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Abstract: A novel feature extraction method based on sub-pattern Multi-directional two-dimensional linear discriminate
analysis (Sp-MD2DLDA) for face recognition is presented in this paper. In the proposed method, firstly, we apply direc-
tional 2DLDA (D2DLDA) to extract features in some initial directions, and then choose the effective directions from the
initial directions for feature fusion after an evaluation. Secondly, divide the original images into small regions and apply
D2DLDA to a set of partitioned sub-patterns to obtain features in the selected effective directions which complement each
other. Finally, fuse these complementary features and use nearest neighbor classifier for classification. Since the proposed
method not only can extract local features and reduce the impact of the variations in expression and illumination by divid-
ing the original images into smaller sub-images, but also extract features in many more directions, we expect that it can
improve the recognition performance. The experimental results on Yale and ORL databases show that the proposed Sp-
MD2DLDA method has better classification performance than that of the other related methods.

Keywords: Face recognition, feature extraction, feature fusion, sub-pattern multi-directional 2DLDA (Sp-MD2DLDA).

1. INTRODUCTION

Face recognition [1] is a hot research topic in the field of
pattern recognition and image processing, and have been
successfully applied to many fields. However, it is still a
challenging task because the face image varies with facial
expression, illumination, pose and age, noise etc. Feature
extraction is the key point of face recognition [2].

The aim of feature extraction is to extract the effective
features from many facial features [3]. The linear discrimi-
nate analysis (LDA) [4] is recognized as the most important
feature extraction tool and still widely used in face image
recognition [5, 6]. However, in these traditional methods,
there are some important issues such as small sample size
problem and high-dimensional image vector space by trans-
forming the 2d face image matrix into a high-dimensional
image vector, which leads to be difficult to evaluate the co-
variance matrix accurately and results in high computational
complexity to compute the corresponding eigenvectors [3,7].
Also, transforming the 2d image matrix into 1d image vec-
tors may destroy the structural information in the image ma-
trix.

To overcome these shortcomings, Li Ming et al. [8] and
Yang Jian et al. [9] proposed a new method, named two-
dimensional linear discriminate analysis (2DLDA) in 2005.
Instead of transforming the two-dimensional image matrix
into a high-dimensional image vector, the 2DLDA directly
uses the image matrix to calculate the within-class scatter
matrix and the between-class scatter matrix. Thus, 2DLDA is
computationally more efficient than LDA because of the
lower dimensionality of the scatter matrix, and obtains better
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recognition performance by making full use of discriminate
information among different classes [3]. For these advan-
tages, the 2DLDA based methods have been widely used in
face recognition fields in recent years [10].

Nevertheless, Noushath S ef al. [11] indicated that
2DLDA just extracts features from the images in the row
direction and ignores the correlation between the columns,,
and then proposed the extend 2DLDA(E2DLDA) that works
in column direction to extract features from a set of training
images reflecting information in each column of images. Du
Haishun et al. [12] proposed a method to fuse the features
extracted from these two directions. In this method, we can
get two different feature spaces by applying the 2DLDA
working in the row direction and E2DLDA working in the
column direction respectively, and then use an effective way
to fuse these two classes of features. However, it is always
not sufficient for achieving high classification accuracy by
extracting features in only one or two directions. In Ref. [13,
14], the authors indicated that the vectors of the image ma-
trix in different directions have different influences for accu-
rate classification, and proposed a method called directional
two-dimensional LDA (D2DLDA) that can extract features
from any direction. And then used a matching score level
fusion method, named multi-directional two-dimensional
LDA (MD2DLDA), to fuse several results of D2DLDA in
different directions for face recognition.

However, all the methods mentioned above have a prob-
lem that they extract the most informative features all in a
global manner. Consequently, some useful local information
might be lost, and the variations in illumination and facial
expression would make it difficult to classify. Thus some
researchers propose modular based algorithms to solve this
problem. Modular LDA(MLDA) [15] divided the origin im-
ages into smaller regions and considered each sub-image as a
sample, and then projected all of the sub-images onto a sin-
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gle projection matrix for feature extraction. Thus, only some
of the sub-images might be affected by the variations in fa-
cial expression or illumination. In Ref. [16], the authors pro-
posed the modular two-directional 2DLDA(M(2D)’LDA) to
reduce the computational complexity and obtain a higher
recognition rate accuracy under the conditions of varying
facial expression, illumination and pose. But, both the
MLDA and M(2D)’LDA add up all of the sub-images as a
new training sample set for feature extraction, and do not use
the spatial relations between the sub-images. Ref. [17] putted
forward the concept of the sub-pattern which retains the spa-
tial relations between the sub-images, and obtains a better
recognition performance. However, these modular based
methods only extract features in one or two directions, and
some useful information in other directions might be lost.

In this paper, we combine the advantages of sub-pattern
based algorithms and the MD2DLDA, and propose a new
algorithm, named sub-pattern multi-directional two-
dimensional LDA(Sp-MD2DLDA), which is an extension of
the MD2DLDA method. In the Sp-MD2DLDA method,
firstly, we evaluate the recognition performance for the pos-
sible directions, since not all the features extracted from any
direction are effective and some may have bad recognition
performance. After the evaluation, we would get some effec-
tive directions for feature fusion. Secondly, construct the
sub-pattern training sample sets in the selected directions by
dividing the image matrix into small blocks. Thirdly, extract
features by D2DLDA in different directions and fuse these
complementary features in an effective way. Finally, classify
using the nearest neighbor classifier. Compared with the
traditional algorithms, the proposed method not only extracts
significant features in many more directions, but also ex-
tracts more useful local features. Furthermore, variations in
facial expression and illumination may affect only some of
the sub-images. Hence, the proposed method is expected to
have a better recognition performance. In the paper, we used
two face databases to evaluate the performance of the related
algorithms.

The rest of this paper is organized as follows: Section 2
describes the MD2DLDA method. Section 3 explains the
proposed method sub-pattern MD2DPCA (Sp-MD2DPCA).
The experiments on two public face datasets are given to
compare the proposed method with several relevant methods
in section 4. Finally, a conclusion is drawn in section 5.

2. RELATED WORKS
2.1.2DLDA

Suppose that there are C pattern classes in the training
sample set and N training images(mx n) in total.
N(i=12...C;N = ELN,) denotes the number of the training
samples in class i and 4, (k=1,2...N,) denotes the kth train-

ing sample in class i. 4,and 4 represent the mean of the
training samples in class i and the mean of all training sam-
ples, respectively.

The aim of 2DLDA is to find out the optimal projection
axes x(an n-dimensional column vector) by using Fisher cri-
terion which is defined as follow:
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Where G, ,,,,, denotes the within-class scatter matrix
and G, ,,,, denotes the between-class scatter matrix[3]

shown as follows:
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In fact, the optimal projection axis is the eigenvector of
G, 2pipiGitanins corresponding to the largest eigenvalue. Be-

cause the within-class scatter matrix G, _,,,,, 1S always non-

singular [8] in real situation, we can find out the eigenvalues
and eigenvectors of G, ,,,,,G. o0, - In general, we need to

select a set of projection axes, since only one optimal projec-
tion axes is usually not enough. In fact, these d optimal pro-
jection axes are the orthonormal eigenvectors corresponding
to the first d largest eigenvalues, and the X, =[x,x,,...x,] is

aoptimal nxd projection matrix.

For a given m x n image sample 4, , let
Y=4,X (k=12,..N,) ()

where Y =[Y,Y,,...Y,] is the mxd feature matrix of the

image sample 4, , .

2.2.D2DLDA

We can obtain a rotated image in a certain direction of
o -degree, denoted as ,,(4,,), by using original image mul-

tiplying the rotation matrix R(o) shown as eq.(5) in Euclid-
ean space[13,14].

R@) { 5)

coso. —sino
sino.  cosdl

Fig. (1) shows an image rotated in the directions of

oczﬁand o(:f,
4 2

(b)
Fig. (1). (a) The Original Image. (b) The Image Rotated

with o =g . (¢) The Image Rotated with o =§ .

By employing 2DLDA to the rotated images, we can ex-
tract features in the direction in which the origin image ro-
tated. Since the image can be rotated in any direction, we can
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Fig. (2). The framework of MD2DLDA.

extract features in any direction, and this method was named
directional 2DLDA(D2DLDA) [14].

Similarly to 2DLDA, the aim of D2DLDA is to find out
the optimal projection matrix X22****by using Fisher crite-
rion which is defined as follow:

T
J(x) =w 6)
X C;waZDLD/ix
where G, 5, and G,_,,,,,, denote the between-class scat-

ter matrix and the within-class scatter matrix shown as fol-
lows:

Gb— D2DLDA

S NG =7 G, () ™)

G, -prpipa iZZ (r, (Ai,k)_ra(Ai))T(ra(Ai,k)_ra(Ai)) (®)
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where 1, (4,,)(k=1,2...N,) represents the kth rotated training

r,(4) and r,(4,)denote the mean of all the

rotated training samples and the mean of the rotated training
samples in class i, respectively.

image in class i.

Calculate the eigenvalues and eigenvectors of the
G, pooinaGitpains» and select d orthonormal eigenvectors

corresponding to the d largest eigenvalues as projection axes,
l' e X D2DLDA X D2DLDA X D2DLDA Hence the
.e. ] X, v X, .

D2DLDA _ .. D2DLDA _. D2DLDA
Xopt =[x s Xy

x,D3PLDA] is the optimal nxd pro-

sees

jection matrix.

2.3. MD2DLDA

In Ref. [13, 14], the authors indicated that using the
complementary features extracted in different directions si-
multaneously is helpful for increasing recognition rate, and
then proposed an effective fusion method named multi-
directional ~ 2DLDA(MD2DLDA) to  fuse  these
complementary features extracted by D2DLDA in different
directions for classification. Since not all the features which
are extracted in different directions are effective, we must

evaluate the recognition performance for the possible direc-
tions before feature fusion, and only select the effective di-
rections for feature fusion. The flowchart of MD2DLDA is
shown in Fig. (2) and its process is implemented as follows
[14]:

Step 1. Evaluate the recognition performance of the pos-
sible directions. Firstly, rotate the training images in the pos-
sible / directions(such as 0-degree, 30-degree, 60-degree, 90-
degree, 120-degree, 150-degree, 36-degree, 72-degree, 108-
degree, 144-degree,45-degree and 135-degree), which are
derived from the 180-degree dividing by 3,4,5 and 6, respec-
tively. Secondly, perform D2DLDA in each direction to ob-
tain the projection matrixes and use the nearest neighbor
classifier for classifying. Finally, choose the effective /” di-
rections for feature fusion((/’</)).

Step 2. Features extraction: Perform D2DLDA in all the
selected effective directions to obtain the projection ma-
trixes, then extract the feature matrixes of the training sam-
ples and the testing samples by using Eq.(4).

Step 3. Features fusion. First, calculate the matching
score between each testing sample and training sample
which are all rotated in the same direction of o -degree using:

d

=3

where Y?and Y? denote the pth eigenvector of the feature

=Y’

2,++,N) )

matrix of training sample 4;, and testing sample A, respec-

tively. Hence HY/’—Y” is the Euclidean distance between

these two vectors and s, is the Euclidean distance between

N

their feature matrixes.

Second, supposed that S,

max

=max(s, ) , then the normal-
i=1,2,---N

ized distance can be defined as
S;x.izscx,i/Smax(i:l’z’“"N) (10)

The final matching score of feature fusion in the selected
[”°(1"’<I’) effective directions can be calculated by:
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1"th—direction

s;= Y 8, (i=12,,N) (11)

i
o=1th—direction

where o = 1th—direction and ["th—direction denote the Ith
and /" 'th selected directions which are selected in step 1. The
fusion directions are selected from all the effective [’ direc-
tions, so /”’ is less than or equal to /.

Step4. Classification: Apply the final matching scores to
classify by using the nearest neighbor classifier.

3. SUB-PATTERN MULTI-DIRECTIONAL LDA: SP-
MD2DLDA

wes

(a) (b) (© (d)
(e) ® (® ()

Fig. (3). Samples from the yale database. (a) and (¢) Normal image.
(b) Variation in facial expression. (d) Variation in illumination. (e-
h) Sub-images by dividing the (a-d) into four blocks, respectively.

As shown in Fig. (3), under the conditions of varying fa-
cial expression or illumination shown as image (b) and (d),
the un-modular methods(including 2DLDA, (2D)2LDA,
MD2DLDA) may be not very effective, since they only con-
sider the global information of the images, and the features
extracted from them would vary considerably from the fea-
tures of the images with normal facial expression shown as
image (a) and (c) [18]. If the face images are divided into
small regions as images (e)~(h), only some of the sub-
images are affected by varying facial expression and illumi-
nation, and rest of the sub-images will remain the same. For
example, the lower part of image (b) is affected by varying
facial expression, hence it is difficult for the un-modular
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methods to identify them correctly. But, if we divide image
(b) into small regions shown as image (f), we know that only
the two sub-images in lower part are affected by varying
facial expression, and the two sub-images not affected by
varying facial expression in upper part closely match with
the upper part of the same person under normal conditions
which is shown as image (e). In the similar way, the varia-
tion in illumination would only affect the two sub-images in
right half of image (h), and the two sub-images in left half
closely match with the left half of the same person under
normal conditions as shown in image (g). Therefore, it is
expected that the proposed method Sp-MD2DLDA would
have better recognition performance under the conditions of
varying facial expression and illumination, since it not only
extracts more informative features from local regions and
different directions, but also reduces the influence of the
variations in facial expression and illumination by dividing
the images into small blocks.

In this section, we present the details of the proposed Sp-
MD2DLDA method. The flowchart of Sp-MD2DLDA is
shown in Fig. (4).

As shown in Fig. (4), the process of the Sp-MD2DLDA
is implemented by the following steps:

Stepl. Evaluate the recognition performance of the pos-
sible directions. Similar to the step 1 of MD2DLDA, first,
we rotate the training images in the possible / directions
(such as 0O-degree, 30-degree, 60-degree, 90-degree, 120-
degree, 150-degree,36-degree,72-degree, 108-degree, 144-
degree,45-degree and 135-degree), which are derived from
the 180-degree dividing by 3,4,5 and 6, respectively. Let
image 4 be an m by n image matrix and 4;; denotes the kth
sample image in class i, then the image matrix in the o di-
rection can be denoted as follow:

(A4 (400 7o (4 )1,
r(d,) = Ta (A:[,k )21 Va(A;',/f )22 ru(Az:',k )an (12)
T (A ) 1o (Ag)0 7o (A 1)

The new position of each pixel in the rotated image ma-
trix is obtained by using original position multiplying the
rotation matrix R(o) (Eq.(5)) in Euclidean space[16].

Divide the onigin images

Evaluation with the m sub-pattern marmer E ,
possible directions eafure exaction
.Apply D2DLDA | , Divided mto small Perform D2DLDA on Matching
inthe J# direction | Select/ blocks m the Ith |- each setof sub-nmages score
effective direction
directions
Apply D2DLDA <l Divided mto small Perform D2DLDA on - :
Image  |Lw inthe /7 direction [———> blocks in the 2 || each setofsub-images | Matching Final
2 direction score score
matx
Apply D2DLDA Divided mto small Perform D2DLDA on - ‘r
m the /) direction blocks i the 71 | g woch set of subeimages ] Matching (la.sslﬁ-
direction N score cation

Fig. (4). The flowchart of Sp-MD2DLDA.
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Second, perform D2DLDA in each direction to obtain the
projection matrixes and use the nearest neighbor classifier
for classifying. Finally, choose the effective /” directions for
feature fusion((7°<l)).

Step2. Construct the sub-pattern training sample sets in
the selected directions. Divide the image matrix of 4, into
N = p*g sub-images, where p and ¢ are the numbers of the

blocks in vertical and horizontal directions, as given in (13).

tuBn (B A
B, B, B,
(A = T ( :,,k)zl T ( ;,A)zz r( ,:,k)zq (13)
rot(Bi,k)pl ro((Bi,k)pZ rot(BiJ\)pq

where 7, (B, ),, denotes each sub-image of the rotated image

matrix. The width and height of each sub-image can be cal-
culated as m, =m/pandn, =n/gq, respectively. Suppose

that there are N training image samples in total. Let all the
sub-images of the same position as a new sub-pattern train-
ing sample set, and the sample size of each set is also N.
Now we have p*q sub-pattern training sample sets 7., in a
direction of o -degree.

It is expected that the image divided into smaller sub-
images is helpful for extracting more local information and
reducing the influence of varying facial expression and illu-
mination. Nevertheless, the face images can not be divided
into very small regions, because most of the global informa-
tion of the face may be lost. The optimal block size ulti-
mately depends on the characteristics of each particular da-
tabase [17].

Step3. Feature extraction by projecting the samples onto
their corresponding projection matrixes.

The image between-class scatter matrix 7, (G,_,,,,),, and

within-class scatter matrix 7,(G,_,p,p,),, [12] of T,, are de-

fined as follows:
_—
7, (G, 2pipa )w = N ,2:1: N, (r, (B, )xy — T (B)xy )T (14)

(ro((Bi)xy _ra(B)x_y)

N,

1 & —_—
1,(G, _2pipa )xy = N;Z(FQ(BM )xy _ra(Bi)xy) (15)

k=1
(rot (B[,k )xy - ra (BA )xy)

where 7, (B)

ples of T, and the mean of the training samples in class i of
T,,, respectively. Apply the Fisher criterion to all the sub-
pattern training sample sets, and select the orthonormal ei-
genvectors of  7,(G, 55,50, / (G, _apina)s, COTTESPONding  to

(B,),, denote the mean of all training sam-

xy 2 Ty

the first d largest eigenvalues as the optimal projection ma-
trix, which is an nXxd matrix as

rot (X)xy = [Vo( (xl )Xy k4 ra (XZ )xy LA ro( (xd )xy] °

According to Eq.(4), the feature matrix of sub-image
1,(B,;), can be obtained by (B,,), X, , which size is

xy 2
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mlxd . Since the feature matrix of the origin image 7,(4,,)

consists of feature matrixes of all the sub-images, it can be
denoted as

7, (B, )11X1T1 1, (B, )12X1T2 1, (B, )lq X]Z
r (Y, = roc(Bi,k:)ZlXZTl ra(Bi,k:)ZZ erz ra(Bi,k:)Zq XZTq (16)
1, (B, )[JIX;] 7, (B, )[)2 X,fz 1, (B, )pq X;q

The size of 7, (Y, ;) is mXqd . In the same way, we can

get the feature matrix of the test sample r,(4,) which is
shown as follow:

”a(Br)nXlTl ra(Bz)quTz roc(Bl)qulz;
r(Y)= rfx(Bt).ZlX2Tl ra(Bz)'szzrz r(x(Bt).ZqXZTq (17)
o t . . .

ru(Br)plX;l ra(Bt)pZX;Z rOt(Bl)PqXIY;‘I

Step 4. Feature fusion. After obtaining the feature ma-
trixes in all the selected directions, we calculate the Euclid-
ean distance between each testing sample and training sam-
ple by using eq.(18), similarly to MD2DLDA in section2.3.

(0,0 =3 0% )| (1)

where 7, (Y’ )and r,(Y) represent the jzh feature vector of
r,(Y)and 1, (Y),
r, (Y ) —r, (Y’ )" Denotes the Euclidean distance between

r, (Y} ) andr,(¥) .

the feature matrix respectively.

To fuse the features extracted in different directions, sup-
pose that r (D, )=max(r,(D,,)), then the normalized dis-

max i

tance can be denoted as:
r()L(DL,/c)v = r(X(Di,k)/r(x(Dmax) (19)

So the final distance between the testing sample and
training sample in different directions can be defined as fol-
low:

1" th—direction
D, = Z (D) (20)
a=1th—direction
where o =1th —direction and ["th— direction denote the Ith
and ["th directions which are selected in step 1. Since the
directions used for feature fusion are selected from the effec-
tive [’ directions, /’’is no more than /.

Step 5. Based on Eq. (18), Eq. (19) and Eq. (20), calcu-
late all the final distance between the testing sample and
training samples, then classify using the nearest neighbor
classifier.

4. EXPERIMENTAL RESULTS

In the experiments, we compared the proposed method
with the 2DLDA, (2D)’LDA, MD2DLDA, M2DLDA and
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M(2D)’LDA methods on two image databases, Yale and
ORL databases. The Yale database consists of images with
varying illumination and expressions, and was used to test
the performance of the system for varying the number of
eigenvectors. The ORL database contains images with vary-
ing facial expression and pose, and was employed to exam-
ine the performance of the related algorithms for varying
number of sample size. We used MATLAB2010 for all of
the experiments and performed on a PC with Pentium(R)
Dual-Core E5800 3.20GHz CPU, 2GB memory and win-
dows XP operating system.

4.1. Experiments on Yale Face Database

The Yale database has 165 images of 15 persons(each
person has 11 images). The face images are under various
facial expressions (including normal, sad, happy and sur-
prised expressions). There are also images with and without
glasses. In addition to these, there are images where the posi-
tion of the light source is from different directions. Each
image was manually cropped and resized to 100*100 pixels
in this experiment. Fig. (5) shows the images of a person
from the Yale database.

Fig. (5). Five images of one person from the yale face database.

ES
=T

Fig. (6). A face image divided into 2*2 smaller images.

In these experiments, we tested the performance of the
related methods with different number of eigenvectors (from
1 to 20). We selected 6 images from each person as training
samples, and the remaining 5 images are as testing samples.
Thus, the total number of training samples and testing sam-
ples are 90 and 75, respectively. In order to eliminate the
randomness of the sample selection, 20 possible selections of
training samples were randomly chosen in the experiments,
and the experiments were repeated independently 20 times
with these selections. Then we took the average recognition
rates as the final recognition rates. In the experiments, we
used the case of the 2*2 (denotes as k=4) blocks for the
modular based methods (including M2DLDA, M(2D)°’LDA
and the proposed Sp-MD2DLDA) , as shown in Fig. (6).

According to the process of the proposed Sp-MD2DLDA
which is mentioned in section 3, firstly, we must evaluate the
recognition performance in different directions to get some
effective directions for the further processing. Then, divide
the original images into smaller sub-images and apply
D2DLDA to a set of partitioned sub-patterns to obtain fea-
tures in the selected effective directions. Finally, fuse the
features extracted from the effective directions according to
the Eq.(18), Eq.(19) and Eq.(20), and used the nearest neigh-
bor classifier for classification.
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(1). Evaluation for Possible Directions

Based on the D2DLDA, the images were rotated in the
following directions(degrees):0, 30,
60,90,120,150,180,36,72,108,144,45 and 135 degrees. These
directions were derived from the 180-degree dividing by
3,4,5 and 6, respectively. The 2DLDA and E2DLDA can be
seen as the D2DLDA in 0-degree and 90-degree directions
respectively, and the images rotated in 0-degree is equal to
the images rotated in 180-degree. We tested the performance
of the D2DLDA for varying number of eigenvectors (from 1
to 20).

Fig. (7) shows the results of the D2DLDA under the con-
dition of varying number of eigenvectors. It can be observed
from Fig. (7) that the recognition rates are increasing in all
directions as we increase the number of eigenvectors(denotes
as E) when E<5, and tend to be stable when E >5. The pro-
posed method in the directions of 0-degree, 30-degree, 60-
degree, 90-degree, 120-degree and 150-degree obtains sig-
nificantly higher recognition rates(particularly in the direc-
tions of 0-degree, 30-degree, 90-degree and 150-degree )
than that in the directions of 36-degree, 45-degree, 72-
degree, 108-degree, 135-degree and 144-degree. So, we only
selected the directions of 0-degree, 30-degree, 90-degree and
150-degree for feature fusion.

100
90 ——— = aama \ X
80 4
70 115
%60 ACD A(3D
50 —A—D2DLDA(8D —D2DLDA(9p
; —%=D2DLDA(120  =#=D2DLDA(150
40
30 D2DLDA(108  —#—=D2DLDA(134
~#-D2DLDA(4p D2DLDA(13)5
20 TR_SN_SW e _em_ewm__ww__em__em__ewm__en_ew__ew__sw__en__oy
Lo o o o o o a4
N o
[Asch 4|
or+r—T""T"T"TTTTTTT T
12 3 45 6 7 8 9101112131415161718 1920
Number of eigenvectors

Fig. (7). Recognition rates of d2dlda under the condition of varying
number of eigenvectors.

(2). Features Fusion in The Selected Directions

From the evaluation results shown in Fig. (7), we note
that the proposed method in the directions of 0-degree, 30-
degree, 90-degree and 150-degree has better performance
than the other directions, so we selected these directions for
feature fusion. There are many possible combinations for
features fusion in different directions, such as the fusions in
the directions of 0-degree and 30-degree, 0-degree and 90-
degree, etc.

As shown in Table 1, for example,“0+30”denotes that the
features used to be fused are in the directions of 0-degree and
30-degree. The total number of fusion ways for two different
directions, three different directions and four different direc-
tions are 6,4 and 1, respectively. In the experiments, we
tested the proposed method in all the fusion ways and just



Feature Extraction based on Sub-Pattern Multi-Directional 2DLDA

Table 1.  All the possible combinations of feature fusion in different directions.
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2 Different Directions 3 Different Directions 4 Different Directions
0+30 0+30+90 0+30+90+150
0+90 0+30+150
0+150 0+90+150
30+90 30+90+150

30+150
90+150
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Fig. (8). Recognition rates of related methods with varying number of eigenvectors.

chosen one of the best way in each different number of di-
rections to compare with the related method. In the experi-
ment, the proposed Sp-MD2DLDA in the fusion directions
of 0+90,0+90+150 and 0+30+90+150 obtain the best per-
formance in 2,3 and 4 fusion directions, respectively.

The Fig. (8) shows the recognition rates of the related
methods under the condition of varying number of eigenvec-
tors (from 1 to 20). We can observe from the Fig. (8) that the
recognition rates are increasing for all the methods as we
increase the number of eigenvectors when E<S5, and the rec-
ognition rates tend to be stable when E>5. From the com-
parison results of M2DLDA and 2DLDA, M(2D)’LDA and
(2D)’LDA,Sp-MD2DLDA and MD2DLDA, we know that
the modular based methods(including M2DLDA,
M(2D)’LDA and Sp-MD2DLDA) have higher recognition
rates than the un-modular based methods(including 2DLDA,
(2D)’LDA and MD2DLDA), Since the modular based meth-
ods can effectively extract local features and reduce the in-
fluence of variations in illumination and expression by divid-
ing the origin images into smaller sub-images. In the three
un-modular based methods, the MD2DLDA has the best
performance than the other two methods, because the
MD2DLDA can fuse the complementary features extracted
in many more directions, and the 2DLDA only extracts fea-
tures in the row direction and the (2D)’LDA is easy to lose
some useful discriminate information by compressing in the
row and column directions at the same time. In all different

numbers of eigenvectors, the proposed Sp-MD2DLDA (par-
ticularly in the fusion directions of 0+90+150) always ob-
tains the highest recognition rates, since it not only fuses the
complementary features extracted in many more directions,
but also effectively extracts local features from the images
and reduces the influence of variations in illumination and
expression by dividing the origin images into smaller sub-
images.

Fig. (9) shows the recognition rates of the proposed
method for varying the number of sub-images(denotes as K)
from 2(2*1) to16(4*4) to observe the effect of K on face
recognition. From the results, we note that the proposed Sp-
MD2DLDA has the best performance in the case of K=8,
and recognition rates declines when K = 16, because the
global information may be lost by dividing the origin images
into very small regions.

4.2. Experiments on ORL Face Database

The ORL database includes 400 gray-scale images of 40
individuals, each providing 10 different images. The images
of each subject vary with facial expressions, facial details,
scale and limited rotation. Moreover, there is also some tilt-
ing and rotation of the face of up to 20 degrees. All images
are normalized to a resolution of 112 *92 pixels. Five sample
images of one subject in the ORL database are shown in Fig.
(10).
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Fig. (10). Five images of one person from orl face database.

In the experiments, we tested the related methods for
varying the number of the training samples(denotes as S)
from 2~8 to observe the effect of sample size on recognition
performance, and the remaining 10-S images were used as
the testing samples. Thus, the total number of training sam-
ples and testing samples are S*¥*40 and (10-S)*40, respec-
tively. Similar to the experiments on Yale database, 20 pos-
sible selections of training images were randomly chosen in
the experiments to eliminate the randomness of the sample
selection, and the experiments were independently repeated
20 times with these selections. Then we took the average
recognition rates as the final recognition rates. In the ex-
periments, we used the case of the 2*2 blocks(K=4) for the
modular based methods(including M2DLDA, M(2D)’LDA
and the proposed Sp-MD2DLDA), and only the first 10 ei-
genvectors are used in the experiments, since varying E
would have the same effect on the algorithms.

Similar to the experiments on Yale database, according to
the process of Sp-MD2DLDA mentioned in section 3, firstly,
we must evaluate the D2DLDA in different directions to get
some effective directions for subsequent processing. Sec-
ondly, divide the original images into small regions and ap-
ply D2DLDA to a set of partitioned sub-patterns to obtain
features in the selected effective directions. Finally, use a
fusion method to fuse the features extracted from the effec-
tive directions according to the Eq.(18), Eq.(19) and Eq.(20),
and use the nearest neighbor classifier for classification.

(1). Evaluation for Possible Directions

Similar to section 4.1.1, based on the D2DLDA, the im-
ages were rotated to the following directions(degrees): 0,30,
60,90, 120,150,180,36,72,108, 144,45 and 135 degrees,
which were derived from the 180-degree dividing by 3.,4,5
and 6, respectively. The 2DLDA and E2DLDA can be seen
as the special cases of D2DLDA in 0-degree and 90-degree

directions respectively, and the images in the direction of 0-
degree is equal to the images in the direction of 180-degree.
We tested the performance of the D2DLDA in the above
directions for varying number of training samples (from 2 to 8).

Fig. (11) shows the results of the D2DLDA with varying
number of sample size. We can observe from Fig. (11) that
the D2DLDA in the directions of 0-degree, 90-degree, 45-
degree and 135-degree (particularly the directions of O0-
degree and 90-degree) has significantly higher recognition
rates than that of other directions. And the directions of 30-
degree, 60-degree, 120-degree, 150-degree, 36-degree, 72-
degree, 108-degree and 144-degree are not so effective that
their recognition rates are all below 20%. Therefore, we se-
lected the directions of 0-degree, 45-degree, 90-degree and
135-degree for feature fusion.

(2). Features Fusion in The Selected Directions

After the evaluation, we note that the proposed method in
the directions of 0-degree, 45-degree, 90-degree and 135-
degree has better performance than the other directions, so
we selected these directions for feature fusion. Table 2
shows all the possible combinations for features fusion in
different directions, such as the fusions in the directions of 0-
degree and 45-degree(denotes as 0+45), 0-degree and 90-
degree, etc.

As shown in Table 2, the total number of combinations
for two different directions, three different directions and
four different directions are 6,4 and 1, respectively. In the
experiments, we tested the proposed method in all the fusion
ways and only chosen the best combinations in each differ-
ent number of directions to compare with the related method.
In the experiments, the proposed Sp-MD2DLDA in the fu-
sion directions of 0+90, 0+90+135 and 0+45+90+135 ob-
tains the best performance in 2,3 and 4 fusion directions,
respectively.
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Fig. (11). Recognition rates of D2DLDA by varying number of sample size.

Table2. All the possible combinations of feature fusion in different directions.

2 Different Directions 3 Different Directions 4 Different Directions
0+45 0+45+90 0+45+90+135
0+90 0+45+135
0+135 0+90+135

45+90 45+90+135
45+135
90+135

100

== MD2DLDA(0+90)

=~ (2D)2LDA
=3=MD2DLDA(0+90+135

<%= MD2DLDA(0++45+90+13
= M(2D)2LDA(K=4

~#— SpMD2DLDA(0+90+135 K= SPMD2DLDA(0+45+90+135,K=

5
number of training samples

~#=M2DLDA(K=4)
SpMD2DLDA(0+90,K=4

7 8

Fig. (12). Recognition rates of related methods with varying number of training samples.

The Fig. (12) shows the recognition rates of the related
methods with varying number of training samples(from 2 to
8). It can be observed from Fig. (12) that the trend of recog-

nition rates is up for all the methods as we increase the num-
ber of training samples. Similar to experimental results on
the Yale database, from the comparison results of M2DLDA
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and 2DLDA, M(2D)’LDA and (2D)’LDA,Sp-MD2DLDA
and MD2DLDA, we can also observe that the modular based
methods(including M2DLDA, M(2D)’LDA and Sp-
MD2DLDA) have higher recognition rates than the un-
modular based methods(including 2DLDA, (2D)’LDA and
MD2DLDA). In all the different number of training samples,
the proposed Sp-MD2DLDA in the fusion directions of
0+45+90+135 always obtains the highest recognition rates.

98 |

96
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1.
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=&-SpMD2DLDA(0+9!
88 <l=SpMDZDLDA(0+90+T-.
86 SpMD2DLDA(0+45+90+1
2 4 . 1
number of sub—lmage% 6

Fig. (13). Recognition rates of the proposed Sp-MD2DLDA with
varying number of sub-images.

To observe the effect of different number of sub-images
(denotes as K) on face recognition, we vary K from 2(2*1)
to16(4*4). We can observe from Fig. (13) that the proposed
Sp-MD2DLDA all have the best performance at K=4, and
recognition rates decline when k > 4, since the global infor-
mation may be destroyed by dividing the origin images into
very small regions.

The comparison of the experimental results from Yale
and ORL databases show that the effective directions of Yale
database are 0-degree, 30-degree, 90-degree and 150-degree,
but the effective directions of ORL database are 0-degree,
45-degree, 90-degree and 135-degree. Hence, the effective
directions used for feature fusion are different for different
face databases. Also, in the experiments on Yale database,
the proposed Sp-MD2DLDA in the case of fusion directions
of 0+90+150 and K=8 has the best performance. But, in the
experiments on ORL database, the best performance is ob-
tained by Sp-MD2DLDA in the case of fusion directions of
0+45+90+135 and K=4. So, from all the above experiment
results, we know that the most appropriate directions used
for feature fusion and the number of sub-images are not the
same for different databases, and that depend on the charac-
teristics of the face databases that used to be analyzed.

5. CONCLUSION

A sub-pattern Multi-directional 2DLDA(Sp-MD2DLDA)
for face recognition has been proposed in this paper. It has
two obvious advantages as follows: first, it can extract the
local features from the sample images and reduce the impact
of the variations in facial expression and illumination by
dividing the original images into small regions in a sub-
pattern manner. Second, it can extract useful features in any
direction which complement each other and fuse these com-
plementary features in an effective way. Compared with the
un-modular methods or the methods which extract features
only in one or two directions, the proposed method is more
powerful for classifying human face images.
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