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7KH� LQWHJUDWLRQ� RI� EXLOGLQJV� LQ� D� 6PDUW� *ULG�
HQYLURQPHQW��HQDEOLQJ�GHPDQG�VLGH�PDQDJHPHQW�DQG�
WKHUPDO� VWRUDJH�� UHTXLUHV� UREXVW� UHGXFHG�RUGHU�
EXLOGLQJ� PRGHOV� WKDW� �L�� DOORZ� VLPXODWLRQ� RI� WKH�
HQHUJ\� GHPDQG� RI� EXLOGLQJV� DW� D� JULG�OHYHO� DQG� �LL��
FRQWULEXWH� WR� WKH� GHYHORSPHQW� RI� GHPDQG�VLGH�
PDQDJHPHQW�FRQWURO�VWUDWHJLHV��
6\VWHP� LGHQWLILFDWLRQ� LV� FDUULHG� RXW� WR� LGHQWLI\�
VXLWDEOH�UHGXFHG�RUGHU�PRGHOV�WKDW�DUH�DEOH�WR�SUHGLFW�
DQG� VLPXODWH� WKH� WKHUPDO� UHVSRQVH� RI� D� UHVLGHQWLDO�
EXLOGLQJ�� %RWK� JUH\�ER[� PRGHOV�� EDVHG� RQ� SK\VLFDO�
NQRZOHGJH�� DQG� VWDWLVWLFDO� EODFN�ER[� PRGHOV� DUH�
FRQVLGHUHG� DQG� LGHQWLILHG� RQ� GDWD� REWDLQHG� IURP�
VLPXODWLRQV�ZLWK�D�GHWDLOHG�SK\VLFDO�PRGHO��GHSOR\HG�
LQ� WKH� ,QWHJUDWHG� 'LVWULFW� (QHUJ\� $VVHVVPHQW�
6LPXODWLRQ��,'($6��SDFNDJH�LQ�0RGHOLFD��
7KH�UREXVWQHVV�RI�LGHQWLILHG�EODFN�ER[�DQG�JUH\�ER[�
PRGHOV� IRU�GD\�DKHDG�SUHGLFWLRQV�DQG�VLPXODWLRQV�RI�
WKH� WKHUPDO� UHVSRQVH� RI� D� GZHOOLQJ� LV� DQDO\VHG��
:KHUHDV�DFFXUDWH�GD\�DKHDG�SUHGLFWLRQV�DUH�REWDLQHG�
IRU� ERWK� JUH\�ER[� DQG� EODFN�ER[� PRGHOV�� WKH�
VLPXODWHG� LQGRRU� WHPSHUDWXUHV� IRU� WKH� JUH\�ER[�
PRGHOV�WHQG�WR�JUDGXDOO\�GHYLDWH�IURP�WKH�YDOLGDWLRQ�
GDWD�� 7KHUHE\� WKH� LQIOXHQFH� RI� WKH� GDWD� SHULRG� XVHG�
IRU� WKH� LGHQWLILFDWLRQ� SURFHVV� LV� IRXQG� WR� EH� RI�
VLJQLILFDQW�LPSRUWDQFH��

,1752'8&7,21�
,Q� RUGHU� WR� DOORZ� D� PRUH� VXVWDLQDEOH� LQWHJUDWLRQ� RI�
UHQHZDEOH� HQHUJ\� VRXUFHV� LQ� WKH� HOHFWULFLW\� QHWZRUN�
DQG� DYRLG�SRVVLEOH� VWDELOLW\�SUREOHPV� UHVXOWLQJ� IURP�
WKH� PLVPDWFK� EHWZHHQ� WKH� GHPDQG� DQG� VXSSO\��
GHYHORSPHQW� RI� LQWHOOLJHQW� QHWZRUNV� RU� 6PDUW� *ULGV�
LV� VXJJHVWHG�� 6PDUW� *ULGV� LQWHJUDWH� UHDO�WLPH�
FRPPXQLFDWLRQ� EHWZHHQ� DFWXDWRUV� RQ� ERWK� GHPDQG�
DQG� VXSSO\� VLGH� WR� HQDEOH�GHPDQG�VLGH�PDQDJHPHQW�
DQG�WKH�XVH�RI�VWRUDJH�WHFKQRORJLHV��,Q�WKLV�FRQWH[W�RI�
6PDUW� *ULGV�� EXLOGLQJV� FDQ� EH� RI� VLJQLILFDQW�
LPSRUWDQFH� VLQFH� WKH� WKHUPDO� PDVV� RI� WKH� EXLOGLQJ�
PD\� EH� DFWLYHO\� XVHG� DV� DQ� DFWLYH� WKHUPDO� VWRUDJH�
FDSDFLW\� WR� HQDEOH� GHPDQG�VLGH� PDQDJHPHQW� RI� WKH�
HQHUJ\�GHPDQG�IRU�KHDWLQJ��5H\QGHUV�HW�DO���������
7R� DFWLYDWH� WKH� WKHUPDO� PDVV� RI� EXLOGLQJV� DFWLYH�
FRQWURO� RI� WKH� LQGRRU� WHPSHUDWXUH�� H�J�� E\�PHDQV� RI�
PRGHO� SUHGLFWLYH� FRQWURO� �03&��� LV� UHTXLUHG�� 03&�
KDV� VKRZQ� VLJQLILFDQW� SRWHQWLDO� WR� LPSURYH� WKH�
HIILFLHQF\� RI� KHDWLQJ� V\VWHPV� DQG� LQFUHDVH� WKH�

SHQHWUDWLRQ�RI�UHQHZDEOH�HQHUJ\��WDNLQJ�LQWR�DFFRXQW�
WLPH�RI�XVH� HOHFWULFLW\� UDWHV� DQG� WKH� DYDLODELOLW\� RI�
SDVVLYH� JDLQV� �.LQWQHU�0H\HU� 	� (PHU\� �������
+RZHYHU� D� VWURQJ� GHSHQGHQFH� LV� IRXQG� RI� WKH�
SRWHQWLDO�VDYLQJV�WR�WKH�FRXSOLQJ�RI�WKH�EXLOGLQJ�ZLWK�
WKH� RXWGRRU� HQYLURQPHQW� DQG� WKH� HIILFLHQF\� RI� WKH�
FRQWURO�VWUDWHJ\��VLQFH�WKH�DFWLYDWLRQ�RI�WKH�VWUXFWXUDO�
VWRUDJH� JLYHV� ULVH� WR� LQFUHDVHG� FRQGXFWLRQ� ORVVHV�
�%UDXQ��������7KHUHIRUH�HIILFLHQW�DSSOLFDWLRQ�RI�03&�
GHPDQGV� IRU� UHGXFHG�RUGHU� EXLOGLQJ�PRGHOV� WKDW� DUH�
DEOH� WR� DFFXUDWHO\�SUHGLFW� WKH� IXWXUH�KHDW� GHPDQG�RI�
WKH�EXLOGLQJ�ZLWK� D�PLQLPDO� FRPSXWDWLRQDO� HIIRUW� �6�
/LX�	�*��+HQ]H���������
,Q�JHQHUDO�WKUHH�DSSURDFKHV�FDQ�EH�IROORZHG�LQ�RUGHU�
WR� GHULYH� UHGXFHG�RUGHU� PRGHOV�� $� ILUVW� JURXS� RI�
UHGXFHG�RUGHU� PRGHOV� LV� UHSUHVHQWHG� E\� SK\VLFDO�
ZKLWH�ER[� PRGHOV� WKDW� VLPXODWH� WKH� KHDWLQJ� GHPDQG�
E\� VLPSOLILHG� SK\VLFDO� HTXDWLRQV� XVLQJ� VROHO\�
SK\VLFDO� NQRZOHGJH� DERXW� WKH� V\VWHP� DQG� PDWHULDO�
SURSHUWLHV��/XPSHG�FDSDFLW\�PRGHOV�DUH�ZHOO�NQRZQ�
H[DPSOHV� PRVWO\� UHSUHVHQWHG� E\� HOHFWULF� QHWZRUN�
DQDORJLHV� �*RXGD� HW� DO�� ������� :KHUH� WKHVH� ZKLWH�
ER[�PRGHOV�PDNH� LW�SRVVLEOH� WR�DQDO\VH� WKH�SK\VLFDO�
EHKDYLRXU� RI� EXLOGLQJV� DQG� DUH� WKHUHIRUH� LQWHUHVWLQJ�
IRU� UHVHDUFK� SXUSRVHV�� WKH� DFFXUDF\� RI� FRQWURO�
VWUDWHJLHV� UHO\LQJ�RQ� WKHVH�SK\VLFDO�PRGHOV�KDYH�QRW�
EHHQ� VDWLVIDFWRU\� VLQFH� WKH� UHDO� EXLOGLQJ� SDUDPHWHUV�
WHQG�WR�GHYLDWH�IURP�WKH�SK\VLFDO�YDOXHV�XVHG�GXULQJ�
WKH� FRQWURO� GHVLJQ�� 7KHUHIRUH� WKH� XVH� RI� VWDWLVWLFDO�
LQSXW�RXSXW� PRGHOV� �EODFN�ER[� PRGHOV�� WKDW� KDYH�
VHOI�OHDUQLQJ� FDSDELOLWLHV� LV� VXJJHVWHG� �&KHQ� HW� DO��
������ &LJOHU� 	� 3UtYDUD� ������ 6LPHQJ� /LX� 	� *�� 3��
+HQ]H��������7KHVH�EODFN�ER[�PRGHOV�GR�QRW�UHTXLUH�
DQ\� SULRU� NQRZOHGJH� DERXW� WKH� V\VWHP�� ,QVWHDG� WKH\�
UHO\� SXUHO\� RQ� VWDWLVWLFDO� GDWD� DQDO\VLV�� +RZHYHU�� D�
VXEVWDQWLDO� DPRXQW� RI� GDWD� PLJKW� EH� UHTXLUHG� WR�
DFKLHYH� WKH� DFFXUDF\� QHHGHG� IRU� PRGHO� SUHGLFWLYH�
FRQWURO�� 0RUHRYHU�� WKH� UHVXOWLQJ� SDUDPHWHUV� GR� QRW�
QHFHVVDU\�KDYH�D�SK\VLFDO�PHDQLQJ�DQG�FDQ�WKHUHIRUH�
QRW�EH�H[WUDSRODWHG� WR�RWKHU�EXLOGLQJV�ZLWK� WKH�VDPH�
SK\VLFDO�SURSHUWLHV���
7R� RYHUFRPH� WKLV� SUREOHP� JUH\�ER[� PRGHOV� DUH�
LQWURGXFHG�� *UH\�ER[� PRGHOV� UHO\� RQ� SK\VLFDO�
NQRZOHGJH� DERXW� WKH� V\VWHP�G\QDPLFV� WR�GHILQH� WKH�
PRGHO� VWUXFWXUH� XVLQJ� VWRFKDVWLF� GLIIHUHQWLDO�
HTXDWLRQV�� 6WDWLVWLFDO� PHWKRGV� DUH� WKHQ� XVHG� WR�
HVWLPDWHG�WKH�XQNQRZQ�SDUDPHWHUV��7KHVH�SDUDPHWHUV�
PD\� EH� GLUHFWO\� OLQNHG� WR� WKH� SK\VLFDO� SURSHUWLHV� RI�
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WKH�EXLOGLQJ��JLYHQ�WKDW�WKH�PRGHO�VWUXFWXUH�FRUUHFWO\�
UHSUHVHQWV� WKH�SK\VLFDO�EHKDYLRXU�RI� WKH� V\VWHP��;X�
	�:DQJ�������%DFKHU�	�0DGVHQ��������
7KH� SUHVHQWHG� ZRUN� FRPSDUHV� WKH� UREXVWQHVV� RI�
LGHQWLILHG� EODFN�ER[� DQG� JUH\�ER[� PRGHOV� IRU� GD\�
DKHDG� SUHGLFWLRQV� DQG� VLPXODWLRQV� RI� WKH� WKHUPDO�
UHVSRQVH� RI� D� GZHOOLQJ�� 7KH� GD\�DKHDG� SHULRG� LV�
UHSUHVHQWDWLYH�IRU�WKH�IRUHFDVW�SHULRG�WKDW�LV�W\SLFDOO\�
IRXQG� LQ� 03&�� ,Q� DGGLWLRQ�� UREXVW� UHGXFHG�RUGHU�
PRGHOV� DUH� QHHGHG� WR� HYDOXDWH� GHPDQG�VLGH�
PDQDJHPHQW�PHDVXUHV�RQ�D�GLVWULFW�OHYHO���
7KH� LQIOXHQFH� RI� WKH� GDWD� VHW� XVHG� IRU� WKH�
LGHQWLILFDWLRQ� SURFHVV� LV� DQDO\VHG�� 7KHUHE\� LW� LV�
LQYHVWLJDWHG� ZKHWKHU� UREXVW� PRGHOV� FDQ� EH� GHULYHG�
EDVHG� RQ� VLPSOH� PHDVXUHPHQWV� LQ� DQ� RFFXSLHG�
GZHOOLQJ��7KH�DGGHG�YDOXH�RI�GHGLFDWHG�LGHQWLILFDWLRQ�
H[SHULPHQWV�� XVLQJ� 3VHXGRUDQGRP� ELQDU\� VHTXHQFHV�
�35%6��IRU�WKH�KHDWLQJ�V\VWHP��LV�HYDOXDWHG���
)LQDOO\�WKH�SK\VLFDO�LQWHUSUHWDELOLW\�RI�WKH�SDUDPHWHUV�
RI� WKH� JUH\�ER[�PRGHOV� LV� HYDOXDWHG�� 7KH� LPSDFW� RI�
WKH� VLPSOLILFDWLRQV� XVHG� WR� GHYHORS� WKH� PRGHO�
VWUXFWXUH�LV�DQDO\VHG���

0(7+2'2/2*<�
Detailed model 
7KH�GDWD�XVHG�IRU�WKH�LGHQWLILFDWLRQ�RI�UHGXFHG�RUGHU�
EXLOGLQJ� PRGHOV� LV� REWDLQHG� IURP� GHWDLOHG�
VLPXODWLRQV�RI�D�GHWDFKHG�VLQJOH�IDPLO\�GZHOOLQJ��7KH�
GHWDLOHG�VLPXODWLRQV�DUH�FDUULHG�RXW�XVLQJ�WKH�,'($6�
WRRO� GHYHORSHG� DW� .8� /HXYHQ�� 7KH� ,'($6� WRRO� LV�
LPSOHPHQWHG� LQ� WKH� REMHFW�RULHQWHG� PRGHOOLQJ�
ODQJXDJH� 0RGHOLFD� DQG� H[SUHVVHV� WUDQVLHQW� WKHUPDO�
SURFHVVHV� LQ� GHWDLO� EDVHG� RQ� WKH� FRQWURO� YROXPH�
PHWKRG��&90��DV�GHVFULEHG�LQ��%DHWHQV�HW�DO���������

7KH� GZHOOLQJ�� DQ� H[DPSOH� RI� D� W\SLFDO� %HOJLDQ�
GHWDFKHG� VLQJOH� IDPLO\� KRXVH�� KDV� D� IORRU� DUHD� RI�
����Pð�DQG�D�YROXPH�����Pñ��7KH�EXLOGLQJ�HQYHORSH�
KDV�D�WRWDO�VXUIDFH�DUHD�RI�����Pð��7KH�H[WHUQDO�ZDOOV�
DUH� PDVRQU\� ZDOOV� ZLWK� FDYLW\� LQVXODWLRQ� WR� DVVXUH�
ERWK� WKHUPDO� UHVLVWDQFH� DQG� WKH� DFFHVVLELOLW\� RI� WKH�
WKHUPDO� PDVV�� 7KH� (36�LQVXODWLRQ� OD\HU� KDV� D�
WKLFNQHVV� RI� ����� P�� UHVXOWLQJ� LQ� D� 8�YDOXH� RI� �����
:�Pð.� IRU� WKH�H[WHULRU�ZDOOV��7KHUPDO� ORVVHV� WR� WKH�
JURXQG� DUH� UHGXFHG� E\� DQ� XQGHU�IORRU� LQVXODWLRQ�
OD\HU��$�ZHOO�LQVXODWHG��FRQFUHWH�VWUXFWXUH�LV�XVHG�IRU�
WKH� IODW� URRI��7KH� WKHUPDO�SURSHUWLHV�RI� WKH�GLIIHUHQW�
EXLOGLQJ�FRPSRQHQWV�DUH�VXPPDUL]HG�LQ�WDEOH�����
7KH� PRGHO� LV� VLPXODWHG� IRU� WKH� KHDWLQJ� GRPLQDWHG�
FOLPDWH�RI�8FFOH��%HOJLXP��DV�D�VLQJOH�]RQH�EXLOGLQJ��
DVVXPLQJ� D� XQLIRUP� DLU� WHPSHUDWXUH� IRU� WKH� ZKROH�
EXLOGLQJ�� 7KHUHE\� ��PLQXWH� GDWD� DUH� XVHG� IRU� WKH�
ERXQGDU\�FRQGLWLRQV��7KH�RXWSXW� LV�JHQHUDWHG�ZLWK�D�
VDPSOH�WLPH�RI���PLQ���
$Q� LGHDO� KHDWLQJ� V\VWHP� LV� LPSOHPHQWHG� ZLWK� D�
QRPLQDO� SRZHU� RI� �� N:�� 7KH� XVH� RI� LGHDO� KHDWLQJ�
UHVXOWV� LQ� DQ� LQVWDQWDQHRXV� UHVSRQVH� RI� WKH� V\VWHP��
&RQVHTXHQWO\� WKH� G\QDPLFV� RI� WKH� KHDWLQJ� V\VWHP�
VKRXOG�QRW�EH� LQFOXGHG� LQ� WKH�UHGXFHG�RUGHU�PRGHOV��
1RWH� WKDW� LQ� UHDO� H[SHULPHQWV� WKH� G\QDPLFV� DQG�
HIILFLHQF\�RI�WKH�KHDWLQJ�V\VWHP�VKRXOG�EH�WDNHQ�LQWR�
DFFRXQW�ZKHQ�XVLQJ�PHDVXUHPHQWV�RI�WKH�HQHUJ\�XVH�
IRU�KHDWLQJ�DV�DQ�LQSXW�WR�WKH�V\VWHP��

Grey-box modelling 
*UH\�ER[� PRGHOV� FRQVLVW� RI� D� VHW� RI� FRQWLQXRXV�
VWRFKDVWLF�GLIIHUHQWLDO�HTXDWLRQV�IRUPXODWHG�LQ�D�VWDWH�
VSDFH� IRUP� WKDW� LV� GHULYHG� IURP� WKH� SK\VLFDO� ODZV�
ZKLFK� GHILQH� WKH� G\QDPLFV� RI� WKH� EXLOGLQJ�� 7KH�
XQNQRZQ� SDUDPHWHUV� LQ� WKHVH� HTXDWLRQV� DUH� GHULYHG�
XVLQJ� HVWLPDWLRQ� WHFKQLTXHV��7KH�JUH\�ER[� DSSURDFK�
LV� LQWHUHVWLQJ� IURP� D� UHVHDUFK� SHUVSHFWLYH� DV� WKH�
SDUDPHWHUV� RI� WKHVH� PRGHOV� PD\� EH� GLUHFWO\�
LQWHUSUHWHG� DV� SK\VLFDO� SURSHUWLHV� �0DGVHQ� �������
7KH� PRGHO� VWUXFWXUH� LV� IRUPXODWHG� LQ� D� VWDWH� VSDFH�
IRUP��JLYHQ�E\�HTXDWLRQ����
𝑑𝑿(𝑡) = 𝑨(𝜽)𝑿(𝑡) + 𝑩(𝜽)𝑼(𝑡) + 𝝈(𝜽)𝑑𝝎 (1.)  

,Q� WKLV� HTXDWLRQ� 𝑿(𝑡)� LV� WKH� VWDWH� YHFWRU� RI� WKH�
G\QDPLF�V\VWHP��,Q�WKH�FDVH�RI�WKHUPDO�PRGHOV�LQ�WKLV�
SDSHU�WKHVH�VWDWHV��FRUUHVSRQG�WR�WKH�WHPSHUDWXUHV�RI�
GLIIHUHQW� EXLOGLQJ� FRPSRQHQWV���

7DEOH����
7KHUPDO�SURSHUWLHV�LPSOHPHQWHG�LQ�GHWDLOHG�PRGHO�

�
$�� 8�� &��

�
>Pð@� >:��Pð.�@� >-��Pð.�@�

([WHUQDO�ZDOOV� ���� ����� �����(����
:LQGRZV�1� ����� �����

�:LQGRZV�(� ����� �����
�:LQGRZV�6� ����� �����
�:LQGRZV�:� ����� �����
�)ORRU�RQ�JURXQG� ���� ����� �����(����

5RRI� ���� ����� �����(����
,QWHUQDO�ZDOOV� ���� ����� �����(����
,QWHUQDO�IORRUV� ���� ����� �����(����

�
� � �

�D��0RGHO�$� �E��0RGHO�%� �F��0RGHO�&�
)LJXUH���5&�QHWZRUN�UHSUHVHQWDWLRQ�RI�JUH\�ER[�PRGHOV�

�
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𝑼(𝑡)� LV� D� YHFWRU� FRQWDLQLQJ� WKH� PHDVXUHG� LQSXWV� RI�
WKH�V\VWHP��7KHVH�LQSXWV�FDQ�EH�FRQWUROODEOH��VXFK�DV�
WKH� KHDW� GHOLYHUHG� E\� WKH� KHDWLQJ� V\VWHP� RU� WKH� DLU�
IORZ� UDWH� RI� WKH� YHQWLODWLRQ� V\VWHP�� RU� QRW�
FRQWUROODEOH�� VXFK� DV� WKH� RXWGRRU� WHPSHUDWXUH�� VRODU�
JDLQV��LQWHUQDO�JDLQV����𝜔 LV�D�UDQGRP�IXQFWLRQ�RI�WLPH�
�:LHQHU�SURFHVV���
7KH�PHDVXUHG�RXWSXW�RI� WKH� V\VWHP�𝒀(𝑡)� LV�JLYHQ� LQ�
HTXDWLRQ� �� DV� D� IXQFWLRQ� RI� WKH� VWDWHV�𝑿(𝑡)� DQG� WKH�
LQSXWV�𝑼(𝑡)�  𝜖�LV�WKH�PHDVXUHPHQW�HUURU��
� 𝒀(𝑡) = 𝑪(𝜽)𝑿(𝑡) + 𝑫(𝜽)𝑼(𝑡) + 𝜖� (2.)  
7KH�SDUDPHWHUV�𝜽 DUH�HVWLPDWHG�XVLQJ�WKH�&RQWLQXRXV�
7LPH� 6WRFKDVWLF� 0RGHOOLQJ� �&760�� WRROER[�
LPSOHPHQWHG�LQ�WKH�VWDWLVWLFDO�VRIWZDUH�5��.ULVWHQVHQ�
	�0DGVHQ� ������� &760� XVHV� PD[LPXP� OLNHOLKRRG�
HVWLPDWLRQ� �0/(�� WR� ILQG� WKH� XQNQRZQ� SDUDPHWHUV�
IRU�D�JLYHQ�PRGHO�VWUXFWXUH��7KH�PRGHO�VWUXFWXUHV�DUH�
GHULYHG� IURP� UHVLVWDQFH� FDSDFLWDQFH� �5&�� QHWZRUNV��
DQDORJXH� WR�HOHFWULF�FLUFXLWV��7KHUHE\� WKH�GLVWULEXWHG�
WKHUPDO�PDVV�RI�WKH�GZHOOLQJ�LV�OXPSHG�WR�D�GLVFUHWH�
QXPEHU� RI� FDSDFLWDQFHV�� GHSHQGLQJ� RQ� WKH� PRGHO�
RUGHU�� ,Q� WKLV� ZRUN� �VW� �� �QG� � DQG� �UG�RUGHU� PRGHOV��
UHIHUUHG�WR�DV�PRGHO�$��%�DQG�&��ILJXUH�����KDYH�EHHQ�
LQYHVWLJDWHG�� ,Q� DOO� FDVHV� WKH� DLU� WHPSHUDWXUH� LV� XVHG�
DV� WKH� REVHUYDWLRQ� YDULDEOH��$V� D� VLPSOLILFDWLRQ�� WKH�
LQWHUQDO� DQG� VRODU� JDLQV�� DV� ZHOO� DV� WKH� KHDWLQJ� DUH�
GLUHFWO\�LQMHFWHG�WR�WKLV�DLU�QRGH���

Black-box models 
:KHUHDV�JUH\�ER[�PRGHOV�FDQ�EH�GHILQHG�DV�LQWHUQDO�
PRGHOV� VLQFH� WKH\� FDQ� JLYH� LQVLJKW� WR� WKH� LQWHUQDO�
VWDWHV�DQG�G\QDPLFV�RI�WKH�V\VWHP��EODFN�ER[�PRGHOV�
SXUHO\�FRQFHUQ�WKH�LQSXW�RXWSXW�UHODWLRQ�RI�D�G\QDPLF�
V\VWHP��$V�VXFK�WKH�SDUDPHWHUV�LQ�WKHVH�PRGHOV�KDYH�
QR� GLUHFW� UHODWLRQ� WR� SK\VLFDO� SURSHUWLHV�� EXW� UHVXOW�
IURP�D�SXUH�VWDWLVWLFDO�UHODWLRQ�EHWZHHQ�WKH�LQSXW�DQG�
RXWSXW�RI�WKH�V\VWHP��
,Q�WKLV�SDSHU�DXWR�UHJUHVVLRQ�PRGHOV�ZLWK�H[RJHQRXV�

LQSXW� �$5;�PRGHOV�� DUH� XVHG� WR� SUHGLFW� WKH� LQGRRU�
WHPSHUDWXUH� EDVHG� RQ� LQSXW� GDWD� IRU� WKH� RXWGRRU�
WHPSHUDWXUH�� KHDWLQJ� LQSXW�� LQWHUQDO� JDLQV� DQG� VRODU�
JDLQV�� 7KH� JHQHUDO� IRUPXODWLRQ� RI� D� GLVFUHWH� $5;�
PRGHO�RI�RUGHU�Q�LV�JLYHQ�E\�HTXDWLRQ���
� 𝑦(𝑘) + β୬ିଵy(k − 1) + ⋯+ βଵy(k − n)

= 𝛂𝐦𝐮(k − n + m)
+ 𝛂𝐦ି𝟏𝐮(k − n + m− 1)
+⋯+ 𝛂𝟏𝐮(k − n + 1)
+ 𝛂𝟎𝐮(k − n)  �

(3.)  

ZLWK� \�N�� WKH� RXWSXW� DW� LQVWDQFH� N�� X�N�� D� YHFWRU�
FRQWDLQLQJ� WKH� LQSXWV� RI� WKH� V\VWHP�� 𝜷� DQG�   𝜶 WKH�
UHJUHVVLRQ�FRHIILFLHQWV���
7KH�LGHQWLILFDWLRQ�SURFHVV�LV�FDUULHG�RXW�IRU���PRGHOV�
�,�� ,,�DQG�,,,��FKDUDFWHUL]HG�E\�DQ� LQFUHDVLQJ�DPRXQW�
RI� LQSXW� VLJQDOV    𝒖(𝑘)� WKDW� LV� WDNHQ� LQWR� DFFRXQW��
0RGHO� ,� RQO\� WDNHV� WKH�RXWGRRU� WHPSHUDWXUH� DQG� WKH�
KHDWLQJ�LQSXW�LQWR�DFFRXQW��)RU�PRGHO�,,�WKH�LQIOXHQFH�
RI� VRODU� JDLQV�� ERWK� GLUHFW� DQG� GLIIXVH�� LV� LQFOXGHG��
)LQDOO\��0RGHO� ,,,� DOVR� LQWHJUDWHV� WKH� LQWHUQDO� JDLQV��
)RU� DOO� PRGHOV� WKH� PD[LPXP� RUGHU� �Q�� LV� �����
FRUUHVSRQGLQJ�D�GHOD\�RI����K��ZLWK�D�VDPSOH�WLPH�RI�
��� PLQ�� +RZHYHU� WR� UHGXFH� WKH� DPRXQW� RI�
SDUDPHWHUV�� ZKLOH� PDLQWDLQLQJ� WKH� PD[LPXP� ODJ� RI�
���K��D�VWHS�RI���K�LV�XVHG�EHWZHHQ���DQG����KRXUV���
7KH� UHJUHVVLRQ� FRHIILFLHQWV� DUH� HVWLPDWHG� XVLQJ�
PD[LPXP�OLNHOLKRRG�HVWLPDWLRQ��7KHUHE\�D�EDFNZDUG�
VHOHFWLRQ� SURFHGXUH� LV� XVHG� WR� LGHQWLI\� D� VXLWDEOH�
PRGHO� RI� WKH� ORZHVW� SRVVLEOH� RUGHU�� 7KH� EDFNZDUG�
VHOHFWLRQ� SURFHGXUH� UHGXFHV� WKH� QXPEHU� RI�
SDUDPHWHUV�XVLQJ�D�VWHSZLVH�HOLPLQDWLRQ�SURFHVV� WKDW�
PLQLPLVHV� WKH� $NDLNH� LQIRUPDWLRQ� FULWHULRQ� �$,&��
JLYHQ�E\�HTXDWLRQ���
� 𝐴𝐼𝐶 = −2 log(𝐿) + 2𝑘� (4.)  
ZLWK� /� WKH� YDOXH� RI� WKH� OLNHOLKRRG� IXQFWLRQ� IRU� WKH�
HVWLPDWHG�PRGHO�DQG�N�WKH�QXPEHU�RI�SDUDPHWHUV��$V�
VXFK��WKH�JRRGQHVV�RI�ILW��H[SUHVVHG�E\�WKH�OLNHOLKRRG�

IXQFWLRQ�� LV� SHQDOLVHG� E\� WKH� QXPEHU�
RI� SDUDPHWHUV� LQ� WKH� PRGHO�� DYRLGLQJ�
WR� FRPSOH[� PRGHOV�� (DFK� VXEVHTXHQW�
VWHS� UHPRYHV� WKH� OHDVW� FRQWULEXWDEOH�
SDUDPHWHU� LQ� WKH� PRGHO�� 7KH�
SURFHGXUH� HQGV� ZKHQ� UHPRYLQJ� D�
SDUDPHWHU� LQFUHDVHV� WKH� $,&� �$NDLNH�
�������$V�VXFK��WKH�PRGHO�LV�REWDLQHG�
WKDW� KDV� WKH� KLJKHVW� JRRGQHVV� RI� ILW�
ZLWK� WKH� VPDOOHVW� DPRXQW� RI�
SDUDPHWHUV��
�

�
)LJXUH���6DPSOH�RI�WKH�LQSXW�GDWD�REWDLQHG�E\�GHWDLOHG�VLPXODWLRQ�

7DEOH����
'DWD�SHULRGV�VHOHFWHG�IRU�

LGHQWLILFDWLRQ�
Data set Period 
'DW�� ���)HE��±����)HE��
'DW�� ���$SU��±����$SU��
'DW�� ���)HE��±����)HE��
'DW�� ���$SU��±����$SU��
'DW�� ��)HE��±����)HE��
'DW�� ��$SU��±����$SU��
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Data 
7KH� GDWD� IRU� WKH� LGHQWLILFDWLRQ� SURFHVV� LV� JHQHUDWHG�
XVLQJ�WKH�GHWDLOHG�EXLOGLQJ�PRGHO��,Q�WRWDO���GDWD�VHWV�
DUH� JHQHUDWHG�� FRUUHVSRQGLQJ� WR� �� GLIIHUHQW� YLUWXDO�
H[SHULPHQWV�� ���� )UHH�IORDWLQJ�� ���� '\QDPLF� KHDWLQJ�
XVLQJ�35%6�VLJQDO������,Q�XVH�GDWD�IRU�XVHU���DQG�����
,Q�XVH�GDWD�IRU�XVHU����
7KH� ILUVW� WZR�GDWD� VHWV� UHSUHVHQW�H[SHULPHQWV�GXULQJ�
XQRFFXSLHG� SHULRGV�� 7KHUHE\� WKH� IUHH�IORDWLQJ�
H[SHULPHQW� FRUUHVSRQGV� WR� PHDVXUHPHQWV� LQ� DQ�
HPSW\�EXLOGLQJ�ZLWKRXW�KHDWLQJ��1RWH�WKDW��DOWKRXJK�D�
IUHH�IORDWLQJ� H[SHULPHQW� LV� D� VLPSOH� SURFHGXUH�� LW� LV�
QRW� H[SHFWHG� WR� JLYH� JRRG� UHVXOWV� IRU� WKH�
LGHQWLILFDWLRQ� RI� D� G\QDPLF� EXLOGLQJ� PRGHO�� GXH� WR�
WKH� DEVHQFH� RI� KLJKHU� H[FLWDWLRQ� IUHTXHQFLHV�� ,Q�
FRQWUDVW�� WKH� G\QDPLF� KHDWLQJ� H[SHULPHQW� XVHV� D�
3VHXGR�5DQGRP� %LQDU\� 6HTXHQFH� �35%6�� IRU� WKH�
RQ�RII�FRQWURO�RI�WKH�KHDWLQJ�V\VWHP��7KH�VLJQDO�DOVR�
H[FLWHV� KLJKHU� IUHTXHQFLHV� DQG� LV� JHQHUDWHG� WR�
PDLQWDLQ� WKH� VWDWH� RI� WKH�KHDWLQJ� V\VWHP� �RQ�RII�� IRU�
DW�OHDVW����PLQ�DQG�KDV�D�WRWDO�SHULRG�RI���ZHHNV���
,Q�DGGLWLRQ� WR� WKHVH�GHGLFDWHG�H[SHULPHQWV�� WZR�GDWD�
VHWV�DUH�JHQHUDWHG�FRUUHVSRQGLQJ�LQ�XVH�EXLOGLQJ�GDWD��
7KHUHE\�WKH�VHW�SRLQW�IRU�KHDWLQJ�LV������&�GXULQJ�WKH�
RFFXSLHG� SHULRG� ZLWK� D� VHWEDFN� WR� ���&� GXULQJ� XQ�
RFFXSLHG� SHULRGV�� $� K\VWHUHVLV� FRQWURO� RI� �����&� LV�
XVHG� IRU� WKH� KHDWLQJ� V\VWHP�� 7KH� RFFXSLHG� SHULRGV�
IROORZ�D�GHWHUPLQLVWLF�SDWWHUQ�DQG�GLIIHU�EHWZHHQ�WKH�
WZR�XVHU�SURILOHV��DV�VKRZQ�LQ�ILJXUH����7KH�SURILOH�RI�
XVHU���UHSUHVHQWV�WKH�EHKDYLRXU�RI�D�IDPLO\�WKDW�LV�RXW�
IRU� ZRUN� WKURXJKRXW� WKH� GD\�� ZKHUHDV� XVHU� ��
UHSUHVHQWV� D� FDVH� ZLWK� RFFXSDQF\� WKURXJKRXW� WKH�
HQWLUH� GD\�� 7KH� LQWHUQDO� JDLQV� DUH� FDOFXODWHG� IURP� D�
FRUUHVSRQGLQJ�VWRFKDVWLF�SURILOH��
,Q� RUGHU� WR� HYDOXDWH� WKH� LQIOXHQFH� RI� WKH� SHULRG� LQ�
ZKLFK� WKH�GDWD� LV�FROOHFWHG�RQ� WKH� LGHQWLILHG�PRGHOV��

��GDWD�SHULRGV�KDYH�EHHQ�VHOHFWHG�IRU�WKH���GDWD�VHWV��
7KHUHE\� ZLQWHU� DQG� PLG�VHDVRQ� SHULRGV� KDYH� EHHQ�
VHOHFWHG� WR�JHW� GLIIHUHQW� FRQWULEXWLRQV�RI� WKH�KHDWLQJ�
DQG� WKH� VRODU�JDLQV��7KH� OHQJWK�RI� WKH�SHULRGV�YDULHV�
IURP���ZHHN�WR���PRQWK�DV�VKRZQ�LQ�WDEOH���

5(68/76�
,Q�RUGHU�WR�HYDOXDWH�WKH�TXDOLW\�DQG�UREXVWQHVV�RI�WKH�
PRGHOV�� �� YDOLGDWLRQ� VWHSV� DUH� WDNHQ�� )LUVWO\�� WKH�
VWDWLVWLF� SURSHUWLHV� RI� WKH� UHVLGXDOV� DUH� DQDO\VHG��
7KHUHE\�ERWK� WKH�URRW�RI�WKH�PHDQ�VTXDUHG� UHVLGXDOV�
DV� ZHOO� DV� WKH� DXWRFRUUHODWLRQ� RI� WKH� UHVLGXDOV� DUH�
LQYHVWLJDWHG�� 6HFRQGO\�� WKH�PRGHOV� DUH� XVHG� IRU� GD\�
DKHDG� SUHGLFWLRQ� DQG� VLPXODWLRQ�� 7KHUHE\� RQO\� WKH�
PRGHOV�WKDW�VKRZHG�JRRG�SHUIRUPDQFH�LQ�WKH�UHVLGXDO�
DQDO\VLV�DUH�XVHG��)LQDOO\��WKH�SDUDPHWHUV�RI�WKH�JUH\�
ER[� PRGHOV� DUH� FRPSDUHG� DJDLQVW� WKH� SK\VLFDO�
SURSHUWLHV�RI� WKH�EXLOGLQJ�� ,Q�DOO�FDVHV�� WKH� LQIOXHQFH�
RI�WKH�GDWD�SHULRG�DQG�WKH�W\SH�RI�YLUWXDO�H[SHULPHQW�
LV�DQDO\VHG��

Residual analysis 
7DEOHV� �� DQG� �� VKRZ� WKH� URRW� RI� WKH� PHDQ� VTXDUHG�
HUURU� �506(�� IRU� WKH� ��VWHS� SUHGLFWLRQ�� GD\�DKHDG�
SUHGLFWLRQ�DQG�VLPXODWLRQ�RI�WKH�LGHQWLILHG�PRGHOV�IRU�
HDFK� GDWD� VHW�� 7KH� HUURUV� IRU� ��VWHS� SUHGLFWLRQ� DUH�
DQDO\VHG� VLQFH� WKH\� FRUUHVSRQG� WR� WKH� UHVLGXDOV�
REWDLQHG�E\�WKH�3UHGLFWLRQ�(UURU�0HWKRG��WKDW�LV�XVHG�
WR� HVWLPDWH� WKH� SDUDPHWHUV�� DQG� WKXV� LQGLFDWH� WKH�
JRRGQHVV� RI� ILW�� ,Q� DGGLWLRQ�� 506(� YDOXHV� IRU� WKH�
GD\�DKHDG�SUHGLFWLRQ�DQG�WKH�VLPXODWLRQ�DUH�DQDO\VHG��
TXDQWLI\LQJ� WKH� XQFHUWDLQW\� WKDW� FDQ� EH� H[SHFWHG� LQ�
03&� DSSOLFDWLRQ� DQG� VLPXODWLRQ� RQ� QHWZRUN� OHYHO�
XVLQJ�WKH�LGHQWLILHG�PRGHOV��
7DEOH� �� VKRZV� GHFUHDVLQJ� UHVLGXDOV� IRU� WKH� ��VWHS�
SUHGLFWLRQ� DV� WKH� RUGHU� RI� WKH� JUH\�ER[� PRGHO�

7DEOH����
5RRW�RI�PHDQ�VTXDUHG�UHVLGXDOV�REWDLQHG�IRU�D���VWHS�SUHGLFWLRQ����GD\�DKHDG�SUHGLFWLRQ�DQG�VLPXODWLRQ�ZLWK�WKH�
JUH\�ER[�PRGHOV�LGHQWLILHG�IRU�WKH�GLIIHUHQW�GDWD�VHWV��(PSW\�FHOO�FRUUHVSRQG�WR�FDVHV�WKDW�GLG�QRW�FRQYHUJHQFH��

0RGHO�
W\SH�

'DWD�
SHULRG�

1 step prediction 1 day prediction simulation 
)UHH� 35%6� 8VHU��� 8VHU��� )UHH� 35%6� 8VHU��� 8VHU��� )UHH� 35%6� 8VHU��� 8VHU���

$�

'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����

%�

'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� �������

�
������ ������ �����

�
����� ����� �����

�
����� �����

'DW�� ������� ������ �� �� ����� ����� �� �� ����� ����� �� ��
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ �� �� ����� ����� �� �� ����� ����� �� ��
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����

&�

'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ �� ������ ����� ����� �� ����� ����� ����� �� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ ������ ������ ����� ����� ����� ����� ����� ����� ����� �����
'DW�� ������� ������ �� �� ����� ����� �� �� ����� ����� �� ��
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LQFUHDVHV�� 7KLV� HIIHFW� LV� H[SODLQHG� E\� WKH� LQFUHDVLQJ�
GHJUHHV� RI� IUHHGRP� WKDW� LV� DYDLODEOH� WR� RSWLPL]H� WKH�
FRVW� IXQFWLRQ� LQ� WKH� SDUDPHWHU� HVWLPDWLRQ� PHWKRG��
7KLV� HIIHFW� LV� JHQHUDOO\� IRXQG� IRU� LQFUHDVLQJ� PRGHO�
RUGHUV� DQG� VKRXOG� EH� LQWHUSUHWHG� FDUHIXOO\� DV�
FRQVHTXHQWO\�LQFUHDVLQJ�WKH�PRGHO�RUGHU�PLJKW�DIIHFW�
WKH� UREXVWQHVV� GXH� WR� RYHUILWWLQJ��2YHUILWWLQJ� RFFXUV�
ZKHQ�D�PRGHO� LV�H[FHVVLYHO\� FRPSOH[�DQG�GHVFULEHV�
UDQGRP� HUURU� LQ� WKH� GDWD� LQVWHDG� RI� WKH� XQGHUO\LQJ�
SK\VLFV�� ,Q� OLWHUDWXUH�� D� QXPEHU� RI� WHVWV� VXFK� DV� WKH�
$NDLNH�LQIRUPDWLRQ�FULWHULD��$,&��DUH�IRXQG�WR�GHFLGH�
RQ�WKH�RSWLPDO�PRGHO�RUGHU�DQG�DYRLG�RYHU�ILWWLQJ���
7KH�HIIHFW�RI�RYHUILWWLQJ� LV� VKRZQ� IRU� WKH�GD\�DKHDG�
SUHGLFWLRQ�DQG�VLPXODWLRQ�ZLWK� WKH� IUHH�IORDWLQJ�GDWD�
VHW�� ,Q� ERWK� FDVHV� WKH� UHVLGXDOV� LQFUHDVH� ZKHQ� WKH�
PRGHO� LV� H[WHQGHG� IURP� PRGHO� %� WR� &�� $� VLPLODU�
HIIHFW� LV� VKRZQ� IRU� PRGHO� &� ILWWHG� RQ� WKH� LQ�XVH�
EXLOGLQJ�GDWD��8VHU���DQG�8VHU�����+HUH�WKH�VPDOOHVW�
UHVLGXDOV�LQ�D�RQH�VWHS�SUHGLFWLRQ�DUH�REWDLQHG�IRU�WKH�
GDWD�SHULRGV� LQ�PLG�VHDVRQ� �'DW������DQG�����'XULQJ�
WKHVH�SHULRGV� WKH�KHDWLQJ� LQSXW�� UHVSRQVLEOH� IRU�PRVW�
RI� WKH� KLJK�IUHTXHQW� G\QDPLFV�� LV� VPDOO��
&RQVHTXHQWO\��RYHUILWWLQJ�RFFXUV�ZKHQ�WKH�WKLUG�RUGHU�
PRGHOV� LV� ILWWHG�RQ�PLG�VHDVRQ�GDWD�� VKRZQ�E\� ODUJH�
HUURUV� IRU� GD\�DKHDG� SUHGLFWLRQ� DQG� VLPXODWLRQ��
LQGLFDWLQJ� WKDW� IUHH�IORDWLQJ� PHDVXUHPHQWV� GR� QRW�
SURYLGH�DGHTXDWH�G\QDPLFV�IRU�V\VWHP�LGHQWLILFDWLRQ��
1RWH� WKDW� IRU� WKH� 35%6�VLJQDO� WKH�
LQYHUVH�HIIHFW� LV�VKRZQ��VLQFH�IRU� WKLV�
YLUWXDO� H[SHULPHQW� ERWK� KHDWLQJ� DQG�
KLJK�VRODU�JDLQV�DUH�DYDLODEOH� LQ�PLG�
VHDVRQ���
7KH�PDJQLWXGH�RI�WKH�UHVLGXDOV�IRU�WKH�
$5;�PRGHOV� �WDEOH� ��� LV� FRPSDUDEOH�
WR� WKH� UHVLGXDOV�REWDLQHG� IRU� WKH� WKLUG�
RUGHU� JUH\�ER[�PRGHOV��1HYHUWKHOHVV��
WKH� EODFN�ER[� PRGHOV� DSSHDU� WR� EH�
PRUH� UREXVW� IRU� VLPXODWLRQV� DV� WKH�

LQFUHDVLQJ�WUHQG�IRU�ORQJHU�GDWD�SHULRGV�LV�
QR� ORQJHU� IRXQG�� ,Q� FRQWUDVW�� ORQJHU� GDWD�
SHULRGV� LPSURYH� WKH� PRGHO� UREXVWQHVV�
ZKHQ� WKH� LGHQWLILFDWLRQ� LV�GRQH�RQ� WKH� LQ�
XVH�GDWD�VHW��HVSHFLDOO\�IRU�WKH�PLG�VHDVRQ�
GDWD���
,Q� DGGLWLRQ� WR� WKH� 506(� YDOXHV�� DQ�
LPSRUWDQW� VWDWLVWLFDO� WHVW� WR� HYDOXDWH� WKH�
TXDOLW\� RI� D� PRGHO� LV� WR� DQDO\VH� WKH�
DXWRFRUUHODWLRQ� LQ� WKH� UHVLGXDOV� IRU� RQH�
VWHS� SUHGLFWLRQV�� ,I� DOO� G\QDPLFV� LQ� WKH�
GDWD� DUH� H[SODLQHG� E\� WKH� PRGHO�� QR�
DXWRFRUUHODWLRQ� VKRXOG� DSSHDU� LQ� WKH�
UHVLGXDOV�DV�WKH\�DUH�DVVXPHG�WR�EH�ZKLWH�
QRLVH���
7R� HYDOXDWH� WKLV� DVVXPSWLRQ� WKH� VFDOHG�
FXPXODWHG� SHULRGRJUDPV� RI� WKH� UHVLGXDOV�
DUH� DQDO\VHG� �ILJXUH� �� DQG� ���� )RU� ZKLWH�
QRLVH�� WKH� YDULDWLRQ� RI� WKH� UHVLGXDOV� LV�
XQLIRUPO\�GLVWULEXWHG�RYHU�DOO�IUHTXHQFLHV��
$V� VXFK�� WKH� WKHRUHWLFDO� FXPXODWHG�
SHULRGRJUDP� IRU� ZKLWH� QRLVH� LV� D� VWUDLJKW�
OLQH�WKURXJK�WKH�RULJLQ��$�����FRQILGHQFH�

LQWHUYDO� �GRWWHG� OLQHV�� LV� REWDLQHG� EDVHG� RQ� WKH�
.ROPRJRURY�6PLUQRY� WHVW� �0DGVHQ� ������� )RU� WKH�
DVVXPSWLRQ� RI� ZKLWH�QRLVH� UHVLGXDOV� WR� EH� YDOLG�� WKH�
FXPXODWHG� SHULRGRJUDP� QHHGV� WR� OLH� ZLWKLQ� WKLV�
FRQILGHQFH�LQWHUYDO��
7KH�FXPXODWHG�SHULRGRJUDP�IRU�WKH�JUH\�ER[�PRGHOV�
�ILJXUH����VKRZ�VLJQLILFDQW�DXWRFRUUHODWLRQ�IRU�PRGHOV�
$� DQG� %�� LQGLFDWLQJ� WKDW� WKHUH� DUH� VWLOO� G\QDPLFV� LQ�
WKH� GDWD� WKDW� DUH� QRW� H[SODLQHG� XVLQJ� WKHVH� PRGHOV��
)RU� PRGHO� $� WKH� FXPXODWHG� SHULRGRJUDP� LQGLFDWHV�
WKDW�HVSHFLDOO\� ORZ� IUHTXHQF\�G\QDPLFV�DUH�QRW�ZHOO�
H[SODLQHG� E\� WKH� PRGHO�� %\� VHSDUDWLQJ� WKH� ORZ�
IUHTXHQW�EHKDYLRXU�RI�WKH�ZDOOV�DQG�WKH�KLJK�IUHTXHQW�
UHVSRQVH�RI�WKH�DLU�FDSDFLW\��PRGHO�%���WKH�DPRXQW�RI�
DXWRFRUUHODWLRQ� LV� VOLJKWO\� UHGXFHG��+RZHYHU�� D� WKLUG�
FDSDFLW\�LV�UHTXLUHG�WR�REWDLQ�ZKLWH�QRLVH�UHVLGXDOV�DV�
LQWURGXFHG�E\�PRGHO�&���
7KH� FXPXODWHG� SHULRGRJUDPV� IRU� WKH� $5;�PRGHOV�
�ILJXUH����VKRZV�WKDW�WKH�DXWRFRUUHODWLRQ�VLJQLILFDQWO\�
UHGXFHV�ZKHQ�WKH�PRGHO�LV�H[WHQGHG�IURP�PRGHO�,�WR�
,,�� E\� WDNLQJ� LQWR� DFFRXQW� WKH� VRODU� JDLQV�� 7KH�
LQIOXHQFH� RI� IXUWKHU� H[WHQGLQJ� WKH� PRGHO� E\� WDNLQJ�
LQWR�DFFRXQW�WKH�LQWHUQDO�JDLQV�LV�OLPLWHG���

Cross-validation and simulation 
,Q�DGGLWLRQ�WR�WKH�UHVLGXDO�DQDO\VLV��WKH�UREXVWQHVV�RI�
WKH� PRGHOV� LV� HYDOXDWHG� E\� FURVV�YDOLGDWLRQ� DQG�

7DEOH���
5RRW�RI�WKH�PHDQ�VTXDUHG�UHVLGXDOV�IRU�$5;�PRGHO�,,,�

�
35%6� 8VHU���

�
��VWHS� GD\�DKHDG� VLPXODWLRQ� ��VWHS� GD\�DKHDG� VLPXODWLRQ�

'DW�� ������ ������ ������ ������ ������ ������
'DW�� ������ ������ ������ ������ ������ ������
'DW�� ������ ������ ������ ������ ������ ������
'DW�� ������ ������ ������ ������ ������ ������
'DW�� ������ ������ ������ ������ ������ ������
'DW�� ������ ������ ������ ������ ������ ������

� � �
�D��0RGHO�,� �E��0RGHO�,,� �F��0RGHO�,,,�
)LJXUH���&XPXODWLYH�SHULRGRJUDP�IRU�$5;��PRGHOV�,�,,�DQG�,,,�

HVWLPDWHG�RQ�WKH�GDWD�VHW�IURP�8VHU���
�

� � �
�D��0RGHO�$� �E��0RGHO�%� �F��0RGHO�&�
)LJXUH���&XPXODWLYH�SHULRGRJUDP�IRU�JUH\�ER[�PRGHOV�$�%�DQG�&�

HVWLPDWHG�RQ�WKH�GDWD�VHW�IURP�8VHU���
�
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VLPXODWLRQ���
&URVV�YDOLGDWLRQ� LV�FDUULHG�RXW�E\�SHUIRUPLQJ�D�GD\�
DKHDG�SUHGLFWLRQ�RI�WKH�LQGRRU�WHPSHUDWXUH�IRU�D�GDWD�
IURP���WK�)HEUXDU\�XQWLO���WK�0D\��DVVXPLQJ�SHUIHFW�
SUHGLFWLRQ�RI�WKH�IXWXUH�LQSXWV��$V�VXFK��WKH�PRGHO�LV�
WHVWHG�LQ�ERWK�FROG�DQG�ZDUP�FOLPDWLF�FRQGLWLRQV��7KH�
VDPH�GDWD�SHULRG�LV�XVHG�IRU�VLPXODWLRQ��
7KH� UHVXOWV� RI� ERWK� GD\�DKHDG� SUHGLFWLRQ� DQG��
VLPXODWLRQ� IRU� WKH� JUH\�ER[� PRGHO� &�� HVWLPDWHG� RQ�
GDWD�SHULRG����DUH�VKRZQ�LQ�ILJXUH����7KLV�PRGHO�ZDV�
FKRVHQ� DV� LW� VKRZHG� WKH� VPDOOHVW� 506(� LQ� WDEOH� ���
:KHUHDV� WKH� UHVXOWV� LQGLFDWH� WKDW� WKH� PRGHO� FDQ� EH�
XVHG� IRU� GD\�DKHDG� SUHGLFWLRQV� ZLWK� D� VWURQJ�
DFFXUDF\�� D� URRW� PHDQ� VTXDUHG� HUURU� RI� ������&�� D�
JUDGXDO� GHYLDWLRQ� IURP� WKH� FRUUHFW� VROXWLRQ� LV�
REWDLQHG�ZKHQ�WKH�PRGHO�LV�XVHG�IRU�VLPXODWLRQ��7KLV�
GHYLDWLRQ� LQGLFDWHV� WKDW� WKH� ORZ�IUHTXHQW� G\QDPLFV�
DUH�QRW�FRUUHFWO\�HVWLPDWHG��&RQVHTXHQWO\��WKH�XVH�RI�
WKH� JUH\�ER[� PRGHOV� IRU� HVWLPDWLRQ� GHPDQGV� IRU�
IXUWKHU�H[WHQGLQJ�RI�WKH�PRGHO�RUGHU��+RZHYHU�LW�KDV�
WR�EH�QRWHG�WKDW�IRU�WKH�GDWD�XVHG�WR�HVWLPDWH�WKH�JUH\�
ER[�PRGHOV��ZKLWH�QRLVH�UHVLGXDOV�DUH�REWDLQHG��7KLV�
LQGLFDWHV� WKDW� WKH� PRGHO� H[SODLQV� DOO� WKH� G\QDPLFV�
WKDW� LV� DYDLODEOH� LQ� WKH� GDWD�� )XUWKHU� H[WHQGLQJ� WKH�
PRGHO� ZLOO� WKHUHIRUH� UHTXLUH� LQIRUPDWLRQ� IURP�
DGGLWLRQDO� YDULDEOHV� DV� IRU� H[DPSOH� KHDW� IOX[�
PHDVXUHPHQWV�RU�VXUIDFH�WHPSHUDWXUHV�RI�WKH�ZDOOV��
)RU� WKH� $5;�PRGHOV� D� VLPLODU� GHYLDWLRQ� LV� VKRZQ�
�)LJXUH�����+RZHYHU�WKH�UHVLGXDOV�IRU�ERWK�GD\�DKHDG�

SUHGLFWLRQ� DQG� VLPXODWLRQ� DUH� VPDOOHU�� LQGLFDWLQJ� D�
KLJKHU�UREXVWQHVV�RI�WKH�$5;�PRGHOV��)RU�VLPXODWLRQ�
WKH�506(�YDOXH�RI�WKH�$5;�PRGHO�,,,�LV�����&���
$V�VXFK��LW�FDQ�EH�FRQFOXGHG�WKDW�ERWK�JUH\�ER[�DQG�
EODFN�ER[�PRGHOV�FDQ�EH�XVHG�IRU�DFFXUDWH�GD\�DKHDG�
SUHGLFWLRQV�RI�WKH�G\QDPLF�EHKDYLRXU�RI�WKH�GZHOOLQJ��
)RU�WKH�JUH\�ER[�PRGHOV�D��UG�RUGHU�PRGHO�LV�DEOH�WR�
FDSWXUH� WKH� G\QDPLFV� QHHGHG� IRU� IRUHFDVWLQJ� RYHU� D�
OLPLWHG� WLPHIUDPH�� L�H�� XS� WR� D� IHZ� GD\V�� )RU� ORQJ�
WHUP�SUHGLFWLRQV�DQG�VLPXODWLRQ�WKH�JUH\�ER[�PRGHOV�
WHQG�WR�GULIW�DZD\�IURP�WKH�FRUUHFW�VROXWLRQ��VLQFH�WKH�
ORZ�IUHTXHQW� G\QDPLFV� DUH� QRW� ZHOO� H[SODLQHG�� )RU�
WKH�$5;�PRGHOV� WKH� GULIW� LV� OHVV� SURQRXQFHG�� JLYHQ�
WKH�GDWD�VHW�XVHG�IRU�LGHQWLILFDWLRQ�FRQWDLQV�ERWK�FROG�
DQG�ZDUP�SHULRGV��

Physical properties of parameters in grey-box 
$Q� LPSRUWDQW� EHQHILW� RI� JUH\�ER[� PRGHOV� LV� WKH�
SK\VLFDO� LQWHUSUHWDWLRQ� ZKLFK� PD\� EH� JLYHQ� WR� WKH�
PRGHO�SDUDPHWHUV��$V� WKH�PRGHO�VWUXFWXUH� LV�GHULYHG�
IURP� SULRU� NQRZOHGJH� DERXW� WKH� SK\VLFV� RI� WKH�
V\VWHP��WKH�SDUDPHWHUV�PD\�EH�GLUHFWO\�OLQNHG�WR�WKH�
SK\VLFDO� SURSHUWLHV� RI� WKH� V\VWHP�� LQ� WKLV� FDVH� WKH�
WKHUPDO�SURSHUWLHV�RI�WKH�EXLOGLQJ��+RZHYHU��RQH�FDQ�
H[SHFW� WKDW� WKH� SK\VLFDO� LQWHUSUHWDELOLW\� RI� WKH�
HVWLPDWHG� SDUDPHWHUV� DUH� VWURQJO\� LQIOXHQFHG� E\� WKH�
DVVXPSWLRQV�DQG�VLPSOLILFDWLRQV�XVHG�IRU�GHILQLQJ�WKH�
PRGHO�VWUXFWXUH��7KHUHIRUH�WKLV�VHFWLRQ�FRPSDUHV�WKH�
HVWLPDWHG� SDUDPHWHUV� IRU� WKH� GLIIHUHQW� PRGHO�

�
)LJXUH���&URVV�YDOLGDWLRQ�DQG�VLPXODWLRQ�RI�JUH\�ER[�PRGHO�&�IRU�WKH�SHULRG�RI���WK�)HEUXDU\�����WK�WKH�0D\�

�
)LJXUH���&URVV�YDOLGDWLRQ�DQG�VLPXODWLRQ�RI�$5;�PRGHO�,,,�IRU�WKH�SHULRG�RI���WK�)HEUXDU\�����WK�WKH�0D\�
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PRBS Free User 1 User2
Dat1 Dat2 Dat4 Dat4 Dat5 Dat6 Dat1 Dat2 Dat3 Dat4 Dat5 Dat6 Dat1 Dat2 Dat3 Dat4 Dat5 Dat6 Dat1 Dat2 Dat3 Dat4 Dat5 Dat6

A 162 160 170 162 178 173 49 68 40 67 47 65 171 99 166 108 163 113 171 101 167 109 165 113

B 161 0 164 159 167 163 63 92 68 91 80 99 177 146 129 0 148 171 131 143 145

C 167 167 214 178 167 194 41 390 411 439 474 490 183 181 336 184 173 89 173 381 172
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PRBS Free User 1 User2
Dat1 Dat2 Dat4 Dat4 Dat5 Dat6 Dat1 Dat2 Dat3 Dat4 Dat5 Dat6 Dat1 Dat2 Dat3 Dat4 Dat5 Dat6 Dat1 Dat2 Dat3 Dat4 Dat5 Dat6

A 62,5 60,8 58,0 58,4 57,3 59,7 60,0 60,8 53,8 59,1 54,5 58,6 55,2 65,2 48,4 50,4 46,8 56,1 45,3 66,8 45,6 51,1 45,1 54,2

B 7,28 7,24 7,23 7,24 7,25 10,0 7,24 10,0 7,30 7,29 6,97 10,0 8,35 10,0 8,38 7,73 8,43 8,90 8,43

C 5,98 5,53 10,0 9,93 7,24 9,99 0,15 6,77 4,35 6,95 3,88 6,79 7,13 7,12 7,44 7,18 6,91 0,10 6,99 7,53 6,99

VWUXFWXUHV�DQG�WKH�GLIIHUHQW�GDWD�VHWV���
)LJXUH���VKRZV�WKH�HVWLPDWHG�YDOXHV�RI�WKH�WRWDO�KHDW�
ORVV� FRHIILFLHQW� RI� WKH� EXLOGLQJ� IRU� WKH� GLIIHUHQW�
PRGHOV�DQG�GDWD�SHULRGV��)LUVWO\��LW� LV�VKRZQ�WKDW�WKH�
XVH� RI� IUHH�IORDW� GDWD� UHVXOWV� LQ� DQ� XQUHOLDEOH�
HVWLPDWLRQ�RI�WKH�WRWDO�KHDW�ORVV�FRHIILFLHQW��7KLV�FDQ�
EH� H[SODLQHG� E\� WKH� OLPLWHG� GLIIHUHQFH� EHWZHHQ� WKH�
LQGRRU� DQG� RXWGRRU� WHPSHUDWXUH� IRU� WKH� XQKHDWHG�
EXLOGLQJ��7KH�VDPH�SUREOHP�RFFXUV�IRU�WKH�HVWLPDWLRQ�
RI�0RGHO�&�RQ�WKH�LQ�XVH�GDWD�GXULQJ�WKH�PLG�VHDVRQ�
SHULRGV� �'DW� �� DQG� 'DW� ���� &RPSDUHG� WR� WKH�
WKHRUHWLFDO� YDOXH�RI�����:�.�� WKH� WKLUG�RUGHU�PRGHO�
WHQGV� WR� RYHUHVWLPDWH� WKH� KHDW� ORVV� FRHIILFLHQWV�
H[SODLQLQJ� WKH� XQGHUHVWLPDWLRQ� RI� WKH� LQGRRU�
WHPSHUDWXUH�LQ�WKH�VLPXODWLRQ�WHVW��)LJXUH������

$�VHFRQG�LQWHUHVWLQJ�SDUDPHWHU�LV�WKH�HVWLPDWH�RI�WKH�
LQGRRU�DLU�FDSDFLW\��)LJXUH���VKRZV�WKDW�WKLV�FDSDFLW\�
LV� VWURQJO\� RYHUHVWLPDWHG� IRU� WKH� ILUVW� RUGHU� PRGHO��
6LQFH� QR� GLVWLQFWLRQ� LV� PDGH� EHWZHHQ� WKH� WKHUPDO�
PDVV�RI�WKH�VWUXFWXUH�DQG�WKH�WKHUPDO�PDVV�RI�WKH�DLU��
WKH� HVWLPDWHG� FDSDFLW\� UHSUHVHQWV� WKH� DFWLYH� WKHUPDO�
PDVV�FRUUHVSRQGLQJ� WR� WKH�GRPLQDWLQJ� WLPH�FRQVWDQW�
RI� WKH� EXLOGLQJ�� :KHQ� WKH� RUGHU� RI� WKH� PRGHO�
LQFUHDVHV� WKH� IDVW� G\QDPLFV�RI� WKH� LQGRRU� DLU� FDQ�EH�
VHSDUDWHG� IURP� WKH� VORZ� G\QDPLFV� RI� WKH� EXLOGLQJ�
IDEULF��+RZHYHU��WKH�HVWLPDWHG�FDSDFLW\�LV�VWLOO�KLJKHU�
WKDQ� WKH� WKHRUHWLFDO� YDOXH� IRU� WKH� WRWDO� WKHUPDO�
FDSDFLW\�� RI� ���� 0-�.� IRU� WKH� LQGRRU� DLU�� WKDW� LV�
LPSOHPHQWHG� LQ� WKH� GHWDLOHG� PRGHO�� 7KLV�
RYHUHVWLPDWLRQ� LV� FDXVHG� E\� WKH� DVVXPSWLRQ� WKDW� DOO�

)LJXUH���(VWLPDWHG�WRWDO�KHDW�ORVV�FRHIILFLHQW��(PSW\�FHOOV�FRUUHVSRQG�WR�FDVHV�WKDW�GLG�QRW�FRQYHUJH�

��)LJXUH���(VWLPDWHG�YDOXHV�IRU�WKH�LQGRRU�DLU�FDSDFLW\��(PSW\�FHOOV�FRUUHVSRQG�WR�FDVHV�WKDW�GLG�QRW�FRQYHUJH�
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JDLQV�DUH�GLUHFWO\�DWWULEXWHG� WR� WKH�DLU�QRGH��ZKHUHDV�
LQ� WKH� GHWDLOHG�PRGHO� WKH� VRODU� JDLQV� DUH� GLVWULEXWHG�
RYHU�WKH�LQGRRU�VXUIDFHV�RI�WKH�]RQH�DQG�WKH�LQWHUQDO�
JDLQV� DQG� KHDWLQJ� DUH� FKDUDFWHUL]HG� E\� ERWK� D�
UDGLDWLYH� DQG� FRQYHFWLYH� FRPSRQHQW�� 0RUHRYHU� WKH�
ILJXUH� LQGLFDWHV� WKDW� WKH� XVH� RI� GDWD� SHULRGV� LQ�PLG�
VHDVRQ�UHVXOWV�OHVV�UHOLDEOH�UHVXOWV��7KLV�FDQ�DJDLQ�EH�
H[SODLQHG� E\� WKH� DEVHQFH� RI� KHDWLQJ� LQ� WKH� GDWD� IRU�
PLG�VHDVRQ��
%DVHG� RQ� WKHVH� UHVXOWV� LW� FDQ� EH� FRQFOXGHG� WKDW� WKH�
SK\VLFDO� LQWHUSUHWDWLRQ� RI� WKH� SDUDPHWHUV� VKRXOG� EH�
KDQGOHG� FDUHIXOO\� DQG� LV� VWURQJO\� LQIOXHQFHG� E\� WKH�
DVVXPSWLRQV� DQG� VLPSOLILFDWLRQ� LQ� WKH� JUH\�ER[�
PRGHOV�� :KHQ� WKH� SXUSRVH� RI� WKH� V\VWHP�
LGHQWLILFDWLRQ�LV�WR�TXDQWLI\�WKH�WKHUPDO�SURSHUWLHV�RI�
EXLOGLQJV�� UDWKHU� WKDQ� WKH� SUHGLFWLRQ� RI� WKH� G\QDPLF�
EHKDYLRXU��IXUWKHU�H[WHQVLRQ�RI�WKH�PRGHO�LV�UHTXLUHG��
1RWH�KRZHYHU�WKDW� WKLV�PLJKW�UHTXLUH�WKH�DYDLODELOLW\�
RI�DGGLWLRQDO�PHDVXUHPHQWV�VLQFH�WKH��UG�RUGHU�PRGHO�
DOUHDG\� UHVXOWV� LQ� ZKLWH�QRLVH� UHVLGXDOV�� LQGLFDWLQJ�
WKDW� WKH� G\QDPLFV� WKDW� DUH� DYDLODEOH� LQ� WKH� GDWD� DUH�
ZHOO� H[SODLQHG� E\� WKH� PRGHO�� )XUWKHU� UHVHDUFK� LV�
UHTXLUHG�WR�DQDO\VH�WKH�K\SRWKHVHV��

&21&/86,21�
6\VWHP� LGHQWLILFDWLRQ� LV� FDUULHG� RXW� RQ� VLPXODWLRQ�
UHVXOWV�IRU�D�VLQJOH�]RQH�GZHOOLQJ�LQ�RUGHU�WR�LGHQWLI\�
ERWK�JUH\�ER[�DQG�EODFN�ER[�PRGHOV�WKDW�FDQ�EH�XVHG�
IRU� DFFXUDWH� GD\�DKHDG� SUHGLFWLRQ� DV� ZHOO� DV�
VLPXODWLRQV�RI�WKH�WKHUPDO�UHVSRQVH�RI�WKH�GZHOOLQJ���
7KH� �� GDWD� VHWV� DUH� JHQHUDWHG� XVLQJ� D� GHWDLOHG�
EXLOGLQJ� PRGHO� GHYHORSHG� LQ� 0RGHOLFD� DQG�
UHSUHVHQWLQJ� ERWK� GHGLFDWHG� LGHQWLILFDWLRQ�
H[SHULPHQWV�DV�PHDVXUHPHQWV� LQ�RFFXSLHG�EXLOGLQJV��
)RU�DOO�VFHQDULRV���VDPSOH�SHULRGV�DUH�DQDO\VHG�ZLWK�
D�OHQJWK�RI������DQG���ZHHNV�LQ�ERWK�ZLQWHU�DQG�PLG�
VHDVRQ�FRQGLWLRQV��
7KH� LQIOXHQFH� RI� WKH� GDWD� SHULRG� DQG� WKH� YLUWXDO�
H[SHULPHQW� RQ� WKH� TXDOLW\� DQG� UREXVWQHVV� RI� WKH�
LGHQWLILHG�PRGHOV�LV�DQDO\VHG��7KHUHE\�ERWK�JUH\�ER[�
DQG�EODFN�ER[�PRGHOV� VKRZ�UHOLDEOH� UHVXOWV� IRU�GD\�
DKHDG� SUHGLFWLRQ�� 7KH� EHVW� SUHGLFWLRQV� DUH� REWDLQHG�
IRU�WKH��UG�RUGHU�JUH\�ER[�PRGHO�DQG�WKH�$5;�PRGHO�
WKDW�WDNHV�LQWR�DFFRXQW�WKH�RXWGRRU�WHPSHUDWXUH��VRODU�
JDLQV��LQWHUQDO�JDLQV�DV�ZHOO�DV�WKH�KHDWLQJ�LQSXW��ZLWK�
D�URRW�RI�WKH�PHDQ�VTXDUHG�UHVLGXDOV�HTXDO�WR�������&�
DQG�������&��UHVSHFWLYHO\���
&RQVLGHULQJ�ORQJ�WHUP�SUHGLFWLRQV�RU�VLPXODWLRQV��WKH�
WHPSHUDWXUHV� REWDLQHG� ZLWK� WKH� JUH\�ER[� PRGHOV�
VKRZ� DQ� LPSRUWDQW� GULIW� IURP� WKH� YDOLGDWLRQ� GDWD��
LQGLFDWLQJ� WKDW� WKH� ORQJ�WHUP� G\QDPLFV� DUH� QRW� ZHOO�
GHVFULEHG��
7KH� UHVXOWV� VKRZ� WKDW� WKH� GDWD� VHW� XVHG� IRU�
LGHQWLILFDWLRQ� KDV� DQ� LPSRUWDQW� LQIOXHQFH� RQ� WKH�
UREXVWQHVV�RI� WKH� LGHQWLILHG�PRGHOV�� ,W� LV� VKRZQ� WKDW�
PHDVXUHPHQWV� LQ� IUHH�IORDWLQJ� FRQGLWLRQV� GR� QRW�
FRQWDLQ�DGHTXDWH�G\QDPLFV�WR�DOORZ�WKH�LGHQWLILFDWLRQ�
RI� UREXVW� UHGXFHG�RUGHU� PRGHOV�� 1HYHUWKHOHVV�� WKH�
DGGHG� YDOXH� RI� D� GHGLFDWHG� H[SHULPHQW� XVLQJ� 35%6�

FRQWURO� VLJQDOV� IRU� WKH�KHDWLQJ�GRHV� QRW� LPSURYH� WKH�
PRGHO� TXDOLW\� VLJQLILFDQWO\� FRPSDUHG� WR�
PHDVXUHPHQWV�RI�RFFXSLHG�EXLOGLQJV��
)XUWKHU� UHVHDUFK� LV� UHTXLUHG� WR� HYDOXDWH� WKH� SURFHVV�
DQG� PRGHOV� GLVFXVVHG� LQ� WKLV� SDSHU� RQ� PXOWL�]RQH�
EXLOGLQJV�DV�ZHOO�DV�RQ�DFWXDO�PHDVXUHG�GDWD��

�5()(5(1&(6�
$NDLNH��+���������$�QHZ�ORRN�DW�WKH�VWDWLVWLFDO�PRGHO�

LGHQWLILFDWLRQ��$XWRPDWLF�&RQWURO��,(((�
7UDQVDFWLRQV�RQ��

%DFKHU��3��	�0DGVHQ��+���������,GHQWLI\LQJ�VXLWDEOH�
PRGHOV�IRU�WKH�KHDW�G\QDPLFV�RI�EXLOGLQJV��
(QHUJ\�DQG�%XLOGLQJV���������SS�����±������

%DHWHQV��5��HW�DO���������$VVHVVLQJ�HOHFWULFDO�
ERWWOHQHFNV�DW�IHHGHU�OHYHO�IRU�UHVLGHQWLDO�QHW�
]HUR�HQHUJ\�EXLOGLQJV�E\�LQWHJUDWHG�V\VWHP�
VLPXODWLRQ��$SSOLHG�(QHUJ\������SS���±����

%UDXQ��-�(���������/RDG�&RQWURO�8VLQJ�%XLOGLQJ�
7KHUPDO�0DVV��-RXUQDO�RI�6RODU�(QHUJ\�
(QJLQHHULQJ����������SS����±�����

&KHQ��.���-LDR��<��	�/HH��(�6���������)X]]\�DGDSWLYH�
QHWZRUNV�LQ�WKHUPDO�FRPIRUW��$SSOLHG�
0DWKHPDWLFV�/HWWHUV���������SS����±�����

&LJOHU��-��	�3UtYDUD��6���������6XEVSDFH�LGHQWLILFDWLRQ�
DQG�PRGHO�SUHGLFWLYH�FRQWURO�IRU�EXLOGLQJV��
&RQWURO�$XWRPDWLRQ�5RERWLFV�	�9LVLRQ���«��
�'HFHPEHU���SS��±����

*RXGD��0�0���'DQDKHU��6��	�8QGHUZRRG��&�3���
������/RZ�RUGHU�PRGHO�IRU�WKH�VLPXODWLRQ�RI�D�
EXLOGLQJ�DQG�LWV�KHDWLQJ�V\VWHP��%XLOGLQJ�
6HUYLFHV�(QJLQHHULQJ�5HVHDUFK�DQG�
7HFKQRORJ\���������SS����±�����

.LQWQHU�0H\HU��0��	�(PHU\��$�)���������2SWLPDO�
FRQWURO�RI�DQ�+9$&�V\VWHP�XVLQJ�FROG�VWRUDJH�
DQG�EXLOGLQJ�WKHUPDO�FDSDFLWDQFH��(QHUJ\�DQG�
%XLOGLQJV���������SS���±����

.ULVWHQVHQ��1�5��	�0DGVHQ��������&RQWLQXRXV�7LPH�
6WRFKDVWLF�0RGHOOLQJ��&760����²0DWKHPDWLFV�
*XLGH��

/LX��6�	�+HQ]H��*���������,PSDFW�RI�0RGHOLQJ�
$FFXUDF\�RQ�3UHGLFWLYH�2SWLPDO�&RQWURO�RI�
$FWLYH�DQG�3DVVLYH�%XLOGLQJ�7KHUPDO�6WRUDJH�
,QYHQWRU\��+9$&	5�5HVHDUFK��SS����±�����

/LX��6LPHQJ�	�+HQ]H��*�3���������([SHULPHQWDO�
DQDO\VLV�RI�VLPXODWHG�UHLQIRUFHPHQW�OHDUQLQJ�
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PRGHO�IRU�H[LVWLQJ�EXLOGLQJV�XVLQJ�&7)�DQG�
WKHUPDO�QHWZRUN�PRGHOV��,QWHUQDWLRQDO�-RXUQDO�
RI�7KHUPDO�6FLHQFHV���������SS�����±������
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