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ξ = � − H[S
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ZKHUH� ,�W�� LV� WKH� QXFOHDWLRQ� UDWH� RI� QHZSKDVH�FHQWHUV�DW�WLPH�SRLQW� W��ϕ�W���WKH�YRO�XPH� RI� WKLV� FHQWHU� DW� WLPH� SRLQW� W�� τ�� WKHQXFOHDWLRQ� PRPHQW� RI� D� QHZ� SKDVH� FHQWHU�)RU� LVRWKHUPDO� FRQGLWLRQV�� LW� LV� EHOLHYHGWKDW�,�W�� �,  �FRQVW�

)XUWKHU�� WKH�YROXPH�JURZWK�RI�D� VSKHUL �FDO�1G�)H��% SKDVH�FHQWHU�ϕ�W��FDQ�EH�ZULW�WHQ�DV
ϕ(W) = ��πρ�(W)� ���

ZKHUH�ρ�W��LV�WKH�FHQWHU�UDGLXV�DW�WLPH�SRLQW� W�)RU� GLIIXVLRQ�FRQWUROOHG� JURZWK� RI1G�)H��% SKDVH��WKH�UDGLXV�ρ�W��FDQ�EH�ZULW�WHQ�DV�>���������@
ρ(W) = �β(ξ)√'W� ���ZKHUH� '  �'�H[S�Ü4�57�� LV� WKH� GLIIXVLRQFRHIILFLHQW�RI�)H DWRPV�LQ�α�)H PDWUL[��β�ξ��WKH�SDUDPHWHU�GHSHQGLQJ�RQ�FRQFHQWUDWLRQ�DQGGHJUHH� RI� WUDQVIRUPDWLRQ� ξ�� '�  ����FP��V�WKH� GLIIXVLRQ� FRQVWDQW�� 4  ��������N-�PRO�WKH�GLIIXVLRQ�DFWLYDWLRQ�HQHUJ\�RI� )H DWRPVLQ� α�)H PDWUL[� >�@�� 7�� WHPSHUDWXUH�5  ������-⋅�PRO⋅.�Ü���WKH�JDV�FRQVWDQW�7KH�QHZ�SKDVH�QXFOHDWLRQ� UDWH� LQ� VROLGV�DFFRUGLQJ� WR� WKH� 7XUQEXOO�)LVKHU� WKHRU\>��Ü��@��FDQ�EH�ZULWWHQ�DV

, = γ 57K H− : + 857 �� ���
ZKHUH�: LV� WKH� IUHH� HQHUJ\� RI� FULWLFDO� QX�FOHXV�RI�1G�)H��% IRUPDWLRQ��8��WKH�DFWLYD�WLRQ� HQHUJ\�� K�� WKH� 3ODQFN� FRQVWDQW�
γ  ���� PRO�P��6XEVWLWXWLRQ�RI�HTXDWLRQV����������DQG����LQWR�����IRU� W≥τ UHVXOWV�LQ�WKH�HTXDWLRQ
ξ =

= � − H[S


− �πγ57��K β�(ξ)'�� ⁄ � H−

: + 8 + ��457 W��
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)RU� WHPSHUDWXUH� GHSHQGHQFH� RI� WUDQVIRU �PDWLRQ� WLPH� Wξ UHTLXUHG� WR� DWWDLQ� D� FHUWDLQ

)LJ����� ,VRWKHUPDO� NLQHWLF� GLDJUDPV� IRU� K\�GURJHQ�LQGXFHG� UHYHUVH� SKDVH� WUDQVIRUPDWLRQLQ�1G��)H��%���7 LV� WKH� LVRWKHUPDO� H[SRVXUHWHPSHUDWXUH�� W�� WKH� WUDQVIRUPDWLRQ� WLPH�� �������������������������������������������������WKHUHYHUVH�WUDQVIRUPDWLRQ�GHJUHHV��IURP�>�@��

)LJ�����OQWξ YV���7 GHSHQGHQFHV�IRU�K\GURJHQ�LQGXFHG� UHYHUVH� SKDVH� WUDQVIRUPDWLRQ� LQ1G��)H��%� IRU� WUDQVIRUPDWLRQ� GHJUHH�� �������������������������
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GHJUHH�RI�WUDQVIRUPDWLRQ� ξ��LW�LV�SRVVLEOH�WRREWDLQ�IURP�����
Wξ = D ⋅ >−OQ(� − ξ)@�� 
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⋅ H��(: + 8) + ��457 �����

ZKHUH�D = 



��K�πγ5β�(ξ)'�� ⁄ �
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)RU�WKH�IXUWKHU�DQDO\VLV��DOO�XQNQRZQ�SD �UDPHWHUV� LQ� HTXDWLRQ� ���� DUH� WR� EH� GHWHU �PLQHG�� ,Q� RXU� FDVH�� ZH� FDQ� EHOLHYH� WKDW�: ��8����4  �4HII��� ZKHUH� :� LV� WKH� IUHHHQHUJ\� RI� FULWLFDO� QXFOHXV� IRU 1G�)H��%SKDVH�IRUPDWLRQ��4��WKH�GLIIXVLRQ�DFWLYDWLRQHQHUJ\� RI� )H DWRPV� LQ� α�)H PDWUL[�� 4HII��WKH� HIIHFWLYH� HQHUJ\� RI� UHYHUVH� SKDVH� WUDQV �IRUPDWLRQ��9DOXHV�RI�DFWLYDWLRQ�HQHUJ\�8 DUHXQNQRZQ��EXW�ZH�FDQ�EHOLHYHG�WKHVH�YDOXHV�WREH�DSSUR[LPDWHO\�HTXDO�WR�GLVVRFLDWLRQ�HQHUJ\RI� 1G+� K\GULGH� (GLV�  �Ü����� N-�PRO� >��@�)XUWKHU��XVLQJ�DFWLYDWLRQ�HQHUJ\�YDOXHV�RE �WDLQHG�EHIRUH�IRU�UHYHUVH�SKDVH�WUDQVIRUPD �WLRQ�� WKH� SDUDPHWHUV� LQ� WKH� HTXDWLRQ� ���ZHUH�GHWHUPLQHG�DQG�VKRZQ�LQ�WKH�7DEOH���/HW�WKH�LQWHUIDFLDO�HQHUJ\�σ EH�HVWLPDWHG�,Q� WKH� FODVVLFDO� WKHRU\�� WKH� IUHH� HQHUJ\� RIQXFOHXV�IRUPDWLRQ�PD\�EH�ZULWWHQ�DV

: = ��� π σ�
∆*9�� ���

ZKHUH� σ LV� WKH� LQWHUIDFLDO� HQHUJ\� SHU� XQLWDUHD�� ∆*�� IUHH� HQHUJ\� EHWZHHQ� WKH� ROG� DQGQHZ� SKDVHV� SHU� XQLW� PRODU� YROXPH�� 9�� WKHPRODU�YROXPH��9DOXH�RI�∆* LV�XQNQRZQ��EXWDFFRUGLQJ� WR� >�@�� IRU� PDQ\� PHWDOV
∆*≈�����⋅��� -�PRO�� 7KHQ�� σ HVWLPDWLRQXVLQJ� (T����� DQG� GDWD� IURP� WKH� 7DEOH� JLYHXV�WKH�YDOXH�σ≈�����-�P���7KLV�YDOXH�DJUHHVZHOO� ZLWK� LQWHUIDFLDO� HQHUJ\� IRU� SXUH� 1G�ZKHUH�σ LV������-�P� >��@�%DVLQJ� RQ� (T����� DQG� GDWD� IURP� WKH7DEOH�� HTXDWLRQV� GHVFULELQJ� WKH� NLQHWLFV� RIUHYHUVH�K\GURJHQ�LQGXFHG�SKDVH�WUDQVIRUPD �

WLRQ� LQ� 1G��)H��%� DOOR\� IRU� GHJUHHV� RIWUDQVIRUPDWLRQ� ξ HTXDO� WR� ����� ���� DQG� ���ZHUH�FDOFXODWHG�WR�EH�DV�IROORZV�Wξ=��� = ���� ⋅ ��−�� ⋅ >−OQ(� − ξ)@ � ⁄ � ×
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⋅ H�����57 � ����

Wξ=��� = ���� ⋅ ��−� ⋅ >−OQ(� − ξ)@� ⁄ � ×

× 
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Wξ=��� = ���� ⋅ ��−� ⋅ >−OQ(� − ξ)@� ⁄ � ×

× 
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)XUWKHU�� WKH� LVRWKHUPDO� NLQHWLF� GLDJUDPRI�UHYHUVH�K\GURJHQ�LQGXFHG�SKDVH�WUDQVIRU �PDWLRQ� LQ� 1G��)H��%� DOOR\� ZDV� SORWWHGXVLQJ�WKH�HTXDWLRQV�����Ü������7KLV�GLDJUDPLV�VKRZQ�LQ�)LJ�����,W�LV�VHHQ�IURP�WKLV�)LJ �XUH� WKDW� WKH� FDOFXODWHG� FXUYHV� DSSUR[LPDWHZHOO�WKH�H[SHULPHQWDO�GDWD�IURP�>�@�$V� LV� VHHQ� IURP� )LJ����� WKH� SURSRVHGPRGHO� DOVR� SUHGLFWV� DQ� DFFHOHUDWLRQ� RI� UH �YHUVH� SKDVH� WUDQVIRUPDWLRQ� DW� WHPSHUDWXUHHOHYDWLRQ�� ,Q� IDFW�� DV� IROORZV� IURP� >��@�ZKHUH� LVRWKHUPDO� UHFRPELQDWLRQ� SURFHVV� LQ1G��'\���)H��1E���%��� ZDV� VWXGLHG� DW� WHP�SHUDWXUHV� UDQJLQJ� IURP� ���� WR� ��� �&� E\LQ�VLWX�SRZGHU�QHXWURQ�GLIIUDFWLRQ��LQFUHDVHRI�WKH�LVRWKHUPDO�WHPSHUDWXUH�UHVXOWV�LQ�DF �

)LJ����� &DOFXODWHG� LVRWKHUPDO� NLQHWLF� GLDJUDPVIRU�K\GURJHQ�LQGXFHG�UHYHUVH�SKDVH�WUDQVIRU�PDWLRQ� LQ� 1G��)H��%� DOOR\� IRU� WUDQVIRUPD�WLRQ� GHJUHH�� �������� ���� ����� ���� ����� 3RLQWVDUH� H[SHULPHQWDO� GDWD� IURP� >�@� IRU� WKH� UH�YHUVH� SKDVH� WUDQVIRUPDWLRQ� GHJUHHV� ���� ���������♦�����������

7DEOH�� (VWLPDWHG� YDOXHV� RI� SDUDPHWUHV� LQ(T����� IRU� UHYHUVH�K\GURJHQ�LQGXFHG�SKDVHWUDQVIRUPDWLRQ� LQ� 1G��)H��%� DOOR\� IRUWUDQVIRUPDWLRQ�GHJUHH�RI����������DQG����
4HII��N-�PRO 8�N-�PRO :�N-�PRO β�ξ�

��� ����� Ü���� ����� ���������� ����� Ü���� ����� �����⋅��Ü���� ����� Ü���� ����� �����⋅��Ü�
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FHOHUDWLRQ� RI� WKH� UHYHUVH� WUDQVIRUPDWLRQSURFHVV�7KXV�� WKH� SURSRVHG�PRGHO� GHVFULELQJ�ZHOOWKH�NLQHWLFV�RI�K\GURJHQ�LQGXFHG�GLIIXVLYH�UH �YHUVH� SKDVH� WUDQVIRUPDWLRQV� LQ� 1G��)H��%�DOOR\� EDVLQJ� RQ�(T����� FDQ�EH�FRQVLGHUHG� DVD� ILUVW� VWHS� IRU� WKH� IXUWKHU�GHYHORSPHQW�RIWKLV�PRGHO�IRU�GHVFULSWLRQ�RI�VXFK�WUDQVIRU �PDWLRQV�LQ�1G�)H��% W\SH�DOOR\V�5HIHUHQFHV���$�&�.KDFKDWXU\DQ��7KHRU\�RI�3KDVH�7UDQVIRU�PDWLRQV� DQG� 6WUXFWXUH� RI� 6ROLG� 6ROXWLRQV�1DXND��0RVFRZ��������>LQ�5XVVLDQ@����/�(�3RSRYD��$�$�3RSRY��'LDJUDPV�RI�$XVWHQL�WLF� 7UDQVIRUPDWLRQV� LQ� 6WHHOV� DQG� β�6ROXWLRQLQ� 7LWDQLXP� $OOR\V�� 0HWDOOXUJL\D�� 0RVFRZ�������>LQ�5XVVLDQ@����7�7DNHVKLWD��-��$OOR\V�&RPS���������������������9�$�*ROWVRY� HW� DO��� LQ��3URJUHVV� LQ�+\GURJHQ7UHDWPHQW� RI�0DWHULDOV�� HG�� E\� 9�$�*ROWVRY�'RQHWVN����������S���������9�$�*ROWVRY��6�%�5\EDOND�HW�DO���)L]��0HWDOORYDQG�0HWDOORYHG������������������

���2�*XWIOLHVFK��0�0DW]LQJHU��-�)LGOHU��,�5�+DU�ULV��-��0DJQ��0DJQ��0DW����������������������-�:�&KULVWLDQ�� 7KHRU\� RI� 7UDQVIRUPDWLRQ� LQ0HWDOV�DQG�$OOR\V��3DUW�����QG�(G���3HUJDPRQ3UHVV��2[IRUG������������6�'�*HUWVULNHQ�� ,�<D�'HNKW\DU�� 'LIIXVLRQ� LQ0HWDOV� DQG� $OOR\V� LQ� 6ROLG� 3KDVH�� *,)0/�0RVFRZ��������>LQ�5XVVLDQ@����$�1�.ROPRJRURY�� ,]Y��$NDG��1DXN� 6665�� 6HU�0DWHP���1R�������������������%�<D�/\XERY��.LQHWLF�7KHRU\�RI�3KDVH�7UDQV�IRUPDWLRQV�� 0HWDOOXUJLD�� 0RVFRZ� ������� >LQ5XVVLDQ@�����/�1�$OHNVDQGURY�� )RUPDWLRQ� .LQHWLFV� DQG6WUXFWXUH� RI�6ROLG�6ROXWLRQV��1DXND��1RYRVL�ELUVN��������>LQ�5XVVLDQ@�����'�7XUQEXOO��-�&�)LVKHU��-��&KHP��3K\V��������������������0�0�$QWRQRYD��3URSHUWLHV�RI�0HWDO�+\GULGHV�1DXNRYD�'XPND��.LHY��������>LQ�5XVVLDQ@�����7KH�7DEOHV� RI�3K\VLFDO�8QLWV��+DQGERRN��(G�,�.�.LNRLQ�� $WRPL]GDW�� 0RVFRZ� ������� >LQ5XVVLDQ@�����6�/LHVHUW�� '�)UXFKDUW� HW� DO��� -��$OOR\V� DQG&RPSRXQGV�����Ü����������������
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