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Abstract

approach within this paradigm is the two-dimensional subspace learning based classification. This approach is normally achieved by a two-step process. First, it eliminates
noise and redundancy from the original data by projecting
the data into a lower dimensional subspace. Then it applies classifiers on the low dimensional data for classification. A merit is that both computational efficiency and classification accuracy can be obtained. Classical works include
the two-dimensional LDA [Ye et al., 2004] extended from
Linear Discriminant Analysis (LDA) [Fukunaga, 1990], twodimensional PCA [Yang et al., 2004] extended from Principle
Component Analysis (PCA) [Jolliffe, 2002], etc.
Besides these two-dimensional methods, researchers have also developed tensor subspace analysis algorithms [Vasilescu and Terzopoulos, 2003][Wang and
Ahuja, 2005][He et al., 2005][Xu et al., 2005] which can
handle even more dimensions. These methods can be readily
employed for image matrices by setting the tensor order to
two. Typical tensor based subspace learning methods include
Tensor LGE [He et al., 2005], Tensor LPP [He et al., 2005]
and so on.
The aforementioned methods are able to preserve the spatial correlation of an image and to avoid the curse of dimensionality. Nonetheless, for classification they require a nonconvenient two-step process, i.e., subspace learning followed
by different classifiers. Although the first step processes image matrices directly, the classifying step still requires the
data to be vectorized. Besides, the separation of subspace
learning and classification does not guarantee the classifiers
benefit the most from the learned subspace. Recently, Pirsiavas et al. [Pirsiavash et al., 2009] have proposed a bilinearSVM classifier which is able to classify image matrices in an
integrated framework and Hou et al. have proposed a regression model for matrix data classification in [Hou et al., 2013].
These approaches are encouraging, however, they need many
labeled training data but labeled data are expensive to acquire.
The over-fitting problem is likely to occur when the number
of training data remains small. It would be more appealing
if a classifier classifies image matrices with good performance by using only limited labeled training samples. This is
precisely what we want to do in this paper.
Previous work has shown that if properly designed, semisupervised learning [Zhu, 2007] is able to attain improved
performance for many applications by using a small amount

In this paper, we propose a new classification
framework for image matrices. The approach is
realized by learning two groups of classification
vectors for each dimension of the image matrices.
One novelty is that we utilize compound regression
models in the learning process, which endows the
algorithm increased degree of freedom. On top of
that, we extend the two-dimensional classification
method to a semi-supervised classifier which leverages both labeled and unlabeled data. A fast iterative solution is then proposed to solve the objective function. The proposed method is evaluated by several different applications. The experimental results show that our method outperforms
several classification approaches. In addition, we
observe that our method attains respectable classification performance even when only few labeled
training samples are provided. This advantage is
especially desirable for real-world problems since
precisely annotated images are scarce.
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Introduction

Several works have indicated that matrix form may be a
more natural representation of an image to reflect its 2D
structure [Ye et al., 2004][Yang et al., 2004][Kong et al.,
2005][Pirsiavash et al., 2009][Cao et al., 2013]. Typical examples include objects, faces and handwritten digits. However, most existing classification algorithms require that an
image be represented by a vector, which is normally obtained
by concatenating each row (or column) of an image matrix.
The vectorization of an image has some drawbacks. First,
the spatial correlation of the image is broken. Second, it
causes the dimensionality increase in multiplication effect,
and thus heavily increased computational complexity. The
curse of dimensionality additionally causes the over-fitting
problem if we use a small number of examples to train the
classifiers.
Aiming to preserve the correlation within the image matrix while reducing the computation complexity, researchers
have proposed two-dimensional based analyzing methods for
images that are better represented as matrices [Ye et al.,
2004][Yang et al., 2004][Kong et al., 2005]. A well known
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of labeled training data [Cohen et al., 2004][Liu et al.,
2013][Yang et al., 2013][Ma et al., 2011]. A popular approach to realize semi-supervised learning is by building
the graph Laplacian. For instance, Yang et al. have proposed a semi-supervised ranking scheme by learning a robust Laplacian matrix through Local Regression and Global
Alignment [Yang et al., 2012]. Cai et al. have proposed
a semi-supervised dimensionality reduction algorithm called
Semi-supervised Discriminant Analysis (SDA) in [Cai et al.,
2007]. In [Fergus et al., 2010], Fergus et al. have integrated graph Laplacian into a semi-supervised semantic label
sharing method for learning with many categories. Sharma et
al. [Sharma et al., 2010] present a new constrained spectral
clustering method that builds upon graph Laplacian embedding to propagate pairwise constraints and to cluster the data
for shape segmentation.
Inspired by the progress of two-dimensional analysis and
semi-supervised learning, we propose a new classification
scheme for image matrices. The proposed method leverages
two groups of classification vectors with compound regression models, and the graph Laplacian based semi-supervised
learning jointly for classification. Semi-supervised learning
enables our method to leverage both labeled and unlabeled
data. The proposed method thereby overcomes the deficiency
of [Pirsiavash et al., 2009].
Another novelty of our method is that it exploits compound
regression models. This is different from traditional single
regression model as several regression models are integrated.
In this way, these regression models work collaboratively for
the learning process, which provides us with a larger space
to find the optimal solution. In other words, the degree of
freedom is increased. The classification performance can be
enhanced subsequently.
We name the new method Semi-supervised Twodimensional Classification (SSTC). The main contributions
of our work are summarized as:
• SSTC can conduct classification directly using the data
in matrix form. The image 2D structure is intact in our
framework so that the spacial correlation is preserved.
Additionally, the efficiency is guaranteed by avoiding
the generation of high-dimensional vectors and the flexibility is increased by using compound regression models.
• Our method is implemented in the semi-supervised scenario, which utilizes both labeled and unlabeled data for
classification. It is cost-saving and at the same time is
able to prevent over-fitting few labeled training data.
• The experiments on different applications show that
our method yields good results even when few labeled
samples are available. This attribute is attractive for realworld applications since labeled training data are difficult to obtain.

2

2.1

Learning Two Groups of Classification Vectors

Classification aims to learn a predictor f that for an input
datum x predicts an output y. For traditional classification
algorithms, x is a vector representation of an image. f is
decided by minimizing the following regularized empirical
error based on a set of training data {xi , yi }ni=1 where yi indicates the label of xi :
min
f

n
X

loss (f (xi ), yi ) + µΩ(f ).

(1)

i=1

loss(·) is a loss function and Ω(f ) is the regularization function on f with µ as its parameter.
Among others, ridge regression has shown to be effective for classifying vector data.
Denoting X =
[x1 , x2 , · · · , xn ] ∈ Rd×n as the training set, the objective
function of traditional ridge regression is then defined as
min

c X
n
X

wj

j=1 i=1

(wjT xi − yi )2 + µ

c
X

wjT wj ,

(2)

j=1

c

where wj |j=1 ∈ Rd×1 are used to classify each datum xi into
c different classes.
Different from traditional way which copes with vector
data, we propose to classify image matrices directly. To begin with, we denote X = [X1 , X2 , · · · , Xn ] ∈ Rp×q×n as
the training set where Xi ∈ Rp×q (1 ≤ i ≤ n) is the i-th
datum and n is the total number of the training data. Let
Y = [y1 , y2 , ..., yn ] ∈ {0, 1}c×n be the labels. yir denote the
r-th datum of yi and yir = 1 if Xi is in the r-th class, while
yir = 0 otherwise.
c
Eq. (2) indicates that the training process for wj |j=1 is actually c separate procedures. In this sense, we consider clasn
sifying Xi |i=1 to each class separately. Inspired by [Hou et
al., 2013], for the r-th class we use two groups of classificam
m
tion vectors uj |j=1 ∈ Rp×1 and vj |j=1 ∈ Rq×1 and rewrite
Eq. (2) as:
2

m
m
n
X
X
X
2

uj vjT F .
(3)
uTj Xi vj − yir  + µ
min
uj ,vj

i=1

j=1

j=1

m(m > 1) indicates that we have m compound regression
models. Compared with single regression model, i.e., m = 1,
using compound regression models provides us with larger
space to search for the solution.
To step further, we extend Eq. (3) to a semi-supervised
scenario using the graph Laplacian. We first define an affinity
matrix A whose element Aij reflects the similarity between
Xi and Xj as

Xi and Xj are k nearest neighbors;
1
Aij = 0 otherwise.
The graph Laplacian is then constructed through L = D − G
where L is the graph
PnLaplacian matrix and D is a diagonal
matrix with Dii = j=1 Aij .
Suppose l data are labeled in the training set, i.e., ∀i > l,
n
yi |i=l+1 = 0c×1 . For semi-supervised learning, l is usually much smaller than n. To avoid being heavily dependent

Classifying Image Matrices

In this section, we present the formulation of our Semisupervised Two-dimensional Classification (SSTC) framework followed by a detailed solution for solving the objective
function.
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on the few labels provided with the labeled training data, we
bring in a predicted label vector f r = [f1r , . . . , fnr ] ∈ R1×n
for all the training data where fir is the predicted label value
of Xi ∈ X . f r should be consistent with the known labels
of the training data and be smooth on the graph Laplacian so
it can be optimized through the following objective function
[Zhu et al., 2003][Zhu, 2007]:


r T
r
r
r T
r
r
min
T
r
(f
)
Lf
+
T
r
(f
−
y
)
S(f
−
y
)
, (4)
r

where T r (·) denotes the trace operator and Gv = (λBB T +
µDv )−1 . Setting the derivative of Eq. (8) w.r.t. u to 0, we
have
2λBB T u − 2B(f r )T + 2µDv u = 0

where T r (·) denotes the trace operator; S is a selection matrix whose diagonal element Sii = ∞ if Xi is labeled and
Sii = 1 otherwise; y r = [y1r , ..., ylr , 0, ..., 0] ∈ R1×n is the
ground truth labels of the training data.
By incorporating Eq. (4) into Eq. (3), we propose our objective function for the r-th class as:

(10)

⇒ u = λ(λBB T + µDv )−1 B(f r )T = λGv B(f r )T
Substituting u in Eq. (8) with Eq. (9), it becomes:
min
f r L(f r )T + (f r − y r )S(f r − y r )T
fr

−λ2 T r(f r B T Gv Bf r ) + λT r (f r )T f r .

f

r

r T

r

r

r

Algorithm 1: Optimizing the classification vectors
m
m
uj |j=1 and vj |j=1 .
Data: Training data X ∈ Rp×q×n
Training data labels Y ∈ Rc×n
Parameters λ and µ.
m
m
Result: Converged uj |j=1 and vj |j=1 for c classes.
begin
Compute the graph Laplacian matrix L ∈ Rn×n
Compute the decision matrix S ∈ Rn×n
for r ← 1 to c do
m
Set t = 0 and initialize ( vj |j=1 )t as


0···0 1 0···0

r T

min f L(f ) + (f − y )S(f − y )

uj ,vj ,f r

+λ

n
X


2
m
m
X
X

uTj Xi vj − fir  + µ
uj vjT

i=1

2.2

j=1

2
F

.

(5)

j=1

Optimization

We propose an iterative approach to solve the objective problem of Eq. (5).
m
m
(1) Fixing vj |j=1 and optimizing uj |j=1 and f r :
bji
=
Xi vj
and
 Denoting
T
v1 v1 Ip
 where Ip ∈

...
T
vm Ip
vm
identity matrix, Eq. (5) is rewritten as:

Dv

j th

m

Reformulate ( vj |j=1 )t to vt
y r = Y (r, :)
repeat
r
Update ft+1
using (11)
Update ut+1 using (12)
r
Update ft+1
using (15)
Update vt+1 using (16)
t = t + 1.
until Convergence

=

Rp×p is an

min f r L(f r )T + (f r − y r )S(f r − y r )T

uj ,f r

i=1

+µ




2
b1i
  b2 

uT2 ... uTm  i  − fir 
...
bm
i


u1

 u 
(6)
uT2 ... uTm Dv  2  .
...
um
 1 
bi
 b2i 
pm×1
∈R
and Bi = 
∈ Rpm×1 ,
... 
bm
i



n
X
 T
+λ
 u1

uT1

m



Setting the derivative of Eq. (10) w.r.t. f r to 0, we obtain:
2f r L + 2(f r − y r )S − 2λ2 f r B T Gv B + 2λf r = 0

u,f

+λ

n
X

uT Bi − fir

2

+ µuT Dv u.

m

Return uj |j=1 and vj |j=1 for c classes.

u1
 u2 
Let u = 
... 
um
we have:
minr f r L(f r )T + (f r − y r )S(f r − y r )T


(9)

(7)

i=1

Denoting B = [B1 , B2 , ..., Bi ] ∈ Rpm×n , Eq. (7) becomes:
minr f r L(f r )T + (f r − y r )S(f r − y r )T + T r(uT G−1
v u)
u,f


(8)
−2λT r(uT Bf r ) + λT r (f r )T f r
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⇒ f r (L + S − λ2 B T Gv B + λIn ) = y r S
⇒ f r = y r SEv ,
(11)
where In denotes an n × n identity matrix and Ev = (L +
S −λ2 B T Gv B +λIn )−1 . Substituting Eq. (9) with Eq. (11),
we have:
u = λGv BEv S(y r )T
(12)
m
which can be easily converted to uj |j=1 .
m
m
(2) Fixing uj |j=1 and optimizing vj |j=1 and f r :


v1
 v2  j
Similarly, we denote v = 
, c = XiT uj , Ci =
...  i
vm
 1 
ci
 c2i 
 ...  ∈ Rqm×1 and C = [C1 , C2 , ...Ci ] ∈ Rqm×n , Du =
cm
i





uT1 u1 Iq

m

q×q

 where Iq ∈ R
uTm um Iq
matrix. Then Eq. (5) becomes:


...

P roof . By fixing vj |j=1 , the objective function in Eq. (5)
is converted to the problem in Eq. (8). It can be seen that
m
Eq. (8) is a convex optimization problem w.r.t. uj |j=1 and
m
f r . Therefore, we can obtain the global solutions for uj |j=1
r
and f by setting the derivative of Eq. (8) w.r.t. them to zero
respectively. Based on the similar theory, we also prove that
m
m
by fixing uj |j=1 , we obtain the global solutions for vj |j=1
and f r .
Next, we prove Theorem 1 as follows:
m
P roof .Suppose after the t-th iteration, we obtain utj j=1 ,

is an identity

minr f r L(f r )T + (f r − y r )S(f r − y r )T
v,f

+λT r (v T C − f r )T (v T C − f r ) + µv T Du v.

(13)

Setting the derivative of Eq. (13) w.r.t. v to 0, it becomes
v = λGu C(f r )T ,

(14)

−1

T

where Gu = (λCC + µDu ) . By substituting v into Eq.
(13) and setting its derivative w.r.t. f r to 0, we get:
f r = y r SEu ,

vjt

where Eu = (L + S − λ2 C T Gu C + λIn )−1 . Consequently,
we obtain
(16)

and then
m
m
The optimization of uj |j=1 , vj |j=1 and f r is iterated until
convergence. The detailed iteration process is given in Algorithm 1.
Once the u and v for each class are obtained, we can easm
ily get the two groups of classification vectors uj |j=1 and
m
vj |j=1 . Then we propose Algorithm 2 to predict the labels of
the testing data.

i=1

≤

j=1

n
m
X
X
i=1

j=1

+

(ftr

−y

r

)S(ftr

−y )
!2

(utj )T Xi vjt − (fir )t

+µ

m
X

utj (vjt )T

j=1

j=1

m

m
j=1

2
F

the following in-

j=1

j=1

≤ ftr L(ftr )T + (ftr − y r )S(ftr − y r )T
!2
m
n
m
X
X
X
t T
t
r
+µ
utj (vjt )T
(uj ) Xi vj − (fi )t
+λ
i=1

j=1

j=1

F

(17)

r
r
r
r
ft+1
L(ft+1
)T + (ft+1
− y r )S(ft+1
− y r )T
!
2
m
m
n
X
X
X
t T
t+1
r
utj (vjt+1 )T
(uj ) Xi vj − (fi )t+1
+µ
+λ
i=1

2

r T

Similarly, when we fix uj |j=1 as utj
equality holds:

2
F

(18)
2
F

By integrating Eq. (17) and Eq. (18), we have:
r
r
r
r
ft+1
L(ft+1
)T + (ft+1
− y r )S(ft+1
− y r )T
!2
n
m
X
X
r
T
t+1
−
(f
)
)
X
v
(ut+1
+λ
i j
i t+1
j

r=1

r

r
and ft+1
. According to Lemma 1, we

j=1

j=1

ftr L(ftr )T

+λ

Algorithm 2: The classification process.
Data: Testing data Xte ∈ Rp×q×nte
m
m
Classification vectors uj |j=1 and vj |j=1 for c
classes
Result: Predicted labels Y pre of the testing data.
begin
for i ← 1 to nte do
for r ← 1 to c do
i
Compute the c regression values of Xte
with
c
m
P
i
(vjr )T
(urj )T Xte
i
Predict the label of Xte
as
m
P r T i r T
Y preir = arg max
(uj ) Xte (vj )

m

m
j=1

r
r
r
r
ft+1
L(ft+1
)T + (ft+1
− y r )S(ft+1
− y r )T
!
2
n
m
m
X
X
X
+λ
(ut+1
)T Xi vjt − (fir )t+1
+µ
ut+1
(vjt )T
j
j

m
vj |j=1 .

j=1

m

and ftr . In the next iteration, we fix vj |j=1 as vjt

and solve for ut+1
j
obtain:

(15)

v = λGu CEu S(y r )T

m
j=1

i=1

c

+µ

m
X

j=1

ut+1
(vjt+1 )T
j

j=1

r=1

2

(19)

F

≤ ftr L(ftr )T + (ftr − y r )S(ftr − y r )T
!2
m
m
n
X
X
X
(utj )T Xi vjt − (fir )t
+µ
utj (vjt )T
+λ

By the following theorem, we can verify that the proposed
iterative approach in Algorithm 1 converges and the global
m
m
solutions of uj |j=1 and vj |j=1 are obtained.

i=1

j=1

j=1

2
F

Eq. (19) demonstrates that the objective function value decreases after each iteration. Thus, we have proved Theorem 1
.

Theorem 1 The objective function value shown in (5) monotonically decreases in each iteration until convergence using
the iterative approach in Algorithm 1.
To prove Theorem 1, we first give the following lemma:
m
Lemma 1 By fixing vj |j=1 , we obtain the global solutions
m
m
for uj |j=1 and f r . In the same manner, by fixing uj |j=1 , we
m
obtain the global solutions for vj |j=1 and f r .

3

Experiments

In this section, we apply SSTC to facial expression recognition, face recognition, head pose estimation, object recognition and handwritten digit recognition. We compare
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SSTC to 7 algorithms which are 2DLDA [Ye et al., 2004],
Tensor LPP (T-LPP) [He et al., 2005], BilinearSVM [Pirsiavash et al., 2009], TaylorBoost [Saberian et al., 2011],
CRC-RLS [Zhang et al., 2011], Semi-supervised Discriminant Analysis (SDA) [Cai et al., 2007] and Manifold Regularization (MR) [Belkin et al., 2006]. The performance is
evaluated by accuracy.
The settings of the experiments are as follows: 1) The
grey pixel values of the images are used as features. SSTC,
2DLDA, T-LPP and BilinearSVM deal with image matrices
while other methods use vectors. 2) Some parameters need
to be set. One of them is the parameter k that specifies the k
nearest neighbors used to compute the graph Laplacian matrix L. We fix it at 10 empirically. The number of regression
models m is fixed at 3 empirically for all the experiments.
The regularization parameters, denoted as λ and µ in Eq. (5),
are tuned from {10−4 , 10−2 , ..., 102 , 104 }. We similarly tune
all the regularization parameters for other methods (if any).
The best results from the optimal parameters are reported for
all the methods. 3) Each dataset is randomly split into two
subsets, one as the training set whereas the other as the testing set. 10% training data are labeled. The split is conducted
5 times independently and we report the average results.

3.1

MAP

0.5

2DLDA&RR
T−LPP&RR
BilinearSVM
TaylorBoost
CRC−RLS
SDA
MR
SSTC

0.3

0.2

5

10

15
Percentage of labeled training data

50

Figure 1: Performance comparison on BU-FE when 5%,
10%, 15% and 50% training data are labeled.
randomly selected as the training set and the remaining images are the testing data.

3.2

Experimental Results

The performance comparison of different algorithms are
presented in Table 1. It can be seen that our method SSTC is
consistently the best algorithm for different applications. We
also conduct an experiment to study the performance variance w.r.t. 5%, 10%, 15% and 50% labeled training data taking facial expression recognition as an example. The result is
displayed in Figure 1.
From the experimental results, we observe that 1) SSTC
is consistently the best classification algorithm. 2) As the
number of labeled training data increases, the performance
of all methods is improved. 3) SSTC, BilinearSVM and MR
gain the top performance for all settings, which indicates that
preserving image 2D structure and semi-supervised learning
both contribute to the performance. 4) When 50% training
data are labeled, the advantage of SSTC and MR over other
supervised algorithms (except BilinearSVM) decreases noticeably. MR is worse than BilinearSVM. The phenomenon
demonstrates that supervised algorithms are preferable when
we have a large amount of labeled training data. 5) When
less than 50% training data are labeled, SSTC and MR generally have more advantage over other supervised algorithms
(except BilinearSVM). SSTC is visibly better than Bilinear
SVM when 5% training data are labeled and MR is competitive with BilinearSVM. It indicates that through proper design,
semi-supervised approaches do benefit much from the usage
of unlabeled data.

Datasets

We first introduce the datasets used in our experiments.
Facial Expression Recognition: The BU-FE (Binghamton
University Facial Expression) database [Yin et al., 2006] is
used. It consists of 2500 images of seven facial expressions.
The images were cropped to 32 × 32. We randomly select
1000 images as the training data and the remaining images as
the testing data.
Face Recognition: The UMIST face database1 is used. The
database consists of 575 face images from 20 different subjects. Each image was resized to 28×23. We randomly select
400 images as the training set and the remaining images as the
testing set.
Head Pose Estimation: We use the Pointing’04 database [Gourier et al., 2004]. It comprises 2790 images from 15
different people. Each image was resized to 40 × 30. Every
head pose is determined by both pan and tilt angles. For pan,
the angle varies between -90 and +90 degrees with a step of
15 degrees, resulting in 13 poses. Whereas for tilt, the angle
varies as -90, -60, -30, -15, 0, +15, +30, +60, +90 degrees
to generate 9 poses. We evaluate the performance on both
pan and tilt estimation. For both experiments, 1000 images
are randomly chosen as the training data and the rest are the
testing data.
Object Recognition: We use the Coil20 dataset [Nene et
al., 1996]. Coil20 includes 1440 grey scale images with 20
different objects. The images were resized to 32 × 32. We
use 500 images as the training data and the rest as the testing
data.
Handwritten Digit Recognition: We use the USPS database
to evaluate the performance on handwritten digit recognition.
The database contains 9298 gray-scale handwritten digit images. The images were resized to 16 × 16. 1000 images are
1

0.4

3.3

Compound Regression Models vs Single
Regression Model

Our algorithm uses compound regression models for classification. In the previous experiments, the number of regression models m was fixed at 3. To show its advantage over
single regression model, we reduce m to 1 in this experiment.
Table 2 shows the classification results by using compound
regression models (m = 3) and using single regression model
(m = 1). We can see that using compound regression models results noticeable performance gain (from 5.4% to 17.6%

http://images.ee.umist.ac.uk/danny/database.html
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Table 1: Classification results of different applications. The best results are highlighted in bold.
2DLDA
29.2%
59.8%
31.4%(Pan)
10.7%(Tilt)
59.1%
73.0%

Pointing’04
Coil20
USPS

T-LPP
29.5%
66.3%
33.3%(Pan)
12.1%(Tilt)
70.8%
71.8%

BilinearSVM
41.2%
61.7%
30.6%(Pan)
15.7%(Tilt)
71.7%
78.3%

TaylorBoost
36.6%
54.3%
34.8%(Pan)
15.8%(Tilt)
66.0%
78.9%

UMIST

Single

40.6%

64.6%

Compound

43.5%

68.1%

Relative
Improvement

7.1%

5.4%

Pointing’04
33.4%(Pan)
14.8%(Tilt)
36.0%(Pan)
17.4%(Tilt)
7.8%(Pan)
17.6%(Tilt)

SDA
32.5%
64.6%
31.1%(Pan)
15.7%(Tilt)
75.0%
76.6%

MR
41.4%
65.6%
35.3%(Pan)
16.9%(Tilt)
74.8%
78.3%

SSTC
43.5%
68.1%
36.0%(Pan)
17.4%(Tilt)
76.8%
81.8%

1092

Table 2: Comparison between compound regression models
and single regression model.
BU-FE

CRC-RLS
36.4%
59.2%
32.1%(Pan)
16.6%(Tilt)
72.1%
75.7%

1090

Coil20

USPS

70.2%

75.7%

76.8%

81.8%

9.4%

8.1%

Objective Function Value

Dataset
BU-FE
UMIST

1088
1086
1084
1082
1080
1

2

3

4

Iteration Number

Figure 3: Convergence.
50%

semi-supervised algorithm which uses both labeled and unlabeled data. An efficient iterative algorithm has also been
proposed to solve our objective function. Our method processes the image matrices directly to capture the spatial correlation and achieves good results when using few labeled
training samples, which is cost-saving. The major novelty of
our method is that it uses compound regression models. By
using compound regression models, we have a larger space
to search for the optimal solution, resulting in improved performance. Experiments on different applications were further
conducted to evaluate the efficacy of our method. The results
are encouraging and have demonstrated that our method is especially competitive when only few labeled training data are
available.
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Figure 2: Parameter sensitivity.
on different datasets). This validates that using compound regression model is advantageous as we have larger space to
search for the optimal solution. Therefore, the performance
can be improved.
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In this part, we study the performance variance w.r.t. the regularization parameters λ and µ. Then an experiment on convergence is presented.
We use the BU-FE dataset for the experiments. Figure 2
shows the parameter sensitivity and we learn that better results are normally obtained when λ and µ are comparable. Figure 3 shows how fast Algorithm 1 converges for one class
on this dataset by fixing the parameters at the optimal values
when the best classification result is obtained. We observe
that for the specified setting Algorithm 1 converges with 4
iterations, which is very fast.
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