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$EVWUDFW����0DQ\�IUHTXHQWO\�PHW�SUREOHPV�RI�OLQHDU�DOJHEUD��VXFK�DV�WKH�VROXWLRQ�RI�OLQHDU�V\VWHPV�DQG�PDWUL[
PXOWLSOLFDWLRQ��DUH�FRPSXWDWLRQDOO\�H[SDQVLYH��7KRVH�SUREOHPV�QHHG�WR�EH�VROYHG�ZLWK�SDUDOOHO�VWUXFWXUHV��VXFK
DV� V\VWROLF� DUUD\V�� ZKHUH� PDQ\� SURFHVVRUV� DUH� XVHG� FRQFXUUHQWO\� WR� FRPSXWH� WKH� UHVXOW�� 7KH� SDUDOOHOLVP
GHFUHDVHV� WKH� FRPSXWLQJ� WLPH�� ,Q� WKH� FDVH� RI� PDWUL[� PXOWLSOLFDWLRQ� LW� LV� YHU\� DSSURSULDWH� WR� XVH� WZR�
GLPHQVLRQDO�DUUD\�RI�SURFHVVRUV��WKDW�UHIOHFWV�WKH�UHDO�VLWXDWLRQ�RI�FRPSXWLQJ�WKH�FRHIILFLHQWV��%XW��VLQFH�WZR�
GLPHQVLRQDO�DUUD\�RI�SURFHVVRUV�LV�YHU\�VSDFH��DQG�UHVRXUFH�FRQVXPSWLYH�� LW�LV�EHWWHU�WR�XVH�RQH�GLPHQVLRQDO
DUUD\�RI�SURFHVVRUV��$OWKRXJK�WKLV�OHDGV�WR�WKH�SUREOHP�RI�RSHUDWLRQ�UHDOORFDWLRQ�DQG�XQHTXDO�XWLOL]DWLRQ�RI�WKH
SURFHVVRUV��LW�LV�HDVLHU�WR�LPSOHPHQW�VLQFH�WKHUH�LV�RQO\�RQH�VWUDLJKW�OLQH�RI�SURFHVVRUV��%HVLGH�WKH�VLPSOLFLW\�RI
LPSOHPHQWDWLRQ� WKH� XWLOL]DWLRQ� RI� SURFHVVRUV� LV� DOVR� KLJKHU�� 7KLV� SDSHU� SUHVHQWV� WKH� HYDOXDWLRQ� RI� GLIIHUHQW
DSSURDFKHV�WR�WKH�OLQHDUL]DWLRQ�RI�WKH�WZR�GLPHQVLRQDO�PXOWLSOLFDWLRQ�DUUD\�

.H\�:RUGV����RSWLPL]DWLRQ��PDWUL[��PXOWLSOLFDWLRQ��SDUDOOHO��V\VWROLF��OLQHDUL]DWLRQ

� ,QWURGXFWLRQ
0DQ\� SUREOHPV� LQ� VFLHQFH� FDQ� EH� VROYHG� E\� OLQHDU
DOJHEUDLF� FRPSXWDWLRQ�� EXW� HYHQ� VRPH� EDVLF
SUREOHPV�DUH�FRPSXWDWLRQDOO\�H[SDQVLYH��7R�VKRUWHQ
WKH� FRPSXWLQJ� WLPH�� QHZ� VWUXFWXUH� KDV� WR� EH� EXLOG�
ZKLFK� HQDEOHV� V\QFKURQRXV� GDWD� FRPSXWLQJ�
$FFRUGLQJ� WR� WKH� QDWXUH� RI� WKH� SUREOHP�� ZKHUH
PDWUL[� WUDQVIRUPDWLRQ� LV� WKH� PDLQ� JRDO�� SDUDOOHO
V\VWROLF�VWUXFWXUH�LV�YHU\�DSSURSULDWH��:LWK�WKH�JURXS
RI� SURFHVVRUV� LW� HQDEOHV�PRUH� GDWD� WR� EH� SURFHVVHG
V\QFKURQRXVO\�� 'HWDLOHG� VWUXFWXUH� DQG� IXQFWLRQ� RI
V\VWROLF� VWUXFWXUH� ZLOO� EH� SUHVHQWHG� LQ� WKH� QH[W
VHFWLRQ�
�����%HVLGH� WKH� DGYDQWDJHV� RI� WKLV� DSSURDFK� �VKRUWHU
H[HFXWLRQ�WLPH��WKHUH�DUH�DOVR�VRPH�GLVDGYDQWDJHV��,W
LV� GLIILFXOW� WR� FRPSRVH� D� QHW� RI� SURFHVVRUV�� VLQFH
WKHUH� LV� D� ORW� RI� FRQQHFWLRQV� DQG� LW� LV� GLIILFXOW� WR
PRQLWRU� DOO� RI� WKHP� DQG� ILQDOO\� WR� UHDG� GDWD� RXW� RI
WKHP�DW�WKH�HQG��7KH\�DUH�DOVR�SRRUO\�XWLOL]HG��VLQFH
WKH\�PRVWO\�ZDLW�IRU�WKHLU�LQSXW�GDWD�
�����,W�LV�SRVVLEOH�WR�FRPSRVH�WKH�VWUXFWXUH�ZLWK�KLJKHU
XWLOL]DWLRQ�� HFRQRPLF� MXVWLILFDWLRQ�� WLPH� VXLWDELOLW\
DQG� ORZHU� FRPSOH[LW\�� ZKLFK� ZRXOG� UHPRYH
GLVDGYDQWDJHV�PHQWLRQHG�LQ�WKH�SUHYLRXV�SDUDJUDSK�
1DPHO\��VRPH�SURFHVVRUV�FDQ�EH�PHUJHG��VR�WKDW�RQH
SURFHVVRU� SHUIRUPV� WDVNV� RI� PRUH� SURFHVVRUV�� DQG
DOVR� WKHLU� DFFHVV� LV� HDVLHU� VLQFH� WKHUH� LV� MXVW� RQH
VWUDLJKW�DUUD\�RI�WKH�SURFHVVRUV�>�@�

�����7KLV� ZRUN� SUHVHQWV� GLIIHUHQW� DSSURDFKHV� WR� WKH
PDWUL[� PXOWLSOLFDWLRQ� DQG� WKH� FRPSDULVRQ� RI� WZR�
GLPHQVLRQDO�DQG�OLQHDU�SURFHVVRU�DUUD\V�LV�JLYHQ�

� 6\VWROLF�DUUD\V
6\VWROLF� VROYLQJ� LV� SUHVHQWHG� E\� WKH� SURFHVVRU
VWUXFWXUH�� ZKHUH� GDWD� LV� IORZLQJ� WKURXJK� WKH
SURFHVVRUV�� 6\VWROLF� DUUD\� LV� D� QHW� RI� VSHFLDOL]HG
SURFHVVRUV�� ZKLFK� DUH� ORFDOO\� FRQQHFWHG� DQG� ZRUN
V\QFKURQL]HG�� ,WV� XVH� LV� DSSURSULDWH� ZKHQ� VROYLQJ
WLPH�FRQVXPLQJ� SUREOHPV�� 7KH� FKDUDFWHULVWLFV� RI
WKLV�DUUD\�DUH�
� V\QFKURQL]DWLRQ� �FRPSXWLQJ� DQG� GDWD�IORZ� DUH
SHUIRUPHG�UK\WKPLFDOO\��

� PRGXODULW\�DQG�UHJXODULW\��FRQVLVWV�RI�PRGXODU�DQG
FRQQHFWHG� HOHPHQWV�� ZKLFK� FDQ� EH� LOOLPLWDEOH
DGGHG��

� DUHD� DQG� WLPH� ORFDOL]DWLRQ� �EHWZHHQ� SURFHVVRUV
WKHUH�DUH�ORFDO�FRQQHFWLRQV�ZLWK�GHOD\V��

� VSHHG�XS�IDFWRU��IDVWHU�H[HFXWLRQ�ZKHQ�SHUIRUPHG
RYHU�PDQ\�SURFHVVRUV��

�����7R� JHW� D� SHUIHFW� V\VWROLF� DUUD\� D� FRQYHQLHQW
DSSURDFK� LV� QHHGHG�� 2QH� RI� WKHP� LV� JUDSK�EDVHG
GHVLJQ�PHWKRGRORJ\�>����@��,W� LV�EDVHG�RQ�WKH�JUDSK
UHSUHVHQWDWLRQ�DQG�FRQVLVWV�RI�WKUHH�VWHSV�
� GHSHQGHQF\�JUDSK�GHVLJQ��D�VXLWDEOH�DOJRULWKP�IRU
WKH� SUREOHP� KDV� WR� EH� LGHQWLILHG� DQG� GHSHQGHQF\
JUDSK� LV� PDGH�� 6LQFH� WKLV� JUDSK� DIIHFWV� WKH� ILQDO



GHVLJQ��VRPH�FKDQJHV�DUH�SRVVLEOH�WR� LPSURYH� WKH
UHVXOW�

� VLJQDO� IORZ� JUDSK� GHVLJQ�� DFFRUGLQJ� WR� WKH
SURMHFWLRQ�RI�WKH�DOJRULWKP��WKHUH�LV�PRUH�W\SHV�RI
WKLV�NLQG�RI�D�JUDSK�

� DUUD\� SURFHVVRUV� GHVLJQ�� VLJQDO� IORZ� JUDSK� LV
PDSSHG�LQWR�WKH�SURFHVVRU�DUUD\�

�����'HSHQGHQF\� JUDSK� GHVFULEHV� GHSHQGHQFLHV
EHWZHHQ� GDWD� LQ� GLIIHUHQW� SURFHVVRUV�� ,I� WKHUH� LV� QR
GDWD� GHSHQGHQF\� EHWZHHQ� WZR� RSHUDWLRQV� WKH\� FDQ
EH�H[HFXWHG�FRQFXUUHQWO\��9HU\�LPSRUWDQW�VWHS�LQ�WKH
GHVLJQ� LV� VFKHGXOLQJ��ZKLOH� LW� DIIHFWV� WKH� SURFHVVRU
XWLOL]DWLRQ�>����@�
�����1RGHV�RI� WKH�JUDSK�UHSUHVHQW�DULWKPHWLF�RU� ORJLF
RSHUDWLRQ�ZLWKRXW� GHOD\�� DQG� FRQQHFWLRQV� UHSUHVHQW
WLPH� GHOD\V� DQG� GDWD� GHSHQGHQFLHV�� 0DSSLQJ� LV
SHUIRUPHG� LQ� PRUH� VWHSV�� )LUVW�� SURFHVVRUV� DUH
GHWHUPLQHG� WR� SHUIRUP� VLQJOH� RSHUDWLRQV� ZLWK
PLQLPDO� FRPPXQLFDWLRQV�� DQG� WKHQ� WKH� H[HFXWLRQ
RUGHU� LV� PDGH� WR� PLQLPL]H� WRWDO� H[HFXWLRQ� WLPH�
%DVLF�VWHSV�
� GHWHUPLQDWLRQ� RI� WKH� EDVLF� RSHUDWLRQ� PRGXOHV�
V\VWROLF� DUUD\� LV� PRUH� HIIHFWLYH� �IDVWHU��� LI� WKH
DOJRULWKP�LV�EURNHQ�LQWR�VPDOO�SLHFHV�

� XVH�RI�WLPH�UXOHV��WKH�JUDSK�LV�WLPH�OLPLWHG�
� FRPELQDWLRQ� RI� GHOD\V� DQG� RSHUDWLRQ� PRGXOHV�
EDVLF� V\VWROLF� HOHPHQW� LV� PDGH� RI� GHOD\� DQG
RSHUDWLRQ�PRGXOH�

�����6LJQDO� IORZ�JUDSK� LV�PDSSHG� LQWR� V\VWROLF� DUUD\�
ZKHUH� RSHUDWLRQ� PRGXOHV� DUH� PDSSHG� LQWR
SURFHVVRUV� DQG� WKHLU� FRQQHFWLRQV� DUH� PDSSHG� LQWR
SURFHVVRU�FRQQHFWLRQV�

��� 7KH�XVH�RI�V\VWROLF�DUUD\V
6\VWROLF�DUUD\V�FDQ�EH�XVHG�ZKHQ�SHUIRUPLQJ�PDWUL[
PXOWLSOLFDWLRQ�>�@�RI�WKH�IRUP

&� �$�%���&���

�����$UUD\� RI� SURFHVVRUV� IRU� PXOWLSOLFDWLRQ� RI� WZR
VTXDUH�PDWULFHV�LV�SUHVHQWHG�LQ�)LJ����>�@�� ,QSXWV�RI
WKH�VWUXFWXUH�DUH�PDWULFHV¶�FRHIILFLHQWV��DLM�LQ�ELM��DQG
DW� WKH� HQG� WKHUH� DUH� FRHIILFLHQWV� FLM� LQVLGH� WKH
VWUXFWXUH�� $FFRUGLQJ� WR� WKH� PDWUL[� VL]H� Q�Q� WKH
QXPEHU�RI�UHTXLUHG�SURFHVVRUV�Q
�LV�

Q
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�����6KDSH� � UHSUHVHQWV� D� SURFHVVRU� DQG�
UHSUHVHQWV�D�GHOD\�t�
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�����$OO�SURFHVVRUV� LQ�VTXDUH� DUUD\� LQ�)LJ�� ��SHUIRUP
WKH�VDPH�RSHUDWLRQV�>�@�
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�����1H[W� FKDSWHUV� SUHVHQW� VRPH� WUDQVIRUPDWLRQV� RI
WZR�GLPHQVLRQDO� DUUD\V� LQWR� OLQHDU� DUUD\V�� 7KHUH� LV
DOVR� WKH� FRPSDULVRQ� RI� GDWD� IORZ�� XWLOL]DWLRQ� RI
SURFHVVRUV�DQG�FRPSOH[LW\�RI�QHHGHG�RSHUDWLRQV�

� 0DWUL[�PXOWLSOLFDWLRQ

��� +RUL]RQWDO�DUUD\
+RUL]RQWDO�DUUD\�LV�PDGH�ZKHQ�DOO�SURFHVVRUV�RI�WKH
ILUVW�FROXPQ�DUH�PHUJHG�LQWR�SURFHVVRU�$��SURFHVVRUV
RI� WKH� VHFRQG� FROXPQ� LQWR� SURFHVVRU� %�� HWF�� DV
SUHVHQWHG� LQ� )LJ�� ��� 3URFHVVRUV� SHUIRUP� WKH� VDPH
RSHUDWLRQV�� DV� EHIRUH� WKH� WUDQVIRUPDWLRQ�� EHVLGH
WKHUH�LV�DQ�DGGLWLRQDO�LQSXW�IURP�RQH�RI�LWV�RXWSXWV�
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)LJ�����7UDQVIRUPDWLRQ�LQWR�WKH�KRUL]RQWDO�DUUD\



�����2FFXSDWLRQ� RI� WKH� SURFHVVRUV� LV� SUHVHQWHG� LQ
7DEOH� ��� ZKHUH� VKDGRZHG� ILHOG� UHSUHVHQWV� WKH� WLPH
IUDPH�ZKHQ�WKH�SURFHVVRU�LV�RFFXSLHG�
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7DEOH����2FFXSDWLRQ�RI�SURFHVVRUV�LQ�KRUL]RQWDO�DUUD\

�����'XH�WR�WKH�SURFHVVRU�PHUJLQJ�WKH�GDWD�LQSXWV�DUH
FKDQJHG�DV�SUHVHQWHG�LQ�)LJ����
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��� 9HUWLFDO�DUUD\
9HUWLFDO�DUUD\� LV�PDGH�ZKHQ�PHUJLQJ�SURFHVVRUV�RI
WKH� ILUVW� URZ� LQWR� SURFHVVRU� $�� SURFHVVRUV� RI� WKH
VHFRQG� URZ� LQWR� SURFHVVRU� %�� HWF�� DV� SUHVHQWHG� LQ
)LJ�� ��� 3URFHVVRUV� SHUIRUP� WKH� VDPH� RSHUDWLRQV� DV
ZKHQ�WUDQVIRUPHG�LQWR�KRUL]RQWDO�DUUD\�
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)LJ�����7UDQVIRUPDWLRQ�LQWR�YHUWLFDO�DUUD\

�����2FFXSDWLRQ�RI�SURFHVVRUV�LV�SUHVHQWHG�LQ�7DEOH��
DQG�GDWD�LQSXWV�DUH�FKDQJHG�DV�SUHVHQWHG�LQ�)LJ����
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)LJ�����'DWD�LQSXWV�LQ�YHUWLFDO�DUUD\

�����$FWXDOO\� WKHUH� LV� QR� GLIIHUHQFH� EHWZHHQ
KRUL]RQWDO� DQG� YHUWLFDO� WUDQVIRUPDWLRQ�� VLQFH� DOO
SURFHVVRUV� LQ� WZR�GLPHQVLRQDO� DUUD\� SHUIRUP� WKH
VDPH� RSHUDWLRQV�� 7KXV�� LW� LV� LQVLJQLILFDQW� ZKDW� WKH
FRQWUDFWLRQ� GLUHFWLRQ� LV�� EXW� ZH� FDQ� FKRRVH� ZKLFK
FRHIILFLHQWV�DUH�GHOD\HG�ZKHQ�HQWHULQJ�WKH�DUUD\�

��� 'LDJRQDO�DUUD\
%HFDXVH� RI� WKH� DUUD\� VWUXFWXUH� �VTXDUH��� GLDJRQDO
WUDQVIRUPDWLRQ�LV�D�ELW�PRUH�FRPSOLFDWHG��$FFRUGLQJ
WR�WKH�PHUJLQJ�SURFHVV��WKHUH�FDQ�EH�GLIIHUHQW�OLQHDU
VROXWLRQV�
�����,I�WKHUH�LV�DQ�HYHQ��Q ���QXPEHU�RI�SURFHVVRUV�LQ
D� WZR�GLPHQVLRQDO� DUUD\�� ZH� FDQ� FKRRVH� EHWZHHQ
WZR�SRVVLELOLWLHV�
�����,Q� WKH� ILUVW� RQH�� DV� SUHVHQWHG� LQ� )LJ�� ��� WKH
SURFHVVRU� DUUD\� LV� WUDQVIRUPHG� DV� IROORZV�
SURFHVVRUV� ��� ��� DQG� ��� DUH�PHUJHG� LQWR� SURFHVVRU
$�� SURFHVVRUV� ��� �������� DQG� ��� DUH� PHUJHG� LQWR
SURFHVVRU� %�� SURFHVVRUV� ��� ��� ��� ��� DQG� ��� DUH
PHUJHG� LQWR�SURFHVVRU�&�DQG�SURFHVVRUV���� �� DQG��



DUH� PHUJHG� LQWR� SURFHVVRU� '�� 6R� WKHUH� LV� DQ� HYHQ
�Q
 ��� QXPEHU� RI� SURFHVVRU� LQ� OLQHDU� SURFHVVRU
DUUD\�
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)LJ�����7UDQVIRUPDWLRQ�LQWR�GLDJRQDO�DUUD\

�����7DEOH� �� UHSUHVHQWV� WKH� RFFXSDWLRQ� RI� WKH
SURFHVVRUV�� ZKLOH� GDWD� LQSXWV� DUH� FKDQJHG� DV
SUHVHQWHG�LQ�)LJ����
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�����,Q� WKH� VHFRQG� FDVH�� WKHUH� LV� DQ� RGG� �Q
 ��
QXPEHU�RI�SURFHVVRUV�LQ�WKH�OLQHDU�DUUD\��$FFRUGLQJ
WR� )LJ�� ��� SURFHVVRUV� DUH� PHUJHG� DV� IROORZV�
SURFHVVRUV� ��� ��� DQG� ��� DUH�PHUJHG� LQWR� SURFHVVRU
$��SURFHVVRUV������DQG����DUH�PHUJHG�LQWR�SURFHVVRU
%�� SURFHVVRUV� ��� ��� ��� DQG� ��� DUH� PHUJHG� LQWR
SURFHVVRU�&��SURFHVVRUV������DQG����DUH�PHUJHG�LQWR
SURFHVVRU�'� DQG� SURFHVVRUV� ��� �� DQG� �� DUH�PHUJHG
LQWR�SURFHVVRU�(�
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7DEOH����3URFHVVRU�RFFXSDWLRQ��Q ���Q
 ��

�����3URFHVVRU�RFFXSDWLRQ�LV�VKRZQ�LQ�7DEOH����ZKLOH
)LJ����SUHVHQWV�WKH�GDWD�LQSXWV�
�����%XW� ZKHQ� WKHUH� LV� DQ� RGG� �Q ��� QXPEHU� RI
SURFHVVRUV� LQ� WKH� WZR�GLPHQVLRQDO� DUUD\�� WKH� OLQHDU
DUUD\�FRQVLVWV�RI�RGG��Q
 ���QXPEHU�RI�SURFHVVRUV�
7KH�VLWXDWLRQ�LV�SUHVHQWHG�LQ�7DEOH���
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�����7UDQVIRUPDWLRQ� LV� REWDLQHG� E\� PHUJLQJ
SURFHVVRUV��������� ���� ��� DQG� ��� LQWR� SURFHVVRU�$�

SURFHVVRUV� ��� ���� ���� ��� DQG� ��� LQWR� SURFHVVRU� %�
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)LJ�����'DWD�LQSXWV�LQ�GLDJRQDO�DUUD\��Q ���Q
 ��

� &RQFOXVLRQ
$FFRUGLQJ� WR� WKH� UHVXOWV�� WKHUH� DUH� LPSRUWDQW� JDLQV
ZKHQ� WUDQVIRUPLQJ� WZR�GLPHQVLRQDO� DUUD\� LQ
GLIIHUHQW� GLUHFWLRQV�� 7KH� GLIIHUHQFH� LV� LQ� H[HFXWLRQ
WLPH�DQG�SURFHVVRU�XWLOL]DWLRQ�
�����7DEOH���UHSUHVHQWV�WKH�FKDUDFWHULVWLFV�RI�Q ��DQG
Q ��DUUD\V��'LIIHUHQW�WUDQVIRUPDWLRQV�DUH�FRQVLGHUHG
�KRUL]RQWDO��YHUWLFDO��DQG�GLDJRQDO���1XPEHU�RI�VWHSV
LV� WKH� QXPEHU� RI� V\VWROLF� F\FOHV� QHHGHG� WR� SHUIRUP
WKH�DOJRULWKP��1XPEHU�RI�SURFHVVRUV� LV� WKH�QXPEHU
RI� QHHGHG� SURFHVVRUV�� DQG� XWLOL]DWLRQ� LV� WKHLU� XVH
DFFRUGLQJ�WR�WKH�QXPEHU�RI�VWHSV�
�����7KH� QXPEHU� RI� VWHSV�� WR� H[HFXWH� WKH� DOJRULWKP�
LQFUHDVHV�ZLWK�WKH�WUDQVIRUPDWLRQ��EXW�WKH�QXPEHU�RI
SURFHVVRUV�GHFUHDVHV�VLJQLILFDQWO\�
�����:KHQ� WUDQVIRUPLQJ� VTXDUH� DUUD\V� DQ\
WUDQVIRUPDWLRQ� LV� EHWWHU� WKDQ� LQLWLDO� DUUD\�� 6LQFH� DOO
SURFHVVRUV� SHUIRUP� WKH� VDPH� RSHUDWLRQV� LW� LV
LUUHOHYDQW� LQ�ZKLFK� GLUHFWLRQ�ZH� FRQWUDFW� WKH� DUUD\�
%XW� DFFRUGLQJ� WR� WKH� VLPSOLFLW\� RI� WKH
LPSOHPHQWDWLRQ�KRUL]RQWDO�DQG�YHUWLFDO�OLQHDU�DUUD\V
DUH�EHWWHU� WKDQ� DQ\�GLDJRQDO� DUUD\� �)LJV�� ��� ��� ��� ��
����'DWD�LQSXWV�DUH�VLPSOHU�DQG�WKH�XWLOL]DWLRQ�RI�WKH
SURFHVVRUV� LV�PXFK� KLJKHU� LQ� KRUL]RQWDO� RU� YHUWLFDO
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7DEOH����(IILFLHQF\�RI�WKH�DUUD\V

�����:LWK� WKH� WUDQVIRUPDWLRQ� WKH� QXPEHU� RI� FRQWURO
VWHSV� LV� LQFUHDVHG�� EXW� WKH� QXPEHU� RI� SURFHVVRUV� LV
VLJQLILFDQWO\� GHFUHDVHG� DQG� WKHLU� XWLOL]DWLRQ� LV
LQFUHDVHG��7KXV��ZKHQ�WKH�QXPEHU�RI�SURFHVVRUV�DQG
RWKHU�FRPSRQHQWV�LV�FRQVWUDLQHG��OLQHDUL]DWLRQ�RI�WKH
SURFHVVRU�DUUD\�LV�YHU\�DSSURSULDWH�
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