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6XPPDU\� 7KH� GHWHFWLRQ� RI� FUDFNV�� LQFOXVLRQV� RU� YRLGV� DV� ZHOO� DV� WKHLU� ORFDWLRQ�� RULHQWDWLRQ� DQG� VL]H� LV� SHUIRUPHG� XVLQJ�
PHDVXUHPHQWV�RI� VXUIDFH� WHPSHUDWXUH�FDXVHG�E\�VWHDG\�VWDWH�RU� WUDQVLHQW� WKHUPDO� ORDGLQJ��2Q�WKH�EDVLV�RI�PHDVXUHPHQW�UHVXOWV��DQ�
LQYHUVH� VWHDG\� VWDWH� RU� WUDQVLHQW� KHDW� WUDQVIHU� SUREOHP� LV� IRUPXODWHG� DQG� QH[W� VROYHG�� 7KH� LQYHUVH� VROXWLRQ� LV� FRQVWUXFWHG� E\�
PLQLPL]LQJ�WKH�SURSHUO\�GHILQHG�GLVWDQFH�QRUP�RI�PHDVXUHG�DQG�PRGHO�WHPSHUDWXUHV��,Q�WKLV�VWDJH�RI�UHVHDUFK�WKH�UHDO�PHDVXUHPHQWV�
DUH�QXPHULFDOO\�VLPXODWHG��7KH�PRGHO� WHPSHUDWXUH�GLVWULEXWLRQ� LV�FDOFXODWHG�XVLQJ�WKH�ILQLWH�HOHPHQW�PRGHO�RI�D�VWUXFWXUH��ZKLOH�LQ�
PLQLPL]LQJ�RI�GLVWDQFH�QRUP�IXQFWLRQDO�WKH�JUDGLHQW�RULHQWHG�PHWKRGV�DUH�XVHG��7KH�SURSHU�VHQVLWLYLWLHV�RI�LQWURGXFHG�LGHQWLILFDWLRQ�
IXQFWLRQDO� DUH� GHULYHG�� )RU� SDUWLFXODU� GRPDLQ� WUDQVIRUPDWLRQ� WKHVH� VHQVLWLYLWLHV� DUH� FDOFXODWHG� XVLQJ� D� FODVV� RI� SDWK�LQGHSHQGHQW�
VHQVLWLYLW\�LQWHJUDOV��6RPH�QXPHULFDO�H[DPSOHV�DUH�SUHVHQWHG�LQ�RUGHU�WR�MXVWLI\�WKH�SUHVHQWHG�DSSURDFK��
�
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7KH�SUHGLFWLRQ�RI�ORFDWLRQ�DQG�GHJUHH�RI�GDPDJH�LQ�H[LVWLQJ�HQJLQHHULQJ�VWUXFWXUHV�LV�RI�JUHDW�LPSRUWDQFH�IURP�WKH�
SRLQW�RI�YLHZ�RI�WKHLU�VHUYLFHDELOLW\�DQG�VDIHW\��9LVXDO�LQVSHFWLRQ�DQG�H[WHQVLYH�WHVWLQJ�FDQ�EH�HPSOR\HG�WR�ORFDWH�DQG�
PHDVXUH�WKH�GHJUDGDWLRQ�RI�VWUXFWXUH�E\�D�ZLGH�FODVV�RI�QRQ�GHVWUXFWLYH�WHFKQLTXHV��,Q�WKH�SUHVHQW�SDSHU��ZH�VKDOO�VWXG\�
GDPDJH�RU� IDXOW�GHWHFWLRQ�E\� WKH�DQDO\VLV�RI� WUDQVLHQW�RI� VWHDG\�VWDWH� WKHUPDO� UHVSRQVH�RI� VWUXFWXUHV��7KH�GHWHFWLRQ�RI�
VXUIDFH��VXEVXUIDFH�RU�LQWHUQDO�FUDFNV��LQFOXVLRQV�RU�YRLGV�DV�ZHOO�DV�WKHLU�ORFDWLRQ��RULHQWDWLRQ�DQG�VL]H�FDQ�EH�SHUIRUPHG�
XVLQJ�LQIUDUHG�PHDVXUHPHQWV�RI�VXUIDFH�WHPSHUDWXUH�FDXVHG�E\�DSSOLHG�WKHUPDO�ORDGLQJ��,Q�RUGHU�WR�LQFUHDVH�WKH�QXPEHU�
RI� DYDLODEOH�PHDVXUHPHQW� GDWD�� WKH� WKHUPDO�PXOWL�ORDGLQJ� FDVH� LV� FRQVLGHUHG��� 7KH� LQYHUVH� VROXWLRQ� LV� FRQVWUXFWHG� E\�
PLQLPL]LQJ�WKH�SURSHUO\�GHILQHG�GLVWDQFH�QRUP�RI�PHDVXUHG�DQG�PRGHO�WHPSHUDWXUHV�DW�VSHFLILHG�VXUIDFH�SRLQWV�RU�DORQJ�
VSHFLILHG�VXUIDFH�OLQHV��,Q�WKLV�VWDJH�RI�UHVHDUFK�WKH�LQIUDUHG�PHDVXUHPHQWV�ZLOO�EH�QXPHULFDOO\�VLPXODWHG��7R�PDNH�WKH�
VLPXODWLRQ�PRUH� UHDOLVWLF�� VRPH� UDQGRP� HUURU�ZLOO� EH� LQWURGXFHG� LQWR� VLPXODWHG�PHDVXUHPHQWV� LQ� RUGHU� WR�PRGHO� WKH�
XQDYRLGDEOH� WROHUDQFH�RI� UHDO�PHDVXUHPHQW��7KH�LQIOXHQFH�RI�PDJQLWXGH�RI�WKLV�HUURU�RQ�DFFXUDF\�RI�GHIHFW�HVWLPDWLRQ�
ZLOO�DOVR�EH�LQVSHFWHG��
�
�

352%/(0�)2508/$7,21�
�

/HW� XV� FRQVLGHU� D� WUDQVLHQW� KHDW� WUDQVIHU� SUREOHP� ZLWKLQ� QRQ�KRPRJHQHRXV� WZR�GLPHQVLRQDO� GRPDLQ�� )LJ�� ���
GHVFULEHG�E\�WKH�FRQGXFWLRQ�HTXDWLRQ�VXSSOHPHQWHG�ZLWK�SURSHU�VHW�RI�ERXQGDU\�DQG�LQLWLDO�FRQGLWLRQV��7KH�GHIHFW�LQ�D�
VWUXFWXUH� LV�PRGHOHG�E\� LQWURGXFLQJ� WZR�VXEGRPDLQV�: � � DQG�: � �� VR� WKDW�: : 	 : � � DQG�: � � LV�D�VWUXFWXUH�GRPDLQ�ZLWK�
FRQGXFWLYLW\�PDWUL[�$ � � ZKLOH� VXEGRPDLQ�: � � ZLWK� FRQGXFWLYLW\�PDWUL[�$ � �PRGHOV� WKH� FUDFN�� LQFOXVLRQ� RU� YRLG�ZLWKLQ�
VWUXFWXUH�GRPDLQ��7KH�GHWDLOHG�DQDO\VLV�DVVRFLDWHG�ZLWK�VKDSH�PRGLILFDWLRQ�DQG�RSWLPDO�GHVLJQ�IRU�SUREOHP�GHVFULEHG�E\�
(T�����ZDV� SHUIRUPHG� LQ� >�@��ZKHUHDV� WKH� VWHDG\� VWDWH� SUREOHP�ZDV� GLVFXVVHG� LQ� >�@�� ,Q� WKLV� SDSHU� WKH� LGHQWLILFDWLRQ�
SUREOHP� DVVRFLDWHG�ZLWK� VWUXFWXUDO� VKDSH�ZLOO� EH� FRQVLGHUHG�� 7R� LGHQWLI\� WKH� VWUXFWXUDO� VKDSH� �ZLWKLQ� WKH� DVVXPHG� LQ�
DGYDQFH� VKDSH� FODVV�� RU� ORFDWLRQ�RI� GHIHFW�� WKH� LGHQWLILFDWLRQ� IXQFWLRQDO� LQ� WKH� IRUP�RI�SURSHU�GLVWDQFH�QRUP�EHWZHHQ�
WHPSHUDWXUH� ILHOGV� ZLWKLQ� WKH� PRGHO� DQG� UHDO� VWUXFWXUH� VKRXOG� EH� LQWURGXFHG�� ,Q� SDUWLFXODU�� WKH� VL]H�� SRVLWLRQ� DQG�
RULHQWDWLRQ�RI�GHIHFW�FDQ�EH�LGHQWLILHG�XVLQJ�WKLV�SURFHGXUH��,Q�JHQHUDO��WKH�LGHQWLILFDWLRQ�IXQFWLRQDO�FDQ�EH�DVVXPHG�LQ�
WKH�IRUP�RI�WLPH�DQG�VSDFH�LQWHJUDO��JLYHQ�LQ�WKH�IRUP��
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������������� �)LJXUH�����'�ERG\�ZLWK�LQWHUQDO�GHIHFW������� � )LJXUH����5HFWDQJXODU�GLVN�ZLWK�WUDQVODWHG�LQWHUQDO�KROH�

ZKHUH�)�LV�DQ�DUELWUDU\�IXQFWLRQ�GHSHQGLQJ�RQ�WKH�SUHGLFWHG�DQG�PHDVXUHG�WHPSHUDWXUHV�7�DQG�7 # ZLWKLQ�DVVXPHG�WLPH�
SHULRG��W $ ��W% ��DQG�* # �GHQRWHV�WKH�ERXQGDU\�SRUWLRQ�RQ�ZKLFK�WKH�PHDVXUHPHQW�LV�SHUIRUPHG��7KH�SDUDPHWHUV�E�VSHFLI\�WKH�GHIHFW�SURSHUWLHV��DQG�LQ�SDUWLFXODU�WKH\�FDQ�VSHFLI\�WKH�SRVLWLRQ��RULHQWDWLRQ�DQG�VFDOH�FKDQJH�RI�LGHQWLILHG�GHIHFW��7KXV��
ZH�XVH�WKH�WLPH�ZLQGRZ�RI�EDQGZLGWK�W% �±�W $ �LQ�RUGHU�WR�JDWKHU�WKH�H[SHULPHQWDO�GDWD�UHTXLUHG�WR�LGHQWLILFDWLRQ�SURFHGXUH��
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%RWK�WKH�LQLWLDO�DQG�ILQDO�WLPHV�W $ �DQG�W% �RI�LGHQWLILFDWLRQ�SURFHGXUH�FDQ�EH�GLIIHUHQW�IURP�WKH�LQLWLDO�DQG�ILQDO�WLPHV�RI�
WUDQVLHQW�KHDW�WUDQVIHU�SUREOHP��,QVWHDG�RI�WLPH�LQWHJUDO��DOVR�WKH�VXPPDWLRQ�RI�VSDFH�LQWHJUDO�RYHU�* # �DW�VRPH�VHOHFWHG�WLPH�LQVWDQW�W & �FDQ�EH�XVHG�LQ�IRUPXODWLRQ�RI�WKH�LGHQWLILFDWLRQ�QRUP��DV�VKRZQ�LQ�H[SUHVVLRQ������,Q�WKLV�FDVH��WKH�
VXPPDWLRQ�LV�H[SDQGHG�RQ�DVVXPHG�QXPEHU�RI�WLPH�LQVWDQFHV�DQG�[ & �GHQRWH�VRPH�ZHLJKWLQJ�IDFWRUV��/HW�XV�QRWH�WKDW�
ERWK�H[SUHVVLRQV�LQ�����DUH�HTXLYDOHQW��ZKHQ�WKH�*DXVV�TXDGUDWXUH�PHWKRG�LV�XVHG�LQ�QXPHULFDO�LQWHJUDWLRQ�RI�WLPH�
LQWHJUDO�LQ������7ZR�SDUWLFXODU�IRUPV�RI�IXQFWLRQDO�����FDQ�EH�FRQVLGHUHG��QDPHO\��
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ZKHUH�D�[�� LV� D� ZHLJKWLQJ� IXQFWLRQ�� ZKLFK� FDQ� PDJQLI\� RU� ZHDNHQ� WKH� GLIIHUHQFH� EHWZHHQ� WKH�PRGHO� DQG�PHDVXUHG�
WHPSHUDWXUH�RQ�VRPH�SRUWLRQ�RI�VWUXFWXUDO�ERXQGDU\��7KH�RWKHU�IRUP�RI�LGHQWLILFDWLRQ�IXQFWLRQDO�FDQ�EH�DOVR�XVHG��EDVLQJ�
RQ�PHDVXUHPHQW�RI�WHPSHUDWXUH�GLIIHUHQFHV�IRU�VWUXFWXUH�RU�LWV�PRGHO�DW�LQLWLDO�DQG�DFWXDO�FRQGLWLRQV���

7KH�LGHQWLILFDWLRQ�SUREOHP�FDQ�EH�QRZ�IRUPXODWHG�DV�IROORZV�

� � PLQ��,�7��W��E���VXEMHFWHG�WR�HTXDOLW\�FRQVWUDLQWV�GHVFULELQJ�KHDW�WUDQVIHU�SUREOHP� � � ����

6LQFH�LQ�PLQLPL]LQJ�RI�WKH�DVVXPHG�IRUP�RI�LGHQWLILFDWLRQ�IXQFWLRQDO�WKH�JUDGLHQW�RULHQWHG�PHWKRGV�ZLOO�EH�XVHG��WKXV�
WKHUH�ZLOO�EH�D�QHHG�WR�FDOFXODWH�WKH�SURSHU�VHQVLWLYLWLHV�RI�LQWURGXFHG�LGHQWLILFDWLRQ�IXQFWLRQDO��7KLV�SURFHGXUH�ZLOO�EH�
SHUIRUPHG�XVLQJ�WKH�DGMRLQW�DSSURDFK�WR�VHQVLWLYLW\�DQDO\VLV��
�

3$7+�,1'(3(1'(17�6(16,7,9,7<�$1$/<6,6�
�
,Q� SHUIRUPLQJ� WKH� FDOFXODWLRQV� RI� VHQVLWLYLW\� H[SUHVVLRQV� RI� LGHQWLILFDWLRQ� IXQFWLRQDO� ���� WKH� JHQHUDO� DGMRLQW� RU� GLUHFW�
PHWKRG� DSSURDFKHV� FDQ� EH� XVHG�� )RU�SDUWLFXODU� FDVH�RI� VHQVLWLYLW\� DQDO\VLV�ZLWK� UHVSHFW� WR� WUDQVODWLRQ� DQG� URWDWLRQ�RI�
GHIHFW� D� FODVV� RI� SDWK�LQGHSHQGHQW� VHQVLWLYLW\� LQWHJUDOV� GHULYHG� E\�'HPV� DQG�0UR]� >���@�ZLOO� EH� XVHG�� 7KLV� FODVV� RI�
VHQVLWLYLW\� LQWHJUDOV�ZLOO� DOORZ� IRU� LQWHJUDWLRQ�RI� GHVLUHG� VHQVLWLYLW\�H[SUHVVLRQV�DORQJ�SDWKV� VLWXDWHG� IDU� IURP�VLQJXODU�
SRLQWV� RU� DUHDV� RI� UDSLG� FKDQJHV� RI� WHPSHUDWXUH� JUDGLHQW�� 7KH� VHQVLWLYLW\� DQDO\VLV� RI� LGHQWLILFDWLRQ� SUREOHP� ZLOO� EH�
SHUIRUPHG�XVLQJ� WKH�PDWHULDO�GHULYDWLYH�FRQFHSW�DQG�DGMRLQW�DSSURDFK��7KH�DSSOLFDWLRQ�RI�SDWK�LQGHSHQGHQW�VHQVLWLYLW\�
LQWHJUDOV�ZLOO�DOVR�UHTXLUH�WKH�VSHFLILFDWLRQ�RI�SULPDU\�DQG�DGMRLQW�ILHOGV�GHSHQGLQJ�RQ�WKH�IRUP�RI�DSSOLHG�LGHQWLILFDWLRQ�
IXQFWLRQDO��DV�ZHOO�DV�WKH�FORVHG�FRQWRXUV�FRQWDLQLQJ�LQVLGH�WKH�DQDO\]HG�GHIHFW���
� ,Q�GHULYLQJ�WKH�VHQVLWLYLW\�H[SUHVVLRQV��ERWK�WKH�WUDQVLHQW�DQG�VWHDG\�VWDWH�KHDW�WUDQVIHU�FDVHV�DUH�FRQVLGHUHG��,Q�WKLV�
ODVW�FDVH�ZH�RPLW�WKH�WLPH�GHSHQGHQFH�RI�VWDWH�ILHOGV�RI�KHDW�WUDQVIHU�SUREOHP�DV�ZHOO�DV�LQ�LGHQWLILFDWLRQ�IXQFWLRQDO������
7KHUHIRUH��WKH�REWDLQHG�SDWK�LQGHSHQGHQW�VHQVLWLYLW\�H[SUHVVLRQV�DUH�DOVR�WLPH�LQGHSHQGHQW��
� 7KH�PHWKRG�SUHVHQWHG�LQ�WKH�SDSHU�FDQ�EH�DOVR�H[WHQGHG�WR�WKH�FDVH�RI�RWKHU�SK\VLFDO�ILHOG��L�H��HOHFWULF��PDJQHWLF��
GHVFULEHG�E\�WKH�KDUPRQLF�HTXDWLRQ��
�
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�
� ,Q�RUGHU� WR� MXVWLI\� WKH�SUHVHQWHG�DSSURDFK�� WKH� LGHQWLILFDWLRQ�RI� ORFDWLRQ�RI� UHFWDQJXODU�KROH� LQ�GLVN�VKRZQ�LQ�
)LJ����ZDV�SHUIRUPHG�XVLQJ�WKH�VWHDG\�VWDWH�WKHUPDO�ORDGLQJ��7KH�LQWHUQDO�KROH�ZLWKLQ�D�PRGHO�GLVN�GRPDLQ�ZDV�DOORZHG�
WR�WUDQVODWH�DORQJ�[ 2 �D[LV�LQ�RUGHU�WR�LGHQWLI\�LWV�ORFDWLRQ�LQ�UHDO�VWUXFWXUH��7KH�SUHVFULEHG�WHPSHUDWXUH�ZDV�DSSOLHG�DORQJ�
ERXQGDULHV� [ 2 �  � FRQVW�� DQG� FRQYHFWLRQ� FRQGLWLRQV� ZHUH� DVVXPHG� DORQJ� ERXQGDU\� SRUWLRQV� [ 3 �  � FRQVW�� 7KH�PHDVXUHG�
WHPSHUDWXUH�DORQJ�ERXQGDULHV�[ 3 � �FRQVW��ZDV�QXPHULFDOO\�VLPXODWHG�DQG�VRPH�UDQGRP�HUURU�RI�PDJQLWXGH����DQG����
ZDV�LQWURGXFHG�LQWR�VLPXODWLRQ��,Q�WKH�FDVH�RI�HUURU�IUHH�LGHQWLILFDWLRQ�WKH�ORFDWLRQ�RI�KROH�DORQJ�[ 2 �GLUHFWLRQ�ZDV�H[DFW��
ZKLOH� LQWURGXFLQJ� WKH� UDQGRP� HUURU� RI�PDJQLWXGH� ��� DQG� ��� UHVSHFWLYHO\�� UHVXOWV� LQ� HUURU� RI� ORFDWLRQ� LGHQWLILFDWLRQ�
HTXDO�WR�������DQG��������UHVSHFWLYHO\��
�
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�
>�@� 'HPV��.�� DQG�0Uy]��=��� 6KDSH� VHQVLWLYLW\� LQ�PL[HG�'LULFKOHW�1HXPDQQ� ERXQGDU\�YDOXH� SUREOHPV� DQG� DVVRFLDWHG�

FODVV�RI�SDWK�LQGHSHQGHQW�LQWHJUDOV��(XU��-��0HFK���$�6ROLGV��������������������
>�@� 'HPV��.���.RU\FNL��5���5RXVVHOHW��%���$SSOLFDWLRQ�RI�ILUVW��DQG�VHFRQG�RUGHU�VHQVLWLYLWLHV�LQ�GRPDLQ�RSWLPL]DWLRQ�IRU�

VWHDG\�FRQGXFWLRQ�SUREOHP��-��7KHUPDO�6WUHVVHV��YRO������S���������������
>�@� 'HPV�� .�� DQG�0Uy]�� =��� 6HQVLWLYLW\� DQDO\VLV� DQG� RSWLPDO� GHVLJQ� RI� H[WHUQDO� ERXQGDULHV� DQG� LQWHUIDFHV� IRU� KHDW�

FRQGXFWLRQ�V\VWHPV��-��7KHUPDO�6WUHVVHV��YRO������S���������������
>�@� 'HPV��.�DQG�0Uy]��=��$SSOLFDWLRQ�RI�WKHUPRJUDSKLF�PHWKRGV�LQ�LGHQWLILFDWLRQ�RI�VWUXFWXUH�SURSHUWLHV��3URFHHGLQJV�
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