
0RGHOOLQJ�/RUDQ�&�(QYHORSH�WR�&\FOH'LIIHUHQFHV�LQ�0RXQWDLQRXV�7HUUDLQ
'U��3DXO�:LOOLDPV�DQG�3URI��'DYLG�/DVW8QLYHUVLW\�RI�:DOHV��%DQJRU��8.$EVWUDFW

7KH�SRWHQWLDO�IRU�XVLQJ�/RUDQ�&�IRU�ODQG�YHKLFOH�WUDFNLQJ�DQG�PDULQH�DQG�DHURQDXWLFDOQDYLJDWLRQ�LQ�D�K\EULG�FRPELQDWLRQ�ZLWK�*166�LV�ZHOO�UHFRJQLVHG�LQ�WKLV�SRVW�9ROSH5HSRUW HUD�� %XW� WR� JHW� WKH� EHVW� DFFXUDF\�� LQWHJULW\�� DQG� DYDLODELOLW\� IURP� D� /RUDQUHFHLYHU� ZH� QHHG� DV� PXFK� LQIRUPDWLRQ� DV� SRVVLEOH� DERXW� WKH� VLJQDO�� )RU� H[DPSOH�NQRZLQJ� WKH�$GGLWLRQDO�6HFRQGDU\�)DFWRU� �$6)��YDOXHV� DOORZV� WKH� KLJKHVW� DEVROXWHDFFXUDF\� WR� EH� REWDLQHG�� 6LPLODUO\�� IRUHNQRZOHGJH� RI� WKH� (QYHORSH�WR�&\FOH'LIIHUHQFHV� �(&'V�� RI� WKH� UHFHLYHG� VLJQDOV� KHOSV� WKH� UHFHLYHU� LGHQWLI\� WKH� WUDFNLQJSRLQWV��RU� WKH�LQGLYLGXDO�F\FOHV��RI� WKH�/RUDQ�&�SXOVHV��7KLV�FOHDUO\�PLQLPLVHV�F\FOHVOLSV�DQG�PD[LPLVHV�LQWHJULW\�
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WZR� DGMDFHQW� RQHV� WKDW� KDYH� WKH� ULJKW� UDWLR�� 0LG�ZD\� EHWZHHQ� WKHP� OLHV� WKH]HUR�FURVVLQJ�

)LJ��� ±�/RUDQ�&�SXOVH�HQYHORSH�OHDGLQJ�HGJH�
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)LJ��� ±�3XOVHV�ZLWK�(&'�YDOXHV�RI�±���PV��]HUR��DQG�����PV�
� 7KH�&DXVH�RI�(&'�6KLIWV�DV�6LJQDOV�3URSDJDWH
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7KH�GLVFUHSDQFLHV�EHWZHHQ�6KHUPDQ¶V�DQG�3HWHUVRQ¶V�UHVXOWV�PD\�LQ�SDUW�EH�GXH�WR�WKHIDFW�WKDW�ERWK�DXWKRUV�KDG�EHHQ�REOLJHG�WR�H[WUDFW�(&'�UDWHV�IRU�GLIIHUHQW�NLQGV�RI�ODQGIURP� VLJQDOV� WKDW� KDG� WUDYHOOHG� RYHU� PL[HG� SDWKV� RI� GLIIHULQJ� FRQGXFWLYLW\�� $OVR�QHLWKHU�FRXOG�VHSDUDWH�WKH�HIIHFWV�RI�FRQGXFWLYLW\�IURP�WKRVH�RI�WRSRJUDSK\��3HWHUVRQUHFRJQLVHG� WKDW� WKH�YDULDWLRQV�KH�REVHUYHG� DW� ORZ�FRQGXFWLYLW\� FRXOG�ZHOO� EH�GXH� WRWHUUDLQ�HIIHFWV�DORQJ�KLV�WHVW�SDWK�FDXVHG�E\�PRXQWDLQV�QHDU�6DQWD�%DUEDUD��&DOLIRUQLD�
8QGHUO\LQJ� ERWK� DXWKRUV¶� FXUYHV�� KRZHYHU�� LV� WKH� DVVXPSWLRQ� WKDW� (&'� FKDQJHVVWHDGLO\�ZLWK�GLVWDQFH�RYHU�SDWKV�RI�XQLIRUP�JURXQG�FRQGXFWLYLW\��%XW�LV�WKDW�WKH�FDVH"5HVHDUFK�KDV�VKRZQ�WKDW�VLJQDO�DWWHQXDWLRQ�GRHV�QRW FKDQJH�VWHDGLO\��QRU�GRHV�SKDVHGHOD\��6LQFH�WKHVH�DUH�WKH�SULQFLSDO�IDFWRUV�WKDW�FDXVH�(&'�FKDQJH��ZK\�VKRXOG�(&'GR�VR"�$QG�WKH�SUHVHQFH�RI�PRXQWDLQV�DORQJ�WKH�SURSDJDWLRQ�SDWK�PDNHV�WKH�SUREOHPHYHQ�PRUH� FRPSOLFDWHG�� &OHDUO\�� D� GLIIHUHQW� DSSURDFK� LV� QHHGHG� WR� DQDO\VLQJ� (&'YDULDWLRQV�
��� 0RGHOOLQJ�(&'�9DOXHV�±�$�1HZ�$SSURDFK
2YHU� D� QXPEHU� RI� \HDUV�� WKH� SUHVHQW� DXWKRUV� KDYH� GHYHORSHG�PRGHOV� WR� SUHGLFW� WKHYDULDWLRQV�LQ�/RUDQ�&�)LHOG�6WUHQJWKV�DQG�$GGLWLRQDO�6HFRQGDU\�)DFWRUV��$6)V��DORQJD�YDULHW\�RI�W\SHV�RI�SDWK�>�����@��$W�ILUVW��WKHVH�HPSOR\HG�FXUYHV�SXEOLVKHG�E\�WKH�861DWLRQDO� %XUHDX� RI� 6WDQGDUGV� WKDW� UHODWHG� WKH� VLJQDO� DWWHQXDWLRQ�� DQG� WKH� SKDVHYHORFLW\� RI� WKH� 6HFRQGDU\� )DFWRU�� WR� UDQJH� >��@�� )RU� SDWKV� WKDW� KDG� VHFWLRQV� RIGLIIHUHQW� FRQGXFWLYLWLHV�� WKH� RYHUDOO� DWWHQXDWLRQ� ZDV� HVWLPDWHG� XVLQJ� 0LOOLQJWRQ¶VPHWKRG� >��@�� DQG� WKH� SKDVH� GHOD\� E\� WKH� 0LOOLQJWRQ�3UHVVH\� WHFKQLTXH� >��@�� 7KHVRIWZDUH� GHYHORSHG� HPSOR\HG� D� PDS� RI� JURXQG� FRQGXFWLYLW\� YDOXHV� KHOG� LQ� WKH



FRPSXWHU�DV�D�GDWDEDVH��7KH�DWWHQXDWLRQ�YDOXHV�ZHUH�WKHQ�HPSOR\HG�WR�FRPSXWH�ILHOGVWUHQJWKV��DQG�WKH�SKDVH�GHOD\�YDOXHV�WR�FRPSXWH�$6)V��$�VPRRWK�HDUWK�ZDV�DVVXPHG�
/DWHU�� LW� EHFDPH� SRVVLEOH� WR� LQFOXGH� WKH� HIIHFWV� RI� PRXQWDLQV� LQ� WKH� FDOFXODWLRQV�6SHFLILFDOO\�� WKH� 0RQWHDWK� 0HWKRG� ZDV� LPSOHPHQWHG� >��@�� 0RQWHDWK� VROYHVSURSDJDWLRQ�HTXDWLRQV�SURSRVHG�E\�-RKOHU�	�%HUU\�>��@��7KH�UHVXOWLQJ�FRPSXWDWLRQDOPRGHOV� GHWHUPLQHG� VLJQDO� VWUHQJWK� DQG� $6)� YDULDWLRQV� XVLQJ� GDWDEDVHV� RI� ERWKFRQGXFWLYLW\�DQG�ODQG�KHLJKW��7KLV�DSSURDFK�LV�FXUUHQWO\�EHLQJ�HPSOR\HG�RQ�EHKDOI�RIWKH�86�)$$��)LJ� ��VKRZV�DQ�$6)�PDS�SURGXFHG�LQ�WKLV�ZD\�IRU�D�UHJLRQ�VXUURXQGLQJ*UDQG�-XQFWLRQ��&RORUDGR��WKH�/RUDQ�VWDWLRQ�LV�DW�*LOOHWWH��VRPH����NP�WR�WKH�QRUWK�QRUWK�HDVW��)LJ����VKRZV�WKH�FRUUHVSRQGLQJ�ILHOG�VWUHQJWK�PDS�

)LJ��� ±�$6)�PDS�RI�*LOOHWWH�VLJQDOV�DURXQG�*UDQG�-XQFWLRQ��&RORUDGR�
��� 7KH�(&'�FRPSXWDWLRQ�PHWKRG
)LJ� �� VKRZV� KRZ� WKLV�PHWKRG�PD\� IRUP� WKH� EDVLV� RI� D� WHFKQLTXH� WR� FRPSXWH�(&'YDOXHV��$Q� LGHDO /RUDQ�&�SXOVH� LV� JHQHUDWHG��ZLWK�]HUR�(&'��ULJKW�KDQG�VLGH�RI� WKHGLDJUDP��� DQG� EURNHQ� GRZQ� LQWR� D� QXPEHU� RI� IUHTXHQF\� FRPSRQHQWV� XVLQJ� D� )DVW)RXULHU�7UDQVIRUP��7KH� DPSOLWXGH� DQG� SKDVH� RI� HDFK� FRPSRQHQW� DUH�PRGLILHG� E\� DFRPSOH[�DWWHQXDWLRQ�IDFWRU� WKDW�GHVFULEHV� WKH�HIIHFW�RQ� LW�RI�KDYLQJ�SURSDJDWHG�IURPWKH� WUDQVPLWWHU� WR� WKH� UHFHLYHU�� � 7KH� UHFHLYHG� SXOVH� LV� WKHQ� DVVHPEOHG� IURP� WKHVHPRGLILHG�FRPSRQHQWV�XVLQJ�DQ�,QYHUVH�)RXULHU�7UDQVIRUP��DQG�LWV�(&'�FDOFXODWHG�E\PHDQV�RI�D�+DOI�&\FOH�3HDN�5DWLR��+&35��DOJRULWKP�



)LJ��� ±�)LHOG�VWUHQJWK�PDS�RI�*LOOHWWH�VLJQDOV�DURXQG�*UDQG�-XQFWLRQ��&RORUDGR �

)LJ��� ±�2YHUYLHZ�RI�WKH�(&'�FRPSXWDWLRQ�WHFKQLTXH�
7KH� OHIW�KDQG� VLGH� RI� )LJ� �� VKRZV� WKH� PHWKRG� XVHG� WR� HVWDEOLVK� WKH� FRPSOH[DWWHQXDWLRQ� FRHIILFLHQW� RI� WKH� SURSDJDWLRQ� SDWK��:RUNLQJ� IURP� WKH� FRQGXFWLYLW\� DQGWHUUDLQ� GDWDEDVHV�� WKH� VRIWZDUH� JHQHUDWHV� D� SURILOH� RI� FRQGXFWLYLWLHV� DQG� WHUUDLQHOHYDWLRQV�DW�GLVFUHWH�LQWHUYDOV�DORQJ�WKH�WUDQVPLWWHU�UHFHLYHU�SDWK��D�FRDVWOLQH�GDWDEDVHHQVXUHV� WKDW� DQ\� ODQG�VHD� WUDQVLWLRQV� DUH� DW� WKH� ULJKW� SRLQWV�� ,W� WKHQ� HPSOR\V



0RQWHDWK¶V�0HWKRG� WR�FDOFXODWH�� DW� HDFK�RI� WKHVH�GLVFUHWH�SRLQWV� DORQJ� WKH�SDWK�� WKHPDJQLWXGH�DQG�SKDVH�RI�WKH�FRPSOH[�DWWHQXDWLRQ�IDFWRU�WKHUH��0RQWHDWK¶V�0HWKRG�XVHVWKH�LQWHJUDO�HTXDWLRQ�VKRZQ�LQ�)LJ� ���

)LJ�����±�0RQWHDWK¶V�0HWKRG�
6HWV� RI� FRPSOH[� DWWHQXDWLRQ� IDFWRUV� DUH� FRPSXWHG� LQ� WKLV� ZD\� DW� HDFK� RI� WKUHHIUHTXHQFLHV�� ���� ���� DQG� ���N+]�� WKLV� IUHTXHQF\� UDQJH� HQFRPSDVVHV� ���� RI� WKH/RUDQ� VLJQDO¶V� HQHUJ\��7KHQ�� WKH�YDOXHV� DW� WKH� IUHTXHQFLHV�RI� WKH� LQGLYLGXDO� )RXULHUFRPSRQHQWV� DUH� GHWHUPLQHG� E\� WKH� WHFKQLTXH� RI� /LQHDU� /HDVW� 6TXDUHV� LQWHUSRODWLRQEHWZHHQ�WKHP�
)LJV� ���DQG����LOOXVWUDWH�WKH�VLJQLILFDQFH�RI�WKH�DPSOLWXGH�DQG�SKDVH��UHVSHFWLYHO\��RIWKHVH�FRPSOH[�DWWHQXDWLRQ�IDFWRUV��7KH�VLJQDO�WUDYHOV�RYHU�D����NP�ORQJ�SDWK�IURP�WKH/RUDQ�VWDWLRQ�DW�*LOOHWWH��:\RPLQJ��WR�D�SRLQW�VRXWK�HDVW�RI�*UDQG�-XQFWLRQ��&RORUDGR�7KLV�SDWK�FURVVHV�VRPH�H[FHSWLRQDOO\�PRXQWDLQRXV�WHUUDLQ��D�PDS�GLVSOD\LQJ�WKH�SDWKLV�VKRZQ�LQ�)LJ�����DQG�WKH�WHUUDLQ�HOHYDWLRQ�LV�DOVR�SORWWHG�LQ�)LJV� ���DQG�����)LJ� ��VKRZV�WKH�PDJQLWXGH�RI�WKH�DWWHQXDWLRQ�IDFWRU�RI�WKH�HDUWK¶V�VXUIDFH��UHODWLYH�WR�WKDW�DWWKH� WUDQVPLWWHU��FRPSXWHG�DW� LQWHUYDOV�RI����P��$V� WKH� VLJQDO�SURSDJDWHV�DZD\� IURPWKH�WUDQVPLWWHU�WKH�DWWHQXDWLRQ�LQFUHDVHV��WKH�DWWHQXDWLRQ�EHLQJ�JUHDWHU�DW����N+]�WKDQDW���N+]��)LJ�����VKRZV�WKH�FRUUHVSRQGLQJ�SKDVH�GHOD\�YDULDWLRQV�
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)LJ�����±�3KDVH�RI�WKH�DWWHQXDWLRQ�IDFWRU�DORQJ�SDWK�IURP�*LOOHWWH�WR�QHDU�*UDQG-XQFWLRQ�



)LJ�����±�3URSDJDWLRQ�SDWK�IURP�*LOOHWWH��:<��WR�QHDU�*UDQG�-XQFWLRQ��&2�
����� 7KH�+&53�0HWKRG
)LJV�� ���� ��� DQG� ��� LOOXVWUDWH� WKH� HIIHFW� RI� SURSDJDWLRQ� RQ� D� WUDQVPLWWHG� SXOVH� DVPRGHOOHG� E\� RXU� VRIWZDUH�� 7KH� SURSDJDWHG� DQG� GLVWRUWHG� SXOVH� �)LJ�� ���� LVUHFRQVWUXFWHG�IURP�WKH�DWWHQXDWHG�VSHFWUXP��)LJ������:H�WKHQ�FRPSXWH�WKH�+DOI�&\FOH3HDN�5DWLR��)LJ������DQG�XVH�WKH�UDWLR�YDOXH�DW�WKH���PV�SRLQW�RI�WKH�SURSDJDWHG�SXOVHWR� ORFDWH� WKH� WLPH� ZLWK� WKH� HTXLYDOHQW� UDWLR� RQ� WKH� SHUIHFW� SXOVH�� 7KH� GLIIHUHQFHEHWZHHQ�WKDW�WLPH�DQG�WKH���PV�SRLQW�LV�WKH�(&'�

)LJ�����±�6SHFWUXP�RI�RULJLQDO��EOXH��DQG�GLVWRUWHG��UHG��SXOVHV�



)LJ�����±�2ULJLQDO�SXOVH��EOXH��DQG�SXOVH�UHFRQVWUXFWHG�IURP�VSHFWUXP�DIWHUSURSDJDWLRQ��UHG��

)LJ�����±�+DOI�&\FOH�3HDN�5DWLR��+&35���RU�HQYHORSH��RI�RULJLQDO��EOXH��DQGGLVWRUWHG�SXOVH��UHG��
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(&' 7HUUDLQ�(OHYDWLRQ

)LJ�����±�3URILOH�RI�(&'�ZLWK�GLVWDQFH�IURP�WKH�WUDQVPLWWHU�
� (&'�5HVXOWV
��� 3UHOLPLQDU\�5HVXOWV
8VLQJ� WKH� VDPH� SURILOH� DV� HDUOLHU�� )LJ�� ��� VKRZV� D� SORW� RI� WKH� (&'� VKLIWV�� LQPLFURVHFRQGV��7KH�(&'V�FKDQJH�LQ�WKH�FRUUHFW�GLUHFWLRQ��JHWWLQJ�SURJUHVVLYHO\�PRUHQHJDWLYH��DV�WKH�VLJQDO�SURSDJDWHV�DZD\�IURP�WKH�WUDQVPLWWHU��7KH�UDWH�RI�FKDQJH�LV��DVH[SHFWHG�� VORZHU� RYHU� JURXQG� RI� KLJKHU� FRQGXFWLYLW\�� +RZHYHU�� WKH� SORW� VKRZV� DELJJHU�(&'�FKDQJH�WKDQ�DQ\WKLQJ�VHHQ�LQ�UHDOLW\�
��� $OWHUQDWLYH�0HWKRGV
����� 7KH�86&*�7UDQVPLWWHG�3XOVH�0HWKRG
$V�DQ� DOWHUQDWLYH� WR� WKH�+&35� WHFKQLTXH�XVHG� WR�SURGXFH� WKH� UHVXOWV� RI� )LJ�� ���ZHLQYHVWLJDWHG� DGDSWLQJ� WKH� PHWKRG� XVHG� E\� WKH� 8QLWHG� 6WDWHV� &RDVW� *XDUG� �86&*�ZKHQ�PHDVXULQJ�(&'�YDOXHV�DW�WKH�IHHG�SRLQWV�WR�DQWHQQDV��7KH�SULQFLSOH��)LJ������LVEDVHG�RQ�DGMXVWLQJ� WKH�DPSOLWXGH�DQG�(&'�RI� WKH� HTXDWLRQ� WKDW�GHVFULEHV� WKH�/RUDQSXOVH� XQWLO� D� EHVW� ILW� LV� DFKLHYHG� WR� WKH� GLVWRUWHG� UHFHLYHG� SXOVH� >��@�� 7KH� UHVXOWLQJ(&'�YDOXH�LV�WKHQ�H[WUDFWHG�IURP�WKH�HTXDWLRQ��8QIRUWXQDWHO\��WKH�WHFKQLTXH�LQYROYHVPDWFKLQJ� WKH� HDUO\� SHDNV� RI� WKH� SXOVH�� WKHVH� SHDNV� JHW� VWURQJO\� DWWHQXDWHG� GXULQJSURSDJDWLRQ�



)LJ�����±�86&*�PHWKRG�IRU�GHWHUPLQLQJ�(&'�RI�WUDQVPLWWHG�SXOVH�
����� *URXS�'HOD\�0HWKRG
3HWHUVRQ�KDV�SURSRVHG� DQ� DOWHUQDWLYH�PHWKRG�RI�GHWHUPLQLQJ� WKH�(&'�RI� D� UHFHLYHGSXOVH�� 6LQFH� WKH� JURXS� GHOD\� FDXVHV� WKH� HQYHORSH� VKLIW�� KH� VXJJHVWHG� HVWLPDWLQJ� WKH(&'�IURP�WKH�JURXS�GHOD\��+H�SURSRVHG�XVLQJ�RXU�VRIWZDUH�WR�JHQHUDWH��DW�HDFK�SRLQW�WKH�DWWHQXDWLRQ�IDFWRUV�DW��� N+]�DQG���� N+]��WKHQ�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�

��� ��� � �(&' M M u � �
ZKHUH� ���M DQG� ��M DUH� WKH� SKDVH� GHOD\�� LQ� PLFURVHFRQGV�� DW� ���N+]� DQG� ��N+]�UHVSHFWLYHO\�
)LJ�����VKRZV�WKH�UHVXOWLQJ�SORW��7KH�(&'�IDOOV�E\�DERXW����PV�RYHU�WKH����NP�SDWK�7KLV� LV�QRZ�PXFK�PRUH�SODXVLEOH�� WKH� UHVXOWV� DJUHHLQJ�ZHOO�ZLWK� WKH�YDOXH�RI����PVJLYHQ�E\�3HWHUVRQ¶V�FXUYH��)LJ������7KLV�JURXS�GHOD\�PHWKRG�ZDV�XVHG�WR�SURGXFH�WKH(&'�GHOLYHUHG�WR�WKH�)$$�SURJUDPPH��HJ�)LJ������
)LJV� ���DQG����VKRZ�(&'�FKDQJHV��QRW�(&'�YDOXHV�� ,W� LV�QRUPDO�SUDFWLFH�WR�VHW�XSWUDQVPLWWHUV� WR� UDGLDWH� D� SRVLWLYH� (&'�� FRPPRQO\� �����V�� 7KLV� LV� GRQH� VR� WKDW� WKH(&'V�ZLOO�EH�FORVHVW�WR�WKH�LGHDO�YDOXH�RI�]HUR�DW�WKH�HGJH�RI�FRYHUDJH�ZKHUH�WKH�ILHOGVWUHQJWK� DQG� VLJQDO�WR�QRLVH� UDWLR�� 7KLV� PD[LPLVHV� UHFHLYHUV¶� DELOLW\� WR� LGHQWLI\� WKHFRUUHFW� ]HUR�FURVVLQJ� XQGHU� WKH� PRVW� GLIILFXOW� FRQGLWLRQV�� 7KHVH� WUDQVPLWWHG� (&'YDOXHV�ZLOO�EH�EXLOW�LQWR�WKH�FRPSXWHU�PRGHO�
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(&' 7HUUDLQ�(OHYDWLRQ

)LJ�����±�0RGHOOHG�(&'V�XVLQJ�JURXS�GHOD\�PHWKRG�

)LJ�����±�(&'�PDS�RI�*LOOHWWH�VLJQDOV�DURXQG�*UDQG�-XQFWLRQ��&RORUDGR �
����7KH�5HDVRQ�IRU�'LIIHUHQW�$SSURDFKHV�WR�(&'
7KH� 86&*� GHILQH� WKH� (&'� DW� WKH� EDVH� RI� WKH� DQWHQQD� EXW� WKHUH� LV� QR� VWDQGDUGGHILQLWLRQ� RI� WKH� (&'� RI� D� UHFHLYHG� SXOVH�� ,W� LV� WHFKQLFDOO\� GLIILFXOW� WR� DSSO\WHFKQLTXHV� VXFK� DV�+&35� DQG� HTXDWLRQ� ILWWLQJ� WR� UHFHLYHG� SXOVHV� EHFDXVH� WKH� HDUO\



SHDNV�PD\�EH�VHYHUHO\�DWWHQXDWHG��7KH�JURXS�GHOD\�PHWKRG�RYHUFRPHV�WKHVH�SUREOHPVE\�FRPSXWLQJ�DQ�³(&'�OLNH´�SDUDPHWHU� IRU�D�SURSDJDWHG�SXOVH��+RZHYHU�� LW� LJQRUHVFHUWDLQ�IDFWRUV�VXFK�DV�WKH�IUHTXHQF\�GHSHQGHQFH�RI�DWWHQXDWLRQ�
7KH� (&'V� RI� UHFHLYHG�� GLVWRUWHG�� SXOVHV� DUH� GLIILFXOW� WR� DQDO\VH� DQG� PRGHO�� 7KHFKDQJH� LQ� (&'� IURP� WKH� WUDQVPLWWHG� YDOXH� LV� FDXVHG� E\� QRQ�OLQHDU�IUHTXHQF\�GHSHQGHQW��YDULDWLRQV�RI�DWWHQXDWLRQ�DQG�SKDVH�YHORFLW\�DFURVV�WKH�VSHFWUXPRI�WKH�/RUDQ�&�SXOVH��%RWK�WKHVH�IDFWRUV�DOVR�YDU\�QRQ�OLQHDUO\�ZLWK�GLVWDQFH�IURP�WKHWUDQVPLWWHU��ZLWK�WHUUDLQ�HOHYDWLRQ��DQG�ZLWK�JURXQG�FRQGXFWLYLW\��DQG�LW�LV�QHFHVVDU\�WRGHDO�ZLWK�WKH�VXP�RI�WKHLU�HIIHFWV��6R�WKHUH�DUH�DGGLWLRQDO�IDFWRUV�WKDW�VKRXOG��LGHDOO\�EH�LQFRUSRUDWHG�LQWR�WKH�PRGHO�
� 3XOVH�6KDSH
,W�PD\�EH�PRUH�YDOXDEOH�WR�SUHGLFW�DQG�SXEOLVK�WKH�VKDSH�RI�WKH�UHFHLYHG�SXOVHV�UDWKHUWKDQ�WKHLU�(&'�YDOXHV��2XU�FRPSXWHU�PRGHO�FDQ�GR�MXVW�WKDW�
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)LJ�����±�)LUVW�VL[�SRVLWLYH�JRLQJ�]HUR�FURVVLQJV�RI�D�SXOVH�
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)LJ�����±�%H\RQG�����NP�]HUR�FURVVLQJV�FRQWLQXH�WR�GLVSHUVH�LQ�VDPH�GLUHFWLRQ�
)LJ�� ���� ��� DQG� ��� VKRZ� DQDO\VHV� RI� ]HUR�FURVVLQJV� RI� GLVWRUWHG� SXOVHV� GHULYHG� E\3HWHUVRQ�IURP�UHVXOWV��)LJ� ���VKRZV�WKH�VLJQDO�FORVH�WR�WKH�WUDQVPLWWHU��WKH�ORZHU�SORWVKRZV� WKH� WLPLQJV� RI� WKH� ���� ���� ���� ���� ��� DQG� ��PV� ]HUR�FURVVLQJV�� 7KH� ��PVFURVVLQJ�LV�XVHG�DV�WKH�WLPH�UHIHUHQFH�DQG�WKH�ILJXUH�VKRZV�WKH�FKDQJHV�RI�WLPLQJ�RIWKH� RWKHU� FURVVLQJV� ZLWK� UHVSHFW� WR� LW�� ,Q� )LJ�� ��� WKH� SXOVH� LV� ���NP� IURP� WKH



WUDQVPLWWHU��7KH� WLPLQJV�RI� WKH� FURVVLQJV�KDYH� EHFRPH� DOPRVW� XQLIRUP��%\�����NP�)LJ������WKH�FURVVLQJV�KDYH�FRQWLQXHG�WR�PRYH�DSDUW�
7KH� VLJQLILFDQFH� RI� WKLV� DSSURDFK� LV� WKDW�� UDWKHU� WKDQ� SXEOLVKLQJ� (&'V� WKDW� WHOOUHFHLYHU�PDQXIDFWXUHUV�WKH�SRVLWLRQ�RI�WKH��UG ]HUR�FURVVLQJ�ZLWK�UHVSHFW�WR�WKDW�RI�WKHHQYHORSH�� LW�PLJKW�EH�PRUH�YDOXDEOH�WR�SXEOLVK�]HUR�FURVVLQJ�VXFK�DV� WKLV��+RZHYHU�WKHUH� PD\� WXUQ� RXW� WR� EH� D� XQLTXH� FRUUHODWLRQ� EHWZHHQ� WKH� SRVLWLRQ� RI� WKH� ]HURFURVVLQJV�RI�WKH�SXOVH�DQG�WKH�(&'�YDOXH�
� $6)V�DQG�(&'V�%H\RQG�����NP
:KHQ�ZH�ILUVW�VWDUWHG�SUHGLFWLQJ�$6)V�XVLQJ�WKH�0RQWHDWK�FRPSXWDWLRQ�RI�WKH�LQWHJUDOHTXDWLRQV�GHYHORSHG�E\�-RKOHU�DQG�%HUU\�DW�WKH�86�1DWLRQDO�%XUHDX�RI�6WDQGDUGV�>��@ZH�REVHUYHG�DQ�LQWHUHVWLQJ�HIIHFW��)LJ�����VKRZV�WKH�SKDVH�GHOD\�YDULDWLRQV�SUHGLFWHGDORQJ�D�����NP�SDWK�XVLQJ�WKH�PHWKRG��7KH�JURXQG�FRQGXFWLYLW\�LV��P6�P�DQG�WKHUHDUH�QR�WHUUDLQ�YDULDWLRQV�
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)LJ�����±�3KDVH�GHOD\��ZLWK�UHVSHFW�WR�SODQH� SHUIHFWO\�FRQGXFWLQJ�HDUWK��ZLWKUDQJH�IURP�WUDQVPLWWHU�
)LJ�����VKRZV�WKH�$6)�SURILOH�RI�WKH�SDWK�REWDLQHG�E\�VXEWUDFWLQJ�WKH�FRUUHVSRQGLQJSKDVH�YDOXHV�RYHU�VHD�ZDWHU�DW�HDFK�SRLQW�DORQJ�WKH�SDWK��%H\RQG�DERXW�����NP�WKHUHDUH�XQH[SHFWHG�IOXFWXDWLRQV�RI�$6)�ZLWK�UDQJH��6LQFH�WKHVH�FRXOG�QRW�EH�H[SODLQHG�DWWKH�WLPH�WKH�$6)�SORWV�IRU�1(/6�WR�SXEOLVK�ZHUH�FRPSXWHG��WKHLU�UDQJH�ZDV�OLPLWHG�WR����NP�
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)LJ�����±�$6)�YDOXHV�FRPSXWHG�IRU�WKH�VPRRWK�HDUWK�SURILOH�
7KH�HIIHFW�ZDV� WUDFHG�EDFN� WR�-RKOHU�DQG�%HUU\¶V�HTXDWLRQV�� ,W�DSSHDUV� WKDW� WKH�$6)IOXFWXDWLRQV� DUH� D� VWDQGLQJ�ZDYH� HIIHFW� FDXVHG� E\� LQWHUIHUHQFH� EHWZHHQ� VLJQDOFRPSRQHQWV� WKDW� KDYH� IROORZHG� GLIIUDFWHG� UD\� SDWKV� DURXQG� WKH� EXOJH� RI� WKH� HDUWK�7KDW�LV��DW�ORQJ�UDQJH��WKH�FXUYDWXUH�RI�WKH�HDUWK�DFWV�DV�D�YHU\�ZLGH�DQG�UHODWLYHO\�ORZKLOO�� 7KLV� NLQG� RI� IOXFWXDWLRQ� LV� WR� EH� VHHQ� LQ� -RKOHU� DQG� %HUU\¶V� RZQ� UHVXOWV�GRZQVWUHDP� RI� DOO� KLOOV�PRGHOOHG� XVLQJ� WKHLU� HTXDWLRQV�� 7KH� VSDWLDO�ZDYHOHQJWKV� RIWKHLU�IOXFWXDWLRQ�YDU\�ZLWK�VLJQDO�IUHTXHQF\��DV�GR�RXUV��)LJ�������:H�QRZ�EHOLHYH�WKDWRXU�PHWKRG�LV�SUHGLFWLQJ�$6)V�FRUUHFWO\�EH\RQG�WKH�����NP�UDQJH�
7KHVH�UHODWLYHO\�VPDOO�IOXFWXDWLRQV�LQ�SKDVH�GHOD\�DW�ORQJ�UDQJH�DUH�JUHDWO\�PDJQLILHGZKHQ�(&'V�DUH�SUHGLFWHG��VLQFH�(&'�GHSHQGV�RQ�VPDOO�GLIIHUHQFHV�LQ�SKDVH�YHORFLW\ZLWK� IUHTXHQF\�� )LJ� ��� VKRZV� WKH� FRQVHTXHQFHV�� (&'� YDOXHV� YDU\� E\� VRPH� ���PVRYHU����NP�
� )XWXUH�:RUN
)XWXUH�ZRUN�RQ�WKLV�SURJUDPPH�VKRXOG�LQFOXGH�FRPSDULVRQ�RI�WKH�PRGHO�UHVXOWV�ZLWKPHDVXUHG�GDWD��:H�VKRXOG�DOVR�VWXG\�KRZ�EHVW�WR�GHILQH�WKH�(&'�RI�D�GLVWRUWHG�SXOVHDQG�ZKHWKHU�WR�SXEOLVK�SXOVH�VKDSH��RU�]HUR�FURVVLQJV��GDWD��)LQDOO\��ZH�ZRXOG�OLNH�WRORRN� IRU� H[SHULPHQWDO� HYLGHQFH�RI� WKH� ORQJ�UDQJH� IOXFWXDWLRQ� VHHQ� LQ� WKH� -RKOHU� DQG%HUU\�PRGHO�



)LJ�����±�(&'�IOXFWXDWLRQV�DW�ORQJ�UDQJH�� 6XPPDU\�DQG�&RQFOXVLRQV
(&'�LV�D�GLIILFXOW�SDUDPHWHU�WR�DQDO\VH��,W�FKDQJHV�ZLWK�UDQJH�EHFDXVH�RI�VXEWOH��QRQ�OLQHDU��IUHTXHQF\�GHSHQGHQW��YDULDWLRQV�RI�ERWK�DWWHQXDWLRQ�DQG�SKDVH�YHORFLW\�DFURVVWKH� VSHFWUXP� RI� WKH� /RUDQ�&� VLJQDO�� %RWK� WKHVH� IDFWRUV� DOVR� YDU\� QRQ�OLQHDUO\� ZLWKGLVWDQFH� IURP� WKH� WUDQVPLWWHU�� DQG� DUH� DIIHFWHG� E\� WHUUDLQ� HOHYDWLRQ� DQG� JURXQGFRQGXFWLYLW\��$OO�WKLV�FRPSOH[LW\�KDV�EHHQ�EXLOW�LQWR�WKH�SURSDJDWLRQ�PRGHO�LQWURGXFHGLQ�WKLV�SDSHU�
$�JRRG�NQRZOHGJH�RI�(&'�LV�LPSRUWDQW�WR�PD[LPLVH�UHFHLYHU�LQWHJULW\��$QG�DOWKRXJKZH�FDQ�SUHGLFW�WKH�VKDSHV�RI�UHFHLYHG�SXOVHV�ZLWK�VRPH�FRQILGHQFH��LW�LV�QRW�\HW�FOHDUKRZ�EHVW�WR�GHULYH�(&'�YDOXHV�IURP�WKHP�±�RU�ZKHWKHU�WKDW�LV�WKH�EHVW�ZD\�WR�XVH�WKHVKDSH�LQIRUPDWLRQ�DW�DOO�
$FNQRZOHGJHPHQWV
7KH� DXWKRUV� ZRXOG� OLNH� WR� DFNQRZOHGJH� WKH� 8QLWHG� 6WDWHV� )HGHUDO� $YLDWLRQ$GPLQLVWUDWLRQ�IRU�IXQGLQJ�WKLV�ZRUN�WKURXJK�FRQWUDFW�QXPEHU�)$$�')7$�������&������� YLD� D� VXE�FRQWUDFW� IURP� 2KLR� 8QLYHUVLW\�� DQG� 'U�� 'DYLG� 'LJJOH� DW� 2KLR8QLYHUVLW\� IRU� VXSSRUW�� ,Q� DGGLWLRQ�� ZH� ZRXOG� OLNH� WR� WKDQN� 'U�� %HQ� 3HWHUVRQ� RI3HWHUVRQ�,QWHJUDWHG�3RVLWLRQLQJ�IRU�WKH�XVH�RI�KLV�GLDJUDPV�IRU�)LJV���������DQG����



�� 5HIHUHQFHV
>�@�5HFRPPHQGDWLRQ�,78�5�3�������±�:RUOG�$WODV�RI�*URXQG�&RQGXFWLYLWLHV
>�@� 'HIHQFH� 0DSSLQJ� $JHQF\� 3URGXFW� 6SHFLILFDWLRQV� IRU� :RUOG� 9HFWRU� 6KRUHOLQH�)LUVW�(GLWLRQ��������'0$�+\GURJUDSKLF�7RSRJUDSKLF�&HQWHU��:DVKLQJWRQ��'&
>�@� 3HUIRUPDQFH� 6SHFLILFDWLRQ� 'LJLWDO� 7HUUDLQ� (OHYDWLRQ� 'DWD� �'7('��� 3URMHFW0&*7������� 'RFXPHQW� 0,/�35)������$�� ������ 1DWLRQDO� ,PDJHU\� DQG� 0DSSLQJ$JHQF\��%HWKHVGD��0DU\ODQG��86$
>�@� 6SHFLILFDWLRQ� RI� WKH� 7UDQVPLWWHG� /RUDQ�&� 6LJQDO�� 8QLWHG� 6WDWHV� &RDVW� *XDUG�'HSDUWPHQW�RI�7UDQVSRUWDWLRQ��&20'7,167�0��������������
>�@�86�&RDVW�*XDUG��$Q�$QDO\VLV�RI�WKH�HQYHORSH�WR�F\FOH�GLVFUHSDQF\�LQ�WKH�/RUDQ�&6\VWHP� 5HS��&*���������(OHFWURQLF�(QJ��'LY���$SU�������
>�@� 'HDQ�� :�1��� (&'� 9DULDWLRQV� LQ� 2YHUODQG� 3URSDJDWLRQ�� 3URF�� �WK $QQ�� 7HFK�6\PS���SS���������:LOG�*RRVH�$VVRFLDWLRQ�������
>�@�6KHUPDQ��+�7���)LQDOO\�±�D�3UDFWLFDO�(&'�(VWLPDWLQJ�7HFKQLTXH��3URF����WK $QQ�7HFK��6\PS���:LOG�*RRVH�$VVRFLDWLRQ�
>�@�)DUQZRUWK��5�*���/RUDQ�&�&RYHUDJH�3UHGLFWLRQ�LQ�:HVWHUQ�(XURSH��3K'��7KHVLV�8QLY��RI�:DOHVP�-DQ�������
>�@�3HWHUVRQ��%�%��	�'HZDOW��.�0���$QDO\VLV�RI�(QYHORSH�WR�F\FOH�'LIIHUHQFH��(&'�LQ�IDU�ILHOG��3URF����VW $QQ��7HFK�6\PS���SS�������:LOG�*RRVH�$VVRFLDWLRQ�
>��@�/DVW��-�'��	�:LOOLDPV��3���1HZ�VRXUFHV�RI�$6)�GDWD�IRU�(XURSHDQ�/RUDQ�XVHUV�2UWXQJ� XQG� 1DYLJDWLRQ�� -RXUQDO� RI� WKH� 'HXWVFKH� *HVHOOVFKDIW� I�U� 2UWXQJ� XQG1DYLJDWLRQ����������SS�������������
>��@�/DVW��-�'���:LOOLDPV��3���/RUDQ�&�IRU�(XURSHDQ�1RQ�3UHFLVLRQ�$SSURDFKHV����WK$QQXDO�&RQYHQWLRQ�DQG�7HFKQLFDO�6\PSRVLXP��,QWHUQDWLRQDO�/RUDQ�$VVRFLDWLRQ��6DLQW*HUPDLQ�HQ�/D\H��3DULV��)UDQFH��������2FWREHU������
>��@�/DVW�� -�'���:LOOLDPV��3���3HWHUVRQ��%�� DQG�'\NVWUD��.���3URSDJDWLRQ�RI�/RUDQ�&6LJQDOV� LQ� ,UUHJXODU�7HUUDLQ� ±�0RGHOOLQJ� DQG�0HDVXUHPHQWV� 3DUW� ���0RGHOOLQJ�� ��WK$QQXDO� &RQYHQWLRQ� DQG� 7HFKQLFDO� 6\PSRVLXP�� ,QWHUQDWLRQDO� /RUDQ� $VVRFLDWLRQ�:DVKLQJWRQ�'&��:DVKLQJWRQ��86$���������1RYHPEHU�����
>��@�/DVW�� -�'���:LOOLDPV��3���3HWHUVRQ��%�� DQG�'\NVWUD��.���3URSDJDWLRQ�RI�/RUDQ�&6LJQDOV� LQ� ,UUHJXODU� 7HUUDLQ� ±�0RGHOOLQJ� DQG�0HDVXUHPHQWV� 3DUW� ���0HDVXUHPHQWV���WK $QQXDO�&RQYHQWLRQ�DQG�7HFKQLFDO�6\PSRVLXP��,QWHUQDWLRQDO�/RUDQ�$VVRFLDWLRQ�:DVKLQJWRQ�'&��:DVKLQJWRQ��86$���������1RYHPEHU������



>��@� :LOOLDPV�� 3�� 	� /DVW�� -�'��� 0DSSLQJ� WKH� $6)V� RI� WKH� 1RUWKZHVW� (XURSHDQ/RUDQ�&�V\VWHP��-RXUQDO�RI�WKH�5R\DO�,QVWLWXWH�RI�1DYLJDWLRQ���������SS���������0D\������,QYLWHG�
>��@�-RKOHU��-�5���.HOODU��:�-��DQG�:DOWHUV��/�&���3KDVH�RI�WKH�/RZ�5DGLR�)UHTXHQF\*URXQG�:DYH��1%6�&LUFXODU������1%6��-XQH�������
>��@�0LOOLQJWRQ��*���*URXQGZDYH�3URSDJDWLRQ�2YHU�DQ�,QKRPRJHQHRXV�6PRRWK�(DUWK�3URF��,((��SW,,,������S��������
>��@�3UHVVH\��%���$VKZHOO��*��	�)RZOHU��&���7KH�0HDVXUHPHQW�RI�3KDVH�9HORFLW\�RI*URXQGZDYH� 3URSDJDWLRQ� RI� /RZ� )UHTXHQFLHV� 2YHU� D� /DQG� 3DWK�� 3URF�� ,((�� ����SW,,,��S��������
>��@� 0RQWHDWK�*�'��� &RPSXWDWLRQ� RI� *URXQGZDYH� $WWHQXDWLRQ� 2YHU� ,UUHJXODU� DQG,QKRPRJHQHRXV� *URXQG� DW� /RZ� DQG� 0HGLXP� )UHTXHQFLHV�� %%&� 5HSRUW� �������%ULWLVK�%URDGFDVWLQJ�&RUSRUDWLRQ��5HVHDUFK� DQG�'HYHORSPHQW�� �.LQJVZRRG�:DUUHQ�7DGZRUWK��6XUUH\��8.���0DUFK������
>��@� -RKOHU�� -�5��� HW�� $O��/RUDQ�'� 3KDVH�&RUUHFWLRQV�2YHU� ,QKRPRJHQHRXV� ,UUHJXODU7HUUDLQ��5HSRUW�,76$����� ,QVWLWXWH�IRU�7HOHFRPPXQLFDWLRQ�6FLHQFHV�DQG�$HURQRP\�%RXOGHU��&RORUDGR��1RYHPEHU������
>��@�)UHHVH��'�+���7UDQVPLWWHG�(QYHORSH�WR�&\FOH�'LIIHUHQFH��(&'���'HILQLWLRQ�DQG&RQWURO��8QLWHG�6WDWHV�&RDVW�*XDUG��((�&HQ�


	1 Introduction
	2 Envelope to Cycle Difference (ECD)
	3 The Cause of ECD Shifts as Signals Propagate
	4 Modelling ECD values
	4.1 Modelling ECD Values – A New Approach
	4.2 The ECD computation method
	4.2.1 The HCRP Method


	5 ECD Results
	5.1 Preliminary Results
	5.2 Alternative Methods
	5.2.1 The USCG Transmitted Pulse Method
	5.2.2 Group Delay Method

	5.3 The Reason for Different Approaches to ECD

	6 Pulse Shape
	7 ASFs and ECDs Beyond 1000km
	8 Future Work
	9 Summary and Conclusions
	10 References

