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,Q� WKLV� SDSHU�� ZH� GHVFULEH� WKH�'LVWULEXWHG�'LVSDWFKHU�0DQDJHU�
�''0���D�V\VWHP�IRU�PDQDJLQJ� ODUJH�FROOHFWLRQV�RI�G\QDPLFDOO\�
FKDQJLQJ�WDVNV���:H�DVVXPH�WKDW�WDVNV�DUH�GLVWULEXWHG�RYHU�ODUJH�
JHRJUDSKLF� DUHDV� DQG� WKDW� WHDPV� FRQVLVW�RI�YHU\� ODUJH�JURXSV�RI�
PRELOH� DQG� FRRSHUDWLYH�DJHQWV�ZKLFK�KDYH�GLUHFW�DFFHVV� WR�RQO\�
ORFDO� LQIRUPDWLRQ� DERXW� WKHLU� LPPHGLDWH� HQYLURQPHQW�� ''0�
RUJDQL]HV� WHDPV� KLHUDUFKLFDOO\� DQG� DGGUHVVHV� WKUHH� LPSRUWDQW�
LVVXHV�WKDW�DUH�SUHUHTXLVLWHV�IRU�VXFFHVV�LQ�VXFK�GRPDLQV���L��KRZ�
WKH� DJHQWV� VKRXOG� EH� GLVWULEXWHG� RYHU� WKH� DUHD�� �LL�� KRZ� DJHQWV�
VKRXOG� SURFHVV� � ORFDO� LQIRUPDWLRQ�� GHULYHG� IURP� SRVVLEO\� QRLV\�
VHQVRUV�� WR� SURYLGH� D� SDUWLDO� VROXWLRQ� WR� QHDUE\� WDVNV�� DQG� �LLL��
KRZ�SDUWLDO�VROXWLRQV�VKRXOG�EH�LQWHJUDWHG�LQWR�D�JOREDO�VROXWLRQ���
''0¶V� FRQWULEXWLRQV� LQFOXGH�� ���� UHDOWLPH� SURFHVVHV� IRU�
FRPELQLQJ�SDUWLDO�UHVXOWV�WR�IRUP�DQ�DFFXUDWH�JOREDO�VROXWLRQ������
LQFUHDVHG�V\VWHP�IDXOW�WROHUDQFH��DQG�����VFDODELOLW\�WR�YHU\�ODUJH�
WDVN� DQG� DJHQW� SUREOHP� GRPDLQV�� :H� GHVFULEH� H[WHQVLYH�
H[SHULPHQWDWLRQ�LQ�D�VLPXODWHG�GRPDLQ�
�
&RQWHQW� DUHDV�� &RRUGLQDWLQJ� PXOWL�DJHQWV� DQG� DFWLYLWLHV��
JURXS� DQG� RUJDQL]DWLRQDO� G\QDPLFV�� VFDODELOLW\� DQG� FRPSOH[LW\�
LVVXHV��

��� ,QWURGXFWLRQ�
7KLV� SDSHU� FRQVLGHUV� WKH�SUREOHP�RI�PDQDJLQJ� ODUJH�FROOHFWLRQV�
RI�G\QDPLFDOO\�FKDQJLQJ�WDVNV���GLVWULEXWHG�RYHU�ODUJH�JHRJUDSKLF�
DUHDV�� E\� YHU\� ODUJH� WHDPV� RI� PRELOH� DQG� FRRSHUDWLYH� DJHQWV�
ZKLFK� KDYH� GLUHFW� DFFHVV� WR� RQO\� ORFDO� � LQIRUPDWLRQ� DERXW� WKHLU�
LPPHGLDWH� HQYLURQPHQW�� � :H� DUH� SDUWLFXODUO\� LQWHUHVWHG� LQ�
SUREOHP� GRPDLQV� LQ� ZKLFK� VFDODELOLW\�� IDXOW� WROHUDQFH� DQG� UHDO�
WLPH� EHKDYLRU� DUH� D� FHQWUDO� FRQFHUQ��7KHUH�DUH�VHYHUDO�GRPDLQV�
ZKHUH� VXFK� SUREOHPV� DULVH�� VDWHOOLWHV� WKDW� DUH� WDVNHG� WR� IRUP� D�
JHQHUDO�SLFWXUH�RI�D�ODUJH�DUHD��VDWHOOLWHV�WKDW�IRUP�ZHDWKHU�PDSV��
DJHQWV�WKDW�FRQWURO�DLU�SROOXWLRQ�RU�RFHDQ�SROOXWLRQ���VHQVRU�ZHEV�
WKDW�PRQLWRU�JHRJUDSKLF�DUHDV�IRU�SDVVLQJ�DLUFUDIW��DQG�XQPDQQHG�
DLU� DQG� JURXQG� YHKLFOHV� WKDW� PXVW� EH� MRLQWO\� WDVNHG� RQ�
VXUYHLOODQFH�PLVVLRQV��,Q�VXFK�GRPDLQV��WKHUH�DUH�WKUHH�LPSRUWDQW�
LVVXHV�WKDW�UHSUHVHQW�SUHUHTXLVLWHV�IRU�VXFFHVV���L��KRZ�WKH�DJHQWV�
VKRXOG� EH� GLVWULEXWHG� RYHU� WKH� DUHD�� �LL�� KRZ� DJHQWV� VKRXOG�
SURFHVV� � ORFDO� LQIRUPDWLRQ��GHULYHG� IURP�SRVVLEO\�QRLV\�VHQVRUV��
WR�SURYLGH�D�SDUWLDO�VROXWLRQ�WR�QHDUE\�WDVNV��DQG��LLL��KRZ�SDUWLDO�
VROXWLRQV�VKRXOG�EH�LQWHJUDWHG�LQWR�D�JOREDO�VROXWLRQ��
�������������������������������������������������������������

� 7KLV� ZRUN� ZDV� VXSSRUWHG� E\� '$53$� FRQWUDFW� )���������&�
����� DQG� 16)� JUDQW� ��������� � 7KH� VHFRQG� DXWKRU� LV� DOVR�
DIILOLDWHG�ZLWK�80,$&6��

�
:H�GHVFULEH�WKH�'LVWULEXWHG�'LVSDWFKHU�0RGHO��''0���DQ�DJHQW�
EDVHG� FRPSXWDWLRQDO� PRGHO� RI� VHPL�FHQWUDOL]HG� WDVN� DOORFDWLRQ��
''0� LV� GHVLJQHG� IRU� HIILFLHQW� FRRUGLQDWHG� WDVN� DOORFDWLRQ� LQ�
V\VWHPV�FRQVLVWLQJ�RI�KXQGUHGV�RI�DJHQWV� �UHVRXUFHV��� WKH�PRGHO�
PDNHV� XVH� RI� KLHUDUFKLFDO� FRDOLWLRQ� IRUPDWLRQ� WR� UHVWULFW� WKH�
GHJUHH� RI� FRPPXQLFDWLRQ� EHWZHHQ� DJHQWV� QHFHVVDU\� IRU�
FRRUGLQDWLRQ�� 2XU� PDLQ� FRQWULEXWLRQ� LV� WKUHHIROG�� � )LUVW�� WKH�
KLHUDUFKLFDO� WHDP� RUJDQL]DWLRQ� VXSSRUWV� SURFHVVHV� IRU� YHU\�
TXLFNO\� FRPELQLQJ� SDUWLDO� UHVXOWV� WR� IRUP� DQ� DFFXUDWH� JOREDO�
VROXWLRQ�� �(DFK� OHYHO�QDUURZV� WKH�XQFHUWDLQW\�DERXW� WKH�VROXWLRQ�
EDVHG� RQ� WKH� GDWD� REWDLQHG� IURP� ORZHU� OHYHOV�� � � $� VHFRQG�
FRQWULEXWLRQ� RI� RXU� ZRUN� LV� WKH� XVH� RI� KLHUDUFKLFDO� WHDP�
RUJDQL]DWLRQ� WR� LQFUHDVH� V\VWHP� IDXOW� WROHUDQFH�� � :H� SURYLGH� D�
PHFKDQLVP� WKURXJK� ZKLFK� GLVDEOHG� DJHQWV� FDQ� EH� UHSODFHG�
HIILFLHQWO\�E\�RWKHU�DJHQWV�LQ�WKH�KLHUDUFK\���$�ILQDO�EHQHILW�RI�WKH�
KLHUDUFKLFDO� WHDP� RUJDQL]DWLRQ� LV� VFDODELOLW\� WR� YHU\� ODUJH� WDVN�
DQG�DJHQW�SUREOHP�GRPDLQV��
7R�PRWLYDWH�DQG�WHVW�WKH�PRGHO��ZH�GUDZ�RQ�D�FKDOOHQJH�SUREOHP�
WDNHQ�IURP�WKH�'$53$�$XWRQRPRXV�1HJRWLDWLQJ�7HDPV��$176��
SURJUDP�� � 7KH� $176� FKDOOHQJH� SUREOHP� LV� D� FRPPDQG� DQG�
FRQWURO� SUREOHP� LQ� ZKLFK� VHQVLQJ� DJHQWV� PXVW� EH� DOORFDWHG� WR�
PRYLQJ� WDUJHWV� �WDVNV�� LQ� D� GLVWULEXWHG� DQG� UHDO� WLPH� IDVKLRQ��
7DUJHWV� PXVW� EH� ORFDWHG� UHOLDEO\� DQG� UHVRXUFH� DOORFDWLRQV�PXVW�
DFKLHYH� JRRG� FRYHUDJH� RI� WKH� FRQWUROOHG� DUHD�� � ,Q� WKLV� GRPDLQ��
WDVNV� YDU\� ZLWK� WLPH�� LW� LV� WKHUHIRUH� LPSRUWDQW� IRU� WKH� DJHQW�
V\VWHP�WR�DFTXLUH�DFFXUDWH�WDVN�LQIRUPDWLRQ�RYHU�WLPH��D�SURFHVV�
ZKLFK�ZH�UHIHU�WR�DV�IRUPLQJ�DQ�LQIRUPDWLRQ�QHW���:LWK�UHVSHFW�WR�
WKH�LVVXHV�PHQWLRQHG�DERYH��ZH�ZLOO�IRFXV�RQ�WKH�VHFRQG�DQG�WKH�
WKLUG� LVVXHV�� )RU� UHDVRQV� RI� VSDFH� ZH� GR� QRW� GHVFULEH� WKH�
DOJRULWKP�ZH�HPSOR\� IRU�G\QDPLF� WDVN�DOORFDWLRQ��:H�SUHVHQW�D�
GRPDLQ� VSHFLILF� VROXWLRQ� WKDW� IDFLOLWDWHV� WKH� SURFHVVLQJ� RI� ORFDO�
DQG� QRLV\� LQIRUPDWLRQ� DYDLODEOH� WR� HDFK� VHQVLQJ� DJHQW�� 2XU�
PHWKRGV� IRU� WKH� LQWHJUDWLRQ� RI� WKH� DJHQWV¶� SDUWLDO� VROXWLRQV� DUH�
JHQHUDO�DQG�FDQ�EH�DSSOLHG�LQ�RWKHU�GRPDLQV��

��� 7KH�$QWV�&KDOOHQJH�3UREOHP�
7KH� $176� SUREOHP� PDNHV� XVH� RI� 'RSSOHU� VHQVRUV� WR� IRUP� DQ�
LQIRUPDWLRQ� QHW� RI� WDUJHWV� LQ� D� FRQWUROOHG� DUHD� DV� D� IXQFWLRQ� RI�
WLPH�� HDFK� 'RSSOHU� VHQVRU� KDV� D� ZLGH� EHDP� ���� GHJUHHV�� $�
'RSSOHU�VHQVRU�LV�D�UDGDU��EDVHG�RQ�WKH�'RSSOHU�HIIHFW��'XH�WR�LWV�
QDWXUH� 'RSSOHU� VHQVRUV� PD\� SURYLGH� LQIRUPDWLRQ� RQO\� DERXW�
HLWKHU� DQ� DUF� WKDW� WKH� GHWHFWHG� WDUJHW�PD\� EH� ORFDWHG� RQ� RU� WKH�
YHORFLW\�WRZDUGV�WKH�VHQVRU��WKDW�LV��WKH�UDGLDO�YHORFLW\���*LYHQ�D�
VLQJOH� 'RSSOHU� PHDVXUHPHQW�� RQH� FDQQRW� HVWDEOLVK� WKH� H[DFW�
ORFDWLRQ�RI�D�WDUJHW�DQG�LWV�H[DFW�YHORFLW\���

7UDFNLQJ�1XPEHU�������



2QH�ZD\�WR�HVWDEOLVK�WKH�H[DFW�ORFDWLRQ�DQG�YHORFLW\�RI�D�VHQVHG�
WDUJHW� XVLQJ�'RSSOHU� VHQVRUV� LV� WR� XVH� WKUHH�'RSSOHU�VHQVRUV�DW�
WKH�VDPH�WLPH�DQG�LQWHUVHFW�WKH�UHVXOWLQJ�DUFV�RI�HDFK��>������7KH�
LQWHUVHFWLRQ�SRLQW� UHSUHVHQWV� WKH� ORFDWLRQ�RI� WKH� WDUJHW�ZKLOH�WKH�
YHORFLW\�PD\�EH�GHULYHG� IURP�D�JHRPHWULF�YHFWRU�DQDO\VLV�RI�WKH�
WKUHH� UDGLDO� YHORFLW\� YHFWRUV�� 7KH� UHVXOWV� RI� WKLV� PHWKRG� DUH�
DFFXUDWH� DQG� IDVW�� +RZHYHU�� DORQJVLGH� WKHVH� EHQHILWV� DUH� VRPH�
GUDZEDFNV��7KH�LQWHUVHFWLRQ�PHWKRG�GHSHQGV�RQ�WKH�FRRUGLQDWHG�
DFWLRQ� RI� WKUHH� 'RSSOHU� VHQVRUV� WR� VLPXOWDQHRXVO\� VDPSOH� WKH�
WDUJHW�� 6XFK� FRRUGLQDWLRQ� UHTXLUHV� JRRG� V\QFKURQL]DWLRQ� RI� WKH�
FORFNV� RI� WKH� VHQVRUV� DQG� WKHUHIRUH� FRPPXQLFDWLRQ� DPRQJ� WKH�
'RSSOHU�DJHQWV�WR�JDLQ�WKDW�V\QFKURQL]DWLRQ���
:H�KDYH�GHYHORSHG�DQRWKHU�PHWKRG�PHWKRG�LQYROYLQJ�VHTXHQWLDO�
PHDVXUHPHQW�VDPSOLQJ�E\�D�VLQJOH�'RSSOHU�UDGDU�WR�FRPSXWH�WKH�
ORFDWLRQ� DQG� YHORFLW\� RI� WDUJHWV�� 7KH� VLQJOH� 'RSSOHU� UHWULHYHV�
VHYHUDO� SDLUV� RI� ORFDWLRQ� DQG� YHORFLW\� PHDVXUHPHQWV�� � 7KLV�
PHWKRG�UHTXLUHV�OHVV�IUHTXHQW�V\QFKURQL]DWLRQ�DPRQJ�VHQVRUV�DQG�
IHZHU� 'RSSOHU� VHQVRUV� WR� DFTXLUH� DQ� LQIRUPDWLRQ� PDS�� � 7KLV�
PHWKRG� DOVR� KDV� D� GHVLUDEOH� IDXOW� WROHUDQW� SURSHUW\�� LW� GRHV� QRW�
UHO\�RQ�D�VSHFLI\�FRPELQDWLRQ�RI�VHQVRUV�WR�GHWHUPLQH�WKH�WDUJHW¶V�
VWDWH�� � 6LQFH� VHQVRUV� FDQ� HVWLPDWH� ORFDWLRQ� DQG� YHORFLW\�
PHDVXUHPHQWV� RQ� WKHLU� RZQ�� WKLV� PHWKRG� DOORZV� DJHQWV� WR� EH�
PRELOH��WKHUHE\�LQFUHDVLQJ�WKH�FRYHUDJH�RI�D�FRQWUROOHG�DUHD����
��� 7KH�''0�PRGHO��
�
,Q� ''0�� FHQWHUV� DUH� RUJDQL]HG� KLHUDUFKLFDOO\� DQG� HDFK� LV�
DVVRFLDWHG�ZLWK� D� SDUWLFXODU� JHRJUDSKLF� DUHD�� �:H� UHIHU� WR� HDFK�
FHQWHU� DV� D� FRDOLWLRQ� OHDGHU�� 0RELOH� VHQVRUV� UHSRUW� WR� DQ�
LPPHGLDWH� FRDOLWLRQ� OHDGHU� WKDW� SDVVHV� WKH� LQIRUPDWLRQ� WR� LWV�
OHDGHU��(DFK� FRDOLWLRQ� OHDGHU� SDVVHV� GRZQ� LQVWUXFWLRQV� WR� GLUHFW�
VHQVRUV��:H�FRQVLGHU�VHYHUDO�''0�HQWLWLHV��
7KH� ILUVW� LV� D� WDUJHW� ZKLFK� KDV� WKH� SURSHUWLHV� RI� ORFDWLRQ� DQG�
YHORFLW\�� � :H� DVVXPH� WKDW� WDUJHWV� JHQHUDOO\� PRYH� DW� D� VWHDG\�
VSHHG��KRZHYHU�WKH\�PD\�FKDQJH�WKHLU�YHORFLW\�IURP�WLPH�WR�WLPH��
7KH� VHFRQG� LV� D� VHQVLQJ� DJHQW� ZKLFK� DOVR� KDV� ORFDWLRQ� DQG�
YHORFLW\� SURSHUWLHV�� �$� IL[HG� QXPEHU� RI�'RSSOHU�VHQVLQJ�DJHQWV�
DUH� DYDLODEOH� WR� WUDFN� WDUJHWV� LQ� WKH� FRQWUROOHG� DUHD��7KH�DJHQWV�
XVHV�DQ�LQWHUQDO�FORFN�WR�WDJ�HDFK�PHDVXUHPHQW�ZLWK�D�WLPH��7KH�
FORFNV� LQ� WKH� V\VWHP� QHHG� RQO\� EH� V\QFKURQL]HG� RFFDVLRQDOO\��
DOWKRXJK�WKLV�FDQ��UHVXOW�LQ�VPDOO�GLIIHUHQFHV�EHWZHHQ�WKH�FORFNV��
WKH�V\VWHP�FDQ�GHDO�DGHTXDWHO\�ZLWK�VXFK�YDULDWLRQV��
'RSSOHU� UDGDUV� DUH� EDVHG� RQ� WKH� 'RSSOHU� SKHQRPHQRQ�� WKH�
UHODWLYH�PRWLRQ� RI� D� VRXUFH� DQG� D� GHWHFWRU� DIIHFWV� WKH� REVHUYHG�
IUHTXHQF\�RI�OLJKW�RU�VRXQG�FRPLQJ�IURP�WKH�VRXUFH�>��@��>�@��>�@��
>�@�� $� 'RSSOHU� VHQVRU� PHDVXUHV� WKH� DPSOLWXGH� DQG� UHODWLYH�
YHORFLW\�RI�D�WDUJHW�DV�D�UHVXOW�RI�WKH�IUHTXHQF\�FKDQJH��7KH�ILHOG�
RI� GHWHFWLRQ� GHSHQGV� RQ� WKH� FKDUDFWHULVWLFV� RI� WKH� SDUWLFXODU�
VHQVRU�� ,Q� RXU� HQYLURQPHQW�� JLYHQ� DQ� DPSOLWXGH� IRU�D� WDUJHW� WKH�
WDUJHW�FDQ�EH�ORFDWHG�DORQJ�WKH�OLQH�UHSUHVHQWHG�E\�>�@��
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� � � ZKHUH�� IRU� HDFK� VHQVHG�

WDUJHW��L�� L5 �LV�WKH�GLVWDQFH�EHWZHHQ�WKH�VHQVRU�DQG� L �� LT �LV�WKH�
DQJOH�EHWZHHQ�WKH�VHQVRU�DQG� L �� L$ �LV�WKH�PHDVXUHG�DPSOLWXGH�

RI L �� D � LV� WKH� VHQVRU� EHDP� DQJOH�� DQG� N � DQG� V � DUH�
FKDUDFWHULVWLFV� RI� WKH� VHQVRUV� DQG� LQIOXHQFH� WKH� VKDSH� RI� WKH�
VHQVRU�GHWHFWLQJ�DUHD��
(DFK� VHQVLQJ� DJHQW¶V�'RSSOHU� UDGDU� LV� GLYLGHG� LQWR� WKUHH� ���� �
VHFWRUV�� (DFK� DJHQW� LV�PRELOH� DQG� FDSDEOH� RI� URWDWLQJ� DORQJ� LWV�
PDLQ� SLYRW�� � :H� XVH� WKH� VHQVLQJ� DJHQW� WR� UHFHLYH� LQIRUPDWLRQ�
DERXW�WDUJHWV�LQ�WKH�IRUP�RI�UDZ�VHQVHG�GDWD��
'HILQLWLRQ����5DZ�VHQVHG�GDWD�LV�UHSUHVHQWHG�DV�WULSOH����W� $ �� U9 �
!�ZKHUH�$�LV�WKH�VHQVHG�DPSOLWXGH�� U9 �LV�WKH�YHORFLW\�WRZDUGV�
WKH�VHQVRU��DQG�W�LV�WKH�WLPH�WKH�PHDVXUHPHQW�ZDV�WDNHQ��>�@�
7KH� WKLUG�SDUWLFLSDWLQJ�HQWLW\� LQ� WKH�''0�PRGHO�LV�WKH�VDPSOHU�
DJHQW�� 7R� HYHU\� VHQVLQJ� DJHQW� ZH� DWWDFK� D� VDPSOHU� DJHQW�� 7KH�
VDPSOHU�DJHQW� UHTXHVWV� UDZ�VHQVHG�GDWD� IURP�WKH�VHQVLQJ�DJHQW��
7KH� VDPSOHU� DJHQW� WKHQ� FRPSXWHV� WKH� SRVVLEOH� VWDWHV� IRU� HDFK�
VHQVHG�WDUJHW�DFFRUGLQJ�WR�WKH�UDZ�VHQVHG�GDWD��7DUJHW�VWDWHV�DUH�
SURGXFHG�XVLQJ�1 �FRQVHFXWLYH�PHDVXUHPHQWV��
'HILQLWLRQ� �� � 7KH� WDVN� VWDWH� LV� D� VHW� RI� GRPDLQ� RULHQWHG�
FKDUDFWHULVWLFV� UHSUHVHQWLQJ�WKH�VWDWH�RI�D�WDVN�DW�WLPH�7���,Q�RXU�
GRPDL�� ZH�ZLOO� DVVRFLDWH� D� WDVN� VWDWH�ZLWK� WKH� VWDWH� RI� D� WDUWHW���
7KH�SDLU���'U ��9Y�!�UHSUHVHQWV�WKH�WDUJHW�VWDWH��ZKHUH�'U �DQG�9Y�
DUH� YHFWRUV� UHSUHVHQWLQJ� SRVVLEOH� ORFDWLRQV� DQG� YHORFLWLHV� RI� D�
WDUJHW�DW�D�SDUWLFXODU�WLPH��
'HILQLWLRQ����7KH�VHQVLQJ�DJHQW�VWDWH�UHSUHVHQWV�WKH�VWDWH�RI�WKH�
VHQVRU� DW� WKH� WLPH� WKH� UDZ� VHQVHG� GDWD� LV� JDWKHUHG�� � ,Q� RXU�
GRPDLQ�� WKH�VHQVLQJ�DJHQW�VWDWH� LV� UHSUHVHQWHG�E\� WKH� WULSOH���W��
'U ��2� !� ZKHUH� W� LV� WKH� VHQVLQJ� WLPH�� 'U LV� WKH� ORFDWLRQ� RI� WKH�
VHQVRU�DQG�2�LV�WKH�RULHQWDWLRQ�RI�WKH�VHQVRU��
(YHU\� VHQVHG� WDVN�PD\� EH�DVVRFLDWHG�ZLWK�VHYHUDO�SRVVLEOH� WDVN�
VWDWHV�GHULYHG� IURP�WKH�VDPH�UDZ�VHQVHG�GDWD��$OO�SRVVLEOH�WDVN�
VWDWHV�DUH�FRPELQHG�ZLWK�WKH�VHQVRU�WR�IRUP�D�FDSVXOH��
'HILQLWLRQ�����$�FDSVXOH����6HQVLQJ�DJHQW�VWDWH��^7DVN�VWDWH��«��
7DVN�VWDWH1�`!����LV�D�VHW�RI�WDVN�VWDWHV�FRUUHVSRQGLQJ�WR�D�JLYHQ�
VHQVLQJ�DJHQW�VWDWH��$�FDSVXOH�UHSUHVHQWV�D�IHZ�SRVVLEOH�VWDWHV�RI�
D�WDVN��DW�WLPH�W�DV�PHDVXUHG�E\�WKH�VHQVRU�LQ�D�JLYHQ�VWDWH��
7KH� IRXUWK� HQWLW\� LV� WKH� FRDOLWLRQ� OHDGHU� DJHQW�� 7KH� FRDOLWLRQ�
OHDGHU�DJHQW�FRQWUROV�D�FHUWDLQ�DUHD��(DFK�KLJKHU�OHYHO�FRQWUROV�D�
ODUJHU�DUHD��:H�ZLOO�UHIHU�WKH�FRQWUROOHG�DUHD�DV�D�]RQH����
:H� GLVWLQJXLVK� EHWZHHQ� WZR� W\SHV� RI� FRDOLWLRQ� OHDGHU� DJHQWV�� D�
]RQH�FRDOLWLRQ�OHDGHU�DJHQW�DQG�D�VDPSOHU�FRDOLWLRQ�OHDGHU�DJHQW��
:KLOH� WKH� ]RQH� FRDOLWLRQ� OHDGHU� FRQWUROV� RWKHU� FRDOLWLRQ� OHDGHUV�
WKH� VDPSOHU� FRDOLWLRQ� OHDGHU� FRQWUROV� WKH� EHKDYLRU� RI� D� VHW� RI�
VDPSOHU� DJHQWV� LQ� LWV� FRQWUROOHG� ]RQH�� 7KH� PDLQ� JRDO� RI� ERWK�
W\SHV�LV�WR�REWDLQ�LQIRUPDWLRQ�DERXW�WDVNV�LQ�LWV�FRQWUROOHG�DUHD��
$QRWKHU�LPSRUWDQW�UROH�RI�WKH�]RQH�FRDOLWLRQ�OHDGHU�LV�WR�EDODQFH�
WKH� QXPEHU� RI� VHQVLQJ� DJHQWV� LQ� LWV� DUHD�� 7KH�PDLQ� GLIIHUHQFH�
EHWZHHQ� D� ]RQH� FRDOLWLRQ� OHDGHU� DJHQW� DQG� D� VDPSOHU� FRDOLWLRQ�
OHDGHU�DJHQW�LV�WKDW�WKH�ILUVW�LV�UHVSRQVLEOH�IRU�DQ�DUHD�FRPELQHG�
RXW�RI�GLIIHUHQW�]RQHV�ZKLOH� WKH� ODWWHU�LV�GLUHFWO\�UHVSRQVLEOH�IRU�
WKH�EHKDYLRU�RI�WKH�VHQVLQJ�DJHQWV�LQ�D�VSHFLILF�]RQH��7KHUHIRUH��
PDQ\�RI�WKH�]RQH�FRDOLWLRQ�OHDGHUV�PD\�EH�LQ�FKDUJH�RI�RWKHU�]RQH�
FRDOLWLRQ� OHDGHUV� DW� D� ORZHU� OHYHO�� 7KH� ORZHU� ]RQH� FRDOLWLRQ�
OHDGHUV�DUH�LQ�WXUQ�LQ�FKDUJH�RI�VDPSOHU�FRDOLWLRQ�OHDGHUV���



:H�GR�QRW�GLVWLQJXLVK�EHWZHHQ�WKH�WZR�W\SHV�RI�FRDOLWLRQ�OHDGHUV�
ZKHQ�ZH�DSSO\�WKH�DOJRULWKP�RI�LQIRUPDWLRQ�QHW�IRUPDWLRQ�LQ�WKH�
WRS�OHYHO� FRDOLWLRQ� OHDGHU�� +RZHYHU�� WKH� FRQWURO� DOJRULWKPV� IRU�
]RQH� FRDOLWLRQ� OHDGHUV� DQG� VDPSOHU� FRDOLWLRQ� DUH� GLIIHUHQW��
:KHUHDV�WKH�]RQH�FRDOLWLRQ�OHDGHU�VKRXOG�EDODQFH�WKH�QXPEHU�RI�
VHQVLQJ� DJHQWV� EHWZHHQ� ]RQHV� DQG� VKRXOG� GHFLGH� KRZ� PDQ\�
VKRXOG� SDVV� IURP� RQH� ]RQH� WR� DQRWKHU�� WKH� VDPSOHU� FRDOLWLRQ�
OHDGHU� VKRXOG� IROORZ� RUGHUV� IURP� LWV� VXSHULRU� ]RQH� FRDOLWLRQ�
OHDGHU� DQG� GHFLGH� ZKLFK� VHQVLQJ� DJHQW� WR� SDVV� DQG� KRZ� WR� GR�
WKLV�� � 6DPSOHU� FRDOLWLRQ� OHDGHU� VKRXOG� DOVR� GLUHFW� WKH� VHQVLQJ�
DJHQWV�LQ�WKH�]RQH�WKDW�LW�LV�LQ�FKDUJH�RI���:H�ZLOO�QRW�GLVFXVV�WKH��
ODWWHU�VDPSOHU�UROH�IXUWKHU�LQ�WKLV�SDSHU��
7KH� ''0� GHVLJQ� KDV� LPSRUWDQW� IDXOW� WROHUDQW� SURSHUWLHV�� � $�
VDPSOHU�DJHQW�FDQ�FDOFXODWH�SRVVLEOH�VWDWHV�RI�D�WDVN�ZLWKRXW�WKH�
QHHG� RI� DQRWKHU� DJHQW�� $� VDPSOHU� DJHQW� PD\� DOVR� DFTXLUH�
LQIRUPDWLRQ� DERXW� WKH� VDPH� WDVN� IURP� D� GLIIHUHQW� SRLQW� RI� YLHZ�
DQG� HVWDEOLVK� WKH� ULJKW� SDWK� IRU� WKH� WDVN�� � $V� ZH� XVH� PRUH�
VDPSOHU� DJHQWV� ZH� JDLQ� EHWWHU� SHUIRUPDQFHV�� +RZHYHU�� IRU� D�
ODUJH�QXPEHU�RI�VDPSOHU�DJHQWV�WKH�SHUIRUPDQFH�RI�WKH�V\VWHP�LV�
QRW� VLJQLILFDQWO\� DIIHFWHG� LI� VRPH� RI� WKH� VDPSOHUV� DUH� QRW�
RSHUDWLRQDO�� � � ,Q� DGGLWLRQ� LI� RQH� RI� WKH� OHDGHUV� LV� GLDEOHG�� LW� LV�
UHSODFHG�E\�RQH�RI�WKH�RWKHU�DJHQWV�EHORZ�LW�E\�LWV�OHDGHU���,I�WKH�
WRS�OHYHO�OHDGHU�VWRSV�IXQFWLRQLQJ��WKHQ�WKH�OHDGHUV�DW�WKH�VHFRQG�
OHYHO�ZLOO�GLVWULEXWLYHO\�FKRRVH�D�WRS�OHYHO�OHDGHU�UHSODFHPHQW��
��� $OJRULWKP�GHVFULSWLRQV�
�
:H�KDYH� GHYHORSHG� VHYHUDO� DOJRULWKPV� WKDW� FDQ� EH�DFWLYDWHG�E\�
WKH� DJHQWV� DFWLQJ� LQ� RXU� HQYLURQPHQW�� 7KH� ILUVW� DOJRULWKP�
GHVFULEHV�WKH�PHWKRG�IRU�FRQVWUXFWLQJ�D�FDSVXOH�IURP�UDZ�VHQVHG�
GDWD��7KLV�DOJRULWKP�LV�DFWLYDWHG�E\�HDFK�VDPSOHU�DJHQW�DQG�XVHV�
FRQVHFXWLYH� UDZ� VHQVHG� GDWD�� $� VDPSOHU� DJHQW� H[HFXWHV� WKLV�
DOJRULWKP�XVLQJ�GDWD�JDWKHUHG�E\�D�VHQVLQJ�DJHQW��7KH�FRPSOH[LW\�
RI� HDFK� FDSVXOH� JHQHUDWLRQ� LV� 2����� � 7KH� VHFRQG� DQG� WKH� WKLUG�
DOJRULWKPV�GHVFULEH�WKH�ZD\�LQ�ZKLFK�D�WRS�OHYHO�FRDOLWLRQ�OHDGHU�
SURFHVV� WKH� FDSVXOHV� JHQHUDWHG� E\� VDPSOHU� DJHQWV�� 7KH� DLP� RI�
WKLV�SURFHVV�LV�WR�IRUP�D�QHW�RI�WDVN�VWDWHV�WKDW�UHSUHVHQWV�SRVVLEOH�
WDVNV�DQG�WKHLU�ORFDWLRQ�DV�D�IXQFWLRQ�RI�WLPH���
$V� ZH� KDYH� VWDWHG�� ZH� DVVXPH� WKDW� D� WDUJHW� LV� PRYLQJ� LQ� DQ�
DOPRVW�VWHDG\�YHORFLW\��L�H��WKH�VSHHG�DQG�WKH�GLUHFWLRQ�RI�D�WDUJHW�
FKDQJHV� LQIUHTXHQWO\�� :H� XVH� WKLV� DVVXPSWLRQ� WR� FDOFXODWH� WKH�
ORFDWLRQ� DQG� YHORFLW\� RI� D� WDUJHW� E\� XVLQJ� IRXU� VLWXDWLRQDO�
PHDVXUHPHQWV�RI�RQH�'RSSOHU�DQG�PDWFKLQJ�WKRVH�PHDVXUHPHQWV�
ZLWK�SULRU�WDUJHW�LQIRUPDWLRQ���*LYHQ�D�YHU\�VPDOO�SHULRG�RI�WLPH�
EHWZHHQ� WZR� FRQVHFXWLYH�PHDVXUHPHQWV�� D� WDUJHW� LV� XQOLNHO\� WR�
DFFHOHUDWH� GUDVWLFDOO\� GXULQJ� LW�� � $V� D� UHVXOW�� WKH� YHORFLW\� RI� D�
WDUJHW� FDQ� EH� DVVXPHG� WR� UHPDLQ� FRQVWDQW� GXULQJ� WKH� IRXU�
FRQVHFXWLYH�PHDVXUHPHQWV�� �)RU�FDVHV� LQ�ZKLFK� WKLV�DVVXPSWLRQ�
LV� DQ� RYHU�VLPSOLILFDWLRQ�� WKH� FRPSXWHG� ORFDWLRQ� PD\� EH�
LQDFFXUDWH� DQG� ODWHU� PHDVXUHPHQWV� PD\� KDYH� WR� EH� XVHG�� 7KH�
VHFRQG�DVVXPSWLRQ�LV�WKDW�HDFK�'RSSOHU�PD\�VHQVH�DOO�WKH�WDUJHWV�
LQ� LWV� UDQJH� RI� GHWHFWLRQ� DQG� REWDLQ� WKH� DPSOLWXGHV� DQG� UDGLDO�
YHORFLW\�LQ�RQH�PHDVXUHPHQW���
���� 7DUJHW�ORFDWLRQ�DQG�YHORFLW\�DOJRULWKP�
:H�XVH�RQH�'RSSOHU�DJHQW�DQG�RQH�VDPSOHU�DJHQW�WR�GHGXFH�D�VHW�
RI� SRVVLEOH� WDUJHW� VWDWHV� DW� D� JLYHQ� WLPH�� � 7KH� 'RSSOHU� DJHQW�
VHQVHV�WKH�GDWD�ZKLOH�WKH�VDPSOHU�DJHQW�SURFHVVHV�WKH�GDWD��,W�LV�

NQRZQ� WKDW� LI� WKH� ORFDWLRQ� RI� D� ERG\� DW� WLPH� �� LV� �' DQG� LWV�
YHORFLW\� LV�9 � WKDQ� WKH�QH[W� ORFDWLRQ�� �' ��DW� WLPH���RI�D�ERG\�����
�>�@��>�@��LV�JLYHQ�E\��
���� ³� �

�
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ZKHUH W' �LV�WKH�GLVSODFHPHQW�RI�D�ERG\�LQ�WLPH�W���,I�ZH�FRQVLGHU�
WKH�GLVWDQFH�IURP�WKH�FHQWHU�RI�WKH�'RSSOHU�ZH�PD\�FODLP�WKDW�
���� ³� �

�
��

W
W UGW955 �

ZKHUH� W5 � LV� WKH� GLVSODFHPHQW� IURP� WKH� FHQWHU� RI� WKH� VHQVRU� DW�
WLPH� W� DQG� U9 � LV� WKH� UHODWLYH� YHORFLW\� EHWZHHQ� WKH�'RSSOHU�DQG�
WKH�WDUJHW�LQ�WKH�GLUHFWLRQ�RI�WKH�'RSSOHU¶V�FHQWHU��:H�ZLOO�UHIHU�
WR� WKLV�YHORFLW\�DV� WKH� UDGLDO�YHORFLW\�RI� WKH� WDUJHW�� �:H�DVVXPH�
WKDW� WKH� DFFHOHUDWLRQ� RI� D� WDUJHW� LQ� D� VKRUW� WLPH�SHULRG� � LV�]HUR��
7KH�QH[W�WDUJHW�ORFDWLRQ�DIWHU�D�YHU\�VKRUW�SHULRG�RI�WLPH�LV�WKHQ��
���� �� ���� WW955 U ��� ��
:H�GHQRWH� �� �� WW � �E\� ���W �.QRZLQJ�WKH�UHODWLRQ�EHWZHHQ� T�5 �
DQG� $ �ZH�FDQ�ILQG�WKH�QH[W�DQJOH�DV�D�IXQFWLRQ�RI�WKH�IRUPHU��
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:KHUH� ���� ��� U9$5 T � DQG� �D � UHSUHVHQW� YDOXHV� RI� WKH� WDUJHW� DW�
WLPH� � W � DQG� �� �$T � DQG� �D � UHSUHVHQW� YDOXHV� RI� WKH� WDUJHW� LQ�
WLPH� � W ��7KH�VDPH�KROGV�IRU�WKH�QH[W�DQJOH�� �T ��
:H�XVH�WKH�UHODWLRQVKLS�EHWZHHQ� �� �TT �DQG� �T �WR�ILQG� �T �DQG� �T �
IURP� �T ��:H�FDQ�WKHQ�ILQG�WKH�H[DFW�ORFDWLRQ�RI�D�WDUJHW�LQ�WLPH�
���� DQG� �� DV� D� IXQFWLRQ� RI� �T �� �� �� T/RF �� �� �� T/RF � DQG�

�� �� T/RF ��:H�DVVXPHG�WKDW�GXULQJ�WKH�VKRUW�SHULRG� ���� W �WKH�
WDUJHW� NHSW� DQ� DOPRVW� VWHDG\� YHORFLW\� WKHUHIRUH�� o ������ 99 UY �
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7KHVH� HTXDWLRQV� FDQQRW� EH� VROYHG� V\PEROLFDOO\� WKHUHIRUH� WKH�
VDPSOHU� DJHQW� XVHV� FRPSXWDWLRQDO�PHWKRGV�� 7KH� VDPSOHU� DJHQW�
VFDQV� WKH� UDQJH� RI� �T � DQG� ORRNV� IRU� VXLWDEOH� ORFDWLRQV�
FRUUHVSRQGLQJ� WR� �T �� 2QO\� FHUWDLQ� DQJOHV� ZLOO� ILW� WKH� DERYH�
HTXDWLRQ��7R�EH�PRUH�DFFXUDWH��WKH�VDPSOHU�DJHQW�XVHV�RQH�PRUH�
VDPSOH� DQG� DSSOLHV� WKH� VDPH� PHFKDQLVP� WR� ���TT � DQG� �T ��
&RPSDULQJ� WKH� UHVXOWV� IURP� ERWK� FDVHV� DVVXUH� DFFXUDWH� UHVXOWV��
7KH�FDOFXODWHG�DQJOHV�ZLOO�EH�XVHG�WR�IRUP�D�VHW�RI�SRVVLEOH�SDLUV�
RI� ORFDWLRQ�DQG�YHORFLW\�RI�D�WDUJHW��L�H���D�FDSVXOH���2QO\�RQH�RI�
WKH�WDUJHW�VWDWHV�LQ�D�FDSVXOH�LV�WKH�FRUUHFW�RQH��7KH�QH[W�VHFWLRQ�
VKRZV�KRZ�WR�LGHQWLI\�WKH�FRUUHFW�VWDWH��
7KHRUHP� �� 7KH� WLPH� FRPSOH[LW\� RI� WKH� WDUJHW� ORFDWLRQ� DQG�
YHORFLW\��DOJRULWKP�LV�2������
�������������������������������������������������������������
��)RU�UHDVRQV�RI�VSDFH��SURRIV�RI�WKHRUHPV�DUH�RPLWWHG��
�



���� )RUPLQJ�WKH�WDVN�VWDWHV�QHW�DOJRULWKP�
7KH� WDVN� VWDWHV� QHW� IRUPDWLRQ� DOJRULWKP� PDNHV� XVH� RI� WKH�
KLHUDUFKLFDO�DJHQW�RUJDQL]DWLRQ�WR�DFKLHYH�JOREDO�PDSSLQJ�RI�WKH�
FRQWUROOHG� DUHD�� (DFK� FRDOLWLRQ� OHDGHU� IRUPV� D� PDS� RI� LWV�
FRQWUROOHG�DUHD��ZKHUHDV�� WKH� WRS�OHYHO�FRDOLWLRQ� OHDGHU� �OHYHO����
IRUPV�D�JOREDO�PDS�RI�WKH�HQWLUH�DUHD��
'HILQLWLRQ����$�SDWK�LV�D�OLQNHG�OLVW�RI�WDVN�VWDWHV�UHSUHVHQWLQJ��D�
SRVVLEOH� WDVN� DQG� LWV� ORFDWLRQ� DV� D� IXQFWLRQ� RI� WLPH��:H�GHQRWH�
WKH�ILUVW�WDVN�VWDWH�RI�WKH�SDWK�E\�VWDUW�WDVN�VWDWH�DQG�WKH�ODVW�WDVN�
VWDWH�RI�WKH�SDWK�E\�HQG�WDVN�VWDWH ���
'HILQLWLRQ����$�WDVN�VWDWHV�QHW �LV�D�GLUHFWHG�DF\FOLF�JUDSK�RI�WDVN�
VWDWHV�� UHSUHVHQWV�SRVVLEOH� WDVNV�DQG�WKHLU�ORFDWLRQ�DV�D�IXQFWLRQ�
RI� WLPH��7KH� WDVN� VWDWHV� QHW� XVHV� WZR�NLQGV�RI�YHUWLFHV�DQG� WZR�
NLQGV� RI� HGJHV��$� YHUWH[�PD\� EH�HLWKHU�D� WDVN�VWDWH�RU�D�VHQVRU�
VWDWH��$Q� HGJH�PD\� EH� HLWKHU� D� SDWK� HGJH� RU� D� FDSVXOH�HGJH��$�
SDWK�HGJH� OLQNV� WZR� WDVN�VWDWHV� WR� IRUP�D�SDWK�OLVW�DV�GHILQHG�LQ�
'HILQLWLRQ����$�FDSVXOH�HGJH�OLQNV�D�VHQVLQJ�DJHQW�VWDWH�WR�1�WDVN�
VWDWHV�WR�IRUP�D�FDSVXOH�DV�GHILQHG�LQ�'HILQLWLRQ����1RWH�WKDW�RQO\�
RQH�WDVN�VWDWH�LQ�D�FDSVXOH�FDQ�EH�YDOLG��WKHUHIRUH��RQO\�RQH�SDWK�
LV�YDOLG�RXW�RI�WKRVH�ZKR�VKDUH�WKH�VDPH�FDSVXOH��
/HW� XV� FRQVLGHU� D� FDVH� RI� WZR� WDUJHWV� DQG� RQH� VHQVRU�ZLWK� RQH�
VHFWRU��$W�WLPH���RQH�RI�WKH�WDUJHWV�LV�ORFDWHG�DW�SRLQW�����������
ZLWK�YHORFLW\�RI�������ZKLOH�WKH�RWKHU�WDUJHW�LV�ORFDWHG�DW���������
ZLWK�YHORFLW\�RI��������$W�WLPH���DQG���WKH�VHQVRU�PD\�VHQVH�WKHVH�
WZR�WDUJHWV��KRZHYHU�LW�PD\�QRW�NQRZ�H[DFWO\�ZKHUH�WKH\�DUH��,W�
PD\�FRPSXWH�VHYHUDO�SRVVLELOLWLHV�IRU�D�ORFDWLRQ�DQG�YHORFLW\�IRU�
HDFK� WDUJHW� LQ�D� IRUP�RI�D�FDSVXOH�� ,Q�RXU�H[DPSOH�VXSSRVH�WKDW�
WKH� VHQVRU� FRPSXWHG� RQO\� WZR� SRVVLEOH� WDUJHW� VWDWHV� IRU� HDFK�
WDUJHW��L�H���HDFK�FDSVXOH�FRQVLVWV�RI�WZR�WDUJHW�VWDWHV����

6HQVLQJ�$JHQW�6WDWH� 7DUJHW�6WDWH�$� 7DUJHW�6WDWH�%�&DS��
7LPH� /RF�� 2UL�� /RF�� 9HO�� /RF� 9HO��

�� �� ���� �� �������� ���� ������ �����
�� �� ���� �� ������ ���� ������ ������
�� �� ���� �� �������� ���� ������ �����
�� �� ���� �� ������ ���� ������ ����
�� �� ���� �� ������ ����� �������� ����
�� �� ������ �� ������ ���� ������ ����

$FFRUGLQJ� WR� HTXDWLRQ� ���� LI� WDUJHW� VWDWH�;� UHVXOWHG� IURP� WDUJHW�
VWDWH�<�WKHQ� ³� ;
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,I� WKH� YHORFLW\� RI� D� WDUJHW� UHPDLQV� FRQVWDQW� GXULQJ� WKH� SHULRG�
;< WW �� �� WKHQ� �� <;<<; WW955 ��� �� :H� DVVXPH� WKDW� QR�

WDUJHW�LV�OLNHO\�WR�DSSHDU�H[DFWO\�DV�DQRWKHU�WDUJHW��7KHUHIRUH��WZR�
VDPSOHV�WKDW�ILW�WKH�EHKDYLRU�RI�RQH�WDUJHW�LQ�D�VWHDG\�YHORFLW\�DUH�
H[SHFWHG�WR�EHORQJ�WR�WKH�VDPH�WDUJHW��7KH�IROORZLQJ�FDSWXUHV�WKH�
GHSHQGHQF\�RI�RQH�WDVN�VWDWH�RQ�DQRWKHU��
'HILQLWLRQ� ���$� WDUJHW� VWDWH� �6 � SK\VLFDOO\� UHVXOWV� IURP � WDUJHW�
VWDWH� �6 � LII�� �L�� WKH� ORFDWLRQ� RI� WDUJHW� VWDWH� �6 PD\� EH� GHULYHG�
IURP� WKH� ORFDWLRQ�DQG�YHORFLW\�RI� WDUJHW�VWDWH� �6 �XVLQJ�HTXDWLRQ�
�����DQG��LL��WKH�YHORFLW\�RI�ERWK�WDUJHW�VWDWHV�LV�WKH�VDPH��
:H�FDQ�QRZ�EXLOG�D�GLUHFWHG�JUDSK�FRQQHFWLQJ�RQO\�WKH�IHDVLEOH�
WDUJHW� VWDWHV�� (YHU\� QRGH� LQ� WKH� JUDSK� UHSUHVHQWV� GLIIHUHQW�
SRVVLEOH� WDUJHW�VWDWHV��(DFK�SDWK�PD\�UHSUHVHQW�D�IHDVLEOH�WDUJHW�

KLVWRU\�� 6RPH� RI� WKH� SDWKV� KDYH� D� ODUJHU� SUREDELOLW\� RI�
UHSUHVHQWLQJ� WKH� ULJKW� SDWK� RI� WKH� WDUJHW�� 7KH� &RDOLWLRQ� OHDGHU�
DOJRULWKP�WKDW�IRUPV�D�WDUJHW�VWDWHV�QHW�ZLOO�VSHFLI\�KRZ�WR�IRUP�
WKH�WDUJHW�VWDWHV�QHW�GHPRQVWUDWHG�E\�WKH�H[DPSOH��:H�ZLOO�QRZ�
VKRZ�KRZ�WR�VHOHFW�WKH�PRVW�VXLWDEOH�SDWKV��
7KH�WZR�IDFWRUV�WKDW�GHILQH�WKH�SUREDELOLW\�WKDW�D�SDWK�UHSUHVHQWV�
WKH�WUXH�SDWK�RI�D�WDUJHW�DUH�WKH�QXPEHU�RI�WDUJHW�VWDWHV�WKDW�PDNH�
XS� D� SDWK� DQG� WKH� YDULHW\� RI� VDPSOLQJ� VRXUFHV�PDGH� XVH� RI� LQ�
GHWHUPLQLQJ�WKH�WDUJHW�VWDWHV�RI�WKH�SDWK���$V�WKH�QXPEHU�RI�WDUJHW�
VWDWHV� LQFUHDVHV� WKH�SUREDELOLW\� WKDW� WKH�SDWK� UHSUHVHQWV� WKH� WUXH�
SDWK� RI� D� WDUJHW� LQFUHDVHV�� � $� SDWK� FRQVLVWLQJ� RI� WDUJHW� VWDWHV�
FRPSXWHG� EDVHG� RQ� GLVWLQFW� DJHQW� VWDWHV� �H�J��� IURP� GLIIHUHQW�
ORFDWLRQV��ZLOO�UHSUHVHQW�D�EHWWHU�HVWLPDWH�RI�WKH�WUXH�SDWK���
$�PHDVXUH�RI�WKH�YDULHW\�RI�WKH�VDPSOLQJ�VRXUFHV�RI�D�SDWK�FDQ�EH�
FRPSXWHG�E\�VXPPLQJ�WKH�VWDQGDUG�GHYLDWLRQ��VW'HY��RI�WKH�DJHQW�
VWDWHV� DVVRFLDWHG� ZLWK� WKH� SDWK� �'HILQLWLRQ� ���� � [� DQG� \�
FRRUGLQDWHV�RI�'�DQG�WKH�RULHQWDWLRQ��R��
����JUDGH VW'HY ��^[�_��W���[�\��R����SDWK`����
������VW'HY��^\�_��W��[�\��R����SDWK`���VW'HY��^R�_��W��[�\��R����SDWK`�
:H� ZLOO� WDNH� WKH� SDWK� WKDW� KDV� WKH� KLJKHU� YDOXH� DV� WKH� EHVW�
HVWLPDWH�RI� WKH� WDUJHW�SDWK�� � ,I� WKHUH�DUH�VHYHUDO�FDQGLGDWH�SDWKV�
WKHQ� WKH�SUREDELOLW\� LV� ORZHUHG�� � � ,Q�WKH�SUHYLRXV�H[DPSOH�WKHUH�
ZHUH�WKUHH�SRVVLEOH�SDWKV��OLVWHG�EHORZ����

� 3DWK��� 3DWK��� 3DWK���
*UDGH� � �� � � �� � � ������ �
/HQJWK� � �� � � �� � � �� �
9HORFLW\� � ���� � � ������ � ���� �

� &� 7� /RF�� &� 7� /RF�� &� 7� /RF��
� �� �� �������� �� �� ������ �� �� ������
� �� �� �������� �� �� ������ �� �� ������
� �� �� �������� �� �� ������ �� �� ������

3DWK� �� LQYROYHV� WKUHH� FDSVXOHV�� LW� LV� WKH� RQO\� SRVVLEOH� SDWK�
LQYROYLQJ� WKRVH� WKUHH� FDSVXOHV��7KH�JUDGH�RI� WKLV�SDWK� LV��������
WKLV�PHDQV�WKDW�LW�HPHUJHG�IURP�PRUH�WKDQ�RQH�SRLQW�RI�YLHZ��$V�
WKH�PHDVXUHPHQWV¶� VRXUFH� YDULHV� WKH� JUDGH�ZLOO� EH� JUHDWHU�� )RU�
WKLV�UHDVRQ��SDWK���UHSUHVHQWV�D�JRRG�FDQGLGDWH�WDUJHW�SDWK��
3DWK� �� DQG� �� DUH� QRW� XVLQJ� DQ\� RI� WKH� FDSVXOHV� RI� SDWK� ��� WKH\�
PXVW�UHSUHVHQW�DQRWKHU�WDUJHW��+RZHYHU��WKH�VDPH�WKUHH�FDSVXOHV�
DQG� WKH� VDPH� SRLQW� RI� YLHZ� IRUPHG� 3DWK� �� DQG� ��� 7KH\� ERWK�
UHFHLYHG� WKH� JUDGH� RI� �� DQG� KDYH� HTXDO� OHQJWK��:H�FDQ�DVVXPH�
WKDW� RQH� RI� WKHVH� SDWKV� UHSUHVHQWV� D� WDUJHW�� KRZHYHU�ZH� FDQQRW�
GHWHUPLQH� WKH� SDWK� ZLWK� FHUWDLQW\�� � :H� FDQ� FRQFOXGH� WKDW� WKH�
DOJRULWKP�IRXQG�WZR�WDUJHWV��:H�NQRZ�IRU�FHUWDLQ�WKDW�WKH�SDWK�RI�
WKH�ILUVW�WDUJHW��SDWK����UHSUHVHQWV�WKH�WUXH�SDWK�RI�WKH�WDUJHW��7KH�
VHFRQG� WDUJHW� IROORZHG� HLWKHU� SDWK� �� RU� SDWK� ���7KHUHIRUH��HDFK�
SDWK�KDV�D������SUREDELOLW\�RI�UHSUHVHQWLQJ�D�WDUJHW��
������ &RDOLWLRQ�OHDGHU�WDUJHW�VWDWHV�QHW�IRUPDWLRQ�
7R�IRUP�D�WDUJHW�VWDWHV�QHW��'HILQLWLRQ����WKH�FRDOLWLRQ�OHDGHU�XVHV�
WKH� SUHYLRXV� QHW� DQG� XSGDWHV� LW� ZLWK� QHZ� FDSVXOHV�� $W� WKH�
EHJLQQLQJ�RI� WKH�SURFHVV� WKH�QHW�LV�HPSW\��(DFK�FRDOLWLRQ�OHDGHU�
LPSOHPHQWV� WKH� IROORZLQJ� JHQHULF� DOJRULWKP� HYHU\� G7� VHFRQGV�
�QRWH�WKDW�LQ�RXU�GRPDLQ��WKH�WDVNV�DUH�WKH�WUDFNHG�WDUJHWV���

7DVN�WDWHV�QHW�IRUPDWLRQ�DOJRULWKP�



,QSXW��� 1HWZRUN�RI�WDUJHW�VWDWHV��ROGBQHW��
2XWSXW�� 7KH�QHZ�QHWZRUN�RI�WDVN�VWDWHV��QHZBQHW���
� $�VHW�RI�KLJKHU�SUREDELOLW\��WDVN�SDWKV��JBSDWKV��
� $�VHW�RI�PHGLRFUH��SUREDELOLW\��WDVN�SDWKV��PBSDWKV��
&UHDWH�HPSW\�FDSVXOHV�VHW��FDSV��
)RU�HDFK�VXEMXJDWHG�FRDOLWLRQ�OHDGHU�RU�VDPSOHU��6�
� $VN�6�IRU�FDSVXOHV�DQG�DGG�WKHP�WR�FDSV�
QHZBQHW� �&DSVXOHV�FRPELQDWLRQ�DOJRULWKP��ROGBQHW��FDSV����
SDWKBOLVW� �DOO�VWDUW�SRLQWV�RI�SDWKV�LQ�QHZBQHW��
*UDGH�HDFK�SDWK�LQ�SDWKBOLVW��
6RUW�SDWKBOLVW�E\�LQFUHDVLQJ�RUGHU�RI�WKH�JUDGH��
0DUN�DOO�FDSVXOHV�LQ�QHZBQHW�DV�QRW�XVHG���
&UHDWH�HPSW\�JBSDWKV�
&UHDWH�HPSW\�PBSDWKV�
)RU�HDFK�SDWK�3�LQ�SDWKBOLVW�ZLWK�JUDGH�!����
���������,I�DOO�FDSVXOHV�SDUWLFLSDWLQJ�LQ�3�DUH�PDUNHG�DV�QRW�XVHG�
������������������$GG�3�WR�JBSDWKV�
������������������0DUN�DOO�WKH�FDSVXOHV�SDUWLFLSDWLQJ�LQ�3�DV�XVHG�
)RU�HDFK�SDWK�3�LQ�SDWKBOLVW�ZLWK�JUDGH� � ����
���������,I�DOO�FDSVXOHV�SDUWLFLSDWLQJ�LQ�3�DUH�PDUNHG�DV�QRW�XVHG�DQG���
�������������������������������������������������������������������������������������3�OHQJWK���!�WKUHVKROG�

$GG�3�WR�PBSDWKV�
5HWXUQ�QHZBQHW��JBSDWK�DQG�PBSDWK��

������ &DSVXOHV�FRPELQDWLRQ�DOJRULWKP�
(YHU\� G7� VHFRQGV� QHZ� FDSVXOHV� DUH� FRPSXWHG� E\� WKH� VDPSOHU�
DJHQWV�� � 7KH� FDSVXOHV� FRPELQDWLRQ� DOJRULWKP� UHWXUQV� D� WDUJHW�
VWDWHV� QHW��7KH� FDSVXOHV� DUH� VRUWHG� E\� WKHLU� WLPH�VWDPS�DQG� WKH�
HDUOLHVW�FDSVXOH�LV�JHQHUDWHG�DIWHU�WKH�ROGHVW�FDSVXOH�LQ�WKH�QHW��

&DSVXOHV�FRPELQDWLRQ�DOJRULWKP�
,QSXW��1HWZRUN�RI�WDVN�VWDWHV��ROGBQHW��6HW�RI�FDSVXOHV��FDSV��
2XWSXW�� 7KH�QHZ�QHWZRUN�RI�WDVN�VWDWHV��QHZBQHW��� �
QHZBQHW� �ROGBQHW�
HQGBOLVW� ��DOO�HQG�RI�SDWKV�LQ�QHZBQHW�
)RU�HDFK�FDSVXOH��FDS��LQ�FDSV��
������)RU�HDFK�WDVN�VWDWH��76��LQ�FDS��
�����������)RU�HDFK�WDVN�VWDWH��(76��LQ�HQGBOLVW��
����������������,I�SK\VLFDOO\�UHVXOWHG��(76��76����

��������/LQN�76�WR�(76�
��������5HPRYH�(76�IURP�HQGBOLVW��������

����$GG�DOO�WDVN�VWDWHV�RI�FDSV�WR�HQGBOLVW�
5HWXUQ�QHZBQHW�
7KHRUHP� �� /HW� 7� VWDQG� IRU� WKH� OHQJWK� RI� WKH� WLPH� LQWHUYDO�
DVVRFLDWHG�ZLWK�WKH�QRGHV�RI�WKH�WDVN�QHW�DQG�*��IRU�WKH�PD[LPXP�
QXPEHU�RI�WDVNV�DW�D�JLYHQ�WLPH�SRLQW��7KH�FRPSOH[LW\�RI�WKH�WDVN�
VWDWHV�QHW�IRUPDWLRQ�DOJRULWKP�LV�2�7�
�*����7�
�*�ORJ�7
*������
������ &DSVXOHV�GLVFDUGLQJ�DOJRULWKP�
:LWK� WLPH� WKH�VL]H�RI� WKH� WDUJHW�VWDWHV�QHW� LQFUHDVHV��$V� WKH�QHW�
UHIOHFWV� SRVVLEOH� WDUJHW� SDWKV� DV� D� IXQFWLRQ� RI� WLPH� VRPH� RI� WKH�

HDUOLHU� GDWD� PD\� EH� UHGXQGDQW�� $V� ZH� VDZ� LQ� WKH� IRUPHU�
DOJRULWKPV� WKH� RUGHU�RI� WKH�FDOFXODWLRQV�GHSHQGV�RQ� WKH�QXPEHU�
RI�WDUJHW�VWDWHV�DQG�SDWKV��7R�EH�DEOH�WR�FDOFXODWH�LQ�UHDO�WLPH�ZH�
GLVFDUG�ROG�DQG�UHGXQGDQW� WDUJHW�VWDWHV�DQG�GHFUHDVH� WKH�VL]H�RI�
WKH� QHW�� :H� GLVFDUG� ROG� FDSVXOHV� DQG� FDSVXOHV� WKDW� DIWHU� VRPH�
WLPH� GLG� QRW� WDNH�SDUW� LQ�DQ\� WDUJHWV¶�SDWK��(YHU\�G7�VHFRQGV�D�
FRDOLWLRQ� OHDGHU� ZKR� KROGV� D� WDUJHW� VWDWHV� QHW� ZLOO� SHUIRUP� WKH�
IROORZLQJ�DOJRULWKP��

&DSVXOHV�GLVFDUGLQJ�DOJRULWKP�
,QSXW��1HWZRUN�RI�WDVN�VWDWHV��ROGBQHW��
2XWSXW��7KH�QHZ�QHWZRUN�RI�WDVN�VWDWHV��QHZBQHW��� �
QHZBQHW� �ROGBQHW�
VFDQBOLVW� �DOO�VWDUW�RI�SDWKV�LQ�QHZBQHW�
)RU�HDFK�WDVN�VWDWH��76��LQ�VFDQBOLVW��
��������&� �WKH�FDSVXOH�RI�76�
���������,I�WKH�WLPH�VWDPS�RI�&���WKUHVKROGB7��DQG�76�LV�OLQNHG�IRUZDUG��

$GG�WKH�QH[W�WDVN�VWDWH�HOHPHQW�WR�WKH�VFDQBOLVW�
� 5HPRYH�76�IURP�WKH�QHW�
���������,I�WKH�WLPH�VWDPS�RI�&���WKUHVKROGB7��DQG�76�LV�QRW�OLQNHG�IRUZDUG��
� 5HPRYH�76�IURP�WKH�QHW�
'LVFDUG�HYHU\�FDSVXOH�WKDW�DOO�LWV�WDVN�VWDWHV�ZHUH�UHPRYHG�IURP�WKH�QHW��
5HWXUQ�QHZBQHW�
�
7KHRUHP� �� 7KH� RUGHU� RI� WKH� FDSVXOHV� GLVFDUGLQJ� DOJRULWKP� LV�
2�7�
�*����ZKHUH�7�DQG�*�DUH�DV�LQ�7KHRUHP����
��� 6LPXODWLRQ��H[SHULPHQWV�DQG�UHVXOWV��
:H� GHYHORSHG� D� VLPXODWLRQ� WR� WHVW� WKH� PRGHO�� 7KH� VLPXODWLRQ�
GHVFULEHV�DQ�DUHD�RI������RYHU�����PHWHUV��,Q�RXU�H[SHULPHQWV��DW�
DQ\� JLYHQ� WLPH�� WKHUH� ZHUH� XS� WR� ��� WDUJHWV� LQ� WKH� DUHD�� (DFK�
WDUJHW� KDG� DQ� LQLWLDO� UDQGRP� ORFDWLRQ� DQG� DQ� LQLWLDO� UDQGRP�
YHORFLW\�� ZLWK� D� VSHHG� OLPLW� RI� ��� NLORPHWHUV� SHU� KRXU� ������
PHWHUV� SHU� VHFRQG��� 7DUJHWV� OHDYH� WKH� DUHD� ZKHQ� UHDFKLQJ� WKH�
ERXQGDULHV�RI�WKH�]RQH��(DFK�WDUJHW�WKDW�OHDYHV�WKH�DUHD�FDXVHV�D�
QHZ�WDUJHW�WR�DSSHDU�DW�WKH�VDPH�ORFDWLRQ�ZLWK�WKH�VDPH�YHORFLW\�
LQ�D�GLUHFWLRQ� WKDW� OHDGV� LW� LQWR� WKH�DUHD���7KHUHIRUH��HDFK�WDUJHW�
PD\� UHPDLQ� LQ� WKH� DUHD� D� UDQGRP� WLPH�� � ,Q� SDUWLFXODU�� ���� RI�
WDUJHWV� LQ� RXU� H[SHULPHQWV� UHPDLQHG� LQ� WKH� DUHD� OHVV� WKDQ� ���
VHFRQGV�� � (DFK�'RSSOHU� VHQVRU� KDV� LQLWLDO� UDQGRP� ORFDWLRQ� DQG�
YHORFLW\�WKDW�LV�XS�WR����NLORPHWHUV�SHU�KRXU��(YHU\�VHFWRU�RI�HDFK�
'RSSOHU� ZDV� DEOH� WR� GHWHFW� WDUJHWV� LQ� WKH� UDQJH� RI� XS� WR� ����
PHWHUV� DFFRUGLQJ� WR� WKH� VHFWRU¶V� IRUPXOD� DV� SUHVHQWHG� DERYH��
:KHQ�D�PRELOH�'RSSOHU�JHWV�WR�WKH�ERUGHU�RI�WKH�FRQWUROOHG�DUHD�
LW�ERXQFH�EDFN�ZLWK�WKH�VDPH�YHORFLW\��:H�UXQ�WKH�VLPXODWLRQ�IRU�
RQH�KRXU�RI�VLPXODWHG�WLPH���7KH�FULWHULD�IRU�ILWQHVV�RI�WDUJHW�WR�D�
FDOFXODWHG� SDWK� ZHUH�� ���� WKH� GLVWDQFH� EHWZHHQ� WKH� FDOFXODWHG�
/RFDWLRQ�W��DQG�WKH�UHDO�/RFDWLRQ�W��LV�OHVV�WKDQ���PHWHU��DQG�����
WKH� GLIIHUHQFH� EHWZHHQ� WKH� FDOFXODWHG� 9�W�� YHFWRU� DQG� WKH� UHDO�
9�W��YHFWRU�LV�OHVV�WKDQ�����PHWHU�SHU�VHFRQG��
$W� WKH� HQG� RI�HDFK�VLPXODWLRQ� WKH�HVWLPDWHG�SDWKV� LGHQWLILHG�E\�
WKH� WRS�OHYHO� FRDOLWLRQ� OHDGHU� ZHUH� H[DPLQHG�� 7KH� LGHQWLILHG�
SDWKV�ZHUH�GLYLGHG�LQWR�WZR�FDWHJRULHV��LQ�RQH�RQO\�D��VLQJOH�SDWK�
ZDV�DVVRFLDWHG�ZLWK�D�SDUWLFXODU�WDUJHW��WKRVH�SDWKV�DUH�DVVLJQHG�D�
����� SUREDELOLW\� RI� FRUUHVSRQGLQJ� WR� WKH� DFWXDO� SDWK�� � ,Q� WKH�



VHFRQG��WZR�SRVVLEOH�SDWKV�DUH�DVVRFLDWHG�ZLWK�D�WDUJHW�DQG�HDFK�
DVVLJQHG�D�����SUREDELOLW\�RI�FRUUHVSRQGLQJ�WR�WKH�DFWXDO�SDWK����
:H� EHJDQ� ZLWK� D� EDVLF� VHWWLQJ � RI� WKH� VLPXODWLRQ� HQYLURQPHQW�
FRQVLVWLQJ�RI� WKH�KLHUDUFK\�PRGHO�ZLWK�PRELOH�'RSSOHUV�DQG�ZH�
YDULHG� WKH� DFWLYH� VHQVRU� VHFWRU� HYHU\� WLPH� WKH\� UHDFKHG� D�
VDPSOLQJ� VWDJH�� 7KH� PD[LPXP� GHWHFWLRQ� UDQJH� LQ� WKH� EDVLF�
VHWWLQJ�ZDV�����PHWHUV�� ,Q� WKDW�VHWWLQJ�� WKH�QXPEHU�RI�'RSSOHUV�
ZDV����DQG�WKH�QXPEHU�RI�WDUJHWV �ZDV�����:H�YDULHG�WKH�PHWKRGV�
HPSOR\HG� E\� WKH� V\VWHP� �� GHPRQVWUDWLQJ� WKH� EHQHILWV� RI� WKH�
KLHUDUFK\�PRGHO�RYHU�D�IODW�PRGHO���DV�ZHOO�DV�RWKH�FKDUDFWHULVWLFV�
RI�WKH�EDVLF�VHWWLQJ��)RU�H[DPSOH��ZH�WHVWHG�WKH�LQIOXHQFHV�RI�WKH�
QXPEHU�RI� WDUJHWV�DQG�'RSSOHUV�DV�ZHOO�DV� WKH�FRYHUDJH�DUHD�RI�
WKH�'RSSOHUV� RQ� SHUIRUPDQFH�� 7R� FRPSDUH� WKH� SHUIRUPDQFHV� RI�
WKH�YDULRXV�VFHQDULRV��ZH�GHILQH�WKH�IROORZLQJ�QRWLRQ�RI�WUDFNLQJ�
WLPH��7KH�WUDFNLQJ�WLPH�LV�LPSRUWDQW�DV�D�PHDVXUH�RI�WKH�VSHHG�RI�
WDUJHW� WUDFNLQJ� LQ� WKH� EDVLF� VHWWLQJ� LQ� FRPSDULVRQ� ZLWK� RWKHU�
VHWWLQJV�DQG�WKH�FKDUDFWHULVWLFV�WKDW�LQIOXHQFH�LW��
'HILQLWLRQ����7UDFNLQJ�WLPH �LV�WKH�WLPH�WKDW�WKH�V\VWHP�QHHGHG�WR�
ILQG�WKH�UHSUHVHQWLQJ�SDWK��HLWKHU������SDWK �RU�����SDWK ���
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)LJXUH����7DUJHW�WUDFNLQJ�SHUFHQWDJH�YHUVXV�PHWKRG�XVHG��
���� 0HWKRG�FRPSDULVRQ�
:H� VWDUWHG� E\� FRPSDULQJ� VHYHUDO�PHWKRGV� WR� WHVW� WKH�KLHUDUFK\��
WDNLQJ� LQWR� DFFRXQW� WKH� PRELOLW\� RI� WKH� 'RSSOHUV� DQG� � WKH�
YDULDWLRQ� LQ� FKRLFH� RI� DFWLYH� VHFWRU�� :H� H[DPLQHG� WKH�
FKDUDFWHULVWLFV�RI���GLIIHUHQW�PHWKRGV��'�ZDV�WKH�EDVLF�VHWWLQJ��

PHWKRG� $� %� &� '�
PRELOH�'RSSOHU� QR� QR� \HV� \HV�
YDU\LQJ�VHFWRU� QR� QR� \HV� \HV�

KLHUDUFK\� QR� \HV� QR� \HV�
�
)LJXUH� �� VKRZV� WKDW� FKDQJLQJ� WKH� PHWKRG� GRHV� QRW� DIIHFW� WKH�
QXPEHU� RI� WDUJHWV� WKDW� ZLOO� QRW� EH� GHWHFWHG�� 7KDW� PD\� EH�
H[SODLQHG�E\�WKH�IDFW�WKDW�DOO�WKH�PHWKRGV�FRYHUHG�DQ�HTXDO�DUHD�
RYHU� WLPH��7KH� GLIIHUHQFH� EHWZHHQ� WKH�PHWKRGV� LV�SUHVHQWHG�E\�
WKH�GLYLVLRQ�RI�WKH�GHWHFWHG�WDUJHW�EHWZHHQ�DFFXUDWH�WUDFNLQJ�DQG�
WKH� PHGLRFUH� WUDFNLQJ��0HWKRG�'� SHUIRPHG� VLJQLILFDQWO\� EHWWHU�
WKDQ�RWKHU�PHWKRGV���7KLV�VXSSRUWV�RXU�FODLP�WKDW�D�KLHUDUFKLFDO�
RUJDQL]DWLRQ�OHDGV�WR�EHWWHU�SHUIRUPDQFH���)XUWKHU�VXSSRUW�IRU�WKH�
EHQHILW�RI�WKH�KLHUDUFKLFDO�VWUXFWXUH�FRPHV�IURP�PHWKRG�%�EHLQJ�
VLJQLILFDQWO\� EHWWHU� WKDQ�PHWKRG� &� HYHQ� WKRXJK�PHWKRG�%�XVHV�

PRUH�SULPLWLYH�'RSSOHUV�WKDQ�PHWKRG�&���7KH�RQO\�DGYDQWDJH�RI�
PHWKRG�%�LV�WKH�XVH�RI�D�KLHUDUFKLFDO�RUJDQL]DWLRQ���
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)LJXUH����$YHUDJH�WDUJHW�WUDFNLQJ�WLPH�YHUVXV�PHWKRG�XVHG��
$QRWKHU�DVSHFW�RI�WKH�SHUIRUPDQFHV�RI�WKH�PRGHOV�LV�WKH�DYHUDJH�
WUDFNLQJ�WLPH�DV�VKRZQ�LQ�)LJXUH�����:KLOH�PHWKRG�$�FRXOG�RQO\�
ILQG� ���� SDWKV�� PHWKRGV� %�� &� DQG� '� FRXOG� WUDFN� WDUJHWV�
DFFXUDWHO\��0HWKRG�'�FRXOG�WUDFN�PRUH�WDUJHWV�DFFXUDWHO\��LW�DOVR�
WUDFNHG�WKHP�IDVWHU�WKDQ�WKH�RWKHU�PHWKRGV��2QFH�DJDLQ��RQH�FDQ�
VHH�WKDW�WKH�KLHUDUFKLFDO�GHVLJQV�OHDG�WR�EHWWHU�UHVXOWV��
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)LJXUH����7DUJHW�WLPH�LQ�FRQWUROOHG�DUHD��
(DFK� FROXPQ� LQ� )LJXUH�
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)LJXUH����HDFK�FROXPQ�UHSUHVHQWV������RI�WKH�WDUJHWV�WKDW�VWD\HG�
LQ�WKH�]RQH�WKH�LQGLFDWHG�SHULRG�RI�WLPH��)RU�H[DPSOH������RI�WKH�
WDUJHWV� WKDW� UHPDLQHG� �������� VHFRQGV� LQ� WKH� FRQWUROOHG� DUHD�
ZHUH�DFFXUDWHO\�WUDFNHG��
�
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�)LJXUH����$FFXUDWH�WUDFNLQJ�SHUFHQWDJH�RI�HDFK�PHWKRG�DV�D�
IXQFWLRQ�RI�WKH�WUDFNLQJ�WLPH�
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1XPEHU�RI�'RSSOHUV
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�
)LJXUH����7UDFNLQJ�SHUFHQWDJH�DV�D�IXQFWLRQ�RI�WKH�QXPEHU�RI�
'RSSOHUV�
)LQDOO\��)LJXUH���DGGV�IXUWKHU�VXSSRUW�WR�RXU�FODLP�WKDW�PHWKRG�'�
GHPRQVWUDWHV� WKH� EHVW� SHUIRUPDQFH� E\� YLUWXH� RI� LWV� DELOLW\� WR�
LGHQWLI\�WDUJHWV�YHU\�TXLFNO\���
���� 1XPEHU�RI�'RSSOHUV�FRPSDULVRQ�
�
:H�H[DPLQHG�WKH�HIIHFW�RI�WKH�QXPEHU�'RSSOHUV�RQ�SHUIRUPDQFH��
)LJXUH� �� FRPSDUHV� WUDFNLQJ� SHUFHQWDJH� DV� D� IXQFWLRQ� RI� WKH�
QXPEHU�RI�'RSSOHU�VHQVRUV�LQ�WKH�HQYLURQPHQW��$V�WKH�QXPEHU�RI�
'RSSOHU� VHQVRUV� LQFUHDVHV� WKH� SHUFHQWDJH� RI� WKH� ����� SDWKV�
LQFUHDVHV� ZKLOH� WKH� SHUFHQWDJH� RI� WDUJHWV� WKDW� WKH� WRS�OHYHO�
FRDOLWLRQ� OHDGHU�FRXOG�QRW� WUDFN�GHFUHDVHV��7KLV� LV�VLJQLILFDQW� LQ�
WKDW� LW� GHPRQVWUDWHV� WKDW� WKH� V\VWHP� FDQ� PDNH� JRRG� XVH� RI�
DGGLWLRQDO�UHVRXUFHV�WKDW�LW�PLJKW�EH�JLYHQ����
:H�FDQ�DOVR�VHH�WKDW�DV�WKH�QXPEHU�RI�'RSSOHU�VHQVRUV�LQFUHDVHV�
WKH� ���� SUREDELOLW\� SDWKV� GHFUHDVH�� 7KDW�PD\� EH� H[SODLQHG� E\�
WKH� IDFW� WKDW� ����� SDWKV� UHVXOW� IURP� WDNLQJ� LQWR� FRQVLGHUDWLRQ�
PRUH� WKDQ� RQH� SRLQW� RI�YLHZ�RI�VDPSOHV�� �8VLQJ�PRUH� WKDQ�RQH�
VHQVRU� RU� XVLQJ� WKH� VDPH� VHQVRU� IURP� GLIIHUHQW� SRLQWV� RI� YLHZ�
PD\� LPSURYH� WKLV��+DYLQJ�PRUH� UDGDUV� LQFUHDVHV� WKH�SUREDELOLW\�
RI�KDYLQJ�PRUH�WKDQ�RQH�'RSSOHU�GHWHFW�WKH�VDPH�WDUJHW��
)LJXUH� �� LOOXVWUDWHV� WKDW� DYHUDJH� WUDFNLQJ� WLPH� GHFUHDVHV� DV� WKH�
QXPEHU�RI�'RSSOHUV�LQFUHDVHV����

)LJXUH����$YHUDJH�WUDFNLQJ�WLPH�YHUVXV��QXPEHU�RI�'RSSOHUV�
���� 1XPEHU�RI�WDUJHWV�FRPSDULVRQ�
7KH� QXPEHU� RI� WDUJHWV� SDVVLQJ� WKURXJK� WKH� FRQWUROOHG� DUHD� LQ�
HDFK� VLPXODWLRQ�ZDV� NHSW� DW� VRPH� FRQVWDQW� QXPEHU��1��ZH� UDQ�
DGGLWLRQDO�H[SHULPHQWV�LQ�ZKLFK�1�YDULHG�LQ�HDFK�VLPXODWLRQ��:H�
IRXQG�WKDW�LQFUHDVLQJ�WKH�QXPEHU�RI�WDUJHWV�GLG�QRW�LQIOXHQFH�WKH�
V\VWHP¶V� SHUIRUPDQFH�� :H� EHOLHYH� WKLV� LV� EHFDXVH� DQ� DFWLYH�
VHFWRU�FDQ�GLVWLQJXLVK�PRUH�WKDQ�RQH�WDUJHW�LQ�D�VHFWRU����
���� 0D[LPXP�GHWHFWLRQ�UDQJH�FRPSDULVRQ�
:H� WHVWHG� WKH� LQIOXHQFH� RI� WKH� GHWHFWLQJ� VHFWRU� DUHD� RQ�
SHUIRUPDQFH�� *LYHQ� HTXDWLRQ� ���� ZH� FDQ� UHSUHVHQW� WKH� VHQVHG�
DUHD� E\� WKH�PLQLPXP�DPSOLWXGH��7KH�PLQLPXP�DPSOLWXGH�PD\�
EH� GHULYHG� IURP� WKH� PD[LPXP� GHWHFWLQJ� UDQJH� WKHUHIRUH� WKH�
GHWHFWLRQ�DUHD�LV�SURSRUWLRQDO�WR�WKH�PD[LPXP�GHWHFWLRQ�UDQJH��
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7KH� EDVLF� VHWWLQJ� XVHV� 'RSSOHUV� ZLWK� GHWHFWLRQ� UDQJH� RI� ����
PHWHUV��:H� FRPSDUHG� WKH� EDVLF� VHWWLQJ� WR� VLPLODU� VHWWLQJV�ZLWK�
'RSSOHU¶V� GHWHFWLRQ� UDQJH� RI� ������� DQG� ���� PHWHU�� �)LJXUH� ��
LQGLFDWHV� WKDW� DV� WKH� PD[LPXP� UDQJH� LQFUHDVHV� WKH� WUDFNLQJ�
SHUFHQWDJH� LQFUHDVHV� SRO\QRPLDO\�� 2QH� FDQ� DOVR� VHH� WKDW� WKH�
GHWHFWLRQ� DUHD� LV� DQ� LQIOXHQFLQJ� IDFWRU�� � 8VLQJ� 'RSSOHUV� ZLWK�
GHWHFWLRQ� UDGLXV� RI� ���PHWHUV� UHVXOWV� LQ� D� � WUDFNLQJ� DFFXUDF\�RI�
��� RI� WKH� WDUJHWV�� ,QFUHDVLQJ� WKH� GHWHFWLRQ� DUHD� � IRXU� WLPHV�
UHVXOWV�LQ������RI�WKH�WDUJHWV�WR�EH�GHWHFWHG�DFFXUDWHO\��
7KH�DYHUDJH�WUDFNLQJ�WLPH�LV�DOVR�LQIOXHQFHG�E\�WKH�FKDQJH�LQ�WKH�
PD[LPXP� GHWHFWLRQ� UDQJH�� )LJXUH� �� GHSLFWV� WKH� FKDQJH� RI� WKH�
DYHUDJH� GHWHFWLRQ� WLPH� DV� D� IXQFWLRQ� RI� WKH� FKDQJHV� LQ� WKH�
GHWHFWLRQ�DUHD��$V�WKH�PD[LPXP�UDGLXV�RI�GHWHFWLRQ�LQFUHDVHV�WKH�
WUDFNLQJ�DYHUDJH� WLPH�GHFUHDVHV�SRO\QRPLDO\��:KLOH�����RI�WKH�
'RSSOHUV� ZLWK� ���� PHWHUV� RI� PD[LPXP� GHWHFWLRQ� UDQJH�� RQO\�
����RI� WKH� WDUJHWV�DUH�DFFXUDWHO\�GHWHFWHG�ZKHQ�XVLQJ�'RSSOHUV�
ZLWK�PD[LPXP�GHWHFWLRQ�UDQJH�RI�����PHWHUV��
)LJXUH� �� VKRZV� WKDW�� IRU� 'RSSOHUV� ZLWK� VPDOOHU� DUHD�� WKH�
SURGXFWLYH� SHULRG� RI� WLPH� VKLIWV� IURP� XS� WR� ��� VHFRQGV� WR� WKH�
SHULRG� RI� ��� WR� ���� VHFRQGV� LQ� WKH� FDVH� RI�PD[LPXP�GHWHFWLRQ�
UDQJH�RI�����PHWHUV�DQG�����WR�����VHFRQGV�IRU����PHWHUV���
��� 5HODWHG�ZRUN�DQG�VXPPDU\�
$JHQW� DQG�RUJDQL]DWLRQDO�GHVLJQV� W\SLFDOO\�YDU\�DORQJ�D�QXPEHU�
RI� GLPHQVLRQV�� � $JHQW� DUFKLWHFWXUHV� FDQ� YDU\� IURP� YHU\� VLPSOH�
GHVLJQV�� XVXDOO\� GHSOR\HG� LQ� ODUJH� QXPEHUV� DQG� FUDIWHG� VR� WKDW�
VRPH� VHW� RI� GHVLUDEOH� JOREDO� SURSHUWLHV� PLJKW� HPHUJH� >��@�� WR�
PRUH� FRPSOH[� GHVLJQV� XVXDOO\� EDVHG� RQ� VRPH� YDULDWLRQ� RI� WKH�
%',� DJHQW� PRGHO� LQ� ZKLFK� DJHQWV� EHKDYLRUV� DUH� FRQQHFWHG� WR�
WHDP�UROHV�DQG�FRPPLWPHQWV��
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)LJXUH����7DUJHW�WUDFNLQJ�SHUFHQWDJH�DV�D�IXQFWLRQ�RI�WKH�
PD[LPXP�GHWHFWLRQ�UDQJH�
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)LJXUH����$YHUDJH�DUJHW�WUDFNLQJ�WLPH�DV�D�IXQFWLRQ�RI�WKH�
PD[LPXP�GHWHFWLRQ�UDQJH��
2Q�WKH�RUJDQL]DWLRQDO�VLGH�� VRFLHWDO� VWUXFWXUHV�DUH�XVXDOO\�HLWKHU�
SUHVFULSWLYH�LQ�GHVLJQ���LQ�WKH�VHQVH�WKDW�D�SDUWLFXODU�VWUXFWXUH�LV�
DVVLJQHG�WR�D�WHDP���RU�UHSUHVHQW�WKH�VWUXFWXUDO�RXWFRPH�RI�DJHQW�
LQWHUDFWLRQV���,Q�WKH�ODWWHU�FDVH��RUJDQL]DWLRQV�FDQ�EH�LGHQWLILHG�DV�
FRQVHTXHQFHV� RI� UROH� SHUVLVWHQFH� LQ� WHDP� LQWHUDFWLRQV� >�@���
3UHVFULSWLYH� VWUXFWXUHV� PLJKW� GHULYH� IURP� WDVN� GHFRPSRVLWLRQ�
VWUXFWXUHV�RU�VHJPHQWDWLRQV�EDVHG�RQ�FDSDELOLWLHV��FRPPLWPHQWV��
VSDWLR�WHPSRUDO�GLYLVLRQV��RU��D�SULRUL�DXWKRULW\�VWUXFWXUHV��
7KH�EHQHILWV�RI�KLHUDUFKLFDO� �RUJDQL]DWLRQV�KDYH�EHHQ�DUJXHG�E\�
PDQ\��6R�DQG�'XUIHH�GUDZ�RQ�FRQWLQJHQF\�WKHRU\�>��@�WR�H[DPLQH�
WKH� EHQHILWV� RI� D� YDULHW\� RI� KLHUDUFKLFDO� RUJDQL]DWLRQV�� WKH\�
GHVFULEH� D� KLHUDUFKLFDOO\� RUJDQL]HG� QHWZRUN� PRQLWRULQJ� V\VWHP�
IRU� WDVN�GHFRPSRVLWLRQ� >�����@�� � �&RUNLOO�DQG�/HVVHU� LQYHVWLJDWH��
YDULRXV�WHDP�RUJDQL]DWLRQV�LQ�WHUPV�RI�FDSDELOLWLHV�ZKLFK�DJHQWV�
ZLWKLQ� �FHUWDLQ� LQWHUHVW�DUHDV�ZHUH�ZHOO�HTXLSSHG� WR�KDQGOH�>�@���
:DJQHU� DQG� /HVVHU� FRQVLGHU� WKH� UROH� WKDW� NQRZOHGJH� RI�
RUJDQL]DWLRQDO�VWUXFWXUH�FDQ�SOD\�LQ�FRQWURO�GHFLVLRQV�>��@����
''0� IDOOV� LQ� WKH� VLPSOH� DJHQW� DQG� SUHVFULSWLYH� RUJDQL]DWLRQDO�
GHVLJQ�FDWHJRU\��''0�GLIIHUV�IURP�WKH�DERYH�HIIRUWV�LQ�LWV�XVH�RI�
D� KLHUDUFK\� DV�� ���� DQ� HIILFLHQW�ZD\� RI� UHGXFLQJ� WKH� XQFHUWDLQW\�
DVVRFLDWHG� ZLWK� VROXWLRQV� WR� LQIRUPDWLRQ� FROOHFWLRQ� WDVNV� EDVHG�
VWULFWO\� RQ� ORFDO� LQIRUPDWLRQ� E\� LQVWHDG� FRPELQLQJ� SDUWLDO� ORFDO�
VROXWLRQV� LQWR�D�JOREDO�VROXWLRQ��DQG�����D�VWUXFWXUH� IRU�EXLOGLQJ�
PRUH� IDXOW� WROHUDQW� V\VWHPV� FRQVLVWLQJ� RI� ODUJH� WHDPV� RI� VLPSOH�
DJHQWV�� :H� GHPRQVWUDWHG� WKH� SHUIRUPDQFH� DGYDQWDJH� RI�
KLHUDUFKLFDO�GHVLJQ�WKURXJK�H[WHQVLYH�H[SHULPHQWDWLRQ��
,Q�IXWXUH�ZRUN��ZH�KRSH�WR�H[WHQG�''0�ZLWK�VWUXFWXUHV�WKDW�FDQ�
DGDSW��>�@�DQG�FRQVLGHU�PRUH�FRPSOH[�KLHUDUFKLHV�>��@��
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)LJXUH����$FFXUDWH�WUDFNLQJ�SHUFHQWDJH�DV�IXQFWLRQ�RI�
WUDFNLQJ�WLPH��0D[LPXP�GHWHFWLRQ�UDQJH�FRPSDULVRQ��
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>�@� $176�3URJUDP�'HVLJQ�'RFXPHQW��XQSXEOLVKHG��
>�@� '�� &RUNLOO� DQG� 9�� /HVVHU�� ³7KH� XVH� RI� PHWD�OHYHO� FRQWURO� IRU�
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>�@� 5LFKDUG� -�� 'RYLDN� DQG� 'XVDQ� 6�� =UQLF�� 'RSSOHU� UDGDU� DQG� ZHDWKHU�
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>�@� (�� 'XUIHH�� 9�� /HVVHU�� DQG� '�� &RUNLOO�� ³&RKHUHQW� FRRSHUDWLRQ� DPRQJ�
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>�@� 5�3�� )H\QPDQ�� 7KH� )H\QPDQ� /HFWXUHV� RQ� 3K\VLFV�� $GGLVRQ�:HVOH\�
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