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FRORUV�DUH�SXW�LQWR�WKRVH�FHOOV��7KH�DQLPDWLRQ�HIIHFW�DSSHDUV�DIWHU�F\FOLFDO� VKLIWLQJ� LQ� WKH� FRORU� WDEOH�� 7KH� PHWKRG� WR� FRPSXWH� WKH�0RWLRQ�0DS�SURFHHGV�DV�IROORZV��FRPSXWLQJ�D�GHQVH�FRYHUDJH�RI�WKH� DUUD\� E\� D� VHW� RI� VWUHDPOLQHV� DQG� VWUHDPOLQH� ³FRORULQJ´� E\�FRORU�WDEOH�LQGH[HV��7KH� VWUHDPOLQH� ³FRORULQJ´� LV� XVHG� WR� FUHDWH� D� VPRRWK� DQLPDWLRQ��)RU� WKLV� SXUSRVH� VXFK� JUD\� VFDOH� FRORU� WDEOH� LV� FKRVHQ� WKDW�SURGXFHV� VRPH� LQWHQVLW\� ZDYH�� 7KH� VWUHDPOLQH� LV� GLYLGHG� LQWR�VHYHUDO� LQWHUYDOV�� LQVLGH� ZKLFK� WKH� YDOXH� RI� LQGH[HV� LQ� VDPSOH�SRLQWV� RI� VWUHDPOLQH� UXQV� RYHU� WKH� FRORU� WDEOH�� 7KH� OHQJWK� RI�LQWHQVLW\� ZDYHV� LV� LQFUHDVHG� IRU� DUHDV� RI� VWUHDPOLQHV� ZKHUH� WKH�PDJQLWXGH�RI�YHFWRU�ILHOG�LV�LQFUHDVHG��6R��GXULQJ�F\FOLFDO�VKLIWLQJ�LQ� WKH� FRORU� WDEOH� LQ� DUHDV� RI� LQFUHDVLQJ� WKH�PDJQLWXGH�RI� YHFWRU�ILHOG�WKH�PRWLRQ�RI�LQWHQVLW\�ZDYH�DORQJ�VWUHDPOLQH�LV�DFFHOHUDWHG�7KH� IROORZLQJ� HTXDWLRQV� GHWHUPLQH� WKH� LQGH[HV� DV� IXQFWLRQ� RI�YHFWRU�ILHOG�PDJQLWXGH�� �� �� ��
� PRGL L

L L
L

& UDQGRP 1& & F I 1, & 1�
 ­°  �®°  ¯

[[ [[ [
[ � ���

+HUH� � �I [ LV�WKH�DEVROXWH�IRU�YHFWRU�RI�ILHOG��1 LV�WKH�QXPEHU�RI�GLVWLQFW�FRORUV�LQ�WKH�FRORU�WDEOH�� ^ `L&[ LV�DQ�LQFUHDVLQJ�VHULHV� LQ�
�5 �� � �� �LF I [ LV� D� OLQHDU� GHFUHDVLQJ� IXQFWLRQ� DQG� L,[ LV� DQ�LQGH[� IURP� WKH�FRORU� WDEOH��/LQHDU� IXQFWLRQ� � �F I WKDW�JLYHV� WKH�LQFUHPHQW�YDOXH�RI�LQGH[�ZKHQ�PRYLQJ�DORQJ�VWUHDPOLQH�LV�IRXQG�IURP�OLPLW�FRQGLWLRQV�� �PLQ PLQ� F I / ���� � � � �PD[ PLQF I F I 5 � ���

7KH�YDOXHV� PLQ/ DQG�5 DUH� WKH�YLVXDOL]DWLRQ�SDUDPHWHUV�� PLQ/ LV�WKH� PLQLPXP� QXPEHU� RI� VDPSOH� SRLQWV� RQ� ZKLFK� D� FRPSOHWH�UHYROXWLRQ� RI� WKH� FRORU� WDEOH� FRXOG� EH� PDSSHG�� 7KLV� YDOXH�GHWHUPLQHV� WKH�PLQLPXP�OHQJWK�RI� LQWHQVLW\�ZDYH� LQ�ILQDO�LPDJH��5 LV� WKH� UDWLR� EHWZHHQ� WKH� PLQLPXP� DQG� PD[LPXP� VSHHGV� RI�WH[WXUH�PRYHPHQW�LQ�ILQDO�DQLPDWLRQ��7KH�PDLQ�DGYDQWDJH�RI�WKH�GHVFULEHG�PHWKRG�LQ�FRPSDULVRQ�ZLWK�RWKHU� WH[WXUH� PHWKRGV� OLNH� SRSXODU� OLQH� LQWHJUDO� FRQYROXWLRQ�PHWKRG� >�@ FRQVLVWV� LQ� ORZ� FRPSXWDWLRQDO� FRVWV�� 7KH� UHDVRQ� IRU�WKDW� LV� IROORZLQJ�� 7KH� FRPSXWDWLRQDO� FRVWV� IRU� FUHDWLQJ� WKH�DQLPDWLRQ� VHTXHQFH� DUH� DOPRVW� HTXDO� WKH� FRVWV� IRU� FDOFXODWLRQ�RI�VLQJOH�IUDPH�GXH�WR�FUHDWLRQ�DQLPDWLRQ�E\�VLPSOH�F\FOLFDO�VKLIW�LQ�WKH� FRORU� WDEOH�� ,Q� IDFW� RQO\�0RWLRQ�0DS� LV� FRPSXWHG�� 7KH� ORZ�FRPSXWDWLRQDO� FRVWV� DUH� DOORZHG� WR� LPSOHPHQW� WKLV� YLVXDOL]DWLRQ�WHFKQLTXH� LQ� VRIWZDUH� WRRO� ZLWK� LQWHUDFWLYH� PRGH�� ZKLFK� LV�QHFHVVDU\�IRU�WKH�DELOLW\�WR�FKDQJH�LQWHUDFWLYHO\�WKH�VHFWLRQV�RI��'�YHFWRU�ILHOG���� 6WUHDPOLQH�FRQVWUXFWLRQV�IRU�DUELWUDU\�ERXQGDU\)RU�FUHDWLRQ�RI�YHFWRU�ILHOG�WH[WXUH�DQLPDWLRQ�E\�0RWLRQ�0DS�LW�LV�QHFHVVDU\� WR� XVH� WKH� VWUHDPOLQH� FRQVWUXFWLRQ� WHFKQLTXH�� 7KH�VWUHDPOLQH� QXPHULFDO� LQWHJUDWLRQ� E\� IRXUWK�RUGHU� 5XQJH�.XWWD�PHWKRG�ZLWK�HUURU�HVWLPDWLRQ��VWHS�VL]H�FRQWURO�DQG�FXELF�+HUPLWH�LQWHUSRODWLRQ� DUH� VXLWDEOH� IRU� PRVW� W\SHV� RI� YHFWRU� ILHOGV�� 6XFK�LQWHJUDWLRQ�WHFKQLTXH�LV�GHVFULEHG�LQ� >��@ DQG�DOORZV�FUHDWLQJ�WKH�VWUHDPOLQHV�DV�VHTXHQFHV�RI�HTXLGLVWDQW�VDPSOH�SRLQWV��

+RZHYHU��LQ�FDVH�DSSOLFDWLRQ�RI�WKLV�WHFKQLTXH�IRU�IOXLG�IORZ�ILHOG�YLVXDOL]DWLRQ� IRU� ZDWHU� REMHFWV� LW� LV� QHFHVVDU\� WR� VROYH� RQH�DGGLWLRQDO� SUREOHP� RI� VWUHDPOLQH� FRQVWUXFWLRQ� IRU� DUELWUDU\��JHQHUDOO\� QRQ�FRQYH[�� ERXQGDU\� RI� YHFWRU� ILHOG� GRPDLQ�� 7KLV�ERXQGDU\�LV�GHWHUPLQHG�E\�VKDSH�RI�ZDWHU�REMHFW�IORRU��7KH�JLYHQ�SUREOHP�KDV DULVHQ�VLQFH�9LV$(IIHFW� LQLWLDOO\�ZDV�GHYHORSLQJ�IRU�YLVXDOL]DWLRQ�RI�RXWSXW�GDWD�RI�ZDWHU�REMHFW�PDWKHPDWLFDO�PRGHO�7DNLQJ� LQWR� DFFRXQW� DQ� DUELWUDULQHVV� RI� ERXQGDU\� GXULQJ�SURFHHGLQJ� RI� VWUHDPOLQH� LQWHJUDWLRQ� VWHS� VRPH� VLWXDWLRQV� FDQ�DULVH�� OLQH� VHJPHQW FDQ� LQWHUVHFW� WKH� ERXQGDU\� RU� LW� FDQ� EH�LPSRVVLEOH�WR�FRPSXWH�WKH�QH[W�SRLQW�RI�VWUHDPOLQH��)RU�UHVROYLQJ�WKLV�SUREOHP�D�VSHFLDO�DOJRULWKP�ZDV�SURSRVHG� >�@��,WV�EDVLF�LGHD�FRQVLVWV�LQ�XVLQJ�5XQJH�.XWWD�PHWKRG�ZLWK�ORZHU�RUGHU�ZKLOH�WKH�QH[W�SRLQW�RI�FXUYH�FDQ�QRW�EH�FDOFXODWHG�DQG�DOVR� LQ�GLYLGLQJ� LQ�KDOI� WKH� LQWHJUDWLRQ� VWHS� VL]H� XQWLO� SUHGHILQHG� OLPLW� LQ� FDVH�LQWHUVHFWLRQ�RI�OLQH�VHJPHQW�ZLWK�GRPDLQ�ERXQGDU\��3URSRVHG� DOJRULWKP� ZDV� VXFFHVVLYHO\� UHDOL]HG� LQ� 9LV$(IIHFW� IRU��'�FDVH�RI�VWUHDPOLQH�GUDZLQJ�LQ�ILHOG�VHFWLRQV��%XW�LW�FDQ�EH�XVHG�LQ��'�FDVH�WRR����� 7KLUG�FRPSRQHQW�UHQGHULQJ7KH�PHWKRG�RI�IORZ�DQLPDWLRQ�E\�0RWLRQ�0DS�GHVFULEHG�DERYH�LV�VXLWDEOH� IRU� LQWHUDFWLYHO\�YLVXDOL]DWLRQ�RI��'�VHFWLRQV�RI��'�IORZ�ILHOGV�� :H� FDQ� GLVSOD\� VHYHUDO� VHFWLRQV� VLPXOWDQHRXVO\�� IRU�H[DPSOH� JHWWLQJ� DORQJ� EDVLF� D[HV� RI� &DUWHVLDQ� FRRUGLQDWHV�� IRU�UHFHLYLQJ�PRUH�LQIRUPDWLRQ�DERXW��'�ILHOG�LQ�GHWDLO��+RZHYHU��LQ�RUGHU�WR�WDNH�D�JRRG�SHUFHSWLRQ�DERXW��'�IORZ�VWUXFWXUH�ZH�PXVW�DQDO\]H�D ODUJH�DPRXQW�RI�VHFWLRQV��,Q�WKLV�SDSHU�D�PHWKRG��ZKLFK�PDNHV� HDVLHU� SHUFHSWLRQ� DERXW� �'� YHFWRU� ILHOG� VWUXFWXUH� E\� �'�VHFWLRQV�YLVXDOL]DWLRQ��LV�SURSRVHG��,W�FRQVLVWV�LQ�FRORU�FRGLQJ�IRU�WKLUG�FRPSRQHQWV�RI�ILHOG�YHFWRUV�O\LQJ�RQ�VHFWLRQ�SODLQ�,Q� RUGHU� WR� UHSUHVHQW� LQIRUPDWLRQ� DERXW� WKH� WKLUG� FRPSRQHQW� E\�FRORU� ZH� SURSRVHG� WR� PDNH� PDSSLQJ� WKH� YDOXH� D RI� DQJOH�EHWZHHQ�ILHOG�YHFWRU�DQG�QRUPDO�YHFWRU�IRU�VHFWLRQ�SODLQ�RQ�VRPH�FRORU�SDOHWWH��,W�LV�FRQYHQLHQW�WR�FKRRVH�D�SDOHWWH�ZLWK FRORU�OD\RXW�LQ�IROORZLQJ�RUGHU�� EOXH�� F\DQ��JUHHQ��\HOORZ�DQG� UHG��6XFK�FRORU� VHTXHQFH� LV�HDV\� WR� LPSOHPHQW� DQG� DOORZV� FUHDWLQJ� D� JRRG� YLVXDO� SHUFHSWLRQ�HYHQ�D�OLWWOH�FKDQJH�WKH�YDOXH�RI�DQJHO� D ��EHFDXVH�LW�LQFOXGHV�DOO�EDVLF� FRORUV� �UHG�� EOXH�� JUHHQ��� $IWHU� WKH� PDSSLQJ� RI� D YDOXHV�LQWR�WKH�FRORU�SDOHWWH�ZH�KDYH�DQ�RSSRUWXQLW\�WR�UHQGHU�WKH�YHFWRU�ILHOG� WKLUG� FRPSRQHQW� LQ� �'� VHFWLRQ� YLVXDOL]DWLRQ�� ,Q� FDVH� RI�GHWHUPLQLQJ�RI� YHFWRU� ILHOG� E\� WKH� YDOXHV�RQ� WKH� UHJXODU�JULG� WKH�VLPSOHVW� DSSURDFK� LV� D� VHOO� SDLQWLQJ� E\� FRORU�� FRUUHVSRQGLQJ� WKH�DQJOH� YDOXH� IRU� YHFWRU� ORFDWHG� LQ� FHQWHU� RI� D� JLYHQ� VHOO�� 7KLV�DSSURDFK� LV� LPSOHPHQWHG� LQ� 9LV$(IIHFW�� )RU� FUHDWLQJ� VPRRWKHU�YLVXDOL]DWLRQ�LW�FDQ�EH�XVHG�ELOLQHDU�LQWHUSRODWLRQ�RI�FRORUV�LQ�QRQ�FHQWHU� SRLQWV� RI� VHOOV�� ,Q� VXFK� D�ZD\� WKH��'� LPDJH�RI� WKH�YHFWRU�ILHOG�WKLUG�FRPSRQHQW�FDQ�EH�FUHDWHG��6XSHUSRVLWLRQ� RI� FRORUHG� LPDJH� RI� WKH� WKLUG� FRPSRQHQW� DQG�WH[WXUH� DQLPDWLRQ� FDQ� EH� DFKLHYHG� E\� PXOWLSO\LQJ� RI� FRORU��FRUUHVSRQGLQJ WKH� DQJOH� D �� RQ� WH[WXUH� LQWHQVLW\� DV� GHVFULEHG�LQ >�@�7KH�PL[WXUH�RI�WKH�WKLUG�FRPSRQHQW�UHQGHULQJ�PHWKRG�DQG�WH[WXUH�DQLPDWLRQ� E\� 0RWLRQ� 0DS� LQ� RQH� YLVXDOL]DWLRQ� DOORZV� HIILFLHQW�UHSUHVHQWLQJ� LQIRUPDWLRQ�DERXW��'�YHFWRU�ILHOG�LQ�LQWXLWLYHO\�ZD\�RQO\�E\�IHZ��'�LPDJHV�RI�VHFWLRQV��

International Conference Graphicon 2002, Nizhny Novgorod, Russia, http://www.graphicon.ru/



��� 2SWLPL]HG�SDOHWWH7KH� VWDQGDUG� RU� OLQHDU� SDOHWWH� �EOXH�� F\DQ�� JUHHQ�� \HOORZ�� UHG�� LV�PRVW�FRPPRQ�IRU�YLVXDOL]DWLRQ�VRIWZDUH�HQYLURQPHQWV��7KH�ZRUG�³OLQHDU´�PHDQV� OLQHDU�YDULDWLRQ�RI�5*%�FRPSRQHQWV��7KLV�SDOHWWH�KDV� IROORZLQJ� GUDZEDFNV�ZKHQ� LW� LV� XVHG� IRU� FRORUV� UHSUHVHQWLQJ�RQ�&57�GLVSOD\V��7KHUH�H[LVW�WKUHH�ZLGH�FRORU�UDQJHV��ZKLFK�KDYH�KXHV� FORVHG� WR� SXUH� EOXH�� SXUH� JUHHQ� DQG� SXUH� UHG� FRORUV�FRUUHVSRQGLQJO\�� ,W� LV� GLIILFXOW� WR� GLVWLQJXLVK� GLIIHUHQW� FRORUV�LQVLGH� WKRVH� UDQJHV�� &\DQ� DQG� \HOORZ� UDQJHV� TXLWH� WKH� FRQWUDU\�KDYH� VLJQLILFDQWO\� QDUURZ� ZLGWK�� 0RUHRYHU�� LQVLGH� JUHHQ� UDQJH�KXHV�RQ� WKH� OHIW�VLGH�IURP�SXUH�JUHHQ�����������DUH�LPSRVVLEOH�WR�GLVWLQJXLVK� IURP� ULJKW� VLGH� KXHV�� 7KLV� DPELJXLW\� FDQ� OHDG� WR� D�ZURQJ� LQWHUSUHWDWLRQ� RI� GDWD� VWUXFWXUH� LQ� FRORU� FRGLQJ� RI� VFDODU�GDWD�)RU� UHVROYLQJ� WKRVH� SUREOHPV� ZH� SURSRVHG� WKH� IROORZLQJ�DSSURDFK�� 7R� UHPRYH� DPELJXLW\� DPRQJ� KXHV� LQ� JUHHQ� UDQJH� ZH�SURSRVHG� LQFUHDVLQJ� EOXH� FRPSRQHQW� FRQWULEXWLRQ� IRU� FRORUV� RQ�WKH� OHIW� VLGH� IURP�SXUH�JUHHQ� WKDW�PDNHV�JUHHQ�KXHV�PRUH�³FROG´�DQG� LQFUHDVLQJ� UHG� FRPSRQHQW� IRU� FRORUV� RQ� WKH� ULJKW� VLGH� WKDW�PDNHV� WKHLU� PRUH� ³KRW´�� )RU� WKDW� SXUSRVH� LW� LV� SURSRVHG� WR� XVH�SDUDEROLF� YDULDWLRQ� RI� FRUUHVSRQGLQJ� FRPSRQHQWV�� $V� D� UHVXOW� LQ�WKLV�ZRUN�WKH�RSWLPL]HG�SDOHWWH�IRU�FRORU�FRGLQJ�RI�VFDODU�GDWD�ZDV�GHYHORSHG��)LJXUH���VKRZV�WKH�SORW�RI�5*%�FRPSRQHQWV�YDULDWLRQ�LQ�RSWLPL]HG�SDOHWWH�

)LJXUH��� 5*%�FRPSRQHQWV�LQ�RSWLPL]HG�SDOHWWH�
+HUH�1 GHQRWHV� WKH QXPEHU�RI�FRORUV� LQ�SDOHWWH�� L LV�FRORU� LQGH[��7KH�PD[LPXP�QXPEHU�RI�GLIIHUHQW�FRORUV�LQ�VXFK�D�SDOHWWH�LV�HTXDO������� 3XUH� EOXH� FRORU� FRUUHVSRQGV� WR� LQGH[� ��� F\DQ�� � � �1 � ��SXUH�JUHHQ�� � � �1 � ��\HOORZ�� � � � �1 � ��SXUH�UHG�� �1 � ��,Q� WKH� RSWLPL]HG� SDOHWWH� WKH� UDQJHV� RI� EOXH�� F\DQ�� JUHHQ�� \HOORZ�DQG�UHG�KXHV�KDYH�DOPRVW�DQ�HTXDO�ZLGWK�WKDW�DVVLVWDQWV�UHPRYLQJ�DPELJXLWLHV� DQG� UHSUHVHQWLQJ� WKH� VFDODU� ILHOG� VWUXFWXUH� LQ� PRUH�GHWDLO����� 62)7:$5(�722/�'(6&5,37,217KLV� VHFWLRQ� GHVFULEHV� WKH� VWUXFWXUH� RI� 9LV$(IIHFW�� LWV� EDVLF�FDSDELOLWLHV�DQG� LQWHUIDFH��7KH� VRIWZDUH� WRRO�ZDV�ZULWLQJ�RQ�&���ODQJXDJH�� ,WV� GHYHORSPHQW�ZDV�PDGH�E\� ,QWHJUDWHG�'HYHORSPHQW�

(QYLURQPHQW�%RUODQG�K��%XLOGHU����7KH�VRIWZDUH�WRRO�LV�ZRUNLQJ�RQ�:LQ���SODWIRUP���� $VVLJQPHQW7KH� DVVLJQPHQW� RI� 9LV$(IIHFW� LV� D� YLVXDOL]DWLRQ� RI� �'� VWHDG\�YHFWRU� DQG� VFDODU� ILHOGV� REWDLQHG�PDLQO\� DV� D� UHVXOW� RI� FRPSXWHU�PRGHOLQJ��,QLWLDOO\�WKLV�SURJUDP�ZDV�ZRUNHG�RXW�ZLWK�WKH�SXUSRVH�RI� YLVXDOL]DWLRQ� RI� GDWD� DERXW� ZDWHU� REMHFW� K\GURG\QDPLF� ZLWK�DUELWUDU\� GRPDLQ�� %XW� LW� FDQ� EH� XVHG� IRU� DQDO\VLV� DQ\� NLQGV� RI�ILHOGV���� )XQFWLRQDO�FDSDELOLWLHV7KH�VRIWZDUH�WRRO�DOORZV�YLVXDOL]LQJ�RI��'�VHFWLRQV�RI��'�YHFWRU�RU�VFDODU�VWHDG\�ILHOGV��9LV$(IIHFW�FDQ�SURFHVV�VSHFLDO�IRUPDW�ILOHV�ZLWK�GDWD�RUJDQL]HG�DV�VHTXHQFH�RI�YDOXHV�RI�ILOHG�LQ�QRGHV�RI��'�UHJXODU�JULG��7KH� PRVW� PRGHUQ� YLVXDOL]DWLRQ� VRIWZDUH� HQYLURQPHQWV� ZHUH�GHYHORSHG�IRU�VSHFLDO�JUDSKLF�VWDWLRQV�RU�VXSHU�FRPSXWHUV�ZRUNLQJ�RQ� 81,;� IDPLO\� RSHUDWLQJ� V\VWHPV�� +RZHYHU�� GXH� WR� WKH� UDSLG�KDUGZDUH�HYROXWLRQ�GXULQJ�WKH�ODVW�GHFD\�WKH�SRVVLELOLW\�WR�UHDOL]H�WKH�PRVW�SDUW�RI�PRGHUQ�FRPSXWHU�JUDSKLFV�WHFKQLTXHV�RQ�JHQHUDO�SHUVRQDO� FRPSXWHUV� DSSHDUHG�� 7KHUHIRUH� 9LV$(IIHFW� ZDV�GHYHORSHG�IRU�:LQ�� SODWIRUP�WKDW�JLYHV�WKH�SRVVLELOLW\�WR�XVH�WKLV�VRIWZDUH�WRRO�IRU�D�ZLGH�UDQJH�RI�SHUVRQDO�FRPSXWHU�XVHUV��ZKLFK�KDYH�ZLGHO\�VSUHDG��DW�OHDVW�RQ�5XVVLDQ�PDUNHW��:LQGRZV�IDPLO\�RSHUDWLQJ�V\VWHPV��7KH�VFDODU�ILHOG�YLVXDOL]DWLRQ�LQ�WKLV�VRIWZDUH�WRRO�LV�LPSOHPHQWHG�E\� FRORU� FRGLQJ�� )RU� WKDW� WKH� VFDODU� YDOXHV� LQ� VHFWLRQ� SRLQWV� DUH�PDSSHG�RQ�WKH�RSWLPL]HG�FRORU�SDOHWWH�7KH� VRIWZDUH� WRRO� XVHV� WKUHH� PHWKRGV� IRU� WKH� YLVXDOL]DWLRQ� RI�VHFWLRQV�RI�YHFWRU�ILHOG��7KH�XVHU�FDQ�VLPXOWDQHRXVO\�XVH�WKH�ILUVW�WZR�PHWKRGV� DUURZ�SORW�DQG� WKH�VWUHDPOLQH�FRQVWUXFWLRQ�PHWKRG�IURP�XVHU�GHILQHG�SRLQWV��7KH�DUURZ�SORW�DSSOLFDWLRQ�LV�XVHIXO�IRU�WKH� UDSLG� HVWLPDWLRQ� RI� JHQHUDO� IHDWXUHV� RI� ILHOG�� 7KH� WKLUG�YLVXDOL]DWLRQ�PHWKRG��ZKLFK�DOORZV�REWDLQLQJ�WKH�YLVXDOL]DWLRQ�RI��'� VHFWLRQ� RI� YHFWRU� ILOHG� LQ� GHWDLO�� LV� WKH� PHWKRG� RI� WH[WXUH�DQLPDWLRQ�E\�0RWLRQ�0DS�7KH� WH[WXUH� DQLPDWLRQ� DORQJ� VWUHDPOLQHV� DOORZV� UHSUHVHQWLQJ�OLTXLG� RU� JDV� IORZ� ILHOGV� QDWXUDOO\��)LJXUH� �� VKRZV�RQH� IUDPH�RI�VXFK�WH[WXUH�DQLPDWLRQ��$V�DQ�LQSXW�GDWD�IRU�FUHDWLQJ�RI�WKLV�ILJXUH�WKH�GDWD�DERXW� IOXLG�IORZ�ILHOG��ZKLFK�ZDV�REWDLQHG�E\�V\VWHP�RI�PDWKHPDWLFDO�PRGHOLQJ�RI�$]RY�6HD�K\GURG\QDPLF� >�@��ZDV�XVHG��7KH� WLPH�UHTXLUHG�IRU�FRPSXWH�RI�DQLPDWLRQ�VWURQJO\�GHSHQGV�RQ�VWUHDPOLQH� FRYHUDJH� SHUFHQWDJH� DQG� WKH� VL]H� RI� ILQDO� LPDJH�� )RU�H[DPSOH��IRU�FUHDWLRQ�RI�F\FOLFDO�DQLPDWLRQ�ZLWK����IUDPHV��)LJ�����DQG�VL]H�RI� IUDPHV�����[����SL[HOV� LW�ZDV� WDNHQ�XS�����VHFRQGV����V� IRU� 0RWLRQ� 0DS� FDOFXODWLRQ� DQG� ��V� IRU� FRORULQJ� RI� ���IUDPHV�� RQ� SHUVRQDO� FRPSXWHU�� 3HQWLXP,,,� ���0+]�� ���� 0E�5$0�� )RU� WKH� VDPH� DQLPDWLRQ� ZLWK� VL]H� ���[���� SL[HOV� LW� ZDV�WDNHQ�XS���V����V�IRU�0RWLRQ�0DS�FDOFXODWLRQ�DQG��V�IRU�FRORULQJ�RI����IUDPHV����� 6RIWZDUH�WRRO�VWUXFWXUH7KH� IROORZLQJ� DEVWUDFW� GDWD� W\SHV� ZHUH� LPSOHPHQWHG� LQ�9LV$(IIHFW���'�YHFWRU� ILHOG���'�VFDODU� ILHOG���'�YHFWRU�ILHOG���'�VFDODU� ILHOG�� DUURZ� SORW�� VWUHDPOLQH� DQG�0RWLRQ�0DS�� 6XFK� W\SH�GLYLVLRQ� LV� FRQYHQLHQW� IRU� UHDOL]DWLRQ� RI� GHVFULEHG� YLVXDOL]DWLRQ�PHWKRGV��7KH�VWUXFWXUHV�RI�VRIWZDUH�WRRO�SDUWV�WKDW�YLVXDOL]H�VFDODU�DQG� YHFWRU� ILHOGV� DUH� VKRZQ� RQ� )LJ�� ��� 7KRVH� SDUWV� ZRUN�LQGHSHQGHQWO\�� 2Q� WKH� JLYHQ� ILJXUHV� FLUFOHV� GHQRWH� WKH� REMHFWV�
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FRUUHVSRQGLQJ� WR� WKHLU� LQVFULSWLRQV�� DUURZ� DQG� ER[HV� GHQRWH� WKH�SURFHVVHV�RI�FDOFXODWLRQ�)RU� YHFWRU� ILHOG� YLVXDOL]DWLRQ WKH� IROORZLQJ� SURFHVVHV� DUH�PDGH��7KH� �'� YHFWRU� ILHOG� FRUUHVSRQGLQJ� WR� XVHU�GHILQHG� VHFWLRQ� LV�H[WUDFWHG�IURP��'�ILHOG��7KHQ��LQ�FDVH�RI�DUURZ�SORW�YLVXDOL]DWLRQ��WKH� �'� YHFWRU� ILHOG� SURGXFHV� DUURZ� SORW� FRUUHVSRQGLQJ� VHOHFWHG�SDUDPHWHUV��7KLV�SORW�LV�IRUZDUGHG�RQ�YLVXDOL]DWLRQ�RXWSXW��,Q�FDVH�RI�VWUHDPOLQH�FRQVWUXFWLRQ�PHWKRG�WKRVH�FXUYHV�DUH�EXLOG�IURP�WKH�XVHU�GHILQHG�SRLQWV�DQG�DUH�IRUZDUGHG�RQ�YLVXDOL]DWLRQ�RXWSXW��)RU�H[HFXWLRQ�RI� IORZ�DQLPDWLRQ�E\�0RWLRQ�0DS�PHWKRG� WKH�0RWLRQ�0DS� LV� FRPSXWHG� IURP� LQIRUPDWLRQ� DERXW� YHFWRU� ILHOG� LQ� VHFWLRQ�E\� VWUHDPOLQH� LQWHJUDWLRQ� DQG� WKHQ� LW� LV� XVHG� IRU� FDOFXODWLRQ� RI�DQLPDWLRQ� VHTXHQFH� E\� F\FOLFDO� VKLIW� LQ� FRORU� WDEOH�� 7KH� WKLUG�FRPSRQHQW� FRORU� FRGLQJ� LV� FRPSXWHG� IURP� LQIRUPDWLRQ� DERXW�VHOHFWHG�VHFWLRQ�DQG�YDOXHV�RI��'�YHFWRUV�RI�ILHOG�LQ�HDFK�SRLQW�RI�LW��7KHQ�WKH�JLYHQ�FRORU�FRGH�PHUJHV�ZLWK�LPDJHV�RI�DUURZ�SORWV��RU�VWUHDPOLQHV��RU�HDFK�IUDPH�RI�F\FOLFDO�WH[WXUH�DQLPDWLRQ��

)LJXUH��� 7KH�VWUXFWXUH�RI�9LV$(IIHFW�
7KH� VFDODU� ILHOG� YLVXDOL]DWLRQ� SURFHVV� LV� PXFK� VLPSOHU�� )RU� WKH�JLYHQ�VHFWLRQ�WKH��'�VFDODU�ILHOG�LV�H[WUDFWHG�IURP��'�ILHOG��7KHQ�WKH� YDOXHV� RI� VFDODU� ILHOG� DUH� FRGHG� E\� FRORUV� LQ� RWKHU� ZRUGV�PDSSHG� LQWR� RSWLPL]HG� SDOHWWH�� 7KH� REWDLQHG� FRORU� FRGH� LV�IRUZDUGHG�RQ�YLVXDOL]DWLRQ�RXWSXW���� ,QWHUIDFH�7KUHH�VXEZLQGRZV�RI�YDULDEOH�VL]H�� LQ�ZKLFK� WKH�YLVXDOL]DWLRQ�RI�WKUHH� PXWXDOO\� SHUSHQGLFXODU� XVHU�GHILQHG� VHFWLRQV� RI� VFDODU� RU�YHFWRU�ILHOG�LV�SRVVLEOH��UHSUHVHQW�WKH�LQWHUIDFH�RI�WKH�VRIWZDUH�WRRO��)LJ� ���� 7KRVH� VHFWLRQV� DUH� SDUDOOHO� WR� EDVLF� SODQHV� RI�&DUWHVLDQ�FRRUGLQDWH�V\VWHP���[\����[]��DQG��\]���2Q�WRS�RI�WKH�PDLQ�ZLQGRZ�WKH�LPDJH�RI�RSWLPL]HG�SDOHWWH��ZKLFK�LV�XVHG�IRU�FRORU�FRGLQJ�RI�VFDODU�GDWD�DQG�WKH�WKLUG�FRPSRQHQW�RI�YHFWRU�ILHOG��DQG�D�WRROEDU��ZKLFK� LV� DOORZHG� PDQDJLQJ� RI� YLVXDOL]DWLRQ� SDUDPHWHUV�� DUH�ORFDWHG�7KH� VRIWZDUH� WRRO� JLYHV� IRU� WKH� XVHU� WZR� PRGHV� RI� YHFWRU� ILHOG�YLVXDOL]DWLRQ��ZKLFK�DUH�DFWLYDWHG�E\�PDLQ�PHQX�RU�VSHHG�EXWWRQV�LQ�WRROEDU��,Q�WKH�ILUVW�PRGH�WKH�LPDJHV�RI�DUURZ�SORW�PHUJHG�ZLWK�

VWUHDPOLQHV�FDQ�EH�VKRZQ��,Q�WKH�VHFRQG�PRGH�WKH�F\FOLFDO�WH[WXUH�DQLPDWLRQ� FDQ� EH� PDGH�� 0RUHRYHU�� IRU� ERWK� PRGHV� WKH� WKLUG�FRPSRQHQW� RI� YHFWRU� ILHOG�� ZKLFK� LV� SHUSHQGLFXODU� IRU� VHFWLRQ�SODLQ�� LV� UHSUHVHQWHG� E\� FRORU� WKDW�PDNHV� SHUFHSWLRQ� RI� �'� ILHOG�VWUXFWXUH�PXFK�HDVLHU�)RU� HDFK� PRGH� RI� VFDODU� RU� YHFWRU� ILHOG� YLVXDOL]DWLRQ� WKH�PDQDJHPHQW� RI� VFDOH� LV� SRVVLEOH� E\� FKDQJLQJ� WKH� VL]H� RI� VHOO��GHILQHG� LQ� SL[HOV�� IRU� WKH� ILHOG� GHILQLWLRQ� UHJXODU� JULG��)XUWKHUPRUH��WKH�XVHU�FDQ�VHOHFW�LQWHUHVWLQJ��[]��DQG��\]��VHFWLRQV�RI� YHFWRU� RU� VFDODU� ILHOG��7KH� VHOHFWLRQ�RI� KRUL]RQWDO� �[\�� VHFWLRQ�FDQ�EH�PDGH�E\�PDLQ�PHQX�RU�VSHHG�EXWWRQ�IURP�WRROEDU�

)LJXUH����7KH�IUDPH�RI�WH[WXUH�DQLPDWLRQ�FUHDWHG�E\�9LV$(IIHFW�
7KH�IROORZLQJ�SDUDPHWHUV�FDQ�EH�FKDQJHG�E\�PDLQ�PHQX�RU�VSHHG�EXWWRQV� IURP� WRROEDU� LQ� DUURZ� SORW� DQG� VWUHDPOLQH� LQWHJUDWLRQ�PRGHV��)RU�DUURZ�SORW�PRGH��VSDQ�EHWZHHQ�DUURZV��LQ�QXPEHU�RI�UHJXODU� JULG� VHOOV��� DUURZ� HQODUJHPHQW� IDFWRU�� )RU� VWUHDPOLQH�LQWHJUDWLRQ� PRGH�� LQLWLDO� LQWHJUDWLRQ� VWHS�� PD[LPXP� LQWHJUDWLRQ�VWHS�� VDIHW\� IDFWRU�� XVHU�GHILQHG� OLPLW� RI� HUURU� HVWLPDWH� DQG� VSDQ�EHWZHHQ�HTXLGLVWDQFH�VDPSOH�SRLQWV�RI�VWUHDPOLQH��7KH�GHVFULSWLRQ�RI�VWUHDPOLQH�LQWHJUDWLRQ�SDUDPHWHUV�LQ�GHWDLO�FDQ�EH�IRXQG�LQ�>��@�,Q� WKH� PRGH� RI� FUHDWLRQ� RI� WH[WXUH� DQLPDWLRQ� E\� 0RWLRQ� 0DSEHVLGHV� VWUHDPOLQH� LQWHJUDWLRQ� SDUDPHWHUV� WKH� PDQDJHPHQW� RI�IROORZLQJ� YDOXHV�� FRYHUDJH� SHUFHQWDJH� RI� LPDJH� E\� VWUHDPOLQHV��QXPEHUV� RI� FRORUV� LQ� WDEOH� DQG� WKH�PLQLPXP� QXPEHU� RI� VDPSOH�SRLQWV� PLQ/ �� RQ� ZKLFK� D� FRPSOHWH� UHYROXWLRQ� RI� WKH� FRORU� WDEOH�FRXOG� EH� PDSSHG�� LV� SRVVLEOH�� 7KH� YDOXH� RI� PLQ/ KDV� D� VWURQJ�LQIOXHQFH� RQ� YLVXDOL]DWLRQ� TXDOLW\�� :KHQ� PLQ/ LV� VPDOO� WKH�PRYHPHQW�RI�WH[WXUH�VSODWV�DORQJ�VWUHDPOLQH�LV�ZHOO�WUDFHG��EXW�WKH�VKDSH�RI VWUHDPOLQHV�FDQ�EH�ORVW�LQ�FKDRV�RI�VSODWV��:KHQ�WKH�YDOXH�RI� PLQ/ DV� ELJ� DV� WKH� OHQJWK� RI� VWUHDPOLQHV� HDFK� FXUYH� LV� ZHOO�VKDSHG�� EXW� WKH� PRYHPHQW� RI� WH[WXUH� VSODWV� GLVDSSHDUV� DQG�DQLPDWLRQ� EHFRPHV� XVHOHVV�� 7KHUHE\� WKH� JROGHQ� PHDQ� PXVW� EH�VHOHFWHG�)RU�VFDODU�ILHOG�YLVXDOL]DWLRQ�WKH�WZR�PRGHV�RI�LPDJH�SDLQWLQJ�IRU�GDWD�FRORU�FRGLQJ�H[LVW�� ORFDO��DQG�JOREDO��,Q�ORFDO�PRGH�IRU�HDFK�VXEZLQGRZ� WKH� VFDODU� GDWD� UDQJH� IURP�PLQLPXP�XQWLO�PD[LPXP�YDOXH�LQ�JLYHQ�VHFWLRQ�LV�PDSSHG�LQWR�RSWLPL]HG�SDOHWWH��,Q�JOREDO�PRGH� IRU� DOO� VXEZLQGRZV� WKH� VFDODU� GDWD� UDQJH� IURP� PLQLPXP�XQWLO� PD[LPXP� YDOXH� LQ� ZKROH� �'� VFDODU� ILHOG� LV� PDSSHG� LQWR�SDOHWWH�
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�� &21&/86,21,Q� WKLV�SDSHU� WKH� IROORZLQJ�EDVLF� UHVXOWV�ZHUH�JLYHQ��9LV$(IIHFW��WKH� VRIWZDUH� WRRO� IRU� �'� VWHDG\� YHFWRU� DQG� VFDODU� ILHOG�YLVXDOL]DWLRQ�ZDV� GHYHORSHG� IRU�:LQ��� SODWIRUP��7KH��'�YHFWRU�ILOHG� WH[WXUH� YLVXDOL]DWLRQ�PHWKRG�QDPHO\� WKH� IORZ�DQLPDWLRQ�E\�0RWLRQ� 0DS� WHFKQLTXH�� ZKLFK� ZDV� GHYHORSHG� LQ� ����� E\�%� -REDUG� DQG�:� /HIHU�� ZDV� LPSOHPHQWHG� LQ� WKLV� VRIWZDUH� WRRO��7KH� UHDOL]DWLRQ� RI� WKH� JLYHQ� PHWKRG� JLYHV� WKH� SRVVLELOLW\� IRU�HIIHFWLYH� FUHDWLRQ� RI� VHFWLRQ� YLVXDOL]DWLRQ� ZLWK� DQLPDWLRQ� IRU�YHFWRU� ILHOG��ZKLFK�DOORZV� UHSUHVHQWLQJ�ERWK�JOREDO�VWUXFWXUH�DQG�GHWDLO�LQIRUPDWLRQ�RI�ILHOG��7KH�DOJRULWKP�RI�VWUHDPOLQH�LQWHJUDWLRQ�IRU� DUELWUDU\� ERXQGDU\� RI� YHFWRU� ILHOG� GRPDLQ�ZDV� SURSRVHG� DQG�UHDOL]HG� LQ� VRIWZDUH� WRRO�� 7KH� LPSOHPHQWDWLRQ� RI� WKLV� DOJRULWKP�JLYHV� DQ� RSSRUWXQLW\� IRU� YLVXDOL]DWLRQ� RI� IORZ� ILHOGV� LQ� ZDWHU�REMHFWV� ZLWK� LQ� JHQHUDO� QRQ�FRQYH[� ERXQGDU\� GHILQHG� E\� REMHFW�IORRU�� $Q� DSSURDFK� IRU� UHQGHULQJ� RI� WKH� WKLUG� FRPSRQHQW� RI� �'�YHFWRU� ILHOG� LQ� �'� VHFWLRQ�YLVXDOL]DWLRQ��ZKLFK�PDNHV�SHUFHSWLRQ�RI� �'� ILHOG� VWUXFWXUH� HDVLHU�� ZDV� SURSRVHG� DQG� LPSOHPHQWHG� LQ�VRIWZDUH� WRRO�� 7KH� RSWLPL]HG� FRORU� SDOHWWH� ZLWK� QRQ�OLQHDU�YDULDWLRQ� RI� 5*%�FRPSRQHQWV�� ZKLFK� DOORZV� DYRLGLQJ� WKH�DPELJXLWLHV� DQG� GLVWRUWLRQV� LQ� VFDODU� GDWD� FRORU� FRGLQJ�� ZDV�SURSRVHG��9LV$(IIHFW�DOORZV�XVHUV�WR�PDNH�HIILFLHQW�YLVXDO�DQDO\VLV�RI�YHFWRU�DQG�VFDODU�GDWD�LQ�LQWHUDFWLYH�PRGH�DQG�QRZ�LW�LV�XVHG�IRU�DQDO\VLV�RI�RXWSXW�GDWD�IRU�WKH�V\VWHP�RI�PDWKHPDWLFDO�PRGHO�RI�$]RY�6HD�K\GURG\QDPLF� LQ� 6RXWK�5XVVLDQ� 5HJLRQDO� &HQWHU� RI�,QIRUPDWL]DWLRQ�RI�+LJK�(GXFDWLRQ�7KH� SUHVHQWHG� LQ� WKLV� ZRUN� VRIWZDUH� WRRO� GRHV� QRW� KDYH�SUHWHQVLRQV� RI� XQLYHUVDOLW\� EHFDXVH� RI� D� VHW� RI� UHVWULFWLRQV�� 7KH�VRIWZDUH� WRRO� FDQ� WUHDW� RQO\� WKH� GDWD� ORFDWHG�RQ��'� UHJXODU�JULG��2QO\�VWHDG\�ILHOGV�FDQ�EH�YLVXDOL]HG��7KH�SRVVLELOLW\�RI�XVLQJ�WKH�GDWD�ORFDWHG�RQ�LUUHJXODU�JULGV�DQG�XQVWHDG\�ILHOG�YLVXDOL]DWLRQ�DUH�WKH� DUHDV� RI� IXWXUH� UHVHDUFKHV�� %HVLGHV� ZH� DUH� SODQQLQJ� WKH�GHYHORSPHQW�RI�VRIWZDUH�SDFNDJH�IRU��'�YHFWRU�ILHOG�YLVXDOL]DWLRQ�E\� VWUHDP� VXUIDFHV� DQG� DQLPDWLRQ� RI� WH[WXUHV� SODFHG� RQ� LWV�VXUIDFHV��6XFK�YLVXDOL]DWLRQ�PHWKRG�ZDV�SURSRVHG�LQ�>�@��� 5()(5(1&(6>�@ $QLNDQRY $�$�� 9HFWRU� )LHOG� 9LVXDOL]DWLRQ� ZLWK� 7H[WXUH�$QLPDWLRQ� ��� ,]YHVWL\D� YX]RY�� 6HYHUR�.DYND]VNLL� UHJLRQ�� 1DWXUDO�VFLHQFHV��������1R� ���3� ����>�@ $QLNDQRY $�$��� .ULWVNL 6�3��� 6DYFKHQNR 9�$�� 0RWLRQ� 0DS�$SSOLFDWLRQ� LQ� )ORZ� 9LVXDOL]DWLRQ� E\� 6WUHDP� 6XUIDFHV� ���3URFHHGLQJV� RI� ,;� $OO�5XVVLDQ� 6FKRRO�6HPLQDU� �0RGHUQ�3UREOHPV�RI�0DWKHPDWLFDO�0RGHOLQJ���'XUVR��������3� ������>�@ &DEUDO %��� /HHGRP /� &�� ,PDJLQJ� YHFWRU� ILHOGV� XVLQJ� OLQH�LQWHJUDO� FRQYROXWLRQ� ��� &RPSXWHU� *UDSKLFV� �6,**5$3+
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