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&KDUDFWHUL]DWLRQ��0RGHOLQJ��DQG�0LWLJDWLRQ�
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���/6,�&RUSRUDWLRQ��6DQ�-RVH��&$�
\XFDLFDL#JPDLO�FRP��^RPXWOX��NHQPDL`#DQGUHZ�FPX�HGX

$EVWUDFW²� $V� 1$1'� IODVK� PHPRU\� FRQWLQXHV� WR� VFDOH� GRZQ� WR�
VPDOOHU� SURFHVV� WHFKQRORJ\� QRGHV�� LWV� UHOLDELOLW\� DQG� HQGXUDQFH� DUH�
GHJUDGLQJ�� 2QH� LPSRUWDQW� VRXUFH� RI� UHGXFHG� UHOLDELOLW\� LV� WKH�
SKHQRPHQRQ� RI� SURJUDP� LQWHUIHUHQFH�� ZKHQ� D� IODVK� FHOO� LV�
SURJUDPPHG� WR� D� YDOXH�� WKH� SURJUDPPLQJ� RSHUDWLRQ� DIIHFWV� WKH�
WKUHVKROG� YROWDJH� RI� QRW� RQO\� WKDW� FHOO�� EXW� DOVR� WKH� RWKHU� FHOOV�
VXUURXQGLQJ�LW��7KLV�LQWHUIHUHQFH�SRWHQWLDOO\�FDXVHV�D�VXUURXQGLQJ�FHOO�
WR� PRYH� WR� D� ORJLFDO� VWDWH� �L�H��� D� WKUHVKROG� YROWDJH� UDQJH�� WKDW� LV�
GLIIHUHQW� IURP� LWV� RULJLQDO� VWDWH�� OHDGLQJ� WR�DQ�HUURU�ZKHQ� WKH�FHOO� LV�
UHDG�� 8QGHUVWDQGLQJ�� FKDUDFWHUL]LQJ�� DQG� PRGHOLQJ� RI� SURJUDP�
LQWHUIHUHQFH��L�H���KRZ�PXFK�WKH�WKUHVKROG�YROWDJH�RI�D�FHOO�VKLIWV�ZKHQ�
DQRWKHU� FHOO� LV� SURJUDPPHG�� FDQ� HQDEOH� WKH� GHVLJQ� RI� PHFKDQLVPV�
WKDW�FDQ�HIIHFWLYHO\�DQG�HIILFLHQWO\�SUHGLFW�DQG�RU�WROHUDWH�VXFK�HUURUV���

,Q� WKLV�SDSHU��ZH�SURYLGH�WKH�ILUVW�H[SHULPHQWDO�FKDUDFWHUL]DWLRQ�
RI� DQG� D� UHDOLVWLF� PRGHO� IRU� SURJUDP� LQWHUIHUHQFH� LQ� PRGHUQ� 0/&�
1$1'�IODVK�PHPRU\��7R�WKLV�HQG��ZH�XWLOL]H�WKH�UHDG�UHWU\�PHFKDQLVP�
SUHVHQW� LQ� VRPH�VWDWH�RI�WKH�DUW��<�QP��L�H��� �����QP�� IODVK� FKLSV� WR�
PHDVXUH�WKH�FKDQJHV�LQ�WKUHVKROG�YROWDJH�GLVWULEXWLRQV�RI�FHOOV�ZKHQ�D�
SDUWLFXODU�FHOO� LV�SURJUDPPHG��2XU�UHVXOWV�VKRZ� WKDW� WKH�DPRXQW�RI�
SURJUDP�LQWHUIHUHQFH�UHFHLYHG�E\�D�FHOO�GHSHQGV�RQ����WKH�ORFDWLRQ�RI�
WKH�SURJUDPPHG� FHOOV�� ��� WKH� RUGHU� LQ�ZKLFK� FHOOV� DUH�SURJUDPPHG��
DQG����WKH�GDWD�YDOXHV�RI�WKH�FHOO�WKDW�LV�EHLQJ�SURJUDPPHG�DV�ZHOO�DV�
WKH�FHOOV�VXUURXQGLQJ�LW��%DVHG�RQ�RXU�H[SHULPHQWDO�FKDUDFWHUL]DWLRQ��
ZH� GHYHORS� D� QHZ� PRGHO� WKDW� SUHGLFWV� WKH� DPRXQW� RI� SURJUDP�
LQWHUIHUHQFH�DV�D�IXQFWLRQ�RI�WKUHVKROG�YROWDJH�YDOXHV�DQG�FKDQJHV�LQ�
QHLJKERULQJ� FHOOV�� :H� GHYLVH� DQG� HYDOXDWH� RQH� DSSOLFDWLRQ� RI� WKLV�
PRGHO� WKDW� DGMXVWV� WKH� UHDG� UHIHUHQFH� YROWDJH� WR� WKH� SUHGLFWHG�
WKUHVKROG�YROWDJH�GLVWULEXWLRQ�ZLWK�WKH�JRDO�RI�PLQLPL]LQJ�HUURQHRXV�
UHDGV��2XU�DQDO\VLV�VKRZV�WKDW�WKLV�QHZ�WHFKQLTXH�FDQ�UHGXFH�WKH�UDZ�
IODVK� ELW� HUURU� UDWH� E\� ���� DQG� WKHUHE\� LPSURYH� IODVK� OLIHWLPH� E\�
�����:H�KRSH�WKDW�WKH�XQGHUVWDQGLQJ�DQG�PRGHOV�GHYHORSHG� LQ� WKLV�
SDSHU� OHDG� WR� RWKHU� HUURU� WROHUDQFH� PHFKDQLVPV� IRU� IXWXUH� IODVK�
PHPRULHV��

.H\ZRUGV²1$1'� IODVK�� SURJUDP� LQWHUIHUHQFH�� UHOLDELOLW\�� UHDG�
UHWU\��HUURU�FRUUHFWLRQ��HUURU�PRGHO�

,�� ,1752'8&7,21��
&RQWLQXHG� GHFUHDVH� LQ� SHU�ELW� FRVW� RI� 1$1'� IODVK� PHPRU\� KDV�

HQDEOHG�LW� WR�EH�ZLGHO\�DGRSWHG�DV�D�ORZ�ODWHQF\�VWRUDJH�PHGLXP�LQ�D�
ZLGH� YDULHW\� RI� V\VWHPV� UDQJLQJ� IURP� PRELOH� GHYLFHV� WR� HQWHUSULVH�
VHUYHUV��7KLV�VFDOLQJ�KDV�EHHQ�HQDEOHG�GXH� WR�FRQWLQXHG�UHGXFWLRQV� LQ�
WKH�IHDWXUH�VL]H�RI�IODVK�PHPRU\�FHOOV�DV�ZHOO�DV�WKH�XVH�RI�WKH�PXOWL�
OHYHO� FHOO� �0/&�� WHFKQRORJ\�� 8QIRUWXQDWHO\�� DV� IHDWXUH� VL]H� UHGXFHV�
�EH\RQG� ��QP� WRGD\�� DQG� 0/&� WHFKQRORJ\� LV� DSSOLHG� PRUH�
DJJUHVVLYHO\�� 1$1'� IODVK� PHPRU\� FHOOV� EHFRPH� LQFUHDVLQJO\� PRUH�
VXEMHFW� WR� FLUFXLW� OHYHO� QRLVH�� OHDGLQJ� WR� UHGXFHG� UHOLDELOLW\� DQG�
HQGXUDQFH� >��@>��@�� $V� D� UHVXOW�� PRUH� VRSKLVWLFDWHG� PHFKDQLVPV� WR�
WROHUDWH� �L�H��� SUHYHQW� DQG�RU� FRUUHFW�� HUURUV� EHFRPH� LQFUHDVLQJO\�
QHFHVVDU\�� 7R� GHVLJQ� HIIHFWLYH� DQG� HIILFLHQW� HUURU� WROHUDQFH�
PHFKDQLVPV�� D� VWURQJ� XQGHUVWDQGLQJ� RI� WKH� FDXVHV� RI� HUURUV� DQG� WKH�
PHFKDQLVPV� WKDW� OHDG� WR� WKH�PDQLIHVWDWLRQ�RI�GLIIHUHQW�HUURU�FDXVHV� LV�
QHFHVVDU\�� 7KLV� SDSHU� EXLOGV� VXFK� DQ�XQGHUVWDQGLQJ�E\� SURYLGLQJ� WKH�
ILUVW� FKDUDFWHUL]DWLRQ� DQG� PRGHOLQJ� RI� DQ� LPSRUWDQW� FODVV� RI� 1$1'�
IODVK�PHPRU\�HUURUV��FDOOHG�SURJUDP�LQWHUIHUHQFH�HUURUV��

3DVW�ZRUNV�FKDUDFWHUL]HG�IODVK�PHPRU\�HUURUV�LQWR�IRXU�W\SHV��HUDVH��
SURJUDP� LQWHUIHUHQFH�� UHWHQWLRQ�� DQG� UHDG� >��@>��@�� 5HWHQWLRQ� HUURUV��

ZKLFK�RFFXU�GXH�WR�IODVK�FHOOV�JUDGXDOO\�ORVLQJ�FKDUJH�RYHU�WLPH��ZHUH�
VKRZQ� WR� EH� WKH� GRPLQDQW� FDXVH� RI� HUURUV� LQ� VWDWH�RI�WKH�DUW� 0/&�
1$1'� IODVK�PHPRULHV��ZKHUHDV�SURJUDP� LQWHUIHUHQFH� HUURUV��ZKLFK�
RFFXU�ZKHQ�WKH�GDWD�VWRUHG�LQ�D�FHOO�SDJH�FKDQJHV�XQLQWHQWLRQDOO\�ZKLOH�
D� QHLJKERULQJ� SDJH� LV� SURJUDPPHG�� ZHUH� VKRZQ� WR� EH� WKH� VHFRQG�
GRPLQDQW� FDXVH� >��@>��@�� %XLOGLQJ� XSRQ� WKLV� XQGHUVWDQGLQJ�� ZH�
GHYHORSHG� WHFKQLTXHV� WR� UHGXFH� UHWHQWLRQ� HUURUV� E\� DGDSWLYHO\�
UHIUHVKLQJ�DQG�FRUUHFWLQJ�IODVK�FHOOV�>��@��VKRZLQJ�WKDW�UHWHQWLRQ�HUURUV�
FDQ�EH�HIIHFWLYHO\�PLWLJDWHG��8QIRUWXQDWHO\��D�GHWDLOHG�FKDUDFWHUL]DWLRQ�
DQG� DQDO\VLV� RI� WKH� VHFRQG� PRVW� GRPLQDQW� FDXVH� RI� HUURUV�� SURJUDP�
LQWHUIHUHQFH�� DORQJ� ZLWK� PLWLJDWLRQ� PHFKDQLVPV� IRU� LW�� KDV� QRW� EHHQ�
SURYLGHG�LQ�SUHYLRXV�ZRUNV��2XU�JRDO�LQ�WKLV�SDSHU�LV�WR�EXLOG�D�GHWDLOHG�
XQGHUVWDQGLQJ�RI�WKH�SKHQRPHQRQ�RI�SURJUDP�LQWHUIHUHQFH�LQ�VWDWH�RI�
WKH�DUW�0/&� 1$1'� IODVK� PHPRU\� YLD� H[SHULPHQWDO� FKDUDFWHUL]DWLRQ�
RI�H[LVWLQJ�FRPPHUFLDO��<�QP��L�H��������QP��IODVK�PHPRU\�FKLSV���

,Q� 0/&� 1$1'� IODVK� PHPRU\�� WKH� ORJLFDO� YDOXH� VWRUHG� LQ� D�
PHPRU\�FHOO� LV�GHWHUPLQHG�E\� WKH� WKUHVKROG�YROWDJH� UDQJH� LQWR�ZKLFK�
WKH�FHOO¶V�DFWXDO�WKUHVKROG�YROWDJH�IDOOV�>�@��3URJUDP�LQWHUIHUHQFH�LV�WKH�
SKHQRPHQRQ�LQ�ZKLFK� WKH�WKUHVKROG�YROWDJH�RI�D�IODVK�FHOO��FDOOHG� WKH�
YLFWLP�FHOO��XQLQWHQWLRQDOO\�FKDQJHV��L�H���JHWV�GLVWXUEHG��ZKLOH�DQRWKHU�
FHOO¶V� YDOXH� LV� EHLQJ� SURJUDPPHG� >�@>�@>��@>��@�� 7KLV� LV� GXH� WR�
SDUDVLWLF� FDSDFLWDQFH� FRXSOLQJ�EHWZHHQ�QHLJKERULQJ� FHOOV��ZKLFK� JHWV�
ZRUVH� DV� FHOOV� EHFRPH� FORVHU� WR� HDFK� RWKHU� LQ� GLVWDQFH� ZLWK� WKH�
UHGXFWLRQ� LQ� IHDWXUH� VL]H�� ,I� WKH� FKDQJH� LQ� WKUHVKROG� YROWDJH� GXH� WR�
SURJUDP� LQWHUIHUHQFH� FDXVHV� WKH� YLFWLP� FHOO¶V� YROWDJH� WR� VKLIW� WR� D�
GLIIHUHQW�WKUHVKROG�YROWDJH�UDQJH��WKHQ�WKH�YLFWLP�FHOO¶V�YDOXH�EHFRPHV�
LQFRUUHFW��OHDGLQJ�WR�DQ�HUURU�ZKHQ�WKH�FHOO�LV�UHDG���

,Q� WKLV� ZRUN�� ZH� ILUVW� H[SHULPHQWDOO\� FKDUDFWHUL]H� KRZ� SURJUDP�
LQWHUIHUHQFH�FKDQJHV�WKH�WKUHVKROG�YROWDJH�GLVWULEXWLRQ�RI�QHLJKERULQJ�
FHOOV�XQGHU�D�ZLGH�YDULHW\�RI�SURJUDPPLQJ�FRQGLWLRQV��,Q�SDUWLFXODU��ZH�
DQDO\]H� WKH� HIIHFWV� RI� WKH� ORFDWLRQV� RI� SURJUDPPHG� DQG� YLFWLP� FHOOV��
SURJUDPPLQJ�RUGHU�RI�FHOOV��WKH�QXPEHU�RI�3�(��SURJUDP�HUDVH��F\FOHV�
HQGXUHG�VR� IDU�E\� WKH�YLFWLP�FHOO�� DQG� WKH�YDOXHV� VWRUHG� LQ� WKH�YLFWLP�
FHOO� DQG� LWV� QHLJKERUV�� �8VLQJ� WKH� UHVXOWV� RI� WKLV� FKDUDFWHUL]DWLRQ��ZH�
QH[W�EXLOG�D�PRGHO�WKDW�FDQ�SUHGLFW�WKH�FKDQJH�LQ�WKH�WKUHVKROG�YROWDJH�
RI� D� YLFWLP� FHOO� GXH� WR� SURJUDP� LQWHUIHUHQFH� FDXVHG� E\� WKH�
SURJUDPPLQJ�RI�DQRWKHU�FHOO��8QOLNH�SUHYLRXV�PRGHOV�GHYHORSHG�LQ�WKH�
SDVW�IRU�WKLV�SXUSRVH�>�@>�@��RXU�PRGHO�GRHV�QRW�UHTXLUH�WKH�NQRZOHGJH�
RI� FHOO�WR�FHOO� SDUDVLWLF� FRXSOLQJ� FDSDFLWDQFHV��ZKLFK� DUH�XQNQRZQ� WR�
WKH�GHVLJQHUV�RI�WKH�IODVK�FRQWUROOHUV�DQG�ZKLFK�FRXOG�YDU\�IURP�FHOO�WR�
FHOO��$V� D� UHVXOW�� RXU�PRGHO� LV�PRUH� UHDOLVWLF� WR� EH� LPSOHPHQWHG� LQ� D�
IODVK�FRQWUROOHU��)LQDOO\��ZH�XVH�RXU�SUHGLFWLYH�PRGHO�WR�GHYHORS�D�QHZ�
WHFKQLTXH� WR� DGMXVW� WKH� UHDG� UHIHUHQFH� YROWDJH� �L�H��� WKH� YROWDJH� OHYHO�
XVHG�WR�GLVWLQJXLVK�GLIIHUHQW�WKUHVKROG�YROWDJH�UDQJHV��WR�WKH�SUHGLFWHG�
WKUHVKROG�YROWDJH�GLVWULEXWLRQ�VXFK� WKDW� WKH� ORJLFDO� YDOXH� UHDG� IURP�D�
FHOO� WKDW� LV� DIIHFWHG� E\�SURJUDP� LQWHUIHUHQFH� LV�PRUH� OLNHO\� WR�EH� WKH�
FRUUHFW�RULJLQDO�YDOXH�VWRUHG�LQ�WKH�FHOO���

7KLV� SDSHU� LV� WKH� ILUVW� WR� PDNH� WKH� IROORZLQJ� FRQWULEXWLRQV� DQG�
REVHUYDWLRQV���

���:H�SURYLGH�GHWDLOHG�ULJRURXV�H[SHULPHQWDO�FKDUDFWHUL]DWLRQ�DQG�
DQDO\VHV� RI� WKH�SURJUDP� LQWHUIHUHQFH�SKHQRPHQRQ� LQ�PRGHUQ��<�QP�
IODVK�PHPRU\�FKLSV��2XU�FKDUDFWHUL]DWLRQ�VKRZV�WKDW�KRZ�PXFK�D�FHOO�
LV� DIIHFWHG� E\� WKH� SURJUDP� LQWHUIHUHQFH� LW� UHFHLYHV� GHSHQGV� RQ� WKUHH�
IDFWRUV��L��WKH�ORFDWLRQ�RI�WKH�SURJUDPPHG�FHOOV��ZRUGOLQH�WR�ZRUGOLQH�
LQWHUIHUHQFH� LV� PXFK� JUHDWHU� WKDQ� ELWOLQH� WR� ELWOLQH��� LL�� WKH� RUGHU� LQ�

�
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ZKLFK�FHOOV�DUH�SURJUDPPHG��RXW�RI�RUGHU�SURJUDPPLQJ�RI�IODVK�SDJHV�
OHDGV�WR�PXFK�PRUH� LQWHUIHUHQFH�WKDQ�LQ�RUGHU�SURJUDPPLQJ���DQG�LLL��
WKH�GDWD�YDOXHV�RI�WKH�FHOO�WKDW�LV�EHLQJ�SURJUDPPHG�DV�ZHOO�DV�WKH�FHOOV�
VXUURXQGLQJ� LW�� :H� ILQG� WKDW� WKH� DPRXQW� RI� 3�(� F\FOHV� D� FHOO� KDV�
HQGXUHG� LV� QRW� D� VLJQLILFDQW� IDFWRU� WKDW� GHWHUPLQHV� WKH� SURJUDP�
LQWHUIHUHQFH�LW�UHFHLYHV��

���:H�VKRZ�WKDW�SURJUDP�LQWHUIHUHQFH�FDQ�EH�DFFXUDWHO\�PRGHOHG�
DV�DGGLWLYH�QRLVH�IROORZLQJ�*DXVVLDQ�PL[WXUH�GLVWULEXWLRQV��:H�EXLOG�D�
QHZ�PRGHO�IRU�SUHGLFWLQJ�WKH�WKUHVKROG�YROWDJH�FKDQJH�LQ�D�FHOO�GXH�WR�
SURJUDP� LQWHUIHUHQFH� IURP� VXUURXQGLQJ� FHOOV�� 7KLV� OLQHDU� UHJUHVVLRQ�
EDVHG� PRGHO� LV� UHDOLVWLFDOO\� LPSOHPHQWDEOH� LQ� WKH� IODVK� FRQWUROOHU��
XQOLNH�SDVW�ZRUNV��EHFDXVH� LW�GRHV�QRW� UHTXLUH�NQRZOHGJH�RI�FRXSOLQJ�
FDSDFLWDQFH�YDOXHV�EHWZHHQ�FHOOV��:H�ILQG�WKDW�WKLV�PRGHO�FDQ�SUHGLFW�
WKH�WKUHVKROG�YROWDJH�FKDQJH�RI�D�YLFWLP�FHOO�ZLWK�������DFFXUDF\��

���:H�LQWURGXFH�D�QHZ�HUURU� WROHUDQFH�PHFKDQLVP�WKDW�FDQ�DGMXVW�
WKH� UHDG� UHIHUHQFH� YROWDJH� G\QDPLFDOO\� EDVHG� RQ� WKH� SUHGLFWLYH�
WKUHVKROG� YROWDJH� PRGHO�� 7KH� NH\� REVHUYDWLRQ� LV� WKDW� WKH� WKUHVKROG�
YROWDJH� GLVWULEXWLRQ� RI� D� FHOO� VKLIWV� WR� WKH� ULJKW� DQG� ZLGHQV� ZLWK�
SURJUDP� LQWHUIHUHQFH� LQ� D� PDQQHU� WKDW� LV� SUHGLFWDEOH� YLD� RQOLQH�
OHDUQLQJ� RI� WKH� GLVWULEXWLRQ��$V� D� UHVXOW�� WKH� RSWLPXP� UHDG� UHIHUHQFH�
YROWDJH�EHWZHHQ�GLIIHUHQW�WKUHVKROG�YROWDJH�UDQJHV��L�H���ORJLFDO�YDOXHV��
FDQ�EH�SUHGLFWHG��2XU�HYDOXDWLRQV�VKRZ�WKDW�GRLQJ�VR�ZLWK�RXU�RQOLQH�
PHFKDQLVP�UHGXFHV�WKH�UDZ�ELW�HUURU�UDWH��%(5��E\�����DQG�LPSURYHV�
WKH�3�(�F\FOH�OLIHWLPH�RI�1$1'�IODVK�PHPRU\�E\�����FRPSDUHG�WR�D�
EDVHOLQH�WKDW�XVHV�VWDWH�RI�WKH�DUW�HUURU�FRUUHFWLQJ�FRGHV��(&&���

,,�� %$&.*5281'�$1'�5(/$7('�:25.�
$�� $OO�%LW�/LQH��$%/��)ODVK�

$� 1$1'� IODVK� PHPRU\� FKLS� LV� GLYLGHG� LQWR� WKRXVDQGV� RI� WZR�
GLPHQVLRQDO�DUUD\V�RI�IODVK�FHOOV��FDOOHG�EORFNV��:LWKLQ�D�EORFN��DOO�WKH�
FHOOV�LQ�WKH�VDPH�URZ�VKDUH�D�ZRUGOLQH��$�ZRUGOLQH�W\SLFDOO\�VSDQV���N�
WR���N�FHOOV��2XU�H[SHULPHQWDO�IODVK�GHVLJQV�XVH�DQ�DOO�ELW�OLQH��$%/��
DUFKLWHFWXUH� ZKHUHLQ� DOO� WKH� FHOOV� RQ� WKH� VDPH� ZRUGOLQH� DUH� UHDG� DQG�
SURJUDPPHG�DV�D�JURXS�>��@�WR�DFKLHYH�KLJK�SHUIRUPDQFH�DV�PRUH�FHOOV�
FDQ� EH� SURJUDPPHG� RU� UHDG� VLPXOWDQHRXVO\�� ,Q� D� ��ELW� 0/&� $%/�
GHVLJQ��DOO�WKH�OHDVW�VLJQLILFDQW�ELWV��/6%��RQ�D�ZRUGOLQH�IRUP�ZKDW�LV�
FDOOHG�WKH�/6%�SDJH�DQG�DOO� WKH�PRVW�VLJQLILFDQW�ELWV� �06%��IRUP�WKH�
06%�SDJH��(DFK�SDJH�LV�DVVLJQHG�D�XQLTXH�SDJH�QXPEHU��7KH�/6%�DQG�
06%�SDJH�QXPEHUV�RQ�ZRUGOLQH�Q�DUH���Q����DQG���Q����UHVSHFWLYHO\��
DV� VKRZQ� LQ� WKH� H[DPSOH� LQ� )LJ�� ��D�� �:RUGOLQH� ��� ZKHUH� /6%� DQG�
06%� SDJH� QXPEHUV� DUH� �� DQG� ��� LV� WKH� RQO\� H[FHSWLRQ� WR� WKLV� UXOH���
)ODVK� PHPRU\� LV� SURJUDPPHG� SDJH� E\� SDJH�� WKH� 06%� SDJH� RI� D�
ZRUGOLQH�LV�SURJUDPPHG�DW�D�GLIIHUHQW�WLPH�IURP�WKH�/6%�SDJH�RI�WKH�
VDPH� ZRUGOLQH�� ,Q� JHQHUDO�� IODVK� PHPRU\� PDQXIDFWXUHUV� UHFRPPHQG�
WKDW�WKH�SDJHV�LQVLGH�D�IODVK�EORFN�EH�SURJUDPPHG�VHTXHQWLDOO\�LQ�SDJH�
QXPEHU�RUGHU�����������������:H�ZLOO�H[SODLQ�WKH�RUGHU�RI�SURJUDPPLQJ�
LQ�6HFWLRQ�,,,�DV�LW�DIIHFWV�SURJUDP�LQWHUIHUHQFH��

�
)LJ����� �D�� $OO�ELW�OLQH� 1$1'� IODVK� EORFN� DUFKLWHFWXUH� ZLWK� YLFWLP� FHOO�
FLUFOHG� LQ� UHG� DQG� DJJUHVVRU� FHOOV� FLUFOHG� LQ� JUH\�� �E�� 7ZR�ELW� 0/&� IODVK�
SURJUDPPLQJ�VFKHPH��&HOO�VWDWHV�DUH�HQFRGHG�LQ�IRUPDW��/6%��06%���

$�FRQWHPSRUDU\�WZR�ELW�SHU�FHOO�0/&�IODVK�FHOO�LV�SURJUDPPHG�WR�
D� GHVLUHG� YDOXH� LQ� WZR� VWDJHV�� DV� VKRZQ� LQ� )LJ�� ��E��� $IWHU� DQ� HUDVH�
RSHUDWLRQ��DSSOLHG�WR�WKH�SDJH�WKH�FHOO�UHVLGHV�LQ���WKH�FHOO�VWDUWV�RXW�DW�
WKH�HUDVHG�VWDWH��(5���,I�WKH�/6%�RI�WKH�FHOO�LV�SURJUDPPHG�DV����GXULQJ�
WKH�SURJUDPPLQJ�RI�WKH�FRUUHVSRQGLQJ�/6%�SDJH���WKH�IODVK�FHOO�PRYHV�
LQWR�D�WHPSRUDU\�SURJUDP�VWDWH��7HPS���2WKHUZLVH�LW�UHPDLQV�LQ�WKH�(5�
VWDWH��'XULQJ�WKH�SURJUDPPLQJ�RI�WKH�FRUUHVSRQGLQJ�06%�SDJH��LI�ELW�
YDOXH� �� LV� SURJUDPPHG� LQWR� WKH� FHOO¶V� 06%�� WKH� IODVK� FHOO� HLWKHU�
UHPDLQV�LQ�WKH�(5�VWDWH�RU�PRYHV�IURP�WKH�7HPS�VWDWH�LQWR�WKH�3��VWDWH��

,I� �� LV� SURJUDPPHG� LQWR� WKH� FHOO¶V�06%�� WKH� IODVK� FHOO� PRYHV� HLWKHU�
IURP�WKH�(5�VWDWH�WR�WKH�3��VWDWH�RU�IURP�WKH�7HPS�VWDWH�WR�WKH�3��VWDWH��

%�� 3URJUDP�,QWHUIHUHQFH�DQG�5HODWHG�:RUN�RQ�0RGHOLQJ�,W�
,Q� 0/&� 1$1'� IODVK� PHPRU\�� WKH� ORJLFDO� YDOXH� VWRUHG� LQ� D�

PHPRU\�FHOO� LV�GHWHUPLQHG�E\� WKH� WKUHVKROG�YROWDJH� UDQJH� LQWR�ZKLFK�
WKH� FHOO¶V� DFWXDO� WKUHVKROG�YROWDJH� IDOOV��0/&�1$1'� IODVK�FKLSV�XVH�
LQFUHPHQWDO� VWHS�SXOVH�SURJUDPPLQJ��,633��>�@� WR�VHW� WKH� VWDWH�RI� WKH�
FHOO¶V� WKUHVKROG� YROWDJH� WR� D� YDOXH� ZLWKLQ� WKH� YROWDJH� UDQJH�
FRUUHVSRQGLQJ� WR� WKH� ORJLFDO� YDOXH� WR� EH� VWRUHG�� +RZHYHU�� GXH� WR�
FRXSOLQJ� FDSDFLWDQFH� EHWZHHQ� QHLJKERULQJ� IORDWLQJ� JDWHV�� WKH�
SURJUDPPHG� WKUHVKROG� YROWDJH� RI� D� FHOO� PD\� FKDQJH� ZKHQ� QHLJKERU�
FHOOV�DUH�SURJUDPPHG�ODWHU��3URJUDP�LQWHUIHUHQFH�LV�WKH�SKHQRPHQRQ�LQ�
ZKLFK� WKH� WKUHVKROG� YROWDJH� RI� D� IODVK� FHOO�� FDOOHG� WKH� YLFWLP� FHOO��
XQLQWHQWLRQDOO\�FKDQJHV��L�H���JHWV�GLVWXUEHG��ZKLOH�DQRWKHU�FHOO��FDOOHG�
WKH� DJJUHVVRU� FHOO�� LV� EHLQJ� SURJUDPPHG� >�@>�@�� ,I� WKH� FKDQJH� LQ�
WKUHVKROG�YROWDJH�GXH�WR�SURJUDP�LQWHUIHUHQFH�FDXVHV�WKH�YLFWLP�FHOO¶V�
YROWDJH� WR�VKLIW� WR�D�GLIIHUHQW�WKUHVKROG�YROWDJH�UDQJH��WKHQ�WKH�YLFWLP�
FHOO¶V�YDOXH�EHFRPHV�LQFRUUHFW��OHDGLQJ�WR�DQ�HUURU�ZKHQ�WKH�FHOO�LV�UHDG��
$Q�H[DPSOH�YLFWLP�FHOO�DQG�LWV�DJJUHVVRU�FHOOV�DUH�VKRZQ�LQ�)LJ���D���

&�� 3UHYLRXV�:RUN�RQ�0RGHOLQJ�3URJUDP�,QWHUIHUHQFH��
�,Q� SUHYLRXV� ZRUN� >�@>�@�� WKH� WKUHVKROG� YROWDJH� FKDQJH� RI� WKH�

YLFWLP� FHOO� LV�PRGHOHG� DV� D� IXQFWLRQ�RI� WKH� FRXSOLQJ� FDSDFLWDQFH� DQG�
WKUHVKROG�YROWDJH�FKDQJHV�RI�WKH�DJJUHVVRU�FHOOV��

WRWDO[\[\\\[[YLFWLP &9&9&9&9 ����� ∆+∆+∆=∆  (1)

ZKHUH�¨9YLFWLP�LV�WKH�HVWLPDWHG�WKUHVKROG�YROWDJH�FKDQJH�RI�WKH�YLFWLP�
FHOO�� &WRWDO� LV� WKH� WRWDO� FDSDFLWDQFH� RI� WKH� YLFWLP� IORDWLQJ� JDWH�� &[�� &\��
DQG�&[\�DUH� WKH�FRXSOLQJ�FDSDFLWDQFHV�EHWZHHQ�WKH�YLFWLP�FHOO� DQG� LWV�
QHLJKERUV� LQ� WKH� KRUL]RQWDO�� YHUWLFDO� DQG� GLDJRQDO� GLUHFWLRQV��
UHVSHFWLYHO\��¨9[��¨9\�DQG�¨9[\�DUH�WKH�WKUHVKROG�YROWDJH�FKDQJHV�RI�
WKH� DJJUHVVRU� FHOOV� LQ� WKH�KRUL]RQWDO�� YHUWLFDO� DQG�GLDJRQDO�GLUHFWLRQV��
UHVSHFWLYHO\��

7KLV� PRGHO� DVVXPHV� OLQHDU� FRUUHODWLRQ� EHWZHHQ� WKH� SURJUDP�
LQWHUIHUHQFH� LQGXFHG� WKUHVKROG� YROWDJH� FKDQJH� RI� WKH� YLFWLP� FHOO� DQG�
WKH� WKUHVKROG� YROWDJH� FKDQJHV� RI� WKH� � DJJUHVVRU� FHOOV�� 8QIRUWXQDWHO\��
WKH� PRGHO� KDV� D� IXQGDPHQWDO� VKRUWFRPLQJ�� WKH� FRXSOLQJ� FDSDFLWDQFH�
DQG� WRWDO� FDSDFLWDQFH� RI� HDFK� IODVK� FHOO� DUH� SURFHVV� DQG� GHVLJQ�
GHSHQGHQW�� DQG� FDQ� EH� DIIHFWHG� E\� WKH� V\VWHPDWLF� DQG� UDQGRP�
YDULDWLRQV� RI� WKH� PDQXIDFWXULQJ� SURFHVV�� 7KXV�� WKH� H[DFW� YDOXHV� IRU�
FRXSOLQJ�FDSDFLWDQFH�DUH�H[WUHPHO\�GLIILFXOW�WR�GHWHUPLQH��HYHQ�E\�WKH�
IODVK�PDQXIDFWXUHUV��'XH�WR�WKLV��WKH�SUHYLRXVO\�SURSRVHG�PRGHO�FDQQRW�
UHDOLVWLFDOO\� EH� XVHG� E\� D� IODVK� FRQWUROOHU�� :H� ZLOO� RYHUFRPH� WKLV�
IXQGDPHQWDO� VKRUWFRPLQJ� LQ� WKH� PRGHO� ZH� GHYHORS�� DV� GHVFULEHG� LQ�
6HFWLRQ�,9���

3DVW� ZRUNV� RQ� PRGHOLQJ� SURJUDP� LQWHUIHUHQFH� KDG� VHYHUDO� RWKHU�
VKRUWFRPLQJV�� ZKLFK� ZH� RYHUFRPH� LQ� WKLV� SDSHU�� )LUVW�� SDVW� PRGHOV�
ZHUH� YHULILHG� RQO\� LQ� ����QP� >�@� DQG� ���QP� >�@� IODVK� PHPRU\�� ZH�
H[SHFW� SURJUDP� LQWHUIHUHQFH� WR� EH� D� PXFK� ELJJHU� SUREOHP� DW� �<�QP�
IODVK� PHPRU\� ZH� WHVW� DV� WKH� GLVWDQFH� EHWZHHQ� QHLJKERULQJ� FHOOV� LV�
VPDOOHU�� 6HFRQG�� WKHVH� ZRUNV� RQO\� FRQVLGHUHG� DJJUHVVRUV� WKDW� DUH�
QHDUHVW��QHLJKERUV�WR�WKH�YLFWLP�FHOO��7KLUG��WKHVH�SUHYLRXV�ZRUNV�>�@>�@�
GLG�QRW� VKRZ� WKH� WKUHVKROG�YROWDJH�GLVWULEXWLRQ�VKLIWV�GXH� WR�SURJUDP�
LQWHUIHUHQFH��ZKLFK�ZH�ULJRURXVO\�DQDO\]H�LQ�WKLV�SDSHU��)LQDOO\��WKHUH�
DUH�VHYHUDO�RWKHU�ZRUNV�WKDW�SURYLGHG�PRGHOV�IRU�SURJUDP�LQWHUIHUHQFH�
>�@>�@>�@�� \HW� WKHLU� PRGHOV� ZHUH� EDVHG� RQ� VLPXODWLRQV� ZKLFK� LQ� WXUQ�
ZHUH� EDVHG� RQ� LQWXLWLYH� DVVXPSWLRQV� WKDW� ZHUH� QRW� YHULILHG� YLD�
H[SHULPHQWDO�FKDUDFWHUL]DWLRQ�RI�UHDO�IODVK�PHPRU\�FKLSV��,Q�WKLV�ZRUN��
RXU�JRDO�LV�WR�SURYLGH�D�FRPSUHKHQVLYH�DQG�ULJRURXV�FKDUDFWHUL]DWLRQ�RI�
SURJUDP� LQWHUIHUHQFH� EDVHG� RQ� H[SHULPHQWDO� GDWD� IURP� UHDO� �<�QP�
IODVK�PHPRU\�FKLSV��

'�� ([SHULPHQWDO�7HVWLQJ�3ODWIRUP�DQG�0HWKRGRORJ\���
7R� FKDUDFWHUL]H� WKUHVKROG� YROWDJH� FKDQJHV� GXH� WR� SURJUDP�

LQWHUIHUHQFH��ZH�XVH�DQ�)3*$�EDVHG�IODVK�WHVWLQJ�SODWIRUP�WKDW�DOORZV�
XV�WR�LVVXH�FRPPDQGV�WR�UDZ�IODVK�FKLSV�ZLWKRXW�(&&�>�@��:H�WHVW���
ELW� 0/&� 1$1'� IODVK� PHPRU\� GHYLFHV� PDQXIDFWXUHG� LQ� �<�QP�
WHFKQRORJ\��:H�XVH� WKH�UHDG�UHWU\� IHDWXUH�SUHVHQW� LQ� WKHVH�GHYLFHV� WR�
DFFXUDWHO\� UHDG� WKUHVKROG� YROWDJHV� RI� FHOOV�� DV� GHVFULEHG� LQ� >�@�� 2XU�
SUHYLRXV�ZRUN�GHVFULEHV�RXU�FKDUDFWHUL]DWLRQ�SODWIRUP�LQ�GHWDLO�>�@>�@��
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,,,�� 352*5$0�,17(5)(5(1&(�&+$5$&7(5,=$7,21�
7KHUH�DUH� WZR�W\SHV�RI�SURJUDP�LQWHUIHUHQFH������ELWOLQH� WR�ELWOLQH�

LQWHUIHUHQFH��ZKHUH�WKH�LQWHUIHUHQFH�LV�GXH�WR�WKH�DJJUHVVRU�FHOOV�RQ�WKH�
QHLJKERULQJ�ELWOLQHV�RI�WKH�YLFWLP�FHOO�WKDW�DUH�RQ�WKH�VDPH�ZRUGOLQH������
ZRUGOLQH�WR�ZRUGOLQH�LQWHUIHUHQFH��ZKHUH�WKH�LQWHUIHUHQFH�LV�GXH�WR�WKH�
DJJUHVVRU�FHOOV�LQ�WKH�QHLJKERULQJ�ZRUGOLQHV�RI�WKH�YLFWLP�FHOO��6HFWLRQ�
,,,�$� FKDUDFWHUL]HV� ELWOLQH� WR� ELWOLQH� LQWHUIHUHQFH� DQG� VKRZV� WKDW� LW� LV�
QHJOLJLEOH� IRU� $%/� IODVK� PHPRU\� EHFDXVH� DOO� WKH� FHOOV� LQ� WKH� VDPH�
ZRUGOLQH�DUH�SURJUDPPHG�DW�WKH�VDPH�WLPH��7KH�HIIHFW�RI�ZRUGOLQH�WR�
ZRUGOLQH� LQWHUIHUHQFH� GHSHQGV� RQ� WKH� SDJH� SURJUDPPLQJ� RUGHU��
*HQHUDOO\�� IODVK� PHPRU\� PDQXIDFWXUHUV� UHFRPPHQG� WKDW� WKH� SDJHV�
LQVLGH�D�IODVK�EORFN�EH�SURJUDPPHG�VHTXHQWLDOO\�LQ�SDJH�QXPEHU�RUGHU��
:LWK� WKLV� SURJUDPPLQJ� SROLF\�� SDJHV� LQ� )LJ�� ��D�� ZRXOG� EH�
SURJUDPPHG� LQ� WKH� IROORZLQJ� RUGHU�� SDJH� �� �/6%�RI� :/����� SDJH� ��
�/6%�RI�:/�����SDJH����06%�RI�:/�����SDJH����/6%�RI�:/�����SDJH�
�� �06%� RI� :/� ���� DQG� VR� RQ�� 7KLV� LV� FDOOHG� LQ�SDJH�RUGHU�
SURJUDPPLQJ�� 2Q� WKH� RWKHU� KDQG�� D� IODVK� EORFN� FDQ� EH� SURJUDPPHG�
ZLWKRXW�IROORZLQJ�WKLV� UHFRPPHQGDWLRQ��D�PHWKRG�FDOOHG�RXW�RI�SDJH�
RUGHU� SURJUDPPLQJ�� 7KLV� LQFUHDVHV� WKH� IOH[LELOLW\� LQ� SURJUDPPLQJ�
IODVK�� 7KLV�PHWKRG� FDQ�KDYH�PDQ\� YDULDQWV��)RU� H[DPSOH�� SDJHV� LQ� D�
EORFN�FDQ�EH�SURJUDPPHG�LQ�D�FRPSOHWHO\�UDQGRP�RUGHU��RU�WKH�SDJHV�
LQ�D�EORFN�FDQ�EH�SURJUDPPHG�LQ�WKHLU�ZRUGOLQH�QXPEHU�RUGHU��6HFWLRQ�
,,,�%�DQG�,,,�&�UHVSHFWLYHO\�FKDUDFWHUL]H�SRWHQWLDO�SURJUDP�LQWHUIHUHQFH�
FDXVHG�E\�ERWK�LQ�RUGHU�DQG�RXW�RI�RUGHU�SURJUDPPLQJ��

$�� %LWOLQH�WR�%LWOLQH�3URJUDP�,QWHUIHUHQFH�
,Q� $%/� IODVK�� WKH� FHOOV� RQ� WKH� VDPH� ZRUGOLQH� DUH� SURJUDPPHG�

VLPXOWDQHRXVO\��7KXV��LW�LV�YHU\�GLIILFXOW�WR�LVRODWH�WKH�ELWOLQH�WR�ELWOLQH�
LQWHUIHUHQFH� E\� FRPSDULQJ� WKH� WKUHVKROG� YROWDJH� RI� WKH� YLFWLP� FHOO�
EHIRUH�DQG�DIWHU�RQO\�LWV�QHLJKERU�DJJUHVVRU�FHOOV�DUH�SURJUDPPHG��7R�
HYDOXDWH� ELWOLQH� WR� ELWOLQH� SURJUDP� LQWHUIHUHQFH�� ZH� LQYHVWLJDWH� ZKDW�
KDSSHQV�WR�WKH�WKUHVKROG�YROWDJH�GLVWULEXWLRQ�RI�D�YLFWLP�FHOO�ZKHQ�LWV�
YDOXH� ;� LV� NHSW� FRQVWDQW� RYHU� PXOWLSOH� SURJUDPPLQJ� F\FOHV�� EXW� WKH�
YDOXHV�RI�LWV�OHIW�DQG�ULJKW�QHLJKERUV��/�DQG�5��UHVSHFWLYHO\��DUH�YDULHG��
)LJ����D��VKRZV�/��;��5�SLFWRULDOO\��$OO�RWKHU�FHOOV�LQ�WKH�VDPH�ZRUGOLQH�
DUH�SURJUDPPHG�WR�UDQGRP�YDOXHV��DQG�QHLJKERULQJ�ZRUGOLQHV�DUH�QRW�
SURJUDPPHG��)RU�HDFK�SURJUDPPHG�VWDWH�;��L�H���3���3��DQG�3��VWDWHV���
ZH� UHFRUG� WKH� WKUHVKROG� YROWDJH� GLVWULEXWLRQ� IRU� GLIIHUHQW� /�5� GDWD�
SDWWHUQV� SURJUDPPHG� LQ� WKH� QHLJKERULQJ� ELWOLQHV� �DIWHU� WKRXVDQGV� RI�
SURJUDPPLQJ�F\FOHV���6LQFH�/�DQG�5�HDFK�FDQ�WDNH���YDOXHV��LQ���ELW�
0/&�IODVK���WKLV�UHVXOWV�LQ����GLIIHUHQW�WKUHVKROG�YROWDJH�GLVWULEXWLRQV�
ZKLFK�DUH�SORWWHG�LQ�)LJ�����

:/�1��!

:/�1!

:/�1��! 9LFWLP�
&HOO

9LFWLP�:RUGOLQH

�D� �E�

/ ; 5
:/�1��!

:/�1!

:/�1��!

:/�1��! :/�1��!

'LUHFW�1HLJKERU

)DU�1HLJKERU

�
)LJ����� 7HUPLQRORJ\�XVHG�IRU�RXU�SURJUDP�LQWHUIHUHQFH�FKDUDFWHUL]DWLRQ���D��
%LWOLQH�WR�ELWOLQH�LQWHUIHUHQFH���E��:RUGOLQH�WR�ZRUGOLQH�LQWHUIHUHQFH���

(DFK�GLVWULEXWLRQ�LQ�)LJ����UHSUHVHQWV�WKH�YROWDJH�RI�WKH�YLFWLP�FHOO�
IRU� D� GLIIHUHQW� GDWD� SDWWHUQ� LQ� LWV� LPPHGLDWH� OHIW� DQG� ULJKW� QHLJKERUV��
7KH�ILJXUH�VKRZV�WKDW�WKH����GLVWULEXWLRQV�PRVWO\�RYHUODS��)RU�H[DPSOH��
WKH�QRUPDOL]HG�PHDQ�9WK�YDOXHV�RI�DOO����GLVWULEXWLRQV�IRU�3��6WDWH������
DUH�EHWZHHQ�������DQG�������DQG�WKH�GLIIHUHQFH�EHWZHHQ�WKH�PD[LPXP�
DQG� PLQLPXP� LV� OHVV� WKDQ� ������ 7KLV� PHDQV� WKDW� WKH� YDOXH� RI� WKH�
YLFWLP�FHOO�GRHV�QRW�VLJQLILFDQWO\�GHSHQG�RQ�WKH�YDOXHV�SURJUDPPHG�LQ�
OHIW� DQG� ULJKW� QHLJKERU� FHOOV�� +HQFH�� ZH� FRQFOXGH� WKDW� WKH� ELWOLQH� WR�
ELWOLQH�SURJUDP�LQWHUIHUHQFH�LV�VPDOO��

:H� K\SRWKHVL]H� WKDW� WKH� UHDVRQ� IRU� WKH� ODFN� RI� ELWOLQH� WR� ELWOLQH�
LQWHUIHUHQFH� LV� IXQGDPHQWDO� WR� DOO�ELW�OLQH� IODVK� PHPRU\�� 7KLV� LV�
EHFDXVH� ,633� �,QFUHPHQWDO� 6WHS� 3XOVH� 3URJUDPPLQJ�� >�@� XVHG� IRU�
SURJUDPPLQJ� WKH� FHOOV� LQ� WKH� HQWLUH� ZRUGOLQH� FDQ� EH� �DQG� LV� OLNHO\��
RSWLPL]HG� VXFK� WKDW� ELWOLQH� WR� ELWOLQH� LQWHUIHUHQFH� WKDW� PLJKW� RFFXU�
GXULQJ� SURJUDPPLQJ� LV� PLQLPL]HG� >�@�� )RU� H[DPSOH�� IODVK� FHOOV� DUH�
SURJUDPPHG� VXFK� WKDW� WKH� SURJUDPPLQJ� RI� DOO� FHOOV� ZLWKLQ� WKH� VDPH�
ZRUGOLQH�ILQLVKHV�DW�WKH�VDPH�WLPH�>�@��DQG�WKH�DPRXQW�RI�YROWDJH�WKDW�

LV� DSSOLHG� WR� HDFK� FHOO� LQ� WKH� ZRUGOLQH� FDQ� EH� FXVWRPL]HG� VXFK� WKDW�
YROWDJH�VKLIWV�GXH�WR�ELWOLQH�LQWHUIHUHQFH�DUH�WDNHQ�LQWR�DFFRXQW�>�@��

3��6WDWH 3��6WDWH 3��6WDWH

�
)LJ����� 9LFWLP� FHOO� WKUHVKROG� YROWDJH� GLVWULEXWLRQV� ZLWK� GLIIHUHQW� YDOXHV�
SURJUDPPHG�RQ�OHIW�DQG�ULJKW�DJJUHVVRU�FHOOV�����GLVWULEXWLRQV�DUH�SORWWHG����

%�� :/�WR�:/�,QWHUIHUHQFH�ZLWK�,Q�3DJH�2UGHU�3URJUDPPLQJ�
� :KHQ� SDJHV� DUH� SURJUDPPHG� LQ� RUGHU� �VHH� WKH� EHJLQQLQJ� RI�
6HFWLRQ� ,,,��� WKHUH� DUH� WZR� W\SHV�RI�ZRUGOLQH� WR�ZRUGOLQH� LQWHUIHUHQFH�
VXIIHUHG� E\� D� YLFWLP� FHOO� LQ� ZRUGOLQH� 1�� ����GLUHFW�QHLJKERU�� ���� IDU�
QHLJKERU�LQWHUIHUHQFH��'LUHFW�QHLJKERU�LQWHUIHUHQFH�LV�WKH�LQWHUIHUHQFH�
FDXVHG�E\�SURJUDPPLQJ�RI�GDWD�RQ�WKH�06%�SDJH�RI�:/�1����ZKLFK�
LV� GLUHFWO\� DERYH� WKH� ZRUGOLQH� RI� WKH� YLFWLP� FHOO�� 1RWH� WKDW� WKH�
SURJUDPPLQJ� RI� GDWD� RQ� WKH� /6%� SDJH� RI� 1��� KDSSHQV� EHIRUH� WKH�
SURJUDPPLQJ�RI�GDWD�RQ� WKH�06%�SDJH�RI�:/�1�� VR� LW� FDQQRW�FDXVH�
LQWHUIHUHQFH� WR� :/� 1�� )DU� QHLJKERU� LQWHUIHUHQFH� LV� FDXVHG� E\� WKH�
SURJUDPPLQJ�RI�GDWD�RQ�HLWKHU�WKH�/6%�RU�WKH�06%�SDJH�RI�:/�1���
�DQG�RWKHU�ZRUGOLQHV�ZLWK�:/�QXPEHU�JUHDWHU�WKDQ�1�����)RU�H[DPSOH��
WKH�WKUHVKROG�YROWDJH�RI�D�FHOO�LQ�:/��FDQ�FKDQJH�ZKHQ�WKH�/6%�SDJH�
�SDJH����DQG�06%�SDJH��SDJH����RI�:/��LQ�)LJ����D��DUH�SURJUDPPHG���
:H� ILQG� WKDW� WKH� IDU� QHLJKERU� LQWHUIHUHQFH� FDXVHG� E\� ZRUGOLQHV� ZLWK�
QXPEHUV� JUHDWHU� WKDQ� 1��� �L�H��� ZRUGOLQHV� WKDW� DUH� IDUWKHU� WKDQ� WZR�
ZRUGOLQHV�DERYH�WKH�YLFWLP�FHOO��LV�QHJOLJLEOH��VR�ZH�GR�QRW�GLVFXVV�WKLV�
IXUWKHU��

8VLQJ� RXU� WHVWLQJ� SODWIRUP� GHVFULEHG� LQ� 6HFWLRQ� ,,�'�� ZH� ILUVW�
UHFRUG�WKH�WKUHVKROG�YROWDJH�RI�HDFK�FHOO�RQ�WKH�YLFWLP�ZRUGOLQH��:/�
1��� ZKLFK� JLYHV� XV� WKH� YROWDJH� GLVWULEXWLRQ� ZLWK� ³QR� SURJUDP�
LQWHUIHUHQFH´�� 7KHQ�� ZH� GR� WKUHH� GLIIHUHQW� H[SHULPHQWV� WR� PHDVXUH�
GLUHFW�DQG�IDU�QHLJKERU�LQWHUIHUHQFH�����DIWHU�SURJUDPPLQJ�WKH�YLFWLP�
ZRUGOLQH��ZH�SURJUDP� WKH�06%�SDJH�RI� WKH�ZRUGOLQH�GLUHFWO\�DERYH�
WKH� YLFWLP� ZRUGOLQH� �:/�1����� DIWHU� ZKLFK� ZH� UHDG� DQG� UHFRUG� WKH�
WKUHVKROG� YROWDJH� RI� WKH� YLFWLP� ZRUGOLQH� �WKLV� JLYHV� XV� WKH� YROWDJH�
GLVWULEXWLRQ� DIWHU� ³GLUHFW� QHLJKERU� LQWHUIHUHQFH´��� ��� ZH� UHSHDW� WKH�
ILUVW� H[SHULPHQW� H[FHSW� ZH� SURJUDP� WKH� /6%� SDJH� RI� :/� 1��� �WR�
PHDVXUH� WKH� GLVWULEXWLRQ� DIWHU� ³IDU� QHLJKERU� �/6%�� LQWHUIHUHQFH´�� ���
ZH�UHSHDW� WKH�ILUVW� H[SHULPHQW�H[FHSW�ZH�SURJUDP�ERWK� WKH�/6%�DQG�
06%�SDJHV�RI�:/�1����WR�PHDVXUH�WKH�GLVWULEXWLRQ�IRU�³IDU�QHLJKERU�
�/6%�06%�� LQWHUIHUHQFH´�� )LJ�� �� VKRZV� WKH� UHVSHFWLYH� WKUHVKROG�
YROWDJH�GLVWULEXWLRQV�RI�WKH�YLFWLP�FHOOV�ZLWK�DQG�ZLWKRXW�LQWHUIHUHQFH��
:H�DYHUDJH�WKH�PHDQ�VKLIWV�RI�WKH�GLVWULEXWLRQV�ZLWK�LQWHUIHUHQFH�DQG�
WKH�VWDQGDUG�GHYLDWLRQV�RI�WKH�GLVWULEXWLRQV�IRU�DOO�SURJUDPPHG�VWDWHV�
DQG�SORW�WKHP�LQ�)LJ����D��DQG�)LJ����E��UHVSHFWLYHO\��

�
)LJ����� 9LFWLP� FHOO� WKUHVKROG� YROWDJH� GLVWULEXWLRQV� EHIRUH� DQG� DIWHU�
LQWHUIHUHQFH��ZLWK�LQ�SDJH�RUGHU�SURJUDPPLQJ����

:H� PDNH� WZR� PDMRU� REVHUYDWLRQV�� )LUVW�� SURJUDP� LQWHUIHUHQFH�
FDXVHG�E\�ERWK�QHDU�DQG�IDU�QHLJKERU�FHOOV�FDQ�GLVWXUE�WKH�GDWD�VWRUHG�
LQ�YLFWLP�FHOOV�E\�LQFUHDVLQJ�WKH�WKUHVKROG�YROWDJH�RI�WKH�YLFWLP�FHOOV��
7KLV�HIIHFW� LV� VHHQ�FOHDUO\� LQ�)LJ����DQG�)LJ�����ZKLFK�VKRZ� WKDW� WKH�
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WKUHVKROG� YROWDJH� GLVWULEXWLRQV� RI� SURJUDPPHG� VWDWHV� RI� WKH� YLFWLP�
FHOOV� V\VWHPDWLFDOO\� VKLIW� WR� WKH� ULJKW� DQG� ZLGHQ� GXH� WR� SURJUDP�
LQWHUIHUHQFH�IURP�QHLJKERULQJ�ZRUGOLQHV��6LQFH�IODVK�FHOOV�FDQ�RQO\�EH�
SURJUDPPHG� IURP� ORZ� WKUHVKROG� YROWDJH� WR� KLJK� XVLQJ� ,633� >�@� WR�
LQMHFW�HOHFWURQV�WR�WKH�IORDWLQJ�JDWHV��WKH�WKUHVKROG�YROWDJH�FKDQJHV�RI�
WKH�DJJUHVVRU�FHOOV�� L�H��¨9[��¨9\��¨9[\�YDOXHV� LQ�HTXDWLRQ� �����DUH�
DOZD\V� QRQ�QHJDWLYH�� $V� WKH� FRXSOLQJ� FDSDFLWDQFH� YDOXHV� EHWZHHQ�
YLFWLP� DQG� DJJUHVVRU� FHOOV� �DOVR� LQ� HTXDWLRQ� ����� DUH� DOVR� SRVLWLYH��
SURJUDP� LQWHUIHUHQFH� FDQ� RQO\� LQFUHDVH� WKH� WKUHVKROG� YROWDJH� RI� WKH�
YLFWLP� FHOO�� ZKLFK� FDXVHV� LWV� WKUHVKROG� YROWDJH� GLVWULEXWLRQ� WR�
V\VWHPDWLFDOO\� VKLIW� WR� WKH� ULJKW�� 7KH� GLVWULEXWLRQ� DOVR� ZLGHQV� ZLWK�
SURJUDP� LQWHUIHUHQFH� GXH� WR� WKH� HIIHFWV� RI� SURFHVV� YDULDWLRQ� DFURVV�
FHOOV��'XH�WR�SURFHVV�YDULDWLRQV��ERWK�WKH�WKUHVKROG�YROWDJH�FKDQJHV�RI�
WKH�DJJUHVVRU�FHOOV�DV�ZHOO�DV� WKH�FRXSOLQJ�FDSDFLWDQFH�YDOXHV�DFURVV�
GLIIHUHQW�YLFWLP�DJJUHVVRU�FHOO�SDLUV�YDU\��HYHQ�LI�WKH�VDPH�GDWD�YDOXHV�
DUH� SURJUDPPHG� DFURVV� DOO� FHOOV�� $V� D� UHVXOW� RI� WKLV�� WKH� HIIHFW� RI�
SURJUDP�LQWHUIHUHQFH�RQ�GLIIHUHQW�YLFWLP�FHOOV� LV�GLIIHUHQW�� OHDGLQJ� WR�
WKH�ZLGHQLQJ�RI�WKH�GLVWULEXWLRQV��

�
)LJ����� 9LFWLP�FHOO�WKUHVKROG�YROWDJH�GLVWULEXWLRQ��D��PHDQ�YDOXH�VKLIWV�GXH�
WR�SURJUDP�LQWHUIHUHQFH��E��VWDQGDUG�GHYLDWLRQV��ZLWK�LQ�RUGHU�SURJUDPPLQJ��� �
� 6HFRQG��SURJUDP�LQWHUIHUHQFH�GXH� WR�WKH�GLUHFW�QHLJKERU�ZRUGOLQH�
LV� GRPLQDQW�� 7KH� YROWDJH� GLVWULEXWLRQ� PHDQ� VKLIW� FDXVHG� E\� GLUHFW�
QHLJKERU� LQWHUIHUHQFH� LV� DSSUR[LPDWHO\� ���� WLPHV� ODUJHU� WKDQ� WKDW�
FDXVHG�E\� IDU�QHLJKERU� �/6%�06%��LQWHUIHUHQFH��DV�)LJ����D�� VKRZV��
+RZHYHU�� SURJUDP� LQWHUIHUHQFH� GXH� WR� IDU�QHLJKERU� ZRUGOLQH� DOVR�
H[LVWV� DQG� LV�REVHUYDEOH� LQ� WKH��<�QP� IODVK�PHPRU\�ZH� WHVW��+HQFH��
WKH� DPRXQW� RI� SURJUDP� LQWHUIHUHQFH� FRUUHODWHV� ZLWK� WKH� GLVWDQFH�
EHWZHHQ� WKH� YLFWLP� ZRUGOLQH� DQG� WKH� DJJUHVVRU� ZRUGOLQH�� 7KLV� LV�
EHFDXVH� WKH� FRXSOLQJ� FDSDFLWDQFH� EHWZHHQ� WKH� YLFWLP� DQG� DJJUHVVRU�
FHOOV�� ZKLFK� FDXVHV� WKH� SURJUDP� LQWHUIHUHQFH�� LV� GHWHUPLQHG� E\� WKH�
GLVWDQFH�EHWZHHQ�WKH�ZRUGOLQHV���

&�� :/�WR�:/�,QWHUIHUHQFH�ZLWK�2XW�RI�3DJH�2UGHU�3URJUDPPLQJ�
:KHQ� SDJHV� DUH� SURJUDPPHG� RXW� RI� RUGHU� �VHH� WKH� EHJLQQLQJ� RI�

6HFWLRQ� ,,,��� YLFWLP� FHOOV� LQ� D� ZRUGOLQH� FDQ� SRWHQWLDOO\� UHFHLYH�
LQWHUIHUHQFH�GXH�WR�WKH�SURJUDPPLQJ�RI�ERWK�WKH�/6%�DQG�WKH�06%�RI�
WKH�QHLJKERULQJ�ZRUGOLQH�DERYH�DQG� WKH�QHLJKERULQJ�ZRUGOLQH�EHORZ��
1RWH�WKDW�ZLWK�RXW�RI�SDJH�RUGHU�SURJUDPPLQJ��D�YLFWLP�ZRUGOLQH�FDQ�
UHFHLYH� LQWHUIHUHQFH� IURP�ERWK� WKH�/6%� DQG�06%�SDJH�RI� DQ\� RI� LWV�
GLUHFW� QHLJKERUV�� ZKHUHDV� WKLV� LV� QRW� SRVVLEOH� ZLWK� LQ�RUGHU�
SURJUDPPLQJ�� �$V� VXFK�� WKH�YLFWLP�ZRUGOLQH� FDQ� UHFHLYH� LQWHUIHUHQFH�
RQFH� �DIWHU� RQO\� /6%� RI� WKH� GLUHFW�QHLJKERU� DERYH� LV� SURJUDPPHG���
WZLFH� �IURP�ERWK�/6%�DQG�06%�RI� WKH�GLUHFW�QHLJKERU� DERYH��� WKUHH�
WLPHV� �IURP� DOO� SDJHV� RI� WKH� DERYH� GLUHFW�QHLJKERU� DQG� /6%� RI� WKH�
EHORZ� GLUHFW�QHLJKERU��� RU� IRXU� WLPHV� �IURP� DOO� SDJHV� RI� ERWK� GLUHFW�
QHLJKERUV���GHSHQGLQJ�RQ�KRZ�PDQ\�RI�LWV�IRXU�QHLJKERULQJ�SDJHV�DUH�
SURJUDPPHG��)LJ����VKRZV�WKH�HIIHFW�RI�DOO� IRXU� W\SHV�RI� LQWHUIHUHQFH�
RQ�WKH�WKUHVKROG�YROWDJH�GLVWULEXWLRQV�RI�WKH�YLFWLP�FHOOV��)LJ����D��DQG�
)LJ�� ��E�� VXPPDUL]H� WKH� PHDQ� VKLIWV� DQG� VWDQGDUG� GHYLDWLRQV� RI�
GLVWULEXWLRQV��:H�PDNH�VHYHUDO�REVHUYDWLRQV��

)LUVW�� RXW�RI�SDJH�RUGHU� SURJUDPPLQJ� DOVR� OHDGV� WR� VLJQLILFDQW�
SURJUDP� LQWHUIHUHQFH�RQ� WKH� YLFWLP� FHOOV�� 7KH� LQWHUIHUHQFH� FDXVHG� E\�
WKH� ILUVW�SDJH�SURJUDPPHG� LQ� WKH�DERYH�GLUHFW�QHLJKERU��LQGLFDWHG�E\�
RQFH�LQ�WKH�ILJXUHV��LV�VLPLODU�LQ�DPRXQW�WR�WKH�LQWHUIHUHQFH�FDXVHG�E\�
WKH�DERYH�GLUHFW�QHLJKERU�ZKHQ�XVLQJ�LQ�RUGHU�SURJUDPPLQJ��DV�FDQ�EH�
VHHQ�E\�FRPSDULQJ�WKH�GLVWULEXWLRQ�PHDQ�VKLIW�RI�³RQFH´�LQ�)LJ����D��WR�
WKDW� RI� ³GLUHFW�QHLJKERU´� LQ� )LJ�� ��D���� 6HFRQG�� WKH� PHDQ� VKLIW� LQ�
YROWDJH� GLVWULEXWLRQ� RI� YLFWLP� FHOOV� VKLIW� FRUUHODWHV� OLQHDUO\� ZLWK� WKH�
QXPEHU� RI� WLPHV� WKH� YLFWLP� ZRUGOLQH� UHFHLYHV� LQWHUIHUHQFH�� )RU�
H[DPSOH�� ZKHQ� WKH� YLFWLP� FHOOV� UHFHLYH� LQWHUIHUHQFH� IRXU� WLPHV� �L�H���
DIWHU�ERWK�WKH�/6%�DQG�06%�SDJHV�RQ�WZR�QHLJKERULQJ�ZRUGOLQHV�DUH�
SURJUDPPHG��� WKH�DYHUDJH�PHDQ�VKLIW� LV�����ZKLFK� LV�DERXW����� WLPHV�

WKDW�RI�ZKHQ�WKH�YLFWLP�FHOOV�UHFHLYH�LQWHUIHUHQFH�RQO\�RQFH��L�H���DIWHU�
RQO\� WKH� /6%� RI� WKH� GLUHFW�QHLJKERU� LV� SURJUDPPHG��� 7KLUG�� WKH�
VWDQGDUG�GHYLDWLRQ�DOVR�LQFUHDVHV�OLQHDUO\�ZLWK�WKH�QXPEHU�RI�WLPHV�RI�
LQWHUIHUHQFH�� 7KLV� LV� EHFDXVH� WKH� SURJUDP� LQWHUIHUHQFH� UHFHLYHG� E\�
GLIIHUHQW�YLFWLP�FHOOV�YDULHV�GXH�WR�SURFHVV�YDULDWLRQV��DV�ZH�H[SODLQHG�
LQ�6HFWLRQ�,,,�%��

�
)LJ����� 9LFWLP� FHOO� WKUHVKROG� YROWDJH� GLVWULEXWLRQV� EHIRUH� DQG� DIWHU�
LQWHUIHUHQFH��ZLWK�RXW�RI�SDJH�RUGHU�SURJUDPPLQJ����

�
)LJ����� 9LFWLP�FHOO�9WK�GLVWULEXWLRQ� �D��PHDQ�YDOXH� VKLIWV�GXH� WR�SURJUDP�
LQWHUIHUHQFH��E��VWDQGDUG�GHYLDWLRQV��ZLWK�RXW�RI�RUGHU�SURJUDPPLQJ����
� &RPSDULQJ� LQWHUIHUHQFH� ZLWK� LQ�RUGHU� DQG� RXW�RI�RUGHU�
SURJUDPPLQJ�� ,W� LV� FOHDU� IURP� WKHVH� UHVXOWV� WKDW� RXW�RI�SDJH�RUGHU�
SURJUDPPLQJ�FDQ�SRWHQWLDOO\�FDXVH�VLJQLILFDQWO\�PRUH�LQWHUIHUHQFH�WR�D�
YLFWLP�ZRUGOLQH��ZLWK� LQ�RUGHU�SURJUDPPLQJ�� LQWHUIHUHQFH� LV�RQO\�GXH�
WR�WKH�SURJUDPPLQJ�RI�WKH�06%�SDJH�RI�WKH�GLUHFW�QHLJKERU�ZRUGOLQH��
EXW� ZLWK� RXW�RI�RUGHU� SURJUDPPLQJ�� LQWHUIHUHQFH� FDQ� EH� GXH� WR� WKH�
SURJUDPPLQJ� RI� ERWK� WKH� /6%� DQG� WKH� 06%� SDJHV� RI� WKH� GLUHFW�
QHLJKERU� ZRUGOLQHV� DERYH� DQG� EHORZ�� OHDGLQJ� WR� DSSUR[LPDWHO\� ����
WLPHV�DV�PXFK�LQWHUIHUHQFH��+RZHYHU��WKLV�ZRUVW�FDVH�PD\�QRW�DOZD\V�
EH�H[HUFLVHG�DV�KRZ�PXFK�LQWHUIHUHQFH�D�YLFWLP�ZRUGOLQH�UHFHLYHV�IURP�
LWV�GLUHFW�QHLJKERUV�LV�GLFWDWHG�E\�WKH�H[DFW�SURJUDPPLQJ�SROLF\��7KLV�
LQWHUIHUHQFH�FDQ�YDU\�IURP�RQFH�WR�IRXU�WLPHV��DV�HYDOXDWHG�DERYH��
� 1RWH�WKDW�RQH�H[DPSOH�RXW�RI�RUGHU�SURJUDPPLQJ�SROLF\�LV�RQH�LQ�
ZKLFK�SDJHV�LQ�WKH�VDPH�ZRUGOLQH�DUH�SURJUDPPHG�FRQVHFXWLYHO\�DQG�
ZRUGOLQHV� DUH� SURJUDPPHG� LQ� RUGHU�� ,Q� RWKHU� ZRUGV�� ZLWK� WKLV�
SURJUDPPLQJ�SROLF\��SDJHV� LQ�)LJ����D��ZRXOG�EH�SURJUDPPHG�LQ� WKH�
IROORZLQJ�RUGHU��SDJH����/6%�RI�:/�����SDJH����06%�RI�:/������SDJH�
���/6%�RI�:/�����SDJH����06%�RI�:/�����SDJH����/6%�RI�:/�����DQG�
VR�RQ��7KLV�SROLF\�LV�FDOOHG�LQ�ZRUGOLQH�RUGHU�SURJUDPLQJ�SROLF\��DQG�LW�
FDXVHV�D�YLFWLP�ZRUGOLQH�WR�UHFHLYH�LQWHUIHUHQFH�H[DFWO\�WZLFH�IURP�LWV�
GLUHFW�QHLJKERU�ZRUGOLQHV���
� ,I�ZH�WKLQN�RI�WKH�IODVK�FHOO�DV�VWRULQJ�D�VLJQDO��L�H��� WKH�RULJLQDOO\�
SURJUDPPHG� YDOXH�� DQG� WKH� SURJUDP� LQWHUIHUHQFH� DV� DGGLQJ� QRLVH� WR�
WKLV�VLJQDO��ZH�FDQ�HYDOXDWH�WKH�VLJQDO�WR�QRLVH�UDWLR��615��RI�GLIIHUHQW�
SURJUDPPLQJ� SROLFLHV�� 7KH� KLJKHU� WKH� 615�� WKH� EHWWHU� WKH� VWRUDJH�
TXDOLW\�RI�WKH�IODVK�FHOO�DQG�WKH�PRUH�OLNHO\�LW�ZLOO�EH�UHDG�FRUUHFWO\��L�H���
WKH�OHVV�VXVFHSWLEOH�WR�HUURU�LW�LV���)LJ����VKRZV�WKLV�615�YDOXH�IRU����QR�
SURJUDP� LQWHUIHUHQFH�� ��� LQ�SDJH�RUGHU� SURJUDPPLQJ� �SDJH�RUGHU��� ���
LQ�ZRUGOLQH�RUGHU� SURJUDPPLQJ� �ZRUGOLQH� RUGHU��� DQG� RWKHU� SRWHQWLDO�
YHUVLRQV�RI�RXW�RI�RUGHU�SURJUDPPLQJ��2R2��ZKLFK�UHVSHFWLYHO\�FDXVH�
LQWHUIHUHQFH� ��� ��� ��� �� WLPHV� IURP� WKH� GLUHFW� QHLJKERU� WR� WKH� YLFWLP�
�LQGLFDWHG�E\�RQFH��WZLFH��WKUHH�WLPHV��DQG�IRXU�WLPHV����:H�PDNH�WZR�
FRQFOXVLRQV�� )LUVW�� LQ�SDJH�RUGHU� SURJUDPPLQJ� OHDGV� WR� VLJQLILFDQWO\�
KLJKHU�615�WKDQ�LQ�ZRUGOLQH�RUGHU�SURJUDPPLQJ��6HFRQG��WKH�615�RI�
WKH�IODVK�FHOO�GHJUDGHV�VLJQLILFDQWO\�ZLWK�PRUH�LQWHUIHUHQFH�LW�UHFHLYHV�
IURP� QHLJKERULQJ� ZRUGOLQHV�� +HQFH�� RXW�RI�SDJH�RUGHU� SURJUDPPLQJ�
FDQ�JUHDWO\�GHJUDGH� WKH� VLJQDO�TXDOLW\�RI� WKH� VWRUHG�YDOXH� LQ� WKH� IODVK�
FHOO� GXH� WR� SURJUDP� LQWHUIHUHQFH�� %RWK� RI� WKHVH� SURYLGH� D� SRWHQWLDO�
H[SODQDWLRQ�RI�ZK\� IODVK�PHPRU\�YHQGRUV� UHFRPPHQG� WKH�XVH�RI� LQ�
RUGHU� SURJUDPPLQJ�� L�H�� WR�PDLQWDLQ� VLJQDO� LQWHJULW\� RI� GDWD� VWRUHG� LQ�
IODVK�FHOOV��
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�
)LJ����� 6LJQDO�WR�QRLVH�UDWLR�RI�IODVK�FHOOV�XQGHU�YDULRXV�SURJUDP�RUGHUV��

'��'DWD�9DOXH�'HSHQGHQFH�RI�3URJUDP�,QWHUIHUHQFH�
:H� LQYHVWLJDWH� WKH� HIIHFW� RI� WKH� YDOXHV� VWRUHG� LQ� YLFWLP� DQG�

DJJUHVVRU�FHOOV�RQ�WKH�DPRXQW�RI�WKUHVKROG�YROWDJH�FKDQJH�RI�WKH�YLFWLP�
FHOO� FDXVHG� E\� SURJUDP� LQWHUIHUHQFH�� )LJ�� �� VKRZV� WKH� PHDVXUHG�
DYHUDJH� WKUHVKROG�YROWDJH� VKLIW� LQ� WKH�YLFWLP�FHOO� DV�D� IXQFWLRQ�RI� WKH�
GLUHFW�DERYH�QHLJKERU�DJJUHVVRU�FHOO�DQG�YLFWLP�FHOO�GDWD�YDOXHV�ZKHQ�
UHVSHFWLYHO\� WKH�/6%��)LJ�����D���� WKH�06%��)LJ���� �E���� DQG�ERWK� WKH�
/6%�DQG�WKH�06%��)LJ�����F���SURJUDPPLQJ�RI�WKH�DJJUHVVRU�FHOO�DIIHFW�
WKH�YLFWLP��:H�GUDZ�WKUHH�PDMRU�FRQFOXVLRQV��

�
)LJ����� $YHUDJH� WKUHVKROG�YROWDJH� LQFUHDVH� LQ�YLFWLP�FHOO� DV� D� IXQFWLRQ�RI�
YLFWLP�FHOO�DQG�GLUHFW�DERYH�QHLJKERU�DJJUHVVRU�FHOO�YDOXHV�ZKHQ�UHVSHFWLYHO\�
�D��WKH�/6%���E��WKH�06%��DQG��F��ERWK�WKH�/6%�DQG�WKH�06%�DUH�SURJUDPPHG�
LQ�WKH�DJJUHVVRU�FHOO���

)LUVW�� WKH� DPRXQW�RI� SURJUDP� LQWHUIHUHQFH� UHFHLYHG�E\� WKH� YLFWLP�
FHOO�GHSHQGV�JUHDWO\�RQ�WKH�YDOXH�SURJUDPPHG�LQWR�WKH�DJJUHVVRU�FHOO��
7KLV� LV� EHFDXVH� GLIIHUHQW� YDOXHV� SURJUDPPHG� LQWR� WKH� DJJUHVVRU� FHOO�
FDXVH� GLIIHUHQW� DPRXQWV� RI� WKUHVKROG� YROWDJH� LQFUHDVH�VKLIW� LQ� WKH�
DJJUHVVRU� FHOO�� ZKLFK� LQ� WXUQ� GHWHUPLQHV� WKH� DPRXQW� RI� WKUHVKROG�
YROWDJH� LQFUHDVH� LQ� WKH� YLFWLP� FHOO�� $V� VKRZQ� LQ� )LJ�� �� �D��� LI� WKH�
DJJUHVVRU�FHOO¶V�/6%�LV�SURJUDPPHG�WR����WKHQ�WKH�LQWHUIHUHQFH�LV�YHU\�
ORZ��VLQFH�WKH�DJJUHVVRU�FHOO�UHPDLQV�LQ�WKH�(UDVHG��(5��VWDWH��VHH�)LJ��
��E����ZLWKRXW�LQFXUULQJ�D�ODUJH�FKDQJH�LQ�LWV�RZQ�WKUHVKROG�YROWDJH��,Q�
FRQWUDVW�� LI� WKH� DJJUHVVRU� FHOO¶V� /6%� LV� SURJUDPPHG� WR� �� �FHOO�
SURJUDPPHG� WR� WKH� LQWHUPHGLDWH�7HPS�VWDWH�DV� LQ�)LJ����E���� WKHQ� WKH�
DJJUHVVRU� FHOO¶V� WKUHVKROG� YROWDJH� VKLIWV� VLJQLILFDQWO\�� FDXVLQJ� WKH�
YLFWLP�FHOO¶V�WKUHVKROG�YROWDJH�WR�DOVR�VKLIW�GXH�WR�FDSDFLWLYH�FRXSOLQJ�
EHWZHHQ�WKH�WZR�FHOOV¶�IORDWLQJ�JDWHV��:KHQ�WKH�DJJUHVVRU�FHOO¶V�06%�
LV�SURJUDPPHG��WKH�ODUJHVW�LQWHUIHUHQFH�LV�H[HUWHG�RQ�WKH�YLFWLP�ZKHQ�
WKH�WDUJHW�DJJUHVVRU�YDOXH�LV����RU�����DV�VKRZQ�LQ�)LJ�����E���7KHVH�WZR�
WDUJHW�YDOXHV�DJDLQ�FDXVH� WKH� ODUJHVW� WKUHVKROG�YROWDJH� LQFUHDVH� LQ� WKH�
DJJUHVVRU�FHOO��HLWKHU�IURP�HUDVHG�VWDWH�WR�3��VWDWH�RU�IURP�7HPS�VWDWH�
WR�3�� VWDWH�� DV� VKRZQ� LQ�)LJ�� ��E���$� WDUJHW� YDOXH�RI���� OHDGV� WR� OHVV�
LQWHUIHUHQFH��DV� LW�RQO\�FDXVHV� WKH� VWDWH� WR�FKDQJH� IURP�7HPS�VWDWH� WR�
3�� �VHH� )LJ�� ��E��� VWDWH� ZLWK� D� VPDOOHU� WKUHVKROG� YROWDJH� FKDQJH�� $�
WDUJHW� YDOXH� RI� ��� OHDGV� WR� WKH� VPDOOHVW� LQWHUIHUHQFH� DV� WKH� DJJUHVVRU�
FHOO�VWLOO�UHPDLQV�LQ�HUDVHG�VWDWH��)LJ����E���ZLWK�YHU\�PRGHVW�WKUHVKROG�
YROWDJH� FKDQJH��6LPLODU�REVHUYDWLRQV� FDQ�EH�PDGH� IRU�ZKHQ�ERWK� WKH�
/6%� DQG� WKH� 06%� SURJUDPPLQJ� RI� WKH� DJJUHVVRU� FHOO� FDXVH�
LQWHUIHUHQFH� WR� WKH� � YLFWLP� FHOO� �)LJ�� ��F���� WKH� WDUJHW� YDOXHV� RI� WKH�
DJJUHVVRU� FHOO� WKDW� FDXVH� ODUJHU� WKUHVKROG� VKLIWV� LQ� WKH� DJJUHVVRU� FHOO�
OHDG�WR�KLJKHU�DPRXQWV�RI�WKUHVKROG�YROWDJH�VKLIWV�LQ�WKH�YLFWLP�FHOO����

6HFRQG�� WKH� WDUJHW� YDOXHV�RI� WKH�DJJUHVVRU� FHOOV� WKDW� OHDG� WR�PRVW�
LQWHUIHUHQFH�GHSHQGV�RQ�ZKHWKHU�RU�QRW�/6%��06%��RU�ERWK�/6%�DQG�
06%� SURJUDPPLQJ� RI� WKH� DJJUHVVRU� FHOO� DIIHFW� WKH� YLFWLP� FHOO�� )RU�
H[DPSOH� WKH�KLJKHVW� LQWHUIHUHQFH� LV�FDXVHG�E\� WDUJHW�DJJUHVVRU�YDOXHV�
RI����DQG����ZKHQ�RQO\�06%�SURJUDPPLQJ�DIIHFWV�WKH�YLFWLP�FHOO��)LJ��
��E����EXW�WKH�KLJKHVW�LQWHUIHUHQFH�LV�FDXVHG�E\�WDUJHW�DJJUHVVRU�YDOXHV�
RI� ��� DQG� ��� ZKHQ� ERWK� WKH� /6%� DQG� 06%� SURJUDPPLQJ� RI� WKH�
DJJUHVVRU� DIIHFWV� WKH� YLFWLP� FHOO� �)LJ�� ��F���� $� GLUHFW� UHVXOW� RI� WKLV�
REVHUYDWLRQ� LV� WKDW� GLIIHUHQW� SDJH� SURJUDPPLQJ� RUGHUV� ZRXOG� KDYH�
GLIIHUHQW� DJJUHVVRU� FHOO� GDWD� SDWWHUQV� WKDW� ZRXOG� OHDG� WR� WKH� PRVW�
LQWHUIHUHQFH�� ZLWK� LQ�SDJH�RUGHU� SURJUDPPLQJ� RQO\� WKH� 06%� SDJH�

SURJUDPPLQJ�RI� WKH�GLUHFW�QHLJKERU�DIIHFWV� WKH�YLFWLP�� OHDGLQJ� WR� WKH�
GDWD�SDWWHUQ�GHSHQGHQFH�VKRZQ�LQ�)LJ����E����

7KLUG�� WKH�DPRXQW�RI�SURJUDP�LQWHUIHUHQFH�UHFHLYHG�E\� WKH�YLFWLP�
FHOO�DOVR�GHSHQGV�RQ�WKH�GDWD�YDOXH�LQ�WKH�YLFWLP�FHOO��)RU�H[DPSOH��IRU�
WKH�VDPH�DJJUHVVRU�WDUJHW�GDWD�YDOXH��WKH�LQWHUIHUHQFH�LQ�WKH�YLFWLP�FHOO�
LV�WKH�KLJKHVW�IRU�D�YLFWLP�FHOO�YDOXH�RI����DQG�WKH�ORZHVW�IRU�D�YLFWLP�
FHOO�YDOXH�RI�����7KLV�LV�EHFDXVH�VRPH�VWDWHV�RI�WKH�YLFWLP�FHOO�DUH�PRUH�
OLNHO\� WR� UHFHLYH� DGGLWLRQDO� HOHFWURQV� ZKHQ� QHLJKERU� FHOOV� DUH�
SURJUDPPHG��,I�WKH�YLFWLP�FHOO� LV� LQ�D�VWDWH�ZLWK�IHZHU�HOHFWURQV��H�J��
VWDWH������PRUH�HOHFWURQV� DUH� OLNHO\� WR�EH� LQMHFWHG� LQWR� WKH�YLFWLP�FHOO�
GXH�WR�SURJUDP�LQWHUIHUHQFH��EHFDXVH�WKH�HIIHFWLYH�HOHFWULF�ILHOG�RQ�WKH�
WXQQHO� R[LGH�EHWZHHQ� WKH� IORDWLQJ� JDWH� DQG� WKH� VXEVWUDWH� LV� UHODWLYHO\�
KLJK�LQ�D�VWDWH�ZLWK�IHZ�HOHFWURQV���,I�WKH�YLFWLP�FHOO�LV�DOUHDG\�LQ�D�VWDWH�
ZLWK�PRUH� HOHFWURQV� �H�J��� VWDWH������ WKH�HOHFWURQV� LQ� WKH� IORDWLQJ�JDWH�
SDUWO\� FRXQWHUDFW� WKH� HOHFWULF� ILHOG� GXH� WR� WKH� KLJK� SURJUDPPLQJ�
YROWDJH� DSSOLHG� WR� WKH� DJJUHVVRU� FHOO�� PDNLQJ� LW� PRUH� GLIILFXOW� IRU�
HOHFWURQV�WR�EH�LQMHFWHG�LQWR�WKH�YLFWLP�FHOO���

)RXUWK��WKH�YDOXH�WR�EH�SURJUDPPHG�RQ�WKH�DJJUHVVRU�FHOO�KDV�PXFK�
PRUH� LPSDFW�RQ� WKH�SURJUDP�LQWHUIHUHQFH� UHFHLYHG�E\� WKH�YLFWLP�WKDQ�
WKH�YDOXH�RI� WKH�YLFWLP�FHOO��7KLV� LV�EHFDXVH�IRU�PRGHUQ�IODVK�GHVLJQV�
�VXFK�DV�$%/��<�QP�0/&�IODVK���WKH�HIIHFWV�RI�FRXSOLQJ�FDSDFLWDQFH�
EHWZHHQ�QHLJKERULQJ�FHOOV�LV�PRUH�GRPLQDQW�WKDQ�WKH�VXVFHSWLELOLW\�RI�D�
SURJUDPPHG�VWDWH�WR�HOHFWURQ�LQMHFWLRQ��

(�� 6XPPDU\�RI�3URJUDP�,QWHUIHUHQFH�&KDUDFWHUL]DWLRQ�
:H� PDNH� WKH� IROORZLQJ� PDMRU� FRQFOXVLRQV� IURP� WKH� DERYH�

FKDUDFWHUL]DWLRQ�� ���� 3URJUDP� LQWHUIHUHQFH� LQFUHDVHV� WKH� WKUHVKROG�
YROWDJH�RI�YLFWLP�FHOOV�DQG�WKXV�FDXVHV�WKUHVKROG�YROWDJH�GLVWULEXWLRQV�
WR� VKLIW� WR� WKH� ULJKW�DQG�EHFRPH�ZLGHU�� ����'LUHFW�QHLJKERU�ZRUGOLQH�
SURJUDP� LQWHUIHUHQFH� LV� WKH� GRPLQDQW� VRXUFH� RI� LQWHUIHUHQFH�� ZKLOH�
QHLJKERU� ELWOLQH� LQWHUIHUHQFH� DQG� IDU�QHLJKERU� ZRUGOLQH� LQWHUIHUHQFH�
DUH� RUGHUV� RI� PDJQLWXGH� ORZHU�� ���� 7KH� DPRXQW� RI� SURJUDP�
LQWHUIHUHQFH�GHSHQGV�RQ� WKH�SURJUDPPLQJ�RUGHU�RI�SDJHV� LQ�D�EORFN��
LQ�SDJH�RUGHU� SURJUDPPLQJ� OLNHO\� FDXVHV� WKH� OHDVW� DPRXQW� RI�
LQWHUIHUHQFH� DQG� RXW�RI�SDJH�RUGHU� SURJUDPPLQJ� FDXVHV� PXFK� PRUH�
LQWHUIHUHQFH������7KH�DPRXQW�RI�SURJUDP�LQWHUIHUHQFH�GHSHQGV�RQ�WKH�
YDOXHV�RI�ERWK�WKH�DJJUHVVRU�FHOOV�DQG�WKH�YLFWLP�FHOOV��ZLWK�DJJUHVVRU�
FHOO� YDOXH� KDYLQJ� D� JUHDWHU� DIIHFW� DV� LW� GHWHUPLQHV� WKH� DPRXQW� RI�
WKUHVKROG�YROWDJH�VKLIW�RQ�ERWK�WKH�DJJUHVVRU�FHOO�DQG�WKH�YLFWLP��

,9�� 02'(/,1*�$1'�35(',&7,1*�352*5$0�,17(5)(5(1&(�
$�� /LQHDU�5HJUHVVLRQ�0RGHO�WR�3UHGLFW�3URJUDP�,QWHUIHUHQFH��

)HDWXUH�H[WUDFWLRQ��$V�ZH�GLVFXVVHG�LQ�VHFWLRQ�,,,��WKH�DPRXQW�RI�
SURJUDP�LQWHUIHUHQFH�RQ�WKH�YLFWLP�FHOO�FRUUHODWHV�ZLWK����WKH�WKUHVKROG�
YROWDJH�FKDQJHV�RI�LWV�DJJUHVVRU�FHOOV�SURJUDPPHG�DIWHU�WKH�YLFWLP�FHOO��
���WKH�WKUHVKROG�YROWDJH�RI�WKH�YLFWLP�FHOO�EHIRUH�LQWHUIHUHQFH��7KXV��ZH�
FDQ� H[WUDFW� WKH� UHODWLYH� ZHLJKWV�FRHIILFLHQWV� RI� WKH� WKUHVKROG� YROWDJH�
FKDQJHV�RI�DJJUHVVRU�FHOOV�DQG� WKUHVKROG�YROWDJH�RI� WKH�YLFWLP�FHOO� DV�
IHDWXUHV�WR�SUHGLFW�WKH�SURJUDP�LQWHUIHUHQFH�RQ�WKH�YLFWLP�FHOO��

([WHQGHG� ,QWHUIHUHQFH�0RGHO��$V� QRWHG� LQ�6HF�� ,,�&�� WKUHVKROG�
YROWDJH� FKDQJH� RI� WKH� YLFWLP� FHOO� FDQ� EH� PRGHOHG� DV� D� OLQHDU�
FRPELQDWLRQ�RI�WKH�WKUHVKROG�YROWDJH�FKDQJHV�RI�DJJUHVVRU�FHOOV��7KXV��
ZH�FDQ�XVH�OLQHDU�UHJUHVVLRQ�ZLWK�OHDVW�VTXDUH�HUURU�HVWLPDWLRQ�WR�EXLOG�
D� PRGHO� WKDW� UHSUHVHQWV� KRZ� WKH� SURJUDP� LQWHUIHUHQFH� YHFWRU� ¨9�
GHSHQGV�RQ�WKH�IHDWXUH�PDWUL[�;��ZKLFK�KDYH�FRUUHODWLRQV�ZLWK�¨9�RQ�
WKH�YLFWLP�FHOOV��:H�HQKDQFHG�WKH�SUHYLRXV�OLQHDU�PRGHO�>�@>�@��VKRZQ�
LQ�(TXDWLRQ������E\�FRQVLGHULQJ�PRUH�IHDWXUHV��2XU�QHZ�PRGHO�LQFOXGHV�
WKH� WKUHVKROG� YROWDJH� FKDQJHV� RI� WKH� LQGLUHFW� DGMDFHQW� QHLJKERUV� DQG�
WKH� WKUHVKROG� YROWDJH� RI� WKH� YLFWLP� FHOO� LWVHOI� EHIRUH� SURJUDP�
LQWHUIHUHQFH� �6HF�� ,,,�'� VKRZHG� WKHVH� YDOXHV� DIIHFW� WKH� DPRXQW� RI�
SURJUDP�LQWHUIHUHQFH���6XSSRVH�WKH�YLFWLP�FHOO�LV�RQ�WKH�Q�WK�ZRUGOLQH�
DQG�M�WK�ELWOLQH�DV�LQ�)LJ����D���:H�LQFRUSRUDWH�DOO�WKH�FHOOV�LQ�WKH�UHJLRQ�
XS� WR�.�FHOOV� WR� WKH� OHIW� DQG� ULJKW� RI� WKH�YLFWLP�FHOO� LQ� WKH�KRUL]RQWDO�
GLUHFWLRQ�DQG�XS�WR�0�ZRUGOLQHV�DGMDFHQW�DERYH�WKH�YLFWLP�FHOO�DV�SDUW�
RI�RXU�QHZ�OLQHDU�PRGHO��UHZULWWHQ�DV��

¦ ¦
+

−=

+

+=

+∆=∆
.M

.M\

0Q

Q[

EHIRUH
YLFWLPQHLJKERUYLFWLP MQ9\[9\[MQ9

�
� ������������ αα (2)

127Authorized licensed use limited to: Univ of Texas at Dallas. Downloaded on June 09,2024 at 01:28:49 UTC from IEEE Xplore.  Restrictions apply. 

Kingston Technology Company, Inc., et al. EX1030
Kingston Technology Company, Inc., et al. v. Vervain, LLC IPR2025-00614

5 of 8



ZKHUH� Į�[�\�� DQG� Į�� DUH� ILWWLQJ� FRHIILFLHQWV�� ZKLOH� 9YLFWLP
EHIRUH� LV� WKH�

WKUHVKROG�YROWDJH�RI�WKH�YLFWLP�FHOO�EHIRUH�LQWHUIHUHQFH���
� :H� FDQ� FRPELQH� DOO� WKHVH� FRHIILFLHQWV� DV� D� Sî�� UHJUHVVLRQ�
FRHIILFLHQW� YHFWRU�� FDOOHG�Į�� DQG�S� HTXDOV� WR� ��.���î0� WR� LQFOXGH� DOO�
WKH� FRHIILFLHQWV�� 7KH� UHFRUGHG� WKUHVKROG� YROWDJH� FKDQJHV� LQ� DOO� WKH�
YLFWLP� FHOOV� RI� RQH� ZRUGOLQH� IRUPV� DQ� Qî�� YHFWRU� <�� ZKHUH� Q� LV� WKH�
QXPEHU� RI� FHOOV� RQ� RQH� ZRUGOLQH�� 7KH� IHDWXUHV� IRU� HDFK� YLFWLP� FHOO�
IRUPV�D��îS�YHFWRU�DQG�WKXV�WKH�IHDWXUHV�RI�DOO�WKH�YLFWLP�FHOOV�IRUP�DQ�
QîS� IHDWXUH� PDWUL[� ;�� (DFK� URZ� RI� PDWUL[� ;� FRUUHVSRQGV� WR� WKH�
IHDWXUHV�RI�RQH�YLFWLP�FHOO��ZKLFK�LV�D��îS�YHFWRU��7KXV�WKH�FRPSOHWH�
OHDUQLQJ�PRGHO�FRQVLGHULQJ�DOO�WKH�YLFWLP�FHOOV�FDQ�EH�H[SUHVVHG�DV���

εα += ;<  (3)
ZKHUH�İ� LV� WKH�QRLVH� HUURU� WR�EH�PLQLPL]HG� WR� LPSURYH� WKH�SUHGLFWLRQ�
DFFXUDF\�RI�WKH�PRGHO���

:H�PHDVXUH�<�E\� UHFRUGLQJ� WKH� WKUHVKROG�YROWDJH� FKDQJHV�RI� DOO�
YLFWLP� FHOOV�� (DFK� URZ� RI� ;� LV� IRUPHG� E\� UHFRUGLQJ� WKH� WKUHVKROG�
YROWDJH�FKDQJHV�RI�XS�WR���.���î0���QHLJKERU�DJJUHVVRU�FHOOV�DQG�WKH�
WKUHVKROG�YROWDJH�RI�HDFK�YLFWLP�FHOO�EHIRUH�SURJUDP�LQWHUIHUHQFH��:H�
XVH�WKH�OLQHDU�UHJUHVVLRQ�PRGHO�WR�OHDUQ�WKH�FRHIILFLHQW�YHFWRU�Į��1RWH�
WKDW� WKLV� YHFWRU� Į� FDQ� EH� GLIIHUHQW� IRU� GLIIHUHQW� PDQXIDFWXUHUV��
JHQHUDWLRQV��DQG�HYHQ�ORFDWLRQV�LQ�D�IODVK�FKLS��
� 0RGHO�&RHIILFLHQW�/HDUQLQJ�DQG�$QDO\VLV��7KH� WDVN�RI� OHDUQLQJ�
RI� FRHIILFLHQWV� FDQ� EH� IRUPXODWHG� DV� D� OLQHDU� UHJUHVVLRQ� SUREOHP� DV�
SURJUDP�LQWHUIHUHQFH�DSSUR[LPDWHO\�IROORZV�D�OLQHDU�PRGHO��:H�VHOHFW�
/$662�ZLWK�/�� UHJXODUL]DWLRQ� >��@� WR� OHDUQ� WKH� FRHIILFLHQWV� EHFDXVH�
/$662�FDQ�VKULQN�WKH�ILWWLQJ�FRHIILFLHQWV��VHW�QRQ�LPSRUWDQW�IDFWRUV�WR�
EH� ]HUR� DQG� UHWDLQ� RQO\� WKH� KLJKO\� UHOHYDQW� IHDWXUHV� WR� VLPSOLI\� WKH�
PRGHO� ZLWKRXW� ORVLQJ� DFFXUDF\�� ,Q� WKH� FRHIILFLHQW� OHDUQLQJ� VWDJH�� WKH�
JRDO� LV� WR� OHDUQ� WKH� HVWLPDWH� RI� ILWWLQJ� FRHIILFLHQWV� Į� VXFK� WKDW� WKH�
OHDUQLQJ�HUURUV�DUH�DV�VPDOO�DV�SRVVLEOH��H[SUHVVHG�DV��

��PLQDUJ
�

�

�
αλα

α

+−× <; (4) 

ZKHUH� Ȝ� LV� WKH� SDUDPHWHU� WR� FRQWURO� WKH� DPRXQW� RI� VKULQNDJH� WKDW� LV�
DSSOLHG� WR� WKH� HVWLPDWHV�� 8VLQJ� RXU� IODVK� WHVWLQJ� GDWD� DQG� /$662�
OHDUQLQJ�� WKH� QRQ�]HUR� ILWWLQJ� FRHIILFLHQWV� DUH� FKDUDFWHUL]HG�� )LJ�� ���
SURYLGHV�WKH�OHDUQHG�YDOXHV�RI�WKH�PRGHO�FRHIILFLHQWV�Į��EDVHG�RQ�RXU�
H[SHULPHQWDO�GDWD��6HYHUDO�FRQFOXVLRQV�DUH�LQ�RUGHU��

�
)LJ������ 0RGHO�FRHIILFLHQW�GLVWULEXWLRQ�IRU�HTXDWLRQ�������

)LUVW�� GLIIHUHQW� IHDWXUHV� �L�H��� QHLJKERU� FHOOV�� FRQWULEXWH� YHU\�
GLIIHUHQWO\�WR�SURJUDP�LQWHUIHUHQFH�DV�WKHUH�LV�D�ZLGH�YDULDQFH�LQ�WKHLU�
FRHIILFLHQWV��7KH�SK\VLFDO�PHDQLQJ�RI�Į�[�\��LQ�)LJ�����LV� WKH�UDWLR�RI�
FRXSOLQJ�FDSDFLWDQFH�EHWZHHQ�WKH�DJJUHVVRU�FHOO��[��\��DQG�WKH�YLFWLP�
FHOO�RYHU� WKH� WRWDO�FDSDFLWDQFH�RI� WKH�YLFWLP�FHOO��:H�FDQ�VHH� WKDW� WKH�
LQWHUIHUHQFH�RI� WKH� WRS�GLUHFW�QHLJKERU� FRQWULEXWHV�PRVW� ������ WR� WKH�
WRWDO�SURJUDP�LQWHUIHUHQFH��7KH�LQWHUIHUHQFH�IURP�WKH�FHOOV�RQ�WKH�OHIW�
GLDJRQDO� DQG� ULJKW�GLDJRQDO� UDQNV� WKH� VHFRQG� DQG� FRQWULEXWHV� DERXW�
�����ZKLFK� LV����WK�RI� WKH�FRQWULEXWLRQ�RI� WKH� WRS�DGMDFHQW� FHOO��7KH�
FHOOV� DW� WKH� ��DGMDFHQW� GLDJRQDO� FRQWULEXWH� DOPRVW� ���WK� RI� WKH�
FRQWULEXWLRQ�RI� WKH�FHOOV�DW� WKH���DGMDFHQW�GLDJRQDO��ZKLFK�VKRZV�WKDW�
WKH� FRXSOLQJ� FDSDFLWDQFH� GHFUHDVHV� H[SRQHQWLDOO\� ZLWK� WKH� GLVWDQFH�
EHWZHHQ� WKH� DJJUHVVRU� FHOO� DQG� WKH� YLFWLP� FHOO�� 7KXV�� WKH� SURJUDP�
LQWHUIHUHQFH� LQWURGXFHG� E\� QHLJKERUV�� ZKLFK� DUH� WZR� FHOOV� DZD\�� FDQ�
OLNHO\� EH� QHJOHFWHG� IRU� FXUUHQW� �<�QP� 1$1'� IODVK�� 1RWH� WKDW� RXU�
OHDUQLQJ�WHFKQLTXHV�FDQ�FDSWXUH�WKRVH�FRHIILFLHQWV�LI�WKHLU�HIIHFWV�PD\�
QR� ORQJHU�EH�QHJOLJLEOH�ZKHQ� IODVK�PHPRU\� IXUWKHU� VFDOHV�GRZQ�DQG�
WKH�GLVWDQFH�EHWZHHQ�QHLJKERU�FHOOV�IXUWKHU�GHFUHDVHV��
� 6HFRQG�� WKH� WKUHVKROG� YROWDJH� DOUHDG\�SURJUDPPHG�RQ� WKH� YLFWLP�
FHOO�KDV�QHJDWLYH�LPSDFW�RQ�WKH�SURJUDP�LQWHUIHUHQFH��WKH�FRHIILFLHQW�Į��
LV�QHJDWLYH���7KH�ODUJHU�WKH�RULJLQDO�WKUHVKROG�YROWDJH�SURJUDPPHG�RQ�
WKH�YLFWLP�FHOO�� WKH� OHVV� WKH� LQWHUIHUHQFH�RQ� WKH�YLFWLP�FHOO�ZRXOG�EH��

7KLV� LV�H[SHFWHG�DV�D�FHOO�ZLWK�D� ODUJH� WKUHVKROG�YROWDJH� LV� OHVV� OLNHO\�
DIIHFWHG�E\�SURJUDP�LQWHUIHUHQFH��DV�VKRZQ�LQ�GHWDLO�LQ�6HF��,,,�'�� �

0RGHO�$FFXUDF\�(YDOXDWLRQ��$IWHU�OHDUQLQJ�WKH�SDUDPHWHUV�RI�WKH�
PRGHO�LQ�WKH�WUDLQLQJ�VWDJH�XVLQJ�PHDVXUHG�WUDLQLQJ�GDWD�IURP�D�VHW�RI�
IODVK� PHPRU\� FHOOV�� ZH� DSSO\� WKLV� PRGHO� WR� WKH� IODVK� FHOOV� LQ� RWKHU�
ORFDWLRQV� LQ� WKH� VDPH� IODVK� FKLS� WR� HYDOXDWH� WKH� DFFXUDF\� RI� RXU�
SURSRVHG� PRGHO�� 2XU� PRGHO� ZRXOG� EH� FRQVLGHUHG� DFFXUDWH� LI� LW�
FRUUHFWO\�SUHGLFWV�WKH�WKUHVKROG�YROWDJH�FKDQJHV�LQ�FHOOV�GXH�WR�SURJUDP�
LQWHUIHUHQFH��)LJ�� ���WRS�� VKRZV� WKH� WKUHVKROG� YROWDJH�RI� FHOOV� EHIRUH�
LQWHUIHUHQFH� �[� D[LV�� DQG� DIWHU� LQWHUIHUHQFH� �\� D[LV��� VKRZLQJ� WKDW�
WKUHVKROG�YROWDJHV� VKLIW�XS��DV�ZH�REVHUYHG�HDUOLHU���)LJ������ERWWRP��
VKRZV�WKH�SUHGLFWHG� WKUHVKROG�YROWDJH�ZLWK�RXU�PRGHO��\�D[LV��YHUVXV�
WKH� WKUHVKROG� YROWDJH� EHIRUH� LQWHUIHUHQFH�� 7KH� SUHGLFWHG� WKUHVKROG�
YROWDJH� LV� REWDLQHG� E\� VXEWUDFWLQJ� WKH� SUHGLFWHG� WKUHVKROG� YROWDJH�
FKDQJH��HVWLPDWHG�E\�RXU�PRGHO��IURP�WKH�PHDVXUHG�WKUHVKROG�YROWDJH�
DIWHU�SURJUDP�LQWHUIHUHQFH���

�
)LJ������ �D��0HDVXUHG�9WK�YV��SURJUDPPHG�9WK��E��9WK�XVLQJ�RXU�PRGHO�LQ�
(TXDWLRQ� ���� YV�� SURJUDPPHG� 9WK�� %ODFN� FXUYH� VKRZ� WKH� LGHDO� FDVH� ZKHUH�
PHDVXUHG�DQG�SUHGLFWHG�9WK�VKRXOG�EH�WKH�VDPH�DV�WKH�SURJUDPPHG�9WK��

:H�PDNH�WZR�PDMRU�REVHUYDWLRQV�IURP�)LJ������)LUVW��LI�ZH�VLPSO\�
UHDG� WKH� WKUHVKROG� YROWDJH� RI� FHOOV� PHDVXUHG� DIWHU� LQWHUIHUHQFH� DV� DQ�
HVWLPDWH� RI� WKH� SURJUDPPHG� WKUHVKROG� YROWDJH� RI� FHOOV�� WKHUH� LV� DQ�
REYLRXV� V\VWHPDWLF� GHYLDWLRQ� DQG� WKH� DFFXUDF\� RI� WKH� PHDVXUHG�
WKUHVKROG� YROWDJH� LV� RQO\� DERXW� ����� DV� VKRZQ� LQ�)LJ�� ���WRS���1RWH�
WKDW� WKLV� LV� WKH� VWDWH�RI�DUW� LQ� H[LVWLQJ� OLWHUDWXUH��ZKHUH� IODVK� FHOOV� DUH�
GLUHFWO\�UHDG�ZLWKRXW�DQ\�SURJUDP�LQWHUIHUHQFH�FDQFHOODWLRQ�WHFKQLTXHV��
6HFRQG��RXU�PRGHO�LQ�(TXDWLRQ�����LV�HIIHFWLYH�DW�DFFXUDWHO\�SUHGLFWLQJ�
WKH� WKUHVKROG� YROWDJH� RI� FHOOV� E\� FDQFHOOLQJ� WKH� HIIHFWV� RI� SURJUDP�
LQWHUIHUHQFH�� DV� VKRZQ� LQ� )LJ�� ���ERWWRP��� 7KH� SUHGLFWHG� YDOXH�
IOXFWXDWHV� DURXQG� WKH� SURJUDPPHG� YDOXH�� DQG� WKH� DFFXUDF\� RI� WKH�
SUHGLFWHG�YROWDJH�LV��������:H�FRQFOXGH�WKDW�RXU�PRGHO�FDQ�DFFXUDWHO\�
HOLPLQDWH� WKH� HUURU� LQ� WKUHVKROG� YROWDJH� PHDVXUHPHQWV� FDXVHG� E\�
SURJUDP�LQWHUIHUHQFH���

%�� 3URJUDP�,QWHUIHUHQFH�1RLVH�'LVWULEXWLRQ�0RGHO�
,Q� 6HF�� ,,,�� ZH� REVHUYHG� WKDW� WKH� SURJUDP� LQWHUIHUHQFH� FRXSOLQJ�

FDXVHV� WKH� WKUHVKROG�YROWDJH�RI� WKH�YLFWLP�FHOOV� WR� LQFUHDVH��7KXV��ZH�
FDQ� PRGHO� WKH� SURJUDP� LQWHUIHUHQFH� DV� DGGLWLYH� QRLVH� WR� SUHYLRXVO\�
SURJUDPPHG�GDWD�DV��

ε+∆+= QRLVH
SJP

EHIRUH
WK

DIWHU
WK 999 ����

(5)

ZKHUH� 9WK
�EHIRUH�� DQG� 9WK

�DIWHU�� DUH� WKH� WKUHVKROG� YROWDJHV� RI� WKH� YLFWLP�
FHOOV�EHIRUH�DQG�DIWHU�QHLJKERU�FHOO�SURJUDP�LQWHUIHUHQFH�UHVSHFWLYHO\��
¨9SJP

QRLVH� LV� WKH� SURJUDP� LQWHUIHUHQFH�QRLVH��ZKLFK� LV� V\VWHPDWLF� DQG�
SUHGLFWDEOH� GHSHQGLQJ� RQ� WKH� WKUHVKROG� YROWDJH� FKDQJHV� RI� WKH�
QHLJKERULQJ� DJJUHVVRU� FHOOV� DQG� WKH� RULJLQDO� WKUHVKROG� YROWDJH� RI� WKH�
YLFWLP�FHOO��DV�GHVFULEHG�LQ�6HFWLRQ�,,,��İ�LV�UDQGRP�UHVLGXDO�QRLVH���

3URJUDP�LQWHUIHUHQFH�RQ�WKH�YLFWLP�FHOO�FDQ�EH�FDXVHG�E\�XS�WR�P�
QHDUHVW� QHLJKERUV� DQG� HDFK�QHLJKERU� FHOO�PD\� H[SHULHQFH�.�SRVVLEOH�
VWDWH� FKDQJHV� �H�J��� IURP� HUDVHG� VWDWH� WR� VRPH� SURJUDPPHG� VWDWH���
:LWKRXW� ORVV� RI� JHQHUDOLW\�� ZH� GHQRWH� WKH� VWDWH� FKDQJH� RI� WKH� L�WK�
QHLJKERU�DV�1L��ZKLFK�LV�OLNHO\�WR�EH�D�UDQGRP�HYHQW�WKDW�LV�GHWHUPLQHG�
E\�WKH�GDWD�SDWWHUQ�SURJUDPPHG�LQ�WKH�QHLJKERULQJ�FHOOV��7KXV��WKH�P�
GLPHQVLRQ�YHFWRU��1���1���«��1P��UHSUHVHQWV�WKH�VWDWH�FKDQJHV�RI�DOO�WKH�
QHLJKERUV�RI�WKH�YLFWLP�FHOO��7KHUH�DUH�XS�WR�.P�SRVVLEOH�UDQGRP�VWDWH�
FKDQJH� HYHQW� FRPELQDWLRQV� FDXVHG� E\� QHLJKERULQJ� FHOOV�� 7KXV�� WKH�
SUREDELOLW\�GHQVLW\�IXQFWLRQ��3')��RI�WKH�UDQGRP�YDULDEOH�¨9SJP

QRLVH�RI�
WKH�YLFWLP�FHOO�FDQ�EH�H[SUHVVHG�DV��
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ZKHUH�S�1��� 1���«��1P�� LV� WKH� H[SHFWHG� SUREDELOLW\� RI� WKH� SDUWLFXODU�
FRPELQDWLRQ�RI�VWDWH�FKDQJHV�LQ�QHLJKERULQJ�FHOOV��DQG�S�¨9SJP

QRLVH_1���
1���«��1P�� LV� WKH� FRQGLWLRQDO� SUREDELOLW\� GLVWULEXWLRQ�RI� WKH�SURJUDP�
LQWHUIHUHQFH� JLYHQ� D� FHUWDLQ� FRPELQDWLRQ� RI� QHLJKERULQJ� FHOO� VWDWH�
FKDQJHV��7KH�SUREDELOLW\�GLVWULEXWLRQ�RI�SURJUDP� LQWHUIHUHQFH�¨9� FDQ�
EH�PRGHOHG�DV�D�PL[WXUH�RI�WKHVH�FRQGLWLRQDO�SUREDELOLW\�GLVWULEXWLRQV���

7KH� FRPSOH[LW\� RI� WKH� PL[WXUH� RI� GLVWULEXWLRQV� LQFUHDVHV�
H[SRQHQWLDOO\� ZLWK� WKH� QXPEHU� RI� QHLJKERULQJ� LQWHUIHUHQFH� FHOOV��
+RZHYHU�� DV� ZH� KDYH� VKRZQ�� WKH� PRVW� GRPLQDQW� VRXUFH� RI� SURJUDP�
LQWHUIHUHQFH� LV� WKH� GLUHFW�DERYH�QHLJKERU� FHOO�� ZKLFK� LV� RQ� WKH� VDPH�
ELWOLQH�DV�WKH�YLFWLP�FHOO�DQG�WKH�DGMDFHQW�GLUHFW�QHLJKERU�ZRUGOLQH��L�H���
FHOO��Q����M��WR�WKH�YLFWLP�FHOO� �Q��M��DV�LQ�)LJ����D���7KXV�� WKH�PL[WXUH�
GLVWULEXWLRQ� PRGHO� FDQ� EH� IXUWKHU� VLPSOLILHG� E\� FRQVLGHULQJ� WKH�
LQWHUIHUHQFH�IURP�RQO\�WKLV�QHLJKERU��7KLV�ZD\��WKH�SUREDELOLW\�GHQVLW\�
IXQFWLRQ� �3')��RI�SURJUDP� LQWHUIHUHQFH�QRLVH�FDQ�EH� VLPSOLILHG� IURP�
WKH�VXP�RI�.P�FRQGLWLRQDO�SUREDELOLW\�GHQVLW\�IXQFWLRQV��DV�LQ�(TXDWLRQ�
��� WR� WKH� VXP� RI� RQO\� .�� FRQGLWLRQDO� 3')V�� :H� PDNH� WKLV�
VLPSOLILFDWLRQ�WR�HDVH�WKH�DQDO\VLV�EHORZ��

)RU�WZR�ELW�SHU�FHOO�0/&��LI�WKH�SURJUDP�RSHUDWLRQV�DUH�H[HFXWHG�
VWULFWO\�IROORZLQJ�WKH�VHTXHQWLDO�SDJH�RUGHU��WKH�GLUHFW�DERYH�QHLJKERU�
DJJUHVVRU� FHOO� PD\� KDYH� IRXU� SRVVLEOH� VWDWH� FKDQJHV� �L�H��� (UDVHG�ė�
(UDVHG��(UDVHG�ė�3���7HPS�ė�3���DQG�7HPS�ė�3���DV�LQ�)LJ����E����
:KHQ�UDQGRP�GDWD�DUH�SURJUDPPHG�LQWR�WKH�DJJUHVVRU�ZRUGOLQH��HDFK�
VWDWH�FKDQJH�LV�H[SHFWHG�WR�RFFXU�ZLWK�����SUREDELOLW\��)LJ�����VKRZV�
WKH� FRQGLWLRQDO� SUREDELOLW\� GLVWULEXWLRQ� RI� WKH� SURJUDP� LQWHUIHUHQFH�
QRLVH� �L�H��� WKUHVKROG� YROWDJH� FKDQJH� RI� WKH� YLFWLP� FHOOV�� IRU� HDFK�
SRVVLEOH� VWDWH� FKDQJH�� )LJ�� ��� DOVR� VKRZV� WKH� FRPELQHG� SUREDELOLW\�
GLVWULEXWLRQ�� ZKLFK� DPRXQWV� WR� WKH� VXP� RI� WKH� IRXU� FRQGLWLRQDO�
SUREDELOLW\�GLVWULEXWLRQV��7KLV�FRPELQHG�GLVWULEXWLRQ�LV�WKH�GLVWULEXWLRQ�
RQH�ZRXOG�VHH�LI�WKH�VWDWH�FKDQJH�RI�WKH�QHLJKERULQJ�FHOO�LV�QRW�NQRZQ��
:H�FRQFOXGH�WKDW�WKH�QRLVH�FDXVHG�E\�SURJUDP�LQWHUIHUHQFH�LV�D�PL[HG�
PXOWL�PRGDO�*DXVVLDQ�GLVWULEXWLRQ��FRQVLVWLQJ�RI�LQGLYLGXDO�GLVFHUQLEOH�
WUXQFDWHG� *DXVVLDQ� GLVWULEXWLRQV�� HDFK� FRUUHVSRQGLQJ� WR� D� SDUWLFXODU�
VWDWH�FKDQJH�LQ�DJJUHVVRU�FHOOV��

�
)LJ������ 3URJUDP� LQWHUIHUHQFH� QRLVH� GLVWULEXWLRQ� RI� RQH� YLFWLP� ZRUGOLQH�
ZKHQ�SDJHV�DUH�SURJUDPPHG�LQ�SDJH�RUGHU�ZLWK�UDQGRP�GDWD���

&�� (IIHFW�RI��3�(�&\FOHV�RQ�3URJUDP�,QWHUIHUHQFH�1RLVH�
)LJ�����VKRZV�WKH�GLVWULEXWLRQ�RI�SURJUDP�LQWHUIHUHQFH�QRLVH�XQGHU�

GLIIHUHQW�SURJUDP�HUDVH��3�(��F\FOHV�HQGXUHG�E\�WKH�YLFWLP�FHOOV��1RWH�
WKDW� WKH�QRPLQDO� OLIHWLPH�RI� �<�QP� IODVK�PHPRU\� LV� DERXW� �����3�(�
F\FOHV�DQG�ZH�H[SORUH�EH\RQG���� WLPHV�RYHU� WKLV�QRPLQDO� OLIHWLPH� LQ�
RXU� WHVWLQJ�� 7KH� PDLQ� REVHUYDWLRQ� LV� WKDW� SURJUDP� LQWHUIHUHQFH� QRLVH�
H[SHULHQFHG� E\� YLFWLP� FHOOV� GRHV� QRW� FKDQJH� VLJQLILFDQWO\� ZLWK� 3�(�
F\FOHV��L�H���DV�IODVK�FHOOV�DJH���7KLV�LV�EHFDXVH�SURJUDP�LQWHUIHUHQFH�LV�
PDLQO\�FDXVHG�E\�WKH�FRXSOLQJ�FDSDFLWDQFH�EHWZHHQ�QHLJKERULQJ�IODVK�
FHOOV�� &RXSOLQJ� FDSDFLWDQFH� LV� PDLQO\� GHWHUPLQHG� E\� WZR� IDFWRUV�� ���
PDWHULDO�SURSHUWLHV�DQG����GLVWDQFH�EHWZHHQ�QHLJKERULQJ�IORDWLQJ�JDWHV��
1HLWKHU� RI� WKHVH� WZR� IDFWRUV� LV� DIIHFWHG� E\� 3�(� F\FOHV�� 7KH� PDWHULDO�
XVHG�EHWZHHQ�QHLJKERULQJ�IORDWLQJ�JDWHV�LV�VLPSO\�DLU�JDS�>�@�VLQFH�LWV�
UHODWLYH�VWDWLF�SHUPLWWLYLW\�LV�DOPRVW���DQG�LW�FDQ�DFKLHYH�VPDOO�FRXSOLQJ�
FDSDFLWDQFH� WR� PLQLPL]H� SURJUDP� LQWHUIHUHQFH�� 7KLV� PDWHULDO¶V�
SURSHUWLHV� GR� QRW� VLJQLILFDQWO\� FKDQJH� RYHU� 3�(� F\FOHV�� 7KH� GLVWDQFH�
EHWZHHQ�IORDWLQJ�JDWHV�DOVR�GR�QRW�FKDQJH�RYHU�3�(�F\FOHV�DV�GLVWDQFH�

LV�D�IXQFWLRQ�RI�PDQXIDFWXULQJ�DQG�QRW�XVH�RI�WKH�FLUFXLW��7KHUHIRUH��ZH�
FRQFOXGH� WKDW� WKH� DPRXQW� RI� SURJUDP� LQWHUIHUHQFH� GRHV� QRW�
VLJQLILFDQWO\�GHSHQG�RQ�3�(�F\FOHV���

:H�REVHUYH�WKDW�WKH�SURJUDP�LQWHUIHUHQFH�QRLVH�GLVWULEXWLRQ�ZLGHQV�
VOLJKWO\� DV� WKH� QXPEHU� RI� 3�(� F\FOHV� HQGXUHG� E\� WKH� YLFWLP� FHOOV�
LQFUHDVHV�� 7KLV� LV� EHFDXVH� SURJUDP� DQG� HUDVH� RSHUDWLRQV� PD\�
DFFXPXODWH�GHIHFWV�LQ�WKH�WXQQHO�R[LGH�ZKLFK�VLWV�EHWZHHQ�IORDWLQJ�JDWH�
DQG�WKH�VXEVWUDWH��ZKHQ�HOHFWURQV�DUH�WXQQHOLQJ�WKURXJK�GXH�WR�)RZOHU�
1RUGKHLP� PHFKDQLVPV� GXULQJ� SURJUDP� DQG� HUDVH� RSHUDWLRQV�� 6XFK�
GHIHFWV�PD\�PDNH�LW�HDVLHU�IRU�DGGLWLRQDO�HOHFWURQV�WR�EH�LQDGYHUWHQWO\�
LQMHFWHG�LQWR�WKH�IORDWLQJ�JDWH�RI�WKH�YLFWLP�FHOO�ZKHQ�QHLJKERULQJ�FHOOV�
DUH�SURJUDPPHG��+RZHYHU��WKH�GDWD�VKRZQ�LQ�)LJ�����LQGLFDWHV�WKDW�WKH�
HIIHFW�RI�VXFK�GHIHFWV�RQ�SURJUDP�LQWHUIHUHQFH�LV�VPDOO�FRPSDUHG�WR�WKH�
ODUJH�HIIHFW�RI�FRXSOLQJ�FDSDFLWDQFH���

�
)LJ������ 7KH� SUREDELOLW\� GLVWULEXWLRQ� RI� SURJUDP� LQWHUIHUHQFH� QRLVH� IRU�
GLIIHUHQW�QXPEHU�RI�3�(�F\FOHV� HQGXUHG�E\� WKH�YLFWLP�FHOO�� �$JJUHJDWHG�RYHU�
RQH�PLOOLRQ�YLFWLP�FHOOV����

'�� 6XPPDU\�RI�3URJUDP�,QWHUIHUHQFH�1RLVH�0RGHOLQJ�
:H� PDNH� WKH� IROORZLQJ� PDMRU� FRQFOXVLRQV� IURP� WKH� DERYH�

PRGHOLQJ�VWXGLHV�����3URJUDP�LQWHUIHUHQFH�FDQ�EH�PRGHOHG�DV�SRVLWLYH�
DQG� DGGLWLYH� QRLVH�� ZKLFK� FDQ� EH� SUHGLFWHG� E\� D� PRGHO� WKDW� OLQHDUO\�
FRPELQHV� WKUHVKROG� YROWDJH� FKDQJHV� RI� DJJUHVVRU� FHOOV� DQG� WKH�
WKUHVKROG�YROWDJH�RI�WKH�YLFWLP�FHOO�EHIRUH�SURJUDP�LQWHUIHUHQFH�����7KH�
PRGHO�FRHIILFLHQWV�FDQ�EH�OHDUQHG�E\�WKH�IODVK�FRQWUROOHU�XVLQJ�/$662�
ZLWK�/��UHJXODUL]DWLRQ�>��@�YLD�RQOLQH�WHVWLQJ��8QOLNH�SDVW�PRGHOV�>�@>�@�
WKLV�GRHV�QRW�UHTXLUH�DQ\�NQRZOHGJH�RI�FRXSOLQJ�FDSDFLWDQFH��ZKLFK�LV�
XQNQRZQ�WR�WKH�IODVK�FRQWUROOHU�����3URJUDP�LQWHUIHUHQFH�QRLVH�IROORZV�
D�PXOWL�PRGDO�*DXVVLDQ�PL[WXUH�GLVWULEXWLRQ��ZKLFK�LV�FRPSRVHG�RI�D�
IHZ�WUXQFDWHG�*DXVVLDQ�GLVWULEXWLRQV��HDFK�GXH�WR�RQH�W\SH�RI�QHLJKERU�
FHOO� VWDWH� FKDQJH�����3URJUDP� LQWHUIHUHQFH�QRLVH�GLVWULEXWLRQ�GRHV�QRW�
FKDQJH� VLJQLILFDQWO\� ZLWK� 3�(� F\FOHV�� :H� EHOLHYH� WKHVH� ILQGLQJV� DQG�
PRGHOV� FDQ� HQDEOH� QHZ� PHWKRGV� WR� DOOHYLDWH� WKH� HIIHFWV� RI� SURJUDP�
LQWHUIHUHQFH� QRLVH� WR� LQFUHDVH� IODVK� PHPRU\� UHOLDELOLW\�� :H� SURSRVH�
DQG�HYDOXDWH�RQH�VXFK�PHWKRG�QH[W��

9�� 0,7,*$7,21��5($'�5()(5(1&(�92/7$*(�35(',&7,21��
� 6LQFH� ZH� FDQ� DFFXUDWHO\� HVWLPDWH� WKH� WKUHVKROG� YROWDJH� VKLIW� GXH�
SURJUDP� LQWHUIHUHQFH� �6HF�� ,9��� ZH� FDQ� DOVR� HVWLPDWH� WKH� WKUHVKROG�
YROWDJH�GLVWULEXWLRQ�RI�FHOOV�DIWHU�SURJUDP�LQWHUIHUHQFH��,Q�WKLV�VHFWLRQ��
ZH�VKRZ�RQH�H[DPSOH�RI�KRZ�WR� WDNH�DGYDQWDJH�RI� WKLV�HVWLPDWLRQ�WR�
LQFUHDVH�WKH�UHOLDELOLW\�RI�UHDGLQJ�GDWD�IURP�IODVK�PHPRU\��

�
)LJ������ ,OOXVWUDWLRQ� RI� RSWLPXP� UHDG� UHIHUHQFH� YROWDJH� EHIRUH� DQG� DIWHU�
SURJUDP�LQWHUIHUHQFH���

%DVLF� ,GHD�� :H� VKRZ� DQ� LOOXVWUDWLRQ� RI� WKUHVKROG� YROWDJH�
GLVWULEXWLRQV� EHIRUH� DQG� DIWHU� SURJUDP� LQWHUIHUHQFH� LQ� )LJ�� ���D�� DQG�
)LJ�� ���E�� UHVSHFWLYHO\�� +HUH�� IS��[��� IS��[�� DQG� IS��[�� UHSUHVHQW� WKH�
WKUHVKROG�YROWDJH�GLVWULEXWLRQ�SUREDELOLW\�GHQVLW\�IXQFWLRQ��3')��RI�3���
3��DQG�3��VWDWHV��UHVSHFWLYHO\��IRU���ELW�0/&��9��DQG�9¶��UHSUHVHQW�WKH�
ORZHU� OLPLW� RI� WKH� 3�� VWDWH� GLVWULEXWLRQ� EHIRUH� DQG� DIWHU� SURJUDP�
LQWHUIHUHQFH�� 9�� DQG� 9¶�� UHSUHVHQW� WKH� XSSHU� OLPLW� RI� 3�� VWDWH�
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GLVWULEXWLRQ�EHIRUH� DQG� DIWHU� SURJUDP� LQWHUIHUHQFH�� ,I�ZH� VHW� WKH� UHDG�
UHIHUHQFH� YROWDJH� EHWZHHQ� WKH� 3�� DQG� 3�� VWDWHV� DV� 9UHI��� WKH� UDZ� ELW�
HUURU�UDWH�IRU�UHDGLQJ�FHOOV�LQ�WKH�3��DQG�3��VWDWHV�DUH��
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���� ��
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Y

SY S G[[IG[[I%(5 (7)

7KH�OHIW�VXPPDWLRQ�LQ�HTXDWLRQ�����LV�WKH�HUURU�UDWH�ZKHQ�FHOOV�DUH�
SURJUDPPHG�WR�3��EXW�UHDG�DV�3���7KH�ULJKW�VXPPDWLRQ�LV�WKH�HUURU�UDWH�
ZKHQ�FHOOV�DUH�SURJUDPPHG� WR�3��EXW�UHDG�DV�3���7KH�PLQLPXP�UDZ�
%(5�FDQ�RQO\�EH�DFKLHYHG�ZKHQ�9UHI��LV�FKRVHQ�WR�EH�DW�WKH�FURVV�SRLQW�
RI� WKH�9WK� GLVWULEXWLRQ� IXQFWLRQ� RI� 3�� DQG�3�� VWDWHV�� +RZHYHU�� LI� WKH�
YLFWLP�FHOOV¶�QHLJKERU�ZRUGOLQH�LV�SURJUDPPHG��WKH�9WK�GLVWULEXWLRQ�RI�
WKH�YLFWLP�FHOOV�ZLOO�V\VWHPDWLFDOO\�VKLIW�WR�WKH�ULJKW�DQG�ZLGHQ��DV�ZH�
KDYH� DOUHDG\� VHHQ� LQ� 6HFWLRQ� ,,,�� 7KXV�� WKH� FURVVLQJ� SRLQW� RI� WKH�
QHLJKERU� WKUHVKROG� YROWDJH� GLVWULEXWLRQ� DOVR� VKLIWV� WR� WKH� ULJKW�� $V� LQ�
)LJ�� ���E��� WKH� RSWLPXP� UHDG� UHIHUHQFH� YROWDJH� EHWZHHQ� 3�� DQG� 3��
VWDWHV�FKDQJHV�IURP�9UHI��WR�9¶UHI��DIWHU�SURJUDP�LQWHUIHUHQFH��,I�ZH�VWLOO�
XVH�9UHI��DV�WKH�UHDG�UHIHUHQFH�YROWDJH��WKH�UDZ�%(5�ZLOO�EH�ODUJHU�WKDQ�
UHDGLQJ� ZLWK� UHIHUHQFH� YROWDJH� 9¶UHI��� ,I� ZH� FKRRVH� D� UHDG� UHIHUHQFH�
YROWDJH�EHWZHHQ�3��DQG�3��VWDWHV�LQ�WKH�UHJLRQ�RI�>9UHI���9¶UHI�@��WKH�UDZ�
%(5�ZLOO� GHFUHDVH� DV�9UHI� LQFUHDVHV�XQWLO� WKH�RSWLPXP�SRLQW�9¶UHI�� LV�
UHDFKHG��(YHQ�LI�9UHI�JRHV�EH\RQG�9¶UHI��� WKHUH�LV�VWLOO�D�PDUJLQ�į�VXFK�
WKDW�DV�ORQJ�DV�9UHI��LV�OHVV�WKDQ�9¶UHI����į��WKH�UDZ�%(5�LV�VWLOO�OHVV�WKDQ�
WKDW�LI�ZH�UHDG�XVLQJ�WKH�RULJLQDO�UHIHUHQFH�YROWDJH�9UHI����

0HWKRGRORJ\�� 7R� GHFUHDVH� WKH� UDZ� %(5�� ZH� SURSRVH� WR�SUHGLFW�
WKH� RSWLPXP� UHDG� UHIHUHQFH� YROWDJH� EHWZHHQ� QHLJKERULQJ� WKUHVKROG�
YROWDJH�GLVWULEXWLRQ�VWDWHV��2XU�PHFKDQLVP�KDV�WZR�PDMRU�SDUWV���

7KH� ILUVW� SDUW� RI� RXU� PHFKDQLVP� OHDUQV� WKH� SURJUDP� LQWHUIHUHQFH�
QRLVH�GLVWULEXWLRQ��:H�WULJJHU�WKLV�OHDUQLQJ�WDVN�LQ�WKH�EDFNJURXQG��L�H��
HYHU\� ����� IXOO� GLVN� 3�(� F\FOH� RSHUDWLRQV�� 3HULRGLFDOO\�� WKH� OHDUQLQJ�
WDVN� VHOHFWV� D� YLFWLP� ZRUGOLQH� DQG� SURJUDPV� LW� ZLWK� D� NQRZQ� GDWD�
SDWWHUQ�DQG�FKDUDFWHUL]HV� WKH� WKUHVKROG�YROWDJH��7KHQ�� LW�SURJUDPV�WKH�
QHLJKERULQJ�ZRUGOLQHV�ZLWK�UDQGRP�GDWD�DQG�FKDUDFWHUL]HV�WKH�HIIHFW�RI�
WKLV�SURJUDPPLQJ�RQ�WKH�YLFWLP�ZRUGOLQH��%\�FRPSDULQJ�WKH�WKUHVKROG�
YROWDJH� EHIRUH� DQG� DIWHU� LQWHUIHUHQFH� IRU� WKH� YLFWLP� ZRUGOLQH�� WKH�
OHDUQLQJ� WDVN� FDQ� OHDUQ� WKH� GLVWULEXWLRQ� RI� WKH� SURJUDP� LQWHUIHUHQFH�
QRLVH��)RU� VLPSOLFLW\��ZH� UHFRUG�RQO\� WKH�PHDQ�YDOXH�RI� WKH�SURJUDP�
LQWHUIHUHQFH� QRLVH�� 5HFDOO� IURP� 6HFWLRQ� ,9�&� WKDW� WKH� SURJUDP�
LQWHUIHUHQFH� GRHV� QRW� FKDQJH� VLJQLILFDQWO\� ZLWK� 3�(� F\FOHV�� :H�
WKHUHIRUH� XVH� WKH� VWDWLVWLFV� RI� SURJUDP� LQWHUIHUHQFH� GLVFRYHUHG� LQ� WKH�
OHDUQLQJ� VWDJH� WR� SUHGLFW� WKH� SURJUDP� LQWHUIHUHQFH� GXULQJ� WKH� QH[W�
SHULRG��L�H��WKH�QH[W������3�(�F\FOHV��1RWH�WKDW������3�(�F\FOHV�HTXDOV�
DSSUR[LPDWHO\����GD\V�HYHQ�LI�WKH�GLVN�KDV����IXOO�GLVN�ZULWHV�SHU�GD\�
XQGHU�ZULWH� LQWHQVLYH� DSSOLFDWLRQV� >��@��7KLV� OHDUQLQJ� WDVN�FDQ� UXQ� DV�
ORZ�SULRULW\�DQG�FDQ�EH�LQWHUUXSWHG�E\�UHJXODU�,�2�RSHUDWLRQV�WR�UHGXFH�
WKH�UHVSRQVH�WLPH�SHQDOW\��

7KH� VHFRQG� SDUW� RI� RXU� WHFKQLTXH� PRGLILHV� WKH� UHDG� UHIHUHQFH�
YROWDJH� WR� EH� XVHG� IRU� D� UHDG� RSHUDWLRQ� EDVHG� RQ� WKH� OHDUQHG� PRGHO��
%HIRUH�UHDGLQJ�IURP�D�ZRUGOLQH��WKH�IODVK�FRQWUROOHU�FDQ�FKHFN�ZKHWKHU�
D� FORVHE\�QHLJKERULQJ�ZRUGOLQH�KDV�EHHQ�SURJUDPPHG�� ,I�QRW�� LW�XVHV�
WKH�GHIDXOW� UHDG�UHIHUHQFH�YROWDJH�SURYLGHG�E\� WKH� IODVK�PDQXIDFWXUHU�
WR� FODVVLI\� WKH� UHDG� YROWDJH� LQWR� D� ORJLFDO� YDOXH��2WKHUZLVH�� WKH� IODVK�
FRQWUROOHU�XVHV�RXU�SUHGLFWHG�UHDG�UHIHUHQFH�YROWDJH��ZKLFK�LV� WKH�VXP�
RI�WKH�GHIDXOW�UHDG�UHIHUHQFH�YROWDJH�DQG�WKH�SUHGLFWHG�DPRXQW�RI�VKLIW�
LQ� WKH� WKUHVKROG�YROWDJH� FURVV�SRLQW�RI� WZR�QHLJKERULQJ� ORJLFDO� VWDWHV�
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