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ABSTRACT

Recently, sparse coding has been widely and successfully
used in image classification, noise reduction, texture synthe-
sis and audio processing. Although traditional sparse coding
method with fixed dictionaries like wavelet and curvelet
can produce promising results, unsupervised sparse coding
has shown its advantage by optimizing the dictionary adap-
tively. However, existing unsupervised sparse coding failed to
consider the high dimensional manifold information within
data. Recently, a graph regularized sparse coding method
has shown outstanding performance by incorporating graph
laplacian manifold information. In this paper, we proposed a
sparse coding method called locally linear embedded sparse
coding, to consider the local manifold structure as well as
learning the sparse representation. We also provided a novel
modified online dictionary learning method which iteratively
utilizes modified least angle regression and block coordinate
descent method to solve the problem. Instead of getting entire
coefficient matrix then update dictionary matrix, our method
updates coefficient vector and dictionary matrix in each inner
iteration. Extensive experimental results have demonstrated
the efficiency and accuracy of our method in image clustering.

Index Terms— Locally linear embedding, sparse coding,
manifold learning, online dictionary learning, least angle re-
gression, image clustering, SIFT

1. INTRODUCTION

Sparse coding enables successful representation of stimuli
with only a few active coefficients. It has shown state-of-art
results in ordinary signal processing tasks like image denois-
ing [1] and restoration [2], audio [3] and video processing
[4], as well as more complicated tasks like image classifica-
tion [5] and image clustering [6]. When applied to natural
images, sparse coding produces learned bases that can re-
semble the receptive fields of neurons in the visual cortex
[7], which is similar to the results of Independent Component
Analysis (ICA) [8] and Gabor filter [9]. Compared with other
unsupervised methods like PCA and ICA, sparse coding can
learn overcomplete basis sets and doesn’t require statistical-
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independence of the dictionary prototype signals. In machine
learning and statistics, slightly different matrix factorization
problems such as non-negative matrix factorization, its vari-
ants [10] [11] and sparse principal component analysis [12]
have been successfully used to obtain interpretable basis ele-
ments.

When dealing with high dimensional feature space in image
clustering and classification, sparse coding with dimension-
ality reduction becomes a reasonable thought. Cai [13] pro-
posed a graph regularized nonnegative matrix factorization
(NMF) method, inspired by his work, Gao [14] and Zheng [6]
proposed graph regularized sparse coding (GraphSC), which
explicitly considers the local geometrical structure of the
data. In those epic work, graph regularized NMF and sparse
coding show big improvement on image clustering compared
with existing NMF and sparse coding. However, all of these
graph regularized work are based on graph laplacian method,
which is only one of the many manifold learning methods. In
this paper, we proposed a locally linear embedded sparse cod-
ing method (LLESC) together with a novel modified online
dictionary learning method (MODL) to solve the objective
function efficiently.

The rest of this paper is organized as follows: In Section II,
we give a brief description of sparse coding problem and pop-
ular methods to solve the sparse coding problem. Section III
introduces the LLESC algorithm, as well as the MODL solu-
tion. Experimental results on image clustering are presented
in Section IV.

2. A BRIEF REVIEW OF SPARSE CODING

Given a data matrix X = [@1, ..., &) € R™™*™, let D =
[dy,...,d;] € R"*F where each d; represents a basis vector
in the dictionary, and A = [y, ..., @] € R¥X™ be the co-
efficient matrix, where each column is a sparse representation
for a data point. A good dictionary and coefficient pair should
minimize the empirical loss function, which can be repre-
sented as y .-, ||&; — Da;l|,. The typical norms used for
measuring the loss function are the L, norms where p = 1,2
and co. Here we concentrate on least square loss problems
when p = 2.
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The objective function of sparse coding can be formulated
as:

min|| X — DAHF+BZf(aL) M

st ||di||? < eyi= 1 Wk
where f is a function to measure the sparseness of a; and
I || 7 denotes the matrix Frobenius norm.
Following [15] [16], we adopt the idea of L; norm instead
of Lo, which can produce similar results with affordable com-
putational cost. The objective function then becomes:

. _ 2 S )
gl}gHX DA% +8 Z lleill1s 2)

st ||di||? < cyi= 1 Wk
Although the objective functlon is not convex with D and A
together, it is convex with either one fixed. We iteratively op-
timize the objective function by minimizing over one variable
with the other one fixed. Thus, it becomes an L;-regularized
least squares problem with an L,-constrained least square
problem.

3. LOCALLY LINEAR EMBEDDED SPARSE
CODING (LLESC)

3.1. Algorithm Outline

Locally linear embedding (LLE) is an unsupervised learning
algorithm that computes low dimensional, neighborhood pre-
serving embedding of high dimensional data. LLE attempts
to discover nonlinear structure in high dimensional data by
exploiting the local symmetries of linear reconstruction [17].
Given a set of m dimensional data points x1, ..., ,,, wWe can
characterize the local geometry of these patches by linear co-
efficients that reconstruct each data point from its neighbors.
Reconstructlon errors are:

i ;m > Wijx;|> = Tr(XLXT) 3)

Where L = (I — W)T(I — W), I is identity matrix, W
is weight matrix.

Nearest neighbor is a necessary step to compute the weight
matrix. Besides using Euclidean distance, we also utilizes
scale-invariant feature transform (SIFT) [18] for nearest
neighbor calculation, which shows better performance in
situations with scaled and rotated image objects.

LLE constructs a neighborhood preserving mapping: x; —
;. By incorporating the LLE regularizer into the original
sparse coding, we can get the following objective function of
LLESC:

min| X — DA% + AXTr(ALAT) + B |lasll, 4
s =1

st |dil> <ei=1,..k

where A > 0 is the regularlzatlon parameter.

3.2. Coefficients Learning and Dictionary Learning

In this section, we show how to solve problem (4) with mod-
ified online dictionary learning algorithm.

Fixing dictionary D, the objective function becomes
mm||X DA||F + MTr(ALAT) + 52 lasll; ()

As problem (5) is convex, global minimum can be achieved[19].

With modified online dictionary learning, we update each
vector «; individually, while keeping all the other vectors
constant. In order to solve the problem by optimizing over
each «;, we rewrite problem (5) in vector form.

Reconstruction error || X — DA||§; can be written as:

2 Nl = Da;? (6)

As matrix L is symmetric in LLE, the regularizer Tr(ALAT)
can be rewritten as:

Tr(ALAT) = T ( Z Lijo;a; = Z Lijala; (7)

4,J=1 4,J=1
We combine reconstruction error with LLE regularizer, add

sparsity constrain to it, the objective function becomes

mmz le; — Daz|| +A Z L”a a]+ﬁz |l ||, (8)
i,5=1

o i
When updating o;, the other vectors {c; } j; are fixed[6]
[20]. Thus, we get the following optimization problem:

k .
min ||z; — Doy ||* + Aol a;+alhi+ BZ |al(-j)| )
a; :

Where h; = 2A(3_;; Lija;) and o is the j- th coefficient
of (67

In Algorithm 1 of modified online dictionary learning
(MODL), we keep dictionary D fixed, optimizing each in-
dividual coefficient «; with all other coefficients fixed for
each input data ;. The method used is modified least angle
regression which will be explained in algorithm 2. Dictio-
nary update is by block coordinate descent method, please
reference [20] for detail.

Algorithm 1: MODL

Require: & € R™ from p(x) (x sequentially aligned in
p(x)), B € R (regularization parameter), Dy € R™** (ini-
tial dictionary), 7' (number of samples in data set p(x)).
1. Ay € RFXF « 0, By € R™* + 0 (Reset the
“past”information)
2:fort=1toT do
3: Draw @ from p(x) (sequentially drawn)
4: Sparse coding: compute using modified LARS
(Algorithm 2)
oy £ arg mmewt
a€ERF 2

Dt_1a||§ + /\LttaTa + aTht

+ By
5: At<—At71 + atatT
6: Bﬁ—Bt—l + xtatT
7 Compute D; using block coordinate descent method
[20], with D;_; as warm
restart, so that

m
Dt—argmm z( & — Dyl + A Y Lijala;
Dec ti=1 ig=1

2528



+ﬁjzluaiu1>

1.1
= argmin=(=Tr(D" DA,) — Tr(D" B,))
Dec t 2
8:end for

9:Return D7, A for complete dictionary and coefficients
learning

Notation: C £ {D € R™*Fs.t.¥j =1, ..., k:,d;frdj < 1}

3.3. Modified Least Angle Regression

Least Angle Regression (LARS) [21] is a regression method
that provides a general version of forward selection, which
is highly efficient in solving LASSO [22]. We follow the
steps presented in [23]. In step 7 of Algorithm 2, instead of
calculating the ordinary least square solution (OLS) (10), we
calculate the locally linear embedded least square solution
(LLELS) (11) to incorporate structure information.

—1
 apy'=(DiDa) Diy (10)
ol e= (DADA+ AL D) (Dha —hi/2) (1)

Where I is identity matrix and hj, = 2X( > Lyjo;).
=y

Algorithm 2: Modified Least Angle Regression

1: Initialize the coefficient vector a{®) = 0 and the fitted
vector 2 = 0.

2: Initialize the active set A = ¢ and the inactive set
I=1,..p.

3:fork=0top—2do

4: Update the residual € = « — &

5: Find the maximal correlation ¢ = maz;cz|d. €|

6: Move variable corresponding to ¢ from Z to A

7: Calculate the graph constrained least square solution:
oY) = (DUD 4+ ALikI) (D% — hy/2)
Where I is identity matrix and hy, = 2A( ) Ly ;)

=

8: Calculate the current direction: d = DAa(LkLJré)LS -z

9: Calculate the step length:

I {d?s—c d?e—i—c
7= Miiez dde - c’dZTd +c

10: Update regression coefficients:
alt D) = (1 - y)a®alD) o

11: Update the fitted vector gk = 0 4 ~vd

12:end for

13:Let a(?) be the full graph constrained least square solution
a® = (DLD A+ ALp-1)p1y D) (D%@ — hy_1/2)
where 1 is identity matrix and hy, 1 = 2A( > Lp—1);x )

p—1#j

},O<fy<l

14: Output: the series of coefficients A = [a(?), ..., a(P)]

4. EXPERIMENTAL RESULTS

In this section, we present image clustering experiments
on CMU-PIE and COIL data set ', data statistics are shown
in table 1. We compared clustering accuracy of our method
(LLESC) against several unsupervised methods. We also
compared the computation efficiency between LLESC and
GrapSC methods [14] [6]. All clustering tasks are based
on a Windows 10 machine with Intel Core i7-2820M 2.3GHz
CPU and 16GB RAM. Algorithms were implemented and ex-
ecuted in MATLAB environment. We used VLFeat toolbox
for SIFT calculation.

We use both PCA and K-SVD for preprocessing (pick
the best results), after getting the coefficient matrix (A) by
GraphSC and LLESC, K-means method will be used to clus-
ter those coefficients. We use computation time from matlab
as efficiency evaluation metric, normalized mutual informa-
tion (NMI) [13] [6] as clustering accuracy evaluation metric.

Table 2, figure 1, table 3 and figure 2 shows LLESC clus-
tering results on CMU-PIE and COIL data set. Figure 3
shows an example of SIFT matching of two images with dif-
ferent orientations. Figure 4 and figure 5 show LLESC and
LLESCGsift (LLESC with SIFT) clustering results with differ-
ent regularization parameter A and number of clusters k& on
CMU-PIE and COIL data set. We can easily find LLESCsift
performances slightly better than LLESC on COIL, as COIL
data set contains images with different orientations and SIFT
is better than Euclidean in finding similar images in those
data sets. Finally, figuer 6 shows our LLESC with MODL
algorithm is more efficient than GraphSC in clustering on
CMU-PIE and COIL data set.

Table 1: Statistics of the data set

Data set Size(N) | Dimensionality (M) | # of class (K)
CMU-PIE || 1428 1024 68
COIL20 1440 1024 20

Table 2: Clusetering performance on CMU-PIE (K is number
of clusters)

Normalized Mutual Information (%)

K Kmeans | PCA KSVD SC LLESC
4 33+5.6 | 444+6.2 | 100 100 100

12 || 524+4.8 | 554+5.1 | 914+£2.2 | 95+1.2 | 97+ 1.1
20 || 55433 | 59+4.5 | 754+2.6 | 91£+1.1 | 96 £1.3
28 || 594+3.7 | 60+34 | 76+£2.8 | 90+1.2 | 96 £ 1.1
36 || 60439 | 63+1.6 | 77+3.1 | 8+2.3 | 95+1.2
44 1 6024 | 65+1.1 | 74+2.7 | 85 +1.5 | 95+1.1
52 61422 | 624+19 | 76+2.2 | 83+2.1 | 94+1.3
60 || 664+3.5 | 66+2.1 | 78+1.9 | 80+1.4 | 94+1.0
68 || 63 66 75 7 93

Note: d; is column of Dictionary D, d is direction.

Thttp://www.cad.zju.edu.cn/home/dengcai/Data/MLData.html
Zhttp://www.vlfeat.org/
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Fig. 1: Normalized mutual information versus the number of

clusters on CMU-PIE data set

Table 3: Clusetering performance on COIL20 (K is number

of clusters)
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Fig. 3: SIFT matching example
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K Kmeans | PCA KSVD SC LLESC
2 67+85 | 544+9.1 | 66 £8.8 | 81£5.2 | 83+9.6
4 654+83 | 63+9.2 | 64+6.9 | 84£6.3 | 84+£9.9
6 66+9.4 | 59+8.1 | 70£8.1 | 78 £4.3 | 83£9.2
8 6186 | 61£9.7 | 79+64 | 82+52 | 79£8.9
10 || 59+9.6 | 6079 | 72455 | 84+2.1 | 80+ 8.6
12 1] 6279 | 69465 | 70+4.6 | 824+2.4 | 81 8.4
14 || 66+7.7 | 66+6.7 | 69+5.1 | 76+2.9 | 83+6.3
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Fig. 4: Clustering performance with different values of regu-
larization parameter (\) and the number of nearest neighbors
(k) on CMU-PIE face database.
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(k) on COIL20 face database.
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