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5REHUW�'��6WHSKHQV�
&HQWHU�IRU�6RODU�6\VWHP�6WXGLHV��&6���

5DQFKR�&XFDPRQJD��&$�

�5HFHLYHG�������2FWREHU����

&&'� SKRWRPHWULF� REVHUYDWLRQV� RI� VL[� QHDU�(DUWK�
DVWHURLGV� �1($�� ZHUH� PDGH� DW� WKH� &HQWHU� IRU� 6RODU�
6\VWHP�6WXGLHV�IURP������-XQH�WR�2FWREHU���������������
0=�� DSSHDUV� WR� EH� LQ� QRQ�SULQFLSDO� D[LV� URWDWLRQ�
�³WXPEOLQJ´���ZKLFK�ZDV�UHOLDEO\�HVWDEOLVKHG�E\�3UDYHF�HW�
DO����������2XU�DQDO\VLV�IRXQG�DQ�DGGLWLRQDO��XQH[SHFWHG�
VKRUW�SHULRG��ORZ�DPSOLWXGH�OLJKWFXUYH���������$JQL�DOVR�
DSSHDUV� WR�EH� WXPEOLQJ�� ,W�ZDV�QRW�SRVVLEOH� WR�HVWDEOLVK�
WKH� WUXH� SHULRGV� RI� URWDWLRQ� DQG� SUHFHVVLRQ� IRU� HLWKHU�
DVWHURLG��

&&'�SKRWRPHWULF�REVHUYDWLRQV�RI�VL[�QHDU�(DUWK�DVWHURLGV��1($V��
ZHUH�PDGH�DW� WKH�&HQWHU�IRU�6RODU�6\VWHP�6WXGLHV� �&6��� LQ������
-XQH�WR�2FWREHU��7ZR�RI�WKH�VHYHQ���������������0=��DQG��������
$JQL��DUH�LQ�D�VWDWH�RI�QRQ�SULQFLSDO�D[LV�URWDWLRQ��L�H���³WXPEOLQJ�´�
*LYHQ�WKH�OLPLWDWLRQV�RI�WKH�VRIWZDUH�XVHG�WR�DQDO\]H�WKH�GDWD�DQG�
LQVXIILFLHQW�GDWD��WKH�WUXH�SHULRGV�RI�URWDWLRQ�DQG�SUHFHVVLRQ�FRXOG�
QRW�EH�GHWHUPLQHG��

7DEOH�,�OLVWV�WKH�WHOHVFRSHV�DQG�&&'�FDPHUDV�WKDW�ZHUH�DYDLODEOH�WR�
PDNH� REVHUYDWLRQV�� $OO� WKH� FDPHUDV� XVH� D� .$)�����(� EOXH�
HQKDQFHG�&&'�DQG�VR�KDYH�HVVHQWLDOO\�WKH�VDPH�UHVSRQVH��7KH�SL[HO�
VFDOHV�UDQJHG�IURP�����������DUFVHF�SL[HO��

7HOHVFRSHV� &DPHUDV�
�����P�I����6FKPLGW�&DVV� )/,�0LFUROLQH�����(�

�����P�I�����6FKPLGW�&DVV� )/,�3UROLQH�����(�

�����P�I�����6FKPLGW�&DVV� 6%,*�67/�����(�

�����P�I�����6FKPLGW�&DVV� �

�����P�I�����5LWFKH\�&KUpWLHQ��

7DEOH� ,��/LVW�RI� WHOHVFRSHV�DQG�&&'�FDPHUDV�DW�&6��XVHG� IRU� WKLV�
SDSHU�� 7KH� H[DFW� FRPELQDWLRQ� IRU� HDFK� WHOHVFRSH�FDPHUD� SDLU� LV�
FKRVHQ�WR�PHHW�VSHFLILF�QHHGV��

$OO� OLJKWFXUYH� REVHUYDWLRQV�ZHUH� XQILOWHUHG� RU�ZLWK� D� FOHDU� ILOWHU��
HYHQ�WKRXJK�WKH�ODWWHU�FDQ�FDXVH�D���������PDJ�ORVV��7KH�H[SRVXUH�
GXUDWLRQ� YDULHG� GHSHQGLQJ� RQ� WKH� DVWHURLG¶V� EULJKWQHVV� DQG� VN\�
PRWLRQ�� 1RW� DOO� LPDJHV� ZHUH� JXLGHG�� 5HJDUGOHVV�� VRPHWLPHV� WKH�
DVWHURLG�ZDV�WUDLOHG�RQ�WKH�LPDJH��,Q�WKRVH�FDVHV��HOOLSWLFDO�DSHUWXUHV�
ZHUH�XVHG�WR�LQFUHDVH�WKH�WDUJHW¶V�615�GXULQJ�PHDVXULQJ��

0HDVXUHPHQWV�ZHUH�PDGH� XVLQJ�032�&DQRSXV�� 7KH�&RPS�6WDU�
6HOHFWRU�XWLOLW\�LQ�032�&DQRSXV�IRXQG�XS�WR�ILYH�FRPSDULVRQ�VWDUV�
RI� QHDU� VRODU�FRORU� IRU� GLIIHUHQWLDO� SKRWRPHWU\�� 7R� UHGXFH� WKH�
QXPEHU�RI�WLPHV�DQG�DPRXQWV�RI�DGMXVWLQJ�QLJKWO\�]HUR�SRLQWV��ZH�
XVH� WKH�$7/$6�FDWDORJ� U�� �65��PDJQLWXGHV� �7RQU\� HW� DO��� �������
7KRVH� DGMXVWPHQWV� DUH� XVXDOO\� _'PDJ_� d� ������ 7KH� UDUH� ODUJHU�
FRUUHFWLRQV� PD\� KDYH� EHHQ� GXH� LQ� SDUW� WR� XVLQJ� XQILOWHUHG�
REVHUYDWLRQV��SRRU�FHQWURLGLQJ�RI�WKH�WDUJHW�DQG�VWDUV��QRW�FRUUHFWLQJ�

IRU�VHFRQG�RUGHU�H[WLQFWLRQ��DQG�RU�VHOHFWLQJ�ZKDW�DSSHDUV�WR�EH�D�
VLQJOH�VWDU�EXW�LV�DFWXDOO\�DQ�XQUHVROYHG�SDLU��

7KH�<�D[LV�YDOXHV�DUH�$7/$6�65�³VN\´��FDWDORJ��PDJQLWXGHV��7KH�
YDOXHV�LQ�WKH�SDUHQWKHVHV�JLYH�WKH�SKDVH�DQJOH�V���D��DQG�WKH�YDOXH�
RI�*�XVHG�WR�QRUPDOL]H�WKH�GDWD�WR�WKH�FRPSDULVRQ�VWDUV�XVHG�LQ�WKH�
HDUOLHVW�VHVVLRQ��7KLV��LQ�HIIHFW��FRUUHFWV�DOO�WKH�REVHUYDWLRQV�VR�WKDW�
VHHP�WR�KDYH�EHHQ�PDGH�DW�D�VLQJOH�IL[HG�GDWH�WLPH�DQG�SKDVH�DQJOH��
SUHVXPDEO\� OHDYLQJ� DQ\� YDULDWLRQV� GXH� RQO\� WR� WKH� DVWHURLG¶V�
URWDWLRQ�DQG�RU�DOEHGR�FKDQJHV��

7KHUH�FDQ�EH�XS�WR�WKUHH�SKDVH�DQJOHV�JLYHQ��,I�WZR��WKH�YDOXHV�DUH�
IRU�WKH�ILUVW�DQG�ODVW�QLJKW�REVHUYDWLRQV��,I�WKUHH��WKH�PLGGOH�YDOXH�LV�
WKH�H[WUHPD��PD[LPXP�RU�PLQLPXP��UHDFKHG�EHWZHHQ�WKH�ILUVW�DQG�
ODVW�REVHUYLQJ�UXQV��7KH�;�D[LV�VKRZV�URWDWLRQDO�SKDVH�IURP�������
WR�������,I�WKH�SORW�LQFOXGHV�WKH�DPSOLWXGH��H�J���³$PS�������´�WKLV�LV�
WKH�DPSOLWXGH�RI� WKH�)RXULHU�PRGHO�FXUYH�DQG�QRW�QHFHVVDULO\� WKH�
DGRSWHG�DPSOLWXGH�IRU�WKH�OLJKWFXUYH��

³/&'%´�VXEVWLWXWHV�IRU�³:DUQHU�HW�DO��������´�IURP�KHUH�RQ��

�����5D�6KDORP��2VWUR�HW�DO���������REVHUYHG�WKLV�1($�ZLWK�UDGDU�
DQG�RSWLFDO�SKRWRPHWU\�WR�ILQG�D�URWDWLRQ�SHULRG�RI�������K��D�SHULRG�
WKDW�KDV�RIWHQ�EHHQ�UHSURGXFHG�WR�ZLWKLQ������K�RYHU�WKH�\HDUV��H�J���
3UDYHF�HW�DO�������ZHE������ZHE��DQG�:DUQHU���������2XU�UHVXOWV�
IURP�WKH������FDPSDLJQ�DUH�FRQVLVWHQW�ZLWK�WKH�HVWDEOLVKHG�SHULRG��

�

�������������41��3UDYHF�HW�DO���������IRXQG�D�SHULRG�RI��������K��
:H�REVHUYHG�WKH�DVWHURLG�WZLFH�EHIRUH��:DUQHU�������������K��DQG�
:DUQHU��������������K���7KH������GDWD�OHG�WR�VLPLODU�UHVXOWV��
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�������������0=���3UDYHF� HW� DO�� ������� VHH�3UDYHF� HW� DO��� ������
HVWDEOLVKHG�WKDW�WKH�DVWHURLG�ZDV�WXPEOLQJ�DQG�UHSRUWHG�SHULRGV�RI�
������ K� DQG� ������ K�� 7KH� VROXWLRQ�� KRZHYHU�� ZDV� QRW� XQLTXH��
PHDQLQJ� WKDW� FRPELQDWLRQV� RI� IRXU� SRVVLEOH� SHULRGV� SURYLGHG� D�
QHDUO\�HTXDO�ILW��'HVSLWH�WKH�DPELJXLWLHV��LW�ZDV�UDWHG�3$5� �±���L�H���
UHOLDEOH��

2XU�GDWD�ZHUH�IDU�WRR�VSDUVH�IRU�D�GHILQLWLYH�VROXWLRQ�HYHQ�ZLWK�WKH�
SURSHU�VRIWZDUH��5HJDUGOHVV��ZH�IRXQG�D�GRPLQDQW�SHULRG��������K��
³3�´��WKDW�LV�LQ�JRRG�DJUHHPHQW�ZLWK�RQH�RI�WKH�SHULRGV�IRXQG�E\�
3UDYHF� HW� DO�� �������� 1RW� H[SHFWHG� ZDV�� DIWHU� VXEWUDFWLQJ� WKH�
GRPLQDQW�SHULRG�� ILQGLQJ�D� VKRUW�SHULRG�� ORZ�DPSOLWXGH� �������K��
�����PDJ��OLJKWFXUYH��³3�´��ZLWK�D�YHU\�JRRG�ILW�WKDW�LV�UHPLQLVFHQW�
RI� D� ³W\SLFDO´� VLQJOH� ERG\� LQ� VLQJOH� D[LV� URWDWLRQ�� /LNHZLVH��
VXEWUDFWLQJ�WKLV�VHFRQGDU\�SHULRG�GUDPDWLFDOO\�LPSURYHG�WKH�ILW�RI�
WKH�GDWD�WR�WKH�GRPLQDQW�SHULRG��EXW� WKH�UHVXOW�OLJKWFXUYH�VKDSH�LV�
VWLOO�VRPHZKDW�XQXVXDO��

�

�

�

�������$JQL��:H�REVHUYHG�WKLV�DVWHURLG�LQ�������:DUQHU���������
ILQGLQJ�GRPLQDQW�SHULRGV�RI������K�DQG������K�IRU�ZKDW�ZH�EHOLHYHG�
WR�EH�D�WXPEOLQJ�DVWHURLG��1HLWKHU�VROXWLRQ�OHG�WR�HYHQ�D�FORVH�ILW�RI�
WKH�GDWD��:H�KDG�EHWWHU�OXFN�ZLWK�WKH������GDWD��

7KH�PRVW� GRPLQDQW�SHULRG�ZDV� ������� K�� LQ� DJUHHPHQW�ZLWK� RXU�
SUHYLRXV�UHVXOW��$�VHHPLQJO\�JRRG�ILW�DW��������K�ZDV��HVVHQWLDOO\��
D�PRQRPRGDO�OLJKWFXUYH��7KH�VSOLW�KDOYHV�SORW�DW�WKH�GRXEOHG�SHULRG�
��������K��VKRZHG�WKH�WZR�KDOYHV�ZHUH�LGHQWLFDO��+RZHYHU��JLYHQ�
WKH�ODUJH�DPSOLWXGH��D�PRQRPRGDO�VROXWLRQ�ZDV�FRQVLGHUHG�XQOLNHO\�
�VHH�+DUULV�HW�DO����������0RUH�VR��WKH�LQDELOLW\�RI�032�&DQRSXV�WR�
GHDO� ZLWK� WXPEOLQJ� DVWHURLGV�� PHDQV� ERWK� SHULRGV� DUH� VRPHZKDW�
VXVSHFW��

2XU�VHDUFK�IRU�D�VHFRQGDU\�SHULRG�WR�LPSURYH�WKH�ILW�RI�WKH�SULPDU\�
OHG� WR� DQ� XQXVXDOO\�VKDSHG� ELPRGDO� OLJKWFXUYH� ZLWK� D� SHULRG� RI��
�����K��LQ�JRRG�DJUHHPHQW�ZLWK�RXU�UHVXOW�IURP�WKH������GDWD��

�

1XPEHU� 1DPH� ������PP�GG� 3KDVH� /3$%� %3$%� 3HULRG�K�� 3�(�� $PS� $�(��

� ����� 5D�6KDORP� ������������ ���������� ���� ��� ������ ����� ����� �����

������� �����41� ������������ �������� ��� �� ����� ����� ����� �����

������� �����0=�� ������������ ���������� ���� ��� 7������ ����� ����� ������

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

������� $JQL� ������������ 
���������� ���� ��� 7������� ������ ����� ������

� � � � � � � ����� ���� ����� �����

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

� �������7*�� ������������ ���������� ��� ��� ������ ������ ����� �����

� �������3*�� ������������ ���������� ���� ��� ������ ����� ����� ������

7DEOH�,,��2EVHUYLQJ�FLUFXPVWDQFHV��7KH�ILUVW�OLQH�JLYHV�WKH�VROH�SHULRG�RU��LI�SUHFHGHG�ZLWK�7��WKH�GRPLQDQW�SHULRG�RI�D�WXPEOHU��$Q\�DGGLWLRQDO�

OLQHV�JLYH�WKH�VHFRQGDU\�SHULRG�V���7KH�SKDVH�DQJOH��D��LV�JLYHQ�DW�WKH�VWDUW�DQG�HQG�RI�HDFK�GDWH�UDQJH��,I�SUHFHGHG�ZLWK�DQ�DVWHULVN��WKH�
SKDVH�DQJOH�UHDFKHV�D�PLQLPXP�RU�PD[LPXP�EHWZHHQ�WKH�ILUVW�DQG�ODVW�GDWH��/3$%�DQG�%3$%�DUH��UHVSHFWLYHO\�WKH�DYHUDJH�SKDVH�DQJOH�ELVHFWRU�
ORQJLWXGH�DQG�ODWLWXGH��VHH�+DUULV�HW�DO����������
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6RPHWLPHV��ZH� FDQ� ILQG� D� WKLUG� SHULRG� WKDW� GRHV� QRW� KDYH� GLUHFW�
SK\VLFDO� RULJLQ�� L�H��� LV� OLNHO\� DQ� DQDO\VLV� ³DUWLIDFW�´� EXW� JUHDWO\�
LPSURYHV�WKH�ILW�RI�WKH�WZR�PDLQ�SHULRGV��7KLV�ZDV�WKH�FDVH�ZLWK�RXU�
�����GDWD�VHW��

�

�

7KH�ILW�IRU�WKH�WKLUG�OLJKWFXUYH�WR�D�SHULRG�RI������K�LV�UHPDUNDEO\�
³FOHDQ´�DQG��RQ�LWV�RZQ��ZRXOG�EH�D�W\SLFDO�IRU�D�³QRUPDO´�DVWHURLG��
7KH�OLJKWFXUYHV�IRU�3��DQG�3��DUH�WKH�UHVXOW�RI�VXEWUDFWLQJ�RQH�IURP�
WKH�RWKHU�DQG� WKLV� WKLUG�SHULRG��:LWKRXW� WKH� WKLUG�SHULRG�� WKH� WZR�
RWKHU�OLJKWFXUYHV�KDYH�PXFK�SRRUHU�ILWV�WR�WKHLU�DGRSWHG�SHULRGV��

�����7*���7KH�HVWLPDWHG�VL]H�RI������7*��LV�DERXW�����P��7KHUH�
ZHUH�QR�HQWULHV�LQ�WKH�/&'%�IRU�WKH�DVWHURLG��EXW�WKH�FXUUHQW�YHUVLRQ�
RI�WKH�/&'%�LV�DERXW�D�\HDU�ROG�DV�RI�WKLV�ZULWLQJ��:H�REVHUYHG�RQ�
�����6HSWHPEHU����DQG�����&RPELQLQJ�WKH�GDWD�IURP�WKH�WZR�QLJKWV�
OHDGV�WR�D�SHULRG�RI�������K��EXW�WKH�ILW�RI�WKH�GDWD�LV�QRW�YHU\�JRRG��
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6LQFH�WKH�SKDVH�DQJOH�ZDV�VLJQLILFDQWO\�GLIIHUHQW�RQ�WKH�WZR�QLJKWV��
ZH� VXVSHFWHG� WKDW� WKH� SRRU� ILW� ZDV� GXH� WR� WKH� FKDQJLQJ� YLHZLQJ�
DVSHFW�DQG�QRW� WXPEOLQJ��7KLV� VHHPHG�FRQILUPHG�DIWHU� ILQGLQJ�DQ�
LQGHSHQGHQW�VROXWLRQ�IRU�HDFK�QLJKW�DQG�FRPSDULQJ�WKH�OLJKWFXUYH�
VKDSHV�DQG�DPSOLWXGH��

�����3*���:H�REVHUYHG�WKLV�DVWHURLG�RQ�WKUHH�QLJKWV�������$XJXVW�
��������DQG�����$V�VHHQ�LQ�WKH�OLJKWFXUYHV��WKH�FRPELQHG�GDWD�VHW�KDV�
D�JRRG�ILW�XQWLO�WKH�VHFRQG�KDOI��7KLV�LV�GXH�WR�WKH�HYROXWLRQ�RI�WKH�
OLJKWFXUYH�RYHU�IRXU�QLJKWV�RI�REVHUYDWLRQV��7KUHH�FRPELQDWLRQV�RI�
WZR� QLJKWV� RI� REVHUYLQJ� UXQV� SURGXFHG� WLJKW� ILWV� WR� WKH� GHULYHG�
SHULRG�IRU�WKDW�FRPELQDWLRQ��7KH�UHVXOWLQJ�OLJKWFXUYHV�VKRZ�KRZ�WKH�
VKDSH�DQG��PRUH�VR��WKH�DPSOLWXGH�HYROYHG��

�

�

�

�
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$FNQRZOHGJHPHQWV�

7KH�DXWKRUV�JUDWHIXOO\�DFNQRZOHGJH�6KRHPDNHU�1(2�*UDQWV�IURP�
WKH�3ODQHWDU\�6RFLHW\���������������7KHVH�ZHUH�XVHG� WR�SXUFKDVH�
VRPH�RI�WKH�WHOHVFRSHV�DQG�&&'�FDPHUDV�XVHG�LQ�WKLV�UHVHDUFK��7KLV�
ZRUN�LQFOXGHV�GDWD�IURP�WKH�$VWHURLG�7HUUHVWULDO�LPSDFW�/DVW�$OHUW�
6\VWHP��$7/$6��SURMHFW��$7/$6�LV�SULPDULO\�IXQGHG�WR�VHDUFK�IRU�
QHDU� HDUWK� DVWHURLGV� WKURXJK� 1$6$� JUDQWV� 11��$5��*��
��166&��.������DQG���166&��.������E\SURGXFWV�RI�WKH�1(2�
VHDUFK� LQFOXGH� LPDJHV� DQG� FDWDORJV� IURP� WKH� VXUYH\� DUHD�� 7KH�
$7/$6� VFLHQFH� SURGXFWV� KDYH� EHHQ� PDGH� SRVVLEOH� WKURXJK� WKH�
FRQWULEXWLRQV�RI�WKH�8QLYHUVLW\�RI�+DZDLL�,QVWLWXWH�IRU�$VWURQRP\��
WKH� 4XHHQ
V� 8QLYHUVLW\� %HOIDVW�� WKH� 6SDFH� 7HOHVFRSH� 6FLHQFH�
,QVWLWXWH�� DQG� WKH� 6RXWK�$IULFDQ�$VWURQRPLFDO�2EVHUYDWRU\�� 7KLV�
SDSHU� PDGH� XVH� RI� WKH� VHUYLFHV� SURYLGHG� E\� WKH� 6$2�1$6$�
$VWURSK\VLFV�'DWD�6\VWHP��ZKLFK� LV�RSHUDWHG�E\� WKH�6PLWKVRQLDQ�
$VWURSK\VLFDO�2EVHUYDWRU\� XQGHU�1$6$�&RRSHUDWLYH�$JUHHPHQW�
��166&���0������

5HIHUHQFHV�

5HIHUHQFHV�IURP�ZHE�VLWHV�VKRXOG�EH�FRQVLGHUHG�WUDQVLWRU\��XQOHVV�
IURP�DQ�DJHQF\�ZLWK�D�ORQJ�OLIHWLPH�H[SHFWDQF\��6LWHV�UXQ�E\�SULYDWH�
LQGLYLGXDOV��HYHQ�LI�RQ�DQ�LQVWLWXWLRQDO�ZHE�VLWH��GR�QRW�QHFHVVDULO\�
IDOO�LQWR�WKLV�FDWHJRU\��

+DUULV�� $�:��� <RXQJ�� -�:��� 6FDOWULWL�� )��� =DSSDOD�� 9�� ��������
³/LJKWFXUYHV�DQG�SKDVH�UHODWLRQV�RI�WKH�DVWHURLGV����$ONPHQH�DQG�
����*\SWLV�´�,FDUXV��������������

+DUULV�� $�:��� 3UDYHF�� 3��� *DODG�� $��� 6NLII�� %�$���:DUQHU�� %�'���
9LODJL��-���*DMGRV��6���&DUERJQDQL��$���+RUQRFK��.���.XVQLUDN��3���
&RRQH\�� :�5��� *URVV�� -��� 7HUUHOO�� '��� +LJJLQV�� '��� %RZHOO�� (���
.RHKQ��%�:����������³2Q�WKH�PD[LPXP�DPSOLWXGH�RI�KDUPRQLFV�RQ�
DQ�DVWHURLG�OLJKWFXUYH�´�,FDUXV�������������

2VWUR��6�-���+DUULV��$�:���&DPSEHOO��'�%���6KDSLUR��,�,���<RXQJ��-��
�������� ³5DGDU� DQG� SKRWRHOHFWULF� REVHUYDWLRQV� RI� ����� 5D�
6KDORP�´�,FDUXV��������������

3UDYHF�� 3���:ROI��0��� 6DURXQRYD�� /�� �������� ³/LJKWFXUYHV� RI� ���
1HDU�(DUWK$VWHURLGV�´�,FDUXV���������������

3UDYHF��3���:ROI��0���6DURXQRYD��/�������ZHE������ZHE��� �
KWWS���ZZZ�DVX�FDV�F]�aSSUDYHF�QHR�KWP��

3UDYHF��3���+DUULV��$�:���6FKHLULFK��3���.XãQLUiN��3���âDURXQRYi��/���
+HUJHQURWKHU��&�:���0RWWROD��6���+LFNV��0�'���0DVL��*���.UXJO\��
<X�1���6KHYFKHQNR��9�*���1RODQ��0�&���+RZHOO��(�6���.DDVDODLQHQ��
0���*DOiG��$���%URZQ��3���'HJUDII��'�5���/DPEHUW��-�9���&RRQH\��
:�5��� )RJOLD�� 6�� �������� ³7XPEOLQJ� DVWHURLGV�´� ,FDUXV� ������
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