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Component  analysis  techniques  for feature  extraction  in  multi-sensor  system  (electronic  nose)  have
been studied  in this  paper.  A novel  nonlinear  kernel  based  Renyi  entropy  component  analysis  method  is
presented  to  address  the  feature  extraction  problem  in  sensor  array  and improve  the  odor  recognition
performance  of E-nose.  Specifically,  a  kernel  entropy  component  analysis  (KECA)  as  a nonlinear  dimen-
sion  reduction  technique  based  on  the  Renyi  entropy  criterion  is  presented  in this  paper.  In  terms  of  the
popular  support  vector  machine  (SVM)  learning  technique,  a joint  KECA–SVM  framework  is proposed
as  a system  for nonlinear  feature  extraction  and  multi-class  gases  recognition  in E-nose  community.  In
particular,  the  comparisons  with  PCA,  KPCA  and  ICA  based  component  analysis  methods  that  select  the
lassification
omponent analysis
eature extraction

principal  components  with  respect  to  the  largest  eigen-values  or correlation  have  been  fully  explored.
Experimental  results  on  formaldehyde,  benzene,  toluene,  carbon  monoxide,  ammonia  and  nitrogen  diox-
ide demonstrate  that  the  KECA–SVM  method  outperforms  other  methods  in  classification  performance  of
E-nose.  The  MATLAB  implementation  of  this work  is  available  online  at http://www.escience.cn/people/
lei/index.html

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Electronic nose (E-nose), as an artificial olfaction system, is an
nstrument comprised of a chemical sensor array with partial speci-
city and an appropriate pattern recognition algorithm [1–3]. In
ecent years, E-nose has an extensive range of applications such
s environmental monitoring, medical diagnosis, agriculture, food
nd pharmaceutical industries [4–9]. However, the performance of
hese instruments depends heavily on the signal processing and
ecognition algorithms. In the past decades, we have witnessed the
apid development in pattern recognition and machine learning.
n E-nose systems, feature extraction is a key step, which projects
he high-dimensional data onto a well chosen low dimensional
ubspace while preserving the underlying structure of data and
mproving the discriminative capability of features. In this paper,
everal typical linear and nonlinear feature extraction methods
ased on component analysis have been studied for improving the

ecognition performance of E-nose.

Principal component analysis (PCA), as a well-known unsuper-
ised dimension reduction method, transforms the original data

∗ Corresponding author. Fax: +86 23 65103544.
E-mail address: leizhang@cqu.edu.cn (L. Zhang).

ttp://dx.doi.org/10.1016/j.sna.2015.09.009
924-4247/© 2015 Elsevier B.V. All rights reserved.
into the principal component space via a linear projection. PCA
projects the correlated variables into another orthogonal feature
space through the correlation matrix of original data, and gain
a group of new feature subset with the largest variance [10,11].
Another representative linear method is independent component
analysis (ICA), which is developed to solve the problem of blind
source separation [12]. ICA aims at transforming the observed data
into a component space with the maximum independence from
each other, and it can also be used as a latent variable model.

However, the problems we face, in practical use, are usually non-
linear with very complex data structure. Based on kernel technique,
the nonlinear problem can be solved in a linear way  in the high
dimensional feature space (i.e. Reproduced Kernel Hilbert Space,
RKHS). Kernel PCA, as a non-linear extension of PCA, is one of
the representative nonlinear dimension reduction methods [13].
KPCA performs the eigen-decomposition in RKHS, represented by a
kernel Gram matrix. Similar to PCA, KPCA extracts principal compo-
nents based on the top eigenvalues and eigenvectors of the kernel
matrix. The applications of KPCA have been shown in many areas,
such as de-noising, pattern recognition [14–17] etc.
In this paper, a novel feature extraction method, kernel
entropy component analysis in multi-sensor system is presented
for improving the classification performance of support vector
machine (SVM), which is one of the most popular machine learn-
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Algorithm 1:  KECA

Input: The original feature matrix is presented by ∈ × ;

Output: The kernel ECA feature matrix P;

Proce dure:

1. Compu te the kernel matrix ∈ × by using the kernel functi on.

2. Compute the Eigen-decomposition of K and obtain eigen-value =

[ , ⋯ , ] and the eigenvec tor  = [ , ⋯ , ].

3. Compute the Renyi entropy estimate of the each eigen-value by

( ) = ∙ ‖ ‖ , = , ⋯ ,
4.  Sort  the  entropy in  desce nding  order  and   get  the  rearr ang ed

eigen-value D′ and  eigenvec tor E′.
5.  Obtain the kernel ECA feature matrix = × .
44 X. Peng et al. / Sensors and 

ng methods and has been successfully used in various classification
nd regression problems [22]. The principles of KECA can be found
n [18]. Different from other component analysis methods, the KECA
ims at learning a basis transformation based on maximum entropy
riterion but not the largest eigen-value, in the Reproduced Ker-
el Hilbert Space. In general, the selected principal components do
ot necessarily correspond to the largest eigenvalues of the kernel
atrix [19]. In addition, another contribution of this paper is the

roposed KECA–SVM framework, as a system with feature extrac-
ion and recognition for E-nose application.

The remainder of the paper is organized as follows: Section 2
ives a brief review of KPCA. In Section 3, KECA is introduced and
he difference from KPCA is analyzed. The recognition method using
upport vector machine is provided in Section 4. The experiments
ncluding experimental setup and experimental data are described
n Section 5. The results and comparisons are presented in Section
. Finally, Section 7 concludes the paper.

. Kernel PCA: a review

KPCA is a popular nonlinear dimension reduction method. The
asic idea is to map  the input data into a high-dimensional feature
pace via a nonlinear function, where PCA can be implemented.
uppose that the original input data X = [x1, · · ·,  xN] ∈ Rd × N , and
he nonlinear mapping from the input space to a high-dimensional
pace �  (Reproducing Kernel Hilbert Space, RKHS) is defined
s �(·) : Rd → �. Induced by Mercer kernel theorem, the ker-
el Gram matrix K can be calculated by inner product, i.e. Ki,j =
T
(
xj

)
�

(
xj

)
= �

(
xi, xj

)
, where � (·) is a kernel function. In sum-

ary, KPCA training consists of two steps: (1) compute the kernel
ram matrix K ∈ RN × N , where N is the number of training sam-
les; (2) perform the eigen-decomposition of K, where the top l
igenvectors with respect to the first l largest eigenvalues are con-
idered to span a low dimension subspace P.

. Kernel entropy component analysis

.1. Principle of KECA

The Renyi quadratic entropy is defined as

(p) = − log

∫
p2 (x) dx (1)

here p(x) is the probability density function of data sampling. Due
o the monotonic nature of logarithmic function, we consider the

ollowing equation

(p) =
∫
p2 (x) dx (2)

Fig. 2. Diagram of the propose
Fig. 1. Details of the KECA algorithm.

In order to estimate V(p), the Parzen window density function
is used, as suggested in [19]

p̂ (x) = 1
N

∑
k

k� (x, xk) (3)

where k� (x, xk) is the Parzen window, or kernel centered at xk and
its width can be represented by the kernel parameter �, which must
be a density function itself [20,21]. Hence, there is

V̂ (p) = 1
N

∑
k

p̂ (xk) = 1
N

∑
k

1
N

∑
k

k� (xk, xk′ ) = 1
N2

1TK1 (4)

where element Kk,k′ = k� (xk, xk′ ) and 1 is an unit vector with length
N.

In addition, the Renyi entropy estimator can be expressed in
terms of the eigenvalues and eigenvectors of the kernel matrix, as
follows

K = EDET (5)

where D = diag (�1, · · ·,  �N) is a diagonal matrix, and the columns
of E are the eigenvectors e1, e2,. . .,eN with respect to �1, · · ·,  �N . By
substituting Eq. (5) into (4), we can obtain

V̂ (p) = 1
N2

N∑
i=1

(√
�ie

T
i 1

)2
(6)

we can see from Eq. (6) that each �i and ei have joint contribution
to the entropy estimation, thus it is easy to find those eigenvalues
and the eigenvectors with the most contribution to the entropy

estimation. Hence, in KECA, the eigenvectors contributing the most
in Eq. (6) will be selected for projection.

Note that from Eq. (4) we see that the Renyi entropy estima-
tion obtained based on the available samples fully depends on the

d KECA-SVM framework.
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Fig. 3. The experim

ernel matrix K, which is induced by Parzen window for density
stimation. If we use the first order analysis based on the Shannon
ntropy with Eq. (1), the kernel matrix K would not be used. That
s the reason why we use the Renyi entropy in second order as the
nformation metric in this work.

.2. The difference between KECA and KPCA

For KPCA, the eigenvectors with respect to the top eigen-values
f the kernel matrix are selected for low-dimensional subspace
rojection. However, the e-nose data is very complex, and there

s minimal difference between the gases i.e. the patterns are very
imilar and linear inseparable. So the variable with the largest vari-
nce in KPCA does not always represent the discriminative features
n E-nose data.

Different from KPCA, KECA extracts the low-dimensional feature
y not only considering the magnitude of eigen-values, but also the
igenvectors, which can find the discriminative feature from E-nose
ata and better reveals the cluster structure. However, KPCA only
onsiders the ranking of eigen-values, such that the latent discrim-
native feature of the data may  be lost. In this paper, our presented

ethod KECA can effectively address this bottleneck problem by
xtracting the features with the most contribution to the Renyi
ntropy. The KECA is summarized as Algorithm 1 (see Fig. 1).

. Recognition
In this paper, for recognition of six indoor air contaminants, a
ybrid model KECA–SVM is developed. The model and decision

unction of SVM [30] are briefly introduced as follows. Given a train-

ng set of N data points
{
xi, yi

}N
i=1

, where the label yi ∈
{

−1, 1
}
, i =
platform of E-nose.

1, · · ·,  N. SVM aims at solving the following minimization problem
with inequality constraint,

min
w,�i

1
2

‖w‖2 + C ·
∑N

i=1
�i,

s.t.�i ≥ 0, yi [wϕ (xi) + b] ≥ 1 − �i

(7)

where � (·) is a linear/nonlinear mapping function, w and b are the
parameters of classifier hyper-plane. Generally, for optimization,
the original problem Eq. (7) of SVM can be transformed into its dual
formulation with equality constraint by using Lagrange multiplier
method. Its dual problem of Eq. (7) can be formulated as

max
˛

∑
i

˛i −
1
2

∑
i,j

yiyj˛i˛jϕ(xi)
Tϕ

(
xj

)

s.t.
∑N

i=1˛iyi = 0, 0 ≤ ˛i ≤ C

(8)

The deduction of its dual formulation can be referred to [30].
The formulation of Eq. (8) is the dual problem of SVM, which is a
quadratic programming (QP) problem. The � can be obtained by
solving Eq. (8), then the decision function of SVM for a new sample
can be described as

f (x) = sgn

(∑M

i=1
˛iyi� (xi, x) + b

)
(9)

where �i and b are the optimal decision parameters. �(·) is a kernel
function. In this paper, the Gaussian kernel function [23] defined as
�
(
xi, xj

)
= exp

(
−‖xi − xj‖2/�2

)
is used. The flowchart of the pro-

posed method (KECA–SVM) for feature extraction and recognition
is shown in Fig. 2.

5. Experiments
5.1. Experimental setup

In previous work [24–27], the E-nose system has been pre-
sented. The E-nose consists of pattern recognition and metal oxide
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Table 1
Distribution of experimental data.

Two  subsets Number of samples in the subset

HCHO C6H6 C7H8 CO NH3 NO2
Fig. 4. Classification rates of training and test sets with different �2.

emiconductor gas sensors array, in which five different types of
as sensors including four TGS sensors (i.e. TGS2602, TGS2620,
GS2201A and TGS2201B) and a module (SHT2230 of Sensirion in
witzerland) with two auxiliary sensors for temperature (T) and
umidity (H) perception are considered. The sensors are installed
n a designed printed circuit board (PCB) with associated electri-
al components, such that the sensor array can produce a group of
dor patterns with six variables. The experimental platform of this
ork is shown in Fig. 3 [26].

.2. Experimental data

In order to verify the effectiveness of the presented KECA–SVM
ramework, we investigate six common indoor air contaminants
ncluding formaldehyde (HCHO), benzene (C6H6), toluene (C7H8),
arbon monoxide (CO), ammonia (NH3) and nitrogen dioxide (NO2).
ll experiments were employed by an E-nose in a chamber with

emperature and humidity controlled. In experiment, a gas bag col-
ected with target gas and nitrogen (N2) was prepared for injection
nto the chamber. Note that N2 is used to dilute the gas concen-
ration in the gas bag, and we can obtain various samples with
ifferent concentrations by controlling the injection time. For each
xperiment, 12 min  (2 min  for baseline and 10 min  for response)
ere consumed for sampling and extra 15 min  were needed for

hamber cleaning. Totally, 503 samples including 208 formalde-
yde samples, 132 benzene samples, 53 toluene samples, 47 carbon
onoxide samples, 39 ammonia samples and 24 nitrogen dioxide

amples were obtained. Considering the ambient condition indoor,
he experiments were measured at ambient temperature of 15, 25,
0 and 35 ◦C and humidity of 40%, 60%, and 80% RH. Note that the
utput of the sensors in our electronic nose system is the voltage
mV) on the sensitive resistance of sensors. Therefore, the extracted
ensor feature as input that will feed into the KECA algorithm is the
ormalized voltage (i.e. sensor response) between 0 and 1.

.3. Training protocol of algorithm

In the training phase of KECA–SVM, all the samples are divided
nto two parts: training set and testing set. Firstly, 75% of the
amples are selected as training set by using the Kennard-Stone

equential (KSS) sample selection algorithm, such that the samples
an cover the multidimensional space by maximizing the Euclidean
istance [28]. Second, the remaining samples are used as test set.
Training setTest setTotal 15652208 9933132 401353 351247 291039 18624

The distribution of training set and test set for each class is shown
in Table 1.

6. Results and comparisons

6.1. Classification with KECA–SVM

In this section, we evaluate the effectiveness of the KECA feature
extraction by calculating the average gas recognition accuracy of
the E-nose. It can be seen from the Eq. (4) that, a kernel parameter
� is used in KECA for kernel matrix. A new method that uses a kernel
parameter � in the order of 10–20% of the total Euclidean distances
between the feature vectors was  proposed by Shi and Malik [29].
The usage of the median range is a better choice. Therefore, in this
work, 10–20% of the median range is 0.07 ≤ �2 ≤ 0.48. We  run the
KECA–SVM program over the range of kernel parameter, and the
average classification rate is shown.

Fig. 4 illustrates the variation trend of classification accuracy
versus �2 with an interval of 0.01. We can observe that when
�2 = 0.09, the average classification rate is higher than 93%, which
gives the best classification result. We can also see that for the
best �-value, both training set and test set can achieve the best
recognition rate.

Table 2 shows the eigen-values and the Renyi entropy in terms of
the first 20 principal components with respect to the top 20 largest
eign-values. We can see that large eigen-values do not give large
Renyi entropy. The first principal component (PC1) gets the largest
entropy, but the PC2 does not correspond to the second largest
entropy, instead, the PC7 obtains the second largest entropy. In
addition, for instance, PC10 ranks the 22nd largest Renyi entropy.
For better visualization of the results, the normalized eigenvalues
in descent order is described as the vertical lines in Fig. 5, in which
the bars denote the normalized entropy terms
(√

�i˛
T
i
1
)2

.
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Table  2
Insight of KECA principal components.

PCs Eigenvalue Renyi entropy Entropy terms

PC1 162.14 186.64 1
PC2 54.89 56.32 5
PC3 45.11 73.91 3
PC4 16.13 66.87 4
PC5 15.36 4.57 8
PC6 12.88 43.79 6
PC7 12.5 140.92 2
PC8 8.04 9.86 7
PC9 5.4 2.04 9
PC10 4.66 0.02 22
PC11 3.87 0.29 14
PC12 3.73 0.19 23
PC13 3.25 0.13 18
PC14 3.09 0.73 11
PC15 2.67 0.05 20
PC16 2.01 0.25 16
PC17 1.87 1.5 10
PC18 1.65 0.31 13
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Table 3
Comparisons of classification accuracy for different kernel functions.

Class Classification accuracy (%)

KPCA KECA

Linear Poly Cos RBF Linear Poly Cos RBF

HCHO 82.7 92.3 93.3 90.4 86.5 92.3 88.5 92.3
C6H6 69.7 75.8 81.8 75.7 54.5 81.8 81.8 75.8
C7H8 76.9 100 76.9 100.0 92.3 100.0 76.9 100.0
CO  66.7 91.7 100.0 75.0 66.7 100.0 100.0 83.3
PC19 1.46 0.28 15
PC20 1.19 0.01 25

.2. Comparisons between KECA and KPCA

For comparisons between KECA and KPCA, we present the
esults of dimension reduction and classification. For visualization,
wo 2D scatter sub-plots (PC-1 vs PC-2 and PC-1 vs PC-7) and two
D scatter sub-plots are illustrated in Fig. 6 and Fig. 7, respectively.
ig. 6(a) shows a 2D scatter subplot of the projections onto the first
wo principal components from the KPCA, and Fig. 6(b) illustrates
he projections onto the leading two principal components con-
ributing more to the entropy extracted using KECA. From the 2D
nd 3D scatter plots, we can see that the KECA based clustering
hows a significant improvement over that of KPCA. Particularly,
he C7H8 and C6H6 patterns are more separable with other gases
fter KECA. This implies that the entropy-based components are
etter than traditional principal components based on magnitude
f eigen-values for feature extraction. Numerically, we  have imple-
ented the recognition based on KPCA (PC1 vs. PC2) and KECA (PC1
s. PC7). The average recognition accuracy of the six kinds of gases
or KPCA is 42.1% and that of the KECA is 46.8%. The result denotes
hat the component analysis based on the largest entropies is much
etter than that based on largest eigenvalues.

(a) KPCA                           
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Fig. 6. The 2-D scatter plots of KECA a
NH3 50.0 50.0 80.0 100.0 60.0 60.0 80.0 100.0
NO2 50.0 83.3 66.7 83.3 50.0 66.7 83.3 100.0
Mean 65.9 82.1 83.0 87.4 68.5 83.5 85.1 91.9

Fig. 8 shows the trend of the average classification accuracy with
an increasing number of components used in SVM training and
testing. It can be clearly observed that our proposed KECA–SVM
outperforms the KPCA based feature extraction for classification.
The best average classification accuracy is obtained when 13 prin-
cipal components are used. Note that the number of selection
components corresponds to the number of dimensions after feature
extraction.

6.3. Comparisons of kernel functions

The choice of kernel function plays an important role in dis-
criminative and generalization capability. In order to show the
performance of different kernel functions, we  compare several
types of kernel functions: linear, polynomial (poly), cosine (cos)
and Gaussian radial basis function (RBF) in Table 3. From the
results, we can see that Gaussian RBF function shows the best
performance with an average recognition accuracy of 91.9% for
KECA–SVM. Cosine function achieves the second best, and linear
function shows the worst performance. However, the performance
of KECA is always better than KPCA with respect to any kernel
function.

6.4. Comparisons with other algorithms
In order to compare KECA with other representative feature
extraction algorithms, PCA and ICA are also used. The popular k
nearest neighbor (KNN) and SVM classifiers are used for classi-
fication. The best results of different feature extraction methods

     (b) KECA
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-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

PC1

HCHO

C6H6

C7H8
CO

NH3

NO2

nd KPCA for feature extraction.



148 X. Peng et al. / Sensors and Actuators A 234 (2015) 143–149

(a) KP CA                                                (b) KECA

0

0.5

1

-1

-0.5

0

0.5

1
-1

-0.5

0

0.5

1

PC1PC2

3
C

P
HCHO

C6H6

C7H8
CO

NH3

NO2

0

0.5

1

-0.5

0

0.5
-1

-0.5

0

0.5

1

PC1PC7

3
C

P

HCHO

C6H6

C7H8
CO

NH3

NO2

Fig. 7. The 3-D scatter plots of KECA and KPCA for feature extraction.
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Fig. 8. Average classification rates with KPCA and KECA feature extraction.

Table 4
Recognition accuracy using different feature extraction methods.

Class Classification accuracy (%)

KNN SVM

Raw ICA PCA KPCA KECA Raw ICA PCA KPCA KECA

HCHO 86.5 80.8 73.1 84.6 88.5 86.5 90.4 82.7 90.4 92.3
C6H6 48.5 42.4 51.5 42.4 51.5 81.8 51.5 84.8 75.7 75.8
C7H8 53.9 53.9 53.9 46.2 46.2 100 69.2 84.6 100.0 100.0
CO  58.3 41.7 58.3 58.3 58.5 58.3 75.0 58.3 75.0 83.3
NH3 50.0 50.0 70.0 60.0 60.0 90.0 50.0 70.0 100.0 100.0

a
K
a
a
a
p
s

Table 5
Multi-class classification results using the proposed KECA-SVM method.

N Class Classified as

HCHO C6H6 C7H8 CO NH3 NO2

52 HCHO 48 4 0 0 0 0
33 C6H6 5 25 0 3 0 0
13 C7H8 0 0 13 0 0 0
12 CO 0 0 0 10 0 2
10 NH3 0 0 0 0 10 0
NO2 50.0 33.3 33.3 50.0 50.0 50.0 50.0 50.0 83.3 100.0
Average 57.9 50.3 56.7 56.9 59.1 77.8 64.4 71.7 87.4 91.9

re shown in Table 4, from which, we can find that the presented
ECA is superior to other feature extraction methods. For almost
ll gases, the KECA–SVM method can obtain the best recognition

ccuracy, except the recognition rate 75.8% of C6H6. For C7H8, NH3
nd NO2, the recognition accuracy can reach 100% using our pro-
osed method. Compared with PCA and ICA, KPCA and KECA are
ignificantly better. This implies that nonlinear feature extraction
6  NO2 0 0 0 0 0 6

method is more competent. However, the nonlinear KPCA method
gives the second best classification accuracy of 87.4%, and KECA
achieves the best recognition performance of 91.9%. Specifically,
Table 5 presents the classification results of test set using KECA
method. The digits in diagonal line denote the number of correctly
classified samples, and others mean the number of misclassified
samples.

The results and comparisons in this work fully demonstrate
that the nonlinear kernel method combined with entropy-based
component analysis can select the principal components with bet-
ter representation of odor patterns, and both structural and latent
entropy information in the data can be effectively preserved for
robust classification.

7. Conclusion

In this paper, a nonlinear feature extraction method in E-nose,
called Kernel Entropy Component Analysis (KECA), was  presented
with SVM for classification of multiple indoor air contaminants
by an E-nose. Different from PCA method that extracts the prin-
cipal components based on the magnitude of eigen-values, KECA
is based on the most entropy preserving axes, which not only
chooses the best principal components with the largest entropy
criterion but also reveals the latent cluster structure of the data.
The performance of the proposed KECA–SVM was compared with
the recognition performance based on traditional component anal-
ysis methods, and experimental results demonstrate that KECA

outperforms other methods in classification of multiple indoor air
contaminants by an E-nose.
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