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ABSTRACT 
 
Discriminative dictionary learning (DDL) has been applied 
to various pattern classification problems. Despite satisfying 
experimental results, most existing discriminative dictionary 
learning methods emphasize too much on the role of l0 or l1-
norm sparsity, while the underlying local structure of origi-
nal data is totally ignored. In this paper, we present a novel 
dictionary learning method, named Locality Sensitive Dis-
criminative Dictionary Learning (LSDDL), which combines 
basic dictionary learning scheme and locality relationship of 
original data which is propagated to the coding vectors. The 
learned discriminative dictionary can map the original data 
points into a new space in which the nearby points with the 
same label are close to each other while the nearby points 
with different labels are far apart. Experiments clearly show 
that our method has very competitive performance in con-
trast to previous discriminative dictionary learning methods.  
 

Index Terms— Discriminative dictionary learning, pat-
tern classification, supervised learning, locality. 
 

1. INTRODUCTION 
 
Dictionary learning (DL) aims to learn a series of bases, 
namely atoms, so that a given data point can be well approx-
imated by linearly combining these bases [1]. However, the 
traditional dictionary learning framework is not widely ap-
plied to pattern classification at prime tense, since the dic-
tionary is merely used to reconstruct signals. To overcome 
this obstacle, researchers have proposed a lot of approaches 
to obtain a classification-oriented dictionary by utilizing the 
category label information. 

In [2] and [3], a given testing sample is first coded over 
a fixed dictionary which is made up of all the training sam-
ples, then the classification is conducted by checking which 
class yields the least reconstruction error. These novel clas-
sification algorithms perform well in human face recogni-
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tion and boost the research of dictionary learning in the field 
of pattern classification. By learning a dictionary instead of 
exploiting a pre-defined dictionary, a class-wise residual can 
still be used as a decision value for label assignment [4], [5]. 
Recently, more and more attention has been paid on making 
the sparse coefficients discriminative by enforcing the dis-
criminability of dictionary [6]-[10]. Researchers utilize the 
coding coefficients as new features and apply various classi-
fication schemes according to multifarious learning tasks. In 
[11]-[14], the local similarity of coding coefficients is taken 
into account during the dictionary learning process.  

However, those previous works emphasize too much on 
the role of sparsity and consider only discriminativeness for 
classification, while the underlying local structure of origi-
nal input data is totally ignored. In many applications, high-
dimensional features from the same class often exhibit de-
generate structure [15] and lie on or near low-dimensional 
subspaces, submanifolds, or stratifications. The dependence 
information among the local data points is mostly lost dur-
ing the reconstruction process with a learned dictionary. 

To exploit this underlying local structure of original in-
put data and encourage discriminability simultaneously, we 
present a novel Locality Sensitive Discriminative Dictionary 
Learning (LSDDL) method, which combines basic dictio-
nary learning framework and locality relationship of original 
data which is propagated to the coding vectors. The learned 
discriminative dictionary can map the data points into a new 
space where the nearby points from the same class are close 
to each other while the nearby points from different classes 
are far apart. The other contribution of our paper is that the 
LSDDL method utilizes analytical solutions in both dictio-
nary learning and coding phases, which can improve the 
efficiency. Experiments in famous visual classification data-
sets show that our proposed LSDDL outperforms state-of-
the-art DL methods. 

The rest of this paper is organized as follows. Section 2 
provides a brief review of the basics of dictionary learning. 
In Section 3, the proposed Locality Sensitive Discriminative 
Dictionary Learning (LSDDL) method is introduced. Exten-
sive experiments are conducted to verify the effectiveness of 
our proposed method in Section 4. Finally, we conclude this 
paper as well as discuss future works in Section 5. 
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2. DICTIONARY LEARNING 
 
Let Y = [y1,...,yN] ∈ ℝn×N be the training data matrix, where yi ∈ ℝn denotes the ith sample with n-dimensional feature de-
scription. Dictionary learning scheme aims to obtain an op-
timized dictionary D = [d1,...,dK] ∈ ℝn×K that provides a suc-
cinct and effective representation for most training data. The 
procedure of dictionary learning can be formulated as 

( ) ( )* * 2
2, 1

, arg min || || || ||
N

i i i p
i

τ
=

= − +∑D X
D X y Dx x ,   (1) 

where X = [x1,...,xN] ∈ ℝK×N is the coding coefficient matrix 
of Y over D. Constant τ ≥ 0 is a regularization parameter and 
|| · ||p denotes the lp-norm. If p = 1, we obtain a LASSO model 
[21], which can produce a sparse representation. If p = 2, we 
have a model called Ridge Regression [21], which can 
shrink all the elements. The basic dictionary learning frame 
in (1) can be rewritten in an equivalent matrix form: 

( ) 2* *

,
, arg min

F p
τ= − +

D X
D X Y DX X .         (2) 

The optimization problem in (2) is convex in either D or X, 
but not convex in both simultaneously. A two-step strategy 
is commonly used by alternatively optimizing with respect 
to one variable while holding the other fixed. 

Note that (2) is concentrated on the reconstruction error 
and ignores the discriminatablity of dictionary for classifica-
tion tasks. Hence, discriminative dictionary learning (DDL) 
methods have been proposed, which integrate the category 
label information of training data into the objective function 
of dictionary learning by introducing discrimination promo-
tion functions to (2) to ensure the discrimination power of D. 
Inspired by these attempts, we utilize the local structure of 
training data, which is totally ignored in most DDL methods.  
 

3. PROPOSED METHOD 
 
In this section, we introduce our proposed Locality Sensitive 
Discriminative Dictionary Learning method, which respects 
both discriminative and geometrical structure of the original 
data Y. We begin with our motivation for Locality Sensitive 
Discriminative Dictionary Learning. 
 
3.1. Motivation 
 
As described previously, the original features from the same 
class often tend to lie on or near low-dimensional subspaces, 
submanifolds, or stratifications. We wish to learn a dictio-
nary in order to map original features to a new space where 
several nearest same-label neighbors of each training data 
point are preserved while the points with different labels are 
repelled. In other words, we hope to propagate the locality 
relationship of training data Y to corresponding coding vec-
tors X by learning a discriminative dictionary D which can 
maximize the local margin between different classes.  

coding

margin

 
 

Fig. 1: Illustration of our proposed LSDDL method. 
 
3.2. Locality Sensitive and Discriminative Objective 
 
To discover both geometrical and discriminantive structure 
of the training data Y = [y1,...,yN] ∈ ℝn×N, we construct two 
adjacency graphs. For each data point yi, we use its k nearest 
same-label neighbors to create a set Nw(yi) and put an edge 
between yi and these neighbors to construct the within-class 
graph Gw. Similarly, we obtain a set Nb(yi) containing the k 
nearest neighbors with different labels from yi and construct 
the between-class graph Gb. Here, k is a pre-defined positive 
integer. Clearly, Nb(yi) ∩ Nw(yi) = ∅. Let Wb and Ww denote 
the weight matrices of Gb and Gw, respectively. We define: 

,
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Specifically, we use Gaussian kernel to define the weights 
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where dist ( yi, yj ) represents the Euclidean distance between 
yi and yj in this paper. Denominator t adjusts the weight de-
cay speed, which can be set to 1 without loss of generality. 

Now, we consider the problem of propagating the local-
ity relationship of the training data Y to the coding vectors X, 
while maximizing local margin between different categories. 
A reasonable criterion for determining a “good” coding is to 
optimize the two objective functions 

2
2 ,

1 1

max || ||
N N

i j b ij
i j= =
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x x W ,                              (6) 

2
2 ,

1 1

min || ||
N N

i j w ij
i j= =

−∑∑X
x x W ,                              (7) 

where X = [x1,...,xN] ∈ ℝK×N. 
 
3.3. Proposed LSDDL Method 
 
In this subsection, we introduce our proposed Locality Sen-
sitive Discriminative Dictionary Learning (LSDDL) method, 
which combines the essential dictionary learning framework 
and the two locality sensitive and discriminative objectives 
together. The final objective function is defined: 
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where the first summation is the basic objective function for 
dictionary learning, which is similar to ( 1 ) in Section 2. Here, 
we utilize a simple l2-norm constraint on xi. Constant α > 0 
and λ > 0 are regularization parameters that control the rela-
tive contribution of corresponding terms.  

Let Sb be a diagonal matrix whose entries are column (or 
row, since it can be seen from the previous description that 
Wb is symmetric) sum of Wb, so Sb,ii ≜ ∑ jWb,ij. We define Lb ≜ Sb − Wb is the Laplacian matrix of between-class graph Gb. 
Similarly, we can obtain the Laplacian matrix Lw of within-
class graph Gw. It can be derived that the objective function 
in (8) is equivalent to 

( ) 2 2* *

,
, arg min ( )T

F F
Trα τ= − + +

D X
D X Y DX X XL X ,(9) 

where L ≜ Lw-λLb, and Tr(XTXL) returns the trace of matrix 
product XTXL. 
 
3.4. Optimization Procedure 
 
Similar to most discriminative dictionary learning methods, 
we solve (9) iteratively with first respect to each xi and then 
D with all other variables fixed. These steps are continued 
until convergence, which is summarized in Algorithm 1. 

To compute the coding coefficient matrix X with fixed 
D, we optimize xi alternately and fix all other xj (j ≠ i). Op-
timizing (9) is equivalent to 

* 2 2
2 2arg min || || || || ( )

i
i i i i ifτ= − + +

x
x y Dx x x ,       (10) 

where f(xi) = α[2xi
T
 (XLi) - xi

T
 xiLii] and Li is the ith column of 

matrix L, and Lii is the (i, i) th element of matrix L. We de-
note g(xi) as the sum of the previous two terms in (10), then 
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,        (12) 

where I is an identity matrix. It can be seen that the Hessian 
matrix of objective function can be positive semi-definite if 
we choose proper τ, α and λ in practice, hence (10) is convex 
for xi. So we can set the first derivative (11) to zero and ob-
tain the analytic solution 

1* ( )T T
i ii i m mi

m i

τ α α
−

≠

⎛ ⎞⎡ ⎤= + + −⎜ ⎟⎣ ⎦ ⎝ ⎠
∑x D D L I D y x L .  (13) 

To update dictionary D with fixed X, we need to optim-
ize the following objective function 
 

Algorithm 1: Locality Sensitive Discriminative Dictio-
nary Learning (LSDDL) 
Input: Training data Y and corresponding label matrix H; 
graph parameter k; regularization parameters τ, α, λ. 
Initialization: Compute L1. Initialize D0 and X0 referring 
to [9]. Normalize each atoms of D0 to have unit l2-norm. 
1:  while not convergence do 
2:      Compute X via (13) column by column; 
3:      Update D via (17) or referring to [17]; 
4:  end while 
Output: The learned dictionary D. 
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where  denotes the Kronecker product. It can be demon-
strated that the Hessian matrix of objective function (14) is 
positive semi-definite, so it is convex for D. The analytical 
solution can also be computed by setting the first derivative 
(15) to zero. Then, we can obtain 

( ) 1* T T η
−

= +D YX XX I ,                    (17) 

where η > 0 is very small to guarantee that the matrix ( XXT
 + 

ηI ) is nonsingular. In practice, we can constrain the energy 
of each di to make the LSDDL more stable, and utilize an 
effective algorithm [17] to update D. 
 
3.5. Classification 
 
With the given training data Y and corresponding label ma-
trix H, an optimized dictionary D can be learned by LSDDL. 
Then, we can obtain an optimized coding vector xi for each 
training sample yi over the learned discriminative dictionary 
D by solving Ridge Regression  

2 2*
2 2

 arg min τ= − +
x

x y Dx x ,                 (18) 

whose solution can be analytically derived as x = Py, where 
P = (DTD + τΙ )-1DT, and τ > 0 could ensure the invertibility of 
(DTD + τΙ ). Clearly, P is independent of y, so it can be pre-
calculated. 

When a testing sample arrives, we code it via (18), and 
utilize simple classifiers (e.g., Nearest Neighbor Classifier) 
to estimate its class label. The only thing to note here is that 
we use the coding vectors of both training and testing sam-
ples, as well as the corresponding label matrix H of training 
samples, to perform classification. 
                                                 
1 In practice, we use the normalized Laplacian matrix Lnorm = I - S-1/2WS-1/2 
instead of L, where I is an identity matrix, S ≜ Sw-λSb and W ≜ Ww-λWb. 
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Table 1: LSDDL parameters, obtained by cross-validation. 

 Extended 
YaleB AR Caltech101 

k 
τ 
 α 
 λ 

7 
1×10-6 

5×10-4 

0.20 

7 
1×10-8 
2×10-4 
0.10 

5 
1×10-8 
7×10-6 
0.06 

 
4. EXPERIMENTS 

 
We evaluate the proposed LSDDL method on famous visual 
classification datasets: Two face databases (Extended YaleB 
[18] and AR [19]), and one object categorization database 
(Caltech101) [20]. These datasets are widely used in pre-
vious works to evaluate various dictionary learning methods. 
We compare our proposed method with the following me-
thods: the baseline support vector machine (SVM), the clas-
sical sparse-representation-based classification (SRC) [2] 
and collaborative-representation-based classification (CRC) 
[3], the novel locality-sensitive SRC (LSRC) [11] motivated 
by the locality-constrained linear coding (LLC) algorithm 
[12], and the state-of-the-art dictionary learning algorithms 
DLSI [5], FDDL [8], LC-KSVD [9], DDL-PC [13], and the 
recently proposed LPDDL [14]. For all the above competing 
methods, we follow the experimental settings in [9] for fair 
comparison. We utilize the features of the three famous da-
tabases provided by Jiang et al. [9]2 and tune our parameters 
by cross validation on each dataset. The best parameters of 
our LSDDL method are listed in Table 1.  

The Extended YaleB [18] database includes 2,414 face 
images from 38 human subjects under 64 illumination con-
ditions. All the images are cropped and scaled to 192 × 168. 
The Extended YaleB database is challenging due to varying 
illumination conditions and plentiful expressions. We ran-
domly choose 32 images per person for training and the rest 
for testing. We repeated 20 times such a sampling process 
and report their average as the classification accuracy. The 
dimension of the random-face feature is 504, and we fix the 
dictionary size of 1,216 atoms. As shown in Table 2, our 
approach has higher accuracy than SVM, SRC, LSRC, and 
state-of-the-art dictionary learning algorithms FDDL, LC-
KSVD, DDL-PC, and the recent LPDDL. It can be seen that 
our method is comparable to CRC and DLSI. 

The AR face database [19] is comprised of more than 
4,000 color face images of 126 persons. Each human subject 
has 26 frontal face images taken during two sessions. The 
main characteristic of the AR face database is that it in-
cludes frontal views of faces with different occlusion condi-
tions, lighting conditions and facial expressions. All the 
original images are cropped to 165 × 120 pixels. Following 
the standard evaluation protocol, a set of 2,600 images from 
                                                 
2 Online: http://www.umiacs.umd.edu/~zhuolin/projectlcksvd.html 

 
Table 2: Classification accuracies (%) on three databases. 

 Extended 
YaleB AR Caltech101 

SVM 
SRC 
CRC 

LSRC 
DLSI 
FDDL 

LC-KSVD 
DDL-PC 
LPDDL 

95.6 
96.5 
97.0 
95.7 
97.0 
96.7 
96.7 
95.3 
96.4 

96.5 
97.5 
98.0 
97.4 
97.5 
97.5 
97.8 
96.0 
97.3 

64.6 
70.7 
68.2 
73.4 
73.1 
73.2 
73.6 
73.2 
73.3 

Ours 97.0 98.0 73.6 
 

 
50 males and 50 females are extracted. For each person, we 
randomly select 20 images for training and the rest for test-
ing. The results are reported from the average of 20 such 
random splits. The features used here are 540-dimensional 
random face features. We utilize a dictionary of 2,000 atoms. 
It can be seen from Table 2 that our LSDDL obtains an im-
provement over other algorithms. 

The Caltech101 database [20] consists of 9,144 images 
from 101 common object classes and a background class. 
The number of samples in each category ranges from 31 to 
800. Following the experimental settings in [9], 30 samples 
per category are selected for training and the rest for testing. 
We use the bag-of-visual-words (BoVW) + spatial pyramid 
matching (SPM) framework for feature extraction. Dense 
SIFT descriptors are extracted on three grids of sizes 1 × 1, 2 
× 2, and 4 × 4 to obtain the SPM features. For a fair compar-
ison, we utilize the vector quantization (VQ) based coding 
method to extract the mid-level features and utilize the max 
pooling approach to obtain the high dimension pooled fea-
tures. Finally, we use Principal Component Analysis (PCA) 
to reduce the 21,504 dimensional data to 3,000 dimensions. 
The experimental results are summarized in Table 2. Our 
LSDDL method achieves the best performance again. 
 

5. CONCLUSION 
 
In this paper, we proposed a novel Locality Sensitive Dis-
criminative Dictionary Learning (LSDDL) method, which 
focuses on making full use of the discriminative and geome-
trical structure of original feature. The main contribution of 
LSDDL is that it makes the corresponding coding coeffi-
cients over the learned dictionary preserve local relationship 
of original data points with the same class label and induce a 
large margin between points belonging to different classes. 
Performance evaluation on three publically visual classifica-
tion datasets reveals the effectiveness of our method. Future 
researches will mainly focus on reducing the consumed time 
for cross-validation in the training phase. 
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