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Abstract A stochastic convergence analysis of the parame-
ter vector estimation obtained by the recursive successive
over-relaxation (RSOR) algorithm is performed in mean
sense and mean-square sense. Also, excess of mean-square
error and misadjustment analysis of the RSOR algorithm is
presented. These results are verified by ensemble-averaged
computer simulations. Furthermore, the performance of the
RSOR algorithm is examined using a system identification
example and compared with other widely used adaptive algo-
rithms. Computer simulations show that the RSOR algorithm
has better convergence rate than the widely used gradient-
based algorithms and gives comparable results obtained by
the recursive least-squares RLS algorithm.

Keywords Adaptive filters - Successive over-relaxation -
Gauss—Seidel - System identification - Convergence analysis

1 Introduction

Adaptive filter algorithms can be classified into two main
groups: gradient based and least squares based. The well-
known gradient-based adaptive algorithms are the least-
mean-squares (LMS) algorithm [1], the normalized LMS
(NLMS) algorithm [2], and the affine projection algorithm
(APA) [3]. These algorithms are widely used in practical
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implementations because of their relatively low computa-
tional complexity. The major limitations of the gradient-
based algorithms are their relatively slow convergence rates
and sensitivity to the eigenvalue spread of the input correla-
tion matrix. The other type of adaptive algorithm is based on
the least squares, and the most widely used one is the recur-
sive least-squares (RLS) algorithm. The RLS algorithm has
a faster convergence rate than the gradient-based algorithms,
although the computational complexity is greater [4,5].

There is a clear difference between gradient-based algo-
rithms and the RLS algorithm in terms of the convergence
rate and computational complexity [4,5]. However, a recur-
sive algorithm based on the solution of the time-averaged
normal equation using a single-step Gauss—Seidel iteration
between two consecutive data samples has been proposed as
an intermediate method [6]. The Gauss—Seidel algorithm has
also been used as an optimization algorithm called the Euclid-
ean direction search (EDS) algorithm [7—13]. An accelerated
version of the EDS algorithm is also presented in [14]. As
an alternative to the Gauss—Seidel iterations, the one-step
Jacobi iteration is used in [15]. A recursive implementation
of the Gauss—Seidel algorithm (RGS) is also used to adjust
self-tuning adaptive controller parameters directly in [16].
The main advantage of the RGS algorithm as an intermedi-
ate method is a faster convergence rate than gradient-based
algorithms and a lower computational complexity than the
RLS algorithm. Similar to the RGS algorithm, the recursive
successive over-relaxation (RSOR) algorithm is proposed for
adaptive FIR filtering based on the use of a one-step suc-
cessive over-relaxation (SOR) iteration between two data
samples [17].

The aim of this paper is to present a steady-state con-
vergence analysis of the parameter error vector which is
performed in the mean sense and mean-square sense. Also,
the convergence performance of the RSOR algorithm is
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examined using computer simulations and compared with
the well-known gradient-based algorithms and the RLS algo-
rithm.

The paper is organized as follows: in Sect. 2, the use of the
RSOR algorithm for adaptive filtering is presented. Stochas-
tic convergence analysis of the RSOR algorithm is presented
in Sect. 3. Computer simulations using a system identifica-
tion example are presented in Sect. 4. Concluding remarks
are given in Sect. 5.

2 Review of the RSOR algorithm

An adaptive filter is a digital filter whose parameters w(n)
are adjusted by an adaptive algorithm. The output signal y(n)
can be obtained by the following adaptive FIR filter model

y(n) = x" (n)W(n) (1

where the input vector x(n) and the parameter vector w(n)
can be defined as follows:

x(n) =[x(n) x(n — 1) ...x(n—M—}—l)]T 2)

W(n) = [Wo(n) 1) ... by—1(n)]" 3

where x(n) is the input signal of the filter and M is filter
length. An error signal e(n) is defined by comparing the
desired signal d(n) and the output signal y(n) as follows:

e(n) = d(n) —x' ()W(n). “)
Least-squares-based algorithms use the following cost func-
tion

Vi, w) = > 2" e () 5)
i=1

where A is the forgetting factor, 0 < A < 1. The estimated
parameter vector w(n), which minimizes least-squares error
function (5) for n-step data, can be computed by

Ww(n) = R~ (n)p(n) ©6)

where W(n) can also be obtained by solving the following
time-averaged normal equation:

R(n)w(n) = p(n) (N

where R(n) denotes an estimate of the M x M- dimensional
autocorrelation matrix of the input vector x(n), p(n) denotes
an estimate of the M x 1-dimensional cross-correlation vector
between x(n) and the desired signal d(n), and w(n) is an
estimate of the M x 1- dimensional parameter vector (3).
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The estimated values R(n) and p(n) are computed at time
step n as follows, respectively:

R(n) = > A" 7'x()x" (i) (8)
i=1
p(n) = D 2" Ix()d (). ©)

i=1

In practical applications, the values of R(n) and p(n) are
updated as follows:

R(n) = AR(n — 1) + x(n)x" (n) (10)
p(n) = Ap(n — 1) +x(n)d(n). (1)

By using a strategy similar to that of the RGS algorithm [16],
the recursive implementation of the SOR (RSOR) algorithm
to minimize the least-squares error function (5) can be given
as

i—1
Di(n+1) = | pi(n) = D Rij(m)yi;(n + 1)
j=1

® .
—— + (1 —w)w;(n)

M
— Z R,-j(n)lbj(n) R(n)

j=i+1

i=12,....M, O<w<?2) (12)
where w is known as the relaxation parameter, w; (n) is the ith
element of the estimated parameter vector w(n), p; (n) is the
ith element of the estimated cross-correlation vector p(n),
and R;;(n) indicates the ith row and jth column of the esti-
mated autocorrelation matrix R(#n). Equations (10)—(12) are
used to implement the RSOR algorithm. In the RSOR algo-
rithm, the discrete-time index # is used as the iteration index.
Thus, the RSOR algorithm is implemented using a one-cycle
SOR iteration between two consecutive data samples. When
o = 1, the SOR iterations are equal to the Gauss—Seidel
iterations [18]. By taking @ > 1, the RSOR algorithm can
be used to obtain faster convergence than the RGS algorithm
[17].

3 Stochastic convergence analysis

In this section, the asymptotic convergence, i.e., the steady-
state behavior, of the RSOR parameter estimation vector is
analyzed in the mean sense and mean-square sense. The
analysis is similar to that in [19,20].

The parameter convergence of the RSOR algorithm is
based on the positive definiteness of the autocorrelation
matrix R(n). In the analysis, the following assumption is
used:
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Assumption The excitation signal x () is persistently excit- i N e

ing, i.e., there exist « > 0 and 8 > 0 satisfying p(n) = Zl‘a)‘ P+ Z]: Ap). (22)
i= i=

I o1,
0<al< ;Zx(l)x (i) < Bl < 0 (13)

i=1

over a set of n consecutive data samples for all i. This assump-
tion means that the minimum and maximum eigenvalues of
the sum in (13) are bounded by « and g [21].

3.1 Mean convergence analysis

The estimated autocorrelation matrix R(n) can be decom-
posed as the sum of its lower triangular matrix, diagonal
matrix, and upper triangular matrix as

R(n) = Rr(n) + Rp(n) + Ry(n). (14)

Given the classical SOR method in [18], the splitting of R(n)
can be written as

wR(n) = [Rp(n) + wRL(n)]
—[(I = w)Rp(n) — wRy(n)]. 15)

Based on the splitting in (15) and using (14), the correspond-
ing RSOR algorithm (12) for the solution of (7) is rewritten
as recursion

[Rp(n) + @R (n)]W(n 4 1) = {[Rp(n) + wRL(n)]
— wR(1)}W(n) + wp(n). (16)

Let us define

x()x' (i) = R+ R() (17)
x(i)d(i) = p + p(i) (18)

where R(i) denotes the random part of the autocorrelation
matrix, p(7) denotes the random part of the cross-correlation
vector, R = E{x(i)x" (i)}, p = E{x(i)d (i)}, and E{-} is the
statistical expectation operator. Similar to (14), R and ﬁ(i )
can also be decomposed as

R =Ry +Rp+Ry (19)
R(i) = RL() + Rp(i) + Ry(i). (20)

By substituting (17) into (8) and (18) into (9), the following
equations are, respectively, written as

R(n) = D A"'R+ D A"'R() 1)

i=1 i=1

With (14), (19), and (20), the autocorrelation matrix in (21)
can be written as

n

RL(n) + Rp(n) + Ry(n) = D~ 2" (R + Rp + Ry)
i=1

+ 22 [Re@) + Ro () + Ru) | 23)
i=1

which can be decomposed into its lower triangular, diagonal,
and upper triangular parts as

Rp(n) = D 2" 7RL+ D A" RL(G) (24)
i=1 i=1

Rp(n) = > A" 'Rp+ > A" 'Rp(D) (25)
i=1 i=1

Ry(n) = D A" 'Ru+ D A" "Ry(i). (26)
i=1 i=1

Using the Egs. (21), (24), and (25), the following equations
can be formed.

Rp(n) +oR(7) = D "' (Rp + wRy)

i=1

+ >3 [Ro) + oRLG) | @7)

i=1

Rp (n)+wRy (n) — oR(n)=>_ 1"~/ (Rp+wRL. — wR)

i=1

+ > [RD(z‘) + Ry (i) — wﬁ(i)] (28)

i=1
Let us define
w(n) =wn) + w(n) (29)
where w(n) = E{w(n)} and W(n) is the stochastic part of

w(n). Substituting (22), (27), (28), and (29) into the RSOR
algorithm (16) gives

[ Z A" (Rp + wRy)

i=1

+ > [ﬁD(i)—l—a)RL(i)” [W(n+1) + W(n +1)]

i=1
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n
= [Z A" (Rp + wRL — wR)

i=1

+3 [RD(i)+wRL<i)—wﬁ(i)]] [Wm -+ ()]

i=1

n n
+o D NPt D NTRG). (30)
i=1 i=1
The deterministic part of (30) is written as

[Z}\”—"(RD + a)l_{L)} wn+1)

i=1

= [Z M Rp + oRp — a)l_l)} w(n)

i=1

n
+o Y AP (31)
i=1

which is independent of the sums. Therefore, (31) can be
reduced to

(Rp + @R )W(n + 1) = (Rp + oRL — oR)W(n) + wp.
(32)

Now, let us define
w(n) = wo + Aw(n) (33)

where w, is the optimum solution of the normal equation.
Writing the normal equation as

Rw, = p (34)
and using (33) and (34) in (32), we can write

(Rp + wRp)[Wo + AW(n + 1)]
= (Rp + wRL — oR)[Wo + AW(1)] + ®RwW,. (35)

By multiplying both sides of (35) from the left by (Rp +
a)RL)’l, we obtained after some rearrangement

Aw(n + 1) = [I — w®p + wRL)—lli] Aw(n). (36)

The result in (36) is a time-invariant equation with a system
matrix [I — »(Rp + wR1)~'R], and its solution is

_ _ _n+l1
Aw(n 4+ 1) = [I — w®p + wRL)—lk] AW(0).  (37)

According to the solution (37), if the max_imum ei genval_ue of
the system matrix satisfies | Amax[I — @ (Rp + @RL) "'R]| <
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1,then [I—w(Rp+@RL) 'R — 0y for0 < o < 2,
ensuring that Aw(n) — 07«1 as n — oo. Therefore, the
definition (33) shows that the expected value of the filter
weight vector converges to its optimum value as

W(n) = Wo. (38)

Thus, the RSOR algorithm is an unbiased parameter estima-
tor for the optimal Wiener solution of the normal equation in
the mean sense.

3.2 Mean-square convergence analysis

The stochastic part of (30) can be written as

[Z A [RD(z‘) + wRL(i)]] win+ 1)

i=1

+ [Z A" {(Rp + wRy)

i=1

+ 3w [Ro) + wRL(i>]] w(n + 1)

i=1

= [an_i(RD +wRp — a)l_l)} w(n)
i=1

+ [Zk“i(ﬁp + wRL, — wR)

i=1

+ >3 [Ro () + oReG) - wlim]] W(n)
i=1
+o > ATPG). (39)

i=1

Using definition (29), (39) can be rearranged as

[ZA“‘!’(RD + wRL)] W(n + 1)
i=1

= [Z,\"—f (Rp + wRy. — a)l_{)} w(n)

i=1

_ {Z)&“’ [RD(z‘) + wRL(i)]} Wi+ 1)
i=1
+ [Z A [ﬁD(i) + wRy () — wli(i)]] w(n)
i=1

+o > ATPG). (40)

i=1



SIViP (2017) 11:137-144

141

Using (29) and (33), we can write the following equations

Wi+ 1) =wo+Awn+ 1) +Wwhn+1) (41)
W(n) = wo + Aw(n) + Ww(n). (42)

If (41) and (42) are used in (40), then the last three terms on
the right-hand side of (40) become

- [Z,\"—i [RD(i) + wRL(i)]] [Aw(n 4+ 1) +W(n + 1)]

i=1

+ {Zx"—f [f{D(i)+wI~lL(i)—a)l~{(i)]} [AW()+W(n)]

i=1

+o D NP — o D A TR W. (43)

i=1 i=1

Using (17), (18), and (34), the last term of (43) can be reduced
as follows

n n
® D ARG — o Y ARG W,
i=1 i=1

= o ) W7 [x(0)d(i) - p]

i=1

—w i P [x(i)xT(i) —_ R] Wo

i=1

= w Zn: X (D) [d(i) — XT(i)wo]

i=I
n n
—w ZA"_’f) +w ZA”_’RWO
i=1 i=l

= wix”*"x(i) [d(i) _ xT(i)wo]. (44)

i=1

If we define the error as
eo(i) = d(i) — X" (i)W, (45)

and consider the orthogonality between x(n) and e, (n) [4],
then the last term of (43) converges to the zero vector as

wz,\"—"x(z‘)eo(z‘) — Oprxi. (46)

i=1

In addition, the first two terms in (43) can be considered as the
weighted time averages of an ergodic process, and they are
equal to their expected values by the ergodicity assumption.
Based on the assumption of statistical independence between
the x(n) and w(n), which is used in the analysis of the LMS
algorithm [4], the first two terms in (43) can be considered

zero vectors. Consequently, the last three terms on the right-
hand side of (40) converge to zero vectors, and therefore,
according to (40), the stochastic part of (30) can be reduced
to

[ZNH’(RD + a)l_{L)} wn+1)
i=1

= [Z A" (Rp + wRL — a)l_l)} Ww(n). (47)

i=1

Removing the deterministic quantities in (47), it can be
reduced to

(Rp +wRL) W(n + 1) = Rp + oRL — oR)W(n).  (48)

The following result is obtained by multiplying both sides of
(48) by (Rp + wRp) ™!

wn+1) =[I—o®p+ oRp) " 'RIW(n). (49)

To obtain the covariance matrix of the weight error vector,
the equation in (49) is multiplied by its transpose:

W(n 4+ DWi(n+ 1)
=[I - o(Rp + wRL) 'RIWm)W (n)[1
—w(Rp + oRp)'R]T. (50)

Defining K(n) = E{W(n)W" (1)} and by taking the statisti-
cal expectation of both sides of (50), the following result is
obtained:

Kn+1) =[I—o®p+ oRy)'RIK®)[I
—o®Rp + oRp) 'R (51)

Similar to (36), the solution of (51) can be written as

K(n+1) = [I — o(Rp + oRL) " 'RI" T K0){[1
—o[Rp + oRp)T'RITY (52)

According to the solution given in (52), if the
maximum eigenvalue of the system matrix satisfies
[Amax[I — @Rp + wR)'R]| < 1, then [I — o([Rp +
wl_{L)_ll_{]"+1 — Opxp for 0 < w < 2, ensuring that
K(n) — Opxp as n — oo in the mean-square sense. In
addition, by using both (37) and (52), we can see that the
covariance matrix of the weight error vector, K(7), converges
to the zero matrix much faster than the weight error vector
in (37).
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3.3 Excess of mean-square error and misadjustment

Considering the filter output error e(n) = d(n) — y(n) as
defined in (4), let us denote the mean-squared error as J (n) =
E[e*(n)]. The MSE produced by an algorithm can be written
as [4]

J ) = Juin + E W o0x(0xT (0win) | (53)

where Jyip is the minimum MSE produced by the optimum
Wiener filter given as Jyin = od2 — f)TWO in which a‘% is the
variance of the desired signal d(n), and the excess of MSE
defined by Jexc(n) = J (1) — Jmin [4] can be written for the
RSOR algorithm to have the form

Jexe(n) = trace{RK(n)}. (54)

It is seen from (52) and (54) that Jexc(n), and therefore the
misadjustment, which is defined by M = Jexc (00) / Jmin, con-
verges tozeroasn — 00. Thus, similar to the RLS algorithm,
the RSOR algorithm converges to zero excess of MSE value
and zero misadjustment value.

3.4 Choice of filter parameters

According to (10)—(12), there are two initial parameters for
the RSOR algorithm, w and §, whereas the RGS algorithm
has one initial parameter, § [16]. Typical values of the § para-
meter are § = 1,0.1,0.01, ..., and it is an initialized the
autocorrelation as R(0) = 81;« 7. Similar to the RGS algo-
rithm, § can be used to control the convergence speed of the
parameter estimation vector in the initial steps of the RSOR
algorithm. The second parameter w is known as the relaxation
parameter, and it can also be used to control the convergence
speed of the RSOR algorithm. The initial parameters w and
3 both affect the convergence speed of the RSOR algorithm,
and they must be chosen carefully in the initial steps of the
algorithm. According to the analysis of the iteration matrix
of the RSOR algorithm in (36), a more suitable condition for
convergence can be established easily for uncorrelated input
signals. When the autocorrelation matrix is decomposed as
R = QAQT, where the columns of Q contain the eigenvec-
tors of R and the diagonal matrix A contains the eigenvectors
of R, the iteration in (36) is written as

Aw(n + 1) = [I —w®p + wRL)—lQAQT] Aw(n). (55)

If the input signal x(n) is uncorrelated and zero mean, the
correlation matrix becomes R = O'XZIMX m and thus, (55)
reduces to

AW (n+1) = [1— w6} 1AW () (56)
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where Aw' (n) = QT Aw(n) is the rotated weight error vector
[5]. For the iteration (56) to converge, the absolute values of
the diagonal elements of the iteration matrix must be less
than 1:

l—w@H | <1 fori=1,...,M. (57)

Thus, the following result, which is the same as that for the
accelerated EDS algorithm [14], is obtained from the above
inequality for uncorrelated Gaussian input signals:

2 2
%x (58)

max

0<w<

where Amax 1S the maximum eigenvalue of R. The result in
(58) is valid when an uncorrelated input signal is used, but
can also be a guide for highly correlated input signals.

4 Simulation results: system identification example

By ensemble-averaged computer simulations, the perfor-
mance of the RSOR algorithm is examined and compared to
that of the NLMS algorithm, the APA, the recursive inverse
(RI) algorithm [19], the RGS algorithm [16], and the RLS
algorithm. The simulation studies are performed using a sys-
tem identification problem described in [5]. The following
optimum parameter vector is used for the unknown system
impulse response

wo=1[10 09 0.1 0.2]T. (59)

The filter length of algorithm is M = 4 taps, which is equal
to the length of the unknown system.

In the first simulation study for the system identification
example, the excitation signal of the unknown system was
generated using the following AR process:

x(n) =—-120x(n — 1) — 0.81x(n — 2) + v(n) (60)

where v(n) is zero-mean white Gaussian noise sequence with
variance avz = 1. Thus, the system is excited with a zero-
mean correlated input signal with variance o)g = 5.863. The
eigenvalue spread of the autocorrelation matrix was com-
puted as 58.38. The system response is corrupted by an
additive white Gaussian signal, which is uncorrelated with
the input signal x (r). The SNR at the output of the system is
36dB. The following initial parameters are used in the simu-
lations. For the NLMS algorithm and the APA, the step size
parameter «© = 0.3. For the RI algorithm, pop = 0.00033,
u(n) = po/(I —A"), R(0) = Opxp, and p(0) = Oprx1.
For the RGS algorithm, § = 1, R(0) = 6&Ily«m, and
P(0) = 0p7x1. For the RSOR algorithm, ® = 1.5, 8§ = 1,
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.......... NLMS Algorithm
————— APA (2nd order) [
..... APA (3rd order)
— RI Algorithm
— RGS Algorithm
— RSOR Algorithm
————— RLS Algorithm

Mean Square Error [dB]

-
0% %

‘1 L1 { h 1
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Fig. 1 Comparison of the MSE curves of the NLMS, APA, RI, RGS,
RLS, and RSOR algorithms (w = 1.5)

............ NLMS Algorithm [
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-

s 1 W e APA (3rd order) ||
08k RI Algorithm i
: RGS Algorithm
RSOR Algorithm
m——— RLS Algorithm
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0.2

0.1F%

Ensemble-averaged Normalized Parameter Error Norm

(=]
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Fig. 2 Comparison of the normalized parameter error vector norms of
the NLMS, APA, RI, RGS, RLS, and RSOR algorithms (w = 1.5)

R(0) = §Ipsxm, and p(0) = 0p7x1. For the RLS algorithm,
R~1(0) = 101, 5. The forgetting factoris A = 0.995 in the
RI,RGS, RLS, and RSOR algorithms. The initial value of the
parameter estimation vector is the zero vector in all cases. All
simulation results were obtained by averaging 800 simula-
tions of all algorithms. Figure 1 shows the MSE curves for the
algorithms used. Figure 2 shows the ensemble-averaged nor-
malized values of the parameter error vector norms, defined
as

A = W) — wol|/lIwoll (61)

where the vector norm is computed as ||w|| = vwTw.

The second simulation is performed to show the effect of
the w parameter for the constant 6 = 1. The MSE curves of
the algorithms for different @ values are shown in Fig. 3. The

T T T T T T T
10° — Rl Algorithm
----- APA (3rd order)
RSOR Algorithm (©=0.7) [
— RSOR Algorithm (o=1)
o — RSOR Algorithm (©=1.5)
B 1 A RLS Algorithm
s 10 E
o
o
@
3
o
(]
c
g 107} .
=
o v ¥
104 w’n"Mv'»bl” |" 1 i 1 1
50 100 150 200 250 300 350 400
sample

Fig. 3 Comparison of the MSE curves for different w values of the
RSOR algorithm and the other algorithms (§ = 1)

T T T T T T T T

— Rl Algorithm

---- APA (3rd order)
RSOR Algorithm (5=2)

— RSOR Algorithm (3=1)

— RSOR Algorithm (5=0.5) |{

m—— RLS Algorithm

Mean Square Error [dB]

"W-N‘}m"ﬁ-«.&yﬁ”‘f*.‘ﬂ.’;

1 1 L 1 L L 11
50 100 150 200 250 300 350 400
sample

Fig. 4 Comparison of the MSE curves for different § values of the
RSOR algorithm and the other algorithms (@ = 1.4)

third simulation study shows the effect of the § parameter for
the constant w = 1.4. The MSE curves of the algorithms for
different § values are shown in Fig. 4. The initial parameter
values for the second and third simulations are the same as
those for the first simulation.

The ensemble-averaged simulation results in Figs. 1 and 2
show that the RSOR algorithm produces results that are very
close to the RLS results and better results than the results
obtained by the gradient-based algorithms. The RSOR algo-
rithm has a slightly better convergence rate than the RGS
algorithm for @ > 1. Figure 2 also shows that the normalized
parameter error vector of the RSOR algorithm converges to
zero vector, i.e., the parameter estimation vector converges to
its optimum value. Also, the ensemble-averaged simulation
results in Figs. 1, 3, and 4 show that the RSOR algorithm
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approaches the same minimum MSE value with the RLS
algorithm, i.e., zero excess of MSE and misadjustment value.

5 Conclusion

In this paper, as a useful indication of performance, a sto-
chastic convergence analysis of parameter estimation vector
obtained by the RSOR algorithm was presented in the mean
and mean-square sense. It is shown that the RSOR algorithm
gives an unbiased estimate to optimum Wiener solution of
normal equation, and the obtained parameter estimations are
convergent in the mean and mean-square sense with zero
excess of MSE and zero misadjustment. The convergence
analysis results were verified by ensemble-averaged com-
puter simulations. The simulation results showed that the
RSOR algorithm has better convergence performance than
the gradient-based methods, a slightly better convergence
rate for @ > 1 with a slightly higher computational complex-
ity than the RGS algorithm, and comparable results obtained
by the RLS algorithm.

References

1. Widrow, B., Stearns, S.D.: Adaptive Signal Processing. Prentice
Hall, Englewood Cliffs (1985)

2. Nagumo, J.I.,, Noda, A.: A learning method for system identifica-
tion. IEEE Trans. Autom. Control 12(3), 282-287 (1967)

3. Ozeki, K., Umeda, T.: An adaptive filtering algorithm using an
orthogonal projection to an affine subspace and its properties. Elec-
tron. Commun. Jpn. 67-A(5), 19-27 (1984)

4. Haykin, S.: Adaptive Filter Theory, 5th edn. Prentice Hall, Upper
Saddle River (2013)

5. Diniz, P.S.R.: Adaptive Filtering: Algorithms and Practical Imple-
mentation, 4th edn. Springer, New York (2013)

6. Kocal, O.H.: A new approach to least-squares adaptive filtering.
In: Proceedings of IEEE International Symposium on Circuits and
Systems (ISCAS’98), Monterey, California, USA, vol. 5, 31 May—
3 June 1998, pp. 261-264

7. Xu, G.F, Bose, T., Schroeder, J.: Channel equalization using
an Euclidean direction search based adaptive algorithm. In: Pro-
ceedings of Global Telecommunication Conference (GLOBECOM
1998), Sydney, NSW, vol. 6, 8—12 Nov. 1998, pp. 3479-3484

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Mathurasai, T., Bose, T., Etter, D.M.: Decision feedback equal-

ization using an Euclidean direction based adaptive algorithm. In:
Proceedings of 33th Asilomar Conference on Signals, Systems,
and Computers, Pacific Grove, CA, USA, vol. 1, 24-27 Oct. 1999,
pp- 519-523

. Xu, G.F,, Bose, T., Kober, W., Thomas, J., Fast, A.: Adaptive algo-

rithm for image restoration. IEEE Trans. Circuits Syst. I Fundam.
Theory Appl. 46(1), 216-220 (1999)

Bose, T., Xu, G.F.: The Euclidean direction search algorithm in
adaptive filtering. IEICE Trans. Fundam. Electron. Commun. Com-
put. Sci. E85-A(3), 532-539 (2002)

Li, C,, Liao, X., Yu, J.: A fast complex-valued adaptive filtering
algorithm. Int. J. Gen. Syst. 31(4), 395-403 (2002)

Mabey, G.W., Gunther, J., Bose, T.: A Euclidean direction based
algorithm for blind source separation using a natural gradient.
In: Proceedings of IEEE International Conference on Acoustics,
Speech and Signal Processing (ICASSP’04), vol. 5, 17-21 May
2004, pp. 561-564

Zhao, C., Abeysekara, S.S.: Investigation of Euclidean direction
search based Laguerre adaptive filter for system identification. In:
Proceedings of the International Conference on Communications,
Circuits and Systems, vol. 2, 27-30 May 2005, pp. 691-695
Ahmad, N.A.: Accelerated Euclidean direction search algorithm
and related relaxation schemes for solving adaptive filtering prob-
lem. In: Proceedings of the 6th International Conference on Infor-
mation, Communications and Signal Processing (ICICS 2007),
Singapore, 10-13 Dec. 2007, pp. 1-5

Zhang, Z., Bose, T., Gunther, J.: A unified framework for least
square and mean square based adaptive filtering algorithms. In:
Proceedings of IEEE International Symposium on Circuits and
Systems (ISCAS 2005), vol. 5, 23-26 May 2005, pp. 4325-4328
Hatun, M., Kocal, O.H.: Recursive Gauss—Seidel algorithm for
direct self-tuning control. Int. J. Adapt. Control Signal Process.
26(5), 435-450 (2012)

Hatun, M., Kocal, O.H.: Recursive successive over-relaxation
algorithm for adaptive filtering. In: Proceedings of Mosharaka
International Conference on Communications, Computers and
Applications (MIC-CCA 2012), Istanbul, Turkey, 12—14 Oct. 2012,
pp- 90-95

Golub, G.H., Van Loan, C.F.: Matrix Computations, 3rd edn. John
Hopkins University Press, Baltimore (1996)

Ahmad, M.S., Kukrer, O., Hocanin, A.: Recursive inverse adaptive
filtering algorithm. Digit. Signal Process. 21(4), 491-496 (2011)
Ahmad, M.S., Kukrer, O., Hocanin, A.: A 2-D recursive inverse
adaptive algorithm. Signal Image Video Process. 7(2), 221-226
(2013)

Johnson Jr., C.R.: Lectures on Adaptive Parameter Estimation.
Prentice Hall, Englewood Cliffs (1988)



	Stochastic convergence analysis of recursive successive over-relaxation algorithm in adaptive filtering
	Abstract
	1 Introduction
	2 Review of the RSOR algorithm
	3 Stochastic convergence analysis
	3.1 Mean convergence analysis
	3.2 Mean-square convergence analysis
	3.3 Excess of mean-square error and misadjustment
	3.4 Choice of filter parameters

	4 Simulation results: system identification example
	5 Conclusion
	References




