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The tremendous growth and usage of information technologies led to rapid development on the various aspects of
advances in convergence and hybrid information technology. The spread of current technologies is more emanative
at all stages of research, development, diffusion, and use.
Moreover, different regions of research and applications are
often integrated together to achieve better performance,
solve problems and restructure systems, and improve the
computational intelligence both theoretically and practically.
Hence, the convergence of information technologies could
lead to the new stage of innovation with significant increasing
speed.
This special issue is aimed at providing state-of-theart publication of refereed, high quality original research
papers in all branches of the convergence technologies and
its applications, such as signal and image processing for IT
convergence, web and database technology for IT convergence, IT convergence in health care, robotics, transportation
system, and big data technology.
The special issue consists of 13 papers whose brief summaries are listed below.
“Disordered and Multiple Destinations Path Planning
Methods for Mobile Robot in Dynamic Environment” by Y.
Dong et al. presents a sinusoidal adaptive genetic algorithm
for mobile robot in dynamic environment which can calculate
the crossover probability and mutation probability adaptively
changing with environment at any time.
“Heuristic Data Placement for Data-Intensive Applications in Heterogeneous Cloud” by Q. Zhao et al. proposes an

improved data placement algorithm for heterogeneous cloud
environments. In the initialization phase, a data clustering
algorithm based on data dependency clustering and recursive
partitioning has been presented, and both the factor of data
size and fixed position are incorporated. And then a heuristic
tree-to-tree data placement strategy is advanced in order to
make frequent data movements occur on high-bandwidth
channels.
“A Fusion Face Recognition Approach Based on 7-Layer
Deep Learning Neural Network” by J. Liu et al. presents a
method for recognizing human faces with facial expression.
In the proposed approach, a motion history image (MHI) is
employed to get the features in an expressive face. It fused
the 2D images of a face and MHIs which were generated
from the same face’s image sequences with expression. Then
the fusion features were used to feed a 7-layer deep learning
neural network. The previous 6 layers of the whole network
can be seen as an autoencoder network which can reduce the
dimension of the fusion features. The last layer of the network
can be seen as Softmax regression.
“Spatial Circular Granulation Method Based on Multimodal Finger Feature” by J. Yang et al. focuses on a new multimodal finger feature recognition scheme based on granular
computing. First, the ridge texture features of FP, FV, and
FKP are extracted using Gabor Ordinal Measures (GOM).
Second, combining the three-model GOM feature maps in a
color-based manner, it then constitutes the original feature
object set of a finger. To represent finger features effectively,
they are granulated at three levels of feature granules (FGs) in
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a bottom-up manner based on spatial circular granulation. In
order to test the performance of the multilevel FGs, a topdown matching method is proposed.
“Cloud Multidomain Access Control Model Based on
Role and Trust-Degree” by L. Xie et al. presents an access
control model based on role and trust-degree. The model
combines role-based access control and trust-based access
control. The role assessment weights are defined based on the
user’s role classes, and the trust-degree is calculated according
to the role assessment weights and the role’s behavior.
“Power Consumption Based Android Malware Detection” by H. Yang et al. proposes a malicious software detection
method based on power consumption. Firstly, the mobile
battery consumption status information was obtained, and
the Gaussian mixture model (GMM) was built by using Mel
frequency cepstral coefficients (MFCC). Then, the GMM was
used to analyze power consumption; malicious software can
be classified and detected through classification processing.
“Finger Vein Recognition Using Optimal Partitioning
Uniform Rotation Invariant LBP Descriptor” by B. C. Liu et
al. proposes two block selection methods which are based on
the estimate of the amount of information in each block and
the contribution of block location by looking at recognition
rate of each block position to reduce feature extraction time
and matching time. The specific approach is to find out some
local finger vein areas with low-quality and noise, which will
be useless for feature description. Local binary pattern (LBP)
descriptors are proposed to extract the finger vein pattern
feature.
“Subsurface Geobody Imaging Using CMY Color Blending with Seismic Attributes” by J. Cao et al. focuses on
the approach of CMY color blending and its application
in subsurface geobody characterization by using seismic
attributes data. The first step is to calculate three types of
seismic attributes based on the Hilbert transform algorithm,
including envelop, instantaneous phase, and instantaneous
frequency. Then, the three attributes are scaled and combined
together using CMY color model in three-dimensional environment, and each attribute is corresponding to one primary
color channel.
“Plant Leaf Recognition through Local Discriminative
Tangent Space Alignment” by C. Zhang et al. introduces a
dimensionality reduction method based on local discriminative tangent space alignment (LDTSA) for plant leaf
recognition based on leaf images. The proposed method
can embrace part optimization and whole alignment and
encapsulate the geometric and discriminative information
into a local patch.
“HS-RAID2: Optimizing Small Write Performance in
HS-RAID” by Y. Dong et al. proposes a redundancy algorithm,
data incremental parity algorithm (DIP), which employs
HS-RAID to minimize the write penalty and improves the
performance and reliability of the storage systems.
“Research on the Rough Extension of Ontology Description Language of SWRL” by X. Zhang et al. extends the
Semantic Web Rule Language (SWRL) and gives the extension of reasoning rules. Firstly, the concept of rough ontology and the extension of rough relationship of ontology
are put forward; secondly, they give the extension method
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for concepts, relationships, axioms, examples, and rules of
SWRL. Finally, a psychological counseling case shows that the
method can well express the uncertainty of knowledge, and it
is able to well express the reasoning rules.
“Research on the Influence of Sensor Network Communication in the Electromagnetic Environment of Smart Grid”
by Y. Zhang et al. analyzes the application of wireless sensor
network in smart grid and proposes the test method of the
interaction between wireless sensor networks and smart grid.
“Multiresolution Rotational Symmetry Detection via
Radius-Based Frieze-Expansion” by G. Pan et al. presents a
rotational symmetry detection algorithm, which is easy to
use and can determine both the center and the radius of
the rotational symmetry supporting region without human
interaction. The algorithm is derived from frieze-expansions
approach and improved through a radius-based expansion
idea. Multiresolution pyramid is used to accelerate this
detection process.
Jucheng Yang
Hui Cheng
Sook Yoon
Anthony T. S. Ho
Weiming Zeng
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In the smart home environment, aiming at the disordered and multiple destinations path planning, the sequencing rule is proposed
to determine the order of destinations. Within each branching process, the initial feasible path set is generated according to the
law of attractive destination. A sinusoidal adaptive genetic algorithm is adopted. It can calculate the crossover probability and
mutation probability adaptively changing with environment at any time. According to the cultural-genetic algorithm, it introduces
the concept of reducing turns by parallelogram and reducing length by triangle in the belief space, which can improve the quality of
population. And the fallback strategy can help to jump out of the “U” trap effectively. The algorithm analyses the virtual collision in
dynamic environment with obstacles. According to the different collision types, different strategies are executed to avoid obstacles.
The experimental results show that cultural-genetic algorithm can overcome the problems of premature and convergence of original
algorithm effectively. It can avoid getting into the local optimum. And it is more effective for mobile robot path planning. Even in
complex environment with static and dynamic obstacles, it can avoid collision safely and plan an optimal path rapidly at the same
time.

1. Introduction
The development of science and technology makes smart
home concept realizable, where mobile robots play a very
important role. There is a heavy need in daily life for
a robot to work continuously in an environment which
contains disordered and multiple destinations. Path planning
for a mobile robot working in such an environment is a
challenging task and has attracted more and more attention of
scholars worldwide. This paper presents disordered and multiple destinations path planning methods for mobile robot
in an environment with dynamic obstacles. Path planning
problem can be understood as an optimization problem with
constraints. It refers to how a robot searches one optimal
or approximates optimal route with specific performance
(such as the shortest distance, less time, or the minimum

energy consumption) from starting point to target point in
the environment with obstacles.
There are many studies in the literature about path
planning. Depending on the methods and principles used
in the path planning, the robot path planning methods are
divided into two types: traditional path planning methods
and intelligent path planning methods. Traditional path
planning methods include visibility graph method, grid
decoupling method, graph searching method, and artificial
potential method [1]. Intelligent path planning methods
include fuzzy logic [2], ant colony algorithm [3], neural
networks [4], and genetic algorithm [5]. In order to solve the
shortcomings of these algorithms, scholars have conducted a
lot of researches. In some particular work environments, the
ants will fall into traps. Yu and Shiyong [6] proposed the ant
rollback strategy to solve this problem, which could reduce
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the operating efficiency of the algorithm. By analysing the
shortcomings of the artificial potential field method, Tang
et al. [7] proposed an obstacle avoidance method based on
gravity chain. For solving the “dead cycle” problem in Ushaped obstacles, a systemic neural-fuzzy control algorithm
was proposed by Bao et al. [8]. An Obstacle Avoidance
Algorithm (OAA) and Distinguish Algorithm (DA) were
proposed to generate the initial population by Yun et al.
[9] in order to improve the efficiency by selecting only the
feasible paths during the evolution of genetic algorithm. But
it inhibits the diversity of the population. To overcome the
premature convergence in the traditional genetic algorithm,
Hu and Feng [10] proposed a new way to generate the
genetic operator, by means of modifying insert a space before
(SAGA). In order to avoid infeasible path and improve the
convergence speed, Tuncer and Yildirim [11] proposed a new
mutation operation, which selected the mutated node with
the best fitness value after being replaced with the original
node (BMFGA). In dynamic uncertain environments, Wei et
al. [12] proposed the incremental replanning which reused
the information of previous. At the same time, it could
also reduce the possibility of finding the optimal path. Zhu
[13] used the virtual ants to predict the potential collision
with the moving obstacles. The local motions planning for
avoiding collisions were scheduled under the ACO, which
can plan optimal path rapidly in cluttered environment.
These algorithms solve only the problem with certain aspects,
but they are not very comprehensive consideration. Some
algorithms do not consider the operating efficiency, or the
probability of finding the optimal path is too low, or the ability
of real-time processing is poor. This paper presents a simple
and effective dynamic obstacle avoidance strategy.

2. The Mobile Robot Path Planning Based on
the Evolutionary Genetic Algorithm
2.1. Encoding Scheme. In this paper, we set the sequence
number for each grid. The basic sequence is from left to
right, top to bottom. The upper border is 𝑥-axis, and the left
border is 𝑦-axis. We use grid method to model the working
environment as the paper [14]. Minkowski and the principle
of expanding obstacles [15] are adopted to divide the work
space into a number of grids. In the grid domain, a black
grid denotes an obstacle and a white grid denotes free space.
Robot path is indicated by the index numbers, which can
save memory and express more succinctly compared with the
method of coordinate. What is more important is that the
genetic operations (such as the selection operator, crossover
operator, and mutation operator) are simpler.
2.2. Sequencing. There are disordered destinations in the task
of robot in practical work. For example, the robot goes to
the kitchen to get a cup and pour water, goes to the living
room to take drug, and finally goes to the bedroom. In the
workflow, the sequence of robot taking drug and taking the
cup is arbitrary. But the sequence of taking cup and pouring
is determined. Therefore, the robot must determine the order
of each destination according to the work environment firstly.

Journal of Electrical and Computer Engineering
We propose the sequencing rule to determine the order of
each destination. The sequencing rule can be denoted by
𝐶𝑖 = 𝑂num ∗ 𝑤num + 𝐿 pre ∗ 𝑤pre + 𝐿 next ∗ 𝑤next .

(1)

𝐶𝑖 is the fitness value of the disordered destination 𝐷𝑖 .
𝑂num is the number of barrier grids in the rectangle which
diagonal is the line segment from the former destination
(or starting point) to the destination 𝐷𝑖 . 𝐿 pre is the length
from the destination 𝐷𝑖 to the former destination (or starting
point). 𝐿 next is the length from the destination 𝐷𝑖 to the
next destination (or goal point). 𝑤num , 𝑤pre , and 𝑤next are the
weight coefficients, and 𝑤num +𝑤pre +𝑤next = 1. In considering
the population diversity and the efficiency of finding the
optimal path, through repeated testing, the best combination
of weight coefficients is obtained (𝑤num = 0.6, 𝑤pre = 0.2,
and 𝑤next = 0.2). If the value of 𝐶𝑖 is smaller, 𝐷𝑖 has the higher
priority. Robot determines the destination sequence based on
this standard. Within each branching process, execute genetic
operation, find the optimal path, and then get the optimal
path in the static environment.
2.3. Initialization of Population. A good initial population
in the feasible region is very effective to enhance the speed
of evolution. We present the law of attractive destination.
According to the relative position of the starting point and
destination in each branching process, we adopt different
strategy to generate the set of feasible paths. We categorize
the relative positions of the starting point and its associated
destination into four types as shown in Figure 1. Figure 1(a)
represents that the destination is in the first quadrant of
the starting point. Figure 1(b) represents that the destination
is in the second quadrant of the starting point. Figure 1(c)
represents that the destination is in the third quadrant of the
starting point. Figure 1(d) represents that the destination is
in the fourth quadrant of the starting point. 𝑅 represents the
robot and 𝐷 represents the direction of destination. When
the robot chooses the next grid to move, we give priority to
the grid marked with “1,” which is closer to the destination in
the region whose diagonal is a line segment from the starting
point to the destination. If the grids marked with “1” are not
in the feasible region of robot, we consider the grids marked
with “2.” If the grids marked with “2” are also not in the
feasible region of robot, we consider the grids marked with
“3.” At the same time, the fallback phenomenon appears. We
will set the current grid as the barrier grid to enhance the
speed of population initialization and avoid the circuitous
path effectively. When the starting point and destination are
in the same horizontal or vertical line, we use the method in
Figure 1(a). Looking for the next grid, the same horizontal
(or vertical) coordinate is expanded 3 units from the left and
right, respectively, and forms the search rectangle.
If the robot selects the next grid all in accordance with
the law of attractive destination in the process of initial
population, it is easy to fall into the local optimal. Therefore,
when the number of walking steps is an integer multiple
of 3, the robot selects the next walking grid randomly
in the feasible region, which can increase the diversity of
population.
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Figure 1: Schematic diagram of direction selection priority.

After the initialization, we simplify the individuals. We
will delete the path between the repeated grids, which can
improve the quality of initial population. For example, the
original individual is (0, 1, 11, 13, 22, 32, 34, 23, 24, 34, 45, 56,
66, 77, 87, 88, 99); the individual is (0, 1, 11, 13, 22, 32, 34, 45,
56, 66, 77, 87, 88, 99) after being simplified.
2.4. Fitness Function. In the process of walking, the path
length and energy consumption are the two important considered factors. The energy consumption is mainly correlated
with the number of turns [16]. According to the above
analysis, we adopt the fitness function as follows:
𝐹=

100
(1 + 1/√1 + 𝑛) × 𝐷 × 𝑤𝑑 + curve × 𝑤𝑐

,

(2)

where 𝑛 is the number of all grids in the path, 1/√1 + 𝑛
is a correction item, 𝐷 is the length of path, and curve
is the total number of turns. 𝑤𝑑 and 𝑤𝑐 are the weights,
and 𝑤𝑑 + 𝑤𝑐 = 1. According to the requirement about
these three standards, the weight coefficient is customized.
This paper sets 𝑤𝑑 = 0.8, 𝑤𝑐 = 0.2. We define the path
length by Euclidean distance, so the length of an edge with
the points 𝑝𝑖 (𝑥𝑖 , 𝑦𝑖 ) and 𝑝𝑖+1 (𝑥𝑖+1 , 𝑦𝑖+1 ) is given as follows:
𝑑 = √(𝑥𝑖+1 − 𝑥𝑖 )2 + (𝑦𝑖+1 − 𝑦𝑖 )2 . So the total length is 𝐷 =
2
2
∑𝑛−1
𝑖=1 √(𝑥𝑖+1 − 𝑥𝑖 ) + (𝑦𝑖+1 − 𝑦𝑖 ) .

2.5. Design of Genetic Operator
2.5.1. Selection Method. The main principle of the selection
method is that the best genes on the chromosome should
be survived and transferred to next generation. So we use
the roulette wheel method to choose the next generation
population, which is good at protecting the better individuals.
The better path has the higher probability to be selected as the
next generation.
2.5.2. Crossover Operator and Mutation Operator. In this
paper, we adopt a new improved adaptive genetic algorithm, which changes the crossover probability and mutation
probability adaptively, according to the population and the
distribution of fitness values. Change curves of the crossover
probability and mutation probability are from the oscillation
to stability gradually. In the early evolution, it can generate the
larger cross probability and mutation probability, which can
enhance the search ability. In the later evolution, we take a
relatively low crossover probability and mutation probability
to make the best individual preserved, which can weaken the
bad influences caused by the too larger crossover probability
and mutation probability that are generated because of the
fitness close to the average fitness values or maximum fitness
values. At the same time it also overcomes the evolutionary
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stagnate and the problem of the local optimum. SAGA is
expressed as follows:

Adjust
Belief space

𝑝𝑐
𝑓 − 𝑓avg
𝑝 + 𝑝𝑐2 𝑝𝑐1 − 𝑝𝑐2
𝜋
{
{ 𝑐1
∗ )
+
∗ sin (
={
2
2
𝑓max − 𝑓avg 2
{
{𝑝𝑐1

𝑓 ≥ 𝑓max
𝑓 < 𝑓avg

𝑝𝑚

Accept ()

(3)

Influence ()
Inheritance

Copy and
modify

Performance
function

Population space



𝑓 − 𝑓avg 𝜋
𝑝 + 𝑝𝑚2 𝑝𝑚1 − 𝑝𝑚2
{
{ 𝑚1
+
∗ sin (
) 𝑓 ≥ 𝑓max
={
2
2
𝑓max − 𝑓avg 2
{
𝑓 > 𝑓avg ,
{𝑝𝑚1

where 𝑝𝑐 and 𝑝𝑚 represent the mutation probability value
and mutation probability value, respectively, 𝑓max represents
the maximum fitness value in the population, 𝑓avg represents
the average fitness value in the population, 𝑓 represents the
larger values between the two crossed individuals, 𝑝𝑐1 and 𝑝𝑐2
are the maximum and minimum crossover probability values,
respectively, and 𝑝𝑚1 and 𝑝𝑚2 are the maximum and minimum mutation probability values, respectively. The singlepoint crossover is adopted in the adjacent chromosomes. The
point which can make the path owing the maximum fitness
value is the mutation point in the mutation points set.
2.6. The Cultural Algorithm. The main idea of the cultural
algorithm is that individuals in the population space have
individual experience during the evolutionary process, and
the individual experience will influence the belief space
through Accept( ) function. In belief space, after the formation of the group experience, the behavior of individuals
in the population space will be modified by Influence( )
function, in order to enable individuals to achieve higher
evolutionary efficiency [17]. The basic framework of cultural
algorithm is as shown in Figure 2.
In the population space, the algorithm mainly completes
the selection, crossover, and mutation operations. The concepts of reducing turns by parallelogram and reducing length
by triangle are adopted by the belief space.
Through reducing turns by parallelogram [18], we can
reduce energy consumption in the robot walking and
enhance the path fitness value, as shown in Figures 3 and 4.
We select three consecutive break points. If line 1 from the
first break point to the node which is in front of the first break
point is parallel to line 2 from the second break point to the
third break point, we make the three break points as the three
points of a parallelogram. Then we add an extra edge to draw a
complete parallelogram based on the three points. If the extra
edge does not contain any barrier grid, we remove the original
path of the parallelogram, join the extra edge, and form a new
path. That will reduce the three break points to two or one.
As we all know, the hypotenuse is the shortest in the
right angled triangle. We propose a right angled triangle
optimization strategy using this theorem. The length of the
path after optimization is shorter than the original. The
central idea of the strategy is to find a right angle and two
angled sides. Intuitively, this is to draw the hypotenuse as
long as possible while it is feasible. The effect drawings are

Figure 2: Basic framework of cultural algorithm.
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Figure 3: Original path diagram.

as shown in Figures 5 and 6. The whole flow chart is as shown
in Figure 7.
In order to improve the convergence speed, we adopt
the population replacement strategy from literature [17].
Replacement rate is 𝑝 (0 < 𝑝 < 1). The offspring may
destroy the excellent parent individuals, after the selection,
crossover, mutation operation, and optimization in the belief
space. Therefore, keeping the excellent parent individuals
can accelerate the convergence speed of the algorithm.
Offspring individuals with poorer fitness are replaced by the
parent individuals with better fitness. In order to improve
convergence speed and the global searching capability of the
algorithm, we set 𝑝 from 0.3 to 0.6, as in the literature.

3. Routing Optimization Based on
the Evolutionary Genetic Algorithm in
the Static Environment
To deal with the multiple destinations after the orders being
determined, we take the following activities within each
branching process. (1) Generate the high quality initial population, in the feasible region. (2) Put forward the appropriate
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Figure 4: Path diagram after reducing the break points.
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Figure 5: Original path diagram.
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Figure 6: Path diagram after optimization.

fitness function. (3) Adopt adaptive genetic algorithm and
get different crossover probability and mutation probability
for different population. (4) Enhance the quality of path
by reducing turns by parallelogram and reducing length by
triangle in the belief space. The whole algorithm flow chart is
as shown in Figure 8.
The general steps for solving the routing optimization
problem by cultural-genetic algorithm are as follows.
The steps in the population space are as follows.
(1) Grid method is used to model the working environment. The sequencing rule is used to determine
the order of each destination. Set the number of
destinations goal num = 1.
(2) Initialize the algorithm. Generate the feasible path of
robot path which is the initial population in shunt
process by the law of attractive destination. Set the
current experiment iterations 𝑡 = 1.
(3) According to the fitness function, calculate fitness of
each individual in the population; then the roulette
wheel selection is used to produce the new population.
(4) To get new chromosomes, we use the single-point
crossover in the adjacent chromosomes.
(5) To produces new individuals, mutation operation is
performed on the part of the individuals.
(6) According to the Accept( ) function, the new population is passed to the belief space.
(7) According to the function of Influence( ) in the
belief space, we get the parent population for new
generation.
(8) If the termination condition is satisfied, output the
best individual of shunt process and go to step (10).
Otherwise, continue to optimize the operation.
(9) Set iteration 𝑡 = 𝑡 + 1 and go to step (3).
(10) If it arrives at the final destination, the robot’s final
optimal individual is spliced by the best individual of
shunt process. Otherwise, set iteration goal num =
goal num + 1 and go to step (2).
The steps in the belief space are as follows.
In the belief space, we use the concept of reducing turns by parallelogram and reducing length by
triangle to improve the quality of population. The
strategy of population replacement is used to get the
new parent population. Then, we pass the new parent
populations to the population space.

4. Dynamic Path Planning
In a dynamic environment, the position of dynamic obstacle
changes with time. In order to simplify complexity, we make
the following assumptions.
(1) Simulate the size of a dynamic obstacle as a grid.
Dynamic obstacle walks integral multiple of grids in
a unit time.
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Figure 7: Flow chart of right angled triangle optimization strategy.

(2) The movement of the dynamic obstacles is in uniform
linear motion and speed is not known.
(3) The robot can detect the movements of obstacles in
the domain while walking.
The robot walks along the optimal path of static environment, which has been discussed in last section. The speed
and the direction of the robot are 𝑅dir and 𝑅V . Visual domain
radius is 𝑟 unit grid. Through the simulation of virtual
collision, we can predict the collision point and the speed of
dynamic obstacle (𝐷V ) and the direction of dynamic obstacle
(𝐷dir ). Therefore, we can choose different obstacle avoidance
rules for obstacle avoidance.
We divide the collision into three types: (1) side collision:
when the robot and dynamic obstacle have collision, their
direction of motion is not in a straight line, (2) collision

after turning: When the robot and dynamic obstacle have
collision, their direction of motion is in a straight line, but the
moving direction of robot last step and the moving direction
of dynamic obstacle are not in a straight line, and (3) other
collisions.
Different strategies have been applied for different collision types under specific conditions as shown in Table 1.

5. Simulation
5.1. Simulation Environment and Parameter Settings. All
parameters are shown in Table 2.
5.2. Simulation Results in Static Environment. In order to
study the efficiency of the algorithm, we set one destination
in the work environment firstly, as shown in Figure 3.
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Figure 8: Flow chart of improved genetic algorithm.

The 0 and 99 are the starting point and the destination point,
respectively.
We make the comparison with three algorithms: the
evolutionary genetic algorithm (EGA), the BMFGA, and the
SAGA. The three algorithms are all run 50 times, where the
success probability and average fitness of the three algorithms
are compared. The results are shown in Figure 9 and Table 3.
Randomly select one result from the 50 running times;
the optimal fitness convergence results are shown in Figure 10. From the figures, we can conclude that the EGA has
better convergence than others.
What can we see from the experimental results is that
EGA has the biggest probability of searching the optimal path,
with fastest convergence speed. From the above results, EGA

has higher success rate, and the convergence speed is also fast
in the static environment, which has only one destination.
The working environment with disordered and multiple
destinations is shown Figure 11, where 𝑆 and 𝐺 are the starting
point and final destination, respectively, 𝐷1 and 𝐷2 are
disordered destinations, and 𝐷3, 𝐷4, and 𝐷5 are destinations
of determined sequence. According to (1), we can determine
the running order, which is (𝑆, 𝐷1, 𝐷2, 𝐷3, 𝐷4, 𝐷5, and 𝐺).
By using this algorithm, we get the optimal path as shown in
Figure 11.
5.3. Simulation Results in Dynamic Environment. Robot
avoids dynamic obstacles in the dynamic environment as
shown in Figure 12. The robot walks along the optimal path,
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Table 1: Collision avoidance strategy.

Type of collision

Collision avoidance strategy
Waiting strategy: the robot waits for unit time in the current position, which can avoid the
collision with dynamic obstacles.
Rollback strategy: because the motion direction of the robot on the last step is not on the same
line with the dynamic obstacle, the robot just needs back up one step, which can avoid collision.
Hiding in the nearby: the robot finds a point as the collision avoidance point in the vicinity of the
current location. After avoiding dynamic obstacles successfully, it goes back to the current
position.

Side collision
Collision after turning
Other collisions

6.3

Table 2: Parameters.

150

Number of
iterations

𝑃𝑐1

𝑃𝑐2

𝑃𝑚1

𝑃𝑚2

𝑝

6.2

150

0.75

0.25

0.2

0.01

0.3

6.1

which is shown in Figure 11. When the robot walks to the
grid 60, it detects a dynamic obstacle in the grid 60. Through
virtual collision, we get that the collision point is grid 81, and
the type is side collision. According to Table 1, we choose
the waiting strategy. The robot avoids collision successfully
for the first time. The robot continues moving along the
original path. When the robot walks to the grid 207, it detects
a dynamic in the grid 201. Through virtual collision, we get
that the collision point is grid 81, and the type is collision after
turning. According to Table 1, we choose the rollback strategy
first and then choose the waiting strategy. The robot avoids
collision successfully for the second time. When moving to
the grid 257, the robot detects a dynamic obstacle in the grid
297. Through virtual collision, we get that the collision point is
grid 277, and the type is other collisions. According to Table 1,
we choose the strategy of hiding in the nearby. The robot
avoids collision successfully for the third time. The robot
arrives at the final destination, as shown in Figure 12. We can
see from the experimental results that the collision avoidance
strategy is simple and effective.

The best fitness
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Figure 9: Convergence curves about the optimal fitness running 50
times.

6.3
6.2

6. Conclusion
Aiming at the working environment with disordered and
multiple destinations in the smart home, we determine the
order of destinations by the sequencing rule. Then the initial
feasible path set is generated according to the law of attractive
destination. We use adaptive genetic algorithm to optimize
the population. The work above focuses on exploring the
population space of cultural-genetic algorithm. We introduce
the concept of reducing turns by parallelogram and reducing
length by triangle in the belief space, which can improve the
quality of population and accelerate the convergence speed.
Static simulation results show that the EGA can search the
optimal path quickly and accurately; it can solve the problems
of local optimal and early maturing. Obstacle avoidance
method in this paper is simple, efficient, and safe.
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Figure 10: Convergence curves about the optimal fitness.
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Figure 11: Ptimal path in the disordered and multiple destinations.
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Table 3: Performance comparison.

Planning algorithm
EGA
BMFGA
SAGA

Average fitness
6.1634
5.9974
5.9880
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Data placement is an important issue which aims at reducing the cost of internode data transfers in cloud especially for dataintensive applications, in order to improve the performance of the entire cloud system. This paper proposes an improved data
placement algorithm for heterogeneous cloud environments. In the initialization phase, a data clustering algorithm based on
data dependency clustering and recursive partitioning has been presented, and both the factor of data size and fixed position
are incorporated. And then a heuristic tree-to-tree data placement strategy is advanced in order to make frequent data movements
occur on high-bandwidth channels. Simulation results show that, compared with two classical strategies, this strategy can effectively
reduce the amount of data transmission and its time consumption during execution.

1. Introduction
With the arrival of Big Data, many scientific research fields
have accumulated vast amounts of scientific data. Cloud
computing provides vast amounts of storage and computing
resources; however, because the cloud is architected in a
distributed environment, a large number of I/O operations
can be very time-consuming. There are different correlations between the datasets, and the network conditions
between servers are also different. Hence, distributing these
datasets intelligently can decrease the cost of data transfers
efficiently.
In literature, many works [1–4] show that data placement
is very crucial for the overall performance of the cloud
system, due to the datasets on it being usually distributed
enormously and their tasks having unavoidable complex
dependencies [5]. Hence, every cloud platform should automatically and intelligently place the data into nodes to
ensure that it can be accessed efficiently. Therefore, both the
data correlation and the heterogeneous hardware condition
of data centers should be taken into consideration for a
reasonable data layout.

In this paper, a heuristic data layout method is proposed.
First, both the datasets and the cloud system are abstracted as
tree-structured models, respectively, according to data correlations and network bandwidth. And then, a heuristic data
allocation method is advanced, so as to make frequent data
movements occur on high-bandwidth networks. Therefore,
the global time consumption of data communication can be
reduced effectively.
The remainder of the paper is organized as follows.
Section 2 presents related works. Section 3 illustrates the
dataset model and the cloud platform model. Section 4 gives
the details of the heuristic data allocation strategy. Section 5
presents and analyzes the simulation results. Finally, Section 6
addresses conclusions and future work.

2. Related Works
Cloud computing [6] offers a promising alternative for
data-intensive scientific applications. As cloud platform is
distributed and often architected on internet, the strategy
of data placement is very significant. Many successful cloud
systems, such as Google App Engine [7], Amazon EC2 [8],

2
and Hadoop [9], have automatic mechanisms for storage of
user’s data but have not given much consideration to data
dependencies. Recently, [10] has proposed a data placement
strategy for Hadoop in heterogeneous environments, but
it is also based on the specific cloud environment and
has not considered the heterogynous network conditions.
Another research is the Pegasus system which has proposed
some data placement strategies [11, 12] based on the RLS
system for workflows. These strategies can effectively reduce
the overall execution time but only for the runtime stage.
Furthermore, in [2], the authors issued a data placement
strategy for the distributed systems. It guarantees the reliable
and efficient data transfer with different protocols but is not
aiming at reducing the total data movement of the whole
system.
To reduce the total data movement, modeling the dependencies between datasets is usually the first step. In some
literature [13–15], the DAG graph is used to model the data
dependencies. And, in addition to the problem of storage
resources allocation, other kinds of cloud resources including
computing resources also use the similar approaches. For
example, in [16], the Tabu Search approach is used for DAG
figure partitioning, in order to get size balanced and netcut minimized scheme of figure partitioning. However, this
work is only for the method of graph division; no resource
allocation algorithm has been issued. In addition, it only
considers how to reduce the frequency of data transmission
but did not consider the data amount of transmission.
Therefore, it is not suitable for massive amounts of data
transmission in Big Data era.
In [17], a matrix based 𝑘-means clustering strategy for
data placement has been proposed. It groups the data items
into 𝑘 groups in terms of these data dependencies and the
value of 𝑘 is equal to the number of data centers in the
cloud. This method can greatly reduce the data movement;
nevertheless, it is more suitable for an isomorphic environment. This is because all the differences in the size of
datasets, the storage capacities of the servers, and the network
transmission speed have not been incorporated. On the other
hand, their method is only aiming at decreasing the data
transmission frequency, not the data amount of transmissions, or the time consumption by data transmissions.
And in these above methods, after data clustering, the
resource allocation algorithms are relatively simple, such
as that based on a random distribution principle, and the
structure of network is not taken into consideration. In
[18], data placement strategy based on a genetic algorithm
has been proposed. This method is intended to reduce
data movement while balancing the loads of data centers.
However, it also lacks the consideration of how to utilize the
heterogeneous network conditions more effectively. In our
previous work [19, 20], some data placement algorithms have
been proposed. In this work, we suppose that the datasets
have no fixed-position storage requirements, and the data
allocation strategy is also not network-aware. In this paper,
the problem of fixed-position data has been considered, and,
after data dependency clustering, the clustered datasets are
allocated following a principle: frequent data movements
occur on high-bandwidth network channels.
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3. Data Model and Cloud Platform Model
3.1. Tree-Structure Modeling of the Datasets. In this paper,
each application is modeled at a coarse granularity, that is,
it is presented as an atomic operation, since data layout is
our most significant concern, and the job scheduling can be
simplified. Figure 1 provides an example illustration of the
tasks and datasets.
Clearly, placing some data items together can decrease
data transfer amount. Therefore, the data dependency 𝑐𝑖,𝑗
between datasets 𝑑𝑖 and 𝑑𝑗 is defined as how much data
transfer amount will be increased if these two datasets are
placed on different data centers. This dependency computation method we proposed has improved the method of Yuan
[17]. The detail computation algorithm of each dependency
item 𝑐𝑖,𝑗 of the dependency matrix is simply given as follows.
This has already been given in our previous work [19, 20], but
we have made some improvements.
Because of the problem of different ownership, some of
the datasets may have fixed storage location. Here, a symbol
𝐷fix is used as the set consisting of all these datasets that have
a fixed storage location. For example, any data item 𝑖 where
𝑖 ∈ 𝐷fix must be stationary on a fixed position, and if this
fixed position is the 𝑗th data center, then this can be expressed
as fix(𝑖) = 𝑗. Similarly, a data item 𝑖 with no fixed storage
position is expressed as fix(𝑖) = 0. In detail, according to
whether fixed-position datasets exist, the calculation method
of the data dependency can be divided into two cases.
Case 1 (none of datasets has a fixed storage requirement, i.e.,
𝐷fix = 𝜙). We assume that the smaller data item is always
moved to the node where the bigger one is stored so as to
minimize the cost of data transmission. First, considering the
tasks with 2 data items as input, the dependency gain from
these tasks is


𝑐𝑖,𝑗 = 𝑇𝑖 ⋂ 𝑇𝑗  × min {Size𝑑𝑖 , Size𝑑𝑗 } ,

(1)
𝑑𝑖 , 𝑑𝑗 ∈ 𝐷in (𝑡) .

Here, |𝑇𝑖 ⋂ 𝑇𝑗 | is the number of tasks which need the
datasets 𝑑𝑖 and 𝑑𝑗 as its whole input data; min{Size𝑑𝑖 , Size𝑑𝑗 }
is the size of the smaller dataset between 𝑑𝑖 and 𝑑𝑗 .
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And then, for the tasks with more than 2 input data items,
the dependency gain is
𝑐𝑖,𝑗 = max {{Size𝑘 | 𝑑𝑘 ∈ 𝐷in (𝑡) , 𝑘 ≠ 𝑖 ≠ 𝑗}
∪ {Size𝑖 + Size𝑗 }} − max {Size𝑚 | 𝑑𝑚 ∈ 𝐷in (𝑡)} .

(2)

In this case, the dependency gain between two data items
is also defined as how much data transfer amount would
be increased when they are put in the same position. For
example, a task 𝑡 requires 3 datasets 𝑑1 , 𝑑2 , and 𝑑3 sized 3 G,
15 G, and 17 G, respectively. At the beginning, 𝑑1 and 𝑑2 are
stored together, 𝑑3 is placed on another node, and then 17 G
data transmission at least is needed for running this task.
And then consider another situation that the three datasets
are stored on three different nodes; the least amount of data
movement for this task is 15 + 3 = 18. This is because moving
𝑑1 and 𝑑2 to the computing center where 𝑑3 is placed on is the
optimal approach. Therefore, the dependency gain of 𝑑1 and
𝑑2 for this situation is 18 − 17 = 1. Therefore, the dependency
gain of 𝑑𝑖 and 𝑑𝑗 can be calculated as
𝑐𝑖,𝑗 = ( ∑

𝑑𝑚 ∈𝐷in (𝑡)

−( ∑
𝑑𝑚 ∈𝐷in (𝑡)

Size𝑚 − max {Size𝑚 | 𝑑𝑚 ∈ 𝐷in (𝑡)})

Size𝑚

(3)

− max {{Size𝑘 | 𝑑𝑘 ∈ 𝐷in (𝑡) , 𝑘 ≠ 𝑖 ≠ 𝑗}
∪ {Size𝑖 + Size𝑗 }}) .
And this formula can be simplified into (2).
Case 2 (some of datasets have fixed storage requirements,
i.e., 𝐷fix ≠ 𝜙). We group the datasets with the same storage
position requirement first. Therefore, we have 𝐺𝑗 = {𝑑𝑖 | 𝑑𝑖 ∈
𝐷fix and fix(𝑖) = 𝑗}. And if there is no dataset that must be
placed on the 𝑘th server, then 𝐺𝑘 = 𝜙. Therefore, in this case,
the groups 𝐺𝑗 (1 ≤ 𝑗 ≤ 𝑚) can be seen as a big dataset, and the
data dependency can be calculated between these big datasets
and the initial data items:
𝑐𝐴,𝐵
0,
{
{
={ ∑ 𝑐 ,
{
𝑖,𝑗
{(𝑖,𝑗)∈{𝐴×𝐵}

both 𝐴 and 𝐵 are fixed-position data groups

(4)

others.

Here, 𝐴 and 𝐵 can be either a single data item or a
fixed-position data group and 𝐴 × 𝐵 denote the Cartesian
product of the two sets 𝐴 and 𝐵. 𝑐𝑖,𝑗 is the data dependency
between two data items and calculated according to (1) and
(2). For example, suppose 𝐺𝑗 = {𝑑2 , 𝑑3 , 𝑑4 }; hence the data
dependency between 𝐺𝑗 and 𝑑1 is calculated as 𝑐𝑑1 ,𝐺𝑗 =
𝑐1,2 + 𝑐1,3 + 𝑐1,4 . And take another instance where 𝐺𝑗 =
{𝑑2 , 𝑑3 , 𝑑4 } and 𝐺𝑘 = {𝑑5 , 𝑑7 }, since 𝐺𝑗 and 𝐺𝑘 have different

storage position, the dependency 𝑐𝐺𝑗 ,𝐺𝑘 between them values
0, so they will be separated at an early stage in clustering
process.
Based on this dependency derivation, a dependency
matrix 𝐶𝑀 can be generated. After that, BEA transformation
is performed on this matrix so as to collect the similar valued
items together. And then, recursive partitioning operations
are done. For each division, the division point is selected
where the following formula reaches its max value:
𝑝

𝑃𝑀 =

𝑝

(∑𝑖=1 ∑𝑗=1 𝑐𝑖𝑗 + ∑𝑛𝑖=𝑝+1 ∑𝑛𝑗=𝑝+1 𝑐𝑖𝑗 )
𝑝

(∑𝑖=1 ∑𝑛𝑗=𝑝+1 𝑐𝑖𝑗 )

.

(5)

The denominator is the total dependency reserved by
this partitioning, while the molecule represents the broken
dependency. These same partition operations are performed
iteratively on each subtree until this following constraint is
satisfied: there is at most only one fixed-position data group
in the leaf node.
3.2. Tree-Structure Modeling of the Cloud Platform. We
assume that there are 𝑚 geographically distributed servers
in the cloud platform. The servers are heterogeneous, have
different storage capacities, and also have different network
bandwidth among them. For the purpose of reducing the time
consumption on data movements, the clustered data groups
should be placed to the servers according to the following
principles: It is better to place the close related data items
on the same server so as to decrease the number of data
transfers; and if these data cannot be saved together for the
reason of limit storage capacities, they should be allocated to
closer nodes with high network bandwidth; therefore, most of
the data transmissions can obtain high efficiency benefiting
by the high-speed channels. In this section, we build a treestructure model for the cloud system, since it is suitable for
the following data allocation stage.
For the case of the cloud architected on LAN, the platform
structure can be easily abstracted to a tree structure based on
the server’s physical connection structure. Figure 2(a) shows
an example illustration of a simple cloud platform. According
to its topological structure, it can be directly abstracted as
tree structure which is illustrated in Figure 2(b). Otherwise,
for the cloud based on WAN, we first build a network
condition matrix 𝐵 and then do BEA transformation and
recursive dichotomy on this matrix 𝐵. Hence an approximate
tree structure can be abstracted. The network bandwidths
and the distance between servers will be reflected in 𝑏𝑥,𝑦
values. And, in order to perform BEA transformation, the
items on the diagonal, marked by equivalent indices on the
two dimensions, like 𝑏1,1 , 𝑏2,2 , and so forth, can be simply
calculated as the sum of all the other items in this row; that
is, 𝑏𝑖,𝑖 = ∑𝑗=𝑖̸ 𝑏𝑖,𝑗 .

4. Data Distribution
The clustered data items are allocated onto the tree-structured
cloud servers based on the following idea: for each allocation,
try to allocate the highest level subtree in the data tree to the
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Function Name: DataAllocation
Input: dtNode: The root of the data item binary-tree
ctNode: The root of the data center binary-tree
Output: whether the data tree can be allocated to the server tree
(01) /∗First, find the smallest server sub-tree that its total storage capacity is more than the total data size of the sub-tree
dtNode, suppose its root node is 𝑟∗/
(02) 𝑟 = nextSmallestServerTree (totalStorageRequirement (dtNode));
(03) while (𝑟 != Null) {
(04)
if (DataPlacement (dtNode, 𝑟) == True) return True; //DetaPlacement is a recursive function
(05)
else 𝑟 = nextSmallestServerTree (totalStorageRequirement (dtNode));
(06) }
(07) Return False;
Pseudocode 1: The pseudocode of the heuristic data allocation method: DataAllocation.

Server farm
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Figure 2: An example of a simple cloud platform and its tree-structured model.

lowest level subtree in the server tree, as long as the storage
space can accommodate. Therefore, the highly associated data
items could be assigned into the same node as much times
as possible, and if these items could not be stored together
due to some storage limits, they could be placed on closer
nodes of the tree-structured environment, since these nodes
have high-speed network. The detail of the heuristic data
allocation method is as follows.
First, we select the highest layer data subtree in a topdown manner to perform the data assignment as higher
priorities, and that could retain the data dependency in the
group and reduce the frequency of data transmission as
much as possible. On the other hand, a bottom-up strategy
(assign the data to the lowest level subtree) is adopted for
storage location selection and to make sure the storage
requirements should be satisfied. This data allocation strategy
can effectively guarantee the high-bandwidth requirements,
and it can also save resources to facilitate the subsequent
data assignments. It is worth noting that the storage space
condition must be met during allocation; otherwise it is not
a feasible solution. The detailed constraints that should be
tested are as follows.
Storage Space Constraint: 𝑅𝑆𝑆𝛽 ≥ 𝐴𝑆𝑆𝛼 . ASS𝛼 is total
Available Storage Space of the subtree 𝛼 in the server tree,
and RSS𝛽 denotes total Required Storage Space of the subtree
𝛽 in the data tree. These two parameters of every subtree are

recorded in advance, and their detailed computation methods
are, respectively, illustrated as follows:
ASS𝛼 = ∑ SS𝑘 ⋅ 𝜆,
𝑠𝑘 ∈𝑆𝛼

RSS𝛽 = ∑ Size𝑘 .

(6)

𝑑𝑘 ∈𝐷𝛽

Here, Size𝑘 is the size of the dataset 𝑑𝑘 , which is a member
of the data subtree 𝛽 and SS𝑘 is the total storage space of the
server 𝑠𝑘 which belongs to the server set of the subtree 𝛼.
For data-intensive applications, besides the initial data,
the generated data can also be very large. We therefore cannot
fill the data center with their maximum storage in the buildtime stage. Otherwise, newly generated data at the runtime
will have no space to be stored. Accordingly, an experiential
parameter 𝜆 is introduced, which denotes the allowable initial
usage of the centers’ storage space.
This is the overall strategy of the data allocation method.
An allocation example is demonstrated in Figure 3, and the
pseudocode is shown in Pseudocodes 1 and 2. In Figure 3(a),
the “tree-to-tree” data placement task is described. The data
tree (on the left) with a size of 102 GB in all should be allocated
into the data center tree (on the right) with the total storage
space of 136 GB. Figure 3(b) gives the detailed allocation
steps of this heuristic data placement strategy. The allocation
steps are numbered as “1”, “2”, . . ., “9” in a top-down order.
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Function Name: DataPlacement (a recursive function)
Input: dtNode: The root of the data sub-tree prepared to be allocated
ctNode: The root of the server sub-tree prepared to allocate into
Output: whether this data placement success
(01) if (ctNode.LeftNode == Null && ctNode.RightNode == Null) //leaf node!
(02) If (the remainder storage space >= the total size of the current data tree) {
(03)
//Allocate success! And record the allocation result
(04)
for (every node in the tree rooted by ctNode)
(05)
dataPlace[node.number] = ctNode.number;
(06)
update ctNode’s Ccr and size; //update the remainder computation and storage value
(07)
Return True; }
(09) /∗Bottom-up server sub-tree selection strategy. First, try to allocate to the left node, and then the right ∗/
(10) else if (dtNode.size < ctNode.LeftNode.size)
(11)
if (DataPlacement (dtNode, ctNode.LeftNode) == True) return True; //allocated!
(12) else if (dtNode.size < ctNode.RightNode.size) //try to allocate to the right node
(13)
if (DataPlacement (dtNode, ctNode.RightNode) == True) return True; //allocated!
(14) /∗Top-down data tree selection principle. If the overall current data tree cannot be allocated to any server sub-tree,
then try to allocate its left sub-tree and right-subtree∗/
(15) Bool LeftSuccess, RightSuccess;
(16) if (max (dtNode.LeftNode.size, dtNode.RightNode.size) < min (ctNode.LeftNode.size,
(17) ctNode.RightNode.size)) //the two methods of distributing subtrees (left to left, right to
(18)
//right; or left to right, right to left) are both possible
(19) /∗First try to allocate the data sub-tree with more storage requirements∗/
(20)
If (dtNode.LeftNode.size >= dtNode.RightNode.size)
(21) if (DataPlacement (dtNode.LeftNode, ctNode.LeftNode) == True) LeftSuccess = True;
(22)
else if (DataPlacement (dtNode.LeftNode, ctNode.RightNode) == True) LeftSuccess = True;
(23)
if (LeftSuccess == True ) allocate the reminder data sub-tree to the other server sub-tree, if success,
RightSuccess = True, else:
(24)
//Bottom-up server sub-tree selection strategy. Try to allocate the data sub-tree to the parent node
(the higher level sub-tree)
(25)
if (DataPlacement (dtNode.RightNode, ctNode) == True) RightSuccess = True;
(26)
else if (DataPlacement (dtNode.LeftNode, ctNode) == True) LeftSuccess = True;
(27)
/∗Else, the right node has more storage requirements, allocate it ∗/
(28)
else
if (dtNode.RightNode.size > dtNode.LeftNode.size)
(29)
if (DataPlacement (dtNode.RightNode, ctNode.LeftNode) == True) RightSuccess = True;
(31)
else if (DataPlacement (dtNode.RightNode, ctNode.RightNode) == True) RightSuccess = True;
(33)
if (RightSuccess == True ) allocate the reminder data sub-tree to the other server sub-tree, if success,
LeftSuccess = True, else:
(34)
if (DataPlacement (dtNode.LeftNode, ct Node) == True) LeftSuccess = True;
else if (DataPlacement (dtNode.RightNode, ctNode) == True) RightSuccess = True;
(35)
(36) if (LeftSuccess == True && RightSuccess == True) return True;
(37) else return False;
Pseudocode 2: The pseudocode of the heuristic data allocation method: DataPlacement.

When the allocation arrives at the bottom leaf node, the
judgement of success or nonsuccess will be made. Here, a sign
of smiling face means the allocation is feasible. After that, this
judgement procedure will trace back to its upper allocation,
such as steps (04) and (05).

5. Simulation and Results Analysis
100 random data-task test datasets are generated, and the
input dataset of each task includes 1–4 random generated data
items sized from 1 G to 100 G, respectively. The dependencies
between datasets and tasks are also generated randomly. After
running 100 groups of test data for every data placement
algorithm, the average performance indicators are calculated
and used for comparative performance analysis.

The same test dataset and cloud environments are simulated on other contrast experiments which use the random
placement strategy, Yuan’s strategy [13], and our previous
strategy in CCGrid [20].
In the 1st experiment, we suppose that there are no
fixed-position dataset in the model. The simulation results
are shown in Figures 4 and 5. In Figure 4, the number of
data centers is 8. From this figure we can see that, in
contrast to the random algorithm, Yuan’s algorithm, and
our previous method in CCGrid, both the data movement
amount and the time consumption can be reduced by our
proposed method. The average reduction percentages of data
movement frequency are, respectively, 32.2%, 11.6%, and
1.49% compared with the random strategy, Yuan’s strategy,
and our previous method in CCGrid. Therefore, we can
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Figure 3: An example of the heuristic data allocation algorithm.
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Figure 5: Total time consumed by data movements without fixedposition datasets.

believe that the data dependency has been utilized properly
to decrease data movements. And, on the other hand, from
Figure 5, the average reduction percentages of transfer time
consumption are 33.2%, 16.3%, and 2.8% compared with the
random strategy, Yuan’s strategy, and our previous method.
This indicates that our heuristic data placement method can
indeed make many frequent data transmissions occur in
high-speed channels.

In the 2nd experiment, we changed 10% of the input
datasets to fixed-location datasets so as to see whether
our strategy can be applied to the condition of existing
fixed-position datasets. The simulation results are shown
in Figures 6 and 7. The average reduction percentages of
data movement frequency are, respectively, 24.9% and 8.6%
compared with the random strategy and Yuan’s strategy. And,
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on the other hand, the average reduction percentages of
transfer time consumption are 28.5% and 15% compared with
the random strategy and Yuan’s strategy. Therefore, we can
believe, with 10% fixed-position datasets, that our proposed
method is effective for decreasing data movements and their
time consumptions.

6. Conclusions and Future Work
In this paper, we proposed a data placement algorithm for
data-intensive applications in cloud system. Compared with
previous work, first, both the datasets and the cloud platform
are abstracted into tree structures. The contributions of this
modeling are as follows. High data dependencies have been
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This paper presents a method for recognizing human faces with facial expression. In the proposed approach, a motion history
image (MHI) is employed to get the features in an expressive face. The face can be seen as a kind of physiological characteristic
of a human and the expressions are behavioral characteristics. We fused the 2D images of a face and MHIs which were generated
from the same face’s image sequences with expression. Then the fusion features were used to feed a 7-layer deep learning neural
network. The previous 6 layers of the whole network can be seen as an autoencoder network which can reduce the dimension of
the fusion features. The last layer of the network can be seen as a softmax regression; we used it to get the identification decision.
Experimental results demonstrated that our proposed method performs favorably against several state-of-the-art methods.

1. Introduction
Face recognition has been one of the hot topics in the
biometrics in the past several years. There have been many
approaches proposed for this topic. In general, the research of
face recognition is focused on verifying or identifying a face
from its image.
In 1991, Turk and Pentland present a near-real-time
system which tracks a subject’s head and recognizes the
person by comparing characteristics of the face to those
of known individuals [1]. He projected face images onto a
feature space which was named face space. The face space was
defined by the “eigenfaces,” which were the eigenvectors of
the set faces. This framework provided the ability to learn to
recognize new faces in an unsupervised manner. Hence, most
researchers’ work was focused on facial feature extraction.
Furthermore, there were some other approaches worthy
of attention. In [2] Belhumeur et al. presented an approach
based on linear discriminant analysis (LDA). Zhao et al.
proposed an approach in [3] which was based on PCA and
LDA; they projected the face image to a face subspace via
PCA and then LDA is used to obtain a linear classifier.
There are also some representative approaches such as locality

preserving projections (LPP) which were proposed by He
et al. [4] in 2005, as well as marginal fisher analysis (MFA)
presented by Yan et al. [5] in 2007.
Some new methods were presented recently. Lu et al.
presented an approach in 2013 [6]. Most face recognition
methods usually use multiple samples for each subject, but
the approach proposed by Lu et al. can work on the condition
of only a single sample per person. Yang et al. focused on
the speed and scalability of face recognition algorithms [7].
They investigated a new solution based on a classical convex
optimization framework, known as Augmented Lagrangian
Methods (ALM). Their method provided a viable solution
to real-world, time-critical applications. Liao et al.’s study
addresses partial faces recognition [8]. They propose a general partial face recognition approach that does not require
face alignment by eye coordinates or any other fiducial points.
Wagner et al. proposed a conceptually simple face recognition
system [9] that achieved a high degree of robustness and
stability to illumination variation, image misalignment, and
partial occlusion.
These algorithms mentioned above can be summarized
into two categories on how to extract facial features: holistic
template matching based systems and geometrical local
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feature based systems [10]. However, these algorithms utilized
only one sort of features in their approach. In [11], a novel
multimodal biometrics recognition method was proposed by
Yang et al.. To overcome the shortcomings of these traditional
methods, the proposed method integrated a variety of biological characteristics to identify a subject.
Most classical methods were based on the 2D or 3D
images of the face; it could be seen as a kind of physiological
characteristic. Human facial expressions are the movements
of his facial muscle and can be seen as a kind of behavioral
characteristics. All of the characteristics can be used to
identify the subject. The research on expression recognition
is developing rapidly in recent years, such as the proposed
studies in [12–14]. In 2006, Chang et al. proposed a method
for 3D face recognition in the presence of varied facial
expressions [15]. But in their research, the facial expressions
were not used as a kind of characteristics. So in this paper,
we propose a face recognition approach based on the fusion
of 2D face image and expression. We fuse the physiological
and behavioral characteristics in order to improve the performance of our face recognition system. In this paper, we only
discuss how to fuse the 2D face images and the expression
of “surprise” into a vector to identify the subject. The rest of
the paper is organized as follows: in Section 2, we present the
relevant theories of our method. Our method is elaborated
in Section 3. In Section 4, we report on the experimental
setup and results. Section 5 discusses the results of the several
experiments, concludes the paper, and outlines directions for
future work.

2. Methodology
2.1. Motion Templates. In 1996, motion templates were
invented in the MIT Media Lab by Bobick and Davis [16, 17]
and were further developed jointly with one of the authors
[18, 19]. Initially, motion templates were used to identify
the movements of human body by research video or image
sequences. For example, Figure 1 shows a schematic representation for a person doing shaking head movement. The
algorithm depends on generating silhouettes of the object of
interest. There are many ways to get the silhouettes, but it is
not the focus of this paper.
Assume that we have an object silhouette. A floating
point MHI (motion history image) [20] where new silhouette
values are copied with a floating point timestamp is updated
as follows:
{𝜏 if current silhouette at (𝑥, 𝑦)
(1)
MHI𝛿 (𝑥, 𝑦) = {
0 else if MHI𝛿 < (𝜏 − 𝛿) .
{
In the formula, 𝜏 is the current timestamp, and 𝛿 is
the maximum time duration constant associated with the
template. This method makes the representation independent
of system speed or frame rate so that a given gesture will cover
the same MHI area at different capture rates [18]. Assume the
movement lasted 0.5 seconds. Regardless of the number of
pictures in the sequence between the first image and the last
one, the area of the MHI was determined by the movement
of the head during the time.
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Figure 1: Motion history image.

2.2. Deep Learning Neural Network. Depth learning neural
network has become the most interesting method in the
field of machine learning. Essentially, it is the expanding
of the traditional neural network approach. The proposed
famous training method makes it receive much attention.
In 2006, Hinton and Salakhutdinov published a paper in
the journal Science [21]. The paper presented a way which
can extract features from the raw data automatically. In the
paper, Hinton and Salakhutdinov showed a way to reduce a
784-dimensional data (a picture) to a 30-dimensional feature
via a 4-layer deep network which was called a DBN (deep
belief network). Because the multiplayer neural network was
trained by using unsupervised algorithms and can convert
high-dimensional data to low-dimensional codes, it is also
called “autoencoder.” In general, autoencoder systems were
made of more than three layers. The first layer of the network
was an input layer, then there were several hidden layers, and
the last layer was an output layer.
Each layer of the autoencoder systems is often constituted by RBM (restricted Boltzmann machine). RBMs
were invented by Smolensky [22] in 1986. It is a kind of
generative stochastic artificial neural network that can learn
a probability distribution over its set of inputs. However, the
network was growing concern since 2006 until Hinton and
Salakhutdinov’s paper was published. The reason they have
attracted much attention was because they were used as a
single layer to build the multilayer learning systems called
deep belief networks, and variants and extensions of RBMs
have found applications in a wide range of pattern recognition
tasks [23].
An RBM can be seen as an MRF (Markov Random Field)
associated with a bipartite undirected graph. The architecture
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of an RBM is shown in Figure 2. It is a one-layer network
which consists of two kinds of units: 𝑚 visible units and 𝑛
hidden units. There is a matrix 𝑊 = {𝑤𝑛𝑚 } that is the weight
between the visible units and the hidden units. The visible
units correspond to the components of an input vector (e.g.,
one visible unit for each gray pixel’s value of an image). The
input data were fed to the network via these units. The hidden
units model dependencies between the components of vector
(e.g., point, line, or corner in the image) and can be viewed as
nonlinear feature detectors [24].
Different with the classical neural network, the deep
learning neural networks require more huge samples to
train the network. Many deep learning algorithms used
unsupervised learning algorithms to train the network. That
means the training set was unlabeled samples. It is obvious
that capturing unlabeled samples is much easier than making
labeled samples. So it is a very important benefit of unsupervised algorithms. The network Hinton and Salakhutdinov
used in paper [21] was an example of a deep structure that
can be trained in an unsupervised manner. Because of the
benefit mentioned above, we used a DBN to solve the face
recognition problem in this paper.

3. The Proposed Approach
Figure 3 shows the workflow of our proposed approach.
Comparing with other algorithms, our method uses a face
image and an MHI (generated from a sequence of images)
instead of the single face image as a sample. In order to get the
region of interest (ROI), we detect the face in image sequences
firstly. After being aligned the ROI images were transformed
to gray images and used to generate the MHIs. The MHIs
and the features extracted from gray images were resized into
vectors and normalized and fused together as features. We
therefore used this kind of features to feed a DBN (7-layer
deep learning neural network) to recognize faces. The count
of input units of the whole network was 20000 and the count
of output units was 100.
3.1. Preprocessing. Similar to most of face reorganization
algorithms, the first phase of our approach is also locating the
face region in images. Plenty of methods can be used to locate
faces position. For example, the method proposed by Viola
and Jones was a very classical algorithm [25]. How to detect
faces in complex background is not the focus of this paper;

we used a more smart method via a library proposed by Yu
[26], which can detect faces more effectively.
Performance of face recognition systems relies on the
accuracy of face alignment and most face alignment methods
are based on eye localization algorithm. Hence, we used
an eye localization approach proposed by Wang et al. in
2005 [27]. This proposed method had an overall 94.5% eye
detection rate and was very close to the manually provided
eye positions. Figure 4 is the comparing of the original images
and the images after alignment.
3.2. Fusion Features. The aligned face images were resized
into a resolution of 100 × 100 pixels. Then we calculated the
MHIs on these images. Figure 5 demonstrates an MHI generated from an image sequence which contains an expression
“surprise.” In the MHI image, it is clear that most pixels’
gray value is zero. The pixels which have a nonzero gray
value are concentrated in the region of mouth, eyes, and
eyebrows. The MHIs contain the facial muscles’ movement,
such as the region, direction, and speed of a facial organ’s
movement. Therefore, all the movement can be seen as
behavioral characteristics which can be used to identify a
subject.
Then we fuse the image features and motion features
together. For example, the pixels’ gray values in an image can
be seen as a kind of features. We selected the first image in
a sequence and the MHI calculated from the sequence as
raw features. The gray image and the MHI were resized into
1 × 10000-dimensional vectors and normalized into [−1, 1]
firstly. Then we connected the two vectors to form a new 1 ×
20000-dimensional vector. This vector contains gray image’s
information and MHI’s information.
Most face recognition algorithms use single image as
a sample, so features extracted from this kind of samples
would only contain contour and texture information of a
subject. The extracted features can be seen as physiological
characteristics. It is difficult to identify subjects by using
the facial expression features directly because of the large
within-class distance and the small among-class distance.
The fusion features contain more information than a single
image and have larger among-class distance than expression
features. Actually, many kinds of features such as those
mentioned in [2–5] can fuse with the expression features
and the fused features will improve the performance of the
original algorithms.
Finally, all image sequences were transformed into this
set of vectors and were fed into the network. The network
was made of 7 layers, the previous 6 layers were constituted
by RBM, and the last layer was a softmax regression. After
training, the trained network would output the recognition
results.
3.3. Training Algorithm. Hinton and Salakhutdinov proposed
an efficient method in [21] to train a deep belief network.
The training process was divided into two stages. The first
stage was pretraining phase. In this phase, a stack of RBMs
was trained. Each RBM was having only one layer of feature
detectors. The outputs of a trained RBM could be seen as
features extracted from its input data and were used as the
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Figure 4: Comparing of the original images and the images after
alignment.

unsupervised learning algorithm, just like the first phase
in Hinton’s method. Because of the benefit of unsupervised
learning, we could train the network by feeding a training
set consisting of massive unlabeled data to it. After training,
the previous 6-layer network could be seen as a features
extractor which could extract the most valuable features from
the raw data automatically. Then, the last layer was trained in
supervised learning with a part of training set and its labels.
Lastly, as the way Hinton and Salakhutdinov [21] proposed,
the whole network was fine-tuned.

4. Experimental Results

Figure 5: An MHI calculated from image sequence.

“input data” for training the next RBM in the stack. Actually,
the pretraining was a kind of unsupervised learning. After
pretraining, the RBMs were “unrolled” to create a deep neural
network, which is then fine-tuned by using the algorithm of
backpropagation.
In this paper, the proposed method used a 7-layer deep
learning neural network, the previous 6 layers were constituted by RBM, and the last layer consisted of a softmax
regression. So, we used a different way to train the network.
The training process can be divided into three stages. Firstly,
we pretrained the whole network but not the last layer using

4.1. Training Set and Test Set. Most popular face recognition
databases such as the Extended Yale B database do not contain
expression image sequences which are not suitable for testing
on our method. We therefore established a database in our
laboratory. In this database there are 1000 real-color videos
in nearly frontal view from 100 subjects, male and female,
between 20 and 70 years old. In each section, the subject
was asked to make the expression of “surprise” clearly in
one time. We captured ten videos from one subject. Each
sequence begins with a neutral expression and proceeds to
a peak expression, which is similar to the CK+ Expression
Database. Each video’s resolution is 640 × 480 pixels, and
the width of a face in frame is in the range of 180 pixels to
250 pixels. All the video clips were captured at 30 frames per
second (fps), and each video contained 15 frames. There were
four frontal illumination videos, two left side light videos, two
right side light videos, and two wearing sunglasses video in
the ten videos mentioned above. It should be noted that all
samples in our database are using the same pair of sunglasses
when they were captured. Figure 6 shows the first frames of
the videos in our database.
There are four stages in our experiment. In the first stage,
three of the four frontal illumination video segments are used
as training samples, and the remaining one was used as test
sample. In the second stage, the training set consisted of
half of the video clips captured from each subject except the
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Table 1: Results of the second stage.
Algorithms
PCA
DBN

Front
96.5%
97.5%

Left
95.5%
97%

Right
96%
97%

Sunglass
93.5%
95%

Figure 6: The samples of our database.
Table 2: Results of the third stage.

sunglasses videos. That means for each subject we selected
two frontal illumination videos, one left side light video,
and one right side light video from his samples. The rest of
the videos were used as test samples. In the third stage, the
training set consisted of the four frontal illumination videos;
the other six videos were used as test samples. We compared
PCA features [1], DCT features [28], and fusion features in
this stage. In the last stage, we used the same training set in
stage 3 to compare our method with the algorithm presented
in [8].
4.2. Results. In our previous work, we presented a method
for recognizing faces via the same fusion features mentioned
in this paper based on principal component analysis (PCA).
To show the advantages of the method proposed in this
paper, we compared the results here. In the first stage, the
method proposed in this paper was yielding 100% recognition
accuracy against frontal illumination and the result based
on PCA was 97%. Table 1 shows the recognition rate of the
second stage. In the table, “front” means frontal illumination,
“left” means left side light, “right” means right side light, and
“sunglass” means wearing sunglasses. The first row in Table 1
is the results based on PCA; the second row is the results
based on the method proposed in this paper which were
output by a deep belief network (DBN).
Since our method cannot work on the popular published
face database, thus, we did not compare our method with
other approaches. However, the rate of our method’s recognition accuracy was a little better than our previous work and
some popular methods, such as the reported recognition rate
in [29–31].
Table 2 shows the recognition rate of the third stage. The
first row in Table 2 is the results based on PCA features, the
third row is the results based on DCT features, and the second
row and the fourth row are the results based on the fusion
features.
Table 3 shows the recognition rate of the fourth stage.
The first row in Table 3 is the results based on the method
proposed in [8]; the second row is the results based on our
method.
4.3. Discussion. Experimental results show that the fusion
features proposed in this paper are superior to single features. The MHIs we used to fuse features contain abundant
expression characteristics. So there is more information in
the fusion features which can be used to identify subjects.
In particular, our method has superior performance in
the sunglasses tests. The fusion features contain plentiful
behavioral characteristics issued by the lower half of human
face.

Algorithms
PCA
PCA + MHI
DCT
DCT + MHI

Left
92.5%
95%
93.5%
95.5%

Right
92%
95.5%
93%
95.5%

Sunglass
90.5%
93%
91%
93.5%

Table 3: Results of the fourth stage.
Algorithms
MKD-SRC
Our method

Left
93.5%
95.5%

Right
93%
95.5%

Sunglass
90%
93.5%

5. Conclusion
In this paper we proposed a novel method for recognizing
human faces with facial expression. In order to improve the
recognition accuracy rate, we use a kind of fusion features.
Normally, the popular methods recognize human face via
the image of faces, which can be seen as a kind of physiological characteristic. Facial expressions are the movements
of human facial muscles, which also can be used to identify
humans faces. It is a kind of behavioral characteristics. Hence,
the fusion features contain more information than human
face images that can be used for identification and increase
the recognition rate especially on illumination variant faces
or wearing sunglasses faces.
The approach and experiments presented in this paper
are only the preliminary work of our research. In future
work we will continuously investigate to try to research
the proposed method into two issues. Firstly, we will not
only analyze the expression “surprise” emotion in this paper,
but also focus on extending our method to all sorts of
expression emotions. Actually, we also tested our method
with the expression “laugh” in our laboratory. We got a
similar recognition accuracy rate which was presented in the
paper. But in the condition of wearing scarves, our method
did not get a satisfactory result. The reason is that the bottom
half of human face contains more expression information
than the top half. Secondly, we will study how to combine
the popular algorithms into our approach to improve the
recognition accuracy rate.
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Finger-based personal identification has become an active research topic in recent years because of its high user acceptance and
convenience. How to reliably and effectively fuse the multimodal finger features together, however, has still been a challenging
problem in practice. In this paper, viewing the finger trait as the combination of a fingerprint, finger vein, and finger-knuckle-print,
a new multimodal finger feature recognition scheme is proposed based on granular computing. First, the ridge texture features of
FP, FV, and FKP are extracted using Gabor Ordinal Measures (GOM). Second, combining the three-modal GOM feature maps in
a color-based manner, we then constitute the original feature object set of a finger. To represent finger features effectively, they are
granulated at three levels of feature granules (FGs) in a bottom-up manner based on spatial circular granulation. In order to test
the performance of the multilevel FGs, a top-down matching method is proposed. Experimental results show that the proposed
method achieves higher accuracy recognition rate in finger feature recognition.

1. Introduction
Biometrics based personal authentication is drawing increasing attention in both academic research and industrial applications. Among current biometric identifiers, finger-based
biometrics is widely used because of its high user acceptance
and convenience. Some commonly used finger-based biometrics, such as fingerprint [1, 2], finger vein [3–5], and fingerknuckle-print [6, 7], have been widely used in personal identification. However, many unimodal biometric-based systems
have demonstrated that using a single finger-based biometric source for personal identification usually was far from
perfect in many real applications. Compared with unimodal
biometric approaches, multimodal biometrics always behave
better in universality, accuracy, and security [8–10]. How to
reliably and effectively fuse the multimodal features together,
however, has still been a challenging problem in practice.
In recent years, the research on granular computing (GrC)
has attracted many researchers and practitioners. The basic
idea of GrC is using information granules during complex
problem solving, and granulation is one of key issues in GrC
[11, 12]. Since Zadeh and Lin first proposed the concept of

GrC [11], many related applications have been proposed [13–
16]. Firstly, Zheng et al. proposed a tolerance granular space
model (TGSM) to study the problem of image segmentation
[13, 14]. Then, Li and Meng proposed a method for MRI and
MRA image fusion based on tolerance granular space modal
[15]. Further, Bhatt et al. proposed face granulation scheme at
multiple levels of granularity for face recognition [16]. These
works imply that GrC is a new way to deal with the complex
multimodal biometrics recognition problems.
In this paper, viewing fingerprint (FP), finger vein (FV),
and finger-knuckle-print (FKP) as the constitutions of finger
trait, we adopt a novel method to study the problems of
multimodal finger feature recognition according to the spatial
circular granulation. As we know, ridge texture information
dominates over these three biometrics characteristics with
a compatible feature space. Therefore, a finger itself can
be viewed as a coarse granularity information granule with
plenty of ridge texture, and each finger feature granule contains different discriminating information forming the finger
image signature.
In the proposed method, we adopt the Gabor Ordinal
Measures (GOM) [17, 18] for multimodal finger feature
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Figure 1: A homemade imaging system ((a) the proposed imaging principle and (b) an imaging device).

extraction. GOM integrates distinctiveness of Gabor features
and robustness of ordinal measures to describe the image
texture features. First, a bank of even-symmetric Gabor filters
with 8 orientations [19] is used to exploit the magnitude
features in FP, FV, and FKP images. Second, the ordinal filters
[17] are conducted with the 8-orientation magnitude features
to obtain the three-modal GOM feature maps. Third, combining the GOM feature maps into a color-feature map, we
constitute the original feature object set of a finger. Forth, the
original feature object set is granulated into nonoverlapping
circular granules in a bottom-up manner based on spatial circular granulation to construct the multilevel feature granules
(FGs). Finally, a top-down matching method is proposed to
test the performance of multilevel FGs. Experimental results
show that the proposed method yields high identification
accuracy in finger feature recognition.
The rest of this paper is organized as follows. Section 2
introduces a homemade imaging system for the multimodal
finger images acquisition. Section 3 presents a general framework of finger feature granulation based on spatial circular
granulation. In Section 4, a self-built database with three
modalities is used to validate the feasibility and effectiveness
of the proposed algorithm; several experimental results are
also reported in this section. Section 5 concludes this paper.

2. Multimodal Finger Image Acquisition
To obtain FP, FV, and FKP images, we have designed a homemade imaging system, which can capture these three modality images automatically and simultaneously when a finger
is available, as shown in Figure 1. In the proposed imaging

system, a novel double-spectral polarized imaging system is
proposed. Based on the physiological structure of fingers and
its imaging property, the finger-knuckle-prints and fingerprints are imaged by reflected lights, and the finger veins are
imaged using the near infrared light in a transillumination
manner, as shown in Figure 1(a).
Connected to the imaging device with a computer, we can
readily capture FP, FV, and FKP images using a specifically
designed software, as shown in Figure 2(a). After the image is
captured, it is sent to the data preprocessing module for preprocessing. To extract the ROIs of the three modality images,
we, respectively, apply a method proposed in [7] for FKP ROI
extraction, a method proposed in [20] for FP ROI extraction,
and a method in [19] for FV ROI extraction. Then we obtain
a group of 96 ∗ 208-pixel images of FV-ROI, 96 ∗ 208-pixel
images of the FKP-ROI, and 160 ∗ 160-pixel images of the
FP-ROI. The results are, respectively, shown in Figure 2(b).

3. Feature Extraction and Granulation
3.1. Feature Extraction. Feature extraction is essential for
original feature domain construction and finger feature
granulation. The three-modal finger features all bear special
textures that can be viewed as signatures of finger. Therefore,
the used feature extraction method should be powerful in
describing the image texture feature.
First, all ROI images of FP, FV, and FKP are normalized
to 162 ∗ 162 pixels, as shown in the top row of Figure 3,
respectively. Due to different texture structure of the three
modalities, we use Gabor filter [19] to enhance FV and Steerable filter [21] for FP and FKP enhancement to strengthen the
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of negative lobes. Constant coefficients 𝐶𝑛 and 𝐶𝑝 are used
to keep the balance between positive and negative lobes. To
satisfy 𝐶𝑝 𝑁𝑝 = 𝐶𝑛 𝑁𝑛 , we assume 𝐶𝑝 = 1, 𝑁𝑝 = 2 and 𝐶𝑛 = 2,
𝑁𝑛 = 1, since the difference filter with three lobes is more
stable. The feature extraction scheme of GOM is capable of
representing the distinctive and robust of texture features of
finger images.
3.2. Feature Granulation. Granulation is one of the key issues
in GrC for complex problem solving. In order to effectively
express the feature structure of the fingers, we firstly select
the original feature object set on the basis of the feature
analysis. Then, we adopt a bottom-up manner to construct
the multilevel feature granules. Here, FGs are generated as the
following procedure.
Step 1 (initializing). Based on feature-based registration of
the three modalities, we combined FP, FV, and FKP feature
maps in a color-based manner to form the RGB-GOM feature
map, as shown in Figure 4. This map is used to constitute
the original feature object set of a finger. Then we defined
𝑂0 = (𝑥, 𝑦, 𝑅, 𝐺, 𝐵), where 𝑥, 𝑦 are coordinate value and 𝑅, 𝐺,
and 𝐵 denote the FP, FV, and FKP feature maps, respectively.
𝑂1 represents the original feature object set, which is
defined as

(a)

(b)

Figure 2: (a) A developed software interface of image acquisition.
(b) The extracted ROI images (left: FV, middle: FKP, and right: FP).

𝑂1 = {⋃ {𝑂𝑖,𝑗 }} ⋂ {⋃ {𝑂𝑖,𝑗 }} ⋂ {⋃ {𝑂𝑖,𝑗 }} .
FP

blurred images, as shown in the middle row of Figure 3. Then,
we use the Gabor filters with 8 orientations [19] to exploit
Gabor magnitude features in the FP, FV, and FKP images:
𝐺 (𝑥, 𝑦)
2
2 2
(1)
𝛾
1 𝑥𝜃𝑘 + 𝛾 𝑦𝜃𝑘
̂𝑗2𝜋𝑓𝑘 𝑥𝜃 ) .
exp
{−
)}
exp
(
(
=
𝑘
2𝜋𝜎2
2
𝜎2
𝑥𝜃

𝜃𝑘 sin 𝜃𝑘
𝑥
Here, [ 𝑦𝜃𝑘𝑘 ] = [ −cos
sin 𝜃𝑘 cos 𝜃𝑘 ] [ 𝑦 ], 𝑘 is the number of orientations, 𝜎 and 𝛾, respectively, represent the scale of Gabor
filter and aspect ratio of the elliptical Gaussian envelope, and
𝑥𝜃 and 𝑦𝜃 are two rotated versions of the coordinates 𝑥 and
𝑦.
Finally, the ordinal measures are conducted with the
multichannel Gabor magnitude features to get the ordinal
feature maps [17, 18], as shown in the last row of Figure 3. The
difference filter is defined as
𝑁𝑝

2

1

MLDF = 𝐶𝑝 ∑

𝑖=1 √2𝜋𝛿𝑝𝑖
𝑁𝑛

− 𝐶𝑛 ∑

exp [

1

𝑗=1 √2𝜋𝛿𝑛𝑗

− (𝑋 − 𝜔𝑝𝑖 )

[

2
2𝛿𝑝𝑖

]
]

(2)

2

exp [
[

− (𝑋 − 𝜔𝑛𝑗 )
2
2𝛿𝑛𝑗

].
]

Here 𝜔 is the central position and 𝛿 is the scale of ordinal
filter. 𝑁𝑝 is the number of positive lobes and 𝑁𝑛 is the number

FV

(3)

FKP

Here, structure of 0-layer feature granules is constructed by
a 2-tuple 𝐺0 1 = (𝐼𝐺0 1 , 𝐸𝐺0 1 ); the intension and extension of
0-layer feature granules are, respectively, defined as 𝐼𝐺0 1 =
(𝑥, 𝑦, map𝑅, map𝐺, map𝐵), 𝐸𝐺0 1 = {𝑥 | 𝑥 ∈ 𝑂1 }. Here, 𝐼𝐺𝑙 1
is the intension of granules in 𝑙-layer and 𝐸𝐺𝑙 1 is the extension
of granules in 𝑙-layer.
Step 2 (calculating 1-layer granule 𝐺11 = (𝐼𝐺11 , 𝐸𝐺11 (𝜂11 | tr11 ))).
According to the merger rules of the tolerance granularity
grid, each 1-layer granule’s extension can be generated by the
definition 𝐸𝐺11 (𝜂11 | tr11 ) = {𝑥 | (𝑥, 𝜂11 ) ∈ tr11(cp,𝑤,DIS,𝐷) };
here, cp, 𝑤, DIS, and 𝐷 are the four elements of the compatible function, cp is the compound compatibility relation
proposition, 𝑤 is the weight coefficient of each component,
DIS is distance function, and 𝐷 is the vector of distance
function. We use the circular granule as the shape of the
FGs. In this way, FGs have the translation and rotation
2
invariant characteristics. Let dis(𝛼, 𝛽𝜔) = ∑𝑛−1
𝑖=0 𝜔𝑖 (𝛼𝑖 − 𝛽𝑖 ) ;
cp(𝛼, 𝛽DIS, 𝐷) = dis(𝛼, 𝛽𝜔) ≤ 𝑑, where 𝜔 = (1, 1, 0, 0, 0),
DIS = {dis}, 𝐷 = {𝑑}, 𝜂11 ∈ Grid1 1 , and Grid1 1 is a grid
point set, which includes all centers of granules 𝐺11 , 𝑑 = 𝑎2
(𝑎 = 4). The histogram of the ordinal code as the intension of
FGs 𝐼𝐺11 = (𝐻1 , 𝐻2 , . . . , 𝐻𝐿 ), and 𝐿 is the bin number of the
histograms. Thus, the original feature object set is granulated
as circular granules with the radius of 4 pixels, denoted as 1layer FGs:
radius = floor (

pixels of the row
).
the number of circular granules

(4)
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Figure 3: Gabor Ordinal Measures feature maps of the FP, FV, and FKP.
1
1
1
1
Step 3 (calculating 𝐺𝑖+1
= (𝐼𝐺𝑖+1
, 𝐸𝐺𝑖+1
(𝜂𝑖+1
| tr1𝑖+1 ))). Recur1
sively, calculating the 𝑖 + 1-layer feature granules, 𝐺𝑖+1
=
1
1
1
1
(𝐼𝐺𝑖+1 , 𝐸𝐺𝑖+1 (𝜂𝑖+1 | tr𝑖+1 )). Extension of feature granules on
the layer 𝑖 + 1 can be obtained by the following formula
1
1
1
𝐸𝐺𝑖+1
(𝜂𝑖+1
| tr1𝑖+1 ) = {𝑥 | (𝑥, 𝜂𝑖+1
) ∈ tr1𝑖+1(cp𝑖+1 ,𝑤𝑖+1 ,DIS𝑖+1 ,𝐷𝑖+1 ) ∧
𝑥 ∈ 𝐸𝐺𝑖1 }. If this step continues, the extension of the highestlevel granules eventually contains only one original object. In
this paper, FGs are generated considering three granularity
levels, and the three-layer bottom-up granulation process is
shown in Figure 5.

4. Experiments and Analysis
4.1. Recognition Analysis. As we know, statistical distribution
of texture primitives has become a standard description of
texture analysis. Since the ordinal codes are binary values and

8-orientation Gabor filters are used, we can obtain a binary
number of 8 bits. This means that there is 256-bin histogram
representation for each FG. To reduce the feature dimension,
the histogram of each FG can be further reduced to contain
only 𝐵 = 32 bins by partitioning the histograms into uniform
parts: [0, . . . , 256/𝐵 − 1], [256/𝐵, . . . , 2 ∗ 256/𝐵 − 1], . . . , [(𝐵 −
1) ∗ 256/𝐵, . . . , 𝐵 ∗ 256/𝐵 − 1] [18]. To test the performance of
the proposed method, the histograms computed for the FGs
are concatenated here to represent different levels FGs. Here,
we use the normalized histogram intersection 𝐻(FG1 , FG2 )
[22] as the similarity measurement of two FGs, then we
defined the similarity between two finger images in the 𝑖th
layer as
𝑁𝑖 −1

Sim𝑖 (𝐹1 , 𝐹2 ) = ∑ 𝐻 (FG1𝑟 , FG2𝑟 ) .
𝑟=0

(5)
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The 3-layer granules

The 2-layer granules

Figure 4: The original feature object set of a finger.

Here, 𝑁𝑖 is the number of granules in the 𝑖th granularity level.
If Sim𝑖 ≥ 𝑇𝑖 (𝑇𝑖 is the decision threshold of the 𝑖th layer),
then the two finger images match in the 𝑖th layer granules. As
the multimodal finger-based recognition can be addressed at
multigranularity levels and the coarse granularity information is an abstract description of the finger feature, it is able to
narrow the scope of problem solving and accelerate the calculating speed at the coarse granularity levels. In contrast, the
fine granularity information represents a specific description
of the finger feature. Hence, for the problems that cannot be
solved at coarse granularity levels, we could address them
in a fine granularity level. Thus, a top-down (coarse-to-fine)
recognition method is proposed. Only when the two finger
images matched in three granularity layers at the same time
(Sim3 ≥ 𝑇3 , Sim2 ≥ 𝑇2 , and Sim1 ≥ 𝑇1 ), the two finger
images are similar.

Figure 5: The 3-layer bottom-up granulation process.

4.2. Recognition Results. In this section, we carry out several
experiments to prove the feasibility and effectiveness of
the proposed algorithm. A self-constructed database which
totally contains 3000 FP images, 3000 FV images, and 3000
FKP images from 300 individuals is used in these experiments. Firstly, the comparison between the three unimodal
biometrics is shown in Figure 6. From these presented curves,
we can see that FV achieves a lower EER than FP and FKP,
which shows that FV has more robust and reliable texture
feature information.
Also, Figure 7 shows the comparison between the multimodal biometric systems. From this we can see that fusion
between features which performed better in single modal will
get better results. As expected, FGs yields significantly better
performance compared with any single modal or bimodal
fusion of FP, FV, and FKP. The above comparison shows
that the proposed method can effectively achieve information
complementary between different finger features. This is
beneficial for identification performance improvement.
Figure 8 shows the similarity distributions of genuine and
imposter matching generated by the three granularity levels.
From the curves we can see that the proposed algorithm is
capable of differentiating finger images by setting appropriate

value of the threshold. This implies that the proposed
algorithm can provide a good solution for handling both
intraclass variations and interclass similarity of finger images.
Moreover, from these curves we can also conclude that the
discrimination of 1-layer FGs (fine-grained information) is
better than the two other layers (coarse-grained information).
Figure 9 shows the ROC curves generated by the different granularity levels. Here the proposed algorithm is
implemented using MATLAB R2010a on a standard desktop
PC which is equipped with a Dual-Core CPU 2.5 GHz and
4 GB RAM. From these curves we can clearly see that the
1-layer FGs (1-FGs) make a lower EER compared with two
other layers, indicating that the matching performance in
fine-granularity space outperforms coarse granularity space.
Further, Table 1 listed the matching results of three different
granularity levels. From Table 1, we can draw the conclusion
that the coarse-grained information has the higher matching
efficiency and the fine-grained information has the higher
matching accuracy. Therefore, the combination of coarse
granularity information and fine-granularity information can
keep the recognition efficiency in the premise of accuracy.

The 1-layer granules
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Table 2: Matching results of the top-down matching method.
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Figure 6: Comparisons between unimodal biometric systems.
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Figure 8: Similarity distributions of genuine and imposter matching
at three granularity levels.
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Figure 7: Comparisons between multimodal biometric systems.
Table 1: Matching results of different levels FGs.
Granular level
One-layer
Two-layer
Three-layer

0.06

EER (%)
0.853
2.230
3.408

Matching performance
Matching
Recognition rate
time (s)
(%)
0.257
0.074
0.028

99.15
97.77
96.59

Further, Table 2 listed the matching performance for
the top-down matching method. From the data we can see
that the coarse-to-fine matching method of 3-2-1-layer FGs
achieves the best accuracy recognition results. According
to 𝑇 of 1-layer and 2-layer FGs when FAR is minimum
and FRR = 0, the threshold of 3-layer and 2-layer FGs is,
respectively, set as 𝑇3 = 0.738 and 𝑇2 = 0.689. The multilayer
top-down matching method also reduces the matching time
costs since the nonmatched granules are ignored in the
high granularity level. Therefore, the top-down recognition
method of multilayer FGs performs better in finger-based
recognition in both efficiency and accuracy. And we should

FRR

0

0.03
0.02
0.01
0

0

0.01

1-layer
2-layer
3-layer

0.02

0.03
FAR

0.04

0.05

0.06

3-2-layer
3-2-1-layer
EER

Figure 9: ROC curves of different granularity levels.

note that the matching time is related to the PC performance:
when the run time is longer, the speed will slow down.

5. Conclusion
A new multimodal finger feature recognition scheme based
on spatial circular granulation has been proposed in this
paper. Firstly, the ridge texture features of the FP, FV, and FKP
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images were both extracted by the Gabor Ordinal Measures.
Then, combining the GOM feature maps into a color-feature
map, we then constitute the original feature object set of a finger. Finally, three-level FGs were constructed based on spatial
circular granulation. Experimental results show that circular
FGs are much more reliable and precise in multimodal finger
feature recognition, and the top-down recognition method of
multilevel FGs is helpful for identification performance and
efficiency improvement.
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In order to solve the problem of access control among different security domains in cloud networks, this paper presents an access
control model based on role and trust-degree. The model combines role-based access control and trust-based access control.
The role assessment weights are defined based on the user’s role classes, and the trust-degree is calculated according to the role
assessment weights and the role’s behavior. In order to increase the accuracy of access control, the model gives the concept and
calculation methods of feedback trust-degree. To achieve fine-grained access control, the model introduces direct trust-degree,
recommendation trust-degree, and feedback trust-degree, all of which participate in comprehensive trust-degree by adjusting their
weights. A simulation experiment was conducted in the LAN environment, and a web system was used to construct an access
control model with multisecurity domains in the experiment. The experimental results demonstrate that our model has higher
security, expansibility, and flexibility.

1. Introduction
With the rapid development of network technology and cloud
computing, attacks and interactions are becoming more and
more frequent; complex network security situation will be
more serious. By controlling the access permission of the key
resources, access control achieves the protection of system
resources, ensuring that all of the main direct entrances to the
object are authorized and preventing legitimate users from
using illegal access to system resources at the same time.
Access control policy is one of the main strategies of network
security and the main method to realize data confidentiality
and integrity [1]; it has become the important subject in the
area of network security.
At present the commonly used access control policy
includes discretionary access control, mandatory access control, and role-based access control [1]. Due to the arbitrariness
in users’ privileges transfer, discretionary access control is
unable to ensure the security of the system, and it is not
conducive to achieving a unified global access control. In
addition, it is easy for the protected information to leak,
and it can not resist the Trojan horse attacks in this access

control policy [2]. However, the mandatory access control
is no interference access control. Due to its reinforcement
in access restrictions, the system flexibility declines, and the
application is limited. At present, this policy is mainly used
in military and the field which has obvious hierarchies and
the high security requirement. Role-based access control is
different from the above two kinds of access control policy
and develops rapidly. It combined with existing security
technologies. A variety of access control models emerged.
Reference [3] proposed a C/S structure of trust decentralized
access control (TDAC) framework: through the client’s temporary monitors and server-side assessment of the primary
monitor application access request in the subject contextaware access control to protect private data. The defects of
this method are increasing the burden to clients and servers.
When error occurs in the clients, the servers will not easily
detect and repair it. Reference [4] proposed a flexible access
control strategy, and the strategy ensures that when users
are offline, independent user groups still have the right to
perform critical tasks, but the performance of this strategy
should be improved. Reference [5] proposed a comprehensive
encryption-based access control framework for the content
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Figure 1: Framework of role and trust-based access control.

centric network; it was also extensible and flexible. The design
of the framework mostly relied on secure content objects’
concept. It also implemented two access control schemes,
group-based access control and broadcast access control, to
demonstrate the flexibility. Reference [5] proposed a hybrid
access control model. It combined the advantage of both type
enforcement model and role-based access control. It enabled
unified access control and authorization for IaaS clouds and
the permission transition framework was also provided to
dynamically assign permission to virtual machines. This
paper puts forward the access control that is based on roles
and trust method, the concept of feedback credibility, and the
role of trust evaluation weight. It also combined with direct
trust and recommended trust to evaluate the user’s access
behaviors [6]. It realizes the dynamic fine-grained access
control.

Start entity
recognition

Login of the
anonymous user

The identification

Anonymous
user login

If foreign visits
Yes
Role mapping

2. Model Framework
The framework which is based on role and trust entity access
control is shown in Figure 1. It describes the relationship of
each component. The framework mainly includes the entity
recognition and trust management. The following paragraphs
will give instructions about the two parts.

Acquire role
evaluation weights

End the entity
recognition

Figure 2: Entity recognition process.

2.1. Entity Recognition. The framework of the entity recognition [6] is mainly used to identify the login entity components
(user) level, so as to obtain the trust evaluation weights
used in the subsequent fine-grained trust evaluation. Entity
recognition features include the foreign entity visit and entity
mapping, in the process, if the entity for anonymous entity
will not affect the interaction with other entities.
If the anonymous entity has the identity of the lowest
level, conforming to the resource access trust threshold can

also be carried out in accordance with the established process
interaction. The anonymous entity in the process of the
session by the trust through the above framework participates
in the trust evaluation; in order to avoid malicious slander,
anonymous users’ trust evaluation will not be involved. Entity
recognition process is shown in Figure 2.
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Figure 3: Trust management model structures.

2.2. Trust Management. Trust management include computing, collecting, and updating the trust. Trust management
model structure is shown in Figure 3. Trust computation can
be divided into three parts: interactive entity directly trusted
computing, feedback trust computation, and other entities in
the recommendation trust computing network. In the process
of the above calculation, it gives three kinds of calculation
results of different weight coefficient.
If interactive entities are new members of the network,
we give an initial trust value and assign certain access
permissions through a third-party authority. The entities that
are out of the system also can use anonymous entity. The
system automatically assigned a smaller trust value and the
role of a minimal operation.
At present the commonly used access control models mainly include discretionary access control, mandatory
access control, and role-based access control. Due to discretionary access control permissions to users with the transfer
of the arbitrariness result in the decrease of the safety of the
system. This is not conducive to achieving a unified global
access control. The information leaks easily. It can not resist
the Trojan horse attacks in the access control model. However
the mandatory access control has no interference of access
control, due to its access restrictions for the reinforcement,
thus affecting the flexibility of the system. Role-based access
control is different from the above two kinds of model.
It obtained a rapid development and combined with some
existing security technologies derived from a variety of access
control model.

3. Role and Trust
Principal component analysis (PCA) is a mathematical
transformation method [3], and it is used to reduce data
dimension. It can switch the multidimensional data into
several major dimensional data. The main problems that
need to be solved in the role management include the role
mapping, the strategy of role adding and deleting, and role

conflict resolution strategy. Set up the weight of participation
trust-degree evaluation according to the level and this is role
evaluation weight:
(1) Role mapping: when two equivalent security domains
visit each other’s resources, each should map the
role in this domain to target resources domain’s role.
In access control model system proposed in this
paper, the distrust security domain and trust security
domain take different role mapping strategies.
(2) Adding the role: upon adding new roles, new role
mapping’s strategy is automatically generated according to the model’s mapping strategy.
(3) Deleting the role: upon deleting a domain role, the
mapping will be replaced until mapping this role to
its subrole.
(4) Role conflict resolution: in this paper, the solution of
role conflict of access control is to allow the outland
role to have the right of the highest conversion role
mapping.
(5) The role of trust evaluation: set up different roles
according to the user in the access control security
domain model and the role of the various security
domains, each role assigned different weights of
evaluation, and the higher weights reflect the higher
user level permissions.
Table 1 is a sample which is set in the simulation experiments depending on the set role rank and role evaluation
weight values, in a real environment, according to the need
to set more user levels and evaluation weights which are fit
for the level.
According to literature [4], the time 𝑡 node 𝑛𝑖 direct
trust-degree is defined as 𝐷(𝑛𝑖 , 𝑛𝑗 , 𝑡). A direct trust table is
distributed to the network nodes. Each cell in the table is
the node for direct interaction. According to the direct trust
table of all nodes to build a two-dimensional direct trust
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1.00

The feedback trust of node 𝑛𝑖 to node 𝑛𝑗 is represented by
𝑀2 (𝑛𝑖 , 𝑛𝑗 ).
At time 𝑡, the feedback trust of node 𝑛𝑖 to node 𝑛𝑗 is
defined as 𝐹(𝑛𝑖 , 𝑛𝑗 , 𝑡):

0.95

𝐹 (𝑛𝑖 , 𝑛𝑗 , 𝑡) = 𝑀2 (𝑛𝑖 , 𝑛𝑗 ) 𝑒−(𝑡−𝑡𝑖 𝑗 ) , 𝑡 − 𝑡𝑖𝑗 ≥ 0,

Table 1: Example of rolegrade and role weight evaluation.
Role level Role description
Total access control center
1
administrator
Access control security domain
2
administrator
3
Security component user
Anonymous users or
4
components

Evaluation weights

0.90
none

relationship matrix [3], defining it as 𝑀1 , nodes 𝑛𝑖 to node
𝑛𝑗 direct trust is represented by 𝑀1 (𝑛𝑖 , 𝑛𝑗 ).
At time 𝑡, if nodes 𝑛𝑖 and 𝑛𝑗 have an interaction, the direct
trust 𝐷(𝑛𝑖 , 𝑛𝑗 , 𝑡) is
𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) = 𝑀1 (𝑛𝑖 , 𝑛𝑗 ) 𝑒−(𝑡−𝑡𝑖𝑗 ) ,

𝑡 − 𝑡𝑖𝑗 ≥ 0,

(1)

−(𝑡−𝑡𝑖𝑗 )

where 𝑒
is time decay function. It describes the case that
direct trust declines with time passing by.
If nodes 𝑛𝑖 and nodes 𝑛𝑗 have had interactions many times
at time 𝑡, the direct trust is shown by mean value
𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) =

−(𝑡−𝑡𝑘 )
∑𝐼(𝑘)
𝑘=1 𝑆 (𝑛𝑖 , 𝑛𝑗 , 𝑡𝑘 ) 𝑒

𝐼 (𝑘)

, 𝑡 − 𝑡𝑘 ≥ 0,

(2)

−(𝑡−𝑡𝑘 )
where ∑𝐼(𝑘)
is interaction evaluation expec𝑘=1 𝑆(𝑛𝑖 , 𝑛𝑗 , 𝑡𝑘 )𝑒
tations of nodes 𝑛𝑖 and 𝑛𝑗 after every interaction evaluation,
𝐼(𝑘) represents the times when nodes 𝑛𝑖 and 𝑛𝑗 have interactions frequency in time 𝑡. Based on literature [5], define
recommendation trust 𝑅(𝑛𝑖 , 𝑛𝑗 , 𝑡) at time 𝑡 of node 𝑛𝑖 to node
𝑛𝑗 :

𝑅 (𝑛𝑖 , 𝑛𝑗 , 𝑡) = 𝑊𝑖 × 𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) .

(3)

Recommendation trust of node 𝑛𝑗 is given by recommended node 𝑛𝑖 ’s evaluation of 𝑛𝑗 . Trust evaluation weight
is represented by 𝑤𝑖 , defined as follows:
−1/ ∑𝐼(𝑘)
𝑘=1

𝑊𝑖 = 𝑒

𝑆(𝑛𝑖 ,𝑛𝑗 ,𝑡𝑘

)𝑒−(𝑡−𝑡𝑘 )

.

(4)

On the basis of direct trust, this paper puts forward
the concept of feedback trust and gives the calculation
method of feedback credibility. Different from direct trust
and recommendation trust, feedback trust is the evaluation
which represents the feedback of their own behaviors. The
feedback helps users adjust trust behavior quickly.
Definition 1. Feedback trust is a kind of excitation mechanism
that users are responsible for their access behavior [6].
According to regulations, users can use information resources
in the system safely and reliably; this will improve their trust
and have permissions of enjoying more safe and reliable
services.
In the access control model proposed in this paper, for
every node 𝑛𝑖 establish a two-dimensional feedback trust
matrix. It records all the feedback trust between all nodes.

(5)

where 𝑒−(𝑡−𝑡𝑖𝑗 ) is time decay function.
Formula (5) is considering that the interaction time is
only once. If nodes 𝑛𝑖 and 𝑛𝑗 interact many times, the
users’ operations feedback trust computing takes interaction
average:
𝐹 (𝑛𝑖 , 𝑛𝑗 , 𝑡) =

−(𝑡−𝑡𝑘 )
∑𝐼(𝑘)
𝑘=1 𝑋 (𝑛𝑖 , 𝑛𝑗 , 𝑡𝑘 ) 𝑒

𝐼 (𝑘)

,

𝑡 − 𝑡𝑘 ≥ 0. (6)

𝑋(𝑛𝑖 , 𝑛𝑗 , 𝑡𝑘 ) represent moment 𝑡𝑘 and node 𝑛𝑖 feedback
operation evaluation to 𝑛𝑗 , taking value interval as [0, 1].

−(𝑡−𝑡𝑘 )
In formula (6), ∑𝐼(𝑘)
is the evaluation of
𝑘=1 𝑋(𝑛𝑖 , 𝑛𝑗 , 𝑡𝑘 )𝑒
each interaction expectation after nodes 𝑛𝑖 and 𝑛𝑗 interaction
evaluation and attenuation. 𝐼(𝑘) represent node 𝑛𝑗 and 𝑛𝑖
interactions times within the time 𝑡. Direct trust, recommendation trust, and feedback trust describe the user’s trust from
different views [7]. All are defined as comprehensive trust. It
can describe user trust comprehensively and accurately. For
arbitrary nodes 𝑛𝑖 and 𝑛𝑗 , then

𝑇 (𝑛𝑖 , 𝑛𝑗 , 𝑡) = 𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝑅 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝐹 (𝑛𝑖 , 𝑛𝑗 , 𝑡) , (7)

where the comprehensive trust of node 𝑛𝑖 to node 𝑛𝑗 is
represented by 𝑇(𝑛𝑖 , 𝑛𝑗 , 𝑡) at time 𝑡. When there are thirdparty authentication institutions to participate in the trust
evaluation, nodes 𝑛𝑖 , 𝑛𝑗 formula of comprehensive trust at
time 𝑡 can be expressed as
𝑇 (𝑛𝑖 , 𝑛𝑗 , 𝑡)
= status (𝑛𝑖 , 𝑛𝑗 , 𝑡)

(8)

∧ [𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝑅 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝐹 (𝑛𝑖 , 𝑛𝑗 , 𝑡)] ,
where status(𝑛𝑖 , 𝑛𝑗 , 𝑡) is a state function, representing the
allowance of 𝑛𝑖 to 𝑛𝑗 at time 𝑡. status(𝑛𝑖 , 𝑛𝑗 , 𝑡)’s value is 0
representing identity permission, 1 indicating identity is not
allowed. If the interaction time is too long, the trust declines
with time. The status of the current network node can not
reflect trust by direct trust 𝐷(𝑛𝑖 , 𝑛𝑗 , 𝑡), and recommendation trust 𝑅(𝑛𝑖 , 𝑛𝑗 , 𝑡) and feedback credibility 𝐹(𝑛𝑖 , 𝑛𝑗 , 𝑡) can
accurately reflect the current state of the node [8]. After
calculating the direct trust 𝐷(𝑛𝑖 , 𝑛𝑗 , 𝑡), recommendation trust
𝑅(𝑛𝑖 , 𝑛𝑗 , 𝑡), and feedback credibility 𝐹(𝑛𝑖 , 𝑛𝑗 , 𝑡), comprehensive trust is calculated:
𝑇 (𝑛𝑖 , 𝑛𝑗 , 𝑡)
= status (𝑛𝑖 , 𝑛𝑗 , 𝑡)
∧ [𝛼𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝛽𝑅 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝛾𝐹 (𝑛𝑖 , 𝑛𝑗 , 𝑡)] ,
where 𝛼 + 𝛽 + 𝛾 = 1, 𝛼 ≥ 0, 𝛽 ≥ 0, 𝛾 ≥ 0.

(9)
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Figure 4: Simulation model structures.

If the security component is the service provider, it does
not have feedback trust in practical situation [9]. Under this
condition, the comprehensive trust is
𝑇 (𝑛𝑖 , 𝑛𝑗 , 𝑡) = status (𝑛𝑖 , 𝑛𝑗 , 𝑡)
∧ [𝛼𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝛽𝑅 (𝑛𝑖 , 𝑛𝑗 , 𝑡)] ,

(10)

where 𝛼 + 𝛽 = 1, 𝛼 ≥ 0, 𝛽 ≥ 0. Similarly, if a certain security
component does not provide services and resources, it does
not have direct trust [10]. Under this condition the trust is
𝑇 (𝑛𝑖 , 𝑛𝑗 , 𝑡) = status (𝑛𝑖 , 𝑛𝑗 , 𝑡)
∧ [𝛽𝑅 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝛾𝐹 (𝑛𝑖 , 𝑛𝑗 , 𝑡)] .

(11)

centers which manage their security domain. B11 , B12 , and
B21 belong to the security domain security components of
security domains B1 and B2 .
Simulation model is using B/S structure, so the B11 , B12 ,
and B21 do not need to deploy any function module, simply
by IE login and connecting to the corresponding access
control center module and interacting with other security
components.
In the process of simulation experiment, by different user
login access control system and other security components
interaction access and access control center do corresponding
actions in the process of access control. In order to achieve
the legitimate users access to legal resources, illegal user
cannot access resources, and the legal user cannot access
illegal resources.

Among them, 𝛽 + 𝛾 = 1, 𝛽 ≥ 0, 𝛾 ≥ 0.

5. Experimental Process and Results
4. Experiments
The experiments are done in the laboratory’s LAN environment. A server is the general access control center, two PC
represent two different domain management centers, and
the other three PC represent the security components of
different domains. Simulation model structure is shown as
in Figure 4. In Figure 4, A1 is model access control center
which is responsible for user management and providing safe
trust policy, dynamic access control, interactive assessment,
and trust evaluation. B1 and B2 are the domain management

In the simulation model, userb12 and userb11 were two
security components in security domain B1 . In the process of
creating security component of model, users were given 0.7
as initial recommendation trust.
Different user roles grading to ascertain the weight of
character evaluation values is according to Table 1 and, in
the initial stages, defined on the relationship between the
credibility and trust, as shown in Table 2.
At this time the direct trust and feedback trust were 0.
In the model the user creates immediate access to the test,
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Figure 5: Access policies of userb11 and userb12 .

Table 3: Weights of the three trust degrees.

Table 2: Definition of trust status.
Trust value 𝑡
0 ≤ 𝑡 < 0.5
0.5 ≤ 𝑡 < 1
𝑡=1

Trust situation
Do not trust
Relative trust
Total trust

so at this time of attenuation it is negligible (the results
approximately equal 0.7), so the first degree of trust visits is
𝑇 (𝑛𝑖 , 𝑛𝑗 , 𝑡) = 𝛼𝐷 (𝑛𝑖 , 𝑛𝑗 , 𝑡) + 𝛽𝑅 (𝑛𝑖 , 𝑛𝑗 , 𝑡)
+ 𝛾𝐹 (𝑛𝑖 , 𝑛𝑗 , 𝑡) ,

(12)

where 𝛼 + 𝛽 + 𝛾 = 1, 𝑎 ≥ 0, 𝛽 ≥ 0, 𝛾 ≥ 0.
Calculated by formula (1)–(11) 𝑇(userb11 , userb12 , 𝑡0 ) =
𝑇(userb12 , userb11 , 𝑡0 ) ≈ 0.7; that is, at time 𝑡0 , component
userb11 access to components userb12 trust is 0.7; at the same
time userb12 access to userb11 trust was 0.7. Based on the
model set userb11 resources “document 1” literacy reading
and writing trust-degree threshold were 0.5 and 0.7. userb12
have the read and write permissions to “document 1.”
Userb11 is used for designing experiment of userb12
access control policy as shown in Figure 5. Ordinate Action
represents access Action, including two operations which are
write and read. Abscissa represents the Target resources.
userb11 , for resources “document 2” after the read operation, calculated userb12 providing services for direct trust
evaluation of 0.9, according to type (12) to calculate the trust
at this time 𝑇(userb11 , userb12 , 𝑡1 ) = 0.788. According to
“document 1” userb11 setting threshold, userb12 still have
permissions to read and write. If userb12 provides the unsafe
service, on a visit to “document 2” again, after access to
direct trust evaluation is set to 0.5, according to type (10)
one gets 𝑇(userb11 , userb12 , 𝑡2 ) = 0.644. At this point,
according to userb11 access to resources “document 1” trust
threshold setting, userb12 has only permissions to read and
lost permissions to write, and it is through this mechanism
that users are motivated to provide more safe and reliable
service. If userb12 has access components provided by certain
standard judged to be extremely dangerous, relevant access
components or the administrator can delimit userb12 directly

Right to direct
trust value 𝛼
0.35
0.6
0.0
0.0

Recommendation trust
weights 𝛽

Feedback trust
weights 𝛾

0.3
0.4
0.5
1.0

0.35
0.0
0.5
0.0

into the blacklist, causing its loss of the appropriate minimum
component resources access.
userb11 to userb12 resources for access to the direct trust
evaluation are calculated; at the same time, userb12 feedback
on userb11 for trust evaluation is calculated by formula
(9) trust and synchronous update in the database. Through
this mechanism they can exercise the power of their own
incentive component, safer permissions to read and write,
and so forth.
The detailed testing results of all kinds of trust weight
value are shown in Table 3. For different access requirements
of the system, the setting of the weight of all kinds of trusts
is also different. It reflects the flexibility of the model. Based
on the definition of various types of trust, the following
conclusion can be drawn.
The test results can be seen from Table 3; when evaluating trust gradually reduced, the trust declined. On the
contrary, when a user provided good service and safe and
reliable resources or used their legal rights, it had the higher
credibility evaluation. Thus the total trust increased. The
experimental results showed the feasibility and effectiveness
of the proposed access control mode.
Experiments of all kinds of trust weight value settings
are shown in Table 3. For different access requirements of
the system, the setting of the weight of all kinds of trust
also is different; it also reflects the flexibility of the model.
Based on the definition of various types of trust one can draw
the following conclusion. When direct trust weight value is
bigger, the user’s comprehensive trust continued volatility
may occur; for example, for some security component trust
evaluation is more matching and for other components trust
is completely opposite. When the recommendation trust
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Table 4: Test result.

Users
Userb11
Userb12
Userb11
Userb12
Userb11
Userb12
Userb11
Userb12
Userb11
Userb12
Userb11

Comprehensive trust
0.7000
0.8200
0.8225
0.8050
0.7875
0.7452
0.6378
0.5968
0.4968
0.4658
0.3847

Target resource
Document 2
Document 1
Document 2
Document 1
Document 2
Document 1
Document 2
Document 1
Document 2
Document 1
document 2

Operation
Read
Read
Write
Write
Read
Read
Write
Write
Read
Read
Write

weight value is bigger, the user’s comprehensive trust value
is relatively stable.
When feedback trust weight value is larger, comprehensive trust users access to the current user behavior is
more sensitive and can quickly reflect the current access
behavior trust situation. In general according to the different
requirements of different systems all kinds of trust weight
value can be set. This also can make all kinds of trust weight
values roughly equal. The weights of three kinds of trust
assignment are shown in Table 3.
In Table 3, the first line says three types of trust are
the weights of evaluation. The second line indicates only
direct trust and recommendation trust weights. The third
line showed only recommendation trust and feedback trust
weights. In the fourth row only recommendation trust
weights are shown. Recommendation trust in the building of
a role is given, so it is inevitable.
Detailed test results are shown in Table 4. Initial conditions are as follows: system building role given recommended
trust being 0.7, the name of documents 1 and 2, and speaking,
reading, and writing trust threshold being 0.5 and 0.7.
Detailed test of read and write operations alternates, initial
interaction evaluation value is 0.9; read and write interactive
evaluation is reduced to 0.05.

6. Conclusions
This paper puts forward a kind of access control method
based on the character and credibility. It also puts forward the
concept of feedback credibility and the role of trust evaluation
weight, combined with direct trust and recommendation
trust. Direct trust and recommendation trust all evaluate the
user’s access comprehensive action. The effectiveness of the
proposed model is verified by simulation.
The test results can be seen from Table 4; when evaluating
trust gradually reduced, the trust will drop. On the other
hand, when a user provides good service and safe and reliable
resources or exercises their GeFaQuan period, it will get
higher credibility evaluation; thus the total trust will be
increased.
Design of access control model in this paper is through
such mechanism incentive component users with better service and more safe and reliable resources and more effective

Result
0: action succeeded
0: action succeeded
0: action succeeded
0: action succeeded
0: action succeeded
0: action succeeded
1: action is not allowed
1: action is not allowed
1: action is not allowed
1: action is not allowed
1: action is not allowed

Trust evaluation/role level
0.90/1, 0.90/3
0.85/1, 0.85/3
0.80/1, 0.80/3
0.75/1, 0.75/3
0.70/1, 0.70/3
0.65/1, 0.65/3
0.60/1, 0.60/3
0.55/1, 0.55/3
0.50/1, 0.50/3
0.45/1, 0.45/3
0.40/1, 0.40/3

exercise of their rights and increase of their trust, so as to
enjoy a higher authority. Based on user roles we set different
weights of evaluation and give the weight of different trust to
achieve fine-grained trust evaluation and credibility in order
to achieve the fair and reasonable evaluation purpose. The test
results of Table 4 show that the access control model proposed
in this paper is feasible and effective.
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In order to solve the problem that Android platform’s sand-box mechanism prevents security protection software from accessing
effective information to detect malware, this paper proposes a malicious software detection method based on power consumption.
Firstly, the mobile battery consumption status information was obtained, and the Gaussian mixture model (GMM) was built by
using Mel frequency cepstral coefficients (MFCC). Then, the GMM was used to analyze power consumption; malicious software can
be classified and detected through classification processing. Experiment results demonstrate that the function of an application and
its power consumption have a close relationship, and our method can detect some typical malicious application software accurately.

1. Introduction
Smart phones and other mobile terminals have become the
most important part of modern life, and Android operating
system in the smart phone has more than 50% share.
However, not only do open source characteristics of the
Android platform provide convenient conditions for software
developers, but also security problem has become a hot spot
of concern. According to the latest statistics of F-Secure [1],
in 2014 the Android platform has 277 species threats, such
as unauthorized download applications and GPS location
tracking. So distinguishing the mobile normal software and
malicious software is a hot problem to be solved.
At present, there are two kinds of methods for malware
detection: one is static analysis method, and the other is
dynamic analysis method. The static analysis is mainly based
on application decompiled and gets source code of malicious
behavior.
However, due to the limitation of software code analysis
method and decompiled technology, dynamic analysis has
gradually become the trend of the mobile malware detection
technology development.
In dynamic analysis field, Zheng et al. [2] propose
a dynamic analysis system running in the Dalvik virtual
machine, but because of the limitation of Dalvik layer in
Android, it cannot monitor the detailed information of
underlying code. Enck et al. [3] set up a monitoring program running in simulation environment; this method can

effectively achieve real-time behavior for a specified application, but it cannot run on Android devices without ROOT
access.
For the Android platform application software, there are
two ways to get power consumption information. We can use
native Android API to calculate power consumption. This
method has been used by some application software, such as
PowerTutor [4].
Another method is proposed by Curti et al. [5] who
rewrite the underlying driving mode for power information.
Compared with the first method, this method is more
accurate, but it has high intervention to the system.
In the study of power consumption analysis method
to detect malicious software, Jacoby et al. [6] propose a
model which is based on power consumption to detect
intrusion.
Based on this, Buennemeyer et al. [7] and Kim et al.
[8] use the Android mobile phone battery configuration files
to detect malicious software. But all of the above methods
only consider the amount of power consumption, without
taking the timing characteristics of power consumption into
account.
According to the above problem, this paper puts forward a kind of mobile malware detection model based on
mobile phone power consumption. The model structure is
shown as in Figure 1, and it mainly includes four function
parts:
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Figure 1: Malware detection model.

(1) Battery consumption monitor: monitoring of the
application software in a certain time range of power
consumption.
(2) Analysis waveform characteristics: analysis of the
diagram of power consumption and extraction of the
feature of power consumption waveform.
(3) Waveform feature matching: matching the feature of
power consumption waveform which is calculated by
the analysis module in the prebuild feature database.
(4) Output results: output of the classification results for
each power consumption feature.

2. Battery Power Consumption Monitoring
The method for monitor battery power consumption is the
key to this detection model; if battery power consumption
data is not accurate, it will directly affect the accuracy of
the results. In this paper, we use PowerTutor [4] to monitor
battery power consumption information of the specified
application.
PowerTutor can get the battery power consumption timeseries data of each mobile application by monitoring their
components including CPU, audio, screen, Wi-Fi, 3G, and
GPS.
During the power consumption monitoring, we found
that power consumption has the same state transition characteristics as sound signal did. But the state of power
consumption is much more stable, and 5-minute sampling
time can cover all status changes. So, in the rest of this paper,
for each application we take 5 minutes to monitor battery
consumption.
Figure 2 shows the CPU power consumption of two
Android applications (“UC browser” and “iReader”) within
5 minutes. It can be found from Figure 2 that the consumption curves of two applications with different functions are
significantly different. It also shows that we can effectively
distinguish different applications through the analysis of the
power consumption.

the above factors on the result of application software to
identify or test, it is important to choose an effective method
to extract the feature information of power consumption
waveform.
In the field of waveform characteristics analysis, the most
widely used and the most mature way is Mel frequency
cepstrum coefficient (MFCC). It has been widely used in
speech recognition and has high identification accuracy [9,
10].
This paper designs a MFCC calculation process for
waveform feature extraction which was mentioned before
(see Figure 3).
MFCC computation process is as follows.
(1) Frame Pretreatment. Frame pretreatment in this paper
only needs to do framing and window processing for the
original input data of 𝑆(𝑛). The purpose is to extract short
signal features (similar to audio processing). In order to
facilitate the calculation of subsequent steps, set the frame
length 5 s; frame offset (the overlap between two frames) is
2.5 s. During the processing, we use Hamming window; the
calculation formula is
2𝜋𝑛
) (0 ≤ 𝑛 ≤ 𝑁 − 1) . (1)
𝑋 (𝑛) = 0.54 − 0.46 cos (
𝑁−1
Among them, the 0.54 and 0.46 are the constant which the
Hamming window defined, 𝑁 is sampling points per frame,
and 𝑋(𝑛) is the short signal feature which is the result of the
Hamming window formula.
(2) DFT (Discrete Fourier Transform) Linear Spectrum Calculation. We use Fourier transform to calculate the short-time
energy and frequency domain signals. First of all, add some 0
after each frame in the time domain signal 𝑥(𝑘) to make sure
the frame length is 𝑁 (𝑁 = 256); then, we can get the linear
spectrum 𝑋(𝑘) through the discrete Fourier transform. The
calculation method is
𝑁−1

𝑋 (𝑘) = ∑ 𝑥 (𝑘) 𝑒−𝑗2𝜋𝑗 𝑘/𝑁,

(0 ≤ 𝑘 ≤ 𝑁 − 1) .

(3) Mel Frequency Filter Calculation. The input frequency
signal through a number of triangle pass filters and Mel frequency spectrum signal are obtained by filtering calculation.
Among them, each of the triangular filter center frequency
calculation steps is as follows.
Set the number of filter 𝑘, signal sampling frequency is 𝑓𝑠 ,
and the max Mel frequency is
𝑓max [Mel] = 2595 × log10 (1 +

3. Waveform Feature Extraction and Analysis
We know that applications with different functions have
different power consumption from Figure 2. But when using
these consumption data to classify software, we also need
to consider the influence of different factors on the power
consumption, such as uncertainty user input, different screen
resolution, and the influence of different hardware acceleration technology on power consumption. In order to reduce

(2)

𝑘=0

𝑓𝑠
).
700 Hz

(3)

Center frequency spacing between each filter is
Δ Mel =

𝑓max
.
𝑘+1

(4)

(4) Logarithmic Energy Calculation. In order to have better
robustness of noise, it is indispensable to calculate the logarithmic energy of Mel frequency spectrum. Set the number
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Figure 2: Application of battery consumption sequence diagram.
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Figure 3: MFCC calculation process.

of triangular filter for 𝑀; logarithmic spectrum 𝑆(𝑚) of linear
spectrum 𝑋(𝑘) is calculated as follows:
𝑁−1

𝑒 (𝑚) = ∑ |𝑋 (𝑘)|2 𝐻𝑚 (𝑘) ,

(0 ≤ 𝑚 ≤ 𝑀)

𝑘=0

𝑆 (𝑚) = ln (𝑒 (𝑚)) ,

𝐶Mel (𝑛) = ∑ 𝑆 (𝑚) cos (
𝑚=0

(1) Build Characteristic Database. The key to build battery
power consumption characteristics database is essentially
to calculate Gaussian distribution parameters of the given
MFCC feature sequence. Therefore, we can use the maximum likelihood estimation to obtain probability distribution
parameters; calculation method is as follows.
Set the MFCC sequence 𝑋 = {𝑥𝑡 , 𝑡 = 1, 2, . . . , 𝑇}. Each
component of 𝑋 is independent of each other; the likelihood
for the GMM model parameters is
𝑇

𝐿 (𝜆 | 𝑋) = ∏𝑃 (𝑥𝑡 | 𝜆) .

(5)

(0 ≤ 𝑚 ≤ 𝑀) .

𝜋𝑛 (𝑚 + 1/2)
),
𝑀

(7)

𝑡=1

(5) Cepstrum Calculation. Through the discrete cosine transform (DCT), we can transfer the logarithmic spectrum 𝑆(𝑚)
to cepstrum; the formula is
𝑀−1

then match software battery power consumption characteristics of input signal with the feature database. In the
feature matching calculation, we choose Gaussian mixture
model (GMM) [11]. The advantage of GMM is that it can
approximate to arbitrary shape distribution probably and
the algorithm complexity is low. Battery power consumption
feature matching process design is as follows.

(6)

(0 ≤ 𝑚 < 𝑀) .

4. Waveform Feature Matching
Feature matching includes two processes. Firstly, create the
battery power consumption characteristics database. And

̃ which makes
The eligible parameters are to find a group 𝜆
𝐿(𝜆 | 𝑋) largest:
̃ = max 𝐿 (𝜆 | 𝑋) = max 𝑃 (𝑋 | 𝜆)
𝜆

(8)

̃ = max (∑ log 𝑃 (𝑥 | 𝜆)) .
ℓ (𝜆)

(9)

𝜆

𝜆

or

While using maximum likelihood estimation, we choose
to use the expectation maximization (EM) algorithm [12] to
get the estimated parameters. The calculation steps are as
follows.

4

Journal of Electrical and Computer Engineering

𝑄𝑖 (𝑧𝑖 ) = 𝑃 (𝑧𝑖 | 𝑥𝑖 ; 𝜆) .

(10)

Estimated parameters are calculated as follows:
𝜃 = max∑∑𝑄𝑖 (𝑧𝑖 ) log
𝜃

𝑖 𝑧𝑖

𝑃 (𝑥𝑖 , 𝑧𝑖 ; 𝜆)
𝑄𝑖 (𝑧𝑖 )

.

15
Cepstrum coefficients

For each training sample 𝑖, 𝑧 is the category which
this sample may belong to, and 𝑄𝑖 is a certain probability
distribution of 𝑧; then

(11)

10
5
0
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Figure 4: MFCC feature distribution.

(12)

𝑃 (𝑥(𝑖) , 𝑧(𝑖) ; 𝜆(𝑡+1) )
𝑄𝑖(𝑡)

15

(𝑡)

But in each iteration, the value of 𝜆 is changed; if we treat
𝜆 as variable and calculate its derivative, we can get
ℓ (𝜆(𝑡+1) ) ≥ ∑∑𝑄𝑖𝑡 (𝑧(𝑖) ) log

S5-1
S5-2
S5-3

(𝑧(𝑖) )

𝑃 (𝑥(𝑖) , 𝑧(𝑖) ; 𝜆(𝑡) )

(13)

𝑄𝑖(𝑡) (𝑧(𝑖) )

= ℓ (𝜆(𝑡) ) .
Through formula (12) and formula (13) we proved 𝜆 is
monotonically increasing. So one way to convergence is that
𝜆 no longer changes, or 𝜆 change very little.
(2) Features Value Matching. After building the database, the
given 𝑋 is a known characteristic. For the existing categories
𝑧, calculate the probability value 𝑃(𝑥 | 𝑧𝑖 ). Characteristic
value matching is finding 𝑧𝑖 , which can make max𝑖 𝑃(𝑥 | 𝑧𝑖 );
then 𝑧𝑖 is the output of feature matching.

5. Experiments and Result Analysis
In the experiment, first we use the method proposed in
Section 3 to build GMM model for game, browser, music
player, and malicious software. And for the malicious software, we simulate a floating point number attack for the
Android platform. In the construction of the GMM model,
we repeatedly monitor the software’s power consumption in
5 minutes and calculate the MFCC features for the reset of
3 types of applications and then use the EM algorithm to
calculate the GMM model parameters.
Experiments are designed on 6 cell phones, including
Samsung GALAXY S5 and LG G2 mobile phones. Battery
monitoring tool is PowerTutor [4]. In the experiments, we
only monitor and collect the CPU power consumption data
when the application software is running. The cycle time of
monitoring is 5 minutes and sampling frequency is 300 ms.

1

The results of superposition

0.9
0.8
Distribution probability

ℓ (𝜆(𝑡) ) = ∑∑𝑄𝑖(𝑡) (𝑧(𝑖) ) log

(𝑖)
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Mel frequency

The EM algorithm can converge because of Jensen’s
inequality [13].
According to formula (10) and Jensen’s inequality, when
calculating expectation we assume that the value of 𝜆 is
unchanged; then we can get the equation
(𝑖)

5
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Figure 5: iReader GMM model.

MFCC feature calculation results are shown as in Figure 4; it is the test result of the application that is named
iReader. The GMM parameters model is shown in Figure 5.
We can see from Figure 4 although power consumption
MFCC feature values for the same application in different
mobile phones are not completely the same, the distribution is roughly the same. It also proves that the MFCC
feature extracting can largely reduce the equipment and other
impacts caused by factors.
And, in Figure 5, the GMM model also shows that the
estimated parameters can be calculated using the extracted
MFCC parameters and the result is convergence.
In application software testing, firstly we build GMM
model for four kinds of typical applications, including games,
browser, music player, and malicious software. In this test,
this paper only simulates one kind of malicious software
which is floating point attack.
During the test step, this paper selects 100 applications
in each group. Under the normal condition, we monitor the
CPU battery consumption during 5 minutes and then classify
it through the proposed power analysis model. Four kinds
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6. Conclusions

Table 1: Typical applications results.
Category
Game
Browser
Music
Malware

Game
78
12
16
3

Browser
9
72
11
7

Results
Music
3
7
65
11

Malicious software
10
9
8
79

Table 2: Detection rate of statistical.
Category

Results
PR
90%
91%
92%
21%

NR
10%
9%
8%
79%

Game
Browser
Music
Malware

AR
78%
72%
65%
79%

Table 3: Different model orders and results.
Order of GMM
AR (%)

2
55.1

3
65.2

4
79.7

8
77.9

Based on battery power consumption sequence characteristics of the application software which is collected from mobile
terminals such as mobile phone, this paper introduces MFCC
feature extraction algorithm and GMM model classification
algorithm and then proposes an Android malware detection
method. What is more, the experiment proves that the
method has effective identification and detection of malicious
software.
In the future, we will try to make MFCC parameters
extraction and classification of GMM model integrate into
the mobile terminal equipment and consider the battery
consumption of other hardware when application software is
running.
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As a promising biometric system, finger vein identification has been studied widely and many relevant researches have been
proposed. However, it is hard to extract a satisfied finger vein pattern due to the various vein thickness, illumination, low contrast
region, and noise existing. And most of the feature extraction algorithms rely on high-quality finger vein database and take a
long time for a large dimensional feature vector. In this paper, we proposed two block selection methods which are based on the
estimate of the amount of information in each block and the contribution of block location by looking at recognition rate of each
block position to reduce feature extraction time and matching time. The specific approach is to find out some local finger vein areas
with low-quality and noise, which will be useless for feature description. Local binary pattern (LBP) descriptors are proposed to
extract the finger vein pattern feature. Two finger vein databases are taken to test our algorithm performance. Experimental results
show that proposed block selection algorithms can reduce the feature vector dimensionality in a large extent.

1. Introduction
Biometric systems are automated methods of verifying or
recognizing the identity of a living person on the basis of
some physiological characteristics, like a fingerprint or iris
pattern, or some aspects of behavior, like handwriting or finger vein patterns [1]. There are a lot of advantages to biometrics, such as being hardly loose, difficult to forge, and convenient to use, which have been concerned in all of the world,
applying it in identity authentication, exit entry management,
security monitoring, electronic commerce, and so forth.
As a new biometric identification method, using hemoglobin in blood can absorb infrared light. The vein pattern
will form a shadow in finger vein image [2, 3]. The advantages
of a finger vein recognition system (FVRS) contain internal
physiological characteristics which are difficult to forge; uniqueness; on-contact or weak contact; no interference by finger
surface or surrounding environment; small imaging device
[4]. Weaknesses (about the permanent) (effect of changes
with age should to be verified), special collection equipment
(the design of a finger vein imaging device is relatively
complex), and production costs are currently higher.

The original image contains not only vein patterns, but
also some mussy shading and noise. Such kinds of interference are produced by different thickness of bones or muscles, and also the scattering of light and finger translation
can blur image. Therefore, enhancing the original image and
weakening the noise are essential and reasonable. Figure 1
shows some low-quality finger vein samples, including image
blurred by slight movement (a); uneven illumination causing
the high-light area (b); part of the region being missing (c, d);
and finger rotation invariance (e, f).
In order to solve these problems, recent study has provided some effective solutions against the low-quality finger
vein images, through the establishment of high-quality finger
vein database to improve the system recognition rate [4]. Lu
et al. proposed a finger vein ROI localization method that has
high effectiveness and robustness against the low-quality and
accurate finger region segmentation and correct calculated
orientations are calculated to produce higher accuracy in
localizing ROIs [5]. The Sobel operator was used for detecting
the edge of a finger [6]. Paper [7] utilized Hough transform
to extract the binary edge image. In terms of texture feature
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 1: Low-quality finger vein image samples.

study, Lu et al. proposed an extended local line binary
pattern (LLBP) method, which is named polydirectional local
line binary pattern (PLLBP). It can extract line pattern in
any orientation to extract line patterns with the most discriminative ability [8]. Other state-of-the-art research results
include sift feature [9], maximum curvature [10], multifeature
fusion technology [9], segmentation based on local entropy
threshold [11], support vector regression (SVR) [12], using
convolutional neural network [13], and line tracking [14].
In this paper, based on qualified recognition rate with
99.87% and 99.31% using improved LBP descriptors, we
proposed two different block selection methods, based on
estimate of the amount of information in each block and the
contribution of block location by looking at the recognition
rate of each block position to represent discriminative ability
for each block, and utilized the more powerful image local
regions as a new proposed feature vector for identification.
There are four contributions in this paper.
(1) Databases. We utilize two high-quality finger vein
databases which are established in our lab and named
MMCBNU 6000 [15] and MMCBNU 2C [1]. The first
one contains 6000 finger vein images captured from
100 volunteers. The second one has 6976 samples
collected from 109 volunteers.
(2) Individual Block Feature Analysis. This paper firstly
pays attention to discriminative ability of each individual block. The discrimination ability of some small
blocks exceeded our expectations such that a size of

20 ∗ 20 local block image can give out recognition
rate of 80% using uniform LBP descriptor with a 59
dimensionality feature vector.
(3) Block Selection Mode. We proposed two block selection methods based on the estimate of the amount
of information in each block and the contribution of
block location by looking at the recognition rate of
each block position to reduce feature extraction time
and matching time.
(4) Feature Extraction. Uniform rotation invariant LBP
(LBPRiu) uses less dimensionality to represent more
finger vein image features, combining with block
selection mode to reduce the feature vector dimensionality in a large extent.
The rest of this paper is structured as follows. Section 2
briefly introduces a finger vein identification system in which
our motivation and system architecture are included. The
proposed block selection methods are described in Section 3.
Then, Section 4 presents the experimental results. Finally,
conclusion and future work are given in Section 5.

2. Finger Vein Identification System
2.1. Motivation. LBP is a type of local feature descriptor
which is powerful to represent the finger vein local feature
information, but it is not suitable to describe the global
feature. In general and according to our experimental results,
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Figure 2: Different types of finger vein image partitioning structures.
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Figure 3: Biometric system structure diagram.

the more complex blocking structure, in a word, the more
blocks, can have the more discriminative feature vector to get
better recognition result. But too many blocks will produce
two serious problems: longer feature extraction time and
larger feature dimension based on standard LBP descriptor, 12
blocks: 256∗12 = 3072 dimensions, 18 blocks: 256∗18 = 4608
dimensions. On the other hand, high-dimensional feature
vectors need larger database for storage in the computer.
Last, there must be some noise and low-quality parts in a
finger vein image, which will degrade the system recognition
performance.
According to the above discussion, we consider that some
of the blocks are unnecessary and useless for a finger vein
recognition system. So, we try to find a method which is
able to delete some blocks, while there is no effect on the
recognition rate. As a result, under the premise of maintaining the recognition rate, the feature extraction time and the
matching time will be greatly reduced, thereby improving the
finger vein recognition system performance. Figure 2 shows
some small blocks with different size structures in finger vein
images.
2.2. System Composition. A typical finger vein identification
system involves four main modules: data acquisition, image
preprocessing, feature extraction, and matching. Figure 3
shows a typical biometric system structure diagram.
(1) Image Acquisition. The first step of image processing is
to get the experimental image database, and the quality of database directly affects the final identification
performance. Preprocessing and postprocessing can

solve some low-quality problems [16], but if image
quality is too low, simple postprocessing will solve the
problems difficultly.
(2) Preprocessing. It is a crucial process in the whole
identification system. The main steps contain ROI
localization, denoising, alignment, and enhancement.
(3) Feature Extraction. It is the core module of a finger
vein recognition system (FVRS), which determines
the performance to a large extent, including both
recognition accuracy and processing time.
(4) Matching. Different types of matching distance are
applicable to different feature extraction methods
and suitable feature matching distance will greatly
improve the system recognition rate.
2.3. ROI Localization and Image Enhancement. In this paper,
ROI localization is based on [5]; all the images are normalized, aligned, and calibrated with the resolution of 120 ∗
60. The ROI localization method is of high effectiveness
and robustness against image translation, orientation, scale,
scattering, finger structure complicated background, uneven
illumination, and collection posture, and the main steps
include localize ROIs, segmentation, orientation correction,
and ROI detection. All factors of slight movement of the
finger, different finger thickness, and uneven illumination
will lead to the fact that finger vein image contrast is small and
not distinct enough for identification. In this ROI localization
algorithm, contrast-limited adaptive histogram equalization
(CLAHE) is utilized to enhance the image quality. Figure 4
gives a sample of ROI localization.
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with 59 bins (a 59-dimensional feature vector), so the final
uniform LBP feature vector ℎ is a 1062-dimensional feature
vector (59 ∗ 18 = 1062).
(a)

(b)

(c)

Figure 4: A sample of ROI localization: (a) acquired image, (b) ROI
image, and (c) enhanced image.

𝑇 (𝑥, 𝑦) = 𝑚 (𝑥, 𝑦) + 𝑘 ⋅ 𝑠 (𝑥, 𝑦) .

3. Feature Extraction
This section will focus on the proposed feature extraction
method based on block selection modes. First of all, one
fundamental explanation for LBP descriptor is given here [17]
as shown in Figure 5.
The binary code is the corresponding feature value and
multiscale texture analysis with changing 𝑃 and 𝑅 values.
Formula description will be as follows:
𝑃−1
{1, 𝑥 ≥ 0
LBP𝑃,𝑅 = ∑ 𝑠 (𝑔𝑃 − 𝑔𝑐 ) 2𝑝 , 𝑠 (𝑥) = {
0, 𝑥 < 0,
𝑃=0
{

(1)

where 𝑔𝑐 is the gray value of centre pixel, 𝑃 represents the
neighbors, and 𝑅 shows the sampling radius.
3.1. The Traditional Feature Extraction Method. Based on
ROI database [1, 15], according to traditional texture feature
extraction method, now using uniform LBP descriptors [18],
ROI images are divided into blocks with 𝑚 ∗ 𝑛 structure, to
extract feature vector for each block. Formula description is
as follows:
ℎ = {ℎ1 , ℎ2 , . . . , ℎ𝑛 } ,

3.2. Estimate of Amount of Information in Each Block. The
idea of the first block selection method is to estimate the
amount of information in each block. The block which contains more finger vein patterns can have more discriminative
ability. In contrast, if the block just includes background
pattern or noise, it would be useless for a finger vein
recognition system. Inspired by this thinking, we calculate
the amount of the finger vein patterns in each block based on
finger vein binary image. The first block selection principle
flowchart is shown in Figure 6.
In order to estimate the amount of information in each
block, firstly, we need to segment finger vein image into
binary image. However, it is hard to segment a finger vein
pattern due to various vein thickness, illumination, low
contrast region, and noise existing effects [19]. At least, the
preset-fixed and global threshold is not appropriately used to
segment finger vein pattern. Furthermore, there are always
some pseudovein section and noise in segmented image,
which will disturb the image thinning step such as the
small pseudovein along the edge and small annular regions.
Niblack algorithm is a local threshold method based on the
calculation of the local mean and of local standard deviation
[20]. The threshold can be decided by the following formula:

(2)

where ℎ is the final extracted feature vector and ℎ𝑛 represents
the histogram for each block and 𝑛 is the total number of
blocks. For example, if we use uniform LBP descriptor to
extract the feature, given 𝑃 = 8, in this case, there are 18
blocks (𝑛 = 18); each block ℎ𝑛 corresponds to histogram

(3)

𝑚(𝑥, 𝑦) and 𝑠(𝑥, 𝑦) are the average of a local area and
standard deviation values, respectively. The size of the neighborhood should be small enough to preserve local details, but
at the same time large enough to suppress noise. The value of 𝑘
is used to adjust how much of the total print object boundary
is taken as a part of the given object. The segmented images
using Niblack threshold are shown in Figure 7.
Next, based on segmented images we create the finger
vein skeleton images using morphology thinning algorithm
[21] which is the transformation of a digital image into
a simplified but topologically equivalent image. We can
find that there are some noise and line fuzz in the binary
images. The noise and line fuzz will result in the incorrect
skeleton structure in Figure 8(b). Last, we proposed to use
morphology opening operator for noise reduction [22] and
line fuzz removal, as shown in Figure 8(c).
Based on skeleton image, it is divided into several small
blocks; in Figure 8(d), there are 18 blocks. Then, the number
of foreground pixels for each block is estimated saving all the
results by descending order into a new array order(𝑛):
ℎ1 = {ℎorder(1) , ℎorder(2) , . . . , ℎorder(𝑛1 ) } ,

(4)

where ℎ1 is the new final extracted feature vector, ℎorder
represents the histogram for each block, and 𝑛1 is the total
number of blocks which are used. If we do not use all the
blocks, the dimensionality of feature vector ℎ1 will be smaller
than the dimensionality of feature vector ℎ (formula (2)). We
require that the two recognition rates with the two feature
vectors (ℎ and ℎ1 ) are equal.
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Figure 5: The principles of LBP descriptor and gray-scale invariant.
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Figure 6: Block selection using estimate of the amount of information in each block.

Figure 7: Segmentation images using Niblack algorithm.

3.3. Contribution of Block Location by Looking at Recognition
Rate of Each Block Position. In a biometric system, we
are faced with a separate database, which means, in such
a closed database, all images are marked over. Therefore,
we are able to know exactly which one finger vein image
is captured from which individual finger. In the study of
database quality assessment, calculating the recognition rate
to evaluate biometric database is a common method [23],
especially in fingerprint database quality evaluation [24]. In
block selection mode based on binary image, we can find that
there is no finger vein pattern in some thinning blocks. As an
intuitive consideration, we will think that it is useless because
there is nothing in the block. But those kinds of regions can

also afford some discriminative ability for recognition to a
certain degree.
The low recognition rate blocks are abandoned and we
use the blocks with the maximum recognition rate as a new
feature vector, as shown in Figure 9.
Same as the first block selection method in this case, we
utilize each block recognition rate consisting of the array
order to replace the previous one in formula (4). Other
processing details are the same as the first block selection
method.
3.4. Matching. Lots of kinds of “distance” can evaluate the
similarity between two histograms, for example, correlation
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Figure 8: Skeleton images using morphology thinning algorithm.
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MMCBNU 6000. There are 100 volunteers, using each subject’s index finger, middle finger, and ring finger of both
hands. Each finger is captured 10 times, so there are 60 finger
vein images for each volunteer. In total, one has 1000∗6∗10 =
60 000 images with the resolution of 480 ∗ 640.

Figure 9: Block selection using contribution of block location by
looking at recognition rate of each block position.

distance, chi-square coefficient, intersection coefficient, and
Bhattacharyya distance [25]. Generally, if the system was
asked to achieve a high speed but not very accurate recognition rate, intersection method shows good result. In contrast,
chi-square distance would be a better choice. In this paper,
we utilize the histogram intersection method to measure the
similarity between two histograms. The formula is defined as
follows:
𝑃−1

𝐷 (ℎ𝐴 , ℎ𝐵 ) = ∑ min (ℎ𝐴 (𝑔) , ℎ𝐵 (𝑔)) ,

(5)

𝑔=0

where 𝑃 is the total number of the bins in the histogram.

MMCBNU 2C. There are 109 volunteers; each subject was
asked to afford 8 images with both index finger and middle
finger. Because there are two cameras installed on the device,
two subdatabases can be established. Left and right databases
contain 109 ∗ 4 ∗ 8 = 3488 images for each set with
the resolution of 480 ∗ 640. According to the database, we
can find that the two images which are captured from one
finger with different angles are greatly different. That means
we can combine the left and right databases into a more
discriminative finger vein database based on image fusion
technology [26]. Similarly, we can also use each of them to
utilize it for identification or verification.
All images are normalized, aligned, and calibrated with
the resolution of 120 ∗ 60. The list of comparison feature
extraction algorithms is as follows:
(1) LBPu2: uniform LBP;
(2) LBPri: rotation invariant LBP;

4. Experimental Results

(3) LBPriu2: uniform rotation invariant LBP;

In this section, we apply the proposed block selection
method to extract features based on two finger vein
databases, MMCBNU 6000 and MMCBNU 2C. Firstly, the
two databases are described in detail, and then compare uniform rotation invariant LBP recognition performance with
other types of state-of-the-art methods. Last, experimental
results analysis and future works are given.

(4) GLCM: gray-level cooccurrence matrix [27];
(5) HOG: histogram of gradient [28];
(6) LDC: local direction code [29];
(7) LLBP: local line binary pattern [8];
(8) Curvature: mean curvature [30].
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Table 1: Recognition results using different partitioning structures.
Block structure
1∗1
3∗1
3∗2
3∗3
3∗4
3∗5
3∗6

LBPu2 (59)
91.87
98.27
99.33
99.60
99.33
99.47
99.87

LBPri (36)
44.00
84.67
95.60
97.60
98.40
97.87
99.73

Recognition rate (%)
LBPriu (10)
LBPVu2 (59)
42.40
87.07
85.07
97.33
96.13
98.27
97.60
98.67
98.40
99.07
98.13
98.93
99.87
99.33

Table 2: Recognition results with comparison of algorithms and
comparison of EER values using state-of-the-art algorithm.
Recognition rate (%)
99.87
99.73
99.87
98.00
98.53
85.40
88.00
98.69
EER (%)
0.73
1.67
1.80
8.51
1.67
7.06
9.00

4.2. Experimental Results on Database MMCBNU 6000.
Each finger corresponds to ten finger vein images, taking
the first half of the ten images as the training set and the
remaining half as the test set. So, each of the two sets has
3000 images. All the images in the test set would be compared
with each image in the training set. The total number of
the matching is 3000 ∗ 3000. Genuine pairs = 5 ∗ 5 ∗
600 = 15000 and imposter pairs = 3000 ∗ 3000 − 15000 =
8 985 000. Recognition rate, FRR, FAR, and EER are used as
the evaluation criterions.
The experiment results can be affected heavily using
different partitioning structure, from Table 1 shown; the
structure of 3∗6 gets the best matching performance, 99.87%,
with the minimum dimension of 10∗18 = 180 corresponding
to the uniform rotation invariant LBP.
It should be noted that sometimes increasing the complexity of the block structure will not bring higher recognition rate, instead of a lower recognition result. The reason is
that blocks with low-quality would interfere with the finger
vein pattern matching. Therefore, we must find out the useless
blocks and remove them. The comparison recognition results
and EER results using state-of-the-art methods are shown in
Table 2.

GLCM (6)
24.67
64.40
79.33
84.27
91.73
93.33
98.00

0.25

0.2
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Algorithm
LBPu2
LBPri
LBPriu2
GLCM
HOG
LDC
LLBP
Curvature
Algorithm
LBPu2
LBPri
LBPriu2
GLCM
HOG
LLBP
Curvature

LBPVri (36)
34.13
76.27
91.33
95.87
97.07
96.93
97.73

0.15
0.1
0.05
0

0
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Figure 10: Comparison of ROC curves using state-of-the-art algorithms.

Figure 10 shows the ROC curves using different feature
extraction algorithms. LBPu2 gives out the best performance;
then LBPri, LBPriu2, and HOG remained at the same recognition level. Next, we can find Curvature, GLCM, and LLBP.
Uniform LBP outperforms other algorithms, performing
the smallest EER results, but also it takes longer processing
time and larger feature dimension than LBPri and LBPriu2.
4.3. Estimate of the Amount of Information in Each Block.
According to the contents of each finger vein pattern block,
we choose blocks with the most contents to generate a new
feature vector; results are shown in Table 3. In conclusion, we
do not need to use all feature information for identification,
because lots of information are useless and waste feature
extraction and matching time. Similar to uniform LBP,
just using 8 blocks can reach the best recognition results
with 99.87%. Considering the number of blocks and feature
dimension together, uniform rotation invariant LBP gives the
best performance result with 130 dimensions.
4.4. Contribution of Block Location by Looking at Recognition
Rate of Each Block Position. Firstly, we test independent block
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Table 3: Block selection using the estimate of the amount of
information in each block.
0.25

(a) Uniform LBP

18

Recognition rate
0.7500
0.9787
0.9920
0.9973
0.9987
0.9987
0.9987
0.9987
..
.
0.9987

Feature dimension
59 ∗ 1 = 59
59 ∗ 3 = 117
59 ∗ 5 = 295
59 ∗ 7 = 413
59 ∗ 8 = 472
59 ∗ 9 = 531
59 ∗ 11 = 649
59 ∗ 13 = 767
..
.
59 ∗ 18 = 1062

0.2
FRR

Block number
1
3
5
7
8
9
11
13
..
.

0.15
0.1
0.05
0

0

0.05

(b) Rotation invariant LBP

Block number
1
3
5
7
9
11
12
13
..
.
18

Recognition rate
0.2600
0.8280
0.9413
0.9827
0.9867
0.9920
0.9973
0.9973
..
.
0.9973

Feature dimension
36 ∗ 1 = 36
36 ∗ 3 = 108
36 ∗ 5 = 180
36 ∗ 7 = 252
36 ∗ 9 = 324
36 ∗ 11 = 396
36 ∗ 12 = 432
36 ∗ 13 = 467
..
.
36 ∗ 18 = 648

(c) Uniform rotation invariant LBP

Block number
1
3
5
7
9
11
12
13
..
.
18

Recognition rate
0.2560
0.8320
0.9480
0.9813
0.9893
0.9933
0.9960
0.9987
..
.
0.9987
Recognition rate
0.2467
0.5867
0.7653
0.8893
0.9187
0.9440
0.9600
0.9707
0.9800
0.9800
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Figure 11: Comparison of ROC curves based on different databases.

Block selection based on recognition rate shows better
performance than other methods. In particular, uniform LBP
only used 5 blocks to get the best matching result with 295
dimensions and uniform rotation invariant LBP reduces the
feature content into 100 dimensions, shown in Table 5.

Feature dimension
10 ∗ 1 = 10
10 ∗ 3 = 30
10 ∗ 5 = 50
10 ∗ 7 = 70
10 ∗ 9 = 90
10 ∗ 11 = 110
10 ∗ 12 = 120
10 ∗ 13 = 130
..
.

4.5. Experimental Results on Database MMCBNU 2C. The
experimental processing is the same as the previous steps.
Firstly, we utilize all 18 feature blocks to test recognition
performance as shown in Table 6, and uniform LBP keeps the
best recognition result.
Since this database is based on two cameras and, in
the process of image collection, fingers will change more in
rotation, then quality of MMCBNU 2C is lower than the first
database. ROC curve is drawn in Figure 11.
Left and right databases represent very similar results.
Uniform LBP feature outperforms other algorithms, recognition rate with 99.43% and EER with 1.34% (Table 7).

Feature dimension
6∗1=6
6 ∗ 3 = 18
6 ∗ 5 = 30
6 ∗ 7 = 42
6 ∗ 9 = 54
6 ∗ 11 = 66
6 ∗ 13 = 78
6 ∗ 15 = 90
6 ∗ 17 = 102
6 ∗ 18 = 108

4.6. Block Selection with MMCNBU 2C. Directly use independent block recognition rate to select the proposed blocks.
Results are shown in Table 8.
The best matching rate is from uniform LBP; both left and
right databases are over 99.30% with 413 and 472 dimensions.
From another viewpoint, uniform rotation invariant LBP
represents more feature information using less characteristic
dimension than other features.

10 ∗ 18 = 180

(d) GLCM

Block number
1
3
5
7
9
11
13
15
17
18

LBPu2Left
LBPu2Right
LBPriLeft

0.1

recognition rate for each block and then combine the proposed
higher discriminative ability blocks as a new feature vector to
reduce the dimensionality further. Table 4 shows the result.
It is clear that the discriminative ability of each block is
greatly different, being over 10%. The generation of a new
feature vector is according to Table 4.

5. Conclusion
In this paper, we proposed two block selection methods
based on the estimate of the amount of information in each
block and the contribution of block location by looking at
recognition rate of each block position to reduce the feature
dimensionality at the same time keeping the best recognition
rate based on two finger vein image databases. According to
the experimental results shown, feature vector dimensionality
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Table 4: Independent block recognition rate.
Block location number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

LBPu2 (59)
0.7520
0.7440
0.7440
0.7373
0.7307
0.7387
0.7280
0.8000
0.7978
0.7773
0.7920
0.7960
0.7427
0.7613
0.7520
0.8000
0.7533
0.7107

LBPri (36)
0.2600
0.2160
0.2573
0.2547
0.2760
0.2667
0.2773
0.2760
0.3093
0.3120
0.2873
0.2573
0.2520
0.2453
0.2973
0.2747
0.2320
0.1907

Table 5: Block selection using the contribution of block location by
looking at the recognition rate of each block position.
Features

Block
number

Highest recognition
rate (%)

Feature
dimensionality

LBPu2
LBPri
LBPriu2
GLCM

5
9
10
16

99.87
99.73
99.87
98.00

59 ∗ 5 = 295
36 ∗ 9 = 324
10 ∗ 10 = 100
6 ∗ 16 = 96

Table 6: Recognition results with comparison of algorithm.
Algorithms

Left recognition rate
(%)

Right recognition rate
(%)

LBPu2
LBPri
LBPriu2
GLCM
HOG
LDC
LLBP
Curvature

99.43
95.05
95.18
87.84
95.54
83.24
90.21
95.87

99.31
95.64
95.53
87.61
95.01
84.35
90.20
96.77

is greatly reduced compared with original feature vector.
However, there are still many problems that should be solved:
for example, when we have to deal with an open finger vein
database and cannot use block recognition rate to select
proposed areas, how can we reduce feature dimensionality to
achieve a similar or better recognition result? On the other
hand, too much finger vein image rotation variance is still

LBPriu2 (10)
0.2560
0.2293
0.2520
0.2467
0.2707
0.2667
0.2893
0.2693
0.3000
0.3053
0.2813
0.2560
0.2560
0.2413
0.2760
0.2653
0.2387
0.1853

GLCM (6)
0.2467
0.2067
0.2320
0.1507
0.1767
0.2053
0.2307
0.2187
0.2213
0.2213
0.1960
0.2253
0.2280
0.2280
0.2227
0.2080
0.2387
0.2347

Table 7: Comparison of EER values using different databases.
Algorithms
LBPu2 (left)
LBPu2 (right)
LBPri (left)
LBPri (left)
LBPriu2 (left)
LBPriu2 (left)

EER (%)
1.34
1.73
5.34
5.06
5.44
5.02

Table 8: Block selection using contribution of block location by
looking at the recognition rate of each block position.
Features

Block
number

Best recognition rate
Feature
(%)
dimensionality
59 ∗ 7 = 413
99.43

LBPu2 (left)

7

LBPri (left)

12

95.07

36 ∗ 12 = 432

LBPriu2 (left)

12

95.18

10 ∗ 12 = 120

LBPu2 (right)

8

99.31

59 ∗ 8 = 472

LBPri (right)

12

95.64

36 ∗ 12 = 432

LBPriu2 (right)

13

95.53

10 ∗ 13 = 130

very difficult to process according to the second database
recognition results. Next, we will use fusion technology [26]
to improve the system performance.
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Recently, ideas of color blending have brought the enlightenment for subsurface geobody imaging in petroleum engineering. In this
paper, we present this approach of CMY color blending and its application in subsurface geobody characterization by using seismic
attributes data. The first step is to calculate three types of seismic attributes based on the Hilbert transform algorithm, including
envelop, instantaneous phase, and instantaneous frequency. Then scale the three attributes and combine them together using CMY
color model in three-dimensional environment, with each attribute corresponding to one primary color channel. Adjust the scale
and offset for each color component and then mix them optimally to create one color-blended volume. The blended volume in
CMY mode has plenty of geological information coming from the three input attributes, resulting in high resolution and accurate
image for subsurface geobodies. Applications show good performances in buried channels, caves, and faults imaging. Based on the
blended slice, the geological targets can be easily but accurately interpreted and depicted.

1. Introduction
In petroleum engineering, subsurface geological targets, including channels, deltas, faults and carbonate caves, and reef,
are very important factors for the researchers to find the
oil/gas reservoir.
Geophysical prospecting is the conventional and reliable
way for the oil/gas exploration. Among the geophysical tools,
seismic data is the basic and critical data used to recognize
shapes and location of sedimentary geological targets buried
hundreds or thousands meters underground. Just like the
modern geological phenomena on land, ancient deposits
are complicated and difficult to be recognized. They might
give no prominent response in seismic profiles. Data mining
technique [1] is then to be used in seismic data interpretation.
Information is extracted from seismic data and reorganized,
which is then defined as the corresponding seismic attributes.
Analysis and interpretation works [2–6] show that these
attribute applications have satisfactory performances in
geological target imaging and prediction.
In seismic attribute applications, three-dimensional visualization has been a core means for interpreters so that the
geological information could be visualized in multiple angles.

Within the visualization process, color is the critical and powerful means used to get better visual elaborations [7, 8]. When
inputting the attribute volume into the 3D environment, one
pixel in 3D space corresponds to one sample of the attribute
volume. And the original attribute value is represented by
color levels. So when adjusting the colorbar, we can get
different display status of the attribute volume. There also is
another type of display status, namely, the volumetric perspective rendering, and spatial 3D shapes for the geological
objects can be delineated.
In practical analysis, interpreters seldom use just one
single seismic attribute in reservoir interpretation and comprehensive research. Since different types of attributes have
meaningful geological information from different views, it is
necessary to consider them together based on the geological
objects. Multiattribute combination analysis could yield more
details and provide more contributions for geological objects
delineation, and covisualization is just one kind of attributes
fusion technique.
When covisualizing the attribute volumes, color blending
techniques based on the color models are often recommended. RGB (red, green, and blue) model is the mostly used
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Figure 1: (a) Subtractive CMY model; (b) CMY color space.

in color blending, and it has been used in [9–11] to delineate
geological elements using three types of seismic attributes.
In this paper, approach of color blending visualization in
CMY mode using multiple seismic attributes is discussed for
subsurface geobody imaging. Three basic attributes extracted
from seismic data using Hilbert transform algorithm are used
for color fusion. The attributes include envelop, instantaneous
frequency, and instantaneous phase. When covisualizing in
CMY mode, set envelop as the cyan component, instantaneous frequency as magenta component, and instantaneous
phase as yellow component. And each component has its
own scale and offset, so that the contributions of attributes
could be manually adjusted and optimal blended result could
be obtained finally. Horizontal slices are generated from the
blended volume, and the geological targets can be recognized
and interpreted by searching the specially lighted color zone
on the CMY-blended slices.
The outline of this paper is organized as follows. In
Section 2, the authors provide the methodology discussion,
including the CMY color model, Hilbert transformation and
seismic attributes, and color blending processing with the
input attributes. The workflow of the multiattribute color
blending is also presented in Section 2. Section 3 is devoted
to describing the performances of the CMY color blending
approach in several cases of geobody imaging. Finally, the
paper is concluded in Section 4.

2. Methodology

A color model [13] is an abstract mathematical model
describing the way colors can be represented as tuples of numbers, typically as three or four values or color components.
When this model is associated with a precise description of
how the components are to be interpreted, the resulting set
of colors is called color space. Red, blue, and green colors
are defined as primaries, and when intermixing two or three
primary colors, we can get thousands of colors. Naturally,
there are two basic color models: RGB model and CMY
model. RGB model is additive model using the three primary
colors, including red, green, and blue. References [14–16] have
discussed the detailed definition and introduction about RGB
model. And, in this paper, we just focus on the CMY model.
CMY model is subtractive color model using primary
colors of cyan, magenta, and yellow [17]. These three components are the complementary colors of red, green, and blue,
respectively. Cyan originates from mixing blue and green, and
magenta is the mixture outcome of red and blue. When mixing red and green, they produce yellow color. Considering the
CMY mode, the final mixture depends on the contributions
from the three original components. When all the intensity
of three primaries are full, it produces black. When intensity
of the magenta channel is zero and the other two are full,
the mixture is green. And white is the natural color. The
CMY model is shown as Figure 1(a) and the corresponding
CMY color space as Figure 1(b). This model is mainly used
in color printing. And it has advantages in depicting the edge
of objects which may be favorable for the geological object
imaging in 3D visualization environment.

2.1. CMY Color Models. Color is the visual perceptual property corresponding in humans to the categories called red,
blue, yellow, and so forth. Color derives from the spectrum
of light interacting in the eye with the spectral sensitivities of
the light receptors [12]. In natural world, there are commonly
several kinds of colors from human eyes, including red, blue,
green, yellow, orange, and so forth. Some colors are primary,
and some colors are formed by intermixing primary colors.
Color also has its own physical properties, including hue,
saturation, brightness, and gloss.

2.2. Hilbert Transform and Seismic Attributes. Seismic attributes are the data or information mining from the seismic
amplitude data, either by direct measurements or by logical or
experience-based reasoning [18]. Effective seismic attributes
can better understand and interpret the geological or geophysical properties of the subsurface deposits. By using seismic attributes, the vertical and lateral variations of the geological objects could be measured qualitatively and quantitatively.
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Figure 2: The original seismic signal and its derivated attributes. The abnormal seismic waves show specific characters in the three attribute
profiles, respectively.

The basic algorithm for the data mining technique is the
Hilbert transform [18].
Given the seismic time-series data as 𝑠(𝑡), 𝑡 ∈ 𝑅, the
̂ (𝑡) is expressed by
Hilbert transformation 𝑢
̂ (𝑡) = 𝑠 (𝑡) ∗ ℎ (𝑡) = ∫
𝑢

∞

−∞

𝑠 (𝜏) ℎ (𝑡 − 𝜏) 𝑑𝜏,

(1)

̂ 2 (𝑡).
𝐴 (𝑡) = √𝑠2 (𝑡) + 𝑢

(5)

For the instantaneous phase 𝜙(𝑡), it is defined as

where
1
ℎ (𝑡) = .
𝜋𝑡

(2)

So the transform can be considered as the convolution of
the 𝑠(𝑡) with the function ℎ(𝑡), and the result of transform is
1 ∞ 𝑠 (𝜏)
̂ (𝑡) = ∫
𝑑𝜏.
𝑢
𝜋 −∞ 𝑡 − 𝜏

(3)

Therefore the complex analytic signal 𝑧(𝑡) can be defined
as
𝑧 (𝑡) = 𝑠 (𝑡) + 𝑗̂
𝑢 (𝑡) ,
where 𝑗 = √−1.

According to (4), several types of attributes representing
the characters of seismic signal can be calculated. The primary attributes include envelop, instantaneous phase, and instantaneous frequency. Here we give the equations as follows.
For the envelop attribute 𝐴(𝑡),

(4)

𝜙 (𝑡) = tan−1 [

̂ (𝑡)
𝑢
].
𝑠 (𝑡)

(6)

For the instantaneous frequency𝑓(𝑡), it is defined as
𝑓 (𝑡) =

𝑑𝜙 (𝑡)
.
2𝜋𝑑𝑡

(7)

Figure 2 shows the original seismic data and the estimated
typical attributes. The original seismic signals are wiggle display, and it is hard to depict the subtle changes except the obvious peak and trough reflection characters, while, on the
attributes sections, the variations of color are much clearer,
standing for lithological and physical property changes of
subsurface geological objects.
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Figure 3: Diagram for CMY color blending and seismic attributes blending in CMY mode.

2.3. CMY Color Blending Using Seismic Attributes. Most of
the typical visualization environments use just 8-bit color
tables; thus, for each primary color in RGB mode, the values
or the levels range from 0 to 255. 0 stands for the darkest and
255 for the lightest. CMY color model has the same principle
although its primary components are just from mixture of
red, green, and blue.
Figure 1(b) shows the CMY color blending in threedimensional space. In the space, cyan is set as 𝑥-axis, and
magenta color is set as 𝑦-axis, while yellow color is set as 𝑧axis. For each pixel in 3D environment, its value for display is
decided by levels of the three input components. The relations
are just as follows:
Color of pixel = (𝐶𝑙 , 𝑀𝑙 , 𝑌𝑙 ) ,

(8)

where 𝐶𝑙 stands for level of cyan, 𝑀𝑙 for level of magenta, and
𝑌𝑙 for level of yellow.
If levels of the three inputs are all 255, the mixture color
of pixel is (255, 255, 255), and the subtractive result is black.
And, in such model, green color can be expressed by (255, 0,
255), red color by (0, 255, 255), and blue color by (255, 255, 0).
Therefore, for the CMY model, the output blending results are
just decided by the levels of the three input primary components.
In the mixing process, scale and offset can also be added
to the components, respectively, which is
Color of pixel
= ([𝛼1 𝐶𝑙 + 𝛽1 ] , [𝛼2 𝑀𝑙 + 𝛽2 ] , [𝛼3 𝑌𝑙 + 𝛽3 ]) ,

(9)

where 𝛼𝑖 , 𝑖 = 1, 2, 3, is the scale or coefficient and 𝛽𝑖 , 𝑖 =
1, 2, 3, is the offset for the input color components in CMY
blending process. And the ranges of the input primaries are
limited in [0–255].
This type of blending technique can also be used for
multiple-attributes fusion visualization in 3D seismic interpretation.
Three types of basic attributes are chosen to be the three
primary color components, respectively. Before the fusion
process, the normalization step is to be carried out so that

the attributes become dimensionless. We linearly normalize
the attributes to the same level range of primary color using
the following formula:
Level of component = 256 ∗

(Att − Min𝐴)
,
(Max𝐴 − Min𝐴)

(10)

where Att stands for the attribute value, Min for the minimum, and Max for the maximum value.
The CMY blending is then formed by using the three
primary normalized attribute components. One attribute
corresponds to one channel, respectively. So that for one pixel
(𝑥, 𝑦, 𝑧) in the 3D color space, the color is defined by the
values in the three input normalized images:
𝐶out (𝑥, 𝑦, 𝑧) = 𝐶 ([𝛼1 𝐼𝐶 (𝑥, 𝑦, 𝑧) + 𝛽1 ] ,
[𝛼2 𝐼𝑀 (𝑥, 𝑦, 𝑧) + 𝛽2 ] , [𝛼3 𝐼𝑌 (𝑥, 𝑦, 𝑧) + 𝛽3 ]) ,

(11)

where 𝐶out (𝑥, 𝑦, 𝑧) is the color assigned to the point
(𝑥, 𝑦, 𝑧) in the output image and 𝐼𝐶(𝑥, 𝑦, 𝑧), 𝐼𝑀(𝑥, 𝑦, 𝑧),
and 𝐼𝑌(𝑥, 𝑦, 𝑧) are the pixel values at point (𝑥, 𝑦, 𝑧) in the
input attribute images that are assigned to control the cyan,
magenta, and yellow contributions, respectively. And 𝛼𝑖 , 𝑖 =
1, 2, 3, is the scale or coefficient and 𝛽𝑖 , 𝑖 = 1, 2, 3, is the offset
for the input color components in blending process.
For better understanding the whole blending work, diagrams comparison for CMY blending and the corresponding
attribute blending in CMY mode have been made as Figure 3.
2.4. Color Blending Workflow. We give the workflow for seismic attributes combination in 3D visualization space using
CMY mode as Figure 4.
There are totally five steps. The first step is the seismic data
conditioning. We usually use the poststack seismic data as
the original input data. And there may be noise or abnormal
values in it. We take some measures, including noise filtering
and despiking, to remove them from the seismic data so that
the data quality could be improved and might be ready for
the next step. The second step is to carry out the Hilbert
transform using the conditioned data and calculate three
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Figure 4: CMY color blending workflow for subsurface geobody imaging.

types of seismic attributes, which include envelop, instantaneous phase, and instantaneous frequency. When the three
attributes are ready, the procedure goes to the color blending
preparation step. The three types of attributes are to be
normalized according to the color level ranging from 0 to
255 and then set the three attributes as the three input
primary components, with one attribute corresponding to
one primary color component. Then color blending process
is performed in 3D visualization environment using the
three primary components. The outcome is one CMY colorblended volume, which could be adjusted to be optimal using
coefficients and offsets for each component. Finally, we focus
on the analysis and interpretation using such color-blended
and meaningful result. Of course, the whole interpretation
process is executed based on the professional knowledge.
Through browsing every horizontal slice near the target geobodies, we can find a lot of interesting color distribution
characters. Some are just the images of our targets or edges of
the geobodies. Rendering mode can be helpful in delineating
the 3D shapes of the subsurface targets. By the way, we
should mention that all the interpretation work relies on
understanding the color distribution patterns on slices and
the whole blended volume.

3. Applications
In this research, the proposed technique and workflow have
been applied in several cases to characterize the geological
targets, including the ancient channels, carbonate karst caves,
and fault edges.

In case 1, the workflow is sequentially carried out and subsurface buried channels are well imaged on the slices of the
colored volume. To get better image, we adjust the coefficients
and offsets of the input components after normalization.
Figure 5(a) is the slice extracted from the colored volume.
The abnormal dark and blue color belts are very attractive,
which is just the response from subsurface channels. Based
on the distinguishing character of colors, channels and their
branches are very easy to be recognized. Figure 5(b) is the
channel geological depiction based on the left color-blended
slice. The main stream and the branches are very clear, and
the surrounding plain is filled with muds overflowing from
the channels. This is similar to the modern river on land.
Case 2 is another example of channel recognition using
the blending workflow. Figure 6(a) is the slice from the
blended volume. Notice the winding dark color belts in the
middle area of the slice. They are just the buried channels. It
is vividly shown and imaged. The shape character is the same
as modern rivers (shown as Figure 6(b)).
Case 3 is an example of karst caves imaging using the
three seismic attributes and the CMY blending workflow.
Figure 7(a) is the slice from the blended volume. The karst
caves are well imaged on the slice, and those highlighted
irregular zones filled with blue and green color are the focus.
The caves are always filled with low-velocity mudstone, which
is different from the surrounding tight carbonate, so there
always exists abnormal properties for the caves. In this case,
the caves are imaged with blue and green color. Based on this,
the caves can be geologically delineated horizontally (shown
as Figure 7(b)).
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Figure 5: (a) Slice of the color-blended volume; (b) channel geological interpretation.
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Figure 6: (a) Slice of the color-blended volume; (b) modern rivers on land (image snapped from Google Earth).
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Figure 7: (a) Slice of the color-blended volume; (b) carbonate karst caves analysis based on the slice.
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Figure 8: Slice of the color-blended volume.

Case 4 is an example of fault edge detection using CMY
color mode blending technique. Figure 8 is the blended slice.
The color mutation has its geological meaning. In this case,
the boundary lines between different color zones are just the
structural faults. And this type of images helps a lot for the
structure interpreter and researchers.

[5]

[6]

[7]

4. Conclusions
For the subsurface geological targets, they are very difficult to
be accurately imaged since they are invisible and measured
directly using the traditional tools. In the paper, the authors
discuss CMY color model and its application in the fusion of
multiple seismic attributes for several types of targets imaging. The authors set up one effective workflow for attributes
blending in CMY color model in 3D visualization space.
Color-blended volume is generated by blending three types of
basic seismic attributes, and slices of the blended volume are
made and used to analyze and interpret the geological targets.
Applications of the blended model in several cases show satisfactory performances. Shapes and distribution characters of
subsurface targets, including channels, caves, and faults, have
been vividly delineated based on the CMY-blended attribute
slice. This kind of color mixed mode of thinking is very useful
and effective in attribute fusion and object imaging and can
also be recommended in prediction and analysis of other
types of geological bodies in petroleum exploration.
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Manifold learning based dimensionality reduction algorithms have been payed much attention in plant leaf recognition as the
algorithms can select a subset of effective and efficient discriminative features in the leaf images. In this paper, a dimensionality
reduction method based on local discriminative tangent space alignment (LDTSA) is introduced for plant leaf recognition based
on leaf images. The proposed method can embrace part optimization and whole alignment and encapsulate the geometric and
discriminative information into a local patch. The experiments on two plant leaf databases, ICL and Swedish plant leaf datasets,
demonstrate the effectiveness and feasibility of the proposed method.

1. Introduction
Plant recognition based on leaf images plays an important
role in agricultural informatization, ecological protection,
and automatic plant recognition system. One of the most
important steps in the image based plant recognition is to
validly extract classifying features. Currently, the commonly
employed classifying features for plant recognition based
on leaf image could be categorized into color, shape, and
texture features [1–3]. Plant leaf classification is a challenging
problem due to its high dimensionality data, complexity, and
irregular shape of plant leaf images [4–6]. Traditional dimensionality reduction methods typically have a smaller data
space from linear combinations of the original data. The most
common example is principal component analysis (PCA),
which seeks a low-dimensional linear subspace spanned by
the eigenvectors which correspond to the largest eigenvalues
of the covariance matrix of all the samples. However, for plant
leaf images, the assumption of global linearity is a severe
constraint because the leaf images are quite sensitive to seasonality, location, and illumination conditions. Thus, it is not
reasonable to believe that the leaf image data could be linearly
separable from each other.

Manifold learning has been utilized in many applications
such as pattern recognition, visualization, and classification
tasks. In the last ten years, many manifold learning nonlinear
algorithms have been introduced with an assumption that the
processed data lies on or close to some low-dimensional manifolds which are embedded in a high-dimensional unorganized Euclidean space. In these manifold learning algorithms,
the most representative ones are isometric feature mapping
(ISOMAP) in [7], locally linear embedding (LLE) in [8],
Laplacian eigenmaps (LE) in [9], Hessian-based locally linear
embedding (HLLE) in [10], maximum variance unfolding
(MVU) in [11], local tangent space alignment (LTSA) in [12],
local spline embedding (LSE) in [13], and local discriminative
tangent space alignment (LDTSA) in [14]. One of the most
important advantages of manifold learning [7–14] compared
with conventional methods is how the data are treated
mathematically. Manifold learning methods allow the data to
be related nonlinearly, which leads to the fact that manifold
learning methods can much more accurately capture the
proper structures among the data, thus allowing for accurate
recognition. For every manifold learning algorithm, it tries to
preserve a different geometrical property of the underlying
manifold. Local methods such as LLE, HLLE, LE, LTSA,
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and LSE try to preserve the neighborhood structure in the
data, while global methods like ISOMAP aim to preserve
the metrics at all scales. Thanks to their nonlinear nature,
geometric intuition, and computational feasibility, these nonlinear methods have promising results on some artificial and
real-world datasets. In [15] a framework, which is called patch
alignment, was proposed and it consists of two stages: part
optimization and whole alignment. In this paper, we take an
alternative view of the framework to introduce an efficient
method based on local discriminative tangent space alignment (LDTSA) for plant leaf recognition. Compared with
current plant leaf recognition methods, the proposed one can
avoid the small sample size problem, preserves the discriminative capability, and detects the intrinsic structure from the
plant leaf image data.
The paper is organized as follows: Section 2 briefly
describes the dimensionality reduction algorithm based on
local discriminative tangent space alignment and its procedures. Experiments on plant leaf database are offered in
Section 3 and the paper is ended with some conclusions in
Section 4.

2. Local Discriminative Tangent Space
Alignment Algorithm
Suppose 𝑛 original labeled data points 𝑋 = [𝑥1 , . . . , 𝑥𝑛 ],
including all the samples 𝑥𝑖 ∈ 𝑅𝑚 , 𝑖 = 1, 2, . . . , 𝑛.
The objective of a dimensionality reduction algorithm is to
compute the corresponding low-dimensional representations
of 𝑋 𝑌 = [𝑦1 , . . . , 𝑦𝑛 ], 𝑦𝑖 ∈ 𝑅𝑑 , 𝑖 = 1, 2, . . . , 𝑛, where 𝑑 ≪
𝑚. For the linear dimensionality reduction, it is necessary
to find projection matrix 𝐴, such that 𝑌 = 𝐴𝑇 𝑋. For
the nonlinear dimensionality reduction, it is usually difficult
to provide an explicit mapping to transform data from a
high-dimensional space to a low-dimensional subspace. For
classification task, in part optimization stage we always hope
to project the high-dimensional data into a low-dimensional
feature space, in which the projection is characterized by
within-class compactness and between-class separability [15].
Assume that there is an interaction force between any
pairwise points in the ambient space; the mutual force can
be distinguished as within-class attraction or between-class
repulsion between any pairwise points from the same or
different class, respectively (see Figure 1) [16].
In the reduced subspace, in order to achieve within-class
attraction for data point 𝑦𝑖 , the following objective function
is defined as
𝑘1


2
arg min ∑ 𝑦𝑖 − 𝑦𝑖𝑗  ,

(1)

𝑗=1

N(Xi )

N(Xi )

(a)

(b)

Figure 1: An intuitive demonstration of within-class attraction and
between-class repulsion between pairwise points, where the circle
denotes 𝑘 nearest neighbors 𝑁(𝑋𝑖 ) of 𝑋𝑖 ; (a) A and B belong to the
same class; (b) A and B belong to different classes.

In order to achieve between-class separability purpose for
the data point 𝑦𝑖 , the following objective function is defined
as
𝑘2


2
arg max ∑ 𝑦𝑖 − 𝑦𝑖𝑝  .


𝑝−1

(2)

LTSA uses tangent coordinates to indicate the local geometry. Assume that there is an affine projection matrix, which
projects tangent coordinates to the low-dimensional coordinates in a local patch which contains neighbors from both
the same and different classes. To obtain the optimal tangent
coordinates, we have the following objective function on each
patch:
2

arg min 𝑌𝑖 𝑅𝑘+1 − 𝑇𝑖 Θ𝑖  ,

(3)

𝑇
where 𝑅𝑘+1 = 𝐼𝑘+1 −𝑒𝑘+1 𝑒𝑘+1
/(𝑘+1) denotes the centralization
matrix; 𝑒𝑘+1 = [1, . . . , 1]𝑇 ∈ 𝑅𝑘+1 ; 𝐼𝑘+1 is (𝑘 + 1) × (𝑘 + 1)
identity matrix; and Θ𝑖 ∈ 𝑅𝑑𝜆(𝑘+1) is the tangent coordinates
corresponding to an orthonormal basis matrix of the tangent
space.
Since the patch formed by the local neighborhood can be
considered approximately linear, we write the part discriminator by using the linear manipulation as follows:
𝑘𝑖


2
argmin ( ∑ 𝑦𝑖 − 𝑦𝑖𝑗 
𝑦𝑖

𝑗−1

(4)

𝑘2


2
2

− 𝛼 ∑ 𝑦𝑖 − 𝑦𝑖𝑝  + 𝛽 𝑌𝑖 𝑅𝑘+1 − 𝑇𝑖 Θ𝑖  ) ,


𝑝−1
where 𝛼 and 𝛽 are scaling factors to unify different data points
of the within-class distance and the between-class distance
and they are selected based on experiments.
Then objective function (4) can be rewritten by patch
alignment:
𝑙

argmin ∑ [tr (𝑌𝑖 𝐿 𝑖𝑤1 𝑌𝑖𝑇 ) + 𝛽 tr (𝑌𝑖 𝐿 𝑖𝑤2 𝑌𝑖𝑇 )
𝑌𝑖

where 𝑘1 is the number of the nearest neighbors with respect
to 𝑥𝑖 from data points in the same class as 𝑥𝑖 .

A repulses B

A attracts B

−

𝑗=1

𝛼 tr (𝑌𝑖 𝐿 𝑖𝑏 𝑌𝑖𝑇 )] ,

(5)
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where
𝑘1

𝐿 𝑖𝑤1

−𝜔𝑖𝑇 ]
[ ∑ (𝜔 )
= [𝑗=1 𝑖 𝑗
],
diag (𝜔𝑖 )]
[ −𝜔𝑖

(a)

𝐿 𝑖𝑤2 = 𝑅𝑘1 +1 − 𝑉𝑖 𝑉𝑖𝑇 ,

(b)

(6)

𝑘2

−𝜔𝑖𝑇 ]
[ ∑ (𝜔 )
𝐿 𝑖𝑏 = [𝑗=1 𝑖 𝑗
],
diag (𝜔𝑖 )]
[ −𝜔𝑖
where 𝑉𝑖 denotes the matrix of 𝑑 right singular vectors of

(c)

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
𝑋𝑖 𝑅𝑘+1 corresponding to its 𝑑 largest values; and 𝜔 = [1, . . . , 1

Figure 2: Typical leaves of the leaf database ICL.

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞
, −𝛽, . . . , −𝛽]𝑇 is a coefficient vector.
In (5), the first two parts only involve the data points
belonging to within-class neighbors and they share the same
selection matrix 𝑆𝑤 . The third part concerns the betweenclass neighbors and uses selection matrix 𝑆𝑏 .
Then (5) can be reformed to the following:

Step 6. Generate global 𝐿 with patch alignment through
respective selection matrix.

𝑘1

𝑘2

𝑙

𝑇

Step 7. Perform eigendecomposition on 𝑋𝐿𝑋𝑇 and the eigenvectors form projection matrix 𝑈.

𝑇

argmin ∑ [tr (𝑌𝐿 𝑆𝑤 𝐿 𝑖𝑤 (𝑌𝐿 𝑆𝑤 ) ) + 𝛼 tr (𝑌𝐿 𝑆𝑏 ) ]
𝑌𝑖

=

𝑖−1

(7)

arg min tr (𝑌𝐿 𝐿𝑌𝐿𝑇 ) ,
𝑌𝑖

3. Experiment Results

where 𝑆𝑤 and 𝑆𝑏 are selection matrix and
𝐿 𝑖𝑤 = 𝐿 𝑖𝑤1 + 𝛽𝐿 𝑖𝑤2 ,
𝑙

𝑇
+ 𝛼𝑆𝑏 𝐿 𝑏 𝑆𝑏𝑇 ) .
𝐿 = ∑ (𝑆𝑤 𝐿 𝑖𝑤 𝑆𝑤

Step 8. Final reduced dimensionality results are 𝑌𝐿 = 𝑈𝑇 𝑋.

(8)

𝑖=1

In summary, the main procedure of the proposed algorithm for the plant leaf image classification task can be
described as follows.
Step 1. Select representative labeled plant leaf image samples
to which the following dimensionality reduction will be done.
Step 2. For each point 𝑥𝑖 , find its within-class neighborhood
set 𝑁𝑤 (𝑥𝑖 ) with 𝑘1 elements and between-class neighborhood
set 𝑁𝑤 (𝑥𝑖 ) with 𝑘2 elements.
Step 3. Generate two vectors 𝑋𝑤 = [𝑥𝑖1 , . . . , 𝑥𝑖𝑘 ] and 𝑋𝑏 =
1
[𝑥𝑖1 , . . . , 𝑥𝑖𝑘 ], with their elements from 𝑁𝑤 (𝑥𝑖 ) and 𝑁𝑤 (𝑥𝑖 ),
2
respectively.
Step 4. Construct 𝐿 𝑖𝑤1 with 𝑘1 within-class neighbors, then
centralize the neighbors and compute the top-𝑑 eigenvector
from the autocorrection matrix, and then construct 𝐿 𝑖𝑤2 and
record the selection matrix 𝑆𝑤 .
Step 5. Construct 𝐿 𝑖𝑏 with 𝑘2 between-class neighbors, and
record the selection matrix 𝑆𝑏 .

3.1. Experiment Results on ICL Dataset. ICL leaf database has
17032 plant leaf images of 220 species and image number of
each class is unequal [17]. In order to verify the effectiveness
of the proposed method in this paper, we construct one leaf
image subset from the ICL leaf dataset, which has 15 species
with 11 samples per species, and all classes are carefully chosen
so that the shapes could be distinguished easily by human
eyes or the shapes are similar but still can be identified [16].
Some typical example images are demonstrated in Figures
2(a), 2(b), and 2(c). Preprocessing is performed to crop all
leaf images from two databases. The illuminations keep the
same condition and the backgrounds are white, and the size
of each cropped leaf image in experiments is 64 × 64 pixels,
with gray level of 256 gray levels per pixel in preprocessing
step, as demonstrated in Figure 2(c) of one species.
Then, every image is represented in a 4096-dimensional
vector in the image space. By prereducing by PCA, 98
percent image energy is kept and all principal components
are selected corresponding to the nonzero eigenvalues for
each method. The 1-NN classifier is employed to classify leaf
images for its simplicity. The distance measure is Euclidean
distance.
The leaf image dataset is randomly separated into two
subsets: one part is for training (sizes are 30, 45, 60, 75, 105,
and 120) and the other is for testing purpose. The training
sets are used to obtain the low-dimensional subspace with a
projection matrix. The testing sets are utilized to test the final
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Table 1: Average classification rates (%) and standard deviations ICL
plant leaf database.
Train samples
30
45
60
75
105
120

LSDA
86.26 ± 3.52
88.83 ± 3.63
91.81 ± 2.29
91.61 ± 2.76
93.25 ± 2.62
94.12 ± 2.54

LLTSA
73.3 ± 3.48
78.33 ± 3.39
82.19 ± 2.22
81.39 ± 2.56
82.83 ± 2.76
80.67 ± 3.26

LDTSA
86.56 ± 3.62
89.33 ± 3.04
92.71 ± 2.38
92.93 ± 2.63
94.08 ± 2.78
94.56 ± 3.78

Table 2: Average classification rates (%) and standard deviations
Swedish plant leaf database.
Train samples
300
600
900

LSDA
82.35 ± 3.45
84.73 ± 3.58
89.67 ± 3.31

LLTSA
71.3 ± 3.62
75.39 ± 3.76
80.49 ± 2.89

LDTSA
84.59 ± 3.34
87.38 ± 3.21
91.91 ± 2.73

classification accuracy. Each time the test is repeated 20 times
and the accuracy rate is calculated each time, as follows:
Accuracy =

Num (𝑅)
⋅ 100%,
Num (𝑇)

(9)

where Num(𝑅) is the right sample number detected and
Num(𝑇) is the total sample number tested.
Table 1 shows the average classification rates and standard deviations of three algorithms in our experiments on
the selected datasets which are locality sensitive discriminant analysis (LSDA), linear local tangent space alignment
(LLTSA), and the proposed LDTSA. It can be seen that the
proposed method obtains better accuracy.
3.2. Experiment Results on Swedish Dataset. Swedish leaf
dataset [18] has 1125 images from 15 different plant species,
with 75 leaf images per species. The preprocess of the leaf
image is the same as ICL dataset [16]. For each method,
random subsets with 20, 40, and 60 images per species are
selected for training, the rest for testing. Such experiment
with a specific number is independently performed 20 times,
and then the best average classification results are recoded.
Table 2 shows the maximal average classification accuracy
with different size of training sets and test sets. It could
be found that the proposed method outperforms the other
algorithms in all the cases.

4. Conclusions
Plant recognition based on leaf images has been an important
and difficult research topic, especially for leaves with different
and complicated shapes. Although there are many existing
algorithms for plant leaf recognition, the recognition rates are
still low due to the complexity of plant leaf. Manifold learning
based dimensionality reduction algorithms are promising
alternatives to traditional plant leaf recognition methods. A
dimensionality reduction method based on local discriminative tangent space alignment (LDTSA) is proposed for

plant leaf recognition task in this paper, and it embraces part
optimization and whole alignment and encapsulates the geometric and discriminative information into a local patch. The
experiment performed on two plant leaf databases shows the
effectiveness and feasibility of the proposed method in this
paper.
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HS-RAID (Hybrid Semi-RAID), a power-aware RAID, saves energy by grouping disks in the array. All of the write operations in HSRAID are small write which degrade the storage system’s performance severely. In this paper, we propose a redundancy algorithm,
data incremental parity algorithm (DIP), which employs HS-RAID to minimize the write penalty and improves the performance
and reliability of the storage systems. The experimental results show that HS-RAID2 (HS-RAID with DIP) is faster and has higher
reliability than HS-RAID remarkably.

1. Introduction
RAID (Redundant Array of Independent Disks) [1, 2] combines multiple disk drives into a logical unit for the purposes
of data redundancy or performance improvement. However,
storage systems enlarge dramatically with the increasing of
data. In April 2014, IDC reported that 4.4 ZB data was created
by 2013, and the digital universe will be growing 40% a
year into the next decade [3]. To meet the capacity demand,
storage systems have grown to petabyte scale [4], and thousands of disks are deployed in storage systems. That caused a
problem that cannot be ignored: high power consumption.
Many studies focused on power-saving of storage systems
in recent years. The reason lies that higher power consumption leads to not only higher power costs in both storage
systems and cooling systems, but also increasing operating
temperature which can degrade the reliability and stability
of the whole systems. Therefore, researchers proposed many
kinds of strategies, such as DPM (Dynamic Power Management) algorithms, physical device level, and systems level [5].
DPM algorithm is proposed to turn disk devices into
standby state to reduce power consumption during their idle
period. However, DPM works only in the independent disk
and does not work in RAID. At the physical device level,
manufacturers are developing new energy efficient drives and
hybrid drives. A hybrid drive combines NAND flash solidstate drive (SSD) with hard disk drive (HDD), with the intent

of adding some of the speed of SSDs to the cost-effective
storage capacity of traditional HDDs. The SSD in a hybrid
drive acts as a cache for the data stored on the HDD by
keeping copies of the most frequently used data on the SSD
for improved overall performance and energy-saving.
At the system level, a number of integrated storage solutions such as MAID [6] and PERGAMUM [7] have emerged
which are based on the general principle of transitioning
the disks automatically to a low-power state (standby) after
they experience some predetermined period of inactivity.
PARAID [8] exploits the free space on the disks to duplicate
data and uses a skewed striping pattern to adapt to the system
load by varying the number of powered disks, thus needing
no specialized hardware. eRAID [9] focuses on conventional
disk-based mirrored disk array architectures like RAID 0. The
power-saving effect is limited on parity redundant disk arrays
like RAID 5. Hibernator [10] makes use of multispeed disk
and abstracts the power saving problem into an optimization
problem. It exploits the optimum solution in data migration
between disks. EERAID [11] is another energy-efficient RAID
system architecture which conserves energy by taking advantage of redundant information.
S-RAID [12] is an alternative RAID data layout for the
kind of application that exhibits a sequential data access
pattern. The data layout of S-RAID uses a grouping strategy
that makes only part of the whole array active and puts the rest
of the array into standby mode. Even in the sequential data
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access storage system there are lots of random data accesses,
and these degrade the performance of S-RAID dramatically.
In our prework, we proposed an alternative RAID data layout
based on S-RAID and HS-RAID [13], to avoid random data
access effects and save the power consumption of the storage
systems. HS-RAID is divided into two parts: RAID 1 and SRAID 4/5. The first one is composed by SSDs for metadata
storage, while the latter is composed by HDDs for data
storage. HS-RAID is designed for the kind of applications
that exhibit a sequential data access pattern, uses a grouping
strategy that makes part of the whole array active, and puts
the rest of the array into standby mode. Hence, HS-RAID
can greatly reduce the power consumption and improve
the reliability while still satisfying the I/O requirements of
applications.
However, different RAID levels store data utilizing a variety of striping, mirroring, and parity techniques. RAID
schemes based on parity improve the reliability of storage
systems by managing a recovery parity disk. But parity calculations degrade performance especially performing smallwrite. The same problem also exists in HS-RAID whose parity
schemes utilize RAID 4/5, and all writes in it are small writes.
This paper describes and evaluates a powerful parity
algorithm, Data incremental parity algorithm (DIP), for eliminating the small write penalty in HS-RAID. DIP calculates
parity data with the new data and the old parity and does not
read the old data of the blocks which will be written in.
The remainder of this paper is organized as follows.
Section 2 introduces the HS-RAID data layout. Following
that, Section 3 gives detailed discussions of DIP algorithm
and the write operation in HS-RAID2 . Then, Section 4 details
data recovery in HS-RAID2 . The experimental results are
presented in Section 5. Section 6 closes with a summary.

2. HS-RAID Data Layout
2.1. S-RAID. S-RAID [12] is an alternative RAID data layout
for the kind of application that exhibits a sequential data
access pattern. The data layout of S-RAID uses a grouping
strategy that makes only part of the whole array active and
puts the rest of the array into standby mode. Therefore,
S-RAID can greatly reduce the power consumption and
improve the reliability while still satisfying the I/O requirements of the application.
S-RAID [12] trades data transfer rate for energy efficiency
and reliability and is suitable for the applications like video
surveillance which requires moderate data transfer rate but
large storage capacity and high reliability. These applications
also exhibit a highly sequential data access pattern that SRAID is optimized for.
However, even in the sequential data access application,
there exist lots of random data accesses which degrade
the performance of S-RAID dramatically. In order to avoid
the adverse effects of random data access, HS-RAID was
proposed in our prework.
2.2. HS-RAID. HS-RAID [12] includes two parts: RAID 1 and
S-RAID. RAID 1 is composed of two SSDs, and S-RAID [10] is
composed of a group of hard disks, as shown in Figure 1. Hard
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Figure 1: Configuration of Hybrid S-RAID.
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Duplicate of metadata
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Figure 2: Address mapping.

disks are grouped in S-RAID and parallel in the group. The
random I/O requests are mapped to RAID 1, while sequential
I/O requests are mapped to S-RAID. When only one group
of hard disks are busy under continuous data access mode,
the others can be shut down or put into standby mode for
energy-saving because of no requests on them. That can save
energy of the whole storage systems and increase the costs
slightly. HS-RAID is designed for applications whose I/O
characteristics are sequential access.
RAID 1 which is composed of SSDs in HS-RAID is
divided into three parts: two for storing superblock and one
for metadata. The virtualization manager in Figure 1 maps
the logical address to the physical address in the way shown
in Figure 2. The addresses of two superblock partitions and
S-RAID are identical logically, but the metadata partition is
managed individually. The logical address 0 ∼ 𝑆SSD /2 − 1 is
mapped to the front of RAID 1, and it is 4 KB for superblock
of the file system. 𝑆SSD /2 ∼ 𝑆SSD /2 + 𝑆S-RAID − 1 is mapped
to S-RAID for data. 𝑆SSD /2 + 𝑆S-RAID ∼ 𝑆SSD + 𝑆S-RAID − 1 is
mapped to the second 4 KB of RAID 1 for superblock too. In
fact, data of both superblocks is consistent.
In the metadata partition, the data is duplication of metadata which is in S-RAID. The metadata writes are done only
if it is written in both the S-RAID and the metadata partition.
The metadata, which is written once, never modified and read
frequently in most sequential storage systems, is located in
the metadata partition in order to avoid spinning up disks in
standby mode.
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Figure 3: Data layout of HS-RAID 4.

2.2.1. HS-RAID 4. HS-RAID 4 is composed of a RAID 0 and
a S-RAID 4 (shown as in Figure 3).
Figure 3 gives an example of data layout of HS-RAID 4.
There are two SSDs (SSD0 and SSD1 ) and five HDDs (𝐷0 , 𝐷1 ,
𝐷2 , 𝐷3 , and 𝑃) in the storage system. One HDD (𝑃) is the
parity disk, and the other four HDDs (𝐷0 , 𝐷1 , 𝐷2 , and 𝐷3 )
are divided into two groups (𝐺0 and 𝐺1 ) every two HDDs.
The arrows in Figure 3 denote the data block sequence in the
Logic Block Address (LBA) ascending order. 𝑆𝑖,𝑗 denotes a
data block in RAID 1 and 𝐵𝑖,𝑗 denotes a data block in S-RAID,
where 𝑖 and 𝑗 denote the SSD or HDD number and the stripe
number, respectively.
Every LBA blkno in SSDs can be computed as
{𝑗,
blkno (𝑆𝑖,𝑗 ) = {
𝑇 + 𝑗,
{ 𝑠

0 ≤ 𝑗 < 𝑞 − 1;
𝑞 ≤ 𝑗 < 2𝑞 − 1,

(1)

where 𝑇𝑠 is the amount of blocks in the first part of RAID 1(𝑞)
and the total amount of blocks in S-RAID.
Obviously, blocks in both SSDs with the same offset have
the same LBA:
blkno (𝑆0,𝑗 ) = blkno (𝑆1,𝑗 ) .

(2)

Assume that there are 𝑟 groups: 𝐺0 , 𝐺1 , . . . , 𝐺𝑟−1 in SRAID, and 𝑁𝐺 is the amount of disks in each group. Then,
we have 𝐿 𝑆 = 0, where 𝐿 𝑆 is the starting LBA of RAID 1, and
blkno(𝐵0,0 ) = 𝑞. So the starting LBA of each group in S-RAID
can be computed as
𝐿 𝐺𝑘 = 𝑞 + 𝑘 ∗ 𝑚 ∗ 𝑁𝐺

(𝑘 = 0, 1, . . . , 𝑟 − 1) .

(3)

Then, for every LBA blkno in the array, there exists a 𝑘
that satisfies 𝐿 𝐺𝑘 ≤ blkno < 𝐿 𝐺𝑘+1 , and 𝑘 can be calculated as
𝑘=⌊

blkno − 𝑞
⌋.
𝑚 ∗ 𝑁𝐺

(4)

Then, we can easily have mapping 𝑓:
𝑓stripeS-RAID (blkno) = ⌊

blkno − 𝐿 𝐺𝑘
𝑁𝐺

⌋,

𝑓diskS-RAID (blkno) = (blkno − 𝐿 𝐺𝑘 ) mod 𝑁𝐺 + 𝑘

(5)

× 𝑁𝐺,
𝑓 (blkno) = 𝐵𝑓disk

S-RAID

(blkno),𝑓stripeS-RAID (blkno) .

Every LBA blkno of 𝐵𝑖,𝑗 can be computed as
blkno (𝐵𝑖,𝑗 ) = 𝐿 𝐺𝑘 + 𝑗 × 𝑁𝐺 − 𝑘 × 𝑁𝐺.

(6)

2.2.2. HS-RAID 5. The fixed parity disk is the bottleneck of
HS-RAID 4 because it not only degrades the performance but
also reduces the system’s reliability. Replacing S-RAID 4 with
S-RAID 5 (shown as in Figure 4) in HS-RAID, we can get HSRAID 5 which has uniformly distributed parity blocks among
the disks.
HS-RAID 5 is composed of a RAID 0 and a S-RAID 5.
For simplicity, when we discuss HS-RAID 5 in the rest of
this paper, it means the S-RAID 5 partition. Figure 4 gives
an example of a part of HS-RAID 5: S-RAID 5. Like in HSRAID 4, we also use a grouping strategy that further divides
the stripes into vertical groups in HS-RAID 5. There is no
fixed parity disk in HS-RAID 5, instead of that we put parity
blocks into different disks in each vertical stripe.
The arrows in Figure 4 denote the data block sequence in
the Logic Block Address (LBA) ascending order. 𝐵𝑖,𝑗 denotes a
data block in S-RAID, where 𝑖 and 𝑗 denote the HDD number
and the stripe number, respectively.
There are five HDDs (𝐷0 , 𝐷1 , 𝐷2 , 𝐷3 , and 𝐷4 ) in HSRAID 5 which is shown in Figure 4. Five disks are divided into
2 groups. Each group may include different disks in different
stripe because the parity blocks locate in different disk. For
example, as shown in Figure 4, Group0 includes 𝐷0 and 𝐷1
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Figure 4: Data layout of S-RAID 5.

in Stripe1 , and Group1 includes 𝐷2 and 𝐷3 in the same stripe.
But in Stripe2 , the parity block is transferred into 𝐷3 . Group0
includes the same disks as in Stripe1 , but Group1 includes 𝐷2
and 𝐷4 . For the same reason, in Stripe6 , Group0 includes 𝐷0
and 𝐷2 , and Group1 includes 𝐷3 and 𝐷4 .

3. HS-RAID2 : HS-RAID with New
Redundancy Strategy
Before going into the detail of redundancy strategy, it is
necessary to look at the write operation of HS-RAID.
Writing in the RAID 1 of HS-RAID is easy to understand,
and it is not the focus of this paper, so it should be noted that
when we mention the write operation in HS-RAID on the rest
of the paper, it refers to the write operation in the S-RAID of
HS-RAID.
3.1. Write Operation in HS-RAID. RAID 4/5 utilizes parity
techniques to store data to enhance storage reliability. Write
operations in RAID 4/5 are done only if the data and parities
have been written. The parity is calculated from the data in
the same address of the disks in RAID using XOR operation:
𝑃 = ⨁ 𝐷𝑖 ,
𝑖

(7)

where 𝑃 and 𝐷𝑖 are the parity disk and data disks, respectively.
When calculating the parity for RAID 4/5, the RAID
controller selects a computation based on the write request
size. The large-write parity calculation is
𝑃large-write = 𝐷new ⊕ 𝐷remaining ,

(8)

where 𝑃large-write , 𝐷new , and 𝐷remaining are the parity disk, the
data on the disk(s) to be written, and the remaining disk(s),
respectively. After computing the parity, the data and the new
parity are written to the disks and the parity disk, respectively.
The small-write parity calculation is
𝑃small-write = 𝐷new ⊕ 𝐷old ⊕ 𝑃old ,

(9)

where 𝑃small-write , 𝐷new , and 𝐷old are the parity disk, the data
on the disk(s) to be written, the data to be replaced on the
same disk(s), respectively. After computing the parity, the
data and the new parity are written to the disks and the parity
disk, respectively.
The main goal of HS-RAID is energy-saving by dividing
disk into groups. Generally, only one group is active at the
same time. In HS-RAID, all write operations are small write
and select the computation “read-modify-write” to avoid
spanning up other disks of groups that are put into standby
mode.
Small-write parity in HS-RAID can be computed by
XORing the old and new data with the old parity the same
as in RAID. The parity calculation is
𝑆𝑃new = 𝐷old ⊕ 𝐷new ⊕ 𝑆𝑃old .

(10)

When write requests are sent to HS-RAID, the corresponding disks are selected and made active if needed. Then,
all selected blocks and parity blocks in the same stripes are
read out. Lastly, HS-RAID recalculates the parity and writes
the new data and the new parity back to disk. “Read-modifywrite” brings write penalty severely and degrades the storage
system’s performance dramatically.
3.2. HS-RAID2 : HS-RAID with DIP. HS-RAID is designed
for the kind of applications that exhibit a sequential data
access pattern, such as video surveillance, continuous data
protection (CDP), and virtual tape library (VTL). These
systems have typical workload characteristics: write-once,
read-maybe, and new writes unrelated to old writes.
We propose a new parity calculation algorithm applied to
those applications workload characteristics: data incremental
parity algorithm (DIP). In the rest of the paper, HS-RAID2 is
named for HS-RAID with DIP.
As Figure 5 shows, data in HS-RAID is always written in a
new block in order. We set a pointer𝑃LBA as the last block that
is written to. The initial value of 𝑃LBA is “−1”. In HS-RAID2 ,
the parity data is not calculated from all blocks in the stripe,
but only blocks which are written to.

Journal of Electrical and Computer Engineering

Stripe0
Stripe1
Stripe2
Stripe3
..
.
Stripem

D0

D1

D2

D3

P

B0,0
B0,1

B1,0
B1,1

B2,0
B2,1

B3,0
B3,1

SP0
SP1

B0,2

B1,2

B2,2

B3,2

SP2

B0,3
..
.
B0,m

B1,3
..
.
B1,m

B2,3
..
.
B2,m

B3,3
..
.
B3,m

SP3
..
.
SPm

5

PLBA
(B3,2 )

4. Data Recovery in HS-RAID2

G1

G0

Then, the data and parity to the array are written.
Therefore, it can also minimize the write penalty, because old
data does not need to be read while it does in RAID and HSRAID.

Full data block
Parity data block
Empty data block

Figure 5: Sequential write in HS-RAID.

To maximize the benefit of DIP, write alignment is used: a
buffer is set to collect data to be written large enough to write
the whole stripe of a group.
Writing to the first group and the other groups in HSRAID2 is in different ways:

Disk failure happens every day and even every hour in data
centers. As with RAID 4/5, only one disk is allowed to fail in
HS-RAID2 . When a disk in the array fails, it must be fixed
or replaced in time to avoid another disk failing that causes
all the storage system failure. HS-RAID2 not only reduces the
workload of write operations and minimizes the write penalty
but also reduces the workload during the data recovery. In
this section, we will discuss how HS-RAID2 works during the
data recovery after the failure disk is fixed or replaced and
investigate the benefit in reducing the failure rate.
After the failure disk is fixed or replaced, how HS-RAID2
recovers data depends on which disk fails. Generally, there are
three cases.

(11)

(1) The Empty Disk. Although empty data disk fails rarely, it
does. In this case, we need to replace the failure disk with a
new one and initialize it without data written in. It notes that
the data recovered from the array must be written into the
new disk even if it means nothing in RAID and HS-RAID,
because the parity of these arrays is calculated with all disks
in it.

where 𝑆𝑃new and 𝐷𝑖 are the parity and all the data that will be
written to the array, respectively.
In blocks form, it is easy to transform formula (11) into
formula (12):

(2) The Disk with Data. If the failure disk is the one that
has data written in, the data must be recovered immediately.
Stripe numbers and disk numbers of blocks that need to be
recovered can be calculated with the pointer 𝑃LBA :

3.2.1. Write to the First Group. When writing to the disks in
the first group, blocks and parity blocks are empty, so the
parity calculation is
𝑆𝑃new = ⨁ 𝐷𝑖 ,
𝑖

𝑁𝐺 −1

𝑆𝑃𝑠 = ⨁ 𝐵𝑖,𝑠 ,

(12)

𝑖=0

where 𝑆𝑃𝑠 and 𝐵𝑖,𝑠 are the parity block and the data block in
disks of the first group, respectively. Disk number 𝑖 and stripe
number 𝑠 can locate the block exactly. And 𝑁𝐺 is the amount
of disks in the group.
After calculating the parity, the data and parity in the
array are written. We can safely say that it can minimize the
write penalty since read operations are not needed.
Parity blocks need to be calculated while writing in the
first group and the others, but they are different.
3.2.2. Write to the Other Groups. When writing to the disks in
the other groups, parity blocks can be computed by XORing
the old parity and the new data. Its calculation is
𝑆𝑃new = 𝐷new ⊕ 𝑆𝑃old .

(13)

Suppose that write requests lie in group 𝑔. We can easily
transform formula (12) into the following form:
𝑆𝑃𝑠 new = (

𝑔∗𝑁𝐺 −1

⨁

𝑖=(𝑔−1)∗𝑁𝐺

𝐵𝑖,𝑠 ) ⊕ 𝑆𝑃𝑠 old .

(14)

𝑠=⌊

𝑃LBA − 𝐿 𝐺𝑔
𝑁𝐺

⌋,
(15)

𝑑 = ((𝑃LBA − 𝐿 𝐺𝑔 ) mod𝑁𝐺𝑔 ) + 𝑔 ∗ 𝑁𝐺,
where 𝑁𝐺 and 𝑔 are the amount of disks in a group and the
active group number, respectively. 𝑔 can be calculated as
𝑔=⌊

𝑃LBA
⌋,
𝑆 ∗ 𝑁𝐺

(16)

where 𝑆 is the amount of stripes in the array. 𝐿 𝐺𝑔 is the starting
logical address of the group:
𝐿 𝐺𝑔 = 𝑔 ∗ 𝑆 ∗ 𝑁𝐺.

(17)

Then, how to recover the data depends on whether the
disk is in group 𝑔 or not.
(a) The Failure Disk Is in Group 𝑔. Data blocks from stripe0
to stripe𝑠 should be recovered if the failure disk is in group
𝑔. Data is recovered by XORing the blocks from group0 to
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group𝑔 and the parity in the same stripe. Suppose that the
number of the failure disks is 𝐼; then,

Table 1: The characteristic of the server.

𝐵𝑖,𝑚 = 𝐵0,𝑚 ⊕ 𝐵1,𝑚 ⊕ ⋅ ⋅ ⋅ ⊕ 𝐵𝑖−1,𝑚 ⊕ 𝐵𝑖+1,𝑚 ⊕ ⋅ ⋅ ⋅
⊕ 𝐵(𝑔+1)∗𝑁𝐺 −1,𝑚

(0 ≤ 𝑚 ≤ 𝑠) ,

(18)

where 𝑚 is the stripe number. As shown in Figure 5, suppose
that disk 𝐷3 fails while data is written to 𝐵2,2 and 𝐵3,2 .
After the failure disk is replaced, 𝐵3,0 , 𝐵3,1 , and 𝐵3,2 will be
recovered:
(𝑚 = 0, 1, 2) .

𝐵3,𝑚 = 𝐵0,𝑚 ⊕ 𝐵1,𝑚 ⊕ 𝐵2,𝑚 ⊕ 𝑆𝑃𝑚

(19)

The rest stripes in the failure disk are empty, so the blocks
in these stripes need not be recovered.
(b) The Failure Disk Is Not in Group 𝑔. If the failure disk
does not belong to group 𝑔, all the blocks in the disk need
to be recovered. Suppose that the max. stripe number is 𝑆.
Data from stripe0 to stripe𝑠 are recovered by XORing the
blocks from group0 to group𝑔 and the parity block in the same
stripe using the formula (18). Data from stripe𝑠+1 to stripe𝑆 are
recovered by XORing the blocks from group0 to group𝑔−1 and
the parity block in the same stripe:
𝐵𝑖,𝑚 = 𝐵0,𝑚 ⊕ 𝐵0,𝑚 ⊕ ⋅ ⋅ ⋅ ⊕ 𝐵𝑖−1,𝑚 ⊕ 𝐵𝑖+1,𝑚 ⊕ ⋅ ⋅ ⋅
⊕ 𝐵(𝑔+1)∗𝑁𝐺 −1,𝑚 ⊕ 𝑆𝑃𝑚

(𝑠 < 𝑚 ≤ 𝑆) .

(20)

Suppose that disk 𝐷1 fails; data are recovered as follows:
𝐵1,𝑚

{𝐵0,𝑚 ⊕ 𝐵2,𝑚 ⊕ 𝐵3,𝑚 ⊕ 𝑆𝑃𝑚
={
𝐵 ⊕ 𝑆𝑃𝑚
{ 0,𝑚

(𝑚 = 0, 1, 2)
(𝑚 = 3, 4) .

(21)

(3) Parity Disk. If the parity disk fails, the disk should be
replaced and the parity data should be recalculated. The parity
data from stripe0 to stripe𝑠 is recalculated with the data of
group0 to group𝑔 , and the parity data from stripe𝑠+1 to stripe𝑆
is recalculated with the data of group0 to group𝑔−1 in the same
stripe:
𝑆𝑃𝑚 = 𝐵0,𝑚 ⊕ 𝐵1,𝑚 ⊕ 𝐵(𝑔+1)∗𝑁𝐺 −1,𝑚
𝑆𝑃𝑚 = 𝐵0,𝑚 ⊕ 𝐵1,𝑚 ⊕ 𝐵𝑔∗𝑁𝐺 −1,𝑚

(0 ≤ 𝑚 ≤ 𝑠) ,

(𝑠 < 𝑚 ≤ 𝑆) .

(22)

For example, if parity disk 𝑃 (as shown in Figure 4) fails,
the parity data will be recalculated as follows:
{𝐵0,𝑚 ⊕ 𝐵1,𝑚 ⊕ 𝐵2,𝑚 ⊕ 𝐵3,𝑚
𝑆𝑃𝑚 = {
𝐵 ⊕ 𝐵1,𝑚
{ 0,𝑚

(𝑚 = 0, 1, 2)
(𝑚 = 3, 4) .

(23)

Above all, when a disk in HS-RAID2 fails, data recovery
need to read less data and do less calculation than in HSRAID or RAID. It is easy to understand that it can reduce the
recovery time, degrade the energy-consuming, and improve
the reliability of the storage system.

Description
Model
CPU
Interface

Value
HP ProLiant DL180
Xeon E5620, 2.4 GHz
SATA/SAS
Table 2: The characteristics of the SSD.

Description
SSD model
Standard interface
Size
Average access time
Startup power

Value
Crucial CT128M4SSD2
SATA3.0
128 G
<0.1 ms
0.15 watts

Table 3: The characteristics of the HDD.
Description
Model
Interface
Rotational speed
Size
Active power
Idle power
Standby power
Spin-up time

Value
Seagate ST3500630AS
SATA 2.0
7200 rpm
500 G
13 W
9.3 W
0.8 W
15 s

5. Performance Comparison
The design target of HS-RAID2 is to reduce the write penalty
in storage systems. As described before, this target is achieved
by a new parity algorithm, DIP algorithm.
The prototype of HS-RAID2 consists of two SSDs and
twelve HDDs, all the devices’ parameters are shown in Tables
1, 2, and 3. It runs the operating system Linux kernel 2.6.35.32.
The block size is 64 KB. To compare the performance, the
current HS-RAID prototype is the same as HS-RAID2 .
Different applications have different performance
requirements. To be fit for the applications’ requirements,
HS-RAID2 and HS-RAID could set varying amount of
disks per group. Each of them has three grouping scales: 1
disk per group, 2 disks per group, and 3 disks per group.
The performances of both HS-RAID2 and HS-RAID are
evaluated in different grouping scale and different write sizes.
The results are shown in Figures 6, 7, and 8.
Figure 6 shows the transfer rate speedup of HS-RAID2
with 1 disk per group compared to HS-RAID with the same
disk per group. These are the 100% sequential write workloads
in the experiments in the 16 KB to 4096 KB range. When
the write size is no larger than 64 KB, both HS-RAID2 and
HS-RAID have poor performances, and the transfer rate of
HS-RAID is less than 5 MB/s especially. Even in HS-RAID2 ,
the transfer rate is no more than 20 MB/s. However, it gets
the maximum speedup, which is 578%, when the write size
is 16 KB. It illuminates that DIP takes the most advantage
at that time because the write alignment and read-ahead do
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Figure 6: Performance of HS-RAID and HS-RAID2 (1 disk per
group).
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Figure 7: Performance of HS-RAID and HS-RAID2 (2 disks per
group).

their best work. When write size is larger than 64 KB, the
transfer rate of both HS-RAID2 and HS-RAID is improved
dramatically. The peak value is 82.5 MB/s when write size is
1 MB in HS-RAID2 while it is 52.6 MB/s in HS-RAID. When
write size is larger than 1 MB, the speedup ratio is less than
60%, but the speedup is approximately 30 MB/s in value.
Figure 7 shows the transfer rate speedup of HS-RAID2
with 2 disks per group compared to HS-RAID with the same
disks per group. These are also the 100% sequential write
workloads in the experiments in the 16 KB to 4096 KB range.
It gets the maximum speedup, which is 506%, when the
write size is 32 KB. When write size is larger than 64 KB, the
transfer rate of both HS-RAID2 and HS-RAID is improved

Figure 8: Performance of HS-RAID and HS-RAID2 (3 disks per
group).

dramatically. The peak value is 132.5 MB/s when write size is
1 MB in HS-RAID2 , while it is 80.2 MB/s in HS-RAID.
Figure 8 shows the transfer rate speedup of HS-RAID2
with 3 disks per group compared to HS-RAID with the same
disks per group. It gets the maximum speedup, which is 397%,
when the write size is 32 KB. When write size is larger than
128 KB, the transfer rate of both HS-RAID2 and HS-RAID
is improved dramatically. The peak value is 197.1 MB/s when
write size is 2 MB in HS-RAID2 while it is 123.2 MB/s in HSRAID.
The smaller the write request size is, the slower the
systems transfer rate is, and the larger the write request size is,
the more improved the system performance is. When writing
to HS-RAID2 and HS-RAID with 3 disks per group in the
size 16 KB, the transfer rate of HS-RAID2 is 565% faster than
HS-RAID. It is the max speedup factor. When writing to HSRAID2 and HS-RAID with 2 disks per group in the size 1 MB,
the transfer rate of HS-RAID2 is 52.3% faster than HS-RAID.
It is the min. speedup factor.
Above all, it is obvious that the performance of HS-RAID2
has been greatly improved compared to HS-RAID.

6. Conclusion
HS-RAID saves the power consumption of storage systems
by dividing disks in the array into groups. All of the write
operations in HS-RAID are small write in order to avoid
spanning up disks in standby mode. Small write degrades the
storage system’s performance.
HS-RAID2 has the same architecture as HS-RAID and
employs different parity calculation algorithm: DIP. DIP
minimizes the write penalty in HS-RAID and improves the
performance and reliability of storage systems. The experimental results show that HS-RAID2 is faster and has higher
reliability than the traditional method.
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Although ontology has strong ability to express knowledge, it is difficult to express uncertain or imprecise information using the
language of ontology. In order to improve the ability to express uncertain information, this paper extends the Semantic Web Rule
Language (SWRL) and gives the extension of reasoning rules. According to the rough ontology and the rules of SWRL, it updates
the knowledge base. Firstly, the concept of rough ontology and the extension of rough relationship of ontology are put forward;
secondly, it gives the extension method for concepts, relationships, axioms, examples, and rules of SWRL. Finally, a psychological
counseling case shows that the method can well express the uncertainty of knowledge, and it is able to well express the reasoning
rules.

1. Introduction
Ontology is “a formal specification of a shared conceptualization” [1]. It is an important means to describe the semantic
knowledge model. Because imprecise knowledge is universal
in real life, it is always the hot issue that the extension of ontology description language can express uncertain or imprecise
knowledge in the academic circles. In order to solve the representation of imprecise or uncertain knowledge, the common
method of the extension for imprecise ontology is to introduce the theory of fuzzy set and rough set for fuzzy ontology
[2], rough ontology [3], or fuzzy rough ontology [4–6].
According to these three different imprecise ontology
models, many scholars have put forward different methods
for the extension of ontology description language. Hailong
et al. [7] extend the language of OWL (Web Ontology Language) based on the fuzzy description logic F-ALC(G).
Hongyun [8] analyzes classes, properties, examples, and
axioms for rough ontology of the semantic Web through the
definition of relevant rules. Xijin [9] introduces upper and
lower approximation sets for rough set and puts forward the
method to express rough fuzzy ontology of the semantic Web
in OWL. These studies expand the ability to express imprecise
knowledge in OWL.

OWL is on the basis of descriptive logic. At present, it is
widely used by people. It makes OWL ensure the expressive
ability of semantics and guarantees the decidability of reasoning at the same time. In recent years, a lot of research
work has made it available in OWL ontology with different
types of linguistic rules. To provide more powerful knowledge
representation and reasoning ability, the work has provided
some extensions of OWL language. However, OWL has some
defects in the description of the rough ontology and cannot
describe the nondiscrimination relation and the concept of
the upper and lower approximation set. OWL cannot establish the rules in general field by itself, so it cannot excavate
implied relationship between the social relations of ontology.
SWRL [10] is based on OWL DL and OWL Lite, and it
introduces the regular descriptive method of RuleML (Rule
Markup Language) in order to enhance the ability of rule
description and inference in the case of the strong expressive
ability of knowledge by using OWL. At the same time, SWRL
is based on the logic of first-order predicate logic, and it
can infer implied knowledge from the knowledge that has
already existed. Although SWRL has the stronger ability for
semantic expression, the knowledge which is expressed by
SWRL is precise. The uncertainty of information is prevalent
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in real life; SWRL cannot satisfy the need to express uncertain
knowledge.
There are not many studies on the language of SWRL at
present. Yiduo [11] researches the formal representation of
fuzzy ontology and enhances the expressive ability of fuzzy
rules in the semantic Web. Wang et al. [12] introduce the
extensional form of vague SWRL based on fuzzy SWRL of
vague set, and study on the syntax of vague SWRL, and give
the rule examples of vague SWRL. Pan et al. [10] put forward
the extensional form of f-SWRL which is based on fuzzy set
of SWRL for the first time. However, it is difficult to express
the uncertain or incomplete knowledge which is universal by
the method based on the fuzzy value of membership.
The theory of rough set was given by Professor Pawlak in
1982; it is a mathematical tool that can analyze and deal with
the uncertain or incomplete information quantitatively, and
it is a discovery which achieved the approximate knowledge
through the classification of equivalent relations [13]. In order
to enhance the expressive ability of uncertain knowledge,
this paper uses the extension for SWRL based on the theory
of rough set, builds RSWRL (Rough Semantic Web Rule
Language), and extends reasoning rules.

2. Rough Set and Rough Ontology
2.1. Rough Set
Definition 1. Approximate space can be expressed as 𝐾 = (𝑈,
𝑅). Among them, 𝑈 ≠ Φ is a nonempty finite set, and it is
called domain; 𝑅 is an equivalent relation on 𝑈.
Definition 2. 𝑈 ≠ Φ is a nonempty finite set; 𝑅 which is one
of the relations of 𝑈 is called the equivalent relation on 𝑈,
only when it is a partition {𝑋1 , 𝑋2 , . . . , 𝑋𝑛 } of 𝑈 based on 𝑅,
𝑋𝑖 ⊆ 𝑈, 𝑋𝑖 ≠ Φ, and 𝑋𝑖 ∩ 𝑋𝑗 = Φ, 𝑖 ≠ 𝑗, 𝑖, 𝑗 = 1, 2, . . . , 𝑛;
𝑖 = 1𝑛𝑋𝑖 = 𝑈. Different partition corresponds to different
subset (class) of 𝑈; a family which is divided on 𝑈 is called
a knowledge base on 𝑈; [𝑥]𝑅 expresses the equivalent class 𝑅
that contains the element 𝑥 ∈ 𝑈.
Definition 3. Set 𝑥 ⊆ 𝑈, 𝑅 is an equivalent relation of 𝑈.
When 𝑋 can be expressed to the union of some basic sets 𝑅, it
is said that 𝑋 can be defined on 𝑈; otherwise it is called that
𝑋 cannot be defined on 𝑈. 𝑅 can be defined as a subset of
domain 𝑈, and it can be precisely defined in the knowledge
base 𝐾; it is called accurate set 𝑅 (an empty set is also called
definable set). But definition set 𝑅 cannot be precisely defined
in the knowledge base 𝐾; it is called inexact set 𝑅 or rough set
𝑅 (rough set). Rough set can be defined approximately; that is
to say, it can be described by two precise sets (upper approximation and lower approximation of rough set) “similarly.”
Definition 4. Set knowledge base 𝐾 = (𝑈, 𝑅), and 𝑋 is any
subset of 𝑋, 𝑅 is equivalent relation, and then the upper and
lower approximations of 𝑋 can be represented as follows:
apr𝑋 = 𝑅𝑋 = {𝑥 | 𝑥 ∈ 𝑈, [𝑥]𝑅 ⊆ 𝑋}; it is called that
set 𝑋 is related to the lower approximation of 𝑅.

apr𝑋 = 𝑅𝑋 = {𝑥 | 𝑥 ∈ 𝑈, [𝑥]𝑅 ∩ 𝑋 = ⌀}; it is called
that set 𝑋 is related to the upper approximation of 𝑅.
2.2. Rough Ontology. Perez and Benjamins give a five-tuple
[14], which consists of concept, relationship, function, axiom,
and example. Because the function of psychological counseling case can be described by relation, the ontology of
psychological counseling case can be described formally as
𝑂 fl ⟨𝐶, 𝑅, 𝐴, 𝐼⟩; among them, 𝐶 is a concept or class, and
it is a set of objects with common properties; 𝑅 is the
order relationship between the concepts; 𝐴 is the axiom of
ontology; 𝐼 is a set of ontology examples.
In the practical substance rough set of ontology uses the
established concepts that have already existed to express the
unknown and imprecise concepts. That is to say, the concept consists of extension and connotation, the extension of
concept represents the objects that are covered by concepts,
including the objects that may be covered or must be
covered, and they are corresponded with upper and lower
approximations of rough set; the connotation represents the
common properties of objects that are covered by concepts.
The theory of rough set is introduced on the basis of ontology concept, and it forms rough ontology. It can not only
retain the extensible advantage of ontology structure, but
also enhance the expressive ability of ontology technology
for uncertain knowledge. Therefore, the rough ontology is
defined as follows.
Definition 5. Rough ontology can be expressed by a tetrad:
𝑂 fl ⟨𝐶𝑅 , 𝑅𝑅 , 𝐴 𝑅 , 𝐼𝑅 ⟩, where 𝐶𝑅 represents the set of rough
concepts, 𝑅𝑅 represents the rough relationship between
rough concepts, 𝐴 𝑅 represents the ontology axiom based on
the theory of rough set, and 𝐼𝑅 represents the rough example.
Rough ontology is the extension of ontology theory for
rough set, the concept is rough concept, the relationship is
rough relationship between the rough concepts, and the
example is rough example.

3. The Semantics of RSWRL
SWRL FOL is based on predicate logic, the concept 𝐶 of
SWRL is no longer a precise definition, and it is explained
as a rough subset. RSWRL just makes the extensions of the
concepts; the axiom of RSWRL has the same grammar with
SWRL. That is to say, the axiom does not need the extension
of ontology axiom to be obtained. So this paper just gives the
extensions for classes, properties, and examples of RSWRL.
Definition 6. The semantic explanation of RSWRL is a binary
form: 𝐼 = (Δ𝐼 , ⋅𝐼); Δ𝐼 is a nonempty set and ⋅𝐼 is a function of
the rough explanation.
The rough explanation of function is defined as follows:
(i) The concept of top: ⊤ represents everything; it is the
same with the explanation of SWRL.
(ii) The concept of bottom: ⊥ represents empty; it is the
same with the explanation of SWRL.
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(iii) The explanation for individual constants: individual
constants are mapped to the elements of Δ𝐼 ; it is the
same with the explanation of SWRL.
(iv) The explanation for concept: the concept 𝐶 is mapped
to the difference between the upper and lower approximation of Δ𝐼 ; that is to say, 𝐶𝐼 : Δ𝐼 → 𝐶-𝐶.
(v) The explanation for relationship: relation 𝑅 is mapped
to the relation between approximate sets of Δ𝐼 ; that is
to say, 𝑅𝐼 : Δ𝐼 × Δ𝐼 , except the set is rough set; the
others are the same with the explanation of SWRL.
(vi) The explanation for modified operator: the imprecise
concept is described by accurate concept; it can
extend SWRL by adding “⋅” and “⋅” two operators.
They correspond to upper and lower approximations
of rough set to express the sets which may belong to
or must belong to some concept.
(vii) The explanation for assertion: if 𝐶 and 𝐷 are the concept terms of rough description logic, then there are
main forms for the collection of assertions:
(1) 𝐶 ⊆ 𝐷; it is called that rough description contains assertion.
(2) 𝐶 ≡ 𝐷; it is called that rough description is
equivalent with assertion.

4. The Definition of the Language RSWRL
4.1. The Extension for Classes of RSWRL. The classes of SWRL
are divided into simple classes (or basic classes) and complex
classes. Simple classes are described by using name and
limiting for basic concepts. Complex classes are the classes
that are constructed by using some constructors (such as
acquaintances, unions, and complements) of some simple
classes, and the purpose is to extend the expressive ability
of SWRL, so this paper only defines rough simple classes (or
rough classes), and rough complex classes can be obtained by
the structure of simple rough classes.
4.1.1. The Definition of Rough Class
Definition 7. The rough concept is a triple [15]: 𝐶𝑅 fl ⟨{𝑈,
𝐿}, 𝐼⟩. {𝑈, 𝐿} is the extension of the rough concept 𝐶𝑅 , and 𝐼
is the connotation of the rough concept 𝐶𝑅 , and it is generally
represented by rough membership. 𝑈 and 𝐿 correspond to the
upper approximation set and lower approximation set of the
rough concept 𝐶𝑅 . The former represents all the sets of objects
that may be covered; the latter represents all the sets of objects
that must be covered.
The expressive method of rough ontology in RSWRL is to
add “up-class” and “low-class” in the label of ObjectProperty,
and they represent, respectively, the classes that they “may”
and “must” belong to, to add “up-property” and “low-property,” and they represent the properties that they “may” and
“must” have, to add “precise” which represents approximation in the ObjectProperty at the same time. The format of
RSWRL also uses the same way with the format of OWL
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as the rules appeared to be designed, the biggest benefit is
that the internal variables are represented by the ways of
RDF/XML, and it makes the variables that are corresponding
to the ontology more relatively simple. The work of this paper
will be based on the syntax format of RDF.
Example 8. The description of symptoms about panic disorder in psychological counseling field may have two situations:
{hot and dry, chest pain, flustered, hands and feet numbness,
tremble, upset, nervous and afraid} and {flustered, nervous
and afraid}, and it may be caused by different understandings
for the symptoms of panic disorder. But the symptoms of
“panic disorder” must include being “flustered, nervous,
afraid,” and it may have the symptoms like “hot and dry, chest
pain, hands and feet numbness, tremble, upset, etc.” at the
same time; then it represents the language of RSWRL on the
basis of RDF/XML format by the above method as follows:
<rswrl:Class rdf:ID=“panic disorder”>
<rswrl:ObjectProperty rdf:ID=“up-property”>
<rswrl:hasValue rdf:resource=“hot and dry, chest
pain, flustered, hands and feet numbness, tremble,
upset, nervous and afraid”/>
</rswrl: ObjectProperty>
<rswrl:ObjectProperty rdf:ID=“low-property”>
<rswrl:hasValue rdf:resource=“flustered, nervous and
afraid”/>
</rswrl: ObjectProperty>
<rswrl:ObjectProperty rdf:ID=“precise”>
<rswrl:hasValue rdf:resource=“3/8”/>
</rswrl: ObjectProperty>
</rswrl:Class>
4.1.2. The Definition of Subclass and the Inclusion of Class.
The definition of class of SWRL contains class, subclass, the
intersection of classes, the equivalence of classes, and so on.
It is the same with the class of SWRL, and all the classes of
RSWRL are the subclasses of Thing.
Definition 9. Class identifier rswrl: subClassOf states the
rough subclass of RSWRL; its logical grammar is 𝐵 ← 𝐴; it
represents the fact that 𝐴 is a subclass of 𝐵.
Example 10. “Depression” is a kind of “mental illnesses,” and
there is an inheritable relationship between “depression” and
“mental illnesses.” It represents the language of RSWRL on
the basis of RDF/XML format as follows:
<rswrl:Class rdf:ID=“mental illnesses”>
</rswrl:Class>
<rswrl:Class rdf:ID=“depression”>
<rswrl:subClassOf
rdf:resource=“depression”/>
</rswrl:Class>
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4.1.3. The Definition of the Equivalent Classes
Definition 11. Class identifier rswrl: equivalentClass states the
equivalent classes of RSWRL; its logical grammar is 𝐴 ≡ 𝐵; it
represents the fact that 𝐴 is equivalent to 𝐵.
Example 12. The class of “mental illness” and the class of “psychological disorder” are equivalent. It represents the language
of RSWRL on the basis of RDF/XML format as follows:
<rswrl:Class rdf:ID=“mental illness”>
<rswrl:equivalentClass
rdf:resource=“#psychological disorder”/>
</rswrl:Class>
4.1.4. The Definition of Rough Complex Class. The basic class
of RSWRL can generate complex class through the structures
like union, intersection, complement, enumeration, and so
on between classes.
Example 13. In psychological consulting field, it is generally
believed that the patient who has the following symptoms
can be considered as a patient who has “panic disorder”:
“flustered, nervous and afraid; hot and dry, chest pain, upset,
hands and feet numbness, tremble.” It represents the language
of RSWRL on the basis of RDF/XML format as follows:

should be defined. Another kind is “object properties.” They
are the associated properties between the two classes; for
example, the object properties of rough ontology in the field
of psychological counseling can fully express the relationships
between the instances of concepts, and they are the foundations of knowledge reasoning. For example, the domain
of property “Has Symptom” is Disorder Type, the range
is “Symptom Criteria,” and they explain the relationship
between the types and symptoms of the disorders.
RSWRL inherits the basic expressing ability of the properties of SWRL and expands the similar expression of relationship.
Definition 14. Identifier rswrl: similarPropertyTo states the
similar relationship between the properties of RSWRL, its
logic grammar is: similarProperty (𝐴, 𝐵), and it represents the
fact that 𝐴 is similar to 𝐵.
Example 15. The relationship between psychological counselors and patients in the process of psychological counseling
can not only say that psychological counselors “cure” the
patients, but also say that psychological counselors “treat” the
patients; that is to say, “cure” and “treat” are similar binary
relation in the psychological counseling field. The above
content is expressed by using RSWRL based on RDF/XML
format as follows:
<rswrl: ObjectProperty rdf:ID=“cure”>

<rswrl: Class rdf:about=“#panic disorder”>

<rswrl: similarPropertyTo rdf:resource=“#treat”/>

<rswrl:intersectionOf rdf:parseType=“Collection”>

<rswrl:contextOf rdf:ID=“S”>

<rswrl:unionOf rdf:parseType=“Collection”>

<rswrl:basicClass rdf:about=“#psychological counseling”/>

<rswrl:Restriction>
<rswrl:onProperty rdf:resource=“#flustered, nervous
and afraid”/>
</rswrl:Restriction>
</rswrl:unionOf>
<rswrl:unionOf rdf:parseType=“Collection”>
<rswrl:Restriction>
<rswrl:onProperty rdf:resource=“#chest pain, upset,
hands and feet numbness, tremble”/>
</rswrl:Restriction>
</rswrl:unionOf>
</rswrl:intersectionOf>
</rswrl:Class>
4.2. The Extension of the Properties of RSWRL. In addition
to the transitivity, symmetry, and the properties of function,
the declaration for the properties in SWRL also includes the
constraint of the full name and the constraint of the existence.
Properties are divided into two kinds: one is “data type
properties.” They are used to define the inherent properties
of a class. For example, when we define the property of
“patient” in the field of psychological counseling, the name,
age, gender, and other data type properties of the patient

</rswrl:contextOf>
</rswrl: ObjectProperty>
4.3. The Extension of RSWRL Truth. The main forms of the
description for truth in SWRL are the examples and axioms of
classes, and the examples mainly refer to the instantiations of
classes and relations. This paper mainly describes the truth of
ontology by the extension of classes and relations of RSWRL.
Definition 16. Identifier rswrl: Individual states the individuals of RSWRL.
Example 17. There are two psychological counselors in a psychological counseling clinic, they are Zhang San and Li Si, and
their roles are the same. In other words, they are similar in the
process of psychological counseling, and this relation can be
expressed by RSWRL based on RDF/XML format as follows:
<rswrl: Thing rdf:ID=“Zhang San”>
<rswrl: type rdf:resource=“#physical therapist”/>
</rswrl: Thing>
<rswrl: Thing rdf:ID=“Li Si”>
<rswrl: SimilarIndividual>
<rswrl: Thing rdf:ID=“Zhang San”>
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</rswrl: SimilarIndividual>
<rswrl:contextOf rdf:ID=“S”>
<rswrl: basicClass rdf:about=“#psychological counseling”/>
</rswrl:contextOf>
</rswrl: Thing>
4.4. The Extension of RSWRL Rules. Although the semantic
expressive ability of OWL is better than RDF, it is mainly
based on concepts, classifications, and axioms, and it has
certain limitations, such as it cannot define the concept
“Uncle: Parent(?x, ?y) ∧ Brother(?y, ?z)→Uncle(?x, ?z)” by
using first-order logic. In order to make up for the defects
of the rules in OWL, the rules of SWRL [16] expand the
logical expressive ability of OWL. SWRL is built on the basis
of OWL, which can be combined with the classes and the
relationships of OWL ontology. It can not only express the
certain information, but also express the rules of imprecise
information. According to the reasoning rules, the information of implicit semantics is realized, which can improve the
efficiency of reasoning.
SWRL is mainly composed of 4 parts, and they are,
respectively, Imp, Atom, Variable, and Built-in [17]. Imp is
composed of SWRL rule, “head” shows the result of reasoning
in Imp, and “body” shows the basic form of reasoning
precondition. The basic component of head is “Atom” in Imp;
“Variable” is used to record the variables used in Atom; “Builtin” is a modularized component of SWRL, and it records the
relationship of logical comparison which can be referred to
in SWRL. The general form is Antecedent-Consequent [18].
According to the rules of SWRL, the RSWRL rules
based on rough concept can be constructed. The simple
classes, complex classes (intersection, union, complement,
and equivalent set) can directly correspond to the rough
classes of RSWRL. At the same time, RSWRL also inherits the
basic expressive ability and reasoning ability of SWRL, and
it extends the expression of similar relationship. Accordingly
it basically covers the main forms of grammar that have
already existed in SWRL, and it can define and express the
uncertain semantic knowledge based on SWRL to carry out
the knowledge inference of rough ontology.
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With the consolidation of knowledge for the event of
panic disorder, it is classified according to the structure of
knowledge; some results are shown in Table 1.
5.2. The Representation of Psychological Counseling Cases
Based on RSWRL. Panic disorder (PD) is an acute anxiety
disorder that appears as repeatedly obvious plant nerve symptoms, including palpitation, sweating, and tremor, and it
is distinguished by the panic seizure of unfortunate consequences. The knowledge in Table 1 can be represented by
RSWRL based on RDF/XML format; for space reasons, only
the fragments of knowledge in RSWRL for the event of panic
disorder are given as follows:
<rswrl:Class rdf:ID=“mental illnesses”>
</rswrl:Class>
<rswrl:Class rdf:ID=“panic disorder”>
<rswrl:subClassOf rdf:resource=“mental illnesses”/>
</rswrl:Class>
<rswrl:ObjectProperty rdf:ID=“Has”>
<rdf:domain rdf:resource=“panic disorder”>
<rdf: range rdf:resource=“hot and dry”>
</rswrl:ObjectProperty>
......
<rswrl:ObjectProperty rdf:ID=“Has”>
<rdf:domain rdf:resource=“panic disorder”>
<rdf: range rdf:resource=“afraid”>
</rswrl:ObjectProperty>
<rswrl: Class rdf:about=“#panic disorder”>
<rswrl:intersectionOf rdf:parseType=“Collection”>
<rswrl:unionOf rdf:parseType=“Collection”>
<rswrl:Restriction>
<rswrl:onProperty rdf:resource=“#last time”/>
<rswrl:minCardinality
rdf:resource=“#&xsd;nonNegativeInteger”>three
months

5. The Examples of Application

</rswrl: minCardinality>

5.1. The Ontology Model of Psychological Counseling Case.
Case-Based Reasoning (CBR) is a set of methods that has
a long tradition in the field of artificial intelligence. With
the help of past experiences, old cases, ratiocination, and the
mechanism learning to solve problems, Case-Based Reasoning involves the use of certain methods in memory or past
case base to find the issue of the same or most similar source
cases and reuses the solution to the original problem in the
new cases.
Figure 1 is an ontology model of panic disorder case; it
describes some fragments of knowledge that are caused by
the event of panic disorder.

</rswrl:Restriction>
</rswrl:unionOf>
<rswrl:unionOf rdf:parseType=“Collection”>
<rswrl:Restriction>
<rswrl:onProperty rdf:resource=“#the frequency of
occurrence”/>
<rswrl:minCardinality
rdf:resource=“#&xsd;nonNegativeInteger”>
2 times a week
</rswrl: minCardinality>
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PCS: the solution of psychology case
PT: psychology test
TFT: thyroid function test
HFT: heart function test

PASS: panic-associated symptom scale
PDSS: panic disorder severity scale
RMS: the study of relaxation method
FS: the support of friends

Figure 1: The fragments of knowledge that are caused by the event of panic disorder.

Table 1: The knowledge classification of psychological counseling cases.

Example concept

Relations concept

Key elements
Psychological events
Event state
Social resources
Compose relationship
Have relationship
Action relationship

</rswrl:Restriction>
</rswrl:unionOf>
<rswrl:unionOf rdf:parseType=“Collection”>
<rswrl:Restriction>
<rswrl:onProperty rdf:resource=“#upset, nervous,
afraid”/>
</rswrl:Restriction>
</rswrl:unionOf>
<rswrl:unionOf rdf:parseType=“Collection”>
<rswrl:Restriction>

Keywords
Panic disorder
Last for 3 months, palpitation, oppression in chest, nervous, afraid
Relatives, friends, social support system
Compose
Target
Treatment, cognize, relax, test

<rswrl:onProperty rdf:resource=“#chest pain, upset,
hands and feet numbness, tremble”/>
</rswrl:Restriction>
</rswrl:unionOf>
</rswrl:intersectionOf>
</rswrl:Class>
5.3. The Reasoning Based on RSWRL. At present, the recognition rate is relatively low for panic disorder, and it often
has not enough consideration with improper treatment. The
patients and doctors often misdiagnosed it as angina pectoris,
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and it increases the patients’ mental burden, and they do
not get the effective treatment. In the clinical work, many
unexplained symptoms in medical science may be a sign of
panic attacks. When there is a patient in a panic attack, but
there is not the feeling of fear, it can just be described as an
“extreme discomfort” [19]. So there are no specific diagnostic
criteria for panic disorder, and it is even more difficult to
make the correct diagnosis.
In order to avoid misdiagnosis and missed diagnosis,
when the patients describe inaccurate or incomplete symptoms by themselves, we can have a diagnosis scheme for panic
disorder through the inference rules as follows.
Rule 1. Patient(?x) ∧ Panic Disorder(?y) ∧ Has symptom(?x,
upset) ∧ Has symptom(?x, nervous) ∧ Has symptom(?x,
elevation of blood pressure)→Has Panic(?x, ?y).
The semantic content expressed by Rule 1 is as follows:
Patients X: if there are some symptoms such as being upset
and nervous and the elevation of blood pressure, the patient
may be suffering from panic disorder.
Rule 2. Patient(?x) ∧ Panic Disorder(?y) ∧ Has symptom(?x,
dizziness) ∧ Has symptom(?x, fever pitch) ∧ Has symptom(?x, dyspnea)→Has Panic(?x, ?y).
The semantic content expressed by Rule 2 is as follows:
Patients X: if there are some symptoms such as dizziness, fever
pitch, and dyspnea, the patient may be suffering from panic
disorder.
Rule 3. Patient(?x) ∧ Panic Disorder(?y) ∧ Has symptom(?x,
a sense of fear) ∧ Has symptom(?x, sense incontrle) ∧ Has
symptom(?x, depersonalization)→Has Panic(?x, ?y).
The semantic content expressed by Rule 3 is as follows:
Patients X: if there are some symptoms such as a sense of fear,
sense in control, and depersonalization, the patient may be
suffering from panic disorder.
Through the extension of SWRL, this paper defines the
rough ontology description language RSWRL, and it can
better express the uncertainty of knowledge in psychological
consultation. It extends the rules by combining with the
knowledge of psychological counseling to realize the reasoning of knowledge, and it perfects the content of the knowledge
base of ontology.

6. Conclusion
This paper introduces the theory of rough set and gives the
semantic interpretation of RSWRL on the basis of rough
ontology. Then it extends and defines RSWRL; finally it
describes a psychological counseling case by using RSWRL.
Because OWL DL is not able to fully express some complex
rules, through the extension of SWRL, the rules of reasoning
that are used in the psychological counseling cases are put
forward. The result shows that RSWRL can well express
the imprecise knowledge, and the new ontology has more
abundant semantic relation between the rough concepts for
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the inference of knowledge, and the content of ontology
knowledge base is improved. In the following research, we
will focus on the study of retrieval method based on rough
ontology and establish the corresponding inference rules
according to the demand. It can not only improve the rate of
utilization of ontology knowledge, but also enhance the recall
and precision when the research results will be applied for the
retrieval of information.
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Smart grid adopts wildly various sensors for lots of applications to sense work environment, monitor production process and realize
the automation control, and so forth. However, due to the wireless and open communication, the electromagnetic phenomena in
the communication and the electric network of the sensor network usually produce the mutual interference. Meanwhile, electrical
equipment and sensors are usually in high pressure electromagnetic environment. Therefore, it is very necessary and important
to ensure the reliability and stability in smart grid applications. And the sensing and communication device must be after equal
parameter simulation environment under strict evaluation and verification can be put to use in actual production operation system.
In this paper, we analyze the application of wireless sensor network in smart grid and propose the test method of the interaction
between WSN and smart grid.

1. Introduction
Smart grid adopts wildly various sensors for lots of applications to sense work environment, monitor production
process and realize the automation control, and so forth, such
as to comprehensively sense (monitor) the specific objects,
and collects the useful data and controls devices [1, 2].
Sensor networks can be applied to many aspects: the remote
meter information acquisition, line fault location, and line
tower and power equipment real-time monitoring and early
warning, effectively monitoring the running state of power
system, improving the efficiency of power system. Therefore,
the wireless sensor networks become a useful supplement to
the production, transmission, distribution, and consumption
link power. Sensor networks can obtain the running state
of power grid and parameter information and provide more
comprehensive and complete operation data of power grid for
power grid operation and management, which is beneficial
to the decision system control implementation scheme and
plans to deal with has become an effective component of
smart grid.

Figure 1 describes the network architecture of sensor
network in the whole production process of the smart
grid. Usually, the terminal equipment, such as sensors and
intelligent device, plays an important role for information
acquisition and collection, data fusion processing, and transmission function of the smart grid [1, 3]. In view of the
smart distribution link, sensor network is mainly used in
sensor networks system in various applications, such as the
intelligent home appliances, intelligent home system [2, 4],
wireless security system, user electric energy data acquisition
system, the main hardware equipment including intelligent
terminal interaction, intelligent interactive set-top boxes, and
smart socket.
However, due to the wireless and open communication,
the electromagnetic phenomena in the communication and
the electric network of the sensor network usually produce
the mutual interference. Moreover, the electrical equipment
and sensors are usually in high pressure electromagnetic
environment [5, 6]. It is very important to ensure the
reliability and stability in smart grid applications. Therefore,
sensing and communication device must be after equal
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Figure 1: The architecture of sensor network for production process in smart grid.

parameter simulation environment under strict evaluation
and verification can be put to use in actual production
operation system.
For the effect research of wireless sensor network in smart
grid [7], we need build assessment verification environment
and simulate different levels electromagnetic parameters
of the power distribution, transmission, and other grid
operations. And then, we can start the effect test. The
test content includes the interaction of the sensor network
and network transmission equipment, distribution network,
and the mutual influence of electric equipment, and the
sensor network and electrical equipment influence each other
[6–9].
The test is mainly through electromagnetic compatibility
test method of transmission line in distribution network to
analyze whether there are electrical characteristics of sensor
network and through the electromagnetic compatibility of
the test method of sensor networks to confirm whether
there are electrical equipment network characteristics of

comparative analysis [10]. Therefore, we mainly focus on
the network characteristics, electrical characteristics, and
electromagnetic compatibility.
The rest of this paper is organized as follows. In Section 2,
we introduce applications of various links in the smart grid,
such as power generation, transmission, power generation,
distribution, and power. In Section 3, we introduce the effect
of sensor network in smart grid, and then, in Section 4, we
give the conclusion.

2. Applications in Smart Grid
Sensors network supports terminals or systems in smart grid,
which can keep two-way information exchange, monitoring,
control, and maintenance in real time. Customers will interact extensively with the network, both in providing power
consumption data and even in feeding back domestically
produced energy into the grid. Metering will no longer
be electromechanical, but rather digital, which will enable
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real-time pricing and net metering [1–3]. Adopting sensor
network, smart grid improves the intelligent abilities in sensing, inspection, communication, IT, energy and new material technology, and so on. The basic and key technology in
the smart grid is the advanced micro-sensor networks and
communication technology [1, 2].
2.1. WSN in the Power Generation. In the power generation,
sensors are mainly used to sense the power generation devices
or environment. Generators are key equipment in the power
plants; thus it is very important to ensure their safety and
stability [7, 11]. Normally, we monitor states of generators by
sensors, such as the various sensors, balance sensors, smoke
sensors, and magnetic field strength sensors. According to
the data from sensors, we can know the detailed state of the
generators and environment and then do the fault diagnosis,
early warning, optimal scheduling, and so forth.
2.2. WSN in the Power Transmission. The transmission line is
responsible for delivering the power resources to substations,
user-side, and so forth; it is necessary to monitor and protect
the transmission line. Because accidents occurred such as
the coal mining, construction, and other external damage,
the transmission line faces a significant threat to the safe
operation of the grid [2, 5]. Moreover, there are large numbers
of power towers in more broad scope, and relying on the daily
inspection of the transmission line patrol officers, it is difficult
to achieve timely and accurate discovery of fault occurring
[8, 11].
For the tower, we usually deploy the front-end monitoring devices using high-precision dual-axis tilt sensor and
microelectronic control technology design. The dual-axis tilt
sensor on the tower in the smooth lines and the crossline direction of the inclination of real-time measurement
through the program by a microprocessor instruction set.
Inclination data of the dual-axis tilt sensors is used to monitor
the use of transparent transmission mode and communicate
with server through the RS232 serial interface with a microprocessor as shown in Figure 2.
2.3. WSN in the Power Substation. Substation automation
is a critical role in power systems. As key building blocks
of smart grid, smart substations combine the power grid
management with the communication management [12, 13].
In smart substations, we deploy types of sensing devices
to sense the objects and monitor the devices, such as SF6 ,
temperature, and humidity, as shown in Figure 3.
2.4. WSN in the Power Distribution. In the power distribution, most supply companies mostly adopt the scheduling
acquisition and supervisory control (SCADA) systems to
manage the distribution system. Nowadays, they start the
new support system based on IEC 61968/61970/61850. In
order to collect the information real-timely and accurately,
we need deploy many sensors to detect or sense the objects in
distribution system, such as the current and voltage sensing,
fiber optic temperature sensing, and power grid interface
detection.

3
2.5. WSN in the Power Consumption. WSNs are widely
utilized in user-side application and support many new
functions, such as the smart home, electric vehicle (EV),
Advanced Metering Infrastructure (AMI), and power grid
emergency management (as shown in Figure 4). In order to
achieve convenient management, smart grid starts to adopt
the three-dimensional visualization display for the full range
of detection. Data visualization is a graphical representation
of data in a format that allows a qualitative understanding of
the information provided as shown in Figure 4 [12, 14].
Moreover, WSNs also are utilized for smart grid emergency information management which is an important application for the grid environment monitoring, grid operation
states real-time sensing and multidimension visualization,
and integrated services as shown in Figure 5. According to
the above requirements, we deploy the technology of WSN in
the applications on power grid online monitoring, intelligent
supervisory control, inspection, and other aspects. In [15],
the authors present a testbed based on ZigBee for centralized
monitoring server operated to collect periodically all data of
the electricity consumption and generation and to control the
amount of electricity consumption and charge; the testbed
provides valuable insights into design decisions of a smart
grid using wireless sensor networks.

3. Test Process and Effect Analysis in
Smart Grid
3.1. Test Process and Effect Analysis in Transmission Equipment
on Sensor Network. In the transmission line, the corona,
electrical discharge, electric flashover, arc, and so forth usually cause the radio interference wave. However, the probability of flashover and arc is very little, which are mainly
instantaneous and local, and can be neglected in general
[16]. A transmission line under reasonable design and construction will not produce sparks discharge. Therefore, the
source of radio interference in the transmission line is mainly
generated by the corona wire and the insulator strings, and
corona is interference of the main ingredients.
To test the transmission line environment, it is necessary
to establish a typical distribution environment for evaluation
of the complete set of distribution and intelligent power
environments composed of smart meters, smart appliances,
intelligent interactive terminal, the use of electric information
acquisition system, and a variety of sensor terminal and
communication devices. Based on the simulation of typical distribution network, we can test system stability, system security, technical feasibility, system performance, and
electrical performance parameters for multisensors terminal, multicollection module, gateway, multicommunication,
multibusyness, and so forth.
As shown in Figure 5, the distribution power network
composed of the artificial mains network (AMN) [17], power
cables, the base unit, the switch control module, the noise
generating device, and so forth and the device (0-N) are
EUT (equipment under test); K is the control module of
switch; a denotes attenuator/noise signal from noise generator/wireless sensor network module/collection/PLC terminal
and so forth. Through the smart grid distribution/electric
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test network, we can simulate the real aircraft equipped
with grid structure. In accordance with the actual measured
distribution network or test network configuration utility
grid topology and line conditions, the access test results of
the test network can provide true and accurate reference for
the sensor network.
To test the effect of sensor network in transmission
equipment, we design a test system based on the high-speed
data processing capability of DSP (Digital Signal Processing).
First, we utilize the three-phase AC voltage acquisition
module and the amount of current high-speed acquisition
to adjust the voltage and current levels down to a reasonable
range and then converter chip into the DSP (TMS320F2812)
processor by the A/D for high-speed operation processing.
Core algorithm uses the classic FFT algorithm, after a
series of quick speed, high-precision computing and data
processing operations coming to the following values: threephase voltage and current valid value; three-phase fundamental voltage and current valid value; three-phase fundamental
active power, reactive power, and power factor; voltage and
current harmonics 2 to 64 and harmonic distortion. The
detection principle block diagram is shown as Figure 6.
Usually, we just only consider the magnetic field of
space line for the accurate calculation of the magnetic field.
According to the superposition principle [18], three phase
currents 𝐼𝐴, 𝐼𝐵 , and 𝐼𝐶 phase wires in the horizontal and

vertical components of the magnetic flux density at 𝑃 are as
follows:
6

𝐵𝑃𝑥 = ∑𝐵𝑖𝑥 =
𝑖=1
6

𝐵𝑃𝑦 = ∑𝐵𝑖𝑦 =
𝑖=1

𝜇0 𝐼 𝑦𝑖 − 𝑦
∑ 2 cos 𝜑𝑖 ,
2𝜋
𝑟𝑖
𝜇0 𝐼 𝑥𝑖 − 𝑥
∑ 2 sin 𝜑𝑖 ,
2𝜋
𝑟𝑖

(1)

2 + 𝐵2 ,
𝐵𝑃 = √𝐵𝑃𝑥
𝑃𝑦
2

2

𝑟𝑖 = √(𝑥𝑖 − 𝑥) + (𝑦𝑖 − 𝑦) ,
where 𝑥𝑖 , 𝑦𝑖 are horizontal and vertical coordinates; 𝑥, 𝑦
are horizontal and vertical coordinates of 𝑃; 𝑟𝑖 denotes the
distance from 𝑃 to the line.
The test process is as follows:
(a) Deploy 27 test points, and the measuring instrument
is EFA-200 electromagnetic analyzer.
(b) According to (1), we can get Tables 1 and 2, which
show the part of test results for current electromagnetic status and analogy. And parameters of
electromagnetic field strength are 0.146 kV/m (𝐸max ),
2.81 T (𝐵max ), which are in the range of limitation (𝐸:
4 kV/m, 𝐵: 0.1 mT).
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Figure 5: The distribution power simulation architecture in smart grid.

We adopt the same electric field and the magnetic field
to test as shown in Figures 7 and 8. They almost have the
substantial variation. The vertical component of all there
was a low point; the horizontal component is reduced after
the first increase, and the highest point occurs around 8 m.
Theoretical calculations and actual measurements are similar.
However, they are not the same; it is due to the current value
of the high-voltage transmission lines with electricity load
changes. Therefore, the magnetic flux density is measured
with a series of changes in electricity load instability value,

and the calculation and testing are not exact. This also shows
that the trend of either 10 kV or 35 kV magnetic induction
intensity map is the same but of slightly different value.
The synthetic magnetic flux density is determined by the
horizontal and vertical components.
3.2. Effect of Substation Equipment on Sensor Network.
The influence of sensor network in the power distribution
network includes two parts: the electromagnetic radiation
interference and the corona radiation interference. The
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Figure 7: The measured electric field strength.

Figure 8: The measured magnetic field strength.

electromagnetic radiation is a form of electromagnetic wave
through the space of energy flow and is limited to nonionizing
radiation. The electromagnetic radiation (mainly 50/60 Hz
low frequency, which is different from the high frequency
electromagnetic wave) in the power system mainly indicates
the high-voltage power equipment in the substation. There
is a certain potential difference between the electric power
equipment and the earth, which forms a strong power
frequency (50 Hz) electromagnetic field.
To build the distribution network simulation environment, we should simulate variable part of electromagnetic
interference generated by the above-mentioned phenomena.
And, in the test architecture, we tested the following objects:

various sensors, electromagnetic interference of the wireless
communications device, the bit error rate testing, error
change of the frame rate, assessing CRC convolutional codes,
FEC of the effectiveness of the error control before, ARQ
automatic retransmission, and so forth in such interference
checking mechanism to assess the sensor network equipment
and power distribution equipment, electromagnetic compatibility, and security control device.
In the distribution network substation segment, due
to the different specific application scenarios, the specific
sensor networks deployed position is not the same as in the
distribution network transmission link, and we usually adopt
the multihop chain topology; and in the distribution network

8

Journal of Electrical and Computer Engineering
···

···

···

..
.

..
.

..
.

⋱

..
.

..
.

···

···

Figure 9: The simulation environment of sensor network.

Table 1: Electromagnetic radiation measurements environmental
status.
Point
Y1
Y4
Y5
Y7
Y9
Y10
Y12
Y13
Y14
Y15
Y22
Y27

𝐸/(kV⋅m−1 )
0.002
0.043
0.106
0.113
0.110
0.118
0.16
0.125
0.102
0.06
0.02
0.008

𝐵/mT
4.35 × 10−5
1.27 × 10−4
2.32 × 10−4
3.08 × 10−4
2.97 × 10−4
4.0 × 10−4
2.19 × 10−3
8.74 × 10−4
2.28 × 10−4
1.67 × 10−4
1.36 × 10−4
1.18 × 10−4

Remark
Near school
Near wall
Near high-tension line
Near high-tension line
Near road
Near road
Near road
Near road
Near road
Near road
Near cross
In school

Table 2: Electromagnetic radiation measurements analogy.
Point
1.1
1.2
1.4
1.5
1.9
1.10
1.19
1.21

𝐸/(kV⋅m−1 )
0.114
0.105
0.013
0.002
0.003
0.004
0.003
0.002

𝐵/mT
2.26 × 10−4
1.86 × 10−4
1.04 × 10−4
8.21 × 10−5
9.13 × 10−5
1.03 × 10−4
2.27 × 10−4
9.35 × 10−5

Remark
Near high-tension line
Near high-tension line

Ground
1.0 m height

substation session, we generally employ the complex mesh
topology. However, to build a distribution network simulation scenario for the application of the network environment,
we should have some flexibility to achieve variability based on
changes in topology scenarios, adaptability. Also, the scene
switches are required to be quick and easy for a uniform
standard network simulation environment and to adapt to

different application scenarios [19, 20]. The project intends
to build a sensor network simulation environment shown in
Figure 9.
In Figure 9, there are 225 sensors (composition lattice of
15 × 15). These nodes are unified addressing node and supplied with battery or DC power. If we test the network connectivity, functional or performance, we adopt the DC power
supply; otherwise, if we test the network node energy consumption and endurance testing, we adopt the battery power
supply. And we can test whether a node is in the system by the
controlled route via a wired or wireless manner. Unattended
node does not affect other nodes in testing. And Figure 10
shows the deployment of sensors in real environment.
Usually, the corona radiation mainly includes the following two aspects. (1) Because the high-voltage electrical
equipment potential gradient is relatively large, it will produce corona of the surrounding air discharge. Therefore, it
will produce corona, especially in the early stage of the new
power distribution station. After a period of time, the trend
becomes weakened and stable. The form of discharge is a few
10 kHz of impulse electromagnetic noise, the frequency range
of the frequency harmonic is not wide, and the frequency is
lower than that of the GB8702-88 (electromagnetic radiation
protection regulations). (2) Normally, the operation of the
power distribution station produced the electromagnetic
radiation interference cause of corona. Distribution station
may produce electromagnetic radiated noise (radio interference). The spectrum can be as high as a few 100 MHz, but this
kind of discharge is not the main reason for interference.
To research the effect of sensor network in power distribution [21], we test the environmental frequency electromagnetic field in 35 kV and 10 kV power stations. The research
range includes the range from the station to 100 m, the wall
of power station, and the sensitive targets near residents. The
height measured is at 1.5 m, and we test the frequency electric
field intensity, frequency magnetic strength, and the weather
conditions are without rain, fog, or snow.
Tables 3 and 4 show that the test frequency electromagnetic field results of indoor type in the power distribution
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Table 3: The test result in 35 kV power station (frequency electromagnetic field in outdoor type).
Outdoor type (overhead line)
Measuring position

Electric field strength/kV⋅m−1

Magnetic strength/mT

1

East side

2.75 × 10−2

8.68 × 10−5

2
3
4

South side
West side
North side

7.53 × 10−1
9.04 × 10−1
1.33

1.86 × 10−3
6.42 × 10−4
5.70 × 10−4

5

Sensitive point

9.04 × 10−1

6.72 × 10−4

Point

Table 4: The test result in 35 kV power station (frequency electromagnetic field in indoor type).

Point

Measuring position

Indoor type (cable entry)
Electric field strength/kV⋅m−1

Magnetic strength/mT

1
2

East side
South side

<1.00 × 10
2.08 × 10−3

2.45 × 10−5
2.75 × 10−5

3
4

West side
North side

2.67 × 10−3
3.22 × 10−3

1.04 × 10−4
2.42 × 10−5

5

Sensitive point

3.42 × 10−3

2.04 × 10−5

station (technology) are lower than the outdoor type. By the
test frequency electromagnetic field results in 35 kV and 10 kV
power station, the electric field range in 35 kV power station is
about 1.27 × 10−2 ∼−1.33 kV/m; the induction intensity range
is about 2.78 × 10−5 ∼1.86 × 10−3 mT; indoor-type electric field
strength is about 1.00 × 10−3 ∼3.22 × 10−3 kV/m; the magnetic
strength range is about 2.42 × 10−5 ∼9.89 × 10−4 mT. In the
10 kV power station, the outdoor electromagnetic strength is
1.31 × 10−3 ∼0.576 kV/m; magnetic strength range is 6.45 ×
10−5 ∼3.32 × 10−4 mT; indoor electric field strength is 1.00 ×
10−3 ∼0.0125 kV/m; the magnetic strength is 1.57 × 10−5 ∼9.34
× 10−4 mT.
The internal circuit breakers, disconnectors, and other
primary devices in the substation will generate the arc, when
we do the switching operation or switch fault current, due
to the presence of inductive load. When the switch contact
is broken, the resulting arc extinguishing or renewed would
cause a plurality of frequency components attenuated oscillations, which can be sent to the surrounding space through
the connection between the bus and device transient electromagnetic radiation to form the electromagnetic field
radiation. Also, the equipment operating interference is
mainly caused by the gap breakdown SF6 and vacuum gap
breakdown radiation signal generated [22] as shown in Figure 11.
3.3. Construction of Network Simulation Environment for
the Use of Electricity. In the simulation environment, the
intelligent electrical verification environment should contain
fiber composite low voltage cable, power line carrier, micro
power wireless, wireless public network, and so forth. And,
the environment also can provide the safe, stable, and
reliable operation of the information transmission channel
and technologies.

−3

Meanwhile, we can test the different performance indicators of different communication technologies and also
evaluate the complex network communication system with
multiple communication modes to support a basis selection
for the typical communication solution which can meet
various business needs. When the arrival of smart meter,
collector of electromagnetic waves generated by the sensor
network, which will produce instantaneous due to the need
to consider the influence of sensor network of the equipment.
Therefore, it is necessary to build the micro power wireless
network as shown in Figure 12.
Sensor networks usually produce electromagnetic radiation generated by electrostatic discharge (ESD) and electrical
fast transient (EFT) in the smart home, which could cause
different harm for other equipment. Electrostatic discharge
is about 5∼200 MHz frequency range, which can generate
a strong radio frequency radiation. And the electrical fast
transient burst can also produce very strong radiation; the
induced voltage in electronic devices around can reach
several hundred volts, which is far more than the voltage
allowable value of the general electronic equipment. Smart
home, smart socket, and other equipment often encounter
unexpected voltage transients and surges, which causes the
device semiconductor device (including diodes, transistors,
thyristors, and integrated circuits) to be burned or to break
down. According to statistics, about 75% of electronic equipment fails due to the transients and surges caused.
The concentrator and PLC module (or RS485 module)
can exchange data with the intelligent meter. We usually
adopt the narrowband power line carrier technology to
collect the data from the concentrator and the intelligent
meter as shown in Figure 13.
When the electromagnetic waves generated by wireless
sensor networks reach the smart meter, collector, it will
generate the transient induced current and induced voltage,
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(a) Petersen coil outlet cable connector

(b) Switchgear outlet cable connector

Figure 10: Sensors deployed in the real environment.
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Figure 11: SF6 spectrum gap breakdown.

which impacts the performance parameters of electrical
equipment. We analyze it from two aspects.
3.4. The Effects Induced Current. Usually, the meter can
withstand the equivalent about 20 𝐼max induced current
(deviation: +0%–10%), and the time is normally less than
0.5 s. When the induced current passes through the meter in
a preset period of time, the collected information should not
be changed to work correctly, and the deviation should not
exceed the amount of change in the relevant provisions of the
standard meter. The electromagnetic radiation from wireless
sensor network node generally performs as a short period
of several bursts, high pulse repetition frequency, and rise
time. The pulse waveform is short; however the energy of a
single pulse is small, which usually does not cause equipment
failure, but causes the situation that equipment malfunctions
often are visible. Therefore, it requires those smart meters,
collectors, and other switches in the test of time to work
correctly.
3.5. Effects Induced Voltage. Because the transient induced
voltage will cause the meter and collector voltage drop and
the current voltage accidentally fell more than 10%–15%, thus
it affected the normal operation of the meter and caused
the malfunction of smart meters and missing collection
information. Specified operating ranges of smart meters and

collector typically are 0.9 Un–1.1 Un, where Un represents the
normal operating voltage meter. Response induced voltage
generated by sensor network effective test to ensure that
smart meters crash or information changes does not occur.

4. Conclusion
Smart grid adopts wildly various sensors to support lots of
applications in all aspects, such as sensing work environment,
monitoring production process, and realizing the automation
control. However, due to the wireless and open communication, the electromagnetic phenomena in the communication
and the electric network, the sensor network usually produces
the mutual interference. Meanwhile, types of electrical equipment usually employ high pressure electromagnetic environment. In this paper, we introduce the application in smart
grid and analyze the mutual influence between smart grid
and sensor network. Therefore, sensing and communication
device must be after equal parameter simulation environment
under strict evaluation and verification can be put to use in
actual production operation system. In this paper, we analyze
the application of wireless sensor network in smart grid and
propose the test method of the interaction between WSN and
smart grid. With the development of application in smart
grid, we will establish a more universal applicability testbed
to increase the sensor test range in the future.
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Rotational symmetry is important for many applications in computer graphics, vision, and image processing. However, it remains
difficult to design an effective algorithm for automatic symmetry recognition. In this paper, we present a rotational symmetry
detection algorithm, which is easy to use and can determine both the center and the radius of the rotational symmetry supporting
region without human interaction. Our algorithm is derived from frieze-expansions approach and improved through a radiusbased expansion idea. Multiresolution pyramid is used to accelerate this detection process. We also discuss a solution to deal with
rotational symmetry detection under slight affine transformation. Experimental results show that the method is effective for most
nature images with rotational symmetry.

1. Introduction
Rotational symmetry is a pervasive phenomenon presenting
itself in all forms and scales in natural and man-made
environments. Although seeking symmetry from digital data
has been attempted over the decades, a fully automated
symmetry recognition system remains a challenge for real
world applications. However, the recent interest in computational symmetry for computer vision and computer graphics
applications has provided promising results.
Given an image, the general process of rotational symmetry detection can be stated as follows: evaluating rotational symmetry features for each pixel, selecting rotational
symmetry centers from all candidates, and estimating local
supporting regions. The major challenges are in evaluation,
how to evaluate rotational symmetry likelihood of a pixel,
and in estimation, how to develop an effective procedure to
estimate the rotational symmetry supporting regions. Both
the evaluating and estimating parts are essential for the
success of symmetry detection: the accuracy of detection will
depend primarily on the decision of center and supporting
regions, while the efficiency of the evaluating procedure will
directly determine the computational cost of the algorithm.

In this paper, we present an accurate algorithm that
can detect a wide variety of images with rotational symmetry. The basic idea behind our algorithm is to convert
the rotational symmetric image into expanded translational
symmetric form through polar transformation, which will
simplify the detection process. We first describe how the
algorithm works in a single resolution, and then we extend it
using a multiresolution pyramid to obtain improvements in
efficiency. The proposed algorithm has a great ability to reflect
the rotational symmetry feature in high-level semantics. Its
effectiveness is verified by the experimental results.
The main contribution of this paper is an effective
rotational symmetry detection method which has the following benefits. First, rotational symmetry can be more easily
detected via radius-based expansion, rather than diameterbased expansion. It is more suitable for rotational symmetric
detection of real images. Second, our algorithm serves better
quality and faster computation speed than those previous
techniques, especially for slight affine transformation cases.
This allows us to apply our algorithm in areas where rotational symmetry detection has traditionally been considered
too expensive.

2
The rest of this paper is organized as follows. We give a
brief overview of previous work in Section 2. In Section 3,
we describe the rotational symmetry detection algorithm in
detail. We show experimental results and discuss our method
in Section 4 and conclude the paper in the last section.

2. Related Works
2.1. Translational Symmetry Detection. Translational symmetry detection is crucial to rotational symmetry detection.
This is because rotational symmetry can be transformed
into translational symmetry when the center and radius of a
rotational symmetry are given.
There has been substantial research on translational
symmetry detection. Cai and Baciu introduced a bottom-up
detection-inference approach which extends the versatility of
current detection methods to a higher level segmentation [1].
They also demonstrated a framework of a new theoretical
analysis of invariant repetitive patterns. But this approach
has less coverage in previous literature on pattern detection
and classification. Loy and Eklundh presented a method that
could find symmetric constellations of features in images [2].
The method simultaneously considers symmetries over all
locations, scales, and orientations and has proved to be reliable in detecting both bilaterally and rotationally symmetric
figures in complex backgrounds. Michaelsen et al. employed
Gestalt algebra as a tool for symmetry structure recognition
[3]. But this method can only handle mirror-symmetry
without any geometric distortion. Park et al. proposed a
robust computational framework for automatic detection of
deformed 2D wallpaper patterns [4]. They formulated the 2D
lattice detection as a spatial, multitarget tracking problem,
solved within a Markov Random Field framework using
Mean-Shift Belief Propagation (MSBP) method.
2.2. Rotational Symmetry Detection. Recent studies have
presented results on rotational symmetry detection. Prasad et
al. built a symmetry saliency map named gradient vector flow
and detected both reflectional and rotational symmetry [5, 6].
Lucchese introduced an interpretation of the ambiguities
that arise in a locus in the form of additional pairs of
orthogonal lines when applied to symmetric patterns and
the development of other algorithmic steps which allow a
simple and fast discrimination between cyclic and dihedral
symmetries [7].
Object Symmetry Transform (OST) was used for bilateral symmetry in Di Gesù’s method which was rotationinvariant and provided interesting results. But the method is
computationally expensive on conventional computers due
to the computation of line intersection and distances [8].
Riklin-Raviv et al. proposed a method on perspective reflectional and rotational symmetry extraction and segmentation
[9]. Cho and Lee expanded and merged confident local
symmetric region matches by exploiting both photometric
similarity and geometric consistency via new symmetrygrowing framework [10]. Chertok and Keller presented a
spectral approach for detecting and analyzing rotational and
reflectional symmetries in 𝑛-dimensions [11]. His contribution is the derivation of a symmetry detection and analysis
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scheme for sets of points. When there are more symmetries
in one image, detection becomes much difficult. Kondra et al.
proposed a global region-based method to deal with multiple
rotational symmetries cases [12].
Affine distortion introduces some additional challenges
when detecting rotational symmetry, and several researchers
have considered addressing this problem from the perspective of geometric shapes. Some work focuses on the symmetry
detection with perspective distortion [13, 14]. Yip [15] applied
a Hough transform-based algorithm to detect and analyze
rotational symmetry under affine projection. Cornelius and
Loy presented detecting planar rotational symmetry under
affine projection, which can deal with partial occlusion and
is able to detect multiple rotationally symmetric surfaces in
complex backgrounds [16]. A quantitative evaluation of the
difference between (SIFT) feature-based and region-based
symmetry detection methods can be found in [17]. Ni et al.
gave a systematic extension to the fast radial symmetry transform to make it invariant to bounded cases of perspective
projection [18]. Lee et al. proposed a frieze-expansion method
that transforms rotational symmetry group detection into a
simple translation symmetry detection problem [19]. Lee and
Liu used the bilateral reflection symmetry approach to curve
glide-reflection symmetry in 2-dimensional Euclidean space,
so that classic reflection symmetry becomes one of its six
special cases [20].
In the community of automatic symmetry detection, a
variety of methods have been reported on cleanly segmented
artificial shapes or images with dominant global symmetries.
And only very few have considered the influence of affine
distortion. In this paper we take the concept of feature
matching proposed by [19] and extend it to address a more
general planar rotational symmetry detecting problem. We
also solve for the projection angles which describe the angular
pose of the symmetric object, determine the rotational
symmetry order, and segment the symmetric region. The
proposed method has successfully demonstrated identifying
rotationally symmetric figures in real images in the presence
of partial occlusions and background clutter.
2.3. Evaluation of Symmetry Detection Algorithms. A quantitative evaluation scheme for rotation, reflection, and translation symmetry detection algorithms was proposed in a
technology report from Carnegie Mellon University. The
author verified and compared different symmetry detection
algorithms based on a set of carefully chosen synthetic and
real images containing both single and multiple symmetries,
which had a diverse range of computational challenges.
In the year of 2011 and 2013, 1st and 2nd symmetry
detection algorithm competitions were conducted as a
workshop affiliated with the Computer Vision and Pattern
Recognition Conference (2011: http://vision.cse.psu.edu/
research/symmComp/workshop/index.shtml) (2013: http://
vision.cse.psu.edu/research/symComp13/index.shtml). Organizers established a testbed for the evaluation of symmetry
detection algorithms, devised evaluation metrics, and
automated the evaluation process. They also tested the
process on nine algorithms and established a performance
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Figure 1: Flowchart of the proposed algorithm.

baseline that can be used as reference for future work on
symmetry detection.

3. Rotational Symmetry Detection
Our goal is to develop an algorithm that is able to extract
the rotational symmetry region by detecting the rotational
symmetry center and radius of local supporting regions. Our
proposed process is a radius-based frieze-expansion (RFE)
workflow, as described in Figure 1. We now describe the
proposed algorithm and show how to construct it for a given
image.
Given a natural image 𝐼𝑅 , Lee et al. [19, 20] proposed
a diameter-based frieze-expansion (DFE) detection method
for real images with rotational symmetry groups. The method
could detect all the properties of a skewed rotational symmetry group, such as the rotation center, affine deformation,
and the numbers of folds of the symmetry group. However,
the DFE is well-specialized for rotational symmetric image
detection only when the rotational symmetry is also reflection symmetry.
Inspired by the DFE rotational symmetry detection, we
consider employing frieze-expansion process in a radiusbased way, called radius-frieze-expansion (RFE), rather than
in the diameter-based one. For the DFE, each diameter
contains a pair of unconcerned radii of two rotational
symmetric cells with opposite angles, while, for the RFE,
we divide the diameter into two radii. Each radius only
represents an independent rotational symmetric cell. The
RFE is more suitable for real image’s rotational symmetric
detection, because each rotational symmetric cell can be
grouped with a subset of expanded consecutive radii.
This detection procedure is completely deterministic on
the radius of local supporting regions and also can be
applicable to slight affine transformations. So it is efficient
and amenable to further acceleration with multiresolution
pyramid.

3.1. Single Resolution Detection. The algorithm starts with an
input natural image 𝐼𝑅 and an initial radius 𝑙.
The resolution detection algorithm is based on the
assumption that if a region 𝑅1 is possessed of rotational
symmetry with a radius 𝑙1 and symmetry center 𝑂1 , then
the region 𝑅2 is also possessed of rotational symmetry with
a radius 𝑙2 and the same symmetry center 𝑂1 , and 𝑙2 is not
longer than 𝑙1 .
The initial radius should not be longer than the actual
radius of rotational symmetry regions, so we set the initial
radius 𝑙0 as 1/10 of the input image 𝐼𝑅 ’s short side. We force the
detection process pixel by pixel in a raster scan ordering, that
is, from top to bottom and from left to right. If the algorithm
fails with the radius 𝑙, the radius will update as half of the
original radius value. Figure 1 shows a graphical illustration
of the detection process.
3.1.1. Radius Frieze-Expansion. A key observation in our
work is that the rotational symmetry can be detected and
analyzed in polar space as a translation symmetry pattern.
Given a candidate rotation center (𝑥, 𝑦), a radius 𝑙, and a
polar angle-start 𝛼, we rotate each radius in a rotational
symmetric image 𝐼𝑅 and realign them consecutively from
left to right in parallel (Figures 1(b) and 1(c)), to form the
translation symmetries RFE 𝐼𝐸 on a frieze-expansion pattern.
An arbitrary pixel (𝑥 , 𝑦 ) in 𝐼𝑅 corresponds to a coordinate
(𝑚, 𝑛) in the 𝐼𝐸 , and the relationship is as follows:
arctan
2

𝑦 − 𝑦
𝑚
=
+ 𝛼,

𝑥 − 𝑥 2𝜋𝑙

(1)

2

(𝑦 − 𝑦) + (𝑥 − 𝑥) = 𝑛2 .
3.1.2. Rotation Center Detection. In [19], the detection of
potential rotation center of rotational symmetries combines a
set of rotational symmetry saliency maps. As in the diameter
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case, one-dimensional horizontal discrete Fourier transform
(DFT) is performed on each row of the RFE 𝐼𝐸 . The energy
density can then be defined as follows:
𝑆𝑥,𝑦 (𝑟, 𝑘) = 𝑃𝑥,𝑦 (𝑟, 𝑘) 𝑃𝑥,𝑦 (𝑟, 𝑘),

(2)

where 𝑃𝑥,𝑦 (𝑟, 𝑘) is the 𝑘th DFT coefficient for the 𝑟th row,
representing the complex value of each frequency component of the spatial domain information. We also define
Rotational Symmetry Strength (RSS) from DFT coefficients
(Figure 1(d)) of the RFE image at each pixel (𝑥, 𝑦):
𝑙

pri
mean (𝑆𝑥,𝑦,𝑟
(𝑗))

𝑟=1

sec (𝑖))
mean (𝑆𝑥,𝑦,𝑟

RSS (𝑥, 𝑦) = ∑𝜌𝑟

,
(3)

{1,
𝜌𝑟 = {
{0,

Figure 2: Rotation radius estimation. Given an identified center,
rotation radius can be estimated as the maximum value of all
extreme value points of radius.

if Modulus (𝑆𝑥,𝑦,𝑟 , min (𝑆𝑥,𝑦,𝑟 )) = 0,
otherwise,

where radius 𝑙 is the total number of rows of the radius frieze
pattern and 𝑆𝑥,𝑦,𝑟 (𝑘) represents the 𝑘th spectral density of
the 𝑟th row for RFE 𝐼𝐸 centered at (𝑥, 𝑦). We divide 𝑆𝑥,𝑦,𝑟 (𝑘)
pri
into two groups: 𝑆𝑥,𝑦,𝑟
(𝑘), whose value is above the mean of
𝑆𝑥,𝑦,𝑟 (𝑘), represents the primary density among the energy
sec
(𝑘) represents the secondary density. Higher
spectra; 𝑆𝑥,𝑦,𝑟
values of RSS mean stronger likelihood of rotational symmetry at that location (Figure 1(e)). In addition, a Symmetry
Shape Density (SSD) function is defined in terms of the phase
information of the RFE image, and a potential rotation center
map is built based on local feature matching.
3.1.3. Rotation Radius Estimation. To determine the rotation
radius 𝑙𝑟 at symmetry center (𝑥, 𝑦), RSS is computed for all
possible radii 𝑙(𝑖) at center (𝑥, 𝑦). Starting from initial radius
𝑙0 , the RSS(𝑥, 𝑦, 𝑙(𝑖) ) is recorded with increasing radius 𝑙(𝑖) ,
until the nearest border is reached. The rotation radius can be
estimated as the maximum value of corresponding 𝑙(𝑖) set that
enable RSS to obtain possible extreme values, as described in
Figure 2.
3.2. Symmetry Detection under Affine Transformations. Due
to the viewpoint change, the transformation interest for most
natural images is affine, as illustrated in Figure 3. Clearly, a
rotational region cannot directly be described with a circle.
Instead, the shape of the region has to be adaptive or covariant
with respect to affinities. That is, a rotational region under
affine transformations should be delineated with an ellipse.
The size of the regions is measured with both the short axes
and the long axes of the ellipse, which corresponds to the
radius of a circular region with the same area.
The RSS is also computed for all possible radii 𝑙(𝑖) on
the image under affine transformations. Starting from initial
radius 𝑙0 , the RSS(𝑥, 𝑦, 𝑙(𝑖) ) is recorded with increasing radius
𝑙(𝑖) , until the nearest border is reached. The long axes can
be estimated as the maximum of all extreme value points
of radius 𝑙(𝑖) , while the short axes are the radius with the
maximum of RSS.

Figure 3: Symmetry detection under affine transformations. The
long axes can be estimated as the maximum value of all extreme
value points of radius, while the short axes are the radius with the
maximum value of RSS.

3.3. Multiresolution Detection. The single resolution detection algorithm captures rotational symmetry by using suitable radius length. The detection process works on all pixels of
input image. However, image with higher resolution demands
more computation. This problem can be solved by using
a multiresolution image pyramid; computation cost will be
saved because we can represent large scale structures more
compactly by a few pixels in a certain lower resolution
pyramid level.
The multiresolution detection algorithm proceeds as
follows. A Gaussian pyramid 𝐺𝑅 is built from input image
𝐼𝑅 . The algorithm then transforms 𝐺𝑅 from low resolution
to high resolution, such that each high resolution level is
constructed from the detected low resolution level. Within
each output pyramid level 𝑖, the detection algorithm only
needs to process in a way similar to the single resolution
case where the symmetry center and radius are close to the
low resolution results. The only modification is that for the
multiresolution case, the detection process finds the extreme
value point of the mapping pixels in higher resolution from
the symmetry center in low resolution. When this process
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(3)

(1)

(2)

Figure 4: Multiresolution detection. (1) A full evaluating search only occurs over the lowest resolution image; (2) detected center with
neighbors will be searched at higher resolution; (3) result after final search at the original image.

𝐺𝑅 ← BuildPyramid(𝐼𝑅 )
𝑃Candidate (ini, 𝐺𝑅 (ini)) ← 𝐺𝑅 (0)
Foreach level 𝑖 from lower to higher resolution
Loop through all pixels of 𝑃Candidate (ini, 𝐺𝑅 (ini))
𝑃Best (𝑖) ← FindMaxRss(𝑃Candidate (𝑖, 𝐺𝑅 (𝑖)))
𝑃Candidate (𝑖 + 1, 𝐺𝑅 (𝑖 + 1)) ← 𝑃Best (𝑖)
𝐶 ← 𝑃Candidate (𝐿, 𝐺𝑅 (𝐿))
𝑟 ← Max(RSS(𝐶, 𝑟𝑖 ))
return(𝐶, 𝑟)
Algorithm 1: (𝐶, 𝑟) ← RotationDetection(𝐼𝑅 ).

stops at the highest resolution, the candidate symmetry center
and radius can be selected as the final result.
An example of a multiresolution neighborhood is shown
in Figure 4.
3.4. Summary of Algorithm. We summarize the algorithm in
Algorithm 1.

4. Experimental Result
We implemented the proposed approach by using MATLAB
on a PC with 2.53 GHz Intel core i5 CPU and 4 GB RAM. We
experimented with our algorithm on a variety of images with
rotational symmetry, such as flowers, plants, tyres, dome, and
still objects. Some representative results are shown in Figures
5–8. These examples come from symmetry competition sets
(http://vision.cse.psu.edu/research/symComp13/index.shtml),
which contain 96 real images with rotational symmetry
under natural lighting conditions. The average runtime on a
2.53 GHz Intel core i5 CPU with 4 GB RAM is 1 minute. Some
images with complex background take longer than 5 min

due to the large number of repetitive detection processes for
rotational center.
Figure 5 demonstrates some results of images with
aligned rotational symmetry; note that the center and supporting region were marked with a white cross and blue circle,
respectively. Our algorithm performs consistently well on
these images. Flowers, dome, well cover, tyres, and tape can
be detected with accurate centers and supporting regions.
Figure 6 shows results of images under affine transformations, where the supporting regions were marked with
two concentric circles. In fact, we can employ an ellipse
to describe this weak perspective case caused by affine
transformation as shown in Figure 3. The results demonstrate
that our method is applicable to images with slight skewing. It
is a great improvement compared to previous method. Note
that the bottle caps top and the second dome are marked with
two concentric circles. Actually, there is something wrong
with the bottle caps center detection; this is because obvious
affine transformations always bring bad skewness.
Figure 7 exhibits the results of images with multiple
rotational symmetry. When there are more symmetries in one
image, the detection risk becomes a little difficult. The crucial
point lies in how many extreme value points are extracted
from the raster scanning process. A general way is to set an
effective value as threshold. In this paper, We obtain a good
result with default mean value.
Because our method is derived from Lee et al.’s algorithm
[19], for single rotation center images, our method’s performance is equal or superior to current mainstream algorithms
[5, 11, 15]. However, for images with multiple rotational
symmetries, Kondra et al.’s algorithm outperformed ours in
terms of precision [12].
The accuracy of our algorithm relies on the ability of
center detection. One limitation of our algorithm is that
it fails to find a correct center of rotation and supporting
region when the symmetry object cannot be skewed into
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Figure 5: Results of images with aligned rotational symmetry.

a plane. Our method also fails to detect symmetry with
structural texture background (Figure 8(a)). Moreover, our
method may not be able to handle image with incomplete
rotational symmetry (Figure 8(b)). In certain types of images,
the detection area is laid out in a manner that less important
symmetric objects in background mislead the rotational
detection process (Figure 8(c)).

5. Conclusion
In this study, we present an automatic algorithm for rotational symmetry detection. Our method successfully extracts
the rotational symmetry region by detecting the rotational
symmetry center and radius of local supporting regions.
To detect rotation symmetry in a transformed space, we
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Figure 6: Results of images under affine transformations.

Figure 7: Results of images with multiple rotational symmetry.

(a)

(b)

Figure 8: Fail cases.

(c)

8
adopt a radius-based expansion idea on the frieze-expansion
process. We also introduce multiresolution image pyramid
to accelerate the rotation symmetry center detection process.
In addition, we test our method on a variety of images
from symmetry competition sets to verify the strength and
weakness. Our approach shares some of the same limitations
as frieze-expansion approaches: it does not work well on
the rotational symmetry with strong viewing perspective.
Potential directions for future research include detecting
objects with partial rotation symmetry and making the
algorithm robust in skew transformations.
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