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Abstract: The generalized maximum correntropy criterion (GMCC) algorithm is computationally
simple and robust against impulsive noise but it suffers from slow convergence speed as it is derived
and based on stochastic gradient, which only use the current data sample. In order to deal with
this issue, a smoothed GMCC algorithm (SGMCC) is proposed. In the SGMCC algorithm, instead
of taking the exponential weighted average of gradient vector to approximate the expectation of
the gradient vector, we take the exponential weighted average of the variable step-size so that the
SGMCC algorithm can be viewed as a sign GMCC algorithm with smoothed variable step-size.
Moreover, convergence performance analyses are derived in terms of variable step-size, mean-square
stability and steady-state behavior to demonstrate the robustness of the proposed algorithm. At last,
simulation comparisons show that the proposed algorithm is robust against impulsive noise and
converges fast with lower computational complexity. Also, for the steady-state behavior, simulation
results verify that the simulated value matches well with the theoretical one.

Keywords: generalized correntropy; exponential weighted average; robust adaptive filtering
algorithm; impulsive noise

1. Introduction

Information theoretic learning (ITL) [1] methods have been shown to be efficient approaches
in non-Gaussian signal processing due to their robustness against impulsive noise. The maximum
correntropy criterion (MCC) [2,3] is one of the most popular optimization criteria in ITL due to its
simplicity and robustness. Recently, it has been successfully applied in various signal processing
scenarios, particularly the adaptive filtering [4-10].

The introduction of the correntropy as a cost function into adaptive filters was proposed in
Reference [11]. The theoretical analysis in Reference [12] has shown that the steady-state excess mean
square error (EMSE) of the MCC algorithm is controlled by the step-size and the kernel width. Various
kernel width selection methods for the MCC algorithm have been investigated. Adaptive kernel
width adjusting methods were proposed in References [6,7] to improve the convergence speed of the
MCC algorithm.

Just like the least mean square (LMS)-type algorithms, the MCC algorithm with fixed step-size is
insufficient to achieve a good tradeoff between fast convergence and low steady-state misadjustment.
The adaptive variable step-size technique is a promising way to deal with the conflicting requirements
of faster learning speed and lower steady-state misadjustment error. Many varieties of variable
step-size LMS-type algorithms have been proposed to improve the convergence performance [13-16].
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However, many variable step-size methods based on instantaneous error cannot be directly applied in
the MCC algorithm. Of course, just a few variable step-size methods for the MCC algorithm have been
developed to improve the convergence performance in recent years. A convex combination of two MCC
algorithms with different step-sizes was proposed in Reference [4]. The mixing factor in this method
was adaptively updated so that the MCC algorithm with larger step-size can improve the convergence
speed at the beginning while the other with smaller step-size can achieve a lower misadjustment at
steady state. The combinational approach can achieve desirable convergence performance but its
computational complexity was more than two times higher than that of the standard MCC algorithm
since two MCC algorithms were adopted in parallel. A curvature based variable step-size method
for the MCC algorithm was proposed in Reference [17]. This developed method can improve the
convergence speed at the initial stage especially when the weight vector is far away from the optimal
solution.

In recent years, a generalized maximum correntropy criterion (GMCC) has been proposed, which
adopts the generalized Gaussian density [18-20] function as the kernel function (not necessarily a
Mercer kernel [21]) and the type of this correntropy is called the generalized correntropy. Similar to
the original correntropy with Gaussian kernel, the generalized correntropy can also be used as an
optimization cost in the estimation-related problems. Under the GMCC criterion, a stochastic-gradient
based adaptive filtering algorithm, called the GMCC algorithm, was developed [21]. We can see that
the GMCC algorithm was derived and based on stochastic gradient which only uses the current data
sample. Although the GMCC algorithm is computationally simple and robust in the presence of
impulsive noise, it suffers from high steady-state mean square deviation (MSD), which also can be
verified from the next simulation.

In this paper, a smoothed GMCC algorithm (called SGMCC) is proposed to improve the
performance of steady-state MSD in the presence of impulsive noise. To avoid the high steady-state
MSD caused by the stochastic gradient in the GMCC algorithm, we take the GMCC algorithm as a
sign algorithm with variable step-size. Then, we take the exponential weighted average of the variable
step-size rather than the gradient vector, which contributes to reduce the computational complexity
and further improve the convergence speed. At last, we present the convergence performance analyses
of the proposed algorithm to demonstrate its robustness. The main contributions of our paper can be
summarized as follows:

1.  We propose a novel SGMCC algorithm, which can improve the performance of steady-state MSD
and is robust against impulsive noise.

2. Todemonstrate the robustness of the proposed algorithm, we derive the convergence performance
analyses from three aspects including the variable step-size, mean-square stability and
steady-state behavior.

3. Simulation results demonstrate that the proposed algorithm is robust against impulsive noise and
computationally simple. Also, the SGMCC algorithm owns faster convergence speed compared
with other robust adaptive algorithms.

The rest of the paper is organized as follows. In Section 2, after a brief review of the original
GMCC algorithm, a SGMCC algorithm is proposed. In Section 3, the convergence performances of the
SGMCC algorithm are studied. In Section 4, Monte-Carlo simulation results are presented to confirm
the desirable performance of the proposed algorithm. Finally, a conclusion is given in Section 5.

2. SGMCC Algorithm

Assume the received signal d, is obtained from an unknown system W,

di’l - W}:Xn + On (1)
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where i, = WIX,, denotes the output of the unknown system, X, is the M x 1 dimension input signal
vector at nth time index and W, denotes the M x 1 dimension unknown system vector that we wish
to estimate. Here, ()T means the vector transpose operator.

In Equation (1), v, denotes the Gaussian mixture distribution noise, which is modeled as a random
variable of 2-components Gaussian mixture distribution with mixed coefficient p,. Its probability

density function can be expressed as follows:
MG (01,02, pr) = (1 = pr)N(0,07) + p;N(0,03) 2

where the first Gaussian distribution N(0,0?) generates the normal Gaussian noise with probability
(1 — pr), the second Gaussian distribution N(0,07) generates impulsive noise with probability p;.
Usually, c; < 07 and the impulsive noise occurrence probability p, is set as a number that is
near but larger than 0. ¢? and 03 denotes the Gaussian noise variance and the impulsive noise
variance, respectively.

2.1. Review of the GMCC Algorithm

As it is well-known that MCC has been successfully applied in various non-Gaussian signal
processing matters due to its robustness properties [5,6,8,22]. As a non-linear local similarity measure
between two random variables x and y, the correntropy is defined by [2,3]:

Vo (x,y) = Elke(x,y)] ®)

where x,(-) denotes a shift-invariant Mercer kernel. The kernel function is a key factor of the
correntropy that dramatically affects the similarity of two random variables. In most case, the Gaussian
density function is used as kernel function, which is defined as follows:

_ 2
ko (%,y) = exp (—"‘;") @)

o

However, for all non-Gaussian signal processing applications, the Gaussian density function is
not always the best kernel function. In order to deal with this issue and take full advantage of the
potential robustness properties of the correntropy, the generalized Gaussian density function was
proposed as a kernel function of the correntropy in Reference [21]. The generalized Gaussian density
function with zero-mean is given by References [18,19] as follows:

o
> ©)

where I’ (+) is the gamma function, « > 0 denotes the shape parameter and p > 0 denotes the scale
parameter. For simplicity, « is usually set as an integer value. Note that the Gaussian kernel is a special
case of the generalized Gaussian density function when o = 2.

x—y
a/S(x y) ZIBF (1/“) exp <_ T

In practice, the distribution of the data is usually unknown and only a finite number of samples
are available. It is common to use these samples of the data to approximate its expectation, so the
generalized corretropy can be estimated by [21]:

N
aﬁ (X,Y) Z xl/]/z (6)

=z \

Just like the correntropy, the generalized correntropy can be used as a cost function in adaptive
filters. Hence, the generalized correntropy between the desired signal d,, and the filter output y, can
be shown as a cost function by [21]:
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Jomcc = E [Gap (en)] = YapE [exp (—Alen|*)] )

where e, = d, — y, is the instantaneous prediction error, 7,5 = «/(2pI (1/a)) represents the
normalization constant and A = f~* denotes the kernel parameter.

The goal of the adaptive filtering algorithm is to find an estimator of the unknown system vector
which maximizes the generalized correntropy of e,,. The optimal solution of this cost maximization
problem can be solved by a stochastic-gradient based adaptive algorithm, called GMCC algorithm [21].
The update expression of the weight vector in the GMCC algorithm can be derived as [21]

W1 =Wy +rexp (—Alea|*) en|* 'sign (en) Xn 8)

where 7 is the step-size parameter and sign() is a universal sign function. It is obvious that the GMCC
algorithm can be viewed as a sign algorithm with variable step-size 17 exp (—Aleq|") |en |*~1,

2.2. SGMCC Algorithm

As mentioned above, although the GMCC algorithm is robust and computationally simple,
it suffers from high steady-state MSD as it is derived and based on stochastic gradient which only
uses the current data sample. The instantaneous prediction error e, fluctuates randomly with the
background noise v, and the input vector X;,. The random fluctuations of e, and X, can disturb the
update of the weight vector and thus lead to a slow convergence speed.

To deal with this issue, it is common practice to take the average of the latest N sample data
to approximate the expectation of the gradient vector, which can statistically reduce the adverse
effects caused by the randomness of e, and X,,. Hence, the update expression of the weight vector in
Equation (8) can be rewritten as follows:

n
W1 =W, + n Y. exp(—Alel]”) \ei|"‘7lsign (1) X;, 9)
N i=n—N+1

where ¢; = d; — W] X; is the prediction error at nth iteration for the input vector X;. It is worth noting
that the calculation of each instantaneous prediction error e; i=n—-N+1,.., n) is based on the
present weight vector W, so the weight update in Equation (9) needs N times of computational cost
and storage cost than that of Equation (8).

In order to reduce the computational cost and the storage cost, the exponential weighted average
of the gradient vector can be adopted to approximate the expectation of the gradient vector, which is
shown as follows:

Pn=0py1+ (1 - 9) exp (—)\\enla) |en|ailSign (en) X, (10)

where p,, is the exponential weighted average of the GMCC gradient vector with a smoothing factor
6(0 < 6 < 1). In this case, the update expression of the weight vector can be further expressed as

Wit1 =Wy +4Ps. (11)

Although computational cost of Equation (11) is much lower than that of Equation (9), it still needs
extra N multiplications and additions than that of Equation (8). In order to reduce the computational
cost derived from gradient vector, we take the GMCC algorithm as a variable step-size sign algorithm
by taking the exponential weighted average of the variable step-size instead of that of gradient vector.
The exponential weighted average of the variable step-size, ji,, , can be expressed as follows:

pn = Oy 1+ (1—0)exp (—Alea|*) en|* . (12)
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The replacement of the variable step-size from gradient vector can further reduce the
computational cost and lead to a smoothed GMCC algorithm, namely SGMCC. The weight vector
update of the SGMCC algorithm can be expressed as follows:

W, 11 = Wy + ppsign (en) X (13)

For convenience, the proposed SGMCC algorithm is specifically summarized in Algorithm 1.

Algorithm 1 SGMCC Algorithm.

Input: Xy, dp, &, A, 0, 17.
Initialize: Wy = 0, ep = dy, pip = 0.
while {X;, d, } available
en =dy — WIX,,
pn = Oy 1+ (1 —0) exp (—Alen|®) en]* " according to Equation (12),
W, 11 = Wy + nuysign (en) Xp, according to Equation (13),
end while
W, = WnJrl/
Output: estimated unknown system W.

2.3. Computational Complexity

The complexity of the adaptive filtering algorithm is one of the important factors to measure its
performance. The recursive weight updates of adaptive filtering algorithm generally include addition
and multiplication operations. Since the complexity of multiplication operations is much higher than
that of additive operations, in the iterative update process, the number of multiplication operations is
usually used to calculate the computational complexity of the adaptive filtering algorithm. Next, we
will make a comparison of the computational complexity between SGMCC and several other robust
algorithms. The detail is summarized in Table 1.

Table 1. Comparison of computational complexity.

Algorithm Computational Complexity

CMCC [4] 6M + 10

VSSA [16] 5M + 4

GMCC [21] 2M + a + 4
SGMCC 2M +a + 6

As one can see from Table 1, the computational complexity of the proposed SGMCC algorithm and
the GMCC algorithm are much lower than that of the other algorithms. The SGMCC algorithm owns
almost the same the computational complexity as the GMCC algorithm. Those two algorithms require
about 2M + a (usually & < M) multiplications, which is just about half of that required by other robust
algorithms. The CMCC algorithm requires the most multiplication operations since it has to calculate
two MCC algorithms with different step-sizes and update the combination parameter to combine
those two MCC algorithms. The VSSA algorithm still requires more multiplication operations than the
proposed SGMCC algorithm as this algorithm involves the calculation of the weighted average of the
gradient vector and its square norm.

3. Convergence Performance Analysis

3.1. Analysis of the Variable Step-Size

Since the proposed SGMCC algorithm can be viewed as a variable step-size sign algorithm,
it is necessary to evaluate the variable step-size theoretically. For the proposed SGMCC algorithm,
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the initial value of the variable step size is usually set as 1o = 0, so the variable step size can be
expressed as

n .
pn = (1—0) Y 0" "exp (—Alei|*) |e;]* . (14)
i=1

Equation (14) shows the transient value of the variable step-size. If the transient variable step-size
is positive and bounded, the adaptive algorithm can converge to steady state. It is obvious that y; is

positive, namely
n

fn = (1—10) Z 9”*iexp (—Alei]™) |e,'|”‘71 > 0. (15)
i=1
In order to get the upper bound of the variable step size, we take the derivative of ¢ (¢;) =
exp (—Ale;]") [e;]* ! with respect to e; and set it to 0, namely

agfi) = exp (= Alel") [eil* " [(a = 1) = Mles|"] = 0, (16)

then we can obtain the variable e; which maximizes ¢ (e;):

e (17)
so the maximum of ¢ (e;) is
a1
maxcp(ei):(“)gxl> ' exp(—lx;l). (18)
Usually the shape parameter « is an integer (larger than 1) and the kernel parameter A < 1, so
we have
a—1\% a1 »
max ¢ (e;) = ( P ) exp <0¢> < AT (19)
Above all, we can get the range of the variable step-size
0<pp <AL (20)

We can see that the variable step size of the proposed algorithm is positive and bounded, so the
proposed SGMCC algorithm can converge to steady state when a suitable step-size parameter 7 is
selected. When the adaptive algorithm converges to steady state, the variable step-size converges to a
constant, which determines the steady-state accuracy of the adaptive filtering algorithm.

After taking the expectation for both sides of Equation (14), we obtain

E[pn] = (1-0)E [ 6" exp (—Alei|®) |€i|a_1] . (21)
=

1

When the step-size parameter 7 is small enough, the weight vector W, can approach very close
to the optimal weight vector W, and the instantaneous prediction error e, is dominated by the
background noise v;,. Assume the proposed SGMCC algorithm converges to steady state whenn > N,
Equation (21) can be approximated as

n
. . n—i —1
lim E ] = (1-0)E L}%EG exp (—Alvi]*) Jog]* ] (22)

The background noise v, is usually assumed to be independent and identically distributed, so
Equation (22) can be denoted as
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n—N

n
. . _j -1
i B o] = (1-6) Jim 320" 75 [exp (~Afof) o] 3)
When N is large enough, Equation (23) can be further simplified as
E[un] =E [exP (—=Alonl®) |UN|IX71} : (24)

3.2. Mean-Square Stability

The energy conservation relation (ECR) is the most widely used method to evaluate the
convergence performance analysis of an adaptive filtering algorithm [12,16,21,23-25]. In this paper,
we also use the ECR analysis to successively derive the mean-square stability and the steady-state
behavior of the proposed SGMCC algorithm.

For the simplicity of the ECR analysis, the recursive weight update of an adaptive filtering
algorithm can be denoted as

W1 = Wi+ 11f(en)Xa. (25)
For the proposed SGMCC algorithm, f(e,) can be expressed as
f(en) = pusign (en), (26)
where the instantaneous prediction error e, can be denoted as
en = dn — Wy _1 Xy = ean + n, (27)

where ¢, = WEX,I is an a priori error. Here, Wn = W, — W,, represents the weight-error vector.
The performance of the adaptive filtering algorithm is usually measured by the MSD value of the
weight-error vector W, namely

%112
MSD = E [[W,|*]. (28)
The weight-error vector at nth iteration can be derived as
W1 =Wy +71f (en) Xu. (29)

For both sides of Equation (29), we successively take the squared-norms and expectations, then
we obtain the ECR expression as follows:

E[[WosalPP] = E [[IWal?] = 20E [f(en)ean] + 77E [ £2(en)I1Xal*] (30)

To facilitate the convergence analysis of the SGMCC algorithm based on the energy conservation
relationship, some commonly-used assumptions [12,16,21,23-25] are listed:

Assumption 1 (Al). The background noise sequence {vy } is independent and identically distributed (i.i.d.).
Also it is independent of the input vector sequence {Xy }.

Assumption 2 (A2). The filter is long enough such that e, is zero-mean Gaussian and independent of the
background noise v,,.

Remark 1. Al is a valid assumption for most practical applications and is a basic assumption often used
in signal processing. Moreover, it should be noted that, unlike most conventional signal processing methods
that assume the background noise v, is Gaussian distribution, Al does not impose any restrictions on the
statistical distribution of the background noise. Based on Al, it is easy to conclude that the a priori error e, , and
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background noise v, are independent, which is assumed by A2. According to the Central Limit Theorem, it is
reasonable that the a priori error e,y satisfies the Gaussian distribution.

Mean-square stability analysis is carried out to determine the upper bound of step-size parameter
1 that makes sure the SGMCC algorithm is convergent. The adaptive algorithm is convergent implies
that MSD is monotonously decreasing. That is to say that the following condition exists:

E Wy ]?] < E [ @

Based on the ECR relation, the following inequality holds:
2E [ (en)ean] 2 7 [ £2(en) X (32)
So, the step-size parameter # that makes adaptive filtering algorithm converges to steady state

would be
< 2inf E[f (en) 0] (33)

ORI (en) P 1Xall3]

In our case, the scale parameter 7 that ensures the stability of the SGMCC algorithm should meet

) < 2ing Elrsign(en)ea,
~ n>0 21X, |2
E |15 [1Xnll2

(34)

Because jiy, is an exponential weighted average of exp (—Ale;|*) |e|* !, so the correlation between
Uy and ey, ey, is negligible when the smoothing factor § is close to 1. Therefore, the inequality
Equation (34) can be further rewritten as follows:

E (1] E [sign(ex)ea,]
n < 2inf . (35)
"0 B (2] [|Xl]

Next, considering the above mentioned condition 0 < p, < A~!, we obtain a smaller lower limit
of the step-size parameter #:

2
n < Tr (R .2 1nf E [sign(ex)eaqn), (36)
where Rx = E {XanH} is the covariance matrix of the input vector and Tr(+) denotes the trace operator.
In this paper, the impulsive background noise v, is modeled as a random variable that follows a
2-component Gaussian mixture distribution MG (c1,02,p,). Based on the assumption A2, the Price’s
theorem [26] and References [16,27], we have

E [sign(ean+vn)ean]=E [ } \/7 \/El - Pr—w2 \/E . (37)

The Cramer-Rao [28] bound c is the minimum mean square error that the a priori error e; , of an
adaptive filtering algorithm can reach, so the step-size parameter # for the SGMCC algorithm would be

2Ac 2 1—p, pr
NS ==\ = + : (38)
Tr (Rx) n{\/c+alz \/C+022}
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3.3. Steady-State Behavior

The steady state behavior is usually measured by E [e3 ] when the adaptive filtering algorithm
converges to steady state. The steady-state value of E [e2 ] is generally known as EMSE. Assume the
adaptive filtering algorithm converges to steady state when n > N, then EMSE can be denoted as

S= limE {egn} . (39)
n—N !
MSD would converge to a constant when the algorithm reaches steady-state, so we have

lim E [ [ Wi |*] = lim E[[[W]*] - (40)

n—N

Based on the ECR relation, we have
2 1im E[f(en)ean] = 1 lim E [ f2(ea) Xl "] (41)
n—N n—N
For the proposed SGMCC algorithm, Equation (41) can be expressed as
2 1im E [jasign (en) €an] = 17 lim E [3|X ] (42)

With the same reason mentioned above, the correlation between p;, and ey, ¢, is negligible.
Therefore, the following expression holds

2 lim  [jn] E [sign (en) €a,s] = /Tr(Rx) lim E [yﬂ . (43)

n—N

As is derived in Equation (24), E [pn] would converge to a constant when the # is small enough.
Therefore, Equation (43) becomes

21111311\]}3 [sign (en) €a,n] = nTr(RX)E [pn] - (44)

The impulsive background noise is assumed to be Gaussian mixture noise that follows
MG (01,09,p1). Based on the assumption A2, the Price’s theorem [26] and References [16,27], we have

. . 1-— Pr
lim E [sign(eqn + 0n)ean] = \/ (45)
n—N \/S + (71 \/S +0—2

After substituting Equations (44) and (45) into Equation (43), we obtain

-1
S:\/7T Rx) —Pr (46)
7Tr(R) ‘MN{q/SJra \/S—FO’}

When the step-size parameter # is small enough, EMSE or S would converge to a smaller number,
which is negligible comparing with the power of background noises. In this case, Equation (46) can be

approximated by
7T 0201
S = yTr(RX)E [pn] 1/ S —p) top (47)

Note that the theoretical EMSE value computed by (Equation (47)) is an approximate value that
the SGMCC algorithm can achieve at steady state. The accuracy of the approximation is largely affected
by the step-size parameter 77. A valid approximation of EMSE can be secured with a small-enough 7.
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Usually, 07 < 07 and pr < 1 — pr, Equation (47) can be simplified as

S ~ Tr(RX)E [un] \/zl ilpr. (48)

4. Simulation Results

To validate the theoretical analysis and evaluate the performance of the proposed SGMCC
algorithm, we conduct simulations in a channel estimation [29-32] with Gaussian mixture background
noise. An unknown time-varying channel with 20 multipath subchannels is randomly generated
and then normalized by w{?ptwopt = 1. The input signals are generated by a zero-mean Gaussian
distribution with unit variance. The input signals are transmitted via the above mentioned unknown
channel and contaminated by impulsive background noise generated by a 2-component Gaussian
mixture distribution MG (4,03, py). The simulation results are averaged over 100 independent
Monte-Carlo experiments.

Firstly, we compare the MSD convergence curves of the proposed SGMCC algorithm with four
parameters and investigate the effect of each parameter on the convergence performance of the SGMCC
algorithm. Note that Figure 1 is obtained with o7 = 0.2, 0 = 100 and p, = 0.1. At each simulation,
we set different values for a specific parameter with the other three parameters fixed and observe the
effect of the parameter on the corresponding MSD convergence curve.

100 . . T r 10°
............. a=1
,,,,,,,,, e o] T QE2
\ =
101 N a4l 107!
A
“(‘
(=] R a
» N e o st e A NS st o e A AP e a4 »
= R = - Y
N . e, o e TP " "
10%f R 3 102
AR - s, P
AR o] S
103 . . , . 108 ] . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Iteration Iteration
(a) with different a (b) with different A
------------- 9=0.8 e 1=0,025
=09 |1 [N e 1=0.05
= = =+:6=0.99 = = =:71=0.075
6=0.995 7n=0.1
[a] [=]
7] 7]
= =
FESS L AT T -
103 N . L N 103 N N N L
0 200 400 600 800 1000 0 200 400 600 800 1000
Iteration Iteration
(c) with different 0 (d) with different %

Figure 1. MSD convergence curves of SGMCC algorithm.
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Under the condition of fixed parameter A = 0.25, § = 0.9 and # = 0.05, Figure 1a shows that the
SGMCC algorithm with larger shape parameter & converges slower to a lower steady-state MSD. As
one can see in Figure 1b, under the condition of fixed parameter « = 3, 6 = 0.9 and r = 0.05, the MSD
convergence curve of SGMCC algorithm with smaller kernel parameter A is not smooth and fluctuates
around a larger range. However, a larger kernel parameter A may lead to a slower convergence speed.
As observed in Figure 1c, under the condition of fixed parameter « = 3, A = 0.25 and # = 0.05, the
SGMCC algorithm with different smooth factor 0 values converges to the almost same steady-state
MSD after 1000 iterations. In addition, the SGMCC algorithm with smaller 6 converges faster but the
improvement of the convergence speed is not obvious when 6 smaller than 0.9. At last in Figure 1d,
under the condition of fixed parameter & = 3, A = 0.25 and 8 = 0.9, the SGMCC algorithm with
smaller step-size parameter # can achieve lower steady-state MSD at the cost of a slower convergence
speed and vice versa.

Secondly, we compare the convergence MSD performance of our proposed algorithm with several
recently published algorithms to demonstrate its convergence performance. The parameters of the
GMCC algorithm is set the same as that of the SGMCC algorithm. The parameters of other algorithms
are carefully adopted according to the corresponding reference. The compared algorithms and their
corresponding parameters were summarized in Table 2.

Table 2. Parameters setting.

Algorithm Parameters

A=05,p,=45pB=08y=150=2

CMCCIH 0,05, 4y = 0.01, & — e — 0.00001

VSSA [16] & = 0.95, B = 0.97, v = 0.0005

GMCC [21] a=31=0251n=005
SGMCC w=3,A=025n=0050=09

10°

)
7]
=

1072
1073 : : : 1073 : ; :
0 500 1000 1500 2000 0 500 1000 1500 2000
Iteration Iteration
a) under impulsive noise b) under Gaussian noise
p

Figure 2. Comparison of the mean square deviation (MSD) curves versus iteration.

Figure 2a shows a comparison of the MSD convergence curves of different algorithms under
impulsive noise generated by MG (0.2,100,0.1). As observed in Figure 2a, the proposed SGMCC
algorithm achieves a much lower steady-state MSD than the GMCC algorithm with the same
parameters. The SGMCC algorithm and the VSSA algorithm converge to the same and the lowest
steady-state MSD. On the other hand, the proposed SGMCC algorithm converges faster than the
VSSA algorithm and the CMCC algorithm. Different from Figure 2a simulated under impulsive noise,
Figure 2b is conducted under Gaussian noise. We can see that Figure 2b shows the similar results with
Figure 2a. So we can conclude that, compared with the other three algorithms, the proposed SGMCC
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algorithm achieves the lowest steady-state MSD with a relatively fast convergence speed. Also, the
proposed SGMCC algorithm is robust against both impulsive noise and Gaussian noise.

107" - . - — 1071
O 0
® 10-2 ® 10-2
F 10 F 10
[ -
c c
S S
3 -
g 10° %
17} L

107 : : : 107 : ; :
0 500 1000 1500 2000 0 500 1000 1500 2000
Iteration Iteration
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Figure 3. Comparison of the execution time.

Thirdly, we compare the execution time of our proposed algorithm with several recently published
algorithms in the next Figure 3. The parameter setting of four algorithms in Figure 3 is same with that
in Figure 2, which is shown in Table 2. Note that the measured execution time of four algorithms is
related to the running platform and specific code-programming efficiency.

Figure 3a,b shows a comparison of the execution time curves of different algorithms versus
iteration under impulsive noise and Gaussian noise, respectively, and these two subfigures show the
same performance trend. Figure 3c,d shows a comparison of the steady-state MSD curves of different
algorithms versus execution time under impulsive noise and Gaussian noise respectively and these
two subfigures show the same performance trend. Concretely speaking, Figure 3a,b demonstrate that
the proposed SGMCC algorithm owns the shortest run time and is close to the GMCC algorithm.
Figure 3c,d demonstrate that the SGMCC algorithm owns the shortest run time by observing the length
of the curve tail. Although the run time of the proposed SGMCC algorithm is also is close to that of
the GMCC algorithm, the SGMCC algorithm achieves a much lower steady-state MSD. Moreover, the
superiority of the SGMCC algorithm in run time can be ensured by computational complexity shown
in Table 1.
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Figure 4. Comparison of the theoretical result with the simulation result.

Finally, we perform simulations to confirm the steady-state behavior analysis presented in
Section 3.3. The theoretical steady-state EMSEs are evaluated by Equation (47). The simulated
steady state EMSEs were calculated as a average over the last 500 iterations of EMSE that is averaged
over 50 independent Monte-Carlo simulation with 5000 iterations. We investigate the theoretical and
simulated EMSEs under MG(0y, 03, pr) versus Gaussian noise standard deviation o7, impulsive noise
standard deviation 0y, impulsive noise occurrence probability p,. Note that the parameters of the
SGMCC algorithm in Figure 4 are setas « = 3, A = 0.25, 8 = 0.9 and = 0.01.

The comparisons of the theoretical and simulated value on EMSE versus o1, 0> and p, are shown
in Figure 4a—c, respectively. As observed in Figure 4a, the simulated EMSEs match well the theoretical
EMSEs computed by Equation (47) and the simulation value grows with the increase of the parameter
1. As one can see from Figure 4b,c, the simulated EMSEs also match well the theoretical EMSEs. In
Figure 4b, the EMSE values show a very slow downward trend and no significant changes with the
increase of the parameter 0, from 10 to 60 and from 60 to 100, respectively. In Figure 4c, the EMSE
values keep almost the same value with the range of the parameter p, value from 0.02 to 0.2. This
implies that the steady-state behavior analysis presented in Section 3.3 is valid and the proposed
SGMCC algorithm is robust against impulsive noise.

5. Conclusions

In this paper, we propose a smoothed GMCC algorithm called SGMCC to improve the
performance of steady-state MSD in the presence of impulsive noise. To avoid the high steady-state
MSD caused by the stochastic gradient, instead of taking the exponential weighted average of gradient
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vector to approximate the expectation of the gradient vector, we take the exponential weighted average
of the variable step-size so that the SGMCC algorithm can be viewed as a sign GMCC algorithm
with smoothed variable step-size. Convergence performance analyses are derived to demonstrate the
robustness of the proposed algorithm and it is verified by the previous simulation part. Simulation
results also demonstrate that the proposed SGMCC algorithm is robust against impulsive noise and
converges fast with lower computational complexity.
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