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*HRUJLD ,QVWLWXWH RI 7HFKQRORJ\
(PDLO� \DR�[LH#LV\H�JDWHFK�HGX

$EVWUDFW²,Q WKLV SDSHU� WKH SUREOHP RI RQOLQH FKDQJH�SRLQW
GHWHFWLRQ RI YROWDJH LPEDODQFH LQ D WKUHH�SKDVH SRZHU V\VWHP
XVLQJ SKDVRU PHDVXUHPHQW XQLW �308� GDWD LV FRQVLGHUHG ZLWKLQ
D VHTXHQWLDO K\SRWKHVLV�WHVWLQJ IUDPHZRUN� $ JHQHUDO PRGHO IRU
WKH SRVLWLYH�VHTXHQFH GDWD IURP D 308 PHDVXUHPHQW DW WKH
WLPH GRPDLQ DQG RII�QRPLQDO IUHTXHQFLHV LV SUHVHQWHG� 7KH QHZ
IRUPXODWLRQ� ZKLFK DVVXPHV DQ DGGLWLRQDO *DXVVLDQ QRLVH� HQDEOHV
IDVW RQOLQH GHWHFWLRQ RI LPEDODQFH� &ORVHG�IRUP H[SUHVVLRQV RI
WKH FXPXODWLYH VXP �&8680� DQG JHQHUDOL]HG OLNHOLKRRG UDWLR
�*/5� WHVWV DUH GHYHORSHG IRU GHWHFWLRQ RI LPEDODQFHV� 7KH
SHUIRUPDQFH RI WKH FKDQJH�SRLQW GHWHFWLRQ SURFHGXUHV LV HYDO�
XDWHG XVLQJ WKH DYHUDJH�UXQ�OHQJWK DQG WKH H[SHFWHG GHWHFWLRQ
GHOD\� 1XPHULFDO VLPXODWLRQV VKRZ WKDW WKH SURSRVHG PHWKRG
FDQ EH XVHG IRU HQKDQFHG VLWXDWLRQDO DZDUHQHVV LQ IXWXUH JULG
PDQDJHPHQW V\VWHPV DQG GHPRQVWUDWH WKH DELOLW\ WR LQIRUP
VWUDWHJLHV IRU DGYDQFLQJ JULG FDSDELOLWLHV E\ XVLQJ FKDQJH�SRLQW
GHWHFWLRQ PHWKRGV�
,QGH[ 7HUPV²3KDVRU PHDVXUHPHQW XQLW �308�� SRZHU V\VWHP

PRQLWRULQJ� XQEDODQFHG SRZHU V\VWHP� VWDWH HVWLPDWLRQ� RQOLQH
FKDQJH�SRLQW GHWHFWLRQ

,� ,1752'8&7,21

7KH WKUHH�SKDVH SRZHU V\VWHP LV GHVLJQHG WR RSHUDWH LQ
EDODQFHG VFHQDULRV >�@� +RZHYHU� LQ SUDFWLFH� LPEDODQFHV KDS�
SHQ IUHTXHQWO\ >�@� ,PEDODQFHV PD\ EH D SUHFXUVRU WR PRUH
VHULRXV FRQWLQJHQFLHV OHDGLQJ WR SRVVLEOH EODFNRXWV >�� �@�
,Q DGGLWLRQ� VXEVWDQWLDO SRZHU LPEDODQFH FDXVHV H[FHVVLYH
ORVVHV� RYHUKHDWLQJ� LQVXODWLRQ GHJUDGDWLRQ� D UHGXFHG OLIHVSDQ
RI PRWRUV DQG WUDQVIRUPHUV� DQG LQWHUUXSWLRQV LQ SURGXFWLRQ
SURFHVVHV >���@� 7KXV� WKH DELOLW\ WR GHWHFW TXLFNO\ SRWHQWLDOO\
KDUPIXO OHYHOV RI LPEDODQFH LQ YDULRXV SRZHU V\VWHPV LV KLJKO\
GHVLUDEOH IRU WKH EHQH¿W RI ERWK WKH XWLOLW\ DQG FXVWRPHU >��
�@� 7R WKLV HQG� HIIHFWLYH DOJRULWKPV DQG VRSKLVWLFDWHG PHWKRGV
DUH FUXFLDO IRU GHWHFWLQJ DQ DEQRUPDO OHYHO RI LPEDODQFH LQ UHDO
WLPH DQG HYDOXDWLQJ WKH DVVRFLDWHG HIIHFWV� ,W LV LQ WKLV FRQWH[W
WKDW PRGHUQ VHQVLQJ GHYLFHV� VXFK DV SKDVRU PHDVXUHPHQW
XQLWV �308V�� KDYH WKH SRWHQWLDO WR SURYLGH UDSLG GHWHFWLRQ
RI FRQWLQJHQFLHV DQG VLWXDWLRQDO DZDUHQHVV >�@�

$� 6XPPDU\ RI UHVXOWV
7KLV SDSHU IRFXVHV RQ RQOLQH GHWHFWLQJ D FKDQJH LQ WKH

LPEDODQFH FRQGLWLRQ RI D WKUHH�SKDVH SRZHU V\VWHP� 7KH PDLQ
FRQWULEXWLRQV RI WKLV SDSHU DUH WKUHHIROG� )LUVW� ZH H[SUHVV
WKH SRZHU V\VWHP LPEDODQFH FKDQJH�GHWHFWLRQ DV DQ RQOLQH
K\SRWKHVLV WHVWLQJ SUREOHP EDVHG RQ WLPH�GRPDLQ VDPSOHV�
7KH DGYDQWDJH RI XVLQJ WLPH�GRPDLQ VLJQDOV LV WKDW WKH 308

FRQVWUXFWV WKH RXWSXW IUHTXHQF\�GRPDLQ VLJQDOV E\ XVLQJ D
GLVFUHWH )RXULHU WUDQVIRUP RSHUDWRU� ZKLFK PD\ FDXVH WLPH
GHOD\� 6HFRQG� ZH DSSO\ D FXPXODWLYH VXP �&8680� WHVW WR
VROYH RXU SUREOHP DQG D JHQHUDOL]HG OLNHOLKRRG UDWLR �*/5�
SURFHGXUH WKDW FDQ EH XVHG ZKHQ WKH V\VWHP SDUDPHWHUV DUH
XQNQRZQ� 7KH SURSRVHG &8680 DQG */5 SURFHGXUHV DUH
ZHOO�NQRZQ LQ VWDWLVWLFV DQG DUH VSHFL¿FDOO\ WDLORUHG IRU WKH
VPDUW JULG VWUXFWXUH� )LQDOO\� XVLQJ VLPXODWLRQ UHVXOWV IRU D
YDULHW\ RI LPEDODQFH FRQGLWLRQV� ZH H[DPLQH WKH GHWHFWLRQ
SHUIRUPDQFH RI WKH SURSRVHG DSSURDFKHV� ,Q SDUWLFXODU� ZH
GHPRQVWUDWH WKDW WKH WKH SHUIRUPDQFH RI WKH SURSRVHG FKDQJH�
SRLQW GHWHFWLRQ SURFHGXUHV DUH HYDOXDWHG XVLQJ WKH DYHUDJH�
UXQ�OHQJWK �$5/� DQG WKH H[SHFWHG GHWHFWLRQ GHOD\ �(''��

%� 5HODWHG ZRUNV
:KHQ V\VWHP LPEDODQFH RFFXUV� WKH 308¶V RXWSXW H[KLELWV

QRQVWDWLRQDU\ IUHTXHQF\ GHYLDWLRQV >�� �@ DQG WKH SRVLWLYH�
VHTXHQFH PHDVXUHPHQWV EHFRPH QRQ�FLUFXODU >��� ��@� 7KH
PDLQ SHUIRUPDQFH PHDVXUH RI LPEDODQFHV LQ SRZHU V\VWHPV
LV WKH YROWDJH XQEDODQFH IDFWRU �98)� >�� ��� ��@� 5HFHQWO\�
QHZ SDUDPHWULF LPEDODQFH GHWHFWLRQ PHWKRGV WKDW RXWSHUIRUP
WKH FODVVLFDO SDUDPHWULF PHWKRGV LQ WHUPV RI SUREDELOLW\ RI
HUURU KDYH EHHQ SURSRVHG� 7KH QHZ PHWKRGV DUH EDVHG RQ
WKH */5 WHVW >��� ��@ DQG JHQHUDOL]HG ORFDOO\ PRVW SRZHUIXO
WHVW �*/03� >��� ��@ DSSURDFKHV� $OO WKHVH PHWKRGV DUH
SHUIRUPHG RIÀLQH DQG DUH EDVHG RQ WZR� RU WKUHH�SKDVH GDWD
WKDW DUH QRW DYDLODEOH DW WKH FRQWURO FHQWHU� ,Q FRQWUDVW� WKH
SURSRVHG SDUDPHWULF FKDQJH�GHWHFWLRQ PHWKRG LV DQ RQOLQH
PHWKRG� ZKLFK HPSOR\HV VLQJOH�SKDVH GDWD�

,Q WKH ODVW GHFDGH� PRGHUQ RSWLPL]DWLRQ DQG VWDWLVWLFDO
PHWKRGRORJLHV KDYH EHHQ VKRZQ WR EH SRZHUIXO WRROV LQ SRZHU
V\VWHP SUREOHPV �VHH� H�J�� >��� ��� ��� �����@�� ,Q WKLV FRQWH[W�
FKDQJH�SRLQW GHWHFWLRQ RI DQ HPHUJLQJ DEUXSW FKDQJH SRLQW LQ D
WLPH VHULHV VHHPV D SURPLVLQJ WRRO� ,W LV ZHOO NQRZQ WKDW� XQGHU
VRPH FRQGLWLRQV� WKH RSWLPDO FKDQJH�SRLQW GHWHFWLRQ SURFHGXUH
LV WKH &8680 SURFHGXUH �H�J�� >��@�� +RZHYHU� LQ WKH FDVH
ZKHUH WKHUH DUH XQNQRZQ V\VWHP SDUDPHWHUV� WKH &8680
PHWKRG VKRXOG EH UHSODFHG E\ PHWKRGV WKDW DUH DOVR EDVHG RQ D
VWDWH HVWLPDWLRQ VWDJH� ,Q WKH FRQWH[W RI SRZHU V\VWHPV� D QRQ�
SDUDPHWULF RQOLQH LGHQWL¿FDWLRQ PHWKRG RI WKH OHYHO� ORFDWLRQ�
DQG HIIHFWV RI YROWDJH LPEDODQFH LQ D GLVWULEXWLRQ QHWZRUN
LV GHULYHG LQ >�@� 'HULYDWLRQ RI SDUDPHWULF FKDQJH�GHWHFWLRQ
PHWKRGV LV H[SHFWHG WR LPSURYH WKH GHWHFWLRQ SHUIRUPDQFH�
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7KH YROWDJHV LQ D WKUHH�SKDVH SRZHU V\VWHP DUH DVVXPHG WR
EH SXUH VLQXVRLGDO VLJQDOV RI IUHTXHQF\ ω0 +∆� ZKHUH ω0 LV
WKH NQRZQ QRPLQDO IUHTXHQF\ �100π RU 120π� DQG ∆ LV WKH
IUHTXHQF\ GHYLDWLRQ IURP WKLV QRPLQDO YDOXH� 7KH PDJQLWXGHV
DQG SKDVHV RI WKH WKUHH YROWDJHV DUH GHQRWHG E\ Va, Vb, Vc ≥ 0
DQG ϕa,ϕb,ϕc ∈ [0, 2π]� UHVSHFWLYHO\� 7KH 308 VDPSOHV WKHVH
UHDO VLJQDOV N WLPHV SHU F\FOH RI WKH QRPLQDO IUHTXHQF\� ω0� WR
SURGXFH WKH IROORZLQJ GLVFUHWH�WLPH� QRLV\ PHDVXUHPHQW PRGHO
�H�J�� >�@� SS� �������

x[n] =
1

2
e
jγ

ω0+∆

ω0
n
v +

1

2
e
−jγ

ω0+∆

ω0
n
v∗ +w[n], ∀n ∈ Z, ���

ZKHUH γ
#
= 2π

N DQG v
#
=

[

Vae
jϕa , Vbe

jϕb , Vce
jϕc

]T � 7KH QRLVH
VHTXHQFH� {w[n]}n∈R� LV DVVXPHG WR EH D UHDO ZKLWH *DXVVLDQ
QRLVH VHTXHQFH ZLWK D NQRZQ FRYDULDQFH PDWUL[ σ2I3�

:H DVVXPH WKDW WKH VHTXHQFH LV JLYHQ E\�

x[0],x[1], . . . ,x[τ − 1]
︸ ︷︷ ︸

EDODQFHG V\VWHP

,x[τ ], . . . ,x[t]
︸ ︷︷ ︸

XQEDODQFHG V\VWHP

, ���

ZKHUH 1 ≤ τ ≤ t GHQRWHV WKH FKDQJH�SRLQW ORFDWLRQ� 7KDW LV�
ZH DVVXPH WKDW WKH YHFWRUV x[0], . . . ,x[τ−1] DQG x[τ ], . . . ,x[t]
DUH REWDLQHG IRUP WKH PRGHO LQ ��� ZLWK EDODQFHG DQG XQEDO�
DQFHG YROWDJH YHFWRUV� v DQG ṽ� UHVSHFWLYHO\�

7KH SRVLWLYH YROWDJH VHTXHQFH� L�H�� WKH ³VSDFH YHFWRU´
>��@� LV FDOFXODWHG IURP WKUHH�SKDVH YROWDJHV E\ XVLQJ WKH
V\PPHWULFDO FRPSRQHQW WUDQVIRUPDWLRQ �>�@ SS� �������

v+[n] = gTx[n], n = 0, . . . , t, ���

ZKHUH g
#
= 1

3

[

1,α,α2
]T DQG α = ej2π/3� )RU WKH VSHFLDO FDVH

RI D SHUIHFWO\ EDODQFHG V\VWHP� WKH WKUHH�SKDVH YROWDJHV VDWLVI\
Va = Vb = Vc DQG ϕa = ϕb+

2π
3

= ϕc− 2π
3

� 7KHUHIRUH� LW FDQ
EH YHUL¿HG WKDW IRU WKLV FDVH� L�H�� EHIRUH WKH FKDQJH� gTv∗ = 0�
%\ XVLQJ WKLV UHVXOW DQG VXEVWLWXWLQJ WKH PRGHO IURP ��� LQ ����
RQH REWDLQV WKDW EHIRUH WKH FKDQJH�

v+[n] =
1

2
e
jγ

ω0+∆

ω0
n
Cv

+ + µ+[n], ���

∀n = 0, . . . , τ − 1� DQG DIWHU WKH FKDQJH

v+[n] =
1

2
e
jγ

ω0+∆

ω0
n
C ṽ

+ +
1

2
e
−jγ

ω0+∆

ω0
n(C ṽ

−)
∗ + µ+[n], ���

∀n = τ, . . . , t� ZKHUH Cv
+

#
= gTv� C ṽ

+

#
= gT ṽ� DQG C ṽ

−
#
=

gH ṽ� ,Q DGGLWLRQ� WKH QRLVH VHTXHQFH� µ+[n]
#
= gTw[n]� n =

0, 1, . . . , t� LV WLPH�LQGHSHQGHQW VHTXHQFH DQG VDWLV¿HV

µ+[n] ∼ NC

(

0,
σ2

3

)

. ���
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$� 7KH K\SRWKHVLV�WHVWLQJ SUREOHP
7KH REMHFWLYH RI WKLV VWXG\ LV WR GHYHORS D PHWKRG IRU

FKDQJH�SRLQW GHWHFWLRQ EDVHG RQ WKH 308 RXWSXW RI WKH
SRVLWLYH VHTXHQFH FRPSRQHQWV� )RU LQVWDQFH� IRU WKH SRVLWLYH
VHTXHQFH VKRZQ LQ )LJ� �� VLQJOH�SKDVH LPEDODQFH RFFXUV DW

Q�>WLPH@
� �� �� �� �� �� �� �� �� �� ���

5
HD
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�>
Q@
`

����
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�

���

�

���

�
615 ��G%
615 ��G%
615 ��G%

)LJ� �� 3RVLWLYH�VHTXHQFH PHDVXUHPHQW RI EDODQFHG V\VWHP DQG XQEDODQFHG
V\VWHP EHIRUH DQG DIWHU WKH FKDQJH� UHVSHFWLYHO\� ZKHUH WKH FKDQJH SRLQW LV DW
n = 50 DQG ZLWK WKH SDUDPHWHUV Cv

+ = 0.3709+0.3353j� C ṽ

+ = 0.8654+

0.7825j� DQG C ṽ

−

= 0.1400−0.6518i� N = 48� ω0 = 60+]� DQG ∆ = 1+]�

WLPH n = 50� 7KH JRDO LV WR XVH WKH 308 YROWDJH SRVLWLYH�
VHTXHQFH PHDVXUHPHQWV WR ORFDWH WKLV FKDQJH SRLQW� ,W FDQ EH
VHHQ WKDW WKLV WDVN EHFRPHV HDVLHU DV WKH VLJQDO�WR�QRLVH UDWLR
�615� LQFUHDVHV�

7KH FKDQJH�SRLQW GHWHFWLRQ SUREOHP FDQ EH PDWKHPDWLFDOO\
IRUPXODWHG DV WKH IROORZLQJ FRPSRVLWH VHTXHQWLDO K\SRWKHVLV
WHVWLQJ SUREOHP�
{

H0 : 7KH V\VWHP LV EDODQFHG WLOO �DW OHDVW� n = t
H1 : 7KHUH LV D FKDQJH SRLQW DW WLPH τ

, ���

ZKHUH WKH PHDVXUHPHQW PRGHO LV DFFRUGLQJ WR ��� DQG ���� 7KH
FKDQJH�SRLQW GHWHFWLRQ LV D ZHOO�VWXGLHG SUREOHP LQ VWDWLVWLFDO
VLJQDO SURFHVVLQJ DQG WKH &8680 SURFHGXUH LV D SRSXODU
DOJRULWKP LQ WKH OLWHUDWXUH WKDW KDV VRPH RSWLPDOLW\ SURSHUWLHV
IRU NQRZQ V\VWHP SDUDPHWHUV >��@�

%� &8680 DSSURDFK
7KH GHVLUHG VWRSSLQJ UXOHV DUH GHWHUPLQHG E\ OLNHOLKRRG

UDWLRV� DV GHVFULEHG LQ WKH IROORZLQJ� %\ XVLQJ ��� DQG ���� DV
ZHOO DV WKH QRLVH VWDWLVWLFV IURP ��� DQG WKH K\SRWKHVLV WHVWLQJ
IURP ���� WKH ORJ�OLNHOLKRRG UDWLR RI K\SRWKHVLV H1 YHUVXV H0

IRU D JLYHQ FKDQJH�SRLQW WLPH� 1 ≤ τ ≤ t� LV JLYHQ E\�

Lt(τ, C
v
+, C

ṽ
+, C

ṽ
−)

#
= log f(ν+;H1)− log f(ν+;H0)

= Q0

(

Cv
+

)

−Q1
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τ, Cv
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ṽ
+, C

ṽ
−

)

, ���

ZKHUH f(ν+;Hi) LV WKH SGI RI ν+ XQGHU K\SRWKHVLV Hi�
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=
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%\ VXEVWLWXWLQJ ��� DQG ���� LQ ���� RQH REWDLQV WKH GHFLVLRQ
IXQFWLRQ�

Lt(τ, C
v
+, C

ṽ
+, C

ṽ
−) = S[t]− S[τ − 1], ����

ZKHUH WKH FXPXODWLYH VXP IURP 0 WR k LV GH¿QHG DV�

S[k]
#
=

k
∑

n=0

l[n], k ≥ 0 ����

DQG

l[n]
#
=

1

4

(∣
∣Cv

+

∣
∣
2
−

∣
∣C ṽ

+

∣
∣
2
−

∣
∣C ṽ

−

∣
∣
2
)

− 5HDO
{
(

Cv
+ − C ṽ

+

)

e
jγ

ω0+∆

ω0
n
v∗+[n]

}

+ 5HDO
{

C ṽ
−e

jγ
ω0+∆

ω0
n
v+[n]

}

−
1

2
5HDO

{

C ṽ
+C

ṽ
−e

2jγ
ω0+∆

ω0
n
}

, ∀n ≥ 0. ����

'HQRWH E\ τ̂C WKH WLPH DW ZKLFK WKH &8680 DOJRULWKP
GHFODUHV DQ LPEDODQFH FRQGLWLRQ� 7KHQ� XQGHU WKH DVVXPSWLRQ
WKDW WKH SDUDPHWHUV Cv

+, C
ṽ
+ DQG C ṽ

− DUH NQRZQ� τ̂C LV JLYHQ
E\

τ̂C = arg max
1≤τ≤t

Lt(τ, C
v
+, C

ṽ
+, C

ṽ
−), ����

VXFK WKDW Lt(τ, Cv
+, C

ṽ
+, C

ṽ
−) > η� ZKHUH η > 0 LV D WKUHVKROG

VHW E\ WKH XVHU� %\ VXEVWLWXWLQJ ���� LQ ����� ZH REWDLQ WKDW
WKH FKDQJH�WLPH HVWLPDWRU IURP ���� FDQ EH UHZULWWHQ DV >��@

τ̂C = arg min
1≤τ≤t

S[τ − 1], ����

VXFK WKDW G[t] > η� ZKHUH

G[0] = 0

G[t] = {G[t− 1] + l[t]}+ , t ≥ 1, , ����

{z}+ = max{z, 0}� DQG l[t] LV GH¿QHG LQ �����
7KH LGHD LV WKDW EHIRUH DQ\ LPEDODQFH VFHQDULR RFFXUV� WKH

PHDQ RI WKH ORJ�OLNHOLKRRG UDWLR IURP ��� LV QHJDWLYH� $V
D UHVXOW� G[t] ZRXOG UHPDLQ FORVH WR RU DW 0 SULRU WR WKH
LPEDODQFH VLWXDWLRQ� 2Q WKH RWKHU KDQG� ZKHQ WKH V\VWHP
EHFRPHV XQEDODQFHG� WKH PHDQ RI WKH ORJ�OLNHOLKRRG UDWLR
IURP ��� LV SRVLWLYH� $V D UHVXOW� G[t] LQFUHDVHV WKLV FKDQJH�
+HQFH� WKH &8680 DOJRULWKP GHFODUHV WKH RFFXUUHQFH RI DQ
LPEDODQFH VLWXDWLRQ DW WKH ¿UVW WLPH WKDW G[t] UHDFKHV WKH
SUH�GHWHUPLQHG WKUHVKROG� η� 7KH DOJRULWKP LV VXPPDUL]HG LQ
$OJRULWKP ��

,9� */5 7(67

,Q SUDFWLFH� WKH SKDVRUV Cv
+, C

ṽ
+ DQG C ṽ

− DUH XQNQRZQ�
7KHUHIRUH� WKH &8680 DOJRULWKP FDQQRW EH LPSOHPHQWHG
VLQFH WKH OLNHOLKRRG IXQFWLRQ GHSHQGV RQ WKH XQNQRZQ SDUDP�
HWHUV� ,Q WKLV FRQWH[W� ZH FDQ DSSO\ WKH */5 DSSURDFK� ,Q
WKLV DSSURDFK� ZH FRPSXWH WKH /5 VWDWLVWLFV FRPELQHG ZLWK
PD[LPL]DWLRQ Z�U�W� WKH XQNQRZQ SDUDPHWHUV� ,Q RUGHU WR LP�
SOHPHQW WKH VHTXHQWLDO */5 WHVW� ¿UVW ZH GHULYH WKH PD[LPXP
OLNHOLKRRG �0/� VWDWH HVWLPDWRUV XQGHU HDFK K\SRWKHVLV LQ
6HFWLRQ ,9�$ DQG WKHQ ZH GHYHORS WKH FRUUHVSRQGLQJ */5
SURFHGXUH EDVHG RQ WKHVH HVWLPDWRUV LQ 6HFWLRQ ,9�%�

$OJRULWKP �� &8680 IRU LPEDODQFH FKDQJH GHWHFWLRQ
,QSXW� 3RVLWLYH VHTXHQFH REVHUYDWLRQV v+[n]�
n = 0, . . . , t� SKDVRUV Cv

+, C
ṽ
+, C

ṽ
−� DQG WKH QRPLQDO

IUHTXHQF\ ω0�
2XWSXW� &KDQJH�SRLQW GHFLVLRQ
,QLWLDOL]DWLRQ�

• 6HW WKH GHWHFWLRQ WKUHVKROG η > 0
• S[−1] = G[−1] = 0
• )L[ n = 0

IRU n = 0, . . . , t GR
ZKLOH WKH DOJRULWKP LV QRW VWRSSHG GR

�� 6HW l[n] DFFRUGLQJ WR ���� DQG E\ XVLQJ v+[n]
�� 6HW S[n] = S[n− 1] + l[n]
�� (YDOXDWH WKH IXQFWLRQ

G[n] = {G[n− 1] + l[n]}+

�� LI G[n] > η > 0 WKHQ
• 7KH FKDQJH WLPH HVWLPDWRU IURP ���� LV JLYHQ

E\
τ̂C = arg min

1≤τ≤n
S[τ − 1]

• 6WRS RU UHVHW WKH DOJRULWKP
HQG LI
n = n+ 1

HQG
HQG

$� 6WDWH HVWLPDWLRQ
/HW XV GH¿QH

zt1,t2
#
= 2

t2∑

n=t1

e
−jγ

ω0+∆

ω0
n
v+[n] ����

yt1,t2
#
= 2

t2∑

n=t1

e
−jγ

ω0+∆

ω0
n
v∗+[n] ����

Ψτ
#
=

t
∑

n=τ

e
2jγ

ω0+∆

ω0
n
, ∀1 ≤ τ ≤ t, ����

IRU DQ\ t1, t2 ∈ [0, t]� $FFRUGLQJ WR WKH K\SRWKHVLV SUREOHP LQ
���� WKH 0/ HVWLPDWRU RI Cv

+ PD[LPL]HV WKH OLNHOLKRRG IXQFWLRQ
XQGHU K\SRWKHVLV H0� L�H�� PLQLPL]HV Q0

(

Cv
+

)

IURP ���� %\
HTXDWLQJ WKH GHULYDWLYH RI ��� Z�U�W� Cv

+ WR ]HUR� RQH REWDLQV�

Ĉ
v|0
+ =

z0,t
t+ 1

. ����

7KH QRWDWLRQ Ĉ
v|i
+ � i = 0, 1 GHQRWHV WKH IDFW WKDW WKLV LV

WKH HVWLPDWRU RI Cv
+ XQGHU K\SRWKHVLV Hi� 6LPLODUO\� WKH

0/ HVWLPDWRUV RI Cv
+� C ṽ

+� DQG C ṽ
− PD[LPL]H WKH OLNHOLKRRG

IXQFWLRQ XQGHU K\SRWKHVLV H1� DQG DUH REWDLQHG E\ HTXDWLQJ
WKH GHULYDWLYH RI ���� Z�U�W� Cv

+ WR ]HUR�

Ĉ
v|1
+ =

z0,τ−1

τ
, ����

Ĉ
ṽ|1
+ =

zτ,t
t+ 1− τ

−

(

C ṽ
−

)∗
Ψ∗

τ

t+ 1− τ
, ����

����������������������������������,(((
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DQG

Ĉ
ṽ|1
− =

yτ,t
t+ 1− τ

−

(

C ṽ
+

)∗
Ψ∗

τ

t+ 1− τ
, ����

IRU DQ\ 1 ≤ τ ≤ t� (TXDWLRQV ���� DQG ���� LPSO\ WKDW

Ĉ
ṽ|1
+ =

(t+ 1− τ)zτ,t − y∗τ,tΨ
∗
τ

(t+ 1− τ)2 − |Ψτ |2
����

DQG

Ĉ
ṽ|1
− =

(t+ 1− τ)yτ,t − z∗τ,tΨ
∗
τ

(t+ 1− τ)2 − |Ψτ |2
, ����

IRU DQ\ 1 ≤ τ ≤ t� ,W FDQ EH VHHQ WKDW� DV H[SHFWHG� IRU
τ = t + 1� L�H�� WKHUH LV QR FKDQJH� Ĉ

ṽ|1
+ = Ĉ

ṽ|1
− = 0 DQG

Ĉ
v|1
+ = Ĉ

v|0
+ � ,I WKH QRLVH YDULDQFH σ2 LV DOVR XQNQRZQ� LWV

0/ HVWLPDWRU FDQ EH FRPSXWHG� VLPLODU WR >��@�

%� */5 PHWKRG
,Q WKLV VHFWLRQ� WKH &8680 PHWKRG IURP $OJRULWKP �

LV UHSODFHG ZLWK WKH */5 PHWKRG� LQ ZKLFK WKH XQNQRZQ
SDUDPHWHUV LQ WKH &8680 WHUPV DUH UHSODFHG E\ WKHLU 0/
HVWLPDWRUV� )RU WKLV FDVH� WKH UHOHYDQW VWDWLVWLF IURP ��� LV
UHSODFHG E\ WKH IROORZLQJ */5 VWDWLVWLF�

L̃t(τ, Ĉ
v|0
+ , Ĉ

v|1
+ , Ĉ

ṽ|1
+ , Ĉ

ṽ|1
− )

= Q0(Ĉ
v|0
+ )−Q(τ, Ĉv|1

+ , Ĉ
ṽ|1
+ , Ĉ

ṽ|1
− ) =

3

2σ2
× ����

(
(t+ 1)

4

∣
∣
∣Ĉ

v|0
+

∣
∣
∣

2

−
1

2
5HDO

{

Ĉ
v|0
+ z∗0,t

}

−
τ

4

∣
∣
∣Ĉ

v|1
+

∣
∣
∣

2

−
t+ 1− τ

4

∣
∣
∣Ĉ

ṽ|1
+

∣
∣
∣

2

−
t+ 1− τ

4

∣
∣
∣Ĉ

ṽ|1
−

∣
∣
∣

2

+
1

2
5HDO

{

Ĉ
v|1
+ z∗0,τ−1

}

+
1

2
5HDO

{

Ĉ
ṽ|1
+ z∗τ,t

}

+
1

2
5HDO

{

Ĉ
ṽ|1
− y∗τ,t

}

−
1

2
5HDO

{

Ĉ
ṽ|1
+ Ĉ

ṽ|1
− Ψτ

}
)

. ����

%\ VXEVWLWXWLQJ WKH VWDWH HVWLPDWRUV IURP ����� ����� DQG ����
LQ ����� RQH REWDLQV

L̃t(τ, Ĉ
v|0
+ , Ĉ

v|1
+ , Ĉ

ṽ|1
+ , Ĉ

ṽ|1
− ) =

3

2σ2
×

(

−
t+ 1

4

∣
∣
∣Ĉ

v|0
+

∣
∣
∣

2

+
τ

4

∣
∣
∣Ĉ

v|1
+

∣
∣
∣

2

+
t+ 1− τ

4

∣
∣
∣Ĉ

ṽ|1
+

∣
∣
∣

2

+
t+ 1− τ

4

∣
∣
∣Ĉ

ṽ|1
−

∣
∣
∣

2

+
1

2
5HDO

{

Ĉ
ṽ|1
+ Ĉ

ṽ|1
− Ψτ

}
)

. ����

7KHUHIRUH� WKH */5 UXOH IRU WKH FKDQJH LV

τ̂*/5 = arg max
1≤τ≤t

L̃t(τ, Ĉ
v|0
+ , Ĉ

v|1
+ , Ĉ

ṽ|1
+ , Ĉ

ṽ|1
− ), ����

ZKHUH WKH U�K�V� VKRXOG EH KLJKHU WKDQ WKH WKUHVKROG η� 6LPLODU
WR WKH UHFXUVLYH &8680 IRUPXODWLRQ LQ ����� WKH UHFXUVLYH
YHUVLRQ RI WKH */5 SURFHGXUH FDQ EH ZULWWHQ DV

τ̂ UHFXUVLYH
*/5 = min

{

t : max
τ<t

L̃t(τ, Ĉ
v|0
+ , Ĉ

v|1
+ , Ĉ

ṽ|1
+ , Ĉ

ṽ|1
− ) > η

}

.

����
,W FDQ EH VHH WKDW WKH FKDQJH�WLPH HVWLPDWRU� τ̂*/5� LV D

IXQFWLRQ RI WKH DPSOLWXGH RI WKH HVWLPDWRU RI WKH QHJDWLYH

SKDVRU� Ĉ
ṽ|1
− � DQG RI WKH GLIIHUHQFH EHWZHHQ WKH SRVLWLYH

VHTXHQFH EHIRUH DQG DIWHU WKH FKDQJH� Ĉv|1
+ −Ĉ

ṽ|1
+ � 7KDW LV� WKH

*/5 GHWHFWRU LQ ���� FDQ EH LQWHUSUHWHG DV D GHWHFWRU RI WKH
SUHVHQFH RI D QHJDWLYH�VHTXHQFH SKDVRU DQG WKH SUHVHQFH RI
D FKDQJH LQ WKH SRVLWLYH�VHTXHQFH SKDVRU� ZKLFK ¿WV D W\SLFDO
VLWXDWLRQ LQ ZKLFK WKH V\VWHP EHFRPHV XQEDODQFHG� +RZHYHU�
UHFXUVLYH LPSOHPHQWDWLRQ RI D */5 WHVW LQ D &8680 ZD\ LV
LQWUDFWDEOH LQ WKH SUHVHQFH RI XQNQRZQ SDUDPHWHUV� 7KHUHIRUH�
DQ DOWHUHG ZLQGRZ�OLPLWHG YHUVLRQ RI WKH */5 WHVW IURP ����
KDV WR EH XVHG LQ SUDFWLFDO UHDO�WLPH VHWWLQJV�

9� 6,08/$7,216

,Q WKLV VHFWLRQ� WKH SHUIRUPDQFH RI WKH SURSRVHG UHDO�WLPH
XQEDODQFHG V\VWHP GHWHFWLRQ XVLQJ WKH &8680 DOJRULWKP LQ
$OJRULWKP � DQG WKH */5 UXOH IURP ���� LV HYDOXDWHG YLD
10, 000 0RQWH�&DUOR VLPXODWLRQV� :H FRQVLGHU D VLQJOH 308
ZLWK WKH SDUDPHWHUV� N = 48� ω0 = 60+]� IUHTXHQF\ GHYLDWLRQ
RI ∆ = 1 +]� DQG GLIIHUHQW YDOXHV RI QRLVH YDULDQFH σ2� 7KH
615 LV GH¿QHG DV 615 !

3|C+|2

σ2 � 7R DQDO\]H WKH GHWHFWLRQ
SHUIRUPDQFH RI WKH SURSRVHG PHWKRGV� ZH FRQVLGHU D VLQJOH�
SKDVH DPSOLWXGH LPEDODQFH� 7KDW LV� WKH WKUHH YROWDJH SKDVHV�
VDWLVI\ ϕa = 0.234π� ϕb = φa −

2π
3

DQG φc = φa +
2π
3

� ZLWK
YROWDJH DPSOLWXGHV ¿[HG DW 1 S�X� IRU D EDODQFHG V\VWHP� 7R
LQWURGXFH LPEDODQFH� WKH c SKDVRU LV PXOWLSOLHG E\ β = 1.5�
ZKLFK FDXVHV PDJQLWXGH LPEDODQFH�

7ZR VWDQGDUG SHUIRUPDQFH PHWULFV XVHG WR FKDUDFWHUL]H
WKH SHUIRUPDQFH RI D FKDQJH GHWHFWLRQ DOJRULWKPV DUH� WKH
H[SHFWHG GXUDWLRQ LQ EHWZHHQ WZR IDOVH DODUPV� FDOOHG WKH
$5/� DQG WKH (''� ZKLFK LV WKH H[SHFWHG WLPH WR VWRS LQ
WKH H[WUHPH FDVH ZKHQ WKH FKDQJH RFFXUV LPPHGLDWHO\ DW
τ = 0� ,W LV GHVLUHG WKDW WKH $5/ TXDQWLW\ ZLOO EH DV VPDOO DV
SRVVLEOH WR PLQLPL]H WKH UHDFWLRQ WLPH RI WKH FKDQJH�GHWHFWLRQ
PHWKRG� ,Q JHQHUDO� D WUDGHRII RFFXUV EHWZHHQ KLJK DFFXUDF\
DQG PLQLPXP GHOD\�

,Q )LJV� � DQG � WKH $5/(k = 25) DQG WKH ('' DUH
SUHVHQWHG� UHVSHFWLYHO\� YHUVXV 615� ZKHUH 615 #

= |C+|
σ2 � )LJ�

� VKRZV WKDW� LQ WHUPV RI $5/ IRU D FKDQJH WKDW KDSSHQV DW
τ = 25� WKH */5 DFKLHYHV WKH &8680 SHUIRUPDQFH IRU KLJK
615� ZKLOH IRU ORZ 615 LW KDV D KLJKHU $5/� )LJ� � VKRZV
WKDW� LQ WHUPV RI (''� 7KH */5¶V EHKDYLRU LV VLPLODU WR WKH
&80680 SHUIRUPDQFH� ZKHUH IRU ERWK PHWKRGV� WKH (''
GHFUHDVHV DV WKH 615 LQFUHDVHV� 7KHVH ¿JXUHV GHPRQVWUDWH WKDW
WKH SHUIRUPDQFH RI WKH &8680 SURFHGXUH� ZKLFK DVVXPHV
SHUIHFW NQRZOHGJH RI WKH XQNQRZQ SDUDPHWHUV� FDQ EH XVHG DV
D ORZHU ERXQG WR WKH $5/ RI WKH */5 GHFLVLRQ UXOHV WKDW DUH
EDVHG RQ WKH HVWLPDWLRQ RI WKH SDUDPHWHUV�

9,� &21&/86,21

,Q WKLV SDSHU� ZH LQWURGXFH WZR WHFKQLTXHV� EDVHG RQ WKH
&8680 DQG */5 WHVWV� IRU RQOLQH FKDQJH�SRLQW GHWHFWLRQ RI
LPEDODQFH FRQGLWLRQ RI WKUHH�SKDVH SRZHU V\VWHPV� 7KH SUR�
SRVHG PHWKRGV DUH EDVHG RQ D VWDWLVWLF PRGHO IRU WKH SRVLWLYH�
VHTXHQFH GDWD IURP D 308 PHDVXUHPHQW DW RII�QRPLQDO IUH�
TXHQFLHV� 7KH SHUIRUPDQFH RI WKH &8680 SURFHGXUH� ZKLFK
DVVXPHV SHUIHFW NQRZOHGJH RI WKH XQNQRZQ SDUDPHWHUV� FDQ EH
XVHG DV D EHQFKPDUN RQ WKH SHUIRUPDQFH RI WKH */5 GHFLVLRQ

����������������������������������,(((
Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on July 15,2020 at 03:11:35 UTC from IEEE Xplore.  Restrictions apply. 



615�>G%@
�� � � �� �� �� �� ��

$5
/�
N 
��
�

����

����

���

���
&8680
*/57

)LJ� �� 7KH $5/ YHUVXV 615 IRU VLQJOH�SKDVH LPEDODQFH DW WLPH τ = 25

IRU WKH &8680 DQG */5 WHVWV�

615�>G%@
�� � � �� �� �� ��

('
'

���

���

���
&8680
*/5

)LJ� �� 7KH H[SHFWHG GHWHFWLRQ GHOD\ YHUVXV 615 IRU VLQJOH�SKDVH LPEDODQFH
IRU WKH &8680 DQG */5 WHVWV�

UXOH� ZKLFK HVWLPDWHV WKH XQNQRZQ SDUDPHWHUV� 1XPHULFDO
VLPXODWLRQV VKRZ WKDW WKH SURSRVHG */5�EDVHG PHWKRG FDQ
EH XVHG IRU HQKDQFHG VLWXDWLRQDO DZDUHQHVV LQ IXWXUH JULG
PDQDJHPHQW V\VWHPV DQG LW KDV JRRG SHUIRUPDQFH LQ WHUPV RI
$5/ DQG (''� ,Q SDUWLFXODU� WKH */5�WHVW DFKLHYHV WKH $5/
SHUIRUPDQFH RI WKH &8680 SURFHGXUH DW KLJK 615� ,W VKRXOG
EH QRWHG WKDW LQ FXUUHQW SRZHU V\VWHPV� WKH 308V WUDQVPLWV
RQO\ SRVLWLYH VHTXHQFH� GXH WR ODFN RI FRPPXQLFDWLRQ EDQG�
ZLGWK� ,Q WKH IXWXUH� LW LV H[SHFWHG WKDW ZLGH DUHD PRQLWRULQJ
V\VWHPV ZLOO EH FRQ¿JXUHG IRU WKUHH�SKDVH PHDVXUHPHQWV� 7KH
SURSRVHG &8680 DQG */5 PHWKRGV FDQ EH UHDGLO\ H[WHQGHG
WR WKH WKUHH�SKDVH PHDVXUHPHQW FDVH�

$&.12:/('*0(17

7KH ZRUN RI 7� 5RXWWHQEHUJ ZDV SDUWLDOO\ VXSSRUWHG E\ WKH
,65$(/ 6&,(1&( )281'$7,21 �,6)�� JUDQW 1R� ��������
7KH ZRUN RI <� ;LH LV SDUWLDOO\ VXSSRUWHG E\ 16) &&)�
������� DQG &00,���������

5()(5(1&(6

>�@ $� 3KDGNH DQG -� 7KRUS� 6\QFKURQL]HG 3KDVRU 0HDVXUHPHQWV DQG 7KHLU
$SSOLFDWLRQV� 1HZ <RUN� 6SULQJHU 6FLHQFH� �����

>�@ ³(OHFWULF SRZHU V\VWHPV DQG HTXLSPHQW YROWDJH UDWLQJV ��� +HUW]��́ $16,
6WDQGDUG 3XEOLFDWLRQ� QR� $16, &����� �����

>�@ 6� =KRQJ DQG $� $EXU� ³(IIHFWV RI QRQWUDQVSRVHG OLQHV DQG XQEDODQFHG
ORDGV RQ VWDWH HVWLPDWLRQ�́ LQ ,((( 3RZHU (QJLQHHULQJ 6RFLHW\ :LQWHU
0HHWLQJ� YRO� �� -DQ� ����� SS� ���±����

>�@ $� 9RQ -RXDQQH DQG %� %DQHUMHH� ³$VVHVVPHQW RI YROWDJH XQEDODQFH�́
,((( 7UDQV� 3RZHU 'HOLYHU\� YRO� ��� QR� �� SS� ���±���� 2FW� �����

>�@ 1� '� 7OHLV� 3RZHU 6\VWHPV 0RGHOOLQJ DQG )DXOW $QDO\VLV� 7KHRU\ DQG
3UDFWLFH� 2[IRUG � 1HZQHV� �����

>�@ 1� :RROOH\ DQG -� 0LODQRYLF� ³6WDWLVWLFDO HVWLPDWLRQ RI WKH VRXUFH DQG
OHYHO RI YROWDJH XQEDODQFH LQ GLVWULEXWLRQ QHWZRUNV�́ ,((( 7UDQV� 3RZHU
'HOLYHU\� YRO� ��� QR� �� SS� ����±����� -XO\ �����

>�@ 0� 7� %LQD DQG $� .DVKH¿� ³7KUHH�SKDVH XQEDODQFH RI GLVWULEXWLRQ
V\VWHPV� &RPSOHPHQWDU\ DQDO\VLV DQG H[SHULPHQWDO FDVH VWXG\�́ ,QWHU�
QDWLRQDO -RXUQDO RI (OHFWULFDO 3RZHU 	 (QHUJ\ 6\VWHPV� YRO� ��� QR� ��
SS� ���±���� �����

>�@ 7� +� &KHQ� &� +� <DQJ� DQG 1� &� <DQJ� ³([DPLQDWLRQ RI WKH GH¿QLWLRQV
RI YROWDJH XQEDODQFH�́ ,QWHUQDWLRQDO -RXUQDO RI (OHFWULFDO 3RZHU 	
(QHUJ\ 6\VWHPV� YRO� ��� SS� ���±���� �����

>�@ $� *� 3KDGNH� -� 6� 7KRUS� DQG 0� *� $GDPLDN� ³$ QHZ PHDVXUHPHQW
WHFKQLTXH IRU WUDFNLQJ YROWDJH SKDVRUV� ORFDO V\VWHP IUHTXHQF\� DQG UDWH
RI FKDQJH RI IUHTXHQF\�́ ,((( 7UDQV� 3RZHU $SSDUDWXV DQG 6\VWHPV�
YRO� 3$6����� QR� �� SS� ����±����� 0D\ �����

>��@ <� ;LD� 6� 'RXJODV� DQG '� 0DQGLF� ³$GDSWLYH IUHTXHQF\ HVWLPDWLRQ
LQ VPDUW JULG DSSOLFDWLRQV� ([SORLWLQJ QRQFLUFXODULW\ DQG ZLGHO\ OLQHDU
DGDSWLYH HVWLPDWRUV�́ ,((( 6LJQDO 3URFHVVLQJ 0DJD]LQH� YRO� ��� QR� ��
SS� ��±��� 6HS� �����

>��@ <� ;LD DQG '� 0DQGLF� ³:LGHO\ OLQHDU DGDSWLYH IUHTXHQF\ HVWLPDWLRQ RI
XQEDODQFHG WKUHH�SKDVH SRZHU V\VWHPV�́ ,((( 7UDQV� ,QVWUXPHQWDWLRQ
DQG 0HDVXUHPHQW� YRO� ��� QR� �� SS� ��±��� -DQ� �����

>��@ 3� 3LOODU\ DQG 0� 0DQ\DJH� ³'H¿QLWLRQV RI YROWDJH XQEDODQFH�́ ,(((
3RZHU (QJ� 5HY�� YRO� ��� QR� �� SS� ��±��� 0D\ �����

>��@ 0� +� -� %ROOHQ� ³'H¿QLWLRQV RI YROWDJH XQEDODQFH�́ ,((( 3RZHU (QJ�
5HY�� YRO� ��� QR� ��� SS� ��±��� 1RY� �����

>��@ 7� 5RXWWHQEHUJ� <� ;LH� 5� 0� :LOOHWW� DQG /� 7RQJ� ³308�EDVHG
GHWHFWLRQ RI LPEDODQFH LQ WKUHH�SKDVH SRZHU V\VWHPV�́ ,((( 7UDQV�
3RZHU 6\VWHP� YRO� ��� QR� �� SS� ����±����� -XO\ �����

>��@ 0� 6XQ� 6� 'HPLUWDV� DQG =� 6DKLQRJOX� ³-RLQW YROWDJH DQG SKDVH XQEDO�
DQFH GHWHFWRU IRU WKUHH SKDVH SRZHU V\VWHPV�́ ,((( 6LJQDO 3URFHVVLQJ
/HWWHUV� YRO� ��� QR� �� SS� ��±��� -DQ� �����

>��@ 5� &RQFHSFLRQ� 7� 5RXWWHQEHUJ� DQG /� 7RQJ� ³/RFDO GHWHFWLRQ RI YROWDJH
LPEDODQFH LQ WKUHH�SKDVH SRZHU V\VWHPV EDVHG RQ 308 RXWSXW�́ LQ ,(((
&RQIHUHQFH RQ ,QQRYDWLYH 6PDUW *ULG 7HFKQRORJLHV �,6*7������ )HE�
����� SS� �±��

>��@ 7� 5RXWWHQEHUJ� 5� &RQFHSFLRQ� DQG /� 7RQJ� ³308�EDVHG GHWHFWLRQ
RI YROWDJH LPEDODQFHV ZLWK WROHUDQFH FRQVWUDLQWV�́ ,((( 7UDQV� 3RZHU
'HOLYHU\� YRO� ��� QR� �� SS� ���±���� )HE� �����

>��@ 7� 5RXWWHQEHUJ DQG /� 7RQJ� ³-RLQW IUHTXHQF\ DQG SKDVRU HVWLPDWLRQ
XQGHU WKH .&/ FRQVWUDLQW�́ ,((( 6LJQDO 3URFHVVLQJ /HWWHUV� YRO� ���
QR� �� SS� ���±���� -XQH �����

>��@ <� &� &KHQ� 7� %DQHUMHH� $� '� 'RP�ÕQJXH]�*DUF�ÕD� DQG 9� 9� 9HHUDYDOOL�
³4XLFNHVW OLQH RXWDJH GHWHFWLRQ DQG LGHQWL¿FDWLRQ�́ ,((( 7UDQV� 3RZHU
6\VWHPV� YRO� ��� QR� �� SS� ���±���� -DQ� �����

>��@ 2� .RVXW� /� -LD� 5� -� 7KRPDV� DQG /� 7RQJ� ³0DOLFLRXV GDWD DWWDFNV
RQ WKH VPDUW JULG�́ ,((( 7UDQV� 6PDUW *ULG� YRO� �� QR� �� SS� ���±����
'HF �����

>��@ 7� 5RXWWHQEHUJ DQG /� 7RQJ� ³1HWZRUNHG GHWHFWLRQ RI YROWDJH LPEDO�
DQFHV IRU WKUHH�SKDVH SRZHU V\VWHP�́ LQ 7KH ��WK ,((( ,QWHUQDWLRQDO
6\PSRVLXP RQ ,QGXVWULDO (OHFWURQLFV �,6,( ������ -XQH ����� SS� ����±
�����

>��@ '� 2� 6LHJPXQG� 6HTXHQWLDO $QDO\VLV� 7HVWV DQG &RQ¿GHQFH ,QWHUYDOV�
VHU� 6SULQJHU 6HULHV LQ 6WDWLVWLFV� 6SULQJHU� $XJ� �����

>��@ )� 1HYHV� +� 6RX]D� (� %XHQR� 0� 5L]R� )� %UDGDVFKLD� DQG 0� &DYDO�
FDQWL� ³$ VSDFH�YHFWRU GLVFUHWH IRXULHU WUDQVIRUP IRU GHWHFWLQJ KDUPRQLF
VHTXHQFH FRPSRQHQWV RI WKUHH�SKDVH VLJQDOV�́ LQ ,((( ,QGXVWULDO (OHF�
WURQLFV �,(&21��� 1RY� ����� SS� ����±�����

>��@ 0� %DVVHYLOOH DQG ,� 1LNLIRURY� 'HWHFWLRQ RI DEUXSW FKDQJHV� WKHRU\ DQG
DSSOLFDWLRQ� (QJOHZRRG &OLIIV� 1�-� 3UHQWLFH +DOO� �����

����������������������������������,(((
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