
$� *HUPDQL� &� 0DQHV� 3� 3DOXPER

237,0$/ /,1($5 ),/7(5,1* )25 %,/,1($5
672&+$67,& ',))(5(17,$/ 6<67(06 :,7+
81.12:1 ,13876

5� ��� 'LFHPEUH ����

$OIUHGR *HUPDQL ^ 'LSDUWLPHQWR GL ,QJHJQHULD (OHWWULFD� 8QLYHUVLWtD GHJOL 6WXGL GHOO
$TXLOD�
����� 0RQWHOXFR �/
$TXLOD�� ,WDO\ DQG ,VWLWXWR GL $QDOLVL GHL 6LVWHPL HG ,QIRUPDWLFD GHO
&15� 9LDOH 0DQ]RQL ��� ����� 5RPD� ,WDO\� (PDLO� JHUPDQL#LDVL�UP�FQU�LW�

&RVWDQ]R 0DQHV ^ 'LSDUWLPHQWR GL ,QJHJQHULD (OHWWULFD� 8QLYHUVLWtD GHJOL 6WXGL GHOO
$TXLOD�
����� 0RQWHOXFR �/
$TXLOD�� ,WDO\ DQG ,VWLWXWR GL $QDOLVL GHL 6LVWHPL HG ,QIRUPDWLFD GHO
&15� 9LDOH 0DQ]RQL ��� ����� 5RPD� ,WDO\� (PDLO� PDQHV#LQJ�XQLYDT�LW�

3DVTXDOH 3DOXPER ^ ,VWLWXWR GL $QDOLVL GHL 6LVWHPL HG ,QIRUPDWLFD GHO &15� 9LDOH 0DQ�
]RQL ��� ����� 5RPD� ,WDO\� (PDLO� SDOXPER#LDVL�UP�FQU�LW�

,661� ����^����



&ROODQD GHL 5DSSRUWL
GHOO
,VWLWXWR GL $QDOLVL GHL 6LVWHPL HG ,QIRUPDWLFD� &15
YLDOH 0DQ]RQL ��� ����� 520$� ,WDO\
WHO� �������������
ID[ ���������������
HPDLO� LDVL#LDVL�UP�FQU�LW
85/� KWWS���ZZZ�LDVL�UP�FQU�LW



$EVWUDFW

7KLV ZRUN LQYHVWLJDWHV WKH SUREOHP RI VWDWH HVWLPDWLRQ IRU ELOLQHDU VWRFKDVWLF PXOWLYDULDEOH
GLmHUHQWLDO V\VWHPV� LQ SUHVHQFH RI DQ DGGLWLRQDO GLVWXUEDQFH� ZKRVH VWDWLVWLFV DUH FRPSOHWHO\
XQNQRZQ� 0RVW SDUW RI WKH SDSHU LV GHYRWHG WR WKH GHULYDWLRQ RI WKH EHVW OLQHDU nOWHU� L�H� WKH
RQH WKDW JLYHV WKH PLQLPXP HUURU YDULDQFH DPRQJ DOO OLQHDU nOWHULQJ DOJRULWKPV� 1R D SULRUL
LQIRUPDWLRQ RQ WKH GLVWXUEDQFH LV UHTXLUHG IRU WKH nOWHU LPSOHPHQWDWLRQ� 7KH SURSRVHG nOWHU LV
UREXVW ZLWK UHVSHFW WR WKH XQNQRZQ LQSXW� LQ WKDW WKH FRYDULDQFH RI WKH HVWLPDWLRQ HUURU LV QRW
DmHFWHG E\ VXFK LQSXW� 7KH UHVXOWV SUHVHQWHG LQ WKLV SDSHU DUH LQQRYDWLYH QRW RQO\ IRU ELOLQHDU
V\VWHPV EXW DOVR IRU FRQWLQXRXV�WLPH OLQHDU VWRFKDVWLF V\VWHPV IRUFHG E\ XQNQRZQ LQSXWV� LQ
WKDW IRU WKHVH V\VWHPV D VXLWDEOH H[WHQVLRQ RI WKH .DOPDQ�%XF\ nOWHU KDV QRW EHHQ SUHVHQWHG
LQ OLWHUDWXUH� 7KLV LV WKH UHDVRQ ZK\ WKLV SDUWLFXODU FDVH LV DOVR WUHDWHG LQ GHWDLO� 1XPHULFDO
VLPXODWLRQV VKRZ WKH HmHFWLYHQHVV RI WKH SURSRVHG nOWHU�

.H\ ZRUGV� %LOLQHDU V\VWHPV� VLQJXODU V\VWHPV� XQNQRZQ�LQSXW V\VWHPV� UREXVW nOWHULQJ�
.DOPDQ�%XF\ nOWHULQJ
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�� ,QWURGXFWLRQ
,Q PDQ\ nHOGV RI DSSOLFDWLRQV� WKH PDWKHPDWLFDO PRGHO GHVFULELQJ WKH G\QDPLF UHODWLRQVKLSV

DPRQJ WKH VWDWH YDULDEOHV� WKH LQSXWV DQG WKH PHDVXUHPHQWV LV JLYHQ E\ WKH IROORZLQJ QRQOLQHDU
VWRFKDVWLF GLmHUHQWLDO V\VWHP� GHVFULEHG E\ WKH ,WR HTXDWLRQV�

G[�W�  $�W�[�W�GW�%�W�GX�W� � %�b[�W�� G: �W�c�
G\�W�  &�W�[�W�GW�'�W�GX�W� � %�b[�W�� G: �W�c� �����

ZKHUH [�W� � ,5Q LV WKH VWDWH� X�W� � ,5S LV WKH LQSXW� \�W� � ,5T LV WKH PHDVXUHG RXWSXW�
: �W� � ,5E LV D :LHQHU SURFHVV ZLWK UHVSHFW WR VRPH LQFUHDVLQJ IDPLO\ RI }�DOJHEUDV� QDPHO\j)W

k� UHIHUUHG WR D SUREDELOLW\ VSDFH �l�) � 3 �� $�W�� %�W�� &�W��'�W� DUH PDWULFHV RI VXLWDEOH
GLPHQVLRQV DQG %��%� DUH ELOLQHDU IRUPV �VHH >��������������@ IRU PRUH GHWDLOV RQ GLVFUHWH DQG
FRQWLQXRXV�WLPH ELOLQHDU V\VWHPV DQG nOWHULQJ SUREOHPV UHODWHG WR WKHP��
7KH XQNQRZQ�LQSXW X�W� LQ V\VWHP ����� PD\ PRGHO WKH SUHVHQFH RI DQ DGGLWLYH QRLVH ZLWK QR

D SULRUL VWDWLVWLFDO LQIRUPDWLRQV �GHWHUPLQLVWLF GLVWXUEDQFH�� 7KH XQNQRZQ�LQSXW FDQ EH XVHG
DOVR WR GHVFULEH XQFHUWDLQWLHV LQ WKH V\VWHP HTXDWLRQV� IRU LQVWDQFH GHULYHG IURP OLQHDUL]DWLRQ
HUURUV� RU LW FDQ EH XVHG WR PRGHO IDLOXUH V\VWHPV� $PRQJ DSSOLFDWLRQV� XQNQRZQ�LQSXWV V\VWHPV
DUH RI JUHDW LQWHUHVW LQ WKH JHRSK\VLFDO DQG HQYLURQPHQWDO IUDPHZRUN� DV VKRZQ E\ .LWDQLGLV LQ
>��@�
7KLV SDSHU LQYHVWLJDWHV WKH SUREOHP RI HVWLPDWLQJ WKH VWDWH RI D WLPH�YDU\LQJ ELOLQHDU VWRFKDV�

WLF GLmHUHQWLDO V\VWHP� DmHFWHG E\ DGGLWLYH GLVWXUEDQFHV WKDW LQYROYH ERWK WKH VWDWH DQG PHD�
VXUHPHQW HTXDWLRQV� 1R D SULRUL NQRZOHGJH LV DVVXPHG RQ WKH GLVWXUEDQFHV�
$ JUHDW GHDO RI OLWHUDWXUH LV DYDLODEOH LQ WKH nHOG RI nOWHULQJ D GLVFUHWH�WLPH VWRFKDVWLF OLQHDU

V\VWHPV ZLWK XQNQRZQ LQSXWV� D nUVW UHFXUVLYH DOJRULWKP� FRQVLVWLQJ RI DQ RSWLPL]DWLRQ WHFK�
QLTXH FDQ EH IRXQG LQ >��@� ZKHUH .LWDQLGLV GHYHORSHG DQ XQELDVHG .DOPDQ nOWHU E\ PLQLPL]LQJ
WKH WUDFH RI WKH HUURU FRYDULDQFH PDWUL[� 7KLV WHFKQLTXH KDV EHHQ UHFHQWO\ SDUDPHWHUL]HG E\
'DURXDFK DQG =DVDG]LQVNL LQ >�@ DQG E\ .HOOHU� 'DURXDFK DQG &DUDPHOOH LQ >��@ WR H[WHQG SUH�
YLRXV UHVXOWV� 0DQ\ FRQWULEXWHV WUHDW WKH ORVV RI LQIRUPDWLRQ E\ PRGHOLQJ WKH XQNQRZQ�LQSXW
V\VWHP DV D GHVFULSWRU V\VWHP DQG WKHQ DSSO\LQJ D SUHYLRXVO\ GHYHORSHG nOWHULQJ DOJRULWKP IRU
WKLV FODVV RI V\VWHPV �VHH >��������������� ��@�� 2WKHUV FRQWULEXWLRQV �VHH >����������@� WDNH LQVSL�
UDWLRQ IURP DQ DOJRULWKP� DOVR XVHG IRU WKH FRQVWUXFWLRQ RI XQNQRZQ�LQSXW REVHUYHUV� ZKLFK LV
DEOH WR UHPRYH WKH LQoXHQFH RI WKH GLVWXUEDQFH E\ D FOHYHU XVH RI WKH PHDVXUHPHQW SURFHVV� ,Q
D UHFHQW SDSHU� >��@� +VLHK SURSRVHV D UREXVW WZR�VWDJH .DOPDQ nOWHU >��@� RSWLPDO ZLWK UHVSHFW
WR WKH PLQLPXP YDULDQFH� ZKLFK LV VKRZQ WR EH HTXLYDOHQW WR WKH RQH RI .LWDQLGLV >��@�
8QIRUWXQDWHO\� QHLWKHU WKH GHVFULSWRU V\VWHP QRU WKH GHFRXSOLQJ DSSURDFK FDQ EH GLUHFWO\

DSSOLHG WR WKH FRQWLQXRXV�WLPH FDVH� LQ WKDW WKH\ ZRXOG UHTXLUH WKH NQRZOHGJH RI WKH QRLV\
RXWSXW GHULYDWLYHV� $Q K\SRWKHVLV WKDW LQ WKH VWRFKDVWLF IUDPHZRUN FDQ QRW EH DVVXPHG�
7KLV ZRUN LQYHVWLJDWHV WKH SUREOHP RI GHnQLQJ D UREXVW OLQHDU nOWHU IRU VWRFKDVWLF ELOLQHDU

GLmHUHQWLDO V\VWHPV IRUFHG E\ FRPSOHWHO\ XQNQRZQ LQSXWV� 0RUHRYHU� WKH VROXWLRQ KHUH SUHVHQWHG
LV WKH PLQLPXP YDULDQFH RQH DPRQJ WKH FKRVHQ UREXVW VWUXFWXUH� )LQDOO\� WKH FDVH RI OLQHDU
V\VWHPV ZLWK XQNQRZQ LQSXWV� DQ LPSRUWDQW VXEFODVV RI ELOLQHDU V\VWHPV� LV DOVR WUHDWHG LQ
GHWDLO�
7KH VHFWLRQV DUH VWUXFWXUHG DV IROORZV� LQ VHFWLRQ WZR LV GHnQHG WKH FODVV RI WKH V\VWHP WR

EH nOWHUHG� LQ VHFWLRQ WKUHH D nOWHULQJ DOJRULWKP LV SURSRVHG� VHFWLRQ IRXU GHDOV ZLWK WKH WLPH�
LQYDULDQW FDVH� VHFWLRQ nYH WUHDWV WKH .DOPDQ�%XF\ nOWHULQJ IRU OLQHDU V\VWHPV DQG nQDOO\ VRPH
VLPXODWLRQ UHVXOWV VKRZ WKH HmHFWLYHQHVV RI WKH SURSRVHG DOJRULWKP�
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�� %LOLQHDU V\VWHPV ZLWK XQNQRZQ LQSXWV
/HW �l�) � 3 � D SUREDELOLW\ VSDFH DQG j)W� W w W�k D IDPLO\ RI QRQGHFUHDVLQJ VXE�}�DOJHEUDV RI
) � $V ZHOO NQRZQ� D ELOLQHDU VWRFKDVWLF GLmHUHQWLDO V\VWHP LQ WKH ,WR IRUPXODWLRQ LV GHVFULEHG
E\ WKH HTXDWLRQV�

G[�W�  $�W�[�W�GW�%�W�GX�W� �
E;

N �

b1N�W�[�W� � )N�W�cG:N�W��
[�W��  [��

G\�W�  &�W�[�W�GW�'�W�GX�W� �
E;

N �

b0N�W�[�W� �*N�W�cG:N�W��

�����

ZLWK [�W� � ,5Q WKH VWDWH RI WKH V\VWHP� X�W� � ,5S DQ DGGLWLYH XQNQRZQ LQSXW� \�W� � ,5T WKH
PHDVXUHG RXWSXW� [� D UDQGRP YDULDEOH ZLWK JLYHQ PHDQ P�  P[�W��  ,(d[�e DQG FRYDULDQFH
PDWUL[ k�  k[�W��  &RY�[��� :N�W� WKH N�WK FRPSRQHQW RI D VWDQGDUG :LHQHU SURFHVVb: �W��)W�� : �W� � ,5E DQG WKH PDWULFHV $�W��1N�W� � ,5QdQ� %�W� � ,5QdS� &�W��0N�W� �
,5TdQ� '�W� � ,5TdS� )N�W� � ,5Qd�� *N�W� � ,5Td�� 0RUHRYHU� LW ZLOO EH DVVXPHG WKDW '�W� LV
IXOO FROXPQ UDQN� �W w W��
)RU WKH VHTXHO OHW XV LQWURGXFH WKH PDWULFHV 7��W�� 7��W�� VR GHnQHG�

7��W�  b'7 �W�'�W�cb�'7 �W� � ,5SdT� �����
ZKLOH 7��W� LV FKRVHQ LQ VXFK D ZD\ WKDW 5b77

� �W�
c  1 b'7 �W�c� ,Q RWKHU ZRUGV 7��W� �

,5�TbS�dT LV D PDWUL[ ZLWK �T b S� LQGHSHQGHQW URZV WKDW DUH D EDVLV IRU WKH OHIW QXOO�VSDFH RI
'�W�� 0DWUL[ 7��W� DOORZV WR GHnQH WKH SRVW�SURFHVVHG RXWSXW�

G]�W�  7��W�G\�W� �����
:LWK UHVSHFW WR WKH RXWSXW G]� WKH ELOLQHDU VWRFKDVWLF V\VWHP ����� FDQ EH UHSUHVHQWHG LQ WKH
UREXVW IRUP �LQGHSHQGHQW RI WKH XQNQRZQ LQSXW� JLYHQ E\ WKH IROORZLQJ OHPPD
/HPPD ���� 7KH ELOLQHDU VWRFKDVWLF GLmHUHQWLDO V\VWHP GHVFULEHG E\ ����� FDQ EH UHZULWWHQ DV�

G[�W�  $�W�[�W�GW� %�W�G\�W� �
E;

N �

b1N�W�[�W� �)N�W�cG:N�W�
[�W��  [�

G]�W�  &�W�[�W�GW�
E;

N �

b0N�W�[�W� � *N�W�cG:N�W�

�����

ZLWK�
$�W�  $�W�b%�W�7��W�&�W� � ,5QdQ�
%�W�  %�W�7��W� � ,5QdT�

1N�W�  1N�W�b%�W�7��W�0N�W� � ,5QdQ�
)N�W�  )N�W�b%�W�7��W�*N�W� � ,5Qd��

&�W�  7��W�&�W� � ,5�TbS�dQ�
0N�W�  7��W�0N�W� � ,5�TbS�dQ�
*N�W�  7��W�*N�W� � ,5�TbS�d�� �����
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3URRI� 1RWH nUVW WKDW� E\ GHnQLWLRQ� WKH PDWULFHV 7��W� DQG 7��W� DUH VXFK WKDW 7��W�'�W�  ,S
DQG 7��W�'�W�  ��TbS�dS� )URP WKHVH� LW IROORZV

7��W�G\�W�  7��W�&�W�[�W�GW� GX�W� � 7��W�
E;

N �

b1N�W�[�W� � )N�W�cG:N�W�� �����

G]�W�  7��W�G\�W�  7��W�&�W�[�W�GW� 7��W�
E;

N �

b0N�W�[�W� �*N�W�cG:N�W�� �����

7KLV ODVW HTXDWLRQ JLYHV EDFN WKH QHZ PHDVXUH HTXDWLRQ� ZKLOH H[SOLFDWLQJ GX�W� IURP
����� DQG VXEVWLWXWLQJ LW LQWR WKH VWDWH HTXDWLRQ RI ������ WKH WKHVLV LPPHGLDWHO\ IROORZV�

5HPDUN ���� 7KH VWUXFWXUH ����� IRU WKH ELOLQHDU V\VWHP ZLWK XQNQRZQ LQSXWV LV REWDLQHG
VXLWDEO\ H[SORLWLQJ WKH LQIRUPDWLRQ EURXJKW E\ WKH RXWSXW RQ WKH XQNQRZQ LQSXWV� 7KH �QHZ�
PHDVXUHPHQW ]�W� LV ZKDW UHPDLQV DIWHU DOO LQIRUPDWLRQ DYDLODEOH RQ WKH XQNQRZQ LQSXW KDV
EHHQ H[SORLWHG� DQG LW LV WKH SLHFH RI RXWSXW WKDW ZLOO EH XVHG IRU nOWHULQJ� 1RWH WKDW WKH QHZ
PHDVXUH HTXDWLRQ YDQLVKHV LI T  S� ,W IROORZV WKDW WKH nOWHULQJ DSSURDFK SUHVHQWHG LQ WKLV ZRUN
UHTXLUHV DW OHDVW S� � PHDVXUHPHQWV�

�� 7KH RSWLPDO OLQHDU nOWHULQJ DOJRULWKP

,Q WKLV VHFWLRQ WKH QHZ PHDVXUHPHQW YHFWRU ]�W� GHnQHG LQ ����� LV XVHG WR GHYHORS D VWDWH
HVWLPDWRU IRU V\VWHP ������ ,Q RUGHU WR SURSHUO\ WDNH LQWR DFFRXQW WKH SUHVHQFH RI WKH RULJLQDO
RXWSXW \�W� DV D IRUFLQJ WHUP LQ WKH VWDWH HTXDWLRQ ������ D VXLWDEOH GHFRPSRVLWLRQ RI WKH V\VWHP
LV UHTXLUHG� DV JLYHQ E\ WKH IROORZLQJ SURSRVLWLRQ�

3URSRVLWLRQ ���� 7KH V\VWHP ����� FDQ EH ZULWWHQ LQ WKH IRUP
[�W�  [G�W� � [V�W��
G]�W�  G]V�W� � &�W�[G�W�GW �����

ZKHUH
G[G�W�  $�W�[G�W�GW� %�W�G\�W��
[G�W��  ,(d[�e� �����

G[V�W�  $�W�[V�W�GW�
E;

N �

r
1N�W�b[G�W� � [V�W�c�)N�W�

s
G:N�W��

[V�W��  [� b ,(d[�e�
G]V�W�  &�W�[V�W�GW�

E;
N �

r
0N�W�b[G�W� � [V�W�c� *N�W�

s
G:N�W��

�����

7KH SURRI LV UHDGLO\ REWDLQHG E\ GLUHFW FRPSXWDWLRQ�
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5HPDUN ���� 3URSRVLWLRQ ��� VKRZV WKH GHFRPSRVLWLRQ RI WKH V\VWHP VWDWH [�W� LQ WZR WHUPV�
[G�W� LV WKH WRWDOO\ REVHUYHG FRPSRQHQW DQG [V�W� LV WKH SDUWLDOO\ REVHUYHG� ]HUR�PHDQ FRPSR�
QHQW� 'HQRWLQJ )<

W WKH }�DOJHEUD JHQHUDWHG E\ WKH PHDVXUHPHQW SURFHVV XS WR WLPH W� LW FRPHV
RXW WKDW [G�W� LV )<

W �DGDSWHG�
,W PXVW EH VWUHVVHG WKDW WKH HYROXWLRQ RI V\VWHP ����� LV FRPSOHWHO\ GHWHUPLQHG E\ WKH PHD�

VXUHPHQWV \�W� DQG GRHV QRW GHSHQG RQ [V�W�� 2Q WKH FRQWUDU\� V\VWHP ������ IRUFHG DOVR E\ WKH
HYROXWLRQ RI [G�W�� DGPLWV WKH UHSUHVHQWDWLRQ�

G[V�W�  $�W�[V�W�GW�
E;

N �

b1N�W�[V�W� � H)N�W�cG:N�W��
[V�W��  [� b ,(d[�e�
G]V�W�  &�W�[V�W�GW�

E;
N �

b0N�W�[V�W� � H*N�W�cG:N�W��

�����

ZKHUH�H)N�W�  )N�W� �1N�W�[G�W� � ,5Qd�� H*N�W�  *N�W� �0N�W�[G�W� � ,5�TbS�d��
5HPDUN ���� 7KH EHVW HVWLPDWH RI [G�W� LV A[G�W�  ,(>[G�W�M)<

W @� WKDW JLYHV WKH PLQLPXP HUURUYDULDQFH DPRQJ DOO WKH %RUHO IXQFWLRQV RI WKH PHDVXUHPHQWV� %HLQJ [G�W� )<
W �PHDVXUDEOH� LWIROORZV WKDW A[G�W�  [G�W��

'HnQLWLRQ ���� 7KH UREXVW PLQLPXP YDULDQFH HVWLPDWH RI D ELOLQHDU VWRFKDVWLF GLmHUHQWLDO
V\VWHP ZLWK XQNQRZQ LQSXWV OLNH ����� LV LQWHQGHG WR EH WKH IROORZLQJ�

A[�W�  [G�W� � ,(d[V�W�M)=V
W

e� �����
ZKHUH )=V

W LV WKH }�DOJHEUD JHQHUDWHG E\ WKH QHZ PHDVXUHPHQW SURFHVV ]V�
5HPDUN ���� 7KH HUURU FRYDULDQFH PDWULFHV RI WKH HVWLPDWH A[�W� DQG RI A[V�W� DUH WKH VDPH�

&RY�[�W�b A[�W��  &RY�[V�W�b A[V�W��
$V LV ZHOO NQRZQ� WKH RSWLPDO nOWHU IRU WKH V\VWHP ����� LV DQ LQnQLWH GLPHQVLRQDO RQH� EHFDXVH

,(d[V�W�M)=V
W

e FRLQFLGHV ZLWK WKH SURMHFWLRQ RI [V�W� RQWR WKH +LOEHUW VSDFH RI DOO WKH %RUHO
IXQFWLRQV RI WKH QHZ PHDVXUHPHQW SURFHVV ]V� 1HYHUWKHOHVV� IURP DQ DSSOLFDWLYH SRLQW RI YLHZ�
LW LV XVHIXO WR ORRN IRU nQLWH�GLPHQVLRQDO DSSUR[LPDWLRQV RI WKH RSWLPDO nOWHU� WKDW LV HVWLPDWHV
GHULYLQJ IURP VWRFKDVWLF GLmHUHQWLDO HTXDWLRQV RI WKH IRUP�

Gz�W�  Ibz�W�cGW� Jbz�W�cG]V�W��
a[V�W�  Kbz�W�c� �����

ZKHUH jz�W�� W w W�
k LV D SURFHVV WDNLQJ LWV YDOXHV RQ D nQLWH�GLPHQVLRQDO VSDFH� 7KH nQLWH�

GLPHQVLRQDO V\VWHP ����� LV DQ RSWLPDO OLQHDU nOWHU IRU WKH UDQGRP SURFHVV [V�W�� LI�
a[V�W�  gd[V�W�M/W�]V�e�

ZKHUH g>cM/W�]V�e GHQRWHV WKH SURMHFWLRQ RQWR WKH VSDFH /W�]V� OLQHDUO\ VSDQQHG E\ WKH IDPLO\
RI UDQGRP YDULDEOHV j]V�~�� W� � ~ � Wk� ,Q RUGHU WR DFKLHYH WKH JRDO RI DQ RSWLPDO OLQHDU
nOWHU IRU WKH ELOLQHDU V\VWHP ������ LW ZLOO EH FRQVLGHUHG DQ LPSRUWDQW UHVXOW IURP UHIHUHQFH >�@
DFFRUGLQJ WR ZKLFK� WKH IROORZLQJ QRWDWLRQ ZLOO EH DGRSWHG� OHW 0 � ,5mdm EH D V\PPHWULF
SRVLWLYH VHPLGHnQLWH PDWUL[� VXFK WKDW UDQN�0�  | � m� 7KHQ WKHUH H[LVWV D IXOO UDQN PDWUL[
1 � ,5md| VXFK WKDW 117  0 � 0DWUL[ 1 ZLOO EH LQGLFDWHG E\ 0� �� ��



��

7KHRUHP ���� 6XSSRVH WKH FRYDULDQFH PDWUL[ k[V�W�  &RY
b[V�W�c LV QRQVLQJXODU IRU DOO W w

W�� PRUHRYHU� OHW 0N�W� DQG H*N�W� IXOO URZ UDQN PDWULFHV IRU VRPH N DQG DQ\ W w W�� 7KHQ WKH
RSWLPDO OLQHDU HVWLPDWH RI [V�W�� LV JLYHQ E\�

Ga[V�W�  $�W�a[V�W�GW�
�

E;
N �

H)N�W�H*7N �W� � 3 �W�&7 �W�
�
5�W�b�

r
G]V�W�b &�W�a[V�W�GW

s
�

a[V�W��  ��
�����

ZKHUH 5�W�  
�S;
N �

I0N�W�I07
N �W�� ZLWK

I0N�W�  
��
�

r
0N�W�k[V�W�07

N �W�
s� �� �� � � N � S�

H*NbS�W�� S� � � N � �S�
�����
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DQG 5�W� LV EXLOW XVLQJ ����� DQG ����� RI 7KHRUHP ����
3URRI� 7KH SURRI LV GLUHFWO\ REWDLQHG WDNLQJ LQWR DFFRXQW WKH GHFRPSRVLWLRQ RI 3URSRVLWLRQ ����

�� 2SWLPDO OLQHDU nOWHULQJ� WKH WLPH�LQYDULDQW FDVH
)URP DQ DSSOLFDWLYH SRLQW RI YLHZ D YHU\ LPSRUWDQW FDVH RFFXUV ZKHQ WKH G\QDPLF PDWULFHV LQ
����� DUH WLPH�LQYDULDQW� +RZHYHU� RZLQJ WR WKH GHFRPSRVLWLRQ SURSRVHG LQ 3URSRVLWLRQ ���� WKH
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7KHQ k[V�W� LV WKH VXP RI �S� � SRVLWLYH VHPLGHnQLWH PDWULFHV� ,I k� LV QRQVLQJXODU� WKH nUVWWHUP LV SRVLWLYH GHnQLWH� DQG VR LV WKH ZKROH k[V�W�� ZKHUHDV WKH K\SRWKHVLV RI FRQWUROODELOLW\ RIWKH SDLU b$�)N

c IRU VRPH N LPSOLHV WKH SRVLWLYH GHnQLWLYHQHVV RI DW OHDVW RQH WHUP RI WKH ODVW VXP�
�� .DOPDQ�%XF\ nOWHULQJ IRU OLQHDU V\VWHPV ZLWK XQNQRZQ LQSXWV
7KLV VHFWLRQ LV GHYRWHG WR VROYH WKH nOWHULQJ SUREOHP IRU D OLQHDU VWRFKDVWLF GLmHUHQWLDO V\VWHP
IRUFHG E\ XQNQRZQ LQSXWV� 7KH UHDVRQ IRU FRQVLGHULQJ WKLV SDUWLFXODU FDVH OLHV RQ WKH IDFW WKDW
LW ZDV XQVROYHG XS WR QRZ LQ WKH JHQHUDO IUDPHZRUN RI VWRFKDVWLF GLmHUHQWLDO V\VWHPV GHVFULEHG
E\ ,WR HTXDWLRQV� 7KH SURSRVHG PHWKRGRORJ\ SUHVHQWHG DV DQ DSSOLFDWLRQ RI WKH SUHYLRXVO\
PHQWLRQHG DOJRULWKP IRU ELOLQHDU V\VWHPV LV QRW FRPSDUDEOH WR RWKHU WHFKQLTXHV XVHG LQ GLVFUHWH�
WLPH V\VWHPV� DV HDFK RI WKHP ZRXOG SURGXFH D TXLWH�GLpFXOW�WR�LPSOHPHQW nOWHU LQ WKDW WKH
XVH RI PHDVXUHPHQWV DQG QRLVHV GHULYDWLYHV LV UHTXLUHG�
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7KHRUHP ���� $FFRUGLQJ WR 'HnQLWLRQ ���� WKH PLQLPXP YDULDQFH HVWLPDWH IRU D OLQHDU VWRFKDV�
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�� 1XPHULFDO VLPXODWLRQV

6LPXODWLRQV KDYH EHHQ SURGXFHG LQ RUGHU WR WDVWH WKH JRRGQHVV RI WKHRUHWLFDO UHVXOWV� 7KH
VWDWH nOWHUHG LV JLYHQ E\ WKH HYROXWLRQ RI WKH ELOLQHDU GLmHUHQWLDO V\VWHPV GHVFULEHG E\ WKH ,WR
HTXDWLRQV RI ������ ZLWK WKH IROORZLQJ QXPHULFDO FKRLFHV�
� [�W� � ,5�� \�W� � ,5��
� WKH XQNQRZQ�LQSXW X�W� LV D VFDODU SLHFH�ZLVH FRQVWDQW VLJQDO� VKRZQ LQ nJXUH ����
� WKH QRLVH LV D VWDQGDUG :LHQHU SURFHVV�
� WKH V\VWHP PDWULFHV DUH WKH IROORZLQJ�
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)LJ� ��� ^ 7KH nUVW FRPSRQHQW HVWLPDWHG FRPSDUHG ZLWK WKH UHDO nUVW FRPSRQHQW

)LJ� ��� ^ 7KH VHFRQG FRPSRQHQW HVWLPDWHG FRPSDUHG ZLWK WKH UHDO VHFRQG FRPSRQHQW
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)LJ� ��� ^ 7KH WKLUG FRPSRQHQW HVWLPDWHG FRPSDUHG ZLWK WKH UHDO WKLUG FRPSRQHQW

)LJ� ��� ^ $ SDUWLFXODU IURP nJ� ���
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�� &RQFOXVLRQV
$ OLQHDU nOWHU KDV EHHQ SURSRVHG IRU D ELOLQHDU VWRFKDVWLF GLmHUHQWLDO V\VWHP� IRUFHG E\ GLVWXU�
EDQFHV� ZKRVH VWDWLVWLFV DUH FRPSOHWHO\ XQNQRZQ� 7KH DOJRULWKP LV UREXVW ZLWK UHVSHFW WR WKH
XQNQRZQ LQSXW� LQ WKDW WKH FRYDULDQFH RI WKH HVWLPDWLRQ HUURU LV QRW DmHFWHG E\ VXFK LQSXW�
0RUHRYHU� WKH HVWLPDWH LV REWDLQHG E\ XVLQJ SURMHFWLRQV RQWR WKH VSDFH RI DOO OLQHDU WUDQVIRUPD�
WLRQV RI WKH SRVW�SURFHVVHG RXWSXW� LQ RUGHU WR DFKLHYH D PLQLPXP YDULDQFH nOWHU� 1XPHULFDO
VLPXODWLRQV VXSSRUW WKHRUHWLFDO UHVXOWV�
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>�@ &� %UXQL� *� 'L 3LOOR DQG *� .RFK� ?%LOLQHDU V\VWHPV� DQ DSSHDOLQJ FODVV RI CQHDUO\ OLQHDU

V\VWHPV LQ WKHRU\ DQG DSSOLFDWLRQV�� ,((( 7UDQV� $XWRP� &RQWU�� 9RO� ��� SS� ���^���� �����

>�@ &� %UXQL DQG *� .RFK� ?6XERSWLPDO nOWHULQJ IRU OLQHDU�LQ�FRQWURO V\VWHPV ZLWK VPDOO REVHU�
YDWLRQ QRLVH�� 3URF� ,9 ,)$& 6\PSRVLXP RQ LGHQWLnFDWLRQ DQG V\VWHP SDUDPHWHU HVWLPDWLRQ�
7ELOLVL� 6665� �����

>�@ )� &DUUDYHWWD� $� *HUPDQL DQG 0� 5DLPRQGL� ?3RO\QRPLDO nOWHULQJ RI GLVFUHWH�WLPH VWRFKDVWLF
OLQHDU V\VWHPV ZLWK PXOWLSOLFDWLYH VWDWH QRLVH�� ,((( 7UDQV� $XWRP� &RQWU�� 9RO� ��� SS� ����^
����� �����

>�@ )� &DUUDYHWWD� $� *HUPDQL DQG 0� .� 6KXDND\HY� ?$ QHZ VXERSWLPDO DSSURDFK WR WKH nOWHULQJ
SUREOHP IRU ELOLQHDU VWRFKDVWLF GLmHUHQWLDO V\VWHPV�� 6,$0 -� &RQWURO 2SWLP�� 9RO� ��� 1R� �
SS� ����^����� �����

>�@ -� &KHQ DQG 5� -� 3DWWRQ� ?2SWLPDO nOWHULQJ DQG UREXVW IDXOW GLDJQRVLV RI VWRFKDVWLF V\VWHPV
ZLWK XQNQRZQ GLVWXUEDQFHV�� 3URF� ,(( &RQWU� 7KHRU\ $SSO�� 9RO� ���� SS� ��^��� �����

>�@ 0� 'DURXDFK DQG 0� =DVDG]LQVNL� ?6WDWH HVWLPDWLRQ IRU D FODVV RI VLQJXODU V\VWHPV��
,QW� -� 6\VW� 6FL�� 9RO� ��� 1R� �� SS� ���^���� �����

>�@ 0� 'DURXDFK� 0� =DVDG]LQVNL DQG '� 0HKGL� ?6WDWH HVWLPDWLRQ RI VWRFKDVWLF VLQJXODU OLQHDU
V\VWHPV�� ,QW� -� 6\VW� 6FL�� 9RO� �� 1R� �� SS� ���^���� �����

>�@ 0� 'DURXDFK� 0� =DVDG]LQVNL� $� %DVVRQ 2QDQD DQG 6� 1RZDNRZVNL� ?.DOPDQ nOWHULQJ ZLWK
XQNQRZQ LQSXWV YLD RSWLPDO VWDWH HVWLPDWLRQ RI VLQJXODU V\VWHPV�� ,QW� -� 6\VW� 6FL�� 9RO� ���
1R� ��� SS� ����^����� �����

>�@ 0� 'DURXDFK DQG 0� =DVDG]LQVNL� ?8QELDVHG PLQLPXP YDULDQFH HVWLPDWLRQ IRU V\VWHPV ZLWK
XQNQRZQ H[RJHQRXV LQSXWV�� $XWRPDWLFD� 9RO� ��� 1R� �� SS� ���^���� �����

>��@ $� *HUPDQL� &� 0DQHV DQG 3� 3DOXPER� ?3RO\QRPLDO nOWHULQJ IRU VWRFKDVWLF QRQ�*DXVVLDQ
GHVFULSWRU V\VWHPV�� ,$6,�&15 5HVHDUFK 5HSRUW 1R ���� �����

>��@ 0� +RX DQG 3� &� 0XOOHU� ?'LVWXUEDQFH GHFRXSOHG REVHUYHU GHVLJQ� D XQLnHG YLHZSRLQW��
,((( 7UDQV� $XWRP� &RQWU�� 9RO� ��� SS� ����^����� �����

>��@ 0� +RX DQG 5� -� 3DWWRQ� ?2SWLPDO nOWHULQJ IRU V\VWHPV ZLWK XQNQRZQ LQSXWV�� ,((( 7UDQV�
$XWRP� &RQWU�� 9RO� ��� SS� ���^���� �����

>��@ &� 6� +VLHK DQG )� &� &KHQ� ?2SWLPDO VROXWLRQ RI WKH WZR�VWDJH .DOPDQ HVWLPDWRU�� ,(((
7UDQV� $XWRP� &RQWU�� 9RO� ��� 1R� �� SS� ���^���� �����

>��@ &� 6� +VLHK� ?5REXVW WZR�VWDJH .DOPDQ nOWHUV IRU V\VWHPV ZLWK XQNQRZQ LQSXWV�� ,(((
7UDQV� $XWRP� &RQWU�� 9RO� ��� 1R� ��� SS� ����^����� �����

>��@ 5� (� .DOPDQ� ?$ QHZ DSSURDFK WR OLQHDU nOWHULQJ DQG SUHGLFWLRQ SUREOHPV�� $60( -� %DVLF
(QJ�� VHULHV '� 9RO� ��� �����
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>��@ -� <� .HOOHU� /� 6XPPHU DQG 0� 'DURXDFK� ?([WHQVLRQ RI )ULHGODQG
V ELDV nOWHULQJ WHFKQLTXH
WR GLVFUHWH�WLPH V\VWHPV ZLWK XQNQRZQ LQSXWV�� ,QW� -� 6\VW� 6FL�� 9RO� ��� 1R� ��� SS� ����^
����� �����

>��@ -� <� .HOOHU� 0� 'DURXDFK DQG /� &DUDPHOOH� ?.DOPDQ nOWHU ZLWK XQNQRZQ LQSXWV DQG UREXVW
WZR VWDJH nOWHU�� ,QW� -� 6\VW� 6FL�� 9RO� ��� 1R� �� SS� ��^��� �����

>��@ 3� .� .LWDQLGLV� ?8QELDVHG PLQLPXP�YDULDQFH OLQHDU VWDWH HVWLPDWLRQ�� $XWRPDWLFD� 9RO� ���
SS� ���^���� �����

>��@ -� (� .XUHN� ?7KH VWDWH YHFWRU UHFRQVWUXFWLRQ IRU OLQHDU V\VWHPV ZLWK XQNQRZQ LQSXWV�� ,(((
7UDQV� $XWRP� &RQWU�� 9RO� ��� SS� ����^����� �����

>��@ 5� 6� /LSVWHU DQG $� 1� 6KLU\D\HY� 6WDWLVWLFV RI UDQGRP SURFHVV� 9RO� �� 6SULQJHU�9HUODJ� 1HZ
<RUN� �����

>��@ -� +� 0LOOHU DQG 6� &� 6FKZDUW]� ?5REXVW GHWHFWLRQ RI D NQRZQ VLJQDO LQ QHDUO\ *DXVVLDQ
QRLVH�� ,((( 7UDQV� ,QIRUP� 7KHRU\� 9RO� ��� SS� ��^��� �����

>��@ -� +� 0LOOHU DQG -� %� 7KRPDV� ?'HWHFWRUV IRU GLVFUHWH�WLPH VLJQDOV LQ QRQ�*DXVVLDQ QRLVH��
,((( 7UDQV� ,QIRUP� 7KHRU\� 9RO� ��� SS� ���^���� �����

>��@ 5� 5� 0RKOHU� %LOLQHDU FRQWURO SURFHVVHV� $FDGHPLF 3UHVV� 1HZ <RUN� �����
>��@ 5� 1LNRXNKDK � %� &� /HY\ DQG $� 6� :LOOVN\� ?.DOPDQ nOWHULQJ DQG 5LFFDWL HTXDWLRQV IRU

GHVFULSWRU V\VWHPV�� ,((( 7UDQV� $XWRP� &RQWU�� 1R� �� SS� ����^����� �����
>��@ 5� 1LNRXNKDK� 6� /� &DPSEHOO DQG )� 'HOHEHFTXH� ?.DOPDQ nOWHULQJ IRU JHQHUDO GLVFUHWH�WLPH

OLQHDU V\VWHPV�� ,((( 7UDQV� $XWRP� &RQWU�� 9RO� ��� 1R� ��� SS� ����^����� �����
>��@ 6� 6� 5DSSDSRUW DQG /� .XUW]� ?$Q RSWLPDO QRQOLQHDU GHWHFWRU IRU GLJLWDO GDWD WUDQVPLVVLRQ

WKURXJK QRQ�*DXVVLDQ FKDQQHOV�� ,((( 7UDQV� &RPP� 7HFK�� 9RO� ��� SS� ���^���� �����
>��@ (� <D]� ?5HODWLRQVKLS EHWZHHQ VHYHUDO QRYHO FRQWURO VFKHPHV SURSRVHG IRU D FODVV RI QRQOLQHDU

VWRFKDVWLF V\VWHPV�� ,QW� -� &RQWURO� 1R� ��� SS� ����^����� �����
>��@ (� <D]� ?$ FRQWURO VFKHPH IRU D FODVV RI GLVFUHWH QRQOLQHDU VWRFKDVWLF V\VWHPV�� ,((( 7UDQV�

$XWRP� &RQWU�� 9RO� ��� SS� ��^��� �����
>��@ (� <D]� ?)XOO DQG UHGXFHG RUGHU REVHUYHU GHVLJQ IRU GLVFUHWH VWRFKDVWLF ELOLQHDU V\VWHPV��

,((( 7UDQV� $XWRP� &RQWU�� 9RO� ��� SS� ���^���� �����
>��@ ;� <DQJ� 5� 5� 0RKOHU DQG 5� %XUWRQ� ?$GDSWLYH VXERSWLPDO nOWHULQJ RI ELOLQHDU V\VWHPV��

,QWHUQDWLRQDO -� &RQWURO� 9RO� ��� SS� ���^���� �����


