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7KLV�SDSHU�GHVFULEHV�H[SHULPHQWDO�V\VWHPV�IRU�PRGHOLQJ�KXPDQ�ERG\�VNHOHWRQ��6\VWHP�WUHDWV

IRUZDUG� DQG� LQYHUVH� NLQHPDWLFV�� SUREOHPV� RI� JHRPHWULF� WUDQVIRUPDWLRQV� DQG� WKH� KXPDQ� ERG\

UHSUHVHQWDWLRQ�� :H� LQWURGXFHG� YDULRXV� DSSURDFKHV� DQG� DOJRULWKPV�� ZKLFK� DUH� DQDO\]HG� DQG� DOVR

LPSOHPHQWHG� LQ� DQ� H[SHULPHQWDO� DSSOLFDWLRQ��:H� KDYH� H[SHULHQFHG� ZLWK� PRGHOLQJ� VNHOHWRQ� ZLWK

950/��JHRPHWU\��DSSHDUDQFH�DQG�VFULSW�QRGHV��VHQVRUV��HYHQW�PRGHOOLQJ����-DYD�DQG�-DYD6FULSW�

.H\ZRUGV�� WHOHSUHVHQFH�� 950/�� -DYD�� MRLQW�� HYHQW�� QRGH�� LQYHUVH� NLQHPDWLFV�� IRUZDUG

NLQHPDWLFV�� JHRPHWULF� WUDQVIRUPDWLRQ�� TXDWHUQLRQV�� VNHOHWRQ�� KXPDQ� ERG\�� FRRUGLQDWH� V\VWHPV�

NH\IUDPLQJ�

��� ,QWURGXFWLRQ

&RPPXQLFDWLRQV� ZLWK� DXGLRYLVXDO� $YDWDUV� LV� RQH� RI� WKH� FKDOOHQJLQJ� WDVNV� LQ� ,QWHUQHW

DSSOLFDWLRQV��7KLV�IRUP�RI�FRPPXQLFDWLRQ�FDQ�EH�XVHG�LQ�DSSOLFDWLRQV�VXFK�DV�WHOH�HGXFDWLRQ��WHOH�

PDLQWDQDQFH��WUDLQLQJ��HOHFWURQLF�FRPPHUFH�HWF��$OO�WKHVH�WDVNV�UHTXLUH�KXPDQ�ERG\�PRGHOLQJ��7KH

ZRUN�GHVFULEHG�LQ�WKLV�SDSHU�LV�SDUW�RI�WKH�ODUJHU�SURMHFW�ZLWK�WKH�ILQDO�JRDO�WR�FUHDWH�V\VWHP�IRU�QRQ�

YHUEDO�FRPPXQLFDWLRQ�YLD�,QWHUQHW�>�@��>�@�

&UHDWLQJ�D� V\QWKHWLF�KXPDQ� LV� D� FRPSOH[� WDVN�� LQFOXGLQJ� VNHOHWRQ��PXVFOHV�� VNLQ�� KDLU� DQG

LQQHU�RUJDQV�PRGHOLQJ��ZDONLQJ��JHVWXUHV�DQG�IDFH�H[SUHVVLRQV�FDSWXULQJ�DQG�PRGHOLQJ��7KH�ERQHV

DUH� VROLG� EXW�PXVFOHV� FKDQJH� WKHLU� VKDSH�� 7KH� DQLPDWLRQ� RI� V\QWKHWLF� WLVVXH��ZKLFK� LV� VXEMHFW� WR

IRUFH�EDVHG�GHIRUPDWLRQV�WKURXJK�WKH�DFWLRQ�RI�FRQWUDFWLEOH�PXVFOHV�VXFK�DV�ZULQNOLQJ�LV�TXLWH�WLPH

FRQVXPLQJ�FRPSXWLQJ�

+XPDQ� ERG\� NLQHPDWLFV� VLPXODWLRQ� LV� XVHG� LQ� UHDOLVWLF� KXPDQ� FRPSXWHU� DQLPDWHG� ILOPV�

URERWLFV�� HUJRQRPLFV� DQDO\VLV� LQ� LQGXVWULDO� GHVLJQ� �FDUV�� DLUSODQH� FRFNSLW� GHVLJQ��� FRPPXQLWLHV� LQ

GLVWULEXWHG� YLUWXDO� HQYLURQPHQWV� �$YDWDUV��� ODQJXDJH�WUDLQLQJ� DSSOLFDWLRQV� �WRJHWKHU� ZLWK� IDFH

DQLPDWLRQ�DQG�YRLFH�V\QWKHVLV���DQLPDWHG�FRQYHUVDWLRQDO�DJHQWV�LQ�LQWHUSUHWLQJ�VLJQ�ODQJXDJH�

��� +XPDQ�VNHOHWRQ�PRGHOLQJ

+XPDQ� VNHOHWRQ� PRGHOLQJ� LQFOXGHV� D� ZLGH� UDQJH� RI� SUREOHPV� WR� VROYH�� KXPDQ� ERG\

UHSUHVHQWDWLRQ��NLQHPDWLFV�DQG�G\QDPLFV��.LQHPDWLFV�LV�D�VFLHQFH�RI�PRYHPHQW�ZLWKRXW�IRFXVLQJ�RQ



IRUFHV�� ZKLFK� DIIHFW� WKH� PRYHPHQW�� .LQHPDWLFV� LV� GLYLGHG� LQWR� GLUHFW� �IRUZDUG�� DQG� LQYHUVH

NLQHPDWLFV��)RUZDUG�NLQHPDWLFV�JHWV�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�ODVW�VHJPHQW�LQ�D�NLQHPDWLFV�FKDLQ

E\�GHILQLQJ�DQJOHV�IRU�HYHU\�MRLQ��2Q�WKH�RWKHU�KDQG��LQYHUVH�NLQHPDWLFV�FRPSXWHV�MRLQW�DQJOHV�RI�D

NLQHPDWLFV�FKDLQ�EDVHG�RQ�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�ODVW�NLQHPDWLFV�VHJPHQW�

'\QDPLFV�FRQVLGHUDWH�SK\VLFDO�ODZV�DQG�XVHV�YDULRXV�IRUFHV�DQG�NLQHWLF�HQHUJ\�WKDW�FDQ�YDU\

ZLWK� WKH� WLPH�� $OVR� G\QDPLFV� LV� GLYLGHG� LQWR� IRUZDUG� DQG� LQYHUVH� G\QDPLFV�� )RUZDUG� G\QDPLFV

H[SOLFLWO\�VHWV�IRUFHV�DQG�NLQHWLF�HQHUJ\��YDU\LQJ�LQ�WLPH��WR�WKH�ERG\�VHJPHQWV��7KHQ�WKH�PRYHPHQW

LV�DSSUR[LPDWHG�LQ�GLVFUHWH�WLPH�VWHSV�LQ�ZKLFK�WKH�YDOXHV�RI�IRUFHV�DQG�NLQHWLF�HQHUJ\�DUH�NQRZQ�

,QYHUVH�G\QDPLFV�GHDOV�ZLWK�GHWHUPLQDWLRQ�RI�IRUFHV�DQG�NLQHWLF�HQHUJ\�WKDW�DUH�QHHGHG�WR�UHDFK�WKH

JLYHQ�JRDO���7KLV�SDSHU�GRHV�QRW�FRQVLGHUDWH�G\QDPLFV�DW�DOO��

7KH� NLQHPDWLFV� GHDOV� ZLWK� URWDWLRQV�� :H� LQWURGXFHG� WZR� GLIIHUHQW� DSSURDFKHV� WR� VROYH

URWDWLRQV�LQ��'�VSDFH���URWDWLRQ�PDWULFHV�DQG�TXDWHUQLRQV��ZLOO�EH�GHVFULEHG�ODWHU��

7R�PRGHO�KXPDQ�ERG\�ZH�QHHG�WR�VHOHFW�DQ�DSSURSULDWH�UHSUHVHQWDWLRQ��+XPDQ�ERG\�FRQVLVWV

RI�ERQHV�DQG�MRLQWV�WKDW�IRUP�D�KLHUDUFKLFDO�VWUXFWXUH���WUHH��%HFDXVH�KXPDQ�ERG\�LV�YHU\�FRPSOH[�

ZH� GHFLGHG� WR� XVH� VLPSOLILHG�PRGHO� RI� VNHOHWRQ�� 6NHOHWRQ� FDQ� EH� UHSUHVHQWHG� DV� D� VHW� RI� VLPSO\

REMHFWV�FRQQHFWHG�ZLWK�MRLQWV��7KH�FRPSOH[LW\�RI�WKH�VNHOHWRQ�LV�JLYHQ�E\�GHJUHHV�RI�IUHHGRP��'2)�

ZKHUH� RQH� '2)� LV� UHSUHVHQWHG� E\� RQH� URWDWLRQDO� D[LV�� 6R� ZH� FDQ� HDVLO\� JHW� ZLWK� D� GHWDLOHG

DSSUR[LPDWLRQ� PRUH� WKDQ� ���� '2)�� 2QH� SRVVLEOH� VLPSOLILHG� KXPDQ� ERG\� PRGHO� DQG� WKH

FRUUHVSRQGLQJ� WUHH� VWUXFWXUH� LV� VKRZQ� LQ� ILJXUH� ����� $V� VHHQ� IURP� WKHVH� ILJXUHV�� WUDQVIRUPDWLRQ

FUHDWHG�LQ�RQH�MRLQW�DIIHFWV��LV�VSUHDG�WR��DOO�FKLOG�ERQHV�DQG�MRLQWV�

)LJXUH������+XPDQ�VNHOHWRQ�DQG�WKH�FRUUHVSRQGLQJ�KLHUDUFKLFDO�VWUXFWXUH

���� &RRUGLQDWH�V\VWHPV

7KH�PRVW�FRPPRQ�FRRUGLQDWH�V\VWHP�LV�&DUWHVLDQ�FRRUGLQDWH�V\VWHP��,W�LV�XVHG�LQ�D�PDMRULW\�RI

DSSOLFDWLRQV�DQG��'�$3,V��%XW�WKHUH�H[LVW�PRUH�FRRUGLQDWH�V\VWHPV�>�@�WKDW�DUH�QRW�VR�SRSXODU�EXW

WKH\�FDQ�EH�PRUH�VXLWDEOH�IRU�VRPH�NLQG�RI�DSSOLFDWLRQV��6R�ZH�FDQ�ILQG�WR�WKH�&DUWHVLDQ�FRRUGLQDWH

V\VWHP�IROORZLQJ�FRRUGLQDWH�V\VWHPV�

�� SRODU�FRRUGLQDWH�V\VWHP

�� F\OLQGULFDO�FRRUGLQDWH�V\VWHP

�� VSKHULFDO�FRRUGLQDWH�V\VWHP



7KH�PRVW� SHUVSHFWLYH� V\VWHP� IRU� DSSOLFDWLRQ� LQ� KXPDQ� ERG\�PRGHOLQJ� LV� D� VSKHULFDO� FRRUGLQDWH

V\VWHP��7KH�V\VWHP�FRQVLVWV�RI� WZR�DQJOHV� WKDW� FDQ� UHSUHVHQW� D� URWDWLRQ� DQJOH� DERXW� WZR� URWDWLRQ

D[LV¶V�DQG�D�VL]H�SDUDPHWHU�WKDW�FDQ�UHSUHVHQW�WKH�VL]H�RI�WKH�DSSURSULDWH�ERQH�

���� 'LUHFW�NLQHPDWLFV

$V� PHQWLRQHG� DERYH�� GLUHFW� NLQHPDWLFV� H[SOLFLWO\� VHWV� URWDWLRQV� LQ� MRLQWV� �ORFDO

WUDQVIRUPDWLRQV��� 7KHQ� WKH� SRVLWLRQ� DQG� RULHQWDWLRQ� RI� WKH� ODVW� VHJPHQW� LQ� D� NLQHPDWLFV� FKDLQ� LV

JLYHQ�E\�WKH�FKDLQ�FRQILJXUDWLRQ��*OREDO�WUDQVIRUPDWLRQ���WUDQVIRUPLQJ�WKH�ZKROH�ERG\��LV�JLYHQ�E\

WUDQVIRUPLQJ� WKH� URRW� RI� WKH� ERG\� VWUXFWXUH�� 7KHUH� RFFXUV� RQH� EDVLF� JHRPHWULF� WUDQVIRUPDWLRQ� ±

URWDWLRQ�� :H� LQWURGXFHG� WZR� GLIIHUHQW� VROXWLRQV� IRU� URWDWLRQ�� %RWK� PHWKRGV� KDYH� WKHLU� RZQ

DGYDQWDJHV�

7KH�ILUVW�LV�URWDWLRQ�ZLWK�URWDWLRQ�PDWUL[��:H�XVHG�5RGULJXH]�URWDWLRQ�PDWUL[

ZKHUH�>X� ��X� ��X� @�LV�WKH�URWDWLRQ�D[LV�DQG�Y�LV�WKH�DQJOH�RI�URWDWLRQ��7KH�VL]H�RI�URWDWLRQ�YHUWH[�PXVW

EH�HTXDO�WR�RQH��2WKHUZLVH��DW�ILUVW�WKH�YHUWH[�KDV�WR�EH�QRUPDOL]HG��7KLV�PDWUL[�LV�HDV\�WR�FRPSXWH

DQG�DOVR�WKH�URWDWLRQ�FRPSXWDWLRQDO�FRPSOH[LW\�LV�DIIRUGDEOH�

7KH�VHFRQG�PHWKRG�LV�XVDJH�RI�TXDWHUQLRQV>�����@��%HFDXVH�TXDWHUQLRQV�DUH�QRW�VR�SRSXODU�,

ZLOO� GHVFULEH� WKHP� PRUH� GHWDLOHG�� 4XDWHUQLRQ� FDQ� EH� XQGHUVWRRG� DV� DQ� H[WHQVLRQ� WR� FRPSOH[

QXPEHUV�ZKHUH�LQVWHDG�RI�WZR�FRPSRQHQWV�ZH�KDYH�IRXU��RQH�UHDO�FRPSRQHQW�DQG�WKUHH�LPDJLQDU\

FRPSRQHQWV��4XDWHUQLRQ�LV�D�VHTXHQFH�RI�IRXU�QXPEHUV�D�E�F�G�WKDW�DUH�ZULWWHQ�DV�IROORZV��D�E�F�G��

:H�FDQ�DOVR�XVH�GLUHFWLRQDO�YHFWRUV�L��M��N�WR�W\SH�D�TXDWHUQLRQ��7KHQ�WKH�TXDWHUQLRQ�LV�GHVFULEHG��D��

EL���FM���GN��4XDWHUQLRQV�DUH�PRVWO\�GHQRWHG�DV� ��2Q�TXDWHUQLRQ�DUH�GHILQHG

RSHUDWLRQV� OLNH� VFDODU� PXOWLSOLFDWLRQ�� VL]H� RI� D� TXDWHUQLRQ�� TXDWHUQLRQ� FRQMXJDWLRQ�� DGGLWLRQ�� GRW

SURGXFW�� TXDWHUQLRQ� PXOWLSOLFDWLRQ�� LQYHUVH� TXDWHUQLRQ� HWF���� 4XDWHUQLRQV� QDWXUDOO\� UHSUHVHQW

URWDWLRQV��7KH�TXDWHUQLRQ�WKDW�UHSUHVHQWV�URWDWLRQ�DURXQG�D[LV�X�E\�DQJOH�Y�LV�GHILQHG

����

7KH�URWDWLRQ�RI�D�SRLQW�S�LV�WKHQ�JLYHQ�E\�TXDWHUQLRQ�PXOWLSOLFDWLRQ

���

ZKHUH ��4XDWHUQLRQ�URWDWLRQ�FDQ�EH�VLPSOLILHG�E\�XVLQJ�XQLW�TXDWHUQLRQV��)LJXUH�����VKRZV

WKH�UHSUHVHQWDWLRQ�RI�TXDWHUQLRQ�

)LJXUH������4XDWHUQLRQV�T�DQG�±T�UHSUHVHQW�WKH�VDPH�URWDWLRQ�DQG�LQYHUVH�TXDWHUQLRQ�T�
���
�UHSUHVHQWV

WKH�RSSRVLWH�URWDWLRQ

T �T T
���

Y



2QH�RI�WKH�TXDWHUQLRQ�DGYDQWDJHV�LV�WKH�WUDQVIRUPDWLRQ�FRPSRVLWLRQ�����

���

7UDQVIRUPDWLRQ� FRPSRVLWLRQ� LV� YHU\� RIWHQ� XVHG� E\� KXPDQ� ERG\� PDQLSXODWLRQ� EHFDXVH� WKH

WUDQVIRUPDWLRQV� LQIOXHQFH� WKH� FKLOG� MRLQWV� DQG� ERQHV�� 4XDWHUQLRQ� FDQ� EH� ZLWK� DGYDQWDJH� XVHG� WR

UHSUHVHQW�WKH�VWDWH�RI�D�MRLQW��7KLV�LV�EHFDXVH�WKHUH�H[LVW�DQ�HDV\�ZD\�KRZ�WR�JHW�WKH�URWDWLRQ�D[LV�DQG

URWDWLRQ�DQJOH�EDFN�IURP�WKH�TXDWHUQLRQ�

���� ,QYHUVH�NLQHPDWLFV

,QYHUVH�NLQHPDWLFV�LV�EDVHG�RQ�DQ�RSSRVLWH�DSSURDFK�DV�GLUHFW�NLQHPDWLFV��,QYHUVH�NLQHPDWLFV

XVHV�D�NLQHPDWLFV�FKDLQ��.LQHPDWLFV�FKDLQ�LV�D�VHTXHQFH�RI�VHJPHQWV�DQG�MRLQWV��7KH�ILUVW�MRLQW�LV�D

EDVH� DQG� WKH� ODVW� LV� D� HQG�HIIHFWRU� DV� VKRZQ� LQ� ILJXUH� ����� %DVH� MRLQW� LV� DQ� DQFKRU� WKDW� LW� LV� QRW

PRYHG��(QG�HIIHFWRU� LV� WKH� MRLQW�ZLWK� WKHP�ZH�PRYH��7KH� SRVLWLRQ� DQG� RULHQWDWLRQ� RI� HYHU\� MRLQW

EDVHG� RQ� HQG�HIIHFWRU� PRYHPHQW� LV� FKDQJLQJ�� 7KH� GHDO� RI� LQYHUVH� NLQHPDWLFV� LV� WR� FRPSXWH� WKH

FKDQJHG�SRVLWLRQV�DQG�RULHQWDWLRQV�

)LJXUH������.LQHPDWLFV�FKDLQ

,QYHUVH� NLQHPDWLFV� RIIHUV� WKUHH� ZD\V� KRZ� WR� JHW� WKH� VROXWLRQ�� 3RVVLEOH� PHWKRGV� DUH

DOJHEUDLF��JHRPHWULF�DQG�LWHUDWLYH��$OJHEUDLF�DQG�JHRPHWULF�PHWKRGV�SURYLGH�DQ�H[DFW�VROXWLRQ��DQG

LI�WKHUH�H[LVW�PRUH�VROXWLRQV�WKHQ�WKH�PHWKRGV�ZLOO�JLYH�DOO�SRVVLEOH�VROXWLRQV��LI�WKH�VROXWLRQ�H[LVWV�

%XW� VRPH� NLQHPDWLFV� SUREOHPV� GRQ¶W� KDYH� DQ\� VROXWLRQ� LI� WKH� WDUJHW� IRU� WKH� HQG�HIIHFWRU� LV

LQDFFHVVLEOH��,WHUDWLYH�PHWKRGV�RIIHU�D�JHQHUDO�VROXWLRQ�RI�LQYHUVH�NLQHPDWLFV��7KHLU�GLVDGYDQWDJH�LV

WKDW�WKH\�FRQYHUJH�WR�RQO\�RQH�VROXWLRQ�HYHQ�LI�WKHUH�H[LVWV�PRUH�RU�WKH\�ILQG�D�FORVHVW�VROXWLRQ�LI�LW

GRHVQ¶W�H[LVW�

*HRPHWULF� PHWKRGV� XVH� WKH� NQRZOHGJH� RI� WKH� PDQLSXODWRU� JHRPHWU\�� 7KLV� PHWKRG� KDV� D

GLVDGYDQWDJH� WKDW� VROXWLRQV� IRU� RQH�PDQLSXODWRU� FDQQRW� EH� XVHG� IRU� D�PDQLSXODWRU� ZLWK� GLIIHUHQW

JHRPHWU\�

7R� VROYH� LQYHUVH� NLQHPDWLFV� ZLWK� DOJHEUDLF� PHWKRGV� ZH� QHHG� WR� VROYH� HTXDWLRQV� IRU� 1

GHJUHHV�RI�IUHHGRP��(YHU\�MRLQW�KROGV�WUDQVIRUPDWLRQ�0 � �WKDW�FRQVLVWV�RI�D�WUDQVODWLRQ�DQG�URWDWLRQ�

ERWK�UHODWLYH�WR�KLV�SDUHQWV��6R�LI�ZH�KDYH�D�YHFWRU�RI�SDUDPHWHUV��WUDQVIRUPDWLRQV�0 � ��LQ�MRLQWV�T�

WKH�IRUZDUG�NLQHPDWLFV�VROXWLRQ�LV�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�HQG�HIIHFWRU�[�E\�WUDQVIRUPDWLRQ

FRPSRVLWLRQ

[� �I�T�� ���



%XW�IRU�LQYHUVH�NLQHPDWLFV�VROXWLRQ�ZH�NQRZ�WKH�SRVLWLRQ�DQG�RULHQWDWLRQ�RI�HQG�HIIHFWRU�[�DQG�ZH

QHHG�WR�FRPSXWH�WKH�VWDWH�YHFWRU�T�WKDW�LV�WKH�LQYHUVH�IXQFWLRQ�WR����

[� �I
� �
�[� ���

7KH�VROXWLRQ�RI�����LV�QRW�VLPSOH��)XQFWLRQ�I�LV�QRW�OLQHDU��WKHUH�H[LVW�RQH�YDOXHG�IXQFWLRQ�IRU�����EXW

IRU�����WKHUH�DUH�PRUH�VROXWLRQV�T�IRU�RQH�[��$OJHEUDLF�VROXWLRQ�ZRXOG�EH�WR�ILQG�DOO�ILQDO�VROXWLRQV

IRU�����EXW�QHYHUWKHOHVV�D�VXFK�VROXWLRQ�FDQ�EH�GHULYHG�RQO\�IRU�D�VSHFLILF�PDQLSXODWRUV��7KHUHIRUH

LQYHUVH�NLQHPDWLFV�LV�VROYHG�ZLWK�LWHUDWLYH�PHWKRGV�

,WHUDWLYH�VROXWLRQ�LV�EDVHG�HLWKHU�RQ�PDWUL[�LQYHUVLRQ�RU�RQ�DQ\�IRUP�RI�RSWLPL]DWLRQ��0DWUL[

LQYHUVLRQ�LV�D�FRPSOH[�SURFHVV�WKDW�LV�QRW�RQO\�FRPSXWDWLRQDO�GLIILFXOW�EXW�RIIHUV�RWKHU�SUREOHPV�WKDW

FRPH� IURP� WKHLU� QXPHULFDO� LQVWDELOLW\�� 2SWLPL]DWLRQ� PHWKRGV� E\SDVV� WKH� SUREOHP� RI� PDWUL[

LQYHUVLRQ�� 7KHVH�PHWKRGV�PLQLPL]H� WKH� HUURU� LQ� NLQHPDWLFV� FKDLQ�� ,WHUDWLYH� DSSURDFK� LV� EDVHG� RQ

FRQWLQXRXV� FORVLQJ� WR� VROXWLRQ� IRU� HYHU\� MRLQW� LQ� D� FKDLQ�� ,Q� JHQHUDO� WKHVH� PHWKRGV� DUH� PRUH

LQDFFXUDWH�DQG�WKH\�FRQYHUJH�RQO\�WR�RQH�VROXWLRQ��%XW�WKHVH�PHWKRGV�DUH�VXLWDEOH�DQG�IDLU�HQRXJK

IRU�NLQHPDWLFV�VLPXODWLRQ�

:H� VWXGLHG� DQG� LPSOHPHQWHG� WKUHH� PHWKRGV� IRU� LQYHUVH� NLQHPDWLFV�� $OO� PHWKRGV� DUH

LWHUDWLYH��7KH�ILUVW�PHWKRG�XVHV�YHFWRU�DOJHEUD�WR�VROYH�,.�WDVN��7KH�PHWKRG�JRHV�WKURXJK�WKH�ZKROH

FKDLQ�IURP�WKH�HQG�HIIHFWRU� WR�WKH�EDVH�DQG�VHWV� WKH�FRUUHVSRQGLQJ�MRLQW�YDOXHV�EDVHG�RQ�WKH�IRUFH

YHFWRU��7KLV�LV�UHSHDWHG�XQWLO�DQ�DFFHSWDEOH�VROXWLRQ�LV�IRXQG��7KH�VHFRQG�PHWKRG��WUDQVSRVLWLRQ�RI

-DFREL� PDWUL[� >�@� E\SDVVHV� WKH� PDWUL[� LQYHUVLRQ� SUREOHP� ZLWK� KHOS� RI� PLQLPL]DWLRQ�� 7KH� WKLUG

PHWKRG�� &\FOLF� &RRUGLQDWH� 'HVFHQW� �&&'� >�@�� LV� DQ� LWHUDWLYH� PHWKRG� EDVHG� RQ� SRVLWLRQ� DQG

RULHQWDWLRQ�HUURU�IXQFWLRQ�

���� 6XPPDU\

7KLV� VHFWLRQ�GLVFXVVHG� WKH�PDLQ�SUREOHP�DUHDV�RI�KXPDQ�ERG\�NLQHPDWLFV�PRGHOLQJ��$V� D

KXPDQ�ERG\� UHSUHVHQWDWLRQ�ZH�KDYH�FKRVHQ�D� VNHOHWRQ��$OO� WUDQVIRUPDWLRQV�RQ� D�KXPDQ�ERG\�DUH

UHGXFHG�WR�WUDQVIRUPDWLRQV�RQ�WKH�VNHOHWRQ��)RU�URWDWLRQ�FRPSXWDWLRQ�ZH�LQWURGXFHG� WZR�PHWKRGV�

7KH�5RGULJXH]�URWDWLRQ�PDWUL[�LV�XVHG�IRU�URWDWLRQ�FRPSXWDWLRQ��7KH�TXDWHUQLRQV�DUH�XVHG�IRU�MRLQW

VWDWH� UHSUHVHQWDWLRQ� EHFDXVH� RI� WKHLU� PHQWLRQHG� DGYDQWDJHV� �URWDWLRQ� FRPSRVLWLRQ� DQG� EDFNZDUG

WUDQVIRUPDWLRQ��

)RU� LQYHUVH� NLQHPDWLFV� SUREOHP� ZH� LQWURGXFHG� WKUHH� PHWKRGV� RI� JHWWLQJ� VROXWLRQ�� 2QO\

LWHUDWLYH�PHWKRGV�SUHVHQW�RSWLPDO�VROXWLRQV��$OJHEUDLF�PHWKRGV�SURYLGH�VROXWLRQV�RQO\� IRU�D�VPDOO

NLQHPDWLFV�FKDLQV�ZLWK�D�PD[LPXP�RI���'2)��ZKLFK�LV�QRW�HQRXJK�IRU�D�KXPDQ�ERG\�VLPXODWLRQ�

*HRPHWULF�PHWKRGV�H[LVW�RQO\�IRU�D�VSHFLDO�VHW�RI�NLQHPDWLFV�PDQLSXODWRU��7KHUHIRUH�ZH�LQWURGXFHG

WKUHH� LWHUDWLYH�PHWKRGV� IRU� LQYHUVH� NLQHPDWLFV� WDVNV��7KH� VSHHG��ZKLFK� WKH\� ILQG� D� VROXWLRQ�ZLWK�

GHSHQGV�RQ� WKH�QXPEHU�RI�'2)�LQ�VHOHFWHG�NLQHPDWLFV�FKDLQ��RQ� WKH�GHVLUHG�SUHFLVLRQ�DQG�RQ� WKH

WDUJHW�GLVWDQFH��$OO�WKUHH�PHWKRGV�SURYLGH�DQ�DFFHSWDEOH�LQWHUDFWLYH�VROXWLRQ�E\�D�SUHFLVLRQ�RI�����

WR���������7KHVH�SUHFLVLRQ�YDOXHV�DUH�DFFHSWDEOH� IRU�KXPDQ�ERG\�VLPXODWLRQ��$OO� WKUHH�DOJRULWKPV

FDQ� EH� LPSURYHG� IRU� D� EHWWHU� UHDO� PRYHPHQW� UHIOHFWLRQ�� 7KH� VSHHG� RI� DOJRULWKPV� LV� QDWXUDOO\

LQIOXHQFHG�E\�D�SUHFLVLRQ�DQG�DOVR�E\�VHQVLWLYLW\��7KH�VPDOOHU�WKH�VHQVLWLYLW\�WKH�IDVWHU�WKH�VROXWLRQ�

6HQVLWLYLW\�DOVR�LQIOXHQFHV�WKH�QDWXUH�RI�KXPDQ�ERG\�PRYHPHQW��$V�D�VXPPDU\�RI�WKH�WKUHH�PHWKRGV

ZH�FDQ� VD\� WKDW� WKH� VLPSOH� DQG�&&'�PHWKRGV� DUH�EHWWHU� EHFDXVH� RI� WKHLU� LPPHGLDWH� FKDQJH��7KH

-DFREL� PHWKRG� FKDQJHV� WKH� FKDLQ� DIWHU� LW� ZHQW� WKURXJK� WKH� ZKROH� FKDLQ�� %XW� DOO� LQ� DOO�� DOO� WKUHH

PHWKRGV�DUH�VXLWDEOH�IRU�LQWHUDFWLYH�LQYHUVH�NLQHPDWLFV�VROXWLRQ�



��� ([SHULPHQWDO�7RRO�IRU�.LQHPDWLFV�6LPXODWLRQ

)RU� H[SHULPHQWLQJ� DQG� HYDOXDWLRQ� RI� WKH� DERYH� PHQWLRQHG� PHWKRGV� DQG� DOJRULWKPV� ZH

GHYHORSHG�D� VLPSOH�DSSOLFDWLRQ��7KH�SURJUDP�HQDEOHV� LQWHUDFWLYH�KXPDQ�ERG\�PRGHOLQJ�EDVHG�RQ

XVHU� LQSXW��8VHU�KDV� WKH�SRVVLELOLW\�ZLWK�KHOS�RI� IRUZDUG�RU� LQYHUVH�NLQHPDWLFV� WR� VHW� DQ� DUELWUDU\

ERG\�SRVH��%\�PDQLSXODWLQJ�WKH�PRGHO�ZLWK�KHOS�RI�LQYHUVH�NLQHPDWLFV�KDV�WKH�XVHU�RSSRUWXQLW\�WR

VHOHFW� IURP� WKH� WKUHH� LWHUDWLYH�PHWKRGV��$SSOLFDWLRQ� DOVR� HQDEOHV� WKH� SRVVLELOLW\� WR� FUHDWH� KXPDQ

ERG\�NH\IUDPHG�DQLPDWLRQ�ZLWK�YDULRXV�LQWHUSRODWLRQ�DOJRULWKPV��$SSOLFDWLRQ�LPSOHPHQW�DOJRULWKPV

IRU�VROYLQJ�SUHVHQWHG�DUHDV�RI�VLPXODWLRQ�RI�KXPDQ�ERG\�NLQHPDWLFV��)LQDO�DSSOLFDWLRQ�LV�GHVLJQHG

DQG�LPSOHPHQWHG�LQ�&���RQ�2SHQ*/�SODWIRUP�LQ�:LQGRZV����HQYLURQPHQW��7KH�ILJXUH�����VKRZV

DSSOLFDWLRQ�ZLQGRZ�ZLWK�WKH�KXPDQ�ERG\�PRGHO�

)LJXUH������([SHULPHQWDO�SURJUDP�IRU�GHPRQVWUDWLQJ�KXPDQ�ERG\�NLQHPDWLFV



��� .LQHPDWLFV�0RGHOLQJ�DQG�950/

)RU� RXU� H[SHULPHQWDO� LPSOHPHQWDWLRQ� HQYLURQPHQW� ZH� GHFLGHG� WR� FKRRVH� WKH� ,QWHUQHW

SODWIRUP�� XVLQJ� VWDQGDUGV� OLNH� 950/� DQG� -DYD� �-DYD6FULSW�� UHVSHFWLYHO\��� 7KH� UHDVRQV� DUH

ZRUOGZLGH� VXSSRUW�� KDUGZDUH� SODWIRUP� LQGHSHQGHQF\� DQG� XSJURZLQJ� SRSXODULW\� DQG� DSSOLFDELOLW\

>��@��:H�KDYH�H[SHULHQFHG�ZLWK�SDUWLDO�SUREOHPV��XVHU�LQWHUIDFH��PHQX�V\VWHP���ERG\�PRGHO��MRLQW

DQG�VNHOHWRQ�UHSUHVHQWDWLRQ��DQG�DOJRULWKPV�IRU�LQYHUVH�NLQHPDWLFV�LQ�FKRVHQ�ODQJXDJHV�

)LUVW� ZH� ZDQW� WR� PHQWLRQ� D� LQFRQVLVWHQW� LPSOHPHQWDWLRQV� RI� WKH� 950/���� VWDQGDUG

�HVSHFLDOO\� LQ� HUURU� GHWHFWLRQ��� )RU� RXU� H[SHULPHQWV� ZH� GHFLGHG� WR� XVH� IROORZLQJ� WZR� VRIWZDUH

FRPELQDWLRQV��0LFURVRIW�,QWHUQHW�([SORUHU�����ZLWK�3DUDOOHO*UDSKLFV�&RUWRQD�950/�&OLHQW�����DQG

1HWVFDSH�&RPPXQLFDWRU�����ZLWK�&RVPR�3OD\HU��������0DLQ�GLIIHUHQFHV�ZHUH�LQ��WKH�OHYHO�RI�HUURU

PHVVDJHV��7KH�EHKDYLRU�RI�ERWK� VRIWZDUH�FRPELQDWLRQV�ZDV�YHU\� LQFRQVLVWHQW�DQG�ZH�VSHQW� ORW�RI

WLPH�WR�GHWHFW�WKH�VRXUFH�RI�WKH�SUREOHP��:H�XVHG�6XQ�-DYD�����IRU�-DYD�SDUWV�RI�FRGH�

���� 8VHU�,QWHUIDFH��%XLOGLQJ�D�0HQX

8VHU� LQWHUIDFH� LQ� �'� ZRUOG� LV� D� ELW� QHZ� SUDFWLFH� IRU� XVHU� JURRYHG� XS� LQ� GHVNWRS�OLNH

DSSOLFDWLRQV��$V�D�XVHIXO�DQG�XVHU�IULHQGO\�XVHU�LQWHUIDFH��DW�OHDVW�LQ�WKH�EHJLQQLQJ�RI��'�QDYLJDWLRQ�

ZH�GHFLGHG�WR�FUHDWH�D��'�PHQX�V\VWHP�

7KHUH�DUH�VRPH�SRVVLELOLWLHV�KRZ�WR�GR�D�PHQX��SRSXS�OLVWV�RXWVLGH�WKH��'�YLHZ��WKH�VDPH

WHFKQLTXH�DV�LQ�XVXDO�GHVNWRS�DSSOLFDWLRQV���V\PEROLF�WRROV�SODFHG�DURXQG�WKH�DYDWDU�RU�VRPH�SRSXS

OLVW�DV�D�SDUW�RI��'�YLHZ��:H�GHFLGHG�IRU�WKH�ODVW�RQH�

:H� WULHG� WR� XVH� GLIIHUHQW� PHQX� LWHPV� JHRPHWU\¶V� DQG� WKHQ� VHOHFWHG� HOOLSVRLGV� IRU

UHSUHVHQWDWLRQ�D�URRW�DQG�LWHPV�RI�WKH�PHQX��7R�GLVWLQJXLVK�GLIIHUHQW�LWHPV�RI�PHQX�ZH�XVHG�FRORUV

DQG� ELWPDS� LPDJHV�� 7R� GR� WKH� XQXVHG�PHQX� LWHP� PRVW� LQYLVLEOH� ZH� XVHG� FRORU� WUDQVSDUHQF\� DV

VKRZV�)LJXUH������7KLV�LGHD�LV�VLPLODU�WR�WKDW�RI�$SSOH�0DFLQWRVK��$TXD��>��@�

)LJXUH������,QDFWLYH�DQG�DFWLYH�PHQX�



���� 6LPXODWLQJ�-RLQWV�LQ�950/

7KHUH�DUH�WZR�DOWHUQDWLYHV�KRZ�WR�PRGHO�VLPSOH�MRLQW�LQ�950/�����6SKHUH6HQVRU�DQG�D�VHW

RI�&\OLQGHU6HQVRUV�

7KH� ILUVW� RQH� GRHV� QRW� DOORZ� VLPSOH� FRQVWUDLQV� PRGHOLQJ�� 7KLV� MRLQW� PRGHO� FRQVLVWV� RI� D

6SKHUH� DQG�6SKHUH6HQVRU��7KH� EHKDYLRU� RI� VXFK� DQ� LPSOHPHQWDWLRQ� LV� XVHU�IULHQGO\� EXW� DGGLQJ� D

FRQVWUDLQ�IRU�WKLV�W\SH�RI�PRGHO�UHTXLUHV�D�ORW�RI�-DYD�FRGH�UHVXOWLQJ�LQ�VORZHU�LQWHUDFWLRQ��([DPSOH

RI�VSKHUH�MRLQWV�DQG�VHQVRUV�LV�VKRZQ�LQ�)LJXUH�����

)LJXUH������6LPSOH�6SKHUH�MRLQW�KLHUDUFK\�

7KH�VHFRQG�FDVH�LV�D�VHW�RI�&\OLQGHU6HQVRUV��DGGLQJ�D�FRQVWUDLQ�DQG�D�ELW�RI�FRPSOH[LW\��IRU

HYHU\� GHJUHH� RI� IUHHGRP� WKHUH� KDV� WR� EH� D� VHSDUDWH� VHQVRU��� 7KLV� UHVXOWV� LQ� D� OHVV� XVHU�IULHQGO\

LQWHUIDFH�EXW� VXSSRUWV�YHU\�XVHIXO� �QRW�DQ\� WLPH� LW� LV� UHTXLUHG��DQJOH�FRQVWUDLQV�� ,Q� WKLV�PRGHO�ZH

XVHG� GLIIHUHQW� FRORU� IRU� HYHU\� D[LV� RI� URWDWLRQ� DQG� FRORU� WUDQVSDUHQF\�� WRR�� ([DPSOH� RI� F\OLQGHU

VHQVRU�LV�VKRZQ�LQ�)LJXUH�����



)LJXUH������&RPSOH[�&\OLQGHU�MRLQW�KLHUDUFK\�

���� 950/�6NHOHWRQ

:H�KDYH�FUHDWHG�D�KXPDQ�ERG\�DV�D�KLHUDUFKLF�PRGHO�RI�MRLQWV�DQG�ERQHV�ZLWK�WKH�HTXDO�VL]H�

)LJXUH�����VKRZV�WZR�KXPDQ�VNHOHWRQV���SDUHQW��DQG�D��FKLOG���ZLWK�WKHLU�FKURQLF�EHVW�IULHQG�

)LJXUH������6NHOHWRQ�IDPLO\�ZLWK�GRJ�



7KH�DQLPDWLRQ�SHUIRUPDQFH�RI�VXFK�D�UHSUHVHQWDWLRQ�LV�YHU\�JRRG��WKH�SUREOHP�LV�XQUHDOLVWLF

PRGHOLQJ�EHKDYLRU�EHFDXVH�RI�QRQH[LVWHQFH�RI�DQ\�MRLQW�FRQVWUDLQV��LQ�WKLV�PRGHO��

)LJXUH������&RPSOH[�KXPDQ�MRLQW�PRGHO�>��@�



���� ,QYHUVH�.LQHPDWLFV

,Q�WKH�ILHOG�RI�LQYHUVH�NLQHPDWLFV�ZH�KDYH�LPSOHPHQWHG�MXVW�DOJRULWKPV�IRU�WUHH��QDYLJDWLRQ

LQ�950/��:H�KDYH�SUHSDUHG�DOJRULWKPV�IRU�GLVWULEXWLQJ�NLQHPDWLFV�LQIRUPDWLRQ�WKURXJK�WKH�WUHH�RI

QRGHV�WR�JHW�WKH�LQYHUVH�NLQHPDWLFV�DOJRULWKPV�ZRUN��7KH�SUREOHP�ZLWK�950/�PRGHOLQJ�ZRUOG�LV�LQ

WKH� SRVLWLRQLQJ� V\VWHP�� 950/� XVHV� ORFDO� SRVLWLRQV� DQG� PRVW� RI� LQYHUVH� NLQHPDWLFV� DOJRULWKPV

UHTXLUH�JOREDO�SRVLWLRQV�

7KHUH� DUH� WZR� DOWHUQDWLYHV� IRU� VROYLQJ� WKLV�� NHHS� WKH� JOREDO� SRVLWLRQ� LQ� HYHU\� MRLQW� DQG

GLVWULEXWH�UHODWLYH�FKDQJHV�RU�VHW�WKH�ORFDO�SRVLWLRQ�LQ�HYHU\�VLQJOH�VWHS��$FWXDOO\�ZH�DUH�ZRUNLQJ�RQ

WKHVH�VROXWLRQV�

��� &RQFOXVLRQV�DQG�)XWXUH�3ODQV

,Q� WKH� DUHD� RI�+XPDQ�6NHOHWRQ�0RGHOLQJ�ZH� KDYH� LQWURGXFHG� EDVLF� SUREOHPV� OLNH� KXPDQ

ERG\�UHSUHVHQWDWLRQ�DQG�NLQHPDWLFV��:H�KDYH�FKRVHQ�D�VLPSOLILHG�PRGHO�±�VNHOHWRQ�DV�KXPDQ�ERG\

UHSUHVHQWDWLRQ��7KHQ�ZH�KDYH�GLVFXVVHG�IRUZDUG�DQG�LQYHUVH�NLQHPDWLFV�PHWKRGV��$OO� WKH�PHWKRGV

DQG�WHFKQLTXHV�ZHUH�LPSOHPHQWHG�LQ�DQ�H[SHULPHQWDO�DSSOLFDWLRQ�

,Q� WKH� .LQHPDWLFV�0RGHOOLQJ� LQ� 950/�ZH� KDYH� LQWURGXFHG� IHZ� WHFKQLTXHV� LPSRUWDQW� WR

PRGHO� D� KXPDQ� DQLPDWLRQ�� :H� KDYH� FUHDWHG� D� EDFNJURXQG� IRU� IXWXUH� LPSOHPHQWDWLRQ� RI� D� IXOO�

950/� DSSOLFDWLRQ� �ZLWK� SDUWV� RI� -DYD� FRGH�� WR� LQWURGXFH� KXPDQ� DQLPDWLRQ� RQ� WKH� SODWIRUP� RI

,QWHUQHW�

:H�GLVFXVVHG�PHQX�V\VWHP�LPSOHPHQWDWLRQ��NLQHPDWLFV�PRGHO�RI�MRLQW��LQ�WZR�DOWHUQDWLYHV�

DQG� LPSOHPHQWDWLRQ� RI� LQYHUVH� NLQHPDWLFV� DOJRULWKPV� IRU� 950/�� 2XU� IXWXUH� SODQ� LV� WR� FUHDWH� D

FRPSOH[� MRLQW�PRGHO�� LQFOXGLQJ� WKH� DGYDQWDJHV� RI� ERWK� VXEVFULEHG�PRGHOV�� WR� FUHDWH� D� FRPSOHWH

PHQX�QDYLJDWLRQ�V\VWHP�DQG�ILQDOO\�LPSOHPHQW�VRPH�RI�WKH�LQYHUVH�NLQHPDWLFV�DOJRULWKPV�

��� $FNQRZOHGJHPHQWV

:H�ZRXOG� OLNH� WR� WKDQN� DVVRFLDWH� SURIHVVRU�0DUWLQ�6SHUND�� IRU� KLV� DGYLFHV�� �:H� DOVR�ZRXOG� OLNH

6:+��V�U�R��%UDWLVODYD�IRU�WKHLU�KDUGZDUH�DQG�,QWHUQHW�VXSSRUW�

��� 5HIHUHQFHV

>�@� +RUQLDN��0���3URJUDP� IRU� WKH�9LVXDO� 6LPXODWLRQ� RI�0LPLFV�ZKHQ�6SHDNLQJ��0DVWHU�7KHVLV�

'HSDUWPHQW� RI� &RPSXWHU� 6FLHQFH� DQG� (QJLQHHULQJ�� 6ORYDN� 8QLYHUVLW\� RI� 7HFKQRORJ\�

%UDWLVODYD�������

>�@ 6SHUND�� 0��� 7HOHSUHVHQFH� DQG� +XPDQ� %RG\� 0RGHOLQJ�� 3URFHHGLQJV�� 6\PSRVLXP� RQ

7HOHPHGLFLQH� DQG� WHOHHGXFDWLRQ� LQ� 3UDFWLFH�� ,Q�� 6\PSRVLXP� 3URFHHGLQJV� ,QWHUQDWLRQDO

6\PSRVLXP�RQ�7HOHPHGLFLQH�DQG�7HOHHGXFDWLRQ�LQ�3UDFWLFH��.RVLFH��0DUFK��������������SS�

����±�����

>�@ 6NDOD�9DFODY��1RQOLQHDU�FRRUGLQDWHV�DQG�WKHLU�DSSOLFDWLRQ�LQ�FRPSXWHU�JUDSKLFV��'HSDUWPHQW

RI�&RPSXWHU�6FLHQFH�DQG�(QJLQHHULQJ��8QLYHUVLW\�RI�:HVW�%RKHPLD�

>�@ .RQGR� .RLFKL�� ,QYHUVH� NLQHPDWLFV� RI� D� KXPDQ� DUP�� 5RERWLFV� ODERUDWRU\�� GHSDUWPHQW� RI

FRPSXWHU�VFLHQFH��6WDQIRUG�8QLYHUVLW\��6WDQIRUG��86$�

>�@ :HOPDQ� &KULV�� ,QYHUVH� NLQHPDWLFV� DQG� JHRPHWULF� FRQVWUDLQWV� IRU� DUWLFXODWHG� ILJXUH

PDQLSXODWLRQ��6LPRQ�)UDVHU�XQLYHUVLW\��&DQDGD��������ZZZ�IDV�VIX�FD�

>�@ .ZDQ�:�� &KLQ�� $QLPDWLQJ� KXPDQ� PRWLRQ� XVLQJ� LQYHUVH� NLQHPDWLFV�� &XUWLQ� 8QLYHUVLW\� RI



WHFKQRORJ\��ZZZ�FV�FXUWLQ�HGX�DX�

>�@ 6KRHPDNH� .HQ�� $QLPDWLQJ� URWDWLRQV� ZLWK� TXDWHUQLRQ� FXUYHV�� 6,**5$3+¶���� 9ROXPH� ���

QXPEHU����SDJHV���������

>�@ 'DP� %�� (ULN�� .RFK� 0DUWLQ�� /LOOKROP� 0DUWLQ�� 4XDWHUQLRQV�� LQWHUSRODWLRQ� DQG� DQLPDWLRQ�

7HFKQLFDO� UHSRUW� ',.8�75������ 'HSDUWPHQW� RI� &RPSXWHU� 6FLHQFH�� 8QLYHUVLW\� RI

&RSHQKDJHQ�������

>�@ (EHUO\�'DYLG��4XDWHUQLRQ�DOJHEUD�DQG�FDOFXOXV��0DJLF�6RIWZDUH��ZZZ�PDJLF�VRIWZDUH�FRP�

>��@ %UXFH�(FNHO��7KLQNLQJ�LQ�-DYD��ZZZ�%UXFH(FNHO�FRP

>��@ $SSOH�0DFLQWRVK��1HZ�26�;���$TXD���ZZZ�DSSOH�FRP

>��@ +XPDQRLG�$QLPDWLRQ�:RUNLQJ�*URXS��ZZZ�KDQLP�RUJ

>��@ &DUH\�5��%HOO��*���7KH�$QQRWDWHG�950/���5HIHUHQFH�0DQXDO��,6%1������������������


