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Abstract-Customer satisfaction is essential in every service. In video stream service over wireless and mobile network, customer 
satisfaction is determined by objective Quality of Service (QoS) that derived from network, application and mobile device 
parameters. Some of these parameters can be adjusted i.e. video resolution, audio rate, and bandwidth while the others are not 
fully controllable i.e. network throughput, delay, and packet lost probability. However, the customer satisfaction in this service is 
not only determined by QoS. There is subjective Quality of user Experience (QoE). It defines customer perceived quality over the 
service. It is influence by intrinsic factors (customer experience, customer expectation, and customer interest) and extrinsic factors 
(saliency awareness, frame loss distribution, and frame loss to frame rate awareness). This journal will discuss a holistic view of the 
quality of video stream service over wireless and mobile network in order to elaborate intermingled interrelation of QoS 
parameters, nonlinearity of QoE factors and their contribution to enhance customer satisfaction. The contribution of this journal is 
to propose a methodology in developing schemes that model the QoS and QoE. 

Keywords - wireless and mobile network, video streaming, quality of experience modelling 

 

I. INTRODUCTION 

Advancement of video processing technologies, 
heterogeneous wireless and mobile networks, and mobile 
device capabilities have encouraged the emergence of many 
new and creative mobile multimedia service. One of the 
services is video stream service over wireless and mobile 
network. The service is varied into video call, video 
teleconference, IP television (IPTV), and mobile Video on 
Demand (mobile-VoD). Essentially, the service is 
comprised by three service components. There are video 
that will be streamed over the network, wireless and mobile 
network infrastructure, and mobile device. The video can be 
captured video from mobile device in video call service or 
video file that resides in video server for mobile-VoD 
service. The video can be streamed over heterogeneous 
network e.g. Wi-Fi, WiMAX, UMTS, and HSDPA. Service 
customer may receive the video using various types of 
mobile device e.g. notebook, Personal Digital Assistant 
(PDA), and mobile phone. 

Quality of these service components is essential 
consideration. It influences how well the video that 
streamed over the network (streamed video) is received by 
mobile device. It is known as objective Quality of Service 
(QoS). QoS is determined by objective parameters that 
derived from the service components. There are video 
application parameters (video rate, audio rate, frame rate, 
and coding mechanism), network parameters (bandwidth, 
delay, jitter, packet loss and Channel Quality Indicator 
(CQI)), and mobile device capabilities (display brightness, 
deep of color, display size, processing speed, and memory 
capacity). 

QoS is an aspect that contributes to influence customer 
satisfaction of the service. However, it is not the only 
aspect. There is second aspect called subjective Quality of 

user Experience (QoE). It can be defined by how well the 
service quality is perceived by the customer. It is 
determined by subjective factors that can be categorized into 
intrinsic factors (i.e. customer experience, customer 
expectation, and customer interest) and extrinsic factor (i.e. 
saliency to specific area in video) [1]. 

QoS and QoE aspects arise with some issues in 
determining customer satisfaction. QoS has intermingled 
interrelation among its objective parameters. The 
interrelation brings various influences to quality of streamed 
video. QoE with its subjective factors involves nonlinearity 
that influences how the service quality is perceived. These 
issues are mainly related to quality of streamed video as the 
most influencing service component [2] [3] [4].  

This journal is motivated to simplify these issues 
regarding the essential of customer satisfaction in the 
service. This journal proposes methodology to model QoS 
and QoE in video stream service over wireless and mobile 
network. The methodology generates two schemes, namely 
basic scheme and advanced scheme. The basic scheme 
examines influence of objective parameters in determining 
QoS while the advanced scheme studies influence of 
subjective factors to QoE. 

The journal is organized in five sections including this 
first introduction section. Section 2 describes background of 
the problem regarding issue in QoS and QoE. The proposed 
methodology is detailed in Section 3. The detail also 
explains some preliminary experiment in relation to 
proposed methodology. Result of the proposed methodology 
is discussed in Section 4. Finally, summary for the journal is 
provided in Section 5. 
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II. BACKGROUND OF THE PROBLEM 

In video stream service over wireless and mobile 
network, customer satisfaction is influenced by objective 
Quality of Service (QoS) and subjective Quality of user 
Experience (QoE). This section discusses these two aspects 
as background of the problem.  

A. Intermingled Interrelation of Objective Parameters 

Refer to Chen [5] and Huang [6], QoS can be classified 
into two levels. The first level is called as application-level 
QoS. It is comprised by some objective parameters e.g. 
delay, delay variation (jitter), packet error and packet loss 
ratio, and throughput. The second level is called connection-
level QoS that is related to connectivity and continuity of 
the network. It is involves two objective parameters i.e. new 
call blocking probability and handoff dropping probability. 

Other researchers, Agboma [7] and Khan [8], classify 
the QoS parameters into Application-level QoS (QoSA) and 
Network-level QoS (QoSN).QoSA consists of video coding 
and compression parameters such as video rate, audio rate, 
frame rate, and coding mechanism [9] [10] [11]. QoSN is 
comprised by network parameters such as bandwidth, delay, 
jitter, packet loss and Channel Quality Indicator (CQI) [12]. 
This journal uses this second kind of classification and 
includes mobile device capabilities (display brightness, deep 
of color, display size, processing speed, and memory 
capacity) to consider third service component, the mobile 
device.  

The QoS parameters involves with intermingled 
interrelation [7] [9] [13] [14]. For instance, QoSA 
parameters such as configuration of video rate and audio 
rate depend on video content [5]. Based on recommendation 
in [15], news video content requires higher audio rate 
configuration than requirement of video rate. It is due to 
characteristic of news video content that concerns on 
information delivery. Different from news video content, 
action movie content is characterized by high video and 
audio quality that supported by high configuration of video 
and audio rate. 

The video rate, audio rate, and frame rate also has 
intermingled interrelation toward quality of streamed video. 
In general, regardless its video content, video rate and audio 
rate determine video and audio clarity. The frame rate 
determines smoothness of the streamed video. High 
configuration of these parameters results to high quality of 
streamed video. However, it absolutely increases size of 
video file which will be affected by the following mentioned 
intermingled interrelation. 

The next intermingled interrelation may be seen from 
relation between coding mechanism as one of QoSA 
parameters and bandwidth as one of QoSN parameters. In 
case of mobile-VoD service, video file is splitted into some 
of video packets before it is streamed to the mobile device. 
The video packet is encoded by coding mechanism to 
prevent influence of channel distortion in the network. The 
coding mechanism increases size of the video packet. 
Consequently, this condition also increases bandwidth 
requirement to stream the video packet. Due to classical 
constraint of bandwidth scarcity, there is a tradeoff between 

this requirement of bandwidth and optimization of coding 
mechanism. The consideration is how to keep video packet 
from influence of channel distortion while it still optimizes 
bandwidth utilization. 

The bandwidth also has intermingled interrelation by 
indirectly influences other QoSN parameters e.g. delay, 
jitter, and packet loss. Large bandwidth probably results on 
low transmission delay, minimum jitter, and low packet loss 
probability. In consequences, the delay prolongs time for 
streaming process while the jitter results on jerky video. The 
jitter itself introduces disorganized video packet that leads 
to packet loss. As a result, it causes occurrence of 
blockiness, image artifacts, and color error in the streamed 
video. Moreover, it may also result in misaligned of video 
and audio part of the streamed video. 

Some researchers also have found intermingled 
interrelation of QoSN and QOSA parameters regarding 
quality of streamed video. Research by Agboma [7] has 
found that QoSA parameters affect overall quality of 
streamed video while QoSN parameters only affect limited 
area of the streamed video. For instance, the frame rate 
(QoSA parameter) influences overall smoothness of 
streamed video while packet loss (QoSN parameter) only 
influences limited area of video frame and video timeline. In 
different research by Frank and Incera [9], QoSN 
parameters have dominant influence than QoSA parameters. 
For example, customer may prefer video with low resolution 
(QoSA parameter) than jerky video that is caused by jitter 
(QoSN parameter). 

B. Nonlinearity of Subjective Factors 

Continued to the second aspect, influence of subjective 
factor regarding its nonlinearity is discussed. Unlike 
objective parameters that determine quantitative influence to 
quality of streamed video, these subjective factors determine 
qualitative part of how well the streamed video is perceived 
by the customer.  

Subjective factor is categorized into intrinsic factors and 
extrinsic factor. Customer experience is the first example of 
intrinsic factor. Customer has different experience with 
video quality [2]. In sequential mobile-VoD video sighting, 
previous quality of streamed video influences current and 
next streamed video experience. Once the customer has 
viewed good quality of streamed video, the customer is hard 
to please with lower video quality in current and next 
streamed video experience. 

The second example of intrinsic factor is called 
customer expectation. In customer mind, there is 
expectation how the streamed video should be played. This 
factor varies among the customer. It is personal standard in 
perceiving video quality. If quality of streamed video meets 
customer expectation, then they will be satisfied. Otherwise, 
if the quality is below their expectation, they will be 
dissatisfied. 

The third example of intrinsic factor is namely customer 
interest. This intrinsic factor can be observed by comparing 
two kind of customer that has different interest over a video 
content. Action movie fans prefers video with high detail 
and smooth scene changes, while customer that eager to 
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update latest information from news video content prefers 
clear audio that video quality [7]. These intrinsic factors 
bring nonlinearity in how well the streamed video is 
perceived by the customer. 

Second category of subjective factor, extrinsic factor, 
also arises with nonlinearity in quality of streamed video. 
Saliency awareness is one of the examples. Saliency in 
streamed video is region of streamed video frame that 
catches more customer attention [16]. The region can be 
focused spot or moving object in the streamed video frame. 
It can be center of the field (focused spot) in the football 
match video or moving boat in the boat race video. Saliency 
awareness relates to quality of this saliency in streamed 
video. When the region is influenced by some distortion, it 
degrades level of customer perception even if the other 
region is distortion-free. 

III. QOS AND QOE MODELLING IN VIDEO 
STREAM SERVICE 

Due to intermingled interrelation in objective parameters 
and nonlinearity in subjective factors, this journal is 
motivated to simplify this issue. The journal proposed 
methodology to model these two aspects, QoS and QoE, in 
order to elucidate influence of objective parameters and 
subjective factors to quality of streamed video. Fig. 1 
depicts entire proses of the modelling. 

The methodology is begun with selecting three video 
contents that has its own specific characteristics. In this 
design, the three contents are news video, sports video, and 
music clip. These three video contents are configured by 
some QoSA parameters. There are audio rate, video rate, 
and frame rate. The audio rate is varied into 32 kbps, 24 
kbps, and 16 kbps while the video rate is varied into 512 
kbps, 384 kbps, 256 kbps, and 128 kbps. The video frame 
rate is also varied into 25 fps, 15 fps, and 5 fps. The 
variations of QoSA parameters are aimed to describe 
interrelation between these QoSA parameters and video 
content characteristic. Equation (1) shows these parameters 
configuration in form of function. QoSApar 1, 2, 3 ...n, are 
key parameter of QoS at application level. 

 
  (1) 

 
To consider mobile device capability, especially on 

video display size, the video contents is also varied by size. 
This design uses three kind of video size i.e. 4CIF (704x576 
pixels), CIF (352x288 pixels), and QCIF (176x144 pixels). 
Equation (2) shows these device configurations in form of 
function. In total, there will be 324 video file as a video test 
material.  
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Figure 1.  Methodology framework 

 
 (2) 

 
In the second step, the video test material is streamed 

over network. This designed methodology uses NS-2 as the 
network simulator. To simulate the streaming process, this 
streaming is conducted based on video stream simulation 
Evalvid by [17] and combined with improved video stream 
simulation tools MYEvalvid_RTP [18]. The improved tools 
is purposed to consider audio part in quality of the video 
stream. Fig. 3 illustrates framework of MYEvalvid_RTP. 

This design uses EURANE [19] as streaming network 
infrastructure. EURANE is HSDPA network infrastructure 
that may implemented in NS2 network simulator. In general, 
the QoSN parameters may be design in form of function as 
represented in Equation (3).  

 
  (3) 

 
Due to existence of QoSN parameter that can be 

controlled (bandwidth) and cannot be controlled (delay, 
delay variation, and packet loss), this design use one 
parameter to determine the network quality. It is called as 
Channel Quality Indicator (CQI). CQI value describes 
strength of transmitted signal that perceived by the mobile 
device. This design uses CQI that experiments by Brouwer et 
al. in [20]. Based on conducted initial experiment result as 
shown in Fig. 4, this design uses three value of CQI i.e. 6, 
11, 18.  
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Figure 2.  MYEvalvid_RTP framework 

 
Figure 3.  Preliminary result of CQI experiment  

The following Fig. 5 depicts topography of utilized 
EURANE. 
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Figure 4.  EURANE network topography 

IV. RESULT AND DISCUSSION 

After conducting the video streaming simulation, this 
methodology will have two video files, original video and 
streamed video. In order to measure the video stream service 
quality, the streamed video needs to be measured by 
objective Video Quality Measurement (VQM). At the first 
step, video and audio part should be extracted in order to 
measure the video and audio file separately. It will be 
measured by two quality measurement methods i.e. Peak 
Signal to Noise Ratio (PSNR) [21] for video quality and 
Perceptual Evaluation Audio Quality (PEAQ) [22] [23] [24] 
for audio quality. The following Table 1 and Table 2 present 
quality interpretation of these two quality measurement 
results. 

 
 

TABLE I.  PSNR VALUE DESCRIPTION 

PSNR Value Description 
PSNR > 33 dB Excellent Quality 

33 dB > PSNR > 30 dB Fair Quality 
PSNR < 30 dB Poor Quality 

TABLE II.  PEAQ VALUE DESCRIPTION 

PEAQ Value Description 
0.00 Perceptible 
-1.00 Perceptible, but not annoying 
-2.00 Slightly annoying 
-3.00 Annoying 
-4.00 Very annoying 

Result from these two quality measurements will be 
filtered in order to obtain streamed video with acceptable 
QoS. For PSNR, this design only selects video with 
quality above “30 dB” and for PEAQ, this design select 
audio quality above “-2”. At this point, the methodology 
has produced the first deliverable that shows QoS 
parameters interrelation towards streamed video quality. 
The following Table 3 presents Look-Up Table (LUT) 
design for this first deliverable.  

QoE in video stream service may be defined as how well 
the service perceived by the customer. It is influenced by 
subjective factors. Due to its subjective and qualitative 
characteristic, QoE is measured by subjective Video Quality 
Assessment (VQA). The filtered video from objective video 
quality measurement is assessed based on two assessment 
scale, namely, binary response and Mean Opinion Score 
(MOS) scale. The binary response is purposed to detect 
acceptance limit towards the streamed video quality. The 
binary response decides the acceptance of video quality by 
scoring “1” and the non-acceptance by scoring “0”. MOS is 
used to measure qualitative value of the video in quantitative 
score. MOS interpretation is represented in the Table 4. 
Result from this subjective VQA is filtered in order to obtain 
streamed video with acceptable QoE value. The following 
Table 5 presents Look-Up Table (LUT) design for this 
second deliverable. 

V. SUMMARY  

This journal is purposed to simplify interrelation between 
QoS parameters towards objective Quality of Service (QoS) 
and QoE factors towards subjective Quality of user 
Experience (QoE) in form of Look-Up Table (LUT) 
modelling. Due to completeness of the methodology, the 
modelling is contributed to accommodate scientific study of 
quality of video stream service. It is also contributes to 
support stakeholders efforts in order to manage quality of 
video stream service. This journal has provided research 
methodology that generates two modelling schemes, basic 
QoS scheme and advanced QoS scheme. It has summarized 
entire process and any related aspects that contribute to 
generate the modelling schemes.  
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TABLE III.  FIRST LUT DELIVERABLE 

Video Size: 704x576 pixels 

QoSN QoSA 
Video  

Configurations Video  
Content CQI AR VR FR 

PSNR PEAQ 

1 25   

2 15   

3 

512 

10   

4 25   

5 15   

6 

384 

10   

7 25   

8 15   

9 

256 

10   

10 25   

11 15   

12 

32 

128 

10   

13 25   

14 15   

15 

512 

10   

16 25   

17 15   

18 

News 6 

24 

384 

10   

TABLE IV.  MOS SCALE INTERPRETATION 

Rank Description 
5 Excellent 
4 Very Good 
3 Good 
2 Fair 
1 Poor 

TABLE V.  SECOND LUT DELIVERABLE 

Video Size: 704x576 pixels 

QoSN QoSA 
Video  

Configurations Video  
Content CQI AR VR FR 

Binary Response MOS 

1 25   

2 15   

3 

512 

10   

4 25   

5 15   

6 

384 

10   

7 25   

8 15   

9 

256 

10   

10 25   

11 15   

12 

32 

128 

10   

13 25   

14 15   

15 

512 

10   

16 25   

17 15   

18 

News 6 

24 

384 

10   
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Abstract— Artificial immune system (AIS) research is to address the security problem caused by the immunodeficiency.  This 
study is focused on the biological immune system that provides the biological immunity to fight with the diseases and other 
virus. Research in system protection is important as biological immune system is not good at because of problems like 
immunodeficiency, hypersensitivity  and  autoimmunity.  Analysis  of  immune protection  principle  helps   in  the   
development   of  intelligent system  that  is  highly  efficient  and  robust. Computation Intelligence  aspects of the system 
design based on the properties of the  Immune  systems helps  in the  development  of algorithms and technique  that  are 
biologically inspired and function  better. Application   of  AIS  in  Power   System  and   Security   is  being studied. 
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I.  INTRODUCTION 
 
 Forecasting   is  a  major  operation   task  of  many  
industrial projects  like  power  engineering,  Energy  
Systems.  There  are many artificial intelligence based 
models that are available to forecast   the  payload  and  
simulate   the  future  process  and execution of plant. 
Especially in Smart Grid Infrastructure it is highly 
required  to have optimal  forecast  to reduce  the waste 
and conserve the energy and reduce the wastage of 
energy or electricity  in  power  grids.  This kind of 
framework aids in ensuring the appropriate amount of 
energy delivered to the customer and specific devices for 
power production. Implementation    of   this   kind   of   
decision   support   model improves the power 
distribution, network performance   and device failure in 
advance. Demand and Supply is based on many factors 
like time & frequency of delivery, payload and 
environmental conditions. So it is very important to 
develop a relationship and forecast map in terms of 
above mentioned factors that could trigger the changes 
in the power delivery. Classical methods like Mutual 
Information, Expectation Maximization and Bayesian 
Algorithms helps in predicting the future payload, 
disturbance and node failure. 
 Artificial Intelligence technique are primarily in use 
for forecasting  the  load,  power  distribution  pattern  is  
based  on many factors and AI based model do help in 
optimizing the electrical energy payload graph. 
 Non  Linear  variables  and  associate  functions  are  
calibrated and analyzed based on Artificial Intelligence 
techniques. Technique  primarily  looks  for temperature  
and weather variables, payload growth and changes are 
attributed to the weighting   factors   to  calculate   the   
functional   relationship between payload and nonlinear 
variables. 

 
 The more recent approaches for load forecasting 
are based on Artificial Intelligent (AI), Machine 
Learning and Neural Networks technique. Realizing that 
the electrical energy load pattern is heavily dependent 
on the non-linear variables such as temperature, 
environment factors and weather, therefore the main   
task   in   the   AI   technique   is   to   find   a   
functional relationship between the nonlinear variables 
associated with electrical components and the system 
load [3]. The future load is predicted by inserting the 
predicted array of variable information into the 
predetermined functional relationship matrix. One of the 
AI techniques that are commonly used for performing   
load   forecasting   task   is  the   Artificial   Neural 
Network  (ANN)  along  with  Fuzzy  Maps.  ANN  is  a 
computational tool inspired by the network of neurons 
in biological  nervous  system;  neurons  are  the  unit  
for information. It is a network consisting of arrays of 
artificial neurons  linked  together  with different  
weights  of connection and  dendrites   with  synapse   
and  axons.  The  states  of  the neurons as well as the 
weights of connections among them are dependent  
upon the activation state and the threshold that can be 
supported by the neuron and evolves according to 
certain learning  rules  like  supervised  learning  or  
unsupervised learning [3]. In other word, neural 
networks are dynamic intelligent modeling tools that are 
in use to find the relationship between input and output 
or to f ind patterns in large database or gives the 
decision model for real time events and changes in the 
dynamics of the system. ANN has been applied in 
statistical   model development, adaptive control system, 
pattern recognition in data mining, and uncertainty in 
decision based system and support models and its 
application in Medical, Engineering and Robotics, 
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etc[4]. Autoimmune system is able to learn to perform a 
pattern recognition task by automatically  changing  the  
values  of  its  weights  and optimized results by 
adjusting the parameters and its values to reach the 
optimal level of performance  and robustness.  In the 
past few decades, different types of learning algorithms 
for the ANN have been developed by many researchers 
and more to come. For instance, Hebbian learning and 
competitive learning and  Self  Organizing  Map  (SOM)  
were  developed  for unsupervised learning, while Least 
Mean Squares (LMS) and Back Propagation (BP) of 
error algorithms were developed for supervised learning 
[5]. Artificial Immune System (AIS) has emerged in the 
1990s as a new branch in Artificial Intelligence and 
since then AIS has been used in various applications  
such as  intelligence   system,  pattern  recognition,   
fault  detection, social network and consumer behavior 
and user characteristics on internet, computer security 
and optimization  [6]. The basic fundamental   principle   
of   the   AIS   is   inspired   from   the vertebrae  
immune  system.  The  natural  immune  system  is a 
very interesting  subject from the computational  
standpoint  as it is parallel,  distributed,  diverse,  self-
organizing  with ability for recognition, self learning 
and memory management capabilities and decision 
making [7]. 
 
A.  Science of Immune Systems 
 
 Based on pathological details, immune diseases are 
listed below.  This  research  is  focus  on  finding  the  
cause  of  this disease  and  proposing   a  solution   in  
systems   that  can  be developed based on AIS and 
don’t have below disease models.  
 
(1) Immunodeficiency: is a condition in which 
immune system is not able to fight against infectious 
disease. Primary immunodeficiency   disorders  are  
hereditary,  autosomal recessive or X-linked. There are 
immunodeficiency  syndromes that are grouped for 
example lymphocytes or granulocytes. 
 
(2) Hypersensitivity: is a immune response that   
damages tissues. Type I hypersensitivity is an 
anaphylactic reaction associated  with allergy.  Type II 
hypersensitivity  is a binding of antibodies with 
antigens on subjects cells and marking them for   
destruction.   Type   III   hypersensitivity    is   because   
of immune complexes ( IgM antibodies, IgG, 
aggregation of antigens,  and complement  protein).  
Type IV hypersensitivity are in autoimmune and 
infectious diseases. 
 
(3) Autoimmunity: It’s a Long-term inflammation,   
physical and chemical factors can activate T and B cells 
that respond to self-antigens  to produce  immune  

response  towards  self- tissues. During this course 
antibody killing self cells and hypersensitive 
lymphocytes will appear in symptoms. 
Immunodeficiency, Hypersensitivity and  Autoimmunity   
are three   immune   diseases,   immunodeficiency   has   
no killing effect on biological system, while 
autoimmunity and hypersensitivity  will exert killing 
effect on biological  system, and is called immune 
injury or allergic reaction to the tissues. According to 
the difference in immune mechanism, immune injury 
can be classified into various types of immune allergic 
reactions, such as 
 
• Type 1 immune allergic reaction is also called 
anaphylaxis. Since it takes place with high speed 
 
• Type 2 immune allergic reaction is a kind of 
immediate hypersensitivity. 
 
• Type 3 immune allergic reaction is also called cell 
toxin antibody reaction. It is related with the 
combination   of  antibody   with  antigen   on  the 
surface  of  target  cells.  The  antigens  can  be  the cell   
membrane   and   outer   antigens   or   semi- antigens  
on the surface  of the cells. This type of allergic   
reaction   will  lead  to  cell  injury  with different 
mechanisms. 
 
• Type 4 immune allergic reaction is also called 
immune complex mediated hypersensitivity. Immune 
complex is generated with the combination of antigen  
with antibody,  these immune complex will immediately 
cleared off by phagocyte cells. Yet, if the immune 
complex deposits on the blood vessel and leads to sever 
vessel inflammation, immune diseases will arise. The 
antigens will lead to immune complex mediated 
hypersensitivity vary in type and property. 
 
• Type 5 immune allergic reaction is also called 
lagging hypersensitivity; it is related with allergy 
causing T cells. 
 
• In Type 6 immune allergic reaction, phagocyte cells 
are usually the basic effecting immune cells. In cell   
mediated   cell   toxin   reactions, allergy causing T cells 
have killing effect and will exert killing effect on the 
target cells. 
 
B.  Influence of Immune Pathology on AIS 
 
 Artificial immune system introduces the superior 
properties of  biological   immune   system  into  the  
study  of  intelligent system,  but  the  disease-causing  
mechanism  of  immune pathology  has been transmitted  
into artificial  immune  system too. With the 
development of attacking techniques, the security 
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problems from immune pathology have been more and 
more sever. Taking artificial immune security system as 
an example, we analyze the security problems  and 
system flaws connected with  immune   pathology   in  
artificial   immune   system.   The security problems 
from immune pathology can be classified as the  
following:   (1)  Security  threats  from  
immunodeficiency This kind of threats can be found in 
the following cases: if the attack properties in detector 
string are innately incomplete or mistaken under attack, 
the detectors generated by negative selection algorithm 
will suffer defense deficiency and will fail to identify 
certain attacks and insecure operations. Then the security 
system will probably develop “immune tolerance” to 
certain attacks, and security “vacuum phenomenon”  
will arise. (2) Security  threats from hypersensitivity  
These security problems are similar with type I immune 
allergic reaction in immune system, if the threshold value 
of negative selection algorithm  is inappropriate  , many 
detectors  with self antibody and killing effect will be 
released into security system. These improper detectors 
will produce abnormally frequent attack responses and 
the system resources will be harmfully taken up to react 
to these false attacks. A typical attack method of 
hypersensitivity  is DoS (denial  of service)  attack.  
Because  of the complexity in user behavior and 
operation, if the detector analyzes valid user activity with 
different operating mode or network packets with 
different protocols, the detectors will probably  produce  
frequent  intrusion  responses.  If  the suspicious valid 
activities exceed certain amount, the security system  
will  deny  the  access  of  these  operations  and  even 
destroy  software   and  hardware   devices.  (3)Security   
threats from  autoimmunity  This  kind  of security  
problems  are complex,  there are many different  
reasons  for these problems and the symptom of these 
security problems vary greatly. The essential part in 
security system is the negative selection algorithm, and 
the self-matching unit in the algorithm is also essential in 
detector selecting. If self properties are incomplete in 
the self library, many detectors with self antibody will be 
released  for duplicating.  These  abnormal  detectors  
have mistaken  matching  mechanisms   with  normal  
activities  and valid  operation.  They will accept  attack  
or invalid  operation, while identify valid operating as 
dangerous ones. Just like self- destroying  in biological  
immune  system,  the  security  system will  deny normal  
operation  and  even  take  killing  actions  on system 
software and hardware [17-20]. To solve the above 
security problems and system flaws, we can introduce 
other artificial intelligent methods into AIS, such as 
evolutionary algorithms.  With the intelligent optimizing 
method in evolutionary   algorithms, we can improve the 
selection of detectors and avoid the problem of 
immunodeficiency and autoimmunity.    In   the   
meantime, biological treatment of immune pathology can 

also be an approach to avoid similar security   problems   
and   system   flaws   in  artificial   immune system.   For  
example,   medicine   interfering   is  an  effective 
method in immune treatment; similarly, in artificial 
immune system, we can also adjust the system 
operating and parameter selecting  to  improve  the  
efficiency  and  preciseness   of  the system. 
 

II.  ADAPTIVE IMMUNE LEARNING MODEL 
 
A.  Tri-tier Immune Model of Artificial Immune System 
 
 The adaptive immune tier is the second tier of the  
tri-tier immune  model for the artificial immune system,  
and the first tier is the innate immune tier and the third 
tier is the parallel immune  tier [25-27].  The innate 
immune tier is comprised of two modules.  The first 
module is used to detect the selfs and the non-selfs in 
the system that the artificial immune system protects.  
The second module is used to recognize the features of 
known non-selfs and classify the types of the known 
worms. The adaptive immune tier is comprised of two 
modules.  The first one is used to learn features and 
types of the unknown worms with the knowledge about 
all the known worms. The second is used to eliminate 
the non-selfs that were detected. 
 
B.  Model for Learning Unknown Worms 
 
 The model for learning unknown worms is 
comprised of the feature space of known worms, the 
algorithm for reading the features  of  non-selfs,  the  
algorithm  for  searching  the  most similar non-self, the 
unknown worm that is being recognized, and  the  
result  set  of  learning.  Model  for  learning  unknown 
worms Algorithm  for reading features of non-selfs  
Algorithm for searching the most similar non-self 
Unknown worm that is being recognized.  For the 
unknown worm, dimension features among its features 
are measured, and the known features are represented 
but the other features are unknown. 
 In the process for learning the unknown worm, the 
non-self is classified into the type of the most similar 
known worm to the unknown one, according to the 
feature vector of the unknown worm. The types of 
known worms are known and the amount of the known 
worms is limited. However, the unknown worm cannot 
be classified into any type of known worms, and a new 
type must be created for the unknown one at that time. 
With creation  of new type repeated,  the types  of 
unknown  worms may be unlimited but numerable. The 
dimension coordinate of the feature space for the worms 
is represented with, small balls are used to denote the 
non-selfs,  and the big circles represent the type of the 
worms. 
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III.  ROBUSTNESS DEFINITION OF ARTIFICIAL 

IMMUNE SYSTEM 
 
 Up to now, the uniform definition on robustness of 
the artificial immune system has not been given. In order 
to analyze the robustness of the artificial immune system 
based on the normal model, it is necessary to define 
the robustness of the artificial immune system as such.  
In general, when a system has a parameter uncertainty 
with a definite scope or is dynamic without modeling to 
a certain extent, if the system still maintains some 
properties unchanged and keeps definite dynamic traits, 
then the system have the ability, which is called as 
robustness. 
 
Definition 1 After the immune system is infected by 
foreign pathogen, the system can recuperate its health 
with its immune mechanism to keep it work in a 
normal pattern. Such trait of the system is called as 
robustness of the as non-selfs, the artificial immune 
system on the normal model can keep the self percent 
to 100%, the non-self percent to 0, some functions 
unchanged, and assure a definite dynamic immunity, by 
detecting selfs and non-selfs, recognizing the non-selfs 
and eliminating the non-selfs.  Such ability of the 
system is called as robustness of the artificial immune 
system. Immune computation of the artificial immune 
system has robustness, and such robustness is 
maintained through maximizing the self percent and 
minimizing the non-self percent. Because normal 
artificial immune system has only selfs and no non-
selfs, the goal of immune computation is to detect   
recognize   and eliminate  the  non-selfs,  and  repair  the  
selfs  infected  by the non-selfs. 
 
Definition   3 In the artificial immune system, the set of 
robustness  criterions  is the condition  set for 
maximizing  the self percent of the system and 
minimizing the non-self percent of the system. 
According to the above definitions, the theorem of 
robustness criterion for the artificial immune system is 
proposed to analyze the robustness of the system. 
 
Theorem 1 In mathematics, the criterion that the 
artificial immune system has robustness is the condition 
that the self percent for the system increases to 100% and 
the non-self percent decreases to 0. 
 
[Proof] According to the statistic trait, when the 
artificial immune systems at different time points have 
same compositions of selfs and non-selfs, their self 
percents, their non-self percents and some functions for 
the systems are all same. Therefore, though some 
disturbance are caused by the non-selfs on the self 
percent, the non-self percent and some functional 

parameters, at the time point the self percent, the non-
self percent and some functions of the artificial immune 
system S are same as the normal artificial immune 
system. At the time, the system maintains a definite trait 
of dynamic immunity, such as the dynamic traits of anti-
virus, fault diagnosis and fall-over. According to 
definition 1, during the process of immune computation 
from the initial time to the time point, the artificial 
immune system has robustness.  Thus, the problem for 
analyzing robustness of the artificial immune system can 
be extended into the problem for designing and 
maintaining robustness of the artificial immune system. 
The maximization of the selfs and the minimization of the 
non- selfs in the artificial immune system can be kept 
with the immune algorithms to make the artificial 
immune system robust. 
 
A.  Memory Cell Identification 
 
 The adaptive and evolutionary property of Genetic 
algorithms has been used to evolve the highly fit sister 
detectors activated when an anomaly has been 
encountered. The genetic operators – selection, cloning, 
crossover and mutation - have been used for this 
purpose. When an anomaly is encountered, the sister 
detectors activated as a result is called the set of 
“Activated Detectors”, which are candidates for memory 
cells. Then, the genetic operator  of selection is applied 
to determine  which of these detectors should be 
cloned. The cloning threshold is set by the following 
formula: 
 
Cloning Threshold = Sum of fitness of all the detectors 
/ Total number of detectors 
 
 Those activated detectors having a fitness value 
greater than or equal to the cloning threshold undergo   
the cloning. The number of clones to be generated for 
the candidate detectors is determined by the following 
formula: 
 
Number of Clones = Int{Fitness of detector*10 /Total 
Fitness}  
 
 Once  the process  of cloning  is complete,  the 
clones  and the remaining activated detectors together 
form the set of “Winner Detectors”. Subjecting these 
Winner Detectors to the genetic operators  of Mutation  
and Crossover  facilitates  the evolution of these 
detectors.  After a substantial  number  of generations, 
the detector with fitness value greater than all the 
Winner Detectors is treated as a “Memory Cell”. 
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IV.  METHODOLOGY 
 
 In this research, an intelligent decision support 
system is proposed. The architecture of the proposed 
decision support system comprises  four components  in 
this system:  two databases and two subsystems for 
planning. The historical database  record  previous  data 
and other related statistics  and the reserved database 
record the particular events that are reserved.     The    
planning     subsystem     is    the    intelligent 
mechanism.  In the research,  AIS is adopted.  Once the 
instructions  are received, the planning subsystem will 
get data from  the  historical   database   and  reserved   
databases   then perform   AIS   heuristic   algorithm   to  
plan   the  events   and evaluate the quality of the 
outcomes. When the given “stop” criterion  is satisfied,  
this  subsystem  will  output  the  planned output   and  
corresponding   evaluation   data  to  the  decision 
support subsystem. The decision support subsystem 
provides a adjustment  tool for the user. It will provide  
information  such as the  number  of  constraint  
violations  to assist  the  users  to modify the parameters 
of decision support system. Besides, through  this  
subsystem,  users  can  save  a  dataset  that  they accept 
at the historical event database or the changes that 
particular  event  exhibit  at  the  reserved  event  
database.  The core technology of this system is AIS, 
which is inspired by theoretical  immunology,  as  well  
as  observed  immune functions,   principles   and   
mechanisms   in   order   to   solve problems  in [2, 9]. 
The AIS makes use of designing a shape- space to 
represent the application domain, then defining an 
affinity  measuring   mechanism   to  evaluate  the  
interactions among these elements, and then using the 
immune algorithms to find the approximation  of its 
optimum  solution.  There are many immune algorithms 
in AIS, each of which is suitable for certain  domains.  
In this research,  we choose  the CLONALG and aiNet, 
which were proposed by de Castro, and they are suitable 
to perform tasks such as machine learning, pattern 
recognition, and optimization. 
 
The algorithm works as follows [4]: 
 
1. Generate a set of N candidate solutions randomly; 
2. Select n highest affinity solutions according to 
affinity measures function; 
3. Clone these n selected solutions, the number of copies 
is proportional to their affinities; 
4. Mutate these n selected solutions with a rate inversely 
proportional to their affinities; 
5. Re-select  m highest  affinity mutated  solutions  to 
compose the new repertoire; 
6. Replace some low affinity solutions by new ones; 
7. Determine the similarity between each pair of 
solutions; 

8. Eliminate all solutions whose affinity is less than a 
pre- specified threshold; 
9. Save the best solution which has highest affinity so 
far; 
10. Repeat step 2 to 9 until a given stopping criterion is 
met. 
 A normal model is built with the space-time 
properties of each component in the system to identify 
the normal state of the artificial immune system uniquely.  
With the normal model, the artificial immune system 
has many advantages in detecting the selfs and the non-
selfs, eliminating the unknown non-selfs, and repairing 
the damaged system. 
 
 
A.  Normal Model of System with Space-Time Properties 
 
 In the four-dimension space that Einstein used to 
describe his relativity theory, the state of everything is 
identified by the space-time coordinates uniquely [9]. 
Inspired by the mapping relation, every component  (B-
cell, T-cell, or antibody etc.) in biological  immune  
system  is assumed  to have  unique spacetime 
properties, which are sure useful for uniquely identifying 
the normal state of the biological immune system. The 
space property is the DNA pattern of the component  
and the  time  property  is  the  time  state  of  the  
component.  The capacity of bacterial DNA (CpG-DNA) 
for inducing APCs to differentiate into professional 
APCs is an interesting discovery [10].  The  DNA  
pattern  and  the  time  state  are  useful  for identifying 
the normal state of the immune system. Inspired by the  
biological  immune  system,  the  file-based  object  
system, which the artificial immune system protects, 
consists of some files and directories, and the space 
property (the absolute pathname) and time property (the 
last revision time) uniquely identify each component  in 
the system. Suppose a component of the object system 
S, which the artificial immune system protects,   is  
represented   as  ci,  the  space   property   of  the 
component   ci  is  its  absolute   pathname   pi,  and  
the  time property  of the component  ci is its last 
revision  time ti, thus the space property is a space 
coordinate and the time property is  a  time  coordinate.   
With  the  mapping  relation  from  the physical   space   
of   the   real   world   to  the   cyberspace   on 
computers,  the combined  vector  of the space 
coordinate  and the  time  coordinate  for  each  
component  is  unique,  and  the vector of space-time 
properties is used to represent the state of the 
component.  If and only if the states of all components 
of the system S are normal, the state of the system is 
normal [11]. 
 
Theorem 1 Suppose the time property is correct in the 
cyberspace, all files of the object system S are normal, 



AKASH K SINGH:  ARTIFICIAL IMMUNE SYSTEMS APPLICATION IN POWER GRID AND SECURITY  . . . 
 

DOI 10.5013/IJSSST.a.12.06.02                                                                                  ISSN: 1473-804x online, 1473-8031 print 12

the function N(.) represents  the normal function (if the 
parameter is  normal,  then  the  function  s(.)  represents  
the  state  of  the object that the parameter denotes and 
the return of the function is  1;  if  the  parameter  is  
abnormal,  then  the  return  of  the function  is  0),  
then  the  set  for  the  vectors  of  space-time properties 
for all the files {(pi, ti)|N(s(ci))=1, i=1, 2, …, n} 
uniquely  identifies  the  normal  state  s(S)  (N(s(S))=1)  
of  the system S [12]. With the normal model of the 
object system S, all the selfs become  known and the 
process for detecting  the selfs is much easier than that 
for detecting the non-selfs. 
 
 
B.  Unknown non-self Detection of AIS with Normal 
Model 
 
 For human beings, detection of an unknown object 
is not easy and sometimes causes cognitive errors, but if 
the selfs are known, discrimination of the unknown 
object from the selfs becomes easier. Due to known 
complexity of the non-selfs, the feature set of the non-
selfs is unlimited in theory and is not enough for the 
criterions for detecting unknown non-selfs. However, 
many non-self detecting techniques such as virus 
detecting, abnormity detecting and fault detecting are 
based on matching the features of the non-selfs, and the 
probability for detecting the non-self is q uite limited.  
In fact, any unknown non-selfs such as viruses and 
faults may cause fatal lost in the application system, so 
that many problems such as anti-virus security, fault 
diagnosis and robust control, push the non-self detecting 
techniques to improve thoughts & methods. The core 
problem is how to identify the normal object system 
uniquely in cyberspace, and in the real world the space-
time coordinates uniquely   identify   the   object   that  
may  be  a  system.   For designers  and users,  many 
computer  systems  are more knowable  and easier to 
control than the non-selfs,  so that the selfs for the 
computer system should be used to the utmost. In 
nature,  designers  should  know whether  the system  is 
normal or  abnormal,  and  the  advantage  of  the  
normal  model  is  to identify   the  normal   state   of  
the  object   system   with   the spacetime properties of 
the selfs. With the file-based object system protected by 
the AIS, the algorithm for building the normal model is 
designed. 
 
Step 1. Backup the system and initialize the set of selfs. 
Step 2. Read from the root of the system to find files. 
Step 3. If there is at least an unread file or d irectory in 
the current directory, then read the pathname and last 
revision time of the current file or directory; otherwise 
go to step 6. 
Step 4. Add the space-time properties of the file or 
directory into the set of selfs. 

Step 5. For sub-directory, build the normal model of 
the sub-system at the sub-directory recursively. 
Step 6. If all the files and directories of the system are 
processed, then end the algorithm; otherwise go to step 
3. 
 
 The time complexity of the algorithm for building 
the normal model  is O(n+m).  Here,  n represents  the 
sum of files in the normal system, and m represents 
the sum of directories in the normal system. With the 
normal model, the algorithm for detecting the selfs and 
the non-selfs is designed as such. 
 
Step 1. Read from the root of the system to find files. 
Step  2. If there  is at least an unread  file  or directory  
in the current  directory,  then  read  the  pathname  and  
last  revision time of the current file or directory; 
otherwise go to step 6. 
Step   3.  Query   in  the   self   database   with   the   
space-time properties of the file or directory. 
Step 4. If a record is matched,  then the file or 
directory  is a 
self;  otherwise  the  file  or  directory  is  a  non-self,  
and  the nonself is recognized by the algorithms for 
recognizing the nonselfs. 
Step 5. For sub-directory, detect each component of the 
sub- system at the sub-directory recursively. 
Step  6.  If  all  the  files  and  directories   of  the  
system  are processed, then end the algorithm; 
otherwise go to step 2. The time  complexity  of  the  
algorithm  for  building  the  normal model is 
O((k+l)(m+n)).  Here, k represents the sum of files in 
the current  system, and l represents  the sum of 
directories  in the current system. 
 
Theorem 2 On the condition that the time property is 
correct in the cyberspace, detecting the selfs and the non-
selfs with the normal   model   of   the   object   system,   
the   probability   for detecting  the selfs  is 1 and the 
probability  for detecting  the non-selfs  is  also  1 [12].  
The  time  property  depends  on  the timing mechanism 
of the operation systems, and should be the same  with  
the time  meaning  in the  real  world.  For  an anti- 
worm system,  the probability  for detecting  the non-
selfs,  the artificial  immune  system  is normal  before  
the  worms  attack the  system,   so  that  the  normal  
model  is  very  useful  for detecting all the non-selfs. 
Afterwards,  some worms infect the artificial   immune   
system   and  damage   the  storage   of  the normal  
model  afterwards.   The  normal  model  is  not  good 
enough to detect all the non-selfs and the artificial 
immune system begins to repair itself. After repairing, 
the artificial immune  system  starts  to  detect  all  the  
non-selfs  with  the normal   model  and  eliminate   all  
the  non-self   in  the  end. According  to the 
comparison  between the two approaches  for detecting  
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the  non-selfs,  the  normal  model  is very  necessary 
and  important  for  detecting  the  non-selfs,  even  
though the normal model is not enough for detecting  all  
the non-selfs when the artificial immune system itself is 
damaged. 
 

 
 

Fig 1. G Function (Cumulative Nearest Neighbor Distribution) 

 

 
 

Fig 2. K Function (Cumulative Density) 
 

 

 
 

Fig 3. Near Neighbors 

 

 
 

Fig 4. Three Dimension Autocorrelation  and Histogram 

 

 
 

Fig 5. Voronio Domain 
 

 
 

Fig 6.  Autocorrelation Histogram 
 

 

 
 

Fig 7. Voronio Domain Director Vector and Histogram 
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Abstract —In this paper, we present the performance analysis of multi-hop decode-and-forward (DF) cooperative communications 
under Rayleigh fading channel.  The source, multiple relays and destination nodes are equipped with single antenna transceiver 
while the transmission channels are assumed to be mutually independent. A time-division channel allocation scheme is occupied in 
order to realize orthogonal channelization, therefore no inter-relay interference is considered in the system model. The compact 
derivation form of the end-to-end signal to noise ratio (SNR) probability density function (pdf) is analyzed. We also derived the 
symbol error rate (SER) of M-ary phase shift keying (MPSK) and outage probability under slow flat Rayleigh fading. Moreover, 
the expression of spectral efficiency over multihop DF is derived. In this work, we study the probability of SNR gain of multi-hop 
DF system over the single-hop system. The numerical results show that decreasing the threshold SNR and increasing the number of 
hops (N) yields lower the outage probability of the system. It is obvious that the performance of the multi-hop system with the 
improvement of the average BER is proportional to the number of hop. Finally, probability of SNR gain can be achieved by 
increasing number of hops. 

Keywords – component, Decode-and-forward, cooperative communications, multi-hop, symbol error rate, outage probability, SNR gain 

 

I. INTRODUCTION  

Cooperative communications for wireless networks have 
gained much interest due to its ability to mitigate fading in 
wireless network through achieving spatial diversity. It is 
closely related with multiple-input multiple-output (MIMO) 
systems, which has been widely employed to achieve a 
diversity gain, provide higher quality of service, power 
savings, extended coverage area, and improve reliability in 
bit error rate (BER). However, in some scenarios the 
wireless terminals may not be able to support multiple 
transmit antenna due to the hardware limitations. For 
example, the user terminals can be too small for 
implementing an antenna array. So in this case, it is possible 
to enable single antenna mobile in a multi-user environment 
to share their antennas and generate a virtual multiple-
antenna transmitter that allows them to achieve transmit 
diversity. Cooperative communication protocols make use 
of the broadcast nature of wireless channel, where a number 
of relay nodes are assigned to help a source in forwarding its 
information to its destination, hence forming a virtual 
antenna array.  

II. LITERARURE REVIEW 

In [1]-[3], Laneman et al., proposed several different 
cooperative protocols for realizing  cooperative diversity, 
including amplify-and-forward (AF), decode-and-forward 
(DF), adaptive relaying protocol (ARP), etc. Many 
researchers focused on the channel capacity, diversity gain, 
and outage behavior in different scenarios. In [4] and [5], 
the symbol error rate (SER) performance for DF 

cooperation was analyzed under Rayleigh fading channel. In 
[6] and [7], the authors analyze the SER performance over 
Nakagami fading channels for both AF and DF protocols, 
respectively. However, they all considered the classical 
three node model. 

The design and performance analysis of multi-hop DF 
relaying with single-input single-output (SISO) in each hop 
has well studied [8-10]. In [10], an upper bound for error 
probability of the multi-hop system was investigated and it 
also introduced a concept of multi-hop diversity. Also in 
[11], the authors analyzed error probability performance for 
multi-hop DF relaying over Rayleigh fading channel under 
M-ary Quadrature Amplitude Modulation (M-QAM). 

In this paper, we present a performance analysis of 
multi-hop DF relaying system over Rayleigh fading 
channels. The main contribution of this work is the 
derivation of the compact form of pdf of the tightly 
approximated end-to-end SNR, which in then used to derive 
the closed form expressions for symbol error probability, bit 
error probability for MPSK. In addition, probability of SNR 
gain of the system is also considered. The approach 
employed in this paper offers a convenient and compact way 
to evaluate the system’s performance such as probability of 
SNR gain and outage probability. The benefit achieved by 
using multi-hop relaying communications instead of the 
single hop communications is further investigated via the 
probability of SNR gain, which is defined as an average 
ratio of the end-to-end SNR of the multi-hop system to the 
SNR of the direct transmission. 

The rest of this paper is organized as follows. In section 
III, the system model of cooperative communication with 
multi-hop DF is described. Then the system analysis 
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including pdf of end-to-end SNR, symbol error rate, outage 
probability, and probability of SNR gain under Rayleigh 
fading is analyzed in section IV. Section V presents the 
results and discussion. Finally, we summarize our conclusion 
in section VI. 

 

III. SYSTEM MODEL 

   We consider a wireless relay network consisting of one 
source, 1N  relays and one destination operating over 
Rayleigh fading channels. The source terminal 
( )S communicates with the destination ( )R via N relay nodes 
denoted as 1,..., NR R . Intermediate terminals always perform 
hard decisions on the received symbols before forwarding 
them to their respective successor node. We assume that 
every relay processes only the signals received from its 
preceding nodes, what allows for reducing the 
computational costs and hardware complexity at the receiver 
of each node. It is assumed that every channel between the 
nodes experiences slow, flat, Rayleigh fading. Due to 
Rayleigh fading, the channel power of each hop, denoted by 

2

jh  is independent and exponential random variable whose 

mean is j where jh  is the fading coefficient from the 

( 1)j   th node to the j  th node where 1,...,j N . The 
average transmits powers for the source and the relays are 
denoted by j with 1,...,j N , respectively. Let us define 

2

j j jh  as the instantaneous SNR for each hop. We 

further define the received SNR for the direct transmission 
as 2

0 0 0h  where 0 and 0h are the transmit power of the 

source in case of direct link and the fading coefficient of the 
channel between the source and the destination, 
respectively. It is assumed that the receivers at both the 
destination and relays have perfect channel state information 
(CSI).  Finally, the system model is shown in Figure 1. 

 

S

1
R

2
R

N
R

D



0x

1h

2h

1x

2x

Nh

Nx

0h

 
Figure 1.  System model of multi-hop DF communications under  

Rayleigh fading channel. 

IV. PERFORMANCE ANALYSIS 

   The performance analysis is organized into 2 part, non-
cooperative and cooperative transmission. 

A. Non-Cooperative Transmission 
   For non-cooperative transmission, source node transmit 
the information to the destination node, so the received 
signal is given by 

  0   SD SD SDy h x n  ,        (1) 

where  0 2 , 2s sx      for bit 0 and bit 1, respectively. s  

denotes the symbol energy, SDh  is the channel coefficient 
from S to D and assumes to be Gaussian random variable 
with zero mean and uniform phases distributed over 0,2    . 

So SDh  is known as Rayleigh distribution. SDn   is an additive  
white Gaussian noise (AWGN) with zero mean and variance 

0N , which can be noted as  00,SDn G N  . The average 

SNR of the S-D link is defined as  

   
2

0
0 0

0

    sh

N
  E


,        (2) 

where the pdf of 0  is given by 

  
0

1
( )  expf


 

 
  

 
,        (3) 

with the expectation value 0 . Using moment generating 
function, the average bit error rate for the non-cooperative 
transmission is given by 

  
2

2
0

1 1
  

sin
bP M d



 
 

     ,        (4) 

with ( )  M s
s







 . After some manipulation, the BER of 

non-cooperative transmission is derived as follows: 

 
2

0

0 0 0
2

1 1 1
  =   =  1

2 1
1

sin

bP d




  



 
 
  

  .        (5) 

B. Cooperative Transmission 

   The following section shows the performance analysis of 
cooperative transmission. 

 

1) Pdf of end-to-end SNR 
Consider the j th hop and the received signal at 

node j can be written as 

     j j jy h x n   ;  1,..., ,j N         (6) 
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where jh  is a zero-mean complex Gaussian random variable 

with Rayleigh-distributed amplitude and a uniformly 
distributed phase angle, x is a complex baseband 
transmitted signal and jn is a zero-mean complex Gaussian 

random variable representing the AWGN with variance 
0N which is the one-sided power spectral. The probability 

density function and probability distribution function (CDF) 
of j can be defined as  

                     1
  exp

j

j j

f


 

 
  
 
 

,        (7) 

where, 
2

j j j j j jh            
E E . Note that, owing to 

the imperfect detection at the relay, it may forward 
incorrectly decoded signals to the destination. Hence, 
similarly as in [12], the multi-hop DF channel can be 
modeled as an equivalent single hop whose output SNR 

eq can be tightly approximated as 

  
1,...,

  mineq j
j N

 


 .         (8) 

   Under the assumption that the hops are subject to 
independent but not necessarily identically distributed 
Rayleigh fading, order statistics give the CDF of eq  as 

  
  1  1 Pr ,...,

eq NF            

              

 
1

 1 1  


     j

N

j

F .        (9) 

   By differentiating (9) yields the joint pdf of eq  for N hops, 

which is denoted as 

       
1 1

  1
eq j i

NN

j i
i j

f f F    
 



     .     (10) 

Substituting (7) into (10), the pdf of eq  can be determined 

as follows: 
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  .      (11) 

Let 

1

1
 N

j
j









  , so equation (11) can be written as   

        exp
eq

f     .      (12) 

 

2) Symbol Error Rate 
   In this paper, we consider the SER of MPSK modulation, 
where 2kM  . In general, the SER of MPSK in the 
presence of AWGN channel is given by [13] 

      2 2 sins s sP e
M

    
 

 ,              (13) 

where s is known as the signal to noise ratio per symbol. So 
the exact expression can be shown as [13] 
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  ,    (14) 

with 2  sing
M

   
 

. By averaging the SER for AWGN 

channel as describe by (14) over the pdf of the SNR, as 
shown in (12).  Finally, the uncondional SER under slow 
flat Rayleigh fading channel can be derived as 

            
0
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s sP P e f d  
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Using moment generating function (MGF) [13], the MGF of 
eq

 
can be shown as 

                   
 

0
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Finally, the SER of MPSK modulation under Rayleigh slow 
flat fading is represented in term of MGF as 
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Since [14], 
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.            (18) 

So, the SER in (17) is now written as 

11
1 tan cot

( 1) 21 1
s

g g
M M

P
g gM M M

  


 



   
   

                        

 .(19) 

 

With BPSK Modulation, by letting 2M  and 1g   the 
BER can be expressed as 

  
1 1

 1
2 1

bP


 
  

  
.                   (20) 

3) Outage probability 
   The outage probability outP is defined as the probability 
that the output SNR eq  of the equivalent single hop falls 

below a certain predetermined threshold SNR th . Hence, 
the outage probability of the system can be obtained by 
integrating the pdf of th  

as 

 

  
    Prout eq thP   

 

  
        

 
0

 
th

eq
f d



     

          
  1 exp th    .      (21)

 

4) Probability of SNR Gain 
   The objective of this topic is to study the probability of 
SNR gain of multi-hop DF systems over the single-hop 
system.  The probability of SNR gain achieved by multi-hop 
DF systems over direct transmission is defined as [15] 

  
0

   Pr eq



     
  

 

       

 
00 0

0

1 Pr ( )eq f d     


   
 

       
0

0

1 ( ) ( )
eq

F f d   


   .     (22) 

where   is a pre-determined SNR gain. Since  

  
0

( )  ( )
eq eq

F f d


    
 

            1 exp( )   .      (23) 

Substitute (23) in (22), the probability of SNR gain is shown 
as 

  
0

0

 1 1 exp ( )f d  
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1 1
    1 exp exp d
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1
=  

1 
.        (24) 

 
      5)   Spectral efficiency 
      The spectral efficiency is an important parameter. 
According to communication theory, spectral efficiency is 
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defined as the channel capacity and evaluated form the 
average value of instantaneous SNR [14] 
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Using the changing of variable method, by letting
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Define the following variable t u  then dt du . 
The spectral efficiency is defined as 
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where
 
 exp( )

Ei( )     ;  0
x

t
x dt x

t

 
   is defined as 

exponential integral function (EIF). 
 

V. NUMERICAL RESULTS 

 
   We consider a linear network consisting of multiple nodes 
and assume that the transmitted power of the sender nodes 
(source and relay) is equal to one watt. For a fair 
comparison to direct transmission, the overall distance of all 
hops is normalized to be one and uniform power allocation 
is employed in order to keep the total power constraints, i.e.

   0
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Figure 2. Outage Probability for Multi-hop Systems. 

 Figure 2 illustrates the outage probability of the multi-
hop systems by letting constant number of hop. Herein, 
under the assumption that there is no latency processing in 
each node, i.e., decoding and then forwarding the received 
the signal to the next node. Let’s consider in case of 3 relay 
nodes which is equal to 4 multi-hops at the different value 
of threshold SNRs, we observe that the lower threshold 
SNR the lower outage probability of the system. 
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Figure 3. Outage Probability for Multi-hop Systems. 
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 Figure 3 shows the outage probability of the multi-hop 
systems by letting constant threshold SNR. In this figure, 
threshold SNR is equal 5 dB and observes the outage 
probability at the different of hops. We notice that 
increasing the number of hops (N) reduces the outage 
probability of the system.  As in this figure, at the outage 
probability 210 , with 4 hop systems use lower SNR as 
compare with 1 hop (non-cooperative) about 7 dB. 
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Figure 4. Bit Error Rate for BPSK modulation scheme of  Multi-hop 

Systems. 

 Figure 4 shows the average bit error rate (BER) of the 
systems for BPSK modulation scheme as functions of the 
average signal to noise ratio. In addition, we compare the 
performance of the dual hop as for the cooperative 
transmission with the non-cooperative transmission (direct 
transmission). We notice that at BER of 310 , dual hop 
requires lower SNR about  2.5 dB as compare with non-
cooperative communication. For all values of the SNRs, the 
performance of cooperative communication yields better bit 
error probability. It is obvious that the performance of the 
multi-hop system with the improvement of the average BER 
is proportional to the number of hops (N).  
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Figure 5. Symbol Error Rate for QPSK modulation scheme of  

Multi-hop Systems 

 
 In figure 5 and 6, we consider the performance of the 
system in term of symbol error rate as function of average 
signal to noise ratio per bit. In addition, we compare the 
performance of multi-hop decode and forward system with 
direct transmission. For all values of SNRs, the performance 
of the proposed system is better than the other (direct 
transmission and dual hop systems). It is obvious that the 
performance of the multi-hop systems with the improvement 
of the average SER or average BER is proportional to the 
number of hop (N).  For example, at the average SER 310 ,  
multi-hop decode and forward (with 4 hops) outperforms 
direct transmission and dual hop with transmit power gain 
about 4.8 and 2 dB, respectively. 
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Figure 6. Symbol Error Rate for MPSK modulation scheme of Multi-hop 

Systems. 
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Figure 7. Probability for SNR gain for Multi-hop systems. 

 In figure 7, we present the probability of the SNR gain 
achievable by cooperative communication environments. 
We can see that the probability of SNR gain benefits by 
increasing number of hops. The spectral efficiency of 
multihop decode and forward cooperative communications 
is presented in Figure 8. We notice that increasing number 
of hops yielding the lower channel capacity or less spectral 
efficiency. This is the disadvantage of cooperative 
communications. For example, at 15 dB, the spectral 
efficiency with dual hop (N=2) is better than N=4 about 
1.075 bit/s/Hz. 
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 Figure 8.  Spectral efficiency for cooperative communication. 

 

VI. CONCLUSION 

      In this paper, we analyzed the close form expressions of 
the symbol error rate for M-ary phase shift keying and bit 
error rate of the multi-hop system with decode and forward 
over Rayleigh fading channel. Moreover, the outage 
probability and probability of SNR gain of the system are 
also investigated. We observe that decreasing the threshold 
SNR and increasing the number of hops (N) reduces the 
outage probability of the system. It is obvious that the 

performance of the multi-hop system with the improvement 
of the average BER is proportional to the number of hop 
(N). Finally, probability of SNR gain can be achieved by 
increasing number of hops. We also notice that the 
disadvantage of cooperative communication is in defined in 
term of spectral efficiency. In real situation, we should be 
selected the mode of transmission according to the 
following parameters, outage probability, bit error rate, 
symbol error rate, probability of SNR gain, and spectral 
efficiency. 
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Abstract — In this paper the use of proportional-integral-derivative (PID) switching controllers is proposed for the control of a 
magnetically actuated mass-spring-damper system which is composed of two masses M1 and M2; each mass is jointed to its own 
spring. Two different modes occur during the system motion; a PID controller is designed for each mode and a switching logic is 
applied in order to recognize the system's position to switch to the proper controller. Finally, simulation results are employed to 
show the performance of the proposed switched PID controller. Also, comparison results with the 
previously used model predictive controller (MPC) are provided. 
 
Keywords — Hybrid systems, MPC, PID control, switched systems 
 
 
 

I. INTRODUCTION 
 
 Dynamical systems introduced by interaction 
between continuous and discrete dynamics, namely the 
hybrid systems, are widely used in many industrial plants 
[1]. Hence, hybrid control has received considerable 
attention during the past two decades, and the class of 
switching systems are specifically employed in many 
industrial applications [2]. A switched system consists of 
several subsystems and a switching law that selects the 
proper subsystem. Previous research [3] showed that 
MPC can be applied to the recently proposed mechanical 
plant. Design and implementation of MPC can be 
complex and time consuming. These complications 
motivated the present research to design a conventional 
PID controller for the plant. 
 In this paper, a switching PID controller algorithm is 
applied to the proposed mechanical plant in[4], which is a 
difficult control benchmark. 
 The paper starts by briefly describing the mechanical 
system in section II. The PID controller and its integrator 
wind up are considered in section III. In section IV, the 
switching strategy and the proposed switching scheme are 
briefly discussed and also simulation results are provided 
to show the effectiveness of the proposed algorithm. 
Conclusions are given in section V. 
 

II. SYSTEM DESCRIPTION 
 
 The considered mechanical system is composed of 
two subsystems which are masses M1 and M2 connected 
by two springs with stiffness k1 and k2 respectively. The 
schematics of the system is shown in Figure 1. Mass M1 
is pulled by a force F which actuates the system and is 
given by [4]: 
 

 

(1) 

where x = x eq1 – x 1  is the distance between the active 
mass and the actuator, k a , k b  are constant parameters 
and i is the current that passes through the coil. The main 
aim is to make the position of mass M1 (x1) track as fast 
as possible an external reference with a small control 
effort. Note that the position and velocity of mass M2 are 
not controllable. 
 

 
Fig. 1. Mass spring damper system schematics [3]. 

 

 

(2) 

 
where k1 and k2 are spring stiffness, b1 and b2 are 
friction coefficient of dampers. For modeling the multi-
body automotive mechatronic actuator, hybrid dynamical 
systems, are used. Here we consider two operating modes:
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Abstract — Real time data grids are some type of data grids in which the jobs should be done within a definite time period. If this 
period takes a longer time, the programs will not possibly be executed within the specified time period. Data replication issue is 
brought up as a procedure for prompt access to data and execution of programs within the specified deadline in the grids. In data 
replication, the parameters under assessment for replication, selection of the file to be replicated, number of replications and the 
location of new copies are important challenges that should be addressed. In this paper, dynamic replication algorithm of a new 
data called Distributed Date Replication (DDR) is introduced that improves the mentioned challenges and meets real time data by 
distributed decision for replication in three levels. Simulation results showed that the average time for executing the jobs and 
server traffic in DDR algorithm decreased as compared to other algorithms and less jobs failed. 
 
Keywords - Real time data grids, Dynamic data replication, Distributed decision 
 
 
 

I. INTRODUCTION 
 
In real time data grids, there are time limitations for 
execution of some jobs. In other words, some jobs have 
higher priorities. Considering the critical nature of real time 
data grid application, the time to respond to jobs should be 
reduced [1]. Limited bandwidth and delayed access are the 
difficulties of transferring a file from one site to another. 
Data replication is a common method to facilitate access to 
data, to reduce bandwidth consumption and delayed access 
by providing one or more replications on another site [3]. 
Since in real time data grids, data replication leads to prompt 
data access and execution of programs within the specified 
time period, it has also a positive effect on the responding 
time [9, 17, and 18]. There are two replication methods, 
static method and dynamic method [3]. The first method is 
the static method in which replication policy is specified 
from the beginning and on a fixed and static basis. In fact, it 
is considered as a part of system configuration. It is certain 
that no changes will be made in this policy upon any change 
in the topology of data grid network or in the pattern of 
requests. Therefore, system output decreases significantly 
and the resources may not be used suitably and desirably. In 
contrast, there is the dynamic replication [1 ,8 ,10 ,12 ,15 ,16 
, 21 ,22 ,23 ,24] in which data grid automatically generates 
replication where necessary and puts that in a suitable place 
so that it may have an optimal access frequency and does not 
increase the costs [8 ,10 ,12 ,15 ,16]. DDR algorithm which 
is explained in this paper is a dynamic algorithm to use the 
advantages of dynamic replication. 
 This paper is organized as follows: The executed jobs 
are described in section 2 and the distributed decision 
algorithm for data replication will be explained in detail in 
section 3. In section 4, the presented algorithm in real time 
data grid is evaluated through simulation. Conclusion and 
future jobs are presented in section 5. 
 

II. RELATED WORK 
 
 In [8, 19] data replication methods, data is selected 
based on different types of locality. There are three types of 
locality, temporal locality, geographical locality and spatial 
locality. In temporal locality, if a file is referred, it will be 
possibly referred to in the future as well. In geographical 
locality, if a node finds access to a file, the neighboring node 
will find access too. In file locality, if a file is referred to, the 
neighboring files will also have access to the same file in the 
future. One of the data replication methods can be used based 
on the method of access pattern to a file. Of course, it is 
possible that one data replication method has a good 
performance in an environment but it has a bad performance 
in another environment. Most of the jobs executed in the 
field of data replication have been concentrated on time 
locality [4]. From a point of view, replication algorithms are 
divided into two main groups, these algorithms can be 
classified into two groups: pull based [7, 10] and push based 
algorithms [12, 13]. In a pull model, a site without the 
requested file in its local storage would decide when to 
replicate it to itself, and where from. On the other hand, in a 
push model, a site having a particular file in its local storage 
would decide when to replicate it, and where to [1]. 
 In [11] there is a thorough data management that keeps 
the number of accesses to the files. In [7] Pulling is set forth 
in another algorithm called distributed file replication. In [1] 
some algorithms, dynamic file transfer is presented without 
real time requirements such as Cascading, Caching and Fast 
Spread. In [6, 8] several algorithms such as Cascading-
Enhanced, Caching and Cascading and Caching-PP are 
described to improve real time efficiency in data gird. In [4] 
MAC algorithm (Minimum Access Cost) only concentrates 
on reading data in a structure-free hierarchical environment. 
This algorithm decides to copy a file based on the average 
response time of a file  and frequency  of  accesses. In [2, 20]
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necessity from different aspects. Simulation results 
showed that decision making in three different levels, as 
compared to LALW algorithm in which decision is made 
in one level, would meet real time requirements by 
providing on time and suitable replications and by placing 
the replications in suitable locations and would also 
maintain the loading balance of grid. Moreover, 
considering the application of real time data grids, it 
would reduce job response time, number of job deaths and 
server traffic. Considering the importance of data 
replication and decrease of data replication time overhead 
in the real time data grids, replication time reduction is 
recommended for the future. 
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Abstract — Currently, scientific research programs and commercial programs produce large amounts of data. Concentrated 
storage and management of such volume of data in these circumstances is difficult or even impossible. Data grid is the perfect 
solution for data management, storage resources and running applications. Time required for data transfer is the main cause of 
delay in data dependent applications. So instead of transferring a huge TB volume file one may send a file having a volume size as 
some KB. Besides, data Replication procedure policy could be utilized for the system performance improvement. However, such 
replications should reduce the server traffic load. In this paper AMRAP algorithm is considered which a combination of dynamic 
data replication and work transfer instead of application migration. Comparison of AMRAP algorithm and previous algorithms 
resulted that despite time overhead caused by identification of relationships between files, traffic and server response time in 
AMRAP algorithm have been reduced compared to previous algorithms. 
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I. INTRODUCTION 
 
 File sizes tend to rise in the grid [1]. Petabyte sized 
files are used in some projects [2]. Large volume of 
information is exchanged in some data grids and due to 
limited storage space, computing power and bandwidth of 
each node, much time is spent in information exchange 
[3]. There are different algorithms developed to reduce 
execution time and optimal use of bandwidth. Data 
replication is a method used to reduce the run time. If a 
JOB is running on a node and job required file cannot be 
locally available, remote access to the file is performed [4, 
5, 6, and 7]. Therefore file access time increases. In some 
applications, a series of repetitive tasks are performed at 
grids [8, 5]. Proliferation and replication of files based on 
access patterns and placing related files in one space may 
reduce number of accesses to remote areas. For tasks that 
cannot be run as a delicately, JOB transfer having a few 
KB sizes is preferred instead of file transfer having 
several terabytes sizes. 
 This paper is organized as follows: Section two is 
about related works on dynamic replication in data grids 
and a survey of predictive methods. In Section third 
proposed PJSRRT algorithm which is a combination of 
dynamic file scheduling and replication is discussed. The 
results of PJSRRT algorithm simulation are shown in the 
fourth chapter. Conclusion and future works are explained 
in the chapter 5. 
 

II. RELATED WORKS 
 
 Replica algorithms can be divided into two 
categories: static and dynamic [9]. In the static method [9] 
position of repetitions is initially configured in the system. 
Changing the network topology grid or changing request 
patterns shall not modify existing policies. So the system 

efficiency is extremely lowered and may not use the 
resources as appropriate and desirable. Considering file 
access patterns in dynamic methods, suitable replications 
are made [5, 7, 6, 4, 1, and 2]. Examples of dynamic 
replication algorithms have been proposed here; Dynamic 
file replication algorithm (FIRE) is expressed in [5] as 
hierarchical architecture. If a set of files are regularly used 
jointly by a group of tasks, in other words, if a strong 
correlation is set between collections of local works and 
distributed files, those files sets are replicated on the same 
site that tasks exist. There are two dynamic replication 
algorithms called simple bottom up (SBU) and the 
aggregate bottom up (ABU) has stated in [7] that support 
a global data management and maintains access number 
to the files. Main hidden idea in the algorithm is placing 
repetitions close to nodes with most usage. Main idea of 
PHFS [4] is based on Fast Spread strategy that considers 
local spaces among files. 
 [10] Developed the Hierarchical Cluster Scheduling 
(HCS) algorithm and the Hierarchical Replication 
Strategy (HRS), which maximize the required data in a 
region in order to fetch replicas faster. In [11], the series 
of files will be replicated on the same site where JOBS are 
available. [12] developed a related algorithm named 
Close-to-File (CF) that schedules tasks on sites with 
enough processing capacity that are close to the sites 
where the required data (input files) reside. 
 In [13] Pulling is set forth in another algorithm called 
distributed file replication. In [14] some algorithms, 
dynamic file transfer is presented without real time 
requirements such as Cascading, Caching and Fast 
Spread. In [15] several algorithms such as Cascading-
Enhanced, Caching and Cascading and Caching-PP are 
described  to  improve real time  efficiency in  data gird. 
In [16]  MAC algorithm  (Minimum Access Cost) only 
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Abstract — Stability of nonlinear systems is a problem of fundamental importance in system engineering. Specifically, the 
computation of a Lyapunov Function presents one of the tools enabling the study of the stability of nonlinear systems. The aim of 
this work is to study the Lyapunov approaches for polynomial systems. These approaches have been investigated in order to 
develop numerical algorithms based on the synthesis of Polynomial Lyapunov Functions. We proceed in two steps: Firstly, we 
implement a Threshold Accepting Algorithm technique to determine a candidate Lyapunov function. Secondly, we use an 
optimization strategy based on a Linear Matrix Inequality (LMI) to compute the Region of Attraction (RA). The parameters of the 
Lyapunov Function are computed by combining Threshold Accepting Algorithms (TAA) and LMI. The proposed approach yields 
a larger stability region for polynomial systems than an existing method does. Examples are given to illustrate the efficiency of the 
proposed approach. 
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I. INTRODUCTION  

 The Lyapunov stability theory proves to be a handy 
general theory dedicated to the study of the stability of 
nonlinear system equilibrium point [20]. In fact, this theory 
was first presented by Alexander M. Lyapunov in 1892 and 
it entails two methods: Lyapunov’s indirect and direct 
methods. The first method, which is called Lyapunov’s first 
Method ([1], [6], [19], [20]), required the linearization of a 
particular nonlinear system around an operating point. 
Indeed, this method is worth being pointed out since it 
ultimately provides a localized stability analysis technique 
that endows us with qualitative information about the 
stability uniquely in relation to the operating point in 
question. In spite of being a blatant feature of the system, it 
does in no way bestow any information with respect to the 
global stability of the nonlinear system because, for the 
general nonlinear system, the instability of one or more of its 
equilibrium states does not signify a global instability ([19], 
[20]). Lyapunov’s second method, which is usually named 
Lyapunov’s Second or Direct Method, has proven to be a 
more general and powerful approach as it allows the 
potential global stability of the general nonlinear system to 
be explored. For this reason, it does not undergo the negative 
aspects shown in Lyapunov’s first method [21]. Essentially, 
this approach requires the construction of a Lyapunov 
Function; a concept inspired by the instinctive knowledge 
that the energy in the proximity of the equilibrium state of a 
physical system is constantly reduced. This means that the 
equilibrium is stable.  

 A Lyapunov Function is simply an expression of this 
energy concept, where the analysis of a specific nonlinear 
system is reduced to the exploration of the features of its 
corresponding Lyapunov Function. Accordingly, the main 
advantage of this method is that it does not need an 
analytical or numerical answer ([10], [11], [23], [25]). Thus, 
it enjoys a more functional power. However, there is a 
problem, as the requisite Lyapunov Function, together with 
its time derivative, is likely to meet strict restraints. 
Furthermore, there are still no methodologies to obtain such 
a function. Additionally, the failure to obtain a specific 
Lyapunov Function for a certain nonlinear system does not 
suppose that the equilibrium point or, possibly, the global 
nonlinear system under examination is unstable. Hence, this 
means that this technique is adequate but not essential for 
stability. To surmount this hurdle, various tactics have been 
proposed in the literature ([2], [3], [4], [5], [7], [8], [9], [22], 
[23], [24]). 
 In order to find a general tool for the creation of the 
Lyapunov Function, we take advantage of the Threshold 
Accepting Algorithm (TAA) to calculate the Lyapunov 
Function contender. These algorithms are variations of the 
simulated annealing [20]: the difference emerges in the 
acknowledgement of degradation at each stage. In the 
Simulated Annealing, the conclusion is attained in 
accordance with the Metropolis criterion. These algorithms 
have been used to resolve optimization difficulties with 
interesting conclusions. The major complexity of this 
approach resides in the thresholds for a specific application.   
A Region of Attraction (RA) is the set of initial conditions 
for which state trajectories converge to an equilibrium point 
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([12], [13]). Therefore, it is important to be able to specify 
the shape of this region. For this purpose, we can use a 
Lyapunov Function (see for instance [15], [16], [17]). 
Indeed, for a given Lyapunov Function providing local 
stability of the equilibrium point, the largest estimated 
region of attraction, whose shape is fixed by the Lyapunov 
Function itself, is defined as the largest level set of the 
Lyapunov Function included in the region where its 
derivative is negative. 
 The Lyapunov Function describing the shape of the 
largest estimated RA is assumed to be polynomial and is 
chosen arbitrarily. In [14], the author proposes to exploit 
relaxations based on sum of squares polynomials in order to 
prove that the lower bound of the maximum achievable 
largest estimated RA can be computed via a generalized 
eigenvalue problem. The advantage is that the problem is 
formulated as a quasi-convex LMI optimization. The 
purpose of this paper is to propose an exact method for the 
enlargement and the maximization of the RA. The starting 
point of this work is the method developed in [14]. The 
objective is to improve the results by combining a TAA as 
an advanced optimization routine to LMI techniques in 
order to maximize the RA. 
 In order to get an explicit expression of the estimated 
RA, we investigate a Lyapunov approach based on a 
parameterized Lyapunov Function. Since the RA is related 
to the Lyapunov Function, the idea consists in choosing the 
best parameters in order to obtain the largest RA. These 
parameters are computed as solutions of an optimization 
problem. We propose to apply a TAA to solve this problem. 
This yields an optimal set of parameters of Lyapunov 
Function, which is used to solve the LMI optimization 
problem derived from [14]. 
  The RA is the set of states that can be steered towards 
the terminal region. The size of the RA depends on the 
chosen Lyapunov function. This leads to a greater number 
of parameters and therefore, to a greater computational 
effort. In this work, the optimization problem formulation, 
and hence the computational effort, is similar to the original 
one but with a larger domain using TAA. The main 
advantages of the TAA are their robustness and efficiency in 
different environments covering various applications. 
 The paper at hand is organized as follows: In Section 2, 
we describe the class of systems considered and recall some 
basic notions. In Section 3, the stability analysis is studied. 
The proposed agreed algorithm is described in Section 4. 
The calculation results of two examples are set out in 
Section 5. Finally, our paper is ended up with a concluding 
paragraph in Section 6. 

II. PROBLEM FORMULATION 

A. Notation and Polynomial representation 

 The notation adopted in the paper is as follows: 0n   

origin of  nR ; nI  identity matrix n n  ; TA  : transpose of 

matrix A  ; 0( 0)A A   : symmetric positive definite 

(semi definite) matrix A ; A B :Kronecker’s product of 

matrices A and B ;    ,nx R    : vector containing all 
monomials of degree less or equal to   in x  but the 
constant term. For example 

  2
1 2 1 1 2, , , , , , , 'n nx x x x x x x x      . Quantities  ,n  is 

given by  

   !
, 1

! !

n
n

n


 




                                       (1)

B. Problem formulation 

 Consider the continuous-time polynomial system  

 x f x                               (2)                  

where f  is polynomial function such that  0 0f  . In the 

following, nx R  is the state vector. The equilibrium point 
of interest is the origin. Before proceeding further, we will 
give some preliminary results. 

 Let us consider  V x R , a positive definite, radially 

unbounded and continuously differentiable function. The 
bounded set 

    /nc x R V x c                    (3) 

is an estimate of the region of attraction (RA) if   c D   

where  

    / 0 0nD x R V x                  (4) 

 
 The time derivative of  V x  along the trajectory of 

system (2) is given by: 

     

 f

V x
V x f x

x
L V x








                     (5) 

 
  fL V x  is the Lie derivative of  V x  along the 

polynomial vector  f x . The largest estimate of the RA is 

given by  *c   

 
where 

 

 

* inf

0

nx R
c V x

such that V x





                          (6)         

 The optimal value of  *ĉ  is obtained by 
* *ˆ supc c                              (7) 
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 It has been proved in [14] that for any given 
*,c R c c   if there exist  s x a positive definite 

polynomial such that 

       0V x c V x s x                          (8) 

 The polynomial degrees of  V x and ˙  V x are 2 V  

and L  respectively. We choose  s x degree to be 2 s such 

that 

2
L

s V

                                (9) 

It follows that the degree of the polynomial 

          , ,t x c s x V x c V x s x                     (10) 

is equal to 2 m  where m s V    . 
 
 

 A Square Matricial Representation (SMR) and 
Complete Square Matrix Representation (CSMR) of 
polynomials (see for example [14]) are used in order to get 
an appropriate optimization problem. The CSMR provides 
all the possible representations of a polynomial in terms of a 
quadratic form. 

The CSMR matrix of   , ,t x c s x is given by 

 
       1 2, , fT c S D cW S W S            (11) 

where  fD   is the CSMR of  fL V x , is the SMR of 

     1, ,g UL V x W S  and  2W S  are the SMR of  s x  and 
   V x s x . 

 
The condition (7) with (11) implies that if 
 

 *

, 0

ˆ sup , , 0
S

c c such that T c S





        (12) 

Then * *ĉ c . 
 
 This leads to a non-convex problem (since c multiplies 
the parameters of S in  , ,T c S . The following Theorem is 

a reformulation of this problem as a generalized eigenvalue 
problem (GEVP), which enables us to overcome this 
limitation. 
 
Theorem ([14])  
The lower bound *ĉ  is given by 

*
*

*
ˆ

1
c








                            (13) 

with *  solution of the following GEVP 

 

     

*

, 0,

2

inf

1 0

0

S

f

such that

S D W S

S
W

 













  


  


        (14) 

where    can be any positive scalar and 

  ' 1 0

0
W s K S K

V
  

   
  

               (15) 

 
where    represents Kronecker’s product and the matrix k  
satisfies. 

 
   1

s m

v
x K x

x

 


 
  

 
                 (16) 

where 
             , , , ,, , ,m m m V V s sn n n nx R R x R x R               and 

      , , 1 ,s V mn n nK R         

The quantities  , mn   and   , mn   are given by 

   !
, 1! !

n mn m n m


  


                          (17) 

       1, , , 1 ,22n n n n nm m m m        
  
 

             (18) 

 

III. THRESHOLD ACCEPTING ALGORITHMS FOR    

NONLINEAR  STABILITY  ANALYSIS 

 The problem investigated in this paper is the 
computation of the domain of attraction. The considered LFs 
are polynomials in x  with coefficient polynomials 

depending on  , 1,2,3ip i   and the matrix A . A  is the 
linearization around the origin of the system (2)which is 
supposed to be  locally asymptotically stable: 
 

 
0x

f x
A

x






                        (19) 

A. Lyapunov Theory  

 This section deals with a general Lyapunov theory for 
the stability of a linear system given, a linear dynamical 
system  

x Ax                         (20) 
 
is asymptotically stable if each positive definite matrix Q  

  a positive definite matrix P such that Lyapunov’s 
equation 

 
TA P PA Q                                (21) 

is satisfied. 
 
 In the case a Lyapunov function is given by 
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TV x Px                                   (22) 

 
 The function  V x  is locally negative definite if and 

only if 0TPA A P  , where P  is the definite the quadratic 

part Tx Px  of  V x . The system (2) admits a Lyapunov 
Function if the positive definite matrices P  satisfying this 
condition can be parameterized through the Lyapunov 
equation 

0TP P   such that  
 

 0TPA A P Q                         (23) 

 
where Q  is any negative definite matrix. 

 As reviewed earlier, the stability of any linearization 
systems can be concluded via the quadratic Lyapunov 
function. Regarding this, the matrices P  and Q  must exist 

satisfy the Lyapunov equation. Generic Threshold 
Accepting Algorithms have been modified to search for 
these matrices.  
 The purpose of this section is to present a method to 
estimate analytically the RAS. We consider for this a 
quadratic Lyapunov function of the form: 
 

  TV x x Px                          (24) 

where   0TP P   
 
 In order to simplify the presentation, we suppose that 
P  is two-dimensional. The results are generalized to the 
case of a larger size matrix. We suppose that 
 

1 2

2 3

p p
P

p p

 
  
 

                         (25) 

Then 

  2 2
1 1 2 1 2 3 22V x p x p x x p x                   (26) 

 
 Using such a Lyapunov function we can express the 
Domain of Attraction in terms of ellipsoid in 
the  1 2,x x plane. The idea of the following consists in 

estimating the parameters  , 1,2,3ip i  via a Threshold 
Accepting Algorithms. By combining this algorithm with an 
LMI optimization we can obtain the largest ellipsoid. 
 The candidate solutions  , 1,2,3ip i  are chosen 
arbitrarily with the Threshold Accepting Algorithms.  
 The Threshold Accepting Algorithms (TAA) method is 
a variant of the classical simulated annealing algorithm, 
originally introduced by Dueck and Scheuer [18]. In this 
respect, TAA abridged the simulated annealing procedure by 

excluding the element of probability in accepting inferior 
solutions. What is more, TAA introduced a deterministic 
threshold and an inferior solution is accepted if its disparity 
with the existing solution is smaller than or equal to the 
threshold. The major components of TAA are the functions 
that decide the lowering of the threshold during the course of 
the procedure, preventing criteria as well as the methods 
used to generate primary and neighboring solutions.  The 
main benefits of TAA are its theoretic simplicity and its 
exceptional performance on various combinatorial 
optimization problems. On the assumption that   is the set 
of all feasible solutions of the problem, TAA starts with a 
primary solution P  which may be generated randomly 
or used as a simple method. The method proceeds in an 
iterative manner. In each iteration, the algorithm determines 

if the new solution 'P  is less than the current solution cP  

then the original one will be replaced by the new one; 
otherwise, another solution will be generated. If the current 

solution is less than the best solution so far bP , then the best 

solution will be replaced by .cP   
 Considering the nonlinear system (2), the procedural list 
below exhibits the Threshold Accepting Algorithm steps. 
 

TABLE 1.  SIMPLE THRESHOLD ACCEPTING ALGORITHMS 

 
Step0: 

Initialized solutions P  and Q  by zeroing all 
elements. 

 
Step1: 

Generate randomly the elements 

 , 1,2,3ip i   of .P  Determine positive 

definiteness of .P  If P  is not positive 
definite, go to step1. 

 
 

Step 2: 

Compute Q  based on P in the Lyapunov 
equation 0.TPA A P Q    Determine the 
negative definiteness of .Q  If Q  is not 
negative definite, go to step 1. 

Step 3: Accept solutions P  and Q . Exist. 
 

 

IV. MAIN ALGORITHM  FORMULATION 

 This section is dedicated to the formulation of the final 
flowchart which leads to the RA estimation of the studied 
system. The obtained solution is specified by the definition 
of a maximal quadratic Lyapunov function. 
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Consider  the polynomial nonlinear system
of equation (2)

Apply the Jacobian Linearization 
to the system (2) 

Check the maximal values of 
parameters p1, p2 and p3

Define the maximal Lyapunov Function

 Apply the Threshold Accepting Algorithms  
And LMI optimization to enlarging

 the iteration obtained domains

 
Figure 1.  Flowchart of the advanced LMI Optimization Algorithm for 

Maximizing the Region of Attraction. 
 
 

V. EXAMPLES 

A. Example1 

 Consider the following nonlinear system 

1 1 1 2

2 1 2 2

2x x x x

x x x x

  
 


 

According to the algorithm, proposed in paragraph IV, we 
employ a Lyapunov function of the form 
 

 
Having 

 
0

2 0

0 1
x

f x
A

x


  
     

 

 The application of Threshold Accepting Algorithms 
yields  
 

1.408 -0.2556

-0.2556 1.1871
P

 
  
 

   

 and  
-0.2240 0.7618

0.7618 -5.0692
Q

 
  
 

 

 

 Therefore,  V x  and   V x  are, respectively, of the 

form: 

  2 2
1 1 2 21.408x 0.5112x x 1.1871xV x     

and 

  2 2
1 1 2 2-0.2240x 1.5236x x -5.0692xV x    

 Their surface plots are illustrated in Figure 2 (a) and 
(b), respectively. 

 

 
Figure 2 (a) Lyapunov Function  xV of example 1  

 

 
Figure 2 (b). The time derivative of the Lyapunov Function  xV of 

example 1 

 
 In order to validate the above expression we have 
conducted a numerical simulation study. Figure 2 (a) shows 
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clearly that   0V x   and it is obvious in Figure 2 (b) 

that   0V x  . This concludes that  V x is a valid Lyapunov 

Function and the asymptotic stability at the origin can be 
concluded. 
 In order to find the shape of the Region of Attraction we 
apply the LMI optimization. Since the degree L of 

 V x is 4 , we can select 1s   which implies that 

2m  .Vectors    V sx x  and  mx are selected as: 
     1 2,V s

T
x x x x    

and 
   2 2

1 2 1 1 2 2, , , ,m
T

x x x x x x x   
which implies that: 
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 In this step, we define the shape of the RA with the 
Polynomial Lyapunov Function in x  we perform this step 
of the algorithm, by considering the best estimation of 
parameters 1 2 3, ,p p p . 
 The result of this step is 
 

  2 2
1 1 2 21.4080x 0.5112x x +1.1871x 6.4628V x     

and is represented in figure 3. 
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Figure 3. The Solid line indicates the boundary of the RA V(x) = 6.4628. 

The dashed line indicates the constraint   0V x 
. 

. 

B. Example2 

 Consider the Van der pol system 

 
1 2

2
2 1 1 21

x x

x x x x

 

  




 

 According to the algorithm, proposed in paragraph IV, 
we employ a Lyapunov Function of the form 
 

  2 2
1 1 2 1 2 3 22V x p x p x x p x    

Having 

 
0

0 1

1 1
x

f x
A

x


  
     

 

 The application of Threshold Accepting Algorithms 
return  
 

4.6 0.901

0.901 3.926
P

 
   

   

 and  
-1.802 0.227

0.227 -6.05
Q

 
  
 

 

Therefore,  V x  and   V x  are of the form: 

  2 2
1 1 2 24.6x 1.8020x x 3.926xV x     

and 

  2 2
1 1 2 2-1.802x 0.4540x x -6.05xV x    

whose surface plots are illustrate in Figure 4 (a) and (b), 
respectively.  
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Figure 4 (a). Lyapunov Function  xV of example 2 

 
Figure 4 (b). The time derivative of Lyapunov Function  xV  

of example 2 

 
 In order to validate the above expression, a numerical 
simulation study has been conducted. Figure 4 (a) shows 
clearly that   0V x   and it is obvious in Figure 4 (b) 

that   0.V x  This concludes that  V x is a valid Lyapunov 

Function and the asymptotic stability at the origin can be 
concluded. 
 In order to find the shape of the Region of Attraction we 
apply the LMI optimization. Since the degree L of 

 V x is 4 , we can select 1s   which implies that 

2m  .Vectors    V sx x  and  mx are selected such that 
 

     1 2,V s
T

x x x x    
and 

   2 2
1 2 1 1 2 2, , , ,m

T
x x x x x x x   

which implies that: 
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 In this step, we define the shape of the DA with the 
Polynomial Lyapunov Function in x . We perform this step 
of the algorithm, by considering the best estimation of the 
parameters 1 2 3, , .p p p  

 The result of this step is 
 

  2 2
1 1 2 24.6x 1.8020x x 3.926x 7.7096V x      

and is represented in figure 5. 
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Figure 5.  The Solid line indicates the boundary of the RA   7.7096V x  .  

The dashed line indicates the constraint   0V x 
. 
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VI. CONCLUSION  

 
 The problem of determining a Lyapunov Function 
candidate is investigated. We are particularly interested in 
autonomous nonlinear systems which represent a larger 
class of physical nonlinear dynamic systems. An LMI-based 
optimization strategy is utilized in order to compute the 
Region of Attraction (RA). The main contribution consists  
in determining an explicit RA by using a parameterized 
Lyapunov Function. The parameters are computed by 
combining Threshold Accepting Algorithms (TAA) and 
LMI. Two Examples have illustrated the efficiency of the 
established results. 
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