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$EVWUDFW
3URWRFROV�LQ�4XDQWXP�&U\SWRJUDSK\�6\VWHPV�,PSOHPHQWDWLRQ�RI�6RIWZDUH�IRU�6HFUHW�.H\�([WUDFWLRQ

E\
'DQLHO�/MXQJJUHQ

7KH�UHODWLYHO\�QHZ�WHFKQRORJ\�RI�TXDQWXP�FU\SWRJUDSK\�LV�FXUUHQWO\�VXEMHFW�WR�YDVW
GHYHORSPHQW��'XULQJ� WKH� ODVW� GHFDGH�� VHYHUDO� JURXSV� KDYH� UHSRUWHG�PDQ\� JRRG� DQG
SURPLVLQJ� UHVXOWV� RI� H[SHULPHQWDO� ZRUN�� )XUWKHU� UHVHDUFK� ZLOO� FRQWULEXWH� WR� GHHSHU
NQRZOHGJH�ZLWKLQ�WKH�ZLGHU�UHVHDUFK�ILHOG�RI�TXDQWXP�LQIRUPDWLRQ�

4XDQWXP�FU\SWRJUDSK\�LV�WKH�DUW�RI�GLVWULEXWLQJ�VHFXUH�NH\V�EHWZHHQ�WZR�SDUWLHV
E\� PRGXODWLQJ� GLJLWDO� ELWV� LQWR� SKRWRQ�VWDWHV�� VR�FDOOHG� TXELWV�� 7KHVH� SKRWRQV� DUH
VHQW�RYHU�WKH�SULYDWH�TXDQWXP�FKDQQHO�� L�H��DQ�RSWLFDO� ILEHU��3DUWLFOHV� OLNH�SKRWRQV
UXOH�XQGHU�WKH� ODZV�RI�TXDQWXP�SK\VLFV�� VXFK�DV�WKH�FRPSOHPHQWDU\�SULQFLSOH�DQG
WKH�QR�FORQLQJ�WKHRUHP��$V�DQ�HIIHFW��DQ\�HDYHVGURSSLQJ�DWWHPSW�FDQ�EH�GLVFRYHUHG�

&ODVVLFDO� FU\SWRJUDSK\� V\VWHPV� UHO\� XSRQ� WKH� VXSSRVHG� GLIILFXOW\� RI� VROYLQJ
FHUWDLQ� FODVVHV� RI� PDWKHPDWLFDO� SUREOHPV�� 4XDQWXP� FU\SWRJUDSK\� GRHV� QRW� KDYH
WKRVH�OLPLWDWLRQV���RQO\�SK\VLFDO�ODZV�SOHGJH�IRU�VHFXULW\�

7KH� ZRUN� SHUIRUPHG� DW� .7+� KDV� UHDFKHG� WKH� VWDJH� RI� GHYHORSLQJ� FRPSXWHU�
FRQWUROOLQJ� VRIWZDUH� LQ�RUGHU� WR� DXWRPDWLFDOO\� WUDQVPLW� D� UDQGRP�ELW�VWULQJ�� WKH� VR�
FDOOHG�UDZ�NH\��$GGLWLRQDO� FODVVLFDO� FRPPXQLFDWLRQ� LV�QHFHVVDU\�WR�H[WUDFW�D�VHFUHW
NH\� IURP� WKH� UDZ�NH\��7KLV� FRPPXQLFDWLRQ� LV� KHOG� RYHU� WKH� SXEOLF� FKDQQHO� DQG� LW
UHTXLUHV� WKH� XVH� RI� SURWRFROV�� 7KHVH� SURWRFROV� LQFOXGH� VRIWZDUH� WKDW� FDQ� JRYHUQ� DOO
SXEOLF�GLVFXVVLRQ��DQG�DOJRULWKPV�WKDW�EULQJ�RXW�D�SHUIHFWO\�VHFUHW�NH\�

7KLV�0DVWHU
V�7KHVLV� UHSRUW�ZLOO� WU\� WR� H[SODLQ� WKH� XQGHUO\LQJ�PHWKRGV� RI� WKHVH
FRPPXQLFDWLRQ� SURWRFROV� DQG� LQIRUP� DERXW� WKH� ZRUN� GRQH� LPSOHPHQWLQJ� WKLV
VRIWZDUH�� 6HYHUDO� PHWKRGV� RI� UHFRQFLOLDWLRQ� �HUURU� FRUUHFWLRQ�� DUH� LQYHVWLJDWHG�
(YHQWXDOO\�VHFUHW�LQIRUPDWLRQ�LV�OHDNHG�GXULQJ�WKH�NH\�GLVWULEXWLRQ�SURFHVV��KRZHYHU�
WKLV� LQIRUPDWLRQ� FDQ�EH� LJQRUHG�E\� XWLOL]LQJ� WKH�PHWKRG� RI�SULYDF\�DPSOLILFDWLRQ�
ZKHUH�WKH�NH\�LV�FRPSUHVVHG�E\�KDVK�IXQFWLRQV�LQWR�D�VKRUWHU�NH\�ZLWK�DQ�DUELWUDULO\
KLJK�VHFXULW\�OHYHO�

�7KH�VRIWZDUH�LV�FDSDEOH�RI�VLPXODWLQJ�WKH�ZKROH�TXDQWXP�FKDQQHO��DQG�WKXV�WKH
FRPSOHWH�NH\�GLVWULEXWLRQ�SURFHVV�LQFOXGLQJ�SURWRFROV��7KH�EHVW�SHUIRUPLQJ�SURWRFROV
DUH�LPSOHPHQWHG��:H�LQYHVWLJDWH�WKH�HIIHFWLYH�ELW�UDWHV�DFKLHYDEOH��2WKHU�VLPXODWLRQ
UHVXOWV�DUH�XVHG�WR�GUDZ�FRQFOXVLRQV�DERXW�LPSOHPHQWDWLRQ�SUDFWLFDOLWLHV�
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$FNQRZOHGJHPHQWV
%HOLHYH�LW�RU�QRW�EXW�\RX�DUH�QRZ�FRQIURQWLQJ�D�FRS\�RI�P\�GLSORPD�ZRUN�UHTXLUHG�IRU
WKH�0�6�(�(�GHJUHH��)LUVW��,
G�OLNH�WR�DSSUHFLDWH�P\VHOI�IRU�PDNLQJ�VXFK�D�JRRG�FKRLFH
LQ� WKH� VHOHFWLRQ� RI� D� WKHVLV�SURSRVDO� DV� LW� WXUQHG� RXW� WR� EH�� ,� KDG� D� UHDO� JRRG� WLPH�
7KLV�LQ�VSLWH�RI�VRPH�UHDO�ODWH�KRXUV�QHFHVVDU\�LQ�RUGHU�IRU�WKLV�ILQDO�UHSRUW�WR�EHFRPH
UHDG\��,�VXSSRVH�,�PXVW
YH�EHHQ�WKH�ILUVW�VWXGHQW�ZKR�UDQ�VKRUW�ZLWK�WLPH�"

7KLV�ZRUN�ZRXOG�KDYH�EHHQ�QHLWKHU�SRVVLEOH��QRU�HQGHG�ZLWK�JRRG�UHVXOWV�ZLWKRXW
P\�VXSSRUWLQJ� VXSHUYLVRU� DQG� H[DPLQHU�$QGHUV�.DUOVVRQ��7KDQNV��6SHFLDO� WKDQNV
DOVR� WR� P\� VXSHUYLVRU�0RKDPHG� %RXUHQQDQH� ZKR
V� EHHQ� NLQG� WR� H[SODLQ� PDQ\
WKLQJV��VR�ERWK�WR�FRQIXVH�DQG�WR�FODULI\��EXW�OXFNLO\�PRVWO\�WKH�ODWWHU��$SSUHFLDWLRQV
DOVR� WR� 1RUEHUW� /XWNHQKDXV� DW� WKH� 8QLYHUVLW\� RI� +HOVLQNL�� )LQODQG�� IRU� KHOSIXO
GLVFXVVLRQV� DQG� YDOXDEOH� IHHGEDFN�� HVSHFLDOO\� FRQFHUQLQJ� EDFNJURXQG� WKHRU\� DQG
IRUPXODV� RI� VHFWLRQ� ������� 7KDQNV�*XQQDU�%MRUN�� KHDG� RI�4XDQWXP�2SWLFV� JURXS�
IRU�KDYLQJ�PH�LQYHVWLJDWH�FRGLQJ�

$OVR�� WKDQNV� WR� DOO� 3K�'�� VWXGHQWV� DW� WKH� GHSDUWPHQW� IRU� WKH� QXPHURXV� IORRU�
KRFNH\�GLVSXWHV��,�KDG�WZR�URRPPDWHV�WKH� ILUVW�KDOI�RI�P\�WLPH�KHUH��WKDQNV�0DULD
DQG�8OI�IRU�WKH�FRPSDQ\�

7KH�SHUVRQ�ZKR� VXIIHUHG�PRVW� IURP�P\� ODWH�KRXUV�ZDV�ZLWK�QR�GRXEW�P\� VZHHW
6DUD��,�WKLQN�VKH�HQGXUHG�ILQDOO\�
'DQLHO
$�VWRUP\�ZLQWHU�GD\�LQ�)HEUXDU\�WKH�\HDU�RI�����
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&KDSWHU�� 4XDQWXP�,QIRUPDWLRQ �
��� ,QWURGXFWLRQ �����������������������������������������������������������������������������������������������
��� 7KH�&RPSXWHU�&KDOOHQJH���������������������������������������������������������������������������

&KDSWHU�� &ODVVLFDO�&U\SWRJUDSK\ �
��� ,QWURGXFWLRQ �����������������������������������������������������������������������������������������������
��� 6HFUHW�NH\�&U\SWRV\VWHPV��������������������������������������������������������������������������
��� 3XEOLF�NH\�&U\SWRV\VWHPV �������������������������������������������������������������������������
��� .H\�'LVWULEXWLRQ�DQG�3URWRFROV �����������������������������������������������������������������
��� 6HFXULW\�LQ�&ODVVLFDO�&U\SWRJUDSK\������������������������������������������������������������
��� 5DQGRP�%LW�*HQHUDWRUV�����������������������������������������������������������������������������

&KDSWHU�� 4XDQWXP�&U\SWRJUDSK\ �
��� ,QWURGXFWLRQ �����������������������������������������������������������������������������������������������
��� 4XDQWXP�3K\VLFV�,QWHUSUHWDWLRQ�RI�&RGLQJ�������������������������������������������� ��

����� 1RQ�2UWKRJRQDO�%DVHV ������������������������������������������������������������������ ��
����� 3RODUL]HG�&RGHG�,QIRUPDWLRQ �������������������������������������������������������� ��
����� 3KDVH�&RGHG�,QIRUPDWLRQ ������������������������������������������������������������� ��

��� 4XDQWXP�.H\�'LVWULEXWLRQ�3URWRFROV����������������������������������������������������� ��
����� 7KH�%%���6FKHPH������������������������������������������������������������������������� ��
����� 7KH�%���6FKHPH ��������������������������������������������������������������������������� ��
����� 2WKHU�6FKHPHV ������������������������������������������������������������������������������ ��

��� (DYHVGURSSLQJ�0RGHOV ���������������������������������������������������������������������������� ��
����� ,QWHUFHSW�5HVHQG �������������������������������������������������������������������������� ��
����� %HDPVSOLW �������������������������������������������������������������������������������������� ��
����� 2WKHU�$WWDFNV ������������������������������������������������������������������������������� ��
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&KDSWHU�� .H\�$JUHHPHQW�IURP�6KDUHG�,QIRUPDWLRQ ��
��� 7KH�&KDQQHOV�	�$XWKHQWLFDWLRQ ������������������������������������������������������������� ��
��� 6LIWLQJ������������������������������������������������������������������������������������������������������ ��
��� 5HFRQFLOLDWLRQ ����������������������������������������������������������������������������������������� ��

����� &ODVVLFDO�&RGLQJ���8VHIXO"������������������������������������������������������������� ��
����� %LQDU\�6HDUFK�DQG�3DULW\�&KHFN���'LVFDUG�(UURUV ������������������������ ��
����� %LQDU\�6HDUFK�DQG�3DULW\�&KHFN���&RUUHFW�(UURUV ������������������������ ��
����� &DVFDGH���DG�KRF�%LQDU\�6HDUFK ���������������������������������������������������� ��

��� 3ULYDF\�$PSOLILFDWLRQ ����������������������������������������������������������������������������� ��
��� 4XDQWXP�%LW�(UURU�5DWH�DQG�%LW�5DWH�OLPLWV ����������������������������������������� ��
��� 6HFXULW\�DQG�(DYHVGURSSHU�,QIRUPDWLRQ�5HVWUDLQWV �������������������������������� ��

&KDSWHU�� ([SHULPHQWDO�4XDQWXP�&U\SWRJUDSK\ ��
��� 7KH�4XDQWXP�&U\SWRJUDSK\�6\VWHP�DW�(/(����������������������������������������� ��
��� ([SHULPHQWDO�5HVXOWV�DQG�&KDOOHQJHV����������������������������������������������������� ��

&KDSWHU�� ,QWHUIDFH�IRU�4XDQWXP�&U\SWRJUDSK\�6\VWHP ��
��� ,QWURGXFWLRQ �������������������������������������������������������������������������������������������� ��
��� 6RIWZDUH�,PSOHPHQWDWLRQ������������������������������������������������������������������������ ��

����� 3URJUDP�6WUXFWXUH ������������������������������������������������������������������������ ��
����� 6LPXODWLRQ�RI�7KH�4XDQWXP�&KDQQHO ������������������������������������������� ��
����� *UDSKLFDO�8VHU�,QWHUIDFH ��������������������������������������������������������������� ��

��� 6LPXODWLRQV ��������������������������������������������������������������������������������������������� ��
����� (UURU�&RUUHFWLRQ�3URWRFROV������������������������������������������������������������ ��
����� 3ULYDF\�$PSOLILFDWLRQ�3URWRFRO����������������������������������������������������� ��
����� 6\VWHP�3HUIRUPDQFH ��������������������������������������������������������������������� ��

&KDSWHU�� &RQFOXVLRQV ��
��� ([SHULPHQWDO�4XDQWXP�&U\SWRJUDSK\��������������������������������������������������� ��
��� )XWXUH�RI�4&"����������������������������������������������������������������������������������������� ��

%LEOLRJUDSK\ ��
$SSHQGL[�$�1RWDWLRQV ��
$SSHQGL[�%�3URJUDP�6WUXFWXUH ��
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3URMHFW�DQG�3DSHU�2UJDQL]DWLRQ
7KLV� SDSHU� FRPSOHWHV� D� GLSORPD�ZRUN� VXEPLWWHG� LQ� SDUWLDO� IXOILOOPHQW� IRU� WKH
UHTXLUHPHQWV� RI� WKH� DFDGHPLF� GHJUHH�� 0DVWHU� RI� 6FLHQFH� LQ� (OHFWULFDO� (QJLQHHULQJ�
7KH� SURMHFW� ZDV� FRQGXFWHG� LQ� WKH� 4XDQWXP� 2SWLFV� JURXS� DW� WKH� /DERUDWRU\� RI
3KRWRQLFV��5R\DO� ,QVWLWXWH� RI�7HFKQRORJ\�� LQ� DQ�RQJRLQJ� UHVHDUFK� SURMHFW� WRZDUGV� D
UHDOL]DWLRQ� RI� D� UHDO� 4XDQWXP� &U\SWRJUDSK\� 6\VWHP��:LWKLQ� WKLV� SURMHFW� D� SDUWLDO
JRDO�ZDV�WR�EXLOG�XS�D�VRIWZDUH�LQWHUIDFH�IRU�WKH�H[SHULPHQWDO�TXDQWXP�FU\SWRJUDSK\
V\VWHP�EXLOG�LQ�WKH�ODE��7KH�VRIWZDUH�VKRXOG�EH�DEOH�WR�VLPXODWH�WKH�4&�V\VWHP�DQG
HDYHVGURSSLQJ� DWWHPSWV�� DV� ZHOO� DV� HYDOXDWLQJ� WKH� SHUIRUPDQFH� RI� WKH� LPSOHPHQWHG
FRPPXQLFDWLRQ�SURWRFROV��$�ILUVW� VWHS�ZDV�WR�EHFRPH�DFTXDLQWHG�ZLWK�WKH�ULFK�WRSLF
RI�TXDQWXP�FU\SWRJUDSK\�E\�OLWHUDWXUH�VHDUFK�DQG�UHDGLQJ��7KHUHDIWHU��FRQFUHWH�ZRUN
ZDV�VHW�RXW�LQ�RUGHU�WR�UHDFK�WKH�IROORZLQJ�PLOHVWRQHV�VHW�XS�LQ�DQWLFLSDWLRQ�

• 0DNH� VRIWZDUH� WRROV� IRU� H[WUDFWLRQ� RI� D� VHFXUH� FU\SWRJUDSKLF� NH\�� L�H�
0DWODE�FRGH�

• ,PSOHPHQW�0DWODE�FRGH� IRU� HUURU�FRUUHFWLRQ� DQG� SULYDF\�DPSOLILFDWLRQ
LQ�D�UHDO�FU\SWRJUDSKLF�V\VWHP�

• 6LPXODWH� D� TXDQWXP� FU\SWRJUDSK\� V\VWHP� LQ� WKH� SUHVHQFH� RI
HDYHVGURSSLQJ�DQG�HYDOXDWH�SHUIRUPDQFH�

• (YDOXDWH�WKH�VRIWZDUH�LQ�RUGHU�WR�LOOXVWUDWH�WKH�SUDFWLFDO�DVSHFWV�RI�D�UHDO
LPSOHPHQWDWLRQ�

7KH� ILUVW� FKDSWHU� JLYHV� DQ� LQWURGXFWLRQ� DQG� PRWLYDWLRQ� IRU� 4XDQWXP� ,QIRUPDWLRQ�
DOVR� GHVFULELQJ� SUHYLRXV� ZRUN� DQG� IXWXUH� SRVVLELOLWLHV�� 7KHUHDIWHU�� LQ� FKDSWHU� ��
&ODVVLFDO� &U\SWRJUDSK\� LV� WUHDWHG� LQ� RUGHU� WR� UHODWH� WKLV� WR� WKH� DUHD� RI� 4XDQWXP
&U\SWRJUDSK\� �4&��� ZKLFK� LV� WKH� VXEMHFW� RI� FKDSWHU� ��� +HUH� LV� H[SODLQHG� WKH�PDLQ
SULQFLSOHV�EHKLQG�4&�DQG�GLIIHUHQW�SURWRFROV�OLNH�WKH�%%���DQG�%����,Q�&KDSWHU���LV
SUHVHQWHG�WKH�PHWKRG�RI�REWDLQLQJ�D�SHUIHFWO\�VHFXUH�NH\�EHWZHHQ�WZR�SDUWLHV�VKDULQJ
FRPPRQ� LQIRUPDWLRQ� WKDW� LV�RQO\�SDUWO\� VHFUHW��'LIIHUHQW� UHFRQFLOLDWLRQ�PHWKRGV� DUH
SUHVHQWHG��WKH�PRVW�LPSRUWDQW��FDVFDGH��$OVR�LQYHVWLJDWHG�LV�WKH�PHWKRG�RI�SULYDF\
DPSOLILFDWLRQ�� &KDSWHU� �� SUHVHQWV� H[SHULPHQWDO� ZRUN� SHUIRUPHG� WR� WKLV� GDWH� �LQ
SDUWLFXODU� IRU� WKH� ODERUDWRU\� EHLQJ� WKH� VHDW� RI� XQGHUVLJQHG��� 7KH� LQWHUIDFH� DQG
VRIWZDUH� LPSOHPHQWDWLRQ� LV� GHVFULEHG� LQ� FKDSWHU� �� WRJHWKHU� ZLWK� VLPXODWLRQV
HYDOXDWLQJ�WKH�SHUIRUPDQFH�RI�WKH�SURWRFROV��7KH�SDSHU� LV�FORVHG�ZLWK�FRQFOXVLRQV� LQ
FKDSWHU���
+DSS\�UHDGLQJ�
 �'DQLHO�/MXQJJUHQ��6WRFNKROP��)HEUXDU\������
�7KH�JURXS�VKRUWO\�WKHUHDIWHU�IRUPHG�WKHLU�RZQ�ODERUDWRU\��4XDQWXP�(OHFWURQLFV
DQG�4XDQWXP�2SWLFV�DW�WKH�VDPH�GHSDUWPHQW�



3URWRFROV�LQ�4XDQWXP�&U\SWRJUDSK\�6\VWHPV

�

&KDSWHU�� 

4XDQWXP�,QIRUPDWLRQ
��� ,QWURGXFWLRQ
$�YHWHUDQ� LQ� WKH� ILHOG�� $UWXU� (NHUW� RQFH� VDLG�� ?WKHUH� LV� SRWHQWLDO�KHUH� IRU� WUXO\
UHYROXWLRQDU\� LQQRYDWLRQV��� +H� ZDV� WDONLQJ� DERXW� WKH� UDSLGO\� LQFUHDVLQJ� DUHD� RI
4XDQWXP� ,QIRUPDWLRQ�� ,Q� �����(LQVWHLQ�� 3RGROVN\� DQG�5RVHQ� SURSRVHG� WKH� IDPRXV
(35�SDUDGR[�WKDW�QRZ�V\PEROL]HV�WKH�P\VWHULHV�LQ�TXDQWXP�PHFKDQLFV��$W�WKH�VDPH
WLPH�� WKH� ILUVW� EULFN� LQ� WKH� IRXQGDWLRQ� IRU� WRGD\
V� FRPSXWHUV� ZDV� ODLG�� QDPHO\� WKH
7XULQJ�PDFKLQH�� LQYHQWHG� E\�$ODQ�7XULQJ�� 7KH� FRPSXWHU� LQGXVWU\� KDV� EHFRPH� WKH
ODUJHVW�EXVLQHVV�RI�WKH�ZRUOG�WRGD\�

$OWKRXJK� NQRZOHGJH� LQ� TXDQWXP� SK\VLFV� LV� QHFHVVDU\� IRU� XQGHUVWDQGLQJ� RI� WKH
VROLG� VWDWH� WHFKQRORJ\� LQ� WKH� FRPSXWHUV�� WKH� LQIRUPDWLRQ� SURFHVV� KDV� UHPDLQHG� D
FODVVLFDO� SURFHVV��:LOO� D� FKDQJH� HYHQWXDOO\� FRPH� WUXH"�7KH� XVH� RI� TXDQWXP� SK\VLFV
FRXOG�UHYROXWLRQL]H�WKH�ZD\�ZH�FRPPXQLFDWH�DQG�SURFHVV�LQIRUPDWLRQ��7KH�LPSRUWDQW
QHZ�REVHUYDWLRQ� LV� WKDW� LQIRUPDWLRQ� LV�QRW� LQGHSHQGHQW�RI� WKH�SK\VLFDO� ODZV�XVHG� WR
VWRUH� DQG� SURFHVV� LW�� 7KH� QHZ� DSSURDFK� LV� WR� WUHDW� LQIRUPDWLRQ� DV� KDYLQJ� WKRVH
TXDQWXP�SURSHUWLHV� LW� LV� UHDOO\� HTXLSSHG�ZLWK��:KDW� QHZ� LQVLJKWV� FDQ�EH� JDLQHG�E\
HQFRGLQJ�LQIRUPDWLRQ�LQ�LQGLYLGXDO�TXDQWXP�V\VWHPV"�,Q�RWKHU�ZRUGV��ZKDW�KDSSHQV
ZKHQ� WUDQVPLVVLRQ� DQG� SURFHVVLQJ� RI� LQIRUPDWLRQ� DUH� JRYHUQHG� E\� TXDQWXP� HIIHFWV
ZLWKRXW�FODVVLFDO�FRXQWHUSDUWV"

)RU�H[DPSOH��ZKLOH�FODVVLFDO�ELWV�PXVW�WDNH�RQ�RQH�RI�WKH�WZR�PXWXDOO\�H[FOXVLYH
YDOXHV�RI���DQG����WKHQ�VXSHUSRVLWLRQ�RI�TXDQWXP�VWDWHV�HQDEOHV�D�ELW�RI� LQIRUPDWLRQ
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WR�KDYH�WKH�VWUDQJH�SURSHUW\�RI�?EHLQJ����DQG���VLPXOWDQHRXVO\��7KLV�PD\�EH�VHHQ�DV
D�WKUHDW�RU�DQ�RSSRUWXQLW\��7KH�TXDQWXP�LQIRUPDWLRQ�SURFHVVHV�PD\�KDYH�D�ORQJ�ZD\
WR�JR�EHIRUH�WKH\� FDQ� ULYDO� WKH�FODVVLFDO� FRXQWHUSDUWV��QHYHUWKHOHVV� WKH\�KDYH� VKRZQ
SRWHQWLDOV�DOUHDG\�

4XDQWXP� FU\SWRJUDSK\�� WKH� WRSLF� RI� WKLV� SDSHU�� LV� WKH� PRVW� PDWXUH� DUHD� RI
TXDQWXP�LQIRUPDWLRQ�DQG�KDV�EHHQ�YHU\�VXFFHVVIXO�LQ�H[SHULPHQWV��7KH�LVVXH�IRU�WKLV
DSSOLFDWLRQ� LV� QR� ORQJHU� ZKHWKHU� TXDQWXP� FU\SWRJUDSK\� ZRUNV�� UDWKHU� LI� LW� FDQ� EH
PDGH�UREXVW�DQG�SUDFWLFDO�HQRXJK�IRU�FRPPHUFLDO�XVH��5HVHDUFK�LV�SHUIRUPHG�ERWK�LQ
DFDGHPLD�DQG�LQ�FRPSDQLHV��)RU�IXUWKHU�LQWURGXFWRU\�UHDGLQJ��VHH�>��@�

��� 7KH�&RPSXWHU�&KDOOHQJH
7KH� LGHD� WKDW� QDWXUH� FDQ� EH� FRQWUROOHG� DQG�PDQLSXODWHG� DW� TXDQWXP� OHYHO� LV� D

SRZHUIXO� PRWLYH� IRU� SK\VLFLVWV� DQG� HQJLQHHUV�� 7KH� DUHD� RI� TXDQWXP� LQIRUPDWLRQ� LV
WUXO\�LQWHUGLVFLSOLQDU\�DQG�JDWKHUV�UHVHDUFKHUV�IURP�YHU\�VHSDUDWH�ILHOGV�RI�LQWHUHVWV�

0D\EH� WKH� PRVW� LQWULJXLQJ� FKDOOHQJH� LQ� TXDQWXP� LQIRUPDWLRQ� LV� WR� GHYHORS� D
FRPSXWHU� LQ� SRVVHVVLRQ� RI� HQRUPRXV� FRPSXWLQJ� SRZHU�� 3URJUHVV� LQ� WKLV� GLUHFWLRQ� LV
WDNLQJ� SODFH� DOPRVW� HYHU\� GD\�� DOWKRXJK� WKHVH� FRPSXWHUV� WRGD\� DUH� OLPLWHG� WR
LQGLYLGXDO�JDWHV�DQG�IOLS�IORSV�VWDWHV�

4XDQWXP�PHFKDQLFV�� IDU� IURP�SXWWLQJ� OLPLWV� RQ� WKH� FODVVLFDO� FRPSXWDWLRQV��ZLOO
SURYLGH� FRPSOHWHO\� QHZ� PRGHV� IRU� FRPSXWDWLRQ�� LQFOXGLQJ� DOJRULWKPV� WKDW� FDQ
SHUIRUP� WDVNV� DW�PRVW� LQ� SRO\QRPLDO� WLPH��7KLV� LPSRUWDQW� DQG� UHPDUNDEOH� IHDW� KDV
EHHQ�SURYHQ�IRU�TXDQWXP�FRPSXWHUV�

6R�� LI� TXDQWXP� FRPSXWHUV� EHFRPH� WUXH� LW� WKLV� PHDQV� WKDW� DOO� RI� WRGD\
V
FU\SWRJUDSK\� DOJRULWKPV� ZLOO� IDLO� WR� SURYLGH� VHFXUH� FRPPXQLFDWLRQ�� DV� WKHVH� DUH
EDVHG� RQ� WKH� IDFW� WKDW� WRGD\
V� FRPSXWHUV� LV� OLPLWHG� LQ� FRPSXWDWLRQDO� SHUIRUPDQFH�
0D\EH� LW� ZLOO� HYHQ� EH� HQRXJK� ZLWK� WKH� H[SRQHQWLDOO\� LQFUHDVLQJ� SRZHU� RI� WRGD\
V
FODVVLFDO�FRPSXWHUV�WR�EUHDN�WKH�DOJRULWKPV�LQ� IXWXUH��4XDQWXP�FU\SWRJUDSK\� LV�QRW
YXOQHUDEOH�WR�WKLV�WKUHDW��)XUWKHU�UHDGLQJ��>��@�
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&KDSWHU�� 

&ODVVLFDO�&U\SWRJUDSK\
��� ,QWURGXFWLRQ
&U\SWRJUDSK\� LV� WKH� DUW� RI� HQFU\SWLQJ� SODLQWH[W� LQWR� VHFUHW� PHVVDJHV�� 7KH� ULYDO� WR
FU\SWRJUDSK\�LV�FU\SWDQDO\VLV��WKH�DUW�RI�EUHDNLQJ�FLSKHUWH[WV��7KH�VFLHQFH�RI�VHQGLQJ
VHFUHW� PHVVDJHV� DQG� NHHSLQJ� WKHP� VHFUHW� WR� XQGHVLUHG� VSHFWDWRUV� LV� FRPELQHG� E\
WKHVH�WZR�EUDQFKHV�LQWR�ZKDW
V�FDOOHG�&U\SWRORJ\��7KH�ZRUG�&U\SWRORJ\�RULJLQV�IURP
DQFLHQW�*UHHN��,W�PHDQV�?KLGGHQ�ZRUG���7KH�KLVWRU\�RI�WKLV� VFLHQFH� LV�DV� ORQJ�DV�WKH
ZULWWHQ�ZRUG�LW�VHOI��DQG�FDQ�EH�IRXQG�LQ�PDQ\�WH[WERRNV�>��@�

8QWLO�QRW� ORQJ�DJR�� FU\SWRJUDSK\�ZDV�PRVWO\� D� FRQFHUQ� IRU� WKH�PLOLWDU\��'XULQJ
WKH� SDVW� FHQWXULHV� WKHUH� KDV� EHHQ� D� FRQVLGHUDEOH� LQWHUHVW� IRU� IXUWKHU� GHYHORSLQJ� RI
VHFUHW�FRPPXQLFDWLRQ��+RZHYHU��WKH�UDFH�WRZDUGV�XQEUHDNDEOH�FU\SWRJUDSK\�VWDUWHG
PDQ\�\HDUV�EHIRUH�RXU�WLPH��WUDLOV�FDQ�EH�IRXQG�WR�WKH�5RPDQV�RYHU������\HDUV�DJR�
7KH\�ZURWH�GRZQ�VHFUHW�PHVVDJHV�RQ�SDSHUV�ZLQGHG�DURXQG�F\OLQGHUV�ZLWK�D� FHUWDLQ
GLDPHWHU�� 2QO\� D� SHUVRQ� SRVVHVVLQJ� D� F\OLQGHU� ZLWK� WKH� ULJKW� GLDPHWHU� FRXOG� WKHQ
UHDG�WKH�PHVVDJH�

+RZHYHU�� IRU� WKH� SDVW� GHFDGHV� WKHUH� KDV� EHHQ� D� GUDPDWLF� FKDQJH�� *RLQJ� IURP
EHLQJ�PLOLWDU\� EXVLQHVV�� FU\SWRJUDSK\� KDV�� ZLWK� WRGD\
V� FRPSXWHUL]DWLRQ� GHYHORSHG
LQWR� D� FLYLO�PDWWHU� DV�ZHOO��$Q\RQH� HYHU� WULHG� WR� XVH� FDVK�FDUGV�� LQWHUQHW� VKRSSLQJ�
GLVWDQFH�EDQNLQJ�� HWF�� NQRZV� WKH� LPSRUWDQFH� IRU� HYHU\GD\� SHRSOH� WR� KDYH� DFFHVV� WR
VHFXUH�FRPPXQLFDWLRQ�
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(QFU\SWLRQ�LV�WKH�SURFHVV�RI�WDNLQJ�D�SODLQWH[W�PHVVDJH�DQG�VFUDPEOLQJ�LW�VR�WKDW
LW� EHFRPHV� XQUHDGDEOH� WR� DQ\RQH�� H[FHSW� WKH� DXWKRUL]HG� UHFHLYHU� ZKR� KDV� D� NH\� WR
GHFU\SW� LW�� (QFU\SWLRQ� SURGXFHV� D� FLSKHUWH[W�� 7KH� SURFHVV� RI� WXUQLQJ� D� FLSKHUWH[W
EDFN� LQWR� D� SODLQWH[W� LV� FDOOHG� GHFU\SWLRQ�� 7KH� UHDVRQ� IRU� WKH� HQFU\SWLRQ� LQWR� D
FLSKHUWH[W� LV� MXVW� WR�PDNH� VXUH� WKDW� DQ� HDYHVGURSSHU� FDQQRW� UHDG� WKH�PHVVDJH�� 6HH
)LJXUH�����

(DYHVGURSSHU
?(YH�

6HQGHU�?$OLFH� 5HFHLYHU�?%RE�

3ODLQWH[W
&LSKHUWH[W�WUDQVIHUUHG

2ULJLQDO3ODLQWH[W
(QFU\SWLRQ 'HFU\SWLRQ

"

)LJXUH� ����� 7KH� EDVLF� SUREOHP� RI� GLVWULEXWLQJ� D� NH\� EHWZHHQ� $OLFH
DQG�%RE�LV�WR�PDNH�D�VDIH�WUDQVIHU�GHVSLWH�HDYHVGURSSLQJ�DWWHPSWV��$
SODLQWH[W�PHVVDJH�LV�HQFU\SW�XVLQJ�WKH�NH\�� LQWR�D�FLSKHUWH[W��2QO\�D
SHUVRQ�ZLWK�WKH�VDPH�NH\�FDQ�GHFU\SW�LW�EDFN�WR�D�SODLQWH[W�PHVVDJH�

,Q� RUGHU� WR� PDNH� WKH� WHUPLQRORJ\� DQG� GLVFXVVLRQV� LQ� FU\SWRJUDSK\� PRUH� FOHDU�� ZH
KDYH�VHYHUDO�SOD\HUV�DFWLQJ�RQ�WKH�ILHOG��$OLFH�LV�WKH�VHQGHU�RI�WKH�LQIRUPDWLRQ��%RE�LV
WKH�DXWKRUL]HG�UHFHLYHU��DQG�WKH�PDOLFLRXV�HDYHVGURSSHU�LV�RI�FRXUVH�QDPHG�(YH�

7KHUH� DUH� VHYHUDO� FU\SWRV\VWHPV�� DOO� RI� WKHP�EDVHG� RQ� WKH� VDPH� LGHD��$OLFH� DQG
%RE�VKDUH�D�NH\�WKDW�FDQ�ORFN�DQG�XQORFN�D�PHVVDJH��7KLV�NH\�KDV�WR�EH�GLVWULEXWHG
WR�DXWKRUL]HG� LQGLYLGXDOV� LQ�VRPH�ZD\��2QFH�\RX�KDYH�D�NH\� WKHUH� LV� QR�SUREOHP�WR
HQFU\SW� D� PHVVDJH�� 7KLV� LV� WKH� ?NH\�� SUREOHP� LQ� FU\SWRJUDSK\�� KRZ� WR� VDIHO\
GLVWULEXWH�D�NH\�EHWZHHQ�WZR�SDUWLHV��7RGD\��GLIIHUHQW�KLJK�WHFKQRORJ\�SURWRFROV�FDQ
DFFRPSOLVK�WKLV�WDVN��,Q�DQFLHQW�WLPHV�WKLV�ZDV�RI�FRXUVH�PRVW�HDVLO\�GRQH�WKURXJK�D
FRXULHU�� WUXVWHG�E\� ERWK�SDUWLHV�� DQG�PD\EH� VWLOO� WRGD\� WKLV� LV� WKH�PRVW� VHFUHW�ZD\�
DOWKRXJK�YHU\�XQSUDFWLFDO�

:H� VKDOO� ILUVW� EULHIO\� SUHVHQW� WZR� FODVVHV� RI� FU\SWRV\VWHPV� FRPSUHKHQGLQJ� WKH
PRVW�SRSXODU�SURWRFROV�RI�WRGD\��7KH�VHFUHW�NH\�FU\SWRV\VWHP�XVHV�V\PPHWULF�NH\V�
WKH� VDPH� NH\� LV� XVHG� IRU� HQFU\SWLRQ� DQG� GHFU\SWLRQ�� 7KH� SXEOLF�NH\� FU\SWRV\VWHP
LQFOXGHV�WKH�YHU\�SRSXODU�56$�DOJRULWKP��DQG�XVHV�DQ�DV\PPHWULF�NH\��L�H��GLIIHUHQW
NH\V�DUH�XVHG�IRU�HQFU\SWLRQ�DQG�GHFU\SWLRQ�

��� 6HFUHW�NH\�&U\SWRV\VWHPV
6HFUHW�NH\�FU\SWRV\VWHPV��DOVR�FDOOHG�V\PPHWULF�DOJRULWKPV��DUH�DOJRULWKPV�ZKHUH�WKH
HQFU\SWLRQ�NH\�FDQ�EH�FDOFXODWHG�HDV\�IURP�WKH�GHFU\SWLRQ�NH\�DQG�YLFH�YHUVD��7KH\
DUH� RIWHQ� WKH� VDPH�� 7KHVH� PDWKHPDWLFDO� DOJRULWKPV� UHTXLUH� WKDW� WKH� VHQGHU� DQG
UHFHLYHU�DJUHH�RQ�D�NH\�EHIRUH�WKH\�FDQ�FRPPXQLFDWH�VHFXUHO\��7KH�VHFXULW\�UHOLHV�RQ
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WKH�VHFUHF\�RI�WKH�NH\��LI�DQ\RQH�JHW�KROG�RI�WKH�NH\�KH�FRXOG�DOVR�UHDG�WKH�FLSKHUWH[W
PHVVDJHV�� 7KH� NH\� PXVW� UHPDLQ� VHFUHW� LQ� RUGHU� WR� KDYH� VHFUHW� FRPPXQLFDWLRQ�� ,Q
PDWKHPDWLFDO�QRWDWLRQ�WKH�HQFU\SWLRQ�DQG�GHFU\SWLRQ�FDQ�EH�GHQRWHG�

PFG
FPH

N

N

=
=

��
��

ZKHUH�HN�DQG�GN�LV�WKH�HQFU\SWLRQ�NH\�DQG�WKH�GHFU\SWLRQ�NH\�UHVSHFWLYHO\�7KH�'DWD�(QFU\SWLRQ� 6WDQGDUG� �'(6�� LV� DQ� H[DPSOH� RI� D� VHFUHW�NH\� FU\SWRJUDSKLF
SURWRFRO�� 7KH� DOJRULWKP� LV� D� EORFN� FLSKHU� WKDW� HQFU\SWV� ���ELW� VL]H� EORFNV� RI� D
PHVVDJH��$OWKRXJK�TXLWH� ROG�� WKLV�DOJRULWKPV� VWLOO� WRGD\�SURYLGHV� RQH� RI� WKH�KLJKHVW
OHYHOV�RI�VHFXULW\�

��� 3XEOLF�NH\�&U\SWRV\VWHPV
3XEOLF�NH\� FU\SWRV\VWHPV� LV� DQ� DV\PPHWULF� NH\� DOJRULWKP� ZHUH� WKH� NH\� XVHG� IRU
HQFU\SWLRQ�LV�GLIIHUHQW�IURP�WKH�NH\�XVHG�IRU�GHFU\SWLRQ��)XUWKHUPRUH��WKH�GHFU\SWLRQ
NH\� FDQQRW�� ZLWKLQ� D� UHDVRQDEOH� DPRXQW� RI� WLPH� �ZLWK� WRGD\
V� FRPSXWHUV�� EH
FDOFXODWHG� IURP�WKH�HQFU\SWLRQ�NH\��7KH� LGHD� LV� WR�PDNH� WKH� HQFU\SWLRQ�NH\�SXEOLF�
$Q\RQH� FDQ� WKHQ� HQFU\SW� D� PHVVDJH� XVLQJ� WKLV� SXEOLF� HQFU\SWLRQ� NH\�� EXW� RQO\� D
VSHFLILF�SHUVRQ�FDQ�GHFU\SW�WKH�PHVVDJH��,W�LV�WKLV�SHUVRQ�ZKR�VXSSOLHV�WKH�HQFU\SWLRQ
NH\�IRU�HQFU\SWLRQ�RI�PHVVDJHV�DGGUHVVHG�WR�KLP��7KH�EHVW�NQRZQ�DQG�PRVW�SRSXODU
SXEOLF�NH\�FU\SWRJUDSK\�SURWRFRO�LV�WKH�56$�V\VWHP�

(QFU\SWLRQ�DQG�GHFU\SWLRQ�LV�GHQRWHG�

PFG
FPH

Q

Q

=
=

��
��

7KH� WZR� NH\V� DUH� JHQHUDWHG� XVLQJ� WKH� (XFOLGHDQ� $OJRULWKP� DQG� WKH� &KLQHVH
5HPDLQGHU� 7KHRUHP�� ZHOO� NQRZQ� DOJRULWKPV� LQ� PDWKHPDWLFV� >��@�� 7KH� LGHD� LV� WR
FKRRVH� WZR� ODUJH�SULPH�QXPEHUV�S� DQG� T��.QRZLQJ� RQO\� WKH� SURGXFW�Q ST� RI� WKHVH
QXPEHUV� LW� LV� KDUG� WR� VROYH� IRU� WKH� WZR� IDFWRUV�� 7KH� HQFU\SWLRQ�NH\�� H�� LV� FKRVHQ
UDQGRPO\��7KH�GHFU\SWLRQ�NH\�G� LV�FDOFXODWHG�XVLQJ�S��T� DQG�H��/HW�H� DQG�Q� EHFRPH
SXEOLF�� 7KHVH� WKHQ� PDNH� XS� WKH� SXEOLF� NH\� DQG� ZLWK� WKHP�� \RX� FDQ� HQFU\SW� D
PHVVDJH��+RZHYHU��RQO\�WKH�SHUVRQ�NQRZLQJ�G�FDQ�GHFU\SW�WKH�PHVVDJH��7KH�SULYDWH
NH\��G��FDQQRW��HDVLO\��EH�FDOFXODWHG�IURP�H�DQG�Q�

��� .H\�'LVWULEXWLRQ�DQG�3URWRFROV
,Q� RUGHU� WR� GLVWULEXWH� NH\V� ZH� QHHG� WR� GHILQH� SURWRFROV�� $� SURWRFRO� LV� D� VHULHV� RI
VWHSV��LQYROYLQJ�WZR�SDUWLHV�RU�PRUH��GHVLJQHG�WR�DFFRPSOLVK�D�VSHFLILF�WDVN��3URWRFROV
FDQ� IRU� H[DPSOH�XVH�WKH�DOJRULWKPV�GHVFULEHG�DERYH� LQ�RUGHU� WR�GLVWULEXWH�NH\V��)RU
WKH�FDVH�RI�TXDQWXP�FU\SWRJUDSK\��D�NH\�GLVWULEXWLRQ�VWDUW�ZLWK�WKH�GLVWULEXWLRQ�RI�D
UDZ�NH\�RYHU�D�VHFUHW�FKDQQHO��6HH�)LJXUH������'HVSLWH�WKH�QDPH�RI�WKH�FKDQQHO��WKLV
VWULQJ�RI�ELWV�PLJKW�QRW�EH� IXOO\�VHFUHW��$OLFH�DQG�%RE�KDYH�WR�DJUHH� LQ�VRPH�ZD\�WR
GLVWLOO� �� IURP� WKH� UDZ�NH\� �� D� VHFUHW� NH\� VKDUHG� RQO\� EHWZHHQ� WKH� WZR� SDUWLHV�� 7KLV
DJUHHPHQW� KDV� WR� EH� LQ� IRUP� RI� SXEOLF� FRPPXQLFDWLRQ� EHWZHHQ� $OLFH� DQG� %RE
SHUIRUPHG�RYHU�D�SXEOLF�FKDQQHO��$Q\� LQIRUPDWLRQ� VHQW�KHUH�ZLOO� EHFRPH�NQRZQ� WR
WKH� HDYHVGURSSHU�� 7KH� WDVN� RI� WKH� SURWRFRO� LV� WR� PDNH� XS� D� IUDPH� IRU� WKLV
FRPPXQLFDWLRQ�
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(YHU\RQH� LQYROYHG� LQ� D�SURWRFRO�PXVW�NQRZ� WKH� SURWRFRO� DQG� DOO� RI� WKH� VWHSV� WR
IROORZ� LQ� DGYDQFH�� 1RWH� WKDW� (YH� ZLOO� FHUWDLQO\� NQRZ� WKH� SURWRFRO�� )RU� D
FU\SWRJUDSKLF�SURWRFRO� FDQ�EH�VDLG�� LW� VKRXOG�QRW�EH�SRVVLEOH� WR�GR�PRUH�RU� WR� OHDUQ
PRUH� WKDQ� ZKDW� LV� VSHFLILHG� LQ� WKH� SURWRFRO�� $Q� HDYHVGURSSHU� FDQ� FHUWDLQO\� WU\� WR
DWWDFN�DQ�SURWRFRO�DQG�OHDUQ�VRPH�LQIRUPDWLRQ�IURP�LW��,W� LV� LPSRUWDQW�IRU�$OLFH�DQG
%RE� EHLQJ� DEOH� WR� HVWLPDWH� WKH� DPRXQW� RI� WKLV� LQIRUPDWLRQ�� 2QFH� D� VHFUHW� NH\� LV
GLVWULEXWHG��VHFXUH�FRPPXQLFDWLRQ�FDQ�EH�JXDUDQWHHG�

%RE

(YH

$OLFH
3URWRFRO

.(<.(<

5$:�.(<

)LJXUH� ����� $� SURWRFRO� LV� D� FROOHFWLRQ� RI� GHILQLWLRQV�� VHWWLQJ� WKH
ERXQGV�RI� FRPPXQLFDWLRQ�DOORZHG�EHWZHHQ� WKH� WZR�SDUWLHV�� LQ� RUGHU
WR� DJUHH� RQ� WZR� LGHQWLFDO� VKDUHG� NH\V�� (YHU\RQH� LQYROYHG� LQ� D
SURWRFRO� PXVW� NQRZ� WKH� SURWRFRO� DQG� DOO� RI� WKH� VWHSV� WR� IROORZ� LQ
DGYDQFH�

��� 6HFXULW\�LQ�&ODVVLFDO�&U\SWRJUDSK\
)XOO�VHFXULW\�FDQ�EH�DFKLHYHG�EHWZHHQ�WZR�OHJLWLPDWH�XVHUV�LI�WKH\�VKDUH�D�FRPSOHWHO\
VHFUHW�NH\��%\�GHILQLWLRQ��D�NH\�LV�FRQVLGHUHG�FRPSOHWHO\�VHFUHW�LI�DQ�HDYHVGURSSHU�KDV
QR�RWKHU�PHWKRG�LQ�ILQGLQJ�WKH�NH\�WKDQ�PDNLQJ�D�FRPSOHWHO\�UDQGRP�JXHVV�IRU�HDFK
DQG�HYHU\�ELW�PDNLQJ�XS�WKH�NH\�

,QWHUHVWLQJO\��WKH�RQO\�FLSKHU�WKDW�FU\SWRORJLVWV�KDYH�HYHU�SURYHG�WR�EH�VHFXUH� LV
WKH�2QH�7LPH�3DG� �273��� ,Q� WKH�273�WKH�NH\� LV� DV� ORQJ�DV� WKH�PHVVDJH� LWVHOI� DQG
WKH� FLSKHU� LV� DWWDLQHG� E\� FRPSXWLQJ� WKH� ;25� RI� HDFK� ELW� RI� WKH� PHVVDJH� E\� WKH
UHVSHFWLYH�ELW�RI�WKH�NH\��,Q�WKLV�ZD\�D������ELWV�NH\�LV�QHHGHG�WR�HQFU\SW�D������ELWV
ORQJ�PHVVDJH��7KH�NH\�PXVW�EH�WUXO\�UDQGRP��L�H��QRW�JHQHUDWHG�E\�D�SVHXGR�UDQGRP
JHQHUDWRU���VHFWLRQ������RWKHUZLVH��WKH�FLSKHU�PD\�EH�FUDFNDEOH��273�V�DUH�RI�FRXUVH
D� ELW� LPSUDFWLFDO� DQG� WKHUHIRUH� UDUHO\� XVHG�� ZH� QHHG� D� NH\� DV� ORQJ� DV� WKH� PHVVDJH
LWVHOI�� 7KH� NH\� LV� RQO\� WR� EH� NQRZQ� E\� WKH� VHQGHU� DQG� WKH� UHFHLYHU� DQG� PXVW� EH
GHOLYHUHG�RYHU�D�VHFXUH�FKDQQHO��7KH�NH\�PD\�DOVR�EH�XVHG�RQO\�RQFH��RU�DQ�DWWDFNHU
FRXOG�VXFFHHG�WR�EUHDN�WKH�PHVVDJH�

7KH�ZHDN�OLQN�IRU�FODVVLFDO�FU\SWRJUDSK\�LV�WKDW�LW�UHOLHV�WR�WKH�VSHHG��RU�UDWKHU�WR
WKH� ORZ� FRPSXWDWLRQDO� SRZHU� RI� WRGD\
V� FRPSXWHUV�� $OO� DOJRULWKPV� LQ� FODVVLFDO
FU\SWRJUDSK\�DUH�KDUG�WR�EUHDN�EHFDXVH�WKH\�QHHG�FRQVLGHUDEOH�DPRXQW�RI�FRPSXWLQJ
SRZHU� DQG� WLPH� WR� EH� FUDFNHG�� )RU� WKH� IXWXUH�� DQG� HVSHFLDOO\� LI� YHU\� IDVW� TXDQWXP
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FRPSXWHUV�EHFRPH�WUXH�WKHQ�FODVVLFDO�FU\SWRJUDSK\�PD\�EH�GRRPHG��,I��RU�VKRXOG�\RX
VD\�ZKHQ��WKLV�KDSSHQV��WKHQ�TXDQWXP�FU\SWRJUDSK\�PD\�EH�WKH�RQO\�VROXWLRQ�

��� 5DQGRP�%LW�*HQHUDWRUV
7KH�JHQHUDWLRQ�RI�NH\V�LV�GHILQLWHO\�WKH�PRVW�VHQVLWLYH�RSHUDWLRQ�LQ�FU\SWRORJ\��2QO\
LQ�D�V\VWHP�ZKHUH�WKH�NH\�LV�EXLOG�E\�QXPEHUV�WKDW�DUH�WUXO\�UDQGRP�LW�LV�SRVVLEOH�WR
UHDFK� VHFXULW\�� L�H�� D� NH\� WKDW� LV� FRPSOHWHO\� XQSUHGLFWDEOH� E\� DQ� DWWDFNHU�� 7R� JHW
WKHVH�UDQGRP�QXPEHUV�ZH�FDQ�QRW�XVH�WKH� VR�FDOOHG�SVHXGR�UDQGRP�JHQHUDWRUV�XVHG
E\� FRPSXWHUV�� 7UXO\� UDQGRP� QXPEHUV� DUH� GLIIHUHQW� IURP� WKHVH� FRPSXWHU�
GHWHUPLQLVWLF� QXPEHUV� PRVWO\� XVHG� IRU� VLPXODWLRQ� SXUSRVHV� DQG� JDPHV�� 3VHXGR�
UDQGRP�QXPEHUV�DUH�JHQHUDWHG�E\�DOJRULWKPV�WKDW�RQO\�ORRN�DV�LI�WKH\�ZHUH�UDQGRP�
7KH\� DUH� DFWXDOO\� GHWHUPLQLVWLF� QXPEHUV� IURP� D� VHTXHQFH� UHSHDWLQJ� LWVHOI� ZLWK� D
FHUWDLQ� SHULRG� �� QRW� JRRG� IRU� FU\SWRJUDSK\�� 7UXO\� UDQGRP� QXPEHUV� FDQ� EH� GHULYHG
RQO\�IURP�WKH�HQYLURQPHQWDO�QRLVH�RI�WKH�SK\VLFV�ZRUOG��VXFK�DV�WKH�WKHUPRHOHFWULFDO
QRLVH�RYHU�D�GLRGH�

7KHUHIRUH�� LQ� WKH� LPSOHPHQWHG� 0DWODE� SURJUDP� WKH� UDQGRP� ELW�JHQHUDWRU
UDQGQ���ZLOO� XVHG� RQO\� IRU� VPDOO� VLPXODWLRQV��)RU� UHDO� NH\� WUDQVPLVVLRQV� DQG� ODUJH
VLPXODWLRQV�ZH� KDYH� WR� XVH� DQ� H[WHUQDO� QRLVH�JHQHUDWRU� IURP�ZKHUH� LW� LV� SRVVLEOH� WR
JHW�WUXO\�UDQGRP�ELWV��7KLV�JHQHUDWRU� LV�D�GHYLFH�FRQQHFWHG�WR�WKH�VHULDO�SRUW�RI� WKH
3&��:H� XVH� WKH� UDQGRP� QXPEHU� JHQHUDWRU� IURP� WKH� PDQXIDFWXUHU� 3URWHJR�� &�ILOHV
DUH� SURYLGHG� WR� KDQGOH� WKH� FRPPXQLFDWLRQ� ZLWK� WKH� VHULDO� SRUW�� 3UHSDUDWLRQV� DUH
PDGH�LQ�WKH�SURJUDP�LQ�WKH�SURVSHFW�RI�IXWXUH�LPSOHPHQWDWLRQV�DQG�XVH�RI�WKH�GHYLFH�
7KLV�LV�FRQFHUQHG�ZLWK�LQ�&KDSWHU���
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&KDSWHU�� 

4XDQWXP�&U\SWRJUDSK\
��� ,QWURGXFWLRQ
7KH�SDVW�FHQWXU\�SK\VLFLVWV�KDYH�GLVFRYHUHG�ZH�OLYH�LQ�D�TXDQWXP�ZRUOG��(YHU\WKLQJ
VXUURXQGLQJ� XV�� DQG� LQIOXHQFLQJ� RXU� OLYHV� DFWV� E\� WKH� ODZV� RI� TXDQWXP�PHFKDQLFV�
6WLOO� WKRXJK�� PRVW� RI� PDQNLQG
V� FRPPXQLFDWLRQ� LV� EDVHG� RQ� FODVVLFDO� SK\VLFV� DQG
LQIRUPDWLRQ� SURFHVVLQJ�� $OUHDG\� UHDOL]HG� LV� WKDW� TXDQWXP� SK\VLFV� LV� PRUH� WKDQ� D
UDGLFDO� VLGHWUDFN� RI� FODVVLFDO� SK\VLFV�� 0DQ\� QHZ� SRVVLELOLWLHV� DUH� RIIHUHG� IRU
LQIRUPDWLRQ�SURFHVVLQJ�

4XDQWXP� FU\SWRJUDSK\� LV� DPRQJ� WKH� ILUVW� UHDO�ZRUOG� DSSOLFDWLRQV� WR� XVH� WKH
WKHRU\� RI� TXDQWXP� SK\VLFV�� ,W� KDV� IRU� ORQJ� QRZ� HQWHUHG� WKH� PDWXUH� DJH�� 4XDQWXP
FU\SWRJUDSK\� LV� EDVHG� RQ� WKH� SRVWXODWH� RI� TXDQWXP� SK\VLFDO� WKDW� VD\V�� HYHU\
PHDVXUHPHQW�SHUWXUEV�D�V\VWHP�� FDOOHG�+HLVHQEHUJV�XQFHUWDLQW\��)RU� H[DPSOH�
WKLQN�RI� VHQGLQJ�SKRWRQV��D�SDUWLFOH� HVSHFLDOO\� VXLWHG� IRU� HQOLJKWHQLQJ� WKH�SURSHUWLHV
RI�TXDQWXP�PHFKDQLFV��FRGHG�ZLWK�GLJLWDO���V�DQG���V�LQ�GLIIHUHQW�SRODUL]DWLRQ�VWDWHV�
,I� WKH� UHFHLYHU� LQ� VRPH� ZD\� FDQ� WHOO� LI� WKHVH� SKRWRQV� KDYH� EHHQ� GLVWXUEHG� GXULQJ
WUDQVPLVVLRQ�� KH� FDQ� DOVR� WHOO� ZHDWKHU� VRPHRQH� WULHG� WR� HDYHVGURS� RU� QRW�� 7KLV� LV
SRVVLEOH�LQ�TXDQWXP�FU\SWRJUDSK\��6HYHUDO�VFKHPHV�RI�FRPPXQLFDWLRQ�SURWRFROV�KDYH
EHHQ�SURSRVHG�� WKH� ILUVW� LQ� WKH�PLG����V��4XDQWXP�FU\SWRJUDSK\�XVHV� WKH� VHHPLQJO\
OLPLWLQJ�EXW�SRWHQWLDO�SURSHUW\��� � HYHU\�PHDVXUHPHQW�SHUWXUEV�D�V\VWHP���DQG�WXUQV
WKLV� LQWR� D� XVHIXO� SURFHVV� ZKHUH� DQ\� HDYHVGURSSHU� LV� IRUFHG� WR� UHYHDO� KHU� SUHVHQFH�
7KXV��+HLVHQEHUJV�SRVWXODWH�KDV�JLYHQ�XV�VRPH�SRVLWLYH�XVH� LQ�WKH�DUW�RI� VHFXUH� DQG
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SULYDWH� FRPPXQLFDWLRQ��0DWKHPDWLFLDQV� KDYH� VLQFH� ORQJ� LPSHUIHFW� VROXWLRQV� WR� WKH
SUREOHP�RI�VHFXULW\��$OEHLW��D�V\VWHP�LV�QHYHU�PRUH�VHFXUH�WKDQ� LWV�ZHDNHVW� OLQN�DQG
WKH�PDWKHPDWLFDO�VROXWLRQV�DUH�EDVHG�RQ�KDUG�VROYHG�DOJRULWKPV��EXW�RQO\�KDUG�LQ�WKH
VHQVH� RI� WRGD\
V� FRPSXWLQJ� SRZHU�� :LWK� WKH� FRPSXWLQJ� SRZHU� LQFUHDVLQJ� DW
UHPDUNDEOH� SDFH�� DQG� FRQVLGHULQJ� WKH� SRVVLELOLW\� RI� IXWXUH� TXDQWXP� FRPSXWHUV�
FODVVLFDO� FU\SWRJUDSK\� PD\� KDYH� RQH� GD\� PHHW� LWV� PDWFK�� 4XDQWXP� FU\SWRJUDSK\
GRHV� QRW� KDYH� WKDW� OLPLWDWLRQ�� DQ� HDYHVGURSSHU� PD\� KDYH� DFFHVV� WR� XQOLPLWHG
FRPSXWLQJ�SRZHU��VKH�ZLOO�VWLOO�EH�OLPLWHG�E\�WKH�ODZV�RI�SK\VLFV�

7KH� ILUVW� NH\� GLVWULEXWLRQ� VFKHPH� IRU� TXDQWXP� FU\SWRJUDSK\� ZDV� SXEOLVKHG� LQ
������ 7KH� SURWRFRO� LV� EHVW� NQRZQ� LQ� WKH� TXDQWXP� FU\SWRJUDSK\� FRPPXQLW\� DV� WKH
%%���SURWRFRO�� ,W�ZDV�SURSRVHG�E\�%HQQHWW�DQG�%UDVVDUG� >�@��7KLV�PD\�EH� WKH� ILUVW
WLPH� TXDQWXP� HIIHFWV� RI� QDWXUH� KDYH� EHHQ� GLUHFWO\� H[SORLWHG� WR� JLYH� D� IXQGDPHQWDO
DGYDQWDJH� LQ� LQIRUPDWLRQ� SURFHVVLQJ�� ,Q� ����� DQRWKHU� SURWRFRO� NQRZQ� DV� %��� ZDV
SURSRVHG�>�@��7KLV�VFKHPH�XVHV�D�GLIIHUHQW�SURSHUW\��SKDVH�UDWKHU�WKDQ�SRODUL]DWLRQ�
RI� WKH� SKRWRQ� HQFRGLQJ� WKH� ELWV�� EXW� LV� RWKHUZLVH� EDVHG� RQ� WKH� VDPH� SULQFLSOHV� DV
%%����7KH�WZR�SURWRFROV�ZLOO�EH�H[SODLQHG� LQ�WKLV�FKDSWHU��2WKHU�VFKHPHV�KDYH�DOVR
EHHQ�SURSRVHG�WKDW�XVH�HQWDQJOHG�VWDWHV��WZR�RUWKRJRQDO�VWDWHV��DQG�VL[�VWDWHV�

6R�� KRZ� GRHV� TXDQWXP� FU\SWRJUDSK\� ZRUN"�:HOO�� WKH� FRPSOHWH� DQVZHU� WR� WKLV
TXHVWLRQ�ZLOO�WDNH�WKH�UHVW�RI�WKLV�FKDSWHU�DQG�WKH�QH[W�WR�H[SODLQ��+RZHYHU��ZH�ZLOO
QRZ�ILUVW�GHVFULEH�WKH�XQGHUO\LQJ�SURFHGXUHV�EULHIO\�

,QGLYLGXDO�SKRWRQV�� RU� OLJKW� TXDQWD�� DUH� HQFRGHG� LQ� RUWKRJRQDO� TXDQWXP� VWDWHV
WR� FDUU\� LQIRUPDWLRQ� DERXW� HLWKHU� ��V� RU� ��V� DQG� VHQG� LQ� HLWKHU� RQH� RI� VHYHUDO� QRQ�
RUWKRJRQDO� EDVHV�� 7KHVH� ELWV� PDNH� XS� WKH� FU\SWRJUDSKLF� NH\�� 7KH� SKRWRQV� FDQ� IRU
H[DPSOH�EH� HQFRGHG� LQ� VWDWHV�RI�SRODUL]DWLRQ�RU�SKDVH��7KH�SULQFLSOH� RI�+HLVHQEHUJV
XQFHUWDLQW\�QRZ�HQVXUHV�WKH�VHFXULW\�RI�WKH�WUDQVPLVVLRQ��EXW�QRW�DOO�E\�LW�VHOI�DV�ZH
ZLOO�XQGHUVWDQG�ODWHU�

5DQGRP� ELWV� DW� $OLFH� DUH� HQFRGHG� RQWR� SKRWRQV� DFFRUGLQJ� WR� WKH� SURWRFROV
PHQWLRQHG� DERYH�� 8VXDOO\� DQ� RSWLFDO� ILEHU� LV� WKH� WUDQVPLVVLRQ�PHGLXP� IRU� WKHVH
SKRWRQV�� 7KH� ODVHU�JHQHUDWHG� SKRWRQV� DUH� WKHQ� VHQG� WKURXJK� WKH� ILEHU�� FDOOHG� WKH
4XDQWXP�&KDQQHO��ZKHUH�(YH�PLJKW�WU\�WR�HDYHVGURS�VRPH�SKRWRQV��6HH�)LJXUH�����
7KHVH�SKRWRQV� DUH� WKHQ� UHFHLYHG�DQG�GHFRGHG�E\� WKH�GHWHFWRU�DW�%RE��$FFRUGLQJ� WR
WKH� SURWRFRO�� $OLFH� DQG� %RE� WKHQ� DJUHH� WR� XVH� RQO\� D� IUDFWLRQ� RI� WKH� ELWV� VHQG
RULJLQDOO\�E\�$OLFH��7KLV�SURFHGXUH� LV� WKH�GLVFXVVLRQ�RI� VLJQDO� VWDWHV�RYHU� WKH�3XEOLF
&KDQQHO�� FDOOHG� VLIWLQJ�� $OLFH� DQG�%RE� QRZ� HDFK� VKDUH� D� YHUVLRQ� RI� WKH� ELW�VWULQJ�
DOEHLW�WKH\�DUH�QRW�H[DFWO\�WKH�VDPH�DV�HUURUV�PD\�EH�SUHVHQW��7KHQ�HUURU�FRUUHFWLRQ
LV�DSSOLHG��ZKHUH�(YH�ZLOO� OHDUQ�DGGLWLRQDO�LQIRUPDWLRQ�DERXW�WKH�NH\��7R�UHGXFH�WKH
HDYHVGURSSHU
V� LQIRUPDWLRQ� D� WHFKQLTXH� RI� SULYDF\� DPSOLILFDWLRQ� LV� DSSOLHG� ZKHUH
WKH� NH\� LV� FRPSUHVVHG��$IWHU� WKLV� ILQDO� VWHS��$OLFH� DQG�%RE�ZLOO� VKDUH� D� FRPSOHWHO\
VHFUHW� NH\�� RQ� ZKLFK� (YH� DV� DQ� DUELWUDULO\� VPDOO� DPRXQW� RI� LQIRUPDWLRQ�� 2QFH� WKLV
VHFUHW� NH\� LV� HVWDEOLVKHG� LW� FDQ� EH� XVHG� WRJHWKHU� ZLWK� FODVVLFDO� V\PPHWULF� NH\
FU\SWRJUDSKLF� WHFKQLTXHV� WR� OHW� WKH� WZR� SDUWLHV� FRPPXQLFDWH� VHFUHWO\�� )XUWKHU
LQWURGXFWRU\�UHDGLQJ�H�J��>��@�>��@��DGYDQFHG�H�J��>�@�>��@�>��@�>��@�
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4XDQWXP
&KDQQHO

3XEOLF
&KDQQHO

$OLFH %RE

6LIWLQJ

(UURU
&RUUHFWLRQ

3ULYDF\
$PSOLILFDWLRQ

)LQDO�'LVWLOOHG�.H\�
[�[[�[[[�[[�[�[[����

5DQGRP�ELW�JHQHUDWLRQ�
�������������������

6XSSO\
SDULW\�ELWV

3ULYDF\
$PSOLILFDWLRQ

)LQDO�'LVWLOOHG�.H\�
[�[[�[[[�[[�[�[[����

'LVFXVVLRQ
6LJQDO�6WDWHV

(YH

(YH

+DVK�IXQFWLRQ

)LJXUH������'LDJUDP�RI�WKH�EDVLF� IORZ�LQ�WKH� LQIRUPDWLRQ�SURFHVV� IRU
TXDQWXP� FU\SWRJUDSK\�� 7ZR� FKDQQHOV�� WKH� 3ULYDWH� 4XDQWXP
&KDQQHO� DQG� WKH� 3XEOLF� &KDQQHO� DUH� VKRZQ�� 6HYHUDO� VWHSV� OLNH
6LIWLQJ�� (UURU� FRUUHFWLRQ� DQG� 3ULYDF\� $PSOLILFDWLRQ� DUH� QHHGHG� WR
GLVWULEXWH�D�ILQDO�VHFXUH�NH\�EHWZHHQ�WKH�WZR�SDUWLHV��$OLFH�DQG�%RE�
$Q�HDYHVGURSSHU�(YH�LV�PDOLFLRXVO\�SHUVLVWLQJ�RQ�ERWK�FKDQQHOV�

��� 4XDQWXP�3K\VLFV�,QWHUSUHWDWLRQ�RI�&RGLQJ
6R��KRZ�DERXW�WKLV�FRGLQJ�RI�WKH�ELWV� LQWR�TXDQWXP�VWDWHV"�:H�ZLOO�EHVW�XQGHUVWDQG
WKLV�E\�ILUVW�EULHIO\�VWDWLQJ�WKH�SURSHUWLHV�RI�TXDQWXP�VWDWHV��6HH�H�J��>��@�

$� SKRWRQ� FDQ� IRU� H[DPSOH� EH� HQFRGHG� LQ� HLWKHU� SRODUL]DWLRQ� RU� SKDVH�� 7KHVH
RSWLFDO�SURSHUWLHV�DUH�H[DPSOHV�RI�TXDQWXP�VWDWHV�RI�D�SKRWRQ��/HW�D�TXDQWXP�VWDWH
EH�GHQRWHG�E\�M�L��DQG�OHW�XV�GLVFXVV�WKH�FDVH�RI�SRODUL]DWLRQ��7ZR�SRODUL]DWLRQ�VWDWHV
M�L� DQG� M�L� DUH� RUWKRJRQDO� LI� WKHLU� LQQHU� SURGXFW� K�M�L� LV� HTXDO� WR� ]HUR�� $� EDVLF
SURSHUW\� LV� WKDW� WZR� TXDQWXP� VWDWHV� FDQ� EH� LQ� VXSHUSRVLWLRQ�� WKDW� LV� M�VL�  D�M�L�D�M�L��4XDQWXP�VWDWHV�UXOHV�XQGHU�WKH�6FKURGLQJHU�HTXDWLRQ�

VV +WL ψψ
)

h =
∂
∂

ZKLFK� LV� OLQHDU�� 7KHUHIRUH�� LI� ERWK� M�L� DQG� M�L� DUH� VROXWLRQV� WR� WKLV� HTXDWLRQ�� WKHQ
D�M�L��D�M�L�LV�DOVR�D�VROXWLRQ�IRU�DOO�RWKHU�FKRLFHV�RI�D��DQG�D���,I�ZH�WU\�WR�PHDVXUH�OHDUQ�� WKH� VWDWH� �D�� DQG� D��� RI� M�VL� WKHQ� TXDQWXP� PHFKDQLFDO� ODZV�� WKHFRPSOHPHQWDU\�SULQFLSOH�� VD\V�WKDW�ZH�ZLOO�SHUWXUE�LWV�VWDWH��$�PHDVXUHPHQW�LV� VDLG
WR�EH�LQGHWHUPLQLVWLF��,Q�D�SKRWR�GHWHFWRU��WKH�SKRWRQ�VWDWH�ZLOO�YDQLVK�DV�WKH�SKRWRQ
LV�DEVRUEHG�E\�WKH�GHWHFWRU��,QVWHDG��WKH�SUREDELOLW\�RI�ILQGLQJ�M�VL�LQ�WKH�VWDWH�M�L�LVJLYHQ� E\� MD�M��� DQG� LQ� VWDWH� M�L� E\� MD�M���:H� FDQQRW� IRU� VXUH� WHOO� LQ� ZKDW� VWDWH� DQLQGLYLGXDO� SKRWRQ� VHQW� WR� XV� LV� ZLWKRXW�PHDVXULQJ� LW� DQG� WKXV� FROODSVLQJ� LWV� VWDWH�
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$OVR�NQRZQ��LV�WKDW�QR�TXDQWXP�VWDWH�FDQ�EH�FORQHG�SHUIHFWO\��7KHVH�SURSHUWLHV�EXLOG
XS�WKH�PDLQ�IRXQGDWLRQV�ZKHUHXSRQ�TXDQWXP�FU\SWRJUDSK\�UHVWV�

,I� WZR� VXSHUSRVHG� VWDWHV� DUH� RUWKRJRQDO� WR� HDFK� RWKHU�� L�H�� K�VM�VL ��� WKHQ� RQHFDVH� LPSO\LQJ� WKLV�� LV� ZKHQ� RQH� RI� WKH� FRHIILFLHQWV� D�� RU�D�� LV� ]HUR� DQG� WKH� RWKHU� LVHTXDO�WR�RQH���EHFDXVH� MD�M��MD�M� ���� ,Q�WKLV�FDVH�� WU\LQJ�WR�PHDVXUH�D�VWDWH� M�VL� WRVH� LI� LW� LV� LQ� VWDWH� M�L�� WKH� UHVXOW� ZLOO� ZLWK�XQLW� SUREDELOLW\� JLYH� WKDW� LW� ZDV� LQ� WKH
VWDWH�RI�HLWKHU�M�L�RU�M�L��GHSHQGLQJ�RQ�ZKDW�VWDWH� LW�ZDV� LQ��DQG�YLFH�YHUVD��2Q�WKH
RWKHU� KDQG� LI� WZR� VWDWHV� DUH� QRQ�RUWKRJRQDO� WR� HDFK� RWKHU�� OHWV� VD\� ZLWK� D� ��y
GLIIHUHQFH��M�VL M�L�DQG� M�VL ��� M�L� ��� M�L���WKHQ�PHDVXULQJ� M�VL� WR�VHH� LI� LWZDV� LQ� VWDWH� M�L�ZLOO� JLYH�ZLWK�D�SUREDELOLW\� RI� MD�M� MD�M� ���� WKDW� LW�ZDV� LQ� HLWKHUVWDWH� RI� M�L� RU� M�L�� 7KLV� LV� D� UDQGRP� JXHVV�� $� FRQFOXVLRQ� FDQ� EH� PDGH�� IRU� D
PHDVXUHPHQW� WR� JLYH� D� GHWHUPLQLVWLF� UHVXOW� \RX� KDYH� WR� GR� D� FRUUHFW� DVVXPSWLRQ� RI
ZKDW� VWDWH� WR� WHVW� DJDLQVW�� 7KLV� VWDWH� KDV� WR� EH� RUWKRJRQDO� WR� RU� SDUDOOHO� ZLWK� WKH
VWDWH�WR�EH�PHDVXUHG��4XDQWXP�FU\SWRJUDSK\�XVH�WKHVH�SURSHUWLHV�RI�RUWKRJRQDO�DQG
QRQ�RUWKRJRQDO�VWDWHV�WR�FRGH�ELWV�DQG�WR�JXDUDQWHH�VHFXULW\�

)RU� FRQYHQLHQFH�� RU� PD\EH� DV� DQ� HIIRUW� LQ� PDNLQJ� TXDQWXP� LQIRUPDWLRQ� HYHQ
PRUH�IXQ��"���SK\VLFLVWV�GHYHORSLQJ�TXDQWXP�LQIRUPDWLRQ�KDV�FRLQHG�WKH�WHUP�TXELW 
?TXDQWXP��?ELW���%\�WKDW�LV�PHDQW�MXVW�ZKDW� LW�VRXQGV�OLNH��LQIRUPDWLRQ�LQ�IRUP�RI
D�GLJLWDO�ELW�UHSUHVHQWHG�E\�D�TXDQWXP�VWDWH�RI�DQ�DWRP��LRQ�RU�SKRWRQ��,Q�WKH�VDPH
ZD\�DV�D�ELW�LV�D�XQLW�RI�LQIRUPDWLRQ�LQ�FODVVLFDO�LQIRUPDWLRQ��D�TXELW�LV�D�EDVLF�XQLW�RI
LQIRUPDWLRQ� LQ� D� TXDQWXP� LQIRUPDWLRQ� V\VWHP�� ,Q� FRUUHVSRQGLQJ� QRWDWLRQ�� ZH� KDYH
IRU�WKH�TXELWV�M�L�RU�M�L��L�H��ELWV���DQG���FRGHG�LQ�TXDQWXP�VWDWHV�M�L�DQG�M�L�

����� 1RQ�2UWKRJRQDO�%DVHV
$OLFH�QRZ�FRGHV�KHU�UDQGRP�ELWV�LQWR�RUWKRJRQDO�VWDWHV�DV�M�L�RU�M�L��EXW�LQ�DGGLWLRQ�
VKH�VHQGV�WKHP�UDQGRPO\�LQ�HLWKHU�RQH�RI�WZR�QRQ�RUWKRJRQDO�EDVHV��$�EDVH�FRQVLVWV
RI�WZR�RUWKRJRQDO�VWDWHV����y�DQJOH��DQG�LV�URWDWHG���y�FRPSDUHG�WZR�WKH�RWKHU�WZR
RUWKRJRQDO�VWDWHV�RI�WKH�RWKHU�EDVH��6HH�)LJXUH������7KLV�PHDQV�WKDW�D�SKRWRQ�ZLOO�EH
VHQG� LQ� HLWKHU� RQH� RI� DOO� IRXU� SRODUL]DWLRQ�DQJOHV�� DQG� LV� WKHUHIRUH� FDOOHG� ��VWDWH
VFKHPH�

� �

�

�

��y

%DVH��

%DVH��

)LJXUH������7ZR�QRQ�RUWKRJRQDO�EDVHV�DUH�XVHG�DQG�FKRVHQ�UDQGRPO\
E\�$OLFH�ZKHQ�HQFRGLQJ�KHU�ELWV��7KH�ELWV���DQG���DUH�UHSUHVHQWHG�E\
RUWKRJRQDO�VWDWHV�LQ�HLWKHU�RQH�RI�WKH�EDVHV�DV�VKRZQ�LQ�WKH�ILJXUH�

5HPHPEHULQJ� IURP� WKH�SUHYLRXV� GLVFXVVLRQ� WKDW�PHDVXUHPHQWV�KDV� WR� EH� SHUIRUPHG
XVLQJ�DQ�RUWKRJRQDO�VWDWH��L�H��WKH�VDPH�EDVH�LQ�RUGHU�WR�EH�GHWHUPLQLVWLF��WKLV�LPSOLHV
WKDW�%RE�KDV�WR�PHDVXUH�LQ�WKH�VDPH�EDVH�LQ�RUGHU�WR�EH�VXUH�DERXW�WKH�PHDVXUHPHQW
RXWFRPH��7KDW� LV��ZLWK�XQLW�SUREDELOLW\�WHOO�FRUUHFWO\� LI�HLWKHU� M�L�RU� M�L�ZDV�VHQW�E\
$OLFH��,I�KH�XVHV�WKH�ZURQJ�EDVH�KH�ZLOO�UHFHLYH�HLWKHU�M�L�RU�M�L�ZLWK�����SUREDELOLW\
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DQG�WKLV�ELW�LV�WKHQ�QRW�XVHIXO��%RE�ZLOO�GHWHFW�DQG�GHPRGXODWH�DOO�LQFRPLQJ�SKRWRQV
XVLQJ� D� UDQGRP� FKRLFH� RI� EDVH�� 6R�� ���� RI� WKH� WLPH� KH� ZLOO� UHFHLYH� WKH� FRUUHFW� ELW�
$IWHU� WUDQVPLVVLRQ� RI� DOO� ELWV�� %RE� ZLOO� SXEOLFO\� DQQRXQFH� WR� $OLFH� ZKDW� EDVHV� KH
XVHG�� DQG�$OLFH� ZLOO� JLYH� LQIRUPDWLRQ� EDFN� RI� ZKDW� ELWV� ZKHUH�PHDVXUHG� LQ� FRUUHFW
EDVH��7KH\�NHHS�RQO\�WKRVH�ELWV�ZLWK�EDVHV�PDWFKLQJ��%XW��%RE�ZLOO�QHYHU� WHOO�ZKDW
UHVXOW�KH�JRW��DQG�LI�WKHUH�LV�QR�HDYHVGURSSLQJ�DQG�VPDOO�QRLVH�$OLFH�DQG�%RE�ZLOO�QRZ
VKDUH�D�FRPPRQ��UDQGRP�ELW�VWULQJ�

7KH� DUWLILFH� XVLQJ� WKLV� FRPSOLFDWHG� SURFHGXUH� LV� WKDW� DQ� HDYHVGURSSHU� FDQ� EH
GHWHFWHG��(YH�ZLOO�IDFH�WKH�VDPH�SUREOHP�DV�%RE��QRW�NQRZLQJ�ZKDW�EDVH�WR�PHDVXUH
LQ�� ,I� VKH� XVHV� WKH� LQWHUFHSW� DQG� UHVHQG� VWUDWHJ\� �WUHDWHG� LQ� GHWDLO� ODWHU�� IRU
HDYHVGURSSLQJ�VKH�ZLOO�LQWURGXFH�����RI�HUURUV��7KH�HVVHQFH�RI�WKLV�VWUDWHJ\�LV�IRU�(YH
WR�FXW�WKH�ILEHU��GHWHFW�DOO�SKRWRQV��DQG�UHVHQG�WKHP�WR�%RE��%XW��LQ�KDOI�RI�WKH�FDVHV
VKH� KDYH� ZLOO� UHVHQW� LQ� WKH� ZURQJ� EDVH�� DQG� VR� %RE� ZLOO� XVH� WKH� ZURQJ� EDVH� RQ
DGGLWLRQDOO\�����RI�WKH�SKRWRQV��7KHUHIRUH�����HUURUV�DUH�LQWURGXFHG�EHWZHHQ�$OLFH
V
DQG�%RE
V�YHUVLRQ�RI�WKH�NH\��DQG�(YH�FDQ�EH�GHWHFWHG�HDVLO\�
����� 3RODUL]HG�&RGHG�,QIRUPDWLRQ
:H� FRQWLQXH�GLVFXVVLQJ�SRODUL]DWLRQ� VWDWHV�� EXW�ZLOO� QRZ�GHILQH� KRZ� WR� HQFRGH�� )RU
H[DPSOH�� ZH� FDQ� FKRRVH� IRXU� GLIIHUHQW� VWDWHV�� M L�� M L�� M L�� M L�� ZKHUH�� � LV
KRUL]RQWDO� SRODUL]DWLRQ�� � YHUWLFDO�� � OHIW�FLUFXODU�� DQG� � ULJKW�FLUFXODU�� � DQG�
EHORQJV� WR� WKH� OLQHDU�SRODUL]HG� EDVH����� DQG� � DQG� � EHORQJ� WR� WKH� FLUFXODU� EDVH�
C��7KHVH� WZR�EDVHV� DUH� QRQ�RUWKRJRQDO�� DFWXDOO\�ZLWK� ��yGLIIHUHQFH�� /HW� XV� GHILQH
WKDW�M L ���M L ���M L ���DQG�M L ���7KLV�GHILQLWLRQ�LV�DJUHHG�EHWZHHQ�$OLFH�DQG
%RE��$OLFH�WKHQ�FKRRVHV�IURP�RQH�RI�WKHVH�IRXU�VWDWHV�WR�HQFRGH�KHU���V�RU���V��DQG�WKH
WDVN� IRU�%RE� LV� WR�GHFRGH� WKLV� LQIRUPDWLRQ�� ,I� WKH� TXELWV�ZHUH� VHQW� LQ� OHIW�� RU� ULJKW�
FLUFXODU�SRODUL]DWLRQ�KH�UHFHLYHG�WKH�FRUUHFW�ELW�RQO\�ZKHQ�KH�XVHG� WKH� FLUFXODU�EDVH
IRU�PHDVXULQJ��DQG�IRU�TXELWV�VHQW� LQ�YHUWLFDO�RU�KRUL]RQWDO�SRODUL]DWLRQ�KH�ZLOO�KDYH
UHFHLYHG�WKH�ELW�RQO\�LI�KH�XVHG�UHFWDQJXODU�SRODUL]DWLRQ�
����� 3KDVH�&RGHG�,QIRUPDWLRQ
7KH� TXELWV� FDQ� DOVR� EH� HQFRGHG� LQ� WKH� SKDVH�� )RU� D� ��VWDWH� VFKHPH�� OLNH� GLVFXVVHG
DERYH�ZH� QHHG� IRXU� GLIIHUHQW� SKDVHV�� EHLQJ� FRGHG� E\� ��V� DQG� ��V�� /HW� XV� GHILQH� WKH
IROORZLQJ�WZR�QRQ�RUWKRJRQDO�EDVHV��UHFWDQJXODU���DQG�GLDJRQDO� ✕ ��:H�FDQ�XVH�WKH
DQJOHV�� M L �y�� M L ��y�� M L ���y�� DQG� M L ��y��7KH�ELWV� DUH� HQFRGHG� HDFK� LQ
WZR�RUWKRJRQDO�VWDWHV�� M L ���DQG� M L ���UHVSHFWLYH� M L ���DQG� M L ���6HH�)LJXUH
�����7KH�SULQFLSOH� LV� WKH� VDPH�KHUH��$OLFH� FKRRVHV� UDQGRPO\�RQH� RI� WKH� WZR�EDVHV� WR
HQFRGH�KHU� ELWV��%RE� UDQGRPL]HV�KLV�PHDVXUHPHQW� LQ� HLWKHU� UHFWDQJXODU� RU� GLDJRQDO
EDVH�DQG�ZLOO�HQG�XS�ZLWK�����RI�WKH�ELWV�FRUUHFW��%RE�KDV�WR�PHDVXUH�LQ�UHFWDQJXODU
SRODUL]DWLRQ� LQ�RUGHU�WR� UHFHLYH� WKH� FRUUHFW�ELW� IRU�ELWV� VHQG� LQ� �y�DQG���y��DQG� IRU
���yDQG���yWKH�FRUUHFW�ELW�LV�UHFHLYHG�IRU�%RE�LI�PHDVXUHG�LQ�GLDJRQDO�SRODUL]DWLRQ�
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�%DVH��

%DVH��

��y
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���y

)LJXUH� ����� 3KDVH� HQFRGLQJ� XVLQJ� WZR� QRQ�RUWKRJRQDO� EDVHV�� 7KH
ELWV���DQG���DUH�UHSUHVHQWHG�E\�RUWKRJRQDO�VWDWHV�LQ�HLWKHU�RQH�RI�WKH
EDVHV�DV�VKRZQ�LQ�WKH�ILJXUH�

��� 4XDQWXP�.H\�'LVWULEXWLRQ�3URWRFROV
6HYHUDO�VFKHPHV�RU�SURWRFROV�KDYH�EHHQ�SURSRVHG�WKDW�XVH�WKH�SURSHUWLHV�RI�TXDQWXP
PHFKDQLFV� WR� HQFRGH� LQIRUPDWLRQ��7KH�PRVW� FRPPRQ�PHWKRGV� XVH� WKH� SRODUL]DWLRQ�
SKDVH�� RU� SKDVH� GLIIHUHQFH�� :H� ZLOO� GHVFULEH� KRZ� D� SUDFWLFDO� SURWRFRO� ZRUNV�� 7KH
LGHDV� EHKLQG� DUH� DOUHDG\� SUHVHQWHG�� 7KH� VWHSV� IROORZLQJ� WKH� VR�FDOOHG� UDZ� ELWV
WUDQVPLVVLRQ�RYHU�WKH�TXDQWXP�FKDQQHO�ZHUH�VHHQ�DOUHDG\�LQ�)LJXUH������7KHVH�VWHSV�
UHFRQFLOLDWLRQ�DQG�SULYDF\�DPSOLILFDWLRQ�DUH�DOVR�SDUW�RI�D� FRPSOHWH�NH\�GLVWULEXWLRQ
SURWRFRO��+HUH�WKRXJK��ZH�VKDOO�UHVWULFW�RXUVHOYHV�WR�WKH�VFKHPHV�WKDW�DUH�SDUW�RI�WKH
VR�FDOOHG�VLIWLQJ�SURFHGXUH�
����� 7KH�%%���6FKHPH
7KH� %%��� SURWRFRO� ZDV� WKH� ILUVW� SURWRFRO� WR� EH� LQYHQWHG� >�@�� DQG� LWV� EDVHG� RQ
HQFRGLQJ� RI� WKH�TXELWV� E\� XVH� RI� SRODUL]DWLRQ�� ,Q� WKLV� H[DPSOH� RI� D� NH\� GLVWULEXWLRQ
WKH���VWDWH�VFKHPH�LV�XVHG�DV�FRGLQJ�ZKHUH�$OLFH�FKRRVHV�EHWZHHQ�IRXU�SRVVLEOH�VWDWHV
LQ�WZR�EDVHV��)RU�D�EDVLF�TXDQWXP�NH\�GLVWULEXWLRQ�SURWRFRO��VHH�7DEOH������,W�EHJLQV
ZKHQ� $OLFH� VWDUWV� WR� VHW� WKH� SRODUL]DWLRQ� RI� WKH� SKRWRQV�� FKRRVLQJ� IURP� WKH� IRXU
GLIIHUHQW�VWDWHV��DQG�VHQGV�WKHP�WR�%RE��>��@�
�� $OLFH�VHQGV�D�UDQGRP�VHTXHQFH�RI�SKRWRQV�ZLWK� WKH� FKRLFH� RI� HLWKHU�SRODUL]DWLRQ

EDVH� UHFWDQJXODU� RU� FLUFXODU��ZKHUH��  ���  ���  ��� DQG�  ���$OLFH� UHFRUGV
WKH�VHQW�ELWV�DQG�WKH�WLPH�WKH\�ZHUH�VHQW�

�� %RE�PHDVXUHV� WKH� SKRWRQV� SRODUL]DWLRQ� LQ� D� UDQGRP� VHTXHQFH� RI� WKH� WZR� EDVHV�
%RE�UHFRUGV�WKH�GHWHFWLRQ�RXWFRPH�DQG�WLPH�ZKHQ�KH�UHFHLYHG�WKH�SXOVHV�

�� $OLFH�DQG�%RE�WKHQ�SXEOLFO\�FRPSDUH�WKHLU�EDVHV�XVHG�IRU�HYHU\�ELW�VHQW�DQG�NHHS
RQO\� WKH�GDWD� IURP� WKH�PHDVXUHPHQWV�ZKHUH� WKH\�XVHG� WKH� VDPH�EDVH�� 6LPLODUO\
WKH\� DJUHH� WR� GLVFDUG� ELWV� ZKHUH� %RE
V� GHWHFWRU� IDLOHG� WR� GHWHFW� DQ\� SKRWRQ�� D
IDLUO\�FRPPRQ�HYHQW�ZLWK�H[LVWLQJ�GHWHFWRUV�

�� 7KH�UHVXOWLQJ�ELQDU\�NH\�VKRXOG�WKHQ�EH�WKH�VDPH�IRU�$OLFH�DQG�%RE��(YHQWXDOO\
HUURUV� KDV� WKRXJK� EHHQ� LQWURGXFHG� VLQFH� ZH� KDYH� QR� SHUIHFW� GHWHFWRUV� DQG
HDYHVGURSSLQJ�PLJKW�KDYH�WDNHQ�SODFH�

�� $OLFH� DQG� %RE� QRZ� SHUIRUP� HUURU� FRUUHFWLRQ�� ,I� WKHUH� DUH� WRR� PDQ\� HUURUV�� WKH
HUURU� FRUUHFWLRQ�PHWKRG�ZLOO� QRW� EH� DEOH� WR� FRUUHFW� DOO� HUURUV�� %XW� HYHQ� LI� HUURU
FRUUHFWLRQ�SHUIRUPHG�ILQH��WR�PDQ\�HUURUV�LPSOLHV�WKDW�WKH�NH\�ZLOO�EH�FRPSUHVVHG
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DV\PSWRWLFDOO\�LQWR�D�]HUR�OHQJWK�NH\��DQG�WKXV�LQ�WKDW�FDVH�(YH�KDV�UHYHDOHG�KHU
VHOI�E\�LQWURGXFLQJ�WRR�PDQ\�HUURUV��1R�NH\�LV�WKHQ�GLVWLOOHG�

�� 2WKHUZLVH�WKH\�QRZ�VKDUH�D�FRPSOHWHO\�HUURU�IUHH�NH\�

���$OLFH %DVH� � C C � C � � � C C � C � C C

(QFRGLQJ�
%LW� � � � � � � � � � � � � � � �

���%RE %DVH� � C � � � � C � C � C C C C �
5HFHLYHG
ELW� � � � � � � � � � � � � � � �

���$	% 6DPH
EDVH� ✔ ✔ ✔ ✔ ✔ ✔ ✔ ✔

���$OLFH .HSW�ELWV � � � � � � �
����%RE .HSW�ELWV � � � � � � �
���$	% (UURU

FRUUHFWLRQ ✔

���$	% (UURU�IUHH
NH\� � � � � � � �

7DEOH� ����� ([DPSOH� RI� D� TXDQWXP� NH\� GLVWULEXWLRQ� SURWRFRO�� 7KHUH
DUH� WZR� QRQ�RUWKRJRQDO� SRODUL]DWLRQ� VWDWHV�� C� �FLUFXODU�� DQG� �
�OLQHDU���)DLOXUH�LQ�GHWHFWLRQ�RI�D�SKRWRQ�LV�PDUNHG���

����� 7KH�%���6FKHPH
7KH�%���VFKHPH�ZDV�SURSRVHG�E\�%HQQHW� >�@� �JXHVV�ZKHQ"�� LQ������� ,W�XVHV�D� VOLJKW
PRGLILFDWLRQ��RU�PD\EH�RQH�VKRXOG�VD\�D�VLPSOHU�HQFRGLQJ��ZLWK�RQO\�WZR�VWDWHV��,W�LV
WKHUHIRUH�FDOOHG�WKH���VWDWH�VFKHPH��,Q�WKLV�VFKHPH�$OLFH�FKRRVHV�UDQGRPO\�EHWZHHQ
RQO\�WZR�QRQ�RUWKRJRQDO�VWDWHV�DQG�VHQGV�WKH�HQFRGHG�SKRWRQ�WR�%RE��6HH�)LJXUH�����
$V� WKHVH� DUH� QRQ�RUWKRJRQDO�� WKHUH� LV� QR� ZD\� IRU� %RE� RU� (YH� WR� GR� GHWHUPLQLVWLF
GHFRGLQJ��6WLOO��D�PHDVXUHPHQW�FDQ�EH�SHUIRUPHG�WKDW�ZLOO�KDOI�RI�WKH�WLPH�IDLO�WR�JLYH
DQ� UHVXOW� DQG� WKH� RWKHU� KDOI� JLYH� WKH� FRUUHFW� UHVXOW�� 7KH� DQJOHV� DUH� FRGHG� DV�
M L ��DQG� M L ��� ZKHUH� M L ��y�� DQG� M L ���y�� $Q\� RWKHU� WZR� QRQ�RUWKRJRQDO
VWDWHV�ZRXOG�ZRUN��%RE�XVHV� ✕  %DVH�� WR�GHWHFW� LI� WKHUH�ZDV� VHQW�D� M L ��VWDWH� DV
WKLV� LV�RUWKRJRQDO�WR�WKH�EDVH��%\�WKH�VDPH�DUJXPHQW�KH�XVHV�� %DVH��WR�GHWHFW� LI
WKH�VWDWH�M L ��ZDV�VHQW��,I�KH�XVHV�WKH�ZURQJ�EDVH�KH�ZLOO�JHW�DQ�LQFRQFOXVLYH�UHVXOW
"��%\� WKLV� LV�PHDQW� WKDW�KH� GRHV� QRW� GHWHFW� DQ\� SKRWRQ� DW� DOO�� ,I� IRU� H[DPSOH�$OLFH
VHQGV�WR�%RE�D����WKHQ�KH�PLJKW�JHW�HLWKHU�D���RU�DQ�LQFRQFOXVLYH�UHVXOW�"��EXW�QHYHU�D
��� $� SKRWRQ� ZLOO� QHYHU� WULJJHU� %RE
V� GHWHFWRU� LI� KH� XVHV� WKH� ZURQJ� EDVH�� EXW� ZLOO
WULJJHU� LI� WKH\� XVH� WKH� VDPH� EDVH�� %RE� DQQRXQFHV� RYHU� WKH� SXEOLF� FKDQQHO� LI� KH
GHWHFWHG�D�SKRWRQ�DW� DOO� RU� LI� KH�GLG�QRW��2QO\� RXWFRPHV� IURP�PHDVXUHPHQWV�ZKHUH
%RE� UHFHLYHG�D�SKRWRQ� LV�NHSW��DOO� RWKHU� FRUUHVSRQGLQJ�ELW�SRVLWLRQV� RI� WKH� VHQW� ELW�
VHTXHQFH� DUH� VLPSO\� LJQRUHG�� 7KH\� ZLOO� DUULYH� DW� D� FRPPRQO\� VKDUHG� NH\�� 7KH
VHFXULW\�RI�WKLV�VFKHPH�UHOLHV�RQ�WKH�VDPH�SURSHUWLHV�DV�IRU�WKH�%%���SURWRFRO��L�H��WKH
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SUREOHP� WKDW� HYHQ�(YH� GRHV� QRW� NQRZ� LQ�ZKDW� EDVHV� WR�PHDVXUH�� DQG� WKHUHIRUH� VKH
LQWURGXFHV�HUURUV�

�

�
�

%DVH��

%DVH��

��y

��y

���y

)LJXUH������%%���VFKHPH��3KDVH�HQFRGLQJ�XVLQJ�WZR�QRQ�RUWKRJRQDO
EDVHV��7KH�ELWV���DQG���DUH�UHSUHVHQWHG�E\�QRQ�RUWKRJRQDO�VWDWHV�DQG
DUH�LQ�WXUQ�RUWKRJRQDO�WR�HLWKHU�RQH�RI�WKH�PHDVXULQJ�EDVHV�DV�VKRZQ
LQ�WKH�ILJXUH�

����� 2WKHU�6FKHPHV
7KHUH�DUH�QXPHURXV�ZD\V�WR�LPSOHPHQW�TXELW�HQFRGLQJ�LQ�SUDFWLFH��2QH�ZD\�IRU�HDV\
UHDOL]DWLRQV�PDGH�IRU�DQ�H[SHULPHQW�LV�WR�XVH�SKDVH�HQFRGLQJ�ZLWK�LQWHUIHUHQFH��7KDW
LV��ZH�GHWHFW�SKDVH�GLIIHUHQFHV�E\�LQWHUIHUHQFH�EHWZHHQ�SKRWRQV��7KLV�LV�HDV\�WR�GHWHFW
DQG�WKHUHIRUH�XVHG�LQ�H[SHULPHQWV��7KLV�ZLOO�EH�GHVFULEHG�LQ�IXUWKHU�GHWDLO�LQ�&KDSWHU
��

$QRWKHU�VFKHPH�LV�WKH�����SURWRFRO��ZKLFK�FRPELQHV�WKH�LGHDV�RI�%%���DQG�%���
$V�LQ�%%���$OLFH�FKRRVHV�EHWZHHQ�WZR�GLIIHUHQW�EDVHV��VXFK�WKDW�WKHUH�DUH���GLIIHUHQW
VWDWHV��DQG�DV� LQ�%���WKH�WZR�VWDWHV�ZLWKLQ�D�EDVLV�DUH�QRQ�RUWKRJRQDO��7KLV�JLYHV�D
WRWDO� RI� VL[� VWDWHV�� $QRWKHU� SURWRFRO�� WKH� VL[�VWDWH� VFKHPH�� XVHV� ERWK� FLUFXODU�
UHFWDQJXODU��DQG�GLDJRQDO�SRODUL]DWLRQ�VWDWHV�WR�REWDLQ�D�WRWDO�RI�VL[�VWDWHV�

)LQDOO\� DQRWKHU� RQH�� LV� WKH� (NHUW� VFKHPH�� >��@� WKDW� XVHV� HQWDQJOHG� VWDWHV� WR
HQFRGH� WKH� TXELWV�� %HOO
V� LQHTXDOLW\� LQ� TXDQWXP� SK\VLFV� LV� XVHG� WR� ILQG� RXW� LI� DQ\
HDYHVGURSSHU�PLJKW�KDYH�EHHQ�LQWHUIHULQJ�ZLWK�WKH�WUDQVIHUUHG�GDWD�

��� (DYHVGURSSLQJ�0RGHOV
7KH� VHFXULW\� RI� TXDQWXP� FU\SWRJUDSK\� UHOLHV� RQ� WKH� IDFW� WKDW� GLIIHUHQW� QRQ�
RUWKRJRQDO�VWDWHV�FDQQRW�EH�GLVWLQJXLVKHG�ZLWK�DFFXUDF\��(YH�QHYHU�NQRZV�ZKDW�EDVH
WR� XVH� IRU� GHWHFWLRQ� RI� WKH� SKRWRQV�� $Q� HDYHVGURSSLQJ� DWWHPSW� ZLOO� WKHUHIRUH
LQWURGXFH�HUURUV�LQ�WKH�WUDQVPLVVLRQ�WKDW�FDQ�EH�GHWHFWHG��7KH�NH\�SUREOHP�IRU�$OLFH
DQG� %RE� LV� WR� ILQG� RXW� WR� ZKDW� GHJUHH� (YH� KDV� LQIRUPDWLRQ� RQ� $OLFH
V� DQG� %RE
V
VKDUHG� ELWV�� +RZ� PXFK� FDQ� VKH� JDLQ� E\� HDYHVGURSSLQJ� WKH� FKDQQHO�� DQG� ZKDW
PHWKRGV� GRHV� VKH� KDYH� DW� GLVSRVDO"� 7R� JHW� DQ� HVWLPDWH� RQ� WKLV� TXDQWLW\� LV� YHU\
LPSRUWDQW��DV�ZH�ZLOO�VH�ODWHU�WKH�VHFXULW\�JDLQ��E\�FRPSUHVVLRQ�RI�WKH�ELWV�LQ�SULYDF\
DPSOLILFDWLRQ�� UHOLHV� RQ� WKLV� DPRXQW�� :H� ZLOO� GHQRWH� WKLV� DPRXQW� E\� W�� DQG� LW� LV
GHILQHG�DV�WKH�IUDFWLRQ�RI�%RE
V�VLIWHG�ELWV�WKDW�(YH�KDV�OHDUQHG�E\�HDYHVGURSSLQJ�WKH
TXDQWXP�FKDQQHO��7KHUH�DUH�QR�JHQHUDO�PHWKRGV�WR�HVWLPDWH�WKLV�DPRXQW�DQG�LW�KDV
WR� EH� DVVXPHG� WKDW� (YH� KDV� HYHU\� PHWKRG� LPDJLQDEOH� DYDLODEOH�� +RZHYHU�� ZH� ZLOO
KHUH� UHVWUDLQ� WKLV� DUJXPHQW� WR� RQO\� FRQFHUQ� DWWDFNV� E\�(YH�RQ� VLJQDOV� �WUDQVPLWWHG
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TXELWV�� LQGLYLGXDOO\�� &RKHUHQW� DQG� &ROOHFWLYH� DWWDFNV� DUH� EULHIO\� VWDWHG� LQ� WKH
FRQFOXGLQJ�VHFWLRQ�

,W� LV� KDUG� WR� H[DFWO\� HVWLPDWH� WKH� NQRZOHGJH� WKDW� (YH� PLJKW� KDYH� KDUYHVW�
+RZHYHU�� ZH� FDQ� FDOFXODWH� IRU� GLIIHUHQW� XSSHU� ERXQGV� RQ� W�� ,Q� WKH� IROORZLQJ� WZR
VHFWLRQ�ZH
OO� H[SODLQ� WZR� GLIIHUHQW� FODVVLFDO� DQG� EDVLF� DSSURDFKHV� RI� HDYHVGURSSLQJ�
QDPHO\�� LQWHUFHSW�UHVHQG� DQG� EHDPVSOLW��:H�ZLOO� GHULYH� IRUPXODV� IRU� W��+RZHYHU�
WKHVH� HVWLPDWLRQV� DUH� VWUDLJKWIRUZDUG� DQG� VLPSOH�� 7KHUH� DUH� HVWLPDWLRQV� RI� W
SHUIRUPHG�PRUH�ULJRURXVO\�ZLWK�FRQVLGHUDWLRQV�WDNHQ�WR�PDQ\�PRUH�SRVVLEOH�ZD\V�RI
DWWDFNV�� 6HH� SDSHU� E\� /�WNHQKDXV�� >��@�� 7KH� JRDO� LV� WR� JHW� DQ� XSSHU� ERXQG� RQ� WKH
H[SHFWHG�DYHUDJH�LQIRUPDWLRQ�(YH�DFKLHYHG�RQ�WKH�HUURU�FRUUHFWHG�NH\��7KH�IUDFWLRQ�W
LV� D� IXQFWLRQ� RI� WKH� HUURUV�UDWH� KHU� HDYHVGURSSLQJ� VWUDWHJLHV� SHUVXDGH� WR� WKH� VLJQDO�
7ZR�ERXQG�DUH� JLYHQ� LQ� WKLV� VHFWLRQ�� RQH� IRU�ZHUH� WKH� HUURUV� DUH� WR� EH� GLVFDUGHG� LQ
WKH� HUURU� FRUUHFWLRQ�SURWRFRO�DQG� WKH� RWKHU� IRU� FRUUHFWHG� HUURUV��7KH� IUDFWLRQ� �Z�U�W�
1V QU�� RI� VLIWHG� ELWV�� RI� ELWV� OHDUQHG� IRU� ERWK� YHUVLRQV� RI� HUURU� FRUUHFWLRQ� DUH� �QROHDNHG�LQIRUPDWLRQ�DERXW�WKH�SRVLWLRQ�RI�HUURUV��
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,Q�WKH�UHPDLQLQJ�SDUW�RI�WKLV�SDSHU�WKLV�ERXQG�ZLOO�EH�UHIHUUHG�WR�DV�WKH�FUXGH�ERXQG�
:H� ZLOO� QRZ� LQVWHDG� WXUQ� WR� ZKDW� ,� UHIHU� WR� DV� WKH� VLPSOH� ERXQG�� 7KLV� LV

GLVFXVVHG� LQ� >�@� E\� %HQQHW� HW� DO�� 7KH� VXP� RI� LQIRUPDWLRQ� OHDNHG� IRU� ERWK
LQWHUFHSW�UHVHQG��X��DQG�EHDPVSOLW��Y��LV�JLYHQ�E\�WKH�IUDFWLRQ

VVLPSOH 1HHYXW ��������������� ++−++≤+= µµµ �
,Q� RUGHU� WR� GLVWLOO� D� ILQDO� NH\� ZLWK� OHQJWK≥�� ZH� KDYH� IRU� WKH� VLPSOH� HVWLPDWH� D
WKHRUHWLFDO�PD[LPXP�DOORZHG�HUURU�UDWH�RI������)RU�WKH�FUXGH�HVWLPDWH�WKH�ERXQG�LV
������ �WKHVH� OLPLWV� DSSO\� IRU� HUURU� FRUUHFWLRQ� DW� 6KDQQRQ� OLPLW�� WUHDWHG� LQ� &KDSWHU
����7KLV�LV�ZK\�WKH�ODWWHU�LV�FDOOHG�WKH�FUXGH�HVWLPDWH�

,Q� WKH� IROORZLQJ� GHULYDWLRQV� DUH� DVVXPHG� WKDW� (YH� KDV� XQOLPLWHG� WHFKQRORJ\
DYDLODEOH��EXW�FRQVLVWHQW�ZLWK�TXDQWXP�PHFKDQLFV��6KH�FDQ�DOVR�VWRUH�OLJKW�SXOVHV�IRU
DQ�DUELWUDULO\�ORQJ�WLPH�EHIRUH�PHDVXULQJ�WKHP�

,Q�WKH�SURFHHGLQJ�VHFWLRQV��ZH�KDYH�DVVXPHG�WKDW�ZH�FDQ�JHQHUDWH�VLQJOH�SKRWRQV
DQG�GHPRGXODWH�WKHP�HDFK�ZLWK�WKH�LQIRUPDWLRQ�RI�D�ELW����RU����+RZHYHU��WKLV�LV�QRW
UHDOO\� WKH� FDVH�� VLQFH� LW� LV� GLIILFXOW� WR� JHQHUDWH� VLQJOH� SKRWRQV�� 7KHUHIRUH�� H[LVWLQJ
VFKHPHV� UHOLHV� LQ� ZHDN� SXOVHV� LQVWHDG�� 7KHVH� ZHDN� SXOVHV� ZLOO� KDYH� DQ� LQWHQVLW\� RI
W\SLFDOO\�x ����SKRWRQV�SHU�WUDQVPLVVLRQ��7KH�SUREDELOLW\�WKDW�WZR�RU�PRUH�SKRWRQV
DUH�VHQG�ZLOO�WKHQ�EH�JLYHQ�E\�x�����D�ODVHU�H[KLELWV�D�3RLVVRQLDQ�GLVWULEXWLRQ�RI�x��
,W�LV� LPSRUWDQW�WKDW�WKLV� LQIRUPDWLRQ�DERXW�RQH�ELW�LV�WUDQVSRUWHG�E\�RQO\�RQH�VLQJOH
SKRWRQ�� :H� ZLOO� VHH� WKDW� GXH� WR� WKLV�� WKH� SKRWRQ� WUDQVPLVVLRQ� LV� VHQVLWLYH� WR� WKH
EHDPVSOLW�DWWDFN�
����� ,QWHUFHSW�5HVHQG
$VVXPH� WKDW� (YH� KDV� D� SHUIHFWO\� HIILFLHQW� GHWHFWRU�� ,Q� ,QWHUFHSW�UHVHQG�� (YH
LQWHUFHSWV� VHOHFWHG� OLJKWSXOVHV� VHQW� WKURXJK� WKH� ILEHU� DQG� UHDGV� WKHP� LQ� EDVHV
UDQGRPO\� FKRVHQ� E\� KHU�� 6HH� )LJXUH� ����� )RU� HDFK� SXOVH�� ZLWK� SUREDELOLW\
DSSUR[LPDWHO\� x� (YH
V� SHUIHFWO\� HIILFLHQW� GHWHFWRUV� ZLOO� VXFFHHG� LQ� GHWHFWLQJ� D
SKRWRQ��:KHQ�WKLV�RFFXUV�(YH�UHVHQG�D�QHZ�SKRWRQ�PRGXODWHG�LQ�WKH�VDPH�ZD\��7R
DYRLG�VXVSLFLRQ�(YH
V�UHVHQW�SXOVHV�VKRXOG�EH�RI�VXFK�LQWHQVLW\�DV�LI�QR�HDYHVGURSSLQJ
KDG�WDNHQ�SODFH��L�H��\LHOG�WKH�VDPH�UDWH�RI�SXOVH�GHWHFWLRQ�DW�%RE�DV�VKH�KDG�
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%XW��DV�VKRZQ�LQ�SUHYLRXV�VHFWLRQ�DW�OHDVW�����RI�WKH�SXOVHV�UHVHQW�E\�(YH�ZLOO�EH
PRGXODWHG�LQ�WKH�ZURQJ�EDVH�DQG�JLYH�D�HUURU�UHVXOW�IRU�%RE��0RUHRYHU��HDFK�RI�WKHVH
LQWHUFHSW�UHVHQG�ELWV� DUH� QRW�ZRUWK�PRUH� WR�(YH� WKDQ� LI� VKH�ZKHUH� WROG�$OLFH
V� ELWV
ZLWK�SUREDELOLW\� ��� ��)URP�WKH�SDSHU�E\�%HQQHW��>�@��FDQ�EH�OHDUQHG�WKDW�$OLFH�DQG
%RE�QRZ� FRQVHUYDWLYHO\� HVWLPDWH� WKDW� IHZHU� WKDQ� D� IUDFWLRQ� RI� HH ���� + ELWV� KDYH
EHHQ�VXEMHFWHG�WR�WKLV�HDYHVGURSSLQJ�VWUDWHJ\��ZKHUH�H�LV�WKH�HUURU�UDWH�SLFNHG�XS�E\
%RE��7KH� VHFRQG� WHUP� LV� DQ� DUELWUDULO\� VWDQGDUG� GHYLDWLRQ��$OLFH� DQG�%RE� FDQ� QRZ
GUDZ�WKH�FRQFOXVLRQ�WKDQ�(YH�FDQQRW�KDYH�OHDUQHG�PRUH�WKDQ

VUHVHQGLQWHUFHSW 1HHX ����������� ++=

ELWV� RI� WKH� NH\�� 2I� FRXUVH�� LQ� D� SUDFWLFDO� UHDOL]DWLRQ�� HUURUV� FDQ� DUULYH� IURP� RWKHU
QDWXUDO�FDXVHV��DV�GHWHFWRU�IDLOXUH��QRLVH��DQG�ILEHU�ORVV��+RZHYHU��EHFDXVH�(YH�FRXOG
XVH� WKH� NQRZOHGJH� RI� WKLV� WR� UHILQH� KHU� HDYHVGURSSLQJ�� LW� LV� VDIHU� IRU�$OLFH� DQG�%RE
FRQVLGHULQJ�DOO�HUURU�ELWV�DV�GXH�WR�HDYHVGURSSLQJ

'HWHFW

$QDO\VH

5HVHQG
:URQJ�EDVH�����RI�WLPH

)LEHU$OLFH %RE

(YH

)LJXUH� ����� ,QWHUFHSW�5HVHQG� DWWDFN�� 7KH� ILEHU� LV� FXW� DQG� SKRWRQV
DUH�GHWHFWHG�DQG�UHVHQW�E\�(YH��VWULYLQJ�WR�FRYHU�KHU�WUDFNV�

����� %HDPVSOLW
7KLV� DWWDFN�� EHDPVSOLW�� LV� GXH� WR� WKH� IDFW� WKDW� SKRWRQV� DUH� QRW� SXUH� VLQJOH� SKRWRQ�
VWDWHV�� (YH�� KDV� D� SDUWO\�VLOYHUHG� PLUURU� RU� DQ� HTXLYDOHQW� GHYLFH� WKDW� GLYHUWV� D
IUDFWLRQ�RI� WKH� OLJKW� WR�KHUVHOI�� OHWWLQJ� WKH� UHPDLQLQJ� SDUW� SDVV� XQGLVWXUEHG� WR�%RE�
6HH�)LJXUH������,Q�RUGHU�WR�DYRLG�ZDVWLQJ�LQIRUPDWLRQ�E\�GHPRGXODWLQJ�SXOVHV� LQ�WKH
ZURQJ�EDVLV��VKH�VWRUHV�KHU�SXOVHV�XQWLO�$OLFH�DQG�ERE�KDYH�SXEOLFO\�DQQRXQFHG�ZKDW
EDVHV�WKH\�XVHG��7KHQ�VKH�PHDVXUHV�WKH�SXOVHV�LQ�WKRVH�EDVHV��7KHUH�DUH�VHYHUDO�W\SHV
RI� YHUVLRQ� RI� WKLV� DWWDFN� WR� WKLQN� RI�� WKH� PRVW� UHDOLVWLF� �VHH� >�@�� OHDNV� IRU� HDFK
VXFFHVVIXOO\�GHPRGXODWHG�ELW�DW�%RE�D�ELW�WR�(YH�ZLWK�SUREDELOLW\�x��,I�WKH�TXDQWXP
WUDQVPLVVLRQ� FRQVLVWV� RI�1V� VXFFHVVIXO� SXOVHV��$OLFH� DQG�%RE� FDQ� HVWLPDWH� WKDW� (YHKDV�OHDUQHG�OHVV�WKDQ

VEHDPVSOLW 1Y ����� µµµ −+=

ELWV�RI�LQIRUPDWLRQ��7KH�VHFRQG�WHUP�LV��DV�EHIRUH��D�VWDQGDUG�GHYLDWLRQ�DOORZDQFH�IRU
(YH�KDYLQJ�PRUH�WKDQ�DYHUDJH�OXFN�LQ�WKH�EHDPVSOLWWLQJ�DWWHPSW�
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'HWHFW
$QDO\VH

��������EHDPVSOLWWHU

)LEHU$OLFH %RE

(YH

)LJXUH� ����� %HDPVSOLW� DWWDFN��0XOWL�SKRWRQ� TXELWV� DUH� VSOLW� ZLWK� D
IUDFWLRQ�JRLQJ� WR�(YH��6KH�ZLOO�PHDVXUH� LQFRPLQJ� SKRWRQV� DQG� OHDUQ
VRPH�ELWV�

����� 2WKHU�$WWDFNV
7KHVH� HDYHVGURSSLQJ� DWWDFNV� SUHVHQWHG� DUH� VLPSOH� LQ� WKH� ZD\� WKDW� WKH\� DFW� RQ
LQGLYLGXDO� VLJQDOV� RQO\�� +RZHYHU�� TXDQWXP�PHFKDQLFV� DOORZ� DWWDFNV� WKDW� DUH� PRUH
JHQHUDO�� (YH� FDQ� WDNH� D� KHOSLQJ� �DX[LOLDU\�� TXDQWXP� V\VWHP� LQWR� FRQWDFW� ZLWK� WKH
VLJQDO� �VLJQDO ELW�LQIRUPDWLRQ SKRWRQ�� VR� WKDW� WKH\� LQWHUDFW�� DQG� WKHQ� SHUIRUP� D
PHDVXUHPHQW�RQ� WKH�KHOSLQJ�TXDQWXP� V\VWHP�WR� OHDUQ�VRPHWKLQJ�DERXW� WKH� RULJLQDO
VLJQDO�� 6KH�PD\� DOVR�GHOD\� WKH�PHDVXUHPHQW� RI� KHU� KHOSLQJ� V\VWHP� LQ� RUGHU� WR� WDNH
DGYDQWDJH�RI�WKH�LQIRUPDWLRQ�WR�EH�H[FKDQJHG�GXULQJ�WKH�SXEOLF�GLVFXVVLRQ��<RX�FDQ
DOVR�XVH�VHYHUDO�KHOSLQJ�TXDQWXP�V\VWHPV�WR�SUREH�WKH�ZKROH�VLJQDO�DW�WKH�VDPH�WLPH
DQG�IURP�WKHVH�FRUUHODWHG�PHDVXUHPHQWV�OHDUQ�PRUH�DERXW�WKH�NH\��7KLV�LV�UHIHUUHG�WR
DV� FRKHUHQW� HDYHVGURSSLQJ�� $� VLPSOHU� DWWDFN� SUREHV� LQGLYLGXDO� VLJQDOV� �ELWV�� RQO\�
DQG�LV�FDOOHG�FROOHFWLYH�HDYHVGURSSLQJ�
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&KDSWHU�� 

.H\�$JUHHPHQW�IURP�6KDUHG,QIRUPDWLRQ
��� 7KH�&KDQQHOV�	�$XWKHQWLFDWLRQ
%\�NH\�DJUHHPHQW�ZH�UHIHU�WR�WKH�SURFHGXUHV�E\�ZKLFK�D�SHUIHFWO\�VHFUHW�NH\�LV�DJUHHG
XSRQ�EHWZHHQ�WZR�SDUWLHV��7KH�NH\�LV�RQO\�WR�EH�NQRZQ�E\�WKH�SDUWLFLSDWLQJ�DFWRUV�
SRVVLEO\� XVHG� LQ� IXUWKHU� VHFXUH� FRPPXQLFDWLRQ�� H�J�� HQFU\SWHG� PHVVDJHV�� $� NH\� LV
SHUIHFWO\� VHFUHW� LI� DQ\� HDYHVGURSSHU� KDV� QR� RWKHU� VWUDWHJ\� WKDQ� D� UDQGRP� JXHVV� IRU
HDFK�ELW� LQ� WKH�NH\��$� EORFN�GLDJUDP�RI� D� FRPSOHWH� SURWRFRO� IRU� NH\� GLVWULEXWLRQ� LQ
TXDQWXP� FU\SWRJUDSK\� LV� VKRZQ� LQ� )LJXUH� ����� 7KH� SXUSRVH� RI� WKLV� FKDSWHU� LV� WR
H[SODLQ�DOO�VWHSV�DQG�FRQFHSWV�VKRZQ�LQ�WKLV�GLDJUDP��7KH�UDZ�NH\��EHIRUH�VLIWLQJ�� LV
PDGH� IURP� ELWV� REWDLQHG� E\� %RE� DIWHU� GHPRGXODWLRQ� RI� LQFRPLQJ� SKRWRQV�� 7ZR
FKDQQHOV�DUH�QHHGHG�LQ�RUGHU�WR�PDNH�D�NH\�DJUHHPHQW�SURWRFRO�FRPSOHWH�

)RU� WUDQVPLVVLRQ� RI� WKH� SKRWRQV� ZH� KDYH� WKH� 3ULYDWH� 4XDQWXP� &KDQQHO
�34&���L�H��DQ�RSWLFDO�ILEHU��7KLV�FKDQQHO�KDV�QR�DXWKHQWLFLW\�DQG�LPSHUIHFW�SULYDF\�
7KLV�EHFDXVH�DQ�DGYHUVDU\� FDQ� WDPSHU�ZLWK�DQG� OLVWHQ� WR� WKH� VLJQDOV� VHQW�� DOWKRXJK
XQGHU� FHUWDLQ� UHVWULFWLRQ� RI� TXDQWXP�PHFKDQLFV�� ,W� VKRXOG� EH� QRWHG� WKDW� H[FHVVLYH
WDPSHULQJ� RQ� WKH� FKDQQHO� FDQ� UHVXOW� LQ� VXSSUHVVLQJ� FRPPXQLFDWLRQV� EHWZHHQ� $OLFH
DQG�%RE��EXW�LW�FDQ�QRW�IRRO�WKHP�LQWR�WKLQNLQJ�WKDW�WKH\�VKDUH�D�VHFUHW�NH\�ZKHQ�LQ
IDFW�WKHLU�VWULQJV�DUH�GLIIHUHQW�RU�RWKHUZLVH�FRPSURPLVHG�
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7KH� 3XEOLF� &KDQQHO� �3&�� LV� XVHG� E\� WKH� SURWRFRO� WR� H[FKDQJH� FODVVLFDO
LQIRUPDWLRQ� EHWZHHQ� $OLFH� DQG� %RE� DV� SDUW� RI� WKH� NH\� DJUHHPHQW�� 7KLV� FKDQQHO� LV
DVVXPHG�WR�KDYH�SHUIHFW�DXWKHQWLFLW\��EXW�QR�SULYDF\��7KLV�PHDQV�WKDW�(YH�FDQ�RQO\
OLVWHQ�WR�WKH�FKDQQHO��EXW�QRW�FKDQJH�WKH� LQIRUPDWLRQ�VHQG�RQ� LW��$OLFH�DQG�%RE�FDQ
EH�VXUH�WKDW�WKH�LQIRUPDWLRQ�H[FKDQJHG�EHWZHHQ�WKHP�RQ�WKH�SXEOLF�FKDQQHO�KDV�QRW
XQGHUJRQH�DQ\�PRGLILFDWLRQ��EXW�WKH�HQWLUH�FRQWHQWV�ZLOO�EHFRPH�NQRZQ�WR�(YH��7KH
SXEOLF�FKDQQHO�WUDQVPLWV�LQIRUPDWLRQ�DFFXUDWHO\��SRVVLEO\�EHFDXVH�LW�LV�VXSSOHPHQWHG
E\� FODVVLFDO� HUURU�FRUUHFWLQJ� FRGH�� 1HZVSDSHUV� DUH� DQ� H[DPSOH� RI� D� VHFXUH� SXEOLF
FKDQQHO� RQ� ZKLFK� HDYHVGURSSLQJ� LV� WULYLDOO\� HDV\� EXW� WDPSHULQJ� QHDUO\� LPSRVVLEOH�
7KH� DVVXPSWLRQ� WKDW� SXEOLF�PHVVDJHV� FDQQRW� EH� FRUUXSWHG� E\� (YH� LV� DQ� LPSRUWDQW
UHVWULFWLRQ��EHFDXVH�RWKHUZLVH�LW�LV�FOHDU�WKDW�(YH�FRXOG�VLW�LQ�EHWZHHQ�$OLFH�DQG�%RE
DQG� LPSHUVRQDWH� HDFK� RI� WKHP� WR� WKH� RWKHU�� (YH� ZRXOG� WKHQ� HQG� XS� ZLWK� RQH� NH\
VKDUHG�ZLWK�$OLFH�DQG�DQRWKHU�RQH�ZLWK�%RE��ZKHUHDV�$OLFH�DQG�%RE�ZRXOG�EH�QRQH
ZLVHU�� ,I�PHVVDJH� DXWKHQWLFLW\� FDQ�QRW�EH� HQIRUFHG�E\� WKH�SK\VLFDO�SURSHUWLHV� RI� WKH
FKDQQHO��LW�FDQ�EH�SURYLGHG�E\�D�VHFXUH�FODVVLFDO�DXWKHQWLFDWLRQ�VFKHPH��,Q�WKLV�FDVH�D
VPDOO� QXPEHU� RI� LQLWLDOO\� VHFUHW� ELWV� DUH� QHHGHG� E\� WKH� SURWRFRO�� WR� EH� XVHG� IRU
DXWKHQWLFDWLRQ�� ,QLWLDO� VHFUHW� ELWV� VKRXOG� WKXV� QRW� EH� QHFHVVDU\� IRU� DQ\� SDUW� RI� WKH
SURWRFRO� H[FHSW� SHUKDSV� IRU� ZKDW� LV� QHHGHG� WR� LPSOHPHQW� WKLV� SXEOLF� FKDQQHO
DXWKHQWLFDWLRQ�IHDWXUH�

$OLFH %RE

)LQDO�'LVWLOOHG�.H\�
[�[[�[[[�[[�[�[[����

5DQGRPELW�JHQHUDWLRQ�
����������
������������

(YH

(YH

4XDQWXP
&KDQQHO 6LIWLQJ 5HFRQFLOLDWLRQ 3ULYDF\

$PSOLILFDWLRQ

,QFRQFOXVLYH
UHVXOW

1U�1V�ELWV
(UURUV
H1V�ELWV

?,QVHFXUH��,QIR
V1H�ELWV

'LVFXVVLRQ +DVK
IXQFWLRQ

1V ���UV�1U

1U
1H ���UHF�1V

1I ���USD�1H

3DULW\
ELWVRI�VLJQDO�VWDWHV

�
3XEOLF
&KDQQHO

(VWLPDWHG�LQIR
OHDNDJH�WKUX�4&

(VWLPDWHG�LQIR�OHDNDJH
GXULQJ�UHFRQFLOLDWLRQ

([WUD�6HFXULW\
&RPSUHVVLRQ

J

T

W

V

)LJXUH� ����� 'LDJUDP� RI� WKH� EDVLF� IORZ� RI� LQIRUPDWLRQ� LQ� WKH
FRPPXQLFDWLRQ� SURWRFRO�� 7KH� UDZ�NH\� XQGHUJRHV� VHYHUDO� VWDJHV� OLNH
VLIWLQJ��UHFRQFLOLDWLRQ��DQG�SULYDF\�DPSOLILFDWLRQ�EHIRUH�WKH�RXWSXW��D
VHFXUH�NH\�FDQ�EH�VKDUHG�EHWZHHQ�ERWK�SDUWLHV��([WHQVLYH�DPRXQWV�RI
ELWV� DUH� WKURZQ� DZD\� WKURXJKRXW� WKH� SURWRFRO�� %RE� HVWLPDWHV� W�� T�
DQG� FKRRVHV�J�� LQ� RUGHU� WR� FDOFXODWH� WKH� ILQDO� FRPSUHVVLRQ� UDWLR� DQG
OHYHO�RI�VHFXULW\�

$OO�VWHSV�RI�WKH�NH\�DJUHHPHQW�SURWRFRO�DUH�VKRZQ�LQ�WKH�GLDJUDP�RI�)LJXUH������7KH\
DUH� LQ� RUGHU�� VLIWLQJ�� UHFRQFLOLDWLRQ� �HUURU� FRUUHFWLRQ��� DQG�SULYDF\� DPSOLILFDWLRQ��7R
ILQG� D� VHFXUH�NH\� WKH� UDZ�NH\� KDV� WR� XQGHUJR� WKHVH� WKUHH� VWDJHV�� HDFK� VWDJH�ZLOO� EH
H[SODLQHG�KHUH�LQ�WKLV�FKDSWHU��:H
OO�UHIHU�WR�WKLV�GLDJUDP�VHYHUDO�WLPHV�

7KH�SXEOLF�FKDQQHO�LV�XVHG�IRU�WKH�IROORZLQJ�WDVNV�
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•  0DNLQJ� WKH� VLIWHG� NH\�� LQIRUPDWLRQ� IORZ� IURP� VHQGHU� WR� UHFHLYHU� DERXW� ZKLFK
EDVHV�ZHUH�XVHG�IRU�HDFK�VLJQDO�

•  $QQRXQFHPHQW� RI� ELW�SRVLWLRQV� IRU� HDFK� EORFN� RQ� ZKLFK� WKH� SDULW\� LV� UHYHDOHG�
DOVR�H[FKDQJH�RI�WKH�RXWFRPH�RI�DOO�SDULW\�FKHFNV�

•  )RU�GLVFDUGLQJ�HUURUV��H[FKDQJH�RI�ELWV�SRVLWLRQV�IRU�ELWV�WR�GLVFDUG�
•  'HFODUDWLRQ�RI�WKH�KDVK�IXQFWLRQ�XVHG�LQ�WKH�DFWXDO�VHVVLRQ�
•  2SWLRQDOO\�� XVLQJ� WKH� LQLWLDO� VHFUHW� ELWV� WR� DXWKHQWLFDWH� FRPPXQLFDWLRQ�

WUDQVPLVVLRQ�RI�DQ�HQFU\SWHG�KDVKHG�NH\�

��� 6LIWLQJ
$OLFH� DQG� %RE� XVH� WKH� TXDQWXP� FKDQQHO� WR� WUDQVPLW� LQIRUPDWLRQ�� 7KLV� LQIRUPDWLRQ� LV
EDVLFDOO\�D�VHTXHQFH�RI�UDQGRPO\�FKRVHQ�ELWV����V�RU���V��WKDW�HDFK�DUH�PRGXODWHG�E\�D�VHW
RI�TXDQWXP�VWDWHV�RI�D�SKRWRQ��ZKLFK� LV� WKHQ� WUDQVPLWWHG��$� VHW� RI� RUWKRJRQDO� TXDQWXP
VWDWHV�EXLOGV�XS�D�EDVH�LQ�ZKLFK�HLWKHU���RU���FDQ�EH�FRGHG��6HYHUDO�VFKHPHV�WR�DFFRPSOLVK
WKLV��H�J��%%���DQG�%����ZDV�GHVFULEHG�LV�WKH�SUHYLRXV�FKDSWHU�

7KH�IXQGDPHQWDO� LGHD�EHKLQG�WKH�VFKHPHV�LV�WR�SXEOLFO\�H[FKDQJH�LQIRUPDWLRQ�RI
ZKDW�EDVHV� DUH�XVHG�DIWHU� WUDQVPLVVLRQ�DQG� UHFHSWLRQ�RI� WKH� SKRWRQV��%RE�GRHV�QRW
DQQRXQFH� WKH� UHVXOW� RI� KLV� PHDVXUHPHQWV�� (YH� ZLOO� KDYH� UHVWULFWHG� XVH� RI� WKLV
LQIRUPDWLRQ�EHFDXVH�$OLFH�DQG�%RE�ZLOO�DJUHH�WR�XVH�RQO\�WKRVH�ELWV�ZKHUH�$OLFH�DQG
%RE�XVHG�WKH�VDPH�EDVH�WR�PRGXODWH�DQG�GHPRGXODWH�WKH�SKRWRQ��+RZHYHU��DOVR� IRU
WKHVH�ELWV�PHDVXUHG�LQ�WKH�FRUUHFW�EDVLV��$OLFH�DQG�%RE�FDQ�QRW�EH�VXUH�WKDW�(YH�KDV
QRW� EHHQ� WDPSHULQJ�� ,QGHSHQGHQW� RI� (YH
V� VWUDWHJ\� RI� HDYHVGURSSLQJ� VKH� ZLOO
LQWURGXFH�HUURUV�� ,I�VKH�XVHV�WKH�EHDP�VSOLW�DWWDFN�RQ�DOO�SKRWRQV�� VKH�ZLOO� LQWURGXFH
RQ�DYHUDJH�D�PLQLPXP�RI� ����HUURUV��$V�$OLFH� DQG�%RE� DJUHHV� WR�XVH� RQO\� WKH� ELWV
PHDVXUHG�LQ�WKH�FRUUHFW�EDVLV�WKLV�PDNHV�LW�QHFHVVDU\�WKDW�(YH�ZLOO�LQWURGXFH�HUURUV�LI
VKH� WULHV� WR�PDQLSXODWH� WKH� WUDQVPLVVLRQ��+LJK� HUURU�UDWHV�ZLOO� EH� GHWHFWHG� E\�$OLFH
DQG�%RE�

7KH�SURFHGXUH�RI� WKURZLQJ�DZD\�ELWV�QRW�PHDVXUHG� LQ� WKH�FRUUHFW�EDVLV� LV� FDOOHG
VLIWLQJ�� 6LPLODUO\�� WKH\� DJUHH� WR� GLVFDUG� WKRVH� ELWV� ZKHUH� %REV� GHWHFWRU� IDLOHG� WR
GHWHFW� DQ\� SKRWRQ�� D� FRPPRQ� HYHQW� ZLWK� H[LVWLQJ� GHWHFWRUV�� $OO� WKHVH� ELWV� WKURZQ
DZD\�ZLOO�EH�FODVVLILHG�DV�LQFRQFOXVLYH�UHVXOW�

7KH� UHVXOWLQJ� VLIWHG� NH\� LV� EDVLFDOO\� WKH� VHTXHQFH� RI� ELWV� UHPDLQLQJ� DIWHU� WKH
LQFRQFOXVLYH�ELWV�KDYH�EHHQ�UHPRYHG� IURP� WKH�GHPRGXODWHG�GDWD�� FDOOHG� WKH�UDZ�NH\�
7KH� IUDFWLRQ�RI� LQFRQFOXVLYH�ELWV�UV�GHSHQGV�RQ� WKH� FKRVHQ�4&�VFKHPH�� IRU�%���DQG%%���LQ�DYHUDJH��RQH�KDOI�RI�WKH�UHFHLYHG�ELWV�DUH�SUHVHUYHG��7KXV

�
�=VU �

6WLOO�� WKH� VLIWHG� NH\� FRQWDLQV� HUURUV�� HLWKHU� LQWURGXFHG� E\� DQ� HDYHVGURSSHU� RU
DULVLQJ� IURP� QRLVH� LQ� WKH� GHWHFWRU�� 7KH� QH[W� VWHS� LQ� WKH� SURFHVV� RI� GLVWLOOLQJ� D
SHUIHFWO\�VHFUHW�NH\�VKDUHG�EHWZHHQ�$OLFH�DQG�%RE�LV�WR�UHFRQFLOH�IURP�WKH�VLIWHG�NH\
D�QHZ�NH\�ZLWKRXW�HUURUV�
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��� 5HFRQFLOLDWLRQ
5HFRQFLOLDWLRQ�LV�WKH�SURFHVV�RI�FRUUHFWLQJ�HUURUV�EHWZHHQ�$OLFH
V�DQG�%RE
V�YHUVLRQ�RI
WKH� VLIWHG� NH\�� 5HFRQFLOLDWLRQ� LV� DQRWKHU� ZRUG� IRU� HUURU� FRUUHFWLRQ�� DQG� DSSOLHG� LQ
RUGHU�WR�ILQG�LGHQWLFDO�NH\V�IRU�ERWK�SDUWLHV�

,Q� TXDQWXP� FU\SWRJUDSK\�� WKH� VHFXULW\� UHOLHV� LQ� WKH� SURSHUWLHV� RI� WKH� FKDQQHO
FRQQHFWLQJ�$OLFH� DQG�%RE�� 1RLVH� LV� LQWURGXFHG� LV� WKH� SK\VLFDOO\� LPSHUIHFW� FKDQQHO�
DQG� HYHQ� PRUH� HUURUV� DUH� LQWURGXFHG� E\� WKH� PDOLFLRXV� HDYHVGURSSHU�� 7KH� PHWKRGV
LPSOHPHQWHG� DQG� LQYHVWLJDWHG� LQ� WKH� VLPXODWLRQ� SURJUDP� DQG� SUHVHQWHG� KHUH� DUH
EDVHG� RQ� SXEOLF� GLVFXVVLRQ� E\� H[FKDQJLQJ� SDULW\� ELWV� RI� WKH� NH\� EHWZHHQ� WZR
SDUWLHV��7KLV�FRPPXQLFDWLRQ�LV�KHOG�RYHU�WKH�3XEOLF�&KDQQHO��3&��

7KHUH�DUH�VHYHUDO��PRUH�RU�OHVV�VXFFHVVIXO��PHWKRGV�WR�DFFRPSOLVK�HUURU�FRUUHFWLRQ
HIILFLHQWO\��7KH�PHWKRG�MXVW�PHQWLRQHG�PDNHV�XVH�RI�D�ELQDU\�VHDUFK�DQG�SDULW\�FKHFN
SURFHGXUH�� 7KH� GLVWLQFWLRQ� EHWZHHQ� HUURU� FRUUHFWLRQ� DQG� HUURU� UHPRYLQJ� PHWKRGV
VKRXOG� EH� SRLQWHG� RXW�� $� ZHOO�NQRZQ� DSSURDFK� LQ� FODVVLFDO� QRLV\� FRPPXQLFDWLRQ
LQWURGXFHV� UHGXQGDQF\� LQ� WKH� VLJQDO� E\� XVH� RI� FRGLQJ� WR� WUDQVPLW� HUURU�IUHH
LQIRUPDWLRQ�� 7KLV� SURFHGXUH� FRUUHFWV� HUURUV�� 7KH� XVHIXOQHVV� RI� FRGLQJ�� DSSOLHG� WR
HUURU�FRUUHFWLRQ�LQ�TXDQWXP�FU\SWRJUDSK\��DQG�LW
V�XQGHUO\LQJ�LGHDV�ZLOO�EH�GLVFXVVHG
LQ�WKH�ILUVW� IROORZLQJ�VHFWLRQ��7KH�PDLQ�SUREOHP�LV�WKDW� LQ�VRPH�ZD\�WKH�FRGH�ZRUGV
PXVW� EH� NQRZQ� WR� ERWK� VHQGHU� DQG� UHFHLYHU�� H�J�� GHFLGHG� EHIRUH� WUDQVPLVVLRQ�� $
V\VWHP�WKDW�KDV�WKH�GHPDQG�RQ�ERWK�SDUWLHV�WR�VKDUH� LQLWLDO� VHFUHW� LQIRUPDWLRQ�SULRU
WR� NH\�GLVWULEXWLRQ� LV� UDWKHU� FDOOHG� D� NH\�JURZLQJ� V\VWHP�� ,QLWLDO� VHFUHW� LQIRUPDWLRQ
FDQ�EH�VHHQ�DV�WKH� ILUVW�SDUW�RI�WKH�FRPLQJ�NH\��)RU�WRGD\
V� LPSOHPHQWDWLRQV�FRGLQJ
VHHP�WR�EH�RQO\�RI�WKHRUHWLFDO�LQWHUHVW�DV�H[SHULPHQWV�DLP�DW�PDNLQJ�NH\�GLVWULEXWLRQ
V\VWHPV�� EXW� LI� ZH� KDYH� WKH� FRQVWUDLQW� IRU� $OLFH� DQG� %RE� WKDW� WKH\� PXVW� DQ\ZD\
VKDUH� VRPH� LQLWLDO� LQIRUPDWLRQ� WKHQ� ZH� KDYH� D� NH\� JURZLQJ� V\VWHP� DQG� FRGLQJ� LV
QDWXUDO�� +RZHYHU�� DV� ZLOO� EH� QRWLFHG� ODWHU�� FRGLQJ� FDQ� EH� DSSOLHG� HYHQ� WKRXJK� QR
LQLWLDO�LQIRUPDWLRQ�DERXW�FRGH�ZRUGV�RU�VXFK�LV�DOORZHG�

'XULQJ�UHFRQFLOLDWLRQ��LQIRUPDWLRQ�LV�H[FKDQJHG�RYHU�WKH�LQVHFXUH�SXEOLF�FKDQQHO�
DQG� WKXV� DOO� LQIRUPDWLRQ� LV� FRQVLGHUHG� WR� EH� NQRZQ� WR� WKH� HDYHVGURSSHU�
)XUWKHUPRUH�� WKH� 3&� LV� DVVXPHG� WR� EH� HUURU� IUHH� E\� XVH� RI� VWDQGDUG� FRGHG
FRPPXQLFDWLRQ��$OVR��ZH�DVVXPH�WKH�LQIRUPDWLRQ�WUDQVSRUWHG�RYHU�WKH�3&�FDQQRW�EH
DOWHUHG�E\�(YH�� VKH� FDQ� RQO\�ZLUHWDS� LW� E\� OLVWHQLQJ��7KHVH� SURSHUWLHV� RI� WKH� SXEOLF
FKDQQHO� RSHQV�XS�D�SUREOHP� LQ� WKH� UHFRQFLOLDWLRQ� SURFHVV��ZH�ZDQW� WR�PLQLPL]H� WKH
LQIRUPDWLRQ�WKDW�WKH�HDYHVGURSSHU�(YH�JDLQV��DQG�DW�WKH�VDPH�WLPH�HIILFLHQWO\�FRUUHFW
DOO�HUURUV� LQ�%RE
V�NH\�� ORRVLQJ�DV�VPDOO� IUDFWLRQ�RI�ELWV�DV�SRVVLEOH��:K\�WKHQ��PXVW
ZH�ORRVH�DQ\�LQIRUPDWLRQ"

8QFRQGLWLRQDOO\� WKHUH� LV� D� PLQLPXP� DPRXQW� RI� LQIRUPDWLRQ� WKDW� KDV� WR� EH
H[FKDQJHG� EHWZHHQ� $OLFH� DQG� %RE� LQ� RUGHU� WR� FRUUHFW� %RE
V� DOO� ELWV�� (LWKHU� WKLV
LQIRUPDWLRQ� FDQ�EH� LQ� IRUP� RI�ELWV� OHDNHG� WR�(YH�� RU� E\�ELWV�$OLFH� DQG�%RE�KDYH� WR
DJUHH�WR�ORRVH�LQ�IRUP�RI�LQWURGXFHG�UHGXQGDQF\�RU�E\�GLVFDUGHG�ELWV��7KLV�DOVR�VWDQG
LQ� FRQQHFWLRQ� WR� WKH� 3ULYDF\� $PSOLILFDWLRQ� �3$�� LQ� UHVSHFW� WR� WKH� DPRXQW� RI� ELWV
XVHG� IRU�VHFXULW\�FRPSUHVVLRQ��ZKLFK�ZLOO�EH�WUHDWHG� ODWHU��:H� FDQ� FDOFXODWH� IRU� WKLV
ERXQG� LQ� LQIRUPDWLRQ� IRU� D� ELQDU\� V\PPHWULF� FKDQQHO� �%6&�� OLNH� WKH� 3ULYDWH
4XDQWXP� &KDQQHO� �34&��� ,I� $OLFH� DQG� %RE� VKDUH� Q 1V� ELWV� EHIRUH� UHFRQFLOLDWLRQWKLV�FRUUHVSRQGV�WR�D�NQRZOHGJH�RI�Q�ELWV�RI�6KDQQRQ�LQIRUPDWLRQ��/HW�VHQGHU�$OLFH
V
HQWURS\�EH�GHQRWHG�+�$���ZKHUH�$ ;Q�LV�WKH�VWULQJ�RI�ELWV�VHQW��DQG�ZKHUH�;�LV�WKH
UDQGRP�SURFHVV�GHILQLQJ�HLWKHU���RU����7KH�HQWURS\�RI�D�GLVFUHWH�UDQGRP�YDULDEOH�;�LV
D�IXQFWLRQ�RI�LW
V�S�P�I���SUREDELOLW\�PDVV�IXQFWLRQ���DQG�GHILQHG�E\
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ZKHUH�.�LV�WKH�OHQJWK�RI�WKH�DOSKDEHW��LQ�ELQDU\�FDVH��. ����6HH�UHIHUHQFH�>��@��)RU�D
ELQDU\�V\PPHWULF� FKDQQHO�ZLWK�SUREDELOLWLHV�S�DQG���S�ZH�KDYH�WKH�ELQDU\�HQWURS\
IXQFWLRQ

���ORJ���ORJ���� �� SSSSS+;+ E −−−−== �
,I�HDFK�ELW�VHQG�E\�$OLFH�LV�UDQGRPO\�DQG�LQGHSHQGHQWO\�FKRVHQ�LW�LV�FOHDU�WKDW�

$$+ =�� �
ZKHUH�M$M� �Q�DQG�Q�LV�WKH�QXPEHU�RI�ELWV�VHQW�E\�$OLFH��,I�ZH�FRQVLGHU�WKDW�ERWK�WKH
LQIRUPDWLRQ�ELWV���DQG���KDYH�HTXDO�SUREDELOLW\��WKHQ

���
���ORJ��

����
�ORJ�

��� �� =−−−−=;+ �
DQG�VR

Q;Q+$+ == ���� �
7KH�UHFHLYHU�FRXOG�EH�HLWKHU�%RE�RU�WKH�OHVV�GHVLUDEOH�(YH��RU�ERWK��/HW�2�GHQRWH�WKH
NQRZOHGJH�SLFNHG�XS�DQ\�UHFHLYHU��RU�REVHUYHU��RI�WKH�VLJQDO�RQ�WKH�3ULYDWH�4XDQWXP
&KDQQHO��+HQFH��RQ�WKH�UHFHLYHUV�VLGH��RU�VRPHZKHUH�DORQJ�WKH�FKDQQHO��WKH�REVHUYHGDPRXQW� RI� HQWURS\� RI� $OLFH
V� VHQG� LQIRUPDWLRQ�� JLYHQ� 2�� ZLOO� EH� +�$M2��� ,I� ZH
LQWURGXFH�WKH�SUREDELOLW\�RI�DQ�HUURU�H�RQ�WKH�FKDQQHO��WKH�FRQGLWLRQDO�HQWURS\�RI�;
JLYHQ�2�LV�GHILQHG�E\

���ORJ���ORJ�� �� HHHH2;+ −−−−= �
7KXV��JLYHQ�WKH�REVHUYHG�NQRZOHGJH�2�ZH�FDQ� ILQG�WKH�PXWXDO� LQIRUPDWLRQ�EHWZHHQ
2� DQG�;�� ,�;�2�� ZLOO� EH� WKH� DPRXQW� RI� LQIRUPDWLRQ� WKDW� YDULDEOH�2� ZLOO� SURYLGH
DERXW� YDULDEOH�;�� L�H�� WKH� UHFHLYHG� LQIRUPDWLRQ� FRUUHVSRQGLQJ� WR� WKH� ELWV� VHQW� E\
$OLFH�

���ORJ���ORJ�������� �� HHHH2;+;+2;, −−++=−= �
7KLV� LV� WKH�PXWXDO�6KDQQRQ� LQIRUPDWLRQ�EHWZHHQ�$OLFH�DQG� WKH�REVHUYHU��SUHIHUDEOH
%RE��RQ�WKH�VLIWHG�NH\�EHIRUH�HUURU�FRUUHFWLRQ�DQG�ZLWK�HUURU�UDWH�H��+HQFH�� LI�2 %�
ZKHUH�%� LV� %RE
V� UHFHLYHG� ELW�VHTXHQFH�� WKHQ� ZH� ZLOO� KDYH� WKH� VKDUHG� LQIRUPDWLRQ
EHWZHHQ�$OLFH�DQG�%RE�

��� %2$,,$% == �
,I�2�UHSUHVHQWV�WKH�NQRZOHGJH�IURP�(YH
V�PHDVXUHPHQWV� LQ�DFWLRQ�RI� HDYHVGURSSLQJ�
KDYLQJ�ELW�VWULQJ�(��ZH�KDYH

��� (2$,,( == �
1RZ��ZH�DUH�UHDG\�WR�FDOFXODWH�WKH�PLQLPXP�DPRXQW�RI�LQIRUPDWLRQ�WR�EH�H[FKDQJHG�

$IWHU� WKDW�%RE�KDYH� UHFHLYHG�$OLFH
V� VWULQJ� RI� ELWV� KH�ZLOO� KDYH�1V� ELWV��2QO\� DIUDFWLRQ�,$%�RI�WKHVH�ZLOO�EH�FRUUHFW��1V,$%��7KH�GLIIHUHQFH�1V���1V,$%�ZLOO�WKXV�EH�WKH
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DPRXQW� RI� LQIRUPDWLRQ� FRUUHVSRQGLQJ� WR� WKH� LQIRUPDWLRQ� FRQWHQW� LQ� WKH� HUURU� ELWV
RFFXUULQJ�ZLWK�D�UDWH�RI�H��7KXV

������� 2;+1%2$+,1 V$%V ===− �
7KH�PLQLPXP�QXPEHU�RI�H[FKDQJHG��ORVW��ELWV�LV�WKHUHIRUH

����ORJ���ORJ���� ��PLQ HHHH1,11 V$%V −−−−=−= �
,Q�RWKHU�ZRUGV��(YH
V�LQIRUPDWLRQ�LV�WKH�FKDQJH�LQ�HQWURS\�RI�$OLFH
V�VWULQJ�$�XSRQ
LW
V�ZD\�WUDQVIHUUHG��UHFHLYHG��DQG�UHFRQFLOHG�E\�%RE��JLYLQJ�%
 $�

7KH� TXHVWLRQ� LV� QRZ� KRZ� FORVH� ZH� FDQ� EH� WR� WKLV� OLPLW� LQ� DQ� HUURU� FRUUHFWLRQ
SURWRFRO��2EYLRXVO\��ZH�ZDQW�WR�ORRVH�DV�OLWWOH�LQIRUPDWLRQ�DV�SRVVLEOH��WKHUHIRUH�1PLQVHWV�D�ORZHU�OLPLW��:H�ZLOO�VHH�WKDW�WKH�ODVW�SURWRFRO�FDVFDGH��ZLOO�ZRUN�YHU\�FORVH�WR
WKLV�6KDQQRQ�OLPLW�IRU�ODUJH�HQRXJK�1V��,W�LV�QRW�FRPSXWDWLRQDOO\�HIILFLHQW�FRPSDUHGWR� FRGLQJ�� EXW� QHYHUWKHOHVV� VDYHV� PRUH� RI� WKH� IUDJLOH� ELWV� RI� WKH� NH\�� ,W� LV� PRVW
LPSRUWDQW� WR� NHHS� WKH� ELW�UDWH� DV� KLJK� DV� SRVVLEOH� WKURXJK� HYHU\� VWHS� LQ� WKH� 4&�
V\VWHP�

7KH� SHUIRUPDQFH� RI� HUURU�FRUUHFWLRQ� LQ� WHUPV� RI� KRZ� FORVH� LW� ZRUNV� WR� WKH
6KDQQRQ�OLPLW�ZLOO�EH�LQYHVWLJDWHG��,W�LV�QRW�REYLRXV�WKDW�DOO�HUURUV�ZLOO�EH�FRUUHFWHG�
WKLV�GHSHQGV�RQ�WKH�FRUUHFWLRQ�DOJRULWKP��8VXDOO\�VHYHUDO� LWHUDWLRQV�RI� WKH�DOJRULWKP
DUH� QHFHVVDU\�� 7KHUH� LV� D� ULVN� ZLWK� WRR� PDQ\� HUURUV� WKDW� QRW� DOO� HUURUV� FDQ� EH
FRUUHFWHG�DW�DOO�ZLWKLQ�D�OLPLWHG�QXPEHU�RI�LWHUDWLRQV��$Q�LPSRUWDQW�SDUDPHWHU�LV�WKH
PD[LPXP� HUURU�UDWH� HOLP� �4%(5��� ZKHUH� EHORZ�� DOO� HUURUV� DUH� FRUUHFWHG�� 'LIIHUHQWDSSURDFKHV�RI�UHFRQFLOLDWLRQ�FDQ�EH�PRUH�RU�OHVV�HIILFLHQW���WLPH�FRQVXPLQJ���:H�FDQ
LQYHVWLJDWH�KRZ�PDQ\�LWHUDWLRQV�DUH�QHHGHG�WR�OHDYH�WKH�UHFRQFLOLDWLRQ�ZLWKRXW�HUURUV
UHPDLQLQJ��,Q�RWKHU�ZRUGV��ZKDW�LV�WKH�VXFFHVV�UDWH"

,W� VKRXOG� EH� UHPHPEHUHG� WKDW�� RI� FRXUVH� WKHUH� FDQ� EH� WZR� W\SHV� RI� XQGHVLUHG
HUURUV�� QDPHO\� QRLVH� LQ� FKDQQHO� DQG� HUURUV� LQWURGXFHG� E\� DQ� HDYHVGURSSHU�� 7KHVH
HUURUV� FDQQRW� EH� GLVWLQJXLVKHG� IURP� HDFK� RWKHU�� DQG� VR� ZH�PXVW� DVVXPH� WKDW� WKH\
DULVH�IURP�(YH�DQG�WKDW�WKH�LQIRUPDWLRQ�VKH�KDV�DERXW�WKH�NH\�EHIRUH�HUURU�FRUUHFWLRQ
LV� DW� OHDVW� DOO� WKH� HUURU�ELWV�� 'XULQJ� UHFRQFLOLDWLRQ� VKH� ZLOO� JDWKHU� DGGLWLRQDO
LQIRUPDWLRQ�E\�ZLUHWDSSLQJ�WKH�SXEOLF�GLVFXVVLRQ��DQG�ZH�PXVW�NHHS�WKLV�OHDNDJH�ORZ�
$IWHU�UHFRQFLOLDWLRQ�GHILQH�WKH�NH\�VWULQJ�VKDUHG�EHWZHHQ�$OLFH�DQG�%RE�E\�6��/HW�4
GHQRWH� WKH� DPRXQW� RI� LQIRUPDWLRQ� H[FKDQJHG� RQ� WKH� 3&�� 7KHQ� ,(�6M4�� LV� WKHH[SHFWHG�DPRXQW�RI�6KDQQRQ�LQIRUPDWLRQ�WKDW�DQ�HDYHVGURSSHU�FDQ�JHW�RQ�6�JLYHQ�4�
:H� ZLOO� DVVXPH� WKDW� $OLFH� DQG� %RE� QRZ� VKDUH� LGHQWLFDO� NH\V� ZLWK� D� FHUWDLQ
SUREDELOLW\��:H�ZLOO�DOVR�DVVXPH�WKDW�KDV�NQRZOHGJH�RI�DOO�HUURU�SRVLWLRQV�

,Q�WKH�FDVH�RI�HUURU�FRUUHFWLRQ�WKH�NH\�OHQJWK�ZLOO�UHPDLQ�WKH�VDPH��1U 1V��DIWHU
UHFRQFLOLDWLRQ�� ,Q� WKH� FDVH� RI� HUURU� UHPRYLQJ�� 1U<1V�� &RPPRQ� IRU� ERWK� ZD\V� RIUHFRQFLOLDWLRQ�LV�WKDW�$OLFH�DQG�%RE�ZLOO�OHDUQ�WKH�DFWXDO�HUURU�UDWH�H��L�H��WKH�4%(5�
XVHG�ODWHU�IRU�SULYDF\�DPSOLILFDWLRQ�

7R�VXPPDUL]H��ZH�LQYHVWLJDWH�KRZ�WKH�XVH�RI�D�FKDQQHO�ZLWK�SHUIHFW�DXWKHQWLFLW\
�3&��� EXW� QR� SULYDF\� FDQ� EH� XVHG� WR� UHVWRUH� WKH� HUURUV� IURP� D� WUDQVPLVVLRQ� RYHU� D
FKDQQHO�ZLWK�QR�DXWKHQWLFLW\�DQG�LPSHUIHFW�SULYDF\��34&��

:H�ZLOO�QRZ�H[SODLQ�KRZ�FRGLQJ�FDQ�EH�XVHG��DQG�ZK\�LW�FDQ�EH�TXHVWLRQHG�LQ�WKH
FRQWH[W�RI�TXDQWXP�FU\SWRJUDSK\�HUURU�FRUUHFWLRQ�
����� &ODVVLFDO�&RGLQJ���8VHIXO"
,Q�FODVVLFDO�FRPPXQLFDWLRQ��OLQHDU�EORFN�FRGHV��F\FOLF�FRGHV��DQG�FRQYROXWLRQDO�FRGHV�
DUH� DSSOLHG� DV� D� VWDQGDUG� DSSURDFK� RI� HUURU� FRUUHFWLRQ� >��@�>�@�� ,Q� TXDQWXP
FU\SWRJUDSK\� HUURU�FRUUHFWLQJ� FRGHV� LV� QRW� TXLWH� DGHTXDWH� EHFDXVH� LW� LV� EDVHG� RQ
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DVVXPSWLRQV� WKDW� D� IHZ� HUURUV� DUH� PRUH� OLNHO\� WKDQ�PDQ\�� DQG� WKDW� HUURUV� DUH� QRW
VSLWHIXOO\� LQWURGXFHG� E\� DQ� ULYDO��:LWK� WRGD\
V� SHUIRUPDQFH� RI� GHWHFWRUV� DQG� ILEHUV
IRU�H[SHULPHQWDO�TXDQWXP�FU\SWRJUDSK\�ZH�KDYH�D�TXLWH�KLJK�HUURU�SUREDELOLW\���WRR
KLJK� IRU� FRQYROXWLRQDO� FRGLQJ� WR� PDNH� MXVWLFH�� 5HPHPEHULQJ� WKDW� (YH� KDV� WKH
SRVVLELOLW\� WR� WDPSHU� ZLWK� WKH� ELWV� LQ� WKH� 3ULYDWH� 4XDQWXP� &KDQQHO�� ZH� LQGHHG
UHDOL]H� WKDW� FRGHV� DUH� VXVFHSWLEOH� WR� D� YHU\� VLPSOH� WKUHDW�� (YH� FDQ� MXVW� UHSODFH� WKH
ELWV� VHQW� E\� $OLFH� ZLWK� ELWV� E\� KHU� FKRLFH�� DQG� WKXV� VKH� FDQ� VXSSUHVV� WKH
FRPPXQLFDWLRQ� HQWLUHO\� LQMHFWLQJ� DQ\� RWKHU� FRGH� ZRUG� RI� KHU� FKRLFH�� LQVWHDG� RI� WKH
UHDO� RQH�� 7KLV� FDQ� KRZHYHU� EH� LPSHGHG� E\� VHQGLQJ� WKH� FRGHG� LQIRUPDWLRQ� RQ� WKH
SXEOLF�FKDQQHO�DIWHU�WKH�UHDO�ELW�VHTXHQFH�LV�DOUHDG\�VHQG�RYHU�WKH�34&��,Q�WKLV�SRVW�
IDFWR�DSSOLFDWLRQ�ZD\��(YH�GRHV�QRW�KDYH�WKH�DGYDQWDJH�RI�NQRZLQJ�WKH�FRGH�ZRUGV
DW�WKH�WLPH�RI�WKH�ELW�VHTXHQFH�WUDQVPLVVLRQ�

6R�� LI� (YH� LQ� D�SULRUL� NQRZV� WKH� FRGH�ZRUGV� WR� EH� XVHG�� FODVVLFDO� FRGLQJ� HUURU
FRUUHFWLRQ� ZRXOG� QRW� EH� SRVVLEOH�� %XW� RI� FRXUVH�� WKLV� ZRXOG� ZRUN� LQ� WKH� FDVH� ZKHQ
$OLFH�DQG�%RE�LQLWLDOO\�VKDUH�VHFUHW�LQIRUPDWLRQ��IRU� LQVWDQW�WKH�FRGH�ZRUGV��WKHQ�ZH
UHIHU�WR�WKH�NH\�GLVWULEXWLRQ�DV�D�NH\�JURZLQJ�VFKHPH��,I�ZH�FDQQRW�OHW�$OLFH�DQG�%RE
LQLWLDOO\� VKDUH� DQ\� VHFUHW� LQIRUPDWLRQ�� RU� LI� ZH� DVVXPH� WKDW�(YH� KDYH� NQRZOHGJH� RI
WKH�VHFUHW�FRGH�ZRUGV��WKHQ�WKLV�WUDGLWLRQDO�QRQ�SRVW�IDFWR�FRGLQJ�PDQQHU�ZRXOG�QRW
EH� DSSOLFDEOH�� $OO� WKHVH� DUJXPHQWV� KDV� WR� EH� WUHDWHG� LQ� WKH� GLVFXVVLRQ� RI
DXWKHQWLFDWLRQ�

$� VROXWLRQ� LV� IRU�$OLFH� WR� UDQGRPO\� FKRRVH� D� FRGH�� VHQG� WKH� FRGHG� LQIRUPDWLRQ�
UHSUHVHQWLQJ�WKH�LQIRUPDWLRQ�LQ�[��RQ�WKH�34&�DQG�ZDLW�IRU�%RE�WR�SXEOLFO\�DQQRXQFH
WKDW�KH�UHFHLYHG�WKH�LQIRUPDWLRQ��)LUVW�WKHQ�VKH�DQQRXQFHV�WKH�XVHG�FRGH�ZRUG�RQ�WKH
SXEOLF�FKDQQHO��ZKHUH�(YH�FDQQRW�DOWHU�LW��DQG�%RE�FDQ�GHFRGH�DQG�HUURU�FRUUHFW�KLV
LQIRUPDWLRQ��,Q�WKLV�ZD\�$OLFH�UHYHDO�LQIRUPDWLRQ�DERXW�WKH�FRGH�ZRUGV�RQO\�ZKHQ�LW
LV� WRR� ODWH� IRU� (YH� WR� KDYH� DQ\� SUDFWLFDO� XVH� RI� LW�� DOWHULQJ� WKH� SULYDWH� FKDQQHO
WUDQVPLVVLRQ��$QRWKHU�FULWHULD�WKDW�PRWLYDWHV�WKLV�SRVW�IDFWR�DSSOLFDWLRQ�LV�WKH�VLIWLQJ
SURFHGXUH�� +HUH� ZH� UDQGRPO\� XVH� RQO\� KDOI� RI� WKH� ELWV�� RQ� DYHUDJH�� EHFDXVH� RI� WKH
ZURQJ�EDVH�ELW�PHDVXULQJ��:H�GR�QRW�LQ�DGYDQFH�QRZ�ZKLFK�ELWV�ZLOO�IDOO�DZD\�LQ�WKLV
VWHS��7KHUHIRUH�FRGLQJ�KDV�WR�EH�DSSOLHG�DIWHU�VLIWLQJ�

$OWKRXJK�FRGLQJ�LV�D�ZRUNDEOH�ZD\��LW�UHPDLQV�WUXH�WKDW�FODVVLFDO�FRGLQJ�DVVXPHV
ORZ� HUURU�UDWHV�� DQG� FDQ� WKHUHIRUH� QRW� EH� DSSOLHG� HIILFLHQWO\� WR� FRUUHFW� HUURUV� LQ� D
TXDQWXP� FU\SWRJUDSK\� WUDQVPLVVLRQ��:H�ZLOO� QRZ� FDOFXODWH� HOLP� DSSO\LQJ� D� W\SLFDOFRQYROXWLRQDO�FRGH��:H�FDOFXODWH�WKH�ELW�UDWH�5HF�YV��WKH�4%(5��H��)RU�WKLV�ZH�PXVW
ILQG�WKH�ELW�ORVV�RI�FRGLQJ��7R�ILQG�WKH�FRPSUHVVLRQ�OHYHO�RI�SULYDF\�DPSOLILFDWLRQ�ZH
QHHG� WR� HVWLPDWH� WKH� LQIRUPDWLRQ� T� ORVW� WR� (YH� GXULQJ� UHFRQFLOLDWLRQ�� 7KH
LQIRUPDWLRQ�ORVV� IRU� HUURU�FRUUHFWLRQ� LV� UHODWHG� WR� WKH� FRGLQJ� FDSDFLW\� IRU
FRQYROXWLRQDO�FRGLQJ�&FDS�/HW�XV�EULHIO\�JR�WKURXJK�DQ�H[DPSOH�RI�FRGLQJ�DSSOLHG�HUURU�FRUUHFWLRQ��%HQQHWW
HW�DO�>�@���$IWHU�WUDQVPLVVLRQ�RI�$OLFH�ELW�VHTXHQFH�[�WR�%RE�RYHU�WKH�SULYDWH�FKDQQHO�
$OLFH�DQG�%RE� ILUVW� DJUHH� WR�XQLIRUP�WKHLU�NH\V�[�� UHVSHFWLYH�\�� L�H��DSSO\�D� UDQGRP
SHUPXWDWLRQ�RQ�WKH�NH\�WR�UDQGRPO\�GLVWULEXWH�DOO� HUURUV��$OLFH�DSSOLHV�WKH�FRGHV�:
WR�[� DQG� WUDQVPLWV� WKH� UHVXOW�:�[�� WR�%RE� RYHU� WKH� SXEOLF� FKDQQHO�� WKHUHE\� JLYLQJ
DZD\�DW�PRVW� M:�[�M�ELWV� RI� LQIRUPDWLRQ� WR�(YH�DERXW�[��%RE�XVHV�:�[��WR� FRUUHFW
DOO�HUURUV�LQ�\�WR�UHFRYHU�[��7KLV�FDQ�EH�GRQH�LI�WKH�FRGH�:� LV�VXIILFLHQWO\�HIIHFWLYH�WR
FRUUHFW� DOO� HUURUV�� ,I�:�[�� LV� FRQVLGHUDEO\� VKRUWHU� WKDQ�[�� WKHUH� LV� VWLOO� LQIRUPDWLRQ
WKDW� (YH� GRHV� QRW� NQRZ� DERXW� [� DQG� WKH� PHWKRG� RI� SULYDF\� DPSOLILFDWLRQ� FDQ� EH
DSSOLHG�WR�GLVWLOO�D�VHFUHW�NH\�E\�FRPSUHVVLQJ�[�ZLWK�DQ�DPRXQW�RI�M[M�M:�[�M��ZKHUH
(YH�ZLOO�KDYH�DW�PRVW�RQH�ELW�RI�LQIRUPDWLRQ�RQ�[�VKDUHG�EHWZHHQ�$OLFH�DQG�%RE�

�,Q�D�WUDGLWLRQDO�QRQ�SRVW� IDFWR� VLWXDWLRQ�ZKHUH�ERWK�[� DQG�:� DUH�VHQG�RYHU�WKH
SXEOLF�FKDQQHO�WKH�FDSDFLW\�&FDS�RI�WKH�WUDQVPLVVLRQ�LV�JLYHQ�E\
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DQG�ZH� FDQ� VROYH� IRU� WKH�PD[LPXP� LQIRUPDWLRQ� OHDNHG� WR�(YH� GXULQJ� WUDQVPLVVLRQ�
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5HF�H��LV�SORWWHG�LQ�)LJXUH������:H�ILQG�WKH�YDOXH�RI�HOLP�WR�EH�DERXW�������&RGLQJ�FDQQRW�EH�XVHG�IRU�HUURU�UDWHV�H[FHHGLQJ�WKLV�YDOXH��,Q�RWKHU�ZRUGV��LW�ZLOO�EH�JXDUDQWHHG
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WR� FRUUHFW� DOO� HUURUV� XS� WR� WKLV� HUURU�UDWH� OLPLW�� 7KH� FDSDFLW\� &� RI� WKH� SULYDWH
TXDQWXP�FKDQQHO��34&��LV�VKRZQ�IRU�FRPSDULVRQ��DQG�LV�JLYHQ�E\
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5HF ��%LWUDWH�/RZHU�ERXQG�IRU�C&RGLQJC�(UURU�&RUUHFWLRQ&��4XDQWXP�&KDQQHO��%6&��&DSDFLW\

)LJXUH� ����� 7KH� VROLG� OLQH� UHSUHVHQWV� DQ� ORZHU� ERXQG� RQ� WKH
SHUIRUPDQFH� IRU� FRQYROXWLRQDO� FRGLQJ� HUURU�FRUUHFWLRQ� LQ� WHUPV� RI
QRUPDOL]HG� 6KDQQRQ� LQIRUPDWLRQ� �ELW�UDWH��� 7KH� PHWKRG� ZLOO
JXDUDQWHHG� FRUUHFW� DOO� HUURUV� XS� WR� DQ� HUURU�UDWH� OLPLW� HOLP� RI� �����7KH�GRWWHG�OLQH�LV�WKH�FDSDFLW\�IRU�D�ELQDU\�V\PPHWULF�FKDQQHO��%6&�
OLNH�WKH�34&��VKRZQ�KHUH�IRU�FRPSDULVRQ�

,W�ZRXOG�EH� RI� LQWHUHVW� WR� ILQG� FRGHV� DSSURDFKLQJ� WKH� OLPLW� RI� WKH�6KDQQRQ� FDSDFLW\
DQG�LQ�WKLV�ZD\�EH�FRPSDUDEOH�WR�WKH�FDVFDGH�PHWKRG�

:H�QRZ�WXUQ�RXU�LQWHUHVW�WR�D�PRUH�VLPSOH�SURFHGXUH�RI�ELQDU\�VHDUFK�DQG�SDULW\
FKHFNV��DV�D�FRPSOHPHQW�WR�FRGLQJ�
����� %LQDU\�6HDUFK�DQG�3DULW\�&KHFN���'LVFDUG�(UURUV
,Q� WKH� IROORZLQJ� WKUHH� VHFWLRQV�� WKUHH� SURFHGXUHV� RI� HUURU� FRUUHFWLRQ� DUH� SUHVHQWHG�
7KH\�DUH�DOO�YDULDWLRQV�RI�WKH�VLPSOH�HUURU�FRUUHFWLRQ�PHWKRG�ZKHUH�\RX�FRPSDUH�WKH
SDULW\��;25��RI�D�VXEVHW�RI�ERWK�YHUVLRQV�RI�WKH�ELW�VHTXHQFH��,I�WKH�SDULWLHV�DUH�QRW
PDWFKLQJ�WKHQ�\RX�NQRZ�DQ�HUURU�RFFXUUHG��DQG�\RX�SURFHHG�ZLWK�D�ELQDU\�VHDUFK�RQ
WKDW�VXEVHW�ZLWK�VXEVHTXHQW�SDULW\�FKHFNV�WR�ILQG�WKH�HUURU��(DFK� VXEVHW�ZLOO�EH� OHIW
ZLWK�DQ�HYHQ�QXPEHU�RI�HUURUV�RU�QRQH��7KLV�SURFHGXUH�FDQ�EH�DSSOLHG�VHYHUDO�WLPHV
SURFHHGHG�E\�D�UDQGRP�SHUPXWDWLRQ�RI�WKH�ELWV��WR�UDQGRPO\�VKXIIOH�DURXQG�WKH�HUURU
ORFDWLRQV�

7KLV�ZD\�RI�HUURU�FRUUHFWLRQ�FDQ�EH�UHODWHG�WR�OLQHDU�EORFN�FRGHV�DQG�SDULW\�FKHFN
PDWULFHV�� 7KH� GLIIHUHQFH� LQ� RXU� FDVH�ZRXOG� EH� WKDW� WKH� SDULWLHV� DUH� H[FKDQJHG� RQO\
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DIWHU�UDZ�GDWD�WUDQVPLVVLRQ��DQG�QRW�WRJHWKHU�ZLWK�WKH�UDZ�GDWD��&RPSDUH�WKLV�ZLWK
WKH� SRVW�� DQG� QRQ�SRVW�IDFWR� VLWXDWLRQ� IRU� FRGLQJ� GLVFXVVHG� LQ� WKH� SUHYLRXV� VHFWLRQ�
$SSO\LQJ� SDULW\� FKHFN� PDWULFHV� DQG� VHQGLQJ� WKHP� ZLWK� WKH� LQIRUPDWLRQ� ZRXOG� EH
LQHIILFLHQW� LQ� WKH� VHQVH� WKDW� (YH� WKHQ� FRXOG� DFTXLUH� XQQHFHVVDULO\� PXFK� RI
LQIRUPDWLRQ�� 6HQGLQJ� SDULW\� FKHFN� PDWULFHV� WKURXJK� WKH� SULYDWH� TXDQWXP� FKDQQHO
ZRXOG�EH�OLNH�FRGLQJ�DQG�ZLOO�QRW�JLYH�VXFK�D�KLJK�ELW�UDWH��6HQGLQJ�WKH�SDULW\�FKHFN
PDWULFHV� RYHU� WKH� SXEOLF� FKDQQHO� ZRXOG� JLYH� (YH� NQRZOHGJH� RI� WKH� ZKROH� FKHFN
PDWUL[��$�EHWWHU�ZD\� LV� WKHUHIRUH� IRU�$OLFH� DQG�%RE� WR� FRPSDUH�EORFNV� RI� WKHLU� ELW�
VHTXHQFHV�� DQG� EDVHG� RQ� WKLV� UHVXOW� %RE� DQQRXQFHV� WR� $OLFH� ZKLFK� SDULW\�ELWV� KH
QHHGV� IRU� IXUWKHU� HUURU� FRUUHFWLRQ�� ,Q� WKLV� ZD\�� ZH� ZLOO� NHHS� GRZQ� WKH� DPRXQW� RI
LQIRUPDWLRQ�VHQW�RYHU�WKH�SXEOLF�FKDQQHO�

7KH� PHWKRG� RI� WKLV� VHFWLRQ� UDWKHU� GLVFDUG� HUURUV� LQVWHDG� RI� FRUUHFWLQJ�� 7KLV� LV
PDLQO\�WKH�ELVHFW�DQG�GLVFDUG�SURWRFRO�WKDW�KDV�EHHQ�SURSRVHG�>�@��7KH�DUJXPHQW�IRU
$OLFH� DQG�%RE� WR� DJUHH� DERXW� GLVFDUGLQJ� ELWV� LV� WKDW� (YH� ZRXOG� WKHQ� QRW� JDLQ� DQ\
NQRZOHGJH�IURP�WKH�SXEOLF�FKDQQHO�GLVFXVVLRQ��5HPHPEHULQJ�WKDW�(YH�ZLOO�FROOHFW�DOO
LQIRUPDWLRQ�VHQG�RYHU�WKH�SXEOLF�FKDQQHO��HDFK�WLPH�D�SDULW\�ELW�LV�FKHFNHG��(YH�ZLOO
KDYH�DOVR�KDYH�WKDW�ELW�� ,Q�RUGHU�WR�UHGXFH�(YH
V�EHQHILW� RI�NQRZLQJ� WKLV�SDULW\�ELW�
$OLFH�DQG�%RE�DJUHH�WR�GLVFDUG�RQH�ELW� LQ�WKH�FRUUHVSRQGLQJ�EORFN��7KLV�UHGXFHV�KHU
LQIRUPDWLRQ� RI� WKH� RWKHU� ELWV� LQ� WKH� EORFN� WR� ]HUR�� 7KH� GLVDGYDQWDJH� RI� GLVFDUGLQJ
HUURUV�LV�WKDW�$OLFH
V�DQG�%RE
V�NH\�ZLOO�EH�VKRUWHQHG�GXULQJ�UHFRQFLOLDWLRQ��<HW��WKLV
FDQ�EH�FRPSHQVDWHG�E\�WKH� IDFW�WKDW�QR� LQIRUPDWLRQ� LV� UHYHDOHG� WR�(YH�DQG�WKXV�QR
H[WUD� SULYDF\� DPSOLILFDWLRQ� FRPSUHVVLRQ� IRU� WKLV� UHDVRQ� LV� QHHGHG�� 7KH� LGHD� RI� WKH
QH[W� PHWKRG� DULVH� IURP� KHUH�� ZKHUH� LQIRUPDWLRQ� LV� ORVW� WR� (YH� WKURXJK� SXEOLF
GLVFXVVLRQ��EXW�ZKHUH� WKH�NH\�OHQJWK� UHPDLQV� WKH� VDPH�DIWHU� UHFRQFLOLDWLRQ��&DQ�WKH
ILQDO�ELW�UDWH�EH�PDGH�KLJKHU�DOORZLQJ�PRUH�FRPSUHVVLRQ�ZLWK�QR�NH\�VKRUWHQLQJ�WKDQ
QR� FRPSUHVVLRQ� EXW� ZLWK� NH\� VKRUWHQLQJ"� 7KLV� LV� DOVR� GLVFXVVHG� LQ� WKH� VHFWLRQ� RI
SULYDF\�DPSOLILFDWLRQ�

�������������������������������

%LQDU\�VHDUFK�

'LVFDUGHG�ELWV�
�������������������������������

)LJXUH� ����� 7KH� GLVFDUG� HUURU�FRUUHFWLRQ� E\� ELQDU\� VHDUFK� DQG
SDULW\�GLVFORVXUH�RQ�D�FKRVHQ� VXE�EORFN�RI� WKH�NH\��7KH�HUURU�ELW� �[�
PDUNHG��LV�LGHQWLILHG�E\�IXUWKHU�ELVHFWLYH�EORFN�GLYLVLRQV��ZLWK�SXEOLF
SDULW\� FRPSDULVRQ� DV� VKRZQ�� 7KH� VROLG� OLQH� UHSUHVHQWV� D� PDWFKHG
SDULW\�FKHFN�� DQG� WKH� GDVKHG� OLQH� D� PLVV�PDWFK�� 7KLV� SURFHGXUH� RI
HUURU�FRUUHFWLRQ�UHPLQGV�RI� WKH�FODVVLF� 
GLYLGH�DQG�FRQTXHU
� VWUDWHJ\�
$OVR�VKRZQ�DUH�WKH�UHPDLQGHU�ELWV�DIWHU�VRPH�KDYH�EHHQ�GHOHWHG�

1RZ� ZLOO� IROORZ� D� GHVFULSWLRQ� RI� WKH� SURWRFRO� ?ELQDU\� VHDUFK� DQG� SDULW\� FKHFN�
UHPRYLQJ�HUURUV���$VVXPH�WKDW�$OLFH�DQG�%RE�EHIRUH�UHFRQFLOLDWLRQ�HDFK�KDYH�1V�ELWV�ZKHUH�D�IUDFWLRQ�H�RI�WKHVH�DUH�LQ�HUURU�IRU�%RE��7KHQ�ZH�KDYH�D�WRWDO�RI�H1V�HUURUV�

�� 3HUIRUP�D� UDQGRP�SHUPXWDWLRQ� RI� WKH� VLIWHG� ELWV�� 7KDW� LV�� UDQGRPO\� VKXIIOH
WKH�HUURUV�WR�GHDO�ZLWK�HYHQWXDO�HUURU�EXUVWV�
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�� 'LYLGH�WKH�1V�ELWV�LQWR�EORFNV�RI�VL]H�S 1V�H1V ��H�ELWV��7KHQ�ZH�ZLOO�KDYHLQ�DYHUDJH�RQH�HUURU� LQ�HDFK�EORFN��&RPSXWH�WKH�SDULW\�RI� WKH�EORFN�RQ�ERWK
$OLFH
V�DQG�%RE
V�VLGH��&RPSDUH�DOO�SDULWLHV��,I�WKH�SDULW\�PDWFK��GLVFDUG�RQH
ELW� IURP� WKDW� EORFN�� DQG� JR� RQ� WR� WKH� QH[W� EORFN�� ,I� WKH� SDULW\�PLVV�PDWFK
WKHQ�D�IXUWKHU�ELVHFWLRQ�LV�XQGHUWDNHQ�VXFK�WKDW�WKH�EORFN�LV�GLYLGHG�LQWR�WZR
VXE�EORFNV�� WKH� SDULW\� RI� RQH� VXE�EORFN� LV� FKHFNHG� DJDLQVW� WKH� RWKHU� SDUW\�
2QO\�RQH�VXE�EORFN�ZLOO�QRZ�KDYH�SDULW\�PDWFK��VR�GLVFDUG�RQH�ELW� IURP�WKDW
VXE�EORFN�DQG�GR� IXUWKHU� ELVHFWLRQ� LQWR� WZR�KDOYHV�ZLWK�SDULW\� FKHFN�RQ� WKH
VXE�EORFN�ZLWK�PLVV�PDWFKLQJ�SDULW\��&RQWLQXH�LQ�WKLV�ZD\�XQWLO�RQO\�WZR�ELWV
DUH� OHIW� LQ� RQH� VXE�EORFN�� WKHQ� ERWK� WKRVH� ELWV�ZLOO� EH� GLVFDUGHG�� 6HH� )LJXUH
����

�� 1RZ� DOO� EORFNV� DUH� H[DPLQHG� DQG� ZH� QRZ� WKDW� HDFK� EORFN� FRQWDLQV� HYHQ
QXPEHU� RI� HUURUV� RU� QRQH�� 7R� UHPRYH� WKH� UHPDLQLQJ� HUURUV�� UHSHDW� WKH
SURFHGXUH�DERYH��VWHSV���DQG����7KH�QXPEHU�RI�LWHUDWLRQV�IRU�WKLV�LV�EDVHG�RQ
WKH� HUURU�UDWH� H� HVWLPDWHG� LQ� WKH� EHJLQQLQJ�� )RU� HDFK� LWHUDWLRQ�� LQFUHDVH� WKH
EORFN�VL]H�WR�DW�PRVW��1V�

$OO� RWKHU� SURWRFROV� H[SODLQHG� ODWHU� LQ� WKLV� FKDSWHU� DUH� EDVHG� RQ� WKH� IROORZLQJ
SULPLWLYH� LQWHUDFWLYH� SURWRFRO� WKDW� ILQGV� DQG� GLVFDUGV� DQ� HUURU� LQ� D� JLYHQ� VWULQJ� RI
ELWV��:KHQ�VWULQJ�$� DQG�%�KDV� RGG�QXPEHU� RI� HUURUV�� LQWHUDFWLYH�ELQDU\� VHDUFK� FDQ
ILQG�DQ�HUURU�E\�H[FKDQJLQJ�IHZHU�WKDQ�ORJ�Q�ELWV�RYHU�WKH�3&�

$OJRULWKP�����
%LQDU\�

�� $OLFH� KDV� ELW�VHTXHQFH� $∈ I���J1�� %RE� KDV� ELW�VHTXHQFH
%∈ I���J1��%RE�UHFHLYHV�IURP�$OLFH�WKH�SDULW\�RI�WKH�ILUVW�KDOI�RI
WKH�VWULQJ�$�

�� %RE�GHWHUPLQHV�ZKHWKHU�DQ�RGG�QXPEHU�RI�HUURUV�RFFXUUHG�LQ�WKH
ILUVW�KDOI�RI�RU�LQ�WKH�VHFRQG�E\�FRPSDULQJ�WKH�SDULW\��;25�VXP�
RI�WKH�ILUVW�KDOI�RI�KLV�VWULQJ�%�ZLWK�WKH�SDULW\�VHQG�E\�$OLFH�

�� 7KLV�SURFHVV� LV�UHSHDWHGO\�DSSOLHG�WR�WKH�KDOI�GHWHUPLQHG�LQ�VWHS
���$Q�HUURU�ZLOO�EH� IRXQG�DQG�GLVFDUGHG��2Q�DOO�KDOYHV�ZLWK�HYHQ
QXPEHU�RI�HUURUV�RQH�ELW�LV�DJUHHG�WR�EH�GLVFDUGHG�

7KH� GLVFDUG�SURWRFRO� LV� H[SODLQHG� IXUWKHU� ZLWK� PRUH� GHWDLOV� LQ� WKH� SVHXGR�FRGH� RI
$OJRULWKP������:KHQ�H[DPLQLQJ�WKLV�HUURU�FRUUHFWLRQ�PHWKRG�LW�EHFRPHV�REYLRXV�WKDW
D�ORW�RI�YDOXDEOH�ELWV�DUH�ORVW�E\�GLVFDUGLQJ�ELWV�IURP�WKH�NH\��ZKLOH�QR�LQIRUPDWLRQ�LV
ORVW�WR�WKH�HDYHVGURSSHU��$V�D�FRQVHTXHQFH�ZH�KDYH�(YH
V� LQIRUPDWLRQ�JDLQ�T�GXH�WR
HUURU�FRUUHFWLRQ� HTXDO� WR� ]HUR�� T ��� )XUWKHUPRUH�� KRZ� ODUJH� LV� WKH� IUDFWLRQ� UHF� E\ZKLFK� WKH� NH\� LV� VKRUWHQHG"� ,V� WKHUH� DQ\� XSSHU� ERXQG"� 7DQFHYVNL� HW� DO�� GHULYHV� LQ
>��@�D�IRUPXOD�IRU�WKLV�OLPLW�

HHHUHF �ORJ�
� −= �

:H�ZDQW�WR�GHULYH�WKH�QRUPDOL]HG�ELW�UDWH�5HF� IRU�WKLV�HUURU�FRUUHFWLRQ�PHWKRG�� MXVWOLNH�LQ�WKH�SUHYLRXV�VHFWLRQ�RI�FRGLQJ��:H�KDYH�IRU�SULYDF\�DPSOLILFDWLRQ
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�== TUSD �
DQG�ZH�FDQ�QRZ�ZULWH

��ORJ�
����������� � HHHUUH5 SDHFHF −−=−−=

�$OJRULWKP�����
'LVFDUG�SURWRFRO�

�� $OLFH�KDV�ELW�VHTXHQFH�$∈ I���J1��%RE�ELW�VHTXHQFH�%∈ I���J1�
�� %RE�FKRRVH�EORFN�OHQJWK�SM � ��H�ZKHUH�H�LV�WKH�4%(5��M ��
�� :KLOH�9H�≠���'R�

���� 3DVV�M��%RE�GHWHUPLQHV� D�QHZ� IXQFWLRQ�I�;��WKDW�KDV� WKH
SURSHUW\� RI� UDQGRPO\� SHUPXWLQJ� WKH� ELWV� RI� DQ� LQSXW� ELW�
VHTXHQFH�;�

���� %RE�VHQG�I�WR�$OLFH��$OLFH�FRPSXWHV�I�$��DQG�%RE��I�%��
���� $OLFH� DQG� %RE� LQGHSHQGHQWO\� GHWHUPLQH� WKH� NM=IORRU�1 SM���� EORFNV� E\� VXEVHTXHQWO\� FKRRVLQJ� SM �SM���S� ��H��ELWV�IURP�$�DQG�%��/HW�%�EH�WKH�VHW�RI�ELWV�LQ�.�
��������)RU�L� �����N��

•  $OLFH� DQG� %RE� PDNH� EORFN� 9L∈ %� E\� FKRRVLQJ� SMUDQGRP�ELWV�VWDUWLQJ�ZLWK�WKH�ILUVW�ELW�LQ�HDFK�VHTXHQFH
IURP�WKH�NH\�. ��/HW�%L�EH�WKH�VHW�RI�ELWV�LQ�9L��%L⊆ %�

•  6XEWUDFW� WKHVH� ELWV� IURP� WKH� VHW� RI� ELWV�%� LQ� NH\� . �
%′=%?9L�WR�PDNH�.∈ %′ �

•  0DNH�EORFN�9L+�∈ %′ �E\�DJDLQ�FKRRVLQJ�WKH� ILUVW�SM�ELWVIURP�. �
•  ,I�L� �N���%′ �I���JS�ZKHUH�S<SM�WKHQ�9L+� 5��5∈ %′ S�

���� %RE� VHQG� SDULW\� RI� DOO� EORFNV�9L�� L�  � ����N� WR�$OLFH�� %RE
UHFHLYHV� LQIRUPDWLRQ� ZKLFK� EORFNV� 9H� ZHUH� LQ� HUURU� �L�H�EORFNV�ZLWK�RGG���RI�HUURUV��
%RE� UXQV� %LQDU\� RQ� HDFK� HUURU�EORFN� 9H� WR� UHPRYH� WKHHUURU��,Q�DOO�RWKHU�EORFNV�%RE�GHOHWHV�WKH� ILUVW�ELW� LQ�SRV�� O
IRU�WKDW�EORFN��%RE�VHQGV�DOO� O�V� WR�$OLFH� DQG� VKH�GRHV� WKH
VDPH�
•  M M���

�� (QG��$OO�HUURUV�IRXQG�

5HF�H��LV�SORWWHG�LQ�)LJXUH������:H�ILQG�D�YDOXH�RQ�HOLP�RI�DERXW��������1R�ELWV�ZRXOGUHPDLQ�LQ�WKH�ILQDO�NH\�IRU�HUURU�UDWHV�H[FHHGLQJ�WKLV�YDOXH��7KH�FDSDFLW\�&� LV�VKRZQ
IRU�FRPSDULVRQ�
:H� ZLOO� WDNH� D� ORRN� DW� ZKDW� KDSSHQV� LI� ZH� FRUUHFW� WKH� HUURUV� ZH� ILQG�� LQVWHDG� RI
GHOHWH� WKHP�� 7KH� FKDQJH� LV� WKDW� (YH� QRZ� ZLOO� JDLQ� NQRZOHGJH� E\� XVLQJ� WKH
LQIRUPDWLRQ�VKH�OHDUQHG�E\�OLVWHQLQJ�WR�WKH�SXEOLF�FKDQQHO�FRPPXQLFDWLRQ��7KLV�LV��T
ZLOO�EH�ERXQGHG�DZD\�IURP�]HUR�
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5HF ��%LWUDWH�/RZHU�ERXQG�IRU�C'LVFDUGC�(UURU�&RUUHFWLRQ&�����4XDQWXP�&KDQQHO��%6&��&DSDFLW\

)LJXUH� ����� 7KH� VROLG� OLQH� UHSUHVHQWV� DQ� ORZHU� ERXQG� RQ� WKH
SHUIRUPDQFH� IRU� WKH�GLVFDUGLQJ�HUURUV� HUURU�FRUUHFWLRQ�� LQ� WHUPV� RI
QRUPDOL]HG� 6KDQQRQ� LQIRUPDWLRQ� �ELW�UDWH��� 7KH� PHWKRG� ZLOO
JXDUDQWHHG� FRUUHFW� DOO� HUURUV� XS� WR� DQ� HUURU�UDWH� OLPLW�HOLP� RI� ������7KH�GRWWHG�OLQH�LV�WKH�FDSDFLW\�IRU�D�ELQDU\�V\PPHWULF�FKDQQHO��%6&�
OLNH�WKH�34&��VKRZQ�KHUH�IRU�FRPSDULVRQ�

����� %LQDU\�6HDUFK�DQG�3DULW\�&KHFN���&RUUHFW�(UURUV
7KLV�PHWKRG� LV�YHU\�PXFK�WKH� VDPH�DV� WKH�SUHYLRXV��7KH�GLIIHUHQFH� LV� WKDW� KHUH�ZH
FRUUHFW�WKH�HUURUV�IRXQG�LQVWHDG�RI�GHOHWLQJ�WKHP��7KH�SURFHGXUH�LV�D�PRGLILFDWLRQ�RI
WKH� ELVHFW�DQG�GLVFDUG� SURWRFRO� WKDW� ZDV� SURSRVHG� LQ� >�@�� EDVHG� RQ� GLVFORVLQJ� WKH
SDULW\�RI�EORFNV�RI�ELWV�DQG�GLVFDUGLQJ�ELWV�VR�WKDW�WKH�HUURUV�DUH�FRUUHFWHG��,I�ZH�QRZ
GR�QRW�GLVFDUG�ELWV��ZH�KDYH�WR�FDOFXODWH� IRU�(YH
V� OHDUQW� LQIRUPDWLRQ�DERXW�WKH�NH\
IURP�WKH�SXEOLF�FKDQQHO�SDULW\�ELW�H[FKDQJH��/DWHU�ZH�KDYH�WR�UHPRYH�WKLV�IUDFWLRQ�RI
LQIRUPDWLRQ� IURP� $OLFH
V� DQG� %RE
V� NH\� LQ� WKH� SULYDF\� DPSOLILFDWLRQ� FRPSUHVVLRQ
SDUW�

7KH�TXHVWLRQ� LV� QRZ�� FDQ� WKLV� FRPSUHVVLRQ� LQ� VRPH�ZD\�EH� FRPSHQVDWHG� E\� WKH
IDFW�WKDW�WKH�NH\�LQ�WKLV�FDVH�ZLOO�QRW�EH�VKRUWHQHG��EXW�UHPDLQ�ZLWK�WKH�VDPH�QXPEHU
RI�ELWV�DIWHU�UHFRQFLOLDWLRQ�DV�EHIRUH��,W�WXUQV�RXW�WKDW�WKH�NH\�UDWH�ZLOO�DOPRVW�EH�WKH
VDPH�� 6LPXODWLRQV� KDYH� VKRZQ� WKDW� WKHUH� RQO\� D� VOLJKW� GLIIHUHQFH� EHWZHHQ� WKH� WZR
DSSURDFKHV��,Q�IDFW�GLVFDUGLQJ�HUURUV�LV�EHWWHU�

7KH�SVHXGR�FRGH�LQ�$OJRULWKP�����H[SODLQV�WKH�SURFHGXUH�RI�FRUUHFWLQJ�HUURUV��)RU
D�EULHI�RYHUYLHZ��ZH�UHIHU�WR�WKH�ODVW�VHFWLRQ�DQG�WKH�GHVFULSWLRQ�RI�GLVFDUGLQJ�HUURUV�
7KH�SURFHGXUH�LV�DOPRVW�WKH�VDPH��H[FHSW�WKDW�GLVFDUGHG�ELWV��DOVR�LQ�%LQDU\��VKRXOG
EH� OHIW� XQFKDQJHG� DQG� WKH� IRXQG� HUURU�ELWV� VKRXOG� EH� FRUUHFWHG� �L�H�� IOLSSHG��� 6HH
)LJXUH�����
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%LQDU\�VHDUFK�

&RUUHFWHG�ELWV�
�������������������������������

)LJXUH������7KH�FRUUHFW�HUURU�FRUUHFWLRQ�E\�ELQDU\�VHDUFK�DQG�SDULW\
GLVFORVXUH�RQ�D�FKRVHQ�VXE�EORFN�RI�WKH�NH\��7KH�HUURU�ELW��[�PDUNHG�
LV� LGHQWLILHG� E\� IXUWKHU� ELVHFWLYH� EORFN�GLYLVLRQV�� ZLWK� SXEOLF� SDULW\
FRPSDULVRQ� DV� VKRZQ�� 7KH� VROLG� OLQH� UHSUHVHQWV� D� PDWFKHG� SDULW\�
FKHFN�� DQG� WKH� GDVKHG� OLQH� D� PLVV�PDWFK�� $OVR� VKRZQ� DUH� WKH
UHPDLQLQJ�ELWV�DIWHU�FRUUHFWLRQ�
$OJRULWKP�����
&RUUHFW�SURWRFRO�

�� $OLFH�KDV�ELW�VHTXHQFH�$∈ I���J1��%RE�ELW�VHTXHQFH�%∈ I���J1�
�� %RE�FKRRVH�EORFN�OHQJWK�SM � ��H�ZKHUH�H�LV�WKH�4%(5��M ��
�� :KLOH�9H�≠���'R�

���� 3DVV�M��%RE�GHWHUPLQHV� D�QHZ� IXQFWLRQ�I�;��WKDW�KDV� WKH
SURSHUW\� RI� UDQGRPO\� SHUPXWLQJ� WKH� ELWV� RI� DQ� LQSXW� ELW�
VHTXHQFH�;�

���� %RE�VHQG�I�WR�$OLFH��$OLFH�FRPSXWHV�I�$��DQG�%RE��I�%��
���� $OLFH� DQG� %RE� LQGHSHQGHQWO\� GHWHUPLQH� WKH� NM=IORRU�1 SM���� EORFNV� E\� VXEVHTXHQWO\� FKRRVLQJ� SM �SM���S� ��H��ELWV�IURP�$�DQG�%��/HW�%�EH�WKH�VHW�RI�ELWV�LQ�.�
��������)RU�L� �����N��

•  $OLFH� DQG� %RE� PDNH� EORFN� 9L∈ %� E\� FKRRVLQJ� SMUDQGRP�ELWV�VWDUWLQJ�ZLWK�WKH�ILUVW�ELW�LQ�HDFK�VHTXHQFH
IURP�WKH�NH\�. ��/HW�%L�EH�WKH�VHW�RI�ELWV�LQ�9L��%L⊆ %�

•  6XEWUDFW� WKHVH� ELWV� IURP� WKH� VHW� RI� ELWV�%� LQ� NH\� . �
%′=%?9L�WR�PDNH�.∈ %′ �

•  0DNH�EORFN�9L+�∈ %′ �E\�DJDLQ�FKRRVLQJ�WKH� ILUVW�SM�ELWVIURP�. �
•  ,I�L� �N���%′ �I���JS�ZKHUH�S<SM�WKHQ�9L+� 5��5∈ %′ S�

���� %RE� VHQG� SDULW\� RI� DOO� EORFNV�9L�� L�  � ����N� WR�$OLFH�� %RE
UHFHLYHV� LQIRUPDWLRQ� ZKLFK� EORFNV� 9H� ZHUH� LQ� HUURU� �L�H�EORFNV�ZLWK�RGG���RI�HUURUV��
%RE� UXQV� %LQDU\� RQ� HDFK� HUURU�EORFN� 9H� WR� FRUUHFW� WKHHUURU�
•  M M���

�� (QG��$OO�HUURUV�IRXQG�
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7KH� SUREOHP� RI� WKH� FXUUHQW� PHWKRG� LV� KRZ� WR� FDOFXODWH� IRU� WKH� UDZ� LQIRUPDWLRQ
OHDNHG� WR� (YH�� /HW� XV� IRU� VLPSOLFLW\� DVVXPH� WKDW� WKH� IUDFWLRQ� T�� HVWLPDWLQJ� WKLV
LQIRUPDWLRQ�ZLOO�EH�JLYHQ�E\�WKH�QXPEHU�RI�ELWV�GLVFDUGHG�LQ�WKH�SUHYLRXV�PHWKRG

HHHT �ORJ�
� −= �

1R�ELWV�ZLOO�EH�WKURZQ�DZD\��WKXV
�=HFU �

:H
G� QRZ� OLNH� WR� GHULYH� WKH� QRUPDOL]HG� ELW�UDWH� 5HF�� :H� KDYH� IRU� SULYDF\DPSOLILFDWLRQ�WKH�FRPSUHVVLRQ
HHHTUSD �ORJ�

� −== �
)URP�WKHVH�WZR�IUDFWLRQV�ZH�FDQ�IRUP�WKH�SHUIRUPLQJ�ELW�UDWH

��ORJ�
����������� � HHHUUH5 SDHFHF −−=−−=
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5HF ��%LWUDWH�/RZHU�ERXQG�IRU�C&RUUHFWC�(UURU�&RUUHFWLRQ&�����4XDQWXP�&KDQQHO��%6&��&DSDFLW\

)LJXUH� ����� 7KH� VROLG� OLQH� UHSUHVHQWV� DQ� ORZHU� ERXQG� RQ� WKH
SHUIRUPDQFH� IRU� WKH� FRUUHFWLQJ� HUURUV� HUURU�FRUUHFWLRQ�� LQ� WHUPV� RI
QRUPDOL]HG� 6KDQQRQ� LQIRUPDWLRQ� �ELW�UDWH��� 7KH� PHWKRG� ZLOO
JXDUDQWHHG� FRUUHFW� DOO� HUURUV� XS� WR� DQ� HUURU�UDWH� OLPLW� HOLP� RI� �����7KH�GRWWHG�OLQH�LV�WKH�FDSDFLW\�IRU�D�ELQDU\�V\PPHWULF�FKDQQHO��%6&�
OLNH�WKH�34&��VKRZQ�KHUH�IRU�FRPSDULVRQ�
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5HF�H��LV�SORWWHG�LQ�)LJXUH������:H�ILQG�D�YDOXH�RQ�HOLP�RI�DERXW��������$OO�ELWV�LQ�WKHUHFRQFLOHG�NH\� LV� FRPSUHVVHG� IRU� HUURU�UDWHV� H[FHHGLQJ� WKLV� YDOXH��7KH� FDSDFLW\�&� LV
VKRZQ�IRU�FRPSDULVRQ�

)LQDOO\�� JRLQJ� EDFN� WR� WKH� FRPSDULVRQ� ZLWK� WKH� SUHYLRXV� PHWKRG�� GLVFDUGLQJ
HUURUV�� ZH� FDQ� DUJXPHQW� IRU� WKH� DGYDQWDJHV� YHUVXV� WKH� GLVDGYDQWDJHV� EHWZHHQ� WKH
WZR�PHWKRGV��)RU�GLVFDUGLQJ� HUURUV�� IRU� HYHU\� LWHUDWLRQ�ZLWK�EORFN�GLYLVLRQ� WKH� NH\�
OHQJWK�GHFUHDVHV� DQG�JLYHV� OHVV�ELQDU\� VHDUFK�DQG�SDULW\�FKHFNV��7KXV� WKHUH�DUH� OHVV
XQQHFHVVDULO\� UHPRYHG�ELWV� IRU� HYHU\� LWHUDWLRQ��+HUH� LV� D�EHQHILW� RYHU� WKH� FRUUHFWLQJ
HUURUV�PHWKRG��7KH�GLVFDUGLQJ�HUURUV�PHWKRG�ZLOO� WKHUHIRUH�DV�D� WRWDO�KDYH� UHPRYHG
OHVV� HUURUV� WKDQ�(YH� KDV� OHDUQHG� IURP� WKH� SXEOLF� GLVFXVVLRQ� LQ� WKH� FRUUHFWLQJ�HUURUV
PHWKRG�� 'LVFDUGLQJ� HUURUV� LV� IRU� WKDW� UHDVRQ� RQO\� VOLJKWO\� EHWWHU�� 2I� FRXUVH� WKLV
GHSHQGV�RQ�KRZ�T�LV�HVWLPDWHG�
����� &DVFDGH���DG�KRF�%LQDU\�6HDUFK
$�EHWWHU�UHFRQFLOLDWLRQ�DOJRULWKP�KDV�EHHQ�SURSRVHG��,W�LV�EDVLFDOO\�D�PRGLILHG�YHUVLRQ
RI�FRUUHFWLQJ�HUURUV�E\�ELQDU\�VHDUFK�DQG�SDULW\�FKHFNV��,W�PHWKRG�ZDV�ILUVW�SUHVHQWHG
E\�%UDVVDUG��6DOYDLO�LQ�>�@�DV�NQRZQ�DV�WKH�FDVFDGH��7KH\�SURYH�WKDW�WKH�FDSDFLW\�IRU
UHFRQFLOLDWLRQ�SURFHVVHV�� EHORQJLQJ� WR� WKLV� FODVV� RI� RSWLPDO�VFKHPHV�� DSSURDFKHV� WKH
6KDQQRQ�OLPLW��7KH�FDVFDGH�PHWKRG�LV�GHVLJQHG�IRU�SUDFWLFDO�LPSOHPHQWDWLRQV�DQG�LV
QRW�RSWLPDO��<HW��WKH�FDSDFLW\�LV�YHU\�FORVH�WR�WKDW�RI�QRLV\�FKDQQHO�FRGLQJ��7KH�EDVLF
FKDQJH�RI�LGHD�FRPSDUHG�WR�SUHYLRXV�SURWRFROV�LV�WR�QRZ�UHPHPEHU�WKH�HUURU�ORFDWLRQ
IRU� HDFK� HUURU� IRXQG� LQ� DQ� LWHUDWLRQ�� DQG� XVH� WKLV� ZKHQ� JRLQJ� EDFN� WR� DOO� SUHYLRXV
SDVVHV�WR�FRUUHFW�HYHQ�RQH�PRUH�HUURU��)RU�HYHU\�HUURU�IRXQG�D�QHZ�HUURU�ZLOO�EH�IRXQG
DQG�FRUUHFWHG��5HPHPEHULQJ�WKDW�ELQDU\�ZLOO�OHDYH�HDFK�EORFN�ZLWK�HYHQ�QXPEHUV�RI
HUURUV�RU�QRQH�ZH�ZLOO�VHH�KRZ�WKLV�ZRUNV��)LUVW�ZH�GHILQH�D�SDVV�DV�WKH�VWDUWLQJ�SRLQW
RI� WKH� D� QHZ� LWHUDWLRQ� WKDW�ZLOO� UDQGRPO\� GLYLGH� WKH� NH\� LQ� D� QHZ� VHW� RI� EORFNV� IRU
IXUWKHU�HUURU�VHDUFK��&DVFDGH�ZRUNV�LQ�VHYHUDO�SDVVHV�

6R��LQ�HYHU\�SDVV�HDFK�WLPH�DQ�HUURU� LV�IRXQG�LQ�D�EORFN��LW
V�FRUUHVSRQGLQJ�HUURU�
SRVLWLRQ�ZLOO�DOVR�EH�IRXQG�LQ�D�EORFN�RI�D�SUHYLRXV�SDVV�

�

�������������������������������

&DVFDGH�

$OO�FRUUHFW�

�������������������������������
á

D��������E����F���G���H���������������I����J

D��������E����F��������H���������������I����J

3DVV���
Õ

�������������������������������

�������������������������������
á

D���������H��������������E�������������������J��������������F���������I
3DVV���

Õ
D���������H���������������������������������������������������F���������Iá
�������������������������������

á
Õ

á

á á á

 �FRUUHFWHG�ELW

;� �HUURU�ELW

 �WUDFHG�HUURU�ELW

)LJXUH� ����� 7KH� FDVFDGH� HUURU�FRUUHFWLRQ� E\� ELQDU\� VHDUFK� DQG
SDULW\�GLVFORVXUH�RQ�D�FKRVHQ�VXE�EORFN�RI�WKH�NH\��(UURU�G�LV�WKH�RQO\
RQH�IRXQG�DQG�FRUUHFWHG�E\�%LQDU\�LQ�3DVV����$�UDQGRP�SHUPXWDWLRQ
RI�WKH�NH\� LV�WKHQ�FDUULHG�RXW��SULRU�WR�HQWHULQJ�3DVV���� ,Q�WKLV�VWDJH
WZR� HUURUV�� E� DQG� J� DUH� IRXQG�� EXW� QRZ� ORRNLQJ� IRU� WKHVH� FRUUHFWHG
HUURUV� DQG� WKHLU� SRVLWLRQV� LQ� WKH� VWDJH� RI� 3DVV� ��� ZH� ILQG� HYHQ� WZR
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PRUH�HUURUV��D�DQG� I� WR� FRUUHFW��:H�FDQ�UXQ�%LQDU\�RQ�WKH� ILUVW�DQG
WKH�ODVW�EORFN�LQ�WKH�ILQDO�VWDJH�WR�FRUUHFW�WKH�ODVW�WZR�HUURUV��H�DQG�F�
$OJRULWKP�����
&DVFDGH�SURWRFRO�

�� &KRRVH�EORFN�OHQJWK�S���EDVHG�RQ�WKH�4%(5�
�� 3DVV� M ��� 0DNH� D� WHPSRUDU\� NH\� M

7. � ZLWK� NM=IORRU�1 SM���EORFNV� RI� VPDOOHU� VXEVHWV� 9L�� L�  � ����N�� IURP� WKH� RULJLQDO� NH\
.∈ I���J1�LQ�WKH�IROORZLQJ�ZD\��/HW�%�EH�WKH�VHW�RI�ELWV�LQ�. �
)RU�L� �����N��
•  0DNH�EORFN�9L∈ %� E\� FKRRVLQJ�SM� UDQGRP�ELWV� IURP� WKH� NH\

. ��/HW�%L�EH�WKH�VHW�RI�ELWV�LQ�9L��%L⊆ %�
•  6XEWUDFW�WKHVH�ELWV� IURP�WKH� WHPSRUDU\� VHW�RI�ELWV�%� LQ�NH\

. ��%′=%?9L�
•  0DNH� � EORFN� 9L+�∈ %′ � E\� FKRRVLQJ� SM� UDQGRP� ELWV� IURP� WKHQRZ�VPDOOHU�WHPSRUDU\�NH\�
•  ,I�L� �N���%′ �I���JS�ZKHUH�S<SM�WKHQ�9L+� %��%∈ %′ S�

�� 6HQG�SDULW\�RI�DOO�EORFNV�9L��L� �����N�WR�$OLFH��$OVR�VHQG�WKH�ELW�
SRVLWLRQV�O∈ �

7. �IRU�HDFK�EORFN�9L��7KHQ�$OLFH�ZLOO�DOVR�NQRZ�WKH
EORFNV�

�� $OLFH� FRPSDUH�%REV� SDULWLHV�ZLWK� KHUV�� 6KH� UHWXUQV� LQIRUPDWLRQ
DERXW� ZKLFK� EORFNV� ZHUH� LQ� HUURU�9H� �L�H�� EORFNV� ZLWK� RGG��� RIHUURUV��

�� %RE�UXQV�%LQDU\�RQ�HDFK�HUURU�EORFN�9H�
�� 3DVV�M>��

'R�VWHS����WR����ZLWK�M� �M���DQG�SM�� �SM�,Q� VWHS� ��� HUURUV� LQ� ELW�SRVLWLRQ� O∈ M
7. � ZLOO� EH� IRXQG� IRU� VRPH

EORFNV�9H�I M
L9 ��≤L≤NMJ�

,I�9H�≠���
•  &RUUHFW� DOO� HUURU�ELWV� O� LQ�9H�� $OO� WKH� EORFNV� X

L9 � IRU� �≤X<M
�EORFNV�LQ�SUHYLRXV�SDVVHV��VXFK�WKDW�O∈ M

7. �ZLOO�QRZ�KDYH�D
RGG�QXPEHU�RI�HUURUV��/HW�9�EH�WKH�VHW�RI�WKHVH�EORFNV�

•  %RE� UXQV� %LQDU\� RQ� RQH� EORFN� LQ� 9� FRUUHVSRQGLQJ� WR� WKH
VPDOOHVW�X��DQG�FRUUHFWV�RQH�DGGLWLRQDO�HUURU��/HW� O′∈ M

7. �EH
WKH�SRVLWLRQ�RI� WKLV� HUURU�RULJLQ� IURP�EORFN�V� X

L9 � IURP� HDFK
SDVV�X ���M��/HW�(�EH�WKH�VHW�RI�WKHVH�EORFNV�

•  &RPSXWH�9′ (∆9 �(∪ 9�?�(∩9��� L�H�� WKH� VHW� RI� EORFNV� IRU
X ���M�FRQWDLQLQJ�RGG�QXPEHU�RI�HUURUV�DQG�UHSHDW�SUHYLRXV
SRLQW�IROORZHG�E\�FRPSXWLQJ�9′ (∆9�XQWLO�9′� ����7KHQ��DOOEORFNV X

L9 �� X ���M� ZLOO� DIWHU� FRPSOHWLRQ� RI� SDVV� M� KDYH� DQ
HYHQ�QXPEHU�RI�HUURUV�RU�QRQH�

•  5HSHDW�VWHS��
(OVH�EUHDN�

�� (QG��$OO�HUURUV�IRXQG�
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7KLV� EORFN�ZDV�SUHYLRXVO\� OHIW� �DIWHU�ELQDU\� VHDUFK��ZLWK�DQ� HYHQ� QXPEHU� RI� HUURUV�
EXW�QRZ�DV�WKH�DFWXDO�HUURU�LV�FRUUHFWHG�ZH�QRWH�WKDW�WKLV�EORFN�KDV�DQ�RGG�QXPEHU�RI
HUURUV��LW�FDQQRW�KDYH�QRQH����%LQDU\�VHDUFK� LV�DSSOLHG�RQ�WKDW�EORFN�DJDLQ��DQG�RQH
PRUH�HUURU�ZLOO�EH� IRXQG��7KLV�QHZ�HUURU�PD\� LQ� LW
V� WXUQ�DOVR�KDYH�D�FRUUHVSRQGLQJ
HUURU� LQ� DQ� RWKHU� EORFN� WKDW� FDQ� EH� FRUUHFWHG� LQ� WKH� VDPH� ZD\�� 7KLV� SURFHVV� LV
FRQWLQXHG�XQWLO�QR�PRUH�HUURUV�DUH�IRXQG�IRU�WKDW�SDVV��7KH�QXPEHU�RI�SDVVHV�QHHGHG
LV� GHWHUPLQHG� E\� $OLFH� DQG� %RE� EHIRUH� H[HFXWLRQ�� EDVHG� RQ� WKH� HUURU�UDWH� H�� ,W� LV
VKRZQ�RSWLPDO�WKDW�WKH�EORFN�VL]HV�DUH�GRXEOHG�IRU�HDFK�LWHUDWLRQ��SM�� �SM��+RZ� DOO� WKLV� ZRUNV�� FDQ� HDVLHVW� EH� XQGHUVWRRG� E\� WXUQLQJ� GLUHFWO\� WKH� SURWRFRO
GHVFULSWLRQ��VHH�$OJRULWKP�������6HH�DOVR�)LJXUH�����

:H�QRZ�OLNH�WR�GHULYH�WKH�ELW�UDWH�IRU�WKLV�SURWRFRO��WR�VHH�KRZ�FORVH� LW�LV�WKH�WKH
6KDQQRQ� OLPLW�� 7KH� IRUPXOD� IRU� T� FDQ� EH� GHULYHG� IURP� >�@� DV� D� ERXQG� RQ� WKH
PD[LPXP�LQIRUPDWLRQ�OHDNHG��,W�LV�JLYHQ�E\
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ZKHUH� Z� LV� WKH� QXPEHU� RI� SDVVHV� WR� UHDFK� ]HUR� HUURU�UDWH� DIWHU� UHFRQFLOLDWLRQ�
S� �����H� LV� WKH�EORFN�VL]H� LQ�ELWV�XVHG� LQ� WKH� ILUVW�SDVV�M ���7KH�YDOXH� RI� ����� KDVEHHQ�H[SHULPHQWDOO\�IRXQG�JRRG�IRU�WKH�ILUVW�SDVV�
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5HF ��%LWUDWH�/RZHU�ERXQG�IRU�C&DVFDGHC�(UURU�&RUUHFWLRQ&�����4XDQWXP�&KDQQHO��%6&��&DSDFLW\

��

)LJXUH� ����� 7KH� VROLG� OLQH� UHSUHVHQWV� DQ� ORZHU� ERXQG� RQ� WKH
SHUIRUPDQFH�IRU�WKH�FDVFDGH�HUURU�FRUUHFWLRQ��LQ�WHUPV�RI�QRUPDOL]HG
6KDQQRQ� LQIRUPDWLRQ��ELW�UDWH���7KH�PHWKRG�ZLOO� JXDUDQWHHG� FRUUHFW
DOO�HUURUV�XS�WR�DQ�HUURU�UDWH�OLPLW�HOLP�RI������7KH�GRWWHG�OLQH�LV�WKHFDSDFLW\�IRU�D�ELQDU\�V\PPHWULF�FKDQQHO��%6&��OLNH�WKH�34&��VKRZQ
KHUH�IRU�FRPSDULVRQ�

:H�QRZ�HQG�E\�FDOFXODWLQJ�WKH�QRUPDOL]HG�ELW�UDWH�5HF��:H�KDYH�D�FRQVWDQW�QXPEHURI�ELWV�WKURXJK�WKH�UHFRQFLOLDWLRQ�SURFHVV�EHFDXVH�QR�ELWV�ZLOO�EH�WKURZQ�DZD\��7KXV
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�=HFU �
:H�KDYH�IRU�SULYDF\�DPSOLILFDWLRQ�WKH�FRPSUHVVLRQ

TUSD = �
8VLQJ�WKHVH�WZR�IUDFWLRQV�ZH�FDQ�ZULWH�
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5HF�H�� LV�SORWWHG�LQ�)LJXUH������:H�ILQG�D�YDOXH�RQ�HOLP�RI�DERXW������$OO�ELWV�RI�WKHILQDO�NH\�VKDUHG�E\�$OLFH�DQG�%RE�ZRXOG�EH�FRPSUHVVHG�IRU�HUURU�UDWHV�H[FHHGLQJ�WKLV
YDOXH��7KH�FDSDFLW\�&�LV�VKRZQ�IRU�FRPSDULVRQ�

7KLV� YDOXH� LV� H[WHQVLRQDOO\� KLJKHU� WKDQ� IRU� RWKHU� SURWRFROV� SUHVHQWHG�� DQG
VLPXODWLRQV� ZLOO� VKRZ� WKDW� WKLV� SURWRFRO� LV� IDFW� ZRUNV� FORVHU� WR� WKH� FDSDFLW\� DV
H[SHFWHG�� /HVV� LQIRUPDWLRQ� LV� OHDNHG�� 7KH� TXHVWLRQ� LV� KRZ� WR� FKRRVH� WKH� VWDUWLQJ
EORFN�OHQJWK�S�� IRU� RSWLPDO� UHFRQFLOLDWLRQ�SHUIRUPDQFH��8VXDOO\� JRRG�SHUIRUPDQFH� LVDFKLHYHG�E\�FKRRVLQJ�S��VR�WKDW�HDFK�EORFN�FRQWDLQ�RQH�HUURU�:H� QRZ� WXUQ� RXU� LQWHUHVW� WR� WKH� QH[W� VWHS�� SULYDF\� DPSOLILFDWLRQ� ZKHUH� \RX
FRPSUHVV� WKH�NH\�E\� WKH�DPRXQW�RI�ELWV� �LQIRUPDWLRQ�� WKDW�(YH� LV� H[SHFWHG� WR�KDYH
DFTXLUHG� GXULQJ� HUURU�FRUUHFWLRQ�� SOXV� WKH� DPRXQW� RI� LQIRUPDWLRQ� JDLQHG� E\
HDYHVGURSSLQJ�RQ�WKH�TXDQWXP�FKDQQHO�

��� 3ULYDF\�$PSOLILFDWLRQ
7KH�IXQGDPHQWDO�SUREOHP�LQ�TXDQWXP�FU\SWRJUDSK\�LV�WR�GLVWULEXWH�D�SHUIHFWO\�VHFUHW
NH\� EHWZHHQ� WZR� SDUWLHV�� $OLFH� DQG� %RE�� HYHQ� WKRXJK� DQ� HDYHVGURSSHU� (YH� FDQ
FROOHFW�SDUWLDO�NQRZOHGJH�DERXW�LW��3ULYDF\�DPSOLILFDWLRQ�LV�WKH�DUW�RI�GLVWLOOLQJ�KLJKO\
VHFUHW� LQIRUPDWLRQ�VKDUHG�EHWZHHQ�WZR�SDUWV�IURP�D�ODUJHU�VHW�RI� LQIRUPDWLRQ�WKDW� LV
QRW� IXOO\� VHFUHW�� )RU� WKLV� LV� XVHG� VR� FDOOHG� XQLYHUVDO� KDVK�IXQFWLRQV�� ILUVW
LQWURGXFHG� E\� &DUWHU� DQG� :HJPDQ� �������� 3ULYDF\� DPSOLILFDWLRQ� E\� SXEOLF
GLVFXVVLRQ�ZDV�ILUVW�LQWURGXFHG�E\�%HQQHWW��%UDVVDUG�DQG�5REHUW�LQ�>�@�DQG�>�@��������
0DQ\�RWKHU�SDSHUV�FRYHU�WKLV�WRSLF��H�J��>�@�>��@

:H�ZLVK�WR�UHGXFH�(YH
V�LQIRUPDWLRQ�RQ�WKH�NH\�WR�DQ�DUELWUDULO\�ORZ�DPRXQW�E\
FRPSUHVVLQJ�WKH�NH\��/HW�$OLFH�DQG�%RE�VKDUH�D�UDQGRP�YDULDEOH�9H���H�J��D�Q�ELW�ORQJVWULQJ�� ZKLOH� WKH� HDYHVGURSSHU� OHDUQV� D� FRUUHODWHG� UDQGRP� YDULDEOH� =� DERXW� 9H�� =SURYLGHV�DW�PRVW�W<Q�ELWV�RI�LQIRUPDWLRQ��L�H��+�9HM=��w�Q�W��7KH�H[DFW�HDYHVGURSSHUGLVWULEXWLRQ� =9H

S LV�JHQHUDOO\�XQNQRZQ�WR�$OLFH�DQG�%RE��$OLFH�DQG�%RE�QRZ�ZLVK�WR
DJUHH� RQ� D� SXEOLFO\� FKRVHQ� UDQGRP� FRPSUHVVLRQ� IXQFWLRQ� I�� I���JQ� �� I���JU� DQG
FDOFXODWH�I�$��UHVSHFWLYH�I�%����QRWH��$ %���(YH
V�SDUWLDO� LQIRUPDWLRQ�=�RQ�9H�DQGKHU� FRPSOHWH� NQRZOHGJH� RI� I� ZLOO� JLYH� KHU� DUELWUDULO\� LQIRUPDWLRQ� DERXW� I�=��� 7KH
VL]H�RI�U�ZLOO�GHSHQG�RQ�DPRXQW�RI� LQIRUPDWLRQ�DYDLODEOH�WR�(YH�DV�ZHOO�DV��EXW� WR�D
VXUSULVLQJO\�VPDOO�H[WHQW��RQ�WKH�NLQG�RI�LQIRUPDWLRQ��9DULDEOH�J�ZLOO�EH�WKH�VHFXULW\
FRPSUHVVLRQ�SDUDPHWHU�UHVWUDLQLQJ�WKH�DPRXQW�RI� LQIRUPDWLRQ�NQRZQ�E\�(YH�RQ� WKH
ILQDO�NH\�

7KH� HOHJDQW� UHVXOW� LV� WKDW� IRU� DQ\� J�>� �� $OLFH� DQG�%RE� FDQ� GLVWLOO� D� IUDFWLRQ� RI
U Q�W�J�ELWV�ORQJ�VHFUHW�NH\�ZKLOH�NHHSLQJ�(YH
V�H[SHFWHG�LQIRUPDWLRQ�DERXW�I�$ %�
VPDOOHU�WKDQ���J1H�OQ��ELWV��7KLV�LV�TXLWH�UHPDUNDEOH�VLQFH�$OLFH�DQG�%RE�GRQ
W�NQRZ
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=9H
S ��7KH�IXQFWLRQ�I� LV�FKRVHQ� IURP�D�VHW�RI�XQLYHUVDO�KDVK�IXQFWLRQV��GHILQHG�GRZQ
EHORZ��,W� LV�WKH�FRPSOHWH�FKDRWLFDOO\�SURSHUW\�RI� WKHVH� IXQFWLRQ�WKDW�ZLOO� DFFRPSOLVK
WKH�UHVXOW��1RWH�DJDLQ�WKDW�I�ZLOO�EH�NQRZQ�WR�(YH�

/HW�. � I�$ %�� EH� WKH� VKDUHG� U�ELW� ORQJ� NH\� DIWHU� SULYDF\� DPSOLILFDWLRQ�� ,Q
JHQHUDO�� I� LV� VHOHFWHG� UDQGRPO\� IURP� DQ� DSSURSULDWH� VHW� RI� IXQFWLRQV�)�� LQ� RUGHU� WR
DYRLG� WKDW�(YH�NQRZV�I�EHIRUH�GHFLGLQJ�DERXW�KHU� LQIRUPDWLRQ�NQRZOHGJH�DERXW�9H�,QWHUHVWLQJ�DUH�WKH�ERXQG�RQ�,�.�)�=���%\�FRUROODU\���LQ�>�@�WKH�IROORZLQJ�LV�VWDWHG�

&RUROODU\��/HW�9H�EH�D�UDQGRP�Q�ELW�VWULQJ�ZLWK�XQLIRUP�GLVWULEXWLRQ�RYHU
{ ���} Q��OHW�= [�9H��IRU�DQ�DUELWUDULO\�HDYHVGURSSLQJ�IXQFWLRQ�[��I���JQ�→�I���JW

IRU�VRPH�W<Q��OHW�J<Q�W�EH�D�SRVLWLYH�VDIHW\�SDUDPHWHU��DQG�OHW�U Q�W�V��,I�$OLFH
DQG�%RE� FKRRVH�. )�9H�� DV� WKHLU� VHFUHW� NH\�� ZKHUH� )� LV� FKRVHQ� DW� UDQGRPIURP� D� XQLYHUVDO� FODVV� RI� KDVK� IXQFWLRQV� IURP� I���JQ� WR� I���JU�� WKHQ�(YH
V
H[SHFWHG�LQIRUPDWLRQ�DERXW�WKH�VHFUHW�NH\�.��JLYHQ�)�DQG�=�VDWLVILHV

�OQ
�����

J

=).,
−

≤ �
,Q�RWKHU�ZRUGV��WKLV�IRUPXOD�ZLOO�EH�DQ�XSSHU�ERXQG�IRU�(YH
V�LQIRUPDWLRQ�RQ�$OLFH
V
DQG�%RE
V�VKDUHG�ELWV�DIWHU�SULYDF\�DPSOLILFDWLRQ��,W�FDQ�EH�PDGH�DUELWUDULO\�VPDOO�E\
FKRRVLQJ�J�ODUJH�HQRXJK��1RWH�WKDW�WKLV�UHTXLUHV�QR�LQIRUPDWLRQ�DERXW�WKH�4%(5�H�
\RX�QHHG�RQO\�WR�NQRZ�DQ�XSSHU�ERXQG�IRU�W�

:KDW�LV�WKHQ�D�XQLYHUVDO�KDVK�IXQFWLRQ"
'HILQLWLRQ��$�FODVV�)�RI�IXQFWLRQV�$→%�LV�XQLYHUVDO�LI��IRU�DQ\�GLVWLQFW�\��DQG�\�LQ�$�� WKH� SUREDELOLW\� WKDW� I�\���  � I�\��� LV� DW� PRVW� ��M%M� ZKHQ� I� LV� FKRVHQ� DWUDQGRP�IURP�)�DFFRUGLQJ�WR�WKH�XQLIRUP�GLVWULEXWLRQ�

)RU� VKRUW�� \RX� FDQ� VD\� WKDW� D� KDVK�IXQFWLRQ� UDQGRPO\� UHGLVWULEXWHV� WKH� ELWV�� WKH
RXWSXW�ELWV�DUH�D�FKDRWLF�SHUPXWDWLRQ�RI�LQSXW�ELWV��WKDW�LV��D�VPDOO�LQSXW�FKDQJH�ZLOO
SURYLGH�D�ODUJH�RXWSXW�FKDQJH��:KHQ�SLFNLQJ�D�IXQFWLRQ�I�XQLIRUPO\�DW�UDQGRP�IURP
WKLV�FODVV��HOHPHQWV��ELWV��DUH�PDSSHG�LQGHSHQGHQWO\��DQG�WKH�LPDJH�RI�HDFK�HOHPHQW
LV�XQLIRUPO\�GLVWULEXWHG�� ,W
V� D� VRUW� RI� RQH�ZD\� IXQFWLRQ�� H�J�� LI�(YH�NQRZ�WKH�ZKROH
NH\� H[FHSW� RQH� ELW�� WKHQ� WKH� RXWSXW� ZLOO� ORRN� FRPSOHWHO\� UDQGRP� FRPSDUHG� WR� WKH
RXWSXW� ZKHUH� WKH� LQSXW�ELWV� DUH� WKH� FRUUHFW� NH\�� ,Q� RWKHU� QRWDWLRQ� ZH� KDYH� IRU� WKH
KDVK�IXQFWLRQ�K�[���I���J1U�→�I���J1I�

1I� �1U���W1V���T1V���J1H�
7KXV�� WKH� NH\� LV� FRPSUHVVHG� E\� D� IUDFWLRQ� RI� USD W�T�J X�Y�T�J� ELWV�� )RU� DGLVFXVVLRQ�RQ�KRZ�WR�HVWLPDWH�RI�WKH�LQIRUPDWLRQ�OHDNHG�WR�(YH��W��VHH�VHFWLRQ�����DQG
����

7KH� KDVK�IXQFWLRQ� XVHG� LQ� WKH� LPSOHPHQWDWLRQ� RI� WKH� VLPXODWLRQ� SURJUDP� RI
FKDSWHU� �� LV� D� VLPSOH�;25�PXOWLSOLFDWLRQ� RI� WKH� NH\�ZLWK� D� UDQGRP�ELQDU\�PDWUL[�
7KLV� LV� DQ� H[DPSOH� RI� WKH� FODVV� +�� XQLYHUVDO� OLQHDU� KDVK�IXQFWLRQV� >�@� WKDW� UHTXLUHV1Hd1I� VL]H� PDWULFHV� FRQWDLQLQJ� UDQGRP� ��V� DQG� ��V�� 7KHUH� DUH� VHYHUDO� FODVVHV� RIKDVK�IXQFWLRQV� WR� XVH�� 8QLYHUVDO� KDVK�IXQFWLRQV� LQ� JHQHUDO�� UHTXLUHV� 1Hd�1I� VL]H
PDWULFHV��2I� FRXUVH� FRPSXWDWLRQV� DUH�PDGH� IDVWHU�ZLWK� WKH� XVH� RI� VPDOOHU�PDWULFHV�
DQG�WKHUH�DUH�RWKHU�FODVVHV�RI�KDVK�IXQFWLRQV�WR�DFKLHYH�WKHVH�GHVLUHV��EXW�WKH�FODVV�RI
OLQHDU�IXQFWLRQV�XVHG�KHUH�DUH�KRZHYHU�HDV\�WR�LPSOHPHQW�

$V� D� VXPPDU\� FDQ� EH� VDLG� WKDW� SULYDF\� DPSOLILFDWLRQ� ZLOO�� DV� WKH� ODVW� VWDJH� LQ
TXDQWXP�FU\SWRJUDSK\�SURWRFRO�� OHDYH�DQ�DUELWUDULO\�VHFXUH�NH\�VKDUHG�E\�$OLFH�DQG
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%RE� MXVW� DV� GHVLUHG��7KH� OHYHO� RI� VHFXULW\� GHSHQGV� RQO\� RQ� WKH� FKRLFH� RI�J��:H�ZLOO
QRZ� LQYHVWLJDWH� WKH� HIIHFWLYH� ELW�UDWHV� DFKLHYDEOH� E\� GLIIHUHQW� UHFRQFLOLDWLRQ
WHFKQLTXHV��DQG�DOVR�ZLWK�FRQVLGHUDWLRQ�WDNHQ�WR�WKH�GHFUHDVH�RI�ELW�UDWH�LQ�WKH�VWHSV
RI�VLIWLQJ�DQG�SULYDF\�DPSOLILFDWLRQ��5HYLHZ�)LJXUH�����

��� 4XDQWXP�%LW�(UURU�5DWH�DQG�%LW�5DWH
OLPLWV

7KHUH� DUH� VHYHUDO� IDFWRUV� LQ� ZRUN� LQ� WKH� TXDQWXP� FU\SWRJUDSK\� V\VWHP� WKDW� ZLOO
FRQVLGHUDEOH� GHFUHDVH� WKH� ELW�UDWH� IURP�$OLFH�� SULRU� WR� WKH� ILQDO� DJUHHPHQW� EHWZHHQ
$OLFH�DQG�%RE�RQ�D�SHUIHFWO\�VHFUHW�VKDUHG�NH\��7KH�IDFWRUV�UHVWUDLQLQJ�WKH�ELW�UDWH�RI
WKH� WUDQVPLVVLRQ� LV� DUH�� ORVVHV� GXULQJ� SURSDJDWLRQ�� WKH� GHWHFWRU� HIILFLHQF\�� DQG� WKH
ZHDN�SXOVHV��LQWHQVLW\�x��LQWURGXFHG�E\�$OLFH
V�ODVHU�WR�HQVXUH�WKDW�DW�PD[LPXP�RQH
SKRWRQ� DW� D� WLPH� LV� FRGHG� ZLWK� WKH� VDPH� LQIRUPDWLRQ�� 1RW� WR� IRUJHW� RI� FRXUVH�� DOO
HDYHVGURSSLQJ� DWWHPSWV� LQWURGXFH� HUURUV�� 7KH� GHWHFWLRQ� SURFHVV� DOVR� LQWURGXFHV
HUURUV�

7KH�FROOHFWHG�UDWH�RI�DOO�HUURUV�H��LV�FDOOHG�WKH�TXDQWXP�ELW�HUURU�UDWH��4%(5���,I
s� LV� WKH�GHWHFWRU�TXDQWXP�HIILFLHQF\��x� WKH� DYHUDJH�QXPEHU� RI�SKRWRQV�SHU�SXOVH��m
WKH� FKDQQHO� �ILEHU�� DWWHQXDWLRQ� FRHIILFLHQW�� DQG�/� WKH� WUDQVPLVVLRQ� OHQJWK�� WKHQ� WKH
UDZ�ELW�UDWH�5�IRU�%RE�LV

%H5 /αηµ −= �
ZKHUH�%�LV�WKH�ELW�UDWH�RQ�$OLFH
V�VLGH�

+RZHYHU�� WKH� NH\� GLVWULEXWLRQ� LV� OLPLWHG� QRW� VR�PXFK� WR� WKH� ELW�UDWH� LWVHOI�� EXW
UDWKHU�WR�WKH�HUURU�UDWH��4%(5��IRU�ZKLFK�DQ�XSSHU�ERXQG�H[LVW�DERYH�ZKHUH�QRW�DOO
HUURUV�FDQ�EH�FRUUHFWHG�ZLWKRXW�GHFUHDVLQJ�WKH�ELW�UDWH�WR�]HUR��)RU�SHUIHFW�YLVLELOLW\
WKH�4%(5��H��LV�JLYHQ�E\

ηµα/
G

G

H3
3H −+

= �

ZKHUH�3G�LV�WKH�GDUN�FRXQW�SUREDELOLW\�IRU�WKH�GHWHFWRU�:KHQ�%RE�KDYH�UHFHLYHG�DQG�GHFRGHG�WKH�WUDQVPLWWHG�LQIRUPDWLRQ�KH�ZLOO�HQG�XS
ZLWK� D� QXPEHU� RI� UDZ� ELWV�� 'HSHQGLQJ� RQ� WKH� FKRVHQ� FRGLQJ�VFKHPH�� D� FRQVWDQW
IDFWRU� �RQ� DYHUDJH�� RI� ELWV�ZLOO� EH� ORVW� DW� WKH� GHPRGXODWLRQ�� LQ� RXU� FDVH� DERXW� ����
7KHVH� VLIWHG�ELWV�ZLOO� VWLOO� FRQWDLQ�HUURUV�RFFXUULQJ�ZLWK�WKH�VDPH�HUURU�UDWH�DQG�KDV
WR�EH�FRUUHFWHG��$OVR��WKH�UDZ�NH\�LV�QRW�SHUIHFWO\�VHFXUH�DQG�KDV�WR�EH�FRPSUHVVHG�E\
SULYDF\�DPSOLILFDWLRQ�WR�JDLQ�VHFXULW\��$OO�WKHVH�IDFWRUV�DUH�WKH�FROOHFWLYH�RXWFRPHV�RI
WKH�ZRUN� RI� WKH� NH\�GLVWLOODWLRQ� SURWRFRO��$V� WKLV� LV� WKH�PDLQ�WRSLF� GLVFXVVHG� LQ� WKH
SDSHU��ZH�ZLOO�LQ�WKLV�VHFWLRQ�FRQFHQWUDWH�RQ�DQG�LQYHVWLJDWH�WKH�GHFUHDVH� LQ�ELW�UDWH
IURP�%RE�KDYLQJ� WKH� UDZ�ELWV� WR� WKH� VDIH� DQG� ILQDOO\� VKDUHG�NH\� EHWZHHQ�$OLFH� DQG
%RE��7KH�GHFUHDVH�LQ�ELW�UDWH�RYHU�WKH�34&�ZLOO�EH�GLVFXVVHG�LQ�VHFWLRQ�������

$V�D�SHUIRUPDQFH�PHDVXUH� RQ� WKH� SURWRFROV�� ZH� XVH� WKH� VR�FDOOHG� HIIHFWLYH� ELW�
UDWH�� L�H�� WKH�UDWH� LQ�WKDW�JLYHV�WKH�ELW�UDWH�GHFUHDVH�GXH�WR� VLIWLQJ�� HUURU� FRUUHFWLRQ�
DQG�SULYDF\�DPSOLILFDWLRQ��7KLV�HIIHFWLYH�ELW�UDWH�LV�JLYHQ�E\

5UUU5 SDHFV
/%
HII ��������� −−−= �

ZKHUH�5�LV�WKH�UDZ�ELW�UDWH��7KLV�LV�D�ORZHU�ERXQG�RQ�WKH�DFKLHYDEOH�ELW�UDWH��:H�ZLOO
GHULYH�5HII� IRU�DOO�SURWRFROV�DV�D� IXQFWLRQ�RI�WKH�HUURU�UDWH�H��)RU�D� VSHFLILF�YDOXH�RQ
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WKH� HUURU�UDWH�5HII� ZLOO� UHDFK� ]HUR�� 7KLV� LV� WKH� PD[LPXP� HUURU�UDWH� HOLP� ZKHQ� DOOHUURUV�DUH�FRUUHFWHG��7KH�IUDFWLRQ�RI�ELWV�DEDQGRQHG�LQ�WKH�VLIWLQJ�VWHS�LV

�
�=VU �

7KH�IUDFWLRQ�RI�ELWV�ORVW�LQ�HUURU�FRUUHFWLRQ�UHF�LV�UHSHDWHG�KHUH�IRU�DOO�IRXU�PHWKRGV�
�������ORJ� HHUFRGLQJ

HF −+= �

HHHUGLVFDUG
HF �ORJ�

� −= �

�== FDVFDGH
HF

FRUUHFW
HF UU �

7KH� FRPSUHVVLRQ�VL]H� LQ� SULYDF\� DPSOLILFDWLRQ� GRHV� QRW� RQO\� GHSHQG� RQ� WKH
LQIRUPDWLRQ� OHDNHG� GXULQJ� UHFRQFLOLDWLRQ�� EXW� DOVR� RQ� WKH� LQIRUPDWLRQ� (YH� REWDLQHG
E\� ZLUHWDSSLQJ� WKH� TXDQWXP� FKDQQHO�� $� FUXGHU� HVWLPDWH� �VHH� VHFWLRQ� ����� RQ� WKH
ODWWHU�LQIRUPDWLRQ�W�LV�JLYHQ�E\

�����ORJ �
� HHW −+= �

,Q� WKLV� WKHRUHWLFDO� GLVFXVVLRQ� ZH� GR� QRW� XVH� DQ\� H[WUD� VHFXULW\� FRPSUHVVLRQ� IRU
SULYDF\�DPSOLILFDWLRQ��KHQFH�J ���7KLV� LPSOLHV�WKDW�(YH�NQRZV�DW�PD[LPXP�RQH�ELW
RI� WKH� ILQDO� NH\� VKDUHG� EHWZHHQ� $OLFH� DQG� %RE�� 7KH� FRPSUHVVLRQ� LV� JLYHQ� E\
USD W�T�J�� ZKHUH� T� LV� WKH� IUDFWLRQ� RI� ELWV� OHDNHG� GXULQJ� HUURU�FRUUHFWLRQ�� )RU� WKHGLIIHUHQW�PHWKRGV�ZH�KDYH�

�����ORJ��������ORJ�
� �

�

�

HHHHUFRGLQJSD −++−
−+−

= �

�����ORJ �
� HHUGLVFDUG

SD −+= �

�����ORJORJ�
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�� HHHHHUFRUUHFW
SD −++−= �
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:H�ZLOO�QRZ�ORRN�DW�VRPH�SORWV�FRPSDULQJ�GLIIHUHQW�HIIHFWLYH�ELW�UDWHV�5HII��5�LV�KHUHQRUPDOL]HG�WR���IRU�HDV\�FRPSDULVRQ�ZLWK�WKH�FKDQQHO�FDSDFLW\
����ORJ���ORJ���

��������� �� HHHHH+U& EV −−++=−−= �
$OO� SORWV� DOVR� VKRZ� DQ� XSSHU� ERXQG�� L�H�� WKH� EHVW� DFKHLYDEOH� SHUIRUPDQFH� IRU� DOO
SURWRFROV�� 7KLV� LV� EDVHG� RQ� WKH�PLQLPXP� QXPEHU� RI� ELWV� UHTXLUHG� WR� EH� H[FKDQJHG
RYHU�WKH�3&�LQ�RUGHU�WR�FRUUHFW�DOO�HUURUV��7KLV�ZDV�GLVFXVVHG�LQ�VHFWLRQ�����



3URWRFROV�LQ�4XDQWXP�&U\SWRJUDSK\�6\VWHPV

��

5HHHHHH5W1
15

V

8%
HII ������ORJ���ORJ���ORJ� �

���
PLQ −++−−−−=








+= �

� � �� ��
�

���

���

���

���

���

���

���

���

���

�

1R
UP
DOL]
HG�
6KD

QQR
Q�,
QIR
UP
DWL
RQ�
>EL
WV�
WUD
QVP

@

5
HII
��(IIHFWLYH�%LWUDWH�/%�IRU�C&RGLQJC�(UURU�&RUUHFWLRQ

5
HII
��(IIHFWLYH�%LWUDWH�8%

&��4XDQWXP�&KDQQHO��%6&��&DSDFLW\

4%(5�LQWURGXFHG�E\�(YH�>�@
)LJXUH� ����� 7KH� FRGLQJ� SURWRFRO� V\VWHP� SHUIRUPDQFH�� 7KH� \�D[LV
VKRZV� WKH� SUHVHUYHG� IUDFWLRQ� RI� ELWV� RI� WKH� QRUPDOL]HG� ELW�UDWH� 5�
DFKLHYHG� E\�%RE
V� DIWHU� GHPRGXODWLRQ�� 7KH� VROLG� OLQH� VKRZV� JLYHV� D
ORZHU� ERXQG� �/%�� IRU� WKH� HUURU�FRUUHFWLRQ� OLPLW�� HOLP� ≈� ������ 7KHGRWWHG� OLQH� VKRZV� WKH� EHVW� SHUIRUPDQFH� DFKLHYDEOH� DQG� WKH� GDVKHG
OLQH�WKH�FKDQQHO�FDSDFLW\�
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5
HII
��(IIHFWLYH�%LWUDWH�/%�IRU�C'LVFDUGC�(UURU�&RUUHFWLRQ

5
HII
��(IIHFWLYH�%LWUDWH�8%

&��4XDQWXP�&KDQQHO��%6&��&DSDFLW\

4%(5�LQWURGXFHG�E\�(YH�>�@
)LJXUH�������7KH�GLVFDUG� SURWRFRO� V\VWHP� SHUIRUPDQFH��7KH� \�D[LV
VKRZV� WKH� SUHVHUYHG� IUDFWLRQ� RI� ELWV� RI� WKH� QRUPDOL]HG� ELW�UDWH� 5�
DFKLHYHG� E\�%RE
V� DIWHU� GHPRGXODWLRQ�� 7KH� VROLG� OLQH� VKRZV� JLYHV� D
ORZHU� ERXQG� �/%�� IRU� WKH� HUURU�FRUUHFWLRQ� OLPLW�� HOLP� ≈� ������ 7KHGRWWHG� OLQH� VKRZV� WKH� EHVW� SHUIRUPDQFH� DFKLHYDEOH� DQG� WKH� GDVKHG
OLQH�WKH�FKDQQHO�FDSDFLW\�
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5
HII
��(IIHFWLYH�%LWUDWH�/%�IRU�C&RUUHFWC�(UURU�&RUUHFWLRQ

5
HII
��(IIHFWLYH�%LWUDWH�8%

&��4XDQWXP�&KDQQHO��%6&��&DSDFLW\

4%(5�LQWURGXFHG�E\�(YH�>�@
)LJXUH� ������ 7KH� FRUUHFW� SURWRFRO� V\VWHP� SHUIRUPDQFH�� 7KH� \�D[LV
VKRZV� WKH� SUHVHUYHG� IUDFWLRQ� RI� ELWV� RI� WKH� QRUPDOL]HG� ELW�UDWH� 5�
DFKLHYHG� E\�%RE
V� DIWHU� GHPRGXODWLRQ�� 7KH� VROLG� OLQH� VKRZV� JLYHV� D
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ORZHU� ERXQG� �/%�� IRU� WKH� HUURU�FRUUHFWLRQ� OLPLW�� HOLP� ≈� ������ 7KHGRWWHG� OLQH� VKRZV� WKH� EHVW� SHUIRUPDQFH� DFKLHYDEOH� DQG� WKH� GDVKHG
OLQH�WKH�FKDQQHO�FDSDFLW\�
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4%(5�LQWURGXFHG�E\�(YH�>�@

5
HII
��(IIHFWLYH�%LWUDWH�/%�IRU�C&DVFDGHC�(UURU�&RUUHFWLRQ

5
HII
��(IIHFWLYH�%LWUDWH�8%

&��4XDQWXP�&KDQQHO��%6&��&DSDFLW\

)LJXUH�������7KH�FDVFDGH�SURWRFRO� V\VWHP�SHUIRUPDQFH��7KH�\�D[LV
VKRZV� WKH� SUHVHUYHG� IUDFWLRQ� RI� ELWV� RI� WKH� QRUPDOL]HG� ELW�UDWH� 5�
DFKLHYHG� E\�%RE
V� DIWHU� GHPRGXODWLRQ�� 7KH� VROLG� OLQH� VKRZV� JLYHV� D
ORZHU� ERXQG� �/%�� IRU� WKH� HUURU�FRUUHFWLRQ� OLPLW�� HOLP� ≈� ������� 7KHGRWWHG� OLQH� VKRZV� WKH� EHVW� SHUIRUPDQFH� DFKLHYDEOH� DQG� WKH� GDVKHG
OLQH�WKH�FKDQQHO�FDSDFLW\�

,W�LV�FOHDU�IURP�WKH�JUDSKV�WKDW�WKH�EHVW�SURWRFRO�DW�SUHVHQW�LV�WKH�FDVFDGH�E\�%HQQHW
DQG� 6DOYDLO�� 6LPXODWLRQ�UHVXOWV� XVLQJ� DQ\� RI� WKH� DERYH�H[DPLQHG� SURWRFROV� JLYH� D
JUDSK� O\LQJ� LQ� EHWZHHQ� WKH� ORZHU� DQG� XSSHU� ERXQG�� 7KLV� ZLOO� EH� YHULILHG� E\
VLPXODWLRQ�LQ�VHFWLRQ������H[FHSW�IRU�FRGLQJ��ZKLFK�LV�QRW�LPSOHPHQWHG�

2QH� RI� WKH� FRQFOXVLRQV� IURP� ODVW� VHFWLRQ� GLVFXVVLQJ� SULYDF\� DPSOLILFDWLRQ� ZDV
WKDW�� LQGHHG�� LW�PRUH�HIILFLHQW�WR� OHW� LQIRUPDWLRQ�EH�ORVW�WR�(YH�GXULQJ�UHFRQFLOLDWLRQ
EHFDXVH� WKLV� ZLOO� EH� FRPSHQVDWHG� E\� WKH� KDVK�IXQFWLRQ� FRPSUHVVLRQ� DQG� WKH
DGYDQWDJH� RI� EHLQJ� DEOH� WR� FKRRVH� D� SURWRFRO� QRW� UHGXFLQJ� WKH� NH\�OHQJWK�� &DVFDGH
DOVR�ZRUNV�FORVH�WR�WKH�6KDQQRQ�OLPLW��WKHUHIRUH�WKLV�LV�D�JRRG�DSSURDFK�

7R�JHW�D�JULS�RI�WKH�GLIIHUHQFH�EHWZHHQ�UHPRYLQJ�HUURUV�DQG�FRUUHFWLQJ�HUURUV�YV�
GRLQJ� PRUH� RU� OHVV� FRPSUHVVLRQ�� FRPSDUH� )LJXUH� ����� DQG� )LJXUH� ������ 7KH� ILQDO
HIIHFWLYH�ELW�UDWH�ZLOO�EH�KLJKHU�IRU�FDVFDGH�
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��J5�6HFXULW\�FRPSUHVVLRQ�ELWV��UDWH�
��,=5�(YHCV�LQIR���UDWH�
��,;<5�$OLFH��%RE�VKDUHG�LQIR���UDWH�5

�
� GLVFDUG

HII5

5����5DZ�ELW�UDWH

5HII��)LQDO�HIIHFWLYH�ELW�UDWH

����UV�������UHF��������USD����3UHVHUYHG�IUDFWLRQ

'LVFDUGLQJ�(UURUV

)LJXUH� ������ 7KH� HIIHFWLYH� ELW�UDWH� ZLOO� GHFUHDVH� WR� RQO\� D� VPDOO
IUDFWLRQ� 5HII� RI� ZKDW� LV� UHFHLYHG� E\� %RE� DW� GHWHFWLRQ� 5�� ([WUDVHFXULW\� FRPSUHVVLRQ� ZLOO� UHGXFH� (YH
V� NQRZOHGJH� WR� DQ� DUELWUDULO\
VPDOO�YDOXH��+HUH�T� ���

5

�
����UV�������UHF��������USD����3UHVHUYHG�IUDFWLRQ

&DVFDGH

� �� GLVFDUG
HII

FDVFDGH
HII 55 >

)LJXUH�������&RPSDUHG�WR�GLVFDUGLQJ�HUURUV�D�IUDFWLRQ�RI�ELWV�ZLOO�EH
ORVW� GXULQJ� UHFRQFLOLDWLRQ�� T� ≠� ��� EXW� UHF�  � ��� &DVFDGH� ZLOO� HQG� XSZLWK�D�ODUJHU�IUDFWLRQ�RI�ELWV�SUHVHUYHG�
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��� 6HFXULW\�DQG�(DYHVGURSSHU�,QIRUPDWLRQ
5HVWUDLQWV

$�FRPPRQ�IHDWXUH�RI� WKH�NH\�GLVWULEXWLRQ� VFKHPH�UHYLHZHG� LQ�&KDSWHU��� LV� WKDW� WKH
HDYHVGURSSHU� (YH� FDQQRW� OHDUQ� DQ\WKLQJ� DERXW� WKH� NH\� ZLWKRXW� LQWURGXFLQJ� HUURUV
DPRQJ� WKH� VLIWHG� ELWV�� :H� KDYH� OHDUQHG� IURP� WKLV� FKDSWHU� WKDW� WKH� UHFRQFLOLDWLRQ
SURWRFROV�KDV�DQ�XSSHU� OLPLW�RQ� WKH� HUURU�UDWH� IRU�ZKLFK�DOO� HUURUV� FDQ�EH� FRUUHFWHG�
DQG�LI�ZH�DOVR�ZDQW�WKH�HIIHFWLYH�ELW�UDWH�WR�EH�VHSDUDWHG�IURP�]HUR��WKLV�OLPLW�LV�HYHQ
ORZHU�� 7KXV�� WKH� SULYDF\� DPSOLILFDWLRQ� VWHS� ZLOO� ZRUN� DV� DQ� DXWRPDWLF� WHVW� IRU
HDYHVGURSSLQJ�� ,I�(YH�LQWURGXFH�WRR�PDQ\�HUURUV�$OLFH�DQG�%RE�ZLOO� HQG�XS�ZLWK�QR
NH\�DW�DOO��WKH�ZKROH�UHPDLQLQJ�SDUW�RI�WKH�NH\�LV�FRPSUHVVHG��:KHQ�WKH�HUURU�UDWH�LV
DERYH� WKH� VRPH� VSHFLILF� OLPLW�� EDVHG� RQ� WKH� TXDQWXP� FKDQQHO� HUURU�UDWH� SOXV
VWDWLVWLFDO� IOXFWXDWLRQV�� WKH� FRQFOXVLRQ� WKDW� (YH� LV� SHQHWUDWLQJ� WKH� OLQH� LV� IDU� IURP
LUUHOHYDQW��$Q�DWWDFN�LV�GHWHFWHG�ZLWK�KLJK�SUREDELOLW\�

%HFDXVH�RI�SURSHUWLHV�RI�SULYDF\�DPSOLILFDWLRQ� LW�GRHV�QRW�PDWWHU��KRZHYHU�� IURP
ZKHUH� WKH� HUURUV� DULVH� DV� ORQJ� DV� $OLFH� DQG� %RE� FDQ� DJUHH� RYHU� D� NH\� WKDW� LV� ORQJ
HQRXJK� IRU� WKH� DSSOLFDWLRQ��7KH� VHFXULW\� FDQ�DOZD\V� EH� DVVXUHG� WR� H[FHHG� D� VSHFLILF
YDOXH� LI�WKH�ELW�UDWH� LV�DERYH�]HUR� �OQ�� VJ1

(, −< ��0DLQWDLQLQJ�D� ORQJHU�ELW�VHTXHQFH
ZRXOG�LQ�SUDFWLFH��DQ\KRZ�UHTXLUH�D�ORZHU�TXDQWXP�ELW�HUURU�UDWH�

<HW�� LQ� D� PRUH� UHDOLVWLF� FRQGLWLRQ� WKH� HUURUV� UHVXOW� IURP� FKDQQHO� DQG� GHWHFWRU
LPSHUIHFWLRQV�HYHQ�ZLWKRXW�HDYHVGURSSLQJ��$W�WKH�VDPH�WLPH��WKH�HQHP\�FDQ�LPSURYH
WKH�TXDOLW\�RI�WKH�FKDQQHO��OLPLWHG�RQO\�E\�WKH�ODZ�RI�SK\VLFV�WR�KLGH�WKH�HYLGHQFH�RI
WDPSHULQJ��7KHUHIRUH�� LW� LV� XQVDIH� WR� DVFULEH� HUURUV� DV� E\� QDWXUDO� FDXVHV�� UDWKHU�� DOO
HUURUV�VKRXOG�EH�WUHDWHG�DV�LI�WKH\�DULVH�IURP�D�PDOLFLRXV�HDYHVGURSSHU�

6RPH� IXQGDPHQWDO� UHTXLUHPHQWV� FDQ�EH� VWDWHG� DERXW� WKH� VHFXULW\� RI� D� TXDQWXP
FU\SWRJUDSK\�GLVWULEXWLRQ��,I�H�HUURUV�DUH�IRXQG� LQ�WKH�VLIWHG�NH\�RI� OHQJWK�1V��WKHQ�DIWHU�HUURU�FRUUHFWLRQ�UHYHDOLQJ�PLQLPXP�1PLQ�ELWV�WR�(YH��D�QHZ�NH\�RI�1I�ELWV�FDQEH�GLVWLOOHG�E\�SULYDF\�DPSOLILFDWLRQ�RQ�ZKLFK�(YH��ZLWK�D�SUREDELOLW\�SVDIH��KDV� OHVV
WKDQ� WRO

(, �ELWV�RI�6KDQQRQ�LQIRUPDWLRQ��7KH�YDOXH�RI� WRO
(, �KDV�WR�EH�LQ�FRPSOLDQFH�ZLWK

WKH�VHFXULW\�UHTXLUHPHQWV�IRU�WKH�DFWXDO�DSSOLFDWLRQ�LQ�PLQG�
7KH� VWHS� QRZ� LV� WR� FRPELQH� WRO

(, � DQG� SVDIH� WR� VHW� D� YDOXH� IRU� WKH� VHFXULW\
SDUDPHWHU� J�� ,I� (, � LV� WKH� LQIRUPDWLRQ� DYDLODEOH� WR� (YH� RQ� WKH� ILQDO� NH\�� WKHQ�� E\
PDNLQJ� LW� VDWLVI\� WRO

(VDIH( ,S, ��� −> � �� ZH� KDYH� SXW� DQ� UHVWUDLQW� RQ� (, � VR� WKDW� WRO
(, �

JXDUDQWHHG�ZLWK�D�SUREDELOLW\�RI�SVDIH��ZLOO�QRW�EH�H[FHHGHG�>��@��&RQWLQXHG��ZH�KDYH
�OQ�� HJ1

(, −< �
DQG�VR

H

WRO
(VDIH

1
,SJ ��OQ����ORJ� −−

> �

%\�VHWWLQJ� WRO
(, �DQG�FKRRVLQJ�J� IURP�WKLV� IRUPXOD��ZH�FDQ�ZLWK�SUREDELOLW\�SVDIH�REWDLQ�D

NH\�WKDW�LV�VHFXUH�XS�WR�DQ�DUELWUDULO\�OHYHO��%RWK�SVDIH�DQG� WRO
(, �KDYH�WR�EH�DJUHHG�XSRQ�E\

$OLFH�DQG�%RE�EHIRUH�GLVWULEXWLRQ�RI�DQ\�NH\��7KHVH�WZR�SDUDPHWHU�DUH�UHDG\�WR�EH�VHW�LQ
WKH�LQWHUIDFH�RI�WKH�VLPXODWLRQ�SURJUDP�RI�FKDSWHU�&KDSWHU����:LWK� WRO

(, ��SVDIH��DQG�J��SOXV
DQ�HVWLPDWH�RI�W��$OLFH�DQG�%RE�FDQ�QRZ�IL[�D�YDOXH�IRU�WKH�ILQDO�FRPSUHVVLRQ��V W�J��,I�DOO
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SDUDPHWHUV� DUH� VHW� DFFRUGLQJ� WR� WKHVH� GLUHFWLYHV�� EHIRUH� DQ\� DFWXDO� NH\� GLVWULEXWLRQ�� WKH
VHFXULW\�UHTXLUHPHQWV�ZLOO�EH�PHW�
+RZHYHU��WKHUH�DUH�QR�FRQGLWLRQV�XQGHU�WKLV�VHW�XS�WKDW�WHOOV�$OLFH�DQG�%RE�KRZ�ODUJH

WKHLU�NH\�ZLOO�EH�FRQVWUXFWHG��2QH�FDQ�JODGO\�SXW�LQ�D�UHVWUDLQW�RI�WKLV�NLQG�DV�ZHOO��WKHUHE\
VHWWLQJ�D�PLQLPXP� OLPLW� RQ� WKH� UHFRQFLOHG� NH\�OHQJWK��%HIRUH� NH\�GLVWULEXWLRQ� WKH\� WKHQ
KDYH� WR�FDOFXODWH� IRU�D�PLQLPXP�YDOXH�RI� WKH�QXPEHU�RI�ELWV� VHQG� IURP�$OLFH�� SURYLGLQJ
WKLV�GHVLUHG�ILQDO�OHQJWK�ZLWK�D�FHUWDLQ�SUREDELOLW\�DQG�ZLWK�DOO�RWKHU�VHFXULW\�UHTXLUHPHQWV
VDWLVILHG�
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&KDSWHU�� 

([SHULPHQWDO�4XDQWXP
&U\SWRJUDSK\
��� 7KH�4XDQWXP�&U\SWRJUDSK\�6\VWHP�DW�(/(
4XDQWXP�&U\SWRJUDSK\�KDV�IRU�ORQJ�QRZ�HQWHUHG�WKH�H[SHULPHQWDO�JURXQG��7KH�ILUVW
VXFFHVVIXO� WUDQVPLVVLRQ� RI� TXDQWXP� ELWV� WRRN� SODFH� ����� LQ� D� VHWXS� E\� %HQQHW� DQG
%UDVVDUG� HW� DO�� >�@�� 7KH� H[SHULPHQWDO� TXDQWXP� FU\SWRJUDSK\� V\VWHP� EXLOG� DW� WKH
'HSDUWPHQW� RI� (OHFWURQLFV�� .7+�� LV� D� VR�FDOOHG� ?3OXJ� DQG� 3OD\�� VHWXS� >��@�� 7KH
QDPH� �ERUURZHG� IURP� FRPSXWHU� LQGXVWU\�� LV� FKRVHQ� EHFDXVH� WKH� V\VWHP� SDUWV� DUH
YHU\� HDV\� WR� FRQQHFW�� ,W� LV� DQ� DXWR�EDODQFHG� 4&�VHWXS� EDVHG� RQ� DQ� LQWHUIHURPHWHU
ZLWK� IDUDGD\�PLUURUV� WKDW� GRHV� QRW� QHHG� DQ\� DOLJQPHQW�� 7KH� SUHVHQW� V\VWHP� XVHV
SKDVH� HQFRGLQJ� RI� WKH� %��� SURWRFRO�� 3KDVH� HQFRGLQJ� LV� SUHIHUUHG� RYHU� SRODUL]DWLRQ
HQFRGLQJ��EHFDXVH�WKH�SKDVH�RI�D�SKRWRQ�LV�EHWWHU�SUHVHUYHG�WKDQ�WKH�SRODUL]DWLRQ�LQ
WHOHFRP� ILEHUV��7KH� ELUHIULQJHQFH� RI� ILEHUV� DQG� WKH� HIIHFW� RI� WKH� HQYLURQPHQW�PDNHV
SRODUL]DWLRQ�IOXFWXDWH�PRUH�UDQGRPO\�

$OO�UHDOL]DWLRQ�XVLQJ�SKDVH�FRGLQJ�VFKHPHV�DUH�EDVHG�RQ�LQWHUIHURPHWULFDO�VHWXSV�
XVLQJ� D� 0DFK�=HKQGHU� LQWHUIHURPHWHU� DW� ERWK� $OLFH� DQG� %RE�� RU� D� 0LFKHOVRQ
LQWHUIHURPHWHU� ZLWK� RQH� ORQJ� DUP� JRLQJ� WR� $OLFH�� 7KH� ODWWHU� LV� XVHG� LQ� WKH� FXUUHQW
LPSOHPHQWDWLRQ�� 6HYHUDO� SUREOHPV� DUH� VROYHG� E\� XVLQJ� WKLV� YDULDQW� RI� DQ�0LFKHOVRQ
LQWHUIHURPHWHU�� DQ� LQFRQYHQLHQFH� XVLQJ� WZR� 0DFK�=KHQGHU� LQWHUIHURPHWHUV� LV� WKDW
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WKH\�KDYH�WR�EH�DGMXVWHG�WR�HDFK�RWKHU�LQ�RUGHU�WR�REWDLQ�JRRG�LQWHUIHUHQFH��DQG�WKH\
PXVW�KDYH�WKH�VDPH�SDWK�OHQJWKV��7KLV�LV�QRW�WKH�FDVH��XVLQJ�RQO\�RQH�LQWHUIHURPHWHU�

:H� ZLOO� QRZ� WXUQ� WR� DQ� H[SODQDWLRQ� RI� WKH� VHWXS�� VHH� ILJXUH� )LJXUH� ����� 7KH
SULQFLSOH� LV� WR� JHW� LQWHUIHUHQFH�DW�%RE�EHWZHHQ� WZR�ZHDN�SXOVHV��%RE�DQG�$OLFH� FDQ
FKDQJH� WKH� SKDVH� RI� WKHVH� SXOVHV�� ,I� WKLV� LQWHUIHUHQFH� LV� FRQVWUXFWLYH� RU� QRW� FDQ� EH
GHWHFWHG�� WKXV� $OLFH
V� DQG� %RE
V� LQGHSHQGHQW� FKRLFHV� RI� WKH� SKDVH� FDQ� FDUU\
LQIRUPDWLRQ� IURP�$OLFH� WR� %RE�� %RE� VWDUWV� E\� VSOLWWLQJ� WKH� VHQGLQJ� SXOVH� LQWR� WZR
SDUWV�� RQH� JRHV� WR� $OLFH� DQG� UHWXUQV� SKDVH�PRGXODWHG� �FRGHG��� WKH� RWKHU� RQH� LV
UHIOHFWHG� E\� %RE
V� DSSDUDWXV� DQG� SKDVH�PRGXODWHG� DV� ZHOO�� ,I� WKHVH� WZR� SXOVHV
XQGHUJR�FRQVWUXFWLYH�LQWHUIHUH�DW�%RE�D�SXOVH�LV�GHWHFWHG��RWKHUZLVH�QRW��,Q�WKLV�ZD\�
%RE� ZLOO� JHW� D� GHWHFWLRQ� LI� KH� FKRRVHV� WKH� ULJKW� SKDVH�� 7KH� SXOVH� JRLQJ� EDFN� IURP
$OLFH� FDUULHV�KHU� VHFUHW� LQIRUPDWLRQ� DQG� LW� LV� LPSRUWDQW� WKDW� WKLV� LQIRUPDWLRQ� DERXW
RQH�ELW� LV�WUDQVSRUWHG�E\�RQO\�RQH�VLQJOH�SKRWRQ��$OLFH�KDV�DSSDUDWXV�WR�DVVXUH�WKLV�
,W� LV� GLIILFXOW� WR� JHQHUDWH� VLQJOH� SKRWRQV�� WKHUHIRUH� H[LVWLQJ� VFKHPHV� UHOLHV� LQ� ZHDN
SXOVHV� LQVWHDG�� 7KHVH� ZHDN� SXOVHV� ZLOO� KDYH� DQ� LQWHQVLW\� RI� x ���� SKRWRQV� SHU
WUDQVPLVVLRQ��7KH�SUREDELOLW\� WKDW� WZR�RU�PRUH�SKRWRQV�DUH� VHQW�ZLOO� WKHQ�EH� JLYHQ
E\�x�����D�ODVHU�H[KLELWV�D�3RLVVRQLDQ�GLVWULEXWLRQ�RI�x���7KLV�ZLOO�RI�FRXUVH�GHFUHDVH
WKH�ELW�UDWH�SHUIRUPDQFH� IRU� WKH� V\VWHP�� VLQFH� RQ� WKH�DYHUDJH�RQO\� HYHU\� ���WK� �x���
SKRWRQ�ZLOO�DUULYH�DW�%RE�

,QWHUIHUHQFH�SXOVH
3DPSOLWXGHa FRV �������������∆φ2

30� 30�)0� '%

'$ /DVHU)0�

)LEHU

&&�

$OLFH %RE

)0� &�$

,QWHUIHUHQFH
EHWZHHQ
DQG

6LQJOH�SKRWRQ
∆φ1

∆φ1

∆φ1

∆φ2

∆φ2

∆φ1

6WURQJ :HDN

'HOD\

)LJXUH� ����� 
3OXJ� DQG� 3OD\
� V\VWHP� DW� 'HSDUWPHQW� RI� (OHFWURQLFV�
.7+�� XVLQJ� SKDVH�HQFRGLQJ� LQ� WKH� %%��� VFKHPH�� 7KH� ODVHU�SXOVH
IURP� %RE� LV� VSOLW� LQWR� WZR� SXOVHV�� RQH� FRPHV� EDFN� IURP� $OLFH
PRGXODWHG�DQG�WKH�RWKHU�RQH�LV�UHIOHFWHG�DW�%RE�DQG�DOVR�PRGXODWHG�
%RWK�SXOVHV�ZLOO�LQWHUIHUH�DW�%RE�DQG�FDQ�FDUU\�LQIRUPDWLRQ�DERXW�D��
RU�D���LQ�HLWKHU�RQH�RI�WKH�EDVHV��E\�$OLFH
V�FKRLFH�RI�PRGXODWLRQ�

7KH�SURFHGXUH�FDQ�EH�GHVFULEHG�E\�WKHVH�PDLQ�VWHSV�
•  %RE�VHQGV�D�SXOVH�IURP�WKH�ODVHU�
•  $W� &�� �ILEHU� FRXSOHU��� WKH� SXOVH� LV� VSOLW�� 7KH� ZHDNHU� ZHQW� WKURXJK� )DUDGD\

0LUURUV�)0��)0��WKHQ�RQWR�WKH�ILEHU��WKH�VWURQJHU�ZHQW�GLUHFWO\�RQWR�WKH�ILEHU�
•  :KHQ� SDUW� RI� WKH� VWURQJHU� SXOVH� �VSOLW� LQ� &��� UHDFKHV� GHWHFWRU� '$� �3,1��� WKHGHWHFWRU�WULJJHUV�$OLFH
V�SKDVH�PRGXODWRU�30���ZKLFK�SXWV�D�SKDVH�WR�WKH�ZHDNHU

SXOVH�
•  %RWK� SXOVHV� DUH� UHIOHFWHG� DW� )DUDGD\� PLUURU� )0��� DQG� DWWHQXDWHG� E\

DWWHQXDWRU�$�WR�WKH�VLQJOH�SKRWRQ�OHYHO�
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•  :KHQ� WKH� SXOVHV� DJDLQ� UHDFKHV� &��� RQH� SDUW� RI� WKH� VWURQJ� SXOVH� JRHV� YLD� )0��
%REV�3KDVH�0RGXODWRU�30���ZKHUH�LW�DFTXLUHV�D�SKDVH�VKLIW�

•  7KH�ZHDN�SXOVH��ZLWK�D�SKDVH�VKLIW�RI�$OLFH��LQWHUIHUH�ZLWK�WKH�VWURQJ�SXOVH��ZLWK
D�SKDVH�VKLIW�RI�%RE�

•  )RU� FRQVWUXFWLYH� LQWHUIHUHQFH�� %RE� �ZKR� KDV� WKH� WLPLQJ� LQIRUPDWLRQ� VLQFH� KH
VHQGV� WKH� LQLWLDO� SXOVH�� FDQ� JDWH� KLV� VLQJOH� SKRWRQ� GHWHFWRU�� '%WR�VHOHFW�RQO\�SXOVHV�ZLWK�WKH�ULJKW�WLPLQJ�LQIRUPDWLRQ�

3*/
30� 30� /DVHU

)$

)LEHU &

&�

&�

$OLFH %RE

$
)0� )0�

)0�

656����
&RXQWHU

3*'
)%

$3'
 3,1

&RPSXWHU &RPSXWHU

/

)LJXUH� ����� 
3OXJ� DQG� 3OD\
� V\VWHP� DW� 'HSDUWPHQW� RI� (OHFWURQLFV�
.7+��XVLQJ�SKDVH�HQFRGLQJ�RI�WKH�%%���VFKHPH��7KH�656���� LV� WKH
�PDVWHU�� GHOD\� SXOVH� JHQHUDWRU�� )$� DQG� )%� DUH� IXQFWLRQ� JHQHUDWRUV�3*'� DQG� 3*/� DUH� SXOVH� JHQHUDWRUV�� $3'� LV� WKH� 6LQJOH� 3KRWRQ'HWHFWRU��$YDODQFKH�3KRWR�'LRGH���$�LV�DQ�DWWHQXDWRU�

)LJXUH� ���� VKRZV� D� PRUH� GHWDLOHG� EORFN�GLDJUDP� RI� WKH� FXUUHQW� VHWXS�� 6RPH
LQVWUXPHQW� HTXLSPHQWV� DUH� VKRZQ�� DV� ZHOO� DV� WKH� WZR� FRPSXWHUV�� VRRQ� WR� EH
FRQQHFWHG� WR� WKH� V\VWHP� LQ� RUGHU� WR� DXWRPDWLFDOO\� DQG� IXOO\� FRQWURO� WKH� NH\
GLVWULEXWLRQ� VHWXS�� 7KHVH� FRPSXWHUV� DUH� LQ� WXUQ� FRQWUROOHG� E\� D� /DEYLHZ� SURJUDP�
DQG�0DWODE�VRIWZDUH��$OO�HYHQWXDO�WXQLQJV�RI�WKH�V\VWHP�DQG�ERWK�PRGXODWRUV�ZLOO�EH
FRQWUROOHG�E\�WKH�FRPSXWHUV��7KH�FRPSXWHUV�ZLOO�DOVR�EH�FRQQHFWHG�WR�HDFK�RWKHU�E\�D
SXEOLF�FKDQQHO�LQ�IRUP�RI�QXOO�PRGHP��7&3�,3�RU�VXFK�

��� ([SHULPHQWDO�5HVXOWV�DQG�&KDOOHQJHV
$V�DOO�FODVVLFDO�FRPPXQLFDWLRQ�V\VWHP�KDV�SUREOHPV�ZLWK�QRLVH�LQ�WUDQVPLVVLRQ��VR�GR
WKH�TXDQWXP�FU\SWRJUDSK\�V\VWHP��$�V\VWHP�LV�QHYHU�VWURQJHU�WKDQ�LWV�ZHDNHVW�OLQN�
7KH�4&�V\VWHP�SHUIRUPDQFH�LV�OLPLWHG�E\�WKH�TXDOLW\�RI�LWV�FRPSRQHQWV��1RLVH�DULVHV
GXULQJ�JHQHUDWLRQ��WUDQVPLVVLRQ�DQG�GHWHFWLRQ�RI�WKH�TXDQWXP�VWDWHV��7KHUH�ZLOO�QRW
EH�D�IXOO�FRUUHODWLRQ�EHWZHHQ�VHQW�VLJQDOV�DQG�UHFHLYHG�VLJQDOV�

)RU�D�FU\SWRJUDSK\�V\VWHP�ZKHUH�WKH�EDVLF�DVVXUDQFH�RI�VHFXULW\�LV�EDVHG�RQ�WKH
DELOLW\� RI� GHWHFWLQJ� DQ� HDYHVGURSSHU�� WKLV� LQWURGXFHV� D� SUREOHP�� 7KH� DGYHUVDU\� LV
GHWHFWHG�E\�KHU� LQWURGXFWLRQ�RI�QRLVH�� EXW�KRZ�FDQ�WKLV�QRLVH�EH� GLVWLQJXLVKHG� IURP
WUDQVPLVVLRQ�QRLVH"�,W�FDQ
W��,W�LV�WKHUHIRUH�QHFHVVDU\�WR�VHH�DOO�QRLVH�DV�FRPLQJ� IURP
DQ� HDYHVGURSSHUV� DFWLYLW\�� ,Q� &KDSWHU� �� ZH� OHDUQHG� WKDW� IRU� HUURU�UDWHV� DERYH� D
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VSHFLILF� OLPLW�� WKH� NH\� ZLOO� EH� FRPSUHVVHG� LQWR� QRWKLQJ�� DQG� FRPPXQLFDWLRQ� LV
WHUPLQDWHG�

7R� WKLV� GDWH��4&�KDV� EHHQ� H[SHULPHQWDOO\� SURYHQ� IHDVLEOH��7KH�PRVW� LPSRUWDQW
WHFKQRORJLFDO�FKDOOHQJH� LV� WKH�GHYHORSPHQW� LQWR�EHWWHU�SKRWRQ�FRXQWHUV��ZKRVH�QRLVH
OLPLWV� WKH� SUDFWLFDO� WUDQVPLVVLRQ� GLVWDQFH�� 7KH� GHWHFWRU� RFFDVLRQDOO\� UHJLVWHU� D
SKRWRQ� HYHQ� ZKHQ� QR� SKRWRQ� LV� SUHVHQW� WR� WULJJHU� DQ� DYDODQFKH� LQ� WKH� $3'�� DQG
VRPHWLPHV�IDLO�WR�UHJLVWHU�D�SKRWRQ��:URQJ�UHVXOWV�ZLOO�EH�WKH�FRQVHTXHQFH��7KH�PDLQ
WHFKQLFDO� OLPLWDWLRQV� LV� WKH� SHUIRUPDQFH� RI� WKH� GHWHFWRU� LQ� WHUPV� RI� TXDQWXP
HIILFLHQF\��GDUN�FRXQWV��DQG�WLPH�UHVROXWLRQ�

6RPHZKDW� VXFFHVVIXO� GHYHORSPHQW� WRZDUGV� EHWWHU� GHWHFWRUV� KDYH� EHHQ� UHSRUWHG
IURP� (/(� DW� .7+�� WKH� V\VWHP� RSHUDWLQJ� DW� ORQJ� ZDYHOHQJWK� WHOHFRP� ZLQGRZ
�����QP�� XVHV� JDWHG� ,Q*D$V� $3'�V� DV� VLQJOH� SKRWRQ� GHWHFWRU�� 7KH� HUURU�UDWH� LV
SUHVHQWO\� ��� IRU� DQ� WUDQVPLVVLRQ�GLVWDQFH� RI� ��NP�XVLQJ� DQ� LQWHQVLW\� RI�x ����� VHH
)LJXUH� ����� 7KH� GHWHFWRU� LV� FXUUHQWO\� OLTXLG� QLWURJHQ� FRROHG� DQG� JLYHV� D� TXDQWXP
HIILFLHQF\�RI�s ����DQG�D�GDUN�FRXQW�SUREDELOLW\�5GDUNp7� �c������ZKHUH�5GDUN� LV�WKHGDUN� FRXQW� UDWH� DQG� p7 �QV� LV� WKH� JDWH� ZLGWK�� %\� IXUWKHU� RSWLPL]DWLRQV�� OLNH
LPSURYLQJ� GHWHFWLRQ� HOHFWURQLFV� DQG� XVLQJ� EHWWHU� FRROLQJ� V\VWHP�� D� WUDQVPLVVLRQ
GLVWDQFH� RI�/ ���NP�ZRXOG� QRW� VHHP� XQIHDVLEOH�� )RU� D�PRUH� WKRURXJKO\� UHSRUW� RQ
WKLV�V\VWHP�VHWXS�VHH��>��@�DQG�>�@�

8QVDIH�UHJLRQ
6DIH�UHJLRQ

� �� �� �� �� ��� ���
�

�

��

��

��

7UDQVPLVVLRQ�GLVWDQFH�/�>.P@

4%
(5

��H�
>�@

���.P�

)LJXUH������7KH�(/(�V\VWHP�SHUIRUPDQFH��([SHULPHQWDO� UHVXOWV� DUH
REWDLQHG�IRU��������DQG����NP�RI�ILEHU�OHQJWKV��7KH�GLVWDQFH�LV�OLPLWHG
WR���NP��WKHQ�WR�PDQ\�HUURUV�DUH�LQWURGXFHG�IRU�VDIH�FRPPXQLFDWLRQ�
LI� WKH� OLPLW� LV� VHW� DW� ���� �GHSHQGLQJ� RQ� WKH� LQIRUPDWLRQ� OHDNDJH
HVWLPDWH�XVHG���7KH�GRWWHG�OLQH�VKRZV�SHUIRUPDQFH�LQ�IXWXUH��SRVVLEO\
ZLWK����WLPHV�GHWHFWRU�LPSURYHPHQWV�
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&KDSWHU�� 

,QWHUIDFH�IRU�4XDQWXP
&U\SWRJUDSK\�6\VWHP
��� ,QWURGXFWLRQ
,Q�RUGHU�WR�FRQWURO�WKH�H[SHULPHQWDO�V\VWHP�VHWXS�DQG�EHLQJ�DEOH�WR�GLVWULEXWH�D�NH\
ZH�QHHG� VRPH�VRIWZDUH� LPSOHPHQWDWLRQV��7KH� VRIWZDUH�ZLOO� LPSOHPHQW� DQG� VLPXODWH
DOO�VWHSV��IURP�WKH�VHQGLQJ�RI�WKH�UDQGRP�ELW�VWULQJ�RYHU�WKH�ILEHU�WR�WKH�VLIWLQJ��HUURU
FRUUHFWLRQ�� DQG� SULYDF\� DPSOLILFDWLRQ�� DOO� DFFRUGLQJ� WR� WKH� TXDQWXP� FU\SWRJUDSK\
VFKHPH�GHVFULEHG�HDUOLHU��:H�KDYH�WZR�GLIIHUHQW�NLQGV�RI�VRIWZDUH�WKDW�FRPPXQLFDWH
ZLWK� HDFK� RWKHU� DQG� WKH� H[SHULPHQWDO� VHWXS�� 7KH� ILUVW� RQH� LV� IXOO\� LPSOHPHQWHG
SUHVHQWO\�DQG�ZLOO�EH�WUHDWHG�LQ�WKH�IROORZLQJ�VHFWLRQV�

7KH�SXUSRVH�RI�WKH�PDLQ�VRIWZDUH�SURJUDP�SDUW�VKRXOG�SULQFLSDOO\�EH�WR�PDNH�XS
D�JUDSKLFDO�XVHU� LQWHUIDFH� IRU�ERWK�$OLFH�DQG�%RE�ZHUH�DOO� QHFHVVDU\�SDUDPHWHUV� DUH
VHW�DQG�WKH�UHVXOWLQJ�NH\�LV�SUHVHQWHG��,Q�WKH�EDFNJURXQG��WKH�SURJUDP�VKRXOG�XWLOL]H
WKH� UHFRQFLOLDWLRQ� �HUURU� FRUUHFWLRQ�� SURWRFRO� DQG� WKH� SULYDF\� DPSOLILFDWLRQ� VWHSV� WR
GLVWLOO� WKH� ILQDO�VHFUHWO\� VKDUHG�NH\��1RWLFH�WKDW�ZH� LQ� WKLV� ILUVW� V\VWHP�RQO\�XVH� RQH
FRPSXWHU�KRVWLQJ�ERWK�$OLFH�DQG�%RE��EXW�QR�FRPPXQLFDWLRQ�LQ�EHWZHHQ�$OLFH
V�DQG
%RE
V� VRIWZDUH� DUH� DOORZHG� RXWVLGH� WKH� VWULFW� UXOHV� RI� WKH� SURWRFRO�� 7KLV� SDUW� ZH
KHUHDIWHU�UHIHU�WR�DV�WKH�VRIWZDUH� LPSOHPHQWDWLRQ��7KH� FRGH� LV�ZULWWHQ� LQ�0DWODE�
WKDW�DOORZV�HDV\�VLPXODWLRQV�
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7KH�VHFRQG�SDUW�RI�WKH� LQWHUIDFH�VRIWZDUH�LV�ZKDW�ZH� UHIHU�WR�DV�WKH�VRIWZDUH�WR�
KDUGZDUH�LQWHUIDFH��,Q�RWKHU�ZRUGV��WKH�PDLQ�SXUSRVH�RI�WKLV�FRGH�LV�WR�FRQWURO�DOO�WKH
ODE�LQVWUXPHQWV� WKDW�� LQ� LWV� WXUQ�� DUH� FRQWUROOLQJ� WKH� HQWLUH� V\VWHP� VHWXS�� 7R
DFFRPSOLVK� WKLV�ZH�ZLOO�XVH�/DEYLHZ��DQ� LQVWUXPHQWDWLRQ�SURJUDP�WKDW�XVHV� D� GDWD�
DFTXLVLWLRQ�ERDUG�� �'$4��RQ�WKH�FRPSXWHU�WR�JLYH�RUGHU�WR� LQVWUXPHQWV�DQG� UHFHLYH
GDWD�IURP�WKH�VDPH��7KLV�SDUW�RI�WKH�VRIWZDUH�LPSOHPHQWDWLRQ�LV�FRQWUROOHG�E\�KLJKHU
RUGHUV�IURP�WKH�PDLQ�SURJUDP�

7KH� DEVWUDFWLRQ� OHYHO� LV� VHW� DW� WKH� GLVWULEXWLRQ� RI� WKH� UDZ� NH\��$� UDQGRP�GDWD�
VHTXHQFH� LV� JHQHUDWHG� E\� WKH� ODEYLHZ�VRIWZDUH� LQ�$OLFH
V� LQVWUXPHQWDWLRQ�� DQG� VHQW
RYHU� WKH� SULYDWH� FKDQQHO� WR� EH� UHFHLYHG� E\� %RE
V� LQVWUXPHQWDWLRQ�� 7KHQ�� E\� WKH
SURWRFRO�LQ�WKH�PDLQ�SURJUDP�XVLQJ�WKH�UDZ�GDWD�RQ�HDFK�$OLFH
V�DQG�%RE
V�VLGH��WKH
ILQDO� NH\� ZLOO� EH� GLVWLOOHG� PDNLQJ� XVH� RI� WKH� VLIWLQJ�� UHFRQFLOLDWLRQ�� DQG� SULYDF\
DPSOLILFDWLRQ�SDUWV�

$QRWKHU�IHDWXUH�WKDW�LV�LPSOHPHQWHG�LQ�WKH�VRIWZDUH�LV�WKH�DELOLW\�WR�VLPXODWH�WKH
TXDQWXP� FKDQQHO�� $� VLPXODWHG� SULYDWH� FKDQQHO� UHSODFHV� WKH� VRIWZDUH�WR�KDUGZDUH
SURJUDP� DQG� WKH� ILEHU� FKDQQHO� VHWXS�� %\� RSWLRQ�� \RX� FDQ� DOVR� FKRRVH� WR� VLPXODWH
GLIIHUHQW�VWUDWHJLHV�RI�WKH�HDYHVGURSSHU�(YH��<RX�ZLOO�EH�DEOH�WR�SHUIRUP�VLPXODWLRQV
WHVWLQJ�WKH�SHUIRUPDQFH�RI�GLIIHUHQW�SURWRFROV��H�J��WKH�DFWXDO�ELW�FUHDWLRQ�UDWH�DJDLQVW
GLIIHUHQW�WROHUDWHG�OHYHOV�RQ�(YH
V�ILQDO� LQIRUPDWLRQ�RU�WKH�ELW�UDWH�YHUVXV�4%(5��H�
LQWURGXFHG�E\�(YH�

7KH� REMHFWLYH� LV� WR� VXSSO\� D� XVHU�IULHQGO\� LQWHUDFWLRQ� XWLOLW\� ZLWK� WKH� TXDQWXP
FU\SWRJUDSK\�V\VWHP�VHWXS� LQ�WKH� ODE��7R�KDYH�D�SURJUDP�WKDW� OHWV�\RX�DQDO\]H� WKH
SHUIRUPDQFH� RI� SURWRFROV�� DQG� WR� JLYH� LPSOLFDWLRQV� RI� KRZ� HIILFLHQW� IXWXUH� HUURU�
FRUUHFWLRQ�PHWKRGV� FDQ� EH� LPSOHPHQWHG�� $Q� LPSRUWDQW� SDUDPHWHU� WR� LQYHVWLJDWH� LV
WKH�XSSHU� OLPLW� RI� WKH�TXDQWXP�ELW� HUURU� UDWH� LQWURGXFHG�E\�(YH�� VWLOO� EHLQJ�DEOH� WR
GLVWLOO� D� VHFXUH� NH\��:H� DOVR� ORRN� IRU� D� ERXQG� RQ� WKH� WRWDO� ELW�UDWH�5� IRU� D� NQRZQ
4%(5��L�H��E\�ZKDW�IUDFWLRQ�GR�ZH�VKRUWHQ�RXU�NH\�GXULQJ�UHFRQFLOLDWLRQ�DQG�SULYDF\
DPSOLILFDWLRQ��$V� ORQJ�DV�WKH�4%(5�UHPDLQV�EHORZ�WKH�OLPLW�ZH�FDQ�DFWXDOO\� IRUJHW
DERXW� WKH� HDYHVGURSSLQJ� WDNLQJ� SODFH� DQG� VWLOO� UHFHLYH� D� VHFXUH� NH\�� DOEHLW� ZLWK� D
UHGXFHG�ELW�UDWH��)XUWKHUPRUH��ZH�ZDQW�DQ�HVWLPDWH�RI�WKH�WRWDO�LQIRUPDWLRQ�(YH�KDV
OHDUQHG� DIWHU� FRPSOHWLQJ� DOO� VWHSV�� FRPSDUHG� WR� $OLFH
V� DQG� %RE
V� PXWXDO
LQIRUPDWLRQ�� +RZ� JRRG� LV� WKH� VHFXULW\� RI� WKH� ILQDO� NH\� IRU� GLIIHUHQW� HDYHVGURSSLQJ
DWWHPSWV"� )RU� SUDFWLFDO� SXUSRVHV�� LW� LV� UHOHYDQW� WR� UHVWULFW� WKH� HDYHVGURSSLQJ� WR
LQGLYLGXDO� DWWDFNV�� DQG� WKHUHIRUH� RQO\� WKH� FDVHV� RI� LQWHUFHSW�UHVHQG� DQG
EHDPVSOLWWLQJ�DUH�LQYHVWLJDWHG�

��� 6RIWZDUH�,PSOHPHQWDWLRQ
,Q� WKH� H[SHULPHQWDO� V\VWHP� VHWXS� WKH� LQIRUPDWLRQ� LV� PRGXODWHG� XVLQJ� WKH� %��
VFKHPH��KHQFH�WKH�SUDFWLFDO�SURWRFRO� LPSOHPHQWHG� LQ�WKH� VRIWZDUH�DOVR�ZRUNV�ZLWKLQ
WKH�IUDPHV�RI�WKLV�VFKHPH��<RX�FRXOG�VD\�WKDW�WKH�VRIWZDUH� LPSOHPHQWDWLRQ�LV� MXVW�D
UHDOL]DWLRQ�RI�WKH�SXEOLF�FKDQQHO��XVHG�WR�FRUUHFW�DQG�PDNH�WKH�NH\�VHFXUH�DIWHU�LW�KDV
EHHQ� WUDQVPLWWHG� RYHU� WKH� SULYDWH� FKDQQHO�� 3ULYDWH� DQG� SXEOLF� FKDQQHOV� ZHUH
GLVFXVVHG�LQ�VHFWLRQ�����DQG�����

7KH�SURJUDP�HPERGLHV�D�JUDSKLFDO�XVHU�LQWHUIDFH��*8,��IXQFWLRQ�WKDW�VHUYHV�DV�D
FRPPDQG� ZLQGRZ�� 7KLV� IXQFWLRQ� TFLQWHUIDFH�P� RQO\� KDQGOHV� SDUDPHWHU�FKRLFHV
DQG� UHVXOW�JUDSKLFV� DQG� WKHUHIRUH�� LQ� LWV� WXUQ�� FDOOV� D� VXE�IXQFWLRQ� PDLQ�P� WKDW
UHDOL]HV� WKH�SURWRFRO��7ZR�RWKHU�JUDSKLFDO�ZLQGRZV� FDQ�EH� RSHQHG�ZKLFK� UHSUHVHQWV
HDFK�$OLFH
V�DQG�%RE
V�VLGH��$�VDPSOH�RI�WKH�NH\�IRU�HDFK�VLGH�LV�VKRZQ�KHUH�DQG�WKHLU
GHYHORSPHQW� WKURXJK� WKH� SURWRFRO� �� WRZDUGV� D� FRPPRQO\� VKDUHG� NH\� �� FDQ� EH
IROORZHG�� 1R� FRPPXQLFDWLRQ� ZKDWVRHYHU� EHWZHHQ� $OLFH� DQG� %RE� LV� DOORZHG� H[FHSW
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ZLWKLQ�WKH�UXOHV�RI�WKH�SURWRFRO��DOWKRXJK�LW�FRXOG�EH�WHPSWLQJ�WR�FKHDW�DV�WKH\�UHVLGH
RQ� WKH� VDPH� FRPSXWHU�� 7KLV� GLVWLQFWLRQ� LV� PDLQWDLQHG� EHFDXVH� RI� GHVLUHG� IXWXUH
SRVVLELOLWLHV� RI� SXWWLQJ� $OLFH� DQG� %RE� RQ� VHSDUDWH� FRPSXWHUV�� 7KHQ� IRU� WKH� SXEOLF
FKDQQHO�� \RX� ZLOO� MXVW� KDYH� WR� LQWHJUDWH� WKH� SURJUDP� ZLWK� VRPH� UHOLDEOH� HUURU� IUHH
FRPPXQLFDWLRQ�FKDQQHO�� OLNH� D� ]HUR�PRGHP�� WHOHSKRQH�PRGHP�� (WKHUQHW�� ,QWHUQHW
SURWRFRO��7&3�,3���RU�VXFK�

7KH� VWHSV� SHUIRUPHG� DUH� LQ� RUGHU�� WKH� UDQGRP� ELWV� JHQHUDWLRQ�� $OLFH
V
WUDQVPLVVLRQ� RI� WKH� ELWV�� %RE
V� UHFHSWLRQ� RI� WKH� ELWV�� VLIWLQJ�� UHFRQFLOLDWLRQ� �HUURU
FRUUHFWLRQ��� DQG� ODVW� SULYDF\� DPSOLILFDWLRQ�� 7KHVH� VWHSV� ZHUH� WUHDWHG� LQ� &KDSWHU� ��
$OVR��VHH�)LJXUH�����

$V�GLVFXVVHG��WKH�SURJUDP�VWDUW�RII�ZLWK�WKH�LQSXW�RI�WKH�UDZ�ELWV��HLWKHU�UHFHLYHG
IURP� /DEYLHZ�� L�H�� D� UHDO� WUDQVPLVVLRQ� LQ� WKH� TXDQWXP� FKDQQHO�� RU� IURP� D
VLPXODWLRQ��7KH�ELW�VHTXHQFH�JHQHUDWHG�E\�$OLFH�FRPHV�HLWKHU�IURP�WUXO\�UDQGRP�ELWV
JHQHUDWHG� E\� DQ� H[WHUQDO� UDQGRP�ELW� JHQHUDWRU� FRQWUROOHG� E\�/DEYLHZ�� RU� IRU� VPDOO
VLPXODWLRQV�� IURP� D� SVHXGR�UDQGRP� JHQHUDWLRQ� LQ�0DWODE�� �3UHSDUDWLRQV� KDYH� EHHQ
PDGH� IRU� IXWXUH� LPSOHPHQWDWLRQV� RI� WKH� H[WHUQDO� GHYLFH�� ,W� LV� QRW� XVHG� IRU� WKH
PRPHQW���1RZ�$OLFH�DQG�%RE�KDYH�RQH�YHUVLRQ�HDFK�RI�WKH�UDZ�ELWV��EXW�WKH\�DUH�QRW
WKH� VDPH��$V�FRYHUHG� LQ�&KDSWHU���WKH�UDZ�ELWV�DUH�QRZ�XQGHUWDNHQ�VLIWLQJ�� WKDW� LV�
%RE� VXSSOLHV�$OLFH�ZLWK�NQRZOHGJH� RI� WKH� EDVHV� XVHG�PHDVXULQJ� WKH� EDVHV� RQ�%RE
V
VLGH��$OLFH� FRPSDUHV� DOO� EDVHV� ZLWK� KHUV� DQG� VHQGV� LQIRUPDWLRQ� EDFN� WR�%RE� WHOOLQJ
ZKLFK� TXELWV�ZHUH�PHDVXUHG� FRUUHFWO\��1RZ� WKH\� KDYH� DURXQG� ���� RI� WKH� ELWV� OHIW�
HYHQWXDOO\�FRQWDLQLQJ�HUURUV�

7KH� VWHSV� UHPDLQLQJ� DUH�� HUURU� FRUUHFWLRQ�� WR� UHFRQFLOH� WKH� NH\�� DQG� SULYDF\
DPSOLILFDWLRQ�� WR� PDNH� WKH� NH\� PRUH� VHFUHW� DQG� GHFUHDVH� (YH
V� LQIRUPDWLRQ� WR� DQ
DFFHSWDEOH� ORZ� OHYHO��+RZ� WKHVH� SULQFLSDO� VWHSV� DUH� SUDFWLFDOO\� LPSOHPHQWHG�ZLOO� EH
GLVFXVVHG�LQ�WKH�IROORZLQJ�VHFWLRQV��6HH�DOVR�)LJXUH�����

,Q�WKH�*8,�ZLQGRZ��WZR� LPSRUWDQW�SDUDPHWHUV�DUH� VHW�� FRQFHUQLQJ� ILQDO� VHFXULW\
� WRO

(, �DQG�SVDIH��� WRO
(, � LV�WKH�PD[LPXP�WROHUDWHG�OHYHO�RI�WKH�6KDQQRQ�LQIRUPDWLRQ�IRU

(YH� RQ� WKH� ILQDO� NH\�� ,W� VKRXOG� EH� FKRVHQ� YHU\� VPDOO�� LQ� WKH� RUGHU� RI� DW�PRVW� ������
SVDIH�WHOOV�XV�ZLWK�ZKDW�SUREDELOLW\�WKLV�YDOXH�ZLOO�EH�H[FHHGHG��DOVR�WR�EH�YHU\�VPDOO�LQ�WKH�RUGHU�RI�DW�PRVW�������

)RU� WKH� SURJUDP� WR� ZRUN� LQ� SUDFWLFH� \RX� QHHG� WR� GR� VRPH� WHVW� RQ� WKH� DFWXDO
TXDQWXP� ELW� HUURU� UDWH�� ,I� \RX� ZDQW� WKH� SURJUDP� WR� ZRUN� DV� UHDOLVWLF� DV� SRVVLEOH�
WKHVH�WHVWV�VKRXOG�EH�FKRVHQ�E\�PDUNLQJ�D�ER[�LQ�WKH�*8,�EHIRUH�H[HFXWLRQ��7KH�ILUVW
WHVW�� (67,04%(5� �EHIRUH� DQ\� VHFXUH� NH\�WUDQVPLVVLRQ� LV� PDGH��� LV� WR� WHVW� WKH
TXDQWXP�ELW�HUURU�UDWH�RI�WKH�FKDQQHO��WKDW�LV��H�J��WKH�GHWHFWRU�HIILFLHQF\��7KH�RWKHU
WHVW��7(674%(5� �EHIRUH� HUURU� FRUUHFWLRQ��� LV� WR� HVWLPDWH� WKH� DFWXDO�4%(5�� 7KLV
HVWLPDWH� LV� XVHG� WR� VHW� WKH� VL]H� RI� WKH� EORFN�OHQJWK� DQG� RWKHU� SDUDPHWHUV� IRU� WKH
UHFRQFLOLDWLRQ�SURWRFROV�� ,Q� FDVH� WKHVH� WHVWV� DUH� QRW� FKRVHQ�� WKH� SURJUDP� ZLOO� ZRUN
DQ\ZD\��ZLWK�YDOXHV�VHW�LQ�WKH�FDVH�RI�D�TXDQWXP�FKDQQHO�VLPXODWLRQ��$OO�SDUDPHWHUV
DUH�H[SODLQHG�PRUH�LQ�VHFWLRQ�������DQG�������
����� 3URJUDP�6WUXFWXUH
:LWKLQ�WKH�IUDPHV�RI�WKH�SURWRFRO��VRPH�LQIRUPDWLRQ�ZLOO�EH�H[FKDQJHG�EHWZHHQ�$OLFH
DQG�%RE��7KH�SURJUDP�LV�GHVLJQHG�IRU�%RE�WR�DFW�DV�WKH�UXOLQJ�SDUW��,Q�RWKHU�ZRUGV�
%RE�LV�WKH�RQH�ZKR�WDNHV�DFWLRQ�DQG�FDOOV�IRU�LQIRUPDWLRQ�IURP�$OLFH�ZKHQ�QHHGHG��LQ
RUGHU� WR� SURFHHG� ZLWK� WKH� SURWRFRO�� 7KLV� PD\EH� LQ� WKH� RSSRVLWH� ZD\� RI� WKH
QRPHQFODWXUH� SUHVHQWO\� XVHG� LQ� WKH� OLWHUDWXUH� FRPPXQLW\�� EXW� LV� QHYHUWKHOHVV
HIILFLHQW� LQ�DQ�LPSOHPHQWDWLRQ�SRLQW�RI�YLHZ��DQG� LW�PDNHV�QR�GLIIHUHQFH� LQ�SUDFWLFDO
XVH��ZKLFK�GLUHFWLRQ�WKH�LQIRUPDWLRQ�WUDYHOV�
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$� PRGHO� RI� WKH� SURJUDP�� L�H�� WKH� SURJUDP� VWUXFWXUH� GLDJUDP�� FDQ� EH� IRXQG
DWWDFKHG�LQ�$SSHQGL[�%��7KH�*8,�IXQFWLRQ�TFLQWHUIDFH�P�FDOOV�PDLQ�P�ZKR�LV�WKH

ERVV�IXQFWLRQ
��GHVLJQHG�WR�EH�RQ�HLWKHU�VLGH�RI�$OLFH�DQG�%RE��3UHVHQWO\�WKH\�UHVLGH
DW� WKH� VDPH� FRPSXWHU�� LQ� IXWXUH� WKH\�FDQ�EH� VHSDUDWHG�ZLWK�PHDJHU�PRGLILFDWLRQ�RI
WKH� FRGH�� 7KH� IXQFWLRQV� RI� $OLFH� DQG� %RE� DUH� LPSOHPHQWHG� LQ� DOLFH�P� UHVSHFWLYH
ERE�P��%RE� KDV� URXWLQHV� EREBSURWRFROB[[[[[[[�P� DQG� EREBJUDSKLFV�P�� WKDW
KDQGOHV� WKH�SURWRFRO� DQG� WKH� JUDSKLFV� UHVSHFWLYHO\�� L�H�� SULQWV� WKH� NH\� LQ� D� VHSDUDWH
ZLQGRZ��[[[[[[[� VWDQGV� IRU� WKH� QDPH� RI� HLWKHU� RQH� RI� WKH� WKUHH� GLIIHUHQW� W\SHV� RI
SURWRFROV� LPSOHPHQWHG�� FDVFDGH��FRUUHFW��GLVFDUG�� 7KH� VDPH� URXWLQHV� H[LVW� IRU
$OLFH��7KHVH�IXQFWLRQV�DUH�FDOOHG� IRU�XVLQJ�DQ�DUJXPHQW�OLNH�PHWKRG�RU�VHUYLFH�� LQ
RUGHU�WR�PDNH�HDFK�IXQFWLRQ�SHUIRUP�GLIIHUHQW�WDVNV��D�NLQG�RI�SVHXGR�REMHFW�RULHQWHG
FODVV�SURJUDPPLQJ��� � 7KH� QDPHV� RI� WKH� GLIIHUHQW� PHWKRGV� LQ� WKH� SURJUDP� PRGHO
�$SSHQGL[�%��DUH�FKRVHQ�WR�SURYLGH�D�KLQW�RI�WKHLU�IXQFWLRQ�

7KH�SXEOLF�FKDQQHO� LV� LPSOHPHQWHG� LQ�SXEOLFFK�P� DQG�WKH�SULYDWH�FKDQQHO��IRU
VLPXODWLRQV�� LQ� TXDQWXPFK�P�� :KHQ� XVLQJ� WKH� UHDO� TXDQWXP� FKDQQHO�� L�H�� ILEHU�
TXDQWXPFK�P� FDOOV� IRU� DQRWKHU� IXQFWLRQ� ODEYLHZBTXDQWXPFK�P� WKDW� HVWDEOLVKHV
WKH�FRQQHFWLRQ�WR�WKH�H[SHULPHQWDO�VHWXS��$W�WKLV�VWDJH��DOO�WKDW�SXEOLFFK�P�GRHV�LV
WR� IRUZDUG� DOO� RUGHU� IURP� %RE� WR� $OLFH� DQG� YLFH� YHUVD�� :KHQ� VHSDUDWLQJ� RQ� WZR
FRPSXWHUV� ODWHU�� WKLV� VKRXOG� EH� WKH� RQO\� IXQFWLRQ� WR� FKDQJH�� E\� DGGLQJ� FRGH� IRU
(WKHUQHW�FRQQHFWLRQ�RU�VXFK�

0DLQ�6WHSV�LQ�3URJUDP�&RGH�

�� 6WDUW��TFLQWHUIDFH�P� FDOOV� PDLQ�P�� WKDW�� LQ� LW
V� WXUQ
FDOOV�DOLFH�P

�� $OLFH� LQLWLDWHV� ELWV�� DOLFH�P� FDOOV� TXDQWXPFK�P� ZHUH
WKH� UDQGRP� ELWV� DUH� JHQHUDWHG�� WKHVH� DUH� VHQG� RYHU
TXDQWXP�FKDQQHO�

�� %RE� UHFHLYHV�� PDLQ�P� FDOOV� ERE�P�� WKDW�� LQ� WXUQ� FDOOV
TXDQWXPFK�P�DQG�ERE�P�UHFHLYHV�WKH�ELWV�

�� 3URWRFRO�� ERE�P� FDOOV� H�J�� EREBSURWRFROBFDVFDGH�P
WKDW� LQ� WXUQ� FDOOV� DOLFHBSURWRFROBFDVFDGH�P� DQG
WKH� SURWRFRO� FRQQHFWLRQ� LV� VR� HVWDEOLVKHG�� 7KH� IROORZLQJ
VWHSV�DUH�SHUIRUPHG�
L�� 6LIWLQJ��FRPSDUH�EDVHV��
LL�� 5HFRQFLOLDWLRQ��HUURU�FRUUHFWLRQ��
LLL�� 3ULYDF\�DPSOLILFDWLRQ�

�� (QG��ERE�P�VHQGV�KLV�NH\�EDFN�WR�PDLQ�P��PDLQ�P�DOVR
UHFHLYHV�NH\�IURP�DOLFH�P�

7DEOH� ����� 0DLQ� VWHSV� LQ� WKH� 4XDQWXP� &U\SWRJUDSK\
,QWHUIDFH�� D� EDVLF� VWDWH�IORZ�� GHVFULELQJ� WKH� FRQQHFWLRQ
EHWZHHQ�WKH�URXWLQHV�PDNLQJ�XS�WKH�SURJUDP��7KH�ODVWV�VWHS
��� VKRXOG� RI� FRXUVH� QRW� EH� GRQH� LQ� D� UHDO� LPSOHPHQWDWLRQ
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VXLWHG� IRU� VHFXUH� FRPPXQLFDWLRQ�� 7KLV� VWHS� LV� RQO\� IRU
VLPXODWLRQ� UHDVRQV�� VR� WKDW� $OLFH
V� DQG� %RE
V� NH\V� FDQ� EH
FRPSDUHG�IRU�HUURUV�

����� 6LPXODWLRQ�RI�7KH�4XDQWXP�&KDQQHO
,Q�RUGHU� WR� LQYHVWLJDWH� WKH�SHUIRUPDQFH�RI�GLIIHUHQW�SURWRFROV�� LW�ZRXOG�EH�YHU\�QLFH
QRW� EHLQJ� UHTXLUHG� WR� XVH� WKH� UHDO� TXDQWXP� FKDQQHO�� 7KHUHIRUH�� LW� LV� SRVVLEOH� WR
VLPXODWH�WKH�FKDQQHO�DQG�GLIIHUHQW�HDYHVGURSSLQJ�DWWDFNV�RQ� LW��7KH�LPSOHPHQWDWLRQ
LV�YHU\�VLPSOH��,Q�TXDQWXPFK�P�LV�DOVR�LPSOHPHQWHG�WKH�SRODUL]DWLRQ�PRGXODWRU�DQG
GHPRGXODWRU��WKDW�LV�WKH�ELWV�$OLFH�VHQG�DUH�VWUXFWXUHG�WRJHWKHU�UDQGRPO\�ZLWK�HLWKHU
FKRLFH�RI�UHFWDQJXODU�RU�GLDJRQDO�SRODUL]DWLRQ��7KLV�LV�VDYHG�DV�REMHFW�SKRWRQV�
7KHVH�SKRWRQV�FDQ�WKHQ�EH�GHPRGXODWHG�E\�%RE�LQWR�ELWV��E\�FKRRVLQJ�LQ�WKH�VDPH
ZD\��HLWKHU�SRODUL]DWLRQ�EDVLV�UDQGRPO\���LI�KH�FKRRVHV�WKH�FRUUHFW�EDVH�KH�ZLOO�UHFHLYH
WKH� FRUUHVSRQGLQJ� ELW� �� LI� KH� FKRRVHV� ZURQJ� EDVH� KH� ZLOO� �QRW� WR� KLV� NQRZOHGJH�
UHFHLYH� D� UDQGRP� ELW�� (YHQWXDOO\� (YH� FRXOG� DOVR� KDYH� EHHQ� HDYHVGURSSLQJ� DQG� VR
FKDQJHG� WKH� YDOXH� RI� VHYHUDO� ELWV�� RU� FKDQJHG� WKH� SRODUL]DWLRQ� EDVH� DQG� LQWURGXFHG
HUURUV��7KLV� LV� LPSOHPHQWHG�E\�VLPSO\� IOLSSLQJ�WKH�ELW�LQIRUPDWLRQ� LQ�D�SKRWRQ�ZLWK
WKH� SUREDELOLW\� VHW� E\� D� SDUDPHWHU�� ,W� FRYHUV� WKH� WZR� LQGLYLGXDO�VLJQDO� DWWDFNV�
LQWHUFHSW�UHVHQG�DQG�EHDPVSOLWW�

7KH�SDUDPHWHUV�XVHG�WR�UHDOL]H�WKH�SULYDWH�FKDQQHO�DUH��WKH�SKRWRQ�LQWHQVLW\��x��
WKH� GHWHFWRU� HIILFLHQF\� �s��� WKH�4%(5� IRU� FKDQQHO� DQG� GHWHFWRU�� DQG� WKH�4%(5
LQWURGXFHG� E\� (YH�� 7KH� LPSOHPHQWDWLRQV� RI� WKHVH� SDUDPHWHUV� DUH� VWUDLJKWIRUZDUG�
WKH� SKRWRQ� LQWHQVLW\� WHOOV� KRZ�PDQ\� ELWV� VKRXOG� EH� PRGXODWHG� DW� $OLFH
V� VLGH� DQG
VHQW�RYHU�WKH�FKDQQHO��WKH�GHWHFWRU�HIILFLHQF\�ZLOO�EH�WKH�SUREDELOLW\�WKDW�D�SKRWRQ�LV
GHPRGXODWHG� DW� DOO�� DQG� WKH� FKDQQHO�4%(5� DUH� DOO� WKH� HUURUV� LQWURGXFHG� E\� WKH
GHWHFWRU� DW� %RE
V� VLGH� E\� IOLSSLQJ� KLV� UHFHLYHG� ELWV� ZLWK� D� SUREDELOLW\� VHW� E\� D
SDUDPHWHU�YDOXH�
����� *UDSKLFDO�8VHU�,QWHUIDFH
7R�RSHQ�WKH�LQWHUIDFH�ZLQGRZ��UXQ�TFLQWHUIDFH�P�LQ�0DWODE��<RXU�ILUVW�FKRLFH�LV
KRZ�PDQ\�ELWV�\RX�ZDQW�$OLFH� WR� VWDUW�RII�ZLWK��DQG� VHQG� WR�%RE�� H�J�� �����ELWV�� ,I
\RX� OLNH�WR�FKHFN�WKH�TXDQWXP�FKDQQHO� IRU� LWV�TXDQWXP�ELW�HUURU�UDWH�\RX�PXVW�DOVR
VSHFLI\�KRZ�PDQ\�ELWV�\RX�ZDQW�WR�XVH�IRU�WKH�WHVW��7KLV�JLYHV�DQ�HVWLPDWH�RI�HFKDQQHO�%\�IUDFWLRQ��\RX�FDQ�DOVR�FKRRVH�KRZ�PDQ\�ELWV�EHIRUH�HUURU�FRUUHFWLRQ�WKDW�VKRXOG�EH
XVHG�WR�HVWLPDWH�WKH�4%(5��H��DQG�VR�WKH�EORFN�OHQJWKV�XVHG�LQ�WKH�SURWRFRO��0DUN
WKH� ER[� IRU� VLPXODWLQJ�TXDQWXP� FKDQQHO�� ILOO� RXW� FRUUHVSRQGLQJ� SDUDPHWHUV�� <RX
FDQ� FKRRVH� ZKDW� HUURU� FRUUHFWLRQ� SURWRFRO� WR� XVH�� DQG� LI� \RX� ZDQW� WR� GR� SULYDF\
DPSOLILFDWLRQ�

7KHUH�DUH�WZR� VHFXULW\�SDUDPHWHUV�� WKH�PD[LPXP�WROHUDWHG� LQIRUPDWLRQ�� WRO
(, �� RI

(YH�RQ�WKH�ILQDO�NH\��DQG�WKH�SUREDELOLW\��SXQVDIH ��SVDIH��WKDW�WKLV�YDOXH�ZLOO�DFWXDOO\EH�H[FHHGHG��%RWK�FDQ�EH� FKRVHQ�DUELWUDULO\� ORZ�DW� H[SHQVH� RI� WKH� ILQDO�NH\� UDWH��DV
ORQJ�DV�WKH�4%(5�LV�EHORZ�D�PD[LPXP�YDOXH��GLVFXVVHG�LQ�VHFWLRQ�����

7KH� YDOXH� IRU� SDUDPHWHU�5DQGRP�QRLVH� VHHG� LV� XVHG� DV� D� VHHG� IRU� DOO� SVHXGR�
UDQGRP�QXPEHUV�JHQHUDWHG�LQ�WKH�SURJUDP��,W�LV�WKXV�SRVVLEOH�WR�UHSHDW�D�VLPXODWLRQ
ZLWK�H[DFWO\�WKH�VDPH�RXWFRPH��,I�WKLV�SDUDPHWHU�LV�VHW�WR�
�
�WKHQ�D�UDQGRP�VHHG�ZLOO
EH�XVHG��5XQ�D�VLPXODWLRQ�E\�SUHVVLQJ�
6WDUW�6LPXODWLRQ
�
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)LJXUH������$�VDPSOH�0DWODE�*8,�RI�WKH�4XDQWXP�&U\SWRJUDSK\
6LPXODWLRQ� 3URJUDP�� 5HVXOW� IURP� RQH� VLPXODWLRQ� DSSHDUV� LQ� WKH
ORZHU�OHIW�ER[�

��� 6LPXODWLRQV
7KUHH� RI� WKH� UHFRQFLOLDWLRQ� SURWRFROV� SUHVHQWHG� LQ� &KDSWHU� �� DUH� LPSOHPHQWHG�
[[[BSURWRFROBGLVFDUG�P�� [[[BSURWRFRO�FRUUHFW�P�� DQG� [[[BSURWRFROB
FDVFDGH�P��'LVFDUGLQJ� HUURUV� DQG�&RUUHFWLQJ� HUURUV� DUH� LPSOHPHQWHG�PDLQO\� IRU
FRPSDULVRQ� UHDVRQV�� &DVFDGH� LV� WKH� PRVW� HIIHFWLYH� PHWKRG�� ZRUNLQJ� FORVH� WR� WKH
6KDQQRQ�OLPLW�DV�GLVFXVVHG�HDUOLHU��7KLV�LV�YHULILHG�E\�VLPXODWLRQV�
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����� (UURU�&RUUHFWLRQ�3URWRFROV
)URP� VHFWLRQ� ���� ZH� VDZ� WKHUH� H[LVW� GLIIHUHQW� HVWLPDWLRQV� IRU� (YH
V� NQRZOHGJH�� D
VLPSOHU�DQG�D�FUXGHU�YHUVLRQ��)LJXUH� ����DQG�)LJXUH� ���� VKRZV� VLPXODWLRQV�YHULI\LQJ
WKH� SHUIRUPDQFH� RI� WKH� SURWRFROV� 'LVFDUG� DQG� &DVFDGH� IRU� ERWK� HVWLPDWHV�� 7KH
QRUPDOL]HG�LQIRUPDWLRQ�LV�FDOFXODWHG�NQRZLQJ�WKH�QXPEHU�RI�VLIWHG�ELWV�DQG�WKH�ILQDO
NH\�OHQJWK�UHVXOWLQJ� IURP�VLPXODWLRQ� IRU�GLIIHUHQW�HUURU�UDWHV��,$% 1I�1V��7KH�VDPHDSSOLHV� IRU�(YH
V� LQIRUPDWLRQ� ,(�� EXW� QRZ�ZH� FRPSDUH� WKH� HVWLPDWH� RI� KHU� DFTXLUHGQXPEHU�RI�ELWV�ZLWK�WKH�VLIWHG�NH\�OHQJWK��7KH�GLIIHUHQFH�EHWZHHQ�WKH�FXUYHV� FDQ�EH
VHHQ� DV� WKH� ILQDO� VHFUHW� LQIRUPDWLRQ� WKDW� FDQ� EH� H[WUDFWHG� IURP� WKH� NH\� DIWHU
FRPSUHVVLRQ� E\� SULYDF\� DPSOLILFDWLRQ�� 7KHVH� SORWV� WKXV� VKRZ� WKH� VWDWH� DIWHU� HUURU
FRUUHFWLRQ� EXW� EHIRUH� SULYDF\� DPSOLILFDWLRQ�� )RU� WKH�GLVFDUG� SURWRFRO� DQG�ZLWK� WKH
FUXGHU� HVWLPDWH� ZH� REWDLQ� D� ERXQG� DW� ������� 7KH� GLIIHUHQFH� KHUH� FRPSDUHG� WR� WKH
WKHRUHWLFDO�������LV�GXH�WR�WKH�SRRU�SHUIRUPDQFH�RI�WKLV�SURWRFRO��7KH�VDPH�DUJXPHQW
DSSOLHV�WR�WKH�VLPSOH�HVWLPDWH�JLYLQJ�������FRPSDUHG�WR�����
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,
$%$OLFH�%RE�PXWXDO�LQIRUPDWLRQ,
(
&UXGHU�HVWLPDWH�RI�������OLPLW

,
( �6LPSOH�HVWLPDWH�RI�����OLPLW

�����

�����

)LJXUH� �����'LVFDUG� SURWRFRO�� 7KH� VROLG� OLQH� VKRZLQJ� $OLFH
V� DQG
%RE
V�PD[LPXP�PXWXDO� LQIRUPDWLRQ� IRU�%%���� ,W� LV� GHFUHDVLQJ�ZLWK
Z�U�W� WKH� HUURU�UDWH�� (YH
V� NQRZOHGJH� LV� FRQVHTXHQWO\� LQFUHDVLQJ�� $W
VRPH� SRLQW� WKH� FXUYHV�PHHW�� DQG� WKHUH
V� QR� VHFUHW� LQIRUPDWLRQ� WKDW
FDQ�EH�H[WUDFWHG�IURP�WKHLU�NH\��7ZR�OLPLWV�HOLP��DUH�DFKLHYHG��RQH�IRUHDFK� HVWLPDWH� RI� (YH
V� LQIRUPDWLRQ�� 7KHVH� DUH� ORZHU� WKDQ� WKH
WKHRUHWLFDO��EDVHG�RQ�HUURU�FRUUHFWLRQ�DW�WKH�6KDQQRQ�OLPLW��

)RU�WKH�FDVFDGH�SURWRFRO�ZH�LQVWHDG�ILQG�WKH�FRUUHVSRQGLQJ�OLPLWV�������DQG�����
7KH�VLPXODWLRQ�GRHV�QRW�JLYH�HQRXJK�UHVROXWLRQ�WR�VHH�WKDW�LQ�IDFW�WKHVH�OLPLWV�DUH
FORVH�WR��EXW�QRW�DW��WKH�WKHRUHWLFDO�OLPLWV�
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7KH�LQIRUPDWLRQ��T��ORVW�WR�(YH�GXULQJ�HUURU�FRUUHFWLRQ�IRU�WKH�FDVFDGH�SURWRFRO�LV
FDOFXODWHG�LQ�WKH�VRIWZDUH�LPSOHPHQWDWLRQ�E\�FRXQWLQJ�WKH�QXPEHU�RI�SDULW\�FKHFNV�
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,
$%$OLFH�%RE�PXWXDO�LQIRUPDWLRQ,
(
&UXGHU�HVWLPDWH�RI�������OLPLW

,
( �6LPSOH�HVWLPDWH�RI�����OLPLW

���
�����

)LJXUH� ����� &DVFDGH� SURWRFRO�� 7KH� VROLG� OLQH� VKRZLQJ� $OLFH
V� DQG
%RE
V� PXWXDO� LQIRUPDWLRQ�� EHLQJ� FRQVWDQW� EHFDXVH� HUURUV� DUH
FRUUHFWHG��(YH
V�NQRZOHGJH�LV�FRQVHTXHQWO\�LQFUHDVLQJ�Z�U�W�WKH�HUURU�
UDWH�� $W� VRPH� SRLQW� WKH� FXUYHV� PHHW�� DQG� WKHUH
V� QR� VHFUHW
LQIRUPDWLRQ�WKDW�FDQ�EH�H[WUDFWHG�IURP�WKHLU�NH\��7ZR�OLPLWV�HOLP��DUHDFKLHYHG��RQH� IRU�HDFK�HVWLPDWH�RI�(YH
V� LQIRUPDWLRQ��7KHVH�DUH�YHU\
FORVH� WR� WKH� WKHRUHWLFDO� �EDVHG� RQ� HUURU�FRUUHFWLRQ� DW� WKH� 6KDQQRQ
OLPLW��

����� 3ULYDF\�$PSOLILFDWLRQ�3URWRFRO
7KH� SULYDF\� DPSOLILFDWLRQ� VWHS� LV� LPSOHPHQWHG� E\� XVH� RI� D� OLQHDU� XQLYHUVDO� KDVK�
IXQFWLRQ� DV� VWDWHG� LQ� VHFWLRQ� ����� 7KDW� LV�� D�PDWUL[� LV�PDGH� FRQVLVWLQJ� RI� UDQGRPO\
FKRVHQ� ��V� DQG� ��V�� ,WV� VL]H� LV� 1Hd1I�� :H� PDNH� D� PRGXOR���ZLVH� PXOWLSOLFDWLRQEHWZHHQ� WKLV� KDVK�IXQFWLRQ� DQG� WKH� UHFRQFLOHG� NH\� �OHQJWK� 1H��� 2XW� FRPHV� DFRPSUHVVHG�NH\��KRSHIXOO\�VHFXUH��DQG�ZLWK� OHQJWK�1I��3DUDPHWHU�T� LV� FDOFXODWHG�E\FRXQWLQJ� SDULW\�FKHFNV� PLQXV� WKH� QXPEHU� RI� ELWV� GLVFDUGHG�� W� LV� HVWLPDWHG� E\� D
IRUPXOD�EDVHG�RQ�WKH�HUURU�UDWH��DQG�J�LV�GHFLGHG�IURP�WKH�SDUDPHWHUV�VHW�LQ�WKH�XVHU�
LQWHUIDFH� � WRO

(, DQG� SVDIH��� 7KH� DFWXDO� HUURU�UDWH�� H�� LV� ZHOO� NQRZQ� VLQFH� LW� LV� HDV\� WRFRXQW�KRZ�PDQ\�HUURUV�KDYH�EHHQ�FRUUHFWHG�
7KH�HIIHFWLYH�ELW�UDWH�5HII���OLNH�FDOFXODWHG�LQ�VHFWLRQ������LV�SORWWHG�LQ�)LJXUH����DQG�)LJXUH������VLPSOH�DQG�FUXGH�HVWLPDWH�RI�W��IRU�D�VLPXODWLRQ�VHQGLQJ������ELWV�DV

WKH� UDZ�NH\� DQG���� VLPXODWLRQV� IRU� HDFK� HUURU�UDWH� SORWWLQJ� YDOXH��7KH� IOXFWXDWLRQV



3URWRFROV�LQ�4XDQWXP�&U\SWRJUDSK\�6\VWHPV

��

DUH�ODUJH�IURP�HDFK�VLPXODWLRQ�WR�WKH�RWKHU�UHJDUGLQJ�WKH�ILQDO�NH\�OHQJWK��7KHUHIRUH
DYHUDJLQJ� LV� QHFHVVDU\�� $OVR� VKRZQ� LV� WKH� ELW�UDWHV� ZLWK� HUURU�FRUUHFWLRQ� DW� WKH
6KDQQRQ� OLPLW� ZLWK� DQG� ZLWKRXW� VHFXULW\� FRPSUHVVLRQ� J�� 1RWH� WKDW� IRU� J>�� WKHVH
VLPXODWHG�FXUYHV�GR�QRW�QHFHVVDULO\�KDYH�WR�OLH�DERYH�WKH�ORZHU�ERXQG�FDOFXODWHG�IRU
HDFK�SURWRFRO�LQ�VHFWLRQ�����
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5HII �(IIHFWLYH�%LW�5DWH�IRU�&DVFDGH�SURWRFRO��J>�
�(IIHFWLYH�%LW�5DWH�IRU�'LVFDUG�SURWRFRO��J>�

58�ERXQG�Z��HUURU�FRUUHFWLRQ�DW�6KDQQRQ�OLPLW��J>�
58�ERXQG�Z��HUURU�FRUUHFWLRQ�DW�6KDQQRQ�OLPLW��J=�

5HII

)LJXUH� ����� 8VLQJ� WKH� VLPSOH� HVWLPDWH� RI� W�� VLPXODWLRQV� WKHQ� JLYH
WKHVH� HIIHFWLYH� ELW�UDWHV� IRU� GLVFDUG� DQG� FDVFDGH� SURWRFRO�� 7KH
FDVFDGH� SURWRFRO� ZRUNV� YHU\� FORVH� WR� WKH� XSSHU� ERXQG� IRU� HUURU
FRUUHFWLRQ�DW�WKH�6KDQQRQ�OLPLW��J>����)RU�HUURU�UDWHV�ODUJHU�WKDQ����
����\RX�ZRXOG� LQ� SUDFWLFH� KDYH� WR� WUDQVPLW� ELWV� IRU� D� ORQJ� WLPH� WR
REWDLQ�DQ\�XVHIXO�NH\�OHQJWK�
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�(IIHFWLYH�%LW�5DWH�IRU�&DVFDGH�SURWRFRO��J>�
�(IIHFWLYH�%LW�5DWH�IRU�'LVFDUG�SURWRFRO��J>�

58�ERXQG�Z��HUURU�FRUUHFWLRQ�DW�6KDQQRQ�OLPLW��J>�
58�ERXQG�Z��HUURU�FRUUHFWLRQ�DW�6KDQQRQ�OLPLW��J=�

5HII

5HII

)LJXUH� ����� 8VLQJ� WKH� FUXGH� HVWLPDWH� RI� W�� VLPXODWLRQV� WKHQ� JLYH
WKHVH� HIIHFWLYH� ELW�UDWHV� IRU� GLVFDUG� DQG� FDVFDGH� SURWRFRO�� 7KH
FDVFDGH� SURWRFRO� ZRUNV� YHU\� FORVH� WR� WKH� XSSHU� ERXQG� IRU� HUURU
FRUUHFWLRQ� DW� WKH� 6KDQQRQ� OLPLW� �J>���� &RPSDUH� DOVR� WR� )LJXUH� ���
DQG�)LJXUH������DQG�WKH�ORZHU�ERXQG�RQ�WKH�SHUIRUPDQFH�IRU�WKH�WZR
SURWRFROV�

����� 6\VWHP�3HUIRUPDQFH
:H� KDYH� QRZ� LQYHVWLJDWHG� WKH� ELW�UDWH� GHFUHDVH� IURP� WKH� VWDUWLQJ� VWDJH� RI� WKH
GLVWULEXWLRQ� SURFHVV� KDYLQJ� WKH� UDZ�ELWV�� WR� WKH� ILQDO� VWDJH� RI� KDYLQJ� D� VHFXUH� NH\�
3ORWV�VKRZLQJ�WKLV�UHVXOW�ZHUH�SURYLGHG�LQ�WKH�SUHFHGLQJ�VHFWLRQ�

+RZHYHU�� IRU� DOO� SUDFWLFDO� UHDOL]DWLRQ�� PRUH� LQWHUHVWLQJO\� ZRXOG� EH� WR� DOVR� WDNH
LQWR�DFFRXQW�WKH�H[WHQVLYH�GHFUHDVH� LQ�ELW�UDWH�RYHU�WKH�TXDQWXP�FKDQQHO��7KHUH�DUH
PDLQO\� WKUHH� UHDVRQV� IRU� WKLV� ELW�UDWH� ORVV�� ILUVW� ZH� KDYH� DQ� LQWHQVLW\� RI� RQO\� x
�W\SLFDOO\�x �����RQ�WKH� OLJKWSXOVHV��7KLV�PHDQV� WKDW�RQ� WKH� DYHUDJH� RQO\�x� �HYHU\
���WK�� SKRWRQV� DUH� VHQW� IURP�$OLFH� IRU� HDFK� WUDQVPLVVLRQ�� WR� HQVXUH� WKDW� QRW� PRUH
WKDQ�RQH�SKRWRQ�LV� VHQW�DW�D�WLPH��6HFRQGO\��ZH�KDYH�WKH� ILEHU� ORVV�GHVFULEHG�E\�WKH
ILEHU�DWWHQXDWLRQ�FRQVWDQW�m��DQG�WKH� ILEHU� OHQJWK�/��2QO\�D� IUDFWLRQ�H�m/�ZLOO� UHDFK
%REV�GHWHFWRU��$V�D�WKLUG�ERWWOHQHFN�ZH�KDYH�WKH�GHWHFWLRQ�HIILFLHQF\��s��WKH�GHWHFWRU
IDLO�WR�UHJLVWHU�SKRWRQV���7KHVH�IDFWRUV�SXW�UHVWULFWLRQV�WR�WKH�ELW�UDWH�DFKLHYDEOH�E\

YH%U5 /
I

αηµ −== �
ZKHUH�Y�IUHTXHQF\�VHQW�RXW�E\�$OLFH��UI�LV�WKH�IUDFWLRQ�RI�ELWV�ORVW�LQ�WKH�34&�DQG�%LV�WKH�RULJLQDO�ELW�UDWH��
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7KH�SUREOHP�DERXW�WKH�SKRWRQ�LQWHQVLW\�QHHGV�VRPH�DGGLWLRQDO�FRPPHQWV��7KHUH
LV� D� WUDGHRII� WR� EH� FRQFHUQHG� ZLWK�� 2I� FRXUVH� ZH� ZRXOG� OLNH� x� DV� KLJK� DV� SRVVLEOH
�HTXDO� WR� ��� EXW� ZH� FDQQRW� HDVLO\� JHQHUDWH� VLQJOH� SKRWRQV�� WKHUHIRUH� ZH� VHW� WKH
LQWHQVLW\�WR�VRPH�ORZHU�YDOXH�WR�DVVXUH�WKDW�RQO\�YHU\�UDUHO\�PRUH�WKDQ�RQH�SKRWRQ�LV
VHQG�� 7KLV� LV� LPSRUWDQW�� UHPHPEHULQJ� WKH� HDYHVGURSSLQJ� VWUDWHJ\� RI� EHDPVSOLWWLQJ�
(YH�ZLOO�OHDUQ�PRUH�LQIRUPDWLRQ�ZLWK�KLJKHU�x��8QIRUWXQDWHO\��WKLV�GHFUHDVHV�WKH�ELW�
UDWH�RI�$OLFH�DQG�%RE�DQG�WKH\�JHW�WR�VKDUH�D�ORZHU�DPRXQW�RI�ELWV��7KHUH�ZLOO�DOZD\V
EH� VRPH� RSWLPDO� YDOXH� IRU�x�ZKHUH�(YH� OHDUQV� D� VPDOO� DPRXQW� RI� LQIRUPDWLRQ� IURP
EHDPVSOLWWLQJ��DW�WKH�VDPH�WLPH�DV�$OLFH�DQG�%RE�KDYH�D�IDLUO\�KLJK�ELW�UDWH�

1RUEHUW� /�WNHQKDXV� RI� +HOVLQNL� 8QLYHUVLW\�� KDV� UHFHQWO\� LQYHVWLJDWHG� WKLV
SUREOHP�LQ�GHWDLO��%\�NLQG�SHUPLVVLRQ��ZH�KDYH�ERUURZHG�KLV�VRIWZDUH��WR�PDNH�VRPH
SUHGLFWLRQV��7KH�WKHRUHWLFDO�EDFNJURXQG�DQG�GHULYDWLRQV�DUH�EH\RQG�WKH�VFRSH�RI�WKLV
WKHVLV�� 6LQFH� WKH� ZRUN� LV� QRW� \HW� SXEOLVKHG�� ZH� ZLOO� QRW� UHSURGXFH� DQ\� IRUPXODV�
UDWKHU�RQO\�SUHVHQW�VRPH�UHVXOWV�RI�LQWHUHVW�
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)LJXUH������(IIHFWLYH�ELW�UDWH� IRU� WKH�ZKROH� TXDQWXP� V\VWHP�YHUVXV
WKH�SKRWRQ�LQWHQVLW\�IRU�GLIIHUHQW�ILEHU�OHQJWKV�>����������������@�NP�
DQG� ZLWK� WKH� FDVFDGH� SURWRFRO� LQ� XVH�� 3DUDPHWHU� YDOXHV�� GHWHFWRU
HIILFLHQF\� s ������ ILEHU� ORVV� FRQVWDQW� m ����� >G%�NP@�� GDUN� FRXQW
UDWH� 5GDUN ������ $OLJQPHQW� HUURU� EHWZHHQ� ILEHUV�  � ������ SOXV� DQDGGLWLRQDO�FRQVWDQW�ORVV�RI��G%��7KH�FXUYHV�JLYH�WKH�RSWLPDO�YDOXH�IRU
WKH� SKRWRQ� LQWHQVLW\� IRU� HDFK� WUDQVPLVVLRQ�GLVWDQFH��7KLV� LV�RSWLPDO
LQ� WKH� VHQVH� WKDW� (YH� LV� DOORZHG� D� VPDOO� DV� SRVVLEOH� DPRXQW� RI
SKRWRQV� WR� HDYHVGURS�� DW� WKH� VDPH� WLPH�DV�%RE�ZLOO� GHWHFW� DV�PDQ\
LQIRUPDWLRQ�TXELWV�DV�SRVVLEOH�

,Q� WKHVH� FDOFXODWLRQV� PRUH� VRSKLVWLFDWHG� DWWDFNV� EDVHG� RQ� LQWHUFHSW�UHVHQG� DQG
EHDPVSOLWWLQJ� DUH� FRQVLGHUHG�� (YH� PD\� EH� LQ� SRVVHVVLRQ� RI� D� ILEHU� ZLWKRXW
DWWHQXDWLRQ��DQG��UHSODFLQJ�WKH�RULJLQDO�ILEHU�ZLWK�WKLV�RQH��VKH�FDQ�EH�LQ�IXOO�FRQWURO
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RYHU�WKH� LQWHQVLW\�DQG�WKH�SXOVH�UDWH�UHFHLYHG�E\�%RE��7KHUHIRUH��DV�(YH�NQRZV�� IRU
ORQJHU� ILEHU�OHQJWKV�� D� ODUJHU� DPRXQW� RI� SKRWRQV� LV� DWWHQXDWHG�� (YH� FDQ� XVH� KHU
SHUIHFW� ILEHU� WR� WDNH� D� ODUJHU� IUDFWLRQ� RI� SKRWRQV� WR� PHDVXUH�� DQG� UHVHQG� WR� %RE
ZLWKRXW� DQ\� DWWHQXDWLRQ� DW� DOO�� ,Q� RUGHU� IRU� WKLV� QRW� WR� KDSSHQ�� $OLFH� KDV� WR� NHHS
GRZQ� WKH� LQWHQVLW\� IRU� ORQJHU� OHQJWKV� RI� WKH� ILEHU��5HVXOWV� DUH�SORWWHG� LQ� )LJXUH� ���
IRU� GLIIHUHQW� OHQJWKV� RI� WKH� ILEHU�� 7KH� SKRWRQ� LQWHQVLW\� FRUUHVSRQGLQJ� WR� WKH
PD[LPXP��RSWLPDO��ELW�UDWH� IRU�WKDW� VSHFLILF� ILEHU�OHQJWK� VKRXOG�DOZD\V�EH�FKRVHQ�
:H�FDQ� VHH� LQ�WKH�SORW�WKDW�WKH�HIIHFWLYH�ELW�UDWH� LV� LQ� WKH� RUGHU� RI�������7KLV�PHDQV
WKDW� LI� ZH� UHTXLUH� D� ELW�UDWH� RI� ���� ELWV�VHF� �UHDVRQDEOH�� WKHQ� D� IUHTXHQF\� RI� Y
 �������� ��� �����N+]�LV�QHHGHG�IRU�WKH�ODVHU�SXOVHV�LQ�WKH�WUDQVPLVVLRQ�SDUW�RI�WKH
TXDQWXP�V\VWHP�
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&KDSWHU�� 

&RQFOXVLRQV
��� ([SHULPHQWDO�4XDQWXP�&U\SWRJUDSK\
7R�WKLV�GDWH��H[SHULPHQWDO�TXDQWXP�FU\SWRJUDSK\�KDV�EHHQ�SURYHQ�IHDVLEOH�LQ�VHYHUDO
ODEV�DOO�RYHU�WKH�ZRUOG��([SHULPHQWDO�VHWXSV�DUH�FXUUHQWO\�DEOH�WR�JHQHUDWH�VLIWHG�NH\V
DW�DQ�DFFHSWDEOH�ELW�UDWH� DQG�ZLWK� ORZ�HUURU�UDWHV��7KH�ZRUN� EHKLQG� WKLV�SDSHU� LV� D
SDUW� RI� WKH� QH[W� VWHS�� WR� LQYHVWLJDWH� XQGHU� ZKDW� FLUFXPVWDQFHV� LW� LV� SRVVLEOH� WR
LPSOHPHQW�SUDFWLFDO�SURWRFROV�WKDW� IURP�D� VLIWHG�NH\� FDQ�JHQHUDWH� WUXO\� VHFUHW�NH\V�
7KLV�VWHS�UHTXLUHV�SXEOLF�FRPPXQLFDWLRQ�WKDW�LV�FRQWUROOHG�E\�SURWRFROV�

7KH� GHPDQG� RQ� SURWRFROV� LV� WR� KDYH� KLJK� VXFFHVV�SUREDELOLW\� LQ� UHFRQFLOLQJ� WKH
NH\� DQG� WR� SURGXFH� NH\V� DW� D� KLJK� ELW�UDWH�� $ERXW� WKH� RYHUDOO� SHUIRUPDQFH� FDQ� EH
VDLG�WKDW�WKH�PRVW� LPSRUWDQW�WDVN� LV�WR� LQFUHDVH�WKH�ELW�UDWH�UDWKHU�WKDQ�WR�GHFUHDVH
WKH� HUURU�UDWH�� 7KH� EHVW� HUURU� FRUUHFWLRQ� SURWRFROV� �FDVFDGH�� FRUUHFWV� HUURUV� IDLUO\
ZHOO��LQ�IDFW�FORVH�WR�WKH�6KDQQRQ�OLPLW��DQG�WKH�GHFUHDVH�LQ�ELW�UDWH�RI�WKH�SURWRFRO�LV
DURXQG� RQH� KDOI� DW� PRGHVW� HUURU�UDWHV� ������� 7KH� GHFUHDVH� LQ� ELW�UDWH� RYHU� WKH
TXDQWXP�FKDQQHO�� LQFOXGLQJ�WKH�GHWHFWRU��LV�LQ�WKH�RUGHU�RI������� �7KLV� LQGLFDWHV�WKDW
ZRUN�WRZDUGV�RSWLPL]DWLRQ�RI�WKH�ODWWHU�SDUW�LV�GHVLUDEOH��7KH�SXEOLF�FRPPXQLFDWLRQ
SDUW� RI� TXDQWXP� NH\� GLVWULEXWLRQ�� LQYHVWLJDWHG� LQ� WKLV� WKHVLV�� VKRXOG� EH� SRVVLEOH� WR
LPSOHPHQW� WR� ZRUN� DW� VSHHGV� KLJK� HQRXJK� WR� QRW� EH� WKH� PDLQ� ERWWOHQHFN� LQ� WKH
RYHUDOO�V\VWHP�SHUIRUPDQFH��7KH�PRVW�WLPH�FRQVXPLQJ�SDUW�RI�WKH�SURWRFRO�VHHPV�WR
EH� SULYDF\� DPSOLILFDWLRQ�� GXH� WR� WKH� FRPSOH[LW\� RI� WKH� KDVK�IXQFWLRQV�� )XUWKHU
LQYHVWLJDWLRQV� WRZDUGV� IDVWHU� SURFHVVLQJ� RI� KDVK�IXQFWLRQ� PXOWLSOLFDWLRQ
V�� WR� VSHHG
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XS� WKH� SURWRFRO� SHUIRUPDQFH� DUH� XVHIXO��+RZHYHU�� WLPH�GHOD\� GXH� WR� FRPSXWDWLRQDO
SURFHVVLQJ�LV�QRW�GLUHFWO\�FRPSDUDEOH�ZLWK�WKH�H[SOLFLW�ORVV�LQ�ELW�UDWH�RI�WKH�SURWRFRO�
,W� LV� HQRXJK� IRU� WKH� SURWRFRO� WR� EH� H[HFXWHG� DW� OHDVW� WKH� VSHHG� RI� LQFRPLQJ� UDWH� RI
UDZ�ELWV��LQ�RUGHU�QRW�WR�VLQN�WKH�HIIHFWLYH�ELW�UDWH��7R�DFKLHYH�WKLV�VHHPV�QRW�WR�EH�D
SUREOHP�

��� )XWXUH�RI�4&"
7RGD\�DV�HYHU\RQH� LV�ZLULQJ�XS�WR�WKH�QHW�WKH�GHPDQG�RQ�VHFXULW\�LV� LQFUHDVLQJ�DW�D
IDVW� SDFH�� :LWKLQ� WUDGH�� EDQNLQJ�� HWF�� FU\SWRJUDSK\� LV� PRUH� LPSRUWDQW� WKDQ� HYHU�
:KHQ�LQIRUPDWLRQ�LV�VHQG�IURP�SRUWDEOH�EDQNLQJ�PDFKLQHV��RU�VXFK��LQIRUPDWLRQ�KDV
WR�EH�HQFU\SWHG��,W�LV�LPSRUWDQW�WKDW�QR�RQH�ZKR�VKRXOGQ
W�FDQ�UHDG�WKH�PHVVDJH��%XW
LW�LV�HYHQ�PRUH�LPSRUWDQW�WR�EH�VXUH�WKDW�LW�LV�WKH�ULJKW�SHUVRQ�\RX�DUH�WUXVWLQJ�RQ�WKH
RWKHU�VLGH�RI�WKH�FRPPXQLFDWLRQ�OLQH��7KHUH�LV�D�ELJ�QHHG�IRU�VHFXUH�FRPPXQLFDWLRQV�
7KH�PDLQ�ERWWOHQHFN�RI�WRGD\
V�FU\SWRJUDSK\�DOJRULWKPV�LV�WKHLU�VHQVLWLYLW\�WR�IXWXUH
LPSURYHPHQWV�RI�FRPSXWHU�VSHHGV��,I�TXDQWXP�FRPSXWLQJ�HYHU�FRPHV�WUXH��RU�HYHQ�LI
FODVVLFDO� FRPSXWHUV� EHFRPH� HQRXJK� IDVWHU� WKDQ� WRGD\�� FODVVLFDO� FU\SWRJUDSK\� PD\
KDYH�PHHW�LWV�PDWFK��5HWXUQLQJ�WR�$UWXU�(NHUW��ZKRP�ZH�TXRWHG�LQ�WKH�LQWURGXFWLRQ�
KH�VWDWHV��?,I�D�UHDO�QHHG�VKRZV�XS��TXDQWXP�FU\SWRJUDSK\�FDQ�EH�LPSOHPHQWHG
ULJKW�DZD\��,I�\RX�UHDOO\�ZDQW�WR�JR�IRU�VRPHWKLQJ�WKDW
V�SHUIHFWO\�VHFXUH��ZH
NQRZ� RI� QR� RWKHU� RSWLRQ� WKDQ� TXDQWXP� FU\SWRJUDSK\��� 6R� IDU� VR� JRRG�
H[SHULPHQWDO� UHVXOWV� KDYH� VKRZ� WKDW� LQGHHG�� ZH� DUH� QRW� IDU� IURP� EHLQJ� DEOH� WR
LPSOHPHQW� V\VWHPV� ZLWK� SHUIRUPDQFH� RI� FRPPHUFLDO� LQWHUHVW�� 7KHUH� DUH� VHYHUDO
JURXSV�DURXQG�WKH�ZRUOG�ZRUNLQJ�WRZDUGV�WKLV�JRDO�ULJKW�DW�WKLV�PRPHQW�



3URWRFROV�LQ�4XDQWXP�&U\SWRJUDSK\�6\VWHPV

��

%LEOLRJUDSK\
>�@ -��$GjPHN��?)RXQGDWLRQ�RI�&RGLQJ����:LOH\�,QWHUVFLHQFH����������,6%1�������

��������
>�@ &��+��%HQQHWW��?4XDQWXP�&U\SWRJUDSK\�XVLQJ�DQ\�WZR�QRQ�RUWKRJRQDO�VWDWHV��

3K\VLFV�5HYLHZ�/HWWHU�����������������
>�@ &��+��%HQQHWW��)��%HVVHWWH��*��%UDVVDUG��/��6DOYDLO��-��6PROLQ��?([SHULPHQWDO

4XDQWXP�&U\SWRJUDSK\���-��RI�&U\SWRJUDSK\�Y����SS��������������
>�@ &��+��%HQQHWW��*��%UDVVDUG��?4XDQWXP�&U\SWRJUDSK\��3XEOLF�NH\�GLVWULEXWLRQ

DQG�FRLQ�WRVVLQJ���3URFHHGLQJV�RI�,(((�,QWHUQDWLRQDO�&RQIHUHQFH�RQ
&RPSXWHUV��6\VWHPV�DQG�6LJQDO�3URFHVVLQJ��%DQJDORUH��,QGLD��SS���������
�������

>�@ &��+��%HQQHWW��*��%UDVVDUG��&��&UpSHDX��8��0��0DXUHU��?*HQHUDOL]HG�3ULYDF\
$PSOLILFDWLRQ���,(((�7UDQV��,QIR��7KHRU\������������������

>�@ &��+��%HQQHWW��*��%UDVVDUG��-�0��5REHUW��?+RZ�WR�UHGXFH�\RXU�HQHP\
V
LQIRUPDWLRQ���$GYDQFHV�LQ�&U\SWRORJ\���3URFHHGLQJV�RI�&U\SWR�
����$XJXVW
������/HFWXUH�1RWHV�LQ�&RPSXWHU�6FLHQFH��9RO�������6SULQJHU�9HUODJ��%HUOLQ�
������SS����������

>�@ &��+��%HQQHWW��*��%UDVVDUG��-�0��5REHUW��?3ULYDF\�$PSOLILFDWLRQ�E\�3XEOLF
'LVFXVVLRQ����6,$0�-RXUQDO�RQ�&RPSXWLQJ��9RO������1R����$SULO�������SS�����
����
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>�@ 0��%RXUHQQDQH��)��*LEVRQ��$��+HQLQJ��$��.DUOVVRQ��3��-RQVVRQ��7��7VHJD\H��'�
/MXQJJUHQ��(��6XQGEHUJ��?([SHULPHQWV�RQ�/RQJ�:DYHOHQJWK������QP��?3OXJ�DQG
3OD\��4XDQWXP�&U\SWRJUDSK\�6\VWHPV���6XEPLWWHG��$FFHSWHG�IRU�RUDO
SUHVHQWDWLRQ��&/(2�4(/6�����%DOWLPRUH���������

>�@ *��%UDVVDUG��/��6DOYDLO��?6HFUHW�.H\�5HFRQFLOLDWLRQ�E\�3XEOLF�'LVFXVVLRQ��
$GYHQWXUHV�LQ�&U\SWRORJ\��(852&5<37����/HFWXUH�1RWHV�LQ�&RPSXWHU
6FLHQFH��YRO�������6SULQJHU�9HUODJ��1�<��SS�����������������

>��@ '��%UX{��1��/�WNHQKDXV��?4XDQWXP�.H\�'LVWULEXWLRQ��IURP�3ULQFLSOHV�WR
3UDFWLFDOLWLHV��
KWWS���[[[�ODQO�JRY�DUFKLYH�TXDQW�SK��TXDQW�SK�����������������

>��@ &��&DVKLQ��8��0��0DXUHU��?/LQNLQJ�,QIRUPDWLRQ�5HFRQFLOLDWLRQ�DQG�3ULYDF\
$PSOLILFDWLRQ���-��RI�&U\SWRJUDSK\����������������

>��@ $��(NHUW��?4XDQWXP�&U\SWRJUDSK\�EDVHG�RQ�%HOO
V�WKHRUHP���3K\VLFV�5HYLHZ
/HWWHU����������������

>��@ +DPPLQJ��?&RGLQJ�DQG�,QIRUPDWLRQ�7KHRU\���3UHQWLFH�+DOO��(QJOHZRRG
&OLIIV��1�-���������,6%1����������������������

>��@ 5��-��+XJKHV��:��7��%XWWOHU��3��*��.ZDLW��*��*��/XWKHU��*��/��0RUJDQ��-��(�
1RUGKROW��&��*��3HWHUVRQ��&��0��6LPPRQV��?6HFXUH�&RPPXQLFDWLRQV�XVLQJ
4XDQWXP�&U\SWRJUDSK\���,QWHUQDO�5HSRUW��8QLYHUVLW\�RI�&DOLIRUQLD��/RV
$ODPRV�1DWLRQDO�/DERUDWRU\���������

>��@ )��*LEVRQ��?([SHULPHQWDO�HYDOXDWLRQ�RI�4XDQWXP�&U\SWRJUDSK\�V\VWHP�IRU
����QP���0DVWHUV�RI�6FLHQFH�7KHVLV��7HOLD�5HVHDUFK�$%�DQG�/DERUDWRU\�RI
3KRWRQLFV�DQG�0LFURZDYH�HQJLQHHULQJ��'HS��RI�(OHFWURQLFV��.7+���������

>��@ $��.DUOVVRQ��?4XDQWXP�,QIRUPDWLRQ�3URFHVVLQJ��%DVLF�,GHDV��,PSOHPHQWDWLRQV�
DQG�3RVVLEOH�,PSDFW�RQ�&RPPXQLFDWLRQV���(&(&�,22&
���7XWRULDO��.7+
�������

>��@ 1��/�WNHQKDXV��?(VWLPDWHV�IRU�SUDFWLFDO�TXDQWXP�FU\SWRJUDSK\��
KWWS���[[[�ODQO�JRY�DUFKLYH�TXDQW�SK��TXDQW�SK����������������

>��@ 1��/�WNHQKDXV��?6HFXULW\�DJDLQVW�HDYHVGURSSLQJ�LQ�TXDQWXP�FU\SWRJUDSK\��
3K\VLFV�5HYLHZ��$��9RO������SS����������������

>��@ &��0DUDQG��3�'��7RZQVHQG��?4XDQWXP�.H\�'LVWULEXWLRQ�RYHU�GLVWDQFHV�DV�ORQJ
DV����NP����2SWLFV�/HWWHUV��$XJXVW��������9RO������1R������SS�����������

>��@ $��0XOOHU��7��+HUW]RJ��%��+XWWQHU��:��7LWWHO��+��=ELQGHQ��1��*LVLQ����?C3OXJ�DQG
3OD\
�V\VWHPV�IRU�TXDQWXP�FU\SWRJUDSK\����$SSO��3K\V��/HWW�����������������

>��@ 6��-��3KRHQL[�DQG�3��'��7RZQVHQG��?4XDQWXP�&U\SWRJUDSK\��+RZ�WR�%HDW�WKH
&RGH�%UHDNHUV�XVLQJ�4XDQWXP�0HFKDQLFV���&RQWHPSRUDU\�3K\VLFV��������9RO�
����1R�����SS���������
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>��@ -��*��3URDNLV��0��6DOHKL��?&RPPXQLFDWLRQV�V\VWHPV�(QJLQHHULQJ���3UHQWLFH
+DOO��������,6%1����������������

>��@ *��5LERUG\��-�'�*DXWLHU��1�*LVLQ��2��*XLQQDUG��+��=ELQGHQ��?$XWRPDWHG�?3OXJ
	�3OD\��4XDQWXP�.H\�'LVWULEXWLRQ���6XEPLWWHG�(OHFWURQLFV�/HWWHUV���������

>��@ -�)��5LHQGHDX��?6LPXODWLRQ�GH�3URWRFROHV�GH�&U\SWRJUDSKLH�4XDQWLTXH���0DVWHU
RI�6FLHQFH�7KHVLV��8QLYHUVLWH�GH�0RQUHDO��'pSDUWPHQW�G·,QIRUPDWLTXH�HW�GH
5HFKHUFKH�2SpUDWLRQHOOH�)DFXOWp�GHV�$UWV�HW�GHV�6FLHQFHV���������

>��@ %��6OXWVN\��5��5DR��3�&�6XQ��/��7DQFHYVNL��6��)DLQPDQ��?'HIHQVH�)URQWLHU
$QDO\VLV�RI�4XDQWXP�&U\SWRJUDSKLF�6\VWHPV���8&6'��������

>��@ %��6OXWVN\��?.H\�'LVWLOODWLRQ�LQ�4XDQWXP�&U\SWRJUDSK\���3K�'��'LVVHUWDWLRQ
8&6'�&DOLIRUQLD��������

>��@ %��6OXWVN\��3�&��6XQ��<��0D]XUHQNR��5��5DR��<��)DLQPDQ��?(IIHFW�RI�FKDQQHO
LPSHUIHFWLRQ�RQ�WKH�VHFUHF\�FDSDFLW\�RI�D�TXDQWXP�FU\SWRJUDSKLF�V\VWHP���-��RI
0RGHUQ�2SWLFV�����������������

>��@ %��6OXWVN\��5��5DR��3�&��6XQ��<��)DLQPDQ��?6HFXULW\�RI�TXDQWXP�FU\SWRJUDSK\
DJDLQVW�LQGLYLGXDO�DWWDFNV���3K\VLFV�5HYLHZ�$��9ROXPH�����15����������

>��@ %��6FKQHLHU����?$SSOLHG�&U\SWRJUDSK\��3URWRFROV��$OJRULWKPV��DQG�6RXUFH�&RGH
LQ�&��-RKQ�:LOH\�	�6RQV��,6%1����������������������

>��@ '��6WLQVRQ��?&U\SWRJUDSK\��7KHRU\�DQG�3UDFWLFH���&5&�3UHVV�,6%1��������
��������������

>��@ /��7DQFHYVNL��%��6OXWVN\��5��5DR��6��)DLQPDQ��?(YDOXDWLRQ�RI�WKH�&RVW�RI�(UURU
&RUUHFWLRQ�LQ�4XDQWXP�&U\SWRJUDSKLF�7UDQVPLVVLRQ���63,(�9RO���������������

>��@ 3��'��7RZQVHQG��?4XDQWXP�&U\SWRJUDSK\�RQ�2SWLFDO�)LEHU�1HWZRUNV���2SWLFDO
)LEHU�7HFKQRORJ\��9RO�������������������

>��@ +��=ELQGHQ��+��%HFKPDQQ�3DVTXLQXFFL��1��*LVLQ��*��5LERUG\��?4XDQWXP
FU\SWRJUDSK\���$SSO��3K\VLFV�%���������

>��@ +��=ELQGHQ��1��*LVLQ��%��+XWWQHU��$��0XOOHU��:��7LWWHO��?3UDFWLFDO�$VSHFWV�RI
4XDQWXP�&U\SWRJUDSKLF�.H\�'LVWULEXWLRQ���VXEPLWWHG�WR�-��RI�&U\SWRJUDSK\�
�������

>��@ &��3��:LOOLDPV��6��+��&OHDUZDWHU��?([SORUDWLRQV�LQ�4XDQWXP�&RPSXWLQJ��
6SULQJHU�9HUODJ��HVSHFLDOO\�SS���������������������������,6%1�������������;

>��@ 3K\VLFV�ZRUOG��0DUFK��������?63(&,$/�,668(��4XDQWXP�,QIRUPDWLRQ��
LQFOXGLQJ�� $��=HLOLQJHU��?)XQGDPHQWDOV�RI�TXDQWXP�LQIRUPDWLRQ��

:��7LWWHO��*��5LERUG\��1��*LVLQ��?4XDQWXP�FU\SWRJUDSK\��
'��'HXWVFK��$��(NHUW��?4XDQWXP�&RPSXWDWLRQ��
'�� 'L9LQFHQ]R� %�� 7HUKDO�� ?'HFRKHUHQFH�� WKH� REVWDFOH� WR� TXDQWXP
FRPSXWDWLRQ��
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$SSHQGL[�$
1RWDWLRQV
6\PEROV�
y� ��)UHTXHQF\�>+]@
/� ��)LEHU�OHQJWK
x� ��3KRWRQ�,QWHQVLW\��15�RI�SKRWRQV�SHU�SXOVH��JLYHV�Y�
s���4XDQWXP�HIILFLHQF\
m� ��)LEHU�DWWHQXDWLRQ�FRQVWDQW
5GDUN��3KRWRQ�GHWHFWRU�GDUN�FRXQW�UDWHp7 ��3KRWRQ�GHWHFWRU�JDWH�ZLGWK
; ��$OLFH
V�UDQGRP�YDULDEOH�IRU�$
< ��%RE
V�UDQGRP�YDULDEOH�IRU�%
= ��(YH
V�UDQGRP�YDULDEOH�IRU�(
$ ��$OLFH
V�VHQG�VWULQJ�RI�ELWV
% ��%RE
V�UHFHLYHG�VWULQJ�RI�ELWV
( ��(YH
V�HDYHVGURSSHG�VWULQJ�RI�ELWV
9U ��$OLFH
V�DQG�%RE
V�VKDUHG�U�Y��DV�UDZ�NH\��FRUUHVSRQGV�WR�1U�9V ��$OLFH
V�DQG�%RE
V�VKDUHG�U�Y��DIWHU�VLIWLQJ��FRUUHVSRQGV�WR�1V�9H ��$OLFH
V�DQG�%RE
V�VKDUHG�U�Y��DIWHU�UHFRQFLOLDWLRQ��FRUUHVSRQGV�WR�1H�9I ��$OLFH
V�DQG�%RE
V�VKDUHG�U�Y��DIWHU�SULYDF\�DPSO���FRUUHVSRQGV�WR�1I�
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1U���5DZ�NH\�OHQJWK���1U�RI�ELWV�1V���6LIWHG�NH\�OHQJWK���1U�RI�ELWV�1H���5HFRQFLOHG�NH\�OHQJWK��DIWHU�HUURU�FRUUHFWLRQ����1U�RI�ELWV�1I���)LQDO�NH\�OHQJWK��DIWHU�SULYDF\�DPSOLILFDWLRQ����1U�RI�ELWV�
,$%��$OLFH
V�DQG�%RE
V�VKDUHG�,QIRUPDWLRQ,( ��(YH
V�HVWLPDWHG�,QIRUPDWLRQ,;<��$OLFH
V�DQG�%RE
V�VKDUHG�QRUPDOL]HG�,QIRUPDWLRQ
,=����(YH
V�HVWLPDWHG�QRUPDOL]HG�,QIRUPDWLRQ
H ��HUURU�UDWH��4%(5�
H7� ��1U�RI�HUURUV�FRUUHFWHG
X� ��(DYHVGURSSHU�LQIRUPDWLRQ�IURP�,QWHUFHSW�5HVHQG�DWWDFN�RQ�34&
Y� ��(DYHVGURSSHU�LQIRUPDWLRQ�IURP�%HDPVSOLWWLQJ�DWWDFN�RQ�34&
W� �X�Y���(DYHVGURSSHU�LQIRUPDWLRQ�IURP�DQ\�DWWDFN�RQ�34&
T� ��(DYHVGURSSHU�LQIRUPDWLRQ�GXH�WR�(UURU�&RUUHFWLRQ�OHDNDJH�YLD�3&
J� ��([WUD�VDIHW\�PDUJLQ��VHFXULW\�SDUDPHWHU
V� ��3ULYDF\�DPSOLILFDWLRQ�FRPSUHVVLRQ�VL]H

WRO
(, ��(YH
V�PD[LPXP�WROHUDWHG�LQIRUPDWLRQ�RQ�ILQDO�NH\

SXQDIH��SUREDELOLW\�WKDW� WRO
(, LV�H[FHHGHG

SVDIH ��SXQVDIH��SUREDELOLW\�WKDW� WRO
(, LV�QRW�H[FHHGHG

% ��%LW�5DWH�VHQW�E\�$OLFH�>ELWV�VHF@
5 ��5DZ�%LW�5DWH�DW�%RE�>ELWV�VHF@
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$SSHQGL[�%
3URJUDP�6WUXFWXUH
7KH� GLDJUDP� VKRZV� WKH� IORZ� RI� IXQFWLRQ� FDOOV� LQ� WKH� SURJUDP�� )XQFWLRQV� DUH
FRQWUROOHG� E\� RWKHU� IXQFWLRQV� E\� WRSLFV� VXFK� DV� FOLHQW�� VHUYLFH�� DQG� PHWKRG�
6XEIXQFWLRQV�DUH�LQWHUQDO� IXQFWLRQV�RQO\�YLVLEOH�ZLWKLQ�WKDW�IXQFWLRQ��2QO\� IXQFWLRQV
RI�WKH�FDVFDGH�SURWRFRO�LPSOHPHQWDWLRQ�DUH�VKRZQ�
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DOLFH�P
VHUYLFH� 

uVHQGu
uJHWNH\u

ERE�P
VHUYLFH� 

uUHFHLYHu
uVWDUWu
uJHWNH\u

PDLQ�P

TVLP�P
YDU� 

uXSGDWHu
uUXQu
uUHVHWu

TXDQWXPFK�P
FOLHQW� 

uDOLFHu
uEREuVXEIXQFWLRQ� 
uELWVBWRBSKRWRQVu
uSKRWRQVBWRBELWVu

ODEYLHZBTXDQWXPFK�P
FOLHQW� 

uDOLFHu
uEREu

SXEOLFFK�P
FOLHQW� 

uDOLFHu
uEREu

EREBSURWRFROBFDVFDGH�P
PHWKRG� 

uVWDUWu
uJHWNH\uVXEIXQFWLRQ� 
uSHUPXWHBLQGH[u
uI�1�S�u
uELQDU\u
uKDVKBPDWUL[u

EREBJUDSKLFV�P
PHWKRG� 

uSULQWBUDZBNH\u
uSULQWBVLIWHGBNH\u
uSULQWBILQDOBNH\u

DOLFHBSURWRFROBFDVFDGH�P
PHWKRG� 

uJHWNH\u
uJHWBFRUUHFWBEDVHVu
uWHVWBHUURUBUDWHu
uVHQGBEORFNVu
uJHWBHUURUBEORFNVu
uFKHFNBSDULW\BELQDU\u
uHQGBUHFRQFLOLDWLRQu
uSULYDF\BDPSOLILFDWLRQu

DOLFHBJUDSKLFV�P
PHWKRG� 

uSULQWBUDZBNH\u
uSULQWBVLIWHGBNH\u
uSULQWBILQDOBNH\u

4XDQWXP�&U\SWRJUDSK\�,QWHUIDFH���6LPXODWRU�
3URJUDP�6WUXFWXUH��-DQ� ����


