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$%675$&7�
:LWKLQ�WKH�IUDPHZRUN�RI�EXLOGLQJ�HQHUJ\�VLPXODWLRQ��
HPSLULFDO�YDOLGDWLRQ�KDV�EHHQ�XVHG�IRU�PDQ\�GHFDGHV��
7KLV� SDSHU� SUHVHQWV� D� ILUVW� VWHS� LQ� WKH� HPSLULFDO�
YDOLGDWLRQ�RI� VLPXODWLRQ� WRROV� LQ� WKH� FRQWH[W� RI� ORZ�
HQHUJ\� EXLOGLQJV��:H� ZHUH� LQWHUHVWHG� LQ� FRPSDULQJ�
UHVXOWV� SURYLGHG� E\� WZR� SLHFHV� RI� VRIWZDUH� IRU�
G\QDPLF� HQHUJ\� VLPXODWLRQ� '\PROD� DQG�
3OpLDGHV�&RPILH� �� WR� PHDVXUHPHQWV� IURP� WKH�
H[SHULPHQWDO� SODWIRUP� %(67/DE� EXLOW� RQ� WKH� (')�
VLWH�RI�WKH�5HQDUGLqUHV��)UDQFH���7KHQ�D�PHWKRGRORJ\�
ZDV� GHYHORSHG� LQ� RUGHU� WR� LGHQWLI\� WKH� PRVW�
LQIOXHQWLDO� SDUDPHWHUV� RQ� VLPXODWLRQV� DQG� WR�
GHWHUPLQH�WKHLU�LQIOXHQFH�RQ�PRGHO�SUHGLFWLRQV�XVLQJ�
VHQVLWLYLW\�DQG�XQFHUWDLQW\�DQDO\VHV���

,1752'8&7,21�
:LWK� ���� RI� WKH� WRWDO� HQHUJ\� FRQVXPSWLRQ�� WKH�
EXLOGLQJ�VHFWRU�LV�WKH�ILUVW�HQHUJ\�FRQVXPHU�LQ�)UDQFH�
DQG�RQH�RI� WKH�PRVW�SROOXWLQJ�ZLWK�����RI� WKH� WRWDO�
QDWLRQDO� &2�� HPLVVLRQV� �H�J�� $'(0(�� ������� 7KH�
EXLOGLQJ�VHFWRU�KDV�WR�UHGXFH�LWV�HQHUJ\�FRQVXPSWLRQ�
LQ� D� FRQWH[W� RI� JOREDO� ZDUPLQJ� DQG� IRVVLO� IXHOV�
UDUHIDFWLRQ�� 7KXV�� WKH� FRQVWUXFWLRQ� RI� ORZ�� SDVVLYH�
DQG� SRVLWLYH� HQHUJ\� EXLOGLQJV� VKRXOG� EHFRPH� D�
VWDQGDUG� DQG� VLPXODWLRQ� WRROV� PXVW� EH� XVHG� WR�
DFKLHYH�VXFK�JRDOV���
5HOLDEOH�SUHGLFWLRQV�DUH�IXQGDPHQWDO�VR�DV�WR�EH�DEOH�
WR�JXDUDQWHH�WKH�EXLOGLQJ¶V�HQHUJ\�SHUIRUPDQFH��(YHQ�
PRUH�VR�QRZ�WKDW�VRPH�JHQHUDOO\�DFFHSWHG�PRGHOLQJ�
DVVXPSWLRQV�IRU�VWDQGDUG�EXLOGLQJV�PD\�QR�ORQJHU�EH�
YDOLG� EHFDXVH� RI� WKH� LQFUHDVH� LQ� WKH� EXLOGLQJ¶V�
SHUIRUPDQFH�� 0RUHRYHU�� D� SK\VLFDO� SKHQRPHQRQ�
SUHYLRXVO\� QHJOHFWHG� RU� LQDGHTXDWHO\� FRQVLGHUHG� IRU�
VWDQGDUG� EXLOGLQJV� FRXOG� EHFRPH� SUHSRQGHUDQW� IRU�
ORZ�HQHUJ\� EXLOGLQJV� DQG� GLVWRUW� WKH� VLPXODWLRQ�
SUHGLFWLRQV�VKRXOG� LW�QRW�EH�UHFRQVLGHUHG��7KHUHIRUH��
ZH�PXVW�HQVXUH� WKDW� WKH�SK\VLFDO�PRGHOV�DUH�DEOH� WR�
UHSUHVHQW� WKH� EHKDYLRU� RI� ORZ�HQHUJ\� RU� YHU\� ORZ�
HQHUJ\� EXLOGLQJV� MXVW� DV� WKH� VLPXODWLRQ� UHVXOWV� PXVW�
UHIOHFW� WKH� XQFHUWDLQW\� HIIHFWV� UHODWHG� WR� WKH� GHVLJQ�
SDUDPHWHUV��WKH�VROLFLWDWLRQV�DQG�WKH�EXLOGLQJ�XVHV��,Q�
WKLV�FRQWH[W��PDQ\�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�RYHU�
WKH� \HDUV� WR� FRPSDUH� VLPXODWLRQ� UHVXOWV� WR�
PHDVXUHPHQWV� WDNLQJ� WKHLU� UHVSHFWLYH� XQFHUWDLQWLHV�
LQWR� DFFRXQW�� ZLWK� ORFDO� DQG� JOREDO� VHQVLWLYLW\�

DQDO\VLV� PHWKRGV� �H�J�� 6SLW]�� ������ 0DUD� HW� DO���
�������
7KLV� DUWLFOH� SUHVHQWV� D� PHWKRGRORJ\� GHYHORSHG� DV� D�
ILUVW� VWHS� RI� DQ� HPSLULFDO� YDOLGDWLRQ�� 7R� EHJLQ�ZLWK��
ZH� SURYLGH� D� GHVFULSWLRQ� RI� WKH� FKRVHQ� G\QDPLF�
VLPXODWLRQ� WRROV� IRU� EXLOGLQJ� HQHUJ\�� 7KHQ�� ZH�
GHVFULEH�WKH�H[SHULPHQWDO�SODWIRUP�%(67/DE�DQG�WKH�
VWXGLHG� WHVW� FDVH�� )LQDOO\�� D� PHWKRGRORJ\� LV� VHW� XS�
ZLWK�ORFDO�DQG�JOREDO�VHQVLWLYLW\�DQDO\VLV�PHWKRGV�WR�
GHWHUPLQH� WKH� PRVW� LQIOXHQWLDO� SDUDPHWHUV� RQ� WKH�
SUHGLFWHG� RSHUDWLYH� WHPSHUDWXUH� ZKLOH� FRQVLGHULQJ�
WKHLU�UHVSHFWLYH�XQFHUWDLQWLHV��

722/6�
7ZR�VLPXODWLRQ�WRROV�ZHUH�XVHG�IRU�WKLV�VWXG\��RQH�LV�
UDWKHU� XVHG� E\� UHVHDUFKHUV� �'\PROD�� DQG� WKH� RWKHU�
RQH�E\�GHVLJQ�RIILFHV��3OpLDGHV�&RPILH���
'\PROD� LV� D� FRPPHUFLDO� PRGHOLQJ� DQG� VLPXODWLRQ�
HQYLURQPHQW� GHYHORSHG� E\� 'DVVDXOW� 6\VWHPV� DQG�
VSHFLDOL]HG�LQ�WKH�UHVROXWLRQ�RI�G\QDPLF�DQG�FRPSOH[�
PXOWL�SK\VLFV� V\VWHPV� IRU� XVH� ZLWKLQ� YDULRXV�
DSSOLFDWLRQV� VXFK� DV� DXWRPRWLYH� RU� URERWLFV��$V� WKLV�
HQYLURQPHQW� XVHV� WKH� RSHQ� 0RGHOLFD�� PRGHOLQJ�
ODQJXDJH�� EHVLGHV� VWDQGDUG� OLEUDULHV� �H�J��0RGHOLFD���
XVHUV�DUH�DEOH�WR�FUHDWH�WKHLU�RZQ�PRGHO�OLEUDULHV�IRU�
WKHLU� VSHFLILF� VLPXODWLRQ� QHHGV�� ,Q� WKDW� ZD\��
(QHU%$7��D�GHSDUWPHQW�RI�(')�5	'��KDV�GHYHORSHG�
LWV� RZQ� OLEUDU\� GHGLFDWHG� WR� G\QDPLF� VLPXODWLRQ� IRU�
EXLOGLQJ� HQHUJ\� DQG� UHODWHG� HQHUJ\� V\VWHPV�� 7KLV�
OLEUDU\� ZDV� XVHG� IRU� WKLV� VWXG\�� UHVWUDLQLQJ� WKH� WHVW�
FDVH� PRGHO� WR� D� WKHUPDO� PRGHO� RQO\� �ZLWKRXW�
K\JURPHWU\�RU�SUHVVXUH���7KH�PDWUL[�V\VWHP�REWDLQHG�
ZDV� VROYHG�XVLQJ� WKH�'$66/� VROYHU�ZLWK� D� YDULDEOH�
WLPH�VWHS��
3OpLDGHV�&RPILH� LV� D� G\QDPLF� VLPXODWLRQ� WRRO� IRU�
EXLOGLQJ�HQHUJ\�GHYHORSHG�E\� WKH�&HQWUH� IRU�(QHUJ\�
DQG� 3URFHVVHV� �&(3�� RI� 0,1(6� 3DULV7HFK� LQ�
FROODERUDWLRQ�ZLWK�,]XED�(QHUJLHV��:LWK�WKLV�VRIWZDUH�
LW� LV�SRVVLEOH� WR�HVWLPDWH�FRPIRUW� OHYHOV��KHDWLQJ�DQG�
FRROLQJ�QHHGV� �UHTXLUHPHQWV�� WKDQNV� WR� D�PXOWL�]RQH�
PRGHO�� ,W� FRQVLVWV� LQ� WKH� UHGXFWLRQ� RI� D� ILQLWH�
GLIIHUHQFH� PRGHO� XVLQJ� PRGDO� DQDO\VLV� LQ� RUGHU� WR�
GHFUHDVH� FRPSXWLQJ� WLPH�� 7KH� &RPILH� QXPHULFDO�
PRGHO� FDQQRW� EH� PRGLILHG� GLUHFWO\� WR� PRGHO� WHVW�
FDVHV� VLQFH� DOO� WKH� LQIRUPDWLRQ� RQ� EXLOGLQJ�
FRPSRQHQWV��HQYLURQPHQW��VFHQDULRV�DQG�ZHDWKHU�DUH�
SURYLGHG�YLD�WKH�VRIWZDUH�LQWHUIDFH�3OpLDGHV��
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%(67/$%�3/$7)250�
7KH� %(67/DE� SODWIRUP� ZDV� EXLOW� LQ� ����� LQ� WKH�
FRQWH[W� RI� ORZ�HQHUJ\� EXLOGLQJV�� ,W� DLPV� WR� WHVW�
LQQRYDWLYH� HQYHORSH� FRPSRQHQWV� DQG� EXLOGLQJ�
LQWHJUDWHG� VRODU� WHFKQRORJLHV�� ,W� LV� ORFDWHG� DW� WKH�
5HQDUGLqUHV�VLWH��DW�DERXW����NP�VRXWKHDVW�RI�3DULV�LQ�
D�UXUDO�HQYLURQPHQW�ZLWKRXW�DQ\�FORVH�REVWDFOH�RQ�LWV�
6RXWKHUQ�IDoDGH��,Q�WKLV�VHFWLRQ��%(67/DE¶V�SK\VLFDO�
IHDWXUHV�DQG�PRGHOLQJ�K\SRWKHVHV�DUH�GHVFULEHG��

Studied cell characteristics 
� (QYHORSH�DQG�JHRPHWU\��

7KH� WHVW� IDFLOLW\¶V� JRDO� LV� WR� FRPSDUH� GLIIHUHQW�
EXLOGLQJ�WHFKQRORJLHV�ZLWKLQ�VHYHUDO�FHOOV�DW�WKH�VDPH�
WLPH��)RU�WKLV�SXUSRVH�WZHOYH�LQGHSHQGHQW�FHOOV�ZHUH�
EXLOW� LQ� WKH� VDPH� EXLOGLQJ� DQG� GLVWULEXWHG� RQ� WZR�
IORRUV��2Q�HDFK�OHYHO�WKH�FHOOV�DUH�GLVSRVHG�DV�IROORZ��
IRXU�6RXWK�RULHQWHG�FHOOV��RQH�WR�WKH�(DVW�DQG�RQH�WR�
WKH�:HVW��)LJXUH�����
�

�
)LJXUH����%(67/DE�SODWIRUP�

�

�,Q� HDFK� FHOO�� RQO\� RQH� ZDOO� �WKH� WHVW� ZDOO�� LV� LQ�
FRQWDFW� ZLWK� WKH� RXWVLGH�� 7KH� RWKHUV� DUH� RYHU�
LQVXODWHG� �8����� :�Pð�.�� DQG� NHSW� DW� D� FRQVWDQW�
WHPSHUDWXUH� WKURXJK� WKH� FRQWDFW� WKH\� KDYH� ZLWK� WKH�
WKHUPDO� JXDUG� WKDW� LV� PDLQWDLQHG� DW� D� FHUWDLQ�
WHPSHUDWXUH�� 2QO\� WKH� 5'&B68'�� �)LJXUH� ��� FHOO�
ZDV� WDNHQ� LQWR� DFFRXQW�� ,W� LV� RQ� WKH� JURXQG� IORRU��
6RXWK�IDFLQJ� DQG�EXLOW�ZLWK� D� ORZ�HPLVVLYLW\�GRXEOH�
JOD]HG�ZLQGRZ�ZLWK�D�OD\HU�RI�DUJRQ��
�

�
)LJXUH����'HVFULSWLRQ�RI�WKH�WHVW�FHOO�VWXGLHG�

�

�

7KH� VHWWLQJ� RI� WKH� ZLQGRZ� LQ� UHWUHDW� ZLWKLQ� WKH� WHVW�
ZDOO� �)LJXUH� ��� FUHDWHV� VRODU� VKDGLQJ� WKDW� PXVW� EH�
WDNHQ�LQWR�FRQVLGHUDWLRQ�ZKHQ�UXQQLQJ�VLPXODWLRQV���
�

�
)LJXUH����:LQGRZ�RI�JURXQG�IORRU�WHVW�FHOO�

�

� ,QILOWUDWLRQ��
,QILOWUDWLRQ� LQWR� WKH� EXLOGLQJ¶V� WHVW� FHOOV� ZDV�
PLQLPL]HG�GXULQJ�FRQVWUXFWLRQ�DV�KDV�EHHQ�FRQILUPHG�
E\�SHUPHDELOLW\�PHDVXUHPHQWV��4�3D6XUI�FRHIILFLHQW�LV�
OHVV� WKDQ�����P��K�Pð���7KHUHIRUH�� LW� LQGLFDWHV�D�YHU\�
JRRG� DLU� WLJKWQHVV� RI� WKH� WHVW� FHOOV�� 'XULQJ� WKH�
FRQVWUXFWLRQ� RI� WKH� (71$� SODWIRUP�� DGMRLQLQJ� WKH�
%(67/DE� IDFLOLW\�� D� VWXG\� DOVR� VKRZHG� WKDW�
LQILOWUDWLRQ� GXH� WR� ZLQG� FRXOG� EH� QHJOHFWHG� �H�J��
%DUPDXG����������
&HOOV� DUH� QRW� ILWWHG�ZLWK� DLU� YHQWV�� VR� WKDW� WKH� FHOOV¶�
YHQWLODWLRQ�FDQ�EH�YLHZHG�DV�QRQ�H[LVWHQW��

� 7KHUPDO�EULGJHV��
/LPLWDWLRQ� RI� WKHUPDO� EULGJHV� ZDV� FDUHIXOO\�
LQYHVWLJDWHG� ZKHQ� GHVLJQLQJ� DQG� EXLOGLQJ� WKH� WHVW�
IDFLOLW\�� 1HYHUWKHOHVV�� WKHUPDO� EULGJHV� FDQ� VWLOO� EH�
SRLQWHG� RXW� DW� D� IHZ� VLQJXODU� SRLQWV� DVVRFLDWHG�ZLWK�
WKH� WHVW� ZDOO� ZKLFK�ZDV� GHVLJQHG� WR� EH� UHSODFHDEOH��
DQG�ZLWK�WKH�IORRU�VODE�ZKLFK�UXQV�WKURXJK�WKH�HQWLUH�
EXLOGLQJ��
2Q� '\PROD�� WKHUPDO� EULGJHV� DUH� PRGHOHG� XVLQJ� D�
VLQJOH� FRQGXFWDQFH� EHWZHHQ� DQ� LQGRRU� DLU� QRGH� DQG�
WKH� FRQFUHWH� IORRU�� 2Q� 3OHLDGHV�&RPILH�� WKHUPDO�
EULGJHV� FDQ� PRGHO� MXQFWLRQV� EHWZHHQ� WKH� RXWVLGH�
IDoDGH�DQG�ORZ�DQG�LQWHUPHGLDWH�IORRUV��ZLQGRZ�VLOOV�
DQG� GRRUV�� 7KH� YDOXHV� DUH� FKRVHQ� DFFRUGLQJ� WR� WKH�
WKHUPDO�UHJXODWLRQ�YDOXHV�LQFOXGHG�LQ�WKH�VRIWZDUH��

� +9$&�V\VWHP��
$Q� DLU� FRQWURO� XQLW� ZLWK� LQHUWLD� RI� DSSUR[LPDWHO\�
�������-�.�LV�VHW�XS�LQ�WKH�WHVW�FHOO��)LJXUH�����,W�DLPV�
DW� HQVXULQJ� KHDWLQJ� ZLWK� DQ� HOHFWULFDO� UHVLVWDQFH��
FRROLQJ� XVLQJ� DQ� H[WHUQDO� FROG� EDWWHU\� DQG� DLU�
WHPSHUDWXUH� KRPRJHQHLW\� E\� PL[LQJ�� $V� LW� LV�
LPSRVVLEOH� WR� FUHDWH� WKLV� DLU� FRQWURO� XQLW� RQ�
3OpLDGHV�&RPILH�� LWV� LQHUWLD� LV� UHSUHVHQWHG� E\� WKH�
LQVHUWLRQ�RI�IXUQLWXUH�ZLWK�KLJKHU�LQHUWLD������:K�.��
LQ�WKH�WKHUPDO�]RQH�WKDW�PDWFKHV�WKH�WHVW�FHOO��
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�
)LJXUH����+9$&�V\VWHP�

�

� 6HQVRUV�DQG�PHDVXUHPHQW�XQFHUWDLQWLHV��
7KH�FHOO� LV�HTXLSSHG�ZLWK�D� ORW�RI�VHQVRUV��ZLWK� GDWD�
DFTXLVLWLRQ� HYHU\� PLQXWH�� 0HDVXUHG� YDULDEOHV� DQG�
VHQVRUV�XVHG�LQ�WKLV�VWXG\�DUH��
 7HPSHUDWXUHV��PHDVXUHG�XVLQJ�3W����VHQVRUV�ZLWK�

DQ�XQFHUWDLQW\�RI�����&��7KH\�DUH�ORFDWHG�LQ�QHDU�
ZDOO� DLU� EXW� DOVR� RQ� H[WHUQDO� VXUIDFHV�� LQWHUQDO�
VXUIDFHV�DQG�ZLWKLQ�WKH�ZDOO�VWUXFWXUH��

 5DGLDWLRQ� WHPSHUDWXUH�� PHDVXUHG� XVLQJ� D� EODFN�
JOREH� WHPSHUDWXUH� VHQVRU� ZLWK� DQ� XQFHUWDLQW\� RI�
����&��

 +HDWLQJ� SRZHU� DQG� GLVVLSDWHG� HQHUJ\� E\� WKH� IDQ�
PHDVXUHG� ZLWK� D� SXOVH� FRXQWHU�� ZLWK� DQ�
XQFHUWDLQW\�RI�����:K�IRU� WKH�KHDWLQJ�SRZHU�DQG�
RI���:K�IRU�WKH�GLVVLSDWHG�HQHUJ\��

 &RROLQJ� SRZHU� PHDVXUHG� XVLQJ� WZR� ZDWHU�
WHPSHUDWXUH�3W����VHQVRUV��ZLWK�DQ�XQFHUWDLQW\�RI�
����&�DQG�DQ�HOHFWURPDJQHWLF� IORZ�PHWHU��ZLWK�D�
SUHFLVLRQ�RI�������

0RUHRYHU�� D� ZHDWKHU� VWDWLRQ� ZDV� EXLOW� FORVH� WR� WKH�
WHVW� IDFLOLW\�� ,W� PHDVXUHV� H[WHUQDO� SDUDPHWHUV� ZLWK� D�
FRQWLQXRXV� DFTXLVLWLRQ� V\VWHP� �HYHU\� PLQXWH���
0HDVXUHPHQWV� XVHG� IRU� WKLV� VWXG\� DQG� DVVRFLDWHG�
XQFHUWDLQWLHV�DUH��
 2XWVLGH�GU\� WHPSHUDWXUH�PHDVXUHG�XVLQJ�D�3W����

VHQVRU�ZLWK�DQ�XQFHUWDLQW\�RI�����&��
 *OREDO� DQG� GLIIXVH� VRODU� UDGLDWLRQV� PHDVXUHG�

XVLQJ� WZR� S\UDQRPHWHUV� ZLWK� DQ� XQFHUWDLQW\� RI�
����� XQWLO� DQ� LQFLGHQFH� RI� ���� WKHQ� ��� IRU� WKH�
JOREDO� VRODU� UDGLDQFH� DQG� ����� IRU� WKH� GLIIXVH�
VRODU�UDGLDQFH�IRU�DQ�LQFLGHQFH�RI�������

 $OO�GDWD�LV�JLYHQ�ZLWK�D�WLPH�VWHS�RI���PLQXWHV�RQ�
'\PROD��7KLV�UHVXOWV�IURP�D�FRPSURPLVH�EHWZHHQ�
WKH� VLPXODWLRQ� GXUDWLRQ� DQG� WKH� DFFXUDF\� WR� EH�
UHDFKHG��DV�WKH�WLPH�VWHS�RI�WKH�VROYHU�LV�YDULDEOH��
2Q�3OpLDGHV�&RPILH��RQO\�WKH�RQH�KRXU�WLPH�VWHS�
FDQ� EH� XVHG�� 0RUHRYHU�� WHPSHUDWXUHV�� VRODU�
UDGLDWLRQV�� KXPLGLW\��ZLQG� VSHHG� DQG�SRZHUV� DUH�
URXQGHG�XS�WR�WKH�XQLW�RQ�WKLV�VRIWZDUH��H[FHSW�IRU�

RXWVLGH� WHPSHUDWXUH� URXQGHG� XS� WR� WKH� WHQWK� RI�
GHJUHH��

&203$5,621�%(7:((1�
0($685(0(176�$1'�6,08/$7,216�
Case study: Power step response 
,Q� WKLV� VWXG\�� UHVXOWV� REWDLQHG� ZLWK� '\PROD� DQG�
3OpLDGHV�&RPILH� DUH� FRPSDUHG� ZLWK� PHDVXUHPHQWV�
FRPLQJ� IURP� WKH� 5'&B68'�� FHOO� RI� WKH� %(67/DE�
SODWIRUP� RYHU� D� SHULRG� RI� ��� GD\V� LQ� 0D\� �����
�)LJXUH������
�2YHU�WKLV�SHULRG��DIWHU�D�IUHH�HYROXWLRQ�����WHVW�FHOO�LV�
RQO\�VXEMHFW�WR�RXWVLGH�FOLPDWH�YDULDWLRQV�ZLWKRXW�DQ\�
LQWHUQDO�SRZHU� VXSSO\��� WKH�FHOO�XQGHUJRHV�D�FRROLQJ�
VHW�SRLQW������DQG�WKHQ�D�SRZHU�VWHS�LQSXW������/DVWO\��
DQRWKHU�IUHH�HYROXWLRQ�EHJLQV������
�

�
)LJXUH����([SHULPHQWDO�VHTXHQFH�

�

9DULRXV� VLPSOLI\LQJ� DVVXPSWLRQV� KDG� WR� EH�PDGH� LQ�
DGGLWLRQ� WR� WKRVH� PHQWLRQHG� EHIRUH�� 7KH� PRVW�
LPSRUWDQW�DUH��

 :DOO�VXUIDFHV�DUH�PHDVXUHG�RQ�WKH�LQVLGH�DQG�WKH�
FHOO� LV� VLPXODWHG� DV� D� VLQJOH� WKHUPDO� ]RQH�� 2Q�
3OpLDGHV�&RPILH��D�WKHUPDO�]RQH�LV�DGGHG�EHKLQG�
HYHU\� ZDOO� WKDW� LV� LQ� FRQWDFW� ZLWK� WKH� WKHUPDO�
JXDUG�� 7HPSHUDWXUHV� LQ� WKHVH� WKHUPDO� ]RQHV� DUH�
VXSSRVHG� FRQVWDQW� DQG� HTXDO� WR����&�� H[FHSW� IRU�
WKH� WKHUPDO� ]RQH� XQGHU� WKH� IORRU� ZKHUH� WKH�
WHPSHUDWXUH�PHDVXUHG�LQ�WKH�PLGGOH�RI�WKH�IORRU�LV�
XVHG��7KXV��RQO\�KDOI�RI�WKH�IORRU�ZDV�PRGHOHG��

 5DGLDWLYH�DQG�FRQYHFWLYH�KHDW�WUDQVIHUV�DUH�WDNHQ�
LQWR� DFFRXQW� LQ� D� JOREDO� FRQVWDQW� FRHIILFLHQW�
ZKLFK� LV� GLIIHUHQW� EHWZHHQ� ERWK� SLHFHV� RI�
VRIWZDUH�� ,W� GHSHQGV� RQ� WKH� DQJOH� DQG� RSWLFDO�
SURSHUWLHV� RI� WKH� ZDOOV�� LQ� DGGLWLRQ� WR� ZLQG�
H[SRVXUH�RXWVLGH��H�J��%DUQDXG���������

 7KH� LQLWLDOL]DWLRQ�RI� WKH�G\QDPLF� VLPXODWLRQ� WRRO�
LV� GLIIHUHQW� IRU� HDFK� SURJUDP�� ,QLWLDOL]DWLRQ� LV� DQ�
LPSRUWDQW�VWHS�LQ�DQ�H[SHULPHQWDO�YDOLGDWLRQ�VLQFH�
LW� VWURQJO\� LPSDFWV� WKH� QXPHULFDO� UHVXOWV� RI� WKH�
ILUVW�GD\��2Q�'\PROD�D� VWHDG\� VWDWH� LQLWLDOL]DWLRQ�
LV� SHUIRUPHG� E\� XVLQJ� WKH� ILUVW� PHDVXUHPHQW�
YDOXHV� IRU� HDFK� WLPH� YDU\LQJ� LQSXW�� 7KLV� LV�
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LPSOHPHQWHG� WKURXJK� DQ� LQLWLDOL]DWLRQ� HTXDWLRQ�
ZULWWHQ�LQ�0RGHOLFD��2Q�3OpLDGHV�&RPILH�WKH�ILUVW�
VWXG\� GD\� LQ� WHUPV� RI� ZHDWKHU� GDWD� LV� UHSHDWHG�
IURP�-DQXDU\�WR�$SULO�ZLWK�DQ�LQLWLDOL]DWLRQ�IRU�WKH�
LQVLGH� WHPSHUDWXUH� DW� ���&�� 7KHQ�� WKUHH� IXOO� ���
GD\�SHULRGV�DUH�VLPXODWHG�DQG�RQO\�WKH�ODVW�RQH�LV�
XVHG�WR�GR�WKH�FRPSDULVRQ���

Results 
%RWK�SLHFHV�RI�VRIWZDUH�FDOFXODWH�D�]RQH�WHPSHUDWXUH�
HTXLYDOHQW� WR� DQ� RSHUDWLYH� WHPSHUDWXUH� �DYHUDJH� RI�

WKH� PHDQ� UDGLDQW� DQG� DPELHQW� DLU� WHPSHUDWXUHV���
)LJXUH� �� SUHVHQWV� D� FRPSDULVRQ� RI� WKH� RSHUDWLYH�
WHPSHUDWXUHV�UHVXOWLQJ�IURP�WKH�VLPXODWLRQV�DQG�IURP�
WKH� PHDVXUHPHQWV�� $Q� XQFHUWDLQW\� PDUJLQ� HTXDO� WR�
����&� LV� FRQVLGHUHG� RQ� WKH� PHDVXUHG� RSHUDWLYH�
WHPSHUDWXUH�� )LJXUH� �� VKRZV� WKH� UHVXOWV� LQ� WHUPV� RI�
UHVLGXH�RI�RSHUDWLYH�WHPSHUDWXUH��FDOFXODWHG�DV��

� � �� � �� �� �� �� � � �� �� ��� � ������ �� � � �� � ����

�

�
)LJXUH����2SHUDWLYH�WHPSHUDWXUH�HVWLPDWHG�YV��PHDVXUHPHQWV��

�

�
)LJXUH����5HVLGXH�RI�RSHUDWLYH�WHPSHUDWXUH�

�

6(16,7,9,7<�$1'�81&(57$,17<�
$1$/<6,6�
Local sensitivity analysis 
7KH�ORFDO�VHQVLWLYLW\�DQDO\VLV�DLPV�DW�GHWHUPLQLQJ�WKH�
PRVW� LQIOXHQWLDO� LQSXW� SDUDPHWHUV� RQ� WKH� VLPXODWLRQ�
UHVXOW�ZKLFK�LQ�WKLV�FDVH�LV�WKH�RSHUDWLYH�WHPSHUDWXUH��
$V� LW� FODVVLILHV� WKH� LPSDFWV� RI� SDUDPHWHUV� RQ� WKH�
RXWSXW�� WKLV� PHWKRG� DOORZV� XV� WR� KLJKO\� UHGXFH� WKH�
QXPEHU�RI�LQSXW�SDUDPHWHUV�EHIRUH�DSSO\LQJ�D�JOREDO�

VHQVLWLYLW\� DQDO\VLV� ZLWK� XVXDOO\� KLJKHU� &38� WLPH�
QHHGV�� 7KH� RQH�VWHS�DW�D�WLPH� PHWKRG� �2$7�� LV�
DSSOLHG�VR�WKDW� LQ�HDFK�UXQ�RQO\�RQH�LQSXW�SDUDPHWHU�
YDOXH� LV� FKDQJHG� E\� �� SHUFHQW� DURXQG� LWV� QRPLQDO�
YDOXH�� 7KH� ORFDO� VHQVLWLYLW\� LQGH[� 6L� IRU� HDFK�
SDUDPHWHU�;L�LV�GHILQHG�DV��
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Correlation analysis 
$IWHU� WKH� ORFDO� VHQVLWLYLW\� DQDO\VLV�� D� FRUUHODWLRQ�
DQDO\VLV� LV�SHUIRUPHG� LQ�RUGHU� WR� UHGXFH� WKH�QXPEHU�
RI�SDUDPHWHUV�E\�FUHDWLQJ�JURXSV�RI�SDUDPHWHUV�ZLWK�
VLPLODU�HIIHFWV��7KH�GHJUHH�RI�FRUUHODWLRQ�UL��M�EHWZHHQ�
WZR�SDUDPHWHUV�;L�DQG�;M�LV�GHILQHG�DV��

� ��� ��
�
� ∑ � � �(�)� �� ��� �� S�(t)� �� ��� �

� ��� ��   � ��� ��
� ����

$�FRXSOLQJ�LV�PDGH�EHWZHHQ�WKH�'\PROD�PRGHO�DQG�D�
SURJUDP� ZULWWHQ� LQ� 3\WKRQ� WR� SHUIRUP� WKH�
FDOFXODWLRQV�QHHGHG�DQG�WR�SRVW�WUHDW�WKH�UHVXOWV��

Global sensitivity analysis 
� 2EMHFWLYHV�

7KH� ILUVW� VWHS� ZDV� WR� VHOHFW� SDUDPHWHUV� WKDW� KDYH� D�
UHDO�LQIOXHQFH�RQ�WKH�RSHUDWLYH�WHPSHUDWXUH�LQVLGH�WKH�
H[SHULPHQWDO�FHOO��,W�ZDV�SHUIRUPHG�E\�FKDQJLQJ�RQH�
SDUDPHWHU� DW� D� WLPH� DURXQG� LWV� QRPLQDO� YDOXH�� 7KH�
JOREDO� VHQVLWLYLW\� DQDO\VLV� SXUSRVH� LV� WR� H[DPLQH�
FKDQJHV� RI� WKH� UHVXOW� ZKHQ� DOO� SDUDPHWHU� YDOXHV�
FKDQJH� RYHU� WKHLU� XQFHUWDLQW\� UDQJH�� 7KHUHIRUH�� WKLV�
VHFRQG�DQDO\VLV�LV�PRUH�LQWHUHVWLQJ�WKDQ�WKH�ILUVW�RQH��
)XUWKHUPRUH�� LW� LV� EHVW� VXLWHG� IRU� H[SHULPHQWDO�
YDOLGDWLRQV�ZKHQ�VRPH�SDUDPHWHUV�DUH�ZHOO�NQRZQ��

� 6LPXODWLRQ�PHWKRGRORJ\�
:H� XVHG� IRU� WKHVH� FDOFXODWLRQV� 2SHQ� 78516�� DQ�
RSHQ�VRXUFH�SODWIRUP�GHYHORSHG�E\�(')��($'6�DQG�
3KLPHFD� DQG� GHGLFDWHG� WR� XQFHUWDLQW\� WUHDWPHQW� E\�
SUREDELOLVWLF� PHWKRGV� �ZZZ�RSHQWXUQV�RUJ��� 2SHQ�
78516� LV� XVDEOH� DV� D� 3\WKRQ� PRGXOH� VR� WKDW� WKH�
FRXSOLQJ�EHWZHHQ�'\PROD�DQG�3\WKRQ�LV�NHSW��DV�IRU�
WKH�ORFDO�VHQVLWLYLW\�DQDO\VLV��
7KH�JOREDO�VHQVLWLYLW\�RI�D�JLYHQ�RXWSXW�7�DW�WLPH�W�WR�
DQ� LQSXW� YDULDEOH� ;L� �WDNHQ� DORQH� DQG� QRW� LQ�
LQWHUDFWLRQ�ZLWK�DQ\�RWKHU�LQSXWV��LV�TXDQWLILHG�E\�WKH�
IROORZLQJ�ILUVW�RUGHU�6RERO�LQGH[��6RERO���������

� � � �(�)�
� � � (� [� (�)�� �])
� � � � (�) � ����

:KHUH�(>�@�(>�_�@�DQG�9DU>�@�GHQRWH�WKH�PDWKHPDWLFDO�
H[SHFWDWLRQ�� WKH� FRQGLWLRQDO� PDWKHPDWLFDO�
H[SHFWDWLRQ�DQG� WKH�YDULDQFH�� UHVSHFWLYHO\��1RWH� WKDW�
LW� LV� DOVR� SRVVLEOH� WR� HYDOXDWH� WKH� LQIOXHQFH� RI�
LQWHUDFWLRQV�EHWZHHQ�VHYHUDO�LQSXW�YDULDEOHV��
7KH� 6RERO� LQGLFHV� FDQ� EH� HVWLPDWHG� XVLQJ� D� 0RQWH�
&DUOR�DSSURDFK��ZKLFK�UHOLHV�XSRQ�D�KXJH�QXPEHU�RI�
PRGHO� HYDOXDWLRQV�� VD\� ����������� $V� WKLV� DSSURDFK�
ZRXOG�EH�WRR�WLPH�FRQVXPLQJ�IRU�RXU�VWXG\�FDVH��ZH�
UHVRUW� WR�DQ�DOWHUQDWLYH�PHWKRG�EDVHG�RQ�SRO\QRPLDO�
FKDRV� H[SDQVLRQV� �6RL]H� HW� DO��� ������� ,Q� WKLV� VHWXS��
WKH�PRGHO� UHVSRQVH�7�W�� LV� H[SDQGHG�RQWR� D� VSHFLILF�
EDVLV� PDGH� RI� RUWKRJRQDO� SRO\QRPLDOV�� QDPHO\� WKH�
3RO\QRPLDO�&KDRV��3&��EDVLV��7KHQ�WKH�6RERO�LQGLFHV�
DUH� REWDLQHG� DQDO\WLFDOO\� IURP� WKH� 3&� FRHIILFLHQWV�
�6XGUHW�� ������� +HQFH� WKH� FRPSXWDWLRQDO� FRVW� LV�
IRFXVHG�RQ�WKH�HVWLPDWLRQ�RI�WKH�ODWWHU��7KH�DGYDQWDJH�

RI� WKH� 3&� DSSURDFK� RYHU� WKH� ³FUXGH´� 0RQWH� &DUOR�
RQH�LV�WKDW�WKH�HVWLPDWLRQ�RI�WKH�3&�FRHIILFLHQWV�RIWHQ�
UHTXLUHV� D� UHODWLYHO\� VPDOO� QXPEHU� RI� PRGHO�
HYDOXDWLRQV��VD\������������
7KH�3&�FRHIILFLHQWV�FDQ�EH�HVWLPDWHG�E\�PHDQV�RI�D�
VHW� RI� PRGHO� HYDOXDWLRQV� DW� UDQGRP� VHWV� RI� LQSXW�
SDUDPHWHUV� �0RQWH� &DUOR� VDPSOLQJ� PHWKRG���
1RQHWKHOHVV�� DV� VKRZQ� LQ�%ODWPDQ� HW� DO�� �������� WKH�
FRQYHUJHQFH� UDWH� RI� HVWLPDWLRQ� FDQ� EH� LPSURYHG�
XVLQJ� WKH� VR�FDOOHG� TXDVL�0RQWH�&DUOR� VDPSOLQJ�
PHWKRG� �0RURNRII� HW� DO��� ������� 7KH� HIILFLHQF\� RI�
WKLV� VFKHPH� LV� GXH� WR� WKH� IDFW� WKDW� LW� JXDUDQWHHV� DQ�
H[FHOOHQW� FRYHUDJH� RI� WKH� YDULDWLRQ� GRPDLQ� RI� WKH�
LQSXW�YDULDEOHV��VSDFH�ILOOLQJ�GHVLJQ���
2QFH� WKH� PRGHO� KDV� EHHQ� HYDOXDWHG� DW� WKH� GHVLJQ�
SRLQWV�� WKH� 3&� FRHIILFLHQWV� DUH� W\SLFDOO\� FRPSXWHG�
XVLQJ�D�FODVVLFDO�OHDVW�VTXDUHV�DSSURDFK��+RZHYHU��DV�
GRQH� LQ� %ODWPDQ� HW� DO�� �������� ZH� SUHIHU� XVLQJ� D�
VSDUVH� OHDVW� VTXDUHV� VFKHPH�� L�H�� D� PHWKRG� ZKLFK�
DXWRPDWLFDOO\� VHWV� WKH� LQVLJQLILFDQW� FRHIILFLHQWV� WR�
]HUR��,QGHHG��WKLV�PHWKRG�LV�NQRZQ�WR�EH�PRUH�UREXVW�
DQG� FRQYHUJHV� PRUH� UDSLGO\� WKDQ� RUGLQDU\� OHDVW�
VTXDUHV�� 3UHFLVHO\�� WKH� VR�FDOOHG� /HDVW� $QJOH�
5HJUHVVLRQ� �/$5�� PHWKRG� ZDV� XVHG� �(IURQ� HW� DO���
�������
7KH� 2SHQ� 78516� LPSOHPHQWDWLRQV� RI� WKH� TXDVL�
0RQWH�&DUOR�DQG�/$5�EDVHG�3&�PHWKRGV�ZHUH�XVHG�
WR�VROYH�WKH�SUREOHP�XQGHU�FRQVLGHUDWLRQ������TXDVL�
0RQWH� &DUOR� VDPSOHV� ZHUH� JHQHUDWHG� DQG� WKH�
HYROXWLRQ�YHUVXV�WLPH�RI�WKH�ILUVW�RUGHU�6RERO�LQGLFHV�
�6DOWHOOL� HW� DO��� ������ ZDV� GHWHUPLQHG� IRU� HDFK�
SDUDPHWHU��

5(68/76��$1$/<6,6�$1'�
',6&866,21�
Local sensitivity analysis  
7R�FDUU\�RXW�WKH�ORFDO�VHQVLWLYLW\�DQDO\VLV��PRVW�RI�WKH�
LQSXW� SDUDPHWHUV� ZHUH� FRQVLGHUHG�� L�H�� ����
SDUDPHWHUV� LQFOXGLQJ�� GLPHQVLRQDO� GDWD� �VXUIDFHV��
PDWHULDO� WKLFNQHVVHV�� FHOO�YROXPH��GLPHQVLRQV�RI� WKH�
VRODU� VKDGLQJ�� �� RSWLFDO� GDWD� �DEVRUSWLYLW\� DQG�
HPLVVLYLW\�RI�ZDOOV��WUDQVPLWWDQFH�DQG�DEVRUSWLYLW\�RI�
GRXEOH�JOD]LQJ��DOEHGR�RI�WKH�HQYLURQPHQW����WKHUPDO�
FKDUDFWHULVWLFV� RI� PDWHULDOV� �FRQGXFWLYLW\�� GHQVLW\��
VSHFLILF� KHDW� FDSDFLW\�� �� LQWHUQDO� DQG� H[WHUQDO�
FRQYHFWLYH�FRHIILFLHQWV���FKDUDFWHULVWLFV�RI�WKH�+9$&�
V\VWHP� �LQHUWLD� DQG� FRQYHFWLYH� IDFWRU� DVVRFLDWHG� WR�
WKH� DLU� PL[LQJ�� �� WKHUPDO� EULGJH� FRQGXFWDQFH� ��
LQLWLDOL]DWLRQ�RI�WKH�FHOO�DLU�WHPSHUDWXUH���
)LJXUH� �� UHSUHVHQWV� WKH� VHQVLWLYLW\� LQGLFHV� RI� D� IHZ�
SDUDPHWHUV� DV� D� IXQFWLRQ� RI� WLPH� �7DEOH� �� LQGLFDWHV�
WKH�SK\VLFDO�PHDQLQJV�RI�WKH�;L�SDUDPHWHUV���,W�VKRZV�
GLIIHUHQW� EHKDYLRXUV�ZLWK� LQIOXHQWLDO� SDUDPHWHUV� WKDW�
FRQVLVWHQWO\�LPSDFW�WKH�RXWSXW�DQG�RWKHUV�ZLWK�VWURQJ�
WHPSRUDO�YDULDWLRQV���

�
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�
)LJXUH����/RFDO�VHQVLWLYLW\�LQGLFHV�YHUVXV�WLPH��

�

,Q�RUGHU�WR�NHHS�SDUDPHWHUV�ZLWK�D�VPDOO�PHDQ�YDOXH�
EXW� D� KLJK� YDULDWLRQ� LQ� WLPH�� WKH\� ZHUH� VRUWHG� IURP�
WKH� PRVW� WR� WKH� OHDVW� LQIOXHQWLDO� E\� FDOFXODWLQJ� WKHLU�
GLVWDQFH�6L�G� WKURXJKRXW�WKH�VWXGLHG�SHULRG�����GD\V���
7KH�GLVWDQFH�LV�GHILQHG�DV�D�IXQFWLRQ�RI�WKH�PHDQ�6L�P�
DQG� WKH� VWDQGDUG� GHYLDWLRQ� 6L�VWG� RI� WKH� VHQVLWLYLW\�
LQGLFHV�6L�W���

𝑆 , =    𝑆 , +   𝑆 , � ����

,Q� RUGHU� WR� GLVFDUG� PDQ\� SDUDPHWHUV�� ZH� FKRVH� WR�
UHWDLQ� WKH� SDUDPHWHUV� ZLWK� D� GLVWDQFH� JUHDWHU� WKDQ�
������ZKLFK� FRUUHVSRQGV� WR� D� WHPSHUDWXUH� YDULDWLRQ�
RI� DSSUR[LPDWHO\� ����&�� &RQVHTXHQWO\�� ���
SDUDPHWHUV�ZHUH�UHWDLQHG��
7KHQ��RQ�WKH�SORWV�RI�VHQVLWLYLW\�LQGLFHV�DV�D�IXQFWLRQ�
RI� WLPH� ZH� FKHFNHG� LI� ZH� KDG� QRW� GLVPLVVHG� VRPH�
SDUDPHWHUV�ZLWK�D�VWURQJ�LQVWDQWDQHRXV�LQIOXHQFH��L�H���
LI� WKH\� KDYH� D� VHQVLWLYLW\� LQGH[� JUHDWHU� WKDQ� ����&�
GXULQJ� WKH� IUHH� HYROXWLRQ� RU� WKH� FRROLQJ� SHULRG� EXW�
QRW� GXULQJ� WKH� SRZHU� VWHS� LQSXW� DQG� YLFH� YHUVD��
+HQFH����PRUH�SDUDPHWHUV�ZHUH�VHOHFWHG��

Correlation analysis 
$� FRUUHODWLRQ� DQDO\VLV� ZDV� FDUULHG� RXW� LQ� RUGHU� WR�
UHPRYH� FRUUHODWHG� SDUDPHWHUV� ZKLFK� KDYH� WKH� VDPH�
HIIHFW�RQ� WKH�RXWSXW��:KHQ� WKH�GHJUHH�RI�FRUUHODWLRQ�
UL�M�EHWZHHQ� WZR�SDUDPHWHUV� LV�KLJKHU� WKDQ������� WKH\�
DUH�VXSSRVHG�WR�EH�FRUUHODWHG�DQG�RQO\�WKH�SDUDPHWHU�
ZLWK�WKH�KLJKHVW�GLVWDQFH�LV�UHWDLQHG�����JURXSV�ZHUH�
IRXQG� E\� XVLQJ� WKLV� PHWKRG� DQG� WKH� QXPEHU� RI�
SDUDPHWHUV� SUHYLRXVO\� VHOHFWHG� ZDV� UHGXFHG� WR� ���
�%RQWHPSV�HW�DO����������
7KXV��DPRQJ�����SDUDPHWHUV�DW� WKH�EHJLQQLQJ�RI�WKH�
VWXG\�� ��� SDUDPHWHUV� �7DEOH� ��� UHPDLQHG� DV�
LQIOXHQWLDO� SDUDPHWHUV� RQ� WKH� RSHUDWLYH� WHPSHUDWXUH�
HVWLPDWHG�E\�'\PROD��XVLQJ�ORFDO�VHQVLWLYLW\�DQDO\VLV��
�
�
�
�
�
�
�

7DEOH���
3DUDPHWHUV�VHOHFWHG�DIWHU�ORFDO�VHQVLWLYLW\�DQDO\VLV�

�

;�� $OEHGR� ;�� 7HVW�ZDOO�VXUIDFH��

;�� +9$&�V\VWHP�LQHUWLD�� ;�� :LQGRZ�VXUIDFH�

;��
7KHUPDO�EULGJH�
FRQGXFWDQFH�� ;��� )ORRU�VXUIDFH��

;��
&RQYHFWLYH�IDFWRU�
DVVRFLDWHG�WR�WKH�+9$&�
V\VWHP��

;���
:LQGRZ�IUDPH�
RYHUKDQJ��

;��
*OD]LQJ�WKHUPDO�
WUDQVPLWWDQFH�� ;��� :LQGRZ�ZLGWK�

;��
*OD]LQJ�GLUHFW�
WUDQVPLWWDQFH� ;��� :LQGRZ�KHLJKW�

;�� *OD]LQJ�GLIIXVH�WUDQVPLWWDQFH��
�

Global sensitivity analysis 
7KH� FRQYHUJHQFH� RI� WKH� YDULRXV� JOREDO� VHQVLWLYLW\�
LQGLFHV�ZDV�FRQVLGHUHG�WR�EH�DWWDLQHG�ZLWK�UHVSHFW�WR�
WKH� VL]H� RI� WKH� TXDVL�0RQWH� &DUOR� VDPSOH�� DV�
LOOXVWUDWHG�IRU� LQVWDQFH� LQ�)LJXUH���IRU� LQSXW�YDULDEOH�
;���

�

�

)LJXUH����&RQYHUJHQFH�RI�WKH�FDOFXODWLRQV�ZLWK�WKH�
VDPSOH�VL]H�IRU�SDUDPHWHU�;��DW�WLPH�W ���K�

�

%HVLGHV�� )LJXUH� ��� VKRZV� WKH� VXP� RYHU� DOO� WKH�
SDUDPHWHUV� RI� WKH� ILUVW�RUGHU� 6RERO� LQGLFHV� YHUVXV�
WLPH�� 6LQFH� WKLV� VXP� LV� YHU\� FORVH� WR� XQLW\�� LW�
GHPRQVWUDWHV� WKDW� WKHUH� LV� QR� LQWHUDFWLRQ� HIIHFW�
EHWZHHQ� WKH� UHPDLQLQJ� SDUDPHWHUV�� ,QGHHG�� LW� LV�
VKRZQ�WKDW�WKH�YDULRXV�LQGLFHV��UHODWHG�QRW�RQO\�WR�WKH�
LQSXW� YDULDEOHV� WDNHQ� VHSDUDWHO\� EXW� DOVR� WR�
LQWHUDFWLRQV� WKHUHRI�� VXP� XS� WR� RQH� �6RERO�� �������
7KHUHIRUH��WKHUH�ZDV�QR�QHHG�WR�FRPSXWH�KLJKHU�RUGHU�
LQGLFHV�IRU�WKH�FXUUHQW�VWXG\��

�
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�

)LJXUH�����6XP�RYHU�WKH�SDUDPHWHUV�RI�WKH�ILUVW�RUGHU�
6RERO�LQGH[�

�

2QFH� WKH� UHOLDELOLW\�RI� WKH� FDOFXODWLRQV�ZDV� YHULILHG��
ZH� FRXOG� DQDO\]H� WKH� UHVXOWV�� )LUVWO\�� WKH� VHQVLWLYLW\�
LQGLFHV�DUH�HTXDO� WR�]HUR�GXULQJ�DOO� WKH� VHTXHQFH� IRU�
SDUDPHWHUV�;���;���;����;���DQG�;���� ,W�VKRXOG�VHHP�
VXUSULVLQJ� VLQFH� WKH\� ZHUH� VHOHFWHG� IURP� QRQ�]HUR�
ORFDO� VHQVLWLYLW\� LQGLFHV�� 7KLV� PD\� EH� GXH� WR� WKH�
VSDUVH�OHDVW�VTXDUHV�VFKHPH�ZKLFK�IRUFHV�DOO�WKH�ORZ�
LQGLFHV�WR�]HUR��
6HFRQGO\��ZH�REVHUYHG�LQ�7DEOH���WKH�SUHGRPLQDQFH�
RI� WZR� SDUDPHWHUV�� WKH� HQYLURQPHQW� DOEHGR� DQG� WKH�
WKHUPDO�EULGJH�FRQGXFWDQFH�ZLWK�UHVSHFWLYHO\�D�PHDQ�
VHQVLWLYLW\� LQGH[� RI� ���� DQG� ���� DQG� PD[LPXP�
YDOXHV�QHDU�������

7DEOH���
0D[LPXP�YDOXH�RI�ILUVW�RUGHU�6RERO�LQGLFHV�

;�� ;�� ;�� ;�� ;�� ;�� ;�� ;���

����� ����� ����� ����� ����� ����� ����� �����
�

%DVHG�RQ�WKHVH�REVHUYDWLRQV��)LJXUH����LQGLFDWHV�WKH�
HYROXWLRQ� RI� WKH� WKUHH� PRVW� LPSRUWDQW� ILUVW�RUGHU�
6RERO� LQGLFHV� DV� D� IXQFWLRQ� RI� WLPH�� 7KH� PDLQ�
REVHUYDWLRQ� LV� WKDW� WKHUH� LV� DQ� LQYHUVLRQ� RI� WKH�
LQIOXHQFH� RI� WKH� DOEHGR� DQG� WKH� WKHUPDO� EULGJH�
FRQGXFWDQFH�EHWZHHQ�WKH�SRZHU�VWHS�LQSXW�SHULRG�DQG�
WKH�RWKHU�H[SHULPHQWDO�VHTXHQFHV��7KLV�LQGLFDWHV�WKDW�
LQ� RUGHU� WR� SURFHHG� WR� D� EHWWHU� LGHQWLILFDWLRQ� RI�
WKHUPDO� EULGJHV� GXH� WR� FRQVWUXFWLRQ� GHVLJQ� RQH�
VKRXOG� FRQVLGHU� DQ� H[SHULPHQWDO� VHTXHQFH� ZLWK� D�
SRZHU� VWHS� UHVSRQVH�� ,Q� WKH� VDPH� ZD\�� UHVXOWV�
VKRZHG�WKDW�SDUDPHWHUV�RI�WKH�+9$&�V\VWHP��LQHUWLD�
DQG�FRQYHFWLYH�IDFWRU��DUH�LQIOXHQWLDO�LQ�IUHH�IORDWLQJ�
DQG�FRROLQJ�SHULRGV��
�

�

�
)LJXUH�����)LUVW�RUGHU�6RERO�LQGLFHV�YHUVXV�WLPH��

�

7KH�LQIOXHQFH�RI�RQH�SDUDPHWHU�RQ�WKH�RXWSXW�FDQ�EH�
VHHQ�E\�GUDZLQJ�VFDWWHU�SORWV�DW�VHOHFWHG�WLPHV��L�H��D�
UHSUHVHQWDWLRQ� RI� WKH� LQSXW�RXWSXW� VDPSOH� LQ� WKH�
�;L�7�� SODQHV� �6DOWHOOL� HW� DO��� ������� )LJXUH� ���
LQGLFDWHV� WKH� HYROXWLRQ� RI� RSHUDWLYH� WHPSHUDWXUH�
ZKLFK�LQFUHDVHV�ZLWK�WKH�WKHUPDO�EULGJH�FRQGXFWDQFH�
DQG� LW� VKRZV� WKDW� WKH� XQFHUWDLQW\� RQ� WKH� RXWSXW� LV�
DURXQG� ����&� ZKHQ� WKH� YDOXH� RI� WKH� WKHUPDO� EULGJH�
FRQGXFWDQFH� IOXFWXDWHV� EHWZHHQ� �� DQG� ��:�.��1RWH�
WKDW� WKH�H[SHULPHQWDO�YDOXH� LV�������&�DW� WKDW� WLPH�
DQG� LW� PDWFKHV� ZLWK� WKH� XQFHUWDLQW\� UDQJH� RI� WKH�
WHPSHUDWXUH�HVWLPDWHG�ZLWK�'\PROD���
�

�

)LJXUH�����6FDWWHU�SORW�IRU�SDUDPHWHU�;��DW�W ���K�
�

&21&/86,21�
,Q� WKLV� SDSHU�� D� FRPSDULVRQ� EHWZHHQ�
3OpLDGHV�&RPILH� DQG� '\PROD� GHPRQVWUDWHV� WKH�
FDSDELOLW\�RI�VXFK�SLHFHV�RI�VRIWZDUH�WR�UHSUHVHQW�WKH�
WKHUPDO� EHKDYLRU� RI� H[SHULPHQWDO� URRPV��
1HYHUWKHOHVV��PRGHOLQJ� HIIRUWV�ZHUH�PRUH� LPSRUWDQW�
RQ�3OpLDGHV�&RPILH�VLQFH�LW�LV�QRW�D�WRRO�GHVLJQHG�IRU�
VXFK� FRPSDULVRQV� DQG� VRPH� DGGLWLRQDO� K\SRWKHVHV�
KDG�WR�EH�PDGH��
,Q�D�ILUVW�VWHS��WKH�SUREOHP�ZDV�GRZQVL]HG�E\�IL[LQJ�
���� LQSXW� SDUDPHWHUV� RXW� RI� ���� WR� WKHLU� QRPLQDO�
YDOXHV�� 7KLV� ZDV� DFKLHYHG� XVLQJ� ORFDO� VHQVLWLYLW\�
DQDO\VLV�� 7KH� LQIOXHQFH� RI� WKH� ��� UHPDLQLQJ�
SDUDPHWHUV� ZDV� DQDO\]HG� LQ� GHWDLOV� E\� PHDQV� RI� D�
JOREDO� VHQVLWLYLW\� DQDO\VLV�� ZKLFK� DFFRXQWV� IRU� WKH�
YDULDELOLW\�RI�WKH�YDULDEOHV�RYHU�WKHLU�ZKROH�YDULDWLRQ�
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GRPDLQ��7KH�JOREDO�VHQVLWLYLW\�DQDO\VLV�FRQWULEXWHG�WR�
H[FOXGH� IURP� H[SHULPHQWDO� FRPSDULVRQ� VRPH� ZHOO�
NQRZQ� SDUDPHWHUV� VXFK� DV� VXUIDFHV� RU� UDGLDWLYH�
SURSHUWLHV���
)LUVW�RUGHU� 6RERO� LQGLFHV� ZHUH� HYDOXDWHG� RYHU� WLPH�
DQG� VRPH� SDUDPHWHUV� ZHUH� WKHQ� LGHQWLILHG� WR� EH�
LQIOXHQWLDO� RQO\� IRU� VSHFLILF� H[SHULPHQWDO� VHTXHQFHV�
DPRQJ� WKH� WKUHH� ERXQGDU\� FRQGLWLRQV� DSSOLHG� LQ� WKH�
WHVW� FHOO�� IUHH�IORDWLQJ�� FRROLQJ� VHW� SRLQW� DQG� SRZHU�
VWHS� LQSXW��7KLV�SRLQW� LV� LPSRUWDQW� LQ�RUGHU� WR�EHWWHU�
XQGHUVWDQG� WKH�SK\VLFDO�SKHQRPHQD�PRGHOHG�YLD� WKH�
IROORZLQJ� SDUDPHWHUV�� WKHUPDO� EULGJH� FRQGXFWDQFH��
DOEHGR�DQG�FRQYHFWLYH�IDFWRU�DVVRFLDWHG�WR�WKH�+9$&�
V\VWHP��
,Q�SDUWLFXODU��WKH�DOEHGR�YDOXH�ZLOO�VRRQ�EH�PHDVXUHG�
ZLWK� DQ� DOEHGRPHWHU� QHDU� WKH� %(67/DE� SODWIRUP�
LQVWHDG� RI� XVLQJ� D� JXHVV� YDOXH� ZKLFK� UHPDLQHG�
FRQVWDQW�LQ�WKH�PRGHO��7KH�LGHQWLILFDWLRQ�RI�VWUXFWXUDO�
GHIHFWV� PRGHOHG� E\� WKHUPDO� EULGJHV� ZLOO� DOVR� EH� DQ�
LPSRUWDQW�VXEMHFW�RI�VWXG\��

120(1&/$785(�
UH�  ��UHVLGXH�

\PHDVXUH�  ��PHDVXUHG�RSHUDWLYH�WHPSHUDWXUH���&�

\VLPXODWLRQ�  ��HVWLPDWHG�RSHUDWLYH�WHPSHUDWXUH���&�

;�  ��LQSXW�SDUDPHWHU�

7�  ��RSHUDWLYH�WHPSHUDWXUH���&�

6�  ��ORFDO�VHQVLWLYLW\�LQGH[�

)6,�  ��ILUVW�RUGHU�JOREDO�VHQVLWLYLW\�LQGH[�

U�  ��GHJUHH�RI�FRUUHODWLRQ�

1�  ��SDUDPHWHU�QXPEHU�

6XEVFULSW�DQG�VXSHUVFULSW�

��  ��QRPLQDO�YDOXH�

G�  ��GLVWDQFH�

P�  ��PHDQ�

VWG�  ��VWDQGDUG�GHYLDWLRQ�

$&.12:/('*(0(17�
7KLV� VWXG\� KDV� EHHQ� VXSSRUWHG� E\� WKH� )UHQFK�
1DWLRQDO� 5HVHDUFK� $JHQF\� �$15�� WKURXJK� WKH�
SURJUDP�+DELWDW� LQWHOOLJHQW�HW� VRODLUH�SKRWRYROWDwTXH�
�SURMHFW�),$%,/,7(��$15����+$%,62/��������

5()(5(1&(6�
$'(0(�� ������ /HV� &KLIIUHV� &OpV� GX� %kWLPHQW��

(GLWLRQ�������3XEOLFDWLRQV�GH�O¶$'(0(��
%DUPDXG�� *�� ������ 2SWLPLVDWLRQ� GH� O
LPSODQWDWLRQ�

G
XQH� GRXEOH� FHOOXOH� H[SpULPHQWDOH� GDQV� OH� VLWH�
(')�GHV�5HQDUGLqUHV��&67%��

%ODWPDQ�� *��� 6XGUHW�� %�� ������ $GDSWLYH� VSDUVH�
SRO\QRPLDO� FKDRV� H[SDQVLRQ� EDVHG� RQ� /HDVW�
$QJOH�5HJUHVVLRQ�� -��&RPSXW��3K\V�� ����� �����
������

%ODWPDQ��*��� 6XGUHW��%���%HUYHLOOHU��0�� ������ 4XDVL�
UDQGRP� QXPEHUV� LQ� VWRFKDVWLF� ILQLWH� HOHPHQW�
DQDO\VLV��0pFDQLTXH�	�,QGXVWULHV�������±�����

%RQWHPSV��6���.DHPPHUOHQ��$���/H�%HUUH��5���0RUD��
/�� ������ /D� ILDELOLWp� G¶RXWLOV� GH� VLPXODWLRQ�
WKHUPLTXH� G\QDPLTXH� GDQV� OH� FRQWH[WH� GH�
EkWLPHQWV�EDVVH�FRQVRPPDWLRQ��6XEPLVVLRQ�6)7�
������

(IURQ��%���+DVWLH��7���-RKQVWRQH��,��$QG�7LEVKLUDQL��5��
������ /HDVW� DQJOH� UHJUHVVLRQ�� $QQ�� 6WDWLV��� ����
���������

0DUD�� 7�$��� %R\HU�� +�� DQG� *DUGH�� )�� ������
3DUDPHWULF� VHQVLWLYLW\� DQDO\VLV� RI� D� WHVW� FHOO�
WKHUPDO�PRGHO�XVLQJ�VSHFWUDO�DQDO\VLV��-RXUQDO�RI�
VRODU�HQHUJ\�HQJLQHHULQJ����������±�����

0RGHOLFD�DVVRFLDWLRQ�ZHEVLWH��
KWWSV���ZZZ�PRGHOLFD�RUJ�OLEUDULHV�

0RURNRII�� :�-��� &DIOLVFK�� 5�(�� ������ 4XDVL�0RQWH�
&DUOR�LQWHJUDWLRQ��-��&RPS��3K\V����������±�����

2SHQ�78516�ZHEVLWH��KWWS���ZZZ�RSHQWXUQV�RUJ�
6DOWHOOL�� $��� &KDQ�� .��� 6FRWW�� (�0�� ������ 6HQVLWLYLW\�

$QDO\VLV��-RKQ�:LOH\�DQG�6RQV��&KLFKHVWHU��
6RERO��,�0��������6HQVLWLYLW\�HVWLPDWHV�IRU�QRQOLQHDU�

PDWKHPDWLFDO� PRGHO�� 0DWK�� 0RGHOLQJ� &RPSXW��
([S��������������

6RL]H�� &���*KDQHP�� 5�� ������ 3K\VLFDO� V\VWHPV�ZLWK�
UDQGRP�XQFHUWDLQWLHV��FKDRV�UHSUHVHQWDWLRQV�ZLWK�
DUELWUDU\� SUREDELOLW\� PHDVXUH�� 6,$0� -�� 6FL��
&RPSXW������������������

6SLW]�� &�� ������$QDO\VH� GH� OD� ILDELOLWp� GHV� RXWLOV� GH�
VLPXODWLRQ� HW� GHV� LQFHUWLWXGHV� GH� PpWURORJLH�
DSSOLTXpH� j� O¶HIILFDFLWp� pQHUJpWLTXH� GHV�
EkWLPHQWV��3K'�WKHVLV��8QLYHUVLWp�GH�*UHQREOH��

6XGUHW�� %�� ������ *OREDO� VHQVLWLYLW\� DQDO\VLV� XVLQJ�
SRO\QRPLDO�FKDRV�H[SDQVLRQV��5HOLDE��(QJ��6\V��
6DIHW\��������������
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