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Abstract.�7KLV�VWXG\�DLPV�WR�HVWLPDWH�WKH�DEVRUEHG�GRVHV�DQG�ELRORJLFDO�SDUDPHWHUV�LQ�WKH�FULWLFDO�
RUJDQV�RI�SDWLHQWV�GXULQJ�ERQH�VFDQ�VFLQWLJUDSK\��XVLQJ�63(&7�GDWD�EDVHG�RQ�WHFKQHWLXP���P�PHWK\O�
GLSKRVSKRQDWH����P7F�0'3��LQ�QXFOHDU�PHGLFLQH��10��SURFHGXUHV��7F�XSWDNH�RI�GLIIHUHQW�FULWLFDO�RUJDQV�
�52,V��VXFK�DV�NLGQH\V�DQG�EODGGHU�ZHUH�FDOFXODWHG�DW�GLIIHUHQW�WLPHV������K����K�������K��DQG���K��DIWHU�
WKH�DGPLQLVWUDWLRQ�RI�PHDQ�DFWLYLW\�A��HTXDO�WR�������P&L��7KH�DEVRUEHG�GRVH��ELRORJLFDO�KDOI�OLIH��T������
DQG�UHVLGHQFH�WLPH��W��ZHUH�FRPSXWHG�XVLQJ�0HGLFDO�,QWHUQDO�5DGLDWLRQ�'RVLPHWU\��0,5'��5HSRUW����RI�
ELRNLQHWLF�PRGHO��7KH�GDWD�ZHUH�DQDO\]HG�XVLQJ�D�FRPSXWDWLRQDO�WRRONLW�FDOOHG��,QW'RV&DOF��GHYHORSHG�
XQGHU�0DWODE� FRGH�� 7KH� UHVXOWV� RI� WKH� SUHVHQW� VWXG\� VKRZHG� WKDW� WKH� YDOXH� RI� WKH� DEVRUEHG� GRVH� IRU�
FULWLFDO� RUJDQV� VXFK� DV� WKH� NLGQH\� DQG� EODGGHU�ZHUH� ������ DQG� ������P*\� SHU� XQLW� RI� DGPLQLVWUDWHG�
DFWLYLW\��UHVSHFWLYHO\��7KH�FXPXODWHG�DFWLYLW\��UHVLGHQFH�WLPH��HIIHFWLYH�KDOI�OLIH�DQG�ELRORJLFDO�KDOI�OLIH�
ZHUH�GLVFXVVHG�LQ�GHWDLO��

Key words� $EVRUEHG�GRVH��QXFOHDU�PHGLFLQH��PHGLFDO�LQWHUQDO�UDGLDWLRQ�GRVH��WHFKQHWLXP���P��

,1752'8&7,21��

7KH�DSSOLFDWLRQ�RI�VFLQWLJUDSK\�VWXGLHV�LQ�QXFOHDU�PHGLFLQH�ZDV�GHYHORSHG�LQ�
WKH� ODVW� \HDUV� ZLWK� WKH� XVH� RI� PDQ\� WHFKQLTXHV� DQG� D� YDULHW\� RI� UDGLRLVRWRSHV��
+RZHYHU�� RQH� RI� WKH� PRVW� XVHG� UDGLRQXFOLGHV� LQ� QXFOHDU� PHGLFLQH� URXWLQH� LV� WKH�
WHFKQHWLXP���P����P7F��>��@��UHSUHVHQWLQJ�QHDUO\������RI�WKH�GDWD�GLDJQRVWLFV�RI�WKH�
GLIIHUHQW�RUJDQV�VXFK�DV� OLYHU��NLGQH\V��KHDUW��ERQH��VSOHHQ�� OXQJ��DQG�WK\URLG�JODQG�
>�@��7KH�HVWLPDWLRQ�RI�WKH�DEVRUEHG�GRVH�OHYHOV�IRU�HDFK�VSHFLILF�FULWLFDO�RUJDQ�GXULQJ�
WKH� VFDQ� LUUDGLDWLRQ� LV� QHHGHG� WR� EH� RSWLPL]HG� LQ� RUGHU� WR� GLPLQLVK� WKH� ELRORJLFDO�
HIIHFWV�DQG�WKH�ULVN�RI�UDGLDWLRQ�H[SRVXUH�>�@��+RZHYHU��WKH�FDOFXODWLRQ�RI�WKH�LQWHUQDO�
GRVH� HYDOXDWLRQ� LV� FRQVLGHUHG� LPSRUWDQW� LQ� YDULRXV� DOWHUQDWLYH� WUHDWPHQWV� RU�
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GLDJQRVWLF�WHFKQLTXHV�LQ�QXFOHDU�PHGLFLQH��,Q�PRVW�FDVHV��WKH�DEVRUEHG�GRVHV�E\�WKH�
LQWHVWLQHV� DQG� NLGQH\V� DUH� KLJKHU� EHFDXVH� WKH\� DGVRUE� WKH� KLJKHVW� DPRXQWV� RI�
UDGLRSKDUPDFHXWLFDO�SURGXFWV�>����@��7KH�PDLQ�REMHFW�RI�WKLV�SDSHU�LV�WR�HVWLPDWH�WKH�
DEVRUEHG� GRVH� LQ� WKHVH� FULWLFDO� RUJDQV�� HVSHFLDOO\� LQ� ERQH� VFLQWLJUDSK\� VWXGLHV�� 7R�
FDOFXODWH� WKH�DEVRUEHG�GRVHV�� D� FRPSXWHU�SURJUDP�FDOOHG�,QW'RV&DOF��ZKLFK�PHDQV�
DQ� DEEUHYLDWLRQ� RI� WKH� LQWHUQDO� GRVH� FDOFXODWRU�� KDV� EHHQ� GHYHORSHG� EDVHG� RQ�
0$7/$%�FRGH� �0DWUL[�/DERUDWRU\�� WR� VWXG\� WKH� SK\VLFDO� GRVLPHWU\� LQ� ERQH� VFDQ�
SURFHGXUHV��

0$7(5,$/6�$1'�0(7+2'6��

,Q� WKLV� VWXG\�� ZH� KDYH� GHYHORSHG� D� SODWIRUP�LQGHSHQGHQW� VRIWZDUH� QDPHG�
�,QW'RV&DOF�� XVLQJ� WKH�0DWODE� �0DWUL[� /DERUDWRU\�� HQYLURQPHQW� ZKLFK� SURYLGHV�
WRROV� XVHG� IRU� LQWHUQDO� GRVH� FDOFXODWLRQ� DFFRUGLQJ� WR�0,5'� IRUPXODWLRQ� >��� ��@��
2QH�RI�YHU\�LPSRUWDQW�WKLQJV�LQ�WKH�ILHOG�RI�LQWHUQDO�GRVLPHWU\�LV�WKH�FROOHFWLRQ�RI�
WLPH�DQG�DFWLYLW\� IURP�SDWLHQW�GDWD�� ,Q�RUGHU� WR�REWDLQ� WKH�SK\VLFDO�SDUDPHWHUV�RI�
RXU�PRGHO�� 63(&7� ,PDJH� 3URFHVVLQJ�',&20� ILOHV� RI� SDWLHQWV�ZHUH� DFTXLUHG� DW�
YDULRXV� WLPH� SRLQWV� DIWHU� WKH� UDGLRSKDUPDFHXWLFDO� LQMHFWLRQ�� 7R� GHWHUPLQH� WKH�
UDGLRDFWLYH� TXDQWLW\�� ZH� GUDZ�PDQXDOO\� WKH� UHJLRQ� RI� LQWHUHVW� �52,�� DW� GLIIHUHQW�
WLPHV�LQ�HDFK�RUJDQ��DQWHULRU�DQG�SRVWHULRU���7KLV�SURFHVV�ZLOO�JLYH�VHYHUDO�FRXQWV�
JLYHQ�D�FXPXODWHG�DFWLYLW\�RQ�HDFK�WLPH�IUDPH��

&$/&8/$7,21�2)�7+(�&21-8*$7(�$&7,9,7<�

7R� GHWHUPLQH� WKH� YDOXH� RI� UDGLDWLRQ� DFWLYLW\� LQ� WDUJHW� RUJDQV�� WKH� FRQMXJDWH�
YLHZ�PHWKRG�ZDV� DSSOLHG� WR� HDFK�63(&7�GDWD� LPDJH��8VLQJ� RXU� VRIWZDUH��52,V�
ZHUH� GUDZQ� RQ� DQWHULRU� DQG� SRVWHULRU� GDWD� LPDJHV� IRU� HDFK� RUJDQ� DFWLYLW\� >�@��
)LQDOO\��WKH�REWDLQHG�FRXQWV�ZHUH�FRQYHUWHG�WR�DFWLYLW\��Ai��P&L���XVLQJ�IRUPXOD�>�@��
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ZKHUH��I$�DQG�I3�UHSUHVHQWV�WKH�FRXQWV�SHU�XQLW�RI�WLPH�IRU�WKH�DQWHULRU�DQG�SRVWHULRU�
63(&7� LPDJHV�� UHVSHFWLYHO\�� PHDVXUHG� LQ� FRXQWV�V�� P� UHSUHVHQW� WKH� DWWHQXDWLRQ�
FRHIILFLHQW� RI� WKH� VRXUFH� RUJDQ� �FP����� fi� LV� WKH� FRUUHFWLRQ� IDFWRU� IRU� WKH� VRXUFH�
RUJDQ��C LV� WKH�V\VWHP�FDOLEUDWLRQ�RI�WKH�LPDJLQJ�V\VWHP��JLYHQ�E\�FRXQW�UDWH�SHU�
XQLW�DFWLYLW\��x�LV�WKH�RUJDQ�WKLFNQHVV��FP���
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7KH� DEVRUEHG� GRVHV� SHU� XQLW� RI� DGPLQLVWHUHG� DFWLYLW\� LQ� RUJDQV� ZHUH�
FDOFXODWHG�XVLQJ�63(&7�GDWD�ILOHV��7KH�UDGLDWLRQ�DEVRUEHG�GRVH�RI�RUJDQV�LQ�ERG\�
ZDV� FDOFXODWHG� E\� WKH� VXP� RI� DOO� WKH� SURGXFW� RI� UHVLGHQFH� WLPH� �ͯ�� IRU� GLIIHUHQW�
VRXUFH�RUJDQV�DQG� WKH�6�YDOXHV� IRU� WKH�VRXUFH�WDUJHW�RUJDQ��

k hr rS m ��ZKLFK�\LHOGHG�
WKH� DEVRUEHG�GRVH��Dri� � �*\��� WR� D� WDUJHW� RUJDQ� �rk�� SHU�XQLW� DGPLQLVWHUHG� DFWLYLW\�
�A����DFFRUGLQJ�WR�WKH�0,5'�IRUPXODWLRQ��>��@��
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ZKHUH� hA� �LV�WKH�FXPXODWHG�DFWLYLW\��P&LāK��LQ�WKH�VRXUFH�RUJDQ��rh���JLYHQ�E\�WKH�
HTXDWLRQ�������

k hr rS m �UHSUHVHQWV�WKH�VSHFLILF�DEVRUEHG�IUDFWLRQ�LQ�WKH�WDUJHW�RUJDQ�SHU�
XQLW�RI�PDVV��>�@��
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ZKHUH�́i�UHSUHVHQWV�WKH�PHDQ�HQHUJ\�RI�UDGLDWLRQ�i SHU�QXFOHDU�WUDQVLWLRQ��� ĭ k hr ri m �LV�
WKH�DEVRUEHG�IUDFWLRQ�RI�DEVRUEHG�UDGLDWLRQ�LQ�WDUJHW�k�SHU�HPLVVLRQ�RI�UDGLDWLRQ�i��m�
LV�WKH�PDVVH�RI�WKH�WDUJHW�RUJDQ��NJ����
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ZKHUH�A�UHSUHVHQWV�WKH�LQLWLDO�DFWLYLW\�RI�WKH�UDGLRSKDUPDFHXWLFDO��LQ�P&L���
,Q� WKLV� UHVSHFW�� WKH� DUHD� RI� WKH� WLPH� DFWLYLW\� FXUYH� IRU� HDFK� RUJDQ� ZDV�

FDOFXODWHG�DV�GHVFULEHG�LQ�WKH�VWXG\�RI�0RKVHQ�&KHNL�>�@�ZKHUH�WKH�HIIHFWLYH�GHFD\�
FRQVWDQW��ͧHII�LV�JLYHQ�E\�WKH�VXP�RI�WKH�SK\VLFDO�DQG�WKH�ELRORJLFDO�GHFD\�FRQVWDQWV�
�ͧ3K\�ͧ%LR��� ,W� LV�QHFHVVDU\� WR�FRQVLGHU�ERWK� WKH�ELRORJLFDO��ͧ%LR� DQG�SK\VLFDO�� � ͧ3K\��
FKDUDFWHULVWLF� WR� WKH�UDGLRSKDUPDFHXWLFDO�PROHFXOHV� >�@��7KH�HIIHFWLYH�GHFD\� WLPH��
THII�FDQ�EH�GHILQHG�DV���

� THII� �OQ���OHII� �WHII�î�OQ�� ����

5(68/76��

7KH�UHVXOWV�IURP�VXFK�VWXG\�UHSUHVHQW�DQ�LPSRUWDQW�OHYHO�LQ�WKH�HYDOXDWLRQ�RI�
LQWHUQDO� DEVRUEHG� GRVHV� DQG� ELRORJLFDO� HIIHFWV�� ,Q� DGGLWLRQ�� VHYHUDO� VWXGLHV� KDYH�
GHPRQVWUDWHG�WKH�XVHIXOQHVV�RI�63(&7�GDWD�LPDJHV�DV�D�PHWKRG�IRU�DEVRUEHG�GRVH�
HVWLPDWLRQV� LQ� KXPDQV�� +RZHYHU�� RXU� VRIWZDUH� ZDV� IRFXVHG� RQ� WKH� DFFXUDF\� RI�
UHVLGHQFH�WLPH�FDOFXODWLRQ�DQG�RUJDQ�GRVH�FDOFXODWLRQ�E\�HVWLPDWLQJ�DEVRUEHG�GRVHV�
WR�WDUJHW�RUJDQV�XVLQJ�D�SODQDU�QXFOHDU�PHGLFLQH�ERQH�VFDQ�SURFHGXUH��DW�GLIIHUHQW�
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WLPHV� DIWHU� WKH� 7F� LQMHFWLRQ� LQ� WKH� SDWLHQWV� XVLQJ� QXFOHDU� PHGLFLQH� GHYLFHV�� 7KH�
VHOHFWHG�VRXUFH�RUJDQV�ZHUH�NLGQH\V��OLYHU��EODGGHU��DQG�WKH�WRWDO�ERG\��$IWHU�D�52,�
ZDV� GUDZQ� RQ� DQ� DQWHULRU� LPDJH�� WKLV� 52,�ZDV� FRSLHG� WR� D� SRVWHULRU� LPDJH� DQG�
FRSLHG�WR�D�VHULHV�LPDJH�DW�D�GLIIHUHQW�WLPH�XVLQJ�,QW'RV&DOF�SUHVHQWHG�LQ�)LJXUH����

�

)LJ������,QW'RV&DOF�LQWHUIDFH�IRU�WKH�GLVSOD\�RI�GLIIHUHQW�LQ�RXW�SDUDPHWHUV���

)LJXUHV�������DQG���VKRZ�WKH�FDOFXODWLRQ�DFWLYLWLHV��P&L��LQ�WKH�ULJKW�NLGQH\��
OHIW� NLGQH\�� DQG� EODGGHU� DW� GLIIHUHQW� GXUDWLRQ� DIWHU� UDGLRSKDUPDFHXWLFDO� LQMHFWLRQ�
WLPH�DW�����K����K�������K��DQG���K��

)LJXUH���VKRZV�WKH�DFWLYLW\�LQ�WKH�ULJKW�NLGQH\�WDUJHW�RUJDQ�SRVW�DGPLQLVWUDWLRQ�
RI�WKH�UDGLRQXFOLGH�ZLWK�A�� �������P&L�DV�D�IXQFWLRQ�RI�WLPH�DIWHU�LQMHFWLRQ��$IWHU�
ILWWLQJ��ZH�REWDLQ�H[SRQHQWLDO�DWWHQXDWLRQ�RI�DFWLYLW\���

�

� A�t�� �����H±����t� ����
�
7KH�LQWHJUDWLRQ�RI�HTXDWLRQ�����DV�D�IXQFWLRQ�RI�WLPH�LQ�WKH�UDQJH�>��f��JLYHV�

D�FXPXODWHG�DFWLYLW\�DURXQG������P&LāK��



�� ,QWHUQDO�GRVLPHWU\�IRU�10�ERQH�VFDQ�SURFHGXUHV� �����

 0

 0.5

 1

 1.5

 2

 2.5

 3

 0  0.5  1  1.5  2  2.5  3  3.5

A
ct

iv
ity

 (m
C

i)

Time (h)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

�
)LJ�����$FWLYLW\�A�P&L��IRU���P7F�0'3�DV�IXQFWLRQ�RI�WLPH�LQ�ULJKW�NLGQH\���
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)LJ�����$FWLYLW\�A�P&L��IRU���P7F�0'3�DV�IXQFWLRQ�RI�WLPH�LQ�OHIW�NLGQH\���
��WR�����UHSUHVHQWV�WKH�LQGH[�RI�GLIIHUHQW�63(&7�GDWD��

)LJXUH���VKRZV�WKH�WLPH�DFWLYLW\�FXUYH�RI�WKH�OHIW�NLGQH\�SRVW�DGPLQLVWUDWLRQ�
DV� D� IXQFWLRQ� RI��7KH� H[SRQHQWLDO� ILW�ZDV� XVHG� WR� REWDLQ� WKH� ELR� NLQHWLF� EHKDYLRU�
JLYHQ�E\�WKH�HTXDWLRQ��

�

� A�t�� �����H±����t� ����
�
:KHQ�WKH�LQWHJUDWLRQ�KDV�EHHQ�DSSOLHG�LQ�WKH�RUJDQ�52,�WR�REWDLQ�WKH�DUHD�RI�

WKH� WLPH�DFWLYLW\� FXUYH�� WKH� UHVXOWLQJ�YDOXH� WKHQ� UHSUHVHQWV� WKH�FXPXODWHG�DFWLYLW\�
HTXDO�WR������P&LāK��
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)LJ�����7LPH�DFWLYLW\�ILWWLQJ�FXUYH�IRU�ULJKW�NLGQH\�SRVW�DGPLQLVWUDWLRQ�RI���P7F�0'3��

)LJXUH���LOOXVWUDWHV�WKH�DFWLYLW\�IRU�WKH�EODGGHU�DV�D�IXQFWLRQ�RI�WLPH�REWDLQHG�
E\�RXU�0DWODE� FRGH�� ,Q� WKLV� FDVH�� IURP� WKH� VDPH� ILWWLQJ�PHWKRG�RI� WKH� FXUYH��ZH�
REWDLQ� D� YDOXH� RI� ������ P&LāK�� WKDW� UHSUHVHQWV� WKH� FXPXODWHG� DFWLYLW\� IRU� WKH�
EODGGHU��DFFRUGLQJ�WR�WKH�HTXDWLRQ��

�
� A�t�� ������H±����t� ����
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)LJ�����7LPH�DFWLYLW\�ILWWLQJ�FXUYH�IRU�OHIW�NLGQH\�SRVW�DGPLQLVWUDWLRQ�RI���P7F�0'3���

�
)LJ�����7LPH�DFWLYLW\�ILWWLQJ�FXUYH�IRU�EODGGHU�SRVW�DGPLQLVWUDWLRQ�RI�0'3��

 Table 1  

&RPSDULVRQ�RI�FXPXODWHG�DFWLYLW\� � �hA t� �P&LāK��IRU�WKH�RUJDQ�VRXUFHV�REWDLQHG�E\�GLIIHUHQW�
LQWHJUDWLRQ�PHWKRGV�LQ�HDFK�WLVVXH�

7DUJHW�RUJDQ� 7UDSH]RLGDO�DUHD�PHWKRG�� 3RO\JRQDO�DUHD�PHWKRG�� 'LIIHUHQFH�����
5LJKW�NLGQH\� ������� ������ ������
/HIW�NLGQH\� ������� ������ ������
%ODGGHU� ������ ������ ������

�
,QWHUQDO�GRVH�FDOFXODWLRQ�FDQ�EH�SHUIRUPHG�DFFRUGLQJ�WR�0,5'�IRUPDOLVP�WR�

REWDLQ�DYHUDJH�HIIHFWLYH�KDOI�WLPH�DQG�ELRORJLFDO�KDOI�WLPH�HVWLPDWHG�DW� WKH� WDUJHW�
RUJDQV� LQ� DGXOW� PRGHOV�� 6XFK� DQ� RXWFRPH� LV� HVWLPDWHG� QXPHULFDOO\� IROORZLQJ�
HTXDWLRQ�����E\�WKH�UHVXOWV�UHSRUWHG�LQ�7DEOH����ZKHUH�WKH�ELRORJLFDO�KDOI�WLPH�DQG�
HIIHFWLYH� KDOI�OLIH� ZDV� FDOFXODWHG� IURP� WKH� GHFD\� FRQVWDQWV� REWDLQHG� E\� 63(&7�
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LPDJLQJ�GDWD�DW�YDULRXV�WLPH�SRLQWV��7KH�UHVXOWV�IURP�WKH�GDWD�JLYH���WR���PLQ�DV�D�
ELRORJLFDO� KDOI�WLPH�� DQG� D�PHGLXP�WR�KLJK� HIIHFWLYH� KDOI�OLIH� DQG� LQ� WKH� EODGGHU�
DURXQG�����PLQ���

Table 2 

%LRORJLFDO�SDUDPHWHUV�HVWLPDWLRQ�LQ�WKH�WDUJHW�RUJDQV�LQ�FDVH�RI�ERQH�VFDQ�SURFHGXUHV��

7DUJHW�RUJDQ� (IIHFWLYH�KDOI�OLIH�THII��K�� %LRORJLFDO�KDOI�OLIH�TELR��K��
5LJKW�NLGQH\� ������ ������
/HIW�NLGQH\� ������ ������
%ODGGHU� ������ ������

�

Table 3 

5HVLGHQFH�WLPH��DFFXPXODWHG�DFWLYLW\�DQG�DEVRUEHG�GRVH�SHU�XQLW�RI�LQMHFWHG�DFWLYLW\�HVWLPDWHG��
RQ�ULJKW��OHIW�NLGQH\V�DQG�EODGGHU�WDUJHW�RUJDQV�DIWHU�LQMHFWLRQ�RI�DGPLQLVWUDWHG��

DFWLYLW\��A���RI���P7F�0'3�

(VWLPDWHG�SDUDPHWHU� 5LJKW�NLGQH\� /HIW�NLGQH\� %ODGGHU�

&XPXODWHG�DFWLYLW\��P&LāK�� ������ ������ �������
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REWDLQHG� DFFRUGLQJ� WR� WKH�0,5'� IRUPDOLVP�� 7KHUHIRUH�� LW� ZDV� REVHUYHG� WKDW� WKH�
LQWHUQDO�DEVRUEHG�GRVH�LQ�WDUJHW�RUJDQV�VXFK�DV�WKH�NLGQH\�DQG�EODGGHU�ZHUH�DURXQG�
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HQHUJ\�HTXDO� WR�����.H9��7KH�REWDLQHG�GDWD�KHOS�QXFOHDU�PHGLFLQH�SK\VLFLDQV� WR�
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WDUJHW�RUJDQV�RI�WKH�KXPDQ�ERG\�XVLQJ�PRUH�HQHUJHWLF�UDGLRQXFOLGHV�ZLOO�EH�IXUWKHU�
GLVFXVVHG���
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