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%XLOGLQJ� VLPXODWLRQ� KDV� PDGH� VLJQLILFDQW�
DGYDQFHV� WRZDUGV� IXOO\� LQWHJUDWHG� EXLOGLQJ�V\VWHP�
VLPXODWLRQ�� $Q� LQWULJXLQJ� TXHVWLRQ� LV� KRZHYHU��
ZKHWKHU� D� IXOO\� FRXSOHG� ³EUXWH� IRUFH´� DSSURDFK� LV�
DOZD\V�UHOHYDQW�DQG�QHFHVVDU\��JLYHQ�WKH�IDFW�WKDW�WKH�
FRPELQHG� VLPXODWLRQ� LV� FRPSXWDWLRQDOO\� LQWHQVLYH�
DQG�� SHUKDSV� PRUH� LPSRUWDQW�� UHTXLUHV� D� VXEVWDQWLDO�
HIIRUW�RQ�WKH�SDUW�RI�WKH�HQHUJ\�PRGHOHU�DV�WKH�+9$&�
V\VWHP� PRGHO� LV� FRPSOLFDWHG� DQG� UHTXLUHV� D� KLJK�
OHYHO� RI� H[SHUWLVH� DQG� DWWHQWLRQ� WR�PRGHOLQJ� GHWDLOV��
,Q�DGGLWLRQ�WKHUH�LV�DQ�LQFUHDVLQJ�IRFXV�RQ�WKH�UROH�RI�
PRGHOLQJ�XQFHUWDLQWLHV�DQG�PRGHOHU¶V�ELDV� LQ�HQHUJ\�
VLPXODWLRQ�RXWFRPHV��7R�DQDO\]H�WKH�FRPELQHG�HIIHFW�
RI� XQFHUWDLQW\� LQ� EXLOGLQJ� SDUDPHWHUV� DQG� +9$&�
V\VWHP� SURSHUWLHV�� WKH� QDWXUDO� WHQGHQF\� LV� WR� PRGHO�
WKH� +9$&� V\VWHP� DV� DQ� LQWHJUDO� SDUW� RI� WKH� ZKROH�
EXLOGLQJ� VLPXODWLRQ�� ,Q� WKLV� SDSHU� ZH� LQYHVWLJDWH�
ZKHWKHU� WKLV� DSSURDFK� LV� MXVWLILHG� LQ� WKH� OLJKW� RI�
XQDYRLGDEOH� XQFHUWDLQWLHV� ZKLFK� PD\� EOXU� WKH�
DGYDQWDJH� RI� WKH� FRXSOHG� VLPXODWLRQ�� 7R� GR� VR�� ZH�
FRPSDUH� DQ� XQFRXSOHG� VHTXHQWLDO� DSSURDFK� �XVLQJ� D�
G\QDPLF� EXLOGLQJ� VLPXODWLRQ� IROORZHG� E\� D�
VLPSOLILHG�+9$&�FDOFXODWLRQ�SODWIRUP��ZLWK�WKH�IXOO\�
FRXSOHG� G\QDPLF� VLPXODWLRQ�� :H� OLPLW� WKH�
LQYHVWLJDWLRQ� WR� D� FDVH� VWXG\� EXLOGLQJ�ZLWK� GLIIHUHQW�
W\SHV� RI� +9$&� V\VWHPV�� DQG� IRFXV� RQO\� RQ� HQHUJ\�
FRQVXPSWLRQ� RXWFRPHV�� 7KH� UHVXOWV� RI� ERWK� D�
GHWHUPLQLVWLF� DQG� XQFHUWDLQW\� DQDO\VLV� RXWFRPHV� DUH�
GLVFXVVHG��

,1752'8&7,21�
'HFRXSOLQJ�WKH�+9$&�V\VWHP�IURP�WKH�EXLOGLQJ�

DQG� UXQQLQJ� WZR� VHTXHQWLDO� VLPXODWLRQV� LPSOLHV� WKDW�
ZH� LJQRUH� WKH� EL�GLUHFWLRQDO� G\QDPLF� LQWHUDFWLRQ�
EHWZHHQ� WKH� GHPDQG� DQG� VXSSO\� VLGH�� 7KH� JHQHUDO�
H[SHFWDWLRQ� LV� WKDW� WKLV� OHDGV� WR� XQDFFHSWDEO\� ODUJH�
HUURUV�GXH�WR�WKH�LJQRUHG�LQWHUDFWLRQ��7KLV�LPSOLHV�DQ�
LQLWLDO� UHMHFWLRQ� RI� WKH� XQFRXSOHG� WUHDWPHQW�� 7KH�
FRXQWHUDUJXPHQW� WKDW� FDQ� EH� PDGH� WKRXJK� LV� WKDW�
PDQ\� LQGXVWU\� DFFHSWHG� +9$&� GHVLJQ� SURFHGXUHV�
DUH� LQ� IDFW� EDVHG� RQ� VLPSOLILHG� SURFHGXUHV�� WKDW�
RSHUDWH�RQ�DSSUR[LPDWLRQV�RI� WKH� ODWHQW�DQG�VHQVLEOH�
ORDG� SURILOHV� RI� WKH� EXLOGLQJ� �.KD]DLL�� �������
0RUHRYHU��WKH�SURFHGXUHV�XVH�HPSLULFDO�UHODWLRQVKLSV�
IRU� WKH� RSHUDWLRQ� RI� HDFK� FRPSRQHQW� DQG� LJQRUH� WKH�
GHHSHU� G\QDPLF� LQWHUDFWLRQV� LQ� WKH� V\VWHP�� 7KH�

W\SLFDO�VLPSOLILHG�FDOFXODWLRQ�LV�EDVHG�RQ�D��PRQWKO\��
GHVLJQ� GD\� OHDGLQJ� WR� ��� KRXUO\� FDOFXODWLRQV� RI� WKH�
HQHUJ\� FRQVXPSWLRQ� RI� WKH� V\VWHP�� 7KH� SURFHGXUH�
GRHV�QRW�FODLP�WR�EH�YHU\�SUHFLVH�EXW�JRRG�HQRXJK�WR�
FRPSDUH� GLIIHUHQW� V\VWHP� FRQFHSWV� EDVHG� RQ�
SUHGLFWHG�WRWDO�HQHUJ\�FRQVXPSWLRQ��7KLV�MXVWLILHV�WKH�
K\SRWKHVLV� WKDW� WKH� DSSURDFK� PD\� EH� DFFHSWDEOH� LQ�
WKH� OLJKW� RI�PDQ\�RWKHU� VRXUFHV�RI� XQFHUWDLQWLHV� WKDW�
FRXOG�³EOXU´�WR�VRPH�H[WHQW�WKH�HUURUV�UHVXOWLQJ�IURP�
WKH�GHFRXSOLQJ��7R�SHUIRUP�D�WHVW�RQ�WKH�DGPLVVLELOLW\�
RI� XQFRXSOHG� VHTXHQWLDO� EXLOGLQJ� DQG� +9$&�
VLPXODWLRQ� ZH� SHUIRUP� WKH� FRPSDULVRQ� GHSLFWHG� LQ�
)LJXUH����(QHUJ\3OXV�LV�XVHG�IRU�WKH�FRXSOHG�G\QDPLF�
VLPXODWLRQ� DQG� (QHUJ\3OXV�526(&� IRU� WKH�
XQFRXSOHG� VLPXODWLRQ�� 526(&� �5HGXFHG� 2UGHU�
6\VWHP� (QHUJ\� &DOFXODWLRQ�� ZDV� GHYHORSHG� DV� D�
GLUHFW� LPSOHPHQWDWLRQ�RI�D�VLPSOLILHG�+9$&�HQHUJ\�
FRQVXPSWLRQ� SURFHGXUH� LQ� WKH� IRUP� RI� DQ� ([FHO�
VSUHDGVKHHW� �.KD]DLL�� ������� 526(&� IROORZV� WKH�
VWDQGDUG� $6+5$(� DSSURDFK� IRU� +$9&� VL]LQJ�
FORVHO\�� DQG� EDVLFDOO\� FRQWDLQV� WKH� VDPH� LQSXW�
SDUDPHWHUV�DV�HQFRXQWHUHG� LQ� WKH�+9$&�FRPSRQHQW�
IRUPXODWLRQV� LQ� (QHUJ\3OXV�� ,W� LV� REYLRXV� WKDW� WKH�
XQFRXSOLQJ� LQWURGXFHV� WZR� HUURUV�� ���� WKH� HIIHFW� RI�
G\QDPLF� LQWHUDFWLRQ� LV�QHJOHFWHG��DQG����� WKH�+9$&�
VLPXODWLRQ�LV�VLPSOLILHG���

�
)LJXUH���&RXSOHG�DQG�XQFRXSOHG�EXLOGLQJ�VLPXODWLRQ�SURFHGXUH�
7KH� PRWLYDWLRQ� WR� DWWHPSW� WKH� XQFRXSOLQJ� LV�

PDLQO\� RQH� RI� FRQYHQLHQFH�� 7KH� FRXSOHG� V\VWHP�
VLPXODWLRQ� DSSURDFK� UHTXLUHV� D� KLJKHU� OHYHO� RI�
H[SHUWLVH�RI� V\VWHP�PRGHOLQJ�� ,Q�DGGLWLRQ��DGYDQFHG�
WRROV� OLNH� (QHUJ\3OXV� ZLOO� UHTXLUH� D� PRUH� GHWDLOHG�
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+9$&� V\VWHP� PRGHO� WKDQ� VRPH� PRGHOHUV� ZRXOG�
SUHIHU���
%$&.*5281'�

%XLOGLQJ� HQHUJ\� PRGHOV� DUH� EDVHG� RQ� KHDW� DQG�
PDVV� EDODQFH� HTXDWLRQV�� WHPSHUDWXUH� VHW� SRLQW�
VFKHGXOHV�� RSHUDWLRQDO� VFKHGXOHV� DQG� SV\FKRPHWULF�
HTXDWLRQV� WR� FDOFXODWH� WRWDO� VHQVLEOH� DQG� WRWDO� ODWHQW�
ORDGV� IRU� DOO� ]RQHV� DQG� WKH� EXLOGLQJ� DV� D�ZKROH�� IRU�
HDFK�KRXU�RI� WKH�\HDU��%DFN� LQ� WKH�HDUO\���¶V��PDMRU�
EXLOGLQJ� SHUIRUPDQFH� VLPXODWLRQ� WRROV�� VXFK� DV�
%/$67�DQG�'2(����XVHG�WKH�HQHUJ\�EDODQFH�PHWKRG�
WR�FRQGXFW�D�VHTXHQWLDO�VLPXODWLRQ�RI�EXLOGLQJ�DQQXDO�
HQHUJ\� FRQVXPSWLRQ�� ,Q� WKHVH� HDUO\� EXLOGLQJ�
VLPXODWLRQ�SURJUDPV��WKH�EXLOGLQJ�PRGHO�ZDV�GLYLGHG�
LQWR� WKUHH� SDUWV�� EXLOGLQJ�� V\VWHPV�� DQG� SODQW�� 7KHVH�
ZHUH� WKHQ� VLPXODWHG� VHTXHQWLDOO\� LQ� IHHG� IRUZDUG�
PRGH��ZLWKRXW� IHHGEDFN�IURP�RQH� WR� WKH�RWKHU�ZKLOH�
LQ� WKH� FXUUHQW� LQWHJUDWHG� VLPXODWLRQ� DSSURDFK�� WKHVH�
WKUHH�SDUWV�DUH�VROYHG�VLPXOWDQHRXVO\��7KH�VHTXHQWLDO�
DSSURDFK� VWDUWV� ZLWK� VROYLQJ� WKH� HQHUJ\� EDODQFH�
HTXDWLRQV� DW� WKH� EXLOGLQJ� ]RQH� OHYHO�� WKHQ� IHHGV� WKH�
]RQH� FRQGLWLRQV� DQG� KHDWLQJ�FRROLQJ� ORDGV� WR� WKH�
+9$&�V\VWHP�PRGHO��7KH�+9$&�V\VWHP�PRGHO�ZLOO�
WKHQ� FDOFXODWH� WKH� HQHUJ\� UHTXLUHG� WR� UHPRYH� WKH�
FDOFXODWHG� ]RQDO� ORDGV�� �'2(��� %DVLFV�� ������
%/$67� ���� 8VHU¶V� 0DQXDO�� ������� 7KLV� VHSDUDWHG�
V\VWHP�DQG�EXLOGLQJ�PRGHOLQJ�DSSURDFK�FDQ�SURYLGH�
DFFXUDWH�UHVXOWV�ZKHQ�WKH�V\VWHP�UHVSRQVH�LV�VPRRWK�
DQG� IDLUO\� LQGHSHQGHQW� RI� WKH� G\QDPLFV� RI� WKH�
EXLOGLQJ�� ,Q� WKH�FDVH� WKH�V\VWHP¶V�EHKDYLRU� LV�KLJKO\�
GHSHQGHQW� RQ� WKH� LQWHUDFWLRQ� RI� EXLOGLQJ�V\VWHP�
EHKDYLRU��H�J��LQ�WKH�OLJKW�RI�YDU\LQJ�ORDGV�LQ�GLIIHUHQW�
]RQHV�� G\QDPLF� UHVSRQVHV� WR� YDU\LQJ� RXWVLGH�
FRQGLWLRQV�DQG� LQHUWLD� LQ� WKH�ZD\� WKDW�]RQHV�UHVSRQG�
WR� VXSSOLHG� KHDWLQJ� DQG� FRROLQJ�� ODUJH� HUURUV� DUH�
SRWHQWLDOO\� LQWURGXFHG� WKURXJK� WKH� XQFRXSOLQJ�� 2QH�
FRXOG� WKHUHIRUH� H[SHFW� WKDW� LQ� DQ� DLU�EDVHG�9$9� RU�
&$9�V\VWHP�WKH�LQWHUDFWLRQV��KHQFH�HUURUV�DUH�PLQRU��
ZKHUHDV� IRU� D� ZDWHU�EDVHG� V\VWHPV� VXFK� DV� UDGLDQW�
IORRU� KHDWLQJ�� WKH� XQFRXSOHG� DSSURDFK� FRXOG� ORVH� LWV�
DSSOLFDELOLW\� �:LWWH�� HW� DO����������7KH�TXHVWLRQ�KRZ�
ODUJH�WKH�HUURU�IURP�LJQRULQJ�WKH�G\QDPLF�LQWHUDFWLRQ�
LV�LQ�GLIIHUHQW�V\VWHPV�DQG�EXLOGLQJ�FRPELQDWLRQV�KDV�
QRW� EHHQ� DQVZHUHG� FRQFOXVLYHO\� LQ� OLWHUDWXUH�� 2XU�
UHVHDUFK� SRVHV� WKLV� TXHVWLRQ� DJDLQVW� WKH� EDFNJURXQG�
RI� XQDYRLGDEOH� XQFHUWDLQWLHV�� HYHQ� LQ� WKH� IXOO\�
FRXSOHG� LQWHJUDWHG� VLPXODWLRQ��7KH� DQVZHU� WKHUHIRUH�
UHTXLUHV� WKH� TXDQWLILFDWLRQ� RI� WKH� XQFRXSOLQJ� HUURUV�
ZKLOVW� DOVR� TXDQWLI\LQJ� XQFHUWDLQWLHV� LQWURGXFHG� LQ�
WKH� PRGHOLQJ� SURFHVVHV�� $� FRPSDULVRQ� RI� WKH� WZR�
VKRXOG� SURYLGH� D� PRUH� PHDQLQJIXO� DQVZHU� WR� WKH�
TXHVWLRQ�� %HIRUH� ZH� GR� VR� OHW¶V� H[SORUH� WKH�
DGYDQWDJHV� DQG� XVHIXOQHVV� RI� GLIIHUHQW� PRGHOLQJ�
DSSURDFKHV�VXJJHVWHG�LQ�WKH�OLWHUDWXUH��

%RWK� FRXSOHG� DQG� GHFRXSOHG� PHWKRG� RI�
PRGHOLQJ� D� ZKROH� EXLOGLQJ� KDYH� EHHQ� DGYRFDWHG� LQ�
YDULRXV� VLWXDWLRQV�DV�ERWK�KDYH� WKHLU�DGYDQWDJHV�DQG�
GLVDGYDQWDJHV�� 7KH� HQHUJ\� PRGHOHU� QHHGV� WR� ILQG� D�
WUDGH�RII� EHWZHHQ� WKH� HIIRUW� DQG� WLPH� WR� SXW� LQ� WKH�
FRXSOHG�VLPXODWLRQ�PHWKRG��DQG�WKH�OHYHO�RI�DFFXUDF\�

RI� WKH� ILQDO� RXWFRPH�� 7DEOH� �� JLYHV� D� IHDWXUH�
FRPSDULVRQ� EHWZHHQ� WKH� FRXSOHG� DQG� XQFRXSOHG�
VLPXODWLRQ��

7DEOH���)HDWXUH�FRPSDULVRQ�

 
7KHUH� DUH� REYLRXVO\� GLIIHUHQW� OHYHOV� RI� +9$&�

PRGHOLQJ� ILGHOLW\� DQG� HDFK� OHYHO� SRVHV� GLIIHUHQW�
UHTXLUHPHQWV� RQ� PRGHOLQJ� H[SHUWLVH�� )RU� FHUWDLQ�
W\SHV� RI� DSSOLFDWLRQV�� VXFK� DV� WKH� GHYHORSPHQW� RI� D�
EXLOGLQJ� HQHUJ\� PDQDJHPHQW� V\VWHP�� FRPSDULQJ�
+9$&� V\VWHP� DOWHUQDWLYHV� DQG� HYDOXDWLQJ� GLIIHUHQW�
FRQWURO�VWUDWHJLHV��RQH�ZLOO�QHHG�DQ�LQWHJUDWHG�PRGHO�
ZLWK� VXIILFLHQW� OHYHO� RI� GHWDLO� LQ� WKH� +9$&� V\VWHP�
PRGHO�WR�PHHW�WKH�DERYH�JRDOV��+RZHYHU�� IRU�HDUOLHU�
VWDJHV�RI�EXLOGLQJ�GHVLJQ�DQDO\VLV��PRVWO\�GRPLQDWHG�
E\� WKH�QHHG� WR� HVWLPDWH�DQQXDO�HQHUJ\�FRQVXPSWLRQ���
LW� LV� PRUH� OLNHO\� WKDW� D� VLPSOLILHG� DSSURDFK� WKDW�
JUHDWO\�UHGXFHV�WKH�PRGHOLQJ�ZRUN�ORDG�DQG�LPSURYHV�
WKH� FDOFXODWLRQ� HIILFLHQF\� �7UFND�� 0�� DQG� -/0�
+HQVHQ�� ������ LV� DFFHSWDEOH�� ,QGHHG�� ZKHQ� RQH� LV�
IRFXVHG�PRVWO\�RQ�HQHUJ\�XVH��VLPSOLILHG�PRGHOV�FDQ�
VDYH�WLPH�DQG�SURYLGH�D�IDVW�ZD\�WR�H[SORUH�GLIIHUHQW�
+9$&� V\VWHPV� DQG� WKHLU� LPSDFW� RQ� HQHUJ\� FRVW�� ,Q�
IDFW��WKHUH�LV�VRPH�HYLGHQFH�WKDW�PRVW�GHVLJQ�DQDO\VHV�
GR� QRW� UHTXLUH� GHWDLOHG� V\VWHP� PRGHOLQJ� VLQFH� WKH�
RYHUDOO� HQHUJ\� FRQVXPSWLRQ� FDQ� EH� HVWLPDWHG� ZLWK�
VLPSOH� UHGXFHG� RUGHU� FDOFXODWLRQ�� .RUROLMD� �������
VWXGLHG� WKH� UHVSRQVH� RI� GLIIHUHQW� W\SHV� RI� +9$&�
V\VWHPV� DQG� ILWWHG� UHJUHVVLRQ� PRGHOV� WR� SUHGLFW�
+9$&� FRROLQJ�KHDWLQJ� HQHUJ\� UHTXLUHPHQWV� ZLWK�
EXLOGLQJ� FRROLQJ�KHDWLQJ� GHPDQG� DQG� SURYHG� WKDW�
VLPSOH� UHJUHVVLRQ� PRGHOV� FDQ� DOVR� JXDUDQWHH� D�
VXIILFLHQW�OHYHO�RI�DFFXUDF\�DQG�EH�XVHG�LQ�VHOHFWLQJ�D�
VXLWDEOH� +9$&� V\VWHP� IRU� RIILFH� EXLOGLQJ� LQ� WKH�
GHVLJQ� SKDVH�� 7KLV� UDLVHV� WKH� H[SHFWDWLRQ� WKDW�
XQFRXSOHG�VLPXODWLRQ�LV�DFFHSWDEOH�LQ�PDQ\�FDVHV��
0(7+2'2/2*<�

$V�LQGLFDWHG�DERYH��RXU�REMHFWLYH�LV�WR�FRPSDUH�
WKH�RXWFRPHV�RI�FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQV��
ZKLOH�TXDQWLI\LQJ� WKH�HIIHFW�RI�XQFHUWDLQWLHV� LQ�ERWK��
,Q�WKH�ODVW�GHFDGHV��WKHUH�KDV�VHHQ�DQ�LQFUHDVLQJ�WUHQG�
WR�IRFXV�RQ�WKH�XQFHUWDLQW\�LQ�WKH�EXLOGLQJ�VLPXODWLRQ�
RXWFRPHV�� 7KLV� KDV� FDOOHG� IRU� D� W\SH� RI� XQFHUWDLQW\�
DQDO\VLV� WKDW� TXDQWLILHV� WKH� LPSDFW� RI� SK\VLFDO�
SDUDPHWHU� XQFHUWDLQW\�� PRGHOHU� DVVXPSWLRQV� DQG�
PRGHO�VLPSOLILFDWLRQV�RQ�WKH�RXWFRPHV��6XFK�DQDO\VLV�
LV�W\SLFDOO\�FDUULHG�RXW�XVLQJ�D�0RQWH�&DUOR�DSSURDFK�
ZLWK� DQ� DSSURSULDWH� VDPSOLQJ� WHFKQLTXH� LQ� RUGHU� WR�
LQFUHDVH�FRPSXWDWLRQDO�HIILFLHQF\�6DOWHOOL��5DWWR�HW�DO��
�������� 0DF'RQDOG� ������� DQG� 'H� :LW� DQG�
$XJHQEURH��������LQWURGXFHG�D�JHQHUDO�SURFHGXUH�IRU�
XQFHUWDLQW\�DQDO\VLV�RI�WKHUPDO�EXLOGLQJ�SHUIRUPDQFH��
+X��������FRQGXFWHG�XQFHUWDLQW\�DQDO\VLV�LQ�D�SRZHU�
UHOLDELOLW\� VWXG\� IRU� WKH� GHVLJQ� RI� DQ� RII�JULG� VRODU�
HQHUJ\�KRXVH��6XQ�DQG�+HR��������FRQGXFWHG�D�VWXG\�
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RQ� XQFHUWDLQW\� RI� PLFURFOLPDWH� YDULDEOHV�� .KD]DLL�
������� VWXGLHG� GLIIHUHQW� VRXUFHV� RI� +9$&� V\VWHP�
XQFHUWDLQW\�VXFK�DV�HTXLSPHQW�PDQXIDFWXUH�WROHUDQFH��
V\VWHP�GHJUDGDWLRQ��DQG�GXFW�OHDNDJH��5DVRXOL��������
VWXGLHG�WKH�LPSDFW�RI�WKH�XQFHUWDLQW\�LQ�EXLOGLQJ�DQG�
V\VWHP�SDUDPHWHU�RQ�WKH�HQHUJ\�VDYLQJ�SRWHQWLDO�DQG�
HFRQRPLFV� RI� (59V�� 7KHVH� HIIRUWV� UHSUHVHQW� RQO\� D�
VPDOO�VOLFH�RI�D�JURZLQJ�ERG\�RI�ZRUN�WKDW�VWXGLHV�WKH�
HIIHFW�RI�XQFHUWDLQWLHV�HQFRXQWHUHG�DW�GLIIHUHQW�PRGHO�
OHYHOV� �H�J�� PLFUR�FOLPDWH�� EXLOGLQJ� OHYHO�� V\VWHP�
OHYHO�� RQ� EXLOGLQJ� SHUIRUPDQFH��7KLV� SDSHU� XVHV� WKH�
SDUDPHWHU�XQFHUWDLQW\�TXDQWLILFDWLRQV�DQG� WHFKQLTXHV�
GHYHORSHG� LQ� WKH� PHQWLRQHG� VRXUFHV�� 2XU� VSHFLDO�
IRFXV� LV�RQ� WKH�SDUDPHWHUL]DWLRQ�DQG� LPSOHPHQWDWLRQ�
RI�+9$&�V\VWHP�XQFHUWDLQWLHV�DV�WKH\�KDYH�UHFHLYHG�
OHVV�DWWHQWLRQ�LQ�WKH�OLWHUDWXUH�WKXV�IDU��

7R� SHUIRUP� D� ZKROH� EXLOGLQJ� VLPXODWLRQ� XQGHU�
XQFHUWDLQW\�LV�HTXLSSLQJ�EXLOGLQJ�HQHUJ\�PRGHOV�ZLWK�
XQFHUWDLQW\� UDQJHV� RI� DOO� UHOHYDQW� SDUDPHWHUV� LQ� WKH�
PRGHO��7KH\�DUH�UHODWHG�WR�EXLOGLQJ�SK\VLFDO�EHKDYLRU��
RFFXSDQW� EHKDYLRU�� ZRUNPDQVKLS�� VFKHGXOLQJ� DQG�
FRQWURO� XQFHUWDLQW\�� DV� ZHOO� DV� XQFHUWDLQW\� LQ� WKH�
+9$&� V\VWHP� SDUDPHWHUV�� ,I� WKH� VLPXODWLRQ� WRRO� LV�
DEOH� WR� KDQGOH� WKH� ZKROH� EXLOGLQJ� LQFOXGLQJ� WKH�
G\QDPLF� LQWHUDFWLRQ� EHWZHHQ� WKH� EXLOGLQJ� DQG� WKH�
V\VWHPV��D�IXOO�XQFHUWDLQW\�DQDO\VLV�FDQ�EH�SHUIRUPHG�
ZLWK� WKH� ZKROH� EXLOGLQJ� VLPXODWLRQ� PRGHO� EXW� DV�
DOOXGHG�WR�HDUOLHU�� WKH�TXHVWLRQ�SRVHG�LQ�WKLV�SDSHU� LV�
ZKHWKHU� VXFK� D� ³EUXWH� IRUFH´� DSSURDFK� WR� WKH�
FRPELQHG� GHPDQG� DQG� VXSSO\� XQFHUWDLQW\� LV� LQGHHG�
QHFHVVDU\�LQ�WKH�OLJKW�RI�XQFHUWDLQWLHV�����

7R�DQVZHU� WKH�TXHVWLRQ��ZH�QHHG� WR� LGHQWLI\�DOO�
VRXUFHV� RI� XQFHUWDLQW\� LQ� ERWK� WKH� EXLOGLQJ� DQG�
+9$&� PRGHO�� 2Q� WKH� +9$&� VLGH� ZH� OLPLW� RXU�
WUHDWPHQW� WR� WKH� WROHUDQFHV� RI� WKH� HTXLSPHQW�
SHUIRUPDQFH� FXUYHV��:H� DVVXPH� WKHVH� WROHUDQFHV� WR�
EH�ZLWKLQ�WKH�UDQJH�WKDW�FXUUHQW�LQGXVWULDO�FRPSOLDQFH�
WHVWV�DOORZ�LQ�UHIHUHQFH�WR�WKH�QDPHSODWH�LQIRUPDWLRQ�
WKDW� LGHQWLILHV� WKH� SHUIRUPDQFH� RI� WKH� HTXLSPHQW��
7KLV� LV� GHVFULEHG� LQ� GHWDLO� E\� .KD]DLL� ������� ZKR�
SHUIRUPHG� DQ� XQFHUWDLQW\� DQDO\VLV� EDVHG� RQ�
HTXLSPHQW� WROHUDQFHV�� GXFW� OHDNDJH�� VHQVRU� GULIW� DQG�
SHUIRUPDQFH� GHWHULRUDWLRQ�� ,Q� WKH� FXUUHQW� VWXG\� ZH�
OLPLW� WKH� WUHDWPHQW� WR� WKH� HTXLSPHQW� WROHUDQFHV�� WKDW�
ZH� H[SUHVV� LQ� WKH� SDUW� ORDG� SHUIRUPDQFH� FXUYHV�� DV�
LQGLFDWHG� IRU� DQ� H[DPSOH� HTXLSPHQW� EHORZ�� )LJ� ��
VKRZV� WKH� SHUIRUPDQFH� FXUYH� WROHUDQFH�
SDUDPHWHUL]HG�E\�D� WROHUDQFH�IDFWRU� WKDW� UDQJHV�IURP�
�� �UHG� FXUYH�� WR� �� �EODFN� FXUYH�� SHUFHQW�
XQGHUSHUIRUPDQFH�� 7KH� WROHUDQFH� XQFHUWDLQW\�
SDUDPHWHU� FDQ� WDNH� RQ� DQ\� YDOXH� EHWZHHQ� �� DQG� ��
LQGLFDWLQJ�FXUYHV�EHWZHHQ�WKH�WZR�H[WUHPHV�VKRZQ�LQ�
WKH�ILJXUH��

7KHVH� DQG� WKH� RWKHU� PHQWLRQHG� SDUDPHWHUL]HG�
XQFHUWDLQWLHV� FDQ� HDVLO\� EH� LQWHJUDWHG� LQ� 526(&��
ZKLFK� KDV� VSHFLDO� PDFUR� SDUDPHWHUV� WR� LQGLFDWH�
V\VWHP�SHUIRUPDQFH�GHFUHDVH� IDFWRUV� RU� ORVV� IDFWRUV��
,Q� WKH� FRXSOHG� VLPXODWLRQ� KRZHYHU�� WKH� +9$&�
V\VWHP� PRGHOV� WKDW� DUH� XVHG� LQ� WKLV� VWXG\� RQO\�
FRQWDLQ�WKH�SHUIRUPDQFH�FXUYH�WROHUDQFHV�IURP�)LJ����

7KH� UHDVRQ� IRU� WKLV� OLPLWDWLRQ� LV� WKDW� LQ� WKH� GHWDLOHG�
FRPSRQHQW� EDVHG� GHVFULSWLRQ� LQ� IRU� H[DPSOH�
(QHUJ\3OXV�� WKHUH� LV� QR� HDV\� LPSOHPHQWDWLRQ� RI�
PDFUR� ORVV� IDFWRUV� VXFK� DV� FDXVHG� E\� GXFW� OHDNDJH��
:KHUHDV�D�JHQHULF� ORVV� IDFWRU� WKDW�DFFRXQWV� IRU�GXFW�
OHDNDJH�FDQ�EH� LQWURGXFHG�TXLWH�HDVLO\� LQ� WKH� VLPSOH�
FDOFXODWLRQ�SURFHGXUH��LW�KDV�WR�EH�H[SOLFLWO\�PRGHOHG�
LQ��(QHUJ\3OXV�DV�D�SK\VLFDO�SDUDPHWHU�RI�WKH�+9$&�
PRGHO��H�J��WKURXJK�D�SOHQXP�WKDW�FDQ�DFFHSW�WKH�ORVW�
DLU�� ,Q� RUGHU� WR� UHPDLQ� REMHFWLYH� DQG� JHQHULF� LQ� RXU�
DWWHPSW� WR�SURYH� WKH�K\SRWKHVLV�� WKHVH�ZRUNPDQVKLS�
DQG�GHWHULRUDWLRQ�HIIHFWV�DUH�QRW�UHJDUGHG���

,Q� WKH� EXLOGLQJ� PRGHO� XVHG� LQ� RXU� VWXG\�� DOO�
VRXUFHV� RI� XQFHUWDLQW\�� WUDGLWLRQDOO\� XVHG� LQ� ZKROH�
EXLOGLQJ�XQFHUWDLQW\�DQDO\VLV�DUH�FRQVLGHUHG��'H�:LW�
DQG� $XJHQEURH� ������ 0DFGRQDOG� ������ &yVWROD��
%ORFNHQ�HW�DO��������'RPtQJXH]�0XxR]��$QGHUVRQ�HW�
DO�� ������ +RSIH� DQG� +HQVHQ� ������� ,Q� DGGLWLRQ� WKH�
UHFHQW�ZRUN�EDVHG�RQ�ULJRURXV�84�RI�GLIIHUHQW�PRGHO�
IRUPXODWLRQV� �6XQ� HW� DO�� ������ LV� FRQVLGHUHG� DV�ZHOO�
LQ�RXU�DQDO\VLV���

)LJXUH���DERYH� LQWURGXFHG� WKH�SURFHGXUH�RI� WKH�
DQDO\VLV��,Q�ILUVW� LQVWDQFH�D�GHWHUPLQLVWLF�FRPSDULVRQ�
RI�WKH�UHVXOWV�RI�FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQ�LV�
SHUIRUPHG��7KLV� LV� IROORZHG�E\� D� FRPSDULVRQ�RI� WKH�
UHVXOWV� LI� ERWK� DSSURDFKHV� DUH� SHUIRUPHG� XQGHU�
FRQVLGHUDWLRQ�RI�XQFHUWDLQWLHV�LQ�WKH�PRGHOV��ERWK�RQ�
WKH� EXLOGLQJ� DQG� +9$&� VLGH�� ,Q� WKH� XQFRXSOHG�
VLPXODWLRQ� WKH�(QHUJ\3OXV�PRGHO� LV� � HTXLSSHG� �ZLWK�
DQ� DEVWUDFW� +9$&� V\VWHP� WKDW� JHQHUDWHV� KRXUO\�
KHDWLQJ�DQG�FRROLQJ� ORDGV� �HLWKHU�GHWHUPLQLVWLF�RU�DV�
SUREDELOLW\� � GLVWULEXWLRQV��� ZKLFK� DUH� WKHQ� XVHG� DV�
LQSXW�WR�WKH�526(&�WRRO�ZKLFK�FDOFXODWHV�WKH�+9$&�
HQHUJ\� FRQVXPSWLRQ� LQ� HDFK� KRXU� EDVHG� RQ� LWV�
VLPSOLILHG�FDOFXODWLRQ��ZKLFK�ZH�ZLOO� QRZ� LQWURGXFH�
LQ�PRUH�GHWDLO���

$YDLODEOH� FRPPHUFLDO� VLPXODWLRQ� SURJUDPV� DUH�
QRW� FDSDEOH� RI� GLUHFWO\� DQDO\]LQJ� WKH� HIIHFWV� RI�
HTXLSPHQW� WHVW� WROHUDQFH� XQFHUWDLQW\� LQ� WKHLU�
DOJRULWKPV�� 526(&� XVHV� D� VSUHDGVKHHW� EDVHG�
FDOFXODWLRQ� SURFHGXUH� WKDW� LV� FDSDEOH� RI� KRXUO\�
VLPXODWLRQ� RI� +9$&� HQHUJ\� FRQVXPSWLRQ� ZLWK�
LQFOXVLRQ� RI� XQFHUWDLQW\� VWHPPLQJ� IURP� HTXLSPHQW�
WHVW� WROHUDQFHV� DQG� RWKHU� VRXUFHV� RI� +9$&�
LQVWDOODWLRQ�� RSHUDWLRQ� DQG� FRPSRQHQW� SHUIRUPDQFH��
7KH� SURFHGXUH¶V� LQSXWV� DUH� WKH� EXLOGLQJ� KHDWLQJ� DQG�
FRROLQJ� GHPDQGV� ZKLFK� LQFOXGH� URRP� VHQVLEOH�
FRROLQJ� ORDG�� URRP� ODWHQW� FRROLQJ� ORDG�� TXDQWLW\� RI�
RXWVLGH�DLU�DQG�WKH�RXWGRRU�WHPSHUDWXUHV��GU\�DQG�ZHW�
EXOE�� RQ� DQ� KRXUO\� EDVLV�� ,I� WKHUH� LV� QR� G\QDPLF�
VLPXODWLRQ� WKDW� JHQHUDWHV� WKHVH� LQSXWV�� 526(&�
FDOFXODWHV� WKHP� IRU� D� GHVLJQ� GD\� EDVHG� RQ� EXLOGLQJ�
ORFDWLRQ�� VL]H�� DSSOLFDWLRQ�� IDFDGH� GDWD�� OLJKWLQJ��
RFFXSDQF\� DQG� HTXLSPHQW� VFKHGXOH�� 7KH� KRXUO\�
GHPDQG� LV� XVHG� LQ� FRQMXQFWLRQ� ZLWK� WKH� URRP�
FRQGLWLRQV� DQG� HQWHULQJ� DLU� FRQGLWLRQV� �GU\� DQG� ZHW�
EXOE� WHPSHUDWXUHV�� HQWKDOS\� DQG� KXPLGLW\� UDWLR�� WR�
FDOFXODWH�WKH�WRWDO�DLU�IORZ�FDSDFLW\�DQG�WRWDO�FRROLQJ�
UHTXLUHG� IRU� VDWLVI\LQJ� WKH� FRROLQJ� RU� KHDWLQJ�
GHPDQG�� �526(&� LV� LPSOHPHQWHG� IRU� VL[�SUHGHILQHG�
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KHDWLQJ� DQG� FRROLQJ� V\VWHPV� GHILQHG� E\� WKHLU�
FRPSRQHQWV�� VXFK� DV� FKLOOHU�� FRROLQJ� WRZHU�� VXSSO\�
IDQ��HWF��$�SHUIRUPDQFH� �SDUW� ORDG� IUDFWLRQ�� FXUYH� LV�
GHVLJQDWHG� WR� HDFK� RI� WKHVH� HTXLSPHQW� FRPSRQHQWV�
�)LJ� ���� 7KH� FXUYHV� VKRZ� WKH� YDULDWLRQ� RI� HQHUJ\�
FRQVXPSWLRQ� RI� WKH� HTXLSPHQW� �N:K�� YHUVXV�
YDULDWLRQV�RI�HLWKHU�WRWDO� IORZ�FDSDFLW\��FIP��RU�WRWDO�
FRROLQJ��WRQV��JHQHUDWHG�E\�WKH�HTXLSPHQW�ZLWKLQ�WKH��
IXOO�UDQJH�RI�WKH�LWV�FDSDFLW\��526(&�FDQ�EH�XVHG�LQ�
GHWHUPLQLVWLF� RU� XQFHUWDLQW\� DQDO\VLV� PRGH�� 7KH�
GHWHUPLQLVWLF� FDOFXODWLRQV� XVH� WKH� PLQLPXP�
DFFHSWDEOH� HIILFLHQF\� FXUYH� IRU� HDFK� HTXLSPHQW� DV�
VSHFLILHG� LQ� HQHUJ\� FRGHV� DQG� VWDQGDUGV� �$6+5$(�
������� 7KH� RXWFRPHV� RI� WKH� FDOFXODWLRQV� DUH� KRXUO\�
HQHUJ\� FRQVXPSWLRQ�ZKLFK� DUH� DJJUHJDWHG� WR� GHULYH�
WRWDO� HQHUJ\� HIILFLHQF\� RI� WKH� +9$&� V\VWHP� IRU� D�
W\SLFDO� GHVLJQ� GD\�� 7KH� UHVXOWV� DUH� LQ� WKH� IRUP� RI� D�
VLQJOH� YDOXH�� VXFK� DV� ����� N:K� RYHUDOO� HQHUJ\�
FRQVXPSWLRQ� RU� ���� N:�WRQ� RYHUDOO� HIILFLHQF\� IRU� D�
IXOO� GD\�� ,Q� WKH� SUREDELOLVWLF� SURFHGXUH�� HDFK�
FRPSRQHQW� HIILFLHQF\� FXUYH� LV� VDPSOHG� IURP� D�
GLVWULEXWLRQ�DV�LQGLFDWHG�DERYH�DQG�XVHG�LQ�WKH�0RQWH�
&DUOR� VLPXODWLRQ��:H� XVHG� WKH� HTXLSPHQW� OLEUDU\� RI�
WKH� 7UDQH� 7UDFH� ���� SURJUDP� IRU� WKH� SHUIRUPDQFH�
FXUYHV� RI� GLIIHUHQW� HTXLSPHQW�� (DFK� FXUYH� ZDV�
WUDQVODWHG� LQWR� D� IRUPXOD�ZLWK� HPEHGGHG�SDUDPHWHUV�
WKDW�SDUDPHWHUL]H�WROHUDQFH�XQFHUWDLQW\��7KH�UDQJH�RI�
WKH� WROHUDQFHV�ZDV�GHULYHG� IURP� WHVWLQJ�DJHQF\� �H�J��
$5,�� VSHFLILFDWLRQV��526(&�DXWRPDWLFDOO\�SHUIRUPV�
WKH� 0RQWH� &DUOR� VLPXODWLRQ� LQ� ([FHO� EDVHG�
FDOFXODWLRQV� YLD� LQWHJUDWLRQ� ZLWK� WKH� 0RGHO&HQWHU�
VRIWZDUH� DQG� LWV� HPEHGGHG� /DWLQ� +\SHUFXEH�
6DPSOLQJ�PHWKRG��7KH�FDOFXODWLRQV�WUHDW�WKH�EXLOGLQJ�
DV� RQH� ]RQH� WKDW� UHSUHVHQWV� WKH� DJJUHJDWHG� ORDGV��
VFKHGXOHV�DQG�DLU�VXSSO\�QHHGV�RI�DOO�]RQHV�FRPELQHG��
2EYLRXVO\� WKLV� LV� LQ� VRPH� FDVHV� D� UDGLFDO�
VLPSOLILFDWLRQ�RI� WKH� VSDWLDO� DQG� WHPSRUDO� YDULDELOLW\�
RI�UHDO�EXLOGLQJV����

526(&� LV� XVHG� LQ� WKH� VHFRQG� VWHS� RI� WKH�
XQFRXSOHG� DSSURDFK�� ,W� UHFHLYHV� WKH� ORDGV� DQG�
PHFKDQLFDO� DLU� YROXPHV� JHQHUDWHG� E\� (QHUJ\3OXV�
ZLWKRXW�UHJDUG�RI�DQ�DFWXDO�V\VWHP���7R�DFKLHYH�WKLV��
ZH� XVH� WKH� ³SXUFKDVHG� DLU´� RSWLRQ� WR� UHSUHVHQW� DQ�
LGHDO� RSHUDWLQJ� +9$&� V\VWHP� WKDW� DW� DQ\� PRPHQW�
SURYLGHV� VXIILFLHQW� DLU� WR� PHHW� WKH� ]RQH� FRROLQJ� RU�
KHDWLQJ�UHTXLUHPHQWV���

�7KH� KRXUO\� UHVXOWV� RI� WKH� 526(&� FDOFXODWLRQV�
UHSUHVHQW� WKH� HTXLSPHQW� HOHFWULFLW\� DQG� QDWXUDO� JDV�
FRQVXPSWLRQ� �N:K��� ,Q� (QHUJ\3OXV�� WKH� LGHDO� DLU�
V\VWHP� ORDG� LV� FRPSRVHG� RI� ]RQH� KHDWLQJ�FRROLQJ�
ORDGV� �VHQVLEOH� DQG� ODWHQW��� DQG� PHFKDQLFDO�
YHQWLODWLRQ� YROXPH�� 7KH� ]RQH� KHDWLQJ�FRROLQJ� ORDGV�
FDQ�EH�GHFRPSRVHG�LQ�RFFXSDQF\�ORDG��OLJKWLQJ�ORDG��
HTXLSPHQW�SOXJ�ORDG��DQG�LQILOWUDWLRQ�YHQWLODWLRQ�ORDG��
$OO� VLPXODWLRQV� DUH� FDUULHG� RXW� IRU� D� IXOO� \HDU�� :H�
WKXV� UXQ� DQ� DQQXDO� ORDG� FDOFXODWLRQ� DQG� XVH� WKH�
FDOFXODWHG� KRXUO\� ]RQH� KHDWLQJ�FRROLQJ� ORDGV� DQG�
PHFKDQLFDO� YHQWLODWLRQ� YROXPHV� DV� LQSXW� WR� 526(&�
LQ� RUGHU� WR� FDOFXODWH� WKH� KRXUO\� +9$&� HQHUJ\�
FRQVXPSWLRQ��7KLV�PHDQV�WKDW�ZH�GR�QRW�XVH�526(&�

IRU�D�GHVLJQ�GD\�EXW� IRU�WKH�DFWXDO� IXOO�\HDU�ZLWK�WKH�
UHDO�ZHDWKHU��

)RU� WKH� IXOO\� LQWHJUDWHG� FRXSOHG� VLPXODWLRQ�
PHWKRG�� ZH� XVH� WKH� LQWHJUDWHG� EXLOGLQJ� DQG� +9$&�
PRGHO� LQ� (QHUJ\3OXV� WR� JHW� WKH� GHWHUPLQLVWLF�
VLPXODWLRQ�UHVXOW��)RU� WKH�XQFHUWDLQW\� DQDO\VLV�RI� WKH�
VDPH� PRGHO�� ZH� XVH� WKH� *HRUJLD� 7HFK� 8QFHUWDLQW\�
DQG� 5LVN� $QDO\VLV� :RUNEHQFK� �*85$�:��� 7KH�
ZRUNEHQFK� LV� D� VRIWZDUH� HQYLURQPHQW� WKDW� FDQ� EH�
XVHG�WR�IOH[LEO\�DXWRPDWH�WKH�SURFHVVHV�RI�XQFHUWDLQW\�
TXDQWLILFDWLRQ� DQG� DQDO\VLV�� 7KH� XVHU� PXVW� RQO\�
VXSSO\�D�YDOLG�LQSXW�(QHUJ\3OXV�PRGHO�ILOH��,')��RI�D�
EXLOGLQJ� XQGHU� FRQVLGHUDWLRQ� DV� ZHOO� DV� WKH�
FRUUHVSRQGLQJ�ZHDWKHU�ILOH�IRU�WKH�ORFDWLRQ��7KHQ��WKH�
XVHU� LV� GLUHFWHG� WR� D� 84� UHSRVLWRU\� FRQWDLQLQJ�
SUREDELOLW\�GLVWULEXWLRQV�RI�DOO�FRQVLGHUHG�XQFHUWDLQW\�
SDUDPHWHUV�� � 7KHVH� SUH�GHILQHG� GLVWULEXWLRQV� DUH�
EDVHG� XSRQ� SUHYLRXV� ZRUN� LQ� FKDUDFWHUL]LQJ� WKH�
XQFHUWDLQW\� LQ� EXLOGLQJ� VLPXODWLRQ� UHODWHG� WR� YDULRXV�
SDUDPHWHUV� DQG� PRGHO� VWUXFWXUHV� �6XQ� HW� DO�� �������
/DWLQ�+\SHUFXEH�VDPSOLQJ�LV�XVHG�WR�SURSDJDWH�WKHVH�
XQFHUWDLQW\� GLVWULEXWLRQV� WKURXJK� DQ� (QHUJ\3OXV�
VLPXODWLRQ� IRU� HDFK� VDPSOH��� )RU� D� PRUH� FRPSOHWH�
GLVFXVVLRQ�RI� WKH� IXQFWLRQDOLW\�RI� WKH�*85$�:�� WKH�
UHDGHU�LV�GLUHFWHG�WR��/HH�HW�DO���������

�

&$6(� 678'<� 5(68/7� $1'�
',6&866,21�

:H�XVH�D�FDPSXV�EXLOGLQJ��)LJ�����DV�FDVH�VWXG\�
EXLOGLQJ��7KH�SULPDU\�V\VWHP�LV�FKLOOHG�ZDWHU�DQG�KRW�
ZDWHU� ORRS�� 7KH� VHFRQGDU\� V\VWHP� LV� YDULDEOH� DLU�
YROXPH� �9$9�� V\VWHP� ZLWK� D� WHUPLQDO� UHKHDW� XQLW�
ORFDWHG� LQ� HDFK� FRQGLWLRQHG� ]RQH��7KH�9$9� V\VWHP�
ZLWK� WHUPLQDO� UHKHDW� LV� HTXLSSHG� ZLWK� D� FHQWUDO� DLU�
KDQGOLQJ� XQLW� � �$+8�� ZKLFK� FRQGLWLRQV� WKH� PL[LQJ�
DLU� WR� ����℃ � DQG� GLVWULEXWHV� FHUWDLQ� DPRXQW� RI�
PL[LQJ�DLU� LQWR�HDFK� WHUPLQDO�XQLW��:KHQ� WKH�V\VWHP�
LV� LQ� FRROLQJ� PRGH�� WKH� VXSSO\� DLU� WHPSHUDWXUH� LV�
FRQVWDQW� DW� WKH� WHUPLQDO� XQLW�� ZKLFK� ZLOO� DGMXVW� WKH�
RSHQLQJ� RI� WKH� GDPSHU� LQ� RUGHU� WR� YDU\� WKH� IORZ� RI�
WKH� VXSSO\� DLU� WR� PHHW� WKH� ]RQH� FRROLQJ� GHPDQG��
:KHQ�WKH�V\VWHP�LV�LQ�KHDWLQJ�PRGH��WKH�VXSSO\�DLU�DW�
WKH� WHUPLQDO� GDPSHU� LV� IL[HG� DW� PLQLPXP� IORZ�
YROXPH�DQG�WKH�VXSSO\�DLU�WHPSHUDWXUH�ZLOO�EH�YDULHG�
LQ�RUGHU�WR�PHHW�WKH�]RQH�KHDWLQJ�GHPDQG��2QO\�ZKHQ�
WKH� PD[LPXP� VXSSO\� DLU� WHPSHUDWXUH� DW� PLQLPXP�
IORZ�FDQQRW�PHHW�WKH�]RQH�GHPDQG��WKH�WHUPLQDO�XQLW�
ZLOO� LQFUHDVH� WKH�RSHQLQJ�RI� WKH�GDPSHU� WR�PHHW� WKH�
ORDG��

�
�

)LJXUH���7ROHUDQFH�UDQJH�RI�
3HUIRUPDQFH�FXUYH�

)LJXUH���6FKHPDWLF�YLHZ�RI�
FDVH�EXLOGLQJ�
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$V� VKRZQ� LQ� )LJXUH� ��� WKH� HTXLSPHQW� LQ� WKH�
SULPDU\� ORRS� LQFOXGHV� DQ� HOHFWULF�LQSXW� UDWLR� �(,5��
FKLOOHU� ZLWK� YDULDEOH� IORZ�� ZDWHU�FRROHG� FRROLQJ�
WRZHU� ZLWK� YDULDEOH� VSHHG�� DQG� HOHFWULF� ERLOHU� ZLWK�
YDULDEOH� IORZ�� KRW� ZDWHU� VXSSO\� SXPS�ZLWK� YDULDEOH�
VSHHG��FKLOOHG�ZDWHU�VXSSO\�SXPS�ZLWK�YDULDEOH�VSHHG��
DQG�FRQGHQVH�ZDWHU�VXSSO\�SXPS�ZLWK�YDULDEOH�VSHHG��
7KH�HTXLSPHQW�LQ�WKH�VHFRQGDU\�ORRS�LQFOXGH�WKH�DLU�
ORRS�VXSSO\�IDQ�ZLWK�YDULDEOH�VSHHG��SUH�KHDWLQJ�FRLO��
FRROLQJ�FRLO��DQG�WHUPLQDO�XQLW�ZLWK�UHKHDW�FRLO���

�
)LJXUH���9$9�V\VWHP�

,W� VKRXOG� EH� QRWHG� WKDW� WKH� FDVH� VWXG\� LV�
SHUIRUPHG� RQ� DQ� DYHUDJH� ORZ�HIILFLHQW� EXLOGLQJ��
2WKHU� PRUH� HIILFLHQW� EXLOGLQJ� W\SHV� PD\� VKRZ�
GLIIHUHQW�UHVXOWV� WKDQ�SUHVHQWHG�EHORZ��,W�VKRXOG�DOVR�
EH�QRWHG� WKDW� WKH�V\VWHP�LQ� WKH�FDVH�EXLOGLQJ�FDQ�EH�
WUHDWHG� LQ� 526(&� DV� ZHOO� DV� LQ� (QHUJ\3OXV� LQ� D�
VWUDLJKWIRUZDUG� ZD\�� XVLQJ� DQ� LGHQWLFDO� VHW� RI�
SDUDPHWHUV� WR� GHVFULEH� WKH� V\VWHPV� LQ� ERWK�
DSSURDFKHV���
Case study 1: Campus building with VAV in Atlanta 

)LJXUH� �� VKRZV� WKH� UHVXOW� RI� WKH� GLIIHUHQFH� LQ�
GDLO\�HQHUJ\�XVH�LQ�WKH�GHWHUPLQLVWLF�VLPXODWLRQ�UHVXOW�
RI�WKH�FRXSOHG�DQG�XQFRXSOHG�V\VWHP��)LJXUH���LV�WKH�
KLVWRJUDP�RI�WKH�GDLO\�GLIIHUHQFH�����EDVHG�RQ���

Diff  (%) = (𝐸௖௢௨௣௟௘ௗ − 𝐸௨௡௖௢௨௣௟௘ௗ)
𝐸௖௢௨௣௟௘ௗ

× 100%�

$OWKRXJK� KRXUO\� GLIIHUHQFHV� FDQ� EH� ODUJHU�� WKH�
GLIIHUHQFH��PHDVXUHG�DV�IUDFWLRQ�RI�WKH�GDLO\�PHDQ��LQ�
GDLO\�HQHUJ\�XVH�VHHP�WR� IDOO� LQ� WKH�UDQJH�EHWZHHQ� �
�����DQG��������

7KH� PDMRU� G\QDPLF� LQWHUDFWLRQ� EHWZHHQ� WKH�
+9$&� V\VWHP� DQG� EXLOGLQJ� LV� KRZ� WKH� V\VWHP�
UHVSRQGV� WR� WKH� WHPSRUDO�YDULDWLRQ� LQ� WKH� GHPDQG�RI�
WKH� EXLOGLQJ� DQG� KRZ� WKH� V\VWHP� GLVWULEXWHV� WKH� DLU�
LQWR� ]RQHV� ZLWK� GLIIHUHQW� ORDGV� GXH� WR� VSDWLDOO\�
YDU\LQJ� FRQGLWLRQV� DQG� ORDGV� LQ� GLIIHUHQW� EXLOGLQJ�
]RQHV�� 1HLWKHU� RI� WKHVH� WZR� LV� ZHOO� FDSWXUHG� LQ� WKH�
XQFRXSOHG� VLPXODWLRQ�� ,Q� WKH� XQFRXSOHG�PHWKRG��ZH�
WUHDW�WKH�EXLOGLQJ�DV�RQH�FRPELQHG�]RQH��OXPSLQJ�WKH�
LQGLYLGXDO� ]RQH� FRROLQJ�KHDWLQJ� ORDGV� FDOFXODWHG� E\�
UXQQLQJ�(QHUJ\3OXV�ZLWK�WKH�SXUFKDVHG�DLU�RSWLRQ���,Q�
WKH� FRXSOHG� PHWKRG�� WKH� 9$9� V\VWHP� PL[HV� WKH�
UHWXUQ�DLU�ZLWK�D�IUHVK�DLU�DPRXQW�WKDW�LV�FDOFXODWHG�E\�
WKH� VXPPLQJ� DOO� ]RQH� UHTXLUHPHQWV� DQG� GLVWULEXWLQJ�
WKH� FRQGLWLRQHG� DLU� WR� HDFK� WHUPLQDO� XQLW�� 7KH� ZD\�

WKDW�IUHVK�DQG�FRQGLWLRQHG�DPRXQWV�RI�DLU�LV�VLPXODWHG�
LV� UDWKHU� FRQYROXWHG�DQG�GHSHQGV�RQ�D�EDODQFLQJ�DFW�
RI�]RQDO� IUHVK�DLU�QHHG�DQG�KHDWLQJ�FRROLQJ�QHHGV�� ,W�
LV�REYLRXV�WKDW�WKHVH�DLU�GLVWULEXWLRQ�LVVXHV�FDXVHG�E\�
]RQDO� YDULDELOLW\� DUH� LJQRUHG� LQ� WKH� XQFRXSOHG�
VLPXODWLRQ���

7R� LVRODWH� WKH� HIIHFW� RI� WKH� ]RQDO� VXSSO\�
YDULDELOLW\�ZH�QH[W� FRQGXFW�DQRWKHU�FDVH� VWXG\� IRU�D�
VLPSOLILHG�WZR�]RQH�9$9�EXLOGLQJ���

�
)LJXUH���'DLO\�DYHUDJH�V\VWHP�HQHUJ\�

�
)LJXUH���'DLO\�GLII�EHWZHHQ��FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQ�

Case study 2: Simplified two-zone VAV in Atlanta 
2QH�]RQH�LV�IDFLQJ�ZHVW�DQG�WKH�RWKHU�RQH�IDFLQJ�

HDVW�� 7KH� WZR� ]RQHV� KDYH� WKH� VDPH� DUHD�� VDPH�
PDWHULDO�DQG�VDPH�RSHUDWLRQ�VFKHGXOH��$SDUW�IURP�WKH�
GLIIHUHQFH� LQ� VRODU� JDLQ� GLVWULEXWLRQ� RYHU� WKH� FRXUVH�
RI� D� GD\�� ERWK� ]RQHV� KDYH� D� UHODWLYHO\� HTXDO� ]RQH�
FRROLQJ�KHDWLQJ�GHPDQG��

)LJXUH� �� LV� WKH� KLVWRJUDP� RI� WKH� GDLO\� GLII�
(fraction of mean)��&RPSDULQJ�)LJXUHV���DQG���FRQILUPV�
RXU� LQWXLWLRQ� WKDW� GDLO\� GLIIHUHQFH� UDQJH� EHFRPHV�
VLJQLILFDQWO\�VPDOOHU�ZKHQ�]RQDO�YDULDWLRQV�DUH�VPDOO��
7R� IXUWKHU� FRQILUP� WKLV� LGHD� DQG� OLPLW� WKH� WHPSRUDO�
YDULDELOLW\�DV�ZHOO�ZH�FRQGXFW�D� WKLUG�FDVH�VWXG\�IRU�
WKH� VLPSOLILHG� EXLOGLQJ� ZLWK� FRQVWDQW� DLU� YROXPH�
V\VWHP��&$9��ZLWK�D�WHUPLQDO�UHKHDW�XQLW��
Case study 3: Simplified two zone CAV in Atlanta 
������7KH�PDMRU�GLIIHUHQFH�EHWZHHQ�WKH�&$9�DQG�9$9�
V\VWHP� LV� WKDW�ZLWK�&$9� WKH� DLU� IORZ�YROXPH� LQ� WKH�
FHQWUDO� $+8� LV� FRQVWDQW�� 7KLV� V\VWHP� ZLWK� WKH�
VLPSOLILHG�WZR�]RQH�EXLOGLQJ�ZLOO�WKHUHIRUH�KDYH�OHVV�
G\QDPLF�LQWHUDFWLRQ�ZLWK�WKH�+9$&�V\VWHP��)LJXUH���
LV� WKH� KLVWRJUDP� RI� WKH� GDLO\� GLII� (fraction)�� )URP�
)LJXUH���	�)LJXUH����ZH�FRXOG�VHH�WKDW�WKH�GDLO\�GLII��
LV�VOLJKWO\�VPDOOHU�LQ�FDVH�VWXG\�����
Case study 4: FCU in campus building, in Atlanta 

:H� XVH� WKH� EXLOGLQJ� IURP� FDVH� VWXG\� �� ZLWK� D�
IDQ�FRLO�XQLW��)&8���7KH�SULPDU\�V\VWHP�LV�D�FKLOOHG�
ZDWHU�DQG�D�KRW�ZDWHU�ORRS��7KH�VHFRQGDU\�V\VWHP�LV�
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D� IDQ�FRLO�XQLW� V\VWHP� ORFDWHG� LQVLGH�HDFK�]RQH��7KH�
FHQWUDO� V\VWHP�ZLOO� VXSSO\� WKH�KRW�ZDWHU� DQG� FKLOOHG�
ZDWHU� LQWR� HDFK� WHUPLQDO� )&8� DQG� WKH� DLU� ZLOO� EH�
UHFLUFXODWHG�LQ�WKH�FRQGLWLRQHG�]RQH��)&8�LV�RSHUDWHG�
DV�D�]RQH�EDVHG�FRQWURO�V\VWHP���

�
)LJXUH���'DLO\�GLII�EHWZHHQ�FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQ�

�
)LJXUH���'DLO\�GLII�EHWZHHQ�FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQ�

�
)LJXUH���)&8�V\VWHP�

$V� VKRZQ� LQ� )LJXUH� ��� WKH� HTXLSPHQW� LQ� WKH�
SULPDU\� ORRS� LQFOXGHV� DQ� HOHFWULF�LQSXW� UDWLR� �(,5��
FKLOOHU� ZLWK� YDULDEOH� IORZ�� ZDWHU�FRROHG� FRROLQJ�
WRZHU� ZLWK� YDULDEOH� VSHHG�� DQG� HOHFWULF� ERLOHU� ZLWK�
YDULDEOH� IORZ�� KRW� ZDWHU� VXSSO\� SXPS�ZLWK� YDULDEOH�
VSHHG��FKLOOHG�ZDWHU�VXSSO\�SXPS�ZLWK�YDULDEOH�VSHHG��
DQG�FRQGHQVH�ZDWHU�VXSSO\�SXPS�ZLWK�YDULDEOH�VSHHG��
7KH�HTXLSPHQW�LQ�WKH�VHFRQGDU\�ORRS�LQFOXGH�WKH�DLU�
ORRS� VXSSO\� IDQ� ZLWK� YDULDEOH� VSHHG�� KHDWLQJ� FRLO��
FRROLQJ�FRLO�DV�SDUWV�RI�WKH�)&8�ER[�ORFDWHG�LQ�HDFK�
]RQH��

)LJXUH� ��� VKRZV� WKDW� WKH� DYHUDJH� GLII� LV� DERXW�
����� EXW� GXH� WR� WKH� LJQRUDQFH� RI� WKH� ]RQH� OHYHO�
GHPDQG�UHVSRQG�UHODWLRQVKLS�� WKH�GLII�FDQ�DOVR�EH�DV�
ODUJH�DV����������
Case study 5: VAV system in Chicago 

$V� EXLOGLQJV� ORFDWHG� LQ� GLIIHUHQW� FOLPDWH� ]RQHV�
KDYH�GLIIHUHQW�ORDG�SURILOHV�� LW� LV�ZRUWKZKLOH�ORRNLQJ�
DW� WKH� UHVXOWV� LQ� D� FOLPDWH� OLNH� WKH�&KLFDJR�RQH��:H�
XVH�WKH�VDPH�EXLOGLQJ�DV�LQ�FDVH�VWXG\����EXW�PRYH�LW�
IURP� D� FRROLQJ� GRPLQDWHG� WR� D� KHDWLQJ� GRPLQDWHG�
ORFDWLRQ��&KLFDJR���7KLV�OHDGV�WR�GLIIHUHQW�HTXLSPHQW�

VL]LQJ�DQG�WKH�UHVXOWV�VKRXOG�WHOO�XV�KRZ�WKLV�LPSDFWV�
WKH� FRPSDULVRQ� EHWZHHQ� FRXSOHG� DQG� XQFRXSOHG�
RXWFRPHV�� �)LJXUH����VKRZV�WKH�GLVWULEXWLRQ�RI�GDLO\�
GLII�(fraction of mean)��&RPSDULQJ�)LJ����ZLWK�)LJ�����
OHDGV� WR� WKH� FRQFOXVLRQ� WKDW� WKHUH� VHHPV� WR� EH� QR�
ODUJH� LQIOXHQFH� EXW� REYLRXVO\�PRUH� FDVH� VWXGLHV� DUH�
QHHGHG���

�
)LJXUH����'DLO\�GLII�EHWZHHQ�FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQ�

�
)LJXUH����'DLO\�GLII�EHWZHHQ�FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQ�
$OO�UHVXOWV�VKRZQ�DERYH�GHDO�ZLWK� WKH�GDLO\�WRWDO�

HQHUJ\�FRQVXPSWLRQ��,W�FDQ�EH�H[SHFWHG�WKDW�PRQWKO\�
WRWDO�HQHUJ\�DPRXQWV�VKRZ�D�FORVHU�PDWFK�DV�FHUWDLQ�
GD\� WR� GD\� G\QDPLF� HIIHFWV� ZLOO� VPRRWK� RXW� ZKHQ�
PRQWKO\�WRWDOV�DUH�FRPSDUHG���

)LJXUH����VKRZV�DQ�H[DPSOH�RI�WKH�RXWFRPH�IRU�
WKH� PRQWKO\� UHVXOW� FRPSDULVRQ� IRU� FDVH� VWXG\� ���
)LJXUH� ��� VXPPDUL]HV� WKH� LQIRUPDWLRQ� LQ� D� ER[�SORW�
RI�PRQWKO\�GLIIHUHQFHV�����IRU� WKH�ILYH�FDVH�VWXGLHV��
)LJXUH���� WHOOV� XV� WKDW� WKH�PHDQ�RI� WKH�GLIIHUHQFH� LQ�
PRQWKO\� HQHUJ\� FRQVXPSWLRQ� LV� DURXQG� ���� IRU� DOO�
FDVHV�� 7KH� YDULDQFH� GHFUHDVHV� VOLJKWO\� IRU� WKH� &$9�
V\VWHP� �DV� H[SHFWHG�� DQG� IRU� D� KHDWLQJ� GRPLQDWHG�
FOLPDWH��OHVV�H[SHFWHG���
Uncertainty propagation�

)URP� WKH� GHWHUPLQLVWLF� WUHDWPHQW� RI� WKH� FDVH�
VWXGLHV�� ZH� FRQFOXGH� WKDW� WKH� GDLO\� DQG� PRQWKO\�
SHUFHQWDJH� GLIIHUHQFH� OLHV� ZLWKLQ� ���� DQG� ����
UHVSHFWLYHO\�� :H� ZLOO� QRZ� FRPSDUH� WKHVH�
GLVFUHSDQFLHV� WR� WKH� LQIOXHQFH� RI� XQFHUWDLQWLHV� LQ� DOO�
W\SLFDO� SDUDPHWHUV� LQ� ERWK� EXLOGLQJ� DQG� +9$&�
V\VWHP��)LJXUH����VKRZV�WKH�GLVWULEXWLRQV�RI�PRQWKO\�
HQHUJ\� FRQVXPSWLRQ� IRU� DOO� ���PRQWKV� JHQHUDWHG� E\�
DQ� 8$� DQDO\VHV� RI� ERWK� FRXSOHG� DQG� XQFRXSOHG�
DSSURDFKHV�� )RU� DOO� PRQWKV� ZH� VKRZ� WKH� +9$&�
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HQHUJ\� FRQVXPSWLRQ� GHQVLW\� IRU� ���� WKH� XQFRXSOHG�
DSSURDFK��LQ�UHG������WKH�FRXSOHG�DSSURDFK��LQ�EODFN��

�

�
)LJXUH����&DVH�VWXG\����VLPSOLILHG�WZR�]RQH�9$9�LQ�$WODQWD�

�
)LJXUH����%R[�SORW�RI�PRQWKO\�GLII��IUDFWLRQ��

��9$9�$WODQWD���6LPSOLILHG�9$9���6LPSOLILHG�&$9�
��)&8����&KLFDJR�

7DEOH���0RQWKO\�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�

�
�

�
)LJXUH��� Monthly HVAC energy density 

:H�ILQG�WKDW�WKH�EDQG�RI�XQFHUWDLQW\�JHQHUDWHG�E\�
ERWK� VLPXODWLRQV� LV� TXLWH� VLPLODU� DQG� ODUJH� IRU� DOO�
PRQWKV�� ,Q� VRPH� PRQWKV� WKH� WZR� GLVWULEXWLRQV�
RYHUODS� �ZKLFK� ZRXOG� FRQILUP� RXU� RULJLQDO�
K\SRWKHVLV��EXW�LQ�RWKHU�PRQWKV�WKH\�DUH�WRR�IDU�DSDUW��

)LJXUH� ��� VKRZV� WKH� GHQVLWLHV� RI� WKH�8$� UHVXOWV�
IRU� ERWK� PHWKRGV�� 7DEOH� �� VKRZV� WKH� PHDQ� DQG�
VWDQGDUG� GHYLDWLRQ� IRU� DOO� PRQWKV� SURGXFHG� E\� ERWK�
PHWKRGV��:H�FRQFOXGH�WKDW�WKH�GLIIHUHQFH�LQ�PRQWKO\�

PHDQV� LV� ZLWKLQ� WKH� ���� UDQJH�� ZLWK� D� 6'�
VLJQLILFDQWO\�VPDOOHU�WKDQ�WKH�PHDQ�GLIIHUHQFH��$�IHZ�
PRQWKV�VKRZ�DQRPDOLHV�LQ�WKH�YDOXH�RI�6'�KRZHYHU��
SUREDEO\� FDXVHG� E\� WKH� RFFXUUHQFH� RI� ³H[WUHPH´�
VDPSOHV�LQ�WKH�0RQWH�&DUOR�VLPXODWLRQ��

� �

� �

� �

� �

� �

� �
)LJXUH����0RQWKO\�GLII�EHWZHHQ�FRXSOHG�DQG�XQFRXSOH�XQGHU�

XQFHUWDLQW\�XVLQJ�PDWFKLQJ�VDPSOHV�
)RU� DOO� ��� PRQWKV�� WKH� WZR� GHQVLWLHV� GR� QRW�

RYHUODS�LQ�ODUJH�UHJLRQV��7KHUH�LV�D�VKLIW�LQ�WKH�PHDQ�
DQG� WKH� YDULDQFHV� VRPHWLPHV� DUH� GLIIHUHQW� DV� ZHOO��
)LJXUH����VKRZV�WKH�GLIIHUHQFH�EHWZHHQ�FRXSOHG�DQG�
XQFRXSOHG�SUHGLFWLRQ�IRU�HDFK�SRVVLEOH�UHDOL]DWLRQ�RI�
WKH� FDVH� EXLOGLQJ�� L�H�� RQO\� FRQVLGHUHG� IRU�PDWFKLQJ�
VDPSOH� YDOXHV�� 7KH� PD[LPXP� GLIIHUHQFHV� DUH� DOO�
ZLWKLQ� WKH� ���� UDQJH� DQG� WKH� DQRPDOLHV� GLVDSSHDU�
ZKHQ� ZH� WDNH� WKH� GLIIHUHQFHV� EHWZHHQ� ERWK�
DSSURDFKHV��DV�FDQ�EH�H[SHFWHG��

&RXSOHG 8QFRXSOHG &RXSOHG 8QFRXSOHG
-DQXDU\ ����� ����� ����� �����
)HEUXDU\ ����� ����� ����� �����
0DUFK ����� ����� ������ ������
$SULO ����� ����� ������ ������
0D\ ����� ����� ������ ������
-XQH ����� ����� ���� ����
-XO\ ����� ����� ������ �����

$XJXVW ����� ����� ������ �����
6HSWHPEHU ����� ����� ������ ������
2FWREHU ����� ����� ������ ����
1RYHPEHU ����� ����� ������ ������
'HFHPEHU ����� ����� ����� �����

0RQWKO\�0HDQ 6WDQGDUG�'HYLDWLRQ
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&21&/86,21�$1'�)8785(�:25.�
7KH� SDSHU� KDV� UDLVHG� WKH� TXHVWLRQ� ZKHWKHU�

XQFRXSOHG� VHTXHQWLDO� VLPXODWLRQ� RI� EXLOGLQJ� DQG�
+9$&�V\VWHP�LV�DFFHSWDEOH�ZKHQ�RQH�LV�LQWHUHVWHG�LQ�
�PRQWKO\��HQHUJ\�FRQVXPSWLRQ��,I�VR��RQH�FRXOG�VDYH�
WLPH� DQG� HIIRUW� E\� QRW� KDYLQJ� WR� GHILQH� WKH� +9$&�
V\VWHP� LQ� WKH� IXOO\� FRXSOHG� LQWHJUDWHG� VLPXODWLRQ�
PRGHO�� 7R� VWXG\� WKH� SURSRVLWLRQ�� WKH� GLIIHUHQFH�
EHWZHHQ�FRXSOHG�DQG�XQFRXSOHG�VLPXODWLRQ�UHVXOWV�LV�
LQYHVWLJDWHG�RQ�ILYH�FDVH�VWXGLHV��7KH�FRPSDULVRQ�RI�
WKH� GHWHUPLQLVWLF� UHVXOWV� JLYHV� VRPH� UHDVRQ� WR� EH�
RSWLPLVWLF�DV�WKH�GLIIHUHQFH�IDOOV�ZLWKLQ�DQ�DFFHSWDEOH�
EDQG���7KH�GLVFUHSHQF\�RI�PRQWKO\�UHVXOW�IDOOV�ZLWKLQ�
���� DQG� ZLOO� GHFUHDVH� WR� ���� LI� ]RQDO� FRQWURO�
YDULDELOLW\�LV�OHVV��:KHQ�XQFHUWDLQW\��LV�DGGHG�WR�ERWK�
VLPXODWLRQV�� WKH� UHVXOWLQJ� GLVWULEXWLRQV� DUH� LQ� VRPH�
PRQWKV�RYHUODSSLQJ�EXW�LQ�RWKHU�PRQWKV�WRR�IDU�DSDUW��
,W� LV� IRXQG� KRZHYHU� WKDW� IRU� D� JLYHQ� EXLOGLQJ� WKH�
GLIIHUHQFH� LQ� PRQWKO\� WRWDO� HQHUJ\� LV� VHOGRP� PRUH�
WKDQ� ����� � 7KLV� LV� IRU� PDQ\� SXUSRVHV� ZLWKLQ� WKH�
UDQJH�RI�DFFHSWDEOH�DFFXUDF\�ZKLFK�VHHPV�WR�FRQILUP�
RXU�K\SRWKHVLV��

2XU�VWXG\�KDV�EHHQ�OLPLWHG�WR�DQ�RIILFH�EXLOGLQJ�
WKDW�UHIOHFWV�EXLOGLQJ�SUDFWLFH�RI�WKH�ODVW�GHFDGHV��$V�
EXLOGLQJV�DUH�EHFRPLQJ�ORZHU�HQHUJ\�FRQVXPHUV��WKH�
UHODWLYH�GLIIHUHQFH�EHWZHHQ�FRXSOHG�DQG�XQFRXSOHG�
DSSURDFK�PD\�FKDQJH�GUDVWLFDOO\��DQG�WKH�PRWLYDWLRQ�
IRU�WKLV�VWXG\�PD\�EHFRPH�PRUH�SURQRXQFHG��7KLV�LV�
D�WRSLF�WKDW�VKRXOG�EH�VWXGLHG�DV�D�IROORZ�XS�RI�WKLV�

VWXG\���,W�ZLOO�DOVR�EH�LQWHWHVWLQJ�WR�VWXG\�WKH�
SUHGLFWLRQ�RI�SHDN�ORDGV��,W�LV�H[SHFWHG�WKDW�WKH�

XQFRXSOHG�DSSURDFK�SHUIRUPV�ZRUVH�LQ�WKRVH�FDVHV��

$&.12:/('*(0(17�
7KLV� UHVHDUFK� LV� VSRQVRUHG� E\� WKH� 1DWLRQDO�

6FLHQFH�)RXQGDWLRQ�XQGHU� JUDQW�()5,�6(('�$ZDUG�
���������� ³5LVN� &RQVFLRXV� 'HVLJQ� DQG� 5HWURILW� RI�
%XLOGLQJV� IRU� /RZ� (QHUJ\´�� ����������� �3,��
*RGIULHG�$XJHQURH��*HRUJLD�,QVWLWXWH�RI�7HFKQRORJ\��

5()(5(1&(6�
$6+5$(� �����E��� $16,�$6+5$(�,(61$�

6WDQGDUG������������(QHUJ\�(IILFLHQW�'HVLJQ�RI�
1HZ� %XLOGLQJV� ([FHSW� /RZ�5LVH� 5HVLGHQWLDO�
%XLOGLQJV�� $WODQWD�� *HRUJLD�� $PHULFDQ� 6RFLHW\�
RI�+HDWLQJ��5HIULJHUDWLQJ��DQG�$LU�&RQGLWLRQLQJ�
(QJLQHHUV��,QF���������

%/$67�����8VHU¶V�0DQXDO��%/$67�6XSSRUW�2IILFH��
8QLYHUVLW\� RI� ,OOLQRLV� DW� 8UEDQD�&KDPSDLJQ��
������

&yVWROD�� '��� %�� %ORFNHQ�� 0�� 2KED� DQG� -�� /�� 0��
+HQVHQ� �������� �8QFHUWDLQW\� LQ� DLUIORZ� UDWH�
FDOFXODWLRQV� GXH� WR� WKH� XVH� RI� VXUIDFH�DYHUDJHG�
SUHVVXUH� FRHIILFLHQWV��� (QHUJ\� DQG� %XLOGLQJV�
����������������

'H�:LW�� 6�� DQG� *�� $XJHQEURH� �������� �$QDO\VLV� RI�
XQFHUWDLQW\� LQ� EXLOGLQJ� GHVLJQ� HYDOXDWLRQV� DQG�
LWV� LPSOLFDWLRQV��� (QHUJ\� DQG� %XLOGLQJV� �������
���������

'2(��� %DVLFV�� ������ 6LPXODWLRQ� 5HVHDUFK� *URXS�
&HQWHU� IRU� %XLOGLQJ� 6FLHQFH� $SSOLHG� 6FLHQFH�
'LYLVLRQ�� /DZUHQFH� %HUNHOH\� /DERUDWRU\��
8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\��&$�������

'RPtQJXH]�0XxR]�� )��� %��$QGHUVRQ�� -��0��&HMXGR�
/ySH]� DQG� $�� &DUULOOR�$QGUpV� ��������
�8QFHUWDLQW\� LQ� WKH� WKHUPDO� FRQGXFWLYLW\� RI�
LQVXODWLRQ� PDWHULDOV��� (QHUJ\� DQG� %XLOGLQJV�
�������������������

+RSIH�� &�� -�� DQG� -�� /�� 0�� +HQVHQ� ��������
�8QFHUWDLQW\� DQDO\VLV� LQ� EXLOGLQJ� SHUIRUPDQFH�
VLPXODWLRQ� IRU� GHVLJQ� VXSSRUW��� (QHUJ\� DQG�
%XLOGLQJV��������������������

+X�� +��� ������ 5LVN�&RQVFLRXV� 'HVLJQ� RI� 2II�*ULG�
6RODU� (QHUJ\� +RXVHV�� 7KHVLV�� &ROOHJH� RI�
$UFKLWHFWXUH�� *HRUJLD� ,QVWLWXWH� RI� 7HFKQRORJ\��
$WODQWD�

.KD]DLL�� -��� ������ �� (IIHFWV� RI� VXE�RSWLPDO�
FRPSRQHQW� SHUIRUPDQFH� RQ� RYHUDOO� FRROLQJ�
V\VWHP� HQHUJ\� FRQVXPSWLRQ� 	� HIILFLHQF\�
���3K�'�WKHVLV��

�.RUROLMD�� ,��� ������ �� +HDWLQJ�� 9HQWLODWLQJ� DQG� $LU�
FRQGLWLRQLQJ� 6\VWHP�(QHUJ\�'HPDQG�&RXSOLQJ�
ZLWK�%XLOGLQJ�/RDGV�IRU�2IILFH�%XLOGLQJV���3K�'�
WKHVLV��

/HH��%��� 3DUHGLV��&��� 6XQ��<���$XJHQEURH��*��� ������
�7RZDUGV� %HWWHU� 3UHGLFWLRQ� RI� %XLOGLQJ�
3HUIRUPDQFH�� $� :RUNEHQFK� WR� $QDO\]H�
XQFHUWDLQW\� LQ�EXLOGLQJ�VLPXODWLRQ���&RQIHUHQFH�
RI� ,QWHUQDWLRQDO� %XLOGLQJ� 3HUIRUPDQFH�
6LPXODWLRQ�$VVRFLDWLRQ��)UDQFH���3URFHHGLQJ��

0DFGRQDOG�� ,��$�� �������� 4XDQWLI\LQJ� WKH� HIIHFWV� RI�
XQFHUWDLQW\� LQ� EXLOGLQJ� VLPXODWLRQ�� 3K�'���
8QLYHUVLW\�RI�6WUDWKFO\GH��

6DOWHOOL��$���0��5DWWR��7��$QGUHV��)��&DPSRORQJR�� -��
&DULERQL�� '�� *DWHOOL�� 0�� 6DLVDQD� DQG� 6��
7DUDQWROD� �������� *OREDO� VHQVLWLYLW\� DQDO\VLV��
WKH�SULPHU��:LOH\�,QWHUVFLHQFH��

6XQ��<���+HR��<��� ������ �8QFHUWDLQW\�4XDQWLILFDWLRQ�
RI� 0LFURFOLPDWH� 9DULDEOHV� LQ� %XLOGLQJ� (QHUJ\�
6LPXODWLRQ��� &RQIHUHQFH� RI� ,QWHUQDWLRQDO�
%XLOGLQJ� 3HUIRUPDQFH� 6LPXODWLRQ� $VVRFLDWLR��
6\GQH\��

7UFND�� 0�� DQG� -/0� +HQVHQ�� ������ �2YHUYLHZ� RI�
+9$&� V\VWHP� VLPXODWLRQ���$XWRPDWLRQ� ,Q�
&RQVWUXFWLRQ������������S��������

:LWWH�� 0�-��� &�2�� 3HGHUVHQ�� DQG� -�'�� 6SLWOHU��
�7HFKQLTXHV� IRU� VLPXOWDQHRXV� VLPXODWLRQ� RI�
EXLOGLQJV� DQG� PHFKDQLFDO� V\VWHPV� LQ� KHDW�
EDODQFH� EDVHG� HQHUJ\� DQDO\VLV� SURJUDPV���
%XLOGLQJ� 6LPXODWLRQV� ���� ,%36$�� 9DQFRXYHU��
%�&���-XQH������
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