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HQYLURQPHQWV�ZHUH�VWXGLHG�E\����6E�0|VVEDXHU�DQG�:�/,�/,,,�HGJH�DQG�*D�.�HGJH�;$1(6�VSHFWURVFRSLHV��
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7H2��EDVHG�JODVVHV�KDYH�DWWUDFWHG�PXFK�LQWHUHVW�EHFDXVH�RI�WKHLU�KLJK�UHIUDFWLYH�LQGH[��GLHOHFWULF�
FRQVWDQWV�� ORZ� GLVSHUVLRQ�� ZLGH� LQIUDUHG� WUDQVPLVVLRQ� DQG� KLJK� WKHUPDO� H[SDQVLRQ� FRHIILFLHQWV�� ,Q�
DGGLWLRQ��VRPH�WHOOXULWH�JODVVHV�ZHUH�UHSRUWHG�WR�EH�SURPLVLQJ�PDWHULDOV�IRU�XVH�LQ�QRQ�OLQHDU�RSWLFDO�
GHYLFHV��,QGHHG��WKHVH�JODVVHV�H[KLELW�WKH�KLJKHVW�QRQOLQHDU�UHIUDFWLYH�LQGLFHV�Q��HYHU�IRXQG�IRU�R[LGH�
JODVVHV����� ,Q� RUGHU� WR� ILQG� D� FRUUHODWLRQ� EHWZHHQ� WKH� SK\VLFDO� SURSHUWLHV� DQG� WKHLU� DWRPLF�
DUUDQJHPHQW��VWUXFWXUDO�FKDUDFWHUL]DWLRQV��DQG�QROLQHDU�PHDVXUHPHQWV�ZHUH�SHUIRUPHG��

,Q� WKH�SUHVHQW�ZRUN��ZH� UHSRUW� WKH� IRUPDWLRQ�DQG� WKH� VWUXFWXUDO� FKDQJHV�ZLWK�FRPSRVLWLRQ�RI�
7H2��0\2]� �0 *D�� 6E� DQG� :�� ELQDU\� JODVV� V\VWHPV�� 5DPDQ�� 0|VVEDXHU� DQG� ;�UD\� DEVRUSWLRQ�
VSHFWURVFRSLHV�ZHUH�XVHG�WR�VWXG\�WKH�ORFDO�VWUXFWXUH�RI�WKHVH�JODVV�PDWHULDOV��
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([SHULPHQWDOV�

6\QWKHVLV�

7UDQVSDUHQW� JODVV� VDPSOHV� ZHUH� SUHSDUHG� E\� PHOWLQJ� PL[WXUHV� RI� UHDJHQW� JUDGH� α�7H2��� α�
6E�2��� β�*D�2�� DQG� γ�:2�� LQ� DQ� HOHFWULF� IXUQDFH� KHDWHG� XS� WR� ���� �&�� 7KH� SODWLQXP� FUXFLEOH�
FRQWDLQLQJ� WKH�PHOW�ZDV� TXLFNO\� TXHQFKHG� LQ� DQ� LFH� FROG�ZDWHU� EDWK�� ,Q� RUGHU� WR� H[WHQG� WKH� JODVV�
GRPDLQ�� VRPH� FRPSRVLWLRQV� ZHUH� TXHQFKHG� LQ� D� IUHH]LQJ� PL[WXUH� �����&�� FRQVLVWLQJ� RI� HWKDQRO��

1D&O�DQG�LFH��;�UD\�GLIIUDFWLRQ��&X�.α��DQG�GLIIHUHQWLDO�VFDQQLQJ�FDORULPHWU\��'6&��PHDVXUHPHQWV�
ZHUH� SHUIRUPHG� WR� FRQILUP� WKH� JODVV\� VWDWH�� ���[�7H2��[*D�2��ZLWK� �≤[≤������ ���[�7H2��[6E�2��

ZLWK��≤[≤������DQG����[�7H2��[:2��ZLWK��≤[≤������JODVV�FRPSRVLWLRQV�ZHUH�V\QWKHWL]HG��

3K\VLFDO�FKDUDFWHUL]DWLRQV�

5DPDQ�VSHFWURVFRS\�ZDV�SHUIRUPHG�XVLQJ�D�/$%5$0��%�FRQIRFDO�5DPDQ�VSHFWURSKRWRPHWHU�
ZLWK� DQ� H[FLWLQJ�+H�1H� ODVHU� DW� ����QP��7KH� VSHFWUD� UHFRUGHG� LQ� WKH� ��������� FP���ZDYHQXPEHU�
UDQJH�DW�LQWHUYDOV�RI���FP����

;�UD\�DEVRUSWLRQ�VSHFWUD��;$1(6��ZHUH�UHJLVWHUHG�DW�/85(��2UVD\��)UDQFH��RQ�WKH�'���EHDP�
OLQH� RI� WKH�'&,� VWRUDJH� ULQJ� RSHUDWLQJ� DW� �����*H9�ZLWK� DQ� DYHUDJH�SRVLWURQ� FXUUHQW� RI� ����P$��
$SSURSULDWH�FU\VWDOV�ZHUH�XVHG�DV�PRQRFKURPDWRU�WR�REWDLQ�D�VLQJOH�EHDP��7KH�HQHUJ\�VWHSV�DQG�WKH�
FRXQWLQJ�WLPHV�ZHUH�DGMXVWHG�WR�LPSURYH�GDWD�TXDOLW\��



���6E� DQG� ���7H�0|VVEDXHU� VSHFWUD�ZHUH�FDUULHG�RXW� DW�/$00,��0RQWSHOOLHU�XVLQJ� UHVSHFWLYHO\�
%D���P6Q2��DQG�0J

���P7H2��FRPSRXQGV�DV�0|VVEDXHU�VRXUFHV��6RXUFH�DQG�DEVRUEHU�VDPSOHV�ZHUH�
KHOG�DW� OLTXLG�KHOLXP�WHPSHUDWXUH�����.���7KH�RULJLQ�RI�WKH����6E�DQG����7H�LVRPHU�VKLIW�VFDOHV�ZHUH�
GHWHUPLQHG�UHVSHFWLYHO\�IURP�,Q6E�DQG�0J7H�2��VSHFWUD��

1RQOLQHDU� PHDVXUHPHQWV� ZHUH� SHUIRUPHG� E\� LQWHUIHURPHWU\� DW� &302+�� %RUGHDX[�� $�0DFK�
=HKQGHU� LQWHUIHURPHWHU� FRPSDUHV� WZR� EHDPV� �SUREH� DQG� UHIHUHQFH�� LQ� DPSOLWXGH� DQG� SKDVH�� 7KH�
ODVHU�XVHG�LQ�WKLV�VHW�XS�LV�DQ�232�SXPSHG�E\�7L6D�RVFLOODWRU�ZKLFK�GHOLYHUV�OLQHDUO\�SRODUL]HG�SXOVHV�

DURXQG�����µP�DQG�����µP��

5HVXOWV�DQG�GLVFXVVLRQV�

5DPDQ�VSHFWURVFRS\�KDV�HPHUJHG�DV�D�SRZHUIXO�WRRO�IRU�WKH�LQYHVWLJDWLRQ�RI�JODVV�VWUXFWXUH��,W�
ZDV� XVHG� WR� VWXG\� WKH� YLEUDWLRQ�PRGHV� RI� WKH� FRQVWLWXWLQJ� SRO\KHGUD�� )LJXUH� �� VKRZV� WKH�5DPDQ�

VSHFWUD�RI����[�7H2��[6E�2��JODVV�VDPSOHV�ZLWK��≤[≤��������

)LJXUH�����5DPDQ�VSHFWUD�RI����[�7H2��[6E�2��JODVVHV�ZLWK��≤[≤�������

7KH� PDLQ� DEVRUSWLRQ� IUHTXHQFLHV� LQ� WKH� �������� FP��� UDQJH� DUH� DVVLJQHG� WR� VWUHWFKLQJ� YLEUDWLRQ�
PRGHV�RI�WKH�7H�2�ERQGV�RI�7H2�(�DQG�7H2�(�VWUXFWXUDO�XQLWV��:KHQ�WKH�6E�2��FRQWHQW�LQFUHDVHV��
WKH�PRGH�LQWHQVLW\�DW�����FP���GHFUHDVHV�ZKLOH�WKH�IHDWXUH�DW�����FP���LQFUHDVHV��7KLV�HYROXWLRQ��DOVR�
UHJLVWHUHG�IRU�WKH�7H2��*D�2��V\VWHP�� LV�DQ� LQGLFDWLRQ�RI�WKH�FRQYHUVLRQ�RI�EDVLF� WHOOXULWH�QHWZRUN�
XQLWV�IURP�WULJRQDO�ELS\UDPLGV�7H2�(������FP

����LQWR�UHJXODU�S\UDPLGV�7H2�(������FP
����XQLWV�YLD�DQ�

LQWHUPHGLDWH� FRRUGLQDWLRQ� FDOOHG� 7H2���(� ZKHUH� RQH� 7H�2� D[LDO� GLVWDQFH� LV� HORQJDWHG� ZKLOH� WKH�
RSSRVLWH�LV�VKRUWHQHG��(� �WHOOXULXP��V��ORQH�HOHFWURQLF�SDLU������&RQFHUQLQJ�WKH�7H2��:2��V\VWHP��
WKH� WHOOXULXP� DWRPV� FRRUGLQDWLRQ� FDQ
W� EH� DSSURDFKHG� EHFDXVH� RI� WKH� RYHUODS� ZLWK� WKH� :�2�
YLEUDWLRQV� LQ� WKLV� UDQJH�� 7KH� EURDG� 5DPDQ� SHDN� DURXQG� ���� FP��� FDQ� EH� DVVLJQHG� WR� 7H�2�0�

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

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

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

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

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

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

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

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

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

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

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

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

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

���� ���� ��� ��� ��� ���

�
�
�

�
�
� �
�
�

[ �����

[ ����

[ ����

[ ����

[ ����

[ �

�

�

,Q
WH
Q
V
LW
\
��
D
UE
�X
�

:DYHQXPEHU��FP
��
�



�0 *D��6E��:��DQG�7H�2�7H�EULGJLQJ�ERQGV�ZKLFK�VWDELOL]H�JODVVHV��$�SDUW�RI�0�FDWLRQV�KDYH�SDUWLDO�
FRYDOHQW�ERQGLQJ�DQG�DUH�LQFRUSRUDWHG�LQ�WKH�QHWZRUN��

)XUWKHUPRUH�����7H�0|VVEDXHU�VSHFWURVFRS\�ZDV�SHUIRUPHG�FRXSOHG�ZLWK�D�;$1(6�VWXG\�DW�7H�
/,,,� HGJH��

���7H�0|VVEDXHU� VSHFWUD� DUH� GHVFULEHG� E\� D� GRXEOHW� VWUXFWXUH� DQG� FKDUDFWHUL]HG� E\� WZR�

SDUDPHWHUV��WKH�LVRPHU�VKLIW�δ�DQG�WKH�TXDGUXSROH�VSOLWWLQJ�∆��7KH�LVRPHU�VKLIW�δ�YDULHV�OLQHDUO\�ZLWK�
WKH� HOHFWURQ� GHQVLW\�ρ���� DW� WKH� 7H� QXFOHXV�ZKLFK� LV�PDLQO\� GHSHQGHQW� RQ� WKH� V�W\SH� HOHFWURQV�� ,W�
GHFUHDVHV�ZLWK� WKH� SURJUHVVLYH� WUDQVIRUPDWLRQ� RI�7H2�(�XQLWV� LQWR�7H2�(�XQLWV

���7KH�TXDGUXSROH�

VSOLWWLQJ�∆�JLYHV�LQIRUPDWLRQV�RQ�WKH�FKDUJH�GLVWULEXWLRQ�DURXQG�WKH�7H�DWRPV�ZKLFK�FDQ�EH�UHODWHG�
WR�WKH�7H�FRRUGLQDWLRQ�DQG�WKH�FKHPLFDO�ERQGLQJ��7KH�;$1(6�VSHFWUD�H[KLELW�D�SUH�SHDN�DVVLJQHG�

WR� �S���→�V� WUDQVLWLRQ�� 7KH� LQWHQVLW\� RI� WKLV� SUH�SHDN� GHSHQGV� RQ� WKH� FRRUGLQDWLRQ� QXPEHU� RI�
WHOOXULXP�DWRPV��,W�LQFUHDVHV�JUDGXDOO\�UHYHDOLQJ�D�FRQWLQXRXV�FKDQJH�RI�WHOOXULXP�DWRPV�FRRUGLQDWLRQ�
QXPEHU�IURP���WR���ZKHQ�WKH�0\2]��0 *D��6E��:��FRQWHQW�LQFUHDVHV��

���6E�0|VVEDXHU�VSHFWURVFRS\�DQG�D�;$1(6�VWXG\�DW�6E�/,�HGJH�ZHUH�SHUIRUPHG�WR�GHWHUPLQH�
WKH�6E�HQYLURQPHQW� LQ�7H2��6E�2�� JODVVHV��7KHVH� UHYHDOHG�FRH[LVWHQFH�RI�6E

��� DQG�6E���R[LGDWLRQ�
VWDWHV�LQYROYLQJ�PL[HG�FRRUGLQDWLRQ�RI�DQWLPRQ\��ILJXUH������

)LJXUH��������6E�0|VVEDXHU�VSHFWUD�RI����[�7H2��[6E�2��JODVVHV�ZLWK�[ �����DQG�[ ������

&RQFHUQLQJ�7H2��*D�2��JODVVHV��WKH�*D�.�HGJH�;$1(6�VSHFWUD�RI�JODVVHV�SUHVHQW�WKH�VDPH�SURILOH�

DQG�DUH� UDWKHU� VLPLODU� WR� WKH�VSHFWUXP�UHJLVWHUHG� IRU� WKH�FU\VWDOOLQH�SKDVH�β�*D�2�� �� WKLV� VLPLOLWXGH�

LQGLFDWHV�WKH�SUHVHQFH�RI�PL[HG�HQYLURQPHQW�*D2��DQG�*D2��LQ�JODVVHV�DV�LQ�β�*D�2�
���,Q�RUGHU�WR�

VWXG\�WKH�:�HQYLURQPHQW�LQ�7H2��:2��JODVVHV��:�/,�DQG�/,,,�HGJH�;$1(6�VSHFWURVFRS\�ZDV�XVHG��
)RU� WKH� /,,,� HGJH�� WKH� DPSOLWXGH� RI� WKH� VR�FDOOHG� �ZKLWH� OLQH�� UHVRQDQFH� VKRXOG� UHIOHFW� WKH� ORFDO�
GHQVLW\�RI�WKH�G�VWDWH�DQG�WKH�QXPEHU�RI�XQRFFXSLHG��G�VWDWHV���)RU�WKH�/,�HGJH��ZH�DUH�LQWHUHVWHG�LQ�

WKH�SUH�HGJH�IHDWXUH�DULVLQJ�IURP�WKH��V→�G�:���S�2��WUDQVLWLRQ�GHWHUPLQHG�E\�WKH�VLWH�V\PPHWU\�
RI� WKH� WXQJVWHQ�DWRPV� �LQGH[HG�$�RQ�ILJXUH���������7KH� WUDQVLWLRQ� LV�GLSROH� IRUELGGHQ� LQ� WKH�FDVH�RI�
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UHJXODU�RFWDKHGUD��LQYHUVLRQ�FHQWHU��EXW�LV�DOORZHG�IRU�GLVWRUWHG�RFWDKHGUD�DQG�WHWUDKHGUD��&RPSDUHG�
WR�FU\VWDOOLQH�FRPSRXQGV��ERWK�:�/,,,�DQG�/,�;$1(6�VWXGLHV�DJUHH�ZLWK�WKH�H[LVWHQFH�RI�:

���LRQV�LQ�
VL[� IROG� FRRUGLQDWLRQ� ZKDWHYHU� WKH� JODVV� FRPSRVLWLRQ�� )XUWKHUPRUH�� WKH� GLVWRUWLRQ� RI� WKH� :2��
LQFUHDVHV�ZLWK�WKH�:2��FRQWHQW��
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)LJXUH��� ��1RUPDOL]HG�:�/,� HGJH�;$1(6�VSHFWUD�RI� D�� FU\VWDOOL]HG� UHIHUHQFHV�%D:2���:2�� DQG�
/L�:�2��DQG�RI�E�����[�7H2��[:2��JODVVHV��

�

7KH� H[SHULPHQWDO� YDOXHV� RI� QRQOLQHDU� PHDVXUHPHQWV� GHSHQG� RQ� ERWK� WKH� QDWXUH� DQG� WKH�
FRQFHQWUDWLRQ� RI� WKH� FDWLRQ� LQWURGXFHG� LQWR� WKH� 7H2�� JODVV\� PDWUL[�� 7KH� KLJKHVW� QRQOLQHDU�

VXVFHSWLELOLWLHV� χ�� YDOXHV� ZHUH� REWDLQHG� IRU� 7H2��:2�� JODVVHV�� 7KLV� PD\� EH� H[SODLQHG� E\� WKH�
SRODUL]DWLRQ�RI�WKH�WUDQVLWLRQ�LRQ�KDYLQJ�HPSW\�G�RUELWDOV�DQG�WKH�LQIOXHQFH�RI�WKH�HOHFWURQLF�ORQH�SDLU�
RI� WHOOXULXP�� 9HU\� KLJK� QRQOLQHDU� PHDVXUHPHQWV� DUH� QRW� REWDLQHG� IRU� WKH� 7H2��6E�2�� V\VWHP�
FRPSDUHG�ZLWK�RWKHU�JODVVHV�FRQWDLQLQJ�KLJKO\�K\SHUSRODULVDEOH�LRQV�VXFK�DV�7O���3E����7H���DQG�%L���
��� KDYLQJ� WKH� VDPH� HOHFWURQLF� FRQILJXUDWLRQ� DV� 6E����2Q� DQ� RWKHU� KDQG�� WKH� DGGLWLRQ� RI� LQFUHDVLQJ�
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��7KH� DQWLPRQ\� DWRPV� SUHVHQW�PL[HG� R[LGDWLRQ� VWDWH� �6E���� 6E���� LQYROYLQJ� FRH[LVWHQFH� RI� VHYHUDO�
FRRUGLQDWLRQ�SRO\KHGUD���

��7KH�WXQJVWHQ�DWRPV�DUH�DOZD\V�ORFDWHG�LQ�GLVWRUWHG�:2��RFWDKHGUD���WKH�GLVWRUWLRQ�LQFUHDVHV�ZLWK�
:2��FRQWHQW��

��:KDWHYHU�WKH�FRPSRVLWLRQ��JDOOLXP�DWRPV�SUHVHQW�PL[HG�HQYLURQPHQW�*D2��DQG�*D2���

1RQOLQHDU� PHDVXUHPHQWV� RQ� WKHVH� JODVV� PDWHULDOV� ZHUH� SHUIRUPHG�� 7KH� KLJKHVW� QRQOLQHDU�

VXVFHSWLELOLWLHV� χ�� YDOXHV� DUH� REWDLQHG� IRU� 7H2��:2�� JODVVHV� KDYLQJ� WUDQVLWLRQ� LRQ� ZLWK� HPSW\� G�
RUELWDOV��

�

�

��6DEDGHO�-�&���$UPDQG�3���&DFKDX�+HUHLOODW�'���%DOGHFN�3���'RFORW�2���,EDQH]�$��DQG�3KLOLSSRW�(���-��6RO��
6WDWH�&KHP�������S��������������

�
�)DUJLQ��(���%HUWKHUHDX�$���&DUGLQDO�7���/H�)OHP�*���'XFDVVH�/���&DQLRQL�/���6HJRQGV�3���6DUJHU�/��DQG�
'XFDVVH�$���-��1RQ�&U\VW��6ROLGV������S�������������

��.LP�6�+��DQG�<RNR�7���-��$P��&HUDP��6RF������S���������������

��6HNL\D�7���0RFKLGD�1��DQG�6RHMLPD�$���-��1RQ�&U\VW��6ROLGV������S�������������

��6HNL\D�7���0RFKLGD�1��DQG�.XULWD�6���-��&HUDP��6RF��-SQ���������S�������������

��6DEDGHO�-�&��$UPDQG�3���/LSSHQV�3��(���&DFKDX�+HUHLOODW�'��DQG�3KLOLSSRW�(���-��1RQ�&U\VW��6ROLGV������
S�������������

��cKPDQ�-���6YHQVVRQ�*��DQG�$OEHUWVVRQ�-���$FWD�&U\VW��&����S���������������

��.X]PLQ�$��DQG�3XUDQV�-���-��3K\V�,9�)UDQFH�&���S��������������

��%DOHUQD�$���%HUQLHUL�(���%XUDWWLQL�(���.X]PLQ�$���/XVLV�$���3XUDQV� -�� DQG�&LNPDFK�3���1XFO�� ,QVWUXP��
0HWKRGV�3K\V��5HV��$�����S�������������

���.X]PLQ�$��DQG�3XUDQV�-���5DG��0HDV������S��������������

���-HDQVDQQHWDV�%���%ODQFKDUGLQ�6���7KRPDV�3���0DUFKHW�3���&KDPSDUQDXG�0HVMDUG�-�&���0HUOH�0pMHDQ�7���
)ULW� %��� 1D]DEDO� 9��� )DUJLQ� (��� /H� )OHP� *��� 0DUWLQ� 0�2��� %RXVTXHW� %��� &DQLRQL� /��� /H� %RLWHX[� 6���
'HJRQGV�3��DQG�6DUJHU�/���-��6RO��6WDWH�&KHP�������S��������������
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