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,Q� WKH� SUHVHQW� ZRUN� WKH� IORZILHOG� GHSHQGHQW� YDULDWLRQ�

PHWKRG��)'9���RULJLQDOO\�GHYHORSHG�E\�7��-��&KXQJ�DQG�KLV�FR�
ZRUNHUV��KDV�EHHQ�PRGLILHG�WR�LPSURYH�WKH�SK\VLFDO�PHDQLQJ�RI�
WKH� XVHG� YDULDWLRQ� �LPSOLFLWQHVV�� SDUDPHWHUV�� 7KH� PRGLILHG�
PHWKRG� �0)'9�� KDV� EHHQ� DSSOLHG� WR� WKH� FRPSUHVVLEOH� (XOHU�
IORZ� HTXDWLRQV�� :KLOH� ILQLWH� GLIIHUHQFH� WHFKQLTXHV� DUH�
DSSOLFDEOH� IRU� VROYLQJ� WKH� UHVXOWLQJ� V\VWHP�RI� HTXDWLRQV�� ILQLWH�
HOHPHQW� GLVFUDWL]DWLRQ� KDV� EHHQ� XVHG� YLD� VWDQGDUG� *DOHUNLQ�
PHWKRG��7KLV�FKRLFH�KDV�EHHQ�PDGH�IRU�WZR�UHDVRQV��WR�WDNH�WKH�
ZHOO�NQRZQ�DGYDQWDJHV�RI�WKH�ILQLWH�HOHPHQW�WHFKQLTXHV��DQG�WR�
PD[LPL]H�WKH�EHQHILWV�IURP�WKH�JDLQHG�SK\VLFDO�PHDQLQJ�E\�WKH�
0)'9� PHWKRG�� $� QXPEHU� RI� IDPRXV� WHVW� FDVHV� KDYH� EHHQ�
VROYHG� WR� SURYH� WKH� DSSOLFDELOLW\�RI� WKH�SURSRVHG�PRGLILFDWLRQ�
DQG� D� JRRG� DJUHHPHQW� ZLWK� WKH� SXEOLVKHG� OLWHUDWXUH� KDV� EHHQ�
REWDLQHG��
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&RPSXWDWLRQDO� )OXLG� '\QDPLFV� �&)'��� )ORZILHOG�

'HSHQGHQW� 9DULDWLRQ� �)'9�� PHWKRG�� (XOHU� HTXDWLRQV�� )LQLWH�
(OHPHQW��)(���*DOHUNLQ�PHWKRG��0RGLILHG�)ORZILHOG�'HSHQGHQW�
9DULDWLRQ��0)'9��PHWKRG��
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0DQ\� SUDFWLFDO� &)'� SUREOHPV� LQ� LQGXVWU\� DQG� UHVHDUFK�

DWWDLQ� FUXFLDO� IORZ� VLWXDWLRQV�� 7R� DFFXUDWHO\� SUHGLFW� IORZ�
SURSHUWLHV�� WKH� VROXWLRQ� WHFKQLTXH�VKRXOG�EH�DEOH� WR�KDQGOH� WKH�
VWURQJ� LQWHUDFWLRQV� EHWZHHQ� KLJK� DQG� ORZ� VSHHGV�� VXEVRQLF�
WUDQVRQLF�VXSHUVRQLF�� YLVFRXV� DQG� LQYLVFLG� IORZV� IRU� ERWK�
FRPSUHVVLEOH� DQG� LQFRPSUHVVLEOH� FDVHV�� ,Q� WKH� UHFHQW� GHFDGHV��
DOO�WKH�&)'�UHVHDUFK�HIIRUWV���>�@��>�@��ZHUH�GLUHFWHG�WRZDUGV�WKH�
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(TQ������LV�UHIHUUHG�WR�DV�WKH�HOHPHQW�HTXDWLRQV��
�

,W� LV� LPSRUWDQW� WR� UHPHPEHU� WKDW� E\� VHWWLQJ� 8 �V  � DQG�
9 �V  �� WKH� VR� FDOOHG� 7D\ORU�*DOHUNLQ� PHWKRG� LV� REWDLQHG��

$FWXDOO\��DQ\�NQRZQ�QXPHULFDO�VFKHPH�LQ�HLWKHU� ILQLWH�HOHPHQW�
RU� ILQLWH� GLIIHUHQFH� PD\� ULVH� DV� D� VSHFLDO� FDVH� RI� WKH� )'9�
PHWKRG� ZLWK� :V � DQG� ;V � IL[HG� WR� FHUWDLQ� YDOXHV�� )RU� D�
FRPSUHKHQVLYH� FRPSDULVRQ� EHWZHHQ� )'9� DQG� RWKHU� PHWKRGV�
WKH� UHDGHU� LV� UHIHUUHG� WR� �>�@�� $OORZLQJ� WKH� LPSOLFLWQHVV�
SDUDPHWHUV� � < =?>V V �� WR� YDU\� IURP� HOHPHQW� WR� HOHPHQW� JLYHV� WKH�
)'9� PHWKRG� WKH� DELOLW\� WR� SURYLGH� D� XQLTXH� DQG� GLVWLQFWLYH�
QXPHULFDO� VFKHPH� IRU� HDFK� HOHPHQW� DFFRUGLQJ� WR� LWV� FXUUHQW�
IORZILHOG�YDOXHV��

02',),('�7+(25<��7+(�0)'9�0(7+2'�
�
,Q� WKH� SURSRVHG� PHWKRG� �0)'9��� WKH� UHODWLRQ� XVHG� WR�

UHFRYHU� WKH� ILUVW� RUGHU� LPSOLFLWQHVV� SDUDPHWHU� �(TQ�� ����� IURP�
WKH� FXUUHQW� IORZILHOG�GDWD� LV�PRGLILHG� WR�JLYH� WKLV�SDUDPHWHU� D�
GHHSHU�SK\VLFDO�PHDQLQJ��7KLV�FDQ�EH�DFFRPSOLVKHG�E\�VHWWLQJ�
V � WR�EH�SURSRUWLRQDO� WR� WKH� ILUVW�RUGHU�GHULYDWLYH�RI� WKH�0DFK�
1R��7KLV�LV�TXLWH�HTXLYDOHQW�WR�WKH�GHILQLWLRQ�RI� V �JLYHQ�LQ��>�@�
�>�@�� �>�@��$OVR� WR� UHWDLQ� WKH� GLPHQVLRQDO� VLPLODULW\� WKH� UHVXOW� LV�
PXOWLSOLHG�E\� WKH�HOHPHQWDO�FKDUDFWHULVWLF� OHQJWK�DQG�VFDOHG�E\�
WKH� PLQLPDO� 0DFK� 1R�� EHWZHHQ� WKH� HOHPHQW� QRGHV�� 7KH�
SURSRVHG�PRGLILFDWLRQ�LV�JLYHQ�E\��
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7KH� DXWKRUV� ZRXOG� OLNH� WR� DGPLW� WKH� DSSOLFDELOLW\� DQG�
HIIHFWLYHQHVV� RI� WKH� RULJLQDO� IRUPXOD� SURSRVHG� E\�7�� -��&KXQJ�
DQG�KLV�FR�ZRUNHUV��7KH�FXUUHQW�ZRUN�LV�D�VWHS�WRZDUGV�GHHSHU�
XQGHUVWDQGLQJ�RI�WKH�UROH�RI�WKH�LPSOLFLWQHVV�SDUDPHWHUV��
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,W� LV� ZHOO� NQRZQ� WKDW� DQ� HIILFLHQW� DQG� UREXVW� ERXQGDU\�

FRQGLWLRQV� LPSOHPHQWDWLRQ� WHFKQLTXH� LV� D� FUXFLDO� LVVXH� IRU� DOO�
&)'� SUREOHPV�� ,Q� WKLV� VHFWLRQ� WKH� PRVW� LPSRUWDQW� ERXQGDU\�
FRQGLWLRQV�DUH�GLVFXVVHG��7KHVH�ERXQGDU\�FRQGLWLRQV�DUH�XVHG�WR�
VLPXODWH�PDQ\�SUDFWLFDO�IORZ�VLWXDWLRQV�HQFRXQWHUHG�LQ�UHDO�IORZ�
SUREOHPV��

�
D�� ,QYLVFLG�:DOO�%RXQGDU\�&RQGLWLRQ��1R�3HQHWUDWLRQ��

7KHUH� LV� PDQ\� ZD\V� WR� LPSOHPHQW� WKH� ZDOO� ERXQGDU\�
FRQGLWLRQV� LQVLGH� WKH�(XOHU� VROYHU��2QH� RI� WKH�PRVW� VXFFHVVIXO�
PHWKRGV�LV�WKH�PHWKRG�RI�FR�RUGLQDWHV�URWDWLRQ�JLYHQ�LQ�5HGG\�
�>��@�DQG�LPSOHPHQWHG�VXFFHVVIXOO\�E\�PDQ\�RWKHUV�LQFOXGLQJ�)��
0RXVVDRXL� �>�@�� 7�� (�� 7H]GX\DU� HW� DO�� �>�@�� ,Q� WKLV� PHWKRG� WKH�
YHORFLW\� FRPSRQHQWV� DW� WKH� VROLG� ZDOO� DUH� WUDQVIRUPHG� WR� WKH�
QRUPDO�DQG�WDQJHQWLDO�FRPSRQHQWV��DV�VKRZQ�LQ�)LJXUH����

7KHVH�D[HV�DUH�XVHG� WR� LQWURGXFH� WKH�]HUR�QRUPDO�YHORFLW\�
� ���FX  �� YLD� HTXDWLQJ� WKH� QRUPDO� FRPSRQHQW� WR� ]HUR�� 7KH�
FRRUGLQDWH�WUDQVIRUPDWLRQ�PDWUL[�ZLOO�WDNH�WKH�IRUP��
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E�� 6XSHUVRQLF�,QOHW�%RXQGDU\�&RQGLWLRQ�

)RU�DOO�WKH�QRGHV�RQ�WKH�VXSHUVRQLF�LQOHW�ERXQGDU\��WKH�IRXU�
IORZ�SURSHUWLHV�� O P� � � QX X HU U U U ��VKRXOG�EH�VSHFLILHG�H[DFWO\��

�
F�� 6XSHUVRQLF�([LW�%RXQGDU\�&RQGLWLRQ�

/HIW�IUHH�
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�
0DQ\� SUREOHPV� KDYH� EHHQ� VROYHG� WR� YDOLGDWH� WKH�

DSSOLFDELOLW\� DQG� HIIHFWLYHQHVV� RI� WKH� 0)'9� PHWKRG��$OO� WKH�
WHVW� FDVHV� KDYH� EHHQ� VROYHG� XVLQJ� )RUWUDQ� ��� FRGH� DQG� D�
SUHFRQGLWLRQHG� *05(6� VSDUVH� PDWUL[� VROYHU� �VHH� �>��@� DQG�
�>��@���,Q�WKLV�VHFWLRQ�ZH�SUHVHQW�RQO\�WZR�WHVW�FDVHV��

�
6KRFN�5HIOHFWLRQ�3UREOHP�

�
7KH�VROXWLRQ�GRPDLQ�RI�VKRFN�UHIOHFWLRQ�IURP�LQYLVFLG�ZDOO��

DV� VKRZQ� LQ� )LJXUH� ��� LV� GLVFUHWL]HG� XQLIRUPO\� ZLWK� ��[���
ELOLQHDU�UHFWDQJXODU�HOHPHQWV��
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)LJXUH���6KRFN�UHIOHFWLRQ�
�
$W� ERWK� LQOHW� DQG� XSSHU� ERXQGDULHV�� WKH� VXSHUVRQLF� LQOHW�

ERXQGDU\�FRQGLWLRQ�LV�XVHG�ZLWK�WKH�IROORZLQJ�YDOXHV��
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2Q� ORZHU� ERXQGDU\�� WKH� LQYLVFLG� ZDOO� �QR�SHQHWUDWLRQ��

ERXQGDU\� FRQGLWLRQ� LV� XVHG� DQG� WKH� H[LW� ERXQGDU\� LV� OHIW� IUHH�
EHLQJ�VXSHUVRQLF�H[LW��

�
)LJXUH���VKRZV�WKH�0DFK�1R��FRQWRXUV��2XU�UHVXOWV�PDWFKHV�

YHU\� ZHOO� WKH� UHVXOWV� REWDLQHG� LQ� �>��@�� )LJXUH� �� VKRZV� WKH�
FRQWRXUV� RI� XV �ZKLOH� )LJXUH� �� VKRZV� WKH� FRQWRXUV�RI� YV �� ,W� LV�
FOHDU� WKDW� V � SDUDPHWHU� UHVROYHV� WKH� VROXWLRQ� LWVHOI� DQG� WKLV�
LQWHUHVWLQJ� SURSHUW\� IRU� V � PD\� EH� XWLOL]HG� LI� DQ� DGDSWDWLRQ�
WHFKQLTXH�LV�WR�EH�XVHG��
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)LJXUH���VKRZV�D�FRPSDULVRQ�EHWZHHQ�WKH�0DFK�1R��DW�\� �
���� IURP� WKLV� WHVW� FDVH� DQG� D�PRUH� UHILQHG�JULG� ����[����ZLWK�
WKH�H[DFW�DQDO\WLFDO�VROXWLRQ��,W�LV�FOHDU�WKDW�DV�WKH�JULG�JHWV�ILQHU�
WKH�H[DFW�VROXWLRQ�LV�DSSURDFKHG��$OVR�D�KLJKHU�RYHU�XQGHU�VKRWV�
FDQ�EH�REVHUYHG�IRU�ILQHU�JULGV��7KLV�LV�GXH�WR�WKH�ORVW�VROXWLRQ�
PRGHV�UHVXOWLQJ�IURP�WKH�JULG�VHOHFWLYLW\��

�
&RPSUHVVLRQ�&RUQHU�3UREOHP�

�
7KH�FRPSUHVVLRQ�FRUQHU�SUREOHP�LV�VKRZQ�LQ�)LJXUH����7KH�

VROXWLRQ� GRPDLQ� LV� GLVFUHWL]HG� XVLQJ� ��[��� ELOLQHDU�
TXDGULODWHUDO�HOHPHQWV�ZLWK�H[SDQVLRQ�UDWLR�RI������LQ�WKH�ODWHUDO�
GLUHFWLRQ��

�
�

)LJXUH���&RPSUHVVLRQ�FRUQHU�
�
7KH� LQOHW�ERXQGDU\� LV� VXSHUVRQLF�DQG� WKH�IROORZLQJ�YDOXHV�

KDYH�EHHQ�XVHG��
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7KH�QR�SHQHWUDWLRQ�ERXQGDU\� FRQGLWLRQ� LV� DSSOLHG�RQ�ERWK�

WKH� XSSHU� DQG� ORZHU� ERXQGDULHV� DQG� WKH� H[LW� ERXQGDU\� LV� OHIW�
IUHH�EHLQJ�VXSHUVRQLF��

�
)LJXUH���VKRZV�WKH�0DFK�1R��FRQWRXUV��7KH�VKRZQ�UHVXOWV�

PDWFKHV� YHU\� ZHOO� WKH� UHVXOWV� RI� WKH� DQDO\WLFDO� VROXWLRQ� JLYHQ�
IURP� WKH� REOLTXH� VKRFN� ZDYH� WKHRU\�� )LJXUH� ��� VKRZV� WKH�
FRQWRXUV�RI� V �DQG�)LJXUH����VKRZV�WKH�FRQWRXUV�RI� YV ��

�
)LJXUH���LV�D�FRPSDULVRQ�EHWZHHQ�WKH�0DFK�1R��DW�\� �����

IURP�WKLV� WHVW�FDVH�DQG�D�UHODWLYHO\�ILQH�JULG�����[����ZLWK�WKH�
H[DFW� DQDO\WLFDO� VROXWLRQ��7KH�VDPH� WUHQG� WKDW�ZDV�REVHUYHG�DW�
WKH�ILUVW�WHVW�FDVH�KDV��DOVR��DWWDLQHG�LQ�WKLV�WHVW�FDVH��
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�
0)'9� PHWKRG� LV� FDSDEOH� RI� UHFRYHULQJ� WKH� LPSOLFLWQHVV�

SDUDPHWHUV�DQG� LW�JDYH�D�VDWLVIDFWRU\�SHUIRUPDQFH�LQ�WKH�WHVWHG�
SUREOHPV�� 7KLV� ZRUN� LV� FRQVLGHUHG� WR� EH� DQ� DWWHPSW� WRZDUGV�

GHHSHU� XQGHUVWDQG� RI� WKH� LPSOLFLWQHVV� SDUDPHWHUV� DQG� PRUH�
DFFXUDWH� FDOFXODWLRQV� RI� V � DQG� YV �� 7KH� DXWKRUV� H[SHFW� WR�
SXEOLVK�DQ�H[WHQVLRQ�RI�WKLV�ZRUN�WR�WKH�VROXWLRQ�RI�WKH�1DYLHU�
6WRNHV� HTXDWLRQV� YHU\� VRRQ��$OVR� WKH\� H[SHFW� WR� SXEOLVK�PRUH�
UHVXOWV�WR�GHPRQVWUDWH�WKH�FDSDELOLWLHV�RI�ERWK�)'9�DQG�0)'9��

$&.12:/('*0(176�
�
7KH� DXWKRUV�ZRXOG� OLNH� WR� DFNQRZOHGJH�3URI��7�� -��&KXQJ�

IRU�KLV�GLVFXVVLRQV�UHJDUGLQJ�WKH�RULJLQDO�)'9�PHWKRG��

$33(1',;�
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>�@� %�� 5�� *LUJLV��)ORZILHOG�'HSHQGHQW� 9DULDWLRQ�0HWKRG�$S�

SOLHG�WR�&RPSUHVVLEOH�(XOHU�DQG�1DYLHU�6WRNHV�(TXDWLRQV��
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>�@� &KXQJ�� 7�� -��� 7UDQVLWLRQV� DQG� LQWHUDFWLRQV� RI� LQYLV�
FLG�YLVFRXV�� FRPSUHVVLEOH�LQFRPSUHVVLEOH� DQG� ODPL�
QDU�WXUEXOHQW�IORZV��,QW��-��IRU�1XP��0HWK��LQ�IO�������������
��������

>�@� 6FKXQN�� 5�*��� *XQDEDO�� +HDUG�� *��:��� DQG� &KXQJ�� 7�� -���
8QLILHG� &)'� PHWKRGV� YLD� IORZILHOG�GHSHQGHQW� YDULDWLRQ�
WKHRU\��$,$$�����������������

>�@� <RRQ�� .�� 7�� DQG� &KXQJ�� 7�� -��� 7KUHH� GLPHQVLRQDO� PL[HG�
H[SOLFLW�LPSOLFLW� JHQHUDOL]HG� *DOHUNLQ� VSHFWUDO� HOHPHQWV�
PHWKRGV� IRU� KLJK� VSHHG� WXUEXOHQW� FRPSUHVVLEOH� IORZV��
&RPS��0HWKRGV��$SSO��0HFK��(QJUJ����������������������

>�@� )�� 6KDNLE�� 7KRPDV� -�� 5�� +XJKHV�� =GHQHN� -RKDQ�� $� QHZ�
ILQLWH�HOHPHQW� IRUPXODWLRQ� IRU�FRPSXWDWLRQDO� IOXLG�G\QDP�
LFV�� ;�� 7KH� FRPSUHVVLEOH� (XOHU� DQG� 1DYLHU�6WRNHV� HTXD�
WLRQV��&RPS��0HWKRGV��$SSO��0HFK��(QJUJ�����������������
�����

>�@� .��7��<RRQ��6��<��0RRQ��6��$��*DUFLD��*��:��+HDUG��7��-��
&KXQJ�� )ORZILHOG�GHSHQGHQW� PL[HG� H[SOLFLW� �)'0(,��
PHWKRGV�IRU�KLJK�DQG�ORZ�VSHHG�DQG�FRPSUHVVLEOH�DQG�LQ�
FRPSUHVVLEOH�IORZV��&RPSXW��0HWKRGV��$SSO��0HFK��(QJUJ��
��������������������

>�@� )��0RXVVDRXL��$�XQLILHG�DSSURDFK� IRU� LQYLVFLG�FRPSUHVVL�
EOH�DQG�QHDUO\� LQFRPSUHVVLEOH� IORZ�E\� OHDVW�VTXDUHV� ILQLWH�
HOHPHQW�PHWKRG��$SSO��1XP��0DWK����������������������

>�@� *�� -�� /H� %HDX�� 7�� (�� 7H]GX\DU��)LQLWH� HOHPHQW� FRPSXWD�
WLRQV� RI� FRPSUHVVLEOH� IORZV� ZLWK� WKH� 683*� IRUPXODWLRQ��
$60(��)('��9RO��������������$GYDQFHV�LQ�ILQLWH�HOHPHQW�
DQDO\VLV�LQ�IOXLG�G\QDPLFV��

>�@� 7�� -�� &KXQJ��&RPSXWDWLRQDO� )OXLG� '\QDPLFV�� &DPEULGJH�
SUHVV���������

>��@�-��1��5HGG\��$Q�,QWURGXFWLRQ�WR�WKH�)LQLWH�(OHPHQW�0HWKRG��
�QG�HGLWLRQ��0F*UDZ�+LOO�%RRN�&R����������

>��@�<RXFHI�6DDG�DQG�0DUWLQ�+��6FKXOW]��*05(6��$�QHZ�JHQ�
HUDOL]HG� PLQLPDO� UHVLGXDO� DOJRULWKP� IRU� VROYLQJ� QRQV\P�
PHWULF� OLQHDU� V\VWHPV�� 6RFLHW\� IRU� LQGXVWULDO� DQG� DSS��
0DWK���9RO����1R�����������SS�����������

>��@�<RXFHI� 6DDG�� $� IOH[LEOH� LQQHU�RXWHU� SUHFRQGLWLRQLQJ�
*05(6�DOJRULWKP� ��6RFLHW\�IRU�LQGXVWULDO�DQG�DSS��0DWK���
9RO�����1R�����������SS�����������

>��@�)��7DJKDGGRVL��:��*��+DEDVKL��*��*XHYUHPRQW��DQG�'��$LW�
$OL�<DKLD��$Q� DGDSWLYH� OHDVW� VTXDUH�PHWKRG� IRU� WKH� FRP�
SUHVVLEOH�(XOHU�HTXDWLRQV��$,$$����������
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�
)LJXUH���7KH�ILUVW�RUGHU�LPSOLFLWQHVV�SDUDPHWHU� �V �FRQWRXUV�IRU�VKRFN�UHIOHFWLRQ�WHVW�FDVH����[���
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)LJXUH���0DFK�1R��FRQWRXUV�IRU�FRPSUHVVLRQ�FRUQHU�WHVW�FDVH����[���
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)LJXUH����7KH�ILUVW�RUGHU�LPSOLFLWQHVV�SDUDPHWHU� V �FRQWRXUV�IRU�FRPSUHVVLRQ�FRUQHU�WHVW�FDVH����[���
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