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&203$5,621�2)�7+(�/$0%'$�$1'�.7+�0(7+2'6

5��.,$0(+5�
'HSW��RI�*HRGHV\�DQG�*HRPDWLFV��=DQMDQ�8QLYHUVLW\��=DQMDQ��,��5��RI�,UDQ��(PDLO��UDPLQ#LQIUD�NWK�VH�

�$EVWUDFW±� )L[LQJ� LQWHJHU� DPELJXLWLHV� LV� D� QRQ�WULYLDO� SUREOHP�� HVSHFLDOO\� LI� ZH� DLP� DW�
FRPSXWDWLRQDO�HIILFLHQF\�DQG�KLJK�SHUIRUPDQFH��RU�VXFFHVV�UDWH���)RU�WKLV�UHDVRQ�LW�KDV�EHHQ�D�ULFK�
VRXUFH� RI� *OREDO� 3RVLWLRQLQJ� 6\VWHP� �*36�� UHVHDUFK� RYHU� WKH� ODVW� GHFDGH�� $� EULHI� UHYLHZ� RI�
DPELJXLW\� UHVROXWLRQ� XVLQJ� WKH� PHWKRG� RI� /HDVW�6TXDUHV� $0%LJXLW\� 'H�FRUUHODWLRQ� $GMXVWPHQW�
�/$0%'$�� DQG� UDSLG�*36�DPELJXLW\� UHVROXWLRQ� IRU� VKRUW� DQG� ORQJ� EDVHOLQH� �.7+�PHWKRG�� LV�
SUHVHQWHG�LQ�WKLV�DUWLFOH��,W�FRQWLQXHV�ZLWK�VRPH�QXPHULFDO�FRPSDULVRQV�EHWZHHQ�WZR�PHWKRGV�ZLWK�
UHDO��IORDW��DQG�VLPXODWHG�*36�GDWD��)LQDOO\��ZH�HQG�WKH�SDSHU�ZLWK�FRQFOXVLRQV�DQG�VRPH�UHPDUNV���
7KLV�FRPSDULVRQ�VKRZV�WKDW�WKH�UHVXOWV�RI�DPELJXLW\�UHVROXWLRQ�IRU�VKRUW�EDVHOLQHV�DUH�H[DFWO\�WKH�
VDPH�XVLQJ� WKH�.7+��/$0%'$�DQG�7ULPEOH�7RWDO�&RQWURO� �70�� VRIWZDUH��$OVR�� IRU�YHU\� ORQJ�
EDVHOLQHV� WKHVH�PHWKRGV� DQG� VRIWZDUH�ZHUH� QRW� VXFFHVVIXO� LQ� VROYLQJ� DPELJXLWLHV��+RZHYHU�� WKH�
VXFFHVV�UDWH�RI�7ULPEOH�7RWDO�&RQWURO�VRIWZDUH�ZDV� ORZHU� WKDQ� IRU� WKH�RWKHUV��7KLV�UHVHDUFK�DOVR�
VKRZV�WKH�H[DFW�HIIHFW�RI�LRQRVSKHUH�LQ�DPELJXLW\�UHVROXWLRQ�WHFKQLTXHV��$Q\�LPSURYHPHQW�LQ�WKLV�
DUHD�FDQ�LPSURYH�WKH�TXDOLW\�RI�DPELJXLW\�UHVROXWLRQ�VLJQLILFDQWO\��0RUH�UHVHDUFK�ZLWK�H[WUD�*36�
REVHUYDWLRQV�LQ�GLIIHUHQW�FRQGLWLRQV�PXVW�EH�PDGH�IRU�EHWWHU�UHVXOWV�LQ�WKH�IXWXUH�������������.H\ZRUGV±�*36��DPELJXLW\�UHVROXWLRQ��/$0%'$��.7+���

���,1752'8&7,21��
3UHFLVH�*36� SRVLWLRQLQJ� UHTXLUHV� WKH� XVH� RI� FDUULHU� SKDVH�PHDVXUHPHQWV�� WKH� GDWD� SURFHVVLQJ� RI�ZKLFK�
VXIIHUV� IURP� KDYLQJ� WR� GHDO� ZLWK� LQWHJHU� DPELJXLWLHV�� $PELJXLW\� 5HVROXWLRQ� �$5�� LV� WKH� PDWKHPDWLFDO�
SURFHVV� RI� FRQYHUWLQJ� DPELJXRXV� UDQJHV� �FDUULHU� SKDVH�PHDVXUHPHQWV�� WR� XQDPELJXRXV� UDQJH�GDWD�ZLWK�
PLOOLPHWUH� SUHFLVLRQ�� 0DQ\� DPELJXLW\� UHVROXWLRQ� WHFKQLTXHV� XVLQJ� VLQJOH�IUHTXHQF\� RU� GXDO� IUHTXHQF\�
PHDVXUHPHQWV�KDYH�EHHQ�GHYHORSHG�RYHU�WKH�ODVW�WZR�GHFDGHV��)RU�VRPH�DSSOLFDWLRQV��IRU�LQVWDQFH�VWDWLF�
UHODWLYH�SRVLWLRQLQJ�RYHU�VKRUW�GLVWDQFHV��WKH�DPELJXLW\�UHVROXWLRQ�WHFKQLTXHV�DUH�TXLWH�PDWXUH�DQG�DUH�DEOH�
WR�GHOLYHU�FHQWLPHWUH�DFFXUDF\�SRVLWLRQLQJ�ZLWK�KLJK� UHOLDELOLW\� >�@��)RU�NLQHPDWLFV�SRVLWLRQLQJ��RU� ORQJ�
UDQJH�VWDWLF�SRVLWLRQLQJ��WKH�LQWHJHU�DPELJXLWLHV�FDQQRW�EH�UHOLDEO\�GHWHUPLQHG�RU�WKH�SURFHVV�VXIIHUV�IURP�
PDQ\�OLPLWDWLRQV��

7KH�SUREDELOLW\�RI�FRUUHFW�LQWHJHU�HVWLPDWLRQ��WKH�VXFFHVV�UDWH��LV�DQ�LPSRUWDQW�PHDVXUH�ZKHQ�WKH�JRDO�
LV� IDVW� DQG� KLJK� SUHFLVLRQ� SRVLWLRQLQJ� ZLWK� D� *OREDO� 1DYLJDWLRQ� 6DWHOOLWH� 6\VWHP�� ,QWHJHU� DPELJXLW\�
HVWLPDWLRQ� LV� WKH� SURFHVV� RI� PDSSLQJ� WKH� OHDVW�VTXDUHV� DPELJXLW\� HVWLPDWHV�� UHIHUUHG� WR� DV� WKH� IORDW�
DPELJXLWLHV��WR�LQWHJHU�YDOXHV��,W�LV�NQRZQ�WKDW�WKH�FDUULHU�SKDVH�DPELJXLWLHV�DUH�LQWHJHU�YDOXHG��DQG�LW�LV�
RQO\�DIWHU�UHVROXWLRQ�RI�WKHVH�SDUDPHWHUV�WKDW�WKH�FDUULHU�SKDVH�REVHUYDWLRQV�VWDUW�WR�EHKDYH�DV�YHU\�SUHFLVH�
UDQJH�PHDVXUHPHQWV���

5HFHLYHG�E\�WKH�HGLWRUV�-XO\�����������$FFHSWHG�-DQXDU\�����������
&RUUHVSRQGLQJ�DXWKRU�
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���
7KH�VXFFHVV�UDWH�HTXDOV�WKH�LQWHJUDO�RI�WKH�SUREDELOLW\�GHQVLW\�IXQFWLRQ�RI�WKH�IORDW�DPELJXLWLHV�RYHU�

WKH�SXOO�LQ�UHJLRQ�FHQWHUHG�DW� WKH� WUXH�LQWHJHU�ZKLFK�LV� WKH�UHJLRQ�WKDW�DOO�UHDO�YDOXHV�DUH�PDSSHG�WR�WKLV�
LQWHJHU��7KH� VXFFHVV� UDWH� FDQ� WKXV� EH� FRPSXWHG�ZLWKRXW� DFWXDO� GDWD� DQG� LV� YHU\� YDOXDEOH� DV� DQ� D� SULRUL�
GHFLVLRQ�SDUDPHWHU�ZKHWKHU�VXFFHVVIXO�DPELJXLW\�UHVROXWLRQ�LV�IHDVLEOH�RU�QRW��
7KLV�DUWLFOH�VWDUWV�ZLWK�D�EULHI�H[SODQDWLRQ�RI�WKH�/$0%'$�DQG�.7+�DSSURDFKHV�LQ�VHFWLRQ����:H�WKHQ�
FRPSDUH� WKHVH� WZR� PHWKRGV�� DQG� ILQDOO\�� � WKH� VXFFHVV� UDWH� RI� DPELJXLW\� UHVROXWLRQ� XVLQJ� WKHVH� WZR�
DSSURDFKHV�LV�GHWHUPLQHG��
�

�� $0%,*8,7<�5(62/87,21�86,1*�/$0%'$�0(7+2'��
,Q� WKLV�VHFWLRQ�ZH�SUHVHQW�D�EULHI�UHYLHZ�RI� WKH�/$0%'$�PHWKRG��7KLV�PHWKRG�KDV�EHHQ�LQWURGXFHG�LQ�
7HXQLVVHQ� >���@�� DW� WKH�'HOIW�8QLYHUVLW\� RI�7HFKQRORJ\��$�GHWDLOHG�GHVFULSWLRQ�RI� LWV� LPSOHPHQWDWLRQ� LV�
JLYHQ�E\�'H-RQJH�DQG�7LEHULXV� >�@��/$0%'$�LV�D�PHWKRG� WR�VROYH� WKH�SUREOHP�RI�PDSSLQJ�HVWLPDWHG�
DPELJXLWLHV�IURP�WKH�Q�GLPHQVLRQDO�VSDFH�RI�UHDO�QXPEHUV�WR�WKH�Q�GLPHQVLRQDO�VSDFH�RI�LQWHJHUV��,W�RIIHUV�
D ZD\�RI�ILQGLQJ�WKH�LQWHJHU�DPELJXLWLHV�DFFRUGLQJ�WR�WKH�LQWHJHU�OHDVW�VTXDUHV�FULWHULRQ��,Q�VXPPDU\��WKH�
/$0%'$�PHWKRG�XVHV�D�OHDVW�VTXDUH�HVWLPDWRU� WR�VROYH� LQWHJHU�DPELJXLWLHV�XVLQJ�WKH�IORDW�DPELJXLWLHV�
DQG�WKH�FRUUHVSRQGLQJ�YDULDQFH�FRYDULDQFH�PDWUL[�DV�LQSXW��
D��3DUDPHWHU�HVWLPDWLRQ�

7KH�*36�PRGHOV�RQ�ZKLFK�DPELJXLW\�UHVROXWLRQ�LV�EDVHG�FDQ�DOO�EH�FDVW�LQ�WKH�IROORZLQJ�FRQFHSWXDO�
IUDPH�RI�OLQHDULVHG�REVHUYDWLRQ�HTXDWLRQV��� \ $D %E H � � �����
ZKHUH�� \ LV� WKH� JLYHQ� *36� GDWD� YHFWRU�� D DQG� E DUH� XQNQRZQ� SDUDPHWHU� YHFWRUV� RI� RUGHU� Q DQG� S�
UHVSHFWLYHO\�� DQG�H LV� WKH� QRLVH� YHFWRU� RI� RUGHU�P� 7KH�PDWULFHV�$ DQG�% DUH� WKH� FRUUHVSRQGLQJ� GHVLJQ�
PDWULFHV�RI�RUGHU�P Qu DQG�P Su � UHVSHFWLYHO\���

7KH�GDWD�YHFWRU�\ ZLOO�XVXDOO\�FRQVLVW�RI� WKH�³REVHUYHG�PLQXV�FRPSXWHG´�VLQJOH��RU�GXDO�IUHTXHQF\�
�''��SKDVH�DQG�RU�SVHXGR�UDQJH��FRGH��REVHUYDWLRQV�IRU�DOO�REVHUYDWLRQ�HSRFKV��7KH�HQWULHV�RI�YHFWRU�D DUH�
WKHQ�WKH�''�FDUULHU�SKDVH�DPELJXLWLHV��H[SUHVVHG�LQ�XQLWV�RI�F\FOHV�UDWKHU�WKDQ�UDQJH��ZKLFK�DUH�NQRZQ�WR�
EH� LQWHJHUV�� 7KH� HQWULHV� RI� YHFWRU� E ZLOO� FRQVLVW� RI� WKH� UHPDLQLQJ� XQNQRZQ� SDUDPHWHUV� VXFK� DV�� IRU�
LQVWDQFH�� EDVHOLQH� FRPSRQHQWV� �FRRUGLQDWHV�� DQG� SRVVLEO\� DWPRVSKHULF� GHOD\� SDUDPHWHUV� �WURSRVSKHUH��
LRQRVSKHUH����

7KH�SURFHGXUH� WKDW� LV�XVXDOO\� IROORZHG� IRU�VROYLQJ� WKH�DERYH�PRGHO�FDQ�EH�GLYLGHG� LQWR� WKUHH�VWHSV�
�IRU�PRUH�GHWDLOV�VHH�>�@����

,Q� WKH� ILUVW� VWHS� RQH� VLPSO\� GLVUHJDUGV� WKH� LQWHJHU� FRQVWUDLQWV� RQ� WKH� DPELJXLWLHV� DQG� SHUIRUPV� D�
VWDQGDUG�DGMXVWPHQW��(T��������$V�D�UHVXOW��RQH�REWDLQV�WKH��UHDO�YDOXHG��OHDVW�VTXDUHV�HVWLPDWHV�RI�D DQG�E�
WRJHWKHU�ZLWK�WKHLU�YDULDQFH�FRYDULDQFH�PDWUL[��7KLV�VROXWLRQ�LV�RIWHQ�UHIHUUHG�WR�DV�WKH�³IORDW´ VROXWLRQ�DQG�
LV�GHQRWHG�E\� ÖD DQG� ÖE � 7KH�FRUUHVSRQGLQJ�YDULDQFH�FRYDULDQFH�PDWULFHV�DUH�GHQRWHG�E\� ÖD4 DQG� ÖE
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7KH�VHFRQG�VWHS�FRQVLVWV�RI��
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7KLV�PLQLPLVDWLRQ�\LHOGV�WKH�LQWHJHU�OHDVW�VTXDUHV�HVWLPDWHV�IRU�WKH�YHFWRU�RI�DPELJXLWLHV�� D� � )RU�WKLV�
VWHS�ZH�XVH�WKH�/$0%'$�PHWKRG��7KH�WZR�PDLQ�IHDWXUHV�RI�WKH�/$0%'$�PHWKRG�DUH��

7KH� GH�FRUUHODWLRQ� RI� WKH� DPELJXLWLHV�� UHDOLVHG� E\� D� UH�SDUDPHWHULVDWLRQ�� RU� DV� ZH� FDOO� LW�� D� =
WUDQVIRUPDWLRQ� RI� WKH� RULJLQDO� DPELJXLWLHV�D WR� QHZ� DPELJXLWLHV� 7] = D DQG�� XVLQJ� WKH� DFWXDO� LQWHJHU�
DPELJXLW\� HVWLPDWLRQ� WKURXJK� WKH� =�WUDQVIRUPDWLRQ�� WKH� YDULDQFH�FRYDULDQFH� PDWUL[� LV� WUDQVIRUPHG�
DFFRUGLQJO\�� Ö Ö74 = 4 =] D � 7KH� HIILFLHQF\� RI� WKH� PHWKRG� LV� GXH� WR� WKH� GH�FRUUHODWLRQ� VWHS�� WKH� DFWXDO�
LQWHJHU�PLQLPLVDWLRQ�LV�WKHQ�PDGH�XSRQ�WKH�WUDQVIRUPHG�DPELJXLWLHV��,Q�SUDFWLFH��WKH�PLQLPLVDWLRQ�RI�(T��
����DPRXQWV�WR�D�VHDUFK�RYHU�JULG�SRLQWV�LQVLGH�WKH�Q GLPHQVLRQDO�DPELJXLW\�K\SHU�HOOLSVRLG��GHILQHG�E\�WKH�
YDULDQFH�FRYDULDQFH�PDWUL[�RI�WKH�DPELJXLWLHV�>�@���

�
Ö

ÖÖ [=�=�4=�=� �
=

7 d�� � ����
�

7KH�YROXPH�RI�WKH�HOOLSVRLG��DQG�WKH�QXPEHU�RI�FDQGLGDWHV��FDQ�EH�FRQWUROOHG�E\�VHWWLQJ�WKH�YDOXH�IRU�
�F >��@��7KH�LQSXW�IRU�WKH�LQWHJHU�DPELJXLW\�HVWLPDWLRQ�LV�WKH�YHFWRU�RI�UHDO�YDOXHG�DPELJXLW\�HVWLPDWHV� ÖD

DQG�WKH�&KROHVN\�IDFWRU� D& � WKH�IDFWRU� D& LV�WKH�µVSOLW¶�LQWR�/ DQG�'� VXFK�WKDW� Ö 7 74 & & /'/D DD   � ZKHUH�
' LV� GLDJRQDO� DQG� / LV� XQLW� ORZHU� WULDQJXODU� SULRU� WR� WKH� LQWHJHU� HVWLPDWLRQ�� 7KH� DPELJXLWLHV� DUH� GH�
FRUUHODWHG�E\�DSSOLFDWLRQ�RI� WKH�=�WUDQVIRUPDWLRQ��7KH�=�WUDQVIRUPDWLRQ�ZRUNV�GLUHFWO\�RQ�WKH�LQYHUVH�RI�
WKH�IDFWRUV�' DQG�/�

]
/
'
=RU=

=
D
/
' 7

Ö
a
a

WLRQWUDQVIRUPD
Ö �

�
�

�

�

�

�

�

�

o�o

VXFK� WKDW� �
Ö �7
]4 /'/�  � � 1RWH� WKDW� WKH� IDFWRUV� / DQG� ' UHSUHVHQW� WKH� LQIRUPDWLRQ� RI� WKH� YDULDQFH�

FRYDULDQFH�PDWUL[� ÖD4 � ZKLFK�LV�QRW�H[SOLFLWO\�WUDQVIRUPHG�LQWR Ö]4 � EXW�LPSOLFLWO\�YLD�/ DQG�' � /� DQG�'� ���
7KH�DFWXDO�LQWHJHU�PLQLPLVDWLRQ�LV�WKHQ�FDUULHG�RXW�RQ�WKH�WUDQVIRUPHG�DPELJXLWLHV�>�@��7KH�RXWSXW�

FRQVLVWV�RI� ]� DQG�SRVVLEO\�WKH�VHFRQG�EHVW� 
]� WRJHWKHU�ZLWK�WKHLU�UHVSHFWLYH�QRUPV��8VLQJ�WKH�=�PDWUL[��
WKH\�FDQ�EH�WUDQVIRUPHG�EDFN�WR�WKH�RULJLQDO�DPELJXLWLHV����

]=D 7 �� � �����
7KH�LQWHJHU�OHDVW�VTXDUHV�HVWLPDWHV�IRU�WKH�DPELJXLWLHV�DUH�H[SOLFLWO\�FRPSXWHG��7KH�VTXDUHG�GLVWDQFH��RU�
QRUP��EHWZHHQ�WKH�UHDO�YDOXHG� ÖD DQG�WKH�LQWHJHU�HVWLPDWH�D� PHDVXUHG�LQ�WKH�PHWULF� �

ÖD4� E\��
�

�
Ö

Ö�� �� 
D4

DDDW �� �����PD\�EH�XVHG�IRU�YDOLGDWLRQ�SXUSRVHV� 7KH�FRPSXWDWLRQ�RI�WKLV�QRUP��DQG�SRVVLEO\� � �W D� LV�LQWHJUDWHG�LQ�WKH�
LQWHJHU�PLQLPLVDWLRQ��,W�FDQ�EH�HDVLO\�FRPSXWHG�DW�WKH�PRPHQW�WKH�JULG�SRLQW�LV�HQFRXQWHUHG�LQ�WKH�VHDUFK��
>�@��+HQFH��LW�LV�EDVHG�RQ�WKH�WUDQVIRUPHG�DPELJXLWLHV�� � � � �W D W ] � � �
F��)L[HG�VROXWLRQ��

,Q�WKH�ILQDO�VROXWLRQ� E� WKH�DPELJXLWLHV�DUH�IL[HG�WR�WKHLU�LQWHJHU�OHDVW�VTXDUH�HVWLPDWHV� D� � 7KH�ILQDO�
HVWLPDWHV� IRU� WKH� EDVHOLQH� FRRUGLQDWHV� DUH� REWDLQHG� IROORZLQJ� � (TV�� ���� DQG� ���� LQ�ZKLFK� WKH� YHFWRU� RI�
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���
LQWHJHU�HVWLPDWHV� D� KDV�EHHQ�VXEVWLWXWHG�IRU�D� 1RWH�WKDW�WKH�&KROHVN\�IDFWRU�RI�WKH�PDWUL[� E1 LV�DOUHDG\�
DYDLODEOH�� LW� LV� WKH� ORZHU� WULDQJXODU�PDWUL[� E4 � 7KH� HVWLPDWH� E� LV� WKHQ� HDVLO\� REWDLQHG�YLD� IRUZDUG� DQG�
EDFNZDUG�VXEVWLWXWLRQ��RU�YLD� �D1U�4E EDEE

��
� � �7KH�YDULDQFH�FRYDULDQFH�PDWUL[� �4E� LV�FRPSXWHG�ZLWK�WKH�

KHOS� RI� WKH� LQYHUVH� &KROHVN\� IDFWRU�� 7KH� OHDVW�VTXDUHV� HVWLPDWHV� E� DQG� D� DUH� WKH� VROXWLRQ� WR� WKH�
FRQVWUDLQHG�PLQLPLVDWLRQ��

,Q� VXPPDU\�� WKH� /$0%'$�PHWKRG� LV� D� PHWKRG� WR� VROYH� WKH� SUREOHP� RI� PDSSLQJ� HVWLPDWHG�
DPELJXLWLHV�IURP�WKH�Q�GLPHQVLRQDO�VSDFH�RI�UHDO�YDOXHV�WR�WKH�Q�GLPHQVLRQDO�VSDFH�RI�LQWHJHUV��,W�RIIHUV�D�
ZD\�RI�ILQGLQJ�WKHVH�LQWHJHU�DPELJXLWLHV�DFFRUGLQJ�WR�WKH�LQWHJHU�OHDVW�VTXDUHV�FULWHULRQ��,W�KDV�EHHQ�IRXQG�
WKDW�WKLV�SUREOHP�FDQ�EH�VROYHG�LQ�D�PXFK�PRUH�HIILFLHQW�ZD\�ZKHQ�WKH�DPELJXLWLHV�DUH�ILUVW�GH�FRUUHODWHG��
7KHUHIRUH��WKH�/$0%'$�PHWKRG�FRQVLVWV�RI�WZR�VWHSV��)LUVW��WKH�DPELJXLWLHV�DUH�GH�FRUUHODWHG�E\�PHDQV�
RI� WKH� =�WUDQVIRUPDWLRQ�� WKHQ� WKH� LQWHJHU�PLQLPLVDWLRQ� SUREOHP� LV� VROYHG� E\� D� GLVFUHWH� VHDUFK� RYHU� DQ�
HOOLSVRLGDO�UHJLRQ��WKH�DPELJXLW\�VHDUFK�HOOLSVRLG��7KLV�DOVR�H[SODLQV�WKH�QDPH�³/$0%'$´��ZKLFK�VWDQGV�
IRU�³/HDVW�VTXDUHV�$0%LJXLW\�'HFRUUHODWLRQ�$GMXVWPHQW´� >�@�� ,Q�VXPPDU\�� WKH�/$0%'$�PHWKRG�XVHV�
WKH� OHDVW� VTXDUH�HVWLPDWRU� WR� HVWLPDWH� LQWHJHU� DPELJXLWLHV�XVLQJ� IORDW� DPELJXLWLHV� DQG� WKH�FRUUHVSRQGLQJ�
YDULDQFH�FRYDULDQFH�PDWUL[�DV�LQSXW��
�

�� $0%,*8,7<�5(62/87,21�86,1*�7+(�.7+�0(7+2'��
7KH�PHWKRG�WKDW�LV�VXPPDUL]HG�KHUH�LV�EDVHG�RQ�WKH�ZRUNV�RI�>�����@��7KH�EDVLF�LGHD�RI�WKLV�PHWKRG�LV�WKH�
XVH�RI�VPRRWKHG�SVHXGR�UDQJHV�DQG�D�OLQHDU�FRPELQDWLRQ�RI�SKDVH�REVHUYDEOHV��,W�LV�EDVHG�RQ�WKH�YDULDQFH�
DQDO\VLV�RI�YDULRXV�OLQHDU�FRPELQDWLRQV��7KLV�PHWKRG�FDQ�EH�XVHG�LQ�ERWK�VKRUW�DQG�ORQJ�EDVHOLQHV�DQG�LQ�
UHDO�WLPH�DSSOLFDWLRQV��DV�LW�WUHDWV�HDFK�HSRFK�LQGHSHQGHQWO\�RI�ZKHWKHU�WKH�UHFHLYHU�LV�IL[HG�RU�PRYLQJ��

7KH�.7+�PHWKRG�XVHV�D�VLPLODU�SURFHGXUH�IRU�VROYLQJ�WKH�DPELJXLWLHV���/LNH�WKH�/$0%'$�PHWKRG��
LQ� WKH� ILUVW� VWHS� LW� VLPSO\�GLVUHJDUGV� WKH� LQWHJHU� FRQVWUDLQWV� RQ� WKH� DPELJXLWLHV� DQG�SHUIRUPV� D� VWDQGDUG�
DGMXVWPHQW�� $V� D� UHVXOW�� RQH� REWDLQV� WKH� �UHDO�YDOXHG�� OHDVW�VTXDUHV� HVWLPDWHV� RI� D DQG� E� ZLWK� WKHLU�
YDULDQFH�FRYDULDQFH� PDWUL[�� 5HVXOWV� RI� WKLV� ³IORDW´� DPELJXLW\� HVWLPDWH� ÖD DUH� XVHG� WR� FRPSXWH� WKH�
FRUUHVSRQGLQJ�LQWHJHU�DPELJXLWLHV���2QFH�WKH�LQWHJHU�DPELJXLWLHV�DUH�FRPSXWHG��WKH\�DUH�XVHG�LQ�WKH�WKLUG�
VWHS�WR�ILQDOO\�FRUUHFW�WKH�³IORDW´�HVWLPDWH�RI�E��7KH�UHVXOWLQJ� E� DQG�FRUUHVSRQGLQJ�4E� DUH�UHIHUUHG�WR�DV�WKH�³IL[HG´�VROXWLRQ��1RWH� WKDW� WKH�UHVXOWLQJ�YDULDQFH�FRYDULDQFH�PDWUL[� LV�EDVHG�RQ� WKH�DVVXPSWLRQ� WKDW�
DIWHU�WKH�³IL[LQJ�VWHS´�WKH�DPELJXLWLHV�DUH�NQRZQ�TXDQWLWLHV����
D��3DUDPHWHU�HVWLPDWLRQ��

/HW�XV�VWDUW�ZLWK�IRXU�EDVLF�FRGHV�DQG�SKDVH�*36�HTXDWLRQV��
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EHWZHHQ� WKH� UHFHLYHU� DQG� VDWHOOLWH�� �1 DQG� �1 DUH� LQWHJHU� DPELJXLWLHV�� DQG� H DUH� UDQGRP�REVHUYDWLRQ�
HUURUV��(TXDWLRQ�����FDQ�EH�ZULWWHQ�LQ�PDWUL[�QRWDWLRQ�DV��� / $[H�  �����ZKHUH�
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:H�DVVXPH�WKDW�WKH�REVHUYDWLRQV�DUH�QRW�FRUUHODWHG�DQG�WKDW�WKH�VWDQGDUG�HUURU�UDWLR�RI�WKH�SVHXGR�UDQJH�
DQG�WKH�FDUULHU�SKDVH�IRU�HDFK�IUHTXHQF\�LV�FRQVWDQW���
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�� �� )) V V ��I�I� LV�
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ZKHUH� �
�ÖV LV� WKH� D� SRVW� SULRU� VWDQGDUG� HUURU� RI� XQLW� ZHLJKW�� )RU� GHFUHDVLQJ� VWDQGDUG� HUURUV� DQG� KLJK�

FRUUHODWLRQ� LQ� WKLV� VROXWLRQ�� LW� LV� XVHIXO� WR� XVH� OLQHDU� FRPELQDWLRQ� SKDVH� HTXDWLRQV� LQVWHDG� RI� RULJLQDO�
HTXDWLRQV� DV� D� � �1 L1 M1LM  � � :H� IRUP� WKH� OLQHDU� FRPELQDWLRQ� RI� WKH� SKDVH� REVHUYDWLRQV� DV�
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7
// 7&&  ������%DVHG�RQ�WKH�+RUHPX]�DQG�6M|EHUJ�>�@�LQYHVWLJDWLRQV��WKH�LQWHJHU�YDOXH�RI� �� �1 � KDV�WKH�VPDOOHVW�VWDQGDUG�

HUURU�IRU�VKRUW�EDVHOLQHV�LQ�GLIIHUHQW�OLQHDU�FRPELQDWLRQV�RI�DPELJXLWLHV���+RZHYHU��IRU�ORQJ�EDVHOLQHV�WKH�
ZLGH�ODQH� DPELJXLW\� FRPELQDWLRQ� LV� WKH� RSWLPXP� FRPELQDWLRQ�� %\� IL[LQJ� WKH� �� �1 � ZH� FDQ� HVWLPDWH�

�� �1 � � ZKLFK� PDNHV� LW� � SRVVLEOH� WR� HVWLPDWH� �� �1 � �ZLGH�ODQH� DPELJXLW\ Z1 � ZLWK� D� IL[HG� YDOXH� RI���
� � �1 � � )LQDOO\��XVLQJ�WKH�IL[HG�ZLGH�ODQH�DPELJXLW\��ZH�FDQ�HVWLPDWH �1 � 7KLV�SURFHGXUH�FDQ�EH�XVHG�WR�

ILQG�WKH�UHVROXWLRQ�RI�DPELJXLWLHV�HSRFK�E\�HSRFK�IRU�HDFK�VDWHOOLWH�LQGHSHQGHQWO\����
E��2SWLPXP�OLQHDU�FRPELQDWLRQV��

)XUWKHU��6M|EHUJ�>��@�GHULYHG�WKH�RSWLPXP�OLQHDU�FRPELQDWLRQ�RI� �/ DQG� �/ REVHUYDWLRQV��/�FDQ�EH�) RU�5���ZKLFK�PLQLPL]HV�WKH�PHDQ�OHDVW�VTXDUH�HUURU�RI�WKLV�FRPELQDWLRQ� 7KH�OLQHDU�FRPELQDWLRQ�RI�WKH�
SKDVH�DQG�FRGHV�REVHUYDWLRQV�LV���

H�U�O�O�O� )�)��) ) ����������� ��������� 111PNPN ������ H�U ��� ���� ���� 55PN55 �����
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7KH� QXPEHU� < LV� WKH� GLIIHUHQFH� EHWZHHQ� �/ DQG� �/ FDVHG� E\� LRQRVSKHUH� ELDV�� ,I� �<  � WKHQ� WKH�
FRPELQDWLRQ� / EHFRPHV�WKH�ZHLJKWHG�DYHUDJH�RI� �/ DQG� �/ � DQG�IRU�<  fZH�KDYH�WKH�LRQRVSKHULF�IUHH�
FRPELQDWLRQ�RI� / �
+RUHPX]�DQG�6M|EHUJ�>�@�VXJJHVWHG�WKH�IROORZLQJ�DOJRULWKP�IRU�UDSLG�DPELJXLW\�UHVROXWLRQ�IRU�ERWK�VKRUW�
DQG�ORQJ�EDVHOLQHV��

x &RPSXWH�DQG�VDYH�WKH�VLQJOH�GLIIHUHQFH�DPELJXLWLHV� �1 DQG� �1 DV�D�IORDW�VROXWLRQ�XVLQJ�(T��������
x &RPSXWH�WKH�DYHUDJHV�IURP�WKH�SUHYLRXV�HSRFKV��
x &RPSXWH�1�����IRU�YHU\�VKRUW�EDVHOLQHV��2WKHUZLVH��FRPSXWH 1: �
x 5RXQG�WKHP�WR�WKH�QHDUHVW�LQWHJHU��FRPSXWH� :1 DQG� �1 E\�(T�������DQG�URXQGHG� �� �1 � DQG� :1UHVSHFWLYHO\��
x &KRRVH�D�UHIHUHQFH�VDWHOOLWH�DQG�FRPSXWH�GRXEOH�GLIIHUHQFH�DPELJXLWLHV�
x &RPSXWH�WKH�DPELJXLW\�FDQGLGDWHV�IRU�HDFK�VDWHOOLWH�DQG�WHVW�WKHP�XVLQJ�(T�������EHORZ��

7KH�DPELJXLW\�UHVROXWLRQ�LV�VXFFHVVIXO�LI�WKH�WHVW�LV�SDVVHG��RWKHUZLVH�WDNH�WKH�QH[W�REVHUYDWLRQ�DQG�JR�WR�
WKH�ILUVW�VWHS���7KH�FRPSXWHG�DPELJXLW\�LV�YDOLG�LI�WKH�IROORZLQJ�WKUHH�FRQGLWLRQV�DUH�IXOILOOHG�>��@��DQG�LI�DW�
OHDVW�RQH�FRQGLWLRQ�LV�QRW�PHW��WKHQ�WKH�UHVSHFWLYH�VHW�RI�DPELJXLW\�LV�GLVFDUGHG��
��� 7HVWLQJ� SULRU� �

�V DQG� SRVWHULRU� YDULDQFH� IDFWRU� � �
�ÖV � XVLQJ� D� �

I[ �&KL�VTXDUH�� WHVW�� +HUH� I GHQRWHV�
GHJUHHV�RI�IUHHGRP�DQG�D LV�WKH�VLJQLILFDQFH�RI�WKH�OHYHO�RI�WKH�WHVW����
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�ÖV � DQG�VHFRQG�EHVW�� �
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����7HVWLQJ�FRPSDWLELOLW\�RI�WKH�VROXWLRQ�EHWZHHQ�UHDO�DQG�IL[�DPELJXLWLHV��
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�
+HUH�; DQG� [[4 DUH�XQNQRZQ�YHFWRUV�RI�WKH�SDUDPHWHUV�DQG�WKHLU�YDULDQFH�FRYDULDQFH�PDWULFHV��+RZHYHU��
IRU�VKRUW�EDVHOLQH�LW�LV�VXIILFLHQW�WR�WHVW�MXVW�RQH� �1 DQG� �1 FDQGLGDWH��EXW�IRU�ORQJHU�EDVHOLQHV��GXH�WR�WKH�
HIIHFW�RI�WKH�LRQRVSKHULF�ELDV��PRUH� �1 DQG� �1 FDQGLGDWHV�KDYH�WR�EH�WHVWHG��

,Q�VXPPDWLRQ��WKH�EDVLF�LGHD�RI�WKH�.7+�PHWKRG�LV�WKH�XVH�RI�VPRRWKHG�SVHXGR�UDQJHV�DQG�WKH�OLQHDU�
FRPELQDWLRQ� RI� SKDVH� REVHUYDEOHV�� 7KLV� PHWKRG� LV� EDVHG� RQ� WKH� YDULDQFH� DQDO\VLV� RI� YDULRXV� OLQHDU�
FRPELQDWLRQV� ,W�FDQ�EH�DSSOLHG�IRU�ERWK�VKRUW�DQG�ORQJ�EDVHOLQHV��)RU�VKRUW�EDVHOLQHV��LW�LV�VXIILFLHQW�WR�WHVW�
MXVW� RQH� �1 FDQGLGDWH� �HVWLPDWHG�ZLWK� IL[HG Z1 � DQG� (TV�� ���� DUH� XVHG�� 7KHQ� D� VHFRQG� DGMXVWPHQW� LV�
FDUULHG�RXW��ZKHUH�ZH�WDNH�DGYDQWDJH�RI�WKH�IL[HG�DPELJXLW\����

+RZHYHU��IRU�WKH�ORQJHU�EDVHOLQHV��JHQHUDOO\�WKH�LRQRVSKHULF�ELDV�LV�QRW�NQRZQ�DQG�PRUH� �1 DQG� �1
FDQGLGDWHV�PXVW�EH�WHVWHG��7KH�QXPEHU�RI�FDQGLGDWHV�PXVW�EH�GHWHUPLQHG�HPSLULFDOO\��EXW�LW�LV�VXIILFLHQW�WR�
WHVW�MXVW�WKH�WZR�FORVHVW�LQWHJHU�FDQGLGDWHV�DURXQG� �1 DQG� �1 HVWLPDWHG�ZLWK�IL[HG Z1 � $V�HDFK�HSRFK�LV�
WUHDWHG�LQGHSHQGHQWO\��WKLV�PHWKRG�LV�IDVW�HQRXJK�IRU�UHDO�WLPH�DSSOLFDWLRQ��WKXV�LW�GRHV�QRW�PDWWHU�LI� WKH�
UHFHLYHU�LV�VWDWLF�RU�PRYLQJ���
�

�� &203$5,621�2)�.7+�$1'�/$0%'$�0(7+2'6��
,Q� WKH� SUHYLRXV� VHFWLRQV�ZH� H[SODLQHG� VRPH� SULQFLSDO� DVSHFWV�ZLWK� UHVSHFW� WR� FRPSDULVRQ� RI� DPELJXLW\�
UHVROXWLRQ�PHWKRGV��,Q�WKLV�VHFWLRQ�ZH�PDNH�VRPH�QXPHULFDO�FRPSDULVRQV�EHWZHHQ�WKH�WZR�PHWKRGV�XVLQJ�
VRPH� UHDO� DQG� VLPXODWHG�*36� GDWD�� ,Q� WKH� ILUVW� VWHS�ZH� QHHG� WR� SUHSDUH� LQIRUPDWLRQ� LQFOXGLQJ� DUWLFOHV��
VRIWZDUH�DQG�VRPH�*36�GDWD��:H�REWDLQHG�WKH�RULJLQDO�0DWODE��70��EDVHG�VRIWZDUH�DQG�EDVLF�DUWLFOHV�RI�
WKH�/$0%'$�PHWKRG�IURP�WKH�'HSDUWPHQW�RI�0DWKHPDWLFDO�*HRGHV\�DQG�SRVLWLRQLQJ�RI�'HOIW�8QLYHUVLW\�
RI� 7HFKQRORJ\�� �:H� DOVR� UHFLHYHG� WKH� H[HFXWDEOH� ILOHV� RI� WKH�.7+�PHWKRG�ZLWK� VLPXODWLRQ�*36� GDWD�
JHQHUDWRU�VRIWZDUH�DQG�SDSHUV�IURP�RXU�GHSDUWPHQW���
D��&RPSDULVRQ�XVLQJ�UHDO�*36�GDWD�VHW��

)RXU�GDWD�VHWV�ZHUH�GRZQORDGHG�IURP�KWWS���VRSDF�XFVG�HGX���FROOHFWHG�E\� UHFHLYHUV�RI� WKH�6RXWKHUQ�
&DOLIRUQLD� ,QWHJUDWHG�*36�1HWZRUN� �6&,*1��� )RU� WHVW� SXUSRVHV�� ��PLQXWHV�� ���PLQXWHV�� ���KU� DQG� �KU�
REVHUYDWLRQ�VHVVLRQV�ZHUH�FRQVLGHUHG�IRU�WKH�LQGLYLGXDO�EDVHOLQHV���P�����P���NP�DQG�����NP�EDVHOLQH�
GDWD�VHWV��UHVSHFWLYHO\��

$OVR�� LQ� RUGHU� WR� WHVW� WKH� UHVXOWV� RI� WKH� DPELJXLW\� UHVROXWLRQ�� ZH� XVH� FRPPHUFLDO� 7ULPEOH� 7RWDO�
&RQWURO� �77&� *36� SRVW� SURFHVVLQJ� VRIWZDUH� DV� WKH� H[WHUQDO� VRIWZDUH�� 7ULPEOH� 7RWDO� &RQWURO� LV� D�
SURFHVVLQJ� SDFNDJH� IRU� *36� DQG� FRQYHQWLRQDO� VXUYH\� PHDVXUHPHQW� GDWD�� 5HFHQW� FRPSDULVRQV� RI�
FRPPHUFLDO�VRIWZDUH�DW�81%�LQGLFDWH�WKDW�77&�LV�RQH�RI�WKH�PRVW�IOH[LEOH�ZKHQ�LW�FRPHV�WR�SURFHVVLQJ�
RSWLRQV��DQG�LWV�VROXWLRQV�VKRZ�D�KLJK�GHJUHH�RI�UHSHDWDELOLW\��,W�VXSSRUWV�ERWK�NLQHPDWLF�DQG�FRQWLQXRXV�
GDWD��2Q�WKH�IO\�DPELJXLW\�UHVROXWLRQ�LV�DYDLODEOH��ZKLFK�SURFHVVHV�NLQHPDWLF�GDWD�ZLWKRXW�DQ\�SHULRG�RI�
VWDWLF�LQLWLDOL]DWLRQ��7KH�7&&�SDFNDJHV�WHQG�WR�EH�VLPSOHU�DQG�PRUH�XVHU�IULHQGO\��EXW�FXW�VRPH�FRUQHUV��
H�J���E\�DOORZLQJ�RQO\� WKH�FRPSXWDWLRQ�RI�YHFWRUV� UHODWLYH�FR�RUGLQDWH� WULSOHWV�EHWZHHQ�JURXQG� VWDWLRQV��
ZKLFK� VKRXOG� WKHQ� EH� DGMXVWHG� WR� JDWKHU� LQ� D� WKUHH�GLPHQVLRQDO� QHWZRUN�� 8QIRUWXQDWHO\�� WKH� GHWDLO�
LQIRUPDWLRQ�DERXW�7&&�RU�RWKHU�FRPPHUFLDO�VRIWZDUH�LV�XVXDOO\�QRW�DYDLODEOH���

)RU�DPELJXLW\�GLVFULPLQDWLRQ��WKH�GLIIHUHQFH�EHWZHHQ�WKH�EHVW�DQG�VHFRQG�EHVW�DPELJXLW\�FRPELQDWLRQ�
LV�FUXFLDO���7DEOH���VKRZV�WKH�VWDWLVWLFV�)�UDWLR�>��@�DQG�WKH�:�UDWLR�>��@�FKRVHQ�IRU�FRPSDULVRQ��

)URP�7DEOH���WKHUH�LV�QR�VLJQLILFDQW�GLIIHUHQFH�LQ�WKH�)�UDWLR�DQG�:�UDWLR�VWDWLVWLFV�REWDLQHG�IURP�WKH�
WKUHH�PHWKRGV���,Q�WHUPV�RI�WKH�HVWLPDWHG�EDVHOLQH�FRPSRQHQWV��WKH�UHVXOWV�REWDLQHG�IURP�WKH�WKUHH�PHWKRGV�
DUH�DOVR�HVVHQWLDOO\�LGHQWLFDO�����
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7DEOH����&RPSDULVRQ�RI�)�UDWLR�DQG�:�UDWLR�VWDWLVWLFV�� %DVHOLQH� 0HWKRG� )�UDWLR� :�UDWLR�
���P� /DPEGD� ������ ������

.7+� ������ ������
77&� ����� ������

�NP� /DPEGD� ����� ������
.7+� ����� ������
77&� ����� ������

�NP� /DPEGD� ����� ������
.7+� ����� ������
77&� ����� ������

)RU�D�FOHDU�LQYHVWLJDWLRQ�FRQFHUQLQJ�WKH�SRWHQWLDO�RI�WKH�PHWKRGV��ZH�FRPSXWH�SHUFHQWDJH�QXPEHU�RI�
WKH�VXFFHVVIXO�DPELJXLW\�UHVROXWLRQV�IRU�DOO�HSRFKV�RI�WKH�*36�REVHUYDWLRQV�XVLQJ�WKH�/DPEGD��.7+�DQG�
77&�VRIWZDUHV��7DEOH���DQG�)LJ����VKRZ�WKH�VXPPDU\�RI�WKH�UHVXOWV�RI�WKLV�FRPSDULVRQ���� 7DEOH�����6XFFHVV�UDWH�SHUFHQWDJH�RI�WKH�DPELJXLW\�UHVROXWLRQ�RI�GLIIHUHQW�PHWKRGV�XVLQJ�UHDO��IORDW��*36�GDWD��&ROXPQV�����VKRZ�WKH�DJUHHPHQW�EHWZHHQ�WKH�WZR�VHOHFWHG�VROXWLRQV���7KH�DPELJXLW\��UHVXOWV�DUH�WKH�VDPH�ZLWK�D�VPDOO�GLIIHUHQFH���WR���F\FOH��� %DVHOLQHV�OHQJWK��NP�� .7+�)L[� /$0��)L[� 77&�)L[� .7+�/$0�� /$0��77&� .7+�77&�

=HUR�EDVH�OLQH� ���� ���� ���� ���� ���� ����
������ ���� ���� ���� ���� ��� ���
����� ���� ���� ���� ���� ���� ����
� ���� ���� ���� ��� ���� ���
� ���� ���� ���� ��� �� ���

����� ���� ���� �� ��� �� ��
0HDQ� ���� ���� ��� ��� ��� ���

8QIRUWXQDWHO\�� WKH� LQWHUSUHWDWLRQ� RI� WKH� UHVXOWV� LV� QRW� VLPSOH�� $OWKRXJK� IRU� WKH� VKRUW� EDVHOLQHV� WKH�
UHVXOWV� RI� WKH� VROXWLRQV� DUH� PRUH� RU� OHVV� VLPLODU�� WKHUH� DUH� VWLOO� VRPH� H[FHSWLRQV�� )RU� H[DPSOH�� LQ� WKH�
EDVHOLQH� ZLWK� OHQJWKV� ��P� DQG� �� NP�ZH� JHW� GLIIHUHQW� UHVXOWV� EDVHG� RQ� WKH� 77&� VRIWZDUH� DQG� WKH� WZR�
PHQWLRQHG� PHWKRGV��:H� WU\� WKLV� ZLWK� WKH� /$0%'$�PHWKRG� LQ� VRPH� XQUHVROYHG� HSRFKV� RI� WKH� .7+�
VROXWLRQ��DQG�WKH�DPELJXLWLHV�DUH�VXFFHVVIXOO\�VROYHG���

)LJ�����6XFFHVV�UDWH�SHUFHQWDJH�RI�WKH�DPELJXLW\�UHVROXWLRQ�RI��GLIIHUHQW�PHWKRGV�XVLQJ�UHDO�*36�GDWD��



6XFFHVV�UDWH�HVWLPDWLRQ�RI�WKH�*36�DPELJXLW\�UHVROXWLRQ«��

2FWREHU���������������������������������������������������������������������������������,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%��

���
E��&RPSDULVRQ�XVLQJ�VLPXODWHG�*36�GDWD�VHW��

:H� FDQQRW� JHW� DQ\� UHDVRQDEOH� FRQFOXVLRQ� IURP� WKH� UHDO� GDWD� VLQFH� WKHUH� QR� UHIHUHQFH� DPELJXLW\�
VROXWLRQ�IRU�RXU�FRPSDULVRQ���2QH�ZD\�RI�REWDLQLQJ�WKH�VXFFHVV�UDWH�LV�XVLQJ�VLPXODWLRQ��8VLQJ�D�UDQGRP�
JHQHUDWRU�� D� ODUJH� QXPEHU� RI� UHDO�YDOXHG� DPELJXLW\� YHFWRUV� DUH� JHQHUDWHG� IURP� WKH� RULJLQ�FHQWUHG�
SUREDELOLW\� GLVWULEXWLRQ�RI� WKH� µµIORDW¶¶� VROXWLRQ��)RU� HDFK�RI� WKHVH� JHQHUDWHG� YHFWRUV�� WKH� FRUUHVSRQGLQJ�
LQWHJHU� OHDVW�VTXDUHV� VROXWLRQ� LV� FRPSXWHG� XVLQJ� WKH� /$0%'$� PHWKRG�� 7KH� SHUFHQWDJH� RI� LQWHJHU�
VROXWLRQV�WKDW�FRLQFLGH�ZLWK�WKH�RULJLQ�\LHOGV�WKH�VXFFHVV�UDWH��7KH�QXPEHU�RI�JHQHUDWHG�VDPSOHV�PXVW�EH�
ODUJH�HQRXJK�LQ�RUGHU�WR�REWDLQ�D�FORVH�HQRXJK�DSSUR[LPDWLRQ�WR�WKH�VXFFHVV�UDWH��,Q�WKLV�UHVHDUFK��ZH�XVH�
WKLV�SHUIRUPDQFH�IDFWRU�IRU�FRPSDULVRQ�RI�WKH�VXFFHVV�UDWH�RI�UHVXOWV���

7KHUH� DUH� WZR� PDLQ� DGYDQWDJHV� WR� XVLQJ� VLPXODWHG� GDWD�� �D�� WR� HYDOXDWH� WKH� SHUIRUPDQFH� RI� WKH�
SURSRVHG�DOJRULWKP��VLQFH�LW�LV�YHU\�GLIILFXOW�WR�GHULYH�KLJKO\�DFFXUDWH�*36�VWDWLRQ�FRRUGLQDWHV�LQ�SUDFWLFH���
DQG��E���WR�VWXG\�WKH�LPSDFW�RI�LQFRUSRUDWLQJ�GLIIHUHQW�V\VWHPDWLF�HUURUV����

$ VLPXODWLRQ�RI� WKH�UDZ�*36�REVHUYDWLRQV�ZDV�SHUIRUPHG�XVLQJ�WKH�6LPXODWLRQ�SDUW�RI�WKH�%HUQHVH�
VRIWZDUH� �VHH� %HUQHV� PDQXDO� UHIHUHQFH� ���� IRU� PRUH� GHWDLOV��� ,W� FDQ� JHQHUDWH� VLPXODWHG� *36� DQG�
*/21$66� REVHUYDWLRQV� �FRGH� DQG�RU� SKDVH�� /�� RU� /��/��� EDVHG� RQ� VWDWLVWLFDO� LQIRUPDWLRQ� �506� IRU�
REVHUYDWLRQV�� ELDVHV�� F\FOH� VOLSV��� 7KH� LRQRVSKHULF� HUURU� LV� SURGXFHG� ZLWK� UHVSHFW� WR� WKH� OHQJWK� RI� WKH�
EDVHOLQH��:H�XVH�WZR�NLQGV�RI�VLPXODWHG�GDWD��VKRUW�EDVHOLQHV��ZLWK�ORZ�LRQRVSKHULF�ELDV��DQG�EDVHOLQHV�
ZLWK�LRQRVSKHULF�HUURU�>��@��:LWK�UHVSHFW�WR�LRQRVSKHULF�IUHH�VROXWLRQ��VKRUW�EDVHOLQH��DOO�RI�WKHVH�PHWKRGV�
JLYH� H[DFWO\� WUXH� VROXWLRQV� IRU� DPELJXLWLHV�� EXW� ZKHQ� LRQRVSKHULF� ELDV� LQ� GDWD� LV� XVHG� ZH� JHW� VRPH�
GLIIHUHQFHV�LQ�VROXWLRQV��7KH�PHWKRGV�JLYH�WUXH�VROXWLRQV�IRU�WKH�DPELJXLWLHV��EXW�ZKHQ�ZH�XVH�LRQRVSKHULF�
ELDV�LQ�GDWD�WKHUH�DUH�VRPH�GLIIHUHQFHV�LQ�WKH�VROXWLRQV���

'LIIHUHQW�FDUULHU�SKDVH�REVHUYDWLRQ�QRLVHV�ZHUH�DVVLJQHG�WR�GLIIHUHQW�VDWHOOLWHV�YDU\LQJ�IURP��PP�WR�
�PP��)RXU�GDWD�VHWV�ZHUH�VLPXODWHG��D����PLQXWH�VHVVLRQ�IRU����DQG����PHWHU�VKRUW�EDVHOLQHV�DQG�D����KU�
VHVVLRQ�IRU�D���NP�DQG�D��KU�VHVVLRQ�IRU�D���NP�EDVHOLQH��

�
7DEOH�����6XFFHVV�UDWH�RI�WKH�DPELJXLW\�UHVROXWLRQ�RI�GLIIHUHQW�PHWKRGV�XVLQJ�VLPXODWHG��� *36�GDWD���1�$��6RIWZDUH�FDQQRW�GHWHUPLQH�IL[�VROXWLRQ�IRU�DPELJXLWLHV��� %DVHOLQH�OHQJWK��NP�� .7+�� /$0��� 77&�

������ ���� ���� ����
������ ��� ��� 1�$�
� ���� ���� ����
��� �� ���� 1�$�
��� �� ��� 1�$�

0HDQ� ��� ��� ���

���&21&/86,21�$1'�5(0$5.6��
$ EULHI�UHYLHZ�RI�WKH�UHVHDUFK�WUHQGV�DQG�LVVXHV�RQ�DPELJXLW\�UHVROXWLRQ�DQG�YDOLGDWLRQ�KDV�EHHQ�SUHVHQWHG�
LQ�WKLV�UHVHDUFK��$W�ILUVW��ZH�ORRNHG�DW�WKH�ZRUN�FDUULHG�RXW�E\�.7+�DQG�'HOIW�8QLYHUVLW\�UHVHDUFK�JURXSV��
+HUH�ZH�FRQFOXGH�WKH�UHVXOWV�RI�WKLV�FRPSDULVRQ��

x 7KH� /$0%'$� VRIWZDUH� >��@� FDQ� SURFHVV� HSRFK� E\� HSRFK� *36� GRXEOH� GLIIHUHQFH� �''��
REVHUYDWLRQV�� 7KLV� UHTXLUHV� WKH� IORDW� VROXWLRQ� RI� WKH� DPELJXLWLHV� DQG� WKHLU� YDULDQFH� FRYDULDQFH�
PDWUL[�� +RZHYHU�� SUHSDULQJ� WKLV� LQSXW� LQIRUPDWLRQ� LV� QRW� TXLWH� DV� VLPSOH� VLQFH� WKHUH� LV� OLWWOH�
FRPPHUFLDO� RU� VFLHQWLILF� *36� VRIWZDUH� DEOH� WR� SURGXFH� ''� DPELJXLW\� UHVROXWLRQV� ZLWK� D� IXOO�
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���
PDWUL[� RI� YDULDQFH� FRYDULDQFH�� 6RPH� URXWLQHV� RI� WKH� .7+� VRIWZDUH� KDG� WR� EH� UHZULWWHQ� DQG�
FKDQJHG�IRU�WKLV�SXUSRVH���

x ,Q�FRQWUDVW�WR�WKH�/$0%'$�VRIWZDUH��WKH�.7+�VRIWZDUH�LV�D�IXOO�DPELJXLW\�UHVROXWLRQ�VRIWZDUH�
EHFDXVH�LW�XVHV�GLUHFWO\�RULJLQDO�5,1(;�*36�DQG�QDYLJDWLRQ�REVHUYDWLRQV�IRU�WKH�IXOO�REVHUYDWLRQDO�
SHULRG����

x ,Q� WKH�FRPSXWDWLRQDO�YLHZ� LW� LV�DQ�DGYDQWDJH�RI�WKH�.7+�PHWKRG�IRU�*36�XVHUV�WKDW� LW�GRHV�QRW�
QHHG�DQ\�RWKHU�H[WHUQDO�VRIWZDUH�IRU�SUHSDULQJ�LQSXW�GDWD�DQG�UXQQLQJ��LW�XVHV�ZKROH�*36�GDWD�DQG�
GRHV�FRPSXWDWLRQ�HSRFK�E\�HSRFK�>��@��DQG�GHWHUPLQHV�ILQDO�DPELJXLWLHV�DQG�SRVLWLRQ�GLIIHUHQFHV�
ZLWK�WKHLU�IXOO�YDULDQFH�FRYDULDQFH�PDWUL[�DXWRPDWLFDOO\��DOVR��LW�LV�XVHU�IULHQGO\���

x 7KH�WKHRU\�RI�WKH�.7+�XVHV�VLPSOH�PDWKHPDWLFDO�FRQFHSWV��,Q�SUDFWLFH��LW�JLYHV�KLJKHU�FRPSXWHU�
HIILFLHQF\�WKDQ�WKH�/$0%'$�PHWKRG�WKDW�XVHV�WKH�H[SOLFLW�PDWUL[�PHWKRG���

x :LWK� UHVSHFW� WR� LQSXW�GDWD� KRZHYHU��.7+�PHWKRGV�QHHG�GXDO�IUHTXHQF\�*36�REVHUYDWLRQV��EXW�
WKH�/$0%'$�PHWKRG�FDQ�EH�XVHG�LQ�WULSOH�IUHTXHQF\�*36�RU�RWKHU�QHZ�REVHUYDWLRQ�WHFKQLTXHV�
>��@��,W�VKRXOG�DOVR�EH�HPSKDVL]HG�WKDW�WKH�.7+�PHWKRG�LV�E\�QRZ�RQO\�LPSOHPHQWHG�IRU�EDVHOLQH�
REVHUYDWLRQV�� ZKLOH� WKH� /$0%'$� PHWKRG� ZRUNV� IRU� DQ\� W\SH� RI� QHWZRUN�� ,W� LV� REYLRXV� WKDW�
QHWZRUN�VROXWLRQV�VKRXOG�EH�PRUH�UHOLDEOH�WKDQ�EDVHOLQH�VROXWLRQV���

x %DVLFDOO\��ERWK�WKH�.7+�DQG�/$0%'$�PHWKRGV�XVH�OLQHDU�FRPELQDWLRQV�RI�PHDVXUHPHQW�E\�WKH�
/HDVW�VTXDUHV� DSSUR[LPDWLRQ� WHFKQLTXH� IRU� FKRRVLQJ� WKH� EHVW� DPELJXLW\� VROXWLRQV� LQ� DPELJXLW\�
VSDFH��VHH�(TV��������EXW�.7+�XVHV�RULJLQDO�SKDVH�DQG�FRGH�REVHUYDWLRQV�LQ�WKH�FRPSXWDWLRQV��$V�
ZH�PHQWLRQHG�EHIRUH��/$0%'$�XVHG�VRPH�GH�FRUUHODWLRQ�PHWKRGV�DQG�= PDWUL[�WKDW�FKDQJH�WKH�
RULJLQDOLW\�RI�GDWD��+RZHYHU�� LQ� WKH� OHDVW�VTXDUHV�VHQVHV�� WKH�HVWLPDWHG�TXDQWLWLHV�RI�DPELJXLWLHV�
DUH�FRUUHODWHG�DV�DOO��WKH�SDUDPHWHUV�RI�/6�DGMXVWPHQW��:KLOH�IL[LQJ�LPSURYHV�WKH�VROXWLRQ��LW�PLJKW�
ZRUVHQ�WKH�VROXWLRQ�LI�W\SH���RU�W\SH���HUURUV�DUH�PDGH�LQ�WKLV�VWHS��'H�FRUUHODWLRQ�PLQLPL]HV�WKHVH�
HUURUV�� EHFDXVH�GH�FRUUHODWLRQ�PDNHV� WKH� LQGLYLGXDO� SDUDPHWHUV� DV� LQGHSHQGHQW� DV� SRVVLEOH� IURP�
HDFK�RWKHU��,Q�RWKHU�ZRUGV��RQO\�WKH�FRUUHFW�YDOXHV�ZLOO�KDYH�WKH�OHDVW�HIIHFW�RYHU�HDFK�RWKHU����

x 7KH�.7+�PHWKRG�XVHV�ZLGH�ODQH�FRPELQDWLRQV�LQ�WKH�DPELJXLWLHV�UHVROXWLRQV��DQG�ZH�NQRZ�WKDW�
XVLQJ� WKLV�FRPELQDWLRQ�KDV�D� UHDO�DGYDQWDJH�FRPSDUHG�ZLWK�XVLQJ� WKH�RULJLQDO�REVHUYDWLRQ�VLQFH�
WKH� DPELJXLWLHV� KDYH� WR� EH� UHVROYHG� IRU� D� VLJQDO� ZLWK� D� ZDYHOHQJWK� IRXU� WLPHV� ODUJHU� DQG� DOVR�
DPELJXLWLHV� DUH� VROYHG� TXLFNO\�� LQGHSHQGHQW� RI� WKH� OHQJWK� RI� WKH� EDVHOLQH� DQG� WKH� LRQRVSKHUH�
FRQGLWLRQ�>��@��$OWKRXJK�WKH�LQYHQWRU�RI�WKH�/$0%'$�PHWKRG�EHOLHYHV�WKDW�LQ�WKH�=�PDWUL[�WKLV�
PHWKRG�XVHV�ZLGH�ODQH�FRPELQDWLRQ�LQGLUHFWO\��ZH�WKLQN�WKLV�LV�WUXH�RQO\�IRU�VRPH�REVHUYDWLRQV���

x .7+�PHWKRG�XVHV�D�WKUHH�VWHS�WHVWLQJ�SURFHGXUH�LQ�RUGHU�WR�FRQWURO�WKH�TXDOLW\�SHUIRUPDQFH�RI�WKH�
DPELJXLW\�UHVROXWLRQ��EXW�/$0%'$�XVHV�DQRWKHU�SHUIRUPDQFH�IDFWRU��WKH�DPELJXLW\�VXFFHVV�UDWH��
2XU�FRPSXWDWLRQ�VKRZV�WKDW�WKH�.7+�DQG�/$0%'$�PHWKRGV�KDYH�WKH�VDPH�VXFFHVV�UDWH�ZLWK�WKH�
VLPXODWHG�GDWD��ZLWKRXW�LRQRVKSKHULF�ELDV��DQG�WKH\�VROYH�DOO�DPELJXLWLHV�FRUUHFWO\��KRZHYHU�ZLWK�
UHVSHFW� WR� LRQRVSKHULF� ELDV� VLPXODWHG� GDWD�� /$0%'$� JDYH� D� KLJKHU� VXFFHVV�UDWH� FRPSDUHG� WR�
.7+��

7KLV� FRPSDULVRQ� VKRZV� WKDW� WKH� UHVXOWV� RI� DPELJXLW\� UHVROXWLRQ� IRU� VKRUW� EDVHOLQHV� DUH� H[DFWO\� WKH�
VDPH�LQ�.7+��/$0%'$�DQG�7ULPEOH�7RWDO�&RQWURO�VRIWZDUH��$OVR��IRU�YHU\�ORQJ�EDVHOLQHV�WKHVH�PHWKRGV�
DQG� VRIWZDUH�ZHUH�QRW� VR�VXFFHVVIXO��+RZHYHU�� WKH�VXFFHVV� UDWH�RI�7ULPEOH�7RWDO�&RQWURO� VRIWZDUH�ZDV�
ORZHU� WKDQ� WKH�RWKHUV� �� ,W� LV� DOVR�ZHOO� NQRZQ� WKDW� WKH�/$0%'$� LV�PXFK�PRUH�HIILFLHQW� WKDQ� LPSRVLQJ�
FRQVWUDLQW�DPRQJ�DPELJXLWLHV��HVSHFLDOO\�IRU�IL[LQJ�EDVHG�RQ�OLPLWHG�REVHUYDWLRQV��IRU�H[DPSOH��IRU�UDSLG�
VWDWLF��NLQHPDWLFV�DSSOLFDWLRQV�>��@��

$OVR��WKLV�UHVHDUFK�VKRZV�DJDLQ�WKH�HIIHFW�RI�LRQRVSKHULF�ELDV�LQ�DPELJXLW\�UHVROXWLRQ�WHFKQLTXHV��,W�LV�
FOHDU� WKDW� DQ\� LPSURYHPHQW� LQ� WKLV� DUHD� FDQ� LPSURYH� WKH� TXDOLW\� RI� DPELJXLW\� UHVROXWLRQ� VLJQLILFDQWO\��
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���
0RUH� UHVHDUFK� ZLWK� H[WUD� *36� REVHUYDWLRQV� LQ� GLIIHUHQW� FRQGLWLRQV� PXVW� EH� GRQH� IRU� EHWWHU� UHVXOWV� LQ�
IXWXUH���

7KH�UHVXOWV�RI�QXPHULFDO�DSSOLFDWLRQ�DUH�QRW�VLJQLILFDQW�HQRXJK�WR�GHWHUPLQH�WKH�VXSHULRULW\�RI�HLWKHU�
PHWKRG�RYHU� DPELJXLW\� UHVROXWLRQ��+RZHYHU�� WKLV� DUWLFOH� GRHV� RIIHU� D� EDVLV� IRU� IXUWKHU� LQYHVWLJDWLRQV� LQ�
IXWXUH����

�
$FNQRZOHGJHPHQWV��7KH�DXWKRU�ZRXOG�OLNH�WR�WKDQN�'U��3HWHU�-RRVWHQ�IRU�VHQGLQJ�WKH�/$0%'$�PHWKRG�
VRIWZDUH�DQG�XVHIXO�SDSHUV�DQG�FRPPHQWV�DERXW�WKLV�PHWKRG��6SHFLDO�WKDQNV�JR�WR�IRXU�XQNQRZQ�UHYLHZHUV�
IRU�WKHLU�YDOXDEOH�VXJJHVWLRQV�DQG�FRPPHQWV���
�

5()(5(1&(6��
��� .KDNL�6HGLJK��$��	�1DVVLUL� 6DUYL��0�� ��������/HYHOLQJ� DQG�J\URFRPSDVVLQJ�RI� VWDEOH� SODWIRUPV�XVLQJ�QHXUDO�

QHWZRUNV�� ,UDQLDQ�-RXUQDO�RI�6FLHQFH�DQG�7HFKQRORJ\��7UDQVDFWLRQ�%��7HFKQRORJ\� 9RO������1R��%���SS������
�����

��� 7HXQLVVHQ��3����������/HDVW�VTXDUHV�HVWLPDWLRQ�RI�WKH�LQWHJHU�*36�DPELJXLWLHV��,Q�,$*�*HQHUDO�0HHWLQJ��,QYLWHG�
/HFWXUH� 6HFWLRQ�,9�7KHRU\�DQG�0HWKRGRORJ\��%HLMLQJ��&KLQD���

��� 7HXQLVVHQ�� 3�� �������� 7KH� SUREDELOLW\� GLVWULEXWLRQ� RI� WKH� *36� EDVHOLQH� IRU� D� FODVV� RI� LQWHJHU� DPELJXLW\�
HVWLPDWRUV��-RXUQDO�RI�*HRGHV\� 9RO������SS�����±������

��� 9HUKDJHQ��6��	�7HXQLVVHQ��3��-��*����������2Q�WKH�SUREDELOLW\�GHQVLW\�IXQFWLRQ�RI�WKH�*166�DPELJXLW\�UHVLGXDOV��
*36�6ROXWLRQV� 9RO������1R�����SS���������

��� 7HXQLVVHQ�� 3�� -��*�� �������� ,QIOXHQFH� RI� DPELJXLW\� SUHFLVLRQ� RQ� WKH� VXFFHVV� UDWH� RI�*166� LQWHJHU� DPELJXLW\�
ERRWVWUDSSLQJ��-��*HRGHV\� 9RO������1R�����SS�����������

��� 'H�-RQJH��3��	�7LEHULXV��&����������7KH�/$0%'$�PHWKRG�IRU� LQWHJHU�DPELJXLW\�HVWLPDWLRQ�� LPSOHPHQWDWLRQ�
DVSHFWV��7HFK��5HS��/*5�6HULHV��1R������'HOIW�*HRGHWLF�&RPSXWLQJ�&HQWUH��'HOIW�8QLYHUVLW\�RI�7HFKQRORJ\��7KH�
1HWKHUODQGV���

��� -RQJH�� 3�� -�� 	� 7LEHULXV�� &�� &�� -��0�� �������� 7KH� /$0%'$�PHWKRG� IRU� LQWHJHU� HVWLPDWLRQ�� LPSOHPHQWDWLRQ�
DVSHFWV��'HOIW�*HRGHWLF�&RPSXWHU�&HQWUH�/*5�VHULHV��1R������

��� +RUHPX]��0��	�6M|EHUJ��/��(����������5DSLG�*36�DPELJXLW\�UHVROXWLRQ�IRU�VKRUW�DQG�ORQJ�EDVHOLQHV��-RXUQDO�RI�
*HRGHV\� 9RO������SS�����±�����

��� 6YHQGVHQ��-��*��*����������6RPH�SURSHUWLHV�RI�GHFRUUHODWLRQ�WHFKQLTXHV�LQ�WKH�DPELJXLW\�VSDFH��*36�6ROXWLRQV�
9RO������1R�����SS���������

���� 6M|EHUJ��/��(����������$SSOLFDWLRQ�RI�*36�LQ�GHWDLOHG�VXUYH\LQJ��= 9HUPHVV� 9RO�������1R������SS�����±�����
���� 6M|EHUJ��/��(����������2Q�RSWLPDOLW\�DQG�UHOLDELOLW\�IRU�*36�EDVH�DPELJXLW\�UHVROXWLRQ�E\�FRPELQHG�SKDVH�DQG�

FRGH�REVHUYDEOHV��= 9HUPHVV� 9RO�������1R�����SS�����±�����
���� 6M|EHUJ��/�(�� �����D���$�QHZ�PHWKRG� IRU�*36�SKDVH�EDVH� DPELJXLW\� UHVROXWLRQ�E\�FRPELQHG�SKDVH�DQG�FRGH�

REVHUYDEOHV��6XUY�5HY� 9RO������1R�������SS�����±�����
���� 6M|EHUJ�� /�� (�� �����E��� 7KH� LRQRVSKHULF� SUREOHP� LQ� *36� SKDVH� DPELJXLW\� UHVROXWLRQ� DQG� VRPH� SRVVLEOH�

VROXWLRQV��,Q��%R�-RQVVHQ��HG���3URF���WK�*HQHUDO�0HHWLQJ�RI�1.*� 3DUW����SS����±�����3DSHUV�LQ�*HRGHV\�DQG�
*,6��7KH�1DWLRQDO�/DQG�6XUYH\��*D��YOH��6ZHGHQ�

���� $OPJUHQ�� .�� �������� $� QHZ� PHWKRG� IRU� *36� DPELJXLW\� UHVROXWLRQ� RQ�WKH��\� DW� VKRUW� EDVHOLQHV�� 3K'� WKHVLV��
75,7$�*(2)272� �������� 'HSDUWPHQW� RI� *HRGHV\� DQG� 3KRWRJUDPPHWU\�� 5R\DO� ,QVWLWXWH� RI� 7HFKQRORJ\��
6WRFNKROP��

���� )HUL��(��	�%HXWOHU��*����������5DSLG�6WDWLF�3RVLWLRQLQJ�%DVHG�RQ�WKH�)DVW�$PELJXLW\�5HVROXWLRQ�$SSURDFK��WKH�
$OWHUQDWLYH� WR�.LQHPDWLF�3RVLWLRQLQJ��3URFHHGLQJV�RI�6HFRQG� ,QWHUQDWLRQDO�6\PSRVLXP�RQ�3UHFLVH�3RVLWLRQLQJ�
ZLWK�*OREDO�3RVLWLRQLQJ�6\VWHP� SS�������������



5��.LDPHKU��

,UDQLDQ�-RXUQDO�RI�6FLHQFH�	�7HFKQRORJ\��9ROXPH�����1XPEHU�%�����������������������������������������������������������������������������2FWREHU������

���
���� (XOHU��+�-��DQG�/DQGDX��+����������)DVW�*36�DPELJXLW\�UHVROXWLRQ�RQ�WKH�IO\�IRU�UHDO�WLPH�WKH�DSSOLFDWLRQV���WK�

,QWHUQDWLRQDO�6\PSRVLXP�RQ�6DWHOOLWH�3RVLWLRQLQJ� &ROXPEXV��2KLR��������0DUFK�����������
���� :DQJ��-���6WHZDUW��0��3��	�7VDNLUL��0����������$�GLVFULPLQDWLRQ�WHVW�SURFHGXUH�IRU�DPELJXLW\�UHVROXWLRQ�RQ�WKH�

IO\��-RXUQDO�RI�*HRGHV\� 9RO������SS�����������
���� 6FK�OHU�� 7�� �������� ,PSDFW� RI� V\VWHPDWLF� HUURUV� RQ� SUHFLVH� ORQJ�EDVHOLQH� NLQHPDWLF� *36� SRVLWLRQLQJ�� *36�

6ROXWLRQV� 9RO������1R�����SS�����������
���� -RRVWHQ�� 3�� �������� 7KH� /$0%'$�0HWKRG�� 0DWODE� �� ,PSOHPHQWDWLRQ�� 9HUVLRQ� ����� ��WK� 0DUFK� ������

0DWKHPDWLFDO�*HRGHV\� DQG�3RVLWLRQLQJ�&LYLO� (QJLQHHULQJ� DQG�*HRVFLHQFHV� 'HOIW� 8QLYHUVLW\� RI� 7HFKQRORJ\��
7KH�1HWKHUODQGV��

���� 6KHQJ\XH��-��� &KHQ��:���&KXQPHL��=���;LDROL��'��	�<RQJTL��&�� �������� 6LQJOH� HSRFK� DPELJXLW\� UHVROXWLRQ� IRU�
*DOLOHR�ZLWK�WKH�&$5�DQG�/$0%'$�PHWKRGV��-��*HRGHV\� 9RO������1R�����SS�����������

���� )HUQiQGH]�3OD]DROD�� 8���0DUWtQ�*XHUUHUR�� 7��0�� 	� (QWUDPEDVDJXDV�� � -�� 7�� �������� $� QHZ� PHWKRG� IRU� WKUHH�
FDUULHU�*166�DPELJXLW\�UHVROXWLRQ��-��*HRGHV\� ��������V������������������

�


