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Jointly Sparse Locality Regression for Image
Feature Extraction

Dongmei Mo ", Zhihui Lai

Abstract—This paper proposes a novel method called Jointly
Sparse Locality Regression (JSLR) for feature extraction and
selection. JSLR utilizes joint L, ;-norm minimization on
regularization term, and also introduces the locality to characterize
the local geometric structure of the data. There are three main
contributions in JSLR for face recognition. Firstly, it eliminates
the drawback in ridge regression and Linear Discriminant Analysis
(LDA) that when the number of the classes is too small, not enough
projections can be obtained for feature extraction. Secondly, by
using the local geometric structure as the regularization term,
JSLR is able to preserve local information and find an embedding
subspace which can detect the most essential data manifold
structure. Moreover, since the L, ;-norm based loss function
is robust to outliers in data points, JSLR provides the joint
sparsity for robust feature selection. The theoretical connections
of the proposed method and the previous regression methods are
explored and the convergence of the proposed algorithm is also
proved. Experimental evaluation on several well-known data sets
shows the merits of the proposed method on feature selection and
classification.

Index Terms—Regression, face recognition, feature extraction,
local structure, joint sparsity.

I. INTRODUCTION

tion is very high dimensional, it is of great importance to
select the key features from large quantities of variables. Besides,
the redundancy of the data would affect the performance of some
algorithms in practical applications [1], and thus most of the al-
gorithms cannot obtain a good performance in high-dimensional
case [2]. Therefore, feature extraction and selection are of great
importance in processing the high-dimensional data set [3].

S INCE the data used in computer vision or pattern recogni-

Manuscript received May 4, 2019; revised September 9, 2019 and December
11,2019; accepted December 13, 2019. Date of publication December 23,2019;
date of current version October 23, 2020. This work was supported in part by The
Hong Kong Polytechnic University (Project Code: RHR1) and in part by General
Research Fund of the Research Grants Council of Hong Kong (Project Code:
15202217). The associate editor coordinating the review of this manuscript and
approving it for publication was Dr. Jingdong Wang. (Corresponding author:
Waikeung Wong.)

D. Mo and W. Wong are with the Institute of Textiles and Clothing,
The Hong Kong Polytechnic University, Hong Kong SAR of China (e-mail:
dongmei.mo @connect.polyu.hk; calvin.wong @polyu.edu.hk).

Z. Lai is with the College of Computer Science and Software Engineering,
Shenzhen University, Shenzhen 518060, China, and also with the Shenzhen
Institute of Artificial Intelligence and Robotics for Society, Shenzhen 518060,
China (e-mail: lai_zhi_hui@ 163.com).

X. Wang is with the College of Computer Science and Software Engineer-
ing and Guangdong Key Lab of Intelligent Information Processing, Shenzhen
University, Shenzhen 518060, China (e-mail: xizhaowang @ieee.org).

Color versions of one or more of the figures in this article are available online
at https://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMM.2019.2961508

, Xizhao Wang

, Fellow, IEEE, and Waikeung Wong

Up to now, one of the classical methods is Principle Compo-
nent Analysis (PCA) [4], which is a simple and effective unsu-
pervised method as it solves the eigen decomposition problem
to obtain the optimal vectors for dimensionality reduction. Lin-
ear Discriminant Analysis (LDA) [5] is a representative super-
vised method in feature extraction and dimensionality reduction,
which uses the label information to improve the performance
in classification. By maximizing the ratio of the between-class
scatter to the within-class scatter of the training dataset, LDA
can obtain an optimal set of discriminative vectors [6]. How-
ever, a drawback of LDA is that it is unsuitable for small sam-
ple size problem in face recognition. An effective model called
PCA+LDA [7], which joints the two major techniques to obtain
the discriminant vectors [8], has been proposed to deal with the
problem. The other two methods called Particle Swarm Opti-
mization (PSO) [9] and Backtracking Search Algorithm (BSA)
[10] can also significantly reduce the number of features so as
to reduce the computational complexity and at the same time
guarantee the same level of performance.

However, PCA and LDA cannot provide the sparse projec-
tions for feature extraction since the learned projections are the
linear combination of the data [11]. Recently, sparse regression
showed the outstanding performance in feature selection and
extraction [12]-[15]. By adding sparsity penalty for feature se-
lection, the accuracy and robustness of these methods might be
improved. Thus many studies focused on the sparse learning for
variable selection. Zou et al. proposed an effective model called
Sparse Principle Component Analysis (SPCA) [4] to generate
modified principle components with sparse loadings by using
the lasso or elastic net constraint [16], [17]. Some other sparse
PCA algorithms, such as the SCoTLASS algorithm [18], the
DSPCA algorithm [19] were proposed. All of these methods
focused on sparse learning without using the class label infor-
mation. Besides, Feng et al. proposed the unsupervised learning
method based on maximum information and minimum redun-
dancy (MIMR) [20] for hyperspectral image analysis, and Li
et al. proposed another unsupervised feature selection method
by nonnegative spectral analysis and redundancy control [21].

Some other researchers developed the supervised methods
using the label information to perform sparse learning for fea-
ture extraction and selection. One of the effective methods is
Sparse Discriminant Analysis (SDA) [22], which extends linear
discriminant analysis to sparse case by imposing the sparsity
constraint. Moreover, to overcome the data piling problem of
LDA in the high dimensional and low sample size (HDLSS)
case, Qiao et al. proposed sparse LDA to obtain sparse linear
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discriminant vectors by taking the relationship between Fish-
ers LDA and a generalized eigenvalue problem into consider-
ation [23]. Besides, some semi-supervised methods were also
proposed. A semi-supervised method, which used partially la-
beled data samples, was designed to achieve batch feature se-
lection [24]. Another method called Hessian sparse feature se-
lection based on L ; /o-matrix norm (HFSL) was proposed for
semi-supervised sparse feature selection [25]. For the multi-
modal case, Ding et al. proposed a method using multimodal in-
formation to jointly learn face representation [26]. Furthermore,
sparse regularization learning were also used in classification
designation for different pattern recognition tasks [27]-[29].

It is a well-known fact that not all data are distributed on a
linear subspace. They may lie on the nonlinear low-dimensional
manifold embedding on the high-dimensional ambient space.
Therefore, many manifold learning algorithms were proposed.
The representative methods include Neighborhood Preserving
Embedding (NPE) [30], Isometric Projection (IsoP) [31] and
Locality Preserving Projection(LPP) [32], [33], etc. These al-
gorithms aimed to preserve the local geometric structure of the
data manifold. By introducing the locality for sparse subspace
learning, Cai et al. also proposed a new method called Unified
Sparse Subspace Learning (USSL) [34]. USSL utilized the elas-
tic net for regression to simultaneously select the most impor-
tant variables and take the local geometric structure into con-
sideration. Besides, by combining the global pairwise sample
similarity with local geometric structure, a new method called
GLSPFS [35] was proposed by Liu et al. for feature selection.

In recent years, a great deal of attention has been paid to the
regression methods with different norms for image recognition,
feature extraction and variable selection [36]. For example, nu-
clear norm regression methods were proposed in [37], [38] for
face recognition. The L;-norm based sparse regularized learn-
ing methods [39]-[41] have been used for face reconstruction
and recognition [42]. A feature selection algorithm framework
called Feature-weighting as Regularized Energy-based Learn-
ing (FREL) was proposed by Li ef al. [43]. Based on least
square regularization, Yang et al. [44] proposed the discrimi-
native projection method. And the traditional RDA was further
developed as Parameterless Reconstructive Discriminant Anal-
ysis (PRDA) [45] for feature extraction. In [46], the L;-norm
minimization was employed to design a specific loss function,
by which the abundant user tagged Web images are treated as
noisy samples and will not be emphasized so as to perform ro-
bust semantic video indexing. Other methods, such as [47]-[53]
were also proposed to deal with different feature selection prob-
lems. The methods in terms of jointly sparse subspace learning
attracted great attention in the field of feature selection. Since
the Ly ;1-norm based regression loss function is robust to out-
lier in data set, it can improve the robustness in learning steps.
Therefore, some algorithms with joint Lo ;-norm regularization
were proposed to guarantee the joint sparsity for feature extrac-
tion. The model called Robust Feature Selection (RFS) [54] via
joint Ly ;-norms minimization showed the good performance
for feature selection with joint sparsity. Yang et al. proposed
another model called Unsupervised Discriminative Feature Se-
lection (UDFS) [55] for sparse subspace learning. Experimental
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results showed that UDFS outperforms the existing unsuper-
vised feature extraction methods and its main advantage is that
UDFS not only uses discriminative information but also uses
local structure of datas distribution for feature selection [56].
The Ly ;-norm regularization is also used in [57] to discover
the common features shared across all the clustering tasks so
as to obtain a discriminative low dimensional space for cluster-
ing. Except for the jointly sparse feature selection, the L ;-norm
was also widely used to deal with the joint-sparse recovery prob-
lems [58], [59] in computer vision.

Although alot of methods have been developed to improve the
performance of regression methods, there still exist some prob-
lems to be solved. For example, when the number of the class is
too small, not enough projections can be obtained by the classi-
cal regression methods and/or their extensions to achieve higher
classification accuracy. Also, most existing regression method
do not simultaneously consider the geometric structure of the
data as well as the sparsity of the projection matrix. In this pa-
per, we propose a novel model called Jointly Sparse Locality Re-
gression (JSLR) for feature extraction and selection. JSLR can
not only avoid the limitation in the existing regression methods
but also guarantee the sparsity by using L ;-norm regulariza-
tion on the projection matrix. What is more, JSLR incorporates
the local structure of the data in regression form, by which the
optimization problem can be easily optimized so as to obtain
better performance of feature extraction with less computational
time.

The main contributions of this paper are described as below:

1) The number of the projections in LDA-based methods or
regression-based methods is limited by the rank of the
so-called between-class scatter matrix or the number of
the classes. The proposed method can break out the limi-
tation to obtain more projections for feature extraction by
designing a novel regression model.

2) Theoretical connections between the proposed method
and the previous regression methods are discovered.
Moreover, the convergence of the proposed algorithm is
also proved.

3) The experimental results of the proposed model with
or without L 1-norm regularization indicate that adding
Lo ;1-norm penalty on the projection matrix can obtain
joint sparsity for feature extraction so as to achieve high
recognition rate.

The rest of this paper is organized as follows: In Section II, we
discuss the related works and the extension based on ridge re-
gression will be shown in Section III. In Section IV, we propose
our objective function and the local optimal solution. Section V
focuses on theoretical analysis (the convergence and the com-
putational complexity). The proposed model will be evaluated
by several well-known databases in Section VI. In Section VII,
we draw a conclusion for this paper.

II. RELATED WORKS

In this section, the notations used in this paper will be briefly
described and the related works will be reviewed.
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A. Notations

Scalars are denoted as lowercase or uppercase italic letters,
ie. i,j,d,p,n,c, a1, as etc. while vectors are represented as
bold lowercase italic letters, i.e. @, y, etc. Matrices are defined
as bold uppercase italic letters, i.e. A, B, X, Y, W etc.

Let X = [z, ®a,...,T,] € R then X denotes a d x n
matrix as the original data set, where n is the number of total
training samples and d denotes the features dimension for each
sample. LetY = [y1,¥y2,...,y.] € R"*“tobe an X ¢ matrix
as the label matrix falling into c classes.

B. Regressions

Ridge Regression [60] is a regularized least square method
for multivariate learning. It aims to solve the multicollinearity
problem of covariates in samples.

The optimization problem of the simplest regression is

PO:arng;nHY*XTPH% (1)

where X denotes the training set of n training data. The ma-
trix P € R4*¢ aims to lead the linear dependency between the
training data and the corresponding labels. By setting the deriva-
tives of (1) with respect to P equaling to 0, we have the optimal
solution

P’ = (xX7)'XY 2)

However this optimal solution is only suitable for the case when
X X7 is a full-rank matrix. Because of the small-sample size
problem, the matrix X X” may be not a full-rank one. There-
fore, to solve the singular problem in computing the inverse of
X X7 the Lyo-norm regularized term was added to (1), and then
we have the classical ridge regression optimization problem:

P*:argmlgnHY—XTPH%‘f'aHPH% (3)

By setting the derivatives of (3) with respect to P equaling to 0,
we have the optimal solution for (3) as

P = (XX" +al) ' XY “

For further analysis in the following sections, we need to rep-
resent the optimal solution of (3). Based on the SVD of X =
UDV, the optimal solution can be represented as

D vy

P =U———
D* + ol

(5)
From (2) and (5), we can know that the optimal projection matrix
PY and P* have the size, i.e. d x c. That is, we can obtain only
c projective vectors for feature extraction.

C. The Review of LPP

LPP [32], [33] computes the best linear approximations to
the eigenfunctions of the manifold’s Laplace Beltrami opera-
tor. It aims to preserve local information and to find an embed-
ding subspace which detects the most essential data manifold
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structure [61], [62]. The objective function of LPP is to mini-
mize

1 1 B
- - L5 B,
) 17

=tr (B"X (D-W)X"B) =tr(B"XLX"B) (6)

where matrix B denotes the transformation matrix, y; and y;

denote the low-dimensional vectors of x; and x; in subspace

B, respectively. W is supposed to be the similarity matrix of

all pairwise data points, L = D — W is Laplacian matrix. D

is a diagonal matrix and its element d;; is column or row sum

of matrix W (because W is symmetric), i.e. dg; = 3, ;.
The similarity matrix w;; is defined as:

exp (—llzi — z;]%/t) . if |z — =% <e,
wi; = @)
0, otherwise.
where parameter ¢t € R, € denotes the radius of the local neigh-
borhood and it can be a sufficiently small positive value (¢ > 0).
In Eq. (7), the similarity matrix w;; might be sensitive to the
value of the parameter ¢. To solve this problem, recently a
parameter-free method was proposed in [63].

By considering the similarity matrix W, the relationship be-
tween each data pair ; and «; in original space can be preserved
by reconstructing the relationship between y; and y; in the low
dimensional space B with 3, (y;—v;)*W;; where y; = BTz,
and y; = BT:Bj. The optimal projections can be obtained by
solving the following generalized eigen-function:

XLXTh = 2 XDXT. (8)

Suppose A;(i =1,2,...,d) are eigenvalues of problem 8,
we can sort the eigenvalues in ascending order, then matrix
B = [b',b?,. .., b"| combined of k eigenvectors corresponding
to the first k smallest eigenvalues is the final projection matrix
of LPP.

III. THE EXTENSION BASED ON RIDGE REGRESSION

In this section, we firstly review the definition of Lo ;-norm
and its property. Then we analyze the advantages and disadvan-
tages of ridge regression. Meanwhile, we also propose a simple
extension based on ridge regression.

A. The Definition of Lo 1-Norm and Its Property

Some well-known models such as PCA, multilinear PCA
(MPCA) [64], etc. use Lo-norm as the measurement to com-
pute the optimal projections in computer vision and face recog-
nition. However, a large amount of experimental results have
shown that in sparse feature selection, L;-norm outperforms
Lo-norm because of its generalization and the robustness for
classification [16], [17], [61]. By combining the advantages of
both L;-norm and part property of Lo-norm, researchers obtain
joint Ly ;-norm minimization on both loss functions and regu-
larization term for robust sparse learning for feature extraction
[53]. Therefore, we use the Lo ;-norm instead of Lo-norm as a
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new measurement for model design to overcome the problem of
Lo-norm being sensitive to outliers in a certain sense [54].
The Lo ;-norm of a matrix is defined as

[ M |21 —Z\/ i ZHmZ 2 O
i=1

where the i-th row and the j-th column of a matrix M = (m;j)
are denoted as m'’ and m;.

The common advantage of Lo 1-norm and L;-norm based
loss function is that they are more robust to outliers. However,
the major difference between Ls i-norm and L;-norm is that
L3 1-norm regularization is suitable for selecting meaningful or
more powerful discriminant features from the data points with
joint sparsity. The Lo ;-norm based regularized methods can
eliminate those useless interferences via making the elements
in some rows of the projection matrix become zero such that
the important features of the data points are emphasized and the
insignificant features are ignored (filtered out) when conducting
feature selection or extraction. Another advantage of Ly ;-norm
is that the Lo ;-norm based methods are fast convergent and
thus the computational cost is lower (this can be verified from
computational cost of the Lo ;-norm based methods compared
with the L;-norm based methods in Table XI in Experiment
section) [54], [56].

In all, employing the Ly ;-norm instead of L;-norm as the
regularization can obtain the joint sparsity to improve the per-
formance and at the same time reduce the computational cost for
efficient feature extraction and selection on image recognition
tasks [54].

B. A Key Drawback in Traditional Regression

In (1) and (3), there exists a problem that when the number
of the classes is too small, the traditional models cannot obtain
enough projections for achieving good performance in pattern
recognition. Thus, it is possible that learning more projection
may improve the performance in feature extraction and classi-
fication [4]. In order to obtain more projections in the regres-
sion model, a tractable approach is to modify the representation
|lY — XTP|%tobe||Y — X BA”||2., which means that the
matrix (BAT) € R%*¢ takes the place of the matrix P € R%*¢
in the model. Thus we have the following optimization problem:

(A", B") = argmin ||Y — XTBAT|%, st. ATA =1,

(10)
where A is a ¢ X k matrix and the size of matrix B is d X k
where the notation k is any positive integer and ¢ denotes the
number of classes. In other words, the optimal solution B with
size d X k is able to break out the limitation of class number of
the training data since the size of B is not related to the class
number and the variable & in B is not related to the class number
and the variable £ in B can be set as value that is larger than
¢, while P with size d x ¢ indicates that it can obtain at most ¢
projections for feature selection.
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From (10), we have
Y - X"BA"||%

=Tr(Y'Y)-Tr2B"XYA-BT"XX"B). (11)

By setting the derivatives of (11) with respect to B equaling to
0, the problem (11) is minimized at

B = (xX7)'XYA, (12)

where B* represents the optimal solution of (10).
Denote the SVD of X =UDV?', where ATA=1,
VTV = Tand UTU = I, we have
L or
=U D V'Y A. (13)
For (1) and 10), we have following propositions:

Proposition 1: Suppose X X7 is the full-rank matrix. Let
P? be the optimal solution to (1) and B* be the optimal solution
to 10), if £ = ¢ (i.e. the number of projection is equal to the
number of class), then span(B*) = span(P?).

If k£ > ¢, the optimal solution B* with size d X k in (10) can
obtain & projections instead of ¢ projections as obtained by P in
(1), which breaks out the small-class problem. In Proposition 1,
the reason why the small-class problem is addressed by (10) is
that the P in (1) has ¢ projections while the optimal solution
B* for (10) can learn k projections to perform feature extraction
and classification, where k can be set as any integer. In other
words, the number of the learned projections from (10) is not
limited by the number of class and thus the small-class problem
is addressed.

Similarly, for (3) and 10), we have following proposition:

Proposition 2: Let P* be the optimal solution to (3) and B*
be the optimal solution to 10), if k = ¢, (i.e. the number of projec-
tion is equal to the number of class), then span(B*) = span(P*).
Furthermore if & — 0, the metric matrices derived by B* and
P for classification are equivalent to each other.

If k£ > ¢, the optimal solution B* with size d x k in (10) can
obtain k projections instead of ¢ projections as obtained by P*
in (3), which breaks out the small-class problem.

Proposition 2 indicates that when oo — 0 (or using o = ¢,
wheree is a very small number), the performance using B* and
P for feature extraction and classification will achieve the same
results. If &£ > ¢, (10) can obtain more than ¢ projections to per-
form feature selection or extraction, which provides the theoret-
ical guarantee for the performance of (10). From Propositions 1
and 2, we can draw the following conclusion:

Corollary 1: If o — 0 and the matrix X X * is nonsingular,
(1) and (3) have the same solution space.

C. Other Drawbacks of Ridge Regression

Adding Ly-norm term for regression is of great importance to
deal with the singular problem in (1). Moreover, it shows that no
matter the matrix X X 7T is singular or nonsingular, the classical
ridge regression in (3) is able to obtain the optimal solution and
(1) is only a special case of (3) with the regularization parameter
a = 0. However, there are still some obvious disadvantages in
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(3) since the optimal solution P* is not sparse, and thus it loses
the feature selection function. Furthermore, the optimal solution
P* in classical ridge regression model only contains the global
information of the dataset and it ignores the local geometric
structure. Thus, itis necessary to develop a new algorithm to deal
with the above problems so as to enhance the effectiveness in
feature extraction and pattern recognition. In the next section, we
will propose a new model by jointing Lo ;-norm regularization
and locality regression to deal with the above problems.

IV. JOINTLY SPARSE LOCALITY REGRESSION ANALYSIS

In this section, the motivations and discussion are firstly
present and then the proposed objective optimization problem
as well as the local optimal solution will be presented.

A. The Motivations and Discussion

Based on the discussion in Section III-C and III-D, we can
conclude the drawbacks of most existing regression methods
into three aspects. First, due to the limitation of small-class prob-
lem, most regression methods cannot obtain enough projections
to discover an effective projection matrix for discriminant fea-
ture extraction and classification. Second, the local structure of
the data plays an important role in reconstructing the relation-
ship between different data pairs in the low dimensional space.
However, most existing regression methods do not take the local
structure into consideration when performing feature selection
or extraction. Third, there is no specific regression methods that
are designed as regression form incorporating the local struc-
tures of the data as well as the sparsity of projections for feature
selection and extraction.

Currently, deep learning technique is a research hotspot and it
has been applied to the tasks of face recognition and object classi-
fication [65]. In spite of the high recognition rate of deep learning
methods, behind is large-scale computing and long-term train-
ing. What is more, when the amount of data is not large enough,
using deep learning methods for classification tends to obtain
low performance because of the overfitting. In addition, most
feature extraction methods based on deep learning [66], [67] do
not consider the local structures of the data when doing convo-
lutional operations. Even though they can obtain more abstract
interpretation of the data, the relationship among different im-
ages is still missing. Therefore, developing efficient traditional
feature extraction methods is still necessary for face recognition.

In conclusion, it is desirable to design a method that can solve
the drawbacks of the existing regression methods and improve
the performance of feature extraction to obtain high recognition
rate with less computing time compared to the time-consuming
and complicated deep learning methods.

B. The Objective Function of JSLR

To deal with the problems presented in Section III-C, Jointly
Sparse Locality Regression Analysis (JSLR) is proposed to ob-
tain a subset of jointly sparse projections for feature extrac-
tion and selection from the original data set. We also introduce
the locality preserving regularized term to the model so as to
characterize the local geometric structure of the data. Thus,
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we present the objective function with joint L, ;-norm penalty
and locality regularization. Let A = [a1,as,...,a;] and
B = [by, by, ..., b;] be the variables of the following regres-
sion problem:

n
A B-= arg min (Z; ly; — ;" BAT|[3 + o1]| Bl|2,1
1=

n n
+axy > ||B"w; — B x| 3w,

i=1 j=1

ATA =1, (14)

or in the matrix form

(4, B) = argmin <||Y — X"BA"|[% + a1||Bll2.

n n
+ QQZZHBTCEZ'—BTCEJ'H%&),U s
i=1j=1

ATA=1T, (15)

where a1 and o are the regularization parameters. Since (14)
and (15) have two variables and two kinds of norms in the model,
they are not easy to be solved directly. Therefore, an alternatively
iterative approach will be developed to solve the optimization
problem in next section.

C. The Solutions of JSLR

From the definition of the Ly ;-norm on the projection matrix
B, we have the diagonal matrix D g denoted as [54]

1
(DB)ii = 507> (16)
2[[b%]2
where b’ represents the i-th row of matrix B.
Then from [56], we have the following equation:
|Bl|2,1 = Tr(B"DgpB). (17)

With the above preparation, we have

Y — XTBAT||% + a4|| B|

n n

+azy Y [|B @ — Bmj||w,

i=1 j=1

=Tr (Y'Y -2B"XYA+B"XX"B

2,1

+ o1 (B"DgB) +2B"X (D-W) X"B). (18)

Since the optimization problem has two variables, we need to fix
one to compute the other. For fixed A, by setting the derivatives
of (18) with respect to B equaling to 0, (18) is minimized by

B=(XX"+aDp+a:X (D-W)X") ' Xy A
19)
Hence, when A is fixed, the objective function of 14 or
15 is minimized at the local optimal solution B. When fix-
ing B, Tr(Y'Y + B"XX"B + a1 (B"DpB) + au B
X (D —~W)X7TB) becomes a constant and thus it can be
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ignored. In such case, the following maximization problem gives
the optimal solution to (18):

T T A
max Tr (B XYA) st. AA=1T. (20)
Let A be the optimization of (20). From the Theorem 4 in [4],
we have

A=UVT,

where U, V is the SVD decomposition value of YTXTRB,.

In addition, we can also have the following conclusion from
above formulation:

Theorem 1: Let B be the local optimal solution of the opti-
mization problem (14) or (15). If «; — 0 and a.s — 0, the linear
subspace spanned by the optimal solution of (14) or (15) approx-
imates to the linear subspace spanned by P° and P*, namely,
span(B) = span(P?) and span(B) = span(P*).

Proof: The proof is in the Appendix.

For (19), when oy =0 and ap = 0, then B = (XX 7T)~!
XY A =B = PYA, where P° and B* is the optimal so-
lution corresponding to (1) and (10). As Proposition 1 and
Proposition 2 have presented the relationship between (10)
and (1), (10) and (3) respectively, it is easy for us to have the
following conclusions: [ |

Corollary 2: With the same assumptions and notations as in
Theorem 1, when oy = 0,04 — 0, P° and B have the same
linear subspace, namely, span(P?) = span(B).

Corollary 3: With the same assumptions and notations as in
Theorem 1, when o1 = 0, a0 — 0, P° and B have the same
linear subspace, namely, span(P") = span(B).

In summary, from Theorem 1, Corollary 2 and Corollary 3,
we can know that either (14) or (15) provides a basic theoret-
ical guarantee for the effectiveness of the proposed regression
model. Namely, when the parameters of the proposed model are
set suitably, the optimal solution space of the ridge regression
can be derived from (15). This means that the optimal projection
of JSLR can approximate to the subspace spanned by the tra-
ditional regression models. Besides, by utilizing the advantages
of Ly ;-normregularization and locality preserving property, the
proposed model is able to compute the jointly sparse projections
and preserve the local geometric structure of the data for feature
extraction. The detail of the iterative algorithm was illustrated
in Algorithm 1.

@1

D. Comparison and Discussion

In this section, we compare our algorithm JSLR with other
methods, such as PCA, SPCA, LDA, LPP and so on. Both PCA
and SPCA are outstanding in data processing and dimensionality
reduction. PCA projects the original d-dimensional data onto
k (<< d)-dimensional linear subspace with the combination of
all the original variables. SPCA aims to produce modified sparse
principal components by lasso (or elastic net) technique. But it
just focuses on the global structure of the original data and ignore
the local structure. Different from SPCA, JSLR can efficiently
preserve the local geometric structure of the data set.

Some other subspace learning algorithms, LPP, NPE, etc. are
able to preserve local structure of the original data. However,
they cannot provide the jointly sparse property for the learned
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Algorithm 1: JSLR Algorithm

Input: The training data X € R¥™,
the training data label Y € R"™*¢,
matrices D € R, W € R™",
the objective dimension k (k = 1,2,...,n),
maximum number of the iteration: maxStep.
Step 1: Compute matrices D, W, and initialize matrix D g,
step = 0, converged = false.
Step 2: While lconverged and step <= maxStep
- Compute B using
B=(XX"+aDp+a;X(D-W)X")"'1XYA
- Compute D using (Dp)i; =
- Compute A using A =UVT
- Update converged = true when B is approximately
changeless.
Step 3: Standardize the matrix B to a final normalized
matrix
and return it for feature selection.
Output: Low-dimensional discriminative subspace
Be R™ E=1,2,...,n.

1
2[[6%]]2

subspace. Compared with them, JSLR achieves this goal by
adding Lo ;-norm regularization to make the elements in some
rows of the projection to be O for efficient feature extraction and
selection.

Ridge regression is frequently used in face recognition. How-
ever, when the class number of training sample is too small, ridge
regression cannot obtain more projections than the number of
the classes for feature extraction. The same problem exists in
LDA. In contrast, the number of the projections of JSLR is not
limited by the number of the classes in training data. In spite
of given a small number of classes in training sample set, JSLR
can obtain any number of projections for feature selection and
the number of the projections is freely set by the users.

In summary, the advantages of JSLR against PCA, SPCA,
LDA, ridge regression and LPP are that JSLR can obtain joint
sparsity and preserve the local structure for pattern recogni-
tion. Another major difference between JSLR and other clas-
sical methods is that the number of the training sample classes
in JSLR is allowed to be very small but it still can learn more
projections than the number of classes. These advantages make
JSLR achieve high recognition rate.

V. THEORETICAL ANALYSIS

In this section, we present the theoretical analysis including
convergence analysis and computational complexity analysis.

A. The Convergence

To verify the convergences of the proposed iterative algo-
rithm, we begin with the following Lemmas:

Lemma 1: [54] For any two non-zero constants a and b, we
have the following inequality:

N

Va o

a
- < 22
2vb ~ 22)
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Lemma 2: [54] Denoted V' as any nonzero matrix, V' € R,
the following inequality holds:
12’

Z i Z Hvt||2
- Hvt||2 - 2||,vt
(23)

where v¢, v_; denote the i-th row of matrix V; and V';_;.
Proof: Let ||vi||3 and ||vi_,||3 be the substitute of a and b
in (22), the following inequality is valid for any 4.

Hvt 1”2
<3 il 3 gl

<ot 4]l — Aalls.
207 1]l

IcHIE
2[[v;4]l2

Thus, (23) as the sum form of (24) also holds (22). With
the above Lemma 1 and Lemma 2, we have the following
theorem: |

Theorem 2: Given all the parameters in the objective func-
tion except A and B, the iterative approach shown in Algorithm
1 will monotonically decrease the objective function value of
(14) or (15) in each iteration and provides a local optimal solu-
tion of the problem.

Proof: For simplicity, we denote the objective function of
(18)as F(B,A) = F(B, A, Dg). Suppose for the (t — 1)-th
iteration, both A;_; and B;_; can be obtained. Then we have
the following inequality from (19):

F(B, A 1,(DB)y_1) < F(B¢-1,A41,(DB)y_1)-

|[vi]]2 — (24)

(25)

For A, as its optimal value comes from SVD and this will

further decrease the value of the objective function, it goes
F(Bt, Ay, (DB)y—y) < F(Bi-1,At-1,(DB)iy).  (26)

In (18), since YTY is a constant, it can be ignored and we need
to minimize

Tr(—2B"XY A+ B"(XX" +a,Dp
+ axX (D-W)X")B)

As we have obtained the optimal B, and A, then the following
inequality holds:

Tr (—2B;" XY A+ B," (XX" + a1(Dg),_,
+ X (D-W)X") By)
<Tr(-2B;1"XY A1 +B;" (XX" +1(DB),_,
+ e X (D-W)X")B;_1) (27)
That is
Tr(—2B," XY A;+ B,"XX"B,

163113

+ B "X (D-W)X"B;)+a1 ) 3511
i t—1

<Tr(-2B;1"XYA; 1 + B "XX"By

Ibi_ 3
20167 I
(28)

+ 0B "X (D-W)X"Bia) + Z

2879

TABLE I
THE COMPUTATIONAL COMPLEXITIES
Iteration variable computational complexities
B o(d)
D, o(d?)
A o(d)

Then the above inequality indicates
Tr(—2B;"XY A+ B,"XX"B,
+ a2B,"X (D-W) X"B,)

i i ILALE
+on Y [billa — o ZHthz—Z#
i i i H tleQ
<Tr(-2B;1"XYA; 1 +B, 1" XX"B;
+ B "X (D-W)X"B,;,)

Fan S bl e (anz =3 S )
(29)
According to Lemma 2, we further have
Tr(—2B;"XY A+ B,"XX"B,

+B"X (D-W)X"B,;) + a1y ||bj]2

<Tr(-2B;1"XYA, 1 +B, 1" XX"B; 4

+ B "X (D-W)X"B1) + Z 116,12

(30)
That is
F(By, Ay) = F(By, A, (DB)¢)
< F(By1,A;1)=F(Bi_1,Ai1,(Dp)i-1). (31

From (31), we can conclude that the objective function value
of (14) or (15) is monotonically decreased via the updating rule
presented in Algorithm 1. Therefore, the proposed iterative al-
gorithm finally converges to the local optimal solution. |

B. Computational Complexity Analysis

For simplicity, we assume the dimension of training samples
is d. Our proposed algorithm aims to compute the matrix A and
B. Computing B in in (19) needs O(d?) while computing D g
in (16) needs O(d?). Since SVD of Y7 X B also needs O(d?),
then the computational complexity of A is also O(d?). It is easy
to know that the main complexity of the algorithm is O(T'd?),
where 1" denotes the number of iterations for convergence. Ta-
ble I lists the computational complexities of each variable.
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VI. EXPERIMENTS

In this section, to evaluate the proposed JSLR algorithm for
feature selection, we conducted a set of experiments from three
aspects: experiments on small-scale face databases, experiments
on large-scale databases and experiments based on deep learn-
ing. In experiments, several classical as well as state-of-the-art
methods are used as compared methods. They are the classical
principle component analysis method PCA, the classical Ridge
Regression (RR) [60], the Linear Discriminant Analysis (LDA)
[5], the traditional sparse learning method SLDA based on
L1-norm [23], the local structure learning method Locality Pre-
serving Projection (LPP) [32], the regression analysis of locality
preserving projections via sparse penalty (SpLPP) [61] which
applies sparsity penalty and minimization based on L;-norm
to locality preserving projections, the dictionary learning meth-
ods (i.e. label consistent K-SVD (LC-KSVD2) [68] and the Lo-
cality Constrained and Label Embedding Dictionary Learning
(LCLE-DL) [69]), the most related Ly ;-norm regularization
methods for feature selection and subspace learning (i.e. Un-
supervised Discriminative Feature Selection (UDFS) [56] and
Robust Feature Selection (RFS) [54]). In addition, the proposed
method without Ls 1-norm regularization named JSLR(a1 = 0)
(i.e. the second term in the proposed objective function in Eq.
(14) is removed) was added as a compared method to all experi-
ments to evaluate the effectiveness of the jointly sparse regular-
ization.

In all experiments we make comparison in the avenue of deep
learning (the method is called Deep-NN in this paper). Deep-NN
is completed by the following two steps. Firstly, we use the deep
convolutional neural network (CNN) as the feature extractor to
obtain the deep features of all samples. This process is similar
to [70]. Secondly, we use the nearest neighbor classifier (NN)
for classification. For the proposed JSLR, we also use the deep
features instead of the traditional image features as input and this
method is called Deep-JSLR for easy understanding. Note that
the deep features of character database are obtained according
to the tutorial of MNIST network on official Caffe site (http:
//caffe.berkeleyvision.org/gathered/examples/mnist.html.)

A. Experiments on Small-Scale Database

In this section, experiments on four databases, including
FERET, AR, CMU PIE and Yale database, were conducted to
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Examples from FERET, Yale, USPS, AR, and CMU PIE data sets. (a) FERET. (b) Yale. (c) USPS. (d) AR. (e) CMU PIE.

evaluate the performance of the proposed method versus the
compared methods under different variations of facial expres-
sion and lighting condition.

1) Experiments on FERET Face Database: The FERET face
database [71] includes 1,400 images of 200 individuals (each in-
dividual has seven images). In the experiment, the facial portion
of each original image was automatically cropped based on the
location of the eyes, and the cropped images were resized to
40 x 40 pixels. The sample images of one person are shown in
Fig. 1(a).

Experimental Setting: For all the databases, the image set is
partitioned into two parts, i.e. the gallery and probe sets. In each
database, [ (I is no more than the number of class) images of
each class are randomly selected to form the gallery set and
the remaining images are used as the probe set. PCA was used
as pre-processing to reduce the dimension of data. Then the
proposed method and the compared methods were used to per-
form feature extraction, independently. Finally, nearest neighbor
classifier was used for classification. The experiments were in-
dependently performed 10 times. The average recognition rates
and the corresponding dimensions as well as the standard devi-
ations of each method were listed on the Table II. Besides, the
comparison results were also shown in the Fig. 2(c)—(f) when
5 images of each individual were randomly selected for train-
ing and the remaining images were used for testing. The di-
mensions of the projection matrices were set as empirical value
and marked on the horizontal axis. The variables except pa-
rameter o; and oo in JSLR were randomly initialized in our
experiments.

Exploration of the Performance of the Parameters: In order
to explore the optimal parameters for JSLR on different data
sets, we analyzed the values of the parameters «; (Alphal) and
oo (Alpha2). For the other compared methods, since in most of
cases the best performance lie on the area of [103,10°], as in-
troduced in the corresponding papers, we fixed their parameters
on the area of 102, 10%] and report the best results.

In this experiment, we analyze the impacts of various parame-
ter values on the performance of JSLR and the average recogni-
tion rates of different dimensions from 5 to 200. Table II shows
the best average recognition rates based on 10 times running
and the corresponding dimensions as well as the standard devia-
tions of each method with [ (I = 4, 5) images of each individual
for training while the remaining images were used for testing.
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TABLE II
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF DIFFERENT METHODS ON FERET FACE DATABASE

Training LCLE- LC- JSLR Deep- Deep-
samples PCA UDFS SLDA LPP RFS SpLPP RR LDA DL KSVD2 (01=0) JSLR NN JSLR
54.55 54.72 60.77 46.80 61.23 53.12 63.82 55.53 59.42 46.72 73.22 74.15 99.47 100.00

4 +8.54 +8.74 +20.04 +9.61 +19.96 +12.55 +21.07 +23.33 +13.46 +9.55 +18.77 +18.34 +0.46 +0.00
28*5 27*5 30%5 30*5 30%5 12*5 40%5 13*5 30*5 30%5 30*5 29%5 30%5 26%5
65.50 65.90 76.45 61.50 77.18 66.65 78.35 74.92 67.95 60.08 90.70 91.35 99.55 100.00

5 +5.48 +5.65 +7.76 +4.21 +7.61 +5.27 +7.33 +10.55 +6.33 +6.69 +6.67 +6.42 +0.33 +0.00
30%*5 27*5 30%*5 30*5 29*5 11*5 40*5 8*5 29%*5 30*5 27*5 29%5 30*5 20%5
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The recognition rate versus the parameters 1 and a1 on the (a) FERET and (b) AR face database, respectively. The recognition rates (%) versus the

dimensions of different methods on the (c) FERET, (d) AR, (e) CMU PIE, (f) Yale face databases, respectively.

Fig. 2(a) shows the recognition rates when the two parameters
a1 and s change from 1073 to 103. Fig. 2(c) shows the av-
erage recognition rates versus various dimensions of different
methods.

It is easy to know that the optimal value of the parameter o
lies on the area of [1072,10%] while the optimal value of the
parameter oo lies on the area of [1072,103]. In other words,
JSLR is efficient and robust among these areas. By contrast,
when the values of the two parameters lie on other areas, it will
cause the larger decline of the recognition rates.

As it can be seen from Fig. 2(c), the recognition rates of JSLR
as well as JSLR(al = 0) are the highest. The results shown in
Table II and Fig. 2(c) indicate that JSLR and JSLR(al = 0)
outperform PCA, SLDA, UDFS, RFS, LPP and SpLPP, RR,
LDA, LCLE-DL, LC-KSVD2 in feature extraction. Besides,
from Table II, we can easily know that Deep-JSLR outperforms
Deep-NN.

2) Experiments on AR Face Database: The AR face database
[72] contains the pictures of 120 individuals (each individual
has 20 images). The face portion of each image was manu-
ally cropped (because of missing eye coordinates) and then
normalized to 50 x 40 pixels. The sample images of one person
are shown in Fig. 1(d).

In this experiment, we randomly selected ! (I = 4,5, 6) im-
ages of each individual for training, and the rest of the images
in the data set were used for testing. From Fig. 2(b), we can
know that the optimal values of parameter vy and ay were both
[1073,102]. Thus, we used this area for JSLR to obtain the
comparison results. Table III listed the performance of differ-
ent methods. Fig. 2(d) showed the average testing recognition
rates. It is obvious that JSLR or Deep-JSLR outperforms the
other methods.

3) Experiments on CMU PIE Database: The CMU PIE face
database [73] contains 68 individuals with 41,368 face images
as a whole. We selected a subset (C29) containing 1632 images
from 68 individuals (each providing 24 images). All of these face
images were automatically aligned based one-eye coordinates
and cropped to 32 x 32 pixels. Fig. 1(e) shows the sample images
from this database.

In this experiment, [ (I = 4,5, 6) images of each individual
were randomly selected for training, and the rest of the images
in the data set were used for testing. The optimal areas of
and «p were the same with the areas on AR database. Table IV
presents the performance of different methods. Fig. 2(e) shows
the average testing recognition rates and indicates that JSLR
outperforms the other methods again.
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TABLE III
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF ALL METHODS ON AR FACE DATABASE
Training LCLE- LC- JSLR Deep- Deep-
samples PCA UDFS SLDA LPP RFS SpLPP RR LDA DL KSVD2  (al=0) JSLR NN ISIR
76.86 85.66 87.97 80.40 87.41 79.03 68.29 80.06 89.89 84.97 88.82 89.08 83.43 90.23
4 +4.56 +8.48 +10.95 +£9.25 +11.41 +7.76 +£5.89 +11.78 +7.76 £6.96 +10.79  £10.64  +12.78  £9.77
30%5 29%5 24%*5 30%5 24%*5 12*5 21%5 23%*5 29+%5 30*5 30*5 28*5 29*5 28*5
78.67 86.73 89.07 81.91 88.58 82.01 73.91 84.78 88.87 87.88 90.19 90.33 89.26 94.70
5 +£5.41 +8.89 +11.27 +9.78 +11.67 +8.34 +7.99 +11.77 +8.28 +7.44 +10.63  +10.60 +9.36 +7.02
30%5 29%5 24%5 30%5 24*5 15%5 21%5 21%5 30%5 30%5 30%5 29*5 29%5 29*%5
80.47 90.35 94.24 86.11 93.85 86.76 79.41 91.82 91.50 92.26 95.05 95.23 93.27 97.52
6 +4.97 +£5.85 +8.11 +7.89 +8.51 +6.15 +6.02 +9.38 +5.92 +5.85 +8.02 +8.04 +3.07 +1.84
30%5 28*5 24%5 30%5 24*5 16*5 21%5 22%5 30%5 30%5 30%5 28*5 29%5 30%5
92.08 92.08 99.22 98.80 99.22 95.03 96.30 99.12 98.02 97.10 99.55 99.60 97.68 99.73
15 +18.01 +£3.44 +20.38 +0.71 +0.41 £2.54 +1.57 +0.68 £1.16 £1.26 +0.32 +0.32 291 +0.74
30*5 28*5 24*5 30*5 24*5 16*5 21%*5 21%*5 30*5 30*5 27*5 19*5 30*5 30%5
92.35 92.35 99.27 98.92 99.27 95.19 96.69 99.25 98.08 97.50 99.63 99.77 98.67 99.98
16 +18.07 +3.48 +£20.41 +0.78 +0.45 £1.72 £1.90 +0.53 £1.17 £1.01 +0.28 +0.25 £1.38 +0.07
30*5 28*5 24*5 30%*5 24%*5 16*5 21%*5 21%*5 30*5 30*5 18*5 19*5 30*5 22%5
TABLE IV
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF ALL METHODS ON CMU PIE FACE DATABASE
Training LCLE- LC- JSLR Deep- Deep-
samples PCA UDFS SLDA LPP RFS SpLPP RR LDA DL KSVD2  (a1-0) JSLR NN ISIR
57.11 77.62 69.25 80.01 71.55 76.21 56.33 36.31 81.43 81.05 80.60 81.43 96.32 97.54
4 +12.66 +8.85 +13.46 +9.16 +£12.92 +8.32 +10.50 +8.54 £6.78 +8.15 £11.12 +10.4 +1.10 +0.92
40*5 37%5 13*5 40*5 13*5 20*5 13*5 8*5 39%5 36*5 34%5 30%5 38*5 375
64.52 83.13 76.76 84.35 78.25 80.48 65.39 73.92 85.11 85.22 85.44 86.08 96.73 97.96
5 +12.27 +4.65 £11.02 +4.85 £10.19 +6.86 +9.26 +10.23 +4.32 +3.64 +5.19 +4.54 +1.25 +1.17
40*5 36*5 13*5 40%5 13%5 19%5 13*5 13*5 37%5 39%5 33*5 34%5 39%5 34%5
68.84 85.63 78.45 85.62 79.77 83.51 71.36 78.19 85.50 85.28 85.16 85.85 96.99 98.14
6 +£10.20 +4.74 +9.59 +5.04 +7.85 £5.44 +10.07  +10.30 £3.56 +3.80 +5.15 +4.54 +1.10 £1.07
40*5 38*5 13*5 37%5 13*5 19*5 13*5 13*5 40*5 35%5 38%5 33%5 39%5 38%5
94.24 94.24 92.29 92.09 92.09 91.88 94.41 91.06 87.00 90.09 92.91 93.12 99.32 100.00
19 £5.91 +£5.91 +8.22 +8.03 +8.34 +8.39 £5.46 £9.55 £9.74 +7.52 +7.65 +7.55 +0.77 +0.00
40*5 38%5 13*5 40%5 13*5 19%5 13%5 13*5 40*5 40%5 40%5 40*5 33%5 14%5
93.16 93.16 90.29 90.18 90.11 90.22 93.68 89.04 85.57 88.54 91.29 91.47 99.34 100.00
20 £7.17 £7.17 £10.25 £9.95 £10.28 +9.95 £6.56 +11.73  +11.96 £9.17 +9.44 +9.28 +0.76 £0.00
40*5 38%*5 13*5 40*5 13*5 19*5 13*5 13*5 40%*5 40*5 23*5 30*5 33*5 14*5
TABLE V
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF ALL METHODS ON YALE FACE DATABASE
Training LCLE- LC- JSLR Deep- Deep-
samples PCA UDFS SLDA LPP RFS SpLPP RR LDA DL KSVD2 (al=0) JSLR NN JSLR
91.24 90.48 96.95 85.05 96.48 68.10 91.62 66.76 97.90 78.86 97.71 98.95 99.71 100.00
4 +3.46 +4.02 +2.49 +5.06 +2.58 +9.27 +3.24 +10.23 +1.41 +41.68 +1.61 +1.05 +0.40 +0.00
21 39 15 37 15 11 15 10 40 33 31 27 40 12
93.11 92.11 97.56 89.56 97.56 69.78 94.22 81.00 97.44 78.78 98.44 99.22 99.56 100.00
5 +3.60 +4.57 +2.39 +3.58 +2.21 +5.49 +3.57 +5.50 +1.80 +41.78 +1.57 +1.20 +0.47 +0.00
22 36 15 22 15 12 15 13 37 35 39 30 40 11

4) Experiments on Yale Database: The Yale face database
[43] contains 165 grayscale images of 15 individuals. Each
image was manually cropped (because of no eye coordinates
provided) and resized to 50 x 40 pixels. Fig. 1(b) shows the
sample images from this database.

In this experiment, [ (I = 4, 5) images of each individual were
randomly selected for training, and the rest of the images in the
data set were used for testing. The values of oy and oo were both
from 1072 to 102. The performances of the different methods
are shown in Table V. Fig. 2(f) shows the average recognition
rates. It clearly indicates that JSLR and Deep-JSLR can obtain
the best performance when the traditional image features and
deep features are used as input.

B. Experiments on Large-Scale Database

In this section, two different databases are used to evaluate
the performance of the proposed method based on large-scale
data learning.

1) Experiments on USPS Database: The United States
Postal Service(USPS) database [55] consists of 1,100 of each
handwritten digit (0-9). The images in this database are resized
to 16 x 16 pixels. The performance of JSLR on large-sample
data set was evaluated on this database. Fig. 1(c) shows the sam-
ple images from this database.

In this experiment, [ (I = 400, 500, 600, 5, 10) images of each
class were randomly selected for training, and the rest of the im-
ages in the data set were used for testing. The parameter «; and
a were both from 1072 to 103. Table VI shows the performance
of the different methods. From the result, we can know that JSLR
or Deep-JSLR can achieve better performance than other com-
pared methods on this database. Particularly, when only 5/1100
images of each class are used for training, the proposed method
can obtain higher recognition rate than not only the compared
methods but also the Deep-NN.

2) Experiments on PIE67 x 170 Database: The PIE6T x
170 database is a subset of the CMU PIE face database [73].

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on December 29,2020 at 01:14:17 UTC from IEEE Xplore. Restrictions apply.



MO et al.: JOINTLY SPARSE LOCALITY REGRESSION FOR IMAGE FEATURE EXTRACTION 2883
TABLE VI
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF ALL METHODS ON USPS FACE DATABASE
Training LCLE- LC- JSLR Deep- Deep-
samples PCA UDFS SLDA LPP RFS SpLPP RR LDA DL KSVD2  (a1=0) JSLR NN JSLR
90.55 91.17 91.37 89.41 90.42 91.02 90.34 86.78 87.21 90.78 92.02 92.35 91.44 95.74
400 +0.13 +0.12 +0.35 +0.30 +0.40 +0.19 +0.17 +0.00 +0.56 +0.19 +0.22 +0.18 +0.28 +0.27
7*5 10*5 2%5 6*5 2%5 6*5 2%5 1*5 4%5 30*5 305 20%5 1*5 15%5
91.02 91.75 91.91 90.14 90.81 91.90 90.87 87.23 87.22 91.60 92.52 92.77 92.18 96.00
500 +0.15 +0.18 +0.23 +0.21 +0.31 +0.16 +0.23 +0.00 +0.59 +0.27 +0.18 +0.14 +0.17 +0.26
7*5 9*5 2%5 7%5 2%5 6*5 2%5 1*5 4%5 30*5 30*5 28*5 1*5 21%5
91.49 92.20 92.28 90.58 91.40 92.51 91.45 87.49 87.15 92.15 92.82 93.08 92.67 96.09
600 +0.17 +0.24 +0.35 +0.17 +0.45 +0.13 +0.25 +0.00 +0.71 +0.33 +0.28 +0.31 +0.26 +0.21
7%5 8*5 2%5 6*5 2%5 6*5 2%5 1*5 4%5 30%5 28*5 25%5 1*5 20%5
61.43 61.43 56.83 49.41 56.23 15.76 57.19 61.45 62.00 62.04 59.51 67.83 56.96 66.96
5 +£2.08 +2.08 +2.30 +3.10 +2.43 +2.28 +2.24 +£3.53 +2.40 +2.34 +2.24 +2.39 +2.28 +1.72
7*5 8*5 2%5 6*5 2%5 6*5 2%5 1*5 4*5 30%5 8*5 10*5 100*5 10%5
69.86 69.86 55.78 49.49 54.73 14.14 55.64 61.02 68.87 67.81 58.67 76.22 65.66 78.15
10 +2.18 +£2.18 +2.15 +2.64 +2.00 +2.30 +2.05 £2.16 +1.75 +1.91 +1.87 +2.64 +1.68 +1.64
7*5 8*5 2%5 6*5 2%5 6*5 2%5 1*5 4%5 30%5 12%5 20%5 100*5 20%5
(a)
12y
% e as 4
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Fig. 3.
respectively. (d) An example of the convergence curve of JSLR on Yale database.

(a) Sample images on the LFW database. The recognition rates (%) versus the dimensions of different methods on the (b) PIE67 x 170, (c) LFW databases,

TABLE VII
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF ALL METHODS ON PIE67 x 170 FACE DATABASE

Training LCLE- LC-KS JSLR Deep- Deep-
samples PCA UDFS SLDA LPP RFS SpLPP RR LDA DL VD2 (a1=0) JSLR NN JSLR
45.75 45.75 78.63 59.72 76.14 69.71 58.85 72.74 82.72 78.78 81.47 83.64 90.90 95.62

10 +3.71 +3.72 +3.55 +3.33 +4.03 +3.69 +3.01 +2.70 +2.86 +2.11 +2.93 +3.17 +1.21 +1.31
40*5 40*5 13%5 40%5 13*5 21%*5 13*5 13*5 40*5 40*5 40*5 40%5 40*5 405

62.89 62.89 88.41 73.32 87.84 83.38 72.75 84.29 86.84 86.19 90.84 91.55 93.98 97.70

20 +3.05 +3.06 +2.09 +3.12 +2.11 +3.09 +2.66 £2.11 +1.42 +1.23 +£1.42 +1.37 +1.07 +0.73
40*5 40%*5 13*5 40*5 13*5 30%*5 13*5 13*5 40*5 40*5 40*5 40*5 40*5 40%5

69.85 69.85 91.46 77.99 91.05 87.42 83.74 87.98 87.81 87.96 93.38 93.70 95.36 98.38

30 +3.57 +3.58 +2.22 +2.76 +2.30 +2.72 +3.13 +2.78 +1.61 +1.27 +1.82 +1.78 +1.00 +0.67
40*5 40*5 13%5 40%*5 13%5 36*5 13*5 13%5 40%5 39*5 40*5 40*5 40%*5 40%5

There are total 11,390 images from 67 individuals and each
individual has 170 images on this database. The experiment on
this database is conducted to evaluate the performance of JSLR
as well as the compared methods on the occasion when there are
various facial expression, lighting condition and angle on the
face images.

In this experiments, [ (I = 10,20, 30) images of each indi-
vidual are randomly selected for training and the remaining are
used for testing. The recognition rates of all methods are shown

in Fig. 3(b) and Table VII. From Fig. 3(b), JSLR as well as
JSLR(al = 0) obtain higher recognition rate than other meth-
ods, which indicates that the proposed method is superior to
other methods even without the L ;-norm regularization term
(this can also be verified by Fig. 2(c) and Table II).

C. Experiments Based on Deep Learning

In this section, experiments on three database (AR, the stan-
dard subsets of the FERET and the LFW databases [74]) were
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TABLE VIII
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF ALL METHODS ON AR FACE DATABASE BASED ON DEEP LEARNING

Trainin; LCLE- LC- Deep- JSLR
Samplef PCA UDFS  SLDA LPP RFS SpLPP RR LDA DL KSVD2 NI\II’ @0 ISR
87.12 87.12 87.53 83.46 88.80 §7.12 74.53 8237 90.01 89.89 83.43 13.49 90.23
4 +12.26 +12.33 +9.26 +10.96 +10.73 +11.90 +9.91 +8.81 +6.50 +6.89 +12.78 +7.47 +9.77
30%5 30%5 24%5 20%5 24%5 30%5 24%5 23%5 30%5 30%5 29%5 30%5 28%5
91.84 91.84 91.16 89.82 93.17 91.84 80.74 89.63 94.67 94.10 89.26 76.91 94.70
5 4936 =943 784 820  +7.79 +8.83 178 £756 4.6 4460 936 551 +7.02
30%5 30%5 24%5 20%5 24%5 30%5 24%5 21%5 30%5 30%5 29%5 30%5 29%5
95.40 95.33 94.39 93.99 96.16 95.33 84.64 93.85 96.81 96.67 93.27 92.93 97.52
6 277 4275 £384 4314 274 282 +6.58  +3.65 4225 +1.78 43.07 +3.58 +1.84
29%5 30%5 24%5 16%5 24%5 30%5 24%5 18*5 30%5 30%5 29%5 30%5 30%5

TABLE IX

THE MAXIMAL RECOGNITION RATE OF ALL METHODS ON THE Fb, Fc, Dupl, Dup2 FACE DATABASE BASED ON DEEP LEARNING

Algorithm Fb (dim=216, 512) Fc (dim=216, 512) Dupl(dim=216, 512) Dup2(dim=216, 512)
PCA 99.41, 99.41 99.48, 99.48 98.20, 98.20 98.29, 98.29
UDFS 80.75, 99.41 65.46, 99.48 43.07, 98.20 4530, 98.29
SLDA 98.49, 9891 100.00, 100.00 84.63, 88.50 89.74, 9231
LPP 98.58, 99.16 90.03, 92.66 86.75, 91.45 86.75, 91.45
RFS 99.58, 99.58 100.00, 100.00 97.51, 98.48 98.72, 99.15
SpLPP 99.41, 99.50 98.97, 99.48 97.78, 98.06 98.72, 99.15
RR 98.74, 9891 98.45, 98.45 94.46, 94.46 96.58, 96.58
LDA 99.41, 99.41 99.48, 99.48 98.20, 98.20 98.29, 98.29
LCLE-DL* - - - -
LC-KSVD2* - - - -
Deep-NN 99.41, 99.50 99.48, 99.48 98.48, 98.48 98.72, 98.72
JSLR (01=0) 98.58, 99.41 99.48, 100.00 86.01, 93.77 88.03, 94.44
JSLR 99.67, 99.67 100.00, 100.00 98.75, 98.89 99.57, 99.57

“Since there is only one sample in each class on the training set of Fa, the dictionary learning methods are not suitable to use in this case and the

performance is too poor to be presented.

conducted based on deep learning. In the experiments, the Caffe
deep learning framework [75] was used as the pre-processing to
learn the deep features from the sample images. After the deep
features were obtained, we further used the subspace learning
methods (i.e. PCA, UDFS, SLDA, LPP, RFS, SpLpp, RR,
LDA and the proposed JSLR) and dictionary learning methods
(i.e. LCLE-DL and LC-KSVD2) to perform further feature
extraction and then the nearest neighbor classifier was used for
classification.

For AR and the standard subsets of the FERET databases, the
dimension of extracted features based on the deep convolutional
neural network (CNN) is 512 while that of the LFW database is
1024. For the standard FERET dataset, the Fa subset was used
as the gallery set while the Fb, Fc, Dup1 and Dup2 were used as
the probe sets. The LFW database contains images from 5,749
subjects in the uncontrolled environment, which makes it as a
challenging recognition task. 158 subjects with total 4,324 im-
ages are selected from LFW-a subset and used in our experiment
as the LFW-a subset is the aligned version of LFW database. The
sample images on this database are shown in Fig. 3(a).

The experimental results on AR databases is listed in
Table VIII. For the standard subsets of the FERET database,
the best recognition rates corresponding different methods are

shown in Table IX, in which the accuracy on both the origi-
nal dimensions (i.e. 512) and 216 dimensions (i.e. half of 512)
are listed. The results in Table VIII and IX clearly show that
the performance of the proposed JSLR is better than that of
Deep-NN. This indicates that JSLR is able to extract discrimi-
native information from deep features and further achieve higher
recognition rate. The experimental results on LFW database are
shown in Fig. 3(c) and Table X. In Fig. 3(c), the reason why
no curves of LCLE-DL and LC-KSVD?2 present is that no PCA
is used as pre-processing to reduce the dimension of the input
data to a specific value, the dictionary learning methods (i.e.
LCLE-DL and LC-KSVD2) can only obtain recognition rate
corresponding to the original dimension (i.e. 1024). Therefore,
we cannot obtain the recognition rate curve versus the dimen-
sion variations for the two methods. From Fig. 3(c) and Table X,
we can know that JSLR outperforms other compared methods
again.

The convergence curves of the proposed JSLR on all databases
are shown in Fig. 3(d) and Fig. 4. In these figures, the objective
function value corresponding to each iteration is denoted as e¥
where y is the values marked on the vertical coordinate. The
convergence curves on all databases indicate that the proposed
method can converge after several iterations.
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TABLE X
THE PERFORMANCE (RECOGNITION RATE, STANDARD DEVIATION AND DIMENSION) OF ALL METHODS ON THE LFW FACE DATABASE BASED ON DEEP LEARNING

Training LCLE- LC- Deep- JSLR
samples PCA UDFS SLDA LPP RFS SpLPP RR LDA DL KSVD2 NN (@1=0) JSLR
96.46 96.50 97.59 91.13 96.96 89.29 95.06 55.60 95.39 93.94 96.45 95.51 98.19
3 +0.18 +0.18 +0.23 +0.67 +0.19 +1.02 +0.43 +3.36 +0.57 +0.96 +0.16 +0.39 +0.20
15%5 16*5 31*5 19%5 31*5 9*5 31*5 29*5 40*5 40%*5 197*5 40*5 40*%5
96.79 96.80 98.58 97.82 98.39 96.67 96.48 69.64 97.51 95.48 96.78 98.39 98.71
5 +0.23 +0.22 +0.22 +0.20 +0.26 +0.24 +0.32 +2.22 +0.32 +0.30 +0.20 +0.14 +0.20
14*5 13*5 31%*5 21%5 31*5 9*5 31%5 25%5 40*5 40*5 198*5 40*5 39*5
97.06 97.12 99.01 98.85 98.96 98.10 97.07 70.47 97.95 97.16 97.08 98.91 98.92
7 +0.11 +0.15 +0.14 +0.17 +0.10 +0.20 +0.32 +2.71 +0.35 +0.38 +0.12 +0.14 +0.13
20*5 13*5 31%5 25*5 31*5 9*5 25%5 26*5 40%5 40*5 197*5 39%*5 39%5
14y 14y 14y
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Fig. 4. Examples of the convergence curves of JSLR on (a) FERET, (b) AR, (c) CMU PIE, (d) USPS, (e) PIE67 x 170 and (f) LFW database, respectively.

D. Experimental Results and Discussions

The comparison among the proposed JSLR, classical PCA,
RR, LDA, SLDA, LPP, SpLPP, Lj{-norm based methods
(UDFS, RFS) and dictionary learning methods (LCLE-DL, LC-
KSVD2) has been presented using recognition rates on these
databases: FERET, AR, CMU PIE, Yale and USPS. From the
results, we reveal the following interesting points:

1) In all experiments, including the face databases (FERET,
AR, CMU PIE, Yale) and non-facial database (USPS),
JSLR consistently achieves higher recognition rates than
other methods. These results are in line with the theoretical
analysis of JSLR that it obtains discriminative information
with joint sparsity and takes local geometric structure of
dataset into consideration to perform feature selection and
extraction.

2) JSLR is able to encode more discriminating informa-
tion in the low-dimensional face subspace since the local

3)

geometric structure is considered to be more effective than
the global structure for feature extraction and feature se-
lection in some cases. The reason why JSLR outperforms
the local structure learning method such as LPP and SpLpp
is that JSLR utilizes -norm regularization for feature se-
lection and feature extraction to obtain the discriminative
information for face recognition.

As it can be seen from the Fig. 2(d), (e) and (f), the tra-
ditional regression methods and/or their extensions can
obtain only c projections for feature extraction and classi-
fication, which is not enough to achieve high recognition
rates. Note that the number of classes in CMU PIE and
Yale is 68 and 15, respectively. Therefore the numbers of
projections obtained by LDA are 67 and 14, and the num-
bers of projections obtained by RR are 68 and 15 on CMU
PIE and Yale databases, respectively. Fig. 2(e) and (f) show
that the recognition rates of RR and LDA achieve their top
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TABLE XI
THE COMPUTATIONAL COST (UNIT: S) OF DIFFERENT METHODS

LCLE- LC- JSLR
Data set () PCA UDFS  SLDA LPP RFS SpLPP RR LDA DL KSVD2  (al-0) JSLR
FERET (/=4) 00720 00390 147585  0.201 17227  23.8032  0.1456  0.0642 17157 211985  0.0334  0.0301
AR(I=4) 0.0305 00566  7.2524  0.0097 05550  39.4835  0.1484 00607  1.1984 114715 00242  0.0237
MU PIE
C( l‘j 4) 0.0087 00767  7.6509 00375 01741 4577060  0.0383  0.0483 04201 61862 00341  0.0906
Yale (/=4) 0.0019 00053 01162  0.0018 00161 04617  0.1251 00039 00505 11682 00028  0.0035
USPS(/=400) 00105 00433 40517 02033  131.6732 2404646  0.0091 00376 67102 3477577  0.1423  0.1462
PI(EIZ ;01)7 O 024 00738 1682569 00280 2858122 38 00190 02580 77944 6307555 02123 02864
LFW (1=4) 00229  0.0661 486211  0.0157 14418 2558663  0.0319  0.0984 11866 188623  0.1565  0.2012
1.3758 3.8150 1.5484
Fa 0.0234  0.4945 Choa 00611 100917 "5 00236 00371 181813 7% 03679 02854
recognition rates using all the projections (we copy the fi- SLDA, SpLPP). The essential reason is that both SLDA
nal recognition rate to full fill all the dimensions listed on and SpLPP use the least-angle regression method to com-
the horizontal axis). Thus the recognition rates no more pute the sparse solution and the iteration times are more
increase after the number of dimension reaches 67 and 14 than the proposed method. Moreover, the projections of
for LDA and 68 and 15 for RR on CMU PIE and Yale SLDA and SpLPP are computed one by one while JSLR
face databases, respectively. These figures show that the can simultaneously compute a set of jointly sparse projec-
lack of enough projection of LDA and RR limits their per- tions. Thus, the proposed JSLR is efficient and effective
formances. However, JSLR can break through this limi- for computer vision and pattern recognition.
tation and obtain more projections. This is the potential 7) From Tables III and IV, we can see that when more train-

reason for JSLR to achieve higher recognition rates. In
addition, the experimental result on USPS database with
more than 4000 samples (as shown in Table VI) indicates
the robustness and effectiveness of JSLR in dealing with
large-sample size problem.

4) The Lo ;-norm based methods such as JSLR, RFS and

UDES are robust to outliers in dataset and they guarantee
the joint sparsity. However, JSLR obtains the best recogni-
tion rates when there are variations on lighting condition
and face expressions. This indicates that JSLR is more
robust than RFS and UDEFS in feature extraction and se-
lection when there exists variations on lighting condition
and face expressions. In addition, the experimental results
based on deep learning techniques presented in Table VIII
and Table IX indicate the good performance of the pro-
posed JSLR.

5) Experimental results indicate that the proposed JSLR per-

forms better than the dictionary learning methods (LCLE-
DL and LC-KSVD?2). The reason is that JSLR guaran-
tees the joint sparsity for discriminant feature selection
or extraction in different cases. The Comparison between
Deep-NN and Deep-JSLR shows that JSLR can further
enhance the discriminative power of the deeply learned
features based on CNNss in face recognition and character
recognition tasks.

6) Table XI presents the computational time (unit: second)

of each method on different data sets. From Table XI, we
can know that the proposed JSLR based on Ly 1-norm
minimization is fast convergent and the computational
cost is much less than the L;-norm based methods (i.e.

ing samples are used, the recognition rates of all meth-
ods are higher than that when less training samples are
used. However, it does not mean that more traning sam-
ples can definitely help to obtain higher recognition rate.
As shown in Table IV, when 20/24 training samples are
used, the recognition rates of all methods become lower
compared to the case when 19/24 training samples are
used. The potential reason for this phenomenon is that too
many training samples may lead to overfitting and thus all
methods obtain poorer performance in the testing stage.

VII. CONCLUSION

Motivated by previous works that Lo 1-norm regularization
is able to obtain joint sparsity, and the local geometric informa-
tion can enhance feature selection capability, in this paper, we
propose a novel method called JSLR for feature extraction and
selection. With L ;-norm regularization and locality preserving
property, JSLR can obtain any number of discriminative projec-
tions for feature selection, which addresses the drawback in LDA
and ridge regression. Theoretical analyses show the close rela-
tionship of JSLR and ridge regression, which also guarantees
the effectiveness of JSLR in feature extraction and selection. In
order to obtain the optimal solution of JSLR, we propose an it-
erative algorithm which is proved to be convergent. In addition,
the computational complexity of the algorithm is also presented.
The performance of JSLR on several well-known face databases
shows that it outperforms the classical principle component anal-
ysis methods, traditional sparse learning methods and recently
proposed Lo ;-norm regularization methods.
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APPENDIX
PROOF OF THEOREM 1

From Eq. (10), we have

2

Iy - x*BA™,
=Tr (Y'Y -2B"XYA+B"XX"B).

By setting the derivatives of the above problem with respect

to B equaling to 0, we have
B=(XXT)y"'XYA.
Let B* represents the optimal solution of Eq. (10), then
B* = (XXT)"'XYA.

Since P’ = (XX7)"' XY, we have B* = P'A. As ma-
trix A is a rotation matrix, then the subspace spanned by B* in
Eq. (10) is the same as that spanned by P in Eq. (1), namely,

span(B*) = span(P?).

Suppose ATA =1, VIV = TandUTU = I, by the SVD
of X = UDVT, we have B* = U% VTY A. Since the opti-
mal solution of Eq. (3) is P* = U—-L V7Y, then we can

D?+ar

find that the subspaces spanned by B* and P° have the same
base matrix U and the only difference is that there is a weighted
rotation matrix, which does not affect the spanned subspace.

Thus, we can say span(B*) = span(P*).
If @« — 0, we have

PA-U—2 V'YA-ULV'YA=B"
D* 4ol D

Thus, for any two pattern vectors x; and x;, since ATA=T s
the distance of the two points obtained by using the two sub-
spaces (i.e. B* and P*) for feature extraction is invariant. That

is,

H (:BZ — :Bj)TB*

which indicates that the performance of using the two metric
matrices derived by B* and P* for classification will be the

same.
For Eq. (19), if «; — 0 and a; — 0, we have

B=(XX"+aDp+aX (D-W)X") 'XYA

— (XXT)"'XY A =B,
namely, span(B*) — span(B).

Since span(B*) = span(P"), span(B*) = span(P*), then span

(B) — span(P?), span(B) — span(P*).
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