
7($&+,1*�'$</,*+7�6,08/$7,216�±�,03529,1*�02'(/,1*�
:25.)/2:6�)25�6,08/$7,21�129,&(6�

�
�

'LHJR�,EDUUD��DQG�&KULVWRSK�)��5HLQKDUW��
��+DUYDUG�8QLYHUVLW\��*UDGXDWH�6FKRRO�RI�'HVLJQ��&DPEULGJH��0$��������86$��

��0DVVDFKXVHWWV�,QVWLWXWH�RI�7HFKQRORJ\��&DPEULGJH��0$��������86$�
�
�
�

$%675$&7�
7KLV� SDSHU� LV� D� IROORZ� XS� VWXG\� RQ� SUHYLRXVO\�
SXEOLVKHG� UHVHDUFK� WKDW� IRFXVHG� RQ� LPSURYLQJ� WKH�
TXDOLW\� DQG� DFFXUDF\� RI� VLPXODWLRQV� FRQGXFWHG� E\�
GD\OLJKW� VLPXODWLRQ� QRYLFHV�� 7KH� SUHYLRXV� ZRUN�
LGHQWLILHG�FRPPRQ�PLVWDNHV�WKDW�VLPXODWLRQ�EHJLQQHUV�
PDNH� DQG� SURSRVHG� D� VHW� RI� VLPXODWLRQ� JXLGHOLQHV�
PHDQW� WR�JXLGH�XVHUV�RQ�KRZ� WR�DYRLG�PDNLQJ� WKHVH�
PLVWDNHV�� %DVHG� RQ� WKHVH� HDUOLHU� ILQGLQJV� WKLV� SDSHU�
SURSRVHV�D�VHW�RI�VLPXODWLRQ�H[HUFLVHV�WR�WHDFK�GD\OLJKW�
PRGHOLQJ� WR� VLPXODWLRQ� QRYLFHV�� ([HUFLVHV� LQ� WKLV�
WHDFKLQJ�WRRONLW�UDQJH�IURP�VLPSOH�VWDWLF�PHWULFV�VXFK�
DV� GD\OLJKW� IDFWRU� RU� GD\OLJKW� LOOXPLQDQFH�� WR� PRUH�
DGYDQFHG�G\QDPLF�PHWULFV�VXFK�DV�GD\OLJKW�DXWRQRP\��
7KH� SURSRVHG� WHDFKLQJ� WRRONLW� ZDV� WHVWHG� LQ� D�
VHPHVWHU�ORQJ�FODVV�RQ�GD\OLJKWLQJ�ZLWK�DQ�HQUROOPHQW�
RI� ��� VWXGHQWV� GXULQJ� 6SULQJ� ����� DW� WKH�
0DVVDFKXVHWWV� ,QVWLWXWH� RI� 7HFKQRORJ\�� 7KH� SDSHU�
HYDOXDWHV� WKH� TXDOLW\� DQG� DFFXUDF\� RI� WKH� UHVXOWLQJ�
VWXGHQW�PRGHOV��7KH�VWXG\�DOVR�DQDO\]HV�ZKHWKHU�WKH�
UHPDLQLQJ�HUURUV�DUH�UHDVRQDEOH�DQG�ZKDW�LPSDFW�WKH\�
KDYH�RQ�GLIIHUHQW�GD\OLJKWLQJ�PHWULFV��7KH�ODWWHU�SRLQW�
VKRXOG�KHOS�WR�FODULI\�ZKHWKHU�VLPXODWLRQ�QRYLFHV�DUH�
FDSDEOH� RI� DFFXUDWHO\� PRGHOLQJ� DGYDQFHG�� G\QDPLF�
PHWULFV�VXFK�DV�GD\OLJKW�DXWRQRP\�RU�XVHIXO�GD\OLJKW�
LQGH[��'\QDPLF�GD\OLJKW�PHWULFV��DOWKRXJK�FRPPRQO\�
DFNQRZOHGJHG� WR� EH� VXSHULRU� WR� VWDWLF� PHWULFV�� DUH�
IUHTXHQWO\�SHUFHLYHG�WR�EH�µWRR�FRPSOLFDWHG¶�IRU�QRQ�
H[SHUWV�WR�PRGHO���6XFK�SHUFHSWLRQV�W\SLFDOO\�VXSSRUW�
WKH�XVH�RI�VWDWLF�PHWULFV�RYHU�G\QDPLF�PHWULFV�LQ�JUHHQ�
EXLOGLQJ�UDWLQJ�V\VWHPV����

,1752'8&7,21�
7KH�LQFUHDVLQJ�XVH�RI�GD\OLJKW�VLPXODWLRQV�WR�HYDOXDWH�
GD\OLJKW�TXDOLW\�DQG�TXDQWLW\� LQ�EXLOGLQJV�GHVLJQ�KDV�
EHHQ�GRFXPHQWHG�E\�VHYHUDO�VWXGLHV��5HLQKDUW�DQG�)LW]�
�������*DODVLX�DQG�5HLQKDUW��������,Q�1RUWK�$PHULFD��
WKH�JURZLQJ�XVH�RI�DQG�LQWHUHVW�LQ�GD\OLJKW�VLPXODWLRQ�
WRROV� KDV� EHHQ� DLGHG� E\� VHYHUDO� SURIHVVLRQDO�
RUJDQL]DWLRQV�� 7KH� $PHULFDQ� 6RFLHW\� RI� +HDWLQJ�
5HIULJHUDWLQJ� DQG� $LU� &RQGLWLRQLQJ� (QJLQHHUV�
�$6+5$(�� WKURXJK� WKHLU� 6WDQGDUG� ����������
�$6+5$(�������ZKLFK� VHUYHV� DV� D� EXLOGLQJ� HQHUJ\�
FRGH�UHTXLUHPHQW�LQ�VHYHUDO�86�VWDWHV��QRZ�VWLSXODWHV�
WKH�XVH�RI�GD\OLJKW�VLPXODWLRQ�LQ�RUGHU�WR�GHWHUPLQH�WKH�
HQHUJ\�VDYLQJ�SRWHQWLDO�RI�SKRWRFHOO�FRQWUROOHG�GLPLQJ�
V\VWHPV�LQ�D�SDUWLFXODU�VSDFH��7KH�86�*UHHQ�%XLOGLQJ�

&RXQFLO� �86*%&�� WKURXJK� WKHLU� ZLGHO\� XVHG� /(('�
*UHHQ� %XLOGLQJ� 5DWLQJ� 6\VWHP� SURPRWHV� GD\OLJKW�
VLPXODWLRQV�DV�RQH�RI�WKH�FRPSOLDQFH�SDWKV�WR�HDUQ�LWV�
GD\OLJKWLQJ� FUHGLW� �/(('� %'�&� ������ 86*%&�
�������6LPLODUO\��6WDQGDUG�������������D� MRLQW�HIIRUW�
E\� $16,�$6+5$(�86*%&�,(6� UHTXLUHV� GD\OLJKW�
VLPXODWLRQV�WR�GHPRQVWUDWH�XVDEOH�LOOXPLQDQFH�OHYHOV�
LQ� RIILFH� VSDFHV� DQG� FODVVURRPV� �$6+5$(� ������
��������
$GGLWLRQDOO\�� LQVWLWXWLRQV� DUH� DOVR� FXUUHQWO\� PRYLQJ�
IURP� VWDWLF� GD\OLJKW� PHWULFV� WR� PRUH� FRPSOH[�
SHUIRUPDQFH� PHWULFV�� 7KH� ,OOXPLQDWLQJ� (QJLQHHULQJ�
6RFLHW\� RI� 1RUWK� $PHULFD� �,(61$�� LV� UHFHQWO\�
SURPRWLQJ� G\QDPLF� PHWULFV� VXFK� DV� VSDWLDO� GD\OLJKW�
DXWRQRP\�DV�RQH�RI� WKH� IXWXUH�GD\OLJKW�SHUIRUPDQFH�
PHWULFV��$W�WKH�VDPH�WLPH��WKH�QHZ�XSFRPLQJ�YHUVLRQ�
RI�/(('�Y���WR�EH�RXW�IRU�ILQDO�EDOORW�RQ�0DUFK�������
ZLOO� LQFOXGH� WZR� PRGHOLQJ� FRPSOLDQFH� SDWKV� IRU�
,QGRRU�(QYLURQPHQWDO�4XDOLW\��,(4��FUHGLW����WKH�QHZ�
GD\OLJKW�FUHGLW��7KH�JUHHQ�EXLOGLQJ�VWDQGDUG�ZLOO�QRW�
RQO\� NHHS� WKH� SRLQW�LQ�WLPH� VLPXODWLRQ� RSWLRQ� �ZLWK�
PLQRU�DOWHUDWLRQV��DV�RQH�FRPSOLDQFH�RSWLRQ��EXW�DOVR�
ZLOO� DGG� D� VHFRQG� FRPSOLDQFH� RSWLRQ� XVLQJ� VSDWLDO�
GD\OLJKW�DXWRQRP\���
)LQDOO\�� WKH� $PHULFDQ� ,QVWLWXWH� RI� $UFKLWHFWV� �$,$��
KDV�UHFHQWO\�UHOHDVHG�GRFXPHQW�QDPHG�$Q�$UFKLWHFW¶V�
*XLGH�WR�LQWHJUDWLQJ�(QHUJ\�0RGHOLQJ�LQ�WKH�'HVLJQ�
3URFHVV� �$,$� ������� ZKLFK� VXJJHVWV� WKDW� DUFKLWHFWV�
OHDG� WKH� ZD\� E\� FDUU\LQJ� RXW� GD\OLJKW� VLPXODWLRQV�
HDUO\� LQ� WKH� GHVLJQ� SURFHVV� WR� HYDOXDWH� GD\OLJKW�
SHUIRUPDQFH�WKURXJKRXW�WKH�GHVLJQ�SURFHVV���
7KH�FRQWH[W�FDQ�EH�VXPPDUL]HG�E\�D�JURZLQJ�GHPDQG�
IRU� GD\OLJKW� PRGHOLQJ� DQG� D� VWURQJ� SXVK� IRU� WKLV�
PRGHOLQJ�WR�EH�FDUULHG�RXW�E\�DUFKLWHFWV��7KLV�UHVXOWV�
LQ�DQ�LQFUHDVLQJ�QHHG�IRU�WHDFKLQJ�GD\OLJKW�PRGHOLQJ�
WR�D�ODUJH�QXPEHU�RI�LQGLYLGXDOV�DQG�DVVXULQJ�WKDW�WKH\�
DUH� DGHTXDWHO\� WUDLQHG�� +DYLQJ� DOO� VLPXODWLRQ�
QHZFRPHUV�REWDLQ�DFFXUDWH�VLPXODWLRQ�UHVXOWV� LQ� WKLV�
IDVW�SDFHG�HQYLURQPHQW�ZLOO�EH�FKDOOHQJLQJ���
6HYHUDO�YDOLGDWLRQ�VWXGLHV�KDYH�FRQILUPHG� WKDW� WRGD\�
VLPXODWLRQ� WRROV� FDQ� SURYLGH� DFFXUDWH� VLPXODWLRQ�
UHVXOWV�� +RZHYHU�� D� UHFHQW� VWXG\� SXEOLVKHG� E\� WKH�
DXWKRUV� �,EDUUD� DQG� 5HLQKDUW� ������ H[SORUHG� WKH�
LPSRUWDQFH� RI� XVHUV� LQ� WKH� DFFXUDF\� RI� VLPXODWLRQ�
UHVXOWV� DQG� KRZ� ODUJH� RI� DQ� HUURU� PDUJLQ� PLJKW� EH�
LQWURGXFHG� E\� W\SLFDO� VLPXODWLRQ� QHZFRPHUV�� 7KH�
VWXG\� FRPSDUHG� GD\OLJKW� IDFWRU� VLPXODWLRQ� UHVXOWV�
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IURP�D�%HVW�3UDFWLFH�PRGHO�RI�DQ�/�VKDSHG�SHULPHWHU�
FODVVURRP� WR� ��� QRYLFH� PRGHOV� RI� WKH� VDPH� VSDFH�
JHQHUDWHG� E\� DUFKLWHFWXUDO� VWXGHQWV�� � 7KH� ZRUN�
FRQFOXGHG� WKDW� XVHU� PRGHOLQJ� HUURUV� UHVXOWHG� LQ�
RYHUZKHOPLQJ�LQDFFXUDFLHV�DQG�WKDW�WHDFKLQJ�GD\OLJKW�
VLPXODWLRQ�WR�QRYLFHV�LV�QRW�D�WULYLDO�HQGHDYRU�DQG�LW�
QHHGV� WR� EH� DGGUHVVHG� LQ� VPDOO� VWHSV�� +RZHYHU�� WKH�
VWXG\�DOVR�FRQFOXGHG�WKDW�VLPXODWLRQ�WLSV�RU�JXLGHOLQHV�
KDYH� WKH� SRWHQWLDO� WR� LPSRUWDQWO\� UHGXFH� XVHU� HUURUV�
DQG�LPSURYH�PRGHO�TXDOLW\���
7KLV� ZRUN� LV� D� IROORZ� XS� VWXG\� WR� WHVW� D� SURSRVHG�
WHDFKLQJ�WRRONLW�WKDW�DGGUHVVHV�WKH�PRGHOLQJ�SURFHVV�LQ�
VPDOOHU�VWHSV��$Q�LQWULQVLF�SDUW�RI�WKLV�ZRUN�LV�WHVWLQJ�
WKH� HIIHFWLYHQHVV� RI� SODWIRUP�LQGHSHQGHQW� PRGHOLQJ�
JXLGHOLQHV� DLPHG� WR� LPSURYH� VLPXODWLRQ� QRYLFHV¶�
PRGHO�TXDOLW\�DQG�UHGXFH�PRGHOLQJ�HUURUV��7KH�VWXG\�
DOVR� H[SORUHV� ZKHWKHU� WKH� PRGHOLQJ� HUURU� UHPDLQV�
FRQVWDQW�WKURXJKRXW�GLIIHUHQW�GD\OLJKW�PHWULFV���
7KLV�ZRUN�ZDQWV�WR�FRQWULEXWH�WR�D�QHFHVVDU\�ILHOG�RI�
VWXG\��HGXFDWLRQ�LQ�EXLOGLQJ�SHUIRUPDQFH�VLPXODWLRQV��
$VVHVVLQJ� QRYLFH¶V� XVHU� HUURUV� DQG� SURSRVLQJ�
HQKDQFHG� WHDFKLQJ� PHWKRGV� ZLOO� EHFRPH� FULWLFDO� WR�
HIIHFWLYHO\�LPSOHPHQW�GD\OLJKW�VLPXODWLRQV�LQ�SUDFWLFH�
ZLWK�PHDQLQJIXO�UHVXOWV���

0(7+2'2/2*<�
7HDFKLQJ�7RRONLW�
7KLV�ZRUN�SURSRVHG�DQG�WHVWHG�D�WHDFKLQJ�IUDPHZRUN�
RU� WRRONLW� WKDW� FRQVLVWHG� RI� D� VHULHV� RI� DVVLJQPHQWV�
DLPHG� DW� HIIHFWLYHO\� WHDFKLQJ� GD\OLJKW� VLPXODWLRQ� WR�
QRYLFH�PRGHOHUV��7KH�WRRONLW�VWDUWV�E\�WKH�VHOHFWLRQ�RI�
DQ�H[LVWLQJ�VSDFH�DQG�WKHQ�FRQWLQXHV�ZLWK�D�VHULHV�RI�
H[HUFLVHV�RI�LQFUHDVLQJ�FRPSOH[LW\�WR�DQDO\]H�GD\OLJKW�
TXDOLW\�DQG�TXDQWLW\�XVLQJ�GLIIHUHQW�GD\OLJKW�PHWULFV��
2YHUDOO� WKH� DSSURDFK� DOORZV� QRYLFHV� WR� ILUVW�
IDPLOLDUL]H� WKHPVHOYHV� ZLWK� VLPSOH� GD\OLJKW� PHWULFV�
WKDW�WKH\�FDQ�REVHUYH�DQG�H[SHULHQFH��WR�WKHQ�PRYH�WR�
PRUH�DEVWUDFW�G\QDPLF�SHUIRUPDQFH�PHWULFV���

([HUFLVH�'HVFULSWLRQ�
7KH�VWDUWLQJ�SRLQW�IRU�WKLV�DSSURDFK�LV�WKH�VHOHFWLRQ�RI�
DQ�DSSURSULDWH�UHIHUHQFH�VSDFH��,W�LV�UHFRPPHQGHG�WKDW�
WKH� LQVWUXFWRU� VHOHFWV� D� UHDVRQDEO\� VL]HG� SDUWLDOO\�
GD\OLW�VSDFH��6SDFH�JHRPHWU\�DQG�RYHUDOO�GLPHQVLRQV�
QHHG�WR�FRQYH\�HQRXJK�GHWDLO�WR�DOORZ�WKH�GLVFXVVLRQ�
RI� KRZ� GHWDLOHG� WKH� PRGHO� QHHGV� WR� EH"� EXW� QRW� VR�

H[WHQVLYH� WKDW� WKH� H[SHFWHG� GD\OLW� DUHD� EHFRPHV� D�
VPDOO�IUDFWLRQ�RI�WKH�WRWDO�DUHD�DQG�QRW�UHDOO\�DIIHFWHG�
E\�VSDFH�JHRPHWU\��$�UHDVRQDEO\�VL]HG�VSDFH�ZLOO�DOVR�
DOORZ� VWXGHQWV� WR�HIIHFWLYHO\� DVVHVV�DQG�PHDVXUH� WKH�
VSDFH�WR�FUHDWH�WKHLU��'�PRGHOV����

'D\OLJKW�$UHD�6WXG\�DQG��'�PRGHO�
7KH�ILUVW�H[HUFLVH�UHTXLUHV�VWXGHQWV�WR�YLVLW�WKH�VHOHFWHG�
VSDFH��DVVHVV�DQG�PDS�WKH�SHUFHLYHG�GD\OLJKW�DUHD�DQG�
EXLOG�D�ILUVW��'�PRGHO��3DUWLFLSDQWV�DUH�DOVR�UHTXLUHG�
WR�FDUU\�RXW�LQGRRU�LOOXPLQDQFH�PHDVXUHPHQWV�DW�D�VHW�
RI�HTXDOO\�VSDFHG�SRLQWV�DW�D�VSHFLILF�WLPH�RI�GD\�DQG�
PHDVXUH�VXUIDFHV¶�UHIOHFWDQFH�DQG�WUDQVPLWWDQFH����

5HYLVLWLQJ�WKH��'�0RGHO�DQG�&RPSDULVRQ�RI�0HDVXUHG�
DQG�6LPXODWHG�,OOXPLQDQFH�
7KH�VHFRQG�H[HUFLVH�FRPSULVHV�DQ�³XSJUDGH´�RI�WKH��'�
PRGHO� DQG� UXQQLQJ� D� SRLQW�LQ�WLPH� LOOXPLQDQFH�
VLPXODWLRQ� WR� YDOLGDWH� WKHLU� PRGHOV� DJDLQVW� WKHLU�
SUHYLRXVO\� PHDVXUHG� GDWD�� %\� UHYLVLWLQJ� WKHLU� �'�
PRGHOV� DQG� XVLQJ� WKH� GD\OLJKW� PRGHOLQJ� JXLGHOLQHV�
�$SSHQGL[� $�� SURYLGHG� LQ� WKLV� VHFRQG� DVVLJQPHQW��
VWXGHQWV� DUH� DEOH� WR� EHWWHU� XQGHUVWDQG� WKH� FULWHULD�
EHKLQG�DQ�DSSURSULDWHO\�FUHDWHG��'�PRGHO�IRU�GD\OLJKW�
VLPXODWLRQV���

6LPXODWLRQ�RI�'LIIHUHQW�'D\OLJKW�0HWULFV�
7KLV�WKLUG�H[HUFLVH�UHTXLUHV�VWXGHQWV�WR�FDUU\�RXW�WKUHH�
VLPXODWLRQV�RI�LQFUHDVLQJ�FRPSOH[LW\��GD\OLJKW�IDFWRU��
SRLQW�LQ�WLPH� LOOXPLQDQFH� DQG� GD\OLJKW� DXWRQRP\��
1RYLFHV� DUH� UHTXHVWHG� WR� UHSRUW� ERWK� RYHUDOO�
SHUIRUPDQFH�PHWULFV�DV�ZHOO�DV�YDOXHV�IRU�HDFK�RI�WKH�
VHQVRU�SRLQWV�XVHG�LQ�H[HUFLVH����7KLV�LQWHQW�LV�WR�KHOS�
XVHUV�EHWWHU�XQGHUVWDQG�WKH�FRQFHSWXDOL]DWLRQ�RI�HDFK�
PHWULF�DQG�EHWWHU�UHODWH�WKH�RYHUDOO�VSDFH�PHWULF� WR�D�
GD\OLJKW�SHQHWUDWLRQ�SURILOH���

&RPSDULVRQ� RI� ,QLWLDO� 'D\OLW� $UHD� $VVHVVPHQW� DQG�
$QQXDO�3HUIRUPDQFH�0HWULFV�
7KH�ILQDO�H[HUFLVH�LQYROYHV�JRLQJ�EDFN�WR�WKH�VHOHFWHG�
VSDFH�DQG�FRPSDULQJ�WKH�GD\OLJKW�DUHD�SURILOHV�RI�WKH�
GLIIHUHQW� VLPXODWHG�PHWULFV� WR� WKHLU� RULJLQDO� GD\OLJKW�
DUHD�DVVHVVPHQW���

,PSOHPHQWDWLRQ�RI�WKH�7HDFKLQJ�7RRONLW�
,Q� 6SULQJ� RI� ������ WKH� DXWKRUV� LPSOHPHQWHG� WKH�
SURSRVHG� WHDFKLQJ� WRRONLW� DV� SDUW� RI� D� VHPHVWHU�ORQJ�
HOHFWLYH�FRXUVH�DW�0,7��������'D\OLJKWLQJ�%XLOGLQJV��

�
Figure 1:�/RFDWLRQ�RQ�FDPSXV��H[WHULRU�YLHZ�DQG�IORRU�SODQ�RI�URRP��������
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7KH� FRXUVH� ZDV� RIIHUHG� DV� SDUW� RI� WKH� %XLOGLQJ�
7HFKQRORJ\�3URJUDP�RI�WKH�6FKRRO�RI�$UFKLWHFWXUH��$�
WRWDO� RI� ��� DUFKLWHFWXUH� DQG� EXLOGLQJ� WHFKQRORJ\�
VWXGHQWV� IURP� GLIIHUHQW� JUDGXDWH� SURJUDPV� DW� WKH�
0DVVDFKXVHWWV� ,QVWLWXWH� RI� 7HFKQRORJ\� �0,7�� DQG�
+DUYDUG�8QLYHUVLW\�ZHUH�HQUROOHG�LQ�WKH�FRXUVH��
6WXGHQWV�DOO�FODVVLILHG�WKHPVHOYHV�DV�HLWKHU�H[SRVHG�IRU�
WKH�ILUVW�WLPH�WR�GD\OLJKW�VLPXODWLRQV�RU�DV�VLPXODWLRQ�
QRYLFH�ZLWK�OHVV�WKDQ���PRQWKV�RI�H[SRVXUH�WR�GD\OLJKW�
VLPXODWLRQ�� 0RVW� VWXGHQWV� ZHUH� IDPLOLDU� ZLWK� &$'�
WRROV�� H[FHSW� IRU� D� IHZ� VWXGHQWV� IRU� ZKLFK� WKH� FODVV�
FRQVWLWXWHG�WKHLU�ILUVW�HQFRXQWHU�ZLWK�&$'�WRROV���

6LPXODWLRQ�6HWWLQJ��
7KH�PRGHOHG� VSDFH� �0,7� URRP����������������ZDV�
ORFDWHG�RQ�WKH�IRXUWK�IORRU�RI�0,7¶V�%XLOGLQJ�����MXVW�
XQGHU�0,7¶V�IDPRXV�*UHDW�'RPH�LQ�&DPEULGJH��86$�
�/DWLWXGH�������ƍ��´1��/RQJLWXGH�������ƍ��´:���7KH�
VSDFH� LV� GD\OLW� WKURXJK� WKUHH� ZLQGRZV�� KDV� ����� P�
WKLFN�ZDOOV�DQG�D������P�KLJK�FHLOLQJ��7KH�IORRU�DUHD�LV�
DERXW����P��DQG� WKH� URRP�GLPHQVLRQV� LQ� WKH�ZLGHVW�
VHFWLRQV�DUH�������P�DORQJ�WKH�HDVW�ZHVW�D[LV�DQG������
P�ZLGH�DORQJ�WKH�QRUWK�VRXWK�D[LV��$V�VHHQ�LQ�)LJXUH�
���WKH�VSDFH�LV�HIIHFWLYHO\�GLYLGHG�LQ�WZR�URRPV�E\�D�
VHW� RI� VOLGLQJ� GRRUV�� 7KH� URRP� IXUWKHU� IURP� WKH�
ZLQGRZ�KDV�D�UHFHVVHG�FHLOLQJ�DW������P�KLJK���
$OO� �'� PRGHOV� ZHUH� FUHDWHG� LQ� 5KLQRFHURV� DQG�
VLPXODWLRQV�ZHUH�FDUULHG�RXW� XVLQJ�D�FRPELQDWLRQ�RI�
5$',$1&(� DQG� '$<6,0� SURJUDP� >:DUG� DQG�
6KDNHVSHDUH� ������5HLQKDUW� DQG�:DONHQKRUVW� ����@�
XVLQJ�',9$�IRU�5KLQR�9HUVLRQ�����DV�WKH�VLPXODWLRQ�
LQWHUIDFH�>6ROHPPD�����@��

'D\OLJKW�$UHD�$VVHVVPHQW�DQG��'�PRGHO�
,OOXPLQDQFH� PHDVXUHPHQWV� ZHUH� WDNHQ� RQ� )HEUXDU\�
��VW�EHWZHHQ�����DP�DQG�����DP�DW�D�WRWDO�RI����SRLQWV�
DW� UHJXODU� �P� LQWHUYDOV� DW� ����P� KHLJKW� DORQJ� WKH�
FHQWUDO� D[LV� RI� WKH� VSDFH�� 0HDVXUHPHQWV� ZHUH�
SURGXFHG� XVLQJ� 7��$� KDQGKHOG� .RQLFD� 0LQROWD�
LOOXPLQDQFH�PHWHUV��(DFK�VWXGHQW�XVLQJ�D�UHIOHFWDQFH�
VDPSOH�FDUG�IURP�&,%6(�/LJKWLQJ�*XLGH����DVVHVVHG�
WKH� RSWLFDO� FKDUDFWHULVWLFV� RI� DOO� ZDOOV� �/RH�� �������
6XUIDFH� UHIOHFWDQFHV�ZHUH� WKHQ� FRPELQHG�ZLWK�5*%�
FRORU� GHILQLWLRQV� WR� SURGXFH� DFFXUDWH� 5$',$1&(�
PDWHULDO�GHILQLWLRQV��

&RPSDULVRQ�RI�0HDVXUHG�DQG�6LPXODWHG�,OOXPLQDQFH�
$IWHU� UHFHLYLQJ� WKH� GD\OLJKW� PRGHOLQJ� JXLGHOLQHV�
VWXGHQWV�UHYLVLWHG�WKHLU��'�PRGHOV�DQG�UHSRUWHG�WKHLU�
XSGDWHV��)RU�WKH�SRLQW�LQ�WLPH�LOOXPLQDQFH�FRPSDULVRQ�
RI�WKLV�HDVW�IDFLQJ�VSDFH�LW�ZDV�LPSRUWDQW�IRU�VWXGHQWV�
WR�VLPXODWH�WKH�VN\�FRQGLWLRQV�DW�WKH�H[DFW�WLPH�RI�WKHLU�
PHDVXUHPHQWV�� 'LUHFW� +RUL]RQWDO� 5DGLDWLRQ� >:�P�@�
DQG�'LIIXVH�5DGLDWLRQ� >:�P�@�YDOXHV�ZHUH�SURYLGHG�
IRU�HYHU\���PLQXWH�LQWHUYDO�IRU�)HEUXDU\���VW�EHWZHHQ�
�����DQG�����DP��8VHUV�XVHG�WKH�3HUH]�6N\�PRGHO�DQG�
WKH�FXVWRP�VN\�IHDWXUH�EXLOW�ZLWKLQ�',9$�Y���IRU�WKHLU�
VLPXODWLRQV���

6LPXODWLRQ�RI�'LIIHUHQW�'D\OLJKW�0HWULFV�

7KUHH� VLPXODWLRQV� ZHUH� FRQGXFWHG�� GD\OLJKW� IDFWRU��
SRLQW�LQ�WLPH� LOOXPLQDQFH� SHU� /(('� GD\OLJKW� FUHGLW�
�,(4F�����DQG�GD\OLJKW�DXWRQRP\��'D\OLJKW�IDFWRU�ZDV�
XVHG�VLQFH�LW�LV�RQH�RI�WKH�ROGHVW�LQGLFDWRUV�RI�GD\OLJKW�
SHUIRUPDQFH� DQG� LW� LV� YHU\� HDV\� IRU� QRYLFHV� WR�
FRQFHSWXDOL]H��'D\OLJKW� IDFWRU� LV�GHILQHG�DV� WKH�UDWLR�
RI� LOOXPLQDQFH� (�[�� DW� D� SRLQW� [� GLYLGHG� E\� WKH�
LOOXPLQDQFH�RI�DQ�XQVKDGHG�XSZDUG�IDFLQJ�SRLQW�XQGHU�
D� &,(� RYHUFDVW� VN\�� 7KH� ZLGHO\� XVHG� /(('� �����
GD\OLJKWLQJ�FUHGLW�DSSURDFK�ZDV�VHOHFWHG�IRU�WKH�SRLQW�
LQ�WLPH� LOOXPLQDQFH� FDOFXODWLRQV�� /(('� ,(4F����
�ZLWKRXW�DGGHQGD��FDOFXODWLRQV�LQYROYHG�UXQQLQJ�WZR�
SRLQW�LQ�WLPH�LOOXPLQDQFH�VLPXODWLRQV�XVLQJ�&,(�FOHDU�
VN\�ZLWK�VXQ�PRGHO�DW��DP�DQG��SP�RQ�DQ�HTXLQR[�GD\�
DQG� WKHQ� UHSRUWLQJ� WKH� SHUFHQWDJH� DUHD� WKDW� OLHV�
EHWZHHQ����IRRWFDQGOHV�DQG�����IRRWFDQGOHV������OX[�
DQG� ������ OX[�� DW� ERWK� VLPXODWLRQ� WLPHV�� )LQDOO\��
GD\OLJKW� DXWRQRP\� VLPXODWLRQV� LQFOXGHG� PHDQ�
GD\OLJKW� DXWRQRP\� DQG� VSDWLDO� GD\OLJKW� DXWRQRP\��
0HDQ� GD\OLJKW� DXWRQRP\�ZLWK� WDUJHW� LOOXPLQDQFH� RI�
����OX[��'$0($1������UHSRUWV�WKH�PHDQ�SHUFHQWDJH�RI�
WKH�RFFXSLHG�WLPH�WKDW�WKH�WDUJHW�LOOXPLQDQFH�WKUHVKROG�
RI� ���� OX[� LV� PHW�� 6SDWLDO� 'D\OLJKW� $XWRQRP\�
�6'$�������� UHSRUWV� WKH� SHUFHQWDJH� RI� WKH� VSDFH� DUHD�
WKDW�PHHWV� WKH� WDUJHW� LOOXPLQDQFH� RI����� OX[� DW� OHDVW�
����RI� WKH�RFFXSLHG� WLPH��6LPXODWLRQV�FRQVLGHUHG�D�
�DP�WR��SP�RFFXSDQF\�VFKHGXOH�DQG�QR�EOLQG�FRQWUROV���
6WXGHQWV� ZHUH� UHTXLUHG� WR� VXEPLW� WKHLU� 5KLQR� ILOHV��
PDWHULDO� GHILQLWLRQV�� DQG� D� ZULWWHQ� UHSRUW� H[SODLQLQJ�
WKHLU�ILQGLQJV���

0RGHO�$QDO\VLV�
7KLV� ZRUN� SUHVHQWV� WKH� DQDO\VLV� RI� WKH� RXWFRPH� RI�
WKUHH�RI�WKH�WHDFKLQJ�WRRONLW�H[HUFLVHV��)LUVW�WKH�DXWKRUV�
FUHDWHG�D�EHQFKPDUN�PRGHO�WR�EH�XVHG�DV�D�UHIHUHQFH�
FDVH� IRU� WKH� VWXG\��6XEVHTXHQWO\�� WKH�DQDO\VLV�RI� WKH�
PRGHO�VDPSOH�ZDV�FDUULHG�RXW�LQ�WZR�SKDVHV��)LUVW�WKH�
DXWKRUV�FRPSDUHG�WKH�PHDVXUHG�DQG�VLPXODWHG�SRLQW�
LQ�WLPH� LOOXPLQDQFH� UHSRUWHG� E\� WKH� VWXGHQWV� LQ�
H[HUFLVH�WZR��7KLV�ZDV�IROORZHG�E\�D�FRPSDULVRQ�RI�
HDFK� RQH� RI� WKH� IRXU� GD\OLJKW� PHWULFV� UHSRUWHG� IRU�
H[HUFLVH�WKUHH��')0($1��/(('�,(4FU�����'$0($1�����
DQG�'$����������

%HVW�3UDFWLFH�0RGHO�
$� UHIHUHQFH� PRGHO� RI� WKH� VSDFH� ZDV� FUHDWHG� E\� WKH�
DXWKRUV� XVLQJ� 5KLQR� 5���� �ILJXUH� ���� $V� SUHYLRXVO\�
PHQWLRQHG��WKH�PRGHO�WKHQ�VHUYHG�DV�D�EHQFKPDUN�FDVH�
DJDLQVW�ZKLFK�DOO�RWKHU�PRGHOV�ZHUH�FRPSDUHG�IRU�WKH�
VLPXODWHG�PHWULFV��7KH�PRGHO�ZDV�FUHDWHG�IROORZLQJ�
WKH� VDPH� PHWKRGRORJ\� GHVFULEHG� LQ� WKH� H[HUFLVHV��
,QWHULRU�VXUIDFHV�ZHUH�PRGHOHG�DFFRUGLQJ�WR�7DEOH����
)LJXUH� �� VKRZV� D� 5KLQR� YLVXDOL]DWLRQ� RI� WKH�
EHQFKPDUN� PRGHO�� $� ��[��� KRUL]RQWDO� JULG� ZLWK� D�
WRWDO�RI�����XSZDUG�IDFLQJ�VHQVRUV�ZDV�VHW�DW�D�KHLJKW�
RI������P�DERYH�WKH�IORRU��$�0HDQ�%LDV�(UURU��0%(��
RI�����ZDV�GHILQHG�DV�VXIILFLHQW�DFFXUDF\�H[SHFWHG�IRU�
WKH�UHIHUHQFH�PRGHO��7KH�0%(�ZDV�JLYHQ�E\���

�
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:KHUH�1�LV�WKH�QXPEHU�RI�VHQVRUV��(6�LV�WKH�VLPXODWHG�
LOOXPLQDQFH� DQG� (0� LV� WKH� PHDVXUHG� LOOXPLQDQFH� DW�
HDFK�VHQVRU�SRLQW���

�
7DEOH��� OLVWV� WKH�5$',$1&(�VLPXODWLRQ�SDUDPHWHUV�
WKDW� ZHUH� XVHG� IRU� DOO� VLPXODWLRQV�� DPELHQW� ERXQFHV�
�DE��� DPELHQW� GLYLVLRQV� �DG��� DPELHQW� VDPSOLQJ� �DV���
DPELHQW� DFFXUDF\� �DD�� DQG� DPELHQW� UHVROXWLRQ� �DU���
7KHVH� VLPXODWLRQ� SDUDPHWHUV� ZHUH� FKRVHQ� EDVHG� RQ�
UHFRPPHQGHG�YDOXHV�IURP�HDUOLHU�'D\VLP�YDOLGDWLRQ�
VWXGLHV� DQG� FRUUHVSRQG� WR� D� VFHQH� RI� µPHGLXP�
FRPSOH[LW\¶� DV� GHILQHG� LQ� WKH� 'D\VLP� 0DQXDO�
�5HLQKDUW��������

Table 2��5$',$1&(�VLPXODWLRQ�SDUDPHWHUV�

�

&RPSDULVRQ� RI� 0HDVXUHG� DQG� 6LPXODWHG�
,OOXPLQDQFH��
$�ILUVW�FRPSDULVRQ�RI�WKH�VWXGHQWV�UHSRUWHG�PHDVXUHG�
DQG� VLPXODWHG� LOOXPLQDQFH� DW� HDFK� VHQVRU� SRLQW� ZDV�
SHUIRUPHG� WR� DQDO\]H� WKH� DFFXUDF\� RI� WKH� VWXGHQW�
PRGHOV��7KH�VWDWLVWLFDO� LQGLFDWRU�XVH�IRU�WKLV�DQDO\VLV�
ZDV�WKH�UHODWLYH�HUURU�JLYHQ�E\���

�
:KHUH�(6� LV� WKH�VLPXODWHG�LOOXPLQDQFH�DQG�(0� LV� WKH�
PHDVXUHG�LOOXPLQDQFH�DW�HDFK�VHQVRU�SRLQW��
6XEVHTXHQWO\�� D� FRPSDULVRQ� RI� DEVROXWH� SUHGLFWHG�
LOOXPLQDQFH�ZDV�FDUULHG�RXW�WR�XQGHUVWDQG�WKH�LPSDFW�
RI� XVHU� HUURU� LQ� WKH� H[WHQW� RI� WKH� GD\OLW� DUHD� RI� WKH�

VSDFH�� 'XH� WR� WKH� IDFW� WKDW� VWXGHQWV¶� PHDVXUHPHQWV�
RFFXUUHG�GXULQJ�D�VPDOO�EXW�G\QDPLF�ZLQGRZ�RI�WLPH�
�HDUO\�PRUQLQJ�IRU�WKLV�HDVW�IDFLQJ�VSDFH��PRGHOV�KDG�
WR�EH�UHVLPXODWHG�DW�D�VLQJOH�WLPH�VWHS�WR�SHUIRUP�WKLV�
FRPSDULVRQ���

$� UHODWLYH� HUURU� EDQG� RI� ���� ZDV� DVVXPHG� IRU� WKH�
5DGLDQFH�EDVHG�VLPXODWLRQV��:RUN�SODQH�LOOXPLQDQFH�
FDQ� W\SLFDOO\�EH�PRGHOHG�ZLWK� DQ� DFFXUDF\�RI� DERXW�
����� ZKLFK� FDQ� EH� FRQVLGHUHG� WR� EH� ³VXIILFLHQW� IRU�
PRVW�GHVLJQ�SXUSRVHV´��5HLQKDUW�DQG�%UHWRQ����������

&RPSDULVRQ� RI� 'D\OLJKW� )DFWRU�� 3RLQW�LQ�WLPH�
,OOXPLQDQFH�DQG�'D\OLJKW�$XWRQRP\�
7KH�VWDWLVWLFDO�LQGLFDWRU�XVHG�IRU�WKLV�DQDO\VLV�ZDV�WKH�
UHODWLYH� HUURU� RI� WKH� JLYHQ� PHWULF� UHSRUWHG� E\� WKH�
VWXGHQW��DV�IXQFWLRQ�RI�WKH�EHQFKPDUN�YDOXH�SURYLGHG�
E\�WKH�UHIHUHQFH�PRGHO���
$� VHFRQG� VWHS� FRPSDUHV� WKH� YDOXHV� UHSRUWHG� DW� HDFK�
RQH�RI�WKH����VHQVRU�SRLQWV�IRU�DOO�GD\OLJKW�PHWULFV�WR�
H[SORUH�WKH�YDULDQFH�LQ�WKH�GD\OLJKW�SURILOH�RI�WKH�VSDFH�
IRU�DOO�VWXGHQW�PRGHOV��

5(68/76�
&RPSDULVRQ� RI� 0HDVXUHG� DQG� 6LPXODWHG�
,OOXPLQDQFH�
)LJXUH���VKRZV�WKH�UHODWLYH�HUURU�RI�WKH�PHDVXUHG�DQG�
VLPXODWHG� LOOXPLQDQFH�UHSRUWHG�E\�HDFK�VWXGHQW��7KH�
ILJXUH� VKRZV� D� ���� HUURU� EDQG� LV� DORQJ� ZLWK� WKH�
EHQFKPDUN�PRGHO��5HVXOW� VKRZ� WKDW� ��RXW� RI� WKH����
VWXGHQW� PRGHOV� DUH� KDYLQJ� SUREOHPV� DFFXUDWHO\�
WUDFNLQJ�KRUL]RQWDO�LOOXPLQDQFH�WKURXJKRXW�WKH�VSDFH��
7KH�ILJXUH�DOVR�VKRZV�WKH�UREXVWQHVV�RI�WKH�UHIHUHQFH�
PRGHO��ZKLFK�OLHV�EHWZHHQ�WKH�HUURU�EDQG�WKRXJKW�WKH�
ZKROH�VSDFH���

DE� DG� DV� DD� DU�
�� ����� ��� ���� ����

Table 1�2SWLFDO�VXUIDFH�SURSHUWLHV�
*OD]LQJ� 6LQJOH�JOD]LQJ������WUDQVPLWWDQFH�
%ODFN�PXOOLRQV� /DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�
,QWHULRU�:DOOV�±�
ZKLWH�SDLQW�

/DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH��

,QWHULRU�:DOOV���
ZKLWH�WH[WXUH�

/DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�

&HLOLQJ� /DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�
)ORRU�������� /DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�
)ORRU�������� /DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�
0HWDOOLF�%ULGJH� /DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�
([WHUQDO�*URXQG� /DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�
([WHULRU�:DOOV� /DPEHUWLDQ�GLIIXVHU������UHIOHFWDQFH�
�

�
Figure 2:�%HVW�3UDFWLFH�PRGHO�RI�URRP��������DQG��������FUHDWHG�LQ�5KLQRFHURV�5���
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7R� EHWWHU� XQGHUVWDQG� KRZ� WKLV� ODUJH� UHODWLYH� HUURU�
DIIHFWV�WKH�GD\OLW�DUHD�SUHGLFWLRQV�ZLWKLQ�WKH�VSDFH�DOO�
PRGHOV� ZHUH� UHVLPXODWHG� DW� WKH� VDPH� SRLQW� LQ� WLPH���
)LJXUH� �� VKRZV� WKH� FRPSDULVRQ� RI� VLPXODWHG�
LOOXPLQDQFH� DW� ����DP� IRU� )HEUXDU\� ��VW� IRU� DOO� ���
VWXGHQW�PRGHOV��7KH�EHQFKPDUN�PRGHO�LV�GLVSOD\HG�DV�
D�GRWWHG�EODFN� OLQH� IRU� UHIHUHQFH��7KH�FKDUW�RYHUOD\V�
WKH� LOOXPLQDQFH� PHDVXUHG� DORQJ� WKH� WZHOYH� VHQVRU�
SRLQWV��VSDFHG��P�DSDUW��DQG�WKH�URRP�VHFWLRQ�WR�EHWWHU�
YLVXDOL]H� WKH�PDJQLWXGH� RI� WKH� UHVXOWLQJ� LOOXPLQDQFH�
SURILOH� RI� WKH� VSDFH�� $� JUH\� KRUL]RQWDO� GRWWHG� OLQH�
PDUNV�WKH����OX[�WKUHVKROG���
7KH� ILJXUH� VKRZV� WKDW� VWXGHQW�PRGHOV�DUH�SUHGLFWLQJ�
LOOXPLQDQFH� DW� WKH� EDFN� RI� WKH� URRP� VRPHZKDW�
DFFXUDWHO\�EXW�DUH�KDYLQJ�SUREOHPV�DW�WKH�IURQW�SDUW�RI�
WKH� URRP�� $OO� PRGHOV� ZRXOG� SUHGLFW� WKH� GD\OLW� DUH�
VWDUWLQJ�EHWZHHQ�VHQVRU���DQG�����

&RPSDULVRQ� RI� 'D\OLJKW� )DFWRU�� 3RLQW�LQ�WLPH�
V,OOXPLQDQFH�DQG�'D\OLJKW�$XWRQRP\�
)LJXUH� �� VKRZV� WKH� FRPSDULVRQ� RI� DOO� VLPXODWHG�
GD\OLJKW� PHWULFV� IRU� DOO� ��� VWXGHQW� PRGHOV� SOXV� WKH�

EHQFKPDUN�PRGHO��5HVXOWV�VKRZ�PHDQ�GD\OLJKW�IDFWRU��
SRLQW�LQ�WLPH� LOOXPLQDQFH� SHU� /(('� GD\OLJKW� FUHGLW�
UHTXLUHPHQWV�� PHDQ� GD\OLJKW� DXWRQRP\� DQG� VSDWLDO�
GD\OLJKW� DXWRQRP\��5HODWLYH� HUURU� IRU� HDFK�PRGHO� LV�
JUDSK�RQ�D�VHFRQG�D[LV�IRU�DOO�PHWULFV�7KH�EHQFKPDUN�
PRGHO� UHVXOWV� DUH� VKRZQ� DV�PRGHO� ��� DQG� DUH� EODFN�
FRGHG�� )RU� WKH� ')PHDQ� UHVXOWV�� PRGHOV� DUH� VRUWHG�
IURP�ORZHVW�WR�KLJKHVW��7KH�UHVXOWLQJ�PRGHO�QXPEHU�LV�
NHSW�IRU�FRQVLVWHQF\�WKURXJKRXW�WKH�UHVW�RI�WKH�FKDUWV���
5HVXOWV�VKRZ�WKDW�ZKHQ�RQH�PRGHO�LV�DQDO\]HG�DFURVV�
PHWULFV��SRLQW�LQ�WLPH�LOOXPLQDQFH�VKRZ�GLVFUHSDQFLHV�
FRPSDUHG�WR�RWKHU�PHWULFV�IRU� WKH�VDPH�PRGHOV��2QH�
FDQ�FRQFOXGH�WKDW�IRU�WKLV�VWXGLHG�FDVH�VRPH�XVHU�HUURUV�

 
Figure 3��&RPSDULVRQ�RI�VLPXODWHG�LOOXPLQDQFH�IRU�
DOO�VWXGHQW�PRGHOV�RQ�)HEUXDU\���VW������DP��

�

�
 

Figure 4 &RPSDULVRQ�RI�UHODWLYH�HUURU�RI�VLPXODWHG�
DQG�PHDVXUHG�,OOXPLQDQFH�IRU�DOO�VWXGHQW�PRGHOV�
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DIIHFW� SRLQW�LQ�WLPH� LOOXPLQDQFH� VLPXODWLRQV� PRUH�
GUDPDWLFDOO\�WKDQ�DQ\�RWKHU�PHWULF����
7R� LGHQWLI\� WKH�FDXVHV�RI� WKHVH�XQLTXH�GLVFUHSDQFLHV�
)LJXUH���VKRZV�WKH�SRLQW�LQ�WLPH�VLPXODWLRQ�UHVXOWV�IRU�
DOO� ���VHQVRU� SRLQWV� RI� WKH� UHIHUHQFH� PRGHO� DW� ERWK�
����DP� DQG� ����SP�� )LJXUH� �� VKRZV� WKH� UHVXOWLQJ�
LOOXPLQDQFH�PDS�ZLWK� WKH� /(('�GD\OLJKW� FRPSOLDQW�
DUHD���
:KHQ�DQDO\]LQJ�WKHVH�VLPXODWLRQV�LQ�GHWDLOHG�RQH�FDQ�
VHH�WKDW�WKDW�DFFXUDWHO\�SUHGLFWLQJ�WKH�GLUHFW�VXQ�OLJKW�
GXULQJ�PRUQLQJ�KRXUV�LV�FULWLFDO��2QO\���RXW�RI�WKH����

VWXGHQWV� ������ DFFXUDWHO\� SUHGLFWHG� WKH� KLJK�
LOOXPLQDQFH� OHYHOV� DW� �P� IURP� WKH� IDoDGH��
$GGLWLRQDOO\����RI�WKH����VWXGHQWV�������ZHUH�QRW�DEOH�
WR� SUHGLFW� WKH� ORZHU� WKUHVKROG� RI� WKH� GD\OLJKW�
FRPSOLDQW�DUHD�ZLWKLQ�D��P�GLVFUHSDQF\���
)LQDOO\�� )LJXUH� �� VKRZV� VLPXODWLRQV� UHVXOWV� IRU� DOO�
VWXGHQW�PRGHOV� DFURVV� DOO� GD\OLJKW�PHWULFV��'D\OLJKW�
IDFWRU� VLPXODWLRQV� VKRZ� D� PHDQ� UHODWLYH� HUURU�
�5(0($1��RI������DQG�DQ�LQWHUTXDUWLOH�UDQJH��,45��RI�
������/(('�SRLQW�LQ�WLPH�VLPXODWLRQV�VKRZ�D�5(0($1�
RI������DQG�DQ�,45�RI�������FRPSDUHG� WR�'$����DQG�
6'$���_���WKDW�VKRZ�D�5(0($1�RI������DQG�����DQG�D�
,45�RI������DQG������UHVSHFWLYHO\���

',6&866,21�
9DOLGDWLRQ�RI�D�SUHOLPLQDU\�PRGHO�E\�QRYLFHV�
(VWDEOLVKLQJ�D�JRRG�FRUUHODWLRQ�EHWZHHQ�WKH�VLPXODWHG�
DQG�PHDVXUHG�LOOXPLQDQFH�SURYHG�WR�EH�D�GLIILFXOW�WDVN�
IRU� VLPXODWLRQ� QRYLFHV�� ,OOXPLQDQFH� SURILOHV� DW� WKH�
EDFN�RI� URRP�ZHUH� OHVV�SUREOHPDWLF� WKDQ�SURILOHV� LQ�
DUHDV� ZLWK� GLUHFW� VXQOLJKW�� 6PDOO� YDULDWLRQV� LQ� VXQ�
SRVLWLRQ� �L�H�� DV� VPDOO� DV����PLQXWH�GLVFUHSDQFLHV�RU�
VLQJOH�GLJLW�HUURUV�LQ�URRP�RULHQWDWLRQ��UHVXOWHG�WR�EH�
FULWLFDO�IRU�WKLV�HDVW�IDFLQJ�VSDFH�GXULQJ�HDUO\�PRUQLQJ��
2WKHU� XVHU� HUURUV� WKDW� DIIHFWHG� GLUHFW� VXQOLJKW�
FRQWULEXWLRQV� ZHUH� VN\� FRQGLWLRQV� VHWWLQJV� DQG� QRW�
XVLQJ�WKH�VXJJHVWHG�UDGLDQFH�SDUDPHWHUV������
1RQHWKHOHVV��WKLV�VWHS�SURYHG�WR�EH�YHU\�YDOXDEOH�IRU�
VWXGHQWV�DV�LW�SURYLGHG�WKH�RSSRUWXQLW\�WR�UHYLVLW�WKHLU�
PRGHOV�DIWHU�FDUU\LQJ�RXW�D�ILUVW�FRPSDULVRQ��7KH�PDLQ�
FKDQJHV�XSJUDGHV�WR�WKH�SUHOLPLQDU\��'�PRGHOV�ZHUH�
VSDFH� RULHQWDWLRQ�� DGGLQJ� D� JURXQG� SODQH� DQG�
VXUURXQGLQJ� EXLOGLQJV�� VHWWLQJ� ZLQGRZV� DV� VLQJOH�
VXUIDFH�� DQG� JURXSLQJ� VXUIDFHV� LQ� OD\HUV� IRU� HDVH� RI�
DVVLJQLQJ�PDWHULDO�SURSHUWLHV��
7HDFKLQJ�$SSURDFK�DQG�0RGHOLQJ�*XLGHOLQHV�
1RYLFHV¶� UHVXOWV� IRU� DOO� GD\OLJKW� PHWULFV� DUH� YHU\�
HQFRXUDJLQJ��:KHQ�FRPSDUHG�WR�VWXGHQW�UHVXOWV�IURP�
�����DQG������ IURP� WKH�DXWKRUV¶�SUHYLRXV� VWXG\� WKH�
ILQGLQJV�DUH�DSSDUHQW��7HDFKLQJ�GD\OLJKW� VLPXODWLRQV�

�
Figure 8 &RPSDULVRQ�RI�UHODWLYH�HUURUV�E\�GD\OLJKW�
PHWULF�
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Figure 6 3RLQW�LQ�WLPH�LOOXPLQDQFH�VLPXODWLRQ�SHU�
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Figure 7 &RPSOLDQW�GD\OLJKW�DUHD�SHU�/(('�,(4F����
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LQ� VPDOOHU� LQFUHPHQWDO� VWHSV� DQG� SURYLGLQJ� VWXGHQWV�
ZLWK�PRGHOLQJ�JXLGHOLQHV�UHVXOWHG�LQ�����RI�VWXGHQWV�
ZLWK�D�UHODWLYH�HUURU�RI�OHVV�WKDQ������FRPSDUHG�WR����
LQ������DQG�����LQ�������0RUH�LPSRUWDQWO\������RI�
WKH�VWXGHQWV�KDG�D�5(�RI�OHVV�����FRPSDUHG�WR�D����LQ�
DQG�D�����LQ������DQG������UHVSHFWLYHO\���

�
Figure 9 &RPSDULVRQ�RI�'D\OLJKW�IDFWRU�VLPXODWLRQV�

E\�\HDU��

&RPSDULVRQ�RI�'D\OLJKW�0HWULFV�
.H\� FKDUDFWHULVWLFV� IRU� D� VWURQJ� GD\OLJKW� PHWULF� DUH�
PHDQLQJIXOQHVV�� FRPSUHKHQVLYHQHVV� DQG� UREXVWQHVV��
$XWKRUV�ZLOO�DYRLG�SXUVXLQJ�WKH�HYLGHQW�DUJXPHQW�RI�
KRZ�PHDQLQJIXO�LW�LV�WR�XVH�D�PHWULF�WKDW�RQO\�FRQVLGHUV�
D�EHVW�ZRUVW�FDVH�VFHQDULR�IRU�MXVW���KRXUV�RI�WKH�\HDU��
DQG� LQVWHDG� ZLOO� IRFXV� RQ� WKH� LVVXHV� RI�
FRPSUHKHQVLYHQHVV�DQG�UREXVWQHVV���
$XWKRUV¶� H[SHULHQFH� VXJJHVWV� WKDW� SHUKDSV� WKH� PRVW�
LPSRUWDQW� RI� WKH� WKUHH� FKDUDFWHULVWLFV� IRU� QRYLFHV� WR�
VXFFHHG�LQ�GD\OLJKW�PRGHOLQJ�LV�KRZ�HDV\�LV�IRU�WKHP�
WR�XQGHUVWDQG�WKH�SXUVXLW�PHWULF��:LWK�DOO�WKH�SRWHQWLDO�
PLVWDNHV� WKDW� FDQ� EH� PDGH� DORQJ� WKH� VLPXODWLRQ�
SURFHVV��LW�LV�FULWLFDO�WKDW�EHJLQQHUV�XQGHUVWDQG�DQG�FDQ�
UHODWH� WR� WKH�PHWULF� EHLQJ� UHSRUWHG�� ,I� WKLV� LV� QRW� WKH�
FDVH�� PRGHOHUV� PDNLQJ� PXOWLSOH� HUURUV� DQG� JURVVO\�
RYHU�SUHGLFWLQJ� RU� XQGHU�SUHGLFWLQJ� WKH� GD\OLJKW�
TXDOLW\� LQ� WKH� VSDFH�ZLOO� VWLOO� UHSRUW�ZKDWHYHU�YDOXHV�
WKH�HQJLQHV�FRQYH\V����
,Q�WKLV�VWXG\� LW�ZDV�HYLGHQW�WKDW�VWXGHQWV�KDG�WURXEOH�
XQGHUVWDQGLQJ� WKH� FDOFXODWLRQ� DSSURDFK� UHTXLUHG� WR�
FRPSO\� ZLWK� WKH� /(('� SRLQW�LQ�WLPH� LOOXPLQDQFH�
FDOFXODWLRQ�� 2QO\� ���� RI� WKH� VWXGHQWV� ZHUH� DEOH� WR�
FRUUHFWO\�H[SODLQ� LWV�FRQFHSWXDO�FDOFXODWLRQ�DSSURDFK�
ZKHQ�SUHVHQWLQJ�WKHLU�UHVXOWV�IRU�WKLV�PHWULF���
,Q�WHUPV�RI�WKH�UREXVWQHVV��PRVW�XVHU�PRGHOLQJ�HUURUV�
UHVXOWHG�LQ�FRQVLVWHQW�LQDFFXUDFLHV�ZLWKLQ�DOO�UHSRUWHG�
PHWULFV��ZLWK� H[FHSWLRQ� WR� SRLQW�LQ�WLPH� LOOXPLQDQFH�
VLPXODWLRQV��$OO�HUURUV�WKDW�DIIHFWHG�WKH�5(�RI�GD\OLJKW�
IDFWRU� UHVXOWV� DOVR� DIIHFWHG�PHDQ� GD\OLJKW� DXWRQRP\�
DQG� VSDWLDO� GD\OLJKW� DXWRQRP\�� 2Q� WKH� RWKHU� KDQG��
RQO\�LPSRUWDQW�PRGHOLQJ�PLVWDNHV�WKDW�DIIHFWHG�GLUHFW�
VXQOLJKW� DIIHFWHG� FRQVLGHUDEO\� PRUH� PHDQ� '$� WKDQ�
')0($1�DQG��6'$��7KLV�VHHPV�UHDVRQDEOH�VLQFH�6'$�
ZRXOG�RQO\�EH�DIIHFWHG�LI�WKH�VHQVRU�SRLQWV�GR�QRW�PHHW�
WKH�����OX[�WKUHVKROG�DQG�ZLOO�QRW�EH�DIIHFWHG�E\�KRZ�
IDU�WKH�WKUHVKROG�LV�VXUSDVVHG��$OVR��ZH�PXVW�FRQVLGHU�

WKDW�')� LV� D�PHWULF� WKDW� FRQVLGHUV� DQG� RYHUFDVW� VN\��
WKXV�LW�LV�LQGHSHQGHQW�RI�RULHQWDWLRQ��
,Q� FRQWUDVW�� HYHQ� YHU\� VPDOO� PRGHOLQJ� HUURUV� �L�H�� ��
GHJUHHV� RI� HUURU� LQ� RULHQWDWLRQ�� FDQ� UHVXOW� LQ�
GUDPDWLFDOO\� UHODWLYH� HUURU� IRU� WKH� SRLQW�LQ�WLPH�
LOOXPLQDQFH��7KLV�VSHDNV�WR�WKH�ODFN�RI�UREXVWQHVV�RI�
VXFK�W\SH�RI�PHWULFV�DQG�LW�LV�ZRUULVRPH�FRQVLGHULQJ�
WKDW� WKLV� W\SH� RI� PHWULFV� DUH� VWLOO� ZLGHO\� XVHG� E\�
LQVWLWXWLRQV�ZRUOG�ZLGH�
,Q� WKLV� VSDFH� DQ� �� PLQ� GLIIHUHQFH� UHVXOWHG� LQ� GLUHFW�
VXQOLJKW�KLWWLQJ�WKH�ILUVW�VHQVRU�SRLQW�DQG�MXPSLQJ�IURP�
DERXW�������OX[�WR�DERYH��������OX[��
$GGLWLRQDOO\�� WKH� SRLQW�LQ�WLPH� PHWULF� UHSRUWHG� WKDW�
RQO\� ������ RI� WKH� VSDFH� DUHD� LV� FODVVLILHG� DV� GD\OLW�
VSDFH� LQ� FRQWUDVW� WR� D� ���� RI� WKH� VSDFH� DUHD� ZKHQ�
XVLQJ�6'$���_����(YHQ�ZKHQ�HOLPLQDWLQJ�WKH�RYHU�OLW�
DUHD�UHTXLUHPHQW�IRU�WKH�SRLQW�LQ�WLPH�LOOXPLQDQFH��LW�
LV�D�NQRZQ�VKRUWFRPLQJ�RI�6'$�WKDW�LW�KDV�QR�XSSHU�
LOOXPLQDQFH�WKUHVKROG���WKH�SRLQW�LQ�WLPH�LOOXPLQDQFH�
VWLOO�UHSRUWHG�RQO\�D�������RI�FRPSOLDQW�DUHD�� WKDW� LV�
VWLOO�D�����OHVV�DUHD�WKDQ�6'$���_�����
$XWKRUV� FRQFOXGH� WKDW� SRLQW�LQ�WLPH� LOOXPLQDQFH�
VKRXOG�EH�FDWHJRUL]HG�DV�D�ZHDN�DQG�XQVWDEOH�PHWULF�
DQG� VKRXOG� QRW� EH� XVHG� WR� HYDOXDWH� WKH� GD\OLJKW�
SHUIRUPDQFH�RI�D�VSDFH��7KLV�LV�HVSHFLDOO\�WUXH�LQ�WKH�
GHVLJQ� RI� QHZ� VSDFHV� ZHUH� PDQ\� YDULDEOHV� DUH� VWLOO�
XQNQRZQV�DQG�PLJKW�FDXVH�LPSRUWDQW�PLVFDOFXODWLRQV���
$OWKRXJK�VSDWLDO�GD\OLJKW�DXWRQRP\�LV�D�ELGLPHQWLRQDO�
PHWULF�WKDW�FRPELQHV�WLPH�DQG�VSDFH��LW�VHHPHG�WR�EH�
WKH�PHWULF�WKDW�ZDV�EHWWHU�XQGHUVWRRG�E\�WKH�VWXGHQWV��
$V�VHHQ� LQ� ILJXUH���� WKH�PHWULF�SUHVHQWHG� WKH� VHFRQG�
ORZHVW� PHDQ� UHODWLYH� HUURU� �5(0($1� ������ IRU� WKH�
VDPSOH�DQG�WKH�ORZHVW�LQWHUTXDUWLOH�UDQJH��,45��������
$XWKRUV� GR� VXJJHVW� WKH� PHWULF� EH� FDOFXODWHG�
FRQVLGHULQJ� DXWRPDWHG� VKDGLQJ� GHYLFHV� �EOLQGV�� RU�
FRPSOH[� IHQHVWUDWLRQ� V\VWHPV� WR� DFFXUDWHO\� DFFRXQW�
IRU�SRWHQWLDO�RYHUOLW�DUHDV���
5HPDLQLQJ�8VHU�(UURUV�
$Q� LQWHUHVWLQJ� ILQGLQJ� ZDV� WKH� DPRXQW� RI� WLPH� WKDW�
PRVW� VWXGHQWV� GHGLFDWHG� WKLV� WLPH� DURXQG� WR� PRGHO�
HYHU\� JHRPHWULF� GHWDLO� RI� WKH� VSDFH�� DV� FRPSDUHG� WR�
����� DQG� ����� �LQ� WKLV� SUHYLRXV� ZRUN� JHRPHWULF�
LQDFFXUDF\�ZDV�VXUSULVLQJO\�KLJK���0RVW�LQWHUHVWLQJ�LV�
WKH� IDFW� WKDW� WKH� PRVW� GHWDLOHG�PRGHOV� ZHUH� QRW� WKH�
RQHV� WKDW� UHVXOWHG� LQ� PRUH� DFFXUDWH� UHVXOWV�� ,Q� IDFW��
PRGHOV� ���� ��� DQG� ��� ZKLFK� SUHVHQWHG� WKH� KLJKHVW�
XQGHU�SUHGLFWLRQ� RI� VSDWLDO� GD\OLJKW� DXWRQRP\� KDG�
YHU\�GHWDLOHG�JHRPHWULHV�EXW�SUHVHQWHG�HUURUV�VXFK�DV��
JOD]LQJ� ZLWK� GRXEOH� VXUIDFHV� RU� VHQVRU� JULGV� ZKLFK�
H[WHQGHG�EH\RQG�WKH�LOOXPLQDWHG�URRP��2Q�WKH�RWKHU�
H[WUHPH�� WKH� PRGHO� WKDW� SUHVHQWHG� WKH� KLJKHVW� RYHU�
SUHGLFWLRQ�RI�VSDWLDO�GD\OLJKW�DXWRQRP\��PRGHO�������
ZDV� WKH� RQH� ZLWK� WKH� PRVW� JHRPHWULF� RYHU�
VLPSOLILFDWLRQ�� E\� IRU� H[DPSOH� KDYLQJ� D� UHFWDQJXODU�
ZLQGRZ�KHDG�KHLJKW��DQG�QRW�FRQVLGHULQJ�WKH�FDWZDON�
DQG�QRU�WKH�GRRU�KHDG�EHWZHHQ�WKH�WZR�URRP��ILJXUH�
����7KLV�UHLQVWDWHV�WKH�YDOXH�RI�WKH�SURSRVHG�PRGHOLQJ�
JXLGHOLQHV�� VWXGHQWV� ZKR� SDLG� DWWHQWLRQ� WR� DOO� VWHSV�
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HTXDOO\�REWDLQHG�PRUH�DFFXUDWH�UHVXOWV�WKDQ�WKRVH�WKDW�
RQO\�ZHUH�GLOLJHQW�ZLWK�VSDFH�JHRPHWULHV���
,Q� WHUPV� RI� UDGLDQFH� SDUDPHWHUV�� D� SDUDPHWULF�
VHQVLWLYLW\� DQDO\VLV� VKRZHG� WKDW� DW� OHDVW� DQ� DPELHQW�
ERXQFH� �DE�� RI� �� VKRXOG� EH� XVHG� DV� KLJKHU� YDOXHV�
SUHVHQW�QR�VLJQLILFDQW� LPSURYHPHQW� IRU� WKH�DQDO\]HG�
VFHQH��$QG�WHQW�WR�GXSOLFDWH�VLPXODWLRQ�WLPH��2Q�WKH�
RWKHU� KDQG�� D� YDOXH� RI� ����� DPELHQW� GLYLVLRQ� �DG��
SURYHG� WR� EH� VXIILFLHQW� ZKHQ� FDOFXODWLQJ� PHDQ�
LOOXPLQDQFH�RU�6'$��+RZHYHU��YDOXHV�DV�KLJK�DV������
ZHUH� UHTXLUHG� LQ� VRPH� FDVHV� LI� WKH� REMHFWLYH�ZDV� WR�
FDOLEUDWH�WR�PHDVXUHG�KRUL]RQWDO�LOOXPLQDQFH�LQ�VHQVRU�
SRLQWV�FORVH�WR�WKH�IDoDGH���

5XOHV�RI�7KXPE�&RPSDULVRQ�IRU�0RGHO�9DOLGDWLRQ�
7KH�WHDFKLQJ�DSSURDFK�XVHG�IRU�WKLV�FRXUVH�VWDUWHG�E\�
DVNLQJ�VWXGHQWV�WR�FRPSDUH�WKHLU�VLPXODWHG�UHVXOWV�ZLWK�
WKHLU�PHDVXUHPHQWV�RI�WKH�VDPH�VSDFH��7KLV�DSSURDFK�
PLJKW� SUHVHQW� REYLRXV� OLPLWDWLRQV� IRU� GD\OLJKW�
PRGHOLQJ� LQ� QHZ� FRQVWUXFWLRQV� ZKHUH� QR� SK\VLFDO�
VSDFH�FDQ�EH�PHDVXUH�GXULQJ�GHVLJQ�SKDVH���
)LJXUH��� VKRZV� WKH� VWURQJ� FRUUHODWLRQ� LQ� WKH�PRGHOV�
DORQJ� WKH� GLIIHUHQW� GD\OLJKW�PHWULFV�� 5HVXOWV� VKRZ� D�
YHU\� KLJK� FRUUHODWLRQ� RI� ����� EHWZHHQ� WKH� GD\OLJKW�
IDFWRU� VDPSOH� DQG� PHDQ� GD\OLJKW� DXWRQRP\�� 7KLV�
YDOLGDWHV� WKH� VWHS� �� RI� WKH� SURSRVHG� PRGHOLQJ�
JXLGHOLQHV�� ZKLFK� UHFRPPHQGV� SHUIRUPLQJ� VLPSOH�
UXOH�RI�WKXPE�FDOFXODWLRQV�DQG�FRPSDUH�UHVXOWV�DJDLQVW�
D� VLPSOH� GD\OLJKW� IDFWRU� FDOFXODWLRQ� WR� FRQILUP� WKH�
YDOLGLW\�RI�\RXU�PRGHO���

7KH� DXWKRUV� ZRXOG� HQFRXUDJH� PRGHOHUV� LQ� WKDW�
VLWXDWLRQ�WR�SHUIRUP�VLPSOH�UXOHV�RI�WKXPE�FDOFXODWLRQV�
WR�EH�XVHG�WR�YDOLGDWH�WKHLU�PRGHOV��7KH�HIIHFWLYHQHVV�
RI�WKH�0RGLILHG�/\QHV�IRUPXOD��/\QHV�������5HLQKDUW�
DQG�/R9HUVR�������WR�TXLFNO\�SUHGLFW�GD\OLJKW�IDFWRU�
FDOFXODWLRQV�LQ�D�VSDFH�ZDV�UHLQVWDWHG�ZKHQ�UHYLVLWLQJ�
WKH�SUHFHGHQW�VWXG\��:KHQ�XVLQJ�WKH�0RGLILHG�/\QHV�
IRUPXOD�WR�SUHGLFW�WKH�GD\OLJKW�IDFWRU�IRU�URRP��������
DQG��������WKH�UHVXOWLQJ�YDOXH�LV�������')PHDQ��7KLV�
UHVXOWV� RQ� D� 5(�')PHDQ� RI� ������ ZKLFK� LV� DOPRVW�
LGHQWLFDO�WR�WKH�PHDQ�UHODWLYH�HUURU�RI�DOO�VWXGHQWV�IRU�
GD\OLJKW� IDFWRU�VLPXODWLRQV��7KLV�VWHS�SURYHV�WR�KDYH�
VXIILFLHQW�DFFXUDF\� WR�DOORZ�QRYLFHV� WR�YDOLGDWH� WKHLU�
PRGHOV�EHIRUH�SHUIRUPLQJ�PRUH�FRPSOH[�RU�ZHDWKHU�
GHSHQGHQW�PHWULFV���7KXV�WKH�DXWKRUV�KDYH�LQFOXGHG�LW�
DV� D� IXQGDPHQWDO� VWHS� IRU� DQ\� GD\OLJKW� PRGHOLQJ�
H[HUFLVH���

��� �(TXDWLRQ����������������������
:KHUH���
')�  �PHDQ�GD\OLJKW�IDFWRU�
$JOD]LQJ��  �WRWDO�JOD]LQJ�DUHD��P���
$WRWDO�  �WRWDO�DUHD�RI�DOO�LQWHULRU�VXUIDFHV�LQFOXGLQJ�

ZLQGRZV��P���
5PHDQ��  �DUHD�ZHLJKWHG�PHDQ�VXUIDFH�UHIOHFWDQFHV�RI�

DOO�LQWHULRU�VXUIDFHV����������
7YLV��  �YLVXDO�WUDQVPLWWDQFH�RI�WKH�JOD]LQJ���«����
ș�  �XQREVWUXFWHG�VN\�DQJOH��LQ�GHJUHHV��

&21&/86,21�
7KH� LPSOHPHQWDWLRQ� RI� D� SURSRVHG� WHDFKLQJ� WRRONLW�
WKDW� DGGUHVVHG� GD\OLJKW� PRGHOLQJ� LQ� VPDOOHU�
LQFUHPHQWDO�VWHSV�ZDV�KLJKO\�VXFFHVVIXO��7KH�WHDFKLQJ�
DSSURDFK� ZLWK� LWV� SURSRVHG� PRGHOLQJ� JXLGHOLQHV�
UHVXOWHG� LQ� LPSRUWDQW� LPSURYHPHQWV� LQ� VLPXODWLRQ�
QRYLFHV¶� DFFXUDF\�� :KHQ� FRPSDUHG� ZLWK� SUHYLRXV�
VWXGLHV�� ���� SHUFHQW� RI� ����� QRYLFHV� ZHUH� DEOH� WR�
SUHGLFW�GD\OLJKW�IDFWRUV�ZLWKLQ�D�UHODWLYH�HUURU�RI������
FRPSDUHG� WR� ��� LQ� ����� DQG� ���� LQ� ������ 0RUH�
LPSRUWDQWO\������RI������VWXGHQWV�KDG�D�5(�RI� OHVV�
���� FRPSDUHG� WR�RQO\� D� ���DQG� D����� LQ������DQG�
�����UHVSHFWLYHO\���
7KH� GHWDLO� DQDO\VLV� RI� XVHU� HUURUV� DORQJ� GLIIHUHQW�
GD\OLJKW� PHWULFV� FRQFOXGHG� WKDW� SRLQW�LQ�WLPH�
LOOXPLQDQFH�DUH�PRVW�EULWWOH�DQG�DUH�KLJKO\�DIIHFWHG�E\�
VPDOO�VLPXODWLRQ�PLVWDNHV�DQG�PRGHOHUV�VKRXOG�PRYH�
WR� PRUH� UREXVW� DQQXDO� PHWULFV�� 7KH� DQDO\VLV� DOVR�
SURYHG� WKDW� FRPSDULQJ� VLPSOH� GD\OLJKW� IDFWRU�
VLPXODWLRQV� UHVXOWV� WR� VLPSOH� UXOHV�RI�WKXPE�
FDOFXODWLRQV� LV�KLJKO\� UHFRPPHQGDEOH� IRU�QRYLFHV� WR�
FKHFN� WKH� YDOLGLW\� RI� WKHLU� PRGHOV�� )RU� WKH� VWXGLHG�
VSDFH��UXOHV�RI�WKXPE�FDOFXODWLRQV�UHVXOWHG�LQ�URXJKO\�
WKH�VDPH�UHODWLYH�HUURU�WKDQ�GD\OLJKW�IDFWRU�VLPXODWLRQV�
ZKHQ� FRPSDUHG� WR� WKH� UHIHUHQFH� FDVH� �5(� ����� DQG�
�����UHVSHFWLYHO\����
)LQDOO\�� WKH� VWXG\� FRQFOXGHG� WKDW� PRVW� GLOLJHQW�
VWXGHQWV� ZKR� VSHQW� H[SRQHQWLDOO\� PRUH� HIIRUW� LQ�
FUHDWLQJ� WKH��'�PRGHO�RI� WKH� VSDFH�GLG�QRW� UHVXOW� LQ�
PRVW� DFFXUDWH� UHVXOWV�� 7KRVH� VWXGHQWV� WKDW� SDLG�
DWWHQWLRQ� WR� WKH�ZKROH� VLPXODWLRQ� SURFHVV�ZKHUH� WKH�
RQHV�ZLWK�KLJKHU�VLPXODWLRQ�DFFXUDFLHV��7KLV�UHLQVWDWHV�
WKH�YDOXH�RI�SURYLQJ�PRGHOLQJ�QRYLFHV�ZLWK�D�GD\OLJKW�
VLPXODWLRQ�FKHFNOLVW� WKDW�JXLGHV� WKHP�WKURXJKRXW� WKH�
SURFHVV����

$&.12:/('*(0(17�
7KH�DXWKRUV�DUH�LQGHEWHG�WR�7DUHN�5DNKD�IRU�KLV�ZRUN�
DQG� VXSSRUW� DV� WHDFKLQJ� DVVLVWDQW� IRU� 0,7� ������
'D\OLJKWLQJ�%XLOGLQJV��

5()(5(1&(6�
$6+5$(��������$6+5$(��,(61$�$6+5$(��,(61$�
�����6WDQGDUG�±�������(QHUJ\�VWDQGDUG�IRU�EXLOGLQJV�
H[FHSW� ORZ�ULVH� UHVLGHQWLDO�� $WODQWD�� *$�� 86$��
$6+5$(�VWDQGDUG�������
$16,�$6+5$(�86*%&�,(6��������6WDQGDUG�IRU�WKH�
GHVLJQ�RI�KLJK�SHUIRUPDQFH�JUHHQ�EXLOGLQJV��$WODQWD��
*$��86$��$6+5$(�VWDQGDUG��������
,(61$�� ,(6� /0������� ,(6� 6SDWLDO� 'D\OLJKW�
$XWRQRP\� �V'$�� DQG� $QQXDO� 6XQOLJKW� ([SRVXUH�
�$6(��� 1HZ� <RUN�� 1<�� 86$�� ,(61$� /LJKWLQJ�
0HDVXUHPHQW�������
'RJDQ��7�DQG�&�5HLQKDUW��$XWRPDWHG�FRQYHUVLRQ�RI�
DUFKLWHFWXUDO� PDVVLQJ� PRGHOV� LQWR� WKHUPDO� 
VKRHER[
�
PRGHOV�� VXEPLWWHG� WR� %XLOGLQJ� 6LPXODWLRQ� ����� LQ�
&KDPEHU\��)UDQFH��$XJXVW������
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%URZQ��&��/��*OLFNVPDQ�DQG�0�/HKDU���������7RZDUG�
=HUR�(QHUJ\�6\VWHPV��2SWLPL]HG�IRU�(QHUJ\�8VH�DQG�
&RVW���3URFHHGLQJV�RI�6LP%XLOG�������1HZ�<RUN��1<� 
-DNXELHF�� -� $� DQG� &� )� 5HLQKDUW�� �',9$� �����
LQWHJUDWLQJ� GD\OLJKW� DQG� WKHUPDO� VLPXODWLRQV� XVLQJ�
5KLQRFHURV� �'�� '$<6,0� DQG� (QHUJ\3OXV���
3URFHHGLQJV�RI�%XLOGLQJ�6LPXODWLRQ�������6\GQH\��
/RH��'DYLG��/LJKWLQJ�*XLGH�����6XUIDFH�5HIOHFWDQFH�
DQG�&RORXU� �� ,WV� 6SHFLILFDWLRQ� DQG�0HDVXUHPHQW� IRU�
'HVLJQHUV�� /RQGRQ�� 6RFLHW\� RI� /LJKW� DQG� /LJKWLQJ��
������3ULQW���
5HLQKDUW��&�)��������'D\OLJKWLQJ�+DQGERRN���9ROXPH�
,��WR�EH�SXEOLVKHG�LQ������
5HLQKDUW��&�)�DQG�-�:LHQROG��������7KH�'D\OLJKWLQJ�
'DVKERDUG���$�6LPXODWLRQ�%DVHG�'HVLJQ�$QDO\VLV�IRU�
'D\OLW�6SDFHV��%XLOGLQJ�DQG�(QYLURQPHQW����>�@��SS��
��������
5HLQKDUW��&�)��'�%RXUJHRLV��)�'XEURXV��$�/DRXDGL��3�
/RSH]��2�6WHOHVFX��'D\OLJKW�������$�VWDWH�RI�WKH�DUW�
GD\OLJKWLQJ� GHVLJQ� VRIWZDUH� IRU� LQLWLDO� GHVLJQ�
LQYHVWLJDWLRQV�� 3URFHHGLQJV� RI� WKH� %XLOGLQJV�
6LPXODWLRQ�������%HLMLQJ��&KLQD��6HSWHPEHU�����������
5HLQKDUW�� &� )� � DQG� 2� :DONHQKRUVW�� '\QDPLF�
5$',$1&(�EDVHG� GD\OLJKW� VLPXODWLRQV� IRU� D� IXOO�
VFDOH�WHVW�RIILFH�ZLWK�RXWHU�YHQHWLDQ�EOLQGV��(QHUJ\�DQG�
%XLOGLQJV�������������������
6ROHPPD�//&��',9$�IRU�5KLQR�VRIWZDUH�YHUVLRQ������
85/�KWWS���ZZZ�GLYD�UKLQR�FRPµ�ODVW�DFFHVVHG�������
86�(,$� �(QHUJ\� ,QIRUPDWLRQ� $GPLQLVWUDWLRQ���
KWWS���ZZZ�HLD�JRY���ODVW�DFFHVVHG������
:DUG�� *� � DQG� 5� 6KDNHVSHDUH�� 5HQGHULQJ� ZLWK�
UDGLDQFH��7KH�DUW�DQG�VFLHQFH�RI�OLJKWLQJ�YLVXDOL]DWLRQ��
0RUJDQ�.DXIPDQQ�3XEOLVKHUV��������

$33(1',;�$�
6HH�QH[W�SDJH��
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Before you start Did you decide which daylighting performance metrics to simulate and how to interpret the 

results? 

 

Do you have a general idea of what the results should look like? e.g. a mean daylight factor in 

a standard sidelit space should typically lie between 2% and 5%; interior illuminance  

typically lie between 100 lux and 3000 lux and daylight autonomies typically range from 

30% to 90% throughout the space.  

 

Have you verified that the simulation program that you intend to use has been validated for 

the purpose that you intend to use it for? i.e. that the simulation engine produces reliable 

results and that the program supports the sky models related to your performance metric of 

choice. (An example would be the old CIE overcast sky for daylight factor calculations.) 

 

Have you secured credible climate data for your building site? (This is only required for 

climate-based daylighting performance metrics.) 

 

Have you performed rules-of-thumb calculations of simple daylight metrics to later validate 

the integrity of your simulation model? i.e. Before you run complex daylight metrics, such as 

daylight autonomy, consider comparing simulated average daylight factor to the average 

daylight factor calculated using the modified Lynes Formula (Reinhart and LoVerso 2010). 

 

Preparing the  

scene 

Did you model all significant neighboring obstructions such as adjacent buildings and trees?  

Did you model the ground plane?   

Did you model wall thicknesses, interior partitions, hanging ceilings and larger pieces of 

furniture? Try to model overall space dimensions at least within a 10cm tolerance. Façade 

details part of window assemblies should be modeled with a 2cm tolerance. Special 

attention should be set on modeling window geometries and window-head-heights. 

 

Did you consider window frames and mullions by either modeling them geometrically or by 

using reduced visual transmittances for windows and skylights? 

 

Window glazings:  

- Did you check that all window glazings only consist of one surface? Several CAD tools 

model double/triple glazings as two/three closely spaced parallel surfaces whereas 

daylight simulation programs tend to assign the optical properties of multiple glazing to 

a single surface.  

- Did	
  you	
  check	
  that	
  all	
  windows	
  are	
  ’inserted’	
  into the wall planes and not "overlaid" on 

the wall surfaces? Several CAD tools suggest that you can create and visualize a window 

in many different ways, one simply being the placement of a window surface on top of a 

wall surface which case end up with two coplanar surfaces. As a result the simulation 

program	
  will	
  either	
  ignore	
  the	
  window	
  or	
  somehow	
  ‘guess’	
  which	
  surface	
  to	
  consider. 

 

Did you assign meaningful material properties to all scene components? Typical surface 

values might range from: interior walls 50-60%, ceilings 50-80%, shiny floors 50-70, carpet 

4-15, exterior ground 20% and exterior facades of surrounding buildings 20-40%. 

 

Did you model any movable shading devices such as venetian blinds? If yes, do the results 

make sense? Do any of the model assumptions need to revisited? 

 

Setting up the 

simulation  

Make sure that you set up your project files correctly. This may involve: 

- Checking	
  that	
  your	
  project	
  directory	
  and	
  file	
  names	
  do	
  not	
  contain	
  any	
  blanks	
  (“	
  ”). 

- Verifying that all sensors have the correct orientation, i.e. work plane sensors are facing up 

and ceiling sensors are facing down. 

- Setting the resolution of the work plane to 0.5m x 0.5m or 1ft x 1ft and placing it around 

0.85m above the floor. 

- Selecting the correct sky model (CIE, Perez, etc.). 

- Selecting	
  simulation	
  parameters	
  that	
  correspond	
  to	
  the	
  ‘scene	
  complexity’.	
  To	
  do	
  so	
  you	
  
should consult the technical manual of your simulation program. 

- Comparing initial simulation results of simple daylight metrics against hand-calculations to 

check the integrity of the model before analyzing the daylight performance of different 

design variants.  

 

* For a scene of low complexity (typical sidelit space with a standard window and no complex shading devices) use the 

following recommended Radiance simulation parameters: ab= 4; ad =1500; ar=100, as=20; aa = 0.1; av=0 0 0.  Sensitivity 

analyses have demosntrated that higher radiance parameters for this type of scene will considerably increase run-time 

without relevant benefits in simulation accuracy.  
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Appendix A. Daylight Modeling Checklist �,EDUUD�DQG�5HLQKDUW��
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