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;���&RQWUDVW�DQG�9LVLRQ�,PSDLUPHQW

7KH�XVH�RI�FRORXU�FRQWUDVW�LQ�WKH�EXLOW�HQYLURQPHQW�IRU�SHRSOH�ZLWK�ORZ�YLVLRQ�KDV�
EHHQ�ODUJHO\�XQVXSSRUWHG�IRU�DUFKLWHFWV��DFFHVV�FRQVXOWDQWV�RU�GHVLJQHUV��ZLWK�OLWWOH�
LQIRUPDWLRQ� DYDLODEOH� DQG� QR� HDV\�WR�XVH� WRROV�� $FFHVVLEOH� HQYLURQPHQWV� DVVLVW�
HYHU\RQH LQFOXGLQJ�YLVLRQ�LPSDLUHG�SHRSOH��9,3�� \HW�RIWHQ SHRSOH�FDQ�EH�GLVDEOHG�
E\� EXLOGLQJV�� QRW� GLUHFWO\� E\� WKHLU� LPSDLUPHQW� �3XOOLQ�� ������� LQ� ����� D� WRWDO� RI�
����� RI� WKH� ZRUOG¶V� SRSXODWLRQ� ZHUH� OLVWHG� DV� EOLQG� �+DUOH� DQG� 0F/DQQDKDQ�
������� $� UHFHQW� FULWLTXH� RI� DFFHVVLELOLW\ UHFRPPHQGDWLRQV� VKRZHG D� ODFN� RI�
XQGHUVWDQGLQJ� RI� WKH� ILYH� NH\� IDFWRUV� ZH� LGHQWLILHG� IRU� SUHGLFWLQJ� DQ� REMHFW¶V�
YLVLELOLW\� �'DONH� ������QDPHO\� YLVXDO�DELOLW\ �9$� RI� WKH�REVHUYHU�� FRQWUDVW�� OX[�
OHYHO�� GLPHQVLRQ� RI� WKH� REMHFW� DQG� GLVWDQFH� DZD\� IURP� WKH� REVHUYHU�� 7KHVH�ZHUH�
HVWDEOLVKHG DV� IXQGDPHQWDO� IRU� WKH� SHUFHSWLRQ� RI� REMHFWV�� WH[WV� RU� HOHPHQWV� IRU�
YLVLRQ�9,3��FRQWUDVW�EHLQJ�RQH�RI�WKRVH�ILYH�LQWHUGHSHQGHQW�YDULDEOHV��'DONH�HW�DO��
�������WKH\�DUH�IXQGDPHQWDO�WR�WKH�VRIWZDUH�WKDW�KDV�QRZ�EHHQ�GHYHORSHG�WR�SUHGLFW�
REMHFW�YLVLELOLW\��7KH�UHVHDUFK�FDUULHG�RXW�UHYHDOHG�JDSV�LQ�KRZ�WR�DFKLHYH�FRQWUDVW�
SUDFWLFDOO\�IRU�WKH�SURIHVVLRQDOV�ZKR�VKRXOG�EH�PRUH�IDPLOLDU�ZLWK�WKH�SURFHVV��,Q�
WKH�86$��WKH�$'$�6WDQGDUG�IRU�$FFHVVLEOH�'HVLJQ�PDNHV�UHIHUHQFH�WR�FRQWUDVW�EXW�
LW� LV� DPELJXRXV� DQG� RSHQ� WR LQWHUSUHWDWLRQ�� ,Q� WKH� ����� VWDQGDUG� ��� SRLQWV� RI�
FRQWUDVW�GLIIHUHQFH�LV�SUHVFULEHG�IRU�PDUNLQJ�ZDUQLQJV�RQ�ZDONZD\V��$'$� �������
%XW� KRZ� WR� JDXJH� FRQWUDVW�� E\� FDOFXODWLQJ� WKH� GLIIHUHQFH� EHWZHHQ� WKH� OLJKW�
UHIOHFWDQFH�YDOXHV��/59��RI WZR�VXUIDFHV�LV�DOZD\V�PLVVLQJ��,Q�WKH�8.�WKHUH�DUH QR�
DGYDQFHV� RQ� KRZ� WR� FKHFN� DQG� GHOLYHU� RQ� FRQWUDVW� IRU� DFFHVVLEOH� EXLOGLQJV� DQG�
SURGXFWV��''$��������(+5&���������

3UHYLRXV� VWXGLHV� FRQGXFWHG� LQ� D� ODERUDWRU\�� LQ� VLPXODWHG� UHDO�ZRUOG� VFHQDULRV�
DQG� RQ� UHDO�ZRUOG� VLWHV� �'DONH� HW� DO�� ������ LQGLFDWHG� WKDW� FRQWUDVW� GLIIHUHQFH� LV�
FULWLFDO� IRU� SHUFHSWLRQ� RI� WKH� ZRUOG� IRU� SHRSOH� ZLWK� ORZ� YLVLRQ �5RJHUV�
5DPDFKDQGUDQ� DQG� 5DPDFKDQGUDQ� ������� /XPLQDQFH� LV� YLWDO� IRU YLVXDO�
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DFFHVVLELOLW\� �$16,�,(61$�� ������� LW� LV� QRW� WKH� DEVROXWH� GLIIHUHQFH� LQ� OXPLQDQFH�
WKDW�LV�LPSRUWDQW��EXW�WKH�UHODWLYH�GLIIHUHQFH��H[SUHVVHG�DV�FRQWUDVW��%DUWHQ���������

&RORXU� LV� QRW� WKDW� VLJQLILFDQW IRU� DFFHVVLELOLW\�� ,W� FDQ� LQFUHDVH� SHUFHSWLRQ� LI�
SHRSOH�KDYH�JRRG FRORXU�YLVLRQ��EXW����RI�WKH�WRWDO�PDOH�SRSXODWLRQ�PD\�EH FRORXU�
YLVLRQ�LPSDLUHG� SHRSOH�PD\�DOVR�EH�FRSLQJ�ZLWK�PXOWLSOH�GLVDELOLWLHV��*ROGVPLWK��
�������7KHUH�LV�DQ�LQILQLWH�YDULDWLRQ�LQ�YLVXDO�FDSDFLW\��DFXLW\��DQG�ILHOGV�RI�YLVLRQ�
RI�WKH�SDUWLDOO\�VLJKWHG�FRPPXQLW\ VR�SHUFHSWLRQ�SUHGLFWLRQ�LV�D�FKDOOHQJH�

,Q�UHDO�ZRUOG�LQYHVWLJDWLRQV�LQWR�ZKDW�YLVXDOO\�LPSDLUHG�SHRSOH�DFWXDOO\�VHH�DQG�
KRZ� WKH\� XVH� FRQWUDVW� DQG� OLJKWLQJ� WR� QDYLJDWH ZH� LGHQWLILHG NH\ IDFWRUV� IRU�
SHUFHSWLRQ DQG� GHILQHG 9��� PDWKHPDWLFDOO\� DV� D ERXQGDU\� IRU� WKH� VRIWZDUH E\�
DYHUDJLQJ� SDUWLFLSDQWV GXULQJ� WKH� WHVWV�� )LQGLQJV� IURP� UHVHDUFK� KLJKOLJKWHG�� WKH�
GLVDEOLQJ� HIIHFWV� RI� JODUH� IURP� ZKLWH� VXUIDFHV� ZLWK� EODFN� WH[W�� UHQGHULQJ� WKHP
SDLQIXO� RU� HYHQ� LPSRVVLEOH� WR� UHDG�� WKH� EHQHILFLDO� LPSDFW� RI� UDLVLQJ� OX[� OHYHOV� E\�
HYHQ�MXVW����OX[��WKH�LPSRUWDQFH�RI JUDGXDWLQJ�OLJKWLQJ�OHYHOV�WR�DVVLVW�DGDSWDWLRQ�WR
FKDQJHV�IURP�H[WHULRU�WR�LQWHULRU�LOOXPLQDWLRQ��1RW�VXUSULVLQJO\�WKH�SHUIRUPDQFH�RI�
9,3� SDUWLFLSDQWV� ZDV� EHWWHU� LQ� ODE� WHVWV�� ZLWKRXW� WKH� FRPSRXQGLQJ� YDULDEOHV� RI�
YLVXDO�QRLVH�LQ�UHDO�ZRUOG�VHWWLQJV��7KH�ILQDO�LWHUDWLRQ�RI�WKH�VRIWZDUH�ZDV�GHULYHG�
IURP�H[SHULPHQWDWLRQ�LQ�HYHU\GD\�HQYLURQPHQWV��ZLWK�9,3V�DQG UHOHDVHG DV�DQ�DSS�
RQ� WKH� L3KRQH� XVLQJ WKH� LQWHUGHSHQGHQW� ILYH� YDULDEOH� IDFWRUV�� WZR� RI� WKH� ILYH DUH�
IL[HG�� WKH�9$�DW���DQG�FXUUHQWO\�WKH�OX[�DW������&RQWUDVW��GLPHQVLRQ�DQG�GLVWDQFH�
DUH� VHOHFWDEOH� XVLQJ� VOLGHUV� RQ� WKH� VFUHHQ� ZKLFK� GHOLYHU� D� UHVXOW� RI� 9,6,%/(� RU�
127�9,6,%/(� 7KH�DSS�KDV�EHHQ�WHVWHG�LQ�UHDO�ZRUOG�VFHQDULRV�DQG�LQ�WKLV�SDSHU�
ZH� GHVFULEH� WKH� VHTXHQFH� RI� WKHVH� 3KDVHV� ��� ��� �� DQG� ��� ZKLFK� LQIRUPHG� WKH�
DOJRULWKPV�IRU�VRIWZDUH�µ$¶��µ%¶��µ&¶�DQG�QRZ�µ'¶��WKH�VRIWZDUH DOORZV�DUFKLWHFWV�WR�
DGGUHVV WKH�QHHGV�RI�WKH�YLVXDOO\�LPSDLUHG�SRSXODWLRQ�

;�����3KDVHV�RI�7HVWLQJ

7KHUH�KDYH�EHHQ�IRXU�SKDVHV�RI�WHVWLQJ�D�VHULHV�RI�VRIWZDUH�LWHUDWLRQV�µ$¶��µ%¶��µ&¶�
DQG� µ'¶�� WKHVH� WHVWV� ZHUH� XVHG� IRU� ILQH� WXQLQJ WKH� VRIWZDUH IRU� SUHGLFWLRQ� RI�
YLVLELOLW\ IRU�YLVLRQ�LPSDLUHG�SHRSOH��3KDVHV������DQG���DUH�GLVFXVVHG�KHUH�

�����WR������3KDVH����%ULHIO\�H[WHQVLYH�WHVWLQJ ZLWK����SHRSOH�ZLWK�ORZ�YLVLRQ��
LQ�WUDQVSRUW�KXEV��UHFRUGLQJ�WKH�DQJOH��KHLJKW�DQG�GLVWDQFH�IURP�����REMHFWV ZKLFK�
LQIRUPHG�6RIWZDUH� µ$¶ DQG� LGHQWLILHG ILYH� IDFWRUV� RI� LQWHUGHSHQGHQW� YDULDEOHV�� ,W
ZDV�D 3&�EDVHG�:LQGRZV�SURJUDP��SXEOLVKHG LQ������E\�'DONH�HW�DO DQG�SUHGLFWHG�
D� YLVLELOLW\�GHWHUPLQLQJ�GLVWDQFH� OLQH� IRU� HDFK�9$� OHYHO� 3DUWLFLSDQWV�ZHUH� YLVLRQ�
WHVWHG�IRU�9LVXDO�$FXLW\��9LVXDO�)LHOG DQG�FRORXU�YLVLRQ�LPSDLUPHQW�

����� 3KDVH� �� WHVW� UHFUXLWHG� WHQ� YROXQWHHUV� WKURXJK� H6LJKW� ZLWK� FDWHJRULHV RI�
YLVLRQ� LPSDLUPHQW� �9�� � 9����ZKR� VHOI�GHILQHG� WKHLU� YLVLRQ� XVLQJ� D� YLVXDO� VFDOH�
�*UXQG\�HW�DO���������'RXJODV�HW�DO���������'DONH�HW�DO�� �������3DUWLFLSDQWV�ZHUH�
���� \HDUV� ZLWK� D� YDULHW\� RI� YLVLRQ� LPSDLUPHQW� FRQGLWLRQV� VXFK� DV 5HWLQLWLV�
3LJPHQWRVD�� ���� EOLQG� ZLWK� YHU\� ORZ� ILHOG� RI� YLVLRQ� VRPH� FRORXU� YLVLRQ�
SDUWLFLSDQWV ZLWK� 1\VWDJPXV�� QLJKW� EOLQGQHVV�� DQG� RWKHUV� KDYLQJ� SUREOHPV� ZLWK�
EULJKW� OLJKW�� WXQQHO�YLVLRQ��FRQH�G\VWURSK\�� VRPH�VLJKW�� OLJKW� VHQVLWLYH�EXW� UHO\LQJ
RQ�URGV�VLQFH�ELUWK� SHULSKHUDO�YLVLRQ�RQO\��ORQJ�VLJKW�DQG�UHDVRQDEOH�YLVXDO�DFXLW\�



9LVLELOLW\�3UHGLFWLRQ�6RIWZDUH��)LYH�)DFWRUV�RI�&RQWUDVW�3HUFHSWLRQ �

������� DQG� DQRWKHU SHUVRQ�ZLWK� ZHW PDFXODU� GLVHDVH� 7KHUH� ZHUH� QR SDUWLFLSDQWV�
IURP�9���9��DQG�9� �9��KDV�QR�SRVVLEOH�SHUFHSWLRQ�RI�OLJKW��

3KDVH� �� ZDV� FRQGXFWHG� LQ� D FRQWUROOHG� ODERUDWRU\ WHVWLQJ 6RIWZDUH� µ$¶
SUHGLFWLRQV��'DONH�HW�DO����������(DFK�SDUWLFLSDQW�ZDV�ORJJHG�DV ORZHVW�9$�JURXS�
VHOI�GHILQHG WKDW� HQVXUHG� D� PDUJLQ� RI� HUURU� IRU� WKH� DOJRULWKP�� 7KLV� SKDVH WHVWHG�
GLVWDQFHV� DW� ZKLFK� 9,3V� ZHUH� DEOH� WR VHH� WKH� FRQWUDVW� GLIIHUHQFH� EHWZHHQ� �����
JUH\VFDOH�SDWFKHV��SUHVHQWHG� LQ� WKUHH�GLIIHUHQW�VL]HG�SDWFKHV�RI� WHQ�JUH\�/59V�RQ�
WHQ�JUH\�/59�EDFNJURXQGV�RI�SUH�PL[HG�1&6�FRORXUV��VHH�)LJXUH�;��������PP���
���PP� DQG����PP��SDWFKHV�RQ�D�����PP�E\�����PP�EDFNJURXQG� IURP�XS� WR
���PHWUHV�GLVWDQFH�DZD\�ZHUH�WHVWHG �)LJXUH�;�����7KH�/59V�RI�EDFNJURXQGV DQG�
SDWFKHV ZHUH�����������������������������������DQG�����/59�SRVLWLRQHG�UDQGRPLVHG�
DW H\H� OHYHO�� $OO� JUH\VFDOHV� ZHUH� PHDVXUHG� ZLWK� D� VSHFWURSKRWRPHWHU� �[\<�� DQG�
HDFK� WHVW� FRQGXFWHG� LQ� D� GD\� OLW� URRP� WKH� GLVWDQFH� RQ� WKH� JULG� DW� ZKLFK� WKH�
SDUWLFLSDQW�REVHUYHG WKH�SDWFK�ZDV�UHFRUGHG�

)LJXUH�;��� 'LDJUDP�RI���P�GLVWDQFH�WHVWLQJ�HQYLURQPHQW

)LJXUH�;��� 7KUHH�GLIIHUHQW�JUH\�SDWFKHV�RQ�D�EDFNJURXQG

7HVWLQJ� IRXQG XQDFFHSWDEOH�PDUJLQV� RI� HUURU� IRU� VPDOO� DQG� ODUJH� REMHFWV DQG� WKH�
GDWD�ZDV�XVHG�WR�DVVHVV WKH�DFFXUDF\�RI�SUHGLFWLRQV�IURP�6RIWZDUH�$��6RIWZDUH�µ%¶�
ZDV�GHYHORSHG ± LQ�WKH�IRUP�RI�VSUHDG�VKHHW��'�µORRNXS¶�FKDUWV�ZLWK GDWD�OLQHV�IRU�
DOO�FRQWUDVWV�WKDW�SUHGLFWHG�YLVLELOLW\��

�����3KDVH����7KLV� WHVW LQ� D� ODE�� H[SORUHG� WKH�ERXQGDULHV� RI�6RIWZDUH� µ%¶�� ,W�
H[WHQGHG�WKH�GDWD�UDQJH�RI�WKH�3KDVH��� ZLWK�WZR SDUWLFLSDQWV�RI�9��DQG�9� DQG D�
QHZ�WHVW�GLVWDQFH�ZDV�DGGHG�RI���P� 7ZR�H[WUD�VL]H�SDWFKHV�ZHUH�WHVWHG� ����PP�

DQG���PP� RI�LGHQWLFDO�/59V�WR�3KDVH�� ZKLFK�ZHUH�SUHVHQWHG�RQ�EDFNJURXQGV�RI�
JUH\� ZLWK� WKH� LQFUHDVHG� WHVW� FRXUVH� RI� ��P�� 3DUWLFLSDQWV� REVHUYHG WKH SDWFKHV�
SODFHG�RQ�WKUHH�����PP� EDFNJURXQGV�RI���������DQG�����/59��LQ�UDQGRPLVHG�
VHTXHQFHV �VHH�)LJXUHV�;�������(DFK�WHVW ZDV�LQ�D�FRQWUROOHG�HQYLURQPHQW�RI�D�/X[�
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OHYHO UDQJH�RI���������/X[��VHH�)LJXUH�;�����7KH�GLVWDQFH�WKH SDWFK ZDV�REVHUYHG�
E\�WKH�SDUWLFLSDQW�RQ�WKH�EDFNJURXQG ZDV�UHFRUGHG�

)LJXUH�;��� 'LDJUDP�RI�WHVWLQJ�HQYLURQPHQW�DQG�FRXUVH

)LJXUH� ;��� ����PP� SDWFK� RQ� ����PP� EDFNJURXQG �D��� ��PP�

SDWFK�RQ�����PP� EDFNJURXQG �E��

7KH�UHVXOWV�IRU�WKLV�SKDVH�FDQ�EH�VHHQ��VHH�)LJXUH�;� �D��ZKHUH�D���PP� REMHFW�RI�
���SRLQWV�RI�FRQWUDVW�GLG�QRW�DFKLHYH�EHWWHU� WKDQ��P GLVWDQFH�SHUFHSWLRQ�IRU D�9��
SDUWLFLSDQW� DQG�D�9��SHUFHSWLRQ�LPSURYHG�VLJQLILFDQWO\�DIWHU ���SRLQWV�RI�FRQWUDVW�
GLIIHUHQFH �VHH� )LJXUH� ;����7KLV� SKDVH� RI� WHVWLQJ� LQIRUPHG� 6RIWZDUH� µ&¶�� D 3&�
EDVHG�'26�SURJUDP�WKDW�HQFRPSDVVHG�WKH�ORRNXS�FKDUWV�GHYHORSHG�LQ�6RIWZDUH�µ%¶��

)LJXUH� ;��� �D�� ��PP� DQG� ����PP� 2EMHFW� GLPHQVLRQ� OLQH� DQG� GLVWDQFHV VHHQ� E\ 9�
SDUWLFLSDQW� XVLQJ� UHVXOWV� 3KDVH� ��� �E�� ��PP� DQG� ����PP� 2EMHFW� GLPHQVLRQ� OLQH� DQG�
GLVWDQFHV VHHQ�E\ 9� SDUWLFLSDQW�XVLQJ�UHVXOWV�3KDVH��



9LVLELOLW\�3UHGLFWLRQ�6RIWZDUH��)LYH�)DFWRUV�RI�&RQWUDVW�3HUFHSWLRQ �

�����3KDVH�� XVHG�D�UHDO�ZRUOG�HQYLURQPHQW� IRU� WHVWLQJ ZKLFK�LQFOXGHG YDULDEOHV�
VXFK�DV�YLVXDO�QRLVH�� DQG�DVVHVVHG� WKH�DFFXUDF\�RI SUHGLFWLRQV� IURP�6RIWZDUH� µ&¶
ZLWK� VL[� SDUWLFLSDQWV� 9� WR� 9��� 3UHYLRXV� ODE� WHVWV� 3KDVH� �� DQG� 3KDVH� �� KDG� DOO�
YDULDEOHV�FDUHIXOO\�FRQWUROOHG�DQG�PHDVXUHG�� WKDW�LV�OX[�OHYHOV��GLPHQVLRQ��GLVWDQFH�
DQG�FRQWUDVW��3KDVHV��� WHVW�ZDV VHW� LQ�DQ HQYLURQPHQW ZLWK�D PL[�RI�YLVXDO�QRLVH�
DQG�VWLPXOL�� 7KH�)RRG�6WRUH�DW�.LQJVWRQ�8QLYHUVLW\��7KH�VL[�FKRVHQ�SDUWLFLSDQWV¶�
YLVXDO�DELOLW\�ZDV�ORJJHG�DV�VHOI�GHILQHG�RQ�WKH�YLVXDO�DFXLW\�VFDOH��*UXQG\�HW�DO��
������ DQG�ZHUH�9���9���9���9���9��DQG�9��ZLWK� D�9���FRQWURO�� )LYH� ORFDWLRQV�
ZHUH�VHOHFWHG�IRU�WHVWLQJ��3DUWLFLSDQWV�ZHUH�DVNHG�WR�VWDQG�DW�PDUNHG�DQG�PHDVXUHG�
SUHGHWHUPLQHG�ORFDWLRQV�3��HVWDEOLVKHG�E\�XVLQJ�WKH�6RIWZDUH�µ&¶� $ OLVW�RI�REMHFWV�
DW�HDFK� ORFDWLRQ�ZHUH� OLVWHG�RQ�D� UHFRUG�VKHHW�ZLWK� WKHLU�GDWD�H�J��GLVWDQFH�RU� OX[��
7KH� IROORZLQJ� ZDV� QRWHG�� VPDOOHVW� GLPHQVLRQ� RI� WKH� REMHFW�� /59� GLIIHUHQFH�
EHWZHHQ� REMHFW� DQG EDFNJURXQG�� OX[� OHYHO�� $W� ORFDWLRQ� 3�� WKH� SDUWLFLSDQWV� ZHUH�
LQYLWHG� WR� REVHUYH WKH� HQYLURQPHQW� LQ� IURQW� RI� WKHP� DQG� PRYH� IRUZDUG� DQG�
µGHVFULEH�WKHLU�YLHZ¶��7KH WDUJHW�REMHFW�ZDV�QRW�VLQJOHG�RXW�E\�WKH�UHVHDUFKHU��WKH�
UHVHDUFKHU� UHFRUGHG� WKH� GLVWDQFH� DW� ZKLFK� DQ� REMHFW� �� LQ� WKH� HQYLURQPHQW� ZDV�
FOHDUO\�SHUFHLYHG�E\�D�SDUWLFLSDQW��)LJXUH ;�����

6RIWZDUH�µ'¶ SUHGLFWLRQV�ZHUH�YDOLGDWHG�DQG�HVWDEOLVKHG�WKH�9���ERXQGDU\��9��
WR�9��LV�����RI�9,3��DV�WKH�VRIWZDUH¶V�PLQLPXP GHIDXOW� )LQDO�WXQLQJ�RI�WKH�FKDUWV�
IURP�D�FRPSDULVRQ�RI�3KDVH���DQG�� WHVW�UHVXOWV��IRU�WKH�DOJRULWKP�XVHG�LQ�6RIWZDUH�
µ&�� WKHQ� µ'¶ ZDV� XVHG� IRU� DQ� L3KRQH� $SS�� UHOHDVHG� LQ 1RYHPEHU� ����
�ZZZ�FURPRFRQ�FRP��

)LJXUH�;����:DONLQJ�LQ�WKH�FRUULGRU�WHVWLQJ GLVWDQFH�SHUFHSWLRQ�RI�REMHFWV

3DUWLFLSDQWV�GLG�QRW�VFRUH�YHU\�KLJKO\�DJDLQVW�SUHGLFWLRQV�DV�PRVW�RI�WKH�WHVWV�ZHUH�
FRQGXFWHG� EHORZ ���� OX[� WKH� GHIDXOW� OHYHO� IRU� WKH� VRIWZDUH�� 7KH� VHTXHQFH� RI� ��
QXPEHUV�LQ�WKH�WDEOH�KDV VRPH�RPLVVLRQV�DV�OX[�OHYHOV�FRXOG�QRW�EH�FRQWUROOHG�DQG�
PHDVXUHG�DFFXUDWHO\� RU�YLHZLQJ�SRLQWV�ZHUH�REVFXUHG�

;���$QDO\VLV�RI�5HVXOWV�DQG�$OJRULWKP�'HYHORSPHQW

3UHYLRXV�VHFWLRQV�GHWDLOHG�WKH�WHVWV�LQ�3KDVHV���DQG����REWDLQLQJ�RI HPSLULFDO�GDWD��
LQFOXGLQJ� 3KDVH� ��� XVHG� WR� WHVW� WKH� SUHGLFWLRQV� RI� 6RIWZDUH� µ&¶� DQG� µ'¶�� 7KH�
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DQDO\VLV� RI� WKH� UHVXOWV� FRQVWUXFWHG DQG� HYDOXDWHG D� QRYHO DOJRULWKP� WR� SUHGLFW�
YLVLELOLW\��$�FRPSDULVRQ�EHWZHHQ�3KDVH���DQG���UHVXOWV�ZLWK� WKH�SUHGLFWLRQV� IURP�
6RIWZDUH µ$¶� VKRZHG� VLJQLILFDQW� LQQDFXUDFLHV� WR� ZDUUDQW� GHYHORSPHQW� RI� IXUWKHU�
VRIWZDUH� GHVFULEHG� LQ� WKH� IROORZLQJ� VHFWLRQV�� $� QHZ� DOJRULWKP� ZDV� GHYHORSHG�
XVLQJ�DQ�HPSLULFDO�DSSURDFK��5HVXOWV�IURP�3KDVH���WHVWV�GHYHORSHG 6RIWZDUH�µ%¶ WR�
RYHUFRPH WKH WZR�SUREOHPV GHVFULEHG�EHORZ�

;�����([WHQGLQJ�WKH�5DQJH�RI�WKH�7HVW�'DWD�WR����0HWUHV

3KDVH���WHVW�FRXUVH�RI ���PHWUHV ZDV LQFUHDVHG WR����PHWUHV IRU�3KDVH���ZLWK�WZR�
SDUWLFLSDQWV��9��DQG�9��� 3KDVH���GDWD�ZDV�H[WHQGHG�E\�µW\SLFDO�GLIIHUHQFHV¶�ZKHUH�
XQFRQVWUDLQHG� GDWD� ZDV� DQDO\VHG� WR� LGHQWLI\� WKH� GLIIHUHQFHV� EHWZHHQ� REMHFW�
GLPHQVLRQ�UDQJHV��ZKLFK�ZHUH�WKHQ�DSSOLHG�WR�FRQVWUDLQHG�GDWD��7KH�ILJXUH�EHORZ�
�;����VKRZV EHIRUH D� DQG�DIWHU�WKH�DGMXVWPHQWV�E��IRU�D�9��VXEMHFW�

)LJXUH�;����7HVW�UHVXOWV� IURP�3KDVH���DQG����SDUWLFLSDQW�$����9���� IRU�DOO�FRQWUDVW�SRLQWV��
$GMXVWHG�WHVW�GDWD�IRU�SDUWLFLSDQW�$�� �9���H[WHQGHG�WR�UDQJH�RI���P��IRU�DOO�FRQWUDVW�SRLQWV�

;���� $GMXVWLQJ�WKH�'DWD�WR�1RUPDOLVH�IRU�D�&RQVWDQW /X[�
RI����

$ SUREOHP�ZLWK� 3KDVH� �� UHVXOWV� ZDV� RSWLPLVLQJ� WKH� YDU\LQJ� OX[� YDOXHV� EHWZHHQ�
HDFK� SDUWLFLSDQW¶V� WHVWV� �IURP�a���� WR� a����� OX[�� IRU� D� OX[� RI� ����� D� EULJKWO\� OLW�
WDVNHG�EDVHG�ZRUNLQJ�HQYLURQPHQW �:LOOLDPV�������� UHVXOWV�IURP�3KDVHV���DQG���
ZHUH� UHVFDOHG�� /X[�GLVWDQFH� UHODWLRQVKLSV� XQGHU� GLIIHUHQW� FRQGLWLRQV� RI FRQWUDVW��
REMHFW� GLPHQVLRQ�� DQG� WKH� 9$� OHYHO� ZHUH� IRXQG� XVLQJ� 6RIWZDUH� µ$¶�� /LQHDU�
DSSUR[LPDWLRQV�WR�WKHVH�FXUYHV�ZHUH�XVHG�WR�UHVFDOH�GDWD SRLQWV��)LJXUH�;�� VKRZV�
WKLV�DSSOLHG�WR�D�VDPSOH�GDWD�SRLQW��D��

D E



9LVLELOLW\�3UHGLFWLRQ�6RIWZDUH��)LYH�)DFWRUV�RI�&RQWUDVW�3HUFHSWLRQ �

2EMHFW�'LPHQVLRQ��PP�

)LJXUH�;����/X[�'LVWDQFH� OLQHV�SORWWHG�XVLQJ�GDWD�SRLQWV� IURP�6RIWZDUH� µ$¶��9��
&RQWUDVW�RI����DQG�2EMHFW�'LPHQVLRQV�RI�����������DQG����PP���D��� 3KDVH���'DWD�
3RLQW� IURP� SDUWLFLSDQW�$��� �9��� DW�&RQWUDVW� ����'LPHQVLRQ� ���PP�� DQG�/X[� RI�
�����E��� 'DWD�SRLQW��D��DGMXVWHG�IRU�/X[��IURP�����WR�����XVLQJ�OLQHDU�WUHQG�OLQH�
�'LVWDQFH��&RQWUDVW�����DQG�'LPHQVLRQ����PP�

7KH� OLQHDU� DSSUR[LPDWLRQ� GHSHQGHG� RQ FRQGLWLRQV� RI� WKH� GDWD� SRLQW� UHTXLULQJ�
DGMXVWPHQW��LQFOXGLQJ�WKH�9$�OHYHO��)LJXUH ;�� VKRZV�UHVXOWV�DGMXVWHG�IURP�����WR�
��� OX[�FDQ�EH�FRPSDUHG�WR�)LJXUH ;��E IRU�EHIRUH�DIWHU�OX[�DGMXVWPHQW�

)LJXUH ;��� 5HVXOWV�IRU�SDUWLFLSDQW�$���9���DW����PP����PP��DQG����PP�GLPHQVLRQV��
DGMXVWHG�IURP�����WR�����OX[

,Q�DYHUDJLQJ�UHVXOWV�IURP�3KDVH���	���WR�ILQG�D�7\SLFDO�'DWD�6HW�IRU�6RIWZDUH�µ%¶�
ZH�IRFXVHG�RQ�WKH�9$���OHYHO��5HVXOWV�IURP�3KDVH���DQG���ZHUH�DYHUDJHG�DFURVV�DOO�
9$�OHYHOV��$ ODUJH�QXPEHU�RI�UHVXOWV�ZHUH�XVHG�ZLWKRXW�KDYLQJ�WR�UHO\�RQ�9��GDWD�
VHWV�DQG�DOORZHG�XV�WR�DWWHQXDWH�WKH�YLVXDO�DQRPDOLHV�WR�JLYH�D�EHWWHU�W\SLFDO�YLVXDO�



� 'DONH��&RUVR��&RQGXLW�DQG�5LD]

LPSDLUPHQW�SUHGLFWLRQ��7KH YLVXDO� UDQJH�ZDV�JXDUDQWHHG�E\�DYHUDJLQJ�DFURVV�9$�
OHYHOV� �������������������� �� ��  � ����� 0HDVXUHV� RI� FHQWUDO� WHQGHQF\� ZHUH�
LQYHVWLJDWHG� ZLWK� UHVXOWV� IURP� 3KDVH� �� D� JHRPHWULF� PHDQ ZDV� XVHG�� H[WUHPH�
DQRPDORXV� SRLQWV� GLG� QRW� VNHZ� WKHVH�� &HQWUDO� WHQGHQF\�PHDVXUHV� ZHUH� IRXQG� WR�
KDYH�JHRPHWULF�PHDQ�WKDW�JDYH�WKH�EHVW�UHSUHVHQWDWLRQ�IRU�HDFK�FRQWUDVW�GDWD�VHW�

;���� ,QWHUSRODWLRQ�EHWZHHQ�'DWD�3RLQWV DQG�)LQDO�
$GMXVWPHQWV

/LQHDU� LQWHUSRODWLRQ� LV� XQ�UHSUHVHQWDWLYH� RI� D UHODWLRQVKLS� EHWZHHQ VLJKW� DQG�
GLVWDQFH�� WHFKQLTXHV� ZHUH� LQYHVWLJDWHG� VXFK� DV� ORJDULWKPLF�� H[SRQHQWLDO�� DQG�
SRO\QRPLDO�LQWHUSRODWLRQ��1RQ�8QLIRUP�5DWLRQDO�%�VSOLQHV�DYRLGHG�WKH�RVFLOODWRU\�
QDWXUH�RI�SUHYLRXV�LQWHUSRODWLRQV�DV�WKH�GHJUHH�RI�WKH�FXUYH�LV�IL[HG�LQGHSHQGHQWO\�
RI� WKH�QXPEHU�RI�SRLQWV� ILWWLQJ� WKH FXUYH��7KH� LQWHUSRODWLRQ�ZDV�DOVR�H[WHQGHG� LQ�
WKH�FRQWUDVW�GLUHFWLRQ�FUHDWLQJ�D�185%�VXUIDFH� �3LHJO�HW�DO�� ����� LQ�D��'�YLVXDO�
VSDFH�FRQVLVWLQJ�RI�GLVWDQFH��GLPHQVLRQ�DQG�FRQWUDVW�D[HV��7KH�VXUIDFH�GHVFULEHV�D�
YLVXDO� WKUHVKROG� � DERYH� WKH� VXUIDFH� VLJQLILHV� QR�SHUFHSWLRQ�� DQG�EHORZ�� VLJQLILHV�
SHUFHSWLRQ� 7KH� QXPEHUV� RI� GDWD� SRLQWV� LQ� WKH� FRQWUDVW� DQG� GLPHQVLRQ� GLUHFWLRQV�
ZHUH�XVHG�DV�WKH�EDVLV�RI�NQRW�YHFWRUV�WKDW�JDYH�D�FRQWURO�QHW�RI�� [ ��SRLQWV��7KH�
&R[�GH�%RRU�UHFXUVLRQ�IRUPXOD��3LHJO�HW�DO�� ����� ZDV�XVHG�WR�GHILQH�WKH�EOHQGLQJ�
IXQFWLRQV LQ�HDFK�SDUDPHWULF�GLUHFWLRQ��)LJXUH ;�� VKRZV D�VDPSOH�RI�LQWHUSRODWHG�
FXUYHV�VXSHULPSRVHG�RQ�WKH�VDPH��'�D[LV�

)LJXUH�;��� 185%� LQWHUSRODWHG� FXUYHV� VKRZLQJ� DOO� FRQWUDVWV� IRU� D� W\SLFDO� 9�� VXEMHFW �D���
DQG�DGMXVWHG�185%�LQWHUSRODWHG�FRQWUDVW�FXUYHV�IRU�D�W\SLFDO�9��VXEMHFW �E�

6RIWZDUH� µ%¶� ZDV� FRPSRVHG� RI� �� ORRNXS� FKDUWV� LQ� ([FHO� RI� LQFUHDVLQJ� FRQWUDVWV�
IURP� ��� WR� ��� SRLQWV�� $Q� DOJRULWKP� ZDV� IRUPXODWHG� DQG� XVHG� WKHVH� FXUYHV�
GHYHORSHG�LQ�D�'26��6RIWZDUH�µ&¶��7KHVH FXUYHV�ZHUH�IRXQG�WR�FRQWDLQ�DQRPDOLHV�
�VHHQ� LQ� )LJXUH� ;��D�� ZKHUH� ORZHU� FRQWUDVW� OLQHV� KDG� KLJKHU� GLVWDQFHV� DW� FHUWDLQ�
GLPHQVLRQV�� WKHVH ZHUH� UHVROYHG� E\� ORZHULQJ� RULJLQDO� WHVW� GDWD� SRLQWV� WR� ILW� WKH�
VDPH� EHKDYLRXU� DV� DOO� RWKHU� GDWD� OLQHV�� DQG� E\� UHDGMXVWLQJ� WKH� FRQWURO� SRLQWV�
GHILQLQJ� WKH� 185%� LQWHUSRODWLRQ� EHWZHHQ� GDWD� SRLQWV�� $� VDPSOH� RI� WKH� UHYLVHG�
FXUYHV�DUH�VKRZQ�DERYH��)LJXUH�;��E���6RIWZDUH�µ&¶�ZDV�DGMXVWHG�EHIRUH�SRUWLQJ�

�E��D�



9LVLELOLW\�3UHGLFWLRQ�6RIWZDUH��)LYH�)DFWRUV�RI�&RQWUDVW�3HUFHSWLRQ �

WKH� UHYLVHG�DOJRULWKP� LQWR� WKH DSS� IRU� WKH� L3KRQH�ZLWK�D� JUDSKLFDO�XVHU� LQWHUIDFH��
ODEHOOHG�6RIWZDUH�µ'¶��

;���� 7HVWLQJ�WKH�6RIWZDUH

7HVWV�LQ�3KDVH����VHH�)LJXUHV�;����DQG�UHVXOWV�SURYLGHG�GDWD�IRU�FRPSDULVRQV�RI�WKH�
SUHGLFWLRQV�RI�VRIWZDUH�ZLWK�SDUWLFLSDQWV�$����$����DQG�$����$���DQG�$���DUH�QRW�
FRPSDUHG��DV�YLVLELOLW\�OLQHV�ZHUH�QRW�HVWDEOLVKHG�ZLWK�WKH�SDUWLFLSDQWV�YLHZLQJ�DOO�
REMHFWV�DW�DOO�GLVWDQFHV��$OO WKH�GLVWDQFHV�LQ�WKH�3KDVH���WHVWV�ZHUH�QRUPDOLVHG�IRU�
����OX[�

&RQWUDVW����DQG����FRPSDULVRQV�KDG�WKH�PRVW�GDWD�SRLQWV�DW�HDFK�FRQWUDVW�VWDJH�
DQG�UHSUHVHQWHG�WKH�PDMRULW\�RI�WKH�UHVXOWV �6HH�)LJXUH [������7KH�9��VXEMHFW��$����
LQ� WKH� FKDUWV� DERYH� LQFOXGHV� WKH� SHUFHQWDJH� GHYLDWLRQ� IURP� SUHGLFWHG�� ZLWK� HDFK�
GDWD� SRLQW�� DSDUW� IURP� SRLQWV� ODEHOOHG� ���� ZKLFK� DUH FRQVLGHUHG� DQRPDORXV��
'HYLDWLRQ� LQ� ERWK� FRQWUDVWV� EHJLQV� YHU\� KLJK� ZLWK� ���� DQG� ���� EXW� WKHVH� DUH�
GHFHSWLYH�LI�GLVWDQFH�GLIIHUHQFHV�EHWZHHQ�$���DQG�SUHGLFWLRQ�DUH�FRQVLGHUHG��7KH\�
DUH�VLPLODU�DW�DOO�GLPHQVLRQV H[FHSW� IRU�����PP�LQ�)LJXUH�;��D��&RQVLGHULQJ� WKH�
GLIIHUHQFHV� WKDW�FDQ�H[LVW� LQ�YLVXDO� LPSDLUPHQW�ZLWKLQ� WKH�VDPH�9$�OHYHO��VXEMHFW�
$��� FRPSDUHV� ZHOO� ZLWK� WKH� SUHGLFWLRQV� IRU� D� W\SLFDO� 9��� 7KH� WZR� 9�� VXEMHFWV�
SHUIRUP�ORZHU�WKDQ�WKH�SUHGLFWHG�9���LQ�PRVW�RI�WKHLU�GDWD�SRLQWV��ZKHQ�WKH\�VKRXOG�
EH�KLJKHU��3DUWLFLSDQW�$����9���LV�HVSHFLDOO\�ORZ�DW�FRQWUDVW����SRLQW��

�D� �E�

)LJXUH�;���� &RPSDULVRQ�RI�6RIWZDUH�µ'¶��W\SLFDO�9��SUHGLFWLRQV�ZLWK�3KDVH���WHVW�UHVXOWV�
DW�FRQWUDVW����SRLQWV �D��DQG�FRPSDULVRQ�RI�6RIWZDUH�µ'¶��W\SLFDO�9��SUHGLFWLRQV�ZLWK�3KDVH�
��WHVW UHVXOWV�DW�FRQWUDVW����SRLQWV �E�
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;�� &RQFOXVLRQ

7KH�VWXGLHV�KLJKOLJKWHG�WKH�LQFRQVLVWHQF\�RI�SDUWLFLSDQWV¶�VHOI�GHILQHG�9$�OHYHO�DQG�
WKH� LQGLYLGXDO� H\H� FRQGLWLRQ¶V� LPSDFW� RQ� WKH� REVHUYDWLRQ� RI� WDUJHWV� WHVWHG� LQ� WKH�
µUHDO�ZRUOG¶��3DUWLFLSDQWV�SHUIRUPHG�ZRUVH�LQ�EXV\�UHDO�ZRUOG�WHVW�ORFDWLRQV��)LJXUH�
;���� SURYLQJ� WKH� GDQJHU� RI� UHO\LQJ� VROHO\� RQ� ODE� WHVWLQJ� IRU� WKH� GHYHORSPHQW� RI�
DVVLVWLYH� PRGHOV� RI� YLVXDO� SHUFHSWLRQ�� +RZHYHU�� D� VHFXUH� PRGHO� KDV� EHHQ�
GHYHORSHG�WKURXJK�WKH�LQYHVWLJDWLRQ�RI�WKH�EURDG�UDQJH�RI�YDULDEOHV�IRU�SHUFHSWLRQ��
)LYH� IDFWRUV� ZHUH� H[SORUHG� DQG� LQWHJUDWHG� LQWR� D� SUDFWLFDO� WRRO�� WKH� DSS�
�ZZZ�FURPRFRQ�FRP��� ZKLFK� LV� SURYLQJ� WR� EH� D� UREXVW� DQG� YDOXDEOH� WRRO� IRU�
DUFKLWHFWV� LQ� WKH� GHVLJQ� RI� LQFOXVLYH� HQYLURQPHQWV�� )XUWKHU� ZRUN� LV� EHLQJ�
XQGHUWDNHQ�ZLWK�D�ODUJH�FRKRUW�RI�YLVXDOO\�LPSDLUHG�SHRSOH�WR�H[WHQG�WKH�HPSLULFDO�
ZRUN�RI�WKH�VWXG\�

;���5HIHUHQFHV

$'$ �������$PHULFDQV�ZLWK�'LVDELOLWLHV�$FW�� $FFHVVLELOLW\� *XLGHOLQHV� IRU� %XLOGLQJV� DQG�
)DFLOLWLHV�

$16,�,(61$ �������/LJKWLQJ�DQG�WKH�YLVXDO�HQYLURQPHQW�IRU�VHQLRU�OLYLQJ��,(6�53��������
1HZ�<RUN��86

%DUWHQ�3*-� �������&RQWUDVW� VHQVLWLYLW\�RI� WKH�KXPDQ�H\H�DQG� LWV�HIIHFWV�RQ� LPDJH�TXDOLW\��
63,(�3UHVV��%HOOLQJKDP��:$��86

'DONH�+��&RQGXLW�*-��&RQGXLW�%��&RRSHU�5��&RUVR�$��:\DWW�')��������$�FRORXU�FRQWUDVW
DVVHVVPHQW� V\VWHP�� 'HVLJQ� IRU� SHRSOH� ZLWK� YLVXDO� LPSDLUPHQW�� ,Q�� /DQJGRQ� 30� HW� DO�
�HGV���'HVLJQLQJ�LQFOXVLYH�LQWHUDFWLRQV��6SULQJHU��/RQGRQ��8.

'DONH�+��������7KH�FRQWUDVW�JXLGH��&URPRFRQ��/RQGRQ��8.
''$������� 'LVDELOLW\ 'LVFULPLQDWLRQ�$FW��+HU�0DMHVW\¶V�6WDWLRQHU\�2IILFH��/RQGRQ�
'RXJODV�*��&RUFRUDQ�&��3DYH\�6��������1HWZRUN�������RSLQLRQV�DQG�FLUFXPVWDQFHV�RI�9,3�
SHRSOH�LQ�*UHDW�%ULWDLQ

(+5& ������ (XURSHDQ�+XPDQ�5LJKWV�&RPPLVVLRQ�(TXDOLW\�$FW��+062�/RQGRQ
*ROGVPLWK�6��������'HVLJQLQJ�IRU�WKH�'LVDEOHG��5,%$ 3XEOLFDWLRQV�/WG��/RQGRQ��8.
*UXQG\� (�� $KOEXUJ� '�� $OL� 0�� %UHH]H� (�� 6ORJJHWW� $� ������� 'LVDELOLW\� LQ� *UHDW� %ULWDLQ��
UHVXOWV� IURP� WKH� �������� GLVDELOLW\� IROORZ�XS� WR� WKH� IDPLO\� UHVRXUFHV� VXUYH\��7HFKQLFDO�
5HSRUW�����'HSDUWPHQW�RI�6RFLDO�6HFXULW\��/HHGV��8.

+DUOH�-��0F/DQQDKDQ�+��������9LVXDO�LPSDLUPHQW��$�JOREDO YLHZ��2[IRUG�8QLYHUVLW\�3UHVV
3LHJO�/$��7LOOHU�:������� 7KH�185%6�ERRN���QG HGQ��6SULQJHU�9HUODJ��1HZ�<RUN��86
3XOOLQ�*��������'HVLJQ�PHHWV�GLVDELOLW\��0,7�3UHVV��&DPEULGJH��0$��86
5RJHUV�5DPDFKDQGUDQ� '&�� 5DPDFKDQGUDQ� 96� ������� 3V\FKRSK\VLFDO� HYLGHQFH� IRU�
ERXQGDU\�DQG�VXUIDFH�V\VWHPV�LQ�KXPDQ�YLVLRQ� 9LVLRQ�5HVHDUFK ������ �����
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