJHQFH��� ,Q�.��(��.LQQHDU��-U�� �HG����$GYDQFHV� LQ

*HQHWLF�3URJUDPPLQJ��SS���������0,7��3UHVV�������
>�@� .R]D��-���*HQHWLF�3URJUDPPLQJ�,,��$XWRPDWLF�'LVFRYHU\�RI�5HXVHDEOH�3URJUDPV��0,7�3UHVV�������
>�@� 3ROYLFKDL�� -��� �5RERW� /HDUQLQJ� E\� *HQHWLF� 3URJUDPPLQJ��� 0DVWHU
V� 7KHVLV�� 'HSDUWPHQW� RI� &RPSXWHU

(QJLQHHULQJ��&KXODORQJNRUQ�8QLYHUVLW\���������,Q�7KDL�
>�@� &KRQJVWLWYDWDQD��3��DQG�3ROYLFKDL��-����/HDUQLQJ�D�9LVXDO�7DVN�E\�*HQHWLF�3URJUDPPLQJ���3URF��RI�WKH�����

,(((�56-�,QW��&RQI��RQ�,QWHOOLJHQW�5RERWV�DQG�6\VWHP��2VDND��-DSDQ���SS����������������
>�@� -DVVDGDSDNRUQ�� &��� �5HGXFWLRQ� RI� &RPSXWDWLRQDO� (IIRUW� LQ� *HQHWLF� 3URJUDPPLQJ� /HDUQLQJ� 0HWKRG��

0DVWHU
V�7KHVLV��'HSDUWPHQW�RI�&RPSXWHU�(QJLQHHULQJ��&KXODORQJNRUQ�8QLYHUVLW\���������,Q�7KDL�
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