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a  b  s  t  r  a  c  t

Automatic  analysis  of biomedical  time  series  such  as  electroencephalogram  (EEG)  and  electrocardio-
graphic  (ECG)  signals  has  attracted  great  interest  in the  community  of biomedical  engineering  due  to  its
important applications  in  medicine.  In this  work, a simple  yet  effective  bag-of-words  representation  that
is originally  developed  for text  document  analysis  is  extended  for biomedical  time  series  representation.
In  particular,  similar  to  the  bag-of-words  model  used  in text  document  domain,  the  proposed  method
treats  a time  series  as a text  document  and  extracts  local  segments  from  the  time  series  as  words.  The
biomedical  time  series  is  then  represented  as  a  histogram  of codewords,  each  entry  of  which  is  the count
odebook construction
-Means clustering
EG
CG

of a codeword  appeared  in the  time  series.  Although  the  temporal  order  of  the  local  segments  is ignored,
the  bag-of-words  representation  is  able to  capture  high-level  structural  information  because  both  local
and global  structural  information  are  well  utilized.  The  performance  of the bag-of-words  model  is  vali-
dated on  three  datasets  extracted  from  real EEG  and  ECG  signals.  The  experimental  results  demonstrate
that  the  proposed  method  is  not  only  insensitive  to  parameters  of the  bag-of-words  model  such as  local
segment  length  and  codebook  size,  but also  robust  to  noise.
. Introduction

With the development of modern technology and reduction
f hardware cost, a large amount of biomedical signals such as
lectroencephalogram (EEG) and electrocardiographic (ECG) are
ollected every day. These biomedical signals are very useful for
onitoring human’s physical condition. It is however a challenging

ask to efficiently and effectively analyze these signals. Tradition-
lly, these signals are manually analyzed by professional experts.
owever, there are several disadvantages of the manual analysis.
irstly, comparing to the large amount of biomedical signals, the
umber of professional experts, especially the ones with extensive
xperience is very limited. Secondly, inspection and monitoring
f long-term biomedical signals such as EEG and ECG signals are
lways very time consuming. It is difficult to keep a high level of
oncentration during a lengthy inspection, giving rise to an increase
n the false hit rate by the operator. Finally, it is frequently needed
o find inter-reader variability in the manual inspection and mon-

toring by experts. Therefore, an automated system that can assist
rofessional experts to analyze long-term biomedical signals is very
aluable in real-word applications.

∗ Corresponding author at: Center for Intelligent Systems Research, Deakin Uni-
ersity, Waurn Ponds 3217, Australia. Tel.: +61 406417698.

E-mail addresses: jay.wangjin@gmail.com, wjin@deakin.edu.au (J. Wang).
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Automatic analysis of biomedical time series such as EEG and
ECG signals based on machine learning techniques has been applied
to a variety of real-word applications. For instance, EEG signals are
automatically analyzed for epileptic seizure detection [1–3], brain
computer interaction [4–6], human mental fatigue detection [7]
and emotion recognition [8]. ECG signals that provide useful infor-
mation about heart rhythm are used to study heart arrhythmias
[9,10]. It is essential to extract meaningful features to represent
individual time series in the aforementioned applications. Some
methods [11,12] directly describe time series in time domain while
some others extract features from transformed domain [13,14,10].
For instance, Zadeh et al. [12] extracted morphological and timing-
interval features from ECG segments to classify heartbeats. Guo
et al. [13] extracted line length features based on Discrete Wavelet
Transform (DWT) to detect epileptic EEG segments.

Most of the previous representations extract local temporal or
frequency information to characterize time series, which are very
effective for short time series or time series with periodic wave-
forms. However, they may  have limited ability to capture structural
similarity of long time series which have repetitive waveforms, for
instance, electrocardiography (ECG) and electroencephalography
(EEG) signals. In order to capture the high-level structural infor-

mation of time series, Lin [15] proposed a bag-of-patterns (BoP)
representation by converting a time series to a words string using
the Symbolic Aggregate approXimation (SAX). The temporal order
of local segments, i.e., local patterns, in a time series is ignored

dx.doi.org/10.1016/j.bspc.2013.06.004
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
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nd all the local segments in the time series are histogrammed
o construct a bag-of-patterns representation. The bag-of-patterns
epresentation is effective to capture the structural similarity of
ime series. However, one drawback of the bag-of-patterns repre-
entation is that its dimension may  be very high, which limits its
pplication for large datasets. For instance, when the size of the
lphabet � and the number of symbols w are 4 and 8, respectively,
he dimension of the bag-of-patterns representation could reach
w = 65,  536.

In this work, motivated by the success of the bag-of-words
odel in text document analysis [16,17] and image analysis [18,19],
e propose a simple yet effective bag-of-words representation
hose dimension is much lower than the bag-of-patterns represen-

ation to characterize biomedical time series such as ECG and EEG
ignals. The bag-of-words representation is able to capture high-
evel structural information of time series due to the utilization of
oth local and global information. Furthermore, it can be used to
rocess time series with different lengths attributing to the fact
hat it is constructed incrementally.

The bag-of-words model was originally developed for document
epresentation. The basic idea is to define a codebook that contains

 set of codewords and then represent a document as a histogram
f the codewords, each entry of which is the count of a codeword
ccurred in the document. Although the order information of words
s ignored, the bag-of-words model is still very effective to cap-
ure document information because the frequency information of
odewords in documents are well explored. Recently, the bag-of-
ords model is extended to analyze images and videos in computer

ision [18,19]. Local patches extracted from images or videos are
reated as words and the codebook is constructed by clustering all
he local patches in the training data. Similar to the extension of the
ag-of-words representation in computer vision, we  here extend
he bag-of-words representation to characterize biomedical time
eries by regarding local segments extracted from time series as
ords and treat the time series as documents.

.1. Overview of the proposed approach

In the bag-of-words representation, a time series is treated as a
ext document and local segments extracted from the time series
s words. The general flowchart of the proposed method is demon-
trated in Fig. 1. Firstly, we continuously slide a window with

 pre-defined length along the time series to extract a group of
ocal segments. Then, we extract a feature vector from each of the
ocal segments using DWT. Next, similar to the bag-of-visual-words

odel in images and videos analysis [18,19], all local segments
rom the training time series are clustered by k-means clustering
o create a codebook, i.e., the cluster centers are treated as code-
ords. Then, a local segment is assigned the codeword that has the
inimum distance to the local segment, and the time series is rep-

esented as a histogram of the codewords. Finally, the bag-of-words
epresentation is used as input for classification.

.2. Contribution and organization

The main contribution of the paper is twofold: (i) a simple
et effective bag-of-words representation that is originally devel-
ped for text document representation is extended for analysis of
iomedical time series such as ECG and EEG signals; (ii) a series
f experiments was conducted to investigate the effectiveness and
obustness of the bag-of-words representation for ECG and EEG
ignals classification.
The structure of the paper is organized as follows. In Section 2,
he proposed method including the bag-of-words representation,
istance measures and classification method is described. Sec-
ion 3 describes the experimental setup. Experimental results are
ing and Control 8 (2013) 634– 644 635

reported and analyzed in Section 4. Discussion and conclusion are
given in Sections 5 and 6, respectively.

2. Proposed method

In this section, we describe the bag-of-words representation for
biomedical time series classification. The bag-of-words represen-
tation ignores the temporal order of local segments within a time
series and represents the time series as a histogram of codewords
i.e., local segments. Several distance measures are then introduced
for the histograms comparison.

2.1. Bag-of-words representation

We continuously slide a window with pre-defined length along
a time series and extract a group of local segments from the time
series. A feature vector is then extracted from each of the local seg-
ments using the DWT  to characterize the local segment. All the
local segments from the training data are clustered by the k-means
to construct a codebook that contains a set of codewords, i.e., the
cluster centers. Then, a local segment is assigned the codeword
that has minimum distance with the local segment. The bag-of-
words representation ignores the temporal order of local segments
in a time series and represents the time series as a histogram of
codewords.

2.1.1. Local segments extraction
A group of local segments are extracted from each time series

by continuously sliding a window with pre-defined length along
the time series. As local segments from different time series may
be at different scales, all the local segments are normalized to zero
mean and standard deviation. We transform a local segments into
wavelet domain and use approximations wavelet coefficients of
DWT  as a feature vector to represent the local segment.

The wavelet transform that analyzes a signal at different fre-
quency bands provides both accurate frequency information at low
frequencies and time information at high frequencies, which are
very important for biomedical signal analysis. The choice of wavelet
function and the number of decomposition levels is of importance
for the multiresolution decomposition. In this work, a single level
DWT with order 3 Daubechies wavelet function (db3) is employed
to decompose a local segment into approximations coefficients
and detailed coefficients. Similar to the work in [14], we used the
approximation coefficients as a feature vector to represent the local
segment. We  do not directly use the raw value of local segments as
feature vectors due to the fact that features using the approxima-
tions coefficients not only are more robust to noise than features
using raw segments but also have nearly half dimension of the local
segments. Alternatively, we  can also use any other features that are
able to well represent the local segments, such as the features based
on derivatives of signals [20]. Since our main motivation and focus
in this paper is to extend the bag-of-words framework for biomed-
ical time series analysis, we do not compare the performance of
the detailed coefficients and other features to represent the local
segments.

2.1.2. Codebook formulation
In the text document analysis, a codebook (vocabulary) is a set

of pre-defined words, which are also called codewords. The bag-of-
words method counts the number of each codeword that exists in
a document and provides a document-level representation using a
histogram of codewords. In image and video analysis, such code-

book is generally created by performing clustering on a group of
local patches from training data, i.e., the codewords are defined
as the clustering centers. The codeword that is nearest to a local
patch is then assigned to the local patch. The spatial and temporal
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The Euclidean distance between histogram h and histogram k
is defined as:
Fig. 1. The flowchart of the proposed bag-of-w

rder information of local patches (codewords) is ignored and an
mage or video is represented as a histogram of codewords in the
mage or video. The classical k-means clustering algorithm [18,19]
s commonly used to construct the codebook, although some other
nsupervised and supervised methods are also developed such as
ean-sift [21] and supervised Gaussian mixture models [22].
Similar to the codebook construction in image and video anal-

sis, we cluster all the local segments from training time series
sing k-means clustering to construct the codebook. The cluster-

ng centers estimated by the k-means clustering are regarded as
asis elements of the codebook, i.e., codewords. Suppose a group
f local segments X = [x1, x2, . . .,  xn], where xi ∈ R

d, are extracted
rom training time series, the codebook construction by k-means
lustering is formulized as the optimization problem:

min
B∈Rd×K ,V∈RK×n

n∑
i=1

‖xi − Bvi‖2,

s.t. card(vi) = 1, |vi| = 1, ∀i, vi ≥ 0,

(1)

here B ∈ R
d×K is the clustering centers and the vector vi is the

lustering index of the local segment xi, which is a unit-basis vector
hat has only one component equal to one and all the other com-
onents are zero. The codebook B ∈ R

d×K has K codewords, each of
hich is a d-length vector, the same length as the local segments.

t is worth noting that the codebook only needs to be learned once
rom training data and it is universal for both training and test data.

The codebook size K is of importance to the bag-of-words repre-
entation. A compact codebook with too few entries has a limited
iscriminative ability, while a large codebook is likely to introduce
oise due to the sparsity of the codewords histogram. Therefore,
he size of the codebook should well balance the trade-off between
iscrimination and noise.

.1.3. Codewords assignment
Once the codebook is constructed, a local segment is assigned

he codeword that has minimum distance with the local segment.
pecifically, suppose that a codebook with K entries, B = {b1, b2,

 . . , bK}, is learned from the training data. A local segment xi is
ssigned the cth codeword that: c∗ = argmin

j
d(bj, xi), where d(· ,

) is the Euclidean distance function.
After each local segment is assigned a codeword, the temporal

rder of local segments is ignored and a time series is represented

s a histogram of codewords in the time series, each entry of which
pecifies the count of a codeword occurred in the time series. Fig. 2
llustrates the bag-of-words representation of an example EEG time
eries. The figure in the first row is the example EEG time series.
pproach for analysis of biomedical time series.

The three figures in the second to fourth rows (left) are three local
segments with length of 160 extracted from the time series, and
the three figures in the second to fourth rows (right) are the corre-
sponding codewords assigned to the local segments from codebook,
which consists of 1000 codewords. The three local segments are
assigned the 432nd, 118th, and 628th codewords, respectively. The
figure in the last row is the bag-of-words representation for the
time series, each entry of which gives the count of a codeword
occurred in the time series.

2.2. Classifier

Some discriminative classifiers such as Artificial Neural
Networks (ANN) [13], Support Vector Machine (SVM) [23], and
Probabilistic Neural Networks (PNN) [14] are widely used for
biomedical signal classification. In this paper, we use the simplest
classifier, i.e., the 1-Nearest Neighbor (1-NN) classifier. Let t be a test
time series and Ri represents the time series from the ith category.
The test data is determined as the class C of the training sample that
has minimal distance with the test data, i.e., C∗ = argmin

i
D(t, Ri),

where D(· , ·) is the similarity measure that is defined in the follow-
ing.

It should be noted that the proposed bag-of-words represen-
tation is not limited to be used with the 1-NN classifier. The
bag-of-words representation can be also input to some more
promising classifiers such as the SVM, ANN and Decision Tree clas-
sifiers to improve the classification performance. Since our goal in
this paper is to investigate the effectiveness of the bag-of-words
representation, we used the simplest 1-NN for classification in the
paper.

2.3. Similarity measure

Many similarity measures have been proposed for histograms
comparison. In the following, we describe four commonly used sim-
ilarity measures for distance measurement of two  bag-of-words
representations.

2.3.1. Euclidean distance
DL2 (h, k) =
(∑

i

∣∣h(i) − k(i)
∣∣2)1/2

, (2)
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Fig. 2. The bag-of-words representation of an examp

here DL2 (h, k) is the Euclidean distance, which is commonly used
n pattern recognition.

.3.2. Chi-squared distance
The Euclidean distance subtracts the two histograms bin-by-bin

nd contributes each bin pairs equally to the distance. The prob-
em is that some words such as “the”, “but” and “however” occur

ore frequently in documents; therefore, they contribute more
o the distance in the Euclidean distance measure. But they may
ctually have less discriminative information than rarely happened
odewords. This leads to the Chi-squared distance (�2 distance):

�2 (h, k) =
∑

i

∣∣h(i) − k(i)
∣∣2

h(i) + k(i) + ε
, (3)

here ε is a small value to avoid dividing by zero. The �2 dis-
ance introduces a normalization to emphasis the rarely happened
odewords because common words are always shared between
ocuments from different categories.

.3.3. Jensen–Shannon distance
Each entry of the bag-of-words represents can be interpreted as

he frequency of a codeword occurred in a time series. Therefore,
he histogram stands for a probabilistic distribution over discrete
andom variables. A simple measure to compare two  distribution
s the Kullback–Leibler divergence:

KL(h||k) =
∑

i

h(i) (log2 h(i) − log2 k(i)) . (4)

f and only if h and k are the same, the KL divergence becomes
ero. In order to keep the distance symmetric, the Jensen–Shannon
istance [24] is introduced as a symmetric extension:

JS = 1
2

(DKL(h||k) + DKL(k||h)) . (5)
.3.4. Histogram intersection based distance
The histogram intersection which counts the total overlap

etween two histograms is able to address the problem of partial
atches when the two histograms have different sum over all the
e series. See the corresponding text for more details.

bins. The distance based on the histogram intersection is defined
as [25]:

DHI(h||k) = 1 −
∑

i

max (h(i), k(i)) , (6)

where h and k are normalized histogram vectors. Two histograms
that have larger overlap will obtain a smaller distance.

2.4. Practical implementation

A large number of local segments may  be extracted from training
data, especially for large datasets. Clustering a large number of local
segments to construct the codebook is computationally expensive.
In practice, instead of using all the local segments extracted from
the training data, we performing the k-means clustering on a subset
of local segments randomly selected from the training data to con-
struct the codebook. This strategy is also employed in image and
video analysis to reduce the computation of codebook construction
[18,19].

We continuously slide a window along a time series to extract
local segments. However, when the time series contains too many
data points, a large number of local segments will be extracted
from the time series, which requires expensive computation. For
instance, for a time series consisting of 2000 data points, about
1900 local segments will be extracted using a window with 100
length. The works in [26,27] extracted local segments by sliding
random subwindows to reduce the number of extracted segments.
Since we  treat a time series as a document and local segments as
words, too few segments will limit the discriminative ability of the
bag-of-words. In practice, we can slide the window with a step of
n data points (n = 2, 4, 6 or 8) along the time series to reduce the
number of local segments extracted from the time series.

The MATLAB code of the bag-of-words representation in this
work was  made publicly available at http://www.mathworks.com/
matlabcentral/fileexchange/38050.

3. Experimental setup
In this study, we applied the proposed bag-of-words repre-
sentation to two  biomedical applications, i.e., epilepsy detection
from EEG signals and human identification from ECG signals.
Three datasets constructed from EEG and ECG signals for epilepsy

http://www.mathworks.com/matlabcentral/fileexchange/38050
http://www.mathworks.com/matlabcentral/fileexchange/38050
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Table 1
The three datasets used in the experiments.

Datasets Classes Num of signals Length of signals

EEG 5 500 4096
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ECG-40 40 2000 2048
ECG-15 15 1500 2048–4096

etection and human identification are used to evaluate the per-
ormance of the bag-of-words representation. The first dataset is
ollected from EEG signals and it is widely used for automatic
pileptic seizure detection. The other two datasets are extracted
rom long ECG signals (more than 1,000,000 points) that collected
rom different subjects with random start points. Each of the long
CG signals corresponds to a class, i.e., subjects’ identity.

.1. EEG dataset for epilepsy detection

The EEG dataset described in [28] was widely used for automatic
pileptic seizure detection. The complete EEG dataset consists of
ve classes (i.e., A, B, C, D, and E), each of which contains 100 single-
hannel EEG sequences of the same length 4096. All the signals
ere recorded with the same 128-channel amplifier system and

isual inspected for artifacts. Set A and set B are collected from sur-
ace EEG recordings of five healthy subjects with eye open and eye
losed, respectively. The other three sets (C, D and E) are taken from
ntracranial EEG recording of five patients suffered from epilep-
ic. Set C and set D are taken from the epileptogenic zone and the
ippocampal formation of the opposite hemisphere of the brain,
espectively. Set C and set D were recorded in seizure-free intervals,
hereas set E only contains seizure activity. Fig. 3 shows example

ime series from each of the five classes.

.2. ECG-40 dataset for human identification

The ECG-40 dataset was obtained from the Fantasia ECG
atabase [29], which consists of 40 healthy subjects. 40 long ECG
ignals are collected from each of the 40 subjects monitored for
bout 2 h with a sampling rate of 250 Hz. We  extracted 50 time
eries of length 2048 from each of the 40 long signals consisting of
ore than 1,000,000 data points with random start points. Totally,

he ECG-40 dataset contains 2000 time series of length 2048, which
re evenly distributed in the 40 classes. The aim of the classification
xperiment is to assign a test ECG time series to the corresponding
ubject, i.e., the human identification.

.3. ECG-15 dataset for human identification

The ECG-15 dataset consists of 1500 time series extracted from
5 long ECG signals in the BIDMC Congestive Heart Failure Database
29]. The 15 long ECG signals were recorded from 15 patients suf-
ered from severe congestive heart failure. 100 time series of length
etween 2048 and 4096 are extracted from each of the 15 long
CG signals with random start points. Totally, the ECG-15 dataset
onsists of 15 classes, each of which has 100 time series of length
etween 2048 and 4096.

It is worth noting that although the extracted ECG time series in
he same class are obtained from the same long ECG signal, there
xist substantial inter-class variations. The aim of the ECG signal
lassification in our experiment is to attribute each instance, i.e.,
xtracted ECG time series, to their subjects’ identity, which can be
sed for human identification from ECG signals in real application.
Table 1 summaries the three datasets used in the experiments.
t should be noted that the lengths of the 1500 time series in the
CG-15 dataset are not the same, which vary between 2048 and
096.
ing and Control 8 (2013) 634– 644

4. Results

In this section, we report experimental results on the three
datasets. Firstly, we  investigated the impact of parameters by
varying the length of local segments and the size of codebook
K based on different distance measures. Then, we compared the
proposed method with the Discrete Wavelet Transform (DWT)
[14] representation, the Discrete Fourier Transform (DFT) [30]
representation, the NN classifier based on Dynamic Time War-
ping (DTW) [31] distance and the bag-of-patterns representation
(BoP) [15]. Next, we  compared the epilepsy detection accura-
cies on the EEG dataset achieved by the proposed method with
those achieved by other state-of-the-art methods. In addition, we
compared the performance of the proposed bag-of-words repre-
sentation for human identification from ECG signals with previous
state-of-the-art methods. Finally, we  investigated the robustness
of the bag-of-words representation to noise. In order to ensure an
un-biased evaluation, a dataset is randomly partitioned into ten
subsets. Nine subsets are used for training while the remaining one
is retained for test. The classification process is then repeated ten
times with each of the ten subsets used exactly once as test data.
The average accuracies and the standard deviations are reported
for evaluation.

4.1. Length of local segments

We  varied the length of local segments between 8 and 256 in the
experiments. The determination of such parameter ranges relies on
the fact that the biomedical time series such as ECG and EEG signals
are relatively flat. The classification accuracies on the EEG, ECG-40
and ECG-15 datasets with a codebook size of 1000 using the Chi-
squared distance is illustrated in Fig. 4(a)–(c), respectively. From
the experimental results, it can be seen that the performance is rel-
atively stable with respect to the length of local segments when it
is between 64 and 192. The classification accuracies decrease con-
siderably with the length less than 16. This is mainly due to the
fact that a local segment with too short or too long length cannot
capture local structure information within time series. In the fol-
lowing experiments, we  empirically set the length of local segments
as 128.

4.2. Codebook size

To show the performance of the bag-of-words representation
with respect to the size of the codebook, we report the classification
accuracies on the three datasets in Fig. 5, increasing the size of the
codebook from 10 to 3500. We can see that the results become
very stable when the size of the codebook is larger than 500. The
classification accuracies reduce quickly if the size of the codebook
is less than 100, which confirms that a compact codebook with too
few entries has a limited discriminative ability. The optimal size of
the codebook can be roughly identified as 1000–3500.

4.3. Distance measurement

We  compared the classification performance on the three
datasets using the four similarity measures described in Section 2.3.
Fig. 6 demonstrates the classification accuracies based on the four
distance measures with the codebook size of 10, 100, 1000 and
2000. We  can see that the results are slightly different using vari-

ous distance measures, indicating that the distance measures have
limited impact on the performance of the bag-of-words represen-
tation. Overall, the Chi-squared distance measure performs slightly
better than the other measures for all the four sizes of the codebook.
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Fig. 3. Example EEG sequences from each of the five classes.

Fig. 4. Classification accuracies with respect to the length of segments on the EEG (a), ECG-40 (b) and ECG-15 (c) datasets, respectively.
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approach and the other methods. It can be seen that the pro-
posed approach achieves the highest accuracies (93.8% on the
EEG dataset, 99.5% on the ECG-40 dataset, and 100% on the ECG-
15 dataset, respectively), which illustrate the effectiveness of the

Table 2
Comparison of results on the three datasets using different methods.

Methods EEG ECG-40 ECG-15

DWT  76.0 ± 4.8 25.1 ± 4.8 20.1 ± 4.4
Fig. 5. Classification accuracies with respect to the codebook s

.4. Comparison with classical methods

We  compared the performance of the proposed bag-of-words
epresentation with that of the DWT  representation [14], the
FT representation [30], and the NN classifier based on the DTW
istance [31]. In addition, we also compared the proposed bag-of-
ords representation with the bag-of-patterns representation [15],
hich is very similar to the proposed approach.

DWT  that represents a signal in multiresolution is able to capture
both frequency and location information of time series. Similar
to the DWT  based feature used in [14], we used the Daubechies
wavelet (db2) and decomposed the time series into 4 levels. The
detail wavelet coefficients of the four levels and the approxima-
tion wavelet coefficients of the fourth level are concatenated to
form the final representation.
DFT is a widely used transformation technique to extract fre-
quency information from time series. We  transformed the
original time series into the frequency domain and extracted the
DFT coefficients as features.
DTW that uses dynamic programming technique to determine
the best alignment of two sequences is able to deal with temporal
drift between time series. The distance matrix of each pair of the
test time series and the training time series is calculated based

on the unconstrained DTW. This distance matrix is used as input
of the NN classifier.
The BoP representation that represents a time series as a
histogram of local patterns is very similar to the proposed
 the EEG (a), ECG-40 (b) and ECG-15 (c) datasets, respectively.

bag-of-words representation. The size of alphabet � and the num-
ber of symbols w are empirically set to 4 and 6, respectively. We
varied the length of local segments in the bag-of-patterns repre-
sentation from 16 to 320 with a step of 16. The best accuracy is
reported for comparison.

Since the time series in the ECG-15 datasets have different
lengths (2048–4096), we  resized all the time series to the same
length of 4096 using bilinear interpolation so that the DWT  and
DFT based features have the same dimension. When calculating the
DTW distance, we reduced all the time series in the three datasets
to the length of 820 with a downsampling rate of about 5 because
DTW is computationally expensive.

Table 2 summarizes the best results achieved by the proposed
DFT 91.6 ± 3.5 85.6 ± 2.3 60.6 ± 3.2
DTW 71.6 ± 5.3 74.5 ± 3.5 85.5 ± 2.7
BoP [15] 87.8 ± 2.3 99.4 ± 0.9 99.8 ± 0.3

Proposed method 93.8 ± 2.1 99.5 ± 0.5 100 ± 0
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heartbeats and applied the principal component analysis (PCA)
for feature extraction. The method in [41] detected the R peak
to retrieve ECG waveform for characterizing a whole ECG signal.
ig. 6. Classification accuracies using different distance measures on the EEG (a), E
nterpretation of the references to color in this figure legend, the reader is referred 

ag-of-words representation. The BoP representation obtains com-
arable accuracies on the ECG-40 and the ECG-15 datasets with that
y the bag-of-words representation. However, the proposed bag-
f-words representation performs significantly better than the BoP
epresentation on the EEG dataset. The DFT feature and DTW dis-
ance methods outperform the DWT  based method. This is probably
ecause that the DFT and DTW can better deal with temporal sift
etween sequences than the DWT.

.5. Comparison with previous epilepsy detection methods

The EEG dataset used in our experiment is a popular dataset for
utomatic epileptic seizure classification and localization. Table 3
rovides a comparison of the classification accuracies between
he proposed bag-of-words method and previous state-of-the-art
pproaches in the literature. It should be noticed that the compari-
on is not direct, since the aim of our method is to classify the time
eries at sequence level, while the other methods are to classify seg-
ents extracted from the time series. Some works used only several

ubsets of the whole EEG dataset to construct a 2-class dataset,
hile others used the whole EEG dataset with 5 classes.

From the table, we can see that the bag-of-words method
utperforms most of the other methods. For the 5-class classi-
cation where the whole EEG dataset is used, the classification
ccuracies of support vector machine (SVM), probabilistic neu-

al network (PNN) and multilayer perception neural network
MLPNN) with raw data are 75.60%, 72.00% and 68.80% [23],
espectively. When features extracted from DWT  and lya-
unov exponents are used, the corresponding accuracies increase
0 (b) and ECG-15 (c) datasets, respectively. The figure is best viewed in color. (For
 web  version of the article.)

to 99.28%, 98.05% and 93.63% [23], respectively. The result
obtained by the proposed bag-of-words representation with the
simplest NN classifier is slightly lower than those achieved by SVM
and PNN with features based on DWT  and lyapunov exponents.
However, it is slightly higher than the result obtained by MLPNN
(93.63%) with features based on DWT  and lyapunov exponents.

4.6. Comparison with previous human identification methods

Human identification from ECG signals has been extensively
investigated in the literature [35,36,40,41,43]. Table 4 compares
the proposed method with previous state-of-the-art methods for
human identification from ECG signals.1 It can be seen that the pro-
posed method achieved comparable or higher accuracy comparing
to the state-of-the-art methods.

One advantage of the proposed bag-of-words representation
is that it does not require segmentation of individual heartbeats
or detection of any fiducial points. By contrast, the other method
except the one in [44] need to segment individual heartbeats or
detect fiducial points to extract discriminative features, which is
an arduous procedure, especially for ECG signals contaminated
by noise. For instance, the method in [40] segmented individual
1 Since most datasets and source code in the previous works are publicly unavail-
able, the comparison is not directly performed on the same dataset.
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Table 3
Comparison of the classification accuracy (%) on the epileptic EEG dataset. In the
“datasets” column, the data in the parentheses are in the same class, while the
semicolon separates different classes.

Methods Datasets Class Num Accuracy (%)

Spectral
estimation + PNN [1]

(A, C); E 2 97.50

Entropies + fuzzy
classifier [2]

(A, B, C, D); E 2 98.1

Entropy + neuro-fuzzy
inference [3]

A; E 2 95

FFT  + decision tree [32] A; E 2 98.72

Nonlinear
features + extreme
learning [33]

D; E 2 96.00

DWT  + approximate
entropy [34]

(A, C, D); E 2 96.65

Line length
features + ANN [13]

A; E 2 99.6

(A, C, D); E 2 97.75
(A, B, C, D); E 2 97.77

Raw data + SVM [23] A; B; C; D; E 5 75.6
Raw data + PNN [23] A; B; C; D; E 5 72.0
Raw data + MLPNN [23] A; B; C; D; E 5 68.8
Lyapunov

exponents + SVM
[23]

A; B; C; D; E 5 99.3

Lyapunov
exponents + PNN [23]

A; B; C; D; E 5 98.1

Lyapunov
exponents + MLPNN
[23]

A; B; C; D; E 5 93.6

Bag-of-words + 1-NN A; E 2 99.5 ± 0.7
(C, D); E 2 98.9 ± 0.9
(A,  C, D); E 2 99.0 ± 0.9
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Table 5
Classification accuracies (%) on the three datasets corrupted by zero-mean white
Gaussian noise.

SNR EEG ECG-40 ECG-15

10 dB 92.6 ± 2.53 98.9 ± 0.82 99.8 ± 0.52
8  dB 91.8 ± 3.23 98.4 ± 1.02 99.7 ± 0.47
6  dB 91.2 ± 3.53 97.6 ± 1.09 99.6 ± 0.55
4  dB 90.4 ± 4.26 95.5 ± 1.36 99.2 ± 0.54
2  dB 88.8 ± 4.26 92.6 ± 1.89 98.9 ± 0.78
(A,  B, C, D); E 2 99.2 ± 0.8
A;  B; C; D; E 5 93.8 ± 2.1

nlike these methods that are based on individual heartbeats or
ducial points, the proposed method directly operates on the ECG
ignals that contain several heartbeat waveforms and do not need
o detect the fiducial points.

It is worth noting that the aim of the human identification from
CG signals is different from heartbeats classification [10,12] which
as been extensively investigated. The aim of human identification

s to assign a test ECG signals that may  contain several individual

eartbeats to a certain class (subject), while the heartbeats classifi-
ation is to classify individual heartbeats, which needs to segment
ndividual heartbeats from ECG signals. The previous methods for

able 4
uman identification from ECG signals for comparison. SN stands for subject num-
er.  HS and FPD denote heartbeat segmentation and fiducial points detection,
espectively.

Methods SN HS or FPD Accuracy (%)

Biel et al. [35] 20 Yes 100
Israel et al. [36] 29 Yes 100
Wübbeler et al. [37] 74 Yes 98.1
Wang et al. [38] 13 Yes 100
Chan et al. [39] 50 Yes 95
Irvine et al. [40] 43 Yes ∼100
Fang and Chan [41] 100 Yes 99
Zhao and Yang [42] 20 Yes 95.3
Pal  and Mitra [43] 20 Yes 95
Plataniotis et al. [44] 14 No 100

Bag-of-words 15 No 100 ± 0
Bag-of-words 40 No 99.5 ± 0.5
0  dB 85.2 ± 5.35 89.9 ± 2.54 98.6 ± 0.85

heartbeats classification is not applicable for the human identifica-
tion task in the experiment.

4.7. Robustness to noise

This experiment is designed to investigate the robustness of the
bag-of-words representation to noise. All signals in the EEG, ECG-40
and ECG-15 datasets were corrupted by zero mean white Gaussian
noise. The standard deviation of the white Gaussian noise is varied
so that the SNRs are between 10 dB and 0 dB. The training data and
the test data are separated exactly the same as those in the previous
experiments. Table 5 summaries the classification accuracies on
the three datasets contaminated by the white Gaussian noise with
different SNRs. It can be seen that the bag-of-words approach is
relatively robust to noise. The accuracies decreased by less than 2%
when the SNR is 10 dB. Even for considerable noise contamination
with the SNR 0 dB, the accuracies reduced less than 10% for the EEG
and ECG-40 datasets, and only less than 2% for the ECG-15 dataset.

5. Discussion

Fig. 7 shows four time series (left) and the corresponding bag-
of-words representation (right). The first two time series are from
the same class (class A) while the third and the fourth time series
are from different classes (class C and class D, respectively). As can
be seen, the codewords distribution of the first two time series
that belong to the same class are very similar while the code-
words corresponding to the other two  time series that belong to
different classes are more different. This is probably due to the
fact that local segments extracted from time series that belong to
the same classes have similar structures and they are projected to
similar codewords. Therefore, these time series have similar code-
words frequency significantly different to those corresponding to
the other classes. The codewords distribution of the first two time
series are more similar that the others, which demonstrates that
the bag-of-words representation is very discriminative.

The proposed bag-of-words representation is designed as a uni-
versal feature extraction method for biomedical time series. It is
not limited to extract feature from EEG and ECG signals. The bag-
of-words representation can be also extended to characterize some
other kinds of biomedical time series such as Electromyography
(EMG) signals and accelerometer signals. However, since the local
segments are extracted by sliding a window along time series, the
bag-of-words representation is ineffective for time series that is not
reasonably long. This is mainly due to the limitation that the bag-
of-words representation cannot extract enough meaningful and
discriminative local segments from short sequences.

Another limitation of the proposed bag-of-words represen-
tation is that it fails to analyze the temporal order of local
points/segments in a time series because it ignores the temporal

order of local segments in a time series. Therefore, the bag-of-words
representation is not applicable to the tasks that emphasize on local
temporal information of local points/segments such as motif detec-
tion in time series [45,46] and ECG heartbeats classification [10,12].
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ig. 7. Four time series (left) from the same class and different classes, and the corr
ation. It should be noted that this figure is an example showing the bag-of-words fe
f  the features. See the corresponding text for more details.

y contrast, the advantage of the proposed bag-of-words represen-
ation is that it is able to effectively capture high-level structural
nformation of a whole time series. The bag-of-words representa-
ion is an effective and efficient method to extract discriminative
eatures to characterize a whole signal, but not individual segments
n the signal.

The size of the codebook N is pre-defined and empirically deter-
ined in the method. A compact codebook with small size has a

imited discriminative ability, while a codebook with large size is
ikely to introduce noise. How to adaptively set the optimal size
f the codebook to make the codebook compact and yet discrim-
native is still an open question. Some criteria can be defined to

erge entries of a codebook to construct an adaptive codebook.
or instance, the method in [47] utilized Maximization of Mutual
nformation (MMI)  principal to estimate the optimal N. Two entries
f a codebook are merged by maximizing the mutual information
n an unsupervised way. Creating a codebook with adaptive size

ill be investigated in our future work.

. Conclusion

In this paper, we proposed a bag-of-words representation for
iomedical time series analysis. The proposed method treats a
ime series as a document and local segments extracted from the
ime series as words. The time series is represented as a his-
ogram of codewords. Although the temporal order information
f the local segments is ignored, both local structure and global
tructure information of the time series are captured. Experi-
ental results on three publicly available datasets demonstrate

hat the bag-of-words representation is effective for characterizing
iomedical time series such as EEG and ECG signals. Furthermore,
he bag-of-words representation is not only insensitive to the

odel parameters such as the length of local segments and the
ize of codebook, but also robust to noise.
We compared the performance of the bag-of-words repre-
entation with several state-of-the-art approaches for the task of
pilepsy detection in EEG signals and human identification from
CG signals. The bag-of-words representation with the simplest

[

ding bag-of-words representation (right). BoW stands for bag-of-words represen-
s belonging to the same and different classes, but not a comprehensive comparison

1-Nearest Neighbor (1-NN) classifier achieves comparable or
higher classification accuracies than those by the others, which
demonstrates that the bag-of-words representation is effective to
characterize biomedical time series such as the EEG signals and
ECG signals.
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