
���

-RXUQDO�RI�3K\VLFDO�	�7KHRUHWLFDO�&KHPLVWU\,VODPLF�$]DG�8QLYHUVLW\�RI�,UDQ�� ���������6FLHQFH�DQG�5HVHDUFK�&DPSXV,661�����������
7KHUPRG\QDPLFV�RI�1RQ�,GHDOLW\�DQG�,RQ�$VVRFLDWLRQ�LQ�6DWXUDWHG�$TXHRXV�6ROXWLRQ�RI�%DULXP�1LWUDWH�DW� $�� &

0HKUDQ�$JKDLH���+RVVHLQ�$JKDLH�DQG�$OL�(EUDKLPL�
� 'HSDUWPHQW�RI�&KHPLVWU\��6FLHQFH�DQG�5HVHDUFK�&DPSXV��,VODPLF�$]DG�8QLYHUVLW\��7HKUDQ��,UDQ� )DFXOW\�RI�&KHPLVWU\��1RUWK�7HKUDQ�%UDQFK��,VODPLF�$]DG�8QLYHUVLW\��7HKUDQ��,UDQ

$%675$&78VLQJ�6ROYHQW�(YDSRUDWLQJ�DQG�$WRPLF�(PLVVLRQ�6SHFWURSKRWRPHWULF�PHWKRGV��WKH�VROXELOLW\�RI�%D �� �12� LQ�ZDWHU�DW������ &$ ZDV�GHWHUPLQHG��$FWLYLW\�FRHIILFLHQWV�� �I DQG� �I RI� �� �DT�D% DQG� � �DT��12 LRQV�LQ�WKH�VDWXUDWHG�VROXWLRQ� DW� ����� &$ ZHUH� HVWLPDWHG� XSRQ� WKH� H[WHQGHG� 'HE\H� ±+�FNHO� WKHRU\� DQG� WKHQ�� WKH� FRQVWDQW�����VS I@12>I@%D>. ���� c ZDV�HYDOXDWHG��&RPSDULQJ�WKH�YDOXH�RI�WKHUPRG\QDPLF�VROXELOLW\�SURGXFW�FRQVWDQW��
�WK�VS. �RI�%DULXP�1LWUDWH�� �57�*�H[S. GLVV�WK�VS $'� ��WR�WKH�YDOXH�RI� VS.c UHYHDOHG�D�JUHDW�GLIIHUHQFH�7KH�GLIIHUHQFH�KDV�VDWLVIDFWRULO\�EHHQ�H[SODLQHG�XVLQJ�D�FRPELQDWLRQ�RI�'HE\H�+�FNHO�WKHRU\�DQG�LRQ�DVVRFLDWLRQ�WKHRU\�

.H\ZRUGV� %DULXP�1LWUDWH��6ROXELOLW\�SURGXFW��,RQ�DVVRFLDWLRQ��$FWLYLW\�FRHIILFLHQW�
,1752'8&7,217KH� PDMRU� VWXGLHV� RI� SK\VLFR�FKHPLFDO� EHKDYLRUV� RI�DTXHRXV� HOHFWURO\WH� VROXWLRQV� DOPRVW� UHTXLUH�FRQVLGHUDWLRQ� RI� QRQ�LGHDOLW\� DQG� LRQ�DVVRFLDWLRQ�SKHQRPHQRQ� >���@�� ,W� LV� YHU\�ZRUWKZKLOH�� WKHUHIRUH�� WR�UHJDUG� WKHVH� SKHQRPHQD�ZKHQ� LQWHUSUHWLQJ� WKH� UHODWHG�H[SHULPHQWDO� GDWD�� $� VWURQJ� HOHFWURO\WH� VROXWLRQ�GHYLDWHV�� SDUWO\� E\� QRQ�LGHDO� EHKDYLRU� RI� LRQV� LQ� WKH�VROXWLRQ�DQG�SDUWO\�E\�LRQ�DVVRFLDWLRQ�IURP�LGHDOLW\��7KH�ILUVW� FRQWULEXWLRQ� FRXOG� EH� HYDOXDWHG� E\� WKH� YDOXHV� RI�DFWLYLW\� FRHIILFLHQWV� RI� FRQVLGHUHG� LRQV� ZKLFK� FDQ� EH�HVWLPDWHG� XSRQ� VRPH� WKHRUHWLFDO�PRGHOV� >���@��2Q� WKH�RWKHU�KDQG��WKH�LRQ�DVVRFLDWLRQ�FRQWULEXWLRQ��LQ�WXUQ��FDQ�

EH�VWXGLHG�ERWK�WKHRUHWLFDOO\�DQG�H[SHULPHQWDOO\�>����@�,Q�YHU\�GLOXWH�LRQLF�VROXWLRQV��WKH�LRQV�DUH�VXIILFLHQWO\�IDU� DSDUW� WKDW� LRQLF� LQWHUDFWLRQV� EHWZHHQ� WKHP� DUH�QHJOLJLEOH��7KHUHIRUH��XQGHU�WKHVH�FLUFXPVWDQFH��RQH�FDQ�H[SHFW�WKH�LGHDO�EHKDYLRU�IRU�WKH�LRQLF�VROXWLRQ�RI�LQWHUHVW��,Q� FRQWUDVW�� LQ� DQ� LRQLF� VROXWLRQ� WKDW� LV� QRW� VXIILFLHQWO\�GLOXWH�WKH�LRQLF�LQWHUDFWLRQV�DUH�QRWLFHDEOH��VR�WKH�VROXWLRQ�H[KLELWV�WKH�QRQ�LGHDO�EHKDYLRU��7KH�HIIHFW�RI�QRQ�LGHDOLW\�FDQ�EH�VWXGLHG�IURP�WKH�ZD\�LQ�ZKLFK�FHUWDLQ�SURSHUWLHV�RI�WKH� VROXWLRQ�� VXFK� DV� LWV� PRODU� FRQGXFWLYLW\�� YDU\� ZLWK�FRQFHQWUDWLRQ�� )XUWKHUPRUH�� ZKHQ� WKH� HOHFWURO\WH�VROXWLRQV� DUH� QRW� YHU\� GLOXWH� WKH� LRQ�DVVRFLDWLRQ�SKHQRPHQRQ� WDNHV� SODFH� DQG� FRQWULEXWHV� D� PRUH� QRQ�LGHDOLW\�WR�WKH�VROXWLRQ�FRPSRUWPHQW�
 &RUUHVSRQGLQJ�DXWKRU��KQBDJKDLH#\DKRR�FRP
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%$&.*5281'&RQVLGHU� DQ� LRQLF� FRPSRXQG� DV� �%$ ZKLFK� LV�FRPSRVHG� RI� ��% DQG� �$ LRQV� DQG� DVVXPH� WKDW� LWV�VROXELOLW\� LQ�ZDWHU� DW� URRP� WHPSHUDWXUH� LV� IDLUO\� VPDOO��,Q� VDWXUDWHG� VROXWLRQ� RI� �%$ �� RQH� FDQ� FRQVLGHU�IROORZLQJ�HTXLOLEULXP�
VS�DT�� �DT��V�� .�$�%%$ �� �� ����$%VS DD. � �� ��� II@$@>%> ���� ���1HJOHFWLQJ� WKH� LRQ�DVVRFLDWLRQ�� DW� WKH� ILUVW�DSSUR[LPDWLRQ�� LQ� WKH� VROXWLRQ�� RQH� FDQ� FDOFXODWH� WKH�VROXELOLW\�SURGXFW�FRQVWDQW�� VS.c ��RI� �%$ E\�PHDVXULQJ�WKH� VROXELOLW\� �� �� %$RI�PRO/�V � DQG� HVWLPDWLQJ� WKH�DFWLYLW\� FRHIILFLHQWV�� �I DQG� �I EDVHG� RQ� D� VXLWDEOH�PRGHO� DQG� LQVHUWLQJ� WKHP� LQWR� WKH� HT������2Q� WKH� RWKHU�KDQG�� WKH� WKHUPRG\QDPLF� VROXELOLW\� SURGXFW� FRQVWDQW��

�WK�VS. ��RI�WKH�VDPH�VDOW�FDQ�EH�FDOFXODWHG�IURP� $*' RI�HTXLOLEULXP���� $ 57�GLVV*�WK�VS H. '� $$$$ �%$�I�$�I�%�IGLVV �� *�*�*�* '�'�' ' �� ���)RU� PDQ\� LRQLF� FRPSRXQGV�� LW� KDV� EHHQ� VHHQ� WKDW�WKHUH�LV�D�JUHDW�GLIIHUHQFH�EHWZHHQ� VS.c DQG� �WK�VS. DQG�DOPRVW�DOZD\V� VS.c LV�JUHDWHU�WKDQ� �WK�VS. >�����@�7R� H[SODLQ� WKH� GLIIHUHQFH��ZH� VKRXOG� DOVR� FRQVLGHU�WKH�LRQ�DVVRFLDWLRQ�SKHQRPHQRQ�LQ�HOHFWURO\WH�VROXWLRQV��)RU� PDQ\� GHFDGHV� LRQ�DVVRFLDWLRQ� LQ� HOHFWURO\WH�VROXWLRQV� KDV� EHHQ� DQ� DUHD� RI� DFWLYH� UHVHDUFK� LQWHUHVW�>����@��%MHUUXP�WKHRUHWLFDO�DSSURDFK�SURYLGHV�IROORZLQJ�UHVXOWV� IRU� DVVRFLDWLRQ� FRQVWDQW�� $. �� RI� LRQ�SDLU�IRUPDWLRQ�LQ�GLOXWH�HOHFWURO\WLF�VROXWLRQV�>�@
$�SDLULRQ��DT�� �DT� .�%$$% ���� � � ���

�E���$ 4����ED1�. S ���
G[[H4 �[��E� E �³ ���

7U _]]_[�7D H_]]_E � HN HN ���� ���ZKHUH�� 1� LV� $YRJDGUR� FRQVWDQW�� D� LV� WKH� FORVHVW� RI�DSSURDFK� RI� LRQV�� H UHSUHVHQWV� WKH� GLHOHFWULF� FRQVWDQW��N LV� %ROW]PDQQ� FRQVWDQW�� 7� GHQRWHV� WHPSHUDWXUH� LQ�.HOYLQ�DQG� �%$ UHIHUV�WR�WKH�UHVSHFWLYH�LRQ�SDLU�ZKLFK�LV�FRPSRVHG�RI� ��% DQG� �$ LRQV��2Q� WKH�RWKHU�KDQG��)XRVV�WKHRUHWLFDO�DSSURDFK�OHDGV�WR�WKH�FRQWDFW�LRQ�SDLU�DQG�WKH�IROORZLQJ�H[SUHVVLRQ�IRU� $. >�����@

7D�]F�$ �HFD. Hc ���ZKHUH�D� LV�SDUDPHWHU�RI� WKH�FORVHVW�DSSURDFK�RI� LRQV� LQ�FP��F� ������� ����u DQG� ��������F �u c
(;3(5,0(17$/

���12�%D DQG� RWKHU� FKHPLFDOV� ZHUH� SXUFKDVHG� IURP�0HUFN�&RPSDQ\�DQG�XVHG�ZLWKRXW� IXUWKHU�SXULILFDWLRQ��7KH�VDWXUDWHG�VROXWLRQ�RI� �� �12�%D LQ�GHLRQL]HG�ZDWHU�ZDV� SUHSDUHG� DW� &���� $ �� DQG� WKHQ� WKH� VROXELOLW\� RI�
���12�%D LQ� ZDWHU� ZDV� GHWHUPLQHG XVLQJ� 6ROYHQW�(YDSRUDWLQJ� DQG� $WRPLF� (PLVVLRQ� 6SHFWURSKRWRPHWULF�PHWKRGV��2XU�H[SHULPHQWDO�UHVXOWV�DUH�JLYHQ�LQ�WDEOH����

7DEOH��� 6ROXELOLW\���V���PRO� ��/ ��RI� �� ��12D% DW�&���� $ �XVLQJ�VROYHQW�HYDSRUDWLQJ�PHWKRG�
,WHUDWLRQ 6ROXELOLW\��PRO� ��/� ������ ������ ������ ������ ������ ������ �����$YHUDJH�������r ������PRO� ��/

7KH� UHVXOW� REWDLQHG� IURP� $WRPLF� (PLVVLRQ�6SHFWURSKRWRPHWULF�PHWKRG�LV�������PRO� ��/ �
',6&866,217KH� VROXELOLW\� SURGXFW� FRQVWDQW�� VS.c �� RI� �� ��12D% DW�&����$ �� RQ� WKH� EDVLV� RI� WKLV� ZRUN� DQG� HVWLPDWHG� PHDQ�DFWLYLW\� FRHIILFLHQW� �� rI �� XSRQ� H[WHQGHG�'HE\H� +�FNHO�WKHRU\�ORJ� rI  ��$� �,D%��,== ��� ���LV� �����VS I@12>@%D>. r� c ��I�V r ������ /PRO����������������������� �u  ZKLOH�� WR� XVH� WKH� 'HE\H� ± +�FNHO� HTXDWLRQ�� ZH� KDYH�WDNHQ$  ��������%� ������ �$�$ ��D� � $����������DD� $ � � ��2Q� WKH� RWKHU� KDQG�� XVLQJ� WKHUPRG\QDPLF� IXQFWLRQV�JLYHQ� LQ� WDEOH� ��� RQH� FDQ� FDOFXODWH� WKH� WKHUPRG\QDPLF�VROXELOLW\�FRQVWDQW��� �WK�VS. ��RI� �� ��12D% DW�WKH�VDPH�FRQGLWLRQV�
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$$$ GLVVGLVVGLVV 67+* '�' ' $$$ ��12�%D�I�%D�I�12�I ���� ***� '�'�' �� ��N-PRO�������������������������  � 2U ��*�WK�VS ������H. 57GLVV� u  '� $

7DEOH��� 7KHUPRG\QDPLF�IXQFWLRQV�RI� ���DT�%D DQG�� �DT��12 LRQV�DQG� �V��� �12�%D VDOW�DW�����.�>��@6SHFLHV �I N-PRO�+ �' $ �I N-PRO�* �' $
�� �DT�%D ������ ������� �DT��12 ������ ������

�V����12�%D ���� ����
&RPSDULQJ� WKH� YDOXHV� RI� VS.c DQG� �WK�VS. UHYHDOV�WKDW�WKH�GLIIHUHQFH�EHWZHHQ�WKHP�LV�ODUJH��7KH�GLIIHUHQFH�PD\�EH�DWWULEXWHG�WR�WKH�IRUPDWLRQ�RI� ��%D12 LRQ� SDLU�DW�WKH�ILUVW�DSSUR[LPDWLRQ��,I�[�GHQRWHV�WKH�FRQFHQWUDWLRQ��LQ� PRO� �/� �� RI� ��%D12 LRQ� SDLU� LQ� WKH� VDWXUDWHG�DTXHRXV�VROXWLRQ�RI� ���12�%D DW� &���� $ �� WKHQ��V�� [��DQG���V�� [��ZLOO�UHSUHVHQW�WKH�PRODULWLHV�RI� �� �DT�%D DQG�� �DT��12 LRQV�LQ�WKH�IUHH�VWDWH�LQ�WKH�VDWXUDWHG�VROXWLRQ�DW�WKH� VDPH� WHPSHUDWXUH� UHVSHFWLYHO\��6R�� �WK�VS. PD\�EH�DGDSWHG�DV� � IUHH�12IUHH�%D�WK�VS �� DD. �� 

��IUHH�IUHH� I@12>@%D> r�� �� I�[V���[V� r�� ����� I�V�[V�V[�[� r���� ����1RZ�ZH�DVVXPH�WKDW�WKH�H[WHQGHG�'HE\H� +�FNHO�ODZ��,%D���,==�����IORJ�� r��r �� LV� D� JRRG� DSSUR[LPDWLRQ� IRU� HVWLPDWLQJ� rI �� 7KHUHIRUH��WKH�YDOXH�RI�[�FDQ�EH�UHVXOWHG�IURP�VROYLQJ�WKH�HTXDWLRQ������� ,Q�RUGHU� WR� FDOFXODWH� rI ZH�DVVXPH� ,� ��V� DW� WKH�ILUVW� DSSUR[LPDWLRQ� DQG� WKHQ� FDOFXODWH� DQ� DSSUR[LPDWH�YDOXH�RI�[�DIWHU�HT��������7KHQ��LWHUDWLQJ�WKH�FDOFXODWLRQ��EXW� WDNLQJ� ,�  � �V� � �[�� ZH�ZLOO� REWDLQ� D�PRUH� SUHFLVH�YDOXH�RI�[�SURJUHVVLYHO\��7DEOH����

7DEOH��� )LYH�VXFFHVVLYH�FDOFXODWLRQ�LQ�RUGHU�WR�DFKLHYH�D�UHDVRQDEOH�YDOXH�RI� SDLULRQ� @%D12> ��
,WHUDWLRQ �/PRO�, � �� /PRO�@%D12>[ �� � ����� ������� ������ ������� ������ ������� ������ ������� ������ ������

5HJDUGLQJ� WKH� UHVXOWV�RI� LWHUDWLQJ�FDOFXODWLRQ��ZH�PD\�DVVXPH� �����@%D12> �  � �� �����@%D> IUHH�  � DQG������@12> IUHH�  � �/PRO � LQ� VDWXUDWHG� DTXHRXV� VROXWLRQ�RI� �� �12�%D DW� &���� $ �� 6R�� WKH� HTXLOLEULXP�FRQVWDQW���.$ IRU�WKH�UHDFWLRQ�RI�LRQ� SDLU�IRUPDWLRQ��%D1212%D �SDLULRQ���DT��� �DT� ��� �� �DW�WKH�VDPH�FRQGLWLRQV�LV�
��� SL�SL I@12>@%D> I@%D12>DDD.$ r�� ��

��
�   

���������������������� ���������� �  u u ����
DQG� �SL -PRO����.OQ57* $ �� � � ' $ ����1RZ��HVWLPDWLQJ�WKH�YDOXH�RI� $. IURP�HT������DQG�WDNLQJ� FP�����D ��u DQG� ��_]]_]   �� ZH�REWDLQ�

���� H��������������. ��������������������������$ ��
 uuu uuuuu� ��

$V� ZH� FDQ� VHH�� WKH� FRQFRUG� EHWZHHQ� HVWLPDWHG� DQG�H[SHULPHQWDO�YDOXHV�RI� $. LV�H[FHOOHQW�
&21&/86,216DWXUDWHG� DTXHRXV� VROXWLRQ� RI� �� �12�%D LV� IDU� IURP�LGHDOLW\�� 7KH� QRQ� LGHDOLW\� RI� WKH� VROXWLRQ� PD\� EH�LQWHUSUHWHG�DV�GXH�SDUW\� WR�SK\VLFDO� �DFWLYLW\� FRHIILFLHQWV��DQG� SDUWO\� WR� FKHPLFDO� �LRQ� DVVRFLDWLRQ�� IDFWRUV�� 7KHVH�FRQWULEXWLRQV� GR� SUHGLFW� D� FRQFRUGDQW� ILW� RI� H[SHULPHQWDO�GDWD�� 2Q� WKH� RWKHU� KDQG�� WKH� VROXELOLW\� RI� �� �12�%DFRXOG� EH� GLYLGHG� LQ� WKUHH� FRQWULEXWLRQV�� RQH�������.� ���WK�VS  �� WKH�RWKHU�� �����@%D12> SL�  �� DQG�WKH�WKLUG� DFWLYLW\�FRHIILFLHQW�FRQWULEXWLRQV ����� �/PRO �
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5()(5(1&(6�� $JKDLH��0���*KDHPL��$��)���*LDKL��0���-��3K\V��	�7KHR��&KHP����������������,��$��8���,UDQ���� $JKDLH��+���HW�DO���-��3K\V��	�7KHR��&KHP�����������������,��$��8���,UDQ��� $JKDLH��+���$JKDLH��0���-RXUQDO�RI�6FLHQFH��8QLYHUVLW\�IRU�7HDFKHU�(GXFDWLRQ��,UDQ��9RO����1R������������������� 'HE\H��3�� +�FNHO��(�� =XU�WKHRULH�GHU�HOHFWURO\WH��3K\VLN��=HLWVFKULIW���������������������������� 'DYLHV��&��:�� -��&KHP��6RF���������������� +DUQHG��+�6�� 2ZHQ� %�%�� 3K\VLFDO�&KHPLVWU\�RI�(OHFWURO\WLF�6ROXWLRQV��7KLUG�(GLWLRQ��������3��������� )XRVV��5�0�� -��$PHU��&KHP��6RF������������������� (EOLJ��:�� =��3K\VLN��&KHP���/HLS]LJ�������������������� %MHUUXP��1�� .��'DQVNH�9LGHQVN��6HOVN��0DWK��I\V���0HGG�����������1R���������<RNR\DPD��+�� <DPDWHUD� +�� %XOO�&KHP��6RF� -SQ����������������������1DLU��9�6�.�� 1DQFROODV��*�+�� -��&KHP��6RF�������������������)LDONRY��<X��<D�� *RUEDFKHY� 9��<X�� -RXUQDO�RI�0ROHFXODU�/LTXLGV�������������������������7DND\DQDJL��7�� $QDO\WLFDO�6FLHQFH�)HEUXDU\�������9RO������7KH�-DSDQ�6RFLHW\�IRU�$QDO\WLFDO�&KHPLVWU\������.DOKRUL��6�� 7KRPDV��5�� $O�.KDOLOL��$�� (KOHUGLQJ��$�� +HOOEHUJ��)�� 1HDX��$�� /DUVVRQ��0�� 3K\VLFDO�5HYLHZ��$�������������������7KH�$PHULFDQ�3K\VLFDO�6RFLHW\�����=KLJDQJ��=���=KHQKDR� '�� &KHPLFDO�3K\VLFV��������������������6WHYHQ�5XVVR��2�� *HRUJH��,�� +DQDQLD��+�� -��&KHP��(GXF������������������������)XRVV��5�0�� 2QVDJHU��/�� -��3K\V��&KHP�������������������������������������$WNLQVRQ��*���3HWUXHHL� 6�� -��3K\V��&KHP��������������������$QVDUL��$�$���,VODP� 0��5�� &DQ��-��&KHP��������������������� :DQJ� -���+D\PHW� $��'��-�� -��&KHP��3K\V�����������������������6WDUN��-��*���:DOODFH��+��*���&KHPLVWU\�'DWD�%RRN���QG (GLWLRQ��3XE��E\�-RKQ�0XUUD\��3���������


