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The  electromyographic  (EMG)  signals  are extensively  used  on feature  extraction  methods  for  move-
ment  classification  purposes.  High-order  statistics  (HOS)  is  being  employed  increasingly  in  myoelectric
research.  HOS  techniques  could  be represented  in  the  frequency  domain  (high-order  spectra,  e.g., bis-
pectrum,  trispectrum)  or  in  the  time  domain  (higher-order  cumulants).  More  calculus  is  required  for
computing  the  HOS in  the  frequency  domain.  On  the  one  hand,  classical  bispectrum-based  features  were
applied  to  EMG  signals.  We  propose  novel  third-order  cumulant-based  features  for  EMG  signals.  Three
OS
umulants
ispectrum

different  classifiers  are  implemented  for muscular-activity  detection.  Different  analysis  and  evaluations
were  applied  to both  HOS-based  features  in  order  to qualify  and  quantify  similarities.  Based  on  these
results,  it is  possible  to  conclude  that cumulant-based  features  and  bispectrum-based  features  had  com-
parable behavior  and  allowed  similar  classification  rates.  Hence,  extra  calculus  in order  to  convert  time-
to frequency-domain  should  be avoided.

© 2015  Elsevier  Ltd. All  rights  reserved.
. Introduction

Muscular activity produces an electrical manifestation associ-
ted with the force and contraction level. This manifestation is
nown as electromyographic (EMG) signal and, can be acquired
rom the skin surface on a non-invasive way  [1,2]. The under-
tanding of EMG signals allows the comprehension of muscular
ctivity, neuromuscular disorders and motion intentionality. More-
ver, several physiological and anatomical factors, as well as the
ecording situations and the complexity of the signals are factors
hat justify a broad EMG  signal processing field. These signals are
sed as reference inputs to myoelectric control systems. In these
ystems, there are two main areas related to the signal processing:
he feature extraction and the classification of the EMG  signals.

The digitalized EMG  signals are large-dimension stochastic pro-
esses and the feature extraction techniques must reduce this
imensionality to a smaller dimensional space (the set of features).
deally, features should be simple to extract, invariant to irrelevant
ransformations, insensitive to noise, and useful for characteriz-
ng and discriminating patterns [3]. The abstraction provided by a

∗ Corresponding author. Tel.: +54 264 4213303.
E-mail address: eorosco@inaut.unsj.edu.ar (E. Orosco).

ttp://dx.doi.org/10.1016/j.bspc.2015.02.011
746-8094/© 2015 Elsevier Ltd. All rights reserved.
correct feature representation of the EMG  signals allows the use of
independent classification theory. Many feature extraction meth-
ods for EMG  classification purposes have been reported [4]. The
features can be grouped according to their domain (time [5], fre-
quency [6], or time-frequency [7]), to the nature of the feature
extraction mapping (linear or nonlinear [8,9]) or whether the fea-
ture extraction method is based on second or high-order statistics
(HOS).

Classical researches on EMG  activity detection methods have
proposed techniques using single-threshold [10], double-threshold
[11] and wavelet-MUAP [12] methods. Entropies have been used for
EMG activity detection as well [13,14]. These researches have not
used HOS techniques for EMG  activity detection. HOS techniques
are blind to additive colored or white Gaussian noise [15,16]. HOS
have been applied in communications and sonar fields to detect
random Gaussian signals in non-Gaussian noise or the opposite
problem (non-Gaussian signals on Gaussian noise) [17,18]. It is
pointed out that there are works in the field of EMG  activity detec-
tion, and on the field of detection with HOS techniques but there is
no information in the conjunction of areas.
Particularly, in the last years, the HOS techniques become rel-
evant in the EMG  pathologies and movement classification. The
modeling of non-Gaussian and non-linear signals is one of the
elemental approaches of HOS, as pointed out by Nikias et al.

dx.doi.org/10.1016/j.bspc.2015.02.011
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2015.02.011&domain=pdf
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Fig. 1. General scheme of muscular activity detection using HOS-based features.
EMG  signal acquisition based on an experiment protocol is the first stage. Following,
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Fig. 2. A movement-based protocol is designed for recording the upper limb EMG

the response time can be determined by the segment length. In this
ata  are segmented and HOS-based features are calculated. Finally, muscular activity
etection is performed by classifiers.

15,16] and Swami  et al. [19] (more extensive theoretical works
re presented in [20–24]). It is well-known that HOS domain
epresentations are the cumulant sequences (time domain) and
he polyspectra (frequency domain). Some authors have used the
umulant sequences to classify movements with diverse results
25], and to estimate the amplitude and the number of motor unit
ction potentials (MUAPs) [26]. On the other hand, the bispectrum
third-order polyspectra) has been used in more diverse ways. For
nstance, the relationships between the bicoherence (normalized
ispectrum) and the force level were analyzed [27]. In [28–30]
he MUAPs were estimated by the third-order spectrum and; the
ff-line hand movement classification based on bispectrum EMG
ignals was presented in [31,32]. In previous work done by this
roup, the problem of HOS-based feature classification on myo-
lectric control scheme was addressed [33,34].

It is important to note that the bispectrum is a bi-dimensional
omplex function represented by a complex matrix. Therefore, in
rder to perform a classification stage, this 2D complex array must
e reduced into a real feature vector. Generally, the feature vectors
ere integrations over bi-frequency segments [31], bispectrum
odule mean over bi-frequency domain [32], and Pythagorean
eans from the module or the real component of the bispectrum
atrix [33,34]. These feature vectors were proposed and analyzed

nder classification performance criteria, and results between 90%
nd 97% were reported.

In summary, the bispectrum is reduced into a small set of
eatures achieving acceptable results. In previous work, authors
nalyzed the HOS estimation problems and then, an HOS-based
yoelectric control scheme was implemented. Essentially, the

hird order cumulant sequences and the bispectrum provide
he same information in two different domain representations.
ere, it raises the question of how much the classification rate

ncreases/decreases while working with HOS on the frequency- or
n the time-domain.

In this work, a comparison between a bispectrum-based fea-
ure and a cumulant-based feature is proposed. The EMG  signal
inary classification or detection problem is addressed as a practi-
al procedure of comparison. Thus, the hypothesis of similar results
chieved by the bispectrum- or cumulant-based features is verified.
his is important in order to avoid extra calculus, i.e., the trans-
ormation from time- to frequency-domain is not needed in these
pplications.

The paper is organized as follows: Section 2 explains the
xperimental procedure for EMG  signal acquisition, processing,
nd classification. Authors also provide a brief overview of data
egmentation, surface electromyogram models, cumulants and bis-
ectrum definitions, and HOS-based features extraction. Section 3
resents and discusses results in relation to similar performance of
he cumulant-based features and the bispectrum-based features.
inally, Section 4 states the conclusions. The HOS estimation meth-
ds are presented in Appendix A.

. Materials and methods
The EMG  feature extraction methods based on third-order
umulants and bispectrum are described in this section. The block
signals for biceps brachii, triceps brachii (occluded in picture), pronator and brachio-
radialis muscles. The movements of interest in this work are flexion, extension,
pronation, supination, and rest position.

diagram of the overall processing scheme is shown in Fig. 1. The
development of this section is based on this diagram.

2.1. Experimental protocol, front-end processing and EMG
acquisition

A movement-based protocol is designed for recording the upper
limb EMG  signal from biceps brachii,  triceps brachii,  pronator and
brachioradialis muscles (Fig. 2). The movements addressed in this
work are flexion, extension, pronation, supination, and rest posi-
tion. The volunteers are encouraged to perform the sequence of
movements prompted by beepers. The database consists of the
records of six volunteers, three male and three females, volunteers
aged 28.6 ± 5.4, height 1.77 ± 0.13 m and weight 66.2 ± 12.7 kg. All
volunteers are healthy, with no history of muscle weakness, neu-
rological diseases or drug therapy. One of them has a congenital
malformation, i.e., unilateral phocomelia below elbow (Vol 1);
moreover, this volunteer had participated in other experimental
myoelectric systems. The volunteers have approved and signed an
informed consent form, according to the experiments to be per-
formed.

The database was  collected in four experimental trials, com-
pleted on four different days in order to avoid muscular fatigue [4].
Each trial consisted of five series of sequential movements, holding
each motion for three seconds and interspersing the rest position.
Each trial has 120 s maximum duration. The signals were grouped
by an expert in agonist EMG  signals. All these signals segments had
sub-segments of non-activity and muscular activity.

The commercial data acquisition system is a 15LT – Grass
Technologies®. Signals are sampled at 1 kHz with a 16-bit A/D con-
verter (National Instruments DAQPad-6015). The EMG  signals from
four channels were registered by the data acquisition systems.

2.2. Data segmentation

The idea behind data segmentation is that the signal can be
considered quasi-stationary during these time intervals; then, the
data can be processed ‘batch-wise’ from segment to segment. A
time segment is a time interval used to acquire myoelectric data
needed for some kind of signal processing, such as detection. A
trade-off balance between the accuracy of the classification and
work a segment length of 256 samples was adopted according to
time constraints of the myoelectric control application [4,35]. The
percentage of overlapping affects the rate at which class decisions
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re updated. If the detection problem is the goal of the classifica-
ion, this amount should be small enough to detect the EMG  activity
s fast as it could. Here, a 12.50% overlapping (32 samples) is exper-
mentally adopted to obtain a continuous classification scheme.

.3. HOS-based features

In this section a background of EMG  and HOS is introduced.
hen, the cumulants and bispectrum are defined. Finally, the fea-
ure extraction based on both methods is proposed.

.3.1. Background on EMG  models and HOS
The surface EMG  signal can be commonly modeled by

 bandwidth-limited, correlation-ergodic, centered (zero-mean)
aussian process, modulated by muscular activity and corrupted
y additive Gaussian white noise [36], Laplacian process [37] or
aussian mixture models [38]. The sample or empirical marginal
robability density function (PDF) of EMG  signal amplitudes has

nvestigated by several authors [39–43].
The HOS of a random process is identically zero when their joint

DFs are symmetric. The bispectrum vanishes when their marginal
DF are symmetric [44,45] only for the special case where the pro-
ess is white. To the contrary, the joint PDFs must be null in order to
erify that a zero-mean, stationary random process has identically
ero third-order statistics, as was pointed out in [34]. Because it is
ell-known that the EMG  signal is not white, the symmetry of the
arginal PDF of the EMG  signals by itself is insufficient to conclude

hat the third-order statistics are zero.
Recently, Ayachi et al. proposed a complex and complete EMG

ignal model applied to classify three contraction levels [46]. This
ery interesting research analyzed the PDFs shape based on HOS
arameters (skewness and kurtosis) and core shape modeling
CSM). They concluded that shape modifications occur in sEMG
mplitude distributions with varying muscle activation intensity.
his clearly justifies the use of EMG  cumulant and bispectrum fea-
ures for movement classification tasks.

.3.2. Cumulants and bispectrum definitions
The third-order cumulant sequences are high-order correlations

time-domain) and the bispectrum is a third-order frequency-
omain measure. These HOS techniques contain information that
onventional correlation and spectral analysis techniques cannot
rovide [15,16,19,47]. This is especially useful for non-Gaussian and
on-linear signals, as the EMG. In the following, the definitions and
ome basic properties are recalled.

Let {X(k)} , k = 0, 1, 2, 3, . . . be a real stationary discrete time
andom process whose first n-moment exists. Then, the n-moment
unction [47] can be defined as

x
n(�1, �2, . . .,  �n−1) = E{X(k)X(k + �1)· · ·X(k + �n−1)} (1)

here E {.} is the statistical expectation and �i is the time shift. The
ost widespread moment functions are: the second moment or

utocorrelation function mx
2(�), the third-order moment functions

x
3(�1, �2) and the fourth-order moment function mx

4(�1, �2, �3).
For n = 1, 2 and 3 the general relationship between moments and

umulant functions are given by

x
1 = mx

1 = E{X(k)} (2a)

x
2(�1) = mx

2(�1) − (mx
1)2 = mx

2(−�1) − (mx
1)2 = cx

2(−�1) (2b)

x
3(�1, �2) = mx

3(�1, �2) − mx
1[mx

2(�1) + mx
2(�2) + mx

2(�1 − �2)]
− 2(mx
1)3 (2c)

here cx
1 is the mean value of {X(k)} and cx

2 is the auto-covariance
equence. The third-order cumulant function is cx

3(�1, �2) and,
ing and Control 18 (2015) 325–333 327

when the random sequence {X(k)} is zero mean, the cumulant
function is equivalent to the moment function, that is,

mx
3(�1, �2) = cx

3(�1, �2) = E{X(k)X(k + �1)X(k + �2)} (2d)

Important properties justify the use of cumulants instead of
moments [15,16]. First, high-order cumulant functions extract
information deriving from deviations from Gaussianity. Second, the
polyspectra of the white noise is a multidimensional flat function.
Third, the cumulant functions of two  statistically independent ran-
dom processes are equal to the sum of the individual cumulant
functions of each process. Therefore, the cumulant functions can be
treated as an operator and consequently, the discrete time Fourier
transform (DTFT) is applicable.

Assuming that cx
3(�1, �2) is absolutely summable [47], the

third-order spectra or the bispectrum can be defined as the two-
dimensional DTFT of the third-order cumulant cx

3(�1, �2) as follows.

Bx
3(ω1, ω2) =

∞∑
�1=−∞

∞∑
�2=−∞

cx
3(�1, �2)exp{−j(�1ω1 + �2ω2)} (3)

where |ω1| ≤ �; |ω2| ≤ �; |ω1 + ω2| ≤ � and cx
3(�1, �2) is the third-

order cumulant function of the random sequence {X(k)}.
Symmetries in third-order cumulants function and the correspond-
ing bispectrum function can be found in [15,47].

The estimation methods for the third-order cumulant and the
bispectrum are detailed in Appendix A. Summarizing these meth-
ods, the third-order cumulant-based feature from the EMG  signals
over the sliding time windows were calculated. The EMG  seg-
ment was divided into two groups of 128 samples. The third-order
cumulants of each group was calculated (considering the symme-
try properties). Finally, the cumulant of the EMG  segment was the
average of the cumulant groups. The bispectrum function was  cal-
culated as the DTFT of the third-order cumulant sequences. The
bispectrum estimation results in a complex square matrix.

2.3.3. Feature extraction
The bispectrum-based features based on the bispectrum mod-

ule and slight modifications are commonly used by several authors
[27,31–34]. The third-order cumulant sequences and the bis-
pectrum provide the same information in two different domain
representations. Therefore, similar features could be extracted from
third-order cumulant. Consequently, two  cumulant-based features
are introduced, as novel approaches. These features are based on
the third order cumulant module. The innovative approach is that
cumulants are simpler to extract than bispectrum, as is depicted in
Fig. 3. The features were computed as:

Bispectrum-based feature: Two  features were extracted from the
bispectrum module. The first one (Eq. (4a)) is calculated over all
frequency domain. This feature was proposed in our previous work
[33,34]. The second one (Eq. (4b)) discards the diagonal slide as in
other HOS work [32].

AMB̂x
3 =

⎛
⎝ 1

M2

M∑
i=1

M∑
j=1

∣∣B̂x
3(i, j)

∣∣
⎞
⎠

1/4

(4a)

AMDB̂x
3 =

⎛
⎝ 1

M2

M∑
i=1

M∑
j=1

∣∣B̂x
3(i, j)

∣∣
⎞
⎠

1/4

i /= j (4b)

where x is EMG  data segment and M is size of the square matrix of

bispectrum.

Third-order cumulant-based feature:  Two  novel features are
introduced as the arithmetic mean of the third order cumulant
module. The first one (Eq. (5a)) is calculated over all time domain
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nd  bispectrum.

nd the second (Eq. (5b)) discards the diagonal slide in concordance
o [32].

Mĉx
3 =

⎛
⎝ 1

M2

M∑
i=1

M∑
j=1

∣∣ĉx
3(i, j)

∣∣
⎞
⎠

1/4

(5a)

MDĉx
3 =

⎛
⎝ 1

M2

M∑
i=1

M∑
j=1

∣∣ĉx
3(i, j)

∣∣
⎞
⎠

1/4

i /= j (5b)

Note, that the feature extracted from bispectrum according to
q. (4a) is similar to the feature extracted by Eq. (5a) from the third-
rder cumulant (identically for Eqs. (4b) and (5b)).

The features described in Eqs. (5a) and (5b) are calculated over
ll time domain, i.e., using the entire Cumulant matrix. Moreover,
he module and the quarter-root were applied to the cumulants
n order to achieve more peaked feature’s probability distribu-
ion, which has better numerical properties [33]. According to the
uthors’ knowledge, these time features have not been used in the
elated bibliography.

.4. Classification method

Several classifiers have been used for EMG  classification.
or example, different artificial neural networks, support vector
achines, multiple classifiers with competence function, linear

ayesian classifier, and so on.
It is well established [3,4] that the feature extraction from EMG

ignals is the main kernel of classification system, so the success
f any pattern recognition problem depends almost entirely on
he selection and extraction of features. In this work, three classi-
ers for detection of muscular activity were used: artificial neural
etwork (ANN), support vector machines (SVM) and linear discrim-

nant analysis (LDA).
A feed-forward neural network was used because of, among

ther things, its great simplicity, straightforward numerical imple-
entation, acceptable classification rate, and good performance.

his ANN has one hidden layer and one output layer. The hidden
ayer contains 20 neurons and the output layer has one neuron,
oth layers with hyperbolic tangent sigmoid activation function.
he selection of the number of hidden neurons has been deter-
ined directly by minimizing the combination of squared errors

nd weights, and by maximizing the classification rate [48]. A
ayesian regularization algorithm [49,50] was used for neural net-
ork training. This method uses a modified performance function,
hich is designed to minimize over-training, and to obtain a clas-
ifier with improved generalization properties.
SVM is another tool used for the classification of EMG  move-

ents and muscular activity detection. The SVM map  input vectors
nto a higher dimensional space where the classification can be
agram exposes the processing based on HOS features using: third-order cumulants

easily performed. Then SVM finds a linear separating hyperplane
with the maximal margin in this higher dimensional space.

Given a training set of instance-label pairs (xi; yi); i = 1, . . .,  l
where xi ∈ � n and yi ∈ � l such that yi ∈ {1, − 1}, the SVM require
the solution of the following optimization problem:

min
w,b,�

1
2

wT w + C

l∑
i=1

�i

subject to yi(wT �(xi) + b) ≥ 1 − �i

�i ≥ 0

(6)

where C is the penalty parameter of the error term �i. The kernel
function used in this work is a radial basis function on the form:

K(xi, xj) ≡ �(xi)
T �(xj) = e

−�
∥∥xi−xj

∥∥2

, � > 0 (7)

Therefore, the implementation of a SVM is needed to determine
the parameters C and � . The searching of C and � is conducted
through a grid-search using cross-validation [51]. The SVM used in
this work is the one implemented in LIBSVM [52].

Finally, the LDA was implemented to evaluate the HOS-based
features by means of a linear method. LDA is a linear combination of
variables which must fill some requirements such as the “multivari-
ate normality” (i.e., variables are normally distributed) [53,54]. The
HOS-based features were not normally distributed; consequently,
a logarithmic transformation was applied to the variables prior to
LDA [55].

The Di Fabio’s algorithm is a common technique used for com-
parison purpose on muscular activity detection [10]. The method
used a threshold calculated as three-times the standard deviation
above the mean value of the EMG  in resting state. Besides, the signal
must surpass the threshold during a whole period, to reduce false
positive detections. In this work, the period was set at 32 ms. Both
conditions were empirically selected to obtain the best results.

The results are reported using hold-out cross-validation scheme.
In this sense, the features were randomized and the entire dataset
was split in two  halves. Then, both classifiers were trained in the
first half and evaluated in the second one and vice versa. Finally,
the classification performance is the average of both results.

3. Results and discussions

The third-order cumulants and bispectrum features herein
proposed were experimentally evaluated. As was previously men-
tioned in Section 2.1, the EMG  signals were grouped into segments
of non-activity and muscular activity. From these segments, the
continuous data segmentation was  applied and Eqs. (4a), (4b), (5a),
and (5b) were calculated. This process is depicted in Fig. 4.
Fig. 5 exposes the time evolution of the features according to
Eqs. (4a) and (5a). The other two features (Eqs. (4b) and (5b)) were
not shown due to minimal differences on graphics. The observed
patterns on both features denote the presence of similarities, which
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odules were calculated. Finally, the HOS-based features were computed.

learly shows non-activity and activity feature patterns. Although,
lose similarities between time- and frequency-domain features
re evident, a quantitative analysis is needed. Hence, the lineal cor-
elation among the feature time series was measured in terms of
he well-known Pearson’s correlation and the coefficient of deter-

ination R2.
The Pearson’s correlation (r) is a measure of the linear asso-

iation (correlation) between two variables or time series. It was
valuated in pairs taken from the four features. Table 1 summarizes
he minimum and maximum values obtained along the six volun-
eers. A value r = 1 indicates a perfect correlation. In Table 1, the r
alues are close to 1 indicating a high level of correlation between
he features. Another commonly used measure is the coefficient of
etermination (R2), which is calculated as the square of r. The R2

alue indicates the ratio of the variance shared between two time

eries, e.g., an R2 = 0.7 suggests that 70% of the variance is shared. In
ther words, 70% of the behavior of a variable could be described by
he behavior of the other variable. Fig. 6 presents the average R2 val-
es and the corresponding standard deviation evaluated between
ty was segmented. From this segment, the third-order cumulant and the bispectrum

the four features. An average R2 of 0.9 ± 0.03 between the features
is observed. Thus, similarities among the four features are verified.
Moreover, a value close to 1 is obtained when evaluating features
with and without the diagonal values, i.e., feature calculated with
Eq. (4a) versus (4b) and with Eq. (5a) versus (5b). These results sug-
gest that no significant differences are obtained by eliminating the
diagonal values from the cumulant or bispectrum matrices.

The classification rate of the muscular activity detection was  cal-
culated using the EMG  signals from the six subjects of the database.
The ANN, SVM and LDA classifiers were implemented in order to
evaluate the HOS-based features. Tables 2–4 exposed the correct
classification rate for the three classifiers and for the four features
(see Section 2.3.3). Average correct rate ranging from 90.4% up to
92.3% were reported for all classifiers. Subject 1 achieves the highest
rates, possibly to his previous knowledge in myoelectric systems.
On the other hand, Subject 2 has the poorest results.
Several results were obtained among the features; in some cases,
higher rates were achieved using bispectrum features and in other
cases, cumulant features allows obtaining higher results. However,
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Table  1
Pearson’s Correlation coefficients of the two bispectrum and the two third-order cumulant features time series.

AMB̂x
3 AMDB̂x

3 AMĉx
3 AMDĉx

3

Max  Min  Max  Min Max  Min  Max Min

AMB̂x
3 × × 0.9999999 0.9999972 0.9700930 0.9334140 0.9700253 0.9332333

AMDB̂x
3 0.9999999 0.9999972 × × 0.9700659 0.9330047 0.9699982 0.9328229

AMĉx
3 0.9700930 0.9334140 0.9700659 0.9330047 × × 0.9999995 0.9999982

AMDĉx
3 0.9700253 0.9332333 0.9699982 0.9328229 0.9999995 0.9999982 × ×

Fig. 5. Time evolution of the HOS-based features. Upper: an EMG  signal of 6 s is
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Table 2
Correct classification rates of the two bispectrum and the two third-order cumulant
features using an ANN classifier and cross-validation.

Subject AMB̂x
3 AMDB̂x

3 AMĉx
3 AMDĉx

3

1 96.1% 96.0% 96.3% 96.2%
2  88.1% 85.9% 83.9% 85.5%
3  94.0% 93.7% 92.4% 92.8%
4  92.1% 92.1% 91.5% 91.7%
5  92.3% 92.1% 91.7% 91.4%
6  86.6% 86.0% 86.4% 89.9%
hown. Lower: the features from third-order cumulant (right axes – dotted line)
nd bispectrum modules (left axes – straight black line) were computed over the
ime segments.

hese differences in performance between time- and frequency-
omain features are minimal. For example, the maximum drop rate

s 1.1% when evaluating AMB̂x
3 against AMĉx

3, using an ANN classi-
ers. Similar analysis in the results obtained with SVM and LDA
howed a maximum drop rate of 0.5%. Note that, features with the
iagonal slide and without it, reveal non-substantial changes on
erformances. This finding is in accordance with the r and R2 values,
uggesting that both variables contain the same information.

Additionally, Table 4 exposes the correct classification rates
sing the Di Fabio’s method. This method achieved an average rate
f 87.3%, which is lower than the proposed HOS-based method.

The differences (and similarities) in performance across the
lassifiers were evaluated by the Friedman test [56]. It is a non-

arametric method, which can be applied to data classified by
wo (or more) criteria to determine its significant influence on
he classification. Hence, the null hypothesis proposes that all the

ig. 6. Coefficient of determination (R2). The average R2 values and the correspond-
ng standard deviation were evaluated in pairs taken from the four features.
Average 91.5% 91.0% 90.4% 91.3%
SD  3.6% 4.1% 4.5% 3.5%

results are equivalent through the different features. The alterna-
tive hypothesis is that at least two  results are different. Evaluating
the results obtained with ANN (Table 2), the Friedman test reports
a p-value of 0.241 (�2 = 4.2; N = 6; d.o.f. = 3). In the case of results
obtained with SVM (Table 3), the Friedman test reports a p-value
of 0.073 (�2 = 6.96; N = 6; d.o.f. = 3). The results obtained with LDA
(Table 4) obtained a p-value of 0.046 (�2 = 8; N = 6; d.o.f. = 3). In
all cases, the null hypothesis cannot be rejected in favor of the
alternative hypothesis. Therefore, authors can assume that the clas-
sification results are similar regardless of the used features.

In summary, the correlation results evidenced close similar-
ity between the time-domain features and the frequency-domain
features. Moreover, the classification results obtained with any of
these features were similar.

Note that the binary classification of movements (non-activity
against muscular activity) was  presented and common and novel
HOS-features were extracted. However, the HOS-based techniques
could be useful in others areas, applications or even other pattern
recognition schemes. For example, Ayachi et al. classified three con-
traction levels with minimal accuracy of 76% using k-means cluster
based on HOS features (skewness and kurtosis) [46]. Another exam-
ple proposed by Sezgin analyzed two  contraction levels based
on Bispectrum features achieving 97% of classification rate [32].
Both researches classified different contraction levels using time
or frequency domain features. We verified the high correlation
(Table 1 and Fig. 6) and similar behavior of time and frequency

features (Fig. 5), therefore, it is expected that similar results could
be achieved using Cumulant-based features instead of Bispectrum
features. Note, however, that skewness is just one value of the
Cumulant matrix (c3(0, 0)) and we  used the entire Cumulant matrix.

Table 3
Correct classification rates of the two bispectrum and the two third-order cumulant
features using an SVM classifier and cross-validation.

Subject AMB̂x
3 AMDB̂x

3 AMĉx
3 AMDĉx

3

1 95.7% 95.7% 96.1% 96.2%
2  86.6% 86.6% 84.8% 84.9%
3  92.8% 92.8% 92.2% 92.1%
4  91.9% 91.8% 91.7% 91.7%
5  92.0% 92.0% 91.5% 91.7%
6  91.2% 91.2% 91.0% 91.1%

Average 91.7% 91.7% 91.2% 91.3%
SD  3.0% 3.0% 3.6% 3.6%
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Table  4
Correct classification rates of the two bispectrum and the two third-order cumulant
features using LDA classifier and cross-validation and single threshold (Di Fabio’s
technique).

Subject AMB̂x
3 AMDB̂x

3 AMĉx
3 AMDĉx

3 Single threshold

1 95.7% 95.8% 95.6% 95.6% 90.9%
2  88.4% 88.4% 86.7% 86.7% 88.9%
3  94.0% 94.0% 93.4% 93.4% 93.4%
4  89.6% 89.6% 89.2% 89.2% 79.6%
5  92.1% 92.1% 91.7% 91.7% 85.4%
6  93.6% 93.6% 94.1% 94.1% 87.4%
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Average 92.2% 92.3% 91.8% 91.8% 87.3%
SD  2.8% 2.8% 3.3% 3.3% 4.9

Other researchers have proposed different methods for EMG
ctivity detection. For example, Zhou and Zhang proposed the onset
etection on EMG  signal using sample entropy and a threshold
etector [14]. In a previous work of the authors, the sample entropy
as applied to both, synthetic and real EMG  signals [13]. Shan-
on introduced the entropy concept in 1948 [57]. Both HOS and
ntropy are non-parametric features. Entropy is easier to compute
han HOS, but it only represents the average amount of information
btained from a measurement. Meanwhile, HOS can offer differ-
nt and more varied information than entropy, as it is pointed out
cross this work and bibliography.

As was exposed by Merlo et al., EMG  signal can be modeled as the
ummation of MUAPs and the Wavelet transform (WT) is suitable
o analyze surface EMG  because the MUAPs have the same shape
ut different width and amplitude [12]. A mother wavelet must be
elected in order to apply the WT,  moreover, the mother wavelet
hould be chosen according to the EMG  detection modality. For
xample, Vannozzi et al. used Morlet mother wavelet [58]. Thus,
avelet is a parametric method based on a structured model. In

he opposite way, HOS are non-structured model-based and non-
arametric. The foundation of the EMG  models was  introduced in
ection 2.3.1. An advantage of HOS techniques over other methods
s the well established immunity to Gaussian noise [15,16,47].

Generally, EMG  activity detection has used simple classification
lgorithms, such as thresholds [10,11,13]. Instead, in pathologies
nd movement classification were used machine learning methods
5,7,9,27]. In the current work, three different methods were tested
or EMG  activity classification. Specifically, non-lineal and complex
lassifiers (SVM and ANN) and simple LDA classifier were evalu-
ted. They achieved high accuracy across all the proposed features
nd moreover, no significant differences were reported among the
lassifiers. It was established that the feature extraction from EMG
ignals is the main kernel of classification system. In other words,
he success of any pattern recognition problem depends almost
ntirely on the selection and extraction of features [3,4]. Hence,
he similarities between cumulant-based and bispectrum-based
eatures could be assumed by the similar classification rates inde-
endently of the classification method.

. Conclusions

This paper presented a comparison between bispectrum-based
eatures and cumulant-based features for muscular activity detec-
ion. Classical bispectrum-based features were computed and
imilar cumulant-based features were proposed. These features
nvolved the basic operation of averaging the bispectrum module
r third-order cumulant module (with and without considering the
iagonal slide). As a practical experimental procedure, LDA, ANN

nd SVM classifiers detected non-activity against muscular activity.

The preliminary hypothesis of similar results was verified. There
s no need on extra calculus of the transformation from time-
o frequency-domain. In fact, acceptable classification rates are
ing and Control 18 (2015) 325–333 331

achieved when the bispectrum is reduced into a small set of fea-
tures. Nevertheless, the third-order cumulant features also allow
similar rates.

This similarity was  addressed by proposing the ‘rest-movement’
classification. The application allowed qualifying and quantifying
the similarity among two frequency-domain and two  proposed
time-domain features, that is the bispectrum- and the third-order
cumulant-based features, respectively. Analysis of the classification
rates, the Pearson’s Correlation, the coefficient of determination
and the Friedman test argued the principal hypothesis of this
research.

Appendix A. Estimation methods

There are basically two  approaches that have been used to esti-
mate the HOS, namely, the parametric approach (which is based on
linear parametric models, e.g., autoregressive (AR), moving average
(MA), and ARMA models), and the ‘Fourier type’ approach [47]. A
review of the commonly used techniques can be found in [59–62],
and references therein. The estimators based on the approximation
of the definition given by (2d) and (3). It follows from this defini-
tion that the accuracy of bispectrum estimation depends mainly
on the accuracy of the third-order cumulant estimates. It is also
well-known that for a fixed number of data samples, the variance
of these estimates is greater than the second-order cumulant esti-
mates (autocorrelation function).

A.1. Arithmetic mean third-order cumulant estimator

The standard unbiased estimator of the third-order cumulant
sequence is equivalent to using the sample mean estimator,

ĉx
3(m, n) = 1

N − max(m, n)

N−max(m,n)∑
l=1

x(l)x(l + m)x(l + n) (A.1)

where in our case XN = {x(k), k = 1, 2, ..., N} is the EMG  sequences
(time segment) of N = 28 = 256 samples, l = 1, 2, . . . is the index of
the sample segment, and m = 0, 1, 2, . . . , n = 0, 1, 2, . . . are the
time lags. Evidently, between l, m,  n and N it must be satisfied the
relation 1 ≤ max(l + m,  l + n) ≤ N. Therefore, index l varies from 1 to
N − max(m, n).

Eq. (A.1) can be written in a compact form as:

ĉx
3(m, n) = 1

K

N−m∑
l=1

zm,n(l) (A.2)

where zm,n(l) = x(l)x(l + m)x(l + n) is defined for fixed values of m and
n over the triangular region m = 0, 1, 2, . . . and 0 ≤ n ≤ m ≤ N − 1, the
index l ranges from 1 to N − m, and K takes the values N − m or N
for unbiased or asymptotically unbiased estimator respectively.

In order to obtain an acceptable trade-off between the bias of
the estimator and its variance, an ensemble (or time segments)
averaging is used. This is a standard statistical technique used in
the analysis of stationary time series. The finite sequence XN = {x(k),
k = 1, 2, ..., N} is divided into D non-overlapping subsequences, each
one having a length of M samples, such that N = D × M. If x(i)(j), j = 1,
2, . . .,  M,  i = 1, 2, . . .,  D denote the k = (i − 1)M + jth observation in
the original sequence, then the subsequences X(i) are defined as,
X(i) = {x(i)(j) = x((i − 1)M + j), j = 1, 2, . . .,  M}  , i = 1, 2, . . .,  D.

Thus, the following ensemble average version of the estima-
tor defined previously is calculated as the ensemble average of the
cumulant subsequences estimates on the segments.
ĉx−D
3 (m, n) = 1

D

D∑
i=1

1
M − m

M−m∑
l=1

z(i)
m,n(l) (A.3)
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here z(i)
m,n(l) = x(i)(l)x(i)(l + m)x(i)(l + n), i = 1, 2, . . .,  D are defined in

ach subsequence X(i) for fixed values of m and n over the triangular
egion m = 0, 1, 2, . . .,  0 ≤ n ≤ m ≤ M − 1, the index l varies from 1 to
.

.2. Bispectrum estimates

As we have pointed out previously, the bispectrum estimation
s an approximation of the definition (3), calculated as:

ˆx
3(ω1, ω2) =

L∑
m=−L

L∑
n=−L

ĉx
3(m, n)w(m, n)exp{−j(ω1m + ω2n)} (A.4)

here L ≤ M − 1. The cumulant symmetries and the properties of
ts two-dimensional fast Fourier transform should be considered in
rder to reduce the computational cost [15,16,47]. As in the case of
onventional power spectrum estimation, a bidimensional window
unction w(m, n) is used to find the smooth bispectrum estimates.
urthermore, it is well-known that the selection of the window
unction w(m, n) affects the bias-variance trade-off in the bispec-
rum estimation. The bidimensional window function w(m, n) must
atisfy several conditions [47]. Among other things, the authors
oncluded that the bispectrum estimated with Sasaki window has
he lowest bias, and that of Parzen window has the lowest variance.
ccording to this the Parzen window function has been chosen.
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