
,QIOXHQFH�RI�SHQWR[LGH�QLRELXP�RQ�YLVFRVLW\�RI�JODVV�PHOW��

6HUJH\�$��.UDVLNRY��0LNKDLO�9��7LPRIHHY��2OJD�*��6DYXVKNLQD��
9ODGLPLU�0��&KXPDUHY��$OHQD�*��8SRORYQLNRYD�

,QVWLWXWH�RI�0HWDOOXUJ\��8UDO�'LYLVLRQ�RI�5XVVLDQ�$FDGHP\�RI�6FLHQFHV��
����$PXQGVHQ�6WU���(NDWHULQEXUJ����������5XVVLD��

9��1��1HYLGLPRY�
0HWDOOXUJLFDO�'HSDUWPHQW��8UDO�6WDWH�7HFKQLFDO�8QLYHUVLW\��

���0LUD�6WU��(NDWHULQEXUJ����������5XVVLD�

�

�
7KH� YLVFRVLW\� RI� WKH� V\VWHP� 6L2��%�2��$O�2��&D2�1E�2�� ZHUH� LQYHVWLJDWHG� LQ� WKH� WHPSHUDWXUH�

UDQJH� ���������� .� � IRU� 1E�2�� FRQWHQWV� �� �� ��� ZW�� ��� 7KH� DFWLYDWLRQ� HQHUJLHV� RI� YLVFRXV� IORZ� DQG�

WHPSHUDWXUHV� RI� � FU\VWDOOL]DWLRQ� � ZHUH� IRXQG�� 7KH� SDUDPHWHUV� RI� � YLVFRVLW\�� HVWLPDWHG� IURP� SRVLWLRQV�

SRO\PHULF�PRGHOV�RI��R[LGH�PHOWV�VWUXFWXUH��ZHUH�ZHOO�FRQIRUPHG�ZLWK�H[SHULPHQWDO�GDWD���

�
���,QWURGXFWLRQ��

:LWK� GHYHORSPHQW� RI� QHZ� HQJLQHHULQJ� DUHDV� WKH� QLRELXP� JODVVHV� DUH� REMHFW� ERWK�
VFLHQWLILF�DQG�SUDFWLFDO�LQWHUHVW��+RZHYHU�SK\VLFR�FKHPLFDO�SURSHUWLHV�RI�VXFK�VXEVWDWLRQV�
LQ� PROWHQ� VWDWH�� LQ� SDUWLFXODU� YLVFRVLW\�� DUH� LQYHVWLJDWHG� XQVXIILFLHQWO\�� )URP� WKH� QRW�
QXPHURXV� OLWHUDU\�GDWD� LW� LV�NQRZQ�� WKDW� WKH�QLRELXP�EHKDYLRXU� LQ�R[LGH�PHOWV�GHSHQGV�
RQ�D�QDWXUH�RI� LQWHUSDUWLDO� LQWHUDFWLRQV�DQG�VWUXFWXUH�RI� � WKHVH�PHOWV��)RU�H[DPSOH�� LW� LV�
SRVVLEOH� WR� QRWH�� WKDW� WKH� LQFUHDVH� RI� WKH� FRQWHQWV� 1E�2�� XS� WR� ��� �� SURPRWHV�
GHVWUXFWLRQ�RI��DOXPLQXP²IOXRULGH�FRPSOH[HV�DQG��DFFRUGLQJO\��GHFUHDVH�RI�YLVFRVLW\�DQG�
DFWLYDWLRQ�HQHUJ\�RI�YLVFRXV�IORZ�LQ�WKH�V\VWHP�&D)����$O�2����1E�2��

���2Q�WKH�FRQWUDU\��
WKH� YLVFRVLW\� RI� PHOW� 1E�2�� �� 6L2�� �� 3�2�� �� 7L2�� �� )H2� �� 0Q2� ZLWK� JURZWK� RI�
FRQFHQWUDWLRQ�1E�2�� IURP����XS� WR������ � DQG� FRPSDUDEOH� DPRXQWV� �6L2����7L2��� LV�
LQFUHDVHG� ��� 7KH� VXEPLWWHG� H[DPSOHV� VKRZ�� WKDW� QLRELXP�GHSHQGLQJ� RQ� D� FRRUGLQDWLRQ�
HQYLURQPHQW�� SUREDEO\�� FDQ� GLVSOD\� LWVHOI� DV� WKH� FDWLRQ�PRGLILHU�� DQG� FRPSOH[�IRUPLQJ�
FRPSRQHQW��

,Q� WKH� SUHVHQW� ZRUN� ZH� VWXGLHG� LQIOXHQFH� RI� � SHQWR[LGH� QLRELXP� RQ� YLVFRVLW\� RI��
JODVV�PHOW� FRQWDLQLQJ� �ZW�� ���� � �����6L2��� �����%�2��� �����$O�2��� �����&D2������)H2[��
:LWK�WKH�FRQVWDQW�UHODWLRQ�RI�RWKHU�FRPSRQHQWV�WKH�FRQWHQWV�1E�2��LQ�WKLV�R[LGH�V\VWHP�
FKDQJHG�IURP���XS�WR���������������PRO�����7KH�EDVLF�SXUSRVH�RI�ZRUN�ZDV�VHDUFK�RI�
LQWHUUHODWLRQ�EHWZHHQ�WKH�VWUXFWXUDO�DQG�WUDQVSRUW�FKDUDFWHULVWLFV� LQ�KRPRJHQHRXV� OLTXLG�
PHOW��

���([SHULPHQWDO�

7KH� LQYHVWLJDWHG�PHOWV�ZHUH� V\QWKHVL]HG�E\�PHOWLQJ�RI�QDWXUDO� GDWROLWH� FRQFHQWUDWH�
DQG�FKHPLFDOO\�SXUH�6L2��� � �$O�2��DQG�1E�2�� LQ�DOXQGXP�FUXFLEOH�DW� WHPSHUDWXUH�DERXW�
�����.��7KH�SUHSDUHG�JODVVHV�ZHUH�WKHQ�VXEMHFWHG�WR�FKHPLFDO�DQDO\VLV��7KH�H[SHULPHQWV�
RQ� PHDVXUHPHQW� RI� YLVFRVLW\� KDYH� FDUULHG� RXW� E\� D� YLEUDWLQJ� PHWKRG� �� XQGHU� OLJKWO\�
R[LGL]LQJ�DWPRVSKHUH�ZLWKLQ�WHPSHUDWXUH�UDQJH�����������.��

���5HVXOWV�DQG�'LVFXVVLRQ�

7KH� SRO\WHUPV� RI� YLVFRVLW\�η� �� 7� VKRZ� �)LJ�� ��� WKDW� DOO� LQYHVWLJDWHG�PHOWV� DUH�
FKDUDFWHUL]HG�E\�D�ODUJH�LQWHUYDO�RI�KDUGHQLQJ�DQG�VKDUS�LQFUHDVH�RI�η�LQ�FU\VWDOOL]LQJ�
ILHOG��8VLQJ�WKH�DSSURDFKHG�HTXDWLRQ�

�� ����H[S^(���57`��� ����
�
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WKH�DFWLYDWLRQ�HQHUJLHV�RI�YLVFRXV�IORZ�(§� �ZDV�GHWHUPLQHG�IURP�OLQHDU�SRO\WHUPV� OQη� ��
��7��)LJ����DQG�WHPSHUDWXUH�RI�D�EHJLQQLQJ�FU\VWDOOL]DWLRQ�7F�ZDV�IRXQG��RQ�SRLQWV�RI��D�
EUHDN�RI�WKH�DSSURSULDWH�FXUYHV���

$W�WHPSHUDWXUHV�OHVV�7F�WKH�VL]HV�RI��(§�ZHUH�PRUH�WKDQ�����N-�PROH��7KH�LQFUHDVH�
RI� WHPSHUDWXUH� UHVXOWHG� LQ�HVVHQWLDO�GHFUHDVH�RI�DFWLYDWLRQ�HQHUJ\�RI�YLVFRXV� IORZ�XS� WR�
YDOXHV��OHVV�WKDQ�����N-�PROH���

$W� WHPSHUDWXUHV�PRUH�7F�� FRUUHVSRQGLQJ� WR� D� KRPRJHQHRXV� VWDWH� RI� WKH�PHOW�� WKH�
YDOXHV���DQG�(§�GHFUHDVHG��7DEOH�����ZLWK�LQFUHDVH�RI�WKH�FRQWHQWV�1E�2���$QG��WKH�UDWKHU�
VKDUS�FKDQJH�RI�WKHVH��

�

�
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SDUDPHWHUV�FKDUDFWHUL]LQJ�UHGXFWLRQ�RI� WKH�VL]HV�RI�VWUXFWXUDO�XQLWV�DQG� �RU��GHFUHDVH�RI�
LQWHUDFWLRQ� HQHUJ\� � EHWZHHQ� WKHVH� XQLWV�� ZDV� REVHUYHG� ZLWK� LQFUHDVH� RI� FRQFHQWUDWLRQ�

1E�2�� XS� WR� ��� ZW���� )RU� FRQFHQWUDWLRQ� 1E�2�� ������ ZW�� �� WKH� YDOXHV� η� DQG� (η�
FKDQJHG�LQVLJQLILFDQWO\�WKDW�WHVWLILHG�WR�FORVH�VL]HV�RI�VWUXFWXUDO�XQLWV�LQ�WKHVH�PHOWV��

7KH� UHYHDOHG� DOWHUDWLRQV� RI� YLVFRVLW\� DQG� DFWLYDWLRQ� HQHUJ\� RI� YLVFRXV� IORZ��
DSSDUHQWO\��FDQ�EH�FDXVHG�E\�WKH�FKDQJHG�VL]HV�RI�EDVLF�XQLWV�RI�YLVFRXV�IORZ���VLOLFRQ²
ERURQ�DOXPLQXP�R[\JHQRXV� FRPSOH[HV� DQG� �RU�� IRUPDWLRQ� RI� QHZ�QLRELXP� FRPSOH[HV�
ZLWK� WKH� VPDOOHU� VL]HV� DQG� FRPSDUDEOH� DPRXQWV�� 7R� FRQILUP� � WKH� SXW� IRUZDUG�

DVVXPSWLRQV� WKH� DWWHPSW� RI�η� FDOFXODWLRQ� RQ�RQH�RI� YDULDQWV� RI� R[LGH�PHOWV� SRO\PHULF�
PRGHO�����ZDV�XQGHUWDNHQ��7KH�EDVLF�SULQFLSOH�RI�WKLV�WKHRU\�FRQVLVWV�WKDW�R[LGH�PHOWV��LQ�
SDUWLFXODU�VLOLFDWH��FRQVLVW�IURP�OLQHDU�DQG�UDPLILHG�DQLRQLF�FKDLQV�RI�YDULRXV�OHQJWK�ZKLFK�
DUH�WDNLQJ�SODFH�LQ�G\QDPLF�EDODQFH��
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��Q�������
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� �6LQ����2�Q��

��Q�����
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��������������������������������������������������

RU�LQ�WKH�PRUH�VLPSOH�IRUP��
�

�2�
�
� �2�

�
���2�
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�����������������������������������������������������������������������������������������������������

�

7R�FDOFXODWH�YLVFRVLW\�WKH�OLWWOH�PRGLILHG�HTXDWLRQ�����ZDV�XVHG��,Q�WKH�FDVH�RI��ELQDU\�PHOWV�
LW�KDV�D�NLQG�����
�

OQη�� �$η�����(η��57���.η�OQL
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�

ZKHUH� L
� LV� DYHUDJH� VL]H� RI� FRPSOH[� �RU� DYHUDJH� QXPEHU� RI� QHW�IRUPLQJ� DWRPV�� IRU�
H[DPSOH�6L��LQ�WKLV�FRPSOH[���
)RU�PXOWLFRPSRQHQW�PHOW�WKH�H[SUHVVLRQ�����ZLOO�EH�WUDQVIRUPHG�LQ��
�

OQη�� �$η
����(η
�57���.η
OQL
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�

ZKHUH�WKH�DYHUDJH�YDOXHV�RI�SDUDPHWHUV�$η
��(η
��.η
�
�
�DUH�FDOFXODWHG�IURP�WKH�NQRZQ�

GDWD�IRU�ELQDU\�V\VWHPV��
�



,W�ZDV�UHFRJQL]HG�WKDW�QLRELXP�ZDV�DQ�HOHPHQW�IRUPLQJ�DQLRQLF�FRPSOH[HV�ZLWK�WKH�

VL]HV� FRQVLGHUDEO\� VPDOOHU� WKDQ� VLOLFRQ�R[\JHQRXV�� 7KXV�� WKH� LQIOXHQFH� 1E�2�� RQ�η� LV�
LQGLUHFW�� L�H�� WKH� DGGLWLYHV� 1E�2�� � RQO\� UHGXFH� FRQFHQWUDWLRQ� 6L2��� WKDW� UHVXOWV� WR�
GHVWUXFWLRQ�RI�VLOLFRQ�R[\JHQRXV�DQLRQLF�FRPSOH[HV��7KH�JLYHQ�SULQFLSOH�DOORZV�QRW�WDNH�

LQWR� DFFRXQW� SDUDPHWHUV�$η�� (η��.η� IRU� ELQDU\� QLRELXP� V\VWHPV�ZKLFK� WR� WKH� SUHVHQW�

WLPH�DUH� DEVHQW� LQ� WKH� OLWHUDWXUH��7KXV�� WKH�SDUDPHWHUV�$η
��(η
��.η
�ZHUH�SLFNHG�XS�E\�
FRPSDULVRQ� RI� FDOFXODWHG� DQG� H[SHULPHQWDO� GDWD� �� RQ� YLVFRVLW\� RI� � WKH� V\VWHP� VLPLODU�
UHVHDUFKHG���

7KH�FDOFXODWHG�DQG�H[SHULPHQWDO�GDWD�RQ�YLVFRVLW\�RI�PHOW�6L2��%�2��$O�2��&D2�DUH�

JLYHQ� LQ� WKH� WDEOH� �� � DW� WHPSHUDWXUHV� ����������.�� ,W� LV� YLVLEOH� WKDW�ZLWK� YDOXHV� (η� �

������N-�PROH�DQG�$η� �����WKH\�DUH��EH�VDWLVIDFWRULO\�FRRUGLQDWHG��7KH�VSHFLILHG�YDOXHV�

(η�DQG�$η�IXWKHU�ZHUH�XVHG�IRU�FDOFXODWLRQV�RI�YLVFRVLW\�RI�PHOWV�FRQWDLQLQJ�1E�2���

7KH� 7DEOH� �� VKRZ� WKDW� WKH� FDOFXODWHG� DQG� H[SHULPHQWDO�η� RI� QLRELXP�FRQWDLQLQJ�
R[LGH�V\VWHPV�DUH�VDWLVIDFWRULO\�FRRUGLQDWHG�IRU�WKH�FRQWHQWV�1E�2��OHVV�WKDQ������ZLWKLQ�
WHPSHUDWXUHV�����������.��)RU�FRQFHQWUDWLRQ�1E�2�� �������� WKH�GLYHUJHQFH�EHWZHHQ�
FDOFXODWHG�DQG�H[SHULPHQWDO�GDWD� DUH��������� WKDW� LV�SUREDEO\� FRQGLWLRQHG�E\�HVVHQWLDO�
LQFUHDVH�RI�WKH�FRQWULEXWLRQ�RI�QLRELXP�FRPSOH[HV�DV�VWUXFWXUDO�XQLWV�RI�YLVFRXV�IORZ�LQ�
HQHUJ\�SDUDPHWHUV��

(VWLPDWLRQ� RI� L
� KDYH� EHHQ� FDUULHG� RXW� E\� SUHVHQWLQJ� (η� DV� WKH� VXP� RI� WKH�
FRQWULEXWLRQV�RI�GLVWRUWLRQ�RI�IRXU�IRUPV�RI�ERQGV��0���2����(����0

���2���(����6L�2
���(
���

DQG�6L�2��(���
����)RU�ELQDU\�VLOLFDWH�PHOW�WKLV�VXP�FDQ�EH�H[SUHVVHG�DV�

�

(η� �12(������>E�����1�����12@�(�����>E���1��������12@�(�����������������������������������
�

ZKHUH�E� �L
������12��1���(��� �(����(
���12�DQG�1��DUH�PROH�IUDFWLRQ�RI�LRQV�2
���DQG�

6L2���DFFRUGLQJO\��
$GPLWWLQJ�WKDW�IRU�������1������LRQV�2

���DUH�DEVHQW��L�H��12� ����H[SUHVVLRQV�����FDQ�EH�
UHVXOWHG�WR��
�

�(η� �L
�>��(�����(���1������(�����(���@� �L

�
I��1����������������������������������������������������

�

)RU�WKH�V\VWHP�6L2��%�2��$O�2��&D2�)H2�1E�2��LW�LV�SRVVLEOH�WR�DFFHSW�WKDW�1�� �16%$�
LV�WKH�VXP�RI�PROH�IUDFWLRQ�RI�DFLG�R[LGHV��6L2���%�2���$O�2���DQG�L
�LV�D�DPRXQW�RI�QHW�
IRUPLQJ�DWRPV��6L���%���$O�� LQ�FRPSOH[�DQLRQ�RI�WKH�DYHUDJH�VL]HV�EHLQJ�EDVLF�XQLW�RI�

YLVFRXV� IORZ�� ,Q� VXFK� FDVH�� WDNLQJ� LQWR� DFFRXQW� WKDW� H[SHULPHQWDO�(η� LV� SRVVLEOH� UDWKHU�
ZHOO�DSSUR[LPDWHG�E\�OLQHDU�GHSHQGHQFH��

�7DEOH����(η� �N�16%$�DQG�FRQVLGHULQJ������ZH�REWDLQ��
�

OQ�L
����OQI�16%$�� �OQ�N����OQ�16%$��������������������������������������������������������������������
�

OQ�L
����OQI�16%$�� �OQ�N����OQ�16%$��������������������������������������������������������������������
�

ZKHUH�L
��DQG�L
��DUH�DYHUDJH�VL]HV�DQLRQ�ZLWK�FKDQJH�RI�FRQFHQWUDWLRQ�1E�2��IURP���XS�WR�
���ZW�����
$FFRUGLQJ�WR�H[SHULPHQWDO�GDWD�L
���L
�� �N���N�� ����������������
$FFHSWLQJ�WKDW�IRU���������1E�2���L
�� �FRQVW��ZH�ILQG�WKDW�L
�� ���L
����
7DNLQJ�LQWR�DFFRXQW��WKDW�6L2��DQG�&D2�ZHUH�LQ�SUHYDLOOLQJ�DPRXQW�IURP�DFLG�DQG�EDVLF�
R[LGHV��DFFRUGLQJO\��LQ�LQLWLDO�PHOW�LW�ZDV�SRVVLEOH�WR�DFFHSW����WKDW�(����LQ�� �����������DQG��
(���LQ�� ������������7KHQ��LQ�LQLWLDO�PHOW�L
�� ����������DQG�WKH�LQWURGXFWLRQ�1E�2��XS�WR����
��UHVXOWV� WR� L
�� ����������7KDW� LV�� WKH�DGGLWLYHV�1E�2��SURPRWH�HVVHQWLDO�GHVWUXFWLRQ�RI�
ODUJH� VLOLFRQ²ERURQ�DOXPLQXP�R[\JHQRXV� FRPSOH[HV� XS� WR� DQLRQV� FRQWDLQLQJ� �� �� �� RI�
QHW�IRUPLQJ� DWRPV�� 7KXV�� DFFRUGLQJ� WR� WKH� REWDLQHG� � UHVXOWV� RI� PHDVXUHPHQWV� DQG�



FDOFXODWLRQV�RI�YLVFRVLW\�DQG�HDUOLHU�SHUIRUPHG�UHVHDUFK�RI�VXUIDFH�WHQVLRQ�DQG�GHQVLW\�IRU�
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