
� ����

� 0LQRU�3ODQHW�%XOOHWLQ�����������

5HIHUHQFHV�

�XUHFK�� -��� 7RQU\�� -��� (UDVPXV�� 1��� 'HQQHDX�� /��� +HLQ]H�� $�1���

)OHZHOOLQJ��+���9DQþR��5����������³$VWHURLG�PRGHOV�UHFRQVWUXFWHG�

IURP�$7/$6�SKRWRPHWU\�´�$VWURQ��$VWURSK\V�������$����

+DUULV�� $�:��� <RXQJ�� -�:��� 6FDOWULWL�� )��� =DSSDOD�� 9�� ��������

³/LJKWFXUYHV�DQG�SKDVH�UHODWLRQV�RI�WKH�DVWHURLGV����$ONPHQH�DQG�

����*\SWLV�´�,FDUXV��������������

-3/� �������� 6PDOO�%RG\� 'DWDEDVH� %URZVHU� �� -3/� 6RODU� 6\VWHP�

'\QDPLFV�ZHE�VLWH��/DVW�DFFHVVHG�����-XO\������� �

KWWS���VVG�MSO�QDVD�JRY�VEGE�FJL�
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HGLWLRQ���SS���������������������������6SULQJHU��%HUOLQ��
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OLJKWFXUYH� GDWDEDVH�´� ,FDUXV� ����� ��������� 8SGDWHG� ����� -XQH��

KWWSV���PLQSODQREV�RUJ�03,QIR�SKS�OFGEVXPPDU\TXHU\�SKS�

:DUQHU�� %�'�� �������� &ROODERUDWLYH� $VWHURLG� /LJKWFXUYH� /LQN�

ZHEVLWH��/DVW�DFFHVVHG�����6HSWHPEHU������� �
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�5HFHLYHG�������2FWREHU�����

/LJKWFXUYHV� DQG� URWDWLRQDO� SHULRGV�ZHUH�GHWHUPLQHG� IRU�

WKH�IROORZLQJ�ILYH�PDLQ�EHOW�DVWHURLGV�������&KXULYDQQLD��

������ �� ������ K�� ����� %RUWOH�� ������ �� ������ K���

����� 'RQDOX�� ������ �� ������ K�� ����� /DSSRQLFD���

��������������K��DQG�������6]XNDOVNL����������������K��

,QWURGXFWLRQ�

7KH� REMHFWLYH� RI� WKLV� UHVHDUFK� ZDV� WR� GHWHUPLQH� WKH� URWDWLRQDO�

SHULRGV� IRU� WKH� IROORZLQJ� ILYH� DVWHURLGV�� �����&KXULYDQQLD�������

%RUWOH�� �����'RQDOX�� ����� /DSSRQLFD�� DQG� ������ 6]XNDOVNL�� E\�

SORWWLQJ�WKHLU�OLJKWFXUYHV�GHULYHG�IURP�SKRWRPHWULF�GDWD�WDNHQ�RYHU�

VHYHUDO� QLJKWV��7KHVH� OLJKWFXUYHV�ZHUH� DQDO\]HG� WR� GHWHUPLQH� WKH�

DVWHURLG¶V� URWDWLRQDO� SHULRG� DQG� IURP� WKH� VKDSH� RI� WKH� OLJKWFXUYH�

FUHDWH�D�SRVVLEOH�PRGHO�RI�WKH�DVWHURLG��

$VWHURLG������&KXULYDQQLD�ZDV�GLVFRYHUHG�E\�&KHUQ\NK��1��DW�WKH�

&ULPHDQ� $VWURSK\VLFDO� 2EVHUYDWRU\� LQ� ������ ,W� KDV� DQ� RUELWDO�

HFFHQWULFLW\� RI� ������ DQG� D� VHPL�PDMRU� D[LV� RI� ����� $8� �-3/���

$VWHURLG� �����%RUWOH�ZDV� GLVFRYHUHG� E\� 6KRHPDNHU�� &�6�� DW� WKH�

3DORPDU� 2EVHUYDWRU\� LQ� ������ 7KH� DVWHURLG� KDV� DQ� RUELWDO�

HFFHQWULFLW\� RI� ������ DQG� D� VHPL�PDMRU� D[LV� RI� ����� $8� �-3/���

$VWHURLG������'RQDOX�ZDV�GLVFRYHUHG�E\�5RPDQ��%��DW�WKH�3DORPDU�

2EVHUYDWRU\�LQ�������,W�KDV�DQ�RUELWDO�HFFHQWULFLW\�RI�������DQG�D�

VHPL�PDMRU�D[LV�RI������$8��-3/���$VWHURLG������/DSSRQLFD�ZDV�

GLVFRYHUHG�E\�&�-��YDQ�+RXWHQ�DQG�,��YDQ�+RXWHQ�*URHQHYHOG�DW�WKH�

3DORPDU�2EVHUYDWRU\�LQ�������,W�KDV�DQ�RUELWDO�HFFHQWULFLW\�RI�������

DQG�D�VHPL�PDMRU�D[LV�RI������$8��-3/���$VWHURLG�������6]XNDOVNL�

ZDV�GLVFRYHUHG�E\�(�:��(OVW�DW�WKH�(XURSHDQ�6RXWKHUQ�2EVHUYDWRU\�

LQ�������,W�KDV�DQ�RUELWDO�HFFHQWULFLW\�RI�������DQG�D�VHPL�PDMRU�D[LV�

RI������$8��-3/���

$VWHURLGV� ZHUH� VHOHFWHG� WKURXJK� WKH� ZHEVLWH� ZKLFK� FDWDORJV� DOO�

NQRZQ� DVWHURLGV� �&$//��� 7KH� DVWHURLG¶V� DSSDUHQW� PDJQLWXGH��

GHFOLQDWLRQ��DQG�RSSRVLWLRQ�GDWH��ZHUH�WKH�FULWHULRQ�XVHG�WR�FKRRVH�

WKHVH� DVWHURLGV�� $VWHURLGV� DW� RU� QHDU� RSSRVLWLRQ� ZHUH� FKRVHQ� WR�

HQVXUH�WKH�PD[LPXP�DPRXQW�RI�GDWD�HDFK�QLJKW��)RU�WKH�LGHDO�VLJQDO�

WR� QRLVH� UDWLR�� DVWHURLGV� ZLWK� PDJQLWXGH� RI� ��� RU� EULJKWHU� ZHUH�

FKRVHQ�� :KHQ� REVHUYLQJ� DVWHURLGV� LQ� WKH� QRUWKHUQ� KHPLVSKHUH��

DVWHURLGV�ZLWK�PRUH�SRVLWLYH� GHFOLQDWLRQV�ZHUH� FKRVHQ� DQG�ZKHQ�

REVHUYLQJ�LQ�WKH�VRXWKHUQ�KHPLVSKHUH��DVWHURLGV�ZLWK�PRUH�QHJDWLYH�

GHFOLQDWLRQV�ZHUH�FKRVHQ��
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0HWKRG�

7ZR�GLIIHUHQW� WHOHVFRSHV�ZHUH�XVHG�WR�REVHUYH�WKH�DVWHURLGV��2QH�

WHOHVFRSH�ZDV�WKH�7H[DV�$	0�8QLYHUVLW\�&RPPHUFH�����P�&'.�

����3ODQHZDYH�WHOHVFRSH�HTXLSSHG�ZLWK�DQ�$QGRU�L.RQ�;/�&&'�

&DPHUD�ORFDWHG�LQ�&RPPHUFH��7;�DW�D�ODWLWXGH�RI���R1��7KH�&&'�

FDPHUD� ZDV� WKHUPRHOHFWULFDOO\� FRROHG� WR� ���R&� WR� UHGXFH�

EDFNJURXQG� QRLVH�� 7KH� RWKHU� WHOHVFRSH�ZDV� SDUW� RI� WKH� 6RXWKHUQ�

$VVRFLDWH� IRU� 5HVHDUFK� LQ� $VWURQRP\� �6$5$�� FRQVRUWLXP�� 7KH�

6$5$�&7�����P� WHOHVFRSH� LV� DOVR� HTXLSSHG�ZLWK� DQ�$QGRU� ,NRQ�

&&'� &DPHUD� ORFDWHG� LQ� WKH� VRXWKHUQ� KHPLVSKHUH� DW� WKH� &HUUR�

7ROROR�2EVHUYDWRU\�LQ�&KLOH�DW�D�ODWLWXGH�RI���R6��7KH�FDPHUD�ZDV�

FRROHG�WR����R&�WR�UHGXFH�EDFNJURXQG�QRLVH��

7R�FDOLEUDWH�WKH�LPDJHV��GDUN��IODW��DQG�ELDV�IUDPHV�ZHUH�REWDLQHG�DW�

WKH�EHJLQQLQJ�RI�HDFK�QLJKW��'DUN�IUDPHV�ZHUH�WDNHQ�XVLQJ�WKH�VDPH�

H[SRVXUH� OHQJWK� DV� WKH� UHVSHFWLYH� OLJKW� LPDJHV�� WKUHH�PLQXWHV� IRU�

HDFK�WHOHVFRSH��)ODW�ILHOG�LPDJHV�ZHUH�WDNHQ�DJDLQVW�WKH�WZLOLJKW�VN\�

DW�H[SRVXUH�WLPHV�EHWZHHQ�ILYH�DQG�WKLUW\�VHFRQGV�ZHUH�XVHG��7KH�

IODW�ILHOG�LPDJHV�ZHUH�XVHG�WR�FRUUHFW�IRU�DQRPDOLHV�LQ�WKH�RSWLFDO�

SDWK� DQG�QRQ�XQLIRUPLWLHV� DFURVV� WKH� FKLS��%RWK� WHOHVFRSHV� KDG�D�

OXPLQDQFH�ILOWHU�EHWZHHQ�WKH�WHOHVFRSH�DQG�FDPHUD��7KH�OXPLQDQFH�

ILOWHU�WUDQVPLWV�PRVW�RI�WKH�YLVLEOH�OLJKW�IURP�WKH�WDUJHW�EXW�EORFNV�

WKH�LQIUDUHG��

,PDJHV�ZHUH� UHGXFHG� DQG� DOLJQHG� XVLQJ� WKH� VRIWZDUH�0D[,P�'/�

�'LIIUDFWLRQ�/LPLWHG���2QFH�WKH�LPDJHV�ZHUH�UHGXFHG��WKH�SURJUDP�

032� &DQRSXV� Y����������� �:DUQHU�� ������ ZDV� XVHG� WR� SHUIRUP�

GLIIHUHQWLDO� SKRWRPHWU\�� )RU� HDFK� QLJKW� RI� REVHUYDWLRQV�� ILYH�

FRPSDULVRQ�VWDUV�ZHUH�FKRVHQ�ZLWKLQ�HDFK�RI�WKH�LPDJHV��$SHUWXUH�

SKRWRPHWU\� ZDV� WKHQ� XVHG� WR� GHWHUPLQH� WKH� EULJKWQHVV� RI� WKH�

DVWHURLG�DQG�WKH�FRPSDULVRQ�VWDUV��7KH�DYHUDJH�GLIIHUHQFH�LQ�PDJ��

EHWZHHQ�WKH�VWDUV�DQG�DVWHURLGV�ZDV�IRXQG�IRU�HDFK�LPDJH�DQG�WKHQ�

SORWWHG� YHUVXV� WLPH�� WR� SURGXFH� D� OLJKWFXUYH�� :KHQ� WKH� DVWHURLG�

SDVVHG� D� QHDUE\� VWDU� WKRVH� REVHUYDWLRQV� ZHUH� GHOHWHG� IURP� WKH�

OLJKWFXUYH��$�)RXULHU�WUDQVIRUP�ZDV�WKHQ�DSSOLHG�WR�WKH�OLJKWFXUYH�

WR�GHWHUPLQH�WKH�DVWHURLG¶V�URWDWLRQDO�SHULRG�DQG�DVVRFLDWHG�HUURU��

7KH� SURFHVVHG� OLJKWFXUYH� ILOHV� ZHUH� WKHQ� H[SRUWHG� LQWR� 032�

/&,QYHUW��:DUQHU��������WR�FUHDWH�QRWLRQDO��'�PRGHOV�IRU�DOO�ILYH�

DVWHURLGV��7KH�UHGXFHG�DQG�OLJKW�WLPH�FRUUHFWHG�032�&DQRSXV�ILOHV�

ZHUH�FRQYHUWHG�LQWR�³.DDVDODLQHQ�ILOHV´�VLQFH�WKH\�KDYH�D�VSHFLILF�

IRUPDW�XWLOL]HG�E\�WKH�LQYHUVLRQ�DOJRULWKPV�RI�WKH�SURJUDP��$�VHDUFK�

ZDV� GRQH�ZLWK�032�/&,QYHUW� IRU� WKH� URWDWLRQDO� SHULRG�ZLWK� WKH�

ORZHVW� FKL�VTXDUHG� YDOXH�� LQGLFDWLQJ� WKH� EHVW� SHULRG�� )RU� DOO� ILYH�

DVWHURLGV�� WKH� URWDWLRQDO� SHULRGV� IRXQG� IRU� WKH� �'� PRGHOV� ZHUH�

ZLWKLQ� ����� KRXUV� RI� WKH� RULJLQDO� OLJKWFXUYH� SHULRGV�� +RZHYHU��

GHVSLWH�WKH�VHHPLQJO\�DFFXUDWH�GHSLFWLRQ�RI�WKH��'�PRGHOV��OLPLWHG�

VRODU�SKDVH�DQJOH�YDULDWLRQV�DQG�OLPLWHG�HFOLSWLF�ORQJLWXGH�FRYHUDJH�

LQ�WKH�GDWD�PHDQV�WKHVH�VKDSH�PRGHOV�DUH�VLPSO\�LQLWLDO�HVWLPDWHV�WR�

HQFRXUDJH� IXWXUH� REVHUYDWLRQV��:H� FDQ� H[SHFW� WKDW� WKHVH�PRGHOV�

PD\� EH� VXEMHFW� WR� VLJQLILFDQW� UHYLVLRQ� DV� PRUH� GDWD� EHFRPH�

DYDLODEOH��

5HVXOWV�

�����&KXULYDQQLD�ZDV�LPDJHG�����WLPHV�RQ�������-XO\�����DQG�����

WLPHV�RQ�������-XO\�����%RWK�QLJKWV�XVHG�WKH�6$5$�&7�WHOHVFRSH�

DQG�WKH�GDWD�UHVXOWHG�LQ�D�URWDWLRQDO�SHULRG�RI���������������K�ZLWK�

DQ�DPSOLWXGH�YDULDQFH�RI������PDJ��1R�SUHYLRXV�VWXGLHV�UHJDUGLQJ�

WKH� URWDWLRQ� SHULRG� ZHUH� IRXQG� LQ� HLWKHU� WKH� -3/� 6PDOO�%RG\�

'DWDEDVH�RU�WKH�0LQRU�3ODQHW�/LJKW�&XUYH�'DWDEDVH��

�

�

�����%RUWOH�$VWHURLG������%RUWOH�ZDV�LPDJHG�����WLPHV�RQ�������

-XQH� ���� DQG� ��� WLPHV� RQ� ������ -XQH� ���� %RWK� QLJKWV� XVHG� WKH�

7$08&�WHOHVFRSH�DQG� WKH�GDWD�UHVXOWHG� LQ�D�URWDWLRQDO�SHULRG�RI��

��������������K�ZLWK�DQ�DPSOLWXGH�YDULDQFH�RI������PDJ��%HKUHQG�

�����ZHE�� IRXQG� D� VLPLODU� SHULRG� RI� ������ ����������K�ZLWK� DQ�

DPSOLWXGH�RI������PDJ��.LP�HW�DO���������IRXQG�D�VLPLODU�SHULRG�RI�

������������K�ZLWK�DQ�DPSOLWXGH�RI������PDJ��%HKUHQG������ZHE��

IRXQG�D� VLPLODU�SHULRG�RI����������������K�ZLWK�DQ�DPSOLWXGH�RI�

�����PDJ��3DO�HW�DO���������IRXQG�D�VLPLODU�SHULRG�RI�����������������

K�ZLWK�DQ�DPSOLWXGH�RI������PDJ��

�



� ����

� 0LQRU�3ODQHW�%XOOHWLQ�����������

�

�����'RQDOX�ZDV� LPDJHG����� WLPHV� RQ� ������0DUFK����� DQG����

WLPHV�RQ�������0DUFK�����%RWK�QLJKWV�XVHG�WKH�7$08&�WHOHVFRSH�

DQG�WKH�GDWD�UHVXOWHG�LQ�D�URWDWLRQDO�SHULRG�RI���������������K�ZLWK�

DQ� DPSOLWXGH� YDULDQFH� RI� �����PDJ�� &DVDOQXRYR� ������� IRXQG� D�

VLPLODU� SHULRG� RI� ����� �� ����� K�ZLWK� DQ� DPSOLWXGH� RI� �����PDJ��

%HQLVKHN��������IRXQG�D�VLPLODU�SHULRG�RI���������������K�ZLWK�DQ�

DPSOLWXGH�RI�������PDJ��'XUHFK�HW�DO���������DOVR�IRXQG�D�VLPLODU�

SHULRG�RI������������������K��

�

�

�����/DSSRQLFD�ZDV�LPDJHG�����WLPHV�RQ�������0DUFK����DQG�����

WLPHV�RQ�������0DUFK����%RWK�QLJKWV�XVHG�WKH�7$08&�WHOHVFRSH�

DQG� D� URWDWLRQDO� SHULRG� RI� ������ �� ������ K� ZDV� IRXQG� ZLWK� DQ�

DPSOLWXGH� YDULDQFH� RI� ����� PDJ�� %HKUHQG� �����ZHE�� IRXQG� D�

VLPLODU�SHULRG�RI��������������K�ZLWK�DQ�DPSOLWXGH�RI������PDJ��

&ODUN� ������� IRXQG� D� VLPLODU� SHULRG� RI� ������ �� ������ K�ZLWK� DQ�

DPSOLWXGH�RI������PDJ��%HQLVKHN��������IRXQG�D�VLPLODU�SHULRG�RI�

���������������K�ZLWK�DQ�DPSOLWXGH�RI������PDJ��

�

�

������6]XNDOVNL�ZDV�LPDJHG����WLPHV�RQ�������-XO\����DQG����WLPHV�

RQ�������-XO\���ERWK�QLJKWV�XVLQJ�WKH�7$08&�WHOHVFRSH�DQG�LW�ZDV�

DOVR� LPDJHG� ���� WLPHV� RQ� ������ -XO\� ��� XVLQJ� WKH� 6$5$�&7�

WHOHVFRSH��7KH�GDWD�UHVXOWHG�LQ�D�URWDWLRQDO�SHULRG�RI���������������

K� ZLWK� DQ� DPSOLWXGH� YDULDQFH� RI� ����� PDJ�� 1R� SUHYLRXV� VWXGLHV�

UHJDUGLQJ�WKH�URWDWLRQDO�SHULRG�ZHUH�IRXQG�HLWKHU�LQ�WKH�-3/�6PDOO�

%RG\�'DWDEDVH�RU�WKH�0LQRU�3ODQHW�/LJKW�&XUYH�'DWDEDVH��
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$FNQRZOHGJHPHQWV�

7KLV� UHVHDUFK� ZDV� VXSSRUWHG� E\� WKH� 3K\VLFV� DQG� $VWURQRP\�

5HVHDUFK�([SHULHQFHV� IRU�8QGHUJUDGXDWHV� �5(8�� 3URJUDP� DW� WKH�

7H[DV� $	0� 8QLYHUVLW\�&RPPHUFH� IXQGHG� E\� 16)� *UDQW� 1R��

���������

5HIHUHQFHV�

%HKUHQG��5�������ZHE������ZHE��2EVHUYDWRLUH�GH�*HQHYH�ZHE�VLWH���

KWWS���REVZZZ�XQLJH�FK�aEHKUHQG�SDJHBFRX�KWPO�

%HQLVKHN�� 9�� �������� ³3KRWRPHWU\� RI� ��� $VWHURLGV� DW� 6RSRW�

$VWURQRPLFDO�2EVHUYDWRU\�������6HSWHPEHU��������0DUFK�´�0LQRU�

3ODQHW�%XOOHWLQ��������������

%HQLVKHN�� 9�� �������� ³/LJKWFXUYH� DQG� 5RWDWLRQ� 3HULRG�

'HWHUPLQDWLRQV�IRU����$VWHURLGV�´�0LQRU�3ODQHW�%XOO���������������

&DVDOQXRYR��*�%����������³/LJKWFXUYH�$QDO\VLV�IRU�1LQH�0DLQ�%HOW�

$VWHURLGV�´�0LQRU�3ODQHW�%XOOHWLQ��������������

&ODUN�� 0�� �������� ³$VWHURLG� /LJKWFXUYH� 2EVHUYDWLRQV�´� 0LQRU�

3ODQHW�%XOOHWLQ��������������

&ROODERUDWLYH� $VWHURLG� /LJKWFXUYH� /LQN� �&$//��� 3RWHQWLDO�

/LJKWFXUYH�7DUJHWV���

KWWS���ZZZ�PLQRUSODQHW�LQIR�3+3�FDOOB2SS/&'%4XHU\�SKS�

'LIIUDFWLRQ� /LPLWHG� 0D[,P� '/� �� $VWURQRP\� DQG� 6FLHQWLILF�

,PDJLQJ�6RIWZDUH����

KWWSV���GLIIUDFWLRQOLPLWHG�FRP�SURGXFW�PD[LP�GO��

'XUHFK�� -��� 7RQU\�� -��� (UDVPXV�� 1��� 'HQQHDX�� /��� +HLQ]H�� $�1���

)OHZHOOLQJ��+���9DQFR��5����������³$VWHURLG�PRGHOV�UHFRQVWUXFWHG�

IURP�$7/$6�SKRWRPHWU\�´�$VWURQ��$VWURSK\V�������$������SS��

+DUULV�� $�:��� <RXQJ�� -�:��� 6FDOWULWL�� )��� =DSSDOD�� 9�� ��������

³/LJKWFXUYHV�DQG�SKDVH�UHODWLRQV�RI�WKH�DVWHURLGV����$ONPHQH�DQG�
����*\SWLV�´�,FDUXV��������������

-3/�6PDOO�%RG\�'DWDEDVH�%URZVHU��� �

KWWS���VVG�MSO�QDVD�JRY�VEGE�FJL�WRS�

.LP��0��-���&KRL��<��-���0RRQ��+��.�� DQG���� FROOHDJXHV� ��������

³5RWDWLRQDO�SURSHUWLHV�RI�WKH�PDULD�DVWHURLG�IDPLO\�´�$VWURQ��-�������

$����

0LQRU�3ODQHW�/LJKW�&XUYH�'DWDEDVH��/&'%���� �

KWWSV���PLQSODQREV�RUJ�03,QIR�SKS�OFGEVXPPDU\TXHU\�SKS�

3DO��$���6]DNDWV��5���.LVV��&���%RGL��$���%RJQDU��=���.DOXS��&���.LVV��

/�/���0DUWRQ��*���0ROQDU�� /��� 3ODFK\�� (��� 6iUQHF]N\��.��� 6]DER��

*�0��� 6]DER�� 5�� �������� ³6RODU� 6\VWHP� 2EMHFWV� 2EVHUYHG� ZLWK�

7(66���)LUVW�'DWD�5HOHDVH��%ULJKW�0DLQ�EHOW�DQG�7URMDQ�$VWHURLGV�

IURP�WKH�6RXWKHUQ�6XUYH\�´�$S��-��6XSO��6HU�������LG�����

:DUQHU�� %�'��� +DUULV�� $�:��� 3UDYHF�� 3�� �������� ³7KH� $VWHURLG�

/LJKWFXUYH�'DWDEDVH�´� ,FDUXV� ����� ���������8SGDWHG� ����� -XQH��
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