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Abstract: Facial expression recognition is an interesting and challenging subject. 
Considering the nonlinear manifold structure of facial images, a new kernel-based 
manifold learning method, called kernel discriminant isometric mapping (KDIsomap),  
is proposed. KDIsomap aims to nonlinearly extract the discriminant information by 
maximizing the interclass scatter while minimizing the intraclass scatter in a reproducing 
kernel Hilbert space. KDIsomap is used to perform nonlinear dimensionality reduction on 
the extracted local binary patterns (LBP) facial features, and produce low-dimensional 
discrimimant embedded data representations with striking performance improvement on 
facial expression recognition tasks. The nearest neighbor classifier with the Euclidean 
metric is used for facial expression classification. Facial expression recognition 
experiments are performed on two popular facial expression databases, i.e., the JAFFE 
database and the Cohn-Kanade database. Experimental results indicate that KDIsomap 
obtains the best accuracy of 81.59% on the JAFFE database, and 94.88% on the  
Cohn-Kanade database. KDIsomap outperforms the other used methods such as principal 
component analysis (PCA), linear discriminant analysis (LDA), kernel principal 
component analysis (KPCA), kernel linear discriminant analysis (KLDA) as well as kernel 
isometric mapping (KIsomap). 

Keywords: kernel; isometric mapping; dimensionality reduction; local binary patterns; 
facial expression recognition 
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1. Introduction 

Facial expressions are the facial changes indicating a person’s internal affective states, intentions or 
social communications. Based on the shown facial expressions, human face is the predominant mode 
of expressing and interpreting affective states of human beings. Automatic facial expression 
recognition impacts important applications in many areas such as natural human computer interactions, 
image retrieval, talking heads and human emotion analysis [1]. Over the last decade, automatic facial 
expression recognition has been increasingly attracting attention and has become an important issue in 
the scientific community, since facial expressions are one of the most powerful, nature and immediate 
means for human beings to communicate their emotions and intentions.  

A basic automatic facial expression recognition system generally consists of three steps [2]: face 
acquisition, facial feature extraction and representation, and facial expression classification. Face 
acquisition is a preprocessing stage to detect or locate the face region in input images or sequences. 
The real-time face detection algorithm developed by Viola and Jones [3] is the most commonly 
employed face detector, in which a cascade of classifiers is employed with Harr-wavelet features. 
Based on the eye position detected in the face region, the detected face region is usually aligned. After 
detecting or locating the face, the next step is to extract facial features from original face images to 
represent facial expressions. There are mainly two approaches to this task: geometric features-based 
methods and appearance features-based methods [2]. Geometric features present the shape and 
locations of facial components such as mouth, nose, eyes, and brows. Nevertheless, the geometric 
feature extraction requires accurate and reliable facial feature detection, which is difficult to realize in 
real time applications. More crucially, geometric features usually cannot encode changes in skin 
texture such as wrinkles and furrows that are critical for facial expression modeling. In contrast, 
appearance features present appearance changes (skin texture) of the face, including wrinkles, bulges 
and furrows. Image filters, such as principal component analysis (PCA) [4], linear discriminant 
analysis (LDA) [5], Gabor wavelet analysis [6-9], can be applied to either the whole-face or specific 
face regions to extract facial appearance changes. However, it is computationally expensive to 
convolve face images with a set of Gabor filters to extract multi-scale and multi-orientation 
coefficients. It is thus inefficient in both time and memory for high redundancy of Gabor wavelet 
features [10-13]. In recent years, local binary patterns (LBP) [10], originally proposed for texture 
analysis and a non-parametric method efficiently summarizing the local structures of an image, have 
received increasing interest for facial expression representation. The most important property of LBP 
features is their tolerance against illumination changes and their computational simplicity. LBP has 
been successfully applied as a local feature extraction method in facial expression recognition [11-13]. 
The last step of an automatic facial expression recognition system is to classify different expressions 
based on the extracted facial features. A variety of classifiers, such as Neural Networks (NN) [14], 
Support Vector Machines (SVM) [15], k-Nearest Neighbor (kNN) [16], rule-based classifiers [17], and 
Hidden Markov Models (HMM) [18], have been used for facial expression recognition. 

In the second step of an automatic facial expression recognition system, the extracted facial features 
are represented by a set of high-dimensional data. Therefore, it would be desired to analyze facial 
expressions in the low-dimensional subspace rather than the ambient space. To solve this problem, 
there are mainly two methods: linear and nonlinear. The well-known linear methods are PCA and LDA. 
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However, they are not suitable for representing dynamically changing facial expressions, which can  
be represented as low-dimensional nonlinear manifolds embedded in a high-dimensional image  
space [19,20]. Considering the nonlinear manifold structure of facial images, manifold learning (also 
called nonlinear dimensionality reduction) methods, which aim to find a smooth low-dimensional 
manifold embedded in a high-dimensional data space, have been recently applied to facial images for 
automatic facial expression analysis [21,22]. The two representative manifold learning methods are 
locally linear embedding (LLE) [19] and isometric feature mapping (Isomap) [20]. By using manifold 
learning methods such as LLE and Isomap, facial expression images can be projected to a  
low-dimensional subspace in which facial data representation is optimal for classification. However, 
these methods lack a good generalization property on new data points since they are defined only on  
training data. 

To overcome the above drawback of manifold leaning methods, some kernel-based manifold 
learning methods, like kernel isometric mapping (KIsomap) [23], have been recently developed. 
KIsomap effectively combines the kernel idea and Isomap and can directly project new data points into a 
low-dimensional space by using a kernel trick as in kernel principal component analysis (KPCA) [24]. 
However, this kind of KIsomap algorithm still has two shortcomings. First, KIsomap fails to extract 
the discriminant embedded data representations since KIsomap does not take into account the known 
class label information of input data. Second, as a kernel-based method, KIsomap cannot employ the 
characteristic of a kernel-based learning, i.e., a nonlinear kernel mapping, to explore higher order 
information of input data. Because the kernel idea of KIsomap is that the geodesic distance matrix with 
a constant-shifting technique is referred to be a Mercer kernel matrix [25]. 

To overcome the limitations of KIsomap mentioned above, in this paper a new kernel-based feature 
extraction method, called kernel discriminant Isomap (KDIsomap) is proposed. On one hand, 
KDIsomap considers both the intraclass scatter information and the interclass scatter information in a 
reproducing kernel Hilbert space (RKHS), and emphasizes the discriminant information. On the other 
hand, KDIsomap performs a nonlinear kernel mapping with a kernel function to extract the nonlinear 
features when mapping input data into some high-dimensional feature space. After extracting LBP 
features for facial representations, the proposed KDIsomap is used to produce the low-dimensional 
discriminant embedded data representations from the extracted LBP features with striking performance 
improvement on facial expression recognition tasks. 

The remainder of this paper is organized as follows. The Local Binary Patterns (LBP) operator is 
described in Section 2. In Section 3, KIsomap is reviewed briefly and the proposed KDIsomap 
algorithm is presented in detail. In Section 4, two facial expression databases used for experiments are 
described. Section 5 shows the experiment results and analysis. Finally, the conclusions are given in 
Section 6. 

2. Local Binary Patterns (LBP) 

The original local binary patterns (LBP) [10] operator takes a local neighborhood around each 
pixel, thresholds the pixels of the neighborhood at the value of the central pixel and uses the resulting  
binary-valued image patch as a local image descriptor. It was originally defined for 3 × 3 neighborhoods, 
giving 8 bit codes based on the 8 pixels around the central one. The operator labels the pixels of an 
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image by thresholding a 3 × 3 neighborhood of each pixel with the center value and considering the 
results as a binary number, and the 256-bin histogram of the LBP labels computed over a region is 
used as a texture descriptor. Figure 1 gives an example of the basic LBP operator. 

Figure 1. An example of basic LBP operator. 

 

The limitation of the basic LBP operator is that its small 3 × 3 neighborhood cannot capture the 
dominant features with large scale structures. As a result, to deal with the texture at different scales, the 
operator was later extended to use neighborhoods of different sizes. Figure 2 gives an example of the 
extended LBP operator, where the notation (P, R) denotes a neighborhood of P equally spaced 
sampling points on a circle of radius of R that form a circularly symmetric neighbor set. The second 
defined the so-called uniform patterns: an LBP is ‘uniform’ if it contains at most one 0-1 and one 1-0 
transition when viewed as a circular bit string. For instance, 00000000, 001110000 and 11100001 are 
uniform patterns. It is observed that uniform patterns account for nearly 90% of all patterns in  
the (8, 1) neighborhood and for about 70% in the (16, 2) neighborhood in texture images. 
Accumulating the patterns which have more than 2 transitions into a single bin yields an LBP operator, , , with less than 2P bins. Here, the superscript u2 in ,  indicates using only uniform 
patterns and labeling all remaining patterns with a single label. 

Figure 2. An example of the extended LBP with different (P, R). 

 

After labeling an image with the LBP operator, a histogram of the labeled image fl(x, y) can  
be defined as: 

,

( ( , ) ),    0,1, , 1i l
x y

H I f x y i i n= = = −∑  (1) 

where n  is the number of different labels produced by the LBP operator and:  

1,    A is true
( )

0,   A is false
I A

⎧
= ⎨
⎩

 (2) 

This LBP histogram contains information about the distribution of the local micro-patterns, such as 
edges, spots and flat areas, over the whole image, so can be used to statistically describe image 
characteristics. For efficient face representation, face images were equally divided into m small regions 
R1, R2, ..., Rm Once the m  small regions R1, R2, ..., Rm are determined, a histogram is computed 



Sensors 2011, 11 9577 
 

 

independently within each of the m small regions. The resulting m histograms are concatenated into a 
single, spatially enhanced histogram which encodes both the appearance and the spatial relations of 
facial regions. In this spatially enhanced histogram, we effectively have a description of the face image 
on three different levels of locality: the labels for the histogram contain information about the patterns 
on a pixel-level, the labels are summed over a small region to produce information on a regional level 
and the regional histograms are concatenated to build a global description of the face image. 

3. Our Method 

In this section, we review the existing KIsomap algorithm in brief and explain the proposed 
KDIsomap algorithm in detail. 

3.1. Review of KIsomap 

The approximate geodesic distance matrix used in Isomap [20], can be interpreted as a Mercer 
kernel matrix. However, the kernel matrix based on the doubly centered geodesic distance matrix, is 
not always positive semi-definite. The method which incorporates a constant-shifting method  
into Isomap, is referred to as KIsomap [23], since the geodesic distance matrix with a  
constant-shifting technique is guaranteed to be a Mercer kernel matrix. This Mercer KIsomap 
algorithm has a good generalization property, enabling us to project new data points onto an associated 
low-dimensional manifold. 

The KIsomap [23] operations can be summarized as follows: 

Step 1: Identify the k nearest neighbors of each input data point and construct a neighborhood graph 
where edge lengths between points in a neighborhood are set as their Euclidean distances. 

Step 2: Compute the geodesic distances, dij, containing shortest paths for all pairs of data points by 
Dijkstra’ algorithm, and define D2 = [ ]. 

Step 3: Construct a matrix K(D2) based on the approximate geodesic distance matrix: 

2 21( ) -
2

K D = HD H  (3) 

where H = I – (1/N)eeT, e = [1,...,1]T ∈ RN. 

Step 4: Compute the largest eigenvalue, c*, of the matrix 
0 24  and construct a Mercer 

kernel matrix: 
2 21( ) 2 ( )

2
c c∗ = + +K K D K D Η  (4) 

where K* is guaranteed to be positive semi-definite for c ≥ c*.  

Step 5: Compute the top d eigenvectors of K*, which leads to the eigenvector matrix V∈RN × d and 
the eigenvalue matrix Λd × d. 

Step 6: The embedded coordinates of the input points in the d-dimensional Euclidean space are 
given by:  

1
2 T=Y Λ V  (5) 
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3.2. The Proposed KDIsomap 

The Fisher’s criterion in LDA [5], that is, the interclass scatter should be maximized while the 
intraclass scatter should be simultaneously minimized, has become one of the most important selection 
criteria for projection techniques since it endows the projected data vectors with a good discriminating 
power. Motivated by the Fisher’s criterion, when using KIsomap to extract the low-dimensional 
embedded data representations, the interclass dissimilarity could be maximized while the intraclass 
dissimilarity could be minimized in order to have improved tightness among similar patterns and better 
separability for dissimilar patterns. This can be realized by means of modifying the used Euclidean 
distance measure in the first step of KIsomap. In this section, we develop an improved kernelized 
variant of KIsomap by designing a kernel discriminant distance in a reproducing kernel Hilbert space 
(RKHS), which gives rise to the KDIsomap algorithm. 

To develop the KDIsomap algorithm, a kernel matrix is firstly constructed by performing a 
nonlinear kernel mapping with a kernel function, and then a kernel discriminant distance, in which the 
interclass scatter is maximized while the intraclass scatter is simultaneously minimized, is designed to 
extract the discriminant information in a RKHS.  

Given the input data point (xi, Li), where xi ∈ RD and Li is the class label of xi, the output data point 
is yi ∈ Rd (i = 1, 2, 3, ..., N). The detailed steps of KDIsomap are presented as follows: 

Step 1: Kernel mapping for each input data point xi. 

A nonlinear mapping function φ  is defined as: : ,   ( )DR x xφ φ→F  
The input data point xi ∈RD is mapping into an implicit high-dimensional feature space F with the 

nonlinear mapping function φ . In a RKHS, a kernel function κ(xi, xj) can be defined as: 

( , ) ( ), ( ) ( ) ( )T
i j i j i jx x x x x xκ φ φ φ φ= 〈 〉 =  (6) 

where κ is known as a kernel. 

Step 2: Find the nearest neighbors of each data point ( )ixφ  and construct a neighborhood  
graph where edge lengths between points in a neighborhood are set as the following kernel 
discriminant distance. 

The kernel Euclidean distance measure induced by a kernel κ can be defined as: 

( , ) ( ) ( ), ( ) ( )

               ( , ) 2 ( , ) ( , )

i j i j i j

i i i j j j

d x x x x x x

x x x x x x

κ φ φ φ φ

κ κ κ

= 〈 − − 〉

= − +
 (7) 

To preserve the intraclass neighbouring geometry, while maximizing the interclass scatter, a kernel 
discriminant distance in a RKHS is given as follows: 

2
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where dκ(xi, xj) is the kernel Euclidean distance matrix without class label information, whereas  
Dκ(xi, xj) is the kernel discriminant distance matrix integrating class label information. β is a smoothing 
parameter related to the data ‘density’, and it is usually feasible to set β to be the average kernel 
Euclidean distance between all pairs of data points. α is a constant factor (0 ≤ α ≤ 1) and gives the 
intraclass dissimilarity a certain probability to exceed the interclass dissimilarity. As shown in 
Equation (8), we can make two observations. First, each dissimilarity function in Dκ(xi, xj), i.e., 
interclass dissimilarity and intraclass dissimilarity, is increasing monotonously with respect to the 
kernel Euclidean distance. This ensures that the main geometric structure of the original data sets can 
be preserved well when using KDIsomap to produce low-dimensional embedded data representations. 
Second, the interclass dissimilarity in Dκ(xi, xj) can be always definitely larger than the intraclass 
dissimilarity, conferring a high discriminating power of KDIsomap’s projected data vectors. This is a 
good property for classification. 

Step 3: Estimate the approximate geodesic distances. 

Step 4: Construct a matrix K(D2) based on K(D2) = −0.5HD2H. 

Step 5: Compute the top d eigenvectors with the largest eigenvalue and give the embedded 
coordinates of the input points in the d-dimensional Euclidean space. 

4. Facial Expression Database 

Two popular facial expression databases, i.e., the JAFFE database [9] and the Cohn-Kanade 
database [26], are used for facial expression recognition. Each database contains seven emotions: 
anger, joy, sadness, neutral, surprise, disgust and fear. 

Figure 3. Examples of facial expression images from the JAFFE database. 

 
 
The JAFFE database contains 213 images of female facial expressions. Each image has a resolution 

of 256 × 256 pixels. The head is almost in frontal pose. The number of images corresponding to each 
of the seven categories of expressions is roughly the same. A few of them are shown in Figure 3. 
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The Cohn-Kanade database consists of 100 university students aged from 18 to 30 years, of  
which 65% were female, 15% were African-American and 3% were Asian or Latino. Subjects were 
instructed to perform a series of 23 facial displays, six of which were based on description of 
prototypic emotions. Image sequences from neutral to target display were digitized into 640 × 490 pixels 
with 8-bit precision for grayscale values. Figure 4 shows some sample images from the  
Cohn-Kanade database. As in [11,12], we selected 320 image sequences from the Cohn-Kanade 
database. The selected sequences, each of which could be labeled as one of the six basic emotions, 
come from 96 subjects, with 1 to 6 emotions per subject. For each sequence, the neutral face and three 
peak frames were used for prototypic expression recognition, resulting in 1,409 images (96 anger,  
298 joy, 165 sadness, 225 surprise, 141 fear, 135 disgust and 349 neutral). 

Figure 4. Examples of facial expression images from the Cohn-Kanade database. 

 
 
Following the setting in [11,12], we normalized the eye distance of face images to a fixed distance 

of 55 pixels once the centers of two eyes were located. Generally, it is observed that the width of a face 
is roughly two times the distance, and the height is roughly three times. Therefore, based on the 
normalized value of the eye distance, a resized image of 110 × 150 pixels was cropped from original 
image. To locate the centers of two eyes, automatic face registration was performed by using a robust 
real-time face detector based on a set of rectangle Harr-wavelet features [3]. From the results of 
automatic face detection including face location, face width and face height, two square bounding 
boxes for left eye and right eye were automatically constructed by using the geometry of a typical  
up-right face which has been widely utilized to find a proper spatial arrangement of facial features [27]. 
Then, the approximate center locations of two eyes can be automatically worked out in terms of the 
centers of two square bounding boxes for left eye and right eye. Figure 5 shows the detailed process of 
two eyes location and the final cropped image from the Cohn-Kanade database. No further alignment 
of facial features such as alignment of mouth was performed. Additionally, there was no attempt made 
to remove illumination changes due to LBP’s gray-scale invariance. 

The cropped facial images of 110 × 150 pixels contain facial main components such as mouth, eyes, 
brows and noses. The LBP operator is applied to the whole region of the cropped facial images. For 
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better uniform-LBP feature extraction, two parameters, i.e., the LBP operator and the number of 
regions divided, need to be optimized. Similar to the setting in [28], we selected the 59-bin operator , , and divided the 110 × 150 pixels face images into 18 × 21 pixels regions, giving a good  
trade-off between recognition performance and feature vector length. Thus face images were divided 
into 42 (6 × 7) regions, and represented by the LBP histograms with the length of 2,478 (59 × 42). 

Figure 5. (a) Two eyes location of an original image from the Cohn-Kanade database.  
(b) The final cropped image of 110 × 150 pixels. 

 

5. Experimental Results and Analysis  

To evaluate the performance of KDIsomap, facial expression recognition experiments were 
performed separately on the JAFFE database and the Cohn-Kanade Database. The performance of 
KDIsomap is compared with PCA [4], LDA [5], KPCA [24], kernel linear discriminant analysis 
(KLDA) [29], and KIsomap. The typical Gaussian kernel 

2 2( , ) exp( / 2 )i j i jx x x xκ σ= − −  is adopted 
for KPCA, KLDA, KIsomap and KDIsomap, and the parameter σ is empirically set to 1 for its 
satisfying results. For simplicity the nearest neighbor classifier with the Euclidean metric is used for 
classification. Due to the computation complexity constraint, the embedded feature dimension is 
confined to the range [2,100] with an interval of 5. In each embedded dimension, the constant  
α (0 ≤ α ≤ 1) for KDIsomap can be optimized using a simple exhaustive search within a scope  
(α = 0, 0.1, 0.2, ..., 1). Note that the embedded dimensions of LDA and KLDA are limited to the  
range [2,6] because they can only find at most c − 1 meaningful embedded features, where c is the 
number of facial expression classes. Additionally, to detailedly explore the performance of all used 
methods in the low range [2,10], we present the recognition results of each embedded dimension with 
a small interval of 1. 

A 10-fold cross validation scheme is employed for 7-class facial expression recognition experiments, 
and the average recognition results are reported. In detail, the data sets are split randomly into ten 
groups of roughly equal numbers of subjects. Nine groups are used as the training data to train a 
classifier, while the remaining group is used as the testing data. The above process is repeated ten 
times for each group in turn to be omitted from the training process. Finally, the average recognition 
results on the testing data are reported. 
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5.1. System Structure 

In order to clarify the experiment scheme of how to employ dimensionality reduction techniques 
such as PCA, LDA, KPCA, KLDA, KIsomap and KDIsomap on facial expression recognition tasks, 
Figure 6 presents the basic structure of a facial expression recognition system based on dimensionality 
reduction techniques.  

Figure 6. The basic system structure for facial expression recognition experiments using 
dimensionality reduction methods. 

 

It can be observed from Figure 6 that this system consists of three main components: feature 
extraction, feature dimensionality reduction and facial expression classification. In the feature 
extraction stage, the original facial images from the used facial expression databases are divided into 
two parts: training data and testing data. The corresponding LBP features for training data and testing 
data are extracted. The result of this stage is the extracted facial feature data represented by a set of 
high-dimensional LBP features. The second stage aims at reducing the size of LBP features and 
generating the new low-dimensional embedded features with dimensionality reduction techniques. It is 
noted that for the mapping of testing data, the low-dimensional embedded mapping of training data is 
needed to be learnt. This is realized by using the out-of-sample extensions of dimensionality reduction 
methods. For linear methods such as PCA and LDA, due to the linearity, their out-of-sample 
extensions are performed by multiplying testing data with the linear mapping matrix with a 
straightforward method. In other words, in PCA and LDA, the out-of-sample extension is computed by 
multiplying testing data with the linear mapping matrix obtained over training data. For nonlinear 
methods such as KPCA, KLDA, KIsomap and KDIsomap, their out-of-sample extensions are easily 
realized by a kernel trick as in KPCA [24]. The kernel trick first maps the original input data to another 
higher dimensional space with a kernel mapping function, and then performs the linear operations in 
this new feature space. The last stage in this system is in the low-dimensional embedded feature space 
the trained pattern classifiers like the nearest neighbor classifier are used to predict the accurate facial 
expression categories on testing data and the recognition results are given. 

5.2. Experimental Results on the JAFFE Database 

The recognition results of different dimensionality reduction methods, i.e., PCA, LDA, KPCA, 
KLDA, KIsomap and KDIsomap, are given in Figure 7. The best accuracy for different methods with 
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corresponding embedded dimension is presented in Table 1. From the results in Figure 7 and Table 1, 
we can make four observations. Firstly, KDIsomap achieves the highest accuracy of 81.59%  
with 20 embedded features, outperforming the other methods, i.e., PCA, LDA, KPCA, KLDA and 
KIsomap. This shows that KDIsomap is able to extract the most discriminative low-dimensional 
embedded data representations for facial expression recognition. This can be attributed to the good 
property of KDIsomap for classification, i.e., the interclass scatter is maximized while the intraclass 
scatter is simultaneously minimized. Secondly, KIsomap performs worst and obtains the lowest 
accuracy of 69.52%. The main reason is that KIsomap does not consider the class label information of 
data sets. In contrast, KDIsomap performs best. This reveals that KDIsomap makes an obvious 
improvement over KIsomap due to its supervised learning ability. Thirdly, two kernel methods, KPCA 
and KLDA, slightly outperform the corresponding non-kernel methods, i.e., PCA and LDA. This 
demonstrates the effectiveness of kernel methods. That is, they can employ the characteristic of a 
kernel-based learning to explore higher order information of input data. Finally, there is no significant 
improvement on facial expression recognition performance if more embedded feature dimensions are 
used. This shows that in our experiments it is acceptable that the embedded target dimension is 
confined to the range [2,100]. 

Figure 7. Performance comparisons of different methods on the JAFFE database. 
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Table 1. The best accuracy (%) of different methods on the JAFFE database. 

Method PCA LDA KPCA KLDA KIsomap KDIsomap 
Dimension 20 6 40 6 70 20 
Accuracy 78.09 ± 4.2 80.81 ± 3.6 78.47 ± 4.0 80.93 ± 3.9 69.52 ± 4.7 81.59 ± 3.5 

The recognition accuracy of 81.59% with basic LBP features and the nearest neighbor classifier is 
very encouraging, compared with the previously reported work [12] on the JAFFE database. In [12], 
using experimental settings similar to ours, the authors found the most discriminative LBP histograms 
using AdaBoost for better facial representation and then based on boosted-LBP features and SVM, 
they reported 7-class facial expression recognition accuracy of 79.8%, 79.8% and 81.0% for linear, 
polynomial and radial basis function (RBF) kernels, respectively. Nevertheless, in this study we did not 
used boosted-LBP features and SVM. To further compare the performance of KDIsomap with the work 
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in [12], it’s an interesting task to explore the performance of boosted-LBP features and SVM 
integrating with KDIsomap in our future work. 

To further explore the recognition accuracy per expression when KDIsomap performs best, Table 2 
gives the confusion matrix of 7-class facial expression recognition results obtained by KDIsomap. 
From Table 2 we can see that two expressions, i.e., anger and joy, are classified well with an accuracy 
of more than 90%, while other five expressions are discriminated with relatively low accuracy (less 
than 90%). In particular, sadness is recognized with the lowest accuracy of 61.88% since sadness is 
highly confused to neutral and fear. 

Table 2. Confusion matrix of 7-class facial expression recognition results obtained by 
KDIsomap on the JAFFE database. 

 
Anger 

(%) 
Joy 
(%) 

Sadness
(%) 

Surprise 
(%) 

Disgust 
(%) 

Fear 
(%) 

Neutral 
(%) 

Anger 90.10 0 3.58 0 3.32 0 3.00 
Joy 0 93.54 3.12 0 0 0 3.34 
Sadness 6.45 3.21 61.88 0 3.29 9.68 15.49 
Surprise 0 3.13 3.54 86.67 0 6.66 0 
Disgust 7.42 0 3.68 0 81.48 7.42 0 
Fear 0 0 12.48 6.25 3.13 78.14 0 
Neutral 0 0 17.23 3.45 0 0 79.32 

5.3. Experimental Results on the Cohn-Kanade Database 

Figure 8 presents the recognition performance of different dimensionality reduction methods on the 
Cohn-Kanade database. Table 3 shows the best accuracy for different methods with corresponding 
embedded dimension. The results in Figure 8 and Table 3 indicate that KDIsomap still obtains a 
recognition performance superior to that of other methods. In detail, among all used methods 
KDIsomap achieves the highest accuracy of 94.88% with 30 embedded features, whereas KIsomap 
gives the lowest accuracy of 75.81% with 40 embedded features. Again, this demonstrates the 
effectiveness of KDIsomap.  

Table 4 gives the confusion matrix of 7-class expression recognition results when KDIsomap 
obtains the best performance. As shown in Table 4, we can see that 7-class facial expressions except 
sadness are identified very well with an accuracy of over 90%. 

Table 3. The best accuracy (%) of different methods on the Cohn-Kanade database. 

Method PCA LDA KPCA KLDA KIsomap KDIsomap 
Dimension 55 6 60 6 40 30 
Accuracy 92.43 ± 3.3 90.18 ± 3.0 92.59 ± 3.6 93.32 ± 3.0 75.81 ± 4.2 94.88 ± 3.1 

  



Sensors 2011, 11 9585 
 

 

Figure 8. Performance comparisons of different methods on the Cohn-Kanade database. 
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Table 4. Confusion matrix of 7-class facial expression recognition results obtained by 
KDIsomap on the Cohn-Kanade database. 

 
Anger 

(%) 
Joy 
(%) 

Sadness 
(%) 

Surprise 
(%) 

Disgust 
(%) 

Fear 
(%) 

Neutral 
(%) 

Anger 97.60 0 0.96 0 0 1.44 0 
Joy 0.31 95.53 0.28 0 1.97 0.30 1.61 
Sadness 2.15 1.02 89.84 0 5.76 0 1.23 
Surprise 0.24 0.24 1.99 97.18 0 0 0.35 
Disgust 0 1.16 1.28 3.00 94.21 0.35 0 
Fear 0 0 0 0.38 0 99.62 0 
Neutral 2.12 1.79 3.27 0.44 1.79 0.44 90.15 

 
Compared with the previously reported work [11,12] with similar experimental settings to ours,  

the recognition performance of 94.88% is highly comparable. In [11], on 7-class facial expression 
recognition tasks they used LBP-based template matching to obtain an accuracy of 79.1%. Additionally, 
they also employed LBP-based SVM classifier to give an accuracy of 87.2%, 88.4% and 87.6% with 
linear, polynomial and RBF kernels, respectively. In [12], based on boosted-LBP features and SVM, on 
7-class facial expression recognition tasks they reported an accuracy of 91.1%, 91.1% and 91.4% with 
linear, polynomial and RBF kernels, respectively. 

5.4. Computational and Memory Complexity Comparison 

The computational and memory complexity of a dimensionality reduction method is mainly 
determined by the target embedded feature dimensionality d and the number of training data points n 
(d < n). Table 5 presents a comparison of computational and memory complexity of different 
dimensionality reduction methods. The computational complexity demanding part of PCA and LDA is 
the eigenanalyis of a d × d matrix performed using a power method in O(d3). The corresponding 
memory requirement of PCA and LDA is O(d2). For the used kernel methods including KPCA, KLDA, 
KIsomap and KDIsomap, an eigenanalysis of an n × n matrix is performed using a power method in 
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O(n3), so their computational complexity is O(n3). Since a full n × n kernel matrix is stored when 
performing KPCA, KLDA, KIsomap and KDIsomap, the memory complexity of these kernel methods 
is O(n2). As shown in Table 5, we can see that the proposed KDIsomap has the same computational 
and memory complexity as other kernel methods such as KPCA, KLDA and KIsomap. 

Table 5. Computational and memory complexity of different dimensionality reduction methods. 

Method PCA LDA KPCA KLDA KIsomap KDIsomap 
Computational complexity O(d3) O(d3) O(n3) O(n3) O(n3) O(n3) 

Memory complexity O(d2) O(d2) O(n2) O(n2) O(n2) O(n2) 

6. Conclusions 

In this paper, a new kernel-based manifold learning algorithm, called KDIsomap, is proposed for 
facial expression recognition. KDIsomap has two prominent characteristics. For one thing, as a  
kernel-based feature extraction method, KDIsomap can extract the nonlinear feature information 
embedded on a data set, as KPCA and KLDA do. For another, KDIsomap is designed to offer a high 
discriminating power for its low-dimensional embedded data representations in an effort to improve 
the performance on facial expression recognition. It’s worth pointing out that in our work we focus on 
facial expression recognition by using static images from two well-known facial expression databases, 
but we do not consider the temporal behaviors of facial expressions, which can potentially lead to more 
robust and accurate classification results. Therefore, it is also an interesting task to explore the 
performance of temporal information on facial expression recognition in our future work. 

Acknowledgments 

This work is supported by Zhejiang Provincial Natural Science Foundation of China under Grant 
No. Z1101048 and Grant No. Y1111058. 

References 

1. Cowie, R.; Douglas-Cowie, E.; Tsapatsoulis, N.; Votsis, G.; Kollias, S.; Fellenz, W.; Taylor, J.G. 
Emotion recognition in human-computer interaction. IEEE Signal Proc. Mag. 2001, 18, 32-80. 

2. Tian, Y.; Kanade, T.; Cohn, J. Facial expression analysis. In Handbook of Face Recognition; 
Springer: Berlin, Germany, 2005; pp. 247-275. 

3. Viola, P.; Jones, M. Robust real-time face detection. Int. J. Comput. Vis. 2004, 57, 137-154. 
4. Turk, M.A.; Pentland, A.P. Face recognition using eigenfaces. In Proceedings of IEEE Conference on 

Computer Vision and Pattern Recognition (CVPR), Maui, HI, USA, 3–6 June 1991; pp. 586-591. 
5. Belhumeur, P.N.; Hespanha, J.P.; Kriegman, D.J. Eigenfaces vs. fisherfaces: Recognition using 

class specific linear projection. IEEE Trans. Pattern Anal. Mach. Intell. 1997, 19, 711-720. 
6. Daugman, J.G. Complete discrete 2-d gabor transforms by neural networks for image analysis and 

compression. IEEE Trans. Acoust. Speech Signal Process. 1988, 36, 1169-1179. 
7. Shen, L.; Bai, L. A review on gabor wavelets for face recognition. Pattern Anal. Appl. 2006, 9, 

273-292. 



Sensors 2011, 11 9587 
 

 

8. Shen, L.; Bai, L.; Fairhurst, M. Gabor wavelets and general discriminant analysis for face 
identification and verification. Image Vis. Comput. 2007, 25, 553-563. 

9. Lyons, M.J.; Budynek, J.; Akamatsu, S. Automatic classification of single facial images. IEEE 
Trans. Pattern Anal. Mach. Intell. 1999, 21, 1357-1362. 

10. Ojala, T.; Pietikäinen, M.; Mäenpää, T. Multiresolution gray scale and rotation invariant texture 
analysis with local binary patterns. IEEE Trans. Pattern Anal. Mach. Intell. 2002, 24, 971-987. 

11. Shan, C.; Gong, S.; McOwan, P. Robust facial expression recognition using local binary patterns. 
In Proceedings of IEEE International Conference on Image Processing (ICIP), Genoa, Italy,  
11–14 September 2005; pp. 370-373. 

12. Shan, C.; Gong, S.; McOwan, P. Facial expression recognition based on local binary patterns:  
A comprehensive study. Image Vis. Comput. 2009, 27, 803-816. 

13. Moore, S.; Bowden, R. Local binary patterns for multi-view facial expression recognition. 
Comput. Vis. Image. Und. 2011, 115, 541-558. 

14. Tian, Y.; Kanade, T.; Cohn, J. Recognizing action units for facial expression analysis. IEEE Trans. 
Pattern Anal. Mach. Intell. 2002, 23, 97-115. 

15. Kotsia, I.; Pitas, I. Facial expression recognition in image sequences using geometric deformation 
features and support vector machines. IEEE Trans. Image Process. 2007, 16, 172-187. 

16. Donato, G.; Bartlett, M.; Hager, J.; Ekman, P.; Sejnowski, T. Classifying facial actions. IEEE 
Trans. Pattern Anal. Mach. Intell. 1999, 21, 974-989. 

17. Pantic, M.; Patras, I. Dynamics of facial expression: Recognition of facial actions and their 
temporal segments from face profile image sequences. IEEE Trans. Syst. Man. Cybern. Part B 
2006, 36, 433-449. 

18. Cohen, I.; Sebe, N.; Garg, A.; Chen, L.S.; Huang, T.S. Facial expression recognition from video 
sequences: Temporal and static modeling. Comput. Vis. Image. Und. 2003, 91, 160-187. 

19. Roweis, S.T.; Saul, L.K. Nonlinear dimensionality reduction by locally linear embedding. Science 
2000, 290, 2323-2326. 

20. Tenenbaum, J.B.; Silva, V.D.; Langford, J.C. A global geometric framework for nonlinear 
dimensionality reduction. Science 2000, 290, 2319-2323. 

21. Chang, Y.; Hu, C.; Feris, R.; Turk, M. Manifold based analysis of facial expression. Image Vis. 
Comput. 2006, 24, 605-614. 

22. Cheon, Y.; Kim, D. Natural facial expression recognition using differential-aam and manifold 
learning. Pattern Recogn. 2009, 42, 1340-1350. 

23. Choi, H.; Choi, S. Robust kernel isomap. Pattern Recogn. 2007, 40, 853-862. 
24. Scholkopf, B.; Smola, A.; Muller, K. Nonlinear component analysis as a kernel eigenvalue 

problem. Neural Comput. 1998, 10, 1299-1319. 
25. Ham, J.; Lee, D.; Mika, S.; Scholkopf, B. A kernel view of the dimensionality reduction of 

manifolds. In Proceedings of Twenty-First International Conference on Machine Learning, Banff, 
AB, Canada, 4–8 July 2004; pp. 369-376. 

26. Kanade, T.; Tian, Y.; Cohn, J. Comprehensive database for facial expression analysis. In 
Proceedings of the 4th IEEE International Conference on Automatic Face and Gesture 
Recognition, Grenoble, France, 26–30 March 2000; pp. 46-53. 



Sensors 2011, 11 9588 
 

 

27. Campadelli, P.; Lanzarotti, R.; Lipori, G.; Salvi, E. Face and facial feature localization. In 
Proceedings of the 13th International Conference on Image Analysis and Processing, Cagliari, 
Italy, 6–8 September 2005; pp. 1002-1009. 

28. Ahonen, T.; Hadid, A.; Pietikainen, M. Face description with local binary patterns: Application to 
face recognition. IEEE Trans. Pattern Anal. Mach. Intell. 2006, 28, 2037-2041. 

29. Baudat, G.; Anouar, F. Generalized discriminant analysis using a kernel approach. Neural 
Comput. 2000, 12, 2385-2404. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AharoniBold
    /Algerian
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /Basemic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /DejaVuSans
    /DejaVuSans-Bold
    /DejaVuSans-BoldOblique
    /DejaVuSansCondensed
    /DejaVuSansCondensed-Bold
    /DejaVuSansCondensed-BoldOblique
    /DejaVuSansCondensed-Oblique
    /DejaVuSans-ExtraLight
    /DejaVuSansMono
    /DejaVuSansMono-Bold
    /DejaVuSansMono-BoldOblique
    /DejaVuSansMono-Oblique
    /DejaVuSans-Oblique
    /DejaVuSerif
    /DejaVuSerif-Bold
    /DejaVuSerif-BoldItalic
    /DejaVuSerifCondensed
    /DejaVuSerifCondensed-Bold
    /DejaVuSerifCondensed-BoldItalic
    /DejaVuSerifCondensed-Italic
    /DejaVuSerif-Italic
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /FelixTitlingMT
    /FencesPlain
    /FixedMiriamTransparent
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /GentiumBasic
    /GentiumBasic-Bold
    /GentiumBasic-BoldItalic
    /GentiumBasic-Italic
    /GentiumBookBasic
    /GentiumBookBasic-Bold
    /GentiumBookBasic-BoldItalic
    /GentiumBookBasic-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kingsoft-Phonetic
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LevenimMT
    /LevenimMTBold
    /LiberationSansNarrow
    /LiberationSansNarrow-Bold
    /LiberationSansNarrow-BoldItalic
    /LiberationSansNarrow-Italic
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /MaturaMTScriptCapitals
    /MicrosoftSansSerif
    /MingLiU
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MT-Extra
    /MVBoli
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /OpenSymbol
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /RodTransparent
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 841.680]
>> setpagedevice


