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Abstract

Recently, besides the performance, the stability (robust-
ness, i.e., the variation in feature selection results due
to small changes in the data set) of feature selection
is received more attention. Ensemble feature selection
where multiple feature selection outputs are combined
to yield more robust results without sacrificing the per-
formance is an effective method for stable feature se-
lection. In order to make further improvements of the
performance (classification accuracy), the diversity reg-
ularized ensemble feature weighting framework is pre-
sented, in which the base feature selector is based on lo-
cal learning with logistic loss for its robustness to huge
irrelevant features and small samples. At the sametime,
the sample complexity of the proposed ensemble fea-
ture weighting algorithm is analyzed based on the VC-
theory. The experiments on different kinds of data sets
show that the proposed ensemble method can achieve
higher accuracy than other ensemble ones and other sta-
ble feature selection strategy (such as sample weight-
ing) without sacrificing stability.

Introduction

The high dimensionality of data poses challenges to learn-
ing tasks due to the curse of dimensionality. In the pres-
ence of many irrelevant features, learning models tend to
overfit and become less comprehensible. Feature selection
is an important and frequently used technique in data min-
ing for dimension reduction via removing irrelevant and re-
dundant features and has been an active area for decades.
Various studies show that features can be removed with-
out performance deterioration (Ng 2004). Then feature se-
lection brings the immediate effects of speeding up a data
mining algorithm, improving learning accuracy, and enhanc-
ing model comprehensibility (Zhao 2010), and it has been
widely applied to many research fields such as genomic
analysis (Inza et al. 2004), text mining (Forman 2003), etc.
A comprehensive surveys of existing feature selection tech-
niques and a genera framework for their unification can be
found in (Zhao 2010; Liu and Yu 2005; Guyon et a. 2006;
Guyon and Elisseeff 2003).

Feature selection agorithms designed with different
strategies broadly fall into three categories: filter, wrapper
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and embedded models (Liu and Yu 2005). Compared to
wrapper and embedded models, feature selection algorithms
under filter model rely on analyzing the general character-
istics of data and evaluating features without involving any
learning algorithm, therefore most of them do not have bias
on specific learner models, which is believed to be one ad-
vantage of the filter model. Another advantage of the filter
model is that it has very simple structure, generaly con-
sists of straightforward search strategy and feature evalua-
tion criterion. Because of itssimple structure, it iseasy to de-
sign and understand for other researchers. This explains that
why most feature selection algorithms are of filter model.
Moreover, since its structure is simple, it is usually very
fast (Zhao 2010), and is always appropriate for high dimen-
sional data preprocessing. On the other hand, according to
the type of the output, feature selection algorithms can be
divided into either feature weighting algorithms or feature
ranking algorithms, such as Relief (Kira and Rendell 1992;
Kononenko 1994; Robnik-Sikonja and Kononenko 2003;
Sun 2007), Lmba (Li and Lu 2009) and SQP-FW (Takeuchi
and Sugiyama 2011), etc, or subset selection algorithms,
such as SVM-RFE (Guyon et a. 2002) and MRSF (Zhao,
Wang, and Liu 2010), etc.

Various feature sel ection algorithms have been developed
with a focus on improving classification accuracy while
reducing dimensionality (Zhao 2010; Liu and Yu 2005;
Guyon et al. 2006; Wasikowski and Chen 2010). Besides
high accuracy, another important issue is stability of fea
ture selection - the insensitivity of the result of a feature
selection agorithm to variations of the training set (Saeys,
Abeel, and de Peer 2008; Han and Yu 2010; Loscalzo, Yu,
and Ding 2009). Thisissueisvery important for the applica-
tions where feature selection is used as a knowledge discov-
ery tool to identify characteristic markers and to explain the
observed phenomena. For example, in microarray analysis,
biologists are interested in finding a small number of fea
tures (genes or proteins) that can explain the behavior mech-
anisms of microarray samples. A feature selection algorithm
often selects largely different subsets of features under vari-
ations to the training data, although most of these subsets
are as good as each other in terms of classification perfor-
mance (Loscalzo, Yu, and Ding 2009). Such instability will
be confusion, and dampen the confidence of domain experts
in experimentally validating the selected features.



Similar to the case of supervised learning, ensemble tech-
niques might be used to improve the robustness of fea
ture selection techniques (Saeys, Abeel, and de Peer 2008;
Loscalzo, Yu, and Ding 2009). Indeed, for sample samples
with high dimension, it is often reported that several differ-
ent feature subsets may yield equally optimal results (Saeys,
Inza, and Larranaga 2007), and the risk of choosing an
unstable subset may be reduced by ensemble feature se-
lection. Furthermore, different feature selection algorithms
may yield feature subsets that can be considered aslocal op-
tima in the space of feature subsets, and result of ensemble
feature selection might be closer to the optimal subset or
ranking of features. Finally, the representational power of a
particular feature selector might constrain its search space
such that optimal subsets cannot be reached. Ensemble fea-
ture selection could aleviate this problem by integrating the
outputs of several feature selectors (Saeys, Abed, and de
Peer 2008). Ensemble feature selection has been success
fully applied in biomarker identification (Abedl et a. 2010).

It isimportant to note that robustness of feature selection
results should not be considered independently, it aways
should combine with classification performance, as domain
experts are not interested in a strategy that yields very ro-
bust feature subsets, but the returned subsets do not perform
well. Hence, these two aspects (stability and performance)
need always be investigated together. Then an ensemble fea-
ture weighting agorithm with high performance and sta-
bility is our aim. In this study, especially for one type of
feature selection-feature weighting, we present aframework
about diversity regularized ensemble feature weighting, and
its sample complexity is also presented. The base feature se-
lector in ensembleis based on local learning, which isunder
filter model and outputs a feature weights (measuring fea
tures' relevance) vector. .

Ensemble Feature Weighting
Components of Ensemble Feature Selection

Same to the ensemble models for supervised learning, there
are two essential steps in ensemble feature selection: creat-
ing a set of different feature selectors with outputs and ag-
gregating the results of al feature selectors (Saeys, Abed,
and de Peer 2008).

To measure the effect of ensemble feature selection, we
adopt a subsampling based strategy. Consider atraining set
X contains n samples, X = {x;,y;}" ;, and each sample
X; is represented by an d-dimensional vector x; € R? and
discrete class labels ;. Then m subsamples of size 5n(0 <
8 < 1) are drawn randomly from X, where the parameters
m and § can be varied. Subsequently, feature selection is
performed on each of the m subsamples.

Similar to the ensemble learning, the basic idea of our
ensembl e feature weighting analysis is to maximize the fit
of the feature weighting vector, while maximizing the di-
versity between vectors. Therefore, ensemble feature selec-
tion generates the feature weighting results ensemble E =
{wy,Wa, -+ Wy, }, where wy(k = 1,2,---,m) represents
the outcome of the k-th base feature selector trained on k-th
subsample. Specifically, in our case, each feature selection

result wi(k = 1,2,---,m) is a feature weighting vector.
The results ensemble E can be obtained by minimizing the
following loss function:

L(E) = Lemp(E) + ’Y'Ldiv(E) (1)

Here, the first term Le,,,,,(E) corresponds to the empirical
loss of E; the second term L ;, (E) corresponds to the diver-
sity lossof E. Furthermore, v isthe cost parameter balancing
the importance of the two terms.

In this paper, we employ local learning-based logistic re-
gression to implement the base feature selectors for its high
efficiency on the huge irrelevant features (Sun, Todorovic,
and Goodison 2010), then it is effective to improve the sta-
bility of feature selection. Thus, the first term L., (E) in
Eq.(1) is set to measure the empirical loss of logistic regres-
sion for feature weighting:

Lemp(E) =) D log(l+exp(—Ez)) (2

k=1x;€k

wherez; = |x;, — NM(X;)| — |[X; — NH(X;)|, and |.| isan
element-wise absolute operator. x; is a sample in k-th sub-
sample. And two nearest neighbors of sample x;, one from
the same class is called as nearest hit(NH), and the other
from the different classis called as nearest miss (NM). w? z;
isthe local margin for x;, which belongs to hypothesis mar-
gin (Crammer et a. 2002) and an intuitive interpretation of
this margin is a measure as to how much the features of x;
can be corrupted by noise (or how much x; can move in the
feature space) before being misclassified. Margin (Schapire
et al. 1998; Cortes and Vapnik 1995) is a geometric measure
for evaluating the confidence of aclassifier with respect toits
decision. Margin is used both for theoretic analysis of gen-
eralization bounds and as guidelines for algorithm designs.
By thelarge margin theory (Schapire et al. 1998), aclassifier
that minimizes amargin-based error function usually gener-
alizes well on unseen test data. Then one natural ideais to
scale each feature, and thus obtain a weighted feature space
parameterized by a vector wy, so that a margin-based error
function in the induced feature space is minimized.

For the purposes of this paper, we use the Manhattan dis-
tance to define the margin and nearest neighbors, while other
standard definitions may aso be used. Note that the de-
fined margin only requires the information about the neigh-
borhood of x;, while no assumption is made about the un-
derlying data distribution. This means that we can trans-
form an arbitrary nonlinear problem into a set of locally
linear ones by local learning (Sun, Todorovic, and Good-
ison 2010). On the other hand, the optimization problem
of Eq.(2) has an interesting interpretation: if x; is correctly
classified if and only if margin wi z; > 0 (i.e., on average,
X; is closer to the samples with the same label in the train-
ing data excluding itself than to those from other classes),
then -, . I(wiz; < 0) isthe leave-one-out (LOO) clas-
sification error induced by wy,, where I(.) is the indicator
function. Since the logistic loss function is an upper bound
of the misclassification loss function, up to a difference of a
constant factor, the physical meaning of this base feature se-
lector isto find afeature weight vector that can minimizethe



upper bound of the LOO classification error in the induced
feature space (Sun, Todorovic, and Goodison 2010).

As shown in Eq.(1), the second term L, (E) is used to
characterize the diversity loss among the base feature selec-
tors. We note that, though there is no agreement on what
form of diversity should be defined, the diversity measures
usually can be defined in a pairwise form, i.e., the total di-
versity isthe sum of apairwise difference measure. Thuswe
also consider a form of diversity based on pairwise differ-
ence, and then the form of diversity loss is defined as pair-
wise similarity. The more similar all outputs are, the higher
the diversity loss measure will be. The overall diversity loss
can be defined asthe average over all pairwise similarity be-
tween the outputs of different feature selectors:

m—1

_1 Z Z SZ’ITL Wk,Wk/) (3)

k=1 k'=k+1

Ldiv (E) -

where Sim(wy, W) represents a similarity measure be-
tween feature weighti ng vector wy and wy.. Wy is a vec-
tor of Iength d, wy = (wi,w?, -, wi), where wt(t =
1,2,---,d) represents the weight for feature t in k-th base
feature selector output. Notice that the feature weighting
vector is direct related to the classification error based on
the margin as described above, and each feature weighting
vector wy, is linear without the bias term, thus the direc-
tion of vector is the most important factor for the classifi-
cation performance. In the paper, the cosine similarity mea-
sure is adopted with normalized feature weights to calculate
the similarity between weighting vector wy, and wy/, then
Szm(wk,wk/) = wl'wy . Note that the adding of a constant
|IWi| 3+ Wi | |3 (|tsvalue|32) does not change the optimal
solution (Yu, Li, and Zhou 2011). In this case, the diversity
loss can be replaced by |[wg + w3, i.e.

Z Z Wy, +wie[]5 (4)

k=1 k'=k+1

and arelaxed convex optimization problem is obtain for en-
semble feature weighting loss in Eq.(1). Furthermore, the
diversity loss can be considered as a |2-norm regularization
for logistic regression, which can obtain the stable feature
weighting vectors for its robustness to the rotational varia-
tion (Ng 2004). Then the proposed diversity loss term has
positive effect on feature selection stability besides the clas-
sification performance.

In the end, ensemble feature selection aimsto find the tar-
get model E*, which minimizes the loss function in Eq.(1):

E* = argminw, L(E) (5)

and the final ensemble feature weighting result w, =
Ly | Wi, Wherew, € E*.

The target model E* is found by employing gradient
descent-based techniques. Accordingly, the gradients of
L(E) w.r.t the model parameters © = {wg|l < k£ < m}
are determined as follows:

Ldiv(E) =

oL oL oL oL

6 = [a—wl’m’a—vwg’”"M} (6)

where
oL Z 0log(1 + exp(— m’“ z;))
8Wk a ﬂ et (3'Wk
2’7 Ui 8Sim(Wk,Wk/)
. Y )
m(m — 1) T oWy,
and
dlog(1 +exp(“miz)) 1 exp(_W"T'Z) ®
oWy, m1+exp( —Wi )
9Sim(Wg, W

aWk
To initialize the ensemble, each feature selector islearned
from a bootstrapped sample of X. Specifically, the corre-
sponding feature weighting w;, is obtained by minimiz-
ing the objective function wy = minw, >_, ., log(1 +
exp(—w?z;)). Note that the ensemble can also beinitialized
in other ways, such as instantiating each w;, with random
values, etc.

Theoretic Analysis

Now, we will firstly show the optimization of the base fea-
ture weighting logistic loss tends to optimize the upper
bound of the ensemble logistic loss. Then we have the fol-
lowing proposition.

Proposition 1 Letwy, - - - , w,,, bethe basefeature weight-
ing results, and w, = -1 " | w;, be the ensemble feature
weighting result, the loss of w,, is bounded as

m

I(we) <> 1(wy) (10)

Proof. For atraining samplex;, theloss of basefeature selec-
T

torisl(wy) = log(1 —|—eXp(_\7InV"' z;)) < (1+ %szi) (Sun,

Todorovic, and Goodison 2010), then >, l(wy) =

> peq log(14-exp(—, k ) < (L3 1WTzH-m) While

the ensemble loss |sl(wp) log(1 + exp(—&=t=1—L7,)),
whichislessthan or equal to (1 >°" | wl'z; 4+ 1). Sincein
ensembl e feature weighting, the number of base selectorsis
generdly larger than 2, i.e.,, m > 2, the proposition is then
proved.

On the other hand, this subsection presents a theoretical
study of our algorithm’s sample complexity. The main pur-
pose of the analysis is to show the dependence of the gen-
eralization performance of the proposed algorithm on in-
put data dimensionality and the diversity between base fea-
ture weighting vectors. As one can see from Eq. (1), the al-
gorithm finds an ensemble feature weight vector and aims
at minimizing an empirical logistic loss and diversity loss.
Hence, it is alearning problem and the analysis can be per-
formed under the V C-theory framework.

Let {x,y} be apair of instance and target (class) value,
which is sampled from a fixed but unknown joint distribu-
tion p(x, y). And y isabsorbed into x for notation simplicity.




Given aset of real valued mapping functions F' = { f (X|«) :
a € O} parameterized by « and aloss function L( f(x|a)),
weliketo seek aparameter ato mi ni mizethe expected loss:
R(a) = E[L(f(X|a))] = [ L(f (x)dz. In rea ap-
plications, the true dlstrlbutlon |s rarely known, and only
a limited number of instances X = {x;}?_, are available,
which are independently drawn from the unknown distribu-
tion. A natural method to find a parameter « through mini-
mizing the empirical loss: R(a, X) = 2 377 | L(f(X;|cv)).
We like to know how well a learning algorithm trained on
a limited number of samples will perform on unseen data.
This can be studied based on the VC theory, which depends
on the uniform convergence of the empirical loss to the ex-
pected loss (Sun, Todorovic, and Goodison 2010). It has
been proved by (Vapnik 1998; Anthony and Bartlett 1999)
that if the bound sup,cq, |R(a, X) — R(«)] is tight, then
the function that minimizes the empirical loss is likely to
have an expected loss that is close to the best in the func-
tion class. A theorem provides an upper bound on the rate of
the uniform convergence of a class of functions in terms of
its covering number (Pollard 1984). Before we present the
theorem, we first give the concept of covering number.

Definition 1 (Covering Number) Given n samples X =
{x;})_, and afunction space F, characterized f € F using
avector vx (f) = [f(X1), -, f(X,)] in ametric space B"
with metric «. The covering number N, (F, €, X) isthe min-
imum number g of vectors uy,---,u, € B™ with margin e
such that, for al f € F thereexistsj € {1,---,¢},

lls(ox (f), u)llp = Z“ )> uji)” PP < nllPe
i=1
(11)
and N, (F,e,n) = supy Np(F, €, X)
Lemma 1 ( (Pollard 1984)) For al € > 0 and distribution
p(x), we have
Plsup,ce |R(a, X) — R(c)| > €]

2
128M2) (12)
where M = sup,, , L(a,X) — inf, , L(a,X) and N; isthe
1-norm covering number of function class L.

Lemma 1 indicates that the bound of generalization error
isrelated to the performance on the training set and the space
complexity defined by covering number.

In genera, it is very difficult to estimate the covering
number of an arbitrary function class. Fortunately, there
exists a tight bound for linear function class as described
in (Zhang 2002), which can be used for estimating the cov-
ering number for our purposes.

Lemma 2 ( (Zhang 2002)) Let F = {wTx, |[|w||s <
a, ||X|]2 < b,x € R¢}. Then we have

< 8E[N1(L,e/8,X)] exp(

2b2
loglV2(Fem) < [“6—21 log{24+ D) (13)

where [¢] isthe nearest integers of ) towardsinfinity.

In our case, for a given data set X, we can obtain a
transformed data set Z = [z, --,2,],z € R? based on
the definition of z above. Define a class of linear functions

G ={g9(2) = w'z|w||z < a,lz]]2 < b,z € R'}. And
vick I(wl'z; < €) isthe training error with margin ¢ in-
duced by wy,, where I(.) is the indicator function. By Defi-

n|t|on 1 and Lemma 2, the covering number logNz(G en) <
|‘a ‘I (2d+1)

Moreover for the ensemble feature weighting results w,,
we consider if the diversity can constrain the norm of w,,
and then affect the covering number. Define a class of en-
semblellnear functions G. = {g.(2) = w."z} satisfying
W, = Zk 1 W, and diversity is larger than . We mea-
suretheir diversity using the angle between them, then for all

’

base feature weighting vectors, wehave 1 — IIWVZIICTII% >q
(k, k" =1,---,m),sothat, WL wy, < (1—q)||wg||||we|| <
(1 —gq)a®. Sincew, = =3 wy, and ||w|[3 = w.Tw,
then according to the Theorem 1in (Yu, Li, and Zhou 2011)

m m—1 m
1 2
Wl = S Il > S whw
k=1 k=1 k'=k+1
1
< —ad®>+(1-¢q)a® (14)
m

And then the covering number for the G, is

en La2 4 (1 — q)a?)b?
logévz(c:eH )S [(m (62 q)a’) Moggzdﬂ) (15)
From the definition of the covering number and Jensen’sin-
equality, we have N; < N,. Now let us consider the func-
tionclass L = {l(ge(2)) : g € G.}. Inthe proposed al-
gorithm, I(ge(z)) = log(1 + exp(—g.(2))) isalogistic loss
function. Itisproved in (Anthony and Bartlett 1999) that the
logistic loss function is a Lipschitz function with Lipschitz
constant 1, hence

E[N1(L,e,X)] < Ni(L,e,n) < N1(Ge,€,n)
1 2,2

(A+—=-—q)a
Tit (16)

[log(1 +
[[Well2]|zl]2 <

< Ny(Geem) < (24 +1)

By using Holder’s inequality, |I(g.(2))|
exp(=ge(2))] < |we'z| + 1 <

\/(%a2 + (1 — q)a?)b. Hence, M = sup,, , L(W,z) —

infy, - L(We,2) < 2by/(La2 + (1 - g)a?)

The covering number of ensemble function and the M
value is plugged into Lemma 1, we can obtain the bound
of proposed ensemble feature weighting method as follows.

Theorem 1 For the proposed ensemble algorithm, let
x € R and corresponding transformed data z , which holds
[lzl]l2 < b, E is a feature weighting space {wq,---, W, }
suchthat forall wy, € E (k= 1,2,---,m) with [|wg]|2 < a
and the diversity between feature weighting resultsis larger
than ¢. If W isan ensemble feature weighting space that for
aw, € W satisfyingw, = Zk 1 Wg. Forale>0and
distribution p(x), we have

Plsup,, |R(W.,X)— R(W,)| > €]

777.

1 2,2
64(1+-L —q)a?b —ne2

<s@d+ 1)~ ex10(512((1 +L_ q)aQbQ))
" 17)




Stability Analysis

To measure the stability of our proposed ensemble feature
weighting algorithm and the effect of diversity loss term on
stability, we also adopt a subsampling based strategy. Con-
sider the data set S with Q instances and d features. Then
¢ subsamples of size uQ(0 < p < 1) are drawn randomly
from S, where the parameters ¢ and 1 also can be varied.
Subsequently, ensemble feature weighting is performed on
each of the ¢ subsamples, and a measure of stability or ro-
bustness is calcul ated.

Consider a feature weighting vector set W =
{W617W627' o 7W€c}’ Wej = (w;j7w§j’ e 7ng)(j =
1,2,---,¢) is the feature weighting result of our proposed
ensemble feature weighting algorithm on j-th subsample.
However, feature weighting is almost never directly used to
measure the stability of feature selection, and instead con-
verted to a ranking based on the weights (Saeys, Abedl,
and de Peer 2008). Then we can obtain the correspond-
ing ranking set {ry,ra, -, rc}, ry = (rf, 72, rd)(j =
1,2,---,¢), 7h(t = 1,2,---,d) represents the rank of fea-
ture t in j-th feature ranking vector. Noting that the ranking
valuefor afeatureis set asfollows: The best feature with the
largest weight is assigned rank 1, and the worst one rank d.

Here, feature stability is measured by comparing similar-
ity of the outputs of ensemble feature selection on the ¢ sub-
samples. The more similar all outputs are, the higher the sta-
bility measure will be. The overall stability can be defined
asthe average similarity over all pairwise similarity between
the different ensemble feature ranking results:

1 c—1

Rsta:mz Z Sim(rj,ry)  (18)

j=1j'=j+1

where Sim(r;, 1 ;) represents asimilarity measure between
feature ranking results r; and r ;.. For feature ranking, the
Spearman rank correlation coefficient (Saeys, Abeel, and de
Peer 2008; Kalousis, Prados, and Hilario 2007) can be used
to calculate the similarity:

Sim(rj,r;)=1-6% —L_-J (19)

Note that, for the ensembl e feature weighting process, we
like to minimize the similarity (diversity loss) between the
outputs of base feature selectors , i.e,wi(k = 1,---,m),
in each ensemble learning. While the computation of sta-
bility is on the outputs of ensemble feature weighting
(i.ewe,(j = 1,---,¢c)) and corresponding ranking vector
(i.e,rj(j =1,---,¢)) oncsubsamples. On the other hand,
each of the ¢ subsamplesis used as the training data set X
for the ensemble feature weighting and the size n is equal
to uQ(0 < pu < 1),i.e, n = puQ. Then thereis no confu-
sion for improving ensemble learning performance through
minimizing similarity between base feature weighting vec-
tor and the stability is also kept because of the mechanism
of ensemble learning.

Experiments

In order to validate the performance of our ensemble algo-
rithm, the experiments are conducted on severa real-world
data sets to show its stability and classification power. The
data sets consist of small samples with high dimension,
medium samples and large samples with low dimension,
such as Colon, Prostate, Wisconsin, Sonar, Arcene, Dia-
betes, Waveforms and |onosphere, which are taken from
UCI ML repository (Frank and Asuncion 2010) and Colon
cancer diagnosis data set isintroduced in (Alon et al. 1999).
They are described in Table 1. In this paper, the parameter ~
is set to the value 0.001 based on cross-validation.

Table 1: Description of experimental data sets

Data set f Samples | £ Features | # Classes
Arcene 200 10000 2
Colon 62 2000 2
Prostate 136 12600 2
Wisconsin 699 10 2
lonosphere 351 34 2
Sonar 208 60 2
Waveform 5000 21 3
Pima Diabetes 768 8 2

Experimental Resultsfor Stability

To estimate the robustness (stability) of ensemble feature
weighting algorithm, the strategy explained above was used
with ¢ = 5 subsamples of size 0.9Q (i.e. © = 0.9 and
each subsample contains 90% of the data). This percent-
age was chosen because we want to assess robustness with
respect to relatively small changes in the data set. Then,
the proposed ensemble algorithm and ensemble one with-
out diversity term with 3 = 0.9 was run on each subsam-
ple, the features are been ranking based on their weights,
and then the similarity between feature ranking results pairs
and stability is calculated using Eq.(19) and (18) respec-
tively. The ensemble feature selection have been proved
that it can improve the stability of feature selection (Saeys,
Abeel, and de Peer 2008; Abedl et al. 2010), then we only
show the stability of our ensemble feature weighting algo-
rithm(EFW) and the proposed algorithm without diversity
loss term(EFWWD) on two real-world data sets (such as
Wisconsin and Sonar) w.r.t different numbers of base feature
selectors, i.e. the value of m. The robustness of the ensem-
ble feature weighting is shown in Fig.1 for Wisconsin and
Sonar. The X-axisis the number of base feature selectors m
and Y-axis is the stability value. From the results, we can
observe that the stability value of these two ensemble fea-
ture weighting algorithms are very close and the difference
between them does not exceed 0.01. Moreover, the stabil-
ity is approaching to 1 for al vaues of m. For other data
sets, we only list the stability value of EFW and EFWWD
for m = 5 asfollows, Arcene (0.9587, 0.9505), Pima Dia-
betes (0.9933, 0.9943), Colon (0.9661, 0.9592), lonosphere
(0.9725, 0.9733), Prostates (0.9687, 0.9619) and Waveform



(0.9959, 0.9966). The feature ranking stability for these data
setsis aso very high and close to 1, and then our proposed
algorithms can obtain superior or at least equivalent stable
results to other ensemble methods.

0.99

o
©
©

2 2
3 3
8 8
7} 17}
0.9
e EFW whe EFW
“H:=EFWWD =l EFWWD
0.96 0.96
10 20 30 40 10 20 30 40
The value of m The value of m

Wisconsin Sonar

Figure 1: Experimental results of stability

Experimental Resultsfor Classification

Now we will pay more attention to validate the classifica-
tion performance of our proposed EFW, and comparing with
other ensemble feature weighting algorithms, such as the
the proposed EFWWD, ensemble-Relief (E-Relief) (Saeys,
Abeel, and de Peer 2008) and newly proposed stable fea
ture selection strategy based on variance reduction, which
is to assign different weights to different samples based on
margin, and then to obtain high stability for feature selec-
tion (Han and Yu 2010). We combine the sample weight-
ing strategy with the newly proposed feature weighting
algorithm-Lmba (Li and Lu 2009) and named as VR-Lmba.
In this part of experiments, the number of base selectors for
ensembl e feature weighting is constant and set as 5 for all
algorithms, i.e.,, m = 5. 5-cross validation is used and the
linear SVM is adopted as classifier with C=1 (Chang and
Lin 2002). The experimental results for these data sets are
shown in Fig. 2, the X-axis is the number of selected fea-
tures according to ensemble ranking results and Y-axis is
the classification accuracy.

Observations

From the experimental results, we can observe that our pro-
posed ensembl e a gorithms, especially for EFW, can obtain
higher classification accuracy than other onesin most cases,
and the stability of our algorithmsis also very high, then the
diversity lossterm in our proposed ensembl e feature weight-
ing algorithm is effective to improve the performance with-
out deceasing the stability. Thus we achieve the goa that
designing a ensemble feature weighting with high classifi-
cation accuracy and stability.

Conclusion

Both the stability and performance of feature selection are
attracted much attention. Our work is motivated by the
recognition that diversity is the key to the success of en-
semble methods and the ensemble learning can effectively
improve the robustness of models. Our main contribution is
that we provide the ensemble feature weighting framework
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Figure 2: Experimental results of classification accuracy

for stable feature selection with high performance (classi-
fication accuracy), and present the theoretic analysis about
the sample complexity with diversity constraints. In the pa-
per, an ensemble feature weighting algorithm based on lo-
cal learning and diversity is introduced, and the theoreti-
cal results about the sample complexity based on V C-theory
with diversity constraints are presented. The experiments on
many kinds of real-world data sets have shown its higher ac-
curacy and at least similar stability to other ensemble ones.
Then we can conclude that the diversity is also very useful
for the ensemble feature selection. In our analysis, the linear
combination is adopted in ensembl e feature weighting, other
combination scheme is our future work.

Acknowledgments

Thiswork is, in part, supported by NSFC Grant (60973097,
61035003, 61073114 and 61100135).



References

Abedl, T.; Helleputte, T.; de Peer, Y. V.; Dupont, P; and
Saeys, Y. 2010. Robust biomarker identification for cancer
diagnosis with ensemble feature selection methods. Bioin-
formatics 26:392-398.

Alon, U.; Barkai, N.; Notterman, D. A.; Gish, K.; Ybarra, S.;
Mack, D.; and Levine, A. J. 1999. Broad patterns of gene
expression revealed by clustering analysis of tumor and nor-
mal colon cancer tissues probed by oligonuclectide arrays.
In Proceedings of the National Academy of Sciences of the
United Sates of America, 6745-6750.

Anthony, M., and Bartlett, P L. 1999. Neural Network
Learning: Theoretical Foundations. Cambridge, UK: Cam-
bridge University Press.

Chang, C. C, and Lin, C. J 2002. Lib-
svm: a library for support vector machines. In
http: //Amww.csie.ntu.edu.tw/ cjlin/papers/libsvm.ps.gz

Cortes, C., and Vapnik, V. 1995. Support-vector networks.
Machine Learning 20:273-297.

Crammer, K.; Bachrach, R. G.; Navot, A.; and Tishby, N.
2002. Margin analysis of the lvq algorithm. In Advancesin
Neural Information Processing Systems, 462—4609.

Forman, G. 2003. An extensive empirical study of feature
selection metrics for text classification. Journal of Machine
Learning Research 3:1289-1305.

Frank, A., and Asuncion, A. 2010. UCI machine learning
repository. In http://archive.ics.uci.edu/ml.

Guyon, I., and Elisseeff, A. 2003. An introduction to vari-
able and feature selection. Journal of Machine Learning
Research 31:1157-1182.

Guyon, I.; Weston, J.; Barnhill, S.; and Vapnik, V. 2002.
Gene selection for cancer classification using support vector
machines. Machine Learning 46:389-422.

Guyon, |.; Gunn, S.; Nikravesh, M.; and Zadeh, L. 2006.
Feature Extraction, Foundations and Applications. Physica-
Verlag, New York: Springer.

Han, Y., and Yu, L. 2010. A variance reduction for stable
feature selection. In Proceedings of the International Con-
ference on Data Mining, 206-215.

Inza, |.; Larranaga, P; Blanco, R.; and Cerrolaza, A. J. 2004.
Filter versus wrapper gene selection approaches in dna mi-
croarray domains. Artificial Intelligencein Medicine 31:91—
103.

Kalousis, A.; Prados, J.; and Hilario, M. 2007. Stability
of feature selection algorithms: a study on high dimensional
spaces. Knowledge and Information Systems 12:95-116.

Kira, K., and Rendell, L. 1992. A practical approach to fea-
ture selection. In Proceedings of International Conference
on Machine Learning, 249-256.

Kononenko, |. 1994. Estimating attributes: Analysis and
extension of relief. In Proceedings of European Conference
on Machine Learning, 171-182.

Li, Y., and Lu, B. L. 2009. Feature selection based on loss
margin of nearest neighbor classification. Pattern Recogni-
tion 42:1914-1921.

Liu, H., and Yu, L. 2005. Toward integrating feature selec-
tion algorithmsfor classification and clustering. | EEE Trans.
Knowledge and Data Engineering 17:494-502.

Loscalzo, S.; Yu, L.; and Ding, C. 2009. Consensus group
stable feature selection. In Proceedings of ACM SSGKDD
Conference on Knowledge Discovery and Data Mining,
567-575.

Ng, A. Y. 2004. Feature selection, 11 vs. |12 regularization,
and rotational invariance. In Proceedings of International
Conference on Machine Learning.

Pollard, D. 1984. Convergence of stochastic processes. New
York: Springer-Verlag.

Robnik-Sikonja, M., and Kononenko, 1. 2003. Theoreti-
cal and empirical analysis of relieff and rrelieff. Machine
Learning 53:23-69.

Saeys, Y.; Abedl, T.; and de Peer, Y. V. 2008. Robust feature
selection using ensemble feature selection techniques. In
Proceedings of the 25th European Conference on Machine
Learning and Knowledge Discovery in Databases, 313-325.

Saeys, Y.; Inza, |.; and Larranaga, P. 2007. A review of fea-
ture selection techniques in bioinformatics. Bioinformatics
23:2507-2517.

Schapire, R. E.; Freud, Y.; Bartlett, P; and Lee, W. S. 1998.
Boosting the margin: A new explanation for the effective-
ness of voting methods. The Annals of Satistics 26:1651—
1686.

Sun, Y. J,; Todorovic, S.; and Goodison, S. 2010. Loca
learning based feature selection for high dimensiona data
analysis. |IEEE Trans. Pattern Analysis and Machine Intelli-
gence 32:1-18.

Sun, Y. J. 2007. Iterative relief for feature weighting: Algo-
rithms, theories, and applications. |EEE Trans. on Pattern
Analysis and Machine Intelligence 29:1035-1051.

Takeuchi, ., and Sugiyama, M. 2011. Target neighbor con-
sistent feature weighting for nearest neighbor classification.
In Advancesin Neural Information Processing Systems, 1-9.
Vapnik, V. 1998. Satistical Learning Theory. New York:
Wiley.

Wasikowski, M., and Chen, X. 2010. Combating the small
sample class imbalance problem using feature selection.
|EEE Trans. on Knowledge and Data Engineering 22:1388—
1400.

Yu, Y.; Li, Y. F; and Zhou, Z. H. 2011. Diversity regu-
larized machine. In Proceedings of the 22nd International
Joint Conference on Artificial Intelligence, 1603—1608.
Zhang, T. 2002. Covering number bounds of certain regu-
larized linear function classes. Journal of Machine Learning
Research 2:527-550.

Zhao, Z.; Wang, L.; and Liu, H. 2010. Efficient spectral
feature selection with minimum redundancy. In AAAI Con-
ference on Artificial Intelligence, 673-678.

Zhao, Z. 2010. Spectral Feature Selection for Mining Ultra-
high Dimensional Data. Ph.D. Dissertation, Arizona State
University.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


