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7KLV� SDSHU� GLVFXVVHV� WKH� GHYHORSPHQW� RI� D� FRQWURO�
RULHQWHG� VLPSOLILHG� PRGHOOLQJ� VWUDWHJ\� �&26026��
IRU� PRGHO�EDVHG� SUHGLFWLYH� FRQWURO� �03&�� LQ�
EXLOGLQJV�� ,Q� 03&�� D� PRGHO� RI� WKH� V\VWHP� LV� XVHG�
DORQJ�ZLWK�IRUHFDVW�LQIRUPDWLRQ�IRU�RSWLPDO�SODQQLQJ��
$�PRGHO� WKDW� LV� DV� VLPSOH� DV� SRVVLEOH� ±EXW� DFFXUDWH�
HQRXJK� IRU� WKH� SXUSRVH� DW� KDQG±� IDFLOLWDWHV� WKH�
LPSOHPHQWDWLRQ� RI� DQ� 03&� VWUDWHJ\�� 7KLV� SDSHU�
GLVFXVVHV� GHVLUDEOH� IHDWXUHV� RI� PRGHOV� LQWHQGHG� IRU�
WKH� VSHFLILF� QHHGV� RI� DGYDQFHG� FRQWURO� DSSOLFDWLRQV��
$�SDWK�IRU� WKH�FUHDWLRQ�RI� VXFK�PRGHOV� LV�SUHVHQWHG��
EDVHG� RQ� ORZ�RUGHU� UHVLVWDQFH�FDSDFLWDQFH� �5&��
WKHUPDO� QHWZRUNV� DQG� WKHLU� HTXLYDOHQW� VWDWH�VSDFH�
IRUPXODWLRQ�� VXFK� DQ� DSSURDFK� SURYLGHV� SK\VLFDO�
LQVLJKW� ZKLOH� IDFLOLWDWLQJ� WKH� WUHDWPHQW� RI� WKH�
SUREOHP�� 7KH� PRGHO� SDUDPHWHUV� DUH� IRXQG� E\�
DSSO\LQJ� DQ� RSWLPL]DWLRQ� WR� PDWFK� WKH� RXWSXW� RI� D�
EXLOGLQJ� VLPXODWLRQ� PRGHO�� 5HVXOWV� LQFOXGH� DQ�
DVVHVVPHQW�RI�WKH�XQFHUWDLQW\�RI�WKH�PRGHO�RXWSXWV���

,1752'8&7,21�
,Q� PRVW� EXLOGLQJV�� WKH� RSHUDWLRQ� RI� PHFKDQLFDO� DQG�
HOHFWULFDO� V\VWHPV� LV� FRQWLQXRXVO\� DGMXVWHG� LQ�
UHVSRQVH� WR�ZHDWKHU�YDULDWLRQV�DQG� WKH�GHPDQGV�DQG�
EHKDYLRXU� RI� WKH� EXLOGLQJ� RFFXSDQWV�� ,Q� WKLV�
³UHDFWLYH´�DSSURDFK��OLWWOH�RU�QR�SODQQLQJ�WDNHV�SODFH��
+RZHYHU��WKLV�SUHYDOHQW�FRQWURO�SDUDGLJP�LV�H[SHFWHG�
WR�HYROYH�LQ�WKH�QHDU�IXWXUH��JLYHQ�WKDW�IDFWRUV�VXFK�DV�
WKH�LQWHJUDWLRQ�RI�UHQHZDEOH�HQHUJ\��UHDO�WLPH�SULFLQJ�
DQG� HOHFWULF� YHKLFOHV� ZLOO� UHTXLUH� D� IOH[LEOH� DQG�
G\QDPLF� LQWHUDFWLRQ�EHWZHHQ� EXLOGLQJV� DQG� WKH�JULG��
2Q�VLWH� UHQHZDEOHV� �H�J���%,39���HQHUJ\� VWRUDJH�DQG�
DGYDQFHG� FRQWUROV� ZLOO� HQDEOH� D� EHWWHU� WHPSRUDO�
PDWFK� EHWZHHQ� HQHUJ\� VXSSO\� DQG� GHPDQG�� WKXV�
UHGXFLQJ� WKH� FRVW� DVVRFLDWHG� ZLWK� SHDN� GHPDQG�
FKDUJHV� RU� UHDO�WLPH� SULFLQJ� SURILOHV�� 7R� SURYLGH� D�
FORVHU� OLQN� EHWZHHQ� WKH� 6PDUW� *ULG� DQG� 6PDUW�
%XLOGLQJV��D�QHZ�DSSURDFK�WR�FRQWUROV�LV�QHHGHG��

:LWK�D�UHDVRQDEO\�DFFXUDWH�IRUHFDVW�RI�IXWXUH�ZHDWKHU�
DQG� RFFXSDQF\� FRQGLWLRQV�� EXLOGLQJ� PRGHOV� FDQ� EH�
XVHG� WR� FDOFXODWH� EXLOGLQJ� HQHUJ\� QHHGV� RYHU� D�
SUHGLFWLRQ� KRUL]RQ� RI� XS� WR� D� IHZ� GD\V�� 7KLV�
NQRZOHGJH�FDQ�WKHQ�EH�XVHG�WR�GHFLGH�RQ�WKH�RSWLPDO�
DOORFDWLRQ�RI�UHVRXUFHV�RYHU�WLPH��$�FRQWURO�DSSURDFK�
XVLQJ� IRUPDO� RSWLPL]DWLRQ� DOJRULWKPV� WR� FKRRVH� DQ�
RSWLPDO�RSHUDWLRQ�VHTXHQFH�EDVHG�RQ�D�V\VWHP�PRGHO�

DQG� IRUHFDVW� GDWD� �)LJXUH� ��� LV� FDOOHG� PRGHO�EDVHG�
SUHGLFWLYH� FRQWURO�� RU�03&� �&DPDFKR� DQG�%RUGRQV��
�������03&�KDV� VXFFHVVIXOO\� EHHQ�XVHG� IRU�GHFDGHV�
LQ�SURFHVV�FRQWURO�DQG�FKHPLFDO�HQJLQHHULQJ��4LQ�DQG�
%DGJZHOO����������
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)LJXUH����0RGHO�EDVHG�SUHGLFWLYH�FRQWURO�

�&DQGDQHGR�HW�DO�����������

'HVSLWH�QXPHURXV�UHVHDUFK�HIIRUWV�RQ�WKH�DSSOLFDWLRQ�
RI� 03&� DQG� RWKHU� DGYDQFHG� FRQWURO� WHFKQLTXHV� LQ�
EXLOGLQJV�� WKHUH� LV� VWLOO� D� ODUJH� JDS� EHWZHHQ� WKH�
SRWHQWLDO� RI� WKHVH� WHFKQLTXHV� RQ� RQH� KDQG�� DQG�
FXUUHQW�FRQWURO�SUDFWLFHV�RQ�WKH�RWKHU�KDQG��&LJOHU�HW�
DO��� ������� 7KLV� LV� GXH� WR� PXOWLSOH� IDFWRUV�� DPRQJ�
RWKHUV��WKH�ODFN�RI�WRROV�WR�HDVLO\�LQFRUSRUDWH�ZHDWKHU�
IRUHFDVWV� LQWR� EXLOGLQJ� DXWRPDWLRQ� V\VWHPV�� WKH�
VFDUFLW\�RI�XVHU�IULHQGO\�VRIWZDUH�WR�WHVW�DQG�GHYHORS�
FRQWURO� VWUDWHJLHV� LQ� EXLOGLQJV�� DQG� WKH� OLPLWHG�
IDPLOLDULW\� RI� EXLOGLQJ� SURIHVVLRQDOV� ZLWK� FRQWURO�
HQJLQHHULQJ� PHWKRGV�� 8QOLNH� RWKHU� LQGXVWULHV� LQ�
ZKLFK�FRQWUROV�PXVW�ZRUN�IODZOHVVO\�DW�DOO�WLPHV��H�J��
DHURVSDFH��� EXLOGLQJV� DUH� UHODWLYHO\�PRUH� UHVLOLHQW� WR�
FRQWURO� IDXOWV�� $OWKRXJK� FRQYHQWLRQDO� FRQWURO� PD\�
QRW� EH� XS� WKH� WDVN� RI� PDQDJLQJ� D� G\QDPLF�
EXLOGLQJV�JULG� LQWHUDFWLRQ�� LW� LV� UREXVW�� LQH[SHQVLYH��
HDV\� WR� LPSOHPHQW� DQG� RIWHQ� VXIILFLHQW� IRU�
PDLQWDLQLQJ�FRPIRUW��1HYHUWKHOHVV��QHZ�UHDOLWLHV�ZLOO�
UHTXLUH�DGYDQFHG�FRQWURO�VWUDWHJLHV���

7KLV�SDSHU�GLVFXVVHV�GHVLUDEOH�IHDWXUHV�RI�DSSURSULDWH�
PRGHOV� IRU� DGYDQFHG� FRQWURO� LQ� EXLOGLQJV�� DQG�
SURSRVHV� D� PHWKRG� IRU� WKHLU� GHYHORSPHQW� E\� XVLQJ�
EXLOGLQJ�SHUIRUPDQFH�VLPXODWLRQ�DV�WKH�VWDUWLQJ�SRLQW��

&21752/�25,(17('�02'(//,1*�
0DWKHPDWLFDO�PRGHOV�DUH��SULPDULO\��SUREOHP�VROYLQJ�
WRROV� WKDW� PD\� KDYH� PDQ\� GLIIHUHQW� REMHFWLYHV��
IHDVLELOLW\� VWXGLHV�� GHVLJQ�� FRPIRUW� DVVHVVPHQW��
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RSWLPL]DWLRQ�� GHYHORSPHQW� RI� FRQWUROV�� RU� VLPSO\�
EHWWHU� XQGHUVWDQGLQJ� RI� WKH� V\VWHP� XQGHU� VWXG\��
$FFRUGLQJO\��PRGHOOLQJ�VKRXOG�EH�WDLORUHG�WR�VXLW�WKH�
QHHGV�RI�D�JLYHQ�DSSOLFDWLRQ��7KH�DSSURDFK�SURSRVHG�
IRU� D� FRQWURO�RULHQWHG� VLPSOLILHG� PRGHOOLQJ� VWUDWHJ\�
�&26026��LV�EDVHG�RQ�WKHVH�JXLGLQJ�SULQFLSOHV��
 3UHIHUHQFH� WRZDUGV� VLPSOH� DQG� SK\VLFDOO\�
PHDQLQJIXO�PRGHOV���

 6HOHFWLRQ� RI� PRGHOOLQJ� UHVROXWLRQ� FRQVLGHULQJ�
REMHFWLYHV�� FRQWUROODEOH� YDULDEOHV�� DQG� WLPH�
FRQVWDQWV�LQYROYHG��

 3DUDPHWHUV� FKRVHQ� WR� LPSURYH� SUHGLFWLRQV� IRU�
FRQWURO�DSSURSULDWH�WLPH�VFDOHV��PLQXWHV�GD\V���

 $GMXVWPHQW�RI�PRGHO�SDUDPHWHUV�LQ�UHDO�WLPH��
 5DSLG� JHQHUDWLRQ� RI� FRQWURO�RULHQWHG� PRGHOV��
RIWHQ�ZLWK�OLPLWHG�LQIRUPDWLRQ��

 )DFLOLWDWLRQ�RI�DXWRPDWLF� IRUPXODWLRQ�RI� RSWLPDO�
FRQWURO�SUREOHPV��

 4XDQWLWDWLYH�DVVHVVPHQW�RI�RXWSXW�XQFHUWDLQW\��
 $OORZDQFH� IRU� VWRFKDVWLF� UHSUHVHQWDWLRQV� RI�
LQSXWV��H�J���ZHDWKHU��RFFXSDQF\��HWF����

 &RPPRQ� ODQJXDJH� IRU� FRPPXQLFDWLRQ� EHWZHHQ�
EXLOGLQJ�VSHFLDOLVWV�DQG�FRQWURO�HQJLQHHUV���

Some Advantages of Simplified Models 
0RGHOV� ZLWK� IHZHU� SDUDPHWHUV� IDFLOLWDWH� VHWWLQJ�XS�
LQLWLDO�FRQGLWLRQV��D�NH\�FRQVLGHUDWLRQ� LQ�FRQWUROV�� ,Q�
VLPXODWLRQV�LQWHQGHG�IRU�GHVLJQ��D�ORQJ�³ZDUPLQJ�XS�
SHULRG´� LV�DSSOLHG�� IXUWKHUPRUH��ZKHQ� WKH�PDLQ�JRDO�
LV� WKH� FDOFXODWLRQ� RI� DQQXDO� HQHUJ\� XVH�� LQLWLDO�
FRQGLWLRQV�DUH�UHODWLYHO\�VHFRQGDU\��,Q�FRQWUDVW��VLQFH�
D� FRQWURO�RULHQWHG� PRGHO� LV� LQWHQGHG� WR� SUHGLFW� WKH�
V\VWHP� UHVSRQVH� RYHU� D� VKRUW� WHUP� �H�J��� KRXUV���
SUHFLVHO\� NQRZLQJ� WKH� ³VWDUWLQJ� SRLQW´� SUHFLVHO\� LV�
LPSRUWDQW�� ,Q� DQ� DFWXDO� FRQWURO� LQVWDOODWLRQ�� VHQVRU�
PHDVXUHPHQWV� �H�J��� WHPSHUDWXUHV�� FDQ� EH� XVHG� WR�
HDVLO\�VHW�WKH�LQLWLDO�VWDWHV�RI�D�VLPSOLILHG�PRGHO�DW�WKH�
EHJLQQLQJ�RI�HDFK�SUHGLFWLRQ�KRUL]RQ��

,Q� WKH� FDVH� RI� OLQHDU� PRGHOV�� D� VWUDLJKWIRUZDUG�
ELXQLYRFDO� FRUUHVSRQGHQFH� FDQ� EH� HVWDEOLVKHG�
EHWZHHQ� D� VHW�SRLQW� SURILOH� DQG� D� FRROLQJ�KHDWLQJ�
FXUYH��6LPSOHU�PRGHOV�IDFLOLWDWH�FRGH�GHEXJJLQJ�DQG�
LQWHUSUHWDWLRQ�RI�UHVXOWV��7KH\�DOVR�UHGXFH�WKH�QXPEHU�
RI�FDOFXODWLRQV�UHTXLUHG�E\�RSWLPL]DWLRQ�DOJRULWKPV���

$V� GLVFXVVHG� EHORZ�� VLPSOLILHG� PRGHOV� KDYH� EHHQ�
DSSOLHG� EHIRUH� WR� WKH� VWXG\� RI� DGYDQFHG� EXLOGLQJ�
FRQWUROV�� +RZHYHU�� D� V\VWHPDWLF� PHWKRGRORJ\� WR�
JHQHUDWH�VLPSOLILHG�PRGHOV�IRU�FRQWURO�DSSOLFDWLRQV�LV�
VWLOO�QHHGHG��

/,7(5$785(�5(9,(:�
Building Modelling for Optimal Control 

2SWLPDO�FRQWURO�IRU�EXLOGLQJV�KDV�EHHQ�LQYHVWLJDWHG�DW�
OHDVW� VLQFH� WKH� ����V�� ,W� KDV� RIWHQ� EHHQ� EDVHG� RQ�
VLPSOLILHG� PRGHOV�� 1L]HW� HW� DO�� ������� GHVFULEHG� DQ�
RSWLPDO�FRQWURO�VWUDWHJ\�IRU�DLU�FRQGLWLRQLQJ�EDVHG�RQ�
D� VLPSOH� WKHUPDO� QHWZRUN� DQG� LWV� HTXLYDOHQW� VWDWH�
VSDFH�UHSUHVHQWDWLRQ��$SSURDFKHV�EDVHG�RQ�VLPSOLILHG�

OLQHDU�PRGHOV�ZHUH� IROORZHG� E\�3DDVVHQ� ������� DQG�
9LQRW� �������� %UDXQ� ������� SURSRVHG� DQ� RSWLPDO�
FRQWURO� VWUDWHJ\� IRU�FRROLQJ�� WDNLQJ�DGYDQWDJH�RI� WKH�
EXLOGLQJ� WKHUPDO�PDVV��%UDXQ�XVHG�D�FRPSUHKHQVLYH�
URRP� WUDQVIHU� IXQFWLRQ� WR� PRGHO� WKH� EXLOGLQJ�� DV�
GHYHORSHG�E\�6HHP�HW� DO�� ��������$OVR�� W\SLFDO� ORDG�
SURILOHV�KDYH�EHHQ�XVHG�LQ�RSWLPDO�FRQWURO�IRU�FRROLQJ�
V\VWHPV�ZLWK�LFH�VWRUDJH��+HQ]H�HW�DO�����������

Simple RC Networks and Other Linear Models 

%pQDUG� HW� DO�� ������� XVHG� V\VWHP� LGHQWLILFDWLRQ�
WHFKQLTXHV�WR�FUHDWH�ORZ�RUGHU�5&�PRGHOV��.XPPHUW�
HW� DO�� ������� SURSRVHG� WKH� XVH� RI� VLPSOLILHG� 5&�
WKHUPDO� QHWZRUNV� IRU� VRODU� EXLOGLQJV�� 0DGVHQ� DQG�
+ROVW��������SURSRVHG�D�VHFRQG�RUGHU�5&�FLUFXLW�DQG�
D�VWDWH�VSDFH�UHSUHVHQWDWLRQ�IRU�D�UHVLGHQWLDO�EXLOGLQJ��
$QWRQRSRXORV� DQG�.RURQDNL� ������� LQYHVWLJDWHG� WKH�
FRQFHSW� RI� HIIHFWLYH� WKHUPDO� FDSDFLWDQFH�� D� XVHIXO�
QRWLRQ� IRU�VLPSOLILHG�PRGHOOLQJ��*RXGD�HW�DO�� �������
LQYHVWLJDWHG�KRZ�WR�UHGXFH�WKH�RUGHU�RI�FRPSOH[�5&�
QHWZRUNV� E\� DSSO\LQJ� RSWLPL]DWLRQ� DOJRULWKPV��
)UDLVVH� HW� DO�� ������� LQYHVWLJDWHG� VLPSOH�5&�FLUFXLWV�
IRU� ZDOO� PRGHOV�� :DQJ� DQG� ;X� ������� VWXGLHG� WKH�
LGHQWLILFDWLRQ� RI� D� VLPSOH� 5&� QHWZRUN� IRU� D�
FRPPHUFLDO� EXLOGLQJ�� 5HFHQWO\�� %DFKHU� DQG�0DGVHQ�
������� LQYHVWLJDWHG� DQ� LWHUDWLYH� PHWKRG� IRU� WKH�
GHWHUPLQDWLRQ�RI�5&�PRGHOV���

$OWKRXJK� QRW� VSHFLILFDOO\� IRFXVHG� RQ� FRQWURO�
DSSOLFDWLRQV�� -LPpQH]� HW� DO�� ������� LQYHVWLJDWHG� WKH�
V\VWHP� LGHQWLILFDWLRQ� RI� WLPH�VHULHV� PRGHOV� DQG�
EXLOGLQJ� SDUDPHWHUV�� 2WKHU� VWXGLHV� RQ� VLPSOLILHG�
PRGHOV�LQFOXGH�0XVWDIDUDM�HW�DO����������DQG�%HUWKRX�
HW� DO�� �������� $� UHYLHZ� RQ� VLPSOLILHG� EXLOGLQJ�
PRGHOV�� QRW� QHFHVVDULO\� FRQWURO�RULHQWHG� RQHV�� ZDV�
UHFHQWO\�SXEOLVKHG��.UDPHU�HW�DO�����������

Recent Studies on MPC for buildings 

2YHU� WKH� ODVW� GHFDGH�� QXPHURXV� VWXGLHV� KDYH�
LQYHVWLJDWHG� 03&� IRU� VPDOO� DQG� PLG�VL]H� EXLOGLQJV�
E\� XVLQJ� OLQHDU� PRGHOV� LQ� DQ\� RI� WKHLU� GLIIHUHQW�
IRUPXODWLRQV�� VWDWH�VSDFH� PRGHOV� �.XPPHUW� HW� DO���
������ .LP� DQG� %UDXQ�� ������� VLPSOH� 5&� QHWZRUNV�
�*\DOLVWUDV� DQG� 2SWL&RQWURO� 7HDP�� ������ /HH� DQG�
%UDXQ�� ������ 9HUKHOVW� HW� DO��� ������� WLPH�VHULHV�
�)UHLUH�HW�DO���������'RQDLVN\�HW�DO���������0RURVDQ�HW�
DO����������RU�FRQWLQXRXV�RU�GLVFUHWH�WUDQVIHU�IXQFWLRQV�
�&DQGDQHGR�DQG�$WKLHQLWLV����������

,Q� UHFHQW� \HDUV�� WKH� FRQWURO� HQJLQHHULQJ� FRPPXQLW\�
KDV�VKRZQ�VLJQLILFDQW�LQWHUHVW�RQ�03&�IRU�EXLOGLQJV��
H�J�� 2OGHZXUWHO� HW� DO�� �������� 0D� HW� DO�� ��������
1JKLHP�DQG�3DSSDV���������6LURNê�HW�DO����������DQG�
%DODQ�HW�DO����������DPRQJ�PDQ\�RWKHUV���

7KH�GLUHFW�OLQNLQJ�RI�EXLOGLQJ�VLPXODWLRQ�DQG�FRQWURO�
VRIWZDUH��FR�VLPXODWLRQ��KDV�EHHQ�SURSRVHG�IRU�03&�
LQ�EXLOGLQJV��:HWWHU�DQG�+DYHV��������1JKLHP��������
+RHV�HW�DO����������2WKHU�VWXGLHV�KDYH�SRLQWHG�RXW�WKH�
LPSRUWDQFH� RI� PRGHOOLQJ� IRU� SUHGLFWLYH� FRQWURO�� DQG�
WKH� XVH� RI� VLPSOLILHG� PRGHOV� DV� D� YLDEOH� DOWHUQDWLYH�
�3UtYDUD�HW�DO���������.LP�DQG�%UDXQ����������
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0(7+2'2/2*<�
7KH� SURFHGXUH� SUHVHQWHG� KHUH� IRU� WKH� FUHDWLRQ� RI�
FRQWURO�RULHQWHG� PRGHOV� LV� EDVHG� RQ� WKH� DVVXPSWLRQ�
WKDW� WKH� EXLOGLQJ� EHKDYHV� PDLQO\� DV� FRPSOH[� OLQHDU�
QHWZRUN� WKDW� PD\� EH� DSSUR[LPDWHG� ZLWK� D� VLPSOHU�
OLQHDU� RQH� �%DFKHU� DQG� 0DGVHQ�� ������� 7KH�
PHWKRGRORJ\�FRQVLVWV�RI�WKH�IROORZLQJ�VWHSV���
D� $� GHWDLOHG� PRGHO� LV� FUHDWHG� ZLWK� D� EXLOGLQJ�

VLPXODWLRQ�WRRO��H�J���(QHUJ\3OXV���
E� $� VLPSOLILHG� PRGHO� LV� SURSRVHG�� LQ� ZKLFK� WKH�

EXLOGLQJ� UHVSRQVH� GHSHQGV� RQ� D� IHZ� NH\� LQSXW�
YDULDEOHV�ZLWK�VLJQLILFDQW�LPSDFW��

F� 9LUWXDO�H[SHULPHQWV�DUH� XVHG� WR� VWXG\� WKH�HIIHFW�
RI�WKHVH�LQSXWV�RQ�WKH�EXLOGLQJ���

G� :LWK� WKH� UHVXOWLQJ� LQSXW� DQG� RXWSXW� YHFWRUV��
V\VWHP�LGHQWLILFDWLRQ�WHFKQLTXHV�DUH�XVHG�WR�ILQG�
WKH�SDUDPHWHUV�RI�D�SURSRVHG�5&�VWUXFWXUH���

H� 7KH�5&�FLUFXLW�PRGHO�LV�ZULWWHQ�LQ�D�VWDQGDUGL]HG�
VWDWH�VSDFH�IRUPXODWLRQ��7KH�WHPSHUDWXUHV�RI�WKH�
QRGHV�ZLWK�FDSDFLWDQFHV�DUH�VHOHFWHG�DV�WKH�VWDWH�
YDULDEOHV�WR�IDFLOLWDWH�SK\VLFDO�LQWHUSUHWDWLRQ��

I� 7KH� VLPSOLILHG� PRGHO� SUHGLFWLRQV� DUH� FRPSDUHG�
ZLWK�WKRVH�RI�(QHUJ\3OXV��7KH�XQFHUWDLQW\�RI�WKH�
VLPSOLILHG�PRGHO�SUHGLFWLRQV�LV�WKHQ�DVVHVVHG����

J� 7KH�VLPSOLILHG�PRGHO�LV�YDOLGDWHG�E\�FRPSDULQJ�
LWV� SUHGLFWLRQV� ZLWK� WKH� UHVXOWV� RI� (QHUJ\3OXV�
ZLWK�D�GLIIHUHQW�ZHDWKHU�ILOH���

�
a. Building Simulation Model 

)LJXUH� �� VKRZV� WKH� EXLOGLQJ�PRGHO� XVHG� IRU� V\VWHP�
LGHQWLILFDWLRQ�� 7KLV� ����P�� EXLOGLQJ� LV� VLPXODWHG� LQ�
(QHUJ\3OXV�ZLWK�ILYH�]RQHV��FHQWUDO��QRUWK��HDVW��ZHVW�
DQG� VRXWK��� 6LPLODU� PRGHOV� DUH� FRPPRQO\� XVHG� LQ�
EXLOGLQJ� VLPXODWLRQ� VWXGLHV�� LQFOXGLQJ� UHFHQWO\� RQ�
PRGHOOLQJ� IRU�FRQWUROV� �5DGHFNL�DQG�+HQFH\���������
7KH� LQVXODWLRQ�� VFKHGXOHV� DQG� RWKHU� IHDWXUHV� RI� WKH�
EXLOGLQJ�FRUUHVSRQG�WR�W\SLFDO�RIILFH�EXLOGLQJV��

�
)LJXUH����(��PRGHO�XVHG�IRU�V\VWHP�LGHQWLILFDWLRQ��
 
b. Input and Output Variables 

,Q� WKH� SUHVHQW� VWXG\�� WKH� VHOHFWHG� RXWSXWV� DUH� WKH�
DYHUDJH� RSHUDWLYH� WHPSHUDWXUH� RI� WKH� SHULPHWUDO�
]RQHV� �7RS�SHU�� DQG� WKH� RSHUDWLYH� WHPSHUDWXUH� RI� WKH�
FHQWUDO� ]RQH� �7RS�FHQW��� 7KH� FKRVHQ� LQSXWV� DUH�� VRODU�
JDLQV� �T6*��� VHQVLEOH� LQWHUQDO� JDLQV� �T,*��� RXWGRRU�
WHPSHUDWXUH� �7H[W��� KHDWLQJ� SRZHU� �TK�� DQG� VHQVLEOH�
FRROLQJ� SRZHU� �TF��� )RU� WKH� ]RQH� PRGHOV�� WKH� PHDQ�
WHPSHUDWXUH� RI� DGMDFHQW� ]RQHV� �7DGM�L�� LV� DOVR� XVHG��
&RROLQJ�SRZHU�LV�QRW�FRQVLGHUHG�LQ�WKH�FXUUHQW�SDSHU���
)LJXUH���VKRZV�WKH�LQSXW�DQG�RXWSXW�YDULDEOHV�XVHG��
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(YLGHQWO\��RWKHU�IDFWRUV�KDYH�DQ�LPSDFW�RQ�WKH�LQGRRU�
WHPSHUDWXUH�� H�J��� LQIUDUHG� KHDW� ORVV� WR� WKH� VN\��
JURXQG� WHPSHUDWXUH�� VRODU� UDGLDWLRQ� RQ� H[WHULRU�
VXUIDFHV�DQG�ZLQG�VSHHG��7KH\�DUH�QRW�XVHG�DV�LQSXWV�
VLQFH�WKH\�DUH�HLWKHU��D��VWURQJO\�FRUUHODWHG�ZLWK�RWKHU�
YDULDEOHV���E��FDQ�EH�HDVLO\�DFFRXQWHG�IRU��LI�UHTXLUHG��
DV� D� WHPSHUDWXUH� RIIVHW� �WKH� FDVH� RI� JURXQG�
WHPSHUDWXUH��� �F�� RU� FDQ� EH� LQFOXGHG� DV� SDUW� RI� WKH�
QRLVH�� )XUWKHUPRUH�� FKRRVLQJ� D� IHZ� UHOHYDQW� DQG�
HDVLO\� PHDVXUDEOH� YDULDEOHV�� ZKLOH� TXDQWLI\LQJ�
XQFHUWDLQW\�� PDNHV� WKH� PRGHO� PRUH� IOH[LEOH� DQG�
SUDFWLFDO�IRU�FRQWURO�DSSOLFDWLRQV�� 

c. Virtual Experiments�

7KH�PRGHO� FUHDWHG� ZLWK� (QHUJ\3OXV� FDQ� EH� XVHG� WR�
UXQ� ³YLUWXDO� H[SHULPHQWV´� WKDW� SURYLGH� VLJQLILFDQW�
LQVLJKW�RQ� WKH� WKHUPDO�G\QDPLFV�RI� WKH�EXLOGLQJ�DQG�
WKH�HIIHFW�RI�WKH�LQSXW�YDULDEOHV���

:KLOH� LW� LV� SRVVLEOH� WR� VWXG\� WKH� EXLOGLQJ� UHVSRQVH�
ZLWK�VHYHUDO�LQSXWV�DFWLQJ�VLPXOWDQHRXVO\��LW�LV�XVHIXO�
WR�FRQVLGHU�WKH�LQGHSHQGHQW�HIIHFW�RI�HDFK�LQSXW��7KLV�
FDQ� HDVLO\� EH� GRQH� LQ� D� VLPXODWLRQ� WRRO� E\� ³WXUQLQJ�
RII´� RWKHU� LQSXWV�� )RU� H[DPSOH�� WR� GHWHUPLQH� WKH�
HIIHFW� GXH� WR� VRODU� JDLQV�� WKH� WHPSHUDWXUH� LQ� WKH�
ZHDWKHU� ILOH� LV� VHW� WR� D� FRQVWDQW� �� �&�� LQWHUQDO� KHDW�
JDLQV� DUH� VHW� WR� ]HUR� DQG� WKH� +9$&� HTXLSPHQW� LV�
WXUQHG�RII��$IWHU�UXQQLQJ�WKH�(QHUJ\3OXV�VLPXODWLRQ��
WKH�UHVXOWV�EHFRPH�DYDLODEOH�DV�YHFWRUV�RI�LQSXWV�DQG�
RXWSXWV�� )LJXUH� �� VKRZV� D� SORW� RI� WKH� LQSXW� �VRODU�
JDLQV�� DQG�RXWSXWV�RI� LQWHUHVW�� �L�� WKH� DYHUDJH�RI� WKH�
RSHUDWLYH�WHPSHUDWXUHV�LQ�WKH�SHULPHWHU�]RQHV��7RS�SHU��
DQG��LL��WKH�RSHUDWLYH�WHPSHUDWXUH�RI�WKH�FHQWUDO�]RQH�
�7RS�FHQW���7KH�HIIHFW�RI�VHYHUDO�LQSXWV�FDQ�EH�REWDLQHG�
E\�VXSHUSRVLWLRQ��
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)LJXUH����6RODU�JDLQV�IRUFLQJ�IXQFWLRQ��LQSXW��DQG�

FRUUHVSRQGLQJ�UHVSRQVH��RXWSXW���

,Q� WKLV� VWXG\�� WKH� RSHUDWLYH� WHPSHUDWXUH� UHVSRQVH� RI�
WKH� EXLOGLQJ� XQGHU� IUHH� IORDWLQJ� FRQGLWLRQV� �ZLWKRXW�
KHDWLQJ�� LV� XVHG� DV� WKH� PDLQ� FULWHULRQ� IRU� V\VWHP�
LGHQWLILFDWLRQ���
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d. System Identification 

2QFH� WKH� YHFWRUV� RI� LQSXWV� DQG� RXWSXW� YDOXHV� DUH�
FROOHFWHG�� D� V\VWHP� LGHQWLILFDWLRQ� SURFHGXUH� LV�
DSSOLHG�� $� WKLUG�RUGHU� WKHUPDO� QHWZRUN� VWUXFWXUH� LV�
SURSRVHG� �)LJXUH� ���� $OWKRXJK� D� GDWD�GULYHQ� VHW� RI�
WUDQVIHU�IXQFWLRQV�RU�D�³EODFN�ER[´�VWDWH�VSDFH�PRGHO�
ZRXOG� EH� VXIILFLHQW� IRU� WKH�PDWKHPDWLFDO� RSHUDWLRQV�
XVHG� LQ� FRQWUROV�� 5&� FLUFXLWV� IDFLOLWDWH� WKH� SK\VLFDO�
LQWHUSUHWDWLRQ� RI� WKH� UHVXOWV�� 1HYHUWKHOHVV�� RQH� PXVW�
NHHS�LQ�PLQG�WKDW�UDWKHU�WKDQ�³H[DFW´�SDUDPHWHUV��WKH�
5� DQG� &� YDOXHV� PD\� EH� FRQVLGHUHG� ³HTXLYDOHQW´� RU�
³HIIHFWLYH´�QXPEHUV��
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,Q� )LJXUH� ��� &�� VWDQGV� IRU� WKH� HTXLYDOHQW� WKHUPDO�
FDSDFLWDQFH� RI� WKH� EXLOGLQJ� HQYHORSH�� &�� UHSUHVHQWV�
WKH�HTXLYDOHQW�WKHUPDO�FDSDFLWDQFHV�RI�WKH�SHULPHWUDO�
]RQHV�� DQG�&�� LV� WKH� HTXLYDOHQW� WKHUPDO� FDSDFLWDQFH�
RI� WKH�FHQWUDO� ]RQH��7�� DQG�7�� UHVSHFWLYHO\� UHSUHVHQW�
WKH� RSHUDWLYH� WHPSHUDWXUHV� RI� WKH� SHULPHWUDO� DQG�
FHQWUDO� ]RQHV�� 6RODU� JDLQV� DUH� UHFHLYHG� E\� WKH�
SHULPHWUDO�]RQHV��QRGH�����1RGH���DOVR�UHFHLYHV�����
RI�WKH�LQWHUQDO�JDLQV�DQG�KHDWLQJ�SRZHU��ZKLOH�����LV�
UHFHLYHG� E\� QRGH� ��� 7KHVH� SHUFHQWDJHV� DUH� DQ�
DSSUR[LPDWLRQ� EDVHG� RQ� WKH� ]RQH� IORRU� DUHD�� RWKHU�
VSOLWV� DUH� SRVVLEOH�� 7KH� RXWGRRU� WHPSHUDWXUH� LV�
FRQQHFWHG� WR� WKH� OXPSHG�FDSDFLWDQFH�RI� WKH�EXLOGLQJ�
HQYHORSH��QRGH����WKURXJK�5��H[W�� LW� LV�DOVR�FRQQHFWHG�
WR� QRGH� �� WKURXJK� HOHPHQWV� ZLWK� QHJOLJLEOH� WKHUPDO�
PDVV� �ZLQGRZV��GRRUV��DQG� WKH�HIIHFW�RI� LQILOWUDWLRQ��
ERWK� UHSUHVHQWHG� ZLWK�5��H[W�� 7KH� HTXLYDOHQW� WKHUPDO�
UHVLVWDQFHV�EHWZHHQ�QRGHV�DUH�5����DQG�5�����

7KH�FLUFXLW�LQ�)LJXUH���VKRXOG�QRW�EH�XQGHUVWRRG�DV�D�
SHUIHFW� UHSUHVHQWDWLRQ� RI� ILUVW� SULQFLSOHV�� EXW� DV� D�
FRPSURPLVH�EHWZHHQ�VLPSOLFLW\�DQG�WKH�SUHVHUYDWLRQ�
RI�SK\VLFDO�VHQVH��0RUH�GHWDLOV�FRXOG�EH�DGGHG�WR�WKH�
PRGHO�GHSHQGLQJ�RQ�WKH�QHHGV�RI�WKH�XVHU���

/HW� WKH� ³PHDVXUHG´� RXWSXWV� IURP� (QHUJ\3OXV� EH� y��
�RSHUDWLYH� WHPSHUDWXUH� RI� QRGH� ��� DQG�y�� �RSHUDWLYH�
WHPSHUDWXUH�RI�QRGH�����ZKHUH�WKH�EROG�IRQW�LQGLFDWHV�
D�YHFWRU�RI�YDOXHV��7KH�RXWSXWV�RI�WKH�5&�FLUFXLW�DUH�
UHSUHVHQWHG�ZLWK�D�FLUFXPIOH[�DFFHQW��^���7R�ILQG�WKH�
5&� SDUDPHWHUV�� WKH� RXWSXWV� RI� WKH� VLPSOLILHG� 5&�
FLUFXLW� DQG� WKH� (QHUJ\3OXV� PRGHOV� DUH� FRPSDUHG��
&RQVLGHULQJ�T�RXWSXW�YDULDEOHV��WKH�REMHFWLYH�IXQFWLRQ�
LV�GHILQHG�LQ�WKLV�SDSHU�DV���
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7KH� REMHFWLYH� IXQFWLRQ� RI� HTXDWLRQ� ���� PD\� EH�
PRGLILHG�WR�HPSKDVL]H�WKH�ILWWLQJ�DW�VSHFLILF�WLPHV�RI�
WKH�\HDU�� WR�DWWULEXWH�PRUH�ZHLJKW�WR�VRPH�LQSXWV��RU�
WR� DFFRXQW� IRU� WKH� UHVSRQVH� DW� VSHFLILF� IUHTXHQFLHV�
�H�J�� GDLO\� F\FOHV� RU� VWHDG\� VWDWH��� 7KH� UHVXOWLQJ�
RSWLPL]DWLRQ�SUREOHP�PD\�EH�VROYHG�E\�DQ\�VXLWDEOH�
PHWKRG��,Q�WKLV�FDVH��D�FRPPHUFLDO�VRIWZDUH�SDFNDJH��
0$7/$%� 2SWLPL]DWLRQ� 7RROER[70�� ZDV� XVHG�
�0DWKZRUNV����������

e. Canonical State-Space Representation 

6WDWH�VSDFH� UHSUHVHQWDWLRQV�� ZKLFK� GHVFULEH� V\VWHPV�
RI�OLQHDU�GLIIHUHQWLDO�HTXDWLRQV�LQ�D�FRPSDFW�PDQQHU��
DUH� RIWHQ� XVHG� LQ� FRQWURO� DSSOLFDWLRQV�� 7KH\� KDYH�
EHHQ�XVHG�LQ�EXLOGLQJ�PRGHOOLQJ��0DGVHQ�DQG�+ROVW��
������ $� VWDWH�VSDFH� PRGHO� FRQVLVWV� RI� D� VHW� RI� WZR�
PDWUL[�HTXDWLRQV�ZULWWHQ� LQ� WHUPV�RI� WKUHH�YHFWRUV��D�
VWDWH�YHFWRU�x ZLWK�Q�HOHPHQWV��DQ�LQSXW�YHFWRU�u ZLWK�
S�HOHPHQWV��DQG�DQ�RXWSXW�YHFWRU�y ZLWK�T�HOHPHQWV��
7KHVH�YHFWRUV�DUH�OLQNHG�E\�IRXU�PDWULFHV��A��Q�î�Q���
B��Q�î�S���C��T�î�Q��DQG�D��T�î�S����
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QHWZRUNV� LW� LV� FRQYHQLHQW� WR�XVH� WKH� WHPSHUDWXUHV� RI�
WKH� QRGHV� ZLWK� WKHUPDO� FDSDFLWDQFHV�� 6XFK� D� VWDWH�
VSDFH� IRUPXODWLRQ�� HTXLYDOHQW� WR� WKH� ZHOO�NQRZQ�
ILQLWH�GLIIHUHQFH�PHWKRG��IDFLOLWDWHV�WKH�PDWKHPDWLFDO�
WUHDWPHQW�RI�WKH�SUREOHP���
$� WKLUG�RUGHU�PRGHO�� VXFK�DV� WKH�RQH� LQ�)LJXUH���� LV�
GHILQHG�E\�WKUHH�VWDWH�YDULDEOHV��:LWK�WKLV�VWDWH�VSDFH�
IRUPXODWLRQ�� LQLWLDO� FRQGLWLRQV� FDQ� EH� HDVLO\� VHW�XS�
VLQFH� WKH\�DUH�HTXDO�WR�WKH�QRGDO� WHPSHUDWXUHV�DW� WKH�
EHJLQQLQJ� RI� WKH� VLPXODWLRQ�� 7KH� VWDWH�� LQSXW� DQG�
RXWSXW�YHFWRUV�DUH��
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7KH�PDWULFHV�A� DQG�B� FDQ� EH� IRXQG� E\�ZULWLQJ� WKH�
HQHUJ\�EDODQFH�GLIIHUHQWLDO�HTXDWLRQV�IRU�HDFK�QRGH�LQ�

Proceedings of BS2013: 
13th Conference of International Building Performance Simulation Association, Chambéry, France, August 26-28

- 3685 -



WHUPV� RI� WKHUPDO� FRQGXFWDQFH� �8��� )RU� H[DPSOH��
FRQVLGHULQJ�WKH�HQHUJ\�EDODQFH�LQ�QRGH����
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7KH� PDWULFHV� C� DQG� D� GHSHQG� RQ� WKH� RXWSXWV� RI�
LQWHUHVW��,Q�WKLV�FDVH��WKH�RXWSXWV�DUH�7��DQG�7���HTXDO�
WR�VWDWHV���DQG�����DQG�WKHUH�LV�QR�GLUHFW�LPSDFW�IURP�
WKH�LQSXW�YDULDEOHV�RQ�WKH�RXWSXWV���
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)RU� WKH�JHQHUDO�FDVH�RI�5&�WKHUPDO�QHWZRUNV�ZKRVH�
VWDWHV� DUH� WKH� WHPSHUDWXUHV� RI� QRGHV� ZLWK�
FDSDFLWDQFHV��WKH�PDWUL[�$�LV�JLYHQ�E\��
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PDWUL[�� VLQFH� LW� RQO\� KDV� QRQ�]HUR� HOHPHQWV� LQ� LWV�
PDLQ� GLDJRQDO�� ZKLFK� DOVR� PHDQV� WKDW� LW� LV� DOZD\V�
LQYHUWLEOH��7KH�LQYHUVH�RI�D�GLDJRQDO�PDWUL[�LV� IRXQG�
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7KH� VWDWH� PDWUL[� A� GHILQHG� LQ� HTXDWLRQ� ����� KDV� D�
XVHIXO� SURSHUW\� IRU� VLPXODWLRQV�� LWV� PDLQ� GLDJRQDO�
GHILQHV� WKH� WLPH� FRQVWDQWV� DVVRFLDWHG� ZLWK� HDFK�
FDSDFLWDQFH�� DQG� WKXV� WKH� FULWLFDO� WLPH� VWHS� RI� WKH�
V\VWHP��7KH�HOHPHQWV�RI�WKH�PDLQ�GLDJRQDO�DUH��
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ZKHUH� WKH� PDWUL[ S� LV� D� ³VRXUFH� PDWUL[´�� (DFK�
HOHPHQW�VL�M�GHVFULEHV�WKH�HIIHFW�RI�D�VRXUFH�M�DFWLQJ�RQ�
D�QRGH� L��)RU�D�KHDW�VRXUFH�� WKH�HOHPHQW��L�� M��RI� WKH�
PDWUL[�LV�JLYHQ�E\��
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ZKHUH�ĮL�M� LV� WKH� IUDFWLRQ�RI� WKH�VRXUFH� M�DEVRUEHG�E\�
QRGH�L��)RU�D�WHPSHUDWXUH�VRXUFH�M�OLQNHG�WR�WKH�QRGH�
L�ZLWK�D�FRQGXFWDQFH��WKH�HOHPHQW��L��M��LV�JLYHQ�E\��
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7KH�PDWULFHV�C� DQG�D�ZLOO�EH�FKRVHQ�GHSHQGLQJ�RQ�
ZKLFK�RXWSXWV�WKH�XVHU�LV�LQWHUHVWHG�DERXW���

f. Comparison and Uncertainty Estimation 

2QFH�WKH�5�DQG�&�YDOXHV�DUH�GHWHUPLQHG��D�VWDWLVWLFDO�
FRPSDULVRQ� RI� WKH� RXWSXWV� RI� WKH� PRGHO� DQG� WKH�
GHWDLOHG�VLPXODWLRQ�LV�SHUIRUPHG��6XFK�D�FRPSDULVRQ�
JLYHV� DQ� LGHD� RI� WKH� VLPSOLILHG� PRGHO� XQFHUWDLQW\��
VLQFH� D� WUXH� XQFHUWDLQW\� DVVHVVPHQW� LPSOLHV� D�
FRPSDULVRQ�ZLWK�WKH�UHDO�EXLOGLQJ�UHVSRQVH����

g. Validation 

)LQDOO\�� WKH� SHUIRUPDQFH� RI� WKH� VLPSOLILHG� PRGHO� LV�
WHVWHG�ZLWK�D�GLIIHUHQW�GDWD�VHW��7KLV�FDQ�EH�GRQH�E\�
UXQQLQJ� DQ� (QHUJ\3OXV� VLPXODWLRQ� ZLWK� D� GLIIHUHQW�
ZHDWKHU� ILOH��DQG�FRPSDULQJ� LWV� UHVXOWV�ZLWK� WKRVH�RI�
WKH�VLPSOLILHG�PRGHO��
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5(68/76�
7DEOH� �� VKRZV� WKH� 5&� YDOXHV� SURYLGLQJ� WKH� EHVW�
DJUHHPHQW� ZLWK� WKH� UHVXOWV� RI� DQ� (QHUJ\3OXV�
VLPXODWLRQ��WUDLQLQJ�GDWD��0RQWUHDO�ZHDWKHU�ILOH����

7DEOH����3DUDPHWHU�YDOXHV�IRU�VLPSOLILHG�PRGHO��
Capacitances (kJ/K) Resistances (K/kW) 
&�� ������î����� 5��H[W� ������î������
&�� ������î����� 5���� ������
&�� ������î����� 5���� ������
� 5��H[W� ������

9DOXDEOH� LQVLJKW� PD\� EH� JDLQHG� IURP� WKHVH� YDOXHV��
7KH� HIIHFWLYH� FDSDFLWDQFH� RI� QRGH� �� LV� RQO\� ����RI�
WKDW� RI� QRGH����ZKLFK� LQGLFDWHV� WKDW� WKH� WHPSHUDWXUH�
RI�FHQWUDO�]RQH�FKDQJHV�PRUH�VORZO\�WKDQ�WKDW�RI�WKH�
SHULPHWUDO� ]RQHV�� 7KH� UHVLVWDQFH�5��H[W� �LQILOWUDWLRQ� ��
ZLQGRZV�� LV�DOVR�DERXW�RQH�TXDUWHU�RI� WKH� UHVLVWDQFH�
RI�WKH�RSDTXH�SDUWV�RI�WKH�EXLOGLQJ�HQYHORSH��

7KH�IUHH�IORDWLQJ�UHVSRQVHV��L�H���ZLWKRXW�KHDWLQJ��IRU�
7RS�SHU��7���RI�WKH�(QHUJ\3OXV�DQG�5&�PRGHOV��XVLQJ�D�
0RQWUHDO�ZHDWKHU�ILOH��DUH�VKRZQ�EHORZ�LQ�)LJXUH����
,Q�JHQHUDO��WKHUH�LV�JRRG�DJUHHPHQW�EHWZHHQ�WKHP���
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)LJXUH���FRPSDUHV�WKH�GDLO\�KHDWLQJ�HQHUJ\�IRXQG�E\�
(QHUJ\3OXV� DQG� WKH� 5&� FLUFXLW� IRU� D� IHZ� GD\V� LQ�
-DQXDU\� �0RQWUpDO� ZHDWKHU� ILOH��� ZLWK� DQ� RSHUDWLYH�
WHPSHUDWXUH�VHW�SRLQW�RI�����&��,W�ZDV�IRXQG�WKDW�WKH�
HUURU� RI� GDLO\� KHDWLQJ� QHHGV� KDV� D� PHDQ� YDOXH� RI�
QHDUO\� ���� DQG� D� URRW� PHDQ� VTXDUH� HUURU� GHYLDWLRQ�
�506'�� RI� ���� 7KLV� LQIRUPDWLRQ� FRXOG� EH� XVHG� WR�
PRGHO�WKH�HUURU�DV�D�UDQGRP�YDULDEOH�KDYLQJ�D�QRUPDO�
SUREDELOLW\�GLVWULEXWLRQ�ZLWK�ȝ�§���DQG�ı�§�����(UURU�
EDUV�IRU�WKLV�XQFHUWDLQW\�PDUJLQ�DUH�DOVR�VKRZQ���
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)LJXUH����'DLO\�KHDWLQJ�HQHUJ\�ZLWK�(QHUJ\3OXV�DQG�
VLPSOLILHG�5&�FLUFXLW��WUDLQLQJ�GDWD�VHW��0RQWUpDO���

�
$�YDOLGDWLRQ�H[HUFLVH�ZDV�FDUULHG�RXW�ZLWK�D�GLIIHUHQW�
ZHDWKHU� ILOH� �2WWDZD�� &DQDGD��� 7KH� IUHH� IORDWLQJ�
UHVSRQVHV�LQ�WKLV�FDVH�DUH�VKRZQ�LQ�)LJXUH����
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RI�SHULPHWUDO�]RQHV��(QHUJ\3OXV��DQG�7���5&���

)LJXUH���VKRZV�JRRG�DJUHHPHQW�EHWZHHQ� WKH�KHDWLQJ�
HQHUJ\� QHHGV� SUHGLFWHG� IRU� WKH� 2WWDZD� ZHDWKHU�� DV�
FDOFXODWHG�ZLWK�(QHUJ\3OXV�DQG�WKH�5&�FLUFXLW���
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�
)LJXUH����'DLO\�KHDWLQJ�HQHUJ\�ZLWK�(QHUJ\3OXV�DQG�
VLPSOLILHG�5&�FLUFXLW��YDOLGDWLRQ�GDWD�VHW��2WWDZD���

),1$/�5(0$5.6�
7KLV� SDSHU� KDV� SUHVHQWHG� DQ� H[DPSOH� RI� D� FRQWURO�
RULHQWHG� VLPSOLILHG� PRGHOLQJ� VWUDWHJ\� �&26026���
7KLV�VWUDWHJ\��GHYHORSHG�LQ�WKH�FRQWH[W�RI�D�ORQJ�WHUP�
03&� UHVHDUFK� SURMHFW�� SURSRVHV�� �L�� XVLQJ� ³JUH\�
ER[´�� WKHUPDO� QHWZRUN� PRGHOV�� �LL�� GHWHUPLQLQJ�
HTXLYDOHQW� �UDWKHU� WKDQ� VWULFWO\� SK\VLFDO�� SDUDPHWHUV��
�LLL��ILQGLQJ�WKHVH�SDUDPHWHUV�WKURXJK�DQ�RSWLPL]DWLRQ�
URXWLQH�� �LY�� XVLQJ� D� VWDQGDUGL]HG� VWDWH�VSDFH�
UHSUHVHQWDWLRQ��DV�D� OLQN�EHWZHHQ�EXLOGLQJ�PRGHOOLQJ�
DQG� FRQWURO� HQJLQHHULQJ�� �Y�� HVWLPDWLQJ� XQFHUWDLQW\��
7KLV� PHWKRGRORJ\� PD\� EH� HDVLO\� LPSOHPHQWHG� LQ�
EXLOGLQJ� VLPXODWLRQ� WRROV� WR� DXWRPDWLFDOO\� JHQHUDWH�
VLPSOLILHG� PRGHOV�� :KLOH� DQDO\WLFDO� PDWKHPDWLFDO�
RUGHU�UHGXFWLRQ� WHFKQLTXHV� PD\� EH� XVHG� WR� GHULYH�
VLPSOHU� PRGHOV� IURP� FRPSOH[� QHWZRUNV�� QXPHULFDO�
RSWLPL]DWLRQ�VXIILFHV�WR�DFFRPSOLVK�WKLV�WDVN���

7KH� 5&� WKHUPDO� FLUFXLW� SUHVHQWHG� LQ� WKLV� SDSHU� LV�
LQWHQGHG�WR�LOOXVWUDWH�WKH�PHWKRGRORJ\��7KH�OD\RXW�RI�
WKH� FLUFXLW� LV�� RI� FRXUVH�� QRW� IL[HG�� WKH� QXPEHU� RI�
QRGHV�DQG�WKHLU�DUUDQJHPHQW�PD\�YDU\�GHSHQGLQJ�RQ�
WKH� UHTXLUHPHQWV� RI� WKH� FRQWURO� VWUDWHJ\� DQG� RWKHU�
IDFWRUV� �H�J��� WLPH�VFDOH��HQHUJ\�VWRUDJH�GHYLFH���7KH�
XVH�RI� VLPSOH�� SDUWLDOO\�GDWD�GULYHQ�PRGHOV�GRHV�QRW�
LPSO\� VDFULILFLQJ� LQVLJKW�� RQ� WKH� FRQWUDU\�� WKHVH�
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PRGHOV�VKRXOG�EH�EDVHG�RQ�D�VRXQG�XQGHUVWDQGLQJ�RI�
WKH�SK\VLFV�RI�WKH�SUREOHP�EHLQJ�VWXGLHG���

$� ORZ�RUGHU� OLQHDU� QHWZRUN� LQ� ZKLFK� HDFK� RI� WKH�
VWDWHV�DQG�SDUDPHWHUV�KDV�D�SK\VLFDO� LQWHUSUHWDWLRQ� LV�
QRW� DQ� DEVROXWH� UHTXLUHPHQW�� EXW� LW� GRHV� RIIHU� VRPH�
DGYDQWDJHV��)RU� H[DPSOH�� KDYLQJ� D� VPDOO� QXPEHU�RI�
SK\VLFDOO\�PHDQLQJIXO� VWDWH� YDULDEOHV� IDFLOLWDWHV� WKH�
WDVN� RI� VHWWLQJ�XS� WKH� LQLWLDO� VWDWH� YHFWRU� �xR�� DW� WKH�
EHJLQQLQJ�RI�HDFK�SUHGLFWLRQ�KRUL]RQ��E\�PDNLQJ�XVH�
RI�VHQVRU�PHDVXUHPHQWV��

)XUWKHU� UHVHDUFK� LV� QHHGHG� RQ� VLPSOLILHG�PRGHOV� IRU�
EXLOGLQJ� FRQWURO� DSSOLFDWLRQV�� %XLOGLQJ� VLPXODWLRQ�
WRROV�FDQ�FHUWDLQO\�SOD\�DQ�HVVHQWLDO�UROH�LQ�WKLV�HIIRUW��
7KH�SRWHQWLDO� IRU� VFDODELOLW\� RI� WKLV�PHWKRG� LV�ZRUWK�
H[SORULQJ��H�J���LW�PD\�EH�XVHG�IRU�ORDG�SUHGLFWLRQ�RI�
EXLOGLQJ� FOXVWHUV� RU� FRPPXQLWLHV� RU� IRU� PRGHOOLQJ�
SDUWV� RI� D� EXLOGLQJ� �]RQDO� PRGHOV��� $OVR�� VWDWLVWLFDO�
DQDO\VLV� RI� ODUJH� GDWDEDVHV� RI� EXLOGLQJ� VLPXODWLRQ�
PRGHOV� PD\� DOORZ� WKH� LGHQWLILFDWLRQ� RI� DUFKHW\SLFDO�
WKHUPDO� QHWZRUNV�� DQG� GHWHUPLQH� FRUUHODWLRQV�
EHWZHHQ� WKH� EXLOGLQJ� JHRPHWU\� DQG� PDWHULDO�
SURSHUWLHV�DQG�WKH�FRUUHVSRQGLQJ�5&�SDUDPHWHUV���

$&.12:/('*(0(176�
7KH� ILQDQFLDO� VXSSRUW� RI� 15&DQ� WKURXJK� WKH�
(FR(1(5*<� ,QQRYDWLRQ� ,QLWLDWLYH� �HFR(,,�� LV�
JUDWHIXOO\� DFNQRZOHGJHG�� 7KH� DXWKRUV� ZRXOG� OLNH� WR�
WKDQN� -DFTXHV� 0DUWHO� DQG� -XVWLQ� 7DPDVDXVNDV� IRU�
WKHLU�YDOXDEOH�FRPPHQWV��

5()(5(1&(6�
$QWRQRSRXORV�� .�� $�� DQG� .RURQDNL�� (�� ������

$SSDUHQW� DQG� HIIHFWLYH� WKHUPDO� FDSDFLWDQFH�
RI�EXLOGLQJV��(QHUJ\�����������������

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

%DODQ�� 5��� &RRSHU�� -��� &KDR�� .��0��� 6WDQ�� 6�� DQG�
'RQFD�� 5�� ������ 3DUDPHWHU� LGHQWLILFDWLRQ�
DQG� PRGHO� EDVHG� SUHGLFWLYH� FRQWURO� RI�
WHPSHUDWXUH� LQVLGH� D� KRXVH�� (QHUJ\� DQG�
%XLOGLQJV��

%pQDUG��&���*XHUULHU��%�� DQG�5RVVHW�/RXsUDW��0��0��
������ 2SWLPDO� EXLOGLQJ� HQHUJ\�
PDQDJHPHQW�� 3DUW� ��� 0RGHOLQJ�� -RXUQDO� RI�
6RODU�(QHUJ\�(QJLQHHULQJ���������������

%HUWKRX��7���6WDEDW��3���6DOYD]HW��5��DQG�0DUFKLR��'��
������ &RPSDUDLVRQ� GH� PRGqOHV� OLQpDLUHV�
LQYHUVHV�SRXU� OD�PLVH�HQ�SODFH�GH�VWUDWpJLHV�
G¶HIIDFHPHQW�� ;;;H� 5HQFRQWUH� $8*&�
,%36$�&KDPEpU\��6DYRLH��

%UDXQ�� -�� (�� ������ 5HGXFLQJ� HQHUJ\� FRVWV� DQG� SHDN�
HOHFWULFDO�GHPDQG�WKURXJK�RSWLPDO�FRQWURO�RI�
EXLOGLQJ� WKHUPDO� VWRUDJH�� $6+5$(�
7UDQVDFWLRQV�����������������

&DPDFKR�� (�� DQG� %RUGRQV�� &�� ������ 0RGHO�
3UHGLFWLYH�&RQWURO��/RQGRQ��8.��6SULQJHU��

&DQGDQHGR�� -��� 'HKNRUGL�� 9�� 5�� DQG� 6W\OLDQRX�� 0��
������ 0RGHO�EDVHG� SUHGLFWLYH� FRQWURO� RI� D�
EXLOGLQJ�FRROLQJ�V\VWHP�ZLWK�DQ� LFH�VWRUDJH�
GHYLFH�� -RXUQDO� RI� $SSOLHG� (QHUJ\��
6XEPLWWHG��

&DQGDQHGR�� -�� $�� DQG� $WKLHQLWLV�� $�� .�� 6LPSOLILHG�
OLQHDU� PRGHOV� IRU� SUHGLFWLYH� FRQWURO� RI�
DGYDQFHG� VRODU� KRPHV� ZLWK� SDVVLYH� DQG�
DFWLYH� WKHUPDO� VWRUDJH�� � )LUVW� +LJK�
3HUIRUPDQFH�%XLOGLQJ�&RQIHUHQFH�� -XO\����
��������3XUGXH�8QLYHUVLW\��,QGLDQD��

&LJOHU�� -��� 7RPDVNR�� 3�� DQG� 6LURNê�� -�� ������
%XLOGLQJ/DE��D� WRRO� WR�DQDO\]H�SHUIRUPDQFH�
RI� PRGHO� SUHGLFWLYH� FRQWUROOHUV� IRU�
EXLOGLQJV��(QHUJ\�DQG�%XLOGLQJV��

'RQDLVN\�� (��� 2OLYHLUD�� *�� +�� &��� )UHLUH�� 5�� =�� DQG�
0HQGHV�� 1�� 309�EDVHG� SUHGLFWLYH�
DOJRULWKPV� IRU� FRQWUROOLQJ� WKHUPDO� FRPIRUW�
LQ�EXLOGLQJ�SODQWV�� ���WK� ,(((�,QWHUQDWLRQDO�
&RQIHUHQFH� RQ� &RQWURO� $SSOLFDWLRQV�� �����
6LQJDSRUH������2FWREHU�������

)UDLVVH��*���9LDUGRW��&���/DIDEULH��2��DQG�$FKDUG��*��
������ 'HYHORSPHQW� RI� D� VLPSOLILHG� DQG�
DFFXUDWH� EXLOGLQJ�PRGHO� EDVHG�RQ� HOHFWULFDO�
DQDORJ\�� (QHUJ\� DQG� EXLOGLQJV��
������������������

)UHLUH�� 5�� =��� 2OLYHLUD�� *�� +�� &�� DQG� 0HQGHV�� 1��
������ 3UHGLFWLYH� FRQWUROOHUV� IRU� WKHUPDO�
FRPIRUW� RSWLPL]DWLRQ� DQG� HQHUJ\� VDYLQJV��
(QHUJ\�DQG�%XLOGLQJV����������������

*RXGD�� 0�� 0��� 'DQDKHU�� 6�� DQG� 8QGHUZRRG�� &�� 3��
������ %XLOGLQJ� WKHUPDO� PRGHO� UHGXFWLRQ�
XVLQJ� QRQOLQHDU� FRQVWUDLQHG� RSWLPL]DWLRQ��
%XLOGLQJ�DQG�(QYLURQPHQW����������������

*\DOLVWUDV�� '�� DQG� 2SWLFRQWURO� 7HDP� ������ )LQDO�
5HSRUW�� 8VH� RI� :HDWKHU� DQG� 2FFXSDQF\�
)RUHFDVWV� IRU� 2SWLPDO� %XLOGLQJ� &OLPDWH�
&RQWURO� �2SWL&RQWURO��� =�ULFK�� 6ZLW]HUODQG��
(7+�=�ULFK��

+HQ]H�� *�� 3��� 'RGLHU�� 5�� +�� DQG� .UDUWL�� 0�� ������
'HYHORSPHQW� RI� D� SUHGLFWLYH� RSWLPDO�
FRQWUROOHU� IRU� WKHUPDO� HQHUJ\� VWRUDJH�
V\VWHPV��,QWHUQDWLRQDO�-RXUQDO�RI�+9$&	5�
5HVHDUFK����������������

+RHV�� 3��� /RRQHQ�� 5�� &�� *�� 0��� 7UFND�� 0�� DQG�
+HQVHQ�� -��������3HUIRUPDQFH�SUHGLFWLRQ�RI�
DGYDQFHG� EXLOGLQJ� FRQWUROV� LQ� WKH� GHVLJQ�
SKDVH�XVLQJ�(63�U��%&97%�DQG�0$7/$%��
%62��� �,%36$�(QJODQG��� /RXJKERURXJK��
8.��

-LPpQH]�� 0��� 0DGVHQ�� +�� DQG� $QGHUVHQ�� .�� ������
,GHQWLILFDWLRQ� RI� WKH� PDLQ� WKHUPDO�
FKDUDFWHULVWLFV�RI�EXLOGLQJ�FRPSRQHQWV�XVLQJ�
0$7/$%�� %XLOGLQJ� DQG� (QYLURQPHQW��
���������������
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.LP�� '�� DQG� %UDXQ�� -�� (�� ������ 5HGXFHG�RUGHU�
EXLOGLQJ�PRGHOLQJ�IRU�DSSOLFDWLRQ�WR�PRGHO�
EDVHG� SUHGLFWLYH� FRQWURO�� 6LP%XLOG� ������
0DGLVRQ��:LVFRQVLQ��

.UDPHU��5���9DQ�6FKLMQGHO��$��:��0��-��DQG�6FKHOOHQ��
+�� ������ 6LPSOLILHG� WKHUPDO� DQG� K\JULF�
EXLOGLQJ� PRGHOV�� D� OLWHUDWXUH� UHYLHZ��
)URQWLHUV� RI� $UFKLWHFWXUDO� 5HVHDUFK�� ������
�����

.XPPHUW�� 0��� $QGUp�� 3�� DQG� 1LFRODV�� -�� ������
'HYHORSPHQW�RI�VLPSOLILHG�PRGHOV�IRU�VRODU�
EXLOGLQJV� RSWLPDO� FRQWURO�� 3URFHHGLQJV� RI�
(XURVXQ�������)UHLEXUJ��*HUPDQ\��

.XPPHUW�� 0��� $QGUp�� 3�� DQG� 1LFRODV�� -�� ������
2SWLPDO� KHDWLQJ� FRQWURO� LQ� D� SDVVLYH� VRODU�
FRPPHUFLDO�EXLOGLQJ��6RODU�(QHUJ\���������
�����

/HH��.��+��DQG�%UDXQ��-��(��������'HYHORSPHQW�DQG�
DSSOLFDWLRQ�RI�DQ�LQYHUVH�EXLOGLQJ�PRGHO�IRU�
GHPDQG� UHVSRQVH� LQ� VPDOO� FRPPHUFLDO�
EXLOGLQJV�� 6LP%XLOG� ������ ,%36$�86$�
1DWLRQDO� &RQIHUHQFH�� %RXOGHU�� &RORUDGR��
86$��

0D��<���%RUUHOOL��)���+HQFH\��%���&RIIH\��%���%HQJHD��
6�� DQG� +DYHV�� 3�� ������ 0RGHO� SUHGLFWLYH�
FRQWURO�IRU�WKH�RSHUDWLRQ�RI�EXLOGLQJ�FRROLQJ�
V\VWHPV�� ����� $PHULFDQ� &RQWURO�
&RQIHUHQFH��%DOWLPRUH��0DU\ODQG��86$��

0DGVHQ�� +�� DQG� +ROVW�� -�� ������ (VWLPDWLRQ� RI�
FRQWLQXRXV�WLPH� PRGHOV� IRU� WKH� KHDW�
G\QDPLFV� RI� D� EXLOGLQJ�� (QHUJ\� DQG�
%XLOGLQJV������������

0DWKZRUNV�������0$7/$%��2SWLPL]DWLRQ�7RROER[�
5����E��

0RURVDQ�� 3��'��� %RXUGDLV�� 5��� 'XPXU�� '�� DQG�
%XLVVRQ�� -�� ������ 'LVWULEXWHG� PRGHO�
SUHGLFWLYH� FRQWURO� IRU� EXLOGLQJ� WHPSHUDWXUH�
UHJXODWLRQ�� ����� $PHULFDQ� &RQWURO�
&RQIHUHQFH��%DOWLPRUH��0'��86$��

0XVWDIDUDM�� *��� &KHQ�� -�� DQG� /RZU\�� *�� ������
'HYHORSPHQW� RI� URRP� WHPSHUDWXUH� DQG�
UHODWLYH� KXPLGLW\� OLQHDU� SDUDPHWULF� PRGHOV�
IRU�DQ�RSHQ�RIILFH�XVLQJ�%06�GDWD��(QHUJ\�
DQG�%XLOGLQJV��

1JKLHP�� 7�� ;�� ������ 0/(��� D� 0DWODE�(QHUJ\3OXV�
&R�VLPXODWLRQ� ,QWHUIDFH�� $YDLODEOH��
KWWS���ZZZ�VHDV�XSHQQ�HGX�aQJKLHP�POHSOX
V�KWPO��>$FFHVVHG�-DQXDU\�����@��

1JKLHP�� 7�� ;�� DQG� 3DSSDV�� *�� -�� ������ 5HFHGLQJ�
KRUL]RQ� 6XSHUYLVRU\� &RQWURO� RI� *UHHQ�
%XLOGLQJV�� ����� $PHULFDQ� &RQWURO�
&RQIHUHQFH��6DQ�)UDQFLVFR��&DOLIRUQLD��

1L]HW��-��/���/HFRPWH��-��DQG�/LWW��)��;��������2SWLPDO�
FRQWURO� DSSOLHG� WR� DLU� FRQGLWLRQLQJ� LQ�

EXLOGLQJV�� $6+5$(� 7UDQVDFWLRQV�� �����
%�����������

2OGHZXUWHO��)���3DULVLR��$��� -RQHV��&��1���*\DOLVWUDV��
'��� *ZHUGHU��0��� 6WDXFK�� 9��� /HKPDQQ�� %��
DQG� 0RUDUL�� 0�� ������ 8VH� RI� PRGHO�
SUHGLFWLYH�FRQWURO�DQG�ZHDWKHU� IRUHFDVWV� IRU�
HQHUJ\� HIILFLHQW� EXLOGLQJ� FOLPDWH� FRQWURO��
(QHUJ\�DQG�%XLOGLQJV������������

3DDVVHQ��'�� +��&�� 9�� ������ 3DVVLYH� VRODU� HQHUJ\� LQ�
LQWHOOLJHQW� EXLOGLQJV�� $6+5$(�
7UDQVDFWLRQV����������������

3UtYDUD�� 6��� &LJOHU�� -��� 9DQD�� =��� 2OGHZXUWHO�� )���
6DJHUVFKQLJ�� &�� DQG� =DFHNRYD�� (�� ������
%XLOGLQJ� PRGHOLQJ� DV� D� FUXFLDO� SDUW� IRU�
EXLOGLQJ� SUHGLFWLYH� FRQWURO�� (QHUJ\� DQG�
%XLOGLQJV��,Q�3UHVV��

4LQ�� 6�� -�� DQG� %DGJZHOO�� 7�� $�� ������ $� VXUYH\� RI�
LQGXVWULDO� PRGHO� SUHGLFWLYH� FRQWURO�
WHFKQRORJ\�� &RQWURO� (QJLQHHULQJ� 3UDFWLFH��
������������

5DGHFNL�� 3�� DQG� +HQFH\�� %�� ������ 2QOLQH� EXLOGLQJ�
WKHUPDO�SDUDPHWHU� HVWLPDWLRQ�YLD� XQVFHQWHG�
.DOPDQ� ILOWHULQJ�� ����� $PHULFDQ� &RQWURO�
&RQIHUHQFH��0RQWUpDO��&DQDGD��

6HHP�� -��� .OHLQ�� 6��� %HFNPDQ�� :�� DQG� 0LWFKHOO�� -��
������ &RPSUHKHQVLYH� URRP� WUDQVIHU�
IXQFWLRQV� IRU� HIILFLHQW� FDOFXODWLRQ� RI� WKH�
WUDQVLHQW� KHDW� WUDQVIHU� SURFHVVHV� LQ�
EXLOGLQJV��$60(�-RXUQDO� RI�+HDW�7UDQVIHU��
����������������

6LURNê�� -���2OGHZXUWHO�� )��� &LJOHU�� -�� DQG� 3UtYDUD�� 6��
������ ([SHULPHQWDO� DQDO\VLV� RI� PRGHO�
SUHGLFWLYH� FRQWURO� IRU� DQ� HQHUJ\� HIILFLHQW�
EXLOGLQJ� KHDWLQJ� V\VWHP�� $SSOLHG� (QHUJ\��
��������������

9HUKHOVW��&���/RJLVW��)���9DQ�,PSH��-��DQG�+HOVHQ��/��
������6WXG\�RI� WKH�RSWLPDO�FRQWURO�SUREOHP�
IRUPXODWLRQ�IRU�PRGXODWLQJ�DLU�WR�ZDWHU�KHDW�
SXPSV� FRQQHFWHG� WR� D� UHVLGHQWLDO� IORRU�
KHDWLQJ� V\VWHP�� (QHUJ\� DQG� %XLOGLQJV�� ,Q�
3UHVV��

9LQRW�� %�� ������ (QHUJ\� VDYLQJV� LQ� EXLOGLQJ� E\�
RSWLPL]DWLRQ� RI� FRQWURO� VWUDWHJLHV� GHVLJQ�
XVLQJ� VLPXODWLRQ� DQDO\VLV�� �QG� (XURSHDQ�
&RQIHUHQFH�RQ�$UFKLWHFWXUH��3DULV��)UDQFH��

:DQJ�� 6�� DQG� ;X�� ;�� ������ 6LPSOLILHG� EXLOGLQJ�
PRGHO� IRU� WUDQVLHQW� WKHUPDO� SHUIRUPDQFH�
HVWLPDWLRQ� XVLQJ� *$�EDVHG� SDUDPHWHU�
LGHQWLILFDWLRQ�� ,QWHUQDWLRQDO� -RXUQDO� RI�
7KHUPDO�6FLHQFHV��������������

:HWWHU�� 0�� DQG� +DYHV�� 3�� $� PRGXODU� EXLOGLQJ�
FRQWUROV� YLUWXDO� WHVW� EHG� IRU� WKH� LQWHJUDWLRQ�
RI�KHWHURJHQHRXV� V\VWHPV�� �6LP%XLOG�������
-XO\� ��� �� $XJXVW� ��� ����� ����� %HUNHOH\��
&DOLIRUQLD��

�
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