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a  b  s  t  r  a  c  t

A  new  approach  to  time–frequency  analysis  and  pattern  recognition  of non-stationary  power  signals
is  proposed  in  this  paper.  In  this  manuscript,  visual  localization,  detection  and  classification  of  non-
stationary  power  signals  are  achieved  using  wavelet  packet  decomposition  and  automatic  pattern
recognition  is  carried  out  through  learning  vector  quantization  neural  network.  The wavelet  packet
vailable online 28 January 2014
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decomposition  (WPD)  of  the  non-stationary  power  signals  is  carried out  to extract  the  coefficients  at
multiple  level  of  decomposition.  The  relevant  features  for pattern  classification  are  derived  from  the
time-scale  information  obtained  by WPD.  The  extracted  features  are  used  to classify  different  power
quality  disturbances  by using  learning  vector  quantization  neural  net.  Various  non-stationary  power
signal  waveforms  are  considered  to verify  the applicability  of  the  proposed  technique.
earning vector quantization

. Introduction

Non-stationary power signal disturbances and power quality
PQ) has been a cause for concern for both the utilities and users due
o the use of many types of electronic equipments [1]. Harmonics,
oltage swell, voltage sag, transients, and momentary interrup-
ions can adversely affect these equipments. These disturbances
ause several problems, such as overheating, failure of motors,
isoperation of sensitive and protective equipment and inaccurate
etering. Voltage transients can occur due to lightning, capaci-

or switching, motor starting, nearby circuit faults or accidents,
nd can also lead to power interruptions. Harmonic currents due
o nonlinear loads throughout the network can also degrade the
uality of services to sensitive high-tech customers. To distinguish
he non-stationary disturbance signal patterns in the normal sinu-
oidal signal frequencies, advanced signal processing techniques
long with pattern recognition approach play a vital role in classi-
ying the patterns of the non-stationary power signal disturbances.
onsequently solutions to electrical network disturbance problems
nvolve continuous monitoring of electrical network voltage and
urrent waveforms at certain customer sites and discretizing these
ignals into digital data to identify the different disturbance pat-
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terns using pattern recognition techniques. When a huge electrical
network signal database is used for identifying the similar pat-
terns and its localization in time, it constitutes an important area
of non-stationary time series analysis.

To ensure a good power quality, a system must be able to mon-
itor, locate, and classify disturbances by measurement approaches
and instruments. These instruments must collect large amounts of
measured data such as voltages, currents, and occurrence items.
However, they do not automatically classify disturbances and they
require offline analysis from the recorded data. Fast Fourier trans-
formation (FFT) [2] has been applied for harmonic analysis in power
system but short-time duration disturbances require short-time
Fourier transformations (STFT) to aid the analysis. The choices
for size of window affect both the frequency and time resolu-
tion when using STFT. On the other hand another transform like
wavelet transforms (WT) [3–10] is a popular time–frequency anal-
ysis tool. It is very suitable for analyzing non-stationary signals
and has been successfully applied to detection of PQ disturbances.
But the WT  is only suitable to identify the information in low-
frequency band and unsuitable to identify the information in
high-frequency band. So when the disturbances are present in high-
frequency bands the WT fails to detect them. Hence wavelet packet
decomposition (WPD) [11–14] is a finer tool for signal analysis
and is a powerful analyzing tool which can avoid the demer-

its of WT.  Because the WPT  not only identify the disturbance at
high frequency band, but also provide better visual detection and
localization of the power signal disturbances than the wavelet
transform.

dx.doi.org/10.1016/j.asoc.2014.01.017
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In comparison, it is clear that u0(t) and u1(t) degradation scaling
3 3

Fig. 1. Structure diagram of three

Wavelet packet atoms are waveforms indexed by three naturally
nterpreted parameters: position, scale (as in wavelet decomposi-
ion), and frequency. For a given orthogonal wavelet function, we
enerate a library of bases called wavelet packet bases. Each of these
ases offers a particular way of coding signals, preserving global
nergy, and reconstructing exact features. We  then select the most
uitable decomposition of a given signal with respect to energy,
ntropy, standard deviation based criterion. But in the wavelet
acket transform, each detail coefficient vector is also decomposed

nto two parts using the same approach as in approximation vec-
or splitting. Wavelet packets offer a more complex and flexible
nalysis, because in wavelet packet analysis, the details as well
s the approximations are split. The idea of this decomposition is
o start from a scale-oriented decomposition, and then to analyze
he obtained signals on frequency sub bands. It not only has the
bility of local time–frequency analysis like wavelet transform but
lso can further decompose high-frequency bands and make the
requency resolution improved. Therefore, WPD  has wider applica-
ion value and foreground. Recently several methods of automatic
ecognition and classification based on artificial intelligence, such
s artificial neural network (ANN), have been studied [15,16]. ANN
s a popular method of recognition and classification. Because of
he excellent time–frequency analysis of WPD  and the excellent
ower signal classification ability of learning vector quantization
lgorithm (LVQ), we propose a novel method based on WPD  and
VQ [17–19] for detection and classification of PQ disturbances.
n this the extracted features from the time-series data is applied
o the LVQ algorithm to group the data into clusters and thereby
dentifying the class of the data.

. Wavelet packet signature

Wavelet transform is only suitable to identify the information
n low-frequency band and unsuitable to identify the information
n high-frequency band. The wavelet packet transform is suitable
o finely identify the information in both high and low frequency
ands, which is an ideal processing tool of non-stationary signal.
n other words, it has higher frequency resolution and lower time
esolution in low-frequency part while it has higher time resolution
nd lower frequency resolution in high-frequency part. In Fig. 1,

 represents the original signal. A1 represents the low-frequency
omponent of the original signal S. D1 represents the high frequency
omponent of original signal S. AA1 represents the low-frequency
omponent of A1. DA2 represents the high frequency component of
1 and so on.
After three-stage wavelet packet decomposition the original sig-
al can be expressed as

 = AAA3 + DAA3 + ADA3 + DDA3 + AAD3 + DAD3 + ADD3 + DDD3
e wavelet packet decomposition.

Vj ⊕ Wj ⊕ Wj−1 ⊕ Wj−2. . . ⊕ Wj−m = Vj−m expresses AJ, WJ

expresses DJ, VJ is scale space, WJ is wavelet spacei.e.

VJ ⊕ Wj = Vj−1 j ∈ Z (1)

Obviously,

Vj ⊕ Wj ⊕ Wj−1 ⊕ Wj−2· · · ⊕ Wj−m = Vj−m (2)

for multi-resolution analysis, L2(R) = ⊕
j ∈ Z

Wj . It indicates the Hilbert

space L2(R) is the sum of all orthogonal subspace Wj(j ∈ Z) in accor-
dance with the different scales of j where Wj is the closure space
of wavelet function �(t). Wavelet subspace Wj can further subdi-
vide according to binary in order to increase frequency resolution.
A new space Un

j
can unify scale space Vj and wavelet space Wj

U0
j = Vj, U1

j = Wj j ∈ Z (3)

The Hilbert space orthogonal decomposition VJ−1 = Vj ⊕ Wj can
be unified by the decomposition of Un

j
,

Un
j+1 = U2n

j ⊕ U2n+1
j

j ∈ Z (4)

Un
j

is the closure space of function un(t); U2n
j

un(t); U2n
j

is the clo-
sure space of function u2n(t). h(k) is the base function expansion
coefficient of space V−1; g(k) is the orthogonal base function expan-
sion coefficient of space V−1. un(t) meets the following equation:

u2n(t) =
√

2
∑

k ∈ Z
h(k)un(2t  − k), u2n+1(t)

=
√

2
∑
k ∈ Z

g(k)un(2t  − k) (5)

In formula above, g(k) = (−1)kh(1 − k).
When n = 0 the formula (5) are given as

u0(t) =
√

2
∑
k ∈ Z

h(k)u0(2t  − k), u1(t) =
√

2
∑
k ∈ Z

g(k)u0(2t  − k) (6)

For Multi-resolution analysis, �(t) and ϕ(t) meet the following
equation:

�(t) =
√

2
∑

k ∈ Z
h(k)�(2t − k), ϕ(t) =

√
2
∑
k ∈ Z

g(k)�(2t − k) (7)
function �(t) and wavelet function ϕ(t). Eq. (7) is equivalent to Eq.
(5). This equivalent extends to n ∈ Z+. Eq. (4) is expressed as

Un
j+1 = U2n

j ⊕ U2n+1
j

, j ∈ Z; n ∈ Z+ (8)
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ig. 2. (a) Oscillatory transient followed by impulsive transient; (b) level 1 approx
evel  2 detail coefficients; (f) level 3 approximate coefficients; (g) level 3 detail coeffi

The sequence gn
j

(t) ∈ Un
j

, gn
j

(t){un(t)}n ∈ Z+ , which is con-
tructed by Eq. (8) is orthogonal wavelet packet based on the
rthogonal basis function u0(t) = �(t).

Located gn
j

(t) ∈ Un
j

, gn
j

(t) can be defined as

n
j (t) =

∑
l

dj,n
l

un(2jt − l) (9)

Wavelet packet decomposition algorithm,

j+1,n
l

=
∑

k

[hl−2kdj,2n
k

+ gl−2kdj,2n+1
k

], dj,2n+1
l

=
∑

k

bk−2ld
j+1,n
k

(10
Wavelet packet reconstruction algorithm,

j+1,n
l

=
∑

k

[hl−2kdj,2n
k

+ gl−2kdj,2n+1
k

] (11)
 coefficients; (c) level 1 detail coefficients; (d) level 2 approximate coefficients; (e)
; (h) level 4 approximate coefficients; and (i) level 4 detail coefficients (using WPT).

where space Un
j

is one closure space of the function un(t).

3. Time–frequency analysis using WPD

The proposed techniques are used to analyze the power signal
disturbance in a realistic power network simulated by power sys-
tem block set supported by MATLAB software. The sampling rate
for the collection of power quality data is taken to be equal to
3.84 kHz. In our study we have discussed different types of non-
stationary power signal problems. The coefficients after wavelet
packet decomposition are shown in Figs. 2 and 3 for a signal with
oscillatory & impulsive transient and a signal with voltage dip

& harmonics. The Haar wavelet was  used as the mother wavelet
throughout the simulations in this paper. WPD  provides excellent
detection, visual localization and classification of the power signal
disturbances.
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. Feature extraction
The power signal disturbances are non-stationary in nature and
equire a pattern recognition approach for determining the class
o which each of these belongs. In our work we  have considered

able 1
Q disturbances with respective classes (g).

Disturbance Class

Oscillatory transient C1

Impulsive transient (spike) C2

Multiple notches C3

Voltage rise (swell) C4

Voltage dip (sag) C5

Voltage rise with harmonics (swell harmonic) C6

Voltage dip with harmonics (sag harmonic) C7

Momentary interruption C8
tail coefficients; (d) level 2 approximate coefficients; (e) level 2 detail coefficients;
 coefficients; and (i) level 4 detail coefficients (using WPT).

seven classes (power signal disturbances) for classification using
LVQ neural network mentioned below in Table 1.

In the wavelet packet domain the basis functions are obtained
by translation and scale change. They remain well localized in both
time (spatial) and frequency domains and thus represent scale and
spatial information. Thus, a complete tree presents the distribution
of a signal within a scale space continuum. The total number of
coefficients in complete tree decomposition is exactly equal to the
number of points (pixels) in an original signal. Our strategy was
to first compute the energy associated within each wavelet packet.
Since wavelet packets form orthogonal bases, their decompositions
will preserve energy. It is easy to show that
∑
k

(Sp
n,k

)
2

=
∑

l

(Sp−1
2n,l

)
2

+
∑

l

(Sp−1
2n+1,l

)
2

(12)
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Table 2
Extracted feature for signals belonging to classes C1–C3 shown in Fig. 4, for each
level.

C1 C2 C3

Feature (level 1)
F1 0.1335 0.1172 0.2434
F2 0.6001 0.2822 0.1162
F3 0.1564 0.1907 0.2807

Feature (level 2)
F1 0.1977 0.2131 0.3930
F2 0.4251 0.2681 0.1264
F3 0.1687 0.2322 0.2648

Feature (level 3)
F1 0.3100 0.3231 0.4338
F2 0.6001 0.3781 0.2031
F3 0.1687 0.2919 0.2553

Feature (level 4)

E

t

�

t
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Table 4
Cumulative features for signals belonging to classes C1–C4 shown in Fig. 4.

Feature C1 C2 C3 C4

F1 1.2733 0.9829 1.6034 2.0472
F1 0.6321 0.3295 0.5332
F2 0.8115 0.6785 0.3032
F3 0.5236 0.5484 0.3443

Therefore, if we define a energy measure as Ep
n =

∑
k(Sp

n,k
)
2
, then

p
n = Ep−1

2n + Ep−1
2n+1 (13)

Standard deviation of a signal is defined as the square root of
he variance. The standard deviation is calculated as,

j =

√√√√ 1
N − 1

N−1∑
i=0

(xj(n) − �j)
2 (14)

The entropy was calculated at each decomposed level of wavelet
ree. The entropy, defined by,

(x) = −
∑

k

|xk|2 log |xk|2 (15)

Tables 2 and 3 summarize the value of the three features consid-
red in this paper for the disturbances shown in Fig. 4. The features
re energy, entropy and standard deviation denoted by F1, F2, F3.

The normalized energy, entropy and standard deviation are cal-
ulated by dividing the energy, entropy and standard deviation
y its maximum value respectively. The extracted features can be

ivided into two different types of class of disturbances. High fre-
uency disturbances (Category-1) consist of oscillatory transient
C1), spike (C2) and multiple notches (C3). The low frequency dis-
urbances (Category-2) consist of voltage rise (C4), voltage dip (C5),

able 3
xtracted feature for signals belonging to classes C4–C8 shown in Fig. 4, for each
evel.

C4 C5 C6 C7 C8

Feature (level 1)
F1 0.2845 0.1880 0.1564 0.0220 0.2651
F2 0.3337 0.5832 0.6001 0.5832 0.0591
F3 0.0135 0.2360 0.2166 0.0557 0.9304

Feature (level 2)
F1 0.3086 0.2404 0.2238 0.2701 0
F2 0.5434 0.3832 0.6325 0.5827 0.0522
F3 0.0403 0.2540 0.2229 0.0472 0.9662

Feature (level 3)
F1 0.5323 0.3234 0.3278 0.3627 0
F2 0.5211 0.4332 0.6927 0.5832 0.0927
F3 0.0332 0.2894 0.3221 0.0672 0.9682

Feature (level 4)
F1 0.9218 0.6593 0.5279 0.4212 0.5641
F2 0.5623 0.5832 0.6529 0.6432 0.1030
F3 0.6312 0.3892 0.4232 0.0923 0.9782
F2 2.4368 1.6069 0.7489 1.9605
F3 1.0174 1.2632 1.1451 0.7182

voltage rise with harmonics (C6), voltage dip with harmonics (C7)
and momentary interruption (C8). The features have been extracted
and the extracted features are normalized to classify the nature
of power signal disturbances. It can be observed that the entropy
value for low frequency disturbances like voltage sag, voltage swell,
momentary interruption and the pure undistorted sinusoidal is
minimum, harmonics including sag with harmonics and swell with
harmonics have a comparatively higher value of entropy while dis-
turbances like voltage flicker and flicker involving harmonics show
maximum entropy value in the class of steady state PQ distur-
bances. Similarly in case of the short duration PQ disturbances,
voltage notches and spikes have very low entropy values, while
transients have relatively higher values. So this table helps in visual
classification of PQ disturbances.

The extracted features from wavelet packet domain have been
added level wise for classification. The level wise addition was
done because LVQ network is based on Kohonen’s learning rule
and according to Kohonen learning rule not only the winning neu-
ron weights but also the neighborhood neurons are updated. This
creates a problem because the normalized input features (data) are
very closely spaced so there is a great chance of misclassification as
the neighbor class neurons are updated which give rise to number
of misclassification. To overcome this, the generated input feature
vectors are added level wise for accurate power signal event clas-
sification. A long feature vectors were obtained and distinguished
feature vectors (hundreds of each disturbance) have been given to
the LVQ neural network for power signal disturbance classifica-
tion. A sample of extracted features from each class is given below
in Tables 4 and 5 respectively.

5. Learning vector quantization

LVQ procedures are easy to implement and intuitively clear.
The classification of data is based on a comparison with a number
of so-called prototype vectors. The similarity is frequently mea-
sured in terms of Euclidean distance in feature space. Prototypes
are determined in a training phase from labeled examples and can
be interpreted in a straightforward way  as they directly represent
typical data in the same space. Prototypes are updated according to
their distance from a given example in a sequence of training data.
Schemes in which only the winner, i.e. the currently closest pro-
totype is updated have been termed Winner-Takes-All algorithms.
The ultimate goal of the training process is, of course, to find a clas-
sifier which labels novel data correctly with high probability, after
training. This so-called generalization ability will be in the focus
of our analysis in the following. Clearly, a better theoretical under-
standing of the training algorithms should be helpful in improving

their performance and in designing efficient schemes. In this work
we employ a theoretical framework which makes possible a sys-
tematic investigation and comparison of LVQ training procedures.

Table 5
Cumulative features for signals belonging to classes C4–C7 shown in Fig. 4.

Feature C5 C6 C7 C8

F1 1.4111 1.2359 1.076 0.8292
F2 1.9828 2.5782 2.3923 0.307
F3 1.1686 1.1848 0.2624 3.843
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ig. 4. Voltage waveform with (a) oscillatory transient; (b) impulsive transient; (c
g)  voltage dip with harmonics.

e consider training from a sequence of training data which are
enerated from wavelet packet feature extraction procedure and
hese features are used as input to LVQ network.

.1. Training LVQ network with learning rule

The learning vector quantization (LVQ) network is a continuous
alued, multi-input and multi-output single-layer network, utiliz-
ng a combination of unsupervised and supervised training phase.
he algorithm of a normal unsupervised training phase, similar to
he Kohonen self organized feature map  is summarized as follows:

(i) Initialization: at t = 0, choose random values for initial Wk(0);
k = 1, 2,.  . .,  m (m: the size of the network), with the magnitudes
of the weights within a certain range in accordance with the
inputs. The weight vector is given by

Wk(t) = [Wk1(t), Wk2(t), Wk3(t), . . .,  Wkn(t)]T , (16)
n = dimension of the weight vector.
(ii) Sampling: a sample ‘X’ is to be drawn from the date which

represents in this case a vector.
iple notches; (d) voltage rise; (e) voltage dip; (f) voltage rise with harmonics; and

(iii) Similarity matching: the best matching (winning) neuron for
input X(t) = [x1(t), x2(t), x3(t), . . .,  xn(t)] is obtained by using
Euclidean distance as

Y(X) = argk min{||X  − Wi||} (17)

The synaptic weight vectors of all neurons are updated using the
update formula as

Wk(t + 1) = {Wk(t) + n[x(t) − Wk(t)], k ∈ C

= {Wk(t), otherwise
(18)

where n = learning rate and C denotes that winner.
Step (ii) is repeated until no significant change is observed in the

weight values. The second training phase uses the LVQ technique
to optimize the weights as

Wc(t + 1) = Wc(t) + ˛(t)ui(X)(X − Wc(t)) if Ci = Cj

= Wc(t) − ˛(t)ui(X)(X − Wc(t)) if Ci /= Cj (19)
= Wi(t) if i /= C

In the above equations, C is again used to denote the winning
neuron, Ci is the class assigned to the winner, and Cj is the class the
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Table 6
Variation in number of epochs.

No. of classes No. of competitive
neuron

Total no of test
input

No of epochs Learning
rate

No of misclas-
sification

Efficiency in
percentage

2 4 15 50 0.0005 9 40.00
3  6 15 100 0.0005 9 40.00
4  8 25 150 0.0005 11 56.00
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learning rate 0.04–0.055 the following observations are obtained,
which is given below in Table 8. The means square error (perfor-
mance curve) for six and seven number of classes (power signal

Fig. 6. MSE  for 100 epochs.
5  10 25 3
6  12 30 3
7  14 30 5

nput X belongs to, ˛(t) is the learning rate. Further the following
alues are chosen for ˛(t) and ui(X)

(t) = ˛0

(
1 − t

T

)
(20)

i(t) = exp(−||X − Wc ||2/2�2)∑Kexp
i=1 (−||X − Wc ||2/2�2)

(21)

The value of ˛0 and � are chosen as 0 ≤ ˛0 ≤ 1, � > 0. The simi-
arity measure is used after the final weights are obtained to obtain
he distance of the feature vector X to a set of weights as

 = (||X − W ||) (22)

. Training results

The primary factors, which control the behavior of the LVQ net-
ork, are the number of hidden units, learning rate and training

ime. The number of hidden units had a greater effect. Keeping the
earning rate fix to 0.0005, number of epochs to 100 and assum-
ng that at least 2 competitive neurons are associated with 1 class,
o there are ‘2n’ number of competitive neurons if total ‘n’ num-
ers of classes are present. Again if the number of competitive
euron is more then to train the network becomes very difficult.
o the number of competitive neuron was taken to be at least 2 for
ach class. We first started with constant learning rate and different
poch number. The result for learning rate 0.0005, is given below
n Table 6. Figs. 5–8 describes the mean square error (performance
urve) for different epochs.

It is observed from Table 6 that there is no improvement in
fficiencies and the number of misclassification increases due to
uctuation in the performance curve.

Hence the learning rate has a greater impact on the classification
ccuracy. At a particular learning rate network will show maxi-
um efficiency and minimum misclassification. Keeping number

f epochs fixed to 100, learning rate variation starts from 0.0005
o 0.05 for 2, 3, 4, 5, 6 and 7 classes (power signal disturbances)

o be classified. If the learning rate is very less it will take more
ime to converge and the fluctuation in MSE  will be more. At the
ame time if the learning rate is very high the network will be over-
oaded. There fore only at a particular range of learning rate the

Fig. 5. MSE  for 50 epochs.
0.0005 10 60.00
0.0005 10 66.67
0.0005 11 63.33

network will give maximum efficiency. Table 7 highlights the effi-
ciency in percentage for different learning rate for different power
signal classes (disturbances).

7. Testing results

Finally to classify all the seven classes (power signal events) with
Fig. 7. MSE  for 300 epochs.

Fig. 8. MSE  for 500 epochs.
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Fig. 9. MSE  with learning rate 0.005.

Fig. 10. MSE  with learing rate 0.0047.

Fig. 11. MSE  for learning rate 0.05.

Fig. 12. MSE  for learning rate 0.046.

Table 7
Testing results for slight variation in LR.

No. of classes Learning
rate

Total no of
epochs

No. of epochs after
which MSE  plot is
stable

6 0.005 100 18
6  0.0049 100 26
6  0.0047 100 31
7  0.05 100 41
7  0.048 100 49
7  0.047 100 51
7  0.046 100 68

Table 8
The comparison of classification accuracy with other classifiers.

Proposed by Overall accuracy %

Ghosh and Lubkeman (1995) [20] 72
Perunicic et al. (1998) [21] 89
Wijayakulasooriya et al. (2002) [22] 98
Kaewarsa et al. (2004) [23] 90.1
G.-S. Hu et al. (2008) [24] 98.4

S.  Ekici (2009) [25] 95.6
Proposed 99.14

disturbances) is shown below in Figs. 9 and 10 and in Figs. 11 and 12,
respectively.

7.1. Testing results for classification

The LVQ neural net after training is tested for different power
signal classification. In which the test vectors have been given as
input to LVQ classifier for each of the seven classes. Some of the clas-
sification result with respect to different classes is presented below

from Figs. 13–16. The position of the star indicate that the given test
vector belongs to oscillatory transient, voltage spike, voltage notch
and voltage swell respectively.
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Fig. 13. Testing result for transient class.
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Fig. 14. Testing result for spike class.
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Fig. 15. Testing result for notch class.
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Fig. 16. Testing result for swell class.

. Comparison

The proposed classifier was subjected to a test set consisting of
00 patterns with 100 patterns from each type of power quality
isturbance.

Each pattern was first passed through wavelet packet decompo-
ition and the features F1, F2 and F3 were extracted. These features
ere acted as input to the trained LVQ neural network. The over-

ll classification accuracy was obtained as 99.14%. The proposed
lassifier was compared with the other classifiers in literature in
able 8. As it can be observed, the proposed classifier has a higher
ccuracy than others.

. Conclusion

In this work, the method to decompose and extraction of fea-
ures based on wavelet packet transform is studied. During the
ecomposition process it is found that the detection and local-

zation are more prominent in detail coefficients. Wavelet packet
ecomposition method is used to extract the features of various
ower quality disturbance signals and the extracted features are
sed by the LVQ classifier to classify the different types of dis-
urbances. The concept of local energy of frequency bands based
n wavelet packet decomposition and the methods to calculate
hem are presented, which is useful in non-stationary signal anal-
sis. LVQ type learning models are preferred due to their simple
earning rule, their intuitive formulation of a classifier by means of
rototypical locations in the data space, and their efficient applica-
ility to any given number of classes. Our rigorous studies along this
ine show remarkable differences in the generalization ability and
onvergence properties of such variations of LVQ-neural networks.
orthcoming investigations will concern, for instance, the exten-
ion to situations where the model complexity and the structure

[

[

puting 18 (2014) 158–166

of the data do not match perfectly. This requires the treatment
of scenarios with more than two prototypes and cluster centers.
We also intend to study the influence of different variances within
the classes and non-spherical clusters, aiming at a more realistic
modeling. We are convinced that this line of work has lead to a
deeper understanding of LVQ type training and has facilitated the
development of efficient algorithms.
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