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(SLOHSV\�LV�RQH�RI�WKH�PRVW�FRPPRQ�QHXURORJLFDO�
GLVRUGHU�LQ�WKH�ZRUOG�SRSXODWLRQ��L((*�HOHFWURGHV�DUH�
XVHG�WR�H[KLELW�WKH�VWDJHV�RI�D�VHL]XUH�FKDUDFWHUL]HG�E\�
VLPLODU� SDWWHUQV� LQ� GLIIHUHQW� DUHDV� RI� WKH� EUDLQ��
)XQFWLRQDO� &RQQHFWLYLWLHV� �)&�� WKDW� TXDQWLI\� DORQJ�
WLPH��WKHVH�VLPLODULWLHV�DUH�FDOFXODWHG�EHWZHHQ�DOO�SDLUV�
RI� VLJQDOV�� XVXDOO\� WKURXJK� WKH� VSHFWUDO� FRKHUHQFH� RU�
WKH�3KDVH�/RFNLQJ�9DOXH�>�@��
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7KH�SDWLHQW� VWD\V� LQ� WKH� KRVSLWDO� IRU� VHYHUDO� GD\V�

ZLWK� HOHFWURGHV� LPSOHPHQWHG� LQ� WKH� EUDLQ� WR� UHFRUG�
PXOWLSOH�HSLOHSWLF�VHL]XUHV��6LQFH�WKH�QXPEHU�RI�)&�WR�
EH�VWXGLHG�LV�TXDGUDWLF�ZLWK�WKH�QXPEHU�RI�HOHFWURGHV��
WKH� DQDO\VHV� RI� WKHVH� )&� EHFRPH� FRPSOLFDWHG� DQG�
WLPH�FRQVXPLQJ�� +HQFH�� WKHUH� LV� D� QHHG� LQ� WKH�
HSLOHSWRORJLF�FRPPXQLW\�WR�XVH�DXWRPDWLF�PHWKRGV�WR�
H[WUDFW�WKH�)&�G\QDPLF�JOREDO�WR�DOO�VHL]XUHV��

6LQFH�WKH�VWDJHV�RI�VHL]XUHV�GLVWLQJXLVK�WKHPVHOYHV�
E\�VLPLODU�HYROXWLRQ�RI�)&�SDWWHUQV��EXW�ZLWK�SRVVLEO\�
GLIIHUHQW�WHPSRUDO�DFWLYDWLRQ��WKH�MRLQW�DQDO\VLV�RI�WKHVH�
UHFRUGV�VKRXOG�HDVH�WKH�LGHQWLILFDWLRQ�RI�G\QDPLFDO�)&�
SDWWHUQV� FRPPRQ� WR� DOO� VHL]XUHV� EXW� ZLWK� VSHFLILF�
WHPSRUDO�DFWLYDWLRQ�IRU�HDFK�VHL]XUH��
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/HW�N�EH�WKH�QXPEHU�RI�UHFRUGHG�VHL]XUHV�DQG�X(n)�
WKH�)&�PHDVXUHV�DORQJ�WLPH�IRU�WKH�QWK�VHL]XUH��X(n) LV�
RI�GLPHQVLRQ�I
T(n),�ZLWK�I�WKH�QXPEHU�RI�)&�DQG�T(n) 
WKH�QXPEHU�RI�WLPH�VDPSOHV��ZKLFK�FDQ�YDU\�IRU�HDFK�
VHL]XUH�n���

,Q�>�@��D�FRQVWUDLQHG�WHQVRU�GHFRPSRVLWLRQ�PHWKRG�
LV� XVHG� WR� LQIHU� )&�SDWWHUQV� FRPPRQ� WR� DOO� VHL]XUHV��

+RZHYHU�� WKLV�PHWKRG�GRHV� QRW� H[KLELW� WKH� WHPSRUDO�
DFWLYDWLRQV� WR� HDFK� VHL]XUH��0RUHRYHU�� VHL]XUHV� WLPH�
VHULHV�PXVW� KDYH� WKH� VDPH� QXPEHU� RI� �T(n) = T� IRU��
DOO�n���ZKLFK�LV�VRPHWLPHV�LPSRVVLEOH��

7KH� XVXDO� WHQVRU� GHFRPSRVLWLRQ� WR� GHDO� ZLWK�
GXUDWLRQ� KHWHURJHQHLW\� DQG� SURGXFLQJ� D� WULDO�VSHFLILF�
DFWLYDWLRQ� PDWUL[� LV� 3DUDIDF�� >�@�� ZKLFK� DOORZV� WKH�
IROORZLQJ�DSSUR[LPDWLRQ��
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F�LV�WKH�SDWWHUQ�PDWUL[�RI�GLPHQVLRQ�I*K DQG�K�WKH�

QXPEHU�RI�)&�SDWWHUQ�LQ�WKH�VHL]XUH��V�Q��LV�WKH�WLPH�
DFWLYDWLRQ�PDWUL[� LV�RI�GLPHQVLRQ�7
.�DQG�D�Q�� LV�D�
GLDJRQDO�PDWUL[�FKDUDFWHULVLQJ�WKH�FRQWULEXWLRQ�RI�HDFK�
SDWWHUQ� LQ� WKH� VHL]XUH�� 7KH� SULQFLSDO� GHIDXOW� RI� WKLV�
GHFRPSRVLWLRQ� LV� WKH� GLIILFXOW\� WR� DGG� VWUXFWXUDO�
FRQVWUDLQWV�RQ�PDWULFHV�F DQG�V�Q��VLPXOWDQHRXVO\��WR�
JHW�LQWHUSUHWDEOH�UHVXOWV��
�
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:H� SURSRVH� D� PRGLILFDWLRQ� RI� WKH� 3DUDIDF��
SUREOHP��)LUVW��D�VSDUVH�UHJXODUL]DWLRQ�RQ�F LV�DGGHG��
WKLV�LV�LPSRUWDQW�LQ�WKH�FRQWH[W�RI�HSLOHSWLF�GDWD�ZKHUH�
D�ODUJH�QXPEHU�RI�)&�PHDVXUHPHQWV�FDQ�EH�SDVVLYHO\�
LPSOLHG�LQ�D�QHXURORJLFDO�SURFHVV��GXULQJ�WKH�GLVFKDUJH�
RI�WKH�VHL]XUH��IRU�H[DPSOH���6HFRQGO\��D�)XVHG�ODVVR�
FRQVWUDLQW� LV� LPSRVHG�RQ� WKH� FROXPQV�RI�V�Q���QRWHG�
v�Q��N��WR�JHW�IHZ�FRQVLVWHQW�DQG�LQWHUSUHWDEOH�WHPSRUDO�
DFWLYDWLRQ�IRU�HDFK�SDWWHUQ�LQ�DOO�VHL]XUHV��F DQG V�Q��
DUH� DOVR� LPSRVHG� WR� EH� QRQ�QHJDWLYH� VLQFH� )&� DUH�
JHQHUDOO\�SRVLWLYH�PHDVXUHV��7KXV��WKH�GHFRPSRVLWLRQ�
FRQVLVWV�WR�ILQG�PDWULFHV�V�Q��DQG�F PLQLPL]LQJ��
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:LWK� D��� E�� DQG� E�� K\SHUSDUDPHWHUV�� TV(.)� LV� WKH�
WRWDO�YDULDWLRQ�IXQFWLRQ��7KH�QRUPV�DUH�HQWU\ZLVH�DQG�
FRUUHVSRQG� WR� WKH� )UREHQLXV� DQG� WKH� ��QRUP�
UHVSHFWLYHO\��

+HUH�WKH�GLDJRQDO�PDWULFHV�D�Q��DUH�LPSRVHG�WR�EH�
LGHQWLW\�� ZKLFK� FRQVWLWXWHV� WKH� SULQFLSDO� GLIIHUHQFH�
ZLWK� WKH�3DUDIDF��PRGHO�� ,Q� DGGLWLRQ� WR� VLPSOLI\� WKH�
LPSOHPHQWDWLRQ�� LGHQWLW\� PDWULFHV� D�Q�� SURPSWV� WR�
UHYHDO�RQO\�)&�SDWWHUQV�FRQWULEXWLQJ�LQ�HDFK�VHL]XUH��

7KH� DOJRULWKP� RI� RXU� SURSRVHG� GHFRPSRVLWLRQ�
FRQVLVWV� WR� DOWHUQDWH� WZR� VWHSV�� ILUVW� ZH� IL[� DQG�
FRQFDWHQDWH�PDWULFHV�V�Q��� DQG� D� ODVVR� UHJUHVVLRQ� LV�
GRQH� WR� HVWLPDWH�F�� 7KHQ� NQRZLQJ�F,� D� FRQVWUDLQHG�
UHJUHVVLRQ�IRU�HDFK�VHL]XUH�HVWLPDWHV�WKH�PDWULFHV�V�Q�. 
:H�FDQ�VKRZ�WKDW�WKLV�SURFHGXUH�HQVXUHV�FRQYHUJHQFH�
RI�WKH�ORVV�IXQFWLRQ��
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:H�XVH�WKH�VDPH�GDWDVHW�DV�LQ�>�@��LW�FRQVLVWV�RI�IRXU�
)&�PHDVXUHV�X�Q���1� �����FRPSXWHG�HPSOR\LQJ�3KDVH�
/RFNLQJ� YDOXH� IURP� L((*� UHFRUGLQJ� RI� GLIIHUHQW�
VHL]XUHV�RI�WKH�VDPH�SDWLHQW��UHDG�>�@�IRU�PRUH�GHWDLOV���

+HUH�� T(n) = T� IRU� DOO� n EHFDXVH� WKH� WHPSRUDO�
DFWLYDWLRQV�RI�HDFK�)&�SDWWHUQ�DUH�VLPLODU�WKURXJK�DOO�
VHL]XUHV�� ZKLFK� LV� DQ� HVVHQWLDO� FRQGLWLRQ� WR� XVH� WKH�
PHWKRGRORJ\� IURP� >�@�� :H� H[SHFW� WKH� SURSRVHG�
GHFRPSRVLWLRQ�WR�SURGXFH�VLPLODU�)&�SDWWHUQV�DV�LQ�>�@��
DQG� LQ� DGGLWLRQ� VSHFLILF� DQG� FRKHUHQW� WHPSRUDO�
DFWLYDWLRQ�IRU�HDFK�VHL]XUHV��
�
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)URP�PDWULFHV�X�Q���ZH�FRPSXWH�WKH�)&�SDWWHUQV�F 
DQG�WKHLU�WHPSRUDO�DFWLYDWLRQV�V�Q��XVLQJ�WKH�SURSRVHG�
GHFRPSRVLWLRQ��:H�HPSLULFDOO\�IL[�.� ���SDWWHUQV��DQG�
D�� ����E�� ���DQG�E�� ����)LJ����VKRZV�WKH�WHPSRUDO�
DFWLYDWLRQ�SURILOH�RI�HDFK�)&�SDWWHUQV�IRU�DOO�VHL]XUHV��
)RU�HDFK�VHL]XUH��SDWWHUQV�DFWLYDWH� LQ� WKH�VDPH�RUGHU��
VKRZLQJ�D�VXFFHVVLRQ�RI�WHPSRUDOO\�FRKHUHQW�VWDWHV��

)LJ�� �� VKRZV� WKH� SRVLWLRQ� RI� WKH� ��� HOHFWURGHV�
SURMHFWHG� RQ� WKH� WUDQVYHUVH� SODQH� �DFFRUGLQJ� WR� WKH�
7DLODUDFK�FRRUGLQDWH���)RU�HDFK�SDWWHUQ��WKH�)&�i VXFK�
WKDW�Fik !��� LV� GLVSOD\HG�E\� D� OLQN�EHWZHHQ� LQYROYHG�
SDLUV� RI� HOHFWURGHV�� :H� UHFRYHU� )&� SDWWHUQV� YHU\�
VLPLODU�WR�WKH�IRXU�SDWWHUQV�IRXQG�LQ�>�@��ZH�DOVR�ILQG�
DQRWKHU� SDWWHUQ� �N�  � ���� ZKLFK� JLYHV� VXSSOHPHQWDU\�
LQIRUPDWLRQ�RQ�WKH�VHL]XUH�G\QDPLF��
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)LJ�����7HPSRUDO�DFWLYDWLRQ�PDWULFHV�V�Q��IRU�WKH�IRXU�VWXGLHG�VHL]XUHV��
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)LJ�����)LYH�FRPPRQ�SDWWHUQV�F�N��)&�i�LV�GLVSOD\HG�DV�D�OLQN�ZKHQ�FLN�!���
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,Q�WKLV�ZRUN��ZH�SURSRVH�D�PHWKRG�GHFRPSRVLQJ�D�
PXOWL�WULDO� G\QDPLF� JUDSK�RI� IXQFWLRQDO� FRQQHFWLYLW\��
ZLWK�SRWHQWLDO�GXUDWLRQ�KHWHURJHQHLW\��7KH�DSSOLFDWLRQ�
RI�RXU�PHWKRG�RQ�L((*�UHFRUGLQJ�UHYHDOV�WKH�SDWWHUQV�
FRPPRQ� WR� DOO� VHL]XUHV�� DQG� LGHQWLILHV� WKHLU� VSHFLILF�
WHPSRUDO�DFWLYDWLRQ�UHOHYDQW�WR�HDFK�VHL]XUH��
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7KLV�ZRUN�ZDV� VXSSRUWHG� E\� WKH�$15����&(���
����� *5$3+6,3� JUDQW�� DQG� E\� WKH� $&$'(0,&6�
JUDQW�RI�WKH�,'(;/<21��SURMHFW�RI�WKH�8QLYHUVLWp�GH�
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